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Abstract

Within this thesis, a highly effective one-pot nadblogy (based around the use of
the organocatalyst pyridinium triflate) has beervalieped for the highlycis-selective
synthesis oilN-aryl 3-aryl-aziridine-2-carboxylates as racemateyields of up to 80 %.
This methodology has been extended by the uselofldy acidic C2 symmetric 3,3'-
anthracenyl functionalised BINOL triflylphosphoratei organocatalyst, which allows for
the formation of the desireds- N-aryl 3-aryl-aziridine-2-carboxylates in an effeetiand
highly enantioselective manner (affording the dmimaterials in yields of up to 81 %,
ande.es of >99 %).

Utilising the methodology developed within the fipart of the thesignantiec and
isotopically enricheais- N-aryl 3-aryl-aziridine-2-carboxylates have beentkgsised in a
regioselective manner; with deuterium selectivetyraduced at the C2, and/or C3
positions of the aziridine ring with generally >90 isotopic enrichment. Further to this,
these aziridines have been submitted to ring ogemethodologies in order to produce
enantiomerically enrichedi-amino acid derivatives bearing regioselectivelyraduced
deuterium labels (with generally >90 % isotopicigmment), in yields of up to 97 %, and
e.es of up to 97 %,

Finally, these methods have been combined in otdesynthesise 5 target
molecules consisting of functionalised enantiodratta-amino acid derivatives bearing
multiple isotopic labels including deuteriufiN, and*®0, in what has become known as

the ‘Dialled In” methodology.
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A Note on Terminology

Throughout this thesis, the several non-standaefixess are given to novel aziridines

according to the following convention:

* rac- (a racemic aziridine).

* cis (an enantiomerically enriched aziridine in whitie protons/deuterons at the

C2 and C3 positions are orientated inis relationshipi.e. they are on the same

face of the molecule).

* trans (an enantiomerically enriched aziridine in whitte protons/deuterons at

the C2 and C3 positions are orientated itrams relationship.i.e. they are on

opposite faces of the molecule).
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Section 1: Introduction

Chapter 1: Deuterium and Labelled Compounds
1.1: Deuterium: Origins and Early History

Deuterium is one of three isotopes of hydrogemtaiaing one proton and one
neutron within its nucleus. Much rarer than soezhllight hydrogen’ (protium), deuterium
in its natural abundance exists at ~ 0.015 Most deuterium in existence is contained in
the form HOD (with D being deuterium), as partiadyriched water. It is believed that the
vast majority of deuterium in existence today wasnfed around 10 minutes after the Big
Bang, and has remained fairly constant since.

The existence of deuterium was originally suspecidter the discovery of
irregularities during the determination of the ma$shydrogen. The research group of
Astonet alin Cambridge had developed the first mass speaepbg publishing the designs
in 1919% With this new instrumentation, the group deterrdirtee atomic weight of
hydrogen, and therefore recorded the mass of desinygirogen nucleus. Also around this
time, W. Noyes of the University of lllinois deteimed the average atomic weight of two
hydrogen atomsi.e. one hydrogen molecule). The results of these twaums were
inconsistent, and were interpreted by some as ew@&ldor the existence of a heavier
isotope of hydrogeR After this, direct evidence of the existence afitéeium was supplied
by a study of the atomic spectrum of hydrogen; wvédthine being shown which was
consistent with a hydrogen atom of mass two. Thakwby Urey, Brickwedde, and
Murphy, was carried out in 1931 at Columbia UniugrsAfter showing the existence of
this new isotope by atomic spectroscopy, they ldtiiquid hydrogen near to the triple
point in order to isolate a samglélowever, this experiment led to a much smalleramo
of deuterium than they expected. Urey (in collaborawith Washburn) went on to obtain
deuterated water (enriched by ‘a few percénty electrolytic distillation in late 1932.
By 1933, G. N. Lewis had improved upon the elegtrolmethod, producing essentially
pure heavy wateria successive concentratiohs.

Once it became evident that this new isotope cbaltolated and potentially used,
debate began as to what it should be named, andnoomenclature would change to
accommodate it. One suggested method was devisddrdifgssor R. W. Wood, who
suggested that the new isotope should be namehybangen, and given the symhal’
However, this was disregarded due to the potedifficulty in naming more complex
molecules containing the new isotope. Thus the atk#ettled on by the community was
that suggested by Uregt al namely that the new isotope should be referrecago

deuterium (from the Greealteuteros meaning second), and that the most abundantpisoto



should be referred to as protium (frgarotius meaning firstf. The symbol settled on for
deuterium was also coined by Urey al originally being H, before becoming the now
more commonly recogniséi (or D).

It is also worthy of note the lengths to which mashers were willing to go in order
to gain a grasp of the new isotope; some resottirdginking heavy water in order to note
its effects (and tasté).

1.2: Industrial Production of Deuterium

As discussed above, the initial method for obtajndeuterium in a pure form
involved the distillation of liquid hydrogen at nda its triple point (this being the point at
which a compound exists in all three states simelasly)' However, this was
problematic not only due to the inherent dangeisodding hydrogen at its triple point, but
also due to the low yield of the process. This wagroved somewhat by the method of
repeated hydrolytic concentrations, developed byitet at® and by 1934 Norsk Hydro
had entered into a collaboration with the physitistf Trondstad (of the Norwegian
Institute of Technology) to industrially produceakg water utilizing the hydrolysis
equipment from their Haber-Bosch process plant.tly end of 1935, the plant was
producing 99 % pure heavy water in kilogram scHles.

During the Second World War, development of heaayew production was seen
as an important area by the Allies, due to themg@kuses of heavy water as a moderator
for nuclear fission. Research in the USA and Careddo the development of a catalytic
exchange process (the Trail process) for the emecth of water from 0.015 % D (natural
abundance) through to 2.3 %, followed by electrislys produce 99.8 % enriched water.
This system involved the use of both Pd/C and Nedthlysis in a stepwise process.

A modified version of the Trail process, known ke Dual Temperature Sulfide
Process has been used in modern times for the gifoduof heavy water. By using
hydrogen sulfide as an exchange material, a matalyst is no longer required within the
enrichment system. Liquid HOD is passed througlkahange unit (containing hydrogen
sulfide), and deuterium is exchanged with protiuont hydrogen sulfide to produce HSD
and water. The mono-deuterated hydrogen sulfidéhémn passed over further mono-
deuterated water at low temperature, enriching vilager as it does, and reproducing
hydrogen sulfide. This process has the advantageobfrequiring a catalyst, and also
allows the hydrogen sulfide to be contained withiglosed system. By combining three
cycles of exchange, the modern Bruce Plant in @niarcapable of producing enrichment
from natural abundance (0.015 %) to 25 %. Thihénttaken to 99.85 %a distillation
(Figure 1)*°



However, due to overproduction (the plant was ckpabproducing 700 tonnes of
deuterium oxide a year, requiring 340 000 tonnefeefl water to produce one tonne of
deuterium oxide) the plant was decommissioned i871%fter stocks were deemed

sufficient for the foreseeable future.

lHOD HZOTlHOD THZO
wo ) (L) (e

H,S HSD  H,S HSD  H,S HSD

HOD [ ] [ ] [ ] Distillation
0.015% (Using waste 99.85 %

reactor heat)

Figure 1: Modern Production of D,O (Dual Temperature Sulfide Process)

1.3: Properties of Deuterium, Deuterium Oxide, & fheuteron

Being an isotope of hydrogen, the deuterium nuc(gus deuteron) contains one
proton, and one neutron. Therefore, the deutersralmass of 2.014 u, whereas the proton
(standard hydrogen nucleus) has a mass of 1.0@aking the ratio ifm, = 1.99901i.e. a
deuteron has roughly twice the mass of a proton.

This difference in mass has several consequenaastap properties of deuterated
compounds. The most notable of these for chemmitsghthe potential difference in the
force constant (which can be related to the boretgn of C-H and C-D bond$. This
potential difference comes about due to an altmah Zero Point Energy (ZPE being the
lowest possible energy within a quantum mecharsgalem,.e. the ground state energy)
caused by the difference in mass between protiuch geuterium (ZPE is related to
vibrational frequency, which in turn is relatedtb@ masses involved within the bond, See
Figure 3, Equation 3, withifh.4: Deuterium and the Kinetic Isotope Efject

This property gives rise to the Kinetic Isotopedetf and a detailed treatment can
be found below. Although the difference in ZPE bs#w isotopes can be observed in all
elements, the difference in relative mass betweartedium and hydrogen is the largest
observed, and therefore the subsequent effecth@raost significant.

When present in compounds such as deuterium ogidat]e differences can be
observed compared to the non-deuterated versiorthef compound. For example,
deuterium oxide has a density that is approximaiaby tenth higher than that of water (the
density of deuterium oxide is 1.107 g/mL at 25 €@mnpared to 1.0 g/mL for water) with a
boiling point of 101.4 °C, and a melting point 0f83°C!*'® One notable practical

difference between water and deuterium oxide cofr@® the viscosity of deuterium



oxide. Being more viscous than water (deuteriundeias a viscosity of 1.245 relative to
water at 20 °CY makes deuterium oxide hygroscopianeaning that when handling and
working with heavy water, anhydrous conditions dtidee observed to prevent effective
‘dilution’ of deuterium oxide with watet.It is worth noting that in general, the physical
and chemical properties of a deuterated matereleasentially the same as those of the
proteoequivalent.

The main property of the deuterium nucleus of edeto organic chemistry is the
nuclear spin, which is denoted as I. This is duthéorelationship between a nucleus’ spin
properties and NMR spectroscopy. In order to bev@aéh NMR a nucleus must have net
spin. This is a property derived from the contaftthe nucleus, and thus can be predicted
roughly using the following rules. A nucleus with add mass number will, in general,
have a half integral spin (I = ¥2). A nucleus witheven mass number and an odd charge
number will, in general, have an integer spin @)=Finally, a nucleus with an even mass
number and an even charge number will have zero($pi 0, NMR inactive). Deuterium
has an even mass number (2), and an odd chargeeniantz proton within the nucleus);
therefore gy = 1. This integer spin has the effect of genegathree spin energy levels
when the nucleus is placed within a magnetic flasAm; = 1, m = 1, 0, -1)!° The effect
of these three energy levels is shown in spin-spupling. For example, a proton adjacent
to a deuteron can experience three distinct spims fthe deuteron. Thus three energy
levels are experienced by the proton within itsitexcspin state, giving rise to a triplet
signal in the proton NMR.

within **C-NMR, another property of the deuteron can be S&&NMR is
generally acquired as a proton decoupled spectna. ifivolves saturating the spin of the
'H nuclei within the molecule, thus removing any miing. This is possible as the resonant
frequency of'*C- and'H-nuclei are sufficiently different. However, degiing for *H
does not decoupleH from *C-NMR. This is due to the differing magnetogyritioa of
'H and?H. Magnetogyric ratioy) arises from the spin of the nucleus, and is exuiifg
property for each. This property can be relatedubh to the frequency of the NMR
transition through the equation shown below (Fig2)eand thus can affect the decoupling
frequency required for each nucleus. This effecsdsn in standartH-decoupled’C-
NMR using CDC}. The carbon signal from CDgk clearly split by the adjacent deuteron,
despite théH-decoupling (this also demonstrates the effedt-ofl, as the C signal is split

into three lines of equal intensity).



Nucleus Magnetogyric Ratio Spin Quantum
y107 /rad s-1 T-1 Number (1)

H 26.7522 1/2 V= (,Y / 27'C)B

H 4.1065 1
Where:

13¢ 6.7262 A v =frequency of the NMR transition
v = magnetogyric ratio

14N 1.9331 1 B = applied magnetic field

15N -2.7116 A

Figure 2: Properties of some Common Nuclei

1.4: Deuterium and the Kinetic Isotope Effect

As noted above, deuterium and protium bonds cashben to differ in their force
constants. This effect often leads to changesarkihetics observed within a reactiare(
rate changes within the reaction). Generally terttedKinetic Isotope Effect (KIE), the
magnitude of this effect can be derived utilisifmg tfollowing equation: KIE = ¢kp
where k and ly are the reaction rate constants for pineteo and deuteroforms of the
reaction respectivelf. For the purposes of this treatment, KIE will béitspto two parts:
primary (1°) KIE, and secondary (2°) KIE. PrimaryBs arise from the direct breaking, or
formation, of a bond to, or from, deuteriug.d. dissociation of DCI); whereas 2° KIEs
arise when deuterium is present, but remote froenrdaction centree(g enzymaticN-
demethylation where N-Cfs present, compared to N-gH

The simplest case to consider to demonstrate pyilkt is that of the dissociation
of a chemical bond X-H, or X-D, where X is simplg andefined bonding partner. The
bonding can be represented by a potential enendgcgy with the intermolecular bonding
distance determined by the lowest point of theam@f(Figure 3). The bonding of both X-H
and X-D can be represented with the same surfadheasurface is unchanged by isotopic
substitution. This is due tmter- andintra- molecular forces relying upon attraction and
repulsion effects between nuclei and electronsupon the mass.¢€. nuclei and electrons

can be treated separately, the Born-Oppenheimeosipmation).
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Figure 3: The relationship between ZPE' and mass; and related equations

This approach (based upon classical mechanicgjestgythat since the two bonds
share the same potential energy surface, they dghaiare the same dissociation energy;
and in fact, that the relative rates of dissocratghould only differ depending on the
frequency of the bond. From classical mechanics,cese relate the frequency)( of
vibration of chemical bonds to the force consténtrélated to the strength) of the bond,
and the reduced mass of the systgign The equations demonstrating this relationship are
shown above (Figure 3, Equations 1 & 2). Howeviegnges in dissociation energy related
to frequency do not account for the extent of th&e rchanges noted with the KIE.
Therefore another effect must be involved.

From quantum mechanics it can be demonstratedrthratlity the lowest point of
any harmonic oscillaton.g. the chemical bond) is not at the lowest pointhaf potential
energy curve. The lowest actual point lies at theimum plus the Zero Point Energy
(ZPE) of the system. The ZPE can be representeBdmation 3 (Shown in Figure 3)
wherev is the frequency of the oscillator.

As shown in Equations 1 and 2 (shown in Figurel®)va, we can relate frequency
to the mass of the system. Thus X-D has a lower tha& that of X-H (again, where X is
an undefined bonding partner), and therefore highssociation energy. This effect is
large enough to account for the variations involwtthin the primary KIE.

In general, the size of the primary KIE can varynzen 1 and 16 This variation
is observed in both polar and free radical proceSséor example, the values calculated
for the bromination of acetone and nitromethaned &ine acid base behaviour of
nitroethane are 7.7, 6.5, and 10 respecti&fy.An example of the KIE in free radical
reactions is the reaction of GHvith H, and D; the reaction being three times faster with
H, at 182 °C (relating to a KIE of 4-5 at 25 ).



Secondary KIE, as stated above, are effects upeaciion which take place where
deuterium is remote from the bond being broken. phmary area of study into these
effects involves their presence withignZtype reaction processes where deuteriuo t®
the reaction centre. Although the focus of KIE istigations has been to probe theg@ S
reactions more fully, the work has also led to salvaccepted theories of what causes
secondary KIE.

As secondary KIE are effects which arise in reastizvhere deuterium is remote
from the bond being broken, the rate change mustecabout as a result of differences
within the transition state of the reaction, brougbout by the presence of deuterium.
Several research groups including those of JensdrPairier have looked into this, and
determined that, like the primary KIE, secondarfkKdrises from changes in the ZPE.
These differences in ZPE are widely believed tochased by changes in vibrational
frequencies during the transition staté®

Although it is accepted that changes in vibratidneduencies are responsible for
the change in ZPE of the transition state, the typeibrational change responsible is a
matter of some debaf&3? However, despite debate upon the exact naturehedet
vibrational changes, several correlations have ldeawn from experimental data.

It has been demonstrated that the degree of sepalatween the leaving group,
and the entering group within the transition stEftan $2 reaction will affect the degree
and even the direction of the secondary KIE. Tlialled ‘looseness’ of the transition
state affects the energy of the out of plane bendmotion of thea-hydrogen (or
deuteron). If a transition state has a so calleds¢é’ transition state.€. a larger distance
between the entering and leaving groups), the réifiee in the energy of vibrational
motions within the transition state will be the saror lower than the starting material.
Therefore, ‘loose’ transition states tend to leathbrmal’ secondary KIE, thuskp > 1,
thus, the rate of reaction is slower with teuterostarting material than thgroteo(Figure
4).Vice versaa ‘tight’ transition state will lead to high eggrout of plane H bending (see
Figure 4), leading to an increased ZPE. This hasetfiect of reducing the difference
between the activation energy of tpeoteo and deutero reactions, thus reducing the
secondary KIE. In some cases, this can be toxtenethat the KIE becomes inverise.

kn/kp < 1, a rate increase is seen upon deuterium sutigsti (Figure 4).



I&EH AED

B: Small, (or Inverse) KIE

A: Normal KIE small A(AE, .AEp),

fEE <>A1ED \ or AEy > AEp
\ y P H  ky/kp small or <1
NS4 P
EGF--C --i-LG  'Loose' TS EG- C4lG  Tight TS
cee’ R/ R Ce. e’ R R °
Out of plane bending motion of Out of plane bending motion of

equal or lower energy, AE; < AEp higher energy, reduces A(AEy .AEp)

Figure 4: The a-secondary KIE and ‘looseness’ of the & Transition State

Recent work by Wolfe and Kiff suggested that in reality, the C-H stretching
frequency is of greater importance in examples wlieverse secondary KIE is observed.
This, if established, would have had implications the assignment of transition state
structure by KIE effects. However, work by Poirefr al has shown that although the
contribution to KIE from stretching vibrations isgsificant for small uncomplicated
substratesie. the transfer of a methyl group), the contributfoom bending vibrations
greatly outweighs this effect in larger or more piicated systemsi.€. ethyl groups or
higher)®® In practice, measurements of secondary KIE witkartions have been used to
probe the structure or geometry of various tramsisitates (not only,2), both in theory,
and in experiment. For example, Hoek al have utilised secondary KIE to interpret

calculated geometries of the transition state ef@ope rearrangemetit.

1.5.1: Synthesis of Deuterated Compounds: Intradaoct

When considering the deuteration of organic comgsuthere are two approaches
which must be taken into account; these being wpnéhstic and post-synthetic
incorporation. Both have potential advantages asdddantages. For example, using a
pre-deuterated starting material has the advantdgemplicity, as several deuterated
substrates are available commercidfi{iowever, introducing isotopic enrichment early in
a synthesis can lead to loss of the isotope dusuigsequent reactions.e through
exchange processes with solvents or reagentsyaugh low yielding reactions within an
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ongoing synthesis). It is for this reason that pteeutical process laboratories tend to
lean towards incorporating deuterium at a late estayy ideally as the last step, in a

synthetic sequence.

1.5.2: Synthesis of Deuterated Compounds: Pre MiddSynthesis Incorporation

The frequently used methods for incorporating eeut during an organic
synthesis follow established synthesis procediesthis examination the procedures can
be split into acid-base methods, reduction methawid,hydrogenation methods.

The simplest method for incorporating deuteriurto inrganic substrates Ma
simple base catalysed exchange of enolisable @& lbhfle positions. A good example of
this is the work of Eamest al, and their investigations into the production afigusa-
deuterated profens (2-aryl propionic acids, SchdmeUtilising 15 equivalents ofs-
methanol, and a catalytic amount of base, the elb@sterified starting materialg. (2))
underwenio-H/D exchangevia an intermediate enolate to give the deuteratedyatof.e.

(3) and subsequently)) in >95 % deuterium incorporaticn.

Product Y(Lzl)d D:H
0.2 eq NaH
o) 15'eq CD,OD ©§<i o
OEt OCD
. 5 : oD 63 | 95:5
Yield: 72 % D Et
(2) D Incorporation: 97 % (3) (5)
TSOH NaH
98 %
EtOH ] ° THF/D,0 2
oD 83 97:3
0 o D Me
(6)
OH oD
D iBu
M (4) ?
Yield: 95 % .
D Incorporation: 95 % oD 80 94:6
D Me
(7)

Scheme 1: Synthesis of deutera2-phenyl propionic acid (4), and related materialdy Eameset al

Moving on, an interesting example of reduction rodthbeing utilised in order to

selectively introduce deuterium was recently puigls by Lebretoret al®

The group
were attempting to synthesise deuterated tropingpecies(12) and (13) (shown in
Scheme 2). In order to facilitate this, it was ded to synthesise deuterated 2,5-
dialkoxytetrahydrofuran speci€$0) and(11) (via reductive deuteration @8) or (9) with
lithium aluminium deuteride, followed by cyclisatioyielding(10) in 55 %, and11)in 77
%) as an intermediate step before undertaking thssical Robinson synthesis of

tropinones, affordingl2)in 50 % yield, and13) in 62 % yield (Scheme 2).



o Me 1. LIAID, 1.0.3M HCI
MeO N 2. BuOH/H,0 2. MeNH,
N “OMe m——t BuUO OBu . .
A 1,3-acetonedicarboxylic acid
Me 0 0°C to RT R O R2 AcONa, HCI
R'=D,R?=D (10)
OEt 1. LIA|D4 Yield: 55 % 50 OC
2.BuOHH,0) _ 19 R'=D R%= (12)
EtO ————d R'=D,R2=H (11) Yield: 500/
Yield: 77 % ' °
o 0 °c to RT R'=D,R2=H ()-(13)
® Yield: 62 %
0 Ho H.© M
- ZoMe N
— L QNHMe HO (N H Nﬁ
H \ p H (8 H - H)\/WH ® H)J\/\H/H
ve o -H 2 \5 +H20 1) -H O\' @
MeNH, % H H
H® O COoH O, COH 0. CO.H H—e COZH
B e g el T
HO,C N N N
N *HO poe () HO,C L HO,C QOH
H“ 2 OH, 2 OH 2
,H Me
0) CO.H N
@ Me COH -2c0, Mechanism of the Robinson synthesis
HO,C / I - of tropinone
HO,C
\/ : .

Scheme 2: Synthesis of deuterated tropinones (12)di(13) by Lebretonet al, and the Robinson

synthesis of tropinone

The work of Jonest al concerned with the transfer deuteration of dounaleds is
a good example of a reductive hydrogenation tectediy By treating para-
bromocinnamic acid14) with palladium or rhodium based catalysts undecrawave
conditions, >95 % deuterium incorporation couldaiohieved regioselectively in either the
7- position(15), 2-, 3- positiong16), or 2-, 3-, and 7- positiond7) (Scheme 3). The
deuterium source for these reactions was a comlimetire of potassium deuteroformate
in deuterium oxide. However, potassium deuterof¢ema water was also successful;

suggesting the deuterium source within the reagtidhe formate itself.

RhCl, D

DCOOK
uW, ca. 60 s, dg-DMSO *

COOH

=
Pd(OAc),, RhCls
DCOOK/D,0

uW, ca. 60 s, dg-DMSO *

Br

Pd(OAc),, DCOOK/D,0O

/©)\(COOH
D (16
Br (16)

D

WCOOH
5 D (17)

(14)
uW, ca. 60 s dg-DMSO *

/@/\/COOH
D (15)

*Yields and D incorporation
listed as generally ca. 95 %

Scheme 3: Transfer hydrogenation and catalytic deHagenation reactions, incorporating deuterium,

by Joneset al
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As mentioned above, these examples are repreisendathe general methods used
in order to incorporate deuterium within a synteeklowever, there is significant scope to
adapt synthetic methods in order to incorporategetauim, and as the breadth of organic

synthesis is so large, this is not covered in gredétail heré®**

1.5.3: Synthesis of Deuterated Compounds: Posh8gist Methods

For the purposes of this examination, the methiodsicorporating deuterium into
organic molecules in a general and potentially ggathetic manner can be split into four
categories: acid mediated exchange, base mediatedarege, heterogeneous metal
catalysed exchange, and homogeneous metal cataysbdnge. Each of these areas will

be examined in turn.

