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Summary

Within this thesis is described a series of studies into performing organic synthesis under
mechanochemical conditions during which new procedures were developed and

advantages into using these methods discussed.

Initial investigations focused on establishing a procedure for a mechanochemical
Buchwald-Hartwig amination under ball milling conditions finding that the use of grinding
auxiliaries was key for efficient mass transfer and high vyields. Furthermore, the
established procedure was applied to a range of aryl halide and amine substrates
including the synthesis of an API. It was also investigated how the newly established

conditions were found to be tolerant to air and moisture under ball milling conditions.

During the substrate scope of the first investigation the direct amidation of simple esters
was observed. This transformation was then investigated finding that the potassium tert-
butoxide present in the Buchwald-Hartwig conditions was enabling this transformation.
This method was then optimised and applied to a broad scope of esters and amines
including the synthesis of five biologically active compounds. The developed conditions
were then compared to solution and neat stirring conditions that had previously been

established.

Previously in the group the dimerization of benzylidene malonates had been discovered
while investigating the formation of organomanganese halides mechanochemically. This
reaction was studied in detail uncovering the possibility of ball milling enhancing the

reactivity of manganese metal.

Following, the generation of organomanganese halides directly from manganese metal
and benzyl halides was investigated with promising initial results. This work was initially
guided by some previous results obtained within the group that had uncovered some

reactivity.

Finally, included in an appendix, a reference to a manuscript discussing the
investigations of the first examples of NHC catalysed reaction under ball milling
conditions is presented. This discusses the application of ball milling to both the Benzoin
and Stetter reactions catalysed by NHC’s and the application of asymmetric catalysts to

these reactions for the induction of chiral information to the products.
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1.01 What is mechanochemistry?

The IUPAC gold book definition of a mechanochemical reaction is ‘A chemical reaction
that is induced by the direct adsorption of mechanical energy.? This definition is
applicable to a range of techniques which may be found in a synthetic research
laboratory including sonication; atomic force microscopy; manual grinding; ball milling;
and twin-screw extrusion (TSE).2 Each of these techniques is able to apply a unique
combination of mechanical forces in a variety of reaction environments allowing for their
use to be directed towards specific challenges. Interest is growing in the use of
mechanochemistry causing a modern renaissance of the techniques.® The resurgence
of mechanochemistry has facilitated the display of a range of benefits using these
techniques within a broad spectrum of chemical reactivity.* These methods can be used
to significantly increase reaction rate, reduce the waste produced, and demonstrate
alternate reactivity.*® Examples include sonication and atomic force microscopy being
used to alter the products of pericyclic reactions which are well understood by the

application of the Woodward-Hoffman rules for thermo- and photo- chemistry.®

1.02 Equipment for Ball Milling and Process Intensification

The development of automated milling equipment and their application to
mechanochemistry has allowed the implementation of easily reproducible synthetic
methods. Prior to the use of automated devices hand grinding with a mortar and pestle
was the most common method to carry out a mechanochemical transformation.® Intrinsic
human error can lead to difficulties in reproducing results as the application of force and

the stamina required for a long reaction will vary greatly from between human operators.

Among the variety of milling equipment available the most popular devices for synthetic
transformations are ball mills with the most common styles of being mixer mills and
planetary mills.” Each of these devices utilize the same basic principle that the
application of kinetic energy to one or more balls within a sealed vessel can produce

collisions to supply mechanical energy to a reaction.

Mixer mills, such as the Retsch MM400 (Scheme 1.01), employ a horizontally mounted
jar, oscillating from side to side to provide the kinetic energy key to produce collisions of
the ball(s) with the reaction mixture. The frequency of the oscillations and time for the

reaction can be set on the device allowing for easily reproduced conditions. The most
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common energy transfer event in a mixer mill is a direct impact of the ball with the
material at the ends of the jar, although due to the stochastic nature of the motion of the

ball shearing or glancing collisions along the sides of the jar are also possible.®

Scheme 1.01 Retsch MM400 mixer mill alongside schematics explaining their motion. A

milling vessel, B motion of the jar, C milling ball, D reaction mixture.

Planetary mills, for example the Fritsch Pulverisette 7 (Scheme 1.02), differs from the
mixer mill by mounting the jars vertically on a rotating plate upon which the jars counter
rotate on their central axis. For example, the plate may spin clockwise relative to the
device while the jars spin anticlockwise relative to the plate. This complex motion
produces a large amount of shearing forces, which provide the greatest contribution to
the type of energy applied to the sample, while direct collisions provide the remainder of

the mechanical energy.®

-
@

Scheme 1.02 Fritsch Pulverisette 7 classic line planetary mill alongside schematics
explaining their motion. A central rotating plate, B rotation direction of central plate, C

rotation direction of jar, D jar with cutaway showing balls.

These devices are very useful for research scale activities up to a couple of grams, with

the largest planetary mills accommodating close to a hundred grams.° The scale up to



guantities required for industrial applications would require alternate mechanochemical
techniques.!* For example, in drug discovery chemistry where typically milligrams of
material can be initially prepared for candidate selection the use of mixer or planetary
mills could be readily implemented. As the scale is increased for further testing such as
preclinical trials where hundreds of grams may be required alternatives mills will be
required such as mixed media mills which have been demonstrated for the scale up of
the Knoevenagel condensation by Stolle et al.*2 But further increase in scale becomes
more challenging without rethinking the entire approach of the methodology from batch
to a continuous method.** Twin screw extrusion (TSE), which is already used in drug
manufacturing for formulation, has been shown to be a powerful method for the scale up

of mechanochemical reactions.*

The application of TSE to the synthesis of molecular organic frameworks (MOFs) has
unlocked the potential of these materials.!® Prior to the use of TSE, the synthesis of
MOFs could not be carried out in a cost-effective method due to the large amounts of
solvents necessary for their synthesis and purification.* TSE has significantly decreased
the manufacturing cost of MOFs such that it is viable to produce them commercially,
where James and coworkers at MOF Technologies have been among those key in the

development of these highly tuneable porous materials.*®

Within the extruder barrel shearing and compression forces are applied to the reactive
material to provide the mechanical energy but often the design of the extruder allows for
accurate control of the temperature of the barrel, blurring the lines between mechano-
and thermo- chemistry (Schemel.03). The design of the screws may also be altered to
optimize the mechanical forces applied utilizing kneading and reverse screw

configurations to apply additional shearing and compressive forces.

A
B
C

Scheme 1.03 TSE barrel revealing screw configuration alongside schematic. A reagent

hopper, B counter rotating screws, C barrel with controllable temperature.
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1.03 Optimization of a ball milling reaction

For the optimization of any chemical reaction understanding the variables and how to
control them are key to successfully optimization. Within any ball milling reaction, the
most important facets of the optimization are the energy per collision, the efficiency of
the absorption of the energy by the material, and the rate of collisions of sufficient energy
for the reaction to proceed. Unfortunately for the optimization of a ball milled reaction
many of the directly controllable variables will alter multiple of these facets. The directly
controlled variables of a mechanochemical reaction are the milling frequency, the
number and size of the balls, the size of the milling vessel, the material the ball or jar are
made from, grinding auxiliaries, and liquid additives.® This is in addition to the chemical

variables such as reagent stoichiometries.

Altering the frequency of the ball mill can be compared to controlling the temperature of
a solution reaction, with increasing frequency similar to that of increasing temperature.
As frequency increases the kinetic energy of the ball(s) also increases creating higher
energy collisions.” Furthermore, the higher frequency will increase the rate of collisions
leading to a faster reaction.*® With increased kinetic energy an increase in friction within
the jar can also be expected to produce a greater temperature change. All of these
aspects may lead to an improved yield or faster reaction, but as with solution chemistry
more energy available may also lead to unwanted side reactions or degradation of the

product or starting materials.

The number and size of ball(s) can be used to control the rate and kinetic energy of
collisions. Also, optimization often varies greatly depending on the specific mill being
used. As general rules set out by Stolle et al, a mixer mill is more suited to one ball of
the largest size possible that allows for efficient mixing, alternatively a planetary mill often
achieves optimal conditions with the greatest number of the smallest ball(s) that
produces collisions of sufficient energy and allow for efficient mixing.*® These rules come
about due to the different mechanisms used to apply the mechanical forces. Within a
mixer mill, collisions at the ends of the jar are responsible for much of the energy
provided. With one ball of maximal size the collisions provide the largest amount of
kinetic energy per collision and the greatest area for each collision thus providing energy
to more material. Within the planetary mill the shearing of the balls along the vertical
walls of the container provides the greatest proportion of the energy input. In this
scenario the greatest number of the smallest ball that provides collisions of sufficient

energy for the reaction to take place. This allows for the greatest number of effective



collisions over the largest area. The only similarity with the optimization of these
techniques is to not use a ball of such size or in such numbers that prevent the efficient

mass transfer of reagents within the milling vessel.

Modifying the size of the milling vessel will vary the free space within the vessel which
will alter the rate of collisions. With a larger vessel the rate of collisions will decrease but
the energy of each collision will increase due to a lower number of glancing blows. Vice
versa a smaller jar will increase the number of collisions and lower their energy.'® This
leads to two possible scenarios; a reaction that is limited by the energy of collision may
perform superiorly in a larger jar whereas a reaction limited by the number of collisions
could increase in yield in a smaller jar. Also, by altering the volume of the vessel the
ratio between the space required by the ball(s), the reagents, and free space, will
change. There have been a number of reports, including manufacturers guidance,
concerning the optimal ratio of these variables.'® This has led to a ‘rule of thirds’ where
each element should be contained in, close to, a third of the jar to allow for efficient
mixing and energy transfer.?’ Often the use of a larger jar, alongside a larger ball, could
be required for the increase in scale of a reaction. This has been successfully applied on
several examples without considerable difficulty.?* Though complications can arise due

to altering rates of collisions and energy per collision not scaling perfectly.!!

Chemical compatibility is of the utmost importance when considering the choice of
material for the jar and ball(s). Second to this a jar and ball(s) of the same materials
should be paired to prevent unnecessary wear on the components, though if this is not
possible a softer material for the ball(s) will be preferred as these will then wear more
quickly and are cheaper to replace.?? With these considerations made the likely choice
for the optimal material for a reaction will be the hardest and densest material. A harder
material will provide more efficient energy transfer and a denser material will be heavier
and produce higher energy collisions. Exceptions are possible to this rule, work from
Boldyreva and coworkers has shown that the use of polymer balls can produce faster
reactions than that of denser and harder materials, though this is explained by the
deformation of more elastic materials which provide a significant increase of the internal
temperature.® As previously mentioned, chemical compatibility of the chosen materials
is key to ensure the lifetime of the equipment, but this does not prevent a jar or ball(s)
being involved in the reaction. There is growing interest in the field of mechanocatalysis
where metals such as Pd, Cu, or Ni present in the jar or ball can be used for the catalysis

of a reaction.*" 23
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Grinding auxiliaries are often employed in synthetic organic reactions undertaken in a
ball mill.?* These solid additives are used to disperse liquid reagents or intermediate
states to assist in mass transfer during a reaction and prevent the mixture from becoming
overly viscous or sticky which can prevent efficient mixing and energy transfer into the
reaction mixture. Often inorganic salts are used for this role such as sodium chloride
shown by Fris¢i¢ and coworkers through work on a mechanochemical ruthenium
catalysed olefin metathesis.? The reaction proceeded sluggishly due to aggregation of
the sticky reaction mixture on the ball (Scheme 1.04a and b), but addition of sodium
chloride to the reaction mixture produced a free-flowing powder (Scheme 1.04c) allowing
more efficient mass and energy transfer. These solid additions do not necessarily have
to be chemically inert to the reaction environment and indeed compounds can be used
that fulfil a role in the reaction, such as molecular sieves as a desiccant or use of super-

stoichiometric quantities of bases such as potassium carbonate.?®

Scheme 1.04 Reaction mixture with and without a solid auxiliary (a) after 15 min, (b)

after 5 h, and (c) after 2 h of milling with sodium chloride.’

The use of liquid additives in ball milling, a technique often referred to as liquid assisted
grinding (LAG), utilizes a small quantity of liquid (predominantly common organic
solvents) during the milling reaction.* 2” This inclusion of a small amount of solvent
places this technique within the spectrum of solvent requirement which ranges from neat
grinding with no solvent to solution reactions where all components are completely
solvated (Scheme 1.05). The amount of solvent present in a ball milling process is often
reported as n, which is the ratio between the volume of liquid added and the total mass
of all reagents (Scheme 1.05). LAG is then defined as a reaction with a value of n greater

than zero but less than one.

Solvent free  LAG Slurry Solution
T T T > =

n=
0 1 n Total mass of all reagents (mg)

Volume of liquid (uL)

Scheme 1.05 Scale visualizing solvent requirement for LAG, slurry, and solution. The

formula for calculating n.

i Scheme reproduced from ref. 25 with permission from the ACS. Further permissions for reproduction of
this scheme should be directed to the ACS.



The use of liquid additives was initially developed for the construction of cocrystals and
MOFs as it was shown to increase the rate and selectivity of cocrystal formation as well
as templating the MOFs during their construction.?® Similar results have also been
achieved in organic reactions with improved rates and selectivity’s by the employment of
liquid additives.*® Through tailoring the quantity and polarity of the liquid additive used
different polymorphs of various cocrystals can be formed.?’2 Emmerling and coworkers
demonstrated altering between kinetic and thermodynamic cocrystal polymorphs with
the use of nonpolar (or neat grinding) and polar liquid additives respectively
(Scheme 1.06a).28 Furthermore, Browne and coworkers demonstrated a similar switch
in chemoselectivity for the synthesis of difluorinated thioethers with the desired product
being observed under conditions using DMSO as a polar liquid additive (Scheme
1.06b).2° Alternatively, under nonpolar liquid additive or neat grinding conditions the

kinetic product would be observed.

a) Emmerling and coworkers polymorph selectivty controlled by liquid additive polarity

". & |."~ Sy . .‘/
DeVallba Me. H Pentane 1 = 0.25 1Ay - '-?. =
$ » ' MeCNM=0.25 i | ) j\ or neat e e
i f : - i \ -~
.'..:.t . . )""o.""
R el I (2= I L T (XS I o e ot

oo W % [mixer mill] Me [mixer mill] S
Thermodynamic 30 Hz, 25 min 1 2 30 Hz, 25 min Kinetic
b) Browne and coworkers chemoselectivty controlled by liquid additive polarity Cs.,CO
$20L03
o Cs,CO3 o o Hexane n =0.13 OHO Ph
)S(S\ DMSO n-= 0.13 s Ph or neat F
Ph Ph ——— pn Ph  pprSsar ———— > Ph
FF (C ) £ F Ph=—S ( ) FF F
5 62% [mixer mill] 3 4 [mixer mill] 6. 86%
Thermodynamic 30Hz, 1.0h 30Hz, 1.0h Kinetic

Scheme 1.06 Observation of alternate products controlled by the polarity or presence of

a liquid additive. Crystal structures were reproduced with permission."

The interconnected nature of the controllable variables (Scheme 1.07b) Directly
Controllable Variables with those which are key to control reaction outcomes
(Scheme 1.07a) Key Mechanochemical Variables are visualized in Scheme 1.07. This
clearly highlights the complexity of interlinked effects by altering these variables and the
challenge of optimizing ball milling reactions. This is without also taking into

consideration the chemical variables for any transformation.

i Crystal structures reproduced from ref. 28b with permission from the ACS. Further permissions for
reproduction of this scheme should be directed to the ACS.
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a) Key Mechanochemical b) Directly
Variables Controllable Variables

Kinetic energy per collision

Milling frequency
Number of ball(s)
Size of ball(s)
Mass transfer
Size of milling vessel
Filling ratio
Efficiency of energy Transfer

Ball and jar material

Grinding auxiliary

Frequency of collisions Liquid additive

Scheme 1.07 Visualization of Mechanochemical variables linked with those that are

directly controllable in a ball milling reaction.

To gain further insight into the effects of these variables across a number of ball milling
devices, the Knoevenagel reaction of vanillin 7 and barbituric acid 8 has been used as a
control reaction (Scheme 1.08). Where throughout these reports the systematic review
of each variable has been established across multiple devices and on a variety of
scales.* 1012, 30 With these thorough investigations combined, alternating observations
of the mechanism of the ball milled Knoevenagel condensation have been observed.
James and coworkers established that the reaction could occur via a eutectic state
intermediate surrounding the ball (Scheme 1.08a).3% This eutectic intermediate coating
the ball was then able to react incredibly quickly due to each collision providing energy
to a large portion of the reaction mixture. This caused the reaction to display a sigmoidal
rate of reaction similar to that of self-catalysed reactions. More recently, Uzarevi¢ and
coworkers demonstrated that the same reaction underwent the formation of a cocrystal
intermediate of such structure that the reacting molecules were orientated to undergo
the reaction (Scheme 1.08 b).2°® Analysis showed cocrystals poised to undergo the
reaction, with reacting centres only 3.74 A apart, which also led to significant rate
enhancement. For both reports a mixer mill was utilized and the most significant
difference was the James report used one ball whereas the Uzarevi¢ report used two
balls. It has been suggested that the use of 2 balls prevented the eutectic intermediate

from forming by collisions between the balls cleaning it from the surface.3™



)
MeO y Me\NJLN,Me H,O M = 0.1 MeO Me
—

HO OMO (t " HO o N’go
8

[mixer mill] 1

£:8 =

Scheme 1.08 The Knoevenagel condensation of barbituric acid 8 and vanillin 7. A The

eutectic intermediate state reported by James and coworkers. " B Cocrystal intermediate

from UZarevi¢ and coworkers.V

1.04 Why Use Ball Milling?

Recently ball milling was named alongside twin screw extrusion as one of the top ten
chemical innovations that could change the world.®! These methods were chosen for this
accolade in part for their ability to run chemical reactions as a solvent free (or minimized)
process. The reduction in the use of solvents is one of the key challenges for the
implementation of green chemistry across the chemical industry as set out by the ACS
Green Chemistry Pharmaceutical Round Table.®> The development of these greener

methods is an active area of research within mechanochemistry.*"

Enabling solvent free reactions is very attractive but is not the only reason
mechanochemical reactions should be developed. These transformations often produce
several other benefits such as shorter reaction times, reduced catalyst loadings,
improved selectivity’s and the potential discovery of new transformations.*® The
application of liquid additives as previously discussed has been shown to allow for the
discovery of new products in cocrystallizations or covalent intermolecular reactions.?8
29,33 These new products may be inaccessible by other methods currently limiting their

synthesis to only mechanochemical methods.

i Scheme reproduced from ref. 30b with permission from the GDCh. Further permissions for reproduction
of this scheme should be directed to the GDCh.

v Scheme reproduced from ref. 30e with permission from the ACS. Further permissions for reproduction of
this scheme should be directed to the ACS.
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Chapter 1 — Introduction to Mechanochemical Synthesis

1.05 In situ Spectroscopy and Reaction Monitoring

To gain a detailed understanding on how these reactions proceed the ability to carry out
in situ reaction monitoring is key. Without these methods being developed all analysis
must be carried out ex situ which requires each data point to come from an individual
reaction. Sampling an ongoing reaction by stopping the milling and opening the jar may
allow volatiles to escape along with the cooling of the jar altering the reaction
conditions.®* Furthermore, removing material from within the jar will alter the filling ratio
of the reagents with the ball and free space potentially leading to increased energy of
collisions. Fortunately, the development of a range of in situ monitoring techniques for
ball milling reactions is ongoing thus allowing for detailed mechanistic study.* Although

these techniques are not yet widespread within the mechanochemistry community.

The three most common forms of in situ reaction monitoring employed during
mechanochemical reactions are PXRD, Raman spectroscopy, and thermography.3®
Emmerling and coworkers combined these three analytical techniques for the analysis
of a cocrystal formation, a manganese-phosphonate formation, and the synthesis of C-
C bonds through a Knoevenagel condensation.% This analysis allows information to be
correlated with chemical changes within the reaction as well as detection and delineation

of possible intermediate states, such as co-crystal, eutectic, or liquid intermediates.

Halasz and coworkers also combined the use of in situ PXRD with Raman spectroscopy.
in which they demonstrated the rapid whole molecule exchange of benzoic acid 10 and
11 using isotope labelling studies (Scheme 1.09a).3” Fast atom exchange could also be
monitored utilizing labile deuterium atoms through cocrystal formation of benzoic acid 10
and 2-pyridone 13 (Scheme 1.09b) or between D;O and benzoic acid. These
experiments demonstrated that ball milling is able to overcome the slow solid-solid
diffusion of typical solid-state reactions through particle refinement and growth during a

reaction.

a) Fast whole molecule exchange

©)LOH©/ “OH (u-n) @‘ _H__>_®

[mixer mill]
30Hz, 05h

) Fast atom exchange durlng cocrystal formation

O--D/H-N /
Twein| (Y /Q
[mixer mill] O-H/D--0

30Hz,05h 14

Scheme 1.09 Whole molecule and atom exchange observed through ball milling.
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Through the analysis of PXRD combined with temperature monitoring and Raman
spectroscopy, Herndndez and coworkers could visualize the exact moment of the phenyl
migration during a benzil-benzillic acid rearrangement (Scheme 1.10).%8 The rapid
structural change of the starting material 15 to product 16 was not preceded by the
formation of any intermediate states. Through this study the feasibility of
mechanochemically induced migration reactions was demonstrated along with
reinforcing the ability to gain a deeper understanding of the mechanism of a

mechanochemical reaction through in situ monitoring.

__foH O OH
(W[=]n) OH
[mixer mill] e}
15 30 Hz, 20 min 16

Scheme 1.10 The benzil-benzillic acid rearrangement.

With the use of in situ techniqgues growing, it can be expected that a greater
understanding of unusual reactivity or advantages observed by ball milling will be
achieved. This enhanced insight into the internal workings of some of these reactions
may allow application to other transformations, as to improve reaction conditions or
possibly for alternate mechanistic outcomes, although the challenge of identifying
transformations which may benefit from mechanochemical treatment is currently carried

out through trial and error.

1.06 Temperature Control

As previously mentioned for TSE it is often possible for the control of the temperature of
the barrel during the reaction due to the design of the equipment. However, the ability to
control reaction temperature is still in its infancy for ball milling methods. Commercial
availability of devices that are able to control milling temperature is limited to devices
such as the Cryomill from Retsch which is restricted to milling samples at cryogenic
temperatures.®® Researchers have undertaken the construction of their own devices able
to control the temperature of the milling vessel. These range in complexity from electrical

heating belts,* recirculating liquid,®® “° or simply use of a heat gun.**

Utilizing temperature control through a heating belt wrapped around the jar, Uzarevi¢
and coworkers were able to further accelerate milling reactions and achieve selectivity

not previously observed for conventional milling or solution reaction conditions.**® These
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Chapter 1 — Introduction to Mechanochemical Synthesis

benefits were demonstrated through a range of transformations including MOF
construction, condensation reactions, and reactivity of acyl azides (Scheme 1.11).
Through careful reagent choice and reaction optimization it was possible to selectively
synthesize the intermediate amide 20 from one of two acyl azides 18 and 19 in reaction
with the diamine 17. Upon formation of the intermediate 20, milling could be stopped and
using their heating belt the internal jar temperature could be raised to 90 °C inducing the
Curtius rearrangement of 19. Milling could then be restarted, and the isocyanate
generated from 19 could then react with 20 forming the final amide and urea containing
product 21 in excellent yield and selectivity. Such a one pot procedure had not previously

been developed under any reaction conditions with comparable selectivity.

/©/NH2
NH, H H
L WA
o 7 o ({ W aroN (@ 1) AHJLN 0
JL JL [mixer mill] 20 [mixer mill] H .
A ON; A2 ON; | 30 Hz RT 30 Hz, 90 °C 21, 95%
18 19 20 min 20 min

Scheme 1.11 Synthesis of amide and urea containing diamine. Ar! 4-nitrobenzene, Ar?

4-methoxybenzene.

Mack and Coworkers modified a SPEX 8000M mixer mill to allow a recirculating chiller
to pump temperature-controlled liquid around the jar allowing for precise reaction
temperature control.*® Using the reduction of 4-tertbutyl cyclohexanone 22 with sodium
borohydride as a control reaction, they were able explore the effects on
diastereoselectivity with temperature during a ball milled reaction (Scheme 1.12).
Comparisons could then also be made with the same reaction carried out in solution. At
the lowest temperatures investigated (-10 °C and 5 °C) there was a significant increase
in the diastereomeric excess (d.e.) observed under ball milling conditions than that of
solution reactions. As temperature increased, the d.e. decreased following a similar trend
under ball milling and solution conditions. The values generated for each technique
finally converged as temperature reached 25 °C. The relationship between d.e. and
milling frequency was also explored at a range of temperatures. It was observed that
milling frequency had some effect on the d.e. with higher frequencies leading to a
decrease in d.e. but that the temperature of the reaction vessel had a much greater
influence on the selectivity. It was found that milling frequency greatly impacted on the
conversion of the reaction, with low milling frequencies providing minimal conversion.

This investigation demonstrated the ability to control reaction selectivity and conversion
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through control of both temperature and milling frequency. This potentially allows for

faster reactions with greater selectivity utilizing their method.

0 NaBH, OH H
o T sl L
tBu «( ,)) tBu H + (Bu OH

[mixer mill]
22 23 24

Scheme 1.12 Reduction of 4-(tertbutyl)-cyclohexanone with sodium borohydride.

Temperature controlled ball milling reactions, similarly to in situ spectroscopic methods,
is a technique that is currently in its infancy largely due to lack of commercially available
ball mills with requisite temperature control. Through these examples it has been shown
that temperature control can provide benefits to ball milling transformation by increasing
accessible reactivity. Additionally, temperature control can allow for greater
understanding of the variables in mechanochemical reaction and their effects on reaction

outcomes.

1.07 Well Suited Reactions

There are a broad range of reactions well suited to be undertaken by ball milling
conditions, taking advantage of the solvent free reaction medium. Products or reagents
that are often poorly soluble in solution synthesis are prime candidates for use within ball
mills. To this end Borchardt and coworkers have synthesized a range of nanographenes
under ball milling conditions. In the initial work a Scholl reaction was applied to
benchmark nanographenes, hexa-peri-hexabenzocoronene 25, the triangular shaped
Ceo 26, and further expanded to C2, 27, forging up to 54 new C-C bonds in a single step
(Scheme 1.13).%2 Expanding on this synthesis the group successfully implemented a
dehydrogenative catalytic synthesis of nanographenes with the aid of an elemental
copper catalyst which avoided the production of hydrochloric acid as a byproduct.*®
These nanographenes and their precursors are poorly soluble in typical organic solvents
which necessitates the use of large quantities of solvent at high temperatures for their
synthesis which often result poor yields (typically 40 — 60%) and long reaction times.**
The solvent free mechanochemical processes provided a fast and high yielding reaction

(up to 99%) to access these materials.
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! O FeCl;, NaCl or Cu
—_—

” (e [«=>]n)
.- - [mixer mill]

25Hz,0.5h

26 25

Scheme 1.13 Synthesis of nanographene’s from Borchardt and coworkers.

Ito and coworkers have taken advantage of the solvent free nature of ball milling for the
development of a solid-state Suzuki-Miyaura cross-coupling reaction (Scheme 1.14).4%
45 Utilizing compounds with poor solubility in organic solvents such as pigment violet 23
28 (solubility in PhMe <2 x 10° M) which had not previously been able to undergo
derivatization through cross-coupling procedures. Through this new protocol they have
been able to prepare new luminescent organic materials from Pigment Violet 23 28
including 29 which has a strong red emission. This cross-coupling could therefore
facilitate the derivatization of insoluble aryl halides for the discovery of new photoactive

materials such as 29, only currently accessible through ball milling.

2.5 equiv. Ar-B(OH),
cl 10 mol% Pd(OAc),
N~ 15 mol% SPhos N
N\ 0 Et 6.0 equiv. CsF Et
S 7.2 equiv. H,O
Et~N 0 N 1,5-cod 1 = 0.20 Et\N
_—
Cl
O Piment Violet 23 ([«<=>]n)
28 [mixer mill] tBu
30 Hz, 120 °C

Scheme 1.14 Solid-state Suzuki-Miyaura cross-coupling enabled by ball milling.

The ability to carry out truly solvent free reactions that require no solvent during the
reaction, work up and purification is very challenging. Most examples of ball milling
reactions still require the use of some solvents through work up and purification
requirements, however there are a number of examples that do achieve this impressive
feat of a solvent free reaction that has no solvent requirement for work up or purification.*®

Simple condensation reactions are often so effective under mechanochemical conditions
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in which several examples exist producing a range of products with minimal solvent
contribution, such as liquid additives or a water wash for purification.3°* " 46 Some of these
condensation reactions can be used to produce valuable compounds, such as salen
ligands. James and coworkers have taken these condensation reactions a step further
for the synthesis of salen ligands from salicylaldehyde 30 and ethylenediamine 31 by
including their coordination to a number of metals via either a one-pot or two-step one-
pot approach (Scheme 1.15a).” In these examples they have produced several salen
complexes, including 32, requiring no solvent for the synthesis or purification. Finally,
utilizing their expertise in transferring reactions from ball milling to TSE they have
established a procedure for the synthesis of a zinc salen complex from salicylaldehyde
30, a 1,2-diamine 33 and zinc acetate dihydrate (Scheme 1.15b).*® This continuous
process would provide the product 34 analytically pure by *H NMR spectroscopy albeit
allowing for the presence of the remaining sodium carbonate.

a) One-pot salen ligand synthesis and complexation by ball milling

=0
10eqU|v ZnO _N\ /N_
OH NH / \
< ; HNT- 2 (((-)))

2.0 equiv. [mixer mill]
30 31 25Hz,1h
b) Continuous salen ligand production and complexation by TSE )
Ph
1.0 equiv. Zn(OAc),.2H,0
_o 0.1 equiv. NaZCO3
=N_ N_
d b
2.0 equw 455,120 °C

Scheme 1.15 Synthesis of salen ligands and their complexes using ball milling and TSE.

It's clear from these examples that ball milling is able to access reactivity in compounds
that would often be very challenging in solution due to their poor solubility with ease.
Also, simple condensation reactions are often high yielding under ball milling conditions
and can be used to provide valuable products. The simplicity of their conditions also

allows them to be combined with other reactions for further elaboration of the products.

1.08 Increased Rate of Reaction

The lack of large quantities of solvents from mechanochemical reactions often

significantly increases the rate of reactions due to the increase in reagent concentration.
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Furthermore, the removal of solvent also removes the thermodynamic barrier of
desolvation which can hinder some reactivity in solution.¥ Such benefits are observed
by Su and coworkers for the cross dehydrogenative coupling of tetrahydroisoquinoline
35 derivatives with terminal alkynes 36 (Scheme 1.16b).*° Similar procedures developed
in solution required two days in refluxing decane (Scheme 1.16a), but this approach
produced similar or higher yields and enantioselectivities in only one hour.*®® Also, the
catalyst could be replaced by copper balls making the removal and recycling of the

catalyst simple for this procedure while still achieving good enantioselectivities.

a) Li and coworkers copper catalysed alkynylation of tetrahydroisoquinolines

10 mol% CuOTf .Ph
15 mol% 40 N
@G 1.0 equiv. tBUOOH «
N. — _— *
ph H—=——Ph Decane [5 M] AT
50 °C, 2 days
2.0 equiv. v 67% e.e. 63% S
35 36 37 o P 0
Y
b) Su and coworkers mechanocatalytic alkynylation of tetrahydroisoquinolines N N—/
Cu balls N
10 mol% 40
N H—==—pPh 1.0 equiv. DDQ XX
“PMP _— Ph
1.1 equiv. (U [«=>]) 69% e.e. 74%
38 36 [mixer mill] 39
30 Hz, 40 min

Scheme 1.16 Copper catalysed alkynylation of tetrahydroisoquinoline.

Bolm and coworkers expanded on the range of alkynylation reactions possible under ball
milling conditions with rhodium (Scheme 1.17a) and gold (Scheme 1.17b) catalysed C-
H activation for the synthesis of C2 and C3 alkynylated indoles.®! In the developed
transformations lower catalysts loadings than that of solution counterparts were capable
of producing the products in higher yields and shorter reaction times (12 — 24 h in
solution). Preliminary mechanistic studies allowed for the isolation of an intermediate
rhodacycle via stoichiometric reaction with the indole, this intermediate was then

confirmed as an active catalyst for the C-H functionalization.
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a) Rhodium catalysed C2 alkynylation of indoles
R'" R2——|—0 0.5 mol% [(Cp*RhCl,),] R’

Ar 2.0 mol% AgNTf,
iy N v, C—= 1
Ar [mixer mill] Ar R
30 Hz, 1.0 h N\

,Cp”
1 RR
b) Gold catalysed C3 alkynylation of indoles Ar NSN Cl
Ar R2—=—]—0 N R’ ~
Ar NY‘Z’- ,\j 1 o 2.0 mol% AuCl |
E;N 78 («[«=>]n) X
[mixer mill] R2
30Hz, 15h

Scheme 1.17. Alkynylation of indoles through Rh and Au catalysis.

The late stage introduction of methyl groups into bioactive molecules can improve their
potency by improving lipophilicity, binding interactions, metabolic stability and more.>?
These collective benefits have been referred to as the ‘magic methyl effect’ and have
garnered significant recent efforts into new C-H methylation strategies.>® Pilarski and
coworkers have developed ruthenium catalysed methylation strategies for a range of
aromatic and heteroaromatic substrates under ball milling conditions (Scheme 1.18).>*
They achieved selectivity’s currently unattainable for solution variants for the mono-
methylation of phenyl pyridines (Scheme 1.18a) and phenoxypyridines (Scheme 1.18b)
both often suffer with dimethylation. Furthermore, in the C7 methylation of indolines
(Scheme 1.18c) the C2,7-dimethylated indole product was identified as a byproduct in
initial work. This led to further investigation the formation of this dimethylated product,
which could be produced selectively by increasing the milling speed from 25 Hz to 36
Hz. This dimethylation requires a catalytic dehydrogenative aromatization which
generally require high temperatures in solution and had not previously been achieved
under mechanochemical conditions. During their mechanistic investigations into these
transformations, the researchers carried out the synthesis of a range of rhodacycle
intermediates through stoichiometric reactions of the catalyst and substrates under
mechanochemical conditions. They successfully synthesiszed both 5 and 6 membered
rhodacycles in higher yields and shorter reaction times than for previous solution
synthesis. The expedient synthesis of these compounds provided a much more
convenient method for their production than prior methods. Finally, they applied their
methylation strategies to a range of biologically active compounds including

pharmaceuticals and natural products.
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a) C-H methylation via 5-membered rhodacycles

5.0 mol% [(Cp*RhCl,),]
2.0 equiv. Me-B(OH),
1.5 equiv. A92CO3
e 3

(@ ”)

[mixer mill]
36 Hz,2.0h

b) C-H methylation via 6-membered rhodacycles

5.0 mol% [(Cp*RhCl,),]
— 20 mol% AgSbFg
3.0 equiv. Ag,CO3

Cp*

Rog \O \—7 6.0 equiv. Me-BF K N / Me, Het Rﬁx
_ (¢« [«=] ) ve t}

[mixer mill] yR

36 Hz,2.0h

c) Alternate product selectivity of indolines by varying ball milling conditions

10 mol% [(Cp*RhCl,),] 10 mol% [(Cp*RhCl;),]
40 mol% AgSbFg 40 mol% AgSbFg N\~ Me
N 3.0 equiv. AgoCO3 N 3.0 equiv. AgoCO3 N
N 6.0 equiv. Me-BF3K >—N 6.0 equiv. Me-BF3K >—N
6,0 equiv. Me-BF 5K 5.0 equiv. Me-BF &
4 /4 4
Me N° Y (i 1) NOY ({ 1) Me N Y
= [mixer mill] = [mixer mill] =
25Hz,1.0h 36 Hz, 1.0 h

Scheme 1.18 Rh catalysed C-H methylation.

The advantage of faster reactions is not only possible for metal catalysed processes, but
MCRs under ball milling conditions.*® Ugi and Passerini reaction methods have shown
significant rate enhancement via the application of ball milling in work carried out by
Juaristi and coworkers (Scheme 1.19a).°® These MCRs undergo a cascade of
elementary chemical reactions all controlled by individual equilibria that must align to
produce the desired products. Often, optimization of MCRs requires careful balance of
reaction conditions to provide the most successful pathway to the desired product
avoiding unwanted side products. The implementation of ball milling on these MCRs has
provided a synthesis of these complex products in a single step in good to excellent
yields in only 45 — 180 minutes, with comparative solution reactions requiring 16 hours
to 3 days at elevated temperatures.®® El-Remaily and coworkers have successfully
carried out the Ugi reaction using TSE which achieved this MCR with a retention time of
only 15 minutes demonstrating a notable increase in the rate of this transformation
utilizing this continuous method (Scheme 1.19b).>” This significant increase in the
reaction rate from the ball milling variant could be achieved due to the elevated reaction

temperature possible using TSE.
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a) Ball milling Ugi and Passerini reaction from Juaristi and coworkers R3—NH,

2.0 mol% InCl3 R2 O
JL 0 2 O MeOH m =0.5 H g
1 _NZ > 4 j])\N R’
R /Klr (t - W RoH e SSTTE= I o ko
[mixer mill] [mixer mill]
25 Hz, 90 min 45 - 180 min

b) TSE Ugi reaction from EIl-Remaily and coworkers

RZ O
H
i @ }9 o ~FHAHHH X J
lL L re—wn [TSE] R N" R
OH R4 RZ “H 2 I
50 rpm, 20
min, 100 °C

Scheme 1.19 Ugi and Passerini reaction.

Rapid access to metal organic materials has been demonstrated by Lamaty and
coworkers in their efforts for the production for copper NHC complexes, whereby
imidazolium salts were coordinated to copper(l) following the oxidation of the elemental
copper by oxygen present in the jar, thus simplifying the procedure and the purification
of the final product (Scheme 1.20).%8 The straightforward reaction conditions with minimal
solvent requirement and reduced reaction time, compared to solution,*® provides a
convenient method for the synthesis of these complexes. With their established method,
the synthesis of five novel complexes could be achieved indicating the potential of
mechanochemistry for the synthesis of new metal complexes with potential value as

catalysts.®®

Cu®, air
R R HOT 203 R R
2

ArE9 A (0) O @ Ar~ \( ~Ar

c [planetary mill] CuCl

450 rpm, 5.0 h

Scheme 1.20 Synthesis of copper NHC complexes from copper metal.

These selected examples highlight that the lack of bulk solvent in ball milling reactions
can allow for significant rate enhancement for a broad spectrum of reactivity. It also can
provide simplified reaction work up and product isolation further increasing the ease of

access to the products.
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1.09 Improving Sustainability

Discovery of sustainable methods of synthesis is becoming increasingly important to
synthetic chemistry.®* The ACS Green Chemistry Institute Roundtable provide numerous
valuable objectives for the implementation of sustainable practices in industrial and
research settings that do not yet exist.>2 The reduction in the use of chlorinated and polar
a-protic solvents are the most commonly associated aims with ball milling but these are

not the only benefits to more sustainable synthesis that ball milling can provide.* 4662

Through the synthesis of PZ-1361 48, Lamaty and coworkers demonstrated the possible
benefits of a multistep solvent free synthesis employing ball milling (Scheme 1.21).%% In
comparison to the solution method the total reaction time could be reduced from 60 hours
to 5 hours and improved the overall yield from 34% to 64%.5 Furthermore, the excess
of epichlorohydrin 42 was reduced from 3.0 equiv. to 1.2 equiv. for the synthesis of 43
and the subsequent Boc deprotection was carried out using HCI gas in quantitative yield.
Throughout their synthesis a variety of fragments were applied at each stage of the
synthesis for a diversification of the final product. Finally, the ball milling procedures
established were high yielding enough such that column chromatography could be

completely avoided during the synthesis of PZ-1361 and many of its derivatives.

Ph 3.0 equiv. K:CO3  Ph Ph OH

OH PrOH n =0.15 O\/<? OH EtOH 1 = 0.1 ©/O\)\
oO———————— —_
<] (n )] BocHN (@ )] N
1.2 equiv. | [mixer mill] [mixer mill]
41 42 30 Hz 2.0 h 43, 85% 44 30 Hz 2.0 h 45, 90%
: : NHBoc

® © H
NH;Cl N
Ph \)Oi, O/ ClO,S Cl 1.0equiv. K,CO;  ph OH O/ oS cl
o N _i O/ \O
@/ \©/ ({1 1) ©/O\)\/ N
a6 a7

[mixer mill]

30 Hz, 1.5 h PZ-1361, 48, 86%

Scheme 1.21 Ball milling synthesis of PZ-1361.

However, the practical synthesis of pharmaceutical compounds on an industrial scale
requires material to be produced in much larger quantities than what is possible to
achieve through most ball milling devices, other mechanochemical techniques could be
applied to their synthesis.!! Colacino and coworkers performed the condensation of aryl
aldehydes with 1-aminohydantoin 49 for the synthesis of hydrazone containing APIs,
Nitrofurantoin 50 and Dantrolene 51, via TSE (Scheme 1.22).% This continuous method

could produce analytically pure APIs without the need for any purification. Additionally,
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the space time yield of the TSE method is 68000 kgm-3day?, versus the solution method
430 kgm-=3day* thus highlighting the significant reduction in space and time required for
this process by the application of mechanochemistry.®® The application also simplifies
the procedure avoiding the requirement of pH adjustments, cooling and heating the entire
batch, and the use of concentrated mineral acids and bases required in the solution
synthesis. This highly streamlined process simplified the synthesis of these compounds

and significantly improved the sustainability of the product.

0 0

o A —a A
cl NH o ~HHHHHH NH

® N e N
HaN [TSE] AN
ol Ar H o)
49 55 rpm, 50 °C
0 0

0] <N’ \« (0] <N \«
ON— | o] O,N N

Nitrofurantoin, 50 Dantrolene, 51
Antibiotic Muscle relaxer

(@]

Scheme 1.22 TSE synthesis of Nitrofurantoin and Dantrolene.

C-H activation preventing the necessity of prior synthesis of more activated starting
materials has been studied by Zhong and coworkers through a rhodium catalysed C-H
amination process (Scheme 1.23).5” Under their reaction conditions they have been able
to remove the use of solvent and reduce the loading of the catalyst compared to solution
methods economizing the reaction. Within this work the increased stability of the catalyst
under ball milling compared to solution which was studied using **F NMR spectroscopy
to measure the catalyst decay profile. This revealed the remarkable advantages of ball
milling to this process alleviating one electron oxidation of the rhodium dimer and
circumventing solvent oxidation side reactions.® This allowed for lower catalyst
requirements for this C-H amination reaction increasing the sustainability and reducing

the cost for the catalyst required in the reaction.

0o 0

0.5 mol% Rhy(esp), _ W
Lﬁw(""e M. Phl(OAG), NaHCO, PC N%( Me HzN’si‘o/\cms
PG
O Me O Me
v IOJIEO) e ¥
52 [planetary mill] 53 H,N"~~0Ph
300 rpm, 2.5 h 55

Scheme 1.23 Direct C-H amination.
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During the manufacture and application of dyes the strongly coloured waste effluents
can result in significant environmental contamination.®® The quantity of waste can be
significantly reduced through the application of alternate manufacturing practices. James
and coworkers applied TSE technology to the synthesis of a humber of commercial
pigments in a solvent free manner (Scheme 1.24).7° The synthesis of naphthalic imides
could be achieved in quantitative yields with water as the only byproduct without the need
for any solvent during the reaction or purification (Scheme 1.24a). The reaction method
could be expanded to synthesize perylene diimides in good to excellent yields
(Scheme 1.24b). When less nucleophilic amines were used potassium carbonate could
be added to facilitate the reaction. Using automated synthesis methods, they
successfully applied TSE to the synthesis of Pigments Black 31 58 and 32 59 with a
throughput rate of ~1500 gday* with a corresponding space time yield of 30 x 102 kgm-
3day! which is 1-2 orders of magnitude greater than for solvent batch methods. The
application of TSE provides substantial waste reduction and improved efficiency of these
compounds. Similar benefits have also been found for the synthesis and elaboration of

other dyes under mechanochemical techniques such as BODIPY and azo-dyes.’

a) Quantitive formation of naphthalic imides via TSE

[TSE]
O 55 rpm, o
56 110 °C

b) Formation of perylene diimides via TSE for the synthesis of pigmants

A e SO0
L) O L NHy R RN L) N-R

0.0 0 =

P sl =V,
TSE
o) ;5 s o o)
57 rpm,
110 °C OMe

(0] O (@) O

g8t

2088 ot -0
59

Pigment Black 31 Pigment Black 32
58
MeO

Scheme 1.24 TSE synthesis of naphthalic imides and perylene diimides.

Through these examples it has been demonstrated that mechanochemistry can
significantly improve sustainability of organic synthesis through waste reduction. This
can be in the form of significant quantities of solvent in the reaction and purification but

also through reducing the stoichiometry of reagents or catalyst loading in the reaction.
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1.10 Alternate Products and Reactivity

Increasing the rate and sustainability of a transformation are attractive benefits, boosting
interest in mechanochemistry.? That being the case the distinct reaction environment of
mechanochemical techniques could be pave the way for the discovery of alternate
reactivity, producing new products than that of solution counterparts.* The ability to
discover new chemical reactivity is fundamental to any area of chemical research, and

there have been numerous examples which have been mechanochemically facilitated.

The [2+2+2] cyclotrimerization of alkynes such as 60 for the synthesis of benzene
derivatives 61 with nickel(0) catalysts has been observed in solution with moderate
regioselectivity by Guan and coworkers (Scheme 1.25a).”2 When Mack and coworkers
attempted this mechanocatalytic transformation utilizing nickel pellets under mixer mill
conditions the expected trimer products were not observed as the major product.
[2+2+2+2] cyclotetramization products 62 were observed as the major products, albeit
as a mixture of regioisomers (Scheme 1.25b).”® The optimized process demonstrated
the activity of nickel metal as an active catalyst for a process that would usually require
glove box or Schlenk line manipulation to facilitate the use of a nickel(0) catalyst.

a) Guan and coworkers [2+2+2] Ni catalysed cyclotrimerization
1 mol% Ni(COD),

3 mol% PPh, SN
Z ————— [ oy,
EtO,C PhMe [0.25 M] =
60 61

b) Mack and coworkers [2+2+2+2] Ni catalysed cyclotetramization

Ni Pellets

—) —_—
. )
o C// (@ )] C),—(Coza)4
2 [mixer mill] —
60 30Hz, 16 h 62

Scheme 1.25 Alternating the product of Ni catalysed cyclisation of alkynes

Flammable gases such as acetylene can be challenging to handle under any conditions
requiring either use in large excess or under high pressures to force the compound into
solution. Although the use of alternate surrogates to these gaseous reagents can simplify
their use. Calcium carbide (CaC;) has been demonstrated as a suitable candidate as a
solid replacement for acetylene although not without issue due to its poor solubility in

organic solvents. Bolm and coworkers have recently explored the use of CaC, as a
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nucleophile under ball milling conditions (Scheme 1.26 and 1.27).7* Initial work focused
on the synthesis of propargyl amines under ball milling conditions expanding on previous
work from Su and coworkers on the formation of this synthetically valuable compound.”
Although to their surprise the desired A® coupling product was not observed and in its
place was the 1,4-diamino-2-butyne (Scheme 1.26b).”#2 This reactivity was contradictory
to previously reported A3 couplings with CaC. by Zhang and coworkers, where the
reactive species is likely an acetylide nucleophile where the carbide has been singularly
protonated by water as they specify the use of undried acetonitrile in their methodology
(Scheme 1.26a).”® The alternate reactivity observed mechanochemically is postulated to

be due to the carbide remaining di-anionic during the reaction in the mill.

a) Zhang and coworkers A% coupling of CaC,

10 mol% Cul RZ _R®
J(J)\ R2 R 1.0 equiv. CaC, N
<. —_—
R" ~H N MeCN [0.5 M] R1J\\\
1.2 equiv 80°C,18h

b) Bolm and coworkers alternate product formation through A3 coupling of CaC,

10 mol% Cul

2 R3 3

o 0.8 equiv. CaC, R'N'R 2_ R 1
R RO REN R-N R

R H N ({1 )] RO ——

H ; . N R’ N-R?
[mixer mill] 4
RZ
25Hz,1.5h

Scheme 1.26 A3 coupling of CaC..

Mechanochemical synthesis and functionalization of two- and three- dimensional
carbon-based materials had already been well established, although one-dimensional
structures had yet to be explored.* 7" Bolm and coworkers applied their experience using
CaC; to the synthesis of odd-numbered tetraaryl[nJcumulenes (Scheme 1.27).74 Due to
their practical accessibility, cumulenes are often used as model substrates to predict the
physio- and chemical properties of carbyne.” These structures are typically synthesized
from Li or Mg acetylide addition to carbonyl compounds followed by reductive elimination
of the 1,4-butyndiols with tin(Il) chloride and a strong acid.’® Under ball milling conditions
the addition of CaC, to benzophenone 63 and its derivatives produced the necessary
1,4-butyndiols 64 intermediates. These could then be reduced with SnCl,-2H20 without
the need for an acid, improving the functional group tolerance to include acid labile
functional groups for the synthesis of cumulenes. This two-step approach yielded
tetraaryl[3]cumulenes 65 in good yields in relatively short reaction times (Scheme 1.27a).
They also then went on to develop a synthesis of tetraaryl[S]cumulenes 68 from
propargyl alcohols 65 through an oxidative dimerization reaction followed by reductive

elimination (Scheme 1.27b). This initial concept realization could be applied in the future
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in the synthesis of other carbon-based materials from CaC, such as polycyclic

hydrocarbons or cumulenes from poorly soluble precursors.

a) Synthesis of tetraaryl[3]Jcumulenes via ball milling

4.0 equiv. KOH Ph Ph
Q : h OH
)j\ 1.6equiv.CaCy Phyy __ HO)\\
Ph”” Ph > 7 — IDpn A5
® ® HO Ph
() D O 41% 25%
63 [planetary mill] 64 65
800 rpm, 3.5h
Ph OH 1.1 equiv. SnClye2H,0 Ph Ph
Ph — ¢ o q PALZARY) >=.=.
HO Ph [QOIRO) Ph Ph
64 [planetary mill] 65
400 rpm, 1.0 h

b) Synethesis of tetraaryl[5]cumulenes via ball milling

Ph_ Ph 1.0 equiv. CuCl

10equiv. TMEDA  Ph_i" OH
HO™ N = s = —

@l® Ph
65 [planetary mill] 67
800 rpm, 2.0 h

ph" OH 10equiv.SnClpe2H,0 PR =<Ph
/ — ' g >=o—o—o—o

=
HO Ph " [ORIRO) Ph Ph
67 [planetary mill] 68
400 rpm, 1.0 h

Scheme 1.27 Synthesis of odd numbered tetraaryl[nJcumulenes from CaCo.

Ammonia 71 is one of the top 10 most fundamental feedstock chemicals for the synthesis
of herbicides, plastics and other chemicals.” Global production of ammonia is greater
than 100 million tonnes per year, and currently it is synthesized on an industrial scale via
the Haber-Bosch process at pressures over 100 bar and between 400-500 °C (Scheme
1.28a). 8 Work from Baek and coworkers demonstrated the effect of ball milling on the
synthesis of ammonia 71 using an iron catalyst under mild conditions (1 bar and 45 °C)
which produced 71 at a higher final concentration (82.5 vol%) than the current state of
the art industrial synthesis (25 vol%, 450 °C and 200 bar)(Scheme 1.28b).8* Although
this current mechanochemical production is limited to batch synthesis with the catalyst
surface being loaded with nitrogen prior to milling i, it demonstrates the potential of this
technique still in its infancy. Application of mechanochemistry to this transformation could
reduce the energy requirement for this reaction which currently uses 1% of global energy

production.8?
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a) The Haber-Bosch reaction

Fe cat.
2N, 3H, ———— > 2NH3
400 °C, 100 atm
69 70 7

b) Step wise Haber-Bosch by ball milling under milled conditions

Nitrogen dissociation, i

69 0009
%0 0 09
0000
3H, 00
Activated Fe 70 Fe(N¥)
Hydrogenation, ii
45 °C, 1 atm
NH5
7 OAIRO!
[planetary mill]

Scheme 1.28 Haber-Bosch process.

The solid-state generation of phosphorous ylides and their application to a Wittig reaction
from Balema and coworkers demonstrated surprisingly mild synthesis of phosphonium
ylides (Scheme 1.29).8 In solution the generation of phosphorous ylides from triphenyl
phosphine 72 and alkyl halides often requires a strong base such as the pyrophoric n-
butyl lithium, but under ball milling conditions this can be achieved with potassium
carbonate.?* These phosphorous ylides are then shown to still react effectively with
ketones or aldehydes for the synthesis of alkenes (Scheme 1.27).%° This discovery
revealed the ability to use weaker bases under ball milling conditions when compared to
solution chemistry which could improve the functional group tolerance of a
transformation, simplify and improve the safety of the reaction. Mack and coworkers have
since expanded on the understanding of the ball milling Wittig reaction elucidating the
effects of liquid additives and ion pairing towards conversion and diastereoselectivity.?’c
Their findings suggested significant rate enhancement using liquid additives with high
dielectric constants and that with Cs*/Br ion pair excellent diastereoselectivity could be

achieved in the synthesis of E-stilbenes.

1 2
@ K2003 R R RZ
~ N R
Ar"X PPh; T——————> Ar” “PPh;X A" pph, AT
(¢ [«=>] ) (e [«=>] ) R’
[mixer mill] [mixer mill]
2 30 Hz, 1.0 h 30 Hz, 3.0 h

Scheme 1.29 Ball milled synthesis of phosphonium ylides and their use in a Wittig

reaction.
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Clearly from these examples presented that previously unobserved reactivity has been
enabled by the implementation of ball milling. This alternate reactivity can be in the form
of new products or through significant alteration in the activity of known reagents.
Although, it is currently impossible to predict where this new reactivity could be unveiled,
with increasing understanding of the mechanics that produce these new transformations
such deductions may be possible in the future.

1.11 Ball Milling Enabled Reactivity

The use of ball milling has enabled a range of reactivities that would be very challenging
under solution conditions. This is through the implementation of reagents that are poorly
soluble in common organic solvents or the need for direct mechanical activation of the

reagents.

Metal ores require significant processing and purification to extract the desired metal
components.®® This is a time and energy consuming process that can be avoided if the
metal ores can be used directly in synthesis. Two examples from Bolm and coworkers
exploit ball milling for copper catalysed atom transfer radical cyclisation (Scheme 1.30a)
and a vanadium catalysed oxidative coupling of 2-napthol 74 and derivatives using metal
ores (Scheme 1.30b).%” The ores used, covallite (copper) and vanadinite (vanadium),
have very poor solubility in common reaction solvents making them very challenging to
use under solution conditions. This results in poor uptake in the use of these and other
minerals as catalysts for organic transformations. While under ball milling conditions
readily available organic ligands MesTREN 73 and DPA 76 were used to harness these

metals ores for the catalytic activity of the metals.
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a) Covalite catalysed atom transfer radical cyclisation

Me 5 mol% Covellite Me R?
BrIMe 5mol% 73 Mej\_f Br ¢ NMe,
R
| . . 1
R! R2 [mixer mill] R! 73 NMe,
25Hz,0.5h MegTREN

b) Vanadinate catalysed oxidative coupling of 2-napthols

60 mol% Vanadinite OO
60 mol% 76 OH OH
4 atm O, OH N
MeOH n = O'OSi OO OH (@) | N (e}

OH
IOZIRO! 8 7
DPA
74 [planetary mill] 75
600 rpm, 2.0 h

Scheme 1.30 Metal ore catalysed atom transfer cyclisation and oxidative coupling of

2-napthol derivatives.

Prebiotic chemistry may have relied on mechanical activation of compounds during,
weathering, tectonic activity, or asteroid impact, for the synthesis of the molecules
required for life.3°¢ 8 Hernandez and coworkers activated iron cyano complexes in an
envisaged prebiotic scenario for the synthesis of amino acids (Scheme 1.31).%° In this
MCR benzyl amine 78 was condensed with benzaldehyde 77 and the resultant imine
could be attacked by a cyanide anion liberated by the mechanical activation of the iron
cyano complexes (Scheme 1.31a). The resulting a-aminonitriles 79 could then be
hydrolysed in the ball mill also under pseudoprebiotic conditions with sodium hydroxide

monohydrate to furnish the amino amide 80 (Scheme 1.31hb).

a) Prebiotic a-aminonitriles synthesis b) Pseudoprebiotic hydrolysis of a-aminonitriles
o Ka[Fe(CN)g] Hn- BN B PPA NaOHHZ0 N
_NH S|02 Hzo n-= 0.06
Ph)LH geNH2 502 )\CN LA e NH,
(«[«=>] ) (W [«<=>]n) o
77 78 [mixer mill] 79 79 [mixer mill] 80
30Hz,15h 25Hz,0.5h

Scheme 1.31 Iron cyano complexes activated by ball milling.

Mechanoredox reactions are a new class of reactivity initially discovered by Ito and
coworkers for the borylation or arylation of diazonium salts 81 (Scheme 1.32a).%° In a
process that mirrors photoredox catalysis where a catalyst enters an excited state once
excited by a photon of sufficient energy in mechanoredox chemistry a piezoelectric
material enters an excited state when compressed during a collision.®* This excited state
is in the form of a temporary highly polarized particle which is then able to reduce a

substrate via a SET. Ito and coworkers expanded the mechanoredox field with a radical
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trifluoromethylation of electron rich arenes and heteroarenes (Scheme 1.32b).%2 Finally,
Bolm and coworkers employed mechanoredox for the reduction of a copper(ll) pre-
catalyst to the active copper(l) required for an atom transfer radical cyclisation
(Scheme 1.32c) previously established utilizing covalite a copper(l) containing mineral
(Schemes 1.30).87:93

a) Mechanoredox arylation and borylation from Ito and coworkers

15 equiv. © 1.0 equiv. Bopin,
@ @ MeCN 1 = 0.12 _
x tet-BaTiO3 g2 /©/N28F4 tet-BaTiO, /@,Bpln
— __ereatts o
cl (¢« [«<=>] ) o ( N g
[mixer mill] [mixer mill]
> 30Hz, 1.0h o 30 Hz, 3.0h 84

b) Mechanoredox trifluoro methylation from Ito and coworkers

Acetone 1 = 0.20 R?

O tet-BaTiO3 N\
S —_ CF;
SO0y W= N
[mixer mill] R
85 30Hz,3.0h
c) Mechanoredox copper catalysed atom transfer radical cyclisation from Bolm and coworkers X
I
Me 5.0 mol% Cu(OTf), Me R2 NZ
Brf-me 4.5 mol% 86 Me Br
20 wt% tet-BaTiO3 | N N
—) O
O™ N N 2N Ny
A TE=S T d A
[mixer mill] R TPMA 86
25Hz,3.0h

Scheme 1.32 Examples of mechanoredox reactions.

