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Abstract

The research described in this dissertation focuses on first-row transition metal catalyzed
and mediated organic reactions. The first part of the thesis involves the exploration of the

catalytic reactivity of phosphoranimide-supported tetrametallic nickel and cobalt clusters,
while the second part focuses on the development of stoichiometric cobalt/iron-mediated

ring-expansion reactions.

The ester hydrogenolysis reactions catalyzed by the new nickel cluster proceeded under
remarkably mild conditions. Both nickel and cobalt catalysts show unique selectivity for
ester sp3 C-0 bond activation, affording the corresponding carboxylic acids and alkanes by
simple hydrogenolysis. Other relevant reactions catalyzed by this cluster include ketone
hydrogenation and an unprecedented new reduction of benzyl aldehyde, in which

sequential Tishchenko and ester reduction reactions are involved.

The catalytic aerobic alkane oxidation reactions were developed, remarkably, using the
same nickel and cobalt clusters. Despite the air-sensitive nature of the clusters, the air-
oxidized catalysts mediate aerobic oxidation, activating sp3 C-H bonds in hydrocarbons
and functionalized organics to afford mainly ketones at elevated temperatures. The
investigated substrates include alkyl arenes, ethers and non-functionalized hydrocarbons.

Oxidation occurs selectively at the methylene positions « to the activating groups, which



include either phenyl groups or oxygen atoms. For alkanes, tertiary C-H bonds appear to be
more reactive than secondary C-H bonds, suggesting a free radical process, at least at some

point(s) in the overall transformation.

For cobalt-mediated [5+2] cyclopentenyl/alkyne ring-expansion reactions, the narrow
substrate scope defined in previous studies limits the potential for developing applications.
Two synthetic routes for preparing unsymmetrical cobalt(I) cyclopentadiene precursors
were examined, including reduction of unsymmetrical cobaltocenium compounds and
replacement of ethylene ligands with cyclopentadiene in cobalt(I) bisethylene complexes.
The attempted [5+2] ring-expansion reactions afford unsymmetrical cobaltocenium

compounds as the major products, instead of the desired seven-membered ring formation.

Based on DFT calculations conducted by Salai and Nakamura, a new strategy for [5+2] ring-
expansion reaction was proposed. Instead of n*-cyclopentadiene cobalt (I) complexes, an
a-diimine iron(0) alkyne complex is protonated in the presence of cyclic alkene. However,
the reaction generates an ammonium derivative from ligand reduction and no ring-
expansion products are obtained. New ligand design is required for the further

investigations.
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Preface

The surge in organometallic chemistry has greatly promoted applications in organic
synthesis over the past several decades. Modern transition-metal complexes have
demonstrated diverse appeal and display important reactivities. They not only mediate
organic transformations stoichiometrically, but also serve as catalysts for numerous
reactions. Industrially important transition metal-catalyzed reactions include the widely
recognized olefin metathesis and cross-coupling reactions.2 In general, the precious
second- and third-row metals have been the most thoroughly investigated, whereas the
late first-row transition metals remain relatively unexplored. Due to their abundance,
availability and low toxicity, first-row transition metals are now drawing more and more

research interest.

My research has been focused on first-row transition-metal catalyzed and mediated
organic reactions. This dissertation consists of two parts: the first part describes the study
of nickel- and cobalt-catalyzed ester hydrogenation and aerobic alkane oxidation reactions
in chapter 1 and chapter 2, respectively; the second half covers the research directed
towards cobalt and iron-mediated [5+2] ring-expansion reactions in chapter 3 and chapter
4, respectively. The last chapter 5 provides the supporting information for all related

experiments discussed in this dissertation. These chapters are summarized below.

Chapter 1 introduces esters and their corresponding industrial applications, research about
ester reduction reactions in laboratory and reductive ester upgrading strategies in
industry. The remaining part of this chapter is devoted to my discovery of ester
hydrogenation using structurally novel nickel and cobalt catalysts and subsequent
discussion about its unique reaction patterns, substrate scope and preliminary mechanistic

studies (Eq. p-1).



Equation p-1

[Ni-N=PBug],
o 1 atm H,, Base

(0]
)J\ + R'CH4
n-Octane, 120 °C R OH

R, R'": alkyl, aryl groups; Base: NaH or CaH,

Chapter 2 begins with an introduction to the alkanes, their industrial utility and the
corresponding challenges for catalytic selective alkane activation. Subsequently, alkane C-
H bonds activation and alkane oxidation chemistry are briefly discussed, including Shilov
chemistry, biological oxidations with metalloenzymes, the Gif iron system and other
synthetic catalysts. The last part of chapter 2 describes and discusses my discovery of
aerobic alkane oxidation reactions catalyzed by novel nickel and cobalt clusters, including

condition optimization, exploration of substrate scope and a preliminary mechanistic study

(Eq. p-2).

Equation p-2

Ni-N=PBu .
Y [ als, Oz O R: phenyl, alkoxyl, alkyl groups
R™OR' > IS R': alkyl groups )
Scavenger, 120 °C R™ 'R Scavenger: CaH, or 3 A M.S.

Chapter 3 introduces previously studied cobalt-mediated [5+2] ring-expansion reactions
(Eq. p-3) and some promising preliminary results obtained using the cobalt systems
bearing disubstituted cyclopentadienyl ligands. The next part of this chapter focuses on the
synthesis of novel cobalt(I)-cyclopentadiene complexes 6 with disubstituted
cyclopentadienyl ligands. Two synthetic routes were investigated: (1) the reduction of

unsymmetrical cobaltocenium compounds 4 and (2) ligand exchange starting from the



cobalt(I) bis(ethylene) complex 5 and cyclopentadiene (Scheme p-1). The last section

provides the results and discussion pertinent to the attempted cyclopentenyl ring-

expansion reactions.

Equation p-3

Scheme p-1

Route 1:

Cobaltocenium reduction

Route 2:

Ethylene exchange

Chapter 4 covers a new approach to ring-expansion reactions using low valent iron alkyne

Me——NMe
HBF,°Et
| H 4°Et:0

+ Co CHyCl,
&) -78°C to RT
S 70%
2

X 7
5

complexes 7 as precursors. DFT calculations of similar ring-expansion reactions,

performed by collaborators, are provided as theoretical support for this novel ring-

expansion strategy. Our investigation of ring-expansion reactions will be presented and

followed by a discussion of the undesired results (Eq. p-4).



Equation p-4

Ar Ph
/N’/,
):\N,Fe— |
Ar' Ph
7

HBF # OEt,

Chapter 5 includes all the experimental information pertinent to Chapters 1 to 4. Detailed

reaction procedures are provided for every reaction reported in the thesis. Spectroscopic

data and analytical results of each reaction are also incorporated.



Part I: Low-Coordinate Nickel and Cobalt Clusters-Catalyzed Reactions: Ester

Hydrogenation and Aerobic Alkane Oxidation

A novel class of structurally-unique, low-coordinate nickel and cobalt clusters was recently
developed in our group.? The low-valent nickel(I) and cobalt(I) centers are supported by
phosphoranimide ligands to form tetrameric clusters, [Ni-N=PBus]s 8 and [Co-N=P?Bus]4+ 9
(Figure I1-1). The four metal centers of the complex are coplanar, bridged by the electron-
rich nitrogen atoms of the phosphoranimide. Each metal center is coordinated to two
phosphoranimide ligands in a linear arrangement. The absence of any additional ancillary
ligands in the clusters results in some unique properties and unprecedented reactivity.? In
our group, significant research effort has been devoted to exploring potential applications

of the clusters for catalyzing industrially important processes and novel organic reactions.

Figure I1-1 Structure of phosphoranimide-supported nickel/cobalt cluster

M M 8 (M=Ni); 9 (M=Co)

The clusters demonstrate robust reactivity for alkene/alkyne hydrogenation at low
temperature and low hydrogen pressure. The clusters have been specifically designed to
catalyze hydrodesulphurization and hydrodeoxygenation reactions under mild conditions
(Eq.11-1, 2).# In addition to these previous discoveries, | have now found that the clusters
also show remarkable hydrogenation and, surprisingly, oxidation abilities under
appropriate conditions. Therefore the first part of the dissertation will present two new

reaction processes catalyzed by the unique nickel and cobalt clusters 8 and 9. More



specifically, in Chapter 1, ester hydrogenation reactions are discussed, while Chapter 2

covers aerobic alkane oxidation reactions, each starting with the same precatalyst complex.

Equation I1-1.

S M-N=PBuj (1.7 mol %) SH
1 atm H,, KH .
Toluene, 120 °C O O

M= Co, 32%; Ni, 80%

Equation I1-2.

0 Ni-N=PBusz (2.5 mol %) OH
1 atm Hy, KH +
Toluene, 120 °C O O

97% 3%




Chapter 1: Ester Hydrogenation Reactions Catalyzed by Phosphoranimide-Supported
Nickel/Cobalt Clusters

1.1 Introduction

1.1.1 Introduction to Esters

Esters are extensively present in nature and the economy with diverse utilities and
applications. Naturally occurring ester derivatives are abundant, consisting mainly of
triglycerides and a range of terpenoids that provide different fruit flavors. In the world of
industry, chemicals possessing ester functional group are produced on large scale for
commercial purposes, such as ethyl acetate, which is widely used as an organic solvent. In
addition, the polyester industry provides an enormous range of plastic materials annually,
such as PET, PTT, etc. Nowadays, ester derivatives have been widely applied in energy,

food, materials and other industries, significantly improving the overall human wellbeing.

Figure 1-1. Triglycerides’ structure and their synthesis

J'(J)\/\/\/\/\/\/\/\ i
OH Ho N N N N NN
o © o
OH + JJ\/\/\/\/:\/\/\/\/ E— O)J\/\/\/\/W
HO
OH o 2
SN Y QJW/:\FVZ\/
HO

Triglycerides are the major component of lipids that are extensively present in organisms.
In nature, lipids are typically present as vegetable oils in plants, fats in animals, oils in
algae. In general, triglycerides are derived from glycerol and fatty acids (Figure 1-1). The

three fatty acid moieties are usually different in a triglyceride molecule. Moreover, between



different organisms, triglycerides vary in the length of carbon chains and the degree of
unsaturation. Generally speaking, vegetable oils mainly consist of unsaturated
triglycerides, while animal fats contain more saturated triglycerides. Lipids possess the
highest energy density among the three biomass categories, classified as lignin, lipids and
carbohydrates.> Therefore, lipids are considered to be the most promising biomass
feedstock for renewable fuels. The current utilization of triglycerides includes blending in

petrodiesel and conversion to biodiesel, a fatty acid methyl ester (FAME).®

Fruit flavors are terpenoids, simple and fragrant alkyl esters present in a variety of fruits.
Apples, bananas, pears, strawberries are distinguished by their unique aromas caused by
corresponding esters. For instance, apple flavor includes isopentyl valerate and banana
flavor is caused by isoamyl acetate (Figure 1-2). Manufactured or naturally extracted fruit

flavors are broadly utilized as food or beverage additives in food industry.”

Figure 1-2. Examples of fruit flavors

)\AOJOK/\/ )\/\Oi

Apple flavor: Banana flavor:
isopentyl valerate isoamyl acetate

Polyesters are a group of polymers with ester linkages in their main chain. Naturally
occurring polyesters include cutin and plant cuticles, covering all aerial surfaces of plants.
Manufactured polyesters are represented by polyethylene terephthalate (PETE), an
esterification product of ethylene glycol and terephthalic acid (Figure 1-3). PETE is widely

used in the production of commodity items in daily life, such as clothes, bottles, ropes, etc.8



Figure 1-3. PETE's structure and its synthesis

0
0 0
O R o
HO OH Ao/
o

Despite the diversity of ester derivatives in nature and industry, they all possess the same
ester functional group and share similar chemical properties. The ester group is
represented as R1(C=0)OR?, which is composed of acyl (R1C=0) and alkoxyl (OR%) moieties.
The presence of the carbonyl group in the ester renders the a-protons acidic, as observed
in other carbonyl compounds, such as aldehydes and ketones. However, esters are
generally less acidic than ketones and aldehydes, as confirmed in experiments and as can
be seen through pKa value comparison. Meanwhile, the carbonyl carbons in esters are
more resistant towards nucleophillic attack than those in ketones and aldehydes.

Therefore, esters remain less active than ketones and aldehydes in many reactions.

This decreased reactivity is attributed to the presence of an alkoxyl group connected to the
carbonyl group in esters. The improved stability of the ester group can be rationalized by
the contribution of its resonance structures (Figure 1-4). From the point of view of the
Frontier Molecular Orbital theory, the interaction between n-electrons and st* orbital
lowers the energy of the non-bonding allyl-like st2-orbital, which is the HOMO in the ester
group. Therefore, the ester compounds are more thermodynamically stabilized than the

corresponding ketone/aldehyde derivatives.



Figure 1-4. Resonance structure of esters

Jj\ _R2 > J\\ _R2

R 0 R1 (0]

1.1.2 Ester Reduction Reactions

The reduction of esters is more challenging than the reduction of corresponding ketones
and aldehydes due to the increased inertness of esters. Mild reducing reagents (e.g., NaBH4)
reduce aldehydes and ketones efficiently, but remain ineffective towards ester substrates.?
One exception is that LiBH4 in THF can reduce esters to the corresponding alcohols
slowly.10 The reactivity of LiBH4 is attributed to the lithium counterion coordination to the
substrate as a Lewis acid. Catalytic hydrogenation of esters is very challenging and remains
largely unexplored, whereas catalytic aldehyde and ketone hydrogenations are well
established. In particular, asymmetric hydrogenation of ketones is of great value in the
production of enantiopure compounds and has widespread applications in organic

synthesis.11

The primary strategies for ester reduction involve the use of either very reactive reagents
or mild reductants with addition of metal catalysts (Table 1-1). Aluminum hydride reagents
are commonly used for ester reduction, including LiAlH4 and DIBAL-H. LiAlH4 reduces
esters to alcohols, while DIBAL-H converts esters to aldehydes at low temperatures. Milder
reagents used for ester reduction include NaBH4,12 silanes!3 and dihydrogen,'4 but the
addition of catalysts is required to effect the reduction efficiently. Among all reducing
reagents, molecular hydrogen appears to be most attractive, due to its atom economy,

abundance, and reduced waste generation.

10



Table 1-1. A summary of reducing reagents used for ester reduction

Direct reduction Catalyst required

Reducing reagent LiAIH, DIBAL-H NaBH,4 R5Si-H H,

Ester hydrogenation

Molecular hydrogen has long been considered as an ideal reducing reagent, especially for
large-scale process. The advantages include industrial availability, mild chemical
properties as a reducing reagent, and the generation of non-hazardous byproduct, Hz0.
However, hydrogenation of esters is regarded as a difficult task. Thus, only a few effective
catalysts have been reported in the literature, predominantly comprised of relatively

expensive ruthenium complexes.

Figure 1-5. Structures of potassium hydridoruthenate complexes

K*[(PhgP)oPhyPCgH4RuH,]- CyoHg* (CoHs)20 Ka*[(Ph3P)2PhyPRusH, ] 2CgH 1403

10 1

The central challenge for ester hydrogenation reactions is the development of efficient
catalytic systems. Transition-metal complexes are so far the only and most effective
catalysts available. The first homogeneous catalysts for ester reduction were reported in
1981, albeit with limited success. In this work, potassium hydridoruthenate complexes 10
and 11 were prepared and characterized (Figure 1-5).1°> They were later tested for the
reduction of various carbonyl derivatives. The substrate scopes of each complex are

restricted, limited to activated esters bearing electron-withdrawing groups (e.g.,

11



CF3C02Me). The most noteworthy achievement in this work was the hydrogenation of
methyl acetate to the alcohols catalyzed by complex 11, which is claimed as the first
example of aliphatic ester hydrogenation by any homogeneous catalyst (Eq.1-1).16
Subsequently, many more ruthenium complexes were developed for ester hydrogenation.
Selected examples include HsRu4(CO)s(PBus)4, Ru(C0O)2(CH3C0O2)2(PBus)2, etc.17.18 However
all of these catalysts are associated with the same disadvantages: narrow substrate scope

and requirement of additives in large amount, including zinc!® and inorganic acids?2°.

Equation 1-1

)(])\ Ru Catalyst o
620 kPa H
- 2 A + +  CH3O0H
0 R, OH )ko/\ 3
90 °C

22% conversion

The breakthrough in ester hydrogenation came with the development of modern pincer
ligands and the PNN ruthenium complex 12 by Milstein, et al., in 2006 (Eq. 1-2).21 This
complex is an efficient catalyst for the reduction of aliphatic esters under mild conditions,
affording corresponding alcohols. The proposed mechanism of the reduction involves
dissociation of the amine “arm” of the ligand to leave a vacant coordination site, followed
by ester binding to the ruthenium center forming complex 14 and subsequent transfer of
hydride to the carbonyl carbon (Scheme 1-1). The resulting hemiacetal compound is
dissociated from the ruthenium complex 15 to generate the aldehyde, which is reduced to

alcohol in a similar fashion but at a faster rate.

12



Equation 1-2

H

o 1 mol% [Ru] y ‘/PRQ
5.3 atm H, = OH 7 N-Ru-CO
0 » =
. XR
dioxane, 115 °C

X=N, P; R, R' = alkyl

12
Scheme 1-1
H H,
-PBu —|-PBu
o OH < ik « > ik
- /% " _N-Ru-CO " _N-Ru-CO
M, = gt / /
R™ 'H OR' NEt, NEt,
i 12 Hy
R'OH
H
|'/PIBU2
7 "N-Ru-CO
N/l
Et)]
13
15
H o}
-PBu
i A
7" 'N-Ru-CO R™ "OR
O/
EtoN )|\H
R™ “OR'
14

The Saudan research group has explored the possibility of applying the ketone
hydrogenation catalysts to ester substrates. This study was focused on the ruthenium
complexes chelated by N, P ligands 16, 17, known as the most efficient catalysts for ketone

hydrogenation.?2 Noyori-type complexes 16, 17 are incompetent to reduce esters, but

13



several ruthenium complexes with amino-phosphino-bridged ligands 18, 19 and 20
demonstrate extraordinary reactivity towards ester groups (Figure 1-6, 7). Another
attractive feature of this reaction is that the catalyst remains inert toward olefin
hydrogenation. As a result, these are particularly suitable as catalysts for the synthesis of

oleyl alcohols.

Figure 1-6. Structures of Noyori-type complexes

ph_Tci 1, Ph_TCi 1,
P.| N P.| N
[ /Rlu\ ] [ /leu\ ]
P 1N P N
Ph’ I ClH, Ph’ 1 ClH,
Ph Ph
16 17

Figure 1-7. Structures of ruthenium complexes with amino-phosphino-bridged ligands

H,Cl H, H
NI N = /ol
Ru N, |/N
P/ | \P / | \ [ /RU\ j
Ph'1 Cl “ph 1 C'l P" LR

Ph  Ph Phpn

18 19 20

Ruthenium complexes have also been developed in the Bergens, Morris and Gusev groups,

among others. Bergens’ work features the observation of a catalytic intermediate, the

ruthenium-hemiacetaloxide 21 (Eq. 1-3).23 Morris and coworkers developed a new and

powerful ruthenium catalyst 22 bearing an N-heterocyclic carbene ligand (Eq. 1-4).24 This

is quite different from the previous catalysts, which mostly contain N, P-ligands. In addition

to the invention of new ruthenium complexes, Gusev and coworkers also reported an

14



analogous osmium catalyst for ester hydrogenation.2> Osmium is notoriously expensive

and cannot be used for mass-scale processes.

Equation 1-3

N .o Ru
""" 80 °C
P~ TU\N]\ i lfo — Phz O
SeLlN N, ks
21

Equation 1-4

(0]
Cat. 22, 6.6x106 mol% _Ru., N
o o ©/\OH + CH,OH ONH 4 (Nj
25 bar Hy, KO'Bu, 50 °C Z T2 f

22

Although research into ester hydrogenation has been fruitful in recent years, the periodic
table still remains largely unexplored. The developed catalysts are limited to expensive
ruthenium and osmium metals. Meanwhile, the reactions also require high hydrogen
pressure, typically more than 5 atm. The reaction patterns lack diversity, as alcohols are

produced exclusively from these reactions.

15



1.1.3 Industrial ester hydrogenation

In contrast to the early-stage ester hydrogenation research in the academic laboratory,
industrial upgrading of esters using molecular hydrogen has been applied to various
processes. Hydrotreatment and hydrogenation constitute the two main industrial practices
currently. In both cases, heterogeneous transition metal compounds are deployed as
catalysts under forcing conditions, but the product distribution varies. Alcohols are
generally obtained from hydrogenation, while alkanes are selectively produced from
hydrotreatment (Scheme 1-2). More precisely, ester hydrogenation produces fatty alcohols
as an important commodity, while ester hydrotreatment is in development as a bio-fuel

refinery technique to upgrade esters to higher-quality liquid fuels.

Scheme 1-2
. Hydrogenation AWOH
e
Ao C
Ww

Hydrotreatment

Fatty alcohols are valuable chemicals with broad applications as detergents and surfactants
in the cosmetics, food and pharmaceutical industries.26-28 More specifically, long-chain
alcohols are applied as emulsifiers in cosmetic products, plasticizers for softening fabrics,
carriers in medicine, etc.2’ Fatty alcohols are naturally occurring in waxes, but their supply
heavily relies on industrial production. The first industrial process began in the early
twentieth century by reducing natural esters with sodium metal, a process known as the
Bouveault-Blanc reduction.2? Nowadays, the best developed industrial processes for fatty
alcohol production include Ziegler and Oxo processes, along with the hydrogenation of
fatty esters and acids.3? Ziegler and Oxo processes produce synthetic alcohols from

petroleum feedstock, whereas ester hydrogenation converts bio-derived esters to natural

16



alcohols (Scheme 1-3). The ester hydrogenation process contributes about 40 percent of

the worldwide supply of fatty alcohols.3°

Scheme 1-3
Ziegler Reaction: O, + H,O _
Al(CoHs)3
Oxo Reaction: Hydroformylation Hydrogenation
n'C8H17CH=CH2 n'C10H21CHO _— n'C11 H230H
L Hydrogenation
Ester Hydrogenation: Triglycerides Fatty alcohols

Copper chromites are the most common catalysts used in the ester hydrogenation industry.
Typical operating conditions require high hydrogen pressures (200-300 atm) and high
temperatures (250-300 °C) (Eg. 1-5).31 Other catalytic systems have been developed,
including palladium-rhenium and rhodium-tin bimetallic mixtures.32 The catalysts are not
selective towards ester functional groups, also reducing olefin moieties. As a result, both

functional groups are hydrogenated to afford saturated fatty alcohols.

Equation 1-5

CuCr (2.5%) o
i 3000 psi H,
n-CgHi7~ O~ 260 °C > n-CgH19OH + n-CgHy7;~ "OMCgHyq
(minor)

17



Unsaturated fatty alcohols are a class of value-added alcohol derivatives, which have broad
applications in cosmetic commodities. The most common unsaturated alcohols in the
market are oleyl alcohols. Generally, the hydrogenation of olefin functionality is easier than
ester hydrogenation. This tendency raises a challenge for the development of catalysts
possessing the opposite reactivity. Zinc-chromite oxide was discovered in 1937 to be an
active catalyst for the production of unsaturated alcohols from unsaturated esters at 300 °C
and under 200 atm hydrogen pressure (Eq. 1-6).33 Many other bimetallic catalytic systems
were reported afterwards, including cobalt-tin,26 ruthenium-tin,34 and iron oxide-zinc

catalysts,32 among others.

Equation 1-6

Zn‘Cr203
200 atm H,
0} - >

300 °C OH
65 %

OBu

1.1.4 Industrial ester hydrotreatment

Ester hydrotreatment is a different industrial process compared to ester hydrogenation.
Ester hydrotreatment produces saturated alkanes by complete removal of the oxygen
content in the ester starting materials. It is a refinery technology to produce high-quality
liquid fuels and has been applied to the upgrading of triglyceride feedstock and biodiesels
to renewable diesel fuels, which are saturated long-chain hydrocarbons identical to

petroleum diesels.

18



Triglycerides are valuable biomass, but cannot be utilized directly as fuels. In the bio-fuel
industry, triglycerides are converted to biodiesels by transesterification (Eq. 1-7).3°
However, biodiesels are still problematic when used in diesel engines. Significant
disadvantages include high cloud point, high viscosity, low volatility and poor oxidation
stability, which together cause a series of problems in fuel flow, engine compatibility,
storage, etc.3¢ The problems are mostly associated with the high oxygen content as well as
the presence of unsaturation. However with the development of new capabilities to solve
these problems, ester hydrotreatment provides an opportunity for the upgrading of

triglycerides and biodiesels.

Equation 1-7

o

i J\/\/\/\/\/\/\/\

)WVWVV\ MeO OH

(0] /
- o Cat. NaOMe 0]
J\/\/\/\/:\/\/\/\/ T eoH J\/\/\/\/:\/\/\/\/ * OH

0 MeOH MeO

)CJ’\/\/\/\/_\/—\/—\/ i o
0 MeoJ\/\/\/\/:\/:\/:\/

In industry, petroleum refinery infrastructures are ideal facilities for ester hydrotreatment.
Therefore, ester hydrotreatment can take advantage of existing facilities and will reduce
the capital investment requirements drastically. As a consequence, catalyst development
becomes an essential challenge for ester hydrotreatment. Current research not only focuses
on modifying the commercialized petroleum catalysts, but also at the development of novel

catalytic systems.

Commercially available petroleum hydrodesulphurization (HDS) catalysts have been

evaluated in ester hydrotreatment. In 2005, Senol successfully utilized HDS catalysts to
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realize the reduction of esters to alkanes under industrial process conditions (250-300 °C,
1.5 MPa Hz) (Eqg. 1-8).37 In this study, the applied HDS catalysts are alumina-supported and
sulphided NiMo and CoMo. However, the stability of the catalysts is not satisfactory due to
over-desulphurization of the catalysts, which appears to be a general problem in bio-oil
hydroprocessing.38 Further studies from Senol suggest that water formation inhibits the
reactivity of the catalysts and that simultaneous addition of H>S is necessary to maintain
catalytic performance.3® However, as biomass has very low sulfur content, the industrial
process for ester hydrotreatment with HDS catalyst would require continuous addition of

sulfur-containing compounds, which is not practical.
Equation 1-8

Sulphided NiMo

0 1.5 MPa H,
\/\/\)J\O/ heptane + hexane

275°C

As an alternative, non-sulphided catalysts have been developed. The CeO2-Zr0> supported
Ni-Cu bimetallic system reported by Yakovlev et al, is capable of catalyzing the reduction of
biodiesel to renewable diesel at 280-330 °C and 1.0 MPa of Hz (Eq. 1-9).40 In this system,
copper is proposed to facilitate nickel oxide reduction and prevent the methanization of CO
or CO; at the operating temperature. Moreover, catalysts based on precious metals have

also been reported, including Pd/C, Pt/H-2SMS, etc.#1.42
Equation 1-9

Ni-Cu/ CeO5-ZrO,

@]
1.0 MPa H,
n'C16H33\)ko/ o n-C18H38 + n-C17H36
290- 320 °C
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The full mechanism for the ester hydrotreatment reactions has not been established.
However based on product analysis, three reaction pathways have been proposed (Scheme
1-4). The pathways include hydrodeoxygenation, hydrodecarboxylation and
hydrodecarbonylation, which would correspond to the formation of H,0, COz and CO as
byproducts, respectively.*3 The alkanes formed from hydrodeoxygenation pathway are
one-carbon longer than that from other two pathways. In general, hydrodeoxygenation is
the main pathway in hydrotreatment reaction, which is generally accompanied by lesser
amounts of the other two pathways.** However hydrodecarboxylation as the predominant
pathway has also been reported. One example is the reduction of ethyl stearate catalyzed
by Pd/C at high temperatures, which affords n-heptadecane as a major product with only

negligible amount of n-octadecane (Eq. 1-10).4°

Scheme 1-4

Hydrodeoxygenation

/\W + Hzo
0 / Hydrodecarboxylation
Ao \ AU v oo,

Hydrodecarbonylation
y y /\W + co

Equation 1-10

0) Pd/C negligible
CH3(CHy)15CHg
CH3<CH2)150H2*0/\ 17 atm Ha-Ar CHs(CH,)16CHg

Dodecane, 300 °C

Ethyl stearate n-heptadecane n-octadecane
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In conclusion, research into ester hydrogenation has been actively pursued over the past
several decades. Many research groups have been focusing on the development of
homogeneous catalysts. However, the catalysts developed so far are mostly ruthenium
complexes, incompatible with economical large-scale applications. On the other hand,
industrial research has been centered on the development and improvement of
heterogeneous catalysts. To the best of our knowledge, homogenous first-row transition-
metal catalysts have never been reported to perform ester hydrogenation reactions. In the
results and discussion section, my study of nickel and cobalt cluster-catalyzed ester

hydrogenation reactions under relatively mild conditions will be presented.

1.2 Results and discussion

1.2.1 Overview of ester hydrogenation

Since the discovery and characterization of phosphoranimide-supported low-coordinate
nickel and cobalt clusters in our group, a series of reactions have been developed
employing the clusters as catalysts for energetically difficult reactions, such as
hydrodesulphurization and hydrodeoxygenation. During my exploration of other catalytic
reactivity of these nickel and cobalt clusters, ester hydrogenation reactions under mild
conditions were discovered. The reactions involve the hydrogenolysis of alkyl C-O bond in
the esters to afford carboxylic acids and alkanes as products (Eq. 1-11). This reaction
pattern is unique and potentially exploitable, as the sp3 C-0 bond is selectively activated in

the presence of the sp2 C-0 bond in carboxylic ester substrates.
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Equation 1-11

[Ni-N=PBusg],
0 1 atm H,, Base 0
J\ A~ > J\ * R'CHg

R0 R n-Octane, 120 °C R* OH

R, R'": alkyl, aryl groups; Base: NaH or CaH,

The ester hydrogenation reactions presented herein are distinct from all homogenous and

heterogeneous catalysts currently available in literature (Table 1-2). As discussed, the
reported homogenous catalysts are exclusively based on two types of precious metals,
ruthenium and, occasionally, osmium. In comparison, the nickel and cobalt clusters are
low-cost base metal catalysts and therefore much more economically viable for future
industrial applications. Meanwhile, all reported ruthenium and osmium-catalyzed
reactions generate alcohols as the sole products, whereas in the nickel/cobalt-catalyzed
ester hydrogenation reactions, only alkanes and carboxylic acids are obtained. In
comparison to the heterogeneous catalysts reported in literature, the phosphoranimide-
supported nickel and cobalt clusters are advantageous because they are hydrocarbon-
soluble and require much milder reaction conditions. The heterogeneous base metals
applied in industrial ester reduction processes require considerably higher hydrogen

pressure and more elevated reaction temperatures.
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Table 1-2. Comparison for ester hydrogenation reactions between nickel/cobalt clusters with

literature catalysts

This research Literature
Catalysts Ni/Co Clusters Homogeneous Heterogeneous
Metals Ni, Co Ru, Os Ni, Co, Cu, Fe, Pd, Pt...
Products Alkanes and Carboxylic Acids Alcohols Alkanes or Alcohols
Conditions 100°C, 1 atm H, >50°C, >4 atm > 280 °C, > 10 atm

1.2.2 Detailed results: catalytic hydrogenation of esters

Generally speaking, the ester hydrogenation reactions we developed are conducted using
the nickel cluster 8 as catalyst, under basic conditions and with mild heating. The reaction
is generally performed in n-octane solution with the addition of insoluble NaH or CaH: as a
proton scavenger, at 100-120 °C and under 1 atm of Hz. The scavenger is required either as
a base to deprotonate the carboxylic acid as it is formed or to promote turnover of the
catalyst, or both. A summary of these ester reduction reactions is presented in Table 1-3.
The substrate scope includes benzyl esters and alkyl esters. The influence of a-hydrogen

atoms on ester functional group has also been assessed.

24



Table 1-3. Ester hydrogenation reactions catalyzed by nickel and cobalt clusters

SN Caas

oy
o

S BOX
o
O
P

7
o,

0
8
C 0

Y

[Ni-N=PBug],
1 atm Hy,, NaH J\

n-Octane, 120 °C

ael
L

Ca(OAc),

o
S
o

2.0

2.0

2.0

2.0

2.0

2.0

2.0

25

RH

CaH2

CaH2

CaH2

CaH2

NaH

NaH

CaH2

None

100

55.2

100

100

75

97

0.8

52.8°
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0 @)
9 ©_<O© ©)J\OH * @ 5.0 CaH, 30.3°

a. GCyield of benzene, when the catalyst load is 25 mol% per nickel cluster.

b. Isolated yield of benzoic acid, when the catalyst load is 5 mol% per nickel cluster.

Among the substrates, benzyl esters without acidic a-hydrogen atoms are the most reactive
in these hydrogenation reactions. This is probably due to the fact that the benzylic C-0
bond is weaker than the alkyl C-0 bond. Meanwhile, the absence of a-hydrogens allows the
use of strong bases like NaH as both scavenger and promoter. The strong base accelerates
the reaction - details will be discussed shortly. Furthermore, benzyl esters bearing acidic
a-hydrogen atoms can also be completely reduced, in the presence of a weaker base
scavenger (CaH:). However, the rate of this reaction is much slower. For hydrogenation of
alkyl esters, the use of stoichiometric NaH is generally required in order to obtain a good
yield. However, NaH can only be used as an additive when no acidic a-hydrogen is present
in the alkyl ester substrate. Otherwise, NaH competitively converts the ester to the
corresponding enolate and causes undesired Claisen condensation reactions.*® Being the
most challenging substrates evaluated so far, enolizable alkyl esters undergo reductions at
the slowest rate and give low yields. Thus, the relative ease of hydrogenation is closely
associated with the presence of benzylic C-0 bond and absence of a-hydrogens (Figure 1-

8).
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Figure 1-8. Relative trend in ester reduction

OO0 D O Ao

Benzyl ester Benzyl ester Alkyl ester Alkyl ester
without a-hydrogen with a-hydrogen without a-hydrogen with a-hydrogen
Easy Hard

1.2.3 Hydrogenolysis of benzyl benzoate

During my exploration of the nickel and cobalt cluster-catalyzed reactions, the reduction of
benzyl esters appeared to proceed more readily than the corresponding alkyl esters. Such a
reactivity difference is mostly associated with the weakness of the benzyl C-0 bond. In this
study, the scope of benzyl esters investigated includes benzyl benzoate, benzyl acetate, 3-

isochromanone and benzyl tiglate, listed as entries 1 to 4 in Table 1-3, respectively.

The first substrate to undergo successful reduction was benzyl benzoate (Eq. 1-12). The
reason for choosing this substrate was the subsequent simple work-up procedure. Classical
ester hydrogenation of benzyl benzoate would result in two equivalents of the benzyl
alcohol instead of a mixture of two alcohol species. However, and quite unexpectedly, only
toluene and benzoic acid were isolated as products, as identified and confirmed by various
analytical methods. Benzoic acid was isolated and its identity determined by 1TH NMR
spectroscopy, while toluene was detected and quantified using GC-MS analysis and

observed on the TH NMR spectrum of the crude product mixture.
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Equation 1-12

[Ni'N=PtBU3]4
O (2 mol%) O
©)J\O/\© 1 atm H,, 2 eq. NaH ©)J\OH + ©/
n-Octane, 100 °C, 14 hr.

100% yield

Before proceeding to a detailed discussion about this reduction, a comparison between the
nickel(I) cluster 8 and Raney nickel is warranted. In general, Raney nickel has been
regarded as the most activated heterogeneous nickel(0) reagent. Its enhanced reactivity is
mostly due to its very high surface area, with excess dihydrogen embedded in the porous
structures. Raney nickel is capable of benzylic C-O bond activation of benzyl ethers and has
been employed as a reagent for the hydrogenolysis of benzyl ethers to free alcohols (Eq. 1-
13).47 However, despite of its strong reducing ability, Raney nickel has never been reported
to activate the sp3 C-0 bond in benzyl esters. In comparison, phosphoranimide-supported
nickel cluster has not only demonstrated benzylic C-0 bond activation in ether substrates

investigated earlier by Jeff Bunquin, but also in benzylic esters as covered in this chapter.

Equation 1-13
o~ Raney nickel catalyst
©/\ > ©/ + CH3OH
50 °C, 1 atm H,, KOH

1.2.4 Optimization of benzyl benzoate hydrogenolysis

Benzyl benzoate was used as a model compound in the optimization of conditions for ester

hydrogenation reactions. A series of experiments have been conducted to establish the
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efficiency of the catalysts and determine the effects of the scavenger, solvent, temperature,
as well as pressure on the reaction. These experimental results are summarized in Table 1-
4. The optimal conditions (entry 13) call for the use of insoluble NaH as a scavenger, n-

octane as solvent, maintained at 100 °C under 1 atm of hydrogen pressure.

To prove that the catalytic reactivity is due to the nickel or cobalt cluster, background
experiments in the absence of any catalyst have been conducted (Table1-4, entries 1 to 3).
The control reactions were performed at high temperature with a suspension of NaH or
CaHzin n-octane containing benzyl benzoate (Eq. 1-14, 15). For the reaction using CaHz,
benzyl benzoate is the only organic compound detected in GC analysis besides solvent (Eq.
1-16). For reactions using NaH as a scavenger, when the reaction temperature is 100 °C or
lower, no reaction occurs. However, when the temperature is raised to 120 °C, a side
reaction was detected that goes very slowly. The side product is benzyl alcohol, produced
in 3.2% GCyield after 14 h at 120 °C. Insofar as the side reaction produces a totally
different product, it would not significantly interfere with the ester reduction. These
experiments thus validate the catalytic role played by the nickel or cobalt cluster in ester

hydrogenation.

Equation 1-14

) )

2.5 eq. CaH,
(0] (0]
n-Octane, 120 °C

14 hours
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Equation 1-15

O 2 eq. NaH ?
(0] (0]
n-Octane, 100 °C
14 hours
Equation 1-16
0] 2 eq. NaH
©)J\O/ n- Octane dJ\ ©/\
U e RGN
14 hours

In the control experiment using NaH at 120 °C, the formation of benzyl alcohol presumably
involves the nucleophillic addition of NaH to the carbonyl carbon of benzyl benzoate
(Scheme 1-5). The resultant benzaldeyde intermediate is then converted to benzyl
benzoate by the Tishchenko reaction, which is catalyzed by sodium benzyloxide. After a
work-up procedure, benzyl alcohol is detected as the sole product. In the literature, the
NaH-catalyzed Tishchenko reaction has been reported (Eq. 1-17).48 NaH is thus capable of
reducing benzaldehyde to sodium benzyloxide, which is proposed to be the actual catalyst

for the Tishchenko reaction.
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Scheme 1-5

O
2 eq NaH
O
100/ 120 °C
* / l work-up

A PhCH,OH

Equation 1-17

0 NaH (5%) 0
_ o~ | X 95%
PhMe, 23 °C P

After the confirmation of the catalytic reactivity of the clusters, a set of comparative
experiments was conducted to evaluate the reactivity of nickel and cobalt clusters toward
ester hydrogenation and determine the scope of the reaction. Among the four clusters
listed in Table 1-4, entries 4 to 7, the phosphoranimide-supported nickel(I) cluster 8
appears to be most promising catalyst to afford quantitative conversions. In comparison,
the phosphoranimide-supported cobalt(I) cluster is much less reactive under the same
conditions, while the tetramethylated cobalt(II) cluster and its oxidized mixed valent cobalt
cluster4? appear to be completely inactive. For reactions with both nickel(I) and cobalt(I)
cluster, the same products are obtained, toluene and benzoic acid. As discussed below, [Ni-

N=P?Buz]4 can be generally applied for to the hydrogenolysis of other substrates.
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Table 1-4. Benzyl benzoate reduction optimization

S o

Entr Catalyst CAElE: Solvent Scavenger Temp Ll st
Y / (mol%) & (0 () (%)
1 - - n-octane NaH 100 14 0
2 - - n-octane NaH 120 14 0’
3 - - n-octane CaH, 120 14 0
4 [Ni-N=P'Bus], 2 n-octane CaH, 120 14 100
5 [Co-N=PtBu3]4 2 n-octane CaH, 120 14 2.4
6 [Me-Co-N=PEt;z]4 2 n-octane CaH, 120 14 0
7 [Me-Co-N=PEt3]4[BF.] 2 n-octane CaH, 120 14 0
8 [Ni-N=P'Bus], 2 THF CaH, 120 14 85.8
9 [Ni-N=P'Bus], 2 benzene CaH, 120 14 55.7
10 [Ni-N=P'Bus], 2 n-octane - 120 14 7.0
11 [Ni-N=P'Bus], 1 n-octane CaH, 120 14 59.3
12 [Ni-N=P'Bus], 1 n-octane CaH, 120 28 100
13 [Ni-N=P'Bus], 1 n-octane NaH 100 14 100°
14 [Ni-N=P'Bus], 1 n-octane MgH, 100 14 20.2
15 [Ni-N=P'Bus], 2 n-octane K,COs 120 14 9.0
16 [Ni-N=P'Bus], 2 n-octane proton 120 14 8.2
sponge
17 [Ni-N=P'Bus], 2 n-octane zinc 120 14 9.4
18 [Ni-N=P'Bus], 2 n-octane CaH, 100 14 74.9
19 [Ni-N=P'Bus], 2 n-octane CaH, 80 14 21.0
20 [Ni-N=P'Bus], 2 n-octane CaH, 60 14 8.0

a. PhCH,0H is formed with 3.2% GC yield
b. PhH is formed as the product




The solvent system for ester reduction is carefully chosen. Appropriate solvents have to be
inert to both catalysts and scavengers. Because the electron-rich nickel(I) and cobalt(I)
clusters are likely to activate carbon-halogen bonds, halogenated organic solvents are
excluded. In addition, the basicity of both the phosphoranimide ligand and the scavenger
also limits the use of protic solvents, such as alcohols and ketones. Several possible
solvents have been screened, as represented in entries 4, 8, and 9 of Table 1-4.
Tetrahydrofuran, benzene and n-octane are all reasonable solvents that afford good to
excellent yields. The best solvent is n-octane as the corresponding reaction affords
quantitative reduction of ester compound and simplified product isolation. Meanwhile, n-
octane has low toxicity and a high boiling point that would allow heating reactions to high

temperatures without generating excessive pressure.

Compared to solvent effects, the choice of basic scavenger is more crucial for the ester
reduction reaction. In previous hydrodesulfurization and hydrodeoxygenation reactions,
potassium hydride or another strong base is required to neutralize the thiols and alcohols
generated in the reactions (Eq. 1-18). Accordingly, in the ester hydrogenation reaction, the
formation of acidic product(s) is also expected. Therefore, we concluded that a base would

be indispensable before we conducted any additional ester hydrogenation reactions.
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Equation 1-18

s M-N=PBus (1.7 mol %) SH O
1 atm Hy, KH O N | N
Toluene, 120 °C Pz

M= Co, 32%,; Ni, 80%

o Ni-N=PBuj (2.5 mol %) OH O
1 atm H,, KH O N | §
Toluene, 120 °C Pz

97% 3%

A control experiment, as shown in entry 10 of Table 1-4, was conducted to determine
experimentally if a base was indeed necessary. The reaction in the absence of base gives
small amount of toluene and benzoic acid as final products, before the reaction stops. The
results suggest that nickel(I) cluster 8 is capable of reducing the benzyl benzoate by itself
at the beginning of the reaction. However the reaction quickly shuts down after the
catalysts are deactivated. Therefore addition of base as a scavenger is essential for the ester

hydrogenation reaction.

Scavengers that have been tested are listed in entries 4 and 12-16, and consist of sodium
hydride, calcium hydride, magnesium hydride, potassium carbonate, 1,8-
bis(dimethylamino)naphthalene (also known as proton sponge), and zinc. Generally the
reactions were conducted with 2 mol% of nickel(I) tetramer 8 as a catalyst. The results
suggest that both NaH and CaH: are efficient scavengers, as all corresponding reactions go

to completion within 14 h.
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To compare the reactivity between calcium hydride and sodium hydride, reactions with
lower loading of the nickel cluster have been conducted (entries 11 and 13, Table 1-4).
When the nickel cluster loading is lowered to 1 mol%, the reaction with 2 equivalents of
NaH goes to completion at 100 °C. On the other hand, the reaction with 2.5 equivalents of
CaHzat 120 °C affords a 59.3% GC yield of toluene. These results imply that NaH is more

efficient than CaH: as a scavenger and directly accelerates the reaction rate.

The remaining scavengers are not effective and the corresponding reactions only afford a
low, presumably stoichiometric, yield. Magnesium hydride was tested as a hydride reagent
because the magnesium cation could in principle function as a Lewis acid, potentially
activating the ester functional group. Potassium carbonate and proton sponge were tested
as examples of weak bases with minimal direct interaction with esters. The latter is also
soluble in the reaction medium. Zinc of course, is not a base, so it is distinct from other
scavengers. Zinc is not expected to react with esters bearing a-hydrogens; however as a
scavenger for carboxylic acid, zinc is not efficient enough to replace NaH/CaH:. Generally
speaking, for these scavengers, it is possible that the capture of carboxylic acid occurs less
readily, if it occurs at all, and results in rapid deactivation of catalyst. Therefore, the

corresponding ester hydrogenation reactions afford low, if any, conversions.

In summary, scavengers are essential for these catalytic ester hydrogenation reactions and
have a critical impact on the reaction rate. Based on the experimental results, NaH and
CaH: are efficient scavengers for ester hydrogenation reactions without inducing
significant diversion of the esters. A strong base is necessary, but the base can be insoluble

in the reaction medium.
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1.2.5 Cation effects in scavenger bases

Although NaH and CaH; are both metal hydride reagents, the difference between them is
significant (entries 11 and 13, Table 1-4). Similar phenomenon is also observed in
hydrodesulphurization reactions employing the same catalysts, in which KH is much more
effective than NaH as a scavenger. Both NaH and CaH; are regarded as strong bases, though
with different basicities, kinetic and thermodynamic. The varied effectiveness from one to
the other may come from the difference in basicities or a more specific cationic effect of the

metal.50

The effect of potassium and sodium cations was subsequently studied. To evaluate the
effect of Na*/K* cation, parallel reactions were conducted for comparison, listed as entries
1 and 2, and then 3 and 4 in Table 1-5. In each set of the parallel reactions, NaBF4 or KPFs
was added to only one of the reactions and the rest of the experimental parameters
including concentration, stirring rate, temperature, etc, were carefully controlled to be as
similar as possible. Since the reduction of cis-3-hexenyl benzoate with CaH; as a scavenger
affords slow conversion, this reaction was selected as a model (Eq. 1-19). If the cationic
effect is significant, the conversion is expected to increase appreciably upon addition of the
potassium salt. Based on GC analysis of the organic fraction and the amount of benzoic acid
isolated, the presence or absence of potassium and sodium cations has little or no effect on
the reaction (Table 1-5). Therefore, basicity is more likely to be the reason behind the

variation in the scavenger effectiveness.
Equation 1-19

O O

)]\ [Ni-N=PBu3], (2 mol%) (o)
Ph” >0 X - OH + nCethy + M nceH
/\/I 1 atm Hy, CaH,, THF, 120 °C @ Ph” o e
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Table 1-5. Results of parallel reactions using CaH, for the cationic effect study

Entry Additive PhCO,n-CgH1, GC Yield of n-hexane (%) PhCO,H GC/Isolated Yield (%)
GC Yield (%)
1 NaBF, 95.1 0.8 4.1
2 - 93.4 1.1 55"
3 KPFe 98.7 1.3 17.47
4 - 98.6 1.4 13.6°

1. GCyield of benzoic acid

2. Isolated yield of benzoic acid

The effect of temperature on the ester reduction has also been evaluated. A series of
experiments at various temperatures were conducted, as listed in entries 4, 18-20 in Table
1-4. Benzyl benzoate hydrogenation reactions were performed at 20 °C intervals from 60
°Cto 120 °C. The results indicate that as the temperature decreases, the conversion drops
significantly. The reaction at 60 °C affords only 8.0% GC yield of toluene. For the reaction at
80 °C, the toluene GC yield increased to 21%. The reactions at 100 and 120 °C both produce
toluene and benzoic acid in much higher yields. Therefore, the ester hydrogenation

reaction is typically conducted at or above 100 °C.

