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ABSTRACT

Chapter One introduces two classes of late-transition metal ethylene polymerization
catalysts. The first class are Pd(I1)-alkyl complexes supported by phosphine-arenesulfonate (PO)
ligands. (PO)PdRL catalysts are unique in their ability to copolymerize ethylene and a wide variety
of polar vinyl monomers to highly linear functionalized polyethylene. The ability to produce new
types of functionalized polymers with enhanced properties motivates the development of new PO-
type Pd catalysts and new strategies for enhancing the catalytic performance of these catalysts.
The second class are the pyridine-diimine (PDI) Co and Fe catalysts which produce highly linear
polyethylene with high activity. (PDI)Co and (PDI)Fe complexes have also been shown to
versatile catalysts for a wide variety of organic transformations such as CO2/ethylene coupling,
hydroboration, hydrosilylation, and [2+2] cycloaddition.

Chapter Two describes the ethylene polymerization behavior of new PO-type zwitterionic
electronically-unsymmetrical Pd(I)-Me complexes supported by phosphino-perchloro-closo-
decaborane ligands (PR2CBoClo). The k>-P,CI-(PR.CByClo)PdMe(THF) (R = 'Pr, Ph) complexes
and the k2-P,0-(P(0-OMe-Ph)>CByClo)PdMe(THF) complex were synthesized and characterized
in solution and solid state. Reaction of «?-P,0-(P(0-OMe-Ph),CBoClo)PdMe(THF) with excess

ethylene in situ generates the «*-P,0-(P(0-OMe-Ph),CByClo)PdMe(ethylene) adduct. Ethylene

XVi



insertion kinetics of the «*-P,0-(P(0-OMe-Ph),CByCly)PdMe(ethylene) are described in addition
to bulk polymerization studies for all three complexes.

Chapter Three describes the the template-free synthesis a bis-(pyridine-dieanamine)
proligand, which was metalated to synthesize a variety of bis-(pyridine-diimine) (bis-PDI) and bis-
(pyridine-dienamido) (bis-PDE) metal complexes, in the hopes of synthesizing dinuclear bis-PDI
complexes to exploit metal-metal cooperativity effects to engender new reactivity. Three five-
coordinate dinuclear (bis-PDI)M>Cls (M = Zn, Co, Fe) complexes were synthesized and
characterized in solution and the solid state for M = Zn and Co. A four-coordinate square-planar
dinculear [(bis-PDI)Pd>Br:][BArf4]> was synthesized in solution and the solid state. The bis-
(pyridine-dienamine) form of the proligand allowed for the facile synthesis of a (bis-
PDE)Zr2(NMez)s complex, which was subsequently alkylated to synthesize (bis-PDE)ZrMe4 and
(bis-PDE)Zr>(CH2SiMes)2(NMez)2 complexes, the latter of which was characterized in the solid

state.
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PREFACE
Each chapter has an independent numbering system for compounds. A given compound
may have a different number in different chapters. For each chapter, the relevant experimental

information, references and notes are provided at the end of the chapter.
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Chapter One
Late-Transition Metal Ethylene Polymerization Catalysts
1.1 Introduction to Electronically-Unsymmetrical Pd Catalysts

In 2002, Pugh and Drent discovered that Pd(Il) catalysts generated in situ from Pd(dba). or
Pd(OAc)2 and 1-PH*(2-OMe-Ph);-2-SO3 -Ph (PO-H) copolymerize ethylene and alkyl acrylates to
linear in-chain ester-functionalized polyethylene (Scheme 1.1 a).! In 1995, Brookhart showed that
Pd(I) a-diimine catalysts are able to generate highly-branched functionalized polyethylene,
however this system is only able to incorporate polar comonomers at the chain ends (Scheme 1.1
b).2° This type of copolymerization with polar comonomers of ethylene is not possible with the
highly-active Group IV metallocene or Ziegler-Natta catalysts due their high oxophilicity.
Extensive work by Claverie,®*2 Jordan,*?" Mecking,2®* Nozaki,**>® Rieger,>*> Sen %063
Chen,*%54-88 and others®®%°-"3 has focused on ethylene homopolymerization and copolymerization
with polar monomers with discrete (PO)PdR complexes (Scheme 1.1 ¢). As a result, new types of
functionalized polyethylenes have been synthesized utilizing a wide array of polar

comonomers.175253



Scheme 1.1. Examples of Ethylene/polar Monomer Copolymerization with Pd(11) Catalysts.

a) Pugh and Drent's ethylene/alkyl acrylate copolymerization
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A simplified polymerization mechanism for (PO)PdMeL catalysts is shown in Scheme 1.2.20:23:46
The first step is the displacement of the L ligand (py, lut, dmso, THF) by ethylene to form a
(PO)PdR(ethylene) adduct which, with some exceptions, is the catalyst resting state. This

equilibrium, especially for L = py and lut, has been shown to detrimental to catalyst activity and

2



for this reason the L ligand is often removed from the reaction mixture by the addition of a Lewis
acid such as B(CsFs)3. However, B(CeFs)s may bind to the sulfonate group of the catalyst, resulting
in changes in the chain growth and chain transfer rates.’3%” The (PO)PdR(ethylene) adduct can
undergo migratory insertion to form a transient [3-agostic species, growing the chain and opening
up a coordination site for further ethylene binding. Insertion occurs from the trans-R,P-
(PO)PdR(ethylene) complex, which is in equilibrium with the ground-state R,P-cis species. Chain
transfer occurs via B-H elimination, followed by a ligand exchange reaction that releases the vinyl-
capped polymer chain and forms a (PO)PdH(ethylene) species that inserts ethylene and re-enters
the chain-growth cycle. The olefin exchange normally occurs by the classical associative
mechanism that is commonly observed for square-planar Pd(ll) complexes, Berry
pseudorotation(s), and release of the vinyl-capped polymer chain releasing from the opposite axial

site.

Scheme 1.2. Simplified Polymerization Mechanism for (PO)-type Pd Catalysts.
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As mentioned above, the electronically-symmetrical a-diimine Pd system produces highly
branched polyethylene, in contrast to the electronically-unsymmetrical (PO)Pd system which
produces linear polyethylene. This difference can be rationalized by examining the relative trans
influence of the ligands in the chain growing species (Scheme 1.3). In general, the most stable
isomers of square-planar complexes have strong trans-influence ligands trans to weak trans-
influence ligands. In the f-agostic (PO)PdR complex, the ground state is such that the strong trans-
influence P and R groups are trans to the weak trans-influence O and [-agostic donors,
respectively. B-H elimination would generate a species in which the strong phosphine and hydride
ligands are trans and is therefore inhibited. Since 3-H elimination is the first step in chain transfer
and in the chain walking process that generates branches in the polymer chain, suppression of this
process results in increased polymer MW and linear chains in ethylene homopolymerization. In
copolymerization with polar comonomers, these same electronic effects inhibit catalyst

deactivation via B-X elimination.



Scheme 1.3. Influence of Electronic Asymmetry on the Reactivity of (PO)PdR Olefin
Polymerization Catalysts. Red letters refer to trans-influence (vs = very strong, s = strong, m =
medium, w = weak, vw = very weak).
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In general, the polar comonomers act as chain growth inhibitors and chain transfer accelerators,
decreasing the catalyst activity and the MW of the polymer products. Modifications to the PO
system were made by changing the electronic and/or steric nature of the phosphine substituents to
combat these negative effects and improve catalyst performance. Recent work in this field by
Jordan31874 Chen®®7 Nozaki*, and Carrow*"™ has focused on studying how changing the weak

donor group affects the polymerization reactivity profile. Representative examples of catalysts in



which the sulfonate group has been modified or replaced with an alternative weak donor group are
shown in Chart 1.1. In ethylene homopolymerization the parent catalyst A (R = 2-Et-Ph) generates
polyethylene with moderate molecular weight (M, = 29,000 Da) with moderate activity (1,570 kg
molps™! h").26 Cationic phosphine-sulfonamide complex B (R = 'Pr) produces C, — Cg ethylene
oligomers (primarily butene) with low activity (137 kg molps! h').% Phosphine-di-tert-
butylphosphine oxide complex C exhibits high activity (2,800 kg molps® h™) and produces
polyethylene with moderate MW (M, = 29,000).** Catalyst D (R = Ph), which is supported by a
phosphine-phosphonamide ligand, is both very active (6,000 kg molpg® ht) and produces high-
MW polyethylene (Ms = 130,000 Da).” Phosphonic diamide-phosphine complex E (R = 'Pr, R?
= 2, R® = 0-OMe-Ph) is moderately active (2,200 kg molps™! h™!') and produces polyethylene with
very high MW (Mn = 340,000 Da).®” Catalyst F (R! = 'Pr, R?> = 0-OMe-Ph) which contains a
B(CsFs)s-coordinated phosphine-phosphonate ligand produces polyethylene with low activity (10
kg moleg? h'1) and low-MW polyethylene (Mn = 9,030 Da). Addition of 8 equiv. of B(CsFs)s
substantially increases the activity (5700 g mmolpq! h'') and the MW of the formed polyethylene
(99,200 Da).*® This enhancement in catalyst performance results from the fact that excess B(CsFs)3
sequesters the lutidine and inhibits dissociation of B(CeFs)s from the phosphonate group.
Trifluoroborate-phosphine complex G dimerizes ethylene with very low activity (10 kg molpg™ h-
1. In this case, addition of [H(OEt2)][B(3,5-(CFs)2-Ph)4] to trap the L ligand (collidine) increases

the activity by a factor of 10.13



Chart 1.1: Examples of (PO)Pd-type Complexes With Weak-donor Group Modifications.
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1.2 Introduction to (Pyridine-diimine)M (M = Fe, Co) Catalysts

In 1998, Brookhart and Gibson reported that Fe and Co complexes supported by pyridine-
diimine (PDI) ligands (H, Chart 1.2) and activated with methylaluminoxane (MAO) or MMAO-
12 displayed very high activity in ethylene homopolymerization.”®’” The Fe complexes are
typically an order of magnitude more active than the Co analogues and both produce linear
polyethylene. The steric bulk of the aryl substituent significantly affects both activity and the M,
of the polyethylene that is formed. For example, for large 2,6-diisopropylphenyl substituents H
(M = Fe), these catalysts show high activity (MAO activator, 53,000 kg molg h?), and produce
polyethylene with moderate MW (M, = 64,000; bimodal molecular distribution due to chain
transfer to Al). However for smaller 2,6-dimethylphenyl substituents the activity drops by an order
of magnitude (9,340 kg molg h) and the MW decreases by a factor of 5 (M, = 9,600).”” The
active species in olefin polymerization is the (PDI)MR* (M = Fe, Co) (I) species, which have been

isolated and extensively characterized by Chirik.’8-8



Schemes 1.4 and 1.5 show generalized ethylene polymerization mechanisms for
(PDI)FeCl; and (PDI)CoCl, complexes activated with an aluminum activator. The initial reaction
of H with MAO, MMAO-12, AlMes, or Al'Bus generates a bridged-heterobimetallic alkyl species
J (Scheme 1.4, M = Fe; Scheme 1.5, M = C0).8234 The capping Al (AIR3) unit is displaced by
ethylene to generate a (PDI)M(alkyl)(ethylene)* complex. This adduct undergoes migratory
insertion to the (PDI)M-alkyl* bond, growing the polymer chain and forming a B-agostic species.
For M = Fe, the B-agostic species is the resting state, as the activity of the Fe catalysts depends on
ethylene pressure. For M = Co, the (PDI)Co(alkyl)(ethylene)* adduct is the resting state, consistent
with the observation that the activity of the Co complexes is generally independent of ethylene
pressure. Computational studies suggest that for M = Fe, the chain transfer process occurs through
a concerted B-H transfer mechanism (B-H transfer to monomer), forming a (PDI)FeEt" complex
which starts a new chain.8>88 In contrast, experimental and computational studies show that for M
= Co the chain transfer process occurs through the more typical B-H elimination pathway to form

a (PDI)Co-H* which binds ethylene to start a new chain.®



Scheme 1.4. Simplified Ethylene Polymerization Mechanism for (PDI)FeR™ catalysts
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Scheme 1.5. Simplified Ethylene Polymerization Mechanism for (PDI)CoR* catalysts
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WOI’k by Chirik,8°'81’9°‘“8 Sun,68'119‘133 Groysman,134’137, Budzelaar,138‘153 Gibson,77’154_167
Byers, %8174 and others’®138175-1% has demonstrated the versatility of the PDI complexes in olefin
polymerization and other important small-molecule transformations. For example, discrete
(PDI)M(N2)x (M = Co, x = 1; M = Fe, x = 2) complexes (K, Chart 1.2) are very active for intra
and intermolecular [2+2] cycloaddition reactions,®>1141%.197 35 well as hydrosilylation%>1%1%8 gnd
hydroboration.11%17 Recently these complexes have been shown to be active in CO./ethylene
coupling, being the first example of metallocyclolactones that insert ethylene to generate linear
short-chain carboxylates.®® Byers has shown that (PDI)Fe(OR). complexes (L) are active for the

ring-opening polymerization of lactide and epoxides. 168171173

Chart 1.2. Examples of Co and Fe PDI complexes

1.3 Thesis Objectives

As mentioned above, work in the (PO)Pd system is focused on utilizing new weak donor
groups towards efforts to improve catalytic performance. Chapter Two The synthesis and ethylene
reactivity of the zwitterionic Pd methyl complexes (k?-P,CI-PR2CBgClo)PdMe(THF) (7, R = 'Pr;
8, R = Ph) and (k?-P,0-P(0-OMe-Ph),CBsClg)PdMe(THF) (9), which contain the first phosphines

appended with anionic 10-vertex perchlorinated closo-carboranes, are described. 7 and 8

10



oligomerize ethylene (23 °C, 2 atm) to a Schulz-Flory distribution of C4— C1o olefins with TOFs
of ca. 8000 and 1800 t.o./h respectively. 8 is ca. 4 times more active than the analogous (x?-P,F,-
ortho-PPh,CeHsBF3)PdMe(L) (L = pyridine or collidine) system reported by Jordan and Piers,
which produces butenes. 9 reacts with ethylene to yield polyethylene wax (M ca. 1000, D ca. 1.5)
that is similar to commercial Fisher-Tropsch waxes. The activities of these complexes are
independent of ethylene pressure and the presence of B(CsFs)3, suggesting that the catalyst resting
state is the corresponding (PR2CBgClg)PdR(H2C=CH>) adduct. The molecular weights of the
oligomer/polymer products are independent of ethylene pressure, which is consistent with an
associative chain transfer mechanism. Reaction of 9 with ethylene generates the corresponding
ethylene complex (k2-P,0-P(0-OMe-Ph),CBoClg)PdMe(H2C=CHy>), which inserts ethylene at -20

°C with a barrier (AGZinsertion) Of 18.1 kcal/mol.

Chart 1.3. The Complexes that are Described in Chapter 2.

9: R = 0-OMe-Ph

As discussed in Section 1.2, the PDI ligand system provides the basis for the design of
versatile catalysts for a wide variety of chemical transformations. Multinuclear complexes based
on bis- or multi-PDI ligands may exhibit new reactivity due to metal-metal cooperativity effects.

Chapter Three describes the synthesis of a bis(pyridine-dienamine) proligand 2> (Scheme 1.6)
11



synthesized via a non-templated method and its associated bis-PDI or bis-(pyridine-dienamido)
(bis-PDE) metal complexes. Several (bis-PDI)M2Cls (M = Zn, Co, Fe) complexes were
synthesized and characterized in solution and in the solid state. These complexes are fluxional at
room temperature, and variable temperature NMR studies were conducted to probe the associated
macrocyclic ring inversion process and determine activation parameters. A [(bis-
PDI)PdBr][BAr"]> complex was synthesized and characterized in the solution and solid state. The
reaction of Zr(NMez)s with the bis(pyridine-dienamine) proligand generates the (bis-
PDE)Zr2(NMez)s via amine elimination. This complex was alkylated with AlMes and
Al(CH2SiMe3)s to form (bis-PDE)Zr.Mes and (bis-PDE)Zr2(CH2SiMes)2(NMez)2 respectively, the

latter of which was characterized in the solid state.

Scheme 1.6. Synthesis of the Dinuclear Bis-PDI and Bis-PDE Complexes Described in Chapter

3.
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Chapter Two

Ethylene Oligomerization and Polymerization by Palladium(l1) Methyl Complexes
Supported by Phosphines Bearing a Perchlorinated 10-Vertex closo-Carborane Anion
Substituent

2.1 Introduction

Square planar palladium(ll) alkyl complexes that contain unsymmetrical chelating
phosphine-arenesulfonate ligands (A, Chart 2.1) have been studied extensively because of their
ability to polymerize ethylene to linear polyethylene and copolymerize ethylene with polar
monomers.'3 However, the performance of these catalysts is generally inferior compared to that
of other classes of olefin polymerization catalysts, which has motivated studies of related catalysts
with other unsymmetrical ligands.**? One interesting analog of A, studied independently by the
Jordan and Piers groups, is the zwitterionic phosphine-trifluoroborate system B, in which the
sulfonate unit of A is replaced by a weakly-coordinating trifluoroborate group.®** In the presence
of ([H(OEt2)2][B(3,5-(CF3)2-CsHz)a]) to sequester the collidine ligand as [collidinium][B(3,5-
(CF3)2-CeHz)4], B (L = collidine) catalytically dimerizes ethylene to butene with a turnover
frequency (TOF) of 385 t.0./h at 23 °C (CD-Cl> solvent, 150 psi ethylene). Under these conditions,
the catalyst resting state is the (k?-P,F-0-PPh,CsH4BF3)PdEt(H.C=CH,) complex and the primary

product 1-butene is isomerized to cis and trans 2-butene.

Carborane clusters offer interesting possibilities as frameworks or components for ligands
for organometallic catalysts due to their structural rigidity, steric and electronic tunability***” and

synthetic availability. -3 In particular, halogenated closo-carborane anions are exceptionally
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stable®!*? and may engage in weak dative BX—M interactions that may influence catalyst

performance.®

Chart 2.1. Pd(1I) Alkyl Complexes with Unsymmetrical Chelating Ligands. B atoms in the
Carboranes are Represented as Unlabeled Vertices.

Ph

R
1.R Y .Ph
P\ /Me P\ @/Me
Pd Pd
s-0 L B_F L
O//H F/ i@
F

A B, L = lutidine or collidine

Lavallo and coworkers recently reported the synthesis and characterization of zwitterionic
(P'ProCB11Cli1)Pd(allyl) (C, Chart 2.1), bearing a diisopropyl phosphine ligand with a 12-vertex
perchloro-closo-carborane anion substituent.3* In the solid-state the P'Pr.CB11Cli1” ligand in C is
bound in an «2-P,Cl mode, and thus C may be viewed as a structural analogue of B. Complex C

reacts with norbornene to give organic-soluble polynorbornene but does not react with ethylene.

Here we describe the synthesis and reactivity with ethylene of (PR2CBgClg)PdMe(THF)
complexes of type D, bearing a 10-vertex perchloro-closo-carborane anion substituent bearing a
10-vertex perchloro-closo-carborane anion substituent. Based on studies of the parent P'Pr,CBgsHy"
and P'Pr,CB11H11” ligands, a PR,CBoCls™ ligand is expected to be a stronger donor and to exhibit

a slightly smaller cone angle compared to an analogous PR2CB1:Cli1™ ligand.!* The objective of
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the present work was to explore how these differences influence the reactivity of complexes of
type D with ethylene. The steric and electronic properties of the phosphine-arenesulfonate ligands
in A strongly influence the ethylene polymerization performance.® We report the synthesis of a
new family of PR2CBoCls ligands (1, R = 'Pr; 2, R = Ph; 3, R = 0-OMe-Ph) and the corresponding
zwitterionic (PR2CBgyClg)PdMe(THF) complexes (7—9). Complexes 7 and 8, which contain
diisopropyl- and diphenyl-phosphino units respectively, are structurally analogous to B, with the
PR2CByClg™ ligands bound to Pd in a x?-P,Cl mode. In contrast, 9, which contains a di-o-anisolyl
phosphine unit, adopts a k%-P,0 bonding mode in which one o-anisolyl methoxy group is bound

to Pd.