The generation of hydrogen gas typically uses methane as the hydrogen source
generating large amounts of carbon dioxide as a by-product.® With limited resources of
fossil fuels an alternate source is necessary. One such method is the dehydrogenation
of simple alkanes to produce molecular hydrogen which can be achieved with a range of
metal catalysts. Sajiki and coworkers have discovered a method for the production of
hydrogen from diethyl ether 88 and applied it to the reduction of aromatic compounds 87
for the synthesis of cyclohexane 89 derivative as a one pot procedure (Scheme 1.33).%
This method utilized hardened steel balls and jars (SUS304) typically used for ball milling
reactions, which enabled oxidation of diethyl ether releasing hydrogen gas, which can
then be used for the reduction of aromatic compounds. They proposed that one or more
of the metals present in the stainless-steel jar was responsible for this transfer
hydrogenation process. Their mechanistic investigation of the reaction utilized a zirconia
jar and balls and isolating each metal component of the stainless steel allowing for its

activity in the transfer hydrogenation reaction to be individually evaluated. This study
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found that nickel was the most reactive component of the stainless-steel jar and likely

responsible for the observed reactivity.

Stainless steel Me
O O Et,0 SUS304 jar and balls O)\O
_—
(20 equiv.)
IOANRO!
87 88 [planetary mill] 89

800 rpm, 24 h

Scheme 1.33 Reduction of 1,1-diphenylethylene via transfer hydrogenation from diethyl
ether.

The solvent free and minimized reaction environment in ball mills has produced a number
of surprising observations. Belenguer and coworkers discovered a dynamic covalent
reaction of disulfides 90 and 91 that under ball milling conditions had incredibly high
selectivity for the formation of the mixed disulfide 92 (Scheme 1.34).°® Whereas, in
solution it would proceed a statistical mixture of the mixed disulfide along with both
starting disulfides in a 1:1:2 ratio (90:91:92). Due to the solvent free or minimized
environment the lattice enthalpy of the mixed disulfide 92 could act as the
thermodynamic driving force to selectively lead to the mixed disulfide 92 as the only
product. Furthermore, the final polymorph of this mixed disulfide 92 was altered
dependent on either neat or the chosen liquid additive applied. This selectivity can only
be achieved in solvent free or minimized reaction environments and could potentially be

applied to other transformations.

Cl O2N 20 mol% DBU O2N
s. /©/ S« j@ MeCNN =025, S« j@
S S ~ S
(¢ )]
cl NO, cl

[mixer mill]

90 9 30Hz 1.0 h 92

Scheme 1.34 Disulfide metathesis under ball milling.

Observations of new products from well understood chemistry is unusual, such as the
palladium catalysed Heck reaction.®” Su and coworkers while optimizing a ball milling
Heck coupling of indoles 93 with acrylates 94 discovered a previously unobserved
product 96 (Scheme 1.35).%8 The desired 3-vinyl indoles 95 were synthesized in good
yields with palladium acetate and acetic acid as a liquid additive but when the catalyst
was exchanged for a palladium halide, salt B,B-diindolyl propionates 96 were observed
as the major product. Removal of acetic acid as liquid additive during reaction
optimization improved the selectivity of the new product. Through control reactions, it

was determined that the 3-vinyl indoles 95 did not participate as an intermediate in the
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production of [3,B-diindolyl propionates 96. ESI-MS was employed to probe the
mechanism, delineating 97 and 98 as possible intermediates. With these results
plausible mechanisms were suggested, where the rate of addition of the olefin to a
dimeric palladium species may determine the product. Furthermore, a solvent-labile
dimeric palladium intermediate could be responsible for the differing reactivity in the ball

mill versus in dimethylformamide due to the decreased rate of chain walking in solution.

I e — Pd(OAC), CO4Et
MnO,, SiO; 8 mol% PdCl, O O
N\ AcOH M = 0.17 @ U COEt MnO,, SiO, W
N (0 ) N (1 N N
Me [mixer mill] Me [mixer mill] © ©
9 30 Hz, 20 min 9 94 30 Hz, 20 min 9

M ¥

+
Me X e‘N
N I PdIQ \_ A CO,Et
@J Pa” N I‘?d‘@
X Me H "\l
97 9 Me

Scheme 1.35 Synthesis of 3-vinyl indoles and B,B-diindolyl propionates.

Ball milling can also be used to successfully combine reactions that are currently not
possible under solution conditions due to differing solvent needs.*® While working on
alkyne cyclopropenation Mack and coworkers successfully coupled two previously
incompatible reactions (Scheme 1.36).1° The cyclopropenation of alkynes with
diazoacetates through copper or silver catalysis was successfully coupled with a
palladium catalysed Sonogoshira reaction. This multi component reaction could then be
applied to the synthesis of a library of cyclopropene derivatives via the intermediate
Sonogashira product. The coupling of these reactions could significantly expand the
scope of available internal alkynes due to their limited commercial availability. Finally,
these reactions have not previously been reported as a one pot procedure under any

other conditions and would require the isolation of the intermediate internal alkyne.

R2 CO,Me

N, 2.5 mol% PdCI,PPh3
/H X U K,CO3, Ag foil /\
R R2NCOMe ————> R _
(t ) oz
[mixer mill]

18 Hz, 16 h

Scheme 1.36 Multi component synthesis of cyclopropene’s.
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Enabling new reactivity through the application of mechanical force in the case of
mechanoredox reactions demonstrates the ability to open up a new area of chemistry
using ball milling. Mechanochemistry has also enabled several other transformations,
presented in the previous examples due to its unique reaction environment. This can
simplify multistep processes and allow access to new products from well understood

chemistry.

1.12 Conclusion and Outlook

The application of mechanochemistry through ball milling has demonstrated a broad
variety of benefits to organic synthesis. These advantages include shorter reaction times,
improving the safety of a process, and the ability to telescope reactions for multistep
reactions not possible in solution, among many others. It has also been highlighted by
IUPAC and in several publications that the application of mechanochemistry can produce
a more sustainable reaction generating less waste. This greener approach to synthesis
has attracted the attention of the wider chemical industry but this alone may not be

enough for its application in an industrial setting.

The discovery of novel reactions and new products is the one of most fundamental areas
of chemical research and the ability to do this using mechanochemistry has been well
established. The capacity to discover new reactivity that is not currently possible in
solution may produce a necessity for industrial applications of mechanochemical
techniques, such as the use of TSE in the synthesis of MOFs which would not be
financially viable without the use of mechanochemistry. Although, it is not currently
possible to predict when this new reactivity will be observed, the breadth of
transformations that have currently been improved by mechanochemistry makes it likely

that many transformations could still be improved upon.

The ability to probe reaction mechanisms by in situ spectroscopy and reaction monitoring
is a growing area of interest that is able to reveal in greater detail the mechanisms that
these mechanochemical processes undertake. This expanding area of research may be
able to investigate what mechanical attributes leads to new reactivity. It may be possible
in the future to use this mechanistic data to manipulate reactions to produce new

products or alternate reactivity.

Notwithstanding the level of progress made in ball milling for organic synthesis there is

still clear potential for further application to more transformations. This could establish
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what transformations are possible under mechanochemical conditions and improve on

the understanding and predictability of the transformations while using these methods.

1.13 Aims and Objectives

The aims of this thesis are to investigate further applications of ball milling to organic
synthesis to improve on known transformations and potentially in the discovery of new
reactivity. This will be achieved by altering conditions of reactions from solution to apply
them to ball milling. By probing their reactivity in depth, it may be possible to discover
new reactivity or selectivity to that of solution. Comparisons of the ball milling reactions
to solution will be necessary to contextualize any reactivity differences. These solution
reactions can be either from previous reports of the transformations or reactions utilizing

the optimal conditions for ball milling but transferred back to solution.

If any new reactivity which has not been previously established in solution is discovered,
it may also be necessary to attempt to reproduce these transformations in solution to
explain why this new reactivity is observed. Furthermore, significant mechanistic studies

will be necessary to establish the mechanism of these new transformations.

Initial study into the application of ball milling onto known reactions will be carried out
using the palladium catalysed Buchwald-Hartwig amination for the synthesis of aryl C-N
bonds. This reaction was chosen for study due to its importance in industrial synthesis
which was hoped to garner further interest in mechanochemical techniques within
industry.'® Furthermore, this reaction had yet to see any development under

mechanochemical methods at the onset of this investigation.
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2.1 Introduction to C(sp?)-N Bond Formation

During the last 25 years the Buchwald-Hartwig amination has become a core method for
the formation of C(sp?)-N bonds.! The effectiveness of this and other transformations
has led to heteroatom alkylation and arylation reactions making up 23% of all steps in
the production of pharmaceuticals. Furthermore, the formation of C(sp?)-N bonds make
up 27% of these reactions.? This makes the formation of aryl C-N bonds among the most
common steps in drug discovery.® The synthesis of C(sp?)-N bonds is also commonplace
for the synthesis of natural products, agrochemicals, and compounds studied in material
science (Scheme 2.01).# The ubiquity of this transformation has prompted development

of improved catalyst systems and advancement of reaction conditions.
N02 MeO
X \ /
P QOO
e
m AMG 925 Me @ O Q

Vanatoclax

Cl MeO OMe

Furoc'?gime B Hexaaza[1g]paracyclophane with Embedded 9,10-Anthrylenes
102

TEBL T o e

Ancistrocladinium A Sedaxane Barettin derivative
103 104 105
Scheme 2.01 Examples of pharmaceuticals, natural products, and aromatic

macrocycles synthesized using the Buchwald-Hartwig reaction.

2.1.1 Synthesis of Aryl C-N Bonds

Some of the most common methods for the synthesis of C(sp?)-N bonds include SnyAr
reactions (Scheme 2.2a), nitration followed by reduction (Scheme 2.2b), and cross-
coupling reactions (Scheme 2.2c). Even though SnAr reactions are a powerful
transformation they often require activated starting materials such as electron deficient

aromatic systems. This necessity for activated starting materials reduces the scope of
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Chapter 2 — Robust Buchwald-Hartwig Amination via Ball Milling

this transformation.® Nitration reactions can be highly exothermic requiring the need for
precise temperature control to prevent over-reaction. Furthermore, they can suffer from
poor regioselectivity, and minimal functional group tolerance.® The desired product then
requires further reduction for the synthesis of aryl amine derivatives. This multi-step
process and challenging conditions often resulting in poor yields can prevent its
successful implementation in target synthesis. The use of coupling reactions between
aryl halides or boronic acids and amines with transition metal catalysts can provide a
high yielding alternative synthesis method. The most common coupling reactions used
to achieve C(sp?-N bond formation are the Ullman, the Chan-Evans-Lam and the
Buchwald-Hartwig couplings. The Ullman reaction is unfortunately often limited to aryl
iodides and the requirement for high copper catalyst loading limiting its applications,
though significant efforts have been made to improve on these drawbacks.” The Chan-
Evans-Lam coupling can either be carried out with stoichiometric copper(ll) or catalytic
copper(ll) with the addition of a primary oxidant, or using oxygen from the air. Exploring
the mechanism of this transformation has allowed for an expanded range of application
of this coupling reaction although it still suffers from similar drawbacks as the Ullman
coupling. Whereas the palladium catalysed Buchwald-Hartwig coupling has been found
to be highly selective with superior functional group tolerance and is regularly carried out

with low catalyst loadings on a range of halides and pseudo-halides.*?

a) SyAr reactions
C ! !
EWG{j/ or H,® ———— EWG—:(j/ \.or .
4 ‘ 4

b) Nitration followed by reduction

X HNO3, H,SO, % K Hy, Pd/C %
R+ —> R — R
T4 T4 4
c) Cross-coupling reaction ?
X
[ H. ® Metal Catalyst XN N\.
R _ N RO
® =

Scheme 2.02 Common methods for the synthesis of C(sp?)-N bonds.
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2.1.2 The Buchwald-Hartwig Reaction

Migita and coworkers discovered the first palladium catalysed C-N bond formation
utilizing aminostannane 106 and bromobenzene 107 in a reaction that resembles a Stille
coupling (Scheme 2.03).° This initial report was minimal in scope (10 examples) but

represents the starting point for the development of this now widely utilized

Br NEt
PdCI,(P(o-tolyl 2
nBu;Sn—NEt, ©/ as 7% ©/
PhMe [2 M]

100 °C, Ar
106 107 108

transformation.

Scheme 2.03 Initial conditions discovered by Migita and coworkers.

The work of Buchwald and coworkers on the development of palladium catalysed
amination reactions focused on the rational development of new phosphine-based ligand
systems that initially allowed the tin amides to be substituted for free amines.® Their
continued research programme has allowed for a broad scope of applicable substrates
expanding the utility of the reaction. This included expanding the range of halides which
could be successfully coupled from iodides and bromides to include chlorides and
sulfonates. The series of catalyst systems developed have also been applied to other
cross-coupling reactions and the use of Buchwald ligands is still commonplace in

transformations reported in the literature.

Simultaneously Hartwig and coworkers have also made significant efforts into the
development and understanding of this reaction, developing extensive mechanistic
insight of the transformation.! This was achieved through isolation of [Pd°(P(o-tolyl)s)-]
which was could then be used in stoichiometric studies with aryl bromides for the
isolation of catalytic intermediates. This work has produced the now accepted
mechanism similar to that of other palladium catalysed cross-coupling reactions
(Scheme 2.04). Initially a low valent palladium(0) (i) species undergoes oxidative addition
of an aryl halide producing the palladium(ll) intermediate (ii) which can then be attacked
by the amine. The initial amido palladiu(ll) complex (iii) can be deprotonated by the base
present followed by de-coordination of the halide. The final palladium(ll) amido complex
(iv) can then reductively eliminate the aryl amine product and return the catalyst to its

initial palladium(0) oxidation state.
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Scheme 2.04 Buchwald-Hartwig catalytic cycle.

Research into the improvement of cross-coupling reactions to lower catalyst loadings
and expand the range of applicable substrates is ongoing.'? Such developments include
alternate ligands such as NHCs.? Initially work in this area was under the assumption
that the NHC ligands could simply be used as phosphine mimics due to their similar
bonding interactions with palladium.*®* Both phosphine and NHC ligands are neutral 2
electron o-donors creating electron rich palladium catalysts. This strong o-donation
produces much stronger bonds between the palladium and the NHC ligand than that of
even the most electron rich phosphine ligands.** Furthermore, NHC ligands are able to
increase their bond strength through 1-backbonding from the metal and t-donation to
the metal, with these Tr-interactions contributing to between 15 — 20% of the total bonding
interaction.'®> However, the extent of these Tm-interactions for NHC ligands has been

disputed.'®

The steric properties of phosphine ligands have been well defined by their cone angle; it
is widely understood that altering the size of substituents impacts the cone angle and in
turn can impact the number of ligands coordination mode and catalyst activity.!” Studies
into the geometry of NHC ligands suggest that the flanking substituents can create a
pocket of flexible steric bulk around the metal centre.*® Thus the amine substituents can
be tuned to tailor the size of the ligand without significant alteration to the electronics of
the ligand.*®* Whereas for monodentate phosphine ligands the steric and electronic
properties cannot be so easily separated as the basicity of the ligand is directly

determined by its substituents.?

The most common heterocycle found in NHC ligands is the imidazolium species due to
its ease of synthesis and modular design permitting for a range of augmentations for the

tailoring of the ligand for specific transformations, although a broad range of other
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heterocycles have been explored (Scheme 2.05).1?* 2° Organ and coworkers have
reported a number of palladium NHC pre-catalysts in their PEPPSI (Pyridine Enhanced
Pre-catalyst Preparation Stabilization and Initiation) series and demonstrated their use
in a range of cross-coupling reactions.'?® 21 The pre-catalysts, as the acronym suggests,
contain a pyridine ligand which assists in the isolation of the palladium NHC complex.
Furthermore, the labile nature of the pyridine produces a low valent species in solution
enhancing the rate of initiation of the palladium(ll) pre-catalyst to the active palladium(0)
oxidation state.'® 2* The variation to the ligand system includes the level of saturation
of the imidazole ring and its substitution (X = H, CI, NRz...) allowing for fine control of the
electronics of the system.? 212 The size of the flanking aryl rings substitution (R = Me,
iPr, iPent...) can vary the sterics of the ligand and further substitution of electron rich

groups on these rings allow for finer control of the electronics of the system.

RNI=\NR RN/_\NR
v /5 G an &) XX

(Imidazolium)carbene (D|hydrcc:rrgsr?ezollum) NN
R T R
Cl-Pd-Cl
N
R m R /}R' z [
NN Ar-N ' ™ cl
R .o R .o R
(tetrahydropyrimidyl) (Amino)(alkyl)carbene PEPPSI catalyst

carbene

Scheme 2.05 Pd-PEPPSI catalyst developed by Organ and coworkers.
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2.2 Development of Cross-Coupling Reactions in

Mechanochemistry

The alternate chemical space that can be accessed using mechanochemistry has been
applied to a number of cross-coupling reactions. This has enabled a range of possible
benefits to these well-known transformations. The Nobel prize winning Suzuki-Miyaura
coupling was the first palladium catalysed cross-coupling to be reported with the use of
ball milling by Peters and coworkers in 2000 reporting similar yields and slightly reduced
reaction times compared to solution (Scheme 2.06a).?? This versatile and powerful C-C
bond forming reaction which is widely used in both academic and industrial settings has
since been explored numerous times under ball milling conditions.?® Proceeding reports
of the Suzuki-Miyaura cross-coupling under ball milling conditions improved on the scope
of applicable substrates including heteroaromatic chlorides and reduced the catalyst
loading.?* The inclusion of a liquid additive from Su and coworkers produced a profound
increase on the rate of the reaction with a small quantity of methanol (Scheme 2.06b). In
this work the Suzuki-Miyuara reaction of aryl chlorides and boronic acids could be
achieved in only 99 mins whereas in solution this transformation would require up to 16
hours at elevated temperatures.?® All of these reports were largely limited to liquid aryl
halides with only a small number of solid substrates reported throughout. Ito and
coworkers contributed to the development of this transformation in 2019 with a procedure
for the selective monoarylation of dibromoarenes.?® The monoarylated product was
proposed to undergo an in situ crystallization preventing further reaction, producing a
highly selective reaction for monoarylation of dibromoarenes which could then be further
derivatized in one-pot two-step methodology (Scheme 2.06c).2®6 This selective
crystallization provided intermediates of reduced reactivity in the solvent free
environment providing a selectivity unachievable in solution. Ito and coworkers then
expanded on this work, reporting a solid state cross-coupling procedure which could
access these solid aryl halides.?” This new solid-state procedure provided a method for
which Stuparu and coworkers could synthesize corannulene-based curved
nanographenes 113, which is challenging in solution due to the product and
intermediates poor solubility (Scheme 2.06d).?2 Ball milling in this case allowed facile
access to these materials. Finally, Ito and coworkers returned to their developed solid
state Suzuki-Miyaura cross-coupling for the functionalization of typically insoluable aryl
halides such as nanographenes or pigments, such as the functionalization of Pigment
Violet 23 29 (Scheme 2.06d).2°
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) Initial report by Peters and coworkers for a mechanochemical Suzuki-Miyaura cross-coupling

Z
R1©/B(OH)2 Br 5.0 mol% [Pd(PPh3),] ~ R
K,COj, NaCl OO
IOANRO!

[planetary mill]
40 min, 850 rpm

109

b) Significant rate accelraration Su and coworkers 2016

2.0 mol% Pd(OAc),
4.0 mol% PCy3HBF,

RZ
B(OH), Cl K2CO4
RIS Rz_:(j/ MeOH 1 =0.045 piff
_—
4 4 T4
(e [«=>]n)
[mixer mill]
1h,30 Hz
c) Selective crystalization reported by Ito and coworkers
3.0 mol% Pd(OAc), 3.0 mol% Pd(OAc), ‘
4.5 mol% tBuBrettPhos4.5 mol% DavePhos
B(OH), CsF, H,0O CsF, H,O
“/ @i 16cod N=020  ABOH)p O o

” S,

Weln (W) »

[mixer mill] [mixer mill] Me
110 m 1.5, 25 Hz 1.5 h, 25 Hz 112
d) Application of ball milling Suzuki-Miyaura cross-coupling to challenging examples
~Et
Ar
Et~N tBu
Ar —
Curved nanographene from Ar ‘ P|gmant V|oIet 23 from
Stuparu and coworkers Ito and coworkers tBu
113

Scheme 2.06 Suzuki-Miyaura cross-coupling development under ball milling conditions.

Other cross-coupling reactions have undergone development under ball milling
conditions such as the Mizoroki-Heck reaction. The stereoselective synthesis is of multi-
substituted alkenes can often be achieved using this reaction in high yields. Frejd and
coworkers initially presented the Mizoroki-Heck reaction under ball milling conditions with
protected amino acrylates (Scheme 2.07a) and later expanded the transformation under
similar conditions to include unprotected amino acrylates providing direct access to
unprotected dehydrophenylalanines.®® Lamaty and coworkers utilized polyethylene
glycol as a grinding additive for the polymer supported Mizoroki-Heck reaction, where
the oxygen atoms in the polymer coordinate to the palladium catalyst removing the need
for ligands. Nevertheless, this reaction was limited to aryl iodides and a small number of
styrene derivatives with most leading to poor yields.3* Su and coworkers developed a
method for a ball milled Mizoroki-Heck reaction where TBAB was used as an additive

preventing proto-deholgenation of the starting material 114 (Scheme 2.07b).3? This
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method was successfully applied to the synthesis of E-stilbene derivatives and expanded
to 3-bromoindazoles 114 which could be coupled with acrylates.®® This transformation
provided an efficient route to the synthesis of axitinib, a tyrosine kinase inhibitor.*? Finally,
the same group has continued their work in this area towards an oxidative Mizoroki-Heck
reaction for the synthesis of alkenylbenzenes from activated and unactivated alkenes
117 and boronic acids (Scheme 2.07c).3*

a) Initial report by Frejd and coworkers 2004

Br 0 5.0 mol% Pd(OAc), m
R’ _(j/ yj\ORz NaHCO3, HCONa Ly Yy ~OR?
> HN OR3 nBU4NC|, NaCl ! > HN OR3
T ISTEO) T
[planetary mill]
1 h, 850 rpm

b) Mizoroki-Heck reaction towards the synthesis of axitinib from Su and coworkers 2018

Br = 5.0 mol% Pd(OAc),
| 10 mol% PPhg
N N NEts, TBAB, NaBf
Br N
THP OJIRO) Br
114 115 [planetary mill]
1.5 h, 800 rpm

c) Oxidative Mizoroki-Heck reaction

10 mol% Pd(OAG),

B(OH), Me
N 0,
" @/ X 20 mol% DDQ

Me Me TCA, silica gel
(«[«=]n)

117 [mixer mill]
0.5h, 20 Hz

Scheme 2.07 Mizoroki-Heck reaction development under ball milling conditions.

The Sonogashira cross-coupling of terminal alkynes and aryl halides has also been
explored under ball milling conditions with a number of advantages over solution
reactions presented. Mack and coworkers established the first example of this palladium
and copper co-catalysed reaction transferring conditions from solution in 2009 (Scheme
2.08a).%® The use of copper balls in place of the copper co-catalyst expanded on this
transformation in an early example of mechanocatalysis from the Mack group. Soon
after, in 2010, Stolle and coworkers introduced a copper and ligand free Sonogoshira
reaction under ball milling conditions with DABCO as a base (Scheme 2.08b).¢ Kulkarni
and coworkers using the previously established conditions from Stolle and coworkers

have developed the first palladium catalysed transformation under continuous extrusion
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conditions.3” With residence times of only 65 to 180 seconds this continuous method for

the solvent, ligand, and copper free Sonogashira reaction is extremely fast.

a) Solvent free Sonogashira reaction from Mack and coworkers in 2009
2.5 mol% Pd(PPh3),

2
X 1 mol% Cul or Copper balls R
R1_:©/ — R2 KQCO:; X //
— 3
Pz 1fu
W=ln Ry
X=1,Br [mixer mill]
17 h, 30 Hz

b) Solvent, ligand, and copper free Sonogashira reaction from Stolle and coworkers in 2010

| 5.0 mol% Pd(OAc), R2
g1 = R DABCO, Si0, Z
2 > R
[OAIRO! '

[planetary mill]
20 min, 800 rpm

Scheme 2.08 Sonogoshira reaction development under ball milling conditions.

Previous work within the Browne group on mechanochemical cross-coupling reactions
focused on the Negishi cross-coupling (Scheme 2.09).%8 In this work, a two-step one-pot
approach was applied to the generation of organozinc reagents, followed by palladium
catalysed cross-coupling under ball milling conditions without the need for an inert
atmosphere (Scheme 2.09a). Furthermore, it was possible to carry out the transformation
as a one pot procedure where all reagents for organozinc generation and cross-coupling
are present from the start (Scheme 2.09b), which had not been reported prior to this work
in solution. This methodology provided a simple procedure for this often-challenging

cross-coupling reaction.*

a) Two-step one-pot procedure for the mechonchemical Negishi cross-coupling

1.0 mol% Pd-PEPPSI-iPent

2.2 equiv. Zn [ '| 3.0 equiv. TBAB
Ar—l  Alk—Br 1.5 €quiv. DMA All/Ar—znx | ATTX > Alk/Ar—Ar
or
=L =L
[mixer mill] [mixer mill]
4h, 30 Hz 4, 30 Hz

b) One-pot procedure for the mechonchemical Negishi cross-coupling
R /\ R

NN
1.0 mol% Pd-PEPPSI-iPent aR T R\Q
Br 2.2 equiv. Zn R?
Ak—Br RIE 1.5 equiv. DMA RIE S Cl=Pd-Cl
—) —_
L ' R = iPent N
(¢ [«=>] ) L
Cl

[mixer mill]

8 h, 30 Hz Pd-PEF;I;’gI-IPent

Scheme 2.09 Negishi cross-coupling under ball milling conditions.
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2.2.1 Summary, Outlook, and Aims & Objectives

Ball milling has been an effective method for simplifying cross-coupling procedures which
often require dry and inert reaction environments free from air and moisture in solution.
Often these examples have significantly enhanced reaction rates and reduced catalyst
loadings. These benefits potentially provide more convenient procedures to synthesize
C-C bonds that are also more sustainable with reduced solvent and catalyst
requirements or more easily recycled catalysts. However, cross-coupling procedures
generating carbon heteroatom bonds, such as the Buchwald-Hartwig reaction, have yet

to be explored under ball milling conditions.

2.3 Buchwald-Hartwig Amination - Results and discussion

This work was carried out as a collaboration between Dr Qun Cao, Andrew C. Jones,
and myself. My major contributions focused on the supervision of Andrew C. Jones, an
MChem student at the time, and carrying out the various aryl halide examples in the
substrate scope. All results obtained by Dr Qun Cao and Andrew C. Jones are clearly

indicated in the captions.

Initial investigations into the mechanochemical Buchwald-Hartwig reaction used
chlorobenzene 119 and morpholine 120, as model substrates on a 1 mmol scale with a
slight excess of the amine coupling partner, mimicking reported solution reaction
conditions.?!¢ Potassium tert-butoxide was used as the base due to it being amongst the
most common bases for solution methods. All ball milling reactions were carried out
under an air atmosphere with no efforts made for the exclusion of air or moisture. Finally,
two Pd-PEPPSI catalysts developed by Organ and coworkers, which are commercially

available, were probed for their activity under ball milling for this reaction.
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2.3.1 |Initial results

R M\ R R M\ R
‘ Catalyt W dhth SW dads &\
cl N 2 equiv. KOfBu O R T R R T R
©/ [ j — CI-Pd-Cl Cl-Pd-Cl
o ({ ") R=iPr _N I R = iPent N I
1.2 equiv. [mixer mill] U\ U\
119 120 121 Xcl e

30Hz, 3h

Pd-PEPPSI-IPr Pd-PEPPSI-IPent
122 118
Entry Pd-PEPPSI Catalyst Catalyst loading / mol% Yield of 1211/ %
1 IPr 122 2.0 43
2 IPr 122 1.0 8
3 IPent 118 2.0 56
4 IPent 118 1.0 28

[al Determined by GC.
Table 2.01 Initial results. Results obtained by Dr Qun Cao.

These initial results for the mechanochemical Buchwald-Hartwig reaction were promising
achieving moderate yields of 121 (Table 2.01). The catalyst bearing the larger of the
ligands (Table 2.01, entries 3 and 4), IPent, led to greater activity in the reaction likely
due to increasing the rate of the reductive elimination step which is often the rate limiting
step of cross-coupling reactions.’®® %% This catalyst system was carried forward with a

loading of 2 mol% due to the good activity observed yielding 56% (Table 2.01, entries 3).

2.3.2 Optimization

With initial conditions showing moderate activity for the reaction, which had been derived
from previous reports using solvent, the optimization began for the ball milling variant.
The application of different grinding auxiliaries were screened due to the reaction mixture
being viscous during the initial results possibly leading to poor mass transfer during the

reaction.
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Grinding auxiliary
2.0 mol% Pd-PEPPSI-IPent

H 0
©/C' EN j 2 equiv. KOtBu N
o v O

1.2 equiv. [mixer mill]
119 120 30 Hz 3 h 121
Entry Grinding auxiliary Mass equiv. Yield of 1211/ 9%
1 - NA 560!
2 Silica 3 11
3 MgSOs 3 10
4 NacCl 3 24
5 Celite 3 67
6 Sand 3 82 (75)
7 Sand 0.5 28
8 Sand 1 34
9 Sand 2 59
10 Sand 4 81

[ Determined by *H NMR spectroscopy using mesitylene as an internal standard. !
Determined by GC. U Yield of isolated product.
Table 2.02 Grinding auxiliary optimization. Results obtained by Dr Qun Cao and Andrew

C. Jones.

Silica and magnesium sulphate both performed very poorly as grinding auxiliary’s likely
due to both being highly absorbent preventing a free-flowing reaction mixture, in both
cases the majority of the reaction mixture was localized on the surface of the ball
(Table 2.02, entries 2 and 3). Sodium chloride also performed poorly but did lead to more
even distribution of material around the jar (Table 2.02, entry 4). All three of these
grinding auxiliaries resulted in decreases in yield than without any present (Table 2.02,
entry 1). Fortunately, both celite and sand increased the yield (Table 2.02, entries 5 and
6) from the initial results where a grinding auxiliary was not present (Table 2.02, entry 1).
These two additives led to even distribution of the material within the jar and likely the
most efficient mass transfer. As sand performed significantly better than celite the

optimization continued by changing the quantity of sand added to the reaction.

Varying the amount of sand used caused a profound change in the reaction outcome,
which is likely attributable to altering mass transfers in the reaction (Table 2.02,
entries 7-9). With low loadings of sand, the reaction mixture became stickier under these
conditions, which then led to inferior energy transfer and mixing. Increasing the amount

of sand present to 4 mass equivalents had little effect on the yield of the reaction (Table

53



2.02, entry 10) and as a lower quantity of material in the jar leads to more powerful

collisions 3 mass equivalents was caried ahead as optimal.

A range of alternate Pd-PEPPSI catalysts were screened to test their activity.!%" 212.¢ As
under the current conditions Pd-PEPPSI-IPent was achieving a good yield of 82%
(Table 2.02, entry 3) the loading of the catalysts was decreased to 1 mol% for the catalyst

screen as this lower loading should provide greater discrepancy in catalyst activity.

1.0 mol% Catalyst
3 mass equiv. sand

H 0]
©/CI ENJ 2 equiv. KOtBu N\)
_
o (1t [«<>]n) @f
1.2 equiv. [mixer mill]
119 120 121

e

@t & gl

Catalyst Screen

Cl-Pd-Cl Cl-Pd-Cl
R=iPr _N R = iPent_N _ Cl=Pd-Cl
(J\ U\ R=iPr _N
N N &J\
Pd-PEPPSI-IPr Pd-PEPPSI-IPent cl
122 118 123
50%el 95%el 23%!8l
o [allb]
R M R o7% R /A R
2N o A SN
MeO R T R OMe MeO R T R OMe
Cl-Pd-Cl CI-Pd-0
Ph _N Ph Oz Me
R=2<_ (%] R =2<
Ph IS AN, Ph Me
Pd-PEPPSI-IPr=OMe Pd(IPr*°Me)(acac)Cl
124 125
31%! 42%]

@ Determined by *H NMR spectroscopy using mesitylene as an internal standard.
bl 0.5 mol% catalyst loading.

Scheme 2.10 Catalyst screen. Results obtained by Dr Qun Cao and Andrew C. Jones.

All the catalysts examined showed some activity for the reaction with a large range of
yields achieved. Surprisingly, the decreased loading of Pd-PEPPSI IPent 118 led to a
higher yield of 95% (Scheme 2.10) than previously at 2 mol% catalyst loading (82%,
Table 2.02, entry 3). The less sterically hindered Ipr 122 was still highly active in the
reaction but only lead to a 50% yield showing the benefit of more steric hinderance from
the ligand likely aiding the reductive elimination. The more electron rich variant of the Ipr
catalyst 123 showed a decrease in activity by more than half which may be due to a
slower reductive elimination step. Ipr*°™® 124 which not only being more electron rich

with its methoxy substituents but also increased sterics with the biphenyl side groups
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also showed lower activity than either the Ipr 122 or Ipent 118 catalysts. The very large
size of this ligand it may be inhibiting the oxidative addition step preventing the reaction
from taking place. When the labile pyridine ligand and a chloride were replaced with
acetylacetate Ipr<°™e(acac)Cl 125 the catalyst increased in activity possibly due to being
more readily activated. It would be possible to make the same adjustment to the Ipent
catalyst 118 but due to the system already being a highly active it was continued to be
used without modification. When the catalyst loading was further decreased to 0.5 mol%
for Pd-PEPPSI-Ipent 118 the yield of the reaction dropped to 67% so this catalyst using
1 mol% was decided as the optimal choice for both catalyst and loading.

The next stage in the optimization was to ensure the optimal base was being used in the
reaction. Both the strength and stoichiometry of the base was varied to find the optimal

conditions.
Base
o Y e (O
o ((I=F)) ©/
1o 1.21e2%uiv. [r;oix:;n;i:] 121
Entry Base (equiv.) Solution pKa**  Yield of 1218/ %
1 KOtBu (2.0) 17 95
2 NaOtBu (2.0) 17 52
3 KsPO4 (2.0) 12 8
4 Cs2COs (2.0) 10 15
5 K»COs3 (2.0) 10 5
6 KOH (2.0) 15.7 14
7 KOtBu (0.5) 17 17
8 KOtBu (1.0) 17 76
9 KOtBuU (3.0) 17 32

& Determined by 'H NMR spectroscopy using mesitylene as an internal standard.

Table 2.03 Base optimization. Results obtained by Andrew C. Jones.

Potassium tert-butoxide, which is among the most common bases reported for this
reaction in solution, was the best performing base for the reaction in the ball mill
(Table 2.03, entry 1). The sodium equivalent was also applicable but led to only a
moderate yield of 52% (Table 2.03, entry 2). This lower yield may be due to a stronger
Na-O ionic bond as sodium is a harder cation. Without the benefit of solvation, the
separation of these atoms to release the active base may be more difficult to overcome

under the solvent free conditions in a ball milling reaction, whereas in solution these
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bases can be more readily exchanged. Weaker bases performed quite poorly in the
reaction because of difficulty to deprotonate the amine after coordination to the palladium
catalyst preventing the coupling reaction (Table 2.03, entries 3-6). Altering the
equivalents of potassium tert-butoxide did not improve upon the yield using 2 equivalents
(Table 2.03, entries 7 — 9).

Finally, the reaction time was varied to identify if 3 hours were in fact optimal.

1.0 mol% Pd-PEPPSI-IPent
2 equiv. KOfBu

H o)
©/C| [N] 3 mass equiv. sand N\)
o (=] ) ©/

1o 1.21(92%uiv. [g‘(l)ix:zr‘n;i:] i1
Entry Time / h Yield of 121/ %
1 1 42
2 2 57
3 3 95 (91)b!
4 4 91

@ Determined by *H NMR spectroscopy using mesitylene as an internal standard. ®! Yield
of isolated product.

Table 2.04 Reaction time optimization. Results obtained by Andrew C. Jones.

The shortest reaction time of 1 h (Table 2.04, entry 1) showed a rapid onset of the
reaction achieving 42%, the rate then slowed reaching only 57% after 2 hours (Table
2.04, entry 2). A further hour of milling again led to a rapid increase in yield jumping to
91% (Table 2.04, entry 3). It is unclear precisely what leads to the variation in rate but
unusual sigmoidal rates have been observed previously under ball milling which have
been caused by variation in the rheological properties of the reaction mixture.*?
Increasing the reaction time to 4 hours led to a slight decrease in the product yield and

with these results 3 hours was taken forward as the optimum reaction time.

2.3.3 Substrate Scope

The conditions optimized thus far for morpholine 120 and chlorobenzene 119 were then
taken forward for the substrate scope. Initial variation focused on the aryl halide coupling
partner changing the electronics and sterics of the coupling partner as well as the halide

leaving group.
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1.0 mol% Pd-PEPPSI-IPent

H 2 equiv. KOtBu 0
X 3 mass equiv. sand
Ar () : AN
0 (¢ =] ) '
1.2 equiv. [mixer mill]
120 30Hz, 3h

Me (\o MeO (}3

(\O o) N
N\) ©: />_N/_\o /CEN \©/
S N
Me Me OMe
121;91% X =ClI 126; 40% X = CI 127; 70% X = Br 128; 83% X = Br

75% X = Br
84% X =1

o o (o ]
o N NS AN _ NS
SO RS YS]
o MeS N X
129;50% X =Br  130:65% X=Cl  131,60% X =Br  132; 32% X = Cl

o

N ol (o o
[ :[ N N N
O\© Me/(:r F/O NC/Cr

133;72% X =Br 134; 52% X =Br 135; 42% X =Br 46% X = Br
b X =

Heteroaryl halides were used as received without purification.
Scheme 2.11 Aryl halide substrate scope.

From the substrate scope of aryl halides (Scheme 2.11) it was shown that chlorides,
bromides, and iodides were successful coupling partners for the synthesis of 121.
Especially pleasing was the ability to couple often challenging ortho substituted aryl
halides producing 133 and the di-ortho substituted 127 which can be a particularly
demanding coupling. Electron rich substrates generally performed well with 1-bromo-
3,5-dimethoxybenzene giving a good yield of 128 and 5-bromobenzo[1,3]dioxole gave a
moderate yield of 129 likely due to the oxygen atom being para substituted making the
carbon which was coupled very electron rich which can slow the rate of oxidative
addition.?®® Electron poor substrates were less successful with both 135 and 136
providing poor vyields, although electron deficient heteroaromatics still achieved good
yields. This is surprising as generally electron poor substrates perform well in palladium
catalysed cross-coupling reactions due to increased rate of oxidative addition with
palladium(0). Heterocycles were coupled successfully in the reaction including 2-chloro

benzoxazole and 3-bromopyridine which is often a challenging substrate for metal
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catalysed reactions due to coordination with the active palladium catalyst leading to

suppression of the reaction.

As the product arising from the coupling of 2-chloro benzoxazole 137 may be forged
through an SyAr reaction this substrate was also attempted with Pd-PEPPSI-IPent

omitted.

o) H 2 equiv. KOtBu o M\
N )
,)—ClI 3 mass equiv. saqd (j: 7N O
©:N>_ [ j N>_ \/
(6)

({ 1)
1.2 equiv. [mixer mill]
137 120 30 Hz, 3 h 126

Scheme 2.12 Investigating possible SxAr mechanism in the formation of 126.

This control reaction only provided a trace of the product 126 in the reaction mixture

confirming that there is very little background SnAr reaction occurring (Scheme 2.12).

With a range of aryl substituents and electronic factors varied the scope of the reaction
was investigated regarding other secondary amines including cyclic and acyclic

substrates.
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1.0 mol% Pd-PEPPSI-IPent
2 equiv. KOtBu
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30Hz,3h

(o Ph s
(L Y (L
RN @
SN e N0
7 &0 o

140; 77% 141; 78% 142; 72% 35; 72%

Ph NP Mesy Me)\N
o R e

119 1.2 equiv.

143; 80% 144; 80% 145; 68% 146; 71%
(\/ e B
.Boc
{ (0O y
Me N\)
@ LMe
147; 61% 148; 72% 149; 60%

Scheme 2.13 Amine substrate scope. Results obtained by Andrew C. Jones.

The scope of secondary amines (Scheme 2.13) all using chlorobenzene as the coupling
partner gave good to excellent yields. Acyclic amines gave marginally lower yields than
the cyclic counter parts due to the increased mobility of the side chains which can hinder
the nucleophilicity. A range of protecting groups including, Boc, benzyl, and ketal, were
tolerated and remained in place during the reaction which paved the way for

development of multistep synthesis using this procedure.
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HS:@\ 1.25 equiv. AcCl, 1.40 equiv. Pyr, ACS:@\
Me Me DCM Me Me

150 151; 57%

H
" |
ENj 5.0 mol% Pd(dba),

7.0 mol% Xantphos

s « HBr
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Vortioxetine
antidepressant Br

(3 equiv.)
111
Boc
N 1.0 mol% Pd-PEPPSI-IPent
[ ] 2 equiv. KOtBu
N 3 mass equiv. sand

&
<

Br
@SK)\ (\N,Boc (( _))) @S)Q\
Ve Ve HN\) [mixer mill] Me Ve

1.2 equiv. 30Hz,3h
154; 69% 153 152; 84%

Scheme 2.14 Vortioxetine synthesis. Thanks to Dr Qun Cao for the synthesis of 152.

With both coupling partners being varied in substrate scopes the conditions that had
been developed were applied to the synthesis of Votioxetine 155, an antidepressant
(Scheme 2.13). The initial C-S bond coupling was achieved using a palladium catalysed
coupling of thioacetate 151 and 1,2-dibromobenzene 111 in good yield. This was
followed with the key C-N coupling step with 1-Boc piperazine 153 which was achieved
in good yield to produce Boc protected Vortioxetine 154. This material was then

deprotected using hydrobromic acid to form the active APl 155 in good yield.

2.3.4 Investigation of Catalyst Stability Towards Moisture and Air

With the successful application of the reaction to a range of substrates, the focus shifted
to understanding why the reaction seemed to be so tolerant to air and moisture. As often
when these reactions are performed in solution, dry and even degassed solvent under
strictly inert atmospheres are required.! The possible reason for this apparent increased
tolerance could be due to altering either the rate of the reaction or the rate of catalyst
deactivation. Also, it may be possible that the catalyst system is in fact tolerant to air
under any conditions, but this had yet to be established. To investigate these possibilities
some experiments were carried out using the catalyst under solution conditions in
solvents that are common for Buchwald-Hartwig reactions but without the usual

protection from air and moisture.
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1.0 mol% Pd-PEPPSI-IPent
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©/ 0 Solvent, [0.1 M] ©/
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2
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Figure 2.01 Solution comparison under aerobic conditions. Results obtained by Andrew
C. Jones.

Under these aerobic conditions the catalyst seemed to completely deactivate in the first
2 hours of the reactions run in solution (Figure 2.01). The more coordinating solvents led
to a more active catalyst system but were not able to prevent the catalyst deactivation.
While in mechanochemical conditions the reaction is compete soon after the catalyst has
deactivated in solution conditions. To further investigate the stability of the catalyst under
mechanochemical conditions the loading of the reaction was decreased to 0.2 mol% and
the reaction time was increased to 8 hours.

0.2 mol% Pd-PEPPSI-IPent
2 equiv. KOtBu

H o)
©/CI [Nj 3 mass equiv. sand N\)
° (t [«=] 1) ©/
1.2 equiv. [mixer mill]

119 120 30Hz, 8 h 121

Scheme 2.15 Catalyst stability under mechanochemical conditions testing. Results
obtained by Andrew C. Jones.

Under these altered conditions the reaction still achieved a good yield of 80%
(Scheme 2.15). This shows the increased stability of the catalyst to moisture and air

within the neat ball milling conditions versus solution conditions. If the catalyst were
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deactivating under these conditions the reaction would have been expected to produce

a significantly lower yield with the reduced catalyst loading and longer reaction times.

2.4 Conclusion of the Buchwald-Hartwig Reaction

Ball milling was successfully applied for the palladium catalysed Buchwald-Hartwig
reaction. During optimization the liquid starting materials being used provided a viscous
reaction mixture with poor mixing but through the implementation of grinding auxiliaries,
mass and energy transfer could be improved. Through further reaction optimization the
catalyst loading could be lowered to only 1 mol% with further investigations into the base

and its stoichiometry or reaction times providing no additional benefits.

The developed procedure was then applied to a range of substrates. Aryl halides
including chlorides, bromides, and iodides could all be effectively coupled in good yields
including heteroaromatic examples. Furthermore, electron rich and poor examples
produced moderate to good yields as well as sterically demanding examples. Secondary
and cyclic amines were also studied in the coupling with chlorobenzene producing good
to excellent yields across the board. The reaction was next applied to the synthesis of

Vortioxetine the antidepressant providing the Boc protected precursor in good yield.

With the substrate scope established the stability of the catalyst under aerobic ball milling
was probed due to the necessity of a protective atmosphere under solution conditions.
Solution comparisons showed rapid catalyst deactivation without an inert atmosphere
and reduced catalyst loading with prolonged reaction time still provided a high yield for

the developed ball milling method showcasing the stability of the catalyst system.

During the substrate scope of aryl halides ethyl 4-chlorobenzoate 156 did not produce
the desired coupling product 157 (Scheme 2.16a), although the substrate has previously
been reported to be amenable in solution by Organ and coworkers (Scheme 2.16¢).4%2
The only product of this reaction was found to be the formation of an amide 158 in
moderate yield (Scheme 2.16a). This direct amidation of esters has the potential to be a
powerful transformation due to the prevalence of amides in compounds of commercial
interest.*® Previously Szostak and coworkers have demonstrated the amidation of phenyl
esters using Pd-PEPPSI-IPr 118 as a catalyst (Scheme 2.16d).4®® This led to an initial
investigation of the amidation reaction without the Pd-PEPPSI-IPent 118 to evaluate if

the catalyst was required for the transformation (Scheme 2.16b). This reaction provided
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the amide product 158 in almost identical yield to the initial observation. Further

investigation into the direct amidation of esters is presented in chapter 3.

a) Initial observation of amidation

1.0 mol% Pd-PEPPSI-IPent
2 equiv. KOtBu

H
/©/CI [Nj 3 mass equiv. sand /©/
EtO,C 0 (t - 0| EoC o

1.2 equiv. [mixer mill] Not observed 379,

156 120 30 Hz, 3 h 157 158

b) Pd-PEPPSI-IPent omitted

2 equiv. KOtBu

H
/©/CI [Nj 3 mass equiv. sang /©/
EtO,C 0 ( - 0| EoC o

1.2 equiv. [mixer mill] Not observed 39%

156 120 30Hz 3h 157 158

c) Organ and coworkers successful synthesis of 157

4.0 mol% Pd-PEPPSI-IPent O
1.5 equiv. KOtBu

H
N
/©/CI [Nj 3 mass equiv. sand /@’ \)
E(0,C o DME, 80°C,24h  gio,C
1.2 equiv. 40%
156 120 157

d) Szostak and coworkers palladium catalysed amidation of phenyl esters

ﬁ\ 3.0 mol% Pd-PEPPSI-IPr j’\
A 3.0 equiv. K,CO A
R” “OPh HoN" =7 eav: By RN
_ DME, 0.25 M, 110 °C H
2.0 equiv.

Scheme 2.16 Direct amidation of esters observation.

2.5 Comparison to Other Methods and Further Developments

Shortly prior and following the publication of this work, examples of Buchwald-Hartwig
reactions were published using ball milling.** The first example of this reaction under ball
milling conditions was published by Su and coworkers in 2018 finding similar benefits to
the results presented in this thesis forgoing the need for a protective atmosphere and
significant rate acceleration (Scheme 2.17a).#°> The developed conditions utilized twice
the loading of palladium and employed a phosphine-based ligand, XPhos. They also
found significant benefit from the application of a grinding agent finding sodium sulfate
as the best choice which also acted as a desiccant reducing the water content of the
reaction. As both their substate scope and ours focused on the use of liquid substrates

the implementation of the grinding agent provided improved mass and energy transfer
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to the reaction mixture. Whereas, I1to and coworkers developed a solid-state Buchwald-
Hartwig reaction using ball milling, but required the addition of reagents to the milling jars
to be carried out in a glove box (Scheme 2.17c).*® Furthermore, this coupling required
five times the palladium loading than the method developed in this work. Ito and
coworkers also opted for a phosphine-based ligand using tri-tert-butyl phosphine. It is
likely that the glove box was required to prevent the oxidation of this highly electron rich
phosphine to the phosphonium oxide in the air preventing it from coordinating to
palladium. The scope of the work from Ito and coworkers was restricted to solid starting
materials such as poly aromatic bromides and secondary amines bearing multiple
aromatic rings. During this work the group also discovered significant rate enhancement
with the use of 1,5-cod, as a liquid additive. Using transmission electron microscopy
(TEM) the olefin additive was shown to act as a molecular dispersant of the palladium
catalyst preventing the formation of nanoparticles in the reaction. The group then went
on to further develop this transformation so that the solid-state Buchwald Hartwig
reaction could be carried out without the need for the inert atmosphere (Scheme 2.17d).#’
They found by simply exchanging the ligand for the much bulkier
tri(1-adamantyl)phosphine, which is known to be air stable, the reaction could be carried
out under an air atmosphere. Although the high catalyst loadings are still required for this

air tolerant reaction.
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a) Buchwald-Hartwig reaction free from inert gas protection from Su and coworkers 2018
2.0 mol% Pd(OAc),

H 4.0 mol% XPhos l\llle
- _N. 2.0 equiv. NaOtBu Ve, @ 36 examples, including 3 API's
RIE Ar”"Me 9 mass equiv. Na;SO, R1_:()/ Ar e Access to aryl chlorides
—_— >
Z = ® Heterocycle examples
. «( ” _’» ® Cyclic and secondary amines
1.2 equiv. [mixer mill] ® Under air atomosphere
1 h, in air
b) This work ° i i
) 1.0 mol% Pd-PEPPSI-IPent 30 examples, including 1 API
. ® Access to aryl chlorides
X 2 equiv. KOtBu ? oH | |
N HN 3 mass equiv. sand N eterocycle examples
R1= L ) 2 [MASS equIY. Sang @ ° Cyclic and secondary amines
Z (te 1) ® Under air atomosphere
= 1.2 equiv. mixer mill ® Investigation into air tolerance
X=Cl, Br. | a [3 Hina I ® Catalyst loading of only
, in air

0.2 mol% possible

c) Olefin accelerated solid state Buchwald-Hartwig reaction from Ito and coworkers 2019

5.0 mol% Pd(OAc),

H 5.0 mol% PtBug $r2 ® 30 _examples, sc_ale upto>25g
.Br N 1.5 equiv. NaOtBu N ® Solid state reaction
Ar! A2 AR 1,5-cod M =0.20 ArTAR ® |imited to polyaromatic aryl
—)

bromides and amines

({ ) ® Under N, atomosphere
[mixer mill] ® SEM and TEM imaging
under Ny

d) Inert atmosphere free solid state Buchwald-Hartwig reaction from lto and coworkers 2020

5.0 mol% Pd(OAc),

5.0 mol% PAd3
1.5 equiv. NaOtBu

1,5-cod 1 =0.20
e

ZT

.Br

Ar' Ar2" AR

Ar'!

Ar?

-No

Ard

® 19 examples, scale up to >1.0 g
® Solid state reaction

® Heterocycle examples
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bromides and amines
-<—>
(u - .’» ® Under air atomosphere
[mixer mill] ® Thermography and SEM imaging
1.5, in air

Scheme 2.17 Mechanochemical Buchwald-Hartwig developments.

All of the currently reported methods for the mechanochemical Buchwald-Hartwig

reaction have poor yielding or no primary amine examples within their substrate scopes.

It may be possible to include these poorer nucleophiles with extended reaction times or

by increasing the energy of collisions by the use of a heavier ball.
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Possible future developments of this transformation include the application of alternate
nucleophiles such as thiols for the synthesis of thioethers. Initial application of the
conditions developed for the Buchwald-Hartwig reaction with thiophenol has shown a
moderate yield of the thioether product though significant further development is still
required (Scheme 2.18).%8

1.0 mol% Pd-PEPPSI-IPent
2 equiv. KOtBu

©/CI ©/SH 3 mass equw sa
(«[<>] ) @ O
1.2 equiv. [mixer mill] 48%
119 159 30 Hz 3 h 160

Scheme 2.18 Initial results on mechanochemical Migita cross-coupling.
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Chapter 3 — Direct Amidation of Esters via Ball Milling

3.1 Introduction to the Synthesis of Amides

The synthesis of amide bonds is an often-overlooked synthetic challenge, unsurprisingly
due to their prevalence in pharmaceuticals, agrochemicals, materials, and natural
products.! This was highlighted by a study from Brown and coworkers that 50% of all
medicinal chemistry routes contain one or more amide formation steps.? The vast
majority of these amides are synthesized by the coupling of an amine with a carboxylic
acid employing an activating reagent such as, oxayl chloride 161, DIC 162, HBTU 163,
etc. (Scheme 3.01).2 These reagents often allow for facile scale up of amidation reactions
for the commercial synthesis of a broad range of products.* Although the use of these
reagents is not without downsides. These reagents generate stoichiometric amounts of
often toxic biproducts in the process of activating the acid. This has led to the ACS Green
Chemistry Roundtable in 2007, and again in 2018, including the formation of amides
avoiding poor atom economy reagents in the list of reactions where an alternative is
needed.® Furthermore some of these reagents have been shown to be possibly thermally
unstable leading to safety concerns about their large scale use.® Those reagents derived
from hydroxybenzotriazole 170 are of particular concern as this biproduct of the reaction
is known to be thermally unstable and shock sensitive, leading to Pfizer taking the stance

to no longer develop processes employing those reagents.’

o H‘N’.

)
.)J\ Activating reagent .)l\ _ o
OH Act > N
L o

o

Activating reagents MezHN® NMe, .
2 N © PFe \F (\S_ N (j
cl Pra, zC* “iPr AN = L. N
cl N N N Ospp
O N @ 1

\Oe N
Oxalyl Chloride DIC HBTU pyBoP __/
161 162 163 164
Byproducts 9
0 N, N, -P~
o N N NN
pra L ipr : 4 ! N
HCl co cO, ~ N7 N7 Jj\NM Q_N\ @N\
H H  MeN &2 oH =N oH
165 166 167 168 169 170 171 172

Scheme 3.01 Synthesis of amides through activated carboxylic acids.

Improvements in the synthesis of amides is an active area of research with a broad range

of methods being explored.® Following is a selection of some of the key areas in which
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improvements have been made including seminal works and successful application of

these methods in industrial stetting’s.

3.1.1 Catalytic Methods for the Direct Amidation of Carboxylic Acids

The simple condensation of an amine with a carboxylic acid often requires forcing
conditions such as high temperature (>200 °C). These conditions can be detrimental to
the reagents being used limiting the scope of this reaction significantly.® Although there

has been significant advancement of catalytic amidation reactions of carboxylic acids.®

Metal catalysed reactions for the synthesis of amides from carboxylic acids often focus
of the use of the oxophilic group IV metals.!! The seminal works in this area from the
groups of Williams and Adolfsson focused on the use of zirconium(lV) based catalysts,
these methods were developed simultaneously. In the example from Williams and
coworkers refluxing toluene was used to azeotropically remove water from the reaction
at elevated temperatures with a low catalyst loading (Scheme 3.02a).1? Adolfsson and
coworkers achieved similar catalyst loading in their reaction although exchanging the
use of refluxing toluene for THF at 70 °C and using 4 A molecular sieves as a desiccant
(Scheme 3.02b).12 They also successfully applied the transformation to the derivatization
of Indomethacin, a nonsteroidal anti-inflammatory. Adolfsson and coworkers later went
on to investigate a range of early transition metal alkoxides activity in the amidation of
carboxylic acids finding titanium(lV) iso-propoxide as an efficient catalyst that was easier

to handle than some of the zirconium derivatives (Scheme 3.02¢).**

a) Williams and coworkers direct amide formation catalysed by zirconium

o) 0
5.0 mol% ZrCp,Cl,
RJI\OH H‘N/. or ZrCly RJLN/.
® PhMe, 1.0 M, 110 °C ®

b) Adolfsson and coworkers direct amide formation catalysed by zirconium
O

Jl\ H. @ 2.0 - 10 mol% ZrCl, J\ o
R” “OH N —4AMS R™ N
® THF, 0.4 M, 70 °C ®
c) Adolfsson and coworkers amidation mediated by Ti(OiPr),
0O I (o]
10 mol% Ti(OiPr),
RJI\OH H‘N/. &) R)LN,
® THF, 0.4 M, 70 °C ®
1.2 equiv.

Scheme 3.02 Catalytic amidation of carboxylic acids with group(lV) transition metals.