An investigation into the influence of hydrogen pressure has also been carried out. Two
parallel reactions were conducted at different H; pressures, while all other reaction
conditions were kept the same (Eq. 1-20). The reaction at 300 psi Hz pressure affords a

much lower yield of toluene than the analogous reaction performed at 14.7 psi (1 atm) of Hz
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(Table 1-6). This result establishes that the increased hydrogen pressure strongly inhibits
the ester hydrogenation reaction, presumably by forcing the equilibrium toward the
formation of saturated nickel hydride species. Correspondingly, unsaturated nickel hydride

species might be capable of activating esters, whereas saturated ones remain inert.

Equation 1-20

[Ni-N=PBus],
O (1 mol%) o
©)k0© 300 psi Hp, 2.5 eq. CaH, | ~on  + :
n-Octane, 120 °C, 14 hr. =
17.4% GC yield
Table 1-6. Effect of the hydrogen pressure on ester hydrogenation reactions
Entry Catalyst Catalyst load H, pressure Toluene GC yield
(mol%) (%)
1 [Ni-N=P'Bus], 1.0 1 atm= 14.7 psi 59.3
2 [Ni-N=P'Bus], 1.0 300 psi 17.4

To identify if the nickel cluster is deactivated upon heating for 14 h, a hydrogenolysis
experiment with a much longer reaction time was conducted. When the catalyst loading is
1 mol%, the GC-MS yield of toluene is 59.3% after 14 h (Entry 1, Table 1-6). This reaction is
repeated under the exact same conditions and left for 28 h (Eq. 1-21). From GC-MS
analysis, toluene is the only compound left in the organic fraction together with n-octane
solvent. This result proves that the catalyst remain active after 14 h of reaction time and is

capable of driving the reaction to completion given longer reaction time.
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Equation 1-21

0 [Ni-N=PBus], 0
2.5 eq. CaH
©)J\O/\© q 2 ©)J\OH + ©/
n-Octane, 120 °C
28 hours

The reaction in Entry 1, Table 1-6 was used for the calculation of turn over number (TON)
and turn over frequency (TOF) for the nickel cluster. In the experimental section of ester
hydrogenolysis, detailed experiments are provided to establish a relationship between GC
and actual yield of toluene. The GC yield of toluene (59.3%) converted to the actual yield is
85.9%, giving a TON of 85.9. Meanwhile, the reaction time is 14 h, giving a TOF of 6.13 h-1.
These data are calculated based on a reaction using CaHz. For reaction using NaH as a
scavenger, the reaction is quantitative with 1 mol% catalyst after 14 h. The corresponding

TON is atleast 100 and TOF is 7.14 h-1at a minimum.

Thus, a range of reaction parameters has been examined, including catalyst, solvent,
scavenger, temperature, and hydrogen pressure. The phosphoranimide-supported nickel
cluster, [Ni-N=PBus]s, is, at this point, the most powerful catalyst identified for benzyl ester
hydrogenolysis. In order to reduce esters efficiently, however, NaH or CaH: is required as a
scavenger. The reaction proceeds efficiently above 100 °C and hydrogen pressure should

remain at 1 atm.

1.2.6 Substrate Scope. Hydrogenation of other benzyl esters

The detailed study of the effect of various parameters in benzyl benzoate reduction
provides a solid foundation for further substrate scope exploration. Benzyl acetate is a

more challenging substrate than benzyl benzoate due to the presence of acidic a-protons.
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The most efficient scavenger, NaH, deprotonates benzyl acetate readily, therefore a weaker
base is required to allow the reduction to occur without inducing side reactions. To test if
CaH: causes side reactions, a background experiment was performed in the absence of the
nickel cluster (Eq. 1-22). The n-octane solution containing benzyl acetate and calcium
hydride was heated to 120 °C. Based the GC-MS analysis, this control reaction failed to
produce any new compound(s) making CaHz an appropriate scavenger for the

hydrogenation reaction of benzyl acetate.
Equation 1-22

0] )

xs CaH,
O)J\ AN Ok
n-Octane, 120 °C |

The reduction of benzyl acetate was carried out by using 2 mol% of nickel(I) cluster 8 with
the addition of excess CaHz (Eq. 1-23). The reaction proceeds smoothly, with the formation
of white precipitate. GC-MS analysis of the organic fraction confirms the formation of
toluene as the only product in the organic phase and a complete consumption of benzyl
acetate. The white solid was dissolved in D20 to obtain a 1H NMR spectrum. The broad
singlet peak at 1.89 ppm can be readily assigned to the methyl group of calcium acetate.
The reduction of benzyl acetate is thus successful and again demonstrates the selectivity

for benzyl C-0 activation.
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Equation 1-23

[Ni-N=P'Bu], (2 mol%)

o]
J\ 1 atm H,, 2.5 eq. CaH,
o ©/ +  Ca(OAc),
n-Octane, 120 °C

14 hrs,100%

Benzyl tiglate is a benzyl ester that contains an olefin moiety. This substrate was subjected
to ester hydrogenation reaction to determine if the benzyl C-0 activation is preferred over
olefin hydrogenation. Since CaH: is a decent scavenger for benzyl acetate, it was used again
in the benzyl tiglate reduction (Eq. 1-24). Even if hydrogenation of double bond happens
fastest, it is unlikely that CaH; will induce undesired reactions of the intermediate ester.
The hydrogenation of benzyl tiglate under standard conditions affords toluene and 2-
methylbutanoic acid quantitatively, as concluded by GC-MS analysis and 1H NMR
spectroscopy. The result indicates that the hydrogenation of both the olefin moiety and

benzyl C-0 bond are complete within 14 h of reaction time.
Equation 1-24

(0] [Ni-N=PBU3]4 (o)

A\HJ\O/\Q 1 atm H2, CaH2 /%OH N ©/

n-Octane, 120 °C

3-isochromanone is a substrate similar to benzyl acetate, as both are enolizable benzyl
esters. Since 3-isochromanone is a lactone, if successful the reaction would generate a
single product and both product isolation and characterization would be more convenient.
Due to the fact that 3-isochromanone is not very soluble in n-octane solution, THF was used

as the solvent (Eq. 1-25). This reaction proceeds more slowly than benzyl benzoate
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reduction, as the conversion to o-tolylacetic acid is 55.2% after 14 h. The known product, o-
tolylacetic acid was obtained as a white solid and confirmed by 1H NMR spectroscopy.>! GC-

MS analysis of the organic fraction also identifies o-xylene as a minor product.
Equation 1-25
[Ni-N=P'Bug], (2.1 mol %)

o 1 atm H,, CaH, OH ©i
o) o *

n-Octane, 120 °C, 22 hrs

The slower reaction rate of 3-isochromanone hydrogenolysis is attributed to the relatively
higher energy of this conformationally constrained lactone. More specifically, benzyl
benzoate can rotate freely to adopt the thermodynamically more stable s-trans
conformation. This confirmation is stabilized by two hyperconjugative effects: one of the
oxygen lone pairs overlaps with the m*-carbonyl orbital, while the other aligns nicely with
o*-carbonyl orbital.>2 In contrast, 3-isochromanone is locked in an s-cis conformation and
moreover, it is also destabilized by dipole-dipole interactions.>3 As a consequence, for 3-
isochromanone, equilibrium may shift toward the formation of 3-isochromanone enolate,

resulting in a decrease in the reduction rate.

In the above reaction, the o-xylene can be derived from a decarboxylation pathway arising
from either the corresponding carboxylic acid or the nickel carboxylate intermediate, and
could involve an anionic or radical pathway. Alternatively, the production of o-xylene might
be expected from 3-isochromanone via retro-Diels-Alder reaction, followed by
hydrogenation (Scheme 1-6). However, the reported retro-Diels-Alder reaction of 3-
isochromanone is conducted by pyrolysis at 565 °C,>* a considerably higher temperature

than required for ester hydrogenation.
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Scheme 1-6

O caH, OO 3
S — H+

OH o) N
N 0 OO " ONiH
| E— | — E—
_J_ O-Ni-Ln o)

o Retro-Diels-Alder /N:V=PBUS]4
2 X

1 atm H,

In summary, a range of benzyl esters, with and without acidic a-protons can be reduced
using nickel(I) cluster as the catalyst under mild conditions, including benzyl benzoate,
benzyl acetate, benzyl tiglate and 3-isochromanone. The nickel-catalyzed hydrogenolysis of

benzyl esters is now well established and reasonably general in scope.

1.2.7 Alkyl ester hydrogenation

In comparison to benzyl esters, the reduction of alkyl esters is more difficult, due to the
stronger alkyl C-O bond. Alkyl esters can be further divided into two categories depending
on the presence or absence of acidic a-hydrogens. Alkyl esters without a-hydrogens are
relatively easier to reduce, while enolizable alkyl esters remain challenging based on our
current understanding. The scavenger is crucial in alkyl ester reduction reactions.

Reactions using NaH as a scavenger gave significantly improved yields, compared to
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analogous reactions employing CaH: as a scavenger. The alkyl esters that can be reduced in
good yield include methyl benzoate, cis-3-hexenyl benzoate and 3,4-dihydroisocoumarin,

as detailed below.

Methyl benzoate undergoes reduction reasonably well (Eq. 1-26). In order to maintain a
high conversion, NaH is again required as a scavenger. The reaction produces a
considerable amount of white precipitate, which can be isolated and assayed as benzoic
acid (72%) by 'H NMR spectroscopy. For methyl benzoate, the hydrolysis of the sp3 C-0
bond generates methane as the alkane component. Due to its gaseous nature and the
apparatus used for the reaction, the gas was not detected. Therefore, in order to confirm

the formation of alkanes, other alkyl esters were also used as substrates.
Equation 1-26
0 [Ni-N=PBug], (2 mol%) 0]
: Ji§ o 1 atm H,, 2 eq. NaH ©)LOH 72%
n-Octane, 120 °C

Cis-3-hexenyl benzoate can also be reduced in a good yield using NaH as a scavenger (Eq. 1-

27). The reaction involves initial olefin hydrogenation followed by selective activation of
the alkyl C-0 bond to produce benzoic acid and hexane. Benzoic acid was isolated and
characterized by 'H NMR spectroscopy. Hexane was observed by GC-MS analysis. Some

hexyl benzoate was also recovered from alkene hydrogenation without ester cleavage.
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Equation 1-27

o [Ni-N=P'Bus], (1.66 mol%) O )Ok
1 atm H,, 2.6 eq NaH

Ph)J\O ~
n-Octane, 120 °C
16 hrs 74.2 % + NN

3,4-Dihydroisocoumarin is another lactone, therefore only a single product is expected
from hydrogenation. The reaction affords o-ethylbenzoic acid in 97% isolated yield (Eqg. 1-
28). The isolation and characterization of this product provides substantial evidence for the
formation of both carboxylic acid and alkane components in acyclic hydrogenolysis.
Furthermore, the yield of the product can be readily determined, whereas the volatile
alkane products are more difficult to quantify. As 3,4-dihydroisocoumarin is not
commercially available, it was synthesized by a novel catalytic aerobic oxidation of
isochroman (Eq. 1-28). Surprisingly, this oxidation reaction is catalyzed by the same nickel
precatalyst cluster that mediates reduction. Details of our investigation of aerobic oxidation

reactions are presented in Chapter 2.
Equation 1-28
[Ni-N=PBug], [Ni-N=PBug],

o) o
@Oo 0, 3AM.S. ji;o 1 atm H,, NaH ©iOH
— |
120 °C (/ n-Octane, 120 °C

Several simple alkyl esters have also been examined in hydrogenation reactions, but the

conversions to cleavage products are still not satisfactory. In particular, alkyl esters bearing
acidic a-hydrogens remain as challenging substrates. The difficulty is primarily associated

with the lack of suitable scavengers, as NaH competitively deprotonates the esters and
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CaHz: is too inefficient to be practical. In one example, the hydrogenation of tridecyl acetate
was performed with CaH; as a scavenger. Tridecane was observed in GC-MS analysis, but

merely in 0.8% yield (Eq. 1-29).

Equation 1-29

o [Ni-N=PBus],
1 atm H,, CaH, PN e P\ + Ca(OAc)
2
Aot
n-Octane, 120 °C Ci3Hog

1.2.8 The hydrogenation of aryl esters

Aryl esters do not contain an sp3 C-0 bond in the ester functional group, representing the
final type of ester substrate studied in this investigation. Since the aryl and acyl C-0 bonds
are both sp? hybridized and are correspondingly strong bonds, the activation of aryl esters
is expected to be more difficult. Moreover, selective activation only of one of the two sp? C-
O bonds represents another challenge for aryl esters. For this study, we selected phenyl

acetate and phenyl benzoate as simple model substrates.

The hydrogenation of phenyl acetate in the presence of CaHz at 120 °C affords phenol as the
only observable product (Eq. 1-30). Phenol appears to be the hydrogenation product from
acyl C-0 bond activation, but it is not: a control experiment conducted in the absence of
catalyst establishes that phenol comes from side reactions mediated by CaHz, the major of
which appears to be Claisen condensation (Scheme 1-7). Phenyl acetoacetate is not
observed in the GC-MS analysis. However, it is possible that phenyl acetoacetate undergoes

further condensations with phenyl acetates to form more complicated byproducts. In
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comparison, the same side reactions are not observed in a control experiment using benzyl
acetate, probably because benzyl alcohol is not as a good leaving group as phenol.
Alternatively, phenyl acetate decomposition to phenol and ketene cannot be excluded as a
plausible, possibly catalyzed, pathway. Such decomposition is common in industrial

process using solid Brgnsted acids as catalyst.>>
Equation 1-30

[Ni-N=PBug],

©/O\|¢O 1 atm Hy, CaH, ©/OH

n-Octane, 120 °C

Scheme 1-7
(@) CaH,, 120 °C OH
(Y e TY - O
= © noctane
Unknown O\[ ©/
O O

compounds

Phenyl benzoate was selected as a second aryl ester substrate, as it does not bear acidic a-
hydrogens. Although aldol-type side reactions are no longer possible, the hydrogenation
reaction using NaH as a scavenger at 120 °C gives a complicated product mixture, which
includes benzene, toluene, benzoic acid and phenol (Eq. 1-31). In the GC-MS analysis,
benzene and toluene are observed in a ratio of 1.0 : 5.3, respectively. The 1H NMR spectrum
of the precipitated solids reveals that both benzoic acid and phenol are present, with an

integration ratio of 1.0 : 1.6. In theory, these compounds can be generated from two
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distinct pathways, involving acyl and aryl C-0 bond activation, respectively. Phenol and
toluene, the deoxygenation product of benzyl alcohol, are anticipated to form through acyl
C-0 bond activation, while benzene and benzoic acid are formed via the aryl C-O bond

activation pathway (Scheme 1-8).
Equation 1-31

[Ni-N:PtBU3]4

@42 O } atm Hy, Nt ©A ©°H ©/ ©

n-Octane, 120 0C
100% . . 1

Scheme 1-8

acyl
actlvatlon
0]
o not obtained
@/~o’ '

aryl
activation

A control experiment with NaH alone was conducted to reveal background reactions (Eq. 1-

32). Indeed, phenyl benzoate is converted to benzyl benzoate and phenol at 120 °C, similar

to the reaction observed between NaH and benzyl benzoate. The reaction probably
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involves a nucleophilic attack of NaH to the acyl carbon to form sodium phenoxide and
benzaldehyde (Scheme 1-9). Tishchenko dimerization of benzaldehyde to form benzyl
benzoate is then catalyzed by sodium phenoxide. This control experiment reveals that in
the phenyl benzoate hydrogenation, the toluene is produced from the catalyzed reduction
of benzyl benzoate, while the phenol is produced from the undesired reaction between NaH
and phenol benzoate. Thus, phenyl benzoate reduction involves an aryl C-0 bond
activation to produce benzoic acid and benzene. Meanwhile, undesired side reactions,
including NaH-induced reduction, benzyl benzoate formation, and subsequent catalytic

ester reduction afford phenol, benzoic acid and toluene byproducts.

Equation 1-32

0 @ n-Octane Q OH
-l s e o IS
NaH, 120 °C
Scheme 1-9

Pathway 1: (0]

aryl C-O bond
o) @ activation OH +
_—
(j)J\O
= Pathway 2: o
NaH reduction OH
- o - O
Tishchenko
reaction
(0] (0]
Ester reduction
o/\© OH

+

o
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The NaH-induced side reactions complicate the phenyl benzoate reduction. To observe the
inherent selectivity of the nickel cluster in aryl ester reduction, a reaction without the
addition of base was carried out (Eq. 1-33). The reaction was conducted with 25 mol% of
the nickel cluster while heating to 120 °C under 1 atm of Hz. There is indeed a
stoichiometric reaction between the ester substrate and the nickel center(s). The GC-MS
analysis revealed that benzene was obtained in 52.8% conversion as the only product,
along with recovered starting material. The benzoic acid produced has also been isolated
and identified. The products are formed from a highly selective activation of aryl Csp2-0
bond in the presence of the acyl C-0 bond. According to Gary, in the phenyl benzoate
molecule, the bond dissociation energies for aryl and acyl C-O bonds are about 94+5 and
6415 kcal mol-l, respectively.>® Therefore, the nickel cluster selectively activates the very

much stronger aryl C-0 bond.
Equation 1-33

[Ni-N=P'Bus], o}

O o) )
1 atm H,
+
o ©)J\OH
n-Octane, 120 °C

To conduct the phenyl benzoate hydrogenation reaction catalytically while minimizing the
scavenger induced side reactions, CaHz was then added as a scavenger. The catalyst loading
was decreased to 5 mol% with respect to the nickel cluster, while other reaction conditions
remained the same (Eq. 1-34). After the reaction, the organic fraction, analyzed by GC-MS,
identified benzene as the single volatile product in a GC yield of 32.8%, which corresponds

to 70.0% actual yield. Benzoic acid was also isolated as the salt and determined by TH NMR
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spectroscopy. This result indicates that this reaction can be performed cleanly and
catalytically by using CaH: as a proton scavenger, but the TON is only 14 per nickel cluster

over a period of 14 hrs.

Equation 1-34

o) @ [Ni-N=P'Bus], o)
1 atm H,, 2.5 eq CaH
o 2 q 2 @OH + ©
n-Octane, 120 °C, 14h

In summary, the hydrogenolysis of aryl esters can be conducted catalytically. The strong

aryl C-0O bond is activated selectively in the presence of the weaker acyl C-0 bond.
However, the reaction is largely limited to esters without acidic a-hydrogens, given that

enolizable aryl esters may give aldol background reactions.

1.2.9 Discussion on the selectivity and mechanism of reduction reaction

To this point, ester hydrogenation reactions have been applied to the reduction of benzyl,
alkyl and aryl esters. The reactions demonstrate high selectivity towards alkyl or aryl C-0
bond activation while acyl C-0 bond activation is not observed. Such selectivity is not
commonly encountered in ester reduction reactions, but a few examples have been
reported in the literature, including ester hydrogenation with a Pd/C catalyst and

stoichiometric ester reduction using organotin hydride as the reductant.
As discussed in the introduction, Pd/C is capable of selective alkyl C-O bond activation. The

overall reaction also involves a decarboxylation step, releasing carbon dioxide (Eq. 1-35).4°

The ester reduction with tri-n-butyltin hydride is completely different, a hydrostannolysis
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reaction forming the tin carboxylate compound and the corresponding hydrocarbon (Eq. 1-
36).57 This is a radical chain reaction, which requires irradiation or the addition of a radical
initiator, such as AIBN or n-Buz02. The substrate scope for this reaction is rather broad and

various alkyl and benzyl benzoates can be reduced, including steric bulky ¢t-butyl benzoate.

Equation 1-35

O Pd/ C negligible
CH3(CH5)15CH3
CH3(0H2)15CH2*0/\ 17 atm Ha-Ar CHs(CH,)16CHg

Dodecane, 300 °C

Ethyl stearate n-heptadecane n-octadecane
Equation 1-36
o O
(n-butyl)sSn-H, 130 °C
o R N O,Sn(n—butyl)s " RH
UV/ AIBN/ n-Bu,O, P

R: benzyl, aryl and alkyl groups

Compared to the activation of an alkyl C-0O bond, acyl C-0 bond activation is nearly more
universal in the ester reduction literature. Important examples for this type of reactions
include reductions using reactive metal hydrides (DIBAL-H, LiAlH4) and
ruthenium/osmium-catalyzed ester hydrogenation reactions.?1.2> In the industrial process
for fatty alcohol production, the acyl C-0 bond in raw ester feed can also undergo cleavage.
All of these reactions share the common feature of acyl C-0 bond activation. For the ester
hydrotreatment reactions under harsh industrial conditions, acyl and alkyl C-O bonds are
both activated, and detailed mechanistic information remains unclear. In general, the
majority of ester reduction reactions involve acyl C-0 bond activation and many of them

utilize a stoichiometric nucleophillic reagent or Lewis acidic reductant.
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The nickel and cobalt cluster-catalyzed ester hydrogenation reactions reported herein are
thus unprecedented. The reaction appears to be mechanistically distinct from all other
reported ester hydrogenation reactions. The reasons for this unique selectivity remain
unresolved. Two general mechanistic proposals have been developed, involving either a

radical or a nonradical oxidative addition pathway.

The nickel(I) cluster 8, we propose reacts initially with the first equivalent of hydrogen fast
at room temperature to form a dihydride nickel(I)/(II) cluster 23. Then a second addition
of hydrogen to complex 23, maybe reversible, affords a tetrahydride nickel(Il) complex 24
(Scheme 1-10). It is possible that a further addition of hydrogen to complex 24 could
happen and form a hexahydride Ni(II)/ Ni(IIl) complex 25. Moreover, in complexes 23-25,
hydride may bridge to nickel centers rather than behave as a terminal ligand. These

reactions between nickel cluster 8 and hydrogen are included in both mechanisms.

For the radical pathway, an ester substrate coordinates to one nickel(I) 8 center, followed
by a internal single electron transfer step to afford a stabilized radical intermediate 26. The
subsequent step is the homolysis of the benzyllic C-O bond to afford a nickel(II)
carboxylate complex 27 and a benzylic radical. The radical then abstracts a hydrogen atom
from the nickel hydride complex 28 to release toluene product. In the last step, the
remaining nickel hydride complex is deprotonated by sodium hydride, releasing, sodium

benzoate and regenerating the active catalyst 8.
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Scheme 1-10
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An alternative nonradical mechanistic pathway could involve a selective oxidative addition
of low-valent nickel to the ester substrate (Scheme 1-11). In this hypothesis, the mixed
valent nickel(I)/(II) cluster 23 is also formed from nickel(I) cluster 8 by hydrogenation(s).

Complex 23 activates an ester substrate by binuclear oxidative addition to either the acyl
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or benzylic C-0 bond, forming 29 and/or 30 respectively. The Ni-C bond is subsequently
hydrogenated to form nickel complex 31 and release toluene, whereas acyl bond activation

is, we propose, reversible. The intermediate 31 is again deprotonated by sodium hydride to

form complex 23.

Scheme 1-11
H
H, L-Ni-L
LiN=PBU, NI, <— PN NieH 25
24 L-Ni-L
H H
u H, Ph
Q
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1.2.10 Discussion: Selectivity in Oxidative Addition

The oxidative addition of low valent nickel reagents to ester compounds has been
previously observed in both stoichiometric transformations and catalytic reactions. In
general, the selectivity for C-0 bond activation in ester group reduction is reagent- and
condition-dependent, as the selectivity varies if any of the metal complexes, ester
substrates, or ligands is changed. Examples of selective activation of aliphatic, phenyl and
acyl C-0 bonds have all been observed in various reactions. However, the selectivity in C-0
bond activation of ester compounds is not always exclusive. In some reactions, mixtures of

products are obtained as a result of competitive activation of different C-0 bonds.

Figure 1-9. Type A and B for oxidative addition of Ni(COD): to esters

Type B Type A
[RCO,-Ni-R]7 <——— RCO,R'+Ni(O)L, ——> [RCO-Ni-OR]

In 1976, Yamamoto reported different types of C-O bond activation in ester substrates by
Ni(COD)z in the presence of various ligands (Figure 1-9).58 In these reactions, a new
nickel(0) complex is formed in situ, which cleaves the C-O bond by oxidative addition. The
selectivity for C-0 bond activation is largely dependent on the substrate (Table 1-7). For
phenyl acetate, activation of acyl C-0O bond is preferred when Ni(COD): is used in
combination with various ligands. However, when PEt3 is added as a ligand, both acyl and
phenyl C-0 bonds are cleaved. On the contrary, for alkenyl esters, the alkenyl C-0 bond is

predominantly activated in most reactions.
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Table 1-7. Modes of oxidative addition of Ni(COD), to ester substrates®

None PPhs PCy; PEts bpy” Ni(PPhs),°
Phenyl carboxylate - A A A+B A A+B
Alkenyl acetate B B A+B - B -

a. Symbols A and B is abbreviated for Type A and B reactions in Figure 1-9, respectively.
b. bpy=2,2"-bipyridine
c. Ni(PPh3), is used to replace Ni(COD),.

In 1980, Yamamoto reported a more detailed study on phenyl ester activation by Ni(COD)>
or dialkyl Ni(II) species.>? His study established a detailed reaction mechanism involving
the oxidative addition to ester compounds. Consistent with the previous study, the acyl C-0
bond is selectively cleaved in aryl esters. One representative reaction has been selected for

a detailed discussion.

When Ni(COD); and three equivalents of PPh3 are added to phenyl propionate, ethylene,
phenol and Ni(CO)(PPhs)3 are obtained in 1:1:1 ratio (Eq.1-37). The products isolated
indicate that the reaction involves the oxidative addition of Ni(0) species to the acyl C-0
bond, followed by decarbonylation, S-hydride elimination and reductive elimination

processes (Scheme 1-12).

Equation 1-37

0 .
Ni(COD), + 3PPh + ©/ N %ﬁ’ NCO)PPhg); + CoHy + PhOH
0 r.
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Scheme 1-12
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The activation of aryl C-0 bond has also been observed in cross-coupling reactions, in
which phenyl acetate is used as the substrate in place of aryl halides. In 2008, Shi reported
the nickel-catalyzed cross-coupling reaction between phenyl esters and arylboroxines to
afford the coupled biphenyl product (Eq. 1-38).60 The proposed mechanism involves ester
oxidative addition, transmetallation and reductive elimination (Scheme 1-13). The
oxidative addition step is selective, involving cleavage of the stronger aryl C-O bond (106
kcal/mol) in the presence of a weaker acyl C-0 bond (80 kcal/mol).6! This selectivity is
opposite to what is observed in aryl ester activation reactions using Ni(COD); and

phosphine ligands in Scheme 1-12.
Equation 1-38

o Ar Els/O\ JAr Ni(PCys3),Cl, (cat)

R'_: S \n/ + O\

B N Ar
5 KsPOg, Ho0 e
= O B "

Ar dioxane, 110 °C
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Scheme 1-13
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DFT calculations from Liu’s group provide a plausible mechanism for the selectivity
observed in Shi’s reactions.®! The activation of aryl C-0 bond has a higher activation
barrier of +22.9 kcal/mol compared to acyl C-O bond activation with a barrier of +14.2
kcal/mol. However the corresponding transmetallation step requires +33.1 kcal/mol
following the acyl C-0 bond activation, but only +31.2 kcal/mol after aryl C-0 bond

activation. Therefore, the pathway involving acyl C-0 activation has an overall higher



energy barrier and the reactions largely undergo aryl C-0 bond pathway to afford biphenyl

products.

The previous discussion focuses mainly on the selectivity in aryl esters; however,
activations of other types of esters have also been reported. For reactions involving allyl
esters, the activation of sp3 C-0 bond occurs predominantly. An established example occurs
during the Tsuji-Trost reaction, which activates allylic esters in the presence of carbon
nucleophiles to form a new C-C bond (Eqg. 1-39).2 In that reaction, an oxidative addition of
a Pd (0) species occurs exclusively at the weaker allyl C-0 bond to form allyl Pd(II)
intermediates. Prior coordination of the alkene to the metal before oxidative addition
significantly lowers activation barrier. Overall, the mechanism is an intramolecular

activation of the adjacent allylic C-0 bond.
Equation 1-39

Pd(OAc), 2 mol%

Ph\/\(Ph N /OWO\ 3eq. PRy (MeOZC)Z};ﬁh/\/ Ph
H

BSA, THF, 66 °C

For non-activated alkyl esters, the selective alkyl C-0 activation has also been
demonstrated. In 1978, the Jesson group reported the activation of methyl benzoate or
acetate by the iron(II) species 38 (Eq. 1-40).63 The methyl C-0 bond has been selectively

activated and the corresponding iron(II) carboxylate complexes 39 are well characterized.
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Equation 1-40

P ll—I P i P '\I/IeP
[P/ ILI\Pj R (0] [P/cl)\Pgl)
P .
28 R: Ph or Me hd
P R
[P = bis(dimethylphosphino)ethane; Np = 2-naphthyl 39

In our examples of ester hydrogenation, the selective oxidative addition of the
nickel/cobalt cluster, presumably already hydrogenated, to one of the C-O bonds in ester is
certainly a logical mechanistic pathway. However, the two major differences between
nickel cluster 8 and other nickel reagents and catalysts remain the number of involved

metal centers and equally importantly, their respective oxidation states.

A deuterium labeling experiment has been conducted to determine the origin of the
hydrogen atom in toluene product (Eq. 1-41). High resolution GC-MS analysis confirms that
the quantitative product is the mono-deuterated toluene. Non-deuterated toluene is not
obtained from this experiment. This verifies that the new hydrogen atom in toluene comes

from the hydrogen gas and not calcium hydride or solvent.
Equation 1-41

o) [Ni-N=P'Bus], (2 mol%) H

H
O/\© 1 atm Dy, 2.5 eq CaH2 D + (PhCOz)zca
[j n-Octane, 120 °C [:

61



1.2.11 New reaction pattern in ester hydrogenation

The majority of ester substrates tested in hydrogenation reactions involve alkyl/aryl C-0
bond activation. However, one exception to this generalization was observed, involving
selective deoxygenation of the carbonyl oxygen. Hydrogenation of dihydrocoumarin
produces an ether compound, isochroman, as the major product (Eq. 1-42). This is a novel
reaction pattern in the study of ester hydrogenation, for the carbonyl oxygen is removed
while forming two new C-H bonds. Isochroman was identified and characterized by 1H

NMR spectroscopy and GC-MS analysis.
Equation 1-42
[Ni-N=PtBU3]4

o_.0O (6.6 mol%) (0] 0._.0
210 psi Hy, 2 eq. NaH +
Pz

n-Octane, 120 °C, 65 hr.

79% 21%

To the best of our knowledge, such a reaction pattern has not been previously observed in
ester hydrogenation reactions. In literature, reactions proceeding from esters to ethers are
very few and mostly limited to the use of hydrosilanes as reducing reagents. One exception
involves the use of the boron trifluoride/sodium boronhydride reagent, discovered in 1962
(Eq. 1-43).64 In 1969, trichlorosilane became the first reported sillane to reduce carboxylic
esters to their corresponding ethers (Eq. 1-44).6> Triethylsilane is more regularly used as
the reducing agent and various additives/catalysts are required to promote the reactions.
In 2001, a mixture of titanium tetrachloride and trimethylsilyl trifluoromethanesulfonate
was used in combination with triethyl silane for the reduction of esters to ethers (Eq. 1-

45).66 More recently, a variety of metal complexes have also been utilized as catalysts for
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this hydrosilylation, including iridium(III) bromide,%7:¢8 triruthenium carbonyl cluster,®°

and acetylmanganese carbonyl complexes,’? etc.

Equation 1-43

BF5-OFEt,
NaBH,

THF

Equation 1-44

o HSICl
- /\O/\/
> O)K/ y Irradiation

Equation 1-45

Et,SiH

CO,Me - . OMe
TMSOTf

TiCl,, CH,Cl,
1.2.12 Miscellaneous catalytic reactions

During the study of ester hydrogenation, some other relevant reactions have been
discovered. Two major types are ring-opening lactone polymerization and reduction of

benzaldehydes. Lactone hydrogenation reactions produce unanticipated polymers instead

63



of the carboxylic acids. The hydrogenation of benzaldehydes affords unexpected products,

including carboxylic acids and hydrocarbons.

1.2.13 Lactone polymerization

When aliphatic lactones are used as substrates in catalytic hydrogenation reactions, the
products obtained are polyesters. The expected alkyl carboxylic acids from the
hydrogenolysis of sp3 C-0 bond are not obtained. Hence these are indeed lactone ring-
opening polymerization reactions. Two lactone substrates have been briefly studied, &-

carprolactone and 16-hexadoconalide.

The reaction of e-carprolactone with the Ni(I) catalyst 8 at 1 atm of hydrogen pressure
produces a plastic solid (Eq. 1-46). The material is insoluble in water, hexane or diethyl
ether, but can be dissolved in dichloromethane. The solid is identified as ring-opening
polymerization product based on 'H NMR, 13C NMR spectroscopy and HR-MS analysis.”? A
comparison between the 13C NMR spectrum of the starting material and product is listed
(Table 1-8). The spectrum appears to be similar, bearing same number of signals with
similar chemical shifts. However, the 1H NMR spectra for both compounds are very
different, as polyester spectrum exhibits four resonances whereas ¢-caprolactone exhibits
only two. Further HR-MS analysis confirms the product as the polyester with a broad range

of molecular weight (M+Na/Z) from 1247 to 7644.
Equation 1-46

[Ni-N=PBug], (0.9 mol%) o)

0 o 1 atm H,, xs CaH,
@) o

n-Octane, 120 °C
24 hrs 100 %
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Table 1-8. Comparison of >C NMR signals between e-caprolactone and the polymers

Chemical shift (ppm)

e-caprolactone

polymer

dimer

176.22
173.12
173.42

69.30
63.75
63.01

34.57
33.73
34.55

29.34
27.96
28.14

28.93
25.14
24.61

22.99
24.18
24.58

Polymerization of macrolactones is considered to be more difficult than lactones with
smaller ring sizes.’? On the other hand, for macrolactones, the chance of reducing the ester
linkage is greater than in small-sized lactones. Therefore, 16-hexadoconalide was selected
for catalytic ester hydrogenation. In the event, however, the presence of the 16-membered
ring in the lactone fails to direct the reaction to reduce carboxylic acid derivatives. The
reaction still affords the ring-opening polymerization polyester (Eq. 1-47). The MS analysis
using matrix-assisted laser desorption/ ionization technique indicates a broad distribution

of molecular weight from 500 to 3700.
Equation 1-47

o)
[Ni-N=PBug], (2.4 mol%)

o) 1 atm H,, xs CaH, )

ot

12 n-Octane, 120 °C
16 hrs
C16H3002

To understand the polymerization reaction, two separate control experiments were
conducted using either CaH: or the nickel cluster 8. The first control experiment with CaH>
alone shows that lactone polymerization also occurs, but the consumption of monomer is

not completed over the same time period (Eq. 1-48). To understand whether or not the
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nickel cluster is catalyzing the polymerization, the second control experiment is performed

in the absence of CaH; (Eq. 1-49). This reaction catalytically produces a white solid that is

distinct from the liquid &-caprolactone monomer. In addition, the product has a different

solubility compared to e-caprolactone polymers. This solid is soluble in diethyl ether,

whereas the polymers remain insoluble. The structure of the product was determined by X-

ray crystallography as e-caprolactone dimer, 1,8-dioxacyclotetradecano-2, 9-dione. The 13C

NMR spectra for the monomer, dimer and polymer are very similar and have been listed for

comparison in Table 1-8.

Equation 1-48

0]

0 xs CaH,, 18 hrs
O n-Octane, 120 °C
Equation 1-49

o [Ni-N=PBuj], (2 mol%)

n-Octane, 120 °C
1 atm Hy,14 hrs

O
Woh
45 %
0]
X-ray
o
93%

Preparation of the e-caprolactone dimer generally requires multistep transformations with

the assistance of protecting groups.”3-7> Oligomerization of e-caprolactone has also been

reported, but the products include a mixture of dimer, trimer, tetramer and etc.”¢ In

contrast, nickel catalyzed lactone dimerization reaction appears to be efficient and

selective.
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The reaction pathway may involve acyl C-0 bond activation to form a bridged intermediate

40 (Scheme 1-14). The alkyl oxide then attacks another e-caprolactone to form a new

intermediate 41, from which a reductive elimination step affords a dimer 42. After the

reaction, significant amount of product was found accumulated at the top part of the glass

bomb, indicating that the dimer sublimes from the reaction solution. The sublimation may

drive the dimerization process to completion and also protect the dimer from further

reaction.

Scheme 1-14

H
H, L-Ni-L
L: N=PBug HNilLl, < "Ni Ni-H 25
H [} .I
24 L-Ni-L
7\
0 H H
° | we
o)
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H—N| rxlu
L-Ni-L
Binuclear

l
Reductive 23
Elimination
e
[Ni'-L],

w 8 0

L NI L L Ni— |_
H-Ni ,\',,j((/ H—N| N|
L-Ni-L O L-Ni-L
H H
40
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For the polymerization reaction, the overall process could involve two pathways: one is the
calcium hydride catalyzed e-caprolactone polymerization, the other nickel cluster catalyzed
dimerization pathway. The dimers may be consumed as a building block in polymerization
reaction before it escapes the reaction solution. Therefore, the dimerization process

accelerates the reaction rate in the convertion of e-caprolactone to polymers.
1.2.14 Benzaldehyde hydrogenation/hydrogenolysis

The hydrogenation of p-methylbenzaldehyde catalyzed by nickel cluster 8 has also been
investigated. However, the reactions using NaH as a scavenger produced unexpected
products, p-xylene and p-methylbenzoic acid, in equimolar amounts (Eq. 1-50). The direct
aldehyde hydrogenation product, p-methylbenzylic alcohol, was not observed. Based on the
products generated, it is deduced that the reaction involves the initial formation of p-
methylbenzyl p-methylbenzoate in situ (Scheme 1-14). The proposed pathway to this
intermediate is a Tishchenko reaction named after Russian chemist Tischtschenko, with

subsequent hydrogenolysis of the benzyl ester in one pot.

Equation 1-50

0 [Ni-N=PBuj], (1.0 mol %)

| 1 atm H,, 1.3 eq NaH /@/ . | A OH
=

n-Octane, 120 °C
(92%)

The Tishchenko reaction is an aldehyde condensation process to form the corresponding
ester compound. The reaction was discovered by Claisen and improved by Tischtschenko

using an aluminum alkoxide as a catalyst (Eq. 1-51).77 Surprisingly, this reaction is not
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named after the discoverer, Claisen, but the developer, Tischtschenko. Furthermore, the
reaction name was simplified to Tishchenko reaction. Nowadays, a large number of
homogeneous and heterogeneous catalysts have been developed for Tishchenko

reactions.’8
Equation 1-51
(@] (0]

| Cat. AI(OCH20H3)3
O
60 °C

In the unanticipated p-methylbenzaldehyde reduction, the actual catalyst carrying out the

Tishchenko reaction is unknown. Therefore, a control experiment was necessary for the
identification of the catalyst. The reaction without added scavenger was expected to
confirm that the nickel hydride catalyzes the aldehyde condensation (Eq. 1-52). However,
this reaction produces, cleanly, 94% p-methylbenzyl alcohol and 6% p-xylene based on GC-
MS analysis. The nickel hydride is not the catalyst for Tishchenko reaction, but instead
catalyze aldehyde hydrogenation, which proceeds to completion. Indeed, this catalytic
hydrogenation reaction is attractive for many applications, since the catalyst requires very
mild conditions and no additives. This reaction establishes a new project in the group,

developing catalytic, scavenger-free hydrogenation of aldehyde and ketone substrates.

Equation 1-52

0 [Ni-N=PBug], (2 mol %) o
~ 1 atm H,, 100 °C /@A .\ /©/

= n-Octane, 14 hrs
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Based on the control experiment and previous ester reductions, a mechanistic pathway for
the conversion of p-methylbenzaldehyde to carboxylic acid and xylene can be proposed
(Scheme 1-15). The hypothesis involves initial hydrogenation of aldehyde to alcohol. After
that, NaH reacts with the p-methylbenzyl alcohol to form the alkoxide, which has been
reported to be a catalyst for Tishcheko reaction.”® It is also possible that the alkoxide
catalyst is a nickel alkoxide. The p-methylbenzyl p-methylbenzoate generated in situ then

undergoes hydrogenolysis, catalyzed by the nickel cluster, to afford the observed products.
Scheme 1-15

cat. [Ni-N=PBug],

(|) (0]
1 atm H,, NaH /@/ . /@)J\OH
/[j n-Octane, 120 °C

A cat. [Ni-N=PBus],
cat. Ni cluster 1 atm H,, NaH
1 atm H,
0]
/
OH NaH | = ONa 0
Pz

A

In conclusion, we have reported a series of ester reduction reactions catalyzed by nickel
and cobalt clusters, which show high selectivity in the activation of the ester and acyl C-0
bonds in the ester functional group. The reactions uniquely generate carboxylic acids and
alkanes, a process closely related to green diesel production in the industrial ester refinery.
The catalysts provide a valuable model system for understanding industrial nickel

catalysts.
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1.3 Conclusion

In summary, we have developed ester hydrogenolysis reactions using [Ni-N=P‘Buz]4 8 as a
precatalyst, which proceed under mild reaction conditions (1 atm Hz, 120 °C). In these
reactions, benzyl/alkyl/aryl C-0 single bonds can be selectively activated in the presence
of acyl C-0 bonds, forming the corresponding carboxylic acid salts and hydrocarbons as
products. Such selectivity is unprecedented in catalytic ester reduction processes. In the
literature, the reported homogeneous catalysts are mostly ruthenium complexes, which
hydrogenate esters exclusively to alcohol products. In addition, our ester hydrogenolysis
reactions are quite distinct from the industrial hydrogenation/hydrotreatment processes

using heterogeneous catalysts.

Generally speaking, the ester hydrogenolysis reactions we developed require the addition
of CaH; or NaH as a proton scavenger. The substrate scope is relatively broad, including
benzyl, alkyl and aryl esters. In these reactions, benzyl C-0 bond activation appears to be
kinetically easier than C-0 bond activation of alkyl/aryl esters. The presence of an
aromatic ring at the acyl position in alkyl esters is essential to obtaining useful reaction
rates. It seems that coordination of the aromatic ring to the nickel center(s) in the active
catalyst is necessary to promote activation of alkyl C-O bond. The most challenging
substrates under current conditions are alkyl esters with no aromatic functionality, which

fail to undergo significant hydrogenolysis.

The chemical structure of the active catalyst remains undetermined. However, when
mercury was added in a benzyl benzoate hydrogenolysis reaction, the reaction became
stalled. The GC yield of toluene decreased to a merely 2% in this mercury test reaction. This
result suggested that the real catalyst is more likely to be heterogeneous.”® More effort is

needed to reveal the true nature of the real catalyst.
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1.4 Future work

Problems associated with ester reduction mainly rise from the use of a strongly basic
scavenger, which consequently narrows the substrate scope of this reaction. In addition,
the employment of base is a general disadvantage for the entire series of nickel/cobalt
cluster-catalyzed reactions, which include hydrodesulphurization and
hydrodeoxygenation. Therefore the development of new catalysts stable under acidic
conditions or selective nonbasic scavengers could serve as a general solution for this
problem. However, the design and development of such catalysts are incredibly

challenging.
Equation 1-53

0

Aot

_— C13H28 + Ca(OAC)2

For the ester hydrogenation reactions, the current conditions using CaH: as a base is rather
ineffective in reducing aliphatic esters bearing acidic a-hydrogens, such as triglycerides
and tridecyl acetate (Eq. 1-53). Future work is required to improve the efficiency in the
reduction of these challenging substrates. Possible strategies include addition of Lewis acid
to activate ester compounds, exploration of non-basic scavengers and the use of new
additives to promote the decarboxylation step (Scheme 1-16). Furthermore, if
decarboxylation can be designed as the dominant pathway, no protic compounds would be
produced in principle and therefore the addition of base would no longer be necessary.
Hence, for this proposed methodology, the acidic a-hydrogens in aliphatic esters would not

pose a serious challenge.
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Scheme 1-16

[M-N=PBujs],
\)(J)\ 1 atm H,, Base \)(J)\
R'CH
R A~ R + 3
0 R Lewis acid OH
[M'N=PtBU3]4
1 atm H,
Additive (0]
R M —> RCH; + CO,
| o
M= Co, Ni

+

R'CHs

Future work is also required for the exploration of ester reduction to give ethers. The ester
substrate scope for this deoxygenation reaction has to be further extended. However the
embedded challenge under current conditions is that the hydrogenolysis of alkyl or aryl C-
O bonds is the dominant reaction pathway for many ester compounds. To expand the
substrate scope for deoxygenation, new reaction conditions have to be developed so that
C-0 single bond hydrogenolysis can be minimized (Eq. 1-54). Furthermore, other carbonyl
compounds may also be deoxygenated. Amides can potentially be an important class of
substrates. A parallel investigation by Ting Zhao in our group suggests the C-N bond
activation in amide substrates does not occur under hydrogenation conditions. There thus
exists the possibility to hydrogenate amides to amines under appropriate conditions (Eq. 1-
55). The deoxygenation of aldehydes and ketones to alkanes is expected to be equally
difficult; as such carbonyl compounds have demonstrated other reaction patterns. More
specifically, aldehydes undergo Tishchenko reactions prior to being reduced, while
acetophenone hydrogenation affords an alcohol product (Scheme 1-17) that does not
undergo further reduction. Overall, further investigation may be required to study the

reduction of ester or related carbonyl derivatives.
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Equation 1-54
Q [M'N=PtBU3]4 O/
: e 70
©)J\ H,, additives

Equation 1-55

Iz

[M-N= PtBu3]4 ©/\ /\©
©)J\ /\© H2 additives

Scheme 1-17

Catalyst H, ©/
/\© addltlves
0]
Catalyst, H2
addltlves
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Chapter 2: Aerobic Alkane Oxidation Catalyzed by Phosphoranimide-Supported
Nickel and Cobalt Clusters

2.1 Introduction

2.1.1 Oxidation Reactions and Oxidants

Oxidation exists ubiquitously on this planet. The oxidation reaction is one of the most
fundamental reactions in chemical research and has wide industrial applications. Generally
speaking, oxidation is a broad research topic covering many intensively explored areas,
such as alkene epoxidation,8® alcohol oxidation,81-83 etc. There are also numerous reactions
named after their discovers or developers in the field of oxidation, including Swern
oxidation, Wacker-Tsuji oxidation, Baeyer-Villiger oxidation, Oppenauer oxidation, Corey-

Kim oxidation, etc.84

To conduct oxidation reactions in the desired and controllable fashion, a large number of
oxidizing reagents and systems have been developed over the decades. The oxidants can be
classified into different categories including peroxides, strong acids, halogens, hypohalites,
periodinanes, metal oxides, etc. These reagents contain either weak hetero-heteroatom
bonds or electron-deficient highly oxidized atoms, such as transition metals, halogens,
nitrogen and sulphur. The most commonly used oxidants at high oxidation state include

Dess-Martin reagent, Cr(VI) and Mn(VII) compounds, etc.8>

In spite of the large number of oxidants available, performing clean oxidation reactions
without releasing noxious pollutants is still incredibly challenging, especially on industrial
scale. In general, the current challenges facing oxidation reactions mainly include poor

atom efficiency, high toxicity, high cost and large volumes of waste generation.8¢ Many
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oxidation reactions generate large amounts of byproducts, which usually contain halogens,

transition metals and other hazardous components.