1.5.3.1: Synthesis of Deuterated Compounds: Pasth8sis Methods- Acid Catalysed
H/D Exchange

The main class of acid catalysed H/D exchangeticeecin common use are the
High Temperature Dilute Acid (HTDA) reactions deygtd by the group of Werstiudt
al. Initially, the procedure involved treatment oetldesired substrate with dilute acetic
acid in deuterium oxide, at temperatures aboveaural 250 °C. This was followed by a
second exchange reaction with 10 % DCI isODThis method has been applied to the
exchange reactions of benzene derivatives, allofingexchange of only the aromatic
protons of benzene, biphenyl, 1,2-dimethylbenzeaerd 1,3-dimethylbenzene. The
deuterium incorporation levels achieved ranged f&81%6 for benzene, through to 98 %
for 1,2-dimethyl benzene (Figure “#)Further to this work, Werstiukt al have applied
HTDA methods to polycyclic aromatics (such as: eaxtene, phenanthrene, pyrene, and

1,2’-binapthyl)*® anilines, phenol®® and alkened’

D
D D
D D Me Me
D D D D Me D D
a9
D D D D D D Me
D D D D
dg-benzene dqg-biphenyl dy-1,2-dimethylbenzene  d4-1,3-dimethylbenzene
88 % deuterium 94 % deuterium 98 % deuterium 91 % deuterium
incorporation incorporation incorporation incorporation

(ring only) (ring only)
Conditions: 4 % v/v conc. HCI/D,0, 250 °C

Figure 7: Initial application of the HTDA H/D exchange methodology of Werstiuket al

HTDA procedures have also been utilised in a ns@lective manner in order to

produce deuterated aromatics. For example, Sasakkhave utilised 10 % DCI in {D to
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produce selectively deuterated antidepressantsamipe(18), and desipramingl9).*44°

Selectiveds-deuteration 0{18) at the 2-, 6-, 13-, and 15- positions (produdi®dy)) was
achieved by simple HTDA methods (Scheme 4). Dauterincorporation levels were
good, reported as >95 % at all desired positias; (23), and ds-1,3,12,14- (25)
imipramine were also synthesised HTDA methods with good deuterium incorporation
of 88 % and 95 % respectively (Scheme 4).

1eq(19)

160°C, 24 h 80°C 8h
R = CHZCHZCHZN(CH3 >
Imipramine (18)

D D
37 % DCI 10%DCI
D O O D in D,O 0 in D,O O O
N e — 5 N 10
D H D 14
D D

R = CH,CH,CH,NHCH; R = CH,CH,CHoN(CH3),
Desipramine (19) d4-2,6,13,15-Imipramine (21)
R =H, Iminodibenzyl (20) R= CHZCHchZNHCH3

d4-2,6,13,15-Desipramine (22)

D D 10 % HCI D D
N-alkylation D D in H,0
N s ‘ *
N
p” L R J D 80°C, 8 h 5 N b

R = CH,CH,CH,N(CH3), R = CH,CH,CH,N(CH3)
; . 2 2 2 3/2
dg-Imipramine (23) ds-1,3,12,14-Imipramine (25)
R = CH,CH,CH,NHCH; R = CH,CH,CH,NHCH;
dg-Desipramine (24) ds-1,3,12,14-Desipramine (26)

Scheme 4: Selective deuteration of imipramine (1&nd desipramine (19)

Moving on from the HTDA methodology, Lewis acidaevie been utilised in
combination with Brgnsted acids for H/D exchangar. €&ample, early work in this area
carried out by Garnetet al utilised methyl aluminium chloride, or ethyl alumum
chloride as the catalyst (ica. 5 % loading), with deuterated benzene as the deate
source (Scheme 5). Deuterium incorporation frors teiaction was good, with reported

values of >95 %; however, the reaction requiredesmely strict anhydrous conditions be

maintained, in addition to requiring the use ofgpfroric Lewis acids’>*
Deuterium N° of

Substrate Incorporation | Exchanged
5 mol % MeAICI,-HCI ] CHs (%) Positions

| \ chlorobenzene >09 5

d6—benzene A
RT 5 minutes ds m-Xylene >09 4
naphthalene >99 8

Scheme 5: Deuteration of aromatic substrates with mixed Brgnsted/Lewis acid catalyst carried out

by Garnett et al
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More recently, Wahalat al have utilised boron trifluoride : phosphoric acid
complex in DO for the synthesis ofls-daidzein (27) (Scheme 6). Interest in this
compound is due to its potential as an anti-cadoey. The synthesis ¢27) was carried
out at 100 °C, with the reaction time being ~7 ddyss procedure yielded thig- product,
with an isotopic incorporation of 86 % (Schemé?®).

1. dg-acetone/D,0O ]

2. D3P04.BF3/D,0 HO
100 °C, 7 days D
Yield: 49 %
(28) D incorporation: 86 % 27) D

Scheme 6: Synthesis afs-daidzein (27) carried out by Wahalaet al

Attempts have also been made to make use of apaigner resins in order to
catalyse H/D exchange reactions. Foremost amorsg tisethe work on Nafiéh Nafion®
has been used to selectively introduce deuteriubn time 3-position of the antimalarial
chloroquine(29) in >99 % incorporation (Scheme *?)However, recent work utilising
polymer bound acids under supercritical water dbmus have shown improvements

compared to the aforementioned metfbd.

Me Me
)\ Nafion® )\
HN" (CH,)sNEt, D,0 HN" > (CHy)sNEt,
D
9@ 12076, 821 o9
Cl Cl

D incorporation: >99 %
(29) (30)

Scheme 7: Synthesis of @euterahloroquine (30) utilising Nafiorn® as the catalyst

In general, HTDA, polymer supported, and Lewis azathlysed procedures have
all shown potential for the incorporation of deutar into compounds. However, there are
various issues with these methodologies. Mainlg,ttarsh reaction conditions required in
order to achieve a good level of deuterium incaafion {.e. temperatures ranging from
120 °C to 300 °C, in the presence of strong acidsy also the inability to selectively
introduce deuterium at specific positionse.(most of the reactions introduce deuterium
into multiple, rather than distinct, positions).€fafore, this area of H/D exchange is not
seeing as much interest in recent years; althoagtesvork concerned with increasing the
selectivity of these methods is still being carried?>°
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1.5.3.2: Synthesis of Deuterated Compounds: Pasth8sis Methods- Base Catalysed
H/D Exchange

Recent developments in base catalysed exchangioreaare characterised by the
development of supercritical exchange; relying uptire physical properties of
supercritical water or supercritical deuterium @xid\t, or close to the triple point, the
dissociation constant of water is much greater #taioom temperature. This in turn leads
to a much higher concentration of the deuteroxiierathan is present below the triple
point. Also, under supercritical conditions (T >537C, P > 218 bar), water will solubilise
most organic substrates. The use of supercritixehange in organic substrates has seen
significant interest, and is the subject of sevpeaents®’

Experimentally, the groups of Junk and Evilia hal@monstrated the use of
supercritical water combined with small amountbade in order to perform deuteration of
organic substrates. For example, dibenzothiopk@hewvas deuterated by Evilet al with
an average of 70 % deuterium incorporation atialj positions (Scheme 8). Aliphatic
substratesie. 2-methyl pentane) also underwent deuterationpalih incorporation was
low, and reaction conditions were harsh (20 % deute incorporation at methyl
positions, 0.16 M KOD, BD, 150 min, 380 °C)® The protocol employed by Jurt al
was similar; substrates being treated with smabams of sodium deuteroxide solution in
deuterium oxide at high temperatures.(400 °C). However, Junkt al tended to use

extended reaction times from 1 — 22°h.

. D Incorporation
Position (%)

D
S M 0016MNaOD D 8 O D

1458 >80
g = )

3

DZO ° 36 50
10 min. 400 °c b p D ’ ca.
(31)

(32) 2,7 ca. 70

Scheme 8: Supercritical exchange protocol employdyy Evilia et al

Although supercritical exchange can be consideragerzeral procedure, several
functionalities are incompatible with the high tesmgture conditions required for
exchange to occur. For example, the method has $fe@nn to be unsuitable for ethers,
ketals, acetals, nitriles, and aryl azo compoufidalso, the high temperatures and
pressures involved are inherently hazardous. Theara of synthesising deuterated
molecules at such high temperatures and pressaréiset chemist are significant.€|.
failure of equipment at high pressure, leadinghjory). Potentially, these hazards could be
reduced by the use of flow chemistry, as reactamescarried out on a much smaller scale,

reducing the severity of any such failure of equepin
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To this end, the work of Hartonest al is of interest. Hartonen demonstrated a
supercritical flow type system, which allowed fbetdeuteration of both eugenol, and 4-
hydroxyacetophenorfé. This method had several advantages over the itadlit batch
type supercritical deuteration reactions. For eXame contact time at high temperature
was reduced to around 4 minutes, allowing for lemmperature degradation of the
substrates. One disadvantage of this procedure emweas that a range of deuteration
products were noted.€. d,d,ds...etQ); although increasing the reaction temperature did

lead to a bias towards higher levels of deuterinooiporation (Figure 8).

D,0 and HO
Substrate [ }
: Backpressure Tubular Reactor Backpressure
@ Regulator In Oven Regulator \©\f0

4-hydroxy acetophenone

pev Filter Pump In-Line Phase OH
Separation /\/@:
Z

-
Schematic Diagram of Hartonen et al Flow Reactor °
@ eugenol
Isotopic Distribution (%)
Substrate Ti(r::enE;ci:l) Tem;():é;lture do|dy|dy|d3|dg|ds|dg|dy|dg|dg|dgg]|dgq|ds2
Eugenol 4 250 46|49 |1 ]0|0]O0O|O|O]|O] O 0 0
2 300 1961|1713 | 0| 0] 000|000 0 0
4 300 6 [ 58|30 | 6 0 0 o|o0j0|O 0 0 0
2 350 0 |17 48 |31 | 4 0 o000 0 0 0
4 350 0 4 |33 (51|12 ] 0 o|0j0|O 0 0 0
4-hydroxy 1 250 8 2235|255 8 2 0|00
acetophenone
2 250 1 9 | 28|36 |21 4 1 0|0
1 300 0 0 2 |16 39|34 | 8 1 0
2 300 0 0 0 1 19 (62|17 | 1 0
1 350 0|0O|O0O|O0O)|4|74|2| 2|0
2 350 0 0 0 0 2 |8 |15 | 1 0

Figure 8: Isotopic Exchange Under Flow Conditionsdemonstrated by Hartonenet al

In summary, the use of base catalysed exchange,irarparticular utilising
supercritical water, is disadvantaged by the newdhigh reaction temperatures (these
typically being ca. 400 °C), high reaction pressures (typically >21&)b and the
subsequent need for specialised equipment. Thareegent of high temperatures also
precludes the use of this method with certain sates {.e. ethers, ketals, acetals, nitriles,
and aryl azo compounds). However, these disadvasthgve been overcome to a degree
by the use of flow chemistry. Flow chemistry allotusth a reduction in contact time at

high temperature, and the use of small reactioselegthus reducing the danger inherent
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with high pressures). Despite this, flow chemistngthods still show disadvantages;
primary among these being the generation of a rafigkeuterated productsg. d, di,

d...etc), as opposed to generation of a discreet caatematerial.

1.5.3.3: Synthesis of Deuterated Compounds: Pasth8gis Methods- Heterogeneous
Metal Catalysed H/D Exchange

The development of heterogeneous metal catalysrs hiydrogen/deuterium
exchange reactions has primarily focused upon diaha and platinum based catalyst
systems. Investigations were first carried out layr®ttet al in the 196042 and the area
has seen significant research interest since.

The mechanism of H/D exchange for both platinum paladium systems with
D,O has been studied extensively; concluding thatagiam favours an associative
exchange mechanisfh, whereas platinum preferentially undergoes a diative &

complex mechanism (Figure 9).

Associative T-complex exchange
@

H
(X °
—_— D|l—
T-complex adsorption v * I? y ¥ * 'ﬁ
M M M M M

@ + M { Dissociative T-complex exchange
M
ring plane parallel » . J—
H + H

to catalyst surface \
M M M
Inclined to catalyst ring plane 90°
surface (45°) to catalyst surface
D -
v * D
M M M M

Figure 9: Associative, and dissociative, heterogenes metal catalysed hydrogen exchange mechanisms

The difference between these mechanisms is snmallcan be demonstrated if the
deuteration of a general aromatic substrate isideresd. Thus, both mechanisms rely upon
initial Trcomplex adsorption of the aromatic substrate erttetal surface. At this point,
the aromatic ring is parallel to the metal, andhi@ case of the associative mechanism, is
attacked by a previously chemisorbed deuteron (ftbendissociative chemisorption of
D,O or deuterium gas). In the case of the disso@atiechanism, it is believed that the
aromatic forms a-bond with the metal, rotating through 90° to do Bbe carbon-metal
bond then undergoes a dissociative attack by a icleibed deuteron, and the substrate

returns to the originat-bonded stat&’ Experimentally, palladium containing catalyst
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systems have a higher affinity for H/D exchangealgthatic hydrogen, whereas platinum
based catalyst systems have a higher affinity fé&r ekchange upon the aromatic its2lf.

With respect to the experimental application ofehegeneous palladium and
platinum catalysts for hydrogen exchange; activatibthe catalysts is generally required
in order for the system to be effective. There segeral general methods of catalyst
activation which can be applied; these being hydnohal activation, hydrogenation, or
self-activation (reduction of the surface with agamic moleculee.g.benzene$® Each of
these activation methods, and examples of theiemxgntal application, are detailed
below.

Hydrothermal activation of heterogeneous metallgstis, for hydrogen/deuterium
exchange reactions, relies upon the increase iratkeof dissociation of water (or,D) at
elevated temperature and pressure (typically 250426 MPa)®’ This effect allows the
heterogeneous metal catalyst (generally systemsdbagon Pd(0) or Pt(0)) to undergo
oxidative addition into the H-OH (or D-OD) bond, ngeating a Pd(ll) or Pt(ll)
intermediate species. This intermediate species tmelergoes dissociation to form the
active’M-H (*M-D) cation (Figure 10).

pPKy = 11 MO

®
2 Hy0 ‘OH+Hz;0* == H-M"-OH+H,0 === H-M"+OH

Figure 10: Generation of an activé M-H (or "M-D) species for hydrogen/deuterium exchange

An example of this in use is the work of Scheghl who demonstrated the use of
palladium on carbon and ;D to deuterate aliphatic hydrocarbons with >95 %
incorporation’® These reactions required high temperatures inr dodallow for activation
of the catalyst; namely up to 290 °C. Similar testls the work of Oshima&t al, who
showed that full deuteration of cycloocta33) was achieved by treatment with 2 mol %
Pd/C and RO for 12 hours. Again, this reaction required htgimperature (250 °C) to

allow for activation of the palladium on carbonaigst (Scheme 167

D
O 2 mol % Pd/C

( D,0, 250 °C, 12 h ]

DD

(33) Yield: 99 % D DD D
H incorporation: >99 % (34)
cat. PtO, 61 % Deuterium
incorporation
D,O )
"Bu 2 "B 43 % Deut
H 250°C, 4 MPa, 14 h ! H incgrp%L:aetircI)L:lm
RMM ca. 800 Yield: 99 %
polystyrene (35)

Scheme 10: Hydrothermal activation of Pd or Pt basicatalysts for H/D exchange
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Similar reactions utilising heterogeneous platinubased catalysts under
hydrothermal conditions have also been studied;gvew platinum based catalysts show a
higher affinity for exchange of aromatic hydrogereoaliphatic. For example, Matsubara
et al have demonstrated the use of platinum (IV) oxiddeu hydrothermal conditions for
the deuteration of various substratescluding polystyreng35), giving a high degree of
deuterium incorporation upon the aromatic ringshé®ee 10Y?

The second general method of catalyst activatiamestment of the catalyst with
hydrogen (or deuterium) prior to the reaction. Rélgehowever, Hirota and Sajiki have
developed a method for the situ activation of the heterogeneous metal catalystispe
(in this case, palladium, or platinum, on carbtn).

Initially, the hydrogen/deuterium exchange reacta diphenylmethané€36) at
room temperature with 10 % by weight Pd/C igODwas attempted. No exchange was
observed, as would be expected with the unreducedtive form) metal catalyst. When
H. gas was placed over the reactioa.(0.45 eqvs. substrate), adsorption of the situ
formed B allowed for 95 % deuteration of the benzylic positafter 3 days. This
procedure proved to be generally applicable, giviggnerally good deuterium
incorporation of between 40 and 99 % selectivelyemizylic positions (Figure 11).

61

96 74 98
o O O o
MeO HO.C MeO,C NaO,C
(36) (37) (39) (40)

(38)
Yield: 88 % Yield: 40 % Yield: 99 % Yield: 74 % Yield: 99 %

Reactions carried out with 10 mol % Pd/C, D,O, and H,, at RT for 3 days
(% deuterium incorporation shown)

o)
97 93 O/ 0 96 80 NH,, HCI
13

(42) (44) 4 % 9
97

y v OH 3
[ j 93
@ 7 0 85 85 HO,C

81
(41) (43) (45)

All H/D exchange reactions carried out with 10 mol % Pd/C, D,O, and 24 h reaction time
(% deuterium incorporations shown)

Figure 11: Deuteration of the aliphatic positions dvarious substrates utilising 10 mol % Pd/C and
D,0; by Sajiki et al
Sajiki et al also carried out a broad study on the applicgbdftthis procedure to
substrates bearing various functionalities. UtilisilO mol % Pd/C, andJD, it was found
that the system tolerated amidé4), esterg42), phenolq443), amineg44), and acid$45)
(Figure 11); allowing for deuterium incorporatiof, @ general, >70 %. However, the

reaction was limited to substituted benzene devigaf®
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Further development of this method was carrieduilising platinum on carbon as
the heterogeneous metal catalyst. Due to the setgcbf platinum for promoting
exchange at aromatic positions, Pt/C allowed fdroguction of deuterium into the

aromatic ring positions of substituted benzenevaéiies in up to 98 % (Figure 19).

% o CO,H
98 OH NH, 2
<, . e
98
y o g 98 < 98 98 97 VS A 97

98 98
(46) (47) (48) (49) (50)

All H/D exchange reactions carried out with 5 mol % Pt/C, D,O, and 24 h reaction time
(% deuterium incorporations shown)

Figure 12: Deuteration of various aromatic substrag¢s utilising 5 mol % Pt/C and BO; by Sajiki et al

Sajiki et al have also applied this exchange system successfuthe deuteration
of (S)-phenylalanine(51) in the B-position, affording 98 % deuterium incorporation.
However, an elevated reaction temperature of 11&a€ required (Scheme 11). Despite
the high temperature, no racemisation of the sigrmaterial occurred during the reaction.
These conditions were also successful in obtaidewgerated tyrosine derivatives (Scheme
11, (52) and(53)).”

o) 10 % Pd/C DD O

- R = H (51), Yield: 100 %, B-D: 96 %
OH D.O.H OH R = OH (52), Yield: 96 %, B-D: 54 %
2%, 112 R = OBu (53), Yield: 100 %, B-D: 90 %
] ] 89} vield: 100 % 1.0 80 %
Scheme 11: Deuteration off)-phenylalanine (51), §)-tyrosine (52), and §)-4-tert-butoxyphenylalanine
(53) utilising 10 mol % Pd/C in D;O; by Sajiki et al

Also recently, the work of Derdau and Atzrodt oh8&-Aventis has demonstrated
that by utilising sodium borodeuteride to activéite heterogeneous metal catalyst by
reduction, the need for anldtmosphere as detailed in the previous paragreqbs be
eliminated. This is advantageous due to the hazafdd, within a laboratory. It was
shown that H/D exchange could proceed with goodedation €.a. 70 %) of various

benzene derived substrates with as little as 5%nsbdium borodeuteride (Scheme 12).
80
10 mol % Pd/C
5 mol % NaBD, 9%
o (e
DO, 56
110°C, 2 h

Scheme 12: Deuteration of phenylbutyric acid (54)tillising heterogeneous metal catalysed hydrogen

deuterium exchange; by Derdau and Atzrodt



Further to this, experiments utilising microwaveatieg have resulted in an
increase in deuterium uptake at shorter reactimegi® For example, the H/D exchange
reaction of 3-aminobenzoic ac{@4) was carried out under both thermal, and microwave
conditions at 150 °C. After 2 hours, the microwawediated reaction showed increased
deuterium incorporation, with an average incorporabf 85 % over the four aromatic

positions, compared to 55 % for the thermal reactiicheme 13).

COH CO,H CO,H
10 mol % Pd/C 11 88 53 @jl
45 95
150[12002 i b NH, o NH,
(54) : Thermal Microwave

(% deuterium incorporation shown)

Scheme 13: Thermal, and microwave mediated H/D exahge reaction of 3-aminobenzoic acid (54)
utilising 10 mol % Pd/C

As a final note on heterogeneous palladium andnplat based catalytic systems
for H/D exchange; it has been noted by Sagkal that utilising a mixed palladium and
platinum on carbon catalyst can lead to a synecgeftect; increasing deuteration levels,
and also allowing for deuteration of both aliphaticl aromatic positions (Scheme 1%).

Catalyst ©/\/ ©/\/ /©/\/
/©/\/ HO,C HO,C HOC
HO,C m Catalyst: Catalyst: 10 ggtlaol/i/sFt, d/C
(55) 10 mol % Pd/C 5 mol % Pt/C & 5 mol % Pt/C

(% deuterium incorporation shown)

Scheme 14: Increased deuterium incorporation withim-propyl benzoic acid (55) upon the use of a

mixed palladium/platinum on carbon catalyst, in DO; by Sajiki et al

1.5.3.4: Synthesis of Deuterated Compounds: Posth8sis Methods- Homogeneous
Metal Catalysed H/ D Exchange

The application of homogeneous metal catalysed angd was developed around
1960, one such example of this being the work ofm&het al, who demonstrated that
aromatic systemsi.€. bromobenzene, nitrobenzene, naphthalene, andpheztione)
underwent H/D exchange after treatment with a sudiu(or potassium)
chloroplatinite/deuterium oxide system modified thg addition ofca. 10 equivalents of
hydrochloric acid. The acid was required in ordemptevent precipitation of the metal
catalyst. This system showed deuterium incorpanatamging from 8.5 % up to 90 %, with

reaction times ranging from 2 to 10 h at 130”3 Selected results are shown below
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(Scheme 15). It is also worthy of note that, dfyidpeaking, sodium or potassium

chloroplatinite are not true catalysts, due todteechiometric amounts required.

R'\
. 12%
\R/,’)I
¥ Overall D Overall D
Substrate Incorporation Substrate Incorporation
ca. 10 eq KyPtCly D.O Benzene 10.7 %P Bromobenzene 62.3 %?
or NayPtCl, 2
10 &q DCI CH3zCO,D
ca. 10 eq Toluene 4.7 %P Trifluorotoluene 3.4 %P
tButyl benzene 5.4 %P Acetophenone 50.5 %*
R" D
b D Fluorobenzene 5.9 %P Naphthalene 3.6 %P°
2
5 F‘:: - Chlorobenzene 5.7 %P Phenanthrene 2.0 %P
D D

a. Average of ortho, meta, and para. Reaction at 130 °C

R'=H, CHa, 'Bu, F, Cl, Br, CF3, C(O)CHs b. Reactions carried out between 25 - 120 °C

R2 = Ph, Naphthalene

Scheme 15: Deuteration of aromatic substrates utdling a sodium, or potassium chloroplatinite system;

by Garnett et al

1.5.3.4.1: Homogeneous Metal Catalysed H/D Exchanlgelium (Il) catalytic systems

Today, the area which is of most interest in homeges metal catalysed H/D
exchange is that based upon iridium (I) and (Ihakets. Within Ir(ll) catalysed H/D
exchange chemistry, particularly of note is the kvof Bergmanet al, who developea
methodology utilising [Cp*(PMgIrH(CD,Cl,)] [B(CeFs)Me] (56) in low temperature H/D
exchange. This system removed the requirementhioratdition of mineral and organic
acids which had been commonplace within the worlcafnett discussed previously (and
within later work concerned with halide salts aiflium).®° Utilising ds-benzene as the
deuterium source, 2 mol %b6) allowed for deuteration of aromatic and aliphatic
substrates in levels of between 40 — 97 % (Schesn¥& 1

.d
CDs <" . *
2 mol % (56) D | cp
D C. X Fe Irg H
R—H R-D o’ D | ds MesP” " “cp,cl,
CeDg/CDCly Deuterium . ds -
-20 °C, Incorporation: ~Deuterium - _ [B(CeF5)Me]
1h - 2 days 96 % Incorporation: Deuterium
40 % Incorporation:
97 % (56)

Scheme 16: Hydrogen/deuterium exchange reactions wiethane, toluene, and ferrocene, catalysed by
(56); by Bergmanet al
However, (56) was shown to decompose readija(an ‘unknown mechanisnt?
at temperatures above -20 °C, producing the tridgdrspecies [Cp*(PMgirHz]".
Therefore, [Cp*(PMgIrCl,] (57) was synthesised as an air stable catalyst spabyfior

homogeneous hydrogen/deuterium exchange reactibiis.was shown to be an active
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exchange catalyst; with deuterium incorporationngedemonstrated with highly water

soluble organic materia{$8) — (63), utilising D,O as the deuterium source (Figure 13).

