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ABSTRACT

Society demandsheaper and more abundant metéhlysts to accomplish thtasks
previausly performedy precious metal catalysis. turn, chemiss have developed
ancillary ligands designed to harness the powérsifrow metals, such &dn, Fe, Co,
and Ni.In Chapter 1these design principles araionalized and sumaized, and
applied to avariety of importantligand classeOne sucltlassincludes N-
phosphinoamidinge (PN) ligands. (PN) complexes of firstow metas have been applied
as precatgists forhydrosilative carbonyl reductionsi(the case ofFe) anderminally
selectivealkeneisomerizaibn/hydroboration @H; in the case of Qo Given arecent
surge of advancas homogeneousatalysis using Nil began my thesis researalith
syntheticattempts towarsl(PN) complexeof Ni. Over the course of nmgsearch, |
devebped a family of relatedomplexesUltimately, | was able tdharnesshese
complexes to generatieereactive transientthreecoordinate Whydride (PN)NiH,
which unlockedthreethesischaptersin Chapter 2, Hescribe a mechanistic study of
alkenel-H via isostructura(PN) Mn, Fe, CoandNi precatalystsThe Niprecatalyst
performed poorlyand isolable Nhydride complexeproved unsuitablér the reaction,
butthe diamagetism of the Ni complexesffordedin situmonitoringof catalytic
intermediatesto helpdetermine tk oiigin of terminal selectvity. Chapter3 containsan
anabgous study of hydrosilae amide reduction, where{i?PN)NiH insteadproved
remarkably competerib redue challeging substrategia optimization of reaction
conditions Iterative optimization bthe precatalysproved the utility o{ PN)Ni(OtBu),
itself a rare example of a thr@eordinate nickel &lbxo complexChéapter 4reportsthe
spectroscopic and-¥ay characterization o uniquecompoundconceivedoy (PN)NiH
inseting benzenelt alsoincludesunusuab- o r- agostc (PN)Ni(alkyl) complexes
synthesizedn attempts t@ccesgPN)NiH in a controlledashion va b-hydride
elimination.
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CHAPTER 1: INTRODUCTION

1.1 The Importance of Organansition Metal Chemistry

Homogeneous catalysis featuring ligaswgported transition metal complexes has
revolutionized modern society. Pharmaceuticals, plastics, and functional materials that
underpin our standard of living are enabled by caitsrbon and carbeheteroatom
bondforming reactions catalyzed by such comxple To recognize the significance of
such chemistry in recent years, Nobel prizes were awarded in 2001, 2005, and 2010 for
advances in asymmetric catalysislefin metahesis? and palladiurcatalyzed cross
coupling reactiond These typesf 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 soarces th
feature politial conflicts. Caalytic systems featuring metadach as iron, cobalt, or
nickel that could perform or outperform noble metals related to these types of chemistry
are highly soughafter?

1.11 Reconsidering the Use of First Ro@rganotranstion Metal Catalysts

The development of crogoupling chemistry serves as an informative case study
regarding the competitiveness, aramplementarity of nobleand first rovhomogeneous
catalystsFirst rowcatalysts for crossoupling were held in high regard during the
infancy of the field. Nobel laureate Negishi, in a publication from 1976 describirg aryl
alkyl crosscoupling, remarkd that the nickecatalyzed reaan proceeded faster and at
lower temperature compared to the analogous palladatalyzed reactiohHowever, a
survey conducting in 2011 revealed that 90% of cooggpling reactions preformed on a

scale of >100 mmol were performed seof palladiumé If first row metals are



cheapermore abundantind easy to obtain, thevhy is the field of homogeneous
catalysis dominizd by noble metals?

To answer in part, ls@ metal chemistry has some associated practical drawbacks
that hinder the development of such catalytic syst&imnst rowmetal complexes often
exhibit paramagrem, which impedes Nuclear MagieResonance (NR)
characterization of a giveprecatalystcoordination compound. This makes it difficult to
ascertain purity or solution connectivity of a given species. Furthermore, advanced
mechanistic studies of reamtis of the paramagnetic compley bbse of NMR metbds,
such as deuterium labelling, or measuent of reaction rates via integration of
diagnostic NMR peaks, are similarly restricted. Whereas single crysta} Hiffraction
(XRD) data cardescribesolid gateconnectivity, the relationgh of the chosewrystal to
the bulk sample can always beegtioned, even when reliable elemental analysis data are
available.

First rowcomplexes are known to participate in @ectron chemistry, which
can lead to theaperation of radical species, anthexpecteghrodict distributions in
catalytic applicationg-or example, while palladium faurs 0, +2, and +4 oxidation
states, catalytic nickel species possessing 02, +3, anagven+4 oxidation states have
been deronstrated’ Reaction mechanisms that involve single electron transfer can be
complicated and irregular, and set a high barrier to entry for understanding fur@lament
patterns.

Moreover, traditionbcomputationamethods that model proposed mechanisms
involving single electron transfer can be difficult to optinfizen contrast, nole metals

typically perform tweelectron chemistry imlving diamagnetic species, which in



combination with superior NMR characterizability, has allowed for greater understanding
of their associated catalytic mechamis. Such mechanistic insights are calith the
iteration of catalyst design; as such, nabletal catalysis has benefitted from an
enormous amount of iteration in comparison to base metal catalysis. Notwithstanding
thesessies, the divergemiropertiesof first row metalsrelative to the nble metals,
provide unique opportunities for the demainent of new substrate transformations.
Indeed severaimportant advances in base metal catalysis, outimedbsequent
sectios, have been demonstratedravent years, drivein part by advares in ancillary
ligand design.

1.2 Principles in Ligard Design

To provide context for these advances, it is necessary to first explain some
terminology associated with ligand classificatibigands are a class of neauks that
bond to transition metals form complexes. The size, shape, and electroniceptiep of
the binding ligands in turn influence the electronic and geometric properties of the metal
center, and thus, influence thesectivity. While there arenanytypes of ligands, they
can be suhdided by donor type, hapticity, and denticity, amanlger categories. Two
electron donor ligands ¢donors), such as phosphines, carbon monoxide, and alkenes,
form dative bonds wittransition metalswhereas onelectron donor ligands (X
ligands), suclas halides, alkyls, and amides, form covalent bontla.rAolecular orbital
leved, these interactions may be along the interatomic bond alenation) or
orthogonaltothe bondaxiss<d onat i on) . The met al may al so
ligand, depending on the energy and symmetry of the orbitals involved in bonding. In the

context ofreactivity, ligands can bdividedfurther dividedindb 6 anci | | aryd and



ligands Ancillary ligands do notypically participate directly in substrate

transformations; rather, they offer a stabilizing framework for the metal. Reactive ligands
are altered in some way or lost duringeaction.Howeve, this distinction has become

less useful, as examples of cooperative chemistry betetberwisetancillarydligands

and the complexed metahve been exploitetisuchas in transfer hydrogenatiots.

Ligandsmay bind as a contigpus set of donor atoms, whereby each atom
involved in bonding i nchtwehaersmrisnumbereof hapt i ci t
contiguous atoms) of the ligand by one. For instandcEigiare +1, thed>-allyl ligand
bindswithametaM over three cont i guo-preperglligands, i n ¢
or tprapene The allyimetal 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 113, LX-donor

Figurel-l. Some | igand bonding motifs depicting

1.2.1 Mone and Polydentate Ligands
The denticity of a ligand describes the number n ofeumtiguous bonding points
betweenthe ligandandth met al cent d.rfFprexampledenot ed by 8
bis(diphenylphosphino)ethane (dppe) typically chelates to a metal center at each of the
t wo phosphine gr dliggndas representedimurd 1. Clelatingg o
ligands, or ligands with denticity of two or greater, are featured prominently in catalytic
systems because of their ability to stabilize reactive rsptdieslf one donor of a

chelating | i gvee o lallizeframne metal io sote soleent, rendering



t he |1 tgeamcloring effect of its partner donor would increase the rate of donor
rebindingrelativeto if the labilized donor had no restrictions on movement. This property
is known as thehdate effecti! As expresseth Figure 12, loss of a norchelating donor
could rapidly lead to reaction with solvent and possibly further undesired reaaiivi

unwanted polguclearoligomerization and deactivatio

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

Li gands o'fire kntme astmprpdentaie ligands. Notwithstanding the
potential benefits of biehtate ligation, monoden&plosphine ligandsare ubiquitous in
catalysis. With respect to their electronic propertiesy tan act as both ésdonors and
“-acceptos. While previously subject to some debate, it is now considered that the
symmetricall * o orbthetplao$pinie isresponsible foaccepting -backdonation
from the bound metal, as opposed to d orbftalhe donor ability of phosphines can be
carefully tuned. Alkyl substituents on the gpbine, such aBu groups, increase the
donor ability via inductive effects. Aryl phosphines are comparatiesly strongly
donating, @ acount of mesomér effects that reduce electron densityphosphorus
Phosphineghat feature bonds to more efinegative groupa r e  p @anoreand
s t r o ragceptorge.g.phogphites) The tunability of thesproperties is importantsa

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



perform fundamental reactianSor example, the high 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.

Tol man introduced t he idhisdelinedgatsthebtlangle icone a
formed with the metal at the vertex and the hydrogen atoms at the perimeter of the

cone®® A higher cone angle resulisom relatively higher steric repulsion amongst the
substituents. For example, PMes a lower cone angle (118°) than PRHA5°).

Relatedly, #hough a Ph unit has a greater number of carbons ttiun group, FBuz

has a larger g angle (182°) on acuant of the planarity of Ph. This means thattBu3

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

steiics of ligands, becaug®ocesses such as reductive elimination become more

favorable as the ligands become bulkier.

A prominent example of an organometallic complex that features monodentate
phosphine | igati on i3)sRhQNWikliknisnosnodnsé sc actaatl ayl syts
oxidative adlition of molecular hydrogen, which allows for the hydrogemabf various
unsaturged speas, such as alkenes. Thiasmthe first homogeneous catalyst that rivaled
the reaction rates of typically less selective heterogeneous catalysts, and the report wa
noted to be inspirational to Nobel laureate William S. Khoavs 6 ef fort s t owar
agymmetriccatalysist Tetrakis(triphenylphosphine)palladium(0) is dmatexample of a
revolutionarymonodentat@hosphinebasedprecatalyst. Ths precatalyst readily
facilitates palladium(0) palladium(ll) catalytic cycles, and has been broadly applied in

crosscoupling reactions, includingtille,*> Suzukil® andHeckreactions-’



1.2.3 Monodentate NHeterocycic Carbene Ligands

N-Heterocyclc carbene’$ (NHCs) are a seriasf highly sterically denanding
monodentate lignds. Two examples of unsaturated (IPr) and saturated (SIPr) NHCs are
shown inFigure 3. Despite lhe implied electromeficient nature of carbenes, NHCs act
as strongi-donors on account stabilizing” -donationfrom the lone pair on the adjacent

nitrogens to the carbeng.

[\ [\
N\”/N N\“/N
IPr SIPr

Figure 1-3. Examples ofN-heterocycliccarbenes.

NHC ancillary ligandsvere successfully appliad the manifold ofolefin
metathesig® Olefin metathesis enables polymerizations and-cloging reactionghat
have widespread applications in the asdgrabpharmaceutical$ and enable the
construction of intricate mecular structures such as catenanes and khdte 29

generation Grubbs catalyst is stabilized by@kfjation, and is shown iRigure 4.2

PCy; _N_ N-
cl. | Mes \( Mes
'/Ru=\ CI/"Ru
cl Ph N
PCy, Cl Ph
PCy3
1st Generation 2nd Generation

Figure 1-4. and 29gener at i ocatay8ts.ub b s 6



1.2.4Bisphosphine ligands
BisphosphingP>) ligands have ecelled as ligands in innumerable catalytic
reactions. The earliesatalysts for asymmetric synthesis with reasonable enantiomeric
excesse were rhodium species featuriRgligands. Inparticular, the synthesis of L
DOPA, an agent used for treatingPaskion 6 s di seas e, -atghgsphinei t ed t
DIPAMP shown inFigure +5.2% Alternatively,Kagan demonstrated that chiral
backbones could impart suaBymmetry on substratésArguably the most famous
ligandfor use in homogeneous lateetal catalysis, BINARexploitsthisinsightby using
the axial chirality of the binaphthyl fragment as its source of asymmetry. The two

enantiomers of BINARre shown irFigure 15.

SO
PPh,
golles

(S)-BINAP

(o &
MeO PPh,
o9

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

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

BINAP enables metatatalyzedasymmetric hydrogeationsof ketone and
olefins with exceptionally high turnover frequencies (TOFs)tanuover numbers

(TONSs)?® Beyond asymmetric catalysiscemicBINAP also has been shown to support



active catalysts for palladintatalyzed GN crosscoupling reaction$i.e., Buchwald
Hartwig amination, BHA}’ among others.
These ligands he inspired considerablresearch intthe development of new

phosphines, of which a selection will be mentioned here. DuRjaovgisare a series of

P, variantsdeveloped by DuPont used in asymmetric catalysis, such as asymmetric

hydrogenations, aminatisnand amidation&. XantPhos is avide biteangleP; that has

beenappkd i n hydrofor myl at i canylatomod katoreed® PAG,

DalPhos is aelatively electrorpoor and stericajl hinderedP, with a much lower bite
angle that eliminates the need for palladium in a variety-df €osscoupling reactions
having been designed specifically for compatibility with nickalhesdigands are

displayed inFigure 16.

Pth Pth o o

DuPhos XantPhos PAd-DalPhos

Figure 1-6. A selection of modernP: ligands.

1.2.5 Monoanionic Bidentate igands

In comparison to a neutrhb 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
stabiization of higher oxidation state metavithout the need for many additional

stabilizing ligands or a neooordinating counteriorb-diketiminates (colloquially known

BHA,



as NacNac) are a set of monoanionic ligandshhae a storied history of supporting

reactive metals in stoichiometric and catalytic chemistry since their initial synthesis in the
1960s3! In particular, NacNac complexes have been broadly applied in olefin
polymerizatiom®?The NacNac ar chi t e-diketimne (HNagNadyer i vat i
precursor structure that acts as a neutsaldnor, but it has a relatively acidic proton that

can be removed with base to fumis t -diletinfinate, a illustrated inScheme 11 (one

tautomer of the HNacNac shown)

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

Scheme1l. Depr ot onat tdork edfi mn extediketohindto r m a D
(NacNac).

1.2.6 Mixed Donor Bidentate Ligands

Mixed donor ligands include two or more different donor atantshave
divergent properties frof. for a fewreasonsFirstly, the type of basicity (hard or soft)
of a ligand contributes to thaffinity of that ligand to a metakor 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 ésémet
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 adation stateof the metal enter may change, meaning
that aligand that can stabilize multiple oxidation states should theoretically increase its

ability to maintain catalytic integrity. A mismatched donor, such as a hard nitrogen donor

10



binding to a softate metal, soh as palladion(0), may reversibly labilizehis 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 ebindingand sabilization of the metdbllowing the ejection of the
modified substraté* Secondly, may catalytic processes involve obxidative addition
and reductive elimination, and generally, the types of characteristics that support
oxidative addition (high electron density at metal, kigric bulk) are in opposiin o

those that support reductielimination (low electron densitat 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 lasiscoordinative unsaturatiatha facilitates
oxidative addion. If one of theaddition or elinination stepss much slower than the
other, it can hamper the ability of a catalytic cycle to turn over. Phosphine ligands are
primarily U-donating in charaetb ut ¢ @aatepting depending on the substituents of
the phosphine, which slightly redus¢he electron density on the metal ceatat makes
the metal center more amenable to reductive elimination processes. Nitrogen, therthe o
hand, o-dohoychdractsr asia liganccordingly, eplacing one phosphine with

a nitrogen has been hypothesized to influence the metal to prefer oxidative additions,
notwithstanding the comparable dominanc®@gdfgands toneutralbisamire ligands in

this regard® Additionally, phosphines are more strongigns-labilizing than nitrogen,
meaning dransition state inslving a IN-metal compéx and asubstrate should arrange

in a predictable fashion, which could improve fle¢ectivity of a reaction. AR ligand

that takes advantagd the electronic benefits of\Pligation, in combination with a bulky

steric profile, isMor-DalPhos. Palladiumomplexes of MorDalPhos catalyze a broad

11



scope of crossouplings, most notably BHAs. The donor nitrogen can be modified in
donor strength by changing its hybridization. Phosphinooxaz @R OX) ligands are a
set of M ligands thafeature a cyclic Spnitrogenthat utilizes these differences in donor
properties in regioand enantioselective allylic alkylatioAsThe nitrogen has been
shown to be hertdbile 3 The structures of MePalPhos and PHOX are detailed in

Figure 17.

PAd,
[ :[ [ :L o

\ \f
L_o PPh, N—/

.

—

Mor-DalPhos PHOX

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

1.2.7 Mixed Donor Monoanionc Bidentate Ligands

LX bidentate ligands with a mixed donor pair are heavily utilized as catalysts for
olefin chemistry. In particular, the Shell Higher Olefin Pssc€SHOP) for making
polymes and oligomers of olefins helps supphe globddemand for fastics and linear
Uolefins (LAOs)*’ L i n ealefins &fe used as lubricants, detergents, and feedstocks for
higher order synthetic goals. The dominant catalytic systems for SHORerev
nickel(ll) conplex supported bgn LX donor B 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 environihiiatakalkyl
intermediates that include additional stabilization via agostic interactions have also been
shown to be involved in such chemist#§.Progress in SHORhemistrywasmade with

NO ligands, which may stw higher TONs and TOFs compared to previous

12



technology?® Some ligands used in supporting active SHOP catalysts are shown in

Figure 18.
PPh, PPh,
Lo I
(o) l}l@
dipp
Classic SHOP NO SHOP Monoanionic PN

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

Ni(ll) complexes supported by monoanionic PN ligdA@Bigure 18) have been
applied in Kumada cross coupling$and were foundtosgpr e s s  u+hytliédes i r ed b
elimination (BHE) processes. They have also been applied in carbonyl hydrogfation,
through a proposed transient hydride intermediate. Chaptedsf@ature further
exploration of this design framework.

1.2.8 Typical and Atypical Ligand/letal Coordination Geometries

Among lategroup transition metal complexes, the 18 46e-firl e s 0 t end t o
direct thecoordination of ligands. An 1& complex is typically bonded to six ligands in
an octahedral geometry, where the central metal atom or ion Raseatdon
configuration. A 16e- complex is typically bonded to four ligamth a térahedral or
square planar geometry, where the central metal atom or ion Rateatdon

configuration. Representative complexes are shoviigure 19.
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co
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- 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 lapds) aneklectronically unsaturated (fewer thanetp
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, nitrogéixation.** This has encouraged research into the
development of synthetic mimics of $uactive sites that featummsaturatednetal
complexes

1.3 LowcoordinateComplexe

1.3.1Ligand Design for Lowcoordinate Complexes

The desirable reactivity of lowoordinate complexes, in turn, causes practical
problems related to their synthesis and isolation. Consider, for example, a hypotetical
e-, threecoordinate nikel(Il) hydride complexsupported by a monoanionic, bidentate

mixed donor LX ligandas shown irScheme 2.
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NN A |
Ni - NI Ni X—Ni—H
X H L X |
LI
Ni(ll), d&, 16 e- Ni(ll), d®, 14 e- Ni(ll), d®, 16 e-
Saturated Unsaturated Saturated

Scheme 12. Challenges associated with isdiimg low-coordinate complexes.

Two potential routes to saturation involve reaction with other ligamd®lvent
or dimerization. While dimers or oligomers may be less reactive on account of their
saturation, they also bear markedly different physicgbgnttes such as molecular
weight and polarity, compared to their monomer counterparts. This can lead to reaction
design problems related to differences in solubbgyween the monomer and the dimer
Fortunately compoundligomerizationcan bemanagedy appropiate ligand design

Prominent strategies to stabilize lmoordinate metal centers involve increasing

the steric bulk of the surrounding ligands, exploiting the chelate effect, and utilizing
covalent bonding between the chelating ligand andnial cater. A hypothetical
appropriately bulky jand allows for chelation of nickddut inhibits dimerization via

steric repulsion, as shown 8theme 13.
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Dimerization

Q = Bulky group —> Steric repulsion

Scheme 13. Steric inhibition of dimerization .

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

Scheme 14.

/
[@ + Ni Source ——>X—>»

C

Scheme 14. Steric inhibition of metalation.

Onepertinentclassof successful ligands for stabilizing unsaturated metal
complexes that observe these principles laoenobidentate, monoanionic NacNac
ligands that feature bulk§gu and dipp (2,&liisopropylphenyl) substituents. Some
examplesincluding the first reported thremoordinate methyl complex of a transition

metal, are shown iRigure1-10.*

16



tBthBu tBthBu

. _N N_ . . _N N_ ..
dipp” \ / ‘dipp dipp” \ / “dipp
Fle r\fi
Me Cl
12e-, 3 coordinate 14e-, 3 coordinate

Figure 1-10. Somelow-coordinate complexes stabilized by NacNac ligation.

These complexdsave shown unusual reactivifgeduction otthethree
coordinatg[NacNachickel(ll) bromide analogue enabléhe binding of dinitrogen by

nickel, of which there had been few previous rep@&@pcifically, eduction of the

complex with potassium graphit€Cs) allowed for binding of dinitrogen and the formal

reduction of the dinitrogen triple bond, as descriineSichene 1-5.4°

tBu dipp
N/ dlpp d,pp

tBu di Ny tBu

N PP 4KC C /N'\N dipp N

Ny ibbeied N \\\N \ —_— N| N | N— N| )

/NI—BI’ Bu \ . ~ ./N N

N dipp Nl\
By dipp / dIPP dlpp e

dipp tBu

Schemel-5. Reduction of dinitrogen by a NacNac nickel(ll) complex and K.

1.3.2 Caséstudy. Low-coordinate Nickel Complexes
As mentioned irbcheme 13, alterations to either chelating or nehelating

ligands carhavea dramat 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 profileompared to multiuclear ligands, such as substituted

amidesChanging theéBu groups on the NacNac ligand depitinFigure :10to methyl

groups results in the corresponding ni¢ketomplex being dimeric anbur-coordinate

at nickel, as opposed to the monomeric, thzeerdinate complex shown. However, the
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salt metatbsis of tha{NacNachickel(ll) chloride dimer with a bulky amide salt, as

represented iScheme 16, generates a thecoordinate comipx.*’

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 16. Synthesis 6 a three-coordinate NacNacnickel(Il) ami do complex.

