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ABSTRACT

Society demands cheaper and more abundant metal catalysts to accomplish the tasks
previously performed by precious metal catalysts. In turn, chemists have developed
ancillary ligands designed to harness the power of first-row metals, such as Mn, Fe, Co,
and Ni. In Chapter 1, these design principles are rationalized and summarized, and
applied to a variety of important ligand classes. One such class includes N-
phosphinoamidinate (PN) ligands. (PN) complexes of first-row metals have been applied
as precatalysts for hydrosilative carbonyl reductions (in the case of Fe) and terminally
selective alkene isomerization/hydroboration (I-H; in the case of Co). Given a recent
surge of advances in homogeneous catalysis using Ni, [ began my thesis research with
synthetic attempts towards (PN) complexes of Ni. Over the course of my research, I
developed a family of related complexes. Ultimately, I was able to harness these
complexes to generate the reactive, transient, three-coordinate Ni hydride (PN)NiH,
which unlocked three thesis chapters. In Chapter 2, I describe a mechanistic study of
alkene I-H via isostructural (PN) Mn, Fe, Co, and Ni precatalysts. The Ni precatalyst
performed poorly, and isolable Ni hydride complexes proved unsuitable for the reaction,
but the diamagnetism of the Ni complexes afforded in situ monitoring of catalytic
intermediates to help determine the origin of terminal selectivity. Chapter 3 contains an
analogous study of hydrosilative amide reduction, wherein (PN)NiH instead proved
remarkably competent to reduce challenging substrates via optimization of reaction
conditions. Iterative optimization of the precatalyst proved the utility of (PN)Ni(O7Bu),
itself a rare example of a three-coordinate nickel alkoxo complex. Chapter 4 reports the
spectroscopic and X-ray characterization of a unique compound conceived by (PN)NiH
inserting benzene. It also includes unusual - or y- agostic (PN)Ni(alkyl) complexes
synthesized in attempts to access (PN)NiH in a controlled fashion via B-hydride
elimination.
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CHAPTER 1: INTRODUCTION

1.1 The Importance of Organotransition Metal Chemistry

Homogeneous catalysis featuring ligand-supported transition metal complexes has
revolutionized modern society. Pharmaceuticals, plastics, and functional materials that
underpin our standard of living are enabled by carbon-carbon and carbon-heteroatom
bond-forming reactions catalyzed by such complexes. To recognize the significance of
such chemistry in recent years, Nobel prizes were awarded in 2001, 2005, and 2010 for
advances in asymmetric catalysis,! olefin metathesis,” and palladium-catalyzed cross-
coupling reactions.® These types of chemistry have associated costs, however, as noble
metals such as ruthenium, rhodium, and palladium are utilized prominently therein.
Noble metals are expensive, toxic, rare, and associated with terrestrial sources that
feature political conflicts. Catalytic systems featuring metals such as iron, cobalt, or
nickel that could perform or outperform noble metals related to these types of chemistry
are highly sought-after.*

1.1.1 Reconsidering the Use of First Row Organotransition Metal Catalysts

The development of cross-coupling chemistry serves as an informative case study
regarding the competitiveness, and complementarity, of noble and first row homogeneous
catalysts. First row catalysts for cross-coupling were held in high regard during the
infancy of the field. Nobel laureate Negishi, in a publication from 1976 describing aryl-
alkyl cross-coupling, remarked that the nickel-catalyzed reaction proceeded faster and at
lower temperature compared to the analogous palladium-catalyzed reaction.’ However, a
survey conducting in 2011 revealed that 90% of cross-coupling reactions preformed on a

scale of >100 mmol were performed by use of palladium.® If first row metals are



cheaper, more abundant, and easy to obtain, then why is the field of homogeneous
catalysis dominated by noble metals?

To answer in part, base metal chemistry has some associated practical drawbacks
that hinder the development of such catalytic systems. First row metal complexes often
exhibit paramagnetism, which impedes Nuclear Magnetic Resonance (NMR)
characterization of a given precatalyst coordination compound. This makes it difficult to
ascertain purity or solution connectivity of a given species. Furthermore, advanced
mechanistic studies of reactions of the paramagnetic complex by use of NMR methods,
such as deuterium labelling, or measurement of reaction rates via integration of
diagnostic NMR peaks, are similarly restricted. Whereas single crystal X-ray diffraction
(XRD) data can describe solid state connectivity, the relationship of the chosen crystal to
the bulk sample can always be questioned, even when reliable elemental analysis data are
available.

First row complexes are known to participate in one-electron chemistry, which
can lead to the generation of radical species, and unexpected product distributions in
catalytic applications. For example, while palladium favours 0, +2, and +4 oxidation
states, catalytic nickel species possessing 0, +1, +2, +3, and even +4 oxidation states have
been demonstrated.” Reaction mechanisms that involve single electron transfer can be
complicated and irregular, and set a high barrier to entry for understanding fundamental
patterns.

Moreover, traditional computational methods that model proposed mechanisms
involving single electron transfer can be difficult to optimize.® In contrast, noble metals

typically perform two-electron chemistry involving diamagnetic species, which in



combination with superior NMR characterizability, has allowed for greater understanding
of their associated catalytic mechanisms. Such mechanistic insights are crucial to the
iteration of catalyst design; as such, noble metal catalysis has benefitted from an
enormous amount of iteration in comparison to base metal catalysis. Notwithstanding
these issues, the divergent properties of first row metals, relative to the noble metals,
provide unique opportunities for the development of new substrate transformations.
Indeed, several important advances in base metal catalysis, outlined in subsequent
sections, have been demonstrated in recent years, driven in part by advances in ancillary
ligand design.

1.2 Principles in Ligand Design

To provide context for these advances, it is necessary to first explain some
terminology associated with ligand classification. Ligands are a class of molecules that
bond to transition metals to form complexes. The size, shape, and electronic properties of
the binding ligands in turn influence the electronic and geometric properties of the metal
center, and thus, influence their reactivity. While there are many types of ligands, they
can be subdivided by donor type, hapticity, and denticity, among other categories. Two-
electron donor ligands (L-donors), such as phosphines, carbon monoxide, and alkenes,
form dative bonds with transition metals, whereas one-electron donor ligands (X-
ligands), such as halides, alkyls, and amides, form covalent bonds. At a molecular orbital
level, these interactions may be along the interatomic bond axis (c-donation) or
orthogonal to the bond axis (n-donation). The metal may also “backdonate” to a donor
ligand, depending on the energy and symmetry of the orbitals involved in bonding. In the

context of reactivity, ligands can be divided further divided into ‘ancillary’ and ‘reactive’



ligands. Ancillary ligands do not typically participate directly in substrate
transformations; rather, they offer a stabilizing framework for the metal. Reactive ligands
are altered in some way or lost during a reaction. However, this distinction has become
less useful, as examples of cooperative chemistry between otherwise ‘ancillary’ ligands
and the complexed metal have been exploited,’ such as in transfer hydrogenations. '’
Ligands may bind as a contiguous set of donor atoms, whereby each atom
involved in bonding increases the hapticity (denoted by ", where n is number of
contiguous atoms) of the ligand by one. For instance, in Figure 1-1, the n*-allyl ligand
binds with a metal M over three contiguous atoms, in contrast to the n!-propenyl ligand
or the n?-propene. The allyl-metal bonding involves three delocalized electrons from the

allyl fragment, making the allyl ligand an LX donor.

w—" M—( M—)>

nl, X-donor 112, L-donor n3, LX-donor

Figure 1-1. Some ligand bonding motifs depicting changes in hapticity (n).

1.2.1 Mono- and Polydentate Ligands
The denticity of a ligand describes the number n of non-contiguous bonding points
between the ligand and the metal center, as denoted by k". For example,
bis(diphenylphosphino)ethane (dppe) typically chelates to a metal center at each of the
two phosphine groups, and would be a «? ligand as represented in Figure 1-2. Chelating
ligands, or ligands with denticity of two or greater, are featured prominently in catalytic
systems because of their ability to stabilize reactive metal species. If one donor of a

chelating ligand of denticity 1> were to labilize from a metal in some solvent, rendering



the ligand «!, the anchoring effect of its partner donor would increase the rate of donor
rebinding relative to if the labilized donor had no restrictions on movement. This property
is known as the chelate effect.!! As expressed in Figure 1-2, loss of a non-chelating donor
could rapidly lead to reaction with solvent and possibly further undesired reactivity, or

unwanted polynuclear oligomerization and deactivation.

PPh,
PPh, PPh,
Solv | Solv
Ph,P._ _PPh, Ph,P__ M ~ M + PPh,
M M
PPh,
2, L,-donor k1, L-donor «1, L-donor Dissociation

Figure 1-2. Representation of the chelate effect.

1.2.2 Monodentate Phosphine Ligands

Ligands of the type ' are known as monodentate ligands. Notwithstanding the
potential benefits of bidentate ligation, monodentate phosphine ligands are ubiquitous in
catalysis. With respect to their electronic properties, they can act as both as o-donors and
n-acceptors. While previously subject to some debate, it is now considered that the n-
symmetrical ¢* orbital on the phosphine is responsible for accepting n-backdonation
from the bound metal, as opposed to d orbitals.!? The donor ability of phosphines can be
carefully tuned. Alkyl substituents on the phosphine, such as rBu groups, increase the
donor ability via inductive effects. Aryl phosphines are comparatively less strongly
donating, on account of mesomeric effects that reduce electron density at phosphorus.
Phosphines that feature bonds to more electronegative groups are poorer o-donors and
stronger m-acceptors (e.g. phosphites). The tunability of these properties is important, as

electron density at the metal center of a complex is directly related to its ability to



perform fundamental reactions. For example, the higher the electron density of the metal,
the more likely it is to undergo oxidative addition processes.

Steric effects of substituents on the phosphine have been extensively tabulated.
Tolman introduced the concept of a “cone angle,” which is defined as the solid angle
formed with the metal at the vertex and the hydrogen atoms at the perimeter of the
cone.'® A higher cone angle results from relatively higher steric repulsion amongst the
substituents. For example, PMe; has a lower cone angle (118°) than PPh3 (145°).
Relatedly, although a Ph unit has a greater number of carbons than a /Bu group, PrBus
has a larger cone angle (182°) on account of the planarity of Ph. This means that a PrBus
group would be taking up more of the coordination sphere of a metal it was bonded to,
which in turn restricts steric access to the metal. It is important to be able to tune the
sterics of ligands, because processes such as reductive elimination become more
favorable as the ligands become bulkier.

A prominent example of an organometallic complex that features monodentate
phosphine ligation is Wilkinson’s catalyst, (PPh3);RhCI.'* Wilkinson’s catalyst facilitates
oxidative addition of molecular hydrogen, which allows for the hydrogenation of various
unsaturated species, such as alkenes. This was the first homogeneous catalyst that rivaled
the reaction rates of typically less selective heterogeneous catalysts, and the report was
noted to be inspirational to Nobel laureate William S. Knowles’ efforts towards
asymmetric catalysis.! Tetrakis(triphenylphosphine)palladium(0) is another example of a
revolutionary monodentate phosphine-based precatalyst. This precatalyst readily
facilitates palladium(0) — palladium(II) catalytic cycles, and has been broadly applied in

cross-coupling reactions, including Stille,'* Suzuki,'® and Heck reactions.!’



1.2.3 Monodentate N-Heterocyclic Carbene Ligands

N-Heterocyclic carbenes'® (NHCs) are a series of highly sterically demanding
monodentate ligands. Two examples of unsaturated (IPr) and saturated (SIPr) NHCs are
shown in Figure 1-3. Despite the implied electron-deficient nature of carbenes, NHCs act
as strong o-donors on account of stabilizing n-donation from the lone pair on the adjacent

nitrogens to the carbene.!”

[\ [\
N\”/N N\”/N
IPr SIPr

Figure 1-3. Examples of N-heterocyclic carbenes.

NHC ancillary ligands were successfully applied in the manifold of olefin
metathesis.?® Olefin metathesis enables polymerizations and ring-closing reactions that
have widespread applications in the assembly of pharmaceuticals,?! and enable the
construction of intricate molecular structures such as catenanes and knots.?* The 2™

generation Grubbs catalyst is stabilized by NHC ligation, and is shown in Figure 1-4.%

PCy
cl | 3 Mes/N N\Mes
//,Ru_
/| \ Cl' Ry=
(o]} Ph 4
PCy, Cl Ph
PCy3
1st Generation 2nd Generation

Figure 1-4. 15t and 2" generation Grubbs’ catalysts.



1.2.4 Bisphosphine Ligands

Bisphosphine (P2) ligands have excelled as ligands in innumerable catalytic
reactions. The earliest catalysts for asymmetric synthesis with reasonable enantiomeric
excesses were rhodium species featuring P; ligands. In particular, the synthesis of L-
DOPA, an agent used for treating Parkinson’s disease, exploited the chiral-at-phosphine
DIPAMP shown in Figure 1-5.%* Alternatively, Kagan demonstrated that chiral
backbones could impart such asymmetry on substrates.?®> Arguably the most famous
ligand for use in homogeneous late-metal catalysis, BINAP, exploits this insight by using
the axial chirality of the binaphthyl fragment as its source of asymmetry. The two

enantiomers of BINAP are shown in Figure 1-5.

SO
PPh,
goles

(S)-BINAP

(o &
MeO PPh,
™

(R,R)-DIPAMP (R)-BINAP

Figure 1-5. (R,R)-DIPAMP and the two enantiomers of BINAP.

BINAP enables metal-catalyzed asymmetric hydrogenations of ketones and
olefins with exceptionally high turnover frequencies (TOFs) and turnover numbers

(TONs).2 Beyond asymmetric catalysis, racemic BINAP also has been shown to support



active catalysts for palladium-catalyzed C-N cross-coupling reactions (i.e., Buchwald-
Hartwig amination, BHA),?” among others.

These ligands have inspired considerable research into the development of new
phosphines, of which a selection will be mentioned here. DuPhos ligands are a series of
P> variants developed by DuPont used in asymmetric catalysis, such as asymmetric
hydrogenations, aminations, and amidations.?® XantPhos is a wide bite-angle P> that has
been applied in hydroformylation chemistry, BHA, and the a-arylation of ketones.?’ PAd-
DalPhos is a relatively electron-poor and sterically hindered P> with a much lower bite
angle that eliminates the need for palladium in a variety of C-N cross-coupling reactions

130

having been designed specifically for compatibility with nickel.”” These ligands are

displayed in Figure 1-6.

Pth Pth o o

DuPhos XantPhos PAd-DalPhos

Figure 1-6. A selection of modern P2 ligands.

1.2.5 Monoanionic Bidentate Ligands

In comparison to a neutral L, bidentate ligand, a monoanionic LX bidentate
ligand binds more strongly to the metal, on account of the additional covalent bonding
character and electrostatic interactions. Monoanionic ligands also allow for the
stabilization of higher oxidation state metals without the need for many additional

stabilizing ligands or a non-coordinating counterion. B-diketiminates (colloquially known



as NacNac) are a set of monoanionic ligands that have a storied history of supporting
reactive metals in stoichiometric and catalytic chemistry since their initial synthesis in the
1960s.3! In particular, NacNac complexes have been broadly applied in olefin
polymerization.>* The NacNac architecture is derivative of a f-diketimine (HNacNac)
precursor structure that acts as a neutral L, donor, but it has a relatively acidic proton that
can be removed with base to furnish the B-diketiminate, as illustrated in Scheme 1-1 (one

tautomer of the HNacNac shown).

tBu dipp tBu dipp
H =N N
H Base H C@
—N N
tBu \dipp tBu \dipp
Neutral, L, Monoanionic, LX

Scheme 1-1. Deprotonation of neutral B-diketimine to form a -diketiminate
(NacNac).

1.2.6 Mixed Donor Bidentate Ligands

Mixed donor ligands include two or more different donor atoms and have
divergent properties from P> for a few reasons: Firstly, the type of basicity (hard or soft)
of a ligand contributes to the affinity of that ligand to a metal. For example, hard donors,
such as nitrogen, bind strongly to electron deficient early group transition metals,
whereas soft donors, such as phosphorus, bind preferentially to electron rich late metals.*?
In theory, a bidentate ligand that included a hard and a soft donor should be able to
stabilize both hard and soft Lewis acids.

In catalytic cycles, the oxidation state of the metal center may change, meaning

that a ligand that can stabilize multiple oxidation states should theoretically increase its

ability to maintain catalytic integrity. A mismatched donor, such as a hard nitrogen donor
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binding to a soft late metal, such as palladium(0), may reversibly labilize; this property is
known as hemilability. Hemilability of a donor can allow for the accommodation of a
substrate that otherwise may have been sterically or electronically denied access, but also
allow for ligand rebinding and stabilization of the metal following the ejection of the
modified substrate.** Secondly, many catalytic processes involve both oxidative addition
and reductive elimination, and generally, the types of characteristics that support
oxidative addition (high electron density at metal, low steric bulk) are in opposition to
those that support reductive elimination (low electron density at metal, high steric bulk).
It should be noted that excessively lowering the steric bulk of the ligand may result in
oligomerization of the complex, and loss of coordinative unsaturation that facilitates
oxidative addition. If one of the addition or elimination steps is much slower than the
other, it can hamper the ability of a catalytic cycle to turn over. Phosphine ligands are
primarily c-donating in character but can be n-accepting depending on the substituents of
the phosphine, which slightly reduces the electron density on the metal center and makes
the metal center more amenable to reductive elimination processes. Nitrogen, on the other
hand, only has 6-donor character as a ligand. Accordingly, replacing one phosphine with
a nitrogen has been hypothesized to influence the metal to prefer oxidative additions,
notwithstanding the comparable dominance of P> ligands to neutral bisamine ligands in
this regard.*® Additionally, phosphines are more strongly trans-labilizing than nitrogen,
meaning a transition state involving a PN-metal complex and a substrate should arrange
in a predictable fashion, which could improve the selectivity of a reaction. A PN ligand
that takes advantage of the electronic benefits of PN ligation, in combination with a bulky

steric profile, is Mor-DalPhos. Palladium complexes of Mor-DalPhos catalyze a broad
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scope of cross-couplings, most notably BHAs. The donor nitrogen can be modified in
donor strength by changing its hybridization. Phosphinooxazoline (PHOX) ligands are a
set of PN ligands that feature a cyclic sp? nitrogen that utilizes these differences in donor
properties in regio- and enantioselective allylic alkylations.*> The nitrogen has been
shown to be hemilabile.>® The structures of Mor-DalPhos and PHOX are detailed in
Figure 1-7.

PAd,
(L,

L_o

Mor-DalPhos PHOX

\ >
\j
PPh, N—/

.

—

Figure 1-7. Structures of bidentate PN ligand families Mor-DalPhos and PHOX.

1.2.7 Mixed Donor Monoanionic Bidentate Ligands

LX bidentate ligands with a mixed donor pair are heavily utilized as catalysts for
olefin chemistry. In particular, the Shell Higher Olefin Process (SHOP) for making
polymers and oligomers of olefins helps supply the global demand for plastics and linear
a-olefins (LAOs).’” Linear a-olefins are used as lubricants, detergents, and feedstocks for
higher order synthetic goals. The dominant catalytic systems for SHOP involve a
nickel(IT) complex supported by an LX donor PO bidentate ligand, which electronically
enforces a square planar geometry at nickel, despite the large growing carbon chain that
one might expect to sterically demand a tetrahedral environment.®” Metal-alkyl
intermediates that include additional stabilization via agostic interactions have also been
shown to be involved in such chemistry. ** Progress in SHOP chemistry was made with

NO ligands, which may show higher TONs and TOFs compared to previous
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technology.®” Some ligands used in supporting active SHOP catalysts are shown in

Figure 1-8.
PPh, PPh,
Lo I
(o) ,}l@
dipp
Classic SHOP NO SHOP Monoanionic PN

Figure 1-8. PO, NO, and PN ligands.

Ni(II) complexes supported by monoanionic PN ligands*® (Figure 1-8) have been
applied in Kumada cross couplings,*! and were found to suppress undesired p-hydride
elimination (BHE) processes. They have also been applied in carbonyl hydrosilation,*
through a proposed transient hydride intermediate. Chapters 2 — 4 feature further
exploration of this design framework.

1.2.8 Typical and Atypical Ligand-Metal Coordination Geometries

Among late-group transition metal complexes, the 18 and 16 e- “rules” tend to
direct the coordination of ligands. An 18 e- complex is typically bonded to six ligands in
an octahedral geometry, where the central metal atom or ion has a d® electron
configuration. A 16 e- complex is typically bonded to four ligands in a tetrahedral or
square planar geometry, where the central metal atom or ion has a d® electron

configuration. Representative complexes are shown in Figure 1-9.
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oc/’/ ‘ \\\CO PPh2
OC,C‘r‘\CO Ph,P—Ni—Cl
Cl
co
Cr (0), d°, 18 e-, Ni (1), d®, 16 e-,
Octahedral Square Planar

Figure 1-9. Representative 18 and 16 e- complexes.

While these are the most common geometric and electronic arrangements,
important exceptions have been reported in the literature. Of particular interest are
coordinatively (fewer than 4 ligands) and electronically unsaturated (fewer than 16 e-)
complexes. Metal centers with such properties have been found in the active sites of
various enzymes, such as nitrogenases, which perform biologically crucial, and
energetically challenging, nitrogen fixation.** This has encouraged research into the
development of synthetic mimics of such active sites that feature unsaturated metal
complexes.

1.3 Low-coordinate Complexes

1.3.1 Ligand Design for Low-coordinate Complexes

The desirable reactivity of low-coordinate complexes, in turn, causes practical
problems related to their synthesis and isolation. Consider, for example, a hypothetical 14
e-, three-coordinate nickel(Il) hydride complex supported by a monoanionic, bidentate

mixed donor LX ligand as shown in Scheme 1-2.
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Ni(ll), d&, 16 e- Ni(ll), d®, 14 e- Ni(ll), d®, 16 e-
Saturated Unsaturated Saturated

Scheme 1-2. Challenges associated with isolating low-coordinate complexes.

Two potential routes to saturation involve reaction with other ligands or solvent,
or dimerization. While dimers or oligomers may be less reactive on account of their
saturation, they also bear markedly different physical properties, such as molecular
weight and polarity, compared to their monomer counterparts. This can lead to reaction
design problems related to differences in solubility between the monomer and the dimer.
Fortunately, compound oligomerization can be managed by appropriate ligand design.

Prominent strategies to stabilize low-coordinate metal centers involve increasing
the steric bulk of the surrounding ligands, exploiting the chelate effect, and utilizing
covalent bonding between the chelating ligand and the metal center. A hypothetical
appropriately bulky ligand allows for chelation of nickel, but inhibits dimerization via

steric repulsion, as shown in Scheme 1-3.
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Dimerization

Q = Bulky group —> Steric repulsion

Scheme 1-3. Steric inhibition of dimerization.

However, excessive steric bulk can inhibit ligand metalation, as illustrated in

Scheme 1-4.

/
[@ + Ni Source ——>X—>»

X
\

Scheme 1-4. Steric inhibition of metalation.

One pertinent class of successful ligands for stabilizing unsaturated metal
complexes that observe these principles are, homobidentate, monoanionic NacNac
ligands that feature bulky /Bu and dipp (2,6-diisopropylphenyl) substituents. Some
examples, including the first reported three-coordinate methyl complex of a transition

metal, are shown in Figure 1-10.%
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. _N N_ . . _N N_ ..
dipp” \ / ‘dipp dipp” \ / “dipp
Fle r\fi
Me Cl
12e-, 3 coordinate 14e-, 3 coordinate

Figure 1-10. Some low-coordinate complexes stabilized by NacNac ligation.

These complexes have shown unusual reactivity. Reduction of the three-
coordinate (NacNac)nickel(IT) bromide analogue enabled the binding of dinitrogen by
nickel, of which there had been few previous reports. Specifically, reduction of the
complex with potassium graphite (KCs) allowed for binding of dinitrogen and the formal

reduction of the dinitrogen triple bond, as described in Scheme 1-5.4°

tBu /dlpp dipp ]
N By / “~K——d'pp\ B

tBu di N A u

N 4KC C Ny diep gy No : _N

“Ni kb ¥ N J \ — C Ni—Nzi=N—Ni )

/NI—Br Bu \ N\ ./N N ! N

N\ dipp NI\ ) tB }I(
tBu dipp /N u \diﬁb’/ dlp/p tBu

dipp tBu

Scheme 1-5. Reduction of dinitrogen by a NacNac nickel(II) complex and KCs.

1.3.2 Case Study: Low-coordinate Nickel Complexes

As mentioned in Scheme 1-3, alterations to either chelating or non-chelating
ligands can have a dramatic impact on the coordination geometry of the complex.
Mononuclear anionic ligands such as halides and hydrides, on account of their ionic
radii*® have minimal steric profile compared to multinuclear ligands, such as substituted
amides. Changing the /Bu groups on the NacNac ligand depicted in Figure 1-10 to methyl
groups results in the corresponding nickel(II) complex being dimeric and four-coordinate

at nickel, as opposed to the monomeric, three-coordinate complex shown. However, the
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salt metathesis of that (NacNac)nickel(II) chloride dimer with a bulky amide salt, as

represented in Scheme 1-6, generates a three-coordinate complex.*’

Dlpp Dlpp Dipp
N
\ / \ NP 2eq LiN(SiMe AN
N \ / \ a LN 3)2< _Ni—N(SiMe;),
Et,0 N

Dlpp Dipp Dipp  g40,

Scheme 1-6. Synthesis of a three-coordinate NacNac nickel(II) amido complex.

