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Abstract

New routes towards organocatalysis using the Corey-Chaykovsky aziridination reaction, by
Stephen O’Reilly

Organocatalysis and green chemistry are major areas of modern research. The current project aims
to apply these concepts to development of a catalytic Corey-Chaykovsky reaction.

Chapter 1 provides an extensive review of current literature and an outline of the goals of the current
research. In Chapter 2, a method has been developed for the Corey-Chaykovsky aziridination
reaction using imine and sulfonium salt starting materials for the selective synthesis of
vinylaziridine or aryl pyrroline. It has been shown that the choice of base used in the reaction plays
a crucial role for product selectivity. Further investigations suggest that a rearrangement of
vinylaziridine to pyrroline is unlikely, and the base used may activiate the intermediate molecule.

In Chapter 3, a synthetic pathway has been developed for three target dihydrobenzothiophene
sulfides to be used in the Corey-Chaykovsky reaction (one chiral sulfide). The core structure was
synthesised but the sulfonium salt derivative could not be formed. Substituted derivatives not
synthesised due to crucial steps being unsuccessful. However, the five new compounds were
prepared and fully characterised, and alternative synthetic pathways have been proposed.

In Chapter 4, three derivatives of pyrroline were synthesised with a future goal of using them as
organocatalysts. A detosylation study was performed and needs further optimisation. The methods
developed are adaptable for asymmetric synthesis to obtain enantiomerically pure samples of
pyrrolidine suitable for use as an organocatalysts.

In Chapter 5, the shortcomings of the working chapters (2-4) have been addressed and alternative
synthetic strategies suggested, with particular emphasis on obtaining enantiomerically pure
compounds, all with appropriate reference to evidence and precedent from the literature.
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Chapter 1

Chapter 1 Introduction and literature review

1.1. Introduction

The goal of the modern synthetic organic chemist is not just to find new routes to desired
molecules, but finding methods that are cost effective, robust, environmentally friendly and
stereospecific. Organocatalysis has, in the last 20 years, attempted to address this by using
chiral organic molecules as catalysts rather than metal complexes, which can be expensive
and environmentally threatening. The explosion of interest in organocatalysis in the last
two decades coincides with the newly emerged area of green chemistry, which aims to
make synthetic chemistry in the pharmaceutical industry sustainable, affordable and
reusable in the future while also minimising waste and pollution as defined by the twelve
principles of green chemistry.!

It is not just, however, the aim of green chemistry to find new methods for forming new
molecules, but also redeveloping old methods to align them with the fundamental twelve
principles. Examples recently include the development of the catalytic Wittig reaction
(CWR),? which redeveloped the decades old method for synthesising alkenes from
carbonyls into an efficient catalytic process with reusability and stereocontrol of the
products. A similar approach to develop a catalytic cycle around the Corey-Chaykovsky
aziridination process is thus the aim of this current research. This will facilitate the efficient,
and asymmetric, synthesis of highly useful aziridines for use as synthons, as well as making
aryl pyrrolines, which themselves have great potential as organocatalysts. The Corey-
Chaykovsky reaction uses sulfur ylides, and the proposed catalytic cycle would use an
organosulfur precatalyst as the reusable component. The reaction must first be optimised
to selectively synthesise each of the two possible products, before developing a catalytic
cycle, which would use more complex sulfide structures to induce stereoselectivity and
‘tune’ the ylide. The aryl pyrroline from the reaction can then itself be further modified and
functionalised to use as an organocatalyst in other reactions.

This interdisciplinary project has the potential to help develop many new areas of organic
chemistry such as organocatalysis, asymmetric synthesis and green chemistry. This
literature review will examine modern organocatalysis and green chemistry and discuss the
limitations and advantages that have arose. Also reviewed will be the Corey-Chaykovsky
reaction, and how the aziridination reaction has been overshadowed by the analogous
epoxidation. Great potential resides in the aziridination as well as the vinylaziridine to
pyrroline rearrangement that has been noted under various circumstances in numerous
publications. Pyrrolines being the major product of the Corey-Chaykovsky aziridination is
not well known, but would be highly useful if it could be optimised.



1.2. Organocatalysis

Organocatalysis describes the use of small, chiral organic molecules for asymmetric
catalytic processes as an alternative to the more mainstream methods of organometallic and
enzymatic catalysis. There have been several examples of this form of chemistry
throughout the twentieth century, such as the use of alkaloids from the cinchona plant for
nucleophilic addition to aldehydes® and the Hajos-Parrish-Eder-Sauer-Weichert
asymmetric aldol reaction which produces starting materials for the synthesis of steroids.*
Organocatalysis, however, was never considered a major field in synthesis and new
synthetic methods were normally expected to be found with biological and organometallic
chemistry.®> This began to change in the late 1990s, with two landmark papers in 2000
effectively launching organocatalysis to mainstream attention. The first was by List et al.
who demonstrated the use of the cyclic amino acid (S)-proline (A1) for asymmetric aldol
reactions.® The second was by MacMillan et al. who reported on an enantioselective
organocatalytic Diels-Alder reaction using more complex N-containing heterocycles (A2
and A3) (Figure 1).”

Me Me

N7 TCOH N N
H H Me H

Al A2 A3

Figure 1: (S)-proline (A1, left) and MacMillan organocatalysts (A2 and A3, right)

Organocatalysts can generally be defined by their activation mode. That is, the transition
state that forms when the substrate binds to the catalyst. Catalysis by (S)-proline, as
developed by List, forms an enamine activation mode, whereas the MacMillan catalysts
form an iminium intermediate. The discovery of the imine (A5) and enamine (A5)
activation modes (Figure 2) attracted much interest as it meant both catalysts could be
applied to a much more diverse range of reactions. It was for this reason that the 2000’s
saw an explosion of interest in this new chemistry field but also was the significant
advantages organocatalysts offers over conventional catalysts. Compared to metal
catalysts, they tend to be cheaper, much easier to handle and have less environmental
impact and they avoid the biological complexities and hazards associated with enzymatic
catalysis and are easier to use.®
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Figure 2: Enamine (left) and iminium (right) activation modes

The newfound interest in the topic led to the enhancement and expansion of the iminium
and enamine activation mode catalysts, as well as the discovery of new modes. (S)-proline
enamine catalysis has been applied to many more reactions, notably the Mannich and
Michael reactions, while MacMillan’s iminium catalysis has been applied to conjugate
amination, oxygenation and sulphenylation reactions, among others.® New modes that have
been discovered include hydrogen-bonding catalysis which is applicable to carbonyl and
imine containing substrates that can intermolecularly interact with the H on the catalysts’
amine groups, enhancing stereoselectivity.® Another mode was later developed by
MacMillan called singly occupied molecular orbital (SOMO) catalysis where a carbonyl
substrate (A6) binds to the amine group on the catalyst (A3) producing a radical, cationic
species (A7) with three n electrons which is then susceptible to nucleophilic attack in the o

position (Figure 3).1°
o !