59
(0] 53 92
S AN m o R
83 7 ONa 25 4 O 84

(58) 38 (59) (60)
85 O 29
35 Q 65 62 :%\ (57)
(61) (62) 63) ©

Conditions: 5 mol % (57), 0.5 mL D,0O, 135°C, 40 h
(% deuterium incorporation shown)

Figure 13: H/D exchange reactions of substrates (b& (63), catalysed by 5 mol % (57)

However, despite successfully catalysing the ino@fion of deuterium(57)
proved vulnerable to decomposition by dispropoatn (Figure 14§? In fact, no further
deuterium exchange was observed when reaction waes over 40 h at 135 °C. This was
shown to be due to the formation of [Cp*(PMCI]|[Cl] (64) and [Cp*IrCL]. (65),
driven by the formation of the ionic speci@!), due to the polar nature of the solvent.
Interestingly,(64) proved to be catalytically active for deuteriuntleange (albeit to a low
level); however a 1:1 mixture ¢64) and(65), i.e. the decomposition product (67), was

inactive. This placed a limit of 40 h on reactionds, and thus a limitation on the catalyst.

Disproportionation Products

+

Cp* Cp*  cp*
MesP/iwﬁ?\hes o« Me3p/ir§é:|ll"|‘r\pMeS

(‘:p* (64) (65) +
MeoP” VT Cp” Hel Cp*

) rpropanol iegp” NGO Megp- S0 | ©
(66)

Decomposition caused by 1° alcohol

Figure 14: Decomposition pathways of (57)

Unfortunately, when utilised in the H/D exchangaateons of primary alcohols.g
n-propanol, (57) decomposed to form [Cp*(PMér(CO)(ED][CI] (66). This was
hypothesised to be due to timesitu oxidation of the substrate alcohol to the corresjig
aldehyde; which could then undergo C-H activationfdrm an acyl complex with the
catalyst (Figure 14). From this point, facile démarylation of the ligand would form the
observed produd66).
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Hoping to improve upoK56), and(57), and eliminate the disproportionation issue,
Bergmanet al synthesised a series of iridium based catalystrjporating chelating Cp*-
phosphine bridged ligands (Figure 15). Howeverydfll) and (72) proved active in
deuterium exchange reactions; deuterating dietthgreto 33 % and 40 % respectively
(compared to the value of 36 % for the previouslgat (57)).2* As well as showing no
significant improvement in activity compared ¢67), (71) and (72) also underwent
decomposition. Unfortunately, the decompositiondpiis could not be identified readily

as they appeared to be non-active in 5% and*H-NMR.

= b = |
Aﬁ/ % | % | % |
P Ir“- X

Kp/lr;lx L r O L Ir1OH,
> e o >
X =1(67), OTF (68) X =1(69), Br (70) (71 (72)

Figure 15: Cp*-phosphine bridged catalysts synthesed by Bergmaret alfor hydrogen/deuterium

exchange reactions

Further to their work on water soluble catalysts gxchange, Bergmaet al also
applied a previously synthesised C-H activation algat to the issue of
hydrogen/deuterium exchange reactions, which allowbe use of non-aqueous
conditions®® This catalyst was the trihydride species [Cp*(RMéH3)OTf] (73)2*
Initially, d;-methanol was used as the deuterium source; howavast deuteration of
benzene utilisingl;-methanol and73) showed no deuterium incorporation. Switching the
deuterium source tds-methanol interestingly did show deuterium exchaimge benzene
of 95 %. This result suggesting that the deutersaurce in the reaction came from C-D
bond activation followed by transfer. Further tdsthswitching tods-acetone as the
deuterium source increased incorporation levelthéurstill (99 % D incorporation into
benzene at 135 °C). Screening @®3) (utilising d-acetone) with a broad range of
substrates showed a tolerance for functionalityhwsuccessful substrates including 2,6-

dimethylpyridine N-phenylacetamide, methyl benzoate, and ferroceigeiié& 16).

O
95\ o 97 o s ‘0 @7
@ /(j\ o7 Nk&" " o~ Fe 9
85 '
v O I

Conditions: 5 mol % [Cp*(PMej3)Ir(H3)][OTf], dg-acetone, 20 h, 135 °C
(% deuterium incorporation shown)

Figure 16: H/D exchange with substrates bearing déring functionality, utilising (73), and ds-acetone;

by Bergmanet al
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Having taken note of the work of Bergmahal, Periset al developed a further
catalytic method for deuterium exchange, utilisindium(ll) based species, bearird
heterocyclic carbene ligan85The pro-catalyst iridium halide specié&) was treated
with silver triflate in solution to generate thetige specieg75) (Figure 17), which could
then utilise eithed,-methanol, oids-acetone as a deuterium sourdgrfiethanol afforded
greater deuterium incorporation with shorter reactimes) (Figure 17).

Interestingly, no decomposition ¢f5) was observed during the deuteration of 2-
propanol; unlike the deuteration reactions of pryrend secondary alcohols attempted by
Bergmanet al utilising (57), which resulted in decomposition of the catalysttioe

substrate (See Figure 14).

By | 2 eq AgOTF Bu ———

IrCl N
N : </7/ oTf
N"Bu In-situ N"Bu
(74) (7%)

| 99
e} o o 99
o—~? LO}ZS 49 2 \0 71 2 OH 99 ‘
65
99 20 40 29 29 o
_0

Conditions: 2 mol % (75), dg-methanol, 3 - 12 h, 100 °C
(% deuterium incorporation shown)

Figure 17: Selected results for H/D exchange reaotis using (75); carried out by Periet al

In summary, while Ir(ll) catalysts have shown pai@nfor H/D exchange, and in
general, high deuterium incorporatiare(98 % deuteration of ferrocene utilising 5 mol %
(73)); methods tend to rely upon high reaction tempeest (90 °C — 135 °C within the
examples given), and do not allow much selectivityen introducing deuterium into
molecules. They also tend to rely upon either difi to synthesise catalysts, or catalysts
which are unstablei.é. (56), or (57)), and thus difficult to use in a robust synthetic

procedure.

1.5.3.4.2: Homogeneous Metal Catalysed H/D Exchanigelium (I) catalytic systems

The development of the now ‘state of the art’ ofmlogeneous metal based
catalysis for hydrogen/deuterium exchange reactipms systems utilising iridium(l)
catalysts}®, began with the observation by Hestsal that [(PPB).IrH-(Me,CO)|BF, (76)
could catalyse the incorporation of deuterium imémious heteroatom containing organic
compounds. For example, treatmentterft-butoxybenzene with 2.5 mol %76) under 1

atm of Dy, gave selective deuteration at the 2-, and 6-tipasi with overall 90 %
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/@oa
R

20 mol % (76)

D,, CH,Cl,

rt, 24 h

incorporation?’ Further work by Hey®t al expanded upon this study, hoping to gain an

understanding of the scale of the obsemgtlo- directing effect (Scheme 19.

(76)

R mol D/mol | mol D/mol R mol D/mol | mol D/mol
(ortho-) (meta-) (ortho-) (meta-)
OH 1.9 0 F 1.5 0
OMe 1.8 0 Cl 1.8 0
‘Bu 1.4 0 Br 1.6 0
OC(O)Me 1.4 0 NO, 1.0 0.4

Scheme 17: Deuteration of aromatic substrates cateded by 20 mol % (76)

As shown in Scheme 17, the obsenatho- directing effect was found to be
relatively ‘stronger’ than the directing effects thie R- substituents at thpara-position
relative to the carbonyl group; with deuterium irmaration occurring at thertho-
position relative to the carbonyl (as opposed ®ntieta-position relative to the carbonyl
i.e. theortho- position relative to the range of directing groups

Seeking to improve on this procedure, Heskal utilised Crabtree’s catalyst
[(cod)Ir(PCw)(PY)]PFK (77) in order to facilitate deuteration of substitueacktanilides in
dichloromethane, with Pas the deuterium source (Scheme 18). It was obddhat the
reaction was relatively insensitive to substituesftects, affording generally high
deuterium incorporation (between 70 % and 90 %f{l #rat the regioselectivity of the
reaction was high (with deuteration only being saetheortho- position of the aromatic,
relative to the carbonyl substituent). A few excapd to this were observed, including OH
substituted acetanilides, which underwent deutamato a poor level of only 21 %
(attributed to low solubility in the reaction soht® and para-cyano substituted
acetanilides, which underwent no appreciable datiter (presumably due to coordination

of the -CN group to the metal centre of the catiffs
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D Incorporation D Incorporation
M 5 mol % (77) N R (%) R (%)

D D
D,. CH,Cly H 93 F 88
16 h CHs 88 cl 78

R R
n OCHj, 87 Br 97
| _ OEt 93 NH, 25
CyaPr |7 | IPFq]
/ CN 0 OH 21
Py
CF, 76 CO,H 0
a7

Scheme 18: Hydrogen/deuterium exchange reactions sfibstituted acetanilides utilising 5 mol % (77);

by Heyset al

The selectivity of the Ir(l) based systems towamt®rporation of deuterium in the
ortho- position relative to carbonyl functionalities whsst rationalised by Heyst al
Their work demonstrated th&f6) selectively catalysed hydrogen exchange three $oond
away from the directing heteroatom, whereas Cralstreatalyst(77) showed selectivity

four bonds away (See Figure 18 and Schemes 17 & 18)

PhsP 2 j
| \\05< o) -
Ho—Ir BF.] EtO.__O )J\ CV3P")|r/ [PFel
= NH

| O\(
PPhs D 5 Py
70 (77)

Crabtree's catalyst:
Heys type catalyst: Selective for hydrogen exchange

Selective for hydrogen exchange 4 bonds from directing heteroatom
3 bonds from directing heteroatom

Figure 18: Structures of (76) and (77); and the ragselectivity of their hydrogen/deuterium exchange
reactions

The rationale forwarded by Hegs$ al for this effect was based upon the formation
of two different metallacycle species within thetatg@ic cycle, depending upon the
catalyst employed; these being a 6-membered cyblen\{r7) was employed, and a 5-
membered cycle whefi76) was employed. To prove this, Heg$ al employed two
catalysts with differing stereochemistry about thmetal centres, [Ir(cod)(PBh|BF; (78)
and [Ir(cod)(dppe)]P& (79), and compared the regioselectivity observed whaohe
catalyst was utilised within the deuteration ofyéth-napthoat€80).

It was believed that by introducing two bulky phbs® ligands (in the case of
(78)), transstereochemistry around the metal centre would b&epential; meaning that if
the 5-membered metallacycle was formed, the subsivauld be in a differing plane to
the large triphenylphosphine ligands. Whereas, idewo to form the 6-membered
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metallacycle,cis-stereochemistry of the triphenylphosphine ligamasuld be required,
which is disfavoured by sterics. Therefore pref@atnformation of the 5-membered
metallacycle would lead to selectivity three boradgay from the directing heteroatom
(Figure 19). In the case 0f79), the bidentate phosphine ligand would foreis-
stereochemistry around the metal centre (due ttethered nature of each phosphine), and
the reduced size of the phosphine would reducestdréc hindrance to the formation of a
6-membered metallacycle; thereby allowing deuteratit the position four bonds away

from the directing group (Figure 19).

D, PhyP PhsP
PhyP., ‘ Solvent D""’Ilr"“\SOI . I:);Ilr"“o‘ OFt
= ——— p~" | sl HD O
’ -cod D o |
PhsP F|’Ph3 PPhg O 6-membered metallacycle
disfavoured due to sterics
(78)
"+ PhgP OEt PhsP OEt
PhsPu,}l'r,‘n\o’ D.., II WO=
—— 21
DH™ | 0 DH™ |
D PhsP
D HD HD OEt
| Solvent D 'Il «Sol D""‘Ilr"”\o‘ OFEt Di., >|‘,\\\O’
- e —— or e
I oo [ ~so w1 Ny w1
&/PHZ K/PHZ K/PHZ QzP

O OEt

0
D Py Py OEt
| Solvent Do, | .S \ D.,
Py — > /Ir‘s -~ \ ¢ )
/ - cod D™ | N D7 | s g

CysP PCys Solvent PCys

(77)
Solvent Solvent 4' S = Solvent
OEt Solvent P
O OEt y
" “ | WO=—OEt
“/D — D/v,‘ 0 —_4 *H/D/|,‘O
(2 o loe Nhe<

PCy3 PCys
(81)

* Fluxional, therefore group can exist as a
hydride and molecular hydrogen

Figure 19: Mechanistic rationale forortho- exchange and general catalytic cycle for (77), (¥,8& (79)

This rationale was found to be correct, as WitB), deuterium was incorporated
selectively at the C2 position of ethyl 1-napthog®@ % D incorporation(81)), whereas
with (79), 54 % incorporation was seen at C2, and 35 % afFifire 20). Therefore, it
was concluded that the relative steric bulk, andndation of the ligands about the metal

centre is the cause for the selectivity of the exge reactions detailéd.

© OFt Deuteration seen at C2 D © OFt Deuteration seen at C2

D with the use of (78): 35 D and C8 with the use of (79):
%0 Only 5-membered metallacyle 54 Both metallacycles present in
present in catalytic cycle catalytic cycle
Figure 20: Deuteration of ethyl 1-naphthoate utilisng (78), or (79) and B; by Heyset al
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Although these catalystgsd. the Crabtree, and Heys types) allow for a broagea
of exchange reactions, they do have some disadyesita.. high catalyst loading (some
examples require equimolar loading or higher), diificulty in removal of the catalyst
from the crude material (due to high loading). Sopnegress has been made towards
reducing these problems by the development of gnped bound form of77), (82). The
use of a polymer bound catalyst allows purificatignsimple filtration; as opposed to the
difficult chromatographic separation of a large amtoof homogeneous cataly82) was
produced by treatment of Crabtree’s cata(y3) with commercially available polystyrene
bound triphenylphosphine. Displacement of bothdyglooctadiene, and pyridine ligands
leads to formation of the polymer bound speci{8&) is stable at -20 °C for up to 2

months, and shows similar activity to the free lyataFigure 217%

[: ] ] +
e} O A Phy,P

69 69 45 | 17 CysP., | _[PFG]

N/ Ir—PPh,
4
PPh
6969 O,N 4 17 O@ ’

Conditions: ca. 5 mol % (82), D,, dichloromethane, 1 h
(% deuterium incorporation shown)

Polymer bound Crabtree's catalyst
(82)

Figure 21: H/D exchange reactions catalysed by paher bound Crabtree’s catalyst (82)

Further to the work of Heyst al the groups of both Kerr and Powell have
investigated the use of carbene ligands to procurcdr(l) H/D exchange catalyst with
higher stability, and hopefully increased activity.the case of Keret al the carbene
chosen was 1,Bis(2,4,6-trimethylphenyl)imidazole-2-ylidene (IMesind the phosphine
ligands chosen were triphenyl (catal{®8)), tribenzyl (catalys{84)), and dimethylbenzyl
(catalyst (85).%° In the case of Powelet al the system was based upduis-
methylimidazole-2-ylidene, with am-butylphosphine ligand (catalyst86)).>* Both
systems showed high activity for H/D exchange ieast however, a direct comparison
reveals that the Powell system requires a loadirydequivalents of the catalytic species
(technically not a true ‘catalyst’ due to the raqdi stoichiometric loading), whereas, the
Kerr systems only require 5 mol % loading. Alsodigect comparison of deuterium
incorporation levels with the same substrate shiwas in general, the Kerr system was

more effective (Scheme 19).
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Me
~ | Catalyst r N
Y — \Q
Powell et al Me’N 7
D, catalyst 86
CH,Cly, RT _(86)
(87) Required Loading:
2.2 eqrelative to (87)
D Incorporation to (88):
85 %
PPh; PBn3 PMe,Bn
AN / Mes N / Mes AN / M
Ir / Ir ; Ir Mes
/ YN /s N 7/ N
K t al
Mes™ \/ Mes™ \/ Mes™ \/) c:tra:I;sfs
(83) (84) (85)
Required Loading: Required Loading: Required Loading:
5 mol % relative to (87) 5 mol % relative to (87) 5 mol % relative to (87)
D Incorporation to (88): D Incorporation to (88): D Incorporation to (88):
98 % 38 % 95 %

Scheme 19: Direct comparison of the carbene catatgsproduced by Powellet al, and Kerr et al

Not only did the carbene catalysts show good reiagtithey were also air stable,
making them more attractive to work with in a ladtory environment. Keret al went on
to demonstrate the effectiveness of their systempéforming deuteration of the Sanofi-
Aventis drug nilutamide. Treating nilutamid@&9) with 2.5 mol % of(83), and B gas in
DCM gave, in the majority, selective single deuiera of 98 % in 1 hour at room

temperature (Scheme 20).

0 CF;

o)
2.5 mol % (83) J(
HN HN
r\14<j>—No2 . N
D,, DCM 12
© Th, rt © D
(90)

(89)

D CF,
6

NO,
98
D

Scheme 20: Deuteration of nilutamide (89) utilisin@.5 mol % (83), and B; by Kerr et al

1.5.3.4.3: Homogeneous Metal Catalysed H/D Exchangehodium based catalytic
systems

The use of rhodium based homogeneous H/D exchaatgé/sts was first reported
by Garnettet al, utilising rhodium trichloride (no stoichiometryvgn) to catalyse isotopic
hydrogen exchange in simple aromatic systamskienzene, and toluene), with no major
selectivity (Figure 22). However, it was shown thia reactions were much slower than

with the corresponding chloroplatinite (Scheme di&yidium based systeni&®’

& W o @t

Conditions: RuCl;.3H,0, MeCO,D, D,0O, 96 h, 130 °C
(% deuterium incorporation shown (average values for ring hydrogens shown))

Figure 22: H/D exchange reactions catalysed by rhagin trichloride; by Garnett et al
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Soon after this report, Otsukad al published their work on the isolation of two
rhodium based H/D exchange catalysts. These beifRPr)s]; (91), and the dimeric
species RIH(LNL)[P(Cykls (92). These were shown to catalyse incorporation of
deuterium in a relatively non-selective manner osienple ring systemsi.¢. benzene,

toluene, anisole, and pyridine (Scheme 3%)).

N D58l s p H-Rh: 2/Rh-H
| A N2 |
80°C, 20 h D”N" D
(92)

Scheme 21: Deuteration of pyridine utilising 2 mo% (91); by Otsuka et al

The mechanism for the exchange cycle that was pegponvolved oxidative
addition of DO to the metal centre, followed by reductive eliation of partially
deuterated water to produ¢@3). The substrate is then added to the metal centre b
oxidative addition, and finally, the deuterated Hudte is expelledvia reductive
elimination. This regenerates the active catalysidy for the addition of a second

molecule of RO (Figure 23).

PiPrs D-0 >
H' Rh . \ DO., | PPrs
PPryp PPrs S /Rh\
8 Oxidative Addition H |_ PiPr3
(91) PiPr,
Mechanistic cycle allows
Reductive Reductive for general deuterium incorporation
Elimination D Elimination HOD as there is no preference for

oxidative addition at a specific position

© on the substrate

G- R
Rk o/ D'Rh._,
75N o " pr,p PPTs
H™ | "P'Pr;  Oxidative Addition 3
P'Prs (93)

Figure 23: Proposed catalytic cycle for the deutetion of simple ring systems by (91); proposed
Otsuka et al
More recently, Brookhartet al demonstrated that a rhodium based system
[Cp*Rh(CH,CHSI(CH)3)2] (94) was active in catalysing H/D exchange fragbenzene
to aromatic and aliphatic systems. These includetina, ferrocene, diert-butyl ether,

and cyclopentene (Figure 24).
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Conditions: 5 mol % (94), CgDg, 110 °C, 24 h
(% deuterium incorporation shown) (94)

Figure 24: Deuteration of aromatic and aliphatic sistrates catalysed by (94); by Brookharet al

This method is interesting as it appears to ostaira ‘shuttle’ process, in which

deuterium is first transferred to the silyl liganols(94), then transferred to the substrate

after C-H activation (Figure 25). Evidence for thi®cess was provided by monitoring the

'H-NMR signals related to the vinyl silane ligandile the catalyst was heated at 78 °C

in a deuterated solvent (in this cadebenzene). A significant reduction in the-NMR

signals for the silane ligands was observed afteous. The signals for the silane ligands

were then noted to increase in intensity when astsate was added, and heating was

continued for a further week.

Me5 CH2CHS|Me3 Me5 CeDs Me5
= == =
Rh Rh Rh6¥s
MesSi— '/ SiMey Me;Si—( MesSi— D
CH,CHSiMe; JH Deuteration of Catalyst “
Mes Mes €s

M
=<7 =
| | |
D Rh J—— D R|‘]/“‘C6D5 — Rh\
Messi/&/ i MesSi—N\{ H L CeDs

CsDsH
CH,CDSiMe, w[

NH,
Me5 ©/ ®M65
<% CD,CDSiMe; = Mes C?
D th D J. D Il?h \ /§ Rh C6"'4'\“'*2
MezSi— " N )—SiM ) Me;Si
& 'ﬂCDZ ch% e Messi—\/ S Nen,"
Deuteration of Substrate L
CD,CDSiMeg M
es
Me5 Mes @7
C?d C7® Rh
Rh Rh CeHNH, = CeHaNH,
Me3S|/& Me3S|/§ M H
e3Si D
NH,
I/ P
D

Figure 25: Proposed ‘shuttle’ process for the deutation of aromatic and aliphatic systems catalysed
by (94); by Brookhart et al
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As a final note, there are many differing metal toesh catalysts in the literature
which have shown potential for H/D exchartd&'° however, in the majority these have
not been developed for the synthetic productiodeafterated substrates, and are much less
widely discussed within the literature. Therefdrede are not explored in more detail here.

In summary, metal based homogeneous catalysisdbggn/deuterium exchange
is potentially the most widely researched form eli@rium incorporation reaction. Of
these catalysts, Ir(l) based systems are curréhéystate of the art’, as generally they
allow for regioselective introduction of deuteriudye to theortho- exchange effect. Ir(l)
systems also allow for high levels of deuteriumonporation {.e. >70 %), and do not
require the high reaction temperatures, and speethlequipment, utilised in HTDA, or
supercritical exchange procedures. However, thesalrbased catalysis systems tend to
utilise D, or deuterated solvents as the deuterium sourdk;dfavhich are expensive, and
carry environmental concerns when compared to $keoti BO.

1.6: Applications of Deuteration and the Kineticotigpe Effect in Mechanism and
Metabolism Studies

Deuterium labelling has proven an invaluable toothe study and elucidation of
reaction mechanism and the metabolism of synthatid natural compounds vivo.
Several representative examples of the potentiaé ws deuterium in this manner are
discussed below.

Deuterium labelling has found significant use witsynthetic chemistry for the
elucidation of reaction mechanisms. For exampleg toynthesis of para-tert
butylcalix[4]arenes developed by Gutsatteal has been investigated utilising deuterated
substrates in order to track the course of theti@acT he reaction involves the pyrolysis of
a precursor mixture formed from the condensatioterfbutyl phenol and formaldehyde,
catalysed by sodium hydroxide (Scheme 22). Thistunixcontains predominantpyara-
tert-butylcalix[8]arene (95), and therefore it was postulated thatara-tert
butylcalix[4]arene(96) could be formed from thiwia a fragmentation recombination
reaction, owia a pinching of thepara-tertbutylcalix[8]arene, followed by separation into
two para-tertbutylcalix[4]arene moieties (the molecular mitgs&hway).

