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ABSTRACT

Studies on the Activation Patterns and the Catalytic Behaviors of Binuclear
Organotitanium Complexes towards Olefin Polymerization

Anna Magdalene Invergo

Bimetallic polymerization catalysis represents a small, though active, area of research due
largely to the interesting properties observed in the resulting product polymers, including higher
molecular weight, increased comonomer incorporation, and enhanced tacticity. Current work is
focused on furthering an understanding of the active catalytic species that give rise to these
desirable polymer properties. Presented here are the synthesis and reactivity of two series of
bimetallic organotitanium catalysts. The active species of both catalysts are extensively studied,
and the catalytic performance is evaluated based on this knowledge of the active species. It will be
seen that one catalyst series is comprised of separable diastereomers, which display distinct modes
of reactivity with stoichiometric boron-based cocatalysts and produce widely varying polymers
depending on stereochemistry of the catalyst and identity of cocatalyst. The second catalyst series,
on the other hand, will be seen to rearrange and produce a chemically distinct, yet highly active
species upon activation with a boron-based cocatalyst. Thus, though they differ largely in reactivity
with activators, both catalyst series highlight the importance of knowing the nature of the active

species in order to explain the observed polymerization characteristics.
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Figure 2.18. »C NMR of polymer generated by ethylene/1-hexene copolymerization with

Figure 2.19. »C NMR of polymer generated by 1-hexene homopolymerization with 2+2B.....126

Figure 2.20. »C NMR of polymer generated by 1-hexene homopolymerization with
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CHAPTER 1

Distinctive Stereochemically Linked
Cooperative Effects in Bimetallic Titanium
Olefin Polymerization Catalysts

Adapted from:

Liu, S.; Invergo, A. M.; Mclnnis, J. P.; Mouat, A. R.; Motta, A.; Lohr, T. L.; Delferro, M.;
Marks, T. J. Distinctive Stereochemically Linked Cooperative Effects in Bimetallic Titanium
Olefin Polymerization Catalysts. Organometallics, 2017, 36, 4403-4421
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Abstract

The complex (1-Me.C-3,3"){(;7-cyclopentadienyl)[ 1-Me.Si-(BuN)](TiMe.) }.(3) was prepared as a
new binuclear catalyst motif for homogeneous olefin polymerization. Complex 3 exists as rac-3
and meso-3 diastereomers which can be separated, and characterized by solution NMR
spectroscopy and single crystal X-ray diffraction. While meso-3 has high thermal stability, rac-3
undergoes thermolysis in solution to quantitatively form the dimeric methylidene complex (u-
Me.C-3,3’){(n>-cyclopentadienyl)[ 1-Me.Si(BuN)][(¢-CH.)Til]}. (rac-4). Activation of rac-3 and
meso-3 with 1 equiv. of PhCB(CF.)." yields [(u-CMe.-3,3’){(n*-cyclopentadienyl)[1-
Me.Si(BuN)]}.(u-CH,)(u-CH,))Ti.]-B(CF,).” (5; rac-5 and meso-S, respectively). Interestingly,
meso-5 is stable in the presence of an additional Ph.C-B(C/F.)."equiv., while rac-5 reacts to yield
rac-[(u-CMe.-3,3"){(n-cyclopentadienyl)[ 1-Me.Si(BuN)]}.(u-CH.)[(TiCH.)-(Ti-1-Ph.C) ]~

[B(C.F.). ]. (rac-6) as indicated by multinuclear NMR spectroscopy and DFT computation. Meso-
3 reacts with 2 equiv. B(CF). to yield meso-[(u-CMe.-3,3’){(n*-cyclopentadienyl)[1-
Me.Si(BuN)]}.-(u-CH.)(u-CH,)Ti.]-MeB(C/F.,),” (meso-7) containing the same meso-S cation but
with a MeB(C.F.)."counteranion. These findings, along with catalytic results, indicate that rac-3
and meso-3 remain structurally intact during polymerization, consistent with the observed
diastereoselectivity effects. Under identical ethylene/1-octene copolymerization conditions, only
activated bimetallic rac-3 produces polymer, with meso-3 exhibiting low activity but yielding
polymer with a branch density >2x that of the monometallic control [(3-Bu-CH,)SiMe.N'-Bu]TiMe,
(Ti). In ethylene/styrene copolymerizations, rac-3 produces polymers with 3.1x higher M, and
2.1x greater styrene incorporation versus Ti,, while meso-3 catalyzes only ethylene-free styrene
homopolymerization. In 1-octene homopolymerizations, meso-3 + B(C.F)). (i.e., meso-7) produces

highly isotactic poly-1-octene (mmmm 91.7%); while rac-3 + Ph,C-B(CF,).” (i.e., rac-5), rac-3 +
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B(CF). (i.e.,rac-7) and meso-3 + Ph.C-B(C/F,).” (i.e., meso-5) produce only atactic poly-1-octene.

These bimetallic polymerization catalysts exhibit distinctive cooperative effects influencing
product M,, tacticity, and comonomer selection, demonstrating that binuclear catalyst
stereochemical factors are significant.

Introduction

In nature, multinuclear metalloenzyme active sites play key roles in organizing reactive functional
groups to achieve enhanced turnover frequencies and product selectivity (Chart 1.1, A). Inspired
by such biocatalysts, research on abiotic multimetallic catalysis (Chart 1.1, B, C) has focused on
mimicking enzymatic function to discover and perfect more efficient catalytic processes.» As a
result, bimetallic complexes have emerged as powerful polymerization catalysts, and metal---metal
cooperative effects have been shown to dramatically and instructively impact polymer
microstructure (Chart 1.1, C). == For example, bimetallic “constrained geometry catalysts”
(CGC-M,, M = Ti, Zr) exhibit high activities and significant cooperative effects, affording
macromolecular products with enhanced M, and comonomer enchainment densities.= Subsequent
studies have broadened the diversity of bimetallic catalysts to include rigidly constrained
phenoxyiminato== as well as heterobimetallic Ti-C,-Cr catalysts (Chart 1.1, C).=

Although bimetallic cooperative effects on product M, and comonomer enchainment selectivity
have been documented with respect to metal identity, supporting ligation, and metal---metal
proximity, the effects of catalyst stereochemistry, arising from bimetallic geometries, are virtually
unexplored.» == The CGC=*Ti, bimetallic catalyst (Chart 1.1, C) exists as mixture of inseparable
diastereomers,*«** and stereochemical effects on cooperativity in group 4 bimetallic catalysts have
barely been investigated.® Sita reported tethered mononuclear group 4 complexes that exist in

solution as a mixture of meso and racemic diastereomers (Chart 1.2, D).» These catalysts modulate
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the relative rates of reversible chain transfer to chain propagation in achieving stereoselective,

living coordinative chain transfer polymerization to yield isotactic stereo block polypropylenes.«
Agapie reported bimetallic salicylaldiminato Ni(II) atropisomers in which the syn-isomer (Chart
1.2, E) exhibits significant polar comonomer enchainment selectivity versus that of both the anti-
isomer and the monometallic analogue .

Note that structural details concerning the active species in solution-phase mononuclear
coordinative polymerization catalysis are sparse and, starting from solid state crystallographic
information, are typically inferred from in situ NMR spectroscopic data or connections between
catalyst stereochemistry and product microstructure such as tacticity.» »» Although extensive
discussions of this subject are available and many mononuclear ion-paired catalysts have been
characterized in detail, far less structural information is available for multinuclear polymerization
catalysts. Here we report a new series of diastereomeric bimetallic Ti constrained geometry
catalysts (Chart 1.3) that are characterized by appropriate spectroscopic, analytical, and diffraction
techniques. Additionally, we present observations on the activation of these complexes by the
cocatalysts/activators Ph.C-B(CF,)”and B(CF,).. The resulting ion pair structures are also
characterized by NMR and X-ray diffraction, and their olefin polymerization characteristics are

explored, revealing marked bimetallic diastereoselectivity effects.
Results

Synthesis of monometallic complex Ti.. The titanium dichloride [(3-Bu-C.H,)SiMe.N-Bu]TiCl,
was prepared according to literature procedures.* Stirring the dichloride with 2 equiv. of MeLi in

diethyl ether followed by filtration and removal of solvent in vacuo yielded the yellow oily product

[(3-Bu-C.H.)SiMe.NBu]TiMe.(Ti.)* in high yield (83%).
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Synthesis of bimetallic complexes. The synthesis of binuclear ligand (u-CMe.-3,3")-[1-

(Me.SiNHBu)cyclopentadienyl], (1) is shown in Scheme 1.1.»7 Bimetallic precatalyst 3 was
prepared via the two-step approach outlined in the Scheme. Bimetallic amido complexes 2 were
synthesized via protodeamination of free ligand 1 with excess Ti(NMe.). in refluxing toluene with
continuous removal of the HNMe. byproduct. Product 2 consists of two diastereomers (SS, RR;
rac-2) and (RS, SR; meso-2) (1:1 ratio) as indicated by 'H NMR spectroscopy (Figures 1.14 and
1.16). In contrast to MBICGC|[Ti(NMe,).]. (Chart 1.1, C, CGC:-Ti,, n = 1),* the two diastereomers
of 2 have substantially different solubility characteristics in pentane. Complex meso-2 is less
soluble than rac-2, enabling selective crystallization and separation of each diastereomer (meso-2
at -40 °C, rac-2 at -78 °C). Bimetallic amido complexes rac-2 and meso-2 were characterized by
standard spectroscopic and analytical techniques, including X-ray diffraction (Figures 1.12 and
1.13). Reactions of rac-2 and meso-2 with AlMe. at room temperature in pentane cleanly afford
bimetallic tetramethyl complexes rac-3 and meso-3, respectively (Scheme 1.1). Complexes rac-3
and meso-3 were fully characterized by conventional spectroscopic and analytical techniques.
According to 'H NMR spectroscopy (Figures 1.18 and 1.20), rac-3 possesses a symmetric
configuration, in which the two methyl groups on the Cp-bridge are magnetically equivalent and
give rise to a singlet at 3 = 1.84 ppm. In contrast, two singlets are observed for meso-3 at 5 = 1.85
and 1.82 ppm, consistent with an asymmetric structure. Single crystals of rac-3 and meso-3 were
grown from concentrated pentane solutions at -40 °C and their molecular structures are shown in
Figure 1. Both rac-3 and meso-3 crystallize in triclinic space group P-/ with Z = 4 and 2,
respectively. The sum of the bond angles around N1 in rac-3 and meso-3 are 359.8° and 359.3°
respectively, indicating atoms Sil, N1, C8, and Til are essentially coplanar in both complexes.

Such geometry suggests a possible s7-bonding interaction between the formally d° Ti(IV) and the
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Scheme 1.1. Synthesis of the diastereomeric bimetallic precatalysts rac-3 and meso-3.
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rac-3 meso-3
Figure 1.1. ORTEP plot of the molecular structures of bimetallic tetramethyl complexes rac-

3and meso-3. Thermal ellipsoids are drawn at the 50% probability level, and H atoms are
omitted for clarity. Selected distances (A) and angles (°) for rac-3: Til-Ti2 6.443 (2), Til-Cnl
2071 (3), Ti2-Cn2 2.075 (4), Til-N1 1.937 (5); Cn1-Til-N1 108.71 (16), Cn2-Ti2-N2 108.29
(19). Selected distances (10\) and angles (°) for meso-3: Til-Ti2 7.260 (2), Til-Cnl 2.076 (2),
Ti2-Cn2 2.065 (2), Til-N1 1.941 (4); Cn1-Til-N1 108.45 (12), Cn2-Ti2-N2 108.86 (15). Ti,

orange; C, dark gray; N, blue; Si, pink. Cn is the centroid of the Cp ring.
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N atom lone pair.*» The sum of bond angles around the Cp ring carbon atom bound to Si (C1) is

349 4° in rac-3 and 348.6° in meso-3, indicating that the C1-Sil bond vector is slightly displaced
from the ring plane as a result of the constrained geometry. The Til-Cnl distance (the distance
between Ti and centroid of Cp) is 2.071(3) A in rac-3 and 2.076(2) A in meso-3, with the C atoms
of the Cp rings having unequal bonding distances to the Ti centers.»* Note that rac-3 has a
Ti- - - Tidistance of 6.443(2) A, while this distance is significantly longer for meso-3 at 7.260(2)
A. This may be a factor influencing cooperative enchainment effects during polymerizations
mediated by rac-3 versus meso-3 (vide infra).

Thermal properties of rac-3 and meso-3. Since both NMR data and crystal structure analysis
indicate significant geometrical differences between isomeric configurations, differing physical
properties and reactivities were expected for rac-3 and meso-3. VT NMR studies of each isomer
show that meso-3 is stable at 100 °C in toluene solution, while rac-3 cleanly undergoes thermolysis
to quantitatively form complex rac-4 (Scheme 1.2) with concomitant evolution of methane
(assayed by NMR). The 'H NMR spectrum of rac-4 at 25 °C shows a broad, downfield signal
corresponding to 4 protons at & 7.96 ppm (Figure 1.22) coupled to a methylene resonance at 0
227.18 ppm in the “C NMR spectrum (see 'H-"C HSQC in Figures 1.26 and 1.27).” These features
suggest, in addition to analytical data and the fact that ~2 equiv. of CH. are released in its formation,
that the product is the p-(methylidene). dimer rac-4 (Scheme 2).» VT '‘H NMR, 'H-coupled “C, and
'H-C HSQC NMR experiments (Figures 1.2 and 1.24-1.27) indicate that the protons within each
methylene group in rac-4 are magnetically non-equivalent at low temperature, appearing as two
broadened signals at 8 = 10.01 and 6 = 6.10 ppm (Figure 1.2,-90 °C). Furthermore, the J., coupling
constants (-90 °C: J., = 124.6 Hz and J., = 112.7 Hz; 100 °C: J., = 120.3 Hz) suggest that the

methylene hybridization is intermediate* between a sp* and sp*.» The latter methylidene parameter
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is reminiscent of the Ti=CH. species in Tebbe’s reagent.«~” Red crystals of rac-4 were isolated

from a concentrated hexane solution at -40 °C and the molecular structure is shown in Figure 1.3A,
confirming rac-4 as a Ti p-(methylidene). dimer. The two Ti centers are pointed towards the
“inside” of the molecule, which orients them face-to-face with a very short Ti- - - Ti distance of
2.9975(11) A, likely due to the methylidene bridges. NBO calculations on the optimized rac-4
structure (Figure 1.3B) indicate that hybridization of the methylene carbon orbitals involved in Ti
bonding ranges between sp** and sp*», in good agreement with the experimental NMR data (see
more below).

Activation studies of rac-3 and meso-3 with Ph,C-B(CF.).”. Rac-3 reacts with 1 equiv. of
Ph.C:B(CF,).” in CD.Cl to release 1 equiv. each of Ph.CMe and CH. while quantitatively yielding
monocationic complex rac-5, consisting of a monocationic ion-pair binuclear
species/B(C,F,)."anion (Scheme 1.3). The 'H NMR spectrum of rac-5 (Figure 1.4A) shows a broad
resonance at 0 7.29 ppm integrating as 2 protons, and coupled to a methylene resonance at 5 227.37
ppm in the "C NMR spectrum, for the bridged methylene (1-CH.) group, and a sharp resonance
integrating as 3 protons for the bridged methyl (#-CH,) group at & -0.15 ppm (coupled to a
resonance at & 61.89 ppm in the "C NMR spectrum). In C.D,CI solution, addition of 2 equiv. of
Ph.C-B(C/F,).” to rac-3 produces rac-6 (Scheme 1.3) and CH.. The 'H NMR spectrum (Figure 1.4B)
exhibits a single broadened resonance at 6 = 7.77 ppm integrating to 2 protons coupled to a signal
at 8 233.43 ppm in the "C NMR, indicating a u-CH. group similar to that in rac-5. However, the
two Cp rings and the two Si(CH.). groups are magnetically non-equivalent, suggesting that the
second equiv. of Ph.C:B(C,F,).”weakly binds to one Ti center, affording an asymmetric molecular

structure (vide infra). Thus, the singlet at & = -0.41 ppm (coupled to a signal at 6 67.63 ppm in the
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Figure 1.3. (A) ORTEP view of the molecular structure of complex rac-4. Thermal ellipsoids
are drawn at the 50% probability level, and H atoms are omitted for clarity, except for the u-CH.
groups. Selected distances (A) and angles (deg): Til-Ti2 2.9975 (11), Til-Cnl 2.0349 (18), Ti2-
Cn2 2.0487 (16), Til-N1 1.969 (3), Ti2-N2 1.962 (3), Til-C12 2.038 (4), Til-C26 2.141 (4),
Ti2-C12 2.136 (4), Ti2-C26 2.141 (4); Sil-N1-Til 100.99 (14), Si2-N2-Ti2 99.79 (14), Cnl1-Til-
N1 108.14 (10), Cn2-Ti2-N2 108.78 (11). (B) Optimized DFT geometry of the rac-4 molecular
structure. Ti, orange; C, dark gray; H, light gray; N, blue; Si, pink. Cn represents the centroid of

the Cp ring.
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Scheme 1.3. Proposed activation pathway of rac-3 with Ph.C:B(CF.).” to form rac-5 and rac-6.
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»C NMR) is assigned to a terminal Ti-CH. group. Note that the resonances of the second equiv. of

Ph.C: are not detected in the 'H NMR spectrum at room temperature, suggesting possible 7-
coordination of a tritylphenyl ring to one Ti center, which broadens the resonances.”
Computational modeling finds a weak Ti--C interaction with the para carbon of one trityl ring,
resulting in slight elongation of the para C-H bonds relative to the other phenyl C-H bonds, 1.10
A vs 1.09 A respectively (Figure 1.60). High temperature (100 °C) VT-NMR reveals a broad signal
at 0 = 7.23-7.36 ppm, assigned to a weakly coordinated trityl ring (Figure 1.35). Moreover,
recrystallization of rac-6 from toluene yields solid rac-5 with 1 equiv. of Ph.C:‘B(C,F,).” remaining
in solution. Based on NMR and computation, the structure of rac-6 is suggested to be a u-CH,
bridged asymmetric binuclear dication with an additional weak interaction involving the second
equiv. of Ph.C-B(CF,),” (Scheme 1.3).

In contrast to the above results, when meso-3 is activated with either 1 or 2 equiv. of
Ph.C:B(C/F,).”, only meso-5 is formed and quantitatively (Scheme 1.4), as indicated by 'H NMR
and "C NMR (Figures 1.36-1.39). Variable temperature NMR spectroscopy (Figure 1.40), shows
the u-CH, protons to be magnetically non-equivalent at -90 °C in CD.CL, (8 9.71, 7.68 ppm), with
negligible chemical shift variations for other resonances between -90 °C and 20 °C. Red crystals
of rac-5 and meso-5 were grown from dilute toluene solutions at -40 °C, and the solid state
structures of the u-CH., u-CH, binuclear rac-5 and meso-5 cations are shown in Figure 1.5. The
Ti- - - Ti metal distances in rac-S and meso-5 are 3.000(3) A and 3.0041(14) A, respectively,
similar to that of rac-4 (2.9975(11) A). The u-CH, and u-CH, groups are occupationally disordered,
and no bridging methyl/methylene group H atoms could be located crystallographically.
Bochmann™ previously provided spectroscopic evidence for the Zr. cation, (CpZr).(u-CH.)(u-

CH,)(n:p-C H,)'B(C/F,).”, Sitar reported the crystal structure of dizirconium
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[Cp*.Zr.{N(Bu)C(Me)N(Et)}.(u-CH.)(u-CH,)]'B(C/F,).”, and Piers* described methane loss from

a cationic u-CH, dimer formed via trityl borate activation to form [CpTiN=C(Bu).].(u-CH.)(u-
CH.,)B(CF,).” (Chart 1.4). Therefore, while there is some structural precedent, rac-5 and meso-5
represent two of the very few examples of u-CH., u-CH. binuclear monocationic Ti complexes.
Note also that meso-3 is relatively stable in polar solvents such as CD.Cl. over the course of hours,
while rac-5 quickly activates CD.CL> under identical conditions to form binuclear p-Cl
monocationic trichloride rac-5-Cl,, as confirmed by NMR and X-ray analysis (Scheme 1.5 and
Figures 1.30-1.32).