0 0O /
N N
R ) Ty
Ph
A6 A3

Ph =~ A7
Nu R

Figure 3: SOMO Activation mode; carbonyl compound combined with MacMillan catalyst to form a
radical, cationic activation mode which is susceptible to nucleophilic attack

Chiral thioureas are a highly utilised class of organocatalysts that operate via a through
bond activation mode where the hydrogens on the two amine groups of the thiourea moiety
coordinate to the substrate. Early research groups to publish work on thiourea
organocatalysis were led by Schreiner,'! Jacobsen®? and Takemoto.'® An early application
by Schreiner is the Diels-Alder of an a, B-unsaturated aldehyde (A8) (Figure 4)
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Figure 4: Schreiner’s thiourea A1l catalysed Diels-Alder reaction

Jacobsen has applied chiral thiourea catalysts to the Mannich reaction, achieving excellent
yields of up to 89% with ee values as high as 98% (Figure 5).14

NBoc OTBS

A12 J * A13
R OiPr
| tBu S
2. CF;COOH, | 1. Toluene Nj]/LN’U\N“"
2 min. -40 to -4 °C, 48 h. H H AlS5
0

A15 5 mol %

v tBu

NHBoc

0
J\ /'\ Al4 B
PrO R

84-89 %, 87-98 % ee
Figure 5: Jacobsen chiral thiourea catalysed Mannich reaction

An interesting recent application of thiourea organocatalysts was reported by Li et al.’®
where a bifunctional catalyst (A18), with two moieties with separate catalytic functions,
was used to synthesise cyclic carbonates (A17) from an epoxide (A16) and CO> (Figure
6). The first catalytic moiety features a charged ammonium group with a counter anion.
This counter anion opens the epoxide ring, and the resulting transition state coordinates to
the thiourea moiety before CO> addition. The best performing counter anion was bromide
but this was not studied extensively. The chain length between the charged ammonium
group and the thiourea group was also crucial for catalytic performance, but only varying
alkyl linkers were tested. Aryl and allyl linkers would be a more complete study.
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Figure 6: Li et al. cyclic carbonate synthesis using a bifunctional thiourea catalyst

Isothiourea through bond organocatalysis emerged as a progression from thiourea
catalysis,*® with early pioneering research reported by Birman et al.!’ Isothioureas have a
thiourea group locked in a ring structure. Smith et al. reported in 2014 a Mannich
application of a chiral isothiourea catalyst (A21) using tosylated aryl imines with aryl
carboxylic acids (A19) to synthesise A20 and achieved excellent ee values of 95% (Figure

7).

aryl imine 1. A21 5% mol
P TsClI (1.5 eq.)
Ar” SNTs DIPEA NHTs
DCM, r.t. MeOOC
0 —_— Y Ar,  A20
OH 2.nBuLi/MeOH Ar,
-78 °C 60 %, 95% ee
Arz
A19
Cat
S
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Figure 7: Smith et al. Mannich reaction using chiral isothiourea catalysis

Medicinal applications of organocatalysis have become increasingly common in the last
decade. The absence of metals is particularly desirable for pharmaceuticals that cannot
tolerate metal contamination. It is also widely accepted that the more steps involved in the
synthesis of an active pharmaceutical ingredient (API) the higher the drug cost, generally.8
Therefore, new synthetic routes are constantly being sought after, particularly for drugs
needed in third world areas, where high drug prices remains a major issue.

Tetrahydropyridines (THPs, A27) have been synthesised by using (S)-proline (Al) to form
an enamine activation mode with a -ketoester (A22), which in turn reacts with an aromatic



aldehyde and then an aniline to form a new enamine. Concurrently, an imine is formed with
the reaction of the aldehyde and the aniline, which in turn undergoes a Diels-Alder reaction
with the enamine to form the final THP product (A27, Figure 8). These THPs have been
screened extensively for anti-malarial activity against plasmodium falciparum in vitro, with
promising results (p-methoxy groups on the aryl substituents provided best hits) and
structure activity relationship (SAR) studied.®® It has also been reported that guanidine
derivatives have been synthesised using quinine alkaloids as organocatalysts in an imine
activation mode, with p-halogen aryl substituents providing best hits against a range of
malaria-causing parasites.?
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Figure 8: THT compound A27 synthesised from f-ketoester (A22), aryl aniline and aromatic
aldehyde using (S)-proline (A1) via an enamine activation

Hanessian et al. have designed a series of peptide mimetics (A22, Figure 9) (small
molecules with amino acid groups which can ‘mimic’ proteins) for use as P-secretase
(BACE) inhibitors.?* BACE are proteases which have been theorised to play a role in
amyloid plague accumulations in the brain, a potential major cause of Alzheimer’s disease.
The mimetics had a general structure of a small peptide chain attached to a cyclohexane
moiety with an amino group. The first step in the synthesis of these mimetics was the 1,4-



addition of a nitroalkane to cyclohexenone to form the cyclohexane moiety, from which
the amino acid chain could be added. This key step was catalysed with proline to induce
asymmetry, utilising an imine activation mode. High branching with i-Pr at the nitro side
of the cyclohexane was proved to be crucial for inhibition of the protease.
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Figure 9: General structure of the Hanessian designed peptide mimetic A28

Gilead Sciences Inc., reported in 2015 of the synthesis of a starting material in the synthesis
of a useful hepatitis C virus inhibitor. The cyclohexene product is synthesised by a Diels-
Alder reaction with use of an oxazaborolidine organocatalyst for enantioselectivity using a
Lewis acid-base activation mode.??

Asymmetric synthesis of isoxazolines is an important process for making insecticides in
veterinary medicine. Nissan Chemicals Industries filed a patent in 2009 using charged
cinchona alkaloids (A31) as organocatalysts for isoxazoline (A30) synthesis using
trifluoromethyl substituted a, B unsaturated ketones/esters (A29) as starting material and
proceeding through addition/cyclisation/dehydration reaction sequence (Figure 10).232
Yields of 98% with 78% enantiomeric excess (ee) were recorded.

NH,O0H (50% w/v aq.)

R] o) ION CsOH O/N\
A31 10 % mol R,
F5C R, CHCI,4
F;C
A29 -30 °C A30

Figure 10: Isoxazoline (A30) synthesis using charged cinchola alkaloids (A31) as a catalyst

The use of organocatalysis in modern medicinal chemistry has been recognised as
substantial, particularly in recent years, with many examples being reported in the



literature. The reactions above, along with most in modern industry, are performed in batch
production. However, continuous flow reactions have garnered considerable interest in
recent years due to major advantages it offers over batch production, which include better
mixing quality, improved operational safety, real time reaction monitoring and easier
reaction optimisation and scalability. Flow reactions have thus been recently applied to
organocatalytic processes with the aim of improving reaction efficiency.? Perhaps the most
famous reaction in organocatalysis is the asymmetric aldol reaction using (S)-proline.?®
This reaction was performed using flow in 2009 by Odedra et al. where the catalyst (A32)
was loaded on a glass microreactor and the starting materials and solvent was passed
through with syringe pumps under homogeneous conditions (Figure 11). The reported
yield of the aldol product (A33) and ee was an improvement on batch production. The
reaction was also reported using heterogeneous conditions, by loading a range of
organocatalysts to silica.?’” The flow process has been extended to include a range of
different catalysts and other reactions, such as the Michael addition® and Mannich
reaction,?® where yields often matched or improve on batch production, and reaction time
is generally shorter and milder conditions can be tolerated. Flow organocatalysis is still
very much in its infancy but these recent results present the topic as a very interesting
research area for the future and will certainly attract the attention of industry for competing
with batch production.
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Figure 11: Asymmetric aldol (A33) organocatalytic synthesis by flow chemistry using (S)-proline
derivative (A32)

