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Abstract

Fortuitous characterization tife cationic nickel cluster [N{NP'Bus)4][Li 3Bra(Et-0)3] led

to the rational syntheses and characterizatiadgheahixedvalencdow-coordinate cationic
nickel cluster [Nis(NPBus)s]BPhs and [Nis(NP'Bus)s]PFs, and subsequently the
preparation of the anionic cluster NajiNP'Bus)4]. The redox chemistry of the nickel
series, [Ni(NP'Bus)4]BPhs, [Ni(NP'Bus)]s, and Na[Ni(NP'Bus)s] was investigated, with

and without the presence of alkali metal cation. Oxidation of the cobalt analog
[Co(NPBug)]sa results in the formation of dimetallic n@gvalence cluster
[Coz(NP'Bus)4]PFs, which is likely due to the Nacontamination irthe startingmaterial.

Synthesis and characterizatiortlodépure tetrametallic [Co(NBus)]4 remains ahallenge.

A new preparation aheneutral cluster [Ni(NBus)]s was developed and turned ootbe

a key to address the reproducibility issue previously obserVbd. anionic cluster
Na[Nis(NP'Bus)4], an impurity present from therevious pocedure, is the actuahtalyst

for the hydrogenation of diphenylacetylene. The hydrogenation investigation of the nickel
series, [Ni(NPBus)s]BPhs, [Ni(NP'Bus)]s, and Na[Ni(NP'Bus)4] suggeststhat anionic
cluster is a moractive catalyst thathe neutrd cluster, which is morective thanthe
cationic clusterAs the tenperature increasghigheractivities were observed for all three

in the series, although much of that mibstattributed to the catalysts transforming from

homogeneous to heterogeneous.



The hydrosilylation and hydrogenolysis of carbonyl compoundstivitetranickel series

were investigated. Areliminary study othe hydrosilylation with impure precatalys

mainly reproducibleising the purified neutral catalystelivering good to excellent yields

of hydrosilylation product using diphenylsilane as a selective reductant. Complete
silylative deoxygenation of carbonyl compound was also investigated, usmgre
reactive silane and higher reaction temperatures to drive the conversion. In general,
aldehydes show higher reactivity than ketones, and aromatic substrates show higher
reactivity than aliphatic substrates etgvatedemperature (680 C). A high mnversion

(~ 90%) to deoxygenation products was achieved for cyclohexenone atlélbeit at

long reaction timand with the catalyst in uncharacterized heterogeneous form

In addition, sevela allyl-capped nickel clusters[Ni(g3-allyl)(NPEt)]2, [Ni(d*-
allyl)(NPPH)]2, and [Ni@3-allyl)(NP'Bus)]2, were synthesized and characterized, as the
secondgeneration of phosphoramide-bridged firstrow transition metal clusters. This
new set of compounds is important for developing new hydrotreatment catsdygaisse
they are diamagneticpordinativelysaturated, thermally stable, and electronically tunable.
The redox investigation of [Nif-allyl)(NPE®)]2 led to the discovery dahe allyl-capped
trimetallic nickel cluster[Nis(d>-allyl)s(u3-NPE&)2]PFs, andthe heterotrimetallic cluster
[(d3-allyl)Ni] 2CoCh(e3-NPE%).. These clusters provide a geal method for preparing
hetergolymetallic clusters ithefuture, which couldootentiallybe powerful precatalyst

for hydrotreatment.



Finally, the hydrodesulfurization (HDS)activity of [Ni(NPBus)]sa and [Ni(@>-
allyl)(NPE®)]2 is discussegtogether with the nemnocent role of potassium hydride and
the specificpromoting effect of potassium cation. The promising residtainedn these
studies validate the proposal that structuyaéngineered firstow transition metal
compounds are capable of catalytic HD&der relatively mild conditionand warrant
further investigation for theational design of new phosphoranimidiedged first-row

transition metal clusters anide development of heterogeneous catalyst



Preface

There are large deposits of bitumen, extremely heavy crude oil, located in nertheast
Alberta comparable in magnitudeo the world's total proven reserves of
conventionapetroleum.The bitumen crude oil has high content of heteroatoms (S, N, and
O) and metals (Ni, V). Thus, it is imperative to develop new technology to meet the
increasingly stringent regulatory litations on toxic gasemission, especially for
hydrodesulfurization (HDS) and hydrodenitrogenation (HDN).

The Stryker group has been feed on the fundamental research of building-fiost

transition metal clusters to mimic and replace the commercidl@€® catalyst. The
exploration has beareryfruitful, highlighted by two successful phosphoranimiaged

HDS precatalystdNi(NP'Bus)]s and[Cos(NPE®)4]PFe.

In this thesis, further exploration of tetranickel clugii(NP'Bus)]4 will be discussed fits
introducing the cationic and anionic analglyis(NPBus)4]BPh: and Na[Nia(NPBus)4],
followed by the activity investigation of hydrogenation, hydrosilylation and
deoxygenation. In addition, thaesign,synthesesand characterizationf allyl-capped
phosphoranimidéridged nickelcluster will be discussed. At last, the HDS activity
exploration of these nickel clusters will be included.

It should be mentioned in the beginnil@atOrain Brownis the main contributor dhe
HDS study of neutral clustgNi(NP'Bus)]2 and the grafting process for heterogeneous
catalystand Fiona Nkala is responsible for the HDS activity of atbpped dimefNi( -
allyl)(NPE®)]2.
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Chapter 1. Trtert-butylphosphoranimidéridged Late Firstow

Transition Metal Clusters

1.1 Introduction

Homogeneous catalysis lgstorically an area dominated by precious metals, and this is
highlighted by the Nobel prizes awarded in 2001, 2005, and 2010 for asymmetric
hydrogenatiort, olefin metathesi$, and palladium catalyzediC bond formation
reactions’ respectively. However, catalysis with precious metal such as Pd, Ir, Rh, and Ru
has obvious disadvantages, such as cost, abundance, sustainability, and toxicity, not only
for the catalyst itself but also feme whole process from production to waste treatrhent.

In the last decade, catalysis with eamtbundant metals, especially fursiw transition

metals has become one of the most active research fields in organometallic chanstry
tremendous advances have mewade in many areas, including cross coupling and
cycloadditionS*? hydrofunctionalizatiort? hydrogenation of unsaturated spedits,

oxidation!® C-H functionalizatioR!*?°and alkene polymerizatiofi:2%:2?

The anionic phosphoranimide ligand, also known as phosphinimide, phosphuraato

or phosphorane imide, was discovered by @itager and Meyét at the beginning of the

last century and has the molecular formula [NPREarly exploration of phosphanimide
chemi stry dates back t &?Alarge ntingérofinaingioyp Sc h mi
and transition metal complexes have been characterized and reviewed sint&°then.
Phosphoranimide complexes of the late fit transition metal (Mn, Fe, Co, Ni, Cu and

Zn) have been explored previously. For divalent metals, the core structure4NuXim
hetaocubane, prevails in most cases when the substituents on'[NiPRsmall, such as

Me or Et?% In contrast, exaples of metal complexes with sterically larger group such as
Ph andBu are rare for late firatow transition metald! This chapter will mainly focus on

the synthesis, structure, and redox behavior of nickel clusters bearing the sterically large,
strong electron donating [NBU3'] ligand from the inorganic perspective.



1.1.1 Trialkylphosp horanimide ligands: versatile baxding modes,remote steric

bulk, and adjustable steric and electronic character

The phosphoranimide ligand is monoanionic and isoelectronic to §pgASiRs'], and
cyclopentadienyf? The alkali metal salt exists as either hexamer or tetramer depending on
the steric sizes of the substituemsganwhile the discrete anion is still unknof®d>8 A
gualitative description of its electronic structure was obtained in the framework of
ExtendedHickel Theory (EHT)® It indicates that the highest occupied moleculaitaid

of the free ligand are best described sgrhybridized lone-pair (ax symmetry) and a
degenerate set of orthogopabrbitals (e symmetry). The nitrogganosphorus bond is best
described as a double bond by the NBO partitigrscheme (resonance AgFL.1). On

the other hand, when the ligand coordinates to transition metals, the negative charge on
nitrogen increases and the nitrogemosphorus bond order decreases. As a réiselbond

is best described as a polar single bond and the ligand isnbagrretedas resonance
structure B (Figl.1).

Q
¢/

I(i)]:PF{3 - (O
A B

Figurel.1: Resonance structure of [NPR

The baoding modes of phosphoranimide ligand are versatile, depending on the metal
incorporated, the oxidation state of the metal, and the sterielecitonic character of the
substituentg® The five main bading moas are illustrated below (Fig.2). In bondng

mode A, the phosphoranimide ligand is considereeeteétron donor by forminyl N

bonds This terminal coordinatiois generally observed for metals in high oxidation states
with empty dorbitals, such as observed ifReO(NPPh)] 1,%C [WCIs(NPCk)] 2,
[Mo(NPPH)4]?* 3, and[MoNCI3(NPPh)]2' § C7Hs 4.4* In bondingmodeB, the ligand



donatest electrongto the metalby forming a doublebond (G + “). The M1 Ni P anglein

this caseasin [WCIl4(NPCk),] 5 (160),*?is moreacuterthanin modeA. In bondingmode
C andD, phosphoranimidégand coordinatedo two metalatomsby nitrogen,actingasa

g2-bridging ligand In modeC, the bondingis asynmetric, resultingtwo different metal
nitrogenbondlengths,asobsened dimeric[TiCl3(NPMes)]2 6.2° In modeD, the bonding
is symmetric, and the two metal nitrogen bonds are at the same length, as in

[FeCh(NPR3)]. 7.3t At last, in modeE the ligand coordinatego three metal atomsby

nitrogen,actingas a £3-bridging ligand. Itis often observedor metalsin low oxidation
statesespeciallylatefirst-row transitionmetals asobservedn theheterocubanstructures
suc as[NiCI(NPMes)]4 8% and[Col(NPMes)]4 9.4

[M]EN—PR3 > [M]:N:PR3 A lFI)RS ||3R3
N - N D
e . /N VAN
[M]—N\ [M]—N\\ B [M] [M] [M] (M]
PR, PR,
TR :
N ¢ AN
MY MI™ (g

Figurel.2 Bonding modes for phosphoranimide ligand.

As mentioned, in most heterocubane clusters the phosphoranimide ligands bear small alkyl
groups, and the oxidation state of the metal is generally +2. For metals of moderate
oxidation state, the mixeddondding mode A/B or A/D were observed. In addition to
oxidation state, the size of the phosphorus substituent also affedieriding mode. For
example [CoCI(NPRs)]4 10 has a heterocubane structure when R is small group such as
methyl or ethyft* while [CoCI(NPBus)]2 11 exists as a dimeric cluster witwo bridging
phosphoranimide categorized mede D due to the steric demand of #Be group™ A

similar influence is also found for complexes of main group metals:2(fivg
NPBus)2(NPBuU3)2] 12 exists as a dimer with two bridging and two terminal

phosphoranimide while the [M@NPPr)4(NPPr);] 13 exists as a trime¥, as shown



below (Fig.1.3). Last but not least, theonding modeis also significantly affected by the
chemical environment at the metal center, the electronic and steric character of other

coordinated ligands.

Cl \MeSP //PMe3 |F|>tBU3
Co-||—
\N—l\Co/CI CI\ /N\ /CI
| Co _Co
N—|—Co-|Cl 7N N
Z2a U THF THF
Me;P Co N
/ \\ PtBU3
Cl PMe,
10 1k
t PiPr .
IFI)BUG |,\|l °  PiPrg
N TN \\‘N/, .
- . . - _—
BusPN—Mg_ >Mg—NPBug Prs PN—Mg__ Mg Mg—PPr
N I pip
. r
||:|>tBu3 PiPr, 8
12 13

Figurel.3 Structure of selected phosphoranimide clust¢@oCI(NPMe;)]4 10;
[COoCI(NPBuU3)]2 11 ; [Mg2(mNP'Bus)2(NP'Bus)2] 12; [Mgs(mNPPr3)4(NPPrs)2] 13.

The TiCp(NPR)X2 (X = Cl or Me; R ='Bu) system was well studied by Stephanal,

for ethylene polymerization as aiternative to the popular metallocene systéffiin this

series of compounds, the phosphoranimide ligand not only mimics the Cp anion
electronically by donating as many as six electrons to the metal, but also occupies
considerable steric space due to th® simil
when the R =2Bu. In contrast, the TP distance is much longer than thé dp-centroid

distance, 3.4A v&.2A * due to an extra atom in betwedihis suggests that even though

[NP'Bus'] occupies relative large space, the actually steric bulk is displaced far from the

metal center. Combining this character with the vershtifeldingmodes at nitogen, it is

proposed that thactivity of low-coordinatefirst-row transitionmetal clusters should be a

potentially valuable area for exploration.



Besides the versatileondding modea nd fir e mot e thet phasgharanimifief e c t o
ligand also offers tunable electronic and steric character. By changing the electron
donating ability of the substituents, it is possibleingestigate electronic and steric
influences of the substituent both on the aggregation and catalytic behavior of the metal

clusters.

1.1.2 Catalyst design using trialkylphosphoranmide ligands

Phosphoranimide metal compounds and their catalytic adtigitg been well studied since

the 198006s and a number of reviews Were pu
or transition metal$®?-°°However, the chemistry of phosphoranimide complexes of late
first-row transition metals has not been explored extensively, although a number of metal
clusters were synthesized, most of which have the heterocubane structureii fector

inhibiting thedevelopment of this chemistry wéhat no general procedure for the synthesis

of late transition metal phosphoranimide complexes had been reported when our work was

initiated.
RsP PR
X\MS\ N 3
3 -7 eq. Me3SiNPRg NUBEAN
4-10 eq. KF N——m—X
MX, > 0.25 L Ix
T=160-210°C ~NZ|—MC
t=2-5h RsP /M—N\
A\
X PR3
M = Fe, Co, Ni, Zn
R = Me or Et
X =Cl, Br, |
Equationl.1

The main strategy for synthesis developed by Dehnicket, d.,26 used the lowmelting
trimethylsilyl-trialkylphorphoranimide (R = Me, Et) as the solvent medium for salt
exchamges with metal halides (Eqf.1). This meltphase procedure not only limits the
ligand scope to [NPMg] and [NPE$'], but also inhibits scatap of the reaction due to the



inefficiency and difficulty of purification of the product. Even the ligand stitsxample
LiINPRs, are made from the trimethylsilyltrialkylphosphoranimide (TMSNPPR is also
difficult to apply this preparation on a large scale because trimethylsilyl azide, which is
potentially explosive at elevated temperature and acutely texiopt the preferred

synthetic reagent.

To solve this problem, Dr. Robin Hamilton of the Stryker group adapted an older azide
free procedure to develop a new method to synthesize the frgam¢he related phosphine

on 10gramscale (Schemg.1). In theoriginal procedure, a primary amine was mixed with
triphenylphosphine dibromide under basic conditions to produce the N
alkyltriphenylphosphoranimid&. In our procedure (Schentel), potassium amide was
preparedn situ and mixed with trialkylphosphine dibromide, after which the excess base

deprotonate the phosphoranium salt to githee phosphoranimide ligand.

PR3 + Br2 —th .16 h PR3Br2

4 eq KH

PR4Br -
872 NHg(l), it, 16 h

KNPRj,

R = Et, Pr, "Bu, Cy, Ph

Schemel.l: General procedures for the synthesis of phosphoranimide ligand

This procedure is effective for most phosphoranimide substituents, except fBufNlP

The synthesis ofithium tri-tert-butylphosphoranimidel4 begins with an interrupted
Staudinger reaction to make (trimethylsilybtert-butylphosphoranimidel5 (Scheme

1.2). Then phosphoranium fluoridé6 was prepared by desilylation using potassium
hydrogen difluoride. Two consecutive deprotonations by wiidthium gives the final
product lithium tritert-butylphosphoranimid&4. The stepwise deprotonation was adopted
to ensure the purity of the product; otherwise residual lithium bromide proved to be
inseparable from th&4.
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Schemel.2 Synthesis of INP'Bus 14.

The original motive for the Stryker group to work on this type of compound was to develop
a new catalytic strategy to break the aromatic catimiaroatom bonds (mostly S and
Ci N) under mild condition for application to thé sands upgradprocess (Figl .4).

MLy
H>S
2 S containing crude oil
Ho
Ho
Hydrocarbon
M,L,S

Figurel.4: Simplified scheme for hydrodesulfurization (HDS)

Conventionally, the firstow transition metal sulfides are believed to have mucletow
hydrodesulfurization (HDShctivity than the commercial Garomoted molybdenum
sufide (Co-M0S,) supported on alumirg>® However, recent investigation brings new
insights of the role of cobalt in commercial catalyst and points out the cobalt centers might
be the actual active sites of the commercial catafly&is suggests the possibility of using

first-row trarsition metal catalyst for HDS.



The phosphoranimide ligand was proposed to serve the above purpose for several reasons:
(1) The electrordonating ligand could build up electron density on the metal center to
facilitate the oxidative addition part of the catalytic cycle (2) Meanwhilerdgehation of

the metal sulfide would be more favored than for early metal sulfide, due to the wéaker M

S bonds (3) In addition, when sterically demanding substituentsisa@, the bulky
phosphoranimidevould promote coordinative unsaturation of the meg¢aterswhich is

critical to the HDSactivity, based on the study of heterogeneous catalysts (4) Due to the
versatilebondding mode of the ligand multiple metal centers would be bridged by a single
nitrogen atom to form metal clusters so that the buolemediating the full catalytic cycle

is absolved for any single metal center (5) Last but not least, the eblaasy preparation

of trialkylphosphoranimide with various substituents makes it easier to study the influences
of the electronic and stercharacter of the substituents. From all the above perspectives,
phosphoranimiddridged late firstrow transition metal clusters could be a new solution to

the HDS and HDN process. In the last several years, many precatalysts have been
synthesized and glied in the Stryker group, some of which will be mentioned later in this
chapter.

Besides applications in the oil industry, it is@interesting to explore tteetivity of late
first-row transition metal phosphoranimide clusters in other fields reiatbé commodity

and fine chemicals industries. Lesoordinate firstrow transition metal compounds have
considerable potential in many chemical transformations, such as small molecule and C
H activation. In most lowcoordinate complexes, bulky ligands Buas multidentate
phosphines or NHCO0s are used to block the
further coordination and aggregation, whiclstene degree also inhibits thetivity of the
catalyst. As mentioned, the steric bulk of the phosphoiideiia located further away from

the metal coordination sphere. As a result, the phosphoranimide metal cluster can form
low-coordinate complexes without crowding the metal coordination sphere, leaving space
for other chenstry to occur. Thectivity of this type of metal cluster is worth exploring

due to the great potential in many fields, including catalysis and inorganic materials.

1.2  Previous work from the Stryker group



As the Stryker group has been focusing on the trialkylphosphoranbniiged firstrow
transition metal clusters for several years, it is essential here to mention some previous
work briefly to bring context to this thesis. Among all the research dornleeirStryker

group, the work by Dr. Jeffrey @aacheBunquin and Dr. Houston Brown will be

discussed here, due to the direct relevance to the content of this thesis.

1.2.1Hydrocarbon soluble coplanar twcecoordinate Ni and Co clusters:
[Ni(NP'Bus)]4 18 and [Co(NPBus)]4 19

Thediscovery oftetrametallidwo-coordinatenickel and cobalt clusters [Ni(NBus)]s 18
and[Co(NPBus)]4« 19 was made by faner group member Dr. Jeffrey @acheBunquin
(Fig.15).%

Figurel5: (a) Structure ofNi(NP'Bus)]4 18 and[Co(NPBus)]4 19; (b) ORTEP diagram
of 19, thermalellipsoids are shown at 30% probatyiland hydrogen
atoms have beesmitted for clarity.

The sterically bulky trtert-butylphosphoranimide is the only supporting ligand for the
cluster. Each ligand bridges two metal centers through an electron rich nitrogen atom and
each metal is monovalent and linearly te@ordinate. In the solid state, the four metal
atoms are coplanavhile the diagonal ligand alternate above and below the square plane

of the metals.



The X-ray crystal refinement fofCo(NPBus)]s 19 suggested that the Co(l) centers are

partially replaced by Na cations in variable amounts in different single crgstatted for
structure refinement. Solution magnetic S
method® revealed that the cobalt clustEd is an 8electronparamagnet, indicating two

unpaired electrons per metal center and no significant amount €ddaonding. On the

other hand, the Ni(l) center [INi(NP'Bus)]4 18 is not replaced by Na cation even though

it is prepared by the same procedure. Solution ntagsiesceptibility measurement o8

revealsclose tofour unpaired electrons for the cluster, suggesting one unpaired electron

for each Ni(l) metal center, witt® donfiguration.

Both clusters are highly unsaturated and exhibit activithjoirogenation of alkynes and
alkenes under mild condition (room temperature, one atmosphere of hydtogen).
However, for the nickel clusté8, the hydrogenation activity of diphenylacetylettevas
irreproducible. Even more intriguing was that when the purestadlaisingle crystal was
used as the catalyst, no hydrogenation activity was obsetJéuk reproducibility issue

has been addressed hetcurrent work and will be discussed later in this thesis.

1.2.2 Heterocubane[MeCo(NPEts)]4 21 and [MesCo4(NPEts)4]PFs 22

In addition to theéwo-coordinatetetrametallic cluster, anotheynthetic accomplishment

was thealkylated heterocubara@uster[MeCo(NPE%)]4 21 and theoneelectronoxidized
congener [MesCos(NPE})4]PFs 22 (Fig. 1.6) by Dr. Houston Browf° Neutral
[MeCo(NPE®)]4 adopts the typical heterocubane structure, with cobalt and nitrogen atoms
positioned at alternative corners of the cubhehe cluster, each triethylphosphoranimide

ligand coordinates to three cobalt atoms and eabhltatom binds to three ligands.

10
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Figurel.6: Structures of [MeCo(NPE%)]4 21 and MesCay(NPEg)4]PFs 22 characterized
by X-ray crystallograph§®

The cationic clustefMesCau(NPEB)4]PFs 22 was synthesized by oredectron oxidation

of 21 using stoichiometric GfFePFk. When the electron is removed from the cluster, the
average Cé\ bonds length decreases frorB7A to 2.71A without significantly changing

the coordination environment. The four cobalt atoms stay identical to each other, which
makes the cluster a type Il mixedlence compountt Both the neutral and cationic
clusters are active HDS catalysts in the presence of a strongly basic potassium salt (KH,
KDA, KTMP) and the cationic cluster shows higher actidfty.

1.3 Resultsand discussion

1.3.1 Synthesis and characterization of [Ni(NP'‘Bus)4]BPh4 23

The cationic analog of neutral clusteé proved to be the key to the high purity synthesis
of this troublesome cluster. More importantly, this discovery led directly to the
identification of the putative hydrogenation catalyst first reported by Dr. y&ffmacho

Bunquin®®

1.3.1.1 Synthesis of [N{NP'Bus)4]BPh4 23

11



The cationic tetramerication[Ni4(NP'Bus)4]* was discoveredserendipitously, when we
targeted thedimetallic nickel cluster [Ni(d3-allyl)(NPBus)]2 24, which hasbridging
phasphoranimide ligansland terminal®-allyl groups (Schemé.3). This chemistry will
be detailed in a later chapter. In the reactini(,d3-allyl)Br] 2 25was mixed with LINPBuU3

in diethyl ether at room temperaturegiving a green pentane soluble product.
Recrystallization of the assumprbduct24 gave instead thenexpected cationic tetramer,
[Ni2(NPBus)4][Li 3Bra(Et20)s] 26.

|P|tBU3 BugP_ ,P'Busj *
Br SN-Ni—N"
/ N\ /N\ | ! |
—Ni Ni—) + LiINPBu; ———> ((-Ni '—> ., i i
<< N_/ >> ° Et,0, nt <NI\ N > l\Ih '\lh Green
Br N  N=Ni—N_
PBug Bu,P “PBu,
o5 24 [LigBra(Et20)s]
26

Schemel.3 Serendipitous isolation ¢Nis(NP'Bus)4][Li 3Bra(Et-0)s] 26.

Theunusual ethesolvated counteion is composed of lithium artstomide ions from the
starting materia and dethyl etherfrom the solvent. In theluster the oxidation state is
Ni(I1)/3Ni(l), while it is Ni(ll) in the starting material. It is pposd thatthe dimetallic
intermediate[Ni(d3-allyl)NP'Bus], was formedas expected, followed by steric driven,
nickelcarbon bond homolysis, reducing the metal to Ni(Dbsquent oligomerization
and partial reoxidatiomesults in the thermodynanaiity favored cationic cluste?6. It
should be mentioned that the only known structurally similar tetrameric species
[Ni{N(SiMe 3)2}] 4 27 is proposed the decomposition product of [Ni(NSiMle 28.52 In

that reaction, the authors propose aNNbond cleavage pathway, reducing Ni(ll) to Ni(l),
and generating the nitrogen radic#iN(SiMes)., which abstracts hydrogen from diethyl
ether togive HN(SiM&)> 29 as a byproducDFT calculations suggest that the lowering of
the delectrons energy across the-8gties might be the reason for the thermal instability
of Ni{N(SiMe3)2} > 2853

12



From the crystal structure (Fid.7), the bondding modeof the tetrametalliccation is
closdy similar to the neutraetrametallic clusteiNi(NP'Bus)]4 18, repored byDr. Jeffrey
CamacheBunquin® Thefour nickel atomdocatein a square plaandeachcoordinats
linearly to two nf-phosphoranimide ligandsThe counter ion [LisBra(Et20)s]' was
unprecedented as anion. The only similar structure &neutralisBrs heterocubane with
various numbers of BED coordinating to the Leéationson the corner&! The structure of
[Li sBra(ELO)s]' resembles the heterocubane closely, but missing' adtion on one

corner.

Figurel1.7: ORTEP diagram of [N{NP'Bus)4][Li 3Bra(Et:0)s] 26, thermal ellipsoids are
shown at 30 % probability. Hydrogen atoms have been omitted for clarity.

Based on théigh-yield synthesis of [M&Cos(NPE®)4]PFs 22 by one-electronoxidation
of neutral [MeCoNPE}4 21, accomplished by former groupember Houston BrowA?,
we undertook aationalsynthesis of the coplanar cation by arlectron oxidation oi.8,
despite its variable purityThe oidation is easily achieved by addirgslurry of 0.9
equivalenbf CpFeBPh in THF to astirredTHF solution ofLl8 at room temperatur@&qgn

13



1.2). The reason for using only 0.9 equivalent of oxidant is for ease of purification. When
less than one equivalent of oxidant is used, the unreacted starting n®atetial be easily
extracted into pntane, together with the ferrocene. Amediate clor change from green

to blue waobserved upoaddition of the oxidantConcentration andgmtane extractign
followed by filtrationremovedthe soluble residual starting material and ferrocekiger
filtration, theremaining solid wa extractedvith THF; subsequence filtratioand removal

of the solvent gavéNis(NP'Bus)s|BPhs 23 as a blue powder in 83% yiel@the use of
CpFePFk as an oxidaninderthe sameonditions gavéNi4(NP'Bus)4]PFs 30in aslightly

lower yield.
Bugh, ,PBu, BugP, ,PBug | + BPhy~
N-Ni-N N-Ni-N
N-Ni-N, THF, rt, 10 min N-Ni-N,
tBU3P : PtBU3 tBUSP : PtBUS
23
18 83%
Equationl.2

1.3.1.2 Xray crystallography of [Ni4(NP'Bus)4]BPh4 23 and [Nia(NP'Bus)4]PFs 30

The ationic clusters [Ni(NP'Bus)4]BPhs 23 and[Nis(NPBus)4]PFs 30aresoluble in polar
solvens such asTHF and DME, but not soluble inonpolarhexane, EO and toluene.
Single crystals werebtained bycooling thesaturatedTHF solution of23 in the-35 °C
freezer in the glovebox. Crystal data collection and refinement parameters are provided in

the appedix.

The average bond lengths and anglesll three cationic cluster and neutral clustér
crystals are listed in Tablel When comparinghe data of th&3, 30, and26 with 18, it
is apparent that the neutrfiNi(NPBus)]s 18 is more symmetric than the cationic
compound. For example, the neutral clustehe Ni-Ni distances are all 2.3749while

in the cationic cluste23 the Nii Ni distances vary between 2.370 A and 2.420 A. More

14



dramatic irregularity was observed inNN-N bond angles: in the neutral clustes all
angledall between 178.3and 179.8, while in the cationic clust@&3the angles are 178.5°,
178.5°,179.4° and 175.9°.

Tablel.1: Selected average bond lengths and anglés,&3, 30, and26 ( L= NPBus).

[NiL]a | [NisL4]BPhs | [NisL4]PFs [NiaLd]
[Li 3Bra(Et:0)q]
Ni-N bond length ()| 1.865(3 | 1.840(2) | 1.837() 1.843(3
N-P bond length (&) | 1.566(3 | 1.581() 1.584(7 1.582()
Ni-Ni distance (&) | 2.3749(Q | 2.3953(3 | 2.3967(4 2.4002(123
Ni-N-Ni angle ¢) 79.1(1) 81.2(§ 81.44) 81.3(§
N-Ni-N angle f) 178.93) | 178.17) 177.6(9 176.5(9

As the counter ionwas changed fronjLisBrs(Et:O)s]' to BPh' to PR', the same
irregularity in bond lengths and bond angles was also observed. Considering the large size
of the clusters, crystal packing force alamild be the reason for the inconsistent bond

lengths and angles

From the bond length data, it is clearttbpon oxidatio the average NN bond length
was shortened, approximately by-28 pm. This is likely due to the reduced electron
repulsion between nickel and nitrogen atoms when one electron is removed from the
cluster. Meanwhile thaverage NP bond legth is 1518 pm longer than the average
length in neutral cluster, suggesting weakéPNoond. Basedrothe crystal data the
nitrogensin all clusters are betweesp? and sp® hybridized, it is speculated that upon
oxidation there is morgecharacter and &sp character in the NN bonds and meanwhile
morep character and lescharacter in the NP bonds. This effect on NN and N P bond
lengths is precedented irthe case of oxidation of [MeCoNPEt 21 to
[MesCos(NPER)4]PFs 22,°° however unlike theshortened CicCo distancesn 22 as
mentioned earlierthe Ni Ni distances in the tetrameric nickel cluséstenincrease by

about 20 pm. Theeason for this difference is tiséeric hindrance of the bulkNPBu3']
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ligands. The spaddling diagram of the neutral [Ni(NBus)]4 18 shows théBu groups of

the diagonal ligands lie very close in space with a distance of 2.464 A between the closest
hydrogen atomdsHig. 1.8). The hindrance between diagonal ligands keke<luster from
contracting to the center. Insteaithe average NN-Ni angle in cationic cluster is
approximately 2 more obtuse than in neutral cluster. Despite all the changes in bond
lengths and angles, the averag®&NN angles is only slightly smalighan 180 and the

nickel centers are still considered lingawo-coordinate.

