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ABSTRACT

The first half of this thesis details the synthesis and coordination chemistry of a
very unusual pyridine-linked bis(secondary phosphine) pincer ligand system. Despite the
highly nucleophilic phosphide donors, this dianionic system is an unexpectedly poor
pincer ligand. Crystallographic and DFT studies reveal that both phosphide->metal
o- and m-bonding is compromised by long metal-phosphorus bonds, which result in
significant distortions to the chelate ring. The neutral ligand coordinates readily «*
(via phosphines) to late metals, such as palladium(Il), affording P-chirogenic
diastereomers. Crystallographic and spectroscopic analysis of a series of palladium(II)
dihalides stabilized by this bis(phosphine) indicate that one diastereomer is enthalpically
favored, while the other more structurally versatile diastereomer is favored entropically.
There is also evidence of an interesting phosphine epimerization pathway assisted by the

non-coordinated pyridine ring.

Ethylene polymerization and ethylene/1-hexene copolymerization activities of
several zirconium(IV) and vanadium(IIl) polymerization precatalysts supported by
heterocycle-linked bis(phenolate) ligands are also discussed. Activities as high as 10°g
PE/(mol*h) were observed, but only the vanadium catalyst incorporates comonomer,

albeit with low efficiency (<1 mol%).

Finally, -catalytic applications of air- and water-tolerant bis(u-hydroxy)
palladium(Il) dimers have been investigated. Mechanistic studies show that this
precatalyst can oxygenate olefins via a Wacker-type mechanism upon dimer dissociation.

In the absence of stoichiometric oxidant, the resulting palladium(II) hydride intermediate
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can then isomerize and oligomerize olefins with turnover numbers at room temperature as
high as 2100/h and 600/h, respectively. We also show that the catalyst is insensitive to
water and air, so that olefin isomerization and oligomerization can be carried out on the
benchtop in the absence of activators. In the presence of excess fert-butylhydroperoxide,
Wacker-type behavior is favored, and neither isomerization nor oligomerization is
observed. These dimers can also catalyze the aerobic dehydrogenation of cyclohexene to
benzene with relatively low turnover numbers (1/h). Nevertheless, mechanistic studies
indicate a C-H activation/B-hydride elimination sequence that does not involve an

allylic-activated species.
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GENERAL INTRODUCTION

The studies presented in this thesis appear to be tenuously connected, but were
each initiated for the same fundamental reason: to develop and understand transition
metal catalysts for the conversion of cheap, carbon feedstocks to value-added products.
Polyethylene, polypropylene, and polystyrene are ubiquitous materials found in many
households. Their rate of production exceeds 10'' pounds per year using traditional
Ziegler-Natta catalysts.' Likewise, olefin oligomerization processes, such as the Shell
higher olefin process, produces valuable products that may be taken on to fuel,
plasticizers, detergents, and lubricants. The importance of new transition metal
complexes to catalyze both polymerization and oligomerization cannot be overstated,
given the growing catalyst “patent minefield” and an increased need for material with

new and interesting properties.

Chapters 1 and 2 detail the synthesis, properties, and coordination chemistry of a
very unusual ligand that we had initially pursued to confer properties favorable to a class
of non-metallocene early metal polymerization catalysts developed in our laboratory.
Chapter 3 discusses the ethylene polymerization and ethylene/1-hexene copolymerization
behavior of said class of catalysts. Finally, Chapter 4 presents investigations into the
mechanism and reaction behavior of late transition metal oligomerization catalysts that

do not require any activator to initiate.
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Dianionic Bis(Phosphido) Pincer Ligands for
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ABSTRACT

A dianionic pyridine-linked bis(phosphido) pincer ligand (PNP*) has been
synthesized. Unlike its bis(amine) congener, the donating atom of the neutral, non-
coordinated bis(secondary phosphine) ligand is chirogenic. Characterization of the ligand
by NMR spectroscopy reveals a 1:1 mixture of non-interconverting rac and meso
bis(secondary phosphine) diastereomers, but coordination of the dianionic form to
potassium and zirconium allows for isolation of a single diastercomer in nearly
quantitative  yield. = The crystallographic  structure of a  PNP-supported
bis(dimethylamido)zirconium(IV) complex, as well as DFT calculations, suggest that the
phosphides do not m-bond to early transition metals, primarily due to long Zr-P bonds
that result in geometric strain of the six-membered chelate. Furthermore, despite the
increased nucleophilicity of phosphides, PNP o-bonding to zirconium(IV) is also
compromised by the distortions of the ligand to accommodate metal coordination.
As a result, the phosphide donors are prone to bridging to other metal centers, forming
oligomeric products. These investigations provide insight into the nature of rare
bis(phosphide) pincer ligand bonding to early metals, and suggest that future studies and
ligand development should focus on bis(phosphide) pincers capable of less strained five-

membered chelates.



INTRODUCTION

The last half-century has seen impressive developments in olefin polymerization
catalysis.' In particular, studies of well-behaved, single-site Group 4 metallocene
catalysts have provided valuable insight into not only the nature of the catalytically active
species, but the relationship between catalyst structure and resulting polymer
architecture.” Indeed, metallocenes can adopt a wide variety of symmetries to allow strict
stereotactic control of growing polypropylene chains. Because these systems are so well
understood, the rational design of metallocene ligand frameworks to access unusual
polymers has saturated the patent polymerization literature. To harness the potential of
other metals to polymerize olefinic monomers, including late metals, there has been an
increased interest in using well-defined polydentate non-metallocene ligand sets to

support transition metal catalysts.’

Non-metallocenes pose several advantages over metallocene ligands. First,
metallocenes are often synthetically cumbersome to access and modify.” Issues of
regioselectivity often plague their synthesis, and planar chirality upon metalation can
result in diastereomeric metal complexes. Alternatively, many non-metallocenes can be
synthesized using sequences of well-behaved, high-yielding reactions — such as Pd-
catalyzed cross-coupling — to install functional groups, allowing for fast modification to
the ligand for catalyst screening studies. Both metallocenes and non-metallocenes offer a
wide variety of symmetries, but non-metallocenes are not restricted to anionic carbon
donors (such as cyclopentadienyl anion.) Ligand sets coordinating via combinations of
anionic and neutral nitrogen and oxygen group members have thus been explored.” While

these traits are particularly desirable for developing catalysts that affect new
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stereocontrolled reactions, gross changes in ligand architecture necessitate new

understanding of how the scaffold affects the physical properties of a polymer.

Figure 1.1. Like metallocenes, complexes supported by heterocycle-linked

bis(phenolate) ligands can achieve a wide variety of geometries. Figure from reference 4a.

Some of the most successful non-metallocene polymerization catalysts are
supported by polydentate anilide and phenolate ligands. In light of these findings, our
group reported in 2008 that Group 4 and Group 5 metal complexes supported by
tridentate heterocycle-linked bis(phenolate) ligands can polymerize propylene with good

to excellent activity in the presence of methylaluminoxane (MAQ).*

Importantly, these
ligand sets are connected through sp’-sp® aryl-heterocycle linkages instead of more

flexible sp>-sp’ linkages, imparting ligand rigidity. Not only are the frontier molecule

orbitals of complexes supported by these ligands similar to metallocenes, but they can
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achieve a wider range of symmetries depending on the phenolate ligand twist angles

(Figure 1.1).

A series of tantalum amine, amido, and imido complexes supported by pyridine-
linked bis(phenolate) ligands were synthesized to study the relationship between
phenolate-metal m-bonding and solid-state geometry of the metal complex.’ X-ray
crystallographic analysis, DFT calculations, and molecular orbital considerations reveal
that the preference for Cs-symmetry results from strong phenolate-Ta w-bonding. On the
other hand, C,-symmetry is preferred in complexes in which phenolate-Ta s-bonding is
overridden by stronger ancillary ligand N-Ta s-bonding (Table 1.1). Unlike metallocenes,
pyridine-linked bis(phenolate) pincer ligands are not strong enough m-bonding to exert

dominant control over the electronic and geometric properties of the complex.

# of average

Ta=L  TaObond T20)ave
Ly for (ONO)TaL; symmetry P-bOnds  order A)
(NPh)(NHPh)(NH,Ph) C 3 1 2.002(1)
(NMe,); C, 3 1 1.985(2)
(NMey),Cl Cs 2 1.5 1.924(3)
(NPh)(NHMe,)Cl Cs 2 1.5 1.954(2)
(NPh)(NH,Ph)CI Cs 2 1.5 1.948(3)
(NMe,)(CH5)CI Cs 1 2 1.887(2)
(=CHPh)(CH,Ph)(PRg)  C; 1 1.922(1)
(CHa)3 Cs 0 1.906(1)

Table 1.1. Selected geometric parameters of pyridine-linked bis(phenolate)-supported

tantalum(V) amine, amido, and imido complexes. Table adapted from reference 5.
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The geometric dependence on ancillary ligand p-bonding can be rationalized
using molecular orbital theory (Figure 1.2). Cs-symmetric bis(phenolate) ligands can
n-bond through p, and py atomic orbitals on oxygen to the dy, and d, orbitals on tantalum,
respectively. In the case of mono(amide) bis(phenolate)-stabilized tantalum complexes,
the O-Ta m-bonding interactions are strong enough to force the amide to w-bond with dy,,
despite the steric interactions arising between the amide methyls and bulky phenolate
tert-butyl groups. While two strong N-Ta m-bonds (as in the amide tantalums complex)
sacrifice phenolate m-bonding into the tantalum d,, orbital, it preserves the O-Ta
n-bonding interaction involving the dy, orbital of the metal. When there are three N-Ta
n-bonds (as in the amide-imide tantalum complexes), the remaining O-Ta m-bonding
interaction involving the tantalum dy, orbital is sacrificed to allow m-bonding with the
amide pyx orbital. As the phenolate-tantalum interaction becomes exclusively o-bonding,
the O-Ta bond length increases. A shift from C; to C,-symmetry accommodates the
lengthened bonds between the phenolate ligands and the large tantalum atom.
Furthermore, twisting to C,-symmetry avoids electronically unfavorable filled-filled
orbital repulsion between the full amide px-dx, molecular orbital and the bonding orbital

involving the phenolate p, orbital.

While the symmetries of Group 4 and Group 5 bis(phenolate)-supported
precatalysts are observed in the solid state, propylene polymerization using C,-symmetric
precatalysts yields stereoirregular, atactic polypropylene. The lack of stereocontrol
exhibited by these bis(phenolate)-supported catalysts suggests the ligand scaffold may
not be geometrically rigid enough to impart enantiomorphic site control. Despite the

rigorous analysis of the solid-state geometries of hexacoordinate tantalum complexes



8

discussed above, the molecular orbital-based argument may not accurately describe the
relationship between pincer ligand mt-bonding to the metal and the overall geometry of the
cationic active catalyst upon treatment with MAO. On the other hand, perhaps the
argument holds for the active species, yet the effects of phenolate-metal m-bonding
(favoring Cs-symmetry) and six-membered ring strain (favoring C,-symmetry) are simply

comparable.

0 or 1(shown) strong Ta-N = bonds

. 3RS ABG8

6 phenolate p,-d,, amide p,-d; phenolate py-dy,
(similarly for (ONO)Ta(=CHPh)(CH,Ph)(PR3))
2 strong Ta-N = bonds:
(i‘,l .
NPh ;
'B Y 'B @ )
1 o-10 .
(O &S
S
'Bu ] P 'Bu
45 phenolate p,-d,, imide p,-d,, imide py-dy,
(similarly for 3)
3 strong Ta-N n bonds:
H Ph
N A7
NPh 3
'B “/ 'B
N o-tico_ [ )
|
(SO
1 | Ny [
Bu P Bu
1 amide p,-d,, imide p,-d; imide py-d,
(similarly for 2)

Figure 1.2. Bonding model describing the relationship between phenolate O-Ta
n-bonding and overall geometry. Greater O-Ta n-bonding favors Cs symmetry, while C,
symmetry is favored by complexes engaged in weaker O-Ta m-bonding (and stronger N-

Ta m-bonding.) Figure from reference 5.
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To investigate related frameworks where electronic factors may completely
dominate the solution-state geometry of active catalysts, metal complexes stabilized by
pincer ligands with more electron-donating pyridine-linked bis(anilides) (NNN) were
synthesized and evaluated as propylene polymerization catalysts.* However, x-ray
crystallographic studies and DFT analysis reveal that, unlike related bis(phenolate)
complexes, six-coordinate bis(anilide) metal complexes do not adopt Cs-symmetry. The
bis(anilide) geometry in the solid state seems dictated entirely by chelate ring strain, not
metal-ligand m-bonding, and as such, retains C,-symmetry when complexed to Group 4
metals, regardless of ancillary ligand. In addition to longer anilide N-M bonds (relative to
phenolate O-M bonds), it is also possible that anilide substitution encourages C,-twisting
to avoid the steric clash that would otherwise destabilize a Cs-symmetric complex.
Unfortunately, Group 4 bis(anilide) complexes provide stereoirregular, atactic
polypropylene in poor to moderate yield (10°~10* g/mol*h) when activated by MAO — a

consequence perhaps of fluxional geometry of the active catalyst in solution.

If the degree of m-donation from the pincer ligand to the metal indeed enforces
overall symmetry of the complex, pincer ligands with anionic, highly nucleophilic third
row donors could in fact provide more electronic bias than their second row congeners
for one geometry over the other. Therefore, in hopes of developing a rigid, non-fluxional
active catalyst, we turned our attention to a pyridine-linked bis(phosphide) (PNP) ligand
analogous to the bis(anilide) (NNN) ligand discussed above. Due to the scarcity of
reported bis(phosphides), we hoped to also gain insight into the solution-state behavior

and diastereomerism of the non-coordinated ligand PNP-H,. In addition, the coordination
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chemistry of even rarer dianionic bis(phosphide) pincer ligands with early transition

metals could be probed.

The chemistry of phosphines is largely centered on the ability of the nucleophilic
P-centered lone pair to form new bonds to electrophilic centers.® In particular, tertiary
phosphines are often used as ligands to stabilize transition metal complexes. Their
relatively straightforward synthesis allows steric and electronic tuning, and access to
optically active phosphines with chiral substituents.” Although both phosphines and their
amine congeners have pyramidal geometries, inversion occurs rapidly at room
temperature for amines. In contrast, phosphine inversion has an energy barrier of 30-35
kcal/mol, making it immeasurably slow at room temperature; even at 130 °C, the half-life
of a simple tertiary phosphine is about 3.5 hours.® This unique property allows the
synthesis and isolation of P-chiral phosphines, which are often used as ligands in metal-

catalyzed asymmetric processes.

Secondary phosphines and their conjugate phosphides, on the other hand, are far
less explored as ligands than tertiary phosphines or amine/amide congeners.” Their
biological toxicity and sensitivity toward autoxidation requires rigorously air-free
handling and storage, and their synthesis often involves sensitive, reactive intermediates
and protecting groups for purification.'” While some secondary phosphines may be
accessed by reductive cleavage of either diphosphine P-P bonds or tertiary phosphine C-P
bonds,'' most are derived from the reduction of chlorophosphines.'? These precursors are
often synthesized by careful organomagnesium addition to PCl;. While reductions of
chlorophosphines to install P-H bonds are typically high yielding, the sensitive products

are often purified by vacuum distillation or chromatography in degassed solvents under
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inert gas. To ameliorate their reactivity and simplify their purification, secondary

phosphines can be protected as phosphine-boranes, oxides, sulfides, or selenides (Scheme

13
1.1).
o-
R{R I|=’H
1 2+
S_
o, A, |
or ||HAHa RyR,PH
H,0, A +
S
1. R{MgX .
2. RyMgX LiAIH, LiAIH,
PCl; —— 3= R{R;PCl — g R R:PH A
KSeCN
LiAIH,
A Se™
BHg*SMe, NAEtS |
RyR,PH
1 2+
BH,
R{RoPH

Scheme 1.1. General synthesis and protection/deprotection of asymmetrically substituted

secondary phosphines (red)

Metal phosphidos are important intermediates in catalytic reactions that form P-C
bonds, such as hydrophosphination of alkenes and phosphination of aryl and alkyl halides.
As such, the structure, bonding, and reactivity of the M-PR; functional group are well
understood. Whereas amidos are typically planar, phosphide ligands are often
pyramidal."® Due to the higher quantum number of phosphorus, the lone pair resides in an
extensive orbital that can also coordinate in L-type fashion to another metal in
polynuclear complexes. As a result of longer M-P bonds (relative to M-N bonds) and
reduced steric congestion, X-type phosphides tend to be stronger bridging ligands than

amides. Phosphide planarity, on the other hand, occurs upon donation of the phosphorus



12
p-orbital into a vacant metal d-orbital. LX-type phosphides engaged in this M-P mn-

bonding are three-electron donors (Figure 1.3), and are observed most often when

coordinated to high-valent early transition metals.