DFT calculations were next performed to analyze the electronic structures of meso-5 and
rac-5. In this comparative analysis, the “naked cation approach” was adopted as a first level of
approximation, neglecting cocatalyst/counteranion effects. The computed structure of meso-5
features C. symmetry with a mirror plane bisecting the Ti-Ti vector and containing bridging
carbons atoms C1 and C2 (Figure 1.6). Negligible differences are observed in the Ti-CH, and -CH.
distances (Ti1-C1 vs Ti2-C1 and Ti1-C2 vs Ti2-C2, Table S52). This is consistent with the metrical
parameters found experimentally in the solid state structure of meso-5 (Figure 1.5). Comparable
positive charges are also found on Til (0.446 D) and Ti2 (0.438 D), indicating symmetric charge
delocalization on the two Ti centers. In contrast, rac-5 is less symmetrical (C)) as a result of the
different Ti-CH, (C1) and Ti-CH, (C2) interactions. These different interactions find counterparts
in the different Ti1-C1 and Ti2-C1 as well as Ti1-C2 and Ti2-C2 bond distances in rac-5 (Figure
1.6). Thus, Ti1-C1 is 0.11(2) A shorter than Ti2-C1, whereas Til-C2 is 0.04(2) A longer than Ti2-
C2.This asymmetry is also detected in the diffraction-derived solid state structure of rac-5 (Figure

1.5). Moreover, the evaluated NBO charge distribution on the two Ti centers shows that
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greater positive charge is located on Ti2 as a result of the asymmetry in electronic distribution (Til

=0.390D,Ti2=0464 D).

Activation studies of rac-3 and meso-3 with B(CF)).. Rac-3 reacts with 2 equiv. of B(CF,), in
toluene to yield ion-pair rac-7 with release of 1 equiv. of CH. (Scheme 1.6, Figure 1.42). Yellow
crystals of rac-7 were grown from dilute toluene solutions at -40 °C. Unfortunately, refinement to
a suitable resolution is precluded by the twinned nature of the crystals. Nevertheless, the
connectivity of the weakly bound methylborate anions is evident (Figure 1.42).«« = H and “C
NMR analysis of rac-7 in CD.CL. shows no Ti-Me resonance and implies that rac-7 activates CD.CL
to selectively afford rac-7-Cl,, which is structurally very similar to rac-5-Cl, but with a MeB(C.F.),”
counteranion (Scheme 1.6, Figures 1.31 and 1.32 versus 1.43 and 1.44).

In contrast to the above results, H NMR and “C NMR spectra indicate that reacting meso-3
with 2 equiv. of B(CF.). quantitatively yields meso-7 (Scheme 1.7, Figures 1.45-1.47) which is
stable in chlorinated solvents (C.D.CI for days, CD.CL for hours). Red crystals of meso-7 were
grown from dilute toluene solution at -40 °C, and the solid state structure of #-CH., u-CH. binuclear
meso-7 is shown in Figure 1.7. Note that the cation of meso-7 is identical to that of meso-5, and
the structures of both were confirmed by X-ray diffraction (Figures 1.5, 1.7) and NMR (Figures
1.36-1.39,1.45-1.47). Meso-5 and meso-7 only differ in counteranion: a free B(C,F,).” anion in the
former and a free MeB(C,F,),” anion in the latter, with a broad 'H NMR B-Me resonance at d = 0.47

ppm integrating as 3 protons.
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Figure 1.5. ORTEP view of the molecular structures of rac-5 and meso-5. Ellipsoids enclose 50%

of the electronic density and H atoms are omitted for clarity. Selected distances (A) and angles

(deg) in rac-5: Til-Ti2 3.000 (3), Til-Cn1 2.026 (5), Ti2-Cn2 2.049 (4), Ti1-C12 2.088 (8), Til-

C26 2.182 (10), Ti2-C12 2.178 (9), Ti2-C26 2.196 (9); Cn1-Til-N1 108.8 (3), Cn2-Ti2-N2 108.6

(2). Selected distances (A) and angles (deg) in meso-5: Til-Ti2 3.0058 (13), Til-Cnl 2.0306 (13),

Ti2-Cn2 2.0192 (13), Ti1-C12 2.090 (2), Ti1-C26 2.269 (3), Ti2-C12 2.108 (3), Ti2-C26 2.255

(2); Cn1-Til-N1 109.20 (6), Cn2-Ti2-N2 108.78 (8). Ti, orange; C, dark gray; N, blue; Si, pink;

F, yellow-green; B, light pink. Cn represents the centroid of the Cp ring.
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rac-5 meso-5
Ti1-Ti2| 3.01 3.03
Ti1-C1 | 2.21 2.25
Ti1-C2 | 2.08 2.06
Ti2-C1 | 2.32 2.25
Ti2-C2 | 2.04 2.06

meso-5

Figure 1.6. Optimized DFT computed geometries of the “naked” rac-5 and meso-5 cations.
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Figure 1.7. ORTEP view of the molecular structure of me0-7 (ellipsoids enclose 50% electronic
density; H atoms are omitted for clarity, except for the u-CH., u-CH, and B-CH, groups). Selected
distances (A) and angles (deg) in meso-7: Til-Ti2 2.9871 (18), Til-N1 1.924 (6), Ti2-N2 1.914
(5), Til-Cn1 2.019 (3), Ti2-Cn2 2.021 (4), Til-C12 2.234 (6), Ti1-C26 2.071 (6), Ti2-C12 2.227
(6), Ti2-C26 2.077 (6); Cn1-Til-N1 109.38 (18), Cn2-Ti2-N2 109.7 (2). Ti, orange; C, dark gray;
H, light gray; N, blue; Si, pink; F, yellow-green; B, light pink. Cn represents the centroid of the

Cp ring.
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Table 1.1. Ethylene homopolymerization data for catalysts Ti,, rac-3, and meso-3 -

Equiv. of Polymer Activityy M.

Entry Catalyst

Ph.C-B(CF).” (g (PE) (kg-mol-)
1 Ti, 1.2 1.66 4980 67 2.7
2 rac-3 1.0 0.04 120 93 55
3 rac-3 24 0.56 1680 299 1.9
4 meso-3 1.0 trace - - -
5 meso-3 24 0.04 120 258 2.8

‘Polymerization conditions: [catalyst] = 10 gmol Ti; 5 ymol rac-3; 5 pmol meso-3; 50 mL
toluene, at 25 °C, and under constant 1 atm of ethylene pressure for 2 min. Entries performed in
duplicate. kg (polymer)-mol-(Ti)-h-atm". ‘GPC vs polystyrene standards in (kg-mol-).
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Catalytic Olefin Polymerization

Ethylene, propylene, and 1-octene homopolymerizations. Ethylene, propylene, and 1-octene
homopolymerizations were carried out under rigorously anhydrous/anaerobic conditions with
attention to exotherm and mass transfer effects. < Data are presented in Tables 1.1, 1.2, and 1.3.
Monometallic catalyst [(3-Bu-CH,)SiMe NBu]TiMe, (Ti,) was used as a control. For all
polymerizations, except rac-3 + 1 equiv. PhC:B(C[F,).”, the monomodal gel-permeation
chromatography (GPC) traces and product D values are consistent with single-site processes.
In agreement with the catalyst structural data, the unique properties of each bimetallic diastereomer
are readily apparent. When activated with 1 equiv. of Ph.C-B(C/F,).” per Ti, rac-3 is far more active
for ethylene homopolymerizations than meso-3, which only produces small quantities of polymer
(Table 1.1, entries 3 and 5). In contrast, Ti, produces significantly more polymer than either of the
binuclear catalysts under identical reaction conditions (Table 1.1, entry 1). The reduced activity in
both bimetallic systems likely reflects increased steric bulk around the Ti centers.” Note that ~4.5x
greater M, is achieved with rac-3 vs. Ti, under identical polymerization conditions (Table 1.1
entries 2 and 3 vs 1). Experiments with 0.5 equiv. of co-catalyst Ph.C-B(CF.).” per Ti show that
meso-3 is almost completely inactive under these conditions, while rac-3 produces far less
polymer than when both metals are activated (Table 1.1, entries 2 vs 3), suggesting the necessity
of the second borate equivalent and activation at both metal centers to achieve appreciable activity

under these conditions (vide infra).

Propylene and 1-octene homopolymerization data with Ti : cocatalyst ratios of 1:1 equivalents
are presented in Tables 1.2 and 1.3. Note that rac-3 again is more active than meso-3, but less
active than monometallic Ti.. All of the present polypropylene products are atactic as judged by

“C NMR spectroscopy (Figures 1.50-1.52) and readily soluble in ether, hydrocarbons, and
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Table 1.2. Propylene homopolymerization data for catalysts Ti., rac-3, and meso-3 .

Polymer . .. mmmm M y
Entry Catal. Cocatalyst () Activity (%) (kg-mol’) D
1 Ti, Ph.C-B(CF,). 981 3270 atactic 209 24
2 rac-3 Ph.C-B(CF,)~ 1.85 616 atactic  47.8 20
3 meso-3 PhCB(CF)” 0.1 203 atactic  47.1 2.1

‘Polymerization conditions: [catalyst] = 10 gmol Ti,; 5 gmol rac-3; 5 pmol meso-3; activator
ratio of Ph.C:B(C,F,).”/Ti = 1.2; 1 atm of propylene pressure for 20 min in 50 mL toluene at 25 °C.
Entries performed in duplicate. 'kg (polymer)-mol" (Ti)-h-atm'. By »C NMR.»= ‘GPC vs
polystyrene in (kg-mol-).

Table 1.3. 1-octene homopolymerization data for catalysts Ti,, rac-3, and meso-3.:

Entry Catal. Cocatalyst PO](% I)ner Activityy mmmm (%) (kgj_‘{ﬁ ol)

1 Ti, B(CF). 143 5.95 36.2 142 19
2 rac-3 B(CF), 0.03 0.125 40.8 704 1.8
3 meso-3 B(CF), 0.02 0.083 91.7 26.1 1.1
4 Ti, PhC-B(CF,).” 3.30 13.75 344 1.57 1.3
5 rac-3 PhC-B(CF,).” 1.89 7.87 395 3.68 2.1
6 meso-3 PhCB(CF)” 1.07 4.45 352 3.22 14

‘Polymerization conditions: [catalyst] = 10 gmol Ti,; 5 gmol rac-3; 5 pmol meso-3; activator
ratio of B(CF,). or Ph.C-B(CF,),”/Ti = 1.2; 5.60 g of 1-octene for 24 h in 20 mL toluene, at 25 °C.
Entries performed in duplicate. 'kg (polymer)-mol" (Ti)-h-atm'. By »C NMR.»= ‘GPC vs
polystyrene in (kg:mol-).
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Figure 1.8. "C NMR spectra (100 MHz, C.D.CL, 120 °C) of the poly-1-octene samples from Table

1.3, entries 2 and 3, showing the tacticity sensitivity to the indicated activated precatalysts.
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chlorinated solvents, although solubility falls with increasing M,.= » Similar to ethylene

polymerization, the polypropylenes produced by bimetallic rac-3 and meso-3 have significantly
higher M.s (~2.2x) than those produced by monometallic Ti..» Recall that meso-3 activated by
Ph.C-B(C/F,)."and B(CF,), yields meso-S and meso-7, containing the same cation but different
counteranions, B(CF,.” and MeB(CF,),, respectively. The results of the 1-octene homo-
polymerization experiments (Table 1.3, entries 1-6) reveal striking catalyst and cocatalyst-
dependent product tacticity control, indicating that cation - cocatalyst counteranion interactions
significantly affect enchainment activity and selectivity.* " = Note that rac-3 with either
Ph.C-B(C/F,).” or B(CF,). exhibits higher activity than meso-3 under identical conditions. Note also
that only meso-3 activated by B(C.F,), produces highly isotactic poly-1-octene with 91.7% mmmm
(Figure 1.8), while Ti, and rac-3 with B(CF,). or Ph.C-B(CF,).”, as well as meso-3 with
Ph.C-B(CF,).”, yield poly-1-octenes with only 30-40% mmmm.> The poly-1-octenes produced
with B(C,F,). as cocatalyst have much higher M.s than those produced with Ph.C:-B(C.F,).”. With the

same cocatalyst, both bimetallic rac-3 and meso-3 form higher M, polymers than the Ti, control.

Ethylene/1-octene copolymerization. Ethylene + 1-octene copolymerization data are presented
in entries 1, 3 and 5 of Table 1.4 with Ti : cocatalyst ratios of 1:1 equivalents. Bimetallic catalyst
rac-3 displays 1.9x greater activity for ethylene/1-octene copolymerization versus the analogous
ethylene homopolymerization (Table 1.4 entry 3 vs. Table 1.1 entry 3), indicating an uncommonly
encountered “comonomer effect”.= > Note that the exact opposite trend is observed for meso-3
(Table 1.4 entry 5 vs Table 1.1 entry 5). Once again, rac-3 is the more active bimetallic catalyst,
producing ethylene/1-octene copolymers with ~36x greater activity than meso-3 (Table 1.4 entries
3 vs 5). Rac-3 and meso-3 also produce polymer with more than double the enchainment of 1-

octene (7.0 and 7.1 % respectively) than achieved by Ti.. In both cases, the presence of the second
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metal center may play the role of a multi-centered bonding “a-olefin trap” to enhance comonomer

enchainment selectivity vs. monometallic Ti, (vide infra). Interestingly, rac-3 and Ti, produce
copolymers of comparable M,, while meso-3 produces a copolymer that has a M, 1.6x lower than
Ti. Once again, these results reveal markedly different catalytic performances for the two
bimetallic diastereomers. To complement the ethylene homopolymerization studies, control
experiments were performed in which polymerizations were conducted with only 0.5 equiv.
Ph.C:B(CF,).” per Ti. Both rac-3 and meso-3 display vanishingly low activities, with rac-3
producing only a few mg of polymer and meso-3 producing almost no polymer (Table 1.4, entries
2 and 4), again highlighting the significance of the second co-catalyst equiv. in promoting
appreciable polymerization activity.

Ethylene/styrene copolymerization. Under identical reaction conditions, bimetallic rac-3
incorporates styrene in compositions as high as 63.0%, which is 2.1x higher than the enchainment
achieved by monometallic Ti, (Table 1.5 entries 2-4). In the "C NMR of the poly(ethylene-co-
styrene) (Figure S50),> =« the resonances centered at 6 = 25.5,27.7,29.8,36.9, and 46.0 ppm in
the aliphatic region can be assigned to S,, S,, S., S.. + S., and T, positions, respectively,

corresponding to SES, SEE, SEES, SES + SEE, and ESE, (n= 1) sequences. The signals

observed at & = 146.4 and 125.7 ppm in the aromatic region are assigned to the ipso and para
carbons of the phenyl ring attached to the copolymer backbone, respectively. Thus, all evidence
indicates that the polymers produced by Ti, and rac-3 are exclusively poly(ethylene-co-styrene)
copolymers. However, the "C NMR spectrum (Figure 1.58) of polymer obtained by meso-3 (Table
1.5, entry 4) mainly exhibits a single broad resonance at & = 41-45 ppm, attributable to atactic

polystyrene.* The absence of other resonances indicates that the polymerization product is not a
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Table 1.4. Ethylene/1-octene copolymerization data for catalysts Ti,, rac-3, and meso-3 -
t PE Activityy Comonomer M
Entry Catalyst o) (@  (PE)  Incorp.(%) (kgmol)

1 Ti, 1 1.66 9970 32 111 2.0
2 rac-3 2 trace - - - -
3 rac-3 2 1.09 3270 7.0 124 1.9
4 meso-3 2 trace - - - -
5 meso-3 2 003 90 7.1 69 1.7

‘Polymerization conditions: [catalyst] = 10 gmol Ti,; 5 gmol rac-3; 5 pmol meso-3; activator ratio
of Ph,C-B(CF,), /Ti=1.2;0.064 M 1-octene in 50 mL toluene, at 25 °C, and under constant 1 atm
of ethylene pressure. Entries performed in duplicate.’Polymerization conditions: [catalyst] = 5
pumol rac-3; 5 pmol meso-3; activator ratio of Ph.C-B(C,F,).”/Ti =0.5; 0.064 M 1-octene in 50 mL
toluene, at 25 °C, and under constant 1 atm of ethylene pressure. Entries performed in duplicate.
kg (PE)-mol"(Ti)-h-atm".‘By 'H NMR and “C NMR . ‘GPC vs polystyrene standards in (kg/mol).

Table 1.5. Ethylene/styrene copolymerization data for catalysts Ti,, rac-3, and meso-3 -
t PE  Activityy Comonomer M,
(min) (g) (PE) Incorp. (%) (kg-mol")
1 Ph.CB(CF). 60 0.67 67 polystyrene 35 2.0

Entry Catalyst

2 Ti, 10 1330 7980 30.1 34 20
3 rac-3 10 3.50 2100 63.0 10.5 1.7
4 meso-3 10 8.50 5100 polystyrene 2.2 2.7

‘Polymerization conditions: [catalyst] = 10 gmol Ti,; 5 gmol rac-3; 5 pmol meso-3; activator ratio
of Ph.C-B(CF,).”/Ti=1.2; 1.75 M styrene in 50 mL toluene, at 25 °C, and under constant 1 atm of
ethylene pressure. Entries performed in duplicate.’Polymerization conditions: 1.45 M styrene in
50 mL toluene, at 25 °C, and under constant 1 atm of ethylene pressure. Entries performed in
duplicate. kg (PE)-mol"(Ti)-h-atm". By 'H NMR and “C NMR.» ‘GPC vs polystyrene standards

in (kg/mol).
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true coordination copolymerization product, but rather an atactic polystyrene homopolymer. A

control experiment indicates that Ph.C-B(CF.).” alone is also active, presumably via a cationic
styrene homopolymerization mechanism (Table 1.5, entry 1), although with lower activity and
producing a higher M, polymer than the meso-3/ Ph.C-B(C.F.).” system (Table 1.5, entry 4). Purely
meso-3/Ph,C'B(CF,).” (meso-5) mediated cationic polymerization is likely the reason for the
activity observed using meso-3, since the results stand in contrast to the results for the other homo-

and copolymerizations that show rac-3 exhibits higher activity.

