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Abstract

Cobalt phosphoranimide clusters [Co(NPPh3)(OSiMes)(THF)]2, [Co(NPPh3)(O'Bu)(THF)]> and
[Co(NP'Pr3),]3 were synthesized. Salt metathesis between CoBr, and NaNPPhs and a subsequent
in situ reaction with KOSiMes provides a convenient and scalable preparation of
[Co(NPPh3)(OSiMes3)(THF)].. The same synthetic route affords the analogous
[Co(NPPh3)(O'Bu)(THF)]> from a metathesis reaction with KO'Bu but the synthesis suffers from
reproducibility issues. An easy, one-step reaction between CoBr» and NaNPPr3 gives
[Co(NPPr3)2]3 in high yield. All complexes were characterized by Elemental Analysis and

Fourier Transform — Infrared Spectroscopy.

Preliminary catalytic experiments with these clusters found that 4-acetylbiphenyl is
deoxygenated overnight at 200 °C and 34 atm H: in the presence of excess KO'Bu as a co-
catalyst and water scavenger. Aldol condensation and dimerization driven by benzylic radical
intermediates occur to a significant extent. Further radical additions produce insoluble oligomers

as the major product.

Mercury tests revealed that the precatalysts decompose into heterogeneous cobalt nanoparticles
under harsh reaction conditions. A  deliberate pre-decomposition of clusters
[Co(NPPh3)(OSiMe;)(THF)]> and [Co(NPPh3):]3 at 200 °C and 34 atm H> yields heterogeneous
catalysts that completely deoxygenate 4-acetylbiphenyl using activated 3A molecular sieves to
scavenge the resulting H>O. Aldol condensation is suppressed in the base-free reactions; only

minor, radical-driven dimerization takes place. The thermally stable phosphoranimide ligands

il



cause slow cluster decomposition but are eventually liberated to produce the active cobalt

catalyst.

Activation of ligand-free CoBr» by alkali metal tert-butoxides and a subsequent in situ
decomposition at 200 °C and 34 atm H; for 1 h produces the most active catalyst. At 7 atm H»
and 200 °C, heterogeneous cobalt particles fully deoxygenate 4-acetylbiphenyl in 2.5 h using
molecular sieves to scavenge water. Deoxygenation of deactivated substrates such as 4-
fluoroacetophenone requires longer reaction times; the catalyst is inactive towards cleaving
unactivated C—O bonds. The heterogeneous reaction exhibits a strong dependence on the reaction

temperature, pressure and reaction time.

il



“The success or failure of your deeds does not add up to the sum of your life. Your spirit cannot
be weighed. Judge yourself by the intention of your actions and by the strength of which you

faced the challenges that have stood in your way.”

~ Robert C. Cooper (Oma Desala in Stargate SG-1)
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Chapter 1. Overview of ketone deoxygenation

1.1 Introduction

Scientific discoveries in disciplines such as chemistry, biology or physics have always been the
driving force behind the rise and development of civilizations. The significance of chemical
discoveries can be highlighted by the Haber-Bosch breakthrough that is often called the greatest
discovery of mankind in the 20" century.! The Haber-Bosch process to synthesize ammonia,
and, henceforth, the manufacture of needed fertilizers on a large scale, has allowed for a
production of sufficient food supply to sustain the explosive increase in the human population.
Furthermore, this process is still applied in the industry one hundred years later.? The discovery
also emphasizes the importance of catalysis in the modern society: transition metal catalyzed
processes have multiple applications ranging from manufacturing integrated circuits® to food
production.*> Due to the ability of the catalysts to mitigate harsh reaction conditions, catalysis is

now an integral part of chemical synthesis.

One of the most prominent drivers of transition metal catalysis is the pharmaceutical industry
due to its health impact and billion-dollar revenue.® Drug design, however, is a long and
expensive process due to the complex nature of the molecules involved. The main challenge is
introduction and modification of individual functional groups within the same molecule
throughout a multi-step synthesis.” Often, the most convenient approach is to start from a

compound that possesses a desired skeletal structure and can be readily modified using current



technology. Fine chemicals, traditionally extracted from natural products or petrochemicals, are

commonly used as standard building blocks.®

The prevalence of aromatic compounds in nature makes their presence in fine chemicals
synthesis strongly necessitated. Functionalization of aromatic rings has been extensively
explored in organic chemistry and is highly dependent on the substituents already present in the
structure. Among the most desired modifications is the formation of new carbon — carbon bonds,
particularly alkylation. One of the oldest, most conventional and inexpensive pathways of doing

so 1s Friedel-Crafts alkylation or acylation (Scheme 1.1).
FeCI3 (cat.) Friedel-Crafts
- HX alkylation
(cat.) R Friedel-Crafts
- HX > acylation

Scheme 1.1 Friedel-Crafts reactions.

Friedel-Crafts alkylation provides a pathway for direct arene alkylation, however, it suffers
severe drawbacks: 1) mixtures of products are obtained due to rearrangements of carbocation
intermediates, 2) the activating nature of alkyl substituents leads to overalkylation, and 3) the
reaction rarely works in the presence of deactivating groups (e.g. nitro, cyano etc.).’ Friedel-
Crafts acylation is a viable alternative, however, it requires an additional step of carbonyl
deoxygenation.!” While other methods exist (such as coupling reactions mediated by Grignard
reagents or organometallic catalysts), the procedures are more challenging and costly.!!

Therefore, a mild and inexpensive method for ketone deoxygenation would provide a convenient



synthetic pathway to chemoselective synthesis or modification of fine chemicals and bioactive

molecules.'?

1.2 Properties of carbonyl group

Ketones are comprised of a carbonyl group with two aryl- or alkyl-based substituents. While
ketones share similarities with aldehydes, their properties differ due to the distinctive electronic

and steric nature of the alkyl/aryl substituents compared to hydrogen.

— Bond Bond energy  Bond distance,
A _ [A]
R J T L 745 kJ/mol
/, 0 k = ’ 1.23
120° (' C-O: etone =0 150 keal/mol
R120 JZ(1 611 kJ/mol,
alkene C=C 146 keal/mol 1.34

Figure 1.1 Bonding in ketones.

The carbonyl group consists of carbon and oxygen atoms in sp? hybridization. It lays in trigonal
planar geometry with 120° bond angles. The double bond formally consists of two electrons in a
o-bond and two electrons in a m-bond. The C=0O bond is commonly compared to alkene C=C
bond due to the same hybridization and bonding, however, carbonyl bond is stronger and shorter
than the olefin bond (Fig. 1.1).*!* Therefore, additions to the C=O bond require harsh
conditions or strong reducing reagents. Furthermore, the C—O o-bond has the highest bond
energy compared to other types of 6-bonds within organic molecules requiring most energy to be

cleaved.!?



Table 1.1 Bond energies of C — element bonds.

Bond Energy, [kcal/mol]
C-0 86
C-C 83
C-N 73
C-S 65

Due to the difference in electronegativities between the constituents, the C=0O bond is strongly
polarized towards the oxygen. The polar character of the bond contributes to resonance structures
as well as electrophilic (carbon) and nucleophilic (oxygen) sites within the same functional
group (Fig. 1.2). Therefore, the C>" can be regarded as a Lewis acid (LA) and the O% can be

considered a Lewis base (LB).

R .. R .ol R .
/C:Q -~ @/C—Q: 6+/C:Q 5—
R R R
major minor

Figure 1.2 Resonance structures of ketones.

1.3 Challenges and advancements in ketone deoxygenation

Whereas catalytic carbonyl reduction to alcohols is easily achievable with multiple reductants
and is widely applied in industry,'> deoxygenation under mild conditions has been a challenge
for over a century. Generally, the carbonyl group is first reduced to an alcohol followed by a
successive cleavage of the C—O bond. Aliphatic ketones are stabilized by electron-releasing alkyl
groups; they lack resonance stabilization in deoxygenation intermediates and are usually reduced

only to the alcohols. Aryl ketones undergo C—O bond scission more readily due to the reactivity

4



of the benzylic position, although their reactivity is also governed by the nature of arene
substituents.  Activating/electron-donating substituents increase susceptibility towards
deoxygenation and accelerate reaction rates while deactivating/electron-withdrawing substituents
inhibit the reactivity (usually #alo and nitro groups are reduced first).'®2° Steric factors also play

a role; bulky substituents on a-carbons lower deoxygenation rates and yields.

The earliest and best-known deoxygenation methods are Wolff-Kishner reduction,?!"*

25-26 and

Clemmensen reduction,”>?* Mozingo (thioketal) and Raney Ni reductions,
heterogeneous catalytic Pt or Pd systems.?” Other stoichiometric alternatives commonly employ
borohydride reductants in acidic media;?® however, significant progress has been made in the last
few decades towards deoxygenation in the presence of hydrogen or mild reducing agents such as
silanes.?® Most of the methods rely on one or more of the following factors: a) harsh reaction
conditions, b) stoichiometric reagents, c) hazardous/toxic reagents, d) expensive, scarce 2"Y/3™
row transition metals, and e) expensive main group metal catalysts. An ideal procedure can
reduce both aromatic and aliphatic ketones in the presence of various functional groups, would

feature mild and environmentally friendly reaction conditions, use a sustainable and ‘green’

hydrogen source, and would not necessitate complex purification or extraction steps.

1.3.1 Wolff-Kishner reduction

The Wolff-Kishner reduction was reported in the early 20" century. The discovery was made
independently by Ludwig Wolff?? and Nikolai Kishner.?! In this process, a carbonyl substrate is
treated with hydrazine to form an intermediate hydrazone. The hydrazone is further deprotonated

to produce a diimide anion that readily releases N2 to yield an alkylanion under basic conditions.



In the final stage, the alkylanion is protonated by the solvent to give a methylene unit (Scheme

1.2).
-o@
o) N NN H H
)]\ HoNNH; )I\ Base : ROH %
R R, 10 ROR, RF TR, N2 Ri™ "Ry

Scheme 1.2 Wolff-Kishner reduction of carbonyl compounds.

The initial procedure required one equivalent of hydrazine, high temperatures (200 °C) and long
reaction times (50 — 100 h). The main drawbacks of the system were intolerance to base-sensitive
functional groups and use of potentially explosive hydrazines. Initial variations of the reaction
introduced glycols as high boiling solvents®-*° but the first significant improvement was made
by Huang-Minlon in 1946. Minlon heated the reagents to reflux in ethylene glycol and used
distillation to remove excess water and unreacted hydrazine.?! This, in turn, allowed for easily-
sustained high temperatures without the cooling effect of water and thus reduced reaction times.
While functional group tolerance was still a significant problem, the modified Wolff-Kishner-

Minlon procedure soon became widely used as a standard carbonyl reduction method.

In 1955 Barton et al. discovered that deoxygenation of sterically hindered carbonyls can be
achieved by substituting KOH with metallic sodium in Huang-Minlon conditions.? Another
modification was introduced by Cram et al. in 1962: addition of preformed hydrazones to KO'Bu
in anhydrous DMSO afforded hydrocarbons at room temperature.’® The drawbacks of this
process were the necessity to isolate the hydrazones and the requirement for slow addition to the
base solution. In order to accelerate the hydrazone addition, Henbest ef al. conducted the reaction
in dry toluene under Cram’s conditions.>* While hydrazone isolation was still required, the

incurred disadvantage was increased reaction temperature. Functional group tolerance was
6



partially solved by Caglioti in 1963. The necessity of using a strong base was removed by
heating tosylhydrazones and a hydride donor in THF. Importantly, if NaBH3CN is used as a
hydride source, the system tolerates ester, amide, cyano, nitro and chloro substituents.>> Forty
years later, Myers discovered that treating carbonyls with 1,2-bis(fert-butyldimethylsilyl)-
hydrazine in the presence of KO'Bu and the catalytic amount of Sc(OTf)s afforded hydrocarbon
products in high yields in DMSO at room temperature.’® In addition, several large scale methods

of modified Wolff-Kishner procedure have been recently developed.®”’

While significant advances to the original Wolff-Kishner procedure have been made, the system
still suffers from substantial disadvantages. For example, reactions that proceed at lower
temperatures require an additional step of hydrazone isolation, yet still necessitate explosive
hydrazines as starting reagents. While Myers modification proceeds at the mildest conditions, the

reaction costs are significantly increased due to the presence of Sc(OTf);3 catalyst.

1.3.2 Clemmensen reduction

Acidic Clemmensen reduction was originally reported in 1913 by Eric Christian Clemmensen
and can be considered to be complementary to the basic Wolff-Kishner procedure.*** In the
original method, carbonyl compounds were treated with excess amounts of amalgamated zinc
and concentrated hydrochloric acid for 4 — 10 h under reflux (Scheme 1.3). While the process
works well for both aliphatic and aromatic ketones, the substrate scope is severely limited due to
the aqueous acidic conditions. In addition, presence of excess mercury renders large scale

industrial application unviable.



)OJ\ Zn(Hg) _ H_ H
R/ R, HCI R/ R,

Scheme 1.3 Clemmensen reduction.

The exact reaction mechanism is still unclear due to its heterogeneous nature. Few mechanistic
studies reported have found evidence for radical anion*® and zinc carbenoid*' mechanisms.
Interestingly, alcohol substrates are usually not deoxygenated when subjected to Zn amalgam
and HCI indicating that the reaction does not proceed through the alcohol intermediates.**** Due
to the ambiguity of the mechanism, few modifications have been reported. A significant
improvement was, however, reported by Yamamura in 1967. The reaction was carried out using
activated Zn and saturated aqueous HCI in the absence of toxic Hg (Et2O, 0 °C) and afforded
higher yields for aliphatic substrates.**. In 1996 Hiegel reported that aryl ketones can be
successfully deoxygenated to form aryl alkenes upon reflux with Zn (Hg) in formic acid and
ethanol for one hour.*> The conversion was moderate and a mixture of different alkene products

was obtained when the substrate contained an unbranched alkyl chain.

A basic version of the procedure was reported in 2007 by Zhang et al.!” Hydroxy- and amino-
9,10-anthracenediones have been deoxygenated using zinc powder in NaOH solution at reflux,
albeit in moderate to high yields. The reaction is, however, sensitive to the presence and position
of the nitro and hydroxy substituents and can yield alcohols instead. In addition, reaction times of
36 — 72 hours are required, thus rendering the procedure inconvenient for large scale application.
The latest Clemmensen modification was reported in 2007 by Xu et al.*® This reaction employs a
Zn-TMSCI system in alcoholic solvents to deoxygenate complex ketone substrates within one

hour at 0 °C. While reaction conditions are very mild, a volatile TMSCI additive is required.



1.3.3 Mozingo and Raney Nickel reductions

Raney nickel was patented by Murray Raney in 1926 as one of the first metal catalysts for
hydrogenation of vegetable oils.*” Due to the trademark protection, only alloys produced by
Grace Davison and descendant companies are named Raney Ni, other skeletal alloys are usually
referred to as Ni-Al, Cu-Al etc. Upon activation, Ni-Al alloys retain a high hydrogen content
absorbed within the pores and therefore can be used as hydrogenation catalysts towards

hydrogen acceptors.*3

Mozingo reduction was first reported in 1943 as a method for thioketal conversion to the
methylene unit.?6 Multiple thioketals were reduced using Raney Ni in moderate to good yields
under relatively mild conditions (the substrates were heated to reflux in ethyl alcohol for 2 — 5 h).
Inspired by this discovery, Wolfrom et al. adapted the method for carbonyl deoxygenation in a
two-step procedure a year later (Scheme 1.4).>° Carbonyl compounds were heated to reflux in
ethanol with 15 mass equivalents of Raney Ni for 5 hours. Compared to Clemmensen and
Wolff-Kishner procedures, the modified Mozingo reaction had the advantage of milder
conditions and tolerance of multiple functional groups. However, high “catalyst” loadings and an
additional step to convert carbonyl units to thioketals were required. In addition, pyrophoric
nature of Raney Ni presented safety risks and the alloy could not be recycled due to irreversible

sulfur poisoning.

o [ M)

2 R{ R

N

Scheme 1.4 Mozingo (thioketal) reduction



The first direct deoxygenation of aromatic ketones mediated by Ni-Al alloy was reported in 1942

by Papa et al.¥’

The method necessitated highly basic conditions and suffered from the same lack
of functional group tolerance as the Wolf-Kishner procedure, and thus went unnoticed by the
scientific community. Deoxygenation under neutral conditions was first reported by Mitchell et
al. in 1980.' The authors were investigating cleavage of carbon—thiomethyl bonds when they
accidentally discovered deoxygenation of aromatic carbonyl compounds. Substrates with various
functional groups were explored under optimized reaction conditions (heated to reflux in 50%
aqueous ethanol solution, 3 — 6 h, twofold to fivefold excess of Raney Ni). While the system
tolerated methoxy, hydroxy, carboxy, carbomethoxy and dimethylamino functional groups, halo,
cyano and nitro groups were preferentially reduced. The effect of doping Raney nickel with
chromium hydroxide and chromium chloride was investigated by Mason; however it led to the

selective hydrogenation to alcohols and suppression of the C-O bond hydrogenolysis.**->!

In 2003, the Tashiro group reported the first Ni-Al mediated carbonyl deoxygenation in water.>
While different aluminum alloys (Ni, Co, Fe, Cu) were investigated for acetophenone substrates,
the results showed that only Ni-Al leads to quantitative hydrogenolysis of the C—O bond. A few
years later, the authors reported deoxygenation of benzophenones in alkaline media (1% KOH
solution).” The reaction was carried out at 90 °C instead of at reflux, however significant

aromatic ring hydrogenation was observed and a mixture of products was obtained.

The latest development in Raney Ni deoxygenation was reported in 2011 and utilized 2-propanol
as a sacrificial reagent/solvent in transfer hydrogenolysis.’* Aromatic ketones were successfully
deoxygenated in high yields within a few hours upon reflux. While a 5 : 1 mass ratio of Raney Ni

to substrate is still required, the catalyst can be successfully recycled up to six times.
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The general challenges in Raney Ni reductions remain storage and handling of pyrophoric alloys
and high “catalyst” loadings. Even though recent research on catalyst recyclability lessens the
higher costs associated with high loadings, the safety risks associated with the high pyrophoricity

of activated alloys strongly limit large scale applications.
1.3.4 Borohydride reductants

Sodium borohydride was first synthesized in the 1940s by Herman Irving Schlesinger and
Herbert C. Brown under military contract but the data were only published in 1953 upon research
declassification.”® Due to the ease of hydride transfer, NaBH4 has been widely applied in a
variety of reduction reactions, including the conversion of ketones and aldehydes to alcohols.?®
Nevertheless, large scale application of NaBH4 is hindered by its high cost as a stoichiometric

reagent. 56

The first carbonyl deoxygenation mediated by NaBH4 was reported by Gribble et al. in 1978.!8
The authors described the reduction of variety of benzophenone substrates at room temperature
in trifluoracetic acid (Scheme 1.5). Most substituents were tolerated, although highly electron
withdrawing nitro groups hindered the reaction. When the substrate contained a mesityl ring on
an a-carbon, no conversion was observed. The procedure was later adapted for the synthesis of

alkylated indoles via deoxygenation of Friedel-Crafts acylation products.®’
O
6 eq. NaBH,
sash
R 20-25°C R

Scheme 1.5 Diaryl deoxygenation with sodium borohydride.
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In 1987, NaBH4 was reported to successfully deoxygenate acetophenone substrates and the
corresponding alcohols within 2 hours in the presence of excess AICl3 (Scheme 1.6a).°® The
reaction was theorized to proceed through the reduction of the carbonyl group to the
corresponding alcohol, followed by a C—O bond cleavage to yield styrene. Finally, reduction of
the olefin yields ethylbenzene. A more powerful AICl3-based system was reported a year later:
tert-butylamine-borane could successfully reduce chloroacetophenones and dichloroaryl ketones
to hydrocarbons within 1 — 20 hours (Scheme 1.6b).>° However, the yields were moderate and
aliphatic ketones were only reduced as far as the corresponding alcohols. The main drawback of

each method was the high amounts of expensive and hazardous reagents required.

) 3 eq. AICl;,
5 eq. NaBH,
R > R
a) /©)J\ 2 THF, A, 2 h /©/\ 2
Ry R4
O 3 eq. AICl3,

R 6 eq. (CH3)3CNH28H3 R
b) Ry 2 DCM, 1-20h R1g 2
Scheme 1.6 Deoxygenation of aryl ketones in the presence of AlCIs.

The same authors also explored Znl,/NaCNBH3 for deoxygenation of aryl ketones and aldehydes
(Scheme 1.7).° Although aryl halides and substituents with nitro groups were not reduced,
substrates with other electron withdrawing or neutral substituents only necessitated higher
reaction temperatures than activated carbonyls. NaBH4 was tested as a hydride source, however
it did not give comparable results. In the absence of zinc iodide, the reaction yields alcohols after

prolonged times.
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O 1.5 eq. Znl,,
7.5 eq. NaCNBH;
Rz Rz
Ri EDC, A, 20-72h R4

Scheme 1.7 Reduction by sodium cyanoborohydride.

While the early research exhibited promising results, the high costs of borohydrides combined
with the required excess discouraged further research. The efforts focused on improving reaction

conditions and selectivity using molecular hydrogen and exploring alternative hydrogen donors.

1.3.5 Direct deoxygenation with H>

Molecular hydrogen represents a relatively ‘green’ and clean source of hydrogen atoms for
reduction and cleavage of multiple bonds. However, this method has long been associated with
high temperatures and pressures as well as expensive 2™ and 3™ row transition metal catalysts —
partly due to the strength of the H-H bond!® and partly due to the low dihydrogen ligand affinity
towards the first row metals.®' Since high-activity metals are required for H-H bond cleavage,
unwanted hydrogenation of aromatic or conjugated systems in complex molecules is a frequently
encountered problem. The phenomenon is common in carbonyl reductions due to the ease of
C=C hydrogenation in comparison to C=O reduction or scission, thus making chemoselective
hydrogenolysis of 0-C—O bonds in aromatic molecules rather challenging. Nevertheless,
immense advancements in the area have been made in the last two decades ranging from
catalysis by inexpensive first row metals to deoxygenation facilitated by frustrated Lewis pair

(FLP) interactions.
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1.3.5.1 Transition metal mediated hydrogenolysis

Heterogeneous Pt and Pd catalysts on alumina, silica, titania or carbide support were originally
applied for reductive C=0O bond cleavage and have been extensively investigated (Scheme

1.8).62_63

(@] Pd/Pt, H, H H
—_—
R R, R R,

Scheme 1.8 Platinum or palladium catalyzed deoxygenation.

Both metals have a high propensity to hydrogenate phenyl rings preferentially under the

reductive conditions and thus produce a mixture of products (Scheme 1.9).%* Effects of catalyst

I't,27’ 65-68 72-76

suppo solvent,*"! doping, and reaction mechanism’’ in heterogeneous Pd or Pt

deoxygenation continue to be investigated but multiple reaction variables render optimization

difficult.

0]
H/f &\
(0] HO, H
: &\ HO_ H y
Scheme 1.9 Hydrogenation of aromatic ketones over late transition metal catalysts.
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One of the latest publications in the field reports a selective deoxygenation of aryl ketones to
give alkanes in high yields using a silica-supported chitosan Schiff-base Pd catalyst
(Scheme 1.10).”® While the system shows high chemoselectivity for aromatic carbonyls at room
temperature and atmospheric Ho pressure, aliphatic ketones only undergo reduction to alcohols in
poor yields. The main drawback of the system is complicated catalyst structure/synthesis and its

cost.

CH,OH
0

Lo

>, OH ~

L N an

7
HC? > Pdcl,
OH

0O

R R
1 atm Hy, 40 °C, EtOH, 2 h

Scheme 1.10 Deoxygenation of aromatic ketones by SiO»-chitosan-Schiff-base-Pd catalyst.

Heterogeneous polymetallic catalysts have also been investigated. Polyoxometalates supported
on y-alumina exhibit high activity towards deoxygenation of aliphatic and aromatic ketones,
however, high hydrogen pressure (>23 atm) and temperature (>300 °C) are required.”
Amorphous Ni(Co)-W-B and Co(La)-Ni—-Mo-B catalysts were reported to exhibit high
deoxygenation activity at 250 °C but competing hydrogenation of the aromatic rings occurs as

well 80-83

Recent focus towards ‘green’ energy production and cost efficient catalysis has shifted research
efforts to more economical and more environmentally friendly catalysts. One of the long-desired

goals is replacement of precious and semi-precious metals with late 1% row transition metals (Fe,
15



Co, Ni and Cu) to allow for a significant reduction in operating costs. However, first-row metals
tend to require harsh reaction conditions and higher catalyst loading to achieve equivalent
results, and rarely ever do, particularly when applied to energy-intensive transformations like
reductive C-O bond scission. Thus, efficient ketone deoxygenation by Fe, Co, Ni or Cu catalysts

under mild conditions has not had much success.

The first C—O hydrogenolysis mediated by a first-row catalyst was reported in 2005 by Zaccheria

et al ¥

Remarkably, aromatic ketones were quantitively deoxygenated to the corresponding
methylene compounds by metallic copper supported on SiO; under nearly ambient conditions
(toluene, 90 °C, 1 atm H»). The heterogeneous catalyst was prepared by a conventional nitrate
synthesis, calcinated in air at 430 °C and further activated at 270 °C and 1 atm H; prior catalytic
tests. The conversion is usually completed within 10 hours (Scheme 1.11). When the carbonyl
group is £ to the aromatic ring, only reduction to the hydroxyl group is observed. Condensation
products were observed in the presence of electron-donating substituents on phenyl rings. The
authors also investigated the necessity of acidic sites within the catalyst support (e.g. ZrO-,
AlOs3). Hydrogenolysis proceeded best in the absence of acidic additives, thus suggesting a
presence of carbocation intermediates. The system exhibits high sensitivity to the reaction

conditions (e.g. hydrogen pressure, catalyst loading, temperature) making the reproducibility

rather problematic.®

Q Cu/SiO, (8 wt %)

> o~
Ar” "R 1 atm H,, 90 °C, Ar
toluene, 1-10 h

R

Scheme 1.11 Cu/Si02 mediated deoxygenation.
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Another copper mediated hydrodeoxygenation of aryl ketones was reported in 2011 by Ma et al
(Scheme 1.12).3¢ Copper was impregnated with chromium in order to increase the catalyst
lifetime, and supported on y-Al>Os. Introduction of Cr was reported to stabilize the catalyst and
increase its activity by promoting dispersion of copper particles on the alumina. While Cuso/y-
ADLO3 exhibited significantly lowered conversion rates within 30 hours, deoxygenation by
Cu30Cri0/y-Al20O3 remains stable over 200 h. Compared to the Cu/SiO; procedure developed by
Zaccheria et al., the system necessitated much harsher reaction conditions and higher catalyst

costs.

CU30CF10/’Y-A|203
R, - R,
20 atm H,,180 - 200 °C,
R 1,4-dioxane R4
Scheme 1.12 Deoxygenation by Cu-Cr catalyst.

Heterogeneous Ni catalysts supported on silica and/or alumina have been known to hydrogenate
aromatic ketones to produce benzylic alcohols; however, successive C—O bond scission has not
been reported.”” A Ni-catalyzed deoxygenation was reported in 2009 by Flores-Gaspar et al
(Scheme 1.13).*” The [(dippe)Ni(u-H)]> precatalyst 1 reduced various mono- and di-ketone
substrates to the corresponding hydrocarbons in moderate yields, with high temperatures and
extended reaction times required. The authors propose homogeneity of the catalyst based on
conducted mercury tests but the exact mercury amounts were not measured preventing definitive
conclusions. Further, the mercury test may not be very accurate as it only demonstrates

amalgamation of a metal rather than giving a definitive proof of heterogeneity.
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)]\ 1 (2 mol%) P wHy, .\P\/]
Ar” R c AR
4 - 8 atm H,, 150 - 270 °C, r H
toluene or THF, 72 - 216 h \( >\ /<
Scheme 1.13 Deoxygenation catalyzed by homogeneous Ni complex.

In 2015, a homogeneous cationic ruthenium hydride complex was reported by Kalutharage et al.
for highly chemoselective deoxygenation of aliphatic and aromatic ketones (Scheme 1.14).%%
Upon addition of the phenol (X-CsHs-OH), precatalyst 2 was found to deoxygenate ketones and
aldehydes in the presence of C=C bonds. Isopropanol or molecular hydrogen can be used as
reductants; higher hydrogen pressures and longer reaction times are required in case of aliphatic
substrates. In the absence of the phenol, the reaction yields etherification products of 2-propanol.

Interestingly, the nature of X-CsHs-OH ligand was found to determine the reaction mechanism.

