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ABSTRACT

Ruthenium catalysed ester reductions using hydrogen have become increasingly industrially
relevant as a means of accessing primary alcohols, while avoiding the need for pyrophoric
and wasteful metal hydride-based reducing agents. A catalytic system was identified capable
of reducing esters under mild conditions accessible in general purpose pressure vessels more
likely encountered within the pharmaceutical industry (< 10 bar of hydrogen pressure).
Process understanding was obtained using an experimental design approach which was used
to rationalise and suppress the formation of impurities. Mechanistic insight was also

gathered using time-course experimentation and in situ monitoring.

A number of substrates, more representative of the types of molecules encountered in a
pharmaceutical environment were tested in the reaction. Selected substrates were scaled-
up in batch and in a bespoke CSTR flow reactor to furnish relevant pharmaceutical
intermediates. These processes compared favourably to existing metal hydride mediated
processes, both in the reduction of waste and number of unit operations. The resulting

alcohols were then further elaborated to generate more advanced intermediates.

Photochemical transformations are another increasingly useful technology being employed
within the pharmaceutical industry as a tool to enable novel disconnections, though these
can be challenging to scale. The second part of this thesis examines the photochemical
bromination of two substrates. Further optimisations are performed on the benzylic
bromination of ethyl 4-methylbenzoate to intensify the process. Simplification of the work-
up and isolation procedures compared to a previous process were also studied. Scale-up was
performed in a plug-flow reactor as well as a prototype photochemical DART flow reactor.
The results from this experimentation have been used to inform the design of a next-

generation prototype reactor.
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1 CATALYTIC REDUCTION OF ESTERS

1.1 INTRODUCTION

1.1.1  Reduction of Esters in Organic Chemistry

The reduction of esters to primary alcohols is one of the most fundamental functional group
interconversions in organic chemistry.! Indeed the importance of this is evident throughout
work in academia and industry alike. In Nicolaou’s total synthesis of the anticancer drug
Paclitaxel (Taxol), LAH was used to reduce y-lactone (1.1) to diol (1.2) (Scheme 1).2 On a
somewhat larger scale, the formation of the pharmaceutical building block, 3-(R)-3-amino-1-
butanol (1.3) has been effected by reduction of the corresponding methyl ester (1.4) using
NaBH.. This key building block is used en route to Dolutegravir (Tivicay), an oral HIV integrase

inhibitor with sales totaling > $5 billion in 2017 (Scheme 1).>*

OBn OBn

o, s,
TBDPSO o LiAH, TBDPSO H. - . j\ Ph O
Et,0 Ph N)\_/U\O--'
OTBS OTBS H éH :
o OH “on Wd (o)
OBz OAc
1.1 1.2 Paclitaxel (Taxol)

OH O :
= = F o =
HoN HoN N N
NaBH
DRV ) E— 1 L
MeO™ ~O THF HO lilO
F (e}
1.3 1.4 Dolutegravir (Tivicay)

Scheme 1 Examples of ester reductions on intermediates leading to biologically active molecules.



The reductions of esters to alcohols, as with many other functional group interconversions,
are often considered to be non-strategic, as these often do not directly contribute to forming
key bonds present in the final target.® This has led to the emergence of the concept of “redox
economy”, whereby the number of changes to oxidation states are as far as possible kept to
a minimum.® The preference is to have the correct oxidation states present in the starting
materials, or to introduce these via strategic redox reactions. However, due to the complexity
and challenging nature of natural products and many drug candidates, these are frequently
difficult to avoid. Furthermore, many esters are available on large scale from natural
precursors. The possibility of converting these into value-added products and building blocks

thus also provides incentive for developing efficient methods for such transformations.”-®

This is particularly true in the context of process chemistry, wherein the synthesis of a desired
target is to be scaled-up. In addition to running reactions in larger vessels, other
considerations including yield, purity, robustness, cost and environmental impact must be
taken into account.® This review will take aspects of process chemistry into account and give

examples related to the pharmaceutical industry where possible.

It should be noted that reductions are generally preferred over oxidations on large scale as
the former have fewer safety and toxicity concerns associated with the reagents themselves
and the resulting waste streams. Accordingly, the bulk of this review will be focused on
reduction. In the case of non-oxidation reactions, unwanted exotherms and the possibility of
fires are avoided by running reactions in the absence of any oxidants, for example, by running
reactions under an atmosphere of nitrogen.® In the case of oxidation reactions, however,
fuel, oxidant and energy are typically all present, thus leading to additional safety concerns.
Oxidations typically run on laboratory scale, such as the Swern oxidation,'! are undesirable
for scale up, due the requirement for low temperatures and the stoichiometric generation of
dimethyl sulfide. Hypervalent iodine-based reagents, such as IBX'? and Dess-Martin
periodinane®® are operable at room temperature, but are expensive and have a high
molecular weight leading to low mass efficiency. While TEMPO-bleach!* oxidations are
cheaper to operate, they suffer from being biphasic and thus require additional engineering
considerations when scaling up, and can result in the formation of chlorinated side-

products.®



1.1.2  Stoichiometric Methods for Reducing Esters to Alcohols

The earliest recorded methodology for the chemical reduction of esters to primary alcohols
was reported by Bouveault and Blanc in 1903 (Scheme 2).%>8 This dissolving metal reduction

involved heating an ester with sodium metal in ethanol at reflux.

(0}
Na
= 7 OEt —_— = ; OH + NaOEt
, EtOH ,

Scheme 2 Reduction of ethyl oleate with the conditions developed by Bouveault and Blanc.

The sodium metal serves as a single electron transfer reagent, while the ethanol acts as a
proton donor. As such, the proposed mechanism involves formation of radical anionic species

(Scheme 3).%°

o@/\ OEt (/\OEt

0 H3 OH OH /™H
)J\ Na ).\ Na )@
R~ "OR R~ TOR R “OR R~ TOR
SN\
_H  OO0Et 9/\ _OEt
o> 0 N o) H} OH
P —— A, —— kK —
R 1OR QorR R H R "H R H
%
“ )Og OBt
R H R OH

Scheme 3 Proposed mechanism for Bouveault-Blanc reduction.’’

As a consequence of this radical pathway, reactivity other than ester reduction could be
observed in certain cases. In an example by Glattfeld and Mochel, unexpected loss of a
methoxy group during the reduction of ethyl ester (1.5) was observed in addition to

reduction of the ethyl ester (Scheme 4).%°



OMe O

Na/n-BuOH
Pr OBt ———> Pr/\/\OH
NHBn NHBn
15 1.6

Scheme 4 Concomitant loss of methoxide and ester reduction.?°

In another example reported by Cossy and co-workers, reduction of §,e-unsaturated ester
(1.7) resulted in formation of a transient ketyl radical which was trapped by the pendant
alkene to afford a new 5-membered ring (Scheme 5).2! Notably, this adaptation of the
Bouveault-Blanc reduction employed liquid ammonia as the solvent, rather than the more

commonly employed alcoholic solvents.

oHfM &
COMe  Na/NH, f ': \
R —_— =
17 18

Scheme 5 Concomitant ester reduction and cyclisation.?

More recent work on the Bouveault-Blanc reduction has focussed on making the reaction
conditions milder and more robust. Bodnar and Vogt demonstrated that using sodium
adsorbed onto silica gel allows for reactions to be run at lower temperatures, as well as being
cheaper compared to a more typical aluminium-based reducing agent.?? Procter and co-
workers showed that a sodium dispersion could be used instead of sodium metal as a less
pyrophoric alternative.?® In spite of these developments, the Bouveault-Blanc reduction has
largely fallen out of common use, both on preparative and large-scales due to the risk of
foaming and fire, as well as the capricious nature of the reaction in certain cases.?* The
related dissolving metal reductions used for reducing aromatic rings, namely the Benkeser

reduction? and the Birch reduction?® are by contrast still routinely employed.



The most widely reported method described for the reduction of esters is achieved using a
variety of nucleophilic hydride reagents including (diisobutylaluminium hydride) DIBAL and
lithium aluminium hydride (LAH) (Figure 1).?’ The relatively weak Al-H bond is strongly
polarised towards the hydrogen atom. Consequently, these types of reagents are very

competent at reducing a plethora of polar functional groups.

NG B ® ~ BTN\ —oNEAL Lo ALy
H H Li § \ H H
Sodium Superhydride® DIBAL Red-AI® LAH
borohydride

Figure 1 Commercially available nucleophilic hydride reagents used for reducing esters.

Indeed, these reagents have proven to be reliable in a wide range of scenarios,?®?° and their
introduction provided a safer and more robust method of achieving ester reductions in a

variety of different contexts compared to the Bouveault-Blanc reduction.

Some examples of these types of reagents being used in process development in the

pharmaceutical industry are described and discussed below.

Guo and co-workers at GSK reduced diester (1.9) to diol (1.10) using LAH en route to PPARpan
agonist (1.11) (Scheme 6).%°



MeO

B
s
EtO,C HO <\N \©\
Etozc\%\s "o Z) ] 0
N= i, i N——‘< N= / ~CO,H
CF,

81%

CF3

1.9 16kg 1.10 1.11

Reagents and conditions; (i) LAH, THF, — 15 °C; (ii) H,SO4, H,0.

Scheme 6 LAH reduction described by Guo and co-workers.°

Diester (1.9) was added as a solution in THF to a solution of LAH in THF in a controlled manner
to ensure the reaction temperature did not exceed —15 °C, as mono- and bis-desfluoro side-
products were observed at higher temperatures. These desfluoro impurities were found to
track through the synthesis, and as such it was pertinent that their formation was
suppressed. This allowed for formation of the required diol (1.10) in good yield, which was

isolated as a solid and taken through the subsequent chemistry stages.

While LAH is a strong, indiscriminate reducing agent, milder, more selective reducing agents
are also routinely employed, as shown in the example below. Rozema and co-workers at
Abbott Laboratories effected reduction of menthol ester (1.12) to diol (1.13) using sodium
borohydride en route to a novel farnesyl transferase inhibitor (1.14). Doing so selectively
removed the chiral auxiliary, while leaving the aromatic nitrile intact. The use of stronger
reducing agents such as lithium borohydride resulted in concomitant reduction of both the

ester and the nitrile functionality (Scheme 7).3!



(0] i, ii
91%

1.12 740g 1.13

Reagents and conditions; (i) NaBH4, THF/MeOH (5:1), 40-60 °C; (ii) citric acid, H,0.

Scheme 7 Reduction of menthol ester (1.12) as described by Rozema and co-workers.>*

Classically, sodium borohydride is regarded as being a mild reducing agent, reducing esters
only slowly in the presence of more reactive functional groups such as ketones or
aldehydes.?” Sodium borohydride is however not an uncommon reagent used for the
reduction of esters, particularly in the context of process development,® both by itself as
shown above and in combination with other additives such as ZnCl,.3? Though heating is
typically needed when used by itself to achieve acceptable reaction rates, sodium
borohydride has some advantages over other reducing agents such as being operable in
methanol and having a less problematic reaction work-up, in addition to the increased

selectivity.

Aside from the chemoselectivity demonstrated in the above example, nucleophilic hydride
reagents may also be used to selectively effect partial reductions of esters to aldehydes. This
transformation is challenging as the product aldehyde is inherently more reactive than the
ester starting material, and as such it can be difficult to prevent over-reduction. For this very
reason, partial reduction of esters is infrequently encountered within process development.!
The same overall transformation is more commonly achieved by means of a two-step
process, namely full reduction to the alcohol, followed by selective oxidation to the aldehyde

oxidation level.!

Abe and co-workers at Eisai reported the synthesis of Aricept (1.17), an oral medication for
treatment of Alzheimer’s disease.®® Aldehyde (1.16) was initially furnished via a Wittig
coupling of ketone (1.15) to generate an enol ether which was subsequently hydrolysed
(Scheme 8). For the purposes of manufacturing, this was deemed too expensive and

wasteful, prompting the search for a new route.



(0] MeO
i, ii -
91% MeO
N N
Bn Bn HCI NBn
1.15 1.16 Aricept 1.17

Reagents and conditions; (i) MeOCH,PPh3Cl, KOt-Bu; (i) HCl(5q ).

Scheme 8 Previous route to Aricept as reported by Abe and co-workers.3?

It was determined that accessing aldehyde (1.16) by partial reduction of ethyl isonipecotate
(1.18) would offer significant cost savings. DIBAL was investigated as a possible reducing
agent, but it was found that cryogenic conditions were required to suppress over-reduction
to the alcohol, which presented issues for large scale production. The authors then describe
a novel modification of Red-Al with pyrrolidine and KOt-Bu. The resulting reagent which they
name Red-ALP is reported as a general reagent for the selective reduction of esters to

aldehydes at temperatures just below ambient (Scheme 9).

O.__OEt O+_H — O
MeO @0 N
i, ii Na A©
—’91% MeQ O H
N N
Bn Bn

Red-ALP

1.18 95 kg 1.16
Reagents and conditions; (i) Red-ALP, KO#-Bu, TBME, <15 °C; (i) NaOH 4.

Scheme 9 Formation of aldehyde (1.16) by partial reduction of ethyl isonipecotate (1.18).3

The optimised reaction conditions allowed for aldehyde (1.16) to be furnished in good yield
on large scale, with very little over-reduction to the alcohol taking place, and significantly

improved ease of operation compared to the use of DIBAL.

To date, nucleophilic hydride reagents have remained the standard method to reduce
carbonyl-containing compounds, including esters. While these reagents are indeed reliable,

even on scale as shown in the examples above, they also have a number of disadvantages

10



associated with them. LAH and Superhydride are pyrophoric, requiring careful handling and
the use of anhydrous solvents. Additionally, the aqueous quench required when working
reaction mixtures up is both exothermic, and rapidly generates hydrogen gas.! The issue
however, which is common to all nucleophilic hydride reagents is poor atom economy. The
concept of atom economy, first highlighted by Trost,** is a measure of the efficiency of a
reaction, taking into account all atoms involved and the desired products produced (Equation

1).

molecular mass of desired product
Atom economy = x 100%
molecular mass of all reactants

Equation 1 Formula for calculating atom economy.

As such, catalytic reactions exhibit higher atom economies than stoichiometric reactions.
Sodium borohydride, in addition to being a stoichiometric reagent, contains 11 wt%
hydrogen, while Red-Al, a less pyrophoric alternative to LAH ** contains just 1 wt% hydrogen.
Furthermore, NaBH; and LAH rarely donate four equivalents of hydride, despite their
molecular formulae suggesting this to be possible. As a result, an excess of these nucleophilic

hydride reagents is typically used in practice.

The disadvantage of atom economy as a green metric is that neither yield nor solvent are
taken into account, both of which affect the amount of waste generated and become
increasingly important on large scale. Consequently, process mass intensity (PMI) is the

preferred metric used to determine the relative efficiency of a process (Equation 2).3

_ ) total mass in a process or process step
Process mass intensity =

mass of product

Equation 2 Formula for calculating process mass intensity.

PMI bears the advantage of taking into account all solvents and reagents, including those

used in the work-up procedure to give a better overall indication of how much material is

11



needed to generate a specific quantity of product. In the context of aluminium-based
reductions, the work-up typically involves a quench followed by several aqueous extractions,
all of which significantly add to the overall PMI. Furthermore, the waste generated within
such reactions would typically be dilute aluminium containing aqueous waste.?” These
generally require off-site disposal, and may in some cases have to be transported long

distances.

Another approach to reducing esters involves using a silane as the stoichiometric reducing
agent. This was first demonstrated by Buchwald and co-workers® as a two step process: first
hydrosilylation of the ester using triethoxysilane, followed by hydrolysis of the resulting silyl
protected alcohols (Table 1). The authors noted that substoichiometric quantities of

titanocene dichloride and n-butyllithium were required for the reaction to proceed.

o

| i
Jj\ P + S +

R” COR' R” O OSi(OEt), R'OSi(OEt), R™ OH R'OH

Reagents and conditions; (i) 5 mol% Cp,TiCl,, 10 mol% n-BuLi, triethoxysilane, THF, — 78 °C; (ii) 1 M NaOH.

Entry Ester Product Yield/%

o

93

O
/\(\’)4/\OH 78

o}
[::TJLOMe
0
) Br/\(\))4)J\OEt
o)
/©)\0Et
HO

H
B
/©/\0H 88
HO
(e}

o) o H
)J\/\/U\OEt )\/\/\OH
4 78
o o o
5 MeOJ\/\/U\Ot-Bu HO/\/\)J\Ot-Bu 87

Table 1 Reduction of esters using triethoxysilane demonstrated by Buchwald and co-workers.3®
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This method proved to be versatile and also showed some interesting selectivity in certain
cases. An ethyl ester was successfully reduced in the presence of a primary alkyl bromide
(entry 2). In another example, a methyl ester was selectively reduced in the presence of a
tert-butyl ester (entry 5). While the authors suggested this as a possible alternative to
aluminium-based reducing agents, the requirement for cryogenic conditions is unfavourable,
and the authors also noted that in cases where additional n-BuLi was added, formation of
SiH4 would cause the appearance of a flame. They suggested the use of the liquid polymer,
polymethylhydrosiloxane (PHMS), a commodity material, as a possible alternative to by-pass

this risk.

This approach was then further developed by Mimoun at the flavours & fragrances company
Firmenich.® In addition to employing non-pyrophoric and inexpensive PHMS, the use of
titanocene dichloride and n-BulLi was replaced with substoichiometric zinc bis(2-

ethylhexanoate) and sodium borohydride (Table 2).

O

)J\ i, i PN .

R” OR' R” "OH R'OH

Reagents and conditions; (i) 2 mol% zinc bis(2-ethylhexanoate), 2 mol% sodium borohydride, PMHS, diisopropyl
ether, 70 °C; (ii) NaOH, MeOH.

Entry Ester Product Yield/%

ey

91

AN O 94

7

QLR
OMe
O
5 ©/\)1\0Me ©/\/\OH 90
MOMB
7
(0]
(0]
o

4 OFt =N oM 94

Table 2 Reduction of esters using PMHS demonstrated by Mimoun.*°
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The conditions developed were demonstrated on a number of different simple esters, in
addition to aldehydes, ketones and epoxides. While no detailed mechanistic studies were
conducted, it was suggested that formation of zinc hydride complexes and pentaco-
ordinated hydridosilicates were responsible for the observed reactivity. Of particular interest
was the selectivity of the reaction towards internal and terminal alkenes, as well as alkenes
conjugated into esters as a means of generating unsaturated alcohols as value-added
products. Following this, the reaction was applied to a variety of naturally occurring

triglycerides to afford glycerol and linear alcohols (Table 3).

OH

(0]
R')\J;o\/ i, ii \)\/ + R OH + R'
R.__O O__R'" — > HO OH
hig bl

“SoH + R OH

Reagents and conditions; (i) 4 mol% zinc bis(2-ethylhexanoate), 4 mol% sodium borohydride, PMHS, diisopropyl
ether, 70 °C; (ii) NaOH, MeOH.

Entry oil Yield/%
1 triolein 95
2 coconut 94
3 cocoa butter 92
4 palm kernel 78
5 peanut 94
6 sunflower 81
7 linseed 75
8 jojoba 95

Table 3 Reduction of triglycerides using PMHS.%°

In addition to being a high-yielding process, this methodology had the additional advantage
of being capable of directly reducing triglycerides. This is to be contrasted with catalytic
hydrogenation of these fatty esters using hydrogen gas and heterogeneous copper chromite
catalysts,*> 4t which in addition to causing concomitant reduction or isomerisation of any
alkene functionality, also require prior transesterification to give the corresponding fatty acid

methyl esters (FAMEs).
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The author noted the increased safety from avoiding the use of pyrophoric LAH, or molten
sodium metal as in the Bouveault-Blanc reduction. Further to this, the reaction could
conveniently be operated in a multipurpose reactor as opposed to the specialised high
temperature and pressure equipment typically required to operate heterogeneous ester
hydrogenations over copper chromite catalysts. While this methodology shows some clear
advantages compared to the use of aluminium-based reducing agents both in terms of
selectivity and operational ease, it suffers from generating large silicon-containing waste
streams. In the examples where triglycerides were being reduced, 7 equivalents of PMHS
were employed relative to each equivalent of triglyceride. The issue is further exacerbated
by the fact that PMHS contains only ~2 wt% hydrogen. Consequently scaling this up to
commercial manufacturing would generate very large waste streams and unfavourably high

PMI values.

A further example of a PMHS mediated ester reduction was described by Depré and co-
workers at Johnson and Johnson. Tens of kilograms of lactol (1.20) were required as part of

a project on Selective Estrogen Receptor Modulators (Scheme 10).%

Reagents and conditions; (i) DIBAL, DCM.

Scheme 10 DIBAL mediated reduction of lactone (1.19) to lactol (1.20).

Reduction of lactone (1.19) to lactol (1.20) was successfully achieved using DIBAL in DCM.
Though the product lactol could be furnished in acceptable yield and purity, large volumes of
DCM were required owing to poor solubility, thus leading to large waste streams of a
problematic solvent. Furthermore, very precise quantities of DIBAL had to be added to avoid
over-reduction to diol (1.21) and ether (1.22) (Figure 2). In addition to this, residual
aluminium salts from the DIBAL reduction were found to complicate later synthetic

manipulation by causing decomposition.
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Figure 2 Side-products from over-reduction.

After screening a variety of different reductive conditions, it was established that a
PMHS/titanocene mediated reduction was particularly advantageous, as over-reduction to
the diol would not occur, even when an excess of the PMHS was employed. Before this
approach could be scaled-up, a number of concerns were required to be addressed. An
induction period was observed during which catalyst activation took place, which was
followed by rapid generation of hydrogen gas. Furthermore, the aqueous quench resulted in
large amounts of hydrogen gas being formed along with a nonfilterable gel consisting of a
polymeric siloxane side-product. It was determined that by performing catalyst activation
prior to addition of lactone (1.19) at 90 — 100 °C, the induction period could be eliminated,
such that the rate of reaction was controlled by the rate at which the PMHS was dosed into
the reaction mixture. Following this, lactone (1.19) was added to the reaction mixture, at
which point the reduction to the lactol took place. Running the reaction at 45 — 50 °C was
essential to ensure a homogeneous reaction mixture and full consumption of the starting
material. During the quench, addition of Dicalite allowed the polysiloxane to be filtered off

as a hard powder (Scheme 11).

1.19 26 kg 1.20

Reagents and conditions; (i) titanocene (5 mol%), PMHS (5 eq.), THF, 45-50 °C; (ii) TBAF, Dicalite, THF/H,O.

Scheme 11 Optimised conditions for reduction of lactone (1.19) to lactol (1.20).

16



This approach was concluded to be safe after thermodynamic studies and was successfully
scaled to afford 26 kg of lactol (1.20). In addition to increased yield, purity and reduction of
the total waste effluent owing to less solvent usage, this approach also simplified the
subsequent chemistry stages, as the presence of the problematic aluminium salts was

eliminated.

In summary, nucleophilic metal hydrides are reliable and often high yielding reagents for
effecting the reduction of esters. While these have successfully been demonstrated on scale,
these reagents remain problematic and non-preferred due to safety concerns with their
pyrophoric nature, the complicated quench and work-up procedure which typically involves
liberation of large quantities of hydrogen gas, as well as the stoichiometric generation of
waste, which can require specialised and costly disposal. Titanocene/PMHS mediated ester
reductions do address some of the safety concerns of aluminium-based reducing agents,
though they still suffer from generating large volumes of waste. Consequently, catalytic
alternatives to existing reduction processes are highly beneficial and have been subject to

increasing amounts of research.

1.1.3 Heterogeneous Catalytic Reduction

Hydrogen is the most atom efficient reducing agent and has the additional advantages of
being relatively cheap, sustainable and readily available.”* The hydrogen molecule itself
consists of two hydrogen atoms covalently bound by a pair of electrons. This may be
represented by one of the simplest molecular orbital schemes, in which there is a strongly
bonding molecular orbital (MO) which contains the electron pair, as well as a strongly anti-

bonding MO which is left unfilled (Figure 3).*
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Figure 3 Molecular orbital diagram of dihydrogen.

Consequently, the H-H bond is relatively strong, with a bond enthalpy of 104 kcal mol™ and
thus requires catalysis in order to react with unsaturated compounds under mild
conditions.**#¢4” Only transition metal catalysts will be examined here, although frustrated
Lewis pairs also show promise to heterolytically cleave hydrogen for the purposes of

reduction under relatively mild, metal-free conditions.*®

Early examples of heterogeneous catalytic hydrogenation include the work reported by von
Wilde in 1874, whereby acetylene was reduced in the presence of hydrogen and platinum
black.* Nobel Laureate, Sabatier, later demonstrated the reduction of various unsaturated
organic species including ethene in 1897°° and benzene in 1901°! using finely divided nickel
to catalyse these transformations (Scheme 12). Large industrial applications of such
hydrogenations include the reduction of vegetable oils in the production of margarine,>* >3

and reduction of benzene to cyclohexane, a precursor to adipic acid which is used extensively

in the polymer industry for production of nylon.>
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Scheme 12 Reduction of ethene and benzene using hydrogen and nickel reported by Sabatier and co-

workers.”% 51

Activation of hydrogen takes place by adsorption of hydrogen atoms onto the surface of the
metal. This is believed initially to occur via an interaction between the H-H o-bond and the
metal surface. Eventually, this leads to dissociation of the H-H bond to give hydrogen atoms
bound to the surface of the metal (Figure 4).>2 This process proceeds vig a low energy
transition barrier, and has been demonstrated to take place at temperatures as low as —236

°C in the case of palladium.>®

H-H

™y
| | |
!, |

/7S
Metal surface

Figure 4 Adsorption of hydrogen atoms onto metal surface.

The mechanism of heterogeneous metal-catalysed reductions of alkenes in particular has
been extensively studied, which is widely accepted to proceed via the Horiuti-Polanyi
mechanism, first proposed in 1934 (Figure 5).°® This also involves initial adsorption of the
alkene substrate to the metal surface, however, utilising the m-bond in this instance.
Following this, hydrogen migration to the 3-carbon takes place to form the first C-H o-bond.
Studies have revealed this step to be highly reversible, as evidenced by deuterium-hydrogen
exchange taking place when such reactions are performed using D,. The final step, which is
rate-determining involves the irreversible reductive elimination of the partially
hydrogenated substrate and a hydrogen atom to afford the fully saturated alkane. This is

then subsequently released from the metal surface in an entropically favourable process.>?
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Figure 5 Reduction of ethene via the Horiuti-Polanyi mechanism.®

Applying catalytic reductions to esters later also gained interest as a means of converting
naturally available feedstocks into value added products on large scale. Pioneering work by
Adkins in the 1930s established heterogeneous copper chromite catalysts as being most
suited for this purpose, as these catalysts afford product alcohols in good yields, possess good
durability and are readily scalable.®® These catalysts are prepared by thermal decomposition
of copper ammonium chromate to give an approximately equimolar combination of CuO and
CuCr,04.4* Barium is often included as an additive as it is known to make the resulting catalyst
more resistant to deactivation. The reactions themselves require very forcing conditions in
order for acceptable reaction rates to be attained, as well as to shift the equilibrium toward
the alcohol and maximise the yield. Typically temperatures in excess of 200 °C, and pressures
between 275 and 400 bar are employed depending on the nature of the substrate in order
to favour product formation.>” As a consequence of these high temperatures, reactions may
typically be run solvent-free, as both the substrates and product tend to be liquids under
these elevated temperatures, making these significantly more efficient than the Bouveault-
Blanc reduction, the reaction this catalytic alternative was designed to replace. The issue with
such forcing conditions, aside from being energy intensive, is the lack of selectivity towards
functional groups. Reductions of alkenes, aromatic rings and benzylic alcohols would typically

take place, in addition to reduction of the ester itself (Scheme 13).

20



Reagents and conditions; (i) Raney nickel or copper chromite, H,.

Scheme 13 Concomitant alkene and ester reduction under heterogeneous hydrogenation

conditions.*®

Furthermore, the presence of halogen or sulfur atoms in organic compounds would typically
result in their removal by hydrogenolysis followed by catalyst deactivation, while the
presence of acid, base or water would also induce deactivation by reduction of the catalyst
to form copper metal. The need for specialist equipment for reactions to be run and the
limited functional group tolerance dictates that this reaction is most suited for high-volume
chemical processes, such as those used in the bulk chemical industry. These processes have
since largely remained unchanged, and as such this technology is mature and well
understood.>® One of the typical applications of such a process is the reduction of fatty acid
methyl esters (FAMEs) derived from naturally occurring triglycerides, such as those discussed
previously (Table 3). The key difference is that in contrast to the PMHS/titanocene mediated
reduction, only saturated alcohols are obtained in this case. Prior transesterification and
separation of glycerol is necessary in such a process, as the reaction conditions degrade this
valuable side-product. Indeed, other common side-products from heterogeneous ester
reductions are hydrocarbons formed as a result of over-reduction.>® The product alcohols
from these reductions have found applications within many industries including fragrances,

pharmaceuticals, detergents, emulsifiers and lubricants.®

An issue highlighted with the use of copper chromite catalysts is the formation of hexavalent
chromium during the process of manufacturing the catalyst itself. This has been identified as
a safety issue®! and has been the basis of research conducted to find a chromium-free
alternative, which still retains the activity and durability of the copper chromite catalysts. A
heterogeneous Cu-Fe-Al catalyst reported by Hattori and co-workers suggest this as a
promising alternative. In particular, their findings show that the incorporation of Fe has a
promoting effect close to that of chromium, while the presence of Al improves the durability
of the resulting catalyst. Following extensive characterisation work and kinetic studies, the

Cu-Fe-Al catalyst was tested by reduction of methyl esters derived from coconut oil in a
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slurry-bed reactor continuously for 20 days. During this time, no loss of activity was observed,
and the product distribution obtained was almost the same as that typically seen with copper
chromite catalysts. The level of productivity achieved equated to formation of 35 000

tons/per annum of alcohol, and was suggested to be a suitable, less toxic alternative.5!

The possibility of effecting selective reductions with a heterogeneous catalyst has also been
investigated. In particular, zinc chromium oxide, while a less efficient catalyst than copper
chromite, requiring both higher temperatures (300 °C) and catalyst loadings, has been
demonstrated to reduce esters, while only partially reducing alkenes, to give unsaturated

alcohols (Figure 6).%

w 4>i M
.
X § “OEt X 5 “OH 76 “OH

Reagents and conditions; (i) zinc chromium oxide, H,.

Figure 6 Catalytic reduction of ethyl oleate to give a mixture of saturated and unsaturated alcohols.%?

The usefulness of such a process is limited due to the difficulty of separating the saturated

and unsaturated alcohols.

More recently there have been other developments in reducing both esters and carboxylic
acids using heterogeneous catalytic hydrogenation through identifying milder catalytic
systems. In particular emphasis has been placed on exploiting bifunctional catalysts for this
purpose, and typically involves additional use of promoters including Sn, Zn or Ge.® It is
thought that the presence of these Lewis acidic promoters in close proximity to the transition
metal gives rise to synergistic effects and enhanced activity compared to either metal
individually.®® Despite some of the advances made in this field, the conditions still remain
relatively forcing, and access to milder conditions is being increasingly achieved by means of

homogeneous catalysis.®

In summary, hetereogeneous catalytic ester reductions are of significant industrial
importance, and are used extensively on very large scale for reduction of methyl esters
derived from naturally occurring triglycerides. Due however to the high pressures and

temperatures required, these are less well suited for more highly functionalised molecules,
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as these have a tendency either to be reduced, or to poison the catalyst. Furthermore,
operation requires specialist high pressure equipment and high capital investment. Based on
all of the above, catalytic heterogeneous ester hydrogenation has not had significant uptake
for comparatively lower volume applications, such as within the pharmaceutical industry and

where multipurpose plant vessels are typically encountered.

1.1.4 Homogeneous Catalytic Reduction of Esters

1.1.4.1 Initial Contributions

Homogeneous hydrogenation has the advantage of typically being operable under milder
conditions compared to those required for heterogeneous hydrogenations. Homogeneous
hydrogenation of alkenes with RuCls was initially reported by Halpern, Harrod, and James.®*
Subsequently, hydrogenation of alkenes with a rhodium-based homogeneous complex was
reported by Wilkinson and co-workers.®® Significant work was also conducted by Noyori and
co-workers in the field of asymmetric hydrogenation of ketones starting in the 1980s.¢ These
reductions typically employ chiral bisphosphine/bisamine ruthenium complexes and have
found a plethora of industrial applications.®”” ® Developments in homogeneous ester
reductions, in contrast, have been comparatively slower, owing to the inherent lower
electrophilicity of esters compared with ketones due to a variety of stablising interactions at

play (Figure 7).

X X { ‘2
R~ ~__R' B R _ R
R™ "0 R™ 50 R 5 8 RT &
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mesomeric stabilisation ‘anomeric stabilisation’ hyperconjugation

Figure 7 Stabilising stereoelectronic interactions contributing to reduced electrophilicity of esters

when compared to ketones.
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Early work in the field of homogeneous ester reductions was reported in 1981, when Grey
and co-workers® disclosed an anionic phosphine-ruthenate complex, which was capable of
reducing aldehydes, ketones and esters to alcohols under conditions significantly milder
compared to conditions typically employed in heterogeneous ester reductions (Scheme 14).
This system was, however only capable of reacting with particularly reactive esters, including
methyl trifluoroacetate and dimethyl oxalate. Unactivated esters, which did not bear a-
electron withdrawing groups, such as methyl acetate, in contrast underwent only limited
conversion, while methyl benzoate did not react under these conditions. This limitation
therefore prevented this methodology from finding wider application. Nevertheless, this was

the first reported example of homogeneous catalytic ester reduction.

R = CF5, CO,Me

Reagents and conditions; (i) 0.3 mol% K5[Ru,(PPh3)3(PPhy)H,]-2CgH 1403,
6.2 bar H,, toluene, 90 °C, 20 h.

Scheme 14 First example of homogeneous catalytic ester reduction by Grey and co-workers.%

Following the work from Grey, efforts in this field were relativity scarce until the
contributions made by Teunissen and Elsevier in 1998 (Scheme 15).7° The ruthenium catalyst
(1.23) reported was generated in situ from Ru(acac); and MeC(CH2PPh,)s (triphos) to
generate a facially coordinated complex which was found to be effective for the partial
reduction of the activated ester dimethyl phthalate to phthalide. In order to achieve
reduction of unactivated esters such as benzyl benzoate and methyl palmitate, triethylamine
was required as a promoter, and switching from methanol to the fluorinated solvent, HFIP,
was found to be particularly beneficial for activity. The reason behind the beneficial role of
HFIP is not fully understood, though the increased acidity and ability to hydrogen bond either
to the substrate or catalyst are possibilities.”* Subsequent studies have indeed shown related
Ru(triphos)(hydride) complex to form a strong hydrogen bond to HFIP, which also exists in

equilibrium with a nonclassical n>-H, complex.”
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Solv.
Reagents and conditions; (i) 0.05 mol% Ru(acac)s;, MeC(CH,PPh;); Ph,

9 mol% NEts, 85 bar Hy, HFIP, 120 °C, 16 h. 1.23

)C])\ i P\th
— PhoP.,\ _H
P 0" “Ph 95% Ph” > OH o 4 H

Scheme 15 Example of catalytic reduction of unactivated esters by Teunissen and Elsevier.”’

As with the work reported by Grey and co-workers, significantly lower temperatures and
hydrogen pressures were required to operate the reaction compared to conditions used for
heterogeneous hydrogenations, though significantly more forcing compared to conditions
required for more typical homogeneous hydrogenations. Consequently, benzene rings were
not reduced under these conditions, with the reduction of benzyl benzoate giving high yields
of benzyl alcohol. More easily reducible functional groups, in contrast, were not preserved,
as was evident during reduction of dimethyl maleate which afforded butanediol with

concomitant reduction of the alkene group (Scheme 16).

CO,Me i U
—_—
Meozc\/ 100%

Reagents and conditions; (i) 0.01 mol% Ru(acac);, MeC(CH,;PPhy); 19 mol% NEt;,
85 bar H,, HFIP, 120 °C, 16 h.

Scheme 16 Simultaneous reduction of both esters and conjugated alkene.

This approach suggested that with further development, such transformations could become
more broadly applicable. Further research into Ru(triphos) catalytic systems was performed

by Leitner, Klankermayer and co-workers (Scheme 17).73
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Scheme 17 Formation of active hydrogenation catalyst.

They reported the use of the pre-catalyst, Ru(triphos)(tri-methylene methane) (1.24), which
could be activated in the presence of hydrogen to give facially coordinated ruthenium-
hydride complex (1.23). As with the catalytic system reported by Teunissen and Elsevier,
relatively forcing conditions were employed, though an increased scope of esters and

lactones were converted to their corresponding alcohols in high yields (Table 4).

i
—_—
RJ\OR' R">0OH * ROH

Reagents and conditions; (i) 1 mol% [Ru(triphos)(trimethylenemethane)], 50 bar H,, dioxane, 140 °C, 16 h.

Entry Substrate Product Yield/%
0
MeO\H/\)J\
OMe
1 S HO L ~"0n 99
)Oi/l(J)\ OH OH 95
) OEt
3 o] OH 99
)J\/\”/OMe )\/\/OH
o]
4 0 OH 99
\E/EO )\/\/OH

Table 4 Reduction of esters reported by Leitner and Klankermayer.”?
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By increasing the temperature, the catalyst was also found to be effective in reducing
carboxylic acids, carboxylic anhydrides and imides. Furthermore, elevated temperatures and

addition of bistriflimidic acid allowed for successful reduction of amides and ureas to amines.

The catalytic cycle of the reaction was investigated my means of DFT calculations, and a

proposed cycle is depicted below (Figure 8).
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Figure 8 Catalytic cycle for ester reduction mediated by Ru(triphos) complex.”?

After formation of the active catalytic species (1.23) bearing two hydride ligands, initial
reduction takes place to form a hemiacetal intermediate (1.26). This hemiacetal decomplexes
from the metal, and eliminates an alcohol (methanol in the case of methyl esters) to afford
an aldehyde. This in turn binds to ruthenium (1.29) and is further reduced to the alcohol
oxidation level (1.30). It is noteworthy that this particular catalytic cycle follows an inner-
sphere pathway, one in which the substrate is directly bound to the metal centre.
Furthermore, the key role of the triphos ligand is to stabilise the ruthenium centre and
impose facial geometry, but is otherwise a “redox-innocent” ligand, which does not directly

partake in the catalytic cycle.
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Ru(triphos)-based catalytic systems have since found numerous other applications, including
depolymerisation of polyesters,” reduction of CO, to methanol” and transfer hydrogenation
of amides to amines.”® Indeed, triphos has as a result been described as a privileged ligand,””
one which is applicable to multiple different catalytic processes. Access to milder conditions,
however, has since been enabled by redox non-innocent ligands. These ligands participate in

the activation of hydrogen and subsequent delivery to the target molecule.

The next major breakthrough in this field came from the highly influential work conducted
by Milstein and co-workers, wherein a unique Ru pincer complex (1.33) bearing a redox active
ligand could reversibly bind to dihydrogen to afford complex (1.34), a process which was
accompanied by aromatisation of the pyridyl ring (Scheme 18). This complex (1.33) was
initially found to effectively catalyse acceptorless dehydrogenative coupling of alcohols to
afford an ester.”® Consequently, the microscopic reverse process, ester hydrogenation was

also investigated by applying pressurised hydrogen gas.”

A A i A
| Ha | ! |
NS N | NS
EtZN—,Fleu—PtBu2 -H, EtzN—,Flz‘u—PtBu2 | i-PrP—_Ru—Pi-Pr
H co H co | H co
1.33 1.34 | 1.35

inactive towards reducing esters

Scheme 18 Milstein's Ru-PNN complex (1.33) reversibly binding to dihydrogen to give an aromatised
complex (1.34)”°

Of particular note was the ability of this complex to facilitate reduction of a variety of both
aliphatic and aromatic esters (Table 5)”° without the need for additives, and benefitted from
working under relatively low pressures of hydrogen (5.4 bar). Indeed, following this initial

report, Milstein’s catalyst (1.33) has since become commercially available.

28



RJ\OR' R”OH

Reagents and conditions; (i) 1 mol% (1.33), 5.4 bar H,, dioxane, 115 °C, 4-24 h.