Nowadays, ecological sustainability is becoming an increasingly important issue in every
aspect of the modern society. Accordingly, the industrial processes involving oxidation
reactions have to grow beyond the old fashion, and need to be conducted in a more
economical and clean way in order to cultivate sustainable development. The development
of inexpensive, efficient and environmentally friendly oxidizing reagents is the key to

realizing this goal and enhancing long-term maintenance of the planet’s well being.

2.1.2 Introduction to molecular oxygen (0;)

Molecular oxygen is regarded as an ideal oxidant in various aspects. First, dioxygen is
abundant on the planet, constituting about 20.9% of atmosphere by volume. Therefore,
oxidation reactions using air can avoid any additional expense for other oxidizing reagents.
Second, purified dioxygen is also readily available on industrial scale at low cost. Current
industrial dioxygen manufacturing methods include air liquification and water
electrolysis.8” Third, compared to other corrosive and toxic oxidants, molecular oxygen is
mild and easy to handle. Finally, the ultimate byproduct of the oxidation reaction is water,
which can be directly released to the ecosystem. Therefore, developing oxidation reactions
with molecular oxygen is not only scientifically appealing, but also beneficial in the

economic and environmental points of views.

The presence of the heteroatom-heteroatom bond indicates the oxidizing ability of
molecular oxygen. This is not simply a well-accepted opinion, but also supported by
experimental measurements. The redox potential of molecular oxygen is 1.23 V with

respect to water. In comparison, the redox potential is 1.09 V for bromine and 1.36 V for
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chlorine with reference to their corresponding halides.88 The data imply that as an oxidant,
molecular oxygen is stronger than bromine, but weaker than chlorine. Furthermore,
Frontier Molecular Orbital theory provides a more accurate description on the oxidizing
ability of dioxygen molecule than VSEPR theory. As depicted in orbital diagram (Figure 2-
1), the HOMO of the Oz, consists of two energetically equivalent w* orbitals, each of which is
occupied by a single unpaired electron. The molecular orbital diagram below also
demonstrates that the triplet spin state with diradical character is the ground state

molecular oxygen.

Figure 2-1. Orbital diagram of molecular oxygen
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2.1.3 Reactions using O; as an oxidant

As a promising oxidizing reagent, molecular oxygen has been utilized in many oxidation
reactions. The majority of these reactions are catalyzed reactions that play important roles
in organic synthesis; these currently attract intensive research interest. On the contrary,
uncatalyzed reactions using dioxygen are much less popular and most of them have no

significant synthetic utility.

The most common uncatalyzed aerobic oxidation reaction is the flammable combustion of
organic molecules. Combustion is a highly exothermic radical-chain reaction, leading to the
formation of synthetically unattractive carbon dioxide.8? This is a traditional way to

generate energy with a history over thousands of years in human society.

Another general type of uncatalyzed aerobic oxidation reactions, generally termed
autoxidation, occurs in long-term chemical and fuel storage. For example, autoxidation of
diethyl ether leads to the formation of diethyl ether hydroperoxide, which can be further
polymerized to form highly explosive diethyl ether peroxides (Eq. 2-1).70 Molecules with an
olefin moiety can be oxidized slowly at the allylic position in air to give oxygenated
products; this is the decomposition process in biodiesel storage, as well as for many other
chemicals.3> Therefore, antioxidants are added as a common adduct to many chemicals to

prevent the undesired auto-oxidation process.

Equation 2-1

O . .
NN 0, Polymerization /\6 J\ o.__O.
2 o o7, OH

/\0)\ -EtOH
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Uncatalyzed aerobic oxidations in organic synthesis remain scarce, as very few organic
compounds react directly with molecular oxygen at a satisfactory rate. The reported
examples are generally restricted to cyclic alkenes, which include cyclododecane,
cyclooctene and 1,5,9-cyclododecatriene. These reactions are usually conducted at a
temperature range between 70 °C to 110 °C. Cyclooctene and 1,5,9-cyclododecatriene
oxidations afford the corresponding epoxides with high chemoselectivity.’? However, for
cyclododecane oxidation reaction, hydroperoxide, alcohol and epoxide are all present as

final products (Eq. 2-2).92
Equation 2-2
OH OOH

5 Bar O,
o]
CQ 110°C, 1 h, CC)O . .

11% Conversion

44 : 18 : 37

There is also an interesting report of an unusual uncatalyzed Baeyer-Villager oxidation of
cyclobutanone in air (Eq. 2-3).23 The reaction occurs at room temperature in methanol over
45 days to expand the strained cyclobutanone derivatives to a mixture of y-butyrolactone
compounds. The regioselectivity of oxygen atom insertion varies depending on the

substitution pattern of the aryl groups.

Equation 2-3

,H (@) Air, r.t.
B —
| H MeOH
“H CAr 45d
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In summary, uncatalyzed aerobic reactions are mostly used in uncontrolled energy
production and may cause hazardous problems in chemical storage. In organic synthesis,
direct reactions between molecular oxygen and organic molecules are usually slow and
have limited utility. The addition of catalysts is essential to enhance the reaction rate and

improve the yield.

2.1.4 Catalytic aerobic oxidation reaction

Compared to the uncatalyzed reactions, the catalyzed reactions using molecular oxygen as
an oxidizing reagent bear more synthetic applications. These reactions are rather diverse
and therefore a broad range of organic transformations has been realized. According to
Jiao, et al.,°* the reactions can be generally classified into three categories: dehydrogenative

oxidation, oxidative coupling, and aerobic oxidation with oxygen-atom incorporation.

Dehydrogenative oxidation involves the removal of hydrogen atoms from organic
molecules. These well-documented conventional reactions include alcohol oxidation to
aldehyde or ketone derivatives.8¢ More recently, a series of novel reactions have been
developed, including the direct esterification of alcohols,?> amide synthesis from alcohol
and amine,?¢ conversion of substituted cyclohexanones to phenol derivatives and

dehydration of aldehydes to the corresponding ¢, f-unsaturated aldehydes, among other

things.%”
The scope of oxidative coupling is rather broad, covering reactions involving carbon-

carbon, carbon-heteroatom and even heteroatom-heteroatom bond formation. Common

examples include homo-coupling,®® oxidative amidation, oxidative Heck coupling, Wacker-
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type oxidation, and cycloaddition.?* Research in this field is also closely correlated to other

frontier research areas, such as C-H activation and cross-coupling reactions.?%-100

Oxygen atom transfer aerobic oxidation reactions have been demonstrated using simple
substrates: alkanes, alkenes and alkynes to afford ketones, epoxides, diketones, and many
other oxygenated products.101-103 Furthermore, oxygen incorporation has also been
performed on substrates bearing functional groups, to build the structurally more

complicated molecules efficiently.104-107

Among the diverse oxidation reactions using O as the terminal oxidant, alkane partial
oxidation reactions are attracting more research attention due to their commercial
potential and challenging nature. The rest of this chapter focuses on the alkane oxidation
reactions, covering an introduction to the alkanes, fundamental C-H activation processes,

and selective catalytic alkane oxidation reactions.

2.1.5 Introduction about alkanes

Alkanes are saturated hydrocarbons that are abundant in fossil fuel reservoirs such as
petroleum and natural gas. Various saturated hydrocarbon compounds are present as
important components in crude oils. Meanwhile, methane is the major constituent of
natural gas.198 Currently, alkanes are mainly produced from petroleum-based industries

and serve primarily as a source of transportation fuels.

Alternatively, alkanes are also utilized as a valuable feedstock for the production of value-
added commodity and specialty chemicals, including alcohols, ketones, and aldehydes.
Under current technology for petrochemical synthesis, the transformation involves indirect

multi-step manipulations, such as energy-intensive thermal cracking,199 olefin
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polymerization,'10 conversion to syngasl! or other inefficient processes. Ideally, alkanes
could be potentially converted to fine chemicals in a single catalytic oxidation step.

However, this direct conversion is not yet practical in industry.

Today many researchers find the idea of oxidizing alkanes to fine chemicals using O2
directly exciting. If successfully developed to industrial standard, it would provide value-
added petrochemicals in a much more efficient, economical, and environmentally cleaner
way. Meanwhile, such selective technology would be particularly valuable for natural gas
upgrading. Under ambient temperature and atmospheric pressure, methane exists in gas
form, which renders the full utilization challenging and expensive.112 Therefore, an easy
conversion of methane to liquid compounds such as methanol, formaldehyde, or methyl
formate would largely eliminate the difficulties in natural gas transportation and storage,

while providing an alternative energy /chemicals source.

Partial oxidation of alkanes has been targeted in research for decades; however, many
difficulties lie in the research and appear to be insurmountable. The relative inertness of
alkanes remains as the major challenge for the further development of alkane oxidation.
The alkane molecules are composed of only sp3 C-H and sp3 C-C bonds without any 7 or n-
electrons. Both C-H and C-C bonds are strong o bonds, in which the bond energy is
approximately 100 kcal/mol.113 As a result, the thermal reaction between alkanes and
molecular oxygen requires very high temperatures to occur. For instance, the auto ignition
temperature for butane is 405 °C.114 [n addition, alkanes are also resistant to many other
strong oxidizing reagents. Experiments have been conducted by adding n-hexane to
concentrated sulfuric acid, boiling nitric acid, potassium permanganate or chromic acid and

n-hexane, yet no activation of the n-hexane was observed.11>
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Compounding the problem, the enhanced reactivity of partially oxidized products leads to
another challenge for alkane oxidation reactions. These oxygenated compounds are
generally more reactive than the alkane starting material. The incorporation of the oxygen
atom into the alkane activates the adjacent C-H bonds due to the electronegativity and
hyperconjugative effects of the oxygen atom. As a consequence, reactions usually proceed
to fully oxidized products, whereas partially oxidized intermediates are rarely produced in
any appreciable amount. The most problematic case occurs in methane oxidation, from
which carbon dioxide is obtained as the major oxidation product. Methanol and

formaldehyde are not accessible due to their higher reactivity compared to methane.

The chemo- and regioselectivity of C-H activation represents another challenge in alkane
oxidation reactions. Though primary, secondary and tertiary C-H bonds can be
differentiated by radical species, many existing reactions still suffer from low
chemoselectivity. Moreover, regioselectivity among the same type of C-H bonds (e.g., two
chemically inequivalent methyl groups) is exceptionally difficult, as the alkane substrates
do not possess any directing group to guide C-H activation to a particular position. Taking
the linear alkanes for example, these hydrocarbons only consist of internal methylene
groups and terminal methyl groups. Since all methylene groups share very similar

electronic and steric properties, they can be hardly distinguished in chemical reactions.

2.1.6 Alkane sp? C-H activation and related oxidation reactions

Though alkanes are relatively inert compounds, a variety of reagents have been
discovered/developed to activate the saturated hydrocarbons. The reagents can be roughly
categorized as super acids (e.g., HF-SbFs), free radicals, peracids, carbenes and more
abundantly, transition metal complexes.11¢ Over the past thirty years, a significant number

of organometallic complexes have been developed to activate alkyl C-H bonds.
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Transition-metal complexes capable of C-H activation are diverse in their electronic and
structural properties. According to Bercaw,!1” the activation of aliphatic C-H bond by
transition metal complexes can be classified into five mechanism-based categories: (1)
electrophilic activation by high-valent electron-deficient complexes, (2) oxidative addition
with low-valent electron-rich ‘late’ transition metals, (3) sigma-bond metathesis by alkyl or
hydride ‘early’ transition-metal complexes, (4) 1,2-addition to metallocarbene or nitrene
complexes, and (5) metalloradical activation by rhodium(II) phorphyrin complexes. Among
the five categories, the C-H activation via (1) electrophilic activation and (2) oxidative
addition reactions have been intensively investigated, resulting in a deeper mechanistic
understanding. In this thesis, our main focus will be on the first two categories of reactions;
C-H bond activation involving sigma-bond metathesis, 1,2-addition and metalloradical

activation will not be covered in any detail.

The electrophilic activation of sp3 C-H bond by high-valent metal complexes is a promising
and effective strategy to oxidatively functionalize aliphatic compounds. A considerable
number of transition metal complexes have been demonstrated to activate alkyl C-H bond
stoichiometrically. Some of them have been further developed into catalysts for alkane

oxidation reactions.

In 1969, Shilov reported his pioneering work for electrophilic C-H bond activation in
alkanes.118 The hydrogen-deuterium (H/D) exchange in methane or ethane is observed,
catalyzed by K>PtCls under acidic condition at 100 °C. The experiments were performed in a
mixture of deuterated acetic acid and deuterium oxide (30%), to which hydrochloric acid

was added (Eq. 2-4).
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Equation 2-4

KoPtCl,, 30% HCI, 100°C
CH, CH3D
CHZCOOD/ D,O (30%)

Based on the observations from the above experiments, Shilov and co-workers then made
significant progress toward realizing catalytic alkane oxidation reactions in 1972 (Eq. 2-
5).119 The reactions were conducted with PtCl; catalyst under strongly acidic conditions at
120 °C, although stoichiometric amounts of Hz[PtCls] were used as the oxidant. The

reaction affords terminal alcohols and the corresponding alkyl halide as major products.

Equation 2-5

PtCl 2"
RCH; + PiClgz + H,0(Cl) ————> RCH,OH (RCH,Cl) + PiCl,2 + HCI
H,O

This activation pattern differs from typical radical reactions, in which the methyl groups
are not competitively activated. The mechanistic hypothesis proposed by Shilov involves
three steps: (1) the activation of an alkane C-H bond by Pt(II)Cl4?- to form an
alkylplatinum(II) intermediate 44; (2) oxidation by the Pt(IV) complexes 45 to generate an
alkylplatinum(IV) species 47; and (3) the reaction of the alkylplatinum intermediate with
H20 and CI- to regenerate the Pt(II) catalyst 43 and release the alcohol and/or alkyl halide
products (Scheme 2-1).120
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Scheme 2-1
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In 1990’s, Bercaw and co-workers provided a more detailed mechanistic investigation of

the Shilov system, conducting in-depth kinetic, isotopic labelling, and stereochemistry

studies.!?! For the second step, 19°Pt isotopic labeling experiments suggest an

alkylplatinum(IV) intermediate 50 is formed from oxidation mediated by Pt(IV)Cls2- 49

rather than the suggested alkyl group migration to the platinum(IV) center 49 (Eq. 2-6).

This discovery indicates the possibility of developing Pt(II)-catalyzed reactions using

cheaper terminal oxidizing reagents. Indeed, several corresponding reactions have been

developed by employing electrochemical oxidation or Oz in combination with copper salts

or heteropoly acids.122-124

Equation 2-6

H,0

[Pt(C2H4)C|3] - + [195PtC|6] 2- B

48 49 50

[Pt(CH,CH,OH)Cls] & +

[195PtC|4] 2- + H+



In addition, Bercaw also studied the stereochemistry of the Shilov reaction. A reaction was
performed using trans-1,2-dideuterioethylene to produce dz-1-chloroethanol. After
treating with sodium hydroxide solution, the product was identified as cis-ethylene-d;
oxide (Eq. 2-7). The result suggests that after the formation of alkylplatinum (IV)
intermediate 50, the reduction step is an Sy 2 displacement with H20 or Cl-. Alternatively, if
the pathway involves a reductive elimination, the product would be a different isomer,

trans-ethylene-d; oxide, which was not observed in this experiment (Scheme 2-2).

Equation 2-7

1. [PtClg]2, H,O H O H
PtCls(trans-CHD=CHD) > AN
2.NaOH D D
Scheme 2-2
Cl
H®D NaOH H, O H
I}
i [PClq] 2 Pt
o
D H
D H H.,0 OH - .
Reductive H D NaOH H, /D
Elimination D H . A
OH D H

In 1995, Bergman et al, reported an iridium-mediated electrophilic C-H activation reaction
at a remarkably mild temperature (10 °C).12> The iridium(III) complex,
Cp*(PMe3)IrMe(CICH2Cl)* BArs 53, is prepared from Cp*(PMe3)IrMe(OTf) 52 by the
addition of sodium tetraarylborate in dichloromethane. Cp*(PMe3)IrMe(CICH2Cl)* BArs 53
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activates the aliphatic C-H bond in hydrocarbons, such as pentane and methylcyclohexane,

to afford the corresponding cationic olefin hydride complexes 54, 55 (Eq. 2-8).

Equation 2-8

NN N
[Ir] s
N
CH,Cl, H
54
L NaBlAr);
r—OTf |r/CICHQCI
N T CH,Cly
Me3P CH3 e3P CH3 B(Arf)4' <:>7
52 53

“”(\O
H

55

CH,Cl,

In summary, high-valent transition metal complexes are an important class of
organometallic compounds that are capable of C-H activation. Many complexes that are
capable of electrophilic C-H activation have been reported, illustrated by Shilov’s and

Bergman’s examples.

Alternatively, however, electron-rich low valent ‘late’ transition-metal complexes can also
activate aliphatic C-H bonds by a non-radical mechanism. Such complexes activate C-H
bonds by concerted oxidative addition. Early discoveries involve intramolecular C-H bond
activation (“orthometallation”) of the coordinating ligands. As the example illustrated, the
activation of the neopentyl group is observed in dineopentylbis(triethylphosphine)
platinum(II) complex 56, producing a more rigid 3,3-dimethylcycloplatinabutane complex

57, as reported by Whitesides in 1979 (Eq. 2-9).126
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Equation 2-9

Ha
(CoDs)3R,CH,C(CHg)s 157 °C (C2Ds)sR ,C_ ,CHs
P — PANAN + C(CHa)q
(C2Ds)3P CHoC(CHg)s Cyclohexane (CoDs)4P ﬁ CH,4
2
56 57

Intermolecular alkane activation reactions were developed shortly afterwards. In 1979,
Crabtree discovered the iridium-mediated dehydrogenation reaction of cyclic alkanes to
form new m-bonded ancillary ligands. For instance, the dehydrogenation of cyclopentane
by IrHz(acetone);(PPhs)2 58 led to the formation of CplrH(PPh3)2 59 (Eqg. 2-10).127 In 1982,
Bergman and Graham independently reported photochemical C-H activation reactions of
cyclohexanes and neopentanes with Cp*Ir(PMe3)(H)2 60 and Cp*Ir(CO)2 62, respectively
(Eq. 2-11, 12).128129 Subsequently, an ever-increasing number of low valent complexes
have since then been developed to activate alkanes stoichiometrically by oxidative

addition.
Equation 2-10

O + IrHy(acetone),(PPhg),  ———>  CplrH(PPhg),

58 59

Equation 2-11

< NU'H
Ir..,, O MesP
MesP” M1 hv
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Equation 2-12

R

Lo,
\ “CHaC(CHy)s
H

hv

Ir |
/ \

oC co CHyC(CHa)g oc/

62 63

More recently, catalytic alkane functionalization reactions have also been developed using
low valent transition-metal catalysts. The alkane dehydrogenation catalyzed by iridium
complex 64 has been developed, in which terminal alkenes can be obtained from alkanes
(Eg. 2-13). In another example, the borylation of alkanes is mediated by rhodium catalyst
65, producing alkylboron compounds (Eq. 2-14). These catalysts, however, are sensitive to
oxidants, so low valent transition-metal complexes are inherently not applicable as

catalysts for alkane oxidation reactions.

Equation 2-13

PR,

PR,

64
RCH,CHs + BuCHCH, ——— > RCHCH, + (BUCH,CH,
150 °C

Equation 2-14

Cat. Cp'Rh(CoHy)

o 0O 0
'B-B + 2RH 65 2 R-B + Hp
O O 0
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2.1.7 Alkane oxidation with oxidants other than O,

Though different types of organometallic compounds are capable of activating the aliphatic
C-H bonds, very few of them can be further developed into alkane oxidation catalysts.
Established catalysts are predominantly high valent transition-metal complexes. Besides
the discussed PtCl; catalyst in Shilov system, many other high valent transition-metal

catalysts are reported.

Palladium(II) complexes have also been demonstrated to activate the saturated
hydrocarbons. In 1987, Sen group developed palladium(II)-mediated alkane oxidation
reactions in trifluoroacetic acid at 90 °C (Eq. 2-15).130 Adamantane and methane are
oxidized to the corresponding 1-adamantyl and methyl trifluoroacetates. Palladium(0)
metal is precipitated during the reactions. In 1991, Sen developed the corresponding
palladium-catalyzed methane oxidation reactions with the addition of hydrogen peroxide
and trifluoroacetate (Eq. 2-16).131 Methyl trifluoroacetate was formed as a stable product
resisting further oxidation. The added trifluoroacetic anhydride absorbs water generated
from the reaction and therefore protects methyl trifluoroacetate from undergoing ester

hydrolysis to form the more reactive methanol.

Equation 2-15

CF3CO,H
CH, + Pd(O,CR), —— = CFsCO,CH; + Pd(0) + 2RCO.H
90 °C
Equation 2-16
Pd (1)
CH4 + 2(CF3002)2 + H202 —— CF3C02CH3 + 3CF3COQH
90 °C

91



Sulfuric acid has also been used as an oxidant in several alkane oxidation reactions with
various transition or post-transition metal catalysts, mainly invollving Pt(II), Pd(II), or
Hg(II) species. In 1993, Periana reported mercury(II)-catalyzed methane oxidation in
sulfuric acid to generate methyl bisulphate (Eq. 2-17).132 This catalytic reaction was
developed from the known methane oxidation with stoichiometric amount of mercuric
triflate, in which methyl triflate is produced and mercuric triflate is reduced to mercurous
triflate (Eq. 2-18). In the catalytic reaction, the sulfuric acid is used to oxidize the mercury
species with the release of sulphur dioxide. In 1998, Periana first demonstrated methane
oxidation with a bidiazine platinum(II) complex 66. The reactions are also conducted in hot

sulfuric acids to generate methyl bisulphate (Eq. 2-19).133

Equation 2-17

Hg (1)
CH4 + 2 H2SO4 —— CH3OSO3H + 2 Hzo + 802

Equation 2-18

CH4 + 2 Hg(CFSSO3)2 e CF38030H3 + CF3SO3H + ng(CF3SOS)2

Equation 2-19

CH4 + 2H2804 CH3OSO3H + 2H20 + SOQ
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The oxidative condensation of methane, discovered by Periana in 2003, is distinct from the

previous methane oxidation reactions.!3* The methane oxidation reaction is catalyzed by

palladium(II) sulphate in sulfuric acid at 180 °C to produce mainly acetic acid, along with

methanol in a much smaller amount (Eq. 2-20). The 13C-labeling experiment confirms

methane as the carbon source for both carbons in the C; product (Eq. 2-21). The proposed

pathway involves an oxidation of methane to methanol and subsequently to carbon

monoxide. The carbonylation process of methylpalladium(II) species 67 ultimately leads to

the formation of acetic acid (Scheme 2-3).

Equation 2-20

Equation 2-21

Scheme 2-3

Pd (1)
CH4 I CHscOZH
H,S0,

Pd(ll)
13CH, W 13CH,413CO,H
20Uy

?
co XPd-CCHj
68
X=0SO3H

XPd-CHs

CH CH3X
d 67 3 CH4COX
H,S0,
L Pd(

PdX, \v 0)

SO,

CH3X co
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This hypothesis is supported by a series of mechanistic studies. A control experiment,
carried out with a mixture of methane and methanol, resulted in the consumption of both
starting materials and the formation of acetic acid; methanol is thus an intermediate of the
reaction. Moreover, a reaction with 13C-enriched methanol and non-labelled methane
provides a 13C-labelled acetic acid where 13C is exclusively present on the carbonyl carbon
of the product (Eqg. 2-22). This result proves that the carbonyl carbon in the acetic acid

comes from methanol and methyl group of the product from methane.

Equation 2-22

Pd (1)
12CH, + 13CH;0H W 12CH,3CO,H
20Uy

These pioneering discoveries contribute substantially to the development of partial alkane
oxidation. However, significant drawbacks are still closely tied with the discussed
reactions, such as the requirement for expensive catalysts, corrosive oxidants, and the
generation of toxic gas(es), which together suppress applications of the reactions in
industry. To develop mild and green alkane oxyfunctionalization reactions, it is crucial to
use clean oxidants. The ideal choice would be developing methods that use molecular

oxygen as an oxidant.

2.1.8 Aerobic alkane oxidation in metalloenzymes

Nature demonstrates aerobic alkane oxidation reactions in a wide range of prokaryotic and

eukaryotic microorganisms. Various classes of enzymes have been naturally evolved to

catalyze the partial oxidation of alkanes. These enzymes are all metalloenzymes, since they
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possess at least one transition metal in the enzymatic scaffold as the active sites for

oxidation reactions.

The metalloenzymes mainly include cytochrome P-450 alkane hydroxylases (CP-450),
integral membrane diiron alkane hydroxylases (AlkBs), soluble diiron methane
monooxygenases and membrane-bound copper-containing methane monooxygenases
(MMOs).13> In spite of the variety, these enzymes share common characteristics, including
the use of molecular oxygen as the oxidant, the presence of a reductant for the reaction to

occur, high chemo- and regioselectivity and mild physiological operating conditions.

The cytochromes P450 superfamily is present in most organisms, ranging from
microorganisms to fungi and plants, and to animals. The CP-450 enzymes perform various
reactions, one of which is alkane hydroxylation. The CP-450 family has been extensively
studied and the mechanism of alkane oxidation is established and generally accepted by

the field.

The active site of cytochrome P450 consists of a tetradentate porphyrin-supported
mononuclear iron complex, which is also coordinated by an axial cysteine residue. The
overall oxidation reaction catalyzed by CP-450 consumes protons, electrons, molecular
oxygen and alkanes to produce water and, with high selectivity, primary alcohols. The
proposed reaction cycle involves the activation of molecular oxygen, oxidation of the
alkane, and reduction of the iron center to its low valent ground state (Scheme 2-4).13¢ The
reactive intermediate is an oxo-ferryl (O=Fe!V) porphyrin radical, which abstracts a
hydrogen atom from the hydrocarbons. During the cycle, the reduced nicotinamide
dinucleotides, abbreviated as NAD(P)H, is required as an electron donor to reduce the

intermediate 70 and 72.
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Scheme 2-4
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Integral membrane diiron alkane hydroxylases (AlkBs) are present in n-alkane-degrading

bacteria.l37 These enzymes have a diiron cluster in the enzymatic scaffold, which
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selectively oxidizes the terminal position of linear alkanes. Two types of methane
monooxygenase enzymes (MMOs) have been found in methanotrophic bacteria. MMOs that
contain diiron centers are soluble in the cell, whereas the copper-containing
monooxygenase is membrane-bounded. MMOs also oxidize the alkanes selectively at
terminal positions. Due to the multi-component and membrane-bound nature, AlkBs and

MMOs are still not well understood today.

Enzymes created by nature demonstrate amazing reactivity under mild conditions, but
they are very sensitive and unstable outside the living cells. The vulnerability of the
enzymes limits in vitro applications as biocatalysts. Molecular protein engineering is a
powerful tool to modify enzymes, but current engineered enzymes cannot meet practical
standards for productivity.138 Though direct application of biological metalloenzymes is
challenging, the knowledge of enzymes continues to inspire the development of synthetic

catalysts.

1.2.9 Aerobic alkane oxidation with synthetic catalysts

Research to develop synthetic catalysts that mimic biological enzymes has also had limited
success. The well-known biomimetic “Gif catalyst” system was developed by Barton, et al,,
to mimics CP-450 and named after the place where it was invented3?. In the Gif system,
oxidation of saturated hydrocarbons is conducted under air at room temperature. Four

generations of Gif system have been reported since the initial discovery (Table 2-1).
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Table 2-1. Comparison of four generations of Gif systems

Generation Catalyst Electron donor Proton donor Additive Solvent
| Fe(0) Fe(0) HOACc Na,S Py
1 Fe(0) Fe(0) HOAc H,S Py-H,0
Il Fe(0) Fe(0) HOAc - Py-H,0
\Y Fe'Fe" cluster Zn HOAC - Py-H,0

Fe'"Fe" cluster = Fe'"Fe",0(0AC)s(py)s; Py = Pyridine

In the first two generations, HzS or Na;S was added to mimic the cysteine ligand in CP-

450.140 However, control experiments in the absence of sulfur-containing compounds also

afford oxygenated products. This result suggests that an Fe-S bond is not essential for the

oxidation. The third catalyst generation consists of iron(0) and acetic acid in a solution of

pyridine and water. Iron powder serves not only as a precatalyst, but also as an electron

donor during the oxidation. Interestingly, a trinuclear organoiron carboxylate cluster was

isolated from the reaction mixture. The cluster was characterized as a mixed valent iron

complex 76, FellFell;0(OAc)es(py)s. In the fourth generation, this iron cluster is utilized as a

catalyst and zinc is employed as the stoichiometric electron donor (Eq. 2-23). Further
research in Gif chemistry led to the development of new “Gif-Orsay” and generations of

“GoAgg” oxidation systems involving Fe(III) or Cu(lI) catalysts and H202 as an oxidant.141
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Equation 2-23
Fe(ll)Fe(l11),O(OACc)s(py)s 76
+ Zn + HOAc
Py-H,0 (6.6%), air, 20 °C, 4 h

The major products from Gif system are ketones, however alcohols can also be formed as

(19.5%)

minor products in many reactions. For adamantane oxidation, 2-adamantanone is obtained
together with lesser amounts of 1- and 2-adamantanol (Eq. 2-24). Activation of the
secondary C-H bond is preferred over both primary and tertiary C-H bonds. The selectivity
of C-H bond activation in Gif system is distinct from that involving CY-450 and radical
reagents, which prefer the activation of primary and tertiary C-H bonds, respectively. The
proposed working hypothesis from Barton involves the formation of Fe oxenoid with
unspecified valency as an active intermediate. The activation of hydrocarbons affords the

formation of alkyl iron species, which eventually convert to ketones.142

Equation 2-24

OH
HOAc, Na,S, Py OH 0
+ Fe (0) + +
20°C, O,, 18 h
0.5% 0.4% 3.2%

Another important category of biomimetic catalysts capable of alkane oxidation reactions
is the metalloporphyrin class. As discussed, CP-450 is an example of a porphyrin complex
containing an iron center. Many other transition metals can also be present in the

metalloporphyrin complex, including Co, Mn, Cu, Au, Ir, Pd, Pt, etc.143 Meanwhile, for the
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alkane oxidation reactions catalyzed by these complexes, the reducing reagents employed
are rather diverse. The most common reagents include molecular hydrogen, metal(0)

powders, and aldehydes.

Many heterogeneous catalysts have also been developed for aerobic alkane on oxidation.144
Heterogeneous transition metal catalysts include V, Mo, Mn, Fe, Co, Pd, Au, and Pt,
supported variously on silica, metal oxides, polystyrene, montmorillonite K10 and others.
Some of these reactions have important industrial applications for fine chemical synthesis.
The commercialized n-butane oxidation to maleic anhydride using a phosphorus oxide-

supported vanadium oxide catalyst (VPO) (Eq. 2-25).145

Equation 2-25

VPO, O, o

5 O O
g 380 °C U

Though catalysts for aerobic alkane oxidation reactions are predominantly transition-metal
complexes, organocatalysts are also known to carry out this task.14¢ However, most
organocatalysis reactions involve typical radical pathways. These reactions are not as
diverse in mechanism as alkane oxidation catalyzed by transition metal complexes. The
best-studied organocatalyst is N-hydroxyphthalimide (NHPI), which readily oxidizes
benzylic methylene groups under oxygen (Eq. 2-26).147 However, efficient oxidation of
alkanes requires the addition of transition metal salts to NHPI 77, such as Co(OAc)>,

Mn(acac)y, etc.
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Equation 2-26

1 atm O,, NHPI (10 mol%) 77

Q.O PhCN, 100 °C, 20 h Q.O

In conclusion, an appreciable range of catalytic systems have been developed to perform
alkane oxidation using molecular oxygen as the oxidizing reagent. Mechanistic research
provides valuable insight into understanding and modifying the systems for improved
performance. However, the application of alkane oxidation to industrial fine chemical
synthesis is still in its early stages. Major challenges include the improvement of catalyst
efficiency, the control of partial oxidation processes, and the demonstration of high chemo-

and regioselectivity.

2.2 Results and Discussion

2.2.1 Aerobic alkane oxidation overview

Due to the limitations and drawbacks remaining in alkane oxidation research, developing
new catalysts is highly desirable. Here [ am presenting my discovery of the aerobic alkane

oxidation reactions catalyzed by phosphoranimide-supported nickel and cobalt clusters.

Since the preparation and characterization of these nickel(I) and cobalt(I) clusters, our
studies have been exclusively focused on reductive catalysis, including
hydrodesulphurization, hydrodeoxygenation, ester hydrogenation, and aldehyde/ketone
reduction.148149 These reactions are typically conducted under hydrogen. When other

reducing reagents, such as silane, are used, the reactions are carried out under inert
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nitrogen atmosphere. Even trace amounts of molecular oxygen leaking into the reaction
vessel completely deactivate the cluster and shut down the hydrogenation/hydrogenolysis
reactions. Therefore, these highly air-sensitive low valent, low coordinate nickel(I)/cobalt(I)

complexes were considered to be unsuitable for catalyzing oxidation reactions.

Interestingly, the exposure of the nickel(I) and cobalt(I) clusters to molecular oxygen or air
does not destroy these clusters, as we originally hypothesized.

In a failed ketone hydrogenation reaction, a trace amount of solvent, n-octane, was oxidized
to ketone compounds. Though the air-oxidized clusters are inactive for the hydrogenation
and hydrogenolysis reactions, they are surprisingly capable of catalyzing aerobic alkane
oxidation reactions at moderately elevated temperatures. Several series of experiments
were designed to reveal the hidden oxidation powers of the phosphoranimide-supported
nickel and cobalt clusters. This discovery is the first of its kind for oxidation reactions

catalyzed by nickel or cobalt clusters.

In general, the nickel/cobalt clusters catalyze alkane oxidation with molecular oxygen to
afford ketone compounds as the major products (Eq. 2-27). Depending on the substrates
and reaction conditions, minor products such as diketones, alcohols, and carboxylic acids
may also be obtained. Various hydrocarbon compounds have been tested as substrates for
the oxidation reactions, mainly including alkyl arenes, ethers and saturated hydrocarbons
as listed in Table 2-2. For ethers and alkyl arenes, the electron-withdrawing group can
activate the adjacent methylene groups. As a result, the benzylic C-H bond in alkyl arenes
and methylene groups adjacent to ether oxygen can be selectively activated in the oxidation
reactions. Non-activated saturated alkanes represents a class of more challenging
substrates due to the stronger C-H bonds. In saturated alkanes, tertiary, secondary and

primary C-H bonds become progressively more difficult to activate.
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Equation 2-27

o~ [Ni-N=P"Bug]y, O, o} R: phenyl, alkoxyl, alkyl groups
R 'R L R": alkyl groups .
neat Scavenger, 120 °C R™ R Scavenger: CaH, or 3 AM.S.

Table 2-2. A summary of the aerobic alkane oxidation reactions

Entry Starting material Major product Scavenger Temperature (°C) Conversion (%)
1 O
AN ©)k CaH, 120 70
| 4
2 O
@O (;ij CaH, 120 40.8
3 o)
©/\j 0 3AMs. 120 48.9
4 @) o) o .
Q (_/v/ 3A M. 120 .
5 )
/\/\O/\/\ /\/\O)J\/\ CaH, 120 3.6
O
/\/\OJ 43
6 O
NN \/\OJ\/ CaH, 120 5 g

7 O
© CaH, 120 8.9
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3AM.S. 150 3.3

8
3AM.S. 120 7.8
e o

In aerobic oxidation of alkanes to carbonyl compounds, water is expected to be the final
byproduct, containing the hydrogen atoms from the alkane and one oxygen atom from
molecular oxygen. However, by protonating and/or hydrolyzing phosphoranimide ligands,
water could deactivate the nickel/cobalt cluster (Scheme 2-5). Therefore, a proton
scavenger is normally required to maintain the reactivity of our catalysts. Generally, CaH:
or 3 A molecular sieves are used in the experiments discussed to eliminate water from the

reaction solutions.

Scheme 2-5
OH P(1Bu) Protonation P(Bu) Hydrolysi
., 3 ., 3 yarolysis _
MmN e M ———— W% ompmu)
M H,0 M H,0 M

M: Co/ Ni with unspecified valency and ligands

In general, these oxidation reactions are heated to high temperatures (120 °C or above).
Since the boiling points of most substrates are higher than 120 °C, the corresponding
oxidation reactions can be performed in open Schlenk flasks or other glass reactors. To
prevent organic solvent evaporation, a water-cooled condenser is connected to the reaction
vessel. However, for substrates with lower boiling points, the reactions cannot be
performed in an open system. As an alternative, these reactions were carried out in sealed

vessels, which could be pressurized and heated to any desired temperature by immersion
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in a thermostated oil bath. Substrates with high and low boiling points are categorized in

Table 2-3.

Table 2-3. Two categories of substrates that have high or low boiling points

Substrates Boiling point Reaction apparatus

o o0 o
()~

>120°C Open Schlenk flask

O @ :O <85°C Sealed glass vessel

After conducting a thorough literature search, we find that the phosphoranimide-
supported nickel-catalyzed aerobic oxidation reactions are unprecedented. In addition,
these reactions possess several unique characteristics that are distinct from the known
reactions. First, nickel is not commonly utilized in catalyzing aerobic alkane oxidation,
whereas palladium, platinum, iron and copper are much more regularly employed as
catalysts. Second, the majority of the reactions catalyzed by biological enzymes and
biomimetic catalysts involve the addition of reducing reagents as an electron donor.
However such a reducing reagent is not required in our nickel-catalyzed reactions. Though
proton scavengers are indispensable in our reactions, scavengers normally are not

required in literature procedures.
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2.2.2 The story behind the discovery of the alkane oxidation reactions

Before a detailed discussion of individual oxidation reactions, [ will present the interesting
story behind this discovery. The discovery of alkane oxidation reactions is related to the
study of a failed ketone hydrogenation experiment. While analyzing the reaction mixture of
the nickel-catalyzed hydrogenation of acetophenone in octane solvent, we found no alcohol
product was obtained. However, interestingly, a trace amount of ketone was discovered
among the recovered starting material. A GC-MS analysis of the organic solution was
conducted and showed the presence of 2-octanone with 0.32%, 3-octanone with 0.24%, 4-
octanone with 0.24% and 2,5-octadinone with 0.44% (Eq. 2-28). Based on the experimental
observation and analysis, I deduced that the ketone residues were oxidation products of

the solvent n-octane.

Equation 2-28

o [Ni-N=PBug],

(0.41 mol%) 0.32% 0.24% 0.16%
_—
©)k CaHy, 120 °C o 0 Q
1atm H,, n-octane \)J\/\/\ + )J\/\H/\/ + /\/\/\H)J\OH
(e} (e}
0.24% 0.44% 0.33%

During that failed reaction, a small amount of molecular oxygen presumably leaked into the
reaction vessel. After refilling the glass bomb with hydrogen, the color of the solution
changed slowly from deep green to light brown. This is a strong indication that air has
entered and “destroyed” the catalysts, probably through an error in using the hydrogen line.
Not surprisingly, the acetophenone reduction did not afford any 1-phenylethanol as

expected, even though that reaction normally proceeds successfully.
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A close analysis of the GC-MS spectroscopy results revealed that various octanone isomers
were present in the reaction mixture. As octanones were never detected in previous ester
hydrogenation reactions, there is no chance of solvent and starting material contamination.
In addition, the presence of a series of oxidation products eliminates the possibility of a
single source contamination; only a catalytic oxidation reaction of the solvent was left to be
the cause. Therefore, we concluded the ketones are the products of a catalytic aerobic

oxidation of n-octane.

To test the hypothesis that nickel cluster can catalyze alkane oxidation reactions, a similar
experiment was conducted to reproduce the result of n-octane oxidation. In this reaction,
the nickel cluster was added to the n-octane solution containing CaH: (Eq. 2-29). The
hydrogen line was deliberately open to air for a short period of time before fill the reaction
vessel with Hz gas. As observed before, the cluster turned brown after hydrogen gas was
introduced. However, this reaction failed to produce the previously observed octanone

products.

Equation 2-29

[Ni'NZPtBU3]4, CaH2
P N\ > NN
120 °C, 1atm H,

* hydrogen line was temperarily open to air.

Despite of the failure to reproduce the n-octane oxidation, further experiments were
carried out to realize a more general oxidation reactions. In place of n-octane, ethylbenzene
was selected as a better substrate for the following reasons. First, ethylbenzene is oxidized

more readily than n-octane due to the presence of activated benzylic C-H bonds. Second,
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the high boiling point of ethylbenzene (136 °C) renders the reaction amenable to using an
open system. Third, the proposed benzylic oxidation and the presence of an ethyl group
would result in the formation of a ketone rather than an aldehyde product. Since ketones
are more stable than aldehydes, this minimizes the possibility of further oxidation to form

more complicated product mixtures.

Ethylbenzene oxidation was conducted with unrestrained exposure to air at elevated
temperatures (Eq. 2-30). Calcium hydride was added as a scavenger, as the catalysts were
believed to be sensitive to acidic molecules. Acetophenone was expected to be the product
and water the only byproduct. A filter filled with desiccating reagent was attached to the
reaction vessel to admit dry air. After the reaction was complete, the mixture was analyzed
by both TH NMR and GC-MS spectroscopy. A significant amount of acetophenone was
formed, giving a GC yield of 33.1%. This is the first successful aerobic oxidation reaction

catalyzed by nickel cluster.

Equation 2-30

@/\ [Ni-N=PBug],, Air Q
CaH,,120 °C, 16 hr ©)J\
65.1% remaining 33.1%

To verify the role of the oxidized nickel cluster as a catalyst for ethylbenzene oxidation, a
background experiment was set up at the same time (Eq. 2-31). This reaction was
conducted without any nickel catalyst, while the rest of the reaction parameters were kept
the same. The GC-MS analysis indicated the presence of 5.3% acetophonone in the product

mixture. Though very small amount of acetophenone was observed in the control
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experiment; the amount is significantly less than that obtained from the catalyzed reaction.
Therefore, the result confirms the catalytic role of the nickel cluster in this oxidation

reaction.

Equation 2-31

CaH,, Air Q
o -
120 °C, 16hrs | P
94.3% remaining 5.3%

2.2.3 Reaction condition optimization using ethylbenzne

After the discovery of the oxidation reaction, ethylbenzene was used as a model compound
for more detailed studies. The effect of catalyst, scavenger, temperature, oxidant and
solvent has all been scrutinized individually. To obtain a full appreciation of the individual

effects, control experiments were carried out carefully for each condition parameter.

In searching for the best catalyst, three experiments were conducted to compare the
catalytic reactivity of nickel(I), cobalt(I) and methylnickel(II) clusters (Entry 3-5, Table 2-
4).49.148 The catalyst loading for each metal cluster was controlled in the range of 0.044-
0.045 mol%. Meanwhile, an equal excess of molecular sieves was added to each reaction as
water scavenger. The reactions were heated to 120 °C and the reactions were performed
under a pure oxygen atmosphere. After the indicated reaction period, the organic product
mixtures were submitted for GC-MS analysis. As outlined in entries 3-5, the GC results
indicated that the nickel cluster catalyzed reaction afforded 51.3% of acetophenone, while

the other two reactions did not produce any appreciable amount of ketone product. In
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conclusion, nickel cluster is proved to be the only efficient catalyst and was therefore

chosen as the catalyst for further oxidation reactions.

Table 2-4. Oxidation of ethylbenzene

©/\ Catalyst, O,
Scavenger, 120 °C ©)J\

1 - - CaH, 0, 16 120 5.3
2 - - 3AM.S. 0, 14 120 0

3 [Ni-N=P'Bus], 0.044 3AM.S. 0, 14 120 51.3
4 [Me-Co-N=PEt;], 0.044 3AM.S. 0, 14 120 0

5 [Co-N=P'Bus], 0.044 3AM.S. 0, 14 120 0

6 [Ni-N=P'Bus], 0.044 CaH, 0, 14 120 52.6
7 [Ni-N=P'Bus], 0.044 3AM.S. Air 14 120 19.4
8 [Ni-N=P'Bus], 0.025 3AM.S. 0, 16 100 28.7
9 [Ni-N=P'Bus], 0.050 3AM.S. 0, 16 80 0.7
10 [Ni-N=P'Bus], 0.040 - 0, 17 120 31.0

The effects of scavenger have also been studied (entries 3, 6 and 10, Table 2-4). To examine
if the scavenger is indispensible, an ethylbenzene oxidation reaction was conducted
without scavenger (Eq. 2-32). The reaction surprisingly afforded 31.0% acetophenone from
GC-MS analysis. In contrast, the yield increased to 51.3% for the reaction using 3 A
molecular sieves. Therefore, addition of a scavenger is beneficial, but perhaps not essential

for the oxidation reaction to occur efficiently.
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Equation 2-32

©/\ [Ni-N=PtBU3]4, 02
120 °C, 14 hr ©)J\

Having proved the benefits of scavenger addition, experiments were set to identify the best

scavenger for the reaction. Parallel reactions were conducted to evaluate the relative

effectiveness of calcium hydride and 3 A molecular sieves, in which the rest of the reaction

parameters were kept the same. Based on GC-MS analysis, the yield of acetophenone was

52.6% and 51.3% for reactions using calcium hydride and 3 A molecular sieves,
respectively (Eq., 2-34). The result suggests that 3 A molecular sieves acts similarly

comparing to calcium hydride as a scavenger.