2 (3 mol%) @ o
9 PhOH (4 mol%) @ BF4

+Ru
R1)J\Rz 1 -3 atm Hy, 110 - 130 °C, R R, H™ SPCy,
dioxane, 8 - 24 h oC
2

Scheme 1.14 Deoxygenation by ionic ruthenium hydride complex.

Electron releasing p-OMe-C¢Hs-OH contributes electron density to the ruthenium center
increasing its nucleophilicity and affinity for H» activation. Hydrogen readily binds to the metal
center in a concerted step and competes with a substrate for open coordination sites.
Consequently, high H, pressures can inhibit the reaction. In contrast, electron withdrawing p-
CF3-C¢Hs-OH ligand renders Ru more electrophilic, and in turn, lowers its affinity for H»

binding eventually leading to stepwise hydrogen addition and activation.
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The homogeneous system demonstrates a great potential and allows important mechanistic
investigations. Even though the price of ruthenium has been steadily decreasing over the last
decade and currently is at a fraction of prices of other noble metals, the scarcity of Ru does pose

a significant disadvantage.

Overall, significant progress has been observed in catalytic deoxygenation mediated by transition
metals. A shift to readily available and cost efficient first-row metals presents a viable alternative
to traditional precious metal catalysis. Even though comparatively low yields and harsh reaction
conditions are yet to be improved, the significance of the ability of 1% row metals to cleave high

strength bonds such as C—O is momentous.
1.3.5.2 Hydrogenolysis mediated by Frustrated Lewis Pairs

The emergence of FLPs has been one of the most remarkable advances in chemistry within the
last few decades. Frustrated Lewis pairs are Lewis acid-base pairs that are prevented from
reacting with each other by steric encumbrance and exhibit high reactivity towards bond
cleavage of neutral small molecules such as hydrogen.® Representative FLPs consist of bulky
phosphines or amines in combination with a strong boron Lewis acid, RB(C¢Fs)2, or more
usually, B(C¢Fs)3 (Scheme 1.15). Even though the catalytic activity of FLPs and H> has been
widely explored,”®! their reactivity towards C—O hydrogenolysis in ketones has only been

reported recently.
H

® S)
R3P + B(CgFs)s = R3;PH +  HB(CgF5)3

Scheme 1.15 General FLP-facilitated activation of hydrogen.
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Ketone reactions commonly rely on the electrophilic nature of the carbonyl carbon and the use of
strong nucleophile reagents. Oxygen in the carbonyl functionality possesses two lone pairs, is a
weak nucleophile due to high electronegativity, and thus is a weak Lewis base, which reacts with
Lewis acids accordingly. Generally, reactions between ketones and Lewis acidic organoboranes

are irreversible and lead to Lewis adducts due to the high oxophilicity of electronegative boron.

FLPs have exhibited remarkable reactivity towards the reduction of multiple functional groups,®*-
! however, up until recently, ketone behavior as a Lewis base in FLPs has not been observed.
The first example of hydrogen activation by ketone-B(CeFs); was reported by Timo Repo in
2012 (Scheme 1.16).> At room temperature boronic esters were formed, whereas full
hydrogenolysis of C—O bonds in aromatic carbonyl compounds was observed at slightly elevated
temperatures. A stoichiometric amount of B(C¢Fs)3 was required and only moderate yields were
achieved. Nevertheless, the pioneering work paved the way for further studies of ketones as part

of FLP system.
o
B(CgF
R (CeFs)s R
2 atm H», 110 °C,
CD,Cl,, 48 h

Scheme 1.16 Deoxygenation in stoichiometric ketone-B(CesFs)3 system.

The first FLP-mediated procedure that employs catalytic amount of B(CesFs); was reported in
2015 by Stephan (Scheme 1.17).”® Introduction of a-cyclodextrin or 4 A molecular sieves to act
as a Lewis base in hydrogen activation and cleavage allowed for a significant decrease in
B(CeFs); loading. Aliphatic ketones were reduced to alcohols in excellent yields while aryl and

diaryl carbonyls underwent C—O bond hydrogenolysis in moderate to good yields under identical
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conditions. In the latter case, molecular sieves also served as water absorbent. Although
cyclodextrin could be successfully recycled for five successive runs, replacement of B(CeF5s)3 is

required.
Q B(C6Fs)s (5 mol%),
4 A molecular sieves
R2 > R2
60 atm H,, 70 °C,
R4 toluene, 12 h R

Scheme 1.17 Catalytic FLP-mediated deoxygenation of ketones.

FLP chemistry is still in its inception compared to more traditional fields such as transition metal
catalysis. Nonetheless, this concept shows great potential in reductive catalysis, especially in
ketone deoxygenation. The main issue associated with the reported procedures is the high cost of
B(CeFs)3. Even though the latest findings illustrate that catalytic amounts of the Lewis acid can

be used, increased energy costs and safety risks associated with high pressures incur as a result.

1.3.6 Ketone deoxygenation under hydrosilylation conditions

The silicon-hydrogen bond is strongly polarized and, therefore, more reactive than the H-H
bond."® Activation of the Si-H bond in hydrosilanes requires milder reaction conditions in
comparison. Hydrosilylation of carbonyl compounds has been widely explored and can be
readily achieved by various catalysts due to the silicon affinity for oxygen.”* While
hydrosilylation is an excellent procedure for the synthesis of silyl ethers, functional group
reduction under such conditions is not ‘atom-efficient’: excess amounts of silanes are required to
break one or two bonds and the process generates a considerable amount of waste that can be
difficult to separate from the reaction mixture. In contrast, hydrosilanes are known not to reduce

aromatic systems, therefore silane-based reductants offer high chemoselectivity for aromatic

21



ketones. In addition, inert atmosphere is usually not needed. The nature of catalyst, silane and the
solvent have been shown to affect the outcome of the reaction, therefore optimization of the

reaction conditions can be challenging and time consuming.

The field was pioneered in 1973 by West et al (Scheme 1.18).°> The reported system is nearly

analogous to the borohydride reduction reported by Gribble et al.'®

Most reactions take place
within 15 minutes but deoxygenation of deactivated p-chloroacetophenone necessitates 200 h for

completion (100% yield). Compared to the NaBHj4 system, this procedure offers a wider

substrate range, faster reaction times and milder hydride source.

2.2 eq. Et;SiH

Ar” "R 25°C CFsCO,H,  Ar
0.25-200 h

/\R

Scheme 1.18 First deoxygenation under hydrosilylation conditions.

It was later discovered that an acid solvent can be replaced by a Lewis acidic catalyst. In 1978,
Fry et al., reported an Et;SiH-BF; system for carbonyl reduction and deoxygenation.’® Aliphatic
and aromatic ketones with electron donating substituents were deoxygenated, whereas aromatic
carbonyls with deactivating substituents, such as cyano or nitro, were reduced to alcohols in 10 —

60 mins. The procedure was later adapted for the reduction to m-nitroethylbenzene.’’

Jaxa-Chamiec ef al. reported that deoxygenation can also be achieved in situ following Friedel-
Crafts acylation (Scheme 1.19).°® The authors also state that polymethylhydrosiloxane (PMHS)
can be substituted for Et;SiH, however, this variant was only reported for one substrate. In

general, poor to moderate yields were obtained.
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o 0.9 eq. AICl,,
cl 2.2 eq. EtsSiH cl
n
R 25 °C, toluene/CH,Cl, R©/M”

Scheme 1.19 Deoxygenation catalyzed by AICl; under hydrosilylation conditions.

The costly alkylsilanes, relatively harsh reaction conditions, and moderate yields were
presumably responsible for little to no further research into such reactions. The field was revived
by the Baba group in 1999, reporting the deoxygenation of aryl and diaryl ketones catalyzed by
InCl; (Scheme 1.20).”> Although the procedure affords only moderate to good yields, most
reactions were completed within one hour and many functional groups such as halo or nitro were

well-tolerated.
0o InCl; (5 mol%),
2 eq. Me,SiHCI
R > R
R4 25 °C, CH,Cl,, R1g
1-12h

Scheme 1.20 Deoxygenation by InClz under hydrosilylation conditions.

In order to compare catalytic activity within the same group, Choi et al., explored the catalytic
activity of GaCls under similar reaction conditions (Scheme 1.21).! The system exhibited
comparable efficiency at lower catalyst loading (1 mol% instead of 5 mol%) and shorter reaction
times but functional group tolerance was diminished. In the case of nitroaryl substrate, a low
yield of methylene product was obtained and a significant amount of ether adduct was detected.
The proposed mechanism involves a carbocation intermediate formed by desiloxylation of an
intermediate silyl ether which can further react with another substrate to produce an ether or be

protonated by the hydride from excess Me>SiCIH.
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o GaCl; (1 mol%),
2.4 eq. Me,SiHCI
R2 > R2
R1 0-25°C, CH2C|2, R']
10 - 60 mins

Scheme 1.21 Deoxygenation by GaCls under hydrosilylation conditions.

The latest indium-catalyzed deoxygenation of aromatic ketones was reported in 2011 by
Sakai et al (Scheme 1.22).!% Upon optimizing reaction conditions it was discovered that the
combination of InBrs and Et;SiH in CHCI3 yielded the best results within an hour, although
aliphatic ketones were only reduced to alcohols. When electron-withdrawing or ortho-
substituents were present on the phenyl ring, silyl ethers were obtained instead of the desired
hydrocarbon products. Interestingly, when InBr; was premixed with the silane for an hour prior

to the addition of the substrate, symmetrical ethers were obtained as sole products.

o InBr3 (5 mol%),
R, 4 eq. Et3SIH Ry
R4 60 °C, CHCl3, 1 h R4

Scheme 1.22 Deoxygenation by InBr; catalyst under hydrosilylation conditions.

Ketone deoxygenation by post-transition metal halides was thus facile at ambient or relatively
low temperatures and low catalyst loading. However, poor performance in the presence of
electron withdrawing functional groups and relatively high costs of alkylsilanes could be
considered a significant drawback. Polymethylhydrosiloxane represents a nearly ideal
hydrosilylation reagent: it is mild, inexpensive, and readily available as a byproduct of the
silicone industry. The first example of the use of PMHS in ketone deoxygenation under
hydrosilylation conditions was published in 2002 by Chandrasekhar et al (Scheme 1.23).!°! The

authors used B(CesFs)3, which was fairly unexplored as a Lewis acid prior to the rise of FLPs, to
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activate PMHS. Both alkyl and aryl ketones were deoxygenated in 80 — 90 % yield within 20

mins.

o B(CeFs5)3 (5 mol%),
)J\ 3 eq. PMHS ~
R "R, 25 °C, CH,Cly, Ri™ R
5-20 mins

Scheme 1.23 Ketone deoxygenation under hydrosilylation conditions catalyzed by B(CesFs)s.

The Lewis acidic character of FeCl; was successfully exploited in ketone deoxygenation by Dal
Zotto et al (Scheme 1.24).192 FeCl; represents an inexpensive and abundant alternative to noble
metal catalysts so it has been widely investigated for various catalytic procedures. The Zotto
group discovered that FeCls can efficiently assist in the cleavage of C—-O bond in carbonyl
compounds when exposed to microwave radiation. Good to excellent yields were obtained for
aromatic ketones, even in the presence of methoxy substituents. Remarkably, aliphatic ketones
were successfully deoxygenated as well, although in moderate yields. While the procedure is
relatively mild and inexpensive, high temperature and external energy stimulus are required, thus

introducing unnecessary complexity.

0o FeCl; (10 mol%),

2.7 eq. PMHS
R R,
R4 120 °C, DCE, 1 h, R4
microwave irradiation
(300 W)

Scheme 1.24 Deoxygenation by FeClz under hydrosilylation conditions.

Interestingly, the subsequent generation of catalysts to take advantage of PMHS reactivity were

based on palladium. In 2011 Maleczka Jr. et al. reported that Pd-PMHS nanoparticles could

successfully deoxygenate aromatic ketones in the presence of chlorobenzene (Scheme 1.25).%°
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The authors proposed that hydrosilylation occurs in the first step to yield an alcohol. HCI, slowly
generated from the reduction of PhCl, then assists Pd nanoclusters in the cleavage of the C-O
bond. Investigation of various halide additives exhibited that chloride was necessary for
deoxygenation, other halides led only to hydrogenation products. The reaction shows comparable
results when trimethylsilyl chloride (TMSCI) is used instead of PhCl, however, the latter is a less
expensive and a more inert option; chloroanisole was found to result in better yields for some
substrates. Although the exact mechanism is still unclear, alcohols are produced exclusively in

the absence of a chloroarene.

Pd(OAc), (5 mol%),
0 PhCI or p-OMe-PhCI (10 mol%)

L 2.5 -4 eq. PMHS
R 4 eq. KF (aq), 25 °C, THF, 1 h Ar

N

Ar R

Scheme 1.25 Ketone deoxygenation by Pd-PMHS in the presence of chloroarenes.

A relatively similar system was reported by Wang et al. in 2013 (Scheme 1.26).!% The authors
postulate that PMHS is halogenated upon reducing PdCl, to Pd’. The halogenated byproduct is
then assumed to react with the protic solvent to yield small amounts of HCI that assists Pd in the
C-0 bond cleavage. Compared to the procedure by Maleczka et al., a less complex additive-free

system offers significant advantages, although longer reaction times are required.

o PdCl, (10 mol%),
R, 5 eq. PMHS R,
R4 25 °C, MeOH, 24 h R4

Scheme 1.26 Additive-free ketone deoxygenation by Pd-PMHS.

The first heterogeneous catalytic deoxygenation of aromatic ketones with PMHS was based on

the same idea (Scheme 1.27).!% Initially, additive-free reactions were carried out, however, C—O
26



bond scission was determined to be the turnover limiting step. Compared to other acidic
additives, PhCl provided the highest conversion and chemoselectivity under mild conditions.
Deoxygenation of electron-rich ketones was facile but substrates with electron-withdrawing
substituents or steric hindrance around the carbonyl group necessitated longer reaction times
and/or higher temperatures to proceed. In case of the nitro substituent, reduction to the amine

takes place prior to the carbonyl conversion.

Pd/C (0.4 mol%),
o PhCI (5 mol%)

3 eq. PMHS
R - R
R1 25 - 40 °C, MeOH, R1
2-16h

Scheme 1.27 Heterogeneous ketone deoxygenation by Pd/C-PMHS.

Overall, Pd-PMHS catalytic systems exhibit remarkable activity in the presence of acidic
additives capable of controlled release of HCI. Nonetheless, the use of scarce and expensive

palladium presents a significant drawback despite short reaction times and mild conditions.

High valence oxo-rhenium complexes have demonstrated high activity and chemoselectivity in
the hydrosilylation of ketones and aldehydes.!* Recently, the Fernandes group reported Re and
Mo catalysts for deoxygenation of aromatic ketones with silane reductants (Fig. 1.3).!9¢1% Initial
investigation into different oxo-Re catalysts revealed that Re" exhibits higher reactivity towards

Vil

deoxygenation than Re"", and the use of Cl ligand was superior to other halides. The highest

conversion to deoxygenated products was observed when PhSiH3 was used as a reducing agent.

27



O Q Cl
Cl’l-ﬁe.\\SMez Cl/"Re-“PPhS Otlvllo-\\OHz

v | T~ AR Z N~
Cl (I)PPhC\gl PhsP i Cl O bl OH,

3 4 5

Figure 1.3 High valence Re and Mo catalysts.

Although the overall conversion was good, a mixture of alkanes and alkenes was obtained with
both rhenium catalysts under hydrosilylation conditions (Scheme 1.282).!% The problem was
partially solved by using 2-propanol as a reducing agent; under these conditions, the procedure
yielded alkenes exclusively (Scheme 1.28b).!% However, the reactions had to be performed at

high temperatures, well above the boiling point of 2-propanol.

3 or 4 (5 mol%),

2 eq. PhSiH, R R,
+
a) reflux, THF, 24 h R ) Ry J
3(5-10mol%), - R2
b) 170 °C, 2-propanol, R4 ;

6-40h ~

Scheme 1.28 Deoxygenation of aromatic ketones by Re catalysts.

Screening of molybdenum catalysts and silanes revealed that The Mo complex 5 exhibits the
highest catalytic activity in combination with PhSiH;. Reaction conditions can be adjusted to

selectively synthesize alkenes (Scheme 1.292)'%7 or alkanes (Scheme 1.29b).!%”
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5 (5- 10 mol%),
2-4eq.PhSiH3
reflux, THF, 16 h R4 [

O 5 (1 mol%),
2 eq. PhSiH
b) Rz — O R,
R4 reflux, toluene, 16 h 1

Scheme 1.29 Deoxygenation of aromatic ketones by Mo catalyst.

The efficiency of the deoxygenation was also affected by the nature of the substrate. Substrates
with electron-withdrawing substituents resulted in lower yields and in some cases necessitated
longer reaction times. Electron-donating substituents led to good to excellent conversions.
Overall, while high valent oxomolybdenum and oxorhenium complexes show tunable activity for
ketone deoxygenation, relatively harsh conditions are required. In addition, PhSiH3 is relatively
expensive compared to other silanes such as PMHS and is known to show some activity for
carbonyl deoxygenation in a catalyst-free environment.!'" Therefore, it may not be the most

suitable reagent for such catalysis.

The Stephan group has investigated highly electrophilic phosphonium cations as Lewis acid
catalysts for ketone deoxygenation.!!! Given the success of catalytic B(CeFs)3 in direct C-O
hydrogenolysis using molecular hydrogen and PMHS, the reactivity in the phosphonium series
was investigated using Et3SiH. Interestingly, while >99 % conversion was observed, silyl ethers
were synthesized selectively, thus highlighting the influence of the silane in such reactions.
Cationic PV Lewis acids with high electrophilicity were screened and exhibited high activity
towards deoxygenation. Cationic precatalysts 6 and 7 were chosen for optimization of reaction

conditions and substrate scope analysis (Fig. 1.4). Deoxygenation of aromatic ketones was found
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to be facile under mild conditions, giving excellent yields (Scheme 1.30a). Halogen substituents

on the aromatic rings were well-tolerated.

F o N @ F
CeFs—R 'CeF5 | [ B(CoFs) E\>—P-'Ph 2[8 (CeFs)a]
®
CeFs
Mes
6 7

Figure 1.4 Cationic PV Lewis acid catalysts.

Applying similar reaction conditions to aliphatic ketones led to mixtures of silyl ethers and
alkanes or alkenes (Scheme 1.30b). In most cases, deoxygenation products were obtained in
<20% yields. This suggests that, as expected, ketones are first reduced to alcohols/silyl ethers

and then subsequently deoxygenated to the corresponding methylene units, albeit slowly.

O 6 or 7 (1 mol%),
2.1 eq. Et3SiH
a) R R R,
R4 25°C, CD,Cly, 5h 1
o 6 or 7 (1 mol%), O/SiEt3

)]\ 2.1-3.1 eq. Et;SiH )\
> +
Y RR, 25-50 °C, CD,Cly, R™ "Ry R R,

1-12h

Scheme 1.30 Deoxygenation of ketones by cationic PV Lewis acids.

Another excellent example of recent advances in transition metal-free deoxygenation of
unsymmetrical diketones uses the Nal-TMSCI system (Scheme 1.31).!'? Stoichiometric
deoxygenation of di-ketones can be achieved by traditional methods such as Wolff-Kishner or
Clemmensen reductions. Although more recent alternatives have been published,'!® the field has

not received such broad attention as the defunctionalization of mono-ketones. In the work by
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Yuan et al., Nal was found to catalyze the regioselective deoxygenation of the C=0O bond
adjacent to the aryl group bearing electron-donating substituents. Interestingly, the reaction
mechanism was proposed to proceed via a free radical pathway rather than the conventional

reduction to alcohol followed by subsequent C—O bond hydrogenolysis.

5 eq. Nal,
R 5eq. TMSCI B Rz
25 °C, CH,Cl,, R, O *
1-21h O

Scheme 1.31 Deoxygenation of diketones by Nal-TMSCIL.

An investigation of additives revealed that the reaction only works in the presence of Nal; other
sodium halides do not yield the desired conversion. HI has been reported to catalyze ketone
deoxygenation (I in H;PO4 media),!'* however, it was found not to be an active catalyst in the

system described herein.

1.4 Conclusion

While catalytic deoxygenation of aliphatic ketones using hydrogen remains elusive, multiple
procedures have been developed in the last two decades that deoxygenate aromatic ketones.
Traditional methods such as Wolff-Kishner, Clemmensen and Raney Ni reductions and their
recent modifications are still widely explored and applied. However, two main procedural

pathways have emerged as strong alternatives.

Direct reductive deoxygenation with molecular hydrogen has been conventionally catalyzed by
heterogeneous Pd or Pt systems. However, the toxicity, propensity for over-hydrogenation, and

high costs associated with such catalysts has fueled research for more sustainable catalysts. The
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most notable advancements include metal-mediated (Cu/Si0,, Ni-phosphine and cationic Ru) C—
O bond cleavage as well as hydrogenolysis catalyzed by frustrated Lewis pairs. Cu/SiO>
represents a very mild, inexpensive and efficient procedure, yet reproducibility issues have been
noticed both in literature®> and in our own group. Nickel-catalyzed deoxygenation necessitates
high temperatures and multi-day reaction times. Despite the high activity of the cationic
ruthenium catalyst, the necessity for phenol ligands with varied electronic properties, the high
costs of the catalyst, and the homogeneity of the system poses issues (such as recyclability) for
large-scale applications. Although heterolytic activation of H> by FLPs represents a significant
breakthrough in chemistry and is of high importance in fundamental research, the application of
B(CsFs)s-mediated catalysis on a large scale is hindered by the high costs and poor availability of

boron-based Lewis acids.

Ketone deoxygenation under hydrosilylation conditions does provide high efficiency under very
mild conditions and short reaction times, as compared to hydrodeoxygenation. However, the
high loadings of silanes and Lewis acidic additives pose purification and recyclability issues.
PMHS-Pd systems offer the highest conversions and selectivity while simultaneously employing
the most convenient silane source; the procedures require in sifu synthesis of a Lewis acid co-
catalyst and are hampered by the cost of palladium. FeCls; offers a significantly less expensive
alternative but necessitates harsh conditions and an external energy stimulus. Main group
catalysts with high Lewis acidity offer good selectivity, short reaction times at ambient
temperature and do not necessitate additives. Although PMHS works very well in the presence of
expensive B(CsFs)3, not only a more expensive Et3SiH is used for phosphonium catalysts but the

counterions ([B(CeFs)47]) present an economical issue as well. Finally, even though Nal-TMSCI
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procedure has high potential, it has not yet been explored for the reactivity towards

monoketones.

Therefore, inexpensive and efficient ketone deoxygenation is still an issue for a large-scale
synthesis of fine chemicals. Since high purity is one of the main requirements in pharmaceutical
industry, direct hydrogenolysis with molecular hydrogen has a significant advantage over
deoxygenation under hydrosilylation conditions. Based on previous research, the most
economical and potentially effective approach is the use of first row transition metal catalysts.
The current challenge can be solved by high-activity homogeneous hydrodeoxygenation (HDO)
catalysis or the development of less-sensitive heterogeneous catalysts that yield reproducible

results.

While nickel, copper and iron have been applied to catalytic deoxygenation, reactivity of cobalt
in carbonyl HDO has not been reported until now. The work in this thesis is focused on the
catalytic hydrodeoxygenation of aromatic ketones mediated by cobalt clusters. The challenges in
precatalyst synthesis, optimization of reaction conditions, and substrate scope will be discussed

in the following chapters.
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Chapter 2. Design, synthesis and characterization of cobalt clusters
bridged by triphenylphosphoranimide and triisopropylphosphoranimide

ligands

2.1 Rationale

Despite high costs, scarcity and toxicity, the industrial synthesis of complex molecules is still
dominated by highly reactive noble metal catalysts.!!>1!® This is especially pronounced for
reductive reactions that involve activation of molecular hydrogen'!” and hydrogenolysis of high
energy bonds.!!> 1!® Late first row transition metals are abundant, relatively inexpensive, and less
toxic, presenting a more attractive alternative. However, the weaker M—H bond energy (when M
= Fe, Co, Ni, Cu) compared to that of noble metals (Table 2.1),%! coupled with the strength of the
H—-H bond, leads to difficulties in hydrogen activation and formation of hydride intermediates in
many hydrogenolysis reactions. Although homogeneous copper, nickel, cobalt and iron
complexes have been explored for a variety of catalytic transformations, including carbonyl

reduction to the alcohol,'"’

applications to ketone deoxygenation have been scarce. Only
recently, Ni and Cu complexes have been applied to hydrodeoxygenation of aromatic ketones,3*
87 while ferric chloride (FeCls) has shown comparable reduction activity under hydrosilylation
conditions.!”” However, reports on chemoselective cobalt-catalyzed hydrogenation and
hydrosilylation in such a context are absent from the literature. Therefore, the work described in

this thesis is focused on the design and catalytic reactivity of coordinatively unsaturated cobalt

clusters for applications to reductive catalysis.
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Table 2.1 Select M—H bond energies.!

M-H Fe-H | Co-H | Ni-H | Cu-H | Ir*— Pt-H | Au-H
Bond energy,
35 43 56 60 72 79 69
[kcal/mol]

Industrial synthesis relies on both homogeneous and heterogeneous catalysts. In homogeneous
systems, the catalyst is in the same reaction medium as the substrate(s), reagents, and product(s),
whereas heterogeneous catalysts are in a different phase than the reactants.'?® Although both
processes share many shortcomings such as catalyst poisoning, each method differs through
distinct advantages and disadvantages (Table 2.2). Defined homogenous catalysts can provide
high chemo-, stereo- and regio-selectivity in hydrogenation reactions but they are disadvantaged
by a limited application range. Defined soluble catalytic centres allow for determination of
reaction mechanisms and facile structural adjustments to improve catalytic performance. In
addition, equivalent dispersion of the catalyst molecules and identical activity from all the metal
centres enables consistent reaction conditions and low catalyst loadings. However, difficulties in
catalyst separation from the reaction media cause recyclability issues, increased catalyst loss, and

product purification issues.!!8: 120

In contrast, heterogeneous catalysts are readily separated from the reaction mixtures and
recycled, resulting in minimal catalyst losses and lower costs. Harsh reaction conditions are
better tolerated due to the thermal stability of most supported metal catalysts, and the ligand-free
transition metal environment generally allows for a broad range of applications. Nevertheless,
the incompletely defined, multi-site catalyst structures often lead to low selectivity and

complications in determining and understanding the reaction pathways. High catalyst loadings
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can be required to attain a sufficient number of coordinatively unsaturated surface sites active for

catalytic transformations. 212!

Table 2.2 Comparison of homogeneous and heterogeneous catalysts.!?°

Feature Homogeneous catalysts = Heterogeneous catalysts
Selectivity High Low
Reaction conditions Mild Harsh
Active centres All metal atoms Surface sites

Structure and stoichiometry Defined Undefined
Thermal stability Low High
Application range Limited Broad
Recycling Challenging Easy
Catalyst — product separation Difficult Easy

At this stage, homogeneous catalysis is better suited to chemoselective deoxygenation of ketones
in fine chemicals synthesis. Nevertheless, most industrial hydrodeoxygenation catalysts are
heterogeneous due to scale requirements, ease of recyclability and extended lifetimes. Although
the cost efficiency of such procedures presents a significant advantage, heterogeneity inhibits the
development of more efficient alternatives, a consequence of uncontrolled synthesis and poorly
determined reaction mechanisms. To date, only two viable homogeneous ketone deoxygenation
procedures have been reported. Reactions catalyzed by bisphosphine nickel complex 1 require
harsh conditions, are too slow for industrial application and may actually be heterogeneous.®’
Cationic ruthenium catalyst 2 is expensive and necessitates additives to cleave the C—O bond,

resulting in high costs and high catalyst losses (Fig. 2.1).5
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active catalyst

Figure 2.1 Examples of literature catalysts for hydrodeoxygenation of ketones.

An inexpensive and efficient homogeneous catalyst for ketone deoxygenation/hydrogenolysis is
highly desired. For the initial phase of our research, homogeneous catalysts are targeted to allow
for facile modification of the catalyst centre and initial mechanistic determination. Subsequently,
the optimized catalyst can in principle be grafted onto silica or alumina, retaining high

chemoselectivity while allowing for facile product separation and catalyst recycling.'??

2.2 Catalyst design principles

Catalysis is reliant on vacant coordination sites at the metal centre(s) that facilitate substrate
binding. 7118 123 A common strategy employs the dissociation of dative ligands to yield the
active catalyst. Not only does this approach necessitate the use of ligands that do not play a direct
role in the catalytic cycle but dissociation may be irreversible and can lead to catalyst
decomposition in its resting state. The dissociation is also strongly affected by the properties of
124-130

other supporting ligands as evidenced by the development of well-known Grubbs catalysts.