Discussion

Ethylene, Propylene, and 1-octene homopolymerization. For all three monomers,
homopolymerization experiments with Ph,C-B(C,F.,).” -activated rac-3 and meso-3 (Ti : cocatalyst
= 1:1 equivalents) reveal that rac-3 is the more active of the present bimetallic catalysts, while
monometallic Ti, is significantly more active than both bimetallics but produces lower M,
polymers. Such activity differences likely reflect increased steric congestion around the catalytic
center as evidenced by the corresponding structural data (Figures 1.1, 1.3, 1.5-1.7).» Furthermore,
the variations in activity between propylene and 1-octene homopolymerizations can be partially
explained by differences in monomer solubility in toluene at 25 °C ([propylene = 0.83 M at 1.0
atm system pressure;* ' [1-octene] = 1.0 M). For single-site polymerizations, M, values typically
scale as the net rate of chain propagation divided by the net rate of all competing chain termination
processes.” In view of the present lower bimetallic versus monometallic catalytic activities, the
relative chain termination rates of the bimetallic species must be substantially lower to explain the
increased M, values. This suggests that the second proximate metal center in the bimetallic

catalysts may interact with the growing polymer chains, probably via an agostic interaction (see
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Scheme 1.8), to stabilize the propagating chain and enhance comonomer selectivity while

suppressing chain transfer and termination processes.”*
According to the catalyst NMR, X-ray diffraction, DFT computational, and polymerization
data, meso-7 (i.e., meso-3 + 1 B(C[F.),) is an approximately C-symmetric cation (Figure 1.7),
which, when activated with a second B(C,F,), equivalent (see Figure 1.42) exhibits remarkably
high isoselectivity for 1-octene polymerization (Table 1.3). In contrast, meso-5 (i.e., meso-3 +
Ph.C:B(C/F,).") with the same cation as meso-7 produces only marginally isotactic poly-1-octene
or polypropylene upon activation with a second Ph.C-B(CF,).” equivalent. Proceeding via
mechanisms that are generally well-understood for mononuclear catalysts,* optimized group 4
single-site C-symmetric catalysts typically polymerize a--olefins in a syndiospecific fashion =
while optimized group 4 single-site C.-symmetric* and C.-symmetric«catalysts typically afford
isotactic poly-a-olefins. In the present CGC-based catalytic systems, note that the mononuclear
Ti, ancillary ligation (Chart 1.3) does not offer the large stereodifferentiating bulk typical of high-
tacticity-selective group 4 metallocene = and pyridylamido* catalysts (Figures 1.9A, B,
respectively). Indeed, activated Ti, yields atactic polypropylene and marginally isotactic poly-1-
octene (Table 1.3), with the latter relatively insensitive to the cocatalyst. In the case of suitably
activated binuclear catalysts, note that both rac-3 and meso-3 afford atactic polypropylene (Table
1.2, entries 2 and 3) and marginally isotactic poly-1-octene for both cocatalysts (Table 1.3, entries
2,5,6). The only exception is meso-3 + 2 B(CF,), which yields an impressive mmmm = 91.7% .
Regarding mechanism, few studies have been reported on tacticity induction in binuclear
group 4 polymerization catalysts.»* While meso-3 activated by two equivalents of B(C,F,).may be
approximately C.-symmetric (see Figure 1.42 for the rac-3 analogue), it is probably simplest to

consider the individual Ti centers as independent polymer-generators, and each is expected to have
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approximate C, local symmetry, with the second metal center acting as a bulky ring substituent

(Figure 1.9C). While, as noted above, C-symmetric complexes can afford poly-a-olefins with high
isotacticity, this does not fully explain why meso-7 produces highly isotactic poly(1-octene) while
all the other binuclear catalyst/cocatalyst combinations, ostensibly C.-symmetric at Ti, are far less
selective. It is possible that the tighter ion-pairing'»™ in meso-7 afforded by MeB(CF,),” (which
could influence the kinetics of site epimerization), = combined with the steric influence of
the nearby second metal center and supporting ligation, selectively forces monomer
approach/chain growth from a particular orientation.« " = This suggests, therefore, that the
polymerization may proceed via an isospecific backskip mechanism*  in which monomer
insertion orients the growing polymer towards the more hindered side of the catalyst. In the case
of meso-7, this would presumably involve positioning of the polymeryl chain towards the second
metal center and remaining ligand (Figure 1.9C). Prior to the next insertion, the steric hindrance
forces a site epimerization process to re-position the polymer chain away from the other metal
center, and repeated insertion/epimerization eventually yields highly isotactic polymer.*

Ethylene + 1-octene and styrene copolymerization. The present ethylene + 1-octene
copolymerization data (Table 1.4) indicate that, compared to typical monometallic
polymerizations at typically low catalyst concentrations (10+-10¢+ M), the enforced proximity of
two catalytic centers in rac-3 and meso-3 affords significantly greater comonomer enchainment
versus Ti.. It is likely that coordination/activation of the 1-octene at one cationic metal center is
facilitated/stabilized by a secondary, possibly agostic interaction with the second proximate
cationic metal center, which is likely to enhance the probability of subsequent enchainment or re-
enchainment after chain transfer (Scheme 1.8A). Note that rac-3 exhibits significantly higher

activity and produces much larger M, product than meso-3, suggesting enhanced metal---metal
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cooperativity in rac-3. This is noteworthy since rac-3 exhibits higher activity for

copolymerizations versus ethylene homopolymerization, while meso-3 trends exactly the opposite.
From the single-crystal structures of rac-3 and meso-3 (Figure 1.1), the Ti---Ti distance in rac-3
(6.443(2) A) is ~0.82 A shorter than that in meso-3 (7.260(2) A). Furthermore, the single-crystal
data (Figure 1.5) and NMR studies of rac-5 and meso-S indicate that rac-5 is probably more
strained and is more reactive than meso-5. Therefore, the combined shorter accessible
metal--metal distance in rac-3 and the asymmetric, more reactive structure of rac-5 may more
effectively stabilize the proximate growing polymer chain via agostic interactions (Scheme 1.8A),
which would also suppress the rates of chain transfer and termination relative to meso-3.» Note
that in previous bimetallic CGC--Ti, catalysts (Chart 1.1, C) significant a-olefin comonomer
enchainment selectivity is also observed versus analogous monometallic CGC catalysts,* but is
lower as compared to the present bimetallic system under similar polymerization conditions.

The emergence of single-site olefin polymerization catalysis has stimulated renewed interest
in ethylene-styrene copolymers due to their impressive viscoelastic behavior, mechanical
properties, and compatibilities with a wide range of other macromolecular materials, reflecting the
aromatic functionality embedded in the polyethylene backbone.> 7 Nevertheless, conventional
single-site catalysts have rarely achieved styrene incorporation greater than 50 mol%, regardless
of the styrene/ethylene feed ratio.» =+ Previously, we reported that bimetallic CGC>-Ti, not only
exhibits far greater activity for styrene homopolymerizations with an unusual 1,2-enchainment
regiochemistry* (up to ~50%) than the corresponding monometallic analogue, but also installs
styrene in ethylene/styrene copolymerizations with broadly tunable styrene content.«* The present
ethylene + styrene copolymerization data indicate that the polymers produced by Ti, and rac-3 are

exclusively poly(ethylene-co-styrene) copolymers, while under identical conditions meso-3 only
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produces atactic styrene homopolymer (Figures 1.58 and 1.59). The analysis of chain-ends of

homopolymers produced by meso-3/borate indicates propagation occurs through both 1,2-
insertion and 2,1-insertion pathways. The ratio of 1,2-insertion/2,1-insertion can be evaluated from
»*C NMR (Figure 1.54), where the signal at 6 22.10 ppm is assignable to 1,2-insertion and the signal
at 6 22.08 ppm to 2,1-insertion. This result is similar as our previous report where styrene 1,2-
insertion competes with 2,1-insertion to a significant degree in bimetallic CGC catalysts (up to
50%).» For ethylene polymerization, monomer coordination/activation at the cationic metal center
in the presence of the counteranion is usually the rate-limiting step for each ethylene insertion,*
while for styrene polymerization, the proposed rate limiting-step is insertion of the vinylic
fragment of the m-coordinated styrene into the metal-polymeryl bond (Scheme 1.8B).~
Theoretical* and experimental” studies of ethylene/styrene copolymerization suggest that while
ethylene has a lower binding energy than styrene, styrene has a significantly higher insertion
barrier. As noted above and evident in Tables 1.1 — 1.3 (except Table 1.5 entry 3 vs. 4), rac-5 is
catalytically more active but less stable than meso-5. The present catalyst activity/reactivity trends
qualitatively correlate with X-ray diffraction analyses which reveal substantial differences in rac-
S and meso-5 --B(CF,).” ion-pairing (Figure 1.5). The distances between the borate B atom and
the two Ti centers in rac-5 are 7.297(11) A and 6.365(10) A, while meso-5 contains more
symmetrical/tighter ion-pairing with 7.184(3) A and 6.938(3) A for the corresponding distances.

Catalytic center proximity and conformational effects: precatalyst activation and proposed
catalytic mechanism. The aforementioned data show that activated bimetallic CGC catalysts rac-
3 and meso-3 exhibit distinctive cooperative enchainment effects in terms of product M, and
comonomer selectivity versus the monometallic control Ti,. Specifically, rac-3 is more active for

both homo- and copolymerizations than meso-3. A reasonable, DFT-based scenario for ethylene
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polymerization by rac-3 and meso-3 activated by Ph.C-B(C,F,),” is depicted in Scheme 1.9. Rac-3

and meso-3 activated by 1 equiv. of Ph\C:‘B(CF,),” yield rac-5 and meso-5 (Schemes 1.3,1.4). The
solution stable species rac-6 (rac-3 + 2 equiv. of Ph,C-B(C,F,).”; see Figure 1.4) is found to be too
sterically hindered for ethylene coordination/activation; however, exchange of the coordinated
trityl moiety for ethylene to reform rac-5 is exothermic by ~ 10 kcal/mol, arguing that rac-5 can
initiate polymerization. Rac-5 and meso-5 are u-CH., u-CH. binuclear monocationic Ti complexes,
which bind one ethylene molecule to one cationic Ti center (n-complex; AE = +1.0 kcal/mol),
followed by insertion into the presumably strained Ti-CH. bond (intermediate A; rac isomer, AE
= -13.2 kcal/mol). Interestingly, the DFT calculations suggest that ethylene insertion into the Ti-
CH. bond of these species is not favored. In fact, any attempts to induce olefin insertion by forcing
the approach of ethylene into the Til-CH. bond leads to methane release and the formation of
bridging complexes rac-8 and meso-8 (Figure 1.61), in which the methyl ligand is replaced by a
vinyl group (Til-CH=CH.) and an interaction is formed between the double bond of the vinyl
fragment and the Ti2 center. These complexes are inactive for further ethylene
coordination/activation or insertion. Intermediate A evolves via B-H elimination from the 1,3-x-
propylene group to more stable structure B (rac isomer AE = -16.1kcal/mol) with a t-H bridge,
methyl displacement toward to the Ti2 center, and a new allylic fragment~ at Ti2.~ A similar Ti,
complex, reminiscent of intermediate B, was observed experimentally by Cuenca et al.» DFT
yields similar results for meso-5, however intermediates A and B are far less stable than rac-5 (AE
= -1.7 kcal/mol and -2.5 kcal/mol for A and B, respectively). In the presence of a second
Ph.C:B(C/F,).” equiv., structure B can be re-activated by abstraction of either the Ti-CH, or tr-H

bridging group to yield dicationic complex C, which is active for chain propagation.*
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Computationally, H abstraction is favored over CH. abstraction by ~6 kcal/mol. In the absence of

a second Ph.C-B(C/F,),"equiv., monocationic intermediate B is found to coordinate ethylene with
AE =2.5 and 12.3 kcal/mol for the rac-5 and meso-5 diastereomers, respectively. This agrees with
the ethylene polymerization results where only 1 equiv. of cocatalyst + the meso diastereomer
results yields negligible polymer production in comparison to the rac diastereomer (Tables 1.1-
1.3). Polymerization by monocationic bimetallic complexes in the presence of 1 equiv. of
Ph.C:B(C/F,).” is considered a minor participant based on the high D’s obtained, and the much

lower (or lack of) activity observed for monocationic polymerizations.

The results of this study argue that the present Ti. bimetallic catalysts are activated in a way
that is quite distinct from their monometallic counterpart, in agreement with the different catalytic
performances. For the two bimetallic catalyst diastereomers, at least three intermediates exist
during polymerization; their stability as well as kinetics and energetics depend significantly on
conformation, where in general the rac intermediates are lower in energy. This leads to different
diastereomeric active species with markedly varying activities, comonomer selectivities, as well

as polymer product molecular weights and tacticities.

Conclusions

We report here the synthesis, isolation, and detailed experimental/theoretical characterization
of two bimetallic Ti constrained geometry diastereomers, rac-3 and meso-3, and their olefin
polymerization properties. Rac-3 undergoes clean thermolysis to yield a dimeric w-CH. complex
rac-4, while meso-3 is stable under these conditions. Activation of rac-3 and meso-3 with 1 equiv.
of Ph.C'B(CF.).” affords rac-5 and meso-S, which are monocationic binuclear y-CH., w-CH. Ti

complexes. An additional equiv. of Ph.C:B(C/F,)”weakly interacts with rac-5 and forms aryl-
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coordinated ion pair rac-6, while meso-5 is unreactive under these conditions. Meso-3 reacts with

2 equiv. of B(CF,), to form meso-7, which contains the same cation as meso-5 but with a
MeB(CF,),” anion instead of B(C.F.).”. Rac-3 reacts with 2 equiv. of B(CF.,), to form the ion pair
rac-7, which contains two weak Ti- - - MeB(CJF,), interactions, and decomposes in CD,Cl.to form
rac-7-Cl,. Compared to the monometallic control Ti, rac-3 activated with 2 equiv. of
Ph.C:B(CF,).” exhibits distinctive olefin polymerization cooperative effects in terms of enhanced
product molecular mass and comonomer enchainment selectivity. Furthermore, the rac-3-derived
catalyst is more active for both of homo- and copolymerizations than similarly activated meso-3,
arguing that very diastereomerically distinct active species are operative during polymerization,
and that the polymerization activity, enchainment selectivity, isoselectivity, product molecular
mass, and catalyst stability vary dramatically with the bimetallic catalyst conformation. This study,
through NMR spectroscopy, X-ray diffraction, and DFT calculation, provides a better
understanding of both the activation processes and the ion-paired nature of the active species in
bimetallic catalyst-mediated coordinative olefin polymerization. The results argue that
conformationally distinct bimetallic single-site polymerization catalysts can provide unusual
cooperative enchainment pathways and the potential for creating new macromolecular

architectures that conventional monometallic catalysts cannot offer.

Experimental Section

Materials and Methods. All manipulations of air-sensitive materials were performed with
rigorous exclusion of O. and moisture in oven-dried Schlenk-type glassware on a dual manifold
Schlenk line, interfaced to a high-vacuum line (10 Torr), or in a N.-filled Mbraun glove box with
a high-capacity recirculator (<1 ppm O.). Argon and N. (Airgas, pre-purified grade) was purified

by passage through a supported MnO oxygen-removal column and an activated Davison 4A
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molecular sieve column. Ethylene (Airgas) was purified by passage through an oxygen/moisture

trap (Matheson, model MTRP-0042-XX). Diethyl ether and tetrahydrofuran were distilled over
Na/benzophenone ketyl. Hydrocarbon solvents (n-pentane and toluene) were dried using activated
alumina columns according to the method described by Grubbs* and were additionally vacuum-
transferred from Na/K alloy immediately before vacuum line manipulations. All solvents for high-
vacuum line manipulations were stored in vacuo over Na/K alloy in Teflon-valve sealed bulbs.
Benzene-d, and Toluene-d, (Cambridge Isotope Laboratories, 99+ atom % D) were stored over
Na/K alloy in vacuo and vacuum transferred immediately prior to use. Chlorobenzene-d. and
dichloromethane-d. were dried by CaH. and stored over activated Davison 4A molecular sieves.
All other deuterated solvents were used as received (Cambridge Isotope Laboratories, 99+ atom
%D). Other non-halogenated solvents were dried over Na/K alloy, and halogenated solvents were
distilled from CaH. and stored over activated Davison 4A molecular sieves. The reagents
dicyclopentadiene, iodoethane, Me.SiCL, tert-butylamine, Ti(NMe,)., Me.SiCl, trimethylaluminum
(2 M in hexanes), acetone, benzyltriethylammonium chloride (TEBA chloride), NaOH, and n-
butyllithium (2.5 M in hexanes) were purchased from Sigma-Aldrich and used as received.
Triphenylcarbenium tetrakis(pentafluorophenyl)borate, Ph.C-B(C.F.). (B.), was a generous gift
from Albemarle Corporation (Baton Rouge, LA), and purified by recrystallization from
CH.Cl./pentane. The complex [(3-Bu-CH.)SiMe.NBu]TiCl. was prepared according to literature
procedures.*

Physical and Analytical Measurements. NMR spectra were recorded on Agilent F500 (DDR2,
FT, 500 MHz, 'H; 125 MHz, -C; 470 MHz, *F; 160 MHz, *B), Varian UNITYInova-500 (FT, 500
MHz, H; 125 MHz, C), Agilent Au400 (DDR2, FT, 400 MHz, 'H; 100 MHz, »C), Hg400 (400

MHz, 1H; 100 MHz, »C) or Bruker Avance III 500 (direct cryoprobe, 500 MHz, 'H; 125 MHz, »C)



56
instruments. Chemical shifts for '"H and "C spectra were referenced using internal solvent

resonances and are reported relative to tetramethylsilane (TMS). NMR experiments on air-
sensitive samples were conducted in Teflon valve-sealed sample tubes (J.Young). Elemental
analyses were performed by Midwest Microlab, Indianapolis, Indiana for % C, N, and H. 'H and
»C NMR assays of polymer microstructure were conducted in 1,1,2,2-tetrachloroethane-d. at 120
°C with a delay time (d.,) = 10 seconds. Signals were assigned according to the literature for these
polymers.== = Gel permeation chromatography (GPC) was carried out in 1,2 4-trichlorobenzene
(stabilized with 125 ppm BHT) at 150 °C on a Polymer Laboratories GPC-220 instrument
equipped with a set of three Agilent PLgel 10 um mixed-B LS columns with differential refractive
index and viscosity detectors. Molecular weights were determined through universal calibration
relative to polystyrene standards.

Synthesis of [(3-Bu-C.H,)SiMe NBu]TiMe, (Ti,).: [(3-Bu-C.H.,)SiMe N'Bu]TiCl, (0.368 g, 1.00
mmol) was dissolved with 30 mL Et,O in a 100 mL reaction flask. A solution of MeLi (2.00 mmol,
1.25 mL, 1.6 M in ethyl ether) was added by syringe at room temperature. The yellow solution
turned cloudy immediately after the addition. The solution was stirred at room temperature for
another 2 h. All the volatiles were next removed in vacuum, and the residue was extracted with 20
mL pentane. LiCl was removed by filtration. The filtrate was collected and all the volatiles were
then removed in vacuum to give the yellow oily product (0.271 g, 0.83 mmol, 83%). H NMR (500
MHz,CD,): 6 =6.76 (t,J =2.5Hz,1 H,Cp),5.87 (d,J = 2.5Hz,2 H,Cp), 1.55 (s, 9 H, CpCMe,),
1.30 (s, 9 H, NCMe,), 0.81 (s, 3 H, TiMe), 0.71 (s, 3 H, TiMe), 0.32 (s, 3 H, SiMe), 0.29 (s, 3 H,
SiMe) ppm. "C NMR (125 MHz, CD,) 6 = 150.35 (s, Cp), 124.32 (s, Cp), 120.04 (s, Cp), 116.15
(s, Cp), 102.64 (s, Cp), 59.28 (s, Me.CN), 51.70 (s, TiMe), 51.53 (s, TiMe), 34.69 (s, NCMe.,),

33.69 (s, CpCMe,), 31.45 (s, CpCMe,), 1.65 (s, SiMe), 1.08 (s, SiMe) ppm.



57
Synthesis of Dicyclopentadienyldimethylmethane. 13.2 g (200 mmol) of freshly distilled

cyclopentadiene was added to a cooled (0 °C) mixture of 20 g of NaOH and 1.0 g of TEBA
chloridein 200 mL of THF. Acetone (5.8 g, 100 mmol) was added followed by 1 h of vigorous
stirring at O °C. The resulting mixture was allowed to warm gradually to room temperature and
then stirred for another 24 h. The solution was next decanted from the solid residue and the volatile
components were removed in vacuo. The residue was dissolved in Et.O and washed until the
aqueous washings were neutral. The organic layer was separated and dried over Na.SO,, filtered,
and the volatile components were removed in vacuo. The resulting oil was distilled and the fraction
boiling at 54-55 °C (0.1 Torr) was collected (10.0 g, yield 59.2%). Spectroscopic and analytical
data are consistent with the literatures and are as follows (three isomers). 'H NMR (500 MHz,
CDCl) 6 = 6.46-6.36 + 6.27-6.18 + 6.05-6.01 (m, 6 H, Cp), 2.98-2.96 + 2.85-2.83 (m, 4H, CH, of
Cp), 1.46 + 1.45 + 1.44 (s, 6 H, CMe,) ppm. *C NMR (125 MHz, CDCl,) 6 = 158.01 (Cp), 157.08
(Cp), 155.57 (Cp), 154.59 (Cp), 133.51 (Cp), 133.44 (Cp), 133.28 (Cp), 133.24 (Cp), 131.92 (Cp),
131.14 (Cp), 131.02 (Cp), 125.26 (Cp), 124.81 (Cp), 123.96 (Cp), 123.26 (Cp),41.03 + 4097 +
40.79 + 40.71 (CH. of Cp), 38.73 + 37.87 + 36.99 (CMe.), 29.32 + 28.51 + 27.56 (CMe.) ppm.