Along with flow chemistry, a recent area of research is merging organocatalysis with
photochemistry. Normal organocatalytic processes involve a two-electron activation mode,
but photo organocatalysis aims to use a one-electron process generating a radical. These
one-electron activation modes offer unique transformations and can enhance
enantioselectivity. Two types of reactions of light in organocatalysis have emerged. The
first is dual catalysis, where an organocatalyst works in conjunction with a photosensitive
metal catalyst to generate a radical species under relatively mild conditions. The newly
generated radical activation mode has thus expanded its potential functionality.?
MacMillan reported in 2008 the use of a dual catalyst approach for the a-alkylation of
aldehydes using a ruthenium photocatalyst. The first step of this process proceeds as
normal, where the aldehyde (A35) bonds with the organocatalyst (A34) to generate the
enamine activation mode (A36). Next the alkyl halide (A41) is reduced by the ruthenium
complex (A42) which has been activated by visible light, generating an alkyl radical (A37)
which in turn bonds to the enamine organocatalytic transition molecule (A36) creating a
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‘stereoselective radical trap’(A38). The single electron is then transferred back to the metal
complex and the newly generated molecule (A43) hydrolyses to form product A44 and the
organocatalyst (A34, Figure 12).%°
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Figure 12: Photo organocatalysis; dual catalytic approach cycle with the enamine activation mode
(A36) attacked by radical A37 to form new mode A38. A38 is in turn oxidised by the Ru complex to
form the charged mode A43, which produces product A44. The reduced Ru complex is then oxidised
by light generate more of radicals A37

This dual catalyst approach has been applied to SOMO and imine activation modes as well.
The second type of photo organocatalysis is single catalysis which involves the photo
excitation of organocatalysts themselves, generating radical activation modes to enhance
enantioselectivity.?® In 2013, Arceo et al. reported using an enamine activation mode for
a-alkylation of aldehydes. The process involves more complex organocatalysts with
increased conjugation along with additional reagents to assist the radical chain reaction.3!
Single photo organocatalysis, along with dual photo organocatalysis, are still very much in
their infancy, like flow organocatalysis. This is likely to be the next major area of
organocatalytic research, with major developments expected in the coming years,
according to a 2018 review by Silvi et al.?® Single photo organocatalysis appears
particularly attractive as it uses no metals, reducing cost and environmental impact, and can
directly compete with metal photocatalysts, which themselves have become a major area
in synthetic and inorganic chemistry.

Acridinium salts have also emerged as a major type of organic photoredox catalysts and
function without the need for a metal co-catalyst. These catalysts have been used for the
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same reactions used with the much more widely utilised ruthenium and iridium redox
catalysts, such as the decarboxylative conjugation of an (S)-proline derivative (A44) with
A45 to a dimethyl maleate derivative (A46) using catalyst A47 (Figure 13). Yields
recorded were as high as 88%, similar to those reported with ruthenium redox catalysts but
stereoselectivity was not reported.?
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Figure 13: Decarboxylative conjugation of (S)-proline derivative A44 using an acridinium salt co-
catalyst A47

These are just two examples of photo organocatalysis but a large number of examples are
reported in the literature with extensive work reported by Nicewicz® and Fukuzumi.3

There are many recent examples of different synthetic reactions that have utilised
organocatalysis which are given as examples below;

It was noted by Gallier et al. in a recent review that organocatalysis has emerged as a highly
useful route towards rare and non-natural carbohydrates as well as stereoselective
glycosylation reactions.® A recent example is the synthesis of a phenyl substituted D-ribose
derivative (A50) using acetal protected acetone (A48) and a phenyl aldehyde which
undergoes an a-chlorination with N-chlorosuccinimide while simultaneously forming an
enamine activation mode with (S)-proline to form chlorinated aldol (A49) in low
enantiomeric excess, which is then cyclised to form the ribose (A50, Figure 14).%
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Figure 14: D-Ribose derivative (A50) synthesised using (S)-proline (A1) organocatalysis and acetal
protected acetone (A48) and a phenyl aldehyde which forms the chloro aldol A49

The glycosylation reaction of carbohydrate monomers has been described as one of the
most important but also most difficult in synthesis.®® An organocatalytic alternative has
recently been reported using chiral phosphoric acids, such as the Akiyama—Terada catalyst
shown in Figure 15. The method reports the need to prepare glucoside trichloroacetimidate
starting material, which is subsequently reacted with the relevant alcohol at -40 °C to form
a glycosylated carbohydrate. The chiral phosphoric acid coordinated with both the
glucoside starting material and the alcohol to coordinate the direction the molecules couple
at. While yields for the sugar product were lower than the non-organocatalytic alternative
of BF3.OEt (but still as high as 88%) the sterecocontrol of the reaction was better, with /o
ratio reported as high as 70:1. It was also noted that catalytic equivalence needed was
higher, however, with 0.6 equivalence needed for some reactions (Figure 15).3"-%
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Figure 15: Synthesis of glycosylated sugar A52 from the glucoside trichloroacetimidate starting
material A51 using a chiral phosphoric organocatalyst A53

An interesting recent development was noted by Sinibaldi et al. which uses a tripeptide
consisting of D-proline and two L-phenylalanines (called PFF, A54, Figure 16).% It was
reported that this structure has the effect of accelerating the organocatalytic rate of a
Michael reaction (isovaleraldehyde addition to B-nitrostyrene). The conversion rate of the
product was reported to be over 60% after 24 hours, compared to 29% using just (S)-
proline, with ee values of the purified product as high as 71% when using phosphate
buffered saline (PBS) as a solvent. It was theorised that the tripeptide places the
organocatalytic moiety in a supramolecular state, which in turn forms a more organised
lipophilic pocket with cooperative interactions to accelerate the catalysis.

0 (@) OH
v L L
(ﬁj\r(NfLE ™l
O Ph Ph
PFF (D-Pro-L-Ph-L-Ph)
AS54

Figure 16: PFF (A54)

While (S)-proline (A1) is still widely used and being researched as an organocatalysis, the
next generation of (S)-proline derivatives have been noted recently.** Diamine derivatives
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of (S)-proline have been synthesised and used in numerous reactions. One example is the
enantioselective reduction of chiral ketones using borane as a mediator, where the boron
coordinates to both amine groups. Yields for the synthesis of the catalyst A58 was reported
as 99% with an ee value of 84%. The synthesis is outlined in Figure 17.41:42

(a) MeOH, THF A56
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CHCl,
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-
N Ph Ph
o Ph (b) H,, Pd/C - Ph
NH, MeOH, 60psi N3
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Figure 17: Synthesis of diamine derivative of (S)-proline (A58) for use as an organocatalyst for the
borane mediated reduction of chiral ketones

a-0, and a-P dipeptide derivatives of (S)-proline have also been recently reported as new
novel organocatalysts.*** These derivatives have been reported in the synthesis of novel
heterocycles, and it was noted that there is a constant search for new (S)-proline like
structures that can be evaluated as catalysts. Interesting it was noted that when using an a-
a dipeptide of (S)-proline conjugated to (S)-phenylglycine for a novel aldol synthesis the
catalyst could be used under solvent-free conditions using a technique called high speed
ball milling, with 70% yields reported and 95% ee. It was theorised that the solvent-free
conditions maximise the -1 interactions with the substrate.**44