- _p.uR
LM PV"H L"M_P\R

" re
%K. 8
o

X-type ligand LX-type ligand
1 electron donor 3 electron donor

Figure 1.3. Relationship between phosphide ligand type and phosphorus geometry

Complexes with pyramidal X-type phosphides see longer, weaker M-P bonds and
compressed M-P-R bond angles, while complexes with planar LX-type phosphides see
shorter, stronger M-P bonds and large M-P-R bond angles."* Some of the first examples
of well-defined early transition metal phosphides were reported by Baker in 1983."
These zirconocene and hafnocene bis(phosphides) ((°-CsHs):M(PRy), (M = Zr, Hf; R =
Et, Cy, Ph)) contain both X-type and LX-type phosphides that interconvert in solution,
but not in the solid state. Conveniently, their crystal structures provide a direct
comparison of both phosphide ligand bonding types. For instance, in the solid-state
structure of Cp,Hf(PEt,),, one pyramidal phosphide is engaged in a long, single bond to
hafnium (2.682(1) A), whereas a trigonal planar phosphide seeing lone pair donation to
the metal is engaged in a shorter, double bond (2.488(1) A) (Figure 1.4). Indeed, this 7-

donation is substantial, since the trigonal planar PEt, ligand is orthogonal to the P-Hf-P
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plane, allowing maximum overlap between the phosphorus p-orbital and the empty

hafnocene a; molecular orbital.

top-down view

~Et
ﬁ P~Et
fnPEt, 2682(1) A /
X “\
% PEt, 2.485(1)A \
k P.

\’Et
Et

Figure 1.4. Hafnocene with inequivalent phosphide ligands in the solid state

Middle and late transition metal complexes with both phosphide and phosphine
ligands have also been reported, and serve as convenient systems to compare metal bonds
to neutral and anionic phosphorus donors. For instance, Schrock reported a PEts-
stabilized tungsten(VI) phosphido complex W(CCMes)(PHPh)(PEt;),Cl, (Figure 1.5) ¢
The phosphide is trigonal planar, and the W-PHPh bond (2.291(1) A) is substantially
shorter than the W-PEt; bonds (2.553(1) A), a difference that likely reflects m-bonding
between the phosphido ligand and the d’ tungsten center. The diagnostically large W-P-C
angle (140°) is also characteristic of an LX-type bonding mode. Expectedly, the
analogous amido complex W(CCMe;)(NHPh)(PEt;),Cl, sees a significantly shorter W-N
bond (~2.0 A). Conversely, the reported phosphine-coordinated osmium(II) phosphido
complex Os(PHPh)(PPh;),(CO),Cl has a pyramidal phosphide, and a slightly longer Os-
PHPh bond (2.523(7) A) compared to the Os-PPh; distances (2.414(7) and 2.423(6) A)
(Figure 1.6)."” Although not discussed by the authors, the Os-PHPh bond may be longer
than the Os-PPh; bond due to both electron repulsion between the lone pair on

phosphorus and a filled orbital on the d° metal, and the greater p-acidity of PPhs which
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encourages Os—>PPh; backbonding. The phosphide geometry, Os-PHPh distance and the

compressed Os-P-C angle (113.0(1.1)°) indicate that the phosphide coordinates to the

osmium(II) center in an X-type fashion.

PEt; 4 PPhj

| ~PS |
Clu,,, ZP~ph OC., P H
— — 05
Cl |\CMe ocC | Cl Ph
PEt, PPh,
W(VI) - dO Os(ll) - 6

Figure 1.5. Transition metal phosphides with L-type tertiary phosphine ligands as

benchmarks for comparison

Pincer bis(phosphides) are extremely rare, likely owing to challenges in
controlling phosphorus reactivity in a many step synthesis and isolation. In fact, to our
knowledge, only one pincer bis(phosphide), a xanthene-derived POP-type pincer ligand,
had been reported prior to our investigations.' The ligand itself is synthesized in a three-
step sequence involving double ortho-deprotonation of a xanthene, anion quenching with
‘BuPCl,, and P-Cl bond reduction (Scheme 1.2). The bis(phosphine) is obtained in 59%
overall yield in a 2:3 racimeso ratio. Deprotonation and salt metathesis with
Zr(NMe,),Cl,(DME) affords (POP)Zr(NMe,), in 53% yield as a single diastereomer. X-
ray crystallographic studies reveal that the phosphorus atoms exhibit pyramidal geometry
and relatively long Zr-P bonds (2.6305(5) and 2.6387(6) A). Despite coordination to a d°
metal center, these structural features are consistent with minimal P->Zr m-bonding,

although no explanation is offered.
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1. s-BuLi, TMEDA o LiAIH, o
(2 equiv) (2 equw
2. tBuPCI2 59%
(2 equiv) over three steps

KBn (2 equiv)
53% then
Zr(NMe,),Cly(DME)

NMe,

Scheme 1.2

The inversion barrier of phosphides in metal-phosphido complexes is generally
lower (~2-20 kcal/mol) than that of phosphines (~30-35 kcal/mol).'* The large range of
values reflects a barrier dependent on metal, oxidation state, phosphide substitution, and
non-phosphide ligands. Inversion has been suggested to proceed through one of two
mechanisms. In each, inversion of a pyramidal phosphide involves a planar transition
state. However, for early, high-valent transition metals, the phosphorus p-orbital in the
transition state is stabilized by a vacant acceptor orbital on the metal; the transition state
sees M-P m-bonding, but often at the expense of metal m-bonding to some other ligand.
For middle and late metals that are often low-valent, electrons from the metal impart
inductive effects on the phosphide lone pair, presumably increasing the energy of the
ground state (more than the planar transition state) and decreasing the overall activation

barrier. Consequently, some metal phosphides can invert at room temperature.
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RESULTS AND DISCUSSION

C-P Cross-Coupling Approach

Semi-rigid pyridine-linked bis(phenolate) and bis(anilide) ligands 1 — 4 have been
previously described by our group.* The triaryl frameworks are prepared conveniently by
robust Pd-catalyzed carbon-carbon bond-forming reactions. We hoped to develop a
versatile and modular synthesis of an analogous bis(secondary phosphine)pyridine ligand
(5) using a sequence of similar cross-coupling reactions — one to establish the carbon
skeleton of the ligand framework via arene-arene bond construction, and the other to
effect a less conventional C-P coupling (Figure 1.6). Promisingly, there are several
reports of Pd-catalyzed monoarylation of primary phosphines using iodo- and
bromoarene coupling partners.'’ These transformations are moderate-to-high yielding,

but suffer from narrow substrate scopes.

Cross-coupling Cross-coupling

1, R'=R2= CMegz, X = OH

2, R' = Me, R? = Adamantyl, X = OH
3, R! = Me. R? = CEts, X = OH 5
4,R'=R2=H, X = NHMes

C-P bond construction

Figure 1.6. Modular, cross-coupling approach toward pyridine-linked bis(phenolates)
and bis(anilides), and a plausible analogous strategy toward pyridine-linked

bis(phosphides)
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Readily available ONO-type ligand 1 was investigated as an intermediate in the

potential synthesis of PNP-type ligand 5 (Scheme 1.3). Deprotonation of 1 with BuLi and
O-triflation at room temperature affords bis(triflate) 6. However, treatment of 6 with a
variety of traditional nickel and palladium carbon-heteroatom bond-forming catalysts in
the presence of phenylphosphine (PhPH,) only results in the formation of a single,
unidentified phenylphosphine-coordinated metal complex by *'P NMR. These species are
spectroscopically observed even in the absence of substrate 6. Indeed, it may be that these
complexes are productive and form in sifu in reported C-P bond-forming reactions with
aryl halide partners, but oxidative insertion into the C-OTf bonds of 6 may be too slow to
compete with some phosphine dissociation pre-equilibrium, or may be reversible
(although the product would be stabilized by chelation to the pyridine ring). Alternatively,

the insertion step may simply be highly discouraged due to the bulky ortho tert-butyl

group.

1. BuLi (2.1 equiv)
THF, -78 °C — RT

MesC CMez 2. Tf20 (2.5 equiv) MesC CMej
O OH HO O 91 % over two steps ‘ OTF TFO C
CM93 CMea CM93 CMes

[Ni] = Ni(COD),, Ni(PCys)s, NiCl,, NiBr, { [Ni] or [Pa] /] PhCH; or
[Pd] Pd(PPhg),, Pdy(dba)s, PA(OAC),, PACIy(MeCN), + PIPHz A o N.N-dimethylacetamide

Me;C I l CMe;
PH HP

CMe, Ph CMe,

not observed

Scheme 1.3
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To explore a C-P coupling approach involving aryl bromide coupling partners,
sterically unencumbered dibromide 7 was synthesized via two high-yielding sequences of
pyridine-directed mercuration/lithiation/bromination (Scheme 1.4).*° We did not pursue a
cross-coupling strategy toward 7 due to potential issues of chemoselectivity of the
catalyst between the commercially available 2,6-dibromopyridine and an ortho-
brominated coupling partner (2-bromophenylboronic acid, for instance.) Attempted C-P
coupling reactions of 7 and PhPH, with traditional nickel and palladium catalysts
afforded intractable mixtures with multiple *'P NMR signals. Importantly, diagnostic

doublets with typical 'Jpy values (indicative of a secondary phosphine) were not

observed.
Hg(OAc),
A EtOH, A BN LiCl, A X
| 24 hours | 1 hour |
~ —_— > 2 > “
Ph” "N~ “Ph N then NBS N
| 91%
AcOHg Br
o | | 1- Hg(OAC),
93%] | 5. Lici
3.NBS
e memamannas . = | [Ni] or [Pd] N
AR ) o PhPH,, A

! [Ni] = Ni(COD),, Ni(PCys)4, NiCl, ! N ’ Z

:[ I ( )2, Ni(PCys), 2: N N

! [Pd] = Pd(PPhg),, Pd(OAc), : X
Vecmcccmecceccecccceeeaeand PH HP Br Br
1 |
Ph Ph
8 7
not observed

Scheme 1.4
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Nucleophilic Aromatic Substitution Approach
Developing a late-metal-catalyzed C-P cross-coupling reaction with aryl triflates
and bromides is beyond the scope of this project. Due to the undesired catalyst reactivity
in the presence of PhPH,, we were instead encouraged to pursue a transition metal-free
route to PNP-type ligand 8. The route could exploit the nucleophilicity of a primary
phosphine in an SyAr-type reaction with aryl halides (in particular chlorides and

fluorides) that would install the problematic C-P bond.

Although aryl bromides are typically less reactive in SyAr reactions than their
chloride or fluoride analogs, we first investigated dibromide 7 as a substrate in the
nucleophilic reaction with a phosphide. Phenylphosphine can be quantitatively
deprotonated under superbasic conditions (KOH in DMSO, eq. 1), then treated with
dibromide 7. Perhaps due to deleterious radical formation, the aryl bromide does not react
cleanly with PhPHK, affording intangible mixtures of multiply phosphinated products by

3'p NMR.

PhPH, + KOH ——— 3 PhPHK + H,0 (1)
DMSO L
quantitative by 3'P NMR

Surprisingly, there are no reported cross-coupling methods for the synthesis of
2,6-di(ortho-chloroaryl)pyridines. While transition metal-free approaches can access
2,4,6-polychloroaryl pyridines, issues of chemoselectivity would arise using these
substrates with PhPHK under SyAr conditions.? Nevertheless, we envisioned that
dichloride 9 could arise from a Suzuki coupling of 2-chlorophenyl boronic acid and 2,6-

dibromopyridine (Scheme 1.5, Table 1.2). The cross-reaction was complicated, however,
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by pyridine-directed activation of the C-Cl bond of the monocoupled product to afford 10

and generally <5% of desired product 9 by GC-MS.

5 mol% Pd(OAC), =
K3PO, : :
B(OH), N 2:1 solaven'?:H2O H N l H
22 + | _ e : N :
cl Br” N7 “Br  A24hrs : :
5 cl cl :
: 9
major product : <5% :
pyridine-directed
C-Cl activation
z
I
N Br
PdLCI
Scheme 1.5
Catalyst Solvent T (°C) Yield (10)

Pd(OAc)2 DMF 100 76%

Pd(OAc)2 THF 60 60%

Pd(PPh3)4 THF 60 65%

Pd(PPh3)2CI12 THF 60 67%

Pd(PPh3)2CI12 dioxane 60 83%

Pd(PPh3)2CI12 DME 60 81%

Pd(PPh3)2CI12 DME 60 25%

Table 1.2. Effects of catalyst, solvent, and temperature on the synthesis of dichloride 9
and pyridine-directed C-Cl activated product 10
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Alternative, unexplored routes to dichloride 9, such as a double
mercuration/lithiation/chlorination sequence® or Pd-catalyzed oxidative chlorination,
may be effective.”” However, given the greater reactivity of aryl fluorides in SnAr
reactions and the reduced likelihood of pyridine-directed C-F bond activation in the
cross-coupling of 2,6-dibromopyridine and 2-fluorophenylboronic acid, we synthesized

difluoride 11 in excellent yield (eq. 2, Table 1.3).

5 mol% [Pd]

B(OH), A base, 2:1 solvent:H,0
22 @i + Jl\/j\ —> (2)
E Br” NZ Br 17 hrs
Catalyst Base Solvent T (°C) Yield (11)
Pd(OAc), K5POy4 DMF RT 16%
Pd(OAc), K5POy4 DMF 100 48%
Pd(PPh3), K5POy4 DMF 100 35%
Pd(PPh;),Cl, K5POy4 DMF 100 66%
Pd(PPh;),Cl, K5POy4 DME 100 87%
Pd(PPh;),Cl, K,CO; DME 100 92%

Table 1.3. Effects of catalyst, base, solvent, and temperature on the synthesis of 11

Treating 11 with PhPHK affords bis(phosphine)pyridine 8 in 70% yield as a 1:1
rac:meso mixture of diastereomers (eq. 3). Conveniently, an air-free workup and aqueous
wash of the reaction removes all products but the desired. Solvent effects typical of
nucleophilic substitution reactions are observed: while the reaction occurs on the order of
days in nonpolar solvents, gratifyingly full conversion occurs in 20 hours in DMF and 5
hours in DMSO. Interestingly, the SyAr reaction is remarkably sensitive to the counterion

stabilizing the phenylhydrophosphide nucleophile (Table 1.4). Lithium or sodium



22
phenylhydrophosphide reacts with 10 to afford the desired bis(phosphine) in only 15% or

36% yield. A near doubling of yield was observed for the potassium salt, likely a result of
softer potassium phosphide and/or subsequent side reactions that occur more readily for

the lithium and sodium salts.>*

PhPHM (2.1 equiv) H/ \ph (3)
RT, sol ’
, solvent H @,H
N 8-
o\ [ eme

11 \

Ph Ph
PhPH-M Solvent Time Yield 8

PhPH-K DMSO 5 hrs 70%
PhPH-K DMF 20 hrs 66%
PhPH-K THF 20 hrs 22%
PhPH-Na DMSO 5 hrs 15%
PhPH-Li DMSO 5 hrs 36%

Table 1.4. Effects of alkali earth metal counterions and solvent on the synthesis of

bis(phosphine) 8



In summary, PNP-type ligand 8 may be synthesized in two steps in 67% overall
yield from commercially available starting material (Scheme 1.6). Analytically pure
material can be accessed via a chromatography-free route, thus avoiding technical
difficulties inherent to purifying air-sensitive secondary phosphines. The synthesis should
be modular, with opportunities to create PNP-type pincer libraries from variously

substituted fluorophenylboronic acids in combination with aryl and alkyl primary

phosphines.
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5 mol% Pd(PPhg),Cly
K,CO

2 3
/@\ 2:1 DME:H,0, 100 °C
—_—
% 17 hrs

Br N Br
92%

PhpH, KO PhPHK DMSSrC]’, RT
DMSO (2.1 equiv) rs
70%
Ph[iT "] H
b N P,© 8-rac
/ \
H Ph

Scheme 1.6
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Spectroscopic Properties and Dynamic Processes of PNP Ligand 8

The diagnostic 'H NMR signals for P-H protons of 8-rac and 8-meso reveal
typically large one-bond coupling to phosphorus ('Jp.y = 223 Hz, 224 Hz) (Figure 1.7).
The *'P NMR spectrum reveals two doublets, each corresponding to a pair of
magnetically equivalent phosphorus atoms on either 8-rac or 8-meso; as expected, the 'Jp.
u values agree with those in the 'H spectrum. The equilibrium diastereomeric ratio has
not been investigated in detail, but the ratio of diasteromers does not differ greatly from
one in any solvent examined thus far (CH,Cl,, THF, MeCN, PhCH3, tetrachloroethane).
Variable-temperature NMR experiments (Figures 1.8 and 1.9) reveal diastereomeric
interconversion of 8-rac and 8-meso at elevated temperatures: coalescence is achieved at
roughly 380 K (110 °C, '"H NMR, 500 MHz, tetrachloroethane-d,), corresponding to a
rate constant kigo = 254 s and free energy of activation AGggoI = 18.3 kcal/mol (eq. 4).
However, attempts to resolve the diastereomers were unsuccessful, and crystals of either
diastereomer or co-crystallized diastereomers sufficient for x-ray structure determination

could not be obtained.