The use of boronic acid catalysts for the activation of hydroxy functional groups such as

alcohols and carboxylic acids has recently been explored for a number of
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transformations.®® This has included the synthesis of amides which was first
demonstrated by Yamamoto and coworkers in 1996 (Scheme 3.03a).%¢ They discovered
the catalytic activity of a range of boronic acids in the condensation of 4-phenylbutyric
acid 173 and 3,5-dimethylpiperidine 174, finding 3,4,5-trifluorophenylboronic acid 176 to
be optimal. These initial conditions utilized azeotropic removal of water with refluxing
toluene and only 1 mol% of the catalyst 176 to forge the amide bonds. They also
proposed a catalytic cycle via a boroxine intermediate which was still considered correct
until recent detailed study of the mechanism by Whiting and coworkers in 2018.1" The
boronic acid catalysts have continued to develop including bi-functional catalysts
containing a pendant tertiary amine to assist in catalyst stability and acting as a base
177 (Scheme 3.03b).2® The key developments of the catalyst system came from Hall and
coworkers in 2008 (Scheme 3.03c).° Their discovery of the enhanced activity of ortho-
iodophenylboronic acid 180 allowed for much milder reaction conditions. However, with
reactions being carried out at room temperature 4 A molecular sieves were required to
remove water. The Hall group went on to further develop this catalyst system finding that
5-methoxy-2-iodophenylboronic acid (MIBA) 181 was kinetically more active providing
higher yields in shorter reaction times. Hall and coworkers went on to develop a
multigram procedure with improved sustainability than the initially established method
using MIBA 181 (Scheme 3.03d). The mild conditions that the MIBA catalyst operates
under has allowed it to successfully be used for the synthesis of dipeptides without
epimerization of protected a-amino acids.? Although due to the inhibitive nature of Boc
protected a-amino acids either phthalimide protection of the use of a-azido acids must
be used. Whiting and coworkers had previously found the synthesis of dipeptides to be
similarly challenging requiring a binary catalytic system of o-tolyl- 188 and o-nitrophenyl-
boronic acid 189 in refluxing fluorobenzene provided the least epimerization
(Scheme 3.03e).
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a) Yamamoto and coworkers initial discovery of boronic acid catalysed amide synthesis

H. Me

0 N 0
Ph ‘H)L 1.0 mol% 176 . ph ‘H)L Me F B(OH),
. “OH —_—> SN
F

PhMe [0.2 M] 110 °C
Me Dean Stark 176
173 174 175 Me

b) Whiting and coworkers development of bifunctional catalysts

0 o) B(OH),
RJLOH H~N,0 1.0 - 10 mol%+77 RJLN,O y NiPr,
é PhMe [0.2 M] 110 °C é X = H, F, OMe
Dean Stark Y =H, CF,
177

c) Hall and coworkers discovery and development of the ortho-iodo activation of the boronic acid catalyst

o i) 20 mol% 180
HLOH Me __25°C,72h B(OH),
| ii)HoNR, 4 DHNR. 4 AMS
Me

Me DCM [0.07 M]
178 179 25°C,72h
I
ﬁ\ . 20 mol% 181 j\ °
R” “OH H~g 4 AMS R ﬁ B(OH),
DCM [0.07 M] MIBA
_ 25°C,2-48h MeO 481
1.1 equiv.
d) Hall and coworkers multigram improved sustainability method usign the MIBA catalyst
0O (0]
10 mol% 181
Ph \)LOH HZN/\Ph &) Ph\)LN/\Ph
PhMe [1.0 M]
1.1 equiv. 50°C,18h 6.6 g, 89%
182 183 184
e) Whiting and coworkers binary catalyst system for dipeptide synthesis
50 mol% 188 X
Bn Bn 50 mol% 189 Bn
)\ )\ 0 equiv. iProN N._-CO;Me B(OH),
CbzHN” “COH  CHN” ~CO,Me L-2equiv. IProNEL oy ~
3AMS, 65°C O Bn X =NO, 188
PhF [0.07 M] 32 h X=Me 189

185 186 187

. Scheme 3.03 Boronic acid catalysed amidation of carboxylic acids.

The catalytic synthesis of amides from carboxylic acids has seen significant
development, especially since the additional focus brought about by the ACS Green
Chemistry Roundtable in 2007 and again in 2018.5 2! Although these new methods are
yet to be adopted in industry for the large scale preparation of amides. This shows that
there is still improvement needed in this area.® One of the key challenges is a general

catalyst which can be used in peptide coupling chemistry in conjugation with solid phase

74



Chapter 3 — Direct Amidation of Esters via Ball Milling

peptide synthesis.®® If this goal is reached it could remove the necessity for the use of

wasteful peptide coupling reagents.

3.1.2 Advancements in the Amidation of Inactivated Esters

The amidation of simple esters has been well explored. These methods can benefit
multistep synthesis in which carboxylic acids may have to be protected as the methyl or
ethyl esters. Therefore, methods which can access amides from these functional groups
could lead to improved step economy in multistep synthesis. In this section the amidation
of simple inactivated substrates will be explored using the definition set out by El-Faham

and Albericio.3®

“The activated species may or may not be isolable but will immediately undergo

aminolysis.”®

Metal catalysed processes for the amidation of esters have recently garnered some
attention. In 2017, Hu and coworkers demonstrated a nickel catalysed coupling of nitro
arenes with alkyl or aryl esters (Scheme 3.04).22 The reaction required stoichiometric
guantities of zinc and TMSCI for the in situ reduction of the nitro group which could then
undergo the coupling reaction. The reaction could be applied to the synthesis of several

biologically active molecules such as natural products and pharmaceuticals.

7.5 mol% Ni(glyme)Cl,

7.5 mol% 190

0} o}

R” oY O,N° r _40equiv.Zn | R” N 4 \
NMP, 90 °C H =N N=

Y = Me, Et, iPr, tBu 1.3 equiv.
Scheme 3.04 Hu and coworkers nickel catalysed amidation of esters with nitroarenes.

The palladium catalysed Buchwald-Hartwig amination has provided a powerful method
for the coupling of aryl halides with amines. Recently the groups of Newman and Szostak
both produced similar procedures for a palladium catalysed amidation of ester inspired
by the well-known cross-coupling (Scheme 3.05). Each of their methods utilized NHC
ligands to produce an electron rich palladium catalyst capable of oxidatively inserting into
the C-O bond of the phenyl esters. Newman and coworkers initial demonstration could
be applied to both alkyl and benzoate esters including those derived from amino acids
without significant epimerization (Scheme 3.05b).2® Szostak and coworkers compiled a
similarly broad scope of ester derivatives for the synthesis of amides (Scheme 3.05a).%*
Furthermore, the coupling could be expanded to include the of the coupling to twisted

amides, a group of compounds well explored by the Szostak group.?®
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a) Newman and coworkers palladium catalysed amidation of phenyl esters
3.0 mol% Pd(191)(allyl)Cl

(0] ; o) R M™/M\+R_cCI™
1.5 equiv. K,CO3 +R_Cl
H~ H N 7, N
RJ\OMe N'. 10 equiv. H,0 R)L N'. - N o
P PhMe, 0.2 M, 110 °C ®
12 equiv. 191 R = iPr

b) Szostak and coworkers palladium catalysed amidation of phenyl esters

o A n S

Q Q 3.0 mol% 122 0
-0 mc Cl-Pd-Cl
_B LA 3.0 equiv. K,CO LA 1
RJJ\OPh RJLN 00 N AT 2T By RJ\ N _N
or Ph DME, 0.25 M, 110 °C H |
2.0 equiv. X cl
122 R = iPr

Scheme 3.05 Direct amidation of esters using palladium catalysis.

Garg and coworkers later improved on the Hu amide synthesis using Nickel catalysis,
enabling the coupling with free amines (Scheme 3.06a).2% Unfortunately, in this initial
work the reaction was limited to napthyl or anthracyl derived methyl esters such as 192
with benzoate or alkyl esters being unreactive under their conditions. They also found
the use of aluminium(lIl) tert-butoxide was required in stoichiometric quantity to act as a
Lewis acid activating the esters. Newman and coworkers have since advanced this
method removing the need for the Lewis acid additive and have accessed benzoate and
alkyl ester examples (Scheme 3.06b).?” Additionally, the Newman nickel catalysed

approach could couple proline derivatives without any epimerization.

a) Garg and coworkers nickel catalyzed amidation of esters mediated by Al(OtBu)j
15 mol% Ni(1,5-cod),

o) 30 mol% 193 o} R N’T\,\T R.CI™
H. 1.25 equiv. A(OtBu a ~ ‘Q
OMe ® quiv. Al(O1BU); N» =Y
é PhMe, 1.0 M, 60 °C ® 193 R = jPr
192
b) Newman and coworkers nickel catalyzed amidation of esters
j\ 10 mol% Ni(cod), j\ R N/=\r\7 R.CI™
H\ 0, Z,
=P oM . 20 mol% 191 N aR < R\Q
® PhMe, 0.2 M, 140 °C ®
1.2 equiv. 191 R = jPr

Scheme 3.06 Direct amidation of esters using nickel catalysis.

Alongside the development of metal catalysed approaches to amidation of esters
organocatalytic methods have also been developed. NHCs have been shown to be
effective catalysts for the amidation of methyl esters by Movassaghi and coworkers
(Scheme 3.07a).?2 Under their conditions the esters could be amidated at room

temperature although the scope was limited to amino alcohol compounds and for more
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challenging esters lithium chloride was required as a co-catalyst. Du and coworkers
expanded the range of amines which could be amidated using NHC catalysis but
required the use of vinyl esters (Scheme 3.07b). This would produce acetaldehyde as
the biproduct which would be removed under the elevated reaction temperature
preventing the reverse reaction and any unwanted condensation reactions. This NHC
catalysed procedure was also carried out on a multigram scale for the acylation of

p-anisidine 195.

a) Movassghi and coworkers NHC catalysed amidation of esters with aminoalcohols

0]
6.5 mol% 194 0 -
Jl\ [\, Cl
R. OH 5.0 mol% KOtBu OH +
R”“OMe NSO RJ\N’\Mﬂ Mes= Nz N* Mes
H THF, 1.0 M, RT R

194

b) Du and coworkers NHC catalysed amidation of vinyl esters

i 6.0 mol% 194 j\ A 0 OMe
R V0T H N,Ar 5.0 mol% KOtBu R™ SN )J\
2 I > H Me N
PhMe, 0.5 M N
1.5 equiv. 60 °C 6.89 g, 85%

195

Scheme 3.07. NHC catalysed amidation of esters.

Other Lewis base organocataysts such as 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
have also been successfully employed by the groups of Birman (Scheme 3.08a) and
Vaidyanathan (Scheme 3.08b) for the amidation of esters. Initially reported by Birman
and coworkers using a co-catalytic system of DBU and 1,2,4-triazole for the amidation
of benzyl and alkyl amines under solvent free conditions.?® Although the scope of the
amines was limited a variety of esters including aryl and alkyl examples, some of which
were sterically challenging, participated in the reaction. Vaidyanathan and coworkers
subsequently reported an amidation of cyanoactates under mild conditions using DBU.*°
Addition of DBU was found to accelerate the rate of the reaction significantly allowing
the reaction to be complete in under 1 hour, whereas without its presence reactions
required greater than 24 hours to reach completion. Through this amidation they also
showed significant simplification of the synthesis of CP-690,550-10 196 by forgoing the
generation of the mixed anhydride which was required in previous synthesis. Another
Lewis base which has seen some development for the amidation of ester is
triazabicyclo[4.4.0]dec-5-ene (TBD) 197. Mioskowski and coworkers established a
solvent free amidation using TBD as the catalyst with many examples undergoing the
transformation at room temperature (Scheme 3.08c).3! Although some of the more

challenging substrates such as a-substituted amines required increased reaction
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temperature of 75 “C to reach complete conversion. Weiberth and coworkers at Sanofi
realized the utility of TBD 197 as an amidating reagent in the multi-kilo synthesis of the
HPGDS inhibitor 200 in excellent yields (Scheme 3.08d). Furthermore, they could greatly
improve the sustainability of the transformation which previously required the
deprotection of the methyl ester 198 followed by amidation of the carboxylic acid with an

activating reagent.

a) Birman and coworkers DBU and 1,2,4-triazole co-catalysed acylation

OAc 0 5.0 - 20 mol% 1,2,4-triazole
H\ 0- 0,
}\M RJ\OY N,O 5.0 - 20 mol% DBU Me)LN,O RJLN,O
€ o é MeCN, 0.5 M, RT & o ®

1.1 equiv. Y = Me, Et or neat, RT

b) Vaidyanathan and coworkers DBU mediated amidation of esters

0 o)
Nc\)LOY Ho @ 0.5 equiv. DBU NC\)LN/O
_—
é 2Me-THF, 40 °C ®
Y = Me, Et, iPr

CP-690,550-10
196

c) Mioskowski and coworkers TBD catalysed amidation of esters

0 Q N
) Hep @ 30 mol% TBD R)LN,O (\)\:j
5
R™ "OMe ® neat, RT - 75 °C Py NN
XX XX XX

d) Welberth and coworkers large scale preperation of HPGDS inhibitor 200 with TBD
O

N/ﬁ)l\OMe

A 7 _28mol% TBD N-O Me

| 1.06 equiv. N-O  Me  oMeTHF, 80 ° ! HMG
~-N 198 Me G)\ oH

| H N
HoN N oH
12.5 kg, 82%

199 200

Scheme 3.08 Organocatalytic amidation of esters.

The use of Brgnsted bases to induce the amidation of simple esters is well known but
often still allows for efficient synthesis of a variety of substrates. Alcazar and coworkers
described a rapid amidation of esters using a flow microreactor in 2014
(Scheme 3.09ai).3 Lithium bis(trimethylsilyl)Jamide (LHMDS) was used in super
stoichiometric quantity to facilitate the use of poorly nucleophilic amine containing
heterocycles, such as amino pyridines. In 2018, Szostak and coworkers developed a
room temperature amidation of esters and twisted amides also using LHMDS which
could be successfully applied to a broad range of esters and amines (Scheme 3.09a ii).*

During this work they produced a range of pharmaceutical and functionalized natural
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products using their method including amino acid derivates without epimerization.
Furthermore, they continued to investigate the transamidation method to further
understand the selectivity of the transamidation on a variety of amine and amide
partners.®* Through this study they have suggested the ability to predict the
transamidation ability of various amines and amide partners. Alkoxide bases have also
been shown to be very effective for the synthesis of amides from esters (Scheme 3.09a
iv and v).% Most recently Qin and coworkers developed a practical and sustainable direct
amidation procedure using sodium tert-butoxide.*® The solvent free reaction was
reported to avoid the use of chromatography and organic solvents for work up and the
products could be obtained through simply washing with water. Finally, the Watson group
developed an amidation method using aminoalcohols under sustainable reaction
conditions (Scheme 3.09b).3” This focus required the use of environmentally benign
solvent where iso-propanol was found the most effective with the use of potassium
phosphate tribasic as the catalyst. Although there developed conditions did require
elevated temperature dipeptides could be formed without epimerization and with good
chemoselectivity using tert-butyl esters as the protecting group for the amino acid

C-terminus.

a) Base mediated amidation of esters applicable to a broad scope of esters and amines
H H\ﬁ) R)L 2,0
i) Alcazar and coworkers |ii) Szostak and coworkers |iii)Ohshima and coworkers

2.2 equiv. LHMDS 5.0 mol% NaOMe
DMF, 0.25 M PhMe, 4.0 M
RT, 2 min 20-48h,50 °C

3.0 equiv. LHMDS
PhMe, 0.25 M, RT

iv)Yoon and coworkers v) Qin and coworkers

2.0 equiv. KOtfBu 1.5 equiv. NaO{Bu
THF, 0.1 M, RT, 1 h neat, 1 h, RT

b) Watson and coworkers sustainable catalytic amidation of esters with aminoalcohols
(o]

R 0O R
R oMe  jyp N OH Mol KsPOs, RJLHJ\/OH

iProH, 2.0 M, 60 °C
Scheme 3.09 Base mediated direct amidation of esters.

The direct amidation of esters offers an alternate method for the preparation of amides
and in situations where the deprotection of an acid can be avoided may provide an
attractive approach. This benefit is beginning to be utilized in industrial research and
development, such as the TBD catalysed synthesis of the HPGDS inhibitor 200. Although

the metal catalysed procedures are yet to be adopted which is possibly due to the
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sensitivity of the catalysts systems requiring the use of strictly controlled environments
with dry and degassed solvents. This level of complexity in the methodology may lead to

more traditional coupling procedures still being preferential.

3.1.3 Non-Canonical Methods for the Synthesis of Amides

The amidation methods reviewed thus far have focused on improvements made in the
areas regarding the use of carboxylic acids and esters. Although these are some of the
most utilized methods for the synthesis of amides being developed other avenues to
produce amides have also seen breakthroughs.*® This includes oxidative methods where
amides can be formed from lower oxidation state carbons, or utilizing carbonylation

techniques which can produce carbonyl containing compounds.

Palladium catalysed methods for the oxidation of aldehydes to amides has seen some
development (Scheme 3.10). Yoshida and coworkers developed an amidation of
aldehydes where bromobenzene could be used as the terminal oxidant in the reaction
(Scheme 3.10a).%® A hemiaminal formed between the amine and aldehyde component
which could then be oxidized by a palladium(ll) intermediate via a B-hydride elimination.
The scope of the reaction with regard to the aldehyde was modest with alkyl and aryl
examples demonstrated in good yield. Although the amine component was limited to
strongly nucleophilic cyclic amines such as morpholine 120. In 2008, Torisawa and
coworkers published another palladium catalysed oxidative amidation of aldehydes
employing urea hydrogen peroxide as the oxidant (Scheme 3.10b).*° Under these new
conditions the scope of the reaction could be improved to include heteroaromatic

aldehydes as well as less nucleophilic primary amines.
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a) Tamaru and coworkers oxidative amidation of aldehydes by palladium catalysis

5.0 mol% Pd(OAc),
15 mol% PPh3

O . (0]
1.1 equiv. K,CO
R)LH HN/\ 1.1 equiv. F%hBrsi R)LN/\
© DME, 1.0 M, 85 °C L_o

1.1 equiv.
120

b) Torisawa and coworkers palladium catalysed oxidative amidation of aldehydes
PPh, PPh,

o
2.5 mol% PdCl,
0 2.5 mol% Xantphos, 201 O
J H.. @ 1.4 equiv. H,0p-urea e
R” H N A LA bt et RN v Me
® MeOH:AcOH 5:1 ® Xantphos, 201

. 1.5M,20h, 50 °C
1.2 equiv.

Scheme 3.10. Palladium catalysed oxidative amidation of aldehydes.

Ruthenium catalysed oxidations of aminoalcohols were initially discovered by Murahashi
and coworkers for the synthesis of lactams (Scheme 3.11a).** A decade later Hyeok-
Hong and coworkers applied the same ruthenium catalyst for the synthesis of linear
amides from aldehydes or primary alcohols (Scheme 3.11b).%? Addition of an imidazolium
NHC 202 ligand increased the reactivity of the system such that intermolecular amidation
could take place. Further ligand system development was made by Milstein and
coworkers with the use of dearomatized PNN ligand which allowed for very low loading
of the catalyst 203 (0.1 mol%) (Scheme 3.11c).*® Even at catalyst loading this low the
reaction was still complete in 24 h. These transformations are highly efficient with the

only waste product being hydrogen gas.

a) Murahashi and coworkers lactam synthesis from aminoalcohols

HO\/\/\M NH; 5.0 mol% RUHZ(PPh3)4 éUN)H
n
n

DME, 100 °C
n=0-2

b) Hyeok Hong and coworkers ruthenium catalysed oxidative amidation of aldehydes and alcohols

5.0 mol% RuH,(PPhs),

o 5.0 mol% 202 o [/\, Br
J\ H e 20 mol/o NaH J\ o ipr= NN~ jpr
R H R OH N 5.0 mol% MeCN R” N
or é PhMe, 110 °C ® 202

c) Milstein and coworkers ruthenium catalysed oxidative amidation of alcohols

PtBu,
R ol
o — ,NTIRUJ
R OH H. 0.1 mol% 203 RN ll\lEt co
® PhMe, 3 M, 110 °C ¢ 203 2

Scheme 3.11 Oxidative amidation of aldehydes and alcohols using ruthenium catalysis.

81



NHC organocatalysis has also been applied to the oxidative amidation of aldehydes. The
groups of Rovis and Bode both presented an amidation of aldehydes containing
reducible bonds in 2007 (Scheme 3.12).** These transformations were applicable to a
range of functionalized aldehydes including those with strained rings, a,B-unsaturated,
and a-halo aldehydes. These reactions could be carried out at room temperature without
the need for additional oxidizing agent due to the built-in nature of the reducible bonds.
A range of oxidative methods for the amidation of aldehydes have also been developed
allowing the derivatization of unfunctionalized aldehydes increasing the range of

accessible amides.*®

o) 0 XH O 0
X
PhAPkH R/\)LH Ph)\:/u\N’. R/\)J\N’.
Me or NHC cat. 204 or 205 Ve © or ¢
Base, Additives
—_—
ﬁ\ (@) HNN’. R fe) fe)
EWG, .
NN R/%LH ® ewe L » R/\)LN,O
e
or o e ® o Cl o
R
=N, BF, O="!+ clr
N N~Cc4F5 Nz N~Mes
204 205

Scheme 3.12 Amidation of aldehydes containing reducible bonds using NHC catalysis.

Carbonylative amidation of aryl halides has been demonstrated as a powerful method
for the synthesis of aryl amides utilizing palladium catalysis.*® Milstien and coworkers
initial discovery required harsh reaction conditions with high temperatures (150 °C) and
high CO pressure (5 atm).*” These conditions were also limited in scope of the amide
product with only three examples of amides being produced. Significant development
has taken place since this seminal discovery improving reaction conditions. Buchwald
and coworkers have established milder conditions for the aminocarbonylation of aryl
chlorides (Scheme 3.13a).%® Under their conditions only 1 atm of CO pressure is required
which can be supplied simply from a balloon, negating the need for specialized pressure
vessels. These conditions could also be applied to a broad range of aryl chloride
substrates including electron rich and poor examples, sterically encumbered, and
heterocyclic. The amine scope being similarly broad with primary, aryl, and cyclic amines
coupling with ease, although secondary amines required increased reaction
temperature. Even though the palladium catalysed methodology can access a broad

range of amide products it is limited to aryl halides due to competing B-hydride
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elimination of alkyl halides at the high reaction temperatures necessary due to CO
catalyst poisoning.*® To overcome some of these disadvantages Polyzos and coworkers
applied iridium photoredox catalysis to the aminocarbonylation of alkyl iodides and aryl
iodides or bromides (Scheme 3.13b). Utilizing flow chemistry for the transformation
allowed for the use of high pressures to maintain CO solvation while also providing a
high surface area and short path length for optimum photo absorbance.®® The
photoredox conditions could then be applied to a broad scope of 90 examples including
natural product derivatives, heterocycles, unprotected amino acids, and varying
electronics and sterics of aryl halides. Although these conditions have been applied to a
broad range of substrates, there greatest limitation currently is the use alkyl iodides

which have limited commercial availability.

a) Buchwald and coworkers palladium catalysed amincarbonylation of arylchlorides

2.0 mol% Pd(OAc), o

4.0 - 5.0 mol% 206 pC
al H. @ 2.0 equiv. NaOPh Ar)L N Cy,P Y, Y2
- _—
Ar ® 4 AMS, CO 1atm ® «2HBF,
; DMSO, 100 - 120 °C 206
3.0 equiv. 10M. 15 h
b) Polyzos and coworkers Ir catalysed photoredox carbonylative amidation I\
1 mol% 207 o) Buew N
H. @ 1.05 equiv. DIPEA . =N, Lo
R/' A X N N N” Ir:
o T Py MeCN, Blue LEDs 54 W o = ,L
X=1,Br  1.05equiv. 0.05 M, CO 35 bar Bu 2
207

Scheme 3.13 Catalytic carbonylative amidation methods.

These amidation methods from alternate starting materials than that of the more
traditional synthesis have provided new methods to access this valuable functional
group. Although many of these methods require the use of functional groups which
require prior synthesis which is likely the cause for the minimal adoption in synthetic
laboratories. Also, carboxylic acids, esters, and amines are amongst the most readily

available starting materials with 1000’s being commercially available.

3.1.4 Prior Exploration of Amidation Using Ball Milling

These alternate methods only go so far in addressing the need for a viable alternative to
the synthesis of amides in a more environmentally benign fashion. Within the challenge
of finding an alternative amidation strategy the use of chlorinated (DCM, DCE) or polar

aprotic solvents (DMF, DMP, etc.) needs to be addressed as the reduction of the use of
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these solvents was another key point for the ACS Green Chemistry Roundtables.® These
solvents are often used in conjunction with the high molecular weight activating reagents

used in amidation showing the clear need for an alternative approach.* 5!

One possibility is to forgo the use of solvent in the reaction entirely and to use a method
such as ball milling to carry out these transformations. A great deal of the previous work
on the synthesis of amides through ball milling has focused on the activation of carboxylic
acids (Scheme 3.14). Activating reagents such as carbonyldiimidazole (CDI) 208 and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 209 have been shown to be highly
efficient in the synthesis of amides under ball milling conditions.>? Lamaty and coworkers
have been at the forefront of amide synthesis under ball milling conditions with the use
of activating reagents, improving upon the previous synthetic methods producing fast
reactions with minimal epimerization on challenging peptide couplings, 214, and towards
the synthesis of pharmaceuticals 212 and 213 in a solvent free manner.5 Uronium based
activating reagents (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholino-carbenium hexafluorophosphate (COMU) 210 and chloro-N,N,N’,N'-
tetramethylformamidinium hexafluorophosphate (TCFH) 211 have also been
implemented by Aav and coworkers in the synthesis of amides including the
hexa-amidation of biotin[6]uril 215 which is especially challenging under solution

conditions due to its poor solubility.>*
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5 i ®
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Key examples from ball milling amidations via activated acid
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BocHN Y N 3
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Boc-L-Ala-Phg-L-lle-OMe biotin[6]uril derivative

Scheme 3.14 Amidation via in situ activation of carboxylic acids by ball milling.

The synthesis of amides using activated carboxylic acid surrogates has also been
thoroughly explored under ball milling conditions (Scheme 3.15). Activated acyl
compounds such as acyl azides, anhydrides, and N-acyl benzotriazoles have been
shown to give rapid access to amides under mechanochemical conditions
(Scheme 3.15a).%° Amino acid derivatives including hydroxysuccinimide esters such as
Boc-Trp-OSu 216 have been shown to be applicable for the synthesis of di- and tri-
peptides under ball milling as well as continuous extrusion methods (Scheme 3.15b).%®
This continuous technology has the potential of allowing access to these peptides on
large scales with very little waste when compared to the current solution batch
procedures. Traceless activation through the use of urethane protected amino acids
allowed Lamaty and coworkers to synthesize di- and tri- peptides without any organic
solvent or purification (Scheme 3.15c). The reaction mixture could simply be filtered and
washed with water to provide the products in high yields and purity.5” Juaristi and
coworkers achieved similar results using N-Boc-N-carboxyanhydride derivatives for the
synthesis a,3- and B,B-dipeptides, although requiring the use of organic solvent for work

up and purification (Scheme 3.15d).%8
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a) Amide synthesis from activated acyl groups via ball milling

v (0] o)
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N0 My e Teore N
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(¢ e [ball mill]
b) Peptide synthesis from activated hydroxysuccinimide esters
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0 1.0 iv. NaHCO3 1.2 equiv. NaHCO PN |
.0 equiv. Na 53 1. . 3
BocHN\/lL 0N~ HOFHaN_COMe "Eoac =13 ° Acetonen =15 ]
; o = < n i N M
, R =0 o R Zpochn ~ COMe
[mixer mill] [TSE] 0 |§{
216 . .
30 Hz, 20 min 10 min, 40 °C
c) Peptide synthesis from urethane protected amino acids
R' RT |,
Boc\N,S: HCI-H,N._CO,Me 1.5 equiv. NaHCQ3 BocHN)\n/chone
o} : :
O)\O R2 (G ") 0 R2
[mixer mill]
30Hz,1.0h

d) B,B-Peptide synthesis from N-Boc-N-carboxyanhydride derivates

1.5 equiv. NaHCO3
_—

IIBOC
OYN R’ HCIsHN -~ BocHN H\/\
°H2
og 7 Co,Me (tt [«<=>]n) Y Y coMe
o}

R? [mixer mill] R' O R2
30Hz, 2.0h

Scheme 3.15. Amidation of activated acid surrogates.

Alternative amide synthesis methods studied under mechanochemical conditions include
the Beckman rearrangement of O-tosyl oximes (Scheme 3.16a). This method
unfortunately suffers from selectivity issues due to competing migratory aptitudes leading
to mixtures of amide products in many cases. Despite this challenge the synthesis of
paracetamol was successfully caried out in good yield using the Beckman rearrangement
under ball milling conditions.>® Mechanoenzymatic peptide and amide synthesis has also
been achieved with the use of ball milling and transferred to twin screw extrusion through
collaboration of Hernandez and James and coworkers (Scheme 3.16b).%° Despite the
high energy collisions experienced within the ball mill the enzyme, papain, was still able

to efficiently catalyse the reaction without suffering from degradation.
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a) Mechanochemical one pot oxime formation and Beckmann rearrangement

lOL I/H i) HCI*NH,0H ﬁl\ ﬁ\ J(l)\
| .R? R!
ROR N sl | ROR el RONR Ry e
[mixer mill] [mixer mill]
217
30Hz, 0.5h 30Hz, 05h
b) Mechanoenzyatic amide and peptide synthesis
1
\)Oj\ Papain Papain R H
BocHN_Nome  HNS-CONH2 1 5 equiv. Na,CO5 1.0 equiv. Na,COs BocHN"\[rNyCONHZ
R R2 4 4 0 R2
(@ n o, T
[mixer mill] [TSE]
25Hz,2.0h 30 rpm, 50 °C

Scheme 3.16 Alternate amidation strategies by mechanochemical methods.

Progress towards new amidation strategies using mechanochemistry has been well
established and has shown many benefits compared to that of solution methods.
Reduction in solvent waste for the reaction and purification can be significant, providing
high purity products in a shortened reaction time. However, many of the developed
methods still heavily rely on the use of stoichiometric reagents for the activation of
carboxylic acids or the prior synthesis of activated reagents many of which still require
the activation of carboxylic acids using the same wasteful reagents to be synthesized.
The application of simple inactivated esters has been shown to be a plausible substrate
for the synthesis of amides in solution but has only been demonstrated once under

mechanochemical conditions through the use of an enzymatic reaction.
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3.2

Presented in the previous chapter was the observation of the direct amidation of 156
while undertaking the substrate scope of the ball milling Buchwald-Hartwig reaction
(Scheme 3.17).5! Initial inquiry into the reactivity found that the Pd-PEPPSI-IPent 118
catalyst was not required for the transformation. Described herein is the continued

Direct Amidation of Esters - Results and discussion

investigation and optimization of the direct amidation of esters by ball milling.

a) Initial observation of amidation

1.0 mol% Pd-PEPPSI-IPent

H
Cl N 5 2 equiv. KOtBu
/@/ [ j mass equw sa
EtO,C () ) (“ - ,))
1.2 equiv. [mixer mill]
156 120 30 Hz, 3 h

b) Pd-PEPPSI-IPent omitted
Cl H 2 equiv. KOtBu
/©/ [ j 3 mass equiv. sand
E10,C 0" (t - 1)
1.2 equiv. [mixer mill]

156 120 30 Hz, 3 h

EtO,C :

Not observed
157

\J
EtO, c/©/

Not observed
157

Scheme 3.17. Initial observation of direct amidation of esters.

3.2.1 Optimization

The initial conditions for the optimization of the direct amidation of esters were modified
from those which were used for discovery of the transformation (Scheme 3.17). Ethyl
benzoate 218 and morpholine 150 were chosen as model substrates for the
transformation. At first these compounds were milled along with a range of bases as the
amidation of esters has previously been established in solution with the use Bronsted

bases and it was postulated that the potassium tert-butoxide within the Buchwald-

@*

37%
158

(0]

/©)L

39%
158

Hartwig conditions could have been responsible for the observed reactivity.
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1.0 equiv. Base

0 f 0
©)(0Et [Oj —>(“ ) ©)\N/\O
[mixer mill]
218 120 30Hz 1 h 219
Entry Base Solution pKa2  Yield of 2191/ %
1 - - 0
2 NaHCO; 6.4 0
3 NEts 10.6 0
4 K2COs3 10.3 0
5 KOH 15.7 0
6 NaOtBu 17 62
7 KOtBu 17 75

@ Yield of isolated product. P! pKa reported of conjugate acid.

Table 3.01 Direct amidation base screening.

Without any base present or in the presence of weak bases no conversion to the amide

was observed (Table 3.01, entries 1 — 4), also the use of a stronger hydroxide base failed

to facilitate the transformation (Table 3.01, entry 5). Alkoxide bases did permit the

generation of the desired amide product in moderate to good yields (Table 3.01, entries

6 and 7). Potassium tert-butoxide performed superiorly and was carried forward through

the optimization and confirmed that this was the likely aspect of the Buchwald-Hartwig

reaction conditions that produced this reactivity.

If the reaction proceeds through a simple substitution mechanism, then it is plausible that

the reaction could be carried out using a sub-stoichiometric or potentially catalytic

quantity of base due to regenerating an equivalent of base during each substitution. The

optimization was continued by decreasing the quantity of base being used.
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0 H
dOEt ENJ X equw KOtBu ©)L
o (t [« - 1)

[mixer mill]
30Hz, 1h
Entry Equiv. of KOtBu Yield of 2196/ %
1 0.25 55
2 0.50 66
3 0.75 66
4 0.80 66
5 0.85 85
6 0.90 64

[ Yield of isolated product.

Table 3.02 Direct amidation base stoichiometry optimization.

Decreasing the quantity of base still allowed the reaction to proceed in moderate to good
yields with 0.85 equiv. of potassium tert-butoxide being the optimal amount of base
(Table 3.02, entry 5). This unusual quantity required for the transformation could be due
to a fine balance between filling ratio and the energy of the impact while also containing
sufficient base to facilitate the reaction. It could also be plausible that the solid base could
also be acting as grinding auxiliary improving the mixing and mass transfer which may

explain the reduced yields at lower loadings of base (Table 3.02, entries 1-3).

To further investigate if the base is also acting as a grinding auxiliary 0.25 equiv. of base
was used while several grinding auxiliaries were screened. If this is the case the use of
grinding auxiliaries with the lower loading of base could lead to increased yields. The
guantity of potassium tert-butoxide being used was decreased to 0.25 equiv. along with
67 mg of the solid additives as this is the reduction in mass of the base compared to the

current optimal loading of 0.85 equivalents.
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P o
O QR OO
[mixer mill]
30Hz, 1h 219
Entry Grinding auxiliary®  Yield of 2191/ %
1 NacCl 41
2 NaxSO4 48
3 SiO; 27
4 Sand 35
5 KCI 58

@ Yield of isolated product. P! 67 mg of grinding auxiliary used.

Table 3.03 Direct amidation grinding auxiliary screening.

Generally, lower yields were observed with these grinding auxiliaries (Table 3.03, entries
1-4) in place than the in reaction without the use of the grinding auxiliaries (Table 3.02,
entry 1). This suggests that the reduction in yields observed at lower base loadings
previously are in fact due to the reduced quantity of base rather than poor mixing or
energy transfer. Potassium chloride was the only additive to lead to any improvement
increasing the yield by 3% (Table 3.03, entry 5). Due to only marginal improvements on
the yields being made using solid additives further optimization continued with the use

of 0.85 equiv. of base which was clearly superior for this amidation reaction.

Final alterations to the conditions focused on reaction time and the stoichiometry of the

starting materials.

0 H
N 0.85 equw KOtBu
e
(0) (G - )] k/o
120

- [mixer mill]
30 Hz, Z h
Entry Time / h Equiv. of 218 Equiv. of 120 Yield of 2191/ %
1 1.25 1.0 1.0 72
2 0.75 1.0 1.0 70
3 1 1.2 1.0 98
4 1 1.0 1.2 83

@ Yield of isolated product.

Table 3.04 Direct amidation time and stoichiometry optimization.

Increasing or decreasing the reaction time failed to improve on the yield with 1 hour
remaining optimum (Table 3.04, entries 1 and 2). Increasing the quantity of ester to 1.2

equiv. the yield of the reaction significantly increased to 98% (Table 3.04, entry 3).
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However, altering the stoichiometry of the amine made little effect on the reaction,
decreasing the yield by 2% when 1.2 equiv. was used (Table 3.04, entry 4).

3.2.2 Substrate Scope

With conditions that lead to near quantitative formation of the desired product in hand
(Table 3.04, entry 3) the project proceeded to a significant substrate scope exploring a
variety esters and amines utilizing 1.2 equiv. of the ester and 0.85 equiv. of potassium
tert-butoxide with the amine being the limiting reagent. The model substrate of ethyl
benzoate 218 will continue to be used to investigate a range of amines (Scheme 3.18).
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O
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H Me H Me 3 :
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8l 2 h reaction time.
Scheme 3.18 Amine substrate scope.

Initial exploration of the amine substrate scope focused on examples maost similar to that
of the model substrate, morpholine 120, with cyclic and secondary amines. Cyclic amines
provided good to excellent yields for all examples 219 — 225. Secondary amines also
achieved good yields in the amidation process but required increased reaction times of
2 hours to allow for more effective conversion to the desired amides 226 — 228. The
increase in reaction time may be due to the greater degree of rotational freedom of the
substituents leading to a greater impact from the steric encumbrance whereas cyclic
amines the substituents are pinned back reducing these interactions. Primary alkyl amine

examples also produced moderate to good yields with some substrates also requiring
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extended reaction times of 2 hours to provide more synthetically useful yields 229 — 235.
The most sterically encumbered examples such as a-methylbenzylamine 229 and
iso-propyl amine 230 led to the lowest yields and show the sensitivity of this reaction to
the size of the nucleophile. Other primary amines without a functionalization provided
good yields 231 — 235 especially 4-(2-aminoethyl)-morpholine 287 providing an excellent
85% vyield of the product 233 in only 1 hour. Aniline and amino pyridine derivatives 236
— 243 also requiring extended reaction times and the yields being slightly reduced
compared to other primary amine examples. This reduction in yield is likely due to their
reduced nucleophilicity. The most sterically demanding substrates in this class
2,6-dimethylaniline and 2,4,6-trimethylaniline provided almost identical yields of 236 and
241 in 2 hours with only 1% separating them likely due to the similar size of both amines.
Reducing the steric strain to only one flanking methyl group with o-toluidine 240 improved
the yield significantly to 55% which in fact outperformed p-toluidine 243 surprisingly.
Another surprising observation is the significant difference in yield for 4-ethoxyanilne 238
and p-anisidine 239 of almost 25%. The nucleophilicity and size of these amines is
similar and correlating from other examples explored these have been the key factors in
determining the yields of the transformation. It is still unclear what leads to this disparity

in the reaction outcomes for the production of 238 and 239.

With a number of amides successfully explored through variation of the amine fragment
the substrate scope was expanded through variation of the ester. Returning to the model
amine morpholine 120 to investigate a variety of methyl and ethyl esters, initially altering

the substitution of benzoate esters (Scheme 3.19).
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Scheme 3.19 Ester substrate scope.

Benzoate esters provided good to excellent yields with a range of substitutions including
electron rich and poor examples 219 — 251. Comparison of methyl and ethyl esters led
to similar yields for substrates where both starting materials had the same initial form.

Whereas, for 4-bromobenzoate the methyl ester is a solid at room temperature while the
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ethyl ester a liquid. This mismatch in form leads to a significant difference in the reactivity
of the esters under the neat ball milling conditions. In 1 hour, the ethyl ester achieves an
80% vyield of 245 with the methyl only reaching 42% in the same time frame. Increasing
the reaction time to 2 hours for the solid methyl ester resulted in a 99% yield of the amide
showing this decreased reactivity could easily be overcome. Heteroaromatic esters were
also found to be highly successful in the reaction providing good to excellent yields for a
variety of heteroaromatics 252 — 258. Alkyl esters were also found to be effective
partners in this transformation with most examples providing good yields in only 1 hour
259 — 267. For the amidation of ethyl butyrate, 1-phenylpiperazine was used as an
alternate to morpholine 120 due to difficulties in isolating the morpholino amide, using
1-phenylpiperazine a good yield to the alkyl amide 265 could be achieved. Alkyl esters
derived from naturally occurring compounds such as oleic acid 262 or amino acids 266
and 267 provided moderate to good yields. Unfortunately for Boc-proline methyl ester
complete epimerization of the chiral centre occurred during the reaction. Vinylic esters
were also investigated with ethyl cinnamate leading to an excellent yield of 268 whereas
ethyl cyclohex-1-ene-1-caxboxylate only could achieve 35% of 269 in 1 hour.
Unfortunately, extended reaction times could not improve on the yield of 269. Finally, the
lactone benzofuran-2(3H)-one 270 could be ring opened to produce the linear amide 271

in a very good yield of 73%.

Amines can be stored as ammonium salts as these are often safer and easier to handle
solids rather than malodorous and often highly toxic free amines. Ammonium salts can
easily then be unveiled as amines during a reaction with the addition of base. As this
transformation is base mediated it was proposed by the use of an additional equiv. of

base that it may be possible to employ ammonium salts as substrates.

Q 0
OEt (NHeHX  1.85 equiv. KOBY ©)\N/\
@ oS ([ Lo

1.2 equiv. [mixer mill] 219; 93% X =Cl
218 30Hz 1h 96% X = OTf

Scheme 3.20 Ammonium chloride and triflate salts as substrates.

With an additional equivalent of potassium tert-butoxide in the reaction, chloride and
triflate ammonium salts could easily be transferred to these conditions (Scheme 3.20).
Both provided excellent yields of the model substrate 219 comparable to that of the

optimized reaction conditions using the free amine without lengthening the reaction time.
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Due to the large number of amides present in industrially relevant compounds such as
pharmaceuticals or other functional materials the substrate scope was continued by
attempting to synthesize examples of these compounds using this newly established
method (Scheme 3.21).

O 0}
0.85 equiv. KOtB .)J\
oy H @ LBSequvKOBy ®
Y = Me, Et ¢ (@ M) ¢
1.2 equiv. [mixer mill]
30Hz,1-2h
Biologically active examples
M
o) °N oMe Me O
~ MevN\)l\
N N~ Me N o= N
| H Me | H
N" 62% Me 58% 69%
Coramine Lidocaine Fenfuram
Stimulant Local anesthetic Fungicide
272 273 274

(\

O (0]
0 o]
/©)LN/\/© O’ H/\/N\)
H
cl

92% 47%
Moclobemide CL-82198 MMP13 inhibitor analogue
Antidepressant 275
213

Scheme 3.21 Application to industrially relevant examples.

While exploring biologically active materials good to excellent yields could be achieved
for a broad range of functionalities in the synthesis five examples including, moclobemide
213, coramine 272, lidocaine 273, fenfuram 274, and an analogue of a CL-82198 MMP13
inhibitor 275. These examples showcase the broad range of amides possible to
synthesize using this method with a variety of functionalities present in the ester and

amine components of these reactions.

During the substrate scope several examples failed to participate in the reaction, these

compounds are presented in Scheme 3.22.

Amines
e AN NN H N NF Me )M\e
Me N Me N N
H Ph”"Ph H Ve N e M J: :L Me
H Me H Me
276 277 278 279 280 281
Esters
Me O 0 0 o)
MeO
/CELOMe dom Néfj\oa © :©)‘\0Me
Me Me OMe O"™e  TBSO
282 283 284 285

Scheme 3.22 Unproductive amides and esters attempted during the substrate scope.
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The only primary amine that was attempted and failed to partake in the reaction was
1-adamantylamine 276, possibly due to its large size. Secondary amines with flanking
substituents larger than ethyl, such as 277 — 279 were unproductive in the reaction
providing less than 10% of the amide in 2 hour or more. The low yields could possibly be
improved on with longer reaction time, the use of a stronger base, or through elevated
reaction temperature. Finally, the highly sterically encumbered
2,2,6,6-tetramethylpiperidine 281 resulted in no detectable amide product and returned
the starting materials. Throughout the amines that struggled in the reaction the large size

of the nucleophile appears to be the key factor preventing the reaction.

The first ester which did partake in the reaction was methyl 2,4,6-trimethylbenzoate 282
likely due to the pendant methyl groups preventing attack at the carbonyl. The synthesis
of amides from this and similar substrates often struggle due to the blocking effect of the
methyl groups. Methyl 2-methoxybenzoate 283 which is less sterically encumbered than
282 also failed to produce any product. This could be due to the combined effect on steric
encumbrance and a more electron rich aromatic system reducing its electrophilicity.
Furthermore, the highly electron rich 285 was unproductive in the reaction producing less
than a 10% yield of the product in 2 hours. This slow reaction is likely due to the poor
electrophilicity of this ester due its highly electron rich nature. Finally, ethyl
5-methylisoxazole-4-carboxylate 284, precursor to teriflunomide 212 an
immunosuppressant, completely decomposed on addition of potassium tert-butoxide
demonstrating that to further expand the heterocycle substrate scope alternate bases

may be required to prevent decomposition of base sensitive substrates.

3.2.3 Scale Up

The scalability of this process was next to be investigated as this can provide a significant
challenge in ball milling synthetic procedures due to the energy provided by the mixer
mill does not directly scale when altering the size of the reactor vessel.®® Initial trials at
increasing the scale of the method increased the jar volume to 25 mL (from 14 mL) and
the ball mass to 12 g (from 4 g) as these were the largest sizes available at the time. The
reaction time (1 h) and frequency (30 Hz) remained the same as to make comparisons

to the original scale.
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(0] H 0]
©)‘\0Et EN 0.85 equiv. KOMBy ©)\N/\
) (( ) o
1 219

1 .229:]qsuiv. 20 [mixer mill]
30Hz, 1h
Entry Scale/mmol Yield of 2196/ %
1 5 93
2 7.5 74

[l Yield of isolated product.

Table 3.05 Scale up investigation.

Running the reaction at a 5 mmol scale decreased the yield by only 5% compared to the
optimized reaction showing that the conditions could easily be transferred to this scale
(Table 3.05, entry 1). Although further attempts to increase the scale of the reaction
preceded to dwindling returns (Table 3.05, entry 2) possibly indicating the 5 mmol scale
was close to the maximum capable for the volume of the milling vessel. Access to larger

vessels or heavier milling balls may allow for further increase in scale.

With the success of the increase in the scale of the transformation to 5 mmol using the
model substrates these new conditions were applied to the synthesis of moclobemide
213. Also, due to the mixer mill being able to run two reactions in parallel these new
increased scale conditions were carried out in both vessels simultaneously and the

reaction mixtures combined.

o} O

o
OMe O (.85 equiv. KOtB N/\/N\)
~ N —— H
cl HeN (G 1) cl

90%, 2.405;
1.2 equiv. [mixer mill] Moclobemide

286 287 30Hz, 1h 213

Scheme 3.23 Scale up of moclobemide.

These parallel reactions led to a 90% yield of moclobemide 213 for a total of 2.40 g of
the antidepressant, representing a 10-fold increase in the reaction scale, which was still
achievable in only 1 h (Scheme 3.23). These initial results in the scale up of this process
indicates to the possibility of a directly scalable reaction that is only limited by the milling

vessel volumes available.
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3.2.4 Leaving Group Variations

Through the substrate scope (Scheme 3.18 - 3.20) it has been demonstrated that methyl
and ethyl esters can be effectively amidated with little difference in yields between to two
esters so long as the form of the reagents remains the same. Further variation of the
leaving group allows its size and leaving group ability to be varied along with the form of
the reagent. These variations can be used to compare the effectiveness of these
substrates under the solvent free conditions developed. To study these variations a
range of benzoate esters bearing different leaving groups of varying size and

functionalization’s were used under the optimized reaction conditions.

o) H 0
oy E j 0.85 equiv. KOtB“ ©)LN/\I
o ( ") 0
20 219

) [mixer mill]
1.2 equiv. 1 30 Hz, 1 h
pKa of alcohol Yield of 219
Entry Y group Form A Value®* _
biproduct®? | %
1 Methyl Liquid 1.70 15.5 95
2 Ethyl Liquid 1.75 16.0 98
3 iso-Propyl Liquid 2.15 16.5 42
4 tert-Butyl Liquid >4.50 17.0 6
5 Benzyl Solid 1.81 154 70
6 Phenyl Solid 3.00 9.9 83
7 Menthyl Solid - 16.4 5

[@l Yield of isolated product.

Table 3.06 Leaving group variation.

As the size of the leaving group is increased from methyl to tert-butyl (Table 3.06, entries
1 - 4) the yield decreases significantly with almost no production of 219 for the largest
leaving group. Across these variations the substrates remained liquid at room
temperature making their direct comparison straightforward while the remaining leaving
groups all provided solid starting materials. The benzyl leaving group (Table 3.06,
entry 5) has an A value suggesting only a moderate increase in the size compared to
methyl and ethyl though the yield has decreased by almost 30% which could be due to
the solid form of the ester starting material. Although the phenyl group (Table 3.06,
entry 6) is much larger than that of the benzyl or iso-propyl groups the ester containing
the phenol leaving group outperformed esters containing these smaller leaving groups.

This is due to the phenol group benefiting from a lower pKa than other leaving groups
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which is indicative of a more stable anion and greater leaving group ability. Although this
substrate is a solid this can be overcome with a more activated leaving group improving
the yield. Finally, a menthol derived benzoate ester (Table 3.06, entry 7) was used in the
reaction and the large size of this leaving group and solid form of the starting material all
but completely prevented the amidation from occurring only reaching only a 5% vyield in
the reaction.

3.2.5 Stirred Neat and Solution Control Reactions

As the amidation of esters is well known in solution the conditions developed under ball
milling were transferred to solution alongside stirring neat. Furthermore, previously
reported methods for the amidation of esters utilizing alkoxide bases were also carried

out for comparison.®>36

©)J\ [ ] Condltlons ©)L

12 equiv.
Entry Conditions Yleld of 2196/ %

1 0.85 equiv. KOtBu Stirred neat, 1h 34

2 0.85 equiv. KOtBu 1.0 M EtOH, RT, 1 h 0

3 0.85 equiv. KOtBu 1.0 M EtOH, 78 °C, 1 h 8

4 2.0 equiv. KOtBu, 0.1 M THF, RT, 1 h 0 (801)38P

5 5.0 mol% NaOMe, 4.0 M PhMe, 50 °C, 24 h 53 (94lb1)3%a

6 1.5 equiv. NaOtBu Stirred neat, 1h 48 (94)8

[ Yield of isolated product. [ Piperidine used in place of morpholine. Yields in parentheses are
those reported in the original publication of the respective reaction conditions.

Table 3.07 Stirred neat and solution control reactions.

With the ball milling conditions directly transferred to neat stirring (Table 3.07, entry 1) a
moderate yield of 219 could be achieved, demonstrating the improved mass transfer
within the ball mill for solvent free reactions. With the addition of ethanol as solvent (Table
3.07, entries 2 and 3) no product was observed at room temperature and in refluxing
ethanol only 8% of 219 was produced in 1 h. This clearly shows the advantage of carrying
this reaction out without solvent as the neat stirring or ball milling conditions

outperformed both solution conditions. As the conditions developed in this work had
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shown not to transfer to solution or solvent free stirring, procedures that had previously

been reported in the literature using alkoxide bases were repeated.

Yoon and coworkers previously reported the rapid amidation of esters in THF using
potassium tert-butoxide (Table 3.07, entry 4) though when repeated using these
conditions no product was observed at room temperature for 1 h. Their report suggested
that piperidine could reach 80% yield in the same timeframe, although they did not report
the yield for morpholine 120. Ohshima and coworkers established a sodium methoxide
catalysed amidation of esters (Table 3.07, entry 5) and while repeating this method a
good vyield of 53% could be achieved. But again, this is significantly below the reported
yield of 94% achieved with piperidine. Finally, the solvent free method reported by Qin
and coworkers was attempted resulting in a good vyield of 48% of the amide 219. This
result is also significantly lower than the reported yield of 94% for this reaction. These
procedures are clearly challenging to reproduce, or details of the reaction conditions
have not been reported fully leading to significant discrepancy. This difficulty may result
in the lack of uptake of these methods for synthesis of amides within the chemistry

community.

3.3 Conclusion and future work

In conclusion the first base mediated mechanochemical direct amidation of esters has
been demonstrated expanding the possible methods for the synthesis of amides under
ball milling conditions. The developed method offers an alternative to the use of
activating reagents or activated substrates that may require prior synthesis. Furthermore,
the substrate scope has shown that the reaction is highly effective towards a broad range
of functionality for both esters and amines. This broad scope allowed for the successful
synthesis of five biologically active compounds in good yields. The scale up of this
procedure though limited by the milling vessel volume has been initially shown to be
easily transferable such that 2.40 g of moclobemide 212 could be synthesized in only
one hour. Finally, through variation of the leaving group the effects of sterics and form of
the starting materials on the reaction could be further investigated and shown to be able
to effectively prevent reactions from taking place and slowing down the rate of the
reaction when solid starting materials were used or esters containing large enough

leaving groups.
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The substrate scope is broad for both the ester and amine components, but some more
sterically demanding substrates did fail to participate in the reaction. Possibly through
further optimization on these more demanding substrates could result in these
challenging substrates being included. Further expansion of the scope of the reaction
could also be made by application of ammonium chloride as the ammonium salt which
may be able to lead to the synthesis of primary amides by this method. Also, through
further optimization of the base the reaction could be expanded to sensitive heterocycles
which decomposed on addition of potassium tert-butoxide. Furthermore, an alternate
base may prevent the epimerization observed with the current conditions for chiral

esters.

Although the initial results of the scale up of this reaction were promising it is still limited
to only relatively small quantities of material. This reaction could potentially benefit
through application of twin-screw extrusion as a continuous mechanochemical reactor
for scale up to kilogram quantities. This reaction is well suited due to its limited number
of components and short reaction time under ball milling conditions. Reactions under
similar ball milling conditions have been successfully transferred to this continuous

method.%°
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4.1 Introduction to Alternate Reactivity

Opportunities for chemical activation by mechanical force have been well established
across a broad range of chemistry and material sciences.! These have allowed multiple
disciplines to utilize mechanochemical approaches for the induction of chemical change
within; organic, inorganic, medicinal, and organometallic chemistry. Many of these
approaches have been complementary towards more traditional chemical activation
methods such as thermal- or photo- chemistry. Although examples of contrasting

reactivity have been demonstrated sporadically.

The earliest examples of alternate reactivity observed through the application of
mechanical energy came from inorganic chemistry. Lea and coworkers reported the
decomposition of silver halide salts upon grinding whereas heating simply led to the
melting of these compounds.? Another example from inorganic chemistry came from
Boldyrew and coworkers through an investigation detailing the decomposition of alkali
metal bromates.® Mechanical treatment of the alkali metal bromates led to an entirely
different decomposition pathway than the thermally induced reaction. The new pathway

was found to resemble more closely that of the irradiative decomposition.

Currently examples of novel reactivity through mechanochemical methods are limited
and as such it is extremely challenging to predict when new reactivity or alternate product
formations will occur.* Most discoveries of differing reaction pathways being accessed

mechanochemically have been serendipitous, rather than predicted.

Further investigations into new reactivity will allow a greater understanding and may
permit predictability of the outcomes to be achieved. This could then give access to
materials not accessible to solution chemistry as the reactivity relies on mechanical

activation.

4.1.1 Alternate and New Reactivity Discovered via Ball Milling

Discussion of various examples of new reactivity and alternate products undertaken
mechanochemically follows. The examples chosen demonstrate the broad range of

areas in which these discoveries have been made.

The synthesis of cyclopalladated compounds has been studied extensively due to the

wide applications of these compounds in organic synthesis, catalysis, and for functional
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materials with bioactive or photoluminescent properties.®> Through work exploring the first
solid state transition-metal mediated C-H bond activation Curi¢ and co-workers
discovered the synthesis of the doubly palladated complex 290 via the monopalladated
intermediate 289, which is the major product of this C-H activation in solution
(Scheme 4.01).5 Attempts were made to synthesize the new complex 290 in solution, but
all attempts only furnished the previously reported monopalladated complex 289.
Through this work in situ raman spectroscopy was used to optimize the reaction
conditions such that quantitative yields of 289 and 290 could be achieved in 4.5 or 7.5 h
respectively. This is in contrast to the solution conditions which require 3 days for the
synthesis of 289.52 They suggest that this methodology could be used for the generation
of catalytic systems for the functionalization of C-H bonds that are not hampered by the

need of suitable solubility but can be used in the absence of solvent.

NO, NO,
NO NM
NMe, Me 2 ®2
N Pd(OAc), N A I\
N*" AcOH m=0.10[ N*\ 0" "O_ \ \ Me
1 Pd Pd > / \/N .
({ 1) “05207 \gN [ (e 1) 0\ \ NN ,0
[mixer mill] Y [mixer mill] \ \
Me Me
NMe, | 30HZ 45h NMe, © 30 Hz, 3.0 h \(
NMez
288 N 289 NO, _|

Scheme 4.01 New products accessed through C-H bond activation through ball milling.

The importance of cyclophosphazanes arises from their structural versatility with
applications as multi-dentate ligands’, catalysts for organic synthesis®, and antitumor
drugs®. The synthesis of adamantoid phosphazanes as well as other non-carbon
covalent structures remains an underdeveloped area of synthesis due to their high
moisture and air sensitivity.1® Garcia and co-workers explored the synthesis of these
challenging molecules with the use of ball milling from their double decker macrocyclic
isomers 291 and 293 (Scheme 4.02).}' Under solution conditions the iso-propyl
functionalised isomer 292 has only been prepared through very harsh conditions
requiring heating neat at 160 °C for 12 days.*? The ball milling synthesis of this compound
could be achieved in only 90 mins with lithium chloride being used as an additive.
Furthermore, the same structure bearing tert-butyl groups 294, previously considered a
textbook example of a sterically inaccessible molecule in main-group chemistry, was also
synthesized for the first time under the same ball milling conditions.*® These results
demonstrate a break-through for main group chemistry by the application of

mechanochemical synthesis to access new materials thought to be inaccessible.
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Although, it is still not yet understood how the mechanical activation of these compounds

occurs.
Pr Py " ’P'\N Prs Py P
iPrT;:N/ ! neat s "',P\N,iPr LiCI 20 w% iPrT:N/ L
Gqy—P € P~y N ———— |-
N/,pLE‘N/ 12days, 160 °C Il TmsPr (1 ) N4 p\’i“ N
P Prpy P pe [mixer mill] P’ Pripy
292 291 'iPr 30Hz, 15h 292
tBu‘N’P\N’tBu tBuN tBu,N/P\N,tBu
N/ AN . N 7/
tBuT': l|D neat S ,P\N/tBu LiCl 20 w% tBu\.PN ||>
-y SIS N _— [ n—
NPV 24days, 160°C Bl T=BU (1 [«] 1) NP
Bu” Bulg, Bu” Pl [mixer mill] Bu Bug,
\
294 293 (Bu 30Hz 1.5h 294

Scheme 4.02 Mechanical activation of cyclophosphazanes.

The synthesis of sulfonyl guanidines, an important functional group for pharmaceuticals*
and herbicides?®, is traditionally carried out from activated sulfonyl or carbodiimide
derivatives.'* 1 Fri§¢i¢ and co-workers following on from their established copper
catalysed coupling of sulfonamides and isocyanates?’, have developed a synthesis of
sulfonyl guanidines.!® Inactivated arylsulfonamides and carbodiimides were coupled
using a copper(l) catalyst with nitromethane or acetone as a liquid additive
(Scheme 4.03). The method established by ball milling could not be reproduced under
any solution conditions, which at best only achieved minimal conversion. This increased
reactivity demonstrates the necessity of ball milling to effectively carry out this reaction.
Initial mechanistic analysis of the reaction suggested activation of the carbodiimide
m-system through coordination with the copper catalyst with further investigations

ongoing to elucidate the requirement of ball milling for this transformation.

1

R
R 5.0 mol% CuCl HN®
O\\SIP y MeNO, 1 =0.25 O\\S/,O L
PSRN < —_— ~ O~ .
Ar NH, '}"’C «( Ei ,» Ar N N
R! [mixer mill]
30Hz, 2.0h

Scheme 4.03 Synthesis of sulfonyl guanidines by ball milling.