1.3.3. Transient Low-coordinate Complexes

The preferred coordination number for a given ancillary ligand-metal complex
may depend on the nature of the attached reactive ligand(s). This phenomenon has
implications for catalytic reaction design. For example, migratory insertion reactions into
metal hydride bonds are important steps in catalytic reactions, such as olefin chain-
walking and polymerization.*® The complexes introduced in Scheme 1-3 and Scheme 1-4
offer a framework for describing these implications. While the “stable” three-coordinate
hydride complex (of which only one isolated example has been reported for a transition
metal complex, itself a dimer assembled via ancillary ligand coordination to bridging K*

ions rather than bridging via the hydrides)*

featuring the bulky ligand might be resistant
to dimerization, it would also likely bind olefin more slowly for steric reasons. For this
reason, one might choose the less bulky ligand, and generate the otherwise non-isolable,
transient mononuclear nickel hydride in sifu in a mixture of reactants via activation of a
precatalyst. In a catalytic mixture, the large excess of substrate would inhibit dimerization
of this otherwise highly reactive compound for both kinetic and thermodynamic reasons.

Firstly, the rate of dimerization would plausibly be second order with respect to the

mononuclear nickel hydride, and the presence of excess substrate would rapidly capture
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any mononuclear hydride, minimizing its concentration, and thus the rate of dimerization.
Secondly, any dimer that did form could plausibly react in equilibrium with substrate in a
manner such that one half of the dimer would be displaced, and Le Chatelier’s principle
may favor such a reaction based on the excess of substrate. These arguments are
summarized in Scheme 1-7. However, highly stable dimers may not react with even large

excesses of substrate.

Z>R Migratory insertion
L X' L H L H
Ny EH i’ (excess) AT —
N Ni i St SN /NI\ .
X EX' X x" Y/ R —
Precatalyst X
N
H L
Z>R
H X Possible equilibrium?

Plausibly less active

Scheme 1-7. Hypothetical reactivity of a transient nickel hydride.

However, in a traditional batch reaction, as the reactants are consumed, the
catalyst will begin to dimerize and deactivate for the opposite reasons. Additionally, by-
products of precatalyst activation could plausibly complicate the reaction. Finally,
precatalysts themselves must be carefully designed such that they are convenient to
handle. The side product of precatalyst activation, for instance EX’ in Scheme 1-7, might
interfere with the desired reactivity. Ideally, the X' leaving group is chosen such that it is
small enough to allow exposure of the metal to the activator (EH in Scheme 1-7) for rapid
activation, but large enough to inhibit dimerization and saturation of the metal. Even if

those factors are satisfied, the electronics of X’ should be tuned such that the M-X' bond
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is not especially strong nor weak, to minimize the needed reactivity of the activator and
maximize ease of storage and handling of the precatalyst. Léonard and Chirik reported
that while an isolable dimeric diimine nickel(I) hydride complex was shown to catalyze
alkene hydrogenation, superior performance was found via activation of a nickel
precatalyst with the same ligand system.>

Another strategy for precatalyst design, employed in SHOP precatalysts, typically
involves a mononuclear, 16 e- precatalyst featuring a bidentate, mixed donor
monoanionic ligand, as well as a monodentate L donor. The monodentate ligand can de-
coordinate in the presence of olefin to open up an active site for olefin binding, and
subsequent insertion into a Ni-X’ bond.*! Following an arbitrary number of olefin
insertions, BHE, and olefin substitution, an on-cycle active species is generated. This

process is summarized in Scheme 1-8.

/\ Xl
L X' L X' ~ R L X' L\ /\<
NPT AT (excess) Ni' Ni .
NI — /NI ETEERAY ) ,\ < ) R
X - L X X /\ Insertion X
N
P SH?T t n-1 further l ~ "R
reeye insertions (excess)
Z>R L\ H X'
L\Ni/H (excess) [ /Ni\ L f\()
-~ X S Ni :
g \ L] ' - / R
SHOP —x /\R Substitution R X ﬁ_—h)_/drlfie X n
Active species R elimination

n-1

Scheme 1-8. Activation of a typical SHOP precatalyst.

In contrast, one could eschew the precatalyst route, and choose a ligand such that
the metal hydride complex is isolable. For nickel hydrides specifically, this requires

coordination numbers greater than three. Accordingly, one common ancillary ligand
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archetype to stabilize such complexes are tridentate ligands, colloquially known as
‘pincer’ ligands. As an aside, some definitions of pincer ligands>? require rigidity or
enforced meridional geometry, although this distinction is less useful considering
unexpected deviations from meridionality,> rigidity,>* or even reversible cleavage of the
ligand,> within systems that occasionally support ‘traditional’ pincer geometries.*® In
other cases, the hemilability of one of the donor ligands facilitates substrate binding.>’
Nevertheless, nickel hydride pincer complexes have been successfully as catalysts for a
number of transformations, such as CO, hydroboration.***® With these considerations in
mind, [ will describe some specific advances in base metal catalysis.

1.4 Case Studies in Contemporary Base Metal Catalysis

1.4.1 Cobalt: A Replacement for Noble Metals in Asymmetric Hydrogenation

While pioneering work in the field of asymmetric hydrogenations was performed
by Knowles using rhodium catalysts, dramatic improvements in cobalt-based asymmetric
hydrogenation have been demonstrated in recent years. Inspired by the successes of
cobalt(II) alkyl pincer complexes in some representative reactions,’® the Chirik group, in
combination with researchers at Merck, delved into the high throughput screening of
ligand-cobalt systems for utility in asymmetric hydrogenations. To find a suitable system,
combinations of 192 bidentate phosphine ligands and cobalt alkyl precursors were
screened in the asymmetric hydrogenation of the ubiquitous methyl 2-acetamidoacrylate
(MAC).® In particular, DuPhos-type ligands, shown in Figure 1-6, enabled conversions
and enantiomeric excesses (ee) >90% without the need for noble metals. Even the
hindered alkene trans-methylstilbene, previously only accessible for asymmetric

hydrogenation by iridium catalysts,®! was successfully hydrogenated in high conversion
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and ee with cobalt and certain bulky bisphosphines. This chemistry has been extended
more recently to the hydrogenation of enamides.®?

1.4.2 Iron: A Replacement for Ruthenium in Transfer Hydrogenation

Transfer hydrogenation involves the transfer of an equivalent of dihydrogen from
a non-gaseous hydrogen source, such as an alcohol, across an unsaturated bond. This is
an appealing chemical process, as the handling of gaseous dihydrogen presents practical
and safety challenges. Noyori developed a revolutionary catalytic system featuring a
chiral diphosphine/diamine tetradentate ruthenium complex for the asymmetric transfer
hydrogenation of aryl ketones.®® The Morris group applied this ligand framework to iron,

102-¢.64 and recently demonstrated that

with optimized alterations over several publications,
iron can effectively transfer hydrogenate imines and ketones with high yields and

enantioselectivity.'® Noyori’s ruthenium catalyst and Morris’ iron catalyst from his 2013

publication in Science are pictured in Figure 1-11.

N ~ Ph Ph
H\ N \H <
Cl \. Cl
N\R' N _N//"Fl \\“N’/.
AN N, Hy | BFa
P ¢ P P ¢c P
Ph, Ph, Ary || Ary
L o _
Noyori Morris

Figure 1-11. Ruthenium and iron transfer hydrogenation catalysts.

1.4.3 Nickel: A Replacement for Palladium in C-N Cross-coupling

C-N cross-coupling reactions are crucial in efficiently furnishing the nitrogenous
functional groups included in many pharmaceuticals. Palladium complexes supported by

bulky and electron-rich ancillary ligands, such as P> or NHCs, emerged as the state-of-
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the-art in such catalysis. These reactions are challenging because the catalyst not only
must enable the oxidative addition of the aryl-pseudohalide substrate and the reductive
elimination of the aminated product, but also discourage the monoarylated product from
re-entering the catalytic cycle. Independent initial reports by Stradiotto®® and Hartwig®®
described the unprecedented nickel-catalyzed monoarylation of ammonia using JosiPhos
type systems. However, in their reports, other well-established bulky and electron-rich
phosphine ligands that perform well with palladium, such as Mor-DalPhos, proved
unsuitable in analogous nickel chemistry. Recent findings from the Stradiotto group
describe an active nickel catalyst supported by PAd-DalPhos (Figure 1-6), a bulky P> that
is more electron deficient than ligands associated with palladium.?*® This nickel catalyst
is efficient for a broad scope of challenging ammonia and amine monoarylations,
including the first reports of (hetero)aryl mesylate aminations. Recent advances in ligand
design specific for nickel-catalyzed C-N cross-coupling reactions were summarized in a
review by Lavoie and Stradiotto.>?

1.5 N-Phosphinoamidine/amidinate Ligands

The examples presented above demonstrate that carefully chosen ligands can
impart “nobility” on base metals with respect to catalysis. In the quest to develop new
low-coordinate base metal complexes for use in establishing new stoichiometric and
catalytic chemistry, the Stradiotto and Turculet groups, in collaboration with Chevron-
Phillips Chemical (CPChem), initiated an investigation of PN bidentate donor ligands.
Investigations quickly identified the ability of these ligands to be readily converted
between monoanionic and neutral forms. Despite the aforementioned catalytic capability

of monoanionic ligands and neutral PN ligands separately, the combination of these
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motifs had remained poorly explored. Derived from the amidinate framework,%’ the
chosen ligand backbone is highly modular, owing to the alterability of substituents of the

aniline, benzonitrile, and phosphine used in its synthesis, as outlined in Scheme 1-4.

Ph
NH,
CN R
©/ nBuL| N
Et,O0
R
Ph
NH,
R W/ 1. nBulLi Y |:>R2
N 2. RZPCI
TH
R

Scheme 1-9. Modular synthesis of HPN ligand.

Similar to NacNac, the monoanionic N-phosphinoamidinate (PN) ligand can be
generated by treatment of the protonated HPN with base, shown in Scheme 1-10. The
successes of NacNac as a stabilizing ancillary ligand for low-coordinate complexes
inspired confidence that PN complexes with appropriately sized substituents could
perform analogously, with differences in reactivity stemming from the five-membered

chelate of a PN complex and the mixed-donor nature.

-PR .PR
HN 2 N| 2
SN Base N@
| _— |
Ar Ar
Neutral, L, Monoanionic, LX

Scheme 1-10. Conversion of neutral HPN to anionic PN via treatment with base.

Building on an initial report from CPChem of selective olefin tri- and

tetramerization using HPN chromium complexes,®® monoanionic PN complexes of iron,*
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cobalt,”® ruthenium,’”! and platinum’? were synthesized and applied in stoichiometric and
catalytic reactions. In particular, a three-coordinate, formally 12e- (PN)iron complex was
shown to be a precatalyst for the efficient hydrosilylation of ketones,® while a three-
coordinate, formally 13e- (PN)cobalt complex was shown to be a precatalyst for the
remarkable terminal isomerization/hydroboration (I-H) of alkenes.’® In the case of
platinum, PN ligation allowed for the isolation of a rare neutral, three coordinate
platinum(II) amido species.”? The (PN)chromium,®® iron,%® cobalt,”’ and platinum’
complexes are shown in Figure 1-12. Notably, analogous (PN)nickel complexes had not

yet been reported at the outset of this research. Motivations for developing such

complexes stemmed from the broad utility of nickel in homogeneous catalysis.

Ph Ph tBu tBu tBu tBu tBu (Bu
\/ ¢l \ / \ / \/
HN/P/, CI ¢ N° \F N(SiMej) C N(SiMe;3) NP\ Pt NHAd
r. e—N(SiMe o—N(SiMe
\ P )l\ P 3)2 )l\ 3)2 |
Oligomerization Hydrosilylation Hydroboration three-coord. Pt(ll) amido

Figure 1-12. (H)PN complexes of Cr, Fe, Co, Pt, and their utility.

1.6 Further Applications of Nickel in Homogeneous Catalysis

Nickel retains the cheap cost of base metals, while maintaining the same electron-
rich d-orbital configuration as its more celebrated partners in group 10, palladium and
platinum. Accordingly, homogeneous nickel catalysts have been applied in a wide variety
of different reactions.*d Previously mentioned examples include (PO) and (NO)nickel
complexes that are used in SHOP chemistry (Figure 1-8), and (P2)Ni complexes that
enable challenging C-N cross couplings (Section 1.4.3). Nickel-catalyzed cross-coupling

reactions that once showed great promise” have been further developed, and now include
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challenging sp>-sp> cross couplings’® that rival and even surpass analogous palladium
systems.”* Tridentate (L.X)nickel pincer complexes assist the selective hydrosilylation of
olefins with tolerance for carbonyl groups,’” as well as the selective reduction of carbon

dioxide.>*”® The complexes responsible for those reactions are shown in Figure 1-13.

QNMez O-PR, @f\g\mprz
| | N

\

N—-Ni—OMe Ni—H —Si-Ni—H

| | N
NMe, O-PR, ) PiPry
Hydrosilylation CO, Reduction CO, Reduction

Figure 1-13. Nickel pincer complexes used in hydrosilylation and CO: reduction.

1.7 Thesis Goals

In this context, I will describe my strategy towards developing (PN)nickel
chemistry. Firstly, synthetic routes towards low-coordinate nickel complexes were
devised, to determine if analogous complexes to the (PN)iron, cobalt, and platinum
complexes were achievable. Initial forays into (PN)Ni chemistry focused on simple
nickel halides that could act as precursors for further reactions. Targets included
nickel(IT) complexes of the type (HPN)Ni(X)2 or [(PN)Ni(X)]2, as represented in Figure

1-14.
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Figure 1-14. Initial synthetic targets.

X-ray diffraction experiments were occasionally necessary to determine the
connectivity of these complexes. For this reason, PrBu, and Ndipp were chosen as the
substituents on the PN backbone (this specific analogue will be abbreviated as (HPN)
and (PN) for the neutral and anionic forms, respectively), as these had proven to afford
crystalline ligands and complexes in previous studies.’®”’? With these precursors in hand,
attempts to generate low-coordinate complexes were undertaken, as outlined in
subsequent sections. Treatment of such precursors with MNR,, MOR, or MR reagents
produced various low-coordinate complexes of the type (PN)Ni(NR,), (PN)Ni(OR), or
(PN)Ni(R), which were interrogated for new stoichiometric chemistry, or applied as
precatalysts. In Chapter 2, three-coordinate (PN)M complexes (M = Mn, Fe, Co, Ni)
were compared with in the context of alkene isomerization-hydroboration. The
(PN)NiN(SiMe3)2 precatalyst (abbreviated as (PN)Ni) was associated with complex
reactivity, inspiring a mechanistic study to determine the nature of catalytic
intermediates. In Chapter 3, iterations of three-coordinate (PN)NiX complexes were
analogously compared in hydrosilative amide reductions, and (PN)Ni(O7Bu) was found
to enable ambient temperature reductions of challenging substrates. In Chapter 4, the

coordination chemistry of (PN)Ni- hydride and alkyl complexes were explored, and the
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insertion of benzene into a Ni-H bond is described, along with the synthesis of - and y-

agostic alkyl complexes.
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CHAPTER 2: ALKENE ISOMERIZATION—HYDROBORATION CATALYZED BY
FIRST-ROW TRANSITION-METAL (MN, FE, CO, AND NI) /V-
PHOSPHINOAMIDINATE COMPLEXES: ORIGIN OF REACTIVITY AND

SELECTIVITY

2.1 Introduction
Alkene hydroboration offers an attractive route to alkylboron compounds,’’” which
in turn can be employed as synthons in diversity of useful organic transformations,

including Suzuki-Miyaura'®7®

cross-couplings. Although alkene hydroboration can in
some cases proceed in the absence of a catalyst, reactions conducted in the presence of an
appropriate catalyst can enable the use of otherwise unreactive B-H reagents, and/or can
afford complementary selectivity versus uncatalyzed transformations.”® Transition metal
catalysts are appealing in this regard, as well-established metal-catalyzed transformations
such as alkene isomerization® can in principle be paired with hydroboration, leading to
selective borylation at a position that is remote from the initial position of the C=C
double bond. The challenge in developing such isomerization-hydroboration (I-H)
reactions leading to remote functionalization®' is that the catalyst must enable facile
alkene isomerization, while also maintaining high borylation selectivity (i.e., internal
versus terminal hydroboration).®? Such challenging transformations leading to terminal
borylation selectivity had for some time been limited to examples involving zirconium,
rhodium, or iridium catalysis in combination with pinacolborane (HBPin).®* (P2)rhodium
and iridium precatalysts functioned with loadings of <5% at ambient temperature,

whereas HZrCp,Cl was required higher loadings (50 mol%). A transition from precious

to first-row metals in this chemistry is useful for the reasons outlined in Section 1.1.1
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(e.g., cost and abundance). However, as highlighted therein, mechanistic investigations
into first-row catalytic reactions are relatively underdeveloped due to the properties of
first-row metals (e.g., paramagnetism and single electron chemistry). In 2013, Obligacion
and Chirik®* disclosed the use of (bis(imino)pyridine)CoMe precatalysts (Figure 2-1) to
effect alkene I-H with HBPin under mild conditions. On the basis of experimental
mechanistic data including isotopic labeling studies, Co-H species were invoked as key
catalytic intermediates.®* The Dalhousie/CPChem research team contemporaneously
observed that (PN)metal(amido) precatalysts of the type (PN)M (M = Co, Fe; Scheme 2-
2) were effective in promoting I-H reactions of alkenes with HBPin, including terminally

selective transformations of octenes 1a-c into the 1-octylboronate product 2a.”%%>

X
W
\
N—A ., —N
A/ C|O \A
Me

Figure 2-1. (Bis(imino)pyridine)CoMe precatalysts for alkene I-H.

A summary of proposed organometallic steps to facilitate alkene I-H via a general
(L»)MH catalyst is shown in Scheme 2-1. (L,)MH is generated in situ via metathesis of
some (L,)MX precatalyst with HBPin. Coordination of an internal alkene, followed by
insertion of the alkene into the hydride bond generates a secondary alkyl species,
(L»)M(sec-alkyl). Rather than undergoing metathesis with HBPin to furnish an internal
borylation product and regenerate (L,)MH, instead, the complex undergoes BHE, and re-

insertion to generate a terminal alkyl species, (L,)M(n-alkyl). This complex then reacts
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with HBPin in either a stepwise (presumably OA/RE) or concerted (o-bond metathesis)

process to produce the terminal hydroboration product and regenerate (L,)MH.

(L,)MX precatalyst

HBPin | - XBPin

Terminal
Borylation

R
(Ln)M_H
Alkene coordination
HBPin
R

L™ YR LM

(L,,)M(n-alkyl)

1,2 insertion 1,2 insertion
X-R H
LM (Lp)M
H j/<R
\/ H
B-Hydride
elimination (L,)M(sec-alkyl)

Scheme 2-1. Proposed mechanism for alkene I-H via some (L,)MX precatalyst.

The Dalhousie/CPChem team subsequently established that (PN)Co and (PN)Fe
can be employed in related transformations involving a collection of terminal, geminal,
and internal alkenes, whereby the extent and locale of the terminal selectivity achieved is
influenced by the choice of metal precatalyst, as well as the B-H reagent employed (e.g.,

HBPin versus 1,3,2-diazaborolane).3**” Inspired by these differences in reactivity, the
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contemporaneous discovery of (PN)Mn as an efficient precatalyst for hydrosilative
carbonyl reduction,®® and our curiosity with respect to potential unique reactivity for
(PN)Ni, I joined this team in a comparative study. Specifically, we sought to compare
(PN)M precatalysts (M = Mn, Fe, Co, Ni) featuring systematically incremented d-
electron populations (d°-d®) in catalytic alkene I-H. Upon discovering stark differences in
reactivity, we turned to further experimental and computational methods to rationalize
these differences and understand the operative mechanism. A summary of the previous
work (a) and the work described in this chapter (b) is included in Scheme 2-2.

(a) Our previous studies

(PN)M"
pre-catalysts |

\
/_/:\_\ 1b QH%\M\ SN

NN 1a

N—p—_ N
or 4l\/\ \Si/
P e G I N / \
from 1a
0,
(PN)M (X mol%) M = Co or Fe, X = 1, >95% 2a
mazp'Fe’ Cot 1h, 230c rom 1b
In, neat, 1, M = Co (X = 1.5) or Fe (X = 2.5), >95% 2a
from 1c
—_ j— 0,
N NBPin 2a M = Co (X = 2.5), >95% 2a

M =Fe (X=5), ~80% 2a
+ ~20% internal hydroboration products
(b) This work

25 d° 26 d° 27 d7 28 8] Experimental: DFT:
. expand to  develop reactivity &
Mn |vs| Fe Jv=| Co Jv=| Ni Mn and Ni selectivity models

Scheme 2-2. (a) Previous study of octene I-H with HBPin catalyzed by (PN)Fe and
Co Complexes; (b) combined experimental and DFT survey of octene I-H employing
(PN)M!" precatalysts (M = Mn, Fe, Co, Ni).
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2.2 Results and Discussion

2.2.1 Contributions

Co-authors contributed greatly to this section of the thesis. Takahiko Ogawa
performed I-H and ‘isomerization-only’ experiments with (PN)M (M = Mn, Fe, Co)
complexes, and made the crucial observation of n-octane formation in initial reactions
involving (PN)Ni that produced complex mixtures. The team at Brigham Young
University (Samantha J. Gustafson, Jack T. Fuller, Doo-Hyun Kwon, and Daniel H. Ess)
was responsible for the computational work. Crystallography was performed by Drs.
Michael Ferguson and Robert McDonald at the University of Alberta. Dr. Michael D.
Lumsden (Dalhousie) helped with NMR data modelling of the isolated nickel hydride
complexes, and their propensity for deuterium incorporation. Otherwise, all work
presented in this chapter was carried out by the author. This work has been published. %

2.2.2 Synthesis and Characterization of (PN)Ni

Whereas the syntheses of (PN)M (M= Mn®, Fe®’, and Co®’) were previously
accessed via treatment of (HPN) with their respective M(N(SiMes)2): salts, (PN)Ni
required an alternative synthetic route on account of the transient stability of
Ni(N(SiMes)2)2.”° As suggested in Figure 1-14, (PN)NiCl)2 was targeted as a precursor,
and it was accessible’! via treatment of NiCl.dme with the pro-ligand (HPN) followed by

base, as outlined in Scheme 2-3.
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Scheme 2-3. Synthesis of (PN)M complexes, as well as the precursor ((PN)NiCl)a.

Upon workup, ((PN)NiCl)2 (henceforth, Ni2Cl2) was found to be a diamagnetic
compound (see Figure S2-1) displaying sharp NMR resonances consistent with a C2
symmetric structure, shown in Figure 2-4. Each nickel(II) center is arranged in an
approximately square planar geometry. The trans-directing nature of the phosphine donor
group is evident in the notably longer Ni-CI’ bond length of 2.2919(5) A compared to the
Ni-Cl bond length of 2.1942(5) A. Notably, an analogous homobidentate complex
((NacNac)NiCl); is tetrahedral about each Ni(II) center, inducing paramagnetism, with
longer Ni-Cl distances of 2.324(1) and 2.349(1).*’ Apparently, replacement of a nitrogen
donor with a stronger-field phosphine donor sufficiently increases the d-orbital splitting
of the d® nickel center to favor an electronic configuration consistent with square planar
geometry, despite the steric effects of the ligand.

Treatment of Ni2Cl2 with LiN(SiMes)> in benzene at elevated temperature

(Scheme 2-3) upon workup afforded the target complex (PN)Ni in near quantitative
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yield. Unlike the analogous paramagnetic Mn, Fe, and Co species, (PN)Ni is a

diamagnetic complex that exhibits sharp multinuclear resonances consistent with a Cs

symmetric structure (see Figure 2-2 and Figure 2-3).

(PN) NIN (SiMe3) 2
CceD6
1d_1H

2.00

"

3 e

Figure 2-2. '"H NMR spectrum of (PN)Ni (benzene-ds, 300 MHz). One CHarom is

coincident with the residual solvent peak.
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Figure 2-3. 3"P{'H} NMR spectrum of (PN)Ni (benzene-ds, 121.5 MHz).