1.3.3 Transient Lowcoordinate Corplexes

Thepreferredcoordination number for a givemcillaryligand-metal complex
may depend on theature of thattachedeactive ligans). This phenomenohas
implications fa catalytic eaction designFor examplemigratoryinsertion reactions into
metal hydried bond are important steps in catalytic reactions, such as olefin-chain
walking andpolymerizatiorf*® The complgesintroducedn Scheme 43 andScheme 14
offer a framework fodescribing these implications. Whilee A s t a-bobrdinatet hr e e
hydride compleXof whichonly one isolateégxample has been reported & transition
metal complexitself a dimer asembled viancillary ligandcoordination to bridging K
ions rather than bridging via the hydrijf8$eaturingthe bulky ligandnight be resistant
to dimerizationit would also likely bind tefin more slowlyfor steric reasons. For this
reason, one ight choose the less bulky ligarahd generate thatherwise nofisolable
transientmononucleanickel hydridein situin a mixture of reactants via activation of a
precatalystin a catalytic nxture, the largexcess of substrate would inhibit dimetiaa
of this otherwise highly reéiwe compound foboth kinetic and thermodynamic reasons
Firstly, the rate of dimerization would plausibly be second order with respect to the

mononuclear nickdiydrnde, and th@resence of excess substrate would rapidfyture
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any mononuclear hydrideninimizing its concentration, and thus the rate of dimerization.
Secondly, any dimer that did form could plausibly react in equilibrium with substrate in a
mannersuchthat one hdlof the dimer would be displaced, andCkét el i er 6 s pr i nc
may favor sgh a reaction based on the excess of subsiraése arguments are

summarized irscheme 17. However, highly stable dimers may not reaih even large

excesses of substrate.

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

Z>R

Possible equilibrium?

Plausibly less active

Scheme 17. Hypothetical reactivity of a transient nickel hydride.

However in a traditional batch reaction, as the reactants are constimeed,
catalyst will begin to dmerize and deactivafer the opposite @sonsAdditionally, by
products 6 precatalyst activation could plausibly complicate the reackorally,
precatalysts themselves must be carefully designed such that they are convenient to
hardle. The side prodct of precatalyst activation, for instanEXNj Scheme 17, might
interfere with the desired reactivity. Ideally, tiBlpavinggroup is chosen such that it is
small enough to allowxposure of the metal to the activator (EHScheme 17) for regpid
activation, but large engt to inhibit dimerization and saturation of the metal. Even if

those factors are satisfied, the electronicXigjhould be tuned such that theXMNyond
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is not especially strong nor weak, to minimize the needed reactivite @afctivator and
maximize eae of storage and handling of the precataly&nard and Chirik reported

that while an isolable dimeric diimine nickel(l) hydride complex was shown to catalyze
alkene hydrogenation, superior performance was found via astivafta nickel

precatalyst wh the same ligand systeth.

Another strategy for precatalyst design, employe8HOP precatalystsypically
involves a mononuehr, 16 eprecatalyst featuring lasidentate, mixed donor
monoanionic ligand, as well agr@nodentate ldonor.The monodentate ligar@hn de
coordnate in the presence of olefim open up an active siterfolefin binding, and
sutsequent insertioimto aNi-XNjond®>! Following an arbitrary number @lefin
insertions BHE, andolefin substitution, an oigycle active species is generatétis

process is summarized 8theme 18.

Z>R X

L X L X L X L
D QN v T N — W
T 7 4
x L X X

/
L X \/\R Insertion
N
P SH?T t n-1 further H ~ "R
reeye insertions (excess)
/\R L H .
L H \N./
Ngi” (excess) NI L
SHOP ’NI\ R . X' ' -— /Ni R'
x 7" Substitution R’ X p-hydride X n
Active species R elimination

n-1

Scheme 18. Activation of a typical SHOP precatalyst.

In contrast, oneouldeschew the patalyst route, and choose a ligand such that
the metahydridecomplexis isolable For nickel hydrides specifically, thiequires

coordination numbers greater than thi&ecordingly,one commorancillary ligand
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archetypéo stabilze such complexes amdentateligands, colloquially known as
6 pi nc er Asanhasigeasmatisfinitions of pincer ligand$ require rigidity or
enforced madional geomely, although this distinction is less useful considering
unexpected deviations fromeridionality®® rigidity,>* or even reversible chwage othe
ligand>® wi t hin systems that occargeometr@$lhy suppo
other cases, the hemilability of one of the donor ligandbtéaes substrate bindgr’
Nevertheless, nickel hydride pincer complexes have bemessfully as catalysts for a
number of trasformations, such as G@ydroboratior?*°® With these consigrations in
mind, | will describe somepecific advances in base metal catalysis.

1.4 Case Studies in Contemporary Base Metal Catalysis

1.4.1 Cobalt:A Replacement for Noble Melain Asymmetric Hydrogenation

While pioneering workn the fidd of asymmetie hydrogenations/as performed
by Knowles using rhodium catalysts, dramatic improvements in ebha#id asymmetric
hydrogenation have been demonstrated in recens.yieapired by the successes of
cobalt(ll) alkyl pincer compless in someepresentativeeactions’® the Chirik group, in
combination with researchers at Merck)\wad into the high throughput screening of
ligand-cobalt system for utility in asymmetie hydrogenatios. To find a suitable system,
combinations of 192 bidentate phosphine ligands and cobalt alkyl precursors were
screened in the asymmetric hydrogenatibthe ubiquitous methyl-acetamidoacrylate
(MAC).%0 In particular, DuPhos$ype ligands, sbwn inFigure 6, enabled conversions
and enantiomeric excesses)(>90% without the need for noble metals. Even the
hindered alken&ransmethylstlbene, previously only accessible for asymmetric

hydrogenatiorby iridium catalyst$! was successfully hydrogenated in high conversion
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andeewith cobalt and certain bulky gohosphinesThis chemistry has been extended

more recetly to the hydogenation of enamidés.

1.4.2 Iron: A Replacement for Rutheniurmi Transfer Hydrogenation

Transfer hydrogenatin involves tle transfer oin equivalent of dihydrogen from

a nongaseous hydrogen source, such as an alcohol, across an unsaturated bond. This is

an appealing chemical process, as the handfigggeous dihydrogen presents picad

and safety challergg. Noyori devioped a revoltionary catalytic system featuring a

chiral diphosphine/diamine tetradentate ruthenium complex for the asymmetric transfer
hydrogenation of aryl keton&$The Morris group applied this ligand framework to iron,
with optimizedalterations over several publicati®'°2“%* and recently demonstrated that

iron can effectively trasfer hydrogenate imines and ketonethwiigh yields and

Mor ri

enantoselectivity!® N o y o r thedisn catalys an d
publication inScienceare pictured irfFigure 1-11.
N ~ Ph  Ph T
H\ H N
Cl Y\ cl
N_ J N _N/"'Fl NS
AN <N, Hy | BF
P ¢ P P ¢c P
Ph, Ph, Ary || Ary
L o _
Noyori Morris

Figure 1-11. Ruthenium and iron transfer hydrogenation @atalysts.

1.4.3 Nickel:A Replacement for Palladium if©-N Crosscoupling

C-N crosscoupling reactions are crucial in efficiently furnishing the nitrogenous

s O

ron

functional groupsncluded in many pharmaceuticals. Palladicomplexes supported by

bulky and eletronrich ancillary ligands, such & or NHCs, emerged as the stafe
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the-art in such catalysis. These reactions are challenging because the catalyst not only
must enablehte oxidative addition of the arplseudohlide substrate and theducive
elimination of the aminated product, but also discourage the monoarylated product from
re-entering the catalytic cycle. Independent initial reports by Straéfi@tal Hartwig§®
described the unprecedented niekatalyzed monoarylation of ammaniising JosiPhos
type sysems.However,in their reports, other webtstablished bulky and electroich
phosphine ligands that perform well with palladium, such asM@Phos, proved
unsuitable in analogous nickel chemistry. Recent findings from thdi&@tagroup
describe amctive nickel atalyst supported by PABalPhos (Figure -6), a bulkyP, that
is more electron deficient than ligands associated with pallatftifinis nickel catalyst
is efficient for a broad scope of challenging ammonia and amine monoarylations,
including the first reports of (hetero)aryl mesylate aminationseRedvances itigand
designspeific for nickelcatalyzed EN crosscoupling reactions we summarized in a
reviewby Lavoie and Stradiott&®

1.5 N-Phogphinoamidine/amidinate Ligands

The examples presedtabove demonstrate that carefully chosen ligands can
i mpart fAnobilityo on b a srethemuedst® desvelopgmetvh r esp
low-coodinate basenetal complegs for use in establishing westoichiometric and
catalytic chemistrythe Straditto and Turculet groups, in collaboration with Chevron
Phillips Chemical (CPChem), initiated an investigation of PN bidentate donor ligands.
Investigationsquickly identifiedthe ability of these ligand® be readily converted
between monoanionic and riml forms.Despite the aforementioned catalytic capability

of monoanionic ligands and neutral PN ligands separately, the combination of these
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motifs had remainé poorly exploed. Derived from the amidiate framework! the
chosen ligand b&bone is highly modular, owing to the alterability of substituents of the

aniline, benzonitrile, and phosphine used in itstsgsis, as outled in Schema-4.

Ph
NH,
CN R
©/ nBuL| N
Et,0
R
Ph
NH,
R W/ 1. nBulLi Y |:>R2
N _2.RPCI @
R

Scheme 19. Modular synthesis ofHPN ligand.

Similar to NacNac, the monoanioiEphosphinoamidinatéP(N) ligand can be
generated by treatment of the protodat#N with base shown inScheme 110. The
succases of NacNac as a stabilizing ancylligand for lowcoordinate complexes
inspired confidence th&N complexes with appropriately sized substituents could
perfom aralogously with differenes in reactivity stemming from the fivmembered

chelate of &N complex and the mixedonor nature.

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

Scheme 110. Conversion of neutral HPN to anionic PN via treatment with base.

Building on aninitial report from CPChem of selective olefin @nd

tetramerization using RN chromium complexe® monoanionid®N complesxes of iron®
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cobalt’® ruthenium’* and platinun® weresynthesizedgndapplied in stoichiometriand
catalyticreactions. Irparticular, a threeoordinate, formally 12¢PN)iron complex was
shown to be a precatalyst for t#icient hydrosilylation of keton€®,while a three
coordinate, formally 13 PN)cobalt complexvas shown to be a precatalfst the
remarkable terminal isomerization/hydroboratiomijlof alkeres’® In the case of
platinum,PN ligation allowed for thésolation of a rare néral, three coalinate
platinum(ll) amido sgcies/? The (PN)chromium®iron ®° cobalt’® and platinun®?
complexes are shown Figure 112. Notably, analogouéPN)nickel complexesad not
yet been reportedt the outset of this researdhotivations for developing such

complexes stemmed from the toad utilty 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
/ "~ Al 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 Homogeacous Catalysis

Nickel retainghe cheapost of base metals, while maintaining the same electron
rich d-orbital canfiguration as its more celebrated partners in group 10, palladium and
platinum. Accordingly, homoge&ous nickel catalysts have been appliedwide variey
of differentreactions’® Previously mentioned examples inclu®) and (NOjickel
complexes that ee used in SH® chemistry Figure 18), and P2)Ni complexes that
enable challenging-®l cross couplingsSection 1.4.3)Nickel-catalyzed crossoupling

reactions that once showed great profisee been furthateveloped, andow include
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challerging sp-sp’ cross coupling’® that rival and evesurpass analogous palladiu
systems? Tridentate(L 2X) nickel pincercomplexes assist the selectivgdrosilylation of
olefins with tolerance for carbonyl groupsss wellas theselective reductio of carbon

dioxide>*"® The complexes responsible for those reactaassiown in Figure 1-13.

QTMez 0—F|’R2 ®71Pr2

N—rTi—OMe rTi—H —Si- l| H
GNMeZ O-PR, <ji€»mpr2
Hydrosilylation CO, Reduction CO, Reduction

Figure 1-13. Nickel pincer complexes used in hydrosilylabn and COz reduction.

1.7 Thesis Goals

In this context] will describe mystrateyy towards developing (PM)ckel
chemistry Firstly, synthetic routes towards les@ordinate nickel complexes were
devised, to determine if alogous complexes to the (PN)iragbalt, and platinum
complexes were achievable. Initial foragt (PN)Ni chemistryfocused orsimple
nickel halides that could act as precursors for further reactions. Targets included
nickel(1l) complexes of the typ@ PN)Ni(X)2 or [([PN)Ni(X)] 2, as repesented irFigure

1-14.
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R R R R Ar
\ / \ / Ph

P X N
NI /TN

T\; >Nii )‘\ /N'\ NS \lN(
Ph rIl X Ph rIl X /P\/
Ar Ar R R
(HPN)Ni(X), [(PN)Ni(X)],

Figure 1-14. Initial synthetic targets.

X-ray diffraction experimentaere occasionallpeessary to determine the
connectivty of these complexes. For this reasotBB and Ndipp were closen ashe
substituents on the Pbackbonethis specificanaloguewill beabbreviated agHPN)
and(PN) for the neutral andanionic forms, respetively), as these had proven to afford
crystalline ligands and complexes in previous stutfiésWwith these precursors in hand,
attempts to generate lewoordinate complexasere undertaken, as outlined in
subsequent sectionsreatment of such precursarith MNR,, MOR, or MR reagents
produced variousow-coordinate complexes of the type (PN)Ni(NRPN)N(OR), or
(PN)NIi(R), whichwereinterrogated for new stoichiometric chemistry, or applied as
precatalysts. In Rapter 2, threeoordinatg PN)M compkexes(M = Mn, Fe, @, Ni)
were compard with inthe contat of alkene isomerizatichydroborationThe
(PN)NiIN(SiMezs)2 precatalystabbreviated aé?N)Ni) was @&sociated with complex
reactivity, inspiring a mechanistic study to determine the naturatalytic
intermediate. In Chapter 3jterations ofthree.coordinate(PN)NiX complexesvere
analogously compared in hydrosilativeidmreductionsand(PN)Ni(OtBu) was found
to enable ambient temperature reductions of challenging substra@sapter 4the

coordination chenistry d (PN)Ni- hydrideand alky complexes were explored, and the
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insertion of benzene into a4 bond is destbed, along withthe syngths i saon d B

agostic alkyl complexes.
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CHAPTER 2: ALKENE | SOMERIZATION T HYDROBORATION CATALYZED BY
FIRST-ROW TRANSITION -METAL (MN, FE, CO, AND NI) N-
PHOSPHINOAMIDINATE COMPLEXES: ORIGIN OF REACTIVITY AND

SELECTIVITY

2.1 Introduction

Alkene hydroboratin offers an attractive route to alkylboroampoundg; which
in turn can be employed agnthons in tversity of useful organic transformations,
including SuzukiMiyaurat®’® crosscouplings. Althouy alkene hydsboration can in
some cases proceed in the absence of fysgteeactions conductea the presence of an
appropriate catalyst can enable the use of otherwise unreadtive&yents, and/or can
afford complementary selectivity versus undgtad transfomations’® Transition metal
catalystsare appealing this regardaswell-established metadatalyzed transformations
sud as alkene isomeagorf® canin principlebe paired with hydroboration, leading to
selectiveborylation at a position that ismote from thenitial positionof the C=C
double bond. The challengedeveloping suclisomerizaion-hydroboration(l-H)
reactiondeading toremote functionalizatidt is that the catgst mustenablefacile
alkene isomerizatigrwhile also maintainindpigh borylation selectivity (i.e., internal
versus terminahydrdooration)®? Such challenging transformations leading to terminal
borylation selectivity had for some time been limited to examples invoairngnium,
rhodum, or iridium catalyss in combination with pinacolborane (HBP§f)(P2)rhodium
and iridiumprecatalysts functioned witbadings 05% at ambienteamperatue,
whereadHZrCpCl was required higér loadings (50 mol%)A transition from preciaos

to first-row metals irthis 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, mechanistitmatess
into first-row catalytic reactions are relatively underdeveloped due tortperties of
first-row metals(e.g, paramagnetism and single electron chemistry2013 Obligacion
and Chiril* disclosed the use @bis(imino)pyridingCoMe preatalystgFigure 21) to
effect alkend-H with HBPin under mitl conditions On the basis of experimental
mechanistic data including isotopic labeling studiesHpecies we invoked as key
catalytic intermediate¥. The Dalhousie/CPChem research teemmtemporanealy
observed thafPN)met (amido) precatalystof the typgPN)M (M = Co, Fe;Scheme 2
2) wereeffectivein promotingl-H reactions of alkenes with HBPimdludingterminally

selectivetransformations of octends:-c into the Zoctylboronate produca.’%®

X
W
\
N—A L —N
AI'/ C|O \AI'
Me

Figure 2-1. (Bisimino)pyridine)CoMe precatalysts for alkene FH.

A summary of proposed organometallic steptacilitate alkene-H via ageneral
(Ln)MH catalyst is shown iBchame 21. (Ln)MH is generateéh situvia metathesisf
some(Ln)MX precatalyswith HBPin. Cardination of an internal alkene, followed by
insertion of the alkene intoe¢thydride bond generates a secondary alkyl species,
(Ln)M(secalkyl). Rather tha undergoing metathesis with HBPin to furnish an internal
borylation prodict and regeneratig.,)MH, instead, the complex undergd®dE, and re

insertion to generate a termiradkyl species(Ln)M(n-alkyl). This complex then reacts
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with HBPin in eitheratse pwi se ( pr esumabl ybordAétdhEsis) o r

process to mduce the terminal hydrobation product and regenerdgte,)MH.

(L,)MX precatalyst

HBPin | - XBPin

Terminal
Borylation

R
(Ln)M_H
Alkene coordination
HBPin
R

Lam” YR LM

H
(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 lkene I-H via some(L,)MX precatalyst

The Dalhousie/CPChem teaubsequetly establishedhat (PN)Co and(PN)Fe
canbe employed in related transformations involving a collection of terminadinge,
and internal alkenes, whereby the extent and locale of the termindiviiglechieved is
influenced by the choice of metal pegalyst as wellas the BH reagent emplasd (e.g.,

HBPin versus 1,3;Bliazaborolanej®®’ Inspired by thsedifferences in reactivitythe
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contemporaneous discayeof (PN)Mn as an efficient precatalyst for hydrosilative
carbonylreduction®® andour curiosity with respect to potdat unique reactivity for
(PN)NI, | joined this team in a comparative stu@pecifically,we sought tocompare
(PN)M precatalystgM = Mn, Fe,Co, Ni)featuring sytematically incrementéd
electron populations et®) in catalyticalkene H. Upon discoering stark differences in
reactivity, we turned téurther experimental ancomputational methods totianalize
these differenceand undrstand the operative meattism A sumnary of the previous
work (a) and the work describadthis chapte(b) is induded inScheme 22.

(a) Our previous studies

(PN)M"
pre-catalysts .

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

, N—p—5_ V—N

NN 1a

AN 1 a
from 1a
0,
(PN)M (X mol%) M = Co or Fe, X = 1,>95% 2a
mazp'Fe’ Cot 1h, 230c rom 16
in, neat, 1 h, M = Co (X = 1.5) or Fe (X = 2.5), >95% 2a
from 1c
—_ j— 0,
/\/\/\/\Bpin 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 22. (a) Previous stuly of octene FH with HBPin catalyzed ty (PN)Feand
Co Complexes; (b) combinedxperimental and DFT survey of cctenel -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 this section of the thesiTakahiko Ogawa
perormedtH and O6i somley 6 zax p eRN)Mn(®& = M3, Fewdo)t h
complexes, and made the crucial observatiom@étane formation imitial reactions
involving (PN)Ni that produced complaxixtures. The team at Bgham Young
University (Samanth J. Gustafson, Jack T. Fuller, BHgun Kwon and Daniel H. Ess)
wasresponsible for the computational wo@kystallography was performed by Drs.
Michael Ferguson and RolieMicDonald at the University of Akrta Dr. MichaelD.
Lumsden (Dalhousiehelpedwith NMR datamodelling of the isolated nickel hydride
complexes, amhtheir propensity for deuterium incorporati@therwise, all work
presented in this chapter was cairait by the authoiThis work haseen published®

2.2.2 Synthesis and Characterization of (PN)Ni

Whereas the synthesof (PN)M (M= Mn&, F&°, ard CP®) were previously
accessedtlia treatment o{HPN) with their respectivé(N(SiMez)2)2 salts (PN)Ni
required an alternative syn#tic route oraccount of the transient stability of
Ni(N(SiMes)2)2.%° As suggested ifigure +14, ((PN)NiCl)2 wastargeted as a precursor
and it was accessile™ via treatmenbf NiCl.dme withthe praligand (HPN) followed by

base as outlined irscheme 23.
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. \ /
M(N(SiM .
< (NSiMes)); | Q\ﬁ@\_ 3
'HN(S|M93)2 N\P/M\N
M = Mn, Fe, Co 4&/\ \Si/
/ N\
1. NiCl,dme LiN(SiMes), (2 equiv)

2. NEt; (3 equiv) CgHg, 85 °C, 24 h
THF X >< - LiCl
- dme, - HNEt,ClI o \
0.5 N~ \ _/CI e
. Ni Ni
/N N

|
)\{j\((PN)Nicnz

Scheme 23. Synthesis of (PN)M complexes, as well as the precursor ((PN)Ni£I)

Upon workup ((PN)NICI)2 (henceforthNi2Cl2) was found to be a diamagnetic
compoundseeFigure S21) dispaying sharf]NMR resonancesorsister with aC>
symmetric structureshavn in Figure 24. Each nickel(ll) center iarrangedn an
approximately square planar geometry. Tlaes-directingnature of the phosphine donor
group is evilent in the naably longer N-CI 6 dbength of 2.2919(54 compared tdhe
Ni-Cl bond length oR2.1942(5)A. Notably, an analogousomobidentate complex
((NacNac)NICl» is tetrahedral about each Ni(ll) center, inducing paramagnetism, with
longer Ni-Cl distances of 2.32(1) and 2.38(1).*’ Apparently, repdcement ofa nitrogen
dona with a strongefield phosphine donor $ficiently increases the-drbital spliting

of thed® nickel centeto favoran electronic configuration consistent with square planar
geometry, despite the steric effects of the ligand.

Treatmenof Ni2Cl2 with LiN(SiMes). in benzene at elevatedtgerature

(Scheme 23) upon workup afforded the target comp(@&N)Ni in near quantitative
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yield. Unlike the analogous paramagnetic Mn, Fe, and Co spéeig\i is a

diamagnéc complex tha exhibits sharp mutuclearresonancesansistent with &s

symmetic structurg(seeFigure 22 andFigure 23).

(PN) NIN (SiMe3) 2
CceD6
1d_1H

Figure 2-2. 'H NMR spectrum of (PN)Ni (benzeneds, 300 MHz). One Hawom IS

coincident with the residual solvéipeak.
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(PN)NIN (SiMe3) 2
CceD6
1d_31FP{1H}

128.98
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Figure 2-3. 3'P{*H} NMR spectrum of (PN)Ni (benzeneds, 121.5 MHz).