Synthesis of (4-CMe.-3,3’)[1-(Me SiNHBu)cyclopentadienyl].(1). A 16.0 mL sample of ‘BuLi
(2.5 M in hexanes; 40.0 mmol) was added dropwise at -78 °C to a solution of 3.44 g of
dicyclopentadienyldimethylmethane (20.0 mmol) in THF (100 mL). At the end of the addition, the
reaction mixture was allowed to warm to room temperature and stirred for 12 h. Next, the Li salt
suspension was slowly added to a THF solution of dichlorodimethylsilane (30 mL, 248 mmol) at
room temperature. After stirring for 12 h, all the volatiles were removed under vacuum and the
residue was dissolved in 100 mL of THF. To this THF solution, BuNH, (10 mL, 95.2 mmol) was

added by syringe with stirring. The solution was stirred at room temperature overnight. Volatiles
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were then removed under vacuum and the product extracted with 100 mL pentane. A yellow oily

product (three isomers in ratio of 4/1/1, 7.93 g, 18.4 mmol, 92.0% yield) was obtained after
filtration and removal of the solvent in vacuo. Major product of 'H NMR (500 MHz, CD,) 6: =
6.72-6.67 (m, 2 H, Cp), 6.52-6.47 (m, 2 H, Cp), 6.30-6.25 (m, 2 H, Cp), 3.34 (s, 2 H, CH of Cp),
1.60, (s, 6 H, C(CH.).), 1.07 (s, 18 H, C(CH.).), 0.04 (s, 6 H, SiCH.), 0.01 (s, 6 H, SiCH.) ppm.
Major product of “C NMR (125 MHz,CD,) 0 = 154.40 (s,2 C,Cp), 134.23 (s,2 CH, Cp), 131.85
(s, 2 CH, Cp), 125.59 (s, 2 CH, Cp), 52.80 (s, 2 CH, Cp), 49.50 (s, 2 C, Me.C), 37.62 (s, 1 C,
CMe.), 33.92 (s, 6 CH,,CMe.),29.38 (s,2 CH,,CMe.),0.63 (s, 2 CH,, SiMe), 0.32 (s, 2 CH,, SiMe)
ppm. ESI ([M + HJ"): m/z =431.42.

Synthesis of rac-(u-CMe.-3,3’){(5*-cyclopentadienyl)[1-Me.Si(BulN)][Ti(NMe.,).]}. (rac-2) and
meso-(u-CMe.-3,3’){(n>-cyclopentadienyl)[1-Me.Si(BuN)][Ti(NMe,).]}.(mmeso-2). The ligand 1
(4.31 g, 10.0 mmol) was dissolved with 50 mL dry toluene in a 100 mL reaction flask. Ti(NMe.).
(6.72 g, 30.0 mmol) was then added at room temperature. The resulting solution was refluxed at
120 °C for 2 days with slow but constant N. flow to remove evolved HNMe.. Then all the volatiles
were removed under vacuum, and the residue was dissolved in 50 mL pentane and kept at -40 °C
for 2 h to afford one isomer meso-2 as orange-red blocky crystals (3.07 g, 4.40 mmol, 44.0%
yield). H NMR of meso-2 (500 MHz, CD,) 0 = 6.29 (dd,J = 3.0 Hz,J = 2.0 Hz, 2 H, Cp), 6.08
(t,J=2.1Hz,2H,Cp),602(dd,J =30Hz,J =2.1 Hz,2 H, Cp), 3.11 (s, 12 H, TiNMe.,), 2.99
(s,6 H, TiNMe.), 1.70 (s, 3 H, CCHMe), 1.64 (s, 3 H, CMeCH.), 1.37 (s, 18 H, Me.C), 0.62 (s, 6
H, SiMe), 0.56 (s, 6 H, SiMe) ppm. “*C NMR (125 MHz, CD,) 6 = 148.21 (s, Cp), 118.24 (s, Cp),
116.67 (s, Cp), 112.82 (s, Cp), 103.98 (s, Cp), 60.85 (s, Me.C), 50.18 (s, TiNMe.), 49.62 (s,
TiNMe.), 38.57 (s, CMe.), 34.60 (s, CMe.), 30.77 (s, CCH.Me), 30.45 (s, CMeCH.), 2.31 (s, SiMe),

2.07 (s, SiMe) ppm. Anal. Calcd for C,H,N,Si.Ti.: C, 56.72; H, 9.52; N, 12.03. Found: C, 56.59;



59
H,9.39; N, 11.98. The above pentane filtrate was concentrated to 20 mL and kept at -78 °C for 1

h to give the other isomer rac-2 as yellow-orange crystals (2.10 g, 2.10 mmol, 30.0% yield). 'H
NMR of rac-2 (500 MHz, CD,) 0 = 6.16 (dd,J = 3.1 Hz,J = 2.0 Hz, 2 H, Cp), 6.07 (t,J = 2.1
Hz,2 H, Cp),5.88 (dd,J = 3.0 Hz, J = 2.2 Hz, 2 H, Cp), 3.05 (s, 12 H, TiNMe.), 2.89 (s, 6 H,
TiNMe.), 1.65 (s, 6 H, CMe.), 1.33 (s, 18 H, Me.C), 0.60 (s, 6 H, SiMe), 0.51 (s, 6 H, SiMe) ppm.
“C NMR (125 MHz, CD,) 0 = 148.27 (s, Cp), 118.77 (s, Cp), 116.72 (s, Cp), 111.76 (s, Cp),
103.76 (s, Cp), 60.70 (s, Me.C), 50.01 (s, TiNMe.), 49.43 (s, TiNMe.), 37.87 (s, CMe.), 34.59 (s,
CMe.),28.62 (s,CMe.),2.40 (s, SiMe), 2.11 (s, SiMe) ppm. Anal. Calcd for C,H,N,Si.Ti.: C, 56.72;
H,9.52; N, 12.03. Found: C, 56.57; H,9.50; N, 12.02.

Synthesis of rac-(u-CMe.-3,3’){(7:-cyclopentadienyl)[1-Me.Si(BuN)](TiMe,)}. (rac-3). Rac-2
(0.349 g, 0.500 mmol) was suspended in 50 mL pentane in a 100 mL reaction flask. A solution of
AlMe. (2.5 mL, 2.0 M in hexanes) was added slowly by syringe at room temperature. The solution
first turned deep red and then cloudy during the addition. The solution was stirred at room
temperature for five days. All the volatiles were then removed in vacuum, and the dark yellow
solid product was purified by recrystallization from pentane at -40 °C. Yield, 0.265 g (0.456 mmol,
91.3% yield). H NMR of rac-3 (500 MHz, CD,) 0 = 692 (dd,J = 3.0 Hz,J = 1.9 Hz, 2 H, Cp),
601 (t,J=2.1Hz,2H,Cp),5.84(dd,J =3.0Hz,J =22Hz,2H,Cp), 1.84 (s,6 H,CMe,), 1.54
(s, 18 H,Me.C),0.90 (s, 6 H, TiMe), 0.69 (s, 6 H, TiMe), 0.30 (s, 12 H, SiMe) ppm. "C NMR (125
MHz, CD,) 0 = 148.75 (s, Cp), 124.12 (s, Cp), 121.07 (s, Cp), 115.79 (s, Cp), 102.68 (s, Cp),
59.21 (s, Me.C), 52.16 (s, TiMe), 52.02 (s, TiMe), 38.84 (s, CMe.),, 3442 (s, CMe.), 27.62 (s,
CMe.), 1.32 (s, SiMe), 0.78 (s, SiMe) ppm. Anal. Calcd for C,H.N.Si.Ti.: C, 59.78; H, 9.34; N,

4.81. Found: C,59.58; H,9.26; N, 4.71.
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Synthesis of meso-(u-CMe.-3,3’){(n7°-cyclopentadienyl)[1-Me,Si(BuN)](TiMe,)}. (meso-3).

Meso-2 (0.349 g, 0.500 mmol) was suspended in 50 mL pentane in a 100 mL reaction flask. A
solution of AlMe, (2.5 mL, 2.0 M in hexanes) was added slowly by syringe at room temperature.
The solution first turned deep red and then cloudy during the addition. The solution was stirred at
room temperature for five days. All the volatiles were then removed in vacuum, and the dark
yellow solid product was purified by recrystallization from pentane at -40 °C. Yield, 0.250 g (0.431
mmol, 86.1% yield). H NMR of meso-3 (500 MHz,CD,) 6 =6.93 (dd,J =3.0Hz,J =19 Hz,2
H,Cp),596 (t,J =2.1Hz,2H,Cp),584 (t,J =2.6 Hz,2 H, Cp), 1.85 (s, 3 H, CCHMe), 1.82
(s, 3 H,CMeCH,), 1.54 (s, 18 H, Me.C), 0.90 (s, 6 H, TiMe), 0.73 (s, 6 H, TiMe), 0.29 (s, 6 H,
SiMe), 0.26 (s, 6 H, SiMe) ppm. "C NMR (125 MHz, CD,) 0 = 148.72 (s, Cp), 123.84 (s, Cp),
120.94 (s, Cp), 116.69 (s, Cp), 102.87 (s, Cp), 59.24 (s, Me.C), 52.32 (s, TiMe), 51.89 (s, TiMe),
39.27 (s, CMe.), 34.40 (s, CMe.), 2991 (s, CCHMe), 27.87 (s, CMeCH.,), 1.30 (s, SiMe), 0.73 (s,
SiMe) ppm. Anal. Calcd for C,H.N.S1.Ti.: C,59.78; H,9.34; N, 4.81. Found: C,59.63; H,9.21; N,
4.65.

Synthesis of (#-CMe.-3,3’){(5°-cyclopentadienyl)[1-Me.Si(BulN)][(#-CH,)Til}. (rac-4). Rac-3
(0.058 g, 0.100 mmol) was dissolved in 2 mL toluene in a 10 mL reaction flask and stirred at 100
°C for 1 h under nitrogen. All the volatiles were then removed in vacuum. The residue was
dissolved in 5 mL pentane and kept at -40 °C to give red needle crystals (0.050 g, 0.091 mmol,
91.0%). H NMR of rac-4 (500 MHz,CD,) 6 =7.96 (s,4 H, u-CH,),7.29 (dd,J =3.2Hz,J = 1.9
Hz,2 H,Cp),6.14 (t,J =20Hz,2H,Cp),546 (dd,J =32 Hz,J =22 Hz,2H,Cp),2.17 (s,6
H,CMe.), 1.98 (s, 18 H,Me.C),0.28 (s, 6 H, SiMe), -0.02 (s, 6 H, SiMe) ppm. “*C NMR (125 MHz,
CD,) 0 =227.18 (s, Ti-CH,), 145.55 (s, Cp), 124.85 (s, Cp), 119.86 (s, Cp), 113.12 (s, Cp), 107.80

(s,Cp), 58.10 (s, Me.C), 38.01 (s, CMe.), 35.80 (s, CMe.), 32.44 (s, CMe.), 2.70 (s, SiMe), 1.02 (s,
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SiMe) ppm. Anal. Calcd for C,H.N.S1.Ti.: C,58.90; H, 8.42; N, 5.09. Found: C, 58.76; H, 8.37; N,

4.97.

NMR study of rac-[(u-CMe.-3,3’){(5:-cyclopentadienyl)[1-Me,Si(BuN)]}.- (u-CH.)(u-
CH)TiJ[B(CF.).] (rac-5). In the glove box, rac-3 (0.058 g, 0.10 mmol) and Ph.C-B(C.F.). (0.092
g,0.10 mmol) in a 1:1 molar ratio were loaded into a J. Young NMR tube. The sealed tube was
then removed from the glovebox, attached to the vacuum line, and cooled to -78 °C, and C.D.Cl
was immediately transferred in. The sample was shaken vigorously and transferred directly to the
NMR spectrometer. 'H NMR of rac-5 (500 MHz, C.D.Cl) 6 =7.29 (br,2 H, u-CH.), 6.97 (m,2 H,
Cp),594 (m,2 H,Cp),5.92 (m,2 H,Cp), 1.82 (s,6 H,CMe.), 1.49 (s, 18 H, Me.C),0.37 (s, 6 H,
SiMe), 0.12 (s, 6 H, SiMe), -0.15 (s, 3 H, u-CH,) ppm. "C NMR (125 MHz, CD.Cl) 6 = 227.37
(br, u-CH,), 148.92 (s, Cp), 128.39 (s, Cp, overlapped by solvent and assigned by HSQC), 122.90
(s,Cp), 117.81 (s, Cp), 112.78 (s, Cp), 63.02 (s, Me.C), 61.89 (br, u-CH.), 37.59 (s, CMe.), 33.71
(s,CMe,), 31.30 (s, CMe.), 0.67 (s, SiMe), -0.65 (s, SiMe) ppm. The resonances of the free anion
[B(C/F,).] and byproduct Ph.CMe are not included in the 'H NMR and “C NMR data here. "F NMR
(470 MHz, CD.Cl) 6 =-131.58 (q,J = 10.8 Hz, 8 F),-162.26 (t,J = 20.4 Hz,4 F), -166.04 (t,J =
19.0 Hz, 8 F) ppm. "B NMR (160 MHz, CD.Cl) 6 = -15.99 (s) ppm.

NMR study of rac-[(u-CMe.-3,3’){(n>-cyclopentadienyl)[1-Me.Si(BuN)]}.- (u-
CI)(TiCl).}[B(CF,).] (rac-5-Cl,) in CD.CL. In the glove box, rac-3 (0.058 g, 0.10 mmol) and
Ph.C-B(CF,); (0.184 g, 0.20 mmol) in a 1:2 molar ratio were loaded into a J. Young NMR tube.
The sealed tube was then removed from the glovebox, attached to the vacuum line, and cooled to
-78 °C, and CD.Cl, was immediately transferred in. The sample was shaken vigorously, kept at
room temperature for 3 h, and transferred to the NMR spectrometer. H NMR of rac-5-Cl, (500

MHz,CD.CL) 6 =7.47 (dd,J =29 Hz,J,=2.4 Hz,2 H, Cp), 6.70 (d,J = 2.3 Hz, 2 H, Cp), 5.60
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(d,J=28Hz,2H,Cp),1.70 (s, 6 H, CMe.), 1.46 (s, 18 H,Me.C), 0.82 (s, 6 H, SiMe), 0.76 (s, 6

H, SiMe) ppm. “C NMR (125 MHz, CD.CL) ¢ = 154.97 (s, Cp), 132.69 (s, Cp), 127.95 (s, Cp),
127.20 (s, Cp), 113.71 (s, Cp), 69.41 (s, Me.C), 40.26 (s, CMe.), 32.72 (s, CMe.), 32.58 (s, CMe,),
-0.03 (s, SiMe), -0.81 (s, SiMe) ppm. The resonances of the free anion [B(C,F,).] and byproduct
Ph.CMe and 1 equiv. of unreacted Ph,C-B(C/F.). are not included in the 'H NMR and “C NMR data
here. "F NMR (470 MHz, CD.CL,) 6 =-133.06 (q,J = 10.8 Hz, 8 F),-163.63 (t,J = 20.4 Hz,4 F),
-167.48 (t,J = 19.0 Hz, 8 F) ppm. "B NMR (160 MHz, CD.CL) 0 = -16.70 (s) ppm.

NMR study of rac-[(u-CMe.-3,3°){(n*-cyclopentadienyl)[1-Me.Si(BuN)]}.- (u-CH,)[(TiCH,)-
(Ti-n-Ph,C)]+[B(C,F.).]. (rac-6). In the glove box, rac-3 (0.058 g, 0.10 mmol) and Ph.C-B(C/F)),
(0.184 g,0.20 mmol) in a 1:2 molar ratio were loaded into a J. Young NMR tube. The sealed tube
was then removed from the glovebox, attached to the vacuum line, and cooled to -78 °C, and
C.D.Cl was immediately transferred in. The sample was shaken vigorously and transferred directly
to the NMR spectrometer. 'H NMR of rac-6 (500 MHz, CD.Cl) 6 = 7.77 (br, 2 H, u-CH.), 7.62
(m,1H,Cp),640 (m,1H, Cp),6.31 (m,1H,Cp),6.03 (m,1H,Cp),591 (m,1H,Cp),543 (m,
1 H, Cp), 2.02 (s, 3 H, CMeMe, overlapped by Ph.CMe and assigned by HSQC), 1.68 (s, 3 H,
CMeMe), 1.50 (s, 18 H,Me.C),0.43 (s, 3 H, SiMe), 0.39 (s, 3 H, SiMe), 0.08 (s, 3 H, SiMe), 0.02
(s, 3 H, SiMe), -0.41 (s, 3 H, Ti-CH,) ppm. “C NMR (125 MHz, CD.Cl) 6 = 233.43 (s, u-CH.),
149 47 (s, Cp), 148.13 (s, Cp), 133.16 (s, Cp), 127.74 (s, Cp), 124.53 (s, Cp), 122.32 (s, , Cp),
117.76 (s, Cp), 117.46 (s, Cp), 116.74 (s, , Cp), 133.16 (s, Cp), 112.21 (s, Cp), 67.63 (s, Ti-CH.),
63.56 (s, Me.C), 63.43 (s, Me.C), 37.50 (s, CMe.), 33.90 (s, CMe.), 33.44 (s, CMe.), 31.34 (s,
CMeMe),30.26 (s,CMeMe),0.84 (s, , SiMe),0.76 (s, SiMe), -0.70 (s, SiMe), -1.19 (s, SiMe) ppm.

The resonances of the free anion [B(CF.).] and byproduct Ph.CMe are not listed in 'H NMR and



63
“C NMR. "F NMR (470 MHz, CD.Cl) 6 =-131.68 (q,J = 10.8 Hz, 8 F), -162.25 (t,J = 20.4 Hz,

4 F),-166.09 (t,J = 19.0 Hz, 8 F) ppm. "B NMR (160 MHz, C.D.Cl) 6 = -16.04 (s) ppm.

NMR study of meso-[(u-CMe.-3,3’){(n*-cyclopentadienyl)[1-Me Si(BuN)]}.- (u-CH.)(u-
CH)TiJ[B(C/F.).] (meso-5). In the glove box, meso-3 (0.058 g, 0.10 mmol) and Ph.C-B(CF)).
(0.092 g,0.10 mmol) in a 1:1 molar ratio were loaded into a J. Young NMR tube. The sealed tube
was then removed from the glovebox, attached to the vacuum line, and cooled to -78 °C, and
CD.Cl. was immediately transferred in. The sample was shaken vigorously and transferred directly
to the NMR spectrometer. 'H NMR of meso-5 (500 MHz, CD.CL,) 6 = 8.80 (s, 2 H, u-CH.,), 8.65
(dd,J=32Hz,/J=20Hz,2H,Cp),639(t,/ =28 Hz,2 H,Cp),5.55 (t,J =22 Hz,2 H, Cp),
2.09 (s,3 H,CMeMe), 1.75 (s, 18 H,Me.C), 1.66 (s, 6 H, CMeMe), 0.67 (s, 6 H, SiMe), 0.43 (s, 6
H, SiMe), -0.04 (s, 3H, u-CH,) ppm. “*C NMR (125 MHz, CD.C1,) 0 = 253.14 (s, u-CH.), 148.51
(s, Cp) , 133.25 (s, Cp), 125.80 (s, Cp), 118.92 (s, Cp), 109.73 (s, Cp), 64.20 (s, Me.C), 63.04 (s,
u-CH,), 38.94 (s, CMe.), 36.42 (s, CMeMe), 34.96 (s, CMe.), 25.66 (s, CMeMe), 0.99 (s, SiMe),
0.37 (s, SiMe) ppm. The resonances of the free anion [B(C,F,).]- and byproduct Ph.CMe are not
listed in '"H NMR and *C NMR data here. *F NMR (470 MHz, CD.CL) 6 =-13298 (d,J = 18.1
Hz,16 F),-163.56 (t,J = 204 Hz, 8 F), -167.40 (t,J = 19.1 Hz, 16 F) ppm. "B NMR (160 MHz,
CD.CL) 0 =-16.68 (s) ppm.