Equation 2-33

[Ni-N=PBug]s, O, 9 |O Q
CaH,, 120 °C, 14 hrs
37.6% remaining 52.6% 1.2% 2.9%
Equation 2-34
S i 0
+
3AM.S., 120°C, 14 hrs (j)k @2
48.3% remaining 51.3% 0.4%
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The scavenger not only has an impact on the reaction yield, but also affects the product
distribution. For the reaction using 3 A molecular sieves, the minor product was
benzaldehyde. For the reaction using calcium hydride, benzoic acid was formed as the
major byproduct (Eq. 2-34). More specifically, the formation of both benzoic acid and
benzaldehyde involve C-C bond activation; details will be discussed in a separated section.
By comparing the minor products, the reaction using 3 A molecular sieves appears to be
cleaner. In the end, 3 A molecular sieves were selected as the better scavenger based on the

higher conversion of acetophenone and reduced byproduct formation.

The temperature effect on the oxidation reaction has also been studied. Again, parallel
reactions were set, keeping other reaction parameters the same. The ethylbenzene
oxidation was conducted at various temperatures, from 120 °C, to 100 °C, to 80 °C (Table 2-
4, Entries 3, 8 and 9). The product mixture after reaction was analyzed by 1H NMR
spectroscopy. Based on standard derivation from the 'H NMR spectrum, the conversion to
acetophenone from the reaction at 80 °C was just 0.7%. In comparison, the conversion for
the reaction at 100 °C was much higher at 28.7%. The reaction at 120 °C afforded the best
conversion, at about 51.3%. In summary, this study indicates that the reaction temperature

must be maintained above 100 °C in order to obtain good yields.

Different sources of molecular oxygen were also evaluated to reveal the oxidant influence
on the reaction yield. The original reactions were discovered under atmospheric pressure
of dry air in which molecular oxygen acts as the oxidizing reagent. A subsequent reaction
conducted under a continuous flow of pure oxygen turned out to be successful as well. Two
comparative experiments were set up using air and pure molecular oxygen. The reaction
using molecular oxygen afforded a much higher yield of acetophenone at the same reaction

temperature in the same amount of time. Based on GC-MS analysis, the yield for reaction
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under air is 19.4%, while for pure oxygen is 51.3%. Therefore, pure oxygen was selected as

the best oxidant for this reaction.

The effects of oxygen pressure have also been studied. The previous reactions were
typically performed under a continuous flow of pure oxygen gas. In such an open system,
molecular oxygen is at atmospheric pressure. For comparison, an experiment was
conducted under higher pressure of oxygen in a steel autoclave (Eq. 2-35). The reaction
was carried out at an oxygen pressure of 300 psi, applied before heating, while other
reaction parameters remained the same. GC-MS analysis detected 68.3% of the starting
ethylbenzene, while the yield of acetophenone was merely 8.1%. The yield of the byproduct
1-phenylethanol increased to 11.4%, which is much higher than in the previous reactions
(1-2%). The increase of molecular oxygen pressure thus results in a lower yield of the
oxidized products, a rate inhibition similar to that observed under hydrogen in the

corresponding reduction reactions mediated by this catalyst.
Equation 2-35
(0]

©/\ [Ni-N=PBuj],, 300 psi O,
3AM.S.120°C

After molecular oxygen was identified as an ideal oxidant, other oxidizing reagents were

tested as well, including iodosobenzene and anhydrous nitrous oxide. Due to the gaseous
state of nitrous oxide, the corresponding ethylbenzene oxidation reaction was conducted in
an open flask under a continuous flow of nitrous oxide (Eq. 2-36). However, after the
reaction, ethylbenzene remained and no oxidized products were detected. For the reaction
using iodosobenzene as the oxidizing reagent, the ethylbenzene oxidation reaction was

conducted in a sealed glass bomb (Eq. 2-37). Unfortunately, the oxidation reaction again
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did not occur. Therefore, neither nitrous oxide nor iodosobenzene can be utilized as an
alternative oxidant for the oxidation reactions. Under current circumstances, these
oxidizing reagents were unable to activate nickel cluster 8, leaving molecular oxygen the

best oxidant for the reaction.

Equation 2-36

[Ni-N=PBus],, N,O
> No Reaction
3AM.S.120°C

Equation 2-37

[Ni-N=PBugsl,, PhlO
No Reaction

3AM.S.120°C

The previous oxidation reactions were all conducted in neat organic substrate as the
medium. However, this excludes solid substrates from being oxidized without the
introduction of an efficient inert solvent to the system. Therefore solvent effects for this
reaction were assessed. Experiments were carried out in which ethylbenzene oxidation
reactions were conducted in various solvents, including n-octane, toluene,

dimethylacetamide (DMA), perfluorohexane, and trifluoromethylbenzene (Eq. 2-38).
Equation 2-38

o}

©/\ [Ni-N=PBus],, O
Solvent ,3 A M.S. 120 °C
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The results are presented in Table 2-5; none of the solvents appears to be ideal. The non-
polar solvents tested were n-octane and toluene, as neither material is oxidized as neat
substrates under the reaction conditions. The most polar solvent tested was DMA, which
might act as an ancillary donor ligand. Fluorinated solvents are known to dissolve oxygen
more readily than hydrocarbons.!>0 However, the first fluorinated solvent tested,
perfluorohexane, turned out not to be miscible with ethylbenzene. Alternatively,
trifluoromethylbenzene could be used to dissolve the substrate, forming a 2.9 M solution.
However, the corresponding oxidation reaction afforded a very low GC yield (0.1%) of
acetophenone, presumably from the uncatalyzed background reaction. In conclusion,
although various solvents have been tested for ethylbenzene oxidation, none of the

corresponding reactions proceed satisfactorily.

Table 2-5. Solvent optimization for ethylbenzene oxidation®

@A [Ni-N=PBusl,, O,
| AN

Solvent ,3 A M.S. 120 °C _

Entry Solvent Concentration Catalystload Scavenger Reaction Conversion® TON/TOF

(M) (mol%o.) time (%)
(hr)
1 nCgHig 0.6 1.2 CaH, 16 0 0/0
2 PhCH; 1.0 8.9 CaH, 16 0 0/0
3 n-CgF14 immiscible 2.0 CaH, 16 1.4 7/0.43
4 PhCF; 29 1.8 3AM.S. 16 0.1 0.6/0.03
5 DMA 1.4 2.7 3AM.S. 17 0 0/0

a. The catalyst is nickel(l) cluster 8, [Ni—N=PtBu3]4and reaction conditions are listed in Eq. 2-38

b. GCyield of acetophenone
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A series of control experiments has thus provided valuable information on individual
reaction parameters. In summary, the phosphoranimide-supported nickel(I) cluster is the
most efficient catalyst, although some of the results remain difficult to rationalize. The use
of 3 A molecular sieves, a less aggressive scavenger than calcium hydride, and dry
molecular oxygen is the most effective oxidizing reagent. The optimized reaction is
conducted under one atm of molecular oxygen in neat organic substrate at temperatures of

atleast 100 °C.

2.2.4 Substrate scope of the oxidation reactions

The condition optimization study established the basis for further scope exploration. The
substrates mainly cover alkyl arenes containing benzylic C-H bond, molecules containing
heteroatoms such as ethers and amines, and hydrocarbons consisting of only sp3 C-C and
C-H bonds. The alkyl arenes evaluated include toluene, ethylbenzene, tetralin and

isochroman, the latter containing an additional ethereal oxygen.

2.2.4.1. Benzylic oxidation

Toluene is an attractive substrate for oxidation reaction, as it is readily available on
industrial scale. Its oxidized products, benzyl alcohol, benzaldehyde and benzoic acid, are
valuable chemicals for the production of pharmaceuticals, dyes, food preservatives,
perfumes, etc.151 The toluene oxidation reaction was performed under optimized
conditions (Eq. 2-39). Should benzoic acid be formed, it would be deprotonated by the
strongly basic scavenger and precipitate, so the reaction mixture was quenched with dilute
hydrochloric acid. The organic solution was then separated out and analyzed by GC-MS

spectroscopy. However, to our dismay, the reaction did not afford any oxidition products.
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Equation 2-39

[Ni'N=PtBU3]4, 02
No Reaction

3AM.S. 120 °C

The result is somewhat surprising, as the benzylic C-H bond of toluene is just slightly
stronger than that of ethylbenzene. The bond dissociation energy (BDE) for benzylic C-H
bond in toluene is about 88.0 + 1.0 kcal mol-1, while BDE of benzylic C-H bond in
ethylbenzene is 85.4 + 1.5 kcal mol-1.152 Oxidation of toluene is not expected to be

considerably harder than that of ethylbenzene.

Another experiment was conducted in a mixture of toluene and ethylbenzene with 1:1
molar ratio (Eq. 2-40). In that reaction, ethylbenzene is selectively oxidized to
acetophenone, whereas toluene remains completely inert. The experiment suggests,

inexplicably, that ethylbenzene can be selectively oxidized in the presence of toluene.

Equation 2-40

X [Ni'N=PtBU3]4, 02
| + X
7 3AM.S. 120°C |

Tetralin was next selected as a substrate. It is structurally similar to ethylbenzene, but
contains a cyclic aliphatic ring. As a consequence, the oxidized products could contain
“overoxidized” diketone and quinone derivatives. The reaction was conducted in neat

tetralin under optimized conditions (Eq. 2-41). The major product was a-tetralone, formed
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in excellent conversion from the oxidation at only one of the two benzylic positions. In

addition, minor amounts of epoxide, quinone and phenol derivatives were also detected.

Equation 2-41

o o)

+ X

| 4
Ejij [Ni-N=PBugs]y, O, 40.82% 3.16%
= CaHy, 120 °C, 14 hrs Q

o 1.74% 6.31%

Isochroman oxidation is of great interest, as it not only acts as a new example for the
oxidation reaction, but may also produce an interesting lactone for use in the ester
hydrogenation reaction. Isochroman has two distinct benzylic positions, one of which is
adjacent to an oxygen atom and therefore is doubly activated, at least toward radical
oxidation. If the oxidation occurs predominately at the more activated benzylic position,

the reaction would selectively afford the lactone, 3,4-dihydroisocoumarin.

The isochroman oxidation reaction was conducted using 3 A molecular sieves as a
scavenger (Eq. 2-42). Calcium hydride was excluded, as it would be converted to calcium
hydroxide inducing lactone hydrolysis. The oxidation reaction afforded 3,4-
dihydroisocoumarin in an isolated yield of 48.9% after heating to 120 °C for 16 h. The
reaction was conducted neat with a 3.3 g scale and a catalyst loading of 3.9*10-* mol%
(10.4 mg). The catalytic reaction was impressively efficient. The turnover number with
respect to the tetrametallic nickel cluster is 1250, while the corresponding turnover

frequency is 75.8 h-Tat 120 °C.
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Equation 2-42

0 O O
o [Ni-N=PBugls, O,

o + o]
3AM.S.120°C

48.9 % 6.16 %

A control experiment was conducted under the same reaction conditions in the absence of
nickel cluster 8, however no oxidized product was formed. The efficiency of nickel catalyst
has been further validated by comparing with literature reactions, in which isochroman
oxidation was reported using stoichiometric oxidizing reagents such as the KMn0O4/MnO;
(1: 3) mixture (Eq. 2-43).153 However, in order to obtain the same amount of lactone

product, a substantial 25.0 grams of the KMn0O4/MnO; mixture is required.
Equation 2-43
@Qo KMnO4/ MnO, Q
(0]
CHQClz, rt, 24hr (;ij

96%

As a byproduct in the isochroman oxidation, 1,1’-oxodiisochromane 78 was obtained in an
isolated yield of 6.2%. The compound was characterized by 'H and 13C NMR spectroscopy.
Since nine carbon resonances can be clearly identified in the 13C NMR spectrum, only a
single diastereomer must be present. The diastereomer is either a meso compound 78 a or

a racemic mixture 78 b with C2 symmetry (Figure 2-2). The structure of 1,1’-
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oxodiisochromane 78 was confirmed by comparing to the literature data, indicating that it

was the racemic pair 78 b.

Figure 2-2. Diastereomers of 1,1’-oxodiisochromane

78 a 78 b

A meso compound Racemic mixture
with C2 symmetry

In literature, only two related isochroman oxidation reactions producing 1,1’-
oxodiisochromane derivatives have been reported. The first utilizes DDQ as the oxidant
and the oxidative coupling product 1,1’-oxodiisochromane derivative 79 was observed as
the major product (Eq. 2-44).1> The formation 1,1’-oxodiisochromane 79 is also
diastereoselective, but the detailed stereochemistry remains unclear. In the proposed
mechanism,>* DDQ abstracts a benzylic hydride to form a carbocationic intermediate 80,
which is trapped by water to give a lactol derivative 81. The lactol 81 then acts as a
nucleophile to attack the cation 80, affording the 1,1’-oxodiisochromane derivative 79

(Scheme 2-6).
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Equation 2-44

O O
OMe (0]
DDQ O O
> + MeO 0 OMe
o) CH,Cl,, H>O (10:1)
rt, 16h (0] 0]
OMe Me Me 79
35% 52%
Scheme 2-6
OMe (0] OMe (0]
DDQ H,O
(@] — O+
OMe OMe
80 81
O O _ _
OMe 0]
O O
MeO OMe
o 0O+
(|) (? OMe
Me Me = —
79 80

1,1’-oxodiisochromane 78 can also be obtained by N-hydroxyphthalimide-catalyzed
isochroman oxidation using nitric oxide (Eq. 2-45).155 The reaction is also
diastereoselective and the product was determined by X-ray crystallography possessing C2

symmetry. The proposed mechanism again involves a carbocation intermediate 82 and
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lactol 83 and equilibration to the thermodynamically preferred diastereomer 78 b

(Scheme 2-7).

Equation 2-45

(@]
o NHPI (10 mol%),1 atm NO 0 0
S 0 Yy
CH5CN, 60 °C, 5 hr _
78
80 % 6%
Scheme 2-7
H,O
S - . (6]
(0] 20+
OH
82 83

5 7 e

For nickel-catalyzed isochroman oxidation, it is presumed that the formation of 1,1’-
oxodiisochromane 78 involves the same mechanistic pathway. Carbocation intermediate
82 can be formed from a hydride abstraction by the oxygenated nickel cluster. Since water
is generated as a byproduct of the lactone formation, it could react with a carbocationic
intermediate 82 to form lactol 83. The lactol further reacts with cation 82 to form the

product 78 b.
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The substrates discussed so far are all alkyl arenes that possess benzylic C-H bond. In
general, the oxidation occurs selectively at the benzylic position to afford mainly
ketone/lactone derivatives. The substrates that can be readily oxidized include
ethylbenzene, tetralin and isochroman, all possessing methylene groups at benzylic
positions. However, the oxidation of toluene cannot be realized under current conditions,

for reasons that are not at all obvious.

2.2.4.2 Heteroatom-containing hydrocarbon substrtates

Besides the alkylarenes, the oxidation of organic compounds containing nitrogen and
oxygen heteroatoms was also explored. Similar to the phenyl group, the heteroatoms in
these compounds also possess electron-withdrawing properties, but they can also stabilize
radical and carbocationic intermediates via n-electron donation. The oxidation would thus
occur preferably at one of the alpha positions. As a result, formation of ester and amide

products is expected from ether and amine oxidation, respectively.

For the ether oxidation reactions, both linear and cyclic ether molecules have been
investigated, including di-n-butyl ether, di-n-propyl ether and tetrahydrofuran. Di-n-
butylether oxidation was conducted in an open flask (Eq. 2-46). The oxidized mainly
include butyl butyrate and butyl formate; however, both were formed in low yields. The
formation of the latter product involves an unexpected C-C bond activation and is assumed

to be a secondary product.

123



Equation 2-46

(0]
+ ]+ >
IO [Ni-N=PBugls, Air 3.64% 4.28% 1.15%
88.57% remaining CaH,, 120 °C, 12 hrs 0 OH
+
/\/\0/\* N e
0.17% 0.22%

Since di-n-propyl ether has a much lower boiling point (90 °C) than di-n-butyl ether (142
°C), the oxidation reaction was performed as a solution in n-octane (Eq. 2-47). Despite the
fact that n-octane failed to act as an efficient solvent in ethylbenzene optimization, it
appears to be effective in the dipropyl ether oxidation. The reaction afforded a 5.8% yield

of n-propyl propionate with most ether starting material remaining unreacted.
Equation 2-47

[Ni-N=PBus],, Air o)

o

\/\O/\/
CaH,, 120 °C,
n-Octane, 18 hrs

As a cyclic ether and common solvent, THF was also used as a substrate for oxidation. Since
THF has a low boiling point (66 °C), the reaction was performed in a sealed glass bomb,
degassed and then filled with molecular oxygen (Eq. 2-48). The reaction returned a low
conversion, producing y-butyrolactone and very minor amounts of 2-
hydroxyltetrahydrofuran and the dimeric 2,2’-bis ether. It appears that the dimeric product
arises from the dimerization of two oxygen-stabilized cyclic radicals, which may reflect

intermediates generated in the oxidation process (Scheme 2-8).
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Equation 2-48

o [Ni-N=PBugl,, O, 0

Croe O O
+
3AM.S.120°C, 16 hrs

Scheme 2-8

Pathway a 0

& — O — 0O

Tri-n-propylamine was also examined for the aerobic oxidation reaction. With a
conveniently high boiling point (156 °C), the reaction was performed in an open flask (Eq.
2-49). The organic solution turned reddish during the reaction interval and was submitted
for GC-MS analysis. The results showed that the 74.4% of starting material remains and no
major product could be conclusively identified in the complicated reaction mixture.

Therefore, although the reaction works, it failed to provide any insight into amine oxidation.
Equation 2-49

[NI'N=PtBU3]4, 02

complicated mixture
3 AM.S. 120 °C, 10 hrs

2.2.4.3 Saturated hydrocarbons
The saturated hydrocarbons are more challenging substrates than those containing

activating groups, as only sp3 C-H and sp3 C-C bonds are present. The saturated

hydrocarbons investigated include cyclooctane, cyclohexane, adamantane, n-octane, 2,5,5-
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trimethylpentane and n-hexane. Oxidation of the first three aliphatic compounds was

successful, whereas the last three remained inactive.

Cyclooctane is the first aliphatic hydrocarbons that can be oxidized efficiently using the
nickel catalyst. The oxidation of cyclooctane (149 °C) was conducted in an open flask (Eq.
2-50). After the allotted reaction time, the mixture was analyzed by GC-MS spectroscopy.
The results showed that the reaction afforded an 8.9% conversion to cyclooctanone, 2.2%
of cyclooctanol, and 0.7% of 1,4-cyclooctadione. The remaining 84% of the mixture was
unreacted starting material. Generally speaking, ketones was the major products from

cyclooctane oxidation, as observed in alkylarene oxidation.

Equation 2-50

O
0O OH
[Ni'N=PtBU3]4, air
+ +
CaH,, 120 °C
0]

8.9% 2.2% 0.7%

The experiment for adamantane oxidation was technically more challenging. First,
adamantane has a very high melting point (270 °C), high above the desired reaction
temperature (120 °C). Therefore a solvent was required to dissolve both adamantane and
the nickel cluster 8. Second, admantane can sublime upon heating, resulting in loss of the
starting material. To prevent adamantane sublimation, the reaction was performed in a

sealed vessel.

The adamantane oxidation reaction was conducted in a glass bomb filled with pure oxygen

(Eq. 2-51). A small amount of hexane was added as a solvent, while activated 3 A molecular
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sieves were added as the water scavenger. A GC-MS analysis revealed that about 10% of
starting material had been oxidized. The GC yields for 1-adamantanol, 2-adamantanol and
2-adamantanone were 7.8%, 1.3% and 1.0%, respectively. The major product, 1-
adamantanol, was derived from tertiary C-H bond activation. On the other hand, both 2-
adamantanol and 2-adamantanone were produced via the activation of the secondary C-H
bonds. In an adamantane molecule, the number of tertiary C-H bond is four, while
secondary sixteen. The preference for activating statistically less abundant tertiary C-H

bond strongly suggests the radical character of the reaction.

Equation 2-51

OH
[Ni-N=PBus],, O, OH 0
W ERy e
3AM.S. 120 °C

7.79% 1.28% 0.96%

As a volatile organic liquid, the cyclohexane (80 °C) oxidation was also performed in a
sealed glass bomb (Eq. 2-52). The reactor was filled with pure oxygen and 3 A molecular
sieves were added as the scavenger. The external temperature was raised to 150 °C.
However, based on the GC-MS analysis, the reaction only afforded 3.3% conversion to
cyclohexanone. Though the yield of this reaction is low, it produces ketone as the exclusive

product.
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Equation 2-52
O [Ni'N=PBU3]4, 02 0
3AM.S. 150 °C ij

3.3%

Other aliphatic substrates including n-octane, 2,2,4-trimethylpentane and hexane, were
more resistant to oxidation. In one n-octane oxidation experiment, the reaction
temperature was maintained at 150 °C for 14 h. Though the original discovery was inspired
by the observation of n-octane oxidation, the reaction conditions we developed appear to

be incapable of oxidizing n-octane.

2,2,4-trimethylpentane was selected as a substrate because it possess primary, secondary
and tertiary C-H bonds in a single substrate (Eq. 2-53). Unfortunately, no oxidized products
were found in the reaction mixture. Hexane oxidation reactions conducted in a sealed glass
bomb also failed to generate any oxygenated products (Eq. 2-54). In conclusion, the
catalysts appear to be effective only toward cyclic hydrocarbons and electronically

activated aliphatic compounds.

Equation 2-53

[Ni'N=PtBU3]4, 1 atm 02
>‘\)\ > no reaction

3AM.S.120°C, 14 h
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Equation 2-54

[Ni-N=PBuj],, 1 atm O,
SN > no reaction
3AM.S.120°C, 14 h

The experimental results suggest that the oxidation of linear hydrocarbons is significantly
more challenging than cyclic hydrocarbons. The most significant difference is observed
between n-octane and cyclooctane: cyclooctane can be readily oxidized whereas n-octane
remains inert. In general, cyclic alkanes have lower steric hindrance and lower entropy
than the corresponding linear alkanes.15¢ In terms of bond dissociation energies, secondary
C-H bond strengths in both linear and cyclic alkane are rather similar.1>2 The preference
for cyclic alkane oxidation is more likely to be associated with reaction kinetics, with both

steric and entropic contribution to the barrier.

2.2.4.4 Other functionalized substrates

In addition to the alkanes, functionalized compounds that have been studied include alkene,
alcohol, and ketone derivatives. For alkene oxidation, the reaction of both ethylene and
cyclohexene result in unidentified “decomposition” products. Cyclooctene was oxidized to
the corresponding epoxide (Eq. 2-55), but a control experiment showed that the reaction

occurs even in the absence of any catalyst (Eq. 2-56).

Equation 2-55

© [Ni-N=PBugsl,, 1 atm O,
CaH,, 120 °C, 12 h
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Equation 2-56

© 1 atm O,
_ >
120°C, 12 h

In order to determine weather the alcohol is an intermediate in ketone formation from the
alkane, the oxidation of isopropanol was investigated. To prepare for the reaction,
isopropanol was carefully desiccated and degassed (see experimental section). The
reaction was performed in a sealed glass bomb using 3 A molecular sieves as the scavenger
(Eq. 2-57). The reaction failed to afford acetone, although it is possible that the catalyst

decomposed rapidly in neat isopropanol.

Equation 2-57

OH [Ni-N=PBujs],, 1 atm O,
no reaction

3AM.S.120°C, 12 h

To reduce the possibility of alcohol-induced catalyst decomposition, the second alcohol
oxidation was performed in n-octane solution. For this reaction, 1-phenylethanol was used
as the substrate, as it would be the intermediate in ethylbenzene oxidation (Eq. 2-58). Once
again, the reaction failed to produce acetophenone or benzoic acid. During the work-up
procedure, hydrochloric acid induced formation of 1-chloroethyl benzene from the

recovered alcohol. Overall, the alcohol oxidation to ketones cannot be realized in either

130



neat substrate or diluted solution. These results support the argument that alcohol is not

an intermediate in nickel-catalyzed alkane oxidation.
Equation 2-58
OH

[Ni-N=PBujs],, 1 atm O,, 12h
no reaction
3 AM.S. 120 °C, n-Octane

Besides alkenes and alcohols, compounds already containing a ketone group were also

selected as substrates. Ketone oxidation might be helpful in understanding the origin of the
benzoic acid in the ethylbenzene oxidation, but only when calcium hydride and not 3 A
molecular sieves were used as the scavenger. One of the possibilities we propose is that

benzoic acid is formed through an oxidative C-C bond cleavage of acetophenone.

When acetophenone was subjected to catalytic oxidation in the presence of CaHz, no
benzoic acid was isolated (Eq. 2-59). 99.3% of the acetophenone was recovered; only
0.40% conversion to an aldol product 84 was detected by GC-MS analysis. To the contrary,
when Ca(OH)2 was used in place of CaH2, 61.6% of acetophenone remained unreacted,
while 36.8% conversion to benzoic acid was observed, along with 1.58% conversion to the
enone 84 (Eq. 2-60). The results suggest that Ca(OH): participates directly in the catalytic

C-C bond cleavage of acetophenone.
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Equation 2-59

O O
Ni-N=PBus,],, 1 atm O
[ als 2 P
CaHy, 120 °C, 14 h O O 84
99.3% 0.4%
Equation 2-60
@) @)
O
[Ni'N=PtBU3]4, 1 atm 02, Ca(OH)2 OH =
+ 84
3 A M.S. n-Octane, 120 °C, 14 h
61.6 % remaining 36.84% 1.58%

To prove the catalytic role of the nickel cluster 8, an acetophenone oxidation experiment
was performed with the presence of oxygen and Ca(OH)z, but absence of catalyst (Eq. 2-61).
The reaction again afforded the enone aldol product, but not benzoic acid. Therefore,
acetophenone oxidation to benzoic acid requires the presence of both nickel catalyst and

Ca(OH)z. This reaction merits further investigation.
Equation 2-61
O O
Ca(OH),, O
a(OH)y, O, P
n-Octane, 120 °C O O 84

93.4% remaing 5.8 %
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Considering the results of these experiments, the benzoic acid formation in ethylbenzene
oxidation reaction using CaH; as the scavenger can be rationalized. CaHz does not
participate in the oxidative C-C bond cleavage of acetophenone directly. However, when
H-0 is formed as a byproduct from the oxidation reaction, it reacts with CaH; to form
Ca(OH): in situ. The presence of Ca(OH)2 facilitates the oxidative cleavage of acetophenone

and produces benzoic acid as the product (Scheme 2-9).

Scheme 2-9
(0]

[Ni-N=PBug],, O,
©A +  Ca(OH),
CaH,, 120 °C

Ni catalyst
Ca(OH),

O
©)J\OH

Oxidation of aryl ketones to the corresponding benzoic acids involves C-C bond activation.
Such transformations have been reasonably well documented in literature. A variety of
conditions have been reported for this oxidative cleavage, including several using
molecular oxygen as the oxidant: photooxidation with catalytic CBr4,1>7 oxidation catalyzed
by electron-deficient nitroarenes,>8 and aerobic reaction using Mn(NO3); catalyst in

combination with Co(NO3)2 or Cu(NO3)2,15? among others.
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2.2.5 Mechanistic studies: the alkane oxidation reaction

The ethylbenzene oxidation was monitored by 'H NMR spectroscopy, sampling the reaction

mixture every hour. From the TH NMR integration, the conversion of ethylbenzene to

acetophenone and 1-phenylethanol can be calculated. The resulting graph of ethylbenzene

conversion is plotted with respect to the reaction time (Graph 2-1).

Graph 2-1. Oxidation of ethylbenzene monitored by 1H NMR
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This experiment reveals an induction period for catalyst activation: the oxidation reaction

starts roughly two hours after heating and maintains at a steady reaction rate afterwards.

Meanwhile, the concentraction of 1-phenylethanol remains low without noticeable increase

throughout the monitoring period.
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Preliminary experiments have also been performed to determine if the active alkane
oxidation catalyst is homogeneous or heterogeneous. Two reactions were conducted in the
presence of excess elemental mercury.’® The initial ethylbenzene oxidation was conducted
using a ratio of 19.2 : 1.0 mercury : catalyst. The reaction proceeded to acetophenone with
a GC yield of 55.6% along with small amount of benzoic acid (Eq. 2-62) A second reaction
was performed with significantly increased mercury loading, 571.6 equivalents of mercury
with respect to nickel(I) cluster 8 (Eq. 2-63). This reaction again afforded acetophenone
and benzoic acid in a GC yield of 49.7% and 7.3%, respectively, very similar to the reaction
done in the absence of Hg(0). Furthermore, 2,3-diphenylbutane was also generated in the
second reaction, giving a GC yield of 1.8%. Overall, addition of mercury does not suppress
the alkane oxidation reaction, but does influence the product distribution. This preliminary
result does not prove that the primary alkane oxidation catalyst is heterogeneous. More
experiments are needed to determine if the active catalyst is homogeneous or

heterogeneous.

Equation 2-62

[Ni-N=PBug], O
.032 mol%
.\ 19.2 equi. Hg (0.032mol%) -
per nickel cluster
02, CaH2
120 OC, 17 hr 55.6%

Equation 2-63

[Ni-N=PBuy], 0 0
o,
Ej/\ + 571.6 equi. Hg (0.022 mol%) ©)J\ . | A OH
er nickel cluster
= P 0,, CaH, =

120 °C, 17 hr 49.7% 7.3%
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The nickel-catalyzed aerobic oxidation reaction, the mechanism remains undetermined. A
working hypothesis is proposed, as a tentative first attampt to frame a more detailed
mechanistic investigation (Scheme 2-10). The phosphoranimide-supported nickel(I)
cluster 8, we propose, readily reacts with two equivalents of molecular oxygen to form
oxygen-bridged nickel(II) complex 85. This complex undergoes further rearrangement,
breaking the O-0 bond to afford the oxo-bridged mixed valent nickel(II)/(II) complex 86.
This high valent species abstracts a benzylic hydrogen atom from ethylbenzene, reducing
one nickel(III) center to nickel(Il) and at the same time generating a benzyl radical 91.
Before the radical exits the solvent cage, it is immediately captured by the neighboring
bridging oxo ligand, reducing the other nickel(IIl) center. A straightforward p-hydride
elimination affords the acetophenone product and a Ni(II) hydride intermediate 89, which
undergoes binuclear reductive elimination to produce water and the mixed valent
nickel(I)/(II) complex 90, which reenters the catalytic cycle after being reoxidized by

molecular oxygen.

The formation of 1-phenylethanol can be explained by a side reaction along this pathway.
After the benzyl radical 91 is formed, a small amount of it could exit the cage and be
trapped by molecular oxygen to form the corresponding hydroperoxide radical 92. This
then abstracts a benzyllic hydrogen atom to form the corresponding hydroperoxide 93,
which further decomposes to afford acetophenone and 1-phenylethanol. To support this
hypothetical side pathway, the activation of benzylic C-H bonds by hydroperoxide reagents
to afford both alcohol and ketone products has been reported even in the absence of

catalyst.160
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Scheme 2-10
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2.3 Conclusion

In summary, we have developed aerobic alkane oxidation reactions using [Ni-N=P‘Buz]4+ 8

as the precatalyst. These oxidation reactions are unprecedented in literature, as nickel is
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rarely used as a catalyst in previously developed oxidation reactions. The reaction was
performed with neat substrates, including alkyl arenes, ethers and cyclic alkanes. Addition
of a water scavenger, such as CaHz or 3 A molecular sieves, is found to be beneficial to the
reaction. However, at this stage, the real active catalyst in the oxidation reaction and

detailed mechanism remain unknown.

2.4 Future work

The main focus for our future work is the isolation and characterization of the oxidized
nickel cluster or clusters responsible for the oxidation reaction. Obtaining an X-ray crystal
structure of any nickel cluster containing oxygen is also of high priority. This might prove
difficult, since the oxidized nickel cluster may not be a single species and may be only
metastable. Various nickel species may exist, depending on the coordination mode of the
molecular oxygen and the nuclearity of the active catalyst(s). The isolation of oxygenated
nickel clusters has been attempted; however, part of the oxidized nickel complexes can be
dissolved in diethyl ether while the remaining residue is only soluble in THF. Further
investigation is needed to evaluate the selectivity of other oxidizing reagents that might

afford a stable oxonickel cluster.

A more detailed mechanistic study of the alkane oxidation is also necessary. Applying the
rapid kinetic techniques during the oxidation reaction may provide more information on
the nature of the active catalyst and reaction intermediates. A better understanding of the
mechanism will assist in further optimizing the catalyst and reaction conditions and
generalizing the substrate scope. More generally, other oxidation catalysts bearing novel
ligands or different metals such as iron or copper need to be developed. For us, the ultimate
challenge is the selective oxidation of methane, from which methanol, formadehyde,

methylformate or formic acid will be produced.
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Part II: Toward Cobalt- and Iron-Mediated [5+2] Ring-Expansion Reactions

The activation of C-C o-bonds remains one of the most challenging subjects in organic
chemistry. Among recent developments, it has been demonstrated that transition metal
complexes can act as useful tools to facilitate C-C o-bond activation. However, in those
metal-mediated reactions, two generally weak alkyl-metal bonds (20-30 kcal mol-! per
bond) are formed at the expense of a strong C-C o-bond (~90 kcal mol-1).161 Therefore,
transition metal-mediated C-C o-bond activation is generally a thermodynamically
endergonic process.162 Furthermore, C-C o-bonds are normally shielded by multiple C-H
bonds nearby and therefore sterically less accessible. Thus, in terms of kinetics, C-C bond

activation is also less favored than C-H bond activation.162

Despite the challenges, a considerable number of reactions have been developed aiming to
achieve C-C o-bond activation. Among these, one important strategy is the direct oxidative
addition of a low valent late transition metal complex into various types of C-C o-bonds.
Many of these reactions succeeded by taking advantage of additional thermodynamic
driving force(s), including ring strain release, aromatic product formation, etc.163164 More
significantly, C-C o-bond activation in certain non-activated substrates has also been
realized. One important example was reported by Milstein et al., in which an intermolecular
C-C bond activation was observed in a rhodium pincer complex 94 (Eq. [2-1).165 Besides
oxidative addition, other strategies adopted for the activation of C-C o bonds include §3-

carbon elimination, activation/decarbonylation, and radical activation reactions.162
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Equation 12-1

HsC PPh, HaC PPh,
H,
Rh—PPh; —— > Rh—PPhy;  +  CH,
90 °C
HaC PPh, HaC PPh,
94

In addition to such stoichiometric reactions, catalytic C-C bond activation processes have
also been developed. Thermodynamic driving forces such as the release of ring strains are
still necessary in order for many catalytic reactions to proceed.1¢¢ In one more recent
development, an enantioselective catalytic C-C bond activation was reported in which a
rhodium-catalyzed isomerization of substituted cyclobutanols 95 affords enantiopure

dihydrocoumarin derivatives 96 (Eq. 12-2).167

Equation 12-2

[Rh(cod)(OH)]5 (7 mol%)

1)
(R)-segphos (16 mol%) (0] PPh,
PPh
OH toluene, 23 °C o0 Yo <O 2
0 77%, >99% ee o
95 96

(R)-segphos

Our group has also contributed to the development of novel stoichiometric reactions
involving C-C bond activation. During our study into cobalt-mediated [3+2+2]
cycloaddition reactions, an unexpected C-C o-bond activation was observed (Eq. 2-3),168
leading to the independent development of an unprecedented cobalt-mediated [5+2] ring-

expansion reaction (Eq. [2-4).169 Unlike previously reported reactions, where precious
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metals such as rhodium, iridium and platinum were used,2 these newly discovered
reactions appear particularly attractive, as they accomplish a ring-opening C-C bond
activation using relatively inexpensive first-row metal, cobalt. These cobalt-mediated
reactions could provide a new method for the construction of synthetically challenging

seven-membered ring structures.170

Equation 12-3

Me ——Me \Q
/@ CH,Cl,
/CO—/%\ -78 °C to RT

Equation 12-4

oTf~

e SSX
HBF4'Et20 ]
| H

+

| — > Co
Co + Co CH,Cl, &
_|_ -78°C to RT Me—Q
S S o
Me
1 2 3

The second part of this dissertation focuses on the continued development of first-row
transition-metal mediated [5+2] ring-expansion reactions. More specifically, Chapter 3

discussed research conducted for the improvement of cobalt-mediated [5+2] ring-

expansion reactions, involving the synthesis of n*-cyclopentadiene cobalt(I) complexes 3

and the corresponding ring-expansion reactions triggered by protonation (Scheme 12-1). In

Chapter 4, a new strategy for [5+2] ring-expansion reactions is briefly presented. This
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strategy was developed based on DFT calculations on potential reaction mechanisms,

suggesting that the [5+2] ring-expansion reactions can be performed starting from low-

valent metal alkyne complexes. For the ring-expansion reactions we attempted (Eq. [2-5),

diimine iron(0) alkyne complex 7171 was used as the starting material.

Scheme 12-1

Me\@’Bu KBH,

Co 5
X V7
Equation 12-5
Ar' Ph

HBF4‘OEt2

/N'/,
;E\N/Fe‘| @
Ar Ph

|

| HBF4’OEt2
Co EE—— ?
‘ Alkyne
=I=
6
Ar' iPr
NHS BF,”
I Ar: -3
~N
| .
Ar' Pr
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Chapter 3. Toward cobalt-mediated [5+2] ring-expansion reactions
3.1 Introduction

Transition metal-mediated cycloaddition reactions are valuable synthetic tools for the
construction of cyclic/polycyclic organic compounds.172173 The developed methods provide
access to small and medium ring structures, mainly involving three to eight-membered
rings.1’3 Among these molecules, seven-membered ring structures are synthetically

challenging and only few general methods have been established to achieve their synthesis.

Our group has previously developed several transition metal-mediated reactions for the
construction of seven-membered rings. The first strategy developed was the iridium-
mediated [3+2+2] allyl/alkyne cycloaddition reaction (Eq. 3-1),174 in which one equivalent
of n3-allyl iridium complex 97 incorporates two equivalents of various internal alkynes to
afford the corresponding n°-cycloheptadienyl iridium complexes 98 (illustrate with 2-

butyne).

Equation 3-1

/@ 2-butyne : | +: OTH Q OTf
\
Ir—//\

TfO

—_— Me Ir Ir
+
CH2C|2, rt -
12h, 78% Me Me \/ \/ Me
Me 5 : 1
97 Me Me Me
98

Subsequently, analogous cobalt-mediated [3+2+2] allyl/alkyne cycloaddition reactions

were also developed (Eg. 3-2), demonstrating that the reaction could be conducted using a
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much less expensive reagent metal.1’> This cobalt-mediated three-component
cycloaddition is generally applicable, working well with various allyl components and
alkyne substrates. Moreover, when highly differentiated unsymmetrical alkynes are used
(e.g. tert-butylacetylene), the reactions are regioselective, affording only one major

product 99.

Equation 3-2

G ooy SUE om

—_— Bu

Co N\ * Bu—=—H -78°C to RT 99
10 12 h, 88%

During the study of cobalt-mediated [3+2+2] cycloaddition reactions, unexpected products
generated as a result of C-C bond activation were isolated (e.g., Eq. 3-3).168 When
electrophillic n3-allyl cobalt(III) complex 100 reacted with 2-butyne, the allyl component is
cleaved and its carbon atoms become separated in the final n>-cycloheptadienyl cobalt
product 101. Further investigation using doubly 13C-labelled 2-butyne confirmed that a C-
C o-bond in the allyl ligand had been activated and the corresponding carbon atoms in the

product are indeed ‘relocated’ (Eq. 3-4).

Equation 3-3

Me —=—Me Q
/@ CH,Cl, L O

/Co_A .78 °C to RT Me d H

100 101
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Equation 3-4

o

TfO

Further investigation into the “anomalous” [3+2+2] cycloaddition revealed a second

Me —=—Me | ot
+ T
CH2C|2 Me *Co
-78 °C toRT Me — < H
81% =

reaction with a C-C o-bond activation embedded into it (Eq. 3-5). When the n3-allyl cobalt

complex 102 was treated with an excess of 2-butyne, an unexpected ring expansion of the

ancillary n>-methylcyclopentadienyl ligand occurred, affording n°-

trimethylcycloheptadienyl cobalt(III) product 103 from alkyne insertion. Meanwhile, a new

n°>-dimethylcyclopentadienyl ligand was produced from the [3+2] cycloaddition reaction

between the n3-allyl ligand and 2-butyne. Therefore, this second reaction clearly

demonstrated the occurrence of an unprecedented [5+2] ring-expansion process.

Equation 3-5

102

Me _
1. CF5CH,OH PF
b M;©+ ®
Me ——Me Co Me
55°C, 7 h Me &
2. KPFg, 43%
Me
103

Observation of C-C bond activation in the cobalt-mediated [3+2+2] cycloaddition

prompted further investigation into [5+2] ring-expansion reactions. The detailed

mechanism for the ring-expansion process in [3+2+2] reaction remains undetermined.

However, a hypothesis was proposed, involving the formation of an agostic 13-
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cyclopentenyl intermediate 107 (Scheme 3-1).168 Alternatively, the same intermediate
could be generated by the protonation of cyclopentadiene cobalt(I) complex, serving as a
second way to generate the intermediate 106. Furthermore, the novel [5+2] ring-
expansion reactions might be accessible by protonating a substituted n>-cyclopentadienyl

cobalt(I) n*-cyclopentadiene complex in the presence of alkynes.

Scheme 3-1

I Cpl Cpl
Cp\ H—H |, |,
o _A Co - > Co
/ o N/, /
Br \ J s/
104 105 |
Cp' Cp'
Ring-expansion (_Alkyne | f-) N | f
product < Co~ H ) Co-H
=y =
- 107 106

Thus, a rationally designed [5+2] ring-expansion reaction was developed.1¢® In these
reactions, n>-cycloheptadienyl cobalt complexes 109 and 111 were produced from either
cyclopentadiene or cyclopentadienyl ligand expansion (Eq. 3-6, 7), depending on the
substituents present on either ring. These results indicate clearly that in addition to n3-allyl
cobalt(III) complexes, n*-cyclopentadiene cobalt(I) complexes can also be used as starting

materials for the [5+2] ring-expansion.
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Equation 3-6

| H HBF4'Et2O CO+

|
Co + Co - T~ !

CH,Cl, & 7
S5 @ 78 9C to RT Me‘Q
70% Me
108-1 108-2 109

Equation 3-7

R HBF,-Et,0 R

@< C|_|20|2 (130+ BI:4_
Clo H + Rl : n 3 1 ,
R R -78 °C to RT R'\@
<><£ alkyl, aryl, silyl 66- 94% o

110 mn

The [5+2] ring-expansion reactions were generalized from two types of n*-cyclopentadiene
cobalt(I) precursors, complexes 108 and 110, which contain either a
pentamethylcyclopentadienyl or a monosubstituted cyclopentadienyl ligand. In these

reactions, the two types of complexes were prepared using two distinct synthetic methods.

(n>-MesCp)Co(I)(n*-CpH) 108-1 was prepared by photolysis of (n>-MesCp)Co(I)(1n2-C2H4)
112 in the presence of cyclopentadiene, a reaction in which both ethylene ligands were
eventually substituted (Eq. 3-8).16° However, in addition to (n°-MesCp)Co(I)(n*-CpH) 108-1,
an unexpected isomer, (1°-Cp)Co(I)(n*- MesCpH) 108-2 was also obtained. The
isomerization can be attributed to the photo-induced hydride migration between the two
cyclopentadienyl rings, a reaction that does not happen thermally. Protonation of the

isomeric cobalt(I) mixture in the presence of 2-butyne affords only n°-cycloheptadienyl
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cobalt complexes 109, the ring-expansion product of the unsubstituted ring. Upon
protonation, cobalt(I) complexes 108 equilibrate, converging on a
pentamethylcyclopentadienyl ligand and incorporating the 2-butyne into the less
substituted ring, probably due to the steric hindrance imposed by the bulky ligand.

Equation 3-8

< B s

Co hv Co
; 90-99% =|=
X Y R =H, Me, tBu QR @R

Cyclopentadienyl cobalt(I) complexes 110 possessing a monosubstituted cyclopentadiene
ligand were expected to be more sterically accessible during alkyne incorporation. These
complexes were produced from the alkylative reduction of cobaltocenium compounds
using strong alkyl anions (Eq. 3-9)17¢ and used for [5+2] ring-expansion reactions,
affording n°>-cycloheptadienyl cobalt complexes 111 in good to excellent yields. In the latter
reactions, the cyclopentadienyl ligand is exclusively activated, whereas the
monosubstituted cyclopentadiene remains unactivated, transforming into the
corresponding anionic ligand in the products. More importantly, in these ring expansion
reactions, both terminal and internal alkynes can be incorporated into the products,

including 2-butyne, diphenylacetylene and tert-butylacetylene.
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Equation 3-9

H

R Co R =Me, Bu

-78 °C to RT

R
@J, BF 4~ RLi, THF @
Co

110
To further study the effect of the cyclopentadienyl ring substitution pattern on the ring-
expansion reactions, cobalt(I) complexes bearing disubstituted cyclopentadienyl were also
examined, albeit briefly and in preliminary form. Prepared from 1,1’-
dimethylcobaltocenium 113, an isomeric mixture of cobalt(I) complexes 114 was obtained
(Equation 3-10).177 This is because the addition of alkyl group toward the cyclopentadienyl
ring is not highly regioselective, leading to both 1,3- and 1,2-disubstituted cobalt(I)
complexes 114-1 and 114-2 in a 2:1 ratio, respectively.

Equation 3-10

Me~ S BuLi, THF  Me~Sy Me-&

- o |
T+ BF -78 °C to RT o + C'O
H
88% = H 24 =|=
s Me—<S S
Vo> <X ey
113 114-1 114-2

The mixture of isomeric complexes 114 was then subjected to protonation and the
subsequent [5+2] ring-expansion reactions (Eq. 3-11). The purification and
characterization of individual products from the resultant complex mixture turned out to
be very difficult. Despite the fact that the starting material is limited to a disubstituted
isomeric mixture, the alkyne scope for this system appears even more general than the
previous reaction using monosubstituted cobalt(I) complexes. For the first time, an alkyne

bearing an electron-withdrawing ester functional group was incorporated into the n°-
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cycloheptadienyl cobalt product 117, albeit in low yield (Eq. 3-12). This introduction of
ester and related carbonyl functionality is invaluable for further functionalization of the

seven-membered ring after demetallation.

Equation 3-11

Me - Bu Me —— By Me @‘Bu By \©

. 1 BF,~ Me ™ | BF,~
| H HBF4 Et20 CO+ C0+Me 4
Co CH.Cl, +
DIV LS G b
87% Mo
114 116 115

Equation 3-12

Me Bu
N Me ———CO,Et Me \@”B“

— HBF 4-Et,O | + BFs
Clo H 4"EL Cot
CH,Cl,
/@ -78 °C toRT EtO,C
24%
114 117

3.2 Results and Discussion

Trevor Dzwiniel discovered that disubstituted cyclopentadienyl cobalt(I) complexes
demonstrated promising and unique reactivity toward ring-expansion reactions.””
However, to prepare these individual cobalt(I) complexes both efficiently and cleanly

remained a challenging task. It was therefore necessary to develop a new method for the
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synthesis of 1,2- and/or 1,3-disubstituted cyclopentadienyl cobalt(I) complexes for the

benefit of further investigation into [5+2] ring-expansion reactions.