2.2 Results and Discussion

Synthesis and Characterization of (PR2CB¢Clo)PdMe(THF) Complexes. The
PR2CBgCly™ ligands 1-3 were synthesized as the Li(THF)x salts (x = 2—4) following the procedure
developed earlier for the 12-vertex analogue [Li(THF)s][P'Pr.CB11Cli1] (Scheme 2.1).1%% C-
Lithiation of HCBoClo followed by addition of the appropriate R2PCI electrophile affords

[Li(THF)x][1-3] in >90 % yield.

The reaction of [Li(THF)x][1-3] with (COD)PdMeCl yields the chloro-bridged dinuclear
complexes [Li(THF)3][{(PR2CBoClo)PdMe}2(u-Ch] ([Li(THF)3][4]-[Li(THF)3][6]). Reaction of
[Li(THF)s][4]-[Li(THF)3][6] with 0.5 equiv of AgBFs; vyields the corresponding

(PR2CByClg)PdMe(THF) complexes 7-9 in > 80% vyield.
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Scheme 2.1. Synthesis of Ligands and Complexes.

®
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: ©
Me Me R
R\\ ILd/C'\PId LR
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X-ray quality crystals of [Li(THF)3][5] were grown from THF/pentane. Crystallization of
7 from CH3CN/PhF gave X-ray quality crystals of the corresponding CHsCN adduct
(P'Pr.CBoClg)PdMe(CH3CN)+(PhF)oss (7—CH3CNe(PhF)og0). X-ray quality crystals of 8 were
grown from PhF/hexanes. X-ray structural analyses of [Li(THF)3][5], 7—~CH3sCN, and 8 (Figures
2.1 — 2.3) show that the PR2CBgClg" ligands are bound in a x?-P,Cl mode in these complexes. The
B-CI bond lengths for the bound B—Cl units ([Li(THF)s][5]: 1.790(2) A, 7-CH3CN: 1.795(2) A;
8:1.800(2) A) are ca. 0.03 A longer than average lengths of the terminal B—CI bonds in the ortho
layer of the carboranyl unit ([Li(THF)s][5]: 1.761[1] A, 7-CHsCN: 1.768[1] A; 8: 1.764[4] A),

similar to what is observed for C.** The 5-membered Pd—P—C-B-Cl chelate ring adopts an
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envelope conformation in 7 and a planar conformation in [Li(THF)3][5] and 8. The Pd-Me group
is cis to phosphine in all three complexes as expected due to the stronger trans influence of the
phosphine versus the weakly-coordinating B-Cl unit. In the solid-state structure of [Li(THF)3][5],
the positively charged Li(THF)3* unit is in close contact with the sterically accessible p-Cl of one

of the CBoClo™ units, indicative of negative charge density on the these clusters.

Figure 2.1. Solid state structure of [Li(THF)3][5]: H atoms are omitted. Thermal ellipsoids are
drawn at the 50% probability level. Key bond lengths (A): Li1-Cl4 2.575(4) Pd1-C1 2.024(2),
Pd1-P1 2.2255(6), Pd1-CI1 2.4950(5), Pd1-Cl2 2.3847(6), B1-Cl1 1.790(2), Pd2-C2 2.024(2),
Pd2-P2 2.2137(8), Pd2-CI3 2.5600(5), Pd2-CI2 2.3963(8), B2-CI3 1.789(2). Key bond angles (°):
C1-Pd1-P2 89.62(6), C1-Pd1-CI2 84.70(2), P1-Pd1-Cl1 89.62(6), Cl2-Pd1-Cl 84.70(2), Pd1-ClI2-
Pd2 103.34(2). Color code: C, gray; B, pink; Cl, green; P, orange; Pd, blue; O, red; Li, violet.
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Figure 2.2. Solid state structure of 7-CH3CN¢<(PhF)o.89. H atoms and PhF molecules are omitted
and only one orientation of the disordered 'Pr unit is shown. Thermal ellipsoids are drawn at the
50% probability level. Key bond lengths (A): Pd1-C1 2.029(3), Pd1-P1 2.2329(6), Pd1-N1
2.088(2), Pd1-Cl1 2.5876(7), B1-CI1 1.795(2). Key bond angles (°): C1-Pd1-P1 91.79(8), C1-
Pd1-N1B 88.4(1), P1-Pd1-Cl1 87.36(2), N1-Pd1-Cl 92.78(6). Color code: C, gray; B, pink; ClI,
green; P, orange; Pd, blue; O, red; N, light blue.

Figure 2.3. Solid state structure of 8. H atoms are omitted. One orientation is shown. Thermal
ellipsoids are drawn at the 50% probability level. Key bond lengths (A): Pd1-C1 2.021(2), Pd1-
01 2.1362(15), Pd1-P1 2.2070(7), Pd1-Cl1 2.5135(6), B2-CI1 1.800(2). Key bond angles (°):
C1-Pd1-01 90.05(8), C1-Pd1-P1 88.18(7), O1-Pd1-Cl1 88.71(5), CI1-Pd1-P1 93.20(2). Color
code: C, gray; B, pink; Cl, green; P, orange; Pd, blue; O, red.
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X-ray quality crystals of 9¢(CH2Cl2)1.037(pentane)o.s were grown from CH2Clz/pentane. In
contrast to the «?-P,Cl bonding mode observed for the PR,CBoCly ligands in [Li(THF)s][5], 7—-
CH3CN and 8, X-ray analysis shows that the P(0-OMe-Ph),CBsCly™ ligand in 9 is bound in a «?-
P,O mode through one of the o-anisolyl methoxy groups (Figure 2.4). The difference in structure
between 8 and 9 may be driven by steric effects. Analysis of a space-filling model of 8 (Figure
2.5) reveals that the PPh; rings are pinned by the bulky perchlorocarboranyl unit in sterically
crowded positions that would be inaccessible for the larger P(0o-OMe-Ph), groups of 9.
Additionally, the ether functionality in 9 is a stronger donor compared to the weakly-coordinating
B—CI moiety of the CBoClg™ unit. The Pd—P-C—C-O chelate ring in 9 adopts an envelope
conformation. The non-Pd-bound —OMe group is positioned above the Pd square plane and is in
close contact with the Pd center (Pd—03 = 3.063 A; sum of O and Pd van der Waals radii = 3.15

A).
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Figure 2.4. Solid state structure of 9¢(CH2Cl2)1.037(CsH12)os. H atoms and CH2Cl2 and pentane
solvent molecules are omitted. Thermal ellipsoids are drawn at the 50% probability level. Only
one orientation of the disordered THF ligand is shown. Bond lengths (A): Pd1-01 2.127(1), Pd1-
C12.019(1), Pd1-P1 2.1855(7), Pd1-O2 2.225(1). Key bond angles (°): O1-Pd1-C1 92.75(5),
01-Pd1-02 89.98(4), C1-Pd1-P1 94.33(4), P1-Pd1-0O1 82.53(3). Color code: C, gray; B, pink;
Cl, green; P, orange; Pd, blue; O, red.

The *B{*H} NMR spectra of [Li(THF)s][5], 7, and 8 contain three resonances in a 1:4:4
intensity ratio, indicative of effective C4y symmetry of the CBoCly™ cluster. This is consistent with
the CB9Clo™ unit rotating rapidly around the C—P bond with concomitant exchange of the Pd-bound
and non-Pd-bound B-CI units on the ortho-ring of the carborane clusters in these compounds, as

observed previously for C.3*
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Figure 2.5. Left: view of the space-filling model of 8 looking down the P-Pd bond.
Right, view of the space-filling model of 8 looking down unto the Pd square plane.

The low temperature (-60 °C) *H NMR and *C{*H} NMR spectra in CD2Cl, of 9 contain
two sets of o-anisolyl resonances (Figure 2.6). The difference in the chemical shifts of the —-OMe
resonances (*H: A8 = 0.32; BC: AS(*3C) = 3.7) is close to the coordination shift for the THF o-H
resonances (*H: Sbound — Ofree = 0.47; 3C: Sbound — Sfree = 4.6), Which is consistent with the
coordination of one —OMe group to Pd, as observed in the solid-state structure. The *H NMR and
BC{ H} spectra of 9 in CD.Cl, at room temperature contain one set of o-anisolyl resonances,
indicating that the o-anisolyl groups exchange rapidly on the NMR timescale at this temperature.
The barrier to anisolyl group exchange, AG” = 12.3 kcal/mol, was determined from the coalescence
of the ~OMe *H NMR resonances (Tcoalescence = -5 °C, 500 MHz). The 'B{*H} NMR spectrum of
9 is similar to those of [Li(THF)s][5], 7, and 8, indicating that the CBoCly™ unit rotates rapidly

around the C—P bond, regardless of the phosphine-carborane bonding mode, «?-P,Cl or ¥2-P,0.
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Figure 2.6. 'H NMR spectra of 9 at 23 °C (top) and -60 °C (bottom) illustrating the exchange of
the anisolyl rings. The aromatic and —OMe regions of the spectra are shown. The —-OMe
resonances appear at 8 4.05 and 3.73 at -60 °C and are coalesced at 23 °C (CD2Cly).

23°C
THF
-60 °C
THF
8580 75 70 ppm 45 40 35 ppm

The H and 3P{*H} NMR spectra of [Li(THF)s][6] at -60 °C in CD2Cl, show that this
species exists as a 1.6/1 mixture of two isomers, each of which exhibits two sets of anisolyl
resonances in the *H spectrum. The isomers are assigned as diastereomers that differ in the relative
configuration of the phosphorous atoms, which are stereogenic centers due to the k>-P,0 bonding
mode of the P(0-OMe-Ph),CBgClg™ ligand. In contrast, only one species is observed at room
temperature and -60 °C in the 'H and 3P{*H} NMR spectra of «?-P,CI-[Li(THF)3][5]. The
difference in the *H chemical shifts for the Pd-bound and non-Pd-bound —OMe groups of
[Li(THF)3][6] (Admajor isomer = 0.52, Adminor isomer = 0.80) of [Li(THF)3][6] are similar to that for 9.
Isomer exchange is fast on the NMR time scale at 23 °C due to fast exchange of the Pd-bound and

non-Pd-bound methoxy groups.
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Ethylene Reactivity. Complexes 7 and 8 oligomerize ethylene to a Schulz-Flory
distribution of C4 — Cypo olefins at 23 °C and 2 atm ethylene pressure in mixed
toluene/fluorobenzene solvent (Table 2.1). GC-MS analysis of the oligomers shows that 7
produces predominately a-olefins while 8 produces an approximately 1/1 mixture of a-olefins and
internal olefins. Catalyst 7 is 5 times more active than 8. In both cases, the catalytic activity and
molecular weight distribution of the oligomers (as assessed by the Schulz-Flory propagation
probability a)® are independent of ethylene pressure and are unaffected by the addition of

B(CsFs)s.

Complex 9 reacts with ethylene at 23 °C and 2 atm ethylene pressure to produce
polyethylene (PE) wax with a narrow molecular weight distribution characteristic of a single-site
catalyst (Table 2.2). At 50 °C the activity is increased by a factor of 4 while the M value of the
product is decreased by a factor of 3. As observed for 7 and 8, the catalyst activity and M, of the
polymer are independent of ethylene pressure (up to 54 atm) and are unaffected by the presence of

B(CsFs)s.

The observation that the ethylene oligomerization/polymerization activity of 7-9 is
independent of ethylene pressure and unaffected by the presence of B(CsFs)s suggests that the
resting state for these catalysts is the corresponding (PR2CBgClg)PdR'(CH2=CHy) ethylene
complex (R' = growing chain). The observation that the molecular weight of the oligomer/polymer
product is independent of ethylene pressure is consistent with an associative chain transfer

mechanism, which is typical for square planar ethylene polymerization catalysts.*’
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Table 2.1. Ethylene Oligomerization Data for Catalysts 7 and 8.2

Ethylene .
b P Activity TOF e o of
Entry® | Cat. (atm) Co(rrlTs]té;rJed (kg moleqt ) (hh) 0} % a-olefin
1 7° 2 420 210 7500 0.15 85
2 7° 6 470 240 8400 0.16 91
39 7° 6 450 220 8000 0.17 83
4 g 2 450 45 1600 0.22 47
5 g 6 513 51 1800 0.17 46
69 g 6 540 54 1900 0.16 48

3Conditions: 49 mL toluene, 1 mL fluorobenzene, 23 °C, 2 h. PAverage of two identical runs. 1 umol Pd. “Determined
by mass flow. ¢Schulz-Flory propagation probability. PPercentage of olefins that are a-olefins, determined by GC-MS.
91 equiv of B(CsFs)s added. "5 pmol Pd.

Table 2.2. Ethylene Polymerization Data for Catalyst 9.2

Branches

Entry P Yield Activity TOF | Mn Mn pd Tm (°C)"
b (atm) | (mg) | (kg mole*h®) | (h?) | (Da)° | (Da) /1000 C° m

82.5,92.3,

1 2 103 10.3 370 | 1080 | 810 | 1.6 14 1045
2° 2 345 345 1240 | 720 | 460 | 1.4 15 73'5’7849'2’
77.9,87.0,

3 6 135 13.5 480 | 950 710 | 16 12 103.0

f 76.6,
4 6 132 13.2 470 | 980 710 | 16 13 86.6.102.6

71.0,

5 54 100 10.0 360 | 810 | 580 | 15 14 1015

aConditions: 49 mL toluene, 1 mL fluorobenzene, 23 °C, 2 h, 5 pmol Pd. PAverage of two identical runs. “Determined
by *H NMR. 9Determined by GPC. ¢50 °C. "1 equiv of B(CsFs)s added. 9Determined by DSC

Characterization of Polyethylene Produced by 9. The PE formed by 9 was characterized
by H and *C{*H} NMR and representative spectra shown in Figure 2.7 and Figure 2.8
respectively. Peak assignments were made based on literature data and 2D NMR experiments. 8-
8 The PE produced by 9 at 23 °C contains one olefin unit per chain, of which >95% are internal
olefins. The internal olefins comprise primarily 2-olefins (42%), followed by 3-olefins (21%), 4-
olefins (10%) and 5+-olefins (27%), with 70 % of the total olefins in the trans configuration. The

triplet at § 1.05 in *H NMR was assigned as the homoallylic methyl group of the 3-olefin chain-
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ends on the basis of an HMBC spectrum. The broad resonance at § 1.2 in *H NMR was assigned
as the aB1 hydrogens by HSQC spectroscopy. The PE produced at 50 °C contains 90% internal
olefins (Table 2, entry 2) in a 1/1 cis/trans ratio. The PEs produced at both 23 and 50 °C contain
ca. 13 branches per 1000 C (i.e. ca. one branch per chain) as determined by H NMR. 3C{*H}
NMR analysis shows that methyl, ethyl and sec-butyl branches are present in a 3/1/1 ratio. The PE

microstructure is independent of ethylene pressure and is unaffected by the presence of B(CeFs)s.

Figure 2.7. 'H NMR spectrum of polyethylene formed by 9 (Table 2.2, entry 1). NMR
Conditions: CDCI.CDCl, 500 MHz, 100 °C
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Figure 2.8. Olefin region of the *C{*H} NMR spectrum of polyethylene formed by 9 (Table
2.2, entry 1). NMR Conditions: CDCI>CDCl, 126 MHz, 100 °C.
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DSC analysis shows that the PE produced by 9 melts over a broad temperature range
(Figure 2.9, left) with apparent Tr values at ca. 80, 90, and 103 °C (Table 2.2). Similar results have
been observed for other low-molecular-weight PE waxes.**~>* For example, saturated linear Fisher-
Tropsch waxes, such as SasolWax H1 (M, =800, b = 1.4, 1.6 branches/1000 C), exhibit multiple
melt transitions in DSC that are very similar to those observed for the PE formed by 9 (Figure 2.9,
right). This behavior has been ascribed to the melting of crystallites consisting mainly of short
chains at lower temperature and the progressive melting of crystallites composed primarily of

longer and longer chains as the temperature is raised.**>>-°’
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Figure 2.9. Left: DSC of SasolWax H1. Right: representative DSC of the polyethylene produced
by 9 (Table 2, Entry 1).
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Generation of a (PR2CByCls)PdMe(H2C=CH2) Ethylene Complex and Kinetics of PE
Chain Growth. The reaction of 9 with ethylene was studied by NMR at low temperature in order
to probe ethylene binding and monitor the chain growth process. The reaction of 9 with excess
ethylene at -78 °C in CD:Cl, generates the ethylene adduct (x-P,0-P(0-OMe-
Ph)>CBoClg)PdMe(H2C=CHy>) (10, Scheme 2.2). The bound ethylene in 10 gives rise to an AA'BB'
pattern at 8 5.42 and 5.30 in the 'H NMR spectrum and a singlet at § 101.5 in the *C{*H} NMR
spectrum at -78 °C, consistent with rapid rotation of the bound ethylene around the Pd-ethylene
centroid bond (Figure 2.23).8 The 'H and *C{*H} spectra of 10 at -78 °C contain two —OMe
resonances, the chemical shift differences of which are similar to those observed for 9 and
consistent with a k?-P,0 bonding mode for the phosphine-carborane ligand. The Pd-Me group
gives rise to a doublet in the *H NMR spectrum with a small 3Jp value (3 Hz) and a singlet in the
BC{H} spectrum, indicating that the Me group is cis to the phosphine. The *H-'H NOESY

spectrum of 10 (-78 °C) contains strong correlations between the bound ethylene resonance and
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the Pd- Me resonance and one —OMe resonance (6 4.03, Pd-bound), as well as a weak correlation
with the other -OMe resonance at (5 3.71, non-Pd-bound). The bound ethylene *H NMR
resonances are coalesced with the free ethylene resonance at -30 °C. The -OMe H NMR
resonances are coalesced at -20 °C, indicating that 10 undergoes an anisolyl group exchange

process, as observed for 9.

Scheme 2.2. Generation of Ethylene Complex 10 and Subsequent Reaction with Ethylene to
Generate 11.

_ AN
R=Y (CH,CH,),Me
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Figure 2.10. NMR Spectra of 10
(a) 'H NMR of 10 generated by the reaction of 9 with 3.5 equiv. of ethylene (CD.Cl2, 500 MHz,

-78 °C) (* denotes acetone and water on the outside of the NMR tube)
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(b) *C{*H} NMR of 10 given by the reaction of 9 with 3.5 equiv. of ethylene (CD2Clz, 126
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Complex 10 undergoes repetitive ethylene insertion at -20 °C to generate a mixture of (k-
P,0-P(0-OMe-Ph).CBgClo)PdR'(H.C=CH>) alkyl species (11, R' = growing chain). B-H
elimination and olefin formation do not occur at this temperature and therefore the polymerization
is living. The chain growth process was monitored by *H NMR. As 1 molecule of THF is released
per equivalent of 9 in the formation of 10, the total concentration of Pd species during chain growth
IS [Pd]totar = [10] + [11] = [THF]. Therefore, the average number of ethylene units inserted per Pd-
R’ chain, Xy, is equal to the ratio (total integral of the Pd-R’ resonances)/(integral of the THF p-H
resonance).”® Plots of X, versus time are linear with a slope that is independent of ethylene
concentration (Figure 2.10), indicating that the growth rate is zero-order in ethylene, which is
consistent with the polymerization results. The composite insertion rate constant (for Pd-Me and
Pd-R”), Kinsertion (€q 1), was determined to be 1.05(6) x 10 s (-20 °C), which corresponds to an
apparent insertion barrier AG7insertion Of 18.1(1) kcal/mol.

d(Xn)
dtn = Kinsertion (1)
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Figure 2.11. Representative plots of X, versus time for the reaction of in situ-generated 10 with

ethylene at -20 °C. Blue data and curve: [Pd]iwtal = 9.3 mM, [ethylene]initia = 0.15 M (16 equiv).