NMR Study of rac-[(u-CMe.-3,3°){(n>-cyclopentadienyl)[1-Me,Si(BuN)]}. (u-
CH)[TiMe:--B(CF.).l.1 (rac-7) and  rac-[(u-CMe.-3,3’){(5*-cyclopentadienyl)- [1-
Me Si(BulN)]}.(#-Cl)(TiCl).J-[MeB(CF.).] (rac-7-Cl,) in CD.CL. In the glove box, rac-3 (0.058
g,0.10 mmol) and B(C/F,). (0.103 g,0.20 mmol) in a 1:2 molar ratio were loaded into a small vial,
and at room temperature toluene was added. After 1h, the vial was place in fridge at -40 -C overnigh

and yellow crystals were obtained after removing the solution. The crystals were no longer soluble
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in CD, or C.D, and no helpful NMR data were recorded. The yellow crystals were characterized

by X-ray diffraction (see Supporting Information, Figure S33). The yellow crystals rac-7 were
dissolved in CD.Cl., and the sample was shaken vigorously, kept at room temperature for 3 h, and
transferred to the NMR spectrometer. 'H NMR of rac-7-Cl, (500 MHz, CD.CL,) 6 =7.47 (dd, J =
29Hz,J.=24Hz,2H,Cp),6.70 (d,J=23Hz,2 H,Cp),5.60 (d,/=2.8 Hz,2 H, Cp), 1.70 (s,
6 H, CMe.), 1.47 (s, 18 H, Me.C), 0.82 (s, 6 H, SiMe), 0.76 (s, 6 H, SiMe) ppm. "C NMR (125
MHz, CD.CL) 0 = 154.99 (s, Cp), 132.69 (s, Cp), 127.97 (s, Cp), 127.20 (s, Cp), 113.70 (s, Cp),
69.36 (s, Me.C), 40.26 (s, CMe.), 32.67 (s,CMe.), 32.55 (s, CMe,),-0.08 (s, SiMe), -0.86 (s, SiMe)
ppm. These 'H and “C NMR spectra are the same as those of rac-5-Cl.. The resonances of the free
[MeB(C/F,).] anion are not listed in 'H NMR and “C NMR data here. "F NMR (470 MHz, CD.CL,)
0=-128.13(dd,J =22.2,84Hz),-133.09 (d,J = 23.8 Hz),-143.81 (td,J = 20.4,9.8 Hz),-161.00
(dq,J =23.0,9.6 Hz),-165.32 (t,J = 204 Hz),-167.86 (t,J = 22.1 Hz) ppm.

NMR study of meso-[(u-CMe.-3,3’){(5-cyclopentadienyl)[1-Me,Si(BuN)]}.-(u-CH.) (u-
CH)Ti.J[MeB(CF.).] (meso-7). In the glove box, meso-3 (0.058 g, 0.10 mmol) and B(CF,),
(0.051 g,0.10 mmol) in a 1:1 molar ratio were loaded into a J. Young NMR tube. The sealed tube
was then removed from the glovebox, attached to the vacuum line, and cooled to -78 °C, and
CD.CL. or CD.Cl was immediately transferred in. The sample was shaken vigorously and
transferred directly to the NMR spectrometer. 'H NMR of meso-5 (500 MHz, CD.C1,) 0 = 8.81 (s,
2H,u-CH.,),8.65(dd,J=32Hz,J =20Hz,2H,Cp),639(t,/ =28 Hz,2 H,Cp),5.56 (t,J =
22Hz,2 H,Cp),2.09 (s,3 H,CMeMe), 1.75 (s, 18 H, Me.C), 1.66 (s, 6 H, CMeMe), 0.67 (s, 6 H,
SiMe), 043 (s, 6 H, SiMe), -0.02 (s, 3H, u-CH,) ppm. This '"H NMR spectrum is essentially
identical to that of meso-5. *C NMR (125 MHz, CD.Cl) 6 = 253.14 (s, u-CH.), 148.51 (s, Cp) ,

133.25 (s, Cp), 125.80 (s, Cp), 118.92 (s, Cp), 109.73 (s, Cp), 64.20 (s, Me.C), 63.04 (s, u-CH.),
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38.94 (s, CMe.), 36.42 (s, CMeMe), 34.96 (s, CMe.), 25.66 (s, CMeMe), 0.99 (s, SiMe), 0.37 (s,

SiMe) ppm. The resonances of the free [MeB(C/F,),]- anion are not listed in the 'H NMR and *C
NMR data here. *"F NMR (470 MHz, CD.Cl) 6 = -131.65 (m), -164.13 (t, J = 20.7 Hz), -166.56

(m) ppm. "B NMR (160 MHz, CD.Cl) 6 =-14.29 (s) ppm.

b

D 1) "BuLi, THF 77 D

o . 2) excess Me,SiCl,, THF

2 @ + )J\ NaOH + TEBA chlor|d=e @ D 3) excess ‘BuNH,, THF Me;Si, SiMe,
THF, r.t., 24 hour I » }‘li HN

Scheme 1.10. Synthesis of the binuclear ligand 1.
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Figure 1.12. ORTEP view of the molecular structure of meso-2 (ellipsoids enclose 50% electronic

density; H atoms are omitted for clarity).

cu

Figure 1.13. ORTEP view of the molecular structure of rac-2 (ellipsoids enclose 50% electronic

density; H atoms are omitted for clarity).
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A: 'H-coupled *C-NMR

B: 'H-decoupled 1*C-NMR
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methylene bridge region of rac-4 in C.D, at -90° C.
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Figure 1.30. ORTEP view of the molecular structures of rac-5-Cl, (ellipsoids enclose 50%

electronic density; H atoms and [B(C/F.).] anions are omitted for clarity).
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Figure 1.42. ORTEP view of the molecular structure of rac-7 (ellipsoids enclose 50% electronic

density; H atoms and six C.F, on boranes are omitted for clarity).
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General procedure for ethylene or propylene homopolymerization. In the glove box, a 350 mL

oven-dried heavy walled glass reactor equipped with stir bar was loaded with 10 pmol metal
catalyst ([Catalyst] = 10 pmol of Ti,; 5 pmol of rac-3; 5 pumol of meso-3), 1.2 equivalents of
B(CF,), or Ph\C:B(CF,), per Ti metal equivalent, and 50 mL toluene. The glass reactor was then
interfaced to a high pressure line and the solution was degassed by freeze-pump-thaw cycles. The
solution was then brought to room temperature using an external water bath. The reactor was then
charged with 1 atm of ethylene or propene. After desired reaction time, the reactor was vented and
5 mL of acidified methanol was syringed in. The contents of the polymerization vessel were poured
into a large volume of methanol, and the polymer flakes precipitated out. The resulting polymer
was filtered off, washed with methanol, and then dried under vacuum overnight.

General procedure for 1-octene homopolymerizations. In the glove box, an oven-dried 350 mL
heavy walled glass reactor equipped with stir bar was loaded 5.60 g 1-octene and 20 mL toluene.
In a separate vial, 5 pmol metal catalyst ([Catalyst] = 10 umol of Ti,; 5 umol of rac-3; 5 pumol of
meso-3) and 1.2 equivalents of B(CF,), or Ph.C-B(C,F,). per Ti metal equivalent were dissolved in
1 mL toluene. The glass reactor was then interfaced to a high pressure line and the solution was
degassed by freeze-pump-thaw cycles. The solution was then brought to room temperature using
an external water bath. The catalyst/cocatalyst solution was syringed in under argon. After desired
time, the reactor was vented and 5 mL of acidified methanol was syringed in. The contents of the
polymerization vessel were poured into a large volume of methanol, and the polymer precipitated
out. The resulting polymer was isolated by decanting the solvent, and was then washed with
methanol and dried under vacuum overnight.

General procedure for ethylene/a-olefin copolymerizations. In the glove box, a 350 mL oven-

dried heavy walled glass reactor equipped with stir bar was loaded with the desired amount of
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comonomer and 50 mL toluene. In a separate vial, 5 pmol metal catalyst ([Catalyst] = 10 pmol of

Ti; 5 umol of rac-3; 5 pumol of meso-3) and 1.2 equivalents of Ph.C‘B(CF.). per Ti metal
equivalent were dissolved in 1 mL toluene. The glass reactor was then interfaced to a high pressure
line and the solution was degassed by freeze-pump-thaw cycles. The solution was then brought to
room temperature using an external water bath. The reactor was then charged with 1 atm of
ethylene and the catalyst/cocatalyst solution was syringed in. After desired time, the reactor was
vented and 5 mL of acidified methanol was syringed in. The contents of the polymerization vessel
were poured into a large volume of methanol, and the polymer flakes precipitated out. The

resulting polymer was filtered off, washed with methanol, and then dried under vacuum overnight.
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Figure 1.48. "C NMR of polymer generated by 1-octene homopolymerization with meso-3 with

B(CF,), (Table 1.3, entry 3, 100 MHz in 1,1,2,2 tetrachloroethane-d, at 120 °C).
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Figure 1.49. "C NMR of polymer generated by 1-hexene homopolymerization with meso-3 with

B(CF,), (100 MHz in 1,1,2,2 tetrachloroethane-d, at 120 °C).
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Figure 1.50. "C NMR of polymer generated by propylene polymerization with Ti, with

Ph.C-B(CF,); (Table 1.2 entry 1, 100 MHz in 1,1,2 2-tetrachloroethane-d, at 120 °C).
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Figure 1.51. "C NMR of polymer generated by propylene polymerization with rac-3 with

Ph.C-B(CF,); (Table 1.2 entry 2, 100 MHz in 1,1,2 2-tetrachloroethane-d, at 120 °C).
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Figure 1.52. "C NMR of polymer generated by propylene polymerization with meso-3 with

Ph.C-B(C/F,); (Table 1.2 entry 3, 100 MHz in 1,1,2 2-tetrachloroethane-d, at 120 °C).
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Figure 1.53. "C NMR of polymer generated by the copolymerization of ethylene and 1-octene

with Ti, with Ph,C-B(C/F.,). (Table 1.4 entry 1, 100 MHz in 1,1,2,2-tetrachloroethane-d. at 120 °C).
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Figure 1.54. "C NMR of polymer generated by the copolymerization of ethylene and 1-octene

with rac-3 with Ph.C:B(CF,); (Table 1.4 entry 3, 100 MHz in 1,1,2,2-tetrachloroethane-d, at 120

°C).
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Figure 1.55. "C NMR of polymer generated by the copolymerization of ethylene and 1-octene
with meso-5 with Ph,C-B(CF.,). (Table 1.4 entry 5, 100 MHz in 1,1,2 2-tetrachloroethane-d, at 120

°C). [*Additional peak caused by acetone.]
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Figure 1.56. "C NMR of polymer generated by the copolymerization of ethylene and styrene with

Ti, with Ph,C-B(C/F)). (Table 1.5 entry 2, 100 MHz in 1,1,2,2-tetrachloroethane-d, at 120 °C).
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Figure 1.57. "C NMR of polymer generated by the copolymerization of ethylene and styrene with

rac-5 with Ph,C-B(C/F,). (Table 1.5 entry 3, 100 MHz in 1,1,2,2-tetrachloroethane-d, at 120 °C).
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Figure 1.58. "C NMR of polymer generated by the copolymerization of ethylene and styrene with

meso-3 with Ph.C-B(CF,); (Table 1.5 entry 4, 100 MHz in 1,1,2,2-tetrachloroethane-d, at 120 °C).



92

Saasay Su&

45 40 35 opm 30 25 20
Figure 1.59. "C NMR spectra (100 MHz in 1,1,2,2-tetrachloroethane-d, at 120 °C) of the

poly(ethylene-co-styrene) samples from Table 1.5, entries 2-4.
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X-ray Data Collection, Structure Solution, and Refinement. Single crystals of meso-2, rac-2,

meso-5, rac-5 and meso-7 were crystallized from toluene at -40 °C, rac-3, rac-4 and meso-3 were
crystallized from pentanes at -40 °C, rac-5-Cl, was crystallized from CH.Cl./toluene/pentane.
Crystals were mounted in inert oil in glovebox, and transferred to the cold gas stream of a Bruker
Kappa APEX CCD area detector equipped with a CuK. microsource with Quazar optics or a MoK,
source with crd mx optics. The crystal was maintained at 100.01 K during data collection.
Crystallographic and experimental details of the structure determination are summarized in Table
S1. Molecular structure plots of rac-2, meso-2, rac-3, meso-3, rac-4, meso-S, rac-5, rac-5-Cl, and
meso-T are depicted in Figure 1A, 1B, 3A, 5A, 5B, 7, 8 and S1, S4, and bonds and angles are
shown in Table S2-S19. An empirical correction for absorption was made. Using Olex2,” the
structure was solved with the XS structure solution program using Patterson Method and refined
with the ShelXL refinement package using full-matrix least-squares procedures (based on F) first
with isotropic thermal parameters and then with anisotropic thermal parameters in the last cycles
of refinement for all the non-hydrogen atoms. The hydrogen atoms were introduced into the
geometrically calculated positions and refined riding on the corresponding parent atoms. Similar
distances were refined for the disordered carbon and sulfur atoms. Rigid bond restraints were
imposed on the displacement parameters as well as restraints on similar amplitudes separated by
less than 1.7 A on the disordered methyl group. Group anisotropic displacement parameters were

refined for the remaining disordered atoms.
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Table 1.6. Crystal data and structure refinement for rac-2, meso-2, rac-3, meso-3, and rac-4

Complexes rac-2 meso-2 rac-3 meso-3 rac-4
Empirical formula CHNSiTi, CHNSiLTi, CHNSLTi, CHNSiLTi, CHNSiTi,
Formula weight 698.89 698.89 582.72 582.72 550.64
Temperature / K 100.07 100.0 100.0 100.0 99.99
Crystal system monoclinic orthorhombic triclinic triclinic Triclinic
Space group C2/c Pben P-1 P-1 P-1
a / A 30.358(6)  23.9269(4) 12.895(3) 6.7655(14) 13.3885(7)
b/ A 8.8407(18)  16.5580(3) 15.661(3) 14.973(3) 14.2509(7)
c/ A 17.003(3) 19.6377(4) 17.229(3) 16.877(3) 15.9419(8)
o/° 90 90 73.24(3) 74.86(3) 101.559(3)
pre 121.86(3) 90 79.09(3) 79.12(3) 92.474(3)
v/° 90 90 79.33(3) 85.35(3) 94.551(3)
Volume / A 3875.9(17)  7780.1(2) 3239.6(13) 1619.8(6) 2965.2(3)
Z 4 8 4 2 4
Q.. / mgmm- 1.198 1.193 1.195 1.195 1.233
w / mm- 0.503 0.502 0.586 0.586 5.469
F(000) 1512.0 3024.0 1256.0 628.0 1176.0
20 range for data collection 54 2877 32?, 45126%1;? 2.494 to 52.82° 3432.306720 15 23668 4t6(3,
-19<h<37, -29<h=<29, -15<h=<16, -6<h<7, -l4<h=<l15,
Index ranges -11=<k=<11, -20<k=<20, -18<k=<19, -14=<k=<15, -16<k=<16,
20=<1<20 -24=<1=<24 0<1=<21 0=<I=<17 -17=<1=<18
Reflections collected 6518 44093 13192 3919 22146
Independent reflections 3685 7960 13192 3919 9013
Data/restraints/parameters 3685/82/205 7960/0/408  13192/888/665 3919/360/334 9013/828/641
Goodness-of-fit on F: 1.053 1.041 1.073 1.072 1.048

R,=0.0390, R,=0.0355, R, =0.0749, R =0.0623, R =0.0577,
wR,=0.1026 wR,=0.0926 wR.,=0.1678 wR,=0.1689 wR.=0.1464
R, =0.0457, R, =0.0488, R, =0.1103, R, =0.0726, R =0.0710,
wR,=0.1062 wR,=0.0970 wR,=0.1896 wR,=0.1793 wR.=0.1565

0.49/-0.77 0.40/-0.88 0.85/-0.63 0.87/-0.59 2.86/-0.43

Final R indexes [I>20 (I)]

Final R indexes [all data]

Largest diff. peak/hole / e
A=

R = IF|-IFN/2IFl; wR, = [ X [W(Fs - Fay] 1 X [w(F2)]].



95

Table 1.7. Crystal data and structure refinement for meso-5, rac-5, rac-5-Cl, and meso-7.

Complexes

rac-5

rac-5-Cl,

meso-5

meso-7

Empirical formula

C.H.BF.N.S1.Ti. C,H.BCLF.N.S1.Ti. C.H.BF.N.S1.Ti. C.H...BF.N.S1.Ti.

Formula weight 1230.69 1307.98 1230.69 1167.26
Temperature / K 100.0 100.0 100.0 100.0
Crystal system triclinic triclinic monoclinic triclinic
Space group P-1 P-1 12/a P-1
a / A 11.9472(5) 11.321(2) 43.260(9) 11.824(2)
b/ A 14.2295(7) 12.804(3) 11.917(2) 13.888(3)
c/ A 17.3352(8) 19.584(4) 44.131(9) 16.917(3)
a/° 69.845(3) 76.43(3) 90 96.58(3)
B/° 86.819(3) 86.19(3) 111.89(3) 106.48(3)
v/° 73.322(3) 79.42(3) 90 95.63(3)
Volume / A 2647.1(2) 2711.8(10) 21110(8) 2621.3(10)
Z 2 2 16 2
Q.. / mgmm’ 1.544 1.602 1.548 1.479
p / mm 3.982 0.593 0.457 0.443
F(000) 1248.0 1316.0 9968.0 1195.0
20 range for data 7172 to 3.322 to 1.988 to 2.538 to
collection 108.61° 41.708° 49.442° 48.272°
-12<h=<12, -11<h<11, -50<h <47, -13<h=<12,
Index ranges -14 <k < 14, -12<k <12, 0<k=<14, -15<k <15,
-17<1=<18 0<I1=<19 0=<1=<51 0<I1=<19
Reflections collected 14208 5676 17715 8127
Independent reflections 5866 5676 17715 8127
Data/restraints/parameters 5866/735/761 5676/735/726  17715/1449/1431 8127/686/733
Goodness-of-fit on F 1.015 1.064 1.107 1.026
. . R, =0.0710, R, =0.0733, R, =0.0356, R, =0.0725,
Final R indexes [I>26 (DI g —0.16458 ~ wR.=0.1775  wR.=00906 wR.=0.1655
Final R indexes [all data] R, =0.1277, R, =0.1113, R, =0.0386, R, =0.1474,
wR, =0.1963 wR, =0.2053 wR,=0.0921 wR,=0.2001
Largest diff.
pealdh% e / oA 1.70/-0.72 0.66/-0.42 0.64/-0.68 0.75/-0.62

R = IIFI-IFII/2IFl; wR, = [ X [w(Fe - Foy] 1Y [w(Fe)]].
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Computational details. Calculations were performed adopting the PBE formalism for both

exchange and correlation functionals.» The effective core potential of Hay and Wadt
(LANL2DZ)* which explicitly treats 3s, 3p, 4s, and 3d electrons was employed for the Ti atoms.
The standard all-electron 6-31G** basis was used for all remaining atoms.” Molecular geometry
optimizations of stationary points were carried out without symmetry constraints and used
analytical gradient techniques. In the present modeling, the effect of the solvent and counteranions
were omitted in calculations due to the size of the catalytic system. Optimization was performed
using NWCHEM= code on Linux cluster systems. NBO analysis was evaluated using Gaussian

09 code

Table 1.8. Geometrical parameters (A and deg) of the rac-4, the naked cation meso-5 and rac-5

optimized structures.

Til-Ti2
Til-Cl1
Ti2-Cl1
Til-C2
Ti2-C2
Cl1-H2
C1-H3
Til-C1-H2
Ti2-C1-H3
Til-C1-(C1H.),. 532

Ti2-C1-(C1H.),. 42.5

Ti1-C2-(C2H.),.. 40.1 48.8 53.6
Ti2-C2-(C2H.),.. 56.9 51.5 44.5




97

Figure 1.60. DFT optimized structure of rac-6. Ti, orange; Si, pink; N, blue; C, gray.
A mn-coordination of the phenyl group if CPh3+ to the Ti was found. The coordination is evidenced
by a slight C-H elongation compared to the other phenyl C-H bonds (1.10 A vs 1.09 A). Moreover,

the involved C-H bond lies out of the phenyl ring plane of about 15°.