The mononuclear, three-coordinate, distorted trigonal-planar structure of (PN)Ni
was confirmed on the basis of X-ray diffraction analysis (Figure 2-4) and mirrors the
connectivity observed within the previously characterized (PN)M analogues. In keeping
with periodic trends, the M-P and M-N interatomic distances in the (PN)M series
systematically decrease on going from Mn (e.g., Mn-P 2.5319(4) and 2.5045(4) A, within
two crystallographically independent molecules; Fe-P 2.4434(6) A; Co-P 2.3873(7) A) to

Ni (Ni-P 2.1564(9) A). A similar structural trend has been observed in an analogous set
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of three-coordinate (NacNac)MN(SiMes), complexes, where the Ni member of the series

(Ni-N(SiMes)2 1.873(2) A; ¢f 1.849(2) A in (PN)Ni), is paramagnetic.*’

Figure 2-4. Crystallographically determined structures of Ni2Cl2 (left) and (PN)Ni
(right). Selected interatomic distances (A) and angles (°) for (PN)Ni: Ni-P 2.1564(9), Ni-
N(1) 1.898(2), Ni-N(3) 1.849(2), P-Ni-N(1) 81.90(7), P-Ni-N(3) 126.31(8), N(1)-Ni-N(3)
151.77(10).

2.2.3 Comparative Screening of (PN)M Precatalysts

2.2.3.1 I-H of 1a with (PN)M Precatalysts

With a series of structurally analogous (PN)M precatalysts now synthetically
accessible, attention was directed to comparing their catalytic performance in the I-H of
octenes with HBPin, beginning with 1a, where terminal selectivity can be achieved in the
absence of accompanying alkene isomerization (Scheme 2-4). For consistency, 3 mol%
(PN)M was employed in all the experiments reported herein. In keeping with previous
preliminary experimentation,”® (PN)Fe and (PN)Co proved to be highly active and
selective for terminal hydroboration, affording quantitative conversion to 2a under mild
conditions (23 °C, 1 h) on the basis of NMR and GC-MS data. Conversely, despite the
utility of (PN)Mn in the hydrosilative reduction of carbonyl compounds,®® negligible

conversion of 1a occurred when using in (PN)Mn place of (PN)Fe or (PN)Co at room
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temperature; even under more forcing conditions (65 °C, 18 h), poor conversion (< 50%)
and product selectivity was achieved using (PN)Mn. Similar poor conversion of 1a was
achieved when using (PN)Ni at room temperature. However, in using (PN)Ni at elevated
temperature (65 °C, 18 h), full conversion of 1a was achieved, with n-octane (2d) and 2a
being the major products of the reaction, along with several uncharacterized higher
retention time/molecular weight species (collectively 2e). The formation of n-octane in
this transformation was rather surprising, in terms of the stark difference in reactivity
behavior relative to the other (PN)M precatalysts, and given that appreciable
dehydrogenative borylation products®® were not detected in any of the catalytic
transformations reported herein. Whereas the higher retention time/molecular weight
products (2e) in such reactions involving (PN)Ni may arise from dihydrogen-evolving
processes, it is possible to rationalize the dihydrogen needed to account for the observed
formation of n-octane as being derived exclusively from HBPin. Indeed, n-octane is not
observed as a reaction product in transformations conducted under ‘isomerization-only’
conditions employing a catalytic, rather than stoichiometric, quantity of HBPin, as

discussed in the context of Scheme 2-7.
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N NNF (PN)M (3 mol%) - NN Rpi
R . BPin
HBPin (1 equiv), neat 2a
+ internal hydroboration
products, 2b
+ internal octenes, 2¢
+ n-octane, 2d

residual 1a  2a 2b 2c 2d
(PN)Mn@ 55% 25% <5% 15% 5%
(PN)Mn?? 60% 20% <5% 15 5%
(PN)Fe® <5% >95% <5% <5% <5%
(PN)Co® <5% >95% <5% <5% <5%
(PN)Co?¢ <5% >95% <5% <5% <5%
(PN)Ni2? <5% 30% 5% 5% 30%

1a

Scheme 2-4. I-H of 1a with HBPin using (PN)M (M = Mn, Fe, Co, Ni). Unless stated,
estimated conversion and product identification based on calibrated 'H and *C {'H}
NMR data. “ 65 °C, 18 h (negligible conversion of 1a observed at 23 °C, 1 h). ® Estimated
conversion of 1a and product proportions of the basis of calibrated GC data. © 23 °C, 1 h.
4 Relative proportion of 1a and 2a-d, including small but detectable amounts diborylation
products, and substantial quantities (~30%) of higher retention time/molecular weight
species (collectively 2e; i.e., greater than 2a), confirmed on the basis of calibrated GC-
MS data.

While NMR spectroscopic analysis of the product mixtures in such
transformations revealed the presence of only small amounts of B2Pin2, support for the
hypothesis that primarily the hydride in HBPin provides reducing equivalents leading to
n-octane was derived from analogous I-H experiments conducted using DBPin with
(PN)Ni (65 °C, 18 h), where substantial deuterium incorporation in the aliphatic region of
the generated products was confirmed on the basis of ’H NMR data (Figure 2-5, Figure

$2-26).
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Figure 2-5. 2H NMR spectrum of the CsHs portion of the reaction of 1-octene with
DBPin catalyzed by (PN)Ni(N(SiMe3)2).

2.2.3.2 I-H of 1b and Ic with (PN)M Precatalysts

Similar reactivity trends were observed in the I-H of 1b with HBPin using (PN)M
precatalysts (Scheme 2-5). (PN)Fe and (PN)Co once again provided clean conversion of
1b to 2a at room temperature (23 °C, 1 h), while (PN)Mn and (PN)Ni proved inactive
under these mild conditions. Whereas negligible conversion was also achieved when
using (PN)Mn at elevated temperature (65 °C, 18 h), under these conditions (PN)Ni

generated a product mixture like that obtained in related transformations involving 1a.
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The (PN)M precatalyst series performed analogously in the I-H of 1¢ (Scheme 2-6), with
the exception that an erosion in selectivity for the terminal hydroboration product (2a)
was noted when using (PN)Fe, in keeping with our preliminary observations.”® In
examining the effect of dilution on the I-H of 1a-¢ with HBPin by use of (PN)Ni (65 °C,
18 h), the presence of added cyclohexane (0-500 uL) was found to have negligible impact
on the observed 2a:2d:2e ratio.

— (PN)M (3 mol%)
/_/_\_\ HBPin (1 equiv), neat TN BPin

1b 4 2a

+ internal hydroboration
products, 2b

+ internal octenes, 2¢
+ n-octane, 2d

residual 1b 2a 2b 2c 2d
(PN)Mn? >95% <5% <5% <5% <5%
(PN)Fe? <5% >95% <5% <5% <5%
(PN)Co? <5% >95% <5% <5% <5%
(PN)Ni2¢ <5% 30% <5% <5% 25%

Scheme 2-5. I-H of 1b with HBPin using (PN)M (M = Mn, Fe, Co, Ni). Unless stated,
estimated conversion and product identification based on calibrated 'H and *C {'H}
NMR data. “ 65 °C, 18 h (negligible conversion observed at 23 °C, 1 h). 223 °C, 1 h. ¢
Estimated conversion and product proportions based on calibrated GC data; substantial
quantities (~30%) of higher retention time/molecular weight species (collectively 2e; i.e.,
greater than 2a) observed.
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P Va YUl (PN)M (3 mol%) > NN Rpi
BPin
HBPin (1 equiv), neat 2a
+ internal hydroboration
products, 2b
+ internal octenes, 2¢
+ n-octane, 2d

residual 1c 2a 2b 2c 2d
(PN)Mn? >95%  <5% <5% <5% <5%
(PN)Feb° <5% 80% 20% <5% <5%
(PN)Co?¢ <5% >95% <5% <5% <5%
(PN)Ni2¢ <5% 20% <5%  <5% 30%

1c

Scheme 2-6. I-H of 1¢ with HBPin using (PN)M (M = Mn, Fe, Co, Ni). Unless stated,
estimated conversion and product identification based on calibrated 'H and *C {'H}
NMR data. ¢ 65 °C, 18 h (negligible conversion of 1¢ observed at 23 °C, 1 h). 223 °C, 1
h. ¢ Estimated conversion and product proportions of the basis of calibrated GC data, with
speciation confirmed on the basis of calibrated 'H and '3C{'H} NMR data; for (PN)Ni
substantial quantities (~30%) of higher retention time/molecular weight species
(collectively 2e; i.e., greater than 2a) observed.

2.2.3.3 Isomerization of 1a or 1c Using Catalytic (PN)M/HBPin Mixtures

Terminal selectivity in the I-H of internal alkenes requires, among other things,
that the catalyst promote facile alkene isomerization steps. To assess the ability of (PN)M
precatalysts in this regard, I-H experiments analogous to those described above involving
either 1a or 1¢ were conducted, with the exception of employing catalytic (5 mol%),
rather than stoichiometric, quantities of HBPin (Scheme 2-7). Whereas the lack of
activity observed for (PN)Mn at 23 °C or 65 °C was not surprising given the poor
performance of this precatalyst in, for example, I-H of 1a (Scheme 2-4) the similarly poor
performance of (PN)Fe under analogous conditions contrasts the efficiency of this Fe
precatalyst in the I-H of 1a or 1¢ with HBPin (e.g. Scheme 2-4). The (PN)Co precatalyst
proved to be competent for the isomerization of 1a, with the extent of conversion and

observed distribution of octene isomers varying on the basis of the temperature employed
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(23 °C, 1 h: exclusively 2-octenes; 65 °C, 1 h: 2-octenes (45%), 3-octenes (15%), 4-
octenes (10%)). However, as was observed with (PN)Fe, the lack of conversion of 1¢
when using (PN)Co under ‘isomerization-only’ conditions (5 mol% HBPin, 65 °C, 18 h;
Scheme 2-7) is apparently inconsistent with the efficient and terminally selective I-H of
1c. In contrast to the other precatalysts, (PN)Ni proved unique in its ability to promote
the isomerization of both 1a and 1c¢, whereby the observed distribution of octene isomers
varied with the reaction time and temperature employed. Under all conditions surveyed,
no n-octane was detected in the product mixtures, consistent with the view that the net
hydrogenation of octenes to afford n-octane under I-H conditions using (PN)Ni (vide

supra) involves HBPin as a reactant.

e N

NN
(PN)M (3 mol%)
1a HBPin (5 mol%)
or » internal octenes, 2¢
neat, 1 h
NN
1c

residual 1a 2c
(PN)Mn? >95% <5%
(PN)Mn? >95% <5%

1c, 65 °C, 18 h:
- for M = Mn, Co, Fe

(PN)Fe? 90% 5% no conversion of 1¢
(PN)Fe®  90% 5% - for M = Nj ;
(PN)Co? 50% 45%° } 1-octene (1a): < 5% !
(PN)Co® 30% 70%¢ | 2-octenes: 30%
(PN)Ni?  <5% 90%® + 3-octenes: 30%
(PN)Ni®  <5% 90%" ' 4-octenes: 25%

Scheme 2-7. Isomerization of 1a or 1c in the presence of (PN)M (M = Mn, Fe, Co,
Ni; 3 mol%)/HBPin (5 mol%) mixtures. Estimated conversion and product
identification based on calibrated 'H and '*C {'H} NMR data; no n-octane observed
throughout. ¢ 23 °C. » 65 °C. ¢ exclusively 2-octenes. ¢ 2-octenes (45%), 3-octenes (15%),
4-octenes (10%). ¢ 2-octenes (90%), 3-octenes (10%).” 2-octenes (45%), 3-octenes
(30%), 4-octenes (15%).
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The differing catalytic performance of each of (PN)Fe and (PN)Co under I-H
conditions versus ‘isomerization-only’ conditions warrants further commentary. The
successful terminally selective I-H of 1¢ with HBPin to give 2a by use of (PN)Fe or
(PN)Co, which proceeds under mild conditions (23 °C, 1 h; Scheme 2-6), would appear
to require that the facile isomerization of 1¢ as outlined above. However, no
isomerization of 1¢ was detected upon activation of (PN)Fe or (PN)Co with a catalytic
quantity of HBPin, even under more forcing conditions (65 °C, 18 h; Scheme 2-7). These
seemingly contradictory results suggest that the borane reagent may play a more complex
role in enabling I-H chemistry than simply serving as the terminal reductant.

2.2.3.4 Investigations of Precatalyst Activation by HBPin

While the paramagnetic nature of (PN)Fe and (PN)Co obfuscates the nature of
metal-containing reactive intermediates, ''B NMR analysis yielded information about the
dual role of HBPin as both a precatalyst activator and a borylating agent (as postulated in
Scheme 2-1). While it was hypothesized that (PN)Co would react vigorously with HBPin
on account of its catalytic activity described vide supra, reaction of (PN)Co with HBPin
(1 equiv) in C¢Hi2 (500 pL, 23 °C) did not proceed immediately to completion (Scheme
2-8, Figure 2-6; *'P{'H} NMR consistent with paramagnetic species). Progress of the
reaction was monitored by the conversion of the !'B signal attributed to HBPin (sharp
doublet) to an upshifted broad singlet associated with the proposed (SiMes3).NBPin by-
product. An analogous reaction in the presence of excess 1a (33 equiv, i.e. ‘isomerization
only conditions’) appeared to immediately produce a downshifted broad singlet
associated with the hydroboration product 2a nearly quantitatively (Scheme 2-8, Figure

2-6). One might consider that (PN)Co was acting as an I-H catalyst rather than a
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precatalyst as discussed further in Section 2.4.1. However, a more likely hypothesis is
that (PN)CoH is initially generated in minute quantities via metathesis of (PN)Co with
HBPin, and (PN)CoH rapidly catalyzes the alkylation of HBPin with 1a precluding

further metathesis with the ultimately unreacted (PN)Co, as shown in Figure 2-6.

\ /
HBPin 0 /S'\
> /B—N
CGH12, 500 uL 0 \Sl/
©\§( \Si/ (major) N
P N\
Si HBPin 2a (>95%)
/ \ \
1a (33 equiv) Si
> (0]
N O
C6H12, 500 uL o/ \ ./
Si
(trace) /N

Scheme 2-8. Reactivity of (PN)Co with HBPin in CsHi12 (500 pL, 23 °C) in presence
or absence of 33 equiv of 1a.

a)
b)
y - - reoritepp A
c)
~ retn " e A
d)
-— L S s e AP AR

Figure 2-6. "B NMR (CsH12, 96.3 MHz, unlocked) spectra of (PN)Co with HBPin in

CeHi12 (500 pL, 23 °C) in a) presence of 33 equiv of 1a; b-d) absence of 1a. a) 20 min,
b) 14 h, ¢), 40 min, d) 20 min.
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These data suggest possible models of reactivity. Most prominently, the rate of
precatalyst activation may be much slower than that of I-H, and the effective loading of
the active catalytic species may be much lower than the initial loading of the precatalyst.
If true, these data imply a compounding effect, where over the course of an I-H reaction,
as the concentration of activator is rapidly lowered, the rate of activation is also lowered.
Although other aspects of this project were pursued preferentially, future work could
include comparing the I-H activity of (PN)M precatalyst mixtures under standard
conditions (i.e., where HBPin is added last, see experimental) versus those where instead
(PN)M was allowed to incubate with HBPin until complete consumption of (PN)M prior
to the addition of the octene.

These data may reconcile the contradiction concerning the relative activity of
(PN)Fe and (PN)Co towards alkene I-H versus alkene isomerization. Transient (L,)MH
complexes may plausibly bind HBPin reversibly to form pinacolborohydride species of
the type (PN)MH:BPin.”> Whereupon HBPin is rapidly consumed under ‘isomerization
only’ via I-H processes as indicated in Scheme 2-8, perhaps (PN)MH (in absence of
HBPin binding) or (PN)M(alkyl) (in absence of HBPin as a metathesis partner) species
decompose and cannot facilitate further alkene isomerization. However, considering the
paramagnetism of (PN)MX complexes (M = Mn, Co, Fe), NMR analysis was deemed
unlikely to offer data to support or contradict such hypotheses. As such, despite the poor
selectivity of (PN)Ni as a precatalyst for alkene I-H, analysis of diamagnetic (PN)NiX

was undertaken to gain further mechanistic insights into (PN)M-catalyzed I-H processes.
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2.2.4 Synthetic Investigations of Catalytically Relevant (PN)NiH Derivatives

Given the diamagnetic nature of (PN)Ni, the reactivity of (PN)Ni was explored as
a representative of the (PN)M series under conditions relevant to catalysis. Nickel
hydride? species derived from (PN)M precatalysts represent putative catalytic
intermediates; accordingly, attention was turned to the synthesis of such complexes.
Exposure of Niz2Clz to NaEt;:BH in THF at room temperature upon workup afforded the
dinuclear complex ((PN)NiH)2 (henceforth referred to as Ni2Hz2) in 67% isolated yield
(Figure 2-7), with connectivity confirmed on the basis of single-crystal X-ray diffraction
analysis. The C>-symmetric solid state structure of NizHz is similar to that observed in
Ni2Clz and other Group 10 N-phosphinoamidinate complexes.’!

Previously reported ((NacNac)NiH). complexes disclosed by Limberg and co-
workers’ feature tetrahedral coordination about Ni, are paramagnetic, and in solution are
prone to loss of dihydrogen either upon thermal activation (25-80 °C, depending on the
ancillary ligand substitution) or upon treatment with L-donors such as 4-
dimethylaminopyridine (DMAP). In contrast, NMR experiments reveal NizH:2 to be a
diamagnetic complex exhibiting modestly distorted square planar geometry, which is
stable to prolonged heating (minimally 90 °C for 72 h) on the basis of solution NMR
data, and which reacts with DMAP or pyridine to afford adducts of the type (PN)NiH(L)

(L = DMAP or pyridine; vide infra).
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P e !, NaEt;BH (2.05 equiv) DL N
N Ni_ :Nl\ I THF, 23°C, 1 h N N, w0
0)\N/ C|7<p§< '0)\,\,/ H7<P</<
%N)Nim)z )\{f\Nisz

Figure 2-7. Synthesis and crystallographically determined structure of Ni2Ha.

Selected interatomic distances (A) and angles (°) for NizHz: Ni(1)-P(1) 2.1276(8), Ni(1)-
N(1) 1.910(3), Ni(2)-P(2) 2.1311(9), Ni(2)-N(3) 1.915(3), Ni---Ni 2.4069(5), P(1)-Ni(1)-

N(1) 82.76(8), P(2)-Ni(2)-N(3) 82.77(8).

Solution NMR data (300 K, benzene-ds) are consistent with the presence of only

one isomeric form of Ni2Hz, likely corresponding to the solid state structure. One

31P{'H} NMR resonance (122.3 ppm, Figure S2-8) is observed, and one sharp,

symmetrical pattern centred at -27.8 ppm corresponding to the (Ni-H); core is present in

the 'H NMR spectrum (Figure S2-7), in addition to the other expected 'H and 3C{'H}
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NMR resonances arising from the symmetry-equivalent PN ligands in NizH2. One singlet
resonance centered at -27.9 ppm (300 K, toluene-ds) is observed in the hydride region of
the corresponding '"H{*'P} NMR spectrum. These data are consistent with the scenario
whereby coupling to phosphorus renders the chemically equivalent Ni-H groups in C>-
symmetric NizH2 magnetically non-equivalent. In this regard, the hydride region of the
"H NMR spectrum was modelled successfully as an AA’XX’ spin system (Juu’ = 11.9

Hz, Jup =-46.1 Hz, Jur’ = 35.4 Hz; Figure 2-8).
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Nucleus shift Width J (Hz)

# Name n (ppm) (Hz) 1 2
1 1H 1 -27.9 3.00 0.00 0.00
-shift - - -
2 1H 1 -27.9 3.00 11.88 0.00
-shift - JHH -
3 31Pp 1 0.0 1.00 -46.11 35.41
- - J13 Jl4
4 31P 1 0.0 1.00 35.41 -46.11
- - Jl4 J13

Fri Mar 31 14:53:17 2017: (untitied) I
Spectrum converted from WinhMR
W1 1H  Axis = ppm Scale = 7,40 Hzlem |

T
275 2786

T T
278 277 anr a7 218 218 279 279 279 -28.0 280 281 281 281

Figure 2-8. Experimental (top) and simulated (bottom) features of the hydride
region of the "H NMR spectrum of NizHb.

Variable-temperature '"H NMR analysis (300-363 K, toluene-ds;) of NizHz reveals
reversible line broadening in the hydride region at elevated temperature; however, the
emergence of new hydride signals was not observed. Similarly, *'P{'H} NMR data
collected over the same temperature range reveals only modest line-broadening and
temperature-dependent chemical shift variation, in the absence of new resonances (Figure
2-10). It is plausible that these temperature-dependent NMR lineshape changes may arise
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from a monomer-dimer equilibrium involving the unobserved monomer (PN)NiH.
However, the operation of alternative dynamic processes, including those involving
reversible scission of one, but not both, of the Ni-H linkages in Ni2H2 cannot be ruled

out.

63K
48K I
343K e
300K

T T T T 1
-26.5 -27.0 -27.5 -28.0 -28.5 -29.0 -29.5 ppm

Figure 2-9. Temperature-dependent lineshape changes in the hydride region of the
'"H NMR spectrum of NizHz (10 mg in 0.75 mL toluene-ds, 300 MHz).
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338K
333K
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Figure 2-10. Temperature-dependent lineshape changes in the 3'P{'H} NMR
spectrum of NizHz (10 mg in 0.75 mL toluene-ds, 121.5 MHz).

Exposure of NizH2 to excess DBPin (5 equiv per Ni, 110 °C, 72 h, toluene-ds)
resulted in substantial hydridic H/D scrambling to form Ni2"H2 isotopologues, as
evidenced by: lineshape changes noted in the Ni-H region of the 'TH NMR spectrum
(Figure S2-11) as well as more complex features in the >'P{'H} NMR spectrum (Figure
S2-10); the appearance of a broad resonance centered at -27.8 ppm in the 2H NMR
spectrum; and the emergence of a resonance characteristic of HBPin in the !'B NMR
spectrum. Encouraged by this reactivity, the catalytic utility of NizHz in alkene I-H
chemistry was examined under our standard conditions (3 mol% Ni, 65 °C, 18 h).
Surprisingly, the catalytic performance of NizH2 diverged significantly from that
observed when using (PN)Ni as a precatalyst. For each of the octenes examined (1a-c),

incomplete conversion was observed, and neither the terminal hydroboration product (2a)
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nor n-octane (2d) were detected in appreciable amounts; only mixtures of internal octenes
(2¢, 60-75%) were identified as products in these reactions. These observations suggest
that dinuclear NizH: is neither the active catalyst generated when using (PN)Nias a
precatalyst, nor is this dimer an effective source of this active catalytic species.

Given the rather robust nature of Ni2Hz, the ability to break up this dimer upon
exposure to nitrogen donor ligands was examined (Figure 2-11). Dissolution of NizHz in
pyridine resulted in the formation of a new phosphorus-containing compound
((PN)NiH(pyr), 131.4 ppm), which in turn was isolated via crystallization as an
analytically pure solid in 69% yield. The clean formation of (PN)NiH(DMAP) was
similarly observed on the basis of *'P{'H} and 'H NMR data upon treatment of NizH:
with excess DMAP (2.4 equiv) in benzene-ds, where the observation of broadened
resonances for free DMAP suggest the operation of an exchange process involving bound
and free DMAP. Although minute quantities of crystalline (PN)NiH(DMAP) could be
obtained from these reactions, the bulk isolation of analytically pure material proved
elusive. In contrast to the complex hydride pattern observed in the 'H NMR spectrum for
NizHz, each of (PN)NiH(pyr) (-20.2 ppm, “Jup = 104 Hz) and (PN)NiH(DMAP) (-20.9,
2Jpn = 107 Hz) feature a simple phosphorus-coupled doublet resonance. Single-crystal X-
ray diffraction data confirmed the identities of these new complexes as mononuclear,
distorted square planar adducts, featuring a hydride ligand trans to the nitrogen donor of
the N-phosphinoamidinate chelate. As mentioned earlier in the text, the clean formation
of the Ni(II) complex (PN)NiH(DMAP) in this context contrasts the reactivity of
previously reported paramagnetic ((NacNac)NiH) species,” which undergo reduction to

Ni(I) upon treatment with L-donors such as DMAP.

53



N TG e X,

- H -
05 N \Nii >Nl/ I pyridine N NI,
) N, HT e N, N=
X
NiH,

X = H, (PN)NiH(pyr)
X = NMe,, (PN)NiH(DMAP)

Figure 2-11. Synthesis and crystallographically determined structures of
(PN)NiH(pyr) and (PN)NiH(DMAP). Selected interatomic distances (A) for
(PN)NiH(pyr): Ni-P 2.0872(4), Ni-N(2) 1.9691(11), Ni-N(3) 1.9782(11). Selected
interatomic distances (A) for (PN)NiH(DMAP): Ni-P 2.0969(5), Ni-N(1) 1.9796(13),
Ni-N(3) 1.9888(14).