Red data and curve: [Pd]wotar = 9.1 mM, [ethylene]initias = 0.32 M (35 equiv). The two curves do

not overlap because the extent of chain growth at the beginning of data collection was different
for the two runs. This difference affects the y intercept but not the slope of the line.
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2.3 Conclusion

In conclusion, we have described the synthesis and characterization of 7-9, which contain
phosphino-perchlorocarba-closo-decaborate ligands. Compounds 7 and 8, which contain «?-P,Cl-
PR2CBoCly" ligands, oligomerize ethylene to C4-C1o olefins, while 9, which contains a k>-P,0-P(0-
OMe-Ph)2CBgCly™ ligand, polymerizes ethylene to PE wax. These results contrast with the lack of
reactivity with ethylene observed for PR,CB1:Cli1~ complex C.3 Catalyst 7, which contains a
strong donor P'Pr; unit, is significantly more active than 8 or 9, which contain P(aryl)z units. A
similar trend was observed for analogous phosphine-arenesulfonate palladium alkyl catalysts A.%
It is notable that 8 is ca. 4 times more reactive than the trifluoroborate analogue
B/[H(OEt2)2][B(3,5-(CF3)2CeH3)a], as  assessed by the TOFs for  ethylene

oligomerization/dimerization.®* As the catalyst resting state in both cases is the corresponding
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PdR(H.C=CHy) species, this reactivity trend is due to a difference in the ethylene insertion rate.
The steric bulk of the perchlorocarborane backbone may contribute to the enhanced reactivity of
8. The combination of the low molecular weight, low branch density, predominance of short
branches, and preponderance of internal olefins in the polyethylene formed by 9 indicates that the
secondary alkyl-metal species formed by chain walking undergo preferential chain transfer rather

than chain growth.

2.4 Experimental Section

General Considerations. The majority of the synthetic work, explicitly shown in Scheme
1.1, was done by our collaborators from the Lavallo group at UC Riverside and is included for
completion. The X-ray structures of 7-CH3CN, 8, and 9 were determined at UC Riverside while

the X-ray structure of [Li(THF)3][5] was determined at the University of Chicago.

All manipulations were carried out using standard Schlenk or glovebox techniques under
a nitrogen or argon atmosphere at room temperature unless otherwise stated. PhF was dried over
and distilled from P20s or CaH,. THF was dried and distilled from K metal. CH2Cl», pentane, and
toluene were purified by passage through BASF R3—11 oxygen scavenger and activated alumina.
CD,Cl, was dried over P,0s or 3 A molecular sieves and degassed- CDCI.CDCI, and CDsCN were
dried over 3 A molecular sieves and degassed. Unless specifically stated, reagents were purchased
from commercial vendors and used without further purification. NMR spectra were recorded using
Bruker Avance 300 MHz, Avance 400 MHz, Avance 500 MHz, or Avance 600 MHz instruments
or a Varian Inova 300 MHz spectrometer. *H and **C NMR chemical shifts are reported relative
to SiMe4 and are internally referenced to the residual solvent resonance. 3P NMR chemical shifts
are externally referenced to HsPOs. 'B NMR chemical shifts were externally referenced to

BF3Et20O and the baseline of the spectra corrected using a multipoint spline. For all compounds,
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the carboranyl carbon resonance was not observed in *C{*H} NMR spectra. NMR assignments
for [Li(THF)3][1]-8 were made based on peak multiplicities and integrations. NMR assignments
for 9 and 10 were made using 2D NMR experiments. High-resolution mass spectrometry (HRMS)
was performed on an Agilent Technologies 6210 (TOF LC/MS) ESI/APCI instrument.
[MesNH][HCBoClg] was synthesized according to literature procedures.®® (COD)PdMeCl was
synthesized according to literature procedures.®’ The purity of all isolated compounds was
established by multinuclear NMR (see Supporting Information) and high resolution mass

spectrometry.

[Li(THF)3][P'Pr2CBsCls] ([Li(THF)s][1]). [MesNH][HCBoClg] (0.500 g, 1.02 mmol)
was dissolved in THF (3 mL) in a 20 mL scintillation vial equipped with a stir bar. n-BuLi (2.1
equiv, 2.0 M in hexanes) was added and the mixture was stirred for 30 min. This mixture was
added to pentane (15 mL) that was being stirred and a white solid precipitated. The solid was
collected by filtration, washed twice with pentane, and dried under vacuum. The resulting white
powder was dissolved in THF (3 mL), 'Pr.PCl (171 mg, 1.12 mmol) was added, and the mixture
was stirred for 1 h. The volatiles were removed under vacuum. The resulting oil was washed with
pentane, taken up in PhF, and the insoluble LiCl was removed by filtration. The filtrate was
evaporated to dryness to yield [Li(THF)s][1] as a white solid. Yield: 720 mg, 92%. *H NMR (400
MHz, CD2Cl,, 23 °C): § 3.79 (m, 12H, THF), 2.94 (d of septets, 3Jun = 7 Hz; 2Jpn = 1.5 Hz, 2H),
—CH(CHs3)2), 1.98 (m, 12H, THF), 1.34 (two overlapping dds, 3Jer = 19 Hz, 3Jpn = 11 Hz, 3Jun =
7.4 Hz, 3Jun = 6.9 Hz, 12H, ~CH(CH3)2). *C{*H} NMR (101 MHz, CD:Cl,, 23 °C): § 69.1 (THF),
25.9 (THF), 24.4 (d, 2Jpc = 36 Hz, —-CH(CHz3)2), 22.2 (d, 2Jpc = 26 Hz, —CH(CHa)2), 21.2 (d, YJpc

= 12 Hz, ~CH(CHs)z). “B{*H} NMR (96 MHz, CD:Clz, 23 °C): § 23.6 (1B), -0.8 (4B), -2.4 (4B).
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31pLIH} NMR (162 MHz, CD:Cly, 23 °C): § 45.2. ESI/APCI HRMS (m/z): [M]" calculated for

C7H14BoPClg: 544.9044; found: 544.9044. MP: 100.0 — 106.7 °C.

Figure 2.12. NMR Spectra of [Li(THF)3][1].
(a) 'H NMR (CD2Clz, 400 MHz, 23 °C)
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Figure 2.12, continued.

(b) 2C{*H} NMR (CD-Cl,, 101 MHz, 23 °C)
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Figure 2.12, continued.

(d) 3P{*H} NMR (CDCl,, 162 MHz, 23 °C)
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[Li(THF)4[PPh2CBoClo]  ([Li(THF)4][2]). [Li(THF)4][2] was prepared from
[MesNH][HCBClg] (0.500 g, 1.02 mmol), n-BuL.i (2.1 equiv, 2.0 M in hexanes) and PhoPCI (247
mg, 1.12 mmol) using the procedure described above for [Li(THF)3][1]. Yield: white solid, 880
mg, 95%. *H NMR (300 MHz, CD:Clz, 23 °C): § 8.07 (m, 4H, Ar), 7.37 (m, 6H, Ar), 3.78 (m,
16H, THF), 1.96 (m, 16H, THF). 3C{"H} NMR (101 MHz, CD,Cly, 23 °C): & 137.5 (d, 2Jpc = 29
Hz, 0-Ph), 133.1 (d, YJpc = 16 Hz, ispo—Ph), 130.1 (p—Ph), 128.0 (d, 3Jpc = 10 Hz, m—Ph), 69.1
(THF), 25.9 (THF). “B{"H} NMR (96 MHz, CDCl, 23 °C): § 20.5 (1B), -4.3 (4B), -6.3 (4B).
31pLIH} NMR (162 MHz, CDJCly, 23 °C): § 11.5. ESI/APCI HRMS (m/z): [M] calculated for

C13H10B9oPClg: 612.8744; found: 612.8714. MP: 143.2 — 145.5 °C.
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Figure 2.13. NMR spectra of [Li(THF)2][2].
(a) 'H NMR (CD:Cl,, 400 MHz, 23 °C)
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Figure 2.13, continued.

(©) “B{*H} NMR (CD:Cly, 128 MHz, 23 °C)
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(d) 3P{*H} NMR (CD:Clz, 162 MHz, 23 °C)
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[Li(THF)2][P(0-Me-Ph)2CBoCls] ([Li(THF)2[3]). [Li(THF)2[3] was prepared from
[MesNH][HCBoClg] (0.500 g, 1.02 mmol), n-BuLi (2.1 equiv, 2.0 M in hexanes) and (0-OMe-
Ph).PCI (315mg, 1.12 mmol) using the procedure described above for [Li(THF)3][1]. Yield: white
solid, 760 mg, 90%. *H NMR (400 MHz, CDsCN, 23 °C): § 7.93 (m, 2H, Ar), 7.36 (m, 2H, Ar),
6.90 (m, 4H, Ar), 3.69 (s, 6H, -OCHa), 3.65 (m, 8H, THF), 1.81 (m, 8H, THF). 3C{'H} NMR
(101 MHz, CD3CN, 23 °C): & 163.0 (d, 2Jpc = 22 Hz, C—-OCH?3), 137.7 (Ar), 131.9 (Ar), 123.2 (d,
1Jpc = 29 Hz, Cipso-P), 120.5 (Ar), 111.9 (Ar), 68.3 (THF), 56.4 (-OCHs), 26.2 (THF). *B{*H}
NMR (96 MHz, CD3CN, 23 °C): & 20.4 (1B), -4.4 (4B), -6.3 (4B). *'P{'H} NMR (162 MHz,
CD3CN, 23 °C): § -9.8. ESI/APCI HRMS (m/z): [M] calculated for C1sH14BsO2PClo: 672.9211;

found: 672.9199. MP: 240.1 — 243.3 °C.

Figure 2.14. NMR spectra of [Li(THF)4][3].
(a) 'H NMR (CDsCN, 400 MHz, 23 °C)
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Figure 2.14, continued.

(b) 2*C{*H} NMR (CDsCN, 101 MHz, 23 °C)
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Figure 2.14, continued.

(c) “B{*H} NMR (CD3CN, 128 MHz, 23 °C).
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Figure 2.14, continued.

(d) **P{"H} NMR (CDsCN, 162 MHz, 23 °C)
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(x?-P,CI-P'Pr2CBoClg)PdMe(THF) (7). 1 (100 mg, 0.12 mmol) and PhF (1 mL) were
added to a 20 mL scintillation vial equipped with a stir bar. (COD)PdMeCl (31.5 mg, 0.120 mmol)
was separately dissolved in PhF (1 mL) in a second vial. The (COD)PdMeCl solution was slowly
added to the solution of 1. The second vial was washed with PhF (1 mL) and the wash was added
to the solution of 1. The mixture was stirred for 30 min and concentrated under vacuum. Pentane
was added and the resulting light brown precipitate was allowed to settle. The pentane supernatant
was decanted off and the precipitate was washed twice with pentane and dried under vacuum to
yield [Li(THF)s][4] as a brown solid. *H NMR (500 MHz, CDCl,, 23 °C): § 3.08 (m, 12 H, THF),
3.27 (M, 4H, —~CH(CHa),), 1.95 (m, 12H, THF), 1.73 (dd, 3Jun = 7.2 Hz, 2Jpy = 19.0 Hz), 12 H, —

CH(CHz3)2), 1.01 (overlapping dd and s, 3Jun = 7.0 Hz, 2Jpy = 17.5 Hz, 18H, Pd —CHs and —
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CH(CHa)2). *C{*H} NMR (126 MHz, CD:Cly, 23 °C) & 68.9 (THF), 27.0 ({Jpc = 20 Hz, -
CH(CHs)2), 26.4 (THF), 23.0 (-CH(CHzs)2), 19.9 (-CH(CHzs)2), 0.3 (Pd —CH3). *B{*H} NMR (96
MHz, CD3sCN, 23 °C): § 24.0 (1B), -3.1 (4B), -5.6 (4B). 3'P{*H} NMR (202 MHz, CD,Cl,, 23

°C): § 76.6. MP: 92.1 — 97.5 °C (dec).

Figure 2.15. NMR spectra of [Li(THF)3][4].
(a) 'H NMR (CD2Clz, 500 MHz, 23 °C)
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Figure 2.15, continued.

(b) BC{*H} NMR (CD:Cl,, 126 MHz, 23 °C)
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Figure 2.15, continued.

(d) *P{"H} NMR (CD.Cly, 202 MHz, 23 °C)

76.57
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Without further purification, [Li(THF)3][4] was dissolved in PhF (1mL) and AgBF4 (11.0
mg, 0.0600 mmol) was added. The mixture was stirred for 30 min and filtered, and the collected
solid was washed with CH2Cl (3 x 15 mL). The solvent was removed from the filtrate and washes
under vacuum to afford 7 as a brown powder that contained a small amount of residual PhF. 80%
pure by 3P{*H} NMR. Yield 77 mg, 87%. 'H NMR (400 MHz, CD:Cl,, 23 °C): & 3.96 (m, 2H,
THF), 3.28 (m, 2H, -CH(CHa),), 1.97 (m, 2H, THF), 1.73 (dd, 2Jpn = 20 Hz, 3Jun =7 Hz, 6H, —
CH(CHa)2), 1.52 (dd, 2Jpn = 20 Hz, 3Jun =7 Hz, 6H, -CH(CH3)2), 1.44 (s, 3H, Pd-CHz). 3C{'H}
NMR (101 MHz, CD:Cl,, 23 °C): § 72.9 (THF), 27.2 (d, 2Jpc = 24 Hz, -CH(CHz),), 25.6 (THF),
23.3 (br s, -CH(CHs3)2), 20.0 (-CH(CHz3)2), 1.2 (Pd-Me). *B{*H} NMR (96 MHz, CD:Cl;, 23 °C):

§ 24.2 (1B), -3.4 (4B), -6.0 (4B). *P{*H} NMR (162 MHz, CD,Cl,, 23 °C): § 77.5. ESI/APCI
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HRMS (m/z): [M — THF + CH3CN] calculated for C10H20BsNPCloPd: 701.8363; found: 701.8352.
MP: 109.3 — 117.1 °C (dec).

Figure 2.16. NMR spectra of 7.
(a) *H NMR(CD,Cl3, 400 MHz, 23 °C) (* denotes PhF impurity)
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Figure 2.16, continued.

(b) 2C{*H} NMR (CD-Cl,, 101 MHz, 23 °C)
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Figure 2.16, continued.

(d) 3P{*H} NMR (CD,Cl;, 162 MHz, 23 °C) (* denotes unknown impurities)
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(x?-P,CI-PPh2CBgClg)PdMe(THF) (8). [Li(THF)s][5] was generated as tan powder from
2 (100 mg, 0.110 mmol) and (COD)PdMeCl (28.9 mg, 0.110 mmol) using the procedure for
[Li(THF)3][4]. *H NMR (400 MHz, CD2Cl,, 23 °C): & 8.53 (dd, 2JpH = 12.5 Hz, 3Jun = 8.5 Hz, 8H,
0-Ph), 7.60 (m, 12H, m—Ph and p-Ph), 3.78 (m, 12H, THF), 1.95 (m, 12H, THF), 1.38 (s, 6H, Pd—
CHz). BC{*H} NMR: & 138.5 (d, 2Jpc = 16 Hz, 0-Ph), 133.3 (d, “Jrc = 2 Hz, p—Ph), 128.8 (d, 3Jcp
= 12 Hz, m-Ph), 124.2 (d, YJcp = 55 Hz, ipso—Ph), 69.2 (THF), 25.9 (THF), 12.6 (Pd—CHs).
UB{IH} NMR (124 MHz, CDCl,, 23 °C): § 23.4 (1B), -3.16 (4B), -5.79 (4B). 3'P{"H} NMR (162
MHz, CD,Cly, 23 °C): & 56.6. Low temperature NMR data: *H NMR (500 MHz, CD,Cl,, -60 °C):

5 8.48(dd, 2Jpn = 12.5 Hz, 3Jun = 8.5 Hz, 8H, 0-Ar), 7.59 (m, 12H, m-Ar and p-Ar), 3.66 (m, 16H,
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THF), 1.84 (m, 16H, THF), 1.30 (s, 6H, Pd-CHs). *'P{*H} NMR (162 MHz, CD,Cly, -60 °C): &

57.8. MP: 91.4 — 104.7 °C (dec).

Figure 2.17. NMR spectra of [Li(THF)3][5].
(@) *H NMR (CD2Cly, 400 MHz, 23 °C)
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Figure 2.17, continued.

(b) 2C{*H} NMR (CD-Cl,, 101 MHz, 23 °C)
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Figure 2.17, continued.

(d) *P{"H} NMR (CD-Cl,, 162 MHz, 23 °C)
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Figure 2.17, continued.

(f) 31P{*H} NMR (CD:Cl,, 202 MHz, -60 °C)

57.76
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Without further purification, [Li(THF)3][5] was reacted with AgBF4 (10.7 mg, 0.06 mmol)
using the procedure described above for 7 to yield 8 as a light brown powder. Yield: 78 mg, 88%.
'H NMR (500 MHz, CD,Cly, 23 °C): § 8.41 (dd, 2Jpn = 12.5 Hz, 3Jun = 8.5 Hz, 4H, 0-Ph), 7.63
(m, 6H, m—Ph and p-Ph), 4.09 (m, 4H, THF), 2.05 (m, 4H, THF), 1.18 (s, 3H, Pd—-CHjz). 3C{H}
NMR (101 MHz, CD:Cl,, 23 °C): § 137.7 (d, 2Jpc = 14 Hz, 0-Ph), 133.7 (p-Ph), 129.0 (d, 3Jpc =
13 Hz, m-Ph), 123.6 (d, 1Jpc = 59 Hz, ipso-Ph), 71.2 (THF), 16.6 (THF), 14.6 (Pd-Me). 1'B{'H}
NMR (96 MHz, CD.Cly, 23 °C): & 24.3 (1B), -3.2 (4B), -5.9 (4B). 3'P{"H} NMR (162 MHz,
CD2Cl,, 23 °C): o6 56.6. ESI/APCI HRMS (m/z): [M — THF + CH3CN] calculated for

C16H16BoNPClgPd: 779.8360; found: 779.8365. MP: 150.4 — 159.7 °C (dec).

62



Figure 2.18. NMR Spectra of 8.
(@) *H NMR of 8 (CD2Cl,, 400 MHz, 23 °C)

8T T —
€0°

(4

'z
s0°2
g0°2
90°2

o

o
©

Ll o e o e e o e L s

[ PR L

8.0
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Figure 2.18, continued.
(c) "B{*H} NMR (CD-Cly, 128 MHz, 23 °C)
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(d) *P{*H} NMR of 8 (CD.Cl,, 162 MHz, 23 °C)
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(x2-P,0-P(0-OMe-Ph)2CBgClo)PdMe(THF) (9). [Li(THF)3][6] was generated as a tan
powder from 3 (100 mg, 0.10 mmol) and (COD)PdMeCl (27.3 mg, 0.100 mmol) using the
procedure for [Li(THF)s][4]. 94 % pure by inverse-gated 3P{*H} NMR. *H NMR (500 MHz,
CD2Cl, 23 °C): 6 8.00 (br s, Ar, 3H, integration is lower than expected due to broadness), 7.54 (t,
J=7.7Hz, 4H, Ar), 7.06 (t, J =7.5 Hz, 4H, Ar), 6.99 (t, J = 7.1 Hz, 4H, Ar), 3.76 (overlapping m
and br's, 24 H, -OCHs and THF), 1.94 (m, 12 H, THF), 1.13 (s, 6H, Pd-CH3). *C{*H} NMR (126
MHz, CD.Cly, 23 °C): 5 161.6 (br s, Ar), 136.1 (br s, Ar) 134.2 (Ar), 121.5 (br s, Ar), 112.6 (Ar),
69.0 (THF), 58.3 (br s, -OCHs), 56.1 (br s, -OCHs), 25.9 (THF), 0.7 (br s, Pd—-CHs). 'B{*H}
NMR (96 MHz, CD:Cl,, 23 °C): & 24.2 (1B), -3.5 (4B), -6.0 (4B). Inverse-gated 3'P{*H} NMR
(162 MHz, CDCly, 23 °C): & 21.2. Low temperature NMR data: Major isomer (62 %) *H NMR
(500 MHz, CD:Clz, -60 °C): 4.08 (s, 6H —OCHBa,), 3.56 (s, 6H —OCHz), 1.01 (s, 6H Pd—CHa).
31P{'H} NMR (202 MHz, CDCl,, -60 °C): 20.0. Minor isomer (38 %) 'H NMR (500 MHz,
CD2Cl», -60°C): 6 4.18 (s, 6H, —OCH3), 3.38 (s, 6H, —-OCH3s), 0.97 (s, 6H, Pd—CHj3). Inverse-gated
$1P{*H} NMR (202 MHz, CD:Cl,, -60 °C): § 20.4. The Ar resonances for these two species are
overlapped. The *H NMR resonances for bound THF are observed at & 3.66 and 1.83 in *H NMR.