Figure 1.61. DFT optimized structures of rac-8 and meso-8. Ti, orange; Si, pink; N, blue; C,
dark grey.
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CHAPTER 2

Polymerization Behavior and Monomer-
Dependent Reorganization of a Bimetallic
Salphen Organotitanium Catalyst

Adapted from:

Invergo, A. M.; Liu, S.; Dicken, R. D.; Mouat, A. R.; Delferro, M.; Lohr, T. L.; Marks, T. J.
How Close is too Close? Polymerization Behavior and Monomer Dependent Reorganization of a
Bimetallic Salphen Organotitanium Catalyst. Organometallics, 2018, Submitted.
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Abstract

The  binuclear salphen Ti  polymerization catalyst N,N’-1,2-phenylene-
[salicylideneaminatoTi(Cp*)Me.)]. (2) is synthesized by reaction of salphen-H, with Cp*TiMe..
Mononuclear [N-(2,6-diisopropyl)phenyl(salicylideneaminato)]-Ti(Cp*)Me, (1) serves as a
control. Activation studies with cocatalyst Ph.C-B(CF,), yield the cationic polymerization-inactive
complex [NN ’—1,2—phenylene(salicylideneaminato)Ti(Cp*)]+B(C6F5)4_ (4) and polymerization-
active Cp*TiMe,B(CF.), . Polymerization studies comparing 2 with Cp*TiMe, suggest that within
the catalytic timeframe, while 2 retains bimetallic character under both ambient conditions and
under an ethylene atmosphere, it rapidly decomposes to 4 and Cp*TiMe; in the presence of 1-
hexene. These monomer dependent reorganization results highlight the importance of olefin
polymerization activation mechanistic studies while providing insight for improved bimetallic
catalyst design.

Introduction

In optimum scenarios for enzyme catalysis, proximate multi-center active site — substrate
interactions play an essential role in turnover frequency and selective activation/conversion of
otherwise challenging substrates. This is due to high local reagent concentrations, conformational
control, and preorganization of reactive species.” Using these biocatalysts as a conceptual model,
intensive efforts have been devoted to mimicking enzymatic function to discover unique and/or
more efficient abiotic catalytic processes.

In the area of homogeneous olefin polymerization catalysis, bimetallic assemblies have
been shown to exhibit distinctive metal---metal cooperative effects compared with their

monometallic analogues in terms of how various monomers are enchained.»» In previous work
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involving group IV metal centers, we identified these cooperative effects in covalently linked

homobimetallic constrained geometry (C,-CGC-M,, M = Ti, Zr; n = 1, 2; Chart 2.1, A)~
phenoxy-imine (FI:-M,, M =Ti, Zr; Chart 2.1, B),»» pyridylamido (M = Hf),*» and heterobimetallic
Ti-C.-Cr (n = 0, 2, 6; Chart 2.1, C) polymerization catalysts.*» The bimetallic centers exhibit
pronounced nuclearity effects such as enhanced product polymer branching, tacticity,* a-olefin
comonomer enchainment selectivity,** and higher M,/M, vs their mononuclear counterparts.
Qualitatively, we have observed that the magnitude of these cooperative effects scales inversely
with metal---metal distance, thus resulting in a push to design bimetallic catalysts with shorter
intermetallic separation. However, despite these unusual and potentially useful effects, binuclear
catalysts often exhibit lower activity than related mononuclear catalysts, often ascribed to steric
congestion arising from the proximal bimetallic ligand scaffold and second metal, which inhibits
access to the catalytic centers."»+* Naturally, the intriguing question arises as to whether it would
be possible to synthesize a bimetallic catalyst that could enhance desirable polymer properties
while still maintaining a significant level of activity relative to a monometallic control. Phenoxy-
imine (FI) ligand-based catalysts (Chart 2.1, D) have demonstrated exceptionally high activities
for ethylene polymerizations,” and the readily tunable nature of the FI ligand platform makes it a
promising candidate for achieving cooperative effects as well as high activity in a bimetallic
catalyst.

In past studies of bimetallic FI-like catalysts, moderately enhanced cooperative effects
versus mononuclear controls were observed along with a significant fall in catalytic activity.» Thus,
FI-M, (M = Ti; Chart 2.1, B) exhibits an activity 1000x lower than FI>-M (M = Ti; Chart 2.1, D)~
under identical reaction conditions, which can be attributed to inhibition by the strongly bound

THF ligands at each metal.» In marked contrast, catalysts combining both FI ligands with a Cp-
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type moiety at the same metal center exhibit high polymerization activity with the production of

high molecular mass polymers.+ Here we report the synthesis, activation pathway, and
polymerization characteristics of a bimetallic half-FI, half metallocene complex utilizing the
salphen ligand and Ti(Cp*)Me. moieties, where ligand re-organization, and subsequent
polymerization activity, is highly dependent on the olefin monomer.

Results and Discussion

Ti complexes 1 and 2 were synthesized via the straightforward methodology outlined in
Scheme 1. Thus, dropwise addition of a pentane solution of N-(salicylidene)-2,6-
diisopropylaniline* to a pentane solution of Cp*TiMe~ at room temperature affords the
monometallic complex 1 (Scheme 2.1A) in 78% yield with evolution of methane. Upon dropwise
addition of salphen ligand to a solution of Cp*TiMe. in toluene at room temperature, bimetallic
complex 2 is formed rapidly in 84% yield, accompanied by evolution of methane (Scheme 2.1B).
Note however that bimetallic complex 2 undergoes subsequent migratory methyl rearrangement”
to generate asymmetric bimetallic complex 3 in solution for over the course of 48 hours (Scheme
2.1C).

Complexes 1-3 were characterized by standard analytical and spectroscopic techniques. 'H
NMR spectra (Figure 2.1) indicate that a room temperature complex 2 displays two magnetically
equivalent Cp*TiMe, (& = 1.69 ppm for TiCp*, 0.70 ppm for TiMe) moieties, suggesting possible
fluxional behavior in solution at 25°C. Based on 2D NOESY experiments, we believe the imino N
atoms are bound to the Ti centers, due to an observed interaction between the Ti-Me and the CH=N

protons. In contrast, complex 3 has non-equivalent Cp*Ti centers, with Cp* resonances at 6 = 1.89

and 1.65 ppm, as well as TiMe resonances at d = 1.46 and 0.87 ppm. The solid-state structure of 3
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Figure 2.1. H NMR spectra (500 MHz, CD,, 25° C), of (A) bimetallic complex 2 and (B)

bimetallic complex 3.



105

—

Figure 2.2. The structure of asymmetric bimetallic complex 3. Thermal ellipsoids are drawn at the

50% probability level. Hydrogen atoms and two toluene molecules are omitted for clarity. Selected

bond distances (A): Til-C11,2.167(2), Til-N2, 2.069(2), Ti2-C43, 2.102(3), Ti2-C44, 2.103(2).
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reveals one five-coordinate and one four-coordinate Cp*Ti center (Figure 2.2). Note that in

complex 3, the methyl migration=* from Ti to the imino carbon affords a new stereogenic center.
However, there is no evidence from either 'H NMR or '"H-H NOESY spectroscopy for the
formation of more than one diastereomer; therefore, the rearrangement of 2 leads quantitatively to
diastereomerically pure 3.

Due to the reactive nature of the Ti-Me bonds, activation of precatalyst 2 was studied using
two equiv. of borate cocatalyst Ph.C-B(C.F.).. The activated species initially yielded complex NMR
spectra in a variety of solvents at 25°C, suggesting the presence of one or more unstable reactive
species. Insoluble crystals grow within several hours from a solution of borate and the precatalyst
2 in CD, and proved to be suitable for X-ray diffraction, which positively identified complex 4 as
a structure generated during the activation process (Scheme 2.2). One Ti is bound by the salphen
ligand in a tetradentate fashion while also retaining its ancillary Cp* ligand (Figure 2.3). This
charged complex is paired with a borate counteranion and is inactive towards polymerization.

A plausible scenario is that Cp*TiMe, B(C/F,). moiety is eliminated with concomitant
formation of salt 4 (Scheme 2). This Cp*TiMe; species is known to be a highly active olefin
polymerization catalyst and to afford complex 'H NMR spectra due to the instability at room
temperature.” A low temperature (-40°C) '"H NMR study of the activation of 2 with 2 equiv. of
Ph.C:B(C/F,): in CD.CL, while yielding very complex spectra, does display a characteristic Ti-Me
resonance at -0.22 ppm, which can be assigned to an organotitanium species. There are several
examples of olefin polymerization precatalyst activation resulting in the formation of a separate,
modified active species,** but to our knowledge, this is the first bimetallic complex that rearranges
upon activation with a boron-based cocatalyst to release another completely distinct yet highly

active polymerization catalyst. Furthermore, this complex proves to be highly instructive for future
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Scheme 2.2. Proposed formation of charged complex 4 by activation of bimetallic complex 2 with

2 equiv. Ph.C'B(CF))..

Figure 2.3. The structure of polymerization-inactive ion pair 4 generated during activation of 2
with 2 equivalents of Ph.C-B(C.F,).. Thermal ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity. Selected bond distances (A): Ti-O1, 1.8760(15), Ti-O2,

1.8843(16), Ti-N1, 2.1637(17), Ti-N2,2.1676(19).
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bimetallic catalyst design. While metal-metal proximity is undoubtedly a highly desirable

characteristic, the present activation studies of 2 indicate that there may be a limit to how short an
ideal metal-metal distance should be.

Because significant amounts of complex 4 do not appear to form until ~2 hours after
activation of 2 (Scheme 2.2), the reactivity of complex 2 was further probed in polymerization
experiments. Possible cooperative effects in ethylene and 1-hexene copolymerizations were
investigated under rigorously anhydrous and anaerobic conditions, with attention paid to
minimizing exotherm and mass transfer effects.”=* The presence of 3 was not observed within the
timescale of the polymerization experiments (2-10 min). Activity differences between complex 2
activated with 1 (2 + 1 B) and 2 (2 + 2 B) equiv. of Ph,C'B(C[F.). were investigated in all
polymerizations. To determine whether Cp*TiMe. B(C.F,). species contributes to the observed
polymerization behavior, additional experiments were also conducted under identical conditions
using Cp*TiMe, activated with 1 equiv. of Ph.C‘B(CF,).. These studies utilized 5 pmol of
Cp*TiMe, to mimic the release of one active Ti from 2, run with 10 pmol Ti in polymerizations.
Test polymerizations utilizing 5 pmol of crude 4 yielded no polymer, and experiments using 5
pmol each of Cp*TiMe, and complex 4 gave the same results as Cp*TiMe, alone, confirming that
4 is not active and exerts no influence over the observed catalytic behavior.

As can be seen in Table 2.1, broad, monomodal P values are obtained for the ethylene
homopolymers produced by all catalysts, particularly for Cp*TiMe, and monometallic 1. The
unstable catalyst formed by Cp*TiMe, activation at room temperature is likely responsible for the
broad dispersity value observed. Additionally, the rapid formation of polyethylene by Cp*TiMe,
and 2 greatly impedes reactor stirring. Mass-transfer limitations are known to result in broad D

values, which may partially account for the obtained dispersities.* In the case of 1, this effect is
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Table 2.1. Ethylene Homopolymerization Data for Monometallic and Bimetallic Salphen
Catalysts

Entry Catalyst Equiv.of  Polymer Activity M,

Cocatalyst (g) (PE) (kg:mol")
1 1 1.2 0.010 12.1 44 3 10.1
2 2 1.0 0.369 1107 110 9.1
3 2 24 0.253 759 177 8.2
4 Cp*TiMe, 1.2 0.339 2043 894 16.6
5¢ FI=-Ti, 24 0.083 8.3 66.1 45

‘Polymerization conditions: [catalyst] = 5 pmol of 2; 10 umol of 1; 5 umol of Cp*TiMe,; 48 mL
toluene, 2 mL of fluorobenzene for catalyst/cocatalyst injection, at 25 °C, under constant 1 atm
ethylene for 2 min. Entries performed in duplicate. *kg (PE)-mol" (Ti)-h"-atm’; ‘By GPC vs.
polystyrene standards. ‘Results from reference.”

Table 2.2. Ethylene/1-hexene Copolymerization Data for Monometallic and Bimetallic Salphen
Catalysts .

Equiv. of PE  Activityy Comonomer M;

Entry — Catalyst o otalyst (g)  (PE)  Incorp. (%) (kg-mol)

1 1 1.2 trace - - - -

2 2 1.0 0.498 1494 17.5 78.3 2.3
3 2 24 1.278 3834 18.2 98.3 3.7
4 Cp*TiMe, 1.2 1.391 8346 16.5 97.5 4.1
5 FI--Ti, 24 0.045 4.5 94 194 39

‘Polymerization conditions: [catalyst] = 5 pwmol of 2; 10 pmol of 1; 5 umol of Cp*TiMe,; 0.1 M
1-hexene, 48 mL toluene, 2 mL of fluorobenzene for catalyst/cocatalyst injection, at 25 °C, under
constant 1 atm ethylene for 2 min. Entries performed in duplicate. ‘kg (PE)-mol" (Ti)-h-atm*; By
“C NMR .+ ‘By GPC vs. polystyrene standards. ‘Results from reference.”

Table 2.3. 1-Hexene Homopolymerization Data for Monometallic and Bimetallic Salphen
Catalysts .

Equiv. of PE Activity’ _ M, '

Entry Catalyst Cocatalyst (@ (PE) % mmmm: (kg-mol") D
1 1 1.2 trace - - - -
2 2 1.0 trace - - - -

3 2 24 0.377 226 13.9 7.19 35

4 Cp*TiMe, 12 0.307 368 12.2 6.48 2.5

‘Polymerization conditions: [catalyst]: 5 pmol of 2; 10 umol of 1; 5 pmol of Cp*TiMe,; 1.0 M 1-
hexene, 23 mL toluene, 2 mL fluorobenzene for catalyst/cocatalyst addition, at 25 °C, for 10 min
under static argon, no ethylene. Entries performed in duplicate. '*kg (PE)-mol" (Ti)-h-atm"; By »C
NMR #» By GPC vs. polystyrene standards.
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occasionally encountered in polymerizations catalyzed by mono-++ or bis-FI-ligated group IV

catalysts® and in multinuclear mixed ligand systems,” and is thought to reflect the fluxional nature
of these complexes in solution.”

Note also that bimetallic 2, activated with either 1.0 or 2.4 equiv. of the borate cocatalyst,
produces similar amounts of polyolefin as that produced by Cp*TiMe,. However, compared to
Cp*TiMe,, 2 + 2 B produces polymer with nearly double the M,, which suggests some level of
bimetallic character under these polymerization conditions, as the higher M, values suggest some
cooperation between proximate metal centers.” As M, values are known to scale as the net rate of
chain propagation increases relative to all chain transfer/termination mechanism rates,* this may
well indicate the presence of a second proximal active metal center stabilizing the growing polymer
chain via agostic interactions with polymer C-H bonds, thereby suppressing chain termination
relative to 2 + 1 B and Cp*TiMe,.© This suggests that the second equivalent of borate, along with
the presence of ethylene, may help stabilize a bimetallic structure, at least during the timespan of
the polymerization. Polymerizations conducted with 2 + 2 B under 5 atm ethylene pressure for a
duration of 1 min and otherwise identical conditions to those presented in Table 2.1 yield 0.265 g
polyethylene with M, = 135 kg/mol and D = 10.1. This M, is lower than that achieved by the same
catalyst under 1 atm ethylene. The reason for this decrease is unclear, and could be attributed to
either 1) the rapid formation of ethylene, which coats the catalyst and prevents further reaction, or
to 2) the possibility that the bimetallic species rearranges under the higher monomer pressure to
produce Cp*TiMe, as an active species instead. The high M, values of all polyolefin products
precluded end group analysis via NMR. It is notable that bimetallic 2 produces polymers with

higher M, and at a higher level of activity than does FI-Ti,.»
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The monomodal GPC traces and the narrower D data obtained for the ethylene + 1-hexene

copolymerizations, as well as for the sequential 1-hexene homopolymerizations (vide infra), are
consistent with single-site processes (Table 2.2, entries 1-4).«= It is worth noting that, apart from
monometallic 1, which displays vanishingly low activity for copolymerization, all the
polymerization activities are higher than those for the ethylene homopolymerizations, which may
indicate a significant “comonomer effect” (Table 2.1, entries 2-4 vs Table 2.2, entries 2-4).7#»
Interestingly, the catalytic behavior for bimetallic 2 begins to mirror that of Cp*TiMe, much more
closely under copolymerization conditions. Cp*TiMe, and bimetallic 2 + 2 B produce very similar
amounts of polymer, both more than double that produced by 2 + 1 B. The comonomer selectivity
of 2 in both activation scenarios is essentially equal to that of Cp*TiMe, (18.2 vs 16.5%,
respectively). Furthermore, bimetallic 2 and Cp*TiMe, also produce polymers with nearly
identical M, values (98.3 vs 97.5 kg:mol", respectively). These polymerization results suggest that
in the presence of 1-hexene, the decomposition of bimetallic 2 to inactive complex 4 and
Cp*TiMe.;B(CF,); may occur much more rapidly than under either ambient or ethylene
homopolymerization conditions.

To further pursue this hypothesis, the activity of the Ti salphen complexes towards 1-
hexene homopolymerizations was investigated, with the results shown in Table 2.3 (entries 1-4).
Again, bimetallic 2 + 2 B and Cp*TiMe, produce comparable amounts of polymer, while
bimetallic 2 + 1 B produces trace polymer and 1 is completely inactive within the time span of the
polymerization. Importantly, the polymers produced by 2 + 2 B and Cp*TiMe, display very similar
M, values (7.19 vs 6.48 kg-mol- respectively), and the poly(1-hexene)s produced by both catalysts

display a similar degree of atacticity by "C NMR .«



112

2 Ph;C*B(CgFs)4 = Q 2 B(CgFs)s
sN Cp*N— > > <N Cp*'Na*
Me-3i Ti-CP* -2 Ph3CCH;, 2 min +i{ 4 TicCP
o IMe\ o’ ~o
X
Me Active Me
Z + 2R X : B(CoFs)s
2 PhyC* 13(c6|=5)4 or 2 R Me Me B(CeFs)s
~ N C *N - > Me M R <N N=
IMe \o R=nCHy o/ " Beme o7 | o
Cp*
Active 4  Not Active

Scheme 2.3. Proposed monomer-dependent active species in ethylene and 1-hexene
homopolymerizations and ethylene + 1-hexene copolymerizations mediated by activating

precatalyst 2.
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Conclusions

In summary, the efficient synthesis and characterization of novel symmetrical bimetallic
half-Fi, half-metallocene Ti-Me complex 2, along with corresponding monometallic complex 1,
are reported. In solution, bimetallic 2 slowly rearranges to more stable asymmetric bimetallic
complex 3 via methyl migration from Ti to the imino carbon. Considering the timescale of the
polymerization experiments, this species is not considered to significantly influence the activity of
2 nor contribute to the observed polymerization characteristics. Bimetallic complex 2 decomposes
in the presence of borate activator Ph.C-B(C.F.). to produce polymerization-inactive complex 4
and, presumably, Cp*TiMe.B(CF,)., which is polymerization-active. Polymerizations comparing
bimetallic 2 with Cp*TiMe, were carried out. The results suggest that, while the “bimetallic
character” of 2 appears to persist for the duration of the ethylene homopolymerizations,
Cp*TiMe.B(CF,);is the dominant active species in the presence of 1-hexene (Scheme 2.3). These
findings indicate that there is to some degree a limit to the benefits of closer metal-metal distances
in bimetallic olefin polymerization and serves as a reminder of the importance of undertaking

detailed activation studies.
Experimental Section

Materials and Methods. All manipulations of air-sensitive materials were performed with
rigorous exclusion of O. and moisture in oven-dried Schlenk-type glassware on a dual manifold
Schlenk line, interfaced to a high-vacuum line (10 Torr), or in a Ar-filled MBraun glove box with
a high-capacity recirculator (<1 ppm O.). Argon (Airgas, pre-purified grade) was purified by
passage through a supported MnO oxygen-removal column and an activated Davison 4A
molecular sieve column. Ethylene (Airgas) was purified by passage through an oxygen/moisture

trap (Matheson, model MTRP-0042-XX). Diethyl ether and tetrahydrofuran were distilled from
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Na/benzophenone ketyl. Hydrocarbon solvents (n-pentane and toluene) were dried using activated

alumina columns using the Grubbs method” and were additionally vacuum-transferred from Na/K
alloy immediately before vacuum line manipulations. All solvents for high-vacuum line
manipulations were stored in vacuo over Na/K alloy in Teflon-valve sealed bulbs. Benzene-d, and
toluene-d, (Cambridge Isotope Laboratories, 99+ atom % D) were stored over Na/K alloy in vacuo
and vacuum transferred immediately prior to use. All other deuterated solvents were used as
received (Cambridge Isotope Laboratories, 99+ atom %D). Other non-halogenated solvents were
dried over Na/K alloy, and halogenated solvents were distilled from CaH.. The reagents
salicylaldehyde, 2,6-diispropylaniline and N,N-bis(salicylidene)-1,2-phenylenediamine were
purchased from Sigma-Aldrich and used as received. N-(salicylidene)-2,6-diisopropylaniline* and
pentamethylcyclopentadienyltitanium(IV) trimethyl (Cp*TiMe.)« were prepared according to
literature procedures. Trityl tetrakis(pentafluorophenyl)borate, Ph.C-B(C.F.).” (B), was a generous
gift from Boulder Scientific Company (Mead, CO) and was used as received.