Figurel.8 Space filling diagram of8, thermalellipsoids are shown at 30 % probability.

In the crystal structure, there is another asymmetry observed about bond angles. The angles
between NP bonds and NN-Ni surfaces of a pair of diagonal ligands always fall into two
categories, one of them is close to linear and the other is clearlyFgni.Q). This
asymmetry was observed in all three cationic and the neutral clusters. It is assumed that
this angle irregularity is also likely the result of crystal packing force in the-stalid and

should equilibrate in solution.
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Figurel.9: Diagram ofthe unidenticalingles betweeniNP bonds and
Nii Ni Ni plane in neutral cluster8.

1.3.1.3 Infrared spectroscopy

Infrared spectra of botfNis(NP'Bus)s]BPhy 23 and[Nis(NP'Bus)4]PFs 30 were obtained

in the solid state. Solution infrared spectra were also obtained, but the main complex
absorptions overlap with solvent absorptions. Th Bond absorptions are listed below
(Tablel.2). These data are consistent with the data fremyXciystallography. The ifN

stretch for neutral cluster is 1072 ¢m@nd the absorption f&3 and30 are 1042 cm and

1052 cmt, respectively, 30 crhand 20 crit lower than in the neutral clust&s, which
confirms the weaker iPN bonds in the cation. The signal difference between cationic
clusters with differentounter iois was also about 10 chapart, suggesting theounter

ions are not entirely independent in solid state.

Tablel1l.2 PN bonds asorptions inl8, 23, and30in solid state.

Nickel cluster P-N bond stretch

[Ni (NP'Bus)]4 1072 cm*
[Ni2(NPBus)4]BPhy 1042 cnt
[Ni4(NP'Bus)4]PFs 1052 cmt

1.3.1.4 Magnetic susceptibility
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The magnetic measurement of the neutral club8by t he Ev &mavéan met h o

effecti ve ma g n egtinisautiomatmemmtémpergdture4Thig réselt suggests
that there arepproximately 4unpaired electrons for thehole clusterat ground state

Using the same method, the cationic cluggmgives an effective magnetic moment of

5. B HF at room temperaturghis result suggests a total ofibpaired electrons per
cluster, if the cation stays as a tetramer irfFddélution. In addition, measurement of the
temperaturaependent solidtate molar magnetic susceptibility2# has been completed

by a collaborator, using the SQUID method. These results are consistent with the data from

thevans® met hod.1lilOh sol ution (F
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Figurel.10: Temperaturaependent solidtate molar magnetic susceptibility2d by
SQUID.

These results are to some degree unexpected because based on the splitting pattern of
orbitals oflinear twecoordinate metals, the singiectron in the % orbital is the one that
should be removed from one metal, (Figll) resulting in a d@onic cluster bearing
somewhereloser to 3 unpaired electrons. The rationalization for this experimental result
is probably that the phosphoraniraiigand here behaves as a +iomocent ligand in the
oxidation. Instead of the metal center, the oxidant abstracts an electron from the ligand,
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likely from the nitrogen atom (or, equivalent, the N=P double bond). In other words, from
the molecular orbitgboint of view, in the MO diagram of the cluster there is likely at least
one orbital that is nearly degenerate with the four singly occupied-breetatl molecular
orbitals (SOMOs). This is likely to be a more nitrogegased molecular orbital and the
energy gap between this orbital and the SOMO is smaller or at least close to the pairing

energy.

L—M—L

Xz, y2 w ‘ *

x2-y2, xy w w
Figurel.11: Splitting pattern of érbitals for linear twecoordinate 8metals.

A detailed computational investigation is currently underway, agacolgborators. It is
expected that results of the FMO computation will be helpful to uradetshe magnetic

property andactivity of the clusters.
1.3.1.5 Cyclic voltammetry

To study the redox behavior of the tetranickel clus&and23, Cyclic voltanmetrywas
carried outunder one atmosphere of nitrogen or argon. The results were collected using
WaveNow USB potentiostah compact voltammetry cell (starter kibf Pine Industry
Instrumentation using Aftermath operating software. Ceramic patternectifim
electrodesvere used as working and counter electro@esipseudosilver electrodewas

used asefererce (for noraqueous solutionsi-BusNPFs was used as electrolyte with 0.1
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mol/L concentration. The analyte solution is prepared in the glovebox by dissolving the
analyte inn-BusNPFs solution to make 0.01mol/L solution of analyfédF was used as

the solvent for all the CVThe general scan rate is 0.1V/s unless otherwise dofite
Fc'/Fc couplewas used as the reference for all the CV.

The cationic cluste23 rather than the neutral cluste8 was used in these experiments,
given the highpurity andstability of the compoundlhe neutral clustet8 decomposes
slowly over a veek in solution to give a precipitate that is not soluble in T&¥ENwhen

stored in the30°C freezer of the glovebox. This likely due to the lowcoordinatenature

of Ni centers. The purity of the compound itself was also in question: the neutral cluster
prepared byDr. Jeffrey CanacheBunquinwas, we believe, usually contaminated with
some ovetreduced component, which will be discussed later in this chapter.eQuittér

hand, the cationic clust@Nis(NPBus)s]BPhs 23 is kinetically much more stable, both in
solution and the solid state. There is no sign of decomposition after six months in solid
state when stored properly in the glovebox. This has resulted fatogeistent and

reproducible electrochemical measurements.

As described in the experimental section, the electrochemical cell of the CV instrument
was set up in the glovekpsealed, and then transferred outtloé glovebox forthe
experiment. The FéFc couplewas used as internal refererinesome cases. The results

are shown below (Fid..12).

Two quasireversible orelectron reduction events were observed. The first reduction was
attributed to the conversion of the monocationic cluster to theatelister at a potential

of Ex2 =10.613V. This is anticipated, since the neutral clu$&has been isolated and
fully characterized. Furthermore, a second reductive event is observegl=at E886V,
which correlates with the reduction from the el cluster to monoanionic cluster
[Nis(NPBus)4)'. Assuming that the anionic cluster remains a tetramer after the reduction,
at least on the CMimescale, the oxidation state of the cluster is mixadnce

3Ni(l)/Ni(0). Based on the {f» from CV, sodiumamalgam should be a strong enough

20



reductant to reduce the neutral cluStdrpwever, this is not observed chemically, although

this possibility was not investigated, at least carefully.
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Figurel.12: CV of 23. (a) CV withoutinternalreference; (b) CV with GifePk

as internal reference.

The electrochemistry alsorfirmed that both redox reactions are -@hectron events. The
differences in peak potentials for each event are 0.151V and 0.165V, respectively, which
is relative broadened from the ideal 0.059V difference for a reversiblelecteon redox
event. As aesult, both events should be quasireversible. The wide peak differences are
likely due to slow rate of electron transfer, resulting from the high activation barrier, but

the effects of reversible cluster dissociation cannot be discounted.
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Figurel.13: CV of 23 under wider scan range: (a) 0.5V +5V; (b) 0.2V ~4.0V.

Cyclic voltammetry covering a wider scan range suggested another irreversible redox
events as shown below (Fig.13). When the potential rises to around +0.3V (relative to
Fc©), no further oxidation of the monocationic cluster is observed other than the oxidation
of solvent. On the opposite direction, another irreversible reduction of the monoanion was
observed arouneB.3V, together with the reduction of THF under such lyighductive
potential. This redox event is irreversible, implying the disassembling of the presumed
dianionic cluster. The reduction is not chemically accessible due to the extremely strong

reduction potential.
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1.3.2 Synthesis and characterization of N&i4(NP'Bus)4] 31

The insight obtained from cyclic voltammetry suggests the possibility of cleaglecteon
chemical reduction of the neutral tetrameric clud¢&rBased on the data, the reduction
potential of the reducing agent has to be at least clos22d, limiting us to alkali and

alkali earth metals to achieve the reduction chemically.

1.3.2.1 Direct reduction of [Ni(NPBus)]4 18 with alkali and alkali earth metals

Attempted reductions df8 with lithium metal (Eqn.1.3) and potassium graphite (KC
(Eqn.1.4) were unsuccessful in delivering a single product. When lithium wire was added
to the solution ofL8 in THF, the color of the solution changes gradually from green to
brown. After stirring for one houthe major product as brown and soluble in pentane,

however there was always a variable amount of unchaimadeblack precipitate as a

byproduct.
. xs Li .
[Nig(NPBu3)4] ——~ ~ > brown product + LiNPBug
THF, 1t
18 14
Equationl.3
: s KC
[Niy(NPBUg)s]  ——> "8 hrown product + KNPBus
THF, rt
18 32
Equationl.4

WhenKCg was used as reductant, the color changedh faster, normally within one
minutes. The major product was again brown and pentane soluble, but the amount of
precipitate obtained could not be estimated due to the régida@hite in the reaction
mixture.3'P-NMR spectroscopy of each product showed the presence of the alkali metal
salt of the ligand, LiNBuz (31ppm§® or KNPBus (16ppm)®® This suggests a dissociative
pathway for deomposition from the putative anionic cluster.
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Whensodium was used asductant, more possibilities colde explored by using sodium
amalgam consisting of various percentages of sodium (Schendt is found that the
concentration of sodium has aat efect on the ratef this reaction. When liquid 0.9%
Na/Hgwas used, no color change was observed, and the starting material was recovered
almost quantitatively after twodays at room temperature. Increasing the sodium
concentration to 2.4% led to &ow reduction of the neutral clust&B, reaching an end
product in twodays. When liquid 40% Na/Hg was used, the color of thgisa changed

to brown within B minutes. Similar to the reduction by Li and &C'P-NMR
spectroscopy detects the signal of soelium salt of théigand, NaNfBus, at 26 ppm,

which was not quantified.

0.9% Na/Hg
THF, rt, 3 days

no reaction

Y

, 2.4% Na/Hg
[Nig(NPBuU3)4] brown product + NaNPBug
THF, rt, 2 days

18 33

\

40% Na/Hg
THEF, rt, 15 min

» brown product + NaNPBu,

33

Schemel.4: Reduction ofL8 with sodium amalgam with different concentrations

In all cases, recrystallization of the brown sdhdthe glovebox was attempted at low
temperature using different solvents or solvents mixtures, including pentane, hexane, THF
and DME. The only crystal that could be obtained was from the reduction using 40%
Na/Hg. The crystal proved to be NalBB; 33 with a distorted heterocubane structure with
sodiumand nitrogen atoms occupying alternative corners of the cube. The crystal structure
of NaNPBus is similar to distorted cubic framework of LiNBs, synthesized by the
Stephan et &P Details ofthis crystal structure are providadthe appendix.
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In addition to the alkali metal81g powder couldin principle achieve the reduction of the
neutral clusted 8 (Eqn.1.5. However, with this reductant, transmetallation of the ligand
prevaiked instead. The solution became colorless upon stirring and a white product was
collected and confirmed to be [Mg(NBRis)2]» by *P-NMR spectroscopy, as previously
reported by Stephamt al*® Furthermore, CpfCo was also evaluated as a soluble-one

electron reductant, but provided no convers{&gn 1.6)

. ex M
[Niy(NP'Bu3),] ngt’ [Mg(NP'Bug),]»

Equationl.5

Cp*,Co

[Nig(NPBu3)4] ThE > Mo reaction

Equationl.6

1.3.2.2 Overreduction of [Ni(NPBus)]4 18

Although the direct reduction of the tetrameric nickel cluster was not successful, another
group member, Orain Brown, easily accomplished the alkali metal reduction of the Cu(l)

analog of the neutral clust&8 (Schemel.5).

Surprisingly, instead of the monoanionic cluster, only the dianionic cluster,

Li2[Cus(NPBus)4] 35, was obtained via a one pot synthesis from the lithiated ligand.
Further exploration revealed an intriguing role of lithium cation in this unexpectedly facile
two-electronreduction. A dianionic cluster could only be obtained whenalas present

in solution. If KNPBus 32 was used in the synthesis, the neutral cluste(NEBus)]2 36

was obtained quantitatively instead, even in the presence of excess reductant.

Cyclic voltammetry of th&6 also supports this result (Figuteld): When Li" was absent
in the solution, no reduction event was observed even under strongly reductive conditions,
i 2.30V, referenced to F€. When 20 equivalents &fBF s were added to tHEHF solution,

two reductive events were observed. The shape of the CV curve changed at slower scan

25



rates, suggesting that some chemical transformation was triggered after the first reduction.
It is clear that the Lication plays an essential role in méating the redox behavior of
[Cu(NP'Bus)]4 36.

BugP PtBus
(i) Lii N=P'Bu, N-cu-N’
0.7 equi ' !
( quiv) ] Cu Clu
(II) Na(Hg) XS, \,N—CU—N
S A tBugP’ 2 \pt
i 35 TAE, 3 Li P'Bus
CUBrZ 35
- . — t
(i) Ki N—PfBu3 tBU3P\\ //P Bug
(0.7 equiv) II\I—Cu—II\l
(i) Na(Hg) xs, Clu C'u
i 35 TAE,  N=Cu=N
BusP P'Bug

Schemel .5: Syntheses and ORTEP diagrams efCil(NPBus)4] 35and
[CU(NP'Bus)]4 36.

= [CUNP('BU)3]4

— [CUNP{'BU)s]; + 20 equiv. LIBF,
7000 m— [CUNP{'BU)3]s + 20 equiv. LIBF 4 5 mVis
(current 5X magnfied) .,--\\

.

10,00

Current (pA)

10.00

20,00 " " . ' '
OL.600 1100 1.600 2100 7.600

Potential vs F®' ' ()

Figurel.14: Cyclic voltammetry oB6, with and without LT cation.
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Further computational study is ongoing, and is essential to provide more insight into the
unique role of the main groupounter ionin this process. The details of the copper
chemistry will not be discussed in this thesis.

In combination with the decompibion observed during the chemical reduction of neutral
clusterl8, wesuggest that the alkali metals i@enot innocent outesphere reductants in
the reaction. To further investigate the role of alkali metal cations in controlling this

reduction, cyclicvoltammetry of23 in the presence of various alkali metal cations was
explored.

20.0 4

1 eq. LiBF,
— 4 eq. LIBF,
-10.0 1
z | Ji
—
S o0 /M
s |
o
10.04
20.0

0.5 1.5 . 2.5 3.5
Potential vs Fc' fFc™ (V)

Figurel.15: Cyclic voltammetry o3 with 1 equivalenfgreen)or 4 equivalents (blue)
of LiBF4in THF, scan rate = 100 mV/s.

Initially, the cyclic voltammetry in thpresence of soluble Livas tested. One equivalent

of LiBF4was added to the solution of catio@®and electrolyte (FigL.15). No significant
change in th€V spectrunwas observed, compared to the trace obtained in the absence of
Li*. The reduction pential of both onelectron events are the same as before and no other
reductive event was observed. Interestingly, when four equivalents of hi&fe added

to the solution, another reductive event was obskeafter the second reductive event,

around -2.771V. The oxidative counterpart of the event showed itself130V,
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suggesting that this event is irreversible, and likely leads to cluster reorganization and/or

decomposition.

This overreduction was only observed in the presence of 4 equivalents \bfd_propose

that the timescale for the CV is relatively shmympared to the rate of theldoordination

to the already anionic cluster, thus requiring an excess to be competitive. The CV 0f LIBF
itself shows no such reduction peak. In summary, similar to the case(dfff8us)]4 36,
overreduction of the cluster was observed in the presence *ofHawever, this
overreduction leads to decomposition of the cluster, in contrasthéoisolable

Li o] CUUNP'Bus)]4 35.

For comparisonCV spectraof 23 in the presence of various amounts of Mere also
obtaired. In Figurel.16 (a), the CVs of both NBPh; and23 are shown on the same plot.
The background voltammagram of NaBRVes not entirely flat, showing a broad signal
around-2.3V. The CV 0f23 in the presence of Nas shown below (Figl.16 (b)), from
which we can conclude that the traceg&basically the superimposition of the reductions
shown in Fig.1.18 (a). In contras to the case of Lj no further reduction event was
observed, at least at Glimescale. As noteéarlier, liberated NAIP'Buz 33 was observed
when trying to reduce the neutral clusi®&with Na/Hg. Based on the electrochemistry,
we can conclude that the decomposition is taesresult of overreduction bttie kinetic
instability of the anionic cluster itself. There is also a chance that the overreduction in the
presence of Nais simplymuch slower than the case of L$o it wa not observed in the

CV spectra
The CV in the presence Kf" was also investigate@he results were similar to the case of

sodium cation. The CV obtained was the overlap of cationic cla8tand KBPh (Fig.

1.17). No further redox event was observed in the presence of potassium cation.
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Figurel.16: (a) CV of 23 (green)and NaBPh(bluejn THF; (b)CV of 23 with 1
equivalent(green) 2 equivalents (black), andetuivalents (blue) of
NaBPh in THF, scan rate = 100 mV/s.
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Figurel.17: CV of 23 with 4 equivalents of RPhsin THF, scan rate = 100 mV/s.

1.3.2.3 Attemptto reduce[Ni(NP'Bus)]4 18 without overreduction

Based on the cyclizoltammetry, overreduction by alkali metgsobably arisesrom
additional reduction beyond theonaanionic cluster, triggering anionic ligand dissociation
and reorganization/decomposition of the cluster. To avoid such overreduction several
metods were evaluated. Firsse of a stoichiometric amount of the reductant was posited.
Considering the high molecular weight of the neutral cluggrsodium and lithium
anthracenidé$ and sodium naphthalenffavere prepared in THF and used as a solution,
aiming to provide accurate stoichiomebf reductant. The radical anions ameprinciple

strong reductantand presumed to reduce the neutral cluggto the anionic cluster.

However, this approach does not lead to substantial reducti@y(Bfn 1.7).

Na[C4H10]
_or
[Ni(NPBu3)l,  +  Li[Ci4Hi )] ———> noreaction
or THF, rt
18 Na[CoHg]

Equationl.7
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Various crown ethers were also used as additives in the reduction, aiming to isolate the
metal cation from direct interaction with the reduced cluster. We proposed that if the alkali
cation does not coordinate to the reduced metal cluster, the overradougbt be
prevented and the monoanionic cluster could be isolated, as observed in the initial cyclic
voltammetry.Unfortunatelywhen crown ether was present, a great number of byproducts
of varioussolubilitieswere observed for eagduair of alkali metaland crown etheused.

When LP and 12crown-4 were used, a minor TH$oluble product was isolated in a low
yield. This product is brown and paramagnetic, but attempts to grown single crystals by
slow evaporation, vapor diffusion, or liquid layer diffusialh ended up in failure (Eqn.

1.8).

ex Li,
4 eq 12-crown-4 "Li[Nig(NPBug)," +  "[Li(12-c-4)][Niy(NPBus),]" NP
[NI(NPBug)], q wn-4 [Nig( 3)4] ( . )IINi4( 3)al' + LiNPBug
THE. 1t brown hexane soluble minor product
18 ’ THF soluble
Equaitonl.8
ex Na/Hg (40%)
4 eq 15-crown-5 . .
[Ni(NPBu3)]4 g » "Na[Niy(NPBug),]" + "[Na(15-c-5)][Nis(NPBug),]" + NaNPBug
THF, rt
18 brown hexane soluble minor product
THF soluble
Equationl.9

Similar results were obtained when the combinations of Na/Hg atmdi&5 was used
(Egn 1.9). Recrystallization did not provide any transition metal clusters. Occasionally,
single crytals of the neutral starting materid were obtained from the recrystallization,

implying the instability of the anionic cluster.

Eventually, when Kgand 18crown6 were used for the reduction, single crystals of one

of the products were grown ampartially characterized by Xay diffraction (Eqn1.10).

The quality of the crystal was not adequate for full structural characterization because the
two atoms coordinating to 'Kand Ni could not be identified. Based on the reaction
conditions, dinitrogemvas the most likely assumption, and the structure could be proposed
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as [K(18crown-6)][(k-N2)Ni(NP'Bus)] 39 (Fig. 1.18). The formal oxidation state of the
nickel in this material is 0. This result suggests that the monoanionic nickel cluster is not
kinetically stabilized by adding crowether, but rather destabilizethedinitrogen adduct

of Ni(0) and K is precedentef®® but the linear bonding mode is unknown. However, this

structure is not interpreted here due to the uncertainty of the assignment of nitrogen atoms.

ex Kg

[NI(NPBug)l, _4eqi8-crown6 "KINig(NPBUg),l"  +  [K(18-c-6)](k-No)[NI(NPBUs)| +  KNPBug

THEF, rt
18 brown hexane soluble 39

Equation1.10

Figure1.18: Proposed structure {£(18-crown-6)][(k-N2)Ni(NP'Bus)] 39.

Based on these results, the reduction of the neutral cluster was repeated under an argon
atmosphere, either on an argon Schlenk line or in an dii¢ghglovebox. However, the
results were similar: no single crystals of monoanionictetusr any other product could

be obtained.

Aside from the strategies above, ion exchange was also used in another attempt to isolate
a stable anionic tetramer. The neutral cluster was first reduced with 40%, datHthe

solvent removedfter a short reaction time (Ifin). Upon extraction with pentane, a
brown solution was obtained, to which anhydréBsuNBr was then added with the
anticipation that KBr might precipitate out of the solution. Unfortunately, multiple
paramagnetic produsivere isolated and no single crystals could be grown to characterize
any of them (Eqnl.11).
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"Na[Nis(NPBug),]" + "Bu,NBr ["BugN][Nig(NPBuU3),]
penfaye, rt

brown pentane soluble

Equationl.11

1.3.2.4 Synthesis of Na[M{NP'Bus)4]: a consistent procedure

Because the isolation of pure monoanionic cluster NWHBus)4] 31 was unsuccessful,

it became crucial to develop a consistent, reproducible preparation for use of this
compound for furtheexploration of its activity. The priority was to determine whether the
anionic cluster is monoanionic or dianionic; either was jessind both may be present;

meanwhile, rearrangement to other oligomers remains a reasonable possibility.

To confirm the molecular formula of the anionic cluster, a redox conproportionation
reaction was carried out to determine the purity of the crutlection product. An excess

of 40% Na/Hg was added to the THF solution of neutral cld&tand the reetion mixture

was stirred for 15ninutes. The solution was decanted from unreacted sodium amalgam
and mixed with a nominally equimolar amount of the arat cluster23. The near
guantitative yield of pure, neutral tetranted obtained from this experiment establishes
that the brown product is the monoanionic cluster N&NN#Bus)4] 31 (Eqn 1.12).

BugP, _PBu, | " BPha™  Byusp ,PBu, |- Na* BuR,  PBu,
N-Ni-N N-N-N N-Ni-N
Ni  Ni + Ni  Ni — 2 Ni  Ni + NaBPh,
LN L rt, THF N
JN=Ni=N_ N-Ni—=N, ’ N-Ni—=N_
tBU3P X PtBUS tBU3P : PtBU3 tBu3P PtBus
23 31 18
96%
Equationl.12

Since quantitative synthesis and storage of the monoanionic cBlsierimpossible, a
repeatable, consistent preparation at a reasonable scale is necessary for further exploration

of catalytic activity as a function of cluster charge. To fulfill thikt&$v-Vis spectroscopy
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was used to monitor the reduction reaction. The\ld% absorption spectra of the three
clusters 18, 23, and31) in THF are distinctly different, as shown (Figl9). The reduction

of 18to 31 takes only about 1fhinutes to proceed to completion upon addition of excess
40% Na/Hg. The UV spectrum of the solution did not change after ten minutes and no
precipitate was formed ithin half one hour. Thysfor further exploration, the anionic
cluster31 would be prepaikby stirring a solution a8 with excess 40% sodium amalgam

(one drop for reactions under 100 mg) for 15 minutes, filtered, and used immediately.

L Cationic 256 nm

35 —Cationic
313 nm
3 —Neutral Neurral 263 nm
— Anionic 290 nm
25 Anionic 318 nm

Absorbance

200 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figurel.19: UV-Vis spectraof 18, 23, and31in THF.

To conclude, the interconversions of the threestisictural tetrameric nickel clusters by
redox chemistry are summarized in Figt20. The synthesis of cationic clust23 was
conveniently done on multigrastale and the cluster can be stored in the glovebox for a
long period. Boththe neutrall8 and anionic cluster81 were preparedn situ from this

precursor as needed.
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Na/Hg (40%)

Bugh, _PBu, | ~Na*
N-Ni=N

Ni Ni

| |
, N=-Ni—N_
BusP "PBug

Figurel1l.20: Summary of transformations amohg 23, and31.

1.3.3 Synthesis and characterization ofCoz(e -NP'Buz)2(NP'Bus)2]PFs 37

The tetracobalt cluster, [QdP'Bus)]4 19, has a very similar structure tB8. In both
clusters, each ligand bridges to two metal centers through the elactranitrogen atoms,
and each metal is divalent, and linearly tfeanrdinate. The four metal atoms in each
cluster are coplanar, while titeagonal ligands point toward the same direction of the
square plane. The principal difference between the two clusters is that in cry&falthef
cobalt atoms are partially substituted by a varying percentage bdfcitaon. This
substitution could a#ict the redox chemistry dramatically, something we felt was

imperative to investigate.

1.3.3.1 Synthesis of§oz(e -NP'Bus)2(NP'Bus)2]PFe 37

The oneelectron oxidation o019 was carried out under the same conditions a$8ofhe
reaction, unexpectedlygave multiple products with different solubilities. With an
increasing amount of GpePF, a greater fraction of THBoluble product was obtained.
Eventually upon addition of eight equivalents of the oxidant, the reaction proceeded to
completion, giving &rown, THFsoluble product in good yield (Egh.13). Single crystals
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of the product were grown by slowly cooling a saturated THF solutieBGEL in the
glovebox freezer. Xay diffraction revealed the structure to bfCox(e-
NPBus)2(NP'Bus)2]PFs 37 (Fig. 1.21). The fate of the missing cobalt and sodium atoms

and the reasons for requiring excess oxidant are not known yet.

+PFg~
Bugh, ,PBug PBus | +PFs
N-Co-N
| | 8eq Cp,FePFg /N
Co Co BugPN—Co  Co—NPBug
| i THF, rt AN
,N-Co-N_ N
BugP’ "PBu I
8 8 PBug
(Co* partially replaced by Nat)
19 37
76%
Equationl.13
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Figurel.21: ORTEP diagram of cationig7, thermal ellipsoids are shown at 30 %

probability. Counter ionand hydrogen atoms have been omitted for clarity.

In the crystal structure &7, two cdoalt atoms are bridgeoly two nf-phosphoranimide

ligands, forming a foumembered ring. Additional phosphoranimide ligand coordinates
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terminally to each cobalt metal. The cationic bimetallic clud7ezan be seen as the ene
electron oxidation product of the neutral dimetallic compo@w(e-NP'Bus)2(NPBUs)2
38, which was previously synthesized and characterized by Dominique Hebie in
Stryker group.

We believe that the instability of the anticipated cationic mixalénce cluster is at least
partly because of the substantial replacement 6filNehe neutral clustet9. In the case

of nickel analodl8, when the cluster is oxidizeéle positive charge delocalizes to all four
metals to form a type Ill mixedalence Ni(Il)/3Ni(l) cluster. In the case b® some of the

Co' is displaced by Na which disrupts the symmetry and delocalization of the positive
charge. As a result, the founlzalt atoms in the square are no longer identical, leading to
the reorganization of the cluster. At that stage, further oxidation might become possible
and the produ@7is likely the highest oxidation state that could be achieved by&Rs.

This coutl be clarified if the pure, sodiufree cluster could be synthesized by an
alternative route, which is currently under studyabyther group member. Computational

investigation of redox and magnetic phenomenon is also ongoing.

1.3.3.2 Xray crystallography of [Coz(e -NP'Bus)2(NP'Bus)z]PFs 37

A single crystal of th&7 was analyzed by Xay crystallography. Crystal, data collection,

and refinement parameters are provided as an appendix. In these data, a pattern of bond
irregularity was found, so average data are used unless otherwise noted. In thatolid
structure(Fig. 1.22), it is clear that the nitrogen atoms of the bridging phosphoranimide
ligands are nearlgp’-hybridized. The four Gd(bridging) bond lengths are found in a
narrow range between 1.9318(12) A to 1.9415(12) A, which suggests the bonding mode
for the bridging phosphoranimide is best described by mode D, as shown below. In
contrast, the average @¢(terminal) bond distance is 1.7827(12) A, much shorter than in
the bridging ligands, indicating a higher i®&terminal) bond orders. The average-
N(terminal)-P angle is 1599 which is typical for terminabondding modeB when
combined with high electronic unsaturation at the metal. The bridging phosphoranimide
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ligand is considered to be a @®nor and the terminal phosphoranimide is considered to
be ade donor. As a result, electron counting ends up suggesting valence occupancy of 15
and 16 electrons for the two cobalt atomespectively
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Figurel.22: ORTEP structure and bonding modes3adrthe counteranion has been

omitted for clarity.

A comparison of the cationi&g7 with the neutraB8 provides some insight into the effects

of oxidation. The CeN(bridging) distances in the cation shorten from an average of
1.9763(12) A ir38to 1.935(12) A irB7; meanwhile the Gd(terminal) distanceshorten

from an average of 1.8149(12) A to 1.7827(12) A. Significant NC@ontraction is
anticipated, as a result of reduced electron repulsion and delocalization upeleciren
oxidation. Not surprisingly, as the-M bonds become shorter, theMbondselongate,
lengthering from 1.5730(12) A to 1.6032(12) A for the bridging phosphoranimide and from
1.5458(12) A to 1.5784(12) A for the terminal phosphoranimide. The lengthening results
from of the stronger GdN bonds, aghe Ca N bonds increase sxcharater, the NP bonds
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assume morg character in the hybridization. The same trend is also observed upon

oxidation of nickel clustet8.

The core CgN> unit adopts a butterfly shape in both catioBitand neutral38. Upon

oxidation, the NN distance remas the same as 2.8022(12) A, but the@ndistances
decreases from 2.5088(12) A to 2.3851(12) A. The averaghi(fxidging)}Co angle
contracts from 78.84(8)° to 76.00(8)°, as the average N(bridgiody(bridging) angle
opens from 90.31(8)° to 92.64(8)The torsion angles of GN-N-Co stays almost
identical, 133.19(12)° versus 133.20(12)°.

In summary, although the core £Bb contracts, by shortening the ©ifbridging) and Ce
Co distances, the €&-N-Co dihedral angles remain identical. No reaction chieynaf
or catalysis usin@7 has been explored because this cluster and corresponding neutral

dimer38remain under investigation by other members in the group.