MP: 125.3 — 129.8 °C (dec).
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Figure 2.19. NMR Spectra of [Li(THF)3][6]
(@) *H NMR (CD:Cl,, 500 MHz, 23 °C)
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Figure 2.19, continued.

(©) “B{*H} NMR (CD:Cly, 128 MHz, 23 °C)
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Figure 2.19, continued.
(e) *H NMR (CD2Cl,, 500 MHz, -60 °C)
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(f) Inverse-gated 3'P{*H} NMR of [Li(THF)3][6] (CD2Cl,, 202 MHz, -60 °C) (* denotes

unknown impurity)
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Without further purification [Li(THF)s][6] was reacted with AgBFs (10.0 mg, 0.0500
mmol) using the procedure described for 7 to yield 9 as a tan powder. Yield: 81 mg, 94% yield.
The labelling scheme for 9 is shown in Figure 2.20. *H NMR (500 MHz, CD2Cly, 23 °C): § 8.0 (br
s, 2H, Ar), 7.59 (m, 2H, Ar), 7.12 (m, 2H, Ar), 7.01 (m, 2H, Ar), 4.04 (m, 4H, THF), 3.82 (br s,
6H, —~OCHj3), 2.02 (m, 4H, THF), 0.89 (s, 3H, Pd—CHs). ¥C{*H} NMR (151 MHz, CDCl,, 23
°C): 5 160.8 (C-OMe), 135.9 (br, Ar), 134.3 (br, Ar), 121.6 (br, Ar), 112.1 (Ar), 69.6 (THF), 57.8
(br s, -OCHs), 25.4 (THF), 2.6 (br s, Pd—CHs). *B{*H} NMR (96 MHz, CD,Cl>, 23 °C): § 24.6
(1B), -4.0 (4B), -6.5 (4B). Inverse-gated >'P{*H} NMR (162 MHz, CD,Cly, 23 °C): § 21.2. Low
temperature NMR data®?: 'H NMR (500 MHz, CD2Cls, -60 °C): § 8.27 (dd, 3Jpn = 12.5 Hz, Jun =
8 Hz, 1H, H'3), 7.64 (t, Jun = 7.5 Hz ,1H, H1), 7.56 (t, J = 7.5 Hz, H*,), 7.45 (dd, 3Jpn = 12.5 Hz,
JuH= 8 Hz, 1H, HO), 7.14 (t, Jun = 7 Hz, 1H, H), 7.08 (t, Jun = “Jpn = 7.5 Hz, 1H, H0), 7.04 (t,
Jnm = 7.5 Hz, 1H, HP), 6.98 (t, Jun = “Jpn = 8 Hz , 1H, H3), 4.09 (br m, 4H, THF), 4.05 (s, 3H, H7),
3.73 (s, 3H, H), 2.01 (br m, 4H, THF), 0.71 (s, 3H, Pd-CHs). 3C{*H} NMR (126 MHz, CD:Cla,
-60 °C):  160.8 (d, 2Jrc = 13 Hz, C?), 158.8 (d, 2Jpc = 9 Hz, C9), 136.4 (C%%), 134.3 (C*) 134.2
(C*) 133.5 (C19), 123.2 (C®), 118.8 (d, 2Jpc = 10 Hz, C%2), 115.5 (d, LJpc = 58 Hz, C1) 111.8 (d, 2Jpc
=6 Hz, C%), 111.1 (d, 2Jrc = 8 Hz, C19), 108.3 (d, Jpc = 71 Hz, C?®) , 72.8 (THF), 59.6 (C’), 55.9
(C'%), 25.1 (THF), 1.2 (Pd-CHs). Inverse-gated 3P{*H} NMR (202 MHz, CD,Cl,, -60°C): & 20.8.
HRMS: ESI/APCI HRMS (m/z): [M — THF + CH3CN] calculated for CigH20BsNO2PClgoPd:

829.8318; found: 829.8320. MP: 123.5 — 135.2 °C (dec).
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Figure 2.20. Labelling scheme for 9.

Figure 2.21. NMR Spectra of 9.
(@) *H NMR (CD2Cl, 500 MHz, 23 °C)
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Figure 2.21, continued.
(b) BC{*H} NMR (CDCly, 151 MHz, 23 °C)
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Figure 2.21, continued.
(d) 3'P{*H} NMR (CD.Cl3, 162 MHz, 23 °C)
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Figure 2.21, continued.
(f) BC{*H} NMR (CD,Cl;, 126 MHz, -60 °C)
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Figure 2.21, continued.
(h) HSQC of 9 (CD:Cl2, 500 MHz, -60 °C)
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(i) Expansion of HSQC ((3 8.9 — 6.5), (5 145 — 100)) of 9 (CDClz, 500 MHz, -60 °C)
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Figure 2.21, continued.
(j) VT *H NMR of 9 (CDCl,, 500 MHz)
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Generation of (k2-P,0-P(0-OMe-Ph)2CByClo)PdMe(CH2=CH2) (10). A solution of 9
(~5.0 mg) in CD2Cl> was prepared in a J. Young NMR tube. The tube was cooled to -196 °C in a
liquid nitrogen bath and the desired amount of ethylene was added by vacuum transfer. The tube
was allowed to thaw and warm to -78 °C to afford a yellow-orange solution. The tube was shaken
several times to ensure proper mixing of ethylene into the solvent and then was placed in an NMR
probe that had been precooled to -78 °C.%2 The labelling scheme for 10 is shown in Figure 2.22. *H
NMR (CD-Clz, 500 MHz, -78 °C): & 8.30 (dd, Jun =8 Hz, Jen= 12 Hz, 1H, H'®), 7.66 (t, J = 8 Hz,
1H, H), 7.57 (t, J=7.5 Hz, 1H, H%), 7.43 (dd, Jun =8 Hz, Jen = 12 Hz, 1H, H°), 7.18 (t, J =7 Hz,
1H, H'), 7.05 (t, J =7.5 Hz, 2H, H® and H®), 6.99 (dd, Jun =8 Hz, Jpn = 8 Hz, H'%), 5.42 (br d, J =
9 Hz, 2H, bound ethylene AA’), 5.36 (s, free ethylene), 5.30 (br d, bound ethylene BB’ (overlapped

with solvent resonance)), 4.03 (s, 3H, H"), 3.71 (s, 3H, H*), 3.61 (m, 4H, free THF), 1.74 (m, 4H,
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free THF), 0.82 (s, 3Jpn = 3 Hz, 3H, Pd-CHs). *C{*H} NMR (CD.Cl, 126 MHz, -78 °C): § 161.3
(d, 2Jpc = 15 Hz, C°), 158.2 (d, 2Jrc = 10 Hz, C?), 136.8 (C*®), 134.5 (CY), 134.1 (C*), 134.0 (C™),
123.6 (C®), 122.8 (s, free ethylene), 119.1 (C'?), 114.7 (d, YJpc = 54 Hz, CY), 112.0 (C?), 111.4
(C9), 107.0 (d, YJpc = 61 Hz, C¥), 101.5 (s, bound ethylene), 67.3 (s, free THF), 60.4 (C’), 56.0
(C'%), 25.0 (free THF), 5.9 (Pd-CHz). Inverse-gated 3P{*H} NMR (202 MHz, CDCl,, -78 °C): §

9.8.

Figure 2.22. Labelling scheme for 10.
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Figure 2.23. NMR Spectra of 10.

(a) 'H NMR of 10 generated by the reaction of 9 with 3.5 equiv. of ethylene (CD.Cl2, 500 MHz,
-78 °C) (* denotes acetone and water on the outside of the NMR tube)
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Figure 2.23, continued.

(b) Expansion of *H NMR (5 5.75 — 5.00) of 10 given by the reaction of 9 with 3.5 equiv. of
ethylene (CD2Cl2, 500 MHz, -78 °C)
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(c) BC{*H} NMR of 10 given by the reaction of 9 with 3.5 equiv. of ethylene (CD:Cl,, 126
MHz, -78 °C)
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Figure 2.23, continued.

(d) *H-'H COSY of 10 given by the reaction of 9 with 3.5 equiv. of ethylene (CD2Clz, 500 MHz,
-78 °C)
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(e) Expansion of *H-1H COSY ((5 9.00 — 6.00), (5 9.00 — 6.00)) of 10 given by the reaction of 9
with 3.5 equiv. of (CD2Cl2, 500 MHz, -78 °C)
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Figure 2.23, continued.

(f) 'H NMR of 10 given by the reaction of 9 with 35 equiv. of ethylene (CD,Cl,, 500 MHz, -78
°C) (* denotes CH3CN adduct impurity)
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(g) Expansion of *H NMR (6.1 — 4.6 ppm) of of 10 given by the reaction of 9 with 35 equiv. of
ethylene (CD2Cl,, 500 MHz, -78 °C) (* denotes 13C satellites of free ethylene®)
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Figure 2.23, continued.
(h) HSQC of 10 given by the reaction of 9 with 35 equiv. of ethylene (CD>Cl,, 500 MHz, -78 °C)
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(i) Expansion of HSQC ((3 6.0 — 5.0), (3 120 — 90)) of 9 (CD,Clz, 500 MHz, -60 °C)
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Figure 2.23, continued.

(j) *H-H NOESY of 10 given by the reaction of 9 with 35 equiv. of ethylene (CD2Cl, 500 MHz,
-78 °C)
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(k) Expansion of *H-'H NOESY ((8 5.0 — 0), (5 5.8 — 5.0)) of 10 given by the reaction of 9 with
35 equiv. of ethylene (CD2Cl2, 500 MHz, -78 °C)
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Figure 2.23, continued.

(1) Inverse-gated 3P{*H} NMR of 10 (35 equiv. of ethylene) (CD2Cl,, 202 MHz, -78 °C) (*
denotes CH3CN adduct resonances)
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Chain Growth of 10 at -20 °C. A solution of 10 in CD,Cl> containing excess ethylene (16,
26, or 35 equiv) was generated in a J. Young NMR tube as described above. The tube was placed
in the NMR probe that was prechilled to -25 °C and equilibrated for 10 min. The probe was then
warmed to -20 °C and the tube was monitored by *H NMR for ca. 1 h. The resonances for 10
disappeared and resonances assigned to 11 higher alkyl species grew in. Key *H NMR data for 11:
8 4.02 (s, ~OCHs), 3.56 (s, ~OCHs), 2.40 (br s), 2.23 (br s), 1.99 (br s), 1.22 (s, -CH2-), 1.16 (br
m), 0.97 (br m), 0.83 (g, Jun = 7 Hz), 0.78 (t, Jun = 8 Hz, ~CH3), 0.65 (t, Jun =7 Hz, ~CHs), 0.59

(t, Jun = 8 Hz, —CHy).
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Figure 2.24. Representative stacked *H NMR spectra of the chain growth of 11 over 1 h in the
presence of 35 equiv. of ethylene (CD2Cl,, 500 MHz, -20 °C)
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Figure 2.25. Plot of X, versus time for the reaction of in situ-generated 10 in the presence of
ethylene at -20 °C. [Pd]iwta = 9.1 mM, [ethylene]initiai = 0.24 M (26 equiv).
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Figure 2.26. Plot of X, versus time for the reaction of in situ-generated 10 in the presence of of
ethylene at -20 °C. [Pd]tota = 8.1 mM, [ethylene]initial = 0.28 M (35 equiv)
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Low pressure ethylene oligomerization and polymerization reactions. Ethylene
oligomerization/polymerization reactions at 2 and 6 atm were performed in a 200 mL Fischer-
Porter bottle equipped with a 2-inch long Teflon-coated magnetic stir bar and a stainless-steel
pressure head fitted with inlet and outlet needle valves, a septum-capped ball valve for injections,
a safety check valve, and a pressure gauge. In a N2-filled glovebox, the Fischer-Porter bottle was
charged with toluene (49 mL). The apparatus was removed from the glovebox, connected to a
stainless-steel double manifold vacuum/ethylene line, placed in a room temperature water bath or
50 °C oil bath, and stirred at 370 rpm. The N2 atmosphere was replaced with ethylene by three
evacuation-refill cycles. The solution was equilibrated at either 2 or 6 atm of ethylene pressure for

15 min. For the 2 atm experiments, a freshly-prepared stock solution of catalyst in PhF (1 mL) was
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added via gas-tight syringe. For the 6 bar experiments, the pressure was decreased to 1.4 atm, a
stock solution of catalyst in PhF (1 mL) was added immediately via gas-tight syringe, and the
pressure was immediately increased to 6 atm. The ethylene pressure was kept constant by feeding

ethylene on demand.

For catalysts 7 and 8, ethylene consumption was measured using a Brooks Instruments
5860i Mass Flow Sensor. The total ethylene consumption was determined by numerical integration
of the mass flow curve using the LabView software package. Control experiments showed that
equilibration of ethylene between the gas and solution phases at 6 atm ethylene pressure requires
ca. 15 min under the reaction conditions (23 °C, 370 rpm stirring), and therefore the activity for
the 6 atm experiments was determined using the mass flow curve excluding the first 15 min. After
2 h, the ethylene line was closed, the Fischer-Porter bottle was vented, o-xylene (100 puL) was
added as an internal standard, and the solution was analyzed by GC-MS using an Aglient
6890/5973N GC-MS instrument. The masses of hexene, octene, and decene were determined by
GC-MS using predetermined response factors. The mass of butene was calculated by subtracting

the masses of the other oligomers from the total mass of ethylene consumed.
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Figure 2.27. GC-MS of Oligomers Formed by 7 (Table 1, entry 1) (Impurities from the toluene
solvent are labelled by *)
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Figure 2.28. GC-MS of Oligomers Formed by 8 (Table 1, entry 4) (Impurities from the toluene
solvent are labelled by *)
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Figure 2.29. Schulz-Flory Plot of Oligomers Formed by 7 (Table 1, Entry 3).
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Figure 2.30. Schulz-Flory Plot of Oligomers Formed by 8 (Table 1, Entry 6).
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For catalyst 9, after the ethylene line was closed and the Fisher-Porter bottle was vented,
methanol (50 mL) was added to precipitate the polymer. The polymer was collected by filtration,

washed with methanol (50 mL), and dried for 2 d at 70 °C in a vacuum oven.

High pressure ethylene polymerization reactions. Ethylene polymerizations at 54 atm
were performed using a stainless-steel Parr 300 mL autoclave, which was equipped with a
magnetically-driven 1.5-inch diameter four-blade propeller stirrer, thermocouple, water cooling
loop, and a Parr 4842 controller. In a N2 glovebox, a 200 mL glass autoclave liner was charged
with toluene (49 mL) and a stock solution of the catalyst in PhF (1 mL) and placed in the autoclave.
The autoclave was sealed, removed from the glovebox, and attached to the ethylene line. The
mixture was stirred (270 rpm) at 23°C for 15 min and then pressurized to 54 atm of ethylene. The
ethylene pressure was kept constant by feeding ethylene on demand. After 2 h the ethylene line
was closed and the autoclave was vented. Methanol (50 mL) was added to precipitate the polymer,

which was characterized as described above.

DSC measurements were performed on a TA Instruments 2920 differential scanning
calorimeter. Samples (5 mg) were annealed by heating to 170 °C at 15 C/min, cooled to 0 °C at 10
°C/min, and analyzed by heating to 170 °C at 15 °C/min. *H and ®*C{*H} NMR spectra of PE
samples were obtained at 100 °C in dry degassed CDCI.CDCI> solvent using a Bruker Advance
500 NMR instrument. Gel permeation chromatography (GPC) was performed on a Polymer
Laboratories PL—GPC 200 instrument at 150 °C with 1,2,4-trichlorobenzene (stabilized with 125
ppm BHT) as the mobile phase. Three PLgel 10 pm Mixed-B LS columns were used. The
molecular weights were calibrated using narrow polystyrene standards with a 10-point calibration

of M, from 570 Da to 5670 kDa, and are corrected for linear polyethylene by universal calibration
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by using the following Mark—Houwink parameters: polystyrene, K = 1.75 x 102 cm® g}, o =

0.67; polyethylene, K=5.90 x 10 2cm®* g, 0= 0.69.%4

Figure 2.31. NMR Spectra of the Polyethylene Formed by 9.

(a) *C{*H} NMR of Aliphatic Region of Polyethylene Formed by 9 (Table 2, entry 1)
(CDCI,.CDCl,, 126 MHz, 100 °C)
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Figure 2.31, continued.

(b) HMBC of Polyethylene Formed by 9 (Table 2, entry 1) (CDCI,CDClI;, 500 MHz, 100 °C)
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(c) Expansion of HMBC ((1.15 — 0.85 ppm), (30 — 12 ppm)) of Polyethylene Formed by 9 (Table
2, entry 1) (CDCI.CDClz, 500 MHz, 100 °C)
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Figure 2.31, continued.

(d) Expansion of HMBC ((1.15 — 0.85 ppm), (135 — 130 ppm)) of Polyethylene Formed by 9
(Table 2, entry 1) (CDCI.CDCl,, 500 MHz, 100 °C)

PN: K—‘
ppm

—~130.5

~ ~131.0

1315

3 ~132.0
4 © |

132.5

~133.0

133.5

~134.0

~134.5

\ T \ T \ 135.0
1.15 1.10 1.05 1.00 0.95 0.90 ppm

(e) HSQC of the Polyethylene Formed by 9 (Table 2, entry 1) (CDCI>CDCl;, 500 MHz, 100 °C)
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Figure 2.31, continued.

(f) Expansion of HSQC ((1.50 — 0.70 ppm), (40 — 35 ppm)) of Polyethylene Formed by 9 (Table
2, entry 1) (CDCICDClIz, 500 MHz, 100 °C)
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X-ray Crystallography. Data for 7-CHsCN, 8, 9 were collected at 100 K on a Bruker
APEX2 platform-CCD X-ray diffractometer system (fine focus Mo-radiation, A = 0.71073 A,
50KV/30mA power). Data for [Li(THF)3][5] were collected at 100 K on a Bruker D8 VENTURE
with PHOTON 100 CMOS detector system equipped with a Mo-target micro-focus X-ray tube (1
= 0.71073 A). Direct methods were used to locate many atoms from the E-map. Repeated
difference Fourier maps enabled location of all expected non-hydrogen atoms. Following
anisotropic refinement of all non-H atoms, ideal H atom positions were calculated. Final

refinement was anisotropic for all non-H atoms and isotropic-riding for H atoms.

Specific Refinement Details for 7-CH3CN. There is one molecule of C1oH20BsCIlsNPPd

and one partially occupied CsHsF solvent molecule (89% occupied) present in the asymmetric unit
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of the unit cell. One of the two isopropyl-groups of C10H20BaCloNPPd was modeled with disorder

(disordered site occupancy factor ratio was 81%/19%).

Specific Refinement Details for 8. There was one whole molecule disorder of
C18H21B9CloOPPd present in the asymmetric unit of the unit cell. (disordered site occupancy ratio

was 90%/10%).