The mononuclear, thremordinatedistortedtrigonakplanarstructure o PN)Ni
was onfirmed on the basis of Xay diffraction analysigFigure 24) and mirors the
comectivity observed within the previously characterig@N)M analogues. In keeping
with periodic trends, the NP and MN interatomic distances in tfEN)M series
systematicajl decreas on going from Mn (e.g., MR 25319(4) and 2.5045(4), within
two crystallographically independent molecules:FF&€.4434(6A; Co-P 2.3873(7R) to

Ni (Ni-P 2.1564(9)A). A similar structural trend has been obserireeh analogous set
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of three-coordirate NacNac)MN(SiMes)> complexeswhere the Ni member of the series

(Ni-N(SiMes)21.873(2)A; cf 1.849(2)A in (PN)Ni), is paramagnetit’

Figure 2-4. Crystallographically determined structures ofNi2Clz (left) and (PN)Ni
(right). Selected interamic digances @) and angs ¢) for (PN)Ni: Ni-P 2.1564(9), Ni
N(1) 1.898(2)Ni-N(3) 1.849(2), FNi-N(1) 81.90(7), PNi-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 H of 1a with (PN)M Precatalys$

With aseries of structually analogougPN)M precatalystmow synthetally
accesdile, attentiorwasdirectedto comparing their catalytic performee in thd-H of
octenes with HBPin, beginning witha, where terminal selectivity can be achieved in the
absence foaccompapying alkene isomerization $cheme 24). For consistency8 nol%
(PN)M was employed in athe experimets reported hereirin keeping withprevious
preliminary experimentatioff,(PN)Feand(PN)Co proved to be highly active and
selective for terminal hydrawation affording quartitative cawversion ta2a under mild
conditions 23 °C, 1h) on thebasis of NMR and G®/S dat. Conversely, despite the
utility of (PN)Mn in the hydrosilative reduction of carbonyl compoufftisegligible

conversion ofLaoccurred whemsingin (PN)Mn place of(PN)Feor (PN)Co at room
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temperature; even under more forcing conditi@®s’C, 18 1), poorconversion € 50%)
and product selectivity was achieved ugiRi§y)Mn. Similarpoorconversion ofLawas
achieved when usin@N)Ni at room temperature. However, in us{iiN)Ni at elevated
temperature@b °C, 18 1), full conversion ofLlawas achieved, ith n-octane 2d) and2a
being themajor products of the reactipalong with several uncharacterized higher
retention time/molecular weight species (collectivady. The formation oh-octane in
this transformation was rather surprising, in terms ofti difference in reactivity
behavior relative to the oth@N)M precatalysts, and given thegpreciable
dehydrogenative borylatigoroduct$? were not detected in any of thatalytic
transformations reported hereM/hereas the higher retention time/molecular weight
products 2€) in such reactions involvin@PN)Ni may arisé§rom dihydrogerevolving
processes, it is possible to ratiomalthe dihydrogen needed to account fierabserved
formation ofn-octane as being derived exclusively from HBPin. Indeeattane is not
observed as a reaction product in transformationsica t ed under-oail g6 mer i
conditions employing a catdlg, rather than stoichiometric, quantdy HBPin, as

discussed in the context 8heme 27.
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N NNF (PN)M (3 mol%) U N N Y
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 24. |-H of lawith HBPin using (PN)M (M = Mn, Fe, Co, Ni) Unlessstated,
estimated conversion and prodigntification based orcalibrated'H and*3C{*H}
NMRdata?65 eC, 18 h ( neddoibgielblve dc mPiBst#edsdiedCn
conversion oftaand product proportions of the basis of calibra&tidata2 3 e C, 1
d Relative proportion otaand2a-d, including small but detectable amounts diboigtat
products, and substantial quantities (~30%) of higher retention time/molecular weight
species (collectivel@e i.e., greater thaBa), 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 amounigobBsupport for the
hypothesis thgprimarily the hydride irHBPin providesredueng equivalents leading to
n-octane was derived from analogdtid experiments conducted using DBR¥ith
(PN)Ni (65°C, 18 1), where substantial deuterium incorporation in the aliphatic region of
the generated products was confirmed on the bagi$ MR data(Figure 25, Figure

$2:26).
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l-octene deutercboration

C6HE
1d_2H & BN ®
7T

| 1 1 ] 1 ] I 1 ] I 1 ]

9 8 7 6 5 4 3 2 1 0 ppm

Figure 2-5.?H NMR spectrum of the GsHe portion of the reaction of l-octene with
DBPin catalyzed by (PN)Ni(N(SiMe)2).

2.2.3.2 FH of 1b and lowith (PN)M Precatalysts

Similar reactivity trends were observed in the of 1b with HBPin using(PN)M
preatalysts Scheme 25). (PN)Feand(PN)Co onceagain provided clean conversion of
1b to 2aat room temperatur8 °C, 1h), while (PN)Mn and(PN)Ni provedinactive
under these mild conditions. Whereas negligible conversion waadchisved when
using(PN)Mn at elevated temperaturéy°C, 18 1), under these conditiorf®N)Ni

generated a product mixtulike that obtainedn related transformations involvirig.
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The(PN)M precatalyst series performed analogously intHeof 1c (Scheme ), with
the exception that an erosion in selectivity for the terminal hydroboration pr@act (
was notedvhen using PN)Fe, in keeping with our preliminary observatiofidn

examining the effect of dilution on theH of 1a-c with HBPin by use ofPN)Ni (65 °C,
18h), the presence of added cyclohexan®&Q@nl) was found to have negligible impact

on the observeda:2d:2eratio.

— (PN)M (3 mol%)
> NN P
/_/_\_\ HBPin (1 equiv), neat BPin
1b 2a
+ internal hydroboration
products, 2b
+ internal octenes, 2c¢

+ n-octane, 2d
residual 1b 2a 2b 2c 2d
(PN)Mn?é >95% <5% <5% <5% <5%
(PN)Fe? <5% >95% <5% <5% <5%
(PN)Co® <5% >95% <5% <5% <5%
(PN)Ni&¢ <5% 30% <5% <5% 25%

Scheme 25. |-H of 1b with HBPin using (PN)M (M = Mn, Fe, Co, Ni). Unless stated,

estimated conversion and product idéodition based orcalibrated'H and*3C{*H}

NMRdata?65 eC, 18 h (negligible P2@8nwe&r silom.ob
Estimated conversion and product proportibased ortalibrated GC da; substantial

quantities (~30%) of higer retention time/molecular weight species (collecti2eyi.e.,

greater thar2a) observed.

41



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 26. |-H of 1c with HBPin using (PN)M (M = Mn, Fe, Co, Ni). Unless stated,

estimated convsion and product identificatidmased orcalibrated'H and**C{H}

NMR data?65e C, 18 h (neglilcgbbkervednua®B8BdcCyCdf 1
h. ¢ Estimated conversion and product proportions of the basis of calibrated GC data, with
speciation confirmed on the basis of calibratdcind*3C{*H} NMR data; for(PN)Ni

substatial quantities (~30%) of higher retention time/molecular weight species

(collectively 2e i.e., greater thaBa) observed.

2.2.33 Isomerization oflaor 1c Using Catalytic (PN)M/HBPin Mixtures

Terminal selectivity in thé-H of internal alkenes requiremong other things,
that the catalygtromotefacile alkene isomerizatiostgps. To assess the ability GTN)M
precatalysts in this regaridH experiments analogous to those described above involving
eitherlaor 1c were conducted, with the exceptiohamployingcatalytic (5 mol%),
rather than stoichiometric, quantities of HBPSelfeme 27). Whereas the lack of
activity observed fo(PN)Mn at Qo03r ¢bwas npt surprising given the poor
performance of this precatalyst imrfexamplel-H of 1a (Scheme 24) the similarly poor
performance ofPN)Fe under analogous conditions contrasts the efficiency of this Fe
precatalyst in thé-H of 1aor 1cwith HBPin .g.Scheme 24). The(PN)Co precatalyst
proved to be competent for the isomerizatiod&fwith the extent of conversion and

observed distributionfactene isomers varying on the basis of the temperature employed
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( 2G,18: exclusively c t e n €35l ;h:2-6ctenegd5%), 3-octenes (1%), 4

octenes (1%)). However, as was observed W{fPN)Fe, the lack of conversion dfc

when usingPN)Counder6 i someoint i coh dmali % nKBEih;n ,
Scheme 27) is apparently inconsistent with the efficient and terminally selettivef

1c. In contrast to the other precatalygBN)Ni proved unique in its ability tpromote

the isomerization of botha andlc, 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 mixtucessistentvith the vew that the net

hydrogenation of octenes to affanebctane undek-H conditions usingPN)Ni (vide

suprg involvesHBPIn as a reactant.

» internal octenes, 2¢

W
(PN)M (3 mol%)
1a HBPin (5 mol%)
or neat, 1 h
/\/\/\/
1c

residual 1a 2c
(PN)Mn? >95%  <5%
(PN)Mn® >95%  <5%
(PN)Fe?  90% 5%
(PN)Fe®  90% 5%
(PN)Co? 50% 45%°
(PN)Co® 30% 70%¢
(PN)Ni@  <5% 90%°
(PN)Ni®  <5% 90%"

+ 1¢,65°C, 18 h:
} -for M = Mn, Co, Fe !
' no conversion of 1¢
! - for M = Ni .
1-octene (1a): < 5%
1 2-octenes: 30%
+ 3-octenes: 30%
' 4-octenes: 25%

Scheme 27. Isomerization of 1aor 1c in the presenceof (PN)M (M = Mn, Fe, Co,

Ni; 3 mol%)/HBPin (5 mol%) mixtures. Estimated conversion and product
identificationbased orcalibrated'H and*3C{*H} NMR data; non-octane observed
throughout?2 3 %6G. “@extlusively 2octenes? 2-octenes (45%)3-octenes (15%),
4-octenes (10%f¥. 2-octenes (90%),-8ctenes (10%).2-octenes (45%),-Bctenes

(30%), 4octenes (15%).

4

3
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The differing catalytic performance of each(BN)Feand(PN)Co underl-H
conditonsv er sus O6i-eomg d i ¢ a h dibfaitheocoramemanyihe a
successful terminally selectiveH of 1c with HBPin to give2a by use ofPN)Feor
(PN)Co, which proceeds under mild conditio®3€C, 1h; Scheme ), would appear
to require that the facile isomerizationlafas outlined above. However, no
isomerization ofLlc was detected upon activation(®N)Fe or (PN)Cowith a catalytic
guantity of HBPin, even under neforcing conditionsq 5C, E8 h; Scheme 27). These
seemingly contradictory results suggest that the borane reagent may play a more complex
role in enabling-H chemistry than simply serving as the terminal reductant.

2.2.3.4 Invetigations ofPrecatalystActivation by HBPIn

While the paramagnetic nature(®N)Feand(PN)Co obfuscate the nature of
metakcontainingreactive intermediate$!B NMR analysis yieldeihformationabout the
dualrole of HBPin asbotha precatalyst actator anda borylating agenfas postulated in
Schame 21). While it was hypothesized th@@N)Co would react vigorously with HBPin
on account oits catalytic activity describedde suprareaction of(PN)Co with HBPiIn
(1 equiv)in CsHi2( 5 0 0 ¢ Ldid n@ procéed iinmediately to completi@eiieme
2-8, Figure 26; 3'P{*H} NMR consistent with paramagnetic spegid&ogress of the
reaction was monitored by the conversion of'fiesignal attributed to HBPin (sharp
doublet) to an upshifted broad singlet associated with the prof®#ées).NBPin by-
product.An analogous reaction in the presence of exta¢83 equiv i . e. ©0i somer
onl y c o)appeated tonmediatelyproducea downshifted broad singlet
associated witlthe hydroboration produ@a nearly quantitatively$cheme 28, Figure

2-6). One might consider thgPN)Cowas acting as anHl catalyst rather than a
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preatalystasdiscussed further iBection2.4.1 However,a more likely hypothesis is

that(PN)CoH is initially generatedn minute quantitiesia metathesis qiPN)Co with

HBPin, andPN)CoH rapidly catalgesthe alkylation of HBPin witHL.a precluding

further metathesis with the ultimately unreacatetll)Co, as shown idrigure 26.

\
HBPin 0 /S'\
> B—N
CGH12, 500 uL 0 \Sl/
©\§( \Si/ (major) /N
PN :
Si HBPin 2a (>95%)
/ \ \
1a (33 equiv) Si
> (o}
\ / N\
C6H12’ 500 uL jO/B_N\S/
1
(trace) /N
Scheme 28. Reactivity of (PN)Co with HBRnin CeHi12( 500 L, 23
or absenceof 33 equiv of l1a.
a)
b) ” N
y et —— vl
c)
#h et B i
d)
NP Al

T T T
60 50

Figure 2-6. 1'B NMR (CeH12, 96.3 MHz, unlocked)spectra of(PN)Co with HBPin in
e Lin a) pr8sente®)j 33 equiv of 1dg-d) absence of &. a) 20 min

CeHi2( 500
b) 14 h, ¢), 40 min, d) 20 min.

T
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T
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These data sugggsbssiblemodels of reactivityMost prominentlythe rate of
precatalyst activatiomay bemuch slower than that ofH, and the effective loading of
the activecatalytic species may be nuower than heinitial loading of the precatalyst.
If true, these data imply @ompounding effectyhereover the course of arH reaction,
as the concentration of activator is rapidly lowetée rate of activation is also lowered
Although other aspts of this poject were ptsued preferentially, future work could
includecomparingthe FH activity of (PN)M precatalyst mixtures under standard
conditions (i.e., where HBPiIn is added Jaste experimenfaVersus those where instead
(PN)M was alloweda incubate wih HBPin until complete consumption @N)M prior
to the addition of the octene.

These data may reconcile tbentradictionconcerningherelativeactivity of
(PN)Feand(PN)Cotowards alkene-H versusalkene isomerization.ransientL,)MH
complexes mg plausibly bind HBPin reversibly to form pinacolborohydride species of
the type(PN)MH 2BPin.%3 WhereuporHBPin is rapidlyconsumedinder 6i somer i z
o n lvig BH processes as indicatedSoheme 28, perhapgPN)MH (in absence of
HBPIn binding) oPN)M(alkyl) (in absencefoHBPIin as a ratathesis @rtner)species
decomposand cannot facilitate further alkene isomerizatidawever, considering the
paramagnetism dPN)MX complexes (M = Mn, Co, Fe), NMBmalysiswas deemed
unlikely to offer data to support or contradscichhypothesesAs such, dgsite the por
selectivityof (PN)Ni as a precatalyst falkene {H, analysis of diamagnet(®N)NiX

was undertaketo gain further mechanistic insights ineN)M-catalyzed 4H processes.
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2.24 Synthetic Investigation®f Catalytically Relevant (PN)NiH Derivatives

Given the diamagnetic nature (6fN)Ni, the reactivity ofPN)Ni was exploreas
a representative of t{€N)M seriesunder conditions relevant to catalysis. Nickel
hydride®? species derived froffPN)M precatalysts representiative catalytic
intermediates; accordinglgitentionwas turnedo the synthesis of such complexes.
Exposure oNi2Cl2 to NaEgBH in THF at roomtemperatur@ipon workup affeded the
dinuclear compleX(PN)NiH)2 (henceforth referred to &i2H2) in 67% isolated yield
(Figure 27), with conrectivity confirmed on the basis of singteystal X-ray diffraction
analsis. TheC,-symmetric sald state structug of NizHz2 is similar to that observed in
Ni2Cl2 andother Group 1W-phosphinoamidinate complex¥s.

Previously repded ((NacNagNiH)2 conplexes discloselly Limberg and co
workers* featuretetrahedral coordinain about Ni,are paramagnetic, and in solutiae a
prone to loss ofithydrogen either upon thermal activation{&®%¢eC, depending on the
ancillary ligand substitutignor upon treatment with-donors such as-4
dimethylaminopyridine (DMAP). In contrastiMR experiments revedli2Hz2 to be a
diamagnetic complex exhibiting modestly distorted square planar geometry, which is
stable to prolonged heatifiginimally 90e @or 72 H on the basis of solution NMR
data, and which reacts with DMAP or pyridine to afford adducts of the(BiENiH(L)

(L = DMAP or pyridine;vide infrg).
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NaEt;BH (2.05 equiv) LN N
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NN
H \p/

/
N | THF, 23°C, 1 h N
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Figure 2-7. Synthesis and crystallographically determined structure ofNizHz2.
Selected interatomic distance$) @nd angles°®j for NizH2: Ni(1)-P(1) 2.1276(8), Ni(1)
N(1) 1.910(3), Ni(2P(2) 2.1311(9), Ni(2N(3) 1.915(3), Ni--Ni 2.408(5), P(1}Ni(1)-
N(1) 82.76(8), P(2Ni(2)-N(3) 82.77(8).

Solution NMR data (300 Khenzeneds) are consistent with the presence of only
one isomeric form olNiz2H2, likely corresponding to theolid statestructure. One
31P{*H} NMR resonanceX22.3 ppmFigure S28) is observed, and one sharp,

symmetrical pattern centred-&7.8 ppm corresponding to the {N)- core is present in

theH NMR spectrun(Figure S27), in addition to the other gectedH and**C{'H}
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NMR resonances arisirfigppm the symmetrnequivalent R ligands inNizH2. One singlet

resonance centered-27.9 ppm (300 Kiolueneds) is observed in the hydride region of

the correspondingH{3'P} NMR spectrumThese data are cossnt with the scenario
wherebycoupling to phosphorus renders the chemically equivaleht ffioups inCo-
symmetricNizH2 magnetically norequivalent. In this regard, the hydride region of the

'H NMR spectrum was model |l ed ssmu@gdessflal By a

Hz,Jhwp=-46.1 Hz w6 = 3 Figure 28).z ;
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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 |

R I R B R R R e B pede e ceed o
275 2786 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 theH NMR spectrum of NizHo.

Variabletempeature'H NMR analysis (30863 K, tolueneds;) of Ni2H2 reveals
reversibldine broadening in the hydride region at elevated temperature; however, the
emergence of new hydride signalasnot observed. Similarly'P{*H} NMR data
collected over the samenmperature range reveals only modest{mreadening and
temperaturaependent chemical shift variation, in the absence of new reson&iga® (
2-10). It is plausible that these temperatdeppendent NMR lineshape changes may arise
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from a monomedimer equilibrium involving the unobserved monor{feN)NiH.
However, the operation of alternative dynamic processes, including those involving
reversible scission of one, but not both, of thé-Ninkages inNi2H2 cannot be ruled

out.

63K
48K e
343K

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

S —— B S P T—

Figure 2-9. Temperature-dependent lineshape changes in the hydride region of the
'H NMR spectrum of NizH2 (10 mg in 0.75 mL tolueneds, 300 MHz).
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363 K
358 K
353 K

348 K

343 K
338K
333K

300 K

T T T T T T T T T T T T T T T 1
129 128 127 126 125 124 123 122 121 120 119 118 117 ppm

Figure 2-10. Temperature-dependent lineshape changes the 3'P{*H} NMR
spectrum ofNizH2 (10 mg in 0.75 mL tolueneds, 121.5MHz).

Exposure olNi2H2 to excess DBPin (5 equiv per Nil0e 72 h, blueneds)
resulted in substanti&lydridic H/D scramblingo form Ni2"H2 isotopologuesas
evidenced by: lisshape changes noted in the-Niregian of the!H NMR spectrum
(Figure S211) as well as more complex features in tHe{*H} NMR spectrum Figure
S2-10); the appearance of a broad resonance center2d.@ppm in the?H NMR
spectrum; and thenergence of a resonance characteristic of HBPin it'BidIMR
spectrum. Encouraged by this reactivity, the catalytic utilitiieH2 in alkene 1H
chemstry was examined under our standard condit{8maol% Ni,65€C, 18 hj.
Surprisingly, the catalytic performanceNizH2 diverged significantly from that
observed when usin@N)Ni as a precatalyst. For each of the octenes examimer),(

incomplete conversion was observed, and neither the terminal hydroboraiicip@a)
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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 dinucleaNiz2Hz is neither the active catalyst generated wiging(PN)Ni as a

precatalyst, nor is this dimer an effective source of this active catalytic species.

Given the rather robust natureMiH?2, the ability to break up this dimer upon
exposure to nitrogen donor ligands was examiféglife 211). Dissolution ofNi2H2 in
pyridine resulted in the formation of a new phosphaastaining compound
((PN)NiH(pyr), 131.4 ppm), which in turn was isolated via crystallization as an
analytically pure solid in 69% yield. The clean formatiorfRIl)NiH(DMAP) was
similarly observed on the basis®P{*H} and *H NMR data upon treatment bli2H>
with excess DMAP (2.4 equiv) ibenzeneds, where the observation of broadened
resonances for free DMAP suggest the operation of an exchange processgbolud
and free DMAP. Although minute quantities of crystall{R&)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 HiHtN&R spectum for
NizH2, each of PN)NiH(pyr) (-20.2 ppm2Jxp = 104 H2 and(PN)NiH(DMAP) (-20.9,
2Jpn = 107 Hz) feature a simple phospheanmipled doublet resonance. Singhgstal X-
ray diffraction data confirmed the identities of these new complexes as mazamucl
distorted square planar adducts, featuring a hydride ligandto the nitrogen donor of
the N-phosphinoamidinate chelate. As mentioned earlier in the text, the clean formation
of the Ni(ll) complex(PN)NiH(DMAP) in this context contrasts the ready of
previously reported paramagnet{lacNagNiH). species? which undergo reduction to

Ni(l) upon treatment with idonorssuch as DMAP.
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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) for
(PN)NiH(pyr) : Ni-P 2.08724), Ni-N(2) 1.9691(11), NN(3) 1.9782(11). Selected
interatomic distancesd( for (PN)NiH(DMAP) : Ni-P 2.0969(5), NN(1) 1.9796(13),
Ni-N(3) 1.9888(14).

Upon dissolution of isolate@PN)NiH(pyr) in a solvent other than pyridinan
equilibrium is estabsihedinvolving loss of pyridine to affordNi2H2 (Figure S215). For
example, NMR spectroscopic analysis of a solutiofPdf)NiH(pyr) in benzenels
(0.028 M, 300 K) reveals a 10:1 ratio(BfN)NiH(pyr) to NizH2 1 h postmixing; 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 30griduaketurn to the

previously observed equilibrium ratio (2.4:1) wasfooned after 16 h.
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With anisolable mononuclear NH species in hand, the reactivity of this complex
in alkene 1H chemistry involvingla-c with HBPin was examined. The observed
catalytic behavior ofPN)NiH(pyr) understandard condition& mol% Ni,65e 18 h
was found to be siiar to that ofNiz2H2, with incomplete conversion and product
mixtures comprised of internal octen@s, (50-90%), and only small amounts 2 or 2d
(<20%). As was noted fa¥izH2, the mononuclear pyridine addBiN)NiH(pyr) isnot
an effectie souce of the active catalytic species generated fi@N)Ni under +H
conditions.

2.3 Spectroscopic Analysis of Precatalyst Activation and Catalytic Speciation

Additional stoichiometric reactivity studies were conducted tmlezore abut
the nature ofheactive catalyst formed frofPN)Ni (Scheme 29). Exposure of this
precatalyst to octeneka or 1c¢ (33 equiv in keeping with catalytic conditiorg3e (24 h
CsD12) resulted in no observable reactiomsed orf'P NMR daa. Similarly, various
attempts to rea¢PN)Ni with stoichiometric HBPin failed to generate products.
Conversely®'P NMR data Figure S2-19) collected on a sample (®PN)Ni that had been
exposed to HBPif33 equiv) undesimilar conditions 3e (24 h, GD1o) revealed two
major signals in ~1:2 ratid27.4 ppm (PN)Ni) and 140.0 ppm, the latter of whih
tentatively assigned tine borohydride amplex (PN)Ni(H2BPin). After a total reaction
time of 43 h, the signalt 140.0 ppm representise major phasphoruscontaining species,
with some amount dflizH2 (121.3 ppm being detectedAt this stage, heating the sample
for (65e @B,h, Figure S220) resulted in the further conversiemNizH2 based orf‘P
NMR data. Continuetieatingat65¢ @esulted in the loss ofaP NMR signal

attributable tqPN)Ni(H2BPin), with Ni2H2 representing the major phospherus
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containing product in solution. Notabiy, no instance digxposure oNi2H2 to HBPIn
(33 equiv per Ni, €D12), eitheratroom emperature or upon heatirrgsultin conversion
to (PN)Ni(H2BPin) based of'P NMR datathereby suggesting that the formation of
Ni2H2 from this putative borohydride is irreversibkgforts to more comprehensively
characterizeén situ putaive (PN)Ni(H2BPin) provedchallenging, given the excess of
HBPin employedand the use of fewer equivalents of HBPin relativ@”fd)Ni (23e C
CeD12) afforded directly a mixture dPN)Ni(H2BPin) andNi2H2. Attempts to isolate
(PN)Ni(H2BPin) when formed as the major product as outlined above, by way of
concentrating the solutidn vacugq resulted in the near quantitative conversioNitd2,

and our efforts to crystalliz@’N)Ni(H2BPin) directly from the reaction mixtuneroved

unfruitful.
33 HBPin XP%
(PN)Ni NN HG - HBPin
- (SiMe;),NBPin | Ni_ BPin  —— » 0.5NiH,
(GC-MS) 0)\,4/ “H
HBPin
(PN)Ni ———&—>»
no reaction (PN)Ni(H,BPin)

Scheme 29. Probing the reactivity of (PN)Ni with HBPin.