Entry Ester Product Yield/%

2 Z"0H 98
B
3 OEt ~oH 86
(e}
OMe
4 MeO \/@AOH
HO
o 97

5 )LOX

Table 5 Catalytic reduction of a variety of esters using Ru-PNN complex (1.33) reported by Milstein.”®

/\OH 11

An issue with this methodology was the need for relatively high temperatures. Furthermore,
an analogous symmetrical Ru-PNP complex (1.35) was synthesised bearing an additional
phosphine in place of the tertiary amine, however, this proved to be less efficient at reducing
esters. Milstein argued that the less strongly bound amine was crucial, as its increased lability
created a free site for the ester to coordinate to, a process which only takes place at elevated
temperatures, and used this as evidence to point towards an inner-sphere mechanism being
in operation. Subsequent work conducted by Chianese and co-workers, however, revealed
an unexpected dehydroalkylative process to take place prior to reduction of the ester itself
(Scheme 19).2° Time-course experiments observed an initial induction period during which

evolution of ethane gas took place.
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Scheme 19 Dehydroalkylative process allowing formation of catalytically active complex.

Closer analysis of this phenomenon revealed formation of Ru-PNN imine complex (1.36). This
complex was also capable of reversibly binding to hydrogen to give complex (1.37) bearing a
secondary amine. Perhaps most remarkably, this catalyst was capable of reducing esters at
room temperature rather than the elevated temperatures previously required. The
mechanistic implication of these experiments was that hemilability is not a condition for
designing efficient catalysts as was initially postulated as the reaction proceeds via an outer-
sphere. Rather, the NH functionality was crucial, and until this active catalyst forms, no
consumption of the substrate ester would take place. A similar complex (1.38) has since also
been demonstrated to reduce amides at room temperature by Milstein and co-workers

(Table 6).5!
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Cl" co
Reagents and conditions; (i) 0.5 mol% Ru complex (1.38), 2 mol% KOt¢-Bu, Ru complex (1.38)
10 bar Hy, THF, rt, 68 h.
Entry Ester Products Yield Yield
(alcohol)/%  (amine)/%
le) OH
PN S
1 Ph™ N Ph HaN 91 93
fe) OH
PN S
2 Ph™ N Ph HoN 97 98
L ™ e O™
+
3 Ph)J\N Ph H,N 92 92

Table 6 Reduction of amides at room temperature reported by Milstein and co-workers.®

The key issue with these complexes are their highly air sensitive nature, requiring a glove-
box for handling. A broad range of other catalysts based on ruthenium and base metals

including manganese have also since been reported.®

1.1.4.2 Homogeneous Ester Reductions in Industry

Following the work performed by Milstein and co-workers, the number of reports concerning
homogeneous ester reductions has risen exponentially. As such, this review will not attempt
to discuss all examples, but will focus in particular on those cases which have been relevant
in an industrial setting. Other interesting contributions have been discussed in a number of

other published reviews. 8%

Various groups have investigated the possibility of employing Noyori catalysts for the
reduction of esters. Being inherently less reactive when compared to ketones, the reaction
was promoted by employing aprotic solvents (including THF or toluene) rather than the

alcoholic solvents (i-PrOH, MeOH) typically used for ketone reduction, as well as addition of
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strong alkoxide bases. Interestingly, chiral ligands have been used in the context of ester

reductions, although no chiral centres are being generated in this case (Figure 9).%

Firmenich, 2008 Takasago, 2008 Clarke, 2012
Bergens, 2009

Figure 9 Examples of ester hydrogenation catalysts with scaffolds reminiscent of Noyori

hydrogenation catalysts.5892

Firmenich, and other companies in the flavours & fragrances industry including Takasago
International Corporation and Givaudan have been innovators in this field, driven in
particular by the need to minimise waste generated by processes including metal hydride
and PMHS/titanocene mediated reductions.®® This approach has allowed for more selective

processes to be developed compared to heterogeneous hydrogenations.

An important drive in the flavour & fragrances industry is the cost of intermediates and feed
stocks, as well as the ability to rapidly increase scale. Typically within homogeneous
hydrogenations a trade-off between pressure and catalyst loading is made. In the context of
the flavours & fragrances industry, low catalyst loadings take precedence, partly as the
necessary equipment and expertise for high-pressure hydrogenations are available, and
partly as a means of driving down the cost contribution from the catalyst itself in order to
make such processes economically viable. This is particularly pertinent given that these are
large volume processes, where small changes in catalyst loading may lead to large overall

savings over the lifetime of a particular product.

Saudan and co-workers synthesized a series of Ru complexes, inspired by Noyori catalysts,
and eventually synthesised achiral variants.®®* Two examples in particular showed good
activity across a broad range of substrates, namely Ru(PNPN)CI; (1.39) and Ru(dppea).Cl>
(1.40) (Figure 10). Substoichiometric alkoxide base such as NaOMe was also necessary to

generate the active form of the catalyst in each case.
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Figure 10 Ester hydrogenation catalysts reported by Saudan and co-workers.>

Ru(PNPN)CI; (1.39) showed good chemoselectivity, and was capable of reducing esters while
leaving unconjugated alkenes intact (Table 7, entries 3-4). By contrast, conjugated alkenes
were predominantly reduced to the saturated alcohol (Table 7, entry 5). In addition, the
catalyst proved to be effective at much lower loadings (0.05 mol%) giving a TON as high as

2000.
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R = alkyl, aryl
R' = alkyl
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Table 7 Reduction of a variety of esters using cataylst (1.39) reported by Saudan and co-workers.?

As with Noyori catalysts, the reaction was suggested to occur via an outer-sphere mechanism.
This was evident as an NH group (either present in the catalyst, or formed under the reaction

conditions) was required for good activity.

Conservation of terminal alkenes was also found to be challenging as they are easily reducible.
9-decenol (Rosalva™) was a target of particular interest for its rosy-floral aldehydic scent as
a fragrance ingredient. Optimisation was carried out using hydrogenation catalyst (1.39) at
Givaudan. This eventually led to a process in which high levels of chemoselectivity were

observed (Scheme 20).
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Reagents and conditions; (i) 0.01 mol% (1.39), 10 mol% KOMe, 50 bar H,, THF, 80 °C, 5 h.

Scheme 20 Reduction of ethyl decenoate to 9-decenol, a fragrance ingredient.>

Furthermore, modification of the catalyst by prior treatment with NaBH, in analogy to work
previously reported by Noyori and co-workers® generated a complex capable of catalysing
reductions under base-free conditions. This allowed for reductions of esters sensitive to base,
and esters bearing a-chiral centres to be reduced with minimal racemisation. This was
demonstrated on Boc-L-alanine methyl ester (1.42) to generate the corresponding chiral

amino alcohol (1.43) by Kuriyama and co-workers (Scheme 21).

NHB NHB
: oe i : o° Ia)
OMe - . _A~_OH =N N=
/\Ir 82% JRu
0 P | P
pr Ll H | Ph
1.42 1.43 98 % ee Ph| Ph
BHj
Reagents and conditions; (i) 0.5 mol% (1.41), 50 bar H,, THF, 100 °C, 16 h. 1.41

Scheme 21 Reduction of Boc-L-alanine methyl ester (1.42) under base-free conditions.®

In another development, Ru-MACHO (1.44), and Ru-MACHO-BH (1.45), ruthenium
complexes bearing PNP pincer ligands were developed at Takasago by Kuriyama and co-

workers®” %8

specifically to reduce esters on large scale (Figure 11). Ligand design moved away
from adapted Noyori-type ligands to systems dedicated towards ester hydrogenation. This
was also the first ester hydrogenation catalyst to be widely commericalised. Interestingly,
unlike the aforementioned catalysts, Ru-MACHO (1.44) is resistant to MeOH. This is
advantageous not only from being able to use MeOH as the solvent, but also makes the

catalyst less prone to deactivation by alcohols produced as the stoichiometric side-products
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during the reduction of esters. Ru-MACHO-BH (1.45) is obtained by treating Ru-MACHO (1.45)
with sodium borohydride and has the added advantage of being capable of catalytically
reducing esters under base-free conditions. A variety of industrial applications have been

found for Ru-MACHO (1.44), some of which are described below.

PPh; HN | \PPh,
L /I \CO L /| ‘co
Phe! P HBH;
1.44 1.45

Figure 11 Ru-MACHO (1.44) and Ru-MACHO-BH (1.45).

The catalytic reduction of methyl trifluoroacetate (1.46) using catalytic Ru-MACHO (1.44) was

reported by Otsuka and co-workers at Central Glass company (Scheme 22).%% 1%

F3C\"/0Me | FsC._OMe , FsC._OH
o) OH
1.46 1.47 1.48

Reagents and conditions; (i) Ru-MACHO , NaOMe, 10-20 bar H,, MeOH, 40 °C.

Scheme 22 Catalytic reduction of methyl trifluoroacetate (1.46).

By tuning the conditions, either the alcohol (1.48) or hemiacetal (1.47) could be selectively
formed in good vyields. As such this was developed into a process for the production of
trifluoromethyl acetaldehyde, a compound which finds applications in pharmaceutical

products.

In another example, this catalyst system was demonstrated by performing a multi-ton
reduction of methyl (R)-lactate (1.49) to (R)-1,2-propanediol (1.50) (Scheme 23). The
conditions had to be optimised to run the reaction at near room temperature in order to

prevent erosion of the optical purity.%’
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Reagents and conditions; (i) Methyl (R)-lactate (2200 kg, 21133 mol),
Ru-MACHO (1.44) (6.4 kg, 10.6 mol, 0.05 mol%), NaOMe (28% in MeOH, 51.0 kg,
256 mol,1.2 mol%), 40-42 bar H,, MeOH, 26-28 °C, 12 h.

Scheme 23 Large scale reduction of methyl (R)-lactate (1.49) using Ru-MACHO (1.44).

Industrial production of (R)-1,2-propanediol (1.50) by asymmetric reduction of
hydroxyacetone was well established, but could not furnish the product in sufficiently high
optical purity for the purposes of pharmaceutical intermediates where enantiomeric
excesses greater than 99% are typically required. Though the enantiomeric excess could be
upgraded by derivatisation and recrystallisation, this approach added to the lead-time and
reduced the overall efficiency of the synthesis. As such an alternative approach was taken by
starting with methyl (R)-lactate (1.49), available in bulk from natural feedstocks in greater
than 99% ee, and reducing this while maintaining stereochemical integrity. The authors also
note the operational ease and significantly reduced waste stream which resulted from

developing this approach over using aluminium-based reducing agents.

This chiral building block finds applications in pharmaceutical products such as levofloxacin,
a broad spectrum antibiotic with sales reaching US$1.6 billion in 20091°% 192 and tenofovir a
marketed drug used to treat patients with chronic hepatitis B and for HIV/AIDS prevention
(Figure 12).103

o “qp N=\
PO N
0 o N N\ /
HO )\ < NH
L N
Levofloxacin Tenofovir

Figure 12 Commercial drugs requiring non-racemic 1,2-propanediol (1.50) as building block.
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In 2016, Kayaki and co-workers'® from Takasago disclosed another analogue of Ru-MACHO
(1.44) bearing a carbene ligand in place of the CO ligand, Ru(PNP)CI;(NHC) (1.51) (Scheme
24).

i Ny

i 2
OMe OH Ph,P—Ru-PPh,
° MeN NMe
1.52 1.53 \—/

Reagents and conditions; (i) 2 mol% Ru(PNP)CI,(NHC) (1.51), H, (balloon), 1.51
THF, 50 °C, 5 h.

Scheme 24 Catalytic reduction of esters under a balloon of hydrogen reported by Kayaki and co-

workers.1%

The authors reasoned that the presence of the CO ligand in Ru-MACHO (1.44) was in place
to stabilise the complex, but that the m-backbonding from the ruthenium centre results in
decreased hydride nucleophilicity and thus necessitated more forcing conditions. In light of
this, they replaced the CO ligand for a strongly o-donating NHC ligand. The resulting complex
(1.51) was capable of reducing esters under particularly mild conditions, specifically under 1
atmosphere of hydrogen. This methodology is particularly attractive for operation within the
pharmaceutical industry, where multi-purpose hydrogenation vessels typically have a
maximum pressure rating of 10 bar.1% This argument however also suggests that this may
lead to decreased stability of the complex when compared to Ru-MACHO (1.44), and indeed
the conditions reported did employ significantly higher catalyst loadings when compared to
Ru-MACHO (1.44). No comment was made by the authors on whether treatment of this
complex with sodium borohyride results in a complex capable of base-free ester reductions

analogous to Ru-MACHO-BH (1.45).

While these catalysts have been specifically developed for the purpose of catalytic ester
reductions, various groups have published work in which these catalysts have been
successfully applied to effect a variety of other transformations including dehydrogenative

ester formation,’® amide synthesis,’® amide and lactam reductions, 108

109 110

cyclopropanations, cross coupling of secondary alcohols and N-methylation of

anilines*'! to name a few.
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Since the disclosure of Ru-MACHO (1.44) a range of other ruthenium-based catalysts bearing
tridentate ligands containing phosphorus, sulfur, nitrogen and carbenes have been reported
by numerous other groups, and this has become a common motif within the field of
homogeneous ester reductions.?% 1% 112 The majority of these catalysts are operable under
similar conditions and possess similar substrate scopes and limitations. Direct comparison of
these catalysts based on available data within the patent and academic literature is, however,
not trivial due to the differences in conditions employed, extent to which reactions have been

optimised and other miscellaneous variables including purity of substrates and catalysts.

Gusev and co-workers investigated a series of ruthenium- and osmium-based catalysts for
the purpose of ester reductions.!**16 The most successful example, Ru-SNS (1.54) utilizes an

SNS ligand in contrast to the PNP ligand seen on Ru-MACHO (1.44) (Figure 13).11%1%7

i\
HN_H sEt

Figure 13 Ru-SNS (1.54) catalyst reported by Gusev and co-workers.**?

It was reasoned that this would allow for hydrogenation catalysts to be accessed in a more
practical and cost-effective manner owing to sulfur being both cheaper and less susceptible
to oxidative degradation. Catalytic hydrogenation reactions were performed with THF or
toluene as the solvent, rather than methanol as in the case of Ru-MACHO (1.44). Good
activity was demonstrated for a variety of different substrates with low catalyst loadings.
Remarkably, neat ethyl acetate underwent 95% conversion at a substrate/catalyst ratio of
40,000. This Ru-SNS catalyst (1.54) has since also been commercialised by Johnson Matthey.
Applicability of this catalyst towards the pharmaceutical industry was demonstrated,
whereby gem-difluoro ester (1.55), a compound reported in a medicinal chemistry patent
published by Vertex was reduced to the corresponding alcohol (1.56).1*® Compared to a
process employing stoichiometric hydride reagents,''® the catalytic reduction offered a 72%

reduction in the PMI (Scheme 25).
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Reagents and conditions; (i) Ru-SNS (1.54), NaOEt, 30 bar H,,
THF, 40 °C, 16 h.

Scheme 25 Comparison of stoichiometric and catalytic ester reduction processes.

The flavours & fragrances company, Givaudan have also reported their own hydrogenation
catalyst (1.57) bearing and unsymmetrical SNP ligand.'?® As with the catalysts reported by
Firmenich, the priority in their catalyst design was low catalyst loadings and good selectivity

towards reducing esters in the presence of alkenes.

Of particular interest was the reduction of sclareolide (1.58) (itself derived from sclareol, a
compound present in clary sage oil) to sclareodiol (1.59).% This is then subjected to acid
mediated cyclisation to afford ambroxide (1.60), a valuable fragrance ingredient used to
provide an amber note to perfumes. As naturally occurring ambroxide (1.60) found in
ambergris which itself is secreted from whales is no longer used for this purpose, the need
for a scalable and efficient chemical synthesis was necessary.!?! Catalytic reduction of
sclareolide (1.58) to sclareodiol (1.59) was achieved in very high yields with catalyst loadings
as low as 25 ppm (Scheme 26). This impressively low catalyst loading is pertinent in achieving

a low cost of goods, as well as reducing the burden of the resulting waste streams.
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Sclareolide (1.58) Sclareodiol (1.59) Ambroxide (1.60)

Reagents and conditions; (i) 0.0025 mol% (1.57), H, (50 bar), toluene, 100 °C, 16 h;
(i) acid mediated cyclisation.

Scheme 26 Catalytic reduction of sclareolide (1.58) to sclareodiol (1.59) en route to ambroxide (1.60).
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1.1.4.3 Base Metal Catalysed Homogeneous Ester Hydrogenations

In an attempt to move away from catalysts based on precious metals, iron complex (1.61)

122 123

reported simultaneously by Guan'“* and Beller*** was reported to reduce a variety of esters

under base-free conditions (Table 8).

SHN.
JO]\ HN_ | PiPry
i Fe
R™OOR' ! R"OH + ROH /| co
B HBH
iPry 1213
Reagents and conditions; (i) 1 mol% Fe-PNP (1.61), 30 bar H, Fe-PNP (1.61)
THF, 120 °C, 19 h.
Entry Ester Product Yield/%
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Table 8 Fe-PNP complex (1.61) reported by Beller and co-workers.??3

As with the synthesis of Ru-MACHO-BH (1.45), this complex is generated by displacement of
chloride ligands using sodium borohydride. Due to the sensitivity of the complex (1.61),
synthesis and storage of the catalyst requires use of a glove-box and higher catalyst loadings

were required when compared to precious metal counterparts such as Ru-MACHO (1.44).
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Nonetheless, Fe-PNP (1.61) was demonstrated to effect the desired reduction under base
free conditions. This point was highlighted by Guan and co-workers® who reasoned that the
more robust ruthenium catalysts are currently more suited for industrial applications, though
possible future directions of this field may see precious metals being replaced with cheaper
and more abundant ones. Indeed, increased efforts have been put into base metal catalysis
in order to discover novel catalytic activity.!?* From the perspective of the pharmaceutical
industry, iron, in addition to low price and high availability also has the additional advantage
of not being subject to the same tight limits as ruthenium due to its lower toxicity and is

therefore of less concern in the manufacture of APIs.'?

In relation to this, a study conducted by the British Geological Survey (BGS) ranked iron as
having a relatively low supply risk index of 5.2 compared with the platinum group elements
which have a higher supply risk index of 7.6 (1 representing a very low risk and 10
representing a very high risk). Their assessment was based on a number of factors including
the rates of recycling and political stability of major producing countries.'?® Accordingly,
avoiding the use of higher risk elements within a process in favour of low risk elements is
desirable. Catalysis does, however, only represent a small proportion of the total

consumption of ruthenium, and its high recyclability does mitigate this risk to an extent.

Continuing on the theme of using metals that are abundant in the Earth’s crust, extensive
studies using manganese-based catalysts has also been performed by Clarke and co-

workers.?’

In particular, it was demonstrated that using manganese catalyst (1.62), potassium carbonate
was sufficient to promote catalytic activity (Table 9).12 This is to be contrasted with the more
usual strong alkoxide bases which are employed. In addition to the lower cost of goods, this
approach has the advantage of suppressing racemisation of base-labile substrates, even at

elevated temperatures.
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Table 9 Catalytic reduction of optically active esters using a catalytic Mn-PNN (1.62) reported by

Clarke and co-workers.'?8

Other base-metal catalysts explored for the purpose of homogeneous ester reductions

include examples based on cobalt,*?> 13° however, in the interests of brevity these will not be

discussed further.

1.1.4.4 Mechanistic Considerations

A catalytic cycle for the reduction of methyl trifluoroacetate using Ru-MACHO (1.44) as the
catalyst has been proposed by Dub and Ikariya® 1% (Figure 14). Calculations were performed

using continuum methanol reaction field DFT analysis with the SMD (solvation model based
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on density) of the hydrogenation of methyl trifluoroacetate. Methylating the NH unit of Ru-

MACHO (1.44) results in near complete loss of catalytic activity,®® 13!

suggesting that this
reduction also proceeds via an outer-sphere mechanism. Notably, this catalytic cycle does
not involve formal cleavage of the N-H bond, but rather assists the reaction by means of
formation of a strong hydrogen bonding interaction to the carbonyl oxygen.10% 132 133
Experimental evidence also confirmed activation of molecular hydrogen being accelerated
by the presence of an alcohol acting as a proton shuttle compared to direct activation of

hydrogen via a 4-membered transition state.!3% 13
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Figure 14 Proposed catalytic cycle for the reduction of ester with Ru-MACHO (1.44). Free energies

(AG°29sx, kcal mol™) are calibrated relative to 1.63.

1.63 is formed from Ru-MACHO (1.44) after net addition of hydrogen and loss of HCI
(promoted by the presence of NaOMe®3®). Though the catalytic cycle only depicts formation
of a hemiacetal, this is able to eliminate to give the corresponding aldehyde, which itself is

then reduced to give the alcohol. Due to the structural similarities between Ru-MACHO (1.44)
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and Ru(PNP)CI;(NHC) (1.51), it is anticipated that the two follow a similar mechanistic
pathway, albeit with different energy levels. As such the rate-determining step in this
mechanism will later be revisited as a means of assessing how novel catalytic structures may

perform.

1.1.5 Extension to Flow

Industrially, a longer-term goal is to investigate the possibility of transferring hydrogenations
into flow reactors. The clear benefit of flow chemistry over traditional batch chemistry is the
increased energy and mass transfer efficiency, which in turn leads to increased safety.'®’
Though the reaction inventory is typically low in the context of flow chemistry, reactions are
run continuously and may be run in parallel, and hence are more readily scalable. GSK has
set ambitious sustainability goals which include having a net zero impact on climate, and net
positive impact on nature by 2030. As part of realising these targets, reduction of waste,
carbon emissions and water usage all play a critical role. Leveraging catalysis and enabling
technologies such as continuous processing are as such preferred platforms that bring GSK

as an organisation closer to achieving these goals.

Gas-liquid reactions have previously been demonstrated by Khan and co-workers in a
segmented flow reactor.3® 139 These operate by passing alternating “slugs” of liquid and gas
phases through the reaction tubing (Figure 15). This allows for increased contact between

the gas and liquid phases, which leads to increased reaction rates.
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Figure 15 Possible setup of segmented flow reactor.3% 140

Aside from the advantage of increased reaction rate, this approach also allows measurement
of the intrinsic reaction kinetics. Flow reactors of this nature, however, typically require

homogeneous liquid phases and no solids to be present in order to avoid blockages.

The reduction of 2,2-difluoro-2-phenylacetate (1.68), an intermediate en route to a [3-2-
adrenergic receptor agonist (1.70) has previously been achieved using Ru-MACHO (1.44)
under 20 bar of hydrogen enabled by use of a continuous flow reactor in the laboratory of

Kappe and co-workers (Scheme 27).14

o OH
i 6
OEt OH o NH
H

F F 98% F F F F OH S

1.68 1.69 1.70

Reagents and conditions; (i) Ru-MACHO (1.44) (0.065 mol%), NaOMe in MeOH (20 mol%),
20 bar Hy, MeOH, 60 °C, 70 min residence time, 6 hour run.

Scheme 27 Reduction of 2,2-difluoro-2-phenylacetate (1.68) en route to API (1.70).14

Initial screening work was performed in a batch autoclave. The optimised conditions
transferred well into the segmented flow reactor by virtue of the relatively short reaction
times required. Furthermore, the reaction solvent, methanol, allowed for formation of a
homogeneous solution and no clogging or fouling was reported. Compared to LAH and NaBH,

processes, an improved safety profile was noted due to the need of a quench being obviated,
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as well as a significantly improved PMI. By running the reaction in flow through a stainless
steel coil, 20 bar of hydrogen was readily attainable and the reaction benefited from superior
gas-liquid contact provided by the segmented flow regime. The authors also note that 3.3
equivalents of hydrogen were supplied to the reaction. Compared to the 2 eq. of hydrogen
theoretically required, this resulted in lower excesses of hydrogen being used compared to a
typical batch process. High yields of product were obtained as well as a consistent
composition of the product stream as was observed by in-line °F NMR. Excellent yields were
obtained provided fresh methanol was used, with a 6 hour run furnishing 13.7 g of the

product alcohol.
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1.1.6  Summary of Literature

In summary, the area of catalytic ester hydrogenation has gained increased attention from
both academic groups and various sectors of the chemical industry. Significant advancements
have been made allowing these catalysts to operate broader substrate scopes under milder
conditions. Catalytic ester reductions are at the point of gaining widespread industrial
acceptance. This is clear from the increasing number of publications and patents which have

been granted in this field.

Having stated this, further improvements will however be necessary in order to enable more
widespread adoption of these catalysts, particularly within the pharmaceutical industry
where the reduction of esters has remained for a long time a challenging transformation. At
present, the majority of substrates examined are alkyl and aryl hydrocarbons, with very little
other functionality. As such, it is instructive and essential that this transformation is
demonstrated on more drug-like molecules and intermediates.'*? This will of course present
additional challenges, as drug molecules are generally significantly more complex in
comparison to the model substrates examined previously, or the bulk chemicals of interest

to the flavour & fragrance industry.

Additionally, both low pressure and catalyst loading will be required in order to make these
operationally more accessible within the pharmaceutical arena. Furthermore, the
comparison of catalysts based on published data is non-trivial due to the different conditions
employed, differing grades of reagents used and extent to which reactions have been
optimised. There is however a strong drive to deliver such a catalyst, as processes involving
molecular hydrogen are inherently desirable as a means of reducing the generation of waste
and as a means of bringing companies such as GSK closer to achieving their sustainability

goals.
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1.2 AIMS AND OBIJECTIVES

From consideration of all of the emerging studies discussed in the previous section, it is
evident that catalytic hydrogenation of ester precursors is an important transformation in
the context of the pharmaceutical industry. Accordingly, it is pertinent to undertake a
systematic evaluation of such systems to fully understand their application and limitations

when applied in a Chemical Development setting.

The initial goal of this investigation is to synthesise a palette of both known and novel
hydrogenation catalysts, including Ru(PNP)CI(NHC) (1.51), and use these systems to
demonstrate, initially, the catalytic reduction of simple esters (e.g. methyl benzoate (1.52))
under practical reaction conditions involving pressures below 10 bar. Following this, an
optimised set of conditions and process understanding should be developed through use of

high throughput screening and statistical design of experiments (DoE).

Furthermore, mechanistic insight and understanding of the reaction kinetics is to be
generated using Process Analytical Technologies (PAT), and used to inform the feasibility of

using continuous processing as an alternative method of running reactions.

Improved understanding of the functional group tolerances is also to be investigated, with a
focus on substrates and functionality frequently encountered within pharmaceutical R&D.
Once this has been achieved, the amenability of the reaction to scale-up is to be examined.
The resulting processes will be compared with existing processing using traditional reduction
methods. The longer-term goal of this investigation would be to examine running reductions
in a continuous flow set-up. This would potentially bring a number of benefits including
increased safety and ease of scale-up and accessibility, ultimately providing new knowledge
and insight on the applicability of these catalyst systems in process research and

development.
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1.3 RESULTS AND DISCUSSION

1.3.1 Computational Analysis of Transition Barrier

Prior to commencing experimental work, computational studies were conducted, in which
the proposed rate determining step of the reduction of methyl trifluoroacetate (1.46) was
examined as a function of different ligand substitutions (Figure 16). The aim was to obtain a
preliminary indication of the feasibility of pursuing the synthesis of novel catalytically active
complexes by comparing the TS barrier for systems proposed for synthesis with an
established catalyst. The transition state investigated was analogous to that described by
Dub, Ikariya and co-workers with the SMD methanol solvent model.}?’ Investigation of
tridentate SNS-type ligands was of particular interest, as prior work by Gusev and co-workers

had demonstrated Ru-SNS complexes to provide superior activity compared with Ru-PNP

analogues.
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Figure 16 Results from computational analysis examining TS barriers as a function of ligand

substitution; calculations performed by Doo-Hyun Kwon (GSK).

Interestingly, the results suggest that replacing the PNP ligand for SNS ligands results in a
lowered energetic barrier (AG = 14.4 kcal/mol), and thus potentially more efficient catalysts.

While an in situ synthesis of a Ru-SNS complex bearing a carbene ligand has previously been
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suggested,®® no subsequent characterisation was conducted to confirm whether such a
complex had indeed been formed. Synthesising and examining such a complex as a well-
defined species may offer improved catalytic activity. Also interestingly, introduction of a
NNN ligand bearing methyl groups was suggested to lower the energetic barrier even further
(AG = 13.9 kcal/mol), though to the best of our knowledge, no such complex has previously

been reported.

Based on these results, the aim was to synthesise the known Ru(PNP)CI;(NHC) (1.51), in
addition to novel Ru(SNS) catalysts (2.1 and 2.2) and Ru(NNN) catalyst (2.3) and to examine

whether increased catalytic performance is indeed provided (Scheme 28).

Cl
NH R Cl HN R
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[ * c:|’Ru NMe — ------- > L SN NMe
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R = PPh, (2.4) 2.8 R = PPh, (1.51)
R = SEt (2.5) R = SEt (2.1)
R = SPh (2.6) R = SPh (2.2)
R = NMe, (2.7) R = NMe, (2.3)

Scheme 28 Proposed synthesis route of ruthenium catalysts bearing tridentate ligands and N-

heterocyclic carbene ligand.

1.3.2 Synthesis of Tridentate Ligands

With target complexes identified from the computational work above, attention then turned
to the synthetic approaches to these systems, and these are outlined below with the initial

focus on the preparation of the requisite ligands.

While bis(2-(diphenylphosphino)ethyl)amine hydrochloride (2.4:-HCl) is commercially
available, it was decided to synthesise this starting from alkyl dihalide (2.8) and
diphenylphosphine (Scheme 29). Having familiarity with this process, particularly in relation
to ambient stability would be advantageous, particularly when progressing with synthesis of

non-commercially available analogues.
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Scheme 29 Synthesis of bis(2-(diphenylphosphino)ethyl)amine hydrochloride (2.4-HCI).

The procedure followed was adapted from literature,*® and proceeded smoothly, albeit in
modest yield (51%). While the free-base of PNP (2.4) is a highly viscous oil, the hydrochloride
salt of PNP (2.4-HCI) is a crystalline solid. This allowed for both convenient purification by
recrystallisation from acetonitrile, as well as facilitating long-term storage of this important

intermediate.

The next step was to synthesise a series of SNS ligands. A SNS ligand bearing ethyl groups

(2.5) was synthesised according to the procedure described by Schérgenhumer (Scheme 30).!

H * HCl H H

N i ii N N
I TN ——> Ets” " ~"sEt oo O " sEt

2.8.HCI 2.5 2.9

Reagents and conditions; (i) NaOH, MeOH,; (ii) EtSH.

Scheme 30 Synthesis of bis(2-(ethylthio)ethyl)amine (2.5).

The desired product was obtained, but several impurities including the mono-alkylated
product (2.9) and unreacted starting material (2.8) were also present. The reaction mixture
was suspended in heptane and passed through basic alumina as suggested in the literature
procedure, which removed some, but not all impurities. Neutral alumina was also tested but
this proved to be inferior. Furthermore, the thiol reagent was not effectively purged, leading

to the product being highly malodorous.

In order to make this reaction amenable to scale-up, chromatographic purifications were

avoided. The crude product was treated with aqueous hydrochloric acid to generate the
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corresponding hydrochloride salt (2.5-HCl), an off-white powder as opposed to a yellow oil

(Scheme 31).
H v o H - HClI
Ets” > " sEt Ets” > " skt
2.5 2.5.HCI

Reagents and conditions; (i) HCl(4q).

Scheme 31 Synthesis of bis(2-(ethylthio)ethyl)amine hydrochloride (2.5-HCI).

This salt (2.5-HCI) was found to be sparingly soluble in toluene at room temperature, but
highly soluble in boiling toluene. As such the product (2.5-HCI) was recrystallised from
toluene and washed with heptane. In addition to the improved purity profile, this approach
also facilitated handling and storage. The heptane washes removed any remaining traces of
unreacted ethanethiol giving product free of any odour. The starting material, bis(2-
chloroethyl)amine (2.8:-HCI), however did not purge under these conditions and tracked
through the process. This was overcome using a larger excess of ethanethiol and extending

reaction times and thereby ensuring complete consumption of the starting material (2.8).

This approach was found to be generally applicable to generate three related SNS ligands in

multi-gram quantities (Scheme 32).

¥ H R=Et (2.5-HCI) (7.5 g, 58%)
el TN RS” " gr

R=n-Bu (2.10-HCI) (10.2 g, 58%)
R=Ph (2.6-HCI) (7.3 g, 45%)

2.8-HCI

Reagents and conditions; (i) NaOH, MeOH; (ii) RSH; (iii) HCI(aq); (iv) toluene recrystallisation.

Scheme 32 Synthesis of SNS ligands.

Having generated a sufficient quantity of the ligands of interest, these could now be bound

to ruthenium to afford the desired catalysts on large scale if necessary.
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1.3.3  Synthesis of Ruthenium Catalysts

With a focused set of PNP and SNS ligands successfully generated, the following step was
used to generate a series of hydrogenation catalysts, starting with hydrogenation catalyst

(1.51) previously reported by Kayaki (Scheme 33).1%

H
N
WClr ii <\ /C>
U GR L Ph,P— RU-PPh,
Cl CI*
Pth MeN~ “NMe

MeN / \—/
2 12
MeN \® 2 4

2.1 ls NMe 2.13 PPh : 1.51
2

Reagents and conditions; (i) NHC precursor (2.12), THF, reflux; (ii) IPA reflux; (iii) PNP (2.4), EtOH.

Scheme 33 Synthesis of hydrogenation catalyst (1.51) as described by Kayaki and co-workers.?%

The preparation of Ru(p-cymene)Cl,(NHC) (1.51) starting from commercially available
dichloro(p-cymene)ruthenium(ll) dimer (2.11) was initially attempted (Table 10). Despite
appearing to be a relatively simple transformation, it proved to be more challenging than
expected. Due to the sensitive nature of these compounds, reactions were kept free of
oxygen, and anhydrous solvents were used. Initially, the procedure was followed as
described by Kayaki (Table 10, entry 1),2%* but only trace amounts of product were isolated.
The low mass recovery prompted further investigation. The supernatant solution was
concentrated and analysed by 'H NMR, which revealed additional product to be present as

well as numerous unidentified side products.
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Reagents and conditions; (i) THF, reflux, 4 h; (ii) IPA, reflux, 10 mins.

Entry Modifications to procedure Outcome
1 Literature procedure followed Traces of product (2.13) isolated
2 Reaction run for 16 h Complex mixture obtained
3 Addition of IPA omitted Complex mixture obtained

Table 10 Attempted formation of Ru(p-cymene)Cl2(NHC) (2.13).

Further analysis revealed that the reaction had not gone to completion, and thus the reaction
was run overnight (Table 10, entry 2). This, however, did not appear to improve the outcome,
and again a complex mixture was obtained. Finally, the role of adding IPA was scrutinised.
While the reaction mixture itself was a suspension in THF, addition of IPA appeared to cause
all the contents to dissolve and turn from red to black. It was suggested that the IPA could
indeed be causing undesired side reactions and possibly be contributing to the low mass
recovery. Consequently, the reaction was reattempted, with the addition of IPA omitted
(Table 10, entry 3). While this did lead to a mass recovery commensurate with what was
expected, analysis of this also showed it to be a complex mixture, containing the desired

product (2.13).

Having failed to obtain Ru(p-cymene)Cly(NHC) (2.13) in acceptable yield, and with no obvious
method to purify the complex mixtures obtained, an alternative method to generate the
desired complex was therefore sought. This resulted in considering the use of NHC complexes
of silver(l) in place of 1,3-dimethylimidazolium-2-carboxylate (2.12) as the carbene transfer
reagent. These reagents are commonly used, as they offer a number of advantages, including
ease of preparation, stability towards both air and moisture, and the ability to undergo

transmetallations even at room temperature.

Though not commercially available, Ag(NHC) complex (2.15) is conveniently formed in one
step. Following a literature procedure,’* 1,3-dimethylimidazolium iodide (2.14) was

deprotonated using silver(l) oxide as a base (Scheme 34) to afford Ag(NHC) complex (2.15).

56



i IAg

I\N/Ie l'\\llle
Q ——m >
Me(lg\/) ! DN/\/)

77% M

214 215

Reagents and conditions; (i) Ag,O, CH,Cl,, 55 °C.

Scheme 34 Preparation of Ag(NHC) complex (2.15).

The reaction proceeded to give the desired product (2.15) in good vyield. Its remarkable
stability was further demonstrated as the Ag(NHC) complex (2.15) was recrystallized from
hot DMSO without the requirement for an inert atmosphere. This procedure was easily
scalable to 17 g with an additional hot filtration being necessary to remove unreacted silver(l)

oxide.

With the silver carbene transfer reagent (2.15) in hand, the next stage was to demonstrate
its applicability towards the desired transmetallation. Following a literature procedure,®
ruthenium dimer (2.11) and Ag(NHC) complex (2.15) were combined and stirred at room
temperature (Scheme 35). The Agl generated as a side-product was easily removed by

filtration under an atmosphere of nitrogen.

|Ag Me | /Cl
+ p —_— R0
MeN 97% crr y—NMe
MeN\/
211 215 213

Reagents and conditions; (i) CH,Cl,, rt.

Scheme 35 Preparation of Ru(p-cymene)Cl2(NHC) complex (2.13).

Pleasingly, the reaction proceeded to give analytically pure product (2.13) in high yield,

without the requirement for further purification.
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Having prepared the Ru(p-cymene)Cl;(NHC) complex (2.13), the final stage required
substitution of the p-cymene ligand with a series of tridentate ligands. In the first instance
bis(2-(diphenylphosphino)ethyl)amine (2.4) was examined. The literature procedure
suggested stirring the hydrochloride salt of the PNP ligand (2.4-HCl) in toluene and aqueous

104 1t was determined, however, that the

sodium hydroxide to generate the free-base.
crystalline PNP-HCI (2.4-HCl) only dissolved in toluene after continuous sonication for 1 h.
Thus after the same procedure was repeated using a variety of common solvents, it was
found that dichloromethane promoted must faster dissolution of the salt. The disappearance
of the 2H singlet at &4 9.92 ppm (corresponding to the NH, of the protonated ammonium
salt) and appearance of a broad 1H singlet at around &4 1.4 ppm (corresponding to the NH of

the free amine) in the *H NMR confirmed that the free-base had been formed.

Heating ruthenium complex (2.13) with the free-base PNP ligand (2.4) in ethanol smoothly
afforded the desired product, provided that particular care was taken in ensuring equimolar

stoichiometry (Scheme 36).

HCI
N .

cl HN_C! PPh
R/ N |\\ 2
g )
/\/H\/\ + cr YNMG — /RIUYNMG
Ph,P PPh, 56% p.Cl
N/ Ph, N/
Me Me
2.4 2.13 1.51

Reagents and conditions; (i) NaOH,q), CH,Cly; (ii) EtOH, 80 °C.

Scheme 36 Ligation of PNP ligand (2.4) to ruthenium centre to afford ruthenium complex (1.51).

The product (1.51) was washed with heptane and ethyl acetate to ensure complete removal
of p-cymene, the stoichiometric side-product. The reaction itself was also conveniently
monitored by 3!P{*H} NMR. Disappearance of the signal at & —21 ppm and appearance of a

new signal at & 43 ppm indicated the reaction had gone to completion (Figure 17).
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Figure 17 Comparison of 3'P chemical shift of bound and unbound PNP ligand (2.4).

This large difference in chemical shift between the unbound ligand and the ligand
coordinated to the ruthenium centre is typically observed in complexes of this type.*” This
suggests strong sigma donation from the phosphorus atom into the ruthenium centre to be

taking place.

In contrast to silver(l) carbene complex (2.15), and Ru(p-cymene)Cly(NHC) (2.13), the two
methyl groups in Ru(PNP)CIy(NHC) (1.51) gave rise to different signals in the *H NMR. This
suggests that in the solution state, Ru(PNP)CIz(NHC) (1.51) is not as symmetrical as inferred
from their structures. It should also be noted that Ru(p-cymene)Cly(NHC) (2.13) and
Ru(PNP)CI(NHC) (1.51) are relatively stable to air as dry isolated solids and exist as orange
and yellow powders, respectively. When dissolved however, any exposure of the solution to
air results in rapid degradation of the complexes, as evident from the accompanying colour
change to black. This approach for generating Ru(PNP)Cl,(NHC) (1.51) was shown to be
scalable and was used to generate gram quantities of the catalyst through employing this

modified method.

Following on from this, the aim was to bind SNS ligands to a ruthenium centre using a similar

approach as used above to generate a series of novel complexes (Scheme 37).1
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Reagents and conditions; (i) NaOH,q), CH,Cly; (i) EtOH, 70 °C; (iii) heptane washes.

Scheme 37 Ligation of SNS ligands to ruthenium to afford corresponding complexes.