@ '12 = @L\ @ ?
Ph ksgo =254 s h
8-rac AGigo! = 18.3 kcal/mol 8-meso
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300 MHz 'H NMR, benzene-dg, RT

TUpy =224 Hz
"Up.y =223 Hz

6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 50 49 438 4.7 4.5

f1 (ppm)
121 MHz 3'P NMR, benzene-ds, RT
"Up.y = 223 Hz
1JF’-H =224 Hz
PR REEEER R D R RSRARE ST [ REREER RS [EPEREREEERE

Figure 1.7. Selected regions of 'H (top) and *'P (bottom) NMR spectra in benzene-ds
revealing PH(C¢Hg) and PH(CsHg) signals, respectively, for rac and meso diastereomers

of 8
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'H NMR, tetrachloroethane-d,

A Jl'l\_"l\l‘\ e tt——
1

| I || I\

At A SN

4.7

4.5

4.3 4.1 3.9

120°C

115°C

110°C

105 °C

95°C

75°C

55°C

35°C

Figure 1.8. Variable-temperature '"H NMR spectra in d>-TCE revealing coalescence of

PH(CsHp) signals of 8-rac and 8-meso at 110 °C
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f 31p{'H} NMR, tetrachloroethane-d,
\ 120°C

115°C

I 110°C

\ 105°C
A/

Al 95°C
tl 75°C

‘ A 55°C
AIA‘/‘\n
I | 35°C
-33 -35 -37 -39 -41 -43 -45 -47 -49 -51 -53 -55
f1 (ppm)

Figure 1.9. Variable-temperature *'P{'"H} NMR spectra in d>-TCE revealing coalescence
of PH(C¢Hp) signals of 8-rac and 8-meso at 110 °C
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Synthesis and Characterization of (PNP)K;

Fast double deprotonation of the bis(phosphine)pyridine can be achieved
quantitatively with KHMDS or benzylpotassium in THF to afford dipotassium-bridged
bis(phosphide) 12. The presence of a single *'P singlet in the NMR spectrum immediately
following deprotonation indicates that both 8-rac and 8-meso share the same conjugate
base in solution (Figure 1.10). Slow evaporation of a THF solution of 12 produces
crystals that analyze as tetrapotassium bis(bis(phosphide)pyridine) complex 13, a Ci-
symmetric dimer with an octanuclear, ladder-like potassium-phosphorus core (Figure
1.11). The dimer does not persists in solution, since the *'P NMR spectrum at -80 °C
indicates equivalent phosphorus atoms. Therefore, 12 is regenerated upon dissolution of

13 (Scheme 1.7).

Ph[ir =] H
A

P P\

H 8rac Ph KBn or KHMDS T =

(2 equiv) N

—> —AN

v THF, RT O p<K>p O
’ P K~ ““ph

99%
H\@ ,H 12

Ph' 8-meso Ph dissolution “ crystallization

11

K— —P—K—P:@
Y
TN N

K-coordinated THF molecules
not shown

Scheme 1.7
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*P NMR, THF-dy

" e - "
— ¥ Sl
25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50
f1 (pom)

Figure 1.10. *'P NMR spectrum of PNP-K, (12) in THF-ds at -80 °C
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Figure 1.11. Thermal ellipsoid representation of dimeric 13 at the 50% probability level.
All hydrogens, THF carbons and P-phenyl carbons omitted for clarity, and ellipsoids at
the 50% probability level. Selected bond lengths (A) and angles (deg): K(1)-P(2)
3.5380(10); K(1)-P(1) 3.2276(10); K(1)-N(1) 2.9943(19); K(2)-P(2) 3.2479(11); K(2)-
P(1) 3.3030(10); P(2)-K(1)-P(1) 90.90(2); P(2)-K(2)-P(1) 94.91(2); K(1)-P(2)-K(2)
84.69(2); K(1)-P(1)-K(2) 88.96(2)

The potassium and phosphorus atoms in the K4P4 core are arranged as alternating
vertices of three conjoined quadrilateral, nearly square arrays. The potassium atoms
making up the corner vertices of the core are within bonding distance to only one P (K1-
P1 = 3.2276(10) A), but bridge weakly to the other P of the same molecule (K1-P2 =
3.5380(10) A). Potassium atoms shared by both ligands in the center of the cluster
engage in bonding to two phosphorus atoms of one ligand (K2-P2 =3.2479(11), K2-P1 =
3.3030(10) A), and less strongly interact with P2 of the other ligand across the inversion

center (K2-P2a = 3.3943(10) A). The ligand pyridine ring is canted about 66° from the
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flanking phenyl rings to accommodate nitrogen-coordination to potassium(1). However,
the large N1-K1 internuclear distance (2.9943(19) A), and the vector’s 31° dihedral angle
from the pyridine plane suggests only a weak interaction.

To our knowledge, Turculet has synthesized and characterized the only other
known alkali metal-stabilized bis(phosphide) pincer ligand (14)."® Crystallographic
analysis of the dipotassium xanthene bis(phosphide) conjugate base of the POP-type
ligand discussed previously has a quadrilateral K,P; core in the solid state. Unlike 13, this
bis(phosphide) is monomeric in the unit cell, possibly due to the steric encumbrance of
the tert-butyl substituents on the phosphorus atoms. K-P distances are unremarkable (K-P
= 3.128(1) A, 3.220(1) A, 3.254(1) A, 3.288(1) A), yet on average slightly shorter than
the K-P bond distances in 13, although this may be a result of the different chelate sizes
of both ligands, different phosphide substituents, and/or the crowded, dimeric structure of

13 relative to monomeric 14.

K-coordinated Et,O molecules
not shown

Synthesis and Characterization of (PNP)Zr(NMe>),
We envisioned that metalation of PNP-type ligand 8 could be achieved by
protonolysis of a metal complex, or salt metathesis from dipotassium bis(phosphide) 12.

Unfortunately, attempted preparations of well-defined Group 4 and Group 5 metal
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complexes with two or three simple X-type (e.g., chloride or benzyl) ligands were
unsuccessful, due to the propensity of phosphides to form extensive bridging networks
with two or more metals."* Indeed, these reactions resulted in the immediate precipitation
of insoluble and wunreactive oligomeric products that analyzed as the desired
stoichiometry, even under dilute conditions.

We therefore examined homoleptic metal complexes stabilized by strong s-donor
ancillary ligands as precursors to reduce coordinative unsaturation of the products.
Indeed, we were pleased to discover that the roughly C,-symmetric zirconium
bis(phosphide)pyridine-bis(dimethylamido)  zirconium(IV) complex 15 <can be
synthesized racemically and quantitatively via treatment of Zr(NMe;)s with a 1:1 mixture
of 8-rac and 8-meso in benzene at room temperature, through a mechanism that likely
involves protonolytic release of two equivalents of dimethylamine (eq. 5). Both
enantiomers of 15 were co-crystallized for x-ray analysis from toluene. The structure
reveals the desired tridentate, pincer-type interaction with the bis(phosphide)pyridine

ligand (Figure 1.12).

4
H 8-rac Ph Zr(NMey) 4
-2 NMe,H

+

@L‘@

Ph' 8-meso Ph

benzene, RT
5 minutes

99%

11

(PNP)Zr(NMe,), (15) exhibits one of the largest (C, twist) torsional angle

(79.77°) between the aromatic pyridine substituents observed in any of our reported C»-
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symmetric pyridine-linked bis(phenolate) or bis(anilide) complexes prepared to date
(Table 1.5). The long Zr-P bonds (2.6853(13) and 2.7002(12) A) and the pyramidal
geometry of phosphorus, reflected by the sum of the angles around each atom (££p =
300.28(48)°, 292.6(8)°), strongly indicate that each phosphide donates only one electron
in an X-type fashion through a single bond to the metal. Phosphide lone pair donation to
Zr dn would require planarization of the ligand skeleton to allow for phosphorus sp’
hybridization. Considering the long Zr-P and P-Cincer bonds (P1A-C1A = 1.839(5), P2A-
C17A = 1.832(4) A), models suggest that this rehybridization and planarization of
phosphorus, in addition to shortening of the Zr-P bond, would involve severe distortions
to the ligand framework. Correspondingly, significant ring strain from planarization of
the 6-membered [-Zr-P-C-C-C-N-] rings (vide supra) is expected to make for a very high
energy barrier for racemization through a Cs-symmetric intermediate. The relatively
short Zr-Namige bond lengths (2.007(3) and 1.991(4) A) and the planarity of each amide

nitrogen (24 = 360°) are as expected for strong LX-type bonds.
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Figure 1.12. Thermal ellipsoid representation of one enantiomer of (PNP)Zr(NMe,),
(15) at the 50% probability level. Hydrogens are omitted for clarity. The left perspective
is a top-down view. The right perspective is viewing down the Zr-N1A bond. Selected
bond lengths (A) and angles (deg): Zr(1)-P(1A) 2.6853(13); Zr(1)-P(2A) 2.7002(12);
Zr(1)-N(1A) 2.406(3); Zr(1)-N(2A) 2.007(3); Zr(1)-N(3A) 1.991(4); P(1A)-Zr(1)-P(2A)
141.26(4); Zr(1)-P(1A)-C(1A) 83.56(14); Zr(1)-P(1A)-C(18A) 115.08(15); C(18A)-
P(1A)-C(1A) 102.18(19); Zr(1)-P(2A)-C(17A) 80.20(13);  Zr(1)-P(2A)-C(24A)
109.76(14); C(17A)-P(2A)-C(24A) 102.7(2)



Ltorsion(c 1- Ltorsion(C3 - Ltorsion(c 1-

Complex X M R, R, R;3, R4, Ry C2-pyr) C4-pyr) C2-C3-C4)
0 Ta CMe;, NH,Ph, o R .
16 CMe, NHPH. NPh 38.84 2725 56.67
17 0 Ta CMe;, NNPh,, Cl 29.61° 35.29° 57.03°
CMe, pyridine
18 0] Ta CMe;, NMe,, 36.03° 30.94° 59.12°
CMC3 NMeQ,
NMe,
19 o Ti CEts, CH,Ph, -, 30.69° 34.31° 58.11°
Me CH,Ph
20 0 Ti CMe;, CH,Ph, -, 25.64° 27.06° 48.90°
CMe:; CHzPh
21 0 Ti Ad, OCH(CH,),, -, 36.31° 32.93° 63.01°
Me OiPr
22 N(Mes) Ti H,H NMe,, -, 41.50° 36.92° 81.15°
NMe,
23 N(Mes) Zr H,H NMe,, -, 41.13° 4533° 80.29°
NMe,
24 N(Mes) Zr H,H Cl, THF, Cl 37.96° 35.09° 61.82°
15 P(Ph) Zr H,H NMe,, -, 44.13° 50.75° 79.77°
NMe,

Complexes 16-18: ref. 5
Complexes 19-21: ref. 4a
Complexes 22-24: ref. 4c

Table 1.5. Geometric parameters of pyridine-linked bis(phenolate), bis(anilide), and
bis(phosphide)-supported early metal complexes
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Frontier Molecular Orbitals as Predicted by Density Functional Theory

DFT calculations were performed on the frontier molecular orbitals of
(PNP)Zr(NMe,), (15) using both 6-31G and LANL2DZ basis sets to gain further insight
into electronic structure. The HOMO is non-bonding, residing primarily on each
phosphorus atom of the ligand (Figure 1.13). That the HOMO is comprised of extensive,
essentially pure 3p phosphorous orbitals compliments the experimentally observed
tendency of electron-deficient PNP-ligated metal complexes to form phosphide-bridging

oligomers.

Figure 1.13. DFT-predicted HOMO of (PNP)Zr(NMe,), (15). Atoms are color coded:

nitrogen (turquoise), carbon (gray), phosphorus (orange), zirconium (red)

In contrast, the HOMO-1 is mostly comprised of the Zr-P o-bonding interactions
between a primarily phosphorus 3p and a well-defined Zr dz2 orbital (Figure 1.14).
Because of the geometric strain of the ligand’s six-membered chelate, the individual

phosphorus and zirconium atomic orbitals do not achieve an ideal 180° overlap. This has
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important, perhaps general, implications on the bonding strength of PNP-type ligands to

early metals. For one, despite the highly nucleophilic phosphide donors, geometric strain
not only discourages Zr-P m-bonding, but sacrifices some degree of Zr-P o-bonding as
well. Thus, the PNP-type ligand is not as electron-donating as monodentate phosphides or
less constrained bis(phosphides). The reduced donation to the metal likely increases the
overall nucleophilicity of the non-bonding 3p phosphorus orbital, so that in complexes
with non-p-bonding ancillary ligands unable to stabilize electron-deficient metal centers,
the phosphide lone pairs are even more prone to bridge to other metals and form

oligomeric products.

Figure 1.14. DFT-predicted HOMO-1 of (PNP)Zr(NMe,), (15). Atoms are color coded:

nitrogen (turquoise), carbon (gray), phosphorus (orange), zirconium (red)

Interestingly, calculations of the LUMO reveal substantial density at the pyridine
ring, suggesting that this is where reaction with a nucleophile is likely to occur (Figure

1.15). While reaction with strong nucleophiles such as MeLi, NaOMe, and NaSMe may
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in fact occur at the pyridine ring, we obtained intractable mixtures in each case,
unsurprising if irreversible addition of these nucleophiles eliminates aromaticity and

kinks the heterocycle to weaken the chelate to the metal.

Figure 1.15. DFT-predicted LUMO of (PNP)Zr(NMe;), (15). Atoms are color coded:

nitrogen (turquoise), carbon (gray), phosphorus (orange), zirconium (red)

Reactivity of (PNP)Zr(NMe;), (15)

We further explored the reactivity of (PNP)Zr(NMe,), (15), but were surprised to
find that it remains stable in solution at 90°C for 3 days, after which products of
decomposition could be detected by NMR. Similarly, we observed neither phosphidation
with diphenylphosphine or dicyclohexylphosphine, nor transamidation with diethylamine,
diphenylamine, or di(p-tolyl)amine, even after heating at similarly elevated temperatures
for 2 days. Attempts to generate an imido complex by treatment with aniline, p-
fluoroaniline, and toluidine failed as well. Perhaps most surprisingly, complex 13 does

not react with 2 equivalents of TMSCI at room temperature, but instead reacts at 50
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degrees after 3 hours to form a red precipitate with concomitant release of TMS(NMey).
That this precipitate is insoluble in a variety of solvents suggests that the dichloride may
be generated, but quickly oligomerizes even under dilute conditions (Scheme 1.8). These
findings reveal the stability conferred upon 15 by the nt-donating dimethylamido ligands.
Disappointingly, 15 exhibited no activity as a propylene polymerization catalyst, likely
due to an excess (200-500 equivalents) of the Lewis acidic cocatalyst MAO, which can

coordinate to either phosphide or amide ligands.

TMSCI
(2.0 equiv)
—>
benzene
50 °C, 3 hours

——» [(PNP)ZrCl,], oligomers

not observed

Scheme 1.8

CONCLUSIONS

We have developed a short, modular, and efficient synthesis of a novel pyridine-
linked bis(phosphide) pincer ligand as a 1:1 mixture of non-interconverting rac and meso
diastereomers. Metalation with potassium or zirconium generates extremely rare
bis(phosphide) pincer-supported complexes. The solid-state structures reveal significant
ring strain within the six-membered chelates as a result of long bonds to phosphorus. This
ring strain prevents P->Zr m-donation by discouraging planarization of the phosphide

donor. As a result, the pincer ligand phosphides are highly pyramidalized X-type donors.
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Despite phosphide nucleophilicity, early transition metal complexes coordinated
to the PNP pincer ligand require m-bonding ancillary ligands to stabilize the electron-

deficient metal center. While the PNP ligand coordinates to metals with non-rt-donating
ligands, monomeric complexes are highly unstable and ultimately engage in phosphide
bridging interactions with other metal complexes to afford oligomeric products. This
observation agrees with DFT modeling of the HOMO and HOMO-1 molecular orbitals of
(PNP)Zr(NMe,),. The HOMO, which resides on phosphorus and is comprised of a large,
non-bonding 3p orbital, is likely responsible for the tendency of the phosphide ligand to
bridge to other metals, while the HOMO-1 suggests weak Zr-P o-bonding. These features
may be general of all bis(phosphide) pincer ligands engaged in six-membered chelates,
since M-P bond lengths are not expected to change significantly from one phosphide to
the next. Therefore, it stands to reason that similar bis(phosphide) pincers are not
effective ligands for early metals. To encourage phosphide m-donation by the PNP ligand
to a transition metal center, further investigations into its coordination chemistry and that
of its analogs are underway. Bis(phosphide) pincers that can engage in five-membered

chelates will also be explored as stronger donors.