Specific Refinement Details for 9. There was one molecule of C2oH25BsClsO3sPPd (where
the THF was modeled with 50%/50% disorder), one disordered solvent molecule of CH2Cl;
(disordered site occupancy ratio was 57%/43%), partially occupied disordered solvents of
CsH12/CH2Cl: (disordered site occupancy ratio was 50%/4%) present in the asymmetric unit of the
unit cell. The partially occupied disordered solvents of CsH12/CH2Cl> molecules were located at

the 2-fold rotation axis parallel to the b-axis.
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Table 2.3 X-ray crystallographic parameters

Identification

7_

9¢(CH2Cl3)1.037(CsH12)o.

code [Li(THF)S][5] CH3CNe(PhF)oss 8 5
. Cs7.07He6.15B18C122.1506 | Ci5.36H24.47BoClsF C23.54H33.07B9Cl11.0703P
Empirical formula P.Pd, o5sNPPd C1sH21BoClyOPPd pd
Formula weight 1982.62 793.81 807.06 991.19
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
Space group P-1 P21/n P21/c C2/c
Unit cell a=11.3936(9) A, a=9.4242(3) A | a=11.3882(4) A, a = 35.4349(15),
dimensions a=112.058(2)° a=90° a=90° a=90
b = 18.2924(15) A, b=19.9211(6) A, | b=15.4099(5) A, b = 10.7750(5),
B =90.830(2)° B =100.0240(5)° | B=104.5787(5)° B =98.2521(6)
c = 18.3437(15) A, c=17.3641(5) A, | c=18.1835(6) A, ¢ =21.1647(9),
v =106.104(2)° v =90° y = 90° y=90
Volume A3 3373.9(5) 3210.18(17) 3088.30(18) A3 7997.3
z 2 4 4 8
Density (g/cm3) 1.723 1.642 1.736 1.647
Absorption 1.376 1.394 1.449 1.273
coefficient (mm™)
F(000) 1740 1563 1584 39404
Crystal size 0.475x0.207 x 0.437x0.272 x
(mm?) 0.327 x 0.311 x 0.271 0.143 0.103 0.545x0.485x 0.211
Theta range for 4.186 t0 57.522 2.045 0 30.508°. | 1.757 to 30.505°.
data collection
-15<h< 15, -13<=h<=13, -16<=h<=186,
Index ranges -24 <k <24, -28<=k<=28, -22<=k<=22,
-23<1<24 -24<=|<=24 -25<=I<=25
Reflections 135782 76394 72659 93649
collected
Independent 17269 [Rint = 0.0358, 9810 [Rint = 9403 [Rint = o
reflections Rsigma = 0.0244] 0.0232] 0.0282] 11349 [Rin = 0.0195]
Absorption SADABS based on Semi-empirical Semi-empirical SADABS based on
correction redundant diffractions | from equivalents | from equivalents redundant diffractions
Refinement Full-matrix least- Full-matrix least- | Full-matrix least- Full-matrix least-
method squares on F2 squares on F2 squares on F2 squares on F2
Data [ restraints / 17269/0/768 9810/24/358 9403/570/670
parameters
Goodness-of-fit 1.04 1.225 1.192 1.073
on F2
Final R indices R; = 0.0306, R; =0.0335, R: =0.0286, R; =0.0212,
[I>2sigma(1)] WR> = 0.0745 WR; = 0.0859 WR2 = 0.0597 WR2 = 0.0553
R indices (all R; =0.0399, R; =0.0358, R; =0.0318, R;=0.0212,
data) wR,=0.0783 wR, = 0.0869 wR, = 0.0607 wR> = 0.0566
Largest diff. peak 0.66/-0.65 1.206/-0.725 0.611/-0.781 0.590/-0.444

and hole (eA?)
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Chapter Three

Template-free Synthesis of Macrocyclic Bis(pyridine-diimine) and Bis(pyridine-dienamido)
Ligands and Complexes

3.1 Introduction

Transition metal complexes supported by redox-active pyridine-diimine (PDI) ligands are
useful catalysts for a wide range of reactions.!® Multinuclear transition-metal complexes
supported by multinucleating bis- or multi-PDI ligands are of interest because long range metal-
metal cooperativity effects may engender new reactivity. Linear multinuclear PDI complexes have
been shown to have improved catalytic performance in ethylene homopolymerization >3
However, due to the conformational flexibility and geometry of these compounds, it is difficult to
explain the origin of the enhanced performance. It would be ideal to incorporate two or more PDI
active sites into a rigid macrocyclic ring to enable exploration of potential metal-metal
cooperativity effects.

There have been several reports of multinuclear complexes supported by macrocyclic
multi-PDI ligands. Dinuclear complexes (A)M2Cls and (B)M2Cls (M = Fe, CO) and trinuclear
complex (C)FesCls (Chart 3.1) were synthesized by direct imine condensation of 2,6-
diacetylpyridine and the respective dianiline to generate ligands A-C, followed by reaction of the
ligands with the respective MCl; salt in THF.1*1¢ (A)M,Cl, and (C)FesCls when activated by
MMAO-12 and MAO respectively, exhibit increased catalyst lifetimes and activities in ethylene
homopolymerization compared to analogous mononuclear PDI catalysts. (B)M:Cls (R* = R? = Me)
when activated by MMAO-12 or AlMes produces polyethylene that contains primarily ethyl and
propyl branches, which is in contrast to the analogous mononuclear PDI catalyst, which produces

highly linear polyethylene.
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Chart 3.1. Multinuclear Complexes of Macrocyclic PDI Ligands Synthesized by Direct Imine

Condensation Reactions.
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While ligands A—C can be synthesized under standard imine condensation conditions,
attempts to synthesize other macrocyclic multi-PDI ligands by direct imine condensation typically
results in intractable condensation polymers. A general strategy for avoiding this problem is to use
metal-based templates to overcome the enthalpic and/or entropic macrocyclization penalties.}’~2°
The function of the templates can be explained by examining the conformations of the PDI and
pyridine-diketone (PDK) units. These moieties can exist in two different conformers: (s-cis). or
(s-trans)2 (Figure 3.1). In the (s-cis)2 conformer, the lone pairs of both C=X (X = O or NR) moieties
and the pyridine lone pair are directed towards each other, while in the (s-trans). conformer these
lone pairs point away from each other. While the (s-cis). conformer is observed in (PDI)M

complexes, the (s-trans). conformer is invariably observed in the solid-state structures of free PDI
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ligands because in this conformation the lone-pair repulsion that is present in the (s-cis)2
conformation is relieved.'*2%-3! These conformational considerations are important in the synthesis
of n-PDI macrocycles, where n PDK molecules condense with n diamine molecules. The final
intermediate in this reaction is a species that has 1 pyridine-imine-ketone moiety and n-1 PDI units
terminated with the last unreacted amine group (Figure 3.2a). In the n (s-cis)> conformer, where
the PDIs and pyridine-imine-ketone moieties are all in the (s-cis). conformation, the distance
between the reactive ketone and amine groups is minimized, promoting macrocyclization.
However, in the ground-state n (s-trans). conformer, this distance is maximized, therefore favoring

the formation of condensation polymer.

Figure 3.1. Conformations of PDI, PDK, and pyridine-imine-ketone compounds.
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Figure 3.2. a) Conformers of the final intermediate in the formation of macrocyclic n-PDI
compounds. b) Structure of the final intermediate during the macrocyclization of A (R = R? =
H).
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With the use of metal-based templates however, the desired (s-cis) conformation is trapped

by coordination of the C=X moieties binding to the metal ion, preorganizing them for
macrocyclization. Several bis-PDI complexes have been synthesized using specially designed
binucleating templates comprising two metal ions connected by a bridging anionic unit (Chart 3.2).
The bridging unit fixes the two metal centers spatially, lowering the entropic costs of
macrocyclization. One of the first bis-PDI complexes of this type, [(D)Cu2lm][CFsSOs]s, was

reported by Burrows as a urea hydrolyase active site analogue.®?% This complex was synthesized
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by reacting CuOTf and imidazole to form a putative [Cu-Im-Cu]3* complex, which was then added
to a solution of 2,6-diacetylpyridine and m-xylylenediamine. Groysman has recently shown that
an analogous zinc complex [(D)Zn20x][CFsSOs]s is formed using dizinc oxalate as the
binucleating template.3® The Zn,0x template was shown to be more general as it can also be used
with 2,6-formylpyridine and p-xylylenediamine to produce [(E)Zn20x][CFsSOz3]s. It should be
emphasized that the binucleating template is critical for macrocyclization in the synthesis of
[(D)Cu2lm][CF3SOs3]s and [(D)Zn20x][CF3SOs3]s. Attempted synthesis of these complexes in the
absence of imidazole or oxalate results in intractable condensation polymer, suggesting that the
presence of metals alone is insufficient for macrocyclization and that the bridging unit helps to pay
the enthalpic penalty of having two cationic metal centers close in space. Nitschke generated
[(F)Pd2(CH3CN).][BF4]sa using  2,6-diformylpyridine,  3-aminophenyl  sulfone, and
[PA(CH3CN)4][BF4]2." The X-ray structure of [(F)Pd2(CHsCN)2]J[BFs]s shows that a
tetrafluoroborate molecule is electrostatically interacting with the two Pd centers in the
intermetallic cavity. It was suggested that the BF4 functions as a template for this macrocyclic

complex.383°
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Chart 3.2. Bis-PDI complexes Synthesized Using Binucleating Templates.
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The observed template-free synthesis of A-C can be understood using the conformational
considerations discussed above. These bis-PDI macrocyclic ligands are formed in the 2 (s-trans):
conformation, as confirmed for A by X-ray diffraction. The dianilines used in the synthesis of A
and B force the PDI moieties to be stacked on top of each other. This geometry minimizes the
distance between the final ketone and free amine groups in the 2 (s-trans). conformer of the final
PDI-pyridine-ketone-imine intermediate, favoring cyclization (Figure 3.2b). C is synthesized
under dilute conditions (4 mM total) over the course of 1 week, helping to favor
macrocyclization.**° Additionally, the large Ar—-CH,—Ar angle of the dianiline may help to form
the tris-PDI macrocycle in this case, however it is unknown if the bis-PDI macrocycle is formed

as a side product in this reaction.

There are two major challenges associated with using binucleating templates. The first is
that they are difficult to design a priori, especially using metals with fluxional coordination
geometries that result in difficult-to-predict dynamic processes for the intermediates in the

condensation process. The second problem is that once the templated complex is made, the
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templates are often difficult to remove without destroying the ligand in the process. For example,
Burrows found that attempted demetalation of [(D)Cu2lm][CF3SOs]z with benzene/NasEDTA(aq)
is inefficient due to the poor solubility of the complex in organic solvents, a slow demetallation
rate (even at elevated temperatures), and a moderate hydrolysis rate of free ligand D. Additionally,
Groysman screened various demetalation procedures and found that the removal of the zinc oxalate
unit of [(E)Zn20x][CF3SOs]s requires the use of strong aqueous acid, hydrolyzing E in the process.
Finally, while not reported by Nitschke, in our hands attempting to demetalate

[(E)Pd2(CH3CN)2][BF4]4 with Na4sEDTA results in decomposition.

The objective of this work is to develop a non-templated synthesis of a variant of ligand D in
order to enable the synthesis of a wide range of dinuclear bis-PDI complexes. This goal was
accomplished by use of 9-butyl-octahydroacridinediketone (1, Scheme 3.1). ***3 The annulated
octrahydroacridine backbone (G, Figure 3.1) structurally constrains the C=X moieties in the
desired (s-cis)2 conformation, which favors the formation of a macrocyclic bis-PDI ligand (as the
enamine tautomer 2’ in Scheme 1) in a condensation reaction with m-xylylenediamine without the

use of a template.

3.2 Results and Discussion
Compound 1 was prepared using the procedures reported by Bell and Thummel for similar
compounds.*>#-4¢ The condensation of 1 and m-xylylenediamine in butanol in the presence of p-
toluenesulfonic acid yields bis-(pyridine-dienamine) compound 2°, a tautomer of target bis-PDI 2
in 88 % vyield. This condensation-macrocyclization reaction is done at total concentration of 415
mM, 2.3 times more concentrated than the templated synthesis of [(D)Cu2lm][CFsSOs]s
(concentration of 2,6-diacteylpyridine + m-xylylenediamine = 180 mM), demonstrating the

advantage of preorganizing the PDI moieties in the (s-trans). conformation. This is a rare example

106



of of a pyridine-diketone reacting with amines to produce the pyridine-dienamine product, with
the only other report by Thummel where condensation of non-butylated 1 with HN'Pr results
results in the pyridine-dienamine product.*’” The IR spectrum of 2' contains a characteristic N-H
stretching band at 3400 cm™. The 'H NMR spectrum of 2' contains broad triplet at & 5.11,
indicative of the N—H moiety being coupled to the benzylic hydrogens at 6 4.11, and a sharp vinylic
triplet at & 4.87, consistent with coupling to one of the methylene groups on the octahydroacridine
backbone. The *C{*H} NMR spectrum of 2' contains resonances at § 126.7 and 98.7, which are
characteristic of the vinylic carbons of an enamine. In contrast, the tetraimine tautomer of 2 is
expected to exhibit no IR bands above 3000 cm™, no *H NMR resonances in the vinylic region, no
13C NMR resonances between & 120 and § 50 and a **C NMR resonance at ca. § 170 for the imine

carbon.

Scheme 3.1. Synthesis of Proligand 2°.

N
N
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Synthesis of Metal Complexes of 2. The direct template-free synthesis and high-yield
isolation of free proligand 2’ without the use of a template provides an opportunity to synthesize
a wide array of dinuclear metal complexes. The reaction of 2* and 2 equiv. of ZnCl> in butanol at
110 °C for 16 h, filtration, and heating the crude solid in CH2Cl> for 2d at 35 °C generates the bis-
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PDI dinuclear complex (2)Zn2Cls in 60% vyield (Scheme 3.2 a). The use of hot protic solvent is
important as metalation is sluggish otherwise; presumably the butanol facilitates the
tautomerization of 2' to the bis-PDI tautomer 2 prior to metalation. X-ray diffraction analysis
shows that the 24-membered macrocyclic ring in (2)Zn2Cls adopts a chair conformation. The
molecular symmetry is Ci and the Zn—Zn distance is 5.515(1) A (Figure 3.3 and Figure 3.4). This
Zn—Zn distance is significantly shorter than the Cu—Cu distance of 5.9181(9) A determined for
[(D)Cuz2lm][CF3S03]z. From a side-on view perpendicular to the CI-Zn—ClI planes, the structure
resembles the “double decker” structure determined for (A)C02Cls (Chart 3.3a).1* Both Zn centers
have trigonal-bipyramidal coordination geometries and the metrical parameters are consistent with
those observed for mononuclear (PDI)ZnCl, complexes.®®#9 B3C{*H} NMR confirms that
(2)Zn,Clsexist as the tetraimine tautomer by the absence of the vinylic carbon resonances observed

for 2” and the presence of a characteristic imine carbon resonance at 6 166.3.

Scheme 3.2. Synthesis of Bis-PDI (2)M2Cls (M = Zn, Co, Fe) Complexes.
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Figure 3.3. Molecular Structure of (2)Zn,Cls*3CH2Cl,. H atoms and CH2Cl> solvent molecules
are omitted. Key bond and atom distances (A): N1-C1 1.284(7), N2-C2 1.308(7), Zn1-N3
2.073(4), Zn1-CI1 2.244(1), Zn1-CI2 2.259(1), Zn1-Zn2 5.515(1). Key bond angles (°): N1-
Zn1-N2 146.9(2), N1-Zn1-N3 73.5(2), N2-Zn1-N3 74.6(2), N2-Zn1-Cl1 135.9(1), N2-Zn1-
Cl2 110.9(1). Color key: C gray, N light blue, Zn light gray, CI green. Thermal ellipsoids are
drawn at 50%.
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Figure 3.4. View of the molecular structure of (2)Zn2Cls looking down the pyridine planes.
Color key: C gray, N light blue, Zn light gray, Cl green.

The 'H NMR spectrum of (2)Zn,Cls contains a broad AA’ spin pattern at § 5.45 and 4.35
at 295 K for the benzylic hydrogens, which broadens s the temperature is increased and coalesces
to a broad singlet at 6 4.98 at 390 K (Figure 3.5), indicative of fluxional behavior. VT-NMR and
lineshape analysis using gNMR 5 of (2)Zn.Cls in CDCI.CDCI, from 295 K to 390 K was
performed to determine rate constants for the exchange of the benzylic hydrogens (Figure 3.5).
The activation parameters determined by an Eyring analysis are AH” = 9.5(3) kcal/mol and AS” =
-20.5(7) eu. The free energy barrier (AG?) is 15.5(3) kcal/mol at 295 K and 17.3(3) kcal/mol at

380 K.
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Figure 3.5. Left: VT NMR behavior of the benzylic resonances of (2)Zn,Cls. Right: Lineshape
analysis of the benzylic resonances of (2)Zn2Cls. (NMR conditions: 500 MHz, CDCI>CDClz, 295
K to 390 K) (The singlet at ca. & 5.7 is one of the **C satellites from the CDCI.CDCI; solvent
resonance).
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Additionally, the resonances that correspond to the octahydroacridine backbone exhibit
temperature-dependent behavior. At 295 K, the methylene hydrogens of the octahydroacridine
backbone appear as two broad resonances at 6 2.75 and 1.90 (Figure 3.6). As the temperature is
raised, these resonances sharpen. The imine a-hydrogens (Hj and Hk) resonances coalesce at
approximately 366 K (500 Mhz), with an estimated k. of 666 s to a broad singlet at § 2.37. The
imine y-hydrogens (Hr and Hg), the imine B-hydrogens (Hn and Hi) sharpen to a triplet at 6 2.81
and quintet at & 1.64 respectively. The estimated AG” of 16.8 kcal/mol at 366 K agrees very well
with the calculated barrier of 17.0(3) kcal/mol calculated from the activation parameters

determined from the Eyring analysis of the benzylic resonances. These results indicate that the
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same dynamic process is exchanging the benzylic, imine a-hydrogens, and the other acridine

backbone resonances.

Figure 3.6. Left: VT-NMR behavior of the octahydroacridine resonances of (2)Zn2Cls. (NMR
conditions: 500 MHz, CDCI,CDCl,, 295 K to 390 K). Right: labelling scheme for the
octahydroacridine hydrogens of (2)Zn2Cla.
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In order for the benzylic hydrogens to be exchanged, the 24-membered macrocyclic ring
has to invert, i.e. the endo benzylic hydrogens have to become exo and vice versa (Figure 3.7).
This process likely involves a series of correlated Cxyiyi—Cbenzylic and Choenzylic—Nimine bond rotations
and the simultaneous isomerism of the two 5-coordinate Zn centers between trigonal bipyramidal
and square pyramidal geometries. The large and negative AS” value suggests a highly ordered
transition state for this process, which results from the macrocyclic structure of the complex.
Similar large and negative activation entropies have observed for other compounds that undergo

macrocyclic ring inversion.%°-53
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Figure 3.7. Macrocyclic ring inversion of (2)Zn.Cls. The exo benzylic hydrogens are colored
red, the endo benzylic hydrogens are colored blue in the structure on the left and vice versa in the
structure on the right.
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Similar to (2)Zn2Cls, (2)Co2Cl4 is readily prepared from 2 and 2 equiv. of CoClz in butanol
at 110 °C and was isolated in 80% yield (Scheme 3.2 b). The solid-state structure of (2)C0.Cls4
resembles that of (2)Zn.Cls, with both Co centers having distorted trigonal-bipyramidal geometry
and Co—Co distance of 5.501(1) A. This distance is considerably shorter than the Co—Co distance
of 7.731(2) A observed in (A)Co.Cls, which is due to a smaller macrocyclic ring size in (2)Co2Cla.
The pers value determined by the Evans method is be 6.3 BM, which is consistent with two
independent high-spin (S = 3/2) Co?* centers. This result is consistent with previous results for
mononuclear (PDI1)CoX; (X = Cl, Br) compounds.® The *H NMR spectrum contains both broad
and sharp paramagnetically-shifted resonances. The sharp resonances are assigned to the butyl
group and the m-xylylenediamine linker hydrogens due to their large distance from the Co centers.
Fluxional behavior for this complex is observed in solution: 14 resonances (one pair of acridine
resonances are coalesced based on integration) are observed at room temperature indicating that
the ring inversion for (2)Co.Cla is slow. 15 resonances would be expected in the *H NMR spectrum

of (2)Co2Cly4 if the macrocyclic ring inversion is slow and 11 are expected if the inversion is fast.
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Figure 3.8. Molecular structure of 3(2)Co2Cl44CH2Cl,. H atoms and CH2Cl, molecules are
omitted. Key bond and atom distances (A): C1-N1 1.282(4), C2-N2 1.281(4), Co1-N3
2.037(3), Co1-N1 2.145(3), Col-N2 2.189(2), Co1—CI1 2.249(1), Col—-CI2 2.320(1), Col—Co2
5.501(1). Key bond angles (°): N1-Col1-N2 148.8(1), N1-Co1-N3 75.6(1), Cl1-Co1-CI2
114.44(4), N3—Co1-CI1 149.55(8), N3—Co01—CI2 95.91(8). Color key: C gray, N light blue, Co
blue, CI green. Thermal ellipsoids are drawn at 50%.