Jorgensen—Hayashi catalysts are widely used (S)-proline-derived catalysts (A59, Figure
18) that have a silyl and two aromatic functional groups in place of the carboxylic acid
moiety to improve solubility of the catalyst in organic solvent as well as improving the
activation of the amine group.*> 46
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Figure 18: Jorgensen—Hayashi catalysts

A major issue noted when using (S)-proline as an organocatalyst is its poor solubility in
many organic solvents, making it difficult to find a solvent mix that can effectively dissolve
both the catalyst and the substrate. Recovery of the catalyst can be difficult too. The use of
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additives has been explored recently, such as the use of solvate ionic liquids (SILs).*’ These
most often consist of an alkaline metal cation , such as Li*, added to a glyme moiety which
in turn form a complex, which is added to the regular solvent mixture. It was noted in a
novel aldol reaction that yields were boosted from 60% to 90% compared to not using the
SIL, and % ee values were increased slightly, and the catalyst was more easily
recoverable.??

It has been reported recently in the literature that N,N'-bis(triflyl)phosphoramidimidates
(PADIs) have been used as Bronsted acid catalysts for the stereoselective synthesis of vinyl
ether (VE) polymers. The organocatalyst uses a cationic reversible addition fragmentation
transfer (RAFT) process and is the first such of its kind reported. The catalyst is used in a
0.1 eqg. with 100 eq. of the vinyl ether monomer and 1.0 eq. of the chain-transfer agent
(CTA). The reaction was broadly tolerable with different side groups on the VEs with My
values ranging from 70000-160000 daltons and very good weight distributions recorded as
low as 1.20 D.*®

1.3. Corey-Chaykovsky reaction

In 1962, EJ Corey and Michael Chaykovsky at Harvard University published their work on
carbanions, specifically those substituted with alkylsufinyl groups. They reported on the
ease of synthesis and great stability of these ylides.**>° Most ylides, defined as an overall
neutral molecule with one positively charged heteroatom and one adjacent negatively
charged carbon atom, reported to this point were phosphonium ylides used in the Wittig
reaction for the synthesis of alkenes from carbonyl groups. The carbonyl on the sulfinyl
group provided conjugation and, as noted by A. William Johnson et al., whose group’s
work with sulfur ylides coincided with Corey and Chaykovsky, the vacant, low energy d
orbitals of the sulfur, which are also present in phosphorous, play a key role in the stability
of the ylide.>! Corey and Chaykovsky also noted the unexpected result of epoxide formation
when treating benzaldehydes with this stable ylide (Figure 19),° 5° as opposed to
phosphonium ylides which formed alkenes. Interested in the chemistry of this unique
carbanion, Corey and Chaykovsky undertook an extensive investigation of this reaction.

0 -Cl 0
+
)]\ + (CH;);SH=0 —> L\
Ry Ry Rj R,
aldehyde or stabilised

ketone sulfur ylide epoxide product

Figure 19: Epoxidation of an aldehyde or ketone by a sulfoxonium salt, as first noted by Corey and
Chaykovsky in 1962

First they reported on the unique chemical properties of the oxosulfonium ylide.>? It was
again noted that this ylide is quite stable due to the attached oxygen on the sulfur, allowing
delocalisation of the electrons. Another interesting observation was when this ylide was
reacted with esters, which generally led to the formation of B-keto sulfoxides. This reaction
was quite general, tolerating aryl and alkyl groups in very good yield. These B-keto
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sulfoxides were noted as being highly useful synthetic intermediates, most usefully they
can easily be converted to ketones by removal of the sulfinyl group by replacing it with a
hydrogen. Thus, this paper reported a very useful and general method for converting esters
to ketones.

A subsequent paper was more extensive and dealt with the interesting observation noted in
the 1962 communication regarding the formation of epoxides from ketones using the
oxosulfonium ylide.>® The paper also reported on the synthesis of the sulfonium ylide,
which was similar to the oxosulfonium ylide but lacked the oxygen group on the sulfur,
preventing the delocalisation of electrons, thus the ylide was much more unstable (Figure
20).
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Figure 20: Oxosulfonium stabilised ylide (left) and sulfonium destabilised ylide

The team firstly examined the ketone to epoxide reaction and developed the method. Both
ylides can firstly be synthesised as sulfonium salts using an akyl halide. The ylide can then
be generated in situ by treating the salt with a base (NaH), deprotonating the a-carbon. The
ylide is then added to the ketone and the epoxide is synthesised (Figure 21, epoxidation).
It was noted that the sulfonium ylide was much more powerful and gave higher yields. This
is down to its greater instability and thus is easier to react with the ketone. The general
mechanism for the epoxidation was also suggested (Figure 22).
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T keone NPh . A
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Figure 21: Corey Chaykovsky epoxidation, aziridination and cyclopropanation using a destabilised
ylide. Note that destabilised ylides work best for the aziridination, while stabilised ylides are best for
the cyclopropanation and the epoxidation tolerates both well.
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Figure 22: General epoxidation mechanism suggested by Corey and Chaykovsky

The team then extended the reaction to imines to synthesise aziridines, analogous to the
epoxidation. The sulfonium ylide was reacted with benzalaniline (where the nitrogen is
protected with a phenyl group). This reaction gave a good yield with the sulfonium ylide,
however when using the oxosulfonium ylide the reaction was much more sluggish and gave
a series of by-products. Also tested were a, B-unsaturated ketones. Interestingly, when
using the sulfonium ylide, the major product was the epoxide, but when using the
oxosulfonium ylide the major product was the cyclopropane, with the methyl group from
the ylide adding across the carbon-carbon double bond. (Figure 21, aziridination and
cyclopropanation) This study revealed the control over the ylide reaction.>® Alkene groups
do not generally react with the ylide unless part of an a, B-unsaturated ketone and using an
oxosulfonium ylide. Imine to aziridine needs a protection group on the nitrogen and only
proceeds smoothly with a sulfonium ylide. The imines also need to be conjugated with an
aryl group. Ketones and aldehydes undergo epoxidation with both sulfonium and
oxosulfonium ylides, with sulfonium providing the best yields.