Physical and Analytical Measurements. NMR spectra were recorded on Agilent FS00 (DDR2,
FT, 500 MHz, ‘H; 125 MHz, »C), Varian UNITYInova-500 (FT, 500 MHz, 'H; 125 MHz, =C) or
Hg400 (400 MHz, 'H; 100 MHz, =C) instruments. Chemical shifts for 'H and “C spectra were
referenced using internal solvent resonances and are reported relative to tetramethylsilane (TMS).
NMR experiments on air-sensitive samples were conducted in Teflon valve-sealed sample tubes
(J.Young). Elemental analyses were performed by Midwest Microlab, Indianapolis, Indiana for %
C, N, and HC NMR assays of polymer microstructure were conducted in 1,1,2,2-
tetrachloroethane-d. at 120 °C with a delay time (d.) = 10 sec. Signals were assigned according to
the literature for these polymers.~«* Gel permeation chromatography (GPC) was carried out in

1,2 4-trichlorobenzene (stabilized with 125 ppm of BHT) at 150 °C on a Polymer Laboratories 220
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instrument equipped with a set of three PLgel 10 um mixed-B columns with differential refractive

index and viscosity detectors. Data reported were determined through Universal Calibration
relative to polystyrene standards.

Synthesis of Monometallic N-(2,6-diisopropyl)phenyl(salicylideneiminato)
pentamethylcyclopentadienyltitanium Dimethyl (1). A 10 mL pentane solution of N-
(salicylidene)-2,6-diisopropylaniline (0.281 g, 1.00 mmol) was added to 10 mL of a pentane
solution of Cp*TiMe. (0.228 g, 1.00 mmol). After 1 h, the solvent was removed under vacuum at
room temperature, and the resulting yellow oil was triturated several times with pentane to
eventually yield a dark yellow solid. (0.382 g, 0.775 mmol, 77.5% yield). H NMR (400 MHz,
CD,) 6:9.00 (s, 1 H, CH=N), 8.64 (dd, J = 6.0 Hz, 1.2 Hz, 1 H, phenyl), 7.18-7.14 (m, 3 H,
phenyl), 7.10-7.06 (m, 1 H, phenyl), 6.93-6.88 (m, 1 H, phenyl), 6.77-6.69 (dd,J=6.4 Hz,0.8 Hz,
1 H, phenyl), 3.28 (septet, J/ = 5.6 Hz,2 H, CH(CH.),), 1.63 (s, 15 H, MeCp), 1.24 (d,J =5.6 Hz,
12 H, CH(CH)).), 0.63 (s, 6 H, Ti-Me). “*C NMR (100 MHz, C)D,) d: 164.76 (CH, CH=N), 157.77
(C, phenyl), 150.47 (C, phenyl), 137.29 (C, phenyl), 132.49 (CH, phenyl), 127.25 (C, phenyl),
125.82 (C, phenyl), 124.06 (CH, phenyl), 122.88 (C, Cp), 122.67 (CH, phenyl), 121.75 (CH,
phenyl), 121.38 (CH, phenyl), 56.03 (CH,, Ti-Me), 28.05 (CH, Pr), 23.20 (CH,, Pr), 11.07 (CH,,
Me.Cp). Anal. Calcd for C,H.NOTi: C,75.44; H, 8.78; N, 2.84. Found: C,72.78; H, 8.16; N, 2.27.
(Accurate EA not achieved due to either catalyst decomposition or incomplete combustion despite
added combustion aids.)

Synthesis of Symmetric bimetallic N/N' -1,2-phenylenebis(salicylideneiminato)
pentamethylcyclopentadienyltitanium tetramethyl (2). A 10 mL toluene solution of N,N-
bis(salicylidene)-1,2-phenylenediamine (0.316 g, 1.00 mmol) was added dropwise to a 10 mL

toluene solution of Cp*TiMe. (0.456 g, 2.00 mmol) at room temperature. After stirring for 1 h, the
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solvent was removed under vacuum at room temperature, and the product was extracted with n-

hexane. The filtrate was then concentrated and a reddish solid was obtained at -40 °C (0.620 g,
0.838 mmol, 83.8% yield). H NMR (500 MHz, CD,) d: 9.28 (s, 2 H, CH=N), 8.58 (dd, J = 7.8
Hz, 1.8 Hz, 2 H, phenyl), 7.28 (dd, J = 5.8 Hz, 3.5 Hz, 2 H, phenyl), 7.12-7.03 (m, 4 H, phenyl),
6.86-6.76 (m, 4 H, phenyl), 1.69 (s, 30 H, Me.Cp), 0.70 (s, 12 H, Ti-Me). "C NMR (125 MHz,
CD,) 0: 165.12 (C, phenyl), 157.65 (CH, CH=N), 146.80 (C, phenyl), 132.53 (CH, phenyl), 128 .43
(CH, phenyl), 127.15 (C, phenyl), 126.27 (CH, phenyl), 123.04 (C, Cp), 121.71 (CH, phenyl),
121.65 (CH, phenyl), 120.82 (CH, phenyl), 56.06 (CH,, Ti-Me), 11.57 (CH., Me.Cp). Anal. Calcd
for C.H.N.O.T1.: C,71.35; H,7.62; N, 3.78. Found: C, 70.98; H, 7.33; N, 3.90.

Synthesis of Asymmetric bimetallic NN' -1,2-
phenylenebis(salicylideneiminato)pentamethylcyclopentadienyltitanium  trimethyl (3).
Recrystallization of 2 from toluene over 2 days gave 3 as dark red crystals via methyl migration.
'HNMR (500 MHz, CD,) d: 8.51 (s, 1 H,CH=N), 7.40 (d,J = 8.1 Hz, 1 H, phenyl), 7.24-7.18 (m,
3 H, phenyl),7.15-7.10 (m, 2 H, phenyl), 7.00 (t, J/ = 8.8 Hz, 1 H, phenyl), 6.93 (td, J = 7.6 Hz,
1.6 Hz, 1 H, phenyl), 6.78 (dd, J = 8.0 Hz, 1.2 Hz, 1 H, phenyl), 6.75 (t,J = 7.6 Hz, 1 H, phenyl),
6.66 (t,J = 7.6 Hz, 1 H, phenyl), 6.57 (td,J = 7.6 Hz, 1.2 Hz, 1 H, phenyl), 594 (q,J = 6.8 Hz, 1
H, CHCHN), 244 (d, J = 6.8 Hz, 3 H, CH.CHN), 1.89 (s, 15H, Me.Cp), 1.65 (s, 15H, Me.Cp),
1.46 (s,3 H, Ti-Me), 0.87 (s, 6 H, Ti-Me). “*C NMR (125 MHz,CD,) 9: 166.40 (C, phenyl), 161.82
(C, phenyl), 156.00 (CH, CH=N), 155.39 (C, phenyl), 137.52 (CH, phenyl), 135.03 (C, phenyl),
133.16 (CH, phenyl), 128.53 (CH, phenyl), 128.30 (CH, phenyl, overlapped by solvent and
assigned by “*C-H HSQC), 127.97 (CH, phenyl), 126.86 (CH, phenyl), 124.68 (C, Me.Cp), 122.78
(C, Me.Cp), 122.39 (C, phenyl), 121.44 (CH, phenyl), 121.15 (CH, phenyl), 120.94(C, phenyl),

117.99 (CH, phenyl), 117.55 (CH, phenyl), 115.66 (CH, phenyl), 114.37 (CH, phenyl), 64.05
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(CH,, Ti-Me), 56.64 (CH., CH.CHN), 55.76 (CH., Ti-Me), 54.89 (CH., Ti-Me), 24.34 (CH,,

CH.CHN), 11.88 (CH3, Me.Cp), 11.79 (CH3, Me.Cp). Anal. Calcd for C.H,N.O.Ti.: C, 71.35; H,
7.62; N, 3.78. Found: C, 71.14; H, 7.46; N, 3.63.

Synthesis of crude N,N'-1,2-
phenylenebis(salicylideneiminato)pentamethylcyclopentadienyltitanium
tetrakis(pentafluorophenyl) borate (4). 10 umol of 2 and 20 umol of Ph.C'B(CF.. were
combined in a vial in a glovebox. 5 mL of benzene was added to the vial, which was lightly shaken
to dissolve all components. The vial was capped and allowed to sit at room temperature in the
glove box for 24 hrs. Following the 24 hr period, dark red crystals had grown out of a yellow
solution. The yellow solution was removed, and the crystals were washed with toluene and
pentane. The vial containing the crystals was then placed in a Schlenk flask and dried under high
vacuum at room temperature for 24 hrs. 'H NMR (400 MHz, CD.CL,) 6: 9.28 (s,2 H, CH=N), 7.99-
797 (m,J =8 Hz, 4 Hz, 2 H, phenyl), 7.89-7.87 (m, J = 8 Hz, 2 H, phenyl), 7.83-7.79 (m, J = 8
Hz, 4 Hz, 2 H, phenyl), 7.72-7.69 (m, J = 8 Hz, 4 Hz, 2 H, phenyl), 7.34-7.29 (m, 4 H, phenyl),

1.59 (s, 15 H, Me.Cp).
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General procedure for ethylene homo- and copolymerizations. In the glove box, a 350 mL

heavy walled glass reactor equipped with stir bar was loaded with 48 mL toluene (and desired
amount of 1-hexene for copolymerizations). In a separate vial, metal catalyst ([Catalyst] = 10 umol
of 1; 5 umol of 2; 5 umol of Cp*TiMe,) and either 1.0 or 2.4 equivalents of [Ph.C][B(C/F,).] per
2, or 1.2 equivalents of Ph.C-B(CF,. per 1 and Cp*TiMe,, were dissolved in 2 mL of
fluorobenzene. The glass reactor was then interfaced to a high-pressure line and the solution was
degassed by freeze-pump-thaw cycles. The solution was then brought to room temperature using
a water bath. The reactor was then charged with 1 atm of ethylene and the catalyst/cocatalyst
solution was syringed in. After 2 min, the reactor was vented and 5 mL of acidified methanol was
syringed in. The contents of the polymerization vessel were poured into a large volume of
methanol, and the polymer flakes precipitated out. The resulting polymer was filtered off, washed
with methanol, and then dried under vacuum overnight.

General Procedures for 1-hexene homopolymerizations. In the glove box, a 250 mL round
bottom flask equipped with stir bar was loaded with 23 mL toluene and desired amount of 1-
hexene. In a separate vial, metal catalyst ([Catalyst] = 10 umol of 1; 5 umol of 2; 5 umol of
Cp*TiMe,) and either 1.0 or 2.4 equivalents of Ph.C-B(CF,).” per 2, or 1.2 equivalents of
PhCB(CF,).” per 1 and Cp*TiMe, were dissolved in 2 mL of fluorobenzene. The
catalyst/cocatalyst solution was added to the flask. The flask was sealed with a rubber septum,
removed from the glovebox, and allowed to stir under static argon for a total of 10 minutes at
ambient temperature. After 10 minutes, the flask was opened to air and 200 mL of acidified
methanol was added. Polymer precipitated as a gel and was stirred overnight. Methanol was
decanted and polymer was transferred with hexanes to a tared flask. Solvent was removed under

vacuum and polymer was dried under vacuum overnight.
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Figure 2.16. "C NMR of polymer generated by ethylene/1-hexene copolymerization with 2+1B

(Table 2.2 entry 2, 100 MHz in 1,1,2,2 tetrachloroethane-d, at 120 °C).
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Figure 2.17. "C NMR of polymer generated by ethylene/1-hexene copolymerization with 2+2B

(Table 2.2 entry 3, 100 MHz in 1,1,2,2 tetrachloroethane-d, at 120 °C).
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Figure 2.18. "C NMR of polymer generated by ethylene/l1-hexene copolymerization with

Cp*TiMe, (Table 2.2 entry 4, 100 MHz in 1,1,2 2 tetrachloroethane-d, at 120 °C).
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Figure 2.19. "C NMR of polymer generated by 1-hexene homopolymerization with 2+2B (Table

2.3 entry 3, 100 MHz in 1,1,2,2 tetrachloroethane-d, at 120 °C).
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Figure 2.20. "C NMR of polymer generated by 1-hexene homopolymerization with Cp*TiMe,

(Table 2.3 entry 4, 100 MHz in 1,1,2,2-tetrachloroethane-d, at 120 °C).
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X-ray data collection, structure solution, and refinement.

Single crystals of 3 were crystallized from hexane and hexane/toluene, mounted in inert oil, and
transferred to the cold gas stream of a Bruker Kappa APEX CCD area detector equipped with a
CuK. microsource with Quazar optics. Crystallographic and experimental details of the structure
determination are summarized in Table S1. The crystal was maintained at 100.01 K during data
collection. An empirical correction for absorption was made.* Using Olex2,* the structure was
solved with the XS~ structure solution program using Patterson Method and refined with the
ShelXL refinement package* using full-matrix least-squares procedures (based on F.) first with
isotropic thermal parameters and then with anisotropic thermal parameters in the last cycles of
refinement for all the non-hydrogen atoms. The hydrogen atoms were introduced into the
geometrically calculated positions and refined riding on the corresponding parent atoms. Similar
distances were refined for the disordered carbon atoms. Rigid bond restraints were imposed on the
displacement parameters as well as restraints on similar amplitudes separated by less than 1.7 Ang.
on the disordered methyl group. Group anisotropic displacement parameters were refined for the
remaining disordered atoms.

Single crystals of 4 were crystallized from benzene-d.. A suitable crystal was selected and mounted
at 100 K on a brass tip in air-free Paratone-N on a 'Bruker APEX-II CCD' diffractometer. The
crystal was kept at 99.99 K during data collection. Using Olex2,* the structure was solved with the
XS [2] structure solution program using Direct Methods and refined with the XL refinement

package using Least Squares minimization.



Table 2.4. Crystal data and structure refinement for 3 and 4.

Complex 3-2CH, 4
Empirical formula C.H.\N.O.Ti,2CH, C.H,BF.N.O.Ti
Formula weight 92497 1176.50
Temperature / K 99.98 99.99
Crystal system triclinic triclinic
Space group P-1 P-1
. . . 11.2663(3), 12.9991(7),
a/ Ab/ A/ A 13.0764(4), 13.3403(7),
18.5004(6) 15.2032(7)
109.233(2), 66.663(2),
a/°, e, yl° 104.076(2), 76.222(2),
91.920(2) 89.611(3)
Volume / A 2476.86(13) 2339.7(2)
Z 2 2
Q.. / mgmm’ 1.240 1.670
nw / mm- 3.070 2712
F(000) 988.0 1182.0
Crystal size / mm: 0.224 x 0.183 x 0.206 x 0.137 x
0.005 0.048

20 range for data collection  5.254 to 127.306° 7.252 to 136.382°
-13<h=<9,-15<k -15<h=<14,-15<

Index ranges < 14, k<16,-18<l<
O9<l1=<21 18
Reflections collected 13227 19108
. o 8255[R(int) =
Independent reflections 7888[R(int) = 0.101] 0.0305]
Data/restraints/parameters 7888/0/593 8162/0/837
Goodness-of-fit on F- 1.019 1.018
. ) R =0.0443,wR,= R, =0.0379,wR, =
Final R indexes [[>20 (I)] 01118 0.0994
) ) R =0.0565,wR,= R, =0.0458, wR, =
Final R indexes [all data] 0.1207 0.1051
Largest diff. peak/hole / e A~ 0.60/-0.40 0.43/-0.50

RI=IF|-IFI/SIF); wWR2 = [ 3 [w(F- F2)1/ 3 WEN].
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Original Research Proposal: Design of a Catalytic Surface as a Fully

Immobilized Frustrated Lewis Pair for Organic Transformations

Anna M. Invergo
Abstract: Frustrated Lewis pairs consist of a Lewis acid and Lewis base pair, where each
component is severely sterically hindered to the point that the two are unable to form an adduct.
Frustrated Lewis pairs have demonstrated good activity in a variety of catalytic areas, however,
heterogeneous analogs of these compounds, particularly fully immobilized iterations thereof, have
been not well explored. Heterogeneous catalysts are commonly utilized in industry due to their
higher thermal stability, recyclability, and ease of removal from products. While only a few
examples are currently known, a proposed heterogeneous frustrated Lewis pair could provide
access to a robust, transition metal-free catalyst capable of catalyzing a wide variety of reactions,
and thus begin to explore questions about the commercial viability of these materials, as well as

explore reactivity from a surface chemistry perspective.
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Introduction

Heterogeneous catalysis comprises a field of work central to many industrial processes,
including biomass conversion, olefin polymerization, petroleum refining, ammonia synthesis, and
CO. reduction, to name a few. Heterogeneous catalysts provide many advantages over their
solution-phase counterparts, including higher thermal stability, recyclability, and ease of removal
from catalytic products.: Many industrial processes utilize transition metal-based heterogeneous
catalysts, but for small molecule transformations, especially for the production of pharmaceuticals
and hair and skincare goods, trace metals are highly detrimental.

Frustrated Lewis pairs (FLPs) are materials comprised of a severely sterically congested
Lewis acid and Lewis base pair, and are frequently free of transition metals. The steric hindrance
of each component prevents the Lewis pair from forming an adduct, resulting in “unquenched
reactivity”.: FLPs have demonstrated powerful catalytic abilities, most notably in the cleavage and
activation of H. and the hydrogenation of a variety of compounds, including polar N-containing
substrates,” as well as ketones and aldehydes, olefins, alkynes,* and aromatic compounds
(including some selectivity for pyridine and aniline-type compounds).“* Beyond hydrogenation,
FLP chemistry is also used in a variety of other reactions, such as the capture® and
hydroboration/reduction of CO.,” N.O capture* and subsequent C-H bond activation,” NO» and SO.

capture,” and polymerization of polar monomers.»*

FF FF
-H,, 150°C

\ ® ©
M632P B\(C6F5)2
H

M682P B(CeF5)2
H,, 25°C

Scheme A1l. Example of a well-known FLP activating H..
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With the exception of polymerizations, most of the products formed by FLP catalysis are

small molecules that are either liquid, or that are readily soluble in the reaction medium. In
principle, a heterogeneous FLP catalyst should impart the benefit of facile removal from the
reaction mixture. The synthesis of such a compound could provide new insights into surface
reactivity, namely, whether there is an inherent reactivity in the support that could be exploited for
the production of new catalytic materials. Catalytic reactions with the new compound can then
begin to explore whether the known benefits of heterogeneous catalysis (superior thermal stability,

recyclability) could be realized in the area of small-molecule FLP catalysis.
Scientific Objectives

The objective of this research project is, in a large sense, to study the effects of the
utilization of a support on the catalytic activity of frustrated Lewis pairs. The first specific part of
this objective aims to synthesize a heterogeneous FLP through careful selection of surface
precursors, to determine appropriate characterization methods, and to perform comprehensive
characterization of the resulting material. The second specific aim of this objective focuses on
determining the efficacy of the heterogeneous FLP in a variety of catalytic probe reactions, and

elucidate the effect of the support on the catalysis.
Previous Work

Homogeneous FLP-based catalysis is well known and, although a relatively young field,
has been extensively studied since the first published FLP-catalyzed reaction in 2006. Very
recently, the benefits of FLP chemistry have begun to permeate into heterogeneous catalysis,
prompting the study of various new solid/semi-solid catalysts that have demonstrated good
reactivity for cleavage and activation of H., along with the hydrogenation of unsaturated

substrates. = These four currently known heterogeneous FLPs will be discussed below.
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The first known heterogeneous FLP catalysts were reported by Szeto et al. in 2016. The

supported FLPs were prepared by treating dehydroxylated silica with tris(iso-butyl)aluminum, in
order to consume free surface silanols, followed by the grafting of an organophosphine via a
hydroquinone linker. Introduction of perflouoroaryl boranes in the form of either B(C,F,). or Piers’
reagent* results in the formation of an adduct. The complexes are active for Z-selective alkyne
reduction, albeit under fairly forcing conditions (for example: 80° C, 40 bars of hydrogen pressure),
to achieve either 98% or 9% reduction of 3-hexyne with the two different catalysts, with either the
tris borane or the Piers’ borane adduct, respectively); however, the compounds suffer from activity
loss following one catalytic cycle. Activity was able to be restored, but only upon the addition of
supplemental borane.