In this case, the trans-influence and trans-effect play significant roles in the formation of the
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active catalyst. Likewise, the coordinated ligands strongly affect the reaction mechanism: for
example, hydrogenolysis of the C—O bond by complex 2 is only possible when in situ

replacement of a n°-benzene ligand by a phenol additive takes place (Fig. 2.1b).%

A second approach employs ‘bulky’ ligands to create sterically-enforced coordinative
unsaturation around the metal centres.!! Although the need for supporting ligands and
dissociation is eliminated, the sterically crowded environment can inhibit substrates from
accessing the metal centre. A careful choice of ligands is thus necessary to prevent the steric
inhibition of the catalytic reaction. Importantly, careful steric control of the metal catalysts
allows us to design polymetallic clusters that resemble the coordinatively unsaturated surface
sites in heterogeneous catalysts.!!”> 121 132133 Metal cooperation within the polymetallic clusters
alleviates the burden of carrying out a full catalytic cycle for a single metal centre. Specifically,
for late 1% row transition metals, the requirement for high oxidation states [e.g., Ni(IV)] in
reactions that proceed through oxidative addition is then removed.'** For example, sterically
large bisphosphine ligands stabilize the dimeric Ni precatalyst 1 and allow for the formation of
the catalytically active monomeric species (Fig 2.1a). This strategy was thus used to design new

cobalt clusters for the catalytic hydrogenolysis of the C=O bonds.

Dative bonding, ease of stabilizing precatalysts and reasonable control of the ligand sphere led to
the prevalence of phosphine ligands in homogeneous catalysis. Modification of the phosphorus
substituents allows for precise steric and electronic adjustments according to ligand cone angle
characterization and electronic measurements.'3!: 133-136 Consequently, a vast array of phosphine

ligands is accessible for use in catalyst design. However, the ‘steric bulk’ of the phosphines
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manifests directly at the phosphorus centre, close to the coordination centres, while phosphines

are also unlikely to act as bridging ligands and form polymetallic clusters. '23 136-137

2.2.1 Anionic phosphoranimide supporting ligands: versatile bonding and steric influence

The phosphoranimide ligand [NPR3]", also known as phosphoraneiminato or phosphinimide, was
originally reported by Staudinger and Meyer in 1919.!*® Research into phosphoranimide
properties and complexes with transition metals followed soon after.!**'4! The interest in the
ligand was propelled by its versatile bonding modes, high thermal stability, and electronic

properties that can be readily tuned by changing the nature of phosphorus substituents.

The monoanionic [NPR3]™ unit is usually isolated as an alkali metal salt and is isoelectronic to a
variety of ligands such as [Cp]’, [OSiR3], [OCR3]", [OPR3]", and [NSiR3]". The [NPR3]  ion lies
structurally between the resonance forms depicted in Figure 2.2. In resonance structure A, the
ligand acts as a 4-electron donor and can form two bonds to a coordinated metal centre. In
structure B, the zwitterion contains higher electron density on nitrogen and can accommodate up
to three M—N bonds via 6-electron donation.
0
Qﬁ:PER - o ﬁ—%(ER

R 0 R

A (o, ) B (o, 27)

Figure 2.2 Lewis resonance structures of phosphoranimide ligands.

While the discrete anion is not known, the alkali metal salts have been obtained as tetrameric'#?
or hexameric!® structures depending on the substituent size.'**'¥> When coordinating to
transition metals, phosphoranimide bonding modes are primarily governed by the oxidation state
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of the metal centre (Fig. 2.3). Metals in high oxidation states with empty d orbitals can
participate in bonding mode A with a terminal phosphoranimide ligand acting as a 6-electron
donor (o, 2m). Examples include [ReO3(NPPh3)]'*® 9, [WCIs(NPCI3)]'¥” 10 and
[MoNCI3(NPPhs)]2*C7Hs 11.'*® In mode B, the [NPR3]™ moiety donates four electrons to the
metal centre (o, 7) and retains a lone pair on the nitrogen atom. Therefore, a M—N-P bond angle
of ~160° is observed for complexes such as [WCIl4(NPCl;)2] 12."*” Low or medium oxidation
state metals lead to ligand bridging and mixtures of different bonding modes (e.g. A/B or A/D),
as evidenced by [Mo(NPPh3)4]** 13 (bonding modes A and B). Unsymmetrical or symmetrical
bonding takes place when [NPRs]™ donates six electrons and acts as a p’-bridging ligand to
coordinate to two metal centres. When the phosphoranimide ligand acts as an unsymmetrical p>-
bridging ligand (mode C), different bond lengths to the metal are observed (e.g. 1.84 and 2.01 A
in [TiCl3(NPMes)]2 14).'*° In complexes with symmetrical bridging such as [FeClo(NPEt3)]> 15
(mode D), equal bond lengths to the metal centre are detected (1.91 A).!*° Lastly, metals in low
oxidation states with occupied d orbitals form only single bonds (o) with the phosphoranimide
(mode E). In this case, the phosphoranimide moiety generally acts as p’-bridging ligand, as

evidenced by heterocubane clusters [NiCI(NPMe3)]s 16'°! and [Col(NPMes)]417.152
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Figure 2.3 Binding modes of phosphoranimide ligands.

The structures of metal phosphoranimide clusters of the same oxidation state are also affected by
the steric size of the phosphorus substituents and the ligand environment around the metal centre
(Fig. 2.4). Heterocubane structures with p3-bridging [NPR3]™ ligands are obtained when
substituents are small (R=Me, Et), e. g., [CoCI(NPMes)]4 18.15? In contrast, large substituents
such as R = tert-butyl form binuclear clusters with only po-bridging [NP'Bu]” ligands (e.g.
[CoCI(NPBus)]» 19 and [Mgx(u2-NP'Bus)>(NP'Bus)z] 20).!%% Lastly, substituents of intermediate
steric bulk (‘Pr or Ph) drive the formation of trimeric structures such as reported for [Mg3(pi2-

NPPr3)4(NPPr3)2] 21.15
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Figure 2.4 Structures illustrating the effect of the size of phosphorus-bound substituents.

The concept of tunable ‘displaced steric bulk’ is one of the most attractive characteristics of the
phosphoranimide moiety. Tolman cone angle comparison between isolobal cyclopentadienyl and
tert-butylphosphoranimide ligands reveals similar volume being occupied by both ligands
(Fig. 2.5).1! Yet, the ‘extra’ nitrogen atom in the phosphoranimide ligand leads to the distancing
of the metal and the ‘steric bulk’ of the ligand. This ‘remote steric effect’ is paramount in our
catalyst design because it allows substrate binding and reactions on a metal that is relatively
unhindered by the supporting ligands. In the case of the phosphoranimide ligand, the steric factor

can be readily adjusted by the choice of substituents.

e
H- 0=83° AZ . 0=87"

Ti(> ---P N— T|
S22 7 34A

Figure 2.5 Tolman cone angles of Ti-Cp and Ti-NP'Bu fragments.'>
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Phosphorus substituents also play a significant role in the electronic environment around the
coordination centre. Whereas electron rich alkyl groups (e.g. ftert-butyl, isopropyl, ethyl)
indirectly donate electron density to the metal centre, making it more nucleophilic, electron-
withdrawing aryl substituents (e.g. phenyl) increase the electrophilic character of the metal
centre. This affects the bonding of other ligands as well as the reactivity of the clusters: while
nucleophilicity of the metal centres increases the affinity for H-H bonds and favours catalytic
steps such as oxidative addition, electrophilic character promotes the reductive elimination
required to release the reaction products (Fig. 2.6). As both oxidative addition and reductive
elimination are prevalent in a variety of catalytic reactions, subtle changes in the phosphorus
substituents affect the reaction mechanism and control the catalytic turnover and the reaction

outcome.

Reductive elimination

L M" X=Y
Formal 2e” gain by M
U Oxidative addition
electron-poor, high-valent M,
sterically hindered M Formal 2e” loss by M
U
X-Y electron-rich, low-valent M,
X sterically unhindered M
LXMé"z
N
Y

Figure 2.6 Representation of oxidative addition and reductive elimination steps in a catalytic
cycle.

2.2.3 Previous work in Stryker Group

The coordination chemistry of phosphoranimide complexes has garnered substantial attention

over the years.'4""!%! The most significant advances in the field were made by the Dehnicke!4!: 14
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156-158 and Stephan groups.!>* 1510 Unfortunately, the lack of standardized procedures for ligand

and complex preparation leaves the reactivity of such complexes largely unexplored. Initially,
Dehnicke et al., developed a molten trimethylsilyl-trialkylphosphoranimide/metal salt metathesis
procedure for cluster synthesis (Scheme 2.1). However, the necessity of hazardous azides, low
and variable yields, and purification issues render the procedure inefficient.'*! In addition, this

method only works for small and low-melting silylphosphoranimides such as [NPMes]™ and

[NPEt:]".
X PR3
\ 4
e
- . 3F——N——
MX, 3 - 0.25 ! N ] co
160 -210°,2-5h N 0“—x
AN
ReP” Co—N_
M = Fe, Co, Ni Zn / PR
_ X 3
X = Cl, Br, |
R = Me, Et

Scheme 2.1 Dehnicke procedure for phosphoranimide cluster synthesis.

Dr. Robin Hamilton in the Stryker group took a different approach.'! The synthesis of secondary
amines via triphenylphosphinimines was first reported in 1970'%> and proved to be readily
adaptable to the synthesis of common phosphoranimide ligands, except ‘BusP. Although the
exact pathway is dependent on the phosphorus substituents, the new procedure avoids the use of
hazardous azides and allows for an amenable scalability (Scheme 2.2). In the first step, a variety
of less polar solvents (e.g. CH2Cla, toluene, Et2O etc) can be used to convert the phosphine to the
dibromophosphorane i. The solvent choice is dictated by the phosphorus substituents and the
solubility of the resulting phosphines and phosphoranes. The subsequent reaction step is also
governed by the phosphorus substituents. Sterically smaller phosphoranimide salts are

synthesized in a one-pot reaction: the phosphoranium salt ii is produced in situ from a reaction
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with potassium amide, itself generated from liquid ammonia and KH. The salt is further
deprotonated in situ to form the potassium phosphoranimide (Scheme 2.2a). An easier, albeit
longer two-step synthesis can be carried out for more sterically demanding phosphoranimide
ligands (Scheme 2.2b). In the first step, the phosphoranium salt ii is produced and isolated from
a reaction with one equivalent of lithium amide. The isolated product is then deprotonated using
excess NaH and NaNH; to yield the sodium phosphoranimide. The latter method requires

isolation of the intermediates but the ammonia-free procedure is operationally simpler.

PR B ~  RsPBr, i
s * Bh solvent, rt, overnight S
R;PB 4 eq. KH KNPR R = Me, Et, "B
a r _
) ¥ NH; (1), rt, overnight 3 &= P
b) 1 LN, RsPNH,]B '
. > ii = !
) R3PBr, Et,0 or THF, rt, [R3 2]Br R = Ph, Cy, Pr
overnight
1.6 eq. NaH
2. 3 eq. NaNH,
2. [RsPNH,Br > NaNPRj;

THF, rt, overnight'

Scheme 2.2 Phosphoranimide synthesis developed in the Stryker group.

The new ligand preparation route allows for the efficient syntheses of most phosphoranimide
ligands in high yields (80-90%). Consequently, the group successfully synthesized known and
new late first-row transition metal phosphoranimide clusters by salt metathesis between
solubilized metal halides and alkali metal phosphoranimide salts.!> 161. 163166 Ag expected, the
nuclearity of the cluster was dependent on the metal oxidation state, stoichiometry, and steric

properties of the phosphoranimide ligands, as illustrated (Fig. 2.7).
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Figure 2.7 Selected phosphoranimide clusters synthesized in the Stryker group.

Clusters such as 22, 24 and 25 were investigated as precatalysts in hydrogenation reactions and

hydrogenolysis of carbon—heteroatom bonds. Promising reactivity was observed, !> 163165

2.2.4 Phosphoranimide ligands with intermediate sized substituents

Although complexes of varied steric bulk have been synthesized by the group, catalytic
investigations centred on the use of triethyl- and tri-tert-butylphosphoranimide clusters of nickel,
cobalt, and iron. The reactivity of trimetallic compounds such as [Cos(p2-NPPh3)4(NPPh3)2] 23
was not explored in detail. Research into the use of phosphoranimide ligands with intermediate
sized substituents would ‘fill in the gap’ and allow us to determine the influence of intermediate

steric factors, diminished electron-richness, and unique collinear structure in catalytic reactivity.

Triphenylphosphine and triisopropylphosphine have similar Tolman cone angles (Fig. 2.8)!* and

their respective phosphoranimide counterparts form trimetallic clusters (e.g. 21, 23).
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Consequently, it can be assumed that both phosphoranimide ligands occupy a similar volume in

space.

o 0=145° S 0=160°

St P

Figure 2.8 Tolman cone angle comparison between triphenylphosphine and
triisopropylphosphine ligands.

Nevertheless, the ligands have significantly different electronic properties.'*! Manipulation of the
phosphorus substituents within a similar size range would permit direct investigation of the
influence of electronic factors in ketone deoxygenation and may also allow for the determination
of the turnover limiting step. The work in this thesis, however, is not a direct mechanistic study.
Instead, we focus on optimization of precatalyst for hydrogen activation, reaction scope, and

catalytic conditions.

Both phosphoranimide ligands are readily synthesized according to the ammonia-free procedure
(Scheme 2.2b). Triphenylphosphoranimide ligand is advantageous: triphenylphosphine is an
inexpensive, solid and air-stable phosphine.'®’ In contrast, triisopropylphosphine is expensive,
pyrophoric, and volatile; hence, conversion to the phosphoranimide is more hazardous, more

time-consuming, and requires more safety precautions.'®®
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The homoleptic triphenylphosphoranimide cobalt cluster 23 was first synthesized and
characterized by Dr. Robin Hamilton (Fig.2.9)."%* As expected for cobalt(Il), the
phosphoranimide ligands in the trimer adopt a mix of coordination modes. Symmetrical p’-
bridging is observed for four ligands that link the three cobalt (II) centres (Fig. 2.3, mode D),
while two display terminal coordination to the outer cobalt atoms, each with a Co—-N—P angle of
163.4° (Fig. 2.3, mode B). Although the cluster is easily synthesized in a one-step procedure
(Scheme 2.3), it suffers from low solubility. Therefore, extraction and use are confined to

tetrahydrofuran (THF) and aromatic solvents.

IIDIPh3 II:I’Ph3

N \N/
A oY ’y,
a) Ph3P:N—Co< _Co_ _Co—N=PPhs
i
PPh;  PPhg

23
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Figure 2.9 a) Structure of [Co3(p2-NPPh3)4(NPPhs):] 23, b) ORTEP diagram of 23 with non-
hydrogen atoms represented by Gaussian ellipsoids at 20% probability. Hydrogen atoms have
been omitted for clarity.

Ph;PNNa
CoBr; : [Cos(n2-NPPh3)4(NPPh3),]
THF, overnight 23

Scheme 2.3 Synthesis of [Co3(p2-NPPh3)4(NPPhs).] 23.
2.3 Results and discussion
2.3.1 Co(J) clusters bridged by triphenylphosphoranimide ligands

Initially, our aim was to synthesize a monovalent, homoleptic tetrametallic cobalt cluster
[Co(NPPh3)]4 26 analogous to the two-coordinate copper analogue, [Cu(NPPhs)]s 27.1% A

procedure developed by Dr. Camacho-Bunquin for the synthesis of [Ni(NP‘Bus)]s 24'3% 166 was
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adapted for this purpose (Scheme 2.4). Unfortunately, competitive under- and overreduction with
Na/Hg amalgam leads to irreproducible results. Similarly, the synthesis of rigorously pure
[Co(NPBus)]s 28 also has not been be achieved within our group.'®> '’° In addition to the
amalgam reduction, the use of organic reducing agents (e.g. 1,4-dihydro-1,4-bis(trimethylsilyl)-

pyrazine) was also explored, with no success.

PhsPN-Na-THF, dropwise
CoX; : [Co(p,-NPPh3)X], X =Cl, Br
-78 C — 0 °C, overnight

1.1 eq\16 Na/Hg

2_
[Co(u®-NPPh3)X], 1, ofMmight

[Co(uz-NPPhg)l,
26

Scheme 2.4 Attempted synthesis of [Co(NPPh3)]426.

The main challenge in the first step of the synthesis is to avoid competitive formation of the
bis(phosphoranimide) trimer 23. Therefore, a slow addition of the triphenylphosphoranimide to a
cold solution of CoCl> was used. The proposed intermediate [Co(u>-NPPh3)CI(THF)]z 29 has
almost no solubility in common solvents (and very low solubility in THF), which causes
difficulties in extraction and purification. Unfortunately, the paramagnetic nature of Co (II)
makes it difficult to obtain and interpret meaningful NMR data; no information about the
structure of the intermediate could be acquired.!”! Substituting the THF-soluble CoBr; slightly
increases the solubility of the targeted bimetallic cluster [Co(p2-NPPh3)Br(THF)]2 30 and allows
for the synthesis at room temperature. The reaction produces the same results regardless of
temperature and regardless if the ligand is added dropwise as a solution or all at once as a solid
(Scheme 2.5). The low solubility of the proposed intermediate 30 prevents successful isolation of

pure material; further preparations were carried out in sifu presuming a full conversion to 30.
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PhsPN-Na-THF, dropwise

-78 C — 0 °C, overnight \

PhsPN-Na-THF, dropwise

rt, overnight

CoBr, [Co(no-NPPh3)Br(THF)], 30
teal slurry in THF
PhsPN-Na-THF

rt, overnight

Scheme 2.5 Synthetic pathways to proposed intermediate 30.

Characterization of complex 30 was challenging; the appearance of the slurry and the results of
in situ reduction and further salt metathesis were used to determine the success of the synthesis.
Work by Roesky group!'’? and unpublished work reported by Jeremy Gauthier in the Stryker
group'”® (Fig. 2.10) leads us to believe that intermediate 30 is bimetallic, similar in structure to
[Co(p2-NPPh3)(HNPPh3)Br]» 31, with terminal halide and triphenylphosphoraniminium ligands.
Four-coordinate cobalt and iron clusters with bridging triphenylphosphoranimide ligands tend to
adopt dimeric structure. We presume that dative coordination of tetrahydrofuran stabilizes the

dimeric unit in our complexes.

The reaction between CoBr2 and sodium triphenylphosphoranimide in toluene yields a highly
insoluble product that does not undergo further reduction with the Na/Hg amalgam. We suspect
that the lack of dative solvent coordination leads to the formation of halide-bridged oligomers or
structural rearrangements instead. Nevertheless, the lack of available characterization prevents us

from making definitive conclusions.

51



N C ~N
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PhsP=N" || O ]
i PPhy PPh,
31 30

Figure 2.10 Structures of [Co(uz2-NPPhs)(HNPPh;3)Br]> 31 and proposed [Co(u?-
NPPh3)(THF)Br]> 30.

2.3.2 Synthesis of mixed-ligand Co(II) clusters
2.3.2.1 Rationale

Given that the reduction of cobalt(Il) monophosphoranimide dimers was irreproducible, we
shifted our efforts to expanding the array of ‘hydrogenolysis ready’ Co(Il) clusters. Previous
research in the group established conclusively that homoleptic bis(phosphoranimide) M(II)
clusters (M = Fe, Co, Ni) undergo hydrogenolysis to form catalytically active metal — hydride
clusters.'®> 7% Hydrogenolysis proceeds by a concerted cleavage of the terminal metal—
phosphoranimide bonds and yields metal-hydride and neutral phosphoranimine (Scheme 2.6).
However, the strong (4e) metal-nitrogen bonds require harsh reaction conditions for cleavage,'*

41 and, the basic phosphoranimine is strongly coordinating, inhibiting catalyst performance.
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PPhy  PPh; PPh; PPy

/N\ \\\\N//, H2 NN WINy,
Ph3P—N—C0\N/CO\N/CO—N—PPh:,, —_— H_CO\N/CO‘\N/'CO—H + PhsP=NH
[l || Il |
PPh;  PPhs PPh;  PPhs 33
23 32
ﬁtBu?) PtBU3
[l
/N\ H, /N\
‘BusP=N—Ni_ Ni—N=PBus; ———— H—Ni Ni—H + BusP=NH
N \N/
[ 35
PBug P'Bus
25 34

Scheme 2.6 Proposed hydrogenolysis of the bis(phosphoranimide) Co(II) and Ni(II) clusters.

Dr. S. Mitton group encountered catalyst poisoning by free phosphoranimine while investigating
the hydrogenolysis of trimeric [Co(NPPhs)2]3 23. Dr. Mitton initially observed little to no
reactivity under the hydrogen pressure. The addition of an electrophilic activator, such as 9-
BBN, cleaves and intercepts the phosphoranimide preventing the phosphoranimine coordination
(Scheme 2.7).!7% 75 Under these conditions, hydrogenation catalysis proceeds readily. However,

the use of external additives to promote catalyst initiation is generally undesirable.

PPhy  PPhg ﬁ PPhy PPhg
N\ \‘\N/". B:H:B//7 /N\ ‘\\N/",

N~ _N— + _ _
PhsP=N CO\N/CO‘N/CO N=PPh; J H D H CO\N/CoxN/CO H
PPh; PPh, PPh; PPh,
23 9-BBN 32
PhsP=N—B
36

Scheme 2.7 The proposed reaction between cluster 23 and 9-BBN.
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2.3.2.2 Anionic alkoxide and siloxide terminal ligands in M(II) clusters

Installing more labile, ‘hydrogenolysis ready’ terminal ligands to M(II) clusters would simplify
the precatalyst activation, while careful ligand choice can prevent the catalyst inhibition by
liberated neutral ligand. Anionic o-donor ligands (X-type) participate in minimal n-bonding and
should allow for a facile metal-X bond hydrogenolysis. The most common X-type ligands are
halides, alkyls, and alkoxides'’® except not all of them are suited for our purposes.
Hydrogenolysis of the strong metal — halide bonds is thermodynamically unfavourable and
produces strongly acidic by-products.!® In contrast, terminal alkyl ligands yield coordinatively
inert alkanes upon the catalyst activation and have been investigated extensively by previous
group members.'®> Unfortunately, for high-spin systems lacking a low-lying vacant d-orbital, the
absence of a lone electron pair on the adjacent atom strongly inhibits heterolytic dihydrogen
activation. Alkyl-capped clusters exhibit low activity under mild reaction conditions, requiring

partial oxidation to form a mixed-valence cluster, which undergoes facile c-bond metathesis

under hydrogen.'®> '"* The n-allyl ligand, however, occupies two coordination sites; facile

isomerization to the m'-allyl opens coordination site for M—C bond hydrogenolysis.!””!"8

However, allyl precatalyst synthesis is imperfect and suffers from reproducibility and scalability

issues.'””

The alkoxide ([OCR3]") and siloxide ([OSiR3]") ligands are isoelectronic to the phosphoranimide
functionality, but much less electron-donating. Many late transition metal alkoxide and siloxide
complexes readily react with molecular hydrogen to form metal hydrides and alcohols or

silanols, which do not irreversibly poison metal catalysts.!30-1%3
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Tert-butoxide and trimethylsiloxide ligands are readily available and sterically large. Both
[OCMes]™ and [OSiMes]™ are strongly electron-releasing but the differences between Si and C
significantly affect the electronic ligand properties and bonding. Higher electropositivity of the
silicon atom results in a stronger c-donating character of the siloxide ligand compared to the
alkoxide. Vacant, low energy Si—C c*-orbitals are of m-symmetry and can accept backbonding
from the oxygen p-orbitals. Consequentially, the electron density around the oxygen atom is
decreased and not available for the M—O n-bonding.'®? Thus, metal-ligand n-bonding is stronger
for the alkoxide ligands and strengthen further as the M—O—C bond angle approaches 180°
maximizing orbital overlap.'**18° Smaller bond angles indicate that little-to-no n-bonding takes
place. In general, the [OCMes]™ ligand is more labile than the siloxide counterpart. Therefore,
installing [OCMes3]|” and [OSiMes]™ as terminal ligands for Co(Il) phosphoranimide clusters

should facilitate catalyst activation step without significant catalyst poisoning.

2.3.2.3 Synthetic strategy

Having selected the terminal ligands, we next established the targeted cluster nuclearity.
Exchanging the terminal ligands for alkoxides in the trimetallic precatalyst [Co(NPPh3):]3 23
would most likely retain the trimeric skeleton. However, the strong Co-N bonds!® render the
metathesis reactions relatively unfavourable; the reaction would likely require harsh reaction
conditions and could lead to a mixture of the reaction products making protolytic metathesis
unfavourable. Consequentially, we selected the proposed intermediate [Co(p2-NPPh3)Br(THF)]2
30 as a good candidate for anionic ligand exchange. We hoped that replacing the halide ligands
with siloxide or alkoxide would preserve the dimeric ‘backbone’ of the starting material and

allow us to investigate the influence of nuclearity in the catalyst reactivity.
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2.3.2.4 Synthesis and characterization of [Co(NPPh3)(OSiMe3)(THF)]2 37

The reaction between CoBr» and triphenylphosphoranimide at room temperature generates a
turbid, teal solution of intermediate 30 (Scheme 2.8). The addition of KOSiMes affords an
immediate colour change to deep blue and significantly increased solubility. Isolation of the

product provided the desired siloxide cluster 37 in 50-85 % yield.

CoB Ph3;PN-Na-THF Co(1,-NPPhy)Br(THF) 2 eq. KOSiMej3
oBr. > - r
2 THF, rt, overnight [Colna 3 2 THF, rt, overnight

> [Co(NPPh3)(OSiMe3)(THF)1,
deep blue, 50 - 85 %
37

30

Scheme 2.8 Synthesis of proposed [Co(NPPh3)(OSiMes)(THF)]» 37.

Dative coordination of solvent in an unknown ratio impacts the interpretation of combustion
analyses. To simplify the task, THF was used to extract crude [Co(NPPh3)(OSiMe3)(THF)]. 37
despite the convenient solubility in aromatic solvents. Unfortunately, both NaBr and KBr are
slightly soluble in polar ethereal solvents, so the extraction was conducted twice using a minimal
amount of THF. Although the purification steps decrease the isolated yield, complex 37 was
isolated as a deep blue solid and characterized by elemental analysis and FT-IR, and the Signer
MW method.'® The synthesis has been repeated multiple times at different scales and yields

consistent results.

Determination of the carbon content by elemental analysis proved to be rather challenging.
Organometallic compounds, especially those incorporating phosphorus, can exhibit low carbon
values.'®” Furthermore, combustion analysis of triphenylphosphoranimide clusters often

produces data that deviates from the expected carbon content.!®¥1% Nitrogen and hydrogen
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values are more consistent with anticipated elemental composition and have been used to
interpret our data. Although the exact cluster size cannot be inferred from these results, the EA
is consistent with an empirical formula of [Co(NPPh3)(OSiMes)(THF)], inclusive of the THF.
The THF is fully retained even after drying in vacuo for two days at 10 Torr. Similar to [Co(p-
NPPh3)(HNPPh3)Br]» 31 (Fig. 2.11), we propose a dimeric structure for 37. The reaction yield

was 50-85 %, depending on scale and precise purification procedure.

PPhs H PPhs O
N_  N=PPh MesSi—O_ O

Br- N
"od o8, 68 s
PhsP=N 'l\f o” N O-SiMe;
H  PPhy Q PPh
31 37

Figure 2.11 Comparison between the structure of 31 and the proposed structure of 37.

Multiple attempts to obtain single crystals XRD analysis were unsuccessful — the exact structure
of 37 remains elusive. The Signer method for solution phase molecular weight determination'*®
suggests that the complex undergoes equilibrium dissociation in THF to give monomeric
[Co(NPPh3)(OSiMe;)(THF)«] 38 as the major fraction (Fig. 2.12 and Appendix Al.1). The
monomer, however, may be unstable and decompose shortly. Multiple Co(Il) species likely

equilibrate in solution obstructing the crystallization of a single cluster.
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PN N [Co(NPPh3)(OSiMe;)(THF)] Signer method
e} ’l\f O-SiMe; (found)
PPh, 38
37 496.13 g/mol 397.75 g/mol
993.06 g/mol

Figure 2.12 Molecular weight comparison possible structures of 37 and results from Signer
method.