Different strategies for the synthesis of cyclopentadiene cobalt(I) complexes have been
explored by previous group members. Chan focused on the [5+2] ring-expansion reactions
using a cobalt complex bearing 1,3-di-tert-butylcyclopentadienyl ligand. The corresponding
cobalt(I) cyclopentadiene complex was prepared from Co(acac)z. Prior to Chan’s
investigation, Trevor prepared cobalt(I) cyclopentadiene complex from the corresponding
bisethylene complex by ligand replacement. Both Chan and Trevor’s method have been
tested for the preparation of individual disubstituted cobalt(I) cyclopentadiene complexes,
as discussed in details below. However, in Chan’s method, an unexpected disproportion
problem of 1-methyl-3-tert-butylCpCo(II)Cp to cobaltocene prevent further application of
this method. While adopting trevor’s preparation procedure, (1-methyl-3-tert-
butylcyclopentadienyl) cobalt(I) bisethylene complexes were found highly unstable.

Therefore, this method had to be abandoned eventually.

3.2.1 Acac-based approach to Cp’Co(l) templates.

The first strategy for preparing the desired disubstituted cyclopentadienyl cobalt(I)
complexes was to first generate the unsymmetrical cobaltocene complex 119 from
Co(acac)y, followed by oxidation to the cobaltocenium derivative 120 and a subsequent
reduction with hydride reagents (Scheme 3-2). This strategy was developed by Dr. Bryan
Chan for the synthesis of the unsymmetrical cobaltocene, (1,3-di-tBuCp)Co(Cp) 123, after
adapting literature methods for the syntheisis of the corresponding bis(ethylene) complex

failed to produce isolable material.178
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Scheme 3-2
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Prior to using Co(acac): as the starting material, Chan first tried to adapt a preparation for
making unsymmetrical cobaltocenes starting from cobalt(II) chloride. CoCl> was used,
reacting with 1,3-di-tBuCpLi to produce a chloro-bridged dimer, [(1,3-di-‘BuCp)CoCl]2 122,
to which CpNa could be subsequently added, generating the mixed cobaltocene, (1,3-di-
tBuCp)Co(Cp) 123 (Scheme 3-3). However, to Chan’s dismay, the reaction between CoCl;
and 1,3-di-tert-butylcyclopentadienyl anion afforded mostly the symmetrical cobaltocene,
(1,3-di-*BuCp)2Co 124 (Eg. 3-13). From the reaction, it was clear that the chloride ligand is
too labile to prevent the disproportion of [(1,3-di-tBuCp)CoCl]2 122, in contrast to the
indefinitely stable Cp* analogues.17® A cobalt precursor possessing a stronger coordinating

ligand or ligands is required.

Scheme 3-3

122 123
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Equation 3-13

Bu Bu @’Bu

K* THF [
@ + CoCl, —_— Co
-78 °C to RT
By Bu @Bu

In so far as acetylacetonate is a bidentate ligand which provides for stronger coordination,
Co(acac)z was then used to prepare unsymmetrical cobaltocene 123. Reaction between 1,3-
di-‘BuCpLi and Co(acac); afforded (1,3-di-‘BuCp)Co(acac) 125 successfully (Eq. 3-14),
which was stable indefinitely in monomeric form. Further replacement of the
acetylacetonate ligand by cyclopentadienyl anion produced the unsymmetrical cobaltocene

123 in excellent yield (Eq. 3-15).
This now precedented route was therefore applied toward the synthesis of the analogous
disubstituted unsymmetrical cobaltocene 119 that bears a tert-butyl and methyl group on

the cyclopentadienyl ligand, substituted in a 1,3-relationship (Scheme 3-4).

Equation 3-14

-78 °C toRT O O

Bu Bu \@ Bu
+ THF, 75%
K + Co(acac)y —— > /C o
Bu )l\/K
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Equation 3-15

' THF, 93% I
Co + NaCp B Co
(0] (0] -30 °C to RT
A <<
125 123

Scheme 3-4
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To prepare the unsymmetrical cobaltocene 119, the corresponding anionic
cyclopentadienyl ligand, 1-Me-3-‘BuCpK 126, was first synthesized starting from 2,5-
hexadione 127. Under basic conditions, 2,5-hexadione undergoes an intramolecular aldol
condensation, producing 3-methyl-2-cyclopente-1-one 128 in good yield after purification
by distillation (Eq. 3-16).180 Then, 1-methyl-3-tert-butylcyclopentadiene 129 was prepared
by 1,2-addition of an in situ generated tert-butylcerium reagent to 3-methyl-2-cyclopente-
1-one 128, and subsequent acid-catalyzed alcohol dehydration reaction (Eq. 3-17).181 The
disubstituted cyclopentadiene 129 undergoes sequential [1,5] shifts readily at room
temperature to give an equillibrium isomeric mixture.182 Eventually, deprotonation using

potassium hydride afforded the single anionic ligand, 1-Me-3-tBuCpK 126 (Eqg. 3-18).
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Equation 3-16

0 (0]
M{ 0.01 M NaOH
—_—
200 °C, 15 min
0]
127 128
Equation 3-17
o] 1. BuLi, CeClg, Et,0 Bu
-78°Cto0°C
+ isomers
2. H,S0,, 74%
Me Me
128 129
Equation 3-18
Bu Bu
KH, Et,0 K™
+ isomers - . @
95%
Me Me
129 126

The corresponding 1-Me-2-tBuCpK 130 was prepared using essentially the same synthetic
route, starting from the corresponding cyclopentenone substrate. The preparation of 2-
methyl-2-cyclopente-1-one 131 was adapted from the literature and required more steps
(Scheme 3-5). This synthesis was carried out on a large scale by Devin Reaugh as an
undergraduate project. The bis(allyl ester) 132 was first generated from a Fischer
esterification between adipic acid and allyl alcohol. The ester 132 was then converted to 8-
ketoester 133 by Dieckman condensation, followed by a subsequent methylation. Finally,

an oxidative elimination reaction catalyzed by Pd(OAc)2 was carried out and the desired 2-
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methyl-2-cyclopente-1-one 131 was obtained.183 Accordingly, this enone 131 was used to
synthesize 1-Me-2-‘BuCpH 134 (Eq. 3-19). In contrast to 1-Me-3-‘BuCpH 129, however, 1-
Me-2-‘BuCpH 134 undergoes Diels-Alder reactions readily, forming a mixture of dimers in
hours at room temperature. Therefore, to maximize the reaction yield, the subsequent 1-

Me-2-tBuCpH purification and deprotonation steps were conducted as fast as possible (Eq.
3-20)

Scheme 3-5
o O 1. NaH OMeO Pd(OAc), o
el M
\/\owo/\/ 2. Mel Wo/\% & °
132 133 131

Equation 3-19

o) 1. tBULi, CeClg, Etzo

-78°Cto0°C
é/Me @Me + isomers
2.H,S0,

131 134
Equation 3-20
tBU KH, Etzo fBu
, -78 °C toRT K+
@/Me + Isomers - ‘/Me
12 h, 95% @
134 130

With 1-Me-3-‘BuCpK 126 in hand, the synthesis of unsymmetrical cobaltocene 119 begins
with the addition of 1-Me-3-tBuCpK 126 to Co(acac)2 (Eq. 3-21). The reaction produced a
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pentane-soluble oily product together with the formation of a pink precipitate. Since
potassium acetylacetonate is a THF-insoluble solid, this observation indicates that a ligand
replacement occurs. Due to the paramagnetic nature of the cobalt(Il) product, NMR
spectroscopy was not a viable technique for compound identification. The product was

determined by HRMS to be the desired cobalt(II) complex 118.

Equation 3-21

Bu Me \@fBu
K+ THF, -35 °C to RT |
@ + Co(acac), _— Co
12 h, 95% (0] (0]
Me M

126 118

Half-sandwich cobalt complex 118 was then subjected to substitution reaction using
recrystallized CpNa (Eg. 3-22), generating a pink solid and brownish oily compound that
was again analyzed by HRMS. The pink solid proved to be Na(acac) and the brownish oily
fraction contained both unsymmetrical cobaltocene 119 and the unsubstituted cobaltocene
135. The observation of the undesired byproduct raised concern that the targeted
unsymmetrical cobaltocene 119 might not be stable toward disproportionation to form

cobaltocene 135.

Equation 3-22

co THF, 12 h Co Co

o o +  NaC s
a _—
PP ®  mCwRT > Sy
118 119 135
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This disproportion problem was confirmed after subjecting the oily residue to oxidation

using [Cp2Fe][PF¢]. In accordance with the assumption, the reaction afforded two

cobaltocenium compounds: unsymmetrical cobaltocenium complex 120 and the known

cobaltocenium tetrafluoroborate 136184 were isolated (Eq. 3-23). Separation was

performed by using column chromatography on the benchtop, giving nearly equal amounts

of each complex, 120 : 136 = 1.2 : 1. Alternatively, when iodine or bromine was used as the

oxidizing reagent, the ratio of the two cobaltocenium derivatives varied depending on the

reaction temperature (Table 3-1). A reaction conducted at -78 °C afforded the lowest yield

(10%) of unsymmetrical cobaltocenium compound 120 as listed in entry 3, Table 3-1.

Equation 3-23

&  CpsFeBF,

THF, 12 h

—_—

Co
@ -35°C to RT

Me — >~ Bu & g

I+ BF4_ I+

Co

< <

19 135 120 136
Table 3-1. A summary of cobaltocene derivatives oxidation using halogens
Entry Oxidant Equivalence Temperature Yield Ratio of
(°C) (%) 120:136
1 I, 1.0 25 75 1:1
2 I, in ether 0.5 25 50 1:2
3 I, in ether 0.5 -78 60 1:5
4 Br, 0.5 25 75 2:3
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The isolation of cobaltocenium compound 136 provides evidence that supports the rapid
disproportionation of unsymmetrical cobaltocene 119 (Scheme 3-6). Though complex 119
possesses 19 valence electrons, as the coordination status of 1-Me-3-‘BuCp changes from n>°
to n3, 17-electron cobalt complex 137 could be easily produced. Furthermore, either
solvent molecules or iodide/bromide anions might also participate in assisting the ligand-
slip process, leading to an n!-coordination mode. Subsequently, an intermolecular

cyclopentadienyl transfer replaces the n'-1-Me-3-tBuCp ligand to afford cobaltocene 135.

Scheme 3-6

135

This unexpected disproportion of the unsymmetrical cobaltocene significantly decreases
the yield of the desired product. It then became our goal to develop new and more direct
methodology for the synthesis of the unsymmetrical cobaltocenium complexes. To the best
of our knowledge, few precedents are available in the literature for synthesizing

unsymmetrical cobaltocenium compounds.

159



In 1970, a synthesis of monosubstituted cobaltocenium compound 140 was reported by
Sheats.185 In this reaction, both cyclopentadiene and methylcyclopentadiene were added
into CoBr; to form cobaltocene derivatives, which were then oxidized by molecular oxygen
(Eqg. 3-24). Unfortunately, this reaction gives a mixture of three cobaltocenium complexes,

with the desired mixed cobaltocenium 140 in a low yield (16%).

Equation 3-24

1. Pyrrolidine,
CpH, MeCpH
0°C toRT @PF_ @PF_ @PF_
12 hr |+ 6 |+ 6 I+ 6
CoBr, _— > Co + Co + Co
2. 02, NaPFe
RS < <>
136 140 141
1 13 6

The cyclopentadienone cobalt(I) complex 142 was prepared by Vollhardt and coworkers
(Eqg. 3-25).186 They discovered that the addition of dimethyl sulfate afforded a methylated
adduct, the desired trisubstituted cobaltocenium compound 143 (Eq. 3-26). However, due
to the limited scope, this methodology is not practical for the synthesis of disubstituted

mixed cobaltocenium complexes.

Equation 3-25

SiM63
O,
CpCo(CO :
Megsi—= PO Megsi Co
" s
142
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Equation 3-26

SiMe, SiMe,

O~ MO~ 5
MeSi~ I (Me0)2SO2 ~ Megsi o+ FFe
é NaPFg &>
142 143

The lack of literature and our fundamental interest in such complexes then prompted us to
develop a more general method for the preparation of unsymmetrical cobaltocenium
compounds. Our first attempt was made by substituting the labile ligands in various
cyclopentadienyl cobalt(III) precursors with a disubstituted cyclopentadienyl ligand. The
cobalt(IIl) compounds examined in this method include CpCol>CO 144, CpCol>PPh3 145,
and [CpColz]2 146, each readily available by literature methods.187.188

CpCol2CO 144 was made in two steps using a one-pot procedure. First, CpCo(CO); 147 was
synthesized by the reaction of Coz(CO)s with cyclopentadiene. The product was then
subjected to oxidation with iodine in situ (Eq. 3-27).189 Addition of triphenylphosphine to
CpCol2CO 144 affords the substitution product, CpCol,PPh3 145 (Eq. 3-28) in excellent
yield and refluxing CpCol2CO 144 in n-octane under a continuous purge of nitrogen gas
leads to the formation of dimeric compound [CpColz]2 146 (Eq. 3-29). Despite the purity of
the starting materials, however, reactions of all three cyclopentadienyl cobalt(III)
complexes, 144-146, with 1-Me-3-‘BuCpK 126 resulted only in intractable decompositions
(Eq. 3-30, 31, 32).
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Equation 3-27

)

Equation 3-28

Co, +

Equation 3-29

Equation 3-30

Co,(CO)g

PPh;

1. Reﬂux, CH20|2

2.1

THF, rt, 1 h
e —
99%

n-Octane, Reflux

12 h, 90%

<>

|
Co_

oc’ \l “I

144

THF, -35 °C to RT

12 h

/Co,(
Phe’ b 71

145

Decomposition
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Equation 3-31

£ <
K~ ] THF, -35 °C to RT
@ + Co. Decomposition

e
PheP” b I 12h

126 145

Equation 3-32

Bu
< <
| THF, -35 °C to RT

+ Co_ Decomposition
g / 2 12h P
~

Me N

126 146

A new strategy was adopted, attempting to trap dicationic cobalt(III) tris(acetonitrile)
complex 148 with a disubstituted cyclopentadienyl anion. This was deemed possible
because acetonitrile is a labile neutral ligand that can be replaced more readily than an
iodide ligand. It was previously reported by Kuhn that dicationic complexes were prepared
from the oxidation of CpCo(CO); 147 in the presence of acetonitrile (Eq. 3-33).190 In our
case, CpCol2CO 144 is both air-stable and easy enough to purify that a new reaction was
developed, generating dicationic cobalt(III) acetonitrile complex 148 directly from
CpCol2CO (Eqg. 3-34) by assisted ionization. The reaction was realized by adding silver
tetrafluoroborate to remove the iodide ligands, giving the reddish dicationic cobalt(III)
complex 148, which was generated in situ and trapped with 1-Me-3-‘BuCpK 126

afterwards.
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Equation 3-33

G0+ 2eq[CofelBR) ——= I\
7N rt ¢ N ~c
oCc CO / c N\
147 )

148

Equation 3-34

@ | o+ 2BF4
| 2 eq. AgBF, /Ci)
/Cf'w,l CH4CN, rt, 3h c N N, Ns‘C
\
144 148

The above procedure indeed resulted in the generation of the unsymmetrical
cobaltocenium compound [(1-Me-3-tBuCp)Co(Cp)][BF4] 120. However, when the reaction
was conducted at -78 °C, 120 was obtained in a yield of only 30%. Fortunately, a second
reaction performed at -20 °C gave a higher yield of the desired product at 68% (Eq. 3-35).
The unsymmetrical cobaltocenium compound was characterized by X-ray crystallography

in Appendix 1 (Fig. 3-1).

Equation 3-35

B
<7 1. AgBF,, CH4CN, rt Me@’BFL:_

N\ 2. 1-Bu-3-Me-CpK, THF
oc -78°C 30% @

-20°C 68%
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Figure 3-1. X-ray crystal structure of [(1-Me-3-‘BuCp)Co(Cp)][BF4]

Perspective view of the [(1°-1-t-butyl-3-methylcyclopentadienyl)CoCp]* complex ion
showing the atom labelling scheme. Non-hydrogen atoms are represented by Gaussian
ellipsoids at the 20% probability level. Hydrogen atoms are shown with arbitrarily small

thermal parameters. R;= 0.0318, R(w)=0.0850

With the unsymmetrical cobaltocenium compound 120 in hand, reduction to the
corresponding cobalt(I) cyclopentadiene complexes was investigated. According to
Vollhardt’s study on the reduction of substituted cobaltocenium complexes (Eq. 3-36),1°1
various alkyllithium and hydride reagents can be used, as listed in Table 3-2. For many
sterically unhindered alkyllithium reagents, addition toward the more substituted
cyclopentadienyl ring is favored. Only the sterically bulky tert-butyllithium exclusively
added to the less substituted cyclopentadienyl ring. More specifically, reduction using LiH
afforded a 3 : 1 mixture of compounds 149 and 150, respectively, suggesting that hydride
addition to the more substituted cyclopentadienyl ring is preferred (Entry 11, Table 3-2).
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Equation 3-36

SiMe; SiMe, MesSi R
MeO\-@ PFe" RLi Meo@ Meo@
Me3Si ir Ty MeSi Cio Me,Si Clo H
S H
< X <>
149 150

Table 3-2. Reduction of substituted cobaltocenium compounds with alkyllithium

Entry R group in alkyllithium Ratio between 149 Yield (%)
and 150

1 ‘Bu 0:100 84

2 Me 29:71 98

3 #CsH13-C=CH (trans) 55:45 85

4 ,CeH13-C=CH (cis) 19:81 80

5 CeH13-C=C 73:27 95

6 Me;Si-C=C 80:20 83

7 CH30-C=C 74 :26 92

8 ‘Bu0-C=C 69 :31 94

9 CgHsS-C=C 75:25 89

10 Cl-C=C 74 :26 79

11 H 75:25 100

In our case, hydride reagents are required to produce the disubstituted cobalt(I)
precursors for [5+2] ring-expansion reactions. Based on Vollhardt's study, hydride addition
was expected to be selective for the 1-Me-3-tBuCp ring. However as the disubstituted
cyclopentadienyl ring possesses five distinct hydride addition sites, we therefore

anticipated obtaining a mixture of six isomers from the cobaltocenium complex 120 (Fig. 3-
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2). Indeed, after treatment with excess KBH4, a complicated mixture of cobalt(I) complexes
151 was produced based on 'H NMR spectroscopy (Eq. 3-37), but no further information

was revealed on either the amount or identity of each isomer.

Equation 3-37

Me @ Bu Me @ Bu

e BF,~ KBH, THF, 12 h . +  isomers
-35°C toRT

(0]
@ 120 = 151

Figure 3-2. [someric structures of cyclopentadiene cobalt(I) complexes

Me @‘Bu Me \@‘Bu Me @‘Bu

Co Co Co
151-1 151-2 151-3
H H
e - e e ~=A
Cl Me CI CI Bu
(o] (o] (o]
= = =
151-4 151-5 151-6

During Trevor’s study on n°>-pentamethylcycloheptadienyl cobalt(I) complex 108, he
observed hydride migration between two cyclopentadienyl rings under photolysis, but not

thermolysis, conditions (Eq. 3-38).169 In an attempt to equilibrate the mixture of isomers to
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a major thermodynamic product, both thermal and photochemical reactions were
investigated. Neither reaction, however, produced tractable product(s), both apparently

leading to the decomposition (Eq. 3-39, 40).

Equation 3-38

Equation 3-39

[ Reflux
Co + isomers —_— Decomposition
| THF
=
151
Equation 3-40
Me @’Bu
I hv
Co + isomers —_— Decomposition
l THF
>
151

Other nucleophilic hydride reagents were also tested for selectivity in the reduction of
unsymmetrical cobaltocenium compound 120, including LiAlH4, Super Hydride (LiEtsBH),
Li(‘Bu0)3AlH and Na(MeO)3:BH. Na(MeO)3BH was initially used because we believe its
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milder reducing ability would result in a better product selectivity. However, among these
reducing reagents, only LiAlH4, Super Hydride, and Li(‘BuO)3AlH are capable of reducing
compound 120. Unfortunately, these reactions also show poor regioselectivity, producing

similar isomeric cobalt(I) mixtures.

Prior investigation of the [5+2] ring-expansion reactions revealed that upon protonation,
mixtures of cyclopentadiene/cyclopentadienyl isomers equilibrated rapidly and the less
substituted five-membered ring was predominately activated, regardless of the starting
derivative. It was therefore expected that under the same reaction conditions, the
cyclopentadienyl ligands in isomers from 151-2 to 151-6 are expected to equilibrate, and
only the unsubstituted cyclopentadiene ligand of isomer 151-1 is anticipated to undergo
ring-expansion. After ring-expansion, a single product, (1-Me-3-‘Bu-cyclopentadienyl)

cobalt(III) cycloheptadienyl derivative 152 would be obtained.

Therefore, the cobalt(I) mixture was used directly as the starting material for studying
[5+2] ring-expansion reactions (Eq. 3-41). Following Dzwiniel’s procedure, the cobalt(I)
mixture was dissolved in dichloromethane and cooled to -78 °C in a dry ice/acetone bath.
Fluoroboric acid and the alkyne substrate were then added in sequence. The reaction
mixture was left in the cold bath which warms back to room temperature gradually
overnight. Using this procedure, the reaction of 2-butyne, tert-butyl acetylene, and phenyl
acetylene were investigated. However, the reactions failed to produce any ring-expansion
products, and only the unsymmetrical cobaltocenium compounds 120 could be isolated

after the reaction, in a yield of roughly 20-40%.
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Equation 3-41

i
Me\@ Bu Me\@tBU

HBF4'Et20

|
Clo + Me—=—Me CH,Cl,, 12 h oot ore
&> -78 °C to RT &>
isomeric mixture Q
151 120

The presence of 151-5 and 151-6 as principal components of the cobalt(I) mixture may be
responsible for the failed [5+2] ring-expansion reactions. As discussed, it is the less
substituted five-membered ring that undergoes irreversible ring-expansion; therefore,
with the readily available cyclopentadiene already embedded in its structure, 151-1 is
expected to undergo the ring-expansion reaction directly and efficiently. Similar to the
monosubstituted cyclopentadiene cobalt(I) complexes (Eq. 3-42), it is expected that the
protonated cobalt(I) complexes first isomerize to the same intermediate obtained by
protonation of 151-1, via hydride migration from 7*-1-methyl-3-tert butyl-
cyclopentadiene to the cyclopentadienyl ligand before the reaction with alkyne and ring-
expansion could occur. However, with the sp3-hydrogen substituents pointing outward
(away) from the cobalt center, hydride migrations in isomers 151-5 and 151-6 cannot
occur by an intramolecular pathway and may be very slow, if it proceeds at all. As a
consequence, these two cobalt(I) isomers would demonstrate no reactivity toward the [5+2]

ring-expansion reactions and presumably divert along the other reaction paths.
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Equation 3-42

@<R HBF+E120 " | - BF 4
CH,CI + BFy
2vi2 Co 1

| H R' — R"
C + —_— >
© 78 °C to RT RS /
&> R, R 66- 94%
Q alkyl, aryl, silyl R

Since inseparable mixture obtained from the unsymmetrical cobaltocenium reduction does
not undergo [5+2] ring-expansion, a new synthetic preparation leading to the synthesis of
clean (n*-cyclopentadiene) cobalt(I) complexes was required. Thus we explored
ethylene/cyclopentadiene ligand exchange using 1-methyl-3-tert butyl cobalt(I)

bis(ethylene) complex 152, an unknown complex (Scheme 3-7).

Scheme 3-7
Me Bu Me Bu
Na/Hg \©|/ @ \@
Co(lll) complex T Co —_— Co
thylene
Xy <5
152 151-1

Dzwiniel previously demonstrated that >-Cp*Co(I)CpH 108 could be prepared from (n°-
pentamethylcyclopentadienyl) cobalt(I) bis(ethylene) 112,169 although this ethylene
exchange strategy might not be applicable to the synthesis of this particular series of n*-
cyclopentadiene cobalt(I) complexes. This is because the stability of cobalt(I) bis(ethylene)
complexes depends largely on the substitution pattern of the cyclopentadienyl ligand and
the range of the known analogues is quite limited.1°2 More specifically, Cp*Co(ethylene):

112 is stable at room temperature,?3 whereas the Jonas reagent 153, CpCo(ethylene), is
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only persistent at a low temperature.1?* Accordingly, the stability of disubstituted

cyclopentadienyl cobalt(I) bis(ethylene) complex 152 cannot be predicted in advance.

To gain better insight into the stability problem, tetramethylcyclopentadienyl cobalt(I)
bis(ethylene) 154 was first prepared to test this strategy before the riskier disubstituted
cyclopentadienyl cobalt(I) bis(ethylene) was attempted. The preparation of compound 154
follows the standard three-step procedure (Scheme 3-8). (Me4+Cp)Col2CO 155 was first
prepared the same way in which CpCol2CO was synthesized (Eq. 3-43).1°0 Heating
compound 155 to reflux in n-octane results in the release of carbon monoxide and
formation of iodine-bridged dimer [(Me4Cp)Colz]2 156. Subsequently, sodium amalgam
reduction of complex 156 in the presence of ethylene affords reddish
(Me4Cp)Co(ethylene)2 154, with an isolated yield of 60% after filtration through Celite

using pentane.

Equation 3-43

1. Reflux, CH,Cl, \Q
+ CoyCO)y + @ Co
2. |2 /\"’/l

Scheme 3-8

I Na/H \Q
\Q Reflux A Ethylege

/C{) _— > C/:O\(CO _ > Co

n-octane THF, RT 2N

oc y | 60% X 7
155 156 154
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The cobalt(I) bis(ethylene) complex 154 is stable in solution at room temperature for at
least an hour and can be stored in a freezer (-35 °C) for weeks without noticeable
decomposition. Heating this material to reflux in THF in the presence of excess
cyclopentadiene afforded the desired complex, (MesCp)CoCpH 157, as a single compound
in an isolated yield of 95% (Eq. 3-44). Compared to the Dzwiniel preparation of Cp*CoCpH
by a similar exchange, which requires photolysis, this ethylene exchange reaction was
conducted under mild thermal conditions. No hydride migration from (Me4+Cp)CoCpH to

form CpCo(MesCpH) has been observed, consistent with expectations.

Equation 3-44

=z Refux =

co THF, 95% co
X Y o S5
154 157

With the successful synthesis of (tetramethylcyclopentadienyl) cobalt(I) bis(ethylene) 154,
the strategy was then applied to the synthesis of (1-Me-3-tBuCp)CoCpH 151-1 (Scheme 3-
9). Following the same procedures, after (1-Me-3-‘BuCp)Col2CO 158 was prepared and
characterized, the complex was heated to reflux in n-octane, affording a black solid 159.
However, characterization of this material proved to be difficult, as it decomposes in
coordinating solvents such as THF and is insoluble in non-coordinating solvents.
Furthermore, the reduction of crude complex 159 under a continuous flow of ethylene did

not afford any of the desired bis(ethylene) product 160.
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Scheme 3-9

Me Bu
Me @Bu Reflux @ Na/Hg Me @’Bu

| — X >

Co BN /(/:0\ Ethylene Co
oc” } roctane. 12 '|7/ 2 78°C,12h X ¥
~
158 159 160

We initially believed that the failure to synthesize cobalt(I) bisethylene complex 160 could
be attributed to its thermal instability. Therefore, one remedy that was considered was to
use cyclopentadiene to trap complex 160, as generated in situ. The uncharacterized black
solid from thermolysis of (1-Me-3-tBuCp)Col2CO 158 was reduced by sodium amalgam in
the presence of ethylene, with excess cyclopentadiene added subsequently but without
isolation of any intermediates. The solution was allowed to warm slowly to room
temperature (Eq.3-45). Unfortunately, none of the desired cyclopentadiene cobalt(I)
complex 151 was obtained, unless it was a minor component of the intractable product

mixture, as judged by 'H NMR spectroscopy.

Equation 3-45

-78°C,12 h !

2 2.Cyclopentadiene <<l>

-78°C toRT, 12 h
159 151

f
Me @ B 1.Na/Hg, Ethylene Me @’Bu
Co_
|/V//L
~

The failure to obtain the desired cobalt(I) cyclopentadiene complex may be associated with
the difficulty in promoting ethylene displacement. The use of a more reactive cobalt(I)
bis(olefin) complex, CpCo(H2C=CHSiMe3)2 161, was attempted, prepared in situ from the

reduction of cobaltocene in the presence of trimethylvinylsilane at -78 °C (Eq. 3-46).195 A
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thermally sensitive product was obtained; low-temperature NMR studies suggest that once
the temperature rises above -30 °C, complex 161 starts to decompose. In contrast, the
Jonas reagent shows greater stability, as it stays intact even at 0 °C.194 Therefore, it was
apparent that complex 161 could be used as a highly reactive starting material for ligand

replacement by cyclopentadiene.

Equation 3-46

< %

I . K, Et,0 o
Co + Me;Si_~ _— °
s TN ZEc2h Messi( \(/
< Sie
135 161

The reaction was set up by preparing the reddish bis(olefin) complex 161 at -78 °C, with
the disubstituted cyclopentadiene ligand subsequently added into the solution (Eq. 3-47).
The reaction mixture was then left to warm slowly to room temperature. However, to our
dismay, the reaction failed to generate cyclopentadiene complex 151. A second reduction
was conducted, substituting tetramethylcyclopentadiene in place of the disubstituted
cyclopentadiene (Eq. 3-48). However, this treatment also resulted in a complicated product

mixture that we were unable to characterize.

Equation 3-47

< 1K E,0,-78°C,12h  M© \@B“

i + MesSi o~ 2. 1-Me-3-Bu-CpH Co
Q -78 °CtoRT, 12 h @
135 151
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Equation 3-48

< 1K E,0,-78°C,12h  Me < p—Me

i * MesSin” 5 Me,CpH, -78 °C 10 RT, 12 h i
135 162

To gain a fuller appreciation of the ethylene replacement method, the reverse strategy was
also attempted. This route involves the synthesis of the disubstituted cyclopentadienyl
cobalt(I) bis(trimethylvinylsilane) intermediate, with subsequent exchange trapping by
cyclopentadiene. The substituted cobaltocene 163 was prepared from cobalt(II) chloride
and two equivalents of 1-Me-3-tBuCpK 126 (Eq. 3-49). Reduction of cobaltocene 163 in the
presence of trimethylvinylsilane produced a promising reddish solution (Eq. 3-50). While
the solution was maintained at -78 °C, cyclopentadiene was added to replace the labile
trimethylvinylsilane ligands. However, in the end, the reaction again afforded an

intractable mixture.

Equation 3-49

Bu Me@’Bu
K4 cog, THR-5°ClRT )

12 h

Me Bu —@Me

126 163
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Equation 3-50

Me @ Bu Me @ Bu

1. K, Et,0, -78 °C, 12 h '
co + MesSi_~ z Co

By _@_Me 2.CpH, -78 °C toRT, 12 h <<|>

These results confirm that the ethylene replacement strategy is not successful in producing
(1-methyl-3-tert-butyl cyclopentadienyl)cobalt(I)cyclopentadiene 151 and/or its
corresponding isomers. One assumption to account for the failed reaction might due to a
slipping of the disubstituted ligand in order to relieve steric hindrance on tert-butyl group.
This may lead to the n!-Cp coordination mode of the Cp carbon atom bearing the methyl
substituent and further S-hydride elimination. Therefore, a complicated mixture could be

generated without desired results.

We then turned to the use of (Me4Cp)CoCpH 157 directly for [5+2] ring-expansion
reactions (Eq. 3-51), giving up completely on the notion of a disubstituted ancillary ligand.
However, upon protonation, only loss of hydrogen was observed, producing 1,2,3,4-
tetramethylcyclopentadienyl cobaltocenium 164 without detection of any

(cycloheptadienyl)cobalt(III) ring-expansion product.

Equation 3-51

HBF4'Et20
== o B g

+ 4
Co + Me ——Me —_— Co
-78 °C to RT
<> o <>
157 164
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In conclusion, the new cobalt(I) cyclopentadiene complexes could not undergo [5+2] ring-
expansion reactions. In the presence of alkyne substrates, loss of H, remains a competitive
reaction pathway to afford the corresponding cobaltocenium compounds. Though the
tetramethylcyclopentadienyl cobalt(I) n*-cyclopentadiene is structurely similar to Trevor’s
cobalt(I) complex bearing a pentamethylcyclopentadienyl ligand, their reactivities toward
[5+2] ring-expansion reactions appears vastly different. The result suggests that the ring-
expansion reactivity is highly sensitive toward the substitution pattern of the
cyclopentadienyl ligand. The detailed mechanism remains unclear, but DFT calculations
from Dr. Ammal provides interesting insight, leading to a new strategy as discussed in

Chapter 4.
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Chapter 4. Towards an iron-mediated [5+2] ring-expansion reaction

4.1 Introduction

As the current methodology proved incapable of producing n*-cyclopentadiene cobalt(I)
complexes, a new strategy for [5+2] ring-expansion reactions was proposed. The suggested
mechanism for the reaction involves the formation of an agostic n3-cyclopentenyl cobalt(III)
complex 107 as the key intermediate for the ring-expansion reaction. However, in contrast
to our working hypothesis, which posited alkyne coordination and migration, DFT

calculations revealed a hidden and novel mechanistic pathway.

Our collaborators at the University of Tokyo, Dr. Salai Ammal and Prof. Eiichi Nakamura,
determined computationally that it is the n2-vinyl cobalt(III) complex 165 that acts as the
reactive intermediate for the [5+2] ring-expansion reactions (Scheme 4-1).19¢ After the
addition of HBF4, the alkyne substrate becomes protonated to form an 52-vinyl cobalt(III)
complex 165, which electronically resembles a cobalt alkylidene fragment. This then
undergoes a [2+2] cycloaddition with a n?-coordinated cyclopentadiene. A [2+2]
cycloreversion cleaves the cyclopentene C-C o-bond and affords an eight-membered
metallacyclic alkylidene 167. 1,2-migration of the alkyl carbon yields an agostic
cycloheptadienyl cobalt(III) complex 168, which undergoes further isomerization to afford

the observed n5-cycloheptadienyl cobalt(IIl) complex 169.
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Scheme 4-1
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Inspired by the DFT calculations, a new entry into [5+2] ring-expansion reactions was
devised. As the mechanism suggests, it is to the coordinated alkyne that the proton
migrates instead of to the cyclopentadiene ligand, therefore, the reactions could be
performed starting from a metal alkyne precursor, with the addition of acid and a free
diene. In addition, based on Salai’s calculations, only one double bond in cyclopentadiene is
subject to the metathesis during the ring-expansion process. Thus, the use of
cyclopentadiene is no longer necessary and often ustable cyclopentadiene component can
be replaced bya simple cyclopentene. In summary, the new strategy for the ring-expansion

reaction became protonation of the metal alkyne complex in the presence of cyclopentene.

To the best of our knowledge, isolable cyclopentadienyl cobalt(I) alkyne complexes have

never been reported in literature and many precursors are efficient catalysts for alkyne
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trimerization, including CpCo(C0)2 147, CpCo(PPhz)2 170 and CpCo(olefin)2 complexes
171 and 153 (Figure 4-1).19> On the whole, alkyne trimerization is a thermodynamically
favored exothermic reaction that involves the formation of three new C-C o bonds and an
aromatic r-system.197 Therefore, the preparation of cobalt(I) alkyne complexes is

tremendously challenging and another metal system was sought.

Figure 4-1. Structures of cobalt(I) complexes

/CO\ /Co\ - Co
PhsP  PPhg oc” ‘co X 7
170 147 171 153

Iron(0) alkyne complexes have been previously reported by Chirik, et al., to be active
alkene hydrogenation catalysts.1”! Reduction of diimine iron(II) chloride 172 in the
presence of the corresponding alkyne afforded iron(0) alkyne complexes (Eq. 4-1). As
reported, the iron(0) diphenylacetylene complex 173 could be purified by recrystallization,
whereas the analogous iron(0) 2-butyne complex 174 remained oily and resisted
purification. The [5+2] ring-expansion reaction was thus developed using known iron(0)

diphenylacetylene complex 173.

Equation 4-1

w A
N, Cl xs Na/Hg N,
):i _Fé +  Ph—=—Ph ——> _ Fe—||

AN
N cl Pentane N
Ar' Ar' Ph
Ar'": 2,6-diisopropylpheny! 173
172
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4.2 Results and discussion

Before conducting [5+2] ring-expansion experiments, iron(0) alkyne complex 173 was first
prepared. Diimine 175 was obtained from 2,6-diisopropylaniline and 2,3-butadione
condensation (Eq. 4-2).198 Subsequently, the addition of diimine to ferrous chloride
generated the iron(Il) complex 172 (Eq. 4-3).1°° Following the reduction of iron(II)
complex 172 as previously described, iron(0) alkyne complex 173 was produced and

purified by recrystallization from pentane.

Equation 4-2

Pr
NH 0] )
5 iPr ° ipr )J}( 2 eq. HCOOH Qfl\i Pr
eq. + )_(
I' MeOH, , 12n, 83% ipr \N@
175 'Pr
Equation 4-3
Pr
Ar'
N iPr THF, 1t N, _Cl
—4 + FeCl, ——> ~ e
iPr N 12h, 80% N™ “ci
Ar'
Pr Ar': 2,6-diisopropylphenyl
175 172

With iron(0) alkyne complex 173 in hand, the new [5+2] ring-expansion reaction could be
investigated. To a solution containing iron(0) complex 173, excess cyclopentene and one

equivalent fluoroboronic acid were subsequently added at -78 °C (Eq. 4-4). The solution

182



was then allowed to slowly warm to room temperature. After 12 hours, the brown solution
had changed to a dull yellow color and a white precipitate. The yellow solution was filtered
through Celite and crystallizated from diethyl ether/pentane by solvent diffusion. A
colorless clear crystal was obtained in a 25% isolated yield. However, to our dismay,
instead of the desired ring-expanded product, the crystalline solid is a half-reduced imine-
ammonium salt 176. In addition, free diimine ligand was recovered in a yield of 62%.
Clearly, the diimine ligand is unstable under the conditions of the reaction and cannot be

used for the [5+2] ring-expansion reactions.

Equation 4-4

Arl Ph $r| . i Ari
_N,, HBF ; OEt,, Et,0 NH; BF, ~N
Pyl RO X « X
N N -78°CtoRT, 12 h SN 176 =N
1 | |
Ar Ar' Ar'
Ar': 2,6-diisopropylphenyl 25% 62%

Though not successful, the reaction has demonstrated an undesired mechanistic pathway
(Scheme 4-2). The reduction of diimine ligand under strongly acidic conditions suggests
that after protonating the iron(0) alkyne complex 173, the proton migrates to the diimine
ligand instead of the alkyne moiety (Scheme 4-2). Formation of the iminium intermediate
induces a single electron transfer from another iron(0) complex. Subsequent protonation of
carbanion affords amine-imine compound 177, which is further protonated to form the
observed ammonium compound 176. In this proposed pathway, for every mole of
ammonium salt 176 generated, three moles of fluoroboronic acid are consumed. As the
ratio of fluoroboronic acid to iron(0) alkyne complex 173 was initially 1 : 1, a maximum of
1/3 equivalent of the diimine ligand (33%) can be reduced to generate ammomium 176 at

the expense of the iron(0) used in the reaction. Taking this into consideration, the isolated
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yield of 25% crystallized ammomium 176 represents a high conversion, suggesting the

proposed mechanism is the dominant reaction pathway.

Scheme 4-2
Ar Ph Ar' Irl Ph Ar Ph
N N. —NH
, . UF
Py oo, el —— e
N N N
p Ph p Ph Ar Ph
173 i
Ar' Ph Ar' Ph Ar' Ph
- NH . NH + NH
el S I el ST I |
N N N
s Ph ; Ph \s Ph
lHBF4°OEt2
Al ph o T
NH NH NH;" BF,
):\ _Fe|| - . I HBF # OEt, I
Ar Ph | .
Ar' Ar'
177 176

Part II. Conclusion

In summary, the attempted [5+2] ring-expansion reactions failed to undergo C-C bond
activation to afford the desired products. The preparation of (#°-1-methyl-3-
tertbutylcyclopentadienyl)cobalt(I)-n*-cyclopentadiene appears to be very challenging.
Two synthetic routes were examined, including the reduction of corresponding
cobaltocenium compound and replacement of ethylene ligands with cyclopentadiene

starting from the cobalt(I) bis(ethylene) complex. However, the n*-cyclopentadiene
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cobalt(I) complexes that were prepared followed an undesired pathway to afford the

corresponding cobaltocenium compounds.

Inspired by DFT calculations from a collaborator, our second strategy for ring-expansion
reaction now involves the protonation of iron(0) alkyne complex in the presence of
cyclopentene. However, using the bis(imine) iron(0) complex reported in the literature,
this reaction instead involves the reduction of the imine ligand. The product from C-C bond
activation was not formed. In conclusion, ring-expansion reactions could not be achieved
from either n*-cyclopentadiene cobalt(I) or iron(0) alkyne complexes and this phase of the

project was abandoned.

Part II. Future work

With the development of trialkylphosphoranimide-supported first-row transition metal
clusters in our group, a new opportunity for exploring [5+2] ring-expansion reactions has
become available. Since phosphoranimide-supported nickel(I) and cobalt(I) clusters are
coordinately unsaturated, the compounds may mediate a range of novel organometallic
reactions. It may be possible to prepare and isolate the corresponding cobalt(I) /nickel(I)
cyclopentene or cyclopentadiene complexes. Protonation of such complexes in the

presence of alkynes could lead to the formation of ring-expansion products.
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Chapter 5: Experimental information

Reagents and methods

All manipulations of air sensitive compounds were conducted under a nitrogen atmosphere
using standard Schlenk techniques, or in an mBraun Labmaster drybox equipped with a -35
°C freezer. Tetrahydrofuran, diethyl ether, hexane, pentane, benzene and toluene were
distilled from sodium benzophenone ketyl (THF, Et.0, PhH), potassium benzophenone
ketyl (pentane, hexane), or molten sodium (PhMe) respectively under nitrogen.
Dichloromethane, n-octane, ethylbenzene and other solvents/liquid reagents were dried
over calcium hydride and degassed by three freeze-pump-thaw cycles at high vacuum (10->
mm Hg). Solid chemicals were directly transferred into the drybox as received. The
precatalyst complexes [Ni-N=P‘Bus]4 (8), [Co-N=P ‘Bus]4 (9), [Me-Co-N=PEt3]4+ and [Me-Co-
N=PEt3]4[BF4] were prepared as previously described.>148 3 A molecular sieves were
stored in a 120 °C oven for at least two days before being transferred into the dry box. Both
calcium hydride and 3 A molecular sieves were crushed to fine powders using a pestle and
mortar and kept in drybox for storage. All glassware were dried in a 120 °C oven overnight

prior to use.

Further Note on Spectroscopic Methods

1H NMR and 13C NMR spectra were recorded on either a Varian Unity-Inova 300 (H 300
MHz) or a Varian Unity-Inova 400 (*H 400 MHz; 13C 100 MHz) spectrometer. Chemical
shifts for 1H NMR spectra are reported in ppm and referenced against the residual
protonated NMR solvent peaks. Gas chromatograph-mass spectrometry was performed
using a Hewlett Packard GCD series G1800A GC-MS in the Analytical and Instrumentation

Laboratories. High-resolution electron impact mass spectra were obtained from a Kratos
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Analytical MS-50G Mass Spectrometry. Elemental analysis was performed with a Carlo
Erba EA1108 Elemental Analyzer in Analytical and Instrumentation Laboratory. X-Ray
structural data were collected on a Bruker Platform diffractometer with a SMART 1000
CCD area detector and analyzed by Dr. Robert McDonald and Dr. Micheal ]. Ferguson for

structural resolution and refinement in the X-Ray Crystallography Laboratory.

Experimental section of Chapter 1

General Procedures

Unless stated otherwise, all hydrogenation reactions were performed in cylindrical thick-
walled Pyrex glass vessels equipped with Teflon vacuum stopcocks, referred to as glass
bombs. The Schlenk line was purged with a continuous flow of hydrogen for at least 30
minutes before conducting hydrogenation reactions. The glass bomb was kept under
vacuum for at least 10 minutes while immersed in liquid nitrogen bath to freeze reaction
mixture. Afterwards the glass bomb was back-filled with hydrogen, sealed and warmed to
room temperature. The entire glassware was immersed in an oil bath at 120 °C or
temperatures otherwise stated behind a safety shield. The reaction mixture was stirred at a

speed of 1500 rpm, unless stated otherwise.

Standardization of GC yield

Many ester hydrogenation reactions involve the generation of volatile products, such as
toluene and hexane in previous examples. Since the quantitative isolation of these organic

liquids is technically impractical, GC-MS analysis provides an alternative method to probe

the reactions. However, GC yield is based on the relative intensity of detected signal and

187



might deviate from actual reaction yield. Therefore it is essential to standardize GC yield to

actual yield of the final product.

A calibration graph reflecting the relationship between GC and actual yield is plotted, in
which x- and y-axis represents GC and actual yield, respectively. To plot this graph, a series
of solutions containing starting material and product with various molar ratios are
prepared. Each solution contributes to one point on the graph, which is represented as (x,
y). The x-value is obtained from GC-MS analysis and y-value calculated based on moles of
the compounds. (Figure 5-1) After drawing a series of points on the graph, a smooth
trendline is generated to fit the dots. Eventually, the graph can be utilized to convert GC

yield of any reaction to corresponding actual yield.

Figure 5-1. Calculation of toluene yield (y-value)

A B
O ,
H,, Cat. Ni AN
B —

o@ P

Ma mg
For A+B solution preparation, m and mg are measured.
Ma mol=m/ M.W. mola B mol% = molg/ (Mol + molg)

B mol%, which is y-value

mpg mO|B

Benzyl benzoate hydrogenation reactions were repeatedly conducted for condition
optimization. The calibration graph for toluene GC yield is valuable for the estimation of the
actual yield. The graph is plotted based on the preparation of a series of diethyl ether
solutions containing known concentrations of toluene and benyl benzoate. The detailed

calculation for toluene molar percent is provided in Figure 5-1. On the other hand, GC yield
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for the samples are obtained from GC-MS analysis. A summary about GC and molar percent

of toluene is shown in Table 5-1. Based on these data, eleven points are plotted on the

Graph 5-1. A logarithmic trendline is generated that has the best fit to the data. The

corresponding formula is also provided, which is y=24.418In(x)-15.218.

Table 5-1. A summary of GC and mol percent for toluene in prepared diethyl ether solutions

x-value: GC %

1.9

4.6

6.7

9.5

14.5 25.0

y-value: mol%

8.2

17.7

27.1

36.8

48.3 61.4

x- value: GC %

24.9

47.3

46.4

75.1

78.5

y- value: mol%

63.8

80.8

79.6

89.8

94.9

Graph 5-1. Standardization of GC Yield for Benzyl Benzoate Reduction to Toluene.
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The logarithmic curve appears to fit the data reasonably well, as the dots are located
closely to the curve and distributed evenly on both sides as well. For the graph, r-squared
value equals 0.98465, which also suggests the regression line fits the data well. If the first
four sets of data in graph 5-1 were examined more closely, they appear quite linear as

shown in graph 5-2.