The view that exposure @PN)Ni to HBPin affords one or more N1l species,
and(SiMes)2NBPinas a byproduct is supported by the observed formation of putative
(PN)Ni(H2BPin) andNizH2 (vide supra. The unequivocal NMR spectroscopic
identification of(SiMesz)oNBPinas a component d¢iie reaction mixture provediore
difficult. To obtain more definitive support for such precatalyst activation steps, an
alternative Niamido complexvas soughtor which the BN product generated upon

treatment with HBPin might be more defiaély identifiedusing NMR characterization
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data. Treatment d¥li2Cl2 with LiNH(2,6-iPr.CsH3) (2,6-iPr.CsHs = dipp) at room
temperature in THF afforded the diamagnetic com@R)Ni(NHdipp) in 80% isolated
yield, as outlined ifrigure 212. Single-crystal X-ray diffraction data confirm the
mononuclear, threeoordinatedistortedtrigonalplanarstructure of this complex, which

is structurally similar tgPN)Ni.

0.5 / \ / \ / \(@ w H .
. LiNH(2,6-iPr,CgH3) 7\NI\N

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

Figure 2-12. Synthesisand crystallographically determined structure of
(PN)Ni(NHdipp). Selected interatomic distances) @and angles°j for one of the two
crystallographically independent moleculegPRN)Ni(NHdipp) : Ni-P 2.1099(5), Ni
N(1) 1.8838(14), NiN(3) 1.8013(15), Mi-N(1) 83.20(5), Ni-N(3) 116.57(6), N(1)
Ni-N(3) 158.84(7), NiN(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 EXO (1 h,23 e C followed by
removd of the solvent and dissolution of the reaction mixture in bendgrevealed the
presence of a ~1:2 ratio Bi2H2 and(dipp)HNBPin (Scheme2-10), whereby the latter
B-N product was unequivocally identifleon the basis of NMRpectroscopic data via
comparison witHiterature dat&> While this metathesis reaction occurs immediately at
ambient temperature, it shid be noted that a resance corresponding to
(PN)Ni(H2BPin) can be observed over the course of this reactigRMN}NiH is trapped

reversibly; premature removal of volatiles may thus leave unre@eddNi(NHdipp).

s N

DAL

N~p/N' HBPin
/\ > 0.5 Ni,H,
Et,0
- (dipp)HNBPin
(NMR)

(PN)Ni(NHdipp)

Scheme2-10. Probing the reactivity of (PN)Ni(NHdipp) with HBPin.

Efforts were then directed toward direct observatiopaiéntial intermediates in
alkene {H. (PN)Ni wastreatedwith 33 equiv each dfaand HBPin under conditions
like those employed faratalysis (6% (21 h, GD12), andreactionprogresswas
monitoredby use ofP NMR methodsThe starting preatalyst is consumednda
cluster of signals centered around 128 ppm represents tbepaaks in thé'P NMR
spectrumalongsdea small amont of Ni2H2. Plausbly, the clusterrises fromsomeric

(PN)Ni(octyl) speciegFigure S222). In keeping withthe results featured Bcheme 24,
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NMR spectroscopic analysis of theaction mixture at this sige confirmed the
consumption oflaand HBPin, along with the formatiaf the terminal hydroboration
product a) andn-octane 2d). In adding a fresh charge ddand HBPin (33 equiv
each), the conversion @ and HBPin t®2aand 2d once again was obsed to proceed
on the basis of NMR data over the course of 24 h gt Gmterestingly, throughout the
course of this transformation, no change was observed #RH¢MR spectrungFigure
S2-23), with puttive (PN)Ni(octyl) anda small amount oNizH2 being observedlhese
observations are consistexith (PN)Ni(octyl) representinghe resting state(s) of this
catalytic system. Further treatment of this reaction mixture wititiaddl HBPin (33
equiv) afer 1 h (FigureS2-24) at65e @esulted in the rappearance of the resmnce
associated witPN)Ni(H2BPin), with the signals fo(PN)Ni(octyl) andNizH2 also
being present; subsequent additioia{33 equiv) led to the disappearancete P
NMR signal associated witfPN)Ni(H2BPin) after 4 h ab5e QJnfortunately, efbrts to
synthesiz€PN)Ni(octyl) independently via salt metathesigNitCl2 with
octylmagnesium bromide generated complex mixtures of products.

2.3.1 MechanistidProposal for (PN)MH-CatalyzedAlkene |-H

When cosidered collectivelythe stoichiometrt reactivity studies employing
(PN)Ni that are presented in this chapes consistent with the mechanism for octene |
H generalized fo(PN)M outlined inScheme 211 (with 1cas a representae substrate
and leading t@a). Initial activation of(PN)M by HBPingenerates& mononuclear
hydride(PN)MH , which can reversibly bind HBPin to gi{eN)M(H2BPin) or dimerize
to give((PN)MH)2. Then,binding and 1,2nsertion oflc by (PN)MH to afford

(PN)M (4-octyl), and subsequergversilbe b-H elimination/1,2insertion stepdeadto a
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distribution of(PN)M (octyl) isomers that representetinesting state of the catalybt.the
case of terminally selective transformatioasglusively(PN)M (1-octyl) reactswith
HBPIn to afford2aand regenate(PN)MH . A related mechanism has been proposed for
the coppercatalyzed asymmetric hydroboration of alkefes.

Building on these empirical observations, DFT computational aisabyshis
reaction landscapeas carried out by a team of collaborators (Ess anslar&ers,
BYU), with the goal of assessing the valdf this mechanistipicture fa the four
(PN)M precatalysts involved (M = Mn, Fe, Co, Ni), and to gain insights regarding their
differing catalytic behaviolOur team waslso interested in hoping to understainel
complex reactivity of Ni in this regaréhcludingpotential mecanisms forobserved

hydrogenation of alkenes.

60



(PN)M(H,BPin)

HBPin |f-HBPin

(PN)M
HBPin 0.5 NiyH,

-(SiMe3),NBPin
- )

N—p— M—H

(2a) (1c)
borylation (unobserved) 1,2-insertion
HBPin
Q@ Q\S(S@ i
N\ | N\_
N,\Pj\M\/\Can N\P7\M

S~ -

isomerization via
p-H elimination/
1,2-insertion steps

Scheme 211. Generalized proposed catalytic cycle for terminally selectivalkene F
H involving (PN)M precatalysts.

2.4 Sunmarized Computational idiesfrom the Ess Group

2.4.1Key Computational fhdings

To interrogate th@roposednechanism oélkene tH via (PN)M precatalysts
(Scheme 211), computationalnvegigations using ensity functional theoryDFT) were

conductedinitial work focused on modelling the struces of the precatalysts in the

octane solvent continuum; the calculated structures were found to closely resemble the

solid state structuresn the calculated structures, a singlet elmuic state was founibr

(PN)NI, supporting its experimentally observed diamagnetism.
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The calculated modes of precatalyst activatdgenerate a putati{@N)MH
intermediatecorrespondedvith experimental obenetions: 1,2 insertion of doctene into
the M-(amido) bond wasadund tobe of high energy, consistent with the lack of observed
reactivity in ths regard, an@A/RE processes that invoke Ni(IV) intermediates were not

located. The bond strengths of the(dMrido) bonds were sufficiently large poeclude

ionic or radicaldissociatbn of the amido groupRat her , t Hoend metathpsss e d

pathway between HBPin aifBN)M to form (PN)MH (and (SiMe)2NBPin) was

favored. The calculated energy barrier fusteaction was found to be highest for
(PN)NI, in keeping with th observedluggish reaction at room temperature, even in the
presence of large excesses of HBPin.

Formation of proposePN)M(H2BPin) intermediates§cheme 29) wasfound to
be exergonic for Co and Ni; moreayéhese species weoaly slighty higher in energy
than the most stab({@N)M(octyl) isomers.These data are consistent with the
observation of slight conversion from the resonances attribu{@&NjiNi (octyl) to those
of (PN)Ni(H2BPin) when a catalytienixture is exposed texcess HBR.

The ability of(PN)MH species to coordinatnd insertilkenes was found to be
divergent.Coordination ofL.cto (PN)MH was found to be endergonic for Mnd Fe,
and exergonifor Co and Ni. FoiFe an electronic spHerassover from a quinted a
triplet state was found to lower the energy for this stdy transition state for the
insertionof trans-2-, -3-, or -4-octene ligandsto the MH bondwas prohibitively
endergonidor Mn, modestly endergonic for Fand mininally endergonidor Coand Ni

(relative to thasomeric(PN)MH(octene)species) These dataorrespondvith the
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experimentally observed failure #N)Mn to perform either akkne tH or
isomerization.

The relatve energies of the various possil{leN)M(octyl) isomers generateda
chainwalking stepswereprobed collectively,they were found to be lowest in energy
among all the omtycle candidates, supporting the proposal that they behave as resting
states in th cdalytic cycle(Scheme 211). While for Mn and Felere existed high
barriers to octene insertioamong eacimetal the variougPN)M(octyl) isomers were of
similar enegy. While this might appear to contradict the obsersqurimental terminal
selectivity for(PN)Co, further analysis of thedsylation $ep revealed the origin of
selectivity.The borylation step diBPin andthe linearlPN)M(n-octyl) isomer was
compared with a branchéBN)M(CHR 2) isomer.With HBPin, all-bond meathesis
pathway to generate octylBPin andeeeratdPN)MH wasfavored. Furthermorethe
transition state energidar this step wrea), significantly higher for the branched isomer
than the linear, and pfor Co and Ni, significantly highdhan all transition barriers
associated with alkene coordination and civaatking. For Co and Ni,lese data
supportech CurtinrHammett scenario, wherein the origin of terminal selectivity in alkene
I-H was dictated by a ratdetermining terminal borylatn of (PN)M(n-octyl) with
HB P i n -bend metathesis.

2.4.2Limitations and Outlook

Unfortunately, thes®FT computationatlata did not reveal reasons for the
unexpected catalytic performance of Ni outlingéde supraWhile NizH2 was found to
be of significantly lower eneygthan(PN)NiH, consistent with experimental results,

other findingswere less illuminatingMetathesis of eithgPN)NiH or (PN)Ni(octyl)
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with HBPinto generatan-octane, or reducing equivalents in the form ef & well as
(PN)NiBPin was found to be uakorable compared to othesmpetingprocesses.
Furthermore, the higher temperatures required experimentdégititate Ni catalysis
were not consistent with the computational barri€igen the apparent inconsistency
between the experimental resultegented in this chapter and the DFT work of our
collaborators, it is plausibkbat other intermediates or aff/cle processeasot captured
in the DFT analysiare responsible for these contradictions.

2.4.3 Chapter Summary

In comparing the performancé (@N)M (M = Mn, Fe, Co, and Niprecatalysts
in the FH of octene isomers to for@e, divergent reactivity patterns were found.
(PN)Mn and(PN)Ni showed poor performance compared@Rdl)Fe and(PN)Co.
Derivative(PN)MH intermediates generated upon reattd(PN)M with HBPin appear
plausible based on computational data, although this species was not detectable
experimentallyRather, chemistrinvolving (PN)NiX complexes establishédizH2 as a
robust offcycle speciesas neitheNizH2 nor therelated fou-coordinate complexes
(PN)NiH(pyr) and(PN)NiH(DMAP) showed useful performanag|-H chemistry.
Experimental and computational data sug@est)Ni(octyl) isomersgenerated in
equilibrium via BHE processes beingplausible catalytic resting stat¢®N)NiH2BPin
represents a species of similar energy, and the re{HN)NiIH generated in the
presence of excess HBPBorylation selectivity can be understood through a
Cur t i n1 Ha mmwehere thedbarrenfa rateoting terminal borylation is
significantly lower than internal borylatio@omputational investigations suggested the

importance of spitrossover events in the proposed catalytic cycle. Unfortunately, the
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origin of complex mixtures in the Miatalyzed reactions have not been understood.
However, inspired by the unexpected propensity of Ni catalysediace unsaturated
substrated, pursued applications that are described in Chaptir&ctions 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 ineratmosphere glovebox or by using standard Schlenk techniques using
ovendried glassware. Dry, oxygdree solvents were udeinless 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 copp€®5 reactant. Tetrahydrofuran andttig ether were purified by
distillation under nitrogen from Na/benzophenone. Deuterated solvents and alkene
substrates were degassed via three freezel
chemicals were stored over 4 A molecular sieves. Precaté®gisl (M = Mn 28 Fe®°
Co) and DBPif® were also synthesized employing literature procedures tiAdiro
reagents were pohased from comercial suppliers and used without further
purification. Unless otherwise statédl, 13C, 1B, and®'P NMR characterization data
were collected at 300 Kn a Bruker AV500 spectrometer operating at 500.1, 125.7,
160.4,and 202.5 MHz (respéively) with chemical shifts reported in parts per million
downfield of SiMe for *H and**C, BR-OEt for 'B, and 85% HPQy in D20 for 3'P.H
and'*C NMR chemical sift assignments are based on data obtained f#@m

DEPTQ135H 1*H COSY,H 1**C HSQC, andH i**C HMBC NMR experiments. In
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some cases, fewer than expected untid@eNMR resonances were observed, despite
prolonged acquisition times. Splitting patterns are abbreviated as follows: br, broad; app,
apparent; s, singlet; 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 strument equipped witme&8GE BP5 column (30 m, 0.25 mm i.d.).
Crystallographic data were obtained at or below 193(2) K on a Bruker D8/APEX Il CCD
diffractometer equipped with a CCD area detector, employing samples that were mounted
in inert oil and transfred 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
squaresefinement on F2 were used throughout. All siydrogen atoms were refined
with anisotropic displacement parametétsll crystallographic solution and refinement
details are provided in the deposited CoRtine (CCDC 1818286 1 8 1 8% 9 0) .

2.5.2 Specific Experimental Considerations

Synthesis of((PN)NICI)2

A glass vial containing a magnetic stir bar was charged with,tihga (0.209y,
0.95 mmol), and subsequently THEIL). Magnetic stirring was initiated, ardPN
(0.4® g, 0.% mmol) was addeds a solution in THF (6 mlLjesulting in the formation
of adarkpurple solution. After 30 mirthe vial contained a bright purple gel.
Triethylamine (30& L.2.15mmol) was added tthegel, whichreformed as anrange
redsolution After 10 min, the volatile components were removed in vacuo. The

remaining residue was triturated with pentane (3 x 3 mL), taken up in benzene (10 mL),
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and the mixture was filted through Celite. The elaewas collectedand the volatile
components were removedvacuo The resulting red residue was triturated with
pentane (3 x 3 mL) and driéa vacuoto afford analytically pur&li=Cl2 (0.486 g, 98%
yield) as a dark regurple solid. Anal. Calcd forCssHgoCl2N4Ni2P2: C, 62.64; H, 7.79; N,
5.41. Found: C, 62.53; H, 7.90; N, 5.48.NMR (5001 MHz, benzenak): & 7. 31 ( m,
H, Harom), 7.03 (M, 2H, Harom), 6.911 6.89 (overlapping resonanced:d4Harom), 6.841
6.75 (overlapping resonancesiBHarom), 4.03 (app septet, 4, 3Jun = 7 Hz, CHMey),
1.94 (d, 12 H33uw = 7 Hz,CHMe2), 1.55 (d,36 H,3Jpn = 14 Hz, PtBy), 0.98 (d, 12 H,
3341 = 7 Hz,CHMey). 3C{*H} NMR (125.7 MHz, benzend 6 ) :  UCawoh oM. 4 (
HMBC), 145.2 Caron), 135.2 (d2Jc= 22Hz, PNCN), 130.8 CHaron), 128.8 CHaron),
127.1 CHarom), 126.0 CHarom), 123.4 CHaron), 39.3 (d,*Jpc = 25 Hz PCMe3), 29.1
(CHMey), 28.4 (P®/e3), 24.7 (CHVIe), 23.5 (CHMey). 31P{*H} NMR (202.5 MHz,
benzeneds) : U 118. 5.

Synthesis of(PN)Ni

In the glvebox, an overried bomb equipped with a stir bar was charged with a
dark red solution offPN)NICl] 2 (203.3 mg0.196 mmol) in benzened. 8 mL).
LiN(SiMes)2 (65.7 mg, 0.392 mmol) was subsequently transferred to the vessel as a solid.
The vessel was aked and taken outside the glovebox, where it was heated in°&@h 85
oil bath. After 24 h, the vessel was broutb the glovebox, and solvent was removed
in vacuq leaving a dark residue. The residuas triturated with pentane (3a.3 mL),
and therbrought up in pentaned.8 mL) and filtered through Celite. The dark green
yellow eluent was collected in a pneeighed vial. Removal of solveimt vacuoyielded

analytically purg PN)Ni. Yield: 246 mg, 98%Anal. Calcd for CazsHssN3NiPSk: C,
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61.67; H,9.10; N, 6.54. Found: C, 61.29; H, 8.93; N, 6 32NMR (300 MHz, benzene
ds) : U7.42 (m424Haron), 7.181 7.13 (m, 1 HHarom Overlapping witthenzene
des), 6.961 6.83 (M, 2 HHarom), 6.83i 6.76 (overlapping resonances, 3HHyon), 4.52i
4.38 (app septet, 2 Fun = 7 Hz, tHMey), 1.617 1.55 (overlapping resamces, 24 H,
CHMe; and RBL), 0.83i 0.81 (d, 6 H3Ju = 6 Hz, CHMe»), 0.48 0.46 (s, 18 H,
N(SiMes)2). °C{*H} NMR (75.4 MHz, benzen&ls) : U ©TN)6146%5 Cdod), 143.2
(Carom), 134.1 Carom), 132.2 CHarom), 130.1 CHaron), 128.1 CHarom), 127.1(CHaron),
125.7 CHaron), 38.91 38.6 (d,XJcp= 25 Hz, PCMes),), 30.0 CHMey), 29.21 29.1 (d,
2)cp= 4 Hz,P(OMe3)2), 25.2 (CHVIe2), 24.4(CHMey), 7.7 (SMes). 31P{H} (121.5 MHz,
benzeneds) : U Cly&as.sufitable for Xay diffraction were grownrbm a
concentrated solution of pentane 2 °C.

Synthesis of (PN)N(NHdipp).

In the gloveboxaglassvial containing a magnetic stir bavas charged with
Ni2Cl2 (0.20 g, 0.19 mmol) and NiHdipp (0.071 g, 0.39 mmol)THF (ca. 10 mL) was
addedand the resulting mixturgirred at room temperature for 30 minutes. The volatile
components of the reaction mixture were sajuently remowvein vacuo. The remaining
residue was triturated with pentanex(3 mL), then taken up ipentangca. 10 mL) of
and filtered through Celite. The filtrate solution vea#lected,and the volatile
components were removedvacuoto afford(PN)Ni(NHdipp) (0.20g, 80%yield) as a
analytically pureblack solid Anal. Calcd forCssHssNsNiP: C, 71.13; H, 8.88; N;.39.
Found: C, 70.88; H, 9.00; N, 6.5 NMR (300 MHz, benzende): i 77. 743 (m, 2
H, Haron), 7.071 6.92 (overlapping resonancésH, Haron), 6.871 6.80 (overlapping

resonances, 3 HHarom), 4.92 (sept, 2 HJun = 7 Hz, GHMey), 4.43 (app sept, 2 H,
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CHMey), 3.30 (br s, 1 H, N), 1.63 (d, 6 H3Ju = 7 Hz, CHMe2), 1.46 (d, 18 H3Jup =
14 Hz, RBp), 1.25 (d, 12 H3Juy = 7 Hz, CHVle2), 0.92 (d 6 H, 334 = 7 Hz, CHVIey).
13C{'H} NMR (75.4 MHz, benzenel) : U TN)41508 Cdo)l, 144.8(Caron),
141.9 Caron), 138.2 Caron), 130.7 CHarom), 129.1 CHaron), 1275 (CHarony), 126.0
(CHarom), 125.2 CHaron), 124.7 CHaron), 118.7 CHarom), 38.8 (d,XJcp = 26 Hz, EMes),
31.0 CHMey), 29.2 CHMey), 28.2 (d3Jcp = 4 Hz, PG/es), 24.6 (CHVIe), 23.7
(CHMe), 22.8 (CHMe). 3'P{1H} (121.5 MHz, benzenes) : U Cly8dkof7 .
(PN)Ni(NHdipp) suitable forX-ray diffraction were grown from a concentrategO
solution at-35 °C

Synthesis ofNizHo.

In the gloveboxNi2Cl2 (224 mg, 0.216 mmol) was dissolved in THR&a.@8 mL)
in aglassvial equipped with a magnetic stirrifigr to form an orangpurple dichroic
solution. This solution was stirred for 5 min, and then hHt(1.0 M in toluene, 443
eL, 0. 420 eguwm wads added via micropipette to the stirring solution, which
turned black, and then dark green over mieute. After 1 h, THF was removéa
vacuq the black residue was triturated with pentane ¢a.8 mL), extracted into
benzeneda. 10 mL),ard filtered througtCelite. The dark green eluent was concentrated
in vacuaq triturated with pentane (3sa.3 mL), and driedn vacuoto yield analytically
pureNiz2H2 asa dark green powder. Yield: 140 mg,%. Anal. Calcd forCsasHgoNaNioPo:
C, 67.D; H, 855; N, 5.80. Found: C, 67.26; H, 9.1N,;5.62
IH NMR (500.1 MHz benzenals) : Ui 721 (#,3} HHaron), 6.961 6.93 (M, 2 H,
Harom), 6.861 6.85 (overlapping resonances, 10Hd;on), 3.791 3.70 (app septet, 4 H,

CHMe), 1.84i 1.83 (d, 12 H33 = 7 Hz, CHMe), 1.38i 1.35 (d, 36 H3}p = 14 Hz,
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PtBLg), 0.987 0.96 (d,12 H,3n = 7 Hz, CHMe), -27.741 -27.93 (M, 2 H, NH).
13C{H} NMR (125.8MHz, benzenak): ti 1 7Grom) 11482 Caron), 143.6 Caron),
136.0 fJpc = 21 Hz, NCN), 1306 (CHaom), 128.6 CHaron), 127.1 CHaron), 125.0
(CHarom), 124.2 CHarom), 37.7 {Jpc= 27 Hz, PCMes)2), 29.0 (P(®les)2 andCHMe;
overlapping), 25.4 (CMey), 23.3 (CHVe). 3'P{*H} NMR (202.5 MHz,benzeneds) : U
122.3 (app ndue to incomplete decoupliraf NiH). A single crystal suitable for-Xay
diffraction was grown from the slowaporation of a concentrated solution of ether.