With this landmark study, the Corey-Chaykovsky reaction became part of mainstream
organic chemistry. Because of the contribution of the group led by A. William Johnson,
the reaction is often referred to as the ‘Johnson-Corey-Chaykovsky reaction’. Corey and
Chaykovsky also acknowledged the work of Franzen and Driessen who also reported on
the sulfonium ylide mediated epoxidation and aziridination around the same time.>*

The Corey-Chaykovsky reaction has since been used extensively in chemical synthesis due
the convenience, reliability, and broad diversity of substrates tolerable. Though the
cyclopropanation and aziridination are frequently utilised and highly pragmatic, by far the
most performed version of the reaction is the epoxidation. As a great number of molecules
used in synthesis contain a carbonyl group, the epoxidation can be adopted frequently.
Epoxides are very practical precursors, as they possess high ring strain and the polarised
C-O bond. Epoxides themselves are present in many biologically active molecules,
rendering them important in medicinal chemistry. One of the most notable contemporary
applications of the epoxidation is in a key step in the total synthesis of baccatin 11 and taxol
by Danishefsky et al.>® Taxol, a complex molecule isolated from the pacific yew tree, was
first noted in the 1960’s as an effective chemotherapeutic drug. Baccatin 111 is also isolated
from the yew tree and is in a much more plentiful supply and acts as a precursor to taxol.
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Other modern application of the epoxidation includes Kavanagh et al. who used the sulfide
in catalytic amount (20% mol) to produce the ylide in situ with the aldehyde/ketone in the
presence of methyl triflate and an organic base to produce epoxides in good yield.*® The
reaction tolerated both aliphatic and aromatic aldehydes/ketones and the sulfide could be
used as a catalyst. Also treating the sulfide as a catalyst, Sone et al. reported on the synthesis
of highly useful disubstituted terminal epoxides (A70) from ketone A60 using a
heterobimetallic La-Li(3)-BINOL complex (LLB) to promote methylene transfer, with
excellent ee values of 92-97% reported (Figure 23).>" Notably this was done using an
oxosulfonium ylide. In 2009, Szostack et al., successfully synthesised epoxides from
twisted amides, yielding highly useful and often difficult to produce aminoepoxides which
have reactivity very different from normal epoxides.>®
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Figure 23: Sone et al asymmetric synthesis of epoxides using an LLB catalyst

The Corey-Chaykovsky aziridination has been much used much less frequently used
relative to the epoxidation but due to the usefulness of aziridines, both in synthesis and
biological applications it warrants more attention and research. Aggarwal et al. in 1996
reported on the development of a sulfide catalytic cycle using diazo compounds and metal
salts to produce sulfides in situ from sulfonium salt instead of a base, which were then
added to a series of aryl imines to produce the corresponding aziridine. The reported yields
were as high as 96%, but the aryl imines were limited to phenyl, p-Me-CsH4 and p-CI-CsHa
and all imines were protected using Ts, N-(diphenylphosphinyl)benzaldimines (DPP) and
S-(trimethylsilyl)ethanesulfonyl (SES). An attempted control of enantioselectivity was
performed using (+)-camphorsulfonyl ylides and achieved 97% ee, but yields were
significantly decreased.>®

Dai et al. synthesised highly useful vinylaziridines using allylic sulfonium ylides. The
ylides were produced in situ using KOH from the corresponding allylic sulfonium salts
with both Br and ClO4.%° The starting materials used included aromatic, heteroaromatics
and o, B-unsaturated imines as well as a range of allylic sulfonium ylides with phenyl,
methyl, ethyl and camphor side groups (Figure 24). Yields were good across this diverse
range of functional groups, although attempts at stereoselectivity were disappointing. A
pyrroline side product, speculated to be the result of a rearrangement of the vinylaziridine
was also reported in small yields in some cases. Arsonium and telluronium ylides were also
tested as an alternative to sulfur. The study was extensive and provides a highly useful
method for vinylaziridines synthesis, which are highly useful starting materials in a range
of reactions. Though only one each of the arsonium and telluronium ylides were used, sulfur
ylides were concluded to be more useful. The reaction is highly convenient as it proceeds
at room temperature and takes no longer than 30 mins, depending on the starting materials
used.

19



NTs |
| KOH Ts
_ ACN N N TsN
+ X —_— y /
cl RO*R, NERE

. allylic arvl aryl
aryl imine . y .
Y sulfonium vinylaziridine pyrroline
salt

Figure 24: Dai et al vinylaziridine synthesis with aryl pyrroline minor by-product

1.4. Aziridines

Aziridines are three-membered, N-containing heterocycles sometimes referred to as
ethyleneamines and are analogous to epoxides. Aziridines are present in a large number of
natural products, and are an attractive synthetic reagent due to their polarised C-N bond
and high ring strain which renders them susceptible to nucleophilic attack, providing a
convenient starting point for the synthesis of a range of amine containing compounds. They
are also attractive because of their basicity, being more basic than arylamines and less so
than alkylamines. Aziridines are often overshadowed by the more popular epoxide, which
possesses the more polarised C-O bond and boasts a larger number of methods for synthesis
(Figure 25).°1
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Figure 25: Epoxide (left), Aziridine (right)

A large number of methods exist in the current literature for aziridine synthesis, many of
which are highly reliant on the adjoining functional groups. Inevitably this is often
compared to the far more extensive range and more widely applicable epoxidation
reactions. Of particular comparison is the epoxidation of alkenes, which is highly
convenient and an extremely popular reaction in organic chemistry. The corresponding
aziridination of alkenes ,however, is more difficult due the stability of N-N and N-O bonds,
compared to the high instability of peroxycarboxylic acids used in the epoxidation
(RCOOOH).%2

Carbene additions to imines is a popular method for aziridine formation. Jacobsen et al.
reported in 1995 the use of copper catalysts to generate carbenes in situ before addition to
protected imines.®® Though successful, the resulting aziridines lacked acceptable
enantiomeric excess (ee) values. This was improved by the use of (R)-Tol-BINAP by Juhl
et al., who reported ee values of 72% for aziridine A72 using starting material A71 (Figure
26).%4
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Figure 26: Juhl et al. carbene addition to imine using (R)-Tol-BINAP

Aziridination by nitrene addition to alkenes is also reported in the literature,® but is not
as widely used as carbenes. Dauban et al. reported on the aziridination of styrene using
PhI=0, tosylated amine and a copper catalyst with ligand A74, previously employed for
carbene reactions (Figure 27) with an excellent yield of aziridine A73 of 86% and an ee
of 59%.5’
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CuOTf, L I{Is
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I \

N N

S
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Figure 27: Dauban et al. aziridination of styrene using nitrene

Trost et al. reported on the synthesis of crucial aziridine-containing precursor to (+)-
agelastatin (A76), a molecule with potential anti-tumour properties that has also been
investigated as a treatment for Alzheimer’s disease, using a nitrene addition to an alkene
bond on A75 with a copper catalyst with ligand A77 and PhI=NTs (Figure 28).%8
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Figure 28: Trost et al. aziridination using nitrene

Luo et al. reported recently about C-H aziridination of allylic molecules using a sulfur
mediated process. The reaction uses an allylic molecule (A78) which is reacted with a sulfur
compound (A79) which is oxidised using Tf>O, which bonds directly to the C-H group next
to the alkene bond. The sulfoxide is converted to an ylide using DBU, which leads to
aziridine (A80) formation when an aryl imine is added. This reaction, which is a direct
variation of the Corey-Chaykovsky, was also extended to epoxidation and arylation of the
same C-H group using the same method (Figure 29). The yields of these aziridines varied
but were as high as 58% with cis/trans ratio of up to 73/27.%°
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Figure 29: Allylic aziridine (A80) synthesis using a C-H allylic molecule (A78), a sulfide (A79) and an
Imine

Illa et al. reported on the aziridination of various tosyl protected aryl imines using a novel
sulfur ylide (A81).7° This produced aziridines (A82) with two aryl substituents with
excellent stereoisomer control; the cis/trans ratio of the synthesised aziridines were reported
as high as 99:1 and ee values of up to 98% and yields were as high as 80% (Figure 30).
This is an excellent example of asymmetric aziridine synthesis using the Corey-
Chaykovsky reaction. Note that stoichiometric quantities of sulfide were used.
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Figure 30: llla et al. asymmetric Corey-Chaykovsky aziridine synthesis