A mechanistic study was devised to test these @tbways; involving use of a 1:1
mixture of fully deuteratedpara-tertbutylcalix[8]arene and fullyproteopara-tert
butylcalix[8]arene. By undertaking the pyrolysiscgon with this mixture, if molecular
mitosis was the only pathway, the resulting prosiweduld be either fullyproteo-or fully
deutere para-tertbutylcalix[4]arene; whereas if fragmentation waswring, scrambling

of the labels would ensue, forming a range of pHyti deuterated para-tert-
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butylcalix[4]arenes. If only fragmentation was octg, the ratio of products would be a

predictable quantity, as shown in Scheme 22.

o) 0.045 eq NaOH '
+
H™H  (110-120°C, 2n )
8
OH OH 260 °C, 2h

(95) ca. 50 % yield

A
+ —_— + C(CD3)s
Molecular D D
Mitosis O _
| A

OH 2
Fragmentation l C(CHy)
3)3

33:33:33°33+33:33 | Q-
1 : 4 : 6 : 4 1 Ca/
OH "2

Observed Ratio: 1.3:1.6:2.1:1.4:1.0
i.e.: Both pathways are in effect to some extent
Scheme 22: Modified Zinke procedure for the synthés of para-tertbutylcalix[4]arene, and
mechanistic study; by Gutscheet al

Gutsche et al found that the ratios of deuterated amoteo-para-tert-
butylcalix[4]arenes produced suggested that neittegymentation nor molecular mitosis
were the only pathway in effect; and in realityttbpathways occur to a certain ext&fit.

In order to utilise deuterium labelling within vivo metabolism studies, reliable
techniques are required for the identification elutkrated metabolites within complex
mixtures. In practice, this is facilitated by theewf labelled compounds differing from the
parent compound by at least two mass units. Thighmeffect that when the compound is
dosed as a 1:1 mixture with the parent molecul®, tWaracteristic mass ions are seen
within the mass spectrum; each with the same isoteplitting pattern, and a mass
difference of at least two. This technique allowstabolites of the substrate to be easily
identified within complex mixtures, as this chagdtic motif is carried throughout.

An example of this in use is the study of the melialn of benzylamine in rats
carried out by Mutlibet al By dosing a 1:1 mixture of natural abundance dpd
benzylamine, or natural abundance alhd benzylamine, they were able to follow the
metabolism through a rat model (Figure 26). By dargpile, blood, and urine with MS,
3¢, and'H-NMR, the metabolites formed at various stagesevséructurally assigned, and

the pathways by which they were formed, traceds Tms possible due to the ability to

33



determine loss of the deuterium labels, correspanth loss of hydrogen within the parent
molecule, and also structural assignment by NMH, MS-MS techniques. The group has

published various facets of their work in a sedépaperé°7'11°

(e} (e} (e} (e}
GS Gly-Cys OH
D)J\NHz :@)LNHz —» Cysteine ©)kOH Q)km/\ﬂ/
HO S HO S S F ~ (¢]
Ds T Ds Ds Ds
(e}

Figure 26: The rat metabolism routes of benzylaminelucidated by Mutlib et al

1.7: Labelling of Molecules for Pharmaceutical Etfe

Potentially, the introduction of deuterium into &apmaceutical molecule can
convey several benefits. The two main examplekisflieing: extended half life within the
body (due to reduced metabolism rateskinetic isotope effects), and the potential temlt
(or disfavour) metabolism routes, agaia kinetic isotope effects.

An interesting example of a reduction in metabolistevia deuteration is that of
the Merck antibacterial combination MK0641/MK064@(sisting of 2srotec3-fluoro-
D-alanine(97) in combination with pentizidon@8)). (97) had shown low acute toxicitg
vitro. However during metabolism by D-amino acid oxidgdB&AO) in vivo 3-fluoro
pyruvate(99) was seen to be produced. Unfortunatéd®) was found to be in equilibrium
with 3-fluoro lactate (100) (Scheme 23); which has been shown to cause myelin
vacuolation within the brain. In order to slow nteihsm of(97), and allow clearance of
the metabolic(99) produced to keep the levels ¢100) below the concentrations
implicated in myelin vacuolation, it was decideddeuteratg97) at thea-position, thus
producing 2deutere3-fluoro-D-alanine(101) (Scheme 23). Initial clinical trial results

proved promising!* with a kinetic isotope effect of 2.8 relative té\D in vitro.
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o) 0
H L NH
HO” Y F o HN'l

NH, o) (0] M ©

(97) L
@O)YF . eOJ\AF Pentizidone (98)

o] OH 95
b (99) (100) )Hﬂ
HO B F KIE 3-fluoro pyruvate 3-fluoro lactate HO F
Slower (Toxic) NH;
NH, Metabolism (101) 2-deutero-
(101) 3-fluoro-D-alanine

Scheme 23: Initial metabolism of (97) and (101), deonstrating slowed metabolism of (101) to toxic 3-
fluoro lactate (100)

A more recent example of deuteration being usedigfavour a metabolism route
is that of selectively deuterated paroxetine (CHAR}3(102) for which Concert
Pharmaceuticals have been awarded a p&femmitially, research interest in standard
paroxetine(103) was due to its potential use as a treatment forflnehes. However,
during metabolism 0{103) a metabolite structur€l04) (Scheme 24) was formed which
can cause irreversible inhibition of CYP2D6. Thi45B cytochrome is responsible for
metabolism of many drugs; therefore patients takergain drugs could not use paroxetine
(103) due to build up of toxic metabolites. The metadrliof paroxeting103) involves
cleavage of the dioxymethylene bridge containedhiwithe molecule. As this cleavage is
an enzymatic oxidative process, it was believed tbplacing the dioxymethylene group
with a deuterodioxymethylene group, the rate of formation(@04) would be reduced,

due to a kinetic isotope effect slowing the oxidagprocess (Scheme 24).

F
/©:O><H CYP2D6 /@:OXOH

o]
RO o H RO o H QE >
e o)

Disfavoured by N

/©:O> D substitution H
RO o

O\« paroxetine (103)
0y
RO OH
l F
O\
CD,
,‘\‘\O 0
N
H

OH o) OH
»—CYP2D6
RO OH RO o RO OH

Irreversible inhibition
of CYP2D6 heme group

CTP-347 (102)

Scheme 24: Proposed Mechanism for Inhibition of CYPD6 by (104), a metabolite of paroxetine (103)
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Indeed, CTP-347102) was found to exhibit greatly reduced inhibition@YP2D6
when compared to paroxetifi€.When submitted to clinical trials, phase | resinticated
that the use of CTP-34102) substantially preserved the enzyme’s (CYP2D6 vagtin
patients*

Various other examples of deuterated pharmacestitale arisen in the last 15
years, with research interest within the last Sygaowing significantly. Areas of research
include pain medication (deuterated ¢i3-tramadol(105)** Sepracor Inc.), and HIV
protease inhibitors (deuterated atazanavir (CTR-B186),"****" and darunavi(107)*'?

Concert Pharmaceuticals) (Figure 27).

R%|_R?

)OJ\ y OH H OR’ R?
N N. N. OR* N.
R'0” "N : N g R2
H : H OH
O \@ R3 R3O
R3
Deuterated atazanavir (CTP-518) (106}, Deuterated (+)-cis tramadol Deuterated darunavir (107),
Concert Pharmaceuticals Sepracor Inc Concert Pharmaceuticals

R"=CD;, R?>=CD;, R®=CD;, R* = CD; R' = CD;, R? = CDj; (105) R'=D,R?>=D

Figure 27: Structures of the deuterated pharmaceutals (105), (106), and (107)

Due to the current interest in the area of deutdrabmpounds and the potential
benefits of deuterated pharmaceuticals; the aubletieves it is only a matter of time
before one or more of these potentially advantag@mmpounds pass clinical trials, and
become readily available on the market. Howeverdlare several patent issues related to
the production of deuterated pharmaceuticals. kamgle, does changing a single nucleus
from protium to a deuteron upon a patented molecolestitute a departure from the
patent? Therefore, pharmaceutical companies haeeniee much more wary of the
isotopic constitution of their patented moleculesorder to ensure maximum protection.
Despite these issues, the possibility of developaiigred deuteration in order to induce
pharmaceutical effects within molecules will beesto affect the course of pharmaceutical

development for years to come.
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Chapter 2: Organocatalysis
2.1 Organocatalysis: A Brief Early History

As a topic, the field of organocatalysis is coneerrwith the use of organic
molecules as catalysts to either allow reactiontooinduce stereoselectivity within a
reaction. The definition of an organocatalyst beihg catalysts (usually small organic
molecules) with low molecular weights (<1000g/malhere a metal is not part of the
active principle™*

The most well known early example of organocatalysithe use ofSj-proline
(108) by Hajoset alin 1974 to catalyse the formation of the opticalltive symmetric

diketone(109)via an asymmetric aldol cyclisation (Scheme 25).

O H.C ©O
HeC O (3 mol % (S)-proline ) :3I f
% Acetonitrile e}
O 6 days, RT OH
Yield: >99 % (+)-(109)

optical purity: 93 %

Scheme 25: Organocatalytic asymmetric aldol reactioof symmetric driketone species (109) utilising 3
mol % (S)-proline (108); by Hajoset al

Despite the high stereoselectivity and excelleakdyachieved by Hajost al within
the reaction detailed above, the general use anmgatalysis in synthesis was not seen
within the literature until the mid 1990s; when eriss of papers were independently
published by Denmarkt al, Shiet al, and Yanget al concerned with the use of chiral
ketones as catalysts for the epoxidatiotrafis-alkenes.

The mechanism of these epoxidation reactions ireglexidation of the catalyst
ketone with Oxon®& producing a reactive dioxirane species. This iggesubsequently
oxidises the substrate alkene, producing the deégipexide, and regenerating the ketone
catalyst (Scheme 265! The proposed spiro transition state allows fohlvetention of the
configuration of the alkene starting material, ggmdvides some explanation as to the

enantioselectivity observed when chiral ketonesutiised’?

CHj;

0 o-0 M&__ (‘ o 0 o
, . -~ — HC (>
A BT I o P A
HsC

Scheme 26: Proposed spiro transition state withirhie epoxidation of alkenes catalysed by the

formation of an intermediate dioxirane species; byHouk et al

The initial papers by the groups of Yaegal and Shiet al reportede.es ranging
from 5 — 87 %, and 70 — 95 % respectively for ageanf substratérans-alkenes. Both
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groups relied upon the use of chiral ketones asysts; with Yanget al utilising the G-
symmetric ketong110), and Shiet al utilising a fructose derived ketor{(@11). Direct
comparison of the two reports within the synthes$isans-stilbene oxidg112) shows that
both methods were effective, generating moderatexiellente.es, and good yields
(Scheme 27§?*'#

995
5 eq Oxone o
1 eq (110) 3:0
15 eq NaHCOs on © o
— 7
Ph ~ph, L pn 0
CH5CN/EDTA (2S,35)-(112)
99 % yield 110) utilised b
47 % e.e. ( Y;IEIJQI IeSteaI Y
——
5 eq Oxone O)(
3 mol % (111) o o
15 eq NaHCO; Ph&' s
Ph\/\Ph l/Ph o O
CH;CN/EDTA (2R,3R)-(112) o
73 % yield )VO
95 % e.e.
(111) utilised
by Shi et al

Scheme 27: Syntheses @fans-stilbene oxide (112) utilising 1 equivalent (11@r 3 equivalents (111),
proceedingvia a dioxirane intermediate; by Yanget aland Shiet al
However, these reactions by Yaeigal and Shiet al were not truly catalytic, due
to the stoichiometric loading ¢110) and(111) required; whereas, Denmagk al reported
the formation of R,R-(112), in 85 % vyield, and 58 %.e.,catalysed by 10 mol % of the
fluoroketone specigd13), again withtrans-stilbene as the substrate (Scheme'28).

5 eq Oxone _©_CH;
10 mol % (113) HsC~N

®_CH
6 eq NaHCO3 o @SO3CF3
ph/\/Ph Ph\l)lqph
CH3CN/H,0 S -

85 % yieid (2R,3R)-(112)
58 % e.e.

(113)
Scheme 28: Synthesis oR(R)-(112) catalysed by 10 mol % (113); by Denmarét al

Further to these initial reactions, Corel al and Jacobsemt al independently
published the first examples of catalysts whicHisgd a hydrogen bonding activation
mechanism. These Schiff base catalyfl44) Jacobseret al, (115) Coreyet al, Scheme
29) were employed in asymmetric Strecker type reast Both catalysts and methods
performed well, forming their desired produ¢id6) and(117) with high yields (80 — 96
% for Corey, 65 — 92 % for Jacobsen), and’'s (50 — 88 % for Corey, 70 — 91 % for

Jacobsen). The successful initial catalyst strestare shown below (Scheme #8)1%°
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(o]
AN 2 mol % (114 :
)N|\ 1eq TF(AA ) F3C)J\N/\/ Ph\/n\ﬂ/_\N)J\N\\‘Q
Ph” "H o H H H
Toluene Ph™ "CN © Ny

-78°C, 24 h (R)-(116) HO
Yield: 78 %
ee.91% By OCHs,

*TFAA = trifluoroacetic acid anhydride
Schiff base catalyst (114) utilised by Jacobsen et a/

Ph Ph
10 mol % (115) Y
N~ Ph 2eq HCN HN™ ~Ph N

Ph/lH F’h)\“H " ]

Toluene CN N
-40°C, 20 h (R117) H @
Yield: 96 %

e.e.. 86 %

Bicyclic guanidine (115)
utilised by Corey et al

Scheme 29: Catalysts and examples of asymmetric 8tker type syntheses independently developed by

Corey et aland Jacobseret al

The two ‘landmark’ publications which saw organatggis begin to be widely
utilised were published in 2000. The work of Lettal was the first of these ‘landmark’
papers, and contained the first use ®fgroline (108) as a catalyst for asymmetric aldol
reactions (Scheme 38" This publication is significant in the development
organocatalysis, as it demonstrates the wider Lifeeanethodology proposed by Hajeis

al; i.e. utilising (§)-proline as a catalyst for asymmetric aldol reawti(see Scheme 25).

o [ 30 mol % (S)-proline | o OH
o)
J_ o+ H DMSO
RT,4h
NO, Yield: 68 % NO,
e.e..76 %

Scheme 30: Listet al example of the first asymmetric cross aldol reaabin utilising catalytic (S)-proline

The second ‘landmark’ publication was by MacMillarsearch group, and
concerned iminium catalysis of asymmetric Dielsgldeactions?® The catalyst system
was a chiral imidazolidinone sg|118), designed to mimic Lewis acid catalys{§18),
when reacted withu,3-unsaturated aldehydes, gave optically active iammnions, which
were utilised as effective dieneophiles, and a#drdhiral non-racemic products (Scheme
31). For example, but-2-ene-1-al was treated withdb % (118), and cyclopentadiene, in
methanol / water at 23 °C for 16 hours, affording:a mixture of the4S-exoand 9-
endoproducts in 75 % yield, and 86 ¥xQ and 90 %€ndg e.e.respectively.
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RN @
MeOH / HZO CH
23 °C (2S)-endo (28)-exo
R Yield (%) | exo:endo | exo e.e. (%) | endo e.e. (%)
Me 75 1:1 86 90
Pr 92 1:1 86 90
iPr 81 1:1 84 93
Ph 99 1.3:1 93 93 Imidazolidinone
5 salt (118)
Furyl 89 11 91 93 Utilised by MacMillan et al

Scheme 31: Initial asymmetric Diels-Alder reactionscatalysed by 5 mol % (118) by MacMillaret al

This paper also demonstrated the advantages ohacgtalytic methods; as wet

solvent, relatively inexpensive catalysts, and bieraonditions could all be used, and still

afford the desired product in high yields and vétellent stereochemical control. As well

as this, the term organocatalysis was coined witténtext; introducing for the first time

this potential new area into the literature.

It was from this point onwards that organocatalyxsisame widely researched; with

a large number of groups interested in exploiting potential chemistry, and new

developments within this field. This can be graphjcdemonstrated by considering the

number of papers reported utilising ‘organocatalysis a key word appearing in the

literature. A basic Scifind&rsearch for the key word ‘organocatalysis’ showat gince

2000 until the present day (Dec 2011), over 400@emahave been published related to

organocatalysis.

Number of Papers Published With the Keyword Organocatalysis Between

900+
800+
700+
600+
500+
400+
300+
200+
100+

0=

2000 - 2011

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Figure 25: Graph showing the number of papers pubthed since 2000 containing the keyword

‘organocatalysis’ (Data from Scifinder, searching @PLUS and MEDLINE databases, Dec 2011)
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2.2.1: Organocatalysis: General Activation Mechamss & Selected Examples -
Introduction

Within the remit of organocatalysis, many differeaactions and catalyst systems
have been developed. However, in depth analysihefliterature shows that the vast
majority of organocatalytic reactions can be defibg five common modes of activation.
These activation modes are summarised below (Figéyeand each will be discussed in

more detail below, including examples of the reawiwhich they are utilised within.

C-I;\ytgﬁlgifs Substrate Example of Catalyst Activation Mode
O
R . x=v HO HOMO Activation
: ¢
Enamine | R = organic aliphatic, ring, or O>/ N
Catalysis aromatic system
X=C,N,0O,S ;
Y = organic atom (Developed by List et al)
Z=alkyl,H
X t
Hydrogen RJ\R' /H Bu JSJ\ Q
Bonding \HAH H
Catalysis ] wN-
y X =0, NR R"R
R, R, R" = alkyl, aryl (Developed by Jacobsen et al)
(0] o) / LUMO Activation
N By
Iminium KLH >‘tBu - /BL HN o.
Catalysis R N N"®N ;«;\)
Ph )‘ﬁ_ R
R =aryl, alkyl (Developed by MacMillan et af) o Ph
o o N/ SOtMO Activation
u
SOMO HLH g\: >~'Bu \N/BL./'</
Catalysis R ﬁ N=X,_Rr
R = aryl, alkyl Ph L@
= anyl, alky (Developed by MacMillan et al) © Nu
LUMO Activation
cl | Bu $ Bu S
! B | =
RR G o /N\[]/\NJLN“‘ N
Counterion o 5t H H CsH14 \H/\N N
Catalysis R o NW 0 H"CI‘H N
I
X =0, NR ER" R % \ #R"
R, R, R"=alkyl, aryl (Developed by Jacobsen et al) N @j R"
u .
R

Figure 28: Summary of the generic activation methos in organocatalysis

2.2.2: Organocatalysis: General Activation Mechamés& Selected Examples — Enamine
Catalysis
One of the first papers to be grouped into thegmateof organocatalysis was the
development of an asymmetric aldol reaction, catdyby §)-proline, carried out by List
et al (see Scheme 30). Although at the time this reactias discovered, rather than
designed; subsequent analysis has led to an uadénsgy of this activation mode. By
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examining a general carbonyl substrate for the laldaction with a molecular orbital
(MO) approach, it can be demonstrated that theatain provided by enamine catalysis is
most likely activation of the HOMO of the reactdRigure 29).

AN
0>/\R. —— " LUMO /N>/\R. —— 73 LUMO
R R

e * R -
E | J R ot AR o SR 7, nb HOMO
: T
o N
R>/\R' —— m HoMO Ngp - m
R

Figure 29: MO energy level diagram demonstrating atvation of the substrate HOMO by enamine
formation

As outlined in Figure 29 above, enamine formatiopyates a non-bonding orbital
within the substrate. This orbital is higher in gyyethan that of the HOMO of the original
carbonyl species, activating the substrate towaldstrophilic attack, leading to the
increased nucleophilic character observed.

Although the MO treatment suggests that the foromatif an enamine intermediate
should activate the nucleophile, it does not actdanthe observed enantioselectivity
during the initial aldol reactions carried out bigtlet al Within the initial studyg.e’s as
high as 97 % were noted for the condensation ofoaeewith iscbutaldehyde in the
presence of 30 mol % of aB){proline catalyst (Scheme 3%Y.List et al hypothesised that
the high enantioselectivity arose due to the aamttionality contained within theS(-
proline catalyst. In effect, proline was actingaakifunctional catalyst; both activating the
nucleophile, and engaging the electrophile throdmhlrogen bonding. This can be

demonstrated if the Zimmerman-Traxler transitiateff1 19)is considered (Scheme 32).

HO HO>
o (j isobutaldehyde N—
)k ¥ >/ (j - O/ N 4y> )\r’/’%»o H
(e} N ~
i /& H ©

Zimmerman-Traxler
transition state (119)

(6] OH
Yield: 97 %
e.e.:96 % H,0 @N
- 7 s
OH ' ho' ©

(R)-4-hydroxy-5-methylhexan-2-one
(120)

Scheme 32: $)-proline catalysed aldol condensation of acetonand isobutaldehyde to produce (120);

demonstrated by Listet al
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As the Zimmerman-Traxler transition state demomss;athe hydrogen bonding
interaction between the electrophilic aldehyde dhd catalyst can strongly favour
formation of a chair-like transition state, from iain the stability of thgpseudeequatorial
isopropyl substituent ensures nucleophilic attacknf only one face. This interpretation
was further reinforced by computational calculasiorarried out by Listt al, showing the
Zimmerman-Traxler transition state detailed abaviedleed favoured energeticalfy.

This (-proline mediated enantioselective activation na@tdm has been
employed in many differing aldol-type reactions;, éxample, botlenolendoandenolexo
intramolecular aldolisations have been shown tedialysedvia enamine formation. The
work of Danishefskyet al and Agamiet al are good examples of theseeelendo
intramolecular aldolisation reactionsi.e( Hajos-Parrish-Eder-Sauer-Wiechert type
reactions). Independently, Danishefs&y al and Agamiet al showed that for certain
substrates, utilising§-phenylalaning121) as the catalyst species furnished highers

than the traditional§)-proline catalys{108)within these reactions (Scheme 3%)'%*

1.2 eq (S)-proline HO
1N HCIO
A~ : )<
N > o} ”
CH;CN, 80 °C, 10 days o .
( Yiold: 67 %, e.6.: 27 % (S)-proline (108)

1.2 eq (S)-phenylalanine | N

1N HCIO, P @\OIOH
© © NH,

CH3CN, 80°C,40 h .
Yield: 82 %, e.e.: 86 % (S)-phenylalanine (121)

‘ :

Scheme 33: Genolendoaldolisation reaction catalysed by $)-proline (108) or (S)-phenylalanine (121)
by Danishefskiet al

It is worthy of note that§)-phenylalaning121) retains the same structural motif as
(9-proline (108) in its retention of both amine and acid functigtyalallowing for the
formation of ordered Zimmerman-Traxler transitidatss. Initially, this transition state
was at odds with the generally accepted mechanisitheo Hajos-Parrish-Eder-Sauer-
Wiechert reaction, however, subsequéf®-labelling studies by Listet al'** and
computational studies by Howk al******have been published in support of the enamine
mechanism suggested by Légtal

Cross aldolisation reactions can also be catalygadenamine formation. Of
particular interest is the development of crosslaldactions involvingi-hydroxycarbonyl
substrates. These reactions are of particular wse td the traditional difficulty in
synthesising anti-1,2-diols. Although anti-1,2-diols can be producedia Sharpless
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asymmetric dihydroxylatiof” the potential of using a simple hydroxycarbonyriing
material, along with a cheap, readily availablealyat, holds considerable attraction. To
this end, the work of Listt al shows that again utilising)-proline as a catalysanti-1,2-
diols can be produced with good levelsesfantic, regio-, anddiastereselectivity and
with moderate yields afa. 60 % (Scheme 34¥°

Q o R Yield (%) | anti:syn | &8 (%)
+ )J\ (anti)
H R
OH cyclohexyl 60 >20:1 >99
iso-propyl 62 >20:1 >99
20-30 % DMSO, RT
(S)-proline 24-72h
phenyl 51 >20:1 >95
O OH tert-butyl 38 1.7:1 >97
)J\/L R 2,2-dimethyl 40 1 97
OH dioxalane ’

Scheme 34Anti-1,2-diol formation via cross aldol reactions catalysed by§j-proline; by List et al

The cross aldolisation reaction has found use farabproduct synthesis as well as
general synthetic chemistty,**® For example, Liet al utilized a cross aldolisation

reaction within a novel synthesis of the side chuibrassinolid€122) (Scheme 35)*°

H{+ ,/o'i((i OH

[ 25 mol % (S)—proline]

OHC T OH
syn-(123)
DMSO
RT, 12 h
Yield: 84 % , 9 HO... brassinolide (122)
d.r.: 5:1 anti:syn ’ ;
1 OH HO
OMe anti-(123) o

Scheme 35: Application of the organocatalytic asymatric cross aldolisation reaction within the
synthesis of the side chain (123) of brassinolid&Z?2); by Li et al
While optically active proline is effective, andillstcommonly used as an
organocatalyst for cross aldol reactions, manyrotinganocatalysts have been developed
in attempts to offer improved reactivity, enantiestévity, and ease of use. Although not
strictly utilising a new catalyst, the work of Shatnal is an interesting example. Sheainal
demonstrated that the enantioselectivity, and gieddl ©)-proline catalysed aldol reactions
could be increaseda the addition of chiral diols. For example, the iidd of 20 mol %
of (S-BINOL ((124) (9-1,1-binaphthyl-2,2’-diol) to the cross aldol w@n of
benzaldehyde and acetone led to an increasesiof the afforded producRj-(125) of up
to 22 % (72 %e.e afforded with nq124)) (Scheme 36).
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30 mol % (S)-proline
20 mol % (S)-(124) OH O OO
: OH
S98
R

(S)-BINOL (S)-(124)

Acetone / DMSO
0°C,48h
Yield: 52 %
ee..9% %

et

Scheme 36: Observed increase me.of the cross aldol reaction product (125) betweeacetone and
benzaldehyde upon addition of 20 mol %%)-(124); by Shanet al

Interestingly, the enantiomer ¢f24) added had no effect upon the chirality of the
product, with both enantiomers ¢(f24) affording R)-(125), with no noticeable loss of
e.e; suggesting that the chirality of the product ve@ing determined by the catalyst, as
opposed to the chiral diol.