Upon dissolution of isolated (PN)NiH(pyr) in a solvent other than pyridine, an
equilibrium is established involving loss of pyridine to afford Ni2Hz (Figure S2-15). For
example, NMR spectroscopic analysis of a solution of (PN)NiH(pyr) in benzene-ds
(0.028 M, 300 K) reveals a 10:1 ratio of (PN)NiH(pyr) to NizH2 1 h post-mixing; after
67 h the ratio was found to be 2.4:1. On warming the sample (338 K) the equilibrium

shifts in favor of the dimer (0.8:1), and on cooling back to 300 K, gradual return to the

previously observed equilibrium ratio (2.4:1) was confirmed after 16 h.
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With an isolable mononuclear Ni-H species in hand, the reactivity of this complex
in alkene I-H chemistry involving 1a-¢ with HBPin was examined. The observed
catalytic behavior of (PN)NiH(pyr) under standard conditions (3 mol% Ni, 65 °C, 18 h)
was found to be similar to that of NizHz2, with incomplete conversion and product
mixtures comprised of internal octenes (2¢, 50-90%), and only small amounts of 2a or 2d
(<20%). As was noted for NizHz, the mononuclear pyridine adduct (PN)NiH(pyr) is not
an effective source of the active catalytic species generated from (PN)Ni under I-H
conditions.

2.3 Spectroscopic Analysis of Precatalyst Activation and Catalytic Speciation

Additional stoichiometric reactivity studies were conducted to learn more about
the nature of the active catalyst formed from (PN)Ni (Scheme 2-9). Exposure of this
precatalyst to octenes 1a or 1¢ (33 equiv in keeping with catalytic conditions, 23 °C, 24 h,
CeD12) resulted in no observable reaction based on 3'P NMR data. Similarly, various
attempts to react (PN)Ni with stoichiometric HBPin failed to generate products.
Conversely, *'P NMR data (Figure S2-19) collected on a sample of (PN)Ni that had been
exposed to HBPin (33 equiv) under similar conditions (23 °C, 24 h, C¢D12) revealed two
major signals in ~1:2 ratio: 127.4 ppm ((PN)Ni) and 140.0 ppm, the latter of which is
tentatively assigned to the borohydride complex (PN)Ni(H2BPin). After a total reaction
time of 43 h, the signal at 140.0 ppm represents the major phosphorus-containing species,
with some amount of Ni2zH2 (121.3 ppm) being detected. At this stage, heating the sample
for (65 °C, 6 h, Figure S2-20) resulted in the further conversion to NizHz based on 3!P
NMR data. Continued heating at 65 °C resulted in the loss of a *'P NMR signal

attributable to (PN)Ni(H2BPin), with Ni2Hz representing the major phosphorus-
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containing product in solution. Notably, in no instance did exposure of NizH2 to HBPin
(33 equiv per Ni, CsD12), either at room temperature or upon heating, result in conversion
to (PN)Ni(Hz2BPin) based on *'P NMR data, thereby suggesting that the formation of
NizHz from this putative borohydride is irreversible. Efforts to more comprehensively
characterize in situ putative (PN)Ni(H2BPin) proved challenging, given the excess of
HBPin employed, and the use of fewer equivalents of HBPin relative to (PN)Ni (23 °C,
CsD12) afforded directly a mixture of (PN)Ni(H2BPin) and NizHz. Attempts to isolate
(PN)Ni(H2BPin) when formed as the major product as outlined above, by way of
concentrating the solution in vacuo, resulted in the near quantitative conversion to Ni2Hz,
and our efforts to crystallize (PN)Ni(H2BPin) directly from the reaction mixture proved

unfruitful.

33 HBPin ><P><

(PN)Ni N~ N\ H - HBPin
/

NI\ /BPm —» 0.5NiyH,

(SiMe;),NBPin |
(GC-MS) 0)\"' H
HBPin )\{f\

(PN)Ni ——X—
no reaction (PN)Ni(H,BPin)

Scheme 2-9. Probing the reactivity of (PN)Ni with HBPin.

The view that exposure of (PN)Ni to HBPin affords one or more Ni-H species,
and (SiMe3)2NBPin as a by-product, is supported by the observed formation of putative
(PN)Ni(H2BPin) and Ni2H: (vide supra). The unequivocal NMR spectroscopic
identification of (SiMes3)>NBPin as a component of the reaction mixture proved more
difficult. To obtain more definitive support for such precatalyst activation steps, an
alternative Ni-amido complex was sought for which the B-N product generated upon

treatment with HBPin might be more definitively identified using NMR characterization
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data. Treatment of Ni2Clz with LiNH(2,6-iPr.C¢H3) (2,6-iPr2CeH3 = dipp) at room
temperature in THF afforded the diamagnetic complex (PN)Ni(NHdipp) in 80% isolated
yield, as outlined in Figure 2-12. Single-crystal X-ray diffraction data confirm the
mononuclear, three-coordinate, distorted trigonal-planar structure of this complex, which

is structurally similar to (PN)Ni.

05 N7 \ / \ 7 \(@LlNH(ZGIPrCH) J(/Nl NH £
2LgH3 /\\

| N—p
@)\ 7<7< THF, 23°C,0.5h /# ) 2 S
%N)Nim)z (PN)Ni(NHdipp)

Figure 2-12. Synthesis and crystallographically determined structure of
(PN)Ni(NHdipp). Selected interatomic distances (A) and angles (°) for one of the two
crystallographically independent molecules of (PN)Ni(NHdipp): Ni-P 2.1099(5), Ni-
N(1) 1.8838(14), Ni-N(3) 1.8013(15), P-Ni-N(1) 83.20(5), P-Ni-N(3) 116.57(6), N(1)-
Ni-N(3) 158.84(7), Ni-N(3)-C(51) 136.51(14).
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In keeping with our hypothesis surrounding the mode of precatalyst activation,
treatment of (PN)Ni(NHdipp) with HBPin (1 equiv) in Et;O (1 h, 23 °C), followed by
removal of the solvent and dissolution of the reaction mixture in benzene-ds, revealed the
presence of a ~1:2 ratio of NizH2 and (dipp)HNBPin (Scheme 2-10), whereby the latter
B-N product was unequivocally identified on the basis of NMR spectroscopic data via
comparison with literature data.”> While this metathesis reaction occurs immediately at
ambient temperature, it should be noted that a resonance corresponding to
(PN)Ni(H2BPin) can be observed over the course of this reaction as (PN)NiH is trapped

reversibly; premature removal of volatiles may thus leave unreacted (PN)Ni(NHdipp).

' —=Ni— HBPin
N—p—%
P /\ > 0.5 Ni,H,
Et,0
- (dipp)HNBPin
(PN)Ni(NHdipp) (NMR)

Scheme 2-10. Probing the reactivity of (PN)Ni(NHdipp) with HBPin.

Efforts were then directed toward direct observation of potential intermediates in
alkene I-H. (PN)Ni was treated with 33 equiv each of 1a and HBPin under conditions
like those employed for catalysis (65 °C, 21 h, C¢D12), and reaction progress was
monitored by use of >'P NMR methods. The starting precatalyst is consumed, and a
cluster of signals centered around 128 ppm represents the major peaks in the *'P NMR
spectrum alongside a small amount of NizHz. Plausibly, the cluster arises from isomeric

(PN)Ni(octyl) species (Figure S2-22). In keeping with the results featured in Scheme 2-4,
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NMR spectroscopic analysis of the reaction mixture at this stage confirmed the
consumption of 1a and HBPin, along with the formation of the terminal hydroboration
product (2a) and n-octane (2d). In adding a fresh charge of 1a and HBPin (33 equiv
each), the conversion of 1a and HBPin to 2a and 2d once again was observed to proceed
on the basis of NMR data over the course of 24 h at 65 °C; interestingly, throughout the
course of this transformation, no change was observed in the *'P NMR spectrum (Figure
S2-23), with putative (PN)Ni(octyl) and a small amount of NizH2 being observed. These
observations are consistent with (PN)Ni(octyl) representing the resting state(s) of this
catalytic system. Further treatment of this reaction mixture with additional HBPin (33
equiv) after 1 h (Figure S2-24) at 65 °C resulted in the re-appearance of the resonance
associated with (PN)Ni(H2BPin), with the signals for (PN)Ni(octyl) and Ni2H2 also
being present; subsequent addition of 1a (33 equiv) led to the disappearance of the 3!P
NMR signal associated with (PN)Ni(H2BPin) after 4 h at 65 °C. Unfortunately, efforts to
synthesize (PN)Ni(octyl) independently via salt metathesis of Ni2Cl2 with
octylmagnesium bromide generated complex mixtures of products.

2.3.1 Mechanistic Proposal for (PN)MH-Catalyzed Alkene I-H

When considered collectively, the stoichiometric reactivity studies employing
(PN)Ni that are presented in this chapter are consistent with the mechanism for octene I-
H generalized for (PN)M outlined in Scheme 2-11 (with 1c as a representative substrate,
and leading to 2a). Initial activation of (PN)M by HBPin generates a mononuclear
hydride (PN)MH, which can reversibly bind HBPin to give (PN)M(H2BPin) or dimerize
to give (PN)MH)a. Then, binding and 1,2-insertion of 1¢ by (PN)MH to afford

(PN)M(4-octyl), and subsequent reversible B-H elimination/1,2-insertion steps, lead to a
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distribution of (PN)M(octyl) isomers that represent the resting state of the catalyst. In the
case of terminally selective transformations, exclusively (PN)M(1-octyl) reacts with
HBPin to afford 2a and regenerate (PN)MH. A related mechanism has been proposed for
the copper-catalyzed asymmetric hydroboration of alkenes.”?

Building on these empirical observations, DFT computational analysis of this
reaction landscape was carried out by a team of collaborators (Ess and co-workers,
BYU), with the goal of assessing the validity of this mechanistic picture for the four
(PN)M precatalysts involved (M = Mn, Fe, Co, Ni), and to gain insights regarding their
differing catalytic behavior. Our team was also interested in hoping to understand the
complex reactivity of Ni in this regard, including potential mechanisms for observed

hydrogenation of alkenes.
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Scheme 2-11. Generalized proposed catalytic cycle for terminally selective alkene I-
H involving (PN)M precatalysts.

2.4 Summarized Computational Studies from the Ess Group

2.4.1 Key Computational Findings

To interrogate the proposed mechanism of alkene I-H via (PN)M precatalysts
(Scheme 2-11), computational investigations using density functional theory (DFT) were
conducted. Initial work focused on modelling the structures of the precatalysts in the n-
octane solvent continuum; the calculated structures were found to closely resemble the
solid state structures. In the calculated structures, a singlet electronic state was found for

(PN)NI, supporting its experimentally observed diamagnetism.
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The calculated modes of precatalyst activation to generate a putative (PN)MH
intermediate corresponded with experimental observations: 1,2 insertion of 1-octene into
the M-(amido) bond was found to be of high energy, consistent with the lack of observed
reactivity in this regard, and OA/RE processes that invoke Ni(IV) intermediates were not
located. The bond strengths of the M-(amido) bonds were sufficiently large to preclude
ionic or radical dissociation of the amido group. Rather, the proposed o-bond metathesis
pathway between HBPin and (PN)M to form (PN)MH (and (SiMe3),NBPin) was
favored. The calculated energy barrier for this reaction was found to be highest for
(PN)Ni, in keeping with the observed sluggish reaction at room temperature, even in the
presence of large excesses of HBPin.

Formation of proposed (PN)M(H2BPin) intermediates (Scheme 2-9) was found to
be exergonic for Co and Ni; moreover, these species were only slightly higher in energy
than the most stable (PN)M(octyl) isomers. These data are consistent with the
observation of slight conversion from the resonances attributed to (PN)Ni(octyl) to those
of (PN)Ni(H2BPin) when a catalytic mixture is exposed to excess HBPin.

The ability of (PN)MH species to coordinate and insert alkenes was found to be
divergent. Coordination of 1¢ to (PN)MH was found to be endergonic for Mn and Fe,
and exergonic for Co and Ni. For Fe, an electronic spin-crossover from a quintet to a
triplet state was found to lower the energy for this step. The transition state for the
insertion of trans-2-, -3-, or -4-octene ligands into the M-H bond was prohibitively
endergonic for Mn, modestly endergonic for Fe, and minimally endergonic for Co and Ni

(relative to the isomeric (PN)MH(octene) species). These data correspond with the
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experimentally observed failure of (PN)Mn to perform either alkene I-H or
isomerization.

The relative energies of the various possible (PN)M(octyl) isomers generated via
chain-walking steps were probed; collectively, they were found to be lowest in energy
among all the on-cycle candidates, supporting the proposal that they behave as resting
states in the catalytic cycle (Scheme 2-11). While for Mn and Fe there existed high
barriers to octene insertion, among each metal, the various (PN)M(octyl) isomers were of
similar energy. While this might appear to contradict the observed experimental terminal
selectivity for (PN)Co, further analysis of the borylation step revealed the origin of
selectivity. The borylation step of HBPin and the linear (PN)M(n-octyl) isomer was
compared with a branched (PN)M(CHR:2) isomer. With HBPin, a 6-bond metathesis
pathway to generate octylBPin and regenerate (PN)MH was favored. Furthermore, the
transition state energies for this step were a), significantly higher for the branched isomer
than the linear, and b), for Co and Ni, significantly higher than all transition barriers
associated with alkene coordination and chain-walking. For Co and Ni, these data
supported a Curtin-Hammett scenario, wherein the origin of terminal selectivity in alkene
I-H was dictated by a rate-determining terminal borylation of (PN)M(n-octyl) with
HBPin via c-bond metathesis.

2.4.2 Limitations and Outlook

Unfortunately, these DFT computational data did not reveal reasons for the
unexpected catalytic performance of Ni outlined vide supra. While NizH2 was found to
be of significantly lower energy than (PN)NiH, consistent with experimental results,

other findings were less illuminating. Metathesis of either (PN)NiH or (PN)Ni(octyl)
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with HBPin to generate n-octane, or reducing equivalents in the form of H, as well as
(PN)NiBPin was found to be unfavorable compared to other competing processes.
Furthermore, the higher temperatures required experimentally to facilitate Ni catalysis
were not consistent with the computational barriers. Given the apparent inconsistency
between the experimental results presented in this chapter and the DFT work of our
collaborators, it is plausible that other intermediates or off-cycle processes not captured
in the DFT analysis are responsible for these contradictions.

2.4.3 Chapter Summary

In comparing the performance of (PN)M (M = Mn, Fe, Co, and Ni) precatalysts
in the I-H of octene isomers to form 2a, divergent reactivity patterns were found.
(PN)Mn and (PN)Ni showed poor performance compared to (PN)Fe and (PN)Co.
Derivative (PN)MH intermediates generated upon reaction of (PN)M with HBPin appear
plausible based on computational data, although this species was not detectable
experimentally. Rather, chemistry involving (PN)NiX complexes established Ni2zHz as a
robust off-cycle species, as neither NizHz2 nor the related four-coordinate complexes
(PN)NiH(pyr) and (PN)NiH(DMAP) showed useful performance in I-H chemistry.
Experimental and computational data suggest (PN)Ni(octyl) isomers generated in
equilibrium via BHE processes as being plausible catalytic resting states. (PN)NiH2BPin
represents a species of similar energy, and the result of (PN)NiH generated in the
presence of excess HBPin. Borylation selectivity can be understood through a
Curtin—Hammett scenario where the barrier for rate-limiting terminal borylation is
significantly lower than internal borylation. Computational investigations suggested the

importance of spin-crossover events in the proposed catalytic cycle. Unfortunately, the
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origin of complex mixtures in the Ni-catalyzed reactions have not been understood.
However, inspired by the unexpected propensity of Ni catalysts to reduce unsaturated
substrates, I pursued applications that are described in Chapter 3. Directions for further
inquiry based on these results are outlined in Chapter 5.

2.5 Experimental

2.5.1 General Experimental Considerations

Unless stated, all experiments were conducted at ambient temperature under
nitrogen in an inert-atmosphere glovebox or by using standard Schlenk techniques using
oven-dried glassware. Dry, oxygen-free solvents were used unless otherwise indicated.
Benzene, toluene, and pentane were deoxygenated and dried by sparging with nitrogen
and subsequent passage through a double column solvent purification system packed with
alumina and copper-Q5 reactant. Tetrahydrofuran and diethyl ether were purified by
distillation under nitrogen from Na/benzophenone. Deuterated solvents and alkene
substrates were degassed via three freeze—pump—thaw cycles. All purified/degassed
chemicals were stored over 4 A molecular sieves. Precatalysts (PN)M (M = Mn,® Fe,®
Co0%) and DBPin’® were also synthesized employing literature procedures. All other
reagents were purchased from commercial suppliers and used without further
purification. Unless otherwise stated, 'H, 1*C, 'B, and *'P NMR characterization data
were collected at 300 K on a Bruker AV-500 spectrometer operating at 500.1, 125.7,
160.4, and 202.5 MHz (respectively) with chemical shifts reported in parts per million
downfield of SiMes for 'H and '*C, BF3-OEt, for ''B, and 85% H3POy4 in D,O for *'P. 'H
and '°C NMR chemical shift assignments are based on data obtained from !*C-

DEPTQ135, 'H-'H COSY, '"H-3C HSQC, and 'H-'*C HMBC NMR experiments. In
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some cases, fewer than expected unique '*C NMR resonances were observed, despite
prolonged acquisition times. Splitting patterns are abbreviated as follows: br, broad; app,
apparent; s, singlet; d, doublet; t, triplet; m, multiplet, with all coupling constants (J)
reported in Hertz (Hz). Mass spectra were obtained using ion trap electrospray ionization
(ESI) instruments operating in positive mode. Gas chromatography (GC) data were
obtained on an instrument equipped with an SGE BP5 column (30 m, 0.25 mm i.d.).
Crystallographic data were obtained at or below 193(2) K on a Bruker D8/APEX II CCD
diffractometer equipped with a CCD area detector, employing samples that were mounted
in inert oil and transferred to a cold gas stream on the diffractometer. Unit cell parameters
were determined and refined on all reflections. Data reduction, correction for Lorentz
polarization, and absorption correction were each performed. Structure solution and least-
squares refinement on F2 were used throughout. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Full crystallographic solution and refinement
details are provided in the deposited CIFs online (CCDC 1818286—1818290).%

2.5.2 Specific Experimental Considerations

Synthesis of (PN)NiCl):

A glass vial containing a magnetic stir bar was charged with NiClodme (0.209 g,
0.95 mmol), and subsequently THF (2 mL). Magnetic stirring was initiated, and HPN
(0.405 g, 0.96 mmol) was added as a solution in THF (6 mL), resulting in the formation
of a dark purple solution. After 30 min, the vial contained a bright purple gel.
Triethylamine (300 pL, 2.15 mmol) was added to the gel, which reformed as an orange-
red solution. After 10 min, the volatile components were removed in vacuo. The

remaining residue was triturated with pentane (3 < 3 mL), taken up in benzene (10 mL),
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and the mixture was filtered through Celite. The eluent was collected, and the volatile
components were removed in vacuo. The resulting red residue was triturated with
pentane (3 x 3 mL) and dried in vacuo to afford analytically pure Ni2Cl2 (0.486 g, 98%
yield) as a dark red-purple solid. Anal. Calcd for CssHgoCl2N4Ni2P2: C, 62.64; H, 7.79; N,
5.41. Found: C, 62.53; H, 7.90; N, 5.43. 'TH NMR (500.1 MHz, benzene-ds): & 7.31 (m, 4
H, Harom), 7.03 (m, 2 H, Harom), 6.91 — 6.89 (overlapping resonances, 4 H, Harom), 6.84 —
6.75 (overlapping resonances, 6 H, Harom), 4.03 (app septet, 4 H, *Jun = 7 Hz, CHMe),
1.94 (d, 12 H, 3Jun = 7 Hz, CHMe3), 1.55 (d, 36 H, *Jpn = 14 Hz, P tBu), 0.98 (d, 12 H,
3Jun = 7 Hz, CHMe;). *C{'H} NMR (125.7 MHz, benzene-d6): § 177.4 (Carom, from
HMBC), 145.2 (Carom), 135.2 (d, 2Jpc = 22 Hz, PNCN), 130.8 (CHarom), 128.8 (CHarom),
127.1 (CHarom), 126.0 (CHarom), 123.4 (CHarom), 39.3 (d, 'Jpc = 25 Hz, PCMe3), 29.1
(CHMe,), 28.4 (PCMes), 24.7 (CHMe»), 23.5 (CHMe,). *'P{'H} NMR (202.5 MHz,
benzene-ds): 6 118.5.

Synthesis of (PN)Ni

In the glovebox, an oven-dried bomb equipped with a stir bar was charged with a
dark red solution of [(PN)NiCl]z (203.3 mg, 0.196 mmol) in benzene (ca. 8 mL).
LiN(SiMes)2 (65.7 mg, 0.392 mmol) was subsequently transferred to the vessel as a solid.
The vessel was sealed and taken outside the glovebox, where it was heated in an 85 °C
oil bath. After 24 h, the vessel was brought into the glovebox, and solvent was removed
in vacuo, leaving a dark residue. The residue was triturated with pentane (3 x ca. 3 mL),
and then brought up in pentane (ca. 8 mL) and filtered through Celite. The dark green-
yellow eluent was collected in a pre-weighed vial. Removal of solvent in vacuo yielded

analytically pure (PN)Ni. Yield: 246 mg, 98%. Anal. Calcd for: C33HssN3NiPSiz: C,
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61.67; H, 9.10; N, 6.54. Found: C, 61.29; H, 8.93; N, 6.62. 'H NMR (300 MHz, benzene-
de): 67.44—7.42 (m, 2 H, Harom), 7.18 — 7.13 (m, 1 H, Harom, overlapping with benzene-
de), 6.96 — 6.83 (m, 2 H, Harom), 6.83 — 6.76 (overlapping resonances, 3 H, Harom), 4.52 —
4.38 (app septet, 2 H, *Jun = 7 Hz, CHMe,), 1.61 — 1.55 (overlapping resonances, 24 H,
CHMe; and PtBu;), 0.83 — 0.81 (d, 6 H, *Jun = 6 Hz, CHMe>), 0.48- 0.46 (s, 18 H,
N(SiMes),). PC{'H} NMR (75.4 MHz, benzene-dc): 5 176.8 (NCN), 146.5 (Carom), 143.2
(Carom), 134.1 (Carom), 132.2 (CHarom), 130.1 (CHarom), 128.1 (CHarom), 127.1 (CHarom),
125.7 (CHarom), 38.9 — 38.6 (d, 'Jcp = 25 Hz, P(CMes)2), 30.0 (CHMe>), 29.2 —29.1 (d,
2Jcp = 4 Hz, P(CMes3),), 25.2 (CHMe:), 24.4 (CHMe>), 7.7 (SiMes). *'P{'H} (121.5 MHz,
benzene-ds): & 128.9. Crystals suitable for X-ray diffraction were grown from a
concentrated solution of pentane at -35 °C.

Synthesis of (PN)Ni(NHdipp).

In the glovebox, a glass vial containing a magnetic stir bar was charged with
Ni2Cl2 (0.20 g, 0.19 mmol) and LiNHdipp (0.071 g, 0.39 mmol). THF (ca. 10 mL) was
added and the resulting mixture stirred at room temperature for 30 minutes. The volatile
components of the reaction mixture were subsequently removed in vacuo. The remaining
residue was triturated with pentane (3 x 3 mL), then taken up in pentane (ca. 10 mL) of
and filtered through Celite. The filtrate solution was collected, and the volatile
components were removed in vacuo to afford (PN)Ni(NHdipp) (0.20 g, 80% yield) as an
analytically pure black solid. Anal. Calcd for C39HssN3NiP: C, 71.13; H, 8.88; N, 6.39.
Found: C, 70.88; H, 9.00; N, 6.52. "H NMR (300 MHz, benzene-ds): & 7.53 — 7.49 (m, 2
H, Harom), 7.07 — 6.92 (overlapping resonances, 6 H, Harom), 6.87 — 6.80 (overlapping

resonances, 3 H, Haom), 4.92 (sept, 2 H, 3Jun = 7 Hz, CHMey), 4.43 (app sept, 2 H,
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CHMe,), 3.30 (brs, 1 H, NH), 1.63 (d, 6 H, *Jun = 7 Hz, CHMe>), 1.46 (d, 18 H, *Jup =
14 Hz, PtBuy), 1.25 (d, 12 H, *Jun = 7 Hz, CHMe>), 0.92 (d, 6 H, *Jun = 7 Hz, CHMe>).
BC{'H} NMR (75.4 MHz, benzene-ds): & 174.8 (NCN), 150.2 (Carom), 144.8 (Carom),
141.9 (Carom), 138.2 (Carom), 130.7 (CHarom), 129.1 (CHarom), 127.5 (CHarom), 126.0
(CHarom), 125.2 (CHarom), 124.7 (CHarom), 118.7 (CHarom), 38.8 (d, 'Jep = 26 Hz, PCMe3),
31.0 (CHMe»), 29.2 (CHMe»), 28.2 (d, *Jcp = 4 Hz, PCMes3), 24.6 (CHMe>), 23.7
(CHMe,), 22.8 (CHMe>). *'P{'H} (121.5 MHz, benzene-ds): § 135.7. Crystals of
(PN)Ni(NHdipp) suitable for X-ray diffraction were grown from a concentrated Et,O
solution at -35 °C.