EXPERIMENTALS

General Considerations and Instrumentation. All air- and moisture-sensitive
compounds were manipulated using standard high vacuum and Schlenk techniques or
manipulated in a glovebox under a nitrogen atmosphere using degassed solvents. n-
Butyllithium solution was titrated with salicylaldehyde phenylhydrazone.”> KBn was

26

prepared according to literature methods.” Zr(NMe;)s was prepared according to
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literature precedent.”” Phenylphosphine was purchased from Strem. Triflic anhydride was
distilled over P,Os prior to use. KOH was crushed into a fine powder using a mortar and
pestle, and dried overnight at 100 °C under vacuum. DMSO and DME were distilled over
CaH,. All other solvents were dried over sodium benzophenone ketyl and stored over
titanocene dihydride where compatible or dried by the method of Grubbs.*® All NMR
solvents were purchased from Cambridge Isotopes. Benzene-ds and THF-dg were dried
over sodium benzophenone ketyl, while acetonitrile-d;, methylene chloride-d>, and
tetrachloroethane-d, were dried over CaH, and stored over molecular sieves. Chloroform-
dwas used as is. All other chemicals were used as received. 'H, 13C, 31P, and "’F NMR
spectra were recorded on Varian Mercury 300 or Varian INOVA-500 spectrometers and
unless otherwise indicated at room temperature. Chemical shifts are reported with respect
to internal solvent: 7.16 and 128.38 (t) ppm (C¢Ds); 7.27 and 77.23 (t) ppm (CDCls); 1.72
and 3.58, and 67.21 (p) and 25.37 (p) ppm (THF-ds); 6.0 and 73.78 (t) ppm (TCE-d>); for
'"H and C data. *'P chemical shifts are reported with respect to an external H3PO4 85%

reference (0 ppm).

Pyridine-linked bis(triflate) 6. To an oven-dried 100 mL round-bottom flask equipped
with a stirbar and charged with bis(phenol) 1 (2.0 g, 4.1 mmol, 1.0 equiv) was added 50
mL Et,O. After cooling the flask to -78 °C, n-butyllithium (3.6 mL, 9.0 mmol, 2.2 equiv,
2.6 M in hexane) was added dropwise. The dark red solution was warmed to room
temperature and stirred for 2 h. Triflic anhydride (2.5 g, 9.0 mmol, 2.2 equiv) was added
dropwise and the reaction was stirred for 16 h at room temperature. The reaction was
poured into ice-cold water (50 mL) and extracted 3 times with Et,O (50 mL). The organic

extracts were washed with brine (50 mL), and dried over Na,SO,. Filtration and
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concentration in vacuo afforded an off-white solid. The solid was washed with petroleum
ether to afford 2.8 g of analytically pure 6 (91% yield). '"H NMR (300 MHz, CDCls) &:
1.34 (s, 18H, C(CHs3)3), 1.52 (s, 18H, C(CHs)3), 7.47 (d, 2H, J = 6 Hz, 3,5-NCsH-H>),
7.54 (d, 2H, J = 3 Hz, aryl-H), 7.61 (d, 2H, J = 3 Hz, aryl-H), 7.78 (t, 1H, ] = 8 Hz, 4-
NCsHx-H). °C NMR (75 MHz CDClL) &: 31.4 (C(CHs)s), 32.0 (C(CHs)s), 35.1
(C(CHs3)3), 36.4 (C(CHs)3), 118.3 (q, J = 319 Hz, ArOSO,CF3;), 124.0, 127.8, 128.1,
136.1, 136.7, 141.3, 143.6, 150.9, 156.4 (aryl). "F (282 MHz, CDCl;) &: 73.8

(ArOSO,CF’3). HRMS (ESI): caled mass 752.2509; exact mass 752.2526.

2,6-bis(2’-fluorophenyl)pyridine (10). A 500 mL bomb equipped with a stirbar was
charged with 2,6-dibromopyridine (6.2 g, 26 mmol, 1.0 equiv), 2-fluorophenylboronic
acid (9.6 g, 69 m mol, 2.6 equiv), Pd(PhCN),Cl, (0.50 g, 1.3 mmol, 0.050 equiv) and
triphenylphosphine (0.68 g, 2.6 mmol, 0.10 equiv). 1,2-dimethoxyethane was added (66
mL) to afford a canary yellow suspension, after which an aqueous solution of 4M K,CO3
(33 mL) was added. The flask was sealed and heated to 100°C. After 16 h stirring, the
brown solution was cooled to room temperature and filtered through Celite. The brown
filtrate was partitioned with EtOAc (200 mL), and the organic layer extracted from the
aqueous layer with EtOAc (100 mL) four times. The combined organic fractions were
washed with brine (100 mL), and dried over MgSO,. The reaction was filtered and
concentrated in vacuo to afford a dark brown solid, which was redissolved in Et,O and
filtered through a silica plug. The filtrate was concentrated to afford an off-white solid,
which was washed with petroleum ether to afford 6.7 g of 10 in 95% yield as a white
solid. "H NMR (300 MHz, CDCl;) &: 7.18 (ddd, 2H, J = 8 Hz, ] = 5 Hz, J=1 Hz), 7.26-

7.32 (m, 2H), 7.35-7.44 (m, 2H), 7.77-7.87 (m, 2H), 7.79-7.81 (m, 1H), 8.15 (td, 2H, J, =
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8 Hz, J, = 2 Hz). *C NMR (125 MHz, CDCl;) 116.18 (d, J = 23 Hz), 123.12 (d, J = 10

Hz), 124.47 (d, J = 4 Hz), 127.44 (d, ] = 12 Hz), 130.39 (d, J = 9 Hz), 131.19 (d, ] = 3
Hz), 136.787 (s), 153.05 (d, J = 2 Hz), 160.70 (d, J = 249 Hz). '°F (282 MHz, CDCL) §:

117.02 (m). HRMS (FAB+) C;7H2F,N: calcd mass 268.0938, measured mass 268.0942.

(PNP)H; 11 (rac and meso). To an oven-dried 250 mL round-bottom flask equipped
with a stirbar and charged with powdered KOH (2.6 g, 47 mmol, 2.1 equiv) was added
degassed DMSO (10 mL) and PhPH; (5.2 g, 47 mmol, 5.2 mL, 2.1 equiv). The canary
yellow solution was stirred for 2 h at room temperature, followed by dropwise addition of
10 (6.0 g, 22 mmol, 1.0 equiv) as a DMSO solution (10 mL), taking care to avoid an
exotherm. After 5 h stirring, the dark red solution was quenched and diluted with an
excess of degassed water (100 mL). The addition of benzene (50 mL) then afforded a
slightly yellow biphasic mixture. The benzene layer was extracted into a 500 mL bomb
with a cannula, and the aqueous/DMSO layer was extracted with benzene (50 mL) two
more times. The combined organic extracts were washed with degassed water (200 mL)
four times, filtered through a pad of alumina, and concentrated in vacuo to afford a
viscous oil, that when taken up in Et,O and concentrated again, afforded 7.0 g of 11 as a
white powder in 70% yield. NMR analysis reveals a 1:1 mixture of diastercomers. 'H
NMR (300 MHz, C¢Dg)*' &: 5.31 (d, J = 224 Hz, 2H, ArPH(C¢Hs)), 5.44 (d, J =223 Hz,
6H, ArPH(Ce¢Hs)), 6.85-7.00 (m, 14H, aryl-H, rac/meso), 7.04-7.18 (m, 14H, aryl-H,
rac/meso), 7.24-7.34 (m, 6H, aryl-H, rac/meso), 7.34-7.42 (m, 4H, aryl-H, rac/meso),
7.48-7.59 (m, 4H, aryl-H, rac/meso). *'P{'H} NMR (121 MHz, C¢D¢) &: -44.54 (d, J =
227 Hz), -43.85 (d, J = 224 Hz). HRMS (FAB+) Cy9H24NP,: calcd mass 448.1384,

measured mass 448.1371.
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(PNP)K; 12a. To an oven-dried 50 mL round-bottom flask equipped with a stirbar and

charged with 11 (500 mg, 1.1 mmol, 1.0 equiv) was added THF (5 mL). The clear
solution was cooled to -40 °C, after which KBn (290 mg, 2.2 mmol, 2.0 equiv) dissolved
in cold THF (2 mL) was added dropwise. The dark red solution was warmed to ambient
temperature and concentrated in vacuo to approximately 1 mL for growth of red crystals
of 12b by slow evaporation of THF into toluene. For quantitative isolation, the THF
solution is completely evaporated, washed with pentane, and dried in vacuo to afford 0.58
g of the dipotassium salt as a red powder, which was stored at -15 °C. "H NMR (300
MHz, d*-THF) &: 6.44 (td, J = 7.2, 1.2 Hz, 2H), 6.57-6.73 (m, 6H), 6.85 (t, J = 15.1 Hz,
4H), 7.35 (d, J = 7.6 Hz, 2H), 7.42-7.53 (m, 4H), 7.69 (t,J = 7.6 Hz, 1H), 7.72 (d,J = 7.9

Hz, 2H).*'P{'H} NMR (121 MHz, d®-THF) &: -14.35 (s).

(PNP)Zr(NMe;); 13. An oven-dried 50 mL round-bottom flask equipped with a stirbar is
charged with bis(phosphine) 11 (57 mg, 130 umol, 1.0 equiv) and Zr(NMe,)s (34 mg,
130 umol, 1.0 equiv). Benzene (5 mL) is vacuum transferred at 0°C, and the solution
stirred rapidly while warming to ambient temperature. After 5 min stirring at room
temperature, the dark red solution is concentrated in vacuo to afford a red oil. Pentane is
then vacuum transferred onto the oil, and the pink suspension is concentrated in vacuo to
afford 80 mg of a pink solid in 99% yield. Crystals suitable for x-ray analysis were
obtained in toluene at -35 °C. '"H NMR (300 MHz, C4Ds) 8: 2.64 (s, Zr(N(CHs),),, 12H),
6.66 (d, ] =7.9 Hz, 2H), 6.70 (td, J = 7.5, 1.2 Hz, 2H), 6.88 (td, J = 7.7, 1.4 Hz, 2H), 6.95
(ddd, J =17.5, 2.8, 1.3 Hz, 2H), 7.09-7.01 (m, 3H), 7.18 (t, J = 7.9 Hz, 4H), 7.47 (dd, J =

7.5, 2.8 Hz, 2H), 7.70 (t, ] = 6.6 Hz, 4H). *'P{'"H} NMR (121 MHz, CsDs) : 0.00 (br s).
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Anal. Calcd. for C33H33N3P,Zr: C, 63.44; H, 5.32; N, 6.73. Found: C, 63.66; H, 5.24; N,

6.60.

Variable-Temperature NMR Procedure. All variable-temperature NMR experiments
were performed on a Varian INOVA-500 spectrometer. An oven-dried J. Young NMR
tube was charged with 7 mg of 8. On a high-vacuum-line setup, the tube was evacuated
and 1.2 mL of tetrachloroethane-d, was vacuum transferred onto the solid. The solution
was then blanketed in argon and sealed. The desired temperature of the NMR probe was
set, and after reaching said temperature, the temperature of the tube was allowed to

stabilize for 15 minutes before acquiring a spectrum.

X-Ray Crystal Data: General Procedure. Crystals grown from THF (13) and toluene
(15) were removed quickly from a scintillation vial to a microscope slide coated with
Paratone N oil. Samples were selected and mounted on a glass fiber with Paratone N oil.
Data collection was carried out on a Bruker KAPPA APEX II diffractometer with a
0.71073 A MoKa source. The structures were solved by direct methods. All non-
hydrogen atoms were refined anisotropically. Some details regarding refined data and cell
parameters are available in Crystallographic Information. Selected bond distances and

angles are supplied as well.

Computational Details. Density functional calculations were carried out using Gaussian
03 Revision D.01.” Calculations were performed using the nonlocal exchange correction
by Becke™ and nonlocal correlation corrections by Perdew,” as implemented using the
b3lyp®*** keyword in Gaussian. The following basis sets were used: LANL2DZ**¢ for

Zr atoms and 6-31G** basis set for all other atoms. Pseudopotentials were utilized for Zr
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atoms using the LANL2DZ ECP. All optimized structures were verified using frequency

calculations and did not contain any imaginary frequencies. Isosurface plots were made

using the Visual Molecular Dynamics program.’’
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CHAPTER 2

Synthesis, Solid-State, and Solution-State Behavior of a
Palladium(II) Halide Series Supported by a Structurally Versatile
Bidentate Bis(Secondary Phosphine) Ligand
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ABSTRACT

A neutral bis(secondary phosphine) ligand coordinates readily k” to late metals,
such as palladium(Il), affording P-chirogenic diastereomers. Crystallographic and
spectroscopic analysis of a series of palladium(II) dihalides stabilized by this
bis(phosphine) indicate that one diastereomer is enthalpically favored, while the other
more structurally versatile diastereomer is favored entropically. There is also evidence of
an interesting phosphine epimerization pathway assisted by the non-coordinated pyridine

ring.
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INTRODUCTION

Tertiary phosphines are widely utilized ligands due to their strong o-donating
abilities and steric and electronic tunability.! Their relatively high inversion barrier (30—
35 kcal/mol) allows the synthesis and isolation of asymmetrically substituted P-chiral
phosphines.” In contrast, secondary phosphines are less bulky and prone to irreversible
coordination to transition metals. Due to their reactivity and susceptibility to autoxidation,
their synthesis and coordination chemistry are far less explored than that of their tertiary

analogs.

General approaches to asymmetrically substituted secondary phosphines have
been discussed in Chapter 1, as well as the solid-state structures of potassium and

zirconium(I'V) complexes supported by ligand 1.

@L"J@@@

H 1-rac Ph Ph 1-meso Ph
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With an understanding of dianionic PNP* bonding to high-valent metals, we
explored the coordination of neutral PNP-H, (1) to metals of lower valency. We
envisioned that the potential redox non-innocence of PNP-H, could be exploited to access
high-valent metal species generated by oxidation; in particular, the tridentate binding
mode could conceivably stabilize octahedral d° palladium(IV) and platinum(IV)

complexes (Scheme 2.1).

PhICI, or
PhI(OAc),, Phl,
2 eq. pyridine 2 eq. pyridine-HOAc/HCI

(PNP-Hz)MX, "(PNP)MIVe

M =Pd; X=Cl, Br, |
M=Pt; X=Cl
N-bromo- succinimide,

succinimide, - 2 gq. pyridine-HCI/HBr
2 eq. pyridine

Scheme 2.1

Many late-metal complexes stabilized by relatively simple, symmetrically
substituted monodentate secondary phosphines have been reported, but relatively few
have actually been structurally characterized by x-ray crystallographic analysis. Of
particular interest to the studies disclosed herein, Glueck® and Pasquali* have synthesized
and structurally characterized numerous palladium(Il) and platinum(Il) complexes bound
to secondary phosphines. However, all are stabilized by monodentate secondary
phosphines with symmetrical diaryl substitution (Figure 2.1). The catalytic activity of

these complexes, unfortunately, has not been probed.
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H

Ph; M. Ph,P 5“2 |
P\ /PMesz BF 20 \N /
Pd 4 Pd Pd
P/ \Ph I/ \P/ \PPh
Ph, Ph, . °
H
2 . 3 .
Pd-P 2.3446(16) A Pd-P 2.3289(7) A
P-H 1.39(5) A P-H 1.33(3)
ref. 3a ref. 3b
"
Cl_ /PMesz
AN
Mes,p” Cl [Pd(PHMes;),](BF ),
H
4 . 5
Pd-P 2.3057(7) A Pd-P 2.340(3) A
P-H1.27(4) A P-H 1.219(3) A
ref. 3¢ ref. 4

Figure 2.1. Structurally characterized palladium(II) complexes stabilized by secondary
diarylphosphines (red) and selected bond lengths

The average Pd-P bond length in the solid-state structures of 2 — 5 is 2.330(3) A.
It seems that Pd>P backbonding to secondary phosphines significantly influences Pd-P
bond lengths. As such, a direct comparison of the complexes above reveal that Ar,HP-Pd
bonds are longer in cationic complexes (2 and 5), and shorter in neutral complexes (3 and
4) whose metals are more prone to donate d-electrons into empty phosphine P-R o -
orbitals. Indeed, the crystal structure of reduced species Pd(PHMes;)s indicates an
average Pd-P bond length of 2.3213(6) A,* slightly shorter than the average Pd-P bond
length in cationic palladium(Il) analog [Pd(PHMes;,)s]*" (5). Structural comparison of
trans-(PHMes,),PdCl, (4) and triarylphosphine-stabilized trans-(PPh;)PdCl, reveals an
important difference between diaryl and triaryl phosphines:” the Pd-P bond in 4 is slightly
shorter than in trans-(PPh3)PdCl, (2.337(1) A), a discrepancy that reflects greater o-
donation by PHMes, relative to PPhs and the reduced steric encumbrance of secondary

phosphines compared to tertiary phosphines.”
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The relationship between P-H bond length and the electronic environment of the
metal is more nebulous. Clearly, there is significantly more error involved in determining
the structural parameters of the P-H proton by x-ray diffraction, and it seems from the
small set of complexes in Figure 2.1 that this parameter is neither predictable nor very
useful in concluding much about phosphorus donation to palladium (gas-phase P-H bond
length of PHMes; is 1.36(7) A).* The P-H bond, however, is spectroscopically distinct in
palladium(IT) complexes stabilized by secondary phosphines. The '"H NMR signals of P-
bound protons generally lies between 6 and 7 ppm and exhibits phosphorus coupling ('Jp.
n) between 350 and 400 Hz, while the 3p signals are often found between 0 and 100
ppm.** Unsurprisingly, the location of both 'H and *'P NMR resonances are strongly
dependent upon phosphine substitution. Infrared (IR) bands corresponding to P-H bond
stretching typically appear in the range 22002400 cm™. The diagnostic "H NMR and IR
signals of Pd-bound secondary phosphines do not differ significantly from unbound
phosphines, but the *'P NMR signal of uncoordinated phosphines generally appear
upfield of 0 ppm. In summary, while these spectroscopic properties are useful diagnostic
tools to verify the existence of secondary phosphine ligands, they are insufficient to

determine the nature of the Pd-P bond.