This approach proved to be effective for the diEtSNS (2.5) and din-BuSNS (2.10) ligands where
full consumption of starting material was observed. The desired products were precipitated
out of solution by addition of heptane, and the liquid phase containing excess SNS ligand and
the side-product p-cymene was removed using a filtered cannula. Further heptane washes
and careful drying under vacuum afforded the desired products as air-stable, free-flowing

powders in moderate to good yield and good purity by *H and 3C NMR.

Binding of the diPhSNS ligand (2.6) to ruthenium in contrast was a more challenging task.
Multiple attempts were made using varying quantities of diPhSNS (2.6) (Table 11), mostly
unsuccessfully. The primary issue stemmed from reactions not going to completion,
presumably due to the increased steric bulk around the sulfur atoms — a surprise given this
was not an issue with the seemingly sterically more congested PNP ligand (2.4). This led to
complications as the starting material and product complexes are not readily separable from
each other. In contrast to the diEtSNS (2.5) and din-BuSNS (2.10) ligands, a significant excess
of the diPhSNS ligand (2.6) was required for reactions to reach acceptable conversions.
Addition of 4 equivalents of ligand (2.6) and stirring the reaction for 3 days resulted in the
highest yield (41%) of complex (2.2) and good purity by H and *C NMR. Addition of heptane
induced precipitation of the product, while excess ligand remained in solution, thereby

allowing for convenient separation of the product, again using a filtered cannula.
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Reagents and conditions; (i) EtOH, 70 °C; (ii) heptane washes.

Method employed Outcome

1.0 eq. of diPhSNS ligand (2.6) added  mixture of SM (2.13) and product (2.2)

1.5 eq. of diPhSNS ligand (2.6) added  mixture of SM (2.13) and product (2.2)

3.0 eq. of diPhSNS ligand (2.6) added < 40% yield (impurities present)
4.0 eq. of diPhSNS ligand (2.6) added 41% isolated product (2.2)

Table 11 Optimisation of formation of Ru(diPhSNS)CI2(NHC) (2.2)

Unlike in Ru(PNP)CI;(NHC) (1.51), the two methyl groups on the carbene ligand of
Ru(diEtSNS)CI>(NHC) (2.1) gave rise to one broad singlet as opposed to two sharper singlets.
This prompted further investigation using VT NMR experiments (Figure 18). When cooled
down to 0 °C, the carbene ligand on Ru(diEtSNS)Cl>(NHC) (2.1) gave two distinct signals, and

when heated to 50 °C, the broad singlet sharpened.

/ClY | / ClI\ / Cl\ / ClI\
HN_ %" PPh, ! HN_ 5 SEt HN_ 5 SEt HN_ 5 SEt
RU. | Ru Ru Ru
/7| NMe ! 7| NMe /| NMe /| NMe
2 Me i Me Me Me
3.20 ppm ' 4.05 ppm 4.08 ppm (broad) 4.10 ppm (sharp)
(1.51) 25 °C E (2.1)0°C (2.1) 25 °C (2.1) 50 °C
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Figure 18 Variable temperature NMR experiment performed on Ru(diEtSNS)CI2(NHC) (2.1).

Meridional geometry of the ligand around the ruthenium centre was also confirmed by
means of an X-ray crystal structure (Figure 19). Crystals suitable for X-ray diffraction were

obtained by allowing slow diffusion of heptane into a solution of the complex (2.1) dissolved

in DCM under a nitrogen atmosphere.

Figure 19 X-ray crystal structure of Ru(diEtSNS)CI2(NHC) (2.1).
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The synthesis of RU(NNN) (2.3) was also of particular interest as the computational studies
predicted this to provide the lowest energy transition barrier with respect to ester reduction
reactions. NNN (2.7) ligand which is commercially available (an added benefit to this class)

was heated with ruthenium complex (2.13) in ethanol (Table 12).

Cl
Cl i HN_ 7" .NMe,
RuU Ru
MeZN\/\N/\/NMeg + Jor YNMe — = L / IUYNMe
H N CI
N/ Me, N/
Me Me
2.7 2.13 23
Reagents and conditions; (i) EtOH, 70 °C.
Method employed Outcome

1.2 eq. of NNN ligand (2.7) added complex mixture containing starting material

2.8 eq. of NNN ligand (2.7) added complex mixture containing starting material

4.9 eqg. of NNN ligand (2.7) added complex mixture containing starting material

Table 12 Attempted synthesis of Ru(NNN) complex (2.3).

No clean conversion was observed in any of these experiments. During the third attempt the
mixture was initially left to stir at room temperature at which point mainly starting material
was observed, as was clear by the aromatic protons on the p-cymene ligand. The mixture was
gradually heated, at which point new peaks started to form suggesting some kind of ligation
process was taking place, though the presence of starting material (2.13) was still noted.
Addition of heptane did not, however, cause any precipitation as was the case with the
Ru(SNS) series. The mixture was concentrated to dryness, however, analysis of the residue

showed an intractable mixture. Consequently, this approach was not pursued further.

Future work in accessing Ru(NNN) complex (2.3) would require investigation around the
apparent reluctance of NNN ligand (2.7) to bind to ruthenium by substitution of p-cymene.
This could be addressed by investigation of alternative solvents to run this reaction in. Higher
boiling solvents such as 1-butanol or toluene may allow reactions to be heated sufficiently to

allow the desired substitution process to take place.
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1.3.4 Synthesis of Modified Catalyst (2.17)

Previous reports have shown that Ru-MACHO-BH (1.45), a modified version of Ru-MACHO
(1.44) is capable of performing base-free ester reductions (Scheme 38)% This is an attractive
prospect as it simplifies both the reaction setup and subsequent work-up. Additionally, this

also allows for substrates prone to racemisation under basic conditions to be reduced.

Ru
CO,Me 93% o7l _co
>99.9% ee >99.9% ee PhZHBHg

Ru-MACHO-BH (1.45)

CO,Me . |
0] 2 0] I
>C | SO e
o o \_oH L
i
i

Reagents and conditions; (i) Ru-MACHO-BH (1.45) (0.1 mol%),
H, (50 bar), THF, 80 °C.

Scheme 38 Base-free reduction of chiral diester using Ru-MACHO-BH (1.45).

The key shortcoming of Ru-MACHO-BH (1.45), however, is the need for high pressures of
hydrogen gas (50 bar). In this case the possibility of synthesising a modified version of
Ru(PNP)CIz(NHC) (1.51) which would retain the ability to perform reductions at low pressures
of hydrogen, but also to do so without requiring the addition of base was envisaged (Scheme

39).

BH BH,
/\ /—/'\ i VP /N
HN_H PPh, HN_H PPh, ! HN, ¢! PPh, el HN K PPh,
NS NaBH, NI i N [H] X
Ru Ru i L Ru —~  --oomeees > L Ru
/71 >co /1 co ! /| 7—NMe P/| 7—NMe
EhCI th : PhZCI N\/ PhZH N\/
2 2 | Me Me
Ru-MACHO (1.44) Ru-MACHO-BH (1.45) 1.51 217

Scheme 39 Generation of modifed catalysts by reduction using metal hydride reagents.

Ru-MACHO-BH (1.45) is obtained through subjecting Ru-MACHO (1.44) to treatment with
sodium borohydride. The aim was to treat Ru(PNP)CI>(NHC) (1.51) with sodium borohydride
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in an analogous manner to displace the chloride ligands. Initially this was attempted with

sodium borohydride in ethanol (Figure 20).

BH3
i\ /N
HN_" PPh, ; HN '} \PPh;
NI i NI
/Tu NM 7 L /Tu NM
e e
Bhf'@ Bl 3’/
Me Me
1.51 2.17

Reagents and conditions; (i) NaBH,, EtOH, rt.

Figure 20 Subjection of Ru(PNP)CI2(NHC) (1.51) to sodium borohydride in ethanol.

This however did not give the desired product (2.17), as was evident by the lack of metal
hydride signals within the *H NMR spectrum. It was thought that the high basicity of the Ru-
H bond may result in reactivity with the ethanol solvent. As such, the solvent was changed to
THF, an aprotic solvent. The reducing agent, sodium borohydride was also replaced with

lithium borohydride (Scheme 40).

BH
A

[ CI /H
HN_§! PPh, i HN ! PPh,

/'Tu NM > /Tu NM
e e

oL PH7’
N/ N7
e

]
Ph Ph
2 2 Me\)

M
1.51 217

Reagents and conditions; (i) LiBH,, THF, rt.

Scheme 40 Subjection of Ru(PNP)Cl2(NHC) (1.51) to lithium borohydride in THF.

It was reasoned that lithium chloride, the by-product of the reaction having a higher lattice
enthalpy than sodium chloride would provide a stronger driving force for the reaction. The
reaction was initially set up in an NMR tube using an excess of lithium borohydride. The
diagnostic hydride signal was observed as a triplet at —16.06 ppm, suggesting that the desired

reaction had taken place (Scheme 41).
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Scheme 41 Diagnostic signal present in 1H NMR spectrum suggesting successful formation of

modified catalyst (2.17).

Encouraged by these results, the reaction was performed on a larger scale. Attempts were
then made to isolate the desired ruthenium hydride complex (2.17) by removal of the
solvent. Doing so, however, led to decomposition of the complex. It was thus thought that
the complex (2.17) could be generated in situ and used to reduce an ester. The complex (2.17)
was generated and in a glove box the complex was added to a vessel containing methyl 2-
naphthoate (2.18) in 2-MeTHF. The mixture was then transferred into a hydrogenation vessel

and subjected to hydrogen and heated (Scheme 42).

BH3 :
A\ : Q
HN ! PPh, : i
/Rh | OO OMe ' OH
b |L 7—N|vle i
Phy," N_~/ |
Me
217 2.18 219

Reagents and conditions; (i) 2 mol% 2.17, H, (5 barg), THF, 45 °C.

Scheme 42 Treatment of methyl 2-naphthoate (2.18) with modified catalyst (2.17) and hydrogen.
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No ester reduction was observed under these conditions. It was postulated that the BH,4
moiety may not have dissociated, and more forcing conditions were required. As such, the
reaction mixture was heated to 90 °C. This too, however, did not lead to any measured gas-
uptake or reduction of the ester. At this stage it became clear that while the possibility of
base-free reductions using mild hydrogen pressures may not be ruled out, this would likely
not bring the benefit of a simplified setup as was initially anticipated. As such, this approach
was not pursued further as it is likely not to be compatible for applications in a Chemical

Development setting.

1.3.5 Insitu Generation of Catalytically Active Species (2.20)

The catalytically active complex in the case of related hydrogenation catalysts is typically
shown to be a ruthenium dihydride complex.* ** However, this has not been formally
reported in the case of Ru(PNP)Cl,(NHC) (1.51). Preparation of such a complex would be of
interest as a means of gaining mechanistic insight into the process. Accordingly, the complex
(2.20) was prepared in an NMR tube by mixing the pre-catalyst, Ru(PNP)CI;(NHC) (1.51) with
potassium tert-butoxide and deuterated THF, and exposing this to hydrogen using a balloon

and a septum (Scheme 43).

Cl H
HN PPh, . HN PPh,
\RI o i \RI o
u u
/| NMe /| NMe
A0 ANy
2 Me 2 Me
1.51 2.20

Reagents and conditions; (i) hydrogen (balloon), KOt-Bu, THF-dg.

Scheme 43 Formation of ruthenium dihydride complex (2.20).

A single new compound could be observed by 3P NMR provided great care was taken to
exclude ingress of oxygen. The *H NMR also strongly suggested the complex (2.20) above to
have been formed as evident by the presence of two hydridic peaks [ 6 =—7.33 (td, J = 21.0,
9.5 Hz), —7.71 (td, J = 21.0, 9.5 Hz) ] (Figure 21). Both the chemical shift values as well as the
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coupling constants were comparable to those of related ruthenium complexes previously

reported.4®

THF THE

KOtBu

8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7 -8

Figure 21 'H NMR spectrum of ruthenium dihydride complex (2.20).

Due, however, to the highly air sensitive nature of this, isolation and further characterisation
was unfeasible. Exposure to even small quantities of air resulted in an increase to more than

10 different signals as determined by 3!P NMR (Figure 22)
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Figure 22 31P NMR spectrum of mixture of hydride containing species following isolation efforts.

This result strongly suggests that conversion of Ru(PNP)CI,(NHC) (1.51) to dihydride complex
(2.20) is an important transformation in order to achieve catalytic activity. The data also
stresses the importance of rigorous purging cycles to be performed, as the presence of
oxygen has been shown to result in rapid degradation of dihydride complex (2.20) to an

intractable, poorly defined mixture.

In summary, four ruthenium complexes (1.51, 2.1, 2.2 and 2.16) have been successfully
synthesised, including three novel Ru(SNS) complexes (2.1, 2.2 and 2.16). It has also been
demonstrated that subjecting Ru(PNP)CI>(NHC) (1.51) to hydrogen and base results in the
formation of a ruthenium hydride complex (2.20) which is likely the catalytically active
species.”® Attempts to generate a complex pre-reduced with borohydride (2.17) initially
showed promise, and appeared to be stable in solution. This approach was ultimately
abandoned, however, due to instability of the complex in addition to the lack of activity with

respect to catalytic ester reductions in the absence of base.
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1.3.6  Catalytic Reduction of Methyl Benzoate (1.52)

With Ru(PNP)CI;(NHC) (1.51) in hand the next stage was to attempt to reproduce the work
previously reported?® by reducing methyl benzoate (1.52) to benzyl alcohol (1.53) using a
balloon of hydrogen (Scheme 44). Initial experiments delivered highly variable results, with
differing levels of conversion observed and in some cases no product formation detected at
all. Reactions were also particularly prone to stalling when air was inadvertently introduced

into the Schlenk flask, as would be expected with air sensitive metal complexes of this class.

o .
|
oMe —> OH
31%
1.52 1.53

Reagents and conditions; (i) 2.6 mol% Ru(PNP)CI>(NHC) (1.51), 20 mol% KOt-Bu, H, (balloon), THF, 50 °C.

Scheme 44 Reduction of methyl benzoate using Ru(PNP)Cl2(NHC) (1.51).

In one particular example, a higher catalyst loading of 2.6 mol% was used and the reaction
proceeded smoothly to completion. After working up and purifying the mixture by flash
column chromatography, pure benzyl alcohol (1.53) was obtained, albeit in modest yield
(31%). This is markedly lower than the 90% yield previously reported!® and may be in part
due to formation of various side-products being formed (likely benzyl benzoate based on
previous reports, though not formally characterised in this instance) and in part due to
mechanical losses of the relatively volatile product, benzyl alcohol (1.53). Despite this
discrepancy, it was established that the reduction of methyl benzoate (1.52) under an

atmosphere of hydrogen is indeed achievable in our own hands.

1.3.7 Catalytic Reduction of Methyl 2-Naphthoate (2.18)

With this proof of principle in hand, the decision was made to move away from using a

Schlenk flask and a balloon to run hydrogenation reactions. While operationally simple, the
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disadvantage of this approach was the lack of control over the pressure of hydrogen being
applied, and the difficulty in monitoring the progress of the reaction. Thus it was decided to
perform subsequent reductions in a Biotage Endeavor, a multi-vessel reactor capable of
controlling temperature, pressure and stirring while simultaneously measuring gas uptake,

thus allowing us to infer the progress of the reaction (Figure 23).

B T e ——— -

e . [ioe |

Figure 23 Biotage Endeavor.

Furthermore, reactions are performed in disposable glass vials, thus minimising the chance
of obtaining anomalous results due to contaminated equipment, and automated purging

cycles ensure adequate inerting to avoid air-induced degradation of the catalyst.

In order to overcome the issue of losses due to evaporation of the relatively volatile benzyl
alcohol (1.53), the decision was made to perform screening experiments on methyl 2-
naphthoate (2.18). In addition to the simplified handling by virtue of being a solid, the high
absorbance in the UV region of both methyl 2-naphthoate (2.18) and the corresponding
alcohol, naphthalen-2-yl methanol (2.19), at 220 nm would allow for the reaction mixtures

to be conveniently analysed by HPLC.

The reduction of methyl 2-naphthoate (2.18) was performed in a Biotage Endeavor (Scheme

45).

71



(0}

OMe 4|> OH
72%

2.18 219

Reagents and conditions; (i) 2 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KOt-Bu, 2 bar H,, THF, 40 °C, 3 h.

Scheme 45 Reduction of methyl 2-naphthoate (2.18) performed in a Biotage Endeavor.

The reaction proceeded smoothly, and following flash column chromatography, naphthalen-
2-yl methanol (2.19) was obtained in good yield (72%). The reaction mixtures themselves
were beige coloured suspensions, which immediately darkened upon being removed from
Endeavor and being exposed to air, suggesting degradation of the ruthenium complex was
taking place, consistent with previous observations. Running the reaction using ammonium
formate in the place of hydrogen resulted in no conversion. While transfer hydrogenations
have previously been explored, typically using an alcohol such as ethanol as the reducing
agent, these will not be considered here, due to the known issue of forming mixtures and

difficulty driving reactions to completion.'#

Following this, the same reaction was performed at 30 °C and 50 °C, and the gas uptake data
measured by the instrument over the course of the three experiments were overlaid (Figure
24). It should be noted that the data obtained has been normalised, such that all curves
plateau at 100% of the measured gas uptake. The quantity of hydrogen uptake measured
varied by ~+40% between the various trials, despite having employed the same quantity of
methyl 2-naphthoate (2.18) in each case. This deviation from the actual amount of gas
consumed is likely to be a machine artefact arising from the way the gas uptake is measured
by the instrument. As such the data obtained is qualitative, rather than quantitative in nature

at this scale, however, it can be used to facilitate comparison between individual runs.
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Figure 24 Gas uptake data from Biotage Endeavor for reduction of methyl 2-naphthoate (2.18) at

different temperatures.

Despite these caveats, the plots observed for the reactions run at 40 °C and 50 °C are similar
in nature, with a sudden onset immediately after hydrogen gas is applied to the reaction
mixture. This initial steep slope is likely to be an indication that the reaction is in a mass
transfer limited regime, implying that factors such as the rate of dissolution of hydrogen and
stirring are slower than the kinetics of the reaction.'® There is a distinct change in gradient
after 20 mins for the reaction run at 50 °C, and 35 mins for the reaction run at 40 °C. This
relatively abrupt change in rate implies that the mass transfer is no longer rate limiting, but
rather the reactions have entered a kinetic regime, whereby the lower concentration of
substrate and possibly deactivation of the catalyst over time results in the kinetics of the

reaction being the rate limiting factor.

Intriguingly, all gas uptake curves had plateaued after 1.5 h. The work previously reported
stated that all reactions were run for 5 h, regardless of the temperatures and pressures
applied, though no explanation was given for this.1® Future reductions would thus be run for

shorter periods of time in light of this observation.

Interestingly, the reaction conducted at 30 °C displays a profile resembling that of a sigmoidal

curve suggesting there is an initial induction period, wherein other processes are taking place
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prior to the ester reduction itself. This interesting phenomenon will be explored in more

detail in subsequent sections.

1.3.8 Catalyst Screen

Having identified the Biotage Endeavour as an appropriate piece of apparatus for screening
purposes, and methyl 2-naphthoate (2.18) as a readily reducible and commercially available
ester, the four catalysts (1.51, 2.1, 2.2 and 2.16) were compared by subjecting these to

identical conditions (Table 13).

(6]
i
OMe OH
2.18 2.19

Reagents and conditions; (i) 1 mol% Ru(PNP)CIy(NHC) (1.51), 20 mol% KOt-Bu, 5 bar H,, 2-MeTHF, 45 °C.

Catalyst % product”
Ru(PNP)CI>(NHC) (1.51) 96%
Ru(diEtSNS)Cl>(NHC) (2.1) 93%
Ru(din-BuSNS)Cl(NHC) (2.16) 95%
Ru(diPhSNS)CI»(NHC) (2.2) 72%

“Reaction conversion assessed by HPLC at 220 nm.

Table 13 Comparison of the catalytic activity with respect to reduction of methyl 2-naphthoate
(2.18).

The model substrate, methyl 2-naphthoate (2.18) was seen to reduce most cleanly with
RUu(PNP)CI(NHC) (1.51). Furthermore, examination of the gas-uptake curves revealed
Ru(PNP)CI(NHC) (1.51) to reduce the ester at the fastest rate (Figure 25), despite the
computational study having suggested otherwise. This may be in part due to the calculations
employing the continuum methanol reaction field DFT analysis, as was performed by Dub,

Ikariya and co-workers!® as opposed to 2-MeTHF, the reaction solvent in this instance.
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Figure 25 Overlay of gas-uptake curves from catalyst screen.

The Ru(SNS) complexes also displayed significantly longer induction periods for reasons
which are unclear. Accordingly, Ru(PNP)CI>(NHC) (1.51) was used for the remainder of this
study.

1.3.9 Solvent Screen

The choice of solvent in any process in of great importance. Many factors, including ability to
facilitate the desired reaction, minimise formation of side-products, safety, environmental
impact, amongst others are considered during solvent selection.'®! Indeed, typically between
80 and 90% of the total mass used in the production of an active pharmaceutical ingredient
(AP1) may be attributed to solvent use.'®* %3 Consequently, industrial scale processes are
typically run at high concentrations whenever this is feasible to reduce the cost associated
with both purchase of the solvent and subsequent post treatment of the resulting waste
streams. Several solvent selection guides have been reported by large pharmaceutical

155

companies, including GSK*™* and Pfizer'> which consider factors including environmental

impact, recyclability and regulatory restrictions, amongst others to produce an overall
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assessment of solvents commonly employed within the pharmaceutical industry. This allows

classes of solvent to be ranked on a scale of “most preferred” to “least preferred”.

The GSK solvent sustainability guide ranks THF as being a solvent with major issues, and is
thus not a preferred solvent for large scale preparation. The low boiling and flash points of

THF, along with its propensity to form explosive peroxides make its use undesirable.>®

In order to identify a more suitable solvent for Chemical Development applications, a solvent
screen was performed using a variety of alcohols, dipolar aprotic and non-polar solvents, all
which were classified as having fewer issues on the GSK solvent sustainability guide (Table

14).

0]
2.18 2.19

Reagents and conditions; (i) 2 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KOt-Bu,
2 bar Hy, 40 °C, 3 h.

Entry Solvent % product (2.19)°

1 THF 92
2 2-MeTHF 91
3 Toluene 76
4 Methanol 3
5 Ethanol 3
6 Isopropanol 20
7 Acetonitrile 6

9Assessed by HPLC at 220 nm.

Table 14 Results from solvent screen.

Surprisingly, none of the alcoholic solvents allowed the reaction to run to completion.
Particularly for methanol, this result was unexpected given that methanol is the solvent used
when performing reductions with the closely related Ru-MACHO (1.44). The reactions run

in ethanol and isopropanol resulted primarily in transesterification (Scheme 46).
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Scheme 46 Formation of side-product following base mediated transesterification reaction.

The dipolar aprotic solvent, acetonitrile, also provided unsatisfactory results with near
complete recovery of starting material. This may be in part due to the active catalyst reducing
the nitrile group present in the solvent, rather than the substrate. While previous work by

Beller and co-workers®>’

suggests this to be possible, this was difficult to monitor, as neither
acetonitrile nor ethylamine are detectable by HPLC. Acetonitrile is also known to coordinate
to Ru(PNP)CI;(NHC) (1.51), which may also lead to deactivating pathways.’®* Toluene
appeared to be more promising and gave the desired alcohol as the major product, and no
unreacted starting material was observed by HPLC. Compared to THF, however, significantly
more side-products were observed by H NMR. The solubility of hydrogen has been

measured to be slightly higher in toluene than in THF, so it is unlikely that this increased

formation of side products is as a result of hydrogen starvation.'*®

After THF, 2-MeTHF gave the most promising results. The reaction proceeded cleanly and
afforded the desired product (2.19) in good yield. 2-MeTHF is considered a greener and more
process-friendly alternative to THF due to it being bioderived and having a higher boiling
point.1*® Additionally, 2-MeTHF has the additional characteristic of being water immiscible,
hence potentially allowing for more convenient work-up of reaction mixtures by means of an
aqueous extraction. Thus 2-MeTHF has been identified as a suitable alternative to THF and

will be used as the solvent in subsequent reactions.

1.3.10 Base Screen

All the reactions run thus far have used potassium tert-butoxide as the base in the form of a

1 M solution in THF, as previously described by Ogata and co-workers.’%* Accordingly, it was
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of interest to determine if other bases were able to effectively promote the reaction. Based
on this, a screen was performed with the aim of establishing how the identity of the base
affects the reaction outcome (Table 15). A broad range of organic and inorganic bases were
examined encompassing a wide range of pK, values, physical form factors and cations where

applicable.

O
218 219

Reagents and conditions; 1 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% base, 5 bar H,, 2-MeTHF.

Base Conversion (%area by HPLC)
Sodium ethoxide 0
Lithium isopropoxide 0
KHMDS 31
LDA 0
Triethylamine 3
Sodium methoxide 12
Potassium tert-butoxide 86
Potassium phosphate 0
Potassium carbonate 0
Potassium hydroxide 0
Lithium tert-butoxide 0
tert-Butylimino- 0

tri(pyrrolidino)phosphorane

Potassium methoxide 92

Table 15 Screen of different bases.

Perhaps unexpectedly, only bases with a potassium cation appeared to be competent in
promoting the reaction to any great extent, with potassium tert-butoxide and potassium
methoxide both leading to high conversions. Notably, solid potassium tert-butoxide

promoted the reaction efficiently as opposed to using potassium tert-butoxide as a solution
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in THF, despite apparently reduced solubility in the reaction solvent. Bases with sodium or
lithium cations either promoted the reaction poorly or did not promote the reaction at all. In
those instances starting material was recovered, and in some cases along with side-products
arising from the bases undergoing transesterification reactions. It was postulated that
potassium salts would have the highest solubilities in the reaction solvent and could thereby
promote the reaction most effectively. The neutral bases triethylamine and tert-butylimino-
tri(pyrrolidino)phosphorene, however, both failed to promote the reaction, despite both
being miscible in 2-MeTHF. Furthermore, the strong base, KHMDS was also employed, and

this only promoted the reaction to a limited extent.

Based on these results, it appears that the solubility and strength of the bases alone do not
fully explain which base is most suitable. Alkoxide bases bearing a potassium cation appear
to be uniquely ideal in promoting the desired ester reduction. As such, potassium methoxide
and potassium tert-butoxide are to be used as the preferred bases for future reductions.
Potassium tert-butoxide in particular is more suitable for most applications as this is
commercially available as a solution in THF, better facilitating handling. A similar conclusion
with regard to the privileged nature of potassium alkoxides has been noted by Dub and co-
workers during the study of a related Ru(SNP) catalytic system.* Interestingly, Saudan and
co-workers observed a curious trend with their catalytic system whereby KOMe efficiently
promotes the reaction, and addition of 18-crown-6 severely impeded the reaction.®® The
exact reason for this has yet to be elucidated, though direct involvement of the K* ion has
been suggested by Dub and co-workers. *° This involves replacing the N-H bond for a N°K*
ion pair which can partake in non-covalent interactions and form a low energy catalyst—
substrate complex and could explain the apparent lack of correlation between pK, and

activity.

At this stage a suitable catalytic system employing Ru(PNP)CI;(NHC) (1.51) had been
identified which was capable of reducing model substrates under mild conditions readily
attainable within general purpose hydrogenation vessels typically encountered within the
pharmaceutical industry. The switch from THF to 2-MeTHF was made as the latter is
preferred from both environmental and safety standpoints. While gas-uptake data had also
made apparent that altering the temperature significantly alters the rate of reaction, no

significant understanding of the effect of altering other continuous variables had been
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obtained. This is to be examined in more detail using a statistical experimental design (DoE)

approach which is outlined in the following section.

1.3.11 Experimental Design

1.3.11.1 Introduction to Experimental Design

Moving forward, the aim was to optimise the reaction parameters and to gain a better
understanding of how these affect the reaction. As there were several continuous variables
affecting the reaction outcome, it was decided to employ a statistical design of experiments

(DoE) approach to facilitate this process.

The advantage of experimental design as a tool is that it allows several factors to be varied
simultaneously, thereby allowing a greater amount of chemical space to be explored

compared to traditional a one variable at a time (OVAT) approach (Figure 26).1°

Variable 2

v

Variable 1

Figure 26 Example plot of yield as a function of 2 different variables; highest obtainable yield
represented by green area; black points represent iterative optimisation perform by varying one

variable at a time.
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The black points represent experiments performed with the OVAT approach, with the green
area representing the optimum set of conditions. In this case, the OVAT approach fails to
identify the optimum conditions, despite numerous experiments being performed. However,
by varying both variables simultaneously using an experimental design approach, the same
number of experiments yield a better overall understanding of the reaction, and where to

operate in order to obtain the best results, in this example, yield (Figure 27).

Variable 2

v

Variable 1

Figure 27 Example plot of yield as a function of 2 different variables; highest obtainable yield

represented by green area; black points represent optimisation performed using experimental design.

The OVAT approach also works under the assumption that each variable is independent from
all other variables. In reality, however, variable interactions need to be taken into account
when optimising a reaction. Furthermore, OVAT does not take into account experimental

noise, the variability between experimental runs.¢?

Indeed, the use of experimental design has become increasingly common, particularly within
the pharmaceutical industry, ! where it serves two purposes. The first of these is to find ideal
conditions under which to run a process (ie. yield and quality). The second is to gain an
understanding of the robustness of a process. This means understanding how a process
responds to small but deliberate changes from an ideal set of conditions in order to establish

acceptable operating ranges, an important consideration in a manufacturing environment.
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Advancement in both parallel reactors and analytical assays have also facilitated the practical

aspects of carrying these experiments out.

From a regulatory perspective, there has also been a definitive move towards quality by
design (QbD) in favour of the traditional quality by testing. As such, significant process
understanding has to be demonstrated, and regulatory authorities including the FDA and

EMA have an expectation for design space to be included as part of NDA submissions.6?

For the purposes of the current study, the aim was to use experimental design to evaluate
the reaction parameters and to determine if any of them have a statistically significant effect
on the outcome of the reduction of methyl 2-naphthoate (2.18). In doing so, improved
reaction conditions and an increased understanding of the reaction may be obtained. The
results are to be deconvoluted and interpreted using Stat Ease’s Design Expert (DX-10)

software.'®

1.3.11.2 Experimental Design Plan for Scoping

In this investigation, the parameters to be explored were base quantity (A), hydrogen
pressure (B), concentration (C) and reaction temperature (D) which were assessed as being
the most likely to affect the reaction outcome. In this case, a two level design was selected,
meaning that a pre-determined minimum and maximum value was selected for each of the
variables (Table 16). In this instance a wide range was selected for each of the parameters to
stretch the previously used conditions. The catalyst loading was not explored in this instance,
due to this being more closely related to substrate purity. The reaction time was also kept
constant at 2.5 h as previous experiments had suggested gas-uptake to cease within this
timeframe. Consequently, 16 (2%) factorial runs were added to the design, in addition to 4
centre points were incorporated in order to determine the variability present within the

experimental set-up, giving a total of 20 individual experiments.
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Factor Parameter Investigation Range

A Base Quantity 5—-35mol%

B Hydrogen Pressure 1-9 bar

C Concentration 0.25-1.00 mol/L
D Reaction Temperature 25-65°C

Table 16 Summary of parameters to be investigated and associated study ranges for scoping

experimental design.

The responses to be investigated were the relative amounts of starting material, methyl 2-
naphthoate (2.18), product, naphthalen-2-yl methanol (2.19), and hydrolysis side-product, 2-
naphthoic acid (2.21). These quantities were to be represented as area percentages on the

HPLC traces. A summary of the key parameter settings and responses are summarised below

(Table 17).
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1.3.11.3 Factors Affecting Product Formation

The effect of base quantity (A) appears to be, by some considerable distance, the most
influential parameter in this experimental design, with more base being favourable for

formation of product (2.19) as can be seen in the half-normal plot (Figure 28).
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Figure 28 Half-normal plot for formation of product (2.19) (scoping experimental design).

The half-normal plots generated by the software are a statistical interpretation of the data,
with the statistically most significant effects appearing on the right of the plot, and those
which are least significant (within the range of experimental error as inferred from centre-
point analysis) appearing on the left. For more details of the statistical model, including the
ANOVA tables (test of overall statistical significant of variable on responses) see the
appendix. The effects plot for the influence of the base quantity (A) on the formation of

product is shown below (Figure 29).
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Figure 29 Effects plot for influence of base quantity (A) on product (2.19).

While the model built shows significant curvature, that is a non-linear change in response as
a function of the continuous variable being altered, this would appear to be an artefact due
to the wide range investigated for the base quantity (A). This caused several reactions to stall
at the low value (5 mol%), thus leading to significant recovery of starting material (2.18). It
could nonetheless be concluded that this variable does have a high significance on the

outcome of the reaction, even if this model is not predictive at values between the extremes.
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Hydrogen Pressure (B) is also shown to have a beneficial effect with respect to product

formation (Figure 30).
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Figure 30 Effects plot for influence of hydrogen pressure (B) on product (2.19).

This result is consistent with what would be expected from a reversible reaction. By
increasing the hydrogen pressure (B), and thereby increasing the quantity of hydrogen

present in solution, the equilibrium is driven towards product formation as would be

predicted by Le Chatelier's principle.%*
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Lastly, reaction temperature (D) is shown to have a slight positive effect on product

formation (Figure 31).
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Figure 31 Effects plot for influence of reaction temperature (D) on product (2.19).

This is likely as reactions run at low temperatures (25 °C) were generally slower when

compared with those run at higher temperatures.
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1.3.11.4 Factors Affecting Formation of Hydrolysis Side-Product

The two parameters which were shown to have a statistically significant effect on formation
of hydrolysis side product (2.21) were the base quantity (A) and the concentration (C) (Figure
32).
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Figure 32 Half-normal plot for formation of hydrolysis side-product (2.21) (scoping experimental
design).

In this case a response surface provided the best representation of the data. This illustrates

the relationship between the two parameters as shown below (Figure 33).
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Figure 33 Response surface for formation of hydrolysis side-product (2.21).

Interestingly, increasing the concentration (C) is shown to reduce to amount of hydrolysis
side-product (2.21) observed while increasing the base quantity (A) increases this response.
The fact that hydrolysis takes place under what are highly basic conditions is understandable,
though what is unclear is what the source of water is in this instance, which is required for
hydrolysis to take place. Dry 2-MeTHF was employed for all reactions, and the base was
drawn using a syringe from a sealed bottle as a solution in THF. Nonetheless, Karl Fischer (KF)
analysis indicated approximately 0.0015% of water present in the 2-MeTHF accounting for
approximately 3% the hydrolysis taking place at 0.625 mol/L with the remaining
water/hydroxide content likely being present in the KOt-Bu solution. Therefore decreasing
the concentration (C) by reducing the quantity of substrate in effect results in a greater
proportion of the substrate being hydrolysed by the presence of hydroxide ions. The fact that
low levels of this hydrolysis side-product (2.21) are present in every case would also suggest
that this hydrolysis side-product (2.21) is not readily reducible under the conditions
examined. This too is unsurprising, given the comparatively low electrophilicity of

carboxylate anions.

90



1.3.11.5 Summary of Conclusion of Scoping Experimental Design results

Though a significant proportion of the reactions examined had stalled as a consequence of
insufficient base being added on the low boundary of the design space, a more complete
understanding of the importance of each of the parameters was obtained. In particular, base
quantity (A) was found to be critical for the catalytic performance, and reactivity was

generally more capricious at 5 mol%.

Increasing the hydrogen pressure (B) was generally found to be beneficial for the reaction.
This resulted partly in an increased rate, but also resulted in generally higher conversions to

product.

The concentration (C) and base quantity (A) were both found to affect the extent to which
hydrolysis would take place in these reactions. Interestingly, running reactions at high
concentration reduces the quantity of this impurity. This has the additional benefit of

reducing solvent usage and is advantageous within the context of process design.

Reaction temperature (D) appeared also to have a positive effect of the yield of product,

albeit a more modest one. These finding are summarised below (Table 18).

Factor Product (2.19) (%area) Hydrolysis Side-
Product (2.21) (%area)

Optimisation goal Maximise Minimise
Range Max 97 12
observed Min 2 2
Curvature Significant Significant
Adjusted R? 0.8562 0.7290
(A) Base Quantity ) )
(B) Hydrogen Pressure ) -
(C) Concentration - !
(D) Reaction Temperature 1 -

Table 18 Summary of data from scoping experimental design.
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With this this knowledge in hand, it was established that the reaction is tolerant to a range
of reaction temperatures (D) and concentrations (C). Meanwhile, changes in the base
quantity (A) and hydrogen pressure (B) were found to be particularly detrimental to the

reaction at the lower end of the ranges investigated in this study.

There were also a number of unanswered questions which arose during analysis of the
results. There was interest in determining which factors affected the time taken for reactions
to go to completion based on the gas uptake curves. Building such a model was, however not
possible in this instance as a result of several reactions stalling and thereby never reaching
full conversion. Furthermore, aside from the hydrolysis side-product (2.21), the presence of
other side-products was noted in the HPLC chromatograms, and so there was interest in
characterising these and understanding which factors affect their formation. The plan
therefore was to use a statistical experimental design approach once more, while looking at

a narrower range of parameters in order to gain insight into these finer details.

1.3.11.6 Experimental Design Plan for Robustness

It was reasoned that the other impurities observed may be formed as a result of
transesterification, similar to what was previously observed during the solvent screen. In this
instance transesterification could also occur with the base, potassium tert-butoxide, or the
product alcohol (2.19). Homocoupled ester side-products have indeed previously been noted

by Kayaki and co-workers while studying this transformation.%4
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By way of preparatory work, authentic samples of the transesterification product were

prepared by orthogonal methods which could then be used as HPLC standards.

The synthesis of the homocoupled ester (2.22) was achieved by conversion of 2-naphthoic
acid (2.21) to the corresponding alkanoyl chloride, followed by condensation with

naphthalen-2-yl methanol (2.19) (Scheme 47).

(0] (0]
O ™ — L 7 T
—_———
17%
2.21 2.22

Reagents and conditions; (i) SOCI,, toluene, 92 °C; (ii) naphthalen-2-yl methanol (2.19), triethylamine, DCM, rt.

Scheme 47 Synthesis of homocoupled side product (2.22).

Likewise, synthesis of an authentic sample of the tert-butyl ester (2.23) was achieved via a

similar method (Scheme 48).

o} o}
OH i, ii o)<
61%

2.21 2.23
Reagents and conditions; (i) (COCI),, DMF, DCM; (i) HNEty, HOt-Bu, KOt-Bu, DCM/THF.

Scheme 48 Synthesis of side product arising from transesterification with base (2.23).

The retention time of these compounds was identical to that of the impurities previously
observed, confirming that these compounds can indeed be formed in low levels. It was also
postulated that 2-naphthaldehyde could form under these conditions, though this was not

observed by HPLC.

In order to get a more accurate assessment of the relative quantities of each component,
triphenylphosphine oxide was added as an external standard to the analytical samples after

reaction.
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A narrower range of parameters was investigated in this design. Reactions were left to run
for 16 h, in order to allow each reaction to reach its thermodynamic equilibrium, even at
lower reaction temperatures (Table 19). Furthermore, the catalyst loading was reduced to
0.5 mol% as this was found to be sufficient for the purposes of reducing this relatively pure

substrate.

Factor Parameter Investigation Range
A Base Quantity 10-20 mol%
B Hydrogen Pressure 2 —8 bar
C Concentration 0.25-1.00 mol/L
D Reaction Temperature 30-60"°C

Table 19 Summary of parameters to be investigated and associated study ranges for robustness

experimental design.

The reaction behaved more predictably under these conditions, and as such an improved
models could be built. The mass balances in each case were typically around ~95%, and thus
there was a high level of understanding of the fate of the ester under the reaction conditions.