Synthesis of NizHa.

In the glovebox, Ni2Cl2 (224 mg, 0.216 mmol) was dissolved in THF (ca. 8 mL)
in a glass vial equipped with a magnetic stirring bar to form an orange-purple dichroic
solution. This solution was stirred for 5 min, and then NaEt;BH (1.0 M in toluene, 443
uL, 0.443 mmol, 2.05 equiv) was added via micropipette to the stirring solution, which
turned black, and then dark green over one minute. After 1 h, THF was removed in
vacuo, the black residue was triturated with pentane (3 x ca. 3 mL), extracted into
benzene (ca. 10 mL), and filtered through Celite. The dark green eluent was concentrated
in vacuo, triturated with pentane (3x ca. 3 mL), and dried in vacuo to yield analytically
pure Ni2Hz as a dark green powder. Yield: 140 mg, 67%. Anal. Calcd for CssHg2N4NizPa:
C, 67.10; H, 8.55; N, 5.80. Found: C, 67.26; H, 9.11; N, 5.62.

"H NMR (500.1 MHz, benzene-de): & 7.43 — 7.41 (m, 4 H, Harom), 6.96 —6.93 (m, 2 H,
Harom), 6.86 — 6.85 (overlapping resonances, 10 H, Harom), 3.79 — 3.70 (app septet, 4 H,

CHMe,), 1.84 — 1.83 (d, 12 H, *Jun = 7 Hz, CHMe»), 1.38 — 1.35 (d, 36 H, *Jup = 14 Hz,
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PtBu), 0.98 — 0.96 (d, 12 H, *Jun = 7 Hz, CHMe»), -27.74 —-27.93 (m, 2 H, NiH).
BC{'H} NMR (125.8 MHz, benzene-ds): & 175.1 (Carom), 148.2 (Carom), 143.6 (Carom),
136.0 (3Jpc =21 Hz, NCN), 130.6 (CHarom), 128.6 (CHarom), 127.1 (CHarom), 125.0
(CHarom), 124.2 (CHarom), 37.7 ({Jpc = 27 Hz, P(CMe3)2), 29.0 (P(CMes), and CHMe:
overlapping), 25.4 (CHMe), 23.3 (CHMe»). *'P{'H} NMR (202.5 MHz, benzene-ds): &
122.3 (app m due to incomplete decoupling of NiH). A single crystal suitable for X-ray
diffraction was grown from the slow evaporation of a concentrated solution of ether.

Synthesis of (PN)NiH(pyr).

In the glovebox, NizH2 (50 mg, 0.052 mmol) was dissolved in pyridine (360 mg,
4.55 mmol) to form a dark green solution that turned dark red-brown over ca. 2 min. The
solution was concentrated in vacuo and cooled at -35 °C, which afforded crystals of
(PN)NiH(pyr) suitable for single-crystal X-ray diffraction and for which satisfactory
elemental analysis data were obtained. Yield: 43 mg, 69%. Anal. Calcd for C32H4sN3NiP:
C, 68.34; H, 8.24; N, 7.47. Found: C, 68.55; H, 8.39; N, 7.52. Upon contacting non-
pyridine solvent, (PN)NiH(pyr) dissociates to form an equilibrium mixture of
(PN)NiH(pyr), pyridine, and NizH2. As such, NMR data for (PN)NiH(pyr) is inferred
from such an equilibrium mixture formed from the dissolution of crystalline
(PN)NiH(pyr) in benzene-ds. 'H NMR (500.1 MHz, benzene-ds): & 8.01 — 7.99 (m, 2 H,
Harom), 7.80 — 7.78 (m, 2 H, Harom), 6.99 — 6.94 (overlapping resonances, 4 H, Harom), 6.89
—6.87 (m, 2 H, Harom), 6.56 — 6.53 (m, 1 H, Harom), 6.21 - 6.19 (m, 2 H, Harom), 3.88 —
3.79 (app septet, 2 H, 3Jun = 7 Hz, CHMe,), 1.69 (d, 18 H, *Jup = 13 Hz, PtBu»), 1.03 (d,
6 H, *Jun = 7 Hz, CHMe>), 0.97 (d, 6 H, *Jun = 7 Hz, CHMe»), -20.24 (d, 1 H, 2Jup = 104

Hz, NiH). 3C {'"H} NMR (125.8 MHz, benzene-de): § 175.1 (Carom), 152.2 (CHarom),
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147.7 (Carom), 143.1 (Carom), 138.3 (3Jpc = 33 Hz, NCN), 135.6 (CHarom), 131.3 (CHarom),
127.0 (CHarom), 124.0 (CHarom), 123.5 (CHarom), 123.2 (CHarom), 36.1 (d, 'Jpc = 33 Hz,
P(CMe3)»), 29.2 (d, *Jec = 3 Hz, P(CMes),), 28.5 (CHMe»), 23.9 (CHMe>), 23.3
(CHMe»). *'P{'"H} NMR (202.5 MHz, benzene-ds): & 131.8 — 131.3 (app m due to
incomplete decoupling of NiH).

(PN)NiH(DMAP)

In the glovebox, DMAP (0.005 g, 0.04 mmol) and benzene-ds (ca. 0.75 mL) were
combined in a glass vial. This solution was transferred to another glass vial containing
NizHz (16 mg, 0.017 mmol) via pipet, mixed until the resultant dark green solution was
homogeneous, and transferred to an NMR tube. The solution took on a lighter green
coloration over the course of ca. 5 h; during this time complete conversion of NizH2 to
(PN)NiH(DMAP) was monitored by use of *'P{'H} and 'H NMR methods. Excess
DMAP was observable by use of 'H NMR with broadened resonances, presumably due to
exchange of free and bound DMAP. Efforts to isolate synthetically useful quantities of
analytically pure (PN)NiH(DMAP) via crystallization (as was done for (PN)NiH(pyr))
were unsuccessful, and loss of DMAP upon workup prevented purification via alternative
methods. A minute amount of crystalline material suitable for X-ray diffraction was
obtained from a concentrated solution of the complex stored in ether/pentane at —35 °C.
"H NMR (500.1 MHz, benzene-de): & 7.81 — 7.80 (m, 2 H, Harom), 7.72 —7.70 (m, 2 H,
Harom), 7.09 — 6.92 (overlapping resonances, 6 H, Harom), 5.63 -5.62 (m, 2 H, Harom), 4.06
—4.00 (m, 2 H, CHMe), 1.89 (s, 6 H, NMe), 1.76 — 1.73 (d, 18 H, *Jpu= 13 Hz, PtBu),
1.24 —1.22 (d, 6 H, *Jun = 7 Hz, CHMe>), 1.04 — 1.03 (d, 6 H, *Jun = 7 Hz, CHMe>), -

20.75 —-20.97 (d, 1 H, 2Jpu = 107 Hz, NiH). 3C{'H} NMR (125.8 MHz, benzene-ds): &
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174.9 (Carom), 153.4 (Carom), 152.3 (CHarom), 148.4 (Carom), 143.3 (Carom), 139.1 (d, *Jpc =
21 Hz, NCN), 131.2 (CHarom), 127.8 (CHarom), 127.0 (CHarom), 123.8 (CHarom), 123.5
(CHarom), 105.8 (CHarom), 37.9 (NMe), 36.0 (d, 'Jpc = 33 Hz, P(CMe3)2, 29.3 (d, 2Jpc = 3
Hz, P(CMes)), 28.6 (CHMe»), 24.2 (CHMe,), 23.6 (CHMe). *'P{'H} NMR (202.5
MHz, benzene-ds): 6 131.1 — 130.6 (app m due to incomplete decoupling of NiH).

General Procedure for Catalytic Reactions Using HBPin.

In the glovebox, a glass vial was charged with precatalyst (PN)M (3 mol %),
octene (0.4 mmol), and HBPin (0.4 mmol in the case of I-H, Scheme 2-4, Scheme 2-5,
Scheme 2-6; 5 mol % in the case of isomerization, Scheme 2-7). The vial was sealed with
a PTFE-lined screw cap featuring a rubber septum, and the cap/vial contact was further
sealed externally by wrapping with PTFE tape and electrical tape. The vial was then
placed in an aluminum heating block that was set to the desired temperature for the stated
amount of time. For analysis by use of GC methods, the reaction vial was then opened to
air and extracted with EtOAc (500 puL). Dodecane (50.3 pL, 0.222 mmol) was added to
the resultant solution as an internal standard. The solution was filtered through a short
silica plug into a glass vial suited for use on a GC autosampler (GC vial). The reaction
vial was further extracted with a second portion of EtOAc (500 pL), and the extract was
again filtered through the same silica plug and collected into the same GC vial. The vial
was sealed with a PTFE screw cap featuring a rubber septum, and its contents were
analyzed by use of GC methods. For analysis by use of NMR methods, following the
stated reaction time the reaction vial was opened to air and quantitatively extracted with a

known amount of a stock solution (20.0 mg/mL) of ferrocene in CDCl3 (0.01—0.03 mmol
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ferrocene employed). The vial was further diluted with pure CDCl3 (700—900 uL) and
filtered through silica into an NMR tube for subsequent NMR analysis.

Procedure for the Reaction of Octenes with DBPin.

In the glovebox, two glass vials were charged with precatalyst (PN)Ni (3 mol %).
One vial was charged with 1-octene, while the other was charged with trans-4-octene (in
each case, 57.0 uL, 41 mg, 0.36 mmol). DBPin (53.1 pL, 47 mg, 0.36 mmol) was then
added to each vial. The vials were sealed with a PTFE-lined screw cap featuring a rubber
septum, and the cap/ vial contact was further sealed externally by wrapping with PTFE
tape and electrical tape. The vials were then placed in an aluminum heating block set to
65 °C for 18 h. The vials, each containing homogeneous dark-red mixtures, were brought
into the glovebox and opened under nitrogen. In each case, the contents of the vial were
split via micropipette transfer of a 55 pL aliquot from each sample to a separate glass vial
by using a micropipette. For each reaction, one portion was dissolved in C¢Hs (500 pL),
transferred to an NMR tube, and analyzed by use of ’H NMR and ''B NMR methods.
The other half was taken out of the glovebox, exposed to air, and dissolved in CDCl; (ca.
500 pL). This latter chloroform fraction was analyzed by use of 'H NMR and '*C {'H}
NMR methods, whereby in the latter case a long relaxation delay was employed to
improve quantitation. Notably, components of the mixture were poorly resolved in the

spectra obtained, thus complicating assessment of positional deuterium incorporation.
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Figure S2-1. 'TH NMR spectrum of Ni>Clz (benzene-ds, 300 MHz).
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Figure S2-2. 3'P{'H} NMR spectrum of Ni2Clz (benzene-ds, 121.5 MHz).
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Figure S2-3. 3C-DEPTQ135 NMR spectrum of (PN)Ni (benzene-ds, 75.4 MHz).
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Figure S2-4. '"H NMR spectrum of (PN)Ni(NHdipp) (benzene-ds, 300 MHz).
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Figure S2-5.3'P{'H} NMR spectrum of (PN)Ni(NHdipp) (benzene-ds, 121.5 MHz).
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Figure S2-6. 3C-DEPTQ135 NMR spectrum of (PN)Ni(NHdipp) (benzene-ds, 75.4
MHz).

79



$96°0

6167 D>

6HE"T

9LE T

czZ8" T

658 T

SOL"E

6TL"E

ZEL'E

9FLE

09L'E

BLL'E

L8L"E
TP0" 80—~
Z00°88——
06 LT =
Lag Lg——
89L LT =

ap8 8L LT

o < O
wy oy
o oY Gh
.
| ol nnlll el i+ JLLC LTS B  Jte e ]

[{PW)NiH]2

Cé6D6
14_1H

VN

0 ppm

- — B0EL
—
121104

EET1

/596
M~ =522

— e
=00y

Figure S2-7.'H NMR spectrum of Ni2Hz (benzene-ds, 500.1 MHz).

80



[ (PN)NiH]2
ceDho
1d_31p{1H}

122.37
122.32

ad

e
250 200 150 100 50 0 -50 -100 ppm

Figure S2-8. 3'P{'H} NMR spectrum of NizH: (benzene-ds, 202.5 MHz); multiplet
structure due to inefficient decoupling of the Ni-H.
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Figure S2-9. *C-DEPTQ135 NMR spectrum of NizH2 (benzene-ds, 125.7 MHz).
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Figure S2-10. 3'P{'H} NMR spectrum acquired after reaction at 110 °C between
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Figure S2-11. '"H NMR spectrum acquired after reaction at 110 °C between Ni2H:
and DBPin (5 equiv per Ni) (toluene-ds, 300 MHz).
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Figure S2-12. 'TH NMR spectrum of (PN)NiH(pyr) in equilibrium with NizHa
(benzene-ds, 500.1 MHz).
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Figure S2-13. 3'P{'H} NMR spectrum of (PN)NiH(pyr) in equilibrium with Ni2H:
(benzene-de, 202.5 MHz); multiplet structure due to inefficient decoupling of the Ni-
H.
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Figure S2-14. 3C-DEPTQ135 NMR spectrum of (PN)NiH(pyr) in equilibrium with
Ni2H: (benzene-ds, 125.7 MHz).
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Figure S2-15. Temperature-dependent 3'P{'H} NMR spectra arising from changes

in the equilibrium proportions of (PN)NiH(pyr) (12 mg dissolved in 0.75 mL
benzene-ds) and Ni2H2 (121.5 MHz).
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Figure S2-16. '"H NMR spectrum of (PN)NiH(DMAP) (benzene-ds, 500.1 MHz).
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Figure S2-17.3P{'"H} NMR spectrum of (PN)NiH(DMAP) (benzene-ds, 202.5 MHz);
multiplet structure due to inefficient decoupling of the Ni-H.
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Figure S2-18. 3C-DEPTQ135 NMR spectrum of (PN)NiH(DMAP) (benzene-d,
125.7 MHz).
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Figure S2-19.3'P{!H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPin (33 equiv; 23 °C, C¢D12, 121.5 MHz). Top: after 24 h. Bottom: after

43 h.
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Figure S2-20. 3'P{'H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPin (33 equiv; 65 °C, 6 h, CsD12, 121.5 MH?z).
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Figure S2-21. 3'P{'H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPin and 1a (33 equiv each; 25 °C, 25 h, C¢D12, 121.5 MHz).
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Figure S2-22.3P{'H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPin and 1a (33 equiv each; 65 °C, 21 h, C¢D12, 121.5 MHz). Inset:

signals observed in the hydride region of the 'TH NMR spectrum (C¢D12, 300 MHz)
obtained from the reaction mixture.
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Figure S2-23.31P{!H} NMR spectrum (C¢D12, 121.5 MHz) of the reaction mixture
upon: initial exposure of (PN)Ni to HBPin and 1a (33 equiv each; 65 °C, 21 h),
subsequent addition of a fresh charge of HBPin and 1a, and further heating (33
equiv each; 65 °C, 24 h). Note that corresponding 'H and ''B NMR spectra indicate the
generation of a similar distribution of products as after the initial exposure.
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Figure S2-24. 3'P{!H} NMR spectrum (C¢D12, 121.5 MHz) of the reaction mixture
upon: initial exposure of (PN)Ni to HBPin and 1a (33 equiv each; 65 °C, 21 h),
subsequent addition of a fresh charge of HBPin and 1a, further heating (33 equiv
each; 65 °C, 24 h), subsequent addition of a fresh charge of HBPin, and further
heating (33 equiv; 65 °C, 1 h).
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Figure S2-25. Quantitative 3C{'H} NMR spectrum of the CDCIs portion of the
reaction mixture derived from the I-H of 1a with DBPin employing (PN)Ni (3
mol%) as a precatalyst.
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Figure S2-26.”H NMR spectrum of the CsHs portion of the reaction mixture derived
from the I-H of 1¢) with DBPin employing (PN)Ni (3 mol%) as a precatalyst.
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Figure S2-27. Quantitative >C{'H} NMR spectrum of the CDClIs portion (see
experimental protocol for details) of the reaction mixture derived from the I-H of 1¢
with DBPin employing (PN)Ni (3 mol%) as a precatalyst.
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CHAPTER 3: A COMPARATIVE ANALYSIS OF HYDROSILATIVE AMIDE
REDUCTION CATALYZED BY FIRST-ROW TRANSITION METAL (MN, FE,

Co, AND NI) N-PHOSPHINOAMIDINATE COMPLEXES

3.1 Introduction

Amines derived from amide reduction®’ have been widely applied in
pharmaceutical synthesis,”® including in the initially reported synthesis of morphine;”’
however, these protocols typically require the use of harsh alkali metal hydrides (e.g.,

LiAlHj4) or related reductants. In this context, the use of more mild hydrosilane reducing

100 1101 02 103)

agents'% under the influence of transition metal'®! or other (e.g., boron'%? or zinc
catalysis represents an attractive alternative to more conventional amide reduction
protocols. The application of first row transition metal catalysts in the hydrosilative
reduction of amides is appealing relative to the use of precious metal catalysts given the
comparatively low cost and high natural abundance of the former; however, a relatively
small number of such catalysts that are capable of effecting amide reductions of this type
have been identified. In 2009, the groups of Beller'® and Nagashima'® independently
reported the first successful hydrosilative reduction of amides employing first row
transition metal catalysis, in which Fe carbonyl precatalysts were employed (6-30 mol%
Fe, 100 °C, 24 h) in reductions of mostly tertiary amide substrates. This chemistry has
been extended to less reactive amides including primary amides.!% In the
aforementioned report from the Beller group,'® isotopic labeling studies provided

evidence in support of the mechanism featured in Scheme 3-1, whereby metal-catalyzed

hydrosilation of the amide carbonyl group affords the corresponding O-silylated

101



hemiaminal. Hydride transfer of the derived iminium ion in turn affords the

corresponding amine, as well as a siloxane byproduct.

Amide Amine Siloxane
byproduct
o 2 equiv R;SiH H H
R)J\NRZ > RXNRZ + R;Si-O-SiR;
3 4
R;SiH 5- o+
H-SiR;
RaSiZo y . H
' - @ O N o
R/\i_!‘!Rz R NR, + O-SiR;
O-silylated _ Iminiur:n
hemiaminal intermediate

Scheme 3-1. Mechanism for the formation of amines via hydrosilative reduction of
amides as proposed by Beller and co-workers.

Subsequent reports by the groups of Sortais and Darcel,'” Buitrago and
Adolfsson,'® and Driess'” document the use of NHC-ligated Fe species for such
transformations. Prior work involving the Mn-, Co-, or Ni-catalyzed hydrosilative
reduction of amides is much more limited. The use of Co2(CO)s (1 mol% Co, 100 °C, 3-
16 h) in such reductions of tertiary amides has been disclosed,''* and the application of
Ni catalysis in hydrosilative amide reductions is limited to a report by Mamillapalli and
Sekar!!! regarding the reduction of a-keto amides (5 mol% Ni(OAc)2, 10 mol%
TMEDA, 10 mol% KOBu, 25-60 °C, 8-48 h), as well as a report by Garg and co-
workers'!? regarding the hydrosilative reduction of amides employing NiClodme (10
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mol% Ni, 115 °C, 24 h). These Ni-based systems effected the hydrosilative reduction of a
broad scope of both tertiary and secondary amides with synthetically useful substrate
scope. Prior to 2017, only three isolated table entries documenting the Mn-catalyzed
hydrosilative reduction of amides existed in the literature, involving the reduction of
dimethylformamide or diethylformamide by use of CpMn(CO); (5 mol% Mn, 120 °C, 24
h),'!® or featuring the use of Mn,(CO); for the reduction of N-acetylpiperidine (2 mol%
Mn, 5 mol% Et;NH co-catalyst, 100 °C, 16 h).!!* In targeting highly effective 3d
transition metal catalysts supported by N-phosphinoamidinate ligation, the
Dalhousie/CPChem team disclosed that three-coordinate (PN)Mn is an effective
precatalyst for the hydrosilative reduction of various carbonyl compounds by use of
PhSiHj3 (exclusively), including tertiary (but not primary or secondary) amides under
reasonably mild conditions (5 mol% Mn, 75 °C, 1 h; 2 mol% Mn, 25 °C, 3-48 h).®
Encouraged by the useful catalytic profile exhibited by (PN)Mn, my thesis
research included a study focused on evaluating in a systematic manner the catalytic
performance of (PN)M (M = Mn, Fe, Co, and Ni) and structurally related N-
phosphinoamidinate precatalysts, in addition to M(N(SiMes3)2). (M = Li, Na, K, Mn, Fe,
and Co) precatalysts,” in the hydrosilative reduction of selected amide test substrates (3a

and 3b). A summary of the research approach is provided in Scheme 3-2.
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precatalysts: Optimal
performance
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Si
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(PN)M M = Mn, Fe, Co
M = Mn, Fe, Co, Ni Li, Na, K ~

Scheme 3-2. Overview of efforts to develop catalysts for the hydrosilative reduction
of amides as described in this chapter.

The results of this investigation are disclosed herein, which confirmed the
superiority of 3d transition metals over simple alkali salts in this application, as well as
the benefits of N-phosphinoamidinate ligation. Notably, the new mononuclear three-
coordinate Ni precatalyst (PN)Ni(O7Bu) proved optimal, enabling both the room
temperature reduction of N,N-diisopropylbenzamide (3b) in a manner that had not been
achieved previously, and the reduction of selected secondary amide test substrates.

3.2 Results and Discussion

3.2.1 Contributions

Takahiko Ogawa was involved in the initial optimization of conditions for the
reduction of compound 3b. Crystallography was performed by Drs. Michael Ferguson
and Robert McDonald at the University of Alberta. Otherwise all work presented in this

chapter was carried out by the author.
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3.2.2 Initial Catalytic Reactivity Survey

The catalytic reactivity survey was commenced by examination of the reduction
of N,N-dibenzylbenzamide (3a) to dibenzylamine (4a) with PhSiH3; employing the three-
coordinate N-phosphinoamidinate precatalysts (PN)M (M = Mn, Fe, Co, and Ni) under
reasonably mild reaction conditions (2 mol% M, 75 °C, 1 h, Table 3-1, Entries 1-4). In all
cases, high conversion of the amide was achieved, with the Mn and Ni precatalysts
offering optimal catalytic performance in terms of conversion to 4a (>80%). The
observation of HNBn; as a side-product in these reactions can be viewed as arising from
hydrolysis of the putative O-silylated hemiaminal intermediate (3a’, Scheme 3-2) upon
workup prior to calibrated GC analysis. The reduction of 3a (Scheme 3-3) under
conditions outlined in Entry 4 of Table 3-1 employing benzene in place of THF provided
support for such a proposal. While complete consumption of 3a was achieved in benzene
after 1 h accompanied by the formation of 4a (55%) and HNBn; (4a’, 37%), after a total
reaction time of 18 h, high conversion to 4a (88%) and negligible amounts of 4a’ (2%)

were observed.

Precatalyst
o y

PhSiH; (2 equiv)
NBn, NBn, NHBn
THF, 25 °C *
3a 4a 4a'

Scheme 3-3. Precatalyst screen for the reduction of 3a to 4a.
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Entry Precatalyst Loading | Conversion 3a | Yield NBn3 Yield

(%) (%) (4a, %) HNBn2

(4a’, %)
1 (PN)Mn 2 >95 84 <5
2 (PN)Fe 2 >95 73 10
3 (PN)Co 2 >95 61 <5
4 (PN)Ni 2 >95 85 <5
5 Mn(N(SiMe3)2)2 2 67 63 <5
6 Fe(N(SiMe3)2)2 2 39 33 <5
7 Co(N(SiMe3)2)2 2 44 43 <5
8 Li(N(SiMe3)2) 30 84 27 27
9 Na(N(SiMes)2) 30 >95 40 32
10 K(N(SiMe3)z2) 30 >95 23 47

Table 3-1. Precatalyst screening for the hydrosilative reduction of 3a (0.2 mmol)
with PhSiH3 (0.4 mmol) in THF at 75 °C for 1 h. Conversion/yields given based on
response-factor calibrated GC data using authentic samples versus dodecane as an

internal standard, following workup of the crude reaction mixture.

Under analogous conditions, M(N(SiMes)2)2 precatalysts (M = Mn, Fe, and Co)

proved inferior to their respective N-phosphinoamidinate counterparts (Table 3-1, Entries

5-7). Moreover, while high conversion of 3a was achieved by use of alkali metal

M(N(SiMe3),) precatalysts at rather high loadings (30 mol% Li, Na, or K, Table 1,

Entries 8-10), poor selectivity for 4a was achieved, due in part to the inefficient

conversion of intermediate 3a’ as evidenced by the substantial amounts of 4a’ that were

detected in the product mixture following workup. Although not conclusively
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demonstrated, these results collectively suggest that transition metal catalysis may be
involved in facilitating the conversion of 3a’ to 4a (Scheme 3-1).