Graph 5-2. Plotting of the first four sets of data in graph 5-1.
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Based on the formula related to logarithmic curve, the relationship between molar percent
and In(GC %) is anticipated to be linear. The graph containing In(GC %) as x-axis is also

plotted and the formula for the line is y=24.418x-15.218 with r-squared value equals
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0.98465. Most of the points appear close to the straight line except the first data point.
Therefore, a new graph that neglects the first dot is plotted as shown in Graph 5-3, which
appears to fit the data nicely. R-squared value increases to 0.99808. The formula for the

new line is y= 26.719x- 23.221.

Graph 5-3. Standardization of GC Yield for Benzyl Benzoate Reduction to Toluene
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In conclusion, the relationship between GC yield and actual yield appears to be a
logarithmic curve in Graph 5-1. The formula relating to the curve provides a good

estimation of the actual yield based on the GC yield from measurement.
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Detailed Experimental Procedures for Chapter 2

Control experiment: reaction of CaHz with benzyl benzoate

) )

2.5 eq. CaH,
(0] (0]
n-Octane, 120 °C

14 hours

Benzyl benzoate (68.4 mg, 0.32 mmol) was weighed into a glass vial and dissolved in 1.0 ml
n-octane. The solution was transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Calcium hydride (33.9 mg, 0.81 mmol, 2.5 equiv) was added
to the glass bomb. The vessel was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added in sequence dropwise to the reaction mixture. After separation
of the organic phase, diethyl ether was used to extract the organic compounds from
aqueous layer three times. GC-MS analysis of the combined organic solution indicated that

benzyl benzoate and solvents are the only compounds present.

Control experiment: reaction of NaH with benzyl benzoate at 100 °C

) )

2 eq. NaH
(0] (0]
n-Octane, 100 °C

14 hours

Benzyl benzoate (70.2 mg, 0.33 mmol) was weighed into a glass vial and dissolved in 1.0 ml
n-octane. The solution was transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Sodium hydride (15.9 mg, 0.66 mmol, 2.0 equiv) was added
to the glass bomb. The vessel was heated to 100 °C for 14 h. Water (0.1 ml) and 0.5M HCI
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solution (2 ml) were added dropwise in sequence to quench the reaction mixture. After
separation of the organic phase, diethyl ether was used to extract the organic compounds
from aqueous layer three times. GC-MS analysis of the combined organic solution indicated

that benzyl benzoate and solvents are the only compounds present.

Control experiment: reaction of NaH with benzyl benzoate at 120 °C

2 eq. NaH (0]
: ﬂ OH
n- Octane Ej)ko/\ij N ©/\
(j 120 °C = =
14 hours

Benzyl benzoate (67.8 mg, 0.32 mmol) was weighed into a glass vial and dissolved in 1.0 ml
n-octane. The solution was transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Sodium hydride (15.3 mg, 0.64 mmol, 2.0 equiv) was added
to the glass bomb. The vessel was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the reaction mixture. After
separation of the organic phase, diethyl ether was used to extract the organic compounds
from aqueous layer three times. GC-MS analysis of the combined organic solution indicated
the presence of benzyl alcohol (3.2%) and benzyl benzoate (96.8%) in addition to the

solvents.
Comparison of precatalysts for benzyl benzoate reduction

o) [Ni-N=P'Buy], o)

1 atm H,, 2.5 eq. CaH
©)J\O/\© 2 q 2 ©)J\OH + @/
n-Octane, 120 °C
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In a drybox, 8 (9.1 mg, 8.3x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (87.9 mg,
0.41 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (43.1 mg, 1.03 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that toluene
and solvents are the only compounds present. Water (0.1 ml) and 0.5M HCI solution (2 ml)
were added in sequence dropwise to the remaining solid. Diethyl ether was used to extract
the organic compounds from aqueous layer three times. The organic layer was dried over
NazS04 and the diethyl ether was removed in vacuo to afford a white solid (51.0 mg, 100%).

IH NMR spectrum was obtained to identify the solid as benzoic acid.
o) [Co-N=PBug], o)
: JL o 1 atm H,, 2.5 eq. CaH, on + ©/
[) n-Octane, 120 °C

In a drybox, 9 (9.1 mg, 8.3x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (87.4 mg,

0.41 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (43.3 mg, 1.03 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that the
presence of benzyl benzoate (97.6%) and toluene (2.4%). Water (0.1 ml) and 0.5M HCI

solution (2 ml) were added in sequence dropwise to the remaining solid. Diethyl ether was
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used to extract the organic compounds from aqueous layer three times. The organic layer
was dried over NazS04 and the diethyl ether was removed in vacuo to afford a white solid

(0.3 mg, 0.6%). 'H NMR spectrum was obtained and the solid was identified as benzoic acid.

(0] [Me-Co-N=PEtz], (0]
1 atm H,, 2.5 eq. CaH
@)J\O/\Q 2 q 2 @)J\OH + @/
n-Octane, 120 °C

In a drybox, [Me-Co-N=PEtz]4 (6.9 mg, 8.4x10-3 mmol, 2.0 mol% per cluster) and benzyl

benzoate (88.1 mg, 0.42 mmol) were weighed into glass vials separately and dissolved in
0.5 ml n-octane. The solutions were transferred to a glass bomb equipped with a stir bar
and rinsed with another 0.5 ml n-octane. Calcium hydride (43.6 mg, 1.04 mmol, 2.5 equiv)
was added to the glass bomb. The content of glass bomb was put under hydrogen
atmosphere using the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h.
The n-octane soluble fraction was filtered through Celite and rinsed with diethyl ether. GC-
MS analysis of the n-octane soluble fraction indicated that only benzyl benzoate and solvent

was present.
(0] [Me-Co-N=PEt3]4[BF 4] (0]
1 atm H,, 2.5 eq. CaH
©)J\O/\© 2 q 2 @)J\OH + @/
n-Octane, 120 °C

In a drybox, [Me-Co-N=PEtz]4[BF4] (8.8 mg, 8.0x10-3 mmol, 2.0 mol% per cluster) and

benzyl benzoate (85.2 mg, 0.40 mmol) were weighed into glass vials separately and
dissolved in 0.5 ml n-octane. The solutions were transferred to a glass bomb equipped with
a stir bar and rinsed with another 0.5 ml n-octane. Calcium hydride (42.0 mg, 1.0 mmol, 2.5

equiv) was added to the glass bomb. The content of glass bomb was put under hydrogen
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atmosphere using the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h.
The n-octane fraction was filtered through Celite and rinsed with diethyl ether. GC-MS
analysis of the n-octane soluble fraction indicated that the only presence of benzyl

benzoate and solvents.
Solvent screen for benzyl benzoate reduction
0 [Ni-N=PBus], o)

1 atm H,, 2.5 eq. CaH
©)J\O/\© 2 q 2 @)J\OH + ©/
THF, 120 °C

In a drybox, 8 (6.2 mg, 5.6x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (59.0 mg,

0.28 mmol) were weighed into glass vials separately and dissolved in 0.5 ml THF. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml THF. Calcium hydride (29.3 mg, 0.69 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The THF soluble fraction was filtered through Celite and rinsed with
diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
toluene (85.8%) and benzyl benzoate (14.2%). Water (0.1 ml) and 0.5M HCI solution (2 ml)
were added in sequence dropwise to the remaining solid. Diethyl ether was used to extract
the organic compounds from aqueous layer three times. The organic layer was dried over
NazS04 and the diethyl ether was removed in vacuo to afford a white solid (31.7 mg, 93.4%).

IH NMR spectrum was obtained to identify the solid as benzoic acid.
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0 [Ni-N=PBus], 0
1 atm H,, 2.5 eq. CaH
©)J\O/\© 2 q 2 ©)J\OH . ©/
PhH, 120 °C

In a drybox, 8 (6.1 mg, 5.5x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (58.8 mg,

2.8 mmol) were weighed into glass vials separately and dissolved in 0.5 ml benzene. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml benzene. Calcium hydride (30.3 mg, 0.72 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The benzene soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the benzene soluble fraction indicated the presence of
toluene (55.7%) and benzyl benzoate (44.3%). Water (0.1 ml) and 0.5M HCI solution (2 ml)
were added dropwise in sequence to quench the remaining solid. Diethyl ether was used to
extract the organic compounds from aqueous layer three times. The organic layer was
dried over Na;S04 and the diethyl ether was removed in vacuo to afford a white solid (28.5

mg, 83.3%). IH NMR spectrum was obtained to identify the solid as benzoic acid.

Benzyl benzoate reduction without base scavenger

(0] [Ni-N=PBujs], (0]
1atmH [ j
©)J\O/\© 2 ©)J\OH +
n-Octane, 120 °C

In a drybox, 8 (5.5 mg, 5.0x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (52.7 mg,

24.8 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with

another 0.5 ml n-octane. The content of glass bomb was put under hydrogen atmosphere

197



using the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which
white solids precipitated. The n-octane soluble fraction was filtered through Celite and
rinsed with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the
presence of toluene (7%) and benzyl benzoate (93%). Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the remaining solid. Diethyl
ether was used to extract the organic compounds from aqueous layer three times. The
organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to afford a

white solid. TH NMR spectrum was obtained to identify the solid as benzoic acid.
Benzyl benzoate reduction at longer reaction time
o) [Ni-N=PBus], o)

1 atm H,, 2.5 eq. CaH [ j
@O/Q 2 q 2 ©)J\OH +
n-Octane, 120 °C

In a drybox, 8 (2.9 mg, 2.6x10-3 mmol, 1.0 mol% per cluster) and benzyl benzoate (56.0 mg,

0.26 mmol) were weighed into glass vials separately and dissolved in 0.4 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.4 ml n-octane. Calcium hydride (27.7 mg, 0.66 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
toluene (59.3%) and benzyl benzoate (40.7%) besides solvents. Water (0.1 ml) and 0.5M
HCI solution (2 ml) were added dropwise in sequence to quench the remaining solid.
Diethyl ether was used to extract the organic compounds from aqueous layer three times.

The organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to
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afford a white solid. TH NMR spectrum was obtained to identify the solid as benzoic acid

(28.0 mg, 86.9%).

0] [Ni-N=PBus], o]
1 atm H,, 2.5 eq. CaH
©)J\O/\© 2 q 2 @)J\OH + ©/
n-Octane, 120 °C

In a drybox, 8 (3.5 mg, 3.2x10-3 mmol, 1.0 mol% per cluster) and benzyl benzoate (68.4 mg,

0.32 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (33.8 mg, 0.81 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 28 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that toluene
and solvents are the only compounds present. Water (0.1 ml) and 0.5M HCI solution (2 ml)
were added dropwise in sequence to quench the remaining solid. Diethyl ether was used to
extract the organic compounds from aqueous layer three times. The organic layer was
dried over Na;S04 and the diethyl ether was removed in vacuo to afford a white solid (40.3

mg, 100%). 'H NMR spectrum was obtained to identify the solid as benzoic acid.

Comparison of base scavengers for benzyl benzoate reduction

o) [Ni-N=PBug], 0

1 atm H,, 2.0 eq. NaH
@)J\O/\Q 2 q ©)J\OH i ©/
n-Octane, 100 °C
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In a drybox, 8 (3.6 mg, 3.2x10-3 mmol, 1.0 mol% per cluster) and benzyl benzoate (68.7 mg,
0.32 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Sodium hydride (15.5 mg, 0.65 mmol, 2.0 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 100 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that toluene
and solvents are the only compounds present. Water (0.1 ml) and 0.5M HCI solution (2 ml)
were added dropwise in sequence to quench the remaining solid. Diethyl ether was used to
extract the organic compounds from aqueous layer three times. The organic layer was
dried over Na;S04 and the diethyl ether was removed in vacuo to afford a white solid (40.2
mg, 100%). 'H NMR spectrum was obtained to identify the solid as benzoic acid. '1H NMR
(300 MHz, CDCI3) 6 8.12 (m, 2H); 7.62 (m, 1H); 7.45 (m, 2H).

0] [Ni-N=PBus], o]
1 atm H,, 2.0 eq. MgH
©)J\O/\© 2 q. Mg ©)J\OH + ©/
n-Octane, 100 °C

In the dry box, 8 (3.5 mg, 3.2x10-3 mmol, 1.0 mol% per cluster) and benzyl benzoate (68.4

mg, 0.32 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane.
The solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Magnesium hydride (17.0 mg, 0.64 mmol, 2.0 equiv) was added to
the glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 100 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed

with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
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toluene (20.2%) and benzyl benzoate (79.8%) besides solvents. Water (0.1 ml) and 0.5M
HCI solution (2 ml) were added dropwise in sequence to quench the remaining solid.
Diethyl ether was used to extract the organic compounds from aqueous layer three times.
The organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to
afford a white solid (17.2 mg, 43.7%). 'H NMR spectrum was obtained to identify the solid

as benzoic acid.

(0] [Ni-N=PBus], (0]
1 atm H,, K,CO
©)J\O/\© 2, RabUs @)J\OH + ©/
n-Octane, 120 °C

In a drybox, 8 (5.1 mg, 4.6x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (47.3 mg,

0.22 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Potassium carbonate (87.2 mg, 0.63 mmol) was added to the glass
bomb. The content of glass bomb was put under hydrogen atmosphere using the Schlenk
line as discussed. The vessel was heated to 120 °C for 14 h during which white solids
precipitated. The n-octane soluble fraction was filtered through Celite and rinsed with
diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
toluene (9%) and benzyl benzoate (90%) besides solvents. Water (0.1 ml) and 0.5M HCl
solution (2 ml) were added dropwise in sequence to quench the remaining solid. Diethyl
ether was used to extract the organic compounds from aqueous layer three times. The
organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to afford a

white solid. TH NMR spectrum was obtained to identify the solid as benzoic acid.
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0 [Ni-N=PBus], 0

1atmH [ j
©)J\O/\© 2 ©)J\OH +
proton sponge

n-Octane, 120 °C

In a drybox, 8 (6.5 mg, 5.9x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (62.8 mg,
0.30 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. 1,8-bis(dimethylamino)naphthalene (88.9 mg, 0.41 mmol, 1.4
equiv), known as proton sponge, was added to the glass bomb. The content of glass bomb
was put under hydrogen atmosphere using the Schlenk line as discussed. The vessel was
heated to 120 °C for 14 h during which brown solids precipitated. The n-octane soluble
fraction was filtered through Celite and rinsed with diethyl ether. GC-MS analysis of the n-
octane soluble fraction indicated the presence of toluene (8.3%) and benzyl benzoate

(91.7%) besides solvents and proton sponge.

0] [Ni-N=PBugs], (0]
1 atm H,, Zn [ j
©)J\O/\© 2 ©)J\OH +
n-Octane, 120 °C

In a drybox, 8 (4.3 mg, 3.9x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (41.1 mg,

0.19 mmol) were weighed into glass vials separately and dissolved in 0.3 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.3 ml n-octane. Rieke zinc (6.3 mg, 0.096 mmol, 0.5 equiv) was added to the glass
bomb.200 The content of glass bomb was put under hydrogen atmosphere using the Schlenk
line as discussed. The vessel was heated to 120 °C for 14 h during which white solids
precipitated. The n-octane soluble fraction was filtered through Celite and rinsed with

diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
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toluene (9.4%) and benzyl benzoate (90.6%) besides solvents. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the remaining solid. Diethyl
ether was used to extract the organic compounds from aqueous layer three times. The
organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to afford a
white solid (6.3 mg, 26.7%). 'H NMR spectrum was obtained to identify the solid as benzoic

acid.

Effect of reaction temperature for the benzyl benzoate reduction

(0] [Ni-N=PBugs], (0]
1 atm H,, 2.5 eq. CaH [ j
@O/Q 2 q 2 @)J\OH +
n-Octane, 100 °C

In a drybox, 8 (7.7 mg, 7.0x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (74.2 mg,

0.35 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (36.8 mg, 0.88 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 100 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
toluene (74.9%) and benzyl benzoate (25.1%) besides solvents. Water (0.1 ml) and 0.5M
HCI solution (2 ml) were added dropwise in sequence to quench the remaining solid.
Diethyl ether was used to extract the organic compounds from aqueous layer three times.
The organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to
afford a white solid (38.5 mg, 90.2%). 'H NMR spectrum was obtained to identify the solid

as benzoic acid.
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0 [Ni-N=PBus], 0
1 atm H,, 2.5 eq. CaH
©)J\O/\© 2 q 2 ©)J\OH . ©/
n-Octane, 80 °C

In a drybox, 8 (8.2 mg, 7.5x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (78.7 mg,

0.37 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (39.0 mg, 0.93 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 80 °C for 14 h during which white solids
precipitated. The n-octane soluble fraction was filtered through Celite and rinsed with
diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
toluene (21.0%) and benzyl benzoate (79.0%) besides solvents. Water (0.1 ml) and 0.5M
HCI solution (2 ml) were added dropwise in sequence to quench the remaining solid.
Diethyl ether was used to extract the organic compounds from aqueous layer three times.
The organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to

afford a white solid. TH NMR spectrum was obtained to identify the solid as benzoic acid.
o) [Ni-N=P®Bus], o)
@O/ 1 atm H,, 2.5 eq. CaH, ©)J\OH . ©/
[ j n-Octane, 60 °C

In a drybox, 8 (6.4 mg, 5.8x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (61.9 mg,

0.29 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (30.7 mg, 0.73 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the

Schlenk line as discussed. The vessel was heated to 60 °C for 14 h during which white solids
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precipitated. The n-octane soluble fraction was filtered through Celite and rinsed with
diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of
toluene (8.0%) and benzyl benzoate (92.0%) besides solvents. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the remaining solid. Diethyl
ether was used to extract the organic compounds from aqueous layer three times. The
organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to afford a

white solid. TH NMR spectrum was obtained to identify the solid as benzoic acid.
Effect of hydrogen pressure to the benzyl benzoate reduction
o) [Ni-N=PBus], o)
@O/ 300 psi H,, 2.5 eq. CaH, ©)J\OH . ©/
[j n-Octane, 120 °C

In the drybox, 8 (3.4 mg, 3.1x10-3 mmol, 1.0 mol% per cluster) and benzyl benzoate (65.9

mg, 0.31 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane.
The solutions were transferred to a glass container equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Calcium hydride (32.7 mg, 0.78 mmol, 2.5 equiv) was added
to the glass container. A high-pressure steel reactor was assembled inside the drybox and
pressured to 300 psi hydrogen gas before conducting the reaction. The reactor was heated
to 120 °C for 14 h during which white solids precipitated. The n-octane soluble fraction was
filtered through Celite and rinsed with diethyl ether. GC-MS analysis of the n-octane soluble
fraction indicated the presence of toluene (17.4%) and benzyl benzoate (82.6%) besides
solvents. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to
quench the remaining solid. Diethyl ether was used to extract the organic compounds from
aqueous layer three times. The organic layer was dried over NazSO4 and the diethyl ether
was removed in vacuo to afford a white solid. TH NMR spectrum was obtained to identify

the solid as benzoic acid.
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Study of cation effect of sodium/ potassium to 3-hexenyl benzoate reduction

j\ [Ni-N=PBug], o] o
1 atm H,,CaH
Ph O/\/i e @OH ML TR Ph )Lo'”'CsHm,
THF,120 °C

In a drybox, 8 (6.0 mg, 5.6x10-3 mmol, 2.0 mol% per cluster) and 3-hexenyl benzoate (56.9

mg, 0.28 mmol) were weighed into glass vials separately and dissolved in 0.5 ml THF. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml THF. Calcium hydride (170.2 mg, 4.04 mmol, 14.4 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the THF soluble fraction indicated the presence of
hexane (1.4%) and hexyl benzoate (98.6%) besides solvents. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the remaining solid. Diethyl
ether was used to extract the organic compounds from aqueous layer three times. The
organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to afford a

white solid (4.7 mg, 13.6%). 'H NMR spectrum was obtained to identify the solid as benzoic

acid.
Ni-N=PBuj]
0 [ 314 0
)L 1 atm H,,CaH, (0]
Ph” 0 N oH + nCetiy  + M ncH
K/\k KPFg, THF ©)L PR 0 e
120 °C

In a drybox, 8 (6.0 mg, 5.6x10-3 mmol, 2.0 mol% per cluster) and 3-hexenyl benzoate (56.9
mg, 0.28 mmol) were weighed into glass vials separately and dissolved in 0.5 ml THF. The

solutions were transferred to a glass bomb equipped with a stir bar and rinsed with

206



another 0.5 ml THF. Calcium hydride (170.3 mg, 4.04 mmol, 14.4 equiv) and potassium
hexafluorophosphate (90.8 mg, 0.49 mmol, 1.8 equiv) were added to the glass bomb. The
content of glass bomb was put under hydrogen atmosphere using the Schlenk line as
discussed. The vessel was heated to 120 °C for 14 h during which white solids precipitated.
The THF soluble fraction was filtered through Celite and rinsed with diethyl ether. GC-MS
analysis of the THF soluble fraction indicated the presence of hexane (1.3%) and hexyl
benzoate (98.7%) besides solvents. Water (0.1 ml) and 0.5M HCI solution (2 ml) were
added dropwise in sequence to quench the remaining solid. Diethyl ether was used to
extract the organic compounds from aqueous layer three times. The organic layer was
dried over Na;S04 and the diethyl ether was removed in vacuo to afford a white solid (5.9

mg, 17.4%). 'H NMR spectrum was obtained to identify the solid as benzoic acid.

0 [Ni-N=PBu], 0

(0]
1 atm H,,CaH
Ph)J\O/\/i 2 2 o ©)J\OH + n-CeH14 + Ph)J\o»n'CGH13
THF,120 °C

In a drybox, 8 (9.2 mg, 8.4x10-3 mmol, 2.0 mol% per cluster) and 3-hexenyl benzoate (85.5

mg, 0.42 mmol) were weighed into glass vials separately and dissolved in 0.5 ml THF. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml THF. Calcium hydride (200.0 mg, 4.75 mmol, 11.3 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added dropwise in
sequence to quench the reaction mixture. Diethyl ether was used to extract the organic
compounds from aqueous layer three times. The organic fraction was dried over Na;S04
and submitted for GC-MS analysis. The GC-MS result indicated the presence of hexane
(1.1%), benzoic acid (5.5%) and hexyl benzoate (93.4%) besides solvents. In principle, the
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molar amounts of hexane and benzoic acid generated were equivalent. However, the GC

yield only reflects the relative strength of the detected signal, it deviates from the actual

yield.
Ni-N=PBuj]
e [ 314 (o)
J\ 1 atm H,,CaH, 0]
PR~ 0 N OH + nCi  + U nceH
/\/I NaBF,, THF ©)L Ph o) 6113
120 °C

In a drybox, 8 (9.2 mg, 8.4x10-3 mmol, 2.0 mol% per cluster) and 3-hexenyl benzoate (85.5
mg, 0.42 mmol) were weighed into glass vials separately and dissolved in 0.5 ml THF. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml THF. Calcium hydride (200.0 mg, 4.75 mmol, 11.3 equiv) and sodium
tetrafluoroborate (103.5 mg, 0.94 mmol, 2.2 equiv) were added to the glass bomb. The
content of glass bomb was put under hydrogen atmosphere using the Schlenk line as
discussed. The vessel was heated to 120 °C for 14 h during which white solids precipitated.
Water (0.1 ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench
the reaction mixture. Diethyl ether was used to extract the organic compounds from
aqueous layer three times. The organic fraction was dried over Na;SO4 and submitted for
GC-MS analysis. The GC-MS result indicated the presence of hexane (0.8%), benzoic acid
(4.1%) and hexyl benzoate (95.1%) besides solvents.

Control experiment for benzyl acetate reduction

0 CaH, 0
N oo N oo

n-Octane, 120 °C |
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In a drybox, benzyl acetate (34.3 mg, 0.23 mmol) were weighed into glass vials and
dissolved in 0.5 ml n-octane. The solution was transferred to a glass bomb equipped with a
stir bar and rinsed with another 0.5 ml n-octane. Calcium hydride (24.0 mg, 0.57 mmol, 2.5
equiv) was added to the glass bomb. The vessel was heated to 120 °C for 14 h. Water (0.1
ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the reaction
mixture. The n-octane soluble fraction was filtered through Celite and extracted by diethyl
ether. GC-MS analysis of the combined organic fraction indicated that only benzyl acetate

(100%) and solvents were present in the solution.

Substrate scope extension using the optimized condition: benzyl acetate reduction

0 [Ni-N=P'Buj],

: ~ OJ\ 1 atm H,, CaH, ©/ .\ Ca(OAc),

n-Octane, 120 °C

In a drybox, 8 (7.8 mg, 7.1x10-3 mmol, 2.0 mol% per cluster) and benzyl acetate (53.5 mg,
0.36 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (37.5 mg, 0.89 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that the
toluene is the only product along with solvents. The remaining solid was dissolved in D20
and analyzed by 1H and 13C NMR spectroscopy. The solid was identified as calcium acetate.
Due to the presence of CaHz and/or Ca(OH)z, the weight of Ca(OAc)2 cannot be determined.
1H NMR (300 MHz, D20) & 1.86 (s, 1H); 13C NMR (400 MHz, D20) 8§ 181.6 (C=0); 27.8 (CH3).
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Benzyl tiglate reduction

(0] [Ni'N=PtBU3]4 0

/ﬁ)l\o/\© 1 atm H2, CaH2 /\HJ\OH N ©/

n-Octane, 120 °C

In a drybox, 8 (8.8 mg, 8.0x10-3 mmol, 2.0 mol% per cluster) and benzyl tiglate (76.5 mg,
0.40 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (42.2 mg, 1.0 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that the
toluene is the only product along with solvents. The remaining solid was dissolved in D20
and analyzed by 1H and 13C NMR spectroscopy. The solid was identified as calcium 2-
methylbutanoate. Due to the presence of CaHz and/or Ca(OH): in the remaining solid, the
weight of calcium 2-methylbutanoate cannot be determined. 'H NMR (300 MHz, D20) 6
2.15 (ddt, Jj=10.4, 7.0, 7.0 Hz, 1H); 1.45 (m, 1H); 1.33 (m, 1H); 1.00 (d, /=7.0 Hz, 3H); 0.81 (t,
J=7.4 Hz, 3H).

3-isochromanone reduction

[Ni-N=P'Buy],

| X © 1 atm H,, CaH, OH + ©i
=z ) O

THF, 120 °C
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In a drybox, 8 (8.4 mg, 7.6x10-3 mmol, 2.0 mol% per cluster) and 3-isochromanone (56.4
mg, 0.38 mmol) were weighed into glass vials separately and dissolved in 0.5 ml THF. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml THF. Calcium hydride (40.1 mg, 0.95 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The THF soluble fraction was filtered through Celite and rinsed with
diethyl ether. GC-MS analysis of the THF soluble fraction indicated that the presence of o-
xylene (14.9%) and 3-isochromanone (85.1%) along with solvents. The solid was added
with water (0.1 ml) and dilute HCI (2 ml) subsequently. The organic fraction was extracted
with diethyl ether. After evaporation, the solid (31.3 mg, 54.7%) was dissolved in CDCl3 and
analyzed by 'H and 13C NMR spectroscopy. The solid was identified as o-tolylacetic acid. 1H
NMR (300 MHz, CDCl3) & 7.17 (m, 4H); 3.65 (s, 2H); 2.31 (s, 3H). 13C NMR (400 MHz, CDCI3)
0 178.4 (€C=0); 136.9 (Ar); 132.0 (Ar); 130.4 (Ar); 130.3 (Ar); 127.7 (Ar); 126.19 (Ar); 38.9
(CHz); 19.5 (CH3).

Methyl benzoate reduction

[Ni'N=PtBU3]4

)OJ\ 1 atm H,, NaH )OJ\
Ph” N0~ Ph™ "OH
n-Octane, 120 °C

In a drybox, 8 (9.7 mg, 8.8x10-3 mmol, 2.0 mol% per cluster) and methyl benzoate (60.0 mg,
0.44 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Sodium hydride (21.1 mg, 0.88 mmol, 2.0 equiv) was added to the

glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
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Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. The remaining solid was acidified by adding dilute HCI (2 ml) and
extracted with diethyl ether. After evaporation, the solid was isolated (43.1 mg, 72%). The
solid was dissolved in CDCI3 and analyzed by 'H and 13C NMR spectroscopy. The solid was
identified as benzoic acid. 1TH NMR (300 MHz, CDCl3) 8 8.12 (m, 2H); 7.62 (m, 1H); 7.45 (m,
2H).

cis-3-hexenyl benzoate reduction

o [Ni-N=PBus], (1.66 mol%) 0 o)
)y 1 atm H,, 2.6 eq NaH OH P PN
Ph 0 X + Ph (0]
n-Octane, 120 °C
16 hrs 74.2 % + NN

In a drybox, 8 (6.8 mg, 6.2x10-3 mmol, 1.7 mol% per cluster) and cis-3-hexenyl benzoate
(76.2 mg, 0.37 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-
octane. The solutions were transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Sodium hydride (23.1 mg, 0.96 mmol, 2.6 equiv) was added
to the glass bomb. The content of glass bomb was put under hydrogen atmosphere using
the Schlenk line as discussed. The vessel was heated to 120 °C for 16 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. The remaining solid was acidified by adding dilute HCI (2 ml) and
extracted with diethyl ether. After evaporation, the solid was dissolved in CDCl3 and
analyzed by 'H NMR spectroscopy. The solid was identified as benzoic acid (33.8 mg,
74.2%).1H NMR (300 MHz, CDCl3) 6 8.12 (m, 2H); 7.62 (m, 1H); 7.45 (m, 2H).
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3,4-dihydroisocoumarin reduction
0 [Ni-N=PBus], o)
1 atm H,, NaH
(0] OH
n-Octane, 120 °C

In a drybox, 8 (9.2 mg, 8.4x10-3 mmol, 2.0 mol% per cluster) and 3,4-dihydroisocoumarin

(62.2 mg, 0.42 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-
octane. The solutions were transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Sodium hydride (20.2 mg, 0.84 mmol, 2.0 equiv) was added
to the glass bomb. The content of glass bomb was put under hydrogen atmosphere using
the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. The remaining solid was acidified by dilute HCI (2 ml) and extracted
with diethyl ether. After evaporation, the solid was dissolved in CDCl3 and analyzed by 1H
and 13C NMR spectroscopy. The solid was identified as o-ethylbenzoic acid (61.2 mg, 97%).
1H NMR (300 MHz, CDCl3) & 8.06 (m, 1H), 7.51 (m, 1H), 7.33 (m, 1H), 7.29 (m, 1H), 3.10 (q,
J=7.5Hz, 2H), 1.25 (t, J= 7.5 Hz, 3H).

Tridecyl acetate reduction

[Ni-N=PBujs],
1 atm H,, CaH, PN P N\ + Ca(OAc),

)ko/\%

n-Octane, 120 °C Cq3Hog

In a drybox, 8 (11.0 mg, 0.01 mmol, 2.0 mol% per cluster) and tridecyl acetate (92.4 mg,

0.50 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
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solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (52.6 mg, 1.25 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated the presence of

tridecane (0.75%) and tridecyl acetate (99.2%) along with solvents.
Phenyl acetate reduction
[Ni-N=PtBU3]4

©/O\fo 1 atm H,, CaH, ©/OH

n-Octane, 120 °C

In a drybox, 8 (10.9 mg, 9.9x10-3 mmol, 2.0 mol% per cluster) and phenyl acetate (67.2 mg,
0.49 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (51.8 mg, 1.23 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. Water (0.1 ml) and diluted HCI (2 ml) were subsequently added to the
reaction mixture. The organic fraction was extracted with diethyl ether and submitted for

GC-MS analysis. The GC result indicated the presence of both phenol (100%) and solvents.
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Phenyl benzoate reduction

[Ni'N=P[BU3]4

©_/<Z @ Taim H Na @A ©OH ©/ @

n-Octane, 120 °C
100% 5

In a drybox, 8 (9.8 mg, 8.9x10-3 mmol, 4.0 mol% per cluster) and phenyl benzoate (42.6 mg,
0.21 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Sodium hydride (10.1 mg, 0.42 mmol, 2.0 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. The organic fraction was submitted for GC-MS analysis. The result
indicated the presence of benzene (15.7%) and toluene (84.3%). The remaining solid was
acidified by adding dilute HCI (2 ml) and extracted with diethyl ether. After evaporation,
the remaining oily residue was dissolved in CDClz and analyzed by 'H and 13C NMR
spectroscopy. 1H NMR analysis shows the product contains both benzoic acid and phenol

with 1:1.6 (benzoic acid : phenol) ratio.

Control experiment for phenyl benzoate reduction

O @ nOctane OH
0 9]
e Reaach
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In a drybox, phenyl benzoate (62.3 mg, 0.46 mmol) was weighed into glass vials and
dissolved in 0.5 ml n-octane. The solution was transferred to a glass bomb equipped with a
stir bar and rinsed with another 0.5 ml n-octane. Sodium hydride (22.0 mg, 0.92 mmol, 2.0
equiv) was added to the glass bomb. The vessel was heated to 120 °C for 14 h during which
white solids precipitated. The organic fraction was filtered through Celite and submitted
for GC-MS. The result indicated the presence of toluene (9.4%) and benzyl benzoate
(90.6%). The remaining solid was acidified by dilute HCI (2 ml), and extracted with diethyl

ether. After removing solvent, the residue was identified as phenol by TH NMR.

Phenyl benzoate reduction with 25 mol% nickel cluster

[Ni-N=P'Bus], 0

O o) )
1 atm H,
+
o @OH
n-Octane, 120 °C

In a drybox, 8 (43.0 mg, 0.039 mmol, 25.0 mol% per cluster) and phenyl benzoate (31.0 mg,

0.16 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. The content of glass bomb was put under hydrogen atmosphere
using the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which
white solids precipitated. The n-octane soluble fraction was filtered through Celite and
rinsed with diethyl ether. The organic fraction was submitted for GC-MS analysis and
identified as benzene (52.8%) and phenyl benzoate (47.2%). The remaining solid was
acidified by dilute HCI (2 ml) and extracted with diethyl ether. After evaporation, the solid
was dissolved in CDCl3 and analyzed by 1H NMR spectroscopy. The solid was identified as
benzoic acid. 1TH NMR (300 MHz, CDCl3) 6 8.12 (m, 2H); 7.62 (m, 1H); 7.45 (m, 2H).
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Phenyl benzoate reduction with 5 mol% nickel cluster

o) @ [Ni-N=P'Bug], o]
: I o 1 atm H,, CaH, | N oH N ©

n-Octane, 120 °C =

In a drybox, 8 (3.1 mg, 2.8x10-3 mmol, 5.0 mol% per cluster) and phenyl benzoate (28.2 mg,
0.14 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (15.2 mg, 0.36 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and submitted
for GC-MS. The GC result indicated the presence of benzene (33.8%) and phenyl benzoate
(67.2%). The remaining solid was acidified by dilute HCI (2 ml) and extracted with diethyl
ether. After evaporation, the solid was dissolved in CDCl3 and analyzed by TH NMR
spectroscopy. The solid was identified as benzoic acid. 1TH NMR (300 MHz, CDCI3) 6 8.12 (m,
2H); 7.62 (m, 1H); 7.45 (m, 2H).

Deuterium labeling experiment for the benzyl benzoate reduction
o) [Ni-N=PBus], (2 mol%) H o
[ j/ \o/\© 1 atm Dy, 2.5 eq CaH, ©)<D + (PhCO,),Ca
n-Octane, 120 °C

In a drybox, 8 (6.0 mg, 5.5x10-3 mmol, 2.0 mol% per cluster) and benzyl benzoate (56.2 mg,

0.26 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The

solutions were transferred to a glass bomb equipped with a stir bar and rinsed with

217



another 0.5 ml n-octane. Calcium hydride (27.9 mg, 0.66 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under deuterium atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that the mono-
deuterated toluene (100%) is the only product along with solvents. Water (0.1 ml) and
0.5M HCI solution (2 ml) were added in sequence dropwise to the remaining solid. Diethyl
ether was used to extract the organic compounds from aqueous layer three times. The
organic layer was dried over Na;SO4 and the diethyl ether was removed in vacuo to afford a
white solid. 1TH NMR spectrum was obtained to identify the solid as benzoic acid. 1TH NMR
(300 MHz, CDCI3) 6 8.12 (m, 2H); 7.62 (m, 1H); 7.45 (m, 2H).

Hydrogenation of ester to ether product: reduction of coumarin to chroman
[Ni-N=PBus],

0._.0 (6.6 mol%) (0] 0._.0
©/\j 210 psi Hy, 2 eq. NaH @) + ©/\j
=

n-Octane, 120 °C, 65 hr.

79% 21%

In a drybox, 8 (12.6 mg, 0.011 mmol, 6.5 mol% per cluster) and coumarin (25.6 mg, 0.18
mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass container equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Sodium hydride (8.4 mg, 0.36 mmol, 2.0 equiv) was added to the
glass container. The high-pressure steel reactor was assembled inside the drybox and
pressured to 210 psi hydrogen before conducting the reaction. The reactor was heated to
120 °C for 65 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added in sequence

dropwise to the reaction mixture. Diethyl ether was used to extract organic compounds.
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The organic layer was dried over Na;SO4 and then filtered through Celite. GC-MS analysis of
the organic fraction indicated the presence of chroman (79%) and dihydrocoumarin (21%)
besides solvents. The compounds were isolated by column chromatography. 'H NMR
spectrum was obtained to identify the solid as chroman and dihydrocoumarin. 1TH NMR
(300 MHz, CDCI3) 6 7.05 (m, 2H), 6.80 (m, 2H), 4.18 (t, /= 5.1 Hz, 2H), 2.79 (t, J= 6.5 Hz, 2H),
2.00 (m, 2H).

Polymerization of e-caprolactone

[Ni-N=PBug], (0.9 mol%) o

e} o 1 atm Hy, xs CaH,
@) g

n-Octane, 120 °C
24 hrs 100 %

In a drybox, 8 (4.7 mg, 4.3x10-3 mmol, 2.0 mol% per cluster) and e-caprolactone (35.5 mg,
0.31 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (32.6 mg, 0.78 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that only
solvents were present. The remaining solid was dissolved in CDClz and analyzed by 'H and
13C NMR spectroscopy. The solid was identified as e-caprolactone polymer. The solid was
also submitted for HR-MS analysis, demonstrating the highest [m+Na]/z at 7644. 'H NMR
(300 MHz, CDCI3) 6 4.06 (t, ]=6.0 Hz, 2H); 2.30 (t, ]=7.2 Hz, 2H); 1.64 (m, 4H); 1.40 (m, 2H).
13C NMR (400 MHz, CDCl3) 8 173.1 (C=0); 63.8 (CH2-0); 33.7 (CH2-C=0); 28.0 (CHz); 25.1
(CH2); 24.2 (CH).
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Control experiment for e-caprolactone polymerization with CaHz only

0]

0 0 xs CaH,, 18 hrs
S o

n-Octane, 120 °C
45 %

g-caprolactone (129.6 mg, 1.1 mmol) was weighed into a glass vial and dissolved in 0.5 ml
n-octane. The solution was transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Calcium hydride (119.5 mg, 2.8 mmol, 2.5 equiv) was added
to the glass bomb. The vessel was heated to 120 °C for 18 h during which white solids
precipitated. The n-octane soluble fraction was filtered through Celite and rinsed with
diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that both &-
caprolactone and solvents were present. The remaining solid (45.3 mg) was identified as &-
caprolactone polymer by 1H and 13C NMR spectroscopy. 'H NMR (300 MHz, CDCls) & 4.06 (t,
J=6.0 Hz, 2H); 2.30 (t, ]=7.2 Hz, 2H); 1.64 (m, 4H); 1.40 (m, 2H). 13C NMR (400 MHz, CDCI3) 6
173.1 (C=0); 63.8 (CH2-0); 33.7 (CH2-C=0); 28.0 (CHz); 25.1 (CH2); 24.2 (CH2).

Control experiment for e-caprolactone polymerization with precatalyst only

(@)
O i-N=P1] o, O
[Ni-N=PBugs], (2 mol%)
(0] -
n-Octane, 120 °C X-ray
1 atm Hy,14 hrs 0
(0]

93%
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In a drybox, 8 (7.0 mg, 6.4x10-3 mmol, 2.0 mol% per cluster) and e-caprolactone (26.4 mg,
0.32 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane. The
solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. The content of glass bomb was put under hydrogen atmosphere
using the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which
white solids sublimed to the top of glass bomb. The n-octane soluble fraction was filtered
through Celite and rinsed with diethyl ether. GC-MS analysis of the n-octane soluble
fraction indicated that only solvents were present. A crystal grew from the n-
octane/diethyl ether solution with 93% yield and was identified as a dimer by X-ray

diffraction. The compound has the same structure as reported in literature.201

Polymerization of 16-hexadoconalide

O

[Ni-N=PBujs], (2.4 mol%)
i;\j) 1 atm H,, xs CaH, (0]
12 n-Octane, 120 °C Woi/n
16 h
C16H3002 6 hrs

In a drybox, 8 (5.5 mg, 5.0x10-3 mmol, 2.0 mol% per cluster) and 16-hexadoconalide (63.4
mg, 0.25 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-octane.
The solutions were transferred to a glass bomb equipped with a stir bar and rinsed with
another 0.5 ml n-octane. Calcium hydride (26.3 mg, 0.63 mmol, 2.5 equiv) was added to the
glass bomb. The content of glass bomb was put under hydrogen atmosphere using the
Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that only 16-

hexadoconalide and solvents were present. The remaining solid was dissolved in CDClz and
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analyzed by 'H NMR spectroscopy. 1H NMR (300 MHz, CDCl3) 6 4.08 (m, 2H), 2.29 (m, 2H),
1.60 (m, 2H), 1.26 (m, 44H). The solid was also submitted for HR-MS analysis. HR-MS
(DCTB+Na) 3718.8.

Hydrogenation of p-methylbenzaldehyde: Tishchenco reaction and ester hydrogenolysis in

one-pot

o} [Ni-N=P'Bus], (1.0 mol %)

! 1 atm H,, 1.3 eq NaH . | ) o
=

n-Octane, 120 °C
(92%)

In a drybox, 8 (5.2 mg, 4.7x10-3 mmol, 1.0 mol% per cluster) and p-methylbenzaldehyde
(56.7 mg, 0.47 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-
octane. The solutions were transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. Sodium hydride (14.9 mg, 0.62 mmol, 1.3 equiv) was added
to the glass bomb. The content of glass bomb was put under hydrogen atmosphere using
the Schlenk line as discussed. The vessel was heated to 120 °C for 14 h during which white
solids precipitated. The n-octane soluble fraction was filtered through Celite and rinsed
with diethyl ether. GC-MS analysis of the n-octane soluble fraction indicated that only p-
xylene and solvents were present. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added
in sequence dropwise to the remaining solid. Diethyl ether was used to extract the organic
compounds from aqueous layer three times. The organic layer was dried over Na;SO4 and
the diethyl ether was removed in vacuo to afford a white solid (59.1 mg, 92%). The solid
was identified as p-methylbenzoic acid. tH NMR (300 MHz, CDCl3) & 7.87 (m, 2H); 7.31 (m,
2H); 2.38 (s, 3H). 13C NMR (400 MHz, CDCI3) 6 167.3 (€=0); 143.0 (Ar); 129.4 (Ar); 129.1
(Ar); 128.1 (Ar); 21.1 (CH3).
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Control experiment for p-methylbenzaldehyde hydrogenation without CaH;

(I) [Ni-N=PBujs], (2 mol %) OH
| N 1 atm Hyp, 100 °C /©/\ N /©/

= n-Octane, 14 hrs

94% 6%

In a drybox, 8 (6.0 mg, 5.5x10-3 mmol, 2.0 mol% per cluster) and p-methylbenzaldehyde
(32.8 mg, 0.27 mmol) were weighed into glass vials separately and dissolved in 0.5 ml n-
octane. The solutions were transferred to a glass bomb equipped with a stir bar and rinsed
with another 0.5 ml n-octane. The content of glass bomb was put under hydrogen
atmosphere using the Schlenk line as discussed. The vessel was heated to 100 °C for 14 h.
The n-octane soluble fraction was filtered through Celite and rinsed with diethyl ether. GC-
MS analysis of the n-octane soluble fraction indicated the presence of p-methylbenzyl

alcohol (94%) and p-xylene (6%).
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Experimental Section of Chapter 2

General Procedures

For the aerobic oxidation reactions, the organic liquids used as substrates were dried over
calcium hydride upon receipt from commercial providers. Unless previously degassed, the
addition of liquids to reaction mixtures was performed in the fumehood. Frequently used
substrates including ethylbenzene and cyclooctane were degassed by three freeze-pump-

thaw cycles at high vacuum (10-> mm Hg) and stored in the drybox.

For organic liquids with boiling point above 120 °C, oxidation reactions were performed in
Schlenk flasks either open to the air or under a flow of anhydrous molecular oxygen. All
these reactions were performed at 120 °C by immersing the vessels into heated oil bath
unless otherwise stated. A water-cooled condenser was connected to the Schlenk flask to
maintain solvent/reactant reflux. The condenser was attached with a drying tube filled
with Drierite for reactions using air as dioxygen source. If an oxygen tank was used to
supply the continuous flow of dioxygen, the condenser was sealed with a fresh septum,
pierced by a needle connecting to the rubber tube from oxygen tank. The septum was
pierced by another needle as outlet to release the oxygen flow. Teflon sleeves were used to
seal the joints between all the glassware if pure oxygen is used as oxidant. The use of grease

was avoided to prevent any potential fire accidents.

Alternatively, oxidation of volatile liquid or solid substrates was conducted in sealed glass
bombs filled with dioxygen. The addition of metal catalysts and substrates to the glass
bomb was performed in the drybox. The glass bomb was then immersed in liquid nitrogen
bath to freeze the reaction mixture, and was subsequently placed under vacuum for at least

10 minutes. Pure molecular oxygen was subsequently back-filled into the glass bomb. This
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procedure was performed in less than three seconds to prevent oxygen condensation. The
glass bomb was sealed and allowed to warm to room temperature, before it was immersed
into an oil bath at 120 °C or otherwise stated temperature. The reaction mixture was stiired
at a speed of 1500 rpm.

Detailed Experimental Procedures for Chapter 2

First attempt for aerobic alkane oxidation
[Ni-N=PBug],, Air
o >
CaH,,120 °C, 16 hr |

In a drybox, nickel catalyst 8 (9.4 mg, 8.5x10-3 mmol), ethylbenzene (2.0 g, 18.8 mmol) and

powdered calcium hydride (800 mg, 19.0 mmol) were weighed into a glass flask equipped
with a stir bar. The flask was connected to a water-cooled condenser that open to air
through a drying tube full of Drierite. The vessel was heated to 120 °C for 16 h. Water (0.1
ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the solution.
The organic layer was extracted and submitted for GC-MS analysis. The GC-MS results
indicated the presence of ethylbenzene (65.1%) and acetophenone (33.1%). Based on the
initial mass of ethylbenzene, this represents a total of 732 catalyst turnovers during the 16
h reaction, for an average TOF of 45.8 h-1. Crude 'H NMR was obtained with the organic

layer confirming the presence of ethylbenzene and acetophenone.