Synthesis of(PN)NiH(pyr) .

In the gloveboxNizH2 (50 mg, 0.052 mmol) was dissolved in pyridine (360 mg,
4.55 mmol) to form aarkgreen solution that turned dark rbcbwn overca.2 min. The
solution was cocentratedn vacuoand cooled at35 °C, which afforded crystals of
(PN)NiH(pyr) suitable for singlecrystal X-ray diffraction and for which satisfactory
elemental analysidatawere obtained. Yield: 43 mg, 69%nal. Calcd forCz2H4eN3NiP:
C,68.34 H, 8.24;, N, 7.47. Found: C, 68.55; H, 8.38, 7.52.Upon contacting non
pyridine solvent(PN)NiH(pyr) dissociates to form an equilibrium mixture of
(PN)NiH(pyr), pyridine, andNizH2. As such, NMR data fafPN)NiH(pyr) is inferred
from such an equilibrium mixte formed from the dissolution of crystalline
(PN)NiH(pyr) in benzeneds. 'H NMR (500.1 MHz benzenals) : Ui 789 (0,12 H,
Harom), 7.801 7.78 (M, 2 HHaron), 6.991 6.94 (overlapping resonances, 4Hdon), 6.89
i 6.87 (M, 2 HHarom), 6.561 6.53 (M, 1 HHaron), 6.21- 6.19 (M, 2 HHaron), 3.88i
3.79 (app septet, 2 By = 7 Hz, HMey), 1.69(d, 18 H,3Jp = 13 Hz, RBw,), 1.03 (d,
6 H,33n = 7 Hz, CHMey), 0.97 (d, 6 H3Jun = 7 Hz, CHMey), -20.24 (d, 1 H2J4p = 104

Hz, NiH). 3C{*H} NMR (125.8MHz, benzeneds): i 1 7Garom) 11522 CHaron),
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147.7 Carom), 143.1 Carom), 138.3 {dpc = 33 Hz, NCN)), 135.6 CHaron), 131.3 CHaron),
127.0 CHaron), 124.0 CHaron), 123.5 CHarom), 123.2 CHarony), 36.1 (d,}Jpc = 33 Hz,
P(CMez)2), 29.2 (dJpc = 3 Hz, PCMes)2), 28.5 CHMey), 23.9 (CHVIe), 23.3
(CHMe). *'P{*H} NMR (202.5 MHz,benzenals) : 131i8i 131.3 (app nuue to
incomplete decoupling of INi).

(PN)NiH(DMAP)

In the glovebox, DMAP(Q.005g, 0.04 mmol) and benzeie (ca. 0.75 mL) were
combined in a glass vial. This solution was transferred to another glass vial containing
Ni2H2 (16 mg, 0017 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 converdibpHafto
(PN)NiH(DMAP) was monitored by use &tP{*H} and *H NMR methods. Excess
DMAP was observable by use if NMR with broadened resonances, presumably due to
exchange of free and bound DMAP. Efforts to isolate synthetically useful quantities of
analytically purg PN)NiH(DMA P) via crystallization (as was done f@N)NiH(pyr))
were unsuccessful, and loss of DMAP upon workup prevented purification via alternative
methods. A minute amount of crystalline material suitable foaydiffraction was
obtained from a concentratedsat i on of the complex stored |
IH NMR (500.1 MHz benzenals) :  ti 7.80 (8,2 HHaron), 7.72i 7.70 (m, 2 H,

Harom), 7.09i 6.92 (overlapping resonances, 6HHyon), 5.63-5.62 (m, 2 HHarom), 4.06
i 4.00 (m, 2 H, EIMey), 1.89 (s, 6 H, WMey), 1.761 1.73 (d, 18 H3Jen= 13 Hz, RBW),
1.241 1.22 (d, 6 H33u = 7 Hz, CHVle2), 1.047 1.03 (d, 6 H33un = 7 Hz, CHMey), -

20.75i -20.97 (d, 1 H2Jpn = 107 Hz, NH). 2°C{*H} NMR (125.8 MHz, benzenes) : 0
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174.9 Caron), 153.4(Caron), 152.3 CHarom), 148.4 Caron), 143.3 Caron), 139.1 (d2Jpc=
21 Hz, NCN), 131.2 CHaron), 127.8 CHarom), 127.0 CHaron), 123.8 CHaron), 123.5
(CHarom), 105.8 CHarom), 37.9 (\Me2), 36.0 (d,}Jpc = 33 Hz, PCMes)2, 29.3 (d2Jc= 3
Hz, P(OMes)2), 28.6 CHMe,), 24.2 (CHVI), 23.6 (CHMey). 31P{!H} NMR (202.5
MHz, benzenels) : U T 136.4 (app ndue to incomplete decoupling of ).

General Procedure for Catalytic Reactions Using HBPin.

In the glovebox, a glass vial was charged with precaté®pé$iM (3 mol %),
octene (0.4 mmol), and HBPin (0.4 mmol in the casekbf$cheme 24, Scheme 25,
Scheme &b; 5 mol % in the case of isomerizati@heme 27). The vial was sealed with
a PTFElined screw cap featuring a rubber septamg 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 GEthods, the reaction vial was then opened to
air and extracted with Et OAc (500 e¢L). Dod
the resultant solution as an internal standard. The solution was filtered through a short
silica plug into a glass vial suitedrfuse on a GC autosamp{&C vial). The reaction
vial was further extracted with a second p
again filtered through the same silica plug and collected into the same GC vial. The vial
was sealed with a PTFE sareap 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 sdion (20.0 mg/mL) of ferrocene inCDZI 0. 011 0. 03 mme
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ferrocene employed). The vial was further diluted with pure GDG 00T 900 € L) an
filtered through silica into an NMR tube for subsequent NMR analysis.
Procedure for the Reaction of Octenes with DBPiIn
In the glovebox, two glass vials veecharged with precataly@N)Ni (3 mol %).
One vial was charged withdctene, while the other was charged with trdctene (in
each case, 57.0 €L, 41 mg, 0.36 mmol). DBP
added to each vial. The vials were sdalgéth a PTFEined 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, eacontaining homogeneous damrd mixtures, were brought
into the glovebox and opened under nitrogen. In each case, the contents of the vial were
split viamicropipettet r ansf er of a 55 €L aliquot from e
by using a micropigtte. For edtreaction, one portion was dissolvedsgHg( 500 € L) ,
transferred to an NMR tube, and analyzed by ugel MR and!'B NMR methods.
The other half wataken out of the glovebox, exposed to air, and dissolved in O&I
500 eL). Thi sfrattiantwaseanalyzed by ase’sf NMR amd*3C{ H}
NMR methods, whereby in the latter case a long relaxation delay was employed to
improve quantitationNotably, components of the mixture were poorly resolved in the

spectra obtained, thus complicatingessssnent of positional deuterium incorporation.
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2.6 Supporting Figures
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Figure S21.'H NMR spectrum of Ni2Cl2 (benzeneds, 300MHz).
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Figure S22. 31P{'H} NMR spectrum of Ni2Cl2 (benzeneds, 121.5M Hz).
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Figure S23. 13C-DEPTQ135NMR spectrum of (PN)Ni (benzeneds, 75.4MHz).
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Figure S25.31P{*H} NMR spectrum of (PN)Ni(NHdipp) (benzeneds, 121.5MHz).
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Figure S26.13C-DEPTQ135NMR spectrum of (PN)Ni(NHdipp) (benzeneds, 75.4
MHz).
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Figure S27.'H NMR spectrum of Ni2H2 (benzeneds, 500.1MHz).
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Figure S28. 31P{1H} NMR spectrum of Ni2H2 (benzeneds, 202.5MHz); multiplet
structure due to inefficient decoupling of the NiH.
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Figure S29. 13C-DEPTQ135NMR spectrum of Ni2H2 (benzeneds, 125.7MHz).
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Figure S210. 3P{*H} NMR spectrum acquired after reaction at 110e ®etween
Ni2H2 and DBPiIn (5 equiv per Ni) (toluene-ds, 1215 MHz).
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Figure S211.'H NMR spectrum acquired after reaction at 110e ®etweenNizH2
and DBPin (5 equiv per Ni)(toluene-ds, 300 MHz).
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Figure S2-13. 3P{1H} NMR spectrum of (PN)NiH(pyr) in equilibrium with Niz2H2
(benzeneds, 202.5MHz) ; multiplet structure d ue to inefficient decoupling of the Ni-
H.
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Figure S214.13C-DEPTQ135NMR spectrum of (PN)NiH(pyr) in equilibrium with
Niz2H2 (benzeneds, 125.7MHz).

87



o o, A
I '\N >
300 K, equilibrium @j{:}\@l[ | /\‘5\\ 7(’7’(

T L N R W

300 K, non-equilibrium \ ’

338 K, 85 min

T RIS S

338 K, 55 min

U | S ——

338 K, 20 min |

e T P VP

300 K, equilibrium

P R R S B

145 140 135 130 125 120 115 110 105 ppm
Figure S215. Temperature-dependent3:P{*H} NMR spectra arising from changes

in the equilibrium proportions of (PN)NiH(pyr) (12 mg dissolved in 0.75 mL
benzeneds) and Ni2H2 (1215 MHz).
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Figure S216. 'H NMR spectrum of (PN)NiH(DMAP) (benzeneds, 500.1MHz).
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Figure S2-17.3'P{*H} NMR spectrum of (PN)NiH(DMAP) (benzeneds, 202.5MHz);
multiplet structure due to inefficient decoupling of the NiH.
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Figure S218.13C-DEPTQ135NMR spectrum of (PN)NiH(DMAP) (benzneds,
125.7MHz).
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Figure S219. 3'1P{*H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPIn (33 equiv; 23e OCeD12, 121.5MHz). Top: after 24 h. Bottom: after

43 h.

92



[~ &y <+ W0 L1p V=R T Ty e [se i) w
= = m = oo~ e ~ N Oy
o Oy — —A-d OO — — v
T o " m NANNNN — oo
— — o — —

I | I I I |
150 145 140 136 130 125 120 116 110 105 100 ppn

Figure S2-20. 3P{1H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPiIn (33 equiv; 65 (5,h, CGsD12, 121.5MHZz).
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Figure S221. 31P{*H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPin and 1a(33 equiv each; 2% C25h, CeD12, 121.5MHz).
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Figure S222.31P{*H} NMR spectrum of the reaction mixture upon exposure of
(PN)Ni to HBPin and 1a (33 equiv each; 6% C21 h, GDi2, 121.5MHz). Inset:
signals observed ithe hydride region of thtH NMR spectrum CeD12, 300MHZz)
obtained from the reaction mixture.
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Figure S223.3P{*H} NMR spectrum (CeD12, 121.5MHz) of the reaction mixture
upon: initial exposure of (PN)Ni to HBPin and 1a (33 equiv each; 65 C21 h),
subsequent addion of a fresh charge ofHBPin and 1a,and further heating (33
equiv each; 65¢ C24 h). Note thatcorrespondingH and!'B NMR spectrandicatethe
generation of a similar distribution of productsater the initial exposure.
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Figure S2-24. 31P{*H} NMR spectrum (CeD12, 121.5MHz) of the reaction mixture
upon: initial exposure of (PN)Ni to HBPin and 1a (33 equiv each; 6% C21 h),
subsequent addition of a fresh charge of HBPin and 1a, further heiaty (33 equiv
each; 65¢ C24 h),subsequent addition of a fresh charge of HBPin, and further
heating (33 equiv; 6% CL, h).
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Figure S225. Quantitative *3C{*H} NMR spectrum of the CDCIz portion of the
reaction mixture derived from the |-H of 1awith DBPin employing (PN)Ni (3
mol%) as a precatalyst.
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Figure S226.°H NMR spectrum of the CsHe portion of the reaction mixture derived
from the I-H of 1c) with DBPin employing (PN)Ni (3 mol%) as a precatalyst.
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Figure S227. Quantitative **C{*H} NMR spectrum of the CDClz portion (see
experimental protocol for details) of the reaction mixture derived from the H of 1c
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 amideductioi’” have been widely applied in
pharmaceutical synthegi&including in the initially reported synthesis of morphfie;
however, thesprotocolstypically require the use dfarsh alkali metal hydride(e.g.,
LiAIH 4) or related reductants. In this context, the use of more mild hydrosilane reducing
agent$® under the influence of transitionetat® or other (e.g., bordf¥ or zinc*%)
catalysis represents an attrae#i alternative to more ceantional amide reduction
protocds. The application of first roitransition metal catalysta the hydrosilative
reduction of amides is appealing relative to the use of precious metal cajalgstthe
comparatively low cost ahhigh natural abundancéthe former; however, a relatile
small number of such catalysts that are capable of effecting amide reductions of this type
have been identified. In 2009, the groups of B&lfandNagashim#® independently
reportedthe first successful hydsilative reduction of amigs employing first row
transition methcatalysis,in which Fe carbonyl precatalysts were employ&8 mol%
Fel 00 e Gnred2dfiondhof mostlyertiary amide substrateBhis chemistry has
been extended to less reactiveides including primary aiges®® In the
aforementioned report from the Beller grodfisotopic labeling studies pvided
evidence in support of the meclsan featuredn Scheme 31, whereby metatatalyzel

hydrosilation of the amide carbonyl group affords the correspon@usgylated
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hemiaminal Hydride transfeof the derived iminium ion inurn affords the

corresponding aminaswell 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 &+
H-SiR;
R3$iZO y . H
' - @ O N o
R/\i_!‘!Rz R NR, + O-SiR;
O-silylated Iminium
hemiaminal intermediate

Scheme 31. Mechanism for the formation of amines via hydrosilative reduction of
amidesas propod by Beller and ceworkers.

Subsequent reports by tigeoups ofSortais and DarcéP/ Buitrago and
Adolfssoni®®and Dries¥® document the use &fHC-ligated Fe species for such
transformationsPrior work nvolving the Mn, Co-, or Ni-catalyzed hgrosilative
reduction ofamidesis much more limited. The use G(COx (1 mol% Cq1 0 0 - C,
16 B in suchreductiors of tertiaryamideshas been disclosé# and the application of
Ni catalysis inhydrosilativeamide reductions is limited to a report lamillapalli and
Sekat!! regarding theeduction ofa-keto amides (5 mol% Ni(OAg)10 mol%

TMEDA, 10 mol% KQBu, 2560e (8-48h), as well as a report by Garg and-co
workers'? regarding théwydrosilative reduction ofraidesemployingNiCl.dme(10
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mol%Ni , 115 Tgese Nibasedsystgmseffeciedthe hydrosilative reduction af
broad sope ofboth tertiary and secondary amides with synthetically useful substrate
scope Prior to 2017, only three isolated table entries documenting thedtyzed
hydrosiktive reduction ofamides existed in the literature, involving the reduction of
dimethylformamide or diethylformamidéy use ofCpMn(CO} (5 mol%Mn, 120 e C,
h),113 or featumg the use oMnz(COXo for the reduction oN-acetylpiperidine (2 mol%
Mn, 5 mol% E$NH co-catalyst 100e €16 h)14In targeting highly effective 3d
transition metal catalysts supportedNiphosphinoamiohate ligation the
Dalhousie/®Chem teandisclosed that threeoordinatg PN)Mn is an effective
precatalyst for the hydrosilative redimt of various carbonytompounds by use of
PhSiH: (exclusively), including tertiary (but not primary or secondary) amides under
reasonably mild contions(5 mol%eMn , 75 en@%Mnd, h2 5482k¢€, 3
Encouraged by the useful catalytic profile exhibited®y)Mn 8 my thesis
research included study feused on evaluating in a systematic manner the catalytic
performance ofPN)M (M = Mn, Fe, Co, and Ni) anstructurallyrelatedN-
phosphinoamidinate pratalystsjn addition toM(N(SiMe3)2)n (M = Li, Na, K, Mn, Fe,
and Co) preatalysts’ in the hydrosilative reduction of selected amide test subs(Bates

and3b). A summary of the research approach is providesthreme 22.
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o precatalyst optimization of

screen conditions
NRy, —M > NR,
PhSiH; N

R =Bn, 3a R =Bn, 4a pl_'ecatzfilyst
R =iPr, 3b R = iPr, 4b iteration
initial
precatalysts: Optimal
performance
> (PN)Ni (PN)Ni(OtBu)

O \ /
Wy AN OR  M(N(SiMe;),)
N—p—5 V—N iMe3);),

AR

AN X

(PN)M M = Mn, Fe, Co
M = Mn, Fe, Co, Ni Li, Na, K /

Scheme 32. Overview of efforts to develop catalysts for the hgrosilative reduction
of amides as described in this chapter.

The reslis of this investigatiomredisclosedherein which confirmed the
superiority of 3d transition metatser simple alkali salts in this applican, aswell as
the benefits oN-phosphinoamidinatkgation. Notably, thenew mononuclear three
coordinateNi precatalyst(PN)Ni(OtBu) proved optimal, enablingoth the room
temperature reduction of,N-diisopropybenzamidg3b) in a manner that had nbéen
achieved previously, and the reduction of selected secondary amide test substrates.

3.2 Results and Discussion

3.2.1 Contributions

Takahiko Ogawavas involvedn theinitial optimization of conditions for the
reduction of compoundb. Crystallograply was grformed by Drs. Michael Ferguson
and Robert McDonald at the University of Albei@herwise all work presented in this

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

Thecatalytic reactivity surveywas commencely exanination ofthe reduction
of N,N-dibenzylbenzamide3g) to dibenzylamine4a) with PhSik employing the three
coordinateN-phosphinoamidinatprecatalyst§PN)M (M = Mn, Fe, Co, and Nijinder
reasonably mildaaction conditionsZ mol%M, 75 € k& Table 31, Entries 14). In all
cases, high conversion of the amide waseved, with the Mn and Ni pcatalysts
offering optimal catalytic performance in terms of conversiofet(>80%).The
observation of HNBpfas a &le-produd in these reactionsan be viewedas arising from
hydrolysisof the putativeD-silylated hemiaminal intermediat8a@ Scheme 32) upon
workup prior to calibrated GC analysiBhe reduction o8a (Scheme 3) under
conditions outlied in Enty 4 of Table 31 employing benzene in place of THF provided
support for such a proposalhile complete consumption 8 was achieved in benzene
after 1 h accompanied by the formatmfida (55%) and HNBgn (4 a &7%), afer a total
reacton time of 18 h, high conversion 4a (88%) and negligible amounts &fa(2%)

were observed.

Precatalyst
o y

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

Scheme 33. Precatalyst screen for the redution of 3a to 4a.
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Entry Precatalys Loading | Conversion 3a | Yield NBns Yield
(%) (%) (4a, %) HNBnN2
(4 a D),
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(SiMes)2)2 2 67 63 <5
6 | Fe(N(SiMe)y): 2 39 33 <5
7 Co(N(SiM&)2) 2 44 43 <5
8 Li(N(SiMes)2) 30 84 27 27
9 Na(N(SiMe)>) 30 >05 40 32
10 | K(N(SiMes)2) 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 f oQonvérsidm/yieldgivenbased on
responsdactor calibrated GC data using authentic samples versus dodecane as an
internal standard, following workup of the crude reaction mixture.

Under analogous conditiongl(N(SiMez)2). precaalysts(M = Mn, Fe,and C9
proved nferiorto their respectivél-phosphinoamidinateounterpartsTable 31, Entries
5-7). Moreover, while high conversion 8& was achieved by use of alkali metal
M(N(SiMez)2) precatalysts at rather highadings (30 mol% Li, Na, oK, Table 1,
Entries 810), poor selectivity fodawas achieved, due in part to the inefficient
conversion of intermediat&adas evidenced by the substantial amount atldat were

detected in the product mixture followingvkup.Although not conclusiely
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denonstrated, these results collectively suggest that transition metal catalysis may be
involved in facilitating the conversion 8a & 4a (Scheme 31).

The hydrosilative reduction ®™,N-diisoprogylbenzamide B8b) to
benzyldisopropyamine @b) was examined subsequently. A survey of the literature
reveals3b to be a significantly more challenging substrate in this chemistry relative to
3a, often requiring forcing reaction conditions to achieve bigtéevels of conversion®?
ForexamplejnBeller 6 s pi 0 n e ¢he use q FEC@)pas aptecatalyst for the
hydrosilatve reduction of amides, only 59% yield4if was achieved even after
extended reaction times at elevated temperaB@enpl% Fe1 0 0 e C%In24 h)
keeping with this trend, the reduction3tf proved difficult versusga for our (PN)M
precatalyst§2 mol% M, 75 € B Scheme 31, Table 32). Under these reaction
conditions,(PN)Co and(PN)Ni eachdisplayed a promising combination 3
consumption and conversion4b. While all members of thm(N(SiMes)2)2 (M = Mn,

Fe and C9 precatalyst seriggerformed poorly under similar conditions, the observed
consumption oBb when using(N(SiMez)2) (M = Li, Na, and K, 30 mol% M75 € C,

h), accompanied by the generation of significant amoundb ¢€.9., 37%, M = Na49%,

M = K), further underscores the potential utility of such alkali metal salts in hydrosilative
amide reduction chemistriféble 32). Application of (PN)M precatalyst&mploying

longer reaction times and higher catalyst logdi® mol% M, 18 h, Table 32) resulted
uniformly in high conversion a3b, with Co and Ni each providing optimal (83%)

formation of4b.
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Precatalyst
o y

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

Scheme 34. Precatalyst screendr the reduction of 3b to 4b.

(PN)M
Time (h) | Loading Mn Fe Co Ni
(mol% M) _ ,
% Conversion of 3b (% yield 4b)
1 23b >95(27) | 32(<b) | 72 (47) | 89 (67)
18 5 >95 (40) | 92 (56) | >95 (83) | >95(83)

Table 3-2. Screening for the hydosilative reduction of 3 (0.2 mmol) with PhSiHs
(0.4 mmol) in THF at 75¢ C e mp [Pdl)¥ iprecatalysts,yields reportedbased on
calibrated GC data? Use ofalkali metal M(N(SiMe).) precatalysts at higher loading
(30 mol%), afforded high conversion &b, but poor selectivity fodb (60 (15), M = Li);
83 (37), M = Na89 (@), M = K)» UsingM(N(SiMes)) precatalyss (M = Mn, Fe, or
Co),< 10% conversionf 3b wasobserved.