This hypothesis was tested by utilising 20 mol S8s(024) as a chiral additive,
while using 30 mol % (%)-proline as the catalysgaim in the cross aldol reaction of
benzaldehyde and acetone. In line with the hypa&htsee.e.of the afforded producR)-
(125)was seen to fall dramatically, from 94 % to 5 %H&me 37). Thus it was concluded
that the addition of124)leads to the formation of a ‘supramolecular comgbetween the
substrate, chiral diol, an®)tproline catalyst which favours attack from onedaf the

substrate during the reaction, leading to the oleskincrease ie.e.(Scheme 373*

{ 30 mol % (+)-proline

20 mol % (S)-(124) OH O
o .
H + Acetone / DMSO
0°C, 48 h
Yield: 43 % (R)-(125)
ee. 5%

30 mol %

(ég(% pro|I|<r)}e i Yield: 52 %
mol % e.e.:94 %
e °
/ =

‘o --H~
Yl e
R

H

Scheme 37: Observed loss in enantioselectivity upase of ()-proline in the cross aldol reaction of

benzaldehyde and acetone, and proposed ‘supramoldaucomplex’; by Shanet al

Examples of other catalysts for cross aldol reastiare also prevalent in the
literature; these include: polymer bourtg-proline species(126) Benagalia & Cozzet
al),"***3pisprolinamide specie$127), Zhaoet al),*** and bifunctional ¢symmetric 1,1-
binaphthyl derived speciegl@8), (129), Maruokaet al);***'“°these catalysts are shown in

Figure 30.
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i )K
OH O OH O
Oow @COZH H
O NH Catalyst | X or | N
PEG-bound (S)-proline catalyst (126) R

developed by Benagalia and Cozzi et al
(Common loading 0.3 mol %,
Yields: 45 - 68 %, e.e.s: 59 - 77 %)

R =H, 4-CN, 4-NO,, 4-Cl, 4-Br, 2-Cl

OMe
CO,H MeO OO CO,H
}/\ ,// OO MeO "
NH MeO
" 9¢ 99
MeO
; } ] " OMe
Bisprolinamide catalyst C,-symmetric catalyst (S)-(128)
Cused by IZh%c.’ et f’é (12;’2,/ developed by Maruoka et al C,-symmetric catalyst (S)-(129)
Yie(ldgmcrgogooi ;mé:; s 8%1?9;’%) (Common loading 5 mol %, developed by Maruoka et al
T T Yields: 61 - 91 %, e.e.s: 90 - 96 %) (Common loading 0.5 mol %,

Yields: ca. 90 %, e.e.s: ca. 90 %)
Figure 30: Organocatalyst species employed in croassdol reactions by Benagalieet al, Zhao et al, and
Maruoka et al

Enamine catalysis has also found use within the itdnreaction. The Mannich
reaction proceedwia the condensation of two carbonyl components andamume,
affording3-amino carbonyl compounds, and is widely used withrganic synthesis.

The first example of an efficient three-componesymmetric, organocatalysed,
Mannich reaction was demonstrated by Léstal in 2000**” Utilising an ©)-proline
catalyst, Listet al carried out reactions between acetopata-anisidine, and various
aliphatic or aromatic aldehydes utilising 35 molgeline (Scheme 38); these reactions
afforded enantioenriche@aminoketonesg.g. (130)) in yields ranging from 35 — 90 %,
and withe.e’s ranging from 70 — 96 % (Scheme 38). This methagip has also been
employed within the synthesis of optically actwéhydroxyf3-aminoketones, utilising-

hydroxyketones as starting materials, again byétist (Scheme 38)*

1.1 eq para-anisidine

e.g. OMe
‘ 35 mol % (S)-proline ] /©/0Me /©/

e} o}
A - M
DMSO :
12-48 h, RT )J\AR
S)-(130)
R = para-nitrophenyl, 2-naphthyl, iso-propyl, n-butyl \gegf! 7506;/"
.. 0

20 mol % (S)-proline Me
o j\ 1.1 eq para-anisidine
+
HO
QJ\ H  'Ph DMSO )HA
3-24h,RT

Yield: 83 %; syn:anti: 9:1
e.e. (syn) 93 %

Scheme 38: 3-component, asymmetric, organocatalgsmannich reactions; by Listet al
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Further to the work by Listt al, Barbaset al have carried out research concerned
with the use of multiple aldehydic substrates witasymmetric three component Mannich
reactions, catalysed b@)proline (Scheme 39). Interestingly, a catalyseen within the
report by Barbast al suggested that proline itself was the most effeatatalyst for these
reactions. For example, within the synthesig-®6brmyl-a-amino este(131) (Scheme 39),
no catalyst screened performed better ti&@+pfoline; the closest rival beirtgans-4-tert-
butoxy ©)-proline, which gave a slightly improved yield 81 %, but required a longer
reaction time of 4 hours (compared to 3 hours meguivith ©-proline)*°

5 mol % (S)-proline
OI o) 1.1 eq para-anisidine ? HN'PMP (? HN'PMP
+ z + z
HR H)LCOZEt Dioxane KE/\OOZEt K|/\C02Et
2-24h,RT R R
Yield e.e. (%) Yield e.e. (%)
Substrate Product (%) d.r (syn) Substrate Product (%) d.r (syn)
? HN,PMP Cl) HN,PMP
Propanal s 72 3:1 99 - 81 19:1 99
p KiﬂCOZEt Heptanal K:/\COZEt
Me "Pent (131)
.PMP
? HN,PMP ? HN
Butanal Ki/.\COZEt 57 7:1 99 hex-5-enal K;,ACOZEt 71 19:1 99
Et \/\
.PMP
O| HN'PNIP ? HN
3-methyl - . 5-(0TBS) . .
oo | SAco | BT S| S Cncog | 8 |181] @
ipr (CH,);0TBS

Scheme 39: Asymmetric Mannich reactions catalysedytb mol % (S)-proline; by Barbas et al

The final area within organocatalytic enamine lgata is that of a-
functionalisation of carbonyl compounds. These tteas includea-amination (producing
a-amino acids or amino alcohols, of interest in Bfgences}>® a-oxidation (potentially
useful within natural product synthesisg. total synthesis of brevicomif132), (133)),"**
a-halogenation (in particularg-fluorination, potentially producing synthons fohet
synthesis of oxidation resistant dru§®*® and a-sulfenylation (producing materials
potentially of interest within biological systemesg for the inhibition of zinc containing
enzymes)>***° These reactions, and the examples referenced areveummarised in

Scheme 40, however a complete reviewrdtinctionalisation reactions is also available in

the literature by Jgrgensenal**®
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o-amination

7 7 1) KMnO
ny
Ph/\//(N_ Ph/\/(;(N_ 2) TMSCHN,
HN H,N T,
\& ©bca \& 3) TFA
(134) (135)

4) Ho/Raney Ni
5) (Boc),O/DMAP

o-fluorination

Q 10 mol %
HO/\;/F ﬂ HJK/F (S)-proline
. R R'0,C~p "COR
*NFSI = N-fluorodibenzene
sulfonamide 20 mol %
DCA = Dichloroacetic acid ﬂl::”g{
10 mol %
i 0 OH O
“F 1eq(134) NFSI | ﬂ, N\)
" H o) Ph™ ™
R - I 2 ;
o-fluorination . Ph
10(’?2]3(#) * 20 mol %
©Fs (S)-proline 5 mol %
e OFs ST 0 (S)-proline
,\j Ph O 9
N

\ ,N
O ,\}r N Ph In, Nal
allyl bromide
N oTms  CFs
ONHPh
- 38735 o
=
R/H/\/
OH
a-sulphenylation —l

(137)
o-oxidation

(+)-exo-brevicomin (132) o + O (-)-endo-brevicomin (133)
30 % yield 0 o 30 % yield

Scheme 40: Summary of selectam-functionalisation reactions which proceedsia enamine catalysis

2.2.3: Organocatalysis: General Activation Mechamés& Selected Examples — Iminium
Catalysis

As noted within the introduction to this sectioreé®rganocatalysis: A Brief Early
History), MacMillan et al were responsible for the development of iminiurtalysis as a
general activation mode in 2000 (selected workimed in Scheme 31) as part of a
directed effort to produce a catalyst system whwoluld mimic Lewis acid catalysis.

Lewis acid catalysis relies upon lowering the LUMOa system by coordination
of a Lewis acid to a suitable lone pair containiogctional group (for example, an
aldehyde, or ketone). This coordination leads toraéased polarisation of the carbon
heteroatom bond within the Lewis basic functionabup (for example, increased
polarisation of the carbon oxygen bond within ke®nwhich in turn leads to the lowering
of the LUMO of the substrate.
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Within iminium catalysis, lowering of the LUMO emgr comes about due to
formation of the formally positively charged iminiu species; leading to increased
polarisation of the carbon nitrogen bond (analogtughe increased polarisation seen
within Lewis acid coordination), decreasing the rggebarrier to reaction, and thus
activating the substrate (Figure 31).

Lewis Acid Activation Iminium Activation
LA _
@o/\/ @N/\/
LA@SO/\/ —— LUMO ®\N/\/ _ LUMO
E | PAoF E ENM -
® |
LAéo/\/ —— Howmo SN~ 4 Homo
=~
LA
@o/\/ + @N/\/ , 1

Figure 31: Comparison of the similarities between ewis acid and iminium LUMO activation

When published in 2000 by MacMillaat al, the majority of their iminium catalysis
work was focussed upon applications within Dielst&l cycloaddition reactions; utilising
the imidazolidinone cataly$118)(see Scheme 31).

One example of the use of iminium catalysed DidldeA chemistry is contained
within the total synthesis of (+)-hapalindole{@38) by Kinsman and Kerr, published in
2003, utilising the MacMillan imidazolidinone salt18) (Scheme 413" Despite the
relatively low yield of this reaction, the completermediate produced by this Diels-Alder

cycloaddition, from achiral starting materials, raakhis reaction attractive.

()

N 40 mol % (118) CHO . CHO
+ _N
N\ ~ - Ts Z TS/N Z
N
Ts

DMF / MeOH A7 7

(5 % H,0)
1.5 days, RT endo-(139) ex0-(139)
Yield: 35 %

endo:exo: 7:3
e.e. (endo): 93 %
e.e. (ex0): 92 % Va

o N
Phj[N>< SCN
H .HC

MacMillan Imidazolidinone
catalyst (118)

NH

(+)-hapalindole Q (138)
Scheme 41: Synthesis of (+)-hapalindole-Q utilisingn iminium catalysed Diels-Alder cycloaddition

step to form intermediate (139); by Kinsman and Ker
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Various other catalysts been developed which takearstage of the polarisation
effect of iminium catalysis in order to activatebstrates within the context of the Diels-
Alder reaction; including: polymer bouritf fluorous**® C,-symmetric binaphthyl®® and
(further to the MacMillaret alinitial work) imidazolidinon&*® based catalysts.

The use of iminium catalysis within conjugate #&ddi reactions has also seen
significant development. For example, the Michaddigon of carbon based nucleophiles
has been a subject of much research; initially oleseby Yamaguchet alin 1991, it was
demonstrated that the addition of dimethyl malontdea,B-unsaturated aldehydes
(including hexenal) could be catalysed by the dithisalt of §-proline, via intermediate

iminium formation (Scheme 42§*

R | R' | Yield (%)
‘ 10 mol % (S)-proline (MeO,C),HC Me | H 89
o o o lithium salt
+ R R O |"r| H 93
MeOMOMe R/\R,HJ\H MeOH
1h RT R' H|Ph| H 77
H | Me 51

Scheme 42: Initial iminium ion catalysed Michael aditions, utilising (S)-proline lithium salt; by
Yamaguchiet al
The Yamaguchiet al publication was the first of several developingimas

methods and catalysts for Michael addition reasti@n interesting example among these
being the methodology developed by Jgrgenstal which was published initially in
2003'% Utilising 10 mol % of the imidazolidinong140) prepared from ()-
phenylalanine, as the catalyst; the conjugate medinf various malonates upon enone
substrates was carried out (Scheme 43). Howevernsgbk of the malonate as the reaction
solvent was required; and furthermore, signifidamtering of the diastereoselectivity was

noted when unsymmetrical malonates were employssiggnthesis dfL41), Scheme 43).

o)
R&R' | Yield (%) | e.e. (%)
N [(10mol % (140)
RA)LR ——— (COZBH)ZH/CK)OL 66 73
Me
PPN Neat RT Et 73 91
Bn Bn
Bn 93 29
/\)?\ (COBn),HC O
B e 10 mol % (140) Bn)\/lLMe /
N
(R)-(141)
+ Neat, RT >~CO,H
o o Yield: 92 % (COBn),HC © Bn” N
)J\/U\ dr:1:15 : H
e.e.:98/97 % B M
Bn Bn . N © Imidazolidinone catalyst (140)

(S)x-(141)
Scheme 43: Asymmetric, organocatalysed, Michael adidns utilising symmetrical and unsymmetrical

malonates; by Jgrgenseret al
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In 2006, Jgrgenseat al published further examples of iminium catalysedjegate
addition toa,-unsaturated aldehyde substrates, which were daoug¢ with a view to
synthesising compounds of pharmaceutical intergsttuded within these were the
syntheses of the antidepressants (-)-paroxe(t@3) (intermediate (142) and (+)-
femexoting(143) (intermediatg144) (Scheme 443%

o R =H (144)
0 10 mol % (137) Yield: 80 %
S 1 eq dibenzyl malonate H ee.91%
H BnO,C
o Vield- 72
R EtOH, 0 °C 1eld: o
BnO,C R e.e..8 %

CFs CFs

o K :
CF, O _
oTMS { :

NH (e} o/ F

Pyrrolidine based catalyst (137) (-)-paroxetine (103) (+)-femoxetine (143)

Scheme 44: Iminium catalysed conjugate addition ta,B-unsaturated aldehydes, within syntheses of

pharmaceutically interesting products (103) and (148); by Jgrgenseret al

The use of iminium catalysis within conjugate aditreactions is not limited to
carbon nucleophiles however. Nitrogen, oxygen, suitlr containing nucleophiles within
the Michael addition have all been reported, exaspf which have again been published
by (but are not limited to) Jargensenal®***® For example, it has been demonstrated by
Jargenseret al that the pyrrolidine catalysfl37) (see Scheme 44) can facilitate the
asymmetric conjugate addition of nitrogen hetertasjcsuch as 1,2,4-triazo(@45) to
aliphatic aldehydes, in yields o&. 80 %, ance.es of > 90 % (Scheme 45).

R | Yield (%) | e.e. (%)

H ;N Et 78 92

0 rN 10 mol % (137) N
+ N
R/\)J\H Nl\//N Toluene U "Bu & %2
(145) Benzoic Acid R H
RT Hept 76 93
ipr 76 94

Scheme 45: Organocatalytic, asymmetric conjugate adion of 1,2,4-triazole (145) to aliphatic
aldehydes; by Jgrgenseet al
A further interesting example is the organocatdysconjugate addition of
hydrogen to unsaturated aldehydes within transfgirdgenation reactions. The first
example of this was developed by Ledtal The initial method utilised the Hanzsch ester
(146), and 5 mol % dibenzylammonium trifluoroacetdted7) as the catalyst. This
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methodology allowed for the organocatalytic trandigdrogenation ofx,3-unsaturated
aldehydes (such as 4-(nitrophenyl)acrylaldehyti48) and 4-methylpentengll49)), in

yields ofca. 90 % (Scheme 46). However, the reaction generatamic products.

H, H
Etozcj\)j/\coza
|
\No WO N
5 mol % (147) H
(149) 1.1 eq (146) / Yield: 86 %
Hanzsch ester (146)

AN THF S
/@/\/\o . \» /©/\/\O
O,N O:N

(148) Yield: 96 %

(147)

Scheme 46: Racemic organocatalysed transfer hydrogation reactions catalysed by 5 mol % (146); by
List et al
The above methodology was subsequently improved ugothe use of the chiral
imidazolidinone sal(150), and the modified Hantzsch est@51) which afforded the
desired reaction products in similar yieldscaf 90 %, but also 90 — 96 %#e.(Scheme
47). For example, treatment of 3-phenylbut-2-enéh w0 mol %(150), and 1.02 e151)
afforded the desired product of the form(®52)in 77 % vield, and 95 %.e.*®’

o 10 % catalyst (150) o
o 1.02 eq (151) H R Yield (%) | e.e. (%)
H 77 95
o]

R 13°C, 48 h R (152) CN 89 98
NO, 82 97

o / H H
N t MeO,C._ - CO,Me Br 90 97

(}%>< Bu | |
Bn O N~ ipr CF; 85 97

H2 “occel, N
2-napthyl 86 96
Imidizolidinonium catalyst Modified Hantzsch
used by List et al (150) ester used by List et al (151)

Scheme 47: Organocatalytic hydrogen transfer reaain developed by Listet al

The examples shown above are a selection of thetioea that have been
developed utilising iminium catalysis. Further exdes and discussion can be found

within the literature in review format®

2.2.4: Organocatalysis: General Activation Mechamss& Selected Examples — Hydrogen
Bonding Catalysis

Electronically, the activation of substratéa hydrogen bonding comes about due
to inductive polarisation of theesystem of the hydrogen bond acceptor substratesech
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by formation of the hydrogen bond. This polarisatiorings about a lowering of the
LUMO energy within the hydrogen bonded substrdtas tpromoting nucleophillic attack
(Figure 32). This effect can be viewed as analogmushe polarisation noted upon

coordination of a Lewis acid to a Lewis basic sitbeht (Se€.2.3: Iminium Catalysjs

Lewis Acid Activation Hydrogen Bonding Activation
LA g~y — rRbg e —
@° o)
A o™ —— LMo H R g~ — Lumo
7 ~Uis =
E NF E | R o F
® H
LA HO
S8 1 —fi— Homo R g~  —f— Homo
H
LAg~e - RN -
&0 0

Figure 32: Comparison of the similarities between kwis acid and hydrogen bonding LUMO activation

Originally, the use of hydrogen bonding as a fayfmorganocatalysis stemmed
from two realisations; these being that hydrogemdbdonors could both enhance reactivity
within a reaction (due to the polarisation effeetailled above), and also that they allowed
for highly ordered assemblies and transition stéfegure 33). These initial reports by

169 170
| |

Hine et a and Etteret a paved the way for the development of a generalised

approach to hydrogen bond catalysis, and furthénitp asymmetric reactions based upon
the highly ordered assemblies and transition statkswed by hydrogen bonded

intermediates.

NO NO
OSAPE <
N—-H © j)J\
S “H- o N-H

* N-H"
(:j 0, o
Oy o (
CHj ]
(154)
Intermolecular assembly of

1,3-bis-(2-methoxyphenyl)urea and
furan

(153)
Intramolecular assembly of
1,3-bis-(2-methoxyphenyl)urea

Figure 33: Highly organised molecular assemblies df,3-bis-(2-methoxyphenyl)urea with itself (153),
and 1,3bis-(3-nitrophenyl)urea with furan (154), promoted byhydrogen bonding; proposed and

observed by Etteret al

Examples of both the polarisation and ordering atfeof hydrogen bonding
catalysis can be found within the work of Jacobseml'’* Jacobsen and Vachal have
reported that urea and thiourea containing pemtihepoundg155) and(156) catalyse the

asymmetric Strecker hydrocyanation of aldimine &etbimine substrates, affording the
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desired products ie.es of between 86 and 99 %; although yields werereported for

these reactions (Scheme 48).

H 'Bu O
Pho N~ AL .
1 mol % (155) or (156) o~ ~ N7 N
N R ‘ 1.2 eq HCN HN™ R WAH H

O N
| X
R)\R' R 4\ CN
Toluene, -78 °C R HO
'‘Bu OCO'Bu
R R’ R" e.e. (%) e.e. (%)
(Catalyst (155)) | (Catalyst (156)) Urea based catalyst (155) utilised by
Jacobsen et af
[=1% H Ph 80 97
21
n A .
Pent | H Ph 79 96 Me” \H/\N N
o} H H N
Bu | Me Ph 70 86 S
HO
Ph Me | p-BrCgH4 92 96 :gj\
Bu | H Ph 96 99 'Bu OCO'Bu
Ph H Ph 96 99 Thiourea based catalyst (156) utilised by
Jacobsen et al

Scheme 48: Asymmetric Strecker hydrocyanation of dimine and ketoimine substrates, catalysed by 1
mol % (155) or (156); carried out by Jacobseet al

The exact mechanism of activation within the abaeactions was initially
unknown; however, subsequent structure activitglisti showed that only the urea (or
thiourea) functionality o{155) or (156) was required for reaction to be observed. It was
also found that by increasing the steric demandshefenvironment around the urea
functionality (within(155)or (156), higher enantioselectivity could be induced witthe
reaction. These observations directly support tigpothesis that the substrate is both
activated, and held within an organised confornma{ellowing favoured attack from one

face),via hydrogen bonding interactions with the catalysgFe 34).

t O E tB O
i Ph\/ N
- \H/\N | f

i /‘-\ N '

/—-\ s ' ,

MeO< ). on | MeO+, - OH " J)
‘BuOCO ! B”OCO
Attack from this face sterically less hindered Attack from this face hlndered due

to sterics around the urea functionality

Figure 34: Representation of the structure providedy hydrogen bonding of (155) to an imine

substrate, and steric hinderence to attack from onéce of that substrate

Following on from the development of the asymnee8irecker hydrocyanation of

ketoimines, and the subsequent elucidation of fltgdgen bonding mode of action of the

54



catalysts (155) and (156), Jacobsenet al developed an asymmetric organocatalytic
Mannich reactiort’/? with the new hydrogen bonding cataly§l57) Utilising
functionalised\-tert-butoxycarbonyl aldimines and aliphatic silyl eetthers as substrates,
together with 5 mol %{157), Jacobseret al achieved yields of the desired Mannich
adducts ranging between 87 and 99 %, along evith ofca. 90 % (Scheme 493

5 mol % (157)
N|/BOC + o1 UBOC R Yield (%) (%)
, ie e.e. (%
R)\H ipro& Talgehne 'Pro R °

Ph 95 97

p-CH3CgHy 88 91

Ph -FCgH 88 93
Thiourea derived Pem

4,0
N -
~ \[(\N N*
H H ;
o N hydrogen bonding p-BrCgH, 93 94
Ho:gj\
‘Bu Bu

catalyst (157) developed
by Jacobsen et a/

2-naphthyl 88 96

Scheme 49: Asymmetric Mannich reactions catalysedytb mol % (157); carried out by Jacobsert al

Jacobsenet al have also applied hydrogen bonding organocatalisisitro-
Mannich reactiond’* Utilising a similar catalyst to the previous exdesp functionalised
with an amide side group (cataly$§158), the reaction of nitroalkanes th-tert-
butoxycarbonyl imines in yields ranging from 85 9- %, syn:antiselectivity ofca. 15:1,
ande.e’s of the predominargyndiastereomer ranging from 92 — 95 % (Scheme 50).