225



Control experiment for aerobic ethylbenzene oxidation

N Air, CaH,
| = 120 °C, 16 hr ©)J\
In a drybox, ethylbenzene (2.1 g, 19.8 mmol) and powdered calcium hydride (800 mg, 19.0
mmol) were weighed into a glass flask equipped with a stir bar. The flask was connected to
a water-cooled condenser that was open to air through a drying tube full of drierite. The
vessel was heated to 120 °C for 16 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were
added dropwise in sequence to quench the remaining solid. The organic layer was

submitted for GC-MS analysis. The GC-MS results indicated the presence of ethylbenzene
(94.3%) and acetophenone (5.3%).

Ethylbenzene oxidation without addition of base scavenger

©/\ [Ni-N=PtBu3]4s O, 0
120 °C, 14 hr O)J\

In the drybox, 8 (8.2 mg, 7.5x10-3 mmol), ethylbenzene (2.0 g, 18.8 mmol) were weighed

into a glass flask equipped with a stir bar. The flask was connected to a water-cooled
condenser that was attached to an oxygen tank. The flow from oxygen tank was adjusted to
approximately 2 bubbles per second. The vessel was heated to 120 °C for 14 h. Water (0.1
ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the
remaining solid. The organic layer was submitted for GC-MS analysis. The GC-MS results

indicated the presence of ethylbenzene (68%) and acetophenone (31%). Based on the
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initial mass of ethylbenzene, this represents a total of 777 catalyst turnovers during the 14

h reaction, for an average TOF of 55.5 h-..

Comparison between CaHz and 3 A molecular sieves as the scavenger

©/\ [Ni-N=P'Bugls, O, ?
CaH,,120 °C Ej)k

In the drybox, 8 (8.3 mg, 7.5x10-3 mmol), ethylbenzene (2.0 g, 18.8 mmol) and powdered

calcium hydride (800 mg, 19.0 mmol) were weighed into a glass flask equipped with a stir
bar. The flask was connected to a water-cooled condenser that was attached to an oxygen
tank. The flow from oxygen tank was adjusted to approximately 2 bubbles per second. The
vessel was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were
added dropwise in sequence to quench the remaining solid. The organic layer was
submitted for GC-MS analysis. The GC-MS results indicated the presence of ethylbenzene
(38%) and acetophenone (53%). Based on the initial mass of ethylbenzene, this represents

a total of 1328.5 catalyst turnovers during the 14 h reaction, for an average TOF of 94.9 h-1.
©/\ [Ni'N=PtBU3]4, 02
X
3 AM.S.120°C, 16 hr |

In a drybox, 8 (8.3 mg, 7.5x10-3 mmol), ethylbenzene (2.0 g, 18.8 mmol) and powdered 3 A

molecular sieve (900 mg) were weighed into a glass flask equipped with a stir bar. The
flask was connected to a water-cooled condenser that was attached to an oxygen tank. The
flow from oxygen tank was adjusted to approximately 2 bubbles per second. The vessel

was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added
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dropwise in sequence to quench the remaining solid. The organic layer was submitted for
GC-MS analysis. The GC-MS results indicated the presence of ethylbenzene (48%) and
acetophenone (51%). Based on the initial mass of ethylbenzene, this represents a total of

1278.4 catalyst turnovers during the 16 h reaction, for an average TOF of 79.9 h-1..

Ethylbenzene oxidation under high pressure of molecular oxygen

0
©/\ [Ni-N=PBus],, 300 psi O,
3AM.S.120°C

In a drybox, 8 (8.3 mg, 7.5x10-3 mmol), ethylbenzene (2.0 mg, 18.8 mmol) and powdered 3

A molecular sieve (900 mg) were weighed into a glass container equipped with a stir bar.
The high-pressure steel reactor was assembled inside the drybox and pressured to 300 psi
oxygen before conducting the reaction. The reactor was heated to 120 °C for 14 h. Water
(0.1 ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the
remaining solid. The organic layer was submitted for GC-MS analysis. The GC-MS results
indicated the presence of ethylbenzene (68.3%), 1-phenylethanol (11.4%) and
acetophenone (8.1%). Based on the initial mass of ethylbenzene, this represents a total of

794.6 catalyst turnovers during the 14 h reaction, for an average TOF of 56.8 h-1.

Ethylbenzene oxidation using other oxidants: iodosobenzene or nitrous oxide

[Ni-N=PBugs],, PhlO
No Reaction

3AM.S. 120 °C
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In a drybox, 8 (9.6 mg, 8.7x10-3 mmol), ethylbenzene (2.5 g, 23.5 mmol), iodosobenzene
(250 mg, 1.14 mmol) and powdered 3 A molecular sieve (1.0 g) were weighed into a glass
bomb equipped with a stir bar. The flask was connected to a water-cooled condenser that
was attached to an oxygen tank. The flow from oxygen tank was adjusted to approximately
2 bubbles per second. The vessel was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M
HCI solution (2 ml) were added dropwise in sequence to quench the remaining solid. The
organic layer was submitted for GC-MS analysis. The GC-MS results indicated the presence

of only ethylbenzene (100%).

[Ni-N=P"Buj],, N,O
No Reaction
3AM.S.120°C

In a drybox, 8 (8.8 mg, 8.0x10-3 mmol), ethylbenzene (2.0 g, 18.8 mmol), and powdered 3 A

molecular sieve (1.0 g) were weighed into a glass flask equipped with a stir bar. The flask
was connected to a water-cooled condenser that was attached to a tank of anhydrous
nitrous oxide. The flow from the nitrous oxide tank was adjusted to approximately 2
bubbles per second. The vessel was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the remaining solid. The
organic layer was submitted for GC-MS analysis. The GC-MS results indicated the presence

of only ethylbenzene (100%).
Introduction of various solvent systems for ethylbenzene oxidation

1. n-Octane

)

©/\ [Ni-N=PBug],, O,
n-Octane, 3 A M.S. 120 °C ©)J\
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In a drybox, 8 (4.7 mg, 4.3x10-3 mmol), ethylbenzene (191.3 mg, 1.8 mmol), n-octane (1.5
ml) and powdered 3 A molecular sieve (300 mg) were weighed into a glass flask equipped
with a stir bar. The flask was connected to a water-cooled condenser that was attached to
an oxygen tank. The flow from oxygen tank was adjusted to approximately 2 bubbles per
second. The vessel was heated to 120 °C for 16 h. Water (0.1 ml) and 0.5M HCI solution (2
ml) were added dropwise in sequence to quench the remaining solid. The organic layer was
submitted for GC-MS analysis. The GC-MS results indicated the presence of only
ethylbenzene (100%) and solvent.

2. Toluene

@/\ [Ni'N=PtBU3]4, 02
Toluene, 3 A M.S. 120 °C ©)\

In the drybox, 8 (5.2 mg, 4.7x10-3 mmol), ethylbenzene (186.5 g, 1.76 mmol), toluene (1.5
ml) and powdered 3 A molecular sieve (300 mg) were weighed into a glass flask equipped
with a stir bar. The flask was connected to a water-cooled condenser that was attached to
an oxygen tank. The flow from oxygen tank was adjusted to approximately 2 bubbles per
second. The vessel was heated to 120 °C for 16 h. Water (0.1 ml) and 0.5M HCI solution (2
ml) were added dropwise in sequence to quench the remaining solid. The organic layer was
submitted for GC-MS analysis. The GC-MS results indicated the presence of only
ethylbenzene (100%) and solvent.

3. Perfluorohexane

©/\ [Ni-N=PtBU3]4, 02
n-CgF14, 3AM.S. 120 °C ©)J\
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In a drybox, 8 (5.4 mg, 4.9x10-3 mmol), ethylbenzene (189.4 mg, 1.78 mmol),
perfluorohexane (1.5 ml) and powdered 3 A molecular sieve (300 mg) were weighed into a
glass flask equipped with a stir bar. The flask was connected to a water-cooled condenser
that was attached to an oxygen tank. The flow from oxygen tank was adjusted to
approximately 2 bubbles per second. The vessel was heated to 120 °C for 16 h. Water (0.1
ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the
remaining solid. The organic layer was submitted for GC-MS analysis. The GC-MS results
indicated the presence of ethylbenzene (98.6%), acetophenone (1.4%) and solvent. Based
on the initial mass of ethylbenzene, this represents a total of 5.1 catalyst turnovers during

the 16 h reaction, for an average TOF of 0.3 h-1.

4. Trifluoromethylbenzene

©/\ [Ni'N=PBU3]4, 02
PhCF3, 3 AM.S. 120 °C (j)k

In a drybox, 8 (6.2 mg, 5.6x10-3 mmol), ethylbenzene (219.0 mg, 2.06 mmol),

trifluoromethylbenzene (1.0 ml) and powdered 3 A molecular sieve (300 mg) were
weighed into a glass flask equipped with a stir bar. The flask was connected to a water-
cooled condenser that was attached to an oxygen tank. The flow from oxygen tank was
adjusted to approximately 2 bubbles per second. The vessel was heated to 120 °C for 16 h.
Water (0.1 ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench
the remaining solid. The organic layer was submitted for GC-MS analysis. The GC-MS
results indicated the presence of ethylbenzene (99.9%), acetophenone (0.1%) and solvent.
Based on the initial mass of ethylbenzene, this represents a total of 0.4 catalyst turnovers

during the 16 h reaction, for an average TOF of 0.02 h-1.
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5. Dimethylacetamide

| AN [Ni-N=PtBU3]4, 02
= DMA, 3 AM.S. 120 °C ©)J\

In a drybox, 8 (7.8 mg, 7.1x10-3 mmol), ethylbenzene (277.1 mg, 2.61 mmol),

dimethylacetamide (1.8 ml) and powdered 3 A molecular sieve (300 mg) were weighed
into a glass flask equipped with a stir bar. The flask was connected to a water-cooled
condenser that was attached to an oxygen tank. The flow from oxygen tank was adjusted to
approximately 2 bubbles per second. The vessel was heated to 120 °C for 17 h. Water (0.1
ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the
remaining solid. The organic layer was submitted for GC-MS analysis. The GC-MS results

indicated the presence of only ethylbenzene (100%) and solvent.

Toluene oxidation under optimized conditions

[Ni'N=PBU3]4, 02
No Reaction

3AM.S.120°C

In a drybox, 8 (9.2 mg, 8.4x10-3 mmol), toluene (2.1 g, 22.8 mmol), and powdered 3 A
molecular sieve (900 mg) were weighed into a glass flask equipped with a stir bar. The
flask was connected to a water-cooled condenser that was attached to an oxygen tank. The
flow from oxygen tank was adjusted to approximately 2 bubbles per second. The vessel
was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added
dropwise in sequence to quench the remaining solid. The organic layer was submitted for

GC-MS analysis. The GC-MS results indicated the presence of only toluene (100%).
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Selective oxidation of ethylbenzene in the presence of toluene with about 1:1 ratio

N [Ni-N=PBug],, O,
| + A
= 3AMS. 120°C P

In a drybox, 8 (5.5 mg, 5.0x10-3 mmol), toluene (370.0 mg, 4.02 mmol), ethylbenzene

(420.3 mg, 3.96 mmol) and powdered 3 A molecular sieve (600 mg) were weighed into a
glass flask equipped with a stir bar. The flask was connected to a water-cooled condenser
that was attached to an oxygen tank. The flow from oxygen tank was adjusted to
approximately 2 bubbles per second. The vessel was heated to 120 °C for 19 h. Water (0.1
ml) and 0.5M HCI solution (2 ml) were added dropwise in sequence to quench the
remaining solid. The organic layer was submitted for GC-MS analysis. The GC-MS results
indicated the presence of toluene, ethylbenzene (74.9%) and acetophenone (25.1%). Based
on the initial mass of ethylbenzene, this represents a total of 198.8 catalyst turnovers

during the 19 h reaction, for an average TOF of 10.5 h-1.

Tetralin oxidation under optimized conditions

o o)

@é ) (jij

. /

(i@ [Ni-N=PBusl,, O, 40.82% 3.16%
& CaHy, 120 °C, 14 hrs Q

o 1.74% 6.31%

In a drybox, 8 (4.2 mg, 3.8x10-3 mmol), tetralin (3.0 g, 22.7 mmol) and powdered calcium
hydride (600 mg, 14.3 mmol) were weighed into a glass flask equipped with a stir bar. The
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flask was connected to a water-cooled condenser that was attached to an oxygen tank. The
flow from oxygen tank was adjusted to approximately 2 bubbles per second. The vessel
was heated to 120 °C for 14 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added
dropwise in sequence to quench the remaining solid. The organic layer was submitted for
GC-MS analysis. The GC-MS results indicated the presence of tetralin (48%), a-tetralone
(40.8%), tetralin epoxide (3.2%), 1,4-naphthoquinone (1.7%) and 7-hydroxy-3,4 dihydro-
1(2H)-naphthalenone (6.3%). Based on the initial mass of tertalin, this represents a total of

3106.0 catalyst turnovers during the 14 h reaction, for an average TOF of 222 h-1.

Isochroman oxidation under optimized conditions

0] O O
o) [Ni-N=PtBU3]4, 02
o * (0]
3AM.S.120°C
48.9 % 6.16 %

In a drybox, 8 (10.4 g, 9.5x10-3 mmol), isochroman (3.2 g, 24.2 mmol) and powdered 3 A
molecular sieve (900 mg) were weighed into a glass flask equipped with a stir bar. The
flask was connected to a water-cooled condenser that was attached to an oxygen tank. The
flow from oxygen tank was adjusted to approximately 2 bubbles per second. The vessel
was heated to 120 °C for 17 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added
dropwise in sequence to quench the remaining solid. The organic fraction was extracted by
diethyl ether three times. After evaporation, oily product was purified by column
chromatography. 3,4-dihydroisocoumarin and 1,1’-oxodiisochromane were isolated with
48.9% and 6.2% yield, respectively. 1,1’-oxodiisochromane crystal was obtained from
hexane/diethyl ether recrystallization and determined by X-ray diffraction. Based on the

initial mass of isochroman, this represents a total of 1301.7 catalyst turnovers during the
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17 h reaction, for an average TOF of 76.6 h'1. 3,4-dihydroisocoumarin: 'H NMR (300 MHz,
CDCl3) 8 8.11 (m, 1H), 7.55 (m, 1H), 7.40 (m, 1H), 7.26 (m, 1H), 4.55 (t, J= 6.0 Hz, 2H), 3.07
(t,J= 6.0 Hz, 2H). 1,1’-oxodiisochromane: 1H NMR (300 MHz, CDCl3) & 7.24 (m, 6H), 7.15 (m,
2H), 6.14 (s, 2H), 4.37 (dt, J= 11.8, 3.2 Hz, 2H), 4.10 (ddd, J= 11.1, 6.1, 1.1 Hz, 2H), 3.14 (m,
2H), 2.67 (dd, J= 16.5, 2.6 Hz, 2H). 13C NMR (125 MHz, CDCl3) § 134.2,133.9, 128.4, 128.0,
127.6,126.3,92.8, 58.3, 28.3.

Dibutylether oxidation

[Ni-N=P'Bug],, Air o

CaH,, 120 °C, 12 hrs /\/\OM

In a drybox, 8 (5.6 mg, 5. 1x10-3 mmol), di-n-butyl ether (2.2 g, 16.9 mmol), and powdered
calcium hydride (600 mg, 14.3 mmol) were weighed into a glass flask equipped with a stir
bar. The flask was connected to a water-cooled condenser that was open to air through a
drying tube full of drierite. The vessel was heated to 120 °C for 12 h. Water (0.1 ml) and
0.5M HCI solution (2 ml) were added dropwise in sequence to quench the remaining solid.
The organic layer was submitted for GC-MS analysis. The GC-MS results indicated the
presence of di-n-butyl ether (88.6%), n-butyl butyrate (3.6%), butyl formate (4.3%), 1-
butanol (1.2%), n-butoxyl-3-butanone (0.2%) and 1-butoxyl-4-butanol (0.2%). Based on
the yield of the oxidized product, the turnover number for the nickel cluster was 397.2, for

an average TOF of 33.1 h-L.

Dipropylether oxidation

[Ni-N=PBug],, Air o)

o

CaH,, 120 °C,
n-Octane, 18 hrs
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In a drybox, 8 (4.5 mg, 4.1x10-3 mmol), di-n-propyl ether (1.2 g, 11.7 mmol), n-octane (2.0
ml) and powdered calcium hydride (350 mg, 8.3 mmol) were weighed into a Schlenk flask
equipped with a stir bar. The flask was connected to a water-cooled condenser and
refluxed for 18 h. The reaction mixture was submitted for GC-MS analysis. The result
indicated the presence of di-n-propyl ether (94%) and n-propyl propionate (5.8%). Based
on the yield of the oxidized product, the turnover number for the nickel cluster was 171.0,

for an average TOF of 9.5 h1L.
Tetrahydrofuran oxidation

o [Ni-N=P'Bug],, O, o

O - r°
3 AM.S.120°C, 16 hrs

In a drybox, 8 (3.6 mg, 3.3x10-3 mmol), THF (2.0 ml), and powdered 3 A molecular sieve
(500 mg) were weighed into a glass bomb equipped with a stir bar. The glass bomb was
kept under vacuum for at least 10 minutes while immersed in liquid nitrogen bath to freeze
the reaction mixture. Afterwards the glass bomb was back-filled with dioxygen, sealed and
warmed to room temperature. The glass bomb was heated to 120 °C for 16 h. The reaction
mixture was submitted for GC-MS analysis. The result indicate the presence of y-
butyrolactone (5.3%) 2-hydroxyltetrahydrofuran (1.2%), the dimeric 2,2’-bis ether (0.6%)
and THF (91%). Based on the yield of the oxidized product, the turnover number for the

nickel cluster was 672.5, for an average TOF of 42.0 h-1.
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Tributylamine oxidation

SOSNT '
[Ni-N=PBujs],, O,
< complicated mixture

3AM.S.120°C, 10 hrs

In a drybox, 8 (7.8 mg, 7.1x10-3 mmol), tri-n-butyl amine (1.13 g, 6.1 mmol), and powdered
3 A molecular sieve (1.0 g) were weighed into a glass flask equipped with a stir bar. The
flask was connected to a water-cooled condenser that was attached to an oxygen tank. The
flow from oxygen tank was adjusted to approximately 2 bubbles per second. The vessel
was heated to 120 °C for 10 h. Water (0.1 ml) and 0.5M HCI solution (2 ml) were added
dropwise in sequence to quench the remaining solid. The organic layer was submitted for
GC-MS analysis. The GC-MS results indicated the presence of tri-n-propyl amine (74.4%)

and other minor inpurities.

Cyclooctane oxidation
O [Ni-N=PBus],, air
CaH,, 120 °C

In a drybox, 8 (7.3 mg, 6.6x10-3 mmol), cyclooctane (2.06 g, 18.4 mmol), and powdered

calcium hydride (1.0 g, 23.8 mmol) were weighed into a glass flask equipped with a stir bar.
The flask was connected to a water-cooled condenser that was open to air through a drying
tube full of drierite. The vessel was heated to 120 °C for 12 h. Water (0.1 ml) and 0.5M HCI
solution (2 ml) were added dropwise in sequence to quench the remaining solid. The
organic layer was submitted for GC-MS analysis. The GC-MS results indicated the presence

of cyclooctane (84.5%), cyclooctanol (2.2%) and cyclooctanone (8.9%). Based on the initial
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mass of cyclooctane, this represents a total of 441.5 catalyst turnovers during the 16 h

reaction, for an average TOF of 27.6 h-1.

Adamantane oxidation
@ [Ni-N=P'Bug],, O,
3AM.S. 120°C

In a drybox, 8 (11 mg, 10.0x10-3 mmol), adamantane (780 mg, 5.7 mmol), hexane (0.5 ml),

OH

and powdered 3 A molecular sieve (300 mg) were weighed into a glass bomb equipped
with a stir bar. The glass bomb was kept under vacuum for at least 10 minutes while
immersed in liquid nitrogen bath to freeze the reaction mixture. Afterwards the glass bomb
was back-filled with dioxygen, sealed and warmed to room temperature. The glass bomb
was heated to 120 °C for 21 h. The reaction mixture was submitted for GC-MS analysis. The
GC yields for 1-adamantanol, 2-adamantanol and 2-adamantanone were 7.8%, 1.3% and
1.0%, respectively. Based on the initial mass of adamantane, this represents a total of 57.6

catalyst turnovers during the 21 h reaction, for an average TOF of 2.7 h-1.

Cyclohexane oxidation

. 0
O [Nl'NZPrBU3]4, 02
3AM.S.150°C ij

In a drybox, 8 (5.2 mg, 4.7x10-3 mmol), cyclohexane (1.5 g, 17.8 mmol), and powdered 3 A
molecular sieve (450 mg) were weighed into a glass bomb equipped with a stir bar. The
glass bomb was kept under vacuum for at least 10 minutes while immersed in liquid

nitrogen bath to freeze the reaction mixture. Afterwards the glass bomb was back-filled
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with dioxygen, sealed and warmed to room temperature. The glass bomb was heated to
150 °C for 20 h. The reaction mixture was submitted for GC-MS analysis. The result
indicates the presence of cyclohexane (96.7%) and cyclohexanone (3.3%). Based on the
initial mass of cyclohexane, this represents a total of 125.0 catalyst turnovers during the 20

h reaction, for an average TOF of 6.3 h1.

2,2,4-trimethylpentane oxidation

[Ni-N=PBug]4, 1 atm O,
M > no reaction

3AM.S. 120 °C

In a drybox, 8 (9.0 mg, 8.2x10-3 mmol), 2,2,4-trimethylpentane (2.3 g, 20.1 mmol), and
powdered 3 A molecular sieve (700 mg) were weighed into a glass flask equipped with a
stir bar. The flask was connected to a water-cooled condenser that was attached to an
oxygen tank. The flow from oxygen tank was adjusted to approximately 2 bubbles per
second. The vessel was heated to 120 °C for 14 h. The reaction mixture was submitted for
GC-MS analysis. The GC-MS results indicated the only presence of 2,2,4-trimethylpentane
(100%).

Hexane oxidation

[Ni-N=PBus],, 1 atm O,
NN > no reaction
3AM.S. 120 °C

In a drybox, 8 (8.8 mg, 8.0x10-3 mmol), hexane (1.8 g, 20.9 mmol), and powdered 3 A

molecular sieve (550 mg) were weighed into a glass bomb equipped with a stir bar. The
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glass bomb was kept under vacuum for at least 10 minutes while immersed in liquid
nitrogen bath to freeze reaction mixture. Afterwards the glass bomb was back-filled with
dioxygen, sealed and warmed to room temperature. The glass bomb was heated to 120 °C
for 14 h. The reaction mixture was submitted for GC-MS analysis. The GC-MS results

indicated the only presence of n-hexane (100%).

Cyclooctene oxidation

© [Ni-N=PBug],, 1 atm O,
CaH,, 120 °C

In a drybox, 8 (8.0 mg, 7.3x10-3 mmol), cyclooctene (2.1 g, 19.3 mmol), and powdered

calcium hydride (850 mg, 20.2 mmol) were weighed into a glass flask equipped with a stir
bar. The flask was connected to a water-cooled condenser that was attached to an oxygen
tank. The flow from oxygen tank was adjusted to approximately 2 bubbles per second. The
vessel was heated to 120 °C for 16 h. The reaction mixture was purified by column

chromatography, giving pure cyclooctene oxide (1.09 g, 45%).
Isopropanol oxidation

OH [Ni-N=P'Bug],, 1 atm O,
)\ no reaction
3AM.S.120°C, 12 h

In a drybox, 8 (3.7 mg, 3.4x10-3 mmol), isopropanol (1.5 g, 25.0 mmol), and powdered 3 A
molecular sieve (350 mg) were weighed into a glass bomb equipped with a stir bar. The

glass bomb was kept under vacuum for at least 10 minutes while immersed in liquid

240



nitrogen bath to freeze the reaction mixture. Afterwards the glass bomb was back-filled
with dioxygen, sealed and warmed to room temperature. The glass bomb was heated to
120 °C for 12 h. The reaction mixture was submitted for GC-MS analysis. The result

indicated the only presence of isopropanol (100%).

1-phenylethanol oxidation
OH .
[Ni-N=P®Bug],, 1 atm O,, 12h
no reaction
3 AM.S. 120 °C, n-Octane

In a drybox, 8 (4.7 mg, 4.3x10-3 mmol), 1-phenylethanol (164 mg, 1.34 mmol), n-octane

(2.5 ml) and powdered 3 A molecular sieve (300 mg) were weighed into a glass flask
equipped with a stir bar. The flask was connected to a water-cooled condenser that was
attached to an oxygen tank. The flow from oxygen tank was adjusted to approximately 2

bubbles per second. The vessel was heated to 120 °C for 12 h. The reaction mixture was

acidified by diluted HCI and submitted for GC-MS analysis. The GC-MS results indicated the

presence of 1-phenylethanol (64.1%), 1-chloroethyl benzene (35.9%).

Acetophenone oxidation

O
Ni-N=PBujs],, 1 atm O
[ ala 2 P
CaH,, 120 °C, 14 h O O 84

99.3% 0.4%

In a drybox, 8 (8.0 mg, 7.3x10-3 mmol), acetophenone (2.4 g, 20.0 mmol), and powdered

calcium hydride (800 mg, 19.0 mmol) were weighed into a glass flask equipped with a stir
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bar. The flask was connected to a water-cooled condenser that was attached to an oxygen
tank. The flow from oxygen tank was adjusted to approximately 2 bubbles per second. The
vessel was heated to 120 °C for 16 h. The reaction mixture was submitted for GC-MS

analysis. The GC-MS results indicated the presence of acetophenone (99.3%), enone (0.4%).
Effect of Ca(OH): to acetophenone oxidation
0] 0]
0 [Ni'N=PtBU3]4, 1 atm 02, Ca(OH)2 ©)J\OH O = O
+ 84
©)J\ 3 AM.S. n-Octane, 120 °C, 14 h

61.6 % remaining 36.84% 1.58%

In a drybox, 8 (6.7 mg, 6.1x10-3 mmol), acetophenone (140 mg, 1.17 mmol), n-octane (1 ml),
calcium hydroxide (148 mg, 2.0 mmol), and powdered 3 A molecular sieves (150 mg) were
weighed into a glass flask equipped with a stir bar. The flask was connected to a water-
cooled condenser that was attached to an oxygen tank. The flow from oxygen tank was
adjusted to approximately 2 bubbles per second. The vessel was heated to 120 °C for 19 h.
The reaction mixture was submitted for GC-MS analysis. The GC-MS results indicated the

presence of acetophenone (62%), benzoic acid (37%), enone (1.6%).

Control experiment between acetophenone and Ca(OH):

9 Ca(OH),, 1 atm O, Q
= 84
n-octane, 120 °C
93.4% remaining 8.8%
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Acetophenone (5.232 g, 44.3 mmol), n-octane (8 ml), and powdered calcium hydroxide (0.8
g, 10.8 mmol) were weighed into a glass flask equipped with a stir bar. The flask was

connected to a water-cooled condenser that was attached to an oxygen tank. The flow from
oxygen tank was adjusted to approximately 2 bubbles per second. The vessel was heated to
120 °C for 15 h. The reaction mixture was submitted for GC-MS analysis. The GC-MS results

indicated the presence of acetophenone (93.5%), enone (5.8%).

Monitor of ethylbenzene oxidation by 'H NMR spectroscopy
| N [Ni-N=P'Bug,, O, 0
= 3AM.S. 120 °C (j)k

In a drybox, 8 (19.8 mg, 0.018 mmol), ethylbenzene (4.22 g, 39.7 mmol), and powdered 3

(2.15 g) were weighed into a three-neck round-bottom flask equipped with a stir bar. Two
side necks were sealed with glass stoppers. Meanwhile, the flask was connected to a water-
cooled condenser that was attached to an oxygen tank. The flow from oxygen tank was
adjusted to approximately 2 bubbles per second. The vessel was then placed in an oil bath
that had already been heated to 120 °C. After every one hour of heating, a drop of sample
was taken by a pipet from a side arm. The sample was then dissolved in CDCl3 and analyzed
by 'H NMR spectroscopy. The intergration ratio between ethylbenzene, acetophenone and
1-phenylethanol was obtained from 1H NMR spectrum and converted the composition

percentage. The results were summarized in a table as following.

Time Ethylbenzene Acetophenone
(Hour) (%) (%) 1-phenylethanol (%)
1 100 0 0
2 100 0 0
3 98.0 2.0 0
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4 90.2 6.2 3.6
5 85.7 10.9 3.4
6 82.6 14.0 3.3
7 79.4 17.4 3.2
8 77.5 19.4 3.1
9 75.6 21.4 3.0
10 72.8 23.5 3.6
11 64.9 31.2 3.9

Addition of mercury (566 equiv) to the ethylbenzene oxidation

[Ni'N=PtBU3]4, 02
CaH,, 120 °C

In a drybox, 8 (4.9 mg, 4.5x10-3 mmol), ethylbenzene (2.1 g, 19.6 mmol), mercury (510.7

mg, 2.55 mmol) and powdered calcium hydride (600 mg, 14.3 mmol) were weighed into a
glass flask equipped with a stir bar. The flask was connected to a water-cooled condenser
that was attached to an oxygen tank. The flow from oxygen tank was adjusted to
approximately 2 bubbles per second. The vessel was heated to 120 °C for 16 h. The reaction
mixture was submitted for GC-MS analysis. The GC-MS results indicated the presence of
acetophenone (49.7%), ethylbenzene (35.4%), benzaldehyde (0.3%) and benzoic acid
(7.3%). Based on the yield of the oxidized products, the turnover number for the nickel

cluster was 2813.7, for an average TOF of 175.9 h-1.

Addition of mercury (29 equiv) to the ethylbenzene oxidation

[Ni'NZPtBU3]4, 02
SalRg =
CaH,, 120 °C
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In a drybox, 8 (9.7 mg, 8.8x10-3 mmol), ethylbenzene (2.9 g, 27.3 mmol), mercury (34.0 mg,
0.17 mmol) and powdered calcium hydride (600 mg, 14.3 mmol) were weighed into a glass
flask equipped with a stir bar. The flask was connected to a water-cooled condenser that
was attached to an oxygen tank. The flow from oxygen tank was adjusted to approximately
2 bubbles per second. The vessel was heated to 120 °C for 17 h. The reaction mixture was
submitted for GC-MS analysis. The GC-MS results indicated the presence of acetophenone
(61.2%), ethylbenzene (37.0%) and benzaldehyde (1.8%). Based on the yield of the
oxidized products, the turnover number for the nickel cluster was 1739.7, for an average

TOF of 102.3 h-1.
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Chapter 3. Experimental Section.

Detailed Experimental Procedures for Chapter 3

Preparation of 3-methyl-2-cyclopente-1-one 128

0]

O
M 0.01 M NaOH
_—
200 °C, 15 min
o
127 128

3-methyl-2-cyclopente-1-one was prepared according to literature method.180

Synthesis of 1-methyl-3-tert-butylcyclopentadiene 129

O 1. BuLi, CeClg, Et,0 Bu
-78°Cto0°C
+ isomers
2. H,S0,, 74%
Me Me
128 129

Prior to usage, cerium chloride was desiccated in a vacuum oven (ca. 50 mtorr) at 100 °C

for overnight. A Schlenk flask equipped with a stir bar was placed under a nitrogen
atmosphere. After the subsequent addition of anhydrous cerium chloride (8.3 g, 33.7 mmol)
and diethyl ether (30 ml), the flask was immersed into an acetone/dry ice bath (-78 °C).
Dropwise addition of tert-butyllithium (20 ml, 34.1 mmol) to the flask was conducted over

a period of 10 minutes. The mixture was kept stirring at -78 °C for 4 h. 3-methyl-2-
cyclopente-1-one 128 (2.2 g, 21.3 mmol) was then added dropwise by syringe. The solution

was slowly warmed to 0 °C over a period of 4 h. The solution was later quenched by dilute
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sulfuric acid (10%) and extracted with diethyl ether three times. The solvent was removed
in vacuo to afford a yellow oily compound (2.31 g, 74%). The product was subjected to 'H
NMR spectroscopy analysis, however due to the presence of various isomers, the 1H NMR
spectrum appeared complicated and the material was taken without further purification or

characerization.

Synthesis of 1-methyl-3-tert-butylcyclopentadienyl potassium 126

Bu Bu
_ KH, Et,O K*
+ isomers -
95%
Me Me
129 126

In a drybox, hexane-washed potassium hydride (0.64 g, 16.0 mmol) was weighed into a
Schlenk flask. The flask was then connected to a Schlenk line and placed under a nitrogen
atmosphere. To the flask, diethyl ether (30 ml) was added, followed by dropwise addition
of a mixture of 1-methyl-3-tert-butylcyclopentadiene 129 (2.05 g, 15.0 mmol). The reaction
was left for 12 h to afford a yellow solution. The solvent was removed in vacuo to afford a
yellow solid (2.48 g, 95%). The solid was further rinsed with pentane in the drybox. The
product was analyzed by 1H NMR spectroscopy only. 1H NMR (300 MHz, Dg-THF) & 5.03 (s,
2H), 4.92 (s, 1H), 1.73 (s, 3H), 0.86 (s, 9H).
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Synthesis of 1-methyl-2-tert-butylcyclopentadiene 134

0 1. tBULi, CeCls, Etzo Bu

-78°C to 0 °C
é/Me > @Me + isomers
2.H,S0,

131 134

Prior to usage, cerium chloride was desiccated in vacumn oven at 100 °C for overnight. A
Schlenk flask equipped with a stir bar was placed under a nitrogen atmosphere. After the
subsequent addition of anhydrous cerium chloride (7.7 g, 31.2 mmol) and diethyl ether (30
ml), the flask was immersed to an acetone/dry ice bath (-78 °C). Dropwise addition of tert-
butyllithium (18.5 ml, 31.5 mmol) to the flask was conducted over a period of 10 minutes.
The mixture was kept stirring at -78 °C for 4 h. 2-methyl-2-cyclopente-1-one 131 (2.0 g,
20.8 mmol) was then added dropwise with a syringe. The solution was slowly warmed to
0°C over a period of 4 h. The solution was later quenched by dilute sulfuric acid (10%) and
extracted with diethyl ether three times. The solvent was removed in vacuo to afford a
yellow oily compound (2.12 g, 75%). The product was subjected to 'H NMR spectroscopy
analysis, however due to the presence of various isomers, the 1H NMR spectrum appeared

complicated and the material was taken on without further purification or characterization.

Synthesis of 1-methyl-2-tert-butylcyclopentadienyl potassium 130

tBU KH, Etzo tBu
. .78 °C to RT K+
@/Me + Isomers - ‘/Me
12 h, 95% @
134 130
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In a drybox, hexane-washed potassium hydride (0.32g, 8.0 mmol) was weighed to a
Schlenk flask. The flask was then connected to a Schlenk line and placed under a nitrogen
atmosphere. To the flask, diethyl ether (15 ml) was added, followed by dropwise addition
of a mixture of 1-methyl-2-tert-butylcyclopentadiene 134 (1.02 g, 7.50 mmol). The reaction
was left for 12 h to afford a yellow solution. The solvent was removed in vacuo to afford a
yellow solid (1.24 g, 95%). The solid was further rinsed with pentane in the drybox. The
product was analyzed by 1H NMR spectroscopy. 1H NMR (300 MHz, Dg-THF) & 5.04 (m, 1H),
4.93 (m, 1H), 4.83 (m, 1H), 1.89 (s, 3H), 0.90 (s, 9H).

Synthesis of 1-methyl-3-tert-butylcyclopentadienyl cobalt(1l) acetylacetonate 118

K+ THF, -35 °C to RT I
@ + Co(acac), _ > Co
12 h, 95% O 0]
Me M

126 118

In a drybox, 1-methyl-3-tert-butylcyclopentadienyl potassium 126 (43.0 mg, 0.25 mmol)
and THF (2.0 ml) were added into a 5-dram glass vial. Bis(acetylacetonate)cobalt (131.1
mg, 0.51 mmol) and THF were added into another 5-dram vial equipped with a stir bar.
Both vials were stored in the -35 °C freezer for 30 minutes. The 1-methyl-3-tert-
butylcyclopentadienyl potassium 126 solution in THF was added dropwise to the vial
containing bis(acetylacetonate)cobalt. The reaction was left for 12 h to warm slowly to
room temperature. During the reaction, the solution turned to brown, with the formation of
pink precipitate. The solvent was removed in vacuo and pentane was used to extract 1-
methyl-3-tert-butylcyclopentadienyl cobalt(II) acetylacetonate 118, which appeared as a

brown oily compound after removing pentane. The paramagnetic product was analyzed by
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HR-MS spectroscopy. MS m/z calculated for C1sH2202Co (M*): 293.0952; found: 293.0948
(63.0%).

Synthesis of 1-methyl-3-tert-butylcyclopentadienyl cobalt(1l) cyclopentadienyl 119

Co Co Co
Co, THF, 12 h
o o cp — .
M roNC T @ ' @
118 119 135

In a drybox, cyclopentadienyl sodium (25.5 mg, 0.29 mmol), recrystallized from THF, was
dissolved in 1.0 ml THF in a 5 dram glass vial. 1-methyl-3-tert-butylcyclopentadienyl
cobalt(II) acetylacetonate 118 ( 85.0 mg, 0.29 mmol) and THF were added to another 5
dram vial equipped with a stir bar. Both vials were stored in the -35 °C freezer for 30
minutes. The cyclopentadienyl sodium solution in THF was added dropwise to the vial
containing 1-methyl-3-tert-butylcyclopentadienyl cobalt(II) acetylacetonate 118. The
reaction was left for 12 h to allow slow warm to room temperature. During the reaction,
the solution remained brown, with the formation of pink precipitate. The solvent was
removed in vacuo and pentane was used to extract 1-methyl-3-tert-butylcyclopentadienyl
cobalt(II) cyclopentadienyl 119, which appeared as a brown oily compound after removing
pentane. The product was analyzed by HR-MS spectroscopy. MS m/z calculated for
C15Hz20Co (M*): 259.0897; found: 259.0898 (10.5%); m/z calculated for C1oH10Co (M*):
189.0114; found: 189.1135 (100%).
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Oxidation of cobaltocene derivatives using ferrocenium tetrafluoroborate

Me —&>-Bu & CpjFeBF, Me — &> Bu <

Clo + Clo THR 12 > C|o+ Bre + Clo+ ore
@ @ -35°C toRT @ @
119 135 120 136

In a drybox, 1-methyl-3-tert-butylcyclopentadienyl cobalt(II) cyclopentadienyl 119 (37.3
mg, 0.14 mmol) was added to a 5 dram vial equipped with a stir bar and dissolved in 2.0 ml
THF. Ferrocenium tetrafluoroborate (40.9 mg, 0.15 mmol) was weighed into another 5
dram vial and dissolved in 2.0 ml THF. Both vials were stored in the -35 °C freezer for 30
minutes. [CpzFe][BF4] solution was added to the vial containing 1-methyl-3-tert-
butylcyclopentadienyl cobalt(II) cyclopentadienyl. Though the brown solution changed to
yellow within a few minutes, the reaction was left stirring for 12 h. The solvent was
removed in vacuo and washed with pentane to remove ferrocene. The remaining solid was
further purified by the column chromatography to afford 120 (21.4 mg, 43%) and 136
(14.3 mg, 36%). The product was analyzed by 1TH NMR spectroscopy. For unsymmetrical
cobaltocenium compound 120: 1H NMR (300 MHz, CDCls) & 6.05 (s, 1H), 5.78 (s, 5H), 5.63
(s, 1H), 5.59 (s, 1H), 2.29 (s, 3H), 1.33 (s, 9H). ESI MS m/z calculated for C1sH20Co (M*):
259.0892; found: 259.0892. For cobaltocenium compound 136: 1H NMR (300 MHz, CDCI3)
0 5.93 (s, 10 H). ESI MS m/z calculated for C1oH10Co (M*): 189.0109; found: 189.0111.
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Oxidation of cobaltocene derivatives using solid iodine at room temperature

Me \@’Bu @ Me @’Bu @

| I, THF, RT I+ _ _
Co + Co I Co | + Co |
P s > <
119 135 120 136

In a drybox, 1-methyl-3-tert-butylcyclopentadienyl cobalt(II) cyclopentadienyl 119 (37.4
mg, 0.14 mmol) was added to a Schlenk flask equipped with a stir bar and dissolved in 2.0
ml THF. The flask was connected to a Schlenk line and placed under a nitrogen atmosphere.
At the room temperature, iodine (17.8 mg, 0.14 mmol) was added to the flask and the
brown solution changed to yellow within a few minutes. The solvent was removed in vacuo
and the remaining solid was further purified by the column chromatography to afford 120
(20.5 mg, 38%) and 136 (16.4 mg, 37%). For unsymmetrical cobaltocenium compound
120: 'H NMR (300 MHz, CDCI3) 6 6.05 (s, 1H), 5.77 (s, 1H), 5.65 (s, 1H), 5.56 (s, 1H) 2.28 (s,
3H), 1.29 (s, 9H). For cobaltocenium compound 136: 1H NMR (300 MHz, CDCl3) 8 5.93 (s,
10H).

Oxidation of cobaltocene derivatives using iodine/ether solution at room temperature

e~ B < Mo~ B <

l,, THF, RT Ty

Co + Co ey Co I- + Co I-
< < < <
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In a drybox, 1-methyl-3-tert-butylcyclopentadienyl cobalt(II) cyclopentadienyl 119 (37.4
mg, 0.14 mmol) was added to a Schlenk flask equipped with a stir bar and dissolved in 2.0
ml THF. The flask was connected to a Schlenk line and placed under a nitrogen atmosphere.
lodine (8.9 mg, 0.07 mmol) was dissolved in 1.0 ml diethyl ether. The iodine solution was
then added dropwise to the flask at room temperature and the brown solution changed to
yellow gradually. The solvent was removed in vacuo and the remaining solid was further
purified by the column chromatography to afford 120 (9.2 mg, 17%) and 136 (14.6 mg,
33%). For unsymmetrical cobaltocenium compound 120: 1H NMR (300 MHz, CDCl3) & 6.05
(s, 1H), 5.77 (s, 1H), 5.65 (s, 1H), 5.56 (s, 1H) 2.28 (s, 3H), 1.29 (s, 9H). For cobaltocenium
compound 136: 1H NMR (300 MHz, CDCI3) 6 5.93 (s, 10H).

Oxidation of cobaltocene derivatives using iodine/ether solution at -78 °C

Me @Bu @ Me @’Bu @+

|2, THF, '78 0C | +

Co + Co Co I- + Co I-
< <> < <

In a drybox, 1-methyl-3-tert-butylcyclopentadienyl cobalt(II) cyclopentadienyl 119 (37.8
mg, 0.14 mmol) was added to a Schlenk flask equipped with a stir bar and dissolved in 2.0
ml THF. The flask was connected to a Schlenk line and placed under a nitrogen atmosphere.
lodine (8.9 mg, 0.07 mmol) was dissolved in 1.0 ml diethyl ether. The iodine solution was
then added dropwise to the flask at -78 °C. The reaction mixture was maintained at -78 °C
for 1 h and allowed to warm slowly to room temperature. The solvent was removed in
vacuo and the remaining solid was further purified by the column chromatography to

afford 120 (5.4 mg, 10%) and 136 (22.1 mg, 50%). For unsymmetrical cobaltocenium
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compound 120: 1H NMR (300 MHz, CDCI3) 6 6.05 (s, 1H), 5.77 (s, 1H), 5.65 (s, 1H), 5.56 (s,
1H) 2.28 (s, 3H), 1.29 (s, 9H). For cobaltocenium compound 136: 1H NMR (300 MHz, CDCl3)
8 5.93 (s, 10H).

Oxidation of cobaltocene derivatives using bromine at room temperature

Ve o < Ve~ <

Br,, THF, RT T

Co + Co - Co Br- + Co Br-
B > <D >
119 135 120 136

In a drybox, 1-methyl-3-tert-butylcyclopentadienyl cobalt(II) cyclopentadienyl 119 (37.5
mg, 0.14 mmol) was added to a Schlenk flask equipped with a stir bar and dissolved in 2.0
ml THF. The flask was connected to a Schlenk line and placed under a nitrogen atmosphere.
At the room temperature, bromine (5.6 mg, 0.07 mmol) was added to the flask and the
brown solution changed to yellow within a few minutes. The solvent was removed in vacuo
and the remaining solid was further purified by the column chromatography to afford 120
(14.2 mg, 30%) and 136 (16.9 mg, 45%). The product was analyzed by 'H NMR
spectroscopy. For unsymmetrical cobaltocenium compound 120: 'H NMR (300 MHz, CDCl3)
0 6.04 (s, 1H), 5.76 (s, 5H), 5.58 (s, 1H), 5.52 (s, 1H), 2.25 (s, 3H), 1.30 (s, 9H). For
cobaltocenium compound 136: 1H NMR (300 MHz, CDCl3) & 5.84 (s, 10H).
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Synthesis of CpCol2CO 144

1. Reflux, CH,Cl @
@ +  Con(CO)g >~ Co
2. |2 / i

144

CpCo(CO)2 was synthesized from the literature preparation.18? After the formation of
CpCo(CO): in situ, the reaction flask was immersed into an acetone/dry ice bath (-78 °C).
lodine (363.5 mg, 1.43 mmol, 1.2 equiv) was added slowly to the flask, as carbon monoxide
evolved rapidly from the solution. The reaction was stirred for another 30 minutes. The
product was purified by column chromatography to afford 144 (435.2 mg, 90%). The
product was analyzed by 1H NMR spectroscopy. 1H NMR (300 MHz, CDCI3) 6 5.69 (s, 5H).

Synthesis of CpCol2PPh3 145

=~ THF, it, 1h =

+ PPh — >
/Cf»,, ° 99% /Cfv,,
oc bl PhsP & 7
144 145

To the Schlenk flask equipped with a stir bar, CpCol2CO 144 (309.2 mg, 0.76 mmol) and
THF (3 ml) were added. Triphenylphosphine (199.5 mg, 0.76 mmol) was dissolved in 3 ml
THF and added to the flask dropwise over a period of 5 minutes. The reaction was stirred
for an hour, during which evolution of carbon monoxide was observed. The product was
purified by column chromatography to afford 145 (481.6 mg, 99%). The product was
analyzed by 'H NMR spectroscopy. 1H NMR (300 MHz, CDCl3) 6 7.77 (m, 6H); 7.40 (m, 9H);
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5.11 (s, 5H). IR (KBr Solid, cm1) 3118.5 (s), 3106.7 (m), 3082.8 (m), 3074.0 (w), 3054.2 (w),
3024.0 (w), 1585.5 (w), 1574.1 (w), 1479.1 (s), 1436.8 (s).

Synthesis of CpCol; dimer

< <>
Reflux CI
Co - > |/7
| 2
y AN

2% | n-octane

To a Schlenk flask equipped with a stir bar, CpCol2CO 144 (2.3 g, 5.7 mmol) and n-octane
(15 ml) were added. The flask was connected with a water-cooled condenser. The solution
was heated to reflux for 12 h, during which evolution of carbon monoxide was observed. A
black precipitate was formed and cleaned by rinsing with dichloromethane. The product
was analyzed by elemental analysis (calculated: C, 15.8; H, 1.3; I, 67.2; Found: C, 16.4; H, 1.4;
I,66.8.)