1.4 Conclusion

In this chapter, the synthesis, physical characterization and redox chemistry of the both
homoleptic phosphoranimieleridging clustersl8 and 19 have been explored. For the
nickel analog, the oxidation products jJiNPBus)sBPh 23 and [Nis(NP'Bus)s]PFs 30

have been prepared and fully characterized. Upon oxidation, the shape of the cluster does
not change much, presumably a consequence of the steric demand\t¥Ehe'| ligand,

even stronger NN bonds and weaker-R bonds were observeBloth 23 and30 are type

[l mixed-valence clusters.

The monoanionic reductigeroductNa[Nis(NPBus)s] 31 has been prepared in reasonably
pure form and identified, but the cluster could not be fully characterized. Attempts to grow
single crystals failed due to the kinetic instability of the cluster. However, a congistent
situ preparation ofelatively pure21 has been developed for further synthetic and catalysis

exploration.
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On the other hananeelectron oxidation of [Co(NBus)]4 19 results in the formation of
the dimetallic mixvalence cluster [CONPBus)4]PFs 37, which isprobably the result of
Na' replacemenih the nominally neutral clustd®. Synthesis and characterization of pure
19 remains an ongoing challenge d&per members of the group.
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Chapter 2 Phosphoranimidéridged Nickel Catalysts for

Hydrogenatiorof Alkenes and Alkynes

2.1 Introduction

The phosphoranimidsupportediate firstrow transition metal clusters wergiginally
proposed for catalytic hydrotreatmenin petroleum upgrading processesuch as
hydrodesulfurization (HDS) arftydrodenitrogenadin (HDN). In addition to that,a range

of activities werealsoexplored due to the lowcoordinate and lowalence character of
the clusterjncluding hydrogenation of alkyne and alkeBased on preliminary results
obtained byDr. Jeffrey CamacheBunquin® " the neutral clustei8 was an effective
precatalyst for hydrogenation of alkynes and alkerewever, ater group members found
the hydrogenation results irreproducible, depending on different batches of thetéatalys
Even more confusing vgahat extremely low conversion was generally observed when the
purestlooking single crystals weresad in the reaain. These results led to ousamption

that the catalyst previously invegdited had been contaminated, @uite possibly, the
contaminant was most active in the catalysis. Now, since the cationic @Biatet anionic
clusters31 havebeen prepared and characterized, it became imperatinedstigate the

hydrogenatioractivity for all three clusters (Fi@.1).

’BuSP\\ . ,/PtBl;’ +BPhy~ tBusp\\ . . PBug ’BuSP\\ . ,/PtBLg’ —Na+
N-Ni-N N-Ni-N M
Ni  Ni Nio N Ni N
N-Ni-N_ N-Ni-N_ N-Ni-N_
‘BugP "PBuj BusP PBug BugP "PBug

Figure2.1 Structures o3, 18, and3L.

In this chapter, the irreproducibility of hydrogenation of diphenyl acetylene will be
discussed first, followed by the hydrogenation investigatid28p18, and31.
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2.2 Resuls and discussion
2.2.1 Reproducibility issues with [Ni(NFBus)]4 18

As discussed in the first chaptér. Jeffrey CanacheBunquinreported the synthesis of
neutral clustef8 together with some preliminary hydrogenatmasults, as shown below
(Fig. 2.2.* In these esuls, the hydrogenation of both allyloeneem0 and
diphenylaetylene20 proceededo completion in quantitative yield at room temperature.
However, these results were found to be mwdpcible Especially in the case &0,
conversions lower than 5% were often observed. The hydrogenatidf whs less
problematic,as the average yield was above 95% acseveral catalyst batches. Itsva
even more intriguing thate lowest yields were obtained when the reactions were run

more carefully and when the purest singhgstals were used

0.5 mol %
[NI NPtBU3 ]4

1 atm H,
THF, 25°C, 12 h
100%
O 0.5 mol %
[Ni(NPBu3)]4

1 atm H, O
THF, 25°C, 12h O

1 00%

Figure2.2 Hydrogenatiorof allylbenzene40 and diphenylacetylen20 using18.
Based on these observations, we propaosed the precatalyst usedoy Dr. Jeffrey

CamacheBunquin was likely impure, contaminated by variable amount of the actual

catalyst. Thus, the neutral cluste is possiblynot an active hydrogenatioprecatalyst.
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To determine the actual catalyst in the reaction, it is instructive here to reevaluate the

preparation of the catalyst in the first place.

In the old procedure, NiBrDME 43was used in excesspoevent the formation of [N
NPBus)(NPBus)]2 44. Excess 1%Na/Hg was used to reduce the putative dimeric
intermediate [NiB(NP'Bus)]2 45 to the neutral clustet8; meanwhile the excess NiBr
would presumably beeduced to nickel metal (Bg2.1). Later, Dr. Jeffrey Canacho
Bunquinadapted this procedure to a newer version by replacing the 1% Na/Hg with 2.4%
Na/Hg. The reason for the change was that the 2.4% amalgasoigl making it easier

to handle in the glovebox and reducing the amouhtgfised.

1) THF, -35°C, 10 h Bu,P, _PBuj
2) xs 1% Na/Hg, “N-Ni=N"
-35°C—rt, overnight . .
// - I_ \\
43 14 BugP PBu,
18

80%

2 NiBr,*DME  + LiNPBug

Equation2.1

As described in Chapter 1, neutral clust®could be reduced by 2.4% Na/ltggive the
anionic cluster Na[N{(NPBus)4] 31. The reation was relatively slow, taking days to
observehecolor changdérom green to browrConsequently, we proposed that it was very
likely that some amount of the anionic clustércontaminated the neutral clustand31
might bethe actual precatalysof hydrogenation. To confirm thessumption, we have
now investigated the hydrogenation activity of bathand 31, separately, imeasonable

pure form.
2.2.2 Hydrogenation of alkensand alkynes with [Ni(NP'Bus)]4 18
Catalyst purity is essential to obtain accurate and reproducible results. Since the neutral

cluster18is not kinetically stable to storage ovemweek the catalysts used here were

preparedn situ by reduction of cationi@3 by 1% Na/Hg, which does noverreduce the
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18. Thehydrogenatiorreactions were set up in mideballed glass reactoiia the glove

box with a 1 mol% loading df8. The reactions were run for six hours and then opened to
air before workup. The products were characterizeddyNMR spectroscopy and/or gas
chromatography (GC). For GC, the detector responses for all the starting materials and all
possible products were calibrated so quatntgaesults could be obtained. The calibration

process is included in chapter 6.

O 1 mol % 18, O A

= 1 atm H,

O THF, 20°C. 6 h O

20 46
2%

Equation2.2

The hydrogenation d20 was revisitedanda very low conversion tois-stilbene46 was
observed (Eq. 2.2). This result onfirms the asumption that the pumeeutral clustefl8is

not an effective precatalyst.

R 1 mol % 18, R
\d 1atmH 1
2 -
) THF, 20°C, 6 h \
R2 RZ
ﬁ L o
46 47 40
5%, 20% trans-stilbene 23% 95%
©/\ Ph o Ph
Ph Ph
48 49
100% 0%

Figure2.3: Hydrogenation of selected alkenes with 1 mol% neutral claster
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In addition, a short list of alken@gashydrogenated under the same conditidfig.(2.3).
Forcis-stilbene46, the isomerization produtitans-stilbene47is the major product iB0%

yield, while only 3% of bibenzyl2 was detectedl'he conversion ofrans-stilbene47 to

42 proceeded in 23% vyield under these conditions. Based on these yields, it is assumed
the case ofl6 that the isomerization produd? is hydrogenated to give th observed

As a sterially unhindered alkene, allyl benzed® gave 95% vyield of hydrogenation
product, without detectable alkene isomerization. Quantitatiglel was obtained for
styrene48 hydrogenation, without polymerization. Finally, no conversiors whserved

for the hydrogenation of sterically hindered tetraphetiylene49. This is not surprising
because the ligands occupy substantial space around the nickel centers, undermining the

accessibility of highly hindered substrates.

190

200 +

185 180

180 1 = TON without Hg
160 1 = TON with Hg
140

TON

120 -
100 -
80 -
60 -
40 -
20 12 12

20°C 40°C 60°C 80°C
Temperatures (C)

Figure2.4: Hydrogenation TON oR0 using9 at different temperatures, with and without

mercurypoisoning
As a typical substrate for catalytic hydrogenation of alkyne, the hydrogenation of

diphenylacetylen@0was explored further at various temperatures &E#. Theactivity

was compared based on turnover number (TON), defined by the nump4drood being
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hydrogenated per mole of precatalyst over the same pérgbohuld be mentioned that the
TON might not be accurate for two reasons: (1) The hydrogenatierofalkyne and
alkene should be different2) The reaction rates might change during the reaction due to
changes of substrate concentration. Thus, the TON is only used here for qualitative

comparison.

The results suggest increased activity as the tempeiatireasesl he catalyst wasainly
homogeneous belo®0 C. As the temperature waaisedo 80 °C, however, the TON
drops from 190 to 61 in the presence of Hg, sugggshat the cluster decomposed and
agglomeratedo heterogeneous cataly$he homogeneity of the catalyst was also tested
by the Hg test? in separate experiments. It should be mentionedthieatg test itself is
not definitive,a suit ofcomplimentary tests are necessary to confliemitomogeneity of
the catalyst (TEM, quantitative ligand poisoning, kingtaosd so op’®

2.2.3 Hydrogenation of alkensand alkynes with Na[Ni4(NP'Bus)4] 31

It is clearthen, that the neutral clusté8is not an active catalyst for the hydrogenation of
20 at room temperature. We next assessed dhdvity of the anionic cluster
Na[Nis(NP'Bus)4] 31. It is necessary to be clear that the exact structudé lofs not been
characterize The reproducible procedure to prep&fein situ providesmaterials with
reasonable good qualjtiput there is still a chance treimeamounts of irpurities could

be generated ye procedure.

P ] 1 mol % 31, O
7 1 atm H,
THF, 20°C, 6 h
20 42
100%

Equation2.3
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Again the hydrogenation @0 was studied first. The result shows quantitative conversion
to 42 over the sixhour reaction (Eqr2.3). This result strongly supports our assumption

that the anionic clustél is the actual catalyst for the hydrogenatior2@f

Furthermorethe same range of alkene substrates was explored under the same &ndition
(Fig. 2.5). In most cases, the anionic clusidrexhibited higherctivity than the neutral
cluster 18, as higher conversions were observed. Quantitative yield was obtained for
hydrogenatiorof 40 to give 41. About 45% of the47 was converted td2. For 46, the

major produtwith this catalyst ig2in 85% yield with only 15% o#7 observed after full
conversion of the starting materialn the case o0f48, polymerization overrides
hydrogenation, likely initiated by one electron trandf&y.conversion waagain observed

for the sterically hidered49, asobtained usingeutral clustefi8.

1 mol % 31,
RJ 1 atm H, R
g THF, 20°C, 6 h
R2 ) H R2
oD K o
46 47 40
85%, 15% trans-stilbene 45% 100%

AN Ph Ph

©/\ Ph Ph
48 49
0%, polystyrene 0%

Figure25: Hydrogenation of selected alkenes with 1 mol% anionic cl@4ter

The homogeneity of the catalyst wasso tested by mercury poisoning at various
temperaturesThe results are shown in Figlg®. The catalystvasmainly heterogeneous
at room tempeature, as addingxcess mercurynto the solution resulted indecrease of
TON from 200 to 57. A similar result was obtained af8pwhich gave a TONf 64 in
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the presence of excess mercury. When the temperatur&eptat 0 °C, however, the

catalyst appears to remain homogeneous, as an almost identical TON,sLE01, was
obtained. In summaryor hydrogenation a20the anionic clusteBl is homogeneous at 0
°C, butbecomes heterogeneous when the temperature approaciias 20

= TON without Hg
= TON withHg

TON

0°C 20°C 80°C
Temperature (£C)

Figure2.6: Hydrogenation TON 020 using31 at different temperatures, with and

without mercury.

As ealy results indicate, the hydrogenation rates passibleroutes forcis-stilbene46
andtrans-stilbene47 are different46 can either isomerize #/ or be hydrogenated #2;

in contrast the isomerization 47 to 46is not favored, and the hydrogenation rate is slow.
To further investigate the transformatiovisthese species, GC was used to monitor the
progress of the hydrogenation2@over a threénour period. Theesults are shown below

in Figure2.7.

The same concentrations of catalyst and substrate were used. The reaction was set up in a
threeneck flask charged with a dry ice condenser, which was connected iefilketH

Schlenk line. Aliquots were taken every 30 minutes by cannula, transferring approximately
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1 mL of solution. The sealing of this set up is likely not as ideal as obtained using a middle
wall glass reactor, which explains why the reaction did not proceed to completion. Despite

this, the graph clearly elucidates the reaction progress.

100
—~ 90 ——t
S 80 —
S 70
S 60 g o—bibenzyl
% 50 cis-stilbene
S 40 PhCCPh
30 d trans-stilbene
20
10 =
0 o
0 100 200 300
Time (min)

Figure2.7: Progress of the hydrogenation2éf catalyzed by 1 mol% d1 at room
temperature and datm Hb.

From the figurat is clear that the rate of hydrogenation26fstays almost constant until
most all of the20 was consumed, regardless of the decrepsoncentration of subsite

as the reaction progresséd.is the primary product of the first hydrogenatiarile 47
was the minor product. Afte20 was consumed, the hydrogenation of #tto 42 and
isomerization to47 took place competitivelyalthough the hydrogenation is faster than
isomerization As a result, the conversiaf 42 increased steadily until it vgaclose to

guantitative. The hydrogenation 47 was very slow, leaving about traaenount46 and
47 unconverted.
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The hydrogenationelaction wa carried out imTHF, becausdetter activitywas observed
in polar solventsrbm previous study. Since the anionic catal$&tis soluble in many

organc solvents, the hydrogenatiawtivity in different solvents was also investigated.

The resllts (Fig. 2.8) indicatethat optimal activitywas obtained in THF. In less polar
diethyl ether, the TON was about a quarter of that in THF. In nonpolar solvents such as
pentane or hexane, the TONs were observed as 97 and 89, about half that in THF, but
suprisingly faster than in ether. Lowexctivity was also observed in aromatic solvents
toluene and benzene, out of which almost no conversion was obtained in benzene. Last but
not least, barely any conversion is observed in DME, likely because DME ishabeitier

ligand than THF, possibly inhibiting substrate binding by coordinating to the metal centers.
From the whole series, we did not find an obvious trend for activity based on polarity or
coordinating capability. The activity in specific solvent ishably based on a combination

of several factors such polarity, coordinating capacity, solubility.pflecompogion rates

and so on.
250 -
200 -
TON
150 -
100 -
48
50 -
0 L T

Pentane Hexane Toluene Benzene Ether DME

Figure2.8 Hydrogenation TON 020 using3l in various solvents, under

the general condition.
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2.2.4 Hydrogenationof alkenes and alkynes with [Ni 4(NP'Bus)4]BPhs 23

As a furtker control, the hydrogenatiactivity of cationic clustefNis(NPBus)s]BPh 23
was also investigated for comparison wit@ and 31 in the seriesKig. 2.9). For he
hydrogenation 020 no conversion was observati room temperature. Catalytactivity
improved as the temperature increas@dantitative conversion is obtained at &D
however, the mercury test suggested that the reactisralieady mainly heterogeneous at
thistemperature.

250 +

200

200 -
TON

150 -

100 -

50 1 26

20°C 40°C 60°C 80°C 80°C(with Hg)
Temperature (AC)

Figure2.9 TON of hydrg@enation oR0 catalyzed by 1 mol%23 under

general conditions.

The hydrogenation of alkenesagalso studied under the same conditions. As shown in
Figure 2.1Q The cationic cluste23 showed the lowest activity fdhydrogenation. 2%
conversion was observed #6 isomerization t@l7, meanwhile only 1% for hydrogenation

of 47 to 42, respectively. In contrast, high conversions of hydrogenation products were
observed for the more reactive and sterically accesébéand48. No conversion fod9

was observed, as anticipated.
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1 mol % 23,

Ri 1atmH R;
—— 2 > AN,
??R THF, 20°C, 6 h R
2 2
— ©/\/
46 47 40
2% trans-stilbene 1% 95%
AN Ph Ph
©/\ Ph Ph
48 49
100% 0%

Figure2.1Q Hydrogenation of selected alkenes with 1 m@BSander general conditien

Based on the hydrogenation2 and selected alkenes usib® 23, and31, we conclude

that the anionic clust@&l is a more activprecatalyst for hydrogenation than neutral cluster

18, whichis a more activ@recatalyst than cationic clust3. All of the catalysts transfer

from homogeneous to heterogeneous at highepeaesture. The anionic clust&il
transforms around 2€C, neutral clusted 8 at 80°C. The cationic cluste23 is already
heterogeneous when it shogmod activity at 80C. We propose the lowoordinate niure

of the metals is theeasorfor this decompation. The neutral and cationic precatalysts are
kinetically stable, protected by the sterically demanding ligand, but at some stages along
the catalytic cycle may be more prone to aggregate and precipitate, especially when there
are other lowvalent metad within bonding distance in the cluster. On the positive side,
thermal decomposition provides one or more active heterogeneous catalysts. With further
design and development, we are optimistic we can build more robust, more active soluble

precatalysts anchtionally-designed heterogeneous systems for hydrogenation.

2.2.5 Propsed mechanism for hydrogenation
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Based orthe results and observations on thgrogenation reactions, a mechanism is
proposed (Fig2.11). It should be mentioned tha8, 23, and31 have distinctivectivities,
depending on the charge of the cluster. The mechanism tgddeere is based on the

neutralcluster23, even though the relevancy of other clusters will be mentioned.

BugR\ , PBus BugR ' PBug
IN-Ni-I\ 2H N-Ni-
1/2 Ni Ni L e H-Ni H-Ni
N-Ni-N_ /N-Ni-N
Bu,P “PBug BusP” H PBug
18 50
f
Ph  Ph EBUS
H-Ni  Ni-H Ph—=—Fh
46 I[\Ij 20
PBU3
51
ﬁ’tBUS i
H N H EBUS
Ni  Ni N, H Ph
H W Y* “Ph H-Ni\ /Ni\/
Bugp PN N 2
‘BusPPh
54
52
ﬁ”BU3
Ha N,
H-Ni Ni
N\ z /
N Y7 Ph
BugP Ph
53

Figure2.11: Proposednechanism fohydrogenatiorof 20 using18.

The mechanism is highly tentative because not much concrete information has been

collected to elucidate the details along the catalytic cycle. This is mainly due to the lack of
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effective methods to study these paramagnetic transition meistexrd in solution.
Preliminary DFT computations suggests one equivalent of the neutral cluster reacts with
two equivalents of K without activation barrier, forming a mixadlence
tetrahydridonickel cluster represented3fy Both terminal and bridgingickel hydride is
proposed because they were both detected by IR around 2008hdm 60cm™.”°

The tetrahydridonickel clust@&0 then dissociatemto two dimeric nickebpecie$1. The
dissociation is proposed here due to the similar pathwsgreed in HDS for tetrameta|
[MesCau(NPEB)4]PFs 22. In thecase of cationi@3 and anionic31, the dissociation could

lead to dimetallic clusters with different charges, which may explain the activity difference.

The substrat@0thencoordinates t&1to give 52 as an intermediat&ubsequent migratory
insertion delivers the hydride from the same face of nickel center to 58rrwhich
determines theis geometry of the double bond in thejor product. Inthe vinylnickel
complex53, both nickel atoms are threeordinate and bimetallic hydrogen aétivn
gives trihydridonickel(lJ cluster54. Subsequent reductive elimination releases the product
46 and regenerates the active cataBhkt Hydrogenation oft7 is slow due to the steric
bulky phosphoranimidégand, which hinderghe coordination ofhe substrate. Whed6

is the substrate, themigratory insertionstepis reversible so the isomerization 43 is

possible.

During thecatalytic cycle, the lowalentnickel cluster couldagglomeratdo produce a
heterogeneous catalyst, which is possiéhen moreactive for hydrogenation by other

related mechanisms.

In addition, the dissociation to form dimers wouldeiéropicmore favored under elevated
temperature, which explas the improved tdrogenatioractivity of the cationic clustef3

and neutral clusterl8 at higher temperatures. Meanwhile, increasing the reaction
temperature also accelerates dlgglomeratiofdecomposition to heterogeneous catalysts.
It is also possible that several aigers are present in the system and each has its own

catalytic cycle.
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2.3 Conclusons

In this chapter, the reprodiadity problems revealed in owstudy ofthe hydrogenation of
20with theneutral clustel8were raised, studied, and addressed. ®beof this problem

is the overeduced, anionic impurity present in the neutral cluster when prepared by the
procedure developed by Dleffrey CanacheBunquin. The neutral clust&8 wasfound

to be ineffective as a hydrogenation catalyst at room temperature. In contrast, the impurity,

anionic clustef31, was the highesictivity catalyst for hydrogenation.

Due to the unstable nature of the neutral and anionic clusters, a new pros@dure
developed to synthesize the cationic clug8on gram scale and purify it rigorously. The

neutral clusted8 and anionic cluste8l can then be preparéu situ before usinghem

The hydrogenation activities of three nominally isostructural tetkeh clusters were
investigated to determine electronic effects on catalysis. In general, the anionicluster
forms a moreactive catalyst than neutral cluste, which s moreactive than cationic
cluster23. As the temerature is increased, highaativities were observed for all three
compoundsalthough much of that must be attributed to the catalysts transforming from
homogeneous to heterogeneous.

The lowvalent nature of the metal and the coordinatively unsaturated framework of metal
clusters & assumed to be the reason for this decomposition to heterogeneous catalyst.
Further investigation will be undertaken to understand this transformation; meanwhile, a
new generation of metal clusters have been designed rationally to prevent the undontrolle

aggregation of metal clusts.
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Chapter 3. PhosphoranimideridgedNickel Clusters for

Hydrosilylation and Deoxygenation of Carbonyl Compaaind

3.1 Introduction

Catalytic hydrosilylation (hydrosilation) of carbonyl compounds is a widely applied
transformation in botrthe laboratory and industry (Fig3.1).14748% In addition the
hydrosilylation of carbonyl compoundsaksorelated to the catytic reduction of C@and

CO, for the purpose of energy storage and valdded commoditie®:®” The field has
beenmainly dominated by precious metal catalysts, especially rhodium and ruthenium, at
least until the last decade, during which numerous innovations in hydrosilylation were
reported using mononuclear fingiw transition metal catalysts and different ligand

scaffolds.

0]
RJ\ R'
‘ insertion ¢
ML,—H L,M-O

R
T hydride regeneration ‘ R H

Ve A

E-O E-H
>¢R' (H», boranes, silanes)
R H

Figure3.1: Generaimechanism for carbonyl reduction catalyzed by transition

metal hydride.

In 2007, Belleret al.reported Fe(OAeg)catalyzed carbonyl hydrosilylation usiRfy; as
ancillary ligandat 65°C.%8 Later in the same year they published the enantioselective
version of the reaction using a chiral ligand under the saadn conditions®® Also in

2007, Nishiyama andoworkers publishethe Fe(OAc) catalyzedhydrosilylation using
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both nitrogernand sulfurbased ligands under similar conditidAstIn 2008, Chiriket al.
demonstrated the bis(imino)pyridine iron dialkyl system for catalytic hydrosilylation at
ambient temperatutéand subsequently the enantioselective version in 208@ce then,
numerous hydrosilylation systems at have been developed with a number-oiwirst
transition metals and ligand scaffolds. [f&f(82%%8 and cobalt’**%°1%ge the most
popular metalsadopted in this field, each with seaksuccessful ligand systems which
overturns atambient temperature; meanwhile others metals, including niek&f®

coppet?4106 and titanium®”1%®have also been used.

=
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. I _
Pr PN iProP—Ni—PPr,
N—_ | s\ | |
Fe\ SAr o o)
Pr ’ CH,SiMe;
CH,SiMe,
56
55
Chirik, 2008 Guan, 2009

0 \//\
7 \Nj‘Cy |_\N
Ph I/
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L co
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/NJA\\Cy O
(@]

L = PMe,
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Gade, 2015 Li, 2015

Figure3.2 Examples of firstow transition metal pincer catalysts faatalytic

hydrosilylation of carbonyl compounds.

The pincer architecture is the masted ligand scaffold for hydrosilylation of carbonyl
compounds. The mechanisms generally involve metal hydride intermediates, which form
metal alkoxides after carbonyldertion'* Representative iron, cobalt, anidkel catalysts

are shown above (Fi§.2).
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In addition to pince complexes, several lowalentfirst-row transition metals catalysts
have been reported. In 2010, Tilleyal.reported the hydrosilylation of carbonyls witre
simple bivalent F(SiMes)2]> 59 at room temperature, which remains one of the most
efficient catalysts at presefttPeterset al.reported the hydrosilylation using chelating
phosphinoborane complexg%§B(o-PhPCsH4)2]Ni 60.”° This complex can achievei Bi
s-bond activation by a frustrated Lewis pair rhacism, in which the lowalentnickel
behaves as a strong Lewis base and the labile borane behavekeasisteeid (Fig.3.3).
Latertheypublished both the cobalt and iron versions of the catalyst using similar ligands
for hydrosilylatiorf® and proposed the same mechanism for silane activaioth metals

showed higheactivity than the nikel analog.

F>F>h2
B\ y
\ i B— \N|—-S|HPh
@ép\,j; +  H,SiPh, 2
/ PPh2

P
Ph,

Figure3.3: Silane activation b{®*B(0-PhPCsHa)2]Ni 60.

In the tetrametallic clusters8,23, and 31, the nickel atoms coordinate linearly to two
phosphoranimide ligands regardlesshafoxidation state. Herein@weport the evaluation
of these compoundfor catalytic hydrosilylation of carbonyl compounds. Deffrey
CamacheBunquin accomplished some preliminargsult with the nominally neutral
cluster18.” However, as has been discussed, the purity of the catalystileeproducible
results for hydrogenation of alkenes and alkyridésw that all three clusters cdre
prepared irreasonablypure form, it was time to revisit the catalytic hydrosilylation of

carbonyl compounds.

3.2 Results and Discussion
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First, it is important to point out that hydrosilylation using neutral cobalt cluster
[CoNPBus]4 19 will not be discussed in this chapter since the partial replacement of Co(l)
by Na' in the precatalyst is inevitable and an alternative preparation has not yet been

developed successfully.

According toprevious result§rom our group the hydrosilylation of cyclohexanoréd
catalyzed byominallyneutral clustet8, in the presence of phenylsilaneas not selective,
giving a product mixture of (cyclohexyloxy)phenylsilane 62 and

bis(cydohexyloxy)phenylsilan&3 (Egn. 3.1).

o)
0.4 mol% 18 ; .
i » CyOSiH,Ph + (CyO),SiHPh
ij + 1.5PhSiH, THF, 1t 16h y 2 (CyO)
60 61 62
22% 73%
Equation3.1
0]
0.4 mol% 18 CvOSIHPh
+ [ — !
1.5 Ph28|H2 THF, rt, 16h y 2
61
60 83%
Equation3.2

The reaction was reproducible using cataly@prepared by the new methadkhe mixture

of products is likely due the highctivity and multiple hydrogens in phenylsilane and the
lack of steric hindrance to impede furthreactions. When diphenylsilane svased as
reducing reagent, the reaction becomes selective, giliag a single product (Eq8.2).

Thusonly diphenylsilane wagsed as the reducing agent in this chapter.

3.2.1 Hydrosilylation of carbonyl compounds usindNi (NP'Bus)]4 18
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The hydrosilylation of carbonyl compounds was carried out using neutral clistas
prepared by the new procedure. The reactions were set up in the glovebox. The starting
materials, THF, and glassencased stir bar were added into@&m glass vial and let stir

for 1 or16 hours. Although the hydrosilylation of aldehydes was niaster tha ketones

and sometimes proceed&m completion in several minutes, the same reaction time was
applied to all substrates. The products were characterizéd-DWWIR spectroscopy and
compared with known compounds in the literaturé€& 63 was usd asinternal standard

to determine the conversions/yields of the products by NMR integration.

0.5 mol% 18,

j\ 1.2 eq. Ph,SiH, o~ SiPhaH
R H THF, it 1h A7 H
0] (0]
o) o)
o H H
H H
64 65 66 67
64% 68% 91% 63%
O 0 0 0
H H H H
~ N ~ ~
| o) Ph s
68 69 70 71
99% 75% 62% 60%

Figure3.4: Results for hydrosilylation of aldehydes using neutral clusger

The results of the hydrosilylation of selected aliphatic and aromatic aldehydes are shown
abovein Figure3.4. The reactions were much faster than the hydrosilylation of ketones.
Immediate color changes were observed from green to yedlodvthe reactionsormally
proceeded to completion within one hour. High conversions were observed for
hydrosilylation, but the reaction wanot selective for monohydrosilylation product. The
main byproduct is bisalkoxydiphenylsilane {&Ph). 64% yield was obtainedfor
isovaleraldehydé4 and 68% vyield for heptaldehy@®. 1,2,3,6Tetrahydrobenzaldehyde
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66 gave 91% vyield, leaving the isolated alkene unreacted, suggesting good selectivity for
the reduction of aldehydes over isolated alkenes. The high yiéBlamiuld simpy be the

steric effect, which inhibitgshe second hydrosilylation of (RO)Si#th The aromatic
aldehydes gave moderate to good yields of 60% to 75% for reduction of benzal@éhyde
p-anisaldehyd&9, biphenyt4-carboxaldehyd&0 and p-(methlythio)benzaldehydél; a
guantitative yield was observed fo{dimethylamino)benzaldehyds. The reason for the
higher yield could be that the electrdonating dimethylamino group deactivates the
product (RO)SiP4H, preventing it from further hydsilylation.

When compared with the earlier results using less pure catalyst, it is found that the
hydrosilylaton using pure neutral clust&8is consistent with early resultsimilar yields

wereobtained for almost athe substrates reported prevsbu’®

o) 0.5 mol% 18, .
1.2 eq. Ph,SiH, o SiPhaH
R 'R THF, rt, 16h
Ry R,
0] 0 0
@ ij Jd_ O
72 61 73 74
99% 83% 1% 61%
0 0 0 o)
Et/(j)k \o/(j)k c;l/ij)k |=/©)\
75 76 77 78
99% 50% 98% 91%

Figure3.5: Results for hydrosilylation of ketones with neutral clug&r
The hydrosilylation of ketones was carried out under the sameitions. The reaction

rates wee much slower than those of aldehydes. At room temperature, one hour was

normally required to detect a color change visually; the reactions were thus run for 16
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hours. The results are shown above in Fi@®eln general, oly a single one product was
observed other than the starting material, so the yields are the same as conversions unless
otherwise discussed. Good to excellent yields were obtained for most substrates. For
aliphatic ketones, 99% and 83% yields were obtained for cycloheptardraend
cydohexanonél, respectively, but only 11% yield for the hydrosilylation gféhtanone

73. The lower yields for aliphatic acyclic ketes hae also been observed for several other
catalytic systems. Aromatic ketones acetonepheiidrand 4'methoxyacetophene76

gave moderate yields of 61% and 50%. When the aromatic ring is substituted with electron
withdrawing or alkyl groups, the yields are much higher, 91% to 99% for 4'

ethylacetophenongb, 4-chloroacetophenoné’ and4'-fluoroacetophenonés.
3.2.2Hydrosilyl ation of carbonyl compounds usingNa[Nis(NP'Bus)4] 31

Since we confirmed that the anionic cluster NajNPBus)4] 31 is theactualcatalyst for
hydrogenation of alkenes and alkynes, was also necessary to determitiee
hydrosilylationactivity of 31. The catalyst used in this case was preparesitu by fast
reduction of neutral clust&8with excess 40% Na/Hg. The hydrosilylation reactions were

set under the sanm®nditions as those usimgutral clusted.8.