The hydrosilative reduction of N,N-diisopropylbenzamide (3b) to
benzyldiisopropylamine (4b) was examined subsequently. A survey of the literature
reveals 3b to be a significantly more challenging substrate in this chemistry relative to
3a, often requiring forcing reaction conditions to achieve suitable levels of conversion.'"!
For example, in Beller’s pioneering report on the use of Fe3(CO)2 as a precatalyst for the
hydrosilative reduction of amides, only 59% yield of 4b was achieved even after
extended reaction times at elevated temperature (30 mol% Fe, 100 °C, 24 h).!% In
keeping with this trend, the reduction of 3b proved difficult versus 3a for our (PN)M
precatalysts (2 mol% M, 75 °C, 1 h; Scheme 3-4, Table 3-2). Under these reaction
conditions, (PN)Co and (PN)Ni each displayed a promising combination of 3b
consumption and conversion to 4b. While all members of the M(N(SiMe3)2)2 (M = Mn,
Fe, and Co) precatalyst series performed poorly under similar conditions, the observed
consumption of 3b when using M(N(SiMe3)2) (M = Li, Na, and K, 30 mol% M, 75 °C, 1
h), accompanied by the generation of significant amounts of 4b (e.g., 37%, M = Na; 49%,
M = K), further underscores the potential utility of such alkali metal salts in hydrosilative
amide reduction chemistry (Table 3-2). Application of (PN)M precatalysts employing
longer reaction times and higher catalyst loadings (5 mol% M, 18 h, Table 3-2) resulted
uniformly in high conversion of 3b, with Co and Ni each providing optimal (83%)

formation of 4b.
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Precatalyst
o y

PhSiH; (2 equiv)
NiPr, NiPr;
THF, 75 °C
3b 4b

Scheme 3-4. Precatalyst screen for the reduction of 3b to 4b.

(PN)M
Time (h) Loading Mn Fe Co Ni
(mol% M) - -
% Conversion of 3b (% yield 4b)
1 20b >95(27) | 32(<5) | 72(47) | 89 (67)
18 5 >95 (40) 92 (56) | >95(83) | >95(83)

Table 3-2. Screening for the hydrosilative reduction of 3b (0.2 mmol) with PhSiH3
(0.4 mmol) in THF at 75 °C employing (PN)M precatalysts, yields reported based on
calibrated GC data.” Use of alkali metal M(N(SiMes)) precatalysts at higher loading
(30 mol%), afforded high conversion of 3b, but poor selectivity for 4b (60 (15), M = Li);
83 (37), M = Na; 89 (49), M = K).” Using M(N(SiMe3),) precatalysts (M = Mn, Fe, or
Co), < 10% conversion of 3b was observed.

3.2.3 Precatalyst Iteration

In evaluating the catalytic screening results featured in Table 3-1 and Table 3-2,
only (PN)Ni proved capable of effecting the reduction of both 3a and 3b to the
corresponding tertiary amine (4a and 4b) in >80% yield under the test conditions
employed. Building on this observation, I opted to examine alternative (PN)NiX
precatalysts in such transformations.

I drew upon qualitative observations that (PN)Ni(NHdipp) reacted rapidly at
ambient temperature with stoichiometric HBPin to form a nickel hydride (Scheme 2-9),
whereas (PN)Ni required large excesses of HBPin and longer reaction times (Scheme 2-

10). In addition to comparing the performance of (PN)Ni versus (PN)Ni(NHdipp),
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related three-coordinate (PN)Ni(OR) (R = dmp or /Bu) complexes were identified as

being potentially interesting targets of inquiry.**!'> Exposure of Ni2Cl2 to NaO7Bu (two

equiv) in THF enabled the isolation of (PN)Ni(O7Bu) upon workup, and treatment of

(PN)Ni(NHdipp) with 2,6-dimethylphenol (i.e., dmpOH, one equiv) in benzene upon

workup afforded (PN)Ni(Odmp) (Scheme 3-5).

NaOtBu

0.5 ((PN)NiCI),
THF, 25 °C

Do

N\pj\Ni\NHdipp

Je

benzene
25°C

D

N‘P7-\Ni\
JE

dmpOH Q\%
_— | ~—

iA

OtBu

Odmp

Scheme 3-5. Syntheses of (PN)Ni(O7Bu) and (PN)Ni(Odmp).

In each case the targeted (PN)Ni(OR) complex was obtained in analytically pure

form and was characterized by use of both NMR spectroscopic and single-crystal X-ray

crystallographic techniques. In keeping with (PN)Ni and (PN)Ni(NHdipp), the newly

prepared (PN)Ni(OR) species were found to be diamagnetic, exhibiting sharp resonances

consistent with the proposed structural formulation (i.e., Figure 3-1 and Figure 3-2).
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Figure 3-1. '"H NMR Spectrum of (PN)Ni(O7Bu) (benzene-ds, 500.1 MHz).



(PN) N1OtBu
ceho
1d_31F{1H}

130.40
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Figure 3-2.3'P{'"H} NMR Spectrum of (PN)Ni(O7Bu) (benzene-ds, 202.5 MHz).

The crystal structures of (PN)Ni(O7Bu) and (PN)Ni(Odmp) are presented in
(Figure 3-3). Complex (PN)Ni(O7Bu) exhibits a highly distorted, three-coordinate T-
shaped structure that is qualitatively similar to that of both (PN)Ni (Figure 2-4) and
(PN)Ni(NHdipp) (Figure 2-12), with an empty coordination site located trans to
phosphorus. Given that crystallographically characterized examples of mononuclear Ni
alkoxo complexes (beyond methoxide) are limited to a small collection of four-
coordinate (PCP)Ni(OR) species recently reported by Campora and co-workers (where R

= Et, nBu, iPr, or CH,CH,OH),"'% the solid state structural characterization of three-
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coordinate (PN)Ni(O7Bu) warrants discussion. The Ni-O distance in (PN)Ni(O7Bu)
(1.7699(11) A) is markedly shorter than the Ni-O contacts observed in the
aforementioned (PCP)Ni(OR) series (1.84-1.89 A). While it is tempting to invoke Ni-O
n-bonding to account for this observation, the lack of observable hindered rotation

phenomena in the 'H NMR spectrum of (PN)Ni(O7Bu) at 300 K (Figure 3-1) would

suggest that such interactions are not significant.

Figure 3-3. Crystallographically determined structures of (PN)Ni(O7Bu) and
(PN)Ni(Odmp). Selected interatomic distances (A) and angles (°) for (PN)Ni(O7Bu): Ni-
P 2.1092(4), Ni-N 1.8589(11), Ni-O 1.7699(11), P-Ni-N 82.97(4), P-Ni-O 114.11(4), N-
Ni-O 160.71(6). Selected interatomic distances (A) and angles (°) for (PN)Ni(Odmp):
Ni-P 2.1273(4), Ni-N 1.8859(12), Ni-O 1.8397(11), Ni---C8 2.3585(16), Ni---H8A
2.023(17), Ni---H8B 2.061(17), P-Ni-N 83.64(4), P-Ni-O 94.65(4), N-Ni-O 175.61(5), P-
Ni-C8 162.00(5).

Whereas (PN)Ni(OrBu) is apparently a bona fide three-coordinate complex that is
devoid of additional coordinative interactions, (PN)Ni(Odmp) is best described as
adopting a distorted square-planar geometry, whereby agostic interaction(s) involving a
methyl group on the aryloxo ligand occur at the position trans to phosphorus. Such

agostic interactions apparently do not result in a chemically significant difference in the

Ni-P distance in (PN)Ni(Odmp) (2.1273(4) A) versus (PN)Ni(OfBu) (2.1092(4) A). The
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Ni-O distance observed in (PN)Ni(Odmp) (1.8397(11) A), while significantly longer
than that found in (PN)Ni(O7Bu) (1.7699(11) A), is distinctly shorter than related Ni-O
contacts found in some other crystallographically characterized square planar Ni(aryloxo)
complexes (1.90-1.92 A).!"7

3.2.4 Progress Towards Milder Catalytic Conditions

Given that all reported examples of the hydrosilative reduction of 3b by use of 3d
transition metal catalysis feature elevated reaction temperatures (> 100 °C), I sought to
establish whether our (PN)NiX precatalysts could enable room temperature reactivity (5
mol% Ni, 25 °C, 18 h; Scheme 3-6, left). Except for (PN)Ni, each of the Ni precatalysts
examined herein afforded > 95% conversion of 3b, with (PN)Ni(O7Bu) providing the
highest conversion to 4b (84%), followed closely by (PN)Ni(Odmp) (80%). In
modifying our original conditions (Scheme 3-6, right) only such that the total volume of
added liquids/solution was 250 pL rather than 500 pL, >95 % conversion of 3b and 90%

formation of 4b was achieved.

total volume: 500 pL op@zaﬁon— » total volume: 250 pL
o (PN)NiX (5 mol%) N (o) (PN)NiOtBu (Y mol%)
THF, 18 h, 25 °C THF, 18 h, 25 °C
N(iPr)g —M M > N(iPr) N(iPr)y —M > N(iPr)
PhSiH z PhSiH 2
3 3
3b (0.4 mmol) 4b 3b (0.4 mmol) 4b
(0.2 mmol) (0.2 mmol)

/Ss X = N(SiMes),, 74 (54) > /Sg Y =1, 39 (36)
Q\% X = NHdipp, 95 (74) Q\% Y =2, 62 (62)

N—b_—Ni—y N—b _—=Ni—qm
—P X = Odmp, >95 (80) —P u Y = 5, >95 (>95)

4\ (PN)NiX X = OtBu, >95 (84) W 4\ (PN)NiOtBu

Scheme 3-6. Optimization of the room temperature reduction of N,/V-
diisopropylbenzamide (3b) employing (PN)NiX precatalysts, reported as %
consumption 3b (% conversion to 4b) based on calibrated GC data.
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In monitoring the progress of the reaction employing (PN)Ni(O7Bu), 46%
conversion of 3b and 37% formation of 4b was noted after only 30 mins, and 84%
conversion of 3b and 79% formation of 4b was noted after 8 h, suggesting that an 18 h
reaction time is not required in order to achieve high conversions with this particular
precatalyst. By comparison, <10% and 31% conversion of 3b was achieved after 2 h and
8 h, respectively, when using (PN)Ni as a precatalyst under similar conditions (outlined
in experimental). Presuming that each of the (PN)NiX precatalysts afford a common
catalytic intermediate such as (PN)NiH upon reaction with silane, the differing
performance of (PN)Ni(O7Bu) and (PN)Ni can be attributed in part to the more efficient
activation of the former. This assertion is qualitatively consistent with stoichiometric
experiments involving treatment of these precatalysts with PhSiH3 (40 equiv, benzene-ds,
25 °C) in the absence of amide substrate. Under such conditions, (PN)Ni(O7Bu) was
completely consumed upon mixing (*H and *'P NMR), and after 4 h afforded a mixture
of NizH2 and an unknown phosphorus-containing species (8 *'P = 104 ppm) in ca. 2.7:1
ratio. By comparison, no reaction was observed between the silane and (PN)Ni under
similar conditions after 20 minutes; after 4 h, a mixture of the aforementioned unknown
phosphorus-containing species (8 *'P = 104 ppm) and Ni2H2, along with detectable
amounts of Ph,SiH,, were observed spectroscopically.

Having identified (PN)Ni(O7Bu) as an effective precatalyst for the hydrosilative
reduction of the somewhat challenging tertiary amide 3b, I attempted related test
transformations involving selected secondary amides (Scheme 3-7). Each of N-
benzylbenzamide and caprolactam were successfully reduced, under more mild

conditions than those reported by Garg and co-workers!!? employing NiCl.dme as a
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precatalyst (10 mol% Ni, 115 °C, 24 h). Despite this success, (PN)Ni(O7Bu) did not
prove to be a useful precatalyst for the reduction of either benzamide or pivalamide under
a variety of reaction conditions; such reactions resulted in high conversion of the starting

materials accompanied by the formation of complex mixtures.

o]
NHBn HNBn,
(79%)
. (PN)Ni(OtBu) (Y mol%)
Y=575°C THF, 18 h
or or
PhSiH,
o (0.4 mmol)
Y=1,25°C (84%)

Scheme 3-7. Reduction of selected secondary amides employing precatalyst
(PN)Ni(O7Bu) (0.2 mmol of amide; total volume of liquids = 250 pL).

3.3 Chapter Summary

In comparing the performance of (PN)M (M = Mn, Fe, Co, and Ni) precatalysts
supported by N-phosphinoamidinate ligation, as well as M(N(SiMe3)2), (M = Li, Na, K,
Mn, Fe, and Co) precatalysts, in the hydrosilative reduction of selected tertiary amide test
substrates using PhSiH3, only (PN)Ni proved effective in the reduction of both N,N-
dibenzylbenzamide (3a) and N,N-diisopropylbenzamide (3b). The utility of this Ni
precatalyst in such reactions prompted iteration toward other (PN)NiX precatalysts,
which included the new crystallographically characterized complexes (PN)Ni(OR) (R =
2,6-dimethylphenyl or fBu). Whereas in the solid state (PN)Ni(O7Bu) exhibits a three-
coordinate structure that is devoid of additional coordinative interactions, (PN)Ni(Odmp)
was found to adopt a distorted square-planar geometry featuring agostic interaction(s)

involving a methyl group on the aryloxo ligand. The three-coordinate (PN)Ni(O7Bu)
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complex proved to be particularly effective in such amide reduction chemistry; further
optimization allowed for unusually mild transformations, including those at room
temperature involving N,N-diisopropylbenzamide and caprolactam. Directions for further
inquiry based on these results are outlined in Chapter 5.

3.4 Experimental

3.4.1 General Experimental Considerations

Unless otherwise indicated, all experimental procedures were conducted in a
nitrogen-filled, inert-atmosphere glovebox using oven-dried glassware and purified
solvents. The following solvent purification methods were used: benzene, toluene, and
pentane were deoxygenated by sparging with nitrogen gas followed by passage through a
double column solvent purification system packed with alumina and copper-QS5 reactant
and storage over activated 4 A molecular sieves; tetrahydrofuran was dried over
Na/benzophenone followed by distillation under an atmosphere of nitrogen gas. Solvents
were stored over activated 4 A molecular sieves. Phenylsilane and benzene-ds were
degassed via three freeze-pump-thaw cycles and stored over 4 A molecular sieves. N, N-
dibenzylbenzamide and N, N-diisopropylbenzamide were prepared as described
previously,®® and the latter was further purified by recrystallization from THF at -35 °C.
(PN)M (M = Mn,® Fe,* Co,* and Ni*), (PN)NiCl)2,*° (PN)Ni(NHdipp),*’ and
M(N(SiMes3)2)2 (M = Mn, Fe, and Co)'!® were prepared according to literature
procedures. All other reagents were purchased from commercial suppliers and were used
without further purification. Unless otherwise stated, 'H, '°C, and *'P NMR
characterization data were collected at 300 K on a Bruker AV-500 spectrometer operating

at 500.1, 125.7, and 202.5 MHz (respectively) with chemical shifts reported in parts per
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million downfield of SiMey for 'H and '*C, and 85% H3PO4 in D,O for *'P. 'H and '3C
NMR chemical shift assignments are based on data obtained from '*C-DEPTQ135, 'H-
'H COSY, 'H- *C HSQC, and 'H- *C HMBC NMR experiments. Gas chromatography
(GC) data were obtained on a Shimadzu instrument equipped with an SGE BP-5 column
(30 m, 0.25 mm i.d.), whereby response-factor calibration was carried out using authentic
samples relative to an internal standard. HPLC-MS data were collected on an Agilent LC-
MSD system. The column used was Agilent Poroshell 120 EC-C-18 (3 X 150 mm, 2.7
um) and the flow rate was 2 mL/min. For the gradient, solvent A was H20 with 0.1%
formic acid, solvent B was acetonitrile with 0.1% formic acid. Gradient started with 90%
solvent A (10% solvent B) and in 15 minutes finished with 100% solvent B. The mass
spectrometer scanned from 100 — 1000 m/z in positive ESI mode. Crystallographic data
were obtained at or below 193(2) K on a Bruker PLATFORM/APEX II diffractometer
equipped with a CCD area detector, employing samples that were mounted in inert oil
and transferred to a cold gas stream on the diffractometer. Unit cell parameters were
determined and refined on all reflections. Data reduction, correction for Lorentz
polarization, and absorption correction were each performed. Structure solution and least-
squares refinement on /2 were used throughout. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Full crystallographic solution and refinement
details are provided in the deposited CIFs (CCDC 1856638 and 1856639).

3.4.2 Specific Experimental Considerations

Synthesis of (PN)Ni(Odmp). A glass vial equipped with a magnetic stir bar was
charged with a solution of (PN)Ni(NHdipp) (0.200 g, 0.30 mmol) in benzene (ca. 5 mL).

Stirring was initiated, and a solution of 2,6-dimethylphenol (0.037 g, 0.30 mmol) in
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benzene (ca. 2 mL) was added to the stirring solution, which was stirred at room
temperature for 18 h. The volatile components of the reaction mixture were then removed
in vacuo. The remaining residue was first triturated with pentane (3 x ca. 1 mL), then
washed with cold pentane (3 % ca. 0.5 mL, -35 °C) to remove residual 2,6-
diisopropylaniline. The remaining residue was dissolved in Et>O (ca. 8 mL) and filtered
through Celite to remove any insoluble side-products. Solvent removal in vacuo from the
collected eluent, followed by fractional recrystallization in two crops of the crude
material from a concentrated Et2O/pentane (1:1) solution at -35 °C afforded
(PN)Ni(Odmp) (0.082 g, 45%) as dark orange crystals. Anal. Calcd. For C35sH49N>NiOP:
C, 69.66; H, 8.18; N, 4.64. Found: C, 69.71; H, 7.92; N, 4.73. '"H NMR (500.1 MHz,
benzene-de): 6 7.34 (m, 2 H, Harom), 7.08 (m, 1 H, Harom), 6.91 — 6.88 (4 H, Harom), 6.83 —
6.75 (3 H, Harom), 6.57 (apparent t, 1 H, *Jun = 7 Hz, Harom), 4.11 (apparent septet, 2 H,
*Jun = 7 Hz, CHMez), 2.30 (s, 3 H, OCCMe), 2.29 (s, 3 H, OCCMe), 1.69 (d, 18 H, *Jpu
=15 Hz, PtBuy), 1.49 (d, 6 H, *Juu = 7 Hz, CHMe), 0.82 (d, 6 H, *Jun = 7 Hz, CHMe>).
BC{'H} NMR (125.7 MHz, benzene-ds): & 175.7 (NCN), 165.6 (Carom), 145.1 (Carom),
134.4 (Carom), 130.8 (CHarom), 129.3 (CHarom), 127.9 (CHarom), 127.5 (CHarom), 126.9
(CHarom), 124.8 (CHarom), 124.0 (Carom), 115.1 (CHarom), 39.8 (d, 'Jcp = 23 Hz, PCMe3),
29.0 (CHMe»), 28.1 (d, *Jcp = 2 Hz, PCMe3), 24.8 (CHMez), 23.7 (CHMe»), 18.7
(OCCMey), 18.6 (OCCMe,).*'P{'H} NMR (202.5 MHz, benzene-de): & 121.2. Crystals
of (PN)Ni(Odmp) suitable for X-ray diffraction were grown from a concentrated pentane
solution at -35 °C.

Synthesis of (PN)Ni(O7Bu). A glass vial equipped with a magnetic stir bar was charged

with NaO7Bu (0.059 g, 0.61 mmol). Ni2Cl2 (0.300 g, 0.29 mmol) was added to the vial as
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a solution in THF (ca. 5 mL). The reaction mixture was stirred at room temperature for
18 h, after which a color change from dark red-purple to dark green/brown was observed.
Following removal of solvent in vacuo, the remaining dark green residue was extracted
into pentane (ca. 10 mL) and filtered through a Celite pad in a glass-fritted filter funnel.
Solvent was removed in vacuo from the collected eluent, to obtain a dark green powder
(0.288 g, 89% crude yield). This material was recrystallized from a concentrated solution
of pentane at -35 °C to obtain dark green crystals (0.160 g, 50%). Anal. Calcd. for
C31H4N2NiOP: C, 67.04; H, 8:89; N, 5.04. Found: C, 66.89; H, 8.71; N, 4.86. '"H NMR
(500.1 MHz, benzene-ds): 6 7.40 — 7.37 (m, 2 H, Harom), 7.13 — 7.08 (m, 1 H, Harom), 6.95
—6.93 (m, 2 H, Harom), 6.86 — 6.76 (overlapping resonances, 3 H, Harom), 4.16 —4.02 (app
septet, 2 H, 3Jun = 7 Hz, CHMe.), 1.80 (d, 6 H, *Jun = 7 Hz, CHMe»), 1.67 (d, 18 H, *Jpu
=15 Hz, PtBuz), 1.23 (s, 9 H, OtBu), 0.92 (d, 6 H, *Jun = 7 Hz, CHMe»). *C {'H} NMR
(125.7 MHz, benzene-ds): 8 175.2 (NCN), 146.2 (Carom), 140.7 (Carom), 134.1 (Carom),
130.5 (CHarom), 129.2 (CHarom), 127.5 (CHarom), 126.9 (CHarom), 124.6 (CHarom), 70.1
(OCMe3), 38.1 (d, 'Jpc = 27 Hz, PCMe3), 35.1 (OCMes3), 29.0 (CHMe>), 28.1 (d, 2Jpc =2
Hz, PCMes), 25.2 (CHMe>), 23.1 (CHMe,). *'P{'H} NMR (202.5 MHz, benzene-ds): &
130.4. Crystals suitable for X-ray diffraction were grown from a concentrated solution of
pentane at -35 °C.

General catalytic procedure. A glass vial was charged with reaction components
in the following order: amide (3a or 3b, 0.2 mmol), solvent (as needed such that the total
volume of added liquids/solutions was 500 pL, unless otherwise stated), precatalyst (as a
stock solution), and phenylsilane (0.4 mmol). For the reduction of N-benzylbenzamide or

caprolactam, the reaction components were added in the following order: amide, solvent,
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phenylsilane, then precatalyst, with a total volume of 250 uL. Liquids/solutions were
dispensed by micropipette. The vial was then sealed with a cap featuring a PTFE septum.
For reactions requiring temperatures above 25 °C, the cap/vial contact was further sealed
externally by wrapping with PTFE tape and electrical tape, and then taken out of the
glovebox and heated in an aluminum heating block set to the desired temperature. In
some cases, vigorous bubbling of the reaction mixture was observed. Upon completion,
the reaction vial was opened in air, dodecane was added as an internal standard for GC
analysis, and benchtop Et2O or THF (ca. 1 mL in either case) was added. The mixture
was then filtered through a short plug of silica. The filtrate was then sampled (ca. 100
uL), transferred to a vial suited for use on a GC autosampler (GC vial), diluted further
(ca. 1 mL), and analyzed by GC. Conversions of amide starting material and yield of
products were determined via response-factor calibration employing authentic samples
versus a dodecane internal standard. For the reduction of 3a, reaction product
identification, following workup, was confirmed independently by use of HPLC-MS
techniques.

Procedure for time trial of (PN)Ni(O7Bu) and (PN)Ni precatalysts.
In the glovebox, a glass vial was charged with a magnetic stir bar, 3b (1.0 mmol),
precatalyst (0.05 mmol), dodecane, and THF (total reaction volume: 2500 pL). Stirring
was initiated, and phenylsilane (2.0 mmol) was added to the stirring solution as a single
aliquot, and the vial was sealed with a Teflon screw cap. In the case of (PN)Ni(O7Bu),
the reaction mixture immediately turned orange and bubbled vigorously, whereas for
(PN)Ni, no such initial color change or bubbling was observed. At given time intervals,

50 pL of the reaction mixture was sampled via micropipette and diluted with THF (ca. 1
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mL). This solution was taken out of the glovebox, filtered through silica into a GC vial,
and analyzed by GC.

3.5 Supporting Figures

(PN) NiODmp
C6D6
1d_1H

] JULJJ

9 8 7 6 5 4 3 2 1 0 ppm

S I -

Figure S3-1. '"H NMR Spectrum of (PN)Ni(Odmp) (benzene-ds, 500.1 MHz).
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Figure S3-2. 3'P{'H} NMR Spectrum of (PN)Ni(Odmp) (benzene-ds, 202.5 MHz).
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Figure S3-3.13C DEPTQ NMR Spectrum of (PN)Ni(Odmp) (benzene-ds, 125.7
MHz).
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Figure S3-4. 13C DEPTQ NMR Spectrum of (PN)Ni(O7Bu) (benzene-ds, 125.7 MHz).
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CHAPTER 4: CHEMISTRY AND CHARACTERIZATION OF UNSATURATED
NICKEL HYDRIDES AND AGOSTIC NICKEL ALKYLS, FEATURING BENZENE

INSERTION INTO A NICKEL HYDRIDE BOND

4.1 Introduction

Low-coordinate nickel hydride complexes are commonly invoked as key
intermediates in a diversity of catalytic applications involving transformations of
unsaturated multiple bonds, including alkene hydrogenation, hydrosilation, isomerization,
hydroboration, and beyond.’*!"” In this regard, there is ongoing motivation to identify
efficient means of preparing such complexes, and/or to exploit their formation in
developing new stoichiometric and catalytic reactivity. Clearly, these motivations drove
several research projects included in this thesis. Chapter 2 describes the challenges our
collaborative research team faced in applying in situ-generated three-coordinate (PN)NiH
in catalytic alkene I-H,* whereas in Chapter 3, challenging hydrosilative amide reactions
were facilitated by putative (PN)NiH.!'?° As outlined in (Scheme 4-1), access to (PN)NiH
in these chapters was made possible via exposure of crystallographically characterized
low-coordinate (PN)NiX precursors (X =N(SiMes)>, NHdipp, OrBu, and/or Odmp) to
HBPin (neat or in alkane solvent) or PhSiHj; (with superior results in THF versus
benzene), respectively, with concomitant loss of E-X (E = B or Si). Although (PN)NiH
could not be detected unequivocally in these studies, dimerization to form the
diamagnetic and crystallographically characterized NizH2* proved favorable under a
range of experimental conditions. Moreover, a comparison of various (PN)NiX species in

hydrosilative amide reduction revealed precatalysts featuring X =N(SiMe3)2 to be inferior
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to those where X = NHDipp or OrBu,'?° presumably arising from more efficient
activation of the latter complexes to afford (PN)NiH.