Synthesis of 1-methyl-3-tert-butylcobaltocenium tetrafluoroborate 120 at -78 °C

Me Bu
<> 1. AgBF, (2 equiv), CHLCN, rt ©BF4‘

Co > Co

% 2. 1-1Bu-3-Me-CpK, THF, -78 °C
oc i} P @

144 120

CpCol2CO 144 (1.06 g, 2.59 mmol) and acetonitrile (10 ml) were charged to a Schlenk flask
equipped with a stir bar. Silver tetrafluoroborate (1.01 g, 5.18 mmol) was added to the
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flask slowly. The reaction mixture was kept stirring for 8 h, during which color changed
gradually from brown to deep red. The solution was immersed into an acetone/dry ice bath
(-78 °C). In a drybox, 1-methyl-3-tert-butylcyclopentadienyl potassium (0.45 g, 2.59 mmol)
and 5 ml THF were charged into another Schlenk flask. The THF solution was transferred
dropwise to the first flask containing [CpCo(CH3CN)z3][BF4]2 solution using a cannula. The
mixture was remained stirring for 12 h at -78 °C. The solvent was removed in vacuo to
afford a yellow residue, which was further purified by column chromatography to obtain a
golden solid (268.9 mg, 30%). Single crystals were obtained from ether/hexane
recrystallization and the X-ray structure was obtained (Appendix 1). The product was
analyzed by 'H NMR spectroscopy. 1H NMR (300 MHz, CDCl3) & 5.75 (s, 1H), 5.64 (s, 5H),
5.48 (s, 2H), 2.18 (s, 3H), 1.29 (s, 9H). 13C NMR (125 MHz, CDCI3) 6120.1, 103.7, 85.1, 83.2,
81.0, 79.5, 30.9, 13.8. IR (cast film, cm'1) 3120.1 (m), 2968.0 (s), 2934.8 (m), 2873.7 (w),
1706.2 (w), 1490.9 (s), 1072.6 (s). ESI MS m/z calculated for Ci5sH20Co (M*): 259.0892;
found: 259.0889.

Synthesis of 1-methyl-3-tert-butylcobaltocenium tetrafluoroborate 120 at -20 °C

Me Bu
<> 1. AgBF, (2 equiv), CHLCN, rt ~~=>

| | BF4_
Co > Co
SN 2. 1-1Bu-3-Me-CpK, THF, -20 °C
oc i} P @
144 120

CpCol2CO 144 (1.05 g, 2.59 mmol) and acetonitrile (10 ml) were charged into a Schlenk
flask equipped with a stir bar. Silver tetrafluoroborate (1.0 g, 5.18 mmol) was added to the
flask slowly. The reaction mixture was kept stirring for 8 h, during which color changed

gradually from brown to deep red. The solution was immersed into a NaCl/ ice bath (-20
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°C). In a drybox, 1-methyl-3-tert-butylcyclopentadienyl potassium (0.45 g, 2.59 mmol) and
5 ml THF were charged into another Schlenk flask. The THF solution was transferred
dropwise to the first flask containing [CpCo(CH3CN)z3][BF4]2 solution using a cannula. The
mixture was stirred for 12 h at -20 °C. The solvent was removed in vacuo to afford a yellow
residue, which was further purified by column chromatography to obtain a golden solid
(609.5 mg, 68%). The product was analyzed by 'H NMR spectroscopy. 'H NMR (300 MHz,
CDCl3) 8 5.75 (s, 1H), 5.64 (s, 5H), 5.48 (s, 2H), 2.18 (s, 3H), 1.29 (s, 9H). 13C NMR (125 MHz,
CDCl3) 8120.1,103.7, 85.1, 83.2, 81.0, 79.5, 30.9, 13.8. ESI MS m/z calculated for C1sH20Co
(M*): 259.0892; found: 259.0889.

Synthesis of (n°-1-methyl-3-tert-butylcyclopentadienyl) cobalt(1l) (n*-cyclopentadiene) 151

Me @tBu Me @Bu
T+ BFs~  KBH4 THF12h
Co >
-35°C toRT

Co
S .

+ isomers

151

In a drybox, 1-methyl-3-tert-butylcobaltocenium tetrafluoroborate 120 (45.4 mg, 0.13
mmol) was dissolved in 2.0 ml THF in a 5 dram glass vial equipped with a stir bar. The vial
was stored in the -35 °C freezer for 30 minutes. Potassium borohydride (7.0 mg, 0.13 mmol)
was added slowly to the THF solution. The reaction mixture was kept stirring for 12 h to
warm to room temperature. During the reaction, the color of the solution changed from
yellow to brown. The solvent was removed in vacuo and pentane was used to extract the
product. The product appeared as a brown oily compound after removing pentane and was
analyzed by 'H and 13C NMR spectroscopy. The product was subjected to 1H NMR
spectroscopy analysis, however due to the presence of various isomers, the 1H NMR

spectrum appeared complicated and was not further interpreted.
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Attempted ring-expansion reaction

i
Me\@ Bu Me\@tBU

| HBF4'Et20 BF

Clo + Me—=—_Me CH,Cly, 12 h ot e
> -78 °C to RT &>
isomeric mixture Q
151 120

In a drybox, (17°-1-methyl-3-tert-butylcyclopentadienyl) cobalt(I) (n*-cyclopentadiene) 151
(30.5 mg, 0.12 mmol) was added to a Schlenk flask equipped with a stir bar. The flask was
placed under a nitrogen atmosphere and immersed in an acetone/dry ice bath (-78 °C).
CH2CI2 (2.5 ml), 2-butyne (0.2 ml, 2.5 mmol) and fluoroboric acid diethyl ether complex (16
ul, 0.12 mmol) were added subsequently to the flask. The reaction mixture was kept
stirring for 15 h to warm to room temperature. During the reaction, the color of the
solution changed from brown to yellow. The solvent was removed in vacuo and the residue
was further purified by column chromatography. The product was analyzed by 'TH NMR
spectroscopy. 1H NMR (300 MHz, CDCl3) 8 5.75 (s, 1H), 5.64 (s, 5H), 5.48 (s, 2H), 2.18 (s,
3H), 1.29 (s, 9H). 13C NMR (125 MHz, CDCl3) 6120.1, 103.7, 85.1, 83.2, 81.0, 79.5, 30.9, 13.8.

Synthesis of carbonyl(n’-tetramethylcyclopentadienyl)diiodocobalt 154

1. Reflux, CH,Cl, Q
+ COZ(CO)B + @ > Co
2. |2 e

oc” Y

155

In a drybox, dicobalt octacarbonyl (1.15 g, 3.36 mmol) was charged to a Schlenk flask

equipped with a stir bar. The flask was then placed under a nitrogen gas using a Schlenk
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line. Dichloromethane (10 ml) and tetramethylcyclopentadiene (0.83 g, 6.80 mmol) were
added to the flask. A water-cooled condenser was attached to the flask and the whole
apparatus was wrapped with aluminum foil. The reaction mixture was heated at reflux for
12 h. After immersing the flask into an ice bath, iodine (1.71 g, 6.74 mmol) was slowly
added to the solution. During the reaction, the sash of the fume hood was kept as low as
possible, as carbon monoxide was released rapidly. The solvent was removed in vacuo and
the residue was purified by column chromatography to obtain 3.05 g purple solid. The
product was analyzed by 1H NMR spectroscopy. 1H NMR (300 MHz, CDCI3) 6 5.20 (s, 1H);
2.31 (s, 6H); 2.23 (s, 6H). 13C NMR (125 MHz, CDCI3) 6198.8, 104.9, 99.5, 89.3, 12.7, 11.7.

Synthesis of (n°-tetramethylcyclopentadienyl)diiodocobalt dimer 156

I
\Q Reflux < /I\ /

Co B — Co Co
s\, - AN
oc \I | n-octane / I/

Carbonyl(n°>-tetramethylcyclopentadienyl)diiodocobalt 154 (1.0 g, 2.17 mmol) and n-
octane (20 ml) was charged into a Schlenk flask equipped with a stir bar. A water-cooled
condenser was connected to the flask. The solution was refluxed for 12 h, during which
black solid precipitated (0.85 g, 91%). The solid was isolated and rinsed with anhydrous
pentane. The product was analyzed by IR spectroscopy, which revealed no carbonyl
remained. IR (solid, cm-1) 3389.5 (w), 3081.1 (w), 2980.5 (w), 2960.0 (w), 2906.9 (w),
1486.7 (m), 1467.6 (m), 1418.7 (m), 1474.9 (s), 1148.9 (w), 1011.8 (s).
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Synthesis of (n°-tetramethylcyclopentadienyl) cobalt(I) bisethylene 154

|
4 /I\ / Na/Hg, ethylene \@/
Co '

b

A THF, RT, 60% Coa’
V% o &

b
156 154

In a drybox, (n°-tetramethylcyclopentadienyl)diiodocobalt dimer 156 (280.2 mg, 0.65
mmol) and THF (10.0 ml) was charged into a Schlenk flask equipped with a stir bar. Sodium
amalgam (3%) was prepared in situ by adding sodium (148.4 mg, 6.4 mmol) to mercury
(4.9 g). Sodium amalgam was added to the flask, when it was placed under a nitrogen
atmosphere using a Schlenk line. An ethylene tank was connected to the flask with the
needle tip immersed under the THF solution. Ethylene was bubbled into the THF solution
at a rate of one bubble per second. The reaction was stirred at room temperature for 2 h to
afford a red solution with black precipitates. The solvent was removed in vacuo and
transferred into drybox as quickly as possible. The product was dissolved in pentane and
filtered through Celite. A red solid (93.3 mg, 60%) was obtained after removing pentane in
vacuo. The product decomposes slowly at room temperature and must be stored in the
freezer. The product was analyzed by 'H NMR spectroscopy. 1H NMR (300 MHz, C¢Ds) 0
4.28 (s, 1H); 1.87 (m, 4H, Hb,b’); 1.46 (s, 6H); 1.27 (s, 6H); 0.97 (m, 4H, Ha, a’). 13C NMR
(125 MHz, CsDs) 0 94.5,92.1, 83.8, 43.5, 10.1, 8.9.
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Synthesis of (n°-tetramethylcyclopentadienyl) cobalt(l) (n*-cyclopentadiene) 157

\if;;::Zf/ CpH, Reflux \tj;;:zi/

Co —°> Co
% \/ THF, 95% <<\>

154 157

In a drybox, (n°-tetramethylcyclopentadienyl) cobalt(I) bisethylene 154 (60.2 mg, 0.25
mmol) and THF (5.0 ml) was charged into a Schlenk flask equipped with a stir bar. The
flask was placed under a nitrogen atmosphere using Schlenk line. Freshly-cracked
monomeric cyclopentadiene (0.20 ml, 2.4 mmol) was added using a 1.0 ml syringe. The
flask was then attached to a water-cooled condenser. The reaction mixture was refluxed for
45 minutes with a continuous purge of nitrogen gas. The solvent was removed in vacuo to
afford a red solid (65.6 mg, 95%). The product was analyzed by 'H NMR spectroscopy. 'H
NMR (300 MHz, CsDs) & 4.87 (s, 2H, H23); 4.28 (s, 1H, CsHMes); 2.65 (d, /=13.7 Hz, 1H, Hsa);
2.22 (d,J=13.7 Hz, 1H, Hsp); 1.88 (s, 2H, H14).

Synthesis of carbonyl(n’-1-methyl-3-tert-butylcyclopentadienyl)diiodocobalt 158

M Bu
5 1. Reflux, CH,Cl, ©
e oo o () .
2.'2 .

oc’ \I d

158
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In a drybox, dicobalt octacarbonyl (2.01 g, 5.88 mmol) was charged into a Schlenk flask
equipped with a stir bar. The flask was then placed under a nitrogen gas using a Schlenk
line. Dichloromethane (20 m), 1-methyl-3-tert-butylcyclopentadiene (1.60 g, 11.8 mmol)
and cyclohexadiene (0.47 ml, 5.87 mmol) were subsequently added to the flask. A water-
cooled condenser was attached to the flask and the whole apparatus was wrapped with
aluminum foil. The reaction mixture was left refluxing for 15 h. The flask was then cooled
down by immersing into an ice bath. lodine (2.98 g, 11.7 mmol) was added slowly to the
solution. Since carbon monoxide was released rapidly, the sash of fume hood was kept as
low as possible. The solvent was removed in vacuo and the residue was purified by column
chromatography to obtain a purple solid (4.09 g, 71%). The product was analyzed by 'H
and 13C NMR spectroscopy. 1H NMR (300 MHz, CDCl3) 8 5.52 (s, 1H); 5.42 (s, 1H); 5.03 (s,
1H); 2.59 (s, 3H); 1.32 (s, 9H). 13C NMR (100 MHz, CDCl3) & 115.4, 104.6, 94.2, 93.5, 80.5,
31.3,15.0. IR (cast film, cm1) 3086.5 (m), 2965.4 (s), 2911.0 (m), 2870.9 (m), 2528.4 (w),
2056.7 (s), 1734.5 (w), 1693.8 (w), 1480.9 (s), 1372.1 (s), 1217.2 (m).

Synthesis of (n°-1-methyl-3-tert-butylcyclopentadienyl)diiodocobalt dimer 159

Me \@Bu Me \@Bu

Reflux

[
Co S—— /?o\
7\ n-octane h)
oc” L™ 1 /
~
158 159

Carbonyl(n°-1-methyl-3-tert-butylcyclopentadienyl)diiodocobalt 158 (2.4 g, 5.4 mmol) and
n-octane (20 ml) was charged to a Schlenk flask equipped with a stir bar. A water-cooled
condenser was connected to the flask. The solution was refluxed for 15 h, during which

black solid precipitated out. The solid (2.18 g, 90%) was isolated and rinsed with
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anhydrous pentane. Due to its insolubility in non-coordinating solvents and instability in
coordinating solvents, the product was not analyzed by NMR and MS spectroscopy.
Elemental analysis of the product was performed. (calculated: C, 26.8; H, 3.4; I, 56.7; found:
C, 269;H,3.5;1,56.5.)

Attempted synthesis of (n°-1-methyl-3-tert-butylcyclopentadienyl) cobalt(I) bisethylene 160

Me @tBu Me @‘Bu

[ ethylene, Na/Hg |

71 THE -78°C, 12 h Co

! |/ 2 X 7
~

159 160

In the drybox, (77°-1-methyl-3-tert-butylcyclopentadienyl)diiodocobalt dimer 159 (120.5
mg, 0.27 mmol) and THF (5.0 ml) was charged into a Schlenk flask equipped with a stir bar.
Sodium amalgam (3%) was prepared in situ by adding sodium (60 mg, 2.5 mmol) metal to
mercury (1.9 g). Sodium amalgam was added into the flask under the protection of a
nitrogen atmosphere using a Schlenk line. An ethylene tank was connected to the flask with
needle tip kept immersed under the THF solution. Ethylene was bubbled into the THF
solution at a rate of one bubble per second. The reaction was stirred at -78 °C for 12 h to
afford a brown solution with black precipitates. The solvent was removed in vacuo and
transferred into a drybox as quickly as possible. The product was dissolved in pentane and
filtered through Celite. A brown residue was obtained after removing pentane in vacuo. The
product was analyzed by 1H NMR spectroscopy, however the spectrum appeared

complicated and uninterpretable, so no conclusion can be made.
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Attempted synthesis of (1°-1-methyl-3-tert-butylcyclopentadienyl) cobalt(I) (n?*-
cyclopentadiene) 151 by trapping bisethylene intermediate 160

Me @tBU 1. ethylene, Na/Hg Me @Bu

| 78 °C, THF ,
Co_ > Co
VL 2 2. cyclopentadiene l
N4 -78°C to RT <>
159 151

In a drybox, (77°-1-methyl-3-tert-butylcyclopentadienyl)diiodocobalt dimer 159 (66.4 mg,
0.15 mmol) and THF (2.5 ml) was charged into a Schlenk flask equipped with a stir bar. The
flask was immersed in an acetone/dry ice bath (-78 °C). Solid sodium amalgam (3%) was
prepared in situ by adding sodium (34.3 mg, 1.5 mmol) into mercury (1.1 g). Sodium
amalgam was added to the flask under the protection of a nitrogen atmosphere using a
Schlenk line. An ethylene tank was connected to the flask with the needle tip immersed
under the THF solution. Ethylene was bubbled into the THF solution at a rate of one bubble
per second. The reaction was stirred at -78 °C for 12 h to afford a brown solution with black
precipitates. Cyclopentadiene (0.13 ml, 1.5 mmol) was added to the flask using a 1.0 ml
syringe. The reaction mixture was further stirred at -78 °C for 12 h. After removing the
solvent in vacuo, the product was dissolved in pentane and filtered through Celite. A brown
residue was obtained after removing pentane in vacuo. The product was analyzed by 'H
NMR spectroscopy, however the spectrum appeared complicated and uninterpretable, so

no conclusion can be made.
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Attempted synthesis of (1°-1-methyl-3-tert-butylcyclopentadienyl) cobalt(I) (n?*-
cyclopentadiene) 151 by trapping CpCo(H:C=CHSiMe3);161

< 1K Et,0,-78°C,12h  "© \@’B“

i +  MegSi o~ 2. 1-Me-3-Bu-CpH Co
> -78 °C 10 RT, 12 h <3i§>
135 151

In a drybox, cobaltocene (62.8 mg, 0.33 mmol), potassium (13.1 mg, 0.33 mmol) and
diethyl ether (2.0 ml) was charged into a Schlenk flask equipped with a stir bar. The flask
was placed under a nitrogen atmosphere using a Schlenk line and immersed in an
acetone/dry ice bath (-78°C). Vinyltrimethylsilane (0.15 ml, 1.0 mmol) was added into the
flask using a 1.0 ml syringe. The reaction was stirred at -78 °C for 12 h to afford a red
solution with dark precipitates. 1-methyl-3-tert-butylcyclopentadiene (0.1 ml) was added
with a syringe. The reaction mixture was further stirred for 12 h slowly warming up to
room temperature. The solvent was removed in vacuo and the product was filtered through
Celite using pentane. A brown residue was obtained after removing pentane in vacuo. The
product was analyzed by 1H NMR spectroscopy, however the spectrum appeared messy

and no conclusion can be made.

Attempted synthesis of (1°-cyclopentadienyl) cobalt(l) (n*-tetramethylcyclopentadiene) 162
by trapping CpCo(H:C=CHSiMe3);161

< 1.K E,0,-78°C,12h Mo pMe

| . Me” ! Me
i * MesSInZ 5 Me,CpH, -78 °C o RT, 12 h i
135 162
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In a drybox, cobaltocene (62.9 mg, 0.33 mmol), potassium (13.0mg, 0.33 mmol) and diethyl
ether (2.0 ml) was charged into a Schlenk flask equipped with a stir bar. The flask was
placed under a nitrogen atmosphere using a Schlenk line and immersed into an
acetone/dry ice bath (-78°C). Vinyltrimethylsilane (0.15 ml, 1.0 mmol) was added to the
flask using a 1 ml syringe. The reaction was stirred at -78 °C for 12 h to afford a red
solution with dark precipitates. Tetramethylcyclopentadiene (0.15 ml) was added by a 1 ml
syringe. The reaction mixture was further stirred for 12 h warming up slowly to room
temperature. The solvent was removed in vacuo and the product was filtered through
Celite using pentane. A brown residue (72.3 mg) was obtained after removing pentane in
vacuo. The product was analyzed by 'H NMR spectroscopy, however the spectrum

appeared messy and no conclusion can be made.

Synthesis of bis(1-methyl-3-tert-butylcyclopentadienyl)cobalt 163

Bu Me @BU
K™+ cocl, _hRtEn Co
" -35°C to RT By @Me
126 163
In a drybox, 1-methyl-3-tert-butylcyclopentadienyl potassium (154.5 mg, 0.89 mmol) and
THF (2.0 ml) were added into a 5 dram glass vial. Cobalt(II) chloride (56.7 mg, 0.44 mmol)
and THF (1.0 ml) were added into another 5 dram vial equipped with a stir bar. Both vials
were stored in the -35 °C freezer for 30 minutes. The 1-methyl-3-tert-
butylcyclopentadienyl potassium solution in THF was added dropwise to the vial
containing cobalt(II) chloride. The reaction was left for 12 h to slowly warm up to room

temperature. During the reaction, the solution turned to brown, while dark precipitate was
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formed. The solvent was removed in vacuo and pentane was used to extract the product.
The product (193.5 mg) appeared as a brown oily compound after removing pentane and
was analyzed by HR-MS spectroscopy. MS m/z calculated for C20H30Co (M*): 329.1680;
found: 259.1687 (100%).

Attempted synthesis of (n°-1-methyl-3-tert-butylcyclopentadienyl) cobalt(I) (n*-
cyclopentadiene) 151 by trapping (1-Me-3-BuCp)Co(H2C=CHSiMe3):

o~ e~

|
1. K, Et,0, -78 °C, 12 h
Co +  MegSi._~ 2 - Co

Bu ‘@Me 2.CpH, -78 °C toRT, 12 h <<l>

In a drybox, cobaltocene 163 (58.9 mg, 0.18 mmol), potassium (7.0 mg, 0.18 mmol) and
diethyl ether (2.0 ml) was charged into a Schlenk flask equipped with a stir bar. The flask
was placed under a nitrogen atmosphere using a Schlenk line and immersed in an
acetone/dry ice bath (-78°C). Vinyltrimethylsilane (0.15 ml, 1.0 mmol) was added to the
flask. The reaction was stirred at -78 °C for 12 h to afford a red solution with dark
precipitates. Monomeric cyclopentadiene (0.15 ml, 1.8 mmol) was added by a 1 ml syringe.
The reaction mixture was further stirred for 12 h to slowly warm up to room temperature.
The solvent was removed in vacuo and the product was filtered through Celite using
pentane. A brown residue (64.5 mg) was obtained after removing pentane in vacuo. The
product was analyzed by 1H NMR spectroscopy, however the spectrum appeared messy

and no conclusion can be made.
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Attempted ring-expansion reaction

\Q HBF ;+ OEt, \QBF )

| CH,Cl,, 12 h oot 4

Co + Me———NMe o

Sy 78°C to AT @

In a drybox, (n°-tetramethylcyclopentadienyl) cobalt(I) (7#-cyclopentadiene) 157 (37.6 mg,
0.15 mmol) was added into a Schlenk flask equipped with a stir bar. The flask was placed
under a nitrogen atmosphere and immersed in an acetone/dry ice bath (-78 °C). Methylene
chloride (2.0 ml), 2-butyne (0.25 ml, 10 equiv) and fluoroboric acid diethyl ether complex
(21 ul, 0.15 mmol) were added subsequently to the flask. The reaction mixture was kept
stirring for 12 h to warm up slowly to room temperature. During the reaction, the color of
the solution changed from brown to yellow. The solvent was removed in vacuo and the
residue was further purified by column chromatography. The product was analyzed by 'H
and 13C NMR spectroscopy and confirmed as [Me4CpCo(III)Cp][BF4]. tH NMR (300 MHz,
CDCl3) & 5.55 (s, 1H); 5.37 (s, 5H); 2.07 (s, 12H).
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Experimental section of Chapter 4.

Di-imine ligand 175,198 di-imine iron(II) complex 172,1%° and iron(0) alkyne 173171 were

prepared according to the literature procedures.

Attempted ring-expansion reaction

'f“r' Ph ,?\r . ) /?\r

N, HBF4'OEt2, Etzo NH2 BI:4 N
pat BN - T - X
N -78°C to RT,12h A AN

N N

Arl Ph | |

Ar' Ar'

Ar': 2,6-diisopropylphenyl 25% 62%

In a drybox, diimine iron(0) diphenylacetylene 173 (75.3 mg, 0.14 mmol) was dissolved in
1.5 ml diethyl ether in a 5 dram glass vial equipped with a stir bar. The vial was stored in
the -78 °C freezer for 30 minutes. Cyclopentene (47.7 mg, 0.70 mmol) and fluoroboric acid
diethyl ether complex (20.0 ul, 0.14 mmol) were added to the diethyl ether solution. The
reaction mixture was kept stirring for 12 h to warm up slowly to room temperature. During
the reaction, the color of the solution changed from brown to yellow. The solvent was
removed in vacuo to afford a yellowish solid. Pentane was used to wash the product and
62.0% of the diimine ligand was recovered. The remaining solid was recrystallized from

cold diethyl ether solution. X-ray analysis identified the crystal as an ammonium compound

176.
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Appendix 1

STRUCTURE REPORT

XCL Code: JMS1029 Date: 16 April 2010

Compound: [(7°—1-t-Butyl-3-methylcyclopentadienyl)CoCp][BF4]
Formula: C15H0BCoF4

Supervisor: J. M. Stryker Crystallographer: R. McDonald
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Figure 1.

Figure 2.

Figure Legends

Perspective view of the [(1°—1-t-butyl-3-methylcyclopentadienyl)CoCp]*
complex ion showing the atom labelling scheme. Non-hydrogen atoms are
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen atoms
are shown with arbitrarily small thermal parameters. Primed atoms are related to
unprimed ones via the crystallographic mirror plane (x, 1/4, z) upon which the Co,
C6, C7, and C10 atoms are located. The ring carbons (C1-C5) and methyl group
(C9) of the 1-#-butyl-3-methylcyclopentadienyl group are disordered across this

mirror plane.

Alternate view of the molecule. Hydrogen atoms are not shown.
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Table 1. Crystallographic Experimental Details

A. Crystal Data

formula C15H0BCoF4
formula weight 346.05
crystal dimensions (mm) 0.42 x0.34 x 0.16
crystal system orthorhombic
space group Pnma (No. 62)
unit cell parameters®
a(A) 16.909 (3)
b (A) 9.6164 (19)
c(A) 9.6425 (19)
V(A3) 1567.9 (5)
VA 4
Pealed (g cm3) 1.466
u (mm-1) 1.124
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (A [A]) graphite-monochromated Mo Ka (0.71073)
temperature (°C) —100
scan type w scans (0.3°%) (15 s exposures)
data collection 26 limit (deg) 55.14
total data collected 13288 (21 =h<21,-12<k=<12,-12<1=<12)
independent reflections 1917 (Rint = 0.0156)
number of observed reflections (NO) 1777 [Fo? = 20(Fy2)]
structure solution method Patterson/structure expansion (DIRDIF-2008¢)
refinement method full-matrix least-squares on F2 (SHELXL-974)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8406-0.6483
data/restraints/parameters 1917/0/ 149
goodness-of-fit (S)¢ [all data] 1.072
final R indices/
R [Fo? = 20(Fy?)] 0.0318
wR> [all data] 0.0850
largest difference peak and hole 0.297 and —0.428 e A-3

40btained from least-squares refinement of 9941 reflections with 4.82° <26 < 54.80°.

bprograms for diffractometer operation, data collection, data reduction and absorption correction
were those supplied by Bruker.
(continued)

276



Table 1. Crystallographic Experimental Details (continued)

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M; Garcia-Granda, S.; Gould, R.
O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory, Radboud
University Nijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

eS = [Ew(Fo2 — F2)2/(n — p)]Y2 (n = number of data; p = number of parameters varied; w =
[R(Fo2) + (0.0431P)2 + 0.4924P]! where P = [Max(Fy2, 0) + 2F:2]/3).

le = Z||Fo| = |Fe|l/Z|Fol; wRy = [EW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters

(a) atoms of the [(P—I-t-butyl-3-methylcyclopentadienyl) CoCp] ™ ion

Atom X y

Co 0.171787(15) 0.2500
Cla 0.07029(14) 0.2682(14)
C2a 0.0691(3) 0.1589(5)
C3a 0.0764(2) 0.2188(4)
C4a 0.0829(2) 0.3630(5)
C5a 0.0793(3) 0.3946(5)
C6 0.05778(12) 0.2500
C7 -0.03248(16) 0.2500
C8 0.09369(13) 0.1206(2)
C9a 0.0775(2) 0.1422(5)
C10 0.26758(13) 0.2500
Cl1 0.26793(11) 0.1318(2)
C12 0.26951(10) 0.1781(2)
(b) tetrafluoroborate ion atoms

Atom X y

F1a 0.38304(16) 0.270(3)
F2a 0.25868(18) 0.2329(18)
F3a 0.3540(5) 0.1436(7)
F4a 0.3191(4) 0.3652(5)
B 0.3298(3) 0.2500

z

0.06541(3)

0.1811(3)
0.0804(5)
-0.0542(4)
-0.0367(4)
0.1078(6)
0.3369(2)
0.3584(3)
0.4034(2)
-0.1893(4)
0.1907(3)
0.1052(2)
-0.0325(2)

V4

0.6722(3)
0.6318(3)
0.4885(7)
0.4854(7)
0.5708(4)

Ueg» A2
0.04696(13)*
0.039(2)*
0.0459(9)*
0.0458(13)*
0.0507(8)*
0.0466(10)*
0.0493(5)*
0.0769(8)*
0.0725(5)*
0.0674(10)*
0.0725(8)*
0.0694(5)*
0.0599(4)*

Ueg» A2
0.134(5)*
0.144(3)*
0.144(3)*
0.105(2)*
0.0731(10)*

Anisotropically-refined atoms are marked with an asterisk (*). The form of the

anisotropic displacement parameter is: exp[-22(h2a*2Uy | + k2b*2Upy + [2c*2U33 + 2kib*c*Ups

+ 2hla*c*Uyz + 2hka*b*U13)]. “Refined with an occupancy factor of 0.5.
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Table 3. Selected Interatomic Distances (A)

(a) within the [(—I-t-butyl-3-methylcyclopentadienyl) CoCp] ™ ion

Atoml Atom?2 Distance Atoml Atom?2 Distance
Co Cl 2.054(3) Cl Cé6 1.527(4)
Co C2 1.950(5) C2 C3 1.426(6)
Co C3 2.005(3) C3 C4 1.401(7)
Co C4 2.100(3) C3 C9 1.497(5)
Co C5 2.133(5) C4 C5 1.428(6)
Co Cl10 2.021(2) Cé6 C7 1.540(3)
Co Cll1 2.0202(18) Cé6 C8 1.526(2)
Co Clr’ 2.0202(18) Cé6 C®’ 1.526(2)
Co Cl12 2.0247(17) Cl10 Cll1 1.404(3)
Co Cl12’ 2.0247(17) Cl10 Clr’ 1.404(3)
Cl C2 1.431(11) Cll1 Cl12 1.400(3)
Cl C5 1.415(11) Cl12 Cl12’ 1.384(4)

Primed atoms are related to unprimed ones via the crystallographic mirror plane (x, !/4, z).

(b) within the tetrafluoroborate ion

Atoml1 Atom?2 Distance Atoml1 Atom?2 Distance
F1 B 1.343(6) F3 B 1.357(7)
F2 B 1.349(5) F4 B 1.392(6)
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Table 4. Selected Interatomic Angles (deg)

(a) within the [(—I-t-butyl-3-methylcyclopentadienyl) CoCp] ™ ion

Atoml
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
C2
C2
C2
C2
C2
C2
C2
C2
C3
C3
C3
C3
C3
C3
C3
C4
C4
C4
C4
C4
C4
C5
C5
C5
C5
C5
C10
C10
C10
C10

Atom?2
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co

Atom3
C2
C3
C4
C5
C10
Cl1
c1r’
Cl12
C12’
C3
C4
C5
C10
Cl1
C1r’
Cl12
C12’
C4
C5
C10
Cl1
C1r’
Cl12
C12’
C5
C10
Cl1
C1r’
Cl12
C12’
C10
Cl1
C1r’
Cl12
C12’
Cl1
c1r’
Cl12
C12’

Angle
41.8(3)
69.71(15)
67.2(2)
39.4(3)
110.17(11)
128.1(2)
121.4(3)
164.6(4)
154.9(4)
42.22(17)
68.29(17)
68.0(2)
132.01(16)
116.71(15)
162.77(17)
127.41(16)
156.16(17)
39.82(19)
67.54(17)
171.33(10)
132.24(12)
147.19(12)
109.71(12)
116.07(12)
39.43(18)
148.66(13)
162.95(13)
111.96(14)
122.85(13)
100.88(12)
118.24(15)
157.02(16)
100.78(15)
155.62(15)
117.72(14)
40.67(7)
40.67(7)
67.94(9)
67.94(9)

Atoml
Cll1
Cll1
Cll1
Clr’
Clr’
Cl12
Co
Co
Co
C2
C2
C5
Co
Co
Cl
Co
Co
Co
C2
C2
C4
Co
Co
C3
Co
Co
Cl
Cl
Cl
Cl
C7
C7
C8
Co
Co
Cll1
Co
Co
Cl10

Atom2
Co
Co
Co
Co
Co
Co
Cl
Cl
Cl
Cl
Cl
Cl
C2
C2
C2
C3
C3
C3
C3
C3
C3
C4
C4
C4
C5
C5
C5
Co6
Co6
Co6
Co6
Co6
Co6
Cl10
Cl10
Cl10
Cll1
Cll1
Cll1

Atom3
C1r’
Cl12
C12’
Cl12
C12’
C12’
C2
C5
Co6
C5
Co6
Co6
Cl
C3
C3
C2
C4
C9
C4
C9
C9
C3
C5
C5
Cl
C4
C4
C7
C8
C8’
C8
C8’
C8’
Cl1
c1r’
c1r’
C10
Cl12
Cl12

Angle
68.46(12)
40.49(8)
67.91(8)
67.91(8)
40.49(8)
39.96(11)
65.2(3)
73.3(3)
129.8(2)
107.1(4)
125.6(9)
127.2(8)
73.0(3)
71.0(2)
108.6(5)
66.8(2)
73.8(2)
124.4(3)
107.3(4)
126.5(4)
126.2(4)
66.4(2)
71.5(2)
108.9(4)
67.3(3)
69.1(2)
108.0(4)
105.7(2)
116.8(4)
105.4(4)
109.74(14)
109.74(14)
109.3(2)
69.65(12)
69.65(12)
108.1(2)
69.69(12)
69.93(10)
107.46(18)
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Table 4. Selected Interatomic Angles (continued)

Atoml  Atom2  Atom3  Angle Atoml  Atom2  Atom3  Angle
Co Cl12 Cl1 69.58(10) Cl1 Cl12 Cc12’ 108.52(12)
Co Cl12 c12’ 70.02(6)

Primed atoms are related to unprimed ones via the crystallographic mirror plane (x, !/4, z).

(b) within the tetrafluoroborate ion

Atoml  Atom2  Atom3  Angle Atoml  Atom2  Atom3  Angle

F1 B F2 107.3(3) F2 B F3 115.5(8)
Fl1 B F3 109.5(9) F2 B F4 103.8(7)
Fl1 B F4 113.6(10) F3 B F4 107.0(3)
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Table 5. Torsional Angles (deg)

Atoml Atom2 Atom3 Atom4

C2
C2
C3
C3
C3
C4
C4
C4
Cs
Cs
C10
C10
C10
Cl1
Cl1
Cl1
C1r
C1r
C1r
Cl12
Cl12
Cl12
C12
C12
C12
Cl
C3
C4
C4
Cs
Cs
C10
C10
Cl1
Cl1
C1r
C1r
Cl12
Cl12
C12

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co

Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2
C2

(O8]
Co
C2
(O8]
Co
C2
(O8]
Co
C2
Co
C2
(O8]
Co
C2
(O8]
Co
C2
(O8]
Co
C2
(O8]
Co
C2
(O8]
Co
C3
Cl
Cl
C3
Cl
C3
Cl
C3
Cl
C3
Cl
C3
Cl
C3
Cl

Angle
-118.5(4)
116.7(12)
39.5(3)
-78.9(3)
156.2(10)
82.4(3)
-36.1(3)
-160.9(11)
118.5(4)
-124.8(11)
-131.2(3)
110.3(2)
-14.5(10)
-88.8(3)
152.7(2)
27.8(11)
-175.0(3)
66.6(3)
-58.3(11)
-51.2(5)
-169.6(3)
65.5(12)
147.9(3)
29.4(4)
-95.4(10)
117.3(5)
-117.3(5)
-79.6(4)
37.7(2)
-37.0(4)
80.3(2)
71.8(4)
-170.84(16)
118.3(4)
-124.4(2)
14.7(7)
132.0(4)
164.9(4)
-77.8(2)
-146.2(4)

Atom]l Atom2 Atom3 Atom4

C12
Cl
Cl
Cl
C2
C2
C4
C4
Cs
Cs
Cs
C10
C10
C10
Cl1
Cl1
Cl1
C1r
C1r
C1r
Cl12
Cl12
Cl12
C12
C12
C12
Cl
Cl
C2
C2
C3
Cs
C10
C10
Cl1
Cl1
C1r
C1r
Cl12
Cl12

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co

C2
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C3
C4
C4
C4
C4
C4
C4
C4
C4
C4
C4
C4
C4
C4
C4

C3
C2
C4
C9
C4
C9
C2
C9
C2
C4
C9
C2
C4
C9
C2
C4
C9
C2
C4
C9
C2
C4
C9
C2
C4
C9
C3
(O8]
C3
(O8]
(O8]
C3
C3
(O8]
C3
(O8]
C3
(O8]
C3
(O8]

Angle
-28.9(5)
-39.1(4)

78.4(4)
158.5(5)
117.5(4)
119.4(4)
117.5(4)
123.1(5)
-81.6(2)

36.0(3)
159.1(4)

51.7(9)
169.2(7)
-67.7(9)

84.4(3)
158.0(2)
-34.9(4)
156.0(3)
-38.5(4)

84.6(4)
124.4(2)
118.0(2)

5.1(4)
167.5(2)
-75.0(3)

48.1(3)
-85.2(4)

36.1(4)
-39.9(3)

81.4(3)
121.3(4)
121.3(4)
176.9(2)
-55.6(4)

70.7(5)
168.0(4)
158.7(2)
-80.0(3)

81.5(3)
-157.2(2)
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Table 5. Torsional Angles (continued)

Atoml Atom2 Atom3 Atom4

C12
C12
Cl
C2
C2
C3
C3
C4
C10
C10
Cl1
Cl1
C1r
C1r
Cl12
Cl12
C12
C12
Cl
Cl
C2
C2
C3
C3
C4
C4
Cs
Cs
Cl1
C1r
Cl12
Cl12
C12
C12
Cl
Cl
C2
C2
C3
C3

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co

C4
C4
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
G5
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
C10
Cll1
Cll1
Cll1
Cll1
Cll1
Cll1

C3
(O8]
C4
Cl
C4
Cl
C4
Cl
Cl
C4
Cl
C4
Cl
C4
Cl
C4
Cl
C4
Cl1
C1r
Cl1
C1r
Cl1
C1r
Cl1
C1r
Cl1
C1r
C1r
Cl1
Cl1
C1r
Cl1
C1r
C10
C12
C10
C12
C10
C12

Angle
117.9(2)
-120.8(2)
-121.3(4)
39.2(3)
-82.1(3)
84.9(3)
-36.3(3)
121.3(4)
-87.9(3)
150.8(2)
-67.7(4)
171.0(3)
-127.2(3)
111.6(2)
173.3(3)
52.1(5)
-166.4(3)
72.3(3)
125.5(4)
-115.1(4)
83.1(3)
-157.5(2)
37.909)
157.3(8)
-155.4(2)
-36.1(3)
168.08(18)
-72.6(2)
119.3(2)
-119.3(2)
-38.04(12)
81.31(14)
-81.31(14)
38.04(12)
-76.1(4)
165.5(4)
-124.3(2)
117.3(2)
-172.81(17)
68.78(19)

Atom]l Atom2 Atom3 Atom4

C4
C4
C5
C5
Cl10
Clr’
Clr’
Cl12
Cl12’
Cl12’
Cl
Cl
C2
C2
C3
C3
C4
C4
C5
C5
Cl10
Cl10
Cll1
Clr’
Clr’
Cl12’
Co
C5
C5
Co6
Co
Co
C2
C2
Co6
Co6
Co
Co
Co
C2

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1

Cll1
Cll1
Cll1
Cll1
Cll1
Cll1
Cll1
Cll1
Cll1
Cll1
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
Cl12
C2
C2
C2
C2
C2
G5
G5
G5
G5
G5
C6
Co
C6
Co

Cl10
Cl12
Cl10
Cl12
Cl12
Cl10
Cl12
Cl10
Cl10
Cl12
Cll1
Cl12’
Cll1
Cl12’
Cll1
Cl12’
Cll1
Cl12’
Cll1
Cl12’
Cll1
Cl12’
Cl12’
Cll1
Cl12’
Cll1
C3
Co
C3
Co
C3
C4
Co
C4
Co
C4
C7
C8
C¥’
C7

Angle
132.4(4)
14.0(5)
-27.8(4)
-146.2(3)
-118.41(18)
37.64(14)
-80.77(13)
118.41(18)
81.40(14)
-37.01(12)
-47.8(5)
-167.6(5)
-88.6(2)
151.66(19)
-132.86(15)
107.41(12)
-175.14(18)
65.13(15)
148.3(3)
28.5(3)
38.20(11)
-81.53(4)
-119.73(11)
82.25(18)
-37.48(8)
119.73(11)
-62.4(3)
61.7(2)
-0.7(4)
-122.5(3)
175.1(3)
57.1(3)
-56.6(3)
0.5(4)
127.7(3)
-175.2(3)
-169.9(7)
-47.5(10)
74.0(9)
-84.2(4)
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Table 5. Torsional Angles (continued)

Atoml Atom2 Atom3 Atom4

C2
C2
C5
C5
C5
Co
Co
Cl
Cl
Cl
Co
C2

Cl
Cl
Cl
Cl
Cl
C2
C2
C2
C2
C2
C3
C3

C6
C6
C6
C6
C6
C3
C3
C3
C3
C3
C4
C4

Angle
C8 38.2(4)
C® 159.7(3)
C7 90.8(3)
C8 -146.9(4)
Cs -25.4(4)
C4 -63.1(3)
C9 116.6(4)
Co 63.7(3)
C4 0.6(5)
C9 -179.7(3)
Cs -59.0(3)
Co 58.6(3)

Atom]l Atom2 Atom3 Atom4

C2
C9
C9
Co
C3
C3
Co
Clr’
Clr’
Co
Cl10
Cl10

C3
C3
C3
C4
C4
C4
C10
C10
C10
Cl1
Cl1
Cl1

C4
C4
C4
G5
G5
G5
Cll1
Cll1
Cll1
Cl12
Cl12
Cl12

C5
Co
C5
Cl
Co
Cl
Cl12
Co
Cl12
Cl12’
Co
Cl12’

Angle
-0.3(5)
-121.0(4)
-180.0(4)
-56.0(3)
55.9(3)
-0.1(5)
60.00(13)
-59.26(17)
0.7(3)
59.39(6)
-59.84(14)
-0.46(17)

Primed atoms are related to unprimed ones via the crystallographic mirror plane (x, !/4, z).
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Table 6. Least-Squares Planes

Plane Coefficients?

1 16.816(5) -0.80(2)  0.602(14) 1.079(8)

Cl
C3
Cs

Co
9

2 16.906(3) -0.0000(0) 0.159(12) 4.5500(16)

C10
Cl12
C12

Co

Dihedral angle between planes 1 and 2: 5.48(4)°

aCoefficients are for the form ax+by+cz = d where x, y and z are crystallographic coordinates.

-0.0035(19) C2
-0.003(3) C4
0.002(2)

1.6482(14)
-0.005(7)

0.0043(16)
0.0013(5)
0.0013(5)

-1.6353(12)

C6

Cll1
C1r°

Defining Atoms with Deviations (A)?

0.004(2)
0.001(3)

-0.106(5)

-0.0034(13)
-0.0034(13)

bPrimed atoms are related to unprimed ones via the crystallographic mirror plane (x, 1/4, z).

Underlined atoms were not included in the definition of the plane.
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Table 7. Anisotropic Displacement Parameters (U, A2)

Atom
Co
Cl
C2
C3
C4
C5
Co6
C7
C8
C9
C10
Cl1
Cl12
F1
F2
F3
F4
B

Ui

0.02947(17)

0.0278(9)
0.0353(18)
0.0380(14)
0.0435(17)
0.0392(19)
0.0398(11)
0.0454(13)
0.0722(12)
0.064(2)
0.0290(10)
0.0459(9)
0.0427(8)
0.0850(16)
0.0893(17)
0.234(9)
0.175(5)
0.099(3)

05%)
0.0686(2)
0.040(7)
0.047(3)
0.055(4)
0.057(2)
0.045(2)
0.0607(13)
0.117(2)
0.0760(12)
0.088(3)
0.135(3)
0.0691(11)
0.0697(10)
0.230(13)
0.229(8)
0.100(4)
0.0417(15)
0.0616(18)

Us3z Uz
0.04281(19)  0.000
0.0501(12) -0.0063(18)
0.055(3) 0.000(2)
0.0449(14)  0.0004(15)
0.052(2) 0.0095(18)
0.055(2) 0.0037(19)
0.0475(11)  0.000
0.0689(17)  0.000
0.0694(11)  0.0204(10)
0.0499(18)  -0.0120(18)
0.0532(13)  0.000
0.0931(14)  0.0199(11)
0.0674(10) -0.0115(9)
0.0881(15)  0.041(6)
0.1142)  -0.060(6)
0.098(4)  -0.017(3)
0.0993)  -0.0087(16)
0.0587(18)  0.000

The form of the anisotropic displacement parameter is:
exp[-2m2(h2a*2U| | + k2b*2Uyy + 2c*2Usy + 2kIb*c* Ups + 2hla*c* U3 + 2hka*b* U1 y)]

Uiz U2
0.00098(10)  0.000
0.0009(8)  -0.0001(12)
0.0016(15) -0.0100(18)

-0.0048(10)  -0.0082(14)
-0.0042(13)  0.0062(17)
0.0018(16)  0.0085(18)
0.0062(9)  0.000
0.0188(12)  0.000
0.0032(10)  -0.0008(10)
-0.0028(15)  -0.0208(19)
-0.0034(10)  0.000
0.0002(9)  0.0091(8)
0.0091(7)  0.0047(8)
-0.0220(13)  -0.027(5)
-0.0121(16)  -0.027(5)
0.043(5) 0.049(4)
-0.057(3) 0.004(2)
-0.0028(16)  0.000
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Table 8. Derived Atomic Coordinates and Displacement Parameters for Hydrogen Atoms

Atom
H2¢4
H4¢a
H5¢4
H7A
H7B«
H7Ca
H8A
H&B
H8C
H9A«4
H9B¢«
H9C4
H10
H11
H12

4Included with an occupancy factor of 0.5.

X
0.0643
0.0887
0.0824

-0.0443

-0.0553

-0.0553
0.0840
0.1508
0.0694
0.0237
0.0974
0.1120
0.2672
0.2672
0.2704

y
0.0624

0.4291
0.4848
0.2500
0.1668
0.3332
0.1223
0.1190
0.0373
0.1378
0.0476
0.1909
0.2500
0.0377
0.1203

z
0.1000
-0.1093
0.1478
0.4579
0.3155
0.3155
0.5035
0.3861
0.3632
-0.2271
-0.1744
-0.2549
0.2892
0.1352
-0.1124

Ueg, A2
0.055
0.061
0.056
0.092
0.092
0.092
0.087
0.087
0.087
0.081
0.081
0.081
0.087
0.083
0.072
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