0.5 mol% 31, .
o 1.2 eq. Ph,SiH, -SiPhoH

0
R1)kR2 THF, 1t, 1 or 16h R1)\R2

(@)
O (@)
A L I
H H
64 65 66

68% 72% 41%
0 0 )@i
61 72 75
65% 90% 85%

Figure3.6: Results ohydrosilylation of carbonyl compounds using anionic clulter
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The results of several selected carbonyl compounds are shown in Bigufde yields

were generally comparable to or somewhat lower than those obtained from neutral cluster
18. For the aliphatic aldehydégl and65, the yields aftewere68% and 72%, similar to
thoseusing18. Only a 41% yield was obtained for the hydrosilylatior66f but 38% of

the dialkoxydiphenylsilane @SiPh) was also obtaineals byproductFor61 and72, 65%

and 90% yields were obtained, compared to 83% and 99% 1&iAgsimilar result was
obtained for75, a 14% lower conversion than that catalyzedlByver the same time
period. In addition to the lower yield, the anionic catalyst eventually ptat@piout of the
solution upon prolonged stirring, suggesgtirthe cluster likely decomposes and
agglomerateto heterogeneous nickel, probably still containing some phosphoranimide
ligand.

In conclusion, the anionic clust&d is also an active hydrosigfion catalyst, but the

selectivityandactivity is not as good as the neutral clugi@r

3.2.3 Hydrosilylation of carbonyl compounds usingNi4(NP‘Buz)4]BPhs4 23

0.5 mol% 23, .
i 1.2 eq. Ph,SiH, o SiPhzH
R R, THRMorteh PN "
0 0
0
I H H
H e
64 66 71
62% 69% 36%
o 0 Q)‘L
ij Et/©/U\ F
61 75 78
99% 98% 78%

Figure3.7: Results of hydrosilylation of carbonyl compounds using cationic cl@8ter
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The hydrosilylation catalyzed by cationic cluster {NiPBus)s]BPh 23 was also tested
for comparisons td8 and31. The results of the reactions of selected carbomylpounds
are shown abovéFig. 3.7). Although a 62% yield was obtained f6é4, close to that
obtained from catalyst8, only 69% and 36% yields were obtained 6&rand 71, much

lower than those obtained frob8.

In contrast, the hydrosilylation of ketones was much more efficient than that of aldehydes
and sometimes more efficient than either precatdysir 31. Close to quantitative yields
were obtained from64 and 75. The electrorwithdrawing substituted subate 78,

however gaveonly 78% conversion, lower thahat obtained wh the neutral clustet8.

3.2.4Discussion ofmechanismof hydrosilylation

As in the case of catalytic hydrogenation, the mechanism is highly tentative due to the lack
of concrete information about the intermediates along the catalytic dyuals.it will be
premature to propose a detailed catalytic cycle. However, some passibilill be

discussed.

The simplesproposalis based on the neutral cluslé) as the best yields were generally
obtained using that cluster, however the relevan@8a@nd31 will be discussed. As we
propose the active catalyst for catalytiodhygenation isa bimetallic cluster, asimilar
dissociation is een more likely to happen in the casehgtirosilylation, due to theigher
steric bulk of the silanéAs a result, we proposed the first step is the bimetallic oxidative
additions of the two equalents of H Si bond,likely followed by dissociation into two

equivalent of dimeric clusters.

There could be two possible pathways to reduce the C=0 double bond. One is hydride
insertion into the carbonyl group givethe nickel alkoxy intermediat¢he other is the
silyl-directed migratory insertiorof the carbonyl® After this, the final product is
reductively releas®ke andthe activation of another equivalent of siamegenerates the

bimetallic cluster
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In the case ahnionic clusteBl, the dissociatiocould givesomeanionic dimeric cluster.

As already known from hydrogenation of alkene and alkyne, the anionic cluster is more
likely to transform to heterogeneous catalyst. It explains why precipitate is observed when
anionic clusteB1 was used. In addition, losing senof the reactive catalyst might lead to

the lower yields than those using neutral clugger

In contrast, whegationic cluste23 is used as the catalyst, the dissociationldresult in
cationichimetalliccluster which could be better catalyst faelectronrich substrate, a&

betterhydrosilylationyield was obtained for5.

It is also necessary to mention that diphenylsilane, as a reducing reagent, might lose an
electron tahe cationic precatalyss formsome neutral specieghis transform@on might
lead to some more complex radical mecha(@ynmvhich might be the reason low yields

were obtained for aldehydes.

To learn more about the mechanism of the hydrosilylation, more experiments need to be

done, including kinetic, NMR study, IR t@kect more information of the intermediates.

3.2.5Deoxygenation of carbonyl compoundsising [Ni (NP'Bus)]4

The deoxygenation of carbonyl compounds and alcohols is an important transformation in
refining highly oxygerrich biomassderived feedstock¥>!1° The reduction with silane
provides insightful information about carbonyl hydrodeoxygenation using our
homogeneous catalysts. Tosass the tendency of levalent nickel clusters to
hydrogenolyze the second@bonds after the hydrosilylation of carbonghgpounds, the
deoxygenation of carbonyl compounds was studied umidbertemperatures.

Since the neutral clustel8 proved to be best hydrosilylation catalyst for carbonyl

compounls, the deoxygenation researchswaainly based on this catalyst. Phsikhs

used as the reducing reagent due todmghtivity for hydrosilylation and deoxygenation,
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as determined from Ddeffrey Camach® unqui ndés prel i minary stud
carried out in mediurwalled glass reactors fitted with glasscased stibars. After the

reaction, acidic worlup was used to convert the silyl ether to alcohol by hydrolysis. GC

mass spectrometry was used to characterize the products. The identities of the products
were assigned by comparison with the mass spectra of knompocmds in an electronic

database. The assignments of known compounds are reliable, but the assignments of
unknown compounds are tentative, based only on the mass spectra. It is also necessary to
point out that the conversions reported are unstandardi€ecb@versions and might not

be accurate. It is impossible to calibrate all the products, given the amount of work involved

and the fact that some of the compounds are even unknown. For research at this early stage,

the inaccuracy of the conversions is talde.

O
0.5 mol% 18,
H 2 eq. PhS|H3 /@/ /©)
N THF680 C

68
37% 29% 27%
o
+ +
N NI N
| I | H
84
2% 5% 1%
Equation3.3

The hydrodeoxygenation 68 was selected for initial study, since a quantitative yield was
obtained for the hydrosilylation. Based on the conversions froaMSCafter overnight
reaction at 80C, a 37% conversion was obtained to the deoxygenation pr@@uamd
29% conversion fo80 resulting fromsimple hydrosilylation (Eq. 3.3). In addition, 27%
conversion todeoxygenated dimei1,'® was also obtained. The deoxygenative
dimerization is unprecedentedside from that, several other deoxygenation prodi@&s

83, and84) were also detected, in low conversions, most arising fro@ libnd scission.

In all, a combined conversion 1% to carbonyl deoxygenation product was obtained.
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The deoxygenation of other substituted benzaldehydes was also investiyaAteling69

(Egn. 34) and71 (Egn 3.5). For69, only three products were observed by-8S. The
conversion to thaleoxygenation product,-shethylanisole85, was only 10%, but the
deoxygenated dime37 accounted for 22%, leaving the initial hydrosilylation prodg&t

in 67% conversion. The combined conversion to deoxygenation product was a substantial
32%, but much loer than the aminsubstituted substrate. Fafl, conversion to
deoxygenated products was lower still; the conversion to the silyl ether accounts for 87%
and is the major product. The deoxygenapooduct88 and deoxygenated dim@0 were

produced in 4% ah9% conversions, respectively.

o 0.5 mol% 18,
H 2eq. PhS|H3 /©/
“THF, 80°C,
~o0 16 h

69 85
10% 67% 22%
Equation3.4
H S
Q 0.5 mol% 18, 0 ~
/©)kH 2 eq. PhSiHj, @/ . /©) N
—_—
THF, 80°C, ~ O
s 16 h S s s
71 88 89 90
4% 87% 9%
Equation3.5

Compared to the reaction of aromatic aldehydes, the hydrggenation of aromatic
ketones wa not as effective at these temperatures, very likely due to the inherently lower
reactivity. Itis known already that the firstep of hydrosilylation event wanuch slower

for ketones than aldehydes, which could account for markedly lower rates of
deoxygenation. For-#thylacetophenon@b, 92 from hydrosilylation was obtained in 31%
conversion; manwhile, all the deoxygenation produdi@l, 93, and 94) combined

accountedfor only 6% conversion (Eg 3.6). Similar results were observed for 4'
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acetanisol@6: a 25% conversion to the simple reduction pro@éand a 7% conversion

to deoxygenation produc{95, 97, and98) (Egn. 3.7).

o OH
0.5 mol% 18,
2 eq. PhSiH; \/@/\ N
THF, 80°C,
91 92

16 h
& 3% 31%
* S
93 94
1% 2%
Equation3.6
OH
0 0.5 mol% 18,
2 eq. PhSiH, /©/\ N
76 95 96
2% 25%
O\
IO O
+ +
\O \O
97 98
2% 3%
Equation3.7

Moreover, the reactivity of some conjugated aliphatic ketones was determined, in part to
model oxygenated terpene components in biomass. The results show onlyaanoaoe

of catalytic deoxygenation at 60 °C, giving a total of 3¢drbcarbon from carvon@9

(Egn. 3.8) and 2% for 3,4iphenyt2-cyclopentenon&02(Egn. 3.9). These results suggest

that aromatic carbonyl substrates are more reactivényfdrodeoxygenation than non

aromatic substrates in general.
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@) 0.5 mol% 18,

2 eq. PhSiH3 +
THF, 60°C,
16h
99 100 101
1% 2%
Equation3.8
0
0.5 mol% 18,
2 eq. PhSiH, Q
THF, 60°C,
PH  Ph i6h PP
103
102 2%
Equation3.9

The reaction was run at @D C because moderate conversions were obtained for the same
substrates at the same temperatures fromJEffrey Camach® unqui ndés pr el i

results. These results are also irreproducible.

O
0.5 mol%_9,
THF, 60°C,
16 h
104 105 106 107

5% 6% 28%

Equation3.10

We subsequentlstudied the deoxygenation underore intenseconditions. Another
unsaturated keton@;cyclohexerl-one 104, wasdeoxygenated &0 C under standard
conditions Three oxygerfree products were obtained.atohexanel 05, cyclohexend 06
andl,1-bi(cyclohex2-eng 107in respective conversions of 5%, 6% and 28%, a combined
39% total for deoxygenation (Eq 3.10). With the temperature raised to 160, the

activity increases dramatically (Bg3.11). The conversions t@05 106, and 107 were
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21%, 12% and 51%, respectively, while -b@xadienel08 was also observed as fourth
deoxygenation product in 6% conversion. In total, deoxygenation products combined for

90% conversion, comparing to 39% obtained at®0

0]
0.5 mol% _18,
T 00000
THF, 160°C,
4 days
104 105 106 108 107
21% 12% 6% 51%

Equation3.11

Further study of catalytic HDO, using silanes and hydrogeongoingin the group.
Detailed mechanistic proposal is not provided here due to the lack of concrete information.
Furthermore, the fact that the deoxygenative dimerization is only achieved by
heterogeneous before implies the catalyst might be heterogeneouseamedhanism

might be complicated.

3.3 Conclusiors

In this chapter, the hydrosilylation and hydrogenolysis of carbonyl compounds with nickel
catalystsl 8,23, and31 were investigated. Our earlier study of hydrosilylation witpure
precatalysfi8is mainlyreproducible, delivering good to excellent yietd$iydrosilylation
using diphenylsilane as a selective reductaéhe cationic cluste23 and anionic cluste3l
are bothactive catalyst under milcconditiors for hydrosilylation of carbonytompounds,

even though lower yiefwere obtained thansing the pure neutral clustes.

Complete silylativedeoxygenation of carbonyl compound was also investigatgdg a
more reactive silane and higher reaction temperatures to drive the convergareral
aldehydes showvhigher reactivity than ketones and aromatic substrates shigiver
reactivity than aliphatic substratet moderatetemperature0i 80 C). Cyclohexenone

wasselected as substrdi@ deoxygenatiorunderhigher temperatureonditiors. At 160
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“C, a high conversion~ 90%)to deoxygestion productswas achieved, albeit dbng

reaction time.

The present investigation clarifies and resolves the reproducibility problems arising from
the early use of aniecontaminated neutral clustet8 for hydrosilylation and
deoxygenation. Thesesults provide enough potential to warrant further investigatioin
incentive to prepare related methlster catalysts with highextivity. The conversions or
yields could be optimized in future. Furthemmpfuture development of heterogeneous
catalysts is also possible.

Catalytic HDOusing hydrogen as threductant is the ultimate objectit/airther study will

be continued by others in the group, completing the first comprehensive report of catalytic
deoxygenation usinghis unique new catalyst system.
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Chapter 4 Allyl-capped Firstow Transition Metal
Phosphoranimide Clusters2"d Generatiornof Low-valentClustes

for CatalyticHydrotreatment

4.1 Introduction

In the first threechapters, the syntheses, characterization and catabtivity of some
low-coordinatdirst-row transition metal phosphoranimide clusters were discussed, mainly
focusing on the coplanar tetranickel ser[d8z(NP'Bus)sBPhs 23, [Ni(NP'Bus)]4 18, and
Na[Ni4(NP'Bus)4] 31. Thecoordinativelyunsaturéion and electromichnessof the metal
centers promote the activation of small molecules such as hydrogen and silane, making the
catalysts promising candidates for other industrial processes. This includes industrially
important hydrodesulfurization (HDS) and potentially importagtirodeoxygenation

(HDO) processes. Preliminarysudts also suggested that HRStivity was particularly
effective in the presence of amtg base scavenger, KH (&d.1), but not NaH or LiH.
However, theseries otetranickelcatalysts beasome shodomings, which inhibit further

application. Specifically:

s 2 mol% 18, 1 atm H,

‘_‘ 2.5eq. KH

Q O THF, 130°C - O
24-36 hrs

109 110

95-97 %
isolated yields

Equationd.1

(a) Kinetic instability of the catalyst.ow-coordinatemetal complexes arkinetically
unstable in general due to the vacant coordinations sateilable for potenti&}
coordinaing moleculeseither ligands or solvent¥wo-coordinate Ni(l)compoundsl11
for example, normally incorporate stetiky hindering ligands to preveseli-association
or binding of other molecules (Fig.1),'*” which undermineactivity atthe same timen
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the tetranickel serigshe anionic clusteBl is not a stable compound asihgle crysted
could not be grown due to thHenetic instabiity in solution the neutral clustef8 is
relatively more stable andrystalline although it could not be stored without
decompositioneven inthe glovebox. Only the cationic cluste23 is stable enough for
storage without decomposition. Tkimetic instability of 18 and 31 prohibits thé large
scale syntheses and storaf§e a result, the catalyst htsbe prepared immediately before

eachreaction.

N
)
)\B
111
Figure4.1l Example ofa two-coordinate Ni(l)complex.

(b) The homogeneity of the catalylst addition to the kinetic instability, the homogeneity

of the catalyst is questionable, despite acceptable elemental analysiswbsethe
catalysts are puret ghe beginning of the reactioit,is not likely that the catalysts stay
homogeneous andtae throughout the reaction as the coordinating environment changes.
Once the reaction is initiated, te@bleprecatalystouldform reactive intermediateand

the chance of aggregation/decomposition to heterogeneous metal black increases
significantly. As a matter of fact, the results of homogeneity tests dureigyitirogenation

of alkynes showedhat all catalysts became partially heterogeus as the temperatures
increass. In 18, 23, and3l, each ligand coordinates to two nickel atoms, which means
there is could bestrongly basic longair on each nitrogen during the catad cycle.
Considering that anetal hydride must be involved in the catalytycle, there is a
considerablehance of reductive elimination to formn Ni H bondleading thesubsequent

catalyst decomposition pathway.
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(c) Tunability of the substituentThe tunability of the substituent group of the
phosphoranimide ligands B valuable feature in the rational design ofithfest-row
transition metal clusterglowever,in this series, the [NBus'] ligand behaves more or less
as an exception. Attempts to prepare ofNgINPR3)]4 clusters failed to yield webefined
products. The unique electronic and steric character of'BiN® allows the
characterization of the coplan@trametallic series, but the chemistry is not applicable to

other ligands, which narrows the scope.

(d) Paramagnetism of the metal clustefs all of the metal clusters discussed above are
paramagneticand hencehe use oNMR spectroscopy, one of the most powerful tools in
organometallic chemistrywas limited to study the structure of intermediates or
mechanistic detasl of the chemistry.Lacking of concrete mechanistic studyrther

improvement of catalyst desigmdifficult.

To address these shortcomings, it became essential to develdjrsteaw transition
metal clusters that are readily prepared in pure form, more thermally robust, electronically
tunable, and structurally variable if we want to further understaraddevelop catalytic

applications of firstrow transition metal phosphoranimide clusters.

<< N' N'_>> DN Y TEno. 20C << N /N'_>>

25 112

Figure4.2 Synthesis ofNi(di allyl)(NC 2H4)]2 112.

After some literature sear¢f?°we considerethatone potential solution ise use of a
multidentateéi h y d r o g-e @ @ ¢l y &ry ligana im thel peecatalyst, sbateach metal

center is moreoordinativelysaturated and thus more stable. The ligands should occupy
multiple coordination sites at the metal center and should be easily removed under standard

reaction conditions: eleved temperaties and hydrogen. The precedei dimeric nickel
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aziridide compound [Ni(d allyl)(NC2H4)]> 112, raised the possibility of usinthe -
allyl groupas the ancillary ligand (Fig.2).121:122

Theh?- allyl anion wa expected to be a good candidate for several reasons. First,t is a 4
electrons donor that occupies two coordination sites, making each metal center more
saturated. The.- andps-orbitals of allyl also allow greater interaction with therbitals

of the metal center (Fig4.3), promoting bacldonation from the metal. Second, if the
nickel adopts the square plamgometryanalogous td 12, a diamagnetic electronic state

is anticipated, allowing NMR spectroscopy to be used for further study. Last beastot

in the presence of hydrogen at elevated temperature, the allyl ligand is likely to react by
hydrogenolysis and hydrogenatitmnproduce the active nickel hydride cluster, in whatever
oligomer it forms'?3

'y .

Figure4.3: Cartoon molecular orbitals for allyl group.
4.2 Results and Discussion
4.2.1 Synthesis and Characterization of [N allyl)(NPEt3)]2 114
The synthesis ofNi(d allyl)(N PE&)]. 114 was first attemfed by salt metathesis of
[Ni (% allyl)Br]. 25122124(Eqgn. 4.1) and KNPE$ 115 Two products were obtained from

the reactionthe major producil4 wasred and pentansoluble, and theninor product
116wasorange and ethesoluble (Eaq. 4.2).
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Ni(cod), + \/\Br
117 118

Equation4.1
Br
/ '\
<<—Ni Ni—>> + 2KNPEt; ———>
N4 Et,O,r,
Br 115 30 min
15
Equation4.2

/ N\
. <—Ni Ni—>>
Et,0, -10°C, 2 h ot

red, pentane
soluble product

114

orange, Et;,O
*+  soluble product

116

Single crystals of the minor orange compound were grown by cooling a saturated ether

solution. Xray crystallography revealed te&ucture as [Ni(d° alyl)(N PE&)]2} 2[LiBr] 2
116, the LiBr adduct of the target dimgNi(d° alyl)(N PEt)]2 114 (Fig. 4.4). In this
cluster, two equivalents of dimerjdli(d®i alyl)(N PEt)]> 114 are held together by two

equivalents of LiBr. Each lithium cation coordinates to the lone pairs of the two nitrogen

atoms in each dimeifhe orientation of the allyl group are disordered, so the structure in

Figure4.4is just one possible structure.

_ PEt; _ EtP

Br n N

W
~Ny

N2 YNANi
\ /l
EtyP

P

(SN OX¥)

(SN

Figure4.4: Structure and ORTEP diagram ¢R{(d allyl)(N PE#)]2} 2[LiBr] 2 116,
thermalellipsoids are shown at 30% probability and hydrogen atoms

are omitted for clarity.
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Reexamination of the KNPEL15 preparation revealethat some amount of LiBr came
from the reaction of LiNkK119andPEtsBr. 120, the first step of the ligand synthegfisg.

4.5). The LiBr is soluble in EO and slightly soluble in pentane; thus, it is carried through
all the way to the produdtl5

Retrosynthesis of KNPEt3 115:

KNPEt; <= KH + EtPNH,Br <<=  PEtsBr, + LiNH,
115 121 120 119

Figure4.5: Retrosynthesis of KNPEL15

To address this issuBy. Robin Hamilton in ougroup developed new procedure for the
synthesisof 115 in which thel20was mixed with excess KH in liquid ammonia. In this
reaction, both the nucleophilic suibstion and deprotonation happeh in the oneot
reaction 115 could be synthesized on a large scale in up to 89% vyield without

contamination from LiBr (Eq. 4.3).

Et3PBr2 + NH3(|) + 4eq KH NH3(I), '7800, 4 h' KNPEtS
120 115
89%
Equation4.3
//l\ //I\
Ni\ /Ni\
B Br + 2KNPEt; ———>= g p=N]  N=PEt, + 2KBr
N\ / Et207 rty 3 AN /
Ni 115 30 min Ni
N~ <
25 114
85%
Equation4 4

The synthesis ofNi(d alyl)(N PE)]. 114 was successful under the same reaction

conditions, buby usingl15prepared by the new procedure. The product is red and pentane
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soluble, as anticipated (B .4). Becausdoththe two starting materials and the product

are soluble in pentane and otleganic solvents, thpurification of this complex vea
challenging. The best way to ensure the quality of the product is using an exact 1 : 2 ratio
of the starting materials, running the reaction on large scale, and subsequent careful
recrystallization. Sigle crystals of thdimerwere obtained by cooling a saturated pentane
solution in the freezer of the glovebox. @ccasionthe crude product was obtained as a

thick oil, but solid could be obtained by recrystallization.

C2A

ST
c14<\ cisa CI5A
=24

Figure4.6: ORTEP diagram diNi(di allyl)(N PE&)]2 114, thermalellipsoids are shown
at 30% probability and hydrogen atoms have been omitted for clarity.

The figureaboveis one possible geometry b14

X-ray crystallography was used to determine the structure ofdlmpound,which is

shown in Figuret.6. The structure is as anticipated: each phosphoranimide ligand bridges
two nickel atoms throlagh ytl h epominateroongkeln  at on
each occupying two coordination sites. Thekel atoms bear the sqegplana geometry,

thus the compound is diamagnelibe refinement o1 14suggested the orientation of allyl

group is highly disordered, the two allyl group can point to the same or opposite direction.

The3'P-NMR spectrum shows two singlets at 34.¢hpand 34.12 ppm witblose to 1 :

1 ratio, representing the two inequivalent phosphoranimide ligands in the clustéH-The
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NMR spectrum also shows two sets of allyl signals. The central protons of the allyls appear
at5.293 ppm and 5.229 ppm, respedyivas triplet of triplets. The other protons are shifted
upfield in the range of 2iA.4ppm: thesynprotons show at 2.189 and 2.152 ppm as
doublets and thanti-protons resonate at 1.475 ppm and 1.450 ppm, also as doublet. The
ethyl groups resonate the alkyl region in the same 1 :ratio, appearing at 1.376 and

1.339 ppm for the methylene groups, and at 1.158 and 1.127 ppm for the methyl groups.

Combining the result of Xay crystallogaphy and NMR spectroscopyis speculated that
114is a mixture of theSyrisomer and thénti-isomer as shown below (Fid..7). For the
Synisomer, die to the lowenergy barrier for nitrogen inversiéf?, S1andS2 should be
equilibrating in solution rapidly and cannot be differentiated. On the other Adrahd
A2 are identical compoun@heSynrisomer and thénti-isomerhas very close to 1:1 ratio

in the product, each has their own set of NMR data.

L. R A, i
Ni Ni Ni Ni
. _ N = N
Syn-isomers: NN NN
EtsP PEt; Et,P PEt,
S1 S2
Jo. » A4 )
Antiii Ni\ //Ni Ni\\ //N|
nt-\Isomers: \ — <
/N \N\ //N N‘
EtsP  PEtg Et;P  PEts
A1 A2

Figure4.7. Synrisomer and thénti-isomer ofl14

In the crystabtructure the B N bond lengths are 1.546(11) A, shorter than the 1.578(9)
in the neutral heterocuban@eCo(NPEt)]s 21 and 1.595(6)A in the cationic
heterocubanfMesCau(NPER)4]PFs 12, in which the]NPE%'] ligand coordinates to three
metals. This suggests strongémPbonds in114, due to the different bwling The total
bond angles aroundtrogen is 356.67(8) not far from 360. Further, wherl14was mixed
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with a suspension of LiBr i&tO, the same LiBr addudtl6was obtainedalthough not
guantified (Ea. 4.5). This resulisupportedthe basic, lon@air character onitrogen. The
nitrogen centeof each phosphoranimide is betwespd and sp*-hybridization strongly
favoring thesp? hybridization

/N/'i\ 4\N' PEt3 Br EtsP N'/F
/ N, 0N Ny
2 Et,P=N N=PEt; + 2LBr ——» AT A
3 \NI/ 8 ! Etzo,.rt, \)(NI \N‘ LI\Br/LIV/II\lANi -
N somin &L pgy, T pp 22
114 116

Equationd .5

4.2.2 Synthesis and Characterization of [N allyl)(NPPh3)]2 and
[Ni(d® allyl)(NP'Bus)]2

To assess thelectronic tunability of the allytapped nickel phosphoranimide clusters,
phosphoraninde ligands with different substituents were also investigated. Dimeric
[Ni( 1 allyl)(NPPH)]2 122 was synthesizedsing potassium triphenylphosphoranimide
123by the same proceduas forl14(Eqgn. 4.6). The resulting allyl complex22is orange,
soluble in E2O and THF, and slightly soluble in nonpolar solvents such as pentane or
hexane. As for the ethyl analog of the dini2is also diamagnetic. ThEP-NMR and
H-NMR spectra ofl22 share the same signals and patterns as observed for dirbéric
Single crystals were grown successfully from mixed solution of THF and hexamg. X
crystallography reealedthat the solid state structure D22 is analogous tdhat of 114

Detailsof the structure are provided in tappendix.

A X
Ni Ni
: 2 KNPPh; ———> Ph P—N/ “N=PPh
ro+ = —rrNng
Br. 3 TEL0, 1, TN + 2KBr
Ni 123 30 min Ni
~ L
25 122
Equation4 .6

80



In addition to122, the correspondingnore electrosrich tert-butyl version of the complex,
[Ni(d® allyl)(N PBus)]2 24, was also pursued. Our attemptsiynthesizethis compound

under the same conditions used previously resulted in the isolation of a green,-pentane
soluble compoundEqgn. 4.7). However, recrystallization of the product gave the mixed
valence tetramer, [MINPBus)4][Li3Bra(EtO)s] 26, as discussl in the first chapter.
Tetrameric26 is proposed to the result from decomposition of the putative pr@duct
When the reaction was carried out in a+4paar solvent such as hexane, the green product
obtained gave an elemental analysis consistent with dittyér 24. However, no single

crystals could be grown to conclusively identify the structure.

//l\
Ni
B/ \Br 2 LINPB Ni(ally)NPB 2 LiB
+
N v I "s hexane, rt, Nically) Ul + 2LiBr
Ni 14 30 min 24
~
25

Equation4.7

It is also essential to mention that this green product is paramagnetic. For metalswith a d
configuration, it i's well established that
orbitals interact with the metald. orbitals to form strongonds, at the expense of pairing
eight d-electrons in the other fourarbitals. In contrast, a netatrahedral geometry is
favored by lower pairing energy and reduced steric crowdfghus, it is possible that

the sterially bulky [NPBus'] ligand favors the tetrahedd geometry. Although
paramagneti squareplanarNi(ll) compounds are precedent@d!?®they are very rare. It

is also possible that the clusBradopts an oligomer structure rather than dimer adopts

a different coordination mode fdhe allyl groups. For example, ¢helectrordonating
[NP'Bus'] ligand couldencouragéhe allyl to equilibrate betweedt- andd3-coordination,

which triggesthehemolyticscission to give allyl radicals and formation of mixedence

byproduct26.
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4.2.3 Trimetallic Phosphoranimide Clusters: Synthesis and Characterization of
[Niz(d3 allyl) 3( 3 NPEts)2]PFs 124

With the fully characterized allydappeddimer 114 in hand, itsredox chemistry was
investigated, targeting mixedhlence clusters. Oxidation with gfePFk was attempted, at
first in THF solution. The orange product obtainei this procedure veasoluble in polar

solvents such as THF or DME, but not soluble in hexane, benzene or ether.

Single crystals of the product were grown successfully by cooling a saturated DME
solution in the freezer of the glovebox3% °C). Xray crystallographyreveal@ the
structure, an unexpected catiomignetallic cluster, [Nis(d® allyl)s(e* NPE%),]PFs 124

(Fig. 4.8).

(b)

@
Figure4.8: ORTEP diagram ofNis(d7 allyl)s(e* NPE#);]PFs 124, thermalellipsoids are

shown at 30% probability and hydrogen atoms have been omitted for clarity:

(a) view from the side; (b) view from the top.

Based on the structure of this cluster, two equivalents gf€Rfs are needed to provide

the counter ioms for threeequivalents ofL14. Instead, 1.8 equivalents of &@PFk were
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used per three equivalents of dimetit4 so that trimetallic monocationit24 could be
separated easily from unreactdd4 due to the substantial solubility difference.

Quantitative yield wasbtained, considering GBePF as the limiting reagent (EBq4.8).