As previously mentioned, the Corey-Chaykovsky reaction, first reported in the mid-1960s,
provides a convenient azirdination using destabilised sulfur ylides to add CH. groups across
the unsaturated C=N imine bond, with protecting groups on the N necessary.>® The
analogous epoxidation reaction attracted much more attention and has been studied more
extensively, leaving significant scope for studies of the aziridine reaction. Aggarwal
examined this reaction with focus on catalytic cycles,>® and Dai synthesised aryl
vinylaziridines with KOH.®® Both reported though on the stereoselectivity shortcomings.
This leaves the Corey-Chaykovsky aziridination with still a lot of scope for further study.
Whether using carbenes or ylides to produce aziridines to from imines, a vital requirement
is the protection of the N group, both to prevent side reaction with the free amine, and
indeed to activate the N. These protecting groups are commonly Tosyl, p-
(trimethylsilyl)ethanesulfonyl (SES) or Boc.%% ™

An interesting approach to stereochemistry problems has been reported by use of
enantiomerically pure epoxides. Epoxidations have endured much greater success for
stereocontrol and the approach attempts to exploit this. Nitrenes are used to open the pure
epoxide enantiomer to produce the corresponding hydroxyazide which in is treated with a
phosphine to produce oxazaphospholidines which is heat treated to form an
enantiomerically pure aziridine.”

Catalytic asymmetric aziridine synthesis has attracted significant attention in more recent
years as a method for stereocontrol, due to ongoing improvements in catalytic ligands. High
asymmetric control is deemed a basic requirement in modern synthetic chemistry as
products are often used for further asymmetric processes or indeed used for medicinal
purposes. Huang et al. reported the use of (R)-VANOL to synthesise trisubstituted
aziridines (A84) using Boc protected imines and a-diazo-N-acyloxazolidinone (A83) as
added side group (Figure 31).7 The synthesis was convenient and tolerable towards a large
range of imines, with yields as high as 83% and % ee values up to 98%, a considerable
improvement on previous studies. One trisubstituted aziridine formed had potential to act
as a precursor to L-methyldopa, an anti-hypertensive agent. Huang et al. had previously
reported on the asymmetric catalytic synthesis of disubstituted aziridines using a similar
approach which produced a highly useful precursor to L-DOPA, used for treatment of
Parkinson’s disease.’
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Figure 31: Hung et al. trisubstituted aziridine synthesis using (R)-VANOL

Polymerisation of aziridines to form amino polymers is one of the most sought after uses
of aziridines. Zhou et al. recently reported on an organocatalytic polymerisation of N-tosyl
aziridines using N-heterocyclic olefins such as A85 in Figure 32. The organocatalytic
process was used for various N-tosyl aziridines and had excellent conversion, with >99%
reported for each and excellent dispersity, with D values as low as 1.12.7

Figure 32: N-Heterocyclic olefin A85 used as an organocatalyst for polymerisation of aziridines

A recent review from Li et al. highlighted the importance of N-sulfonyl aziridines in
polymer chemistry. It discussed a new technique for synthesising the highly useful polymer
polyethyleneimines (PEIs) using solvent and catalytic free conditions with excellent
conversion of >99%. The PEIs synthesised are fluorescent and can be used to capture metal
ions such as Fe®*, Co?*, Cu?*, and Zn?*."®

As previously mentioned, key to aziridines’ usefulness as a synthon in organic chemistry
is both the polarised C-N bond (not as polarised however as epoxide’s C-O bond) and the
high ring strain, with a Bayer strain value reported to be around 111 kJ/mol. The unstable
bond angles in the ring combined with the polarity allows aziridines to readily undergo ring
opening under favourable reaction parameters. Often key to the success of aziridine
reactions is the substituent attached to the nitrogen, which highlights a key difference to the
reactions of epoxides.®*

For nucleophilic aziridine reactions, a bare N-H group in the ring readily allows for
unwanted side reactions, therefore protection is needed to allow nucleophilic addition to
occur at the desired carbon. Also, aziridine ring-opened reaction intermediate ions are
stabilised by N-substituents. Therefore, aziridines need to be adequately protected and
activated by an appropriate functional group. Commonly used protecting groups fall into
categories such as sulfonyl (e.g. tosyl, SES), phosphoryl and carbonyl (Boc), with sulfonyl
groups being by far the most used.%® "
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Sulfonyl groups, most commonly tosyl groups, are popular due to the fact that N-sulfonyl
aziridines (Figure 33) are convenient to prepare, especially for large scale processes and
the groups are effective at protecting the nitrogen as well as activating the aziridine and
stabilising the ring-opened product. A disadvantage however is that tosyl group can often
be difficult to remove, and ring opening steps, often the first step when using aziridines as
synthons, can be difficult, sometimes requiring harsh conditions and strong acids.””

N-tosyl protected aziridine
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Figure 33: N-tosyl protected aziridine

Numerous examples of highly useful and impressive synthetic processes involving
aziridine starting materials exist in the literature, with one example being Zhang et al. who
reported of the synthesis of highly useful a-amino aryl ketones using a range of N-sulfonyl
aziridines and catalytic amounts of 2-methylquinoline.” Jung et al. reported on the
synthesis of (S)-3-methylamino-3-[(R)-pyrrolidin-3-yl]propanenitrile, a crucial component
in several fluoroquinolone antibiotics which is often difficult form.” The approach
employed N-methylative aziridine ring opening as well as addition of a methyl group to the
nitrogen. The N-methylative aziridine ring opening had been previously utilised to
synthesise other bioactive molecules such as ephedrine®® and hygrine.®* Also, p-aryl- and
B-heteroarylamines, which are of considerable interest in medicinal chemistry, have been
conveniently synthesised using tosyl-protected aziridines and a range of Grignard reagents
and copper catalysts, as reported by Nenajdenko et al. in 2001.82

Aziridines occur frequently in nature and are present in many biologically active molecules
as well as synthetic active pharmaceutical ingredients (APIs). A study by Ismail et al. in
2009 examined natural molecules containing aziridine functional groups, particularly
aziridine alkaloids. It was reported that at least 130 natural compounds containing
aziridines exhibited a range of medicinal functions, such as antimicrobial activity (e.g. an
azirinomycin isolated from a type of streptomyces aureus exhibited broad-spectrum
antibiotic activity) and antitumour properties (e.g. molecules isolated from streptomyces
sandaensis).®® Peptides containing aziridine-2,3-dicarboxylic acid have been reported as
very useful cysteine protease inhibitors, used to treat a variety of conditions such as tumours
and cardiovascular disease. 3 Mitomycin C, isolated from a range of microorganisms,
contains an aziridine group and is a widely used chemotherapeutic agent.® Synthetic drugs
that contain aziridines include thiotepa, an alkylating agent (Figure 34).%
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Figure 34: Thiotepa, a chemotherapeutic alkylating agent

A recent review by Qiu et al. highlighted the importance of new methods of aziridine
synthesis due to their importance in biologically active compounds. The review highlighted
a new click method with palladium on activated carbon (Pd/C) for direct C-H
functionalisation that converts N-containing heterocycles to functionalised aziridines that
can be used as drug precursors. Yield of the aziridines using this method were above 80%
and one of the molecules made is a potential precursor to aziridinylquinone, a biologically
active quinone derivative.®’

Vinylaziridines are a notable and widely used class of aziridines which incorporate an allyl
group attached to one of the carbons in the three membered ring (Figure 35).