3.23 Precatalyst Iteration

In evaluating the catalytic screening results featur@@abie 31 andTable 32,
only (PN)Ni proved capable of effecting the reduction of b@dland3b to the
correponding tertiary amine4a and4b) in >80% yield under the test conditions
employed. Building on this observatidmpted to examine alternati¢BN)NiX
precatalystsin such transformations.

| drew upomqualitativeobservationshat (PN)Ni(NHdip p) reatcedrapidly at
ambient temperatungith stoichiometricHBPin to form a nickel hydridéScheme 29),
whereagPN)Ni required largexecesses ofiBPin and longer reaction timeScheme2-

10). In additionto comgring the performance dPN)Ni versus(PN)Ni(NHdipp ),
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related threeoordinatg PN)Ni(OR) (R =dmpor tBu) complexesvere identifiedas

being potentiallyinterestimy targets of inquirt?!'°> Exposure oNi2Cl2 to NaQBu (two

equiv) in THF enabled the isolati of (PN)Ni(OtBu) upon workupand treatment of

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

workup affordedPN)Ni(Odmp) (Scheme &).

NaOtBu

0.5 ((PN)NiCI),
THF, 25 °C

Do

N\pj\Ni\NHdipp

Je

benzene
25°C

P&

dmpOH (::)\;SK;
_— | ~—

=Ni—

N—p—
N

OtBu

Odmp

Scheme 3. Syntheses of (PN)NiOtBu) and (PN)Ni(Odmp).

In each case the target@eN)Ni(OR) complexwasobtained in analytically pure

form andwas characterized by use of both NMR spectroscopic and gsingial Xray

crystallographic techniques. Ie&ping with(PN)Ni and(PN)Ni(NHdipp ), the newly

preparedPN)Ni(OR) species were found to lbgamagnat, exhibiting sharp resonances

consistent with the proposed structural formulatia, Figure 31 andFigure 32).
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Figure 3-1. 'H NMR Spectrum of (PN)Ni(OtBu) (benzeneds, 500.1 MHz).



(PN) N1OtBu
ceho
1d_31F{1H}

130.40
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250 200 150 100 50 0 -50 -100 ppm

Figure 3-2.3'P{*H} NMR Spectrum of (PN)Ni(OtBu) (benzeneds, 202.5 MHz).

The crystal structures @PN)Ni(OtBu) and(PN)Ni(Odmp) are presented in
(Figure 33). Complex(PN)Ni(OtBu) exhibits ahighly distorted, threeoordinate T
shaped structure that is qualitatively similar to that of KBt)Ni (Figure 24) ard
(PN)Ni(NHdipp) (Figure 212), with an empty coordination sitedaedtransto
phosphorus. Given that crystallographically characterized examples of mononuclear Ni
alkoxo complexes (beyond methoxide) are limited to a small ¢aleof four
coordinate (PCP)Ni(OR) species recently reported by Campora andrkers (wlereR

= Et, nBu, iPr, or CHCH.OH),*'%the solid state structural characterization of three
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coordinatgPN)Ni(OtBu) warrants discussion. The 4 distance i{PN)Ni(OtBu)
(1.7699(11)4) is markedly shorter than the-9i contacts observed in the
aforementioned (PCP)NOR) series (1.841.89A). While it is tempting to invoke ND
p-bonding to account for thizsbservation, the lack of observable hindered rotation

phenomena in th#H NMR spectrum ofPN)Ni(OtBu) at 300 K Figure 31) would

suggest thiasuch interactions are not significant.

Figure 3-3. Crystallographically determined structures of (PN)Ni(OtBu) and
(PN)Ni(Odmp). Selected interatomic distancds) @and agles € for (PN)Ni(OtBu): Ni-
P 2.1092(4), NN 1.858(11), NO 1.7699(11), Mi-N 82.97(4), PNi-O 114.11(4), N
Ni-O 160.71(6). Selected interatomic distandesand anglesg for (PN)Ni(Odmp):
Ni-P 2.1273(4), NN 1.8859(12), NiO 1.8397(11), Ni-C8 2.358%16), Ni---H8A
2.023(17), Ni--H8B 2.061(17), MNi-N 83.64(4), PNi-O 94.65(4), NNi-O 175.61(5), P
Ni-C8 162.00(5).

WhereagPN)Ni(OtBu) is apparently #ona fide threecoordinate complex that is
devoid of additional coordinative interactiofBN)Ni(Odmp) is best described as
adopting a distorted sere-planar geometry, whereby agostic interaction(s) invigha
methyl group on the aryloxo ligand occur at the positiansto phosphorus. Such
agostic interactions apparently do not result in a chemisgghjficant difference in the

Ni-P distance ifPN)Ni(Odmp) (2.1273(4)A) versugPN)Ni(OtBu) (2.1092(4)A). The
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Ni-O distance observed {®N)Ni(Odmp) (1.8397(11)R), while significantly longer

than that found ifPN)Ni(OtBu) (1.7699(11)R), is distincty shorter than related ND

contacts found in soe other crystallographically characterized square plai{aryibxo)

complexes (1.90.92A).1%7

3.24 Progres Towards Milder Catalytic Conditions

Given thatall reported examples of the hydrosilative reductioBboby use of3d

transition metal catagy/i s

feature

el evat &8d0)ledaghtta on

establishwhether ou(PN)NiX precatalyss could enable room temperature reactivity (5

mol% Ni, 25

examined herein

eSchemel3R left). Except for(PN)Ni, each of the Ni preatalysts

highest caversion todb (84%), followed closely byPN)Ni(Odmp) (80%). In

modifying our original conditionsScheme 3, right) only such that the total volume of

added liquids/solution wab0

formation of 4b was achieved.

gather thard 0 0 , >859.% conversion &b and 90%

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 —8M8MM8 > N(iPr) N(iPr)y —M > N(iPr)
PhSiH 2 PhSiH 2
3 3
3b (0.4 mmol) 4b 3b (0.4 mmol) ab
(0.2 mmol) (0.2 mmol)
X = N(SiMes),, 74 (54) > Y =1, 39 (36)
©\§( X = NHdipp, 95 (74) Q\% Y =2, 62 (62)
TN TSNi—
N\P/ X X =0dmp, >95 (80) N\P/ OtBu Y = 5, >95 (>95)
4\ (PN)NiX X = OtBu, >95 (84) Yy, 4\ (PN)NiOtBu

Scheme 3. Optimization of the room temperature reduction of N,N-
diisopropylbenzamide () employing (PN)NiX precatalysts,reported as %
consumption 3 (% conversionto 4b) based oncalibrated GC data.

113

t em

af f Gl witk (BN)NXNOBE psovidingrithe e r s i o n



In monitorirg the progress of the reaction employ{iRN)Ni(OtBu), 46%
conversion of3b and 37% formation odb was noted after only 30 mins, and 84%
conversion o3b and 79% formation odb was notedafter 8 h, suggeistg that an 18 h
reaction time is not required arder to achieve high consgons withthis particular
precatalyst. By comparison, <10% and 31% conversiaddbafas achieved after 2 h and
8 h, respectively, when usirfBN)Ni as a precalyst under similaconditions(outlined
in experimental)Presumig that each of théPN)NiX precatalystafford a common
catalytic intermediate such @3N)NiH upon reaction with silane, the differing
performance ofPN)Ni(OtBu) and(PN)Ni can be attribted in part to thenore efficient
activation of the former. This sextion is qualitatively consistent wiltoichiometric
experiments involving treatment of these precatalysts with B{8Hequiv,benzeneds,
25 eC) in the absenc ehconditos,PNNEtBs)whsst r at e .
completely consumed upon migj (*H and®'P NMR), and after 4 h affordednaixture
of NizH2 and an unknown phosphoraentaining speciesiCP = 104 ppm) ica. 2.7:1
ratio. By comparison, no reaction was observed betweesilane ath (PN)Ni under
similar conditions after 20 minugeafter 4 ha mixture of the aforementioneeknown
phosphorusontaining speciesiCP = 104 ppm) anblizH2, along with detectable
amounts of PiSiHz, were observed spectroscopically.

Havingidentified (PN)Ni(OtBu) as an effective poatalyst for thénwydrosilative
reduction of the somewhat chailtgng tertiary amid@Db, | attempedrelated test
transformations involving selected secondary ami8ebéme 37). Eachof N-
benzylbenzamle and caprolactam were successfully redugeder more mild

conditions tharthose reported by Garg and-eorkers?2 employingNiCl.dmeas a
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precatalys{10 mol% Ni, 15 e C, De®#e this succss,(PN)Ni(OtBu) did not
prove to be a useful precatalyst for the reduatibeither benzaide orpivalamideunder
a variety of reactiogonditions such reactions resulted lingh conversion of the starting

materials accomgmied by thedrmation of compdx 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 37. Reduction of selectedsecondary amidesemploying precatalyst
(PN)NiOtBu) (0.2 mmol of amide; t.otal vol ume

3.3 Chapter Summary

In comparing the performance @IN)M (M = Mn, Fe, Co, and Niprecatalysts
supported byN-phosphinoamidinatiigation, as well asA(N(SiMes)2)n (M = Li, Na, K,
Mn, Fe,and CQ precatalystsin the hydrosilative reduction of selected tertianyide test
substrates using PhSiHonly (PN)Ni provedeffective n thereduction of bothN,N-
dibenzylbenzamide3g) andN,N-diisopropylbenzamide3p). The utility of this Ni
precatalyst n such reactions prompted iteration toward o{f®)NiX precatalyss,
which included the new crystallographically characterized comp(@téNi(OR) (R =
2,6-dimethylphenyl otBu). Whereas in the solid stgfeN)Ni(OtBu) exhibits a three
coordinate struare that is devoid of additional coordinative interacti¢gR&)Ni(Odmp)
was found to adopt a distorted squpl@nar geometry featuring agostic interaction(s)

involving a methyl group on the aryloxo ligand. The theeerdinatg PN)Ni(OtBu)
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complex provd to be particularly effective in such amide reduction chemistmyhér
optimization allowed for unusually miklansformationsincludingthose aroom
temperature involvingl,N-diisopropylbenzamide and caprolactdbirections for further
inquiry basedn these results are outlined in Chapter 5.

3.4 Experimental

3.4.1General Experimental Considerations

Unless otherwise indicated, all experimental procedures were conducted in a
nitrogenfilled, inertatmosphere glovebox using ovdried glassware and pfied
solvents.The followingsolventpurification methods were ad: 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 cQfpeactant
and storage over activated 4 A molecular sieves; tetrafydrowas dried over
Na/benzophenone followed by distillation under an atmosphere of nitrogedadaents
were stored over activated 4 A molecular siePéenylsilane and benzedewere
degassed via three freegempthaw cycles and stored over 4 A mallar sieves\,N-
dibenzylbenzamide and,N-diisopropylbenzamideere prepared as described
previously® and the lattewasfurther purified byrecrystallization from THF a35 °C.
(PN)M (M = Mn 2 Fef® Cof and NP9, (PN)NiCl)2,8° (PN)Ni(NHdipp),2° and
M(N(SiMes3)2)2 (M = Mn, Fe,andCo)*'8were prepared according to literature
proceduresAll other reagents were purchased from commercial suppliera/areised
without further purification. Unless otherwistated!H, *C, and 3P NMR
characterization data were collett 300 K on a Brugr 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 SiMa for *H and**C, and 8%6 HsPQ: in D20 for 3!P.H and®*C
NMR chemical shift assignmendse based on datdtained from-*C-DEPTQ135 1H-
H COSY,H- BC HSQC, andH- 3C HMBC NMR experimentsGas chromatography
(GC) data were obtained on a Shimadzu instrument equippedm@& & BR5 column
(30 m, 0.25 mm i.d.), whereby resposfaetor cdibration was carried out using authentic
samples relative to an internal standardLEMMS data were colléedon an Agilent LG
MSD system. The column used was Agilent Poroshell 12@HSG (3 X 150mm, 2.7
pm) andtheflow rate was 2 mlmin. For the graiént, solvent A was kD with 0.1%
formic acid, solvent B was acetonitrile with 0.1% formic acid. Gradiemtext with 90%
solvent A (10% solvent B) and in 15 minutes finished with 100%esbB. The mass
spet¢rometerscanned from 100 1000 m/z in positie ESI mode Crystallographidata
were obtained at or below 193(2) K on a BruReATFORM/APEX Il diffractometer
equipped with a CCD area detector, employing samples that were mounterd @il in
and transfered to a cold gas stream on the diffractoméd@it cell parameters were
determined and refined on all reflections. Data reduction, correction for korent
polarization, and absorption correction were each performed. Structure sahditmast
squares finement onF2 were used throughout. All neydrogen atoms were refined
with anisotrojic displacement parameters. Full crystallographic solution anteraént
details are provided in the deposited CIFs (CCDC 1856638 and 1856639).

3.42 Specific Expeimental Considerations

Synthesis of(PN)Ni(Odmp). A glassvial equipped with a magnetic stir bar was
charged with a solution gPN)Ni(NHdipp) (0.200 g, 0.30 mmol) in benzerea(5 mL).

Stirring was initiated anda solution of 2,6dimethylphenol(0.037 g, B0 mmol) in
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benzeneda.2 mL) was added tdhestirring solution, whictwas stirrecat room
temperature for 18 h. The volatile components of the reaction mixture were then removed
in vacw. The remaining residue was first trituratedhwpentandg3 x ca. 1 mL), then
washed witrcold pentand3 x ca.0.5 mL,-35 °C) to remove residual 2,6
diisopropylaniline. The remaining residue was dissolved i@ fta.8 mL) and filtered
through Celitdo remove any insoluble siggoducts. Solvermemovalin vacuofrom the
collected eluentiollowed by fradional recystallizationin two cropsof thecrude

material froma concentrated ED/pentang1:1) solutionat-35 °C afforded

(PN)Ni(Odmp) (0.082 g45%) as dark orange crystals. Anal. Calcd. EgH49N2NiOP:

C, 69.66; H, 8.18; N, 4.640ind: C, 69.71H, 7.92; N, 4.73'H NMR (500.1MHz,
benzeneds) :  4i(m, 2 H¥Harom), 7.8 (M, 1 H,Harom), 6.911 6.88 (4 H,Haron), 6.831
6.75 (3 H, Harom), 6.57 (apparent,t1H, 3Jun = 7 Hz,Haron), 4.11 (apparat sepet, 2 H,

33u4 = 7 Hz, GHMey), 2.30 6, 3 H, OCCMe), 229 (s, 3H, OCCMe), 169 (d, 18 H,3Jpw
=15 Hz, PBw), 149(d, 6 H,2Jun = 7 Hz, CHMe2), 0.8 (d, 6 H,%Jun = 7 Hz, CHVe).
13C{1H} NMR (125.7MHz, benzeneak) : U (NCN)51658 (Caron), 145.1(Caron),
134.4(Carom), 130.8(CHaron), 129.3 (CHaron), 127.9(CHarom), 127.5(CHarom), 126.9
(CHarom), 124.8(CHaron), 124.0(Carom), 115.1(CHarom), 398 (d, 1Jcp = 23 Hz, EMe3),
29.0(CHMey), 28.1(d, 3Jcp = 2 Hz, EMe3), 24.8(CHMey), 23.7(CHMey), 18.7
(OCOMey), 18.6 (OCMMey). 3P{*H} NMR (2025 MHz, benzenels) : U Cryatdls 2 .
of (PN)Ni(Odmp) suitable for xray diffraction were grown from a concerigd pentane
solution at-35 °C.

Synthesis of(PN)Ni(OtBu). A glassvial equipped with a magnetic stir bar was charged

with NaQBu (0.059 g, 0.61 mmolNi2Cl2 (0.300 g, 0.29 mmolvas added to the vial as
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a solution in THF¢a. 5 mL). The reaction mixture was stirred at room temperature for
18 h, after which a color change from dark-pedple to dark green/brown was observed.
Following removal of solverit vaclp, the remaining d& green residue was extracted
into pentaneda. 10 mL)and filtered through a Celite pad in a gtasised filter funnel.
Solvent was removeid vacuofrom the collected eluent, to obtain a dark green powder
(0.288 g, 89% crudgield). This material wasecrystallized from a concentrated solution
of pentane at35 °C to obtain dark green crystals (0.160 g, 50%). Anal. Calcd. for
Ca1H49N2NiOP: C, 67.04; H, 8:89; N, 5.04. Found: C, 66.89; H, 8.71; N, 4t86IMR
(500.1MHz, benz@eds): U 71. 78D (M,2 H, Haron), 7.137 7.08 (M, 1 HHaron), 6.95

i 6.93 (M, 2 HHarom), 6.861 6.76 (overlapping resonances, 3Hdom), 4.161 4.02 (app
septet, 2 H3Jun = 7 Hz, GHMey), 1.80 (d, 6 H3JuH = 7 Hz, CHMe), 1.67 (d, 18 H3Jpw

= 15 Hz,PtBw), 1.23 (s, 9 H, @u), 0.92 (d, 6 H3Jhn = 7 Hz, CHMey). 3C{*H} NMR
(125.7MHz, benzenals): U 1 7NECN)2146.2 Carom), 140.7 Carom), 134.1 Caron),

130.5 CHaron), 129.2 CHarom), 127.5 CHarom), 126.9 CHaron), 124.6 CHarom), 70.1
(OCMe3), 38.1 (d,Jpc= 27 Hz,PCMe3), 35.1 (OQMes), 29.0 CHMey), 28.1 (d 2Jpc = 2
Hz, PQVies), 25.2 (CHVie2), 23.1 (CHVey). 31P{!H} NMR (202.5 MHz, benzenelk) :
130.4 Crystals suitable for Xay diffraction were grown from a concentrated solution of
pentanet-35 °C.

General catalytic procedure. A glassvial was charged with reaction components
in the following order: amide3g or 3b, 0.2 mmol), solvenfas needed such that the total
volume of added liquids/solutions was0 O , ualdss otherwise stategyecatlyst (as a
stock solution), and phenylsilane (0.4 mm&br the reduction dfl-benzylbenzamide or

caprolactam, theeaction components were added in the following order: amide, solvent,
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phenylsilane, then precatalystith a total volume of 2561 . Liquidgsolutionswere
dispensed by micropipette. Thiml was then sealed with a cap featuring a PTéjiwn.
For reactions requiring temperatures above 23F€cap/vial contact was further sealed
externally by wrapping with PTFE tape and electrical tapé then taken out of the
gloveboxand heated in amluminum heating blocket to the desired temperatulre
some cases, vigorous bubbling of the reaction mixture was observed. Upon completion,
the reaction vial was opened in,alodecangvas added asninternal standard for GC
analysis and benchtop ED or THF(ca. 1 mLin either caspwas added. The mixture
was therfiltered through a short plug of silica. The filtrate was then sampked Q0
e L, jransferred to a vial suited for use on a GC autgter (GC vial),diluted further
(ca. 1 mL), and analyzed b$C. Conversios of amide starting material andeyd of
products were determined via respcefesetor calibration employing authentic samples
versus a dodecane internal stand&at the reductio of 3a, reaction product
identification, following workup, was confirmed independently by use of HRISC
techniques.

Procedure for time trial of (PN)Ni(OtBu) and (PN)Ni precatalysts.
In the glovebox, glassvial was charged with a magnetic stir [i2is,(1.0 mmol),
precatalyst (0.05 mmol), dodecane, and THF (total reactonvoie0O O e L) . St i rr
was initiated, and phenylsilane (2.0 mmol) was added to the stirring solution as a single
aliquot, and theial was sealed with aeflon screw cap. In the case(®N)Ni(OtBu),
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 eL of the reaction mixtur ewthdl-Fcaampl ed
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mL). This solution was taken out of the glovebox, filtered through silicea GC vial,

and analyzed by GC.

3.5 Supporting Figures
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Figure S31. 'H NMR Spectrum of (PN)Ni(Odmp) (benzeneds, 500.1 MHz).
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Figure S32. 31P{*H} NMR Spectrum of (PN)Ni(Odmp) (benzeneds, 202.5 MHz).
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Figure S33.13C DEPTQ NMR Spectrum of (PN)Ni(Odmp) (benzeneds, 125.7
MHz).
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Figure S3-4.13C DEPTQ NMR Spectrum of (PN)Ni(OtBu) (benzeneds, 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 nickehydride complexearecommonly invoked as key
intermediates in a diversity of catalytic applicatiam#lving transformations of
unsaturated multiple bonds, includializenehydrogenation, hydrosilatiorsomerization,
hydroborationand beyond?!°In this regard, there is ongng motivationto identify
efficient means of preparing such complexes, @rtd/exploit their fomation in
developing new stoichiometric and catalytic reactivitiearly, these motivationdrove
several rese@ah projects included in tis thesisChapter2 describeshe challengesur
collaborative research tedarced in applyig in siti-generatedhree-coordinate(PN)NiH
in catalyticalkenel-H 2 whereas irChager 3,challenging hydrosilativemide reactions
werefacilitated byputative (PN)NiH.12° As outlined in (Scheme 41), access tqPN)NiH
in thesechaptersvas made possiblga exposure otrystallographically characterized
low-coordinatgPN)NiX preairsors(X =N(SiMes)2, NHdipp, OtBu, and/or Odmjpto
HBPin (neat or in alkane $eent)or PhSiHs (with superioresults inTHF versus
benzeng respectively, with concomitant loss of&(E = B or Si).Although (PN)NiH
could not be dected unequivocally ithese studies, dimerization to form the
diamagnetic and crystallographicallyacacterizedNi2H 2% proved favoable under a
range of eperimental conditiongVioreover, a comparison of varioBN)NiX species in

hydrosilative amide reduction revealedgatalystdeaturingX =N(SiMes). to be inferior
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to those where X = NHDipp ortBu,*?° presumably arising frormore eficient
activation of the latter complex&s afford(PN)NiH.

Building on these observationssought to identify conditions under which the
efficient formation of PN)NiH could be exploited as a iares of accessing new
chemistry, whereby formation dflizH2 might be circumvented®elatel explorations
targetedhe preparation ainalogous lowcoordinatg PN)Ni(alkyl) complexesand if
isolablealkyl variantsmight provide alternative access(RN)NiH by way of BHE. This
chapter details tke generatiorof putative(PN)NiH under appropriate conditions in
benzendneat, oras a solution ilCsH12) to afford a dinuclear producf(PN)Ni}2( %
d3.d3-CeHs) (i.e.,5) thatformally arises from net doubl@N)Ni-H additionto C=C unts
within a singlebenzenamolecule Also described arsynthetic investigations difiree
coordinatgPN)Ni(alkyl) complexesstabilized byb-agostic (alkyl = Etn-Bu, n-hexyl)

o r-agostic (alkyl =Np) interactiongScheme 41).

E-H
g( (E = B, Si)

Ph -E-X i dimerize
—\NY (PN)NiH :
N—p—5 Ni—x neat, unobserved 0.5 NigH,

alkane, A
or THF '
PN)NiX '

( this v{/ork H H

X = OtBu, NHdipp ; H_%-H
im? .. CgH H
(PN)Ni(alkyl) -- 18122 %66 05 (PN)Nin: .
Ni(PN)
alkyl = Et H
nBu H H 5
nhex
Np

Scheme 41. 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 YogrUniversty (MadhuSanolia, and DanieéH. 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.