A summary of the key parameter settings and responses are depicted below (Table 20).
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1.3.11.7 Factors Affecting Product formation

Unlike the model built during the scoping experimental design, concentration was now
identified as the most statistically significant factor in this instance. This will in part be due to
the revised ranges that were used for this second study. Base quantity (A) the hydrogen

pressure (B) were also included in this model (Figure 34).
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Figure 34 Half-normal plot for formation of product (2.19) (robustness experimental design).
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As the solution yields of product were generally high within the ranges examined,
concentration (C) likely has increased significance as the hydrolysis side-product (2.21) was
the most prominent side-product observed. Consequently, running reactions more

concentrated is advantageous (Figure 35).
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Figure 35 Effects plot for influence of concentration (C) on formation of product.
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The positive effects of base quantity (A) added is also consistent with previous observations,

albeit with reduced significance under the ranges examined (Figure 36).
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Figure 36 Effects plot for influence of base quantity (A) on formation of product (2.19).
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1.3.11.8 Factors Affecting Formation of Hydrolysis Side-Product (2.21)

As before, the base and concentration were the main factors affecting this response (Figure

37).
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Figure 37 Half-normal plot for formation of hydrolysis side-product (2.21) corrected for curvature

(robustness experimental design).
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The response surface again illustrates the relationship between the two parameters as

shown below (Figure 38).

Design-Expert® Software

Factor Coding: Actual

hydrolysis (%)

(adjusted for curvature)

@ Design points above predicted value
@

15.0116

4.73049
X1 = C: Concentration
X2 = A: Base Quantity

Actual Factors
B: Hydrogen Pressure = 5
D: Reaction Temperature = 45

hydrolysis (%)

T
0.25 —— =90
04 18
0.55 07 16
. : - 14
C: Concentration (mol/L) 0.85 12 A: Base Quantity (mol%)

1 10

Figure 38 Response surface for formation of hydrolysis side-product (2.21).
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Since an HPLC assay was developed for quantification, a more accurate understanding of the
relative quantity of the hydrolysis side-product (2.21) was obtained. Surprisingly, as much as
15% could be lost to hydrolysis alone. While this could be partially suppressed by reducing
the amount of base and solvent added, this discovery also prompted further investigation

into other means of reducing the quantity of this side-product (Table 21).

Entry Comment %product %hydroly %transesterific Mass balance
(2.19) sis (2.21) ation + %SM accounted for

(2.18) (%)

1 Centre-point 85 11 0 96

conditions from
robustness DoE

2 Asentry 1+ 82 9 1 92
molecular sieves

3 As entry 1+ 10% 83 11 0 94
triethyl
orthoacetate

4 Asentry 1 +110% 83 12 0 95
triethyl
orthoacetate

Premix solvent and 90 5 4 99
5 base with sacrificial
ester (methyl
benzoate); then add
substrate, catalyst
and hydrogen

6 Repeat of entry 5 91 5 0 96
with hydrogenation
run at 7 bar
Table 21 Investigation into suppressing formation of the hydrolysis side-product (2.21).

Addition of molecular sieves (entry 2) only made a marginal difference, and were used only
for the purposes of this experiment. For larger scale applications these would not routinely
be considered due to abrasion and vessel contamination which may arise. For these reasons
chemical drying by means of adding triethyl orthoacetate (entries 3 & 4) was attempted but
did not result in any benefit whether 10 mol% or 110 mol% was added. This is likely due to

the absence of acidic conditions required by triethyl orthoacetate to react with water.
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Premixing the base and solvent with a sacrificial ester (entries 5 & 6) did, however, result in
a noticeable decrease in the hydrolysis or the substrate observed. This methodology has the
added benefit of being less susceptible to varying levels of residual water present in the

solvent and base.

1.3.11.9 Factors Affecting Formation of Transesterification Side-Products

The models built for formation of both the homocoupled ester side-product (2.22) and the
tert-butyl ester side-product (2.23) were deemed as being statistically insignificant. In the
majority of instances, the quantity of these compounds were below the limits of detection
within the ranges studied. These impurities would typically be present when generally less
forcing sets of conditions were used, as would perhaps be expected. This is advantageous
from a processing standpoint as these data suggest these impurities not to be present over

a wide range of conditions.
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1.3.11.10 Factors Affecting Time to Completion

At low reaction temperature (D) a clear induction period is observed, as well as a transition
from mass transfer limited to a kinetically limited regime. At high reaction temperature (D)
neither the induction period, nor the transition to the kinetically controlled regime are
observed, and reactions go to completion in as little as half an hour. While the time taken for
the reactions to go to completion could only be estimated by the gas-uptake curves, these

data could nonetheless be used to build a model (Figure 39).
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Figure 39 Half-normal plot for time taken for reaction to go to completion (robustness experimental

design).
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Reaction temperature (D) was found to be the most statistically significant factor in this

instance, in line with what would be expected (Figure 40).

Design-Expert® Software
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Figure 40 Effects plot for influence of reaction temperature (D) on time taken for reaction to go to

completion.
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Concentration was also included in this model, though with a p-value prob > F of 0.0431, is
on the border of what would be considered statistically significant. Counterintuitively, this
model suggests high concentration lengthens the reaction time. This observation may be an
artefact in the data, possibly due to difficulty in assessing precisely when the reaction has
gone to completion. In the case that this is a real phenomenon, this could be as a result of
reduced solubility of the reaction components including hydrogen gas at increased
concentration (C). Given that the end-of-reaction mixtures were white suspensions, with
large amounts of solids being seen particularly at high concentration (C), this is indeed
feasible. This is, however, a relatively small effect and can be more effectively modulated by

altering the reaction temperature (Figure 41).
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Figure 41 Effects plot for influence of concentration (C) on time taken for reaction to go to

completion.
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1.3.11.11 Summary of Robustness Experimental Design

In summary, an increased understanding has been obtained on how the continuous variables
can be altered in order to maximise the positive responses (e.g. conversion to product) and

minimise the undesirable responses (e.g. generation of side-products) (Table 22).

Factor Product (%) Hydrolysis Side-  Time to completion
Product (2.21) (%) (h)
Optimisation goal Maximise Minimise Minimise

Range Max 91.7 15.0 8

observed Min 60.7 4.7 0.5

Curvature Not significant Not significant Not significant
Adjusted R? 0.5351 0.7146 0.6353

(A) Base Quantity ) 1 -

(B) Hydrogen Pressure - - i

(C) Concentration 7 1 i

(D) Reaction Temperature - - I

Table 22 Summary of data from robustness experimental design.

The centre point conditions were highly reproducible, with the hydrolysis side-product (2.21)
being the biggest single factor affecting the yield. It was established, however, that by pre-
mixing the base, solvent, and a sacrificial ester prior to adding the catalyst and substrate
ester, the extent to which hydrolysis takes place could be reduced. Unreacted starting
material and impurities arising from transesterification were also observed when less forcing
conditions were in operation. This has demonstrated the robustness of this methodology
towards the reduction of the model substrate, methyl 2-naphthoate (2.18), and the much
flatter responses in this experimental design demonstrate this process to be operable over a
wide range of pressures and temperatures. Accordingly, the optimised conditions for this
transformation are shown below (Scheme 49). It should be noted, however that these
conditions may not necessarily be transferable when examining other substrates but would

be expected to represent a reasonable starting point.
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o

2.18 2.19

Reagents and conditions; (i) 0.5 mol% Ru(PNP)CI,(NHC) (1.51), 15-20 mol% KOt-Bu,
5-9 bar Hy, 2-MeTHF (1 mol/L), 45-60 °C.

Scheme 49 Optimised conditions for reduction of the model substrate, methyl 2-naphthoate (2.18).

1.3.12 Substrate Scope

Based on the DoE analysis outlined above, a favourable set of operating conditions for the
Ru-mediated hydrogenation of esters has been identified. Following on from this, additional
substrates were examined to gain further understanding of how Ru(PNP)Cl;(NHC) (1.51)
responds to various functional groups. This is pertinent given the additional degree of
functionality encountered in the context of pharmaceutical research. The successfully

reduced esters are shown below (Table 23).

o

M | ~

R OR' R OH

Reagents and conditions; (i) 1.5 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KOt-Bu,
5 bar H,, 2-MeTHF,45 °C.

Entry Ester Product Yield/%* (Conversion/%")
(@] OH
©)LOBn
1 2.24 1.53 67 (>95)
(0] OH
2 o>< 58 (>90)
2.25 1.53
@) OH
. 17 (>
3 2.26 227 7 (>50)
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I

o)
4 OMe 39
2.28 2.29
o) OH
5 OMe 23 (>80)
A 2.30 2.31
o) OH
\/©)‘\OM6
6 HO 2.32 HO 2.33 63 (>95)
o) OH
OMe 10 (>50)
7 OMe OH
o 234 2.35
0 OH
8 36
CLo L -
OH
2.36 235
o) OH
9 F OMe F 75 (>90)
2.37 2.38
o) OH
10 F><O OMe F><O 75 (>95)
F"o 1.55 F™o 1.56
o) OH
11 OMe /©) 68 (>95)
Br 2.39 Br 2.40
o) OH
12: OO OMe OO 37 (>95)
Br 2.41 B 2.42
o) OH
13 ' OMe | 66 (>95)
2.43 2.44
o) OH
14° N ome N 79 (>95)
~ |
N~ 2.45 J 2.46
o) OH
15 OFt O) 46 (>70)
. 2.48
MezN 2.47 MezN
0 OH
16 N “OMe N 62 (>95)
_N 2.49 | _N 250




S O s OH

|
17 Woa @—2;2 52 (>95)

2.51
3lsolated by vacuum distillation.Isolated by aqueous extraction. ‘Yields of isolated product
following purification by flash column chromatography except where otherwise noted.
dQuantified by HPLC with UV detection at 220 nm.

Table 23 Successfully reduced esters and resultant products

Of the substrates examined, several of the corresponding product alcohols have been
reported in medicinal chemistry patents and process development!!® 165168 For example,
derivatives of pyrano-pyridyl alcohol (2.50) in particular have shown promise for treating
bacterial infections.'®® Difluoroalcohol (1.56) is an intermediate en route to a compound
being investigated for treatment of cystic fibrosis.!*® Pyridyl alcohol (2.46) is an intermediate
en route to a series of HDAC inhibitors.'®® Naphthyl bromide alcohol (2.42) is further
functionalised using palladium mediated cross-coupling chemistry en route to an Hs;

antagonist.

Though predominately methyl esters were examined, ethyl (2.51), benzyl (2.24), tert-butyl
(2.25) esters as well as lactone (2.36) were also readily reduced within this substrate scope.
Furthermore, various functionality groups were tolerated including thiophene (2.51),
nucleophilic alcohols (2.32) and pyridines (2.46 and 2.49), and potentially labile C-F (2.38), C-
Br (2.39 and 2.41) and C-l bonds (2.43). The tert-butyl ester (entry 2) reduced particularly
smoothly, without a significant drop in reaction rate compared to typical methyl esters.
Methyl 2-methylbenzoate (entry 3) and phthalide (entry 8) in contrast were both
significantly hampered by the presence of ortho-methyl and ortho-methylene groups
respectively as evident by the gas uptake curve. This indicates that the reaction is sensitive

to steric hindrance, though only in certain positions relative to the reactive site.

The sensitivity of the reaction to steric hindrance was also apparent in entry 7, whereby
dimethyl phthalate (2.34) was reduced, but was further complicated by the presence of a
second ester group. The HPLC chromatogram indicated more than 20 components, with the
majority of this (30 %area) being unreacted starting material (2.34). The desired product diol
(2.35) was isolated in poor yield (10%), along with a complex mixture of numerous side-
products, which likely formed as a result of oligomerisation promoted by the presence of

butoxide (Figure 42).
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Figure 42 Possible side-products formed during reduction of dimethyl phthalate (2.34).

This could likely be overcome by prolonging reaction times and possibly increasing the
temperature, as all the species formed should ultimately be reduced to the desired diol

(2.35).

Entry 5 utilised styrene ester (2.30) and underwent almost complete conversion as
determined by HPLC analysis. The reaction mixture, however, had significantly increased in
viscosity over the course of the reaction and formed an insoluble black material. Analysis of
the crude reaction mixture by *H NMR suggested that the double bond had been fully
reduced, and indeed, only saturated alcohol (2.31) was isolated from the reaction mixture in
poor yield (23%). The remainder of the material was attributed to have been lost due to

polymerisation,”°

which may possibly have been facilitated by the reaction conditions.
Internal alkene containing ester in contrast (2.28) in entry 4 exhibited selectivity towards

reducing the ester, while leaving the alkene intact.

Ethyl 4-(dimethylamino)benzoate (2.47) also underwent particularly slow reduction, though
this was attributed to be an electronic, rather than a steric phenomenon. The electron rich

aromatic ring presumably attenuated the electrophilicity of the ester (Figure 43).

o S
/©)‘\0Et - Q%\OEt
©)
MezN MezN
2.47 2.47

Figure 43 Contributing resonance form of ester (2.47) resulting in reduced electrophilicity.
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In this particular example, in addition to isolating the desired product alcohol (2.48), a

number of other side products were also isolated and characterised (Figure 44).

? ) O
lsdisactlioaas]
MezN MezN MezN NMez

2.53 2.54 2.55

Figure 44 Isolated side-products.

The aldehyde side product (2.53) is formed as a result of partial reduction of the ester.
Aldehyde intermediates are of particular interest as these, along with a hemiacetal
intermediates have previously been mechanistically invoked by Gusev!? and Milstein”® while
catalytically reducing methyl benzoate (1.52), though neither of these intermediates were
directly observed. Gusev and co-workers suggested that while such intermediates may
transiently be formed, they remain bound to the ruthenium centre, and as such do not
accumulate in solution. While it is possible that electron-rich ethyl 4-
(dimethylamino)benzoate (2.47) may be reduced to the alcohol via a different mechanism
compared to electron-neutral substrates such as methyl benzoate (1.52), this result
nevertheless demonstrates that under certain conditions and for certain substrates, free

aldehyde intermediates may be formed in sufficient quantities to be isolable.

The tert-butyl ester (2.54) and homocoupled ester (2.55) side-products are both a result of
transesterification of the potassium tert-butoxide additive and the product alcohol with the
starting material, respectively. Indeed, transesterification side-products have also been
observed during the reduction of methyl 2-naphthoate (2.18), though usually as low-level
impurities as these too, eventually reduce to the desired product alcohol. The hydrolysis side-
product was also likely to have formed under these conditions, though was not observable
by LCMS or isolated by chromatography, likely due to its zwitterionic nature, and therefore

high polarity.

From consideration of these isolated intermediates, the following general pathway is

proposed for the reduction of esters under the conditions may be proposed (Figure 45).
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Figure 45 Proposed fate of ester based on isolated intermediates.

The starting material ester undergoes transesterification with the base during the induction
period, resulting in a mixture of both the methyl and tert-butyl esters. The initial reduction
then takes place to reduce the ester to the aldehyde oxidation level, presumably via a
hemiacetal intermediate. This then further reduces to give the desired product alcohol. The
product alcohol itself may undergo base-mediated transesterification to give a homocoupled
ester. Sufficiently forcing conditions, however, may also reduce this to give the desired
product. It is important to note that all intermediates, with the exception of the hydrolysis
side-product, eventually led to the product alcohol. As such, minimising the quantity of water
present is advantageous as a means of maximising the yield of product alcohol obtained as

was also evidenced during the experimental design work.

Several substrate esters were found not to reduce to afford the corresponding alcohol and
are listed below (Figure 46). In general these contain a greater degree of complexity and are

discussed further below.
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2.56 2.57
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2.58 2.59
o
o o OEt
0 S OEt
’ OMe OMe - \
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<\/, i
N NC BPin FsC
2.60 2.61 2.62 1.9
o)
o)
F
7N ome /@J\oa HN\n/Oj< OMe
— N F = N O H2N
2.63 2.64 2.65 2.66
— O\N 0
N \ Me,__NHMe
\_/ 0 S0 OMe
O +
MeO
2.67 2.68 2.18

Figure 46 List of substrates which did not undergo catalytic reduction to afford the corresponding

alcohol.

All substrates examined in Figure 42 were obtained commercially, with the exception of
thiazole diester (1.9) which was prepared by following a condensation procedure previously

described by Guo and co-workers (Scheme 50).3°

CO,Et
S o cI SJ\%
i
NH,  + EtOJ\”/KNOEt S B S GO
e 5 3 49%
2.69 2.70 1.9

Reagents and conditions; (i) ethanol, 71 °C.

Scheme 50 Formation of thiazole diester (3).
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It is clear from this list of substrates that this methodology is more appropriate for earlier
stage intermediates where it is perhaps likely that less functionality is present. In particular,
acidic functional groups, such as phenols, carboxylic acids or imidazoles, and indeed Lewis
acidic groups such as boronic esters are not tolerated. It was thought that the reason for this
was consumption of the base, potassium tert-butoxide, by the substrate thereby preventing
the active form of the catalyst being formed. In an attempt to overcome this, methyl 4-
hydroxy benzoate (2.56) and acid ester (2.57) were subjected to reduction conditions, but
using an additional equivalent of sacrificial base, such that the remaining quantity may react
with the pre-catalyst. Unfortunately, this also resulted in complete recovery of starting
material. It is unclear whether this is due to the reduced solubility of the resulting alkoxide
anion in the reaction solvent, 2-MeTHF, or whether the anionic nature of the intermediates

formed are inherently more resistant to reduction.

A variety of other functional groups were also shown to inhibit the reaction, such as nitriles,
primary amines, thiazoles, isoxazoles as well as nitro groups. Substrate scopes reported in
the literature often do not to include unreactive substrates and consequently, this makes
direct comparison to other catalytic systems non-trivial for certain substrates. That said,
Beller and co-workers have previously demonstrated reduction of nitriles to primary amines
using iron catalyst (1.61) in high yields using 30 bar of hydrogen pressure, which could
account for the incompatibility observed in the current study.'®” Schérgenhumer and co-
workers reported the inhibitory effect of nitro groups, as well as the impeding effect of
substituents ortho with respect to the ester group, again potentially explaining the issues

with nitro ester (2.59) and dimethyl phthalate (2.34).1%

To understand whether the lack of reactivity was due to low-level impurities present, the
reduction of thiazole diester (1.9), nitro ester (2.59), isoxazole ester (2.67) and nitrile ester
(2.61) were re-subjected to the reaction conditions using both 10% and 100 mol% catalyst.
This, however, also failed to furnish the desired product alcohol and formation of intractable
mixtures was noted. This suggests the reaction is being inhibited by the substrate rather than
a low level impurity. Thus, increased catalyst loading, aside from making processes

economically less viable, also appears not to aid with unreactive substrates.

In the case of thiazoles, there was interest in understanding whether these substrates are

inherently unreactive, or whether they have an inhibitory effect on the catalyst. As such a
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reaction was carried out containing 50% thiazole ester (2.58), and 50% ethyl 2-

thiophenecarboxylate (2.51), a substrate previously shown to reduce smoothly (Scheme 51).

) S o) i OH S OH
S S
IQ/I\>_<OE'( * ||/\/)_<0Et IQ/N\>_/ * U_/
2.58 2.51 2.52

Reagents and conditions; (i) 1.5 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KOt-Bu, 5 bar H,, 2-MeTHF,45 °C.

Scheme 51 Experiment demonstrating the inhibitory effect of thiazole ester (2.58).

The outcome was quantitative recovery of both starting materials. This suggests that

thiazoles do indeed interfere with the catalyst, most likely through coordination.

The extent to which sulfonamides, an important moiety within medicinal chemistry'’* are
tolerated was assessed by adding 1 eq. of sulfonamide (2.68) during the reduction of methyl
2-naphthoate (2.18) in a manner not dissimilar to the robustness screening methodology

developed by Glorius and co-workers (Scheme 52).172

0
Me. _NHMe i €.__NHMe
) OO OMe —— 2 oH
+ /N +
2.68 2.18 2.68 2.19

Reagents and conditions; (i) 1.5 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KO%-Bu, 5 bar Hy, 2-MeTHF,45 °C.

Scheme 52 Experiment demonstrating the inhibitory effect of sulfonamide (2.68).

As can be inferred from Scheme 52, no conversion or gas uptake was observed as would be

expected from this highly coordinating functional group.

The methyl ester of phenylalanine (2.65) was another substrate which was not successfully
reduced under these conditions and formation of a complex mixture was noted. This
outcome was of interest given that Kuriyama and co-workers had previously demonstrated
reduction of related methyl esters derived from amino-acids in good yield with minimal loss

of optical purity.” Aside from the different catalyst used, 50 bar of hydrogen was applied,
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which may have benefited the reaction. While it is anticipated that re-running the reaction
at this higher hydrogen pressure may lead to superior results, doing so would require
specialised high-pressure hydrogenation equipment, which is again less favoured in a

pharmaceutical development setting.

Interestingly, pyridyl ester (2.45) and aryl fluoride ester (2.38) were both shown to reduce
smoothly, whereas the presence of both functional groups in the case of fluoro-pyridyl esters
(2.63 and 2.64) resulted in no observable reduction to the primary alcohol, possible due to

increased propensity of the Ar-F bond to react via nucleophilic aromatic substitution

(Scheme 53).
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Scheme 53 Proposed mechanism for reaction of catalyst (2.20) with substrate to generate a

catalytically inactive complex (2.71).

Substitution of the NH is known to give complexes incapable of performing catalytic ester
reductions.’? While this deactivating pathway was proposed based on mechanistic
considerations, no evidence for the formation of the catalytically inactive complex (2.71) was

acquired, likely due to the relative instability of such a complex.

In summary, a better understanding of the functional group tolerance and limitations of
Ru(PNP)CI(NHC) (1.51) catalyst system has been obtained. While a number of interesting
substrates are well tolerated, many of the functional groups commonly encountered in
pharmaceutical research and development have been demonstrated to be incompatible with
this catalytic system. Furthermore, combinations of functional groups can unexpectedly
result in a loss of activity, even when each functional group is well tolerated on an individual

basis. Consequently, while this substrate scope may be used to give a preliminary indication
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whether or not a new substrate is compatible, the definitive answer has to be established
empirically on a case-by-basis, with simpler substrates generally being more amenable to

undergoing the required transformation.

1.3.13 Time-Course Experiments using Process Analytical Technology

With a set of optimised operating conditions identified, and an elevated understanding of
the scope of the reaction obtained, there was interest in getting a better understanding of
the kinetics of the reaction, and at which stage different intermediates evolve, and in
particular around the induction period which had been noted in the earlier part of our study.
In situ monitoring for this specific transformation was a challenge given that the reactor is
sealed and pressurised. While depressurising and venting the reactor is an option, it could
only give information on the state of a reaction at a given time point. Importantly, during this
process, exposure to air would likely terminate the reaction, rendering a time-course of the
reaction unfeasible without recourse to running multiple experiments. As such, other means
of in situ monitoring were examined, and ReactIR was deemed the most suitable. In addition
to being operable under pressure and not interfering with the reaction, ReactIR has the
additional advantage of being able to monitor the C=0 stretch as a convenient handle to

assess consumption of starting material.

Methyl benzoate (1.52) was selected as the substrate to be investigated in this instance, as
both the starting material and product are liquids. Having this homogeneity is essential to
ensure the solution analysed by the probe is an accurate representation of the bulk. Running
the reduction of methyl benzoate (1.52) showed a clear decay of the starting material and
formation of product, benzyl alcohol (1.53). Formation of the hydrolysis side-product ,
potassium benzoate (2.72) was also observed at 1552 cm™ (Figure 49), consistent with what
has been previously reported.'’® In order to make an assessment of whether the true kinetics

of the reaction were being measured, reactions were also run at different impeller speeds.

Initial experiments showed that varying the impeller speed also affected the rate of reaction
which implied the reaction was limited by mass transfer of hydrogen gas. Furthermore,
transesterification with the base was seen to take place to afford tert-butyl benzoate (2.25)

during the earliest stages of the reaction (Figure 47). Benzyl benzoate (2.24), while known to
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form under these conditions as a result of the product undergoing a transesterification
reaction with the starting material, could not be differentiated from the starting material by

ReactlR.

methyl benzoate

tert-butyl benzoate

'('\'V
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Figure 47 Formation of tert-butyl benzoate (2.25) observed by IR.

As such, the reaction temperature and catalyst loadings were lowered and the reactions were
run at higher dilution (Figure 48). The added complexity caused by formation of tert-butyl

benzoate was eliminated by replacing potassium tert-butoxide with potassium methoxide.
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Figure 48 Consumption of ester over time at higher dilution and lower temperature as a function of

impeller speed.

This resulted in identical rates of reaction, regardless of the impeller speed, suggesting that
the true kinetics of the reaction were being observed. This lower temperature also prolonged

the induction period in each instance to approximately 2 h.

During the preparation of the vessel, before any hydrogen pressure was applied, formation
of the hydrolysis side-product, potassium benzoate (2.72) was observed (Figure 49).
Interestingly, however, no benzaldehyde (2.73) was detected in any of the experiments. In
contrast to the reduction of ethyl para-dimethylaminobenzoate (2.47), where the
intermediate aldehyde (2.53) could be isolated, benzaldehyde (2.73) does not appear to
accumulate sufficiently to be detectable, either due to rapid reduction to benzyl alcohol

(1.53), or due to being masked as a hemiacetal.
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Figure 49 Time course of reduction of methyl benzoate (1.52).

These time-course reactions would reproducibly show formation of the hydrolysis side-
product (2.72) plateauing to coincide with the induction period ending, and the rate of the
productive reaction to increase significantly. The two plausible explanations for this
phenomenon were the following: (i) either formation of potassium benzoate (2.72) has an
autocatalytic effect which is beneficial to the rate of the catalytic reaction, or (ii) the presence
of residual water has an inhibitory effect on the catalyst. To assess validity of the first
hypothesis, a repeat reaction was run under otherwise identical conditions, but with the
addition of 20 mol% exogenous potassium benzoate (2.72). Should this hypothesis be true,
then this would result in a significantly reduced or complete removal of this induction period.
It transpired that there was identical behaviour to other reactions, with the added potassium
benzoate (2.72) seemingly having neither a beneficial nor detrimental effect on the reaction
profile. As such, the conclusion drawn with regards to the origin behind the induction period
is that this is essentially due to the presence of adventitious water inhibiting the catalyst

(1.51). Though no water was deliberately added into the reaction, and dry solvents were used
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in all cases, the deliquescent nature of potassium alkoxide bases, such as potassium
methoxide and the notorious difficulty involved in drying hydrogenation vessels render the
presence of low levels of water inevitable. Indeed, the work reported by Nguyen and co-
workers on a related catalyst also reached the conclusion of water having an inhibitory effect
on ruthenium complexes.'*® The understanding gained from this suggests a fraction of the
substrate to be acting as a drying agent — that is to react with water (or more likely potassium
hydroxide under these conditions) to form potassium benzoate (2.72), an organic compound
which has been demonstrated to be a spectator with respect to the catalyst, rather than an

inhibitor as water and the hydroxide ion are.

In addition to inhibition by the presence of residual moisture, there was also interest in
determining whether product inhibition or catalyst deactivation is in operation. The
products, benzyl alcohol (1.53) and methanol are both nucleophilic and could plausibly co-
ordinate to the catalyst. Furthermore, results from the solvent screen indicated alcohols to
be inappropriate solvents when utilising this particular catalyst (1.51). A reliable method for

“«

assessing the extent of product inhibition named the “same excess “ experiment was
pioneered by Blackmond and co-workers.'”* This technique allows one to artificially enter the
reaction at any point, and by overlaying and comparing the time-course data of the same
excess experiment with that of the original reaction, an assessment can me made about
whether or not catalyst deactivation is taking place. In this instance the reaction was

simulated at 50% conversion.

The reaction was prepared containing equimolar quantities of methyl benzoate (1.52), benzyl
alcohol (1.53) and methanol, in addition to the typical catalyst and base loading. Inert and
reactive purges were performed in a manner identical to previous runs and the result of this
was complete inhibition of the reaction, and no consumption of the methyl benzoate (1.52)
was observed. This rather puzzling result does indeed suggest product inhibition to be an
issue. The key differences, however, between artificially entering the reaction at 50%
conversion using this methodology and achieving this point of the reaction by allowing 50%
conversion to take place are (i), the ruthenium complex being introduced as the pre-catalyst
(1.51), as opposed to converting to the active catalyst (2.20) and (ii), the residual water being
removed by virtue of hydrolysing the starting material (1.52). It would appear that either of
these factors, or possibly a combination of the two renders the catalyst more resilient to the

presence of alcohols such as methanol or benzyl alcohol (1.53), thereby allowing reactions
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to run their course to completion. The “same excess” experiment starting with 50% starting
material (1.52) and deliberate omission of the product alcohol (1.53) was also set-up. In this
case the reaction did indeed proceed as expected to form benzyl alcohol (1.53). Overlaying
these plots with time-course data from the original reduction performed did not allow for
meaningful conclusions to be drawn, due to the key points of comparison being obscured by

the relatively long induction period.

Lastly, the reduction of benzaldehyde (2.73) was investigated in order to gain an appreciation
for how such an intermediate may behave under the reaction conditions, particularly given
that this assumed intermediate has remained elusive thus far. The same conditions were
used as in the previous reactions, but starting with benzaldehyde (2.73) rather than methyl
benzoate (1.52). The ReactlR showed a very rapid decay of the signal corresponding to
benzaldehyde (2.73) (Figure 50), and while rapid growth of the signal corresponding to benzyl
alcohol (1.53) was also observed, formation and consumption of an intermediate species was
also noted. This intermediate signal was observed at 1726 cm™, consistent with being an

ester, though the exact identity of this intermediate ester could not be confirmed.
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Figure 50 Time-course reduction of benzaldehyde (2.72). All curves normalised for clarity.
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This result also seemed counterintuitive and appears to suggest benzaldehyde (2.73), in
addition to being reduced to the alcohol, (1.53) is also undergoing an oxidative process to
generate an ester containing intermediate. The best possible explanation in this instance is a
base mediated Tishchenko type disproportionation resulting in conversion of the aldehyde
to form an ester containing substrate, most likely benzyl benzoate (2.24) (Scheme 54).17° This
would explain why formation of the alcohol continues long after full consumption of the
aldehyde has apparently taken place as the catalyst (1.51) has previously been demonstrated
to efficiently reduce benzyl benzoate (2.24). A Tishchenko mechanism has previously been
invoked in the context of acceptorless dehydrogenative ruthenium catalysed ester synthesis
from alcohols by Ngyuen and co-workers, the microscopic reverse process of ester reductions

is plausible given the strongly basic nature of the reaction mixture.1*®

0 OH 0 x)\/: o
O H
[j/ “H Ha. [Rul [j/ base [j/ :K’X o :

273 1.53

Scheme 54 Possible mechanism for conversion of aldehyde (2.73) to ester (2.24) via Tishchenko

reaction.

To what extent this Tishchenko reaction takes place within a typical ester reduction process
is unclear, particularly given that the concentration of free aldehyde is known to remain
below the limits of detection in this case of the reduction of methyl benzoate (1.52).
Nevertheless, this does provide another example of the possible base-mediated background

processes which may take place.
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In summary it has been established that transesterification with the base, potassium tert-
butoxide to give tert-butyl esters takes place before hydrogen pressure is applied. Since the
tert-butyl ester itself is reducible, this does not appear to have any negative implications on
the reaction. The induction period appears to be linked to the presence of water, a known
inhibitor to this class of catalysts. Formation of the hydrolysis side-product appears to take
place during this induction period, and once its formation plateaus, the desired ester
reduction pathway picks-up significantly in rate. Reduction of aldehydes to alcohols using this
methodology unexpectedly appears to proceed via an intermediate ester. Formation of such
an ester would likely be due to Tishchenko type reactions taking place which offers an

additional reason why aldehydes are not routinely observed.

1.3.14 Reduction Methyl 6-Bromo-2-Naphthoate (2.41)

Having obtained a greater understanding of the process of interest using in situ monitoring
techniques, attention then turned to examining the applicability of the ester hydrogenation
at larger preparative scales. In order to obtain a primary indication of the scalability of such
a process, a large-scale reduction was performed in a Buchi Ecoclave, a jacketed glass vessel
equipped with a gas-entrainment impeller capable of performing hydrogenations. This setup
more closely mimics the mass and heat-transfer characteristics of a large-scale reaction
vessel than conventional glassware or the Biotage Endeavor previously used in the study

(Figure 51).
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Figure 51 Ecoclave hydrogenation vessel equipped with gas-entrainment impeller.
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Methyl 6-bromo-2-naphthoate (2.41) was chosen as a pharmaceutically relevant
intermediate, which has previously been used en-route to a Hs antagonist.'®” The reaction
was performed starting with 10 g of the ester substrate with 1 mol% of Ru(PNP)CIz(NHC)
(1.51) (Scheme 55).

(0]
Br 82% Br

2.41 10g 2.42

Reagents and conditions; 1 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% base, 4 bar H,, 2-MeTHF.

Scheme 55 Large scale catalytic reduction of methyl 6-bromo-2-naphthoate (2.41) in batch.

Due to the nature of the setup, no samples could be taken while the vessel was pressurised
to monitor the progress of the reaction. As such the rate at which the hydrogen generator
was producing hydrogen was used to assess the reaction progress. Towards the start of the
reaction, this was generating significant quantities of hydrogen gas, such that the reaction
vessel was maintained at 4 bar. The reduced hydrogen formation over time suggested
consumption of the starting material (2.41) had taken place, and after 4 hours, the reaction
was deemed to have gone to completion. At this point, the vessel could be vented and
directly sampled, and indeed, a reaction profile concordant with that seen on a smaller scale
run was observed, with full consumption of the starting material (2.41) (Table 23).
Additionally, the transparent nature of the vessel gave further information on the properties
of the reaction mixture over time. Solids were seen to precipitate which eventually formed a
crust around the sides of the vessel, presumably the product (2.42) itself possibly also

containing the potassium salt of the conjugate base (Figure 52).
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Figure 52 Precipitate formed over the course of the reaction.

For the purpose of demonstrating facile scalability, flash-chromatography was avoided in the
isolation process of the product alcohol (2.42). Instead, the workup was performed within
the Ecoclave by slow addition of aqueous hydrochloric acid, which caused all solids to go into
solution. After removal of the aqueous material, the organic phase was transferred into a
separate vessel in which the solvent was distilled off with concurrent addition of isooctane.
This induced precipitation of the product alcohol (2.42) out of solution which was then
isolated by filtration and dried. Compared to the existing process in which the reduction was
performed with DIBAL, the isolation procedure was significantly simplified and a more
favourable waste stream composition was achieved. No issues with exotherms or formation
of emulsions took place during the work-up. A PMI of 38 was obtained for this process. While
the PMI value of a previous process could not be quantified due to insufficient data being
reported,’®” it is expected to be substantially higher due to (i) employing DIBAL, a
stoichiometric reducing agent as opposed to hydrogen and 1 mol% Ru(PNP)CI;(NHC) (1.51)
and (ii) the inefficient solvent swap from toluene to heptane by means of a constant volume
distillation which would likely require a significant quantity of heptane in order to achieve
the desired end point. Examination of the washings revealed that these were enriched with
two impurities. Isolation the of first one of these of these revealed them to be the hydrolysis
side-product, 6-bromo-2-naphthoic acid (2.74) (2 %area present in the reaction mixture after
the reaction was terminated) and the desbromo side-product, 2-naphthalene methanol
(2.19) (4 %area present in the reaction mixture after the reaction was terminated) (Figure
53). The former was consistent with what has been seen in previous experiments, whereas
the latter was attributed to residual palladium present in the reaction vessel, as

homogeneous ruthenium complexes of this nature have not previously been reported to
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cleave aryl-bromide bonds.?** A third low level impurity was present in 1 %area and was not

isolated. This was suspected to be 2-naphthoic acid (2.21).

(0]
Br
2.74 2.19

Figure 53 Isolated side-products from large-scale reduction.

While the hydrolysis side-product (2.74) could easily be purged by extraction into aqueous
base, the desbromo compound (2.19) tracked through as its solubility and acid-base
properties were similar to that of the desired product (2.42). Since the product alcohol (2.42)
is later elaborated by means of palladium mediated cross-coupling chemistry, this would
likely provide an alternative means of purging the desbromo compound (2.19) which is

unlikely to partake in such a reaction.®’

ICP analysis was performed and revealed 511 ppm of ruthenium within the product. While
this is substantially above the limit of 10 ppm typically placed on precious metals within an
API, this is a reasonable starting point.*?’ This could be further reduced by recrystallisation,

or by washing with coordinating ligands such as cysteine or 2-mercaptonicotinic acid.'’®

In summary, a scaled-up reduction has been demonstrated and the desired product (2.42)
has been obtained in satisfactory yield without the need for flash-chromatography to isolate
the product alcohol (2.42). Two side-products have been identified, one of which was
effectively purged, the other which tracked through into the product, but would likely be

easily purged in downstream chemistry.

1.3.15 Extension to CSTR Flow Reactor

The area of flow chemistry has gained significant attention recently, including the possibility
of running gas-liquid reactions. A continuous setup offers a number of advantages over

running reactions in conventional batch reactors such as higher throughput and increased
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safety as a result of lower reactive inventory.?*®14° The main challenge with flow systems is
the propensity for reactors to become blocked over time, particularly when attempting to
flow solids. For the purposes of the current study, this was identified as a challenge, as
previous reactions have shown to precipitate over time as a result of the product alcohol
being inherently less soluble in the solvent compared to the starting material. Based on these
reasons, the idea of employing a segmented flow reactor similar to that used by Kappe and

co-workers!* (Scheme 27) for this purpose was avoided.

This led to the consideration of a bespoke CSTR (continuous stirred tank reactor) setup
(Figure 54). Flow setups typically comprise of tubing which optionally also contain static
mixers within. Over time, deposited solids may accumulate and eventually lead to restricted
flow or indeed complete blockage. The CSTR setup in contrast has a significantly wider
diameter, and has running through it, a magnetically driven horizontal agitator, thus ensuring
solids are constantly being suspended, and larger deposits are ground up. The key advantage
of this setup is that plug-flow behaviour is retained, while also ensuring efficient gas-liquid
contact and mixing characteristics which do not solely rely on turbulence. As such this system
benefits from tolerating inclusion of solids while still offering reduced reactive inventory. In
this particular case, due to the rating of certain external components coupled to the system,

the reactor was limited to 5 bar of hydrogen pressure.

Figure 54 A CSTR flow reactor.
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A more detailed schematic of the complete set-up including feed and product line and

temperature control is given below (Figure 55).
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Figure 55 Schematic of CSTR flow rig.

The gas-feed inlet is placed below the liquid-feed such that the gas phase is forced to pass
through the liquid phase. This along with the movement from the agitator encourages
efficient gas-liquid contact. The reactor itself is jacketed which allows for accurate
temperature control through an external thermostat. Once the reaction mixture has passed
through the reactor, it is then transferred to a collection vessel using pressurised nitrogen

gas. This may then be sampled and analysed.

For this setup, methyl 6-bromonaphthoate (2.41) was selected again as the pharmaceutically
relevant intermediate to be reduced (Scheme 56). This substrate was also chosen on the
basis that solids are known to precipitate over the course of the reaction, and close attention

was to be given to how well these would be suspended and passed through the reactor.
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Reagents and conditions; 1 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% base,
5 bar H,, 2-MeTHF, 65 °C.

Scheme 56 Large scale catalytic reduction of methyl 6-bromo-2-naphthoate (2.41) in flow.

The ester (2.41), solvent, catalyst (1.51) and base were all charged into the liquid feed tank.
This was pumped into the reactor, at which point hydrogen gas was mixed into the liquid
phase. It was found that solid potassium tert-butoxide was an unsuitable choice of base for
this setup. While the reactor itself is designed to pass solids through, the tank containing the
starting material and the tubing leading up to the reactor were not. The liquid feed tank in
particular was equipped with an overhead stirrer which was unsuitable for suspending the
solid potassium tert-butoxide. Furthermore, the base was also found to deposit in the tubing
leading up to the reactor, such that the mixture entering the reactor contained insufficient
base and hence resulted in no conversion of the starting material. To overcome this, a
solution of potassium tert-butoxide in THF was used instead of solid potassium tert-butoxide.
This entered the reactor without the issue of solids settling in the feed lines and becoming
immobilised. Particularly low flow rates of both the liquid and gas feeds were required to
achieve the long residence times required for the reaction. Setting the hydrogen flow rate
too high also resulted in rapid expulsion of the reaction mixture from the reactor, preventing
it from having the necessary residence time to react. Once the reactor had reached a steady

state, reaction mixtures were sampled and analysed by HPLC (Table 24).

Residence time (mins) % product (2.42)°
54 90
23 65
12 38

9Reaction conversion assessed by HPLC at 220 nm.

Table 24 Results from reduction of methyl 6-bromonaphthoate (2.41) in continuous flow.

130



Varying the residence time revealed that the longest residence time led to the highest
conversions and would allow the 50 g of input ester (2.41) to be processed in approximately

17 hours. This is simply a result of allowing the reaction enough time to reach completion.