AN

Figure 35: Vinylaziridine

Vinylaziridines offer additional usefulness as synthons due to the numerous additional
reactions that can occur with the vinylic group, as well as providing extra stability by
facilitating charge distribution. Synthesis of vinylaziridines often follow those of general
aziridine synthesis, such as nitrene addition to dienes and carbine addition imines. The
Corey-Chaykovsky aziridination of imines using allylic ylides has also been widely
applied, most notably by Dai et al. in 1996, as previously discussed.®® A different approach
employed by Hirner et al. uses benzylic aldehydes to produce the corresponding
chlorohydrin using allyl chloride and a chiral borate catalyst, which in turn underwent
aminolysis followed by ring closing and tosyl protection to afford enantiomerically pure
benzylic vinylaziridine.®8 Unique processes vinylaziridines can undergo compared to
regular aziridines are numerous in amount, one example includes reduction with hydride to
produce allyl amines, but perhaps the most notable, specifically for the purposes of this
review, is the vinylaziridine rearrangement to the corresponding 3-pyrroline.8®

1.5. Vinylaziridine to 3-pyrroline rearrangement

The interesting phenomenon of vinylaziridines rearranging to the corresponding 3-
pyrroline was noted as early as 1967 in separate publications by Scheiner®® and Atkinson
et al.® A similar process of vinylcyclopropanes rearranging to the five membered
cyclohexene ring had been well known at the time and is understood to occur via a diradical

26



intermediate when treated with heat. Scheiner noted this rearrangement with N-aryl
vinylaziridines but also observed ring fusion, the result of a Claisen rearrangement, which
occurred in higher yields.?® Atkinson et al. worked with simpler vinylaziridines with a
protecting group on the nitrogen, and they observed the rearrangement occurring readily
upon heat treatment (Figure 36), while non-vinylic aziridines remained structurally stable
under the same conditions.
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Figure 36: Scheiner and Atkinson reported on the vinylaziridine to pyrroline rearrangement upon
heat treatment

Interestingly, the heat needed ranged from 100-200 °C, compared to the much higher 300-
500 °C needed for the vinylcyclopropane. The group noted that higher alkyl substitution on
the aziridine ring led to higher conversion rates to the pyrroline, leading them to postulate
that the same diradical intermediate process that occurs in the vinylcyclopropane
rearrangement occurs here as the increased alkyl substitution would stabilise the radical.
This diradical intermediate is also favourable due to the presence of the nitrogen and the
vinylic group. Scheiner and Atkinson both noted that the same transformation occurs when
the vinylaziridine undergoes nucleophilic addition with iodide, but in smaller yields
(Figure 37). This led both to conclude that the diradical intermediate, which would not
occur with the nucleophilic addition, is favourable and responsible for higher pyrroline
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Figure 37: lodide nucleophilic attack on a vinylaziridine, followed by pyrroline formation, as noted
by Scheiner and Atkinson

Fugami et al. reported the rearrangement of dienylaziridines with tosyl protection on the
nitrogen (A86) with the use of palladium and tin catalysts to vinylpyrrolines (A87) under
very mild conditions (Figure 38).% The reaction tolerated a range of functional groups and
was extended to dienylazetidines rearranging to vinylpiperidines. The group had previously
studied the vinylcyclopropane rearrangement, and reported the use of palladium catalysts
allowed smooth transition at 50 °C. Both the aziridine and cyclopropane rearrangement was
reported to occur through a diradical intermediate, with the metal catalysts inducing
radicalisation therefore allowing the reaction to occur under much milder conditions.
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Figure 38: Dienylaziridine with tosyl protection rearangment to pyrroline, as reported by Fugami et
al. with use of a palladium catalyst

As previously mentioned, Dai et al. reported on the occurrence of the pyrroline when
synthesising aryl vinylaziridines from aryl imines and allylic sulfur ylides. This only
occurred in small yields and mainly with a ClO4™ anion on the sulfonium salt prior to ylide
formation, and it wasn’t clear why this was the case and no further study was undertaken.®°

Hirner et al. reported on the highly efficient microwave-assisted rearrangement of
vinylaziridines (A88) to 3-pyrrolines (A89) using iodide as a nucleophile (Figure 39).%8
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Figure 39: Hirner et al. tosyl protected vinylaziridine (A88) to pyrroline (A89) rearrangement using
iodide nucleophile and microwave irradiation

The study also noted that the cis and trans isomers of A88 can interchange by microwave
irradiation. Interestingly, the experimental observations noted that when a pure sample of
cis A88 was subjected to irradiation, pyrroline A89 was the major product, but when trans
A88 was irradiated, cis A88 was the major product, with A89 the minor. The author
suggested that this may mean that cis A88 is more thermodynamically stable, which would
be unexpected. The study of different aziridines was extensive, but only looked at one aryl
vinylaziridine, with an unsubstituted phenyl group which, and although the pyrroline was
the main product, unidentified side-products formed which discouraged use of other aryl
vinylaziridines. The article also noted that this convenient microwave method was
employed for the synthesis of the antibiotic (-)-anisomycin, demonstrating the usefulness
of the vinylaziridine to pyrroline rearrangement.®

More recently, Baktharaman et al. synthesised a range of stereochemically rich N-
containing heterocycles from chiral vinylaziridines by utilising a ring opening and ring
closing mechanism, which included a 7-membered enamine cyclic intermediate.®®
Brichacek et al. reported on the stereospecific ring expansion of chiral vinylaziridines
(A90) with the use of a copper catalyst to form a large range of functionalised 3-pyrrolines
(A91),%* one example of which is given in Figure 40.
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Figure 40: Brichacek et al. synthesis of functionalised 3-pyrrolines (A91) from chiral vinylaziridines
(A90) with use of a Cu catalyst with hfacac (hexafluoroacetylacetone) ligand

1.6. 3-Pyrrolines

3-Pyrroline is one of three possible isomers of the five membered, heterocyclic, N-
containing monounsaturated ring (Figure 41).
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Figure 41: The three isomer of pyrroline

Pyrrolines are present in many biological compounds and are extremely practical
intermediates in synthesis. One noteworthy example of 3-pyrroline’s usefulness as an
intermediate is in the synthesis (+)-lactacystin, a highly useful proteasome inhibitor. Once
the enantiomerically pure 3-pyrroline intermediate has been isolated, known as the
‘Baldwin intermediate’ (Figure 42) the remaining steps of the reaction are highly
convenient to make the inhibitor.%

Baldwin
Intermediate

Figure 42: The '‘Baldwin intermediate’, a pyrroline containing intermediate in the synthesis of (+)-
lactacystin

Biologically active compounds containing 3-pyrrolines include monoamine oxidase
inhibitors,®® NMDA (N-Methyl-D-aspartate) receptor agonists,®” «-opioid receptor
agonists®® and antitumour agents.*® The usefulness of 3-pyrrolines in synthesis and
biological applications renders new methodologies for their synthesis of great importance.