4.2.20bservatiom and Investigation of Benzee Insertion into (PN)NiH

In seeking to evaluate the reactivitsopertiesof putative(PN)NiH generatedn
situin benzenedavent,precursor complexg®N)NiX (X = NHdipp or GBu) were
chosergiven theirestablishealean andapid reation with E-H bonds (E = B or Sin
alternativesolvents(Scheme 41). Upon exposure of the¢EN)NiX precursors to HBPIn
in benzenat room temperaturgscheme 2), 3'P{*H} NMR spectoscopic aalysis of
thecrude reaction miture revaledthe presence ¢PN)Ni(H2BPin)® andNiz2Hz, along
with other signals including d4t14.1, 111.9, and 11®ppm (réative ratioof ca.0.06: 1 :
0.06). Mixtures comprisindNizH2 and theset ofsignals atL14.1, 111.9, and 11®ppm
(similar reldive ratio) were also observeih related reactions employinglar PhSik.
However,when using MgPhSiH, theprodiction of NizH2 was suppessedsuch that the
set ofresonances dt14.1, 111.9, and 110.3 ppiFigure 41) represented the dominant
signals in thé*P{*H} NMR spectum of the crude reaction mixture

Workup of the reaction mixturelaived forthe isolationof this material, whib in
turn was denified onthe basis of NMRsinglecrystal Xray, and elerartal aralysis
dataas the dinuclear speciBsostensibly the net product of doul§feN)Ni-H addition to

C=C units within a single Imzene moleule (Scheme 2).
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Figure 4-1. 3'P{*H} NMR spectrum of 5 (202.5 MHz, benzeneds).

Hy, HBPin*, PhSiH3,
Ph\ﬁ_ N Y or Me,PhSiH

— 2 T 5> NipH,

Ni—
N—p—5 =X 7 CgH,

Je

(PN)NiX . . .
X = OtBu, NHdipp (PN)Ni(H,BPin) also observed

Scheme 42. Selectconditions that generate 5.

The cnystal structure ob presented irFigure 4-2 supports the formuletn of this

compoundas theCo-symretric, antifacialcoordnateddinuclear species depicted in
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Scheme 4. The comparatively lon@3-C4 (1.510(2) A) and C4C 4 (4.528(4)A)
distances relative to G2 2 (@.444(3)A) and C2C3(1.443(3) A) are consisterwith the
satuationthe formerly C4=@6 f r aagsmg fromtwo Ni-H additions Moreoverthe
similarity of the C2C 2 6 a-6@3digdhees, asvell as theobsernedNi-C2,Ni-C2 6 ,
Ni-C3 contactg2.191.98A), imply adelocalizedbondirg motif involving theg?-d>:d°-
CsHs growp. While an indepth theoretical analysis of the bondind was beyond the
scope of this thesis, a preliminary DFT computational analiysaf. Dan Ess, BYU)
employingthe crystallographically determed coordinatesf 5 support theview of this
structure as involving the coordination of two (PN)Magments to a substituted

butadiene dianiof?!

Figure 4-2. Crystallographically determined structure of 5, shown with 30%
probability ellipsoids and with selected hydrogen atoms omi&d for clarity. Selected
interatomic distances (A) and angles {§)-P, 2.173@4), Ni-N1 1.9407(1), Ni-C2
2.0070(14), NiC 2 0 918(15), NiC3 1.9799(14), GZ201.444(3) C2C31.443(2)
C3-C41.510(2) C4C461.528(4) P-Ni-N183.81(4) C26C2-C3115.3%(10), Ni-C3-C2
69.79(8) Ni-C3-C4112.05(11) C2C3-C4118.55(13)C3-C4-C46113.02(10)
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The aystalographcally charaterizedC>-symmetricproduct5 may be
viewed aghe major product observed in solutiah*tP = 111.9 ppryFigure 41), as
evidenced by NMR spectroscopic analysiberebyresonanceassociated with &
chekting ligard, as well as for théridging GHs* moiety,were identifiedFigure 43

ard Figure S41).

—
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— o o O

Dipp: Hg
S CHsp
| ¥
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9 8 7 6 Ppm
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Figure 43. 'H NMR spectrum of 5, including selectedassignmentg500.1 MHz,
benzeneds). Integrations correspaito the asymmetric undaf 5.

While one of the twdH NMR resonanceatising fromthe diastegotopicprotons
within the methyleneunitsis obscureqH9, a*H-*H COSYNMR experimenteveakd
coupling between the obscur@did and the wellresolvel (H|) methylene resonances,
and a'H-*C HSQCNMR experiment confirrad thatthese protons arattached torte
sane carlon atan ( i . e . ,in Figute/4-2) AT Besemethylenegprotonsalsoexhibit

coupling totheadjacent CH unifi.e, C3H/ GH# ié Figure 4-2) in the'H-'H COSY
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NMR spectrum As noted above, the gengoa of 5 is invariably accompanied by the
observation ofow-intensity®*P NMR signals at 114.1 and 110.3 ppwith each being
approximately 86 the intensity of the major produds; d 3P = 111.9 ppm)

Thesdow-intensity signalglausibly arisefrom 53 where50is a dinuclear isomer
of 5 featuringinequivalent phosphorus environmerdsalternatiely two isomers ob,
each having equivalent phosphorus environtseiElemental analysis data obtained on
so-formed5/56mixturesindirectly supprt 56as being an isomerform of 5. Moreover,
variable emperature NMR analysi$H and®'P{*H}, tolueneds, -80to +80°C)
employing so-formed5/56mixtures showed no sigmeant change in relative proportions
of 5 and50overthe temperature rangas thetemperature was increased fré®- 80 °C
(ca.1h), both5 and56decompose tgive Ni2"H2, with only malest ctuterium
incorpaation noted at the NH site.

Notably,5/56mixtures appear tondergodeuterium incorporatiomore
extensively, as wellsdemmposition concurrentlyuponheatingat 65 °Cin benzenede.
In monitoring such processes by usé®{*H} NMR methodgFigure 44), the’5/50
resonanes observed initially at 114.1, 191and 110.3 ppm disappearer the ourse ¢
17 h, and new signals 4t14.2, 112.0, and 110.4 ppnelative rdio of ca.0.06 : 1 : 0.06
collectively, 5¢ and540) cleaty emergelLoss of'H NMR signalsassociated witthe
CsHs> moiety occurs over this time period, along witk #ppearancef wha are
assigredas GHnDen resonancesalthoughl amunable to comment specifically on the
composition of thesbenzenasotomlogues Continued heatinginder these conditions

results in tle formation ofNi2"H2.89
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Figure 4-4. 3'P{'H} specta illustrating the conversion of5 to 56and Ni2"H2 upon
heating (benzeneds, 121.5 MH2).

When putativé PN)NiH is gereratedn situ by use ofMe-PhSiHasdescribed
abo\e, but inbenzenels solvent,theset of signals at14.2, 112.0, and 110.4 ppm
(similar relativeratio as assigned fda/540 is similarly observed in thé'P{*H} NMR
spectrumAlthoughone migh expectthatthe generabn of a coordinated GDsH2*
moiety, rather than a fully deuteratecsQs> group,should occur under these conditipns
no *H NMR signas attributable to this fragment were detected at any point in the
reaction. While definitive mehanstic data are lackuy it is plausible that theitially
gereratedPN)NiH is efficiently transformed intPN)NID via reversible C=C
inserton/b-hydride éi mination involvingbenzeneds thereby resulting in the generation
of 5/56featuring a fully deutetad CsDs? bridging fragnent.

To the best of our knowledge, theustture of5 represents the first documented
example of benzene insertion irgdNi-H bord. Notably,such transformations have been
invoked as key steps in the context of the reductive atgaof inert @GO bonds wih
silanes involving substituted anisafé$The formation o6 complement®bservations

by Agapie and cavorkerst?®who documentgintramoleculainsertions oiNi-H
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fragments within a synfacioordinatedrather than the antifaci@bordination in5) and
geametrically pre-disposed bisphosphirarene pircer igand to give a tethereddBlsR2>
bridging unitfeaturing similar geometral parameters to thesBs> group in5. In
contrast to the formation of the dinucl¢BN) complex5, both NacNaé* and a-diimine-
ligated®* Ni"-H species havbeen showito undergo reduction in the presenceanénes
such agoluene to form bridgingdinucleartolyl dianion complges, with loss of
dihydrogen.

To determine the importance of benzene concentration relatihe fortmatia of
5, (PN)Ni(OtBu) (18 mM) with wadreaedwith Me-PhSiH (1 equiv) in varying
mixtures of benzse incyclohexaneQuantitative’P NMR analysiSgNMR%) of the
reaction mixtures theadterindicated that even iB5% benzene/cyclohexartewas
formed préerentiallyto NizHz2in a 1.6: 1 rato. Of the conerted(PN)Ni(OtBu) (65%)
under these conditions, theseotproducts collectively accated for 85% of the
phosphorusontaining product mixturéJnfortunately, our efforts to extend this reaction
chemistryto other anmatic solventge.g., tolene, thiopheneCeHsF, and GFe) failed to
yield analogue®f 5 or other products that could h&lated and/or definitively
characterizedEfforts to reduce further the coordinat@eHs* fragmentin 5 via exposure
to Hz in benzeneds under vaious conditionsvere unsuccessf, resulting in the
formation of complex reaction mixtes that containeli2"H2 and HD.At ambient
temperatures was observedotto react withexceses ofMeOH, NHdipp, pyridine,

DMAP, COD, PMes;, MesPhSH, or FhSHs.
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4.2.3 Synthesisand Readivity of b-Agogic (PN)Ni(alkyl) Complexes

Intrigued by our ability to identify conddns for the selective formation of the
benzer insertion produch, | became interested exploringalternative routes forhie
formation of (PN)NiH from (PN)Ni(alkyl) precursoicompleyes viaBHE, thus
circumventing the need f@xogenous activatioTheviability of reversiblealkene
insertiorlBHE steps involving PN)NiH andisomeric(PN)Ni(octyl) species was
estdlished inthecourse obur recentmechanistignvestigation oflkenel-H chemstry,
although no pur€PN)Ni(alkyl) complexes were isolatédMoreover,there isongoing
interest in the study of lowoordinateNi-alkyl comgdexes supported by homobidentate
or heterobidetate ligation, given their rel@nce to alkene oligoerization and
polymerization processe®

Consequentlypeutal (i.e. P,'?” a-diimine'?®) or anionic(NacNac'?9)
honobidentatdigandshawe beeremployed to stabiliza limited set ofcationic or neutral
(respedvely) threecoordinate_oNi" (alkyl) complexe thatexhibit addiional agosti¢*°
stabilizing interactiongConversely, whildour-coordinateg(LX) Ni' (alkyl)(L§ complexes
supportedy anionic P,N ligidon andan addiional celigand(e.g. L6= PMe3) are
known* to the best of our knowledgeelatedneutralthreecoordinatg(PN)Ni(alkyl)
complexes havget to be reportedreatmenof Ni2Cl2 (0.5 equiv)with EtLi or n-BulLli
(Schemet-3) afforded thecorrespondingilkyl complexegPN)NiIEt and(PN)NinBu as
themajor productswhich in turn were isolated and characterized on thes lodsi
elemental analysis andV\R spectroscopic daf@igure S42 to Figure S44 andFigure

S49to Figure S411, respectively.
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Scheme4-3. Synthesis of the agosti¢PN)Ni(alkyl) complexes and theproposed
rearrangement product, (HPN)Ni(CH2CH2).

The existence db-agostic interactionin these complexes is evident inithe
room temperaturtH NMR resonanceswvith associatediagnosticcesonances appearing
at-1.93and-2.50ppm (respectively that display reduceaveragetJcn coupling
constants relative to the aesponding NiCHx-R (nonragostic) fragmentg®
(summarized imMable S41). While (PN)NinBu appears t@xist upon dissolutiorin
benzenels as an isomeric mixture feaing a majomn-alkyl isomer, (PN)NIEt undergoes
gradual decomposition @new diamagnetic produittat| tentativdy assign as
(HPN)Ni(CH2CH2) (Schemet-3, right), which lacks agostic or hydrididH NMR
resonanceandexhibits a®'P{*H} NMR resonance at1D ppm(Figure S46 to Figure
S4-8). Our assignment dHPN)Ni(CH2CH2) wasbasednitially on the obsevationof a
H NMR resorance 5.26 ppm, suggesting the preserfgrotonatedHPN ligand, in
keeping wih otherN-phosphinoamidine prigands and related @amplexes® 791

Accordingly,an*H-®N HMQC experimenshoweda singlecorrelation between this
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resonancand a >N NMR resonancat-278 ppm.H NMR resorances attributabldéo
an LNi(ethylene)speciesvere also observeld’@Upon treatment o mixture of
(PN)NiEt and(HPN)Ni(CH2CH2) with excess cyclodene complete consumpin of
(HPN)Ni(CH2CH2) was notedalong with the formationf (PN)NinBu, plausiblyvia
displacement of ethylerfeom (HPN)Ni(CH2CH2) andsubsequentsertionof this
liberated ethyleneto the Ni-Et bond of(PN)NIEt. Support for tle viability of this
propased reaction scenario confesm the fact that upon expas of (PN)NIEt to
ethyleng(~ 1 atm Figure 45), both(PN)NinBu, and(PN)NinHex (generated
independently fsm n-hexyllithium; Figure S412to Figure S414) aregenerated in
significant quatities as evideral by NMR spectroscopic analys&imilarly, upon
exposure to ethylene (~ 1 gtRigure S417), complex(PN)NinBu was completely
consumed, resulting infte formation of PN)NinHex as the major produgirior to further
apparent inggions of ethyleneBy compari®n, no reaction wasbservedetween

ethylene andNizH2 under similar conditions
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Figure 4-5. Stacked3®'P{*H} NMR spectra of the reaction of(PN)NiEt with ethylene
(121.5 MHz, benzeneds; shifts in ppm).

With then-alkyl comdexes(PN)NiEt and(PN)NinBu in hand,|] examined their
ability to serve as a reactive sourcgPN)NiH via BHE, en routeto the kenzene
insertion produch. Unfortunatey, sud reactions were naiseful in formings. While
benzene solubns of (PN)NIEt slowly generatéHPN)Ni(CH2CH?2) at room temperature
as outlined aboveypon heating at 65 5@ complex mixtue of phosphorusontahning
productswas generated over the eseiof 2-96 h, on the basiof the features observed in
the3'P{*H} NMR spectrun of the rexction mixture While Ni2H2 was not observed as a
product insuchreactiors involving(PN)NIEt, under sinilar conditions emplging
(PN)NinBu (40°C, 2-96 h), Ni2H2 was detected as the major pductin solution in the

absace ofb.
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4.2.4Synthess and Structure of the 3-Agodic Complex(PN)NiINp

While the formally 14electron(PN)Ni(alkyl) complexegPN)NIEt and
(PN)NinBu stabilizzd bysecondaryp-agosticinteractions al notprove useful in the
synthesis 0¥, the rarity ofsuch spe@sand the &ck of crystallographidata for
(PN)NIEt and(PN)NinBu provided motivation for the synthesis of alternative
complexes of this typéccordingly,| targetedhe b-saturatedPN)NiNp, which might
exhbit g-agostic interactionsasis found in relatedP.)Rh specieseported byHofmam
and ceworkers*®' as well agP,)Ni complexes dsxibed byHillhouse!?™

Exposureof Ni2Cl2 (0.5 equiv)to NpLi (Schemet-3) affordedupon workup the
desired complexPN)NiNp as an angtically puresolid in 93% isolated yielda
representativé'P{*H} spedrum is shown irFigure 46. SinglecrystalX-ray diffraction
analysisof (PN)NiNp (Figure 47) revealedsome disorder in the neopghgroup, wih
themgoror i ent ati on b e i-aggsic mteracsonas degated isehente h
4-3. The room temperaturéd and*3C{*H} NMR spectra of(PN)NiNp exhibitaveraged
Ni-CH.C(CHg)z signals, which is in keeping with a relatively shdhfference in the
averagéeJcn coupling constantmeasured fothe NiCH2C(CHs)s (128Hz, nonagostic)
andNiCH.C(CHz)3 (123 Hz, g-agostic)fragmentgFigure S415, Figure S416, and
Table S41). Notably,(PN)NiNp represents the firgrrystallographically characteride
threecoordinate Nialkyl complex featuring aeterdidentate ligandandthe first neutral

o-agosticNi"-alkyl complex!293132
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Figure 4-6. 31P{*H} NMR spectrum of (PN)NiNp (121.5 MHz, benzenes).
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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 atomsomitted for clarity. Selected interatomic distances (A) and angles (°)
Nil-C2A 1.920(3), Ni1C4A, 2.452(15), NitP1 2.0934(4), NidN2 1.9310(12)P1-Nil-
N2 84.97(4)C2A-Nil-C4A 67.1(3, C2A-C3A-C4A 106.1(7) Ni1-C2A-C3A 100.2(4)

For contextgagostic inteactions are observed ihe structure othe complex
cation(dtbpeNi" (CH2SiMes)*, whichfeatures disordered Chlgand CH groups ands
reported withaverage NiCu, distances 02.150(8) an®.300(8) A respectively The
related(dtbpe)NI(CH2C(CHs)s) complexfeatures a NiCH; distance ofl.982(3) Aand
no apparent’®agostic bonding interactiong/hereashe Ni-CH, distancen (PN)NiNp
(1.920(3)A) is shorter than both of the related distaringtese(dtbpe)Ni comparator
compounds, theg-agosticNi-C contact in(PN)NiNp (Ni1l-C4A, 2.452(15R) is
significantly longer than that observed(dtbpe)NI'(CH2SiMes)*. The small RRCxCp

anglefeaturedn the neutral, #o-agostic complex (dtbopm)Rh(neopentylp(.0(2)) has
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beeninvoked as possly beingrepregntative ofanat t r acti ve r el ati ons|
andthe @Cpbond, as a-cagboreeiminatoi’rA simiar abgle is found in
(PN)NiNp (Ni1-C2A-C3A, 100.2(4)}. Therewas insuficient evidenceto supporto f- b
carbon elimination imolving (PN)NiNp; rather,complex thermal decomposition
pathwaysare observed for this complexbenzenavhereby négher5 nor NizH2 are
generatedCompaund (PN)NIiNp insertsethyleneto form complex productmixtures that
displayb-agostic resonancédi&e those noted fo(PN)NinBu and(PN)NinHex,
suggesting e p | a c e-rh @ magosftic $tabitization of the resultadit-alkyl
complexes.

4.3 Chapter 8mmary

In conclusion,the utilizaton of N-phasphinoamidinate ligation enabled the
synthesis and characteria of the frst isolatedoroduct arising froninsertion of
benzenento aNi-H bond(5), as well as the first examplesisblale, threecoordinate,
heteobidentate nickelalkyl complexesta b i | i zed bwpr-ggesicondary b
interactiong(PN)NiEt, (PN)NinBu and(PN)NiNp). Both NMR spectroscopic and-X
ray crystallographic (fob and(PN)NiNp) data allowed for the unequivocal
characterization of theseweomplexesComputationabnalysisprovided support for
the bonding irb as involving thecoordinaton of two (PN)Ni* fragmentgo a substituted
butadiene dianion?-d2d3-CsHs? moiety. Future efforts will be directed toward
exploiting such lowcoordinaé (N-phosphinoamidinate)Niomplexsin the development

of new and synthetically usefahemistry.

141



4.4 Experiment

4.4.1General ExperimentalConsiderations

Unless stated, all experinmés were conducted at ambient temperature under
nitrogen in an ineratmosphere glovebox or bying standrd Schlenk techniques using
ovendried glassware. Dry, oxygdree solvents we used unless otherwise indicated.
Benzene, tolene, and pentane welleoxygenated and dried by sparging with nitrogen
and subsequent passdgeugh a doublkeolumn ®lvent puification system packed
with alumina and coppe®5 reactant. Tetrahydrofurandhdiethyl ether were purified by
distillation urder nitrogen from Naémzophenone. Deuterated solvents, cyclooctene,
SiMes and MePhSiHweredegassed via three freépemg thawcycles. All
purified/degassed chemicals were stored over 4 A molecular siiv€sz,° NioH2,%°
(PN)Ni(NHdipp),2° and(PN)Ni(OtBu)*?° weresyrtheszed according to literature
proceduresAll other reagents were purchased from commercial suppliers and used
without further purification. Unless otherwise statidl, *C, and®'P NMR
characterizabn data were collecteat 300 K on a BrukekV -500 pectrometer operating
at 500.1, 125.7, and 202.5 MHz (respectively) with chemical shifts reported in parts per
million downfield of SiMa for *H and*C, and 85% KPQ: in DO for3P.1H and®*C
NMR chenical shift assignmentare based on data almedfrom *C-UDEFT, Hi H
COSY,Hi 3C HSQC,Hi 13C HMBC, and'Hi >N HMQC NMR experiments. In some
cases, fewer than expected unidi® NMR resonances were observed, despite
prolonged acquisition times. Spiitg patterns are ablsiated as follows: bihroad; gp,
apparent; s, singlet; d, doublet; t, triplet; m, multiplet, with all coupling constints (

reported in Hertz (Hz)Crystallographic data were obtained at or bel®3(2) K on a
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Bruker D8/APEX Il CCDdiffractometer equipgd with a CCD area dattor, enploying
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 altieiedata
reduction, correctiofor Lorentz polarizabn, and absorption caction were each
performed. Structure solution and leagtiares refinement d# were used throughout.
All non-hydrogen atoms were refined with anisotropic displacement parantairs.
crystallographic solutio and refinement detaiare provided in thdepaited CIFs
(CCDC19505181950519.

4.4.2Specific Experimental Considerations

Synthesis of5. In the glovebox(PN)Ni(NHdipp) (0.079 g, 0.012 mmol) was
dissolved in benzened.10 mL) in a glass vial contaimj a magnetic stirringarto
form a darkbrown ®lution. Stirring was initiated,and M@ h Si H (18. 4 L, 0. (
was added by micropipette. After 48 h, the solutiad turned redrown. Removal of
benzenen vacuoleft a sticky solid. This material wariturated with pemine ¢a.1 mL),
thenextraded with pentaneda. 8 mL), concentrateth vacuq and cooled te35 °C
overnight, whereupon an amorphous solid piitatied. The supernatant was decanted,
and the solid was driad vacuo This solid was washed with cold-85 °C) SiMe; (3 x
ca.25%0 ¢ hdpentmeCca.500 e€L). The resultant powder \
(ca.4 mL), and the suspension was filterbtbugh CeliteThe filter cake was flushed
with benzeneda. 4 mL) through the filter ito a separate glassayithendriedin vacuo.
Findly, this material was washed with cold SiM8 xca.5 00 ¢ L) , invacuyn dr i ec
leaving5 as a analytically pureredpowder. Yield: 0.030 g, 48%. Single crystalsof

suitable for Xray diffraction were grown from a conoérated solution opentaneat -35
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°C. Anal. Calcd forCeoHgsNsNi2P2: C, 68.98; H, 8.49; N, 5.36. Found: C, 68.57; H, 8.22;
N, 5.41."H NMR (500.1 MHz benzenes) : 07.78 (M74HHarom) 7.13i 7.02
(overlapping resonances, 6Harom), 6.93 (overlaping resonancesH Haron), 4.11(m,
2H, CHeMey), 3.61 (m, 2H, Elk) 3.28 (m, 2H, ©)), 3.21 M, 2H, HsMe>) 2.017 1.99
(m, 2H, CHCH®H), 1.461 1.37 (overlapping resonances, 26 H, CHIEHH 5,
CHMe:Mep, PQMens), 1.24 (d, 6 HJpr= 13 Hz,POMegs), 1.17 (d 6 H, 3Jun = 7 Hz
CHMecMea), 1.05(d, 6 H,3Jun = 7 Hz, CHMerMep), 0.74 (d, 6 H3Jun = 7 Hz,
CHMecMex). 3C{’H} NMR (125.8 MHzbenzeneds) : U TN)BL5111 (Qod),
142.9 Caron), 1419 (Caron), 137.4 (M Carom), 131.8 CHaram), 128.7 CHarom), 127.0
(CHarom) 124.5(CHarom), 123.8 CHaron), 123.4 CHarom), 74.2 CkHCHCH) 46.4
(CHC/HCHy), 38.4 (m, EMen3) 37.3 (m, EMegs) 29.1 CeHMe») 28.7 (PQ/ens), 28.4
(overlapping resonances, Miézz andCgHMey), 25.7(CHCIH2), 25.2 (CHVieeMep), 24.8
(CHMecMen), 23.8 (CHMerMep), 23.2 (CHViecMen). 3'P{*H} (202.5 MHz, benzene
d) 0 U 111.9 (accompanying minor sga@nal s at
6% of the major signal at 111.9 ppm).