In summary, catalytic ester reduction has been demonstrated in flow as a means of increasing
the scale of such reactions and potentially making them amenable to more forcing
conditions. No blocking caused by precipitates was observed during the trial even with the
relatively low flow rates required. Furthermore, the throughput could in principle be
increased by applying higher temperatures and pressures, particularly as larger variants of

these reactors are commercially available.

1.3.16 Reduction of Pyrano-Pyridyl Ester (2.49)

The reduction of pyrano-pyridyl ester (2.49) to pyridyl alcohol (2.50) was previously
demonstrated in the early part of the current study. For the purpose of further elaborating
product alcohol (2.50), the reaction was scaled up in a HEL AutoMATE, starting with 10 g of

ester input (Scheme 57).
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| X OMe 62% | X OH
o N ° o ~zN + Hcl
2.49 2.50+HCI

Reagents and conditions; (i) 1 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KOt-Bu, 5 bar H,, 2-MeTHF;
(ii) HCI, dioxane.

Scheme 57 Large-scale reduction of pyranopyridyl! ester (2.49).

The reaction outcome on this scale was in good accordance with that seen on smaller scale.
The reaction mixture was passed through a pad of silica to aid with removal of coloured
impurities stemming from the ruthenium complex and its degradants. Additionally, the
product (2.50) was converted to the corresponding hydrochloride salt (2.50-HCI), which upon

addition of TBME precipitated out of solution as a free flowing yellow powder.
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With a substantial quantity of alcohol (2.50-HCI) to hand, the following aim was to convert
this through to a known API, Gepotidacin, which belongs to a new class of antibiotics,
currently in phase lll clinical trials with the primary indications being uncomplicated urinary
tract infection and gonorrhoea.'”” Achieving this would require oxidation of the alcohol
(2.50-HCI) to the aldehyde oxidation level, followed by a reductive amination with amine

(2.77).

The oxidation of the alcohol (2.50-HCI) to the aldehyde oxidation level (2.75) was effected
using sulfur trioxide, DMSO and triethylamine, otherwise referred to as the Parikh-Doering
oxidation (Scheme 58).1% The key advantage of this approach over the classic Swern

conditions!! are operability without the requirement for cryogenic conditions.

]
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2.50°HCI 2.75

Reagents and conditions; (i) SO5-pyridine, EtsN, DMSO, DCM.

Scheme 58 Synthesis of aldehyde (2.75).

After multiple attempts, it was concluded that the reaction temperature had to be
maintained at 5 °C in order for the reaction to proceed to completion. Allowing the reaction
mixture to warm to room temperature would result in the reaction stalling, even after
additional oxidant had been introduced. Once < 2 %area of the starting material (2.50) was
observed by HPLC, the reaction was worked up and telescoped into the next stage as a

solution in DCM.

The requisite amine (2.76) which was available elsewhere in our laboratories and aldehyde
(2.75) were left to stir in solvent for 1 h to allow for partial conversion to the imine. To this

mixture was added a small excess of sodium triacetoxyborohydride (Scheme 59).

132



P4

I

N
I
=z
/

N N
Q ) i
X + o
| N 0 N N 0 44% (over 2 steps) (o) N N 0
~
0 1Y Ty
N N
2.75 2.76 2.77

Reagents and conditions; (i) sodium triacetoxyborohydride, solvent.

Scheme 59 Reductive amination to afford Gepotidacin (2.77).

After being left to stir overnight, the product (2.77) was present in 88 %area by HPLC, with 3
%area starting amine (2.75) and 2 %area of low-level side-products, likely the side-product
arising from two successive reductive aminations. No additional sodium
triacetoxyborohydride was added at this stage, as the excess aldehyde (2.75) had apparently
been reduced to the corresponding alcohol (2.50) and increasing the equivalents of aldehyde
(2.75) was avoided to prevent further impurities being formed. Following the isolation
procedure the product was isolated in very good purity (98 %area by HPLC), and dark

impurities which arose were also effectively removed.

1.3.17 Reduction of Methyl 6-Methyl Nicotinate (2.45)

Further demonstration of amenability to scale-up was performed by reducing 200 g of methyl
6-methylnicotinate (2.45) in a single reaction using just 0.1 mol% Ru(PNP)CI>(NHC) (1.51).
The reaction was run in a 5 L hastelloy pressure vessel equipped with a gas-entrainment

impeller (Scheme 60).
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Reagents and conditions; (i) 0.1 mol% Ru(PNP)CI,(NHC) (1.51), 20 mol% KOt-Bu, 5 bar H,, 2-MeTHF, 50 °C.

Scheme 60 Large-scale reduction of methyl 6-methyl nicotinate (2.45).

The reagents were charged to the reactor and the vessel was inerted by performing three
nitrogen pressurisation cycles and then charged with hydrogen. After an initial induction
period of about 15 minutes, hydrogen consumption was observed to increase very rapidly,
and of the 50 L of hydrogen gas uptake measured in total, 47 L were consumed within the
first 1.5 hours. During this time, the highest recorded temperature was 53 °C, which was only
3 °C above the jacket temperature. This reflected insignificant exothermic activity, and
consequently no additional restrictions on the feed-rate of hydrogen gas were deemed
necessary at this scale. More typical heterogeneous hydrogenation reactions would be
expected to produce a significant exotherm with consumption at this rate.’>® '’° Once the
reaction had reached completion, the solvent was distilled off and the product was isolated
from the crude residue by vacuum distillation using a wiped film evaporator. In addition to
effectively purging the less volatile hydrolysis side-product, 6-methylnicotinic acid, this also
reduced the level of residual ruthenium to 10 ppm. Compared to an existing LAH mediated
process which has been previously reported,'®® a significantly improved PMI was achieved
(20 vs. 190), and may be further improved by reducing the mechanical losses which occurred
during the isolation process. This improved PMI is both a reflection of employing a catalytic
rather than a stoichiometric method, as well as less solvent being required for the quench
and work-up of the reaction. Further to this, the waste stream consisted of residues enriched

in ruthenium which could be sent directly for metal recovery.

The product alcohol (2.46) was then further elaborated to generate an intermediate en route
to a HDAC inhibitor (2.80) (Scheme 61).2% The reaction was performed in a 1 L controlled
laboratory reaction with jacketed temperature control and overhead stirring starting with 50

g of pyridyl alcohol (2.46).
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o
2.46 2.78 2.79 2.80
9% over 3 steps

Reagents and conditions; (i) Ac,0, toluene; (ii) ethyl glyoxylate, ZnCl,, toluene; (iii) HCI, ethanol.

Scheme 61 Large scale synthesis of ethyl (E)-3-(5-(hydroxymethyl)pyridin-2-yl)acrylate (2.80).

The initial acetylation proceeded in near quantitative yield as evident by HPLC, and this
product (2.78) was telescoped into the following stage. The second stage also underwent
good conversion by HPLC, though it became apparent that a significant proportion of the
ethyl glyoxylate, in addition to undergoing the desired condensation to afford the carbon-
carbon double bond (2.79), had polymerised to give an opaque, black tar. This brought about
noticeable complications during the work-up of this stage as these coloured impurities
obscured the interface during aqueous extraction. Significant loss of material during the
phase separations took place, as the location of the interface had to be estimated based in
the quantities of input materials. Dilution with solvent, passing the reaction mixture through
a pad of silica, use of increased illumination around the area of the interface were all
performed but did not offer any palpable improvements. Lastly, the HCl/ethanol mediated
deprotection afforded the product acrylate (2.80) in good purity following recrystallisation

from TBME, albeit in low overall yield.

Nonetheless, this is further exemplification of value-added products accessible from primary
alcohols furnished through catalytic homogeneous ester reductions under mild conditions

and it is anticipated that yield could be increased through further optimisation if required.
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1.4 CONCLUSIONS

The applicability of ruthenium catalysed ester reductions under conditions achievable in a
multi-purpose pressure-reactor for pharmaceutical purposes has been demonstrated.
Following selection of an optimal catalyst for such processes, reaction conditions have been
optimised following extensive screening to identify 2-MeTHF as a more environmentally
sustainable solvent for this transformation, as well as understanding the functional group

limitations of the catalyst established.

Additional process understanding was generated using both statistical and kinetic analysis of
reactions. In particular, it was found that the reaction performed well under a wide range of
parameter setting and were highly reproducible. A better understanding of the side-products
which may arise and methods were outlined on how to either suppress their formation or
remove these during the work-up procedure. Kinetically, reactions exhibit an induction
period, which depending on the temperature, lasts anywhere from minutes to hours. This
phenomenon has been attributed to the presence of traces of water in the solvent and
reaction vessel. These observations demonstrate a higher than expected level of complexity
for what initially appears to be a deceptively simple transformation. The low exothermicity

of the reaction, however does not pose any thermal hazard.

Selected substrates were also scaled-up both in batch and in a CSTR flow reactor. Compared
to process descriptions which employed LAH and related metal hydride reducing agents,
superior PMI values, greater ease of work-up, and reduced waste streams were noted. The
product primary alcohols were amenable to further functionalisation to generate value-
added intermediates and this approach has also been incorporated in the synthesis of the

API| Gepotidacin (2.77).
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1.5 FUTURE WORK

There still remains an interest in synthesising Ru(NNN) (2.3), which was predicted to further

lower the energetic barrier with respect to ester reductions (Scheme 62).

Cl
cl HN_ ¢! NMe,
R{ R
MeZN\/\N/\/NMGZ + ler W/NMe ------------- > IIUYNMe
H N\/ '\NAC| N/
e
Me 2 Me
2.7 2.13 2.3

Scheme 62 Proposed synthesis of Ru(NNN) catalyst (2.3).

Experimentation showed an apparent reluctance of the NNN ligand (2.7) to bind to
ruthenium complex (2.13). Repeating this reaction with higher boiling solvents, such as 1-

butanol or toluene may provide an avenue to enable this.

Further testing of the CSTR flow equipment at high pressures (> 50 bar of hydrogen) and
temperatures (> 60 °C) is also of interest in order to minimise the necessary residence time
and maximise potential throughput. These optimisations would be performed on
bromonaphthyl ester (2.41) in the first instance, and would be followed up with an extended
run (> 24 hour run time). Close attention would be paid to the composition of the output as

well as how well the precipitated solids are suspended over this extended duration.

The reduction of amides catalysed by Ru(PNP)CI>(NHC) (2.51) has also been reported under
high pressure (50 bar of hydrogen). Interestingly, this proceeds via N-C bond cleavage, giving
complementary selectivity to that typically observed for LAH mediated amide reductions

(Scheme 63).
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o Ru(PNP)CIy(NHC) (1.51) OH

50 bar hydrogen
NMe, — > *  NHMe,

2.81 1.53

Scheme 63 Reduction of amines proceeding with N-C bond cleaving reported by Ogata and co-

workers. 18

While such conditions would not be readily be attainable in batch on scale, the CSTR flow
platform could present itself as an enabling technology. This would be trialled on the
reduction of Weinreb amide (2.82)'! with the aim of generating an aldehyde as a value

added product (Scheme 64).

Ru(PNP)Cl,(NHC) (2.51)
MgX2

Q 50 bar hydrogen ?
.OMe . ___________" >
N
Me
2.82 2,73

Scheme 64 Proposed selective reduction of Weinreb amide (2.82) to benzaldehyde (2.73).

A metal salt would likely be necessary to chelate and stabilise the presumed tetrahedral

intermediates which would form.
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2 PHOTOCHEMICAL BROMINATION IN  PRODUCTION OF

PHARMACEUTICAL INGREDIENTS

2.1 INTRODUCTION

Photochemistry has become an increasingly useful synthetic tool for improving reaction
efficiency and for accessing novel chemical space.'® Numerous reviews on this topic have
been published.’®8 For these reasons, significant efforts into broadening the
understanding and applicability towards the synthesis of drug-like molecules have been
made.'® A number of key challenges exist within this field however, including understanding
of irradiation requirements and reaction scale-up.®” As a means of gaining insight into these
factors Bonfield, Edwards and co-workers in our laboratories have developed and evaluated

the PHIL Pacer as a photochemical screening platform (Figure 56).1%8

Modular System

48 Pseudo-monochromatic LEDs

Variable LED current/light intensity

% i . : Batch
3 B 2 " :

T D ———— 2 s High-throughputscreening Various size glassware
g : 48-well plate (1-30 mL)
g .

200 W Thermoelectric cooling unit 3 . Scale-up
o Input current/ mA
LED temperature monitoring Optimisation

Continuous/pulsed modes of operation
Flow
Turbulent mixing

©® Wavelength Screen

300 400 500 600 700

Amax / nm

——365nm --385nm ——405nm ——-420nm —450nm —-525nm

Figure 56 PHIL Pacer developed and evaluated by Bonfield, Edwards and co-workers.*%°
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The irradiation is performed using powerful pseudomonochromatic LEDs with tuneable
wavelength and intensity.’®® This approach addresses issues which have arisen, such as
literature procedures exhibiting poor reproducibility due to insufficient understanding of
irradiation requirements and indeed the light source itself.'® The modularity of the PHIL
Pacer also allows initial screening to be performed in high-throughput using 48-well plates.
Optimised conditions may then be scaled-up either in batch using large test tubes or in flow
using the same LED configuration to give hundreds of grams of material.’®® Scaling-up further
however, to pilot scale and beyond still remains a gap within the capability of process
chemistry in our laboratories, and the pharmaceutical industry in general. According to the
Beer-Lambert law, light intensity decreases exponentially as a function of the path length
travelled and thus provides a fundamental restriction when attempting to scale this class of
reaction in standard batch reactors.’®” Doing so would result in the reaction mixture being
subjected to considerably higher light exposure near the light source (i.e. the sides of the
vessel) compared to where the reaction mixture is more distant from the light source (i.e.
the middle of the vessel). Based on this consideration, the majority of scaling efforts have
focussed on leveraging continuous processing as a tool to provide more uniform irradiation

by virtue of the decreased path length and increased control over the irradiation time.!8®

One such example reported by Harper and co-workers at AbbVie employed a continuous
stirred tank reactor (CSTR) equipped with a high-intensity laser to promote photochemical

transformations (Scheme 65).1%°

oD ~
+ _—
FaC HN 85%  F,C |

3.1 3.2 3.3 FsC
1.85 kg 3eq. 1.54 kg |

Reagents and conditions; (i) 0.025 mol% catalyst (3.4), 5 mol%
NiBroeH,O, DABCO, DMA, irradiation at 26.1 W and 450 nm, 70 °C.

catalyst 3.4

Scheme 65 Scale-up of photochemical C-N coupling using a CSTR reactor equipped with a laser

reported by Harper and co-workers.**°
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It should be noted that while catalyst (3.4) above is depicted as an iridium(lll) complex
bearing PFs~ as weakly coordinating anion,’®! the authors refer to a neutral iridium(ll)
complex bearing no counterion. Such an iridium(ll) complex is neither known nor
commercially available, and is likely an erroneous depiction. The reactor size and
concentration of reagents were optimised according to the Beer-Lambert law to maximise
throughput during the development of the photochemical C-N coupling reaction. This
approach remarkably furnished 1.54 kg of product (3.3) in just 32 h using a 100 mL reactor.
The potential issue with such a set-up, however compared to a plug flow reactor are less
well-defined residence times, an important consideration for certain photochemical

transformations.*®?

In another example reported by Sezen-Edmonds, Tabora and co-workers at Bristol Myers
Squibb, a plug flow reactor consisting of FEP tubing combined with an array of high-intensity
LEDs was demonstrated to furnish multiple kilograms of product per day.'®® This approach
benefits from the short path length and turbulent mixing associated with plug flow reactors,
but is less well set-up to tolerate the presence of solids. Fouling on the side of the tubing
would result in reduced exposure of the reaction mixture to the light source as well as

restricted flow.

Based on the considerations listed above, there still remains the need to develop a platform
capable of scaling this challenging class of reactions. This led to the recent development of a
photochemical DART (Directly Agitated Reaction Tube) reactor prototype as an alternative

approach towards addressing this issue (Figure 57).

Figure 57 Photo DART Reactor with 4 Kessil lamps (400 nm) mounted on top.

141



The reactor design, not dissimilar from that previously used for continuous hydrogenation
reactions (Figure 54), incorporates transparent construction materials to allow for light to be
introduced via 4 Kessil lamps. As with the previous set-up, this offers control over residence
time in line with that provided by plug flow reactors while also being capable of tolerating
the presence of solids. It is believed that this design will provide the flexibility required for
even more challenging photochemical transformations, including heterogeneous

photoredox catalysis.'**

Radical brominations and more specifically benzylic brominations are of particular interest
as the resulting benzyl bromide derivates are amenable to further functionalisation through
alkylation reactions with a wide range of nucleophiles.’® Some examples of interest to the

pharmaceutical industry are shown below (Scheme 66).

OH
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3.1 3.12 Ropinirole (3.13)

Scheme 66 Examples of radical brominations used en route to APls.961%

142



Reaction of 2,5-dichloro benzyl bromide (3.6) with the oxygen nucleophile, ethylene glycol,
is used en route to Vilanterol (3.7), an ultra-long acting B. adrenoreceptor agonist used for
treatment of chronic obstructive pulmonary disorder.’®® In another example, tert-butyl
benzyl bromide (3.9) undergoes nucleophilic displacement with a nitrogen-based nucleophile
en route to GSK2879552 (3.10), a lysine-specific histone demethylase 1 inhibitor targeted to
treat acute myelogenous leukemia.’®” The last example depicts the benzylic bromination of
isochroman (3.11) to give an intermediate en route to Ropinirole (3.13), a potent non-ergot
dopamine receptor agonist used in treatment for Parkinson’s disease.’®® Hayler and co-
workers noted that scale-up of this process, in batch, resulted in a significant reduction of
the yield to 46% compared with 85% yield on laboratory scale. This issue rendered this route
commercially unviable, and consequently a new route free of photochemical transformations

was developed.®

Based on all of the above, gaining access to a range of bromide derivatives using
contemporary photochemical methods on scale would be of considerable interest to the
preparation of a range of APl molecules. Accordingly, this section of the thesis will focus on

the application of emerging photochemical platforms to realise this goal.
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2.2 AIMS AND OBIJECTIVES

The photochemical bromination of benzodiazepine (4.1), a compound of interest to an on-

going development campaign in our laboratories will be examined in the first instance

(Scheme 67).

H O H O
N Br N
O _‘\\\H/OMe O .‘\\\H/OMG
_—N H _—N H
MeO O NBS MeO O
Cl Cl

4.1

Scheme 67 Benzodiazepine (4.1) to be examined and possible site of bromination.

This substrate has not previously been subjected to radical bromination conditions. In
addition to gaining increased understanding and optimising the reaction conditions
themselves, work will also be conducted to streamline the work-up and isolation procedure
(ie. process design). The optimised conditions are to be run in continuous flow in the PHIL
Pacer in the first instance and thereafter in the photochemical DART reactor. This will give an
indication of how reactions behave in the two set-ups with the longer-term goal of

developing a standardised workflow from HPLC vials through to pilot plant scale reactions.
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2.3 RESULTS AND DISCUSSION

2.3.1 Bromination of Benzodiazepine (4.1)

Benzodiazepine (4.1) is an intermediate en route to a potent epigenetic regulator of current
interest to our laboratories and contains several elements of structural complexity.?*° As such
it was pertinent to subject this substrate to photochemical bromination conditions to
demonstrate this as a means of late-stage functionalisation. The longer-term aim of this
project would be to further elaborate the resulting aryl bromides using photoredox catalysis
methodologies previously reported by Buchwald, MacMillan and co-workers to form C-N
bonds.1%> 201 |nterestingly, as soon as a solution of benzodiazepine (4.1) in MeCN came into
contact with AcOH, the solution turned from clear and colourless to bright yellow, and a

distinct peak was noted in the UV-visible spectrum (Figure 58).

Relative Absorbance
© = N w >
(0] - wu N (2] w (92} B (9]

o
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Wavelength (nm)

Benzodiazepine (4.1) in MeCN Benzodiazepine (4.1) in MeCN/AcOH

Figure 58 UV-visible spectra of benzodiazepine (4.1) with and without AcOH

Benzodiazepine (4.1) was subjected to bromination conditions similar to those previously

employed by Bonfield, Edwards and co-workers.! The key difference between this work and
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the previous findings is that the reaction was run at much higher dilution due to poor
solubility of benzodiazepine (4.1) in MeCN/AcOH (Table 25). It was expected that the
relatively electron rich methoxy bearing benzoid ring would be the site of reactivity in this
instance. It should be noted that while the input material was of high enantiomeric excess,
no chiral HPLC analysis was performed on any of the products obtained, and as such the

stereochemical information on these is deliberately omitted.

H O H O H O
N N N
O _‘\\\H/OMe O OMe O OMe
MeO =N H g i MeO =N 0 MeO =N 0
g e Y ¢
cl cl cl
4.1 4.2 4.3

Reagents and conditions; (i) NBS, MeCN/AcOH, irradiation at 250 mA, 35 mins.

Wavelength (nm) %Area composition?

(4.1/4.2/4.3)

365 43/15/36
385 38/17/39
405 36/17/41
420 30/18/45
450 27/19/48
525 29/18/53

9Assessed by HPLC with UV-detection at 220 nm

Table 25 Wavelength screen for bromination of Benzodiazepine (4.1).

Unexpectedly, after 35 minutes of irradiation, HPLC analysis revealed that the reaction
mixture contained 29 — 43 %area unreacted starting material, and formation of two new
products was observed across all wavelengths (365, 385, 405, 420, 450, 525 nm).
Interestingly, however, reactions subjected to longer wavelengths (420, 450 and 525 nm)
contained slightly less unreacted starting material (4.1) compared to reactions subjected to

shorter wavelengths (365, 385 and 405 nm). This may be due to the stronger absorption, and
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therefore inferior penetration of the light at these lower wavelengths, consistent with the
absorbances noted in the UV-visible spectrum (Figure 58). Characterisation of the first
product (4.2) revealed, somewhat surprisingly, that bromination had taken place at the
seemingly most hindered site as became apparent based on the disappearance of the
characteristic doublet at &6 = 6.75 ppm. Of the two ortho positions with respect to the
methoxy group, the position closer to the neighbouring phenyl group appeared to be
favoured. Examination of the *H NMR spectrum of the starting material (4.1) revealed that
this aromatic proton is, by far the furthest upfield, with a chemical shift of 6 =6.75 ppm being
0.5 ppm away for the next aromatic signal. Presumably the high electron density around this

proton provides an explanation for the observed selectivity.

In addition to bromination, an O-acylated phenol product (4.3) was also observed. Both of
products (4.2 and 4.3) isolated may have formed as a result of a radical cationic intermediate
being trapped by nucleophilic attack of either bromide or acetate (Scheme 68). Such a radical
cation would be formed by initial single electron oxidation of benzodiazepine (4.1). Though
further experimentation would be necessary to determine the exact nature of oxidant A,
bromine radicals or acetyl hypobromite could possibly serve this purpose. Subsequent
trapping of the radical intermediate by molecular oxygen and elimination of a hydroperoxide
radical to rearomatise would then serve to afford the products. This pathway involving triplet

oxygen has previously been proposed in studies carried out by Nicewicz and co-workers.22
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Scheme 68 Proposed mechanism for formation of O-acylated phenol (4.3).

Such radical cations formed by single electron oxidation of anisole derivatives have been
frequently involved in numerous methodologies utilising various nucleophiles including
bromide???2% and nitrogen-based nucleophiles.?’? These methodologies typically rely on the
presence of an organic photocatalyst to induce the initial single electron transfer. While no
such photocatalyst was added in the current study, bromine radicals, or indeed acetyl
hypobromite may serve this purpose, either directly, or via formation of an electron donor-
acceptor complex with benzodiazepine (4.1) and induced by the availability of high-energy
photons.?® Alternatively, the substrate itself may be acting as a photosensitiser, a hypothesis
made more credible by the fact that benzodiazepine (4.1) absorbs strongly above 400 nm

when in the presence of acetic acid.

Conversion of the brominated product (4.2) to the O-acylated phenol (4.3) via a nucleophilic
substitution process was also considered a possibility, though this was deemed less likely as
(i) no displacement of the chloride on the second aromatic ring was observed, which would
presumably be more susceptible to an SnAr process; and, (ii) stirring the brominated product
(4.2) in a MeCN/AcOH mixture did not result in any formation of the O-acylated phenol
product (4.3) (Scheme 69).
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Reagents and conditions; (i) 1:1 MeCN/AcOH, 1 week.

Scheme 69 Control experiment suggesting O-acylated phenol (4.3) is likely not formed via a

nucleophilic aromatic substitution process.

Intrigued by these unexpected outcomes, control experiments were performed to gain
additional insight into the nature of how these products are formed. Repeating the reaction
with the addition of an equivalent of TEMPO (acting as a radical trap) resulted in no
consumption of the starting material, consistent with a radical mechanism being in operation

(Scheme 70). No inhibition, by contrast, would be more indicative of a cationic mechanism.

H O H O H O
N N N
O .‘\\\n/OMe O OMe O OMe
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C 0 Y (]
cl Cl Cl
4.1 4.2 43

Reagents and conditions; (i) NBS, TEMPO, 1:1 MeCN/AcOH.

Scheme 70 Control experiment underwent no conversion due to presence of the radical trap, TEMPO.

Leaving the unirradiated reaction in the dark at rt did result in formation of the brominated
product (4.2) and the O-acylated phenol (4.3), albeit at a significantly reduced rate compared
to when the reaction mixture was irradiated. Given the presence of oxygen and the lack of
any radical initiator, this finding would, paradoxically, be more consistent with an
electrophilic aromatic substitution process being in operation. Omission of NBS resulted in

complete recovery of the starting material, indicating that NBS is the key oxidant in the
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formation of both products. The exact nature of the mechanism based on these finding is not
clear, and the reaction appears to exhibit characteristics typical for both radical and cationic
pathways. Further experimentation using radical initiators such as benzoyl peroxide or Lewis
acids to encourage formation of cationic intermediates could be used to provide further

insight into this unsolved question.

As this stage, there was a relatively high degree of confidence that formation of the O-
acylated phenol (4.3) was a consequence of employing AcOH as part of the solvent system.
The obvious way to suppress its formation and thereby increase selectivity towards
formation of the brominated product (4.2) was to omit AcOH completely. It was realised,
however, that the presence of acetic acid serves to increase rate of reactivity by weakening
the N-Br bond, and in removing this, the need for longer reaction times was anticipated. This
time running the reaction in MeCN unexpectedly resulted in the formation of two new
isomeric vinyl bromides (4.4 & 4.5) being formed as was evident by appearance of two new
olefinic resonances in the *3C NMR spectrum, with no evidence of the aryl bromide (4.2) or

indeed O-acylated phenol (4.3) being formed (Scheme 71).

H 00O
\n/OMe NﬁOMe
MeO =N H i Meo OMe MeO =N  Br
cl
4.1 4.4 45

Reagents and conditions; (i) NBS, MeCN, irradiation at 385 nm, 300 mA, 2 h.

Scheme 71 Subjection of benzodiazepine (4.1) to radical bromination conditions in absence of AcOH

to generate vinyl bromide products (4.4 & 4.5).

These isomeric products were likely formed as a result of two consecutive bromination
reactions taking place, followed by elimination of HBr to form a more highly conjugated

system (Scheme 72).
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Scheme 72 Proposed mechanism for formation of vinyl bromides (4.4 & 4.5).

Similar reactivity in such 1,4 dicarbonyl systems has previously been reported under thermal

conditions using molecular bromine (Scheme 73).2%

Br
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O
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Reagents and conditions; (i) Bry, AcOH, reflux, 4 h.

4.7

Scheme 73 Formation of vinyl bromide (4.7) from 1,4-dicarbonyl (4.6) under thermal conditions

reported by El-Kady and co-workers.?%

It appears therefore, that in addition to the colour change caused by addition of AcOH, the
change to the electronics of the system also causes aryl bromination to be favoured over
alkyl bromination. Whether the presence of AcOH results in electrophilic aromatic
susbtitution being favoured, or whether AcOH facilitates certain mechanistic pathways
through hydrogen bonding interactions is unclear and requires further experimentation to

be fully understood.

At this stage, the decision was made, due to the difficulty in working with benzodiazepine
(4.1) as a result of unselective processes and relative insolubility, to deprioritise investigating

this molecule and instead switch to a simplified model substrate.
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For future investigations there is interest, however, in examining a broader range of solvents
in order to run processes at more acceptable concentrations. Furthermore, an acid screen,
including various organic acids such as p-toluenesulfonic acid and acidic solvents such as HFIP
would also be of interest, as the presence of AcOH has been shown to fundamentally change
the reactive nature of this molecule. Addition of Lewis acids, such as AlBrs or FeBrs could also
be investigated, and may provide further insight into the nature of the mechanism in
operation. NMR analysis of benzodiazepine (4.1) in the presence of acetic acid may also
provide insight on the nature of the electronic changes in the molecule, including the

preferred site of protonation.

2.3.2 Optimisation of Benzylic Bromination

Moving forwards, it was decided to investigate ethyl 4-methylbenzoate (4.8) as a model
substrate for bromination. In addition to being cheap and readily available, a detailed study
on the photochemical bromination of this substrate has previously been described.*® This
included scale-up to 47 g input using continuous processing (Scheme 74). Further
characterisation of this reaction on a range of photochemical platforms and scales could offer

further insight into the preparation of APIs of the type previously discussed (Scheme 66).

O (0] (0]
oet __t OEt OEt
Br Br
Br
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48 4669 4.9

Reagents and conditions; (i) NBS, MeCN/AcOH, irradiation at 385 nm, 200 mA, 1.36 min residence time.

Scheme 74 Benzylic bromination described by Bonfield, Edwards and co-workers. 58

These conditions provided a good starting point, however, did require further optimisation
for further scale-up. The use of AcOH as a co-solvent is sub-optimal due to both its corrosive
nature and difficulties to remove. This results in an arduous work-up procedure, which both

requires large volumes of water and multiple extractions to be performed. In light of these
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issues, the goal was to identify an optimised procedure, including work-up and isolation of

the product prior to further scale-up.

In the first part of the study, a wavelength screen was carried out on a 1 mL scale in a high-
throughput manner to determine how this affects reactivity (Table 26). It should also be
noted that ~ 80 %area product corresponds to the maximum attainable product yield by
virtue of full consumption of the brominating reagent, NBS. Though a small excess of NBS is
present, approximately 8 %area of unreacted starting material (4.8) and up to 10 %area of
dibrominated product (4.10) are routinely observed due to the selectivity of the reaction.
The presence of 1.05 equivalents of NBS has previously been shown to maximise the yield of
the mono-brominated product (4.9) and, will be used throughout this investigation. Addition
of a greater excess of NBS results in marginal reduction of the residual starting material (4.8),

while substantially increasing the quantity of the dibrominated side-product (4.10).1%

0 o) 0
oet __ ' OEt OEt
Br Br
Br
4.10

4.8 4.9

Reagents and conditions; (i) NBS, MeCN/AcOH, wavelength, 200 mA.

Wavelength (nm) %Area composition after 5 %Area composition after 10
mins? mins® (%)
(4.8/4.9/4.10) (4.8/4.9/4.10)
365 8/83/5 7/83/6
385 96/4/0 6/83/6
405 8/83/5 7/83/6
420 8/83/5 7/83/6
450 8/83/5 8/82/5
525 100/0/0 9/82/5

9Assessed by HPLC with UV-detection at 220 nm

Table 26 Wavelength screen for benzylic bromination of ethyl 4-methylbenzoate (4.8).
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Comparable performance was seen across the wavelengths examined, and within 10 mins all
reactions had reached the maximum conversion attainable based on the quantities of input
material. The longer wavelength of 525 nm was noted to be significantly slower to react
compared with the other wavelengths used, but did also reach the same endpoint after 10
mins. The relatively low yield seen for 385 nm at 5 mins is likely an anomaly for reasons not
fully understood, though is suspected to be caused by an extended induction period. In this
instance, a wavelength close to 400 nm will be favoured, as the DART reactor available in our

laboratories is equipped with 400 nm Kessil lamps.

A solvent screen was then performed utilising an array of commonly employed laboratory
solvents (Table 27), with the aim of finding a solvent system, which could either reduce or

eliminate the use of AcOH.

(6] (0] O
oet __t OEt OEt
Br Br
Br
4.10

4.8 4.9

Reagents and conditions; (i) NBS, solvent, irradiation at 385 nm, 300 mA.

Solvent Yield?/ %
(4.8/4.9/4.10)
THF 100/0/0
2-MeTHF 100/0/0
EtOAc 17/73/3
Acetone 10/81/5
MeCN 6/85/6

9Assessed by HPLC with UV-detection at 220 nm.

Table 27 Solvent screen for benzylic bromination of ethyl 4-methylbenzoate (4.8).

Puzzlingly, reactions in THF and 2-MeTHF underwent no conversion, despite readily
solubilising all the reagents and being solvents known to allow photochemical processes to

take place.??” 208 |t was later established that the most probable reason for this is the
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presence of the radical inhibitor, butylated hydroxytoluene. While inhibitor-free THF and 2-
MeTHF are commercially available, employing these is non-preferred due to increased risk of
forming unstable peroxides, particularly as these reactions were not inerted with nitrogen.
EtOAc efficiently promoted the reaction under photochemical conditions. Heating the
reagents dissolved in EtOAc to reflux for 2 h resulted in formation of approximately 12 %area
of monobrominated product (4.9). This indicates that while thermal background reactivity is
possible, it is most likely negligibly low on the time scale examined here. The use of EtOAc
was, however, ultimately abandoned due to the need to run reactions at unfavourably high
dilutions due to the low solubility of NBS in this solvent. Acetone also efficiently promoted
the reaction, while additionally allowing for reactions to be run more concentrated compared
to EtOAc. This solvent, too, was abandoned due to the risk of forming toxic and volatile
bromoacetone.?”® Lastly, it was found that use of neat acetonitrile provided a satisfactory
rate of reaction without the need for high dilution or the risk of forming toxic and volatile
side-product. In this instance it appears that ethyl 4-methylbenzoate (4.8) is sufficiently
amenable to bromination without the need for an acidic promotor to be present.

Consequently, MeCN will be employed as the solvent of choice moving forwards.

Solubility data was also gathered, and it was established that NBS has a higher solubility in
neat MeCN than it does in MeCN/AcOH (1:1). Thus, the concentration of the reaction was

varied to identify whether further intensification was feasible (Table 28).
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4.8 4.9 4.10

Reagents and conditions; (i) NBS, MeCN, irradiation at 405 nm, 300 mA, 5 mins.

Concentration (mol/L) Yield?/ %
(4.8/4.9/4.10)
0.10 6/85/5
0.30 5/86/6
0.50 5/86/7
0.68 5/86/7

9Assessed by HPLC with UV-detection at 220 nm.

Table 28 Variation of concentration during bromination of ethyl 4-methylbenzoate.

Although there were concerns that increasing the concentration could impede light
penetration, this did not appear to be an issue within the study range. Increasing the
concentration still allowed reactions to go to reach high conversions within a relatively short
timeframe. No precipitation was observed during any of the reactions, suggesting that these
new conditions are suitable for scale-up under flow conditions. Assuming that reactions run
at this higher concentration can be processed at the same rate reported by Bonfield, Edwards
and co-workers,*® then this should theoretically more than double the throughput compared
to what was previously achieved. One key difference which was noted, however, at the
highest concentration examined (0.68 mol/L) was the increased exothermicity of the
reaction. Vials became warm to the touch and this observation prompted further
guantitative investigation to assess whether thermal output from the reaction is of concern

with regards to reaction scale-up.

Time-course reactions were set up to assess, as a function of time, both the temperature
(Figure 60) and %area product present in solution (Figure 59). Due to the fast reaction
kinetics, samples were taken as frequently as every 10 s in order to capture the most

information-rich stages of the reactions.
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Figure 59 HPLC data for benzylic bromination of ethyl 4-methylbenzoate (4.8) promoted by

irradiation using PHIL Pacer collected as a function of time.

A short induction period was observed in each case, during which time presumably low levels
of residual bromine in NBS are homolysed to generate bromine radicals.® With the
exception of reactions run at lower light intensities (< 150 mA), product formation typically
plateaued within 1 min of irradiation. Furthermore, light intensities above 300 mA appear to
provide diminishing returns in terms of benefiting the reaction, suggesting the reaction
mixture is adequately irradiated, and photons are no longer the limiting reaction component.
The very marginal improvements still observed at light intensities above 300 mA are likely
due to the increased temperature at these higher intensities leading to faster diffusion,
particularly since only passive mixing was in operation. Based on this, 300 mA will be chosen
as the appropriate light intensity for scale-up in flow, as this strikes a balance between

reaction rate, energy consumption and cooling requirements.
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Figure 60 Temperature data for benzylic bromination of ethyl 4-methylbenzoate (4.8) promoted by

irradiation using PHIL Pacer collected as a function of time.

Visible exotherms were also observed by inserting a thermocouple into the HPLC vials
containing the reaction mixture. These would, however, quickly dissipate thereafter as a
result of the efficient heat transfer characteristics on this small scale. Nonetheless, it became
apparent that the majority of the heat output from the reaction would take place during the
first 40 seconds of the reaction (Figure 60). Higher light intensities resulted in this exotherm
taking place more quickly and peaking at a higher temperature, the highest recorded
temperature being 32 °Cin the case where the light intensity was set to 491 mA. Interestingly,
even after full consumption of the NBS had taken place, vials would cool down to 28 °C,
noticeably above ambient temperature, either due to conversion of the incident light into

heat energy, or due to direct heating from the LEDs themselves.

With better understanding of the kinetics and exothermic activity of the reaction in HPLC
vials, a similar experimental plan was set up using a Kessil lamp identical to that used in the
Photo DART reactor and a larger 4 mL vial (Figure 61). This was for the purpose of gaining a
better understanding of how the reaction may behave in the Photochemical DART reactor,
particularly due to the increased path length of the light and slower mass and energy transfer
which would take place on this larger scale. This would also allow for the performance of the

Kessil lamp to be compared to that of the LEDs present in the PHIL Pacer. It should be noted
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that the light well attached to the Kessil lamp serves to focus the light emitted, thereby

increasing the intensity by a factor of 7 at 400 nm.

Figure 61 Irradiation of vial containing reaction mixture with 45 W Kessil lamp (reaction is in the

centre of the aluminium black).

Longer reaction times were noted, in line with what would be expected from larger scale
reactions, though reactions at the highest intensity setting (100%) were nonetheless
complete after 90 seconds (Figure 62). Slower performance was noted at 75% and 50%
intensity, while still following a similar kinetic profile. A reaction run at 25% intensity in
contrast underwent significantly slower conversion, with an apparently linear kinetic profile
showing the effects of inadequate irradiation. Presumably the reaction rate is limited, in this

case, by supply of photons rather than the kinetics of the reaction or mass transfer.
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Figure 62 HPLC data for benzylic bromination of ethyl 4-methylbenzoate (4.8) promoted by

irradiation with Kessil lamp collected as a function of time.

The temperature data also reflects the slower mass and heat transfer characteristics. In
particular, higher temperatures were noted compared with reactions run in the PHIL Pacer,
with a highest recorded temperature of 46 °C at 100% intensity (Figure 63). Furthermore,
irradiating blank MeCN to demonstrate the background heating capacity increased to just 30

°C, a difference of 6 °C above ambient.
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Figure 63 Temperature data for benzylic bromination of ethyl 4-methylbenzoate (4.8) promoted by

irradiation with Kessil lamp at 100% intensity collected as a function of time.

The temperature data at 75% and 50% intensity showed a similar exothermic activity profile,

with the exotherm being prolonged in duration and peaking at a lower maximum

temperature (Figure 64).
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Figure 64 Temperature data for benzylic bromination promoted by irradiation with Kessil lamp at

75% and 50% intensity collected as a function of time versus control.

Consequently, 100% intensity is the most appropriate light intensity to start off with when
transferring reactions to the Photo DART reactor in order the maximise potential throughput.
The end of the exotherm has also been shown to coincide with reactions reaching maximum
conversion and therefore temperature may be used as a means of monitoring reaction
progress. Finally, the highest recorded temperature, 46 °C is well below the boiling point of
acetonitrile (82 °C). Since no other thermal events or decomposition were noted under
typical reaction conditions, the reaction was deemed safe to scale-up further in flow. It
should be noted that it has been demonstrated that reactions could be aborted instantly by
removing the light source should this be necessary. The oxygen present then presumably

terminates all radical chains.