) o NHBoc NHBoc
n-Boc _10 mol % (158) ©)\rN02 ©)\/N02

/\NOZ + | :
Ph™ 'H 4 A Molecular Sieves Me Me
Tol
DIPEA syn-(159) anti-(159)
Yield: 96 %

d.r. (syn:anti). 15:1

e.e. (syn): 92 % EBU 8

Me,N_ A~ M
o

Hydrogen bonding catalyst (158)

NHAc

Scheme 50: Enantioselective nitro-Mannich reactionatalysed by 10 mol % (158); carried out by

Jacobsenret al

As demonstrated by the above examples, the Jacdigerncatalyst (represented
by, but not limited tq155), (156), (157), and(158) shows reactivity within many classes
of reaction. This has led to Jacobsen stating tiatsubtype could be classified as a
‘privileged’ catalyst:”> Usually applied in pharmacology, this classifioatimplies that
the structure is capable of catalysing many difieprocesses, and is further supported by
the reported use of these catalysts within acyleR8penglef’® cyanosilylationt’” and
hydrophosphonylatidi® reactions; although these are not discussed il detre.
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2.2.5: Organocatalysis: General Activation Mechamss& Selected Examples — SOMO
Catalysis

A relatively new activation method within organagsis is the field of SOMO
catalysis. Pioneered by MacMillagt al in 20061"° SOMO catalysis was inspired by
consideration of the differing frontier molecularbal systems which characterise
enamine and iminium catalysts. In general, iminicatalysis is based upon lowering the
LUMO energy of the systemia polarisation of a carbon-nitrogen bond; and th&tesy
contains a minimum of two-electrons (Figure 31). In enamine catalysis, thergy of the
HOMO is increased, and the system tends to cofdaint-electrons (Figure 29). SOMO
catalysis is based upon oxidation of enamine tyystems, thus producing a radical

cationic species with a minimum of threeslectrons (Figure 35).

N N
/N>/\R, /N>/\R. —— m*LUMO
R R

. |
N -1e N
N N 1 N N 1
E s O R - - \R. — SN R -~ \R' T nb HOMO

N N
e T D e T i ?
R R
Figure 35: General SOMO catalysis frontier MO diagam

Direct evidence for the generation of the radaalon species involved within the
transition state of a SOMO catalysed reaction kasntly been provided by Engestral
(Figure 36)'%° By treating a typical MacMillan imidazolidinone tadyst (134) with
phenylacetaldehyd€160) within a reaction vessel equipped with an onlinel Ehass
spectrometer, Engeser al were able to monitor the formation of the intermaéslenamine
(161) When this intermediate was treated with a onectele oxidant, (trigg-
bromophenyl)aminiumhexachloroantimona(@62)), the online mass spectrum showed a
new peak am/z 348.2,i.e. the requiredn/z for the radical cation speci€$63). Further
treatment of this species with styrene, and a sjes# oxidation, yielded the coupling
product(164) (Figure 36).
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(161) © [
F’h\/\l\:N

o
(160) |
% -H,0

/
o)
134 N
( )\)\: >‘tBu
Ph N
H

(163)

(164)

Figure 36: Catalytic cycle for the formation of (1@}), and MS evidence for the presence of the radical

cationic species (163)

In general terms, SOMO reactanise.(cationic radical species generated from

enamines) will react with substrates containingcteta-rich Tesystems, so-called

SOMOphiles. One such example of this was demomestriay MacMillanet al during the
initial publication of SOMO catalysis. They demaastd that allylsilan€165) will react
with aldehydes such as cyclohexanecarbalde(i©@) in the presence of 20 mol % of the
imidazolidinone catalysf167) and 2 equivalents of cerium ammonium nitrate (CAMN)

order to form the formal allylation produ68)in 75 % yield, and 94 %.e.(Scheme 51).

oL ./
N
20 mol % (167) o N)“fBu
o] 2 eq CAN
J\ 1 - iR Pn M
+ -
H SiMes : » CF5COH
R A NaHCO3, 24 h
R = CgHq4 (166) R =H (165) DME, -20 °C (168) R' Imidazolidinone catalyst
(167) utilised by Macmillan
o N/ o N/ et al
N)‘tBu -€ N%‘tBU
Ph )ﬁ Ph )Q\ R R R' | Yield (%) | e.e. (%)
H H AY_sim
R R VI (CH2)sCHy | H | 81 91
0 l . (CH»)sOBz | H 72 95
R (CHR);CHCH, | H 75 92
o (o] \N tBu
N ) MR HO ~ R CeHi1 H| 75 94
% + : - N o, ,
N~ Bu @ R
Pno M R pn "

Scheme 51: Catalytic cycle, and selected results the SOMO allylation reaction; by MacMillan et al
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Further to allylation reactions, MacMillaat al have also demonstrated the use of
SOMO catalysis for vinylation reactions, utilisipgptassium fluoroborate species as the
SOMOphile reagents. This reaction type has the radge that the final product is not
only enantioenriched, but that the alkene functionas selectively oftrans orientation
due to the Petersorirgns) elimination step involved within the mechanisncl{&me
52)18 For example, treatment of propar(a69) with potassium trifluoro(styryl)borate
(170) in the presence of 20 mol % of the imidazolidinaragalyst(167) afforded the
desired productH)-(171)in 72 % yield, and 94 %.e.(Scheme 52).

20 mol % (167) o N
BF3K 2 eq CAN
| ? o) o o (?\l}-tsu
A
. '

NaHCO3, DME

(169) -50°C, 24 h Me To,cFs
(170) Yield: 72 % (E)-(171)
e.e..9%4 % Imidazolidinone catalyst
(167)

(0] 0 /
Ph&-g\\N/ tBu /jN 'Bu
C "\I)/LtBu /(l — KBF3 o N\
S\u BF3K x

Peterson (trans) elimination

Scheme 52: SOMO vinylation reaction including a Petrson elimination step; carried out by

MacMillan et al

A number of ring forming and cascade reactions halge been developed by
MacMillan et al with the aim of quickly incorporating, and estahing, complexity within
organic molecules. Utilising both nucleophilic akaand a further [4+2] cycloaddition
step, MacMillanet al synthesised a range of multicyclic compoundsjsiutid) a one pot
SOMO catalysed cascade reacttéhFor example, treatment of styre(72) and 3-(4-
methoxyphenyl)propandll73) with 20 mol %(134) afforded the desired bicyclic product
(174)in a yield of 76 %, with a diastereomeric ratid?6f1 (withsynpredominant), and an
e.e.of 94 % for the majosyndiastereomer (Scheme 53).

Ph
(e} 20 mol % (134) B
Fe(phen)s(SbFg)s (:@\
H
+ -
Ph Oﬁ\‘ OMe
OMe Na,HPO,, THF )

(173) (172) -10°C, 12 h
Yield: 76 %
d.r. (syn:anti): 20 : 1

e.e.. 94 %

syn-(174) Imidazolidinone catalyst

Scheme 53: Synthesis @yn(174)via a SOMO cascade reaction; by MacMillaret al
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The mechanism of this reaction relies upon ing@amine formation to givie75).
This is then subjected to a one electron oxidatiorder to form the SOMO reagent
(176). This then undergoes nucleophilic attack by aablet SOMOphile (in this case,
styrene) forming the intermedia{@77) (177) can then undergo a further one electron
oxidation, generating the formal cationic spe¢iE&8), which is set up for stereoselective
nucleophilic ring closing, followed by rearomatisat of the phenyl ring, generatirfi)79)
Hydrolysis of the enamine then generates the dbpireduct(174) (Scheme 53 & 54).

The stereoselectivity of the reaction comes abaattd the potential formation of a
‘chair like’ transition state shown in Scheme 54(&80) This state allows both bulky
phenyl groups to adopt pseudo-equatorial positi@me&l ensures that the nucleophilic

attack by the phenyl ring will occur favourablyiinmne face.

oM

= 30 ?N

Scheme 54: Mechanism of formation of (174), showirthe chair-like transition state (180)

A further recent example of a SOMO cascade reagtidhat of the bio-mimetic
synthesis of steroid like molecules. Similar to thesynthesis of steroids from squalene
oxidevia a ‘chair-boat-chair’ conformation, these polycyclisation reactions warewn to
be possible in yields of between 56 — 63 %, eues of up to 93 % (Scheme 55184
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30 mol % (134)
CN | 2.5 eq Cu(OTf),

CN
Me Me 3eqTFA Me Me
7 NP : '6@.0 (182)
M
o= DME :'PrCN o=/H H

(181) ‘ 25°C
Yield: 56 % Also demonstrated to
e.e.. 92 % form 6-, and 7- cycle
e (134) CN e H,0 compounds
-H:0 Me ,— Me - (134)
By CN
oA WA
N7/
N
at

Ph

Scheme 55: Biomimetic synthesis of (18%2ja a SOMO polycyclisation reaction; by MacMillan et al

It is worthy of note that SOMO catalysis is stilh &merging area within
organocatalysis, with the possibility arising tonrdmne the activation mode with other
branches of chemistry in order to create uniqueti@as. For example, the combination of
SOMO catalysis and photochemistfy.

2.2.6: Organocatalysis: General Activation Mechamss & Selected Examples -
Counterion Catalysis

The final activation mode to be discussed hereh& bf counterion catalysis.
Although only a recent discovery, several new lieastutilising this approach have been
developed. Within counterion catalysis, there ave general fields of research. One of
these is ACDC (asymmetric counterion directed gais) developed by Listt al*®°

This methodology involves use of a chiral catabait, TRIP(183). Activation of
the carbonyl containing substraies(aldehyde or ketone) occuvg iminium formation
with the morpholino component of the catalyst s@lte chiral anionic portion of the
catalyst salt then facilitates a steric directinffea to subsequent reaction upon the
iminium species, thus favouring attack from oneefgEigure 37). Listet al have also

applied this concept to transition metal based dteyd®’

Nucleophilic attack Nucleophilic attack

favoured fromre ! disfavoured
face | by sterics

Figure 37: Representation of the formation of a ‘chral ion pair’ between the iminium ion and
phosphate anion formed by the treatment of benzaldg/de with TRIP (183)
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An example of the use of ACDC and TRIP is the timnbydrogenation o, 3-
unsaturated aldehydes performed by Meyer and Lise method allowed for the
enantioselective reduction of thesg3-unsaturated aldehydes in good yields and excellent
e.es (Scheme 56f° For example, 3-(4-toluyl)butenal was treated véithmol %(184)
and 1.02 equivalen{d51) affording the desired reduced product in 87 %dyiand 98 %

e.e.
o 20 % catalyst (184)
’ 1.02 eq (151)

R Yield (%) | e.e. (%)
dioxane
R 50°C, 24 h Me 87 98
CN 84 99
MeO,C CO,Me NO, 20 99
o Br 67 98
S) [ﬁj Hanzsch ester(151) CFs 63 99
Hz 2-napthyl 72 99
3,3"-bis(2,4,6-triiospropylphenyl)
A A blnaphth -2-2'-diyl hydrogen
phosphate (TRIP) morpholino salt
(184)

Scheme 56: TRIP anion directed asymmetric transfenydrogenation by Meyer and List

The second form of counterion catalysis can berdest as a hydrogen bonding
catalysis mode. However, as the name suggestsliffeeence from traditional hydrogen
bonding catalysis comes about in the fact that tiyedrogen bonding encourages
dissociation of a suitable leaving group anion friv@ substrate; thus allowing a chiral ion
pair to form between the now cationic substratethecthiral anionic catalyst complex.

This methodology was first elucidated by Jacobseal, while investigating the
reaction mechanism of their urea/thiourea contginitydrogen bonding catalysts (see
2.2.4: Hydrogen Bonding Cataly¥ihen employed upon the intramolecular cyclisatbn
hydroxylactam substrates (Scheme ¥%).lt was shown that treatment of the
hydroxylactam specie$¢185) with trimethylsilyl chloride led to displacement t¢he
hydroxy group with chlorine. The activated subst(aB6)then underwent interaction with
the hydrogen bonding donor group of the catal¥88) leading to weakening of the carbon
halogen bond within the substrgtie86). This weakening occurred to such a degree as to

cause dissociation, forming the subsequent clorapair(187) (Scheme 57).
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0 10 mol % (189) o
N 1.1 eq TMSCI N
\H AN (188)
N HO TBME N H
H (185) -55°C, 48 h H
Yield: 90 % e.e.: 97 %
Me tBu S
TMSCI Pent” 7‘(\N
N__Ph
\U/ Me Bu s
, N~ :
O  Thiourea catalyst (189) used by Pent N N‘ Ph
N Jacobsen et al 0O H.9H4 /U
“Cl”
\H ® o Me S
N Cl N
H o (186) B,
N 187
L H (87) _

Scheme 57: Jacobsen counterion catalysis in the s$iyasis of harmicine derivative (188)

Polycyclisation reactions of multiply unsaturatggtems have also been shown to
be catalysedia counterion catalysis, one example of such is shiom®cheme 58 below.
Jacobsemwt alhave demonstrated that by including aromatic gsowiphin the periphery of
a thiourea based hydrogen bonding catalyst, amnaictien can occur between the cationic
Tesystem of the substrate intermediate, and the aiompon the catalyst. This interaction
both stabilises the substrate, and holds it infoosition amenable for enantioselective
cyclisation to occur (which is catalysed by forroatof a chiral ion paif191)with catalyst
(190) (Scheme 58). Using this method, Jacobeteal synthesised steroid-like compounds
in yields ranging from 54 — 72 %, arces ranging from 89 — 94 % (Scheme 5%).

0

CF;
tBu” S

s

Chiral counterion
formation

Multifunctional catalyst (190)
employed by Jacobsen et al

Aromatic cationic

15 mol % (104)
25 mol % HCI
—

4A MS, TBME
-30°C
Yield: 51 %
e.e..89 %

%

I

m-system stabilisation

Me
OM (191)
Scheme 58: Polycyclisation reaction catalysed by9qQ); demonstrated by Jacobsest al
2.3: Organocatalysis: Chiral Brgnsted Acid Catayst
As the body of this thesis is concerned with tee af chiral strong Brgnsted acids

as organocatalysts, this section will focus up@nftiims of chiral Brgnsted acids that have

been developed for asymmetric synthesis. Exampglesed to the use of chiral Brgnsted
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acids in the synthesis of aziridines have beenuebec! from this section and are covered in
Chapter 3: Aziridines and Aziridination

The major class of chiral Brgnsted acid catalyséstlaose based upon the optically
active 1,1’-binaphthyl scaffold, which is often stibuted at the 2,2’-positions with OH, to
form BINOL (124) Further substitution can also be carried ouhat3,3’-positions. These
axially chiral molecules are conformationally rigidie to steric interactions between the
corresponding hydrogen atoms at the 8,8’-positigingure 38). Thus, these scaffolds are
attractive starting points for the development ofclaral acid, due to potential of

substitution, and lack of interconversion.

S)-BINOL )-BINOL Steric interaction between hydrogen
( ) (124) ( ) (124) at the 8- and 8'- positions prevents rotational
interconverstion

Figure 38: Representation of the axial chirality ofl,1’-binaphthyl-2,2’-diol, showing the steric

interaction between the 8,8’-hydrogens

The first examples of chiral Brgnsted acid catalyst the type discussed above
were simple phosphoric acids, (formed by treati8g ¢r (R)-BINOL with phosphorus
oxychloride and HCI) developed independently bydhmups of Teradat aland Akiyama
et al, and applied originally to asymmetric Mannich iteags. Initially, studies had been
carried out upon the reaction (#92) with (193), utilising the phosphoric acid binaphthyl
derivative R)-(194), and were carried out by Akiyarme al (Scheme 59); however, no

enantioselectivity was observed within the reacposduct(195)*°

9¢ ) o
0 i OTMS (30 mol % (R)-(194) Kj
+ %OMe
Toluene mCOZMe

(193) -78°C,22h
)-1,1"-binaphthyl derived (192) Yield: 57 %
phosphorlc acid (194) initially +)-(195)
utilised by Akiyama et a/

Scheme 59: Initial Brgnsted acid catalysed Mannicheaction carried out by Akiyama et al

Further to this initial example, utilisindR(-(196) and R)-(197) (formed by 3,3’-
substitution of (194) with bulky aromatic groups), Akiyamat al and Teradaet al
independently demonstrated that chiral non-racemi@nsted acids catalysed the

asymmetric Mannich reactions of both aromatic, dfi8loc protected imines, affording the
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Mannich products with yields areles as high as 100 % and 96 % respectively (Akiyama
et a)*®® and 99 % and 98 % respectively (Terata)*** (Scheme 60).

2 mol % (196

o O B

+ : Ac Yield | e.e.
)I\ )J\)J\ Dichloromethane R/\( R ) | (%)

R™ H RT,1h Ac

p-MeOCgH, | 93 | 90

p-MeCgH, | 98 | 94

R R
~ 7 ~

P/

0" “OH 0" “CH p-FCgHy4 94 96
OO R OO R 0-MeCgH, 94 93
R = 4-(B-naphthyl)phenyl R = 4-nitrophenyl 1-Naphthyl 99 92
(R)-1,1"-binaphthyl derived catalyst (R)-1,1"-binaphthyl derived catalyst
(196) utilised by Terada et a/ (197) utilised by Akiyama et al

Scheme 60: Brgnsted acid catalysed asymmetric Maruhi reactions; by Teradaet al

Subsequent to this work, the mechanism of stereciséty within the Mannich
reactions detailed above was elucidated furtherTieyada and Gridnewet al, who
concluded that a hydrogen bonding interaction betwsubstrate and catalyst could be
responsible. Therefore, in order to induce highesteelectivity, free rotation around the
hydrogen bond had to be restricted (Figure 39)s Hypothesis accounts for the lack of
stereoselectivity in the initial Mannich reactioarged out by Akiyamaet al utilising (R)-
(194) (see Scheme 59); as no bulky substitution at {Bep®sitions was present within

(R)-(194)to prevent free rotation of the imine about thdrogen bond??

b4 \N”@
OO :éO/H "

Free rotation possible, allowing attack
from both faces

Free rotation hindered by bulky
3,3'-substitution; attack favoured from
one face

Figure 39: Representation of free rotation about dydrogen bond, and its inhibition within the

Mannich reactions of Akiyamaet aland Teradaet al

Chiral phosphoric acids have also been shown &lysa# aza-Diels-Alder reactions
in an enantioselective manner. For example, Akiyatrad have shown that by treating the
aldimine substrat€198) derived from benzaldehyde and 2-amino-4-methylpheand
Danishefsky’s dien€199), with 10 mol % of the 3,3’-substituted BINOL phdspic acid
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(200) the desired cycloaddition product could be formeda yield of 99 %, with a
corresponding.e.of 80 % (Scheme 61§

5 mol % (R)-(200)

HO]@\ OMe 1 eq acetic acid /@iOH
X
IN Me , ;\ Toluene Me N™S
OTMS -78°C, 18 h o
198 Yield: 99 %
1%8) (199) e.e.. 80 %(> (201)

(R)-(200)

Scheme 61: Synthesis of Diels-Alder adduct (201)iliging 5 mol % (R)-(200); by Akiyamaet al

Akiyama et al have also utilised chiral Brgnsted acids in tha-Rels-Alder
reactions of Brassard's dier{@02) in particular, with the aldimin€198). In general
cycloaddition reactions with Brassard’s diene asgrghetic challenge due to the reactivity
and lability of the substrate, and therefore they asually low yielding. Within their
attempts to develop an enantioselective catalyrsion of this cycloaddition, Akiyamet
al attempted to use various catalysts, includifmgss9-anthryl BINOL derived phosphoric
acid (203), which had shown to be the most effective catalysing a catalyst screen for
the aza-Diels-Alder reactiori? However, although vyielding the desired prod(&24) in
72 % vyield, and 92 %.e, it was found that alteration of the catalys formation of its
pyridinium salt(205) increased the yield ¢204)to 87 % while maintaining a comparable
e.e.(Scheme 62). It was believed that this increasaeinl was due to the reduction in acid
strength between the free acid, and the salt, ribdiscing decomposition of the substrate

diene!®®

9-Anth
HO OMe
j@\ 3 mol % (R)- (203)
N Me X _OMe @ 8 //

| OTMS ‘ mesitylene, -40 °C ] OO "OH

0, 0,
(198) (202) Yield: 72 %, e.e.: 92 % 9-Anth

oM

(204)
© (R)-(203)
9-Anth
HO OMe
3 mol % (R (205) Ao, O X
N Me S OMe @ o:P/\/@ |ﬁ/
| OTMS ‘ mesitylene, -40 °C ] OO o H
Yield: 87 %, e.e.: 94 %
(198) (202) - — 200 9-Anth
OMe (R)-(205)

Scheme 62: Synthesis of Diels-Alder cycloadduct (@Putilising 3 mol % (R)-(203), or R)-(205)
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This reduction in decomposition was prowga an NMR experiment; monitoring
the decomposition of Brassard’s digi202) in the presence of eith€203) or (205) after
one hour. In the presence (@03), only 12 % of the Brassard’s diene was intactrafies
time, whereas, in the presencg205), 75 % of the initial Brassard’s diene remained.

A further interesting example of the use of chBE#NOL derived phosphoric acids
is that of the ‘Friedel-Crafts like’ alkylation @n imine substrate developed by Teratla
al. Utilising imines such ag06), and a diazoacetated(. ethyl ortert-butyl diazoacetate)
as the alkylating agent, in the presence of 2 molR)4&(203) the reaction afforded the
desired alkylated products in yields of betweeraid 89 %, an@.es of between 91 and
97 % (Scheme 63).