+ _
EEts PEtS T PFg
VRN
3 <<—Ni\ /Ni—>> + 1.8 CpoFePFg THF i (\ N| >
N 30 min /
PEt
8 PEt3
114
124

99%

Equation4 .8

In the crystal structure, the three nickel atoms reside in the triangular core of the cluster,
with two [NPE#'] ligands coordinating apically on the top and bottom of the core. The

nitrogen atom of each ligand coordinates symmetrically to three nickel atoms through three
lone pairs. Meanwhile, each nickel atom coordinates to one allyl group through the typical

h3-bondding modgeperpendicular to the trinickel plane.

There a@e in total two phosphoranimiddigands, three allyl groups, and one
hexafluorophosphateounter ionin each cluster, which sum to six negative charges. Thus

the formal oxidation state of eacltkel centers +2, surprisingly, unchanged

This product wa unexpected, considering that the oxidation state remains the same despite
the oxidant that was added to the solution:Féps did not act as a catalyst becausefzp

was observed among thgroducts by NMR spectroscopy. In the product, the nickel to
ligand ratio is 3 : 2, instead of 1 : 1 in the starting material. As a result, it must béréhe e
equivalent of ligand that vgaoxidized. As discussed for the LiBr adduit, the nitrogen

can oordinate to a Lewis acithrough the basic longair. We propose that the observed
reaction is a cluster reorganization initiated by electrorsteanFirst, the oxidant removed

one electron from the cluster, making the nickel center electrophilic. fhigenitrogen

from another dimer coordinates to the electrophilic nickel center and initiates a
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reorganization process, leading ultimately to the formatiot2df In the end, the ligand
was oxidized by the oxidantJnfortunately, an attempt to isolate thgproduct was

unsuccessful.

Viewed from the top, the trinickel core constitutes an equilateral triangle, with identical
nickeknickel distances2.64(1); . The three allyl g eaianp s fpo
clockwise in the figureEach nickel atms bears a twisted square plar@rordination

geometry withthe allyl group and the two phosphoranimide residues, one above and one
below. However, unlike the dimeric nickel compoUliNg o®i alyl)(N PEg)]2 114, in which

both Ni atoms are square plarsand diamagnetic, this trimetallic cluster is paramagnetic.

The reason could be the ficlose contactso
hydrogens, which causes twisting and pseudo tetrahedral molecular orbitals. It is worth
noting that in124, the NNi-N anglesc ont r act fr om apipt btka mat el
7 6 (. & further away from the standard°90

The only similar phosphoranimideidged precedent for this structure is
[Ni3(PMes)sCls(e3-NPMes) (-BH)] 125( Fig. 4.9) ,*3in which one phosphoranimide and

one imido bridge t he 3bonddingenbdaThd nickelcentersimn t hr o
125are also all Nill). The Ni Ni distances irl25are almost the same as those found in
1242639 vs 2..64Ma)eover, similar bonhNd bdoinsdt,anc
1. 9i5i32wd . 94(apR4 as welbomds Nilh.266@9 67) 6)

i 124 Hewev the trild&dabhmagnet uest e isacshqg umircek e
pl anar witthnl6bhel ecoroinnati on sphere

H
PM PM [l\] /PMe3
€3 €3 ~K1h
| | MesP_ " NNi-g
CI—Ni—N; %> | Cl—Ni—N> | 2>250nm _ ONi \NNi/PMef*
PMe3 PMe3 |
PMe3
126
125

Figure4.9: Synthesis of [NiPMes)sC13(e3-NPMes) (C-BIH)] 125
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Selected average bond lengths and angles fofNi(d3-alyl)(NPE&)]. 114 and

[Nis(d® allyl)s(e¥ NPE&),]JPFRs 124 are listed in Table 4.1. The Mi distances are
significantly shorter in trimetallicl24 than in 114 at 2.645(0 and 32).%7 0
respectivel y. Thi s i s i kel y because the
phosphorani mi dd 2diThNo dddm dasst amei 1 onf24 in t
at 2A)0@¥s Q)P0 as aNebomes ()P Ls61)551TBi s
lregt hening is also expeclzatipebensephger it Hezedt
provi di-nlgarl eecstsers - ob dmod $° drod dM-N-NIThan §li es ar
mor e alka)4a eagiamn due to the same cédarmlgieer ,n thi
N-NiN angles contract @rammowm &@®P Bagiamat edluye 83

compl ete change in bonding mode.

Table4.1: Selectechveragebond lengths and anglesii4and124

[ NE-AT Tyl LN [ N@>-AT 1 (g3¥NPE)] P.F
NTNi () 2.301 2. BEP
NiN (i) 1. @ L. ap
PN () 1.551(6 1. 8D
N-NiIN_ ( A) 828 (7) 7 6804
NiNiNi (A 90. 73 (2 852(P

4.2.4Heterotrimetallic Transition Metal Clusters: Synthesis and Characterization of
[(d3-allyl) Ni]2CoCl2(e3-NPEts)2 126

The Lewis basic character of the doublydged phosphoranimide nitrogen cae
exploited to build hetemetallic transition metal clusters bgtionaldesign. Both the LiBr
adduct116 and trimetallic cationl24 support this idea. As also demonstrated in this
chapter, the threeoordinate phosphoranimide is generally more stable than the two
coordinate ligand, whicincludesa strongly nucleophilic lone pair on nitrogen. Thus, we
next investigated the use of neltdimer114 as a precursor tprepareheterotrimetallic

clusters triplybridged by two phosphoranide ligands.
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In this demonstration, anhydrous CeC27was used as an unsaturated, Lewis acidic metal
complex. Thereaction is shown below (Bg4.9), leading to the formation of a green
compound, isolated in 58% yield (once the structuas determined). The product sva

soluble in THF, slightly soluble in KD, and insoluble in nonpolar solvents such as hexane

or benzene.
PEt,
N
X i JCl
Ni. <(Ni\ r\'l'/CO‘cn
VAR |
Et;P=N N=PEt;+ CoCl, ——» @Y
TN gy TR kl'\.‘
< 7 30 min PEt,
114 152;3/
Equation4.9

Figure4.10: ORTEP diagram di(d>-allyl)Ni] .CoChk(e3-NPE%), 126, thermalellipsoids
are shown at 30% probability and hydrogen atoms have been omitted for clarity.

Rigorous characterization again requireeray crystallography. Single crystals were
obtained bycooling a saturated THF solution-86 °C. The structure solution revealed the

cluster to the CoGladduct of dimefl 14, with the formulg(d3-allyl)Ni] 2CoCk(e3-NPE8),
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126(Fig.4.10). Both of the nitrogen atont®ordinate to the cobalt metédrming a similar
core structure to that seen in trimetahickel cation124. The phosphoranimidegiand
coordinates apically towo nickels and one cobalt, and the allyl groups coordinate to the
ni ckel i fhbonaingmydepempenticuldr to thili-Co plane. On the cobalt side,
two chlorides reside almost in the same plane as #toiore, making the cobalt pseudo
tetrahedral. The compound is paramagnetic, not surprisingly, due té thefajuration

of Co center.

In a canparison of theaverageoond lengths between heterotrimetallRg, neutral dimer

114 and trimetallic124, the same trends are found upon introduction of the third metal

center (Tablet.2). With the phosphoranimide ligands coordinated to three metalsljthe

Ni distance contracts from 23@) j i 11840 2. 5821726 )T h¥ MWNonds
become | onger and wd&dkRe o, 199 &t dohsi en2gf) 6f rtohne

i observed li2m Siami loami cchanges in boméN HBi st a
bond, ienlgonfgatmtlo. 99 iK06a(glai n v drey ddé¢l§RdAacieo i n
contras-N, di searCoes amMNeN |doinsgtearn ctelsg n )gtvhee a g i
versus)il. 94867 i s | ikely becasusg et hen nieakye ld
el ectronic environments and coordination ¢
introduced, t heclmeteal st oareea cthN ooatghletri® o nadnsd t

become aweda kleornger

Table4.2 Selectedaverageébond lengths fol14, 124, and126.

114 124 126
NiNi (i 2.301 2. 6% 0 2.5827(5)
NiN () 1.002 1.300 1.9487)
PIN (i) 1.551 (¢ 1.®(0 1.606()

Synthetically attempts to convert heterotrimetalli26into hydrotreatment precatalyst by
double methylation at cobalt usidde-Mg in dioxane were unsuccessful, as no product
could be characterized (Rgt.10). It is pcssible that the Co is reducistead of alkylated.

In future development, it is worth attemgito convertL26to a cationic heterotrimetallic
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cluster with an outesphere counter anion first, followed by allylation to form a compound

isostructural tdl24.

ﬁ’Et3
<( /N\ Cl
(| o, _exMeg ><
Q\IV Cl ioxane, rt
N
PEt;
126
Equation4.10

The assembly of a heterotrimetallic cluster provesdtienalityand provides a potentially
general strategy to expand this chemistry to other Lewis acidic metals, preparing a series
of heteropolymetallic precatalyst clusters. Further study on syntheses of heteropolymetallic
clusters and investigation of their potehtia hydrotreatment precatalysts is continuing.

4.2.5Generalizing allyl precatalyst Synthesis Preparation of [Co(d3-allyl)(NPEt3)]n
128

To expand thecopeof allylated phosphoranimide precatalysts, we targeted the synthesis

of analogousallyl-cappedcobalt complexes. The synthesis of this cluster and its use in
catalysis is now under investigation by Ms. Fiona Nkala and Dr. Kseniya Revunova in our
group. Thus the details of this chemistry

Herein, the sytheses are discussed briefly.

The synthesis of the dimeric cobalt cluster (@eallyl)Cl]» 129was demonstrated, simply

by adding equimolar allyl Grignard reagent to a suspension ohbQe€gil. 4.11). The green
product passes elemental analysis for(fEallyl)Cl], however no single crystals have
been obtained to date. The reason could be a highly disordered allyl group, a mixture of
different oligomers or disproportion or the putative produdEither will make the
recrystallization difficult.
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CoCl, + "MgBr [C3HsCoCl],

Et,0, rt, overnight‘
127 130 129

Equationd.11

A range of phosphoranimide anions weagded to this precursor. The use of KNPEL5
provided impure product(s) that could not belased or characterized (Eg4.12). In
contrast, the addition of KNBus 132 led totheisolation of an orangbrown compound
133, which passed combustionaysis for this formula (Eg 4.13). Unfortunately, no

crystals of this material have been obtained.

H | [ H NPEt
[C3 5COC]n + KNPEt3 pentane, " [CS 5CO( 3)]n

129 115 131

Equation4.12

[C3H5COC|]n + KNPtBUS [C3H5CO(NPtBU3)]n

—_———
hexane, rt
129 132 133

Equation4.13
4.3 Conclusion

In this chapter, the synthesend characterization of allytapped phosphoramide
bridged nickel dimers are reported {14, 122, and 24). [Ni(d>-allyl)(N PEg)]. 114 and
[Ni(®-allyl)(N PPh)]> 122 were synthesized and fully characterized using infrared
spectroscopy, NMR spectroscopy;ray crystallography, and elemental analysis. The
synthesis ofNi(d3-allyl)(N P'Bus)]2 24 was unsuccessful due to ttieermal instability of

the dimer
This new sebf compounds is important for developing new hydrotreatment catalyists.

and122are te first two diamagneticompoundf their kind, providingopportunity for

more mechanistic study by NMR spectroscopy. In addition, thecjyped dimes are

89



thermdly more stable andunable than the early tetrametallic series, which alltows

further substituent exploration.

The trimetallic cationic cluster] Ig('df’-AI I3(y3+N)P L})Zt] P.FL24 was synthesized

fortuitously when the mixedlalentdimer was targeted. Based b24and the LiBr adduct
116, a rational design for the preparation of heterotrimetallic clusters was demonstrated by
the successful synthesis[(f>-allyl)Ni] 2CoCh(e*-NPEt), 126

The syntheses and characterization of the new trimetallic cli2éi@nd126is of great
potential for preparing heteropolymetallic clusters by rational design. By erplaite
basicity of the nitrogein doublebridged precursors, it should be possitd develop a

general strategy for accessiadgarge number of heteropolymetallic clusters.
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Chapter 5Phosphoranimidéridged NickelClusters forCatalytic
Hydrodesulfurizatioi(HDS)

5.1 Introduction

In recent years, the increasidgmand for cleaner transportation fuel with lower toxic gas
emissions (SEand NQ) brings new challenges to the petroleum upgrading indttry.

New upgrading technology is imperative, especially for the oil sands industries, to meet
theincreasingly stringent regulatory limitations, the crude oil from the oil sands has high
content of sulfur, nitrogen, and metals. The current methods used in the industry are based
on delayeecoking to remove the bulk of the nitrogen, metals, and asphal&ecteohs of
bitumen, followed by catalytiddDS, mostly using sulfided secondnd/or thirdrow
transition metalsprimarily molybdenum or tungsten, promoted by cobalt, nitkerhe

HDS process requires intensive heating (88D C) and high pressure of hydrogeni(10

120 atm) to extrude the sulfide from the precatalyst andrgeneoordination vacancies

on the surface.

Industrial research into heterogeneous HDS catalysis has spanned more than half a century,
yet the study of heterogeneous cataystmains mainly focused on molybdenum
sulfides®?°® Research suggests that firetv transiton metal sulfides suffer lowactivity
compared to the secdrand thirdrows metals. Thactivity of metal sulfide is known and

canbedepi cted as a Fuy’s cano ploto (Fig.

However, recent studies on the role of the cobalt and nickel promoters in commercial Co
MoS; catalysts have revealed a possilernative interpretation afctivity.>” The HDS
activity of firstrow transition metal sulfide is greatly affected by the catadygiport.
Improvedactivity has been observed foobalt sulfide when supported on carbon and for
nickel sulfide supported on silica. In addition, Raney nickét* itself is capable of
stoichiometric desulfurization of dibenzothiophene (DBT) under mild conditions, a

common model compound for deep HDS. Thus, we believe that satubliecular
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catalystsderived from cobalt, nickel, or other firgtw transition metals could show

competitivea ct i vi t vy,
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Figure5.1: HDSactivity of transition metal sulfides as a function

of their periodic position.

In contrast, research intmmogeneous catalgstor HDS wa notlimited to metal sulfides;
however, this field has not been veryitful. Several HDS systems have bemveloped,

among which most provide only stoichiometric HDS or hydrogenativ& Gond

scissiont35140
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In general, seeral philosophies have been adapted in the design of HDS catalysts:-(1) low
coordinate, lowvalent metal centerscommonly infiltrate the design of HDS model
catalysts,and are pposel to facilitate substrate coordination and the oxidative addition

of the Q'S bond; (2) transition metal hydrides we alsobelievedto be important
intermediates in heterogeneous HDS, so many metal hydrides were prepared; and (3)
catalysts incorporating multiple metal atoms in clusters were designed, aiming to represent
the metatmetal cooperation assumed for heterogeneous catalysts. Most of the

homogeneasi catalysts were designed to have, some, or all of these characteristics.

S . . PEts
Q O [Pt(PEty)s] =———= <per + PEty
3

109

Figure5.2: Ci Sbond scission usingj34.

For example, the lowalent Pt(0) compound [Pt(PEg] 134 is capable of undergoing
oxidative addition of the CS bond of 109, reversibly (Fig.5.2).13>13" As for firstrow
transition metals, the lowalentunsaturated Co intermediate formed upon hediB&yvas

also reactive towardiCS bond scission, ithis case of thiopher87 (Fig. 5.3).2%

\% B @ 70°C_ & o—Coﬁ

/N
N7 137
136

Figure5.3: Ci' S bond scission df37using Co complex36.
Tripodal phosphinatabilized iridium hydridel39, developed by Bianchini, Sanchez

Delgadg et al**®is an active catalyst foDBT HDS. Although the TOF is only about 0.4/h,

it is the only homogeneous compound thatsaver under hydrogepressurdFig. 5.4).
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HS
S
Q THF, 170 °C, 30 atm H2
109
P = PPh, TOF =0.42 h-1
Figure5.4 HDS using Ir complex39,
S C\D*
150
[:::£:§> H,, 7 atm _Ru_
. =, H™/I\CH
Co* 50 °C, toluene THF, 80 °C |/£fs\\\
p 12h 7 days Ru Ru
| o “HT “cpr
_Ru_ — PhEt
H /\\H 152
\ 4EHN |
Ru\\H//Ru\
Cp* Cp*
i 149 " S ce*
:
Cp* =n®CsMes _ O . 7\
Vaa\\!
110 °C, toluene u Ru
8 days 64% cp” THT cpr
153

Figure5.5: Stepwise HDS using trimetallic ruthenium hydride clud#g:.

Furthermore, several muttietallic clusters have been developed that perform
stoichiometric HDS. Two of the most representative and relevant are the trimetallic
ruthenium hydride clustex49*° (Fig. 5.5) and the Njl) hydride dimer154“° (Fig. 5.6).

Both accomplish stoichiometric HDS undeelatively mild conditions (rto 110C), but

Pr3 O
2 eq. 109 S

Pi H

< / N\ K

Ni Ni ] 2
[ AN \ —H, [ Pi
hexane, 22 C Prs O

154 155

only slowly.

Figure5.6: HDS using Ni(l) hydride dimet54
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M. David Curtis et al, reported the tetrameti mixed Co/Mo sulfide clustet56,*4
which is amimic of the commercialdéterogeneous catalysts (Fig7). Research into this
complex has providedaluable insight into the binding of substrat& SCbond scission,

and metalmetal cooperation.

S .
(oC gCO/S\CO(CO \ / (OC)2CO//‘\\CO(CO)2
M ARV
STV AMO—g
Mo/\
Cp* Cp*/ P
156 157

Figure5.7: Desulfurization ofL37 using Co/M sulfide clusted56.

Our group hasynthesized the phosphoranimioiedged firstrow transition metal clusters

for catalytic HDS under mild conditions, as they aeordinatively unsaturated
multimetallic clusters that could form metal hydride intermediates with appropriate
activation. According to a preliminary HDS study by Deffrey Camach@®unquin, the
putative neutral nickel clusté8is an active HDS catalyst when usistgichiometric KH

as an irreversible scavenger for$l (Eq. 5.2). As the pure neutral clustd8 is now
available, it became impenat to renvestigate this putativelDS activity. Furthermore,

the unusually specific role of KH as a promoter for HDS will also be discussed.

s 0.1 mol % 18 SH
1 atm H,, 2 eq. KH +
Q O THF, 110°C, 16 h O O
109 110 158
68% 32%

Equation5.2

Finally, the catalytic HDSctivity of two allykcappedorecatalystsNi(d>-allyl)(N PEt)]2
114and[Nis(d>allyl) 3(3-NPEg)2]PRs 124 for hydrogendbn andHDS werealsostudied,
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together with a preliminaryxploration of asimple heterogeneous nickaelatalyst for

hydrogenation.

5.2 Result and discussion

5.2.1 Thenon-innocentrole of strong basescavengers ircatalytic HDS

In the preliminary results obtained by Deffrey Camach@®unquin (Ea. 5.2), the role of
the strongly basic scavenger, potassium hydride (KHuspiciousKH was introduced
to behave as passiveBregnsted base, reacting withb&l and158to neutralize the acidic
protons. However, when other similarly strong bases, such a®NaahH were used, the
activity is much lower than with KH (Tabk1). This suggested that KH behawaesmore

t han |

of investigation more carefully.

ust

an

nnocent

base, f

unct i

Table5.1: Conversion ofl09to 110and158with differentscavengers

1.7 mol % 18, O SH O
1 atm H,, 2 eq. Base N N
toluene, 110 °C, 5 h - O O
110 158
Entry Base % Conversion
110 158
1 Cak 1 0
2 NaH 13 0
3 KH 28 18

In early controlexperiments using purified @Kree) KH in both toluene and THF

dramatically improved conversion rates were obtained in. Thikally, it was proposed

oni

ng

that the improvement was due to the improved solubility of the intermediate thiallage in

polar solvent, after breaking only the firsi £ bond. However, control eggments

suggested an alternative explanation (Taki#e KH itself can accomplish HDS at elevated
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t emper at PC)ersgardesslol the presence of hydrogen (Entr3).1in THF,
moderate conversion of 34% was obtained 68 without hydrogen(Entry 1), and a
slightly lower conversion of 28%er 158was obtained when hydrogen was pregEntry

2). In contrast, much lower conversions (1% and 2%) were obtained in toluene at the same
temperature (Entry 31), presumably due to thewer solubility of KHin the less polar

solvent.

Table5.2 Control experiment of KH for HDS with/without hydrogen.

S SH
1 atm H,, 2 eq. KH +
SE Ol ®

109 110 158
Entry Control Solvent % Conversion
Conditions 110 158
1 KH THF 1 34
2 KH+H> THF 0 28
3 KH Toluene 0 2
4 KH+H:2 Toluene 0 1

Further isotopic control experimentsvealdeuterium scrambling into all of the aromatic
hydrogens in DBT undenormal HDS conditions (Eg5.3). Thus we propose that the4

itself deprotonates the aromatic protons, which may leadi ® lidbnd scission 0109
through a benzyne intermediate. In addition, alkali metals are known to accomplish
stoichiometric HDS in the presence of hydrog&t*Thus bulk KH could also behave as

a strong reducing reagent to transfer one electrorBfb, Which would also lead t€i S

bord scission. In rality, the reason for the HD&ctivity of KH could be combination of

its strong basicity, reducing potentfalnucleophilic hydride source itself, and more

unusually the promoter effect of potassium cation.
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2.5eq. KH, 1 atm HQ‘ DX { J X
O THF-dg, 110 °C, 16 h  \_ _
Equation5.3

In summary, KH should nobe used as a base scavenger in THF due to substantial
background reaction(s). In toluene, it is tolerable to use KH fdinprary exploration to
prove activity, considering that the background conversion is only 2%, at most, to give
158 Howeverconsidering the ambiguous H2@tivity in THF and safety constrds for
handling the purified, gfaceactive KH, replacement by an alternative passive hyaroge

sulfide scavenger is imperative.
5.2.2The search fornew scavengers fouse in catalyticHDS

Before the discussion of the scavenger htird, promotional effect of potassium cation
needs to be discussed more thoroughly. In the initial scavengerraigio ushg
heterocubane cobalt cataly®?, Dr. Houston Brown discovered thiaigher conversions
were observed when the potassiumssalia givenbasewereused, compared the sodium
or lithium sals (Table5.3). Even through the reactions were run in THF, which could be

problematic for KH, the promoting effect of the potassium cation was obvious.

When HDS catalysis using different metal clusters was investigated in our group, similar
results were obtainedorsistently stoichiometric ptassium salts provided higher
activities as demonstrated through the use of KDA versus LDA, KTMP versus LiTMP,
and KOBu versus NatBu.

The "ifKf ect 06 i s precedented in HDS reactior
Bianchini et al. reported the HDS of benzothiophen&50 using catalytic
[(triphos)RuH(BH)] 159 (triphos = MeC(CHPPR)3). The authors noted that the addition

of KO'Bu accelerat® the reaction, possibly by promoting the reductive elimination of
ethylthiophenol to regenerate the ruthenium hydtiél@é>® (Fig. 5.8).
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Table5.3 Catalytic HDS of DBT usin@2 with different scavengers.

s 0.1 mol % 22, SH
1 atm H,, 5 eq. Base
> +
e [ C

109 110 158
Entry Scavengers Time (h) TORHNh?2

1 NaOBu 16 0

2 KO'Bu 16 0

3 LDA 16 0.71

4 KDA 16 32.73
5 LITMP 16 0.55

6 KTMP 16 75.5

7 NaH 16 0

8 KH 0.4 310

aCi S bond cleavages per mol of cluster per hour over the 16 h reaction period, as determined from
product distributions by GB/S. Single point TOF determination.
b Rxn proceed to completion, calculated TOF is considered a minimum.

P —
N P
P/Ru\ k _ P. |
| H - R *
S \v P |
@\/ BUOH H
160 161

159

Figure5.8: Proposed reductive elimination b9 accelerated by KBu.

In addtion, there have beegeveral studies regarding the coordination of alkali metal
cations to metal sulfide systems by dative bond formation areffdeds of metal additives

on activity.1*#'#® Thus we prpose that the potassium catigrerhaps uniquelycan
coordinate to the metal sulfide intermediates, and this coordination may accelerate the

hydrogenative sulphur extrusion and regeneration of the metal hydride5@®)jigThe
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reason why potassium is g is not yet clear, but theshvier element might provide a
better orbital match with the lone pair on sulphur. To assess this assumption, several
membes of the group have recently been engaged in synthesizsogetemetal sulfide
clusters containingphosphoranimide ligands. As possible HDS intermediates, these
sulfide-containing clusters could provide an understanding of the sulphur extrusion step,

facilitating the development of catalytic potassium promoter for HDS.

M
(\/'s M~
. K,S

M-
or + 2H,+ KA ——— H 4+ or + 2HA + Kt

or KSR

M
"H

Figure5.9 Proposed mechanismo r*efi K ect 0 .

In the following investigation, selected strong potassium bases other than KH were
assessed as scavengers for HDS. The results of control experiments, run in the absence of
catalyst, are listed in Tabfe4. From entries 4, it is obvias that KTMP can itself mediate

HDS in the presence of hydrogeBubstantial conversion was observed even under one
atmosphere of hydrogen at 110 °C (Entry 2). Conversiong Wgher at increased
temperature (Entry 8ersus Entry Pand higher hydrogen @ssure (Entry #ersus Entry

3). Even in a less polar solvent, cyclooctane, significant conversion was observed (Entry
1). The cases of KNHis similar, with substantial conversion 140 and 158 (Entry 5).

When KHMDS is used as scavenger, no backgrounivie was observed under one
atmosphere of hydrogen at 150 {Entry 6), howeverunder higher pressure 59%
conversion tdl58was observed (Entry 7JThus the nitrogeitbased scavengers should be
avoided in all further HDS study. From Entrie®7it is clear that the less basic KBu

and KS scavengers provided no conversions, even under high pressure of hydrogen (500
psi). The other insight we obtained from the control experiments is that the basicity of the
scavenger is a menmportant factor to the HD&ctivity, compared with the nucleophilic
hydride and reducing potential.
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Table5.4: Control experiment using differepbtassiunscavengers for HDS.

‘i‘ 2.2 eq. Base, H, N O ' O
Q O 16 h O + O
109 110 158
Entry Base Solvent | Temperature H2 Conversions%)
(°C) (atmy’ 110 158

1 KTMP | Cyclooctane 175 34 36 42
2 KTMP Toluene 110 1 1 8
3 KTMP Toluene 150 1 8 68
4 KTMP Toluene 150 10 11 72
5 KNH:2 Toluene 150 1 44 27
6 KHMDS Toluene 150 1 0 0
7 KHMDS Toluene 150 34 1 59
8 KO'Bu Toluene 150 34 0 0
9 KO'Bu | Cyclooctane 175 34 0 0
10 K2S Toluene 175 34 0 0

a The hydrogen pressure is the pressure unden temperature. The pressure égher after heating.

In summary, the use of strongly basic scavengers (KTMP,XKXKHMDS, and KH) must

be avoided when evaluating HDS catalysts. Instead, the lessdmsiogercially available,

and easyto-handle solid bases KBu and KS are appropriate for use as passive

scavengers, provided the catalysts are reactive enough.

5.2.3HDS activity of [Ni(NP'Bus)]4 18

The HDSactivity of the neutral clustgNi(NP'Bus)]4 18 has beerinvestigated using the

new scavengers. The cationic clusters{NP'Bus)s]BPhs 23 was not investigated due to

the limitations in solubility. Cationi23is only soluble in polar solvents, such as THF, and

insoluble in tolueneFurthermorewhen 23 was exposed to KBu, an immediate&olor
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change from blue to green svabserved, suggesting the facile reduction to neL&aly

the base.
1 mol % 18,
s 2.2 eq. KOBu, SH
latmH, O
O Toluene, +
110 °C, 16 h
109 110 158
1% 2%
Equation5.4

Using the neutral catalyé8 and KOBu as scavenger, only low conversion was observed
under the mildest HDS conditions (110 °C, 1 atgh (Egn. 5.4). This is probably due to
the greatly reduced basicity of K& compared with KH and KTMP.

Separately, another group memb@rain Brown develop a new reaction conditions for
heterogeneoudDS usingweaker base scavengers (B0 or K>S). The overall optimized
conditiors werel75 °C, 34 atm K and high surface argealumina.Aluminafunctionsas

a support for heterogeneous phosphoranimide catalysts, by one of two mechanisms: (1) by
coordinaion of the nitrogen lone pair of the doubly biillgy phosphoranimide to a Lewis
acidic ste on the aluminaurfaceor (2) by protonolysis of a terminal phosphoranimide
ligand, to graft the cluster to a weakly acidi©§sAIOH residue By grafting the meta
clusters on the alumina surface, the chance of catalyst decomposition/agglomeration is

reduced substantially

HDS using neutral clustel8 was investigated under theewly optimized conditions.
Conversions weremproved dramatically, andp to 93% conwusion to biphenyll10was
observedFig. 5.5). Even through these rdam conditions are more intensitiean the
general conditions previously used, the temperature and pressure are still lower than current

industrial methods.



1 mol % 18 on Al,O4,

S 2.2 eq. KOBu, O SH O
34 atm H, . +
Toluene,175 °C, 16 h O O
109 110 158
93% 0.5%

Equation5.5

Importantly, HDS conditions usiniipe insoluble, weakly basic ¥§ as a scavenger were
alsoinvestigatedisingaluminasupported catalysts. Selectegults are presented in Table

5.5, showing temperature and pressure effects on the HRRBoBased on theesults, it

is clear that theactivity is more affected by temperature (Entryé&sts Entry 3) than

hydrogen pressure (Entry Ensis Entry 3). Excellent conversion d 0 was obtained

when the temperature "vedd ercdinsnpatantsfacto @0 aUC .
there was barely any conversiaren NasS (Entry 4) or LiS (Entry 5) were used. Finally,

much lower conversions were observed wh&was replaced by other Mompounds.

Table5.5 HDSresultsusing18, when MS was used ascavenger.

S 1 mol % 18 on Al,Os, O 7H O
2.2'eq. M,S, Hy +
Toluene, 16 h O O

109 110 158
Entry Catalyst M2S Temperature H2 Conversions (%)

(°C) (atmy’ 110 158

1 18 K2S 175 14 42 1

2 18 K2S 175 34 42 1

3 18 K2S 200 34 83 0.5

4 18 NaS 175 34 1 1

5 18 Li2S 175 34 1 0

6 Ni(COD), | KsS 175 34 3 0

7 NiS K2S 175 34 0 0

a The hydrogen pressure is the pressure under room temperature. The pressure was higher after heating.
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In conclusion, under new reaction conditions anchobilized one aupport, high HDS
activity was observed for neutral precataly8t As scavengers, dotK O'Bu and KS are
much more commercially affordable and easy to handle, and the insolubilipSadnd
K>S make them ideal laboratory scavengers for catalyst investigation. As these
preliminary results show, the concept of using structurally engindiesedow transition
metal clusters for HDS treatment makes it possible to consider further development and

ultimately, industrial applications.
5.2.4HDS activity of M[Ni4(NP'Bus)4] (M = Na, K)

The HDS activity of anionic clust&1 wasalso investigated since tg@lumina supporting
could reduce the chance of decomposition substantially. The anionic clisteas
preparedn situand mixed withg-alumina. The color of the alumina changed from white

to greywithin 5 minutes and the sdion turned colorlessThe potassium analog of the
anionic clusterK[Nis(NPBus)s] 162 was alsoinvestigated by reduction with KGand
grafting ong-alumina. The HDS was run under the optimized condition and the results are

shown below in Table 5.6

Table5.6. HDSresultsusing31or 162 when MOBu was used as scavenger.