The last aspect to address prior to examining a scaled-up run was work-up and isolation of
the product benzyl bromide (4.9). The previous procedure required a large excess of water
to remove the acetic acid. Aqueous base and aqueous thiosulfate washes were also
performed to remove succinimide and residual bromine or NBS, respectively. Following this
a solvent exchange into heptane was performed, from which the product was crystallised.
Examination of this suggested that direct extraction into heptane would be advantageous
and would reduce the solvent usage drastically. Investigating this on a small scale, however,

revealed that the product was significantly more soluble in the reaction solvent, MeCN than
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in heptane. This was addressed by addition of water, which displaced the product from the
MeCN layer into the heptane layer. In principle, this heptane layer could then be
concentrated as necessary and cooled to induce product crystallisation. This would be
favourable as both solvent usage and the number of unit operations compared to the

previous process would be significantly reduced.

Based on the optimisation work carried out, the next step was to demonstrate this process

on a ~60 g scale to understand how the process would perform.

2.3.3 Scale-up in Flow using PHIL Pacer

Scale-up in the PHIL Pacer system was performed with 65 g in ethyl 4-methylbenzoate (4.8)
in solution with 1.05 eq. NBS to give a total volume of ~0.6 L. The flow plate depicted below
has previously been employed by Bonfield, Edwards and co-workers in effecting this
transformation and has been noted to induce highly turbulent mixing by virtue of the

meandering nature of the channel (Figure 65).

20

—ale———d |

132

Figure 65 Diagram and picture of glass plate used for flow experimentation in PHIL Pacer.
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The flow rate was gradually ramped up until a high flow rate of 8 mL/min corresponding to a
residence time of 30 s was achieved. Intriguingly, 82 area% product was achieved at this
relatively short residence time and consistent product output was noted (Table 29). This is in
spite of prior experiments in HPLC vials suggesting incomplete conversion after this duration
of time (Figure 59). These favourable kinetics in the flow set-up were attributed to (i) reduced
path length required for the light to travel through, presumably leading to more uniform and
intense exposure of the solution to light, and (ii) the highly turbulent mixing which would

arise when pumping the solution at this fast rate.
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oEt __ ' OEt OEt
Br Br

4.8 4.9 4.10

Reagents and conditions; (i) NBS, MeCN, irradiation at 405 nm, 300 mA, 30 s residence time.

Analysis performed %Area composition?
(4.8/4.9/4.10)
output sampled after 20 mins at steady-state 6/82/11
output sampled after 60 mins at steady-state 6/82/11
output sampled after 75 mins at steady-state 6/82/11
combined end-of-reaction mixture 6/82/11

9Assessed by HPLC with UV-detection at 220 nm.

Table 29 Analysis of samples collected from flow run in PHIL Pacer.

All the reaction components remained in solution and no formation of precipitates or
unusual exothermic activity were noted during the ~1.5 hour run time. The pressure
remained steadily around 2.2 bar, significantly below the 20 bar rating of the glass flow plate.
It is also worth noting that running this intensified process continuously could theoretically
process ethyl 4-methylbenzoate (4.8) at a rate of 1 kg/day. This represents an almost 5-fold
increase in throughput compared to previous efforts to scale-up this reaction using the same

experimental set-up.

Following successful processing of the input material, the modified work-up procedure was
then investigated. It transpired that addition of an insufficient quantity heptane would result

in an unfavourable outcome whereby three layers would form (Figure 66).
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Figure 66 Formation of triphasic system; top layer: heptane, middle layer: aqueous acetonitrile,

bottom layer: organic acetonitrile.

Analysis of each layer by 'H NMR and HPLC revealed the top layer to contain the majority of
the product (4.9), along with unreacted starting material (4.8) and the dibromo side-product
(4.10) dissolved in heptane and the middle layer to consist of an aqueous acetonitrile mixture
containing very little product (4.9) in line with what was expected. The bottom layer, which
was also the smallest, consisted of a highly concentrated solution of product (4.9), unreacted
starting material (4.8) and dibromo side-product (4.10) in acetonitrile. Evidently this mixture
was immiscible with both heptane and aqueous acetonitrile and thus separated to form its
own layer. Owing to the high density of this composition, it resided at the bottom of the
vessel. This issue was ultimately overcome by addition of a further quantity of heptane. Doing
so resulted in all the organic compounds moving into the heptane layer, which in turn led to
disappearance of the lower acetonitrile layer, and restoration of a biphasic system (Figure
67). Further NMR analysis confirmed that the succinimide by-product resided exclusively in

the aqueous acetonitrile phase, obviating the need for further washes with aqueous base.
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Figure 67 Restoration of a biphasic system by increasing amount of heptane added; a significant

portion of aqueous layer has been drained off for clarity.

It is also expected that the quantity of heptane necessary to effect formation of two distinct
phases could also be reduced if partial removal of acetonitrile by means of a put-and-take
distillation employing heptane is performed prior to commencing the extraction process.
Given the lower boiling point of acetonitrile compared to heptane and good solubility of
succinimide in water, it is anticipated this would be a relatively facile operation and would

ultimately result in clear phases free from precipitates.

Following on from this, the goal was to isolate the product from the heptane solution.
Concentration to dryness is non-preferred on this scale due to the high energy consumption,
poor control over particle morphology and concentration of potentially unstable impurities.

For these reasons, recrystallisation is the preferred means of isolating solid compounds.

The heptane layer was distilled down to a reduced volume (~300 mL, approximately 5
volumes) and cooled to 20 °C, at which point seed crystals were added and persisted (Figure
68). This volume was chosen on the basis of prior experimentation which demonstrated a
balance between lower concentrations reducing the yield of product obtained, and higher

concentrations resulting in the solution solidifying and becoming unmixable.®
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Figure 68 Seeded cooling crystallisation process of benzyl bromide ester (4.9).

Thereafter, the solution was left to cool on a ramp to induce further precipitation, with
particular care taken to do so at a slow rate to promote crystal growth. Overhead stirring was
chosen to minimise attrition of the crystals formed, as is characteristically the case when

magnetic stirring is in operation.

The rapid filtration process which followed confirmed that either significant growth or
agglomeration had taken place, and washing the wet cake with cold heptane removed the
remaining unreacted ethyl 4-methylbenzoate (4.8) starting material to below the limits of
detection by HPLC. The dibromo side-product (4.10), in contrast did not purge well under
these conditions, with 9 %area being observed by HPLC (level at end of reaction was 11
%area). However, this compares unfavourably to the previous report, which had noted 95
%area purity of the product (4.9). Though no further information was given on which
compounds gave rise to the remaining 5 %area in the chromatogram, it could indeed also be
due to the presence of dibromo side-product (4.10). Alternatively, this may have been purged
more effectively due to the different temperature gradient used, or possibly may have
partially hydrolysed to more water soluble compounds, including diols or hydrates, during

the aqueous caustic washes, designed to remove succinimide.

Drying was performed under reduced pressure at ambient temperature to afford the product
(4.9) as a free flowing, white powder (Figure 69). Elevated temperatures could not be used
due to the low melting point of the product (35 — 36 °C),%¥® and indeed, melting of this

compound would likely result in it being reformed into an intractable, hard, glassy substance.
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Figure 69 Isolated and dried product bromo benzyl bromide (4.9).

In summary, ethyl 4-bromomethylbenzoate (4.9) was successfully furnished through an
improved process with a markedly improved PMI compared to the previous process'® (53
vs. 239), due in part to the increased concentration at which the reaction was run, and in part
due to the simplified work-up procedure. This PMI could likely be further improved by further
optimisation of the extraction process as outlined earlier. The dibromo side-product (4.10)
tracked through the crystallisation and further work would be needed to assess the most
effective method of removing this. This could be achieved by vacuum distillation using a
wiped-film evaporator by leveraging the lower boiling point of the product (4.9) compared
to the dibromo side-product (4.10). Alternatively, differences in rates of reactivity with
nucleophiles in subsequent chemical transformations could be exploited in order to achieve
separation. This approach has previously been demonstrated by Kappe and co-workers,
whereby morpholine selectively reacted with a range of benzyl bromide derivatives in the
presence of corresponding dibrominated side-products.?!! The feasibility of this approach
could be assessed by monitoring reactivity of these benzyl bromide derivatives with
nucleophiles (such as water or benzyl amine) as a function of time using process analytical

technology or regular analytical sampling.
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While these optimisations have provided tangible benefits with respect to brominating this
particular substrate, it is anticipated the findings of the study may also be applicable to other

substrates!® amenable to benzylic bromination via this methodology.

2.3.4 Scale-up in Flow using Photochemical DART Reactor

While this prototype Photo DART reactor is designed specifically to process multiple
kilograms of input per day and tolerate the presence of solid material, homogeneous
chemistry was to be examined in the first instance. Having already successfully performed
the benzylic bromination of ethyl 4-methylbenzoate (4.8) in flow using the PHIL Pacer, the
aim was to run this same transformation in the Photo DART reactor to serve as a direct

comparator. An engineering line diagram of the setup is shown below (Figure 70).
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Figure 70 Engineering line diagram of Photochemical DART reactor flow set-up.
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All four Kessil lamps were set to 100% intensity in the first instance. Assuming the light is well
dispersed throughout the Photochemical DART reactor, a minimum residence time of
approximately 1 minute was thought to be appropriate. During the start of the process,
however, it became apparent that significant oscillations in the flow rate were occurring as a
result of the pulsing nature of the feed pump. This complicated residence time calculations
which depend on well-defined flow rates of the reaction mixture. These oscillations
diminished by addition of check valves in the tubing directly before and after the reactor, as
well as applying 0.1 bar of backpressure. It was believed that these oscillations in the flow-
rate would average out over the course of the reaction to give a relatively constant residence
time and average flow rates were used to estimate this. Results from HPLC analysis of the

product stream at regular intervals are shown below (Table 30).

o o o
ot __ 1 OEt OEt
Br Br
Br
4.10

4.8 4.9

Reagents and conditions; (i) NBS, MeCN, irradiation at 400 nm, 100% intensity, ~1 min residence time.

Time point at which output was %Area composition®
analysed (mins) (4.8/4.9/4.10)
2 53/46/1
5 51/48/1
10 41/57/1
15 34/63/2
21 26/70/3

%Assessed by HPLC with UV-detection at 220 nm.

Table 30 Analysis of output with ~1 min residence time (18 mL/min).

The reaction mixture was smoothly transferred through the reactor, and no issues with
corrosion, precipitation or build-up of backpressure were noted. Furthermore, the exotherm
produced by the reaction was dispersed passively to a sufficient extent such that the active

cooling capabilities were not required. Unexpectedly, however, high variability was seen in
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the composition of the output material as indicated by the fluctuation in conversion observed
as a function of sampling time. While it was expected that the reaction would reach a steady
state within a few minutes at this flow rate, these data suggest otherwise. Furthermore, none
of the samples taken indicated full conversion, despite what previous experimentation may
have suggested. These data prompted extending the residence time to approximately 2

minutes (Table 31).

o} o) o}
oEt __ P OEt OEt
Br Br
Br
4.9 4.10

4.8

Reagents and conditions; (i) NBS, MeCN, irradiation at 400 nm, 100% intensity, ~2 min residence time.

Time point at which output was %Area composition®
analysed (mins) (4.8/4.9/4.10)
5 9/84/7
10 14/79/6
25 32/64/3
30 14/79/6

9Assessed by HPLC with UV-detection at 220 nm.

Table 31 Analysis of output with ~2 min residence time (10 mL/min).

Increasing the residence time led to a corresponding increase in conversion, and analysis of
a sample taken after 5 minutes of continuous running showed essentially full conversion.
Nonetheless, the output composition was still observed to fluctuate over time and
incomplete conversions were noted at the other time-points examined. These results suggest
a lack of homogeneity in the reaction mixture flowing out of the Photochemical DART reactor,
most probably due to insufficient exposure to light. While the fluorinated ethylene propylene
(FEP) stirrer was measured to transmit ~80% of incident light at 400 nm, it is possible that
this attenuation is sufficient in preventing the solution furthest away from the Kessil lamps
from receiving the necessary irradiation, even with reflectors present on the inside of the

aluminium jacket. Having the lamps radially arranged around the reactor would likely solve
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the issue of lacking homogeneity by ensuring all of the solution is irradiated directly, without

loss in intensity during transmission through other components.

The use of IR thermal imaging was also used to gain an understanding of how the exotherm

produced during the process was distributed around the apparatus (Figure 71).

Figure 71 IR thermal imaging (left) and photograph (right) of Photo DART reactor after running

continuously for 15 mins at 2 min residence time; the direction of flow is from left to right.

It had been established previously that following a short induction period, typically less than
10 seconds provided there is adequate irradiadiation, a sharp exotherm would follow.
Therefore following this exotherm may be used to assess which stage of the reactor the
formation of product was most prevalent in. The first half of the reactor, which was irradiated
by two of the four Kessil lamps appeared at approximately 35 °C, suggesting little reactivity
to be taking place. The second half of the reactor by contrast appeared much warmer at
approximately 45 °C, suggesting that this is the stage where the majority of the conversion is
taking place. This protracted induction period also suggests the rate of reactivity to be limited

by the supply of photons rather than mixing or the kinetics of the reaction.

While it was anticipated that conversion could be increased further by lengthening the
residence time, it became clear at this point the Photochemical DART reactor in its current

form would not provide increased throughput compared to the PHIL Pacer, and would be
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more suited to lab-scale, rather than pilot-scale appliations. Nonetheless, the Photochemical
DART reactor provides complimentary capabilities to the PHIL Pacer, including good

toleration of solids as well as the capability of running very long residence times.

The learnings from this scoping experiment have been applied in the design of the next
iteration of this class of reactor, which is currently in development. A computationally

generated model is depicted below (Figure 72).

Figure 72 Computationally generated 3D model of next iteration of Photo DART Reactor design.

In order to address the requirement for more irradiation, the next prototype Photochemical
DART reactor is to incorporate (i) custom made 160 W Kessil lamps in place of the 45 W Kessil
lamps used in the current reactor and (ii) 12 Kessil lamps in total distributed radially with
respect to the reactor to provide both increased and more even irradiation. It is hoped that
these modifications will help realise the longer-term goal of achieving pilot-scale
photochemical reactions in flow. It is also realised, however, that this may be subject to
additional challenges. While the active cooling capability on the Photochemical DART Reactor
was ultimately not used, having twelve 160 W Kessil lamps running at full intensity would
consume a total of almost 2 kW and passive cooling alone may not keep the reactor
sufficiently cool. Success of this ongoing endeavour will ultimately be achieved only if both
chemical and engineering considerations are accounted for, and as such it is believed that
the flexibility provided by this design will facilitate making any future adaptations which may

be deemed necessary.
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2.4 CONCLUSIONS

In summary, the photochemical bromination of two substrates has been examined with the
longer-term goal of developing a scalable process. Benzodiazepine (4.1) was brominated at
what appeared to be the regiochemically less favourable site to give aryl bromide (4.2).
Control experiments were performed to understand the origin behind formation of O-
acylated phenol (4.3), though ultimately a more selective process was not found. This, along
with the high dilutions required resulted in the decision to pause further examination of this

substrate.

Increased process understanding for the benzylic bromination of ethyl 4-methylbenzoate
(4.8) has been obtained. By selecting MeCN as the solvent, reactions could be run at higher
concentration without sacrificing conversion or selectivity. This, along with time course
experimentation allowed for a 5-fold increase in throughput compared to a previous process.
Temperature data showed a measurable exotherm which was ultimately deemed safe due
to the low reactive inventory in the flow set-up and good heat dissipation characteristics. The
work-up procedure was also improved by directly extracting the product into heptane before
crystallisation and isolation. The dibromo side-product (4.10) did not purge well during the
isolation procedure and possible methods for addressing this issue have been outlined. Aside
from the reduction in the number of unit operations, the PMI of this process was reduced by
almost a factor of 4, making this new process the preferred option for further scale-up

activities.

This same benzylic bromination process was also examined in the prototype Photochemical
DART reactor. Though high conversions could be obtained at longer residence times, it
became apparent that more intense illumination would be required in order for this reactor
to deliver multiple kg/day of throughput. These findings have been used to inform the design

of the next iteration of this class of reactors and is to be trialled in due course.
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2.5 FUTURE WORK

Further optimisation of the bromination of benzodiazepine (4.1) is to be performed (Scheme
75). Specifically, identification of a solvent which would enable reactions to be run at higher
concentrations than the reactions run in MeCN and MeCN/AcOH would be favourable
(DMSO, NMP and chlorobenzene to be tested). This would likely be accompanied by a screen
of acidic additives, given that the presence of acetic acid has been shown to alter the reactive
behaviour of benzodiazepine (4.1). Further mechanistic studies are to be performed to
establish whether photochemical or thermal conditions are more favourable towards the

reaction outcome.

H O H O
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Scheme 75 Bromination of benzodiapepine (4.1).

A set of conditions is to be developed to allow for a more selective bromination process and
then to be demonstrated on multiple kilogram scale, either using the PHIL Pacer or the next-

generation photochemical DART reactor.

The benzylic bromination of isochroman (3.11) is another target compound of interest,
particularly given the reported issues with scaling this process.’®® Leveraging the recent
advancements in understanding and operation of photochemical transformations, it is hoped

that these issues may be addressed and thereby enable a previously unfeasible process.
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Scheme 76 Photochemical bromination of isochroman (3.11).2%°

A set of optimised conditions are to be developed using the PHIL Pacer. Scale-up runs may
again then be runin flow both in the PHIL Pacer and the next-generation photochemical DART

reactor.
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3 EXPERIMENTAL

3.1 GENERAL

Anhydrous Solvents: CH,Cl,, THF, 2-MeTHF, EtOH and toluene were obtained from

commercial sources and used without further purification.

Reagents: were purchased from commercial sources and used without further purification

and handled in accordance with COSHH and local regulations.

Infra red spectra: were recorded on a PerkinElImer Spectrum One FT-IR Spectrometer
equipped with a Universal ATR Sampling Accessory. Only selected absorbances (Vmax) are

reported.

ReactIR: was conducted using a Mettler Toledo ReactIR iC10 system with a AgX/DiComp fibre
conduit probe which was attached to a HEL AutoMATE pressure reactor. The scan range was
from 650 — 2200 cm™. IR data was visualised and interpreted using Mettler Toledo iC IR

software v7.0.

NMR spectra: were recorded at 400 MHz (*H), 101 MHz (*3C), 162 MHz (*'P) and 376 MHz
(**F) on a Bruker AMX-400 or at 500 MHz (H), 126 MHz (*3*C) and 202 MHz (*'P) on a Bruker
AMX-500 instrument. Chemical shifts are quoted in parts per million (ppm) and referenced
to the appropriate residual solvent peak for *H and *C: DMSO-d6 (84 =2.50, &¢ = 39.5), CDCls
(6u =7.26, 8¢ = 77.2), CDyCl, (8u = 5.32, 8¢ = 54.0). 3P is referenced externally to 85%
phosphoric acid (8r = 0). °F is referenced externally to CFCls; (8¢ = 0). Coupling constants are

given to the nearest 0.5 Hz.
Melting points: were recorded using Buchi Melting point M-565 apparatus.

TLC: was performed using polyester sheets pre-coated with 0.20 mm of silica gel 60 with

fluorescent indicator purchased from Macherey-Nagel.

Flash Column Chromatography: was performed on a Biotage Isolera Four using cartridges

prepacked with normal phase silica (unless otherwise stated). Elution gradients were
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determined based on retention times observed by TLC. UV response was monitored as an

average of wavelengths between 200 and 400 nm.

HPLC: was performed on an Agilent instrument equipped with a Waters CSH column (30 mm
length, 2.10 internal diameter, 2.5 um packing diameter). The method was run for 5 mins
with a gradient of 97% of 0.05% v/v of trifluoroacetic acid in water / 3% of 0.05% v/v of
trifluoroacetic acid in acetonitrile to 3% of 0.05% v/v trifluoroacetic acid in water / 97% of
0.05% v/v of trifluoroacetic acid in acetonitrile. UV detection was performed at 220 nm

except where otherwise noted.

LCMS (low resolution): was performed on a Waters instrument. The HPLC analysis was
conducted on an Acquity Xselect C18 column (30 mm length, 2.1 mm internal diameter, 2.5
um packing diameter). The method was run for 5 mins with a gradient of 97% of 0.1% v/v of
trifluoroacetic acid in water / 3% of 0.1% v/v of trifluoroacetic acid in acetonitrile to 3% of
0.1% v/v trifluoroacetic acid in water / 97% of 0.1% v/v of trifluoroacetic acid in acetonitrile.
The UV detection was a summed signal from wavelength of 210 nm to 350 nm. The mass

spectrometry was performed on a Waters QDA using positive electrospray ionisation.

LCMS (high resolution): was recorded using an LTQ Orbitrap equipped with a Phenomenex
Luna C18 column (50 mm length, 2.1 mm internal diameter, 3.0 um packing diameter). The
chromatography was run for 10 mins with a gradient of 99% of 0.05% v/v of trifluoroacetic
acid in water / 1% of 0.05% v/v of trifluoroacetic acid in acetonitrile to 1% of 0.05% v/v

trifluoroacetic acid in water / 99% of 0.05% v/v of trifluoroacetic acid in acetonitrile.

CSTR flow reactor: supplied on loan by Autichem Ltd. (number of stages: 7, internal volume:

27 mL).

Prototype Photochemical DART reactor: supplied on loan by Autichem Ltd. (internal volume:

20 mL).

High Resolution Atmospheric Surface Analysis Probe Mass Spectrometry: was performed with

a Thermo Orbitrap Velos Pro.

Mass Directed Automated Preparative HPLC (MDAP): were conducted on a Waters
FractionLynx system comprising of a Waters 600 pump with extended pump heads, Waters
2700 autosampler, Waters 996 diode array, and Gilson 202 fraction collector. The high

performance liquid chromatography (HPLC) separation was conducted on an X-select C18
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column (150 mm x 30 mm internal diameter, 5 um packing diameter) at ambient
temperature, utilising acetonitrile and water modified with ammonium bicarbonate as the
solvent system. The elution gradient was set as appropriate based on the retention times
observed by analytical LCMS. Mass spectra were recorded on a Waters ZQ mass
spectrometer using alternate-scan positive and negative electrospray ionisation (ES+ and
ES—) with a scan range of 100 to 1500 atomic mass units, scan time of 0.50 s, and an inter-

scan delay of 0.25 s.

PHIL Pacer: was obtained from Pacer Components Ltd. Irradiation was performed using the
contiuous wave setting with the specified wavelength and intensity. Screening experiments
were performed using HPLC vials and 48-well plates. Batch scale-up was performed in 50 mL
test tubes. Scale-up using continuous processing was perfomed by passing the reaction
mixture through a glass plate (internal volume: 4.1 mL) using a HPLC pump. Extensive
characterisation information on this equipment has previously been carried out and

documented by Bonfield, Edwards and co-workers.& 18
All pressures are given in bar gauge.

Novel compounds have been characterised as a minimum by IR, *H and *C NMR and HRMS

with additional tests being run as appropriate for the compound.

Literature compounds have been characterised by comparison of *H and 3C NMR as a

minimum against the specified literature reference.
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3.2 COMPUTATIONAL ANALYSIS OF TRANSITION STATE

The MO06-L functional was used with a 6-31G**[LANL2DZ for Ru] for geometry optimisations
in Gaussian 16.%'2 Stationary points were verified as either minima or transition-state
structures by calculation and visualisation of vibrational frequencies. Intrinsic reaction
coordinate (IRC) calculations verified connection between transition states and
intermediates. Reported free energies at 1 atm and room temperature with an ultrafine
integration correspond to M06-L/def2-TZVP//MO06-L/6-31G**[LANL2DZ for Ru]. Continuum
methanol reaction field DFT analysis with the solvation model based on density of the
hydrogenation of methyl trifluoroacetate was performed.?*® Calculations for the transitions

states were run Doo-Hyun Kwon (GSK).

3.3 GENERAL PROCEDURES FOR ESTER REDUCTIONS IN BIOTAGE ENDEAVOR

General Procedure I: Variation of Temperature

To a glass vial was added Ru(PNP)CI>(NHC) (1.51) (14 mg, 0.020 mmol, 0.02 eq.), methyl 2-
naphthoate (2.18) (186 mg, 1.0 mmol, 1.0 eq.), potassium tert-butoxide (0.2 mL, 0.2 mmol,
0.2 eq., 1 M in THF) and THF (2 mL). The vial was placed in a Biotage Endeavor reaction
system, then pressurised with nitrogen (5 bar) and vented (x3), then pressurised with
hydrogen (2 bar) and vented (x3), then pressurised with hydrogen (2 bar) and left to stir at
800 rpm at the specified temperature for 5 h. After being cooled to rt, the vial was purged

with nitrogen. The normalised hydrogen gas uptake curves are shown in Figure 24.

General Procedure Il: Catalyst Screen

To a glass vial was added ruthenium catalyst (masses given in Table 32, 0.025 mmol, 0.01
eq.), methyl 2-naphthoate (2.18) (470 mg, 2.5 mmol, 1.0 eq.), potassium tert-butoxide (0.5
mL, 0.5 mmol, 0.2 eq., 1 M in THF) and 2-MeTHF (3.5 mL). The vial was placed in a Biotage
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Endeavor reaction system, then pressurised with nitrogen (5 bar) and vented (x3), then
pressurised with hydrogen (5 bar) and vented (x3), then pressurised with hydrogen (5 bar)
and left to stir at 700 rpm at 45 °C for 2.5 h. After being left to cool to rt, the vial was purged
with nitrogen. The conversion was assessed using HPLC (Table 13). The hydrogen gas uptake

curves are shown in Figure 25.

Catalyst Mass (mg)
Ru(PNP)CI>(NHC) (1.51) 18
Ru(diEtSNS)Cl,(NHC) (2.1) 12
Ru(din-BuSNS)Cly(NHC) (2.16) 13
Ru(diPhSNS)Cl,(NHC) (2.2) 14

Table 32 Masses of ruthenium catalysts employed.

General Procedure Ill: Solvent Screen

To a glass vial was added Ru(PNP)CI;(NHC) (1.51) (28 mg, 0.039 mmol, 0.02 eq.), methyl 2-
naphthoate (2.18) (370 mg, 2.0 mmol, 1.0 eq.), potassium tert-butoxide (0.40 mL, 0.40 mmol,
0.20 eq., 1 M in THF) and solvent (4 mL). The vial was placed in a Biotage Endeavor, then
pressurised with nitrogen (4 bar) and vented (x3), then pressurised with hydrogen (4 bar) and
vented (x3), then pressurised with hydrogen (2 bar) and left to stir at 700 rpm at 40 °C for 3
h. After being left to cool to rt, the vial was purged with nitrogen and the mixture was passed
through a short silica pad and flushed with EtOAc. The conversion was then assessed using
HPLC (Table 14). This process was performed with THF, 2-MeTHF, toluene, methanol,

ethanol, isopropanol and MeCN.
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General Procedure 1V: for Base Screen

To a glass vial was added Ru(PNP)CI;(NHC) (1.51) (18 mg, 0.025 mmol, 0.01 eq.), methyl 2-
naphthoate (2.18) (470 mg, 2.5 mmol, 1 eq.), base (0.5 mmol, 0.2 eq.) and 2-MeTHF (4 mL).
The vial was placed in a Biotage Endeavor, then pressurised with nitrogen (5 bar) and vented
(x3), then pressurised with hydrogen (5 bar) and vented (x3), then pressurised with hydrogen
(5 bar) and left to stir at 700 rpm at 45 °C for 2.5 hr. After being left to cool to rt, the vial was

purged with nitrogen. The conversion was assessed using HPLC (Table 15).

General Procedure V: Scoping Experimental Design

To a glass vial was added Ru(PNP)Cl,(NHC) (1.51) (0.015 eq.), methyl 2-naphthoate (2.18) (1.0
eq.), potassium tert-butoxide and solvent (made up to 4 mL total volume). Reactions were
run at constant volume to minimise physical differences such as surface area to volume ratio,
mass transfer characteristics, and in order to obtain more consistent gas uptake data. The
vessel was placed in a Biotage Endeavor, then pressurised with nitrogen (4 bar) and vented
(x3), pressurised with hydrogen and vented (x3), heated to the specified temperature and
pressurised with hydrogen and left to stir at 700 rpm for 2.5 h. After being left to cool to rt,
the vessel was purged with nitrogen. This process was repeated with varying quantity of base,
pressure, concentration and temperature. Quantities of reagents and setpoints of

parameters are given in the table below (Table 33).
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General Procedure VI: Robustness Experimental Design

To a glass vial was added Ru(PNP)Cl,(NHC) (1.51) (0.005 eq.), methyl 2-naphthoate (2.18) (1.0
eq.), potassium tert-butoxide and 2-MeTHF (4 mL). Reactions were run at constant volume
to minimise physical differences such as surface area to volume ratio, mass transfer
characteristics, and in order to obtain more consistent gas uptake data. The vial was placed
in a Biotage Endeavor, then pressurised with nitrogen (4 bar) and vented (x3), pressurised
with hydrogen and vented (x3), heated to the specified temperature then pressurised with
hydrogen and left to stir at 700 rpm for 16 h. After being left to cool to rt, the vial was purged
with nitrogen. To the reaction mixtures was added triphenylphosphine oxide as an external
standard and the mixture was made up to 100 mL total volume by addition of 10% water in
methanol to give a homogeneous solution. Assay yields of each component were obtained
by HPLC analysis with UV detection at 225 nm. This process was repeated with varying
guantities of base, pressure, concentration and temperature. Quantities of reagents and

setpoints of parameters are given in the table below (Table 34).

(0]
OH . OH +
(0]

2.19 2.21
OMe ——>
0 0] )<
+
2.22

2.23

Figure 73 Components analysed after subjecting methyl 2-naphthoate (2.18) to hydrogenation

conditions; relative quantities of each shown in Table 34.
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Calculation of HPLC Assay Yields

The following equation was used to calculate ky values for each reaction component:

0,
AopPhs0 . Mpphyo
kx = -
Yox my

Where:

k, is the absorbance ratio of the reaction component
%ppn,o is the %area of triphenylphosphine oxide by HPLC
%.,is the %area of the reaction component by HPLC
Mppp,o is the mass of the triphenylphosphine oxide

m, is the mass of the reaction component
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The following kx values were determined as an average of at least four samples (Table 35).

Triphenyl phosphine oxide was used as the

performed at 225 nm:

external standard and UV detection was

Compound kx Value
(0]
OMe 0.4813
2.18
OH
OO 0.1849
2.19
O
OO OH 0.4271
2.21
(@]
Sepacs IR
2.22
(0] )<
0 0.5543
2.23

Table 35 Caclulated absorbance ratios for components investigated in robustness experimental

design.
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The following equation was used to determine the mass of each component present in

solution:

Yox

my = ky X Mpppo X m
Where:

m, is the mass of the reaction component

k, is the absorbance ratio of the reaction component

Mppp,o is the mass of triphenylphosphine oxide

%ppn,o is the %area of triphenylphosphine oxide by HPLC

%.,is the %area of the reaction component by HPLC

A representative chromatogram is depicted below illustrating the retention times of the

various reaction components (Figure 74).
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General Procedure VII: Pre-mix with Sacrificial Ester Followed by Ester Reduction

To a glass vial was added methyl benzoate (1.52) (34 mg, 0.25 mmol, 0.1 eq.), potassium tert-
butoxide (42 mg, 0.38, 0.15 eq.) and 2-MeTHF (4 mL). The vial was placed in a Biotage
Endeavor and stirred under a sealed nitrogen atmosphere at 50 °C for 2 h. After cooling to rt,
the system was depressurised and charged with Ru(PNP)Cl,(NHC) (1.51) (9 mg, 0.013 mmol,
0.005 eq.) and methyl 2-naphthoate (2.18) (465 mg, 2.5 mmol, 1.0 eq.). The Biotage Endeavor
was sealed, then pressurised with nitrogen (4 bar) and vented (x3), then pressurised with
hydrogen and vented (x3), then heated to 45 °C and pressurised to the specified hydrogen
pressure and left to stir at 700 rpm for 16 h. After being left to cool to rt, the vial was purged
with nitrogen. To the reaction mixture was then added triphenylphosphine oxide as an
external standard and the mixture was made up to 100 mL total volume by addition of 10%
water in methanol to give a homogeneous solution which was analysed by HPLC (Table 36).

This procedure was repeated at different hydrogen pressures.

Entry Hydrogen %product %hydrolysis %transesterification Mass balance

Pressure + %SM accounted for
(bar) (%)
1 5 90 5 4 99
2 7 91 5 0 96

Table 36 Assay yields from pre-mix experiments.

General Procedure VIII: Ester Reductions Performed in Substrate Scope

To a glass vial was added Ru(PNP)CI>(NHC) (1.51), ester, potassium tert-butoxide and 2-
MeTHF. The vial was placed in a Biotage Endeavor, then pressurised with nitrogen (5 bar) and
vented (x3), then pressurised with hydrogen (5 bar) and vented (x3), then pressurised with
hydrogen (5 bar) and left to stir at 700 rpm at 45 °C for 2.5 h except where otherwise noted.
After being left to cool to rt, the vial was purged with nitrogen. The product alcohol was then

purified by chromatography except where otherwise noted (Table 23).
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General Procedure IX: Time-Course Ester Reductions using ReactIR

Methyl benzoate (1.52) (4.0 mL, 32 mmol, 1.0 eq.), base (6.4 mmol, 0.2 eq.), Ru(PNP)CI>(NHC)
(1.51) (23 mg, 0.033 mmol, 0.001 eq.) and 2-MeTHF (96 mL) were charged into a Hastelloy
pressure vessel. The vessel was sealed and IR scans were performed every 5 minutes. The
vessel was pressurised with nitrogen (5 bar) and vented (x3), then pressurised with hydrogen
(5 bar), and vented (x3), then pressurised and maintained with hydrogen (5 bar). The mixture

was heated to 30 °C and the reaction was left to stir overnight before being cooled to rt.

This procedure was repeated varying impeller speed (600, 800 or 1000 rpm) and with the
presence of potassium benzoate (2.72) (1.0 g, 6.4 mmol, 0.2 eq.) as an additive and using

benzaldehyde (3.2 mL, 32 mmol, 1.0 eq.) instead of methyl benzoate.

3.4 GENERAL PROCEDURES FOR PHOTOCHEMICAL BROMINATIONS

General Procedure X: Wavelength Screen for Bromination of Benzodiazepine (4.1)

A stock solution was prepared containing benzodiazepine (4.1) (1.11 g, 2.97 mmol, 1.0 eq.)
and N-bromo succinimide (663 mg, 3.72 mmol, 1.3 eq.) in acetonitrile (45 mL) and acetic acid
(15 mL). 1 mL of this stock solution was dispensed into 6 HPLC vials which were then placed
inside the PHIL Pacer. Irradiation was performed at all wavelengths (365, 385, 405, 420, 450,
525 nm) at 250 mA for 35 mins. Analysis of the reaction mixtures was performed by HPLC

(Table 25). Compounds 4.2 and 4.3 are characterised on page 233.

General Procedure XlI: Wavelength Screen for Benzylic Bromination

A stock solution was prepared containing ethyl 4-methylbenzoate (4.8) (504 mg, 3.07 mmol,
1 eq.) and N-bromo succinimide (562 mg, 3.16 mmol, 1.03 eq.) in acetonitrile (15 mL) and
acetic acid (15 mL). 1 mL of this stock solution was dispensed into 12 HPLC vials which were

then placed inside the PHIL Pacer. Irradiation was performed at all wavelengths (365, 385,
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405, 420, 450, 525 nm) at 200 mA. The first and second rows of vials were removed after 5
mins and 10 min of irradiation, respectively. Analysis of the reaction mixtures was performed

by HPLC (Table 26).

General Procedure Xll: Solvent Screen for Benzylic Bromination

The following stock solutions were prepared:

THF: contained ethyl 4-methylbenzoate (4.8) (186 mg, 1.13 mmol, 1 eq.) and N-bromo
succinimide (203 mg, 1.14 mmol, 1.01 eq.) in THF (10 mL).

2-MeTHF: contained ethyl 4-methylbenzoate (4.8) (163 mg, 0.99 mmol, 1 eq.) and N-bromo
succinimide (192 mg, 1.07 mmol, 1.08 eq.) in 2-MeTHF (10 mL).

EtOAc: contained ethyl 4-methylbenzoate (4.8) (180 mg, 1.10 mmol, 1 eq.) and N-bromo
succinimide (205 mg, 1.15 mmol, 1.05 eq.) in EtOAc (10 mL).

Acetone: contained ethyl 4-methylbenzoate (4.8) (165 mg, 1.01 mmol, 1 eq.) and N-bromo

succinimide (188 mg, 1.05 mmol, 1.05 eq.) in acetone (10 mL).

MeCN: contained ethyl 4-methylbenzoate (4.8) (162 mg, 0.98 mmol, 1 eq.) and N-bromo
succinimide (190 mg, 1.07 mmol, 1.09 eq.) in MeCN (10 mL).

1 mL of each stock solution was dispensed into separate HPLC vials which were then placed
inside the PHIL Pacer. Irradiation was performed at 385 nm and 200 mA for 5 mins. Analysis

of the reaction mixtures was performed by HPLC (Table 27).

General Procedure XlllI: Variation of Concentration for Benzylic Bromination

The following stock solutions were prepared:

0.10 mol/L: contained ethyl 4-methylbenzoate (4.8) (0.82 g, 5.0 mmol, 1 eq.) and N-bromo
succinimide (0.93 g, 5.2 mmol, 1.04 eq.) in THF (50 mL).
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0.30 mol/L: contained ethyl 4-methylbenzoate (4.8) (2.46 g, 15 mmol, 1 eq.) and N-bromo
succinimide (2.80 g, 15.7 mmol, 1.05 eq.) in THF (50 mL).

0.50 mol/L: contained ethyl 4-methylbenzoate (4.8) (4.11 g, 25.1 mmol, 1 eq.) and N-bromo
succinimide (4.67 g, 26.2 mmol, 1.04 eq.) in THF (50 mL).

0.68 mol/L: contained ethyl 4-methylbenzoate (4.8) (4.11 g, 25.1 mmol, 1 eq.) and N-bromo
succinimide (4.67 g, 26.2 mmol, 1.04 eq.) in THF (37 mL).

1 mL of each stock solution was dispensed into separate HPLC vials which were then placed
inside the PHIL Pacer. Irradiation was performed at 405 nm and 300 mA for 5 mins. Analysis

of the reaction mixtures was performed by HPLC (Table 28).

General Procedure XIV: Time-Course Benzylic Brominations in PHIL Pacer

A stock solution was prepared containing ethyl 4-methylbenzoate (4.8) (8.23 g, 50.1 mmol, 1
eq.) and N-bromo succinimide (9.36 g, 52.6 mmol, 1.05 eq.) in acetonitrile (74 mL). 1 mL of
this stock solution was dispensed into sets of 9 HPLC vials which were then placed inside the
PHIL Pacer. Irradiation was performed at 405 nm and the given intensity. Vials were
sequentially removed at the following intervals: 10, 20, 30, 40, 50, 60, 90, 120, 180 s, then
analysed by HPLC (Figure 59). Some vials were equipped with a thermocouple which was

used to log temperature data (Figure 60).

General Procedure XV: Time-Course Benzylic Brominations using Kessil Lamp

A stock solution was prepared containing ethyl 4-methylbenzoate (4.8) (8.23 g, 50.1 mmol, 1
eq.) and N-bromo succinimide (9.36 g, 52.6 mmol, 1.05 eq.) in acetonitrile (74 mL). 4 mL of
this stock solution were dispensed into 4 separate vials equipped with a magnetic stirrer and
thermocouple. The vials were sealed and in turn placed inside an aluminium block, stirred at
1200 rpm and irradiation was performed at 400 nm across all the intensity settings (25%,
50%, 75%, 100%). Samples were taken at the following intervals using a syringe: 10, 20, 30,
40, 50, 60, 90, 120, 180, 300 s, then analysed by HPLC (Figure 62). The thermocouple was
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used to log temperature data (Figure 75). This procedure was repeated using neat

acetonitrile (4 mL) during which time only data from the thermocouple were collected.
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Figure 75 Temperature data for benzylic bromination promoted by irradiation with Kessil lamp at

varying intensities collected as a function of time.