Currently there are limited examples of alternate or new reactivity that has been
accessed by ball milling. This is likely due to the serendipitous nature of many of these
discoveries and as of yet predicting when this new or alternate reactivity will exist is not
possible. Investigating these transformations may allow for a greater level of

understanding of why this new reactivity is observed and then allow for its prediction.

110



Chapter 4 — Reductive Coupling of Electron Poor Alkenes

4.1.2 Previous Work

Prior work in the group discovered the dimerization of benzylidene malonates 295 while
investigating the generation of organomanganese halides from alkyl halides and
manganese metal (Scheme 4.04).%° In this work ethyl 4-bromobutyrate 294 was
proposed to generate the organomanganese halide while using lithium chloride and THF
as additives. The generated nucleophile could then attack diethyl benzylidene malonate
295 via a conjugate addition to form a new C-C bond, although this desired product has

not yet been observed.

1.1 equiv. Mn pieces EtO,C C
1.0 equw LiCl
Br CO,Et 1.0 equw THF
P Acos (Wl
EtO,C 2
2 EtO,C Et0,C” ~CO,Et
[mixer mill]

. 0,
294 295 3h, 30 Hz Never observed; 296 66%; 297

O,Et EtO,C.__CO,Et

Scheme 4.04 Initial observation of reductive dimerization. Results obtained by Dr Joseph

L. Howard.

4.1.3 Reductive Dimerisations

This unexpected reactivity is similar to previous work from Cahiez and co-workers who
had shown the [-reductive dimerization of 2-cyclohexen-1-one 299 by dibutyl
manganese 298 (Table 4.01).2° The authors reported a significant temperature
dependence on the product selectivity, with reactions at higher temperature leading to
largely the dimerized product 301 over the desired conjugate addition 300. Although this
dimerization process was exclusively observed for 2-cyclohexen-1-one derived
substrates and was not displayed by benzylidene malonates which exclusively led to the

1,4-addition product regardless of temperature.
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0
0 0
MnBu, é\
THF
Bu
299 300

298 301 O
Entry Temperature / °C Yield of 300/ % Yield of 301/ %
1 20 29 68
2 -30 70 25

Table 4.01 Previous observation of reductive dimerization by Cahiez and co-workers.

Further investigation into the B-reductive dimerization of 2-cyclohexen-1-one derivatives
by Cahiez and co-workers established a poor synthetic scope for the transformation.
Such that 2-cyclohexen-1-one 299 and isophorone 302 were the only compounds
leading to satisfactory yields of the dimerization. Other 2-cyclohexen-1-one derivatives
led to poor yields due to considerable amounts of the addition products with the
organomanganese. Through their further investigations they found that the reaction
could be catalysed by dialkyl manganese through experiments using a catalytic quantity
of a manganese(ll) chloride and 2.5 equivalents of butyl magnesium chloride
(Scheme 4.05).20-2

(e} (o] O
0}
5 mol% MnCl,
2.5 equiv. BuMgCl Me Bu Me Me
_—
Me Me THF Me Me Me MeMe Me
Me 15% 7%
302 303 304

Scheme 4.05 Catalytic dimerization of isophorone via dialkyl organomanganese.

The dimerization of diethyl benzylidene malonate 295 has also been previously observed
by Nishiguchi and co-workers in 2011 while developing a method for the carboxylation
of ethyl cinnamate with magnesium and carbon dioxide (Scheme 4.06).22 This reaction
provided the dimer as part of a mixture of products resulting from both the desired
carboxylation 304 and the reduction of the double bond 305. They suggest that a single
electron reduction of the substrate provides a radical anion intermediate which can either
undergo dimerization or further reduction to generate the nucleophile that may then
attack carbon dioxide or become protonated. Although there is no report of dimerization
of the less activated cinnamate esters which only underwent carboxylation and reduction
of the double bond.
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3.0 equiv. Mg EtO,C__ CO,Et
2.0 equiv. TMSCI CO-Et CO-Et
CO,Et CO, bubbling | b, j)\ 2 o 2 o Ph
—_——
Ph
COEt  DMF[0.5M] COoEt COoEt
CO,H EtO,C~ ~CO,Et
295 31%; 304 12%; 305 28%; 297

Scheme 4.06 Dimerization observed through reduction of benzylidene malonates by

magnesium.

Yamashita and co-workers have also established dimerization reaction using
samarium(ll) diiodide as the single electron reductant (Scheme 4.07).2® The radical
conjugate addition dimerization reaction was applicable to a small number of activated
double bonds including alkylidene and benzylidene malonates. Zhang and co-workers
also established a similar dimerization process employing samarium(ll) diiodide.?* They
also found the samarium(ll) diiodide mediated reaction to be applicable to a small range

of benzylidene and alkylidene malonates.

Et0,C_CO,Et
Rﬁdﬂ 2.5 equiv. Sml, R’ R!
COEt  THF [0.2 M]
Et0,C” “CO,Et

Scheme 4.07 Samarium diiodide mediated dimerization of benzylidene malonates.

More recently Scheidt and co-workers have undertaken a rigorous development of the
functionalization of benzylidene malonates through the use of photoredox and Lewis acid
cooperative catalysis (Scheme 4.08).2° Their initial report regarded the intermolecular
radical-radical cross-coupling, for the alkylation of the benzylidene malonates
(Scheme 4.08a). This method avoided the previously reported radical conjugate addition
for the synthesis of the dimers. They expanded on the range of possible transformations
to include arylation of the generated radical (Scheme 4.08b) and an annulation reaction
(Scheme 4.08c) from difunctionalized arylidene malonates. They also demonstrated the
formation of dimers through a radical-radical coupling when tributylamine was used as
the reductive quench for the photocatalyst. Finally, the reduction of the double bond in
benzylidene malonates could be carried out selectively when the organic photocatalyst
DPAIPN 306 was exchanged for the iridium-based system 307. In these examples from
Scheidt and co-workers the application of Lewis or Bronsted acids to activate the
benzylidene malonate system was key to successful reactions; this activation was shown
to lower the reduction potentials of the substrates through cyclic voltammetry

measurements.
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a) Radical-radical coupling of arylidene malonates via cooperative lewis acid photoredox catalysis.

R1
NC CN 1.0 mol% xx dF-Ir
: MeO,C.__CO,Me
o §OMe || 10 mol% Sc(OTf) 2 I 2
Ar —_— 3
ZScome Me” TNTMe  yieon 0.1 M) pH R!
1.5 equiv. Blue LEDs, 5 h
b) Radical arylation of arylidene malonates via photoredox catalysis
3.0 mol% xx DPAIPN  MeO,C. _CO-Me
¢OMe NC 2.5 equiv. NEt; 2 2
_—
Arl SAr2
COMe MeCN [0.1 M] Ph” Ar2
2.0 equiv. Blue LEDs, 18 h

c) Reductive annulation of arylidene malonates via cooperative lewis acid photoredox catalysis.

Me0,C -CO:Me 1.0 mol% DPAIPN ~ MeOC

I 10 mol% Sc(OTf),
1.5 equiv. HEH
—_—

XMCOZMe MeCN [0.1 M]

COZMe

n=0,1 Blue LEDs, 18 h X
Nt Ph. .Ph
M PN “N°
o O or o O NC CN
Lol Lol
MeO OMe MeO OMe
Ph,N NPh,
LA Ar | via NPh,
306, DPAIPN 307, dF-Ir

Scheme 4.08 Photoredox reduction of benzylidene malonate derivatives.

Previously Cahiez and coworkers established a reductive dimerization of 2-cyclohexen-
1-one derivatives but found the reaction unamenable to the dimerization of benzylidene
malonates. ?° More recently stronger reducing agents such as magnesium or
samarium(ll) diiodide have been able to enable this dimerization via proposed radical-
radical coupling. ?>?* Schiedt and coworkers have since gone on to utilize photoredox
catalysis for the functionalization of arylidene malonates via the benzyl radical
intermediate.?® Currently ball milling has established conditions under which manganese
can facilitate the dimerization of benzylidene malonates potentially revealing increased
reactivity of the metal under ball milling conditions. In this work the established reaction

will be optimized, and its mechanism studied.
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4.2 Results and discussion

4.2.1 Investigation of Manganese Induced Reductive Dimerization

To aid in the optimization of the newly discovered reaction diethyl benzylidene malonate
295, was exchanged for a fluorine labelled variant 308, so that °F NMR spectroscopy
could be used for analysis of the crude reaction mixture and determine yields utilizing an
internal standard. Initial control reactions were focused on determining the necessity of
each of the reagents (Table 4.02).

1.1 equiv. Mn pieces EtO,C__C
1.0 equw LiCl
Br CO,Et _1.0 equiv. THF
Ar\/\
COEL (i - )

O,Et EtO,C.__CO,Et

Et0:C Ar = CaHaF [mixer mill] EtO,C EtOZC COZEt
294 308 3h, 50 Hz 309
Variation of Conversion of Yield of Yield of
Entry conditions 3081/ % 3091/ % 310@/ %
1 No variation 100 0 85
2 Mn pieces omitted 0 0
3 LiCl omitted 5 0
4 THF omitted 12 0
5 294 omitted 28 - 10

&l Determined by 1F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

Table 4.02 Variation of discovered reaction conditions.

The fluorinated substrate achieved a greater yield of 85% (Table 4.02, entry 1) than the
unfunctionalized phenyl derivative (66%) that was used to when this reactivity was
discovered. This increased reactivity could be due to the inductive electron withdrawing
ability of the fluorine atom which may aid reduction.?® With any variation in these
conditions the reaction yield was dramatically decreased (Table 4.02, entries 2 — 5). With
the reductant manganese removed (Table 4.02, entry 2) no conversion was observed
showing no background reaction from the stainless-steel jar and ball, and no side
reactions caused by any other reagents present. With lithium chloride omitted
(Table 4.02, entry 3) conversion was significantly reduced and no product formation was
observed. This could be due to the lithium cation acting as a Lewis acid, possibly
activating the substrate by decreasing the reduction potential, as observed by Scheidt
and co-workers using scandium(lll) triflate or ammonium salts.?® The liquid additive THF

was also found to be vital for the transformation and without it (Table 4.02, entry 4) there
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was a significant decrease in the conversion of the starting material producing a complex
mixture of products. Finally, a reduced yield of only 10% was observed with ethyl
4-bromobutyrate 294 omitted (Table 4.02, entry 5) suggesting it may not be directly

involved in the mechanism to generate the dimer 310.

With the uncovered conditions shown to require all the reagents, attention was switched
to attempting to change the reaction selectivity to the initially desired conjugate addition.
Multiple examples from the literature display alternating liquid additives can alter the
product selectivity or improve on reaction yields.?’ Liquid additives were screened to see
what effects could be observed by changing the polarity and coordinating abilities of the
solvents (Table 4.03).

1.0 equiv. Liquid additive EtO,C

C
1.1 equiv. Mn pieces
Br CO,Et 1.0 equw LiCl
NNZN
EtO,C COEt (t - )

0,Et Et0,C.__ CO,Et

Ar = CgH,F [mixer mill] EtO,C EtOzC COZEt
294 308 3h, 30 2 309
Entry Liquid & Conversion of Yield of Yield of
additive 30818/ % 309@ / % 31018/ %
1 Et.O 4.27 15 0 trace
2 THF 7.58 100 0 85
3 DCM 8.93 8 0 0
4 iPrOH 17.9 100 0 67
5 NMP 32.2 32 0 15
6 DMF 36.7 8 0 0
7 MeCN 37.5 25 0 0

[a Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
Table 4.03 Screen of different liquid additives (LAG).

Utilizing different liquid additives failed to alter the selectivity of the reaction to the
conjugate addition product 309, though (Table 4.03, entries 1 — 7) some of the screened
examples still allowed access to the dimer product (Table 4.03, entries 2, 4, and 5). This
reaction manifold is sensitive, with highly polar and strongly coordinating solvents such
as DMF and acetonitrile (Table 4.03, entries 6 — 7) preventing any products from forming.
Furthermore, the moderately polar solvent DCM (Table 4.03, entry 3), with a similar
dielectric constant to that of THF, prevented the reaction occurring. This may be due to
it not being a coordinating solvent. However, THF which is moderately polar, and
coordinating does provide sufficient reaction conditions for complete conversion and a

high yield of the product (Table 4.03, entry 2) but diethyl ether which is also an ethereal
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solvent does not lead to significant conversion (Table 4.03, entry 1). The only other
additive which led to quantitative conversion of 308 was iPrOH (Table 4.03, entry 4)
which is slightly more polar than THF and able to coordinate through oxygen. Also, if any
organometallic intermediates were present its likely that iPrOH would be able to
protonate them. The need for a coordinating liquid additive suggests the possibility of
organometallic intermediates that require the stabilization of solvation from a
coordinating solvent.?® All examples of liquid additives that allowed the dimerization to
take part are moderately to strongly coordinating and that reactivity seems to be limited
by the addition of the most and least polar additives as well as the most strongly

coordinating.?

The role of ethyl 4-bromobutyrate 294 in the reaction was then investigated as it had not
been observed to take part in its proposed chemistry. It had already been demonstrated
not to be crucial to the reaction proceeding (Table 4.02, entry 5).

1.1 equiv. Mn pieces EtO,C___C
1.0 equw LiCl
Br CO,Et _XXequiv. THF
Ar\/\
EtO,C CO,Et (t - ))

O,Et EtO,C.__CO,Et

XX equiv. A= CoHaf [mixer mill] Et0,C EtO2C COQEt
294 308 3h. 30 Hz 309
Equiv. of Equiv. of Conversion of Yield of Yield of
Entry 294 THF 308 / % 309 / % 3106/ %
1 1.0 1.0 100 0 85
2 0.5 1.0 100 0 86
3 0 1.0 28 - 10
4 0 2.0 100 - 80 (80™)
5 0 3.0 62 - 43

&l Determined by 1F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

b1 Yield of isolated product.

Table 4.04 Determination of role of ethyl 4-bromobutyrate 294.

Initial reduction in the stoichiometry of x to from 1 to 0.5 equivalents (Table 4.04, entries
1 and 2) the reaction yield marginally increased from 85% to 86% but with 294 completely
removed from the reaction formation of the product almost entirely ceased (Table 4.04,
entry 3). It is well known in ball milling reactions altering the amount or form of material
present in the reaction can have drastic implications for the mixing and energy transfer,
and therefore reaction outcomes.?’® 2° To correct for the smaller quantity of liquid with
294 omitted, an additional equivalent of THF was used (Table 4.04, entry 4), improving
the yield of 310 to 80% but further increasing the equivalence of THF did not lead to any

further improvements (Table 4.04, entry 5). These results suggest that 294 was simply
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acting as a liquid additive and possibly taking no other part in the dimerization reaction.
Although with the presence of ethyl 4-bromobutyrate 294 the reaction produced a
marginally improved yield it was decided that moving forward that (Table 4.04, entry 4)
using 2 mmol of THF would be taken forward for simplicity. Also, this would prevent the
possibility of organomanganese halides being generated from the alkyl halide. Further
investigations into the ball milling generation of organomanganese halides from

manganese metal and alkyl halides is presented in chapter 5.

As the likely role of ethyl 4-bromobutyrate 294 had been deciphered, the reductant would
be the next attribute of the conditions to be optimized (Table 4.05).

XX equiv. Reductant EtO,C__CO,Et
CO,Et 1.0 equiv. LiCl
Ar\/\co o 2.0 equiv. THF Ar Ar
2 t[<=>])
Ar = CgH4F tmill} EtO,C CO,Et
308 3h, 30 Hz 310
Equiv. of Conversion of Yield of
Entry Reductant
reductant 3081/ % 310@/ %
1 Mn pieces 0.55 69 47
2 Mn pieces 1.1 100 80 (80"
3 Mn pieces 2.0 100 63
4 Zn granular 1.1 83 43
5 Mn powder 1.1 100 79 (78)

[a Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
BlYield of isolated product.

Table 4.05 Optimization of reductant.

Altering the stoichiometry of the manganese in the reaction led to decreased yields of
the product (Table 4.05, entries 1 and 3). With the stoichiometry reduced full conversion
of the starting material 308 was not achieved and an increase in manganese in the
reaction led to significant degradation of the product. Upon changing the reductant to
zinc metal, the reaction still took place albeit in reduced yield, this is most likely due to
the greater reduction potential of manganese metal over zinc. As previous examples
using ball milling to activate metals have shown improved tolerance to the starting form
of the metal over solution conditions this was also explored.*® Unfortunately compared
to other metals fewer forms of manganese metal are commercially available that would
be applicable to use in a ball mill. Manganese powder, 40 mesh, is similarly reactive than

the irregular pieces form (Table 4.05, entry 5) with 79% yield of 310 still being produced.
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This has again confirmed that through the use of ball milling different forms of metals can

be used without significant change in reactivity.

With seemingly optimal conditions for the stoichiometry and form of the reductant in place

(Table 4.05, entry 2) optimization continued with the Lewis acid activator.

XX equiv. LA EtO,C__ CO,Et

CO,Et 1.1 equiv. Mn pieces
2. iv. THF
Ar\/\co Et 0 equiv 3 Ar Ar
: (W [«<=>]n)

Ar = C6H4F EtOZC COzEt

308 [?:esr()"::] 310
_ _ Equiv. of Conversion of Yield of
Entry Lewis acid ) ]
Lewis acid 308@ / % 31018/ %
1 Mg(OTf)2 1.0 <1 0
2 MnClz*4H,0 1.0 <1 0
3 Mn(OTf)2 1.0 4 0
4 ZnCl; 1.0 78 63
5 Sc(OTf)s 1.0 9 0
6 LiBr 1.0 68 66
7 Lil 1.0 25 0
8 LIOTf 1.0 <1 0
9 LiCl 1.0 95 83 (80™)
10 LiCl 0.5 83 72
11 LiCl 15 71 68

&l Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

b1 Yield of isolated product.

Table 4.06 Optimization of Lewis acid.

Lewis acids were selected that had been reported to activate 1,3-bicarbonyl systems
including those demonstrated by Schiedt and co-workers.?® Magnesium and manganese
salts (Table 4.06, entries 1 — 3) led to no product formation potentially due to not
adequately activating the system. Zinc(ll) chloride (Table 4.06, entry 4) led to the greatest
conversion of all the newly screened Lewis acids but led to significant amount of an
unidentified side product. Further investigation into this unidentified side product is
reported in table 4.08. Surprisingly, scandium(lll) triflate (Table 4.06, entry 5) which has
been reported as the most effective Lewis acid for similar systems prevented the reaction
from occurring in the ball mill. This is potentially due to poor mass transfer in this reaction
due to the large molecular weight of scandium(lll) triflate, 492 gmol*, compared to only
42 gmol? for the optimal lithium chloride. The large quantity of scandium(lll) triflate

required led to the jar being over filled preventing efficient mass and energy transfer.

119



Lithium salts (Table 4.06, entries 6 — 9) showed a similar trend that with higher molecular
weight halides, or pseudo-halides, leading to poorer yields (LiCl 42.39 gmol?, LiBr
86.85 gmol?, Lil 133.85 gmol?, LiOTf 156.01 gmol™). However this contrast with what
may be expected as with increasing halide mass the lithium salt should become a
stronger Lewis acids due to a more available lithium cation as the difference in hard soft
cation anion pairing decreasing the bond strength (Li-Cl 469 kJmol?, Li-Br 423 kJmol?,
Li-I 352 kJmol?, Li-O 341 kJmol?).?! Finally, altering the equivalents of lithium chloride
(Table 4.06, entries 10 — 11) led to decreased conversion whether the stoichiometry was
increased or decreased. With a reduced quantity the reaction may be slowed leading to
decreased conversion, although with more lithium chloride available an accelerated rate
could be expected. Perhaps with the larger quantity present the texture of the reaction
mixture is altered enough to prevent efficient reactivity which is observed when higher
molecular weight lithium salts are employed. Summarizing these results, it seems that
not only the species of the of the Lewis acid but the counterion plays a key role in the
reactivity with lower molecular weight species leading to greater conversion. This is
potentially due to more efficient mass transfer and careful consideration of the balance

of the reactivity and mechanical effects of using differing reagents.

Solid additives were screened in the reaction as grinding auxiliaries in mechanochemical
reactions can be used to improve mixing within the jar by altering the texture of the
reaction mixture (Table 4.06). The solvent free nature of the reaction mixtures can
become sticky especially in the presence of liquids such as the starting material 308 and
THF. The potential benefits of using solid additives have been demonstrated amongst

previous reports. 32
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1.0 mass equiv. Grinding auxiliary

co 1.1 1egue|\(/1ull\\/ln pisces EtO,C._CO,Et
Ar \/\COZEt 2.((‘)( e T:)F Ar:(/[Ar
Ar = CgH,F [mixer mill] EtO,C” “CO,Et
308 3h, 30 Hz 310
Entry Grinding auxiliary Conversion of 308 / % Yield of 3101 / %
1 - 95 80 (80P))
20 LiCl <1 0
3 NacCl <1 0
4 MgSO. <1 0
5 Sand 98 81
6 Celite 100 72
7 Alumina (neutral) 50 10

@l Determined by 1F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
blYield of isolated product. [¢l 1.0 equiv. of LiClI Omitted.
Table 4.07. Grinding auxiliary screen.

Unsurprisingly when using lithium chloride as the grinding auxiliary (Table 4.07, entry 2)
rather than just 1.0 equivalent conversion of 308 was prevented as similar observations
were made in (table 4.06, entry 11) when the stoichiometry of lithium chloride was
increased to 1.5 equivalents. The use of sodium chloride (Table 4.07, entry 3), one of
the most commonly utilized grinding auxiliaries, also completely shut down the reaction.®?
Often grinding auxiliaries serve multiple purposes within the reaction, not only to improve
mixing, but can be used to dry reaction mixtures or stabilize metal catalysts.3®
Magnesium sulfate was used as a grinding auxiliary as the reaction potentially occurred
via an organometallic intermediate and that the use of a desiccant such as this could
remove any moisture present and improve reaction yields. Unfortunately, magnesium
sulfate prevented the reaction entirely leading to no conversion (Table 4.06, entry 4).
Using sand as the grinding agent (Table 4.07, entry 5) the reaction proceeded, leading
to a marginally improvement in yield than without the grinding auxiliary present
(Table 4.07, entry 1). Unfortunately, its presence caused the work up to be much more
arduous as it caused emulsions to form during liquid-liquid extraction. Celite also allowed
for some reactivity (Table 4.07, entry 6) with a slightly reduced yield of the product but
led to a range of unknown side products that consumed the starting material. Lastly,
alumina (Table 4.07, entry 7) also produced several unknown side products consuming
the starting material, but the reaction still proceeded albeit in greatly reduced yield and

conversion. The production of these unknown side products seems to be related to the
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acidity of the grinding auxiliaries being used in the reaction although no further

investigation into their formation took place.

Finally, the reaction time was varied as a last avenue of investigation to increase the

reaction yield with shorter and longer reaction times.

1.1 equiv. Mn pieces EtO,C__ CO,Et
CO,Et 1.0 equiv. LiCl
2.0 equiv. THF Ar
—_

Z Ar
CO,Et
i (e [<=>] n) Et0,C” ~CO,Et
Ar = CeHqF [mixer mill] 2 2

308 XX'h, 30 Hz 310

Ar

Time vs. yield of 310 and conversion of 308

100%
80%
60%

40%

—@—Yield of 310 Conversion of 308

20%

0%

Time / h

Yield and conversion determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an

internal standard.
Figure 4.01 Optimization of reaction time.

From the shortest reaction times (Figure 4.01) at 5 minutes there is no conversion of
product formation suggesting a brief induction period before the reaction begins. This
induction period could facilitate the particle size reduction of the manganese metal
revealing fresh metal surfaces free from passivation. Once the induction period is over
the reaction yield increases steadily until reaction time reaches 2 hours. At 2 hours
conversion is not yet complete at 92% with a good yield of 80%. The following hour the
reaction is considerably slower reaching a peak of 83% with complete conversion.
Further increasing the reaction time to 4 hours only leads to marginal degradation of the
product 310. The reaction time of 3 h was carried through to further exploration of the
reaction as other substrates may require longer reaction times if their reduction is slower
and this reaction time should allow for sufficient conversion of any other starting

materials.
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4.2.2 Optimization Summary

The reaction showed little tolerance to changing conditions from those used for the initial
discovery (Scheme 4.09a). Through optimization it has been shown that the ethyl
4-bromo butyrate 294 present initially was unnecessary, and this was likely assisting the
THF acting as a liquid additive. It would be plausible for the ester functionality to stabilize
any organomanganese intermediates as ester containing solvents such as ethyl acetate
have been shown to stabilize these species.?** Furthermore, the removal of this reagent
suggests a potentially alternate reaction mechanism than that of the dimerization of
2-cyclohexen-1-one demonstrated by Cahiez and co-workers which requires a dialkyl
organomanganese as a stoichiometric reagent or catalyst (Table 4.01).2°2* Through
screening alternate liquid additives moderately polar solvents containing coordinating
groups provided the highest yields. The effectiveness of Lewis acids in the reactions
seems to inversely correlate to the molecular weight of the compounds with the lightest
Lewis acids providing the best yields. Upon screening grinding auxiliaries, sand was the
only additive which did not decrease reaction yield or led to a variety of unknown side
products. Although as the gain in yield was only minimal and the increased difficulty of
the work up it was not pursued any further. Through the thorough investigation of reaction
conditions, it was decided that the optimal conditions for the reaction are as follows
(Scheme 4.09b).

a) Initial discovery coonditions
CO,Et  EtO,C__ CO,Et

1.1 equiv. Mn pieces  EtO,C
1.0 equiv. LiCl
Br COEt _THF =015
Ph AN
EtO,C COEt  (( - )

EtO,C EtO,C~ "CO,Et
[mixer mill]
. 0,
294 295 3h, 30 Hz Never observed; 296 66%; 297
b) Optimized conditions . .
1.1 equiv. Mn pieces EtO,C_ CO,Et
\)C\Oz'ft 1.0 equiv. LiCl

Ar 2.0 iv. THF A

r CO,Et v 7, Ar r
Ar = CgH,F (s ")

- . EtO,C~ "CO,Et
[mixer mill]
0/
308 3h, 30 Hz 80%; 310

Scheme 4.09 Comparison of initial discovery to Optimized reaction conditions.
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4.2.3 Substrate scope

To probe the pertinence of the optimized conditions a range of benzylidene and
alkylidene malonates they were first synthesized by the Knoevenagel condensation of
the respective activated methylenes and aldehydes. These reactions were carried out
either under Dean Stark conditions, for large scale preparations, or with the use of

molecular sieves as desiccant, for smaller scale reactions (see Chapter 6, Supporting
Information).

o Knoevenagel
)I\ EWG. EWG condensation EWG
—_
A
R H ~N r\/\ EWG

Arylidene and alkylidene variation
EtO,C.__CO,Et EtO,C.__CO,Et EtO,C.__CO,Et EtO,C__ _CO,Et EtO,C.__CO,Et
| | /@/T( | |
F 920  NC s5%  Cl 9% B 78% T3¢ T 100%
308 311 312 313 314

EtO,C._CO,Et EtO,C.__CO,Et EtO,C.__CO,Et Et0,C.__CO,Et

I I I I
X
I Z
MeO N

49%  Me 82% 549, MeOLC 44%
315 316 317 318
Et0,C._CO,Et Et0,C._CO,Et EtO,C.__CO,Et EtO,C._ CO,Et
| [ I |
I 68% 48%F I 63% 379Me
F 319 320 Me 321 322
Et0,C._CO,Et EtO,C.__CO,Et EtO,C_CO,Et Et0,C_CO,Et
I I Me%\/\)/ VJ/
Me Me
59% O 67% 77% 73%
323 324 325 326

Ester and EWG variation

MeO,C_CO,Me iPrO,C_CO,iPr tBuO,C_.CO,tBu BnO,C.__.CO,Bn AllylO,C__ CO,Allyl
| | | | I
F 65% F 57% F 42%

[
F 70% F 65%
3

327 328 329 30 331
NC.__CO,Et NC.__CN Q y Q
Me
i F o2 >N"SoF o, N0
90% 61% 959 Me 98% 82%
332 333 334 335 336

Scheme 4.10. Benzylidene and alkylidene malonate synthesis. Compound 333 was
synthesized by Dr Joseph L. Howard.
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Initially derivatives of benzylidene malonate were synthesized varying the nature of the
substituents on the aromatic ring including electron withdrawing and donating groups.
These products were often obtained in good to excellent yields 311-324. Alkylidene
malonates based on melonal, 325, and cyclopropanecarboxaldehyde, 326, were
synthesised as it was hypothesised that if the mechanism operated via a radical
intermediate that these compounds may be able to assist in elucidating the mechanism.
For 325 may undergo 5-exo-trig cyclization if a radical were formed and 326 may

undergo strain release ring opening.

The activated methylene in the Knoevenagel condensation was also varied for the
synthesis of a range activated double bonds with a variety of electron withdrawing
groups. When these variations were made the aldehyde remained 4-fluorobenzaldehyde
except for 333. This included varying the ester substituents and the use of ethyl
cyanoacetate 332, malononitrile 333, barbituric acid 334, and meldrums acid 335.
Finally, ethyl 2-oxo-2H-chromene-3-carboxylate 336 was synthesised through

Knoevenagel condensation with salicylaldehyde.

With these compounds in hand the substrate scope was undertaken. Initial change
focussed on the activation of the t-system using different malonate esters and

unexplored electron withdrawing groups. This comprised of compounds 327 — 336.

1.1 equiv. Mn pieces RO,C.__EWG
1.0 equiv. LiCl
\)\EWG 2.0 equiv. THF A Ar
Ar z )
COzR ((§ )]
[mixer mill] ROC™ "EWG
3h, 30 Hz

337 338 339 340
62%, 3:2 d.r. 51%, 1:1 d.r. 77%, 5:3 d.r. 55%, single
diastereomer

Yields of isolated product. Ratio of anti:syn diastereomers calculated using °F NMR
spectroscopy. Diastereomer of 340 unknown.

Scheme 4.11 Substrate scope of varied malonate esters and double bond activation.

Altering the substituent on the malonate esters was largely successful, methyl, allyl, and
iso-propyl were all successful in the coupling reaction, albeit in slightly reduced yield for

the bulkier iso-propyl compound. Allyl substituents were unaffected by the reaction
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showing the tolerance to inactivated double bonds to the reaction conditions. Finally,
ethyl 2-cyano-3-(4-fluorophenyl)acrylate 340 was successful, leading to a single
diastereomer of the product unlike every other substrate which gave a mixture of both
syn and anti-products. However, this reaction did lead to only a moderate yield of this
dimer. Also, ethyl 2-cyano-3-(4-fluorophenyl)acrylate 332 was the only example
containing an alternate electron withdrawing group that successfully underwent the

dimerization all other successful examples were based on malonate esters.

BquC COztBU BnOzC COZB NC /@/rL /@/IL
/©J/ /©/\|/ ©J/ /go F )vMe

335
N COzEt
o CO,Et x_CN o NO - COF
o g PN YT pn T pp T2 Ph/
336 341 342 343 344

Scheme 4.12 Unsuccessful substrates with varied activation and malonate esters.

Several compounds were screened which were unsuccessful during the scope with
varying electron withdrawing groups. The only failed malonate esters derivatives were
the tert-butyl 329 and benzyl 330 substituted examples. This was possibly due to the
steric encumbrance of the tert-butyl and benzyl groups as the smaller iso-propyl
substituents led to a reduced yield in the reaction. Unfortunately, 334 derived from
dimethyl barbituric acid did not partake possibly due to weaker coordination with lithium
cation. If this substrate had undertaken the reaction the possibility of a two-step one pot
process was postulated where the substrate was produced via a mechanochemical
Knoevenagel condensation followed by dimerization, as Knoevenagel condensations are
well known to proceed in ball mills.?*® 3 The Meldrum’s acid derived substrate 335
completely decomposed during the reaction with no starting material remaining but also
no product being observed. This decomposition also took place on milling just the
substrate 335 with no other reagents. All the substrates that contain only one electron
withdrawing group, 341 — 344, were unable to be coupled by this reaction likely due to
higher reduction potentials. Ethyl 2-chromenone-3-carboxylate 336 was unreactive
under the developed conditions possibly due to the increased aromatic nature of the
double bond leading to a higher reduction potential. Finally, the benzylidene malononitrile
substrate 333, also failed to participate probably due to poorer coordination with the
Lewis acid. This weaker coordination then fails to further activate the substrate similarly

to the dimethyl barbituric acid functionalised compound.
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With sufficient investigation into the possible variation of the electron withdrawing groups
having taken place the substrate scope moved towards varying the substitution of the

aromatic ring and investigating alkylidene malonates.

1.1 equiv. Mn pieces EtO,C__CO,Et
1.0 equiv. LiCl
CO,Et 2.0 equiv. THF Ar
—_

Ar
Ar\%\COQEt «( ’))

[mixer mill] EtO,C” ~CO,Et

3h,30Hz

310 297 345 346
88%, 5:4 dr

Me

347 348 349 350
85%, 3:2 dr 85%, 3:1 dr 85%, 17:10 dr 82%, 13:10 dr

Yield of isolated products. Ratio of anti:syn diastereomers calculated using *H NMR or 1°F NMR
spectroscopy.

Scheme 4.13 Aryl substituent substrate scope.

Substrates containing electron withdrawing groups were successfully coupled, including
345, 346, and 349 producing good to excellent yields. Also tolerated were electron
donating substituents such as methyl and methoxy, 347 and 348 producing excellent
yields. The only halides tolerated in the reaction were chloride and fluoride 350 and 310,
with heavier halides such as bromide substituents leading to complex mixtures of
products, which likely arise from oxidative insertion of manganese into the C-Br bond
followed by protonation. Finally, the unfunctionalized 295 used for the reaction discovery
was amenable to these new conditions although producing the dimer product 297 in

slightly reduced yield when compared to the initial discovery (66%).

The ratio of the product diastereomers follows a general trend of those with electron
withdrawing substituents leading to a mixture of anti:syn diastereomers closer to 1:1 and
electron donating substituents giving a greater proportion of the major anti diastereomer.
The variation in diastereomers provides a possible insight into the thermodynamic nature

of the reaction as it is likely that any reduced intermediates stability will vary with the
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electronics of the system, whether the intermediate is a radical or anionic species.
Electron withdrawing substituents will stabilize the intermediate, this stabilization may
allow a reversable formation of the dimer producing a greater proportion of the
thermodynamic syn-diastereomer. In the examples where electron donating groups are
present a greater proportion of the anti-diastereomer is observed. This is possibly due to
this stereoisomer being the kinetic product and that the reversibility of the addition is not
possible for these substrates leading to this diastereomer forming in excess. However,
this hypothesis has not been confirmed.

EtO,C.__CO,Et EtO,C.__CO,Et Et0,C.__CO,Et EtO,C.__ CO,Et

F Me
F 319 320 Me 321 322

EtO,C.__CO,Et EtO,C.__CO,Et EtO,C.__CO,Et EtO,C.__CO,Et
| | I I
I\
Z
O Br N
323 324 313 317

EtO,C.__CO,Et EtO,C.__CO,Et
MGYVY\'( v/\lr

Me Me
325 326

Scheme 4.14. Unreactive substrates for aryl substituent scope.

Similarly, to the previous scope multiple starting materials failed to undergo the
transformation. The use of either isomer of naphthaldehyde 323 and 324 led to minimal
conversion of starting material and no products were observed. Similarly reduced
reactivity was observed in the use of larger malonate ester derivatives. Unfortunately,
starting materials containing either fluoro or methyl groups at the ortho or meta positions
319 - 322 did not participate in the reaction. This is again possibly due to the sensitivity
of this reaction to traditional steric factors. As mentioned previously the aryl bromide
bearing substrate 313 did undergo the reaction although leading to a complex mixture of
inseparable dimer products. Through mass spectrometry analysis of this mixture it
seems to include de-halogenated dimers suggesting manganese addition to the C-Br
bond followed by proto-demetallation of these species. The pyridyl derived starting
material 317 also failed to participate in the reaction with minimal product conversion
observed. Although other electron deficient species succeeded in the dimerization it is
still unclear as to why this compound did not participate. Finally, alkylidene malonates

325 and 326 did not undergo the reaction with no consumption of starting material being
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observed in either reaction. It is likely that these compounds have a higher reduction

potential such that they are not amenable to reduction by manganese in this reaction.

4.3 Mechanistic Study

4.3.1 Proposed mechanisms

From the results obtained from this reaction thus far two potential mechanisms were
postulated for the dimerization. These mechanisms were based either around a single
two electron reduction by manganese or multiple single electron reductions (SET) taking

place.

O O 0O © 0
LiCl 11 Mn
EtO | OEt — EtO ] OFEt
1
Ar i Ar i Mn
[M]—Nu L JLi
O OEt o o o o
\M \M
Et0” 0 or EtO OFEt or EtO OEt
Mn (S
A Ar” "MnClI Ar
[1]] [\" v

| | |
} o

(0] [e] (0] (0]
Q0 \ A
Eo oEt EtO OEt H* EtO OEt
| — Ar _— Ar
Ar \/.\ Ar Ar
IM]—Nu EtO r.\ OEt EtO OEt
o 0O (O e)
s oo vii
vi [M]

Scheme 4.15 Proposed two electron reduction mechanism.

The first proposed mechanism is based on a single two electron reduction. The reaction
is initiated by coordination of a lithium cation to the 1,3-dicarbonyl to activate the
substrate i forming the adduct ii, as the reaction does not take place without lithium
chloride present. This activated species is then reduced by the manganese metal via a
two-electron reduction to generate a nucleophile. The nucleophile could occupy multiple
forms including, a cyclic organomanganese enolate iii, a linear organomanganese halide
with a lithium enolate iv, or a free benzylic anion v. Any of these intermediate species

then act as the nucleophile that partakes in a conjugate addition with another molecule
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of the starting material to form the dimer as a dienolate vi which is then protonated upon
workup to reveal the final product vii. The second equivalent of the starting material
acting as the electrophile could also be activated by lithium in a similar manner but could

be sufficiently electrophilic enough without it.

O O
LiCl
EtO | OEt —> EtO
Ar”
i [M

O O \o
\ radical
EtO OEt d|mer|sat|on )B;k /ﬁ\/\\
+ + +
_ ; Al
[M] = Mn or Li Ar r
EtO OEt
7\ \
o 0O 0
o Mn Ior
v [ ] Mn SET
Mn' or
Mnll
)‘K/ko or )j\)\ or )j)\
MnCI
viii
+ +
Bt )
Mn? or OUO
M” EtO OEt
Ar — ]
SET Ar
Mn' or EtO OEt
Mn” m
O O
v [M] ix
v
O O I
A Ior i )j(k Win EtO OEt
EtO OEt
nl A Ar Ar
Ar” “Mn! EtO OEt
i EtO OEt
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o. ,0 o 0
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Scheme 4.16 Possible reaction pathways via initial single electron reduction.

The second mechanistic proposal is initiated by the same coordination of lithium acting
as a Lewis acid to further activate the double bond forming ii. This adduct then being
reduced by manganese via a single electron transfer. This reduction could then furnish
a free radical intermediate iii or manganese(l) bound organometallic iv. These reduced
intermediates could undergo direct dimerization with another equivalent of themselves.

The manganese(l) species iv or the free radical iii could undergo further reduction
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forming the intermediates vi, vii, or viii. These would then undergo the reaction
postulated in scheme 4.15. Another distinct possibility is these intermediates iii or iv may
act as a radical nucleophile attacking a further equivalent of the starting material, acting
as the somophile, forming a radical enolate intermediate ix. This is then reduced by a
manganese(0) or manganese(l) to furnish the final dienolate v which can again be
protonated during the workup. Finally, the manganese(l) bound intermediate iv could
undergo a Pinacol type coupling reaction where the manganese(l) reduces another
molecule of the lithium adduct ii or the starting material i to form the dialkyl manganese(ll)

intermediate X.

These proposed mechanisms allowed the design of a series of control reactions and

investigations to uncover the reaction mechanism.

4.3.2 Cyclic Voltammetry

From the optimization of this reaction, it was abundantly clear that the lithium chloride or
other Lewis acids are essential for this reaction (Table 4.06). To gain insight into the role
of lithium chloride the reduction potential of compounds 314 and 315 were measured
with and without the presence of lithium chloride. It has previously been shown by
Schiedt and co-workers that the addition of a Lewis acid to similar substrates can alter
the reduction potential so that they are more easily reduced.?® The reduction potentials

were measured against ferrocene (E12= 0.382 V vs. SCE in MeCN).31°

a) Known reduction potentials of manganese and zinc

Mn' +  2¢ > Mn° E,;=-1.185V vs. SCE
zn + 2e » 7n° E,; =-0.762 V vs. SCE

b) Substrates which the reduction potentials were measured

Et0,C._CO,Et Et0,C.__CO,Et
I I

F3C MeO
314 315

Scheme 4.17 Known reduction potentials for manganese(ll) and zinc(Il) and

compounds 314 and 315 which the reductions potentials were measured.
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Entry Substrate Without LiCl With LiCl A
1 314 CFs -1.65 -1.59 0.06
2 315 OMe -2.00 -1.63 0.37

Table 4.08 Reductive potentials referenced to SCE. Thanks to Alex C. Seastram for

assisting with the cyclic voltammetry measurements.

Compounds 314 and 315 were chosen to illustrate the range of reduction potentials
which could be accessed across electron rich and poor examples. Each substrate was
measured with and without the presence of lithium chloride so that the change in
reduction potentials could also be compared. In solution addition of lithium chloride
decreased the reduction potentials of these substrates by between 0.06 V (4-CFs, 314)
and 0.37 V (4-OMe, 315) showing the benefit of the addition of a Lewis acid to the
system. The reduction potentials that have been measured are greater than the known
reducing ability of manganese metal (E12 =-1.185 V vs. SCE) suggesting that it should
not be possible for manganese to reduce these substrates.®'® Although, the precise
conditions that each of these reduction potentials were measured under and the reaction

are significantly different which may account for the discrepancy.

The measured reduction potential of compound 314 bearing the trifluoro methyl group
without the presence of lithium chloride is similar to that of compound 315 with LiCl
present (-1.65 V vs. -1.63 V respectively). If the lithium chlorides only role in the reaction
is to act as a Lewis acid to activate the substrates, then in may be possible for compound

314 to undergo the dimerization reaction without LiCl present.

1.1 equiv. Mn pieces

o COEt 2.0 equiv. THF
. sza (( ”)

3 [mixer mill]

314 3h, 30 Hz

Scheme 4.18 Dimerization of 314 with LiCl omitted.

When these conditions were applied no conversion of the starting material 314 was
observed. This suggests that LiCl may have more than one role in the reaction or under
the conditions within the ball mill the activation of the substrate is more significant than

under the conditions which the reduction potentials were measured.

132



Chapter 4 — Reductive Coupling of Electron Poor Alkenes

4.3.3 Control Reactions

Initial control reactions focused on attempts to protonate any organometallic
intermediates. It is likely that the three intermediates suggested for the two-electron
reduction (Scheme 4.15) would be highly sensitive to the presence of water in the
reaction as they could succumb to proto-demetallation resulting in the reduced starting
material 351 being observed. To investigate the presence of these organometallic
intermediates water and metal hydrate salts were included using both manganese and

zinc as reductants.

Additive
1.1 equiv. Reductant EtO,C__CO,Et
CO,Et 1.0 equiv. LiCl EtO,C.__ CO,Et
Ar \/\Coﬁ 2.0 equiv. THF Ar Ar I
(IR al)) A7 TH
Ar = CgHsF ([miu; EIOC GO r
308 3h 30 iz 310 351
N Yield of Yield of
Entry Reductant Additives
3106/ 9% 3516/ 9%
1 Mn - 80 0
2 Zn - 43 0
3 Mn H20 (4.0 equiv.) 20 0
4 Zn H20 (4.0 equiv.) 4 41
5 Zn MnCl2+4H20 (2.0 equiv.) 18 51
6! Zn MnCl,*4H,0 (2.0 equiv.) 11 64
7 Mn MnCl2+4H20 (2.0 equiv.) 19 0
gtl Mn MnCl,+4H,0 (2.0 equiv.) 0 0

[l Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
I |iCl omitted from reaction.

Table 4.09 Attempts to protonate organometallic intermediates with water.

The proposed product of the proto-demetallation, compound 351, was believed to not
have been previously observed during the optimization studies, so for accurate
comparison it was synthesized from a literature procedure. On addition of 4.0 equiv. of
water to the optimized reaction conditions (Table 4.09, entry 3) none of the protonated
intermediate 351 was observed with the product, 310, being observed albeit in
diminished yield. To check the validity of this study it was repeated using zinc as the
reductant as that had previously showed some activity in the reaction (Table 4.09,
entry 2). When 4.0 equiv. of water was added to this reaction (Table 4.09, entry 4)

compound 351 was the major product of this reaction in 41% yield with only 4% of the
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dimer 310 being observed. This abrupt difference in selectivity for the reduced starting
material on the use of different reductants is likely caused by the operation of differing
mechanisms with zinc and manganese. Alternately, the organomanganese intermediate
could be more challenging to proto-demetallate. The intermediate present with the use

of zinc is clearly easily protonated by water.

Further reactions attempted to use a manganese salt to trans-metalate any organozinc
intermediate to form the equivalent manganese intermediate which may have increased
stability to water (Table 4.09, entries 5 and 6). Manganese(ll) chloride tetrahydrate was
chosen to run these reactions so that a known amount of water would be used in each
reaction as anhydrous manganese(ll) salts are often highly hygroscopic so may contain
unknown guantities of water. With the manganese salt present in the reaction using zinc
as the reductant the dimer was observed in increased yields, but the reduced starting
material was still the major product. This suggests that if the trans-metalation to a
manganese species may be occurring but that this is sluggish compared to the
protonation by water. Although the organomanganese species that forms could be more
resilient to protonation and therefore form the desired dimer product in increased yield.
Furthermore, when lithium chloride was omitted from the reaction using zinc as a
reductant and manganese(ll) chloride tetrahydrate as an additive conversion to both
products was still observed (Table 4.09, entry 6). Omitting lithium chloride also increased
the production of the reduced starting material 351 showing that addition of lithium
chloride can improve the selectivity for the dimer product. As lithium chloride is able to
alter this selectivity it is possible that in some instances the electrophile is in fact the
adduct of 308 with lithium chloride. This result also suggests that the manganese(ll)
chloride tetrahydrate may also be sufficiently Lewis acidic to promote the reduction by
zinc. Although when manganese was used as the reductant in the presence of
manganese(ll) chloride tetrahydrate (Table 4.08, entries 7 and 8) this additive impaired
reactivity but none of the reduced starting material 351 was observed. Finally, when
lithium chloride was omitted from this reaction no reactivity was observed which is in

accordance with previous observations made in the optimization (Table 4.02, entry 3).

These observations do not confirm the mechanism as exclusively a two-electron or single
electron process for zinc and manganese but do show the increased stability of any
manganese intermediate to proto-demetalation by water. They suggest that the reaction
mediated by zinc is likely to have some form of organozinc intermediate which is able to

react with water.
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Within this investigation as the spectroscopic data of 351 was now known previous
results were re-examined to determine if this side product was present. This found that
during the Lewis acid optimization zinc(ll) chloride (Table 4.06, entry 4) led to a 10%
yield of the reduced starting material 351. This is possibly due to the generation of the

organozinc which, as shown, is more prone to protonation.

As THF is vital for the reaction to take place it was investigated to determine if it was a
hydrogen atom source in the formation of the product. The liquid additive was simply
replaced with d8-THF and if any transfer occurs the detection of deuterium incorporation
could easily be carried out by variation in the *H NMR spectrum of the product
(Scheme 4.19).

1.1 equiv. Mn pieces EtO,C__ CO,Et

COLE 1.0 equiv. LiCl
A A 2.0 equiv. B-THF AN A
—_—
COLE
_ (tt[«<=>]n) Et0,C” CO,Et
Ar = CeHaF [mixer mill] 76%
308 3h, 30 Hz 310

Scheme 4.19 Control reaction employing d3-THF as liquid additive.

This reaction provided 76% of the product 310 without any deuterium atom incorporation

demonstrating that the THF is not acting as a hydrogen atom source.

A competition experiment between two substrates with differing reduction potentials was
also carried out. The hypothesized outcome is that if the reaction occurs via a radical-
radical dimerization process that the more readily reduced starting material will react
initially to generate the intermediate radicals and then these species will combine to form
the AA dimer (where A is the more reducible substrate). Once the A starting material has
been sufficiently consumed the reduction of the less reactive substrate B will begin
initially consuming the remaining A radicals forming the mixed AB dimer as a minor
product and with the consumption of A complete the reaction will then continue to
exclusively produce BB. For this experiment the chosen substrates were 308 and 315
as their reduction potentials should be significantly different and using *H and °F NMR

spectroscopy it will be possible to determine the crude yields of all products.
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EtO,C.__CO,Et EtO,C___CO,Et EtO,C___ CO,Et
1.1 equiv. Mn pieces
A 1\)0\025 A 2\)0\02Et 1.0 equiv. LiCl
I\F CO,Et "<& CO,Et 2.0 equw THF
Ar' = CgH,OMe Ar? = CgH,F ({1 - )] EtO,C~ "CO,Et EtO,C° "CO,Et EtO,C° “CO,Et
0.5 equiv. 0.5 equiv. [mixer mill] 348 310 352
315 308 3 h. 30 Hz 48% 58% 12%

Scheme 4.20 Competition experiment to probe diradical combination mechanism. Yields
and assignment carried out by *H NMR spectroscopy and **F NMR spectroscopy of the

crude reaction mixture containing 4-fluorotoluene an internal standard.

The competition reaction using two substrates of differing reduction potentials was
moderately selective for the symmetric products 310 and 348. If there was no difference
in the rate of reduction of either of the substrates a statistical mixture outcome would be
expected of 1:2:1 (AA:AB:BB). This competition reaction shows differing rates of
reduction and that there is a possibility for the radical dimerization mechanism for this
transformation (Scheme 4.20). Although to gain a more detailed insight into this process
it should be repeated, and the yield of each product measured at a variety of reaction

times.

Experiments were carried out using the radical traps TEMPO and 1,1-diphenylethylene
to attempt to trap any of the possible radical intermediates. To sufficiently probe the
reaction the inhibitor was present from the beginning of the milling process and in a
separate experiment added after half of the reaction time (1.5 h). This was envisioned to
potentially trap the initial radical of the reduced starting material or trapping the radical

enolate that could exist if the reaction were to pursue that mechanism.

1.0 equiv. Radical trap

1.1 equiv. Reductant EtO,C__ CO,Et
COLEt 1.0 equiv. LiCl
AAcop  _20eauv THE AN AT
Ar = CeHaF (u .’” Et0,C” “CO,Et
[mixer mill]
308 3 h, 30 Hz 310
Entry Radical Trap Conversion of 3082 /%  Yield of 3101 / %

101 TEMPO 5 trace
2 TEMPO 61 58
3t 1,1-diphenyl ethylene 3 Trace (90)
41 1,1-diphenyl ethylene 65 61 (87)

[a Determined by °F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
bl Radical trap present from the beginning of the reaction. [ Radical trap added after 1.5 h.

[ 1,1-diphenyl ethylene recovered.
Table 4.10 Radical trapping experiments.
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In the reactions where the traps were in place from the beginning of the reaction
(Table 4.10, entries 1 and 3) they both prevented the reaction from taking place with only
a trace of the product being detected by **F NMR spectroscopy. But no adduct of either
trap with any hypothesized intermediate was detected by °F NMR spectroscopy or mass
spectrometry. Also, in the reaction where 1,1-diphenyl ethylene was used as the trapping
agent 90% of 1,1-diphenyl ethylene was recovered.

The trapping experiments were then attempted again with TEMPO and
1,1-diphenylethylene added after 90 mins. When TEMPO was used as the trap under
these conditions (Table 4.10, entry 2) 58% of 310 was still obtained. Showing that once
the trap was added that the reaction was significantly inhibited. Similar results were
obtained while using 1,1-diphenylethylene as the radical trap with considerable inhibition
of the reaction occurring (Table 4.10, entry 4). Again, no adducts of the radical traps
could be observed in either of these reactions. Furthermore, it was possible to recover
87% of the 1,1-diphenyl ethylene (Table 4.10, entry 4) showing it had not likely
undergone any other reactions. It is still unclear by what mechanisms the reaction is
being inhibited using these radical traps but throughout the optimization it was clear that

the reaction was highly sensitive to changing conditions.

As these radical trap experiments proved to be inconclusive the observation of an
intermediate radical was attempted using Electron Paramagnetic Resonance (EPR)
spectroscopy. EPR spectroscopy was chosen as this could potentially provide direct
observations of an organic radical and any compound containing an unpaired spin such

as manganese(ll) species if they were present in the reaction mixture.

4.3.4 EPR Study

Initial investigations using EPR spectroscopy was used to determine the species of
manganese at the end of the reaction. For this the crude mixture from the milling vessel
was dissolved in ethyl acetate, the usual workup solvent, the aqueous layer following the
reaction work up, and manganese(ll) acetate as a known comparison, were analysed
using EPR spectroscopy. The EPR spectrum of the crude reaction mixture (Figure 4.02a)
contained a sextet multiplet feature, with six equal-intensity hyperfine lines separated by
260 MHz (92.77 G), which is characteristic of a d®> Mn" species with 1(®®*Mn) = 5/2. This
however does not confirm whether the mechanism occurs via a two-electron reduction
or two single electron reductions but that some manganese is oxidized to its second

oxidation state. A similar signal was then observed from the aqueous phase (Figure
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4.02b) following the work-up of the reaction and the organic phase post work-up had very
little remaining manganese(ll) signal (Figure 4.02c). Attempts were made to quantify the
amount of manganese(ll) present though these were unsuccessful due to the quantity of
iron present in the samples from the stainless steel jar making accurate measurements
difficult to obtain.*

a)
b)
c) X100
A N I
d)
I T T T T T T T T T 1
200 250 300 350 400 450

Magnetic Field / mT

Figure 4.02 CW X-band EPR spectra (T = 120 K) of a) Crude reaction mixture dissolved
in ethyl acetate, b) aqueous layer after work-up with HCI, c¢) organic layer after work-up;
d) Mn(OAc). (10 mM) in a water:glycerol (50:50) solvent, and red trace showing a
simulation of Mn(OAc).. A simulation of Mn(OAc). has been included above for
comparative purposes, showing the extremely similarities in spectral appearance
between the crude product and its Mn(OAc). counterpart. Thanks to Giuseppina Magri

for measuring the EPR spectrum.

Due to the high sensitivity of EPR if an organic radical were present, it would likely be
detectable unless it is obscured by another signal. So, in a final attempt to detect a
carbon based radical a spin trap, N-tertbutyl nitrone (PBN), was employed for its
detection.®® For this reaction the spin trap was again added after 90 mins and then the
whole reaction mixture was subjected to a further 90 mins of milling. If the spin trap were
successful it would react with the carbon centred radical to generate a more stable, long-

lived radical that could then be detected. The reaction was then worked up as normal to
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remove any manganese(ll) salts and the EPR spectrum was measured on the organic
phase. Unfortunately, no conclusive assignment could be made to any of the observed

findings from these experiments.

Although no evidence of a carbon-based radical could be established by EPR
spectroscopy the final oxidation state of manganese could be eluded. Continued
investigation into this reaction moved focus from a mechanochemical environment into

establishing the reactivity in solution.

4.3.5 Solution Reactions

To investigate the effect on changing particle size of the manganese metal during the
ball milling reaction attempts were made to establish reactivity under solution conditions
using metal in its original form and post ball milling. Through ball milling not only will the
particle size be reduced but new metal surfaces will be revealed free from contamination
which can result in increased reactivity along with a greater number of reactive defects
in the surface of the metal.®” Furthermore, increased surface area will increase rate of

the reaction.
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EtO,C.__CO,Et

N i I/E
Ar= CGE4OF2 = THRFT[,OéishM] Et0,C” “CO,Et
308 310
Enty  Mn Form Milling Timel™ Conversion of Yield of
/ min 3088/ % 310@/ %
1 Pieces - 2 0
2 Powder - 12 trace
3 Pieces - 5 trace
4le] Powder - 18 11
5 Pieces 2 71 69
6 Powder 2 69 65
7 Pieces 5 89 86
8 Powder 5 83 78
9 Pieces 15 99 95
10 Pieces 20 70 65
11 Pieces 25 71 38
12 Pieces 30 27 21
13 Pieces 45 13 trace
14 Pieces 60 5 trace

[al Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
b1 275 mg of Mn pieces milled at 30 Hz with a 4 g ball for the specified length of time. [l Reactions
carried out at 66 "C.

Table 4.11 Solution reactions using various forms of Manganese.

Using commercially available forms of manganese (Table 4.11, entries 1 and 2) minimal
conversion was observed with powder being the most reactive providing 12% conversion
but only a trace of the product in 24 h. With this limited reactivity observed in solution
using the unaltered commercially available sources of manganese, the reactions were
then repeated at elevated temperature (Table 4.11, entries 4 and 5). At 66 °C increased
conversion was observed for both manganese powder and pieces (Table 4.11, entries 3
and 4) and for manganese powder a small yield of 11% was achieved although pieces
only provided a trace of the product. This is likely due to the higher surface area of the

metal powder than the pieces.

Once manganese of either form had been milled for a short period of time 2 — 5 minutes
(Table 4.11, entries 5 — 8) its reactivity significantly increased such that with 5 minutes

of milling 89% conversion and an 86% yield was observed for milled manganese pieces.
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The reactivity of the milled metal then further increased until 15 minutes of milling
(Table 4.11, entry 9). However, continued milling of 25 minutes or more led to a decrease
in reactivity and further prolonged milling led to significant deactivation (Table 4.11,
entries 11 — 14). As the metal is being milled under an air atmosphere it may be possible
for prolonged milling to lead to oxidation of the metal reducing the quantity of active

manganese metal present.

During these experiments, it seems that the manganese is significantly less reactive after
60 minutes of milling although the ball milling dimerization conditions requires 3 hours.
This extended reactivity during the dimerization reaction under ball milling conditions
could be due to the addition of the reagents reducing the rate of the particle size reduction
as these components will also absorb some of the energy. These additional components
may also be able to coat any manganese surfaces potentially preventing the metal being

oxidised during the reaction.

4.4 Conclusion and Future Work

In conclusion, a novel dimerization of electron poor alkenes has been serendipitously
discovered and optimized. The discovered reactivity has not been previously observed
for manganese metal. A substrate scope varying electronics and sterics was then carried
out which supported the understanding of the tolerance of the reaction. To delve deeper
into the mechanism of the reaction the redox potentials of a two of substrates were
measured which showed the addition of a Lewis acid could make the reduction potential
more amenable to manganese metal. Several control experiments were performed in an
attempt to ascertain if radical intermediate(s) are present during this reaction, including
radical traps and spin traps. EPR spectroscopy was then employed to try and detect
these organic radicals without success but did confirm the presence of manganese(ll) in
the reaction. With the evidence collected it seems most likely that the manganese metal
is reducing the activated substrate. This reduced species seems to be stable to proto-
demetallation so perhaps exists as a Mn' metallacycle (scheme 4.15 iii) or as a radical
intermediate that was not possible to detect (scheme 4.16 iii). This intermediate is then
able to act as a soft nucleophile to perform the conjugate addition with another equivalent

of the starting material.