RESULTS AND DISCUSSION

Due to the prevalence of Group 10 metal complexes supported by bi- and
tridentate ligands with tertiary phosphines, we focused on the synthesis and structural

analysis of late metals stabilized by much rarer neutral bis(secondary phosphine) pincer
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ligands, such as 1. In particular, we hoped to understand the electronic and steric effects
of a P-H bond on coordination to a metal, and the consequences of using diastereomeric
ligands with P-chirality. Indeed, reactions of a 1:1 mixture of 1-rac and 1-meso with
palladium(Il) dihalides cleanly produce low-valent coordination complexes that can be
spectroscopically characterized and crystallized. In all cases, PNP-type ligand 1

coordinates in a cis-k°-fashion without participation of the pyridine nitrogen.

Synthesis, Characterization, and VT-NMR Analysis of meso-(PNP-H,)PdCl; (6-meso)

Treatment of (COD)PACl, (COD = cyclooctadiene) with 1:1 1-rac and 1- meso in
benzene for 3 hours affords a single species by 'H and *'P NMR (eq. 1). Diagnostic one-
bond coupling to the P-bound proton (‘Jp.i; = 378 Hz) splits the *'P NMR signal at & 12.0
ppm to a doublet. X-ray diffraction of crystals grown from a saturated CH,Cl, solution
analyze as the (meso-PNP-H,)PdCl, diastereomer (Figure 2.2). As expected, the Pd is
square planar (ZZpq = 360.028(24)°). The P-Pd bond lengths in 6-meso (Pd-P1 =
2.2319(3), Pd-P2 = 2.2211(3) A) are reasonably shorter than in monodentate secondary
phosphine-stabilized complexes 2 — 5, but comparable to P-Pd bond lengths in
palladium(II) dichlorides stabilized by traditional bidentate bis(tertiary phosphines), such
as diphenylphosphinomethane (dppm, P-Pd = 2.234(1) and 2.250(1) A),
diphenylphosphinoethane (dppe, 2.233(2) and 2.226(2) A), and
diphenylphosphinopropane (dppp, 2.244(1) and 2.249(1) A).” The ligand bite angle is
typical (P1-Pd-P2 = 91.342(13)°), and the P-Pd-Cl angles are slightly decreased (P1-Pd-

CI2 = 86.874(12), P2-Pd-Cl1 = 87.887(12)°) and the C11-Pd-CI2 angle slightly increased
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from an ideal square planar arrangement (93.925(11)°). Furthermore, P1-H (1.297(15) A)

and P2-H (1.309(14) A) are within error of one another (the P-bound hydrogen atoms

have been located).

H 1-rac Ph

+

@L‘@

Ph" 1-meso Ph

11

(COD)PdCI2

benzene RT
3 hours

82%

[l EE "l
Cl CI

6-meso

Figure 2.2. Thermal ellipsoid representation of (meso-PNP-H,)PdCl, (6-meso) at the

50% probability level.

All C-bound hydrogens have been omitted. Atoms are color

coded: carbon (gray), hydrogen (light gray), chlorine (green), nitrogen (blue), palladium
(pink), phosphorus (orange). Selected bond lengths (A) and angles (°): P1-H 1.297(15);
P2-H 1.309(14); Pd-P1 2.2319(3); Pd-P2 2.2211(3); Pd-CI1 2.3443(3); Pd-Cl12 2.3614(3);
P1-Pd-P2 91.342(13); P1-Pd-Cl2 86.874(12); P2-Pd-Cl1 87.887(12); Cl1-Pd-CI2

93.925(11)
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Selected *'P{'H} VT-NMR spectra of 6-meso in CD,Cl, are shown in Figure 2.3.

A scenario can be envisioned in which 6-meso and the rac-PNP-H,-supported complex
(6-rac) interconvert rapidly in solution at room temperature, yet 6-meso preferably
crystallizes. However, the possibility that the singlet at d 12.0 ppm is simply an average
of two interconverting species is discounted since the signal remains unchanged at -80 °C.
Even at 60 °C, 6-meso remains the only species in solution, although the signal broadens

somewhat, possibly due to ligand fluxionality.

1P{*H} NMR, CD,Cl,
\ 60 °C

AL o AR A N MO

’ 40°C

O TP AN LT N 0 AT A B0 A A I N A A N W

RT

l -80°C

40 35 30 25 20 15 10 5 0 S 10 15 20 25
f1 (ppm)

Figure 2.3. Selected region of variable-temperature *'P{'H} NMR spectra in CD,Cl, of
6-meso
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Synthesis, Characterization, and VT-NMR Analysis of rac- and meso-(PNP-H,)PdBr (7)

The reaction of trans-(MeCN),PdBr, with PNP-H; (1) in benzene for 3 hours at
room temperature generates two species by 'H and *'P NMR in a roughly 5:1 (meso:rac)
ratio (eq. 2). Slow evaporation of a saturated CH,Cl, solution affords two physically
different monoclinic crystals that have each been analyzed by x-ray diffraction. The large,
block-shaped yellow crystals correspond to (meso-PNP-H,)PdBr, (7-meso), which is
isostructural to the dichloride 6-meso. Smaller, blade-like yellow crystals analyze as (rac-

PNP-H;)PdBr; (7-rac), the solid-state structure of which is unexpected.

=1 H P /
Ph JL/:L, }Fg{

AR >
H 1-rac Ph trans-(MeCN),PdBr, 7-meso
2
+ benzene, RT * @
3 hours Br
HE \/ H 78% |.|
AR e
>R j_[ \_/©
Ph' 1-meso Ph
11
7-rac
meso:rac 5:1

Like 6-meso, the solid-state structure of 7-meso is roughly Cs-symmetric (Figure
2.4). Pd-P bond lengths (Pd-P1 = 2.2328(3), Pd-P2 = 2.2452(3) A) vary only slightly
from those in the dichloride. The complex is also square planar at the Pd center (£Z4pq =
360.047(20)°), with P-H bonds (P1-H = 1.259(17), P2-H = 1.276(19) A) within error of

one another, and very nearly within error of those in the dichloride analog.
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Figure 2.4. Thermal ellipsoid representation of (meso-PNP-H,)PdBr, (7-meso) at the
50% probability level. All C-bound hydrogens have been omitted. Atoms are color
coded: carbon (gray), hydrogen (light gray), bromine (turquoise), nitrogen (blue),
palladium (pink), phosphorus (orange). Selected bond lengths (A) and angles (°): P1-H
1.259(17); P2-H 1.276(19); Pd-P1 2.2328(3); Pd-P2 2.2452(3); Pd-Brl 2.48284(16); Pd-
Br2 2.46995(17); P1-Pd-P2 91.289(13); P1-Pd-Br2 88.422(10); P2-Pd-Brl 87.000(10);
Br1-Pd-Br2 93.336(6)

The alternate diastereomer 7-rac exhibits a remarkably different, C;-symmetric

geometry in the solid state (Figure 2.5). The palladium center is planar (£Zpq =

360.126(25)°), but the ligand itself coordinates with an enlarged bite angle (P1-Pd-P2

99.031(17)°) roughly the same as (diphenylphosphinoferrocene)PdCl, (P-Pd-P
99.07(5)°)." The bite angle is approximately 8° greater than that of 7-meso, likely due to
canting of just one ligand aryl ring that results in a longer linear distance between the
phosphine donors (versus canting of both aryl rings in the Cs-symmetric 7-rac.) The Brl-

Pd-Br2 angle (91.414(7)°) is typical, but to accommodate the larger bite angle, P1-Pd-
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Br2 (83.031(13) °) and P2-Pd-Brl (86.650(12)°) are relatively distorted. Pd-P bonds

(2.2407(4) and 2.2761 A) are slightly longer than in 7-meso, while P-H bonds (1.259(18)
and 1.26(2) A) bond lengths are comparable. The centroid-centroid distance between the
P-phenyl substituent and ligand framework aryl ring is 3.466(3) A, suggestive of a m-

stacking interaction in the solid state.’

Figure 2.5. Thermal ellipsoid representation of (rac-PNP-H,)PdBr, (7-rac) at the 50%
probability level. All C-bound hydrogens have been omitted. Atoms are color coded:
carbon (gray), hydrogen (light gray), bromine (turquoise), nitrogen (blue), palladium
(pink), phosphorus (orange). Selected bond lengths (A) and angles (°): P1-H 1.259(18);
P2-H 1.26(2); Pd-P1 2.2407(4); Pd-P2 2.2761(5); Pd-Brl 2.5020(2); Pd-Br2 2.4894(2);
P1-Pd-P2 99.031(17); P1-Pd-Br2 83.031(13); P2-Pd-Brl 86.650(12); Brl-Pd-Br2
91.414(7)

The *'P NMR spectrum of the products shows two doublets. The signal at § 11.5
ppm ('Jp.x = 378 Hz) likely corresponds to 7-meso given the similar chemical shift and

'H coupling values of structurally analogous 6-meso. The signal at & 5.0 ppm ('Jp.y = 411
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Hz) is presumably 7-rac. Due to the unreliability of *'P signal integration (particularly
when one-bond 'H coupling is involved), the diagnostic triplet corresponding to the 4-
hydrogen on the ligand pyridine ring in the '"H NMR spectrum has been used to quantify
the ratio of 7-meso:7-rac (Figure 2.6). The *'P NMR spectrum over a temperature range
is shown in Figure 2.7. While the ratio of 7-meso and 7-rac at room temperature is 5.0:1,
the ratio is 4.0:1 at 40 °C, and 2.7:1 at 60 °C. A van’t Hoff analysis (Figure 2.8) of the
equilibrium constants (Keq) for isomerization indicates that 7-meso is enthalpically

favored by 3.5 kcal/mol but entropically disfavored by 8.3 cal/mol*K (eq. 3).

\ CD,Cl, 60°C

’ 7-rac [

' S TJJ P R

\ |
| 40°C
. ) o N
. ’ fn \' | RT
! { -60°C
S.Vw ' 5..15 ‘ 8.;0 ' sA\:Js . b‘.;JU v 7.;35 V 7.;;'0 . 7A.85 ’ 7.;50 ‘ 7,}5 ‘ 7.}0
f1 (ppm)

Figure 2.6. Selected region of variable-temperature 'H NMR spectra in CD,Cl, of 7-
meso and 7-rac. Labeled triplets correspond to the 4-'H on the pyridine ring of PNP-H,
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31p(IH} NMR, CD,Cl,

60°C
7-meso 7-rac
|
AN A A A A OARBAMY s A Al N e A ORI  A Ped
‘| 40°C
\
|
J \ N -
I\ RT

L -60 °C

30 25 20 15 10 S 0 -5 -10
f1 (ppm)

Figure 2.7. Selected region of variable-temperature *'P{'H} NMR spectra in CD,Cl, of

T-meso and 7-rac
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Figure 2.8. van’t Hoff plot of 7-rac and 7-meso isomerization. Black line (linear
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Synthesis, Characterization, and VT-NMR Analysis of rac- and meso-(PNP-H,)Pdl; (8)

The reaction of trans-(PPhs),Pdl, with PNP-H, (1) in benzene for 12 hours
affords two species in a roughly 1:1.5 (meso:rac) ratio by 'H and *'P NMR (eq. 4).
Crystallization by slow evaporation of a saturated solution of THF gives two types of

crystal that analyze as (meso-PNP-H,)Pdl, (8-meso) and (rac-PNP-H,)Pdl, (8-rac).
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The solid-state structure of 8-meso is roughly Cs-symmetric, like its dichloride
and dibromide analogs (Figure 2.9). Pd-P bond lengths are slightly larger than in 6-meso
or 7-meso (Pd-P1 = 2.2515(15), Pd-P2 = 2.2546(14) A), and the complex is square planar

at the Pd center (ZZpq = 361.09(8)°), with unremarkable P-H bonds (P1-H = 1.30(3), P2-

H=13003) A).

(4)

Sy

meso:rac 1:1.5



Figure 2.9. Thermal ellipsoid representation of (meso-PNP-H,)Pdl, (8-meso) at the 50%
probability level. All C-bound hydrogens have been omitted. Atoms are color coded:
carbon (gray), hydrogen (light gray), iodine (purple), nitrogen (blue), palladium (pink),
phosphorus (orange). Selected bond lengths (A) and angles (°): P1-H 1.30(3); P2-H
1.30(3); Pd-P1 2.2515(15); Pd-P2 2.2546(14); Pd-11 2.6387(6); Pd-12 2.6546(6); P1-Pd-
P2 87.53(5); P1-Pd-11 88.76(4); P2-Pd-12 91.22(4); 11-Pd-12 93.58(2)

The solid-state structure of 8-rac is C;-symmetric and substantially different from
dibromide 7-rac (Figure 2.10). Unlike in 7-rac, the metal coordination plane pivots over
the pyridine ring. The palladium center is planar (£Zpq = 360.18(4)°), with slight
distortions in P2-Pd-I1 (85.013(19) °), P1-Pd-12 (91.65(2) °), and 11-Pd-12 (93.510(8)°)
bond angles. Unlike 7-rac, whose distortions result in a relatively large bite angle to the
metal, the bite angle of 8-rac (90.01(3)°) is more similar to the meso-PNP-H,-supported
complexes due to canting of both ligand aryl rings. Pd-P bond lengths (2.2568(8) and

2.2628(7) A) are typical.
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For a comparison of selected bond lengths and angles of complexes reported in this work,
previously reported palladium complexes stabilized by secondary diarylphosphines, and
palladium dichlorides supported by traditional bis(phosphine) ligands, see Tables 2.1

and 2.2.

Figure 2.10. Thermal ellipsoid representation of (rac-PNP-H,)Pdl, (8-rac) at the 50%
probability level. All C-bound hydrogens have been omitted. Atoms are color coded:
carbon (gray), hydrogen (light gray), iodine (purple), nitrogen (blue), palladium (pink),
phosphorus (orange). Selected bond lengths (A) and angles (°): P1-H 1.34(3); P2-H
1.34(3); Pd-P1 2.2568(8); Pd-P2 2.2628(7); Pd-11 2.6608(3); Pd-I12 2.6405(3); P1-Pd-P2
90.01(3); P1-Pd-12 85.013(19); P2-Pd-I1 91.65(2); 11-Pd-12 93.510(8)

The minor product by 'H and *'P NMR spectroscopy, 8-meso, exhibits similar
chemical shifts and coupling values to analogous 6-meso and 7-meso. This species
appears as a doublet at & 7.6 ppm ('Jp.y = 373.2 Hz) in the *'P NMR spectrum. Like 7-rac,
the major diastereomer 8-rac appears upfield as a doublet at & -2.0 ppm (‘Jp.z = 415.5

Hz). At room temperature in CD,Cl,, both isomers are in equilibrium with one another in
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a 1:1.67 (8-meso:8-rac) ratio (Figures 2.11 and 2.12). At lower temperatures, the

proportion changes to as low as 1:1.25 (8-meso:8-rac). A van’t Hoff analysis (Figure
2.13) over -60 °C to 40 °C reveals that the 8-meso is enthalpically favored by 0.40
kcal/mol, but entropically disfavored by 2.3 cal/mol*K (eq. 5). Unfortunately, due to
signal overlapping in the "H NMR at temperatures greater than 0 °C, diastereomer ratio
could not be quantified accurately. However, extrapolation using the regression in Figure
2.13 suggests that at room temperature (298 K, 25 °C), the ratio of 8-meso to 8-rac is

1:1.6.

IH NMR, CD,Cl,
| 40°C

[ RT

| -20°C

| -40°C

8-meso 8-rac
\ | ‘, | -60°C

8.20 8.15 8.10 8.05 i 8.00 7.95 7.90 7.85
f1 (ppm)

Figure 2.11. Selected region of variable-temperature '"H NMR spectra in CD,Cl, of 8-
meso and 8-rac. Labeled triplets correspond to the 4-'H on the pyridine ring of PNP-H,
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Figure 2.12. Selected region of variable-temperature *'P{'"H} NMR spectra in CD,Cl, of

8-meso and 8-rac. Note substantial broadening of the signal corresponding to 8-rac
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Thermodynamic Trends of the (PNP-H,)PdX, (X = halogen) Series

VT-NMR analysis of (PNP-H,)Pdl, diastereomers shows broadening at low
temperature of the *'P{'H} signal presumably corresponding to 8-rac (Figure 2.12). In
fact, at -60 °C, the signal is so broad it disappears completely into the baseline, while the
"H NMR spectrum clearly reveals two species still in solution in a 1:1.25 ratio (Figure
2.11). We suspect that at temperatures above -60 °C, phosphine interconversion in 8-rac
is rapid, giving rise to the singlet at & -2.0 ppm in the *'P{'H} spectrum. Therefore, at
very low temperatures, we expect 8-rac to give rise to two singlets corresponding to each
phosphorus atom. This suggests that the complex is not only unsymmetrical in the solid

state, but interconverting between unsymmetrical antipodes in solution as well.