SH
34 atm H, +
Toluene,175 °C, 16 h 3 O O

1 mol % 31 or 162
on Al,O4,
s 2.2 eq. MOBu,

109 110 158
Entry Catalyst Base Conversios (%)
110 158
1 31 NaOBu 12 0
2 31 KO'Bu 98 0
3 162 NaOBu 9 0
4 162 KO'Bu 89 1
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Based on the ressjtclose to quantitative conversion (98%) was obtainedBfounder
optimum conditions (Entry 2), although thecuratgeaction rate was n&ahownsincethe
reaction could be completdzefore 16 hoursA relativdy close conversion, 89%, was
observed for mionic clusterl62 suggesting similar HDS activity for anionic cluster. The
comparison between Entry 1 versus 2, and Entry 3 versatablishedhat the promoting
effect is substantial, and there is close to 10 times difference betweéBuNa@ KOBuU

as scavengers. Moreover, a stoichiometric amount @BKon is necessary, comparing to
the catalytic amount presentEntry 3.

The anionic clusteBl is the most activeatalystamong all the phosphoranimidbeidged
first-row transition metal cluster8esides the 98% conversion under optimum condition,
it is the only catalyst that turns ovat allwhen NaCBu is used athescavengers. Further

study is continuing in the group.

5.2.5Preliminary hydrogenation and HDS study of [Ni(d3-allyl)(NPEt3)]2 114

The allykcapped nickel dimefNi(d>-alyl)(NPEt)]. 114 was designed as a secend
generation nickel phosphoranimide precatalyst for HDS. For hydrogen to react with the
cluger, the allyl group must undgw h’ h! isomerization, dissociating to provide a vacant
coordination site. Thus NMR spectroscopy under elevated temperatures was studied in
deuterated toluene {Ds). Both H-NMR and3!P-NMR spectraat various temperatures

were obtained. The two sets of allyl gpo signals become broadened at@Gand
eventually coalesced into one set of signals at higher temperatures. Thus, the rate of allyl
isomerizatiorbecomes fast on the NMR time scale above@Qdn addition, a slightolor

change from red to orange svalso observed when thprecatalyst wa heated in the
presence of hydrogen. Since this temperatustilldower than the reaction temperatures
required for HDS, precatalyst activation should not be a limitatiohféand othesimilar

allyl-cappedickel phosphoranimide clusters.

As a prerequisite for HDS, catalytic hydrogenation u$igd>-alyl)(N PE&)]2 114 was

investigated t@stablish thactivity of the cluster. The reaction temperature was set at 100
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~C to promote allyl activation and &®bloaling of catalyst was used. Fualbnversion of
20to 42 was observed, although the long reaction time prolablgks the actual reaction
rate (Ean. 5.6). In addition, the hydrogenaticactivity of the trimetallic catiofNis(d*-
allyl) 3(3-NPEt);] PR 124was also demonstrate@uantitative conversioof 20to 42was
alsoobserved, with the same catalysading and conditions (Bq5.6). No conversions
were obtained using dimeritl4 or 124at room temperature, suggesting that elevated

temperature is necessary for precatalyst activation.

O 5 mol % 114 or 124,
4 1 atm H, .
O THF, 100°C, overnight O

20 42
100%

Equation5.6

Thus, botHNi(d3-alyl)(N PE&)]2 114and[Nis(d3-alyl) s(e3-NPEt);]PFs 124 are catalysts
for the hydrogenation &f0. Elevated temperature is necessary for the reaction to proceed.
The results, however, proves that nickel hydridesikely producedduringhydrogenation

and, potentially, for other hydrotreatment process such as HDS.

A thorough HDS investigation of all-cappeddimer 114 hasalso beenaccomplished.
Surprisingly, KGBu is effective as the scavenger for both supported and unsupported
versions of the catalyst. The results are presented in TaBleshowing thatonly
stoichiometric conversion saobservedat low hydrogen pressure (1 atm) (Entries 1,2).
This is consistent with the HDS results usit&jn supported form: when K8u is used

as scavenger, higher hydrogen pressure is necessary to turn the caaly®vlmen the
hydrogen pressure wancreasedt 34 atm, the conversions obtained are dependent on the
polarity of the solvent. In THF (Entry 3), only stoichiometric conversion was obtained,
while a significant increase in conversion was observed using the less polar solvents
toluene (Entry 4) and cymbctane (Entry 5). Slightly higher conversion was obtained in

the less polar of the two solvents, cyclooctane. The exact reason for the difference is still
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unknown, but we propose that the dimeric nickel cluster intermediate may be more prone
to aggregatin/decomposition in polar solvents. Upsapporting the precatalysin ¢
alumina, the conversions weoaly slightly improved (Entries 6,7) in both toluene and
cyclooctane, which is very different from the dramatic improvement obtained using the
supported version ofl8 as the catalystas observed by Orain Brown during his
optimization We proposed, tentativelthat the reason could be that [NPEligand is not

as electrordonating as [NBus'], so thecoordinationof precatalyst to the Lewis acidic

surface is more effective in stabilizing the latter catalyst.

Table5.7: HDSresultsusing114, with KO'Bu as scavenger.

s 1 mol % 114, SH
2.2 eq. KOBu, H,
SO - O

109 110 158
Entry | Support Solvent | Temperaturg H> Conversions (%)
(°C) (atmy 110 158
1 T THF 150 1 0 1
2 i Toluene 150 1 0 1
3 I THF 150 34 0 2
4 i Toluene 150 34 7 71
5 | Cyclooctane 150 34 13 63
6 Al203 Toluene 150 34 30 43

a The hydrogen pressure is the pressure under room temperature. The pressure was higher after heating.

In conclusion, allyicappeddimer [Ni(d3-alyl)(N PEt)]. 114is an active hydrogenation
and HDS catalyst. This preliminary study proved that using ghytips to occupy two
coordination sites is an effective thed for building robusphosphoranimidéridged
nickel precatalysts foHDS. Further study, using isostructural albdpped nicketlimer
such agNi(d3-allyl)(NPPhs)]2 122 and other later firstow transition metals (Co, Fe) is

continuingby other group members.



In addition, grafting the nickel dimédrl4on a purely Lewis acidic heterogeneous support
was also studied to explore applications where wsgasitivity is not an issue. As
mentionedm the previous chapter, ti(d>-allyl)(N PEt)]2 114 coordinates Lewis acids

to form heterotrimetallic clusters. Anhydrous magnesium chloti@® was used for
reaction to prevent contamination from reaction with acidic protons. Hexane was selected
as the solvent because of the insolubility of magnesium chloride. dpxing 100
equivalents ofLl63 with red solution ofl14, the stirred suspension beva paler as the
loading proceeded, eventually turning the solution colorless. Meanwhile the pty@ler

turned from white to light orangéd-NMR and®!P-NMR spectroscopies confirmed that

no starting material reneed in the solvent. We propgdhat thenitrogenin dimer 114

coordinats to themagnesiuncations on the surface (&Edp.7).

ER  PEt Ni—Ni
NGN NN
NS + 100 MgCl > 2N Ny
Ni—Ni I hexane, rt, 1 h EtsP~ ; : "PE

= 163
114
164

Equation5.7

O 1 mol % 164, ‘
1atmH

Z 2 .

O hexane, 100°C, 3 hs

20

42
100%

Equation5.8

The hydrogenatiomctivity of this otherwise uncharacterized heterogeneous cal&iyst
was briefly investigated. Hexane was again used as the solvent. The reaction mixture was
charged with one atmosphere of hydrogen and heated taClfi 3 hours. Quantitative

conversion 020 to 42 was observed by GC arftl-NMR spectroscopy (Hy 5.8). The
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homogeneity of the catalyst is to be investigated in future. Further development of

heterogeneous catalysts is ongoing by other group members.

5.3 Conclusion

In this chapter, the neimnocent role of KH in preliminary HDS was determined,
establishig that even in nopolar solvents, KH use should be limited to preliminary
results. Strong nitrogen bases are alsoinancent and should not be used.'B@and

K>S, however, produce no background reaction and are appropriate scavengers for further
HDS stidy. Instead more intense reaction conditions are necessary under this scenario:
150 C, 34 atm of hydrogen pressui@nd dumina as support fahe metal clusters. More
mechanistic study about the weak base scavenger is necessary to understand the role of

scavenger, including fabeling control experiment.

The neutral clustet8 andnickel dimerll4were proved active HDS catalysésd aionic
cluster31lis by far the most efficientatalyst under the new optimum conditiombese
results validate the proposal that structural engineeredrdist transition metal

compounds are capable of catalytic HDS.

Future improvement of the HDS catalysisuld derive fromunderstanding the effect of
oxidation state on activityl@ versus31), andbetter design of heteropolymetallic clusters

to provide more efficient catalytic system. Incorporation of thprémoter into the cluster
design can avoid the dition of stoichiometric amount of potassium salt. In addition, easier
extrusion of sulfide and replacement of basic scavenger to passive scavengers (ZnO or
FeOs3) can also be achieved possibly by rational design of the catalyst and appropriate

support.



Chapter 6. Experimental

6.1 Generalprocedures(partially adapted from previous Stryker group theses)
6.1.1 Generalexperimental procedures

All manipulations were performed using standard Schlenk techniques on a vagam/N

Ar) double manifold or using a Labmaster sp MBraun glovebox underanhbsphere.
Glovebox experiments were performed when thde@el was <5 ppm as measured by a
Pb-based fuel cell Teledyne>@ensor. Solvents were either distilled from Na (toljiene
Na/benzophenone (THF, benzene), K/benzophenone (hexane, pentane, ether, dioxane)
under nitrogen when dark blue or purple, from €@AeCN, CHCIl2) unde nitrogenor
collected from Pure Process Technology free standing solvent purification system (SPS).
Glovebox solvents were tested with a Na/benzophenone solution in THF to ensure they
were dry and degassed. Liquid reagents were either distilled un¢ar Ar) ard stored in

a glass fibombo (a medium wall ed glTafles t ube
high vacuum valve) or passed through Activity | neutral alumina into a bomb and
subsequently freezgumpthaw degassed three times. Hygroscopic solids wieied
overnight in a vacuum oven to remove water before bringing them into the glovebox while
hot. Northygroscopic solids were brought into thegbox in vials covered with a
Kimwipes. Volatile solids were pumped into the glovebox inside of afgl@d Schlenk

flasks. All glassware was flarrdried or dried for at least 3 hours in a 16@ven before

use. Low temperature crystallizations were don8&afC in the glovebox freezer. Sample
preparation for air sensitive IR spectroscopy was done in thelgdav Solution IR cells

were sealed with Teflon stoppers and parafilm prior to data collection. Solid sample was
prepared in a special cell with KBr splate on top and bottom andubber ring between
covered with silica grease. For elemental analylssrsensitive compounds, the samples
were prepared in the glovebox using two preweighed tin boats. Approximatehghb

sample was placed in one boat and folded into a cube and then inserted into the second
boat, which was also folded into a cube. Thbe was then sealed in a edram vial and

immediately submitted for analysis. Duplicate samples were run whenever possible. NMR
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spectroscopy was done in standard NMR tubes sealed with either plastic caps or NMR
tube sized septa. Magnetic susceptibilitigasurements were obtained via the Ebans
method®in standard NMR tubes. For controlled heating of reaction mixtures, Ika stir plates
with digital temperaturecontrol were used along with heavy mineral oil (<3Por
silicone oil (>110C) baths. For reactions requiring sustained low temperature, an
immersion cooler (Neslab Cryotrol-4©0) equipped with a temperature controller was
used. A high vacuum line, egpped with a threstage diffusion pump, was used to dry

materials for elemental analysis (<10orr).

6.1.2 Method for determining magnetic susceptibility (partially adapted from
previous Stryker group theses}*®

The Evanémethod® was used to determine magnetic susceptibilities, deriving the room
temperature magnetic moment and an estimate of the number of unpaired electrons for
[Nis(NPBus)s]BPhs. A reference solution of 95/5 v/v THils/cyclohexane was prepared.

The solid sample (~5 mg) was dissolved in 2 mL of the reference solution. For each
determination, measurements of three separate sample solutions were made. The sample
solution was pleed in a melting point capillary tube using a syringe with a 10 cm long 22
gauge needle. This capillary was then placed into a standard NMR tube containing the
reference solution and the tube was capped.!MREMR spectrum was then obtained at

room tempeature for each sample.

6.1.3 Instrumentation (partially adapted from previous Stryker group theses)

X-ray crystallography was performed using either a Bruker DB diffractometer or a Bruker
PLATFORM diffractometer, both equipped with a SMART APEX Il CCD area detectors.
Diffraction data collection and crystal structures determinations were done by Drt Rober
McDonald and Dr. Michael Ferguson of the University of Alberta Department of
Chemistry Xray Crystallography Laboratory. CHNS elemental analyses were performed
on a Carlo Erba EA1108 Elemental Analyzer. Gas chromatognayalsg spectrometry was
performedusing a Hewlett Packard GCD series G1800AIBE. The mass detectors used
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were either HP 5870 or 5971 MSD. The column used was an Agilest a8 25m x 0.25

mm x 0.25micron film thickness. The MS library was the NIST/EPA/NIH 2011 Mass
Spectral Library andSoftware package was NIST11. IR spectroscopic analyses were
performed using a Nicolet Magna 750 -FH Spectrometer, or a Nicolet 8700 H
Spectrometer operating by OMNIC Spectra Software. All elemental analysddS&Dd
FT-IR data were obtained by stait the University of Alberta Department of Chemistry
Analytical and Instrumentation LaboratoMd and*P NMR spectra were obtained using
eitheran Agilent/Varian Inova 300 MHz spectrometer or an Agilent/Varian Inova 400 MHz
spectrometer at 27 °C unlestherwise mentioned. Chemical shifts f&f NMR spectra

are reported in ppm and refeoenl against the residual protsignals of the NMR solvent.

31p NMR chemical shifts are reported in ppm, referenced to 85% phosphoric acid which is

assigned a value offpm.

6.1.4 Chemical materials (adapted from previous Stryker group theses)

All commercial reagents were purchased from Strem or Silddch chemical
companies were used as received. Where necessary, reagent purifications were
accomplished usinstandard methods. Potassium hyd¥ifleequired rigorous purification

to remwe traces of potassium metal and was thus heated overnight at reflux in THF
containing 20 mol% naphthalene, then washed three times with anhydrous THF, three
times with dried hexanes and dried under vacuum before use. Materials prepared by
literature methds or modifications of such methods are noted in the appropriate

experimental sections.

6.1.5 Cyclic Voltammetry

Cyclic voltammetry wa carried out using &/aveNow USB potentistat from Pine
Industry Instrumentation and Aftermath opangtsoftware. Ceraic patterned latinum
electrodes with silver pseudefererte (for noraqueous solutions) we used as working
and counter electrodes-BusNPFs was used as electrolyte with 0.1 mol/L contation.

The analyte solution vegprepared in the glovebox by dissolving the analyteBuouNPFs



solution to make 0.01mol/L solution of analyte. The additive such asd\taPFs was
added based on spiec requirement. The solution wahen transferred to the instrument
and then trarferred out of the glovebox with propexading. The cyclic voltammetry ga
obtained after the instrument sx@onnected to the WeNow USB potentiostat, which wa
connected to a computer with Aftermath software. The geseaia rate wa0.1V/s unless

othewise noticed.

6.1.6 U\Vis spectroscopy

The solution wa prepared in the globkex and transferred into a 0.1mlV cell and
pumped out of thglovebox. The top of the cell wavrapped wh parafilm immediately
when it wa out of the gleebox. The UWVis spectroscopy weadone on Agilent/HP 8453
UV-Vis spectroscopyystem. The software being usedsmeersion B.04.01 of UWis
ChemStation.

6.2 Experimental procedures for chapter 1

6.2.1 Synthesis of [N(NP'Bus)4|BPhs 23

Bugh, ,PBu, BugP, ,PBug | + BPhy~
N-Ni-N N-Ni-N
_N-Ni-N_ THF, rt, 10 min _N-Ni-N_
BugP’ "PBu, BugP” "PBug
23
18

83%

[NiINP'Bus]sBPhs 23: In the glovebox, [N{NPBus)]s+ (110.0 mg, 0.1000mmol) was
dissolved in 10mL of THF. A slurry of 0.9 equivalent of GjFreBPh (45.5mg, 0.0900
mmole)in 2 mL THF was added ito the solutiondropwiseby pipette. As the addition of
CpFeBPh proceedegdthe color ofthe solution changelom green to blue. The solution
was stirred for 8 minutes and then the solventsu@noved under vacuum. The residue

was washed with pentane to remove the extrgNNBus)]s 18 and ferrocene. Then the

11¢



solid was extracted witl2 mL of THF for three timesgiving dark blue solution. The
combined solution was filtrated through Celite and the solvent was remove2mto6f
product [N{NP'Bus)]sBPh 23, was collected and the yield was¥83ingle crystals 023

were grown by cooling sarated THF solutionlR: 3 / ¢ imsolid state= 1017 s, 1042 s,
1357 m, 1365 m, 1389 m, 1402 m, 1424 m, 1445 m, 1471m, 1482 m, 2900 s, ;3056 m
Elemental analysisC: 60.75 (60.93) H: 9.17 (9.09) N: 3.94 (3.95).

6.2.2 Synthesis for [Ni(NP'Busz)4]BPhs 23 from NiBr2:DME

1) THF, rt t ]+ BPhy
2)NaMg(1.0%), it DU8R o PUs
3) Cp,FeBPh N
NiBr,DME + LiNPBu, —LoP2 a N R
N-Ni-N_
43 14 Bug” -
23

74%

[Nis(NPBus)4]BPhs 23: In the glove box, LiNHBus 14 (344 mg, 1.54 mmol) and
NiBr2-DME 43 (569 mg, 1.84 mmol) wemmixed in a5-dram vial and dissolved inrfBL
THF atroom temperature. The solution tedhgreen immediately. After stirrinfpr half
an hour, the mixture vgasettled with some yellow powder on the bottdrnthe vial. The
green solution wathen decanted to anettvial before excess Na/Hg (1.0¢28.59, 6.12
mmol) was added. The solution svstirred for 2 hourgluring which thecolor changd
graduallyfrom dark gren to light green. The solvent sv¢ghen removednder vacuum.
Three times 5 mL of pentane svaised to extract the residugfter filtration and
evaporationof pentane, Crude [\NP'Bus)]4 18(370 mg, 0.336mmol) was obtained as
green powdemd used directly in the next st€rude[Ni (NPBus)]4 18 was dissolved in 2
mL THF and CpFeBPh (170mg, 0.336mmol) was added slowlas solid As the addition
of CpFeBPh proceededthe colorof the solution changetfom green to blue. After
stirring for 30 minutes, 10nL hexane wa added to the solution to precipitate the blue
product The mixture was filtrated and the productswaashed with hexandérice and
dried on high vacuum line. 405nafithe product, [Ni(NPBus)4]BPhs 23, was obtained as
a blue powder, giving 74% yiel®4% for the first step)R: 3 / ¢ imsolid state= 1017 s,
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1042 s, 1357 m, 1365 m, 1389 m, 1402 m, 1424 m, 1445 m, 1471m, 1482 m, 2900 s, 3056
m; Elemental analysi<C: 60.75 (60.93) H: 9.17 (9.09) N: 3.94 (3.95).

6.2.3 Synthesis of [N(NP'Bus)]PFs 30

tBU3P\\N i N,,PtBUS Buz Py ,PtBu3_’ +PFg
“Ni- IR
N Cp.FeBPh, N=Ni=N
L THF, rt, 10 min i
MN-Ni=N, N-Ni-N
BugP PBug Bugy P’ “PBuj,
18 30

62%

[Ni2(NPBus)4]PFs 30was synthesized by the same preparation of({N#*Bus)4]BPhs 23,

the only difference wathat CpFePFs was used as oxidant. The product is blue in solution.
After drying onthe high vacuum line overnigh green powder was obtained, with 62%
crude yield. The product was used without further purificatsangle crystals were grown

by cooling saturated THF kdion.

6.2.4 Synthesis of [NNP'Bus)]4 18 by reduction of [Nia(NP'Bus)4]BPh4 23

Bush, PBug|TBPhs” BusR, PBug
N-Ni—N 20 eq Na/Hg(1%) N-Ni—N
Ni  Ni o Ni Ni
N-Ni-N_ THF, rt, 10 min N-Ni-N_
Bug P "PBug Bug P PBus
23 18
98%

[Ni(NP'Buz)]4 18: In the glovebox, [NiNPBus)4BPhs 23 (30.3 mg, 0.021 mmol) wa
dissolved in 2nL THF in a 5dram vial. Excess 1% Na/Hg (97518, 0.424 mmol) wa
added to the solution uadstirring. The solution turnddom blue to green within minutes
upon addition othe amalgan. After stirring for 10 min at room temperature, the solvent

was renoved under vacuum. The product was extractedirl, pentandghriceand filtered
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through Celite After evaporation of pentane under vacuum,([WHBus)]4 18 (23.0 mg)

was obtained in a yield of 98

6.2.5 Reduction ofNi(NP'Bus)]4 18

Bugh, PBug Bugh, _PBug |- A*
N-Ni—N N-Ni-N’
I\Il' I\Il Reductant I I
i N THF, 1t Ni- i
N-Ni-N, _N-Ni-N_
tBU3P PtBU3 tBUsP/ : PtBU3
18

[Ni(NP'Bus)]4 18 used in these reactions was prepared freshly fiaBn.-DME 43 and
used within twodays orprepared by reduction ¢Nis(NP'Bus)s]BPh: 23 immediatdy
before use by 1% Na/H§Ni(NP'Bus)]4 18 (40.0mg, 0.0364mmol) veadissolved in 3nL
of THF. The reductant (Na/Hg, KCLi and so on) wa addedn excess to the solution
understirring. After certain amount of time (notén the content), the solvent sveenoved
under vacuum. The product was extracte@ oyl of pentanehrice and filtered through
a plug of @lite. After evaporation of péene under vacuum, the product wdgssolved in

varioussolvens for recrystallization.
6.2.6 lonic exchange oNa[Ni4(NP'Bus)4] 31 and "BusNBr

Na[Nig(NPBug),] +  ™BusNBr — o ["BuyN][Nis(NPBug),]
pentane, rt
31

[Ni(NP'Bus)]4 18 (50 mg, 0.045mmol) was dissolved in L of THF and excess 40%
NaHg was added in the solutiomder stirring. After 30 minutes the solvent was
evapoated under vacuum. The product was extractetibly of pentanehrice and filtered
through @lite, giving a brown solution. ThéBusNBr (14.6mg, 0.045mmol) was added

to the solution. After stirring foanother 30 minutes, the solvent was removed under

vacuum, leaving black residue. The Bdgmowder was extracted with 3 nidf pentane,
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ether andrHF consecutively. The product wéhen set up for recrystallizatiseparately

No single crystals werebtainel.

6.2.7 Comproportionation of [Nis(NP'Bus)s|BPhs 23 and Na[Nis(NP'Bus)4] 31

. ~Na* Bug P, PB
BugP, PBu; |*BPhs Bup PBu; | TN NN
N-Ni-N’ N-Ni-N 5 O NaBPh
—_—
Ni N + Ni  Ni THF, rt, 2 min ’\il' y ".’L' + NaBPh,
) ) . “Ni-
N-Ni-N N-Ni-N, I N
tBUSP/ \‘PtBus tBUsP N PtBUS BU3 P P BU3
23 31 18

98%

[Ni(NP'Bus)]4 18 (14.8mg, 0.0135mmol) was dissolved in 2 lmof THF and charged with
excess Na/HJ40%). The solution was stirred at room temperature for 15 min, giving a
brown solution. The dark browsolutionwas then transferred into another vial antked

with a blue solution ofNi4(NP'Bus)4]BPhs 23 (191 mg, 0.0135nmol). Immediately color
changewas observed from blue to green. The solvent was removed under vadueim. T
residue was extracted withmL of pentanethrice The combinedpentane solutin was
filtrated through Celitend concentrated to giyMi(NP'Bus)]4 18 with 98%crudeyield.

6.2.8 Consistent procedure for Na[N{NP'Bus)4]

BusP, ,PBug BugP, PBuy | Na*
N-Ni-N N-Ni-N
,\:“ ,\:,i 40% Na/Hg Ni N
N-Ni-N_ THF, it N-Ni-N_
rBUs P PBUS tBUsP/ : PtBU3
18 31

The[Ni(NP'Bus)]4 18 used in these reactionsgrrepared either freshly froNiBro-DME
within three days or reduced from BNPBus)s]BPhs immediately before use by 1%
Na/Hg.[Ni(NP'Bus)]4 18 (40.0mg, 0.0364nmol) was dissolved in 3nL of THF. Excess
40% Na/Hg was added to the solatid\fter stirring for 15 minthe solution was passed
throught @lite and theputative produciNa[Nis(NP'Bus)s] 31 was used immdiately for



catalysis. When the followingaalytic reaction was carried out a solvent other than
THF, the THFwas removed first under vacuuithe residue wathen extracted bg mL
of specific solventais notedPassinghe solution through Celite resultedthe solution of
Na[Nis(NP'Bus)4] 31, which was also used immediately.

6.3 Experimental procedures for Chapter 2

6.3.1 Calilration of GC for diphenylacetylene 20, dibenzyl 42, cis-stilbene 46 and

trans-stilbene47.

To characterize all four compounds ofinggenation 020 quantitatively GC analysis was
carried out using dodecares internalstandard. A new method was created to get the
improvedsepration of all four compounds by GC. In the method, the oven was first held
at100 C for 2 min Then the temperatuveas increased dt C/minuntil it reachedl56 C,

after whicha rate 020 C/min wasapplied until 300 C. For eabh compound, 10 samples

of variousknownratio of dodecane tanalyte were separated and detected by k3@n

the resuing linear correlation was found between theaaff signal integration and ratio

of concentration for each compound. All the indexes for this linear correlation were
obtained, which eventually allowinghe quantitative characterization of all four

compoung by GC. The calibration data are listed belmwvall four compounds.
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Calibration of diphenylacetylero:

V(dodecane) total [M](PhCCPH) AreaPhCCPh)
m(PhCCPh)/m¢ eL solvent(mL)| [M](dodecane) | Area (dodecane
5.7 20 10 0.349169443 0.285

9.03 20 10 0.553157907 0.4515
11.75 20 10 0.719779115 0.5875
17.26 20 10 1.057309577 0.863
22.09 20 10 1.353184737 1.1045
31.54 20 10 1.932070918 1.577
43.14 20 10 2.642661364 2.157
50.38 20 10 3.086167815 2.519
64.98 20 10 3.980531651 3.249
103.8 20 10 6.358559332 5.19

9

8 /e y = 1.2433x

7 R2=0.9984

6

5 / ¢ Seriesl

4 /

3 /6/

2 /G/V

e

0 ‘ ‘ ‘ ‘ ‘ ‘
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Calibration ofcis-stilbene46:

Area(is
m(cis- V(dodecane)| total [M]( cis-stilbene) stilbene)
stilbene)/mg eL solvent(mL)| [M](dodecane) | Area (dodecane
6 20 10 0.363448202 0.425090137
8.4 20 10 0.508827483 0.59611824
15.4 20 10 0.932850386 1.173724024
18.8 20 10 1.138804367 1.371522755
26.5 20 10 1.60522956 1.960682141
32.2 20 10 1.950505352 2.323473695
36.8 20 10 2.229148974 2.605162593
52.2 20 10 3.16199936 3.80815463
65.8 20 10 3.985815285 4.724426126
89.8 20 10 5.439608094 6.61730652
.
6 /6 y = 1.203x
5 Rz =0.9994
4 ad
¢ Seriesl

—— Linear (Seriesl)
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Calibration oftrans-stilbene47:

[M]( trans Areagrans-
m(trans V(dodecane)/ total stilbene) stilbene)
stilbene)/mg eL solvent(mL)| [M](dodecane) Area (dodecane)
5.7 20 10 0.345275792 0.446801123
10.26 20 10 0.621496426 0.785044894
15.89 20 10 0.962531989 1.220643098
20.11 20 10 1.218157225 1.561147394
31.09 20 10 1.883267435 2.346496218
43.34 20 10 2.625307514 3.200445247
50.04 20 10 3.031158007 3.650730165
59.99 20 10 3.633876276 4.48275673
82.61 20 10 5.004075998 5.710508657
103.41 20 10 6.264029766 7.700191404
9
8
7 /6 y = 1.2067x
6 Rz =0.9968
5  Z
. /Q/ ¢ Seriesl
3 // —— Linear (Seriesl)
L
0 Lad : : : : :
0 1 2 3 4 6
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Calibration of bibenzy#2:

[M]( trans Areagrans-
m(trans V(dodecane)/ total stilbene) stilbene)

stilbene)/mg eL solvent(mL)| [M](dodecane) Area (dodecane)
5.86 20 10 0.351053088 0.496311592
11.17 20 10 0.669157508 0.920307249
16.7 20 10 1.000441395 1.335193704
20.94 20 10 1.254445678 1.64956812
35.47 20 10 2.124889598 2.698088088
43.76 20 10 2.621515896 3.322828859
46.82 20 10 2.804830307 3.588208305
64.21 20 10 3.846607305 4.987665409
77.88 20 10 4.665531489 5.813845735
98.29 20 10 5.888226632 7.702462797

9

8 /G )

7 y = 1.2855x

6 Rz =0.9986

i // ¢ Seriesl

5 /gé/ —— Linear (Seriesl)

2 Q’Q//

o \ \
0 1 2 3 4 5 6

6.3.2 General procedure for hydrogenation with [Ni(NFBus)]4 18in THF

The [Ni(NPBus)]4 18 used in the hydrogenationasprepared immediatelyefore use by
the reduction of [NiNP'Bus)4]BPhs 23(7.7mg, 0.0055nmol). The substrate (0.55mol),



catalyst (5.9mg, 0.00055mmol),mL THF and a glasencased stir bar were mixed in a
mediumwalled glass reactowith Teflon screwed stopper. The glass reactas
transferred out of the glovebox and connediedh hydrogesilled schlenk line. The
solution was degassed btandard freezpumpthaw thrice. e reator was then sealed
and stirred atoom temperaturér 6 hours unless otherwise notédter onehour, the
reactor was open to air. Withia few mnutes the nickel catalygirecipitatel out. The
solution was then passethrough @lite and mixed with 101 of dodecane before
submissiorfor GC or GGMS analysis If a 'H-NMR spectrum was needed, the solvent
was removed and the solichs dissolved in CDIgfor *H-NMR, using2mg of GMes as

internal standard

6.3.2.1 Hydrogenation ofdiphenylacetylene 20with [Ni(NP'Bus)]4 18

The gaeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen20(100.0mg, 0.55mmol). The product was characterized quantitatively
by GC. The only product isis-stilbene46, obtained ir2% yield. The remaining material
balance consisted of starting compound.