A highly useful and interesting technique for synthesising 1-pyrrolines was reported
recently by Singh et al. which used an O-phenyloxime (A92) starting material coupled to
an alkene which was then subjected with microwave irradiation.’®® Toluene or 1-

29



trifluoromethylbenzene was used as both a solvent and an ion trap, and the ring closed 1-
pyrroline product (A93) was obtained in up to 72% yield. The intermediate formed by the
irradiation was a 5-exo-trig iminyl radical with an unpaired electron on the nitrogen which
readily ring closes to the alkene group (Figure 43). While this reaction was not extended
to 3-pyrrolines, the technique used leaves room for such reactions. It is also noteworthy of
the amount of functionality in the pyrroline ring the product has, and excellent stereocontrol
was reported with these group with dr values of 15:1. This reaction could be extended to
synthesising functionalised 3-pyrroline. The low amount of solvent, heat and lack of
purification makes this a green reaction.
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Figure 43: Synthesis of functionalised 1-pyrrolines (A93) using microwave irradiation from an O-
phenyloxime coupled alkene starting material (A92)

The regioselective functionalisation of 3-pyrrolines using nickel catalysts has been reported
recently by Xu et al. The nickel catalysts, which can have one of two organic ligands, can
perform a hydroalkylation on a protected 3-pyrroline. If ligand A97 is used, the alkyl group
(in this case a cycloalkyl group) is added in the 2-position to form a functionalised 3-
pyrroline (A95), if catalyst A98 is used the cycloalkyl group is added in the 3-position and
thus breaks the double bond, and the product is a functionalised pyrrolidine (A96, Figure
44)1%
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Figure 44: Functionalisation of 3-pyrroline A94 using nickel catalyst. Using ligand A97 leads to
formation of functionalised 3-pyrroline A95, whereas use of ligand A98 leads to functionalised
pyrrolidine A96

3-Pyrrolines with an aryl substituent in the 2-position have great similarity to many
organocatalysts, as seen earlier in this review. The unsaturated bond in the ring also leaves
opportunity for adding substituents to the ring, allowing for the making of a structurally
diverse library of compounds that can be investigated for use as organocatalysts. Therefore,
an optimised synthetic pathway for aryl pyrrolines would be highly useful for making new
organocatalysts, as well as a more convenient pathway to already existing ones.
Optimisation of the vinylaziridine rearrangement is one possible way of achieving this, but
aryl vinylaziridines rearranging to aryl pyrrolines hasn’t been widely reported, except in
the earlier discussed article by Dai et al. where it was an unexpected by-product of the
aziridination of aryl imines with allylic sulphur ylides.®® The reasons for the pyrroline
formation was unknown, but if it can be discovered and the reaction subsequently optimised
to produce the aryl pyrroline over the vinylaziridine, it would produce a very convenient
pathway for synthesis of this highly useful compound for further use as an organocatalyst

(Figure 45).
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Figure 45: Tosyl protected aryl pyrroline

1.7. Green chemistry

In the last 30 years, chemists have realised that the success of a synthetic process isn’t just
determined based upon the yield of the desired product, but also the costs, environmental
impact, waste generated, robustness, efficiency and reusability of the reagents. These
considerations aim to make large scale chemical synthesis sustainable and environmentally
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friendly for the future. This has led to the birth of ‘green chemistry’, which is defined by
twelve key principles which were outlined by Paul Anastas and John Warner in their 1998
book entitled ‘Green Chemistry: Theory and Practice’;*

1. Prevention: It is better to prevent chemical waste prior to conducting a reaction
rather than attempt to clean up waster afterwards.

2. Atom Economy: It should always be aimed to include all or most of the reagents
used in a synthesis in the final product

3. Less hazardous chemical synthesis: A chemical synthesis used should ideally not
produce toxic by-products

4. Designing safer chemicals: Ideally it should not be sought to synthesise toxic
chemicals

5. Safer solvents and auxiliaries: Solvents and auxiliaries should be used as little as
possible, and where they are necessary they should always be non-toxic to both
humans and the environment

6. Design for energy efficiency: Use of energy should be carefully considered for
environmental impact and kept to a minimum

7. Use of renewable feedstock: Renewable reagents should always be used when
possible

8. Reduce derivatives: While making of derivatives often assists in synthetic
processes, they add steps and reagents and should be kept to a minimum or not at
all

9. Catalysis: Use of reagents in catalytic rather than stoichiometric quantities should
always be aimed

10. Design for degradation: When a chemical has been used, it should be designed to
break down and degrade naturally

11. Real time analysis for polluting prevention: Processes should be measured in real-
time to detect potentially hazardously substances forming

12. Inherently safer chemistry for accident prevention: Chemicals should ideally not be
chosen for use if they have the potential for dangers such as toxicity, damage,
explosiveness, etc.

Thus, with principles defined, green chemistry has become part of mainstream science
and an area of intense interest and research. Green chemistry is an attractive prospect
for both industry and academia for the potential money savings, environmental
protection reducing waste and increasing safety. Many recent research examples exist
in the literature of green chemistry techniques developed for different processes, trying
to adhere to one or more of the twelve principles. An early example of green chemistry
was the ibuprofen synthetic method developed by the chemical company Hoechs AG
in the 1980’s, which cut reaction steps down to three and used much less reagents,
generated little waste and actually improved yields.%? It was a massive improvement
on the original method developed by Boots in the 1960°s, with 77% of the atoms used
as reagents being present in the final product and almost all the remaining were
reusable, thus addressing several green chemistry principles (Figure 46). It also had
an improved ‘E-factor’, defined as the mass of waste produced divided by the mass
of the desired product synthesised.!®® However, it used a palladium catalyst, which
addresses the catalysis principle but adds cost, and metals can often be toxic to
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humans and/or the environment, demonstrating how in green chemistry a ‘balancing
acts’ are often needed.
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Figure 46: Hoesch ibuprofen synthesis

Another example is the method developed by Jeon et al. for the catalytic asymmetric
addition of alkyl groups to ketones using solvent-free conditions. The method addresses
the catalysis and solvent principles of green chemistry, as well as generating less
waste.1% Once again this method uses a metal catalyst. Addressing the solvent principle
was also reported by Coyle et al. involving the photooxygenation of 1-naphthols using
microemulsions of water, ethanol and ethyl acetate using sodium dodecyl sulfate as a
surfactant, as opposed to the usual method of using toxic solvents of dichloromethane,
due to the use of the more non-polar sensitiser tetraphenylporphyrin (TPP, Figure
47).1% This study represents an example of the sub-category of green photochemistry,
and it does not use a metal catalyst.
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Figure 47: Photooxygenation of 1-naphthols to juglone using microemulsions

Green chemistry has recently become increasingly important in the pharmaceutical
industry, as noted in a recent review by Becker et al. with particular focus on reducing the
product mass index (PMI), which measures the total mass of materials used to make a
product, and reducing waste and time in producing APIs.1% Takeda have recently
developed a new technique for synthesising a patented 5-HT4 receptor (5-
hydroxytryptamine receptor 4) agonist drug, TAK-954. The new synthetic method uses no
organic solvents, using instead water with micelles. The result was an overall yield of 30%,
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similar to the older technique, with the PMI factor reducing from 350 to 79.1% The review
also made note of a recent development by Merck, which adjusted the synthetic pathway