Future work on this transformation could investigate the reaction mechanism under

solution conditions that have now been established. Attention could also be made to
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expand the scope of the transformation as currently the products are not of any use.
Addition of stronger Lewis acid activators may allow substrates which are more
challenging to reduce to be accessed. Alternatively, the use of alternate electrophiles
could allow for extension of the reaction to a range of new products. Electrophiles could
include the radical coupling reagents accessed by Scheidt and coworkers under their
photoredox approach to the functionalization of benzylidene malonates. Alternatively,
manganese or other metals could be explored further to determine the effects on their
reactivity initiated by ball milling. Finally, the use of manganese metal under ball milling
conditions could be explored for the original aim of the generation of organomanganese
halides.
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Chapter 5 — Generation of Organomanganese Halides via Ball Milling

5.1 Introduction to Organomanganese Halides

The discovery of organometallics such as Grignard, organolithium, and organozinc
reagents has profoundly influenced synthetic chemistry. These are highly versatile
reagents that are among the most common nucleophilic at carbon synthons. Their
applications to synthetic transformations are numerous and their generation is well
understood. However, the use of these reagents is not without difficulty due to the
reactivity of these species, often stringently dry reaction conditions can be required,
alongside low reaction temperatures. Furthermore, as Grignard or organolithium
reagents are such powerful nucleophiles they have limited functional group tolerance
prohibiting the use of these compounds with complex molecules. Organozinc
compounds do have superior functional group tolerance, than that of the forementioned
organometallics, but often their synthesis is more capricious than that of more reactive

organometallics.!

A possible alternative to these well-established reagents are organomanganese
compounds, which exhibit superior stability and functional group tolerance, only bested
by organoindium compounds.? With manganese metal itself being toxicologically benign
and the second most common transition metal in the earth’s crust after iron, it is a safer
and more sustainable feedstock over other transition metal elements.® The first
preparation of an organomanganese compound was performed by Gilman and Bailie, in
1937, from phenyl magnesium iodide 353 and manganese(ll) iodide (Scheme 5.01).4
The report concerned the preparation of both phenyl manganese iodide 354 and diphenyl
manganese 355 and briefly studied there interaction with electrophiles. In the following
40 years there were sporadic reports of the synthesis and reactivity of other
organomanganese reagents but detailed study into these compounds only started

appearing in the 1970s.°

©/Mgl 1.0 equiv. Mnl; ©/M”' @M"O
T or
Et,0, 24 h, RT

3.0 or 5.0 equiv.

353 354 355

Scheme 5.01 Gilman and Bailie preparation of organomanganese compounds.
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5.1.1 The Synthesis of Organomanganese Halides

The first report of the generation of organomanganese from the bulk metal came from
Cahiez and coworkers in 1989, where organomanganese formation was limited to only
allyl bromides and a-halo-esters (Scheme 5.02a).6 Through optimization of this reaction
the choice of solvent was key to access the reactive species, only EtOAc produced good
yields for the addition of the organomanganese to a ketone initially. Further issues were
encountered with expanding the substitution of the allyl halide to the y position, and with
the use of aldehydes as an electrophile also proving unproductive. Through the addition
of a catalytic quantity of zinc(Il) chloride (10 mol%), the scope of the reaction could be
extended to crotyl and prenyl bromides (Scheme 5.02b).6 Furthermore, through the use
of the zinc-manganese couple produced by the addition of zinc(ll) chloride, the solvent
could be exchanged for THF, further extending the reactivity to allyl chlorides.® Takai and
coworkers subsequently went on to reveal that catalytic lead(ll) chloride (1 mol%) along
with TMSCI (40 mol%) could also be used for the activation of the manganese metal
surface to generate allyl manganese from allyl chloride (Scheme 5.02¢).” This alternate
method could also achieve this synthesis at room temperature in only 30 minutes,
whereas previous reports from Cahiez and coworkers required elevated temperatures.
Knochel and coworkers have disclosed a method for the generation of functionalized aryl
organomanganese species from aryl bromides and iodides using catalytic indium(lll)
chloride (2.5 mol%) and lead(ll) chloride (2.5 mol%) in the presence of lithium chloride
(Scheme 5.02d). This method could also be applied for the generation of benzyl
organomanganese from benzyl chlorides in good yields.® This work did expand on the
range of organomanganese halides which could be generated directly from the metal but
was limited to electron poor aryl halides. Although significant efforts have been made,
the generation of organomanganese halides directly from the reaction of the bulk metal
and a carbon halide bond it is currently limited to only activated species.® To access a

broader range of organomanganese halides alternate methods have been developed.
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a) Cahiez and coworkers demonstrating the first direct synthesis of organomanganese

R o R' OH
/\/Br R21LR3 1.5 equiv. Mn granular Mm
—) 2
EtOAc [1.0 M] R
N,, 60 °C

b) Cahiez and coworkers discovery of the zinc-managanese couple

RS O 1.5 equiv. Mn granular R® OH
RHZ\/CI N 10 mol% ZnCl, R RS
R2 THF [1.0 M] R? R
N, 60 °C

c) Takai and coworkers activating the surface of manganese with TMSCI

2.0 equiv. Mn 1
40 mol% TMSCI R'  OH

R'0,C_ )\/CI R3 1.0 mol% PbCly R1OZC\)vR3 MW
_—

R2
THF [1.0 M], N,

d) Knochel and coworkers indium and lead catalysed generation of organomanganese

3.0 equiv. Mn
2.5 mol% InCl3

TN X or A" >l 2.5 mol% PbCly XN MnX or A MnCl
EWGT —>  Ewe
Z THF [1.0 M], N, _

X=Brorl 50°Cor25°C

Scheme 5.02 Synthesis of organomanganese from commercially available bulk
manganese metal.

The production of organomanganese directly from less reactive alkyl and aryl halides is
possible using highly active manganese metal. Rieke and coworkers have pioneered the
application of highly reactive metals for the generation of organometallics.'® The
methodology developed requires the reduction of metal salts by lithium or sodium to
produce metal particles (& <1 ym) free from any passivation. Rieke and coworkers have
applied this methodology to a range of metals including manganese.'®* The Rieke
manganese was accessed through reduction of manganese(ll) chloride by lithium in the
presence of naphthalene as an electron carrier (Scheme 5.03a). The highly reactive
manganese could then be used to access organomanganese reagents from alkyl and
aryl bromides.’> Work then continued to further expand the range of accessible
organomanganese reagents to include heteroaryl bromides and iodides.*® Furthermore,
Rieke and coworkers also accessed benzyl and alkyl organomanganese reagents from
the tosylates and mesylates, providing access through the oxidative addition to a C-O
bond for the first time.* Inspired by the work of Rieke, alternate reducing reagents have
been utilized for the production of highly reactive manganese metal particles including
lithium aluminium hydride, magnesium, or potassium graphite (Scheme 5.03b).® Cahiez

and coworkers also improved on the generation of Rieke manganese by successfully
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replacing the naphthalene used as an electron carrier with 2-phenyl pyridine 356
(Scheme 5.03c).'®® This alternate method is more attractive for the large-scale
preparation of Rieke manganese which is often disadvantaged due to the difficulty in
removing the remaining naphthalene.

a) Generation and application of Rieke manganese

R = Alkyl, Aryl, Heteroaryl
X=Br, |, OTs, OMs

2.0 equiv. Li '| R-X

MnBr, 30 mol% Naphthalene[ Mn* > R-MnX
THF [0.5 M], Ar l J
b) Various methods for the generation activated manganese metal
1. iv. LIAIH 2.7 iv. Mg turnings
MnCl, 0 equiv. LiAlH, o ] : equiv. Mg turning Li,MnCl,
THF [0.4 M] THF [0.35 M], Ar
0°C, Ar
. 2.0 equiv. CgK
MnBr,eLiBr > [ CgMn ]
THF [0.12 M]

-15°C, Ar

c) Cahiez and coworkers generation of activated manganese

2.0 equiv. Li R = Alkyl, Aryl, Heteroaryl
30 mol% R-B
2-Phenylpyridine 356 [ | '

n*
THF [0.5 M], Ar l J

MnCly=2LiCl >  R-MnBr
Scheme 5.03 Generation of activated manganese and application to production of

organomanganese.

Transmetallation of organolithium or organomagnesium halides with manganese(ll)
halides allows access to a range of organomanganese halides including alkyl, allyl,
benzyl, alkenyl, alkynyl, aryl, and heteroaryl (Scheme 5.04).5® 16 The limits of the possible
organomanganese compounds that can be prepared through transmetallation is
dependent on the stability of the organolithium or organomagnesium starting materials.
The functional group tolerance of organomanganese halides can be demonstrated by
the addition of cosolvents (EtOAc, MeCN, CH.Cl,, etc.) that would readily react with the
organometallic precursor.®*” This method of preparation has provided a reliable access
to the organomanganese halides and permitted the study of their stability and reactivity
in detail.*® This has shown that the formation of ate complexes from the corresponding
lithium or tetraalkyl ammonium salts can stabilize the organomanganese.'® Also, the use
of coordinating solvent such as THF or DMF can reduce the rate of B-hydride
elimination.?° Organomanganese halides prepared from manganese(ll) iodide undergo
much faster B-hydride elimination than those prepared from other manganese(ll) salts.*

21 This instability means that they must be handled at low temperatures. Contrastingly,
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organomanganese halides generated from the corresponding chlorides and bromides
are much more stable and can often be handled at room temperature or even in refluxing
solvent without significant degradation. Methyl organomanganese chloride, for example,
can even be stored for months in THF at room temperature under an argon atmosphere.®
Due to the moderate solubility of manganese(ll) chloride and manganese(ll) bromide in
THF, often the ate complexes must be pre-formed using the corresponding lithium or
tetra-alkylammonium halides salts to increase their solubility. The resulting ate
complexes can then undergo transmetallation with organomagnesium halides at higher
concentrations, reducing the reaction time.®> ® One benefit of using organolithium
reagents for the generation of organomanganese halides is that the ate complexes can

be formed in situ by the lithium halide salts formed as the biproduct of transmetallation.

Preparation of organomanganese halides via transmetallation

R-Li or R-MgX Possible additives
MnX, > R-MnX LiX, NRX, DMF
X =ClBr| THF or B0 R = Alkyl, allyl, benzyl, alkenyl,

alkynyl, aryl, or heteroaryl

Scheme 5.04 Preparation of organomanganese through transmetallation.

Currently the synthesis of organomanganese halides has mostly been accomplished
through the transmetallation of more reactive organometallics and employing this
method significant examination of their reactivity and stability has been carried out.
However, this method reduces the scope of the organomanganese being generated due
to poor functional group tolerance of the more reactive organometallics. The use of
activated manganese generated through the reduction of manganese(ll) salts has
provided access to a broader scope of organomanganese halides. Although, this method
does require the manipulation of highly reactive finely divided metal powders and strong
reducing agents. Ideally it would be possible to access the same range of
organomanganese halides directly from the bulk metal without the need for strenuous

prior activation, unfortunately such a general method does not yet exist.

5.1.2 The Chemistry of Organomanganese Halides

Organomanganese halides display good functional group tolerance as they are
unreactive with esters, amides, and nitriles at elevated temperatures, and at room
temperature they do not react with alkyl chlorides and bromides, or trifluoromethyl and
trichloromethyl groups.?? This tolerance often leads to high selectivity in reactions where
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other organometallics would lead to a mixture of products. This benefit can be
demonstrated through reactions with CO: in which organomanganese exclusively
produces the acid product due to not reacting with the carboxylate whereas
organolithium or Grignard reagents may undergo multiple additions (Scheme 5.05a).°
Furthermore, the acylation of organomanganese with anhydrides or acyl chlorides can
produce exclusively the ketone without 1,2-addition also observed with other
nucleophiles (Scheme 5.05b).16: 17¢. 200 Thjs |eads to much higher yields being obtained
than for the organolithium or Grignard mediated acylation’s.?® This high selectivity and
good functional group tolerance have allowed Cahiez and coworkers to synthesize over
1000 functionalized ketones from various organomanganese halides and acylating
reagents.® 2* These high selectivity’s can still be achieved as organomanganese
reagents require the use of elevated temperature or Lewis acids to undergo 1,2-addition
to ketones and aldehydes in a similar fashion to other organometallics. Through
competition experiments using electrophiles containing multiple reactive ketones or
aldehydes, organomanganese halides show surprising selectivity for the less sterically
demanding substrates indicating the sensitivity to steric effects even over electronic
factors (Scheme 5.05c).? This sensitivity to steric effects has allowed organomanganese
species to be successfully applied to highly diastereoselective additions to aldehydes
during natural product synthesis.?® The diastereoselectivity achieved also outperforms
both Grignard or organolithium reagents in the same transformations such as addition to
boc protected amino aldehydes 360 and 363 (Scheme 5.05d).26-"
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a) Addition of organomanganese halides to CO,

0]

MnX CcO
: z RJ\OH

R/

b) Acylation of organomanganese halides with acyl chlorides or anhydides

0 0O O MnX
R1B\CI R1H\OJ\R1 _ R!
or

0
I

R2

c) Selectivity driven by sensitivity to steric effects on organomanganese halide

0O 0O _ _MnBr 0O OH
)]\/\/\/U\ Pr JJ\/M Ph
iPr Ph 3% | or
Et,0, 35 °C 80%
selectivity >85%
357 359

d) Diastereoselectivity of organomanganese halide compared to other organometallics

OH OH

0
[M] : M] |361:362
BocHN Me” BocHN BocHN
\E)LH - \5/'\'\/'6 Y Me  wingr | 89:11
Bn THF Bn Bn Mgl 54-46
360 361 362
0 OH OH
M] = [M] |364:365
BocHN\)L Me” | BocHN\/'\ BocHN. _A~
: r Me Y Me wnBr| 964
Bu THF Bu Bu U | 3961
363 364 365

Scheme 5.05 1,2-Additions and acylation reactions of organomanganese halides.

Organomanganese halides have been shown to be moderately selective for
1,4-additions in the presence of various Michael acceptors.'®® 28 The application of
various Lewis acids such as boron trifluoride or lithium halide salts improve this selectivity
but yields could not exceed 70% for the desired conjugate addition product due to
competing 1,2-addition reactions.?® With the use of a copper catalyst highly selective
conjugate addition procedures could be performed with loadings of copper as low as
0.1 mol%.*° Organomanganese halides have also been shown to be competent partners
in cross-coupling reactions with various metal catalysts including, Pd, Ni, Fe, and Cu.%!
Both palladium and nickel catalysis have been applied for the synthesis of biaryls in good
yields. Cahiez and coworkers used palladium catalysis to synthesize challenging
0,0-biarlys in excellent yields from organomanganese halides (Scheme 5.06a). During
this work, they discovered that the sterically hindered aryl bromide coupling partners
were more reactive than their iodide counterparts. This sterically challenging coupling
often provides low yields using other cross-coupling reaction partners.® The nickel

catalysed process developed by Schneider and coworkers (Scheme 5.06b) could also
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produce a broad range of biaryl products under mild conditions. They found this
procedure to be amenable to the challenging o,0™biarlys but in reduced yields compared

to that of the palladium catalysed reaction.

a) Palladium catalysed cross-coupling of organomanganese halides with aryl halides

MnCl 4 mol% PdCl,dppp
2 equw DME

THF Ny, RT
X =Br, |, OTf
‘O )O (/‘ O MOe
Me MeO MeO
90% 95% X =Br93%, X=10%
366 367 368

b) Nickel catalysed cross-coupling of aryl organomanganese halides and aryl halides

Mncl 5.0 mol% Ni(acac), R M™/®R C|@
O/ O/ __10mol% 191 N N\Q
THF, N2 RT ' R

X=Br, |, OTf 191

Scheme 5.06 Organomanganese halides utilized in cross-coupling reactions.

The reactivity of organomanganese halides with various electrophiles and its
involvement in metal catalysed processes has been well established. This has
highlighted a number of benefits, including increased diastereoselectivity with chiral
electrophiles compared to other organometallics, which is likely caused by the sensitivity
of organomanganese reagents to steric interactions. However, in the majority of these
studies the generation of the organomanganese has been carried out through the
transmetallation of a more reactive organometallic. This has therefore limited the scope

of many of these investigations.

5.1.3 Use of Elemental Metals in Ball Milling

The first example of an organometallic species for the synthesis of C-C bonds under ball
milling conditions came from Harrowfield and coworkers for the generation of Grignard
reagents (Scheme 5.07a).>* Through grinding napthyl chlorides and bromides with
magnesium metal, the intermediate Grignard reagents could be generated and then
trapped by the addition of benzophenone 369, producing the tertiary alcohol product 370.
Due to the large excess of magnesium present in the reaction mixture, side products

from both Pinacol coupling 371 and McMurry coupling 372 were observed. Further
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investigation of these coupling reactions with benzophenone 369 and acetophenone
would always produce a mixture of products including the diol, alkene, and the direct
reduction of the ketone to either alcohol or alkane. This work established the use of ball
milling to be able to remove the passivized metal surface allowing access to the reactive
metal surface, without the addition of activating reagents often required in solution, such
as iodine, TMSCI, or 1,2-dibromoethane.

Hanusa and coworkers expanded on this work in 2020 establishing the generation of
Grignard reagents from naphthyl fluorides through the wuse of ball milling
(Scheme 5.07b).3* Activation of C-F bonds for the generation of Grignard reagents is
particularly challenging due to the increased bond strength compared to other C-halide
bonds (146 kJmol* stronger than C-Cl).% Indirect access to fluoro Grignards is possible
through the use of fluorinating reagents in the presence of MgR: (R = Me, Et, Bu, or Ph),
and Grignard reagents can be catalytically converted to the fluoro Grignards with a
transition metal catalyst and perfluoroaryl compounds.*¢ Direct insertion of magnesium
into a C-F bond often requires the use of highly activated forms of magnesium metal
such as Rieke magnesium or magnesium anthracene, and often these methods only
achieve low yields.®” Through the application of ball milling, access to fluoro Grignards
was possible for 1-fluoronapthalene and 2-fluoronapthalene followed by successful
homocoupling to the bi-naphthyls 373 in the presence of iron(lll) chloride, in comparable
yields to the bromonaphthalene equivalents. However, this work also required a
significant excess of magnesium (6 equiv.) and both examples of ball milling enabled
generation of Grignard reagents required the use of glove boxes to carry out these

reactions under protective atmospheres.

a) Harrowfield and coworkers generation of Grignard reagents

)()L
HO Ph
. Ph Ph Ph OH
X
(«[«=>]n) (e [«=>]n) HO Ph
X=Cl, Br . . . .
[mixer mill] [mixer mill]
30 Hz, 2.0 h 30 Hz, 2.0 h 372

b) Hanusa and coworkers ball milling enabled generation of fluoro Grignards

OO wrle i e
([<=]m | =

X=F,Br

[mixer mill] [mixer mill]

30Hz,4.0h 30Hz,1.0h 373

Scheme 5.07 Generation of Grignard and fluoro Grignard reagents via ball milling.
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Recently Dai and coworkers established a ball milling mediated synthesis of conjugated
porous networks 374 (CPNs) (Scheme 5.08).% These materials contain nano-porous
skeletons with high surface areas and superb stability leading to their applications in a
range of uses including energy storage, gas separation, and catalysis.*®* The
mechanochemical synthesis of these materials utilised magnesium metal for the
dehalogenative coupling of tetra-halo benzene to generate the 2D molecular
architectures 374. The materials produced were then investigated for energy storage
applications and were found to be promising candidates as electrode materials in lithium-
ion batteries due to efficient intercalation of lithium ions. The mechanochemical method
established may provide a more sustainable method for the synthesis of these materials

due to the significantly reduced solvent requirement.

Xj@[X 16 equiv. Mg
X X (te )]
X=Cl, Br, |

[mixer mill]
20 Hz,3.0h

Scheme 5.08 Ball milling dehalogenative Ullman coupling for the synthesis of CPNs.

Lumb and coworkers developed a redox promoted self-assembly of metal organic
materials through the reduction of ortho-quinones 375 with zinc in the presence of a
range of ligands (Scheme 5.09).%° This one pot multicomponent strategy allowed for the
synthesis of discrete and extended metal-organic materials including the complex 378.
The envisaged reaction would occur through single electron reduction of two ortho-
guinones 375 by zinc for the generation of the paramagnetic intermediate 377, which
could then coordinate to the ligands within the reaction mixture to generate the final
complexes. Ligand design and stoichiometry could then be tailored for the generation of
mono or multinuclear complexes including metal-organic polymers. Through
optimization, the use of toluene and water as liquid additives provided a high yielding
process without the production of any biproducts. This procedure demonstrated excellent
efficiency in the synthesis of metal organic compounds by combining both the metal

oxidation and ligand coordination steps into a one pot multicomponent procedure.
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O 1.0 equiv. Zn powder
Bu o 2.0 equiv. Pyridine 376 fBu fBu
PhMe:H,0 1:1 1 =0.30 /@iq /o_:@\
:. 7n .:.
WD g N 0N
Bu [mixer mill]
375 25Hz,1.5h 377 378

Scheme 5.09 Redox promoted complexation of ortho-quinone with Zn."

Previously the group has developed the generation of organozinc reagents via ball
milling through the reaction of zinc metal with alkyl and aryl halides (Scheme 5.10).* The
initial report of this process generated the organozinc and then successfully applied this
intermediate in a Negishi cross-coupling reaction with an aryl halide as a two-step one
pot procedure (Scheme 5.10a). This reaction could be carried out without the protection
of moisture or air and all the reagents could simply be added to the milling vessel on the
bench. Using ball milling, a one pot process for the Negishi cross-coupling was also
established for the first time where both coupling partners, zinc metal, and the palladium
catalyst, along with any additives were present from the start of the reaction, simplifying
the method for this vital cross-coupling reaction (Scheme 5.10b). Organozinc reagents
generated by ball milling have then been applied to a Barbier reaction and allylation
reaction in one-pot methods, again without the necessity for a protective atmosphere or
dry solvent which are commonly required in solution (Scheme 5.10c — d). Ball milling has
also been shown to be able to generate the organozinc intermediate from a range of
forms of zinc metal whereas in solution differing forms can lead to significant
discrepancies in the generation of the organometallic, leading to challenging
reproducibility.

V' Crystal structures reproduced from ref. 40 with permission from the RSC. Further permissions for
reproduction of this scheme should be directed to the RSC.
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a) Two-step one-pot procedure for the mechonchemical Negishi cross-coupling

o i r
Zn (20 - 30 mesh granular) 1.0 mol% Pd-PEPPSI-iPent

1.5 equiv. DMA [ -| A '?QBXX
Ar—I|  Alk—Br Alk/Ar—2ZnX d » Alk/Ar—Ar'
or

=L =
[mixer mill] [mixer mill]
30Hz,4.0h 30Hz,4.0h

R NI=\N R

b) One pot procedure for the mechonchemical Negishi cross coupling aR \r Rﬁ
1.0 mol% Pd-PEPPSI-iPent Cl—-Pd-ClI

- 2 ; N
N Br Zn (2%M3£ me:?)g)](r)a(nular) N R R = iPent N
Ak—Br R'g DVA=0XX, R @\
(e [«=>] ) ¢l

Pd-PEPPSI-IPent

[mixer mill] 18

30Hz, 8.0h

¢) Zinc mediated Barbier reaction
0 0 Zn flake (ca. 325 mesh)  R¥H OHO
B 2.0 equiv.
lLRZ r\)j\OEt _)q R1M0Et
(t 1)

[mixer mill]
30 Hz, 2.0h

R1

d) Zinc mediated allyation reaction
Zn flake (ca. 325 mesh)
0 2.0 equiv. R%YH OH

lLR2 Braex 1.5 equiv. DMSQ " N
({ 1)
[mixer mill]
30 Hz, 2.0 h

R1

Scheme 5.10 Generation and application of organozinc enabled by ball milling.

The application of the elemental form of metals in ball milling reactions as catalysts is a
growing area of research.*?> Recently termed direct mechanocatalysis by Borchardt,
where the milling vessel or grinding balls are either made directly from, or coated with,
the metal catalyst. The pre-functionalization of these milling vessels can be achieved
simply by milling the metal in the absence of any other reagents to distribute the catalytic
surface within the vessel and onto the grinding balls. Mack and coworkers have
pioneered this method of mechanocatalysis producing several examples using Cu, Ag,
and Ni catalytic systems, simply by milling the metal prior to the reaction.*® Their first
example of this method utilized pre-milled copper coating the jar and ball, followed by
the addition of a phenyl acetylene 36 and benzyl azide 379 for a click reaction
(Scheme 5.11a). Su and coworkers, inspired by the use of copper metal as a catalyst
found that application of copper balls could facilitate dehydrogenative couplings of

tetrahydroisoquinolines 35 with terminal alkynes 36 or indoles 381 (Scheme 5.11b).*
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a) Mack and coworkers using a copper vial for a click reaction

Cu vial
AN
/// o~ Cu Ball Ph l}l N\N—Ph
Ph Ph” "N — N=p
(@ )]
[mixer mill]
36 379 . 380
15 min
b) Su and coworkers dehydrogenative coupling of tetrahydroisoquinolines
1.1 equiv. DDQ
@ C() Cu Balls
N. N.
Pho - ") Ph
[mixer mill] R
36 381 35 30 Hz, 0.5 h

Scheme 5.11 Copper utilized in mechanocatalysis for click chemistry and

dehydrogenative coupling.

Borchardt and coworkers have developed a range of methods for the synthesis of linear
and branched polyphenylene polymers.*® Their most recent example has successfully
utilized palladium balls or palladium black metal powder for the Suzuki cross-coupling of
4-bromophenylboronic acid 382 to produce poly(para-phenylene) 383 (Scheme 5.12).
During their investigation into the mechanism of the polymerization, in situ PXRD and
Raman measurements confirmed the heterogeneous catalysis mechanism.
Furthermore, addition of ligands typically able to assist the homogeneous catalysis
provided no benefit in this procedure. Finally, the degree of polymerization of poly(para-
phenylene) produced using the mechanochemical method surpassed those obtained

through solution and electrochemical processes.®

4.7 mol% Pd black or

2 Pd Balls
—_—
Br—< >—B(OH)2 E=SE « >>~n

382 [mixer mill] 383
20 Hz, 8.0 h

Scheme 5.12 Mechanocatalytic synthesis of poly(para-phenylene) 383.

Through these examples the application of base metals in synthetic reactions under ball
milling conditions can produce a range of benefits for stoichiometric or catalytic reactions.
In the case of organometallic generation, the rapid production of these species compared
to solution along with the simplification of the procedure provides a great benefit.
Furthermore, in the case of organozinc compounds the ability to carry out their synthesis
without the need for a protective atmosphere is very impressive. This area, however, is

still very much in its infancy with limited examples of the use and generation of
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organometallics under ball milling conditions. Numerous possible areas of exploration,

including the synthesis of organometallics from other metals, are still to be investigated.

5.2 Results and discussion

5.2.1 Previous Work

Prior work in the group on the generation of organomanganese halides by ball milling
had been carried out using ethyl 4-bromobutyrate, 294, and manganese pieces under
ball milling conditions with a variety of additives.*’ Due to the brittle nature of manganese
metal, it will form a fine powder under ball milling conditions. The newly exposed metal
surfaces should be highly reactive for the formation of organomanganese halides, due it
being free of any contaminants or passivation. Furthermore, the presence of
microcrystalline regions of the metal and defects in the metal surface containing low
valent metal atoms should be highly reactive for the formation of organometallics.*®
These reactive surfaces have previously been shown to exist in higher concentrations

on metal surfaces after ball milling of brittle metals.*®

1.1 equiv. Mn H*

Et0,c7 "Br —————> | B0, ""MnBr | — > Et0,¢7 " H
(({ ")
294 [r;::egon::] 384 385
Entry Time /h Additive (equiv.) Conversion of 294@  Yield of 385
1 3 DMA (0.5) 7% 23%
2 3 DMA (1.0) 80% 37%
3 3 DMA (1.5) 84% 16%
4 3 LiCl (1.0) 52% 21%
5 3 LiCl (2.0) 33% 12%
6 3 THF (1.0) 69% 20%
7 3 LiCl (1.0) THF (1.0) 75% 36%
8 3 DMF (1.0) 75% 28%
9 3 EtOAc (1.0) 0% 0%
10 3 NMP (1.0) 81% 23%

[al Measured by GC.
Table 5.01 Previous screening of conditions. Results obtained by Dr Joseph L. Howard.
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Through this initial screening for the generation of organomanganese halides, addition
of 1.0 equivalent of DMA (Table 5.01, entry 2) or 1.0 equivalent of lithium chloride and
THF (Table 5.01, entry 7) had shown promising conversion and yields. These promising
conditions were then applied to a two-step one-pot approach where the
organomanganese halide intermediate would be produced in the first step and then an
electrophile would be added in the second. All the electrophiles screened had been

previously reported to undergo addition reactions with organomanganese halides.®

1.0 equiv.

1.1 equiv. Mn electrophile
EtO,c7 ""Br q [ Et0,C7 """ MnBr ]—p> EtO,c7 " E
(0 ) (e )
[mixer mill] [mixer mill]
204 3h, 30 Hz 384 3h,30Hz 385

Electrophiles o
/@AO mCOZEt mCN ©/\/002Et @
e CO,Et CN
386 295 333 341 299

Scheme 5.13 One-pot two-step electrophile screen. Results obtained by Dr Joseph L.

Howard.

All attempts to intercept the organomanganese halide using this one-pot two-step system
were unsuccessful. The reaction method was then altered to include the electrophile
from the initial onset of milling. Unfortunately, the desired addition products were also
not observed under these reaction conditions either. Although this did lead to the
discovery of the dimerization reaction of benzylidene malonates discussed in the

previous chapter.

This work guided by the previous study and the results regarding the dimerization of
benzylidene malonates aims to generate organomanganese halides from manganese
metal and organic halides under ball milling conditions and successfully intercept them

with a nucleophile.

5.2.2 Initial Conditions Screening

As using the conditions that had been developed thus far had failed to produce the
desired organometallic nucleophile from ethyl 4-bromobutyrate 294, a range of pro-
nucleophiles 387 — 391 were screened under similar reaction conditions to the previous
work. 2-Cyclohexen-1-one 299 and ethyl cinnamate 341 were chosen as conjugate

electrophiles as they are both known to readily react with organomanganese halides.®
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Finally, THF and lithium chloride were chosen as additives as they had both been vital
for the dimerization reactivity previously explored and have both been reported to be able

to stabilize organomanganese species.*

2.0 equiv. Mn pieces
1.0 equiv. LiCl

1.0 equiv. o s 2.0 equiv. THF Addition
Pro-nucleophile electophile (1 ") product
[mixer mill]
3h,30Hz
Pro-nucleophiles Conjugate electophiles Product observed
M M O
e\(\/)g\Br e\(\/)g\l (@]
387 388 P - COMe é\/ o
B A
Ph ' Ph/\ Br \/\Br 341 299 392

389 390 391

Scheme 5.14 Screening pro-nucleophiles and conjugate electrophiles.

Under these modified conditions only benzyl bromide showed any product formation with
the desired conjugate addition product 392 being isolated in 8% yield (Scheme 5.14).
This was the first confirmed production of the desired organomanganese halide
successfully acting as a nucleophile. With this initial reactivity identified this reaction was
then repeated using a 4-fluorobenzyl bromide 393 so that for the optimization °F NMR

spectroscopy could be utilized for measuring reaction yields and conversion.

2.0 equiv. Mn pieces

Q 1.0 equw LiCl
/©/\Br ij 2.0 equw THF é\/@ /@/\
- =0
393 299

[mixer mill] 11% 7% 8% (5%) 16%

3 h, 30 Hz 393 396

Yields determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

Yield of isolated product in parentheses.
Scheme 5.15 Repeat of initial result with the fluorinated benzyl bromide 393.

The initial reaction conditions were successfully repeated on the fluorinated variant in a
similar yield of isolated product of 394, 7% (Scheme 5.15). Also, through repeating this
reaction side products including bibenzyl 395 and benzyl chloride 396 could be identified.
The bibenzyl is likely generated through attack of the organomanganese on the
remaining benzyl halide which is often observed in the generation of benzyl

organometallics.*® The benzyl chloride may be produced by Finkelstein reactivity with
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the bromide being displaced by lithium chloride. These initial conditions show some
promise confirming the ability to generate the desired organomanganese halide under
ball milling conditions. Although further optimization and refinement of the reaction to

improve selectivity and the yield of the transformation was clearly required.

5.2.3 Optimization

Initial optimization focused on the stoichiometry of the manganese metal and
4-fluorobenzyl bromide 393. This was an attempt to maximise the quantity of the
organomanganese being generated, which should lead to an increase in the yield of 394

by producing more of the nucleophile.

XX equiv. Mn pieces

_SBe 1% i o8 F
g @ (t[«<=>]n) F O F /©/\CI

XX3e9q3U|v [';Lxe;()"::] 394 395 396
Equiv.  Equiv. Conversion Yield of Yield of Yield of

Entry of Mn  0of 393  of 3936/ % 3940l / % 39501 / % 396 / %

1 1.0 1.0 80 4 8 16

2 1.5 1.0 93 3 15

3 2.0 1.0 98 11 (7)F 19 (5)0

4 25 1.0 99 3 24

5 2.0 1.25 98 21 47 12

6 2.0 15 87 10 13 8

7 2.0 1.75 81 12 35 16

8 2.0 2.0 75 13 23 18

[ Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

Bl Yield of isolated product.

Table 5.02 Optimization of manganese pieces and 4-fluorobenzyl bromide

stoichiometry.

Through altering the equivalents of manganese metal (Table 5.02, entries 1 — 4) it was
clear that with greater than 1.0 equivalents complete conversion of 393 was achieved.
With a greater or reduced quantity of manganese than 2.0 equivalents the selectivity of
reaction altered towards producing more of bibenzyl 395 decreasing the yield of the

desired addition product 394. This made it clear that with only 1.0 equivalent of
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4-fluorobenzyl bromide 393 that 2.0 equivalents of manganese were optimal.
Optimization continued by increasing the quantity of 393 attempting to generate more of
the organomanganese halide. Increasing the equivalents of 393 to 1.25 increased the
yield of all products (Table 5.02, entry 5) likely due to a greater quantity of the
organometallic intermediate being generated. Although further increases in the
equivalents of 393 (Table 5.02, entries 6 — 8) led to diminished yields possibly due to
dilution of the reaction mixture or large quantities of liquid in the reaction causing poorer

energy transfer.

As 4-fluorobenzyl chloride, 396, had been observed as a side product of the reaction the
current optimal conditions (Table 5.02, entry 5) were carried out with this 396, in place
of the benzyl bromide 393 that was being used for the reaction optimization. This was to
assess if this was a valid starting material to produce the organomanganese halide or if

the optimization should focus on preventing this side product from occurring.

a) Organomanganese generation from benzyl chloride 396
2.0 equiv. Mn pieces
1.0 equiv. LiCl
/@/\ @ 2.0 equw THF é\/©/
(«[«=>]n)
1.25 equiv. [mixer mill] 5% 1%

396 3h, 30 Hz 394 395

b) Confirmation of Finkelstein reactivity resulting in benzyl chloride 396 formation

1.0 equw LiCl
/@/\Br 2.0 equw THF /@/\ /@/\
. D=0
[mixer mill] 78% 22%
393 1h. 30 Hz 393 396

Scheme 5.16 4-fluorobenzyl chloride 396 reactivity and confirmation of Finkelstein
reactivity. Yields determined by °F NMR Spectroscopy using a,a,a-trifluorotoluene as

an internal standard.

Using the benzyl chloride 396 as the starting material still provided some reactivity with
a moderate yield of 394 compared to the current best yield achieved (Scheme 5.16a).
Although this activity has been shown it seems that avoiding the formation of 396 would
likely assist in improving reaction yields, by ensuring the more reactive starting benzyl
bromide stays intact. To probe how the benzyl chloride 396 was forming in the reaction
a simple test was made by milling lithium chloride with 4-fluorobenzyl bromide 393
together for 1 hours (Scheme 5.16b). Moderate conversion to the benzyl chloride 396
was observed under these reaction conditions. This confirmed that the lithium chloride

alone is responsible for this reaction and in an attempt to prevent this unwanted reactivity

164



Chapter 5 — Generation of Organomanganese Halides via Ball Milling

from taking place a range of alternate Lewis acids were screened in the reaction

conditions.

1.0 equiv. Additive

2.0 equiv. Mn pieces Q F
/@/\ @ 20equw THF é\/@F /@/\CI
(1 [<=>] ) @ -
F
394 395 396

1.25 equiv. [mixer mill]

393 3 h, 30 Hz

N Conversion Yield of Yield of Yield of
Entry Additive
of 393 /%  3948@1/ % 3950l / 9% 396 / %
1 - 80 2 37 NA
2 LiCl 98 11 19 6
3 LiBr 78 18 17 NA
4 Lil 100 20 34 NA
5 LiIOTf 51 0 Trace NA
6 ZnCl, 98 16 13 0
7 Sc(OTf)s 23 3 0 NA
gl LiBr 76 24 18 NA
ql LiBr 100 16 38 NA

&l Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

bl 2.25 equiv. of Mn pieces used. [l 2.5 equiv. of Mn pieces used.
Table 5.03 Optimization of additive.

Without the presence of a metal salt additive the generation of the organomanganese
still occurred but the selectivity shifted towards the production of the bibenzyl 395 and
away from the desired product (Table 5.03, entry 1). Addition of lithium halide salts
(Table 5.03, entries 2 — 4) improved the selectivity to the desired addition product likely
acting as Lewis acids increasing the electronegativity of 299. The vyields of these
reactions increased with the increasing size of the halide. The larger halides will have
weaker bonding with the lithium cation, potentially increasing its Lewis acidity. Although
the use of lithium triflate (Table 5.03, entry 5) seemingly prevented the generation of the
organomanganese and neither 394 nor 395 were observed after this reaction. Zinc(ll)
chloride (Table 5.03, entry 6), which had previously been shown to assist the addition of
organomanganese halides to conjugated electrophiles, performed moderately with
slightly increased yields than lithium chloride but without the generation of 396.2° The
strongly Lewis acidic scandium(lll) triflate (Table 5.03, entry 7) significantly inhibited the
conversion of 393 this may be due to the high molecular weight of this compound

meaning the milling vessel is overfilled preventing mixing and mass transfer. Similar
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observations were observed during the dimerization of benzylidene malonates in the
previous chapter, during the optimization scandium(lll) triflate also prevented that
reaction. Although lithium iodide (Table 5.03, entry 4) produced the highest yield of the
desired product and the greatest quantity of organomanganese, its difficulty in handling
due to being extremely hygroscopic made repeating these yields challenging. As lithium
bromide performed similarly well (Table 5.03, entry 5), it was taken forward as the optimal
additive which also prevented the unwanted side product 4-fluorobenzyl chloride 396

from being produced.

With the additive changed to lithium bromide complete conversion of the benzyl bromide
393 was no longer being achieved (Table 5.03, entry 5). Attempting to increase this
conversion was carried out by increasing the equivalents of manganese metal in the
reaction (Table 5.03, entries 8 — 9). Increasing from 2.0 to 2.25 equiv. (Table 5.03,
entry 9) produced a similar conversion of 393 (76%) but increased the yield of the desired
addition product 394 by 6% and marginally increased the bibenzyl 395 vyield by 1%
demonstrating an increased generation of the organomanganese halide. Further
increasing the equivalents of manganese metal to 2.5 equivalents (Table 5.03, entry 9)
did achieve complete conversion of the benzyl bromide 393 but led to a significant
selectivity switch towards the formation of bibenzyl 395 over the desired product 394.
Due to this switch in selectivity using lithium bromide and 2.25 equivalents of manganese

pieces was taken forward through the optimization (Table 5.03, entry 8).

With lithium bromide being found to be the optimal Lewis acid additive its stoichiometry

in the reaction was optimized.

XX equiv. LiBr

2.0 equiv. Mn pieces Q F
_2.0 equiv. THF | é\@/ F
g ij (« =) @
1.25 equiv. [mixer mill] F
393 3h. 30 Hz 394 395
_ , Conversion of Yield of Yield of
Entry  Equiv. of LiBr
393/ % 39461 /9 39506/ 9%
1 0.5 100 0 59
2 0.75 100 0 59
3 1.0 76 24 18
4 15 91 17 33
5 2.0 73 12 18

[l Determined by °F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
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Table 5.04 Optimization of additive stoichiometry.

Sub-stoichiometric quantities of lithium bromide (Table 5.04, entries 1 and 2) prevented
the formation of the desired addition product 394 and bibenzyl 395 was the only observed
product in 59% vyield in both cases. When greater than 1.0 equivalent was used
(Table 5.04, entries 4 and 5) the desired product was formed, although in reduced yields.
Furthermore, the selectivity again switched to prefer the formation of bibenzyl 395 over
the desired product 394 with increasing equivalents of lithium bromide. The quantity of
organomanganese halide being generated in the reactions also seems to reduce with
increased quantity of lithium bromide. From the variations made to the conditions it
remains that 1.0 equivalent of lithium bromide is optimal in the reaction (Table 5.04,
entry 3).

The reactions so far have attempted the addition reaction with 2-cyclohexen-1-one 299
as the electrophile. However, accurately measuring the conversion of this compound has
been challenging and, although not yet observed, it may be possible for 299 to undergo
either conjugate or direct addition, producing multiple products. For these reasons a brief
electrophile screen was carried out with electrophiles reported to effortlessly undergo

addition with organomanganese halides.®

1.0 equw LiBr

2.0 equiv. Mn pieces
2.0 equiv. THF
/©/\Br E _<:0equiv. THF J /@/\
F electrophile (t - )]
1.25 equiv. [mixer mill]
393 3 h, 30 Hz

Electrophile Screen
O 0} 0] o}
©)LH /@AH ©)\C| /©)‘\CI
Cl Ph
397 398 400 401

Electro Conversion of Conversion of Yield of addition  Yield of

=ntry -phile 3931/ % electrophile® / % product® /%  395[ /9
1 397 77 11 0 30
2 398 46 8 0 46
3 400 38 NA 0 12
4 401 24 NA 0 9

[l Determined by 1F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

bl Determined by H NMR spectroscopy using mesitylene as an internal standard.

Table 5.05 Optimization of additive stoichiometry.

167



Unfortunately, the electrophiles screened all failed to react with the organomanganese
halides being generated during the reactions, leading to the bibenzyl 395 being the only
product being observed in all cases. As none of these electrophiles successfully
intercepted the organomanganese the optimization continued with 2-cyclohexen-1-one
299 as the electrophile.

Through the optimization thus far THF has been used as a liquid additive in the reaction,
as it was the optimal choice in the previously established dimerization and is well known
for its ability to stabilise organometallic species. To ensure that THF is the optimal choice

a range of solvents were screened as liquid additives with varying dielectric constants.

2.0 equiv. Liquid additive

2.0 equiv. Mn pieces Q F
@ 1.0 equw LiBr é\/@F
o =L ®
F
394 395

1.25 equiv. [mixer mill]
393 3h, 30 Hz
o N Conversion of Yield of Yield of
Entry  Liquid Additive
393 / % 39461 / 9% 39501 / %
1 - 30 2 4
2 Hexane (1.88) 71 1 Trace
3 PhMe (2.38) 55 2 Trace
4 Et.O (4.33) 78 0 Trace
5 THF (7.58) 76 24 18
6 DCM (8.93) 62 9 12
7 HFIP (15.7) 96 14 45
8 iPrOH (19.92) 89 31 18
9 EtOH (24.55) 94 15 41
10 NMP (32.2) 74 17 14
11 MeCN (37.5) 84 15 23
12 DMA (37.78) 90 11 12
13 DMSO (46.68) 47 0 Trace

[al Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.

Table 5.06 Liquid additive screen (values in brackets are the dielectric constant of the

respective liquid additive).®!

Without a liquid additive or using solvents with lower dielectric constants than THF
(Table 5.06, entries 1 — 4) low conversions of 393 were observed as well as low yields

of the desired product 394 or bibenzyl 395. Without a liquid additive present or using a
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less polar solvent the formation of the organomanganese halide seems to be inhibited.
Although DCM and THF have similar dielectric constants (8.93 and 7.58 respectively),
THF significantly outperformed DCM (Table 5.06, entries 5 and 6) in the reaction likely
due to its coordinative nature aiding in stabilising organometallics. Alcoholic solvents
HFIP, iPrOH, and EtOH (Table 5.06, entries 7 — 9) performed surprisingly well in the
reaction considering the possibility that the alcohol could protonate any
organomanganese halide intermediate. As the polarities of the liquid additives increased
in the final examples (Table 5.06, entries 10 — 13) reaction yields began to decrease with
DMSO (Table 5.06, entry 13) completely preventing the formation of the desired product
394 and only a trace of the bibenzyl 395. This screen of liquid additives revealed that
iPrOH (Table 5.06, entry 8) to be the most effective choice producing the highest yield
of 394, 31%, although the selectivity of the reaction is still only moderate with 18% of the
bibenzyl 395 still being produced. With it clear that iPrOH is the optimal choice for liquid
additive the optimization of its stoichiometry was carried out.

XX equlv iPrOH

2.0 equiv. Mn pieces Q F
ij 1.0 equw LiBr é\/Q/F
O/\ (<= ) @
F
394 395

1.25 equiv. [mixer mill]
393 3h, 30 Hz
_ _ Conversion of Yield of Yield of
Entry  Equiv. of iPrOH
393l / 9% 394l / % 3956/ 9%
1 1.0 80 25 17
2 15 88 36 24
3 2.0 86 31 18
4 25 100 11 34

[al Determined by °F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
Table 5.07 Optimization of iPrOH stoichiometry.

Increasing the quantity of iPrOH to 2.5 equiv. (Table 5.07, entry 4) led to a shift in
selectivity with the bibenzyl product being significantly preferred. A slight reduction from
2.0 to 1.5 equiv. (Table 5.07, entry 2) marginally increased the yield of the desired
product 394, but also led to a significant increase in the quantity of bibenzyl 395. This
increase suggests a greater quantity of the organomanganese nucleophile being
produced. Further decreasing the quantity of iPrOH (Table 5.07, entry 1) led to

diminishing yields.
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So far through this investigation the pro-nucleophile has been limited to benzyl halides
390 and 393. Although these compounds have allowed for the investigation into the
formation of the organomanganese halides they are an activated starting material that
will more readily form the organometallic. Thus, for the development of a broader method
for the formation of organomanganese halides, a range of less activated alkyl and aryl
bromide and iodide compounds were applied to the reaction. Although many of these
compounds failed to produce the desired organometallic during the initial screening of
compounds (Scheme 5.14) it was hoped that with the improved conditions now
developed these substrates may be more susceptible to the formation of a range of

organomanganese halides.
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1.5 equiv. iPrOH
or 2.0 equiv.THF

Q 2.0 equiv. Mn pieces Q
X @ 1.0 equiv. LiBr é\
. >
R
(1« =] ) R

1.25 equiv. [mixer mill]
299 1.5h, 30 Hz
Pro-nucleophile Screen

X=1402 X =1406 X=1408

X X X
| Ph B
O/ Me/\P)?3 NN\ BT ©/ /©/
NC
404 405

X = Br 403 X=Br407 X =Br409
Liquid Additive / . Conversion of pro-  Yield of addition
Entry _ Pro-nucleophile _
equiv. nucleophile® / % product® / %
1 iPrOH (1.5) A 12 0
2 THF (2.0) A 16 0
3 iPrOH (1.5) B 11 0
4 THF (2.0) B 9 0
5 iPrOH (1.5) C 2 0
6 THF (2.0) C 1 0
7 iPrOH (1.5) D 3 0
8 THF (2.0) D 2 0
9 iPrOH (1.5) E 14 0
10 THF (2.0) E 12 0
11 iPrOH (1.5) F 18 0
12 THF (2.0) F 16 0
13 iPrOH (1.5) G 7 0
14 THF (2.0) G 8 0
15 iPrOH (1.5) H 7 0
16 THF (2.0) H 5 0

[ Determined by *H NMR spectroscopy using mesitylene as an internal standard.

Table 5.08. Pro-nucleophile screen.

Unfortunately, none of the alkyl and aryl halides screened showed any significant

conversion and detection of any addition products could not be made. This confirmed

that the conditions that had currently been developed were not suitable for application to

general organomanganese halide generation.

In a final attempt to improve the yield of the transformation due to the increasing quantity

of bibenzyl being produced using iPrOH as the liquid additive (Table 5.07, entry 2), the

addition of a copper(l) catalyst was investigated. This was to improve the selectivity of
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the reaction as copper catalysed conjugate addition of organomanganese halides and

other organometallics are well known. 31 52

20 mol% Cul
2.0 equw THF or
1.5 equiv. iPrOH

2.0 equiv. Mn pieces Q F
ij 1.0 equw LiBr ij\/Q/F
/©A (=) @
F
394 395

1.25 equiv. [mixer mill]
393 3 h, 30 Hz
o N Conversion of Yield of Yield of
Entry  Liquid additive
3936l / 9% 39461 / % 39561 / 9%
1 iPrOH 93 55 (48) 16 (12)
2 THF 90 42 30

[al Determined by 1°F NMR spectroscopy using a,a,a-trifluorotoluene as an internal standard.
Table 5.09 Addition of copper catalyst.

The addition of the copper catalyst provided a significant increase in the selectivity and
yield of the transformation. With iPrOH as the liquid additive (Table 5.09, entry 1) a good
yield of 55% of 394 was found and the quantity of bibenzyl 395 formed reduced to only
16%. To confirm the iPrOH was in fact the optimal liquid additive the effect of the
copper(l) catalyst was also investigated using THF. There was also an increase in yield
of the conjugate addition product while using THF as the liquid additive (Table 5.09,
entry 2) than the previous results without the copper catalyst. Although the selectivity of
this reaction was still quite poor with the yield of bibenzyl 395 also increasing upon
addition of the copper(l) catalyst. The addition of the copper catalyst was able to not only
improve the yield of the desired product and the selectivity, but it also resulted in a greater
guantity of the organomanganese being generated. This could be due to the reduced
guantity of the benzyl bromide 393 being consumed by the formation of the side product

and allowing more to generate the organometallic.

5.3 Conclusion and Future Work

In summary, access to organomanganese halides from benzyl bromides has been
established under ball milling conditions for the first time. Through optimization of the
process the addition of metal salt additives and liquid additives have been key in

controlling the yield of the process. Initially lithium chloride was chosen but due to
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unwanted Finkelstein reactivity being displayed further optimization found lithium
bromide to be more suitable. While screening liquid additives it was clear that the polarity
and intermolecular bonding attributes of the liquid additives were key in enabling the
reactivity, and this found that iPrOH was the best choice in this reaction. Unfortunately,
the reaction is currently limited in scope of both electrophile and pro-nucleophile. Finally,
initial results suggest significant benefit on addition of a copper catalyst improving the

selectivity and the yield of the desired product.

Future work on the direct generation of organomanganese halides via ball milling could
benefit by investigating a number of factors. Firstly, the use of copper catalysts in this
transformation has shown significant benefit and investigation into all attributes while
using this catalyst could further improve on the yield of the addition product. Also, if high
yields are achievable with the use of a copper catalyst chiral ligands may be able to
render the transformation asymmetric. The use of co-catalysts, which assist in the
generation of the organomanganese from Takai (PbCl.), Knochel (InCl; and PbCl,) and
Cahiez (ZnCl,) could be further investigated alongside the use of lithium bromide and a
copper catalyst.>® Furthermore, the use of additives known to form stabilizing ate
complexes such as tetraalkyl ammonium salts could be of some benefit.*® Finally, to
allow the current method to expand to a broader scope of organomanganese
compounds, longer reaction times and possibly elevated reaction temperatures may be
required. In solution it is not uncommon for organomanganese halide formation of less
reactive alkyl bromides to require 10 — 16 h with activated manganese metal such as

Rieke manganese.1 150

A concept which is yet to receive much attention for the formation of organometallics is
to generate an activated metal powder via ball milling and then add this to a solution
reaction for the formation of the organometallic. It may then be possible to conduct the
reactions under more stringently inert conditions removing air and moisture. In the
previous chapter the use of ball milled manganese was able to induce the dimerization
reaction in solution whereas the commercially available metals struggled. Although this
method does have the inherent risk of handling finally divided metal powders which may
spontaneously ignite. To prevent this from occurring it may be possible to produce a
suspension of the metal powder that could then be bench stable, similar to sodium
hydride which is suspended in mineral oil. This would provide a powder which could be
easily manipulated under air that could then be used in solution. This could possibly

improve the reproducibility of the formation of many challenging organometallic species.
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Chapter 6 — Supporting Information

6.1 General Information

All chemicals recently obtained from commercial sources were used without further
purification unless stated otherwise. Amines which were discoloured or not recently
purchased were purified by either passing through a plug of basic alumina or an
acid/base wash. Morpholine was stored over 4 A molecular sieves to ensure low water
content. Potassium tert-butoxide was used as supplied and the bottle was flushed with
nitrogen after use and sealed with parafilm. Older bottles of potassium tert-butoxide
which had not been stored in sufficiently rigorous manner could be purified by

sublimation.

1H, °F, and C NMR spectra were obtained on Bruker 400 MHz and Bruker 500 MHz
spectrometers with chloroform-d as deuterated solvent. The obtained chemical shifts &
are reported in ppm and are referenced to the residual solvent signal (CDCl; 7.26 and
77.16 ppm, Methanol-ds 3.31 and 49.00 ppm, DMSO-ds 2.50 and 39.52, D,O 4.79 ppm
for *H and **C respectively). Spin-spin coupling constants J are given in Hz and refer to
apparent multiplicities rather than true coupling constants. Data are reported as:
chemical shift, multiplicity and integration. *H NMR yields were obtained using 0.33 mmol
of mesitylene as an internal standard, °F NMR yields were obtained using 0.33 mmol of

a,a,a-trifluorotoluene as an internal standard.

High resolution mass spectral (HRMS) data were obtained on a Thermo Scientific LTQ
Orbitrap XL by the EPSRC UK National Mass Spectrometry Facility at Swansea
University or on a Waters MALDI-TOF mx in Cardiff University. Spectra were obtained
using electron impact ionization (El), chemical ionization (Cl), positive electrospray (ES),
pneumaticallyassisted electrospray (pNSI) or atmospheric solids analysis probe
(ASAP+).

Infrared spectra were recorded on a Shimadzu IR-Affinity-1S FTIR spectrometer or a

Agilent Cary 630 FTIR spectrometer.

Melting points were measured using a Stuart SMP10 apparatus or a Gallenkamp

apparatus and are reported uncorrected.

Optical rotation measurements were taken on a Bellingham and Stanley ADP410

polarimeter at ambient temperature, using a LED light source filtered to 589.3 nm.

Gas chromatography analysis was carried out using a Bruker Scion 456 gas
chromatograph. An Agilent 19091J-413HP-5 column (30.0 m x 320 ym x 0.25 ym
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nominal) was employed for all of the separations using the following conditions: initial
column temperature, 40 °C; initial hold time, 2 min; next temperature, 100 °C; hold time,
5 min; rate of temperature ramp 1, 4 °C/min, final temperature 300 °C; hold time, 5 min;
rate of temperature ramp 2, 15 °C/min; injection temperature, 250 °C; injection volume
1 yL; detection temperature, 300 °C, split mode. The effluent was combusted in an H2/air

flame and detected using FID (flame ionization detector).

The GC yield of products and conversion of substrates were determined by using the
internal standard method. The response factor (RF) of analytes was determined by
analysing known S3 quantities of internal standard (mesitylene) against known quantities

of substrate and product:

_ Arealnternal Standard X MOleSAnalyte

B AreaAnalyte X MOleSInternal Standard
The quantity of an analyte was then calculated according to the following equation:

RF X MOleSInternal Standard X AreaAnalyte

Moles =
Analyte Arealnternal Standard

The preparatory HPLC was carried out with a Japan Analytical Industry LC-9110 Il Next
equipped with a normal phase column (JAIGEL-SIL, 043-10), a UV-Vis detector and set

to recycling with a 10 mLmin* flow rate.

Cyclic voltammetry (CV) experiments were conducted using an Autolab PGSTAT204,
controlled using Nova 2.1 software. The working electrode was a GC disc (3 mm dia.,
BASi part number MF-2012), the counter electrode was a Pt-wire (BASi part number
MW-4130) and a Ag/AgCl reference electrode was used (BASi part number — MF-2052)
in a 10 mL glass vial. The solution of interest was purged with N2 for 10 minutes before
data collection. After data collection, ferrocene (5 mM) was added and an additional scan
was run. The parent data was referenced relative to the Fc*® couple that was recorded
(E12=0.382 V).

All EPR spectra were recorded on a Bruker EMX utilising an ER4102_shqge resonator,
at 120 K using a Bruker Variable Temperature Unit, operating at 10 mW MW power, 100
kHz field modulation and 5 G modulation depth. Spin-trap samples were recorded at
room temperature, utilising the ER4102_shqge resonator, operating at 0.64 mwW MW
power, 100 kHz field modulation and 0.5 G modulation depth.
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6.2 Milling Equipment

y £, W )
J Gv.’_’.' AWy TR 1‘

\ T

1) IST milling jar 14 mL stainless steel with retaining collar
(http://www.insolidotech.org/accessories.html)

2) FTS Smartsnap™ grinding jars, 15 mL stainless steel with PTFE retaining washer
(https://formtechscientific.com/fts-1000-shaker-
mill/products.html?section=accessories&accessory=smartsnap-grinding-jars)

3) Retsch stainless steel milling jars 25 mL and 15 mL
(https://www.retsch.com/products/milling/ball-mills/mixer-mill-mm-400/order-
data-quote-request/)

4) 4 g stainless steel milling balls from Retsch
(https://www.retsch.com/products/milling/ball-mills/mixer-mill-mm-400/order-
data-quote-request/)

5) Retsch MM 400 control panel and FTS Smartsnap™ grinding jars mounted
(https://www.retsch.com/products/milling/ball-mills/mixer-mill-mm-400/function-
features/)

6) Retsch jar mounting with FTS Smartsnap™ grinding jars, (a) unlocked and (b)
locked

7) IST 500 ball mill jar mountings with the jar (a) removal tool
(http://www.insolidotech.org/ist500.html)

8) IST 500 ball mill controls set to 30 Hz and 60 minutes
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6.3 Robust Buchwald-Hartwig Amination via Ball Milling

6.3.1 General Procedure 1: Ball Milling Buchwald-Hartwig Amination

To a 15 mL stainless steel milling vessel (Form-Tech Scientific) was added a stainless-
steel ball (12 g), sand (0.338 g), potassium tert-butoxide (2 mmol, 0.224 g), aryl halide
(2 mmol), amine (1.2 mmol) and Pd-PEPPSI-IPent (0.01 mmol, 8.0 mg) under an air
atmosphere. The milling jar was then closed, and the mixture was milled at 30 Hz for 3
hours. After the desired reaction time, the black solid mixture was scratched out using
spatula and the jar was raised with EtOAc (10 mL) twice. Then the mixture was filtered
and the solvent was removed in vacuo. The crude reaction mixture was then purified by

silica gel flash chromatography.