A similar dynamic process may be occurring with dibromide 7-rac at higher
temperatures. However, we cannot determine whether disappearance of the *'P{'H}
NMR signal at room temperature is due to signal broadening or the equilibrium which
favors 7-meso (or both). It should be noted that signals corresponding to the minor
diastereomer can be observed in the "H NMR spectrum (Figure 2.6), which suggest that
broadening does occur in the room temperature *'P{'H} NMR spectrum of 7-rac.
Furthermore, 7-rac and 8-rac appear more fluxional than their meso-supported analogs,
which presumably can retain the higher order of symmetry (C;) exhibited in the solid
state that results in equivalent phosphorus signals. Indeed, the entropic favorability of 7-
rac and 8-rac over 7-meso and 8-meso agree with their increased fluxionality and lower
symmetry (in the solid state, both rac-supported complexes exhibit C;-symmetry).
Furthermore, the rac-PNP-H, framework itself is versatile and flexible enough to adopt

the two different geometries exhibited in the solid-state structures of 7-rac and 8-rac. The
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meso-PNP-H, framework may not be as versatile as the rac framework, as evidenced by

the similar Cs-symmetric conformation it adopts in 6-meso, 7-meso, and 8-meso.

Unfortunately, dichloride 6-rac has not been observed spectroscopically or by
crystallographic analysis. Isomerization of 6-rac to 6-meso is likely occurring, however,
given that an equivalent mixture of both PNP-H, ligand diastereomers is resolved
completely to 6-meso upon complexation to palladium. Furthermore, it is not obvious
why formation of 6-meso would be irreversible while rac-to-meso isomerization is
reversible for the dibromide or diiodide species. Therefore, AGagsk in the equilibrium

below (eq. 6) decreases (i.¢e., rac preference increases) in the order Cl1 > Br > 1.

Keq
(meso-PNP-H,)PdX, —g——== (rac-PNP-H,)PdX, (6)

X =Cl, Br, |

Key = o-AG/RT
AG = AH - TAS
T =298 K: Koy(X = CI) < Koy(X =Br) <K (X =1)

When X = Br, I, the rac diastereomer is entropically favored. By this precedent, it
stands to reason that dichloride 6-rac may be entropically favored over 6-meso as well. If
6-rac is entropically favored, but only 6-meso is observed spectroscopically at 60 °C,
then AH > TAS in the expression for AGsssk, and 6-meso is favored enthalpically.
Therefore, for each dihalide in the series, the meso isomer is enthalpically preferred.
Perhaps the rac-PNP-H, ligand distorts unfavorably to accommodate coordination to a
metal, or as demonstrated in the solid-state structures of 7-rac and 8-rac, the metal square

plane is brought closer to the bulky ligand framework. However, it is not completely
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understood why the rac diastereomer is favored (or meso disfavored) for larger halide

ligands.

Epimerization of Phosphorus Stereocenters in rac- and meso-(PNP-H,)PdX; (X = halide)

Complexes

The phosphorus stereocenters of a 1:1 rac:meso mixture of ligand PNP-H, (1)
epimerize rapidly upon complexation to palladium. This must necessarily be the case if a
rapid equilibrium between metal complexes supported by 1-rac and 1-meso is achieved.
Unfortunately, data on the acidity of P-H bonds of secondary phosphines coordinated to
palladium has not been reported, but we envision that coordination to the metal center
sufficiently decreases the pK, of the secondary phosphine proton and facilitates
intramolecular pyridine-assisted phosphine epimerization through a phosphine-phosphide

palladium dihalide intermediate (Scheme 2.2).

Scheme 2.2

To test this hypothesis, we treated PNP-H; ligand 1 with HBArs*Et,O (Ar = 3,5-
(CF3),CH3) to generate pyridinium bis(phosphine) (1-H) BAry in situ, then (COD)PdCl,.
We hoped that protonation of the pyridine nitrogen would deactivate its role in phosphine

epimerization by discouraging proton transfer. Indeed, metalation of (1-H)'BAry
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generates a mixture of what is presumably [(rac-1-H)PdCl,]'BArs and [(meso-1-

H)PdC1,] ' BAry (Figure 2.14). Unfortunately, the ratio of these products cannot be
determined by 'H NMR due to overlap of diagnostic signals. However, it is clear from
the *'P{'H} NMR spectrum that the proportion of rac:meso-supported products is greater
than in the reaction of neutral PNP-H; ligand 1 with (COD)PdCI in which only (meso-

PNP-H,)PdCl, (6-meso) is generated.

31P{IH) NMR, dE-THF

|
W, |

| \
|
mwmmmmmmmmf WMM M“”WIMNWWMM

Figure 2.14.°'P{'"H} NMR spectrum of [(1-H)]PdCl, BAry (Ar = 3,5-(CF3),CsH3)

To ensure that the observed ratio in Figure 2.14 is not a result of some alternative
epimerization pathway, a solution of 6-meso was treated with HBAr4*Et,O (Figure 2.15).
A single species was generated by *'P{'"H} NMR with the same chemical shift as the
most upfield signal in Figure 2.14, presumably [(meso-1-H)PdCl,] BAry . Therefore, it
appears that the pyridine ring plays an important role in secondary phosphine

epimerization.
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Figure 2.15.*'P{'"H} NMR spectrum of [meso-(1-H)]PdCl, " BAry (Ar = 3,5-(CF3),C¢Hs)
Oxidation of Palladium(Il) Dihalides

Diastereomeric mixtures of 6, 7, and 8 were treated with a variety of oxidants at
low temperature. Concentrations were kept dilute to discourage the formation of
palladium-phosphide networks upon oxidation (as observed for high-valent early metals,
discussed in Chapter 1.) Unfortunately, insoluble products that are likely metal-ligand
oligomers are still formed. When oxidants such as PhICl,, PhI(OAc),, or N-
bromosuccinimide (NBS) are used in the presence of pyridine, reduced iodobenzene and
succinimide can be detected quantitatively by GC, indicating that oxidation at either the
ligand’s phosphorus donors or the metal are indeed taking place. However, we suspect
that the antibond resulting from mixing between the phosphide lone pair and the filled

metal dyy dx, or d,. orbitals of m-symmetry likely has substantial density on phosphorus.
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This destabilizing filled-filled orbital interaction therefore encourages phosphide bridging

to the relatively electron poor metal center, which due to initial coordinative saturation,

must undergo ligand exchange to accommodate an L-type phosphide bridge.

CONCLUSIONS

A 1:1 non-interconverting mixture of rac and meso diastereomers of a neutral,
bidentate bis(secondary phosphine) ligand has been synthesized. A series of palladium
dihalides stabilized by this ligand has been spectroscopically and crystallographically
characterized. These studies suggest that one diastereomer of the bis(phosphine) ligand is
quite structurally versatile, capable of coordinating metals with a number of geometries.
This may be due to the reduced sterics of a P-H bond in a secondary phosphine relative to
a tertiary phosphine. The pyridine-linker between both phosphine donors appears to assist
epimerization of the chirogenic phosphines to equilibrium diastereomeric ratios. Similar
analysis with a benzene-linked bis(phosphine) analog of 1 would be informative, since
the diastereomeric mixture would presumably no longer be able to attain equilibrium

ratios without the pendant pyridine ring.

EXPERIMENTALS

General Considerations and Instrumentation. All air- and moisture-sensitive
compounds were manipulated using standard high vacuum and Schlenk techniques or

manipulated in a glovebox under a nitrogen atmosphere using degassed solvents. All
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solvents were dried over sodium benzophenone ketyl and stored over titanocene
dihydride where compatible or dried by the method of Grubbs.'® All NMR solvents were
purchased from Cambridge Isotopes. Benzene-ds was dried over sodium benzophenone
ketyl, while CD,Cl, was dried over CaH, and stored over molecular sieves. All other
chemicals were used as received. (COD)PdCI, was purchased from Strem Chemical.
(MeCN)deBrz11 and (PPhg)delz12 were prepared according to literature procedure.

Ligand 1 was prepared as described in Chapter 1. 'H, °C,*'P, and "’F NMR spectra were

recorded on Varian Mercury 300 or Varian INOVA-500 spectrometers and unless
otherwise indicated at room temperature. Chemical shifts are reported with respect to
internal solvent: 7.16 and 128.38 ppm (C,Dy); 5.32 and 53.84 ppm (CD,Cl,) for 'H and

C data. *'P chemical shifts are reported with respect to an external 85% H,PO, reference

(0 ppm).

(PNP-H,)PdCl, (6). To a vial equipped with a stirbar and charged with (COD)PdCl,
(32.5 mg, 0.114 mmol, 1.00 equiv) was added benzene (4.0 mL). A benzene solution (1
mL) of 1 (51.5 mg, 0.115 mmol, 1.01 equiv) was added dropwise. A pink suspension
formed immediately, which was stirred for 3 hours. After filtering the suspension, the
solid was washed with benzene (2 mL), Et,O (2 mL), then pentane (2 mL), then dried in
vacuo to afford 71.2 mg of 6 as an off-white solid in 82% yield. 6 is slightly soluble in
chlorinated solvents, THF, and MeCN. Crystals suitable for x-ray diffraction analysis
were grown by slow evaporation of CH,Cl, at room temperature. 'H NMR (500 MHz,
CD,Cl) 6: 5.89 (dd, J; = 392.4 Hz, J, = 31.3 Hz, 2H, ArPH(C¢Hs)-Pd), 7.47 (m, 6H),
7.54 (dd, J, = 8.2 Hz, J, = 6.3 Hz, 2H), 7.62 (m, 4H), 7.73 (dd, J; = 13.1 Hz, J, = 7.8 Hz,
2H), 7.80 (d, J = 7.8 Hz, 2H), 8.06 (dd, J, = 12.7 Hz, J, = 7.7 Hz, 4H), 8.14 (t, ] = 7.9 Hz,

1H). C NMR (126 MHz, CD,Cl,) &: 123.8 (s), 125.3 (s), 125.8 (s), 126.4 (s), 126.8 (5),
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129.1 (at, J; = J = 11.0 Hz), 130.9 (d, J = 8.2 Hz), 131.9 (s), 132.4 (s), 136.6 (dd, J, =

20.8 Hz, J, = 10.0 Hz), 139.8 (s), 143.0 (s), 158.4 (s). >'P{'"H} NMR (202 MHz, CD,Cl,)
0: 12.0 (s). Anal. Calcd. for CoH3CILNP,Pd: C, 55.75; H, 3.71; N, 2.24. Found: C,

55.31; H, 3.55; N, 2.20.

(PNP-H;)PdBr; (7). To a vial equipped with a stirbar and charged with (MeCN),PdBr;
(38.6 mg, 0.111 mmol, 1.00 equiv) was added benzene (4 mL). A benzene solution (1
mL) of 1 (50.0 mg, 0.112 mmol, 1.01 mmol) was added dropwise. After 30 minutes, a
light yellow suspension persisted. The reaction was stirred for 3 hours. After filtering
the suspension, the solid was washed with benzene (2 mL), Et,O (2 mL), and pentane (2
mL), then dried in vacuo to afford 60.0 mg of 7 as a yellow solid in 78% yield. Crystals
suitable for x-ray diffraction analysis were grown by slow evaporation of CH,Cl, at room
temperature. '"H NMR (500 MHz, CD,Cl,) 6: 5.96 (dd, J; = 397.4 Hz, J, = 34.6 Hz, 2H,
ArPH(CeHs)-Pd), 7.45 (m, 6H), 7.54 (t, J = 7.5 Hz, 2H), 7.58 (dd, J;, = 7.2 Hz, J, =4.0 Hz,
2H), 7.63 (t,J = 7.5 Hz, 2H), 7.73 (dd, J, = 12.0 Hz, J, = 7.9 Hz, 2H), 7.80 (d, ] = 7.9 Hz,
2H), 8.00 (dd, J; = 13.1 Hz, J, = 7.5 Hz, 4H), 8.15 (t, J = 7.9 Hz, 1H). *C NMR (126
MHz, CD,Cl,) 8: 124.2 (s), 125.8 (s), 126.3 (s), 127.3 (s), 127.7 (s), 129.2 (m), 131.2 (at,
Ji=1,=4.0 Hz), 132.2 (s), 132.5 (s), 136.9 (m), 139.9 (s), 143.3 (s), 158.6 (s). *'P{'H}
NMR (202 MHz, CD,Cl,) 8: 11.1 (s). Anal. Calcd. for C,9H»3BroNP,Pd: C, 48.81; H,

3.25; N, 1.96. Found: C, 49.07; H, 3.33; N, 2.11.

(PNP-H,)PdI; (8). To a vial equipped with a stirbar and charged with (PPhs),Pdl, (70.6
mmol, 0.080 mmol, 1.00 equiv) was added benzene (3 mL). A benzene solution (1 mL)

of 1 (36.1 mg, 0.081 mmol, 1.01 equiv) was added dropwise. A clear dark orange
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solution formed, which became an orange suspension after 1 hour. After 12 hours
stirring at room temperature, the suspension was filtered. The orange solid was washed
with benzene (3 mL), Et;O (5 mL), and pentane (5 mL), then dried in vacuo to afford
51.2 mg of 8 as a powder in 80% yield. NMR analysis reveals two isomers in about 1:1.5
ratio. Compound 8 is slightly soluble in benzene, but dissolves readily in chlorinated
solvents and THF. Crystals were grown from a saturated solution in CH,Cl,. "H NMR
(500 MHz, CD,Cl,) &: 6.11 (dd, J; = 381.2 Hz, J, = 30.7 Hz, ArPH(C¢Hs)-Pd minor
isomer), 6.99 (dd, J, = 416.2 Hz, J, = 10.8 Hz, ArPH(C¢Hs)-Pd major isomer)t, 721 (t,J
=7.5Hz), 7.30 (dd, J, = 11.6 Hz, J, = 7.9 Hz), 7.41 (m), 7.52 (m), 7.58 (m), 7.62 (d, J =
7.9 Hz), 7.66 (m), 7.76 (d, J = 7.9 Hz), 7.97 (m), 8.00 (t, J = 8.0 Hz), 8.11 (t, J = 7.8 Hz).
BC NMR (126 MHz, CD,Cly) &: 124.5 (s), 124.9 (s), 125.6 (s), 126.0 (s), 126.8 (s), 127.2
(s), 129.0 (m), 131.3 (m), 131.7 (s), 132.1 (d, J = 8.5 Hz), 132.4 (s), 132.5 (s), 134.7 (d, J
=10.0 Hz), 135.5 (s), 136.9 (m), 139.1 (s), 139.7 (s), 145.3 (d, J = 10.23 Hz), 157.6 (s).
S'P{'"H} NMR (202 MHz, CD,CL,) 8: -2.0 (s), 7.6 (s). *'P NMR (202 MHz, CD,Cl,) &: -
2.0 (d,J=415.5Hz), 7.6 (d, J = 373.2 Hz). Anal. Calcd. for C,yH»;I,bNP,Pd: C, 43.12; H,

2.87; N, 1.73. Found: C, 43.09; H, 2.84; N, 1.55.

Variable-Temperature NMR Procedure. All variable-temperature NMR experiments
were performed on a Varian INOVA-500 spectrometer. In a glovebox, an oven-dried J.
Young NMR tube was charged with 5-10 mg of analyte and 1.2 mL of CD,Cl, was added.
The desired temperature of the NMR probe was set, and after reaching said temperature,
the temperature of the tube was allowed to stabilize for 15 minutes before acquiring a

spectrum.
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X-Ray Crystal Data: General Procedure. Crystals grown from CH,Cl, (6-meso, 7-

meso, T-rac, 8-meso, 8-rac) were removed quickly from a scintillation vial to a
microscope slide coated with Paratone N oil. Samples were selected and mounted on a
glass fiber with Paratone N oil. Data collection was carried out on a Bruker KAPPA
APEX II diffractometer with a 0.71073 A MoKa source. The structures were solved by
direct methods. All non-hydrogen atoms were refined anisotropically. Some details
regarding refined data and cell parameters are available in Crystallographic Information.

Selected bond distances and angles are supplied as well.
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CHAPTER 3

Ethylene Polymerization and Ethylene/1-Hexene Copolymerization

Reactions Catalyzed by Early Metal Non-Metallocene Complexes

All polymerization reactions and polymer analysis were performed at King Fahd
University of Petroleum and Minerals in Dhahran, Saudi Arabia, with the aid of Dr.

Muhammad Atiqullah, Dr. Mamdouh Al-Harthi, and Anwar Hossaen.
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ABSTRACT

Ethylene polymerization and ethylene/1-hexene copolymerization activities of
several zirconium(IV) and vanadium(IIl) polymerization precatalysts supported by
heterocycle-linked bis(phenolate) ligands are discussed. Under 2 bar ethylene at 30 °C,
all catalysts produce linear polyethylene (T ~ 136) with activities as high as 10° g
PE/(moleh). In the presence of 1-hexene as a comonomer, comparable activities are also
observed, but only the vanadium catalyst incorporates comonomer, albeit with low

efficiency (<1 mol%).
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INTRODUCTION

The last half-century has seen significant advances in metallocene-catalyzed
olefin polymerization." Metallocenes can adopt a variety of symmetries to allow strict
stereotactic control of growing polypropylene chains. Because these systems are
relatively well-behaved and understood,” metallocene catalysts are widely used in
industrial processes, and therefore present a “patent minefield” to future investigators.’
To access new polymers in a controlled manner with interesting structural properties,
such as branched polymers or material derived from polar monomers, there has been an
increased interest in using well-defined polydentate non-metallocene ligand sets to

support transition metal catalysts.