(2)FexCly is easily prepared from 2 equiv. of FeCl; in butanol at 110 °C and was isolated
in 88% yield (Scheme 3.2 b). The pesf value determined by the Evans method is ca. 6.7 BM, which
is consistent with two independent high-spin (S = 2) Fe?* centers and in line with what is reported
for other (PDI)FeXz (X = ClI, Br) complexes.® 13 resonances are observed in *H NMR, intermediate
between the 15 expected for slow ring inversion and 11 expected for fast inversion. Due to their
close proximity to the Fe?* centers it is likely that the 2 expected benzylic resonances are broadened
into the baseline and are therefore not observed. With this in mind, the macrocyclic ring flip of

(2)Fe2Cly4 is most likely slow on the NMR timescale.
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A dinuclear square-planar Pd complex was also synthesized. Reaction of 2" with 4 equiv.
of PdBrz in CH3CN yields a brown precipitate, tentatively assigned as [(2)Pd2Br2][Pd2Brs]. It has
been reported that the reaction of PDIP" (N,N'-(2,6-pyridinediyldiethylidyne)bis-benzenamine) and
two equiv. of PdClI; yields [(PDIP")PdCI][PdCIs].>*5" A similar reaction is expected to occur with
PdBr.. Crystallographic evidence shows that the PdBrs™ unit exists as the Pd.Bre? dimer.>®%° The
above reports support the tentative assignment of the composition of [(2)Pd2Brz][Pd2Bre]. Anion
exchange using NaBArF, (BArF- = B(3,5-(CFs3)2-Ph)s) in CHCl, followed by trituration with Et,0
yields [(2)Pd2Br2][BArf4]. as a brown powder in 63 % overall yield (Scheme 3.3). The X-ray
structure of [(2)Pd2Br2][BArF4]2 shows that the conformation of the 2 ligand is similar to that in
(2)Zn2Cls and (2)Co2Cl4 (Figure 3.9). The Pd-Pd distance is 4.9402(4) A, shorter than the M-M
distances observed for (2)Zn.Cls and (2)Co.Cls. This is likely because the PDI moieties in
[(2)Pd2Br2][BArTs]. are canted down into the intermetallic cavity compared to (2)Zn.Cls and
(2)C02Cl4 (Chart 3.3a). Both palladium centers are square planar with the bromine atoms directly
over the axial site of the distal palladium center. The Br and distal Pd atoms are 4.0336(4) A apart,
larger than the sum of Van der Waals radii (sum of Pd and Br radii = 3.48 A) and while no
significant bonding interaction is expected, the contracted N3-Pd1-Br angle (174.71(6)°) suggests
a weak electrostatic interaction is present. In the *H NMR spectrum, broad signals are observed
for both the inequivalent benzylic resonances and octahydroacridine backbone methylene
hydrogen resonances, suggesting that a similar ring inversion process to what is observed for
(2)M:Cls is occurring. However, [(2)Pd2Br;][BArf4]. is not thermally stable above room

temperature therefore VT NMR analysis was not possible.
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Scheme 3.3. Synthesis of [(2)Pd2Br2][BAr 4]
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Figure 3.9. Molecular structure of [(2)Pd2Br2][BAr 4].. H atoms and BAr"s” molecules are
omitted. Key bond and atom distances (A): N1-C1 1.334(4), N2—C2 1.299(4), Pd1-N1 2.061(2),
Pd1-N2 2.054(2), Pd1-N3 1.929(2), Pd1-Brl 2.4009(4), Pd1-Pd2 4.9402(4), Pd2-Brl
4.0336(4). Key bond angles (°): N1-Pd1-N2 80.07(9) N2—Pd1-N3 79.48(9), N1-Pd1-N3
159.14(9), N1-Pd1-Br1 99.15(7), N3-Pd1-Brl 174.71(6). 14 = 0.19, 14’ = 0.13. Color key: C
gray, N light blue, Pd teal, Br orange. Thermal ellipsoids are drawn at 50%.

Synthesis of the Bis-PDE Complexes of 2°. The bis-(pyridine-dienamine) tautomer form
of 2’ allows for the facile synthesis of bis-(pyridine-dienamido) (bis-PDE) complexes by
deprotonation-metalation with metal sources containing basic ligands. Reaction of 2° with 2 equiv.
of Zr(NMe)s in PhCI readily generates (2°—4H)Zr2(NMez)s in 79 %.yield via amine elimination
(Scheme 4). The *H NMR spectrum of (2°—4H)Zr2(NMe2) shows that the benzylic hydrogens are
inequivalent, similar to what is observed for (2)Zn,Cls. However, the benzylic resonances are not
broadened due to exchange, indicative of a static structure on the NMR timescale. The vinylic
resonances observed at § 4.67 and § 98.4 observed in *Hand *C{*H} NMR spectra respectively

confirm the bis-PDE form of the ligand.
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Scheme 3.4. Synthesis of (2°—4H)Zra(NMe2)a.
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Alkylation reactions of (2°—4H)Zro(NMez)s were explored in an effort to prepare
crystalline analogue for structural analysis. (2°—4H)Zr2(NMe2)s reacts with excess AlMes to
generate (2’-4H)Zr.Mes in 67 % vyield (Scheme 5 a), whereas reaction with the bulkier
AI(CH2SiMes)s produces (2°—4H)Zr2(CH2SiMes)2(NMez)2 in 74 % yield (Scheme 5 b). Similar to
what is observed for (2°—4H)Zr(NMez)s, vinylic resonances at ca. 6 4.8 and ca 6 98 are observed
in 'H NMR and BC{!H} NMR respectively for both (2°-4H)Zr,Mes and (2°-
4H)Zr(CH2SiMes)2(NMey)2, consistent with the bis-PDE form of the ligand. Additionally, the
benzylic hydrogens are inequivalent and appear as two sharp doublets, indicating that the structure
is static in solution. Specifically, the *H NMR spectrum of (2°—4H)Zr2(CH2SiMes)2(NMez). does
not broaden as the temperature is increased and no EXSY correlations between the benzylic

resonances are observed in the *H-'H NOESY spectrum.

XRD analysis shows that (2°—4H)Zr.(CH2SiMes)2(NMez). adopts a similar conformation
to that of (2)ZnzCls, (2)Co2Cls, and [(2)Pd2Br2][BArf4]. (Figure 3.10 and Chart 3.3). Both Zr
centers are distorted square pyramidal with the bulky -CH>SiMes groups in the more sterically-

accessible axial sites, and the smaller -NMe> groups in the equatorial sites perpendicular to the
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PDE planes. Compared to (2)Zn.Cls and (2)Co2Cls, the metal-metal distance in (2°—
4H)Zr2(CH:SiMes)2(NMez): is elongated to 6.1273(7) A. The N1-C1 bond distance in the bis-PDE
complex (2°—4H)Zr2(CH2SiMes)2(NMey)2. is 1.391(4) A, ca. 0.15 A longer than the N1-C1 bond
distances observed for PDI complexes and consistent with results for previously reported PDE

complexes.5:-83

Scheme 3.5. Synthesis of (2°—4H)Zr.Mes and (2°—4H)Zr,(CH.SiMes)2(NMez)2.
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Figure 3.10. Molecular structure of (2°—4H)Zr2(CH2SiMes)2(NMez).. H atoms are omitted. Key
bond and atom distances (A): N1-C1 1.391(4), N1-Zr1 2.151(2), N3—Zr2 2.248(2), N2—C2
1.390(3), N2—Zr1 2.149(2), C3—-Zr1 2.240(3), N4—Zr1 2.050(2), Zr1-Zr2 6.1273(7). Key bond
angles (°): N1-Zr1-N3 70.25(9), N2-Zr1-N3 69.97(9), N1-Zr1-N2 136.13(9), N3-Zr1-C3
101.4(1), N3-Zr1-N4 143.83(9), N1-Zr1-N4 98.38(9). Color key: C gray, N light blue, Zr cyan,
Si tan. Thermal ellipsoids are drawn at 75%.

As noted above, the Pd-Pd distance in [(2)Pd.Br2][BAr 4] (4.9402(4) A) and the Zr-Zr
distance in (2°—4H)Zr2(CH2SiMes)2(NMez), (6.1273(7) A) are shorter and longer respectively
compared the Zn-Zn distance (5.515(1) A) in (2)Zn,Cls. These differences can be explained by
examining side-on views and views down the pyridine rings of these structures, which are shown
in Chart 3.3. The four-coordinate square-planar Pd sites in [(2)Pd2Br2][BArf4]2. do not have a
ligand pointing towards the distal binding site, in contrast to what is observed in the solid-state

structure of trigonal-bipyramidal (2)Zn»Cls. The resulting lower degree of steric crowding in
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[(2)Pd2Br2][BArF,]2 allows for the macrocyclic ligand to adopt a conformation in which the PDI
moieties are slid parallel away from each other and towards the center of the intermetallic cavity
compared to the conformation observed for (2)Zn.Cls. Additionally, both Pd centers are displaced
0.091 A out of the PDI planes toward the intermetallic cavity. These conformational differences
result in the shortening of the Pd-Pd distance. In contrast, to accommodate the bulky NMe: ligands
in (2°—4H)Zr2(CH2SiMes)2(NMez)2, the two binding sites are forced to move away from each other
which results in less canting of the xylylene linker rings ((2)Zn.Cls: C1-C2-C3 168.85°% (2°—
4H)Zr2(CH2SiMes)2(NMez),: C1-C2—C3 174.819). In addition, both of the Zr centers lie 0.442 A
out of the PDE plane away from the intermetallic cavity. Both of these factors elongate the Zr-Zr

distance.
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Chart 3.3. a) Side-on Views of the Molecular Structures of (Left to Right) (2)Zn2Cla, (2)C02Cls,
[(2)Pd2Br2][BArT4]2, and (2°—4H)Zr2(CH2SiMes)2(NMez)2, (A)Co2Cls. The Front-Facing
Xylylene Linker, Butyl Groups, and Hydrogens Are Omitted. b) Views of the Molecular

Structures of (Left to Right) (2)Zn2Cls, [(2)Pd2Br2][BArTs]2, (2°—4H)Zr2(CH2SiMes)2(NMe2),
Down the Pyridine Rings. The Bottom Pyridine Rings of the Structures are Aligned. Butyl
Groups, Hydrogens, and BAr™s~ Molecules Are Omitted.

Ethylene Polymerization Results. Attempting to use MAO or MMAO-12 as activators in
ethylene homopolymerization with (2)Co2Cls and (2)Fe>Cls results in partial decomposition and
no observed formation of oligo- or polyethylene. However, the reaction of (2)Fe2Cls and 1000
equiv. of Al'Bus under 400 psi of ethylene pressure at 25°C results in the production of C4 — Cio
a-olefins with an activity of 240 kg mmole? h™t and a Schulz-Flory propagation coefficient of
0.10. Under the same polymerization conditions, (2)Co.Cls produces traces of 1-butene and 1-
hexene. The poor polymerization performance likely due to the lack of steric pressure from m-
xylylenediamine linker. Attempted activation of (2°-4H)Zr,Mes with MAO or

[CPhs][B(ArF4)s]/Al'Bus results in decomposition.
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3.3 Conclusion

This chapter describes the synthesis of a bis-(pyridine-dienamine) proligand 2°, a variant
of D, using octrahydroacridine as a ligand backbone that preorganizes the system for
macrocyclization. The template-free synthesis of 2” allows for facile syntheses of a wide array of
bis-PDI and bis-PDE metal complexes. Five-coordinate dinculear bis-PDI (2)M2Cls (M = Zn, Co,
Fe) complexes were synthesized. These complexes exhibit macrocyclic ring inversion on the NMR
timescale. This process was explored for (2)Zn.Cls by VT NMR and lineshape analysis. Eyring
analysis determined AG” to be 15.5(3) kcal/mol at 295 K and 17.3(3) kcal/mol at the coalescance
temperature of 380 K for the benzylic hydrogens. A square-planar dinuclear bis-PDI Pd complex,
[(2)Pd2Br2][BArT4]2, was synthesized and shows similar solution behavior and solid-state structure
to that of (2)M2Cls (M = Zn, Co). Deprotonation-metalation of bis-(pyridine-dienamine) proligand
2’ with Zr(NMe)s results in formation of bis-PDE (2°)Zr2(NMez)s4, which was subsequently
alkylated with AIMez and AI(CH.SiMes3)s to generate (2°-4H)ZroMes and (2’-

4H)Zro(CH2SiMes)2(NMey)2 respectively, the latter of which was characterized in the solid-state.

3.4 Experimental Section

General Procedures. All experiments were performed using drybox or Schlenk
techniques under a nitrogen atmosphere unless noted otherwise. Nitrogen was purified by passage
through Q-5 oxygen scavenger and activated molecular sieves. CH,Cl,, Et,O, THF were dried by
passage through activated alumina. Hexanes and pentanes were purified by passage through BASF
R3-11 oxygen scavenger and activated alumina. 1,2-dichloroethane was dried over magnesium
sulfate for 24 h and then distilled over calcium hydride and stored under nitrogen. CDCls, CD2Cl>,

CDCI,CDCl», and CsDsCl were distilled from and stored over activated 3 A molecular sieves.
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CsDe and CsDsCD3 were distilled from purple Na/benzophenone solutions. Anhydrous metal salts
were purchased from Strem Chemical, Inc. and used without further purification. Acetic acid,
benzaldehyde, anhydrous acetonitrile, and anhydrous n-butanol, MAO, MMAO-12, and Al'Bus
were purchased from Sigma-Aldrich and used without further purification. m-Xylylenediamine
was purchased from Sigma-Aldrich, distilled, and stored under nitrogen. NaBAr"s was donated by
Boulder Scientific and used as received. Combustion analyses were performed by Midwest
Microlab. 9-butyl-1,2,3,4,5,6,7,8-octahydroacridine was synthesized using the procedure reported

by Bell.***> Al(CH2SiMes)s was synthesized from literature procedures.®*

NMR spectra were recorded on a Bruker ADVANCE |1+ 500 or DRX 400 spectrometer.
'H and 3C{*H} chemical shifts are reported relative to SiMes and internally referenced to residual
4 and BC{H} solvent resonances. 'B{*H} and °F{'H} chemical shifts were externally

referenced to BF3OEt; (8 0.0 for B and & —153.0 for '°F).

Electrospray mass spectra (ESI-MS) were recorded on a 6130 LCMS (low resolution)
instrument High-resolution accurate mass spectra (HRA-MS) were recorded using Agilent 6224
TOF-MS instrument in mixed mode. MALDI-TOF-TOF-MS spectra were collected on a Bruker
Ultraflextreme instrument using dithranol as the matrix. The observed isotope patterns closely
matched isotope patterns calculated using envipat 2.2 Web,®® which are reported in the SI for each

metal complex. The reported m/z value corresponds to the most intense peak in the isotope pattern.

X-ray quality crystals of (2)Zn2Cla, (2)C02Cls, and [(2)Pd2Br2][BAr 4]2 were grown from
layering a 1,2-dichloroethane solution of each compound with hexanes (1/1) at room temperature
over 2 days. X-ray quality crystals of (2°-4H)Zr2(CH2SiMes)2(NMez). were grown from layering

a saturated PhMe solution with hexane (1/15) at room temperature over 3 days.
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9-butyl-1,2,3,4,5,6,7,8-octahydro-4,5-bis(phenylmethylene)-acridine. 9-butyl-
1,2,3,4,5,6,7,8-octahydroacridine (39.2 g, 0.16 mol) and acetic anhydride (120 mL, 1.27 mol) were
added to a round bottom flask. Benzaldehyde (145 mL, 1.43 mmol) was added using an addition
funnel. The orange solution was refluxed for 16 h, during which time the solution turned a dark
red color. The flask was then submerged in an ice bath until a yellow crystalline solid began to
form and then the flask was transferred to a -15 °C freezer and left to stand for 6 h. The resulting
yellow crystalline solid was collected and washed with ethanol (3 x 150 mL). The solid dried
overnight under vacuum to vyield 9-butyl-1,2,3,4,5,6,7,8-octahydro-4,5-bis(phenylmethylene)-
acridine as a red-yellow crystalline powder. Yield: 54.0 g, 83 %. By *H NMR, the major impurities
are benzaldehyde, acetic acid, and acetic anhydride. *H NMR (CDCls, 500 MHz): & 8.11 (s, 2H,
PhHC=C), 7.42 (d, ®Jun = 10 Hz, 4H, 0-Ar), 7.35 (t, 3Jun = 10 Hz, 4H, m-Ar), 7.22 (t, 3Jun = 10
Hz, 2H, p-ArH), 2.83 (m, 8H, C=CCH2CH2CH?2), 2.59 (t, *Jun = 10 Hz, 2H, CH2CH2CH:CH3),
1.84 (quintet, 3Jun = 5 Hz, 4H, C=CCH2CH2CHy), 1.44 (m, 4H, CH2CH2CH2CHs), 0.97 (t, *Jnn =
9 Hz, 3H, CH2CH,CH>CHs). *C{*H} NMR (CDCls, 500 MHz): § 149.6, 148.4, 138.6, 136.8,
129.8, 129.6, 128.1, 126.5, 126.3, 30.7, 28.2, 27.8, 26.4, 23.5, 23.2, 14.0. ESI-MS m/z: 420.3

[M+H]*. ESI/APCI-TOF HR-MS (m/z): [M+H]*. Calcd for Ca1HasN 420.2691; Found 420.2684.

Scheme 3.6. Synthesis of 9-butyl-1,2,3,4,5,6,7,8-octahydro-4,5-bis(phenylmethylene)-acridine.
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acridine.