Cast film FT-IR analysis from THF is consistent with the combustion analysis, indicating the
presence of both triphenylphosphoranimide and trimethylsiloxide ligands (Fig. 2.13).
Characteristic aromatic peaks are observed for the triphenylphosphoranimide (aromatic C=C at
1483, 1589 cm™!, aromatic C-H at 3054 cm™' and aromatic overtones at 1700-2000 cm™), while
sp®> C—H peaks (3012, 2946, 2891 cm™) arise from the THF and trimethylsiloxide ligands. The
presence of [OSiMe;3]” is further confirmed by strong Co—O-Si peaks at 700-1000 cm™.!** Since
the characteristic metal-phosphoranimide M-N-P peaks (~1100 cm™)!* and C-O peaks from
tetrahydrofuran (~1050-1200 cm™)!%3-1% occur in the same region, further IR studies are required
to identify the individual vibrations. A strong stretch at 1436 cm™ is indicative of an acyclic P=N

bond.!” The weak absorption at 3349 cm! is not assigned, but may arise from decomposition of

the catalyst due to exposure to atmospheric moisture and oxygen.
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Figure 2.13 FT-IR spectrum of [Co(NPPh3)(OSiMe3)(THF)]. 37.

Electrospray lonization (ESI-MS) and Nanowire-Assisted Laser Desorption/Ionization (NALDI)
techniques confirmed the presence of triphenylphosphoranimide. The extent of air and moisture
sensitivity of 37 is unknown; it is possible that cluster decomposition occurs upon unintended
contact with the atmosphere during the sample insertion. More rigorous air- and water-free
analysis and crystallographic data is needed to confirm the proposed structure and nuclearity of

[Co(NPPh3)(OSiMes)(THF)]a 37.

2.3.2.5 Synthesis and characterization of [Co(NPPh3)(O'Bu)(THF)]2 39

Synthesis of [Co(NPPh3)(O'Bu)(THF)]> 39 was carried out according to the same procedure

described above (Scheme 2.9). The crude product was extracted twice using a minimal amount
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of THF, isolated as a green solid, and analyzed by EA and FT-IR. The yields vary between 40—

75%.

CoBr, — MaPNNaTHE _ 0 NPPhy)BH 209. KOBU__ 0 \pPhy)(O/Bu)(THF
2 o 3)Brlx THF, rt, overnight [Co( 3)(O'Bu)( )2

THF, rt, overnight
30 green, 40 - 75 %
39

Scheme 2.9 Synthesis of the proposed [Co(NPPh3)(O'Bu)(THF)]> 39.

As expected, EA values support an empirical formula of [Co(NPPh3)(O'Bu)(THF)] with retained
solvent coordination even after high vacuo. Although a solution MW determination was not
conducted, cluster 39 is likely equilibrating between dimer and monomer in solution. The
synthesis of 39 exhibits immense sensitivity to reaction conditions (e.g., concentrations,
temperature, time). This suggests that clusters of different nuclearity may form irreversibly under
varying conditions, with THF capping the unsaturated terminal sites. Agostic interactions
between the cobalt centres and methyl hydrogens from the tert-butoxide ligand have been
observed in [Co—O'Bu] complexes'®® and could promote THF dissociation and cluster

rearrangement in our complex.

FT-IR spectroscopy from a THF cast confirms the presence of both triphenylphosphoranimide
and fert-butoxide ligands (Fig. 2.14). As discussed for [Co(NPPh3)(OSiMes)(THF)]» 37,
aromatic absorptions and multiple sp’-C—H stretches are characteristic, but identification of
discrete ether and phosphoranimide absorptions is problematic due to overlap. The overlay
spectrum of complexes 37 and 39 demonstrates a high similarity in structure and confirms that
the strong, sharp absorptions at 700-1000 cm™ in the spectrum of 37 arise from the Co—O-Si
bonds (Appendix Al.2).
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Figure 2.14 FT-IR spectrum of [Co(NPPh3)(O'Bu)(THF)]» 39.

2.3.2.6 Synthesis and characterization of [Co(NP/Pr3)2]3 40

The bis(triisopropylphosphoranimide)cobalt cluster [Co(NPPrs).]3 40 was prepared by the
reaction of two equivalents of the triisopropylphosphoranimide ligand with CoBrz. The complex
was isolated by trituration into hexanes to afford a dark green, oily solid in 83-87% yield
(Scheme 2.9). Although the crystal structure has not been obtained, the cluster is expected to be

trimetallic, analogous to [Mg3(p2-NP'Pr3)4(NP'Pr3)2] 21 and [Co3(p2-NPPhs)4(NPPhs),] 23.
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Scheme 2.10 a) Synthesis and b) the proposed structure of [Co(NPPr3)2]; 40.

The triisopropylphosphoranimide ligand offers significantly improved cluster solubility over
triphenylphosphoranimide. Reaction products are easily extracted using nonpolar solvents (e.g.
pentane, hexanes), eliminating contamination by NaBr salts. Elemental analysis indicates an
empirical formula of [Co(NP'Pr3)2]*S; however, it is unclear whether the solvent (S) is residual
THF or hexane. Based on the previously characterized trimeric cobalt and magnesium clusters,
solvent coordination to the metal is unlikely, although the solvent may be interstitial within the
crystal lattice. Despite earlier difficulties, combustion analysis was definitive and reproducible.
The FT-IR spectrum supports the presence of alkyl rather than aromatic substituents, but it does
not convey additional information (Appendix A1.3). This synthesis was only repeated twice due
to the limited availability of the ligand, but the consistent EA data are indicative of a facile and

reproducible procedure.

Synthesis of a cluster analogous to [Co(NPPh3)(OSiMes)(THF)]> 37 did not yield the desired
results. The same procedure instead produces a hexane-soluble blue solid, similar in appearance
to 37, along with a brown precipitate that is insoluble in alkanes (Scheme 2.11). We expected
that [Co(NP'Pr3)(OSiMes)]. 41 would be soluble in alkanes, but the product from hexane
extraction was inconsistent with the proposed structure. The obtained elemental composition did
not correlate with any of the anticipated reaction products. The strongly electron-donating nature

of the isopropyl substituents substantially increases the electron density around the metal(s),
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possibly precluding the THF coordination required to stabilize dimetallic clusters. No definitive

data have been obtained to support or refute such hypothesis.

1.’PrsPNNa, rt, overnight,
2. KOSiMegs, rt, overnight
CoBr, X > [Co(NP’Pr3)(OSiMe3)(THF)]X
THF a1

Scheme 2.11 Unsuccessful synthesis of proposed cluster [Co(NP’Pr3)(OSiMe3)]2 41.

2.4 Conclusions

Multiple cobalt clusters supported by phosphoranimide ligands with the intermediate size
substituents have been synthesized. Although elemental analysis and FT-IR data confirm the
formation of the desired complexes, further characterization is needed to obtain full structural

information.

A consistent synthesis of [Co(NPPh3)(OSiMes3)(THF)]> 37 has been established allowing for the
exploration of its catalytic reactivity toward hydrogenation and hydrogenolysis. The cluster is
presumed to be dimeric in the solid state, with p’-bridging triphenylphosphoranimide and
terminal trimethylsiloxide and tetrahydrofuran ligands. In contrast, only an irreproducible
synthesis of the analogous tert-butoxide cluster [Co(NPPh3)(O'Bu)(THF)]» 39 could be
demonstrated. The homoleptic [Co(NP'Pr3)2]3 40 was successfully prepared in a reproducible
procedure and likely consists of a trimeric skeleton with four bridging and two terminal
phosphoranimide ligands. The catalytic reactivity of the reported clusters towards the

deoxygenation of aromatic ketones is discussed in the following chapter.
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Chapter 3. Deoxygenation of aromatic ketones by cobalt clusters

3.1 Previous work in the Stryker group and project rationale

Dr. S. Mitton first investigated the catalytic activity of [Co(NPPh3)2]3 23 in our group. He
discovered that the cluster can successfully reduce aromatic ketones to the corresponding
alcohols in the presence of catalytic amounts of 9-BBN and potassium tert-butoxide
(Scheme 3.1). The reaction leads to mixtures of hydrocarbon and benzylic alcohol using
aromatic aldehyde substrates.!”® Importantly, no reductive activity is observed in the absence of

any one component: KO'Bu, 9-BBN, or the cobalt catalyst.

23 (0.7 mol%),

(0] 9-BBN (1.4 mol%), OH
a) KOBu (3 mol%),
34 atm H,, 150 °C,
R THF, overnight R
65-75%
23 (0.7 mol%),
O 9-BBN (1.4 mol%), OH
KOB 19 H
b) H u (3 mol%), . H . CHj
34 atm H,, 150 °C,
R THF, overnight R R

Scheme 3.1 Deoxygenation of aromatic a) ketones and b) aldehydes by the precatalyst 23.

As previously discussed, hydrogenolysis of the metal-phosphoranimide bonds in trimer 23 is
challenging and results in the formation of the neutral phosphoranimine that poisons the active
catalyst by irreversible coordination. This issue prompted the search for an effective activator to
generate the catalytically-active hydride and irreversibly sequester the terminal phosphoranimide

ligand. The Stephan group first reported the synthesis of phosphinimino boranes in 2014 by the
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reaction of silylated phosphinimines with 9-C1-9-BBN (Scheme 3.2a).!”®> Dr. Mitton adapted the
procedure for our purposes. Substitution of 9-C1-9-BBN by 9-BBN (9-borabicyclo[3.3.1]nonane)
delivers a hydride to afford the catalytically active cobalt hydride, with concomitant formation of
triphenylphosphinimine borane 36 (Scheme 3.2b). Isolation and analysis of [Co3(M2-
NPPh3)4(H)2] 32 proved to be challenging; recrystallization did not produce single crystals
suitable for X-ray crystallography. However, PhsPN-9-BBN, the expected by-product, was

detected by 'H NMR and *!P spectroscopy, suggesting that the reaction occurs.

R
I

a) Cl—B + R-P=N_ —_— R;P=N—B |R =Bu, Cy, Et, Ph
"? SiMe; - CISiMe3

PPh;  PPhg PPh; PPhg
/H\ /N\ ‘\\N//, /N\ ‘\\N//,
b) BZ ,B/—ﬁ + PhsP=N—Co Co ‘Co—N=PPhj, H—Co Co ‘Co—H
} H \,I\Il/ \,I\Il/ \N/ \'I\Il/
PPh; PPh, PPh; PPh;
9-BBN 23 32
Ph;P=N—B
36

Scheme 3.2 a) Synthesis of the phosphinimine-substituted boranes by Stephan group'” and b)
the proposed reaction between 9-BBN and cluster 23.!7

Strongly basic KO'Bu is likely acting as co-catalyst to the hydridocobalt phosphoranimide
catalyst. Potassium tert-butoxide catalyzed hydrogenation of ketones to the corresponding
alcohols was first reported in 1964 by Walling, et al.'”® However, the reaction requires high base
loadings and harsh reaction conditions (~20 mol% KO'Bu, >200 °C, >100 atm H»). Berkessel, et
al. recently proposed that the hydrogenation proceeds through a ternary transition state — a
concerted, single step heterolytic hydrogen activation, as illustrated (Scheme 3.3a).2° We

presume that our reactions proceed through a similar six-membered transition state in which
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cobalt hydride replaces the hydrogen (Scheme 3.3b). The cobalt hydride transfers to the
electrophilic carbon with a concomitant formation of a cobalt alkoxide which readily
hydrogenolizes to regenerate the hydridocobalt catalyst.!®! Six-membered transition states are

common in catalytic transfer hydrogenations of polar bonds, especially in reactions with active

transition metal hydride intermediates.?%!-2%3
t
a) M + OR, H, M 5 Hy OH
Artin (O_R —>Ar""FH + M~ + OR
S+ R\ 3
(0] H—H
Ar R .
0--1K Hy OH
Ar,mf\/l \OS_R T Ar""FH + L,Co—H
b) L,Co-H, KOBu, H, ( \
H---CoL,

Scheme 3.3 a) A proposed mechanism for KO'Bu catalyzed hydrogenation of aromatic
ketones??’ and b) the proposed transition state in the hydrogenation of ketones in our reactions.

Investigating the hydrogenation of aldehydes revealed that the addition of two equivalents of
KO'Bu promotes an unprecedented C—O o-bond hydrogenolysis (Scheme 3.4). Deoxygenation
produces water, which can cause catalyst decomposition due to the moisture sensitivity of the
metal phosphoranimide clusters. In our reactions, the complete deoxygenation obtained indicates

23 (0.7 mol%),
) 9-BBN (1.4 mol%),

2 eq. KO'Bu CHs
H ; + H,0
34 atm H,, 150 °C,
R THF, overnight R

Scheme 3.4 Hydrodeoxygenation of aromatic aldehydes by precatalyst [Co(NPPh3):]3 23 and
excess KO'Bu.

66



that KO'Bu is an effective water scavenger under high base concentrations. Consequently, we
were most curious to see if this reaction could be extended to the deoxygenation of aromatic

ketones and other unsaturated compound classes.

3.2 Results and discussion

3.2.1 Hydrodeoxygenation of aromatic ketones in the presence of excess KO’Bu

The precatalyst [Co(NPPh3)2]3 23 is only moderately active towards the hydrogenation of
aromatic ~ ketones. = Therefore, = we  screened [Co(NPPh3)(OSiMes)(THF)]. 37,
[Co(NPPh3)(O'Bu)(THF)]> 39, and [Co(NP'Pr3):]s 40 for catalytic hydrodeoxygenation of
ketones. In this study, the activity of clusters [Co(NPPh;3)(OSiMes3)(THF)]2 37 and
[Co(NPPh3)(O'Bu)(THF)]2 39 was explored in detail. The catalytic activity of more electron-rich
[Co(NPPr3)2]3 40 was also briefly examined under the optimized reaction conditions. Catalyst
loading was calculated presuming dimeric structures of clusters 37 and 39 and a trimeric
structure for 40, as discussed in Chapter 2. The use of 9-BBN in select reactions allowed us to
compare the efficiency of the ‘hydrogenolysis ready’ terminal ligands to specific activation using

the borane.

3.2.1.1 Hydrodeoxygenation of aromatic ketones catalyzed by

[Co(NPPh3)(OSiMes)(THF)]: 37 and [Co(NPPh3)(O’Bu)(THF)]: 39

The reduction of 4-acetylbiphenyl 42 in the presence of catalytic 9-BBN and two equivalents
KO'Bu yields a mixture of 1-(4-biphenylyl)-1-ethanol 43 and 4-ethylbiphenyl 44 after heating
overnight at 150 °C under 34 atm hydrogen (Eqn. 3.1). Only a trace of the starting material 42

was detected by '"H NMR spectroscopy, however, the combined yield of the isolated products did
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not amount to the total conversion observed. Analysis by GC-MS indicated the presence of
dimeric products, reasonably attributed to aldol condensation by-products, favoured at high
temperature in the presence of a strong base.?’* GC-MS analysis also indicates that a significant
amount of biphenyl 45 (15%) is also formed in particular reactions, although it is unclear
whether this results from contamination or catalytic C—C bond cleavage. Importantly, no
reduction products are observed in the absence of the cobalt precatalyst, demonstrating that our

reaction conditions are too mild to proceed by KO'Bu-catalyzed carbonyl hydrogenation.

O Cat. (0.7 mol%), OH

9-BBN (1.4 mol%),
O 2 eq. KOBu R O
34 atm H,, 150°C,
THF, overnight

+ O

42 43 44
| Cat: 37 48% 15% !
| 39 69% 12%

Equation 3.1 Reductive deoxygenation of 4-acetylbiphenyl 42 by precatalysts
[Co(NPPh3)(OSiMes)(THF)]2 37 and [Co(NPPh3)(O'Bu)(THF)]2 39.

Comparably low yields of 4-ethylbiphenyl 44 are obtained using each precatalyst. Curiously, the
amount of isolated 1-(4-biphenylyl)-1-ethanol 43 differs considerably. Analogous results
obtained from reactions with and without 9-BBN indicate that both fers-butoxide and siloxide
ligands undergo facile Co—O bond hydrogenolysis (Table 3.1, entries 1 —4). Only in the absence
of 9-BBN is biphenyl 45 observed, suggesting that a structurally altered catalyst is obtained in
the absence of the activator (Table 3.1, entries 2 and 4). Varying the catalyst loading from

0.35 mol% to 2 mol % in cobalt leads to comparable yields demonstrating that only a small
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amount of active cobalt phosphoranimide species is needed for full conversion (Table 3.1,

entry 3 vs. entries 5 — 6).

Table 3.1 Deoxygenation of 4-acetylbiphenyl 42 by precatalysts 37 and 39.

Q OH

Cat. (0.7 mol%),
O 2 eq. KO'Bu X O

O
34 atm H2, A,
THF, overnight

42 43 44
Entry @ Catalyst 9-BBN, Temperature, = Conversion, Yield, [%]

[mol%] [°C] [%] 43 44

1 39 1.4 150 95 69 12
2 39 - 150 964! 39 21
3 37 1.4 150 97 48 15
4 37 - 150 89l 44 11
5l 37 0.7 150 94 48 25
614l 37 4.0 150 91 64 20
7tel 37 1.4 150 97 83 3
8 39 1.4 110 97 85 0
9 39 - 110 15 13 0
10 37 1.4 200 100(1 0 39

Quantified by '"H NMR using hexamethyldisiloxane as an internal standard. [a] A 17 % yield of biphenyl 45 was
detected by GC-MS. [b] A 15 % yield of biphenyl 45 was detected by GC-MS. [c] The reaction was carried out with
0.35 mol% catalyst loading. [d] The reaction was carried out with 2 mol% catalyst loading. [e] Toluene was used as
a solvent instead of THF. [f] 10 % of biphenyl 45 was detected by GC-MS.
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Solvent has a profound effect on the catalysis, both conversion and yield.??> The low solubility of
our clusters limits the reaction medium to THF and aromatic solvents. Using toluene instead of
THF leads to an 83% yield of 1-(4-biphenylyl)-1-ethanol 43 but only trace amounts of
deoxygenation (Table 3.1, entry 7). Most likely, the reduction initially yields a potassium
alkoxide intermediate 46 which has little to no solubility in toluene, inhibiting any subsequent
hydrogenolysis (Scheme 3.5). Work-up thus results in nearly exclusive formation of 1-(4-

biphenylyl)-1-ethanol 43.

[cat.], oK

O excess KO'Bu O
- >
C C
42 46

Scheme 3.5 Presumed intermediate in the reduction of 4-acetylbiphenyl 42 in the presence of
excess KO'Bu.

Catalyst activity and yields are also strongly affected by temperature. Exclusive hydrogenation to
1-(4-biphenylyl)-1-ethanol 43 occurs at 110 — 140 °C (Table 3.1, entries 8 — 9). At low
temperature, activation by 9-BBN is required to achieve high conversion; only 13% of 1-(4-
biphenylyl)-1-ethanol 43 is obtained from hydrogenolysis alone. Moderate temperatures (=150
°C) lead to mixtures of benzylic alcohol and hydrocarbon, independently of the addition of 9-
BBN (Table 3.1, entries 1 — 7). At 200 °C, 100% conversion and a 39% yield of 4-ethylbiphenyl
44 are obtained (Table 3.1, entry 10). No starting material or 1-(4-biphenylyl)-1-ethanol 43 or

any other reaction by-products were detected despite the low yield.
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Clusters [Co(NPPh3)(OSiMe3)(THF)], 37 and [Co(NPPh3)(O'Bu)(THF)]. 39 thus show
substantial and analogous reactivity towards aromatic ketones under hydrogen. The
irreproducibility of the synthesis of 39 prompted us to concentrate our efforts on investigating
the catalytic activity of the precatalyst 37. We examined progression of the reaction at 200 °C in

order to investigate the mass balance problem.

3.2.1.2 Catalytic hydrodeoxygenation of 4-acetylbiphenyl at 200 °C

Both ketone hydrogenation and deoxygenation are fast and facile at 200 °C. An 80% conversion
of 4-acetylbiphenyl is observed within 30 minutes, yielding 75% of 1-(4-biphenylyl)-1-ethanol
43 and 3 % of 4-ethylbiphenyl 44 (Fig. 3.1). The concentration of 4-ethylbiphenyl 44 continues
to increase over the next 30 mins, but both 4-acetylbiphenyl 42 and 1-(4-biphenylyl)-1-ethanol
43 are consumed at roughly equivalent rates, indicating that the C—O bond hydrogenolysis is
competitive with carbonyl reduction. The concentration of 4-ethylbiphenyl 44 sharply increases
within the 1-2 h time frame suggesting that C—O bond cleavage is preferential to carbonyl
hydrogenation at high concentration of benzylic alcohol 43. After 2 h, the reaction produces
similar amounts of 1-(4-biphenylyl)-1-ethanol 43 and 4-ethylbiphenyl 44. Further consumption
of both ketone and alcohol occur slowly, but the concentration of 4-ethylbiphenyl 44 remains

constant at 27%.
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o) 37 (0.7 mol%), OH
9-BBN (1.4 mol %),
O 2 eq. KO'Bu O
O 34 atm Hy, 200°C, O * O
THF

42 43 44

100
90
80
70
60
50
40
30

20 —3

10

42

—e—143

Yield, [%)]

——144

0 1 2 3 4
Time, [h]

Quantified by 'H NMR using hexamethyldisiloxane as an internal standard.

Figure 3.1 Time studies in the deoxygenation of 4-acetylbiphenyl 42 by 37 at 200 °C.

GC-MS analysis suggests that dimerization and C—C bond activation take place, albeit to a small
extent. The GC-MS results indicate that a significant fraction of the dimeric by-products arise
from aldol condensation and subsequent hydrogenation(s) of the resulting enone. Although both
the dimers and biphenyl 45 are detected within 4 h, only biphenyl 45 and 4-ethylbiphenyl 44 are
recovered from the overnight reaction (Table 3.1, entry 10). Importantly, the 4-vinylbiphenyl 47
intermediate is also present early in the reaction in trace amounts, although its origin was initially

unknown.

To confirm the origin and nature of the side reactions, we investigated the deoxygenation of 1-

(4-biphenylyl)-1-ethanol 43 (Scheme 3.6). Only 32% yield of 4-ethylbiphenyl 44 was observed
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after 2 h despite proceeding to 85% conversion, representing a 53% product loss (Scheme 3.6a).
In comparison, only 30% loss of mass balance is observed after 2 h when 4-acetylbiphenyl 42 is
used as a substrate (Scheme 3.6b). Deoxygenating 1-(4-biphenylyl)-1-ethanol 43 also produces
dimers, that do not arise from aldol condensation, along with traces of 4-vinylbiphenyl 47 in 2 h,
but no dimerization product is seen after the overnight reaction (Scheme 3.6a vs Scheme 3.6¢).

Nearly identical and only slightly increased yields of 4-ethylbiphenyl 44 are obtained overnight

37 (0.7 mol%),
9-BBN (1.4 mol%),
2 eq. KO'Bu R
34 atm Hy, 200°C, O
THF, 2 h

43 44 traces of biphenyl

45, 4-vinylbiphenyl

47 and dimers by
GC-MS

a)

5,

85% conversion 32%

37 (0.7 mol%), OH
9-BBN (1.4 mol%), . D
2 eq. KOBu
34 atm Hy, 200°C, O
THF, 2 h
42 43 44
94% conversion 36% 28%

b)

B!

37 (0.7 mol%),
9-BBN (1.4 mol%),
2 eq. KO'Bu ~
34 atm H,, 200°C, O
THF, overnight
43 44
100% conversion 38%

c)

5,

> trace biphenyl 45 by GC-MS,
NO dimers

37 (0.7 mol%),
9-BBN (1.4 mol%),
2 eq. KOBu O y
34 atm H,, 200°C, O
THF, overnight
42 44
100% conversion 39%

d)

i

Scheme 3.6 Comparison between deoxygenation of 4-acetylbiphenyl 42 and 1-(4-biphenylyl)-1-
ethanol 43 by 37.
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using either a ketone or an alcohol substrate (Scheme 3.6¢-d). Thus, the loss of mass balance is

largely attributable to further conversion(s) of the dimers.

Control reactions were carried out to assess the effect of the catalyst and the base. Only 0.5% of
1-(4-biphenylyl)-1-ethanol 43 and 2% of 4-ethylbiphenyl 44 were obtained after 4 h in the
absence of the cobalt catalyst (Scheme 3.7a); however, some compound loss was observed.
When the base is absent, the presumed hydridocobalt cluster only performs stoichiometric

deoxygenation (Scheme 3.7b) with minimal loss of mass balance.

0 9-BBN (1.4 mol%), OH
2 eq. KOBu
a) . +
34 atm H,, 200 °C,
O THF, 4 h O O
42 43 44
12% conversion 0.5% 29,
0 37 (0.7 mol%) OH
9-BBN (1.4 mol%),
+
b) 34 atm H,, 200 °C,
O THF, 4 h O O
42 43 44
4% conversion 0% ~1%

Scheme 3.7 Control reactions in the absence of a) the cobalt catalyst and b) KO'Bu.

These results indicate two major side reaction pathways giving a mixture of products. Metal-
mediated scission of the C—O c-bond may proceed via bond homolysis to yield alkyl-substituted
benzylic radicals. KOBu can also generate radicals or accelerate their formation by a single
electron transfer under harsh reaction conditions.?? The long-lived alkyl substituted benzylic

radicals can then dimerize, disproportionate to 4-ethybiphenyl 44 and 4-vinylbiphenyl 47,%°7 or
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react with the dimers or oligomers present in the reaction mixture.?® The 4-vinylbiphenyl 47
intermediate would be highly reactive under our reaction conditions, possibly polymerizing to
poly(4-vinylbiphenyl), and thus is only detected in trace amounts.?” Hydrodeoxygenation of the
alcohol only yields dimers formed from benzylic radicals, while dimeric aldol adducts are also
present when the substrate is a ketone. Overall, uncontrolled radical additions yield a mixture of
different large molecular weight by-products each time; the oligomers, especially those
incorporating aromatic rings, suffer from low solubility and are nonvolatile precluding extraction
and detection by GC-MS.?!* The by-products could also be thermally labile and decompose

under the harsh reaction conditions overnight.

Given the complexity of possible side reactions, identification and characterization of the
reaction by-products was probed no further. We focused our efforts towards finding the optimal
conditions for the selective deoxygenation of ketone substrates. Product loss is significantly less
pronounced at lower reaction temperatures; we sought to obtain comparable deoxygenation rates

under milder reaction conditions.

3.2.1.3 Catalytic hydrodeoxygenation of aromatic ketones by [Co(NP'Pr3)2]3 40

In light of the inexplicable results obtained with the precatalyst [Co(NPPh3)(OSiMes)(THF)]. 37,
we wanted to assess the electronic effect of the supporting phosphoranimide ligands. We hoped
that a strongly electron-donating triisopropylphosphoranimide would sufficiently increase the
electron density around the cobalt centres to facilitate the C—O bond hydrogenolysis at milder

temperatures, consequentially suppressing the undesired reactions.
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Cluster [Co(NPPr3):]s 40 exhibits somewhat different reactivity from the precatalysts
[Co(NPPh3)(O'Bu)(THF)]> 39 and [Co(NPPh3)(OSiMes)(THF)]> 37. Deoxygenation at 150 °C
under otherwise optimal conditions results in exclusive hydrogenation to 1-(4-biphenylyl)-1-
ethanol 43 (Table 3.2, entry 1). This contrasts strongly with the product ratios obtained with
clusters 37 and 39. At 4 h and 200 °C under hydrogen (34 atm), a 90 % conversion was observed
with a 34 % yield of 4-ethylbiphenyl 44 (Table 3.2, entry 2). However, strikingly similar results

are obtained using precatalyst 37.

Table 3.2 Deoxygenation of 4-acetybiphenyl 42 by the precatalyst 40.
0] 40 (0.7 mol%), OH
9-BBN (1.4 mol%),
O 2 eq. KO'Bu O O
+
O 34 atm Hy, A, THF O O

42 43 44
Entry  Temperature, Solvent Timel?! Conversion, Yield, [%]
[°C] [%] 43 44
1 150 THF O/N 96 91 3
2 200 THF 4h 90 24 34

Quantified by 'H NMR using hexamethyldisiloxane as an internal standard. [a] O/N =17 h.

These results demonstrate that the electron-releasing triisopropylphosphoranimide ligand does
not improve the reaction yields or rates. The precatalyst 40 is most likely a trimer but we do not
know how many cobalt centres participate in the catalytic transformation. The catalyst loading
can be adjusted presuming only one or two active cobalt sites per cluster (0.35 mol% and 0.7

mol%, respectively). However, the heteroleptic triphenylphosphoranimide clusters afford
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significantly greater deoxygenation at 150 °C at 0.35 mol% catalyst, suggesting that the
triisopropylphosphoranimide cluster is not as reactive (Table 3.1, entry 5). Further, comparable
results are obtained from the reactions at 200 °C and 34 atm H» with either the precatalyst 37 or
40 (Table 3.2, entry 2 vs. Fig. 3.1), indicating that the electronic nature of the supporting ligands
does not play a significant role in catalyst activity under harsh reaction conditions. This
unexpected outcome suggests that under the reaction conditions, decomposition of the

phosphoranimide precatalysts produces similar, if not identical, cobalt nanoparticles.