6.3.2 General Procedure 2: Solution Buchwald-Hartwig Amination Under
¢:)ra 50 mL round bottom flask a stir bar, potassium tert-butoxide (2 mmol, 0.224 g) and
Pd-PEPPSI-IPent (0.01 mmol, 8.0 mg) were added. Then a premixed solution of the
desired solvent (10 mL), chlorobenzene (1 mmol, 0.113 g), morpholine (1.2 mmol,
0.105 g) and the internal standard mesitylene (0.5 mmol, 0.060 g). The reaction was then
stirred at room temperature under air. The reaction was analyzed by GC by talking an
aliquot (~50 pL), every hour, and passed through a pipette containing a small plug of
silica gel using diethyl ether as eluent. The GC yield was calculated relative to mesitylene

as the internal standard.

4-phenyl morpholine (121)

o}
o™

The title compound was prepared according to General Procedure 1 as a beige solid
(0.149 g, 91%). MP 61 - 63 °C. *H NMR (500 MHz, CDCl3) & 7.31 - 7.26 (m, 2H), 6.95 -
6.85 (m, 3H), 3.87 (t, J = 4.5 Hz, 4H), 3.16 (t, J = 4.5 Hz, 4H). *C NMR (126 MHz, CDCls)

0 151.4, 129.3, 120.2, 115.9, 67.1, 49.2. HRMS (El) [C10H13NO] calc. 163.0997, found

163.1002. Characterization data is in accordance with previous report.!

2-morpholinobenzo[d]oxazole (126)

o /M
L

The title compound was prepared according to General Procedure 1 as white solid (0.082
g, 40%). MP 79 - 81 °C. *H NMR (500 MHz, CDCl3) & 7.30 (dd, J = 7.8, 0.5 Hz, 1H),
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7.21 - 7.17 (m, 1H), 7.10 (td, J = 7.7, 1.0 Hz, 1H), 6.97 (td, J = 7.8, 1.2 Hz, 1H), 3.77 -
3.72 (m, 4H), 3.64 - 3.57 (m, 4H). *C NMR (126 MHz, CDCls) 5 162.1, 148.8, 142.9,
124.1, 121.0, 116.5, 108.9, 66.2, 45.8. HRMS (EIl) [C11H12N202] calc. 204.0899, found

204.0899. Characterization data is in accordance with previous report.?
4-mesitylmorpholine (127)

Me (6]

o
Me Me
The title compound was prepared according to General Procedure 1 as white crystal
(0.144 g, 70%). MP 64 - 66 °C. 'H NMR (500 MHz, CDCl;) 5 6.84 (s, 2H), 3.86 - 3.75 (m,
4H), 3.13 - 3.05 (m, 4H), 2.33 (s, 6H), 2.26 (s, 3H). *C NMR (126 MHz, CDCls) & 145.5,
137.0, 135.0, 129.8, 68.4, 50.2, 20.8, 19.6. HRMS (ESI) [C13H1sNO+H] calc. 206.1545,

found 206.1541. Characterization data is in accordance with previous report.?

4-(3,5-dimethoxyphenyl)morpholine (128)

OMe

The title compound was prepared according to General Procedure 1 as white solid (0.185
g, 83%). MP 85 - 86 °C. *H NMR (500 MHz, CDCl;) 8 6.08 (d, J = 1.9 Hz, 2H), 6.04 (t, J
= 2.0 Hz, 1H), 3.87 - 3.81 (t, J = 4.8 Hz, 4H), 3.78 (s, 6H), 3.14 (t, J = 7.22 Hz, 4H). *C
NMR (126 MHz, CDCls) & 160.7, 152.4, 93.9, 91.0, 66.0, 54.4, 48.5. HRMS (ESI)
[C12H17NOs+H] calc. 224.1287, found: 224.1286. Characterization data is in accordance

with previous report.*

4-(benzo[d][1,3]dioxol-5-yl)morpholine (129)

J
0 N
Xy

o}
The title compound was prepared according to General Procedure 1 as yellow solid
(0.122 g, 59%). MP 64 - 65 °C. 'H NMR (500 MHz, CDCl-) 5 6.73 (d, J = 8.4 Hz, 1H),
6.54 (d, J = 2.4 Hz, 1H), 6.35 (dd, J = 8.4 Hz, 1H), 5.90 (s, 2H), 3.84 (t, J = 4.8 Hz, 4H),
3.03 (t, J= 4.8 Hz, 4H). *C NMR (126 MHz, CDCl;) d 148.5, 147.5, 141.9, 108.8, 108 .4,
101.1, 99.7, 67.1, 51.2. HRMS (ESI) [C11H13NO3s+H] calc. 208.0974, found 208.0969.

Characterization data is in accordance with previous report.®

183



4-(4-(methylthio)phenyl)morpholine (130)

{J
AT

The title compound was prepared according to General Procedure 1 as an off-white solid
(0.136 g, 65%). MP 93 - 95 °C. *H NMR (500 MHz, CDCl3) 6 7.21 - 7.16 (m, 2H), 6.80 -
6.76 (m, 2H), 3.77 (t, J = 5.0 Hz, 4H), 3.05 (t, J = 5.0 Hz, 4H), 2.36 (s, 3H). 13C NMR
(126 MHz, CDCls) 6 149.8, 130.0, 128.0, 116.4, 67.0, 49.4, 18.1. HRMS (EI) [C11H1sNOS]
calc. 209.0874, found: 209.0873. Characterization data is in accordance with previous

report.®

4-(pyridin-3-yl)morpholine (131)

o}
o

7
The title compound was prepared according to General Procedure 1 as a yellow solid
(0.099 g, 60%). MP 37 - 39 °C. 'H NMR (500 MHz, CDCl3) & 8.31 (s, 1H), 8.13 (s, 1H),
7.17 (t, J = 2.0 Hz, 2H), 3.91 - 3.82 (m, 4H), 3.20 - 3.17 (m, 4H). 3C NMR (126 MHz,
CDCls) 6 147.1, 141.2, 138.4, 123.7, 122.2, 66.8, 48.7. HRMS (EI) [CoH12N20] calc.

164.0950, found 164.0953. Characterization data is in accordance with previous report.’

4-(4-(pyridin-2-ylmethyl)phenyl)morpholine (132)

oy A
L

The title compound was prepared according to General Procedure 1 as yellow oil (0.082
g, 32%). 'H NMR (500 MHz, CDCls) 8 8.53 (d, J = 3.7 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H),
7.17 (d, J = 8.4 Hz, 2H), 7.09 (d, J = 7.7 Hz, 2H), 6.86 (d, J = 8.5 Hz, 1H), 4.08 (s, 1H),
3.88 - 3.78 (m, 4H), 3.15 - 2.92 (m, 4H). 3C NMR (126 MHz, CDCls) d 161.6, 150.0,
149.4, 136.6, 131.2,130.0, 123.1, 121.3, 116.1, 67.1, 49.7, 44.0. HRMS (EI) [C16H18N20]
calc. 254.1419, found 254.1416.
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4-(2-(phenoxymethyl)phenyl)morpholine (133)
o
S

C&OQ

The title compound was prepared according to General Procedure 1 as white crystal
(0.194 g, 72%). MP 85 - 88 °C. 'H NMR (500 MHz, CDCl3) 5 7.57 - 7.51 (m, 1H), 7.37 -
7.27 (m, 3H), 7.19 - 7.12 (m, 2H), 7.01 - 6.93 (m, 3H), 5.16 (s, 2H), 3.82 (t, J = 4.6 Hz,
4H), 2.98 (t, J = 4.6 Hz, 4H). 3C NMR (126 MHz, CDCls) & 159.1, 151.5, 132.0, 130.1,
129.6, 129.2, 124.4, 121.0, 120.0, 114.9, 67.6, 66.0, 53.6. HRMS (ESI) [C17H1sNO2+H]
calc. 270.1489, found 270.1492.:

4-(p-tolyl)morpholine (134)

J
ST

The title compound was prepared according to General Procedure 1 as white solid (0.092
g, 52%). MP 43 - 46 °C. 'H NMR (500 MHz, CDCls) 5 7.09 (d, J = 8.2, 2H), 6.84 (d, J =
8.4 Hz, 2H), 3.86 (t, J = 4.8 Hz, 4H), 3.11 (t, J = 4.8 Hz, 4H), 2.28 (s, 3H). 3C NMR (126
MHz, CDCl3)  149.3, 129.9, 129.8, 116.2, 67.1, 50.1, 20.6. HRMS (EI) [C1sH15NO] calc.
177.1154, found 177.1149. Characterization data is in accordance with previous report.*

4-(4-fluorophenyl)morpholine(135)

J
AT

The title compound was prepared according to General Procedure 1 as yellow oil (0.076
g, 42%). *H NMR (500 MHz, CDCl3) d 7.03 - 6.92 (m, 2H), 6.90 - 6.82 (m, 2H), 3.90 -
3.80 (m, 4H), 3.13 - 3.03 (m, 4H). *C NMR (126 MHz, CDCl;) & 157.5 (d, J = 239 Hz),
148.1 (d, J = 2 Hz), 117.6 (d, J = 8 Hz), 115.76 (d, J = 22 Hz), 67.1, 50.5. °F NMR (471
MHz, CDCls) 8 -124.2. HRMS (ASAP+) [C10H12NOF+H] calc. 182.0981, found: 182.0983.

Characterization data is in accordance with previous report.®
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4-morpholinobenzonitrile (136)

(J
e

The title compound was prepared according to General Procedure 1 as a white solid
(0.096 g, 51%). MP 81- 83 °C. *H NMR (500 MHz, CDCl3) 8 7.55 - 7.48 (m, 2H), 6.90 -
6.83 (m, 2H), 3.85 (t, J = 5.0 Hz, 4H), 3.27 (t, J = 5.0 Hz, 4H). 13C NMR (126 MHz, CDCl5)
0 153.6, 133.6, 120.0, 114.2, 101.1, 66.6, 47.4. HRMS (EI) [C11H12N20] calc. 188.0950,

found 188.0952. Characterization data is in accordance with previous report.’

1,4-diphenylpiperidine (138)

Ph
©O

The title compound was prepared according to General Procedure 1 as a white solid
(0.192 g, 81%). MP 85 - 87 °C. *H NMR (500 MHz, CDCl3) & 7.35 - 7.20 (m, 6H), 7.00
(d, J=7.8 Hz, 2H), 6.86 (t, J = 6.9 Hz, 1H), 3.82 (d, J = 12.3 Hz, 2H), 2.83 (t, J = 11.2
Hz, 2H), 2.76 - 2.58 (m, 1H), 2.01 - 1.89 (m, 4H). 3C NMR (126 MHz, CDCls) & 152.0,
146.2, 129.3, 128.6, 127.0, 126.4, 119.7, 116.8, 50.7, 42.7, 33.5. HRMS (ESI) [C17H19N]
calc. 237.1517, found 237.1519. Characterization data is in accordance with previous

report.® Result obtained by Andrew C. Jones.

4-phenylthiomorpholine (139)

ot

The title compound was prepared according to General Procedure 1 as a dark yellow oil
(0.158 g, 88%). *H NMR (500 MHz, CDCl3) 8 7.22 - 7.12 (m, 2H), 6.86 - 6.72 (m, 3H),
3.44 (t, J = 5.1 Hz, 4H), 2.65 (t, J = 5.1 Hz, 4H). 3C NMR (126 MHz, CDCl3) d 151.4,
129.3,119.9,117.2,52.2, 26.9. HRMS (ESI) [C10H13NS] calc. 179.0769, found 179.0760.

Characterization data is in accordance with previous report.1° Result obtained by Andrew

C. Jones.
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1-phenylpiperidine (140)

Q/O

The title compound was prepared according to General Procedure 1 as a brown oll
(0.124 g, 77%). *H NMR (500 MHz, CDCl3) 8 7.27 - 7.21 (m, 2H), 6.95 (d, J = 7.9 Hz,
2H), 6.82 (t, J = 7.3 Hz, 1H), 3.16 (t, J = 5.5 Hz, 4H), 1.77 - 1.67 (m, 4H), 1.62 - 1.53 (m,
2H). 3C NMR (126 MHz, CDCls) & 152.4, 129.1, 119.3, 116.7, 50.8, 26.0, 24.5. HRMS

(ESI) [C11H1sN] calc. 161.1204, found 161.1204. Characterization data is in accordance
with previous report.!! Result obtained by Andrew C. Jones.

8-phenyl-1,4-dioxa-8-azaspiro[4.5]decane (141)
O3

The title compound was prepared according to General Procedure 1 as a dark yellow oil
(0.171 g, 78%). *H NMR (500 MHz, CDCl3) 8 7.55 (t, J = 7.8 Hz, 2H), 7.25 (d, J = 8.1 Hz,
2H), 7.13 (t, J = 7.2 Hz, 1H), 4.29 (s, 4H), 3.64 - 3.62 (t, J = 5.5 Hz, 4H), 2.27 - 2.03 (t, J
= 5.5 Hz, 4H). *C NMR (126 MHz, CDCls) & 151.1, 129.2, 119.6, 116.8, 107.3, 64.5,
47.9, 34.7. HRMS (ESI) [CisHi7NO2+H] calc. 220.1336, found 220.1338.
Characterization data is in accordance with previous report.'?> Result obtained by Andrew

C. Jones.

1-phenylazepane (142)
@O

The title compound was prepared according to General Procedure 1 as a brown oll
(0.126 g, 72%). 'H NMR (500 MHz, CDCls) 5 7.23 - 7.17 (m, 2H), 6.69 (d, J = 8.2 Hz,
2H), 6.62 (t, J = 7.2 Hz, 1H), 3.47 - 3.44 (t, J = 6.0 Hz, 4H), 1.82 -1.74 (m, 4H), 1.58 -
1.52 (m, 4H). 3C NMR (126 MHz, CDCls) 6 149.1, 129.4, 115.3, 111.3, 49.2, 27.9, 27.3.
HRMS (ESI) [C12H17N+H] calc. 175.1361, found 175.1362. Characterization data is in

accordance with previous report.'® Result obtained by Andrew C. Jones.
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2-phenyl-1,2,3,4-tetrahydroisoquinoline (135)
o X

The title compound was prepared according to General Procedure 1 as an off-white solid
(0.151 g, 72%). MP 57 - 60°C. 'H NMR (500 MHz, CDCl3) 6 7.39 - 7.28 (m, 2H), 7.22 -
7.18 (m, 4H), 7.06 - 6.97 (m, 2H), 6.86 (t, J = 7.3 Hz, 1H), 4.44 (s, 2H), 3.59 (t, J =5.8
Hz, 2H), 3.02 (t, J = 5.7 Hz, 2H). *C NMR (126 MHz, CDCls) & 150.7, 135.0, 134.6,
129.3, 128.7, 126.7, 126.5, 126.2, 118.8, 115.3, 50.9, 46.7, 29.3. HRMS (EI) [C15H15N]
calc. 209.1204, found 209.1204. Characterization data is in accordance with previous

report.1* Result obtained by Andrew C. Jones.

4-benzyl-1-phenylpiperidine (143)
Ph
Cr

The title compound was prepared according to General Procedure 1 as a red solid (0.200
g, 80%). MP 67 - 70 °C. 'H NMR (500 MHz, CDCls) & 7.24 - 7.04 (m, 7H), 6.83 (d, J =
8.0 Hz, 2H), 6.72 (t, J = 7.3 Hz, 1H), 3.52 (t, J = 28.9 Hz, 2H), 2.54 (td, J = 12.2, 2.1 Hz,
2H), 2.48 (d, J = 7.1 Hz, 2H), 1.82 - 1.44 (m, 3H), 1.38 - 1.21 (m, 2H). *C NMR (126
MHz, CDCl;) & 151.96, 140.59, 129.25, 129.13, 128.33, 125.99, 119.34, 116.62, 50.08,
43.29, 38.00, 32.15. HRMS (EI) [CisH2:N] calc. 251.1674, found 251.1674. Result

obtained by Andrew C. Jones.

1,4-diphenylpiperazine (144)

(\N,Ph
©N
The title compound was prepared according to General Procedure 1 as a white solid
(0.190 g, 80%). MP 173 - 175 °C. *H NMR (500 MHz, CDCl3) 8 7.37 - 7.27 (m, 4H), 7.01
(d, J = 7.9 Hz, 4H), 6.91 (t, J = 7.3 Hz, 2H), 3.36 (s, 8H). 3C NMR (126 MHz, CDCls) &
151.4,129.3, 120.2, 116.5, 49.6. HRMS (ESI) [C1sH1sN] calc. 238.1517, found 238.1519.

Characterization data is in accordance with previous report.!! Result obtained by Andrew

C. Jones.
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N-benzyl-N-methylaniline (145)
Me\N/\©

The title compound was prepared according to General Procedure 1 as a light-yellow
liquid (0.134 g, 68%). *H NMR (500 MHz, CDCl3) 8 7.24 - 7.17 (m, 2H), 7.17 - 7.07 (m,
5H), 6.69 - 6.58 (m, 3H), 4.43 (s, 2H), 2.92 (s, 3H). 13C NMR (126 MHz, CDCl3) 5 149.8,
139.1,129.3,128.7,127.0, 126.8, 116.6, 112.4, 56.7, 38.6. HRMS (ASAP+) [C14H15N+H]
calc. 198.1283, found 198.1277. Characterization data is in accordance with previous

report.!* Result obtained by Andrew C. Jones.
N-benzyl-N-isopropylaniline (146)

Me

The title compound was prepared according to General Procedure 1 as yellow liquid
(0.160 g, 71%). 'H NMR (500 MHz, CDCls) & 7.34 - 7.28 (m, 4H), 7.25 - 7.14 (m, 3H),
6.75 - 6.66 (M, 3H), 4.43 (s, 2H), 4.34 - 4.25 (m, 1H), 1.22 (d, J = 6.6 Hz, 6H). *C NMR
(126 MHz, CDCls) 6 149.4, 140.9, 129.2, 128.5, 126.5, 126.3, 116.4, 113.1, 48.5, 48.2,
20.0. HRMS (ASAP+) [Ci6H1gN+H] calc. 226.1596, found 226.1294. Characterization

data is in accordance with previous report.’®> Result obtained by Andrew C. Jones.

N,N-dibutylaniline (147)

Me
N(\/
©/ L,Me
The title compound was prepared according to General Procedure 1 as yellow liquid
(0.095 g, 61%). *H NMR (500 MHz, CDCls) & 7.24 - 7.19 (m, 2H), 6.69 - 6.61 (m, 3H),
3.28 (t, J= 7.5 Hz, 4H), 1.63 - 1.55 (m, 4H), 1.42 - 1.33 (m, 4H), 0.97 (t, J = 7.4 Hz, 6H).
13C NMR (126 MHz, CDCls) 5 148.3, 129.3, 115.2, 111.8, 50.9, 29.6, 20.5, 14.2. HRMS

(ASAP+) [CsH2sN+H] calc. 206.1909, found 206.1910. Characterization data is in

accordance with previous report.!! Result obtained by Andrew C. Jones.
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N-methyl-N-phenethylaniline (148)

The title compound was prepared according to General Procedure 1 as yellow liquid
(0.152 g, 72%). *H NMR (500 MHz, CDCls) & 7.33 - 7.04 (m, 7H), 6.72 - 6.59 (m, J =
16.4, 3H), 3.47 (t, J = 7.5 Hz, 2H), 2.79 (s, J = 7.1 Hz, 3H), 2.78 - 2.72 (m, 2H). 3*C NMR
(126 MHz, CDCIs) 6 148.8, 139.9, 129.4, 128.9, 128.6, 126.3, 116.2, 112.2, 54.8, 38.6,
32.9. HRMS (EI) [C1sH17N] calc. 211.1361, found 211.1363. Characterization data is in

accordance with previous report.1® Result obtained by Andrew C. Jones.

tert-butyl 4-phenylpiperazine-1-carboxylate (149)

(\N,Boc
o
The title compound was prepared according to General Procedure 1 as a white solid
(0.157 g, 60%). *H NMR (500 MHz, CDCls) & 7.30 - 7.27 (m, 2H), 6.95 - 6.90 (m, 3H),
3.59 (t, J=5.2 Hz, 4H), 3.14 (t, J = 5.1 Hz, 4H), 1.50 (s, 9H). 13C NMR (126 MHz, CDCls)
0 154.9, 151.4,129.3, 120.4, 116.8, 80.0, 49.6, 43.5, 28.6. HRMS (El) [C15H22N,0-] calc.

262.1681, found: 262.1682. Characterization data is in accordance with previous

report.!! Result obtained by Andrew C. Jones.

tert-butyl 4-(2-((2,4-dimethylphenyl)thio)phenyl)piperazine-1-carboxylate/ N-Boc
vortioxetine (154)

IBoc:
N

Me [Nj
0

Me

The title compound was prepared according to General Procedure 1 as an light yellow

solid (0.275 g, 69%). MP 78 - 80 °C. 'H NMR (500 MHz, CDCl;) & 7.36 (d, J = 7.8 Hz,

1H), 7.15 (s, 1H), 7.09 - 7.00 (m, 3H), 6.90 - 6.84 (m, 1H), 6.53 (dd, J = 7.9, 1.4 Hz, 1H),

3.62 (t, J = 5.0 Hz, 4H), 3.02 (t, J = 4.9 Hz, 4H), 2.36 (s, 3H), 2.32 (s, 3H), 1.49 (s, 9H).

13C NMR (126 MHz, CDCls) & 155.1, 149.1, 142.5, 139.4, 136.3, 134.8, 131.8, 127.99,
127.96, 126.5, 125.7, 124.8, 120.1, 79.8, 51.8, 43.8, 28.6, 21.3, 20.7. HRMS (ESI+)
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[C23H30N20,S+H] calc. 399.2106, found 399.2102. Characterization data is in

accordance with previous report.t’

tert-butyl 4-(2-((2,4-dimethylphenylthio)phenyl)piperazine-1-carboxylate
hydrobromide/ Vortioxetine (155)

Q)
L0

N-Boc vortioxetine (0.275 g, 0.7 mmol, ) was dissolved in 2 mL methanol and slowly
added 0.2 mL 48 wt% HBr (ag.) followed by heating to reflux for 2 hours. Then the mixture
was cooled to room temperature then the solvent was removed by evaporation. After the
addition of diethyl ether (2 mL), the mixture was stirred at room temperature for 2 h before
leaving the mixture in the freezer overnight. Filtration and washing with 5 mL diethyl ether
to produce brownish solid. Then the brownish solid was dried under high vaccum (0.215
g, 81%). MP 218 °C. *H NMR (500 MHz, CDCls) 8 9.36 (s, 2H), 7.31 (d, J = 7.8 Hz, 1H),
7.17 - 7.06 (m, 3H), 7.02 (d, J = 7.8 Hz, 1H), 6.96 - 6.90 (m, 1H), 6.55 (d, J = 7.7 Hz,
1H), 3.68 - 3.35 (m, 8H), 2.35 (s, 3H), 2.30 (s, 3H). *C NMR (126 MHz, CDCls) § 147.0,
142.3, 139.6, 136.0, 134.7, 132.0, 128.1, 127.2, 126.9, 126.0, 126.0, 120.6, 48.6, 44.2,
21.3, 20.7. HRMS (ESI+) [CigH22N2S+H] calc. 299.1582, found 299.1588.

Characterization data is in accordance with previous report.'8

tert-butyl piperazine-1-carboxylate (153)

Ii%oc
[Nj
N
H

The titled compound was prepared using a method modified from literature.'® To a 50
mL flask was added piperazine (0.86 g, 10 mmol, 2.5 equiv), sodium hydroxide (0.16 g,
4.0 mmol, 1.0 equiv), isopropanol (12 mL) and water (1.3 mL). di-tert-butyl dicarbonate
(0.92 mL, 4.0 mmol, 1.0 equiv) was added and the reaction was stirred at room
temperature for 18 h. The solution was concentrated to remove isopropanol. The mixture
was diluted with water, filtered through a fritted funnel to remove di-tert-butyl piperazine-
1,4-dicarboxylate, and the filtrate was extracted with DCM (x3). The combined organic

fractions were dried over magnesium sulphate and concentrated to yield the titled
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compound as a white crystalline solid (1.06 g, 5.7 mmol, 57%). *H NMR (500 MHz,
CDClz) & 1.47 (s, 9H), 2.94 - 2.71 (m, 4H), 3.72 - 3.36 (m, 4H). *C NMR (126 MHz,
CDCls) & 155.0, 79.7, 46.0, 44.9, 28.6. HRMS (EI) [CoH1sN20O>] calc. 186.1386, found

186.1386. Characterization data is in accordance with previous report.*®
S-(2,4-dimethylphenyl) ethanethioate (151)

Me
S Me
jop
Me ©

The titled compound was prepared using a method modified from the literature.?° A
100 mL, three-necked, round-bottomed flask equipped with an argon inlet adapter, glass
stopper, and a rubber septum was charged with 2,4-dimethylbenzenethiol (1.381 g,
10 mmol), 35 mL of dichloromethane, and pyridine (1.15 mL, 1.12 g, 14.2 mmol) and
cooled to 0 °C. Acetyl chloride (1.0 mL, 1.10 g, 14.1 mmol) was added slowly via syringe
over ca. 8 min. The resulting mixture was stirred at 0 °C for 10 min and then at 25 °C for
2 h. The resulting cloudy white mixture was poured into 20 mL of water, and the aqueous
phase was separated and extracted with two 10 mL portions of dichloromethane. The
combined organic phases were washed with 20 mL of brine, dried over magnesium
sulpohate, filtered, and concentrated under reduced pressure. Then the crude material
was then purified by silica gel flash chromatography (Ethyl Acetate/Petroleum ether =
1:20) to give the title compound as light yellow liquid (1.028 g, 57%). *H NMR (500 MHz,
CDCl3) 8 7.24 (s, 1H), 7.14 - 7.11 (m, 1H), 7.04 - 7.00 (m, 1H), 2.39 (s, 3H), 2.32 (s, 3H),
2.30 (s, 3H). *C NMR (126 MHz, CDCl3) d 194.4, 141.9, 140.5, 135.9, 131.8, 127.6,
124.2, 30.3, 21.4, 20.8. HRMS (El) [C10H120S] calc. 180.0609, found: 180.0616.
Characterization data is in accordance with previous report.?! Result obtained by Qun

Cao.
(2-bromophenyl)(2,4-dimethylphenyl)sulfane (152)
Me Br

jope
Me
The titled compound was prepared using a method modified from literature.?? To a 50
mL round bottomed flask, Pd(dba), (0.144 g, 0.25 mmol), Xantphos (0.203 g, 0.35 mmol),
1,2- dibromobenzene (0.702 g, 1.5 mmol), S-(2,4-dimethylphenyl)ethanethioate (0.901

g, 5 mmol) sodium tert-butoxide (0.577 g, 6 mmol), toluene (10 mL) were added. The

reaction mixture was stirred at 6 h at 110 °C under nitrogen atmosphere and then cooled
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to room temperature. Then the reaction mixture was poured into a 10 mL saturated
aqueous ammonium chloride and extracted with Et20 (20 mL) three times. The
combined organic phase was dried over magnesium sulphate, filtered and concentrated
under reduced pressure. Then the crude material was then purified by silica gel flash
chromatography (Ethyl acetate/Petroleum ether = 1:20) to give the titled compound as
light yellow liquid (1.232 g, 84%). *H NMR (500 MHz, CDCl3) 8 7.53 (dd, J = 7.9, 1.4 Hz,
1H), 7.40 (d, J = 7.8 Hz, 1H), 7.19 - 7.15 (m, 1H), 7.10 - 7.04 (m, 2H), 6.96 (td, J = 7.9,
7.3 Hz, 1H), 6.57 (dd, J = 8.0, 1.6 Hz, 1H), 2.37 (s, 3H), 2.34 (s, 3H). 13C NMR (126 MHz,
CDCls) 6 142.5, 140.1, 139.6, 136.4, 132.9, 132.1, 128.2, 127.8, 127.5, 127.2, 126.2,
121.3, 21.4, 20.7. HRMS (El) [C14H13SBr] calc. 291.9921, found: 291.9925.
Characterization data is in accordance with previous report.2®> Result obtained by Qun

Cao.

Diphenylsulfane (160)

0

To a 15 mL stainless steel milling vessel (Form-Tech Scientific) was added a stainless-
steel ball (12 g), sand (0.338 @), potassium tert-butoxide (2 mmol, 0.224 q),
chlorobenzene (1 mmol, 0.113 g), thiophenol (1.2 mmol, 0.132 g) and Pd-PEPPSI-IPent
(0.01 mmol, 8.0 mg) under an air atmosphere. The milling jar was then closed, and the
mixture was milled at 30 Hz for 3 hours. After the desired reaction time, the black solid
mixture was scratched out using spatula and the jar was raised with EtOAc (10 mL) twice.
Then the mixture was filtered and the solvent was removed in vacuo. The crude reaction
mixture was then purified by silica gel flash chromatography to provide the title
compound as a colourless oil (0.089 g, 0.48 mmol, 48%). *H NMR (500 MHz, CDCl3) d
7.37 (d, J = 7.4 Hz, 4H), 7.32 (t, J = 7.6 Hz, 4H), 7.27 (d, J = 7.1 Hz, 2H).2*C NMR (126
MHz, CDCls) 8 135.9, 131.2, 129.3, 127.2. HRMS (EI) [C12H10S] calc. 186.0503, found

186.0499. Characterization data is in accordance with previous report.?*
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6.4 Direct Amidation of Esters Enabled by Ball Milling

6.4.1 General Procedure 3: Ball Milling Direct Amidation of Esters with
amines
To a 14 mL stainless steel milling jar (Insolido Technologies) was added a stainless-

steel ball (4 g), the ester (1.2 mmol), the amine (1 mmol), and potassium tert-butoxide
(0.85 mmol, 96 mg). The jar was then closed and milled for 1 hour at 30 Hz. Once the
reaction was complete the jar was opened, and EtOAc (~2 mL) and brine (~1 mL) was
added to the jar which was then closed shaken and the mixture transferred to a
separating funnel, this was then repeated with an additional aliquot of EtOAc (~2 mL)
and water (~1 mL). For examples that caused large amounts of emulsion NaOH ag. (2
M, 1 mL) was added to aid in separation. The organic phase was then separated and
dried over magnesium sulphate. The solvent was removed in vacuo and the crude

mixture purified by silica gel chromatography if required.

6.4.2 General Procedure 4: Ball Milling Direct Amidation of Esters with
ammonium salts
To a 14 mL stainless steel milling jar (Insolido Technologies) was added a stainless-steel

ball (4 g), the ester (1.2 mmol), the ammonium salt (1 mmol), and potassium tert-butoxide
(1.85 mmol, 209 mg, 1.85 equiv.). The jar was then closed and securely fitted to the mill
which was set for 1 hour at the frequency of 30 Hz. Once the reaction was complete the
jar was opened, and EtOAc (~2 mL) and brine (~1 mL) was added to the jar which was
then closed shaken and the mixture transferred to a separating funnel, this was then
repeated with an additional aliquot of EtOAc (~2 mL) and water (~1 mL). For examples
that caused large amounts of emulsion NaOH ag. (2 M, 1 mL) was added to aid in
separation. The organic phase was then separated and dried over magnesium sulphate.
The solvent was removed in vacuo and the crude mixture purified by silica gel

chromatography.

6.4.3 General Procedure 5: Large scale Direct Amidation of Esters with
Amines
To a 25 mL stainless steel milling (Retsch) jar was added a stainless-steel ball (12 g),

the ester (1.2 equivalents), the amine (1 equivalent), and potassium tert-butoxide (0.85
equivalents). The jar was then closed and milled for 1 hour at 30 Hz. Once the reaction
was complete the reaction mixture washed from the jar with EtOAc (~5 mL) and water
(~5 mL) into a separating funnel. Additional EtOAc (~50 mL) and water (~50 mL) was
then added and the aqueous extracted. The layers were separated and the aqueous

phase was re-extracted with EtOAc (2 x 25 mL). The organic phases were combined and
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dried over magnesium sulphate and solvent removed in vacuo. The crude product was

purified by flash column chromatography.

phenyl(morpholino)methanone (219)

oy

The title compound was prepared according to General Procedure 3, as a white solid
(187 mg, 98%). MP 62 — 68 “C. 'H NMR (500 MHz, CDCls) d 7.49 — 7.36 (m, 5H), 3.92
— 3.33 (m, 8H). *3C NMR (126 MHz, CDCls) d 170.6, 135.5, 130.0, 128.7, 127.2, 67.1.
IR: Vi 2859, 1624, 1423, 1269, 1109, 1018, 710 cm™ HRMS (pNSI+) [C11H13NO2 + H]:
calc. 192.1019, found 192.1018. Characterization data is in accordance with prior

reports.?®

(4-methoxyphenyl)(morpholino)methanone (244)

(@]
joge
MeO o

The title compound was prepared according to General Procedure 3, as a white solid
(161 mg, 73%). MP 37 — 40 °C (EtOAc), *H NMR (500 MHz, CDCls) & 7.41 — 7.35 (m,
2H), 6.93 — 6.89 (m, 2H), 3.83 (s, 3H), 3.69 (d, J = 3.6 Hz, 8H). 3C NMR (126 MHz,
CDClIs) 6 170.4, 160.9, 129.2, 127.4, 113.8, 66.9, 55.4. IR: v..: 1607, 1435, 1252, 1109,
1007, 849, 762, 550 cm™. HRMS (pNSI+) [C12H1sNOs + HJ: calc. 222.1125, found
222.1125. Characterization data is in accordance with prior reports.?®

(4-bromophenyl)(morpholino)methanone (245)

o0

The title compound was prepared according to General Procedure 3, as a white solid
(267 mg, 99%). MP 50 — 53 °C (EtOAc). 'H NMR (500 MHz, CDCl3) 5 7.58 (d, J = 8.3
Hz, 2H), 7.31 (d, J = 8.3 Hz, 2H), 3.61 (d, J = 140.3 Hz, 8H). 3C NMR (126 MHz, CDCls)
0 169.6, 134.3, 132.0, 129.0, 124.4, 67.0. IR: v, 2980, 1618, 1435, 1271, 1111, 1010,
843, 752, 540 cm* HRMS (ES+) [C11H12BrNO- + HJ: calc. 270.0130, found 270.0125.

Characterization data is in accordance with prior reports.?’
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(4-iodophenyl)(morpholino)methanone (246)

o0

The title compound was prepared according to General Procedure 3, as a white solid
prepared according to GP1 (253 mg, 80%). MP 102 — 105 °C (EtOAc) *H NMR (500
MHz, CDCls) & 7.80 — 7.73 (m, 2H), 7.18 — 7.11 (m, 2H), 3.59 (d, J = 151.3 Hz, 8H). 13C
NMR (126 MHz, CDCIs3) 8 169.5, 137.8, 134.7, 128.9, 96.1, 66.9. IR: V.. 2853, 1622,
1429, 1269, 1109, 1005, 831, 752, 538 cm™, HRMS (pNSI+) [C11H12INO, + H]: calc.

317.9985, found 317.9987. Characterization data is in accordance with prior reports.2°

(4-fluorophenyl)(morpholino)methanone (251)

oo

The title compound was prepared according to General Procedure 3, as a yellow liquid
(115 mg, 55%). *H NMR (400 MHz, CDCls) & 7.48 — 7.39 (m, 2H), 7.16 — 7.05 (m, 2H),
3.70 (bs, 8H). 13C NMR (126 MHz, CDCl3) & 169.59 (s), 163.57 (d, J = 250.2 Hz), 131.39
(d, J=3.5Hz), 129.54 (d, J = 8.5 Hz), 115.76 (d, J = 21.8 Hz), 66.93 (s), 48.33 (s), 42.82
(s). °F NMR (471 MHz, CDClz) & -105.84 — -112.49 (m). IR: v... 2980, 1626, 1427,
1111,843, 733, 573 cm? HRMS (pNSI+) [C1iH120:NF + H]: calc. 210.0925, found
210.0925. Characterization data is in accordance with prior reports.?’

(4-chlorophenyl)(morpholino)methanone (158)

o0

The title compound was prepared according to General Procedure 3, as a white solid
(221 mg, 98%). MP 64 — 66 °‘C (EtOAc). 'H NMR (500 MHz, CDCl3) & 7.45 — 7.34 (m,
2H), 7.13 — 7.01 (m, 2H), 3.59 (br s, 8H). *C NMR (126 MHz, CDCls) & 169.4, 136.1,
133.7, 129.0, 128.8, 66.9, 48.3, 42.7. IR: v..: 2860, 1622, 1435, 1111, 1011, 837, 554
cm HRMS (El+) [C1:H12CINO;]: calc. 225.0557, found 225.0556. Characterization data

is in accordance with prior reports.?’
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4-tolyl(morpholino)methanone (248)

o0

The title compound was prepared according to General Procedure 3, as a white solid
(127 mg, 62%). MP 61 — 63 "C (EtOAc) *H NMR (400 MHz, CDCls) 8 7.31 (d, J = 8.1 Hz,
2H), 7.21 (d, J = 7.8 Hz, 2H), 3.70 (br s, 8H), 2.38 (s, 3H). 3C NMR (126 MHz, CDCl3) &
170.8, 140.2, 132.5, 129.3, 127.4, 67.1, 21.5. IR: v... 2949, 1616, 1273, 1111, 833, 750,
542 cm?® HRMS (pNSI+) [Ci2HisO:N + H]: calc. 206.1176, found 206.1175.

Characterization data is in accordance with prior reports.?8

morpholino(4-(trifluoromethyl)phenyl)methanone (249)

(0]
joge

The title compound was prepared according to General Procedure 3, as a white solid
(201 mg, 78%). MP 48 -51 °C (EtOAc) *H NMR (500 MHz, CDCl;) 8 7.67 (d, J = 8.1 Hz,
1H), 7.51 (d, J = 8.0 Hz, 1H), 4.01 — 3.16 (m, 4H). °F NMR (471 MHz, CDCls) 5 -62.95
(s). *C NMR (126 MHz, CDCl3) & 169.0 (s), 139.0 (s), 139.0 (s), 131.9 (g, J = 32.8 Hz),
127.6 (s), 127.0 (s), 125.8 (g, J = 3.7 Hz), 124.8 (s), 122.7 (s), 120.5 (s), 66.9 (s), 48.2
(s), 42.6 (S). IR: Vae: 1636, 1429, 1319, 1107, 1063, 1012, 841 cm® HRMS (ES+)
[C12H12NO2F3 + H]: calc. 260.0898, found 260.0891. Characterization data is in

accordance with prior reports.?®

4-nitrophenyl(morpholino)methanone (250)

(@]
jone
O,N ©

The title compound was prepared according to General Procedure 3, as a white solid
(149 mg, 63%). MP 91 — 93 °C (EtOAc) *H NMR (400 MHz, CDCls) 5 8.33 — 8.26 (m,
2H), 7.62 — 7.56 (m, 2H), 3.93 —3.27 (m, 8H). 3C NMR (126 MHz, CDCls) 5 168.2, 148.7,
141.6, 128.3, 124.1, 66.9. IR: v... 2868, 1620, 1512, 1441, 1348, 1260, 1107, 835, 723,
546 cm? HRMS (pNSI+) [C1iH1204N, + H]: calc. 237.0870, found 237.0872.

Characterization data is in accordance with prior reports.?
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morpholino(naphthalen-2-yl)methanone (247)

SeRe)

The title compound was prepared according to General Procedure 3, as a white solid
(176 mg, 71%). MP 85 — 88 °C (EtOAc) *H NMR (500 MHz, CDCls) & 7.94 — 7.80 (m,
4H), 7.58 — 7.43 (m, 3H), 4.01 —3.32 (m, 8H). 3C NMR (126 MHz, CDCl:) & 170.5, 133.8,
132.7, 132.6, 128.5, 128.4, 127.9, 127.2, 127.1, 126.8, 124.3, 67.0, 48.4, 42.7. IR:
Ve 1618, 1425, 1298, 1232, 1111, 1028, 872, 810, 750 cm™* HRMS (ES+) [C15H1sNO>
+ H]: calc. 242.1181, found 242.1187. Characterization data is in accordance with prior

reports.28

1-morpholino-2-phenylethan-1-one (259)

O
LD

The title compound was prepared according to General Procedure 3, as a white solid
(153 mg, 74%). MP 45 — 49 °C (EtOAc) *H NMR (500 MHz, CDCl3) 8 7.25 (t, J = 7.4 Hz,
2H), 7.20 — 7.13 (m, 3H), 3.66 (s, 2H), 3.57 (s, 4H), 3.38 (dt, J = 9.1, 3.9 Hz, 4H). 3C
NMR (126 MHz, CDCls) & 169.6, 134.8, 128.8, 128.5, 126.9, 66.8, 66.5, 46.5, 42.2, 40.9.
IR: Ve 2851, 1639, 1433, 1277, 1229, 1111, 1036, 845, 733, 698, 575 cm™ HRMS (El+)
[C12H1sNO3]: calc. 205.1103, found 205.1103. Characterization data is in accordance

with prior reports.2®
1-morpholino-2-(pyridin-3-yl)ethan-1-one (260)

Y 9
N =

b
The title compound was prepared according to General Procedure 3, as a white solid (93
mg, 45%). MP 45 — 47 °C (EtOAc). *H NMR (500 MHz, CDCls) d 8.60 — 8.40 (m, 2H),
7.74 —7.67 (m, 1H), 7.34 (dd, J = 7.8, 4.9 Hz, 1H), 3.73 (s, 2H), 3.66 (dd, J = 10.2, 4.1
Hz, 4H), 3.63 — 3.56 (m, 2H), 3.54 — 3.44 (m, 2H). *3C NMR (126 MHz, CDCl;) 5 168.4,
149.2,147.5,138.0, 131.3, 124.0, 66.9, 66.6, 46.5, 42.4, 37.5. IR: v, 1635, 1436, 1420,
1234, 1224, 1110, 1031, 847, 713, 577 cm® HRMS (El+) [C11H14aN2O, + H]: calc.

207.1134, found 207.1136. Characterization data is in accordance with prior reports.?
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1-morpholino-3-phenylpropan-1-one (261)

0}

Ph/\)LN

_o

The title compound was prepared according to General Procedure 3, as a colourless oil
(172 mg, 79%). *H NMR (500 MHz, CDCl3) & 7.33 — 7.27 (m, 2H), 7.24 — 7.17 (m, 3H),
3.62 (s, 4H), 3.55 — 3.46 (m, 2H), 3.41 — 3.28 (m, 2H), 3.02 — 2.93 (m, 2H), 2.66 — 2.57
(m, 2H). 3C NMR (126 MHz, CDCl3)5171.0, 141.2, 128.7, 128.6, 126.4, 67.0, 66.6, 46.1,
42.1, 34.9, 31.6. IR: v... 1637, 1430, 1270, 1226, 1112, 1024, 751, 699 cm?* HRMS
(ES+) [C13H17NO2 + H]: calc. 220.1318, found 220.1340. Characterization data is in

accordance with prior reports.?®
(2)-1-morpholinooctadec-9-en-1-one (262)

0
z
The title compound was prepared according to General Procedure 3, as a colourless oil
(142 mg, 41%). *H NMR (500 MHz, CDCls) & 5.45 — 5.25 (m, 2H), 3.72 — 3.63 (m, 4H),
3.63 - 3.58 (M, 2H), 3.54 — 3.37 (m, 2H), 2.75 (d, J = 6.6 Hz, 1H), 2.35 — 2.23 (m, 2H),
2.10 — 1.92 (m, 3H), 1.66 — 1.55 (m, 2H), 1.40 — 1.15 (m, 20H), 0.87 (td, J = 6.9, 5.0 Hz,
3H). ¥C NMR (126 MHz, CDCls) & 171.9, 171.9, 171.9, 130.2, 130.0, 130.0, 129.8,
128.1, 127.9, 67.0, 66.7, 46.1, 41.9, 33.2, 33.1, 31.9, 31.9, 31.5, 29.8, 29.7, 29.7, 29.7,
29.7, 29.7, 29.6, 29.5, 29.5, 29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 29.2, 27.2, 27.2, 27.2,
25.6, 25.3, 25.3, 22.7, 22.6, 14.1, 14.1. IR: vm,.: 2922, 2851, 1647, 1456, 1427, 1227,
1115 cm*HRMS (ES+) [C22H41NO2]: calc. 352.3216, found 352.3218. Characterization

data is in accordance with prior reports.?®
3,7-dimethyl-1-morpholinooct-6-en-1-one (264)

Me Me O

mer SA~A
_o

The title compound was prepared according to General Procedure 3, as a colourless oil
(191 mg, 80%). *H NMR (500 MHz, CDCl3) & 5.13 - 5.03 (m, 1H), 3.65 (dt, J = 12.9, 6.7
Hz, 6H), 3.46 (s, 2H), 2.31 (dd, J = 14.5, 5.8 Hz, 1H), 2.12 (dd, J = 14.5, 8.3 Hz, 1H),
1.98 (ddt, J = 12.3, 8.2, 6.2 Hz, 3H), 1.67 (d, J = 1.1 Hz, 3H), 1.60 (s, 3H), 1.43 - 1.33
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(m, 1H), 1.22 (dddd, J = 13.6, 9.2, 8.0, 6.0 Hz, 1H), 0.95 (d, J = 6.6 Hz, 3H). 13C NMR
(126 MHz, CDCI3) ® 171.4, 131.7, 124.5, 67.2, 66.9, 46.4, 42.1, 40.5, 37.2, 30.2, 25.9,
25.6, 20.0, 17.8. IR: v..c 1636, 1457, 1420, 1229, 1114, 1036 cm® HRMS (ES+)
[C14H25NO; + H]: calc. 240.1964, found 240.1965.

1-(4-phenylpiperazin-1-yl)butan-1-one (265)

o}

Me/\)LN/\
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The title compound was prepared according to General Procedure 3, as a colourless oil
(62 mg, 43%). *H NMR (500 MHz, CDCl3) 5 7.28 (dd, J = 8.4, 7.4 Hz, 2H), 6.92 (dd, J =
16.7, 7.8 Hz, 3H), 3.84 — 3.57 (m, 4H), 3.23 — 3.11 (m, 4H), 2.41 — 2.30 (m, 2H), 1.74 —
1.65 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). **C NMR (126 MHz, CDCl3) & 171.6, 151.0, 129.3,
120.5, 116.7, 49.8, 49.5, 45.6, 41.4, 35.3, 18.8, 14.0. IR: v.... 1638, 1597, 1495, 1431,
1207, 1024, 756, 692 cm™* HRMS (El+) [C14H20N2O]: calc. 232.1576, found 232.1572

tert-butyl 2-(morpholine-4-carbonyl)pyrrolidine-1-carboxylate (266)

0
N
NBoc K/})
The title compound was prepared according to General Procedure 3, as a white solid (74
mg, 26%). MP 67 — 71 °C (EtOAc) *H NMR (500 MHz, CDCls) & 4.55 (ddd, J = 12.0, 8.3,
3.0 Hz, 1H), 3.82 — 3.28 (m, 10H), 2.23 — 1.76 (m, 4H), 1.40 (d, J = 22.3 Hz, 9H). 3C
NMR (126 MHz, CDCls) 6 171.2, 171.0, 154.5, 153.9, 79.6, 67.0, 66.6, 56.7, 56.2, 46.8,
46.6, 46.0, 45.7, 42.4, 30.6, 29.8, 28.5, 24.3, 23.6. IR: v... 1683, 1652, 1398, 1364,
1231, 1154, 1112 cm™* HRMS (ES+) [C14H24N204 + Na]: calc. 307.1634, found 307.1636.

[a]o?® =-0.01 (c =1.1 CHCl,). Characterization data is in accordance with prior reports.*
2-(diethylamino)-1-morpholinoethan-1-one (267)

Mej o
Me N AL

_o
The title compound was prepared according to General Procedure 3, as a pale-yellow
oil (164 mg, 82%). *H NMR (500 MHz, CDCls) & 3.66 (dd, J = 8.9, 5.1 Hz, 3H), 3.63 —
3.52 (m, 1H), 3.24 (s, 1H), 2.56 (g, J = 7.1 Hz, 2H), 1.02 (t, J = 7.1 Hz, 3H). *C NMR
(126 MHz, CDCls) 6 169.8, 67.1, 57.4, 47.4, 46.2, 42.3, 11.8. IR: v, 1641, 1436, 1272,
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1233, 1113, 1068, 964, 583 cm* HRMS (EI+) [C10H1sN202 + H]: calc. 199.14410, found
199.1436.

cyclohexyl(morpholino)methanone (263)

SAe)

The title compound was prepared according to General Procedure 3, as a white solid (99
mg, 50%). MP 46 — 48 °C (EtOAc) *H NMR (500 MHz, CDCl3) & 3.87 — 3.26 (m, 8H),
2.40 (tt, J = 11.6, 3.3 Hz, 1H), 1.77 (dd, J = 5.7, 3.8 Hz, 2H), 1.68 (d, J = 13.2 Hz, 3H),
1.58 — 1.42 (m, 2H), 1.22 (dd, J = 12.2, 5.5 Hz, 3H).*C NMR (126 MHz, CDCl3) & 174.8,
67.0, 46.0, 42.0, 40.3, 29.4, 25.9, 25.9. IR: v... 1629, 1424, 1213, 1116, 1014, 865 cm"
1 HRMS (ES+) [C11H19NO3]: calc. 197.14103, found 197.1409. Characterization data is

in accordance with prior reports.3!

1-morpholino-2-(2-hydroxyphenyl)ethan-1-one (271)

LY
The title compound was prepared according to General Procedure 3, as a white solid
(162 mg, 73%). MP 100 — 103 °C (EtOAc) 'H NMR (500 MHz, CDCl3) & 9.51 (s, 1H),
7.19 (td, J = 8.0, 1.6 Hz, 1H), 7.03 — 6.94 (m, 2H), 6.83 (td, J = 7.4, 1.1 Hz, 1H), 3.74 (s,
2H), 3.72 - 3.62 (m, 8H). *C NMR (126 MHz, CDCl3) 5 171.8, 157.0, 130.2, 129.3, 120.7,
120.4, 118.4, 66.7, 66.6, 47.3, 42.6, 36.4. IR: v... 2980, 1483, 1387, 1250, 1109, 968,
847, 756, 692, 592 cm® HRMS (EI+) [Ci2H1sNOs]: calc. 221.1052, found 221.1056.

Characterization data is in accordance with prior reports.32
(E)-1-morpholino-3-phenylprop-2-en-1-one (268)

O

Ph/\)LN

_o

The title compound was prepared according to General Procedure 3, as a white solid
(206 mg, 95%). mp 74 — 76 °C (EtOAc). *H NMR (500 MHz, CDCls) 8 7.70 (d, J = 15.4
Hz, 1H), 7.56 — 7.48 (m, 2H), 7.41 — 7.32 (m, 3H), 6.84 (d, J = 15.4 Hz, 1H), 3.71 (dd, J
= 16.9, 14.8 Hz, 8H). *3C NMR (126 MHz, CDCls) d 165.7, 143.3, 135.3, 129.9, 129.0,
127.9, 116.7, 67.0, 46.4, 42.6. IR: v... 1653, 1596, 1456, 1227, 1116, 1044, 972, 763,
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703 cm™* HRMS (ES+) [CisH1sN2 + H]: calc. 218.1181, found 218.1181. Characterization

data is in accordance with prior reports.?®

cyclohex-1-en-1-yl(morpholino)methanone (269)

SAo)

The title compound was prepared according to General Procedure 3, as a colourless oil
(68 mg, 35%). *H NMR (500 MHz, CDCl3) 6 5.81 (tt, J = 3.7, 1.8 Hz, 1H), 3.75 — 3.46 (m,
8H), 2.22 — 2.15 (m, 2H), 2.13 — 2.06 (m, 2H), 1.73 — 1.66 (m, 2H), 1.66 — 1.59 (m, 2H).
13C NMR (126 MHz, CDCls5) & 172.1, 134.0, 128.4, 67.2, 26.1, 24.8, 22.2, 21.7. IR:
Ve 1616, 1424, 1276, 1244, 1112, 1008 cm™* HRMS (ES+) [C11H17NO3]: calc. 196.1338,

found 196.1339. Characterization data is in accordance with prior reports.2®

phenyl(4-phenylpiperazin-1-yl)methanone (220)

0
Ph)j\r\{)
N-ph

The title compound was prepared according to General Procedure 3, as a white solid
(261 mg, 98%). MP 75 — 78 °C (EtOAc) *H NMR (500 MHz, CDClz) d 7.36 (s, 5H), 7.21
(dd, J = 14.6, 6.8 Hz, 2H), 6.85 (dd, J = 15.0, 7.6 Hz, 3H), 3.70 (d, J = 171.2 Hz, 4H),
3.12 (d, J = 60.5 Hz, 4H). *C NMR (126 MHz, CDCls) & 170.6, 151.1, 135.8, 130.0,
129.4,128.7, 127.3,120.8, 116.9. IR: v..: 1599, 1495, 1431, 1231, 1153, 1013, 694 cm"
1 HRMS (El+) [C17H18N2Q]: calc. 266.1419, found 266.1425. Characterization data is in

accordance with prior reports.?

tert-butyl 4-benzoylpiperazine-1-carboxylate (221)

(0]
Ph)LN
NG

“Boc

The title compound was prepared according to General Procedure 3, as a white solid
(284 mg, 98%). MP 91 — 94 °C (EtOAc) *H NMR (500 MHz, CDCls) & 7.38 — 7.30 (m,
1H), 3.51 (d, J = 165.0 Hz, 2H), 1.41 (s, 2H). 3C NMR (126 MHz, CDCls) 5 170.6, 154.6,
135.5, 129.9, 128.6, 127.1, 80.4, 47.5, 43.8, 42.1, 28.4. IR: v, 1690, 1620, 1427, 1287,

202



Chapter 6 — Supporting Information

1242, 1119, 710, 540 cm™ HRMS (ES+) [CisH22N203 + H]: calc. 291.1709, found

291.1702. Characterization data is in accordance with prior reports.?®

phenyl(piperidin-1-yl)methanone (222)

Ph)L I\O

The title compound was prepared according to General Procedure 3, as a white solid
(159 mg, 79%). MP 29 — 32 °C (EtOAc) *H NMR (500 MHz, CDCls) 5 7.38 (s, 5H), 3.70
(s, 2H), 3.33 (s, 2H), 1.82 — 1.43 (m, 6H). *C NMR (126 MHz, CDCl3) & 170.3, 136.6,
129.3,128.4, 126.8, 48.8, 43.1, 26.6, 25.7, 24.6. IR: v 2933, 1614, 1429, 1275, 1256,
1111, 1001, 793, 708 cm® HRMS (pNSI+) [C12HisNO + HJ: calc. 190.1226, found
190.1225. Characterization data is in accordance with prior reports.

phenyl(pyrrolidin-1-yl)methanone (223)

The title compound was prepared according to General Procedure 3, as a colourless oil
(122 mg, 69%). *H NMR (500 MHz, CDCl3) & 7.54 — 7.47 (m, 2H), 7.43 — 7.34 (m, 3H),
3.65 (t, J= 7.0 Hz, 2H), 3.42 (t, J = 6.6 Hz, 2H), 1.99 — 1.92 (m, 2H), 1.86 (p, J = 6.6 Hz,
2H). C NMR (126 MHz, CDCls) 6 169.9, 137.4, 129.9, 128.4, 127.2, 49.7, 46.3, 26.5,
24.6. IR: Voo 2874, 1614, 1574, 1447, 1339, 793, 719, 660 cm™* HRMS (EI+) [C11H13NO]:
calc. 175.0997, found 175.0996. Characterization data is in accordance with prior

reports.2®

azepan-1-yl(phenyl)methanone (224)

JLQ

The title compound was prepared according to General Procedure 3, as a colourless oil
(106 mg, 52%). *H NMR (500 MHz, CDCls) & 7.37 (q, J = 2.8 Hz, 5H), 3.78 — 3.60 (m,
2H), 3.36 (t, J = 5.7 Hz, 2H), 1.84 (dt, J = 11.9, 5.9 Hz, 2H), 1.61 (ddd, J = 13.9, 10.3,
5.6 Hz, 6H). 1*C NMR (126 MHz, CDCls) 6 171.7, 137.5, 129.1, 128.5, 126.6, 49.9, 46.4,
29.7, 28.0, 27.4, 26.6. IR: v... 1622, 1420, 1304, 1281, 702, 631 cm™ HRMS (ES+)
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[C13H17NO + H]: calc. 204.1388, found 204.1382. Characterization data is in accordance

with prior reports.?®

(3,4-dihydroquinolin-1(2H)-yl)(phenyl)methanone (225)

)
Ph)l\@

The title compound was prepared according to General Procedure 3, as a white solid
(144 mg, 61%). MP 116 — 119 °C (EtOAc) *H NMR (500 MHz, CDCls) & 7.39 — 7.31 (m,
3H), 7.27 (t, J = 7.4 Hz, 2H), 7.15 (dd, J = 7.5, 0.7 Hz, 1H), 6.99 (td, J = 7.5, 1.1 Hz, 1H),
6.90 — 6.82 (m, 1H), 3.91 (t, J = 6.5 Hz, 2H), 2.85 (t, J = 6.6 Hz, 2H), 2.05 (p, J = 6.6 Hz,
2H). 3C NMR (126 MHz, CDCIls) & 170.3, 139.4, 136.3, 131.6, 130.1, 128.6, 128.4,
128.1, 125.7, 125.5, 124.6, 44.5, 27.0, 24.2. IR: v..: 2361, 1636, 1489, 1375, 1146,
1067, 758, 702 cm?® HRMS (El+) [Ci6HisNOJ]: calc. 237.1154, found 237.1158.
Characterization data is in accordance with prior reports.?