This reaction is worthy of interest as treatmenaofimine with a diazoacetate and
a protic catalyst is a commonly used method of pcody aziridines.e. the aza-Darzens
aziridination reaction (se€hapter 3: Aziridines & Aziridination In this case however,
Teradaet al had demonstrated a formal alkylation of the imiag,opposed to aziridine
formation. Teradaet al hypothesised that the reaction proceedeal an addition
elimination pathway, invoking an intracomplex depration step in order to explain the
suppression of the aza-Darzens reaction (Schem&%63)

N~

N

N 9-Anth

2 mol % (R)-(203) \‘ o. P

(0] :P\

0" “oH

o) H " toluene O HN" 7O
O'Bu RT, 24 h
N ® ’

7 N\ N X 9-Anth

= H

i tBuO |
R N N = (R)-(203)
(206) v R
Ar @ H
<] An o Q R Yield (%) | e.e. (%
: M @03 |Buog NQHfo—ﬁ\ %) | e.e. (%)
BuO,C._H HZ Ar —— A o
w ®N H H ' p-FCeHa 74 97
N
Cen ND p-PhCgH, 71 97
p-MeCgH, 74 97
A
"NH
tBuozc:m/k/*r p-MeOCeH, | 62 97
H
®N m-FCeH4 84 93
oN

Scheme 63: Examples of the ‘Friedel-Crafts like’ &ylation reaction developed by Teradeet al, and
the hypothesised intracomplex deprotonation mechagsim
As the area of chiral Brgnsted acid catalysisdras/n, it has become an attractive
proposition to produce more highly acidic chiralgBsted acids; in order to allow
protonation of less basic substrates, such as @rlmmmpounds. This area was first

approached by Yamamoti al, who amended the traditional BINOL derived phospho
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acid motif to contain a strong electron withdrawifighctionality in the form of a
trifluoromethane sulfonamide group (Figure 28)thus decreasing theK, of the system
to ca. -1 when compared with the less acigi¢; of ca. 1 — 2 €a. 13 — 14 in acetonitrile)
typical of a standard BINOL derived phosphoric acidis worthy of note that\N-

triflylphosphoramide based catalysts were desigtechave pK, values ofca. 7 in
197

acetonitrile.
o CCC
O. //O O. ’/O
O’P\oH o’P\,TJ/SOzCFs
99 S9N
R R
(S)- (or (R)-) BINOL derived phosphoric (S)- (or (R)-) BINOL derived N-triflyl
acid catalysts; pK,ca. 1-2 phosphoramide catalysts; pK, ca. - 1

Figure 40: Representation of the general form of BYOL derived phosphoric acids andN-

triflylphosphoramides

The higher acidity of thesé&l-triflylphosphoramide containing BINOL derived
catalysts was demonstrated by Yamametoal who carried out a direct comparison
between theN-triflylphosphoramide catalys{207), and a traditional phosphoric acid
catalyst(208) within the scope of the Diels-Alder reaction. Tne@ ethyl vinyl ketone
(209) and dieng(210) (Scheme 64) with the BINOL derived phosphoric acadalyst
(208), no reaction was observed. However, upon treatmeder the same conditions
utilising the BINOL derived\-triflylphosphoramide catalygR07), a yield ofca. 10 % of
the racemiendocycloaddition producf211) were obtained. However, upon optimisation
of the 3,3'-substitution of the catalyst, a yield 3 % and e.e. of 92 % of thendo
addition product were achieved with cataly8i2)'®® The observed higher activity is
believed to come about as a direct result of thereased ability of theN-

triflylphosphoramide catalyst to protonate the leasic ketone carbonyl.
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Catalyst | Yield (%) | e.e. (%)

o) 5 mol % Catalyst ~_.COEt
oTIPS 200 ”
\)J\Et + \/\/\ o 1PSO
oluene <
(209) (210) : (S)-(207) 10

'Pro

N—

PRI
ipyNHSO,CF5

Scheme 64: Direct comparison of the phosphoric acisased catalyst (208) and thal-
triflylphosphoramide catalysts (207) and (212) witin the Diels-Alder reaction of (209) with (210)

Further to the Diels-Alder cycloaddition, BINOL rde=d N-triflylphosphoramides
have also been employed by Yamamettal within 1,3-dipolar cycloaddition reaction®
Utilising nitrone starting materials such(@43), Yamamotcet al were able to demonstrate
organocatalysed cycloaddition with ethyl vinyl aetloatalysed by 5 mol % of the chiral
BINOL based N-triflylphosphoramide catalys{(214) affording, in general, good to
excellent yields of 66 — 99 %, aedes ranging from 56 — 93 % (Scheme 65).

iPr Adamantyl

Q
Ph.®.0 OEt Ph‘N/O
)Nl\ . OFEt ipr
) O
H” > Ph dichloromethane Ph ~p
FLEN
(213) -40°C endo—(215) iPrNHSOZCF3

Yield: 85 %

endo:exo: 96:4
e.e. (endo): 70 %

(Sr(214)

Scheme 65: 1,3-dipolar cycloaddition reaction, catgsed by 5 mol % (214); by Yamamotat al
These results are worthy of note due to the alolitf214)to catalyse the reaction
at lower temperatures than the methodology prelyousported by Jgrgenseet al
(utilising BINOL derived aluminium Lewis acid cayals, at temperatures o&. -25 °C);

and also, the reaction affordeddoproducts as the major diastereoisomer (as opposed
theexomaterials afforded within the Jgrgensen methotleBe 66)->°
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X (10 mol % (Ry216) O
Ph.® O oBy  (10mol % (R-216)] Ph. o OO

AT L) o o
H” >Ph dichloromethane Ph O,\AI-Me
(213) -25°C exo-(217)
Yield: 84 %

endo:exo: 95:5
e.e. (ex0): 89 %

(R)-(216)

Scheme 66: 1,3-dipolar cycloaddition catalysed by0lmol % (216); reported by Jgrgenseret al

Further to the reactions detailed above, Ruemhgal have also reported an
enantioselective organocatalytic Navarov reactigtilising 2 mol % of the BINOL
derivedN-triflylphosphoramidg218) (Scheme 67), Ruepirgg al demonstrated that yields
ranging from 45 — 88 %, and.es of ~90 % were readily achievable; with various

functionality tolerated, including aromatic, halogéed, and ether linkages (Scheme®%).

o) 2 mol % (S)-(218) o o)
o e e} e}
| | dichloromethane Y 2
Ph 0°c
Yield: 88 % Ph Ph
cis:trans: 6:1 ee..:87 % ee..87%
Product Yield (%) | cis:trans (cies.?;%) ( traer;Z; %)
Q
o’ I I 92 3.2:1 88 98 R
e O o P
Q P
O "NHTf
oo 83 15:1 87 92 OO
O o‘> R
5 R= X
87 4611 92 92 COﬁ
o )
3 (S)-(218)
45 cis only 98 98
.1[/

Scheme 67: Examples of the catalytic asymmetric Nawov reaction developed by Ruepingt al

The mechanism of these Nasarov reactions is #aliprotonation of the carbonyl,
leading to a # conrotatory electrocyclic ring closur@19) (as predicted by the
Woodward-Hoffman rules), followed by proton elimiioa (220), and finally protonation
of the intermediat€221)to produce the desired prod222) (Scheme 68).
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H
O/

R™ (219) R \

41 conrotatory

V

O
P// R2
Sl G
H "R3
0. SO,CF; H(220)
r,;\N
o> /
H
(02
2
(221)

R "R3

(222)

1 Q° 2
R R? 4 Homo
R §»R3
-H
Waa A
R R®

Frontier molecular orbital
analysis of (219)

Woodward-Hoffmann
Rules:

Thermal Reaction:
47 : conrotatory
4n+2 : disrotatory

Photochemical Reaction:
47 : disrotatory
47+2 : conrotatory

Scheme 68: Mechanism of the asymmetric Nazarov rettan developed by Ruepinget al

Moving away from cyclic reactions, Brgnsted acidgbhoramides have also been

employed for enantioselective protonation reactiofemamotoet al have developed an

asymmetric protonation of cyclic silyl enol ethensord

er to produce the corresponding

asymmetric carbonyl compounts.For example, treatment ¢223) with 10 mol % §)-

(224), and 1.1 equivalents of phenol led to the asymmptotonation 0f(223), affording

(9-(225)in 99 % vyield, and 91 %.e.(Scheme 69).

Substrate Product Yield (%) | e.e. (%)
OTMS 5 mol % (S)-(224) (0] OTMS (0]
Ph 1.1 eq PhOH Ph
R é/Ph é‘\\Ph 99 91
Toluene, RT
Yield: 99 %
(223) e.e: 94 % (S)-(225) OTMS
@/CGH‘;Me ij \C6H4Me 99 93
R i
O v | [
O\Pis R= C6H4C| \C6H4C| 99 92
O "NHTf .
99
R ' OTMS
(S)-(224) @/ Naph i‘j“'\‘aph 99 93

Scheme 69: Asymmetric protonation reactions utilisig 5 mol % (224); by Yamamotoet al

It was found that a stoichiometric achiral progmurce was also required in order
for the asymmetric protonation to be successfuls Hehiral proton source was believed

by Yamamotcet alto serve two functions within the reaction. Fydth act as a source of
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proton to regenerate the asymmetric Brgnsted gumedias; and secondly to facilitate the
removal of the silyl protecting group from the sinates. Within the work of Yamamod
al, phenol was utilised in this role; as it has afnay for silyl groups which is much
higher than that of the conjugate base of the asstmenBrgnsted aci@224) (utilised as
the chiral proton source).

The necessity of the achiral proton source was deirated by treatin(226) with
a stoichiometric amount of the asymmetric Brgnsteid, (224). After 2 days, no reaction
had been observed. By addition of a stoichiometmount of acetic acid, the reaction was
then seen to be complete within 2 hours, yield2#j7)in 99 % yield, and 88 %.e. This
result suggests the reaction is proceeding by iéialiformation of a chiral ion paif228)
(carried out by(224)), followed by removal of the silyl group by theh&ral proton source,
generating the chiral produ@27)required (Scheme 70).

OTMS TMS\O(D o@ (0]

b-0

Ph 7 | ph S/’P\ 7‘? ‘\\Eh

NSO,CF5
(224) H © PhOH PhOTMS

(226) (228) (227)

Scheme 70: Proposed mechanism of the asymmetric pooation reaction, showing generation of the

chiral ion-pair (228); proposed by Yamamotoet al

Further to the reactions outlined above, BINOL blapbosphoric acids, and-
triflylphosphoramides (and their derivatives), haween utilised in many other reaction
types and are the subject of several dedicatedwesiP?2**

Worthy of note at the end of this section is thelfer development of novel chiral
Bronsted acids (Figure 53); some of which are ggoneven than theN-
triflylphosphoramides described above. For examyiie, synthesis of bis(sulfuryl)imide
based Brgnsted acids (JINGLES) by Berkestehl These catalysts were based upon
initial work by List?®® and Giernothet al?®® which led to the production of so-called
BINBAM species; examples of the general structufeboth JINGLEs (229) and

BINBAMSs (230)are shown in Figure 41.

R R
0
(L% (Il Lgo

O\S"iIH S:\NH
SONANNNGE ()
R R
(S)-(229) (JINGLE) (S)-(230) (BINBAM)
Developed by Berkessel et al Developed by List &

Giernoth et al

Figure 41: General structures of the JINGLE (229)and BINBAM (230) type novel, chiral Brgnsted

acids
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Chapter 3: Aziridines & Aziridination
3.1: Aziridines: Introduction

Aziridines in general are classified as saturaieee membered heterocycles,
containing one nitrogen atom. The simplest examplehich is aziridine itself, otherwise
known as ethylene imine, or azacyclopropane.

Despite the apparent simplicity of the aziridinegrsystem, the bonding within the
ring is unusual; this being due to the strain iehemwithin producing the required bond
angles. If traditional sphybridisation is considered, the bond angles reguwithin the
ring system (60 °) are impossible. Thus, in orderatcommodate these tight bonding
angles, thes-bonds gairp-orbital character. Thip-character leads to the observation of so
called ‘banana bonds’, or bent bonding betweerritigesubstituents. This mixing has the
subsequent effect of leading to an increase irsthsbital character of the C-R and N-R
bonds, leading to shorter bond lengths. The inessharacter can also be implicated in
the decreased basicity of the nitrogen lone paiaziidines; the observed gpkof the
aziridinium ion being 7.98, compared to common galwf acyclic secondary amines
which are generallga. 112’

The reactions of aziridines tend to be focussedupbeving the steric ring strain
placed upon the system by the required bondingeandihe strain inherent within the
aziridine ring system is similar to that found withcyclopropane systems.a. 27
kcal/mol?®” Thus aziridines can be seen to undergo various ajFening reactions with
nucleophiles.

From a synthetic chemistry view, aziridines ame niitrogen equivalent of epoxides;
and like their oxygen counterparts, are highly ukefynthetic intermediates within
synthetic organic chemistry. Also, due to the is@n of the aziridine ring in various
natural, and biologically active, compounds, amed themselves are seen as a valuable
target of synthetic chemistry. Despite their patdnises, aziridines tend to be utilised less
within this remit, due, in part, to the lack ofiefént or easy to use methods of synthesis

that are available.
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3.2: Aziridines: An Overview of General Synthesetidds

In general, there are three traditional methods wihjich aziridines can be
synthesised. These being: transfer of nitrogenléfns, amine cyclisation reactions, and
transfer of carbon to imines.

The transfer of nitrogen to olefins is an attnaetnethod of synthesising aziridines,
due to the direct nature of the transformation, alsd the high availability of unsaturated
starting materials. On an initial look, this metheeems analogous to the oxygen atom
transfers which are commonly used to produce epsxitHowever, systems which are
effective in these epoxidation reactions tend ta be effective within aziridination
systems; for example porphyrin based epoxidaticesy$®®**°are generally of limited
use within aziridination reactions.

The principal method for undertaking nitrogen aiddis to olefins involves
utilising nitrenes or nitrenoids as the nitrogemirse. This in itself presents issues when
considering the stereoselective production of diries. The issue comes about due to the
nature of the nitrene starting material used. Neggecan exist in both singlet and triplet
states, and both states will undergo aziridine &irom with a different mechanism. Thus,
singlet nitrenes will undergo aziridination with @ncerted process, allowing for
stereoselectivity within the reaction. Howeverplet nitrenes will undergo a two step
aziridination process, thus allowing time for fre¢ation about the carbon bond, and the

potential loss of any stereoselectivity (Figure.42)

)I( X
®NO X ®NO X, X
- N (@ ’ (j\l_:g\ ,{j
= 2
Singlet nitrene: concerted process Triplet nitrene: Two step addition, free rotation possible

Figure 42: The two addition mechanisms of a nitrengéo an olefin

In 1991, Evans et al  disclosed the use of  N{(p-
toluenesulfonyl)imino)phenyliodinan@31), and copper (I)€.9. (Cu(MeCN)CIO,4 (232))
or (I1) (e.g.Cu(acac) (233) catalysts as an aziridination system for botleteda rich €.g.
prop-1-enylbenzeng234)), and electron deficiente(g. ethyl cinnamatg235)), olefins
(Scheme 713*
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\ R TS -II-S
|
N N
5- 10 mol % Catalyst PhAM o™ e
R = Me (234) (232) or (233) e 2
R = COzEt (235) Catalyst = Cu(MeCN),CIO,; Catalyst = Cu(MeCN),CIO,;
- Yield = 81 % Yield = 59 %
Acetonitrile Catalyst = Cu(MeCN),CIO,; Catalyst = Cu(MeCN),CIO,;
Yield = 75 % Yield = 51 %

©/ SNTs
(231)
Scheme 71: Initial publication of the use of (2313nd Cu(l) (232) or Cu(ll) (233) catalysts in orderto
synthesise aziridines from electron-rich (234) andlectron-deficient (235) olefins; by Evanst al

This was followed with publications in 1993 by bditianset al and Jacobseet al
concerned with the enantioselective synthesis dafidazes utilising (231) and Cu(l)
catalysts functionalised with chiral ligand$(9-(236) by Jacobsewet al, (S,9-(237) by
Evanset al, Scheme 72§**?**These systems both allow stabilisation of thelsimgjtrene,

and thus facilitate enantioselective aziridinatieactions.

6 mol % (S,S)-(237) Ts Me Me
5 mol % CuOTf N O O
1 eq PhI=NTs (231) | \J
X _-COMe .
©/V 2 Ph" L\\Cone N N/
Acstonitrie (R.S)-(238) P s.spany
Yield: 21 % Utilised ’by Evans et al
ee..70%
10 mol % (S, S)-(236) Ts
10 mol % CuOTf N H RN
1 eq PhI=NTs (231) H i : cl N N= cl
Acetonitrile Cl Cl
(R,S)-(239)
Yield: 70 % _ (5,5)-(236)
ce. 87 % Utilised by Jacobsen et al

Scheme 72: Enantioselective syntheses of aziridin@38) and (239) utilising (231) as a stabilisedngjlet

nitrene; carried out by Evanset al, and Jacobseret al

While these reactions allow for the production airidines in generally good
yields (16 — 89 % Evaret al, 50 — 79 % Jacobset al), and in some casese’s (19 — 97
% Evanset al, 30 — 98 % Jacobsest al), the use of isolated hypervalent iodine species
such agq231) can be difficult and in some cases dangerous (safntieese materials have
been reported as explosivas.

The use of hypervalent iodine species has beerowvedrsomewhat in recent times
by the development of methods for generating nés@msitu, thus avoiding isolation. The
work of Daubaret alis of note in this area. They have shown tgp-toluenesulfonyl)p-
toluenesulfonimidamid€240) when treated with iodosylbenze(@41) will generate the

216

nitrene specie@42)in situ,“~> which can be subsequently transferred to oleBaiostrates

(catalysed by the Cu(l) species Cu@C),PFs (243)). This reaction allowed for the
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production of aziridines in yields of between 396-% andd.e.as high as 50 % (Scheme
73)'217

HoN
R' 2 's oNTs 10 mol % Cu(CH3CN)4PFg (243) \\ ,NTs
1.2 eq iodosylbenzene (241)
%\R * )>L
(240) 20 °C, CH3;CN / R

Phl=0O ‘ Substrate | Yield (%) | d.e. (%)
- HZO CU‘ (243) /\COZMG 81 50
TsN\\,(? }\ % 41
S—N=IPh CO,Me
' 62 -
(242) /R @
R

R N
@A 63 20

Scheme 73in situ generation of the nitrene species (242), and Cu(@ptalysed transfer of (242) to

olefins to form aziridines; by Daubanet al

An interesting example of aziridine synthesis bgiadn of nitrogen to a double
bond is that of the work of Maycoc&t al Utilising the Gabriel-Cromwell reaction
proces< 8 that is, an addition-elimination route to aziriein(See synthesis tins(244),
Scheme 74), the group were able to synthesise @@suin a short total synthesis of (+)-
bromoxong245) (Scheme 743"

ol o
o _
. > :
ij:( NH, o<1 Br
—_—
i /© xylene, 95 °C I tans.(244) — ©
;/ s MeO -

Yield: 84 %,
4:1 d.r (trans:cis)

éu@r

(246)

OMe (+)-bromoxone
(245)

Scheme 74: Synthesis of (+)-bromoxone; an exampleayclisation of amines to form aziridines

The aziridine synthesis demonstrated in Schemeeédsl into the second and
potentially more attractive area of aziridine sw#is; that concerned with the cyclisation
of amines bearing a leaving group. These methogsumon a 1,2-arrangement of the
amine to the leaving group, allowing ae8etet cyclisation to take place (as can be seen
within intermediate(246) Scheme 74). Typically, substrates for this typeanridine

synthesis include 1,2-amino halides, and 1,2-aaidohols.
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For example, De Kimpet al have demonstrated that treatmentNs$ubstituted
imines (247) — (249) (derived from 2-bromo-2-methylpropylamine hydrafide (250
and substituted benzaldehydes, Scheme 75) undier dmxlitions leads to the formation
of racemic aziridinese(g. (251) — (253) Scheme 75Yia intramolecular displacement of
bromide??° Using this method, yields of 51 — 85 % have bdstained.

Br></NH2 W<

(250)
1 eq Et3
2 eq 2N NaOMe /@)\
@ Mgso04 MeOH 2h
CHzC'z C,7Nh) R=H/(247) Yield: 95 % R = H (251) Yield: 51 %
R = Me (248) Yield: 87 % R = Me (252) Yield: 85 %
R Me R = OMe (249) Yield: 84 % R = OMe (253) Yield: 54 %
R = OMe

Scheme 75: Base catalysed synthesis of aziridin@51) — (253)ia intramolecular displacement of
bromide
Further to this example, various other halide @ispment procedures for the
synthesis of racemic aziridines have been repoitedyding the use of3-halo-amino
esters €.9. (254) by Boukhriset al *** This methodology allowed for the synthesis of
racemic N-hydroxy 2-cyano-aziridine-2-carboxylates.d (255) in moderate yields of
between 58 and 65 % (Scheme 76).

Ar Yield (%)
NHOH 0.5 eq NaOH OH 4-MeCgH, 64
Ar CO,Me 0.25 eq BuyNHSO, e 4-CICgH, 62
Cl Ar CO,Me
(254)  Benzene,RT,8h ) (255) 4-NOCeHy | 60
CeHs 58

Scheme 76: Cyclisation oB-halo-amino esters (254) to fornN-hydroxy 2-cyano-aziridine-2-

carboxylates (255) by Boukhriset al

Related to the above examples, the work of Comicelt al utilising a-amino-
chloro ketamines is a good example of utilisingaamne cyclisation method in order to
produce enantiopure aziridines (Scheme 77). Thetiosaproceedwia reduction of the
starting material ketamine (for examp{256)) with sodium cyanoborohydride, generating
an intermediate species (such @&7)), which undergoes spontaneous intramolecular
cyclisation to afford the desired enantioenrichedidine (based upoi258). Although
this method does allow for the production of er@mire aziridines ir.es of up to 95 %,
it requires the use of enantiopure ketamine spewhbgh is far from ideal as they have

been shown to decomposecm 24 hours at -10 °€*
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NR
R o [1'ZeqNaBH3CN] N R | R | Yield (%) | d.e. (%)

AT
NBn, (256) Methanol, RT (258) Me | "Pr 72 93
NBn2

Me | Bn 66 95
Na,,.
Né) igy | allyl 74 98
R\‘/'\/CI

N) Bn | Bn 78 95

Scheme 77: Selected examples of the cyclisatioreofino-a-chloro ketamines to produce

enantioenriched aziridines; by Concelléret al
The final major methodology utilised in the synilkesf aziridines relies upon the
transfer of carbon to an imine. The major reactigpe within this area being those
reactions termed as aza-Darzens reactions. Th®az&ns mechanism is essentially a
reversible nucleophilic attack upon the C=N bondanfimine, followed by a 8&xoctet

cyclisation step, which is generally favoured, &mpically irreversible (Figure 43Y>

RS 3
g 1% x N
e © D Rap—Cz — RS N Z
) 1 ‘. .
R1\_/R‘Z‘/\LG R" CLe R’ R

Z=C(O),A, P(O),A,, S(O),R, CN (A = Alkyl, Aryl) LG = Cl, Br, I, *SRy, *S(O)R, *N,

Figure 43: The aza-Darzens mechanism for aziridinadn

Commonly utilised substrates within aza-Darzens ctreas include
carbenes/carbenoidé’ ylides?*® anda-haloenolate$?® These reactions have been widely
exploited within the synthesis of aziridines dudhe broad range of compatible substrates
available, and also, the possibility of produciihg& non-racemic aziridinega the use of
either a chiral iminé?’ chiral nucleophilé?® or chiral catalyst*

The aza-Darzens reaction was first employed ay earl1969 in the synthesis of
the phenyl substituted aziridine-2-carboxylate &=(259)%*° This single reaction by
Deyrup involved the use of ethyl chloroaceté2é0) as the nucleophile, producing the
desired aziriding€259) with acis:itransratio ofca. 9:1, and in a yield of 36 % comprising
both thecis- andtrans- products (Scheme 78). This initial work led inbe tdevelopment
of a general method by Wartski in a publicationtagnng the aza-Darzens reaction of a

range of imines and esters to give aziridine-2-ceylates (Scheme 78}°
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1.5 eq 'BUOK

N N
OEt -, OEt OEt
dimethoxyethane |]/
(260) RT,25h o} o}

Q

trans-(259) cis-(259)
Yield: 7 % Yield: 29 %
R=Ph,R'=H
Yield: 85 %,
% cis:trans: 3:7
N CI% " R =Ph,R'=Me
P + OBU —— N R N R Yield: 60 %,
R” "H R' THF ,\\%‘/O‘Bu /%(OTBU cis:trans: 3:7
R =Ph -15°c-50°c ] R R R = m-CICgH,, R'= H
R = m-CICgH, (0] 'O Yield: 85 %,
trans- cis- cis:trans: 3.5:6.5

Scheme 78: Initial aza-Darzens type aziridinationsarried out by Deyrup, and Wartski et al

As the main body of this thesis is concerned witle ttilisation of alkyl
diazoacetates as the nucleophilic substrate for ctieal non-racemic production of
aziridines, this area will be discussed in moraiflet the following paragraphs.

3.3.1: Aziridination: Aziridination with Alkyl Diaracetates - Introduction

Although the ring closure step within the aza-[Bax reaction is generally
favourable (and thus a driving force for the reat)j the initial nucleophilic attack of a
diazoacetate onto an imine to form the intermedatcies will not occur through simple
mixing. This is due to the relatively weak nucletiphy of alkyl diazoacetates (due to
both resonance stabilisation, and inductive effdeigure 44). Thus, in order to allow the
formation of aziridinewia this method, some form of catalysis is requirelisTcatalysis

usually takes the form of an acid; be it a LewrsBognsted acid species.

0o (0]
N R LN
R OR N 7 OR
| OR" I
R)\H RNAW
(e}
Lewis Acid, or *qy (O
’ NJ
Bronsted Acid R, R, R" = alkyl, acyl, aromatic ‘NJ'\)J\ N
e.g: AICl5 or \\/‘ OR
trifli id
riflic aci o I
H/LA\f\l’a,R' Nz¢OR,, B
| (@]
)\ N\\\ +
R H N\/\OR"
—————

Figure 44: Resonance stabilisation of alkyl diazo@tates, and demonstration of Lewis acid and

Bregnsted acid activation ofN-substituted imines

Both Brgnsted and Lewis acid activation rely upba lowering of the LUMO of
the imine due to polarisation of the carbon nitrogbond, thus increasing the
electrophilicity of the imine carbon. This is angdois to the activation mode found within
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the area of iminium catalysis (see Figure 31, an2l32 Organocatalysis: General
Activation Mechanisms & Selected Examples — ImirQatalysi$.