3.2.1.4 Heterogeneity tests

Mercury poisoning tests are generally conducted as a preliminary assessment of the catalyst
homogeneity; suppression of catalytic activity in the presence of Hg indicates an amalgamation
of heterogeneous metal(0) particles.’!' In our experiments, the relatively low cost of the
triphenylphosphoranimide ligand and the established large-scale synthesis makes the precatalyst
[Co(NPPh3)(OSiMe;)(THF)]> 37 most suitable for such tests. We previously showed that similar
conversion and yields are obtained at pressures between 20-34 atm H». Consequentially, we

began by assessing the mildest reaction conditions.

Addition of excess metallic mercury to the reaction medium significantly affects the reaction
rates (Fig. 3.2). The addition of 300 equivalents (per precatalyst cluster) of mercury has almost
no effect on the reaction yields after 4 h at 200 °C, but increasing the amount of Hg tenfold
decreases the conversion to 22%. About 4% of 1-(4-biphenylyl)-1-ethanol 43 and 7% of 4-
ethylbiphenyl 44 were produced, indicating that the ketone hydrogenation step is impacted more
than the successive deoxygenation. At lower temperatures, the presence of 300 Hg equivalents

almost fully suppresses catalysis, affording only 11 % conversion.
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37 (0.7 mol%),

0 OH
9-BBN (1.4 mol%),
O 2 eq. KOBu O O
300 - 3000 eq. Hg +
O 20 atm H,, A, THF O O
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100 o
909 i IiPresumed
_ 80 oligomerization
X 70
o 60 mad
o H H : :
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c
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20 —
10 o
o - ||
0 300 3000 0 300
Hg(0), [eq.]

Quantified by '"H NMR using hexamethyldisiloxane as an internal standard.

Figure 3.2 Mercury poisoning tests at 110 °C and 200 °C.

Mercury suppression clearly highlights the heterogeneity of the active catalyst(s); however, the
extent of decomposition is unknown. Although the reaction rates are diminished in the presence
of Hg, catalyst activity is not fully suppressed. It is possible that mixtures of both heterogeneous
and homogeneous catalysts are present throughout the reaction, significantly impacting the

reaction rates and potential mechanistic determinations.

Structural differences among precatalysts [Co(NPPh3)(O'Bu)(THF)]2 37, [Co(NPPh;3)(OSiMes)-
(THF)]» 39, and [Co(NP'Pr3).]s 40 lead to considerable variations in thermal stability.
Consequentially, each cluster decomposes to a different extent under otherwise identical reaction

conditions. For instance, homoleptic, thermally robust phosphoranimide complexes such as
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[Co(NPPh3):2]5 23 and [Co(NPPr3):]3 40 may require higher temperatures or longer reaction
times to fully decompose. In contrast, clusters with more labile terminal ligands such as alkoxide
or siloxide are expected to decompose more rapidly under milder conditions. Indeed, the
minimal deoxygenation activity observed at 150 °C using precatalyst 40 may be due to very slow

precatalyst decomposition (Table 3.2, entry 1).

3.2.1.5 Pre-decomposition experiments

Deliberate thermal decomposition under hydrogen was investigated to eliminate the induction
period and provide self-consistent experimental results. Many supported heterogenous catalysts
are synthesized from solutions of commercially available M(II) or M(I) precursors, such as metal
nitrates or carbonates. A calcination process induces thermal decomposition of the metal
precursors and produces metal oxides which are subsequently reduced to M(0) by H», CO, or
alcohol vapor 3% 121- 133. 211 Catalyst pre-activation under a hydrogen flow shortens the induction

periods in related catalytic reactions.?'

In principle, thermal decomposition of clusters 37, 39, and 40 under hydrogen pressure should
give the same or similar active catalyst under complete pre-decomposition conditions. Because
[Co(NPPh3)(OSiMe;)(THF)]> 37 is readily prepared on large scale, this precatalyst was used for
heterogeneous catalyst generation. Subjecting precatalyst 37 and two molar equivalents of 9-
BBN to the ‘harshest’ hydrogenation conditions for 1 h (34 atm H», 200 °C) affords a black film
coating on the stir bar and glass insert (Table 3.3). The precipitate was difficult to transfer and
insoluble in common organic solvents; therefore, small-scale decomposition procedures were
carried out for each catalytic reaction. The ratio of the reagents was maintained to ensure the

same cobalt loading in each reaction. After decomposition, the reaction vessels were vented and
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transferred into the glovebox for substrate loading, followed by pressurization, and thermolysis

outside of the glovebox.

Table 3.3 Catalyst pre-decomposition/-activation conditions.

9-BBN,
[Co(NPF>h33);osn\/|e3)]2 v atr:(;tf”zoo < Cat_1A-D
THF, 1 h
Entry Catalyst KOBu, [eq.]’* | 9-BBN eq.”! = Time, [h]
1 Cat 14 300 2 2
2 Cat 1B 300 2 1
3 Cat IC ; 2 1
4 Cat 1D - - 1

[a] 300 equiv of KOtBu relative to precatalyst 37 is equivalent to two equiv per substrate. [b] 2 eq.
relative to precatalyst 37.

The effects of KO'Bu, 9-BBN, and pre-decomposition time were investigated (Table 3.3). When
both KO'Bu and 9-BBN are present in the reaction mixture during decomposition (Table 3.3,
entries 1 — 2), catalytic reactions at 150 °C result in a minimal conversion of 4-acetylbiphenyl
and no deoxygenation after 1 h (Table 3.4, entries 1 — 2). Pre-decomposing only precatalyst 37
and 9-BBN (Cat IC), prior to adding KO'Bu and substrate, leads to a 78% yield of 1-(4-
biphenylyl)-1-ethanol 43 within 1 h at 150 °C (Table 3.4, entry 3). At 200 °C and 34 atm, the
reaction affords 88 % conversion but only 19 % deoxygenation after 1 h (Table 3.4, entry 4).
Importantly, a 57% yield of aldol dimerization products is observed when only one equivalent of
KO'Bu per substrate is used (Table 3.4, entry 5). Similar results were obtained without catalyst

pre-activation: the use of one equivalent of base leads to significant diversion to undesired side
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reaction(s) (97% conversion, 14% 1-(4-biphenylyl)-1-ethanol 43, 9% 4-ethylbiphenyl 44, and

35% aldol condensation).

Table 3.4 Deoxygenation of 4-acetylbiphenyl 42 with pre-activated catalysts Cat 1A4-D.

0] OH

Cat_1A-D (1.4 mol% [Co])),
O KOBu O
+
O H,, A, THF, 1 h O O

42 43 44

Entry Cat. KO'Bu, Pressure, Temperature, Conversion, Yield, [%]
[eq.] [atm] [°C] [Yo] 43 44

1 Cat 14 - 34 150 4 2 0

2 Cat IB - 34 150 7 6 ]

3 Cat_I1C 2 34 150 86 78 ]
4 Cat_I1C 2 34 200 88l 47 19

5 Cat_I1C 1 34 200 9gb] 28 1

6 Cat IC 2 1-2 200 19 10 8

7 Cat 1D 2 34 200 4 2 2

Quantified by 'H NMR using hexamethyldisiloxane as an internal standard. s = stoichiometric. [a] 4% of biphenyl
was detected by GC-MS. [b] GC-MS demonstrates the following results: 98% conversion, 38% of 1-(4-biphenylyl)-
1-ethanol 43, 1% of 4-ethylbiphenyl 44 and 57% dimerization.

Pre-decomposed catalyst Cat 1C under low pressure (1-2 atm) affords only 36% conversion, but
C-0 bond hydrogenolysis remains competitive (Table 3.4, entry 6). In the absence of borane and
KO'Bu (Cat_1D), only 4% conversion was observed despite the high H, pressure (Table 3.4,

entry 7).
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Our results thus establish that the active catalyst is heterogeneous. Deliberately decomposing the
precatalyst 37 under H» results reduces the induction periods for the catalytic reaction. The C—O
bond hydrogenolysis itself is relatively rapid once the active catalyst is formed, but it requires
high temperatures and pressures (200 °C, 34 atm H»). During the catalyst pre-decomposition, 9-
BBN presumably functions to irreversibly sequester the phosphoranimide moiety. The
stoichiometry of KO'Bu, however, plays a crucial role in the product distribution. Lowering the
base loading to one equivalent per substrate leads to very significant diversion to aldol
condensation. Therefore, we sought alternatives to KO'Bu as the water scavenger in hopes of

suppressing any aldol condensation.
3.2.2 Deoxygenation of aromatic ketones in the presence of molecular sieves

Complete deoxygenation under reductive conditions yields H>O, a catalyst deactivator, as the by-
product. Stoichiometric KO'Bu (2 equiv) serves both as a co-catalyst in the activation step and as
a water scavenger. However, the high concentration of KO'Bu induces destructive
oligomerization. Molecular sieves (MS) are synthetic zeolites, insoluble porous aluminosilicates
with a uniform pore size (typically 3-5 A). They are used extensively for their drying
capacity.?!3-2!4 Precise control of the pore size is achieved by altering the mineral composition of
the zeolite and presents an array of specialized absorbents for entrapment of molecules of
different sizes. *'°2!6 Molecular sieves are commonly used in catalysis as dessicants, for
example, in the catalytic deoxygenation of aromatic ketones by B(CesFs)s;, the Sharpless

epoxidation, and oxyfunctionalization of alkanes.”* 27220

We earlier explored the use of activated 3A molecular sieves as an in situ drying agent in concert

with the KO'Bu catalytic activation. However, in this reaction, the addition of molecular sieves
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did not increase the extent of deoxygenation (Scheme 3.8a). In contrast, the introduction of
activated molecular sieves to the reactions using pre-decomposed catalyst results in complete
deoxygenation of 4-acetylbiphenyl 42 overnight at 200 °C, even at low hydrogen pressure
(Scheme 3.8b). Base-free heterogeneous reaction conditions, as expected, suppress the aldol
condensation. Trace amounts of 4-vinylbiphenyl 47 and 13% yield of dimerization were detected
by GC-MS supporting the notion that benzylic radicals are formed during the C—-O bond
cleavage. Encouraged by these remarkable results, we sought to optimize catalyst decomposition
conditions to obtain the most active cobalt particles.

37 (0.7 mol%), OH
9-BBN (1.4 mol%),

O 2 eq. KO'Bu, O
1 weight eq. 3A mol. sieves O +
3) O 34 atm H,, 150 °C, O
THF, overnight
42 43 44
68 % 9 %

0] OH

O Cat_1C (1.4 mol% [Co]),
b) 1 weight. eq. 3A mol. sieves +
O 1-2atm H,, 200 °C, O
THF, overnight
42 43 44
0% 79 %

Scheme 3.8 Catalytic deoxygenation of 4-acetylbiphenyl 42 in the presence of 3 A mol. sieves
with and without KO'Bu as a co-catalyst. a) A reaction catalyzed by homogeneous cluster 37 and
KOBu. b) A reaction catalyzed by pre-decomposed Cat IC.

&3



3.2.2.1 Catalyst optimization. Hydrodeoxygenation of aromatic ketones using pre-

decomposed phosphoranimide clusters

Four catalysts were evaluated, changing variables considered important to the catalyst generation
(Table 3.5). In addition to previously examined heterogeneous catalysts /C (Table 3.5, entry 1)
and /D (Table 3.5, entry 2), one supported catalyst was prepared. Immobilization of
heterogeneous catalysts on molecular sieves and use as a dual catalyst support and water
scavenger dates back at least to the early 1990°s.2!7- 220221 Thys, activated molecular sieves were
added for catalyst pre-decomposition (Table 3.5, entry 3, Cat _[E). In addition, the influence of
the cobalt precursor was investigated to probe the role of the supporting ligands, if any, in

catalyst generation or HDO reaction (Table 3.5, entry 4, Cat 24).

Table 3.5 Catalyst pre-decomposition/-activation conditions.

9-BBN,
[Co(NPPhs)(OSiMe3)l, 3 A mol. sieves Cat_1C-E
34 atm H,, 200 °C,
37 THF, 1 h
9-BBN
2A
[CoNPPhs)ls 4 atm H,, 200 °C. Cat_
23 THF, 1 h
Entry Catalyst 9-BBN, [eq.] 3 A mol. sieves, [wt. eq.]
1 Cat IC 2 -
2 Cat 1D - -
3 Cat IE 2 1
4 Cat 24 2 )
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The activity of the four catalysts was then assessed at low hydrogen pressure. As reported above,

the deoxygenation catalyzed by Cat_1C gives 4-ethylbiphenyl 44 (79%), but the reaction is slow

Table 3.6 Deoxygenation of 4-acetylbiphenyl 42 by Cat IC-E and Cat 2A4 in the presence of 3
A molecular sieves.

0 Cat_1C-E/Cat_2A OH
(1.4 - 2.1 mol% [Co])],
O 3 A mol. sieves'®! O
O 1-2 atm Hy, A, THF O * O

42 43 44
Entry Cat. Temperature, Timel Conversion, Yield, [%]
[°Cl [%] 43 44
1 Cat IC 200 O/N 100 0 79
2 Cat IC 200 25h 4 2 0
3 Cat I1C 150 O/N 22 18 S
4 Cat I1C 110 O/N 8 3 0
5 Cat 1D 200 O/N 79 55 24
6ldl Cat IE 200 O/N 41 18 14
7 Cat 24 200 O/N 100 0 100
8 Cat 24 200 25h 2 2 0
9 9-BBN 200 O/N 0 0 0

Quantified by 'H NMR using hexamethyldisiloxane as an internal standard. s = stoichiometric. [a] The [Co] loading
is based on the nuclearity of each precatalyst: 1.4 mol% [Co] for precatalyst 37 and 2.1 mol% [Co] for precatalyst
23. [b] One weight equivalent per substrate. [c] O/N = 17 h. [d] Mol. sieves were added in the catalyst pre-
decomposition step and not with the substrate. [e] Prior to the catalytic reaction, 9-BBN was dissolved in THF and
subjected to the pre-decomposition conditions (34 atm H», 200 °C, 1 h).
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and requires very high temperature. The catalyst prepared in the absence of 9-BBN (Cat ID) is
less active than Cat IC, giving a mixture of benzylic alcohols and hydrocarbons (Table 3.8,
entry 5). Similar results were observed for the catalyst supported on molecular sieves, albeit with
much lower conversion (Table 3.6, entry 6). Pre-decomposition of the homoleptic cluster
[Co(NPPh3)2]3 23 in the presence of two equivalents of 9-BBN, however, produces an active
catalyst (Cat 2A) that affords a quantitative yield of 4-ethylbiphenyl 44 overnight. (Table 3.6,

entry 7). The activity correlates well to that observed for Cat 1C (Table 3.6, entry 2 vs. entry 8).

Thus, heterogeneous cobalt catalysts slowly deoxygenate ketones in the absence of KO'Bu at low
H; pressure. The 9-BBN activator is essential for the formation of active catalyst, but
decomposing the precatalyst onto molecular sieves interferes with catalyst activation. The
similar activity of Cat 24 and Cat 1C suggests that both precatalyst clusters 23 and 37 provide
very similar heterogeneous catalysts. The reaction does not proceed in the absence of the cobalt
precatalyst, confirming that 9-BBN and the molecular sieves are not themselves active towards
carbonyl reduction (Table 3.6, entry 9). Importantly, an induction period was observed for the
‘pre-activated’ catalyst indicating that catalyst generation may not be complete under the

investigated activation conditions.

3.2.2.2 Investigation into the active catalyst: a preliminary assessment

Analysis of the heterogeneous particles and the resulting THF solution upon the catalyst pre-
decomposition allows an examination of the components of the active catalyst (Scheme 3.9).
Decomposition of precatalyst 37 returns a clear, colorless solution and an insoluble black film.

The THF solution was used to prepare a sample for FT-IR spectroscopy.
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W Cat_1C-solid
2 eq. 9-BBN black solid

Co(NPPh3)(OSiMe » Cat_1C
(ool ?{ Y2 3 tm hy, 200 °C, = TR
THF, 1h SOlution, ™ Cat_1C-liquid
clear, colorless
solution

Scheme 3.9 Decomposition of the precatalyst 37 and its separation into liquid and solid phases.

The interpretation of the FT-IR spectrum is challenging (Fig. 3.3). Characteristic aromatic
absorptions (aromatic C—H at 3058 cm™, aromatic C=C at 1486, 1590 cm™, and aromatic
overtones at 1728, 1767 and 1817 cm’!) indicate the presence of liberated
triphenylphosphoranimide. A strong -OH absorption at 3286 cm™!, indicative of trimethylsilanol
49, unfortunately precludes the observation of any phosphoranimine N—H band between 3300—
3600 cm!. It is unclear whether the silanol 49 is a primary product of hydrogenolysis or arises
from the equilibrium of triphenylphosphoranimine 33 and silyl boronate 48 (Scheme 3.10). The
B-N bonds are observed between ~1200-1400 cm™ and 600 — 900 cm’!, depending on the
substituents.?”>?>* The overlap of B-N and Si-O bands in the fingerprint region prevents
assignment of individual bands.?** However, the increased number of absorptions from 1200—
1400 cm™, compared to the FT-IR spectrum of precatalyst 37 (Fig. 2.12), suggests that

triphenylphosphinimine borane 36 is indeed formed.
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Figure 3.3 Cast film FT-IR spectrum of the Cat [ C-liquid.
(a) o o
PhsP=N—B and/or Me3Si—0O—B
. 2 eq. 9-BBN
[Co(NPPhj3)(OSiMe3)]
§ 32 T34 atm H, 36 48
37
) PhsP=NH and/or Me3Si-OH
33 49
¢) MeszSi—O—B + PhsP=NH Phs;P=N—2B + Me3Si-OH
48 33 36 49

Scheme 3.10 Possible reactions under the catalyst pre-decomposition/-activation conditions.

Analysis of the 3'P NMR spectrum of the THF extract indicated the complete absence of neutral

PhsP=NH 33 (35.35 ppm in DMSO-ds**®) or PhsP=N-9-BBN 36 (6.5 ppm in toluene-ds'"),
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suggesting that the ligand remains with the pre-activated heterogeneous catalyst. Similar tri-tert-
butylphosphoranimide nickel retain coordinated phosphoranimide ligands that act as templating
agents in nanoparticle formation.??® The '"H NMR spectrum of the THF extract shows significant
paramagnetic broadening, indicating the presence of some paramagnetic species in the sample,
which might have precluded the detection of phosphorus signals. Most revealing, however, is a
weak absorption at 1959 cm! in the FT-IR spectrum, characterisric of a terminal Co—H bond;*?’

thus, the solution may contain some [Co(NPPh3)(H)(THF)]2 50.

Both the heterogeneous film and the THF extract were investigated for catalytic activity. In the
reduction, the washed cobalt film affords an 88% conversion and a 55% yield of 4-ethylbiphenyl
44 under standard conditions (Table 3.7, entry 1). In contrast, no catalytic activity is observed
upon adding 4-acetylbiphenyl 42 and activated sieves to the filtered THF solution (Table 3.7,
entry 2). This establishes that the active catalyst is the heterogeneous phase, which contains
“decorated” cobalt particles. The diminished activity of the isolated particles suggests that the
heterogeneous catalyst may act in concert with the THF-soluble species to achieve optimal
catalytic turnover. We suspect that bound and templating phosphoranimide ligands may slowly
undergo hydrogenolysis to yield the ligand-free catalyst and triphenylphosphoranimine 33 under
the reaction conditions. The free phosphoranimine coordinates to the active cobalt sites to inhibit

turnover.
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Table 3.7 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1C-x at 200 °C.
0] OH
Cat_1C-x,
O 3 A mol. sievesl® O .\
O 1-2 atm H,, 200 °C, O O
THF, overnight

42 43 44
Entry Cat. Conversion, [%] Yield, [%]
43 44
1 Cat 1C-solid 88 32 55
2 Cat 1C-liquid 0 0 0

Quantified by '"H NMR using hexamethyldisiloxane as an internal standard. [a] One weight equivalent per substrate.

The identical decomposition procedure was used to activate precatalyst 23, giving an insoluble
black film and a clear brown solution (Scheme 3.11). The extract retains the colour upon
filtration, suggesting the presence of soluble cobalt complexes. The homoleptic phosphoranimide

cluster 23 is thermally rather stable; it may not fully decompose during the short activation time.

2 eq. 9-BBN &' Cat_2A-solid

[Co(NPPh))15 > Cat_2A black solid
34 atm H,, 200 °C, THE
23 THF, 1h SOlution, ™ Cat_2A-liquid
clear, brown
solution

Scheme 3.11 Decomposition of precatalyst 23 and separation into liquid and solid phases.

The presence of soluble [Co(NPPh3)(H)(THF)]2 51 is indicated by broad terminal Co—H stretch

at 1958 cm™ in the FT-IR spectrum (Fig. 3.4).>*” Characteristic aromatic absorptions and an N-H
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bond (3200 cm™), possibly broadened by hydrogen bonding, indicate that some phosphoranimine

33 is liberated. The formation of triphenylphosphinimine borane cannot be confirmed by FT-IR.
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Figure 3.4 FT-IR spectrum of the Cat_2A4-liquid.

Catalytic reductions using Cat 2A4-solid and Cat 2A4-liquid are consistent with the FT-IR data.
Nearly identical conversions are observed in reactions of each catalyst, but with significantly
different product distributions. Cat 2A-solid affords 27% 1-(4-biphenylyl)-1-ethanol 43 and 58%
4-ethylbiphenyl 44 (Table 3.8, entry 1), whereas the product ratio is reversed using Cat 2A4-
liquid (Table 3.8, entry 2). We conclude that homogeneous [Co(NPPh3)>(H)(THF)]2 51 cluster(s)

slowly decompose further to produce more reactive, ligand-free heterogeneous cobalt particles.
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Table 3.8 Deoxygenation of 4-acetylbiphenyl 42 by Cat 2A4-x at 200 °C.

0] OH

Cat_2A-x,
O 3 A mol. sieves!@ O

L O
1-2atm H,, 200 °C,
THF, overnight

42 43 44
Entry Cat. Conversion, [%] Yield, [%]
43 44
1 Cat_2A4-solid 85 27 58
2 Cat _2A4-liquid 86 52 32

uantified by 'H NMR using hexamethyldisiloxane as an internal standard. [a] One weight equivalent per substrate.
y g y

The supporting ligands thus play a significant role in the cluster decomposition. Decomposition
of the thermally stable, homoleptic phosphoranimide cluster [Co(NPPh3)2]3 23 is incomplete and
leads to a mixture of heterogeneous cobalt particles and homogeneous cobalt hydride species at
the activation conditions. In contrast, more thermally labile [Co(NPPh3)(OSiMe3)(THF)]> 37
more readily decomposes to afford a heterogeneous cobalt film. The cobalt nanoparticles likely
retain a number of coordinated triphenylphosphoranimide ligands that undergo hydrogenolysis to
yield PhsPNH 33 under hydrodeoxygenation conditions. Nonetheless, the exact role of

phosphoranimide ligands in forming the active catalyst is still largely unknown.

3.2.2.3 Deoxygenation of aromatic ketones using simple cobalt salts

The triphenylphosphoranimine 33 inhibits catalytic activity. The eventual liberation of the
triphenylphosphoranimide ligands during catalyst activation suggests that active cobalt catalysts

might be derived from simpler, phosphoranimide-free cobalt precursors.
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Facile salt metathesis and high solubility make cobalt(Il) bromide a common precursor for the

140-141, 1133 Treatment of anhydrous CoBr and two

synthesis of phosphoranimide clusters.
equivalents of 9-BBN under decomposition conditions returns a catalytically inactive light blue
solution (Table 3.9, entry 1). In situ preparation of [Co(O'Bu):]x * nKBr by metathesis provided a
strongly basic precatalyst, which was then decomposed thermally under hydrogen in the

presence and absence of borane activator (Table 3.9). The influence of the alkali metal alkoxide

was also evaluated (Table 3.9, entry 4).

Table 3.9 Decomposition of CoBr».

9-BBN, MOBu
CoBr, - Cat_3A-D
34 atm H,, 200 °C,
THF, 1 h
Entry Catalyst 9-BBN, [eq.] MOBu Base, [eq.]!?
1 Cat 34 2 i ;
2 Cat 3B 2 KO'Bu 2
3 Cat 3C - KO'Bu 2
4 Cat 3D - NaO'Bu 2

[a] Molar equivalent to CoBr.

In the absence of alkoxide (Table 3.9, entry 1), no catalytic activity was observed towards
aromatic ketones (Table 3.10, entry 1). In stark contrast, the addition of KO'Bu leads to the
formation of a highly active catalyst that fully deoxygenates 4-acetylbiphenyl 42 at 200 °C and
1-2 atm H> (Table 3.10, entry 2). The presence of 9-BBN, however, is no longer necessary
(Table 3.10, entry 3). Remarkably, deoxygenation proceeds to completion in 2.5 h (Table 3.10,

entry 4), strongly contrasting with the slow reaction rates observed for Cat /C and Cat 24
93



(Table 3.6). Equally remarkably, GC-MS tentatively suggests that partial or complete
hydrogenation of one aromatic ring also takes place producing a mixture of minor (12%) over-
hydrogenation products. NMR spectroscopy was ambiguous, with minor resonances and overlap
with the major product, precluding further structural elucidation. Although hydrogenation of
aromatic compounds by cobalt catalysts is rare, Muetterties, et al., reported the catalytic

hydrogenation of substituted arenes by (1°-C3Hs)Co[P(OMe)s]; 52 under ambient conditions.?**-

233

Table 3.10 Deoxygenation of 4-acetylbiphenyl 42 by Cat 34-C.
O

Cat_3A-C (2.6 mol% [CO0]),
O Mol. sievesl@ O
O 1-2 atm Hy, 200 °C, THF O

42 44
Entry Cat. Mol. sieves Timel!®! Conversion, Yield, [%]

[l 44

1 Cat 34 3A O/N 0 0

2 Cat 3B 3A O/N 100 100

3 Cat 3C 3A O/N 100 g3lcl

4 Cat 3C 3A 2.5h 100 96

5 Cat 3D 3A 2.5h 100 99

6 Cat 3D 4 A 2.5h 100 ggldl

Quantified by '"H NMR spectroscopy using hexamethyldisiloxane as an internal standard. [a] One weight equiv per
substrate. [b] O/N = 17 h. [c] A 12% yield of deoxygenated, partly hydrogenated products were obtained by GC-
MS. [d] A 7% yield of deoxygenated partly hydrogenated products were obtained by GC-MS.
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Preparation of the catalyst starting from NaO’Bu rather than the potassium salt (Cat 3D) does
not change the catalytic activity (Table 3.10, entry 5). Because 3A molecular sieves contain
potassium cations, the potassium-free 4A sieves®!® were used instead (Table 3.10, entry 6). The
only significant change was an increase in aromatic ring hydrogenation. Thus, the reaction does

not require potassium cations and the molecular sieves function only as a water scavenger.

3.2.2.4 Preliminary assessment of the reaction conditions

During the assessment of turnover as a function of reaction time, inconsistent results were noted
for minor changes in hydrogen pressure, a consequence of irreproducible low pressure
adjustment between the reactors and high-pressure tank gauges. Anomalous results were
observed in the 1.5— 2 h time frame, leading us to briefly examine the effects of hydrogen

pressure on conversion.

The effect of hydrogen pressure was investigated at three reaction temperatures (Fig. 3.5). At
200 °C, comparable conversion is observed at both 1-2 and 7 atm H». At higher pressure, traces
of 1-(4-biphenylyl)-1-ethanol 43 and slightly higher yield of over-hydrogenation by-products are
obtained. At 150 °C, the reaction affords 57% conversion to mixtures of benzylic alcohol and
deoxygenated hydrocarbon at 1-2 atm H: but substantially higher conversion and a 67% yield of
deoxygenation at 7 atm. Unexpectedly, completely different catalyst behavior was observed at
100 °C. In this case, higher H> pressure decreases conversion at short reaction time. However,
the higher-pressure reaction proceeds nearly to completion overnight, giving 1-(4-biphenylyl)-1-
ethanol 43 (50%) and 4-ethylbiphenyl 44 (42%), while only 64% conversion to mostly alcohol is
observed at low pressure. Minor aromatic ring hydrogenation occurs at all temperatures but is

most pronounced at 200 °C.
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Figure 3.5 Pressure and temperature effects in the deoxygenation of 4-acetylbiphenyl 42 by
Cat 3C.

Our results thus show that the reaction is strongly dependent on temperature, hydrogen pressure
and reaction time. At this point, the data do not present any mechanistically logical trends and is
insufficient to draw definitive conclusions. Nevertheless, reproducible and highly efficient

deoxygenation of 4-acetylbiphenyl 42 is catalyzed by supported heterogeneous cobalt at 200 °C

and 7 atm H» — unprecedented reactivity for cobalt nanoparticles.