N-benzyl-N-methylbenzamide (226)

0]

Ph)LN/\Ph

Me

The title compound was prepared according to General Procedure 3, as a yellow oil (110
mg, 49%). 'H NMR (500 MHz, CDClz) & 7.55 — 7.27 (m, 9H), 7.17 (d, J = 6.0 Hz, 1H),
4.64 (d, J =125.3 Hz, 2H), 2.95 (d, J = 84.6 Hz, 3H). *3C NMR (126 MHz, CDCl3) d 172.5,
171.7,137.2,136.7,136.4, 136.3, 129.8, 129.0, 128.9, 128.6, 128.5, 128.3, 127.7, 127.7,
127.1, 126.9, 55.3, 50.9, 37.2, 33.3. IR: v.. 1626, 1445, 1396, 1261, 1067, 1026, 716,
694 cm*HRMS (ES+) [C1sH1sNO + HJ: calc. 226.1232, found 226.1223. Characterization

data is in accordance with prior reports.?®

N,N-diethylbenzamide (227)

o}

The title compound was prepared according to General Procedure 3, as a colourless oil
(144 mg, 81%). 'H NMR (500 MHz, CDCls) 5 7.45 — 7.30 (m, 5H), 3.40 (d, J = 148.1 Hz,
4H), 1.17 (d, J = 73.1 Hz, 6H). 13C NMR (126 MHz, CDCls) & 171.4, 137.5, 129.2, 128.5,
126.4,43.4,39.3,14.3, 13.1. IR: v« 1624, 1425, 1286, 1096, 785, 703 cm*HRMS (Es+)
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[C10H13NO + HJ: calc. 164.1075, found 164.1075. Characterization data is in accordance

with prior reports.?

N-methyl-N-phenylbenzamide (228)

The title compound was prepared according to General Procedure 3, as a white solid
(135 mg, 64%). MP 56 — 58 °C (EtOAc) *H NMR (500 MHz, CDCls) & 7.29 (d, J = 7.6 Hz,
2H), 7.25 — 7.18 (m, 3H), 7.18 — 7.08 (m, 3H), 7.03 (d, J = 7.8 Hz, 2H), 3.50 (s, 3H). 13C
NMR (126 MHz, CDCI3) 6 170.8, 145.0, 136.0, 129.7, 129.3, 128.8, 127.8, 127.0, 126.6,
38.5. IR: vmae 1639, 1593, 1493, 1360, 1302, 1281, 1103, 768, 725, 694, 654, 577 cm™
HRMS (ES+) [C14H13NO + H]: calc. 212.1075, found 212.1075. Characterization data is

in accordance with prior reports.?8
N-(1-phenylethyl)benzamide (229)
O Me

AKX

H

Ph Ph

The title compound was prepared according to General Procedure 3, as a white solid (50
mg, 22%). MP 104 — 106 °C (EtOAc) *H NMR (500 MHz, CDCls) 5 7.69 (d, J = 7.1 Hz,
2H), 7.43 — 7.37 (M, 1H), 7.35 — 7.24 (m, 6H), 7.22 — 7.17 (m, 1H), 6.45 — 6.25 (m, 1H),
5.26 (p, J = 7.0 Hz, 1H), 1.52 (d, J = 6.9 Hz, 3H). 3C NMR (126 MHz, CDCls) & 166.7,
143.3, 134.7, 131.6, 128.9, 128.7, 127.6, 127.1, 126.4, 49.3, 21.8. IR: v..: 3287, 1632,
1516, 1489, 1321, 1211, 1147, 1092, 758, 698, 631, 552 cm™ HRMS (EI+) [C15H1sNO]:
calc. 225.1154, found 225.1146. Characterization data is in accordance with prior

reports.
N-isopropylbenzamide (230)

O Me

Ph)L”)\Me

The title compound was prepared according to General Procedure 3, as a white solid (66
mg, 41%). MP 84 — 87 °C (EtOAc)*H NMR (500 MHz, CDCl3) 8 7.74 (d, J = 7.0 Hz, 2H),
7.47 —7.41 (m, 1H), 7.37 (t, J = 7.5 Hz, 2H), 6.18 (s, 1H), 4.30 — 4.21 (m, 1H), 1.23 (d,
J = 6.6 Hz, 6H). *3C NMR (126 MHz, CDCls) & 166.7, 135.0, 131.3, 128.5, 126.8, 41.9,
22.9. IR: vme: 3294, 1628, 1531, 1346, 1288, 1169, 692 cm™* HRMS (El+) [C10H13NO]:
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calc. 163.0997, found 163.0998. Characterization data is in accordance with prior

reports.?®

N-hexylbenzamide (231)

@)

Ph)LH/\H}Me

The title compound was prepared according to General Procedure 3, as a colourless oil
(122 mg, 59%). 'H NMR (500 MHz, CDCls) 5 7.78 — 7.74 (m, 2H), 7.51 — 7.46 (m, 1H),
7.44 — 7.40 (m, 2H), 6.27 — 6.03 (bs, 1H), 3.45 (td, J = 7.2, 5.8 Hz, 2H), 1.68 — 1.55 (m,
2H), 1.44 — 1.27 (m, 6H), 0.97 — 0.84 (m, 3H). 3C NMR (126 MHz, CDCI3) 5 167.64,
135.04, 131.44, 128.7, 127.0, 40.3, 31.7, 29.8, 26.8, 22.7, 14.2. IR: v..: 3312, 2926,
1634, 1539, 1489, 694 cm™* HRMS (EI+) [C13H19NO]: calc. 205.1467, found 205.1471.
Characterization data is in accordance with prior reports.?

N-(4,4-diethoxybutyl)benzamide (232)

0
Ph)L”/\/\rOEt
OEt

The title compound was prepared according to General Procedure 3, as a colourless oil
(127 mg, 48%,). *H NMR (500 MHz, CDCls) 5 7.78 — 7.74 (m, 2H), 7.51 — 7.46 (m, 1H),
7.44 —7.39 (m, 2H), 6.42 (bs, 1H), 4.59 — 4.47 (m, 1H), 3.72 — 3.60 (m, 2H), 3.56 — 3.43
(m, 4H), 1.79 — 1.67 (m, 4H), 1.20 (dd, J = 8.8, 5.4 Hz, 6H). 3C NMR (126 MHz, CDCls)
0 167.6, 135.0, 131.4, 128.7, 127, 102.9, 61.7, 39.9, 31.2, 24.7, 15.5. IR: Vi 2972,
1636, 1541, 1125, 1057, 694, 403 cm™ HRMS (EI+) [C1sH23NO3 + Na]: calc. 288.1576,
found 288.1585. Characterization data is in accordance with prior reports.3*

N-(2-morpholinoethyl)benzamide (233)

O O

Ph)LH/\/N\)

The title compound was prepared according to General Procedure 3, as a white solid
(201 mg, 85%). MP 116 — 119 °C (CH.Cl,) *H NMR (500 MHz, CDCl3) 5 7.82 - 7.72 (m,
2H), 7.54 — 7.39 (m, 3H), 6.77 (s, 1H), 3.76 — 3.68 (m, 4H), 3.56 (dd, J = 11.2, 5.7 Hz,
2H), 2.60 (t, J = 6.0 Hz, 2H), 2.51 (s, 4H). 3C NMR (126 MHz, CDCls) 5 167.5, 134.8,
131.5,128.7,127.0, 67.2, 57.0, 53.5, 36.2. IR: v..... 3296, 2361, 1638, 1458, 1115, 1009,
862, 694 cm?! HRMS (El+) [CisH1sN2O, + H]: calc. 235.1477, found 235.1451.

Characterization data is in accordance with prior reports.®
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N-(4-fluorobenzyl)benzamide (234)

The title compound was prepared according to General Procedure 3, as a white solid
(130 mg, 57%). MP 102 — 104 °C (EtOAc) *H NMR (500 MHz, CDCls) 8 7.81 — 7.77 (m,
2H), 7.54 — 7.49 (m, 1H), 7.46 — 7.41 (m, 2H), 7.36 — 7.31 (m, 2H), 7.07 — 7.01 (m, 2H),
6.39 (bs, 1H), 4.62 (d, J = 5.7 Hz, 2H). 3C NMR (126 MHz, CDCls) 5 167.5, 162.4 (d, J
= 246.0 Hz), 134.4, 134.2 (d, J = 3.3 Hz), 131.8, 129.8 (d, J = 8.1 Hz), 128.8, 127.1,
115.8 (d, J = 21.5 Hz), 43.6. °F NMR (471 MHz, CDCls) & -114.76 — -114.85 (m). IR:
Ve 3291, 3069, 2930, 1636, 1545, 1508, 1219, 843, 802, 691, 492 cm™* HRMS (EI+)
[C14H12NOF]: calc 229.0903, found 229.0903. Characterization data is in accordance

with prior reports.3¢

N-mesitylbenzamide (236)

el
Ph)LN
H

Me

Me

The title compound was prepared according to General Procedure 3, as a white solid (65
mg, 27%). MP 187 — 189 °C (EtOAc) *H NMR (500 MHz, CDCl3) & 7.94 — 7.90 (m, 2H),
7.59 — 7.54 (m, 1H), 7.53 — 7.48 (m, 2H), 6.95 (s, 2H), 2.30 (s, 3H), 2.25 (s, 6H). *C
NMR (126 MHz, CDCls) 6 166.2, 137.3, 135.4, 134.8, 131.9, 131.3, 129.2, 128.9, 127.3,
21.1, 18.6. IR: v, 3267, 2916, 1638, 1514, 1487, 1294, 851, 710, 667 cm™* HRMS (El+)
[C16H17NO]: calc. 239.1310, found 239.1313. Characterization data is in accordance with

prior reports.®’
N-(5-methoxypyridin-2-yl)benzamide (237)

OMe

The title compound was prepared according to General Procedure 3, as a white solid (82
mg, 36%). MP 86 — 88 "C (EtOAc) *H NMR (500 MHz, CDCls) 6 8.68 (s, 1H), 8.35-8.24
(m, 1H), 7.93 - 7.78 (m, 3H), 7.54 — 7.37 (m, 3H), 7.26 (dd, J = 5.7, 3.1 Hz, 1H), 3.79 (d,
J =5.0 Hz, 3H). *C NMR (126 MHz, CDCls) d 165.4, 153.1, 145.3, 134.4, 134.0, 132.3,
129.0,127.3, 124.1, 114.9, 56.1. IR: v.... 3318, 1669, 1533, 1401, 1255, 1035, 834, 711,
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693 cm?® HRMS (ES+) [CisH12N2O, + H]: calc. 229.0977, found 229.0976.

Characterization data is in accordance with prior reports.®

N-(4-ethoxyphenyl)benzamide (238)

o /©/0Et
Ph)LN

H

The title compound was prepared according to General Procedure 3, as a brown solid
(189 mg, 79%). MP 155 — 157 °C (EtOAc) *H NMR (500 MHz, CDCls) & 7.86 (d, J = 7.4
Hz, 2H), 7.78 (s, 1H), 7.50 (dq, J = 15.0, 7.4 Hz, 5H), 6.89 (d, J = 8.9 Hz, 2H), 4.03 (g, J
= 7.0 Hz, 2H), 1.41 (t, J = 7.0 Hz, 3H). 3C NMR (126 MHz, CDCl3) 5 165.7, 156.2, 135.2,
131.8, 131.0, 128.9, 127.1, 122.2, 115.0, 63.9, 15.0. IR: v..: 3269, 2361, 1639, 1508,
1298, 1233, 1115, 692 cm* HRMS (EI+) [C1sH1sNO,]: calc. 241.1103, found 241.1103.
Characterization data is in accordance with prior reports.*

N-(4-methoxyphenyl)benzamide (239)

o J@/OMe
Ph)LN
H

The title compound was prepared according to General Procedure 3, as a tan solid (102
mg, 45%). MP 144 — 146 °C (EtOAc) *H NMR (500 MHz, CDClz) & 7.86 (d, J = 7.5 Hz,
2H), 7.72 (s, 1H), 7.59 — 7.51 (m, 3H), 7.49 (t, J = 7.4 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H),
3.82 (s, 3H). 3C NMR (126 MHz, CDCls) & 165.7, 156.8, 135.2, 131.9, 131.1, 128.9,
127.1, 122.2, 114.4, 55.7. IR: vn. 3329, 1645, 1507, 1458, 1186, 1031, 822, 692 cm™
HRMS(ES+) [C14H13NO:> + H]: calc. 228.1025, found 228.1024. Characterization data is

in accordance with prior reports.?®

N-(o-tolyl)benzamide (240)

The title compound was prepared according to General Procedure 3, as a white solid
(116 mg, 55%). MP 132 — 134 °C (EtOAc) *H NMR (500 MHz, CDCl3) 6 7.97 (d, J = 8.0
Hz, 1H), 7.90 (d, J = 7.6 Hz, 2H), 7.66 (s, 1H), 7.57 (t, J = 7.3 Hz, 1H), 7.51 (t, J = 7.5
Hz, 2H), 7.32 — 7.19 (m, 3H), 7.13 (t, J = 7.5 Hz, 1H), 2.35 (s, 3H). 1*C NMR (126 MHz,
CDCIz) © 165.6, 135.8, 135.1, 131.9, 130.6, 129.1, 128.9, 127.1, 127.0, 125.4, 123.0,
17.8. IR: vn. 3232, 1647, 1521, 1486, 1309, 909, 746, 715, 691 cm™ HRMS (ES+)
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[C14H13NO + HJ: calc. 212.1075, found 212.1072. Characterization data is in accordance

with prior reports.?®

N-(2,6-dimethylphenyl)benzamide (241)

oMe
Ph)LH;?

The title compound was prepared according to General Procedure 3, as white solid (63
mg, 28%). MP 144 — 146 °C (EtOAc) *H NMR (500 MHz, CDCl3) & 7.99 — 7.87 (m, 2H),
7.58 (dd, J = 8.4, 6.4 Hz, 1H), 7.51 (t, J = 7.5 Hz, 2H), 7.38 (s, 1H), 7.18 — 7.09 (m, 3H),
2.29 (s, 6H). 3C NMR (126 MHz, CDCIls) & 166.0, 135.7, 134.7, 134.0, 132.0, 128.9,
128.5, 127.6, 127.4, 18.7. IR: v.. 3281, 1643, 1517, 1472, 1296, 1281, 1211, 764, 687,
651 cm*HRMS (ES+) [C1sH1sNO + HJ: calc. 226.1232, found 226.1239. Characterization

data is in accordance with prior reports.?

N-(6-methoxypyridin-3-yl)benzamide (242)

The title compound was prepared according to General Procedure 3, as a colourless
crystals (25 mg, 11%). MP 129 — 131 °C (EtOAc) *H NMR (500 MHz, CDCl;) & 8.28 (d,
J=2.6 Hz, 1H), 8.05 (dd, J = 8.9, 2.6 Hz, 1H), 7.93 (s, 1H), 7.90 — 7.80 (m, 2H), 7.59 —
7.51 (m, 1H), 7.48 (tt, J = 6.7, 1.4 Hz, 2H), 6.77 (d, J = 8.9 Hz, 1H), 3.94 (s, 3H). *C
NMR (126 MHz, CDCls) 6 166.2, 161.3, 139.0, 134.5, 133.1, 132.2, 129.0, 128.8, 127.3,
110.9, 53.9. IR: v..... 3313, 1645, 1520, 1516, 1275, 1028, 825, 718, 691, 664 cm*HRMS
(ES+) [Ci3H12N202 + H]: calc. 229.0977, found 229.0977. Characterization data is in

accordance with prior reports.*°

N-(p-tolyl)benzamide (243)

oM
Ph)LN
H

The title compound was prepared according to General Procedure 3, as a white solid
(104 mg, 49%). MP 141 — 143 *C (EtOAc) 'H NMR (500 MHz, CDCl3) 5 7.86 (dd, J = 5.2,
3.3 Hz, 2H), 7.77 (s, 1H), 7.58 — 7.50 (m, 3H), 7.50 — 7.46 (m, 2H), 7.18 (d, J = 8.1 Hz,
2H), 2.34 (s, 3H). **C NMR (126 MHz, CDCls) 5 165.8, 135.5, 135.3, 134.4, 131.9, 129.7,
128.9, 127.1, 120.4, 21.1. IR: v... 3309, 1645, 1511, 1404, 1317, 1266, 812, 692 cm
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HRMS (ES+) [C14H13NO + HJ: calc. 212.1075, found 212.1076. Characterization data is

in accordance with prior reports.?8

morpholino(pyridin-3-yl)methanone (256)

]
O
N7 ©

The title compound was prepared according to General Procedure 3, as a pale-yellow
oil (88 mg, 35%). *H NMR (500 MHz, CDCls) & 8.78 — 8.61 (m, 2H), 7.79 (ddd, J = 7.8,
2.2, 1.7 Hz, 1H), 7.40 (ddd, J = 7.8, 4.9, 0.9 Hz, 1H), 4.05 — 3.19 (m, 7H). 3C NMR (126
MHz, CDCIs) 6 167.8, 151.0, 148.0, 135.2, 131.2, 123.6, 66.8, 48.3, 42.7. IR: v, 1624,
1588, 1431, 1411, 1278, 1261, 1110, 1010, 821, 709 cm* HRMS (ES+) [C10H12N20: +
H]: calc. 193.0977, found 193.0972. Characterization data is in accordance with prior

reports.28

morpholino(pyrazin-2-yl)methanone (257)

o}
S8
N

The title compound was prepared according to General Procedure 3, as a pale-yellow
oil (85 mg, 44%). 'H NMR (500 MHz, CDCls) & 8.97 (d, J = 1.4 Hz, 1H), 8.64 (d, J=2.5
Hz, 1H), 8.53 (dd, J = 2.5, 1.5 Hz, 1H), 3.82 (d, J = 1.9 Hz, 4H), 3.69 (td, J = 4.2, 1.3 Hz,
4H). *C NMR (126 MHz, CDCls) 6 165.2, 149.0, 146.1, 145.6, 142.6, 67.1, 66.9, 47.8,
43.0. IR: vn.. 1627, 1438, 1393, 1283, 1178, 1111, 1017, 841 cm? HRMS (ES+)

[CoH11N3O2 + HJ: calc. 194.0930, found 194.0935. Characterization data is in accordance

with prior reports.*

morpholino(pyridin-2-yl)methanone (258)

o}
@\I)LN/\O
Z

The title compound was prepared according to General Procedure 3, as a pale yellow
crystals (67 mg, 35%). MP 55 — 57 °C (EtOAc) *H NMR (500 MHz, CDCls) & 8.52 (ddd,
J=4.8,1.7,0.9 Hz, 1H), 7.75 (td, J = 7.7, 1.7 Hz, 1H), 7.62 (dt, J = 7.8, 1.1 Hz, 1H), 7.30
(ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 3.84 — 3.70 (m, 4H), 3.61 (td, J = 8.6, 3.8 Hz, 4H). *C
NMR (126 MHz, CDCls) & 167.5, 153.6, 148.3, 137.2, 124.7, 124.1, 67.0, 66.8, 47.7,

210



Chapter 6 — Supporting Information

42.8. IR: v 1623, 1565, 1457, 1424, 1281, 1267, 1110, 1022, 809, 754, 730, 700, 619
cm? HRMS (ES+) [C10H12N20; + H]: calc. 193.0977, found 193.0975. Characterization
data is in accordance with prior reports.3!

(2-methylfuran-3-yl)(morpholino)methanone (252)

Me 0
= N
OQ)L 3

The title compound was prepared according to General Procedure 3, as a pale yellow
solid (164 mg, 84%). MP 81 — 83 °C (EtOAc) *H NMR (500 MHz, CDCl3) 8 7.26 (d, J =
1.7 Hz, 1H), 6.33 (d, J = 2.0 Hz, 1H), 3.68 (d, J = 19.3 Hz, 8H), 2.39 (s, 3H). *C NMR
(126 MHz, CDCI3) & 165.0, 153.5, 140.2, 115.0, 109.9, 66.7, 47.4, 42.3, 12.7. IR:
Ve 1621, 1517, 1432, 1267, 1106, 1006, 835, 757, 583 cm™ HRMS (ES+) [C10H13NO3
+ HJ: calc. 196.0974, found 194.0975. Characterization data is in accordance with prior

reports.
morpholino(thiophen-2-yl)methanone (253)

(@]
Sy
\ | (o

The title compound was prepared according to General Procedure 3, as a pale yellow oil
(158 mg, 80%). *H NMR (500 MHz, CDCls) & 7.46 (dd, J = 5.0, 1.1 Hz, 1H), 7.29 (dd, J
= 3.6, 1.1 Hz, 1H), 7.05 (dd, J = 5.0, 3.6 Hz, 1H), 3.83 — 3.65 (m, 8H). *C NMR (126
MHz, CDCls) 6 163.8, 136.7, 129.1, 129.0, 126.9, 67.0, 46.0. IR: V... 1607, 1522, 1429,
1270, 1251, 1111, 999, 823, 734, 714 cm? HRMS (ES+) [CoH11:NO,.S + H]: calc.
198.0589, found 194.0590. Characterization data is in accordance with prior reports.2®

morpholino(thiophen-3-yl)methanone (254)

0
XY N
SQ)L _o

The title compound was prepared according to General Procedure 3, as a pale yellow oil
(150 mg, 76%). 'H NMR (500 MHz, CDCls) & 7.52 (dd, J = 3.0, 1.3 Hz, 1H), 7.35 (dd, J
= 5.0, 3.0 Hz, 1H), 7.18 (dd, J = 5.0, 1.3 Hz, 1H), 3.70 (s, 8H). 3C NMR (126 MHz,
CDCls) 6 165.8, 135.9, 127.0, 126.7, 126.2, 66.9, 48.1, 42.9. IR: v.... 1616, 1522, 1428,
1273, 1250, 1110, 1024, 950, 838, 737, 582 cm™* HRMS (ES+) [CsH11NO,S + H]: calc.

198.0589, found 194.0589. Characterization data is in accordance with prior reports.2°
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benzofuran-2-yl(morpholino)methanone (255)

aige

The title compound was prepared according to General Procedure 3, as a white solid
(111 mg, 48%). MP 84 — 86 "C (EtOAc) *H NMR (500 MHz, CDCls) & 7.66 (ddd, J =7.8,
1.3,0.7 Hz, 1H), 7.52 (ddd, J = 8.4, 1.7, 0.9 Hz, 1H), 7.41 (ddd, J =8.4, 7.2, 1.3 Hz, 1H),
7.35 (d, J = 1.0 Hz, 1H), 7.33 — 7.27 (m, 1H), 4.20 — 3.57 (m, 8H). 3C NMR (126 MHz,
CDCls) 6 159.8, 154.6, 148.8, 126.9, 126.7, 123.7, 122.3, 112.5, 111.9, 67.0, 47.3, 43.4.
IR: Vme: 1610, 1565, 1425, 1287, 1179, 1107, 1020, 949, 837, 745 cm™* HRMS (ES+)
[C13H13NO3 + HJ: calc. 232.0974, found 232.0973. Characterization data is in accordance
with prior reports.2®

N-propylbenzamide (235)

0
h)LH/\/Me

P

The title compound was prepared according to General Procedure 3, as colourless
crystals (118 mg, 72%). MP 132 — 134 °C (EtOAc) 'H NMR (500 MHz, CDCls) 5 7.80 —
7.71 (m, 2H), 7.52 — 7.45 (m, 1H), 7.45 — 7.39 (m, 2H), 6.18 (s, 1H), 3.48 — 3.38 (m, 2H),
1.70 — 1.58 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). 1*C NMR (126 MHz, CDCls) 8 167.7, 135.0,
131.4,128.7, 127.0, 41.9, 23.1, 11.6. IR: v... 3300, 2982, 1635, 1545, 1315, 1150, 694
cm* HRMS (Es+) [Ci0H1sNO + HJ: calc. 164.1075, found 164.1075. Characterization

data is in accordance with prior reports.*?
4-chloro-N-(2-morpholinoethyl)benzamide/Moclobemide (213)

O O
/@)LN/\/N\)
H

Cl

The title compound was prepared according to General Procedure 3, as a white solid
(246 mg, 92%). MP 125 — 128 °C (Et.O) 'H NMR (500 MHz, CDCl3) 5 7.71 (d, J = 8.5
Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 6.73 (s, 1H), 3.79 — 3.66 (m, 4H), 3.54 (dd, J = 11.2,
5.6 Hz, 2H), 2.60 (t, J = 6.0 Hz, 2H), 2.56 — 2.43 (m, 4H). 3C NMR (126 MHz, CDCl3) &
166.3, 137.7, 133.0, 128.9, 128.4, 67.0, 56.8, 53.3, 36.1. IR: v..: 3275, 1634, 1541,
1310, 1117, 1009, 864, 727, 687, 525 cm™* HRMS (El+) [C13H17N20.Cl + H]: calc.

269.1057, found 269.1062. Characterization data is in accordance with prior reports.*3
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N,N-diethylnicotinamide/Coramine (272)

The title compound was prepared according to General Procedure 3, as a colourless oil
(111 mg, 62%). 'H NMR (500 MHz, CDCls) & 8.64 (d, J = 2.8 Hz, 2H), 7.73 (ddd, J = 7.8,
2.2, 1.7 Hz, 1H), 7.35 (ddd, J = 7.8, 4.9, 0.9 Hz, 1H), 3.41 (d, J = 144.1 Hz, 4H), 1.19 (d,
J=58.7 Hz, 6H). *3C NMR (126 MHz, CDCls) d 168.6, 150.3, 147.2, 134.6, 133.2, 123.6,
43.6, 39.7, 14.4, 13.0. IR: v.a: 1622, 1588, 1431, 1411, 1289, 1100, 1026, 725, 709 cm"
1. HRMS (ES+) [C10H14N20 + H] calc. 179.1184 found 179.1193. Characterization data

is in accordance with prior reports.*

2-methyl-N-phenylfuran-3-carboxamide/Fenfuram (274)

The title compound was prepared according to General Procedure 3, as white solid (139
mg, 69%). MP 97 — 99 "C (EtOAc) *H NMR (500 MHz, CDCls) & 7.57 (dd, J = 8.6, 1.0
Hz, 2H), 7.40 — 7.32 (m, 3H), 7.31 (d, J = 2.1 Hz, 1H), 7.13 (it, J = 7.7, 1.1 Hz, 1H), 6.53
(d, J = 2.0 Hz, 1H), 2.64 (s, 3H). *C NMR (126 MHz, CDCls) d 162.0, 158.0, 140.6,
137.8, 129.1, 124.4, 120.2, 115.8, 108.1, 13.6. IR: v... 3316, 1640, 1597, 1517, 1442,
1327, 1226, 1098, 898, 741, 686, 667, 600, 583 cm™. HRMS (ES+) [C12H1:NO- + H] calc.

202.0868 found 202.0875. Characterization data is in accordance with prior reports.?®
2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide/Lidocaine (273)

Me o Me

Me N AL
H Me

The title compound was prepared according to General Procedure 3, as a white solid
(136 mg, 58%). MP 62 — 64 °C (EtOAc) *H NMR (500 MHz, CDClz) 5 8.91 (s, 1H), 7.13
—7.05 (m, 1H), 3.22 (s, 2H), 2.69 (q, J = 7.1 Hz, 4H), 2.23 (s, 6H), 1.14 (t, J = 7.1 Hz,
6H). 3C NMR (126 MHz, CDCl3) 8 170.4, 135.2, 134.1, 128.4, 127.2, 57.7, 49.1, 18.7,
12.8. IR: v 684, 704, 764, 962, 1024, 1069, 1096, 1113, 1267, 1286, 1312, 1371,
1422, 1449, 1464, 1489, 1663, 1707, 2924, 2939, 2953 cm™. HRMS (ES+) [C14H23N20]
calc. 235.1810 found 235.1808. Characterization data is in accordance with prior

reports.*®
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N-(2-morpholinoethyl)benzofuran-2-carboxamide (275)

o) (\o
O:’ /U\N/\/ N
H

The title compound was prepared according to General Procedure 3, as a white solid
(129 mg, 47%). MP 70 — 72 °C (EtOAc) *H NMR (500 MHz, CDCl3) & 7.67 (ddd, J=7.8,
1.3, 0.7 Hz, 1H), 7.56 — 7.50 (m, 1H), 7.47 (d, J = 0.9 Hz, 1H), 7.42 (ddd, J = 8.4, 7.2,
1.3 Hz, 1H), 7.30 (ddd, J = 8.1, 7.3, 1.0 Hz, 1H), 7.16 (s, 1H), 3.84 — 3.69 (m, 4H), 3.60
(dd, J = 11.6, 5.8 Hz, 2H), 2.64 (t, J = 6.0 Hz, 2H), 2.55 (s, 4H). *C NMR (126 MHz,
CDClIs) 6 159.1, 154.9, 149.0, 127.8, 126.9, 123.8, 122.9, 111.9, 110.4, 67.1, 57.1, 53.5,
35.7. IR: Voo 3312, 1647, 1516, 1446, 1294, 1119, 1010, 838, 742, 668, 632 cm™.
HRMS (ES+) [CisH17N2O3] calc. 275.1396 found 275.1399.

Large Scale preparation of Moclobemide (213)

To two 25 mL Stainless steel milling jars (Retsch), methyl 4-chlorobenzoate (6 mmol,
1.023g), 4-(2-aminoethyl)-morpholine (5 mmol, 0.651 g), potassium tert-butoxide (4.25
mmol, 0.477 g) and a 12 g stainless steel ball to each jar. The jars were then placed on
a Retch MM 400 mixer mill and milled at 30 Hz for 1 hour. Once the reaction was
complete the reaction mixture washed from each jar with EtOAc (~5 mL) and water (~5
mL) into a separating funnel. The washings from each jar was combined in the same
separating funnel. Additional EtOAc (100 mL) and water (100 mL) was then added and
the aqueous extracted. The layers were separated and the aqueous phase was re-
extracted with EtOAc (2 x 50 mL). The organic phases were combined and dried over
magnesium sulphate and solvent removed in vacuo. The crude solid product was purified
by flash column chromatography producing the desired product as a white solid (2.42 g,
90%).

6.4.4 General Procedure 6: The Preparation of Esters

The corresponding alcohol, triethylamine (1 equiv.), and DMAP (0.1 equiv.) were
dissolved in dichloromethane (1 M) and cooled to 0 °C. Benzoyl chloride (1 equiv.) was
then added slowly to this solution and the reaction was allowed to warm to room
temperature and left to stir until complete by TLC (1-4 h). The reaction mixture was then
transferred to a separating funnel and was partitioned with water. The organic phase was

separated and then sequentially washed with water and brine. The organic phase was
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then dried over magnesium sulphate and the solvent removed. The product was then

purified using flash column chromatography if required.

iso-propyl benzoate

O Me

©)\o)\|vle

The title compound was prepared according to General Procedure 6, as a colourless oil
(1.62 g, >95%). 'H NMR (500 MHz, CDCls) 5 8.04 (d, J = 7.9 Hz, 2H), 7.54 (t, J = 7.4 Hz,
1H), 7.43 (t, J = 7.6 Hz, 2H), 5.26 (hept, J = 6.2 Hz, 1H), 1.37 (d, J = 6.3 Hz, 6H). 3C
NMR (126 MHz, CDCls) & 166.2, 132.8, 131.1, 129.6, 128.4, 68.5, 22.1. IR: Via: 2978,
1713, 1491, 1468, 1450, 1373, 1314, 1271, 1175, 1144, 1096 cm? HRMS (El+)

[C10H1203]: calc. 164.0837, found 164.0839. Characterization data is in accordance with

prior reports.4

phenyl benzoate

_Ph
©)‘\O

The title compound was prepared according to General Procedure 6, as a white solid
(1.80 g, 91%). MP 56-60 "C (CH.Cl,) *H NMR (500 MHz, CDCls) 8 8.22 (d, J = 7.8 Hz,
4H), 7.64 (t, J = 7.4 Hz, 2H), 7.52 (t, J = 7.6 Hz, 4H), 7.44 (t, J = 7.7 Hz, 4H), 7.32 - 7.25
(m, 3H), 7.24 — 7.17 (m, 4H). 3C NMR (126 MHz, CDCls) & 165.3, 151.1, 133.7, 130.3,
129.8, 129.7, 128.7, 126.0, 121.9. IR: v... 2953, 2924, 1707, 1449, 1312, 1287, 1267,
1196, 1177 cm?™. HRMS (El+) [CisH1002] calc. 198.0681, found 198.0684.

Characterization data is in accordance with prior reports.*®

benzyl benzoate

©)‘\O/\ Ph

The title compound was prepared according to General Procedure 6, as a white solid
(2.02 g, 95%). MP 29-32 “C (CH.Cl,) *H NMR (500 MHz, CDCls) d 8.09 (d, J = 8.2 Hz,
2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (dd, J = 12.4, 7.5 Hz, 4H), 7.40 (t, J = 7.4 Hz, 2H), 7.35
(t, J=7.2 Hz, 1H), 5.38 (s, 2H). *C NMR (126 MHz, CDCls) 5 166.6, 136.2, 133.2, 130.3,
129.8, 128.7, 128.5, 128.4, 128.3, 66.8. IR: v.... 3063, 3032, 2887, 1715, 1601, 1584,
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1375, 1267, 1107, 1026 cm™. HRMS (El+) [C14H120;] calc. 212.0837, found 212.0836.

Characterization data is in accordance with prior reports.4’

L-menthyl benzoate

l\:/le
o :
San s
Me Me

The title compound was prepared according to General Procedure 6, as a white solid
(2.15 g, 83%). MP 40-42 °C (CHCl,) *H NMR (500 MHz, CDCls) & 8.05 (d, J = 7.9 Hz,
2H), 7.55 (t, J = 7.4 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 4.94 (td, J = 10.9, 4.4 Hz, 1H), 2.13
(d, J = 12.0 Hz, 1H), 1.97 (tt, J = 9.0, 3.5 Hz, 1H), 1.73 (d, J = 11.5 Hz, 2H), 1.56 (dd, J
=16.2, 7.0 Hz, 2H), 1.20 — 1.05 (m, 2H), 0.93 (t, J = 6.0 Hz, 7H), 0.80 (d, J = 6.9 Hz,
3H). *C NMR (126 MHz, CDCl3) & 166.3, 132.8, 131.0, 129.7, 128.4, 75.0, 47.4, 41.1,
34.5, 31.6, 26.6, 23.8, 22.2, 20.9, 16.7. IR: v..c 2953, 2940, 2924, 1707, 1449, 1312,
1287, 1267, 1177 cm. HRMS (El+) [C17H2402] + Na calc. 283.1674, found 283.1685.
Characterization data is in accordance with prior reports.*’

tert-butyl benzoate
0 /I\I/:
Me
o Me

The title compound was prepared according to General Procedure 6 but substituting the
alcohol with KOtBu and without the presence of DMAP, as a colourless oil (1.35 g, 75%).
1H NMR (500 MHz, CDCls) 8 7.99 (d, J = 7.8 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.41 (t, J
= 7.6 Hz, 2H), 1.60 (s, 9H). *C NMR (126 MHz, CDCls) & 165.9, 132.5, 132.2, 129.5,
128.3, 81.1, 28.3. IR: v 1708, 1603, 1584, 1477, 1450, 1368, 1314, 1288, 1254, 1165,
1113, 1069 cm?®. HRMS (ElI+) [C11H140;] calc. 178.0994, found 178.0994.

Characterization data is in accordance with prior reports.*®

methyl 3,7-dimethyloct-6-enoate

The title compounds were prepared using a method modified from the literature.*® To a
dried 100 mL round bottom flask was added CH.Cl. (25 mL), citronellic acid (10 mmol),

and methanol (30 mmol). This mixture was cooled to 0 °C and a solution of DCC in
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CHCI, (1 M, 30 mL) was added slowly. Once addition was complete the reaction mixture
was allowed to rise to room temperature and stirred for a further 1 hour. Once the
reaction was complete the mixture was filtered, and the filtrate collected. The filtrate was
then washed with saturated sodium bicarbonate followed by brine and dried using
magnesium sulfate. The solvent was removed in vacuo and the title compound was
isolated as a colourless oil (1.25 g, 68%). 'H NMR (500 MHz, CDCI3) & 5.15 — 5.03 (m,
1H), 3.66 (s, 3H), 2.32 (dd, J = 14.7, 5.9 Hz, 1H), 2.12 (dd, J = 14.7, 8.3 Hz, 1H), 2.05 —
1.88 (m, 3H), 1.68 (d, J = 1.1 Hz, 3H), 1.59 (t, J = 2.1 Hz, 3H), 1.39 - 1.16 (m, 3H), 0.94
(d, J =6.7 Hz, 3H). *C NMR (126 MHz, CDCI3) 5 173.7, 131.6, 124.3, 51.4, 41.6, 36.8,
30.0, 25.7, 25.4, 19.6, 17.6. IR: v 1739, 1436, 1195, 1153, 1012 cm™* HRMS (El+)
[C11H210;] calc. 185.1542, found 185.1536. Characterization data is in accordance with

prior reports.t’
1-(tert-butyl) 2-methyl (S)-pyrrolidine-1,2-dicarboxylate

0]

C')LOMe
N,

Boc

The title compound was prepared using the following procedure. L-Proline methyl ester
hydrochloride (1.65 g, 10 mmol) was added to a 100 mL round bottom flask and was
dissolved in CHxCl, (25 mL, 0.4 M). This solution was cooled to 0 °C in an ice bath and
triethylamine (2.8 mL, 20 mmol) was added dropwise and the reaction was stirred for 15
minutes. Di-tert-butyl dicarbonate (2.4 mL, 10.5 mmol) was then added dropwise at 0 °C,
the reaction mixture was allowed to warm to room temperature and was stirred overnight.
A solution of saturated Na,COs (25 mL) was then added to the reaction mixture and
stirred for 1 hour. The organic layer was then separated, and the aqueous phase was
extracted with CH»Cl» (20 mL), the combined organic layers were then washed with brine
and dried over magnesium sulfate and the solvent removed in vacuo and the product
was isolated as a colourless oil and used without purification. *H NMR (500 MHz, CDCI3)
5 4.32 (dd, J = 8.6, 3.3 Hz, 0.4H), 4.21 (dd, J = 8.5, 4.2 Hz, 0.6H), 3.72 (s, 1H), 3.71 (s,
2H), 3.60 — 3.33 (m, 2H), 2.28 — 2.11 (m, 1H), 2.01 — 1.89 (m, 2H), 1.89 — 1.78 (m, 1H),
1.46 (s, 3.5H), 1.40 (s, 5.5H). 13C NMR (126 MHz, CDCI3) 5 173.9, 173.7, 154.6, 153.9,
80.0, 79.9, 59.3, 58.9, 52.2, 52.1, 46.7, 46.5, 31.0, 30.1, 28.6, 28.4, 24.5, 23.8. HRMS
(El+) [C11H1907] calc. 197.14103, found 197.1409. [a]p®® = -54.1 (c =1.1 CHCl,)

Characterization data is in accordance with prior reports.*°
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ethyl diethylglycinate

Mej o

Me\/N\)LOEt

The title compound was prepared using the following procedure. Ethyl bromoacetate
(1.67 g, 10 mmol), was added to dichloromethane (10 mL, 1 M) and cooled to 0 °C.
Diethyl amine (2 mL, 20 mmol) was added dropwise, and the reaction was left to warm
to room temperature. The reaction was left until complete by TLC (2 h). The reaction
mixture was then diluted with dichloromethane (10 mL) and transferred to a separating
funnel and partitioned with saturated NaHCOs. The aqueous phase was then extracted
with dichloromethane (2 x 20 mL). The combined organic phase was then extracted with
brine (50 mL). The organic phase was then dried over magnesium sulphate and passed
through a silica plug. The solvent was removed, and the product was isolated as a
colourless oil (1.27 g, 80%). *H NMR (500 MHz, CDCls) 6 4.16 (g, J = 7.1 Hz, 2H), 3.29
(s, 2H), 2.64 (q, J = 7.1 Hz, 4H), 1.26 (t, J = 7.2 Hz, 3H), 1.05 (t, J = 7.1 Hz, 6H). *C
NMR (126 MHz, CDCls3) 6 171.6, 60.4, 54.3, 47.8, 14.3, 12.2. IR: vua: 2970, 1732, 1456,
1296, 1271, 1180, 1159, 10934, 1074, 1030 cm™. HRMS (ES+) [CsH17NO; + H] calc.

160.1338, found 160.1331. Characterization data is in accordance with prior reports.5°

ethyl cyclohexanecarboxylate

o]

O)kOEt

The title compound was prepared using the following procedure. Cyclohexanecarboxylic
acid (1.28 g, 10 mmol) was added to a 50 mL round bottom flask and dissolved in ethanol
(20 mL, 0.5 M) to this solution was added concentrated sulfuric acid (0.1 equiv, 1 mmol).
This solution was the heated to reflux until the reaction was complete by TLC. The excess
ethanol was then removed in vacuo and the residual oil dissolved in ethyl acetate. The
remaining acid was quenched by the slow addition of saturated sodium bicarbonate
solution. The phases were then separated, and the organic phase washed with saturated
sodium bicarbonate solution and then brine. The organic phase was then dried over
magnesium sulphate and solvent removed in vacuo to yield a colourless oil. This product
was used without further purification. *H NMR (500 MHz, CDCI3) 5 4.11 (q, J = 7.1 Hz,
2H), 2.27 (tt, J = 11.3, 3.6 Hz, 1H), 1.94 — 1.83 (m, 2H), 1.80 — 1.68 (m, 2H), 1.68 — 1.58
(m, 1H), 1.50 — 1.37 (m, 2H), 1.24 (t, J = 7.1 Hz, 4H). *C NMR (126 MHz, CDCI3) &
176.3,60.2,43.4,29.2, 25.9, 25.6, 14.4. Characterization data is in accordance with prior

reports.>!
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6.4.5 General Procedure 7: The preparation of Ammonium Salts
The morpholine (1 equiv.) was added to a 100 mL round bottom flask and dissolved in

dry Et2O (1 M) this solution was cooled to 0 °C. Once cooled HCI in dioxane (4 M, 3.0
equiv.) or triflic acid (2.0 equiv.) was added slowly and after addition was complete the
reaction mixture was raised to room temperature and allowed to stir for 1 hour. The
mixture was then filtered, and the precipitate washed with Et,O (5 x 20 mL). The isolated

precipitate was then dried and used without further purification.
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6.5 Reductive Coupling of Electron Poor Alkenes
6.5.1 Cyclic Voltammetry Study
mCOZEt mCOZEt
FiG COEt o CO,Et

314 315

Scheme X. Substrate selection for CV analysis.
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Figure X. Cyclic voltammogram of compound 314 (5 mM) in MeCN as solvent and Tetra

n-butyl ammonium hexafluorophosphate (0.1 M) as electrolyte without LiCl (1 mM) (light
green line) and with LiCl (1 mM) (dark blue line).
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Figure X. Cyclic voltammogram of compound 315 (5 mM) in MeCN as solvent and Tetra

n-butyl ammonium hexafluorophosphate (0.1 M) as electrolyte without LiCl (1 mM) (light
black line) and with LiCl (1 mM) (red line).
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Figure X. Cyclic voltammogram of compounds 314 (light green line) and 315 (black line),

(5 mM) in MeCN as solvent and Tetra n-butyl ammonium hexafluorophosphate (0.1 M)
as electrolyte.
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Figure X. Cyclic voltammogram of compounds314 (dark blue line) and 315 (red line),

(5 mM) in MeCN as solvent and Tetra n-butyl ammonium hexafluorophosphate (0.1 M)
as electrolyte with LiCl (1 mM).
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Figure X. Cyclic voltammogram of compounds with and without LiCl, 314 (light green
line), 314 (dark blue line), 315 (black line), and 315 (red line), (5 mM) in MeCN as solvent

and Tetra n-butyl ammonium hexafluorophosphate (0.1 M) as electrolyte with and
without LiCl (1 mM).
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Variation of conditions Reduction potential of 314  Reduction potential of 315

With LiCl -1.27 -1.62
Without LiCl -1.21 -1.25
Difference 0.06 0.37

Table X. Reduction potential of a range of benzylidene malonates Vs. Fc/Fc*

Mn?t 4+ 2e~ —— Mn(s) E;;, = —1.185vs SCE
Zn?*t +2e” —— Zn(s) Ei/, = —0.76 vs SCE
Fct + e~ —— Fc(s) E;/, = 0.380 vs SCE®

As the reduction potentials of the substrates were measured against Fc/Fc* they were
converted to against SCE with the following equation. This was to make them more easily

comparable to that of the known value for manganese metal.

E, ,(Substrate vs.SCE) = E,;,(Substrate vs.Fc/Fc*) — Ey ,(Fc/Fc* vs. SCE)

Variation of conditions Reduction potential of 3142  Reduction potential of 315/

With LiCl -1.65 -2.00
Without LiCl -1.59 -1.63
Difference 0.06 (CF3) 0.37 (OMe)

Table X. Reduction potential of a range of benzylidene malonates Vs. SCE
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6.5.2 EPR Experiments
To a 14 mL stainless steel milling jar containing the milling ball (10 mm, 4.1 g) was added

manganese, irregular pieces, 1.1 mmol, 60 mgQ), diethyl 2-
(4-fluorobenzylidene)malonate (1 mmol, 266 mg), THF (2 mmol, 160 uL), and lithium
chloride (1 mmol, 42 mg). The reaction mixture was milled at 30 Hz for 3 h. The resulting
crude product mixture was washed with EtOAc, prior to full work-up using aqueous HCI
(1 M, 25 mL) to induce separation of the product into organic and agueous phases. The
reaction mixture prior to milling resulted in the absence of an EPR spectrum, due to line
broadening effects arising from the conduction properties of the Mn(0) pieces. Further
confirmation of this was provided by a similar lack of observable EPR signal recorded on

a solid manganese strip.

c) X100

I B I ! | ' | ' I ! 1
200 250 300 350 400 450
Magnetic Field / mT

Figure X. CW X-band EPR spectra (T = 120 K) of a) Crude reaction mixture dissolved
in ethyl acetate, b) aqueous layer after work-up with HCI, c¢) organic layer after work-up;
d) Mn(OAc). (10 mM) in a water:glycerol (50:50) solvent, and red trace showing a
simulation of Mn(OAc).. A simulation of Mn(OAc). has been included above for
comparative purposes, showing the extremely similarities in spectral appearance

between the crude product and its Mn(OAc)2 counterpart.
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The EPR spectra of the reaction products after various treatments are presented in
Figure S7. As can be seen, there is evidence of a strong EPR signal of an ethyl acetate
solution of the crude reaction product (Fig S7a). The well-resolved six hyperfine lines
originate from a high spin d®> Mn(ll) centre with nuclear spin value 1(®>*Mn) = %/, (100 %
abundance). The broad baseline effects visible on either side of the main signal originate
from zero-field splitting effects, and the additional splitting superimposed on each of the
six main lines arises from fine structure, both of which are typical for high-spin systems

(e.g. high-spin d®).

It is anticipated that any source of oxidised Mn generated during the course of the
reaction would remain in the aqueous layer. Hence, the crude reaction product
underwent a full work-up with HCI to afford separation of the organic and aqueous layers.
The EPR spectrum of the aqueous layer does indeed show a strong Mn(ll) signal (Fig
S7b), whereas a much weaker signal is observed in the EPR spectrum of the organic
layer (Fig S7c), which most likely originates from incomplete separation of the phases
during work-up. Given the potential reaction pathways (involving either double electron
transfer, or sequential SET processes), the most plausible identity of the oxidised
manganese species involves coordination of the malonate. Hence, the spectrum of a
pure sample of Mn(OAc).; is presented in Fig S7d for comparison, which closely

resembles that of the crude reaction product (Fig S7a).

The dominant factor in the spin Hamiltonian parameters of high-spin systems is the zero-
field interaction, arising from interaction between the multiple unpaired electrons. Spin-
orbit coupling is spin-forbidden in d® systems (in which all 3d-orbitals are singly occupied
and therefore half-filled), therefore the g-tensor is typically predominantly isotropic and
close to the free-electron g-value (giso ~ 2.0023). Unfortunately, in the case of Mn(ll)
systems, electron spin delocalisation onto surrounding ligand nuclei is typically small and
therefore the resulting superhyperfine coupling is typically unresolved within the linewidth
of the main hyperfine features. A simulation of the Mn(OAc), experimental spectrum is
presented in Fig S7e, performed using the Easyspin toolbox within Matlab, with the

following spin Hamiltonian parameters:

Oiso = 2.008, A = [-283.74, -265.4 -268.2] MHz, D = [-603.8, -139.4] MHz. Values are

consistent with highly isotropic Mn(ll) systems.>3

In addition to following the redox process taking place at the metal centre, we performed
spin trap experiments with the aim of identifying any C-based radical intermediates that

could prove the multiple sequential SET pathway. EPR spectra were recorded on the
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crude reaction performed in the presence of PBN spin trap, however unfortunately the

data were inconclusive and are not reported here for brevity.

Diethyl 2-(4-fluorobenzylidene)malonate (308)
mcoza

. CO,Et

The title compound was prepared using a method modified from the literature.®* To a
250 mL round bottom flask was added toluene (100mL, 0.5 M), diethyl malonate (50
mmol), 4-fluorobenzaldehyde (60 mmol), acetic acid (5 mmol), and pyrrolidine (5 mmaol).
The flask was then equipped with a Dean-Stark apparatus and vigorously refluxed for
16 h. The solvent was then removed en vacuo and the residual oil was dissolved in
diethyl ether (100 mL) and washed with sat. bicarbonate (100 mL), water (100 mL), and
brine (100 mL). The organic phase was then dried using magnesium sulphate and
solvent removed en vacuo. The remaining volatile impurities were removed via kugelrohr
distillation (120 °C, 80 mbar) giving the title compound as a pale-yellow oil (92%, 12.2
g). *H NMR (500 MHz, CDCls) 5 7.68 (s, 1H), 7.49 — 7.41 (m, 2H), 7.10 — 7.02 (m, 2H),
4.34 (g, J=7.1Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H), 1.29 (t, J = 7.1
Hz, 3H). 3C NMR (126 MHz, CDCl3) 5 166.7 (s), 164.2 (s), 164.0 (d, J = 252.6 Hz), 140.9
(s), 131.7 (d, J = 8.7 Hz), 129.3 (d, J = 3.4 Hz), 126.2 (s), 116.2 (d, J = 21.9 Hz), 61.9
(s), 61.8 (s), 14.3 (s), 14.1 (s). *F NMR (376 MHz, CDCl3) & -108.7. HRMS (El+)
[C14H1504F] calc. 266.0954 found 266.0955. Characterization data is in accordance with prior

reports.5>

6.5.3 General Procedure 8: Synthesis of Arylidene Malonates
The arylidene malonates were prepared using a method modified from the literature.>¢ A

25 ml vial equipped with a stirrer bar and 250 wt % activated 3 A molecular sieves (beads,
3.0 — 5.0 mm) were flame dried. Aldehyde (6 mmol) and malonate (5 mmol) were added
to the vial followed by dry CH.Cl; (5 mL, 1.0 M). Stirring was started followed by the
addition of acetic acid (0.5 mmol) and pyrrolidine (0.5 mmol). The mixture was stirred
overnight to 4 days. The reaction mixture was filtered followed by passing through a silica
plug. The product was then either used without purification or purified by column

chromatography/crystallization/distillation.
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Diethyl 2-(4-methoxybenzylidene)malonate (315)

mCOQEt
E
MeO CO,Et

The title compound was synthesised by General Procedure 8 stirring for 4 days and
purified by kugelrohr distillation (95 °C, <1 mbar) (49%, 0.682 g) as a colourless oil. *H
NMR (500 MHz, CDCls) 6 7.67 (s, 1H), 7.45 — 7.40 (m, 2H), 6.92 — 6.86 (m, 2H), 4.36 (q,
J=7.1Hz, 2H), 4.29 (q, J = 7.1 Hz, 2H), 3.83 (s, 3H), 1.36 — 1.27 (m, 6H). *C NMR (126
MHz, CDCls) & 167.3, 164.6, 161.7, 141.9, 131.7, 125.6, 123.8, 114.4, 61.8, 61.6, 55.5,
14.3, 14.1. HRMS (El+) [C15H180s] calc. 278.1154 found 278.1153. Characterization data

is in accordance with prior reports.%’

Diethyl 2-(4-(methoxycarbonyl)benzylidene)malonate (318)

mCOZEt
MeO,C CO,Et

The title compound was synthesised by General Procedure 8 stirring overnight and
purified by column chromatography (44%, 0.671 g) as a colourless oil. *H NMR (500
MHz, CDCl3) 8 8.04 (d, J = 7.9 Hz, 1H), 7.75 (s, 1H), 7.51 (d, J = 7.9 Hz, 1H), 4.32 (q, J
= 7.1 Hz, 2H), 3.93 (s, 2H), 1.34 (t, J = 7.1 Hz, 1H), 1.27 (t, J = 7.0 Hz, 2H). 3C NMR
(126 MHz, CDCIl3) 6 166.5, 166.3, 163.9, 140.9, 137.4, 131.6, 130.1, 129.3, 128.5, 62.0,
52.5, 14.3, 14.0. HRMS (El+) [C16H1806] calc. 306.1103 found 306.1102.

Diethyl 2-(4-cyanobenzylidene)malonate (311)

mCOZEt

NG CO,Et

The title compound was synthesised by General Procedure 8 stirring overnight and
purified by recrystallization from Et,O and hexane (55%, 0.743 g) as a yellow solid. MP
69-72 °C. 'H NMR (500 MHz, CDCl3) 8 7.71 (s, 1H), 7.69 — 7.65 (m, 2H), 7.54 (dd, J =
8.7, 0.6 Hz, 2H), 4.32 (q, J = 7.1 Hz, 4H), 4.32 (q, J = 7.1 Hz, 4H), 1.34 (t, J = 7.1 Hz,
3H), 1.27 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls) 6 165.9, 163.6, 139.7, 137.6,
132.6, 129.8, 129.7, 118.3, 113.8, 62.2, 62.2, 14.2, 14.0. HRMS (El+) [C15H1sNO4] calc.

273.1001 found 273.0998. Characterization data is in accordance with prior reports. *’
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Diethyl 2-(4-bromobenzylidene)malonate (313)

mCOZEt

Br CO,Et

The title compound was synthesised by General Procedure 8 stirring overnight and
purified by recrystallization from hexane (78%, 1.278 g) as a colourless solid. MP 39-41
°C. 'H NMR (500 MHz, CDCl3) & 7.65 (s, 1H), 7.54 — 7.47 (m, 2H), 7.34 — 7.29 (m, 2H),
4.33(q,J=7.1Hz, 3H),4.30(q, J=7.1 Hz, 3H), 1.33 (t, J=7.1 Hz, 3H),1.29 (t,J=7.1
Hz, 3H). 13C NMR (126 MHz, CDCls) 5 166.4, 163.9, 140.7, 132.1, 131.9, 130.8, 127.0,

125.0, 61.9, 61.8, 14.1, 13.9. HRMS (ES+) [C14H1504Br + Na*] calc. 349.0051 found
349.0052. Characterization data is in accordance with prior reports.®’

Diethyl 2-(4-chlorobenzylidene)malonate (312)

- CO2Et

The title compound was synthesised by General Procedure 8 stirring overnight (90%,
1.29 g) as a colourless oil. *H NMR (500 MHz, CDCl3) & 7.67 (s, 1H), 7.41 — 7.37 (m,
2H), 7.37 — 7.33 (m, 2H), 4.33 (q, J = 7.1 Hz, 3H), 4.30 (9, J = 7.1 Hz, 3H), 1.33 (t, J =
7.1 Hz, 3H), 1.29 (t, J = 7.1 Hz, 3H). **C NMR (126 MHz, CDCls) d 166.6, 164.1, 140.8,
136.8, 131.5, 130.8, 129.3, 127.0, 62.0, 61.9, 14.3, 14.1. HRMS (ES+) [C14H1504 + Na*]

calc. 305.0557 found305.0556. Characterization data is in accordance with prior

reports.%’

Diethyl 2-(4-(trifluoromethyl)benzylidene)malonate (314)

mCOQEt
CO,Et
FsC 2

The title compound was synthesised by General Procedure 8 stirring overnight (quant.,
1.58 g) as a colourless solid that went brown over time and was stored under nitrogen at
0 °C. MP 44 - 47 °C. *H NMR (400 MHz, CDCl3) 8 7.74 (s, 1H), 7.64 (d, J = 8.3 Hz, 1H),
7.56 (d,J=8.3 Hz, 1H),4.33(q, J=7.1Hz, 2H), 4.32(q, J=7.1 Hz,2H),1.34 (1, J=7.1
Hz, 1H), 1.28 (t, J = 7.1 Hz, 2H). *C NMR (126 MHz, CDCl;) d 166.1 (s), 163.8 (s), 140.4
(s), 136.6 (s), 132.0 (q, J = 32.7 Hz), 129.6 (s, J = 17.7 Hz), 128.9 (s), 125.9 (q, J = 3.7
Hz), 123.8 (q, J = 272.3 Hz), 62.1 (s, J = 3.2 Hz), 62.1 (s), 14.2 (s, J = 29.1 Hz), 14.0 (s).
1F NMR (376 MHz, CDClz) 8 -63.0 (s). HRMS (ES+) [C1sH1504F3 + Na*] calc. 339.0820

found 339.0814. Characterization data is in accordance with prior reports. 7
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Diethyl 2-(4-methylbenzylidene)malonate (316)

mCOZEt
Me CO,Et

The title compound was synthesised by General Procedure 8 stirring overnight and
purified by recrystallization from from Et,O and hexane (82%, 1.08 g) as a colourless
solid. MP 41 - 43 °C. *H NMR (500 MHz, CDCl3) 8 7.70 (s, 1H), 7.35 (d, J = 8.3 Hz, 1H),
7.18 (d, J=8.1 Hz, 1H), 4.34 (g, J = 7.1 Hz, 1H), 4.30 (q, J = 7.1 Hz, 1H), 2.37 (s, 2H),
1.33 (t, J = 6.1 Hz, 1H), 1.30 (t, J = 6.1 Hz, 1H). 3C NMR (126 MHz, CDCls) & 167.1,
164.5, 142.3, 141.3, 130.2, 129.7, 129.7, 125.3, 61.8, 61.7, 21.6, 14.3, 14.1. HRMS
(ES+) [CisH1804 + Na*] calc. 285.1103 found 285.1105. Characterization data is in

accordance with prior reports. %7

Diethyl 2-(2-fluorobenzylidene)malonate (320)
- CO2E

The title compound was synthesised by General Procedure 8 stirring overnight and
purified by kugelrohr distillation (90 ‘C, <1 mbar) (48%, 1.28 g) as a pale-yellow oil. *H
NMR (500 MHz, CDCls) & 7.91 (s, 1H), 7.44 (td, J = 7.6, 1.7 Hz, 1H), 7.41 — 7.35 (m,
1H), 7.17 — 7.05 (m, 2H), 4.31 (q, J = 7.1 Hz, 2H), 4.30 (9, J = 7.1 Hz, 2H), 1.34 (t, J =
7.1 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls) & 166.3 (s), 163.0 (s),
161.0 (d, J = 253.3 Hz), 135.0 (d, J = 5.2 Hz), 132.5 (d, J = 8.7 Hz), 1295 (d, J = 2.1
Hz), 128.2 (d, J= 1.5 Hz), 124.4 (d, J = 3.7 Hz), 121.4 (d, J = 12.5 Hz), 116.1 (d, J = 21.7

Hz), 62.0 (s), 61.9 (s), 14.3 (s), 14.0 (s). *F NMR (376 MHz, CDCls) & -112.70.