Synthesis of(PN)NIEt. In the glovebox, a glassaliwas charged witNi2Cl2
(0.66 mg, 0.64 mmol) adl then benzeneé 8 mL), forming a dark purpleed solution.
To this solution, EtLi (0.5 M in cyclohexane/beme, 25531L, 0.128 mmol) was added as
a single aliquot. Thdark orange reaction mixture wesaled with a Tefloncsew-cap,
shaken igorously,and then immediately filtered through Celite, leaving a dark filter
cake and a dark rearange filtrate. The fitate was concentratéa vacuoto a brown
powder, which wasgxtracted with pentaned 5 mL) and filtered througiCelite, leaving

abrown filter cake and a purple filtrate. Removal of pentanecuogave a dull purple
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powder consisting afPN)NIEt alongsidea <10% impurity consisting dhe isomeric
compoundHPN)Ni(CH2CH2) and tracdPN)NinBu. 42 mg, 60%. Anal. Ged for
CaoH4sN2NiP: C, 68.12H, 8.87; N, 5.48. Found: C, 67.88; H, 8.59; N, 537NMR
(500.1 MHz benzenals): U 771. 768 (M, 2 HHaram), 7.16 (overlapping wittbenzene
ds, 1 H,Harom) 7.02 (M, 2 HHarom), 6.95 6.90 (overlappingasonances, 3 Hiaronm), 3.79
(app septet, H, 3Jun = 7 Hz, HMey), 1.43 (d, 18 H3Jup = 14 Hz, PCMes)2), 1.32 (d, 6
H, 33 = 7Hz, CHMe) 1.07 (d, 6 H3Jun = 7 Hz, CHMe2), 0.50 (m, 2 H, Ni®2.CHs), -
1.93 (m, 3H, NiCHCH3). 3C{'H} NMR (125.8 MHzbenz@eds) : U Ciof)5 . 8
150.4 Carom), 1426 (Caron), 137.8 (d3Jcp= 19 Hz), 130.1C¢Harom), 128.3 (overlapping
with solvent,CHarom), 127.1 CHaron), 125.0 CHarom), 123.5 CHarom), 36.9 (d,'Jpc = 30
Hz, PCMes)2), 28.6 (overlapping resonances, R(&). and CHMey), 25.2 CHMe,),
228 (CHMe), 2.7 (d,2Jcp= 12 Hz, NCH2CHs), -6.5 (d,2Jcp = 3 Hz, NICH2CHy).
31p{iH} (202.5 MHz, kenzeneds) : U 128. 7.

Synthesis of(PN)NinBu. In the gloveboxa glass vial was charged with a
magnetic stirring bai\i2Cl2 (0.058g, 0.056 mmol), ad pentanégca. 4 mL). Magnetic

stirring was initiated to afford a dark rpdirple slurry, which was then was cooted35

°C. In a separate glass viatBuLi (1.6 Mi n hexanes, 70 L, O0.

with pentaneda. 2 mL)andcooled to-35 °Cin the glorebox freeer. Each vial was
removed from the freezer, magnetic stirring wasgated, and the solutiocontaining
n-BuLi was immediately added dropwisea(3 drops /sec) to the slurry containing
Ni2Cl2. Immediatelyafterwads, the vial wascooled to-35 °C.After ca. 60 min, the vial
contained a redrarge supernatant and dark precipitate, and the canesre filtered

through Celite, giving a cloudy yellow filtrate and a dark filter cake (solubdbemzeng
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consistirg of Ni2Clz, (PN)NinBu, andmultiple unidenified phosphorusand/or hydride
containing produc)s This filtrate was cooled t85 °C. After ca. 4 h, additional
precipitate had formed, so the filtrate was filtered again, yielding a clear orange eluent,
ard a \ellow-orange filer cake. Tis filtrate was cooled aB5 °C overnightthenfiltered
once more3!P{*H} NMR analysis of tlis pentandiltrate indicatedconfirmed the
presence ofPN)NinBu in acceptably high purityRemoval of pentania vacuoyielded
(PN)NinBu as an orang solid. Yeld: 0.02g, 30%. Anal. Calcd for £H49N2NiP: C,
69.03; H, 9.16; N, 5.19. Found: C, 69.32; H, 8.87; N25H NMR (300 MHz, benzene
dg): 0 71.768(M,2HHaom), U 7. 02 (over | apHao .96i esonanc
6.90 (overlapping reonances3 H, Harom), 3.80 (apparent septet, 2 Hyun = 7 Hz,
CHMe), 1.46 (d, 18 H3Jup = 14 Hz, PCMe3)2, 1.35(d, 6 H,3Jun = 7 Hz, CHMey), 1.11
i 1.03 (overlapping resonances, 8 H,\@&i and NiGH>.CH.CH>CHs), 0.58i 0.49
(overlappirg resonances, 5,HNiCH2CH>CH2CHz andNiCH>CH>CH2CHz3), -2.50 (m,

2H, NiCH2CH2CH2CHs). 13C{*H} NMR (75.5 MHz,benzeneds): i 1 7NECN)4151(4
(Carom), 142.4 Carom), 137.6 (d3Jcp= 19 Hz), 130.3CHaron), 128.3 (overlapping with
solvent,CHarom), 127.1 CHarom), 124.7 CHarom), 123.5 CHaram), 36.9 (d, 1Jrc = 30 Hz,
P(CMes)2), 28.6 (overlapping resonances, F(&). andCHMe»), 25.1 CHMe,), 24.8
(CH2), 14.8(CHs }, 14.6 (d3Jcp= 2 Hz,CH2s), 9.8 (d,2Jcp = 12 Hz,CHap). 31P{*H}
(121.5 MHz, benzends): 0 128 . 3.

Generation of (PN)NinHex. In the gloveboxaglass vial was charged with a magnetic
stirring bar,Ni2Cl2 (0.0%4 g, 0.052 mmol)andpertane(ca. 6 mL). Magnetic stirring was
initiated, andtheresutant slurry was cooled te35 °C. In a sepate glass vialp-

hexyllithium (2.3 M inhexanes4 6 . 5 ¢ L, 0. 10 7wasadded tocold-B505 e qu
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°C) pentaneda. 4 mL), and recooled to-35 °Cin the glovebox freezeiThese vials were
removed from the freezer, magnetic stirring wasigated, and the solution caining
n-hexyllithiumwas immeliately added dropwised. 3 drops /sec) to the slurry
containingNi2Clz. The color of the sluy turned from dark reghurple to orange over the
course of the addition, anchmediatelyafterwardsthevial wascooled to-35 °C. After

90 min, the vial was cloudy orange, and the contents were filtered through Celitey givin
a cloudy orange filtrate a@radark filter cake. This filtrate was cooled-®6 °C. Afterca.
12 h, the filtrate was filtered agalielding a clear orage filtrate,and adark and yellow
filter cake. The filtrate was sampled for NMR, indicating present retainedNi2Cl-.
Solvert was removed in vacuo, and resultant orange solid was brought up in colg SiMe
(ca.2 mL), thenfiltered through Celite. Removaf solvent in vaaioyielded an oily dark
solid which was characterized as a mixtur¢RM)NinHex, possibleinternal isomers
andNi2Clzin aca 7 : 1 : 1 ratioWhile (PN)NinHex is not claimed herein as an isolated
analytically pue compound hte formaion of (PN)NinHex from n-hexyllithiumin this
mannermrovides independent support for the identityhis complex in reactiornthia
involve (PN)NiEt and(PN)NinBu as described in the textd NMR (300 MHz, benzene
ds) : U 7B4(m6, 2 H,Haom), 7.077 6.92(overlappng resonances, 6 Haron), 3.80
(apparent septet, 2 Fijyn = 7 Hz, GHMey), 1.47 (d, 18 H3Jup = 14 Hz, P(®les)2, 1.35

(d, 6 H,3Jun = 7 Hz, CHMey), 1.167 0.57 (overlapping resonances, 17 H,Ni&3,
NinHex),-2.45 (m, 2H, NhHexs). 3C{'H} NMR (75.5 MHz benzeneds): i 17 5. 4
(NCN), 151.1 (d3Jcp= 3 Hz,Caron), 142.3 Carom), 137.6 (d3Jcp= 19 HzCaron), 130.3
(CHarom), 128.3 (overlapping with solver@Harom), 127.1 CHaron), 124.7 CHarom), 123.6

(CHarom), 369 (d, Jpc = 30 Hz, RCMes)2), 32.8 CH2:), 31.4(CH2 ), 28.7i 28.6
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(overlapping resonances, A&s)2 andCHMey), 25.1 (CHMey), 23.0 CHMe), 22.4,
(CH29), 14.1 (CH ), 12.8, (d3Jcp= 2 Hz,CH2 ), 10.2 (d2Jcp= 12 Hz,CH_ ) 31P{*H}
(121.5 MHz berzeneds): 128.5.

Synthesis of(PN)NINp. In the glovebox, a glass vial was charged WiitCl>
(100 mg, 0.097 mmobknd benzenec& 6 mL). This purpleed solution was frozen at
35 °C. In a separate vidllpLi (0.017 mg, 0.19 mmol) was ddved in benzeea (ca. 2.5
mL), and fozen at35 °C. Thee vials were removed from the freezer, and immediately
upon the thawing of each, the solution contaiiipd.i was added dropwised 2 drops
/ sec) to the solution containimgj2Cl2. The solution was allowed to sind at ambient
temperaure forl7 h, at vinich point the reaction mixture had turned brown. Following
removal of benzeni@ vacuq the resultant solid was triturated wjgbntane (4« ca. 1
mL), extracted into pentaneg, 8 mL) and filteredhrough Celiteleaving a dark filter
cake ad a redbrown filtrate. Removal of pentanie vacuoyielded a reebrown
semicrystalline solid. Yield: 0.098 g, 93%@rystals of(PN)NiNp suitable br single
crystal Xray diffraction were grown from a conceri&rd solution opentane at35 °C.
Anal. Calcdfor C32HsiN2NiP C, 69.43;H, 9.29;N, 5.06.Found:C, 69.56;H, 9.15;N,
4.70.'"H NMR (500.1 MHz, benzenels) : Ui 753 (8,2 HHaron), 7.071 6.98
(overlapping resonances, 3 Haom), 6.911 6.87 (ovelapping resonares, 3 HHaron),
4.06(apparat sept, H, CHMe»), 1.581 1.53 (overlapping resonances, 24 H,N#d
and RBU), 0.98 (d, 6 H}+ = 7 Hz, CHMe), 0.76 (d, J = 2 Hz, 9 HGH.CMes), 0.12 (d,
2 H,33p = 3 Hz, H2CMes). 3C{'H} NMR (75.47 MHz, benzeneds): G 1 TINCN)1
145.6 Caron), 143.5 Caron), 137.0 (d3Jcp = 20 Hz,Caron), 130.6 CHarom), 128.5

(CHarom), 127.2 CHaron), 125.2 CHaron), 123.8 CHaron), 38.3 (d 1Jce = 30 Hz,
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P(CMes)2), 32.1 (d,2Jcp= 2 Hz, CHCMes), 29.2 (CHCMes), 28.87 28.7 (ovelapping
resonances, P{@). + CHMey), 249 (CHVe,), 23.3 (CHMe,), 9.9 (d,2Jcp = 26 Hz,
CH2CMe3). 31P{*H} (202.5 MHz, benzeneks): 113.4
Procedure for determining concentration effects of benzene in the formation
of 5. (PN)Ni(OtBu) (0.030 g, 0.054 mmolyjas dissb ved i n b &)nThisdake ( 750
green solution was s pA, B,tC) inthrede glas$ vial®?eregon 250 ¢ L
Awas dil uted wi tBwithh emeremen g 50Md cdycl ohexane
andC with cyclohexane%00e L ) . 2 B0 eofia kolution of MePhSiH in
cycbhexane (comppndei3b59 4db, cLespectively; O0.
each, and samplesiAC were transferred to NMR tubes. Conversio(Rif)Ni(OtBu)
and yields o6 andNizH2 were determined byse off!P gjNMR methods
General procedure for reactions involving ethylene or H. In the gloveboxa J-
Young tube was charged with solvent (50050uL), metal complex (0.006 0.010 g),
and sealed. The tube was cycled ontewacuated Schlenk line equipped witmarcuy
bubbler, which waghen presstized with the desired gds 1 atm) After the headspace
of the tube was exposed to vacuwa 6 sec), the contents of the tube were exposed to
the gas, and the reaction wasnitored byuse ofNMR methodsIn some aseswhere a
higher concemmation ofdissolved gas was desired, the contents of the tube were degassed

via three freezpumpthaw cycles.
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4.5 Suppating Figures and Table
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Figure S43. Low-frequency region of the'H NMR spectrum of (PN)NIEt (500.1
MHz, benzeneds).
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Figure S46. 'H NMR spectrum of a mixture of (PN)NIEt, (HPN)Ni(CH2CH2), and
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benzeneds).
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Figure S417. Stacked3'P{*H} NMR spectra of the reaction of(PN)NinBu with
ethylene (121.5 MHz, benzenals; shifts in ppm).

(PN)NiEt | (PN)NinBu | (PN)NinHex | _(PN)NiNp
1
Jcn a-CH> 151 150 147 128
(Hz)
Jch b- or g
agostic(Hz) 123 (b) 117(b) 116(b) 123(d)

Table S41. Summary of averagelJcH coupling constants foragostic complexeg300
K).
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CHAPTER 5: CONCLUSION

5.1 Chapter2 Conclusions and~uture Work

Assummaried in sectior?.4.3,(PN)M precatalysts for alkeneH were
compared experimealty and theoreticallywith divergent resultd/Vhile (PN)Co and
(PN)Fefacilitatedhigh activity and selectivity(PN)Mn showed no aaotity, and (PN)Ni
showed high ativity and poor selectiity. Future wak is required to fully unergand
these difference

As suggested in Séoh 2.2.3.4metathesis of the N(SiMe group is
gualitatively slow compared talkene {H catalyzed by thegroduct of this metthesis.
Future work cauld involve hcubating(PN)M/HBPin mixtures prior to dastrate addition
and conparing these reactionis where(PN)M is added lasbr involve guantifying rates
of precdalyst activationPerhapgPN)MX precatalystsvith smallerX groups might
allow for fager activatian (Scheme 8L, bottom)analogus tothe findings in Section
3.2.3 Attempts at synthesizing isolalleN)MH (M = Mn, Fe, Co)derivatives for use as
(pre)catalysts coultelpconfirmtheir role inthe proposedatalytic gcle, although these
materials may requir¥-ray diffraction experimets to canfirm connectivity,dueto their
likely paramagnetismThe reportedNi analoguesNizHz, (PN)NiH(pyr) , and
(PN)NiH(DMAP) showel poorperformance, so one ight attemptusingmorelabile L-
donors or a bulkier ancillary ligandp maximize the amount PN)MH available in
solution. Ideally, the ldonors wold feature solubilizing groups, as geNi anal@gues
showed poor solubility in neat reteon mixturesor CeH12 (Scheme 81, top).
Accordingly, amore comprehensiv@lvent screncould plausibly find ber conditions

for Ni catalysis; perhaps higher polarity, weakly cadinating solvent such as THF
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would improve perfanance Further analysiof decomposition products of tipgopod
Ni intermediates could confirm whether artineterogeneous producee formed, such

as nickel bade®3, which coutl be responsiblfor the catéytic hydrogension observed.
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Scheme 51. Designs tavard improved I-H (pre)catalysts.

5.2 Chapter3 Conclusions and Futue Work

As summaried in Setion 3.3, iteation of(PN)MX precatalysts for hydrosiliat
amide reduction alloweébr mild reduction of skect tetiary and secondary amides.
Futurework cauld involve broademg the scope of amide sukzsges to determine the
utility of this mehodolog. More detailed analysisgphapsvia chromatography cougd
with mass spectrometrgf the products of primary amidesduction couldadd chrity.

Given the utiity (PN)M precatalysts imydrosilative amide reaktion,
investigatons towardsanalogousimide hydrogenatidf* are waranted, asuch
processg avoid stoichiomeic Si-contaning wastealthough they may require high
pressures of.. Compounds could beapgdied asa (PN)NiH source for such catalysis

without generating poterilly troublesone metathesis yproducts, as it geas to
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liberate(PN)NiH and benzenapon heting insteadf otherwise racting with a variety
of substrates.Conversegf, hydrogenatn o a (PN)Ni(OtBu) precatalyst would release
tert-butanol, which containlsoth arelatively acidic atohol and oxygenitone fairs.
Additionally, given the orthogonaggctivity of5 and exces MeOH, this method may be
the most pradtal way of preparindPN)NiH in the presence of secondary or primary
amides;(PN)NiX precaalystsmight be dprotonated byhe amide to form ® chelates.
WhereagPN)NiX precatalysts we found to e lead candidasin hydrosilative
amide edwtion chemigry, Mn, Fe, and Co deratives peformed comparably in many
instances. Perhaps completeidaization and opmization ofthese analoguesould
develg complementar or superior precatysts(Scheme 2, right). Basedon the
finding that smaller X grops relpedhasten precatady activation with PhSikj perlaps
alterations to th&N ligand to reducets steric buk could furtherimprove readon rates
or allow foruse of more readily available silane subtes While (PN)Ni(OtBu)
performed well as a predalyst, addition of(HPN), NiCl.dme and Na@Bu to a mixture
of amide and silane ctiliplausibly fcilitate simiar chemistryand avoid seveal
synthetic steps; thimay also be an approach congruent viiéhdynthesiand screening
of a series oHPN liganddeiivatives withoutrequiring full characterizationf@ach
complex(Scheme 2, left). Synthesisjsdation, am applicationof (PN)M (SiRs)
complexes coulthelp understand sud complexes are implicatéa the reaction

mechansm.
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5.3 Chapter 4 Caoclusions and Future Work

As simmarized in Samn 4.X, reactivescreening of(PN)NiX complexeswith
hydridesourceded to the isolation d&, aproduct ostensibly the resuf insertionsof
benzenento nikel hydide onds.Attemps to geneate (PN)NiH in situ via treatment of
Ni2Cl2 with alkyllithium reagents insteacegerated thé- o r-agastic (PN)Ni(alkyl)
complexes. These findindgy the groundwork fofuture study

A study ofligandeffect on thisreacton is warranted, gien thepossible
competingreaction modesf transien{PN)NiH. Increased ligand sterics wiol plausiby
inhibit both dimerization and benzene coordination; decredgadd sterics would
instead pomote thog readions.Such a s@en @ ligandeffects wold helpelucidate
which fector is dominant for faciliténg benzene insertianto the niclel hydride lond,
guiding otimizationof theinsertion(Scheme &3, right). Howeve, changes tdigand
parameters @ay also ifluence BHE the reverseeaction Another possible pitfalifor
these approaches mag Islight changes telectront parametersfdhe derivativeligands

resuling in compleses tha are sensitive toeductive los®f H», ashas keenobserved
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with (NacNagNiH analogues Modifying the ligand panaeters may also allow acse®
insertionsandpossibly reductionsf morediverseunsatuated groupsLigandinfluenced
sdective in®rtiors or reductions gfolycyclic aramatic hydrocabons' could be
attractive targets, as the mdecules represent abuadt pollutant§Scheme 5, left).
While 5 did not appearatreact with H to eliminatedeapmatized edes,
exposue of 5, or (PN)NiX preairsors,to higher pressures ofHisinga Par reactor

coud plausily facilitate this reatton (Scheme 83, bottom)

NEW INSERTIONS? SELECTIVITY?
OO — (PN);NizH,
O\R O\R .
e = O
H H

$ ~ d e
H
(PN)Ni.... NIPN)
H
H
H

STERIC ALTERATIONS

0 &

CATALYTIC REDUCTIONS?

H;

Scheme &3. Possible influ ences of steric alterations o arene insertions into NiH.

Theapparenformation ofthe Ni{0) complex(HPN)Ni(CH2CH>) via
decomposition ofPN)NIEt also raises iniguing question{Scheme 5). Synthesis b
deuterum-labelled(PN)NIEt isotopdoguesvia salt metathesigsingisotopially-
labelled Grgnard reagente.g, CDsCD-Mgl*?°) could leal to the formatiorof
(DPN)Ni(CD2CD2), and answr questions about themechansm of this decompsition
Independent synthesid (HPN)Ni(CH2CH2) via treatment ofHPN) with Ni(COD)>
followed by exposure toleglene coutl independently verify theonnectivity of this

compoundand dlow for experimentdo detemine if perhapgHPN)Ni(CH2CH2) and
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(PN)NIEt interconvertvia acid/basecatalysis Additionally, treatment of
(HPN)Ni(CH2CH?32) with Hz could offer accesw (HPN)Ni(H)2 via OA (Scheme ).
Mononudear N(H2) comdexes despite thie implication inH20/H; electrocatalysis;>®
remain spasely explored?’ especially those featuring a bidemtéigand. Attempts
toward elated(P2)Ni and(NacNagNi complexes involve elimination ¢f2 to form
dimeric species; perlps the HPN ligandramewok could offer sability to a
monaucleamickel dihydride.

Given theunarticipatedcooperativebehavior ofthe (PN)i1 (HPN)ligand system
involving thePRx-N position one could envisiotargetedigand modifications to reduce
possible metalligand coopeativity. Treatmet of (PN)MX complexe with hard,
sterically availablé_ewis acidscouldgeneratd®R.-N-inhibited complexesit may be
challenging to find acids that woulbind to thePR>-N position selectively ersis the
phosphir or the metalwithout useof early trandion metalsIntrodudng these acids
could complicateoardination chemistry anderivationof structurepropery ligand
parametersAlternatively, eplacement of the (HPN)-N group with non-protic N-R
groups €.g, R=F, CH) should help preserve the amdine character of the liga even in
the presence of basstibstrates potentially allowiry for formation of()XPN)NiH 2
complexewia treatment ofXPN)NiCl2 complexes witthydridesources $cheme 5,
bottom), whereasanalogous gatment of(HPN)NICl2 would result istead
dehydrohalogeationto first generag Ni2Cl2 andthenNizH2. Finally, steric modifications
to the ligand perhaps via introduction oftho-substitutionof the phenyl grap or

bulkier phaphine sbsituents, woul blockaccess to thBRx-N position.
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Scheme ®4. Future work towards understanding origin o (HPN)Ni(CH2CH2), and
possible routes tavards L2NiH2 complexesvia OA or ligand alteations.
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