Non-metallocenes pose several advantages over metallocenes. For one, they are
synthetically more accessible; in some cases, ligand syntheses are modular to allow rapid
catalyst screening. While both types of catalysts can adopt a variety of symmetries, non-
metallocenes are not restricted to anionic carbon donors (such as the L,X-type
cyclopentadienyl anion), and systems supported by combinations of anionic and neutral
members of the nitrogen and oxygen families have been reported.’ Indeed, this ligand
versatility has led to the development of not just new early transition metal catalysts, but

lower-valent late-metal catalysts as well.

n’m'-cyclopentadienyl-amides are just one of a few examples of industrially
exploited non-metallocene ligands for early metal catalysts. First introduced by our group
in 1990 as scaffolds for scandium(III) catalysts,* they have since been explored as ligands

for Group 4 metals (Figure 3.1a).” The absence of a second cyclopentadienyl ring, as well
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as the short silane bridge, presumably results in a more unencumbered active site at the
metal. Furthermore, the amido group renders the metal center more Lewis acidic,
encouraging olefin coordination and insertion relative to 3—hydride elimination and chain
transfer. The kinetic and steric properties of these catalysts allow the production of linear
low-density polyethylene (LLPDE) with small amounts of long chain branching, and high
activities exhibited for ethylene copolymerizations with long a-olefins, such as 1-hexene

and 1-octene.!

Pyridine diimine-supported iron(II) and cobalt(Il) precatalysts (Figure 3.1b) have
also been demonstrated as outstanding non-metallocene catalysts for the production of
highly linear polyethylene.®” The ligands themselves are readily synthesized in one step,
allowing for facile screening of electronically and sterically modified catalysts. Indeed, it
was found that catalysts supported by ligands with bulky aryl substitution on the diimine
donors generate higher molecular weight polymer. With iron, incredibly high ethylene

polymerization activities (10° g mmol™ h™") can be realized.

Group 10 complexes stabilized by neutral a-diimine ligands (Figure 3.1c) have
been exploited for their high activities, air-stability and functional group tolerance that
permits polymerization of polar monomers.® Perhaps most unique, however, is their
ability to traverse a growing polymer chain; this chain-walking behavior allows for the
production of highly branched linear, low-density ethylene homopolymers with desirable

properties, such as elastomers.
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Figure 3.1. Representative non-metallocene transition metal polymerization precatalysts

Given the promising ability of non-metallocene catalysts to generate interesting
polymers in a controlled manner, we investigated the ability of new heterocycle-linked
bis(phenolate) ligands (Figure 3.2) on early metals to control polymer tacticity in
propylene polymerization.” In this framework, the phenols are connected to the central
pyridine, furan or thiophene donor via robust sp’-sp” aryl-aryl linkages, lending not only
stability, but rigidity to the triaryl pincer system. Furthermore, these ligands can be
constructed sequentially using well-developed aryl-aryl cross-coupling chemistry. We
envisioned that a host of symmetries could be adopted by simple twisting of the aryl-aryl
bonds to cant the rings relative to one another (Figure 1.1), and in 2009, in attempts to
predict and control catalyst geometry, we reported a model describing the relationship

between overall precatalyst symmetry and pincer ligand n-donation. '
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Figure 3.2. Heterocycle-linked bis(phenol) ligands for early metal polymerization

catalysts developed in our laboratory

Upon activation with methylaluminoxane (MAO), Group 4 and 5 complexes
supported by these triaryl pincer ligands are active for propylene oligomerization or
polymerization. Zirconium(IV) complexes show excellent activity (10°~10°g mmol™ h™")
regardless of ligand, while titanium(IV) precatalysts supported by pyridine-linked
bis(phenolates) generate higher molecular weight polymer while significantly less active
(10°-10° ¢ mmol" h™"). When coordinated to the furan- or thiophene-linked ligands,
titanium(IV) complexes oligomerize propylene with high activity (10> g mmol™ h™").
Hafnium(IV) complexes, on the other hand, are essentially unreactive. The group 4
catalysts generate essentially stereoirregular polypropylene with with PDIs as low as 1.62
and as high as 31.8; in addition, depending on the ligand, high molecular weight isotactic
polypropylene (PDI = 3.22-7.08) is also generated. That these catalysts exhibit relatively
broad PDIs and in some cases generate two polymer types suggest the presence of at least
two catalytically active species in the reaction. A vanadium(III) precatalyst supported by
the pyridine-linked ligand is highly active (10> g mol™ h™), but little is known about the
active species generated upon MAO activation. The polymer is essentially stereoirregular
with slight syndiotactic enrichment and narrow PDI (2.03). Unlike the Group 4 catalysts,
the vanadium(III) precatalyst discussed above generates polymer with a large amount of

regioerror.



92

In ethylene/1-octene copolymerization studies of Group 4 and Group 5 metals
supported by pyridine-linked bis(phenolate) ligands, it was found that titanium(IV) and
hafnium(IV) complexes are essentially inactive. While the zirconium(IV) precatalyst
presents an activity of 1.6 x 10° g mmol ™' h™", it displays a strong preference for ethylene
incorporation over l-octene (0.5 mol% 1-octene incorporation). The vanadium(III)
precatalyst, however, sees a reduction in activity (5.0 x 10 g mmol™ h™), but is slightly
more efficient at incorporating 1-octene into a growing polyethylene chain (6.6 mol% 1-

octene incorporation.)

RESULTS AND DISCUSSION

Synthesis of Pincer Ligands and Polymerization Precatalysts

In the ethylene and ethylene/1-hexene polymerization trials discussed below, we

focused on three of our previously reported early metal precatalysts (1-ZrBny, 2-ZrBn;,

3-VCI(THF),), synthesized according to literature procedure.””!!

3-VCI(THF),
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Ethylene Homopolymerization Trials

Precatalysts 1-ZrBn,, 2-ZrBn,, and 3-VCI(THF), are activated with 300
equivalents MAO under 2 bar ethylene to generate linear, high-density polyethylene with

activities comparable to or greater than Cp,ZrCl, (Table 3.1).

M,, M, Polymization Polymer  Activity

Precatalyst  (x103) (x103) My/M; Ty, (°C) Time (min) Yield (2) (gmol!h?)
1-ZrBn, 2207 103 214 136 20 20.8 39x 100
2-ZrBn, 3354 19.0 17.7 138 20 244 4.6 x 109
3-VCI(THF), 22338 34.7 6.5 140 20 15.0 2.8 x 100
Cp,ZrCl, 7174 1872 38 134 15 11.0 2.8 x 100

*500 mL n-hexane, 30 °C, 2 bar C,H,, 16 umol catalyst, MAO co-catalyst with [Al]/[cat] = 300

Table 3.1. Catalyst activities and polymer properties

The melting temperatures (Tn) of the polymers is as expected for crystalline
polyethylene (~137 °C). Furthermore, the °C NMR spectra reveal only a singlet at § 29.8
ppm corresponding to the methylene backbone of linear polyethylene (see Figure 3.3 for
an example). No signals corresponding to branched carbons or side-chains could be
detected. This suggests that the active catalysts cannot insert growing polymer chains into

chain-terminated polymers.

Catalysts 1-ZrBn; and 2-ZrBn; exhibit larger activities than metallocene catalyst
Cp2ZrCl,, while 3-VCI(THF); has a comparable activity. Nevertheless, the zirconocene
precatalyst has a substantially narrower polydispersion index (PDI) than 1-ZrBn; and 2-
ZrBn;. The PDI of 3-VCI(THF);, on the other hand, is the smallest of the non-
metallocene catalysts, but still slightly larger than Cp,ZrCl,. Clearly, in each non-

metallocene-catalyzed polymerization reaction, more than one species is catalytically
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active. That weight-averaged molecular weight (My,) and number-averaged molecular
weight (M,) differ by an order of magnitude in each case suggest that one or more
catalytically active species generates higher molecular weight polymer, while one or

more generates significantly lower molecular weight polymer.

13C NMR, 0-C;Cl,D,,
120°C
WO
3-VCI(THE),
2-ZrBn,
1-ZrBn,
70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 5 10 15
f1 (ppm)

Figure 3.3. °C NMR spectra of linear polyethylene generated by precatalysts 1-ZrBn,,
2-ZrBn;, and 3-VCI(THF),. All spectra were recorded in ortho-dichlorobenzene-d, at
120 °C
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Ethylene/1-Hexene Copolymerization Trials

In the presence of varying amounts of comonomer (1-hexene), precatalysts 1-

ZrBn;, 2-ZrBn,, and 3-VCI(THF); can be activated by MAO under ethylene (Table 3.2).

1-hexene My, M, Polymization Polymer  Activity

Precatalyst — mM) (x103) (x10%) MM, T, (°C) Time (min) Yield (8) (g mol'!hl)
1-ZrBn, 80 (1v%) 3313 17.1 194 136 30 153 14 x 10°
1-ZrBn, 160 2 v%) 385.2 11.1 347 134 40 22.3 2.1x 109
1-ZrBn, 320 (4 v%) 2382 10.6 224 131 30 193 24 x 100
1-ZrBn, 480 (6v%) 210.7 10.1 20.9 131 30 21.6 2.7 x 109
2-7ZrBn, 80 354.1 13.8 25.7 135 15 20.6 5.2 x 100
2-7ZrBn, 160 569.7 184 31.0 136 15 23.6 59x 100
2-ZrBn, 320 537.0 17.1 31.5 134 15 193 54 x 100
2-ZrBn, 480 568.0 18.5 30.7 134 15 18.5 4.6x 100
3-VCI(THF), 80 293.6 22.6 130 126 10 15.6 6.5 x 10°
3-VCITHF), 160 184.6 27.7 6.7 119 11 144 45x 100
3-VCI(THF), 320 1342 31.6 43 113 15 8.5 2.1x 106
3-VCITHF), 480 112.2 30.3 3.7 108 15 142 3.6 x 10°

*Total volume = 500 mL. Conditions = n-hexane (solvent), 30 °C, 2 bar C,H,, 16 umol catalyst,
MAO co-catalyst with [Al]/[cat] = 300

Table 3.2 Catalyst activities and copolymer properties

The activity of pyridine-bis(phenolate)-supported precatalyst 1-ZrBn; displays an
interesting dependence on comonomer concentration. Compared to the activity in the
absence of comonomer, activity decreases more than two-fold with 80 mM (1 v%) 1-
hexene. With higher concentrations of 1-hexene (up to 480 mM), activity increases, yet
still remains lower than the original catalytic activity without comonomer. The melting
temperatures (T,) and polymer crystallinity decrease with increasing comonomer
concentrations, but the ?C NMR spectra of the polymers do not suggest any 1-hexene
incorporation or branching. It may be that the observed Ty, decrease may be a result of

very small amounts of comonomer incorporation whose “C NMR resonances are too
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weak to detect relative to the methylene backbone signal. The broad PDIs (19-35)

suggest that more than one species is catalytically active and producing polymer in

solution.

The activities of thiophene bis(phenolate)-supported precatalyst 2-ZrBn, see a
small increase upon addition of comonomer. Nevertheless, Ty, values remain roughly
unchanged, and the ?C NMR spectra reveal no 1-hexene incorporation or branching.
Compared to no comonomer or 40 mM comonomer, the PDIs are substantially broader at
higher concentrations of 1-hexene, due primarily to an increase in weight-averaged
molecular weight M,,. Number-averaged molecular weight M, on the other hand, does
not vary significantly, which may suggest that the active species responsible for low
molecular-weight polymers is minimally affected by 1-hexene concentration. Perhaps 1-
hexene coordinates to the active sites that produce higher molecular weight polymer and
discourages chain transfer relative to coordination/insertion of ethylene, resulting in
higher molecular weight polymer than observed in the absence of comonomer. The gel
permeation chromatography (GPC) profiles for each polymer, which we unfortunately do

not have on hand, would be quite informative. More investigation is surely needed.

Precatalyst 3-VCI(THF), sees a significant increase in activity from no
comonomer to 80 mM comonomer. Despite the T, decrease, no 3C NMMR resonances
corresponding to 1-hexene incorporation or branching could be detected in this polymer.
The broader PDI results from larger My, or smaller M, values, suggesting that one or more
active sites are affected by the presence of 1-hexene, even if they do not incorporate it.
Again, GPC would be informative. Unlike the other non-metallocene precatalysts, 3-

VCI(THF); incorporates a detectable amount of 1-hexene when present in concentrations
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of 80 mM, 160 mM, and likely 240 mM. Not only is this apparent in the decreasing

crystallinity of the polymer itself — suggested by the substantial reduction in T,,, — but
also in the ?C NMR spectra (Figures 3.4 and 3.5); we unfortunately do not have the
polymer sample generated at highest comonomer concentration for spectroscopic analysis,
but it does follow the decreasing Tu/crystallinity trend established by differential
scanning calorimetry. Furthermore, these polymers display substantially narrower PDIs.
Indeed, the physical properties of the copolymers generated by 3-VCI(THF); would be

expected of linear low-density polyethylene (LLDPE).

The *C NMR spectrum of the copolymer generated by 3-VCI(THF), under 2 bar
ethylene and 160 mM 1-hexene indicates incorporation of a molecule of comonomer only
after growth of a polyethylene chain, due to absence of signals corresponding to hexene-
hexene-hexene (HHH) and hexene-hexene-ethylene (HHE) triads (Figure 3.4). Using the
method of Randall,'> comonomer incorporation was calculated to be <0.1 mol%. On the
other hand, the polymer generated by 3-VCI(THF); with twice the amount of 1-hexene
(320 mM) sees 0.8 mol% comonomer incorporation (Figure 3.5). This is substantially
less commoner incorporation than observed for the only reported example of
homogeneous vanadium-catalyzed ethylene/l1-hexene copolymerization (between 3-—
13%)." These results indicate the preference exhibited by the catalyst for ethylene over
I-hexene insertion, and that none of the catalysts incorporate a sufficient amount of

comonomer to produce elastomeric polymers.
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Figure 3.4. °C NMR spectrum of ethylene/1-hexene copolymer generated by precatalyst

3-VCI(THF); in the presence of 160 mM 1-hexene. Spectrum was recorded in ortho-
dichlorobenzene-d, at 120 °C
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Figure 3.5. °C NMR spectrum of ethylene/1-hexene copolymer generated by precatalyst
3-VCI(THF); in the presence of 320 mM 1-hexene. Spectrum was recorded in ortho-

dichlorobenzene-d, at 120 °C
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Figure 3.6. Dependence of catalyst activity on comonomer concentration
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In 2009, we reported several ethylene/l1-octene copolymerization trials with 3-
VCI(THF), and a precatalyst 6-ZrBn,.”> While experimental conditions are reasonably
different (1 bar ethylene, 3.2 M 1-octene, MAO with [Al]/[cat] = 1000) from those
described in the experiments above, the results agree somewhat with what we observe at
higher pressures of ethylene and lower concentrations of comonomer. Precatalyst 6-
ZrBn; which is similar to 1-ZrBn,, shows a significantly larger preference for ethylene
over l-octene (0.5 mol% comonomer incorporation) than 3-VCI(THF), (6.6 mol%
comonomer incorporation.) It must be noted that comonomer insertion values may be
substantially larger due to the greater concentration of comonomer and lower pressure of

ethylene. The rate of insertion of 1-hexene and 1-octene are not expected to vary much.

CONCLUSIONS

Previously reported early metal propylene polymerization catalysts supported by
pincer non-metallocene ligands have been shown to be highly active at polymerizing
ethylene. Activities higher than that of Cp,ZrCl; can be achieved, but the polyethylenes
exhibit broad PDIs, indicating that more than one catalyst is present upon activation with

MAO. In the presence of 1-hexene, only vanadium(IIl) precatalyst 3-VCI(THF),
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incorporates comonomer in a detectable amount, yet the activities of each catalyst appear
to be dependent on comonomer concentration (Figure 3.6). Investigations into
stoichiometric, perhaps cleaner activations of precatalysts are underway. Future
directions involve developing more rigid pincer ligands to reduce fluxionality in a

catalytically active species that could contribute to PDI broadening.

EXPERIMENTALS

General Considerations and Instrumentation. All air- and moisture-sensitive
compounds were manipulated using standard high vacuum and Schlenk techniques or
manipulated in a glovebox under a nitrogen atmosphere using degassed solvents. All
solvents for the synthesis of precatalysts were dried over sodium benzophenone ketyl and
stored over titanocene dihydride where compatible or dried by the method of Grubbs.'*
All solvents and liquid monomers for polymerization trials were stored over 3A
molecular sieves. All NMR solvents were purchased from Cambridge Isotopes. Benzene-
ds was dried over sodium benzophenone ketyl, while CD,Cl, was dried over CaH, and
stored over molecular sieves. Ethylene was dried through a Ridox column. All other
chemicals were used as received. Precatalysts 1-ZrBny, 2-ZrBnyg, and 3-VCI(THF);

. . 9a,9b
were prepared according to literature procedure.””” 'H and “C spectra were recorded on

Varian Mercury 300 or Varian INOVA-500 spectrometers and unless otherwise indicated

at room temperature.