General Procedure XVI: Benzylic Brominations in Photochemical DART Reactor

A stock solution was made up containing ethyl 4-methylbenzoate (4.8) (64.7 g, 394 mmol, 1
eq.) and N-bromo succinimide (74.1 g, 416 mmol, 1.05 eq.) in acetonitrile (576 mL). The
reaction mixture was pumped through the reactor at the appropriate flow-rate (18 mL/min
for residence time of approximately 1 minute; 10 mL/min for residence time of
approximately 2 minutes), the agitator speed was set to 360 rpm and the four 400 nm Kessil

lamps were each set to 100% intensity. Samples collected were analysed by HPLC (Table 30,
Table 31).
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3.5 INDIVIDUAL PROCEDURES

Diethyl 2-(4-(trifluoromethyl)phenyl)thiazole-4,5-dicarboxylate (1.9)

CO,Et

S
N
F2C

3

To a solution of 4-(trifluoromethyl)benzothioamide (2.69) (4.97 g, 24.2 mmol, 1.0 eq.) in
ethanol (8 mL) under an atmosphere of nitrogen was added dropwise diethyl 2-chloro-3-
oxosuccinate (2.70) (5.94 g, 26.7 mmol, 1.1 eq.) in ethanol (5 mL). The mixture was stirred
and heated to 71 °C for 6 h before cooling to rt, and being stirred at this temperature
overnight. 50% aqueous ethanol (10 mL) was added and the resulting precipitate was
collected by filtration. The crude residue was then purified by flash column chromatography
(eluent: 5 to 20% EtOAc/heptane gradient) to afford the product as a white powder (4.41 g,
11.8 mmol, 49%).

1H NMR (400 MHz, CDCls): 6 8.11 (d, 2H, J = 8.5 Hz, 2 x CFsCCHCH), 7.73 (d, 2H, J = 8.5 Hz, 2 x
CFsCCH), 4.99 (q, 2H, J = 7.0 Hz, OCH,CHs), 4.40 (q, 2H, J = 7.0 Hz, OCH,CHs), 1.44 (t, 3H, J =
7.0 Hz, OCH,CHs), 1.39 (t, 3H, J = 7.0 Hz, OCH,CHs);

13C NMR (101 MHz, CDCls): 6 169.3, 163.0, 161.1, 151.2, 135.4, 133.2 (q, e = 33.0 Hz), 129.5,
127.5, 126.3 (q, 3Jer = 4.0 Hz), 123.8 (Q, Ycr = 272.0 Hz), 62.7, 62.6, 14.3, 14.2;

19F NMR (376 MHz, CDCls): 6 —63.0.

Analytical data obtained consistent with that previously reported.*®
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Ru(PNP)CI(NHC) (1.51)

To a solution of RuCly(p-cymene)Cly(NHC) (1.51) (3.49 g, 8.67 mmol, 1.0 eq.) in dry,
deoxygenated ethanol (18 mL) under nitrogen was  added bis(2-
(diphenylphosphino)ethyl)amine (2.4) (4.08 g, 9.24 mmol, 1.1 eq.) and the mixture was
heated to 80 °C for 30 mins before being left to stir overnight at rt. The reaction mixture was
concentrated under reduced pressure and the residue was suspended in ethanol (10 mL) and
heptane (30 mL). The resulting precipitate was collected by filtration under an inert
atmosphere, washed with heptane (30 mL) and ethyl acetate (30 mL), then died under
reduced pressure at 40 °C overnight to afford the product as a free-flowing yellow powder

(3.42 g, 4.82 mmol, 56%).
Vmax (neat): 1432, 822, 695, 663 cm™%;

1H NMR (500 MHz, CD5Cl,): & 7.41 — 7.21 (m, 20H, Ph-H), 6.82 — 6.79 (m, 2H, HC=CH), 4.35 —
4.25 (m, 1H, NH), 3.47 —3.21 (m, 4H, CHNCH.), 3.20 (s, 3H, NCHs), 3.12 — 3.01 (m, 2H, PCH,),
3.06 (s, 3H, NCHs), 2.73 — 2.61 (m, 2H, PCH.);

13C NMR (126 MHz, CD,Cl,): 6 183.7 (t, e = 11.5 Hz), 138.7 (T, YUce = 18.4 Hz), 137.7 (T, Ucr
=17.2 Hz), 134.2 (t, Jep = 5.3 Hz), 129.3, 129.2, 128.1 (t, Jep = 4.3 Hz), 128.0 (t, Jep = 4.3 Hz),
123.2,123.1, 50.5 (t, Jep = 2.6 Hz), 40.4, 39.7, 34.5 (t, Jep = 10.3 Hz);

31p{1H} NMR (202 MHz, CD,Cl,): § 42.9.

Analytical data consistent with that previously reported.%
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Benzyl alcohol (1.53)

@AOH

Procedure A

To a suspension of Ru(PNP)CI(NHC) (1.51) (18 mg, 0.026 mmol, 0.026 eq.) in dry,
deoxygenated THF (2 mL) under nitrogen was added methyl benzoate (0.13 mL, 1.0 mmol,
1.0 eq.), and potassium tert-butoxide (0.20 mL, 0.20 mmol, 0.2 eq., 1 M in THF). The flask was
evacuated and then back filled with hydrogen (4 x 1 atmosphere). The reaction mixture was
heated to 50 °C and stirred for 16 h, then left to cool to rt. The reaction mixture was
concentrated and the crude residue was purified by flash column chromatography (eluent: 0
to 30% EtOAc/heptane gradient) to afford the product as a clear, colourless liquid (35 mg,
0.32 mmol, 31%).

1H NMR (400 MHz, CDCl3): & 7.40 — 7.27 (m, 5H, 5 x ArH), 4.70 (d, 2H, J = 5.5 Hz, CH,), 1.69
(br.s, 1H, OH);

13C NMR (101 MHz, CDCls): 6 141.0, 128.7, 127.8, 127.1, 65.5.

Analytical data consistent with that previously reported.1%*

Procedure B

This was carried out according to General Procedure VIII starting with Ru(PNP)CIz(NHC) (1.51)
(28 mg, 0.039 mmol, 0.016 eq.), tert-butyl benzoate (2.25) (442 mg, 2.48 mmol, 1.0 eq.),
potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5 mL).
The crude conversion was assessed to be > 90% by HPLC. The crude residue was purified by
flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a clear, colourless oil (155 mg, 1.43 mmol, 58%).
Analytical data consistent with that described in Procedure A.
Procedure C

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(3.3 mg, 0.0047 mmol, 0.0022 eq.), benzyl benzoate (2.24) (445 mg, 2.10 mmol, 1.0 eq.),
potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5 mL).

The crude conversion was assessed to be > 95% by HPLC. The crude residue was purified by
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flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a clear, colourless oil (303 mg, 2.80 mmol, 67%).

Analytical data consistent with that described in Procedure A.

(2,2-Difluorobenzo[d][1,3]dioxol-5-yl)methanol (1.56)

o)

(™

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(18 mg, 0.025 mmol, 0.010 eq.), methyl 2,2-difluorobenzo[d][1,3]dioxole-5-carboxylate
(1.55) (550 mg, 2.54 mmol, 1.0 eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq.,
1 M in THF) and 2-MeTHF (3.5 mL). The reduction was performed at 50 °C. The crude
conversion was assessed to be >90% by HPLC. The crude residue was purified by flash column
chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the product as a pale
yellow oil (357 mg, 1.90 mmol, 75%).

1H NMR (400 MHz, CDCls): § 7.12 (s, 1H, ArH), 7.07 = 7.00 (m, 2H, 2 x ArH), 4.67 (d, 2H, J = 4.5
Hz, CH,), 1.79 (t, 1H, J = 4.5 Hz, OH);

13C NMR (101 MHz, CDCls): 6 144.2, 143.3, 137.2, 131.8 (T, Ycr = 256 Hz), 122.1, 109.4, 108.6,
64.9;

19E{'H} NMR (376 MHz, CDCls): 6 =50.1.

Analytical data consistent with that previously reported.?**
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Ru(diEtSNS)Cl>(NHC) (2.1)

N

EtS—Ru-SEt
Cl
MeN NMe

To a suspension of bis(2-(ethylthio)ethyl)amine hydrochloride (2.5-HCI) (311 mg, 1.35 mmol)
in DCM (5 mL) was added aqueous sodium hydroxide (5 mL, 4 M) and the mixture was stirred
at rt for 30 mins. The organic layer was separated and concentrated to dryness to afford the

free-base.

The free-base, bis(2-(ethylthio)ethyl)amine (2.5) (177 mg, 0.915 mmol, 1.1 eq.) was dissolved
in dry, deoxygenated ethanol (3 mL) under nitrogen and to this was added Ru(p-
cymene)Cl(NHC) (2.13) (351 mg, 0.872 mmol, 1.0 eq.) and the mixture was stirred and
heated to 70 °C overnight before being left to cool to rt. Dry, degassed heptane (2 mL) was
added to the mixture and was stirred for 5 mins before decanting the liquid phase using a
filtered cannula. Additional heptane (5 mL) was added and stirred followed by decanting the
liquid phase using a filtered cannula. The residue was dried under reduced pressure to afford

the product as an orange powder (308 mg, 0.667 mmol, 77%).
M.pt.: decomposes >147 °C;
Vmax (neat): 3179, 2920, 1624, 1223, 1080, 966 cm™;

1H NMR (500 MHz, CDCl3): & 6.86 (s, 2H, HC=CH), 4.25 — 4.13 (m, 1H, NH), 4.08 (s, 6H, 2 x
NCHs), 3.45 — 2.42 (m, 12H, 6 x CH,), 1.11 (t, 3H, J = 7.5 Hz, SCH,CH), 0.96 (t, 3H, J = 7.5 Hz,
SCH,CHs);

13C NMR (126 MHz, CDCls): 6 186.3, 122.9, 48.4, 47.5, 40.5, 39.6 (br.), 38.8, 29.3, 27.0, 12.2,
11.7;

HRMS: (C13H,7N35*Cl,%°RuS;) [M*] requires 455.0094, found [M*] 455.0106.
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Ru(diPhSNS)CI>(NHC) (2.2)

H
N ci
PhS—Ru-SPh
Cl
MeN NMe

To a suspension of bis(2-(phenylthio)ethyl)amine hydrochloride (2.6-HCI) (516 mg, 1.58
mmol) in DCM (7 mL) was added aqueous sodium hydroxide (5 mL, 4 M) and the mixture was
stirred at rt for 30 mins. The organic layer was separated and concentrated to dryness to

afford the free-base.

The free-base, bis(2-(phenylthio)ethyl)amine (2.6) (312 mg, 1.08 mmol, 4.0 eq.) was
dissolved in dry, deoxygenated ethanol (3 mL) under nitrogen and to this was added Ru(p-
cymene)Cly(NHC) (2.13) (428 mg, 1.06 mmol, 1.0 eq.) and the mixture was stirred and heated
to 75 °C for three days before being left to cool to rt. Dry, degassed heptane (10 mL) was
added to the mixture and was stirred for 5 mins before decanting the liquid phase using a
filtered cannula. Additional heptane (2 x 5 mL) was added and stirred followed by decanting
the liquid phase using a filtered cannula. The residue was dried under reduced pressure to

afford the product as an orange powder (62 mg, 0.11 mmol, 41%).
M.pt.: decomposes >150 °C;
VYmax (neat): 3163, 2945, 1580, 1449, 1227, 1078, 991, 741, 685 cm™%;

'H NMR (500 MHz, CDCl3): § 7.52 — 7.35 (m, 4H, 4 x ArH), 7.25 — 7.15 (m, 6H, 6 x ArH), 6.92
(s, 2H, HC=CH), 4.66 —4.49 (m, 1H, NH), 4.04 (br. s, 6H, 2 x NCH3), 3.74 —3.15 (m, 8H, 4 x CH,);

13C NMR (126 MHz, CDCls): 6 185.4, 135.3, 130.4 (br. s), 128.8, 128.0, 123.3, 48.6, 39.3;

HRMS: (C21H,7N33°Cl,%RUS;) [M*] requires 551.0094, found [M*] 551.0105.
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Bis(2-(diphenylphosphino)ethyl)amine (2.4)

thP/\/H\/\PPhZ

To a suspenson of bis(2-(diphenylphosphino)ethyl)amine hydrochloride (2.4-HCl) (701 mg,
1.47 mmol) in DCM (10 mL) was added aqueous sodium hydroxide (10 mL, 2.5 M) and the
resulting solution was stirred for 30 mins. The organic layer was separated and the aqueous
layer was extracted with DCM (2 x 5 mL). The combined organic phases were washed with
saturated brine, dried over sodium sulfate, filtered and concentrated under reduced pressure

to afford the product as a clear, thick oil (504 mg, 1.14 mmol, 78%).

1H NMR (400 MHz, CDCls): & 7.45 — 7.28 (m, 20H, 20 x ArH), 2.71 (q, 4H, J = 8.0 Hz, CH.NCH.),
2.25-2.19 (m, 4H, CH>CH,NCH,CH,), 1.34 (br. s, 1H, NH);

13C NMR (101 MHz, CDCl3): 6 138.5 (D, Yep = 12.5 Hz), 132.8 (d, Yep = 19.0 Hz), 128.7 (d, e
=20.0 Hz), 126, 46.5 (D, Ycp = 21.0 Hz), 29.1. (d, e = 12.0 Hz).

Analytical data consistent with that previously reported.?®
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Bis(2-(diphenylphosphino)ethyl)amine hydrochloride (2.4-HCI)

thP/\/H\/\PPhZ § el

To a suspension of KOt-Bu (9.1 g, 81 mmol, 3.1 eq.) in dry, deoxygenated THF (162 mL) under
nitrogen was added dropwise diphenylphosphine (9.1 mL, 52 mmol, 2.0 eq.). The reaction
mixture was left to stir at rt for 5 mins before portionwise addition of bis(2-chloroethyl)amine
hydrochloride (2.8:HCl) (4.6 g, 26 mmol, 1.0 eq.). The reaction was heated to reflux for 22 h,
then cooled to rt, the reaction mixture was added to heptane (250 mL). This was washed with
aqueous sodium hydroxide (300 mL, 2.5 M) and saturated brine (230 mL). The organic layer
was separated and to this was added aqueous hydrochloric acid (250 mL, 3 M). This caused
formation of a white precipitate which was isolated by filtration. The resulting solids were
recrystallised from acetonitrile (190 mL) under nitrogen, and dried at 40 °C under reduced

pressure to afford the product as white crystals (6.3 g, 13 mmol, 51%).
M. pt. (acetonitrile): 170.8 — 174.0 °C [lit.}*3: 174.5 — 175.5 °C (acetonitrile)];
Vmax (N€at): 2714, 1456, 1432, 1044, 695 cm™;

1H NMR (400 MHz, CDCl3): § 9.92 (s, 2H, NH,), 7.36 — 7.30 (m, 20H, 20 x ArH), 2.99 — 2.86 (m,
4H, CH,NCH.), 2.56 — 2.48 (m, 4H, CH>CH;NCH,CH.);

13C NMR (101 MHz, CDCls): 6 136.2 (D, Yep = 12.0 Hz), 132.8 (d, Ycp = 19.0 Hz), 129.4, 129.0
(d, 3Jep = 7.0 Hz), 44.4 (d, Ucp = 27.0 Hz), 24.0 (D, Ycp = 16.0 Ha);

31p{1H} (161 MHz, CDCls): § —21.07.

Analytical data consistent with that previously reported.*3
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Bis(2-(ethylthio)ethyl)amine hydrochloride (2.5-HCI)

EtS/\/H\/\SEt § el

To a solution of sodium hydroxide (11.1 g, 278 mmol, 4.9 eq.) in deoxygenated methanol (50
mL) under nitrogen was added ethanethiol (11 mL, 149 mmol, 2.7 eq.) and the mixture was
left to stir for 30 mins. To this was added a solution of bis(2-chloroethyl)amine hydrochloride
(2.8-HCI)(10 g, 56 mmol, 1.0 eq.) in methanol (40 mL) over 5 mins and the reaction was left
to stir at 35 °C for three days. The reaction mixture was concentrated and the residue was
suspended in pentane (200 mL) and passed through a plug of basic alumina. To the resulting
clear solution was added aqueous hydrochloric acid (100 mL, 3 M). The resulting precipitate
was recrystallised from toluene (60 mL), collected by filtration, washed with pentane (200
mL) and dried under reduced pressure to afford the product as an off-white solid (7.55 g, 33

mmol, 58%).

H NMR (500 MHz, CDCls): 6 9.72 (br. s, 2H, NH,), 3.27 — 3.16 (m, 4H, CH.NCH,), 3.03 (t, 4H,
J = 7.5 Hz, CH,CH,NCH,CH>), 2.61 (g, 4H, J = 7.5 Hz, 2 x SCH,CHs), 1.28 (t, 6H, J = 7.5 Hz, 2 x
SCH,CHs);

13C NMR (126 MHz, CDCl5): 6 47.2, 27.2, 26.2, 14.8.

Analytical data consistent with that previously reported.1%
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Bis(2-(phenylthio)ethyl)amine hydrochloride (2.6-HCI)

PhS/\/H\/\SPh § el

To a solution of sodium hydroxide (11.0 g, 275 mmol, 4.9 eq.) in deoxygenated methanol (50
mL) under nitrogen was added thiophenol (16 mL, 156 mmol, 2.8 eq.) and the mixture was
left to stir for 30 mins. To this was added a solution of bis(2-chloroethyl)amine hydrochloride
(2.8:HCI)(10 g, 56 mmol, 1.0 eq.) in methanol (40 mL) over 5 mins and the reaction was left
to stir at 35 °C for three days. The reaction mixture was concentrated and the residue was
suspended in pentane (200 mL) and passed through a plug of basic alumina. To the clear
solution was added aqueous hydrochloric acid (100 mL, 3 M) and the resulting precipitate
was recrystallised from toluene (60 mL), collected by filtration, washed with pentane (200
mL) and dried under reduced pressure to afford the product as a white solid (7.3 g, 25 mmol,

45%).

'H NMR (500 MHz, CDCl3): 6 9.90 (br. s, 2H, NH,), 7.37 — 7.34 (m, 4H, 4 x SCCH), 7.30 (t, 4H,
J=8.0 Hz, 4 x SCCHCH), 7.24 (tt, 4H, 2H, J = 7.5, 2.0 Hz, 2 x SCCHCHCH), 3.39 (t, 4H, J = 7.5 Hz,
CH,CH,NCH,CH,), 3.17 — 3.06 (m, 4H, CH,NCH-);

13C NMR (126 MHz, CDCls): 6 133.0, 130.8, 129.6, 127.6, 46.9, 29.7.

Analytical data consistent with that previously reported.1%
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Bis(2-(n-butylthio)ethyl)amine hydrochloride (2.10-HCI)

”BuS/\/H\/\S”Bu ¢ el

To a solution of sodium hydroxide (8.20 g, 205 mmol, 3.3 eq.) in deoxygenated methanol (50
mL) under nitrogen was added 1-butanethiol (14.5 mL, 135 mmol, 2.2 eq.) and the mixture
was left to stir for 30 mins. To this was added a solution of bis(2-chloroethyl)amine
hydrochloride (2.8:-HCI) (11 g, 62 mmol, 1.0 eq.) in methanol (50 mL) over 15 mins and the
reaction was left to stir at rt for three days. The reaction mixture was concentrated and the
residue was suspended in hexane (200 mL) and passed through a plug of basic alumina. To
the clear solution was added aqueous hydrochloric acid (100 mL, 2 M) and the resulting
precipitate was recrystallised from toluene (50 mL), collected by filtration, washed with
hexane (150 mL) and dried under reduced pressure to afford the product as a white solid

10.2 g, 35.7 mmol, 58%).
( g , )

H NMR (500 MHz, CDCl3): § 9.76 (br. s, 2H, NH,), 3.23 — 3.14 (m, 4H, CHaNH.), 3.02 (t, 4H, J
= 7.5 Hz, CH,CH,NCH,CH,), 2.58 (t, 4H, J = 7.5 Hz, 2 x NCH,CH,SCH.), 1.58 (apparent quint.,
4H, J = 7.5 Hz, 2 x SCH,CH2CH,CHs), 1.41 (apparent sextet, 4H, J = 7.5 Hz, 2 x SCH,CH,CH2CH),
0.92 (t, 6H, J = 7.5 Hz, 2 x SCH,CH,CH,CHs);

13C NMR (126 MHz, CDCl3): 6 47.1, 32.1, 31.7, 27.8, 22.0, 13.8.

Analytical data consistent with that previously reported.?*®

206



RuCl,(p-cymene)Cl,(NHC) (2.13)

cl
C|’Ru7/NMe
MeN\/
To a solution of dichloro(p-cymene)ruthenium(ll) dimer (2.11) (5.14 g, 8.39 mmol, 1.0 eq.) in
dry, deoxygenated DCM (80 mL) under nitrogen was added 1,3-dimethylimidazol-2-ylidene
silver iodide (2.15) (5.80 g, 17.5 mmol, 2.1 eq.) and left to stir for 6 h at rt. The reaction
mixture was then passed through a pad of diatomite rinsing with additional DCM (7 mL) to
remove the precipitated Agl. The resulting dark solution was concentrated under reduced

pressure to afford the product as an orange powder (6.54 g, 16.3 mmol, 97%).
Vmax (Neat): 3095, 1457, 1229, 762, 685 cm™;

1H NMR (400 MHz, CD,Cl,): & 7.03 (s, 2H, HC=CH), 5.39 (d, 2H, J = 5.7 Hz, 2 x (CH3),CHCCH),
5.06 (d, 2H,J = 5.7 Hz, 2 x CHsCCH), 3.96 (s, 6H, 2 x NCH3), 2.92 (sept., 1H, J = 6.9 Hz, (CHs),CH),
1.98 (s, 3H, ArCHs), 1.25 (d, 6H, J = 6.9 Hz, (CHs),CH);

13C NMR (101 MHz, CD,Cl,):  174.6, 124.3, 110.0, 99.4, 86.3, 82.5, 40.0, 31.4, 22.7, 19.0.

Analytical data consistent with that previously reported.'%
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1,3-Dimethylimidazol-2-ylidene silver iodide (2.15)

IAg.__Ne

wol
Silver oxide (7.86 g, 33.9 mmol, 1.00 eq.), 1,3-dimethylimidazolium iodide (2.14) (15.0 g, 67.0
mmol, 2.0 eq.) and DCM (60 mL) were added to a miniclave pressure vessel. The miniclave
was pressurised with nitrogen (3 bar) and vented (x3), then pressurised with nitrogen (1 bar)
and heated to 55 °C and left to stir overnight. After leaving the reaction mixture to cool to rt,
the cream coloured suspension was filtered. The resulting solids were suspended in DMSO
(85 mL) and heated to 125 °C. A hot filtration was performed, and the liquors were left to
cool to rt. The precipitated solids were collected by filtration, washed with DCM (45 mL) and
dried under reduced pressure at 45 °C to afford the product as a white powder (17.0 g, 51.3

mmol, 77%).

Vmax (neat): 2934, 1463, 1225, 741 cm™;

'H NMR (400 MHz, DMSO-de): 6 7.42 (s, 2H, HC=CH), 3.81 (s, 6H, 2 x NCH3);
13C NMR (101 MHz, DMSO-ds): 6 181.3, 122.9, 37.9.

Analytical data consistent with that previously reported.'#®
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Ru(din-BuSNS)CI>(NHC) (2.16)

H
<Ny
n-BuS—/Ru-Sn-Bu

Cl
MeN NMe

To a suspension of bis(2-(n-butylthio)ethyl)amine hydrochloride (2.10-HCl) (393 mg, 1.37
mmol) in DCM (6 mL) was added aqueous sodium hydroxide (5 mL, 4 M) and the mixture was
stirred at rt for 30 mins. The organic layer was separated and concentrated to dryness to

afford the free-base.

The free-base, bis(2-(n-butylthio)ethyl)amine (2.10) (281 mg, 1.13 mmol, 1.1 eq.) was
dissolved in dry, deoxygenated ethanol (3 mL) under nitrogen and to this was added Ru(p-
cymene)Cl(NHC) (2.13) (428 mg, 1.06 mmol, 1.0 eq.) and the mixture was stirred and heated
to 70 °C overnight before being left to cool to rt. Dry, degassed heptane (9 mL) was added to
the mixture and was stirred for 5 mins before decanting the liquid phase using a filtered
cannula. Additional heptane (5 mL) was added and stirred followed by decanting the liquid
phase using a filtered cannula. The residue was dried under reduced pressure to afford the

product as an orange powder (329 mg, 0.636 mmol, 60%).
M.pt.: decomposes >130 °C;
Vmax (neat): 3184, 2928, 1726, 1520, 1450, 1144, 993,729 cm™;

1H NMR (500 MHz, CDCls): & 6.86 (s, 2H, HC=CH), 4.24 — 4.13 (m, 1H, NH), 4.07 (s, 6H, 2 x
NCHs), 3.42 — 2.40 (m, 12H, 6 x CHa), 1.57 — 1.25 (m, 8H, 4 x CH,), 0.90 — 0.76 (m, 6H, 2 x
CHzCHg),‘

13C NMR (126 MHz, CDCls): 6 186.5, 122.9, 48.4, 47.4, 40.5, 39.4 (br.), 38.5, 35.5, 33.1, 29.8,
29.4, 22.3,22.2,14.0;

HRMS: (Ci7H35N3*Cl,%°RuS;) [M*] requires 511.0720, found [M*] 511.0715.
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Ru(PNP)(NHC)BH (2.17)

H
Ny
Ph,P—Ru-PPh,
H;B—H
MeN NMe
\—/

To a Schlenk flask was added Ru(PNP)CI,(NHC) (1.51) (149 mg, 0.210 mmol, 1.0 eq.) and THF
(3 mL) under nitrogen. Lithium borohydride (26.1 mg, 1.20 mmol, 5.7 eq.) was added portion
wise and the mixture was left to stir overnight at rt. 3!P NMR indicated complete consumption
of starting material and formation of a single product. The product was characterised as a

brown solution in THF.

'H NMR (400 MHz, THF-ds): § 7.54 — 7.14 (m, 20H, Ph-H), 6.70 (d, 1H, J = 2.0 Hz, C=C-H), 6.65
(d, 1H, J = 2.0 Hz, C=C-H), 4.65 (m, 1H, NH), 3.47 —3.30 (m, 2H, CH,), 3.28 (s, 3H, NCHs), 2.92
(s, 3H, NCHs), 2.72 — 2.32 (m, 6H, 3 x CH;), —1.65 — —2.73 (m, 4H, BH4), =16.06 (t, 1H, Yn» =
21.5 Hz, Ru-H);

13C NMR (101 MHz, THF-ds): & 144.6 (t, Jcp = 18.0 Hz), 140.6 (t, Jep = 15.5 Hz), 134.1 (t, Jep =
6.5 Hz), 132.9 (t, Jep = 6.0 Hz), 129.1, 129.0, 1 (t, Jep = 4.0 Hz), 128.5 (t, Jep = 4.0 Hz), 128.3
(t, Jep = 4.0 Hz), 54.2 (t, Jep = 5.0 Hz), 40.3, 39.1, 34.9 (t, Jcp = 10.0 Hz);

31p{1H} NMR (162 MHz, THF-ds): & 58.0.

N.B. Further characterisation data could not be obtained due to the instability of the

complex.
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Naphthalen-2-ylmethanol (2.19)

OH

To a glass vial was added Ru(PNP)CI,(NHC) (1.51) (22.8 mg, 0.032 mmol, 0.016 eq.), methyl
2-naphthoate (2.18) (371 mg, 1.99 mmol, 1.0 eq.), potassium tert-butoxide (0.4 mL, 0.4
mmol, 0.20 eq., 1 M in THF) and THF (4 mL). The vial was placed in a Biotage Endeavor, then
pressurised with nitrogen (5 bar) and vented (x3), then pressurised with hydrogen (2 bar) and
vented (x3), then pressurised with hydrogen (2 bar) and left to stir at 700 rpm at 40 °C for 3
h. The reaction mixture was cooled to rt, and the vial was purged with nitrogen (3 x 5 bar).
The reaction mixture was concentrated and purified by flash column chromatography
(eluent: 5 to 20% EtOAc/heptane gradient) to afford the product as a white solid (227 mg,
1.43 mmol, 72%).

1H NMR (400 MHz, CDCls): § 7.88 — 7.78 (m, 4H, 4 x ArH), 7.52 — 7.44 (m, 3H, 3 x ArH), 4.86
(d, 2H, J = 6.0 Hz, CH,), 1.80 (t, 1H, J = 6.0 Hz, OH);

13C NMR (101 MHz, CDCls): & 138.5, 133.5, 133.1, 128.5, 128.0, 127.9, 126.4, 126.1, 125.6,
125.3, 65.7.

Analytical data consistent with that previously reported.?*’
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Formation of ruthenium hydride species (2.20)

H
N H
Ph,P—Ru~-PPh,
H
MeN NMe

tentative structure

To a NMR tube was added Ru(PNP)CI,(NHC) (1.51) (2.6 mg, 3.7 umol, 1.0 eq.), potassium tert-
butoxide (4.1 mg, 37 umol, 10 eq.) and THF-ds (0.25 mL) under nitrogen. The mixture was
sonicated before being evacuated and backfilled with hydrogen gas. After 1 h complete
consumption of the starting material and formation of a single new product was observed by

31p NMR. The product was characterised as a pale yellow solution in THF-ds.

1H NMR (400 MHz, THF-ds): discernible data § 7.71—7.11 (m, Ph-H), 6.89 — 6.86 (m, HC=CH),
4.40—4.27 (m, NH), 3.40 (s, NCHs), 3.23 (s, NCHs), 3.21—2.05 (m, 4 x CH,), =7.33 (td, J = 21.0,
9.5 Hz, Ru-H) , =7.75 (td, Yup = 21.0, 9.5 Hz, Ru-H).

31p{!H} NMR (162 MHz, THF-ds): & 68.6.

N.B. Although clean conversion to a new signal by 3P NMR indicated complete conversion,
satisfactory integrations could not be obtained for the *H NMR spectrum due to the high

dilution of the reaction and complexity of the data.
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Naphthalen-2-ylmethyl 2-naphthoate (2.22)

0]

C 0

To a suspension of 2-naphthoic acid (2.21) (3.00 g, 17.4 mmol, 1.0 eq.) in anhydrous toluene
(10 mL) was added dropwise thionyl chloride (2.54 mL, 34.8 mmol, 2 eq.). The mixture was
heated to 92 °C for 3 h, during which time a clear solution formed, before being left to cool
to rt. The solvent was removed under reduced pressure and then DCM (10mL) was added.
To this was added dropwise naphthalen-2-yl methanol (2.19) (1.70 g, 11 mmol, 0.61 eq.) in a
mixture of DCM (5 mL) and triethylamine (4.8 mL) at 0 °C and left to stir overnight while
slowly warming to rt. DCM (20 mL) and water (20 mL) were added. The organic layer was
separated and washed with aqueous hydrochloric acid (20 mL, 1 M) and saturated brine (20
mL), dried over sodium sulfate, filtered and concentrated under reduced pressure. The
residue was purified by flash column chromatography (eluent: 10 to 40% EtOAc/heptane

gradient) to afford the product as a white crystalline solid (0.92 g, 3.0 mmol, 17%).

1H NMR (400 MHz, CDCls): 6 8.68 (s, 1H, ArH), 8.13 (dd, 1H, J = 8.5, 1.5 Hz, ArH), 7.99 — 7.84
(m, 7H, 7 x ArH), 7.65 — 7.48 (m, 5H, 5 x ArH), 5.61 (s, 2H, CH>);

13C NMR (101 MHz, CDCls): & 166.8, 135.7, 133.7, 133.4, 133.3, 132.6, 131.4, 129.5, 128.6,
128.4,128.3,128.2,127.91, 127.88, 127.6, 127.5, 126.8, 126.5, 126.4, 126.1, 125.5, 67.2.

Analytical data obtained consistent with that previously reported.?®
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tert-Butyl 2-naphthoate (2.23)

seaa

To a suspension of 2-naphthoic acid (2.21) (2.01 g, 11.7 mmol, 1.0 eq.) and DMF (1 drop) in
DCM (10 mL) was added dropwise oxalyl chloride (1.2 mL, 13.7 mmol, 1.2 eq.). Once
effervescence had ceased, the reaction mixture was concentrated and DCM (5 mL) was
added followed by diisopropyl ethylamine (2.3 mL, 13.2 mmol, 1.1 eq.) and tert-butanol (1.2
mL, 12.7 mmol, 1.1 eq.) and the mixture was left to stir at rt overnight. Potassium tert-
butoxide (10 mL, 10 mmol, 1 M in THF) was added dropwise and the mixture was left to stir
for 1 h at rt. Water (20 mL) and DCM (30 mL) were then added and the organic layer was
separated and concentrated. The crude residue was then purified by flash column
chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the product as a
cream coloured solid (1.63 g, 7.14 mmol, 61%).

1H NMR (400 MHz, CDCls): & 8.54 (s, 1H, ArH), 8.02 (dd, 1H, J = 8.5, 1.5 Hz, ArH), 7.95 (d, 1H,
J=8.0 Hz, ArH), 7.89 — 7.84 (m, 2H, 2 x ArH), 7.60 — 7.50 (m, 2H, 2 x ArH), 1.65 (s, 9H, 3 x CHs);

13C NMR (101 MHz, CDCl3): 6 166.1, 135.4, 132.7, 130.8, 129.4, 129.4, 128.1, 128.0, 127.8,
127.6, 125.5, 81.3, 28.4.

Analytical data obtained consistent with that previously reported.?*®
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o-Tolylmethanol (2.27)

@\AOH

This was carried out according to General Procedure VIl starting with Ru(PNP)CI>(NHC) (1.51)
(29 mg, 0.040 mmol, 0.016 eq.), methyl 2-methylbenzoate (2.26) (0.35 mL, 2.5 mmol, 1.0
eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5
mL). The crude conversion was assessed to be >50% by HPLC. The crude residue was purified
by flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a colourless oil (51 mg, 0.42 mmol, 17%).

1H NMR (400 MHz, CDCl): & 7.40 — 7.32 (m, 1H, ArH), 7.25 — 7.14 (m, 3H, 3 x ArH), 4.71 (s,
2H, CH,), 2.37 (s, 3H, CHa);

13C NMR (101 MHz, CDCl5): 6 138.8, 136.3, 130.5, 128.0, 127.7, 126.2, 63.7, 18.8.

Analytical data consistent with that previously reported.??°

Cyclohex-3-en-1-ylmethanol (2.29)

@AOH

This was carried out according to General Procedure VIII starting with Ru(PNP)CIz(NHC) (1.51)
(28 mg, 0.039 mmol, 0.015 eq.), methyl cyclohex-3-ene-1-carboxylate (2.28) (361 mg, 2.58
mmol, 1.0 eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-
MeTHF (3.5 mL). The crude residue was purified by flash column chromatography (eluent: 10
to 80% EtOAc/heptane gradient) to afford the product as a colourless oil (112 mg, 0.994

mmol, 39%).

H NMR (400 MHz, CDCls): & 5.72 — 5.63 (m, 2H, 2x C=CH), 3.49 — 3.58 (m, 2H, CH,OH), 2.71
—1.68 (m, 6H, 3 x CH,), 1.44 (br. s, 1H, OH), 1.34 — 1.22 (m, 1H, CHCH,OH);

13C NMR (101 MHz, CDCl5): 6 127.3, 126.0, 68.0, 36.5, 28.2, 25.3, 24.8.

Analytical data consistent with that previously reported.?!
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(4-Ethylphenyl)methanol (2.31)

S

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(30 mg, 0.042 mmol, 0.016 eq.), methyl 4-vinylbenzoate (2.30) (415 mg, 2.56 mmol, 1.0 eq.),
potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5 mL).
The crude conversion was assessed to be > 80% by HPLC. The crude residue was purified by
flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a colourless oil (80 mg, 0.58 mmol, 23%).

'H NMR (400 MHz, CDCls): § 7.29 (d, 2H, J = 8.0 Hz, 2 x HOCH,CCH), 7.20 (d, 2H, J = 8.0 Hz, 2
x HsCCH,CCH), 4.66 (s, 2H, CH3), 2.66 (q, 2H, J = 7.5 Hz, H3CCH-), 1.64 (br. s, 1H, OH), 1.24 (t,
3H, J = 7.5 Hz, CHs);

13C NMR (101 MHz, CDCl5): 6 144.0, 138.3, 128.2, 127.3, 65.5, 28.7, 15.8.

Analytical data consistent with that previously reported.???

1,4-Phenylenedimethanol (2.33)

OH
HO

This was carried out according to General Procedure VIII starting with Ru(PNP)CI>(NHC) (1.51)
(29 mg, 0.040 mmol, 0.016 eq.), methyl 4-(hydroxymethyl)benzoate (2.32) (430 mg, 2.50
mmol, 1.0 eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-
MeTHF (3.5 mL). The crude conversion was assessed to be > 95% by HPLC. The crude residue
was purified by flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient)
to afford the product as a white powder (226 mg, 1.63 mmol, 63%).

1H NMR (400 MHz, CDCls): 6 7.37 (s, 4H, 4 x ArH), 4.70 (s, 4H, 2 x CH,), 1.63 (br. s, 2H, 2 x OH);
13C NMR (101 MHz, CDCls): § 140.5, 127.4, 65.3.

Analytical data consistent with that previously reported.?
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1,2-Phenylenedimethanol (2.35)

OH
OH
Procedure A

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(29 mg, 0.040 mmol, 0.016 eq.), dimethyl phthalate (2.34) (488 mg, 2.51 mmol, 1.0 eq.),
potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5 mL).
The crude conversion was assessed to be > 50% by HPLC. The crude residue was purified by
flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a white solid (33 mg, 0.24 mmol, 10%).

1H NMR (400 MHz, DMSO-de): & 7.41 — 7.35 (m, 2H, 2 x ArH), 7.25 — 7.20 (m, 2H, 2 x ArH),
5.05 (t, 2H, J = 5.5 Hz, 2 x OH), 4.53 (d, 4H, J = 5.5 Hz, 2 x CHa);

13C NMR (101 MHz, DMSO-de): § 139.4, 126.7, 126.5, 60.4.
Analytical data consistent with that previously reported.'?®
Procedure B

This was carried out according to General Procedure VIII starting with Ru(PNP)CIy(NHC) (1.51)
(28 mg, 0.039 mmol, 0.015 eq.), phthalide (2.36) (351 mg, 2.62 mmol, 1.0 eq.), potassium
tert-butoxide (0.50 mL, 0.50 mmol, 0.19 eq., 1 M in THF) and 2-MeTHF (3.5 mL). The crude
conversion was assessed to be >50% by HPLC. The crude residue was purified by flash column
chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the product as a
yellow solid (129 mg, 0.934 mmol, 36%).

Analytical data consistent with that described in Procedure A.
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(3-Fluorophenyl)methanol (2.38)

F\©/\OH

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(26 mg, 0.037 mmol, 0.014 eq.), methyl 3-fluorobenzoate (2.37) (390 mg, 2.53 mmol, 1.0
eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5
mL). The reaction was left for 12 h. The crude conversion was assessed to be > 90% by HPLC.

The crude residue was purified by flash column chromatography (eluent: 10 to 80%

EtOAc/heptane gradient) to afford the product as a colourless oil (239 mg, 1.90 mmol, 75%).

1H NMR (400 MHz, CDCls): & 7.35 — 7.28 (m, 1H, ArH), 7.15 — 7.06 (m, 2H, 2 x ArH) 6.98 (td,
1H, J = 8.5, 2.5 Hz, ArH); 4.70 (d, 2H, J = 5.5 Hz, CH,), 1.81 — 1.72 (m, 1H, OH);

13C NMR (101 MHz, CDCls): 6 163.1 (D, Ycr = 245.0 Hz), 143.6 (d, 3Jcr = 7.0 Hz), 130.1 (d, 3Jcr
= 8.5 Hz), 122.3 (d, “Jcr = 3.0 Hz), 114.4 (d, Ycr = 21.5 Hz), 113.7 (d, Ycr = 22.0 Hz), 64.5 (d,
4./c.|: =1.5 HZ),'

19F{1H} NMR (376 MHz, CDCl3): 5 —113.1.

Analytical data consistent with that previously reported.??
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(4-bromophenyl)methanol (2.40)

/©/\OH
Br

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(29 mg, 0.041 mmol, 0.016 eq.), methyl 4-bromobenzoate (2.39) (538 mg, 2.50 mmol, 1.0
eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5
mL). The crude conversion was assessed to be >95% by HPLC. The crude residue was purified
by flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a white crystalline solid (316 mg, 1.69 mmol, 68%).