3.2.2.5 Preliminary substrate scope

Functional group tolerance is paramount in fine chemical and pharmaceutical synthesis.!!> 1?2 As

discussed, many deoxygenation processes are disadvantageous because of unintended reduction
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2

of other functionalities, including halogen and nitro groups.'?> Strongly electron-

withdrawing/deactivating substituents on the phenyl ring also inhibit many reactions.

The hydrodeoxygenation of deactivated 4-fluoroacetophenone 53 was investigated at two
temperatures. At 150 °C, minimal reduction to 1-(4-fluorophenyl)ethanol 54 is observed after 2.5
h (Table 3.11, entry 1). The substrate is fully consumed after reaction overnight, but only 22% 1-

ethyl-4-fluorobenzene 55 is obtained (Table 3.11, entry 2). Increasing the reaction temperature to

Table 3.11 Deoxygenation of 4-fluoroacetophenone 52 by Car 3C.

O  Cat_3C (2.6 mol% [Co]), OH
3 A mol. sievesl? . /@)\
7 atm H,, A, THF /©/\ ©/\
+ +
F F F
53 54 55 56
Entry = Temperature, Timel?! Conversion, Conversion, [%]
[°C] [%] 54 55 56
1 150 25h 22 20 04 0
2 150 O/N 99 72 22 4
3 200 25h 28 21 5 0
4 200 O/N 100 0 94 5

Determined by GC-MS. [a] One weight equivalent per substrate. [b] O/N =17 h

200 °C does not affect the conversion after 2.5 h (Table 3.11, entry 3), the reaction proceeds to
completion overnight, giving a 94% yield of 1-ethyl-4-fluorobenzene 55, accompanied by just
5% yield of defluorination to ethylbenzene 56 (Table 3.11, entry 4). Deoxygenation of 4-

fluoroacetophenone 53 requires high reaction temperature, presumably because the inductively
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deactivating fluoro substituent inhibits the carbonyl reduction. Defluorination, either before or

after deoxygenation is not competitive.

One aliphatic ketone was explored, despite the absence of benzylic activation. However, 4-tert-
butylcyclohexanone 57 is hydrogenated only to the corresponding alcohol, giving a mixture of
cis- 58 and trans-4-tert-butylcyclohexanol 59 (Eqn. 3.2). The reaction temperature is largely

unimportant; nearly identical results were obtained at 150 °C and 200 °C.

Cat_3C (2.6 mol% [Co]), - OH
1 weight eq. 3 A mol. sieves
7 atm Hy, 150 - 200 °C, THF, *
58 59

25h

57
~35% ~65%

Equation 3.2 Reduction of 4-fert-butylcyclohexanone 55 by Cat 3C.

Finally, potential applications to aromatic ether cleavage were evaluated by subjecting diphenyl
ether 60 to the catalytic conditions (150 °C, 7 atm H», 2.5 h). This reaction returns unchanged

substrate.

Overall, the heterogeneous cobalt catalyst deoxygenates aromatic ketones in high yields and
demonstrates great potential for selective HDO. Unactivated carbonyl substrates such as aliphatic
ketones are hydrogenated only to the alcohols; the catalyst is inactive towards other C-O
functionalities. Harsher reaction conditions and prolonged reaction times are required for

electronically deactivated aromatic ketones.

98



Compared to other 1 row transition metal deoxygenation catalysts, this cobalt catalyst exhibits
remarkable reactivity. No reduction of deactivated substrates was reported for the heterogeneous
Cu/SiO2 system or the initially homogeneous bis(phosphine)nickel catalyst 1.5% %7 In the
reactions catalyzed by FeCl; under hydrosilylation conditions, 4-chlorobenzaldehyde was
deoxygenated in only 62% yield, indicating that deoxygenation of 4-chloroacetophenone would

be challenging even using silane rather than hydrogen.!'%?

3.3 Conclusions and future work

3.3.1 Conclusions

After discovering that the active catalyst was insoluble, effective protocols were developed for
the preparation of base-free heterogeneous cobalt catalysts for the hydrodeoxygenation of
aromatic ketones at low pressure. The only significant side reaction, hydrogenation of aromatic
ring, produces mixtures of over-hydrogenation byproducts. The reaction is sensitive to hydrogen
pressure and strongly dependent on temperature, with optimal activity observed at 200 °C and 7
atm H>. Long reaction times are required to deoxygenate substrates with deactivating
substituents, but ketone deoxygenation is preferential to the reduction of fluoro substituents,

potentially giving our catalyst significant advantages over current alternatives.

Importantly, base-free catalysts exploiting activated molecular sieves for water scavenging
significantly suppress by-product formation, leading to quantitative hydrodeoxygenation. When
KOBu (2 equiv) is used to scavenge water, aldol condensation and dimerization of benzylic
radicals takes place to yield mixtures of dimers. Further radical additions then result in large

molecular weight oligomers. When the base is replaced by activated molecular sieves, only small
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amount of dimers, arising from radical coupling, is obtained. The side reactions are effectively
suppressed if thermally labile, phosphoranimide-free cobalt precursor is used to prepare the

active catalyst.

3.3.2 Future work

The nature of the active catalyst and the influence of the decomposition conditions is unclear. To
confirm that the fert-butoxide ligands do not act as templating agents, a ligand-free precursor
should be investigated. Readily available metal nitrates are commonly used as precursors in the
production of heterogeneous catalysts.!**> Using Co(NOs), as a starting material would allow for
facile cobalt immobilization on commercial supports such as silica or alumina, improving
catalyst synthesis, recyclability and product purification. Decomposition/calcination temperature

has a significant effect on the catalyst reactivity, therefore, its optimization is also imperative.'2"

133,211

Further optimization of the reaction conditions is paramount as evidenced by our preliminary
results. Investigation of different H» pressures as a function of the reaction temperature at
incremental time points is needed to determine the influence of these factors on the reaction
rates, and to identify the optimal reaction conditions. Our cobalt catalyst exhibits extraordinary
behavior; lower reaction temperature and an optimized Hz pressure would make it an attractive
candidate for industrial and academic applications. For this purpose, further substrate scope
exploration is also needed. While the catalyst is inactive towards the halo substituents, its
tolerance towards other common functionalities containing the carbonyl moiety (such as amides,

ethers, carboxylic acids etc.) and chemo-, regio- and stereo-selectivity must be investigated.
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Chapter 4. Experimental

4.1 General procedures (adapted from previous theses in the Stryker group)

All manipulations were performed using standard inert atmosphere techniques. Air sensitive
reactions were carried out using standard Schlenk techniques on a vacuum/Ar (or N»2) double

manifold or using a Labmaster sp Braun glovebox under N atmosphere.

All solvents were thoroughly dried in a Grubbs-type solvent purification systems manufactured
by Pure Process Technology (hexane, pentane, benzene, toluene) or Innovative Technologies,
Inc. (THF, diethyl ether) or distilled from Na/benzophenone (THF) under N> when dark blue
(benzophenone ketyl exhibits a dark blue color if water/oxygen are not present). All solvents in
the glovebox were tested for residual moisture or oxygen gas using a dilute Na/benzophenone
solution in THF. The low concentration benzophenone ketyl was prepared by mixing 100 mg Na,

17 mg benzophenone and 20 mL of THF in a 12-dram screw-cap vial.

Liquid reagents were degassed three times via ‘freeze-pump-thaw’ method and subsequently
passed through Activity I neutral alumina inside of the glovebox. Volatile liquids were brought
into the glovebox and stored in Teflon-sealing glass reactors under Ar or N> atmosphere. Non
air-sensitive solids were pumped into the glovebox in the original containers or vials covered
with a kimwipe. All glassware was a) flame-dried, b) oven-dried at 150 °C overnight or c¢) oven-
dried at 200 °C for at least 2 hours prior use. Teflon stir bars used in air sensitive reactions were

oven dried at 150 °C overnight. Oven-dried metal cannulas were used for liquid transfers.

Air sensitive IR sample preparation was carried out in the glovebox. Cast film samples were

sealed under N> atmosphere with O-Rings. Elemental analysis samples were prepared in the
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glovebox using two pre-weighed tin boats. Materials were dried on a high vacuum line with a
three-stage diffusion pump (<10~ Torr). Approximately 1-2 mg of sample was loaded into one
boat which was then folded into a cube and placed into the outer boat. The outer boat was folded
several times, loaded into a one-dram vial, sealed with a cap, and submitted for analysis.
Duplicate samples were run to ensure the accuracy of our results. NMR spectroscopy was carried
out in standard NMR tubes sealed with plastic caps and wrapped with parafilm for air sensitive
compounds. Hydrogen decoupled *'P NMR and phosphorus decoupled '"H NMR was recorded.
Second order perturbations were observed for the phenyl substituents in the synthesis of

triphenylphosphoranimide ligand but they were treated as single order perturbations.

Reactions that required heating and high pressures were carried out using lka stir plates with
digital temperature control and silicon oil baths. Stainless steel Parr reactors with Teflon seals
and Swagelok® Quick Connect hydrogen inlets were used for high pressure catalytic reactions
(referred to as ‘high pressure bombs’). The reactors were fitted with pressure gauges capable of
measuring pressured from 100 to 2000 psi. Glass inserts were used to separate materials in the

reaction from the influence of the metals in the stainless steel.

4.2 Instrumentation (adapted from previous theses in Stryker group)

Bruker PLATFORM diffractometer equipped with a SMART APEX II CCD area detector was
used to perform X-Ray Crystallography. Diffraction data collection and crystal structure
determination was performed by Dr. Robert McDonald and Dr. Michael Ferguson, Chemistry X-

Ray Crystallography Laboratory, University of Alberta.
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CHNS elemental analyses were determined using Thermo Scientific FLASH 2000 Elemental
Analyzer. Combustion analysis of triphenylphosphoranimide clusters often produces data that
deviates from the expected carbon content.'®13 Given that organometallic compounds,
especially those containing phosphorus, can exhibit low carbon values,'®” nitrogen and hydrogen
have been used to interpret our data as values are they more consistent with anticipated elemental

composition.

FT-IR spectroscopy was carried out using Nicolet 8700 FT-IR Spectrometer operating with
OMNIC spectra software. Gas chromatography-mass spectrometry was performed using Hewlett
Packard GCD series G1800A GC-MS or Hewlett Packard 5890 GC with a 5970 MSD mass
detector. NIST/EPA/NIH v. 2.0 Mass Spectral Library was used for structure determination.
CHNS, FT-IR and GC-MS data was determined by the analytical staff at the Analytical and
Instrumentation Laboratory in the Department of Chemistry at the University of Alberta.
Agilent/Varian 400 MHz spectrometer at 26 °C was used to acquire 'H and *'P NMR spectra.
Residual protium signals from the deuterated solvents were used to reference chemical shifts in
'H NMR spectra. 85 % phosphoric acid was assigned a value of 0 ppm and was used as an

external reference for >'P NMR signals.

4.3 Chemical materials (adapted from previous theses in Stryker group)

All commercially available compounds were purchased from Sigma Aldrich, Strem or Alfa
Aesar. Reagent purification was performed when necessary. Potassium fert-butoxide used for
catalyst synthesis was sublimed according to the literature procedure.!®* Potassium
trimethylsilanolate was sublimed according to the same procedure. Experimental procedures

used to synthesize other reagents or precatalysts are noted down in the sections below.
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4.4 Synthetic Procedures

4.4.1 Synthesis of dibromotriphenyl-phosphorane (Br2PPh3)

Br2
PPh > Br,PPh
®  0°CoRT, 20

CH,Cl,, overnight

The procedure was adapted from literature.'®!"1%> A 500 mL round bottom flask was charged with
PPhs (20.00 g, 76.25 mmol, 1 eq.), 200 mL dichloromethane and a large bar-shaped Teflon stir
bar. The flask was placed in an ice bath and was cooled to 0 °C. An addition funnel was fitted
onto the round bottom flask and charged with Bry (12.18 g, 76.25 mmol, 1 eq.) in 24 mL
dichloromethane. The bromine solution was added dropwise within 1 hour at 0 °C. The resulting
off-white slurry was stirred overnight while warming up to room temperature. The solvent was
then removed in vacuo and the precipitate was washed with dry hexane (2x20 mL) and dry THF
(2x20 mL). The compound was dried in high vacuo overnight. The product (30.21 g,
71.57 mmol, 93%) was spectroscopically confirmed with *'P and 'H NMR. The reaction yield
can vary between 80 — 95%. *'P{'H} NMR (400 MHz, CD>Cly): 51.25 ppm (s). 'H{*'P} NMR
(400 MHz, CD,Cl»): 7.63 ppm (t, 6H, J = 7.6 Hz), 7.75 ppm (tt, 3H, J = 7.6, 1.2 Hz), 7.80 ppm

(t, 6H, J= 7.6, 1.2 Hz).

4.4.2 Synthesis of triphenylphosphoraniminium bromide (|[H2NPPh3]Br)

LiNH,

THF, RT,
overnight

Br,PPh, Br{H,NPPh;]
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A 100 mL round bottom flask was charged with Ph3PBr> (5.50 g, 13.0 mmol, 1 eq.), 60 mL dry
THF and a medium octagonal Teflon stir bar in the glovebox. Lithium amide (0.27 g, 11.7 mmol,
0.9 eq.) was added as a solid in one portion and reaction stirred overnight at room temperature.
The resulting white slurry was vacuum filtered and the solid product was washed with THF
(2x10 mL). The product was dried overnight in high vacuo and obtained as a white powder (2.89
g, 8.07 mmol, 62%). Reaction yields vary between 50 — 70%. *'P{'H} NMR (400 MHz, CDCls):
37.08 ppm (s). 'H{*'P} NMR (400 MHz, CDCls): 6.90 ppm (s, broad, 2H), 7.57 ppm (dd (at),

6H, 8.4, 7.2 Hz), 7.69 ppm (tt, 3H, J= 7.6, 1.2 Hz), 7.84 ppm (dd, 6H, J= 8.4, 1.2 Hz).

4.4.3 Synthesis of sodium triphenylphosphoranimide (NaNPPhs)

[HoNPPhg]Br + 6 NaH + 3 NaNH, PhsPNNa-THF

THF, RT, overnight

A 100 mL round bottom flask was charged with [Ph;PNH2]Br (5.58 g, 15.6 mmol, 1 eq.), 60 mL
of THF and a medium octagonal Teflon stir bar. NaH (2.32 g, 96.6 mmol, 6.2 eq.) was added as
a solid in one portion and the white slurry was stirred at room temperature for 30 minutes.
Sodium amide (1.95 g, 49.9 mmol, 3.2 eq.) was added in one portion and the resulting mixture
stirred overnight at RT. The resulting beige slurry was vacuum filtered over a Celite layer and a
yellow mother liquor solution was obtained. THF was removed in vacuo and the product was
dried overnight in high vacuo. The product was obtained as a beige solid (5.30 g, 14.3 mmol,
91%) and was confirmed to be pure by NMR and elemental analysis. THF coordination is
usually observed and reaction yields may vary between 75 — 91%. *'P{'H} NMR (400 MHz,

CeDe): -10.06 ppm (s). "H{3'P} NMR (400 MHz, CsDs): 6.90 ppm (dd (at), 6H, J = 8.4, 7.2 Hz),
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7.02 ppm (tt, 3H, J = 7.2, 1.2 Hz), 7.65 ppm (dd, 6H, J = 8.4, 1.6 Hz). Elemental analysis: C:

70.68 (71.15), N: 3.73 (3.77), H: 6.60 (6.24).

4.4.4 Synthesis of triisopropylphosphine (‘Pr3P)

PCl; + 4/PrMgCl iPryP

0 °C - RT,
Et,O, overnight

A 250 mL three-neck round bottom flask was charged with 150 mL of dry Et,O and a large bar
shaped Teflon stir bar in the glovebox. Degassed PCl; (2.18 mL, 0.03 mol, 1 eq.) was cannula
transferred into the flask and the mixture was cooled down to 0 °C with an ice bath. An ‘PrMgCl
solution (10.29 g, 0.100 mol, 4 eq.) was added to the PCl; solution in small portions via a large
bore cannula (formation of white MgCl, precipitate was observed within five minutes). The
reaction was stirred overnight while warming to room temperature. The reaction (thick white
slurry) was quenched with degassed saturated NH4Cl (aq) and the organic layer was cannula
transferred into a 500 mL Schlenk flask (purged with Ar). The phosphine solution was washed
with degassed NH4OH (aq), H>O and saturated NaCl (aq). The organic layer was transferred to a
250 mL Schlenk flask charged with anhydrous MgSO4 (purged with Ar). The dried phosphine
solution was canula filtered into a glass ‘bomb’. Diethyl ether was removed in vacuo to yield a
clear yellow liquid which was filtered through a kimwipe in the glovebox for further purification
(3.49 g, 0.022 mol, 87%). *'P NMR analysis indicated 95% purity. *'P{'H} NMR (400 MHz,
CeDs): 19.56 ppm (s). 'H{*'P} NMR (400 MHz, C¢Ds): 1.01 ppm (d, 18H, J = 7.2 Hz), 1.64 ppm

(m, 3H).
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4.4.5 Synthesis of dibromotriisopropyl-phosphorane (Br2P/Pr3)

Br2

0°C — RT,
Et,O, overnight

PPry BroP'Pry

A 100 mL Schlenk flask was charged with P'Pr3 (3.30 g, 20.5 mmol, 1 eq.), 35 mL of dry Et,O
and a small octagonal Teflon stir bar in the glovebox. An addition funnel was charged with 10
mL of dry Et;O and fitted onto the Schlenk flask. The setup was taken out of the glovebox,
connected to the Schlenk line and the phosphine solution was cooled to 0 °C using an ice bath.
Bromine (3.28 g, 20.5 mmol, 1 eq.) was transferred to the addition funnel under Ar flow and
added dropwise to the Schlenk flask in 10 mins (immediate formation of white precipitate). After
the addition was complete, the resulting yellow slurry was stirred overnight at room temperature.
The solvent was removed in vacuo and the resulting off white precipitate was dried in high vacuo
overnight (6.51 g, 20.3 mmol, 81%). Purity was confirmed by elemental analysis. NMR
spectroscopy indicated inner and outer sphere bromine coordination in a 3 : 1 ratio (unknown
which is which). *'P{'"H} NMR (400 MHz, CD>Cl,): 89.94 (s) (68%), 37.91 ppm (s) (26%).
'H{3'P} NMR (400 MHz, CD>Cly): 18H: 1.41 ppm (d, J = 7.2 Hz), 1.52 ppm (d, J = 7.6 Hz),

3H: 2.67 ppm (m), 2.89 ppm (m). Elemental analysis: C: 34.19 (33.78), H: 6.63 (6.61).

4.4.6 Synthesis of triisopropylphosphoraniminium bromide (Br[H2NPPr3])

BroPiPr, — M2, Br{H,NPPry]
270 THE, RT, S

overnight

A 100 mL round bottom flask was charged with ‘PrsPBr2 (2.66 g, 8.32 mmol, 1 eq.), 25 mL of

dry THF and a small octagonal Teflon stir bar in the glovebox. Lithium amide (0.18 g, 7.91
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mmol, 0.95 eq.) was added as a solid in one portion and the reaction stirred overnight at room
temperature. The resulting white slurry was vacuum filtered and the solid product was washed
with THF (2x10 mL), dissolved in DCM and vacuum filtered over Celite. The product was dried
overnight in vacuo and obtained as beige powder (1.12 g, 4.37 mmol, 56%). The product can be
obtained as a white or beige powder; yield varies between 50 — 60%. Purity was confirmed by
NMR. *'P{'H} NMR (400 MHz, CDCl3): 64.73 ppm (s). 'H{*'P} NMR (400 MHz, CDCl5): 1.42
ppm (d, 18H, J = 7.6 Hz), 2.74 ppm (m, 3H), 5.31 ppm (s, 2H). Elemental analysis: C: 42.32

(42.20), N: 5.32 (5.47), H: 9.35 (9.05).

4.4.7 Synthesis of sodium triisopropylphosphoranimide (NaNP/Pr3)

Br[H,NPrs]  * 6NaH * 3 NaNH, THE, RT, overnight= 'PrsPNNa-THF

A 100 mL round bottom flask was charged with ['PrsPNH]Br (0.50 g, 1.95 mmol, 1 eq.), 10 mL
of THF and a small octagonal Teflon stir bar. Sodium hydride (0.28 g, 11.7 mmol, 6 eq.) was
added as a solid in one portion and the white slurry was stirred at room temperature for 30
minutes. Sodium amide (0.23 g, 5.86 mmol, 3 eq.) was added in one portion and the resulting
mixture stirred overnight at RT. The resulting beige slurry was vacuum filtered over a Celite
layer and a yellow mother liquor solution was obtained. THF was removed in vacuo and the
product was further dried overnight in high vacuo. The product was obtained as a beige solid
(0.44 g, 14.3 mmol, 91%) and was confirmed to be pure by NMR and elemental analysis.
Reaction yields may vary between 75 — 91%. THF coordination can be observed; clusters of

different nuclearity are formed affecting NMR results. *'P{'H} NMR (400 MHz, CDCl;): 12.23
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ppm (s). '"H{>'P} NMR (400 MHz, CDCl5): 1.09 ppm (d, 18H, J = 7.6 Hz), 1.68 ppm (m, 3H).

Elemental analysis: C: 54.69 (54.81), N: 7.14 (7.10), H: 10.37 (10.73).
4.4.8 Synthesis of [Co(NPPh3)(OSiMes3)(THF)]2 37 by salt metathesis

1. PhsPN-Na-THF, rt, overnight
2. KOSiMegs, rt, overnight

THF

» [Co(NPPh3)(OSiMe3)(THF)],
37

COBr2

Inside the glovebox, a 12-dram screw-cap vial was charged with a bar-shaped, small stir bar,
CoBr2 (240 mg, 1.10 mmol, 1.02 eq.) and approximately 25 mL of dry THF. The solution was
stirred for ~15 minutes until all CoBr, was dissolved to give a clear, blue solution. A
Ph;PNNa-THF ligand (400 mg, 1.08 mmol, 1 eq.) was added all at once resulting in an
immediate change to a teal slurry which was stirred overnight at room temperature. In situ
addition of a sublimed KOSiMe; (148 mg, 1.12 mmol, 1.04 eq.) resulted in an immediate colour
change to deep blue and significantly increased product solubility. The solution was stirred
overnight at room temperature and filtered through a Celite plugged pipet (~2 cm Celite).
Solvent removal in vacuo affords a blue precipitate. A concentrated solution of the precipitate in
THF was filtered through a Celite plugged pipet. The solvent was removed in vacuo, and the
extraction was repeated twice. The product was dried in high vacuo overnight to give a blue,
crystalline solid with retained THF coordination (422 mg, 0.449 mmol). The reaction yield is
85 % and can vary between 50 — 85 %. FT-IR: v/cm™! cast film from THF = 482 w, 529 s, 549 s,
693 s, 719 s, 746 s, 825 s, 900 m, 930 m, 967 m, 997 s, 1013 s, 10355, 1113 5, 1161 w, 1185 w,

1235 m, 1311 w, 1427 s, 1484 m, 1574 w, 1590 w, 1679 w, 1820 w, 1907 w, 1967 w, 2891 m,
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2947 m, 3013 w, 3055 m. Elemental analysis calculated for CsoHssC02N204P>Sir: C: 57.26

(60.47), N: 2.98 (2.82), H: 5.92 (6.50).

4.4.9 Synthesis of [Co(NPPh3)(O’Bu)(THF)]2 39 by salt metathesis

1. PhsPN-Na-THF, rt, overnight

4 .
CoBr, 2. KO'Bu, rt, overnight ~ [Co(NPPh3)(OSiMes)(THF)],
THF
39

Inside the glovebox, a 12-dram screw-cap vial was charged with a bar-shaped small stir bar,
CoBr: (179 mg, 0.82 mmol, 1.01 eq.) and approximately 20 mL of dry THF. The solution was
stirred for ~15 minutes until all CoBr, was dissolved to give a clear, blue solution. A
Ph;PNNa-THF ligand (300 mg, 0.81 mmol, 1 eq.) was added all at once affording an immediate
change to a teal slurry which was stirred overnight at room temperature. Sublimed KO'Bu
(93 mg., 0.82 mmol, 1.02 eq.) was added in situ and the solution was stirred overnight at room
temperature. Next day, the solution was filtered through a Celite plugged pipet (~2 cm Celite)
and the solvent was removed in vacuo giving a dark green precipitate with lilac bands. A
concentrated solution of the precipitate in THF was filtered through a Celite plugged pipette
affording a green solution while the lilac impurity remained on top of the Celite. The solvent was
removed in vacuo and the extraction was repeated. Drying the product in high vacuo overnight
results in a dark green, crystalline solid with retained THF coordination (270 mg, 0.304 mmol).
Reaction yield is 75 % and can vary between 40 -75 %. FT-IR: v/cm™! cast film from THF = 529
s, 564 w, 593 s, 619 w, 694 s, 711 s, 747 m, 932 w, 998 m, 1025 m, 1068 s, 1114 s, 1186 m,

1212 s, 1308 w, 1394 w, 1424 s, 1482 m, 1572 w, 15888 w, 1820 w, 1899 w, 1959 w, 2855 m,
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2925 m, 2959 m, 3050 m. Elemental analysis calculated for Cso0HesC02N2O4P2: C: 62.41 (65.00),

N: 3.19(2.92), H: 6.30 (6.71).

4.4.10 Synthesis of [Co(NPPr3)2]3 40 by salt metathesis

CoB 2 eq. 'Pr;PNNa Co(pip
oBr . o(P/PY
2 THF, rt, overnight [Co(P'Pr3),ls
40

Inside the glovebox, a 5-dram vial was charged with a bar-shaped small stir bar, CoBr (117 mg.,
0.532 mmol, 1 eq.) and approximately 10 mL of dry THF. The solution was stirred for ~15
minutes until all CoBr, was dissolved to give a clear, blue solution. Sodium
triisopropylphosphoranimide (210 mg., 1.065 mmol, 2 eq.) was added all at once resulting in an
immediate change to a dark green slurry. The reaction was stirred overnight at room temperature
and the solution was filtered through a Celite plugged pipet (~2 cm Celite). Solvent removal in
vacuo resulted in a dark green solid which was dissolved in 10 mL hexane. The solution was
filtered through a Celite plug and the solvent was removed in vacuo. Drying the product in high
vacuo overnight gives a dark green, oily solid (188 mg., 0.154 mmol). Reaction yield of 87 %
was obtained. FT-IR: v/cm™ cast film from THF = 401 w, 523 m, 661 s, 694 s, 760 w, 885 m,
927 w, 1017 m, 1054 s, 1093 s, 1159 m, 1204 m, 1257 w, 1275 w, 1394 m, 1464 s, 2870 s, 2925
s, 2955 s. Elemental analysis calculated for CsoH126Co3NePs: C: 54.42 (53.06), N: 6.48 (6.88), H:

10.39 (10.39).

4.5 Catalytic procedures

The catalytic results are reported in percent conversion and percent yields. The reactions were

quantified by '"H NMR with a hexamethyldisiloxane standard. The NMR standard was added to
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each reaction upon the reaction work-up in a 6:1 ratio of 4-acetylbiphenyl

hexamethyldisiloxane. The substrate (4-acetylbiphenyl 42) and the anticipated products (1-(4-
biphenylyl)-1-ethanol 43 and 4-ethylbiphenyl 44) contain distinct methyl groups that can be used
to distinguish the compounds and quantify the reaction yields (Fig. 4.1). The reaction mixture
was dissolved in CDCl; and analyzed by 'H NMR (Appendix C1.1, representative 'H NMR
spectrum). Upon peak integration, peak of the standard was set to 1.0 (100%) giving the exact

conversion and yields.

E F
o 5 OH Ha
e e (e
satiloadh °
42 43 44
Shift, [ppm] Signal  J, [Hz] X
(@]
A 266 s - s sk
B 1.59 d 6.4 1C Ch, éHca:He’
C 1.35 t 7.6
E ‘\1/-39 . qbr 6;4 Hexamethyldisoloxane
= ) 7‘-1 4 76 Six equivalent methyl groups:
L P z : - add 1/6 mol compared to 43

- set the peak integration to
1.0 (100 %)

Figure 4.1 '"H NMR quantification of catalytic results with hexamethyldisiloxane as an internal
standard.

If the reactions were analyzed by GC-MS, the yields were approximated from the peak area

percentage due to the lack of calibration.