Ethylene Polymerization and Ethylene/1-Hexene Copolymerization Trials. All trials

were carried out in the laboratory of Dr. Muhammad Atiqullah with the assistance of
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technician Mr. Anwar Hossain at King Fahd University of Petroleum and Minerals in
Dhahran, Saudi Arabia. A thick-walled, jacketed glass Biichi reactor was oven-dried and
fastened to the installation shown in Figure 3.7. The air-tight reactor was evacuated for
several hours and back-filled with ethylene. Under a positive pressure of ethylene, dry n-
hexane (~500 mL for homopolymerizations, 500-x mL for copolymerizations with x mL
I-hexene) was cannulated into the reactor, followed by tri-isobutylaluminum (500 uL,
393 mg, 2.00 mmol) to scrub water. After 5 minutes, 10 wt% MAO in toluene (3.58 mL,
4.8 mmol) is added via syringe to afford a clear solution, which is stirred at 500 rpm
under ethylene. For copolymerizations, comonomer 1-hexene (5 mL, 10 mL, 20 mL, or
30 mL) is added via syringe to the stirring solution. The solution is then stirred for 10
minutes and cooled to 10 °C using an ethylene glycol cooling bath connected to the outer
jacket of the reactor. A solution of precatalyst (16 umol) in 4 mL dry toluene is added
quickly via syringe to the cooled, stirring suspension against a positive pressure of
ethylene. The solution is warmed to 30 °C over 1-2 minutes and ethylene pressure
increased to 2 bar. During the reaction, exotherms under kept under control and the
temperature is maintained at or around 30 °C by periodically cycling coolant through the
internal coils of the reactor. At the end of the reaction, the reactor is cooled to 0 °C and
methanol is added slowly to quench MAO. The reactor is detached from the support and
the polymer suspension is filtered through a sintered glass funnel, washed with methanol
and hexanes and dried in air for 2 hours. The polymer is then weighed for calculation of

catalyst activity.
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Figure 3.7. Glass Biichi reactor employed for all polymerization experiments described
herein. (1) Thick-walled, jacketed glass reactor; (2) ethylene feed; (3) mechanical stirrer;
(4) syringe port equipped with Swagelok; (5) electronic thermocoupler; (6) vacuum; (7)

coolant feed to reactor jacket; (8) coolant outlet from reactor jacket
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BC NMR Analysis of Polymers. To an NMR tube, polymer (200 mg) was added

followed by o-dichlorobenzene-d, (1.5 mL). The suspension is heated at 160 °C for 415
hours until the polymer is completely dissolved to afford a highly viscous solution. All
spectra were taken on a Varian Inove 500 MHz spectrometer. The following acquisition
parameters were used: 2.1 s relaxation delay, 2.3 s acquisition time, full NOE with Waltz
decoupling, 2000-5000 scans. All measurements were taken without sample spinning at
120 °C, calibrated by ethylene glycol. The *C NMR spectra were referenced at 132.6

ppm for the apparent singlet of o-dichlorobenzene-d,.
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CHAPTER 4

Activator-Free Olefin Oligomerization and Isomerization Reactions

Catalyzed by Palladium(II) Dimers

Parts of this work appear in:
Winston, M. S.; Oblad, P. F.; Labinger, J. A.; Bercaw, J. E.
Angew. Chem., Int. Ed. 2012, 51, 9822.
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ABSTRACT

Industrial processes such as olefin oligomerization and polymerization require the
use of catalyst activators, such as methylaluminoxane. Herein we report an air and water-
tolerant bis(p-hydroxy)palladium dimer supported by an a-diimine ligand that can self-
activate to an olefin oligomerization and isomerization catalyst. Mechanistic studies
indicate that the active catalyst is a palladium(Il) hydride, formed by either a Wacker-
type oxidation or C-H activation/dehydrogenation of olefin by the precatalyst dimer. The
reactive palladium(II) hydride can isomerize and oligomerize olefins with turnover
numbers at room temperature as high as 2100/h and 600/h, respectively. Catalytic activity
is remarkably insensitive to water or air, so that catalytic isomerization/oligomerization
reactions can be carried out on the benchtop. Dimer activation has also been shown to be

highly sensitive to steric effects imparted by the a-diimine ligand.
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INTRODUCTION

Olefin oligomerization is an important process that converts basic feedstocks,
such as ethylene and propylene, into value-added olefins used in the production of
ubiquitous products including linear low-density polyethylene, plasticizers, detergents,
fuels, and lubricants.! a-Olefins are produced at a rate of >10° Ib/year, primarily via
ethylene oligomerization.? In contrast to polymerization catalysts that undergo fast chain
propagation relative to chain termination,” homogeneous late-transition-metal complexes
that exhibit fast rates of P-hydride elimination relative to propagation often exhibit

. . . . 4
oligomerization behavior.

The nickel-based oligomerization step of the Shell higher olefin process (SHOP)
represents one of the largest applications of homogeneous transition metal catalysis in
industry.'® Pioneered by Keim, it is highly selective for producing linear a-olefins in the
C4-Csp range. The active catalyst — a nickel(I) hydride — is generated by (-hydride
elimination from a nickel(II) alkyl precatalyst (eq. 1), and oligomerizes ethylene through
a traditional step-growth process (discussed ahead) involving a sequence of

insertion/coordination steps at elevated temperatures (~100 °C) and pressures (5—10 atm).
Ph, =z cop Ph,
R P H
/]; :Ni/\ \__/ )/: :Ni/\ (1)
o7 0 7o 7
active catalyst

Many nickel-based ethylene oligomerization catalysts supported by various
bidentate monoanionic ligands have since been reported upon Keim’s initial disclosure.*

Almost all involve an active nickel hydride species. Oligomerization catalysts that exploit
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other metals, such as iron” and titanium,” have also been disclosed, but the nature of the

active species is ambiguous.

Nickel(Il) and Palladium(Il) Polymerization and Oligomerization Catalysts Supported by

o-Diimine Ligands

In 1995, Brookhart and coworkers reported a series of nickel(II) and palladium(II)
complexes that convert ethylene and a-olefins to high molar mass polymers with highly
branched microstructures.® Group 10 dimethyl precatalysts (1) stabilized by a-diimine
ligands can be activated by acid to release methane, generating a reactive metal cation
stabilized by a labile diethyl ether ligand (2) (Scheme 4.1). Alternatively, o-diimine-
supported nickel(Il) dibromide complexes may be activated in situ by
methylaluminoxane (MAO, 1000 equiv Al/Ni). In the presence of ethylene or a-olefins,
ligand exchange with 2 presumably generates an olefin-bound organometallic species that
can initiate polymerization via an insertion reaction (not shown in Scheme 4.1). A
sequence of monomer insertions and P-hydride elimination, followed by release of

polymer and coordination of monomer, affords the active metal hydride catalyst (3).

Rigorous mechanistic studies by Brookhart and coworkers reveal a catalytic cycle
from 3 that begins with hydride insertion into coordinated monomer to afford a metal
alkyl complex with a vacant site.** Coordination of monomer, followed by a series of
insertion/coordination reactions allows chain growth. A metal polymeryl complex with a

vacant site can undergo (-hydride elimination/chain transfer with monomer to afford

polymer with terminal unsaturation and regenerate catalyst 3, or f-hydride
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elimination/re-insertion to afford a secondary alkyl metal intermediate. This intermediate
can either insert monomer or continue “chain-running” via a sequence of P-hydride
elimination/re-insertion reactions to further internalize the olefin.® This unique behavior
allows the production of significantly branched polymers. For example, at the time of this
report, these catalysts produced previously unobserved amorphous polyethylene that was
far more highly branched than any reported low-density polyethylene in the literature.
Turnover frequencies (TOF) as high as 3.9 x 10°/h can be achieved under 1 atmosphere

ethylene at room temperature.

highly branched
products

TT

P, I+ P I+ 1+
Ar Ar
R ’N\ 4 R ’N\ /\:I R ,N\ '
RI M - RI\X’M\H RI M= \_-R
r

Ar Ar
RIN\M/CH3 H*, Et,0 RIN\M/OEtz
R=<N" VCH, R=<N"  “YCH,

Ar Ar

1 2
CH,
M = Ni(ll), Pd(ll)
Ar = 2,6-CgH,(CHa),
or
Ar = 2,6-CgH,4(CHMey),

Scheme 4.1



113

Kinetic studies indicate that chain transfer is an associative process that requires
initial coordination of monomer to the axial face of the tetracoordinate metal

6a,6b
complex.”™

This has important consequences in determining the overall behavior of the
catalyst. It is thought that ortho aryl substituents on a-diimine ligands can block axial
approach of monomer to the metal, inhibiting chain transfer relative to monomer
insertion, which requires olefin approach to the vacant site in the plane. Indeed,
complexes supported by a-diimine ligands with ortho iso-propyl substituents (Ar = 2,6-
Ce¢H4(CHMe),) afford higher molecular weight polyethylene than those supported by
ligands with less bulky ortho methyl groups (Ar = 2,6-C¢H4(CH3),). Furthermore,

nickel(Il) complexes supported by ligands with only para substitution exhibit ethylene

oligomerization and propylene dimerization activity with a TON ~ 10° (Figure 4.1).

polymerization behavior oligomerization behavior
ref. 1 ref. 2

Figure 4.1. Two nickel(Il) hydride cations that exhibit olefin polymerization (left) and
oligomerization (right) behavior. Aryl substitution on the a-diimine appears to dictate
behavior by inhibiting chain transfer relative to monomer insertion in polymerization

catalysts.
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Initial Synthesis and Isolation of Bis(u—Hydroxy)palladium(Il) Dimers

The versatility of a-diimine Group 10 complexes were brought to our attention in
our forays into selective hydrocarbon functionalization.® Roughly forty years ago, Shilov
and coworkers reported a platinum(II)-catalyzed oxidation of alkanes to alcohols or alkyl

chlorides at high temperatures in the presence of stoichiometric platinum(IV) oxidant (eq.

2).?

cat. [PtCl,]*

2-
RCH3 + [PtC|6] + Hzo HZO, 120 °C

RCH,OH + [PtCl,]2 + 2HCI (2)
(RCH,CI)

In our efforts to avoid stoichiometric platinum(IV) oxidant, we investigated the
possibility of using significantly cheaper and more abundant O, as a terminal oxidant.
Given recent reports of palladium(Il)-catalyzed arene'® and alcohol'' oxidation using O,
as a stoichiometric oxidant, we envisioned that O, could facilitate a Pd(0)/Pd(Il) redox

couple to achieve the desired alkane functionalization chemistry (eq. 3 and 4).

[Pd'"]

RCHj + Op + HO —————3 RCH,OH + H,0, (3)
[Pd'
RCH; + HLO, ———® RCH,OH + H,0 (4)

Benzene C-H activation by palladium(II) methyl cations was first investigated as
the microscopic reverse of methane C-H activation.®™ Under O,, benzene is activated and
methane is released (Scheme 4.2). The product of benzene C-H activation — [(a-
diimine)Pd(Ph)(H,O)*" — disproportionates to  bis(aquo)  dication  [(a-

diimine)Pd(OH,),]*" (5) and (a-diimine)Pd(Ph),, which reductively eliminates biphenyl.
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Oxidation of the reduced species by O, or H,O, presumably generates 5, bis(u-hydroxy)

dimer 4.
Ar _l+ Ar —|+
—N_ CHj3 CgHe —N Ph
2 T2 Mg~ 2o P<
=N OH, -CH,4 N OH,
Ar Ar
disproportionation
—|2+
Ar 2H,0 + 2H* Ar
1 I—N Pd/o\ I - I /OHZ + Z’N\Pd/Ph
? =N \o/ ‘N N' ‘OHZ <N" Ph
Ar Ar
4
-biphenyl
O, + 2H,0 + 2H*
-H,0. Ar
2V2 ,N\ 0
Pd
or \N(
H,0, + 2H* Ar

Scheme 4.2
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That some Group 10 hydroxy-bridged dimers may be thermodynamic “dead states”
under oxidative conditions is not unprecedented. For example, Vedernikov and
coworkers'” reported that the reaction of 6 with O, affords bis(u-hydroxy) dimer 7 via
pendant sulfonate-assisted oxidation to platinum(IV) and C-O bond coupling (Scheme

4.3). It should be noted that the dissociation of 7 was not observed even under ethylene at

elevated temperatures to regenerate 6.

02 + Hgo +H*
-H0;

or
H,O, + HY
-H2o

Scheme 4.3
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On the other hand, Sodeoka and coworkers' reported that dimer [(R-
BINAP)Pd(OH)L,*" (8) is not chemically inert, but rather reacts with silyl enol ethers to
dissociate to 9, which catalyzes asymmetric Mannich reactions with imine substrates

(Scheme 4.4).

P
G = R-BINAP H e+
P

( P
P/ \0’ \ P>

8

0SiMe,
Ph/&

1+
Pll HOSIMea |‘
HOSIM
IVieg P( \
OZR
OS|M
HOSiMe3
/HOSIME3 PI/ /\N_
Pd
P’ \ (P/ \o CO,R

002R
Coz /

H,O, HOSiMe; Pn
P/ \o \H
Ph

Scheme 4.4

Likewise, [(bathophenanthroline)Pd(OH)]22+ (10) catalyzes the aerobic oxidation
of secondary alcohols to ketones through the proposed catalytic cycle in Scheme 4.5."

The authors suggest that dimer dissociation and release of water affords a palladium(II)
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alkoxide species from which substrate oxidation and deprotonation may take place. The
resulting palladium(0) species is presumably re-oxidized by O, or H,O, before dimerizing

back to 10, although this final step seems unlikely.

N
< = bathophenanthroline disulfonate
N

H —|2+
1
Hz0, z Pd:"
( \ ( ~
Q N 0|-|
R
0O, + H,0
+ 2H*
Hy0p + 2H*
Pd/
OH

+H+

Scheme 4.5

Stoichiometric C-H Activation by a-Diimine-Supported Bis(u—Hydroxy)palladium(Il)

Dimers

In 2008, our group reported' the isolation and spectroscopic characterization of a

+

number of bis(u-hydroxy) dimers of the type [(a-diimine)M(OH)],>" and bis(aquo)
monomers (a-diimine)M(H,0),*" (M = Pd(II), Pt(II)) (Figure 4.2). These complexes are
not necessarily resting states, and can in fact activate a variety of C-H bonds in air and

wet solvent under mild conditions (Scheme 4.6). A mixture of platinum(Il) dimer 11a and

monomer 12a, for instance, can activate indene, as well as the benzylic C-H bonds of 1,4-
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diethyl-benzene. Aryl C-H bonds can also be activated, provided the metal is directed to
the reacting C-H bond and a multidentate ligand is ultimately produced. With allyl
benzene, the pendant olefin coordinates to the metal in the C-H activated product, while

nitrogen coordinates to generate a cyclometalate in the reaction with aryl oximes.

In all cases, C-H activation with 11a/12a can be carried out in benchtop solvent
under air. In most cases, transformations are quantitative by NMR. This suggests that the
reaction is not adversely affected by the water released upon coordination and activation

of organic substrate.

T2+ 2+
Ar H Ar Ar
[—N\M/O\M/N \'j IN\M/HZO
\N( \o/ \N/ \N( \HZO
Ar H Ar Ar
4: M = Pd, characterized and isolated 5: M = Pd, characterized and isolated
11: M = Pt, characterized and isolated 12: M = Pt, characterized but not isolable

Figure 4.2. Isolable and/or characterizable Group 10 bis((u-hydroxy) dimers and

bis(aquo) monomers
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1+ Et—|+

Ar

N N
=N -

Ar

CH,Cly, CH,Cly,
40°C,19h 90°C,18h / Et Et
84% 40%

e+ e+
Ar
o s,
<n~" \o/ ‘N N’ \H 0
Ar
11a Ar = 3,5-CgHa(CMeg), 12a
NOMe
CH/Cl,, CH.Cl,,
RT,3h 80 °C, 4 days
55% 62%
+
—I+ Ar OMe —I
Iﬁ’ > N
= =N py—
\Pt/ — (Pt =
\N( N
Ar Ar
Scheme 4.6

While dimer 11a and monomer 12a are in equilibrium with one another, 12a is
the reactive species. Furthermore, acid not only drives the 11a/12a equilibrium toward
monomer, but accelerates the C-H activation step. Kinetic experiments of cyclohexene C-
H activation (Scheme 4.7) have established that n’-cyclohexenyl complex 13 forms
slowly in the absence of acid. The first step — presumably dimer dissociation to 12a — and
the second C-H activation step exhibit a first-order dependence on acid (the first step
obviously has a two-term rate law). The acid dependence of the second step suggests that
general-acid catalysis may be needed to weaken the Pt-OH, bond. The second step is also

first order in cyclohexene.
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