1H NMR (400 MHz, CDCls): § 7.51 — 7.46 (m, 2H, 2 x BrCCH), 7.26 — 7.21 (m, 2H, 2 x BrCCHCH),
4.66 (s, 2H, CH,), 1.69 (br. s, 1H, OH);

13C NMR (101 MHz, CDCls): 6 139.9, 131.8, 128.7, 121.6, 64.8.

Analytical data consistent with that previously reported.?®
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(6-Bromonaphthalen-2-yl)methanol (2.42)

>
Br

Procedure A

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(19 mg, 0.027 mmol, 0.010 eq.), methyl 6-bromo-2-naphthaote (2.41) (686 mg, 2.59 mmol,
1.0 eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (2
mL). The crude conversion was assessed to be > 95% by HPLC. To the reaction mixture was
added saturated aqueous ammonium chloride solution (2 mL), water (5 mL) and 2-MeTHF (5
mL). The organic layer was separated, washed with aqueous hydrochloric acid (5 mL, 1 M),
and passed through a short silica pad. Isooctane (45 mL) was added and approximately half
the solvent volume was removed by distillation. The precipitate was collected by filtration

and dried to afford product as a pale brown solid (218 mg, 0.919 mmol, 37%).

'H NMR (400 MHz, CDCl3): 6 8.00 (d, 1H, J = 1.5 Hz, ArH), 7.79 (s, 1H, ArH), 7.75 (d, 1H, /= 8.5
Hz), 7.71 (d, 1H, J = 8.5 Hz), 7.56 (dd, 1H, J = 8.5, 2.0 Hz, ArH), 7.51 (dd, 1H, J = 8.5, 1.5 Hz,
ArH), 4.86 (s, 2H, CH,0), 1.80 (br. s, 1H, OH);

13C NMR (101 MHz, CDCl3): 6 139.0, 134.1, 132.0, 129.9, 129.74, 129.68, 127.6, 126.3, 125.4,
120.0, 65.4.

Procedure B

To a 500 mL pressure vessel equipped with a gas-entrainment impeller was added methyl 6-
bromo-2-naphthoate (2.41) (10 g, 38 mmol, 1.0 eq.) and Ru(PNP)Cl;(NHC) (1.51) (268 mg,
0.377 mmol, 0.01 eq.). The vessel was left to purge with nitrogen for 5 mins before adding 2-
MeTHF (100 mL) and potassium tert-butoxide (847 mg, 7.54 mmol, 0.20 eq.). The vessel was
sealed and the impeller was set to stir at 300 rpm. The vessel was pressurised with nitrogen
(3.5 bar) then vented (x3), then pressurised with hydrogen (3.5 bar) then vented (x3). The
vessel was then pressurised and maintained with hydrogen (4.0 bar). The reaction was
heated to 45 °C, the impeller was adjusted to 700 rpm and the mixture was left in this state
for 4 h. Analysis by HPLC indicated > 99% conversion. Aqueous hydrochloric acid (100 mL, 1
M) was added and the mixture was stirred for 10 mins. The organic phase was separated and
passed through a silica pad (16 g, 2.5 cm depth). The mixture was distilled down to ~30 mL,

isooctane was added (90 mL), and the resulting mixture was concentrated to ~70 mL then
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placed in an ice bath. The precipitated solids were collected by filtration and dried under

reduced pressure to afford the product as a pale yellow powder (7.3 g, 31 mmol, 82%).
Analytical data consistent with that described in Procedure A.

In addition to the product alcohol (2.42), the following side products were also isolated and

identified:
6-Bromo-2-naphthoic acid (2.74)

O

>
Br

1H NMR (400 MHz, DMSO-de): & 8.51 (s, 1H, ArH), 8.24 (d, 1H, J = 1.5 Hz, ArH), 8.06 — 8.00 (m,
2H, 2 x ArH), 7.89 (d, 1H, J = 8.5 Hz, ArH), 7.66 (dd, 1H, J = 9.0, 2.0 Hz, ArH);

13C NMR (101 MHz, DMSO-de): 6 167.3, 136.1, 131.6, 130.8, 130.6, 130.0, 129.8, 128.8, 127.6,
126.4,121.9.

Analytical data consistent with that previously reported.?%®

Naphthalen-2-ylmethanol (2.19)

OH

Previously characterised on page 211.
Procedure C

A stirred charge vessel was charged under a flow of nitrogen with Ru(PNP)Cl;(NHC) (1.51)
(668 mg, 0.941 mmol, 0.0050 eq.), methyl 6-bromo-2-naphthoate (2.41) (50 g, 189 mmol, 1.0
eq.), potassium tert-butoxide (38 mL, 38 mmol, 1 M in THF) and 2-MeTHF (500 mL).

Through a CSTR flow reactor was pumped the reaction mixture while also being supplied with
hydrogen gas (5 bar). The jacket of the reactor was set to 65 °C and the agitator was set to
219 rpm. The residence time of the reaction mixture was varied by altering the rate at which
the mixture was pumped (54, 23 and 12 mins). The reaction was left to reach a steady state
before directly sampling the resulting reaction mixture and assessing conversion by HPLC

(Table 24).
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(3-lodophenyl)methanol (2.44)

o

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(29 mg, 0.041 mmol, 0.016 eq.), methyl 3-iodobenzoate (2.43) (655 mg, 2.50 mmol, 1.0 eq.),
potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.5 mL).
The crude conversion was assessed to be > 95% by HPLC. The crude residue was purified by

flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to afford the

product as a yellow oil (384 mg, 1.64 mmol, 66%).

1H NMR (400 MHz, CDCls): § 7.74 (s, 1H, ICCHCCH,), 7.63 (d, 1H, J = 8.0 Hz, ICCH), 7.32 (d, 1H,
J = 8.0 Hz, ICCHCHCH), 7.09 (t, 1H, J = 8.0 Hz, ICCHCH), 4.65 (d, 2H, J = 5.5 Hz, CHa), 1.74 (t,
1H, J = 5.5 Hz, OH);

13C NMR (101 MHz, CDCls): 6 143.3, 136.8, 136.0, 130.4, 126.2, 94.6, 64.6.

Analytical data consistent with that previously reported.??’
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(6-Methylpyridin-3-yl)methanol (2.46)

7 ToH
NS

N

Procedure A

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(51 mg, 0.072 mmol, 0.0079 eq.), methyl 6-methylnicotinate (2.45) (1.37 g, 9.06 mmol, 1.0
eq.), potassium methoxide (120 mg, 1.71 mmol, 0.19 eq.) and 2-MeTHF (4 mL). The crude
conversion was assessed to be > 95% by HPLC. Saturated aqueous ammonium chloride
solution (0.5 mL) was added, and the mixture was concentrated to dryness. The crude residue
was purified by vacuum distillation to afford the product as a white solid (878 mg, 7.13 mmol,

79%).

1H NMR (400 MHz, CDCls): & 8.34 (s, 1H, NCH), 7.59 (dd, 1H, J = 8.0, 2.0 Hz, NCCHCH), 7.12 (d,
1H, J = 8.0 Hz, NCCH). 4.64 (s, 2H, CH,), 3.77 (br. s, 1H, OH), 2.50 (s, 3H, CHs);

13C NMR (101 MHz, CDCls): 6 157.5, 147.8, 136.7, 133.8, 123.3, 62.4, 24.0.
Analytical data consistent with that previously reported.®®
Procedure B

To a 5 L Buchi Kiloclave equipped with a gas-entrainment impeller was added methyl 6-
methylnicotinate (2.45) (200 g, 1.32 mol, 1.0 eq.), Ru(PNP)CI;(NHC) (1.51) (937 mg, 1.32
mmol, 0.0010 eq.), potassium tert-butoxide (29.7 g, 265 mmol, 0.20 eq.) and 2-MeTHF (2.5
L). The vessel was sealed and purged with nitrogen (3 x 3 bar), then hydrogen (3 x 2.5 bar)
before being filled and maintained with hydrogen (2.8 bar). The reaction was heated to 50 °C
and the impeller was adjusted to 750 rpm. After 1.5 h, the hydrogen pressure was increased
(5 bar) and the reaction was left to stir overnight. The reaction was cooled to 20 °C, the
hydrogen was released and the vessel was purged with nitrogen (3 x 5 bar). HPLC analysis
indicated > 98% conversion. Saturated aqueous ammonium chloride solution (30 mL) was
added, and the solvent was distilled off under reduced pressure. The crude residue was
purified by vacuum distillation (100 °C, 0.7 mbar) to afford the product as a yellow solid (118
g, 955 mmol, 72%).

Analytical data consistent with that described in Procedure A.
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4-(Dimethylamino)phenyl)methanol (2.48)

o
MezN

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(28 mg, 0.039 mmol, 0.016 eq.), ethyl 4-(dimethylamino)benzoate (2.47) (489 mg, 2.53
mmol, 1.0 eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-
MeTHF (3.5 mL). The crude conversion was assessed to be > 70% by HPLC. The crude residue
was purified by flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient)

to afford the product as a colourless oil (175 mg, 1.16 mmol, 46%).

1H NMR (400 MHz, CDCl3): & 7.27 (d, 2H, J = 8.5 Hz, 2 x NCCH), 6.76 (d, 2H, J = 8.5 Hz, 2 x
CH,CCH), 4.59 (s, 2H, CH,), 2.98 (s, 6H, N(CHs));

13C NMR (101 MHz, CDCls): 6 150.5, 129.1, 128.8, 112.8, 65.5, 40.8.
Analytical data consistent with that previously reported.?®

In addition to the product alcohol, the following side products were also isolated and

identified:
4-(Dimethylamino)benzaldehyde (2.53)

(o]
QA §
Me,N

1H NMR (400 MHz, CDCls): § 9.75 (s, 1H, C(O)H), 7.77 = 7.72 (m, 2H, 2 x C(O)CCH), 6.73 — 6.68
(m, 2H, 2 x NCCH), 3.09 (s, 6H, 2 x NCHs)

LCMS: tg: 1.08 min, [MH]* 150.0.
Analytical data consistent with that previously reported.??®

tert-Butyl 4-(dimethylamino)benzoate (2.54)

(0]
Me,N

Product characterised on page 228.
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4-(Dimethylamino)benzyl 4-(dimethylamino)benzoate (2.55)

(0]
ﬁom
MezN NM62

H NMR (400 MHz, CDCls): § 7.95 — 7.89 (m, 2H, 2 x C(0)CCH), 7.36 — 7.31 (m, 2H, 2 x CH,CCH),
6.75—6.71 (m, 2H, 2 x C(O)CCHCH), 6.64 — 6.59 (m, 2H, 2 x OCH,CCHCH), 5.22 (s, 2H, OCH.),
3.02 (s, 6H, 2 x NCH3), 2.95 (s, 6H, 2 x NCH3);

LCMS: tx: 1.19 min, [MH]*299.2.

Analytical data consistent with that previously reported.?*°

(3,4-Dihydro-2H-pyrano[2,3-c]pyridin-6-yl)methanol (2.50)

/I OH

N
o NS

This was carried out according to General Procedure VIII except starting with
Ru(PNP)CI,(NHC) (1.51) (23 mg, 0.033 mmol, 0.017 eq.), methyl 3,4-dihydro-2H-pyrano(2,3-
c]pyridine-6-carboxylate (2.49) (0.398 g, 2.06 mmol, 1.0 eq.), potassium tert-butoxide (0.40
mL, 0.40 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF (3.6 mL). The reaction mixture was heated
to 65 °C. The crude conversion was assessed to be > 95% by HPLC. The crude residue was
purified by flash column chromatography (eluent: 15 to 100% EtOAc/heptane gradient) to

afford the product as a yellow crystalline solid (212 mg, 1.28 mmol, 62%).

'H NMR (400 MHz, CDCls): & 8.08 (s, 1H, NCH), 6.93 (s, 1H, NCCHC), 4.63 (s, 2H, CH,0OH), 4.23
—4.19 (m, 2H, OCH,), 3.45 (s, 1H, OH), 2.77 (t, 2H, J = 6.5 Hz, OCH,CH,CH,), 2.07 — 1.99 (m,
2H, OCHzCHz);

13C NMR (101 MHz, CDCl5): 6 151.3, 150.4, 138.1, 131.5, 121.1, 66.7, 64.3, 24.4, 21.8.

Analytical data consistent with that previously reported.'®®
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(3,4-Dihydro-2H-pyrano[2,3-c]pyridin-6-yl)methanol hydrochloride (2.50-HCI)

Z N~ TOH
N .
o X HCl
Reduction

Methyl 3,4-dihydro-2H-pyrano[2,3-c]pyridine-6-carboxylate (2.49) (9.8 g, 51 mmol, 1.0 eq.),
potassium tert-butoxide (1.1 g, 9.7 mmol, 0.2 eq.), Ru(PNP)CI>(NHC) (1.51) (0.35 g, 0.5 mmol,
0.01 eq.) and 2-MeTHF (110 mL) were charged into a Hastelloy pressure vessel. The vessel
was pressurised with nitrogen (5 bar) and vented (x3), then pressurised with hydrogen (5
bar), and vented (x3), then pressurised and maintained with hydrogen (6.5 bar). The mixture
was heated to 45 °C and the reaction was left to stir at 800 rpm for 12 h before being cooled
to rt. The vessel was then purged with nitrogen (3 x 5 bar). The reaction mixture was
concentrated and the residue was partitioned between DCM (150 ml) and aqueous
saturated sodium bicarbonate solution (150 mL). The organic layer was separated and passed
through a plug of silica, flushed with ethyl acetate (150 mL) and concentrated under reduced

pressure.
Salt formation

The residue was suspended in 1-propanol (20 mL) and hydrochloric acid (15 mL, 4 M in
dioxane) was added which induced precipitation. TBME (50 mL) was added, and the solids
were collected by filtration, and washed with further TBME (50 mL). The collected solids were
left to dry overnight at 40 °C under reduced pressure to afford the product as a free-flowing

yellow powder (6.3 g, 31 mmol, 62%).

1H NMR (400 MHz, DMSO-ds): & 8.30 (s, 1H, NCH), 7.65 (s, 1H, NCCHC), 4.67 (s, 2H, CH,OH),
4.35-4.28 (m, 2H, OCH,), 2.97 (t, 2H, J = 6.5 Hz, OCH,CH,CH.), 2.04 — 1.96 (m, 2H, OCH,CH,);

13C NMR (101 MHz, CDCls): 6 152.4, 147.3,142.1, 129.6, 124.5, 67.0, 59.3, 24.4, 20.0.

Analytical data consistent with that previously reported.'®®
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Thiophen-2-ylmethanol (2.52)

@AOH

This was carried out according to General Procedure VIl starting with Ru(PNP)CIz(NHC) (1.51)
(23 mg, 0.0033 mmol, 0.016 eq.), ethyl thiophene-2-carboxylate (2.51) (312 mg, 2.00 mmaol,
1.0 eq.), potassium tert-butoxide (0.50 mL, 0.50 mmol, 0.20 eq., 1 M in THF) and 2-MeTHF
(3.5 mL). The crude conversion was assessed to be > 95% by HPLC. The crude residue was
purified by flash column chromatography (eluent: 10 to 80% EtOAc/heptane gradient) to

afford the product as a yellow oil (118 mg, 1.03 mmol, 52%).

1H NMR (400 MHz, CDCl3): & 7.28 (dd, 1H, J = 5.0 Hz, 1.0 Hz, Ar-H), 7.03 — 6.95 (m, 2H, 2 x Ar-
H), 4.82 (d, 2H, J = 5.5 Hz, CH,), 1.97 — 1.88 (m, 1H, OH);

13C NMR (101 MHz, CDCls): 6 144.1, 127.0, 125.7, 125.6, 60.1.

Analytical data consistent with that previously reported.?3!

227



tert-Butyl 4-(dimethylamino)benzoate (2.54)

(e} )<
ore
MezN

To a suspension of 4-(dimethylamino)benzoic acid (1.04 g, 6.27 mmol) and DMF (1 drop) in
DCM (10 mL) was added dropwise oxalyl chloride (0.64 mL, 7.3 mmol, 1.2 eq.) and the
mixture was left to stir at rt for 2 h. The reaction mixture was then concentrated and DCM (5
mL) was added, followed by dropwise addition of potassium tert-butoxide (10 mL, 10 mmol,
1.6 eq., 1 M in THF). The mixture was left to stir for 2 h at rt before addition of water (50 mL),
aqueous sodium hydroxide (2 mL, 5 M) and DCM (50 mL). The organic layer was separated
and passed through a plug of silica, which was then flushed with ethyl acetate (50 mL). The
combined organic layers were concentrated to afford the product as a pale orange solid (1.34

g, 6.04 mmol, 96%).
M. pt.: 56.1 - 59.0 °C;
Vmax (neat): 2977, 1687, 1600, 1386, 1290, 771 cm™;

1H NMR (400 MHz, DMSO-de): & 7.86 (d, 2H, J = 9.0 Hz, 2 x C(O)CCH), 6.64 (d, 2H, J = 9.0 Hz,
2 x NCCH), 3.02 (s, 6H, N(CHs)2), 1.57 (s, 9H, OC(CHs)s);

13C NMR (400 MHz, DMSO-de): & 166.5, 153.2, 131.1, 119.2, 110.8, 79.8, 40.2, 28.5;
LCMS: tg: 1.31 min, [MH]*222.1;

HRMS: (C13H1sNO;) [MH]* requires 222.1494, found [MH]* 222.1495.
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(R)-2-((4-(((3,4-dihydro-2H-pyrano[2,3-c]pyridin-6-yl)methyl)amino)piperidin-1-
yl)methyl)-1,2-dihydro-3H,8H-2a,5,8a-triazaacenaphthylene-3,8-dione (2.77)

Oxidation

(3,4-dihydro-2H-pyrano[2,3-c]pyridin-6-yl)methanol hydrochloride (2.50-HCI) (1.00 g, 4.96
mmol, 1.0 eq.) was suspended in DCM (1.5 mL) and cooled to 0 °C. DMSO (0.74 mL, 10.4
mmol, 2.1 eq.) was added in a dropwise manner, followed by dropwise addition of
triethylamine (2.9 mL, 20.8 mmol, 4.2 eq.). Sulfur trioxide pyridine complex (1.67 g, 10.5
mmol, 2.1 eq.) was added portionwise. The reaction mixture was warmed to 5 °C and left to
stir at this temperature overnight. Additional sulfur trioxide pyridine complex was added
(0.53 g, 3.3 mmol, 0.7 eq.) and the mixture was left to stir at 5 °C for an additional 4 days.
The reaction mixture was warmed to rt and was quenched by addition of saturated aqueous
sodium bicarbonate solution (20 mL). The organic layer was separated and the aqueous layer
was further extracted with DCM (2 x 20 mL). The combined organic layers were washed with
a solution of 5% aqueous citric acid solution (20 mL) to afford the crude aldehyde as a solution

in DCM which was telescoped onto the subsequent stage without further purification.
Reductive amination

This transformation was performed according to a detailed process description developed at
GSK. The aldehyde (2.75) was mixed with (R)-2-((4-aminopiperidin-1-yl)methyl)-1,2-dihydro-
3H,8H-2a,5,8a-triazaacenaphthylene-3,8-dione bis-hydrochloride monohydrate
(2.76:2HCI-H;0) (1.43 g,3.62 mmol, 0.73 eq. 76.3% active) in solvent and treated with sodium
triacetoxyborohydride (1.30 g, 6.13 mmol, 1.2 eq.). Following the work-up and isolation

procedure, the product was isolated as a pale yellow powder (987 mg, 2.20 mmol, 44%).
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Y
3\N 6/7
'H NMR (400 MHz, CDCls): 6 8.08 (s, 1H, H22), 7.82 (s, 1H, H3), 7.76 (d, 1H, J = 9.5 Hz, H6),
6.95 (s, 1H, H29), 6.38 (d, 1H, J = 9.5 Hz, H7), 5.07 — 4.98 (m, 1H, H12), 4.55 (dd, 1H, J=12.5,
5.5 Hz, H11), 4.37 (dd, 1H,J=12.5,9.5 Hz, H11), 4.22 — 4.18 (m, 2H, H25), 3.77 (s, 2H, H19),
3.12(dd, 1H,J=13.0, 3.5 Hz, H13), 2.96 — 289 (m, 1H, H15), 2.75 (t, 2H, J = 6.5 Hz, H27), 2.72
(dd, 1H, J = 13.0, 4.5 Hz, H13), 2.69 — 2.62 (m, 1H, H15), 2.55 — 2.46 (m, 1H, H17), 2.33 (td,
1H,J=11.5, 2.5 Hz, H15), 2.25 (td, 1H, /= 11.5, 2.5 Hz, H15), 2.05 - 1.97 (m, 2H, H26), 1.91 -
1.77 (m, 2H, H16), 1.42 - 1.28 (m, 2H, H16)

13C NMR (101 MHz, CDCl3): & 159.8, 153.9, 150.9, 143.0, 139.5, 139.1, 138.8, 131.1, 122.8,
116.4,114.5,66.7,57.4,54.4,54.3,52.8,51.9,48.4,32.9, 32.8, 24.4, 21.8.

Analytical data consistent with that previously reported.'’”
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Ethyl (E)-3-(5-(hydroxymethyl)pyridin-2-yl)acrylate (2.80)

O-Acylation

(6-Methylpyridin-3-yl)methanol (2.46) (50 g, 0.41 mol, 1.0 eq.) and toluene (300 mL) were
added to a 1 L laboratory reactor equipped with an overhead stirrer under an atmosphere of
nitrogen until a yellow solution was obtained. To this solution was added acetic anhydride
(54 mL, 0.57 mol, 1.4 eq.), and the reaction mixture was heated to 80 °C. The reaction was
left to stir at this temperature for 7 h, before being left to cool slowly to rt. HPLC analysis
indicated full consumption of the starting material. The reaction was quenched by addition
of water (400 mL), followed by slow addition of solid sodium bicarbonate (70 g), until the pH
of the aqueous layer was ~7. Toluene (150 mL) was added, and the organic layer was
separated. The aqueous layer was then extracted with toluene (2 x 150 mL) and the
combined organic layers were concentrated under reduced pressure to a total volume of 100
mL (2 vols) to afford the crude O-acyl product as a solution in toluene which was telescoped

to the next stage.
Condensation

Acetic anhydride (164 mL, 1.74 mol, 4.2 eq.) and anhydrous zinc chloride (5.4 g, 39 mmol, 0.1
eq.) were added to the toluene solution, and the temperature was adjusted to 105 °C. Ethyl
glyoxylate (240 mL, 1.16 mol, 2.8 eq., 50% solution in toluene) was added dropwise over 6 h
and left to stir overnight before being cooled to rt. HPLC analysis indicated 5 %area remaining
starting material. Water (300 mL) was added, and the pH was adjusted to ~8 by addition of
aqueous sodium hydroxide (5 M) and sodium bicarbonate. Ethyl acetate (150 mL) was added
and the organic layer was separated. The aqueous layer was extracted with ethyl acetate (2
x 150 mL) and the combined organic layers were passed through a pad of silica, then
concentrated under reduced pressure. KF analysis indicated 0.14 %w/w water. The crude

a,8-unsaturated ester residue was telescoped through to the next stage.
Deprotection

To the crude a,B8-unsaturated ester (2.79) was added hydrochloric acid (250 mL, 1.25 M in

ethanol) and the temperature adjusted to 50-55 °C and left to stir overnight before being
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cooled to rt. HPLC analysis indicated ~1 %area residual starting material. Aqueous
hydrochloric acid (100 mL, 1 M) and DCM (300 mL) were added. The organic layer was
separated, and the aqueous layer was further extracted with DCM (2 x 300 mL). The
combined organic layers were discarded. The pH of the aqueous layer was adjusted to ~9 by
addition of aqueous sodium hydroxide (5 M). TBME (300 mL) was added and the organic layer
was separated. The aqueous layer was further extracted with TBME (2 x 150 mL), and the
combined organic layers were filtered and concentrated. Toluene (50 mL) was added, and
the solvent was removed under reduced pressure. The crude product residue was telescoped

through to the next stage.
Recrystallisation

Toluene (150 mL) was added and the temperature was adjusted to 55 °C and stirred until all
solids dissolved. The solution was cooled at a rate of 10 °C/h until the temperature reached
2 °C. The precipitate was collected by filtration, and the cake was washed with cold toluene
(200 mL) and dried in a vacuum oven overnight at 50 °C to afford the product as a beige

powder (7.5 g, 36 mmol, 9%).

1H NMR (400 MHz, CDCls): & 8.62 (d, 1H, J = 2.0 Hz, NCH), 7.74 (dd, 1H, J = 8.0, 2.0 Hz,
NCHCCH), 7.68 (d, 1H, J = 16.0 Hz, C(O)CHCH), 7.43 (d, 1H, J = 8.0 Hz, NCCH), 6.90 (d, 1H, J =
16.0 Hz, C(O)CH), 4.77 (d, 2H, J = 5.0 Hz, CH,0H), 4.27 (q, 2H, J = 7.0 Hz, CH,CHs), 1.93 (t, 1H,
J=5.0 Hz, OH), 1.34 (t, 3H, J = 7.0 Hz, CHs);

13C NMR (101 MHz, CDCls): 6 166.9, 152.6, 149.1, 143.1, 136.9, 135.5, 124.0, 122.6, 62.7,
60.8, 14.4.

Analytical data consistent with that previously reported.®®
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Methyl (5)-2-(6-bromo-5-(4-chlorophenyl)-7-methoxy-2-oxo-2,3-dihydro-1H-
benzo[e][1,4]diazepin-3-yl)acetate (4.2) and Methyl (S)-2-(6-acetoxy-5-(4-chlorophenyl)-7-
methoxy-2-oxo-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-yl)acetate (4.3)

H O H O
N N
ClUry O™
MeO =N o) MeO =N o)
Br I * OYO I
cl Cl

Methyl (S)-2-(5-(4-chlorophenyl)-7-methoxy-2-oxo-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-
yl)acetate (4.1) (299 mg, 0.802 mmol, 1.0 eq.) and N-bromo succinimide (157 mg, 0.882
mmol, 1.1 eq.) were stirred in acetonitrile (25 mL) and acetic acid (25 mL) at rt in the dark for
10 days. The mixture was then diluted with water (50 mL) and extracted with DCM (50 mL).
The organic layer was concentrated under reduced pressure and the residue was purified by

MDAP.

Methyl (5)-2-(6-bromo-5-(4-chlorophenyl)-7-methoxy-2-oxo-2,3-dihydro-1H-
benzo[e][1,4]diazepin-3-yl)acetate (4.2) was obtained as a brown solid (17 mg, 0.038 mmol,
4%).

M. pt.: decomposes >102 °C;
Vmax (neat): 2950, 1682, 1475, 1277, 812 cm™;

1H NMR (400 MHz, DMSO-de): & 10.57 (s, 1H, NH), 7.46 — 7.42 (m, 3H, 3 x ArH) 7.36 — 7.31
(m, 3H, 3 x ArH), 4.08 — 4.01 (m, 1H, NCH), 3.89 (s, 3H, CHs), 3.60 (s, 3H, CHs), 3.19 (dd, 1H, J
=16.5, 7.5 Hz, NCHCH,), 3.05 (dd, 1H, J = 16.5, 6.5 Hz, NCHCH,);

13C NMR (400 MHz, DMSO-de): 6 171.3, 170.5, 165.5, 152.2, 137.2, 134.7,133.7, 129.5, 128.5,
127.5,121.7, 115.9, 110.3, 60.6, 56.8, 51.3, 35.4;

HRMS: (Ci15H17°Br3>*CIN,04) [MH]* requires 451.0055, found [MH]* 451.0057.

Methyl (5)-2-(6-acetoxy-5-(4-chlorophenyl)-7-methoxy-2-oxo-2,3-dihydro-1H-
benzo[e][1,4]diazepin-3-yl)acetate (4.3) was obtained as a brown solid (10 mg, 0.023 mmol,
3%).
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M. pt.: decomposes > 70 °C;
Vmax (neat): 2951, 1769, 1732, 1682, 1486, 1168, 1052, 733 cm™;

H NMR (400 MHz, DMSO-ds): & 10.56 (s, 1H, NH), 7.49 (d, 1H, J = 9.0 Hz, ArH) 7.45 (d, 2H, J
= 8.5 Hz, 2 x ArH), 7.32 (d, 2H, J = 8.5 Hz, 2 x ArH), 7.20 (d, 1H, J = 9.0 Hz, ArH) 3.97 (dd, 1H, J
= 8.0, 6.0 Hz, NCH), 3.80 (s, 3H, CHs), 3.60 (s, 3H, CHs) 3.20 (dd, 1H, J = 16.5, 8.0 Hz, NCHCH>),
2.99 (dd, 1H, J = 16.5, 8.0 Hz, NCHCH.), 1.62 (s, 3H, CHsC(0));

3C NMR (101 MHz, DMSO-de): § 171.3,170.1, 166.7, 163.7, 147.2,137.4, 135.9, 134.7, 132.4,
129.4,128.2,121.1, 119.4, 116.9, 60.4, 56.3, 51.3, 35.7, 19.5;

HRMS: (C21H20*°CIN206) [MH]* requires 431.1004, found [MH]* 431.1005.
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Methyl (E)-2-bromo-2-(5-(4-chlorophenyl)-7-methoxy-2-oxo-1,2-dihydro-3H-
benzo[e][1,4]diazepin-3-ylidene)acetate and methyl (Z)-2-bromo-2-(5-(4-chlorophenyl)-7-
methoxy-2-oxo-1,2-dihydro-3H-benzo[e][1,4]diazepin-3-ylidene)acetate (4.4 & 4.5)

H O H 0O
N N

L=< ®
MeO =N OMe MeO —N Br

Methyl (S)-2-(5-(4-chlorophenyl)-7-methoxy-2-oxo-2,3-dihydro-1H-benzo[e][1,4]diazepin-3-
yl)acetate (4.1) (311 mg, 0.834 mmol, 1.0 eq.) and N-bromosuccinimide (159 mg, 0.893
mmol, 1.1 eq.) were taken up into acetonitrile (400 mL). 150 mL of the resulting clear solution
was placed in a PHIL Pacer and was irradiated at 385 nm, 300 mA for 2 h. The resulting
solution was concentrated under reduced pressure to give an orange foam which was

purified by MDAP to afford the title compounds.

Isomer 1 was isolated as a yellow solid (10 mg, 0.022 mmol, 3%).
M. pt.: decomposes >108 °C;

Vmax (neat): 1678, 1589, 1258, 837, 730 cm™;

1H NMR (400 MHz, DMSO-de): 6 11.17 (s, 1H, NH), 7.73 (d, 2H, J = 8.5 Hz, 2 x ArH), 7.61 (d,
2H,J=8.5Hz, 2 x ArH), 7.31—-7.23 (m, 2H, 2 x ArH), 6.73 (d, 1H, J = 2.5 Hz, ArH), 3.73 (s, 3H,
CHs), 3.70 (s, 3H, CHs);

13C NMR (400 MHz, DMSO-de): 6 164.0, 163.3, 161.9, 154.7, 152.5, 136.7, 135.5, 131.9, 131.0,
128.8,127.1,123.6, 119.4, 114.0, 93.1, 55.6, 53.3;

HRMS: (C19H15"°Br*CIN,04) [MH]* requires 448.9898, found [MH]* 448.9896.
Isomer 2 was isolated as a yellow solid (39 mg, 0.087 mmol, 10%).

M. pt.: decomposes >230 °C;

Vmax (N€at): 1714, 1667, 1266, 1045, 832, 552 cm™;

'H NMR (400 MHz, DMSO-de): 6 11.10 (s, 1H, NH), 7.75 (d, 2H, J = 8.5 Hz, 2 x ArH), 7.63 (d,
2H, J = 8.5 Hz, 2 x ArH), 7.29 — 7.21 (m, 2H, 2 x ArH), 6.78 — 6.74 (m, 1H, ArH), 3.70 (s, 3H,
CHs), 3.69 (s, 3H, CH3);
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3C NMR (400 MHz, DMSO-de): 6 165.5, 163.4, 162.2, 154.5, 153.4, 136.9, 135.3, 132.0, 131.8,
128.8,126.5,123.8,119.7, 113.9, 99.5, 55.6, 53.2;

HRMS: (C19H15"°Br3°CIN,04) [MH]* requires 448.9898, found [MH]* 448.9900.

N.B. Attempts to assign the alkene geometry using nOe experiments were inconclusive.

Ethyl 4-(boromomethyl)benzoate (4.9)

(0]

OEt
Br

A homogeneous, clear feed solution was prepared by stirring ethyl 4-methylbenzoate (4.8)
(64.6 g, 393 mmol, 1.0 eq.), N-bromo succinimide (73.9 g, 415 mmol, 1.05 eq.) and
acetonitrile (576 mL). The solution was pumped at a rate of 8.0 mL/min (residence time: 0.5
min) through a glass plate flow reactor (internal volume: 4.1 mL) whilst being irradiated with
an array of 48 LEDs (405 nm, 300 mA). The resulting yellow solution was diluted with water
(1100 mL) and extracted with heptane (1000 mL, then 500 mL). The combined organic layers
were then concentrated to ~300 mL (5 vols) under reduced pressure. The solution was cooled
to 20 °C, then seeded and cooled to 0 °C on a linear gradient over 3 h. The resulting solids
were collected by filtration and washed with additional cold heptane (200 mL) before being
dried under reduced pressure at rt overnight to afford the product as a white crystalline
powder (60.3 g). The collected solid contained 91 %area product (54 g, 223 mmol, 57%) by

HPLC and 9 %area of the dibrominated side-product.

'H NMR (400 MHz, CDCls): 6 8.02 (d, 2H, J = 8.5, 2 x ArH), 7.46 (d, 2H, J = 8.5 Hz, 2 x ArH), 4.50
(s, 2H, CH3Br), 4.38 (q, 2H, J = 7.0 Hz, OCH,), 1.39 (t, 3H, / = 7.0 Hz, OCH,CHs);

13C NMR (101 MHz, CDCl5): 6 166.1, 142.6, 130.6, 130.1, 129.1, 61.2, 32.4, 14.4.

Analytical data consistent with that previously reported.?*°
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Ethyl 4-(dibromomethyl)benzoate (4.10)

O

OEt
Br

Br

'H NMR (400 MHz, CDCls): 6 8.05 (d, 2H, J = 8.5 Hz, 2 x ArH), 7.63 (d, 2H, J = 8.5 Hz, 2 x ArH),
6.66 (s, 1H, CH), 4.39 (q, 2H, J = 7.0 Hz, CH2);

13C NMR (101 MHz, DMSO-dg): 6 165.6, 146.0, 131.8, 130.0, 126.7, 61.3, 39.9.

Analytical data consistent with that previously reported.?*?

Pressure
tip 5 bar
" e

e ey
g
i
heid ke
Ar2d
NEY
\/ 59 2.8bar
Knaver HPLC
Pump
Flow Plate
LTF-012.00-4217
Feed Vescel MaxP: 20bar
e8! ‘esse Max T: 80°C ”
* Collection Vessel

Figure 76 Engineering line diagram of flow system used. The flow plate is located above the LED

array and photoreactor housing.
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APPENDIX

Crystals of Ru(PNP)CI(NHC) (1.51) suitable for X-ray diffraction were obtained by allowing
slow diffusion of heptane into a solution of the complex dissolved in DCM under a nitrogen

atmosphere.

Crystal data and structure refinement.

Identification code Ru_J

Empirical formula C13 H27 CI2 N3 Ru S2

Formula weight 461.46

Temperature 123(2) K

Wavelength 1.54184 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.2226(5) A a= 86.646(7)°.
b=15.1643(13) A b= 75.959(5)".
€ =15.9494(11) A g =78.548(6)".

Volume 1890.8(2) A3

z 4

Density (calculated) 1.621 Mg/m3

Absorption coefficient 11.345 mm!

F(000) 944

Crystal size 0.39x0.27 x 0.18 mm?3

Theta range for data collection 7.033 to 73.354°.

Index ranges -10<=h<=8, -18<=k<=17, -19<=I<=18

Reflections collected 13328

Independent reflections 7382 [R(int) = 0.0323]

Completeness to theta = 70.000° 99.6 %

Absorption correction Analytical

Max. and min. transmission 0.332and 0.115

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7382/0/393

Goodness-of-fit on F? 1.122

Final R indices [I>2sigma(l)] R1=0.0460, wR2 = 0.1358

R indices (all data) R1=0.0502, wR2 = 0.1409

Extinction coefficient n/a

Largest diff. peak and hole 1.946 and -1.610 e.A-3
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Figure 77 ORTEP diagram of Ru(diEtSNS)CI2(NHC) (1.51).

The ANOVA (analysis of variance) tables shown below are another output from the software
which gives a test of the overall statistical significance of variables on responses. In general,
parameters with a p-value prob > F of less than 0.05 are considered to be statistically
significant. The software analysis initially assumes the responses will vary linearly between
the maximum and minimum values for each parameter. The centre-points, in addition to
providing information about natural variability also give an indication as to whether or not
this linearity holds true. Due to the size of the design, a test for curvature was performed in
each case.

Certain models built by the software were shown to have a high “lack of fit”. This was as a
consequence of values becoming less variable as they approach 100% or 0%, the theoretical
maximum and minimum attainable values respectively. This violates one of the parametric
assumptions made by the software, namely that variability of the response is the same
regardless of the response size. This issue was solved by applying a “logit” transformation to

the input data.
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Source Sum of df Mean F- p-value

Squares Square Value Prob>F
Model 15971.25 3 5323.75 36.74 <0.0001 significant
A-Base Quantity 12769.00 1 12769.00 88.11 <0.0001
B-Hydrogen Pressure 2500.00 1 2500.00 17.25 0.0008
1
1

D-Reaction Temperature 702.25 702.25 4.85 0.0438

Curvature 4805.00 4805.00 33.16 < 0.0001

Residual 2173.75 15 144.92

Lack of Fit 2155.75 12 179.65 29.94 0.0086 significant
Pure Error 18.00 3 6.00

Predicted R? 0.7870

Adjusted R? 0.8562

Table 37 ANOVA table for formation of product adjusted for curvature (scoping experimental design).

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 103.69 3 3456 17.14 <0.0001 significant
A-Base Quantity 33.06 1 33.06 16.39 0.0010
C-Concentration  60.06 1 60.06 29.78 <0.0001
AC 1056 1 10.56 524 0.0370
Curvature 7.81 1 7.81 3.87 0.0678
Residual 30.25 15 2.02
Lack of Fit 28.25 12 2.35 3.53 0.1634 not significant
Pure Error 2.00 3 0.67
Predicted R? 0.5985
Adjusted R? 0.7290

Table 38 ANOVA table for formation of hydrolysis side-product adjusted for curvature (scoping

experimental design).
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Source Sumof df Mean F p-value
Squares Square Value Prob>F
Model 2.20 2 1.10 11.36 0.0009 significant
A-Base Quantity 0.40 1 0.40 4.14 0.0587
C-Concentration 1.80 1 1.80 18.57 0.0005
Curvature 0.39 1 0.39 4.05 0.0614
Residual 1.55 16 0.097
Lack of Fit 1.50 13  0.12 7.65 0.0599 not significant
Pure Error 0.045 3 0.015
Predicted R? 0.3708
Adjusted R? 0.5351

Table 39 ANOVA table for formation of product adjusted for curvature (robustness experimental

design).
Source Sumof df Mean F  p-value
Squares Square Value Prob>F
Model 119.21 2 59.61 23.53 <0.0001 significant
A-Base Quantity 43.44 1 4344 17.15 0.0008
C-Concentration 75.77 1 75.77 29.91 <0.0001
Curvature 051 1 0.51 0.20 0.6586
Residual 40.53 16 2.53
Lack of Fit 38.69 13 2.98 4.84 0.1099 not significant
Pure Error 1.84 3 0.61
Predicted R? 0.6126
Adjusted R? 0.7146

Table 40 ANOVA table for formation of hydrolysis side-product (robustness experimental design).
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Sum of Mean F p-value

Source Squares df Square Value Prob>F
Model 51.70 2 25.85 16.68 0.0001 significant
C-Concentration 863 1 8.63 557 0.0313
D-Reaction Temperature 43.07 1 43.07 27.78 <0.0001
Curvature 591 1 591 3.81 0.0685
Residual 24.80 16 1.55
Lack of Fit 24.80 13 1.91
Pure Error 0.000 3 0.000
Predicted R? 0.5089
Adjusted R 0.6353

Table 41 ANOVA table for time taken for reaction to go to completion (robustness experimental

design).
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