In the same year, Xing et al. reported a similar heterogeneous FLP compound in which
tris(pentafluorophenyl) borane was supported on a pre-dried silica-500 surface. To this supported
borane was then added tri-z-butyl phosphine to form the solid FLP. This supported compound was
found to be proficient for the heterolytic cleavage of H. through NMR scale reactions, under fairly
mild conditions (for example: 65° C, 2 bars of H./D, pressure). Preliminary results indicate that the
compound is also active for the hydrogenation of alkenes.”

In 2017, Trunk et al. reported the synthesis and catalytic proficiencies of a semi-
immobilized FLP material. This process began with the synthesis of a microporous polymer
network that was based on triarylphosphine building blocks, resulting in Lewis basic
polyphosphines. The two polymer networks created used phosphines of differing levels of steric
bulk in order to prevent adduct formation. The polymer networks demonstrated significant
swelling in a multitude of solvents, so tris(pentafluorophenyl) borane was then dissolved in DCM

and added to the polyphosphines, thus absorbing the Lewis acid into the pores of the polymer. The
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borane remained in the polymer network following a drying period, and solid state *P MAS NMR

revealed coordination of the polymer phosphines to an acidic species. This catalyst was shown to
be effective at H./D. activation as well as H/D exchange, as monitored by 'H NMR .»

Most recently, in 2018, Willms et al. reported a semi-solid FLP that was similarly based
on a polymeric material. The Lewis basic component was a polyamine organic framework based
on a p-xylylenediamine/1 4-bis(bromomethyl)benzene backbone. The polymer was then swollen
in solvent and tris(pentafluorophenyl) borane was impregnated into the polymeric framework,
which was then monitored closely by ATR IR spectroscopy. The compound was studied
catalytically for the hydrogenation of diethyl benzylidenemalonate. The reaction was found to go
to completion and required somewhat forcing conditions (i.e. 20 bars of hydrogen pressure at 80°
C), although less forcing than that required by a molecular FLP control made by combining
tris(pentafluorophenyl borane) with DABCO (i.e. 60 bars of hydrogen pressure at 80° C). The H.
activating nature of the compound was tracked by and found to be successful through "B NMR .»

Proposed Research

This project will begin with the synthesis of a novel heterogeneous FLP. What sets this
compound apart from the previously made solid state FLPs is that one component of the Lewis
pair will be integrated into the surface, while the other component will be directly tethered to the
surface, resulting in a FLP-type catalyst that is fully immobilized. This should, in principle, largely
help to increase catalytic recyclability while reducing the need to continually re-introduce one of
the Lewis pair components.

Surface selection is critical in this phase. The ideal situation would favor the use of a Lewis
basic surface to which a Lewis acid component could then be tethered. The most well-known

Lewis basic surface is MgO, although it may not provide an ideal platform for attaching additional
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components, due to a lack of reactive surface hydroxyl groups. However, this problem may be

alleviated by utilizing MgO supported on a SiO, surface. This MgO on SiO, surface will initially
be synthesized through incipient wetness impregnation following the protocols established by
Sushkevich et al. and shown in Scheme A2. This procedure involves forming a slurry of silica gel
in an aqueous solution of Mg(NO,).. Following an extensive drying period at both room
temperature and at 100° C, the sample is then calcined in air at 500° C for 4 hours. If this proves
unsuccessful, a multitude of other protocols (including wet kneading and mechanical mixing) exist
for this process that will allow for tailoring of the amount of MgO supported. This is critical for
two reasons: 1) there will still need to be surface silanols remaining after supporting MgO to allow
for the tethering of the Lewis acid component, and 2) tuning the amount of MgO supported will
help to vary the Lewis basicity of the support as a whole. Production of multiple surfaces with
varying degrees of Lewis basicity will ideally help to establish a pattern of reactivity during

catalytic testing.

OH OH OH OH . 0 OH OH OH
?H I | | 1 Mg(NO;), in Hzo: ? | | I I

silica Calcine, air, 500°C silica

Scheme A2. Sample preparation of MgO on SiO, by incipient wetness impregnation.

High levels of characterization are required for a heterogeneous catalyst, as reliable and
commonly used bulk measurements, such as solution NMR, are not available. Additionally, there
are multiple aspects of the surface that must be characterized. The surface area can be determined
by utilizing the technique of N, adsorption, which will have further implications on the catalytic
performance of the final compound. Further characterization of the surface can be achieved

through powder x-ray diffraction, ICP-AES, and IR spectroscopy. Perhaps most important in terms



164
of catalysis is the level of surface acidity and basicity. Surface acidity can be probed utilizing

temperature programmed desorption (TPD) of ammonia or pyridine, or titration using amines,
while titration with benzoic acid can determine the surface basicity.

The next step in the synthesis of the heterogeneous FLP will be the production of a Lewis
acid that has the ability to be tethered to the surface, ideally through reaction with the remaining
surface silanol groups. The target Lewis acid is a perfluorophenyl borane, based on Piers’ borane,
which can be synthesized via the route shown in Scheme A3 (A). There are several known
synthetic routes to form Piers’ reagent, most of which involve either toxic tin reagents or multiple,
low-yielding steps. Scheme A3, B, shows a potential alternate, Sn-free route to Piers’ borane
requiring fewer steps, based partially on previous work in the synthesis of hetero-tri(aryl)boranes.”
This compound can be characterized by solution NMR, specifically "B, 'H, *C, and potentially “F.
Further characterization would involve x-ray crystallography (if suitable crystals can be produced)

and combustion-based CHN elemental analysis.

1. nBulLi
A c"gi"\/\sr "":_roe':> MeO. Sl\ﬂe\/\B ether, -78°C___  wmeo. s’\/\B _CqFs
cl 0°C—rt OMe 2 ,\P,,'::;é?age"t OMe  CeFs
nBulLi, Et,O F
-78°C Br F
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éGFs Me3S|CI F F
F

Scheme A3. A) Proposed synthetic route for siloxyborane to be used in the supporting reaction.
B) Retrosynthetic analysis of Piers’ reagent.
The final step of synthesis will involve the tethering of the Lewis acid by reaction of the

borane with the remaining surface silanol groups through solution phase grafting, with a general
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synthetic scheme shown in Scheme A4. Characterization of the heterogeneous FLP will be more

challenging than the Lewis acid precursor, and will necessarily involve the use of solid state NMR
techniques, specifically “C cross-polarization magic angle spinning (CP/MAS), "B MAS, *"F MAS,
and potentially Mg MAS NMR,* as well as DRIFTS, in order to characterize presence of or
change in functional groups. Elemental analysis will also be required, but the traditional
combustion-based process will likely not provide much useful information. In this case, alternative
techniques exist in order to quantify elemental composition of a solid-state compound. Extended
x-ray absorption fine structure (EXAFS) or x-ray photoelectron spectroscopy (XPS), which can
serve to determine the elemental composition as well as confirm the levels of different atoms on
the surface, which is needed in order to determine the number of potentially active sites and which
cannot be determined through NMR in this case. Energy dispersive x-ray spectroscopy (EDXS) is
another method that can be used to confirm elemental composition.
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Scheme A4. General procedure for tethering of the siloxyborane to MgO/SiO. via reaction with
remaining surface silanols through solution phase grafting.

Following successful synthesis and characterization of the heterogeneous FLP, the second
aim of this project will involve performing catalytic probe reactions to examine the catalyst’s
ability to perform a variety of small molecule transformations, and potentially investigate activity

towards polymerizations as well. In general, in order to determine whether the proposed compound
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will indeed demonstrate the H. activating nature that is characteristic of FLP catalysts, the first

reaction to be performed with this compound will be H/D scrambling, which can be performed on
the NMR scale under ambient H./D. pressures and can therefore be easily monitored.” This will
also help to establish a baseline of reactivity relative to more well-known H.-activating FLP-
systems.

The previously studied heterogeneous FLP most similar in structure to the proposed FLP,
that developed by Szeto et al., had demonstrated activity towards the hydrogenation of alkynes.:
Therefore, the first probe reaction will focus on a similar hydrogenation of alkynes, in order to
establish a baseline reactivity to compare with existing supported FLP.

These catalytic runs will focus first on determining the ideal reaction conditions in terms
of duration, temperature, catalyst loading, and solvent (with some special attention paid to
minimizing the use of halogenated solvents in an effort to develop a more environmentally friendly
process),” and then more specifically on the activity and stereoselectivity of the proposed
heterogeneous FLP, especially as compared to the existing heterogeneous FLP. Analysis of any
stereochemical effects can be quickly analyzed by GC. Another important metric will be the
determination of recyclability. These experiments should be fairly straightforward to carry out,
and can be accomplished by filtering the reaction mixture, washing the recovered catalyst with the
reaction solvent, drying the catalyst, and utilizing it in another reaction. This process can be
repeated until the level of recyclability is determined. Furthermore, it would also prove highly
instructive to perform post-catalytic characterization of the FLP to determine any structural change
and to ensure that leaching of any of the surface components does not occur. This characterization

of used catalyst will be performed after both one and multiple catalytic runs. Finally, control
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reactions will be run under identical conditions to those established for the proposed heterogeneous

FLP, but using either MgO/SiO. or the borane precursor as a catalyst.

While it is useful to determine how the proposed catalyst performs to similar existing
compounds, it is even more important to determine the efficacy of heterogeneous catalyst versus
the homogeneous FLPs that we aim to replace. Regardless of whether alkyne reduction is
successful, a variety of other reactions will then be attempted. Since solution-phase FLP chemistry
has focused most heavily on hydrogenations, this will be the next series of catalytic probe reactions
to be explored with the proposed compound. As the field of heterogeneous FLP catalysis is still in
its infancy, any catalysis able to be performed by the proposed compound will be instructive
towards further iterations of this class of catalyst. Focusing on hydrogenations will provide the key
benefit of allowing for comparisons between heterogeneous and solution-phase FLPs, determining
whether similar reactions can be performed with a catalyst that is ideally more thermally robust
and catalytically recyclable, and, also importantly, by a transition-metal free catalyst. However,
any other reactions previously catalyzed by FLPs, as well as other catalytic reactions, can be
explored in the future as well.

The synthesis of the proposed heterogeneous FLP will, admittedly, prove to be challenging
at best. Initially, much efforts will need to be focused on producing a support (MgO on SiO.) with
the correct level of Lewis basicity. In the event that appropriate basicity cannot be achieved by
supporting MgO on SiO,, an attempt will be made to support the borane reagent directly on MgO.

The synthesis and supporting of the borane will pose some additional challenges. As was
presented before, the ideal borane reagent would have a hydrocarbon linker with siloxy end groups
to aid in reaction with silanols on the MgO/SiO, surface. If the proposed synthesis of the

siloxyborane reagent proves to be too challenging, there are multiple alternate routes that could be
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attempted. For example, the lithiation step (Scheme A3, A) could potentially be replaced by a

Grignard-style preparation. If there are difficulties using an alkyl linker between the siloxy group
and the borane, an aryl linker could be utilized instead. If the siloxyborane synthesis is successful
but the supporting reaction does not work, direct supporting of tris(perfluorophenyl)borane will be
attempted, following the protocols set by Wanglee ef al.*

Finally, in terms of synthesis of the new compound, if the current route of utilizing a Lewis
basic surface and supporting a Lewis acidic compound is unsuccessful, the reverse of this (i.e.
supporting a Lewis basic reagent on a Lewis acidic surface) could potentially be viable. This is
due to the fact that there is an abundance of Lewis acidic surfaces. This leaves the main focus on
synthesizing an appropriate Lewis basic reagent to be supported, but there should be a number of
these to be explored, particularly N-containing compounds.

In terms of the catalytic reactions, homogeneous FLPs have been shown to catalyze a wide
variety of reactions. In the event that the aforementioned focus on hydrogenations proves to be
unsuccessful, there are many other reactions that can be tested instead. As was mentioned
previously, since heterogeneous FLP catalysts are rare and not well studied yet, any catalytic
activity would be a major contribution towards the field.

Finally, it is possible that if the proposed heterogeneous FLP is successfully synthesized,
it will demonstrate no catalytic activity. In this case, the catalyst can then be modified in some
other ways (different Lewis acid precursor, for example), to both improve activity and to begin to

provide insight into structure-activity relationships in heterogeneous catalytic reactivity.
Summary and Conclusions

Although frustrated Lewis pair catalysis is still a young and developing technology, it has

managed to make a large impact on the field overall, particularly in area of hydrogenation catalysis,



169
due to the fact that very effective catalysts can be produced using main group elements. This fact

has large implications for a multitude of applications, but it has especially high potential for use in
fine chemical industries, where trace amounts of metals can be highly detrimental to the resulting
products. Meanwhile, heterogeneous catalysts are commonly utilized in industry due to their
higher thermal stability, recyclability, and ease of removal from products relative to their
molecular analogs. Keeping this in mind, proposed here is a catalyst that seeks to apply the benefits
of heterogeneous catalysis to FLP technology, to ideally produce a new class of catalysts to be
used for a variety of organic transformations. By synthesizing a fully immobilized compound, this
project seeks to impart the benefits of heterogeneous catalysts into reactions easily accessible by
frustrated Lewis pairs. In doing so, materials like the proposed compound will be among the first

of many compounds on a new path towards better catalysts.
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SCIENTIFIC SKILLS AND PROFICIENCIES

= Synthesis and characterization of organic and organometallic compounds

Extensive experience in synthesis, isolation and purification of air-, light-, water- and temperature-
sensitive compounds, utilizing inert atmosphere synthetic techniques including Schlenk and high
vacuum technique, inert atmosphere box use, handling and manipulation of highly pyrophoric
chemicals, characterization techniques including NMR (H, "B, *C, *F, COSY, HSQC, one- and
two-dimensional NOESY, DEPT, VT-NMR), IR and x-ray crystallography.

= Polymer synthesis and characterization

Extensive experience in the preparation of polyethylene and other specialty polymers. Expertise
in of chemical, structural and mechanical properties of various polymers using techniques such as
high temperature polymer NMR, TGA, DSC and several modes of GPC.

= Catalysis

Expertise in various methods of polymerization catalysis, including use of high pressure/high
vacuum lines for olefin polymerization, as well as catalytic methodologies for atom-transfer
radical polymerization of methacrylates and ring-opening polymerization of lactides.

* Chemistry of lubricants
Development of processes for preparing specialty polymer additives that have potential
applications in improving lubrication and tribological properties of motor oils.

EDUCATION

Northwestern University, The Graduate School, Evanston, IL
June 2018
Ph.D., Chemistry, Advised by Tobin J. Marks (GPA: 3.60/4.00)

Northwestern University, Kellogg School of Management, Evanston, IL
Aug 2017
Certificate, Management for Scientists and Engineers

University of Louisville, Louisville, KY
May 2013
B.S. in Chemistry, Cum Laude (GPA: 3.73/4.00)

RESEARCH EXPERIENCE

Graduate Researcher Sep 2013-Present
Advisor: Prof. Tobin J. Marks
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» Worked as part of a highly collaborative, multidisciplinary team of chemists, materials scientists,
mechanical engineers, and tribologists at Northwestern University and Argonne National
Laboratory to design and develop novel lubricant additives aimed at improving fuel efficiency in
motor vehicles.
Synthesized, characterized, and catalytically evaluated multiple series of binuclear
organotitanium catalysts, as well as mononuclear control catalysts, for homogeneous ethylene
and a-olefin polymerization, and performed full characterization of resulting polymers.
Cooperatively developed a synthetic method for the production of a diblock copolymer for use
as a viscosity-modifying additive for motor oil, and performed full characterization of resulting
copolymers.
Initiated a collaborative effort to methodologically study the performance of novel
organomanganese complexes in catalyzing ring-opening polymerization of a series of lactides
for the production of “green” polymers.
Maintained research group’s TGA-DSC and high temperature GPC. Duties involved training
new users, performing routine annual and as-needed maintenance, and extensive
troubleshooting/repairing. Additionally, created and implemented a standard operating procedure
and collaboratively developed a method/apparatus for solvent recycling/purification for GPC.

Undergraduate Researcher Aug 2011-Jun 2013

Advisor: Prof. Christopher T. Burns

= Synthesized novel arene phosphinimine sulfonamide ligands and pyridyl-imine-amine pincer
ligands for palladium and zinc complexation, respectively, for use as olefin polymerization
catalysts.

» Mentored multiple junior undergraduate students. Responsible for teaching and assisting with
use of gloveboxes, Schlenk lines, related synthetic techniques, and general laboratory procedures
and safety.
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16,2017
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LEADERSHIP AND TEACHING EXPERIENCE

= Lincolnwood Science Partnership Mentor (Northwestern University, 2014-2017)
Conducted scientific experiment demonstrations for 4 grade students on a weekly basis throughout
the Fall Semester to introduce them to scientific methods and principles. Judged science fair
projects at the end of the Fall Semester.

= Science Club Mentor (Northwestern University, Science in Society, 2015-2016)

Mentored a group of middle school students on a weekly basis throughout the school year as part
of the Pederson-McCormick Boys & Girls Club of Chicago’s Science Club outreach program.
Assisted students in designing science fair projects and led weekly activities allowing students to
explore different scientific topics. Additionally, attended quarterly professional development
seminars and trainings to develop mentorship skills.

= Searle Center New TA Conference Workshop Leader (Northwestern University, 2015)
Designed and led two peer-reviewed workshops for incoming graduate students from multiple
disciplines to introduce them to teaching strategies and the responsibilities of a graduate teaching
assistant. Attended multiple workshops/trainings to further explore topics in developing engaging
workshops for the interdisciplinary audience and strategies for leading effective discussions.

= Graduate teaching assistant (Northwestern University, 2013-2014)

Taught weekly sophomore level organic chemistry laboratory sessions at Northwestern University,
as well as a 2-week intensive senior level NMR spectroscopy course. Other duties included grading
and holding weekly tutoring sessions and office hours.

= Undergraduate teaching assistant (University of Louisville, 2011-2013)

Taught weekly honors organic chemistry laboratory sessions. Other duties included grading
reports and holding weekly office hours. Periodically attended supplemental workshops and
seminars focused on improving teaching skills and introducing teaching strategies.

= Resources for Academic Achievement tutor (University of Louisville, 2010-2011)
Held weekly remedial tutoring sessions for general chemistry undergraduates. Selection of
qualified candidates was partially based on performance in the course as a student.
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= Resources for Academic Achievement Student Ambassador (University of Louisville, 2010-
2011)

Mentored a group of new freshmen students to facilitate their transition into college. Periodically

attended mentorship development workshops and seminars, and was named runner-up Mentor of
the Year.

HONORS AND AFFILIATIONS

= American Chemical Society 2009-Present
= Phi Lambda Upsilon Honors Chemistry Society, Northwestern University 2015-Present
= ACS Award in Inorganic Chemistry 2013
= Hypercube Scholar Award 2013
= CRC General Chemistry Award 2010
= Society of Undergraduate Chemistry Students (Secretary), University of Louisville ~ 2011-2013
= University of Louisville Honors Scholar 2011-2013
= National Merit Scholar 2009

= University of Louisville Trustee’s Scholarship 2009-2013