Building on these observations, I sought to identify conditions under which the
efficient formation of (PN)NiH could be exploited as a means of accessing new
chemistry, whereby formation of NizH2 might be circumvented. Related explorations
targeted the preparation of analogous low-coordinate (PN)Ni(alkyl) complexes, and if
isolable alkyl variants might provide alternative access to (PN)NiH by way of BHE. This
chapter details the generation of putative (PN)NiH under appropriate conditions in
benzene (neat, or as a solution in C¢H)2) to afford a dinuclear product, {(PN)Ni}2(u?-
n3n3-CsHs) (i.e., 5) that formally arises from net double (PN)Ni-H addition to C=C units
within a single benzene molecule. Also described are synthetic investigations of three-
coordinate (PN)Ni(alkyl) complexes stabilized by B-agostic (alkyl = Et, n-Bu, n-hexyl)

or y-agostic (alkyl = Np) interactions (Scheme 4-1).

E-H
g( (E =B, Si)
Ph -E-X i dimerize
5 \N .. (PN)NiH .
N—p—5 NV"—X ™ neat, unobserved 0.5  NiH,
alkane, A
or THF oo
(PN)NIX . this work HH
X = OtBu, NHdipp o H v _H
im.? +. CgH H
(PN)Ni(alkyl) -- 18im-2_2_&6Te___ o5 (PN)Nin. Ni(PN)
alkyl = Et H
nBu H H g
nhex
Np

Scheme 4-1. Generation, dimerization, and reactivity derived from the unobserved

intermediate (PN)NiH.
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4.2 Results and Discussion

4.2.1 Contributions

The team at Brigham Young University (Madhu Samolia, and Daniel H. Ess) was
responsible for the computational work. Crystallography was performed by Drs. Michael
Ferguson and Robert McDonald at the University of Alberta. All other reported work was
performed by the author.

4.2.2 Observation and Investigation of Benzene Insertion into (PN)NiH

In seeking to evaluate the reactivity properties of putative (PN)NiH generated in
situ in benzene solvent, precursor complexes (PN)NiX (X = NHdipp or O7Bu) were
chosen given their established clean and rapid reaction with E-H bonds (E = B or Si) in
alternative solvents (Scheme 4-1). Upon exposure of these (PN)NiX precursors to HBPin
in benzene at room temperature (Scheme 4-2), *'P{'H} NMR spectroscopic analysis of
the crude reaction mixture revealed the presence of (PN)Ni(H:BPin)*° and NizHz, along
with other signals including at 114.1, 111.9, and 110.3 ppm (relative ratio of ca. 0.06 : 1 :
0.06). Mixtures comprising NizHz and the set of signals at 114.1, 111.9, and 110.3 ppm
(similar relative ratio) were also observed in related reactions employing H> or PhSiHs.
However, when using Me2PhSiH, the production of Ni2zH2 was suppressed such that the
set of resonances at 114.1, 111.9, and 110.3 ppm (Figure 4-1) represented the dominant
signals in the *'P{'H} NMR spectrum of the crude reaction mixture.

Workup of the reaction mixture allowed for the isolation of this material, which in
turn was identified on the basis of NMR, single-crystal X-ray, and elemental analysis
data as the dinuclear species 5, ostensibly the net product of double (PN)Ni-H addition to

C=C units within a single benzene molecule (Scheme 4-2).
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Figure 4-1. 3'P{'H} NMR spectrum of 5 (202.5 MHz, benzene-ds).
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=Ni—
N\Pj\ X CGHG

Je

(PN)NiX
X = OtBu, NHdipp
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Scheme 4-2. Select conditions that generate 5.

The crystal structure of 5 presented in Figure 4-2 supports the formulation of this

compound as the C2-symmetric, antifacial-coordinated dinuclear species depicted in

128



Scheme 4-2. The comparatively long C3-C4 (1.510(2) A) and C4-C4’ (1.528(4) A)
distances relative to C2-C2’ (1.444(3) A) and C2-C3 (1.443(3) A) are consistent with the
saturation the formerly C4=C4’ fragment arising from two Ni-H additions. Moreover, the
similarity of the C2-C2’ and C2-C3 distances, as well as the observed Ni-C2, Ni-C2’, and
Ni-C3 contacts (2.19-1.98 A), imply a delocalized bonding motif involving the p?>-n*:n?-
CeHs™ group. While an in-depth theoretical analysis of the bonding in 5§ was beyond the
scope of this thesis, a preliminary DFT computational analysis (Prof. Dan Ess, BYU)
employing the crystallographically determined coordinates of 5 support the view of this

structure as involving the coordination of two (PN)Ni" fragments to a substituted

121

butadiene dianion.

Figure 4-2. Crystallographically determined structure of S, shown with 30%
probability ellipsoids and with selected hydrogen atoms omitted for clarity. Selected
interatomic distances (A) and angles (°): Ni-P, 2.1730(4), Ni-N1 1.9407(11), Ni-C2
2.0070(14), Ni-C2’ 2.1918(15), Ni-C3 1.9799(14), C2-C2’ 1.444(3), C2-C3 1.443(2),
C3-C4 1.510(2), C4-C4> 1.528(4), P-Ni-N1 83.81(4), C2’-C2-C3 115.35(10), Ni-C3-C2
69.79(8), Ni-C3-C4 112.05(11), C2-C3-C4 118.55(13), C3-C4-C4’ 113.02(10).
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The crystallographically characterized C>-symmetric product S may be
viewed as the major product observed in solution (5 *'P = 111.9 ppm, Figure 4-1), as
evidenced by NMR spectroscopic analysis, whereby resonances associated with the
chelating ligand, as well as for the bridging C¢Hs*> moiety, were identified (Figure 4-3

and Figure S4-1).
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Figure 4-3. '"H NMR spectrum of 5, including selected assignments (500.1 MHz,
benzene-ds). Integrations correspond to the asymmetric unit of S.

While one of the two 'H NMR resonances arising from the diastereotopic protons
within the methylene units is obscured (Hr’), a '"H-'H COSY NMR experiment revealed
coupling between the obscured (H;’) and the well-resolved (Hi) methylene resonances,
and a '"H->C HSQC NMR experiment confirmed that these protons are attached to the
same carbon atom (i.e., C4/C4’ in Figure 4-2). These methylene protons also exhibit

coupling to the adjacent CH unit (i.e., C3-H/C3’-H in Figure 4-2) in the 'H-'"H COSY
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NMR spectrum. As noted above, the generation of § is invariably accompanied by the
observation of low-intensity *'P NMR signals at 114.1 and 110.3 ppm, with each being
approximately 6% the intensity of the major product (5; & *'P = 111.9 ppm).

These low-intensity signals plausibly arise from 5°, where 5’ is a dinuclear isomer
of § featuring inequivalent phosphorus environments, or alternatively two isomers of 5,
each having equivalent phosphorus environments. Elemental analysis data obtained on
so-formed 5/5” mixtures indirectly support 5° as being an isomeric form of 5. Moreover,
variable temperature NMR analysis ('H and *'P{'H}, toluene-ds, -80 to +80 °C)
employing so-formed 5/5° mixtures showed no significant change in relative proportions
of 5 and 5° over the temperature range; as the temperature was increased from 60 - 80 °C
(ca. 1 h), both 5 and 5’ decompose to give Ni2"Hz, with only modest deuterium
incorporation noted at the Ni-H site.

Notably, 5/5° mixtures appear to undergo deuterium incorporation more
extensively, as well as decomposition concurrently, upon heating at 65 °C in benzene-ds.
In monitoring such processes by use of *'P{'H} NMR methods (Figure 4-4), the 5/5°
resonances observed initially at 114.1, 111.9, and 110.3 ppm disappear over the course of
17 h, and new signals at 114.2, 112.0, and 110.4 ppm (relative ratio of ca. 0.06 : 1 : 0.06;
collectively, 54 and 54°) clearly emerge. Loss of 'H NMR signals associated with the
CsHs> moiety occurs over this time period, along with the appearance of what are
assigned as CsHnDe¢.n resonances, although I am unable to comment specifically on the
composition of these benzene isotopologues. Continued heating under these conditions

results in the formation of Ni2"H2.%’
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Figure 4-4. 3'P{H} spectra illustrating the conversion of 5 to 5> and Ni2"Hz upon
heating (benzene-ds, 121.5 MHz).

When putative (PN)NiH is generated in situ by use of Me>PhSiH as described
above, but in benzene-ds solvent, the set of signals at 114.2, 112.0, and 110.4 ppm
(similar relative ratio as assigned for 54/54) is similarly observed in the *'P{'H} NMR
spectrum. Although one might expect that the generation of a coordinated C¢DgH2>"
moiety, rather than a fully deuterated CsDs? group, should occur under these conditions,
no '"H NMR signals attributable to this fragment were detected at any point in the
reaction. While definitive mechanistic data are lacking, it is plausible that the initially
generated (PN)NiH is efficiently transformed into (PN)NiD via reversible C=C
insertion/B-hydride elimination involving benzene-ds thereby resulting in the generation
of 5/5° featuring a fully deuterated C¢Ds> bridging fragment.

To the best of our knowledge, the structure of 5 represents the first documented
example of benzene insertion into a Ni-H bond. Notably, such transformations have been
invoked as key steps in the context of the reductive cleavage of inert C-O bonds with
silanes involving substituted anisoles.!?? The formation of 5 complements observations

by Agapie and co-workers'?® who documented intramolecular insertions of Ni-H
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fragments within a synfacial-coordinated (rather than the antifacial-coordination in 5) and
geometrically pre-disposed bisphosphine-arene pincer ligand, to give a tethered C¢HsR2*
bridging unit featuring similar geometrical parameters to the C¢Hs* group in 5. In
contrast to the formation of the dinuclear (PN) complex 5, both NacNac’* and o.-diimine-
ligated'?* Ni'-H species have been shown to undergo reduction in the presence of arenes
such as toluene, to form bridging dinuclear tolyl dianion complexes, with loss of
dihydrogen.

To determine the importance of benzene concentration relative to the formation of
S, (PN)Ni(O7Bu) (18 mM) with was treated with Me,PhSiH (1 equiv) in varying
mixtures of benzene in cyclohexane. Quantitative >'P NMR analysis (qNMR'%°) of the
reaction mixtures thereafter indicated that even in 25% benzene/cyclohexane, 5 was
formed preferentially to NizHz in a 1.6 : 1 ratio. Of the converted (PN)Ni(O7Bu) (65%)
under these conditions, these two products collectively accounted for 85% of the
phosphorus-containing product mixture. Unfortunately, our efforts to extend this reaction
chemistry to other aromatic solvents (e.g., toluene, thiophene, CsHsF, and C¢Fe) failed to
yield analogues of 5 or other products that could be isolated and/or definitively
characterized. Efforts to reduce further the coordinated C¢Hs> fragment in 5 via exposure
to H> in benzene-ds under various conditions were unsuccessful, resulting in the
formation of complex reaction mixtures that contained Ni2”Hz2 and HD. At ambient
temperature, S5 was observed not to react with excesses of MeOH, NHadipp, pyridine,

DMAP, COD, PMes, Me,PhSiH, or PhSiHs.
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4.2.3 Synthesis and Reactivity of f-Agostic (PN)Ni(alkyl) Complexes

Intrigued by our ability to identify conditions for the selective formation of the
benzene insertion product 5, I became interested in exploring alternative routes for the
formation of (PN)NiH from (PN)Ni(alkyl) precursor complexes via BHE, thus
circumventing the need for exogenous activation. The viability of reversible alkene
insertion/BHE steps involving (PN)NiH and isomeric (PN)Ni(octyl) species was
established in the course of our recent mechanistic investigation of alkene I-H chemistry,
although no pure (PN)Ni(alkyl) complexes were isolated.®® Moreover, there is ongoing
interest in the study of low-coordinate Ni-alkyl complexes supported by homobidentate
or heterobidentate ligation, given their relevance to alkene oligomerization and

polymerization processes.'?
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Consequently, neutral (i.e. P2,'*" a-diimine'?®) or anionic (NacNac

homobidentate ligands have been employed to stabilize a limited set of cationic or neutral
(respectively) three-coordinate LoNi'l(alkyl) complexes that exhibit additional agostic!*°
stabilizing interactions. Conversely, while four-coordinate (LX)Ni''(alkyl)(L*) complexes
supported by anionic P,N ligation and an additional co-ligand (e.g. L’ = PMe3) are
known,*! to the best of our knowledge, related neutral three-coordinate (PN)Ni(alkyl)
complexes have yet to be reported. Treatment of Ni2Cl2 (0.5 equiv) with EtLi or n-BuLi
(Scheme 4-3) afforded the corresponding alkyl complexes (PN)NiEt and (PN)NizBu as
the major products, which in turn were isolated and characterized on the basis of

elemental analysis and NMR spectroscopic data (Figure S4-2 to Figure S4-4 and Figure

S4-9 to Figure S4-11, respectively).
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Scheme 4-3. Synthesis of the agostic (PN)Ni(alkyl) complexes, and the proposed
rearrangement product, (HPN)Ni(CH2CH?2).

The existence of -agostic interactions in these complexes is evident in their
room temperature 'H NMR resonances, with associated diagnostic resonances appearing
at -1.93 and -2.50 ppm (respectively) that display reduced average 'Jcu coupling
constants relative to the corresponding Ni-CH>-R (non-agostic) fragments'*
(summarized in Table S4-1). While (PN)NinBu appears to exist upon dissolution in
benzene-ds as an isomeric mixture featuring a major n-alkyl isomer, (PN)NiEt undergoes
gradual decomposition to a new diamagnetic product that I tentatively assign as
(HPN)Ni(CH2CH2>) (Scheme 4-3, right), which lacks agostic or hydridic 'H NMR
resonances and exhibits a *'P{'"H} NMR resonance at 110 ppm (Figure S4-6 to Figure
S4-8). Our assignment of (HPN)Ni(CH2CH2) was based initially on the observation of a
'H NMR resonance 5.26 ppm, suggesting the presence of protonated HPN ligand, in
68,7191

keeping with other N-phosphinoamidine pro-ligands and related complexes.

Accordingly, an 'H-'>N HMQC experiment showed a single correlation between this
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resonance and an '’N NMR resonance at -278 ppm. '"H NMR resonances attributable to
an LoNi(ethylene) species were also observed.!?’* Upon treatment of a mixture of
(PN)NiIEt and (HPN)Ni(CH2CH2) with excess cyclooctene, complete consumption of
(HPN)Ni(CH2CH2) was noted along with the formation of (PN)NinBu, plausibly via
displacement of ethylene from (HPN)Ni(CH2CH?2) and subsequent insertion of this
liberated ethylene into the Ni-Et bond of (PN)NiEt. Support for the viability of this
proposed reaction scenario comes from the fact that upon exposure of (PN)NiEt to
ethylene (~ 1 atm, Figure 4-5), both (PN)NinBu, and (PN)NirHex (generated
independently from n-hexyllithium; Figure S4-12 to Figure S4-14) are generated in
significant quantities as evidenced by NMR spectroscopic analysis. Similarly, upon
exposure to ethylene (~ 1 atm, Figure S4-17), complex (PN)NizBu was completely
consumed, resulting in the formation of (PN)NirnHex as the major product prior to further
apparent insertions of ethylene. By comparison, no reaction was observed between

ethylene and NizH2 under similar conditions.
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Figure 4-5. Stacked 3'P{'H} NMR spectra of the reaction of (PN)NiEt with ethylene
(121.5 MHz, benzene-ds; shifts in ppm).

With the n-alkyl complexes (PN)NiEt and (PN)NizBu in hand, I examined their
ability to serve as a reactive source of (PN)NiH via BHE, en route to the benzene
insertion product S. Unfortunately, such reactions were not useful in forming 5. While
benzene solutions of (PN)NiEt slowly generate (HPN)Ni(CH2CH?2) at room temperature
as outlined above, upon heating at 65 °C, a complex mixture of phosphorus-containing
products was generated over the course of 2-96 h, on the basis of the features observed in
the 3'P{'H} NMR spectrum of the reaction mixture. While NizH2 was not observed as a
product in such reactions involving (PN)NiEt, under similar conditions employing
(PN)NinBu (40 °C, 2-96 h), NizH2 was detected as the major product in solution, in the

absence of 5.
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4.2.4 Synthesis and Structure of the y-Agostic Complex (PN)NiNp

While the formally 14-electron (PN)Ni(alkyl) complexes (PN)NiEt and
(PN)NinBu stabilized by secondary B-agostic interactions did not prove useful in the
synthesis of 5, the rarity of such species and the lack of crystallographic data for
(PN)NiEt and (PN)NinBu provided motivation for the synthesis of alternative
complexes of this type. Accordingly, I targeted the B-saturated (PN)NiNp, which might
exhibit y-agostic interactions, as is found in related (P2)Rh species reported by Hofmann
and co-workers,! as well as (P2)Ni complexes described by Hillhouse.'?”®

Exposure of Ni2Clz (0.5 equiv) to NpLi (Scheme 4-3) afforded upon workup the
desired complex (PN)NiNp as an analytically pure solid in 93% isolated yield; a
representative *'P{'H} spectrum is shown in Figure 4-6. Single-crystal X-ray diffraction
analysis of (PN)NiNp (Figure 4-7) revealed some disorder in the neopentyl group, with
the major orientation being consistent with a y-agostic interaction as depicted in Scheme
4-3. The room temperature 'H and '*C {!H} NMR spectra of (PN)NiNp exhibit averaged
Ni-CH2C(CHs5); signals, which is in keeping with a relatively small difference in the
average 'Jcn coupling constants measured for the Ni-CH>C(CHs); (128 Hz, non-agostic)
and NiCH2C(CHs)3 (123 Hz, y-agostic) fragments (Figure S4-15, Figure S4-16, and
Table S4-1). Notably, (PN)NiNp represents the first crystallographically characterized
three-coordinate Ni-alkyl complex featuring a heterobidentate ligand, and the first neutral

y-agostic Ni'-alkyl complex.'?%132
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Figure 4-6. 3'P{'"H} NMR spectrum of (PN)NiNp (121.5 MHz, benzene-ds).
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Figure 4-7. Crystallographically determined structure of (PN)NiNp (major disorder
contributor shown), shown with 30% probability ellipsoids and with selected
hydrogen atoms omitted for clarity. Selected interatomic distances (A) and angles (°):
Nil-C2A 1.920(3), Ni1-C4A, 2.452(15), Nil-P1 2.0934(4), Ni1-N2 1.9310(12), P1-Nil-
N2 84.97(4), C2A-Nil-C4A 67.1(3), C2A-C3A-C4A 106.1(7), Nil-C2A-C3A 100.2(4).
For context, y-agostic interactions are observed in the structure of the complex
cation (dtbpe)Ni'{(CH,SiMes)", which features disordered CH», and CH3, groups and is
reported with average Ni-C,, distances of 2.150(8) and 2.300(8) A, respectively. The
related (dtbpe)Ni(CH2C(CHs)3) complex features a Ni-CH distance of 1.982(3) A and
no apparent!'2’® agostic bonding interactions. Whereas the Ni-CH, distance in (PN)NiNp
(1.920(3) A) is shorter than both of the related distances in these (dtbpe)Ni comparator
compounds, the y-agostic Ni-C contact in (PN)NiNp (Nil-C4A, 2.452(15) A) is
significantly longer than that observed in (dtbpe)Ni"(CH>SiMe3)*. The small Rh-Co-Cp

angle featured in the neutral, d® y-agostic complex (dtbpm)Rh(neopentyl) (101.0(2)°) has
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been invoked as possibly being representative of an “attractive relationship” between Rh
and the Cq-Cp bond, as a precursor to B-carbon elimination.!3! A similar angle is found in
(PN)NiNp (Ni1-C2A-C3A, 100.2(4)°). There was insufficient evidence to support of -
carbon elimination involving (PN)NiNp; rather, complex thermal decomposition
pathways are observed for this complex in benzene whereby neither 5 nor NizHz are
generated. Compound (PN)NiNp inserts ethylene to form complex product mixtures that
display B-agostic resonances like those noted for (PN)NizBu and (PN)NirnHex,
suggesting replacement of y- for B-agostic stabilization of the resultant Ni-alkyl
complexes.

4.3 Chapter Summary

In conclusion, the utilization of N-phosphinoamidinate ligation enabled the
synthesis and characterization of the first isolated product arising from insertion of
benzene into a Ni-H bond (5), as well as the first examples of isolable, three-coordinate,
heterobidentate nickel-alkyl complexes stabilized by secondary - or y-agostic
interactions ((PN)NiEt, (PN)NizBu and (PN)NiNp). Both NMR spectroscopic and X-
ray crystallographic (for 5 and (PN)NiNp) data allowed for the unequivocal
characterization of these new complexes. Computational analysis provided support for
the bonding in 5 as involving the coordination of two (PN)Ni" fragments to a substituted
butadiene dianion p?-n*m3-CeHs™ moiety. Future efforts will be directed toward
exploiting such low-coordinate (N-phosphinoamidinate)Ni complexes in the development

of new and synthetically useful chemistry.
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4.4 Experimental

4.4.1 General Experimental Considerations

Unless stated, all experiments were conducted at ambient temperature under
nitrogen in an inert-atmosphere glovebox or by using standard Schlenk techniques using
oven-dried glassware. Dry, oxygen-free solvents were used unless otherwise indicated.
Benzene, toluene, and pentane were deoxygenated and dried by sparging with nitrogen
and subsequent passage through a double-column solvent purification system packed
with alumina and copper-Q5 reactant. Tetrahydrofuran and diethyl ether were purified by
distillation under nitrogen from Na/benzophenone. Deuterated solvents, cyclooctene,
SiMe4 and Me>PhSiH were degassed via three freeze—-pump—thaw cycles. All
purified/degassed chemicals were stored over 4 A molecular sieves. Ni2Clz,% NizHz,%
(PN)Ni(NHdipp),* and (PN)Ni(OrBu)'?’ were synthesized according to literature
procedures. All other reagents were purchased from commercial suppliers and used
without further purification. Unless otherwise stated, 'H, 1°C, and 3'P NMR
characterization data were collected at 300 K on a Bruker AV-500 spectrometer operating
at 500.1, 125.7, and 202.5 MHz (respectively) with chemical shifts reported in parts per
million downfield of SiMey for 'H and '*C, and 85% H3PO4 in D,O for *'P. 'H and '3C
NMR chemical shift assignments are based on data obtained from '*C-UDEFT, 'H-'H
COSY, 'H-3C HSQC, 'H-'3C HMBC, and '"H-'>"N HMQC NMR experiments. In some
cases, fewer than expected unique '*C NMR resonances were observed, despite
prolonged acquisition times. Splitting patterns are abbreviated as follows: br, broad; app,
apparent; s, singlet; d, doublet; t, triplet; m, multiplet, with all coupling constants (J)

reported in Hertz (Hz). Crystallographic data were obtained at or below 193(2) K on a
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Bruker D8/APEX II CCD diffractometer equipped with a CCD area detector, employing
samples that were mounted in inert oil and transferred to a cold gas stream on the
diffractometer. Unit cell parameters were determined and refined on all reflections. Data
reduction, correction for Lorentz polarization, and absorption correction were each
performed. Structure solution and least-squares refinement on /2 were used throughout.
All non-hydrogen atoms were refined with anisotropic displacement parameters. Full
crystallographic solution and refinement details are provided in the deposited CIFs
(CCDC 1950518-1950519).