6.3.2.2 Hydrogenation otis-stilbene 46 with [Ni(NP '‘Bus)]4 18

The gaeral procedure was applied [t8i(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) andcis-
stilbene46 (102.0mg, 0.55mmol). The product was characterized quantitatively by GC
The yield fortransstilbene47 was 20% and the vyield for bibenzfP was 5%.The

remaining material balance consisted of starting compound.

6.3.2.3 Hydrogenation otrans-stilbene47 with [Ni(NP 'Bus)]4 18

The gaeral procedure was applied[idi(NP'Bus)]4 18 (6.0mg, 0.0055mmol) andtrans
stilbene47 (102.0mg, 0.55mmol). Theproduct was characterized quantitatively by.GC

The only product wabibenzyl42in 23% yield. The remaining material balance consisted

of starting compound.
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6.3.2.4Hydrogenation of allyloenzene40 with [Ni(NP 'Bus)]4 18

The geeral procedure was appligd [Ni(NP'Bus)]s 18 (6.0 mg, 0.0055mmol) and
allylbenzene&t0 (57.0 mg, 0.55mmol). The product was characterized by -®S and'H-
NMR. The vyield of iphenylpropane4l was 95%.The remaining material balance

consisted of starting compound.

6.3.2.5Hydrogenation of styrene48with [Ni(NP 'Bus)]4 18

The gaeral procedure was appliedMi(NP'Bus)]4 18 (6.0mg, 0.0055nmol) andstyrene
48 (65.0 mg, 0.55mmol). The product was characterized by &S and'H-NMR. The
yield of ethylbenzene was 100%.

6.3.2.6Hydrogenation of tetraphenylethylene49 with [Ni(NP 'Bus)]4 18

The geeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and

tetraphenylethylend9 (182.0mg, 0.55mmol). The product was characterized by &S

andH-NMR. The starting material was the only compound recovered.
6.3.2.7Hydrogenation of diphenylacetylene20 with [Ni(NP'Bus)]4 18at 40 C

The geaeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen20 (100.0mg, 0.55 mmol). The glass reactavas immersed in 40C
mineraloil bath after the addition of4HThe product werecharacterized quantitatively by
GC. Theyield was1% for bibenzyl42, 9% for cis-stilbene46 and 1% fortrans-stilbene
47. The remainingnaterial balance consisted of starting compound.

6.3.2.8Hydrogenation of diphenylacetylene20 with [Ni(NP'Bus)]4 18at 60 C

The geeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
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diphenylacetylen®0 (100.0mg, 0.55mmol). The glass reactowas immersed in 60C
mineraloil bath after the addition of4HThe products wereharacterized quantitatively by
GC. Theyield was85% for bibenzy¥?2, 6% forcis-stilbene46, and 9% fortrans-stilbene
47.

6.3.2.9Mercury test of hydrogenation of diphenylacetylene20 with [Ni(NP'Bus)]4 18
at60 C

The gmeral procedure was applied {tNi(NP'Bus)]sa 18 (6.0 mg, 0.0055mmol)
diphenylacetylen0 (100.0mg, 0.55mmol). Excess mercury (5.61mol, 1.102g) was
also addedn the glass reactor. The glass reagtas immersed in 60C mineraloil bath
after the addition of Kl The product werecharacterized quantitatively by GC. The
conversios were73% for bibenzyk2, 15% forcis-stilbene46 and 13% fottrans-stilbene
47,

6.3.2.10Mercury test of hydrogenation of diphenylacetylene20with [Ni(NP‘Buz)]4 18
at80 C

The gameral procedure was applied {tNi(NP'Bus)]s 18 (6.0 mg, 0.0055mmol)
diphenylacetylen0 (100.0mg, 0.55mmol). Excess mercury (5.51mol, 1.102g) was
also added in the glass reactor. The glass reaesimmersed in 80C mineraloil bath
after the addition of K The product werecharacterized quantitatively by GC. The
conversios were5% for bibenzyld2, 52% forcis-stilbene46, and 2% fortrans-stilbene
47.

6.3.3 General procedure for hydrogenation with Na[Ni(NP'Bus)s4] 31in THF
The [Ni(NPBus)]4 18 used here waprepared immediatefyrior to usefrom reduction of
[Nia(NP'Bus)4]BPhs 23 by 1% Na/HgThe green solid [Ni(NBus)]4 18 (5.9mg, 0.00055

mmol) was dissolved in InL of THF. After the solid was dissolvedre drop of 40%

Na/Hg was added tilve solutionandstirredfor 15 min The color changed from green to
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brown gradually. he solution washen passed throughelite, givinga brownsolution of
Na[Ni2(NPBus)s] 31. Then the substrate (0.0%80l), solution of Na[Ni(NP'Bus)4] 31,
another 4mL THF and a glasencasedstir bar were mixed in a mediumalled glass
reactor fitted with a Teflon higliacuum valve. The glass reactamstransferred out of the
glovebox and connected to a hydrodiled Schlenk line. The solution was degassed by
standard freezpumpthaw thrice, after which the reacteas filled with 1 atm Has the
solution warmed to room temperature. The reastas the sealed and stirred at room
temperature for Gours unless otherwise noted. Aftéhours, the reactor was open to air.
Within a few min the nickel catalyptecipitatel out. The stution was then passed through
Celite andmixed with 10 pL of dodecane @k submission for analysis I&C or GG
MS. If TH-NMR was needed, the solvent wasnoved andthe solid wasdissolved in
CDCl; for *H-NMR with 2 mg of GMes as internal standard

6.3.3.1 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Bus)4] 31

The general procedure was applied fNi(NP'Bus)]s 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen20(100.0mg, 0.55mmol). The product was characterized quatitiedy
by GC. The only product vedibenzyl42in 100% vyield.

6.3.3.2 Hydrogenation oftis-stilbene 46 with Na[Ni4(NP'Bus)4] 31

The geeral procedure was applied [tdi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and cis-
stilbene46 (102.0mg, 0.55mmol). The product was characterized quantitatively by GC
The yields were85%for bibenzyl42 and 15% fotrans-stilbene47.

6.3.3.3 Hydrogenation otrans-stilbene 47 with Na[Ni4(NP'Bus)4] 31

The gameral procedure was applied[ti(NP'Bus)]4 18 (6.0mg, 0.0055mmol) andtrans-
stilbene47 (102.0mg, 0.55mmol). The product was characterizggantitatively by GC

The only product wabibenzyl in45% yield. The remaining material balance consisted of

starting compound.
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6.3.3.4 Hydrogenation of allylbenzend0 with Na[Ni(NP'Bus)s4] 31

The geeral procedure was applied fNi(NP'Bus)]s 18 (6.0 mg, 0.0055mmol) and
allylbenzene&t0 (57.0 mg, 0.55mmol). The product was characterized by -®S and'H-
NMR. The vyield of iphenylpropandlwas 100%.

6.3.3.5 Hydrogenation of styrené8with Na[Ni4(NP'Bus)s4] 31

The geaeral procedure was appliedMi(NP'Bus)]4 18 (6.0mg, 0.0055mmol) andstyrene
48 (65.0 mg, 0.55mmol). The product was characterized by &S and'H-NMR. The

product wa amixture of polystyrene.

6.3.3.6 Hydrogenation of tetraphenylethylend9 with Na[Ni4(NP'Buz)4] 31

The geeral procedure was applied §fiNi(NP'Bus)]s 18 (6.0 mg, 0.0055mmol) and
tetraphenylethylené9 (182.0mg, 0.55mmol). The product was characterized by - ®&S

andH-NMR. The starting material was the only compound recovered.

6.3.3.7 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Busz)4] 31at0 C

The geeral procedure was applied fNi(NP'Bus)]« 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen20 (100.0mg, 0.55mmol). The glass reactawas immersed in ice bath
after the addition of H The product werecharacterized quantitatively by GC. The
conversios were8% for bibenzyld2, 66% forcis-stilbene46, and 1% fortrans-stilbene

47. The remaining material balance consisted of stadorgpound.

6.3.3.8 Mercury test for hydrogenation of diphenylacetylen20with Na[Ni4(NP'Bus)4]
3lat0 C



The geeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen0 (100.0mg, 0.55mmol). Excess mercury (5..1mol, 1.102g) was
also added in the glass reactor. The glass re@etoimmersed in ice bath after the addition
of Ho. The product werecharacterized quantitatively by GC. Toenversios were22%
for bibenzyl42, 54% for cis-stilbene46, and 4% fortrans-stilbene47. The remaining

material balance consisted of starting compound.

6.3.3.9 Mercury test for hydrogenation of diphenylacetylen20with Na[Ni4(NP'Bus)4]

31 at room temperature

The geeral procedure was applied fNi(NP'Bus)]s 18 (6.0 mg, 0.0055 mmol) and
diphenylacetylen€0 (100.0mg, 0.55mmol). Excess mercury (5.61mol, 1.102g) was
also added in the glass reaciine product werecharacterized quantitatively by GC. The
conversios were8% for bibenzyld2, 39% forcis-stilbene46, and 4% fortrans-stilbene
47.

6.3.3.10 Mercury test for hydrogenation of diphenylacetylene 20 with
Na[Nia(NP'Bus)4] 31at 80 C

The geeral procedure was applied fNi(NP'Bus)]s 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen0 (100.0mg, 0.55mmol). Excess mercury (5.61mol, 1.102g) was
also added in the glassador. The glass reactavas immersed in 80C mineraloil bath
after the addition of K The product werecharacterized quantitatively by GC. The
conversios were4% for bibenzyld2, 56% fa cis-stilbene46, and 2% fortrans-stilbene
47.

6.3.4 General procedure for hydrogenation with Na[Ni(NP'Bus)4] 31 in different

solvens

The [Ni(NPBus)]s 18 used herewas prepared immediately from reduction of
[Nia(NP'Bus)4]BPh: 23 by 1% Na/Hg Thegreen solid [Ni(NFBus)]4 18 (5.9mg, 0.00055
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mmol) was dissolved in InL of THF. After the solid dissolveane drop of 409Na/Hg
was addedThe solution was stirrelb minutes during whichhe color changed from green
to brown gradually. After 15 mirthe solvent was removed under vaou The residue was
extracted with 1 mlof thespecific solventtakinghexandor example giving the solution
of Na[Nis(NP'Bus)4] 31 Then the substrate (0.06%l), solution of Na[Ni(NP'Bus)4] 31,
another 4nL of hexane and a glassicasedtir bar were mixed in a mediumalled glass
reactor fitted with a Teflon highhacuum valve. The glass reacteas transferred out of the
glovebox and connected to a hydrodiled Schlenk line. The solution was degasssd
standard freezpumpthaw thrice after whih the glass reactowas filled with 1
atmosphere dfl> as the solution warmed to room temperature. The reaetothersealed
and stirred atoom temperature for one hour unless otherwise noted. After omgtheu
reactorwas operd to air. Withina few mnutes the nickel catalygrecipitatel out. The
sdution was then passed through Celite and mixed with 10 pL of dodecane before
submissionfor GC or GGMS. If *H-NMR spectroscopy waneeded, the solventas
removed and the solidvas dissolved in CD@lfor *H-NMR spectroscopwith 2 mg of
CeMes as internal standard

6.3.4.1 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Bus)4] 31in hexane

The gaeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055 mmol) and
diphenylacetylene20 (100.0 mg, 0.55mmol). Hexane was used as the solvefie
producs werecharacterized quantitatively by GC. Thields were21% for bibenzy#2,
62% for cis-stilbene46, and 7% fortrans-stilbene47. The remaining marial balance

consisted of starting compound.
6.3.4.2 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Bus)4] 31in toluene
The geeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and

diphenylacetylene20 (100.0 mg, 0.55mmol). Toluene was used as the solvefihe

producs werecharacterized quantitatively by GC. Thields were6% for bibenzyl42,



46% for cis-stilbene46, and 7% fortrans-stilbene47. The remaining material balance

consisted of starting compound.

6.3.4.3 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Bus)s] 31in benzene

The gaeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen€0 (100.0 mg, 0.55mmol). Benzene was used as the solvérite
producs werecharacterized quantitatively by GC. Thields was 1% forcis-stilbene46
and 1% fortransstilbene 47. The remaining material balance consisted of starting

compound.

6.3.4.4 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Bus)4] 31in pentane

The gaeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen€20 (100.0 mg, 0.55mmol). Pentane was used as the solvdiite
producs werecharacterized quantitatively by GC. Thields were23% for bibenzyk2,
74% forcis-stilbene46, and 3% fortrans-stilbene47.

6.3.4.5 Hydrogenation of diphenylacetylen20 with Na[Ni4(NP'Bus)4] 31in DME

The gaeral procedure was applied fNi(NP'Bus)]4 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen20(100.0mg, 0.55mmol). DME was used as the solvemhe product
werecharacterized quantitatively by GC. Tyields were0.6% for bibenzyl2 and 0.3%
for trans-stilbene47. The remaining material balance consisted of starting compound.

6.3.4.6 Hydrogenation of diphenylacetylee 20 with Na[Ni4(NP'Bus)4] 31in Et20
The geeral procedure was applied fNi(NP'Bus)]s 18 (6.0 mg, 0.0055mmol) and
diphenylacetylen20 (100.0mg, 0.55mmol). EO was used as the solvefihe products

werecharacterized quantitatively by GC. Tyields were9% for bibenzyl?2, 34% forcis-
stilbene46, and 10% fotrans-stilbene47.
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6.3.5 General procedure for hydrogenation with [Ni(NP'Buzs)4]BPh4 23

The substrate (0.05%0l), [Nia(NP'Bus)s]BPhs 23 (7.9 mg, 0.00055mmol), 5 mL THF
and a glasencasedstir bar were mixed in a mediumalled glass reactor fitted with a
Teflon highvacuum valve. The glass reactwas transferred out of the glovebox and
connected to a hydrogéditied Schlenk line. The solution was degassedtandard freeze
pumpthaw thrice after which the bomb was filled with 1 atm &bs the solution warmed
to room temperature. The reactwas thensealed and stirred at room temperature for 6
hours unless otherwise noted. Afterf@urs, the reactowas operd to air. Within a few
min the nickel catalygprecipitatel out. The stution was then passed througkli@z and
mixed with 10 pL of dodecane before submission@& or GGMS. If *H-NMR was
needed, the solvent wesmoved and the solidvas dissolved in CDGFor *H-NMR with

2 mg of GMes as internal standard

6.3.5.1 Hydrogenation of diphenylacetylen20 with [Ni 4(NP'Bus)4]BPh4 23
The geeral procedure was applied[i4(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and

diphenylacetylen20(100.0mg, 0.55mmol). Theyield was 0%and ony starting material

was recovered

6.3.5.2 Hydrogenation otis-stilbene 46 with [Ni 4(NP'Bus)4]BPhs 23

The gaeral procedure was applied[Mi s(NPBus)4]BPhs 23 (7.9 mg, 0.00055nmol) and
cis-stilbene46 (102.0mg, 0.55mmol). The product washaracterized quantitatively by
GC. The yield was 2% fatrans-stilbene47. The remaining material balance consisted of

starting compound.

6.3.5.3 Hydrogenation otrans-stilbene47 with [Ni 4(NP'Bus)4]BPhs 23
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The geeral procedure was applied[i4(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
trans-stilbene47 (102.0mg, 0.55mmol). The product was characterized quantitatively by
GC. The only product wabibenzyl 42 in 1% yield. The remaining material balance
consisted of starting compound.

6.3.5.4 Hydrogenation of allylbenzend0 with [Ni 4(NP'Bus)4]BPh4 23

The geeral procedure was applied[i4(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
allylbenzenet0 (57.0 mg, 0.55mmol). The product was characterized by &S and'H-
NMR. The yield of iphenylpropane4l was 95%.The remaining material balance
consisted of starting compound.

6.3.5.5 Hydrogenation of styren&8 with [Ni 4(NP'Bus)4]BPhs 23

The gaeral procedure was applied[ii s(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
styrene48(65.0 mg, 0.55mmol). The product was characterized by-®S and'H-NMR.
The product was ethylbenzenelin0% vyield.

6.3.5.6 Hydrogenation of tetraphenylethylend9 with [Ni 4(NP'Bus)s]BPhs 23
The geeral procedure was applied[ii4(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
tetraphenylethylend9 (182.0mg, 0.55mmol). The product was characterized by &S

andH-NMR. The starting material was the only compound recovered.

6.3.5.7 Hydrogenation of diphenylacetylen20 with [Ni 4(NP'Bus)s]BPh4 23at 40 C

The gaeral procedure was applied[Mi s(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
diphenylacetylen@0 (100.0mg, 0.55mmol). The glass reactowas immersed in 40C
mineraloil bath after the addition of :HThe product was characterized quantitatively by
GC. Theyield was 9% forcis-stilbene.The starting material was the only compound

recovered.



6.3.5.8 Hydrogenation of diphenylacetylen20 with [Ni 4(NP'Bus)4]BPhs 23at 60 C

The geneal procedure waapplied tgNis(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
diphenylacetylen@0 (100.0mg, 0.55mmol). The glass reactoras immersed in 60C
mineraloil bath after the addition ofHThe product werecharacterized quantitatively by
GC. Theyields were41% for bibenzyld2, 50% forcis-stilbene46, and 9% fortrans
stilbene4?.

6.3.5.9 Hydrogenation of diphenylacetylen20 with [Ni 4(NP'Bus)4]BPhs 23at 80 C

The gaeral procedure was applied[ii (NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
diphenylacetylen®0 (100.0mg, 0.55mmol). The glasgeactorwas immersed in 80C

mineraloil bath after the addition of :HThe product was characterized quantitatively by
GC. Theyield was 100% for bibenzy2.

6.3.5.10 Mercury test for hydrogenabn of diphenylacetylene 20 with
[Nia(NP'Bus)4]BPh4 23at 80 C

The general mrcedure was applied fblis(NPBus)4]BPhs 23 (7.9mg, 0.00055nmol) and
diphenylacetylen0 (100.0mg, 0.55mmol). Excess mercury (5.51mol, 1.102g) was
also added in the glassactor. The glass reacteas immersed in 80C mineraloil bath
after the addition of H The product werecharacterized quantitatively by GC. The
conversios werel% for bibenzyld2, 28% forcis-stilbene46, and 1% fortrans-stilbene
47.

6.4 Experimental procedures for Chapter 3

6.4.1 General procedure for hydrosilylation with [Ni(NPBus)]4 18in THF

The [Ni(NPBus)]s 18 usal in the hydrosilylation wagprepared immediately from the
reduction of [Ni(NP'Bus)s]BPhs 23 (3.9 mg, 0.0025mmol) by 1% Na/Hg. 0.5 mol% of
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catalyst (3.0 mg, 0.002vimol), 1.2 eqof PheSiH. (0.0654 mmol, 120.0 mg),.5 mLTHF
and a glasencased stir bar were mixed in5adram vial and let stir for 5 mim the
glovebox Then a solution of theubstrate (0.5 mmol) and 0.5 mL THFsvadded to the
vial. The solutionwas therset under stirringt roomtemperaturdor 1 hour or 16 hours
Certain amount o€¢Mes was then added to the solution. A small portadrthe solution
(normally 1/5) wa thentransferred to another vial and dried under vaculime.residue
was thendissolved in @Ds for 'H-NMR. The product was identified by comparing with
known compoud in literature, and the yield waletermined by comparing the integration
of the GMes and specific peaks of the prodsiét&°

6.4.1.1 Hydrosilylation of isovaleraldehydeé4 with 18

The general procedure was applied3d0 mg isovaleraldehydit, 133.2 mg PiSiH,, and

3.0 mgl8. 64% yield was obtained for (isovaleroxy)diphenylsilane.

6.4.1.2 Hydrosilylation ofn-heptaldehyde65 with 18

The general procedure was applie®209 mgn-heptaldehyd®&5, 120.9 mg P#8iH,, and
3.0 mg18. 68% yield was obtained fon-heptoxy)diphenylsilane.

6.4.1.3 Hydrosilylation of 1,2,3,8etrahydrobenzaldehyde66 with 18

The general procedure was appliecdb®0 mg 1,2,34etrahydrobenzaldehydss, 131.2
mg PhSiH,, and 3.0 mg 18 91% vyield was obtained for(1,2,3,6

tetrahydrobenzoxy)diphenylsilane.

6.4.1.4 Hydrosilylation of benzaldehyd&7 with 18

The general procedure was applied?0 mg benzaldehyde, 120.4 mg®hi., and 3.0

mg 18. 63% yield was obtained for (benzoxy)diphenylsilaared 18% yield ws obtained
for bis(benzoxy)diphenylsilane.
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6.4.1.5 Hydrosilylation of 4(dimethylamino)benzaldehyde68 with 18

The general procedure was applie@@6 mg 4(dimethylamino)benzaldehyds, 122.0

mg PhSiH, and 3.0 mg 18 99% vyield was obtained for -4
(dimethylamino)benzoxydiphenylsilane.

6.4.1.6 Hydrosilylation ofp-anisaldehyde69 with 18

The geneal procedure was applied 8.6 mg 4(dimethylamino)benzaldehyd®, 122.0

mg PhSiH, and 3.0 mg 18 99% vyield was obtained for -4
(dimethylamino)benzoxydiphenylsilane.

6.4.1.7 Hydrosilylation of biphenyt4-carboxaldehyde70 with 18

The general procedure wapplied t0101.4 mg biphenydl-carboxaldehyd&0, 120.0 mg
PhSiH2, and 3.0 mdl8. 62% yield vas obtained for biphenyl-carboxydiphenylsilane,
and 29% vyield was obtained for bis(biphesdytarboxy)diphenylsilane.

6.4.1.8 Hydrosilylation ofp-(methlythio)benzaldehyde71 with 18

The general procedure was appliedt mgp-(methlythio)benzaldehysl71, 120.0 mg
PhSiH>, and 3.0 md 8. 60% yield was obtained fpr(methlythio)benzoxydiphenylsilane.

6.4.1.9 Hydrosilylation of cyclohexanon®&l with 18

The general procede was applied td9.6 mg cyclohexanorl, 132.0 mg PiSiH,, and
3.0 mg18. 83%yield was obtained for (cyclohexoxy)diphenylsilane.

6.4.1.10 Hydrosilylation of cycloheptanon&?2 with 18
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The general procedure was applie®®2 mg cycloheptanor#, 112.9 mg P#8iH,, and
3.0 mg18. 99% yield was obtained f@gcycloheptoxy)diphenylsilane.

6.4.1.10 Hydrosilylation of 3pentanone73 with 18

The general procedure was applied®0 mg 3pentanon&3, 135.0 mg P#5iH,, and 3.0
mg 18. 11% vyield was obtained for-{@ntoxy)diphenylsilane.

6.4.1.11 Hydrosilylationof acetophenoner4 with 18

The general procedure was applied®0 mg acetophenor@, 120.0 mg P#5iH., and
3.0 mg18. 61% yield was obtained for{ihenylethoxy)diphenylsilane.

6.4.1.12Hy d r o s i | y dethytacetmphenontr5 with 18

The generaprocedure was applied 83.0 mg acetophenon®, 123.8 mg P#5iH., and
3.0 mg18. 99% yield was obtained for(l 4ethylphenyl)ethoxydiphenylsilane.

6.4.1.13Hy d r os i | ydmathoxyacatopbehon@6awvith 18

The general procedure was applied to 82@4 inethoxyacetophenongés, 120.0 mg
PhSiH,, and 3.0 mg 18 50% vyield was obtained for -14 0
methoxyphenyl)ethoxydiphenylsilane.

6.4.1.14Hy dr o s i | y dchotoacetaphenoher’ 7Anvith 18

The general procedure was applied8al . 0 -omproadetopenone77, 120.0 mg
PhSiH,, and 3.0 mg 18 98% yield was obtained for -14 0

chloroyphenyl)ethoxydiphenylsilane.

6.4.1.15Hy dr os i | y {fliroaceiophemmoher84vith 18
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The general procedure was applied7t@ . 0 -flugroacetdophenong8, 120.0 mg
PhSiH,, and 3.0 mg 18 91% vyield was obtained for -14 0
fluoroyphenyl)ethoxydiphenylsilane.

6.4.2 General procedure for hydrosilylation with Na[Ni(NPBus)]4 31in THF

In the glovebox[Nis(NPBus)4]BPhs 23 (3.9 mg, 0.002Tmol) was dissolved in 0.5 mL
THF andl drop (excess) of 40% Nd4g was added into the solution under stirring. The
color changedrom blue to green upon adding, and changed to brown gradually in 15 min.
The solution wa thenfiltered through Celite andhixed with 1.2 eqof PhSiH> (110.4
mg)and a ghssencased stir ban anothera5-dram vial After 5 min of stirring,a solution

of thesubstrate (0.54 mmol) and 0.5 mL THFsadded to the vial.hesolutionwas then
set under stirringt roomtemperatire for 1 hour or 16 hourCertain amount o€sMes
was then added to the solution. A small portairthe solution (normally 1/5) vgathen
transferred to another vial and dried under vacutimeresidue waslissolved in €De for
H-NMR. The product waglentified by comparing with known compound in literature,
and the yield weredetermined by comparing the integration of thdl€ and specific
peaks of the produgf®8

6.4.21 Hydrosilylation of isovaleraldehyde64 with 31

The general procedure was applied83 mg isovaleraldehydet, 133.0 mg PiSiH,, and

3.0 mg31. 68% yield was obtained for (isovaleroxy)diphenylsilane.

6.4.2.2 Hydrosilylation ofn-heptaldehyde65 with 31

The general procedure was applie@®®4 mgn-heptaldehyd®&5, 130.0 mg P#8iH2, and
3.0 mg31. 71% yield was obtained fon{heptoxy)diphenylsilane.

6.4.2.3 Hydrosilylation of 1,2,3,8etrahydrobenzaldehyde66 with 31



The general procedure was &a@pgdlto61.0 mg 1,2,3&etrahydrobenzaldehydss, 127.0
mg PhSiH,, and 3.0 mg 31. 38% vyield was obtained for (1,2,3,6
tetrahydrobenzoxy)diphenylsilaneand 41% vyield was obtained for Hik,2,3,6

tetrahydrobenzoxy)diphenylsilane.

6.4.2.4 Hydrosilylationof cyclohexanones1 with 31

The general procedure was applied®9 mg cyclohexanorl, 119.0 mg PiSiH,, and
3.0 mg31. 65% yield was obtained for (cyclohexoxy)diphenylsilane.

6.4.2.5 Hydrosilylation of cycloheptanon&?2 with 31

The generaprocedure was applied 62.7 mg cycloheptanor#, 129.0 mg P#8iH, and
3.0 mg31. 90% yield was obtained for (cycloheptoxy)diphenylsilane.

6. 4. 2. 6 Hydr ethylatepphenonerbwith 31f 4 6

The general procedure was applieBio7 mg acetopmone75, 134.4 mg P#5iH., and
3.0 mg31. 85% yield was obtained for(l 4ethylphenyl)ethoxydiphenylsilane.

6.4.3 General procedure for hydrosilylation with [Nk(NP'Buz)4]BPh4 23in THF

The [Nia(NP'Bus)s]BPhs 31 (3.9 mg, 0.0027mmol), 1.2 eqof PhSiH; (0.0654 mmol,
120.0 mg),0.5 mLTHF and a glassncased stir bar were mixed irbadram vial and let
stir for 5 minin theglovebox Then a solution of the substrate (0.5 mmol) andL5THF
was added to the vial he solutionwas then stirredt roomtemperaturdor 1 hour or 16
hours Certain amount o€sMes was then added to the solution. A small portafrthe
solution (normally 1/5) wathen transferred to another vial and dried under vactibe.
residue wathendissolved in GDs for tH-NMR. The praluct was identified by comparing
with known compoud in literature, and the yields wedetermined by comparing the
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integration of the eMes and specific peaks of the prodsitt&°

6.4.3.1 Hydrosilylation of isovaleraldehyde4 with 23

The general procedure was applied1® mg isovaleraldehydet, 131.0 mg PiSiH,, and

3.9 mg23. 62% yield was obtained for (isovaleroxy)diphenylsilane.

6.4.3.2 Hydrosilylation of 1,2,3,&etrahydrobenzaldehyde66 with 23

The general procedure was appliecd5 mg 1,2,3&etrahydrobenzaldehyds6, 122.5
mg PhSiH,, and 3.6 mg 23. 69% vyield was obtained for (1,2,3,6
tetrahydrobenzoxy)diphenylsilane.

6.4.3.3 Hydrosilylation ofp-(methlythio)benzaldehyde71 with 23

The geneal procedure was applied 7.7 mgp-(methlythio)benzaldehydeél, 132.0 mg
PhSiH>, and 3.5 m@3. 36% yield was obtained fpr(methlythio)benzoxydiphenylsilane.

6.4.3.4 Hydrosilylation of cyclohexanon&1 with 23

Thegeneral procedure was appliedd®.6 mg cyclohexanorl, 108.7 mg PiSiH,, and
3.4 mg23. 99% yield was obtained for (cyclohexoxy)diphenylsilane.

6. 4. 3.5 Hydr ethylatepphenone’d with 28f 4 6

The general procedure was applied46.0 mg aetophenoné&5, 125.0 mg P#5iH., and
3.6 mg23. 98% yield was obtained for(1 4ethylphenyl)ethoxydiphenylsilane.

6. 4. 3.6 Hydr dluwrodcetophenonet8with@23 4 6



The general procedure was applie@t8 . 4 -fimayoacktdophenonés, 98.6 mgPhSiH,,
and 3.1 m@3. 78% vyield was obtained for(l 4flGoroyphenyl)ethoxydiphenylsilane.

6.4.4 General procedure for deoxygenation with [Ni(NBus)]4 18in THF

The[Ni(NP'Bus)]4 18, substrate, 2 eaf PhSiHz, 1 mL THF and a glassencased stir bar
are mixed in amediumwalled glass reactoin the glovebox Then the reactor vea
transferred out ofiie glovebox and heated in silicooi at elevated teperature for 16
hours. Afterheating the reactor ws opened toimand passed through neutral type |
alumina. The solution was submittetdl GGMS directly. The conversins obtained we
based on GC so it mighbt be as accurate as those basedMR.