Clusters [Co(NPPh3)(OSiMes)(THF)]2 37 and [Co(NPPh3)(O'Bu)(THF)]> 39 were considered to
be dimeric and cluster [Co(NP'Pr3)2]3 40 was considered to be trimeric for the purpose of

calculating catalyst loading.
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4.5.1 A general procedure for hydrodeoxygenation of 4-acetylbiphenyl 42 by

[Co(NPPh3)(O'Bu)(THF)]2 39 and KO'Bu

In a glovebox, a stainless steel high-pressure reaction vessel was charged with a small bar-
shaped stir bar, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg., 0.0042 mmol), 9-BBN
(2.1 mg., 0.0082 mmol), KO'Bu (142 mg., 1.24 mmol) and 5 mL THF. The reactor was sealed,
removed from the glovebox, connected to a hydrogen line and charged with 34 atm H» (500 psi).
The reactor was then immersed into an oil bath at 150 °C and stirred overnight at 1200 rpm. Next
day, the reactor was removed from the heating source and immersed into a room-temperature
bath. Once cooled, the reactor was slowly depressurized and opened to air. The resulting mixture
was transferred into a 5-dram vial. The reactor was washed twice with 5 mL toluene portions
which were added to the 5-dram vial. The reaction was quenched with ~3 M HCI solution and
the organic compounds were extracted thrice with toluene/THF mixture. The extract was dried
with MgSOy, filtered through a silica plugged pipet (~2 c¢m silica) and a Florisil® plugged pipet
(~2 cm Florisil®). The solution has a slight yellowish/tan shade if the solution consists largely of
4-acetylbiphenyl 42. Hydrogenation and deoxygenation products 1-(4-biphenylyl)-1-ethanol 43
and 4-ethylbiphenyl 44 give a clear, colorless solution. The solvents were removed in vacuo
affording a) a slightly yellow solid (4-acetylbiphenyl 42), b) white precipitate (significant portion
of 1-(4-biphenylyl)-1-ethanol 43), or c¢) a semi-liquid, yellowish solid if considerable
deoxygenation takes place. The reaction products were dissolved in CDCls, 20 pL of
hexamethyldisiloxane (0.103 mmol) was added to the solution and the sample was analyzed by

"H NMR (95 % conversion, 69 % of 43 and 12 % of 44).
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4.5.1.1 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O’‘Bu)(THF)]2 39 and

KO’Bu without 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol) and KOBu (142 mg., 1.24 mmol). The reaction was quantified by 'H NMR:
95 % conversion, 40 % of 4-biphenylyl)-1-ethanol 43, 23 % of 4-ethylbiphenyl 44. GC-MS:
94 % conversion, 49 % of 4-biphenylyl)-1-ethanol 43, 29 % of 4-ethylbiphenyl 44, 15 % of

biphenyl 45.

4.5.1.2 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O’Bu)(THF)]2 39 and

KO’Bu with alumina support (4 wt% of 39)

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). Basic Al>O3
(75 mg., 0.75 mmol) was added to the reactor before sealing it. The reaction was quantified by
'H NMR: 94 % conversion, 55 % of 4-biphenylyl)-1-ethanol 43, 21 % of 4-ethylbiphenyl 44.
GC-MS: 94 % conversion, 65 % of 4-biphenylyl)-1-ethanol 43, 22 % of 4-ethylbiphenyl 44, 4 %

of biphenyl 45.

4.5.1.3 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O'Bu)(THF)]2 39 and

KOBu at 175 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor
was placed in an oil bath at 175 °C after adding H». The reaction was quantified by 'H NMR:

95 % conversion, 49 % of 4-biphenylyl)-1-ethanol 43, 16 % of 4-ethylbiphenyl 44. GC-MS:
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92 % conversion, 59 % of 4-biphenylyl)-1-ethanol 43, 18 % of 4-ethylbiphenyl 44, 8.5 % of

biphenyl 45 and 5 % of dimerization.

4.5.1.4 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O’‘Bu)(THF)]2 39 and

KOBu at 175 °C without 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor was placed in an oil bath at 175 °C
after adding H,. The reaction was quantified by 'H NMR: 73 % conversion, 40 % of 4-

biphenylyl)-1-ethanol 43, 16 % of 4-ethylbiphenyl 44.

4.5.1.5 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O’Bu)(THF)]2 39 and

KO'Bu (3 eq. base)

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KO'Bu (222 mg., 1.88 mmol). The reaction
was quantified by 'H NMR: 94 % conversion, 48 % of 4-biphenylyl)-1-ethanol 43, 17 % of 4-
ethylbiphenyl 44. GC-MS: 68 % conversion, 29 % of 4-biphenylyl)-1-ethanol 43, 12 % of 4-

ethylbiphenyl 44, 14 % of biphenyl 45 and 2 % of dimerization.

4.5.1.6 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O'Bu)(THF)]2 39 and

KO'Bu (3 eq. base) without 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.62 mmol), 39 (3.4 mg.,

0.0042 mmol) and KOBu (222 mg., 1.88 mmol). The reaction was quantified by 'H NMR:
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76 % conversion, 27 % of 4-biphenylyl)-1-ethanol 43, 12 % of 4-ethylbiphenyl 44. GC-MS

indicates 11 % of biphenyl 45.

4.5.1.7 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O’‘Bu)(THF)]2 39 and

KOBu at 110 — 140 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor
was placed in an oil bath at an indicated temperature after adding H>. The samples were analyzed

and quantified by 'H NMR.

Table 4.1 Low temperature studies in the hydrodeoxygenation
of 4-acetylbiphenyl 42 by 39.

o) 39 (0.7 mol%), OH

2 eq. KO'Bu
O 9-BBN (1.4 mol %) O
O 34 atm H,, A, O
THF, overnight

42 43
Entry Temperature, [°C] | Conversion, [%] Yield, [%]
43
1 110 97 85
2 120 85 83
3 130 77 76
4 140 80 79

* Stoichiometric conversion to 4-ethylbiphenyl was detected at 120 — 140 °C.

4.5.1.8 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O'Bu)(THF)]2 39 and

KOBu at 110 — 140 °C without 9-BBN
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The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor was placed in an oil bath at an

indicated temperature after adding Ha. The samples were analyzed and quantified by '"H NMR.

Table 4.2 Low temperature studies in the hydrodeoxygenation of 4-acetylbiphenyl 42 by 39
without 9-BBN.

39 (0.7 mol%),

O 2 eq. KOBu O
34 atm H2, A,
THF, overnight

42 43
Entry Temperature, [°C] | Conversion, [%] Yield, [%]
43
1 110 15 13
2 120 39 37
3 130 44 43
4 140 31 30

4.5.1.9 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O'Bu)(THF)]2 39 and

KOBu at 1 —2 atm H2

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KOBu (142 mg., 1.24 mmol). The reactor
was pressurized to 7 atm Hz (100 psi) and depressurized to ~1 — 2 atm twice Hz before placing it
in an oil bath at 150 °C. Analysis by '"H NMR shows 43 % conversion, 1 % of 4-biphenylyl)-1-
ethanol 43 and 5 % of 4-ethylbiphenyl 44. GC-MS: 18 % conversion, 1 % of 4-biphenylyl)-1-

ethanol 43, 4 % of 4-ethylbiphenyl 44, 4 % of biphenyl 45 and 5 % of dimerization.
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4.5.1.9 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(O’Bu)(THF)]2 39 and

KOBu at 1 — 2 atm H: without 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (3.4 mg.,
0.0042 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor was pressurized to 7 atm H» (100
psi) and depressurized to ~1 — 2 atm twice H» before placing it in an oil bath at 150 °C. Analysis
by 'H NMR shows 37 % conversion with 6 % of 4-biphenylyl)-1-ethanol 43. GC-MS:
2 % conversion, 0 % of 4-biphenylyl)-1-ethanol 43, 0 % of 4-ethylbiphenyl 44, 4 % of biphenyl

45.

4.5.2 A general procedure for hydrodeoxygenation of 4-acetylbiphenyl 42 by

[Co(NPPh3)(OSiMes)(THF)]2 37 and KO'Bu

In a glovebox, a stainless steel high pressure reaction vessel with glass lining was charged with a
small bar-shaped stir bar, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg., 0.0042
mmol), 9-BBN (2.1 mg., 0.0082 mmol), KO'Bu (142 mg., 1.24 mmol) and 5 mL THF. The
reactor was sealed, removed from the glovebox and charged with 34 atm H> (500 psi) on the
hydrogen line, immersed into an oil bath at 150 °C, and stirred overnight at 1200 rpm. Next day,
the reactor was removed from the heating source and immersed into a room-temperature bath.
Once cooled, the reactor was slowly depressurized and opened to air. The resulting mixture was
transferred into a 5-dram vial. The reactor was washed twice with 5 mL toluene portions which
were added to the 5-dram vial. The reaction was quenched with ~3 M HCI solution and the
organic compounds were extracted thrice with toluene/THF mixture. The extract was dried with
MgSOs, filtered through a silica plugged pipet (~2 cm silica) and a Florisil® plugged pipet

(~2 cm Florisil®). The solution has a slight yellowish/tan shade if the solution consists largely of
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4-acetylbiphenyl 42. Hydrogenation and deoxygenation products 43 and 44 give a clear,
colorless solution. The solvents were removed in vacuo to give a) a slightly yellow solid (4-
acetylbiphenyl 42), b) white precipitate (significant portion of 1-(4-biphenylyl)-1-ethanol 43), or
c) a semi-liquid, yellowish solid if considerable deoxygenation takes place. The reaction
products were dissolved in CDCls, 20 pL of hexamethyldisiloxane (0.103 mmol) was added and

the sample was analyzed by '"H NMR (97 % conversion, 48 % of 43 and 15 % of 44).

4.5.2.1 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMe3)(THF)]2 37 and

KO’Bu without 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction was quantified by 'H NMR:
89 % conversion, 43 % of 4-biphenylyl)-1-ethanol 43, 11 % of 4-ethylbiphenyl 44. GC-MS:
91 % conversion, 52 % of 4-biphenylyl)-1-ethanol 43, 16 % of 4-ethylbiphenyl 44, 17 % of

biphenyl 45 and 14 % of dimerization.

4.5.2.2 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMes)(THF)]2 37 and

KOBu at 0.3 mol% catalyst

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (1.7 mg.,
0.0021 mmol), 9-BBN (1 mg., 0.0041 mmol) and KO'Bu (142 mg., 1.24 mmol). Analysis by 'H
NMR shows 94 % conversion, 48 % of 4-biphenylyl)-1-ethanol 43 and 25 % of 4-ethylbiphenyl

44.

4.5.2.3 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMes)(THF)]2 37 and

KOBu at 2.0 mol% catalyst
119



The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 39 (11 mg.,
0.0125 mmol), 9-BBN (1 mg., 0.0250 mmol) and KO'Bu (142 mg., 1.24 mmol). Analysis by 'H
NMR shows 91 % conversion, 64 % of 4-biphenylyl)-1-ethanol 43 and 20 % of 4-ethylbiphenyl

44.

4.5.2.4 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMe3)(THF)]2 37 and

KOBu at 6.0 mol% 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). Analysis by 'H
NMR shows 96 % conversion, 60 % of 4-biphenylyl)-1-ethanol 43 and 10 % of 4-ethylbiphenyl

44.

4.5.2.5 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMe3)(THF)]2 37 and

KOBu in toluene

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol), KO'Bu (142 mg., 1.24 mmol) and 5 mL toluene.
The products were analyzed by 'H NMR: 97 % conversion, 83 % of 4-biphenylyl)-1-ethanol 43

and 3 % of 4-ethylbiphenyl 44.

4.5.2.6 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMes)(THF)]2 37 and

KO'Bu (1 eq. base)

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,

0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (71 mg., 0.622 mmol). The products

120



were analyzed by '"H NMR: 97 % conversion, 14 % of 4-biphenylyl)-1-ethanol 43 and 9 % of 4-
ethylbiphenyl 44. GC-MS: 93 % conversion, 7 % of 4-biphenylyl)-1-ethanol 43, 30 % of 4-

ethylbiphenyl 44, 5.5 % of biphenyl 45 and 35 % of dimerization.

42 by

4.5.2.7 Base screening in the hydrodeoxygenation of 4-acetylbiphenyl

[Co(NPPh3)(OSiMes)(THF)]: 37

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and a base (1.24 mmol). The samples were

analyzed and quantified by 'H NMR. Dimerization was determined by GC-MS.

Table 4.3 Base screening in the deoxygenation of 4-acetylbiphenyl 42 by 37.

Q 37 (0.7 mol%) OH

9-BBN (1.4 mol%)
O 2 eq. base _ O
34 atm H,, 150°C,

42

THF, overnight

43

+ O

44

Entry Base

1 KO'Bu
2 NaO'Bu
3 LiO'Bu
4 | Ti(OPr)
5 | KOSiMes

Conversion, [%]?

97
98
100
48
100

Yield, [%]?

43 44
48 15
16 15
22 -

Dimerization products,
[%]®
50
100
N/A
100

[a] Quantified by 'H NMR using hexamethyldisiloxane as an internal standard. [b] Detected by Gas
Chromatography — Mass Spectrometry.

4.5.2.8 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMes)(THF)]2 37 and

KOBu over 4 hours at 150 °C
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The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactions
were pressurized to 34 atm H; and immersed into pre-heated oil baths at 150 °C for a described

period of time. The samples were analyzed and quantified by 'H NMR.

Table 4.4 Deoxygenation of 4-acetylbiphenyl 42 by 37 over 4 hours.

o] 37 (0.7 mol%) OH

9-BBN (1.4 mol%)
O 2 eq. KO'Bu O
> +
34 atm H,, 150°C,
THF

42 43 44
Entry Time Conversion, [%] Yield, [%]

43 44

1 15 mins 11 3 0

2 30 mins 50 41 0

3 45 mins 73 63 0

4 lh 94 87 1

5 2h 94 73 4

6 3h 93 74 6

7 4h 93 75 9

4.5.2.9 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMes)(THF)]2 37 and

KO'Bu for 4 days

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction
was pressurized to 34 atm H> and immersed into an oil bath at 150 °C for four days. The sample
was analyzed and quantified by '"H NMR: 96 % conversion, 11 % of 4-biphenylyl)-1-ethanol 43

and 30 % of 4-ethylbiphenyl 44.
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4.5.2.10 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMes3)(THF)]2 37

and KO’Bu for 4 days without 9-BBN

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction was pressurized to 34 atm H; and
immersed into an oil bath at 150 °C for four days. The sample was analyzed and quantified by 'H

NMR: 94 % conversion, 43 % of 4-biphenylyl)-1-ethanol 43 and 11 % of 4-ethylbiphenyl 44.

4.5.2.11 Additional scavenger screening in the hydrodeoxygenation of 4-acetylbiphenyl 42

by [Co(NPPhs)(OSiMes)(THF)]2 37 and KO'Bu

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol), KO'Bu (142 mg., 1.24 mmol) and one equivalent
of an additional scavenger. The reactions were pressurized to 34 atm H> and immersed into pre-
heated oil baths at 150 °C for a described period of time. The results quantified by 'H NMR. The

samples were submitted for GC-MS to determine the dimerization content.
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Table 4.5 Additional scavenger screening in the deoxygenation of 4-acetylbiphenyl 42 by 37.

37 (0.7mol %)
O  9-BBN (1.4mol %) OH

2 eq. KOBu
O 1 eq. additive O
+
34 atm H,, 150°C,
THF

42 43 44
Entry Time Conversion, [%] Yield, [%]!l Aldol
adducts
43 44 ’
[0/0][e]
12 AlMe3 97 81 9 0
2 VCI3 72 - - 70
3b Ti(O'Pr)s 100 ; ; 100
4¢ Mol. sieves, 3A 96 68 9 0

[a] 0.33 eq. of AlMe; was used. [b] 1 eq. of KO'Bu and 1 eq. of Ti(O'Pr)4 were used. [¢] One mass eq. of
molecular sieves was used. [d] Quantified by '"H NMR using hexamethyldisiloxane as an internal standard.
[e] Detected by GC-MS.

4.5.2.12 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMe3)(THF)]2 37

and KO’Bu at 200 °C over 4 hours

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactions
were pressurized to 34 atm H> and immersed into pre-heated oil baths at 200 °C for a described
period of time. The samples were analyzed and quantified by '"H NMR (Table 4.6) and GC-MS

(Table 4.7).

124



Table 4.6 Deoxygenation of 4-acetylbiphenyl 42 by 37 over 4 hours at 200 °C.

o) 37 (0.7 mol%) OH

9-BBN (1.4 mol%)
O 2 eq. KO'Bu O
> +
34 atm H,, 150°C,
THF

42 43 44
Entry Time Conversion, [%] Yield®l, [%]
43 44
1 30 mins 80 75 75
2 1h 87 71 71
3 2h 94 37 37
4 4h 98 22 22

[a] Quantified by '"H NMR. [b] Analyzed by GC-MS.

Table 4.7 Deoxygenation of 4-acetylbiphenyl 42 by 37 over 4 hours at 200 °C.

37 (0.7 mol%)
9-BBN (1.4 mol%)
2 eq. KO'Bu
34 atm H,, 150°C,
THF
Entr Time Conversion, Yield[al, [%]
y [%] 43 44 | Dimers 4- Biphenyl
vinylbiphenyl 45
47
1 30 mins 69 3 57 5 3 0.5
2 lh 86 81 2 1.5 1.5 0.5
3 2h 92 55 35 5 0.5 3.5
4 4h 99 45 20 21 3 4

[a] Analyzed by GC-MS.

4.5.2.13 Hydrodeoxygenation of 1-(4-biphenylyl)-1-ethanol 43 by

[Co(NPPh3)(OSiMes)(THF)]2 37 and KO'Bu at 200 °C for 2 h

The general procedure was applied to 1-(4-biphenylyl)-1-ethanol 43 (124 mg., 0.622 mmol), 37

(3.8 mg., 0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The
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reaction was pressurized to 34 atm H> and immersed into pre-heated oil baths at 200 °C for 2 h.
The sample was analyzed and quantified by '"H NMR: 85% conversion, 32% of 4-ethylbiphenyl.
GC-MS: 93% conversion, 63% of 4-ethylbiphenyl 44, 14% of biphenyl 45, 0.5% of 4-

vinylbiphenyl 47, 9% of 4-acetylbiphenyl 42, 5% of dimerization and traces of impurities.

4.5.2.14 Hydrodeoxygenation of 1-(4-biphenylyl)-1-ethanol 43 by

[Co(NPPh3)(OSiMes)(THF)]: 37 and KO'Bu at 200 °C overnight

The general procedure was applied to 1-(4-biphenylyl)-1-ethanol 43 (124 mg., 0.622 mmol), 37
(3.8 mg., 0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The
reaction was pressurized to 34 atm H> and immersed into pre-heated oil baths at 200 °C
overnight. The sample was analyzed and quantified by 'H NMR: 100% conversion, 39% of 4-

ethylbiphenyl. GC-MS: 100 % conversion, 89 % of 4-ethylbiphenyl 44, 11% of biphenyl 45.

4.5.2.15 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPh3)(OSiMe3)(THF)]2 37

and KO'Bu at 200 °C overnight

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction
was pressurized to 34 atm H»> and immersed into pre-heated oil baths at 200 °C overnight. The
sample was analyzed and quantified by '"H NMR: 100% conversion, 38% of 4-ethylbiphenyl.

GC-MS: 100 % conversion, 86 % of 4-ethylbiphenyl 44, 14% of biphenyl 45.

4.5.2.16 Optimization of H2 pressure in hydrodeoxygenation of 4-acetylbiphenyl 42 by

[Co(NPPh3)(OSiMes)(THF)]: 37 and KOBu at 200 °C
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The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactions
were pressurized to a described hydrogen pressure and immersed into pre-heated oil baths at 200
°C for a described period of time. The samples were analyzed and quantified by 'H NMR. GC-

MS: 100 % conversion, 84 % of 4-ethylbiphenyl 44, 13% of biphenyl 45 and minor impurities.

Table 4.8 Pressure effect in the deoxygenation of 4-acetybiphenyl 42 by precatalyst 37 at
200 °C.

o) 37 (0.7 mol%), OH
9-BBN (1.4 mol%),
O 2 eq. KO'Bu O
O H,, 200°C, THF O * O

42 43 44
Entry Pressure, [atm] Time Conversion, Yield, [%]

[%] 43 44

1 34 overnight 100 0 39

2 27 overnight 96 15 40

3 20 overnight 84 8 26

4 7 overnight 69 0 22

5 34 4h 97 22 24

6 27 4h 92 49 22

7 20 4h 94 8 42

4.5.2.17 Optimization of H: pressure in hydrodeoxygenation of 4-acetylbiphenyl 42 by

[Co(NPPh3)(OSiMes)(THF)]2 37 and KO'Bu at 150 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactions
were pressurized to a described hydrogen pressure and immersed into pre-heated oil baths at 150

°C for a described period of time. The samples were analyzed and quantified by '"H NMR.
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Table 4.9 Pressure effect in the deoxygenation of 4-acetybiphenyl 42 by precatalyst 37 at
150 °C.

@) 37 (0.7 mol%), OH
9-BBN (1.4 mol%),
O 2 eq. KOBu O
O H,, 150°C, THF O * O

42 43 44
Entry = Pressure, [atm] Time Conversion, [%)] Yield, [%]

43 44
1 34 overnight 97 48 15
2 27 overnight 93 52 19
3 20 overnight 92 56 13
4 20 4 h 84 62 6
5 34 4h 93 75 9
6 14 overnight 88 72 2
7 7 overnight 52 42 s*

* g = stoichiometric.

4.5.2.18 Optimization of H: pressure in hydrodeoxygenation of 4-acetylbiphenyl 42 by

[Co(NPPh3)(OSiMes)(THF)]: 37 and KOBu at 110 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactions
were pressurized to a described hydrogen pressure and immersed into pre-heated oil baths at 110

°C for a described period of time. The samples were analyzed and quantified by '"H NMR.

128



Table 4.10 Pressure effect in the deoxygenation of 4-acetybiphenyl 42 by precatalyst 37 at
110 °C.

0 37 (0.7 mol%), OH

9-BBN (1.4 mol%),
O 2 eq. KO'Bu O

O H,, 110°C, THF O O

42 43 44
Entry Pressure, [atm] Time Conversion, [%] Yield, [%]
43 44
1 34 overnight 96 96 0
2 20 overnight 84 80 0
3 34 4h 32 31 0
4 20 4h 8 2 0

4.5.2.19 Mercury tests for catalyst [Co(NPPh3)(OSiMe3)(THF)]2x 37 at 110 °C, 150 °C and

200 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 37 (3.8 mg.,
0.0042 mmol), 9-BBN (9 mg., 0.0322 mmol), KO'Bu (142 mg., 1.24 mmol) and 300 or 3000
equivalents of Hg per catalyst (0.247 g. and 2.47 g., respectively). The reactions were
pressurized to 20 atm H; and immersed into preheated oil baths at a set temperature for a

described amount of time. The results were quantified by 'H NMR.
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Table 4.11 Mercury poisoning tests at 110 °C, 150 °C and 200 °C.

37 (0.7 mol%),

0 OH
9-BBN (1.4 mol%),
O 2 eq. KOBu O O
300 - 3000 eq. Hg +
O 20 atm H,, A, THF O O
42 43 44
Entry = Temperature, Time Hg, [eq.] Conversion, Yield, [%]
[°C] [%] 43 44
1 110 overnight - 84 80 0
2 110 overnight 300 11 3 0
3 150 overnight - 92 56 13
4 150 overnight 300 62 30 13
5 150 4h - 84 62 6
6 150 4h 300 19 17 0
7 150 4h 3000 9 4 0
8 200 4h - 98 22 24
9 200 4h 300 88 13 28
10 200 4h 3000 22 4 7

4.5.3 A general procedure for hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPr3)2]3

40 and KO'Bu

In a glovebox, a stainless steel high pressure reaction vessel with glass lining was charged with a

small bar-shaped stir bar, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 40 (5.0 mg., 0.0042

mmol), 9-BBN (2.1 mg., 0.0082 mmol), KO'Bu (142 mg., 1.24 mmol) and 5 mL THF. The

reactor was sealed, removed from the glovebox, connected to a hydrogen line and charged with

34 atm H> (500 psi). The reaction vessel was immersed into an oil bath at 150 °C and stirred

overnight at 1200 rpm. Next day, the reactor was removed from the heating source and immersed

into a room-temperature bath. Once cooled, the reactor was slowly depressurized and opened to
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air. The resulting mixture was transferred into a 5-dram vial. The reactor was washed twice with
5 mL toluene portions which were added to the 5-dram vial. The reaction was quenched with ~3
M HCI solution and the organic compounds were extracted thrice with toluene/THF. The extract
was dried with MgSOQs, filtered through a silica plugged pipet (~2 cm silica) and a Florisil®
plugged pipet (~2 cm Florisil®). The solution has a slight yellowish/tan shade if the solution
consists largely of 4-acetylbiphenyl 42, whereas a hydrogenation and deoxygenation products 43
and 44 give a clear, colorless solution. The solvents were removed in vacuo affording a) a
slightly yellow solid (4-acetylbiphenyl 42), b) white precipitate (significant portion of 1-(4-
biphenylyl)-1-ethanol 43), or c¢) a semi-liquid, yellowish solid if considerable deoxygenation
takes place. The reaction products were dissolved in CDCls, 20 pL of hexamethyldisiloxane
(0.103 mmol) was added to the solution and the sample was analyzed by 'H NMR (96 %

conversion, 91 % of 43 and 3 % of 44).

4.5.3.1 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPr3):]3 40 and KO'Bu in

hexane

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 40 (5.0 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol), KO'Bu (142 mg., 1.24 mmol) and 5 mL hexane.
The sample was analyzed and quantified by 'H NMR: 46 % conversion, 37 % of 4-biphenylyl)-

1-ethanol 43 and 1 % of 4-ethylbiphenyl 44.

4.5.3.2 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPr3):]3 40 and KO'Bu in

hexane with alumina support (4 wt% 39)
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The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 40 (5.0 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol), KO'Bu (142 mg., 1.24 mmol) and 5 mL hexane.
Basic AbO3 (75 mg., 0.75 mmol) was added to the reactor before sealing it. The reaction was
quantified by 'H NMR: 86 % conversion, 72 % of 4-biphenylyl)-1-ethanol 43, 3 % of 4-

ethylbiphenyl 44.

4.5.3.3 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPr3):]3 40 and KO'Bu at

200°Cfor4h

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 40 (5.0 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KOBu (142 mg., 1.24 mmol). The reactor
was pressurized to 34 atm H> and immersed into a pre-heated oil bath at 200 °C for 4 h. The
sample was analyzed and quantified by '"H NMR: 90 % conversion, 24 % of 4-biphenylyl)-1-

ethanol 43 and 34 % of 4-ethylbiphenyl 44.

4.5.3.4 Hydrodeoxygenation of 4-acetylbiphenyl 42 by [Co(NPPr3):]3 40 and KO'Bu at

110 °C and 1 atm H2

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 40 (5.0 mg.,
0.0042 mmol), 9-BBN (2.1 mg., 0.0082 mmol) and KOBu (142 mg., 1.24 mmol). The reactor
was pressurized to 7 atm H; and slowly depressurized to atmospheric pressure twice, and
immersed into a pre-heated oil bath at 110 °C for 4 h. The sample was analyzed and quantified

by '"HNMR: 15 % conversion and 8 % of 4-biphenylyl)-1-ethanol 43.

4.5.4 A general procedure for control reactions with KO’Bu
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In a glovebox, a stainless steel high pressure reaction vessel with glass lining was charged with a
small bar-shaped stir bar, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), KO'Bu (142 mg., 1.24
mmol) and 5 mL THF. The reactor was sealed, removed from the glovebox and connected to a
hydrogen line. The reactor was charged with 34 atm H; (500 psi), immersed into an oil bath at
150 °C and stirred overnight at 1200 rpm. Next day, the reactor was removed from the heating
source and immersed into a room-temperature bath. Once cooled, the reactor was slowly
depressurized and opened to the atmosphere. The resulting mixture was transferred into a 5-dram
vial. The reactor was washed twice with 5 mL toluene portions which were added to the 5-dram
vial. The reaction was quenched with ~3 M HCI solution and the organic compounds were
extracted thrice with toluene/THF. The extract was dried with MgSQy, filtered through a silica
plugged pipet (~2 cm) and a Florisil® plugged pipet (~2 cm Florisil). The solution has a slight
yellowish/tan shade if the solution consists largely of 4-acetylbiphenyl 42, whereas a
hydrogenation and deoxygenation products 43 and 44 give a clear, colorless solution. The
solvents were removed in vacuo to give a) a slightly yellow solid (4-acetylbiphenyl 42), b) white
precipitate (significant portion of 1-(4-biphenylyl)-1-ethanol 43), or ¢) a semi-liquid, yellowish
solid if considerable deoxygenation takes place. The reaction products were dissolved in CDCl3,
20 pL of hexamethyldisiloxane (0.103 mmol) was added to the solution and the sample was
analyzed by '"H NMR (4 % conversion, 0 % of 4-biphenylyl)-1-ethanol 43 and 0 % of 4-

ethylbiphenyl 44).