4.4.2 Specific Experimental Considerations

Synthesis of 5. In the glovebox, (PN)Ni(NHdipp) (0.079 g, 0.012 mmol) was
dissolved in benzene (ca. 10 mL) in a glass vial containing a magnetic stirring bar to
form a dark brown solution. Stirring was initiated, and Me>PhSiH (18.4 pL, 0.012 mmol)
was added by micropipette. After 48 h, the solution had turned red-brown. Removal of
benzene in vacuo left a sticky solid. This material was triturated with pentane (ca. 1 mL),
then extracted with pentane (ca. 8 mL), concentrated in vacuo, and cooled to -35 °C
overnight, whereupon an amorphous solid precipitated. The supernatant was decanted,
and the solid was dried in vacuo. This solid was washed with cold (-35 °C) SiMes (3 x
ca. 250 pL) and pentane (ca. 500 pL). The resultant powder was suspended in cold SiMe4
(ca. 4 mL), and the suspension was filtered through Celite. The filter cake was flushed
with benzene (ca. 4 mL) through the filter into a separate glass vial, then dried in vacuo.
Finally, this material was washed with cold SiMes (3 x ca. 500 pL), then dried in vacuo,
leaving 5 as an analytically pure red powder. Yield: 0.030 g, 48%. Single crystals of §

suitable for X-ray diffraction were grown from a concentrated solution of pentane at -35
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°C. Anal. Calcd for CeoHgsN4Ni2P2: C, 68.98; H, 8.49; N, 5.36. Found: C, 68.57; H, 8.22;
N, 5.41. "TH NMR (500.1 MHz, benzene-ds): & 7.71 —7.70 (m, 4H, Harom) 7.13 — 7.02
(overlapping resonances, 6H, Harom), 6.93 (overlapping resonances, 6H, Harom), 4.11 (m,
2H, CHegMe,), 3.61 (m, 2H, CHk) 3.28 (m, 2H, CHj), 3.21 (m, 2H, CHgMe») 2.01 — 1.99
(m, 2H, CHCHCHiH), 1.46 — 1.37 (overlapping resonances, 26 H, CHCHCHH,
CHMerMep, PCMens), 1.24 (d, 6 H *Jpu = 13 Hz, PCMegs), 1.17 (d, 6 H, *Jun = 7 Hz,
CHMecMea), 1.05 (d, 6 H, *Jun = 7 Hz, CHMerMep), 0.74 (d, 6 H, *Jun = 7 Hz,
CHMecMeyn). PC{'H} NMR (125.8 MHz, benzene-de): § 176.1 (NCN), 151.1 (Carom),
142.9 (Carom), 141.9 (Carom), 137.4 (m, Carom), 131.8 (CHarom), 128.7 (CHarom), 127.0
(CHarom) 124.5 (CHarom), 123.8 (CHarom), 123.4 (CHarom), 74.2 (CkHCHCH>) 46.4
(CHC/HCHz»), 38.4 (m, PCMewns) 37.3 (m, PCMeas) 29.1 (CeHMez) 28.7 (PCMens), 28.4
(overlapping resonances, PCMegs; and CgHMe»), 25.7(CHCiH»), 25.2 (CHMerMep), 24.8
(CHMecMen), 23.8 (CHMerMep), 23.2 (CHMecMen). *'P{'H} (202.5 MHz, benzene-
ds): 0 111.9 (accompanying minor signals at 114.1 and 110.3 ppm, with each being ca
6% of the major signal at 111.9 ppm).

Synthesis of (PN)NiEt. In the glovebox, a glass vial was charged with Ni2Clz
(0.66 mg, 0.064 mmol) and then benzene (ca. 8§ mL), forming a dark purple-red solution.
To this solution, EtLi (0.5 M in cyclohexane/benzene, 255 pL, 0.128 mmol) was added as
a single aliquot. The dark orange reaction mixture was sealed with a Teflon screw-cap,
shaken vigorously, and then immediately filtered through Celite, leaving a dark filter
cake and a dark red-orange filtrate. The filtrate was concentrated in vacuo to a brown
powder, which was extracted with pentane (ca. 5 mL) and filtered through Celite, leaving

a brown filter cake and a purple filtrate. Removal of pentane in vacuo gave a dull purple

144



powder consisting of (PN)NiEt alongside a <10% impurity consisting of the isomeric
compound (HPN)Ni(CH2CH2) and trace (PN)NinBu. 42 mg, 60%. Anal. Calcd for
C29H4sNoNiP: C, 68.12; H, 8.87; N, 5.48. Found: C, 67.88; H, 8.59; N, 5.37. 'H NMR
(500.1 MHz, benzene-ds): 6 7.60 — 7.58 (m, 2 H, Harom), 7.16 (overlapping with benzene-
de, 1 H, Harom) 7.02 (m, 2 H, Harom), 6.95— 6.90 (overlapping resonances, 3 H, Harom), 3.79
(app septet, 2 H, *Jun = 7 Hz, CHMe,), 1.43 (d, 18 H, *Jup = 14 Hz, P(CMe3)2), 1.32 (d, 6
H, *Jun = 7 Hz, CHMe>) 1.07 (d, 6 H, *Jun = 7 Hz, CHMe>), 0.50 (m, 2 H, NiCH>CH3), -
1.93 (m, 3H, NiCH,CH3). *C{'H} NMR (125.8 MHz, benzene-dc): 5 175.8 (Carom),
150.4 (Carom), 142.6 (Carom), 137.8 (d, >Jcp = 19 Hz), 130.1 (CHarom), 128.3 (overlapping
with solvent, CHarom), 127.1 (CHarom), 125.0 (CHarom), 123.5 (CHarom), 36.9 (d, 'Jpc = 30
Hz, P(CMe3)2), 28.6 (overlapping resonances, P(CMes), and CHMe»), 25.2 (CHMez),
22.8 (CHMe»), 2.7 (d, 2Jcp = 12 Hz, NiCH2CH3), -6.5 (d, *Jcp = 3 Hz, NiCH2CH3).
3'P{TH} (202.5 MHz, benzene-ds): & 128.7.

Synthesis of (PN)NinBu. In the glovebox, a glass vial was charged with a
magnetic stirring bar, Ni2Clz (0.058 g, 0.056 mmol), and pentane (ca. 4 mL). Magnetic
stirring was initiated to afford a dark red-purple slurry, which was then was cooled to -35
°C. In a separate glass vial, n-BuLi (1.6 M in hexanes, 70 pL, 0.112 mmol) was diluted
with pentane (ca. 2 mL) and cooled to -35 °C in the glovebox freezer. Each vial was
removed from the freezer, magnetic stirring was re-initiated, and the solution containing
n-BuLi was immediately added dropwise (ca. 3 drops /sec) to the slurry containing
Ni2CLz. Immediately afterwards, the vial was cooled to -35 °C. After ca. 60 min, the vial
contained a red-orange supernatant and dark precipitate, and the contents were filtered

through Celite, giving a cloudy yellow filtrate and a dark filter cake (soluble in benzene;
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consisting of Ni2Clz, (PN)NinBu, and multiple unidentified phosphorus- and/or hydride-
containing products). This filtrate was cooled to -35 °C. After ca. 4 h, additional
precipitate had formed, so the filtrate was filtered again, yielding a clear orange eluent,
and a yellow-orange filter cake. This filtrate was cooled at -35 °C overnight, then filtered
once more. >'P{'H} NMR analysis of this pentane filtrate indicated confirmed the
presence of (PN)NinBu in acceptably high purity. Removal of pentane in vacuo yielded
(PN)NinBu as an orange solid. Yield: 0.02 g, 30%. Anal. Calcd for C31H49N2NiP: C,
69.03; H, 9.16; N, 5.19. Found: C, 69.32; H, 8.87; N, 5.12. 'H NMR (300 MHz, benzene-
de): 6 7.66 —7.63 (m, 2 H, Harom), 0 7.02 (overlapping resonances, 3 H, Harom), 6.96 —
6.90 (overlapping resonances, 3 H, Harom), 3.80 (apparent septet, 2 H, *Jun = 7 Hz,
CHMe,), 1.46 (d, 18 H, *Jup = 14 Hz, P(CMe3)2, 1.35 (d, 6 H, *Jun = 7 Hz, CHMey), 1.11
— 1.03 (overlapping resonances, 8 H, CHMe; and NiCH,CH>CH>CH3), 0.58 — 0.49
(overlapping resonances, 5 H, NICH>CH>CH>CHj3 and NiCH>CH>CH2CHj3), -2.50 (m,
2H, NiCH,CH>CH,CH3). '*C {'H} NMR (75.5 MHz, benzene-ds): & 175.4 (NCN), 151.4
(Carom), 142.4 (Carom), 137.6 (d, *Jcp = 19 Hz), 130.3 (CHarom), 128.3 (overlapping with
solvent, CHarom), 127.1 (CHarom), 124.7 (CHarom), 123.5 (CHarom), 36.9 (d, 1 Jpc =30 Hz,
P(CMe3)»), 28.6 (overlapping resonances, P(CMes)> and CHMey), 25.1 (CHMe»), 24.8
(CHzy), 14.8 (CHss), 14.6 (d, *Jcp = 2 Hz, CHap), 9.8 (d, 2Jcp = 12 Hz, CHa,). 2'P{'H}
(121.5 MHz, benzene-ds): 6 128.3.

Generation of (PN)NirnHex. In the glovebox, a glass vial was charged with a magnetic
stirring bar, Ni2Cl2 (0.054 g, 0.052 mmol), and pentane (ca. 6 mL). Magnetic stirring was
initiated, and the resultant slurry was cooled to -35 °C. In a separate glass vial, n-

hexyllithium (2.3 M in hexanes, 46.5 puL, 0.107 mmol, 2.05 equiv) was added to cold (-35
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°C) pentane (ca. 4 mL), and re-cooled to -35 °C in the glovebox freezer. These vials were
removed from the freezer, magnetic stirring was re-initiated, and the solution containing
n-hexyllithium was immediately added dropwise (ca. 3 drops /sec) to the slurry
containing Ni2Clz. The color of the slurry turned from dark red-purple to orange over the
course of the addition, and immediately afterwards, the vial was cooled to -35 °C. After
90 min, the vial was cloudy orange, and the contents were filtered through Celite, giving
a cloudy orange filtrate and a dark filter cake. This filtrate was cooled to -35 °C. After ca.
12 h, the filtrate was filtered again, yielding a clear orange filtrate, and a dark and yellow
filter cake. The filtrate was sampled for NMR, indicating presence of retained Ni2Cl.
Solvent was removed in vacuo, and resultant orange solid was brought up in cold SiMes
(ca. 2 mL), then filtered through Celite. Removal of solvent in vacuo yielded an oily dark
solid which was characterized as a mixture of (PN)NinHex, possible internal isomers,
and Ni2Cl2in a ca. 7 : 1 : 1 ratio. While (PN)NinHex is not claimed herein as an isolated
analytically pure compound, the formation of (PN)NinHex from n-hexyllithium in this
manner provides independent support for the identity of this complex in reactions that
involve (PN)NiEt and (PN)NinBu as described in the text. '"H NMR (300 MHz, benzene-
de): 6 7.67 —7.64 (m, 2 H, Harom), 7.07 — 6.92 (overlapping resonances, 6 H, Harom), 3.80
(apparent septet, 2 H, 3Jun = 7 Hz, CHMe»), 1.47 (d, 18 H, *Jup = 14 Hz, P(CMe3)2, 1.35
(d, 6 H, *Jun = 7 Hz, CHMe»), 1.16 — 0.57 (overlapping resonances, 17 H, CHMe>,
NinHex), -2.45 (m, 2H, NinHexg). 3C{'H} NMR (75.5 MHz, benzene-ds): § 175.4
(NCN), 151.1 (d, 3Jcp = 3 Hz, Carom), 142.3 (Carom), 137.6 (d, 3Jcp = 19 Hz Carom), 130.3
(CHarom), 128.3 (overlapping with solvent, CHarom), 127.1 (CHarom), 124.7 (CHarom), 123.6

(CHarom), 36.9 (d, 'Jpc = 30 Hz, P(CMe3),), 32.8 (CHas), 31.4 (CHzy), 28.7 —28.6
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(overlapping resonances, P(CMe3)> and CHMey), 25.1 (CHMez), 23.0 (CHMe»), 22.4,
(CHze), 14.1 (CHx¢), 12.8, (d, *Jcp = 2 Hz, CHap), 10.2 (d, %Jcp = 12 Hz, CHa,). *'P{'H}
(121.5 MHz, benzene-ds): 128.5.

Synthesis of (PN)NiNp. In the glovebox, a glass vial was charged with Ni2Clz
(100 mg, 0.097 mmol) and benzene (ca. 6 mL). This purple-red solution was frozen at -
35 °C. In a separate vial, NpLi (0.017 mg, 0.19 mmol) was dissolved in benzene (ca. 2.5
mL), and frozen at -35 °C. These vials were removed from the freezer, and immediately
upon the thawing of each, the solution containing NpLi was added dropwise (ca. 2 drops
/ sec) to the solution containing Ni2Clz. The solution was allowed to stand at ambient
temperature for 17 h, at which point the reaction mixture had turned brown. Following
removal of benzene in vacuo, the resultant solid was triturated with pentane (4 x ca. 1
mL), extracted into pentane (ca. 8 mL) and filtered through Celite, leaving a dark filter
cake and a red-brown filtrate. Removal of pentane in vacuo yielded a red-brown
semicrystalline solid. Yield: 0.098 g, 93%. Crystals of (PN)NiNp suitable for single-
crystal X-ray diffraction were grown from a concentrated solution of pentane at -35 °C.
Anal. Calcd for C3;Hs1NoNiP C, 69.43; H, 9.29; N, 5.06. Found: C, 69.56; H, 9.15; N,
4.70. "TH NMR (500.1 MHz, benzene-ds): & 7.57 — 7.53 (m, 2 H, Harom), 7.07 — 6.98
(overlapping resonances, 3 H, Hurom), 6.91 — 6.87 (overlapping resonances, 3 H, Harom),
4.06 (apparent sept, 2 H, CHMez), 1.58 — 1.53 (overlapping resonances, 24 H, CHMe>
and PtBu), 0.98 (d, 6 H, *Juu = 7 Hz, CHMe>), 0.76 (d, J = 2 Hz, 9 H, CH2CMes3), 0.12 (d,
2 H, *Jup = 3 Hz, CH>CMe3). *C{'H} NMR (75.47 MHz, benzene-de): § 171.1 (NCN),
145.6 (Carom), 143.5 (Carom), 137.0 (d, *Jep = 20 Hz, Carom), 130.6 (CHarom), 128.5

(CHarom), 127.2 (CHarom), 125.2 (CHarom), 123.8 (CHarom), 38.3 (d, 'Jep = 30 Hz,
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P(CMe3)2), 32.1 (d, 3Jcp = 2 Hz, CH2CMes), 29.2 (CH2CMes), 28.8 — 28.7 (overlapping
resonances, P(CMe;), + CHMe,), 24.9 (CHMe;), 23.3 (CHMez>), 9.9 (d, 2Jcp = 26 Hz,
CH,CMe;). *'P{'H} (202.5 MHz, benzene-ds): 113.4.

Procedure for determining concentration effects of benzene in the formation
of 5. (PN)Ni(OrBu) (0.030 g, 0.054 mmol) was dissolved in benzene (750 pL). This dark
green solution was split into three 250 pL portions (A, B, C) in three glass vials. Portion
A was diluted with benzene (500 uL), B with benzene and cyclohexane (250 uL each),
and C with cyclohexane (500 pL). Then 250 pL of a solution of Me,PhSiH in
cyclohexane (composed of 15 pL and 1359 pL, respectively; 0.018 mmol) was added to
each, and samples A — C were transferred to NMR tubes. Conversion of (PN)Ni(O7Bu)
and yields of 5 and Ni2zH2 were determined by use of >'P gNMR methods.

General procedure for reactions involving ethylene or H:. In the glovebox, a J-
Young tube was charged with solvent (500 — 750 pL), metal complex (0.005 — 0.010 g),
and sealed. The tube was cycled onto an evacuated Schlenk line equipped with a mercury
bubbler, which was then pressurized with the desired gas (~ 1 atm). After the headspace
of the tube was exposed to vacuum (ca. 5 sec), the contents of the tube were exposed to
the gas, and the reaction was monitored by use of NMR methods. In some cases, where a
higher concentration of dissolved gas was desired, the contents of the tube were degassed

via three freeze-pump-thaw cycles.
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benzene-ds).
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Figure S4-17. Stacked 3'P{'H} NMR spectra of the reaction of (PN)NinBu with
ethylene (121.5 MHz, benzene-ds; shifts in ppm).

(PN)NIEt (PN)NinBu (PN)NinHex (PN)NiNp
! Jen a-CHa
(H) 151 150 147 128
|Jen B- or y- 123 (B) 117 (B) 116 (B) 123(y)
agostic (Hz)

Table S4-1. Summary of average 'Jcnu coupling constants for agostic complexes (300
K).
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CHAPTER 5: CONCLUSION

5.1 Chapter 2 Conclusions and Future Work

As summarized in section 2.4.3, (PN)M precatalysts for alkene I-H were
compared experimentally and theoretically, with divergent results. While (PN)Co and
(PN)Fe facilitated high activity and selectivity, (PN)Mn showed no activity, and (PN)Ni
showed high activity and poor selectivity. Future work is required to fully understand
these differences.

As suggested in Section 2.2.3.4, metathesis of the N(SiMes)2 group is
qualitatively slow compared to alkene I-H catalyzed by the products of this metathesis.
Future work could involve incubating (PN)M/HBPin mixtures prior to substrate addition
and comparing these reactions to where (PN)M is added last or involve quantifying rates
of precatalyst activation. Perhaps (PN)MX precatalysts with smaller X groups might
allow for faster activation (Scheme 5-1, bottom) analogous to the findings in Section
3.2.3. Attempts at synthesizing isolable (PN)MH (M = Mn, Fe, Co) derivatives for use as
(pre)catalysts could help confirm their role in the proposed catalytic cycle, although these
materials may require X-ray diffraction experiments to confirm connectivity, due to their
likely paramagnetism. The reported Ni analogues, NizHz2, (PN)NiH(pyr), and
(PN)NiH(DMAP) showed poor performance, so one might attempt using more labile L-
donors, or a bulkier ancillary ligand, to maximize the amount of (PN)MH available in
solution. Ideally, the L-donors would feature solubilizing groups, as these Ni analogues
showed poor solubility in neat reaction mixtures or CsHi2 (Scheme 5-1, top).
Accordingly, a more comprehensive solvent screen could plausibly find better conditions

for Ni catalysis; perhaps a higher polarity, weakly coordinating solvent such as THF
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would improve performance. Further analysis of decomposition products of the proposed

Ni intermediates could confirm whether or not heterogeneous products are formed, such

133

as nickel boride °°, which could be responsible for the catalytic hydrogenation observed.
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Scheme 5-1. Designs toward improved I-H (pre)catalysts.

5.2 Chapter 3 Conclusions and Future Work

As summarized in Section 3.3, iteration of (PN)MX precatalysts for hydrosilative
amide reduction allowed for mild reduction of select tertiary and secondary amides.
Future work could involve broadening the scope of amide substrates to determine the
utility of this methodology. More detailed analysis, perhaps via chromatography coupled
with mass spectrometry, of the products of primary amide reduction could add clarity.

Given the utility (PN)M precatalysts in hydrosilative amide reduction,
investigations towards analogous amide hydrogenation!** are warranted, as such
processes avoid stoichiometric Si-containing waste, although they may require high
pressures of Ho. Compound 5 could be applied as a (PN)NiH source for such catalysis

without generating potentially troublesome metathesis byproducts, as it appears to
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liberate (PN)NiH and benzene upon heating instead of otherwise reacting with a variety
of substrates. Conversely, hydrogenation of a (PN)Ni(O7Bu) precatalyst would release
tert-butanol, which contains both a relatively acidic alcohol and oxygenic lone pairs.
Additionally, given the orthogonal reactivity of 5 and excess MeOH, this method may be
the most practical way of preparing (PN)NiH in the presence of secondary or primary
amides; (PN)NiX precatalysts might be deprotonated by the amide to form NO chelates.
Whereas (PN)NiX precatalysts were found to be lead candidates in hydrosilative
amide reduction chemistry, Mn, Fe, and Co derivatives performed comparably in many
instances. Perhaps complete derivatization and optimization of these analogues would
develop complementary or superior precatalysts (Scheme 5-2, right). Based on the
finding that smaller X groups helped hasten precatalyst activation with PhSiH3, perhaps
alterations to the PN ligand to reduce its steric bulk could further improve reaction rates
or allow for use of more readily available silane substrates. While (PN)Ni(O7Bu)
performed well as a precatalyst, addition of (HPN), NiClodme, and NaO7Bu to a mixture
of amide and silane could plausibly facilitate similar chemistry and avoid several
synthetic steps; this may also be an approach congruent with the synthesis and screening
of a series of HPN ligand derivatives without requiring full characterization of each
complex (Scheme 5-2, left). Synthesis, isolation, and application of (PN)M(SiR3)
complexes could help understand if such complexes are implicated in the reaction

mechanism.
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Scheme 5-2. Designs toward hydrogenative amide reduction precatalyst screening.

5.3 Chapter 4 Conclusions and Future Work

As summarized in Section 4.X, reactive screening of (PN)NiX complexes with
hydride sources led to the isolation of 5, a product ostensibly the result of insertions of
benzene into nickel hydride bonds. Attempts to generate (PN)NiH in situ via treatment of
Ni2Clz with alkyllithium reagents instead generated the - or y-agostic (PN)Ni(alkyl)
complexes. These findings lay the groundwork for future study.

A study of ligand effects on this reaction is warranted, given the possible
competing reaction modes of transient (PN)NiH. Increased ligand sterics would plausibly
inhibit both dimerization and benzene coordination; decreased ligand sterics would
instead promote those reactions. Such a screen of ligand effects would help elucidate
which factor is dominant for facilitating benzene insertion into the nickel hydride bond,
guiding optimization of the insertion (Scheme 5-3, right). However, changes to ligand
parameters may also influence BHE, the reverse reaction. Another possible pitfall for
these approaches may be slight changes to electronic parameters of the derivative ligands

resulting in complexes that are sensitive to reductive loss of Ha, as has been observed
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with (NacNac)NiH analogues. Modifying the ligand parameters may also allow access to
insertions and possibly reductions of more diverse unsaturated groups. Ligand-influenced
selective insertions or reductions of polycyclic aromatic hydrocarbons'*® could be
attractive targets, as these molecules represent abundant pollutants (Scheme 5-3, left).
While § did not appear to react with H» to eliminate dearomatized species,
exposure of 5, or (PN)NiX precursors, to higher pressures of H» using a Parr reactor

could plausibly facilitate this reaction (Scheme 5-3, bottom).

NEW INSERTIONS? SELECTIVITY?
OO — (PN);NizH,
O\R O\R .
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H H
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. H
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H, H
' H; j >

CATALYTIC REDUCTIONS?

Scheme 5-3. Possible influences of steric alterations on arene insertions into Ni-H.

The apparent formation of the Ni(0) complex (HPN)Ni(CH2CH2) via
decomposition of (PN)NiEt also raises intriguing questions (Scheme 5-4). Synthesis of
deuterium-labelled (PN)NiEt isotopologues via salt metathesis using isotopically-
labelled Grignard reagents (e.g., CD3;CD2Mgl'®?) could lead to the formation of
(DPN)Ni(CD2CD3), and answer questions about the mechanism of this decomposition.
Independent synthesis of (HPN)Ni(CH2CH2>) via treatment of (HPN) with Ni(COD),
followed by exposure to ethylene could independently verify the connectivity of this

compound and allow for experiments to determine if perhaps (HPN)Ni(CH2CH2) and
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(PN)NIEt interconvert via acid/base catalysis. Additionally, treatment of
(HPN)Ni(CH2CH2) with H» could offer access to (HPN)Ni(H)z via OA (Scheme 5-4).
Mononuclear Ni(Hz) complexes, despite their implication in HoO/H; electrocatalysis, '
remain sparsely explored,'?” especially those featuring a bidentate ligand. Attempts
toward related (P2)Ni and (NacNac)Ni complexes involve elimination of H> to form
dimeric species; perhaps the HPN ligand framework could offer stability to a
mononuclear nickel dihydride.

Given the unanticipated cooperative behavior of the (PN) — (HPN) ligand system
involving the PR>-N position, one could envision targeted ligand modifications to reduce
possible metal-ligand cooperativity. Treatment of (PN)MX complexes with hard,
sterically available Lewis acids could generate PR>-N-inhibited complexes. It may be
challenging to find acids that would bind to the PR>-N position selectively versus the
phosphine or the metal without use of early transition metals. Introducing these acids
could complicate coordination chemistry and derivation of structure-property ligand
parameters. Alternatively, replacement of the (HPN) N-H group with non-protic N-R
groups (e.g., R = F, CH3) should help preserve the amidine character of the ligand even in
the presence of basic substrates, potentially allowing for formation of (XPN)NiH2
complexes via treatment of (XPN)NiClz complexes with hydride sources (Scheme 5-4,
bottom), whereas analogous treatment of (HPN)NiClz would result instead
dehydrohalogenation to first generate Ni2Cl2 and then Ni2Haz. Finally, steric modifications
to the ligand, perhaps via introduction of ortho-substitutions of the phenyl group or

bulkier phosphine substituents, would block access to the PR>-N position.
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