6.4.4.1 Deoxygenation of-4dimethylamino)benzaldehyde68 with 18

The general procedure wapplied to 5 mg df8, 150 mgi-(dimethylamino)benzaldehyde
68, and 160.0 mg PhSgdThe temperature wgaset at 80C. The conversions from GC
MS were 37% for N,N,4trimethylaniline, 29% for 4dlimethylaminobenzyl alcohol, 27%
for 4,4*Ethanel,2-diylbis(N,N-dimethylaniline) 2% for 4,4-Methylenebis(N,N
dimethylaniline), 5% for 4BenzytN,N-dimethylaniline, and 1% for -4
dimethylaminobenzyl alcohol.

6.4.4.2 Deoxygenation gb-anisaldehyde69 with 18

The general procedure wapplied to 5 mg 08, 112 mgp-anisaldehyd&9, and 166.0
mg PhSiH. The temperature wgaset at 80C. The conversions from GRS weae 10%

for 4-Methylanisole, 67% for4anisyl alcohol, and 22% for 4;dimethoxybibenzyl.

6.4.4.3 Deoxygenation gb-(methylthio)benzaldehyde71 with 18

The general procedure wapplied to 5 mg df8, 108 mgp-(methylthio)benzaldehydel,
and 162.0 mg PhSi#d The temperature \gaset at 80C. The conversions from GMIS
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were 4% ford-methylthioanisole, 87% for-@methylthio)phenylmethanol, and 9% A~
bis(methylthio)bibenzyl

6. 4. 4. 4 De o x-sthylacatephenomai5 withf 18 4 6

The general procedure wapplied to 4 mg of8, 108 mg4 -&thylacetophenonés, and
160.0 mg Phibiz. The temperature vgaset at 80C. The conversions from GRS were

3% for1,4-diethylbenzene, 31% forM-ethylphenyl)ethanol, 1% for-dthylstyrene.

6. 4. 4.5 De o x-mahexyazdatophenond® with 485

The general procedure wapplied to 4 m of 18, 106.1 mgd -tnethoxyacetophenonts,
and 181.0 mg PhSi#dThe temperature \gaset at 80C. The conversions from GMS
were 2% forl-ethyl4-methoxybenzene, 25% for(4-methoxyphenyl)ethanol, 2% for 4
methoxystyrene, and 3% farl-(2,3-butanediyl)bis(4methoxybenzene)

6.4.4.6 Deoxygenation of (¥¢arvone99 with 18
The general procedure wapplied to 4 mg df8, 105.3 mg+)-carvoned9, and 132.0 mg

PhSiHs. The temperature waset at 60C. The conversiofrom GGMS was 1% for (+)

limonene

6.4.4.7 Deoxygenation of 3;diphenyl-2-cyclopentenl-one102 with 18

The general procedure wapplied to 4 mg a8, 155.0 mg3,4-diphenyt2-cyclopenten
1-onel102, and 200.3 mg PhSgdThe temperature wsaset at 60C. Theconversion from
GC-MS was 2% forl,1-(2-cyclopentenel,2-diyl)dibenzene

6.4.4.8 Deoxygenation of-2yclohexenl-one104 with 18

141



The general procedure wapplied to 5 mg df8, 87.0 mg2-cyclohexerl-onel04, and
196.2 mg PhSikl The temperature waset at 80C. The conversions from GMIS were

5% for cyclohexane, 6% for cyclohexene, and 28% forki(2:cyclohexenrl-yl).

6.4.4.9 Deoxygenation of-2yclohexenl-one 104 with 18at 160 C

The general procedure was applied to 5 mg&1™7.9 mg2-cyclohexerl-one104, and
198.4 mg PhSikl The temperature was set at 1&for 5 days. The conversions from
GC-MS were 21% for cyclohexane, 12% for cyclohexene, 6% focyctbhexadiene, and
51% for 1,1-bi(2-cyclohexenl-yl).

6.5 Experimental procedires for Chapter 4

The synthesis of[Ni(d3-allyl)(N PBus)]. 46 and allyl-capped cobalt clusters vee
accomplished by Fiona Nkala, so the experimental details will be included in herdviaster
Thesis

6.5.1 Synthesis of BPBr2

Etg EtsPBr,

120
95%

P + Brp—— >
2 hexane, rt

To a solution of PEt(1.21 g, 0.0102 moles) in hexane (40 mL) at room temperature was
added by syringe Br(1.64 g, 0.0102 moles). The mixture was stirred for a further 16 h
after the addition was complete, aftehich the solvent was removed under vacuum
Extraction of residal PEt with 3 x 15 mL portions of hexaraéforded E{PBr. 120(2.69

g, 94.8 %) as a white solitlP-NMR (202MHz, CD.Clp): i  14R3387.616'°!

6.5.2 Synthesis of KNPEt115
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Et3PBr2 + NH3(|) + 4eq KH NH3(|), _780C’4h' KNPEt3

120 115
89%

50 mL of ammonia was condensed and kept urd@r C using a dry ice bath in a three

neck flask on the @lenkline. KH (3.894 g, 0.09735 mol) was added to the flask using a
solid addition funnel. The solution changed to blue as the addition proceedsgt, RED

(6.765 g, 0.02433 mol) was then added by portion through the side neck under positive
nitrogen pressa. After the addition was finished, the reaction was allowed to wgrm
overnight as themmonia evaporated. The flask sMhen transferred into the glovebox.

The residual da was extract with hexane (3 x 20 mL) and filtrated throught€& After
evapoation of hexane under vacuum, 2.684 g of KNPHI5 was ob&ined as yellow
powder with 8% vyield.*H-NMR (500 MHz CsDe): Ui 1.312(br, 6H), 1.068(br, 9K }*P-

NMR: (500MHz):0-15.067(br)

6.5.3 Synthesis of [Ni{3-allyl)(NPEt3)]2 114

//l\ //I\
Nk\ /Nh\
87 Br *+ 2KNPEt, Eor EtsP=N_  N=PEt; + 2KBr
N/ 20, 1, N4
Ni 115 30 min Ni
- -
25 114

85%

[Ni(®-allyl)Br]2 25 (360mg, 1.00mmol) and KNPEL15(342mg, 2.00mmol) we each
dissolved in 10 mIEt,O in the glovebox. The KNPEfL15was added tdNi(d>-allyl)Br]»

25 solution dropwise with stirring at room temperature. Black solids precipitated
immediately upon adding he solution stayeigkd during the process. After stirring for 15
min, the solvent waremoved under vacuum. The solid was trituratet 3 x5 mL EtO.

After removing the solvent, 0.464 g of spectroscopically pure red solicbbtaged in
85% vyield. The stoichiometry of ¢hstarting material must be accuratdd &, otherwise

the product will beobtained as aed oil. Single crysia were obtained by cooling a
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saturated EO solution of crudg@roduct.'H-NMR (400MHz, GDe) : U 5J=209B (t t ,
Hz, 1H), 5.229 (ttJ= 10, 7 Hz, 1H), 2.189 (d,= 7 Hz, 2H), 2.152(d) = 7 Hz, 2H),1.475

(d,J = 10.5 Hz, 2H), 450 (d,J = 10 Hz, 2H), 1.376 (m, 6H1.339 (m, 6H), 1.158 (td]

=8, 7.5 Hz, 9H), 1.127 (tdl = 8, 7.5Hz, 9. 3'P>-NMR (400MHz, GDs) : U 34. 61 (
34.12 (s).’C-NMR: 11 99.221, 99.000, 43.741, 43.561, 22.810, 22.797, 22.211, 22.198.
Elemental analysis: C: 46.58 (46.55) H: 8.76 (8.62) N: 5.73 (6.03).

6.5.4 Synthesis of {[Nig3-allyl)(NPEt3)]2}2[LiBr] 2116

/N/'i\ 4\N' PEt3 Br EtsP N'/F
/ 0 PN A
2 Et,P=N N=PEt; + 2LBr —— > AT A
3 \NI/ 8 ! Etzo,.rt, \)(NI \N‘ LI\Br/LIV/II\lANi -
N somin &L pgy, T pp 22
116

114

To a 5 mL THF solution diNi(d>-allyl)(NPE®)]> 114(40.5 mg, 0.0873 mmaglanhydrous
LiBr (7.6 mg, 0.0874 mmol) was addéhe solution was stirred fortiburs, during which
the color change gradually from red to reddistrange. The solvent was then @rad
under vacuum. The product svthen recrystallized by cooling a saturated mixed solution
of DME and hexane. The structuressdetermined by »ay crystallography, but the yield

was not determined.

6.5.5Synthesis ofNi(d3-allyl)(NPPhs)]2 122

A X
Ni Ni

4 \B 2 KNPPh, —— > Ph P—N/ \N—PPh

B ro+ = =PPh;

N 3 TELO,n, TN + 2KBr
Ni 123 30 min Ni

~ ~
25 122

[Ni(d3-allyl)Br]2 25(75.7 mg, 0.21nmol) and KNPP£123(119.2 mg, 0.378 mmol) we
each dissolved in 10 mEtO in the glovebox. The KNPRH.23 was added to [Nif-
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allyl)Br]> 25 dropwise with stirring atoom temperature. Black powder precipitates
immedately upon addition and the solution stayed during the proas. After stirring for

15 min, the solvent vearemoved underacuum. The solid was extracted with 3 mL

EtO. The extracts wereombined and EtO was removed under vacuur@.1066 g ed

solid was obtained in 75%yield. Single crystals were obtained by cooling the saturated
mixed solutionof THF and hexane of theroduct.'H-NMR (500MHz, GDe) : 8.286i

8.202(m, 1H), 7.169i 7.112 (m, 181), 5.108(tt, J = 10, 7 Hz, 1H), 4.84&t, J = 10, 7

Hz, 1H), 1.77Qd,J= 7 Hz, 2H), 1.728d,J= 7 Hz, 2H),1.625(d, J= 10.5 Hz, 2H), 1.174
(d,J=10Hz, 2H.%P-NMR (202MHz,CsDg) : U 24. 783 (s), 24.008

6.5.6 Synthesiof [ N@*A | | F3#N)P E)y] P24

+ —
EEtS PEt; | PFg
N
7\ e
3 <—Ni Ni—> + 1.8CpFePFy — > ((\Ni /.\Ni_>>
N THF, nt, SNi
N 30 min k\l\\l
PEt "
8 PEt,
114
124

99%

[Ni(d3-ally)NPEt]2 114 (126.3mg,0.2722mnol) was dissolved in 10mL THF and
CpoFePFks(54.0mg, 0.163mmol) veaadded to the solution slowdagroom tempeaiture with
stirring. 1.8eq. of CpFePks was added taease further purification. After stirring for 30
min, the solvent warenoved leaving behind a red solid. 3 x 5mL pentane waed to
washawaythe extra staring material, ferrocene arider organic product. Then 3 x 2mL
dimethoxyethane(DME) vgaused to exact the product. The solutions rediltrated and
combined, then theolventwas removed under vacuum. 108.4mg[oN(©>-A | | (% )

NP @zt] P, BE24 wasisolatedin 99% vyield Single crysta wereobtained by cooling a

saturated DME solution of the product 85 °C. 124is paramagnetic so NMR spectra are

not provided.
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6.5.7 Synthesis of f{*-allyl)Ni] 2CoCl2(¢3-NPEts)> 126

PEt,
N
X i JCl
N <(Ni\ . Co,
VRN I
EP=N_  N=PEt;+ CoCl, — = N/
N 12 AR i
< 7 30 min PEt,
114 126

58%

To a 5 mL THF solution ofNi( o*-allyl)(NPE®)]2 114 (61.0 mg, 0.13mmol), anhydrous
CoCk (17.6 mg, 0.13inmol) was added. Thekition was stirred for 30 mjmuring which
the color changedradually from red to green. The solvent was then removed under
vacuumleaving 45.6 mg of crude product as a green solid, in 58%. yiéhdjle crystals

were obtained by cooling a saturated mixed solution of THF and hexane.
6.5.8Methylation of [(d3-allyl)Ni] 2CoCl2(e3-NPEts)2 126

‘F"Et3

N
/ Cl
N oo exveg ><
(/\Iy Cl dioxane, rt
h
PEt
126

To the 1mL dioxane solution of(d3-allyl)Ni] .CoCk(e3-NPE%), 126 (10.0 mg, 0.0168
mmol), 1 mL dioxane solution of M&Ilg (1.0 mg, 0.0185 mmol) was added at room
temperaturelmmediately a color change was observed from green to dark bridven.
solvent was removed under vacuum. A blue compound was obtained by extraction with
THF, however, with low yield of less than 1 mg. Recrystallization of the blue compound

wasunsuccessfukresulting only in the formation of an insoluble precipitate

6.6 Experimental procedures for Chapter 5
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The control experiments of KTMP and HDS study[Nf(d3-allyl)(NPEt)]2 114 were
accomplishd by Fiona Nkala. The experimental procedwetsils will be included in her

Masterods thesi s

The control experiment of KBu, K:S and HDS study ofNi(NP'Bus)]sa 18 were
accomplished by OraiBrown. The experimental procedures will be included in his PhD

thesis.
6.6.1 Control experiment of KH for HDS, with/without hydrogen.

S SH
1annkb,2eq.KH‘ +
S BTl ®

109 110 158
Entry Control Solvent % Conversion
Conditions 110 158
1 KH THF 1 34
2 KH+H: THF 0 28
3 KH Toluene 0 2
4 KH+H:> Toluene 0 1

Dibenzothiophendl09 (92.0 mg, 0.500 mmol), KH (40.0 mg, 1.00 mmol), 10 mL of
solvent (THF or toluene), and a glamscasd stir bar were mixed in a mediuwalled

glass reactor in the glovebox. The glass reactor was then transferred out of the glovebox
andconnected to a hydgentfilled Schlenk line (if hydrogen vganeed). The solution was
degased by applying standard freepampthaw trice. The glass reactor was thesated

in a mineral oil bathat 110°C. After 16 hours, the reactor was opened to air and acidic
workup (dilute HCI) was used to quench the left base. The organic layer was then filtrated,
driedover MgSQ, and submitted for GC analysis. The yields shown here were determined
by GC.



6.6.2D-scrambling control experiment usingKH and Hz in THF -ds for HDS of DBT

S D S D
2.5 eq. KH, 1 atm H, X { ] X
THF-dg, 110 °C, 16 h  \_ _

109

Dibenzothiophene (DBT}09 (92.0 mg, 0.500 mmol), KH (40.0 mg, 1.00 mmol), 10 mL

of THF-dg, and a glasencased stir bar were mixed in a thwg&ll glass reactor in the
glovebox. The glass reactor was then transferred otneoflbvebox andonnected to a
hydrogenrfilled Schlenk line. The solution was degad by applying standard freeze
pumpthaw trice. The glass reactor was thegated in a mineral oil batt 110°C. After

16 hours, the reactor was opened to air and acidic workup (Hii)evas used to quench

the left base. The organic layer was then filtrated and dried. The solvent was removed under
vacuum.The solid was dissolved in THils and THFfor D-NMR. D-NMR (400 MHz):U

7.600, 7.432, 7.229.

6.6.3 NMR spectroscopy study of [Ni-allyl)(NPEts)]2 114 under various

temperature

5 mg of[Ni(d>-allyl)(NPEt)]2 114was dissolved in 0.7 mL of deuterated toluengDgp
and submittedo Dr. Mark Miskolziefor NMR-spectroscopy under various temperatures.

The resuk are shown in thappendix

6.6.4 Hydrogenation of diphenylacetylene using [Nid3-allyl)(NPEtz)]2 114 and
[ N@*-AT 1 @3¥N)P E)] P.E24

O 5 mol % 114 or 124,
é 1 atm H, _
O THF, 100°C, overnight O

20 42
100%
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The standard procedure froB3.1 was applied tol1l4 and 124 GC wa used to
characterize the conversiofithe product100% conversion to bibenzgP was observed

for both cases.

6.6.5 Synthesis of MgCGlsupported [Ni(d3-allyl)(NPEt3)]2 114

L A
Et:;R PEt Ni—Ni
N NN
TN + 100 MgCl - Ze
Ni=Ni I~ hexane, rt, 1 h EtsP~ . . PEt
7 163
114
164

[Ni(o®-allyl)(NPEt)]2 114 (13.3mg, 0.0287mmol) was dissolved in 6mL hexane and
stirred with 100 equivalent of Mg&€163(272mg, 2.86mmol) suspended in the solution.
The red solubn decolorized gradually, andtae same timetheMgCl> powder turned to
yellow. After stirring for 3 hours, the solid was filtrajettied under vacuum, and stored

for future useAbsorption was assumed to be quantitative.

6.6.6 Hydrogenation of diphenylacetylene with MgCGl supported [Ni(d3-

allyl)(NPEt3s)]2 164
O 1 mol % 164, O
4 1 atm H, -
O hexane, 100°C, 3 hs

20

42
100%

Diphenylacetylen20 (102mg, 0.573mmol) was dissolved in BIL hexane and 36hg of
MgCl, supported [Ni¢-ally)NPEt]. 164was added in the solution and transferred into a
glass reactorTheglass reactor was transferraak of the glovebox and charged with 1 atm
H> on a hydrogediilled Schlenk line. The suspensiaas heate to 100°C for 3 hours. The
reactorwas exposedo air and filtrate through Celite and submitttmr GC-MS. 100%



conversion to dibenzyl42 was obtained for this hydrogenation without further

purifications.

6.6.6HDS of DBT with M[Nia(NP'Bus)4] (M = Na, K) 31, 162

[Ni(NP'Bus)]4 18 (5.5 mg, 0.005mmol) was dissolved in 1 mL THF and the excess
reductant (40% Na/Hg or KfLwas added under stirring. After 15 min, the solution was
filtered through Celite and mixed witteutral ¥ p e -alulmina(137.5 mg) under stirring.
The solution decolorized gradbaland the alumina turned to grey. After decanting the
solvent, the alumina with grafted catalysts was mixed wdiitlenzothiophen&09 (92.0

mg, 0.500 mmol), M@Bu (M = K, Na) (1.1 mmol), 7 mL of THF, and a glemscased stir

bar in a mediurwalled glass &ssel. The vessel was then transferred into a steel high
pressure reactor. The reactor was then transferred out of the glovebox and charged with
500 psi (34 atm) K The reactor was then heated isila&oneoil bathat 175°C. After 16
hours, the reactowvas opened to air and acidic workup (dilute HCI) was used to quench
the left base. The organic layer was then filtrated, dried over Mg8@ submitted for

GC analysis. The yields shown here were determined by GC.

1 mol % 31 or 162

on A|203,
S 2.2 eq. MOBu, SH
34 atm H, N
Toluene,175 °C, 16 h O O
109 110 158

Entry Catalyst Base Conversions (%)
110 158

1 31 NaOBu 12 0

2 31 KO'Bu 98 0

3 162 NaOBu 9 0

4 162 KO'Bu 89 1

15C
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Appendix 1 Selected XRay Crystallography Data

A1.1[Nia(NP'Bus)4][Li 3Bra(Et20)3]

STRUCTUREEPORT

XCL Code: JMS1329 Date: 25 November 2015

Compound: [Nig(NPBW3)4][Li3(OEb)3Brs]
Formula: GsoH138Br1LiBN4aNigO3P4

Supervisor: J. M. Stryker Crystallographer:M. J.

Ferguson




Figure Legends

Figure 1. Perspective view of thiNig(NPBwg)4]* cation showing the atom labelling

scheme. Nothydrogen atoms are represented by Gaussian ellipsoids at
the 30%probability level. Hydrgen atoms are not shown.

C47

C44 C39
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Table 1. Crystallographic Experimental Details

A. Crystal Data

formula GsoH138B11LBN4aNi4O3P4
formula weight 1662.92
crystal dimensions (mm) 0.273 0.23% 0.10
crystal system orthorhombic
space group Pc&; (No. 29)
unit cell parameterd
a(A) 28.5709 (12)
b (A) 12.9283 (5)
c(A) 22.1639 (9)
V (A3) 8186.8 (6)
Z 4
Icaled(g cm3) 1.349
i (mnrl) 2.975
B. Data Collection and Refinement Conditions
diffractometer Bruker D®APEX Il CD
radiation ¢ [A]) graphitemonochromated Mo K (0.71073)
temperature (°C) ¢100
scan type wscans (0.3 (20 s exposures)
data collection Zlimit (deg) 54.97
total data collected 70962 (37<=h<=37;16<=k<=16;
28<=I<=28)
independent reflections 18748 (Rnt =0.0520
number of observed reflection®NQ) 15188[Fy22 2s(Ry?)]
structure solution method intrinsic phasingRHELXZ014)
refinement method full-matrix leastsquares or2 (SHELXL
2014
absorption correction method Gaussian integration (fadadexed)
range of transmission factors 0.777Xx0.5067
data/restraints/parameters 18748/ 87¢/ 770
Flack absolute structure parameter 0.408(9)
goodnessof-fit (99 [all data] 1.023
final Rindiced
Ry [Fo?2 25(Fo?)] 0.0442
wR [all data] 0.1103
largest difference peak and hole 1.121and¢0.812e A3

a0btained from leassquares refinement d®956reflections with4.62° < 27<52.2%.

bPrograms for diffractometer operation, data collection, data reduction and absorption
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correction were those supplied by Bruker.
CSheldrick, G. MActa Crystallogr2015 A71, 3¢8. SHELXZ014)
dSheldrick, G. MActa Crystallogr015 C71 3¢8. SHEXE2014)

€The following distance restraints were applied to the diethylether molecules of the
[Lia(OEp)3Br4]S anion: @C, 1.430(4) A; qC, 1.530(4) A; ¥, 2.420(6) A; XT,
2.340(6) A Additionally, the anisotropic displacement parameters for atoms 02, C55,
C56, C57 and C58 were restrained using RIGU and ISOR.

fFlack, H. D Acta Crystallogrl983 A39, 876:881; Flack, H. D.; Bernardinelli, Gcta
Crystallogr1999 A55 908915; Rack, H. D.; Bernardinelli, G.. Appl. Crys2000,
33, 1143;1148. The Flack parameter will refine to a value near zero if the structure is
in the correct configuration and will refine to a value near one for the inverted
configuration. The value obsaxd herein is indicative of racemic twinning, and was
accomodated during the refinement (using t#HELXR014 TWIN instruction [see
referenced]).

9S= [Sw(Fy?2 ¢ F2)2/(n ¢ p)]Y/2 (n = number of datap = number of parameters varied
= [s2(Ry?) + 0.0605P)2 + 4.553F]-1 where P= [Maxf2, 0) + E2]/3).

hRy =S| Fol ¢ IRl S| Rol; WRe = [Sw(Ro? ¢ Fe2)% Sw(Ro4)] /2.



A 1.2 [Nig(NPBu3)4][BPh4]

STRUCTURE REPORT

XCL Code: JMS1333 Date: 26 September 2013

Compound: [Nig(NFBu)4][BPhy]
Formula: CroH128BNyNigP4

Supervisor: J. M. Stryker Crystallographer: M. J.

Ferguson
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Figure Legends

Figure 1. Perspective view of thiNig(NRBuwg)4]* cation showinghe atom labelling
scheme. Primed atoms are related to unprimed ones by tfedrotation
axis at (0.75y, 0). Nomrhydrogen atoms are represented by Gaussian
ellipsoids at the20%probability level. Hydrgen atoms are not shown.
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Table 1. Ciystallographic Experimental Details
A. Crystal Data

formula CroH128BNyNigP4
formula weight 1419.31
crystal dimensions (mm) 0.123 0.11% 0.11
crystal system monoclinic
space group I2/a (an alternate setting o€2/c[No. 15])
unit cell parameterd
a(A) 17.5253 (9)
b (A) 23.5825 (11)
c(A) 18.2279 (9)
b (deg) 93.124 (3)
V (A3) 7522.2 (6)
z 4
Icaled(g cm3) 1.253
i (mnrl) 2.225
B. Data Collection and Refinement Conditions
diffractometer Bruker DSAPEX Il CED
radiation ¢ [A]) Cu ka (1.54178) (micrfincus source)
temperature (°C) ¢100
scan type wand f scans 1) (6's exposures)
data collection Zlimit (deg) 141.59
total data collected 24167 21¢h¢ 21,-28¢ k¢ 28,-21¢1¢
22)
independent reflections 7193(Rnt =0.0450
number of observedeflections NO) 5478[Fy22 25(Ry?)]
structure solution method intrinsic phasingSHELXY
refinement method full-matrix leastsquares or2 (SHELX97°)
absorption correction method Gaussian integration (fadadexed)
range of transmission factors 0.870%0.7359
data/restraints/parameters 7193/ 0/ 404
extinction coefficient)d 0.00018(3)
goodnessof-fit (S€ [all data] 1.102
final Rindiced
Ry [Fo?2 25(Fo?)] 0.0507
wR [all data] 0.1538
largest difference peak and hole 0.493and¢0.866e A3

a0btained from leassquares refinement d®930reflections with6.14° < 27<139.78.

bPrograms for diffractometer operation, data collection, data reduction and absorption
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correction were those supplied by Bruker.
CSheldrick, G. MActa Crystallogr2008, A64, 112;122.
dF* = kRJ1 +x{0.001R2/ 3/sin(2g)}]-1/4 wherek is the overall scale factor.

eS= [Sw(Fo? ¢ F2)2/(n ¢ p)]Y/2 (n = number of datap = number of parameters varied
= [s2(Ry?) + 0.093P)2]"1 where P= [Max2, 0) + E2]/3).

Ry =8| Fol ¢|Flll S| Fol; wRe = [Sw(Fo? ¢ Fe?)?/ Sw(Ro?)]L/2.
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A 1.3 [Nig(ui NPtBu3)4][PFe] A880

STRUCTURE REPORT

XCL Code: JMS1510 Date: 16 October 2015

Compound:  [Nig(MGNFBW3)4][PFs]a4HgO
Formula: G52H116F8N4Ni4ORs (C48H108NaNigP40C4HgO)

Supervisor: J. M. Stryker Crystallograpler: R.
McDonald
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Figure Legends

Figure 1. Perspective view of the[Nis(U(NFBu3)4]* ion and the associated

hexafluorophosphate ionshowing the abm labelling scheme. Nen
hydrogen atoms are represented by Gaussian ellipsoidshat 30%
probability level. Hydrgen atoms are not shown.

Figure 2. Alternate view of thgNiz(LNFBuU3)4]* ion.
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Table 1. Crystallographic Experimental Details

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameterd

a(A)

b (A)

c(A)

b (deg)

V (A3)

Z

I'calcd(9 cmd)
H (mnrl)

Gs2H11676N4Ni4ORy
1317.17

0.433 0.283 0.18
monoclinic
Cc(No. 9)

23.1890 (9)
12.9645(5)
23.7093 (9)
114.6748 (13)
6472.0 (4)

4

1.352

2.916

B. Data Collection and Refinement Conditions

diffractometer
radiation ¢ [A])
temperature(°C)
scan type
data collection Zlimit (deg)
total data collected
29)
independent reflections
number of observed reflectionNQ)
structure solution method
2008)
refinement method
2014
absorption correction method
range of transmission factors
data/restraints/parameters
Flack absolute structure parameter
goodnessof-fit (§9 [all data]
final Rindiced

Ri [Fo?2 25(Fo?)]

wR [all data]
largest difference peak and hole

Bruker DS8/APEX Il C€D

Cu ka (1.54178) (microfocus source)
¢100

wand f scans (1.0 (5 s exposures)
148.16

112770428¢ h¢ 28,-15¢ k ¢ 15,-29¢ | ¢

12792 Rt = 0.0397)
12663 Fp22 2s(Ry?)]
Patterson/structure expansioi)RDIE

full-matrix leastsquares or2 (SHELXL

multi-scan TWINABB
0.697@0.4742
12792/ 1'F/ 628
0.008(12)

1.033

0.0433
0.1147
0.473andc0.409e A3

a0btained from leassquares refinement d®963reflections with7.64° < 7<147.74.
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bPrograms for diffractometer operatip data collection, data reduction and absorption
correction were those supplied by Brukerhe crystal used for data collection was
found to display nommerohedral twinning. Both components of the twin were
indexed with the progranCELL_NOWBruker AXS Inc., Madison, WI, 2004). The
second twin component can be related to the first component by 180° rotation about
the [0.4 0 1] axig real space and about the [0 0 1] axis in reciprocal space. Integrated
intensities for the reflections from the two components were written int&HELXL
2014HKLF 5 reflection file with the data integration progr&#iINTversion 8.34A),
using all refkction data (exactly overlapped, partially overlapped and -non
overlapped).

CBeurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M-:C&ardm, S.; Gould,
R. O. (2008)TheDIRDIR2008program system. Crystallography Laboratory, Radboud
Univesity Nijmegen, The Netherlands.

dSheldrick, G. MActa Crystallogr2015 C71 3¢8.

&) The following & distances were constrained to be equal (within 0.03 A) to a
common refined value during refinement: d@&333A), d(REC33B), d(RAC41A),
d(P4C45A),d(P4C41B), d(RAC45B). (b)The following €C distances were
constrained to be equal (within 0.03 A) to a common refined value during refinement:
d(C41AC42A), d(CAXLA3A), d(C41CA4A), d(CATLABA), d(CATLATA),
d(C454&C48A), d(C45E46B), d(C45EA4B), d(C458C48B).

fFlack, H. D Acta Crystallogrl983 A39, 876:881; Flack, H. D.; Bernardinelli, Gcta
Crystallogr1999 A55 908&915; Flack, H. D.; Bernardinelli, &.Appl. Crys2000,
33, 1143;1148. The Flack parameter will refine teadue near zero if the structure is
in the correct configuration and will refine to a value near one for the inverted
configuration.

9S= [Sw(Fo2 ¢ F2)2/(n ¢ p)]Y/2 (n = number of datap = number of parameters varied
= [s2(Ry?) + (0.0579)2 + 20.099%]1 where P= [Max{y2, 0) + E2]/3).

"Ry =S| Fol ¢ Rdl/ S| Fol; WRe = [Sw(Fo? ¢ Fe?)% Sw(Fo™)]Y2.
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A 1.4 [Cop(NP'Bu3)4][PFe]

STRUCTURE REPORT

Date: 29 November 2013

Crystallographer: M. J.

XCL Code: JMS1343
Compound: [Cop(NFBW)4][PFg]
Formula: GgH108CpFsN4Ps
Supervisor: J. M. Stryker
Ferguson
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Figure 1.

Figure 2.

Figure 3.

Figure Legends

Perspective view of thCop(NFBWg)4]* ion showingthe atom labelling

scheme. Nothydrogen atoms are represented by Gaussian ellipsoids at
the 30%probability level. Hydrgen atoms are not shown.

Alternate view of the cation.
Same view of the cation, with the phosphorus hexafluoride anion included.

Note: P10 is located on an inversion centre and P20 is disordered across a
2-fold rotation axis, resulting in the cation:anion ratio of 1:1.
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