Figure 3.11. NMR Spectra for 9-butyl-1,2,3,4,5,6,7,8-octahydro-4,5-bis(phenylmethylene)-
(2) *H NMR (CDCls, 500 MHz, 23 °C)
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9-butyl-2,3,7,8-tetrahydro-4,5(1H,6H)-acridinedione (1). A three-neck 500 ML round
bottom flask was charged with 9-butyl-1,2,3,4,5,6,7,8-octahydro-4,5-bis(phenylmethylene)-
acridine (11.2 g, 26.74 mmol), CH2Cl> (300 mL), and methanol (100 mL). The solution was cooled
to -78 °C while Oz was bubbled through the solution. The reaction flask was connected to a bubbler
containing a 10% potassium iodide in 1/1 water/acetic acid indicator solution, which turns brown
in the presence of Os. After sparging the solution for 15 minutes, the ozone generator was turned
on. After 30 to 45 min, the solution became a persistent blue color. The generator was then turned
off and the solution purged with O for 15 min, resulting in a colorless solution. Dimethyl sulfide
(9 mL, 0.12 mol) was added dropwise. The resulting pale-yellow solution was left to stir for 16 h
at room temperature. The resulting bright yellow solution was concentrated to a yellow oil and
washed with hot hexane (2 x 40 mL). The oil was dissolved in CH2Cl> (100 mL), then subsequently
washed with water (40 mL), 15 % aqueous sodium bisulfite (50 mL), and water (40 mL). The
organic layer was dried with magnesium sulfate and concentrated on a rotary evaporator. The
resulting yellow oil was then triturated with Et.O (100 mL) and vigorous stirred to yield a bright
yellow-orange solid, which was collected and washed with Et2O (2 x 25 mL). The solid was ground
in a mortar and pestle and placed in a vacuum oven at 70 °C overnight, to yield 1 as a yellow solid.
Yield: 4.7 g, 72 %. 'H NMR: (CDCls, 500 MHz, 23 °C): & 3.02 (t, 3Jun = 8 Hz, 4H,
O=CCH2CH,CHy), 2.77 (t, ®Jun = 8 Hz, 4H, O=CCH2CH>CH>), 2.72 (t, %Jun = 9.5 Hz, 2H,
CH:CHCH2CH3), 2.18 (quintet, 3Jun = 8.5 Hz, 4H, O=CCH.CH.CH,), 1.48 (m, 4H,
CH,CH2CH2CHz), 0.99 (t, 3Jun = 9 Hz, 3H, CH,CH,CH2CHj3). *C{*H} NMR (CDCl3, 125 MHz,
23°C): 6 196.1, 150.7, 147.1, 141.5, 39.2, 30.5, 28.5, 26.2, 23.2, 21.9, 13.8. ESI-MS (m/z): 272.2
[M+H]*. ESI/APCI-TOF HR-MS (m/z): [M+H]*. Calcd for Ci7H21NO, 272.1651; Found

272.1645.
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Scheme 3.7. Synthesis of 9-butyl-2,3,7,8-tetrahydro-4,5(1H,6H)-acridinedione.
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Figure 3.12. NMR spectra of 1.
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Figure 3.12, continued.
(b) B*C{*H} NMR (CDCls, 126 MHz, 23 °C)

mmmmmmm

195.74
150.865
T—147.54
141.38

T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 o ppm

2°.1(1.69 g, 6.23 mmol) and p-toluenesulfonic acid hydrate (59 mg, 0.6 mmol) were added
to n-butanol (30 mL) and stirred until homogeneous. m-Xylylenediamine (848 pL, 6.23 mmol)
was then added via syringe. Within 5 min, a beige precipitate began to form. The dark red reaction
mixture was left to stir for 1 h. The resulting beige precipitate was then collected and washed with
ethanol (125 mL) under air and dried under vacuum overnight to yield 2’ as a beige solid Yield:
1.90 g, 82 %. The labelling scheme for 2” is shown in Figure 3.13. *H NMR (CD2Clz, 500 MHz,
23°C): &: 7.30 (m, 8H, He, Ha, He), 5.12 (br t, 3Jun = 4H, H;j), 4.87 (t, *Jun = 4.5 Hz, 4H, Hy), 4.11
(d, 3Jun = 4 Hz, 8H, Ha,Hb), 2.79 (t, 3Jun = 8 Hz, 8 H, Hr,Hg), 2.65 (t, 3Jun = 7.5 Hz, 4H, H)), 2.34
(0, 3Jnn = 4.5 Hz, 8H, Hi,Hi), 1.43 (m, 8H, Hm, Hn), 0.95 (t, 3Jun = 6 Hz, 6H, Ho). 3C{*H} NMR
(CDCls, 125 MHz, 23 °C): § 145.8 (0-py), 145.4 (m-py), 141.2 (p-py), 139.9 (Cxylyi-Chenzyiic), 129.3

(C-Hy), 129.2 (C-He, C-Hg, or C-He), 128.6 (C-Hc, C-Hg, or C-He), 126.7 (C-He, C-Hg, or C-He),
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94.8 (C-Hx), 48.8 (C-Ha,Hb), 31.8 (C-Hm), 28.3 (C-H), 24.5 (C-Hr, Hg), 23.1 (C-Hn), 21.9 (C-
Hn,Hi), 14.12 (C-Ho). IR (KBr Disk): v(cm™) 3400.2 (N-H), 3049.4, 2955.0, 2874.0, 2854.1,
2812.2, 1641.6, 1560.2, 1488.5, 1464.5, 1427.8, 1403.6, 1384.8, 1357.7, 1291.3, 1211.5, 1163.5,
1099.4, 1018.5, 978.3, 909.1, 201.5, 755.1, 703.9. ESI-MS (m/z): 743.6 [M+H]*, 798.3 [M+Na]".

ESI/APCI-TOF HRA-MS (m/z): [M+H]".Calcd for CsoHseNs 743.4801; Found 743.4782.

Figure 3.13. Labelling scheme for 2°.
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Figure 3.14. NMR Spectra for 2°.
(@) *H NMR of 2° (CDCl3, 500 MHz, 23 °C)
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(b) 3C{*H} NMR of 2’ (CDCls, 126 MHz, 23 °C)
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Figure 3.14, continued.

(c) COSY of 2’ (CDCls, 500 MHz, 23 °C)
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Figure 3.14, continued.

(€) tH-13C HMBC of 2’ (CDCls, 500 MHz, 23 °C)
L AQ_—MJL ppm
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(2)Zn2Cls. ZnCl; (146 mg, 1.08 mmol) and 1’ (400 mg, 0.538 mmol) were suspended in
n-butanol (40 mL). The bright yellow suspension was heated to 110 °C and stirred for 16 h. The
yellow solid was collected and then dissolved in anhydrous CH2Cl, (25 mL) and heated at 40 °C
for 2 d. The CH2Cl, was layered with hexane (25 mL) to yield (2)Zn2Cls as a white solid. Yield:
340 mg, 62%. The labelling scheme for (2)Zn,Cla is shown in Figure 3.15. *H NMR (CD.Cl,, 500
MHz, 23 °C): § 8.07 (s, 2H, Hc), 7.22 (m, 6H, Hg,He), 5.45 (br d, 2Jun = 9 Hz, 4H, H,), 4.35 (br d,
2Jnm = 9 Hz, 4H, Hp), 2.84 (m, 12H, Hr, Hg, Hx), 2.67 (t, 3Jun = 7 Hz, 4H, H), 1.99 (m, 12H, H,
Hi, Hj), 1.44 (m, 8H, Hm, Hx), 0.96 (t, 3Jun = 7 Hz, 6H, Ho). 'H NMR (CDCI.CDCly, 400 MHz, 23
°C): §7.99 (s, 2H), 7.15 (m, 6H), 5.42 (br d, 2Jun = 12 Hz, 4H), 4.33 (br d, 2Jun = 12 Hz, 4H), 2.78
(m, 12H), 2.58 (t, 3Jun = 8 Hz, 4H), 1.89 (m, 12H), 1.32 (m, 8H), 0.86 (t, 3Jun = 7 Hz, 6H) *C{*H}

NMR (CD:Clz, 125 MHz, 23 °C): § 166.3 (C=N), 154.6 (p-py), 142.6 (0-py), 140.0 (Cxyiyi-
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Chenyiic), 137.8 (m—py), 130.3 (C—Hc), 127.5 (C—Hg or C—He), 127.3 (C—Hq or C—He), 53.3 (C-
Ha,Hb), 30.6 (C—Hm), 29.0 (C-H), 28.9 (C—Hi,Hj), 25.0 (C—Hr,Hg), 23.6 (C—Hy), 21.2 (C—Hi,Hi),
13.9 (C-Ho). IR (KBr Disk): v(cm™) 3043.8, 2952.2, 2868.0, 1645.6, 1606.6, 1606.8, 1574.5,
1507.2, 1487.2, 1453.4, 1423.3, 1320.7, 1267.6, 1234.7, 1145.9, 1104.0, 1078.5, 1040.6, 999.78,
967.1, 935.6, 904.1, 875.6, 850.8, 784.9, 710.2. MALDI-TOF-TOF (Dithranol) (m/z): 1129.4 [M
— 3CI + Dithranol — 2H]*, 979.24 [M — CI]*, 945.26 [M — 2CI]*, 841.37 [M — Zn— 3CI]*. ESI/APCI-

TOF HRA-MS (m/z): [M-CI]* Calcd for CsoHssNsZn2Cls 975.2371; Found 975.2388.

Figure 3.15. Labelling scheme for (2)Zn,Cla.
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Figure 3.16. NMR Spectra of (2)ZnzCla.
(@) *H NMR (CD2Cl;, 500 MHz, 23 °C)
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Figure 3.16, continued.
(c) tHCOSY (CD2Cly, 500 MHz)
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Figure 3.16, continued.
(e) Expansion of *H-'H NOESY of (CD.Cl, 500 MHz, 23 °C) (5 3.0 — 1.0)
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Figure 3.16, continued.
(9) Expansion of *H-*C HSQC (CD-Cl,, 500 MHz, 23 °C) (5 6.0 — 3.5, § 56 — 50)
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(h) Expansion of 'H-13C HSQC (CD:Clz, 500 MHz, 23 °C) (5 3.2 — 1.7, § 32 — 20)
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Figure 3.16, continued.
(i) *H-1*C HMBC (CD:Cl>, 500 MHz, 23 °C)

el

opm

L

80

~100

120

140

160

180

H-—bi
| | N
iy

ppm

139



NMR Assignment Rationale for (2)Zn2Cls. Based on the X-ray structure and the COSY
spectrum, there are four independent J-coupled systems: the aromatic hydrogens of the m-xylylene
linker (He, Ha, He), the benzylic hydrogens (Ha, Hb), the three methylene groups of the

octrahydroacridine backbone (He, Hg, Hn, Hi, Hj, Hx), and the butyl tail (Hi, Hm, Hn, Ho).

Butyl Tail: The assignments for the butyl tail are straight-forward based on chemical shifts and
multiplicities.

Hi: 0 2.67

Hm: 0 1.44

Hn: 6 1.44

Ho:50.96

m-Xylylene linker Hydrogens: In proligand 2°, all of the m-xylylene resonances overlap to give a
multiplet at 6 7.25. In (2)Zn2Cla, 4 of those 6 resonances overlapped at 6 7.22, and singlet with an
integral of 2H appears at 6 8.07. Hc is expected to give rise to a singlet, as meta and para couplings
are small.

Hp 8: 8.07
Hc, Ha 8: 7.22

Benzylic Hydrogens: Two broad doublets are seen with a total integration of 8H. Therefore, the
benzylic hydrogens are inequivalent on the NMR time scale, resulting in a AB spin system. In

CDCI,CDCl,, the doublet peaks are well resolved but still broad with a coupling of 2Jun = 12 Hz.

Ha, Hp 6: 5.43, 4.33

Octahydroacridine Backbone Hydrogens: Based on the X-ray structure, the protons in each

140



methylene group of the octahydroacridine backbone are inequivalent. Two broad signals at & 2.84
and o 1.98, each with an integral of 12H, are observed. HSQC shows that the protons at 5 2.84 are
correlated to the carbon signals at 6 25.0 and 6 28.8. The protons at & 1.98 are correlated to the
carbon signals at 8 21.2 and 6 28.8. This suggests that the Hx and H;j are inequivalent and overlap
with the resonances that correspond to Hr and Hg, and Hy and Hi. In the *H-'H NOESY spectra
there is a correlation between H,, which are attached to the carbon bonded to the pyridine ring, and
the broad signal at 6 2.84: therefore, it is Hf, Hg. Only Hj and Hk are within NOE contact with Hc,

Hc, and Hg as the other two methylene groups are too far away to be in NOE contact (>5 A).

He| He,,Hg, 6: 2.84
Hs, He ,Hg 0: 1.98

VT NMR Analysis of (2)Zn2Cls. Spectra of a 32 mM solution of (2)Zn2Cls in dry
degassed CDCI,CDCI; in a J. Young tube were recorded on a Bruker Advance 400 MHz NMR
over the temperature range of 295 K to 390 K. The sample was equilibrated at each temperature
for 15 minutes prior to data collection. As the temperature increases, the benzylic resonances &

5.45 and 4.34 broaden and coalesce. The estimated rate constant at coalescence for the benzylic

resonances was calculated to be 970 s using k; = 2.22 \/ (Vg — Vp)? + 4], Rate constants at all

temperatures were determined using iterative line fitting via the Exchange routine of gNMR5.0.
The benzylic proton resonance at room temperature are broadened due to exchange, and therefore
the natural linewidth in the absence of exchange was assumed to be that for the non-exchanging

resonance at o 8.07.
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As the temperature is increased, Hf, Hg’ sharpen to a broad triplet, the signal at 6 1.98
becomes a broad quintet, Hs, Hs’ sharpen to a broad quintet, and a broad signal appears at 6 2.45.
These multiplicities were confirmed using resolution enhancement of the proton spectrum at 370
K, confirming the assignments for these resonances made previously. Therefore, the broad
resonance at 6 2.45 that appears at 370 K is due to the coalescence of Hg and Hg’. The coalescence
temperature of Hgand Hg” was estimated to be 366 K with an estimated rate constant at coalescence

of 666 s

Table 3.1. Calculated Rate Constants from Lineshape Analysis of (2)Zn,Cl4

Temperature Calculated Rate Uncertaint
(K) Constant (s) y
295 24.5 1.3
310 43.6 1.1
325 83.9 1.1
340 158 1.1
355 352 1.2
370 678 5
375 742 1
377 802 1
378 838 1
379 888 1
380 983 1
385 1210 1
390 1580 17
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Figure 3.17. Eyring analysis of the benzylic hydrogen exchange in (2)Zn2Cla.
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Figure 3.18. High temperature *H NMR spectra of (2)Zn.Cls (CDCI,CDCl;, 400 MHz, 370 K).
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Figure 3.19. Resolution Enhanced high temperature *H NMR spectrum of (2)Zn,Clas
(CDCI.CDCly, 400 MHz, 370 K).
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Figure 3.20. Mass spectra for (2)Zn2Cls
(a) MALDI-TOF-TOF Spectrum for CsoHssNsZn2Cls [M-CI]*

20000
18000
16000
14000
12000
2
S 10000
]
o
8000
6000
4000
2000 l
0 I J J l A A
973 978 983 988 993
m/z
(b) HRA-MS
410 5 | *ES! Scan (0.077-0.460 min, 24 Scans) Frag=70.0V 032417-ER02-77-1.d
2.8
26
24
22
2
18
16
14
8
12 E
S
¢
0.8
=
06 &
Ix) w ™~ 0 2 ©
% S < g A 3 @ ]
021 24 & 3 N - b =]
mm mn\. bl s LL i i ll M fh "~

L "
150 200 250 300 350 400 450 500 550 00 650 70? ZISO 0/0 850 900 950 1000 1050 1100 1150 1200 1250
ounts vs."Mass-to-Charge (m/z)

145




Figure 3.20, continued.

(c) Expansion of HRA-MS to show CsoHssNeZn2Cls [M-CI]*
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(2)C02Cla. CoCl2 (140 mg, 1.08 mmol) and 2’ (400 mg, 0.538 mmol) were suspended in
n-butanol (40 mL). The blue suspension was heated to 110 °C and stirred for 16 h, resulting in a
brown solution. The solvent was evaporated, the crude solid then collected and washed with THF
(25 mL), and dried under vacuum to afford (2)C0.Cls as a light-brown solid. Yield: 400 mg, 80%.
The labelling scheme for (2)Co,Cls is shown in Figure 3.21. *H NMR (CD,Clz, 500 MHz, 23 °C):
8 62.71 (vi2 = 700 Hz), 49.39 (vir2 = 240 Hz), 40.40 (v12 = 180 Hz), 37.96 (s, 4H, vi» = 37 Hz,
Hi), 29.08 (s, 4H, vii2 = 40 Hz, Hm), 28.65 (vir2 = 250 Hz), 22.36 (vi2 = 120 Hz), 18.22 (s, 4H, v112
= 24 Hz, Hm), 13.31 (s, 6H, vir2 = 17 Hz, Ho), -7.04 (s, 2H, vii2 = 20 Hz, He), -8.52 (vi12 = 430) Hz,
-15.04 (s, 4H, vi = 24 Hz, Hq), -28.17 (vi2 = 120 Hz), -81.20 (v12 = 340 Hz). IR (KBr Disk):
v(cm™) 3044.8, 2925.9, 2869.21, 1630.6, 1574.1, 1487.5, 1451.8, 1319.3, 1267.8, 1235.7, 1104.0,
1077.9, 1039.4, 1001.1, 936.5, 910.6, 848.6, 787.5, 726.9, 710.7. UV-Vis (nm, CH2Cl): 664.1,
395.9. MALDI-TOF-TOF (Dithranol) (m/z): 1119.4 [M — 3CI + Dithranol — 2H]", 965.24 [M —
CI]%, 930.28 [M — 2CI]*. ESI/APCI-TOF HRA-MS (m/z): [M-CI]* Calcd for CsoHssNsC02Cl3

965.2447; Found 965.2437. et (Evans Method): 6.3.

Figure 3.21. Labelling scheme for (2)Co2Cla.
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Figure 3.22. *H NMR spectrum of (2)Co.Cls (CD,Cl2, 500 MHz, 23 °C).
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Figure 3.23. Mass spectra of (2)Co2Cla.
(@) MALDI-TOF-TOF Spectrum for CsoHssNsC02Cl3 [M-CI]*
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Figure 3.23, continued.
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Figure 3.23, continued.
(d) Calculated Isotope Pattern for CsoHsgNsC02Clz [M-CI]*
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(2)Fe2Cla. FeCl, (137 mg, 1.08 mmol) and 1’ (400.0 mg, 0.538 mmol) were suspended in
n-butanol (40 mL). The purple suspension was heated to 110 °C and stirred for 16 h, resulting in a
dark blue solution. The solvent was evaporated, the crude solid then collected and washed with
THF (25 mL), and dried under vacuum to afford (2)Fe2Cls as a dark purple solid. Yield: 474 mg,
88%. The labelling scheme for (2)Fe2Cls is shown in Figure 3.24. The benzylic hydrogens are not
observed due to presumed paramagnetic broadening. *H NMR (CD2Clz, 500 MHz, 23 °C): § 21.0
(brs, 2H, v12 = 180 Hz, Hc), 16.6 (s, 4H, vi2 = 55 Hz), 12.1 (s, 4H, vi2 = 19 Hz, Hi), 9.5 (s, 4H,
vip =42 Hz), 6.7 (s, 2 H, vip = 12 Hz, He), 6.4 (S, 4H, vi2 = 19 Hz, Hn), 2.1 (s, 4H, v12 = 18 Hz,
Hn), 1.7 (s, 6H, viz = 12 Hz, Ho), 1.5 (s, 4H, vi2 = 22 Hz, Ha), -4.9 (s, 4H, vi2 = 27 Hz), -20.6 (s,
4H, vi2 = 20 Hz), -24.1 (s, 4H, vz = 70 Hz), -55.0 (5, 4H, vir2 = 110 Hz). IR (KBr Disk): v(cm™)

3048.8, 2953.2, 2930.2, 2868.6, 1625.8, 1572.8, 1487.3, 1452.8, 1426.1, 1377.1, 1320.4, 1283.9,
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1270.2,1236.5, 1199.3, 1149.3, 1102.4, 1076.9, 1039.7, 1001.8, 967.6, 929.5, 912.3, 876.3, 849.3,
786.5, 728.9, 708.8, 650.6, 622.7, 598.7. UV-Vis (nm, CH2Cl2): 612.1, 330.0. MALDI-TOF-TOF
(Dithranol) (m/z): 1119.4 [M — 3ClI + Dithranol — 2H]*, 965.24 [M — CI]*, 930.28 [M — 2CI]".
ESI/APCI-TOF HRA-MS (m/z): [M-CI]* Calcd for CsoHssNeFe2Cls 995.2580; Found: 995.2550.

uetf (Evans Method): 6.7.