Characterization data is in accordance with prior reports.>®

Diethyl 3-(3-fluorobenzylidene)malonate (319)

mcozEt
CO,Et
F

The title compound was synthesised by General Procedure 8 stirring overnight and
purified by kugelrohr distillation (90 °C, <1 mbar) (68%, 1.81 g) as a pale yellow oil. *H
NMR (500 MHz, CDCls) 6 7.68 (s, 1H), 7.35 (td, J = 8.0, 5.9 Hz, 1H), 7.23 (dd, J = 7.7,
0.7 Hz, 1H), 7.18 — 7.14 (m, 1H), 7.10 (tdd, J = 8.3, 2.5, 0.8 Hz, 1H), 4.34 (q, J = 7.1 Hz,
1H), 4.31 (g9, J = 7.1 Hz, 1H), 1.33 (t, J = 7.1 Hz, 1H), 1.30 (t, J = 7.1 Hz, 1H). ®C NMR
(126 MHz, CDCls) 6 166.4 (s), 163.9 (s), 162.8 (d, J = 247.0 Hz), 140.7 (d, J = 2.6 Hz),
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135.1 (d, J = 7.9 Hz), 130.5 (d, J = 8.3 Hz), 127.7 (s), 125.5 (d, J = 3.0 Hz), 117.6 (d, J
= 21.3 Hz), 115.9 (d, J = 22.5 Hz), 62.0 (s), 62.0 (s), 14.3 (s), 14.0 (s). *F NMR (376
MHz, CDCls) & -112.09.

Diethyl 2-(2-methylbenzylidene)malonate (322)
mCO2Et
yeCOE!
The title compound was synthesised by General Procedure 8 stirring overnight and
purified by kugelrohr distillation (95 “C, <1 mbar) (37%, 0.969 g) as a colourless oil. *H
NMR (500 MHz, CDCls) 6 7.97 (s, 1H), 7.33 (d, J = 7.7 Hz, 1H), 7.27 (td, J = 7.5, 1.3 Hz,
1H), 7.22 — 7.18 (m, 1H), 7.18 — 7.12 (m, 1H), 4.31 (9, J = 7.1 Hz, 2H), 4.22 (9, J=7.1
Hz, 2H), 2.38 (s, 3H), 1.34 (t, J = 7.1 Hz, 3H), 1.16 (t, J = 7.1 Hz, 3H). *C NMR (126

MHz, CDCls) d 166.5, 164.2, 141.9, 137.7, 132.7, 130.5, 130.2, 127.9, 127.8, 126.1,

61.8, 61.6, 20.1, 14.3, 14.0. Characterization data is in accordance with prior reports. >4

Diethyl 3-(3-methylbenzylidene)malonate (321)

mcozEt
CO,Et

Me
The title compound was synthesised by General Procedure 8 stirring overnight and
purified by kugelrohr distillation (95 °C, <1 mbar) (63%, 1.65 g) as a colourless oil. *H
NMR (500 MHz, CDCls) & 7.71 (s, 1H), 7.30 — 7.24 (m, 3H), 7.23 - 7.18 (m, 1H), 4.34 (q,
J=7.1Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H), 2.35 (s, 3H), 1.33 (t, J = 7.1 Hz, 3H), 1.30 (t, J
= 7.1 Hz, 3H). 3C NMR (126 MHz, CDCls) & 166.9, 164.3, 142.5, 138.6, 132.9, 131.5,
130.3, 128.8, 126.7, 126.1, 61.8, 61.8, 21.5, 14.3, 14.0.

Diethyl 2-(pyridin-3-ylmethylene)malonate (317)

N 2
The title compound was synthesised by General Procedure 8 stirring overnight and
purified by kugelrohr distillation (114 °C, <1 mbar) (54%, 0.682 g) as an orange oil. *H
NMR (500 MHz, CDCls) 6 8.68 (d, J = 2.3 Hz, 1H), 8.61 (dd, J = 4.8, 1.6 Hz, 1H), 7.77
(dddd, J = 8.0, 2.3, 1.6, 0.6 Hz, 1H), 7.70 (s, 1H), 7.31 (dddd, J = 8.0, 4.8, 0.8, 0.4 Hz,
1H), 4.34 (9, J = 7.1 Hz, 1H), 4.32 (q, J = 7.1 Hz, 1H), 1.34 (t, J = 7.1 Hz, 1H), 1.29 (t, J
= 7.1 Hz, 1H). *C NMR (126 MHz, CDCls) d 166.1, 163.7, 151.2, 150.8, 138.6, 135.8,
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129.1, 128.7, 123.7, 62.1, 62.1, 14.3, 14.1. HRMS (ES+) [C13H16NO4] calc. 250.1079
found 250.1089.

Diethyl 2-(naphthalen-2-ylmethylene)malonate (323)

N CO2Et
The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (132 °C, <1 mbar) (59%, 0.8923 g) as a colourless oil.
'H NMR (500 MHz, CDCls) 8 7.99 — 7.95 (m, 1H), 7.90 (s, 1H), 7.83 (ddd, J = 8.7, 6.6,
2.9 Hz, 1H), 7.58 — 7.45 (m, 1H), 4.38 (q, J = 7.2 Hz, 1H), 4.34 (q, J = 7.2 Hz, 1H), 1.36
(t, J = 7.1 Hz, 1H), 1.30 (t, J = 7.1 Hz, 1H). 3C NMR (126 MHz, CDCl3) & 167.0, 164 .4,
142.3, 134.2, 133.2, 131.1, 130.6, 128.9, 128.7, 127.9, 127.8, 126.9, 126.5, 125.4, 61.9,
61.8, 14.3, 14.1. HRMS (ES+) [C1gH1804 + Na*] calc. 321.1103 found 321.1103

Diethyl 2-(naphthalen-1-yImethylene)malonate (324)

O - COE

CO,Et

The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (138 °C, <1 mbar) (67%, 1.012 g) as an orange oil. *H
NMR (500 MHz, CDCls) 6 8.47 (s, 1H), 8.00 (d, J = 8.1 Hz, 1H), 7.90 — 7.84 (m, 2H),
7.60 — 7.51 (m, 3H), 7.46 — 7.40 (m, 1H), 4.37 (q, J = 7.1 Hz, 2H), 4.16 (q, J = 7.1 Hz,
2H), 1.38 (t, J = 7.1 Hz, 3H), 1.06 (t, J = 7.1 Hz, 3H). 3C NMR (126 MHz, CDCl;) 5 166.3,
164.1,141.4,133.5,131.5,131.0, 130.6, 129.4,128.8, 127.1, 126.6, 126.5, 125.3, 124.2,
61.9, 61.6, 14.3, 13.9. HRMS (ES+) [C1sH1804 + Na'] calc. 321.1103 found 321.1105.

Characterization data is in accordance with prior reports.®’

Diethyl 2-(cyclopropylmethylene)malonate (326)

wcozEt

CO,Et

The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (75 °C, <1 mbar) (73%, 1.55 g) as a colourless oil. *H
NMR (500 MHz, CDCI3) 6 6.35 (d, J = 11.3 Hz, 1H), 4.31 (9, J = 7.1 Hz, 1H), 4.21 (q, J
= 7.1 Hz, 1H), 1.96 (tdt, J = 12.4, 7.9, 4.5 Hz, 1H), 1.33 (t, J = 7.1 Hz, 2H), 1.27 (t, J =
7.1 Hz, 2H), 1.08 (qd, J = 4.9, 0.7 Hz, 1H), 0.75 (tt, J = 5.0, 2.5 Hz, 1H). *3C NMR (126
MHz, CDCls) & 166.0, 164.5, 156.2, 125.7, 61.3, 61.2, 14.3, 14.3, 13.1, 10.0. HRMS
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(AS+) [C11H1604 + H] calc. 213.127 found 213.1120. Characterization data is in

accordance with prior reports.®®
Diethyl 2-(2,6-dimethylhept-5-en-1-ylidene)malonate (325)

Me._~ - CO2E

Me Me CO,Et

The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified column chromatography (77%, 1.04 g) as a colourless oil. *H NMR (500 MHz,
CDClIz) 6 6.75 (d, J = 10.8 Hz, 1H), 5.03 (t, J = 7.0 Hz, 1H), 4.27 (qd, J = 7.1, 3.3 Hz,
2H), 4.22 (g, J = 7.1 Hz, 2H), 2.55 (ddd, J = 13.6, 11.0, 6.8 Hz, 1H), 1.94 (d, J = 7.5 Hz,
1H), 1.91 (d, J = 7.4 Hz, 1H), 1.65 (s, 3H), 1.56 (s, 3H), 1.44 — 1.34 (m, 2H), 1.29 (dt, J
=15.3, 7.1 Hz, 6H), 1.04 (d, J = 6.6 Hz, 3H). 1*C NMR (126 MHz, CDCl;) 5 165.8, 164.2,
154.3, 132.1, 127.5, 123.9, 61.3, 61.2, 36.7, 34.5, 26.0, 25.8, 19.9, 17.8, 14.3, 14.2.
HRMS (AP+) [C16H2704] calc. 283.1909 found 283.1914

Dimethyl 2-(4-fluorobenzylidene)malonate (327)
- CO2Me

F/©/\Cr02Me

The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (90 °C, <1 mbar) (65%, 0.771 g) as a colourless oil. *H
NMR (400 MHz, CDCl3) 6 7.73 (s, 1H), 7.43 (dd, J = 8.5, 5.3 Hz, 2H), 7.08 (t, J = 8.6 Hz,
2H), 3.85 (s, 3H), 3.85 (s, 3H). *C NMR (101 MHz, CDCl3) 6 167.2 (s), 164.6 (s), 164.1
(d, J = 253.0 Hz), 141.8 (s), 131.7 (d, J = 8.7 Hz), 129.2 (d, J = 3.4 Hz), 125.4 (s), 116.3

(d, J = 21.9 Hz), 52.9 (s), 52.9 (S). *°F NMR (376 MHz, CDCls) & -108.3. Characterization

data is in accordance with prior reports.®°

Di-iso-propyl 2-(4-fluorobenzylidene)malonate (328)

- CO2Pr
The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (98 °C, <1 mbar) (57%, 0.841 g) as an orange oil. *H
NMR (400 MHz, CDCls) 7.63 (s, 3H), 7.47 (dd, J = 8.5, 5.3 Hz, 6H), 7.06 (t, J = 8.6 Hz,
6H), 5.31 — 5.20 (m, 3H), 5.20 — 5.09 (m, 3H), 1.31 (d, J = 6.4 Hz, 18H), 1.29 (d, J = 6.5
Hz, 19H).23C NMR (101 MHz, CDCIs) d 166.3 (s), 164.0 (d, J = 252.3 Hz), 163.8 (s),
140.2 (s), 131.7 (d, J = 8.6 Hz), 129.4 (d, J = 3.3 Hz), 127.0 (s), 116.1 (d, J = 21.8 Hz),
69.5 (s), 21.9 (s), 21.7 (s). °F NMR (376 MHz, CDCls) & -108.9.
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Di-tert-butyl 2-(4-fluorobenzylidene)malonate (329)

S COZtBU
F/©/\Cr02tBU
The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (105 °C, <1 mbar) (42%, 0.676 g) as a yellow oil. *H NMR
(500 MHz, CDCl3) 6 7.53 — 7.47 (m, 3H), 7.08 — 7.01 (m, 2H), 1.53 (s, 9H), 1.52 (s, 9H).
13C NMR (126 MHz, CDCl3) d 166.0 (s), 163.8 (d, J = 251.6 Hz), 163.6 (s), 138.7 (s),

131.6 (d, J = 8.5 Hz), 129.7 (d, J = 3.4 Hz), 129.1 (d, J = 2.0 Hz), 115.9 (d, J = 21.8 Hz),
82.6 (s), 82.3 (s), 28.2 (s), 28.0 (). °F NMR (376 MHz, CDCls) & -109.6.

Diallyl 2-(4-fluorobenzylidene)malonate (331)
X COaallyl

szallyl

The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (95 °C, <1 mbar) (65%, 0.944 g) as a colourless oil. *H
NMR (400 MHz, CDClI3) 6 7.73 (s, 1H), 7.46 (dd, J = 8.5, 5.3 Hz, 2H), 7.07 (t, J = 8.6 Hz,
2H), 5.94 (tddd, J = 16.3, 11.9, 10.4, 5.7 Hz, 2H), 5.42 — 5.31 (m, 2H), 5.31 — 5.22 (m,
2H), 4.76 (ddt, J = 7.9, 5.6, 1.4 Hz, 4H). 3C NMR (101 MHz, CDCls) 6 166.2 (s), 164.1
(d, J = 252.9 Hz), 163.8 (s), 141.8 (s), 131.9 (d, J = 8.7 Hz), 131.7 (s), 131.3 (s), 129.1

(d, J = 3.4 Hz), 125.6 (d, J = 2.0 Hz), 119.6 (s), 118.7 (s), 116.2 (d, J = 21.9 Hz), 66.5
(s), 66.3 (s). 1°F NMR (376 MHz, CDCls) & -108.3.

Dibenzyl 2-(4-fluorobenzylidene)malonate (330)
mC02Bn

F COan

The title compound was synthesised by General Procedure 8 stirring for 2 days and
purified by kugelrohr distillation (136 °C, <1 mbar) (70%, 1.37 g) as a yellow oil. *H NMR
(400 MHz, CDCl3) 6 7.63 (s, 1H), 7.39 — 7.11 (m, 13H), 6.81 (t, J = 8.6 Hz, 2H), 5.20 (s,
2H), 5.18 (s, 2H). **C NMR (101 MHz, CDCl;) & 166.3 (s), 164.0 (d, J = 252.8 Hz), 163.9
(s), 142.0 (s), 135.6 (s), 134.9 (s), 131.8 (d, J = 8.7 Hz), 129.1 (s), 129.0 (d, J = 3.2 Hz),

128.7 (s), 128.5 (s), 128.2 (s), 125.5 (s), 125.5 (s, J = 2.0 Hz), 116.1 (d, J = 21.9 Hz),
67.8 (s), 67.4 (s). °F NMR (376 MHz, CDCls) & -108.3.
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Ethyl (E)-2-cyano-3-(4-fluorophenyl)acrylate (332)

mcozEt
N
. C

The title compound was synthesised by General Procedure 8 stirring for 1 days and
purified by recrystallization in ethanol (90%, 0.996 g) as a yellow solid. MP 94 - 97 °C.
H NMR (500 MHz, CDCl3) 6 8.21 (s, 1H), 8.07 — 7.99 (m, 1H), 7.22 — 7.16 (m, 1H), 4.39
(9, J =7.1 Hz, 1H), 1.40 (t, J = 7.1 Hz, 2H). *C NMR (126 MHz, CDCl3) 5 165.6 (d, J =
257.6 Hz), 162.6 (s), 153.7 (s), 133.7 (d, J =9.2 Hz), 128.0 (d, J = 3.3 Hz), 116.9 (d, J =
22.1 Hz), 115.6 (s), 102.7 (d, J = 2.4 Hz), 63.0 (s), 14.3 (s). °F NMR (376 MHz, None)
0 -104.8.

5-(4-Fluorobenzylidene)-1,3-dimethylpyrimidine-2,4,6(1H,3H,5H)-trione (334)
0
/@/jLN.Me
F o) r}l’go
Me

The title compound was synthesised by General Procedure 8 stirring for 1 days and
purified by recrystallization in ethanol (95%, 1.245 g) as a yellow solid. MP 161 - 164 °C.
H NMR (500 MHz, CDCl3) & 8.52 (s, 1H), 8.23 —8.14 (m, 2H), 7.20 — 7.11 (m, 2H), 3.42
(s, 3H), 3.38 (s, 3H). *C NMR (126 MHz, CDCl3) & 165.6 (d, J = 257.7 Hz), 162.7 (s),
160.7 (s), 158.0 (s), 151.3 (s), 136.9 (d, J = 9.3 Hz), 129.0 (d, J = 3.1 Hz), 117.1 (d, J =
1.7 Hz), 115.8 (d, J = 21.8 Hz), 29.3 (s), 28.6 (s). 1°F NMR (471 MHz, CDCls) & -103.3.

Characterization data is in accordance with prior reports.>®

5-(4-Fluorobenzylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (335)

o}
Xy o

The title compound was synthesised by General Procedure 8 stirring for 2 days and

purified by recrystallization from diethyl ether and petroleum ether (98%, 1.225 g) as a

white solid. MP 135 - 137 °C. 'H NMR (500 MHz, CDCl;) & 8.39 (s, 1H), 8.17 (dd, J =

8.1, 5.7 Hz, 2H), 7.17 (t, J = 8.3 Hz, 2H), 1.80 (s, 6H). *C NMR (126 MHz, CDCls) &

165.8 (d, J = 258.9 Hz), 163.3 (s), 159.9 (s), 156.7 (s), 136.9 (d, J = 9.5 Hz), 128.1 (d, J

= 3.3 Hz), 116.2 (d, J = 21.9 Hz), 114.2 (d, J = 1.8 Hz), 104.6 (s), 27.6 (S). *°F NMR (376
MHz, CDCls) & -101.9.
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Ethyl 2-ox0-2H-chromene-3-carboxylate (336)

mCOzEt
(Oe}

The title compound was prepared using a method modified from the literature.®* To a
flame dried 25 mL microwave vial was added salicylaldehyde (1.2 g, 10 mmol) and
diethylmalonate (2.2 g, 14 mmol), the vial was then sealed and put under nitrogen.
Ethanol (5 mL ,2 M) that had been dried over 3 A molecular sieves was then added
followed by piperidine (0.125 mL, 1 mmol) and acetic acid (0.050 mL 1 mmol). The vial
was then heated to 125 °C for 3 hours. After which the reaction was cooled to 0 °C and
water (10 mL) was added. This mixture was then filtered and washed with water ethanol
(1:1) solution. The remaining solid was recrystalized from the minimum amount of boiling
water:ethanol (3:1). This gave the title compound as a white solid (82%, 1.89 g). MP 61
- 65 "C. *H NMR (500 MHz, CDCls) & 8.52 (s, 1H), 7.68 — 7.58 (m, 2H), 7.39 — 7.30 (m,
2H), 4.42 (9, J = 7.1 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H). C NMR (126 MHz, CDCls) &
163.2, 156.9, 155.3, 148.7, 134.5, 129.6, 125.0, 118.5, 118.0, 117.0, 62.1, 14.4. HRMS
(ES+) [C12H1004 + Na*] calc. 241.477 found 241.079

2-benzylidenemalononitrile (333)

~-CN
O

The title compound was prepared using a method modified from the literature.®? To a 25
mL round bottom flask was added, benzaldehyde (1.061 g, 10 mmol), malononitrile
(0.661 g, 10 mmol), piperidine (0.099 mL, 1 mmol), and ethanol (10 mL). The mixture
was stirred at room temperature overnight. The solvent was removed under reduced
pressure, dichloromethane (50 mL) and HCI (0.1 M, 50mL) were added and the mixture
transferred to a separating funnel. The layers were separated and the aqueous layer
further extracted with dichloromethane (2 x 50 mL). The combined organic phase was
dried (MgSOs), filtered and the solvent removed under reduced pressure. The residue
was then recrystallized from boiling water:ethanol (3:1) to yield the product as yellow
crystals (0.941 g, 6.11 mmol, 61%). MP 80 - 81 °C. 'H NMR (500 MHz; CDCls): & 7.91
(d, J = 7.8 Hz, 2H), 7.78 (s, 1H), 7.65-7.62 (m, 1H), 7.55 (t, J = 7.6 Hz, 2H). *C NMR
(126 MHz; CDCls): 6 160.0, 134.8, 131.1, 130.9, 129.8, 113.8, 112.7, 83.1. Thanks to

Joseph L. Howard for this result.
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Ethyl 3-phenylpropiolate (344)

-~

The title compound was prepared using a method modified from the literature.®® To an

CO,Et

oven-dried flask was added potassium carbonate (2.073 g, 15 mmol) and the flask
flushed with nitrogen. Ethyl propiolate (0.507 mL, 5 mmol), iodobenzene (0.839 mL,
7.5 mmol) and dry THF (40 mL) were added and stirred. To this mixture was added
Pd(PPh3).Cl, (0.070 g, 0.1 mmol) and Cul (0.018 g, 0.1 mmol) and the flask flushed with
nitrogen. The mixture was heated to reflux, stirred for 22 hours, cooled and filtered
through cotton wool into a separating funnel. Dichloromethane (50 mL) and water
(50 mL) were added, the layers separated and the aqueous layer further extracted with
dichloromethane (2 x 50 mL). The combined organic phase was washed (brine), dried
(MgS0.,), filtered and the solvent removed under reduced pressure. The product was
purified by flash column chromatography and the product obtained as a yellow oil
(0.325 g, 1.87 mmol, 37%). *H NMR (500 MHz; CDClz): & 7.59 (d, J = 8.0 Hz, 2H), 7.46-
7.43 (m, 1H), 7.37 (t, J = 7.6 Hz, 2H), 4.32-4.28 (m, 2H), 1.36 (t, J = 7.1 Hz, 3H). 3C
NMR (126 MHz; CDCls): 6 154.2, 133.1, 130.7, 128.7, 119.8, 86.2, 80.8, 62.3, 14.3.
Thanks to Joseph L. Howard for this result.

Diethyl 2-(4-fluorobenzyl)malonate (351)

/©/\KCOZEt
CO,Et
E 2

The title compound was prepared using a method modified from the literature.®* To a
flame dried 10 mL microwave vial was added sodium hydride (60% suspension in
mineral oil) (42 mg, 1.05 mmol) and the vial placed under nitrogen. Dry THF (5 mL, 0.2
M) was then added and the vial was cooled to 0 °C. Diethyl malonate (0.160 mL, 1.05
mmol) was then added dropwise and the mixture was stirred for 15 mins followed by the
addition of 4-fluorobenzyl bromide (0.125 mL, 1 mmol). The vial was then heated to 75
°C for 1 hour. Water (2 mL) was then added and the solvent was removed en vacuo and
the remaining oil was dissolved in diethyl ether 20 mL and washed with water (20 mL).
The water layer was then extracted twice more with diethyl ether and the combined
organic phases were dried over magnesium sulphate. The solvent was then removed en
vacuo this oil was then purified using flash column chromatography (hexane:ethyl
acetate). The title compound was isolated as a colourless oil (52.6 mg, 20%). 'H NMR
(500 MHz, CDCl3) 6 7.17 (dd, J = 8.3, 5.4 Hz, 1H), 6.96 (t, J = 8.7 Hz, 1H), 4.25 — 4.06
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(m, 2H), 3.60 (td, J = 7.9, 1.1 Hz, 1H), 3.18 (d, J = 7.9 Hz, 1H), 1.30 — 1.11 (m, 3H). 13C
NMR (126 MHz, CDCls)  168.9 (s), 161.9 (d, J = 244.8 Hz), 133.7 (d, J = 3.3 Hz), 130.5
(d, J = 8.0 Hz), 115.5 (d, J = 21.3 Hz), 61.7 (s), 54.1 (s), 54.1 (s), 34.0 (s), 14.2 (s). 1°F
NMR (471 MHz, CDCls) & -116.3. HRMS (ES+) [C14H1704F + Na'] calc. 291.1009 found
291.1016.

Methyl 4-formylbenzoate

O
jon
MeOZC

The title compound was prepared using the following procedure. To an oven dried 100
mL round bottom flask that had been placed under nitrogen was added, 4-
carboxybenzaldehyde (2.25 g, 15 mmol), imidazole (2.04 g, 30 mmol), DMAP (0.366 g,
3 mmol), CH2Cl; (30 mL, 0.5 M) and methanol (2 mL, 45 mmol). This solution was then
cooled to 0 °C. A solution containing DCC (1 M, 17 mL) in CH.Cl, was prepared in a
dried flask. This DCC solution was then added dropwise to the cooled reaction flask after
which it was left to increase to room temperature and continued to stir for a further 3
hours. The reaction mixture was then filtered, and the filtrate collected. The filtrate was
then washed with 0.5 M HCI (30 mL), saturated NaHCO3 (30 mL), and brine (30 mL).
The organic phase was then dried over magnesium sulfate and solvent removed en
vacuo. This gave the title compound as a white solid and was used without further
purification (quant., 2.62 g). MP 50 - 52 °C. 'H NMR 10.10 (s, 1H), 8.20 (d, J = 7.6 Hz,
2H), 7.95 (d, J = 7.6 Hz, 2H), 3.96 (s, 3H). *C NMR (126 MHz, CDCls) d 191.8, 166.2,
139.3,135.2, 130.3, 129.7, 52.7.

6.5.4 General Procedure 9: Synthesis of malonates
The title compounds were prepared using a method modified from the literature.®® To a

dried 100 mL round bottom flask was added diethyl ether (25 mL), malonic acid (10
mmol), and desired alcohol coupling partner (30 mmol). This mixture was cooled to 0 °C
and a solution of DCC in diethyl ether (1 M, 30 mL) was added slowly. Once addition
was complete the reaction mixture was allowed to rise to room temperature and stirred
for a further 1 hour. Once the reaction was complete the mixture was filtered and the
filtrate collected. The filtrate was then washed with saturated sodium bicarbonate
followed by brine and dried using magnesium sulphate. The solvent was removed en
vacuo and the title compound was used without further purification or purified by flash

column chromatography.
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Di-iso-propyl malonate

o O

iPra OJJ\/U\ o P

The title compound was prepared by General Procedure 9 (93%, 1.72 g) as a colourless
oil. 'H NMR (500 MHz, CDCl3) & 5.05 (hept, J = 6.3 Hz, 1H), 3.29 (s, 1H), 1.25 (d, J =
6.3 Hz, 6H). *C NMR (126 MHz, CDCl;) 5 166.4, 69.1, 42.5, 21.8.

Di-tert-butyl malonate

O O

tBu ‘OJ\/U\O’ tBu

The title compound was prepared by General Procedure 9 exchanging diethyl ether as
solvent for acetonitrile (97%, 2.10 g) as a yellow oil. *H NMR (500 MHz, CDCls) d 3.18
(s, 2H), 1.47 (s, 18H). *C NMR (126 MHz, CDCl;) & 166.3, 81.8, 44.5, 28.1.

Diallyl malonate

o O

allyl \OJ\/U\O' allyl

The title compound was prepared by General Procedure 9 (93%, 1.76 g) as a colourless
oil. *"H NMR (500 MHz, CDCls) & 5.91 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.34 (ddd, J =
17.2, 3.0, 1.5 Hz, 1H), 5.26 (ddd, J = 10.4, 1.3 Hz, 1H), 4.65 (ddd, 2H), 3.44 (s, 1H). 3C
NMR (126 MHz, CDCls) 6 166.2, 131.6, 119.0, 66.2, 41.6.

6.5.5 General Procedure 10: Reductive Dimerization of Alkenes
To a 14 mL stainless steel milling jar (Insolido Technologies) containing a stainless steel

milling ball (4.1 g) was added manganese, irregular pieces, (1.1 mmol, 60 mg), the
appropriate arylidene malonate (1 mmol), THF (2 mmol, 160 pL), and lithium chloride (1
mmol, 42 mg). The reaction mixture was then milled at 30 Hz for 3 h. The mixture was
then washed into a flask with EtOAc, HCI (1 M, 25 mL) was added and the mixture stirred
for ten minutes and the organic phase was separated, washed with brine and dried with
magnesium sulphate. This crude mixture was then purified using flash column
chromatography. If the diastereomers of the product could not be separated the

columned material was then further purified using recycling preparative HPLC.
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6.5.6 General Procedure 11: Reductive Dimerization of Alkenes in solution
If required, manganese of the appropriate form (275 mg) was placed in a 14 mL stainless

steel milling jar containing one milling ball (10 mm, 4.1 g) and milled at 30 Hz for 5 mins.

To a 5 mL vial containing a magnetic stirrer bar was added manganese, (0.55 mmol, 30
mgq) diethyl 2-(4-fluorobenzylidene)malonate (0.5 mmol, 133 mg), lithium chloride (0.5
mmol, 21 mg), and THF (2 mL, 0.25 M). The reaction mixture was left to stir and upon
completion trifluorotoluene (0.167 mmol, 21 yL) was added as an internal standard
followed by aqg. HCI (1.5 mL, 1 M) and EtOAc (1.5 mL). The biphasic mixture was left to
stir until the remaining manganese had been quenched and effervescing had ceased.

The organic phase was then analysed by °F NMR spectroscopy.

Tetraethyl 2,3-bis(4-fluorophenyl)butane-1,1,4,4-tetracarboxylate (310)

Et0,C. COEt
EtO,C” ~CO,Et

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (88%, 3:2, 235 mg) as a white solid. The anti diastereomer was separated
by column chromatography and the syn diastereomer was separated by recycling
preparative HPLC using 80:20 hexane:EtOAc. MP 144 - 145 °C. Anti *H NMR (500 MHz,
CDCls) 8 7.32 — 7.27 (m, 1H), 6.96 (t, J = 8.6 Hz, 1H), 4.07 (dd, J = 5.6, 2.0 Hz, 1H), 3.95
(ddq, J = 14.6, 7.4, 3.6 Hz, 1H), 3.86 (q, J = 7.1 Hz, 1H), 3.58 (dd, J = 5.6, 2.1 Hz, 1H),
1.11 (t, J = 7.1 Hz, 1H), 0.97 (t, J = 7.1 Hz, 2H). Anti 13C NMR (126 MHz, CDCl;) 5 168.3
(s), 167.7 (s), 162.3 (d, J = 246.6 Hz), 133.8 (d, J = 3.3 Hz), 131.9 (d, J = 7.9 Hz), 115.1
(d, J=21.2 Hz), 61.7 (s), 61.4 (S), 55.5 (S), 47.9 (S), 14.0 (s), 13.8 (S). Anti 1°F NMR (376
MHz, CDCl3) 6 -114.4. . IR: vmax: 1749, 1722, 1219, 1157, 1106 cm™* Anti HRMS (AP+)
[CagH33F20¢] calc. 535.2143 found 535.2144

Syn 'H NMR (400 MHz, CDCls) & 6.88 (br s, 4H), 4.49 — 4.29 (m, 2H), 3.90 — 3.72 (m,
3H), 3.65 (q, J = 1.7 Hz, 1H), 1.41 (t, J = 7.1 Hz, 3H), 0.85 (t, J = 7.1 Hz, 3H). Syn 1*C
NMR (126 MHz, CDCls) & 167.9 (s), 167.1 (s), 162.3 (d, J = 246.7 Hz), 131.6 (d, J = 3.3
Hz), 114.8 (d, J = 18.7 Hz), 62.3 (s), 61.5 (S), 55.7 (s), 45.9 (s), 14.3 (s), 13.7 (s). Syn
19F NMR (376 MHz, CDCls) & -114.6 (s). Syn HRMS (ES+) [C2sH320sF2 + Na'] calc.
557.1963 found 557.1943
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Tetraethyl 2,3-diphenylbutane-1,1,4,4-tetracarboxylate (297)

Et0,C.__CO,Et

EtO,C” ~CO,Et

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (56%, 3:5, 140 mg) as a white solid. The diastereomers were separated
by preparatory TLC, 5 runs at 80:20 hexane:EtOAc. MP 89 - 90 “C. Anti *H NMR (500
MHz, CDCl3) & 7.37 — 7.07 (m, 16H), 4.09 (dd, J = 6.0, 2.2 Hz, 3H), 3.98 — 3.85 (m, 6H),
3.81 (qd, J = 7.1, 1.0 Hz, 6H), 3.67 (dd, J = 6.0, 2.2 Hz, 3H), 1.10 (t, J = 7.1 Hz, 9H),
0.91 (t, J = 7.1 Hz, 9H). Anti 3C NMR (500 MHz, CDCl3) 8 7.4 — 7.1 (m, 16H), 4.1 (dd, J
= 6.0, 2.2 Hz, 3H), 4.0 — 3.9 (m, 6H), 3.8 (qd, J = 7.1, 1.0 Hz, 6H), 3.7 (dd, J = 6.0, 2.2
Hz, 3H), 1.1 (t, J = 7.1 Hz, 9H), 0.9 (t, J = 7.1 Hz, 9H). IR: V. 1759, 1736, 1203, 1165 cm-
1 Anti HRMS (AP+) [C2sH3s50¢] calc. 499.2332 found 499.2309

Syn *H NMR (500 MHz, CDCls) & 9.94 (s, enol 1H), 7.79 (d, J = 8.0 Hz, enol 2H), 7.48
(d, J = 8.1 Hz, enol 2H), 7.35 — 7.27 (m, 7H), 7.19 (m, 7H), 4.84 (d, J = 12.1 Hz, enol
1H), 4.50 — 4.31 (m, 4H), 4.02 (m, 2H), 3.91 (s, 1H), 3.88 (s, 1H), 3.84 — 3.69 (m, 6H),
1.42 (t, J = 7.1 Hz, 6H), 1.04 (t, J = 7.1 Hz, enol 6H), 1.02 (t, J = 7.1 Hz, enol 6H), 0.79
(t, J=7.1 Hz, 6H). Syn *C NMR (126 MHz, CDCls) 5 191.8 (enol), 168.1, 167.5 (enol),
167.4 (enol), 167.4, 148.6 (enol), 140.3 (enol), 136.0, 135.3 (enol), 130.3, 129.0, 128.6,
128.0, 127.7, 127.7, 127.5, 127.5 (enol), 62.2, 61.9 (enol), 61.8 (enol), 61.3, 57.2 (enol),
55.7, 51.3 (enol), 46.6, 14.3, 14.0 (enol), 13.9 (enol), 13.6. Syn HRMS (AP+) [C2sHs50¢]
calc. 499.2332 found 499.2322

Single crystal X-Ray diffraction structure of anti:

CCDC reference. 2142859 contains the supplementary crystal data for this structure.
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Tetraethyl (2,3-bis(4-(trifluoromethyl)phenyl)butane-1,1,4,4-tetracarboxylate (345)

EtO,C.__CO,Et
©/CF3
EtO,C” ~CO,Et

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (58%, 6:5, 368 mg) as a white solid. The diastereomers were separated
by column chromatography. MP 186 — 188 °C. Anti *H NMR (500 MHz, CDCls) & 7.55
(d, J=8.1 Hz, 2H), 7.44 (d, J = 8.1 Hz, 2H), 4.20 (dd, J = 5.6, 2.2 Hz, 1H), 3.99 — 3.90
(m, 2H), 3.86 (qd, J = 7.1, 2.8 Hz, 2H), 3.60 (dd, J = 5.6, 2.2 Hz, 1H), 1.10 (t, J = 7.1 Hz,
3H), 0.94 (t, J = 7.1 Hz, 3H). Anti 13C NMR (126 MHz, CDCl3) & 167.9 (s), 167.2 (s),
130.5 (s), 130.0 (q, J = 32.5 Hz), 128.6 (s), 127.8 (q), 125.1 (g, J = 3.6 Hz), 61.8 (s), 61.4
(s), 55.1 (s), 47.9 (s), 13.8 (s), 13.6 (S). Anti 1%F NMR (471 MHz, CDCl3) 8 -62.7. IR: Vi
2970, 1740, 1716, 1325, 1126 cm* Anti HRMS (ES+) [C2sH350¢] calc. 499.2332 found
499.2309

MP 100 — 102 °C. Syn H NMR (500 MHz, CDCls) & 7.61 — 7.35 (br, m, 1H), 6.83 (br, s,
1H), 4.51 — 4.34 (m, 1H), 3.99 (g, J = 1.9 Hz, 1H), 3.89 — 3.74 (m, 1H), 3.70 (g, J = 1.8
Hz, 1H), 1.42 (t, J = 7.1 Hz, 1H), 0.84 (t, J = 7.1 Hz, 1H). Syn *3C NMR (126 MHz, CDCl5)
5 167.6 (s), 166.8 (s), 140.1 (s), 130.7 (s), 130.2 (g, J = 32.6 Hz), 124.9 (s), 124.1 (q, J
= 272.1 Hz), 62.6 (s), 61.7 (S), 55.3 (S), 46.3 (), 14.3 (), 13.6 (S). Syn °F NMR (471
MHz, CDCls) 8 -62.6. IR: Vu: 2980, 1749, 1722, 1323, 1118, 1068 cm Syn HRMS (ES+)
[CsoH2208Fs + Na'] calc. 657.1899 found 657.1899

Tetraethyl 2,3-di-p-tolylbutane-1,1,4,4-tetracarboxylate (347)

EtO,C CO,Et
2 2: Me
Me
EtO,C CO,Et

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (85%, 3:2, 223 mg) as a white solid. The diastereomers were separated
by column chromatography. MP 92 — 94 °C. Anti *H NMR (500 MHz, CDCl3) & 7.17 (d,
J = 8.1 Hz, 1H), 7.08 — 7.03 (m, 1H), 4.07 — 4.00 (m, 1H), 3.96 — 3.78 (m, 2H), 3.69 —
3.60 (m, 1H), 2.29 (s, 2H), 1.10 (t, J = 7.1 Hz, 2H), 0.94 (t, J = 7.1 Hz, 2H). Anti 3C NMR
(126 MHz, CDClIs) d 168.6, 167.9, 137.0, 135.2, 130.1, 128.8, 61.5, 61.1, 56.0, 48.4,
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21.2,13.9,13.8. IR: Vs 1751, 1722, 1251, 1146 cm* Anti HRMS (ES+) [C30H3s0s + Na']
calc. 549.2464 found 549.2466

Syn MP 62 — 64 °C. 'H NMR (500 MHz, CDCls) 8 6.96 (s, 1H), 4.52 — 4.27 (m, 1H), 3.93
—3.58 (m, 1H), 2.29 (s, 1H), 1.41 (t, J = 7.1 Hz, 1H), 0.81 (t, J = 7.1 Hz, 1H). Syn 3C
NMR (126 MHz, CDClz) & 168.2, 167.5, 137.0, 132.9, 130.3, 128.4, 62.0, 61.2, 55.8,
46.1, 21.2, 14.3, 13.7. IR: v 1740, 1721, 1228, 1143, 1034 cm?* Syn HRMS (ES+)
[C30H3s0s + Na'] calc. 549.2464 found 549.2465

Tetraethyl 2,3-bis(4-methoxyphenyl)butane-1,1,4,4-tetracarboxylate (348)

EtO,C.__CO,Et

©/OMG

Et0,C” “CO,Et

MeO

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (85%, 3:1, 237 mg) as a white solid. The anti-diastereomer was separated
by recycling preparative HPLC using 80:20 hexane:EtOAc. Anti 'H NMR (500 MHz,
CDClz) 6 7.21 (d,J=8.7 Hz, 1H), 6.79 (d, J = 8.8 Hz, 1H), 4.01 (dd, J = 5.6, 2.2 Hz, 1H),
3.97 — 3.81 (m, 2H), 3.78 (s, 2H), 3.61 (dd, J = 5.6, 2.2 Hz, 1H), 1.11 (t, J = 7.1 Hz, 2H),
0.97 (t, J = 7.1 Hz, 2H). Anti *C NMR (126 MHz, CDCl;) d 168.6, 168.0, 158.9, 131.4,
130.3, 113.5, 61.5, 61.2, 55.9, 55.3, 48.2, 14.0, 13.9. Anti HRMS (ES+) [C30H35010 +
Na*] calc. 581.2363 found 581.2379

Mixed *H NMR (500 MHz, CDCls) & 6.71 (s, 4H), 4.47 — 4.30 (m, 1H), 3.96 — 3.89 (m,
2H), 3.78 (s, 1H), 1.41 (t, J = 7.1 Hz, 1H), 0.84 (t, J = 7.1 Hz, 1H). Mixed *C NMR %C
NMR (126 MHz, CDCls) & 168.62, 168.16, 167.99, 167.49, 158.92, 158.89, 131.40,
131.35, 130.28, 127.95, 113.49, 113.05, 62.08, 61.50, 61.26, 61.14, 55.93, 55.89, 55.32,
55.30, 48.14, 45.93, 14.32, 13.98, 13.88, 13.76.

Tetraethyl 2,3-bis(4-(methoxycarbonyl)phenyl)butane-1,1,4,4-tetracarboxylate
(349)

Et0,C.__CO,Et

©/COZMe

MGOZC
EtO,C” “CO,Et

The title compound was prepared by General Procedure 10 as a mixture of

diastereomers (85%, 17:10, 522 mg) as a white solid. The anti-diastereomer was
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separated by column chromatography. MP 156 — 158 °C. Anti *H NMR (500 MHz, CDCls)
57.91(d, J = 8.5 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 4.15 (dd, J = 6.2, 2.1 Hz, 1H), 3.96
(9, J = 7.1 Hz, 1H), 3.88 (s, 1H), 3.80 (q, J = 7.1 Hz, 1H), 3.61 (dd, J = 6.2, 2.2 Hz, 1H),
1.11 (t, J=7.1 Hz, 1H), 0.89 (t, J = 7.1 Hz, 2H).Anti *C NMR (126 MHz, CDCl3) & 168.1,
167.4, 166.9, 143.4, 130.2, 129.6, 129.5, 61.9, 61.5, 55.1, 52.3, 48.2, 14.0, 13.8. IR: Viax:
1744, 1728, 1718, 1265, 1118 cm? Anti HRMS (AP+) [C32H39012] calc. 615.2442 found
615.2441

Mixed *H NMR (500 MHz, CDCl3) & 7.84 (s, 16H), 7.04 (t, J = 83.0 Hz, 10H), 4.51 — 4.30
(m, 11H), 4.04 — 3.94 (m, 8H), 3.90 (d, J = 8.7 Hz, 20H), 3.84 — 3.75 (m, 11H), 3.73 (dt,
J=4.4,1.7 Hz, TH), 1.42 (t, J = 7.1 Hz, 16H), 0.83 (t, J = 7.1 Hz, 17H). Mixed *C NMR
(126 MHz, CDCls) & 167.61, 166.75, 166.73, 141.20, 129.49, 129.41, 129.02, 62.34,
61.46, 55.15, 52.18, 46.35, 14.17, 13.61.

Tetraethyl bis(4-cyanophenyl)butane-1,1,4,4-tetracarboxylate (346)

EtO,C.__CO,Et
1o
Et0,C” “CO,Et

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (88%, 5:4, 242 mg) as a white solid. The diastereomers were separated
by column chromatography. MP 204 — 207 "C. Anti *H NMR (500 MHz, CDCls) d 7.59
(d, J=8.5Hz, 1H), 7.42 (d, J = 8.5 Hz, 1H), 4.19 (dd, J = 5.5, 2.1 Hz, 1H), 4.00 (qd, J =
7.1, 2.0 Hz, 1H), 3.89 (q, J = 7.1 Hz, 1H), 3.54 (dd, J = 5.5, 2.2 Hz, 1H), 1.13 (1, J = 7.1
Hz, 1H), 0.98 (t, J = 7.1 Hz, 1H). Anti **C NMR (126 MHz, CDCls) 5 167.8, 167.2, 143.3,
132.1, 131.0, 118.5, 112.0, 62.1, 61.8, 54.7, 47.9, 14.0, 13.9. IR: V.a: 2226, 1748, 1717,
1310, 1146 cm® Anti HRMS (ES+) [C30H31N20g] calc. 547.2080 found 547.2079

Syn MP 104 — 106 °C.*H NMR (500 MHz, CDCls) & 7.50 (br, s, 1H), 6.81 (br, s, 1H),
4.56 — 4.27 (m, 1H), 3.96 (g, J = 1.9 Hz, 1H), 3.90 — 3.76 (m, 1H), 3.68 (g, J = 1.8 Hz,
1H), 1.41 (t, J = 7.1 Hz, 1H), 0.89 (t, J = 7.1 Hz, 1H). Syn 13C NMR (126 MHz, CDCls) &
167.4, 166.5, 141.5, 131.8, 130.6 (br), 118.4, 112.0, 62.8, 61.9, 55.0, 46.5, 14.2, 13.8.
IR: Vaw 2224, 1757, 1736, 1204, 1165cm® Syn HRMS (ES+) [CaHaiN2Og] calc.
547.2080 found 547.2078
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Tetraethyl 2,3-bis(4-chlorophenyl)butane-1,1,4,4-tetracarboxylate (350)

EtO,C.__CO,Et

Et0,C” ~CO,Et

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (82%, 13:10, 231 mg) as a white solid. The anti-diastereomer was
separated by column chromatography and the syn diastereomer was separated using
recycling preparative HPLC using 80:20 hexane:EtOAc. MP 170 - 173 °C. Anti *H NMR
(500 MHz, CDCl3) 8 7.25 — 7.19 (m, 1H), 4.05 (dd, J = 5.7, 2.2 Hz, 1H), 4.02 — 3.91 (m,
1H), 3.87 (qt, J = 4.8, 2.5 Hz, 1H), 3.58 (dd, J = 5.7, 2.2 Hz, 1H), 1.13 (t, J = 7.1 Hz, 1H),
0.98 (t, J = 7.1 Hz, 1H). Anti **C NMR (126 MHz, CDCls) 5 168.2, 167.6, 136.6, 133.7,
131.6, 128.5, 61.8, 61.5, 55.3, 47.9, 29.9, 14.0, 13.8. IR: v..« 1746, 1719, 1308, 1171,
1152, 1011 cm* Anti HRMS (ES+) [C2gH3205Cl> + Na*] calc. 589.1372 found 583.1376

Syn H NMR (500 MHz, CDCls) 8 7.17 (s, 1H), 4.46 — 4.32 (m, 1H), 3.90 — 3.75 (m, 2H),
3.64 (d, J = 11.9 Hz, 1H), 1.41 (t, J = 7.1 Hz, 2H), 0.87 (t, J = 7.1 Hz, 2H). Syn 3C NMR
(126 MHz, CDCIl3) 6 167.8, 167.0, 134.4, 133.7, 128.1, 62.4, 61.6, 55.5, 45.9, 14.3, 13.8.
Syn HRMS (ES+) [C2sH3208Cl, + Na*] calc. 589.1372 found 583.1376

Tetramethyl 2,3-bis(4-fluorophenyl)butane-1,1,4,4-tetracarboxylate (337)

MeO,C._COMe
F
M802C COzMe

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (62%, 3:2, 149 mg) as a white solid. The diastereomers were separated
by column chromatography. MP 161 — 162 “C. Anti *H NMR (500 MHz, CDCls) 8 7.32 —
7.27 (m, 1H), 6.99 (t, J = 8.7 Hz, 1H), 4.09 (dd, J = 5.1, 2.3 Hz, 1H), 3.60 (dd, J = 5.1,
2.3 Hz, 1H), 3.48 (s, 1H), 3.41 (s, 1H). Anti 3C NMR (126 MHz, CDCls) 5 168.71 (s),
168.14 (s), 162.43 (d, J = 246.9 Hz), 133.64 (d, J = 3.4 Hz), 131.80 (d, J = 6.7 Hz),
115.43 (d, J = 21.2 Hz), 55.47 (s), 52.75 (s), 52.47 (s), 47.96 (s).j Anti °F NMR (471
MHz, CDCl3) 6 -114.2 (S). IR: Vi 1747, 1504, 1433, 1258, 1157 cm* Anti HRMS (ES+)
[C24H24F205 + Na*] calc. 501.1337 found 501.1334

Syn MP 107 — 108 “C *H NMR (500 MHz, CDCls) & 6.88 (s, 1H), 3.94 (s, 1H), 3.80 (q, J
= 1.6 Hz, 1H), 3.72 (g, J = 1.5 Hz, 1H), 3.35 (s, 1H). Syn *C NMR (126 MHz, CDCl3) &
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168.2 (s), 167.5 (s), 162.3 (d, J =247.0 Hz), 131.3 (d, J = 3.3 Hz), 114.9 (d, J = 21.6 HZz),
55.4 (s), 53.4 (S), 52.6 (S), 46.1 (S). IR: Ve 1755, 1734, 1508, 1258, 1229, 1153 cm Syn
1F NMR (471 MHz, CDCl3) & -114.3 (s). Syn HRMS (ES+) [C24H24F20s + Na'] calc.
501.1337 found 501.1331

Tetraisopropyl 2,3-bis(4-fluorophenyl)butane-1,1,4,4-tetracarboxylate (338)

iPI'OZC COZIPF F

iPro,C~ CO,iPr

F

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (51%, 1:1,126 mg) as a white solid. The anti-diastereomer was separated
by column chromatography and the syn diastereomer was separated using recycling
preparative HPLC using 80:20 hexane:EtOAc. MP 167 — 170 °C. Anti *H NMR (500
MHz, CDCl3) 6 7.22 — 7.16 (m, 3H), 6.87 (t, J = 8.7 Hz, 2H), 4.77 (hept, J = 6.3 Hz, 1H),
4.66 (hept, J = 6.3 Hz, 1H), 4.04 — 3.89 (m, 1H), 3.46 (dd, J = 5.8, 2.2 Hz, 1H), 1.07 (d,
J = 6.3 Hz, 3H), 0.95 (d, J = 6.3 Hz, 3H), 0.92 (d, J = 6.3 Hz, 3H), 0.86 (d, J = 6.3 Hz,
3H). Anti $3C NMR (126 MHz, CDCl3) d 167.96 (s), 167.30 (s), 162.26 (d, J = 246.1 Hz),
134.07 (d, J = 3.3 Hz), 132.01 (s), 115.03 (d, J = 21.1 Hz), 69.30 (s), 68.79 (s), 55.50 (s),
47.72 (s), 21.60 (s), 21.49 (s), 21.44 (s), 21.30 (s). Anti 1°F NMR (471 MHz, CDCls) & -
115.16. IR: vaae 1740, 1717, 1506, 1296, 1159, 1123 cm* Anti HRMS (AP+) [C32H41F20s]
calc. 591.2769 found 591.2776.

Syn 'H NMR (500 MHz, CDCls) & 6.88 (s, br, 1H), 1.42 (d, J = 6.3 Hz, 1H), 1.36 (d, J =
6.3 Hz, 1H), 0.90 (d, J = 6.3 Hz, 1H), 0.83 (d, J = 6.2 Hz, 1H). Syn 13C NMR (126 MHz,
CDCls) 5 167.42 (s), 166.73 (s), 162.22 (d, J = 246.4 Hz), 131.98 (d, J = 3.3 Hz), 114.70
(d, J = 18.2 Hz), 69.86 (s), 68.92 (s), 55.93 (s), 45.49 (S), 21.94 (s), 21.69 (S), 21.34 (S),
21.16 (s). Syn *°F NMR (471 MHz, CDCls) & -114.83. Syn HRMS (AP+) [CsoHa1F20¢]
calc. 591.2769 found 591.2776.
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Tetraallyl 2,3-bis(4-fluorophenyl)butane-1,1,4,4-tetracarboxylate (339)
allylo,C__CO,allyl .
allylo,C™  "COayallyl

The title compound was prepared by General Procedure 10 as a mixture of
diastereomers (77%, 5:3, 151 mg) as a white solid. The anti-diastereomer was separated
by column chromatography. MP 90 — 92 "C. Anti *H NMR (500 MHz, CDCls) d 7.29 (dd,
J=28.7,5.3Hz, 1H), 6.96 (t, J = 8.7 Hz, 1H), 5.72 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.64
—5.53 (m, 1H), 5.19 (ddq, J = 10.0, 7.1, 1.4 Hz, 1H), 5.15 — 5.08 (m, 1H), 4.41 — 4.23
(m, 2H), 4.11 (dd, J = 5.3, 2.2 Hz, 1H), 3.64 (dd, J = 5.3, 2.2 Hz, 1H). Anti 3C NMR (126
MHz, CDCls) d 167.8 (s), 167.2 (s), 162.4 (d, J = 246.8 Hz), 133.5 (d, J = 3.3 Hz), 131.9
(s), 131.9 (s), 131.3 (d, J = 10.7 Hz), 119.0 (s), 119.0 (s), 115.3 (d, J = 21.2 Hz), 66.3
(s), 66.0 (s), 55.5 (s), 47.9 (s). Anti 1°F NMR (376 MHz, CDCl3) & -114.4. IR: Vpa.: 1746,
1722,1504, 1219, 1167, 1126 cm* Anti HRMS (AP+) [C32H33F20g] calc. 583.2134 found
583.2151

Mixed 'H NMR (500 MHz, CDCls) & 6.87 (s, 3H), 6.03 (ddt, J = 17.1, 10.5, 5.8 Hz, 1H),
5.51 — 5.37 (m, 2H), 5.32 (ddd, J = 10.5, 2.4, 1.1 Hz, 1H), 5.08 — 4.96 (m, 2H), 4.93 —
4.81 (m, 1H), 4.77 (ddt, J = 13.1, 5.9, 1.3 Hz, 1H), 4.27 — 4.15 (m, 2H), 3.89 (t, J = 6.7
Hz, 1H), 3.72 (t, J = 6.7 Hz, 1H). Mixed 3C NMR (126 MHz, CDCls) & 167.41 (s), 166.66
(s), 162.30 (d, J = 246.9 Hz), 131.57 (s), 131.38 (d, J = 3.4 Hz), 131.15 (s), 119.44 (s),
118.96 (s), 118.95 (d, J = 6.8 Hz), 114.88 (d, J = 20.9 Hz), 66.79 (s), 66.13 (S), 55.60 (S),
45.89 (s). Mixed °F NMR (376 MHz, CDCls) & -114.4.

Diethyl 2,5-dicyano-3,4-bis(4-fluorophenyl)hexanedioate (340)

E;/;; ©F
F NC” “CO,Et

The title compound was prepared by General Procedure 10 as a single diastereomers
(55%, 121 mg) as a white solid. MP 173 — 176 "C. 'H NMR (500 MHz, CDCls) & 7.60 (s,
1H), 7.16 (t, J = 8.4 Hz, 1H), 4.10 — 3.91 (m, 2H), 3.49 (dd, J = 2.4, 1.8 Hz, 1H), 1.04 (t,
J = 7.1 Hz, 2H). 3C NMR (126 MHz, CDCls) 5 164.2 (s), 163.2 (d, J = 249.7 Hz), 130.2
(d,J=3.4Hz), 116.8 (d, J =21.8 Hz), 114.6 (s), 63.1 (s), 47.3 (s), 42.3 (s), 13.8 (S). *°F
NMR (376 MHz, CDCl3) 8 -111.3. IR: Vma: 2232, 1749, 1510, 1269, 1228 1167 cm* HRMS
(AP+) [C24H23N2F204] calc. 441.1626 found 441.1626.
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6.6 Generation of Organomanganese Halides via Ball Milling

6.6.1 General Procedure 12: One-pot Organomanganese Generation

To a 14 mL stainless-steel milling jar (Insolido Technologies) containing a stainless steel
milling ball (4.1 g) was added manganese, irregular pieces, (1.0 mmol, 55 mg), conjugate
electrophile (0.5 mmol), pro-nucleophile (0.5 mmol) THF (1.0 mmol, 81 pL), and lithium
chloride (0.5 mmol, 21 mg). The reaction mixture was then milled at 30 Hz for 3 h. The
mixture was then washed into a flask with Et,O and HCI (1 M, 25 mL) was added, and
the mixture stirred for ten minutes, and the organic phase was separated, washed with
brine and dried with magnesium sulphate. This crude mixture was then purified using

flash column chromatography.

6.6.2 General Procedure 13: One-pot Organomanganese Generation and
Copper Catalysed Conjugate Addition
To a 14 mL stainless-steel milling jar (Insolido Technologies) containing a stainless-steel

milling ball (4.1 g) was added manganese, irregular pieces, (1.0 mmol, 55 mg),
2-cyclohexen-1-one (0.5 mmol, 48 L), 4-fluorobenzyl bromide (0.625 mmol, 78 L)
iPrOH (0.75 mmol, 35 pL), lithium bromide (0.5 mmol, 43 mg) copper(l) iodide (0.1 mmol,
19 mg). The reaction mixture was then milled at 30 Hz for 3 h. The mixture was then
washed into a flask with Et,O and HCI (1 M, 25 mL) was added, and the mixture stirred
for ten minutes, and the organic phase was separated, washed with brine and dried with
magnesium sulphate. This crude mixture was then purified using flash column

chromatography.
3-benzylcyclohexan-1-one (392)

0O

o¥e

The title compound was synthesised by General Procedure 12 as a colourless oil (8%,
7.6 mg). 'H NMR (500 MHz, CDCl3) 8 7.37 — 7.25 (m, 2H), 7.24 — 7.17 (m, 1H), 7.16 —
7.08 (m, 2H), 2.72 — 2.54 (m, 2H), 2.49 — 2.31 (m, 2H), 2.31 — 2.20 (m, 1H), 2.05 (dddd,
J=13.8,7.6,4.6,25Hz, 3H), 1.88 (d, J = 14.7 Hz, 1H), 1.62 (dtdd, J = 13.5, 12.3, 4.8,
3.6 Hz, 1H), 1.45 — 1.32 (m, 1H). 3C NMR (126 MHz, CDCl3) & 211.8, 139.6, 129.3,
128.5, 126.4, 48.0, 43.2, 41.6, 41.0, 31.1, 25.3. Characterization data is in accordance

with prior reports.%®
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3-(4-fluorobenzyl)cyclohexan-1-one (394)

0

oves

The title compound was synthesised by General Procedure 13 as a colourless oil (48%,
50 mg). *H NMR (500 MHz, CDCls) & 7.07 (dd, J = 8.3, 5.6 Hz, 2H), 6.97 (t, J = 8.7 Hz,
2H), 2.68 — 2.53 (m, 2H), 2.36 (dd, J = 9.8, 7.8 Hz, 2H), 2.32 — 2.19 (m, 1H), 2.10 — 1.96
(m, 3H), 1.86 (d, J =13.7 Hz, 1H), 1.71 — 1.59 (m, 1H), 1.36 (td, J = 13.8, 3.8 Hz, 1H).
19F NMR (376 MHz, CDCls) 5 -117.11. 13C NMR (126 MHz, CDCls) & 211.6 (s), 161.7 (d,
J = 244.2 Hz), 135.2 (d, J = 3.1 Hz), 130.6 (d, J = 7.8 Hz), 115.3 (d, J = 21.2 Hz), 47.9
(s), 42.2 (s), 41.5 (s), 41.1 (s), 31.0 (s), 25.2 (s). Characterization data is in accordance

with prior reports.®’

1,2-bis(4-fluorophenyl)ethane (395)

ar
The title compound was synthesised by General Procedure 13 as a white solid (12%, 8
mg). *H NMR (500 MHz, CDCl3) 8 7.12 — 7.01 (m, 2H), 7.00 — 6.91 (m, 2H), 2.86 (s, 2H).
19F NMR (376 MHz, CDCl3) 5 -117.47. 3C NMR (126 MHz, CDCl3) 5 161.5 (d, J = 243.6
Hz), 137.1 (d, J = 3.2 Hz), 130.0 (d, J = 7.8 Hz), 115.2 (d, J = 21.1 Hz), 37.3 (s).

Characterization data is in accordance with prior reports.®®

F
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