4.5.4.1 Control reaction with KO’Bu and 9-BBN at 20 atm Hz for 4 h

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 9-BBN (2.1

mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction was pressurized to 20 atm Ha
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and immersed into a pre-heated oil bath at 150 °C for 4 h. The sample was analyzed by '"H NMR:

1 % conversion and 1 % of 4-biphenylyl)-1-ethanol 43.

4.5.4.2 Control reaction with KO’‘Bu and 9-BBN at 20 atm H2 and 200 °C for 4 h

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 9-BBN (2.1
mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction was pressurized to 20 atm H»
and immersed into a pre-heated oil bath at 200 °C for 4 h. The sample was analyzed by '"H NMR:

14 % conversion and 0 % of 4-biphenylyl)-1-ethanol 43 and 1 % of 4-ethylbiphenyl 44.

4.5.4.3 Control reaction with KO’Bu and 9-BBN at 34 atm H2 and 200 °C for 4 h

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 9-BBN (2.1
mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). The reaction was pressurized to 20 atm H>
and immersed into a pre-heated oil bath at 200 °C for 4 h. The sample was analyzed by 'H NMR:

12 % conversion and 0.5 % of 4-biphenylyl)-1-ethanol 43 and 2 % of 4-ethylbiphenyl 44.

4.5.4.4 Control reactions with KO’Bu and 9-BBN without H>

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol), 9-BBN (2.1
mg., 0.0082 mmol) and KO'Bu (142 mg., 1.24 mmol). The reactions were immersed into oil

baths at a described temperature and stirred overnight. The results were quantified by 'H NMR.
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Table 4.12 Control reactions at 110 °C, 150 °C and 200 °C without hydrogen.

0 37 (0.7 mol%) OH

9-BBN (1.4 mol%)
O 2 eq. KO'Bu O
34 atm H,, 150°C,
THF

+ O

42 43 44
Entry | Temperature, [°C] Conversion, [%] Yield, [%]
43 44
1 110 10 1 0
150 8 0 0
3 200 12 0 0

4.5.5 General procedure for pre-decomposition of [Co(NPPh3)(OSiMes)(THF)]2 37 and

[Co(NPPh3)2]3 23 into Cat_1A-E and Cat _2A

In a glovebox, a stainless steel high pressure reaction vessel with glass lining was charged with a
small bar-shaped stirbar, 37 (3.8 mg., 0.0041 mmol), other additives and 4 mL THF. The reactor
was sealed, removed from the glovebox and connected to a hydrogen line. The reaction vessel
charged with 34 atm H> (500 psi), immersed into an oil bath at 200 °C and stirred for a set
amount of time at 1200 rpm. The reactor was then removed from the heating source and
immersed into a room-temperature bath. Once cooled, the reactor was slowly depressurized to

release the hydrogen and transferred back into the glovebox.

4.5.5.1 Pre-decomposition of [Co(NPPh3)(OSiMes)(THF)]2 37 into Cat_1A4

The general procedure was applied to 37 (3.8 mg., 0.0041 mmol), 9-BBN (2.1 mg., 0.0082

mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor was pressurized to 34 atm H» and stirred at
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200 °C for 2 h. A colorless THF solution and a black film deposit on the glass insert was

observed upon opening the reactor.

4.5.5.2 Pre-decomposition of [Co(NPPh3)(OSiMe3)(THF)]2 37 into Cat 1B

The general procedure was applied to 37 (3.8 mg., 0.0041 mmol), 9-BBN (2.1 mg., 0.0082
mmol) and KO'Bu (142 mg., 1.24 mmol). The reactor was pressurized to 34 atm H» and stirred at
200 °C for 1 h. A colorless THF solution and a black film deposit on the glass insert was

observed upon opening the reactor.

4.5.5.3 Pre-decomposition of [Co(NPPh3)(OSiMes3)(THF)]2 37 into Cat_IC

The general procedure was applied to 37 (3.8 mg., 0.0041 mmol) and 9-BBN (2.1 mg., 0.0082
mmol). The reactor was pressurized to 34 atm H» and stirred at 200 °C for 1 h. A colorless THF

solution and a black film deposit on the glass insert was observed upon opening the reactor.

4.5.5.4 Pre-decomposition of [Co(NPPh3)(OSiMes3)(THF)]2 37 into Cat 1D

The general procedure was applied to 37 (3.8 mg., 0.0041 mmol). The reactor was pressurized to
34 atm H» and stirred at 200 °C for 1 h. A colorless THF solution and a black film deposit on the

glass insert was observed upon opening the reactor.

4.5.5.5 Pre-decomposition of [Co(NPPh3)(OSiMes3)(THF)]2 37 into Cat IE

The general procedure was applied to 37 (3.8 mg., 0.0041 mmol), 9-BBN (2.1 mg., 0.0082
mmol) and 3A activated molecular sieves (123 mg.). The reactor was pressurized to 34 atm H»
and stirred at 200 °C for 1 h. A colorless THF solution and a black film deposit on the glass

insert was observed upon opening the reactor.
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4.5.5.6 Pre-decomposition of [Co(NPPhs3):]3 23 into Cat 2A

The general procedure was applied to 23 (7.5 mg., 0.0041 mmol) and 9-BBN (2.1 mg., 0.0082
mmol). The reactor was pressurized to 34 atm H» and stirred at 200 °C for 1 h. A brown THF

solution and a black film deposit on the glass insert was observed upon opening the reactor.

4.5.6 General procedure for catalysis reactions by pre-decomposed Cat 1A4-D and KO'Bu

The reaction was conducted immediately upon the pre-decomposition procedure. Once the
reactor with Cat 1A4-D was opened in the glovebox, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol)
and 1 mL THF were added to the reaction vessel. The reactor was sealed, removed from the
glovebox and connected to a hydrogen line. The reactor was pressurized to a described H»
pressure, immersed into a pre-heated oil bath at a described temperature, and stirred for a set
amount of time at 1200 rpm. The reactor was then removed from the heating source and
immersed into a room-temperature bath. Once cooled, the reactor was slowly depressurized and
opened to the atmosphere. The resulting mixture was transferred into a 5-dram vial. The reactor
was washed twice with 5 mL toluene portions which were added to the 5-dram vial. The reaction
was quenched with ~3 M HCI solution and the organic compounds were extracted thrice with
toluene/THF. The extract was dried with MgSQOs, filtered through a silica plugged pipet (~2 cm
silica) and a Florisil® plugged pipet (~2 cm Florisil®). The solution has a slight yellowish/tan
shade if the solution consists largely of 4-acetylbiphenyl 42, whereas a hydrogenation and
deoxygenation products 43 and 44 give a clear, colorless solution. The solvents were removed in
vacuo to give a) slightly yellow solid (4-acetylbiphenyl 42), b) white precipitate (significant

portion of 1-(4-biphenylyl)-1-ethanol 43), or c) a semi-liquid, yellowish solid if considerable
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deoxygenation takes place. The reaction products were dissolved in CDCls, 20 pL of

hexamethyldisiloxane (0.103 mmol) was added and the sample was analyzed by '"H NMR.
4.5.6.1 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1A4-B

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol). The reactor
was pressurized to 34 atm H>, immersed into preheated oil bath at 150 °C and stirred for a

described amount of time. The results were quantified by 'H NMR.

Table 4.13 Deoxygenation of 4-acetylbiphenyl 42 by Cat 14-B.

O OH

Cat_1A-B
O (1.4 mol% [Co]) O

34 atm Hz,

150 °C, THF

+ O

42 43 44
Entry Time, [h] Conversion, [%] Yield, [%]
43 44
1 1 4 2 0
2 2 7 6 s*

* g = stoichiometric.

4.5.6.2 Deoxygenation of 4-acetylbiphenyl 42 by Cat_1C-D

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and KO'Bu
(142 mg., 1.24 mmol). The reactor was pressurized to a described pressure, immersed into a
preheated oil bath at a described temperature and stirred for a described amount of time. The

results were quantified by 'H NMR.
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Table 4.14 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1C-D.
O Cat_1C-D, OH
(1.4 mol%[Co])
O 2eq. KOBu _ O N
C wom C

42 43 44

Entry Cat. Pressure, T, [°C] Time Conversion, Yield, [%]
[atm] [%] 43 44

1 Cat IC 34 150 lh 86 78 s*
2 Cat I1C 1-2 150 overnight 55 31 8
3 Cat 1C 34 200 lh 88 47 19
4 Cat 1C 34 200 lh 98 28 1
5 Cat IC 1-2 200 lh 36 10 8
6 Cat IC 1-2 200 overnight 19 0 7
7 Cat IC 20 200 overnight 91 37 25
8 Cat 1D 34 200 lh 4 2 2

4.5.6.3 Deoxygenation of 4-acetylbiphenyl 42 by Cat_1C and 1 eq. of KOtBu at 200 °C and

34 atm Hz

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and KO'Bu
(142 mg., 1.24 mmol). The reactor was pressurized to 34 atm H», immersed into a preheated oil
bath at 200 °C and stirred for a 1 h. The sample was analyzed by GC-MS: 97 % conversion, 39%
of 4-biphenylyl)-1-ethanol 43, 0.5 % of 4-ethylbiphenyl 44, 0.5% of 4-vinylbiphenyl 47 and 57%

aldol condensation.
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4.5.7 General procedure for catalysis reactions by pre-decomposed Cat 1C-E and Cat 2A

in the presence of activated molecular sieves as water scavenger

The reaction was conducted immediately upon the pre-decomposition procedure. Once the
reactor with Cat 1C was opened in the glovebox, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol),
activated 3A molecular sieves (123 mg., 1 wt. equivalent) and 1 mL THF were added to the
reaction vessel. The reactor was sealed, removed from the glovebox and connected to a hydrogen
line. The reactor was charged with 7 atm H> and slowly depressurized to 1 — 2 atm twice,
immersed into a preheated oil bath at 200 °C and stirred overnight at 1200 rpm. The reactor was
then removed from the heating source and immersed into a room-temperature bath. Once cooled,
the reactor was slowly depressurized and opened to the atmosphere. The resulting mixture was
transferred into a 5-dram vial and the reactor was washed twice with 5 mL THF/EtO portions
which were added to the 5-dram vial. The mixture was filtered through a silica plugged pipet
(~2 cm silica) and a Florisil® plugged pipet (~2 cm Florisil®). The solution has a slight
yellowish/tan shade if the solution consists largely of 4-acetylbiphenyl 42, whereas a
hydrogenation and deoxygenation products 43 and 44 give a clear, colorless solution. The
solvents were removed in vacuo. The reaction products were dissolved in CDCls, 20 puL of
hexamethyldisiloxane (0.103 mmol) was added to the solution and the sample was analyzed by
'"H NMR: 100 % conversion, 0 % of 4-biphenylyl)-1-ethanol 43 and 79 % of 4-ethylbiphenyl 44.
GC-MS: 100% conversion, 0.5 % of 4-biphenylyl)-1-ethanol 43, 86% of 4-ethylbiphenyl 44,

0.5% of 4-vinylbiphenyl 47 and 13% dimerization.
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4.5.7.1 Preparation of activated 3A molecular sieves

Five grams of 3A molecular sieves were ground to powder using a mortar and pestle. The sieves

powder was transferred into a 100 mL beaker and heated in air at 500 °C for 3 h. The oven was

turned off and the container was allowed to cool for 30 mins. The beaker was then transferred

into the drybox and sieves were stored in a sealed 5-dram vial.

4.5.7.2 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1C-D

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated

3A molecular sieves (123 mg., 1 wt. equivalent). The reaction was immersed into a preheated oil

bath at the indicated temperature after adding H> and stirred for a described amount of time. The

results were quantified by '"H NMR.

Table 4.15 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1C-D.

o) Cat_1C-D OH
(1.4 mol% [Co]),
O 3 A mol. sieves (1 wt. eq.) O O
O 1-2atm Hy, A, THF O ¥ O
42 43 44

Entry Cat. Temperature, Time Conversion, Yield, [%]
[°C] [%] 43 44
1 Cat IC 200 overnight 100 0 79
2 Cat IC 200 2.5h 4 2 0
3 Cat IC 150 overnight 22 18 s*
4 Cat IC 110 overnight 8 3 0
5 Cat 1D 200 overnight 79 55 24
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4.5.7.3 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1E

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol). The reaction
was immersed into a preheated oil bath at 200 °C after adding H» and stirred overnight. The
results were quantified by "TH NMR: 41 % conversion, 18 % of of 4-biphenylyl)-1-ethanol 43 and

14 % of 4-ethylbiphenyl 44.
4.5.7.4 Deoxygenation of 4-acetylbiphenyl 42 by Cat 2A4

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated
3A molecular sieves (123 mg., 1 wt. equivalent). The reaction was immersed into a preheated oil
bath at 200 °C after adding H> and stirred for an indicated time. The results were quantified by

'"H NMR.

Table 4.16 Deoxygenation of 4-acetylbiphenyl 42 by Cat 2A4.

o Cat_2A o

(2.1 mol% [Co]),
1 weight eq. 3 A mol. sieves

N
O 1-2atm H,, 200 °C, THF O O

42 43 44
Entry Time Conversion, Yield, [%]
[%] 43 44
1 overnight 100 0 100
2.5h 2 2 0

4.5.7.5 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1C-solid at 200 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated

3A molecular sieves (123 mg., 1 wt. equivalent). The solid cobalt film was washed thrice with 5
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mL THF portions and 5 mL of fresh THF was added to the glass liner. The substrate and sieves
were added to the reaction mixture and the reactor was sealed. Hydrogen was added to the
reactor and the reactor was immersed into a preheated oil bath at 200 °C and stirred overnight.
The results were quantified by 'H NMR: 88 % conversion, 32 % of 4-biphenylyl)-1-ethanol 43

and 55 % of 4-ethylbiphenyl 44.

4.5.7.6 Deoxygenation of 4-acetylbiphenyl 42 by Cat 1C-liquid at 200 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated
3A molecular sieves (123 mg., 1 wt. equivalent). The colorless THF solution was decanted from
the solid cobalt particles and filtered through a Celite plug (~2 cm Celite in a Pasteur pipet) into
a 5-dram vial. The solid layer was washed thrice with 5 mL THF portions which were filtered
through the Celite plug and added to the THF filtrate. The colorless THF solution was transferred
to a new high-pressure reactor with a glass insert. The substrate, sieves and a small stir bar were
added to the reaction mixture and the reactor was sealed. The reactor was immersed into a
preheated oil bath at 200 °C upon adding H» and stirred overnight. The results were quantified by

"H NMR: 0 % conversion.

4.5.7.7 Deoxygenation of 4-acetylbiphenyl 42 by Cat_2A4-solid at 200 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated
3A molecular sieves (123 mg., 1 wt. equivalent). The solid cobalt film was washed thrice with 5
mL THF portions and 5 mL of fresh THF was added to the glass liner. The substrate and sieves

were added to the reaction mixture and the reactor was sealed. The reactor was immersed into a
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preheated oil bath at 200 °C upon adding H» and stirred overnight. The results were quantified by

"H NMR: 85 % conversion, 27 % of 4-biphenylyl)-1-ethanol 43 and 58 % of 4-ethylbiphenyl 44.

4.5.7.8 Deoxygenation of 4-acetylbiphenyl 42 by Cat 2A4-liquid at 200 °C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated
3A molecular sieves (123 mg., 1 wt. equivalent). The brown THF solution was decanted from
the solid cobalt particles and filtered through a Celite plug (~2 cm Celite in a Pasteur pipet) into
a 5-dram vial. The solid layer was washed thrice with 5 mL THF portions which were filtered
through the Celite plug and added to the THF filtrate. The brown THF solution was transferred
to a new high-pressure reactor with a glass insert. The substrate, sieves and a small stir bar were
added to the reaction mixture and the reactor was sealed. The reactor was immersed into a
preheated oil bath at 200 °C upon adding H» and stirred overnight. The results were quantified by
'"H NMR: 86 % conversion, 52 % of of 4-biphenylyl)-1-ethanol 43 and 32 % of 4-

ethylbiphenyl 44.

4.5.7.9 Control reaction with 9-BBN and activated 3A molecular sieves at 200 °C

In a glovebox, a stainless steel high pressure reaction vessel with glass lining was charged with a
small bar-shaped stir bar, 9-BBN (2.1 mg., 0.0082 mmol) and 4 mL THF. The reactor was
sealed, removed from the glovebox and attached to a ‘high pressure’ hydrogen line. The reaction
vessel was pressurized to 34 atm H> (500 psi), immersed into a pre-heated oil bath at 200 °C, and
stirred for a set amount of time at 1200 rpm. The reactor was then removed from the heating
source and immersed into a room-temperature bath. Once cooled, the reactor was slowly

depressurized to release the hydrogen and transferred back into the glovebox. The general
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catalytic procedure was then applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated
3A molecular sieves (123 mg., 1 wt. equivalent). The reaction was immersed into a preheated oil
bath at 200 °C upon adding Ha and stirred overnight. The results were quantified by '"H NMR: 0

% conversion, 100 % of 4-acetylbiphenyl 42.

4.5.8 General procedure for pre-decomposition of CoBr: into Cat 34-D

In a glovebox, a stainless steel high pressure reaction vessel with glass lining was charged with a
small bar-shaped stir bar, CoBr; (3.5 mg., 0.016 mmol), other additives and 4 mL THF. The
reactor was sealed, removed from the glovebox and attached to a ‘high pressure’ hydrogen line.
The reaction vessel was pressurized to 34 atm H» (500 psi), immersed into an oil bath at 200 °C,
and stirred for 1 h at 1200 rpm. The reactor was then removed from the heating source and
immersed into a room-temperature bath. Once cooled, the reactor was slowly depressurized to

release the hydrogen and transferred back into the glovebox.

4.5.8.1 Pre-decomposition of CoBr: into Cat 34

The general procedure was applied to CoBr2 (3.5 mg., 0.016 mmol) and 9-BBN (4.2 mg., 0.016

mmol). A light blue solution was observed upon opening the reactor.

4.5.8.2 Pre-decomposition of CoBr: into Cat 3B

The general procedure was applied to CoBr2 (3.5 mg., 0.016 mmol), 9-BBN (4.2 mg., 0.016
mmol) and KOBu (4.0 mg., 0.036 mmol). A colorless THF solution and a black film deposit on

the glass insert was observed upon opening the reactor.

4.5.8.3 Pre-decomposition of CoBr: into Cat 3C
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The general procedure was applied to CoBr; (3.5 mg., 0.016 mmol) and KO'Bu (4.0 mg., 0.036
mmol). A colorless THF solution and a black film deposit on the glass insert was observed upon

opening the reactor.

4.5.8.4 Pre-decomposition of CoBr: into Cat 3D

The general procedure was applied to CoBr» (3.5 mg., 0.016 mmol) and NaO'Bu (3.5 mg., 0.036
mmol). A colorless THF solution and a black film deposit on the glass insert was observed upon

opening the reactor.

4.5.9 General procedure for catalysis reactions by pre-decomposed Cat 34-D in the

presence of activated molecular sieves as water scavenger

The reaction was conducted immediately upon the pre-decomposition procedure. Once the
reactor with Cat_3A4-D was opened in the glovebox, 4-acetylbiphenyl 42 (123 mg., 0.622 mmol),
activated 3A molecular sieves (123 mg., 1 wt. equivalent) and 1 mL THF were added to the
reaction vessel. The reactor was sealed, removed from the glovebox and connected to a hydrogen
line. The reactor was charged with 7 atm H» and slowly depressurized to 1 — 2 atm twice,
immersed into a preheated oil bath at 200 °C and stirred for an indicated time at 1200 rpm. The
reactor was then removed from the heating source and immersed into a room-temperature bath.
Once cooled, the reactor was slowly depressurized and opened to the atmosphere. The resulting
mixture was transferred into a 5-dram vial. The reactor was washed twice with 5 mL THF/Et,0O
portions which were added to the 5-dram vial. The mixture was filtered through a silica plugged
pipet (~2 cm silica) and a Florisil® plugged pipet (~2 cm Florisil®). The solvents were removed

in vacuo to give a semi-liquid solid. The reaction products were dissolved in CDCl3, 20 puL of
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hexamethyldisiloxane (0.103 mmol) was added to the solution and the sample was analyzed by

'"H NMR.
Table 4.17 Deoxygenation of 4-acetylbiphenyl 42 by Cat 3A4-D.
Cat_3A-C (2.6 mol% [CO0]),
O 1 weight eq. 3A mol. sieves O
O 1-2 atm Hy, 200 °C, THF O
42 44
Entry Cat. Mol. sieves Time Conversion, Yield, [%]
[Yo]
44
1 Cat 34 3A overnight 0 0
2 Cat 3B 3A overnight 100 100
3 Cat 3C 3A overnight 100 g3l
4 Cat 3C 3A 2.5h 100 96
5 Cat 3D 3A 2.5h 100 99
6 Cat 3D 4 A 2.5h 100 gglb!

4.5.9.1 Hydrodeoxygenation of 4-acetylbiphenyl by Cat 3C over 2.5 h

Once the reactor containing Cat 3C was opened in the glovebox, the general procedure was

applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated 3A molecular sieves (123

mg., 1 wt. equivalent). The reactor was immersed into a preheated oil bath at 200 °C and stirred

for an indicated amount of time after adding H». The results were quantified by 'H NMR.
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Table 4.18 Deoxygenation of 4-acetylbiphenyl 42 by Cat 3C over 2.5 h.

0] OH

Cat_3C (2.6 mol% [CO0]),
O 1 weight eq. 3A mol. sieves O .
O 1-2 atm Hy, 200 °C, THF O O

42 43 44
Entry Time, [h] Conversion, Yield, [%]
[%] 43 44
1 0.5 22 9 9
2 1.0 43 14 22
3 1.5 3 2 0
4 1.5 99 5 92
5 2.0 55 0 54
6 2.5 100 0 96

4.5.9.2 Temperature and pressure optimization in hydrodeoxygenation of 4-acetylbiphenyl

by Cat 3C

The general procedure was applied to 4-acetylbiphenyl 42 (123 mg., 0.622 mmol) and activated
3A molecular sieves (123 mg., 1 wt. equivalent). The reactor was pressurized to an indicated
pressure and the reactor was immersed into a preheated oil bath at an indicated temperature and

stirred for 2.5 h after adding H,. The results were quantified by '"H NMR and GC-MS.
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Table 4.19 Deoxygenation of 4-acetylbiphenyl 42 by Cat 3C at 100 — 200 °C.

0] OH

Cat_3C (2.6 mol% [Co]),
O 1 weight eq. 3A mol. sieves O
> +
1-2atm H,, A, THF,
2.5h

42 43 44
Entry = Temperature, H> Conversion, Yield, [%0]
[°C] pressure, [%] 43 44 By-
[atm] products!®!
1 200 1 100 0 96 4
2 200 7 100 0 88 11
3 200 7 100 0 84 13
4 200 7 98 6 84 5
5 150 1 57 12 41 4
6 150 7 100 0 92 6
7 150 7 88 42 41 4
8 100 1 29 25 0 0
9 100 1 35 25 4 4
10 100 1 29 25 0 2
11 100 7 7 4 0 3
12 100 7 7 5 0 2
1312l 100 1 54 39 10 4
1412l 100 1 78 67 8 2
1512l 100 7 100 42 50 6

Determined by GC-MS. [a] Carried out overnight. [b] Over-hydrogenation of an aromatic ring.

4.5.10 General procedure for substrate scope investigation with Cat 3C

The reaction was conducted immediately upon the pre-decomposition procedure. Once the
reactor with Cat 3C was opened in the glovebox, a substrate (0.622 mmol), activated 3A
molecular sieves (1 weight equivalent) and 1 mL THF were added to the reaction vessel. The
reactor was sealed, removed from the glovebox and connected to a hydrogen line. The reactor

was pressurized to 7 atm Ha, slowly depressurized to ~1 atm H» and pressurized to 7 atm H»
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again. The reaction was immersed into a preheated oil bath at 200 °C and stirred for an indicated
time at 1200 rpm. The reactor was then removed from the heating source and immersed into a
room-temperature bath. Once cooled, the reactor was slowly depressurized and opened to the
atmosphere. The resulting mixture was transferred into a 5-dram vial. The reactor was washed
twice with 5 mL THF/Et;O portions which were added to the 5-dram vial. The mixture was
filtered through a silica plugged pipet (~2 cm silica) and a Florisil® plugged pipet (~2 cm

Florisil®). The sample was submitted for GC-MS analysis.
4.5.10.1 Deoxygenation of 4-fluoroacetophenone 53

The general procedure was applied to 4-fluoroacetophenone 53 (85 mg., 75 mL, 0.622 mmol)
and activated 3A molecular sieves (85 mg., 1 wt. equivalent). The reactor was immersed into a
preheated oil bath at an indicated temperature and stirred for an indicated time. The results were

analyzed by GC-MS.

Table 4.20 Deoxygenation of 4-fluoroacetophenone 53 by Car 3C.

@) OH

Cat_3C (2.6 mol% [Co]),
1 weight eq. 3A mol. sieves /@/\ ©/\
+
F F T F

7 atm H,, A, THF

53 54 55 56
Entry = Temperature, Time Conversion, Yield, [%]
[°C] [%] 53 54 55
1 150 2.5h 22 20 0.4 0
2 200 2.5h 28 21 4.9 0
3 150 overnight 99 72 22 4
4 200 overnight 100 0 94 5
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4.5.10.2 Deoxygenation of 4-fert-butylcyclohexanone 57

The general procedure was applied to 4-tert-butylcyclohexanone 57 (92 mg., 0.622 mmol) and
activated 3A molecular sieves (92 mg., 1 wt. equivalent). The reactor was immersed into a

preheated oil bath at an indicated temperature and stirred for 2.5 h. The results were analyzed by

GC-MS.
Table 4.21 Deoxygenation of 4-fert-butylcyclohexanone 57 by Cat 3C.
Q Cat_3C (2.6 mol% [Co]), qH OH
1 weight eq. 3 A mol. sieves
7 atm Hy, 150 - 200 °C, THF, *
2.5h :
57 58 59
Entry Temperature, Time Conversion, Yield, [%]
[°C] [%] 58 59
1 150 25h 100 37 63
200 25h 100 33 67

4.5.10.3 Deoxygenation of diphenyl ether 60

The general procedure was applied to diphenyl ether 60 (106 mg., 0.622 mmol) and activated 3A
molecular sieves (106 mg., 1 wt. equivalent). The reactor was immersed into a preheated oil bath

at 150 °C and stirred for 2.5 h. The results were analyzed by GC-MS: 0 % conversion.
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Appendix

Appendix 1. Additional characterization data

Appendix Al.1 Signer molecular weight calculation for [Co(NPPh3)(OSiMes)(THF)]z 37.

Formula used for Signer method: MW, = —Glgzl\;wz
2V1

Data

Compound 1 ([Co(NPPh3)(OSiMes)(THF)]x 37): Gi1 = 22.2 g, V; (solution) = 2.30 mL,
Vi=145mL

Compound 2 (Ferrocene): G2 = 22.2 g, V; (solution) = 235 mL, V> = 3.10 mL,
MW, = 186.04 g/mol

zz.zil x 3.10 mL X 186.04% g
MW, = mo 7 Mot — 397.75 2
22.2-5 X145 mL mol

Appendix Al.2 FT-IR overlay of [Co(NPPh3)(OSiMes)(THF)]2 37 and

[Co(NPPh3)(O'Bu)(THF)]: 39.
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Figure 1. FT-IR overlay spectrum of [Co(NPPh3)(OSiMes)(THF)]2 37 (green) and
[Co(NPPh3)(O'Bu)(THF)]2 39 (red).
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Appendix A1.3 FT-IR spectrum of [Co(NPPr3)2]3 40.
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Figure 1. FT-IR spectrum of [Co(NP'Pr3)2]3 40.
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Appendix 2. Additional analysis data
Appendix B1.1 Select GC-MS data

Table 1. Deoxygenation of 4-acetylbiphenyl 42 by precatalysts 37 and 39 in the absence of 9-
BBN.

Cat. (0.7 mol %),
O 2 eq. KOBu O
O 34 atm Hy, A, O * O
THF, overnight

42 43 44
Entry | Catalyst Conversion, Yield, [%]
°
vl 43 44 biphenyl Dimerization
45 products
1 39 94 49 29 15 0
2 37 91 52 16 17 14
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Appendix 3

Appendix C1.1 A representative '"H NMR spectrum for the quantification of catalytic
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Figure 1. Representative 1H NMR spectrum of hydrodeoxygenation of 4-acetylbiphenyl by [Co]

catalysts.
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