Figure 3.24. Labelling scheme for (2)Fe2Cla.
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Figure 3.25. *H NMR spectrum of (2)Fe2Cls (CD2Cl2, 500 MHz, 23 °C).
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Figure 3.26. Mass spectra of (2)Fe2Cla.
(@) MALDI-TOF-TOF Spectrum for CsoHsgNgFe2Cls [M-CI]*
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Figure 3.26, continued.
(b) HRA-MS
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(c) Expansion of HRA-MS to show CsoHssNsFe2Cls [M-CI]*
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Figure 3.26, continued.
(d) Calculated Isotope Pattern for CsoHsgNsFe2Cls [M-CI]*
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[(2)Pd2Brz][BArFa4]2. PdBr; (447.4 mg, 1.76 mmol) and 2’ (333.2 mg, 0.44 mmol) was
suspended in acetonitrile (40 mL). The orange suspension was left to stir for 16 h. The resulting
brown solid was collected and washed with 40 mL of acetonitrile. This solid was assumed to be
[(2)Pd2Br2][Pd2Bre]2. Yield: 700 mg, 88%. [(2)Pd.Br2][Pd2Brs]> (100 mg, 0.55 mmol) was then
suspended in CH2Cl, (15 mL) and stirred rapidly. Na[BAr",] (98.0 mg, 0.11 mmol) was added in
one portion and the suspension was left to stir for 1 h. The resulting suspension was filtered through
celite and concentrated to ca. 5 mL. The concentrate was then filtered through a 0.2 pm syringe
filter and concentrated to a dark brown solid which was dried overnight under vacuum. The crude
solid was triturated with Et2O (15 mL) and the resulting light brown solid collected and dried under
vacuum to vyield [(2)Pd2Brz][BArf4].. Yield: 80 mg, 51 %. The labelling scheme for
[(2)Pd2Br2][BArT4]2 is shown in Figure 3.27. *H NMR (CDCl,, 500 MHz, 23 °C): § 8.18 (s, 2H,
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Hc), 7.72 (br s, 16H, Hy), 7.56 (br s, 8H, Hp), 7.36 (t, 3Jun = 5 Hz, 2H, He), 7.22 (d, 3Jun = 5 Hz,
4H, Hq), 5.54 (br s, 4H, Ha), 4.69 (br s, 4H, Hp), 3.00 (br s, 4H, Hy), 2.87 (br s, 8H, Hs, Hg), 2.71
(br t, 4H, Hy), 2.60 (br s, 4H, H;), 2.07 (br s, 8H, Hn, Hi), 1.42 (br s, 8H, Hm,H»), 0.93 (br t, 6H,
Ho). BC{*H} NMR (CD:Cl,, 125 MHz): § 184.7 (C=N), 162.1 (q, Jcs= 50 Hz, C-B), 156.4 (p-
py), 149.6 (m-py), 143.9 (0-py), 135.9 (Cxyly-Chenzyiic), 135.2 (C-Hg), 129.8 (C-Hc), 129.2 (qd, *Jcr
= 31 Hz, %Jcs = 3 Hz, C-CF3), 129.0 (C-He), 125.0 (q, *Jcr = 270 Hz, -CFs), 128.2 (C-Hg), 117.9
(m, C-Hp), 59.2 (C-Ha,Hb), 30.8 (C-Hi,H;), 30.6 (C-Hm), 29.4 (C-H), 24.6 (C-Hr,Hg), 23.3 (C-Hn),
21.9 (C-Hn,Hi), 13.7 (C-Ho). “*F{*H} NMR (CD:Cl,, 470 MHz, 23 °C): & -63.3. *B{*H} NMR
(CD2Cly, 400 MHz, 23 °C): & -6.6. IR (KBr, Disk): v(cm™) 2965.1, 2879.0, 1653.4, 1610.2, 1569.4,
1457.2, 1355.23, 1278.4, 1121.1, 1001.1, 936.6, 886.8, 838.9, 785.7, 744.7, 712.15. ESI/APCI-

TOF HRA-MS (m/z): [M-BArF4]* Calcd for CgoH7oBBr2F24N6Pd2 1979.1833; Found 1979.1816.

Figure 3.27. Labelling scheme for [(2)Pd2Br2][BArT]..
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Figure 3.28. NMR spectra of [(2)Pd2Br2][BAr 4.

(a) 'H NMR (CDClz, 500 MHz, 23 °C)
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Figure 3.28, continued.
(c) *F{*H} NMR (CD.Cl, 470 MHz, 23 °C)

2‘0 [‘) -2‘0 -40 -éﬂ -8‘0 -1‘00 -1 ‘20 -1140 -1 ;50 -1 1‘30 ppn!l
(d) B{*H} NMR (CD-Cl,, 160 MHz, 23 °C)
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Figure 3.28, continued.

(€) 'H-1H COSY (CD:Cl, 500 MHz, 23 °C)

(f) 'H-H NOESY of [(2)Pd2Br2][BAr 4]z (CD:Clz, 500 MHz, 23 °C)
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Figure 3.28, continued.

(g) *H-13C HSQC (CD:Cl3, 500 MHz, 23 °C)
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Figure 3.29. Mass spectra of [(2)Pd2Brz][BAIT4].
(a) HRA-MS
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Figure 3.29, continued.
(b) Expansion of HRA-MS (m/z 1830 — 2060)
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Figure 3.29, continued.
(d) Calculated Isotope Pattern for Cs,H70BBr2F2:NgPd2 [M-BArT4]*
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(2°-4H)Zr2(NMe2)s. Zr(NMe2)s (222.1 mg, 0.830 mmol) and 2’ (308.4 mg, 0.415 mmol)
were suspended in PhCI (10 mL). The yellow suspension was left to stir for 5 h. Hexane (10 mL)
was added and yellow-orange suspension was stirred with purging N2. The resulting bright yellow
solid was collected and washed with hexane (2 x 25 mL) and dried under vacuum overnight to
yield (2°-4H)Zr2(NMez)s. Yield: 360 mg, 79%. The labelling scheme for (2°-4H)Zr2(NMez)s is
shown in Figure 3.30. 'H NMR (CsDs, 500 MHz, 23 °C): § 8.11 (s, 2H, Hc), 7.27 (m, 6H, Hg, He),
5.40 (d, 2Jun = 15 Hz, 4H, Ha), 4.67 (dd, 3Jun = 5 Hz, 3Jun = 8 Hz, 4H, H;) 4.55 (d, 2Jun = 15 Hz,
4H, Hp), 3.03 (s, 12H, Ha), 2.95 (s, 12H, Hy), 2.21 (m, 20 H, Hy, Hg, Hn, Hi, Hk), 1.05 (m, 8H,
Hi,Hm), 0.81 (t, 3Ju1 = 8.5 Hz, 6H, Hn). BC{*H} NMR (CeDsCl, 126 MHz): & 151.2 (py-0), 148.6

(py-p), 148.4 (Cxyiyi-Coenzyiic), 143.6 (py-m), 127.2 (C-Hg), 126.7 (obscured by solvent resonances,
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from HSQC, C-He), 125.9 (obscured by solvent resonances, from HSQC, C-H.), 98.4 (C-H;), 53.6
(C-Ha,Hb), 43.3 (N-CH3), 42.1 (N-CHs), 30.9 (C-Hi or C-Hm), 27.8 (C-Hx), 23.5 (C-Hhn,Hi), 23.0
(C-HgHg), 22.9 (C-H, or C-Hm), 14.1 (C-H»), the N-C=C resonance is obscured by solvent
resonances. Anal. Calcd for CssH7sN1oZr2: C, 63.46; H, 7.16; N, 12.76. Found: C, 63.22; H, 7.35;

N, 12.42.

Figure 3.30. Labelling scheme for (2°-4H)Zr(NMez)a.
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(a) *H NMR (CsDs, 500 MHz, 23 °C)
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Figure 3.31. NMR spectra of (2°—4H)Zra(NMe2)a.
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Figure 3.31, continued.

(c) 3C NMR (CsDsCl, 126 MHz, 23 °C)
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(d) *H COSY (CsDsCl, 500 MHz, 23 °C)
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Figure 3.31, continued.
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Figure 3.31, continued.

(€) 1H-13C HSQC (CsDsCl, 500 MHz, 23 °C)
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(f) Expansion of *H-13C HSQC (CsDsCl, 500 MHz, 23 °C) (5 8.0 — 6.8, & 140 — 120)
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(2’>-4H)Zr2Mea. (2°-4H)Zr,(NMe2)s (300 mg, 0.273 mmol) was suspended in PhH (30
mL). AlMes (393 mg, 2.73 mmol) was added dropwise with stirring. The reaction mixture was left
to stir for 16 hr. Hexane (30 mL) was added to the suspension and the suspension filtered. The
resulting solid was subsequently washed with hexane (15 mL), Et2O (2 x 10 mL), and hexane (15
mL) and left to dry overnight to yield (2°—-4H)Zr.Me4 as a bright yellow solid which contains 10
% Et20. Yield 180.3 mg, 67 %. The labelling scheme for (2°-4H)Zr,Me4 is shown in Figure 3.32.
'H NMR (CsDs, 500 MHz, 23 °C): & 8.45 (s, 2H, Hc), 7.33 (t, 3Jun = 7.5 Hz, 2H, He), 7.25 (d, 3Jun
= 7.5 Hz, 2H, Ha), 5.59 (d, 2Jun = 15 Hz, 4H, Ha), 4.82 (t, 3Jun = 4 Hz, 4H, H;) 4.61 (d, 2Jun = 15
Hz, 4H, Hp), 2.2 (5, 12H, Hs, Hg, Hn, Hi), 2.03 (t, 4H, H), 1.06 (m, 20 H, Hi, Hm), 0.76 (t, 3Jun = 7
Hz, 6H, Hn), 0.57 (s, 6H, Zr-Met), 0.55 (s, 6H, Zr-Me?).. Anal. Calcd for CssHesNsZr2: C, 66.07;
H, 6.78; N, 8.56. Found: C, 65.56; H, 7.18; N, 9.34. The slight deviation in the amount of C is
most likely due to formation of Zr-C during combustion. This compound decomposes instantly
upon exposure to chlorinated solvents and is not soluble enough in CsDg or C¢DsCDs3 for a *C{*H}

to be collected.

Figure 3.32. Labelling scheme for (2°-4H)Zr.Mea.
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Figure 3.33. *H NMR spectrum for (2°-4H)Zr,Me4 (CsDs, 500 MHz, 23 °C).
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(2-4H)Zr2(CH:2SiMes)2(NMe2)2:  (2°-4H)Zr(NMez)s (300.0 mg, 0.285 mmol) was

suspended in PhMe (15 mL) and Al(CH2SiMes)s (411.2mg, 1.425) was added in one portion. The
mixture was then heated at 80 °C and stirred for 16 hr. The solvent was removed under reduced
pressure. The resulting dark yellow solid was suspended in Et,O (15 mL) and stirred for 5 min.
Pentane (15 mL) was added and the suspension was filtered and the solid washed with pentane (2
x15 mL) and dried under vacuum overnight to yield (2°—4H)Zr,(CH2SiMe3)2(NMe2). as a dark
yellow solid. Yield: 250.0 mg, 74 %. The labelling scheme for (2°-4H)Zr2(CH2SiMes)2(NMey): is
shown in Figure 3.34. 'H NMR (CsDs, 500 MHz, 23 °C): § 7.88 (s, 2H, Hc), 7.24 (t, Jun = 7.5 Hz,
2H, He), 7.17 (d, Jun = 7.5 Hz, Hq, overlapped with solvent peak) 5.37 (t, 2Jun = 15 Hz, 4H, Ha),
4.83 (br dd, 4H, H;), 4.69 (d, 23w = 15 Hz, 4H, Hy), 2.79 (s, 12H, -N(CHs)), 2.35 (m, 8 H, Hr,

Hy), 2.13 (M, 12H, Hn, Hi, HK), 1.07 (m, 8H, Hi, Hmn), 0.78 (¢, 6H, Hn, 3Jun = 6 Hz), 0.72 (s, 4H, -
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CH2Si(CHs)3), 0.02 (s, 18H, -CH,Si(CHs)3).C{*H} NMR (CeDs, 126 MHz, 23 °C): § 151.3 (o-
py), 149.2 (p-py), 148.7 (Cxylyi-Coenzyic), 143.56 (m-py), 127.6 (C-Hd), 126.9 (C-He), 126.0 (C-He),
99.7 (C-Hj), 53.7 (C-Ha,Hb), 51.1 (-CH2Si(CHa)s), 41.1 (-N(CHz)2), 31.0 (C-H1), 27.9 (C-Hy), 23.6
(C-Hn,Hi), 23.3 (C-H,Hg), 22.9 (C-Hm), 14.1 (C-Hn), 2.5 (-CH2Si(CHs)s). Anal. Calcd for

Ce2HsgsNsSi2Zro: C, 62.89: H, 7.49: N, 9.46. Found: C, 62.61; H, 7.50; N, 9.47.

Figure 3.34. Labelling scheme for (2°—4H)Zr2(CH2SiMes)2(NMe2)2.
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Figure 3.35. NMR spectra of (2°—4H)Zr2(CH2SiMes)2(NMey)2.
(a) 'H NMR (CsDs, 500 MHz, 23 °C)
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Figure 3.35, continued.

(c) 'H COSY (CsDs, 500 MHz, 23 °C)
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Figure 3.35, continued.
(e) tH-13C HSQC (CsDs, 500 MHz, 23 °C)
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Figure 3.35, continued.

(g) H NMR (CeDsCDs, 500 MHz, 80 °C)
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Ethylene Oligomerization For (2)Co2Cls and (2)Fe2Cls Ethylene polymerizations at 400
psi were performed using a stainless-steel Parr 300 mL autoclave, which was equipped with a
magnetically-driven 1.5-inch diameter four-blade propeller stirrer, an injection line, thermocouple,
water cooling loop, and a Parr 4842 controller. In a N2 glovebox, a 200 mL glass autoclave liner
was charged with a stock solution of the metal complex in CH2Cl> (1 mL) and a stock solution of
the catalyst in PhF (1 mL) and placed in the autoclave. The autoclave was sealed and CH2Cl;
removed under vacuum in the glovebox. The autoclave was then opened and toluene (45 mL)
added. A stock solution of Al'Bus, MAO, or MMAO-12 (5 mL) was added to the injection line.
Removed from the glovebox, attached to the ethylene line, and pressurized to 350 psi. After

equilibrating for 15 min, the activator solution was added using 400 psi of ethylene pressure. The
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ethylene pressure was kept constant by feeding ethylene on demand. After 30 min the ethylene
line was closed and the autoclave was vented. Methanol (50 mL) was added to quench the excess
activator. 0-Xylene (100 puL) was added as an internal standard, and the solution was analyzed by
GC-MS using an Aglient 6890/5973N GC-MS instrument. The masses of hexene, octene, and
decene were determined by GC-MS using predetermined response factors. The mass of butene

was calculated by extrapolation of the Schulz-Flory fit from the higher mass oligomers.

Figure 3.36. Schulz-Flory plot of oligomers formed by (2)Fe,Cls (1000 equiv. Al'Bus, 400 psi,

30 min)
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X-ray Crystallography. Data were measured at 100 K on a Bruker D8 VENTURE with
PHOTON 100 CMOS detector system equipped with a Mo-target X-ray tube (1 = 0.71073 A).
Data reduction and integration were performed with the Bruker APEX3 software package (Bruker
AXS, version 2015.5-2, 2015). Data were scaled and corrected for absorption effects using the
multi-scan procedure as implemented in SADABS (Bruker AXS, version 2014/5, 2015, part of
Bruker APEX3 software package). The structures were solved by SHELXT and refined by a full-

matrix least-squares procedure using OLEX2.

Specific Refinement Details For (2)Zn2Cls. All atoms were refined with anisotropic
thermal parameters. A dangling n-Bu group was disordered over two positions. One of the CoH4Cl>
solvent molecules showed disorder of the C-atoms. Hydrogen atoms were included in idealized

positions for structure factor calculations.

Specific Refinement Details For (2)Co2Cls. All elements were refined with anisotropic
thermal parameters. Hydrogen atoms were included in idealized positions for structure factor
calculations. Notably, the dangling side n-Bu chains are well resolved. 2 out of 3.5 independent
1,2-dichloroethane (DCE) molecules were found to be disordered. Each disorder was individually
modelled. In one, the separation of a single Cl into two positions was satisfactory, while the second
DCE required a whole-body disorder modelling. The ratios of major/minor parts refined to ca. 0.6
in both cases. Geometric and thermal parameters restraints were utilized to facilitate disorder

modelling

Specific Refinement Details For [(2)Pd2Brs][BAr~4]. All elements were refined with
anisotropic thermal parameters. Hydrogen atoms were included in idealized positions for structure

factor calculations. Notably, the dangling side n-Bu chains and all -CF3 groups are well resolved.
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Specific Refinement Details For (2°-4H)Zr2(CH2SiMes)2(NMez)2. The structure was
solved and refined with HKLF 4 file format. All elements were refined with anisotropic thermal

parameters. Hydrogen atoms were included in idealized positions for structure factor calculations.
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Table 3.2. X-ray Crystallographic Parameters for (2)Zn,Cls.

Empirical formula

Cs6H70Cl10NeZn2

Formula weight 1312.42
Temperature/K 100(2)
Crystal system monoclinic
Space group C2/c
alA 29.591(4)
b/A 10.4524(14)
c/A 20.211(3)
a/° 90
/e 110.024(6)
v/° 90
Volume/A3 5873.2(14)
z 4
pealcg/cm?® 1.484
p/mm* 1.315
F(000) 2712.0
Crystal size/mm? 0.29 x 0.21 x 0.13
Radiation MoKa (A =10.71073)

20 range for data collection/°

4.448 t0 51.53

Index ranges

-36<h<36,-12<k<12,-23<1<24

Reflections collected

44059

Independent reflections

5617 [Rint = 00641, Rsigma = 00399]

Data/restraints/parameters

5617/19/368

Goodness-of-fit on F2

1.083

Final R indexes [[>=2c (1)]

R1=0.0582, wR2 = 0.1265

Final R indexes [all data]

R1=10.0931, wR2 = 0.1442

Largest diff. peak/hole / e A

0.80/-0.69
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Table 3.3. X-ray Crystallographic Parameters for (2)Co2Cls.

Empirical formula Ci164H202Cl26C06N18
Formula weight 3700.70
Temperature/K 100(2)
Crystal system triclinic

Space group P-1
alA 13.957(3)
b/A 16.187(4)
c/A 19.592(4)
o/° 72.718(7)
/e 85.142(7)
v/° 86.999(7)
Volume/A3 4209.5(16)
z 1
peatcg/cm® 1.460
w/mm 1.047
F(000) 1916.0
Crystal size/mm? 0.27 x 0.09 x 0.08
Radiation MoKa (A =10.71073)

20 range for data collection/°

4.276 to 57.644

Index ranges

-18<h<18,-21 <k<21,-26<1<26

Reflections collected

116174

Independent reflections

21916 [Rint = 00579, Rsigma = 00571]

Data/restraints/parameters

21916/31/996

Goodness-of-fit on F2

1.052

Final R indexes [[>=2c (1)]

R1=10.0558, wR2 = 0.1204

Final R indexes [all data]

R1=0.0901, wR2 = 0.1328

Largest diff. peak/hole / e A

1.45/-1.46
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Table 3.4. X-ray Crystallographic Parameters fo [(2)Pd.Br2][BAr4]..

Empirical formula C114Hg2B2Br2F4sNePd2
Formula weight 2842.09
Temperature/K 100(2)

Crystal system triclinic
Space group P-1
alA 13.4066(7)
b/A 13.5948(7)
c/A 15.2126(8)
a/° 90.758(2)
/e 90.910(2)
v/° 95.475(2)
Volume/A3 2759.3(2)
z 1
peatcg/cm® 1.710
w/mm 1.185
F(000) 1412.0
Crystal size/mm? 0.22 x 0.14 x 0.08
Radiation MoKa (A =10.71073)
20 range for data collection/° 4.488 10 55.942
Index ranges -17<h<17,-17<k<17,-19<1<19
Reflections collected 89678
Independent reflections | 13023 [Rint = 0.0433, Rsigma = 0.0402]
Data/restraints/parameters 13023/0/785
Goodness-of-fit on F? 1.035
Final R indexes [I>=2c (I)] R1 =0.0396, wR> = 0.0834
Final R indexes [all data] R1 = 0.0655, wR> = 0.0918
Largest diff. peak/hole / e A 0.84/-0.97
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Table 3.5. X-ray Crystallographic Parameters (2°—4H)Zr(CH2SiMes)2(NMe2)-.

Empirical formula

Ce2HggNgSioZro

Formula weight 1184.02
Temperature/K 100(2)
Crystal system triclinic
Space group P-1
alA 14.6548(10)
b/A 14.8581(10)
c/A 17.1701(16)
a/° 94.675(2)
/e 109.060(2)
v/° 119.188(2)
Volume/A3 2950.8(4)
z 2
peatcg/cm® 1.333
pw/mm* 0.440
F(000) 1248.0
Crystal size/mm? 0.381 x 0.243 x 0.238
Radiation MoKa (A =10.71073)
20 range for data collection/° 4.764 10 56.002
Reflections collected 14241
Independent reflections 14241 [Rint = 0.0563, Rsigma = 0.0307]
Data/restraints/parameters 14241/0/679
Goodness-of-fit on F2 1.083

Final R indexes [[>=2c (1)]

R1=0.0446, wR2 = 0.0864

Final R indexes [all data]

R1=10.0609, wR2 = 0.0921

Largest diff. peak/hole / e A

0.75/-0.45
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