3.3.2: Aziridination: Aziridination with Diazoacdts - Lewis Acid Catalysis

The catalytic application of Lewis acids withinettscope of the aza-Darzens
reaction was initially reported in the mid 1990s, Brookhart and Templetoet al
(although the use of copper(ll) triflate had beeplered by Jorgenseet al at a similar

time) #!

Carrying out a wide ranging study using common iseacids upon the formation
of aziridines, Templeton and Brookhart were ablstow that 10 mol % boron trifluoride,
aluminium trichloride, and titanium tetrachloridetalysed the formation of racemic
aziridines from varioudN-substituted imines (Scheme 79), and ethyl diazaseEdEDA,

(261)), in yields of between 42 and 93%%.

Catalyst R Yield (%) | cis:trans

.R BF; Ph 93 93:7

N
\
10 mol % BF3 OEt,, .
@H ‘ AICl5, or TiCl, | BF; | CHyPh 51 cis only
AICl3 Ph 56 98:2

+o D|et2y|heither htehxane ] Qﬁw
or dichloromethane AICI CH,Ph 45 cis only
N 3 2
2x M oy |
(261) TiCly Ph 62 cis only
TiCly CH,Ph 42 cis only

Scheme 79: Selected examples of the Lewis acid dgsad aziridination chemistry demonstrated by

Templeton and Brookhart et al

In the majority of cases, the reaction shown inedoh 79 yielded predominantly,
or only, thecis-aziridine; however, it is worthy of note that tviay-products(262) and
(263) (Scheme 80) were also present within the reacti@mpleton and Brookhart
hypothesised that the formation of these enaminprbglucts could be accounted for by
migration of either hydride (forming262)), or the R group from the imine (forming
(263)). This hypothesis was supported by the observatiat when differing aryl
substituents were utilised, electron withdrawingugrs favoured the aziridine formation;
whereas, aziridine formation was suppressed whecatreh donating substituents were

used (Scheme 80), in line with the migratory aptof each group.
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R group Ph. .H
N’F>h Ph. - BFs3 migration N~ O

R [ FiBo.. H OEt
. § Bji-Phg
o)

o, R . R' (263)
H RMOEt
H Et0” Y . Ph., .H
OEt e N, N O
2

N VXN
2 _— — Hydride R OFt
R Migration : Aziridine migration H (262)
Ph 6:94 Migration Products
p-NO,CgH, 12:88
I?h
By 55: 45 N
(Hydride migration only)
R' AcozEt
p-CH3006H4 100:0
Aziridine

Scheme 80: Proposed mechanism of formation of thégerved enamine by-products (262) and (263)
within the aziridination reactions of Templeton andBrookhart et al
The understanding of the mechanism of aziridinadod enamine formation by
Templeton and Brookhart has been further addedytthe studies of Jgrgensen al
Based upon reactivity, crystal studies, and trapprperiments utilising various metal
catalysts, Jgrgensen al proposed that various mechanisms are in effedtgf@e 81); the
predominant difference between these being eitleevid acid action of the metal centre,
or, the formation of a formal metal-carbene completween the catalyst and the

diazoacetate reagent (Scheme 8153*

NI,R
J
'\i ) (0]
OR
N
S,
R (o]
R.UN®
ML,

Scheme 81: Mechanism of Lewis acid catalysed azing formation by Jorgensenet al, Templetonet al,

and Brookhart et al
The main advantage and attractive feature of tit@liwork by Templeton and
Brookhart was the relative simplicity and geneyalitf the procedure. This attractive
property led on to further developments within &énea; for example, the work of Mayetr
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al utilising boron trifluoride diethyl etherate asetltatalyst for an aza-Darzens type
synthesis of racemic aziridine-2-carboxylate estges. (264) Scheme 82), utilising
phenyldiazomethang265) as the carbon source. This reaction allowed fatuai
elimination of the migration enamine by-productagdo the low migratory aptitude of the
ethyl carboxylate functionality present in internad (266), and was applicable to
various Lewis acids, including Yb(OEf)Zn(OTf), AICIs, TiCls, SnCh, and Cu(OTH
based systems. Yields from aziridination utilisitiggse Lewis acids were moderate to

excellent, with reported isolated yields of 45 9©Bcheme 825*

OMe OMe
MeO
1 eq phenyldiazomethane (265)
N 5 mol % Catalyst
| N N
H&(OEt Dichloromethane EtO EtO
e} -78°CtoRT,25h '
(0] [¢]
cis-(264) trans-(264)

OMe
LA /©/ Catalyst | Yield (%) | cis : trans
Etojgl\?ﬂ LA-N /@ BF; OEt, 87 cis only
‘\ Ph .

Yb(OTf)3 90 cis only
v N (266)
N /\© Zn(OTh, | 89 49:1

MeO / )‘( AICI, 64 4.8:1
Q TiCl, 64 3.1:1

N @ Phont o (267) sncl, 68 731
NS

EO {VW HMOEt Cu(OTf), 67 49:1
_\O (264) Ph

Scheme 82: aza-Darzens aziridination to fornN-substituted aziridine-2-carboxylate ester (264); iad
suppression of the migration product (267)

Although the methods shown so far are, in genefédctive, the enantioselective
synthesis of aziridinega Lewis acid promoted mechanisms remained limiteithéouse of
chiral starting materials. Indeed, initial attemptsJargenseet al into the use of chiral
ligands {.e. (268) appended to a Lewis acid catalyst were disappginaffordinge.es of
between 16 - 32 %, when utilising alkyl diazoacetats the carbon source (Schemée*83).

Ts
N
I ‘ 10 mol % CuPFg EtO,C COzEt
EtO,C 10 mol % (R)-(268) cis-(269)
+ meso- no e.e.
o Dichloromethane, RT
Overall Yield: 27 %

N2 s “trans: 2.4
OEt cis : trans: 2.4:1
EtOZC COzEt R)-2,2'-bis(ditoluylphosphino)
trans- (269) blnaphthyl ( ) (268)
e.e..16 %

Scheme 83: Synthesis of chiral non-racemic aziriden(269) utilising a copper centred Lewis acid

catalyst appended with the chiral ligand R)-(268), carried out by Jgrgenseret al
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Leading on from these previous and disappointasylts, Wulffet al published an
asymmetric synthesis of aziridines that employgmlgcyclic optically active ring system
(VAPOL, (270) appended with a boron Lewis aéid.Formed by treatingS)-VAPOL
(S)-(270) with borane tetrahydrofuran complex, initially tegucture of the catalysB)-
(271)was not entirely certain (Scheme 84).

(S)-(271)

Initially, no structure
55°C 30 min or hypothesis was reported

(S)-VAPOL (S)-(270)

Scheme 84: Reaction conditions reported for the stimesis of catalyst species (271)

However, treatment of pheni-benzahydryl imine with ethyl diazoacetd#61)
in the presence of 10 % of the catalyst spe¢i&l) led to the formation of the
corresponding asymmetric aziridine, igia:transratio of >50:1, yield of 74 %, arele.of
98 %. This result was by far the best achievedaforasymmetric Lewis acid catalysed
aziridination published up to that point. Withiretpublication, it was noted that catalyst
loadings as low as 1 % could be employed; howengimal reaction conditions involved
the use of 2.5 mol % of the catalyst spe¢@8l) Subsequent to this initial result, this
methodology was applied to varioblsbenzahydryl imines, with good results achieved in

general (Scheme 85).

j\h o (10 mol % (S)-271) ) PhYPh
N >ph o+ H %oa N
)l N, Toluene RACO Et
R 22°C, 20 h 2
Time | Yield . . e.e. Time | Yield .. e.e.
R (h) (%) cis:trans (%, cis) R (h) (%) cis:trans (%, cis)
Ph 5 77 50:1 97 o-MePh 24 51 31 98
p-BrPh 4 64 16:1 97 2-naphthyl 4 70 301 97
p-NO,Ph 24 68 11:1 91 2-furyl 8 55 16:1 94
p-OAcPh 16 67 401 96 n-propyl 7 54 50:1 91

Scheme 85: Asymmetric aziridination reactions card out utilising 10 mol % (271) reported
by Wulff et al

Further to this work, Wulfet al carried out a detailed study to attempt to idgntif

the active catalyst species. It was found that ¢htalyst specie$271) formed from
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treatment of $)-VAPOL with borane tetrahydrofuran complex wasfatct a mixture of
various borate species, formed due to decomposifiohe borane tetrahydrofuran starting
material**® Thus, screening was carried out of various boeaters in order to find the
most effective. This was found to be triphenyl berand subsequently, treatment 8- (
VAPOL (270)with 3 equivalents of triphenyl borate led to tbemation of a new catalyst
mixture (272), which was believed to consist of the mesoboraecies(273), and the
pyroborate specie@74) (Scheme 86§°° However, further investigations concluded that,
under aziridination conditions, these disparatecigge(273) and (274) were converted
into a single boroxinate speci€x75) which is, to date, believed to be the active sgeci

(Scheme 86).

(S)-VAPOL (270)

4 eq B(OPh)s
1eqH,O
Toluene
80°C,1h

(272) believed to be a
mixture of (273) and (274)

(S)-VAPOL derived
boroxinate (275)

Imine (within
aziridination
procedure),
or Me,N* "OAc

(S)-VAPOL derived (S)-VAPOL derived
mesoborate (273) pyroborate (274)

Scheme 86: Proposed composition of the catalyst rhixe (272), and structure of the boroxinate (275)

This throws up an interesting debate as to whdtiecatalyst is in fact acting as a
Lewis acid, or a Brgnsted acid species. If theetatbnclusion is correct in thg275)is the
active catalytic species, then the catalyst is algtuproceedingvia a Brgnsted acid
activation mode (Figure 45).

(S5)-(275)

Lewis acid activation mode Brensted acid activation mode

Figure 45: Potential Lewis acid activation of a simple N-substituted imine by (273), or Brgnsted acid

activation by (275)
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3.3.3: Aziridination: Aziridination with Diazoacedts - Brgnsted Acid Catalysis

Within the area of catalysis, it can be argued tha proton is in fact the simplest
and most readily available Lewis acid. Thus a lagextension of the previously discussed
aziridination techniques is the use of Bregnsted azatalysts for the activation of
aziridination substrates. The first method of aavation to take advantage of the proton as
a catalyst was that of Johnstenal Initially, concern was raised within the reseafch
the potential efficacy of a catalytic proton souyrdee to the generation of a stoichiometric
basic product during the aziridination reactionwbwaer, these were proven unfounded.

Efforts originally focussed upon the use of acatd; however, it was found that
the addition of acetic acid had no discernablecefigon the reaction. Despite this, when
trifluoroacetic acid was added to the reaction,désired aziridine was formed in a yield of
63 % as a single diastereomer. Carrying on fromithiial result, Johnstoet al found that
utilising acids with decreasedK, led to an increase in the reaction rate; and thus
trifluoromethane sulfonic acid (triflic acid276) was found to be the most effective
option (Scheme 87f°

\-CHPh2 o 25 mol % acid EHth

+
R)l\H NZQLOE‘ :Agoza
R Acid T (°C) | Time (h) | Yield (%) R Acid | T (°C) | cis:trans | Yield (%)
CO,Me none 25 24 <5 CO,'Bu | TfOH -78 >95:5 89
CO,Me | CH3CO,H | 25 24 <5 By TfOH | 25 60:40 45
CO,Me | CF3;CO5H 25 18 63 Ph TfOH 0 82:18 42
CO,Me HCI 0 25 58 2-pyridyl | TfOH | -78 90:10 73
CO,Me TfOH -78 5 67 c-propyl | TfOH 25 82:18 40

Scheme 87: Initial Brgnsted acid catalysed aziridiations reported by Johnstonet al

Testament to the effectiveness of the method dpeeldy Johnstort al the
methodology is still in use in recent times. Foamyle, recent work by Maruoket al
utilised triflic acid (276) as the catalyst for the synthesis of trisubstitugeiridines based
upon the use oN-a-diazoacyl camphorsultaif277) as the carbene source. After testing
various catalysts including BFEt,O, and acetic acid, Maruola al found that by utilising
20 mol % triflic acid(276), the desired aziridines could be formed in mo&etatgood
yields of 50 — 74 % (74 % yield ¢278)); also, the reaction showed a significant degfee o
diastereoselectivity, witlrans:cisratios as high as 20:irdns:cis >20:1(278), Scheme
88).241
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Catalyst | Yield (%)
)I\H/Me + N|/ )J\'?}\ o
0, Oz CH3SO3H 68
277 (278)

trans:cis: >20:1
Scheme 88: Aziridination reaction utilisingN-a-diazoacyl camphorsultam by Maruokaet al

Related to these examples is the methodology deedldy Bewet al utilising

pyridinium triflate (279)%%*

The use of such a salt was shown to have sevévahtages
over the use of triflic aci276) The most prominent of these being ease of hagdéind
the lack of strict anhydrous reaction conditionguieed. It was shown that by utilising 10
mol % (279), structurally diverseN-substituted aziridine-2-carboxylates were abldao
formed in good to excellent yields (71 — 90 %) nirthe corresponding imine and either
tert-butyl (280), or ethyl(261), diazoacetates. The reaction was also found tduse in
most cases, exclusivetys-aziridines, with no trace of theans-products seen.

Alongside this method, Bewt al also developed the use of the fluoronium cation
as a catalyst for aziridination reactions. UtilgsiN-fluoropyridinium triflate (281) as the
catalyst source, again along with suitable imines alkyl diazoacetateseft-butyl (280)
or ethyl (261)), the desired\-substituted aziridine-2-carboxylate esters wenenéd in
moderate yields ota. 65 %. Also included was the synthesisrat-chloramphenicol

(282), with the key aziridination step affording a yielfl60 % (Scheme 83§?

x

o [10 mol % (279) or (281)] R

)N|\ + NzyJ\OR,, I

H../ \H
R (261) or (280) ChIorofosrrE, RT R CO,R"
ca.

T

R" | Yield (%) R R’ R" | Yield (%)

71 80

Ph 2-pyridyl | CHPH, | Et

Catalysed Catalysed

by (279) by (279)

O'Bu

Pyridinium triflate

R
75 78 (279)
-| t
p-BrCeHy @\O‘Bu Bu | catalysed COEt | CHPh | Et Catalysed
T

by (279) by (279)

N" o
81 82 OSO,CF3

p-CNCgHy Catalysed Z-pyridyl Ally & Catalysed N-fluoropyridinium
by (279) by (279) triflate (281)

O'Bu

N,s]((:Ha)3 10 mol % (281) H OH
1.1
! eq (261) H., N H . WOH
—
COEt —= HN._ _CHcl

THF, RT, ca. 6 h /©/—\ O.N D
O,N Yield: 60 % O.N o

rac-chloramphenicol (282)

Scheme 89: Selected aziridination reactions utilisg pyridinium triflate (279) and N-fluoropyridinium

triflate (281) as catalysts, by Bevet al
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Moving away from the production of racemic aziredn Maruokaet al
demonstrated the use &)(BINOL derived dicarboxylic acidse(g.(283), Scheme 90) as
catalysts for a highlgiastereo-andenantio-selective aziridination procedure, utilisiNg
aryldiazoacetamide®(g.(284)) andN-Boc imines, within whicke.es of up to 97 % were
reported (Scheme 96§°

Ph 5 mol % (R)-(283) Boc NHBoc
Hk N «CONHPh
N, H Toluene Ph”  "'CONHPh Ph (286
(284) 4 A molecular sieves . trans-(285) (286)
0 OC, 8h Yield: 61 %, e.e.(trans): 97 % (285)(286) =91

trans : cis: >20:1

O'Bu :
| Boc.  .H--O,CR
- ‘ N
H\’\(|)=|\N,HH OcR 1 T N Contar COzH )
S R s ol
OH T Ar : '

®N, !
Trans : Cis

Dicarboxylic acid catalyst (R)-(283)

Rotamers leading to trans selectivity of utilised by Maruoka ef af

the aziridination reaction
Scheme 90: Asymmetric synthesis of (285), utilisiran (S)-BINOL dicarboxylic acid catalyst (283);

developed by Maruokaet al

The strategy utilised by Maruolet al was based upon the work of Terastaal

19424%\Who had shown that chiral Brensted acids could

(and further work by Maruoket al),
enable a Friedel-Crafts type reaction betwBeacyl imines and alkyl diazoacetates (See
2.3: Organocatalysis: Brgnsted acid catalyss&sheme 63} owever, within the Maruoka
procedure shown in Scheme 90, modification of theasubstrate to reduce the acidity of
the a-proton pK, N-phenyldiazoacetamide ca. 26.0%°” pK , ethyl diazoacetate = 20°#j
biased the reaction mechanism towards the produdicaziridines (Scheme 91). More
intriguing is the observettans selectivity of these reactions. The proposed e€aishis
unusual selectivity was the potential steric intéoam between substituents within the
transition state. This is believed to lead to prefigial formation of a rotomer containing an
antiperiplanar arrangement of the carboxamide amyl groups, thus leading to the

observedrans selectivity within the product.

CO H @ Boc Boc..

R N S . c
2 M,\,\<O NN O Boc, o
o ROKIX PN
H N R X
® N

Scheme 91: Mechanisms leading to both the proton atraction, and cyclisation products observed

within the methodology detailed in Scheme 90
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Moving on from this methodology, Akiyanet al developed the use of chir®)¢
BINOL phosphoric acids as catalysts for asymmedzicidination reactions. It was found
that substitution of the BINOL scaffold of the dgt at the 3,3’- positions with bulky silyl
groups produced the best suited catal$t(R87) for these reactiorf$® Utilising imines
derived from phenyl glyoxal as the substrates, ethgll diazoacetate as the carbon source,
2.5 mol % R)-(287) allowed the synthesis of asymmetric aziridinestkief type shown in
Scheme 92) in yields ranging from 84% to quantiggtivithe.es ranging from 92 — 97 %
(Scheme 923%

2.5 mol % (287) OO R
° PMP
o MgSO,, 1h, 0°C : o 0

N

NH, OH Toluene H H P
R Owco Et 0" “oH
R

OH 1.1 eq EDA
R

Toluene, -30 °C, 23 h
Ar = Si(4-(Bu)CgHy)s

R =Ph (Yield: 95 %, e.e.: 97 %), 4-BrCgH, (Yield: 93 %, e.e.: 93 %),

1-naphthyl (Yield: 100 %, e.e.: 96 %), 2-thienyl (Yield: 100 %, e.e.: 92 %) Catalyst (R)-(287) utilised by
Akiyama et al

Scheme 92: Asymmetric aziridination method develogkby Akiyama et al

Further to this work, Maruoket al have recently developed a methodology which
yields hitherto difficult to synthesise trisubstéd aziridines, utilising anS-BINOL
derived N-triflylphosphoramide catalys{288) Based upon the use of oxazolidinone
functionalised diazoacetates, the procedure allofeedhe production of trisubstituted

aziridines incis:transratios of up to 20:1, yields of up to 91 %, ands between 74 and

95 % (Scheme 93}’

o o 5 mol % (288) Boc., O 0O

N

.Boc
)N| * RYLNJ(O CH,Cly/hexane RMN%O
R 212 ,
N, 78°C.05-3h R
o | viatd 70 v | viald (o Ph
R R' | Yield (%) | e.e. (%) R R' | Yield (%) | e.e. (%) OO
0
o\P/

Ph | Me 86 83 4-FCH, | Me 71 88

O" “NHTf
3-tolyl | Me 77 80 | 4-NO,CgHy | Me 78 90 OO
Ph

4-tolyl | Me 69 77 4-CICgH, | Et 83 91

Catalyst (R)-(288) utilised
by Maruoka et al

Boc., O [o) o
Boc., O 0 5 mol % (288) N )J\
N 0.55 eq H,O ~~_OH
Ph/<*)J\NJ< q M2 Ph/ﬂ)LN/Z(O o~ N

+
vo 1 e P70
CHACl, Me NHBoc
-78°C,2h 63 % Yield
23 % e.e. 26 % Yield
54 % e.e.

Scheme 93: Selected work by Maruokat al showing asymmetric aziridination, and kinetic restution
procedures
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Interestingly, when reaction times were extendedngoselectivity was observed
to increase, with a corresponding decrease in giefehalysis of the reactiomia mass
spectrometry led to the realisation that a hydrolying opening was taking place. This
effect was exploited to a certain extent by thesegbent development of a kinetic
resolutionin sity, utilising adventitious water within the reacti@cheme 93).

The above examples (along with the potential siol of the Wulffet al catalytic
system) are the only published Brgnsted acid datalgnantioselective methods of
producing aziridines. However, within the reseagthup of Bewet al work has been
ongoing towards the development of an enantioseé&cBronsted acid catalysed
procedure.

Utilising the N-triflyl phosphoramide catalys289), functionalised at the 9,9'-
positions with 9-anthracenyl groups, the protooebives the treatment of various readily
availableN-aryl imines with either ethy{261) or tert-butyl (280), diazoacetates with as
low as 0.1 mol %4289)in order to form the desired-substituted aziridine-2-carboxylate
esters in high yields (78 — 98 %) aegs (71 — 98 %) (Scheme 94). It is worthy of note
that the aziridine products were produced in exeshg the cis- form, and also, various
functionality was tolerated with little loss efe.or yield (For example; aromatic, electron
withdrawing, electron donating, halogenated, hetenmatic, and bicyclic, substrates are
tolerated). With regard to the catalyst, as it istable single species, which does not
require activation; purification and characterisatare viable (unlike the catalyst species
utilised by Wulffet al).

o o (1 mol % (S)-(289)) R
le + H%otsu O'Bu
R)\H ‘ Chloroform R/L\(
N2 -60 °C, 16 - 24 h o
R R’ Yield (%) | e.e. (%)
2-pyridyl | 2-(O'Pr)Ph 78 71
X
2pyridyl | 2(0BuPh | 98 95 OO O
o..°
Ph 2-(0'Bu)Ph 91 20 P X= - O
O" "NHTF
4-MePh 2-(OtBu)Ph 88 79 OO O
X
4-CNPh 2-(0'Bu)Ph 98 97
(S)-BINOL based N-triflylphosphoramide catalyst
4-NO,Ph 2-(0'Bu)Ph 08 08 (S)-(289) utilised by Bew et al
4-FmocOPh | 2-(O'Bu)Ph 91 90

Scheme 94: Selected asymmetric aziridination reacis by Bewet al
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Further development of this methodology is the scibpf this thesis, and will be

discussed in much greater detail in the followihgpters.

3.4.1: Aziridines: Utilisation in Synthesis

The chemistry of aziridines and their utilisatiithin organic synthesis protocols
is dominated by their ring opening reactions. Thesetions are predominantly favoured
due to the reduction in the steric ring strain naimé within the aziridineca. 27 kJ mol
.27 |n general terms, nucleophilic ring opening ofrigies can take place with a variety
of nucleophiles including those based upon carbayggen, sulfur, nitrogen, hydrogen, or
halogens. Several reviews have been focussed ing@se reactions, significant examples
of these being those by Htf and Daviset al?*® The following paragraphs will show a
small selection of the possible ring opening remsj along with selected examples
demonstrating the applied uses of these methods; albrief discussion of the factors

which influence the reactivity of aziridines towartese nucleophiles is included.

3.4.2: Aziridines: Utilisation in Synthesis — Rewaity and Activation

The reactivity of aziridines towards various nwogliles is influenced by the
classic determinants of reactivity. The electrotiegg of the nitrogen component
polarises the bonding within the cycle, thus adingathe carbon substituents towards
nucleophilic attack. Determination of which carb@n an asymmetric aziridine) will
undergo reaction can be carried out with considmrabf the steric hindrance and
electronic effects brought about by the inhereritsitution of the reaction centre; thus
attack will take place at the least hindered, nhagtily charged, centre. It is worthy of note
that, in general, high regioselectivity can be aebd within nucleophilic ring openings.

Also requiring consideration is the effect of tiksubstituent upon the reactivity of
the aziridine. Considering the electronics of tistem, a quandary arises. In general, in
order to achieve aziridine formation (considerirge tgenerally applied aza-Darzens
mechanism) a nucleophilic nitrogen is requiredsthan electron donating substituent will
increase the rate of aziridine formation. Howeweamsidering nucleophilic ring opening,
an electron donating substituent is disadvantagesues to a reduction in the polarisation
of the aziridine ring, and thus a lack of electitipftharacter on the aziridine ring carbons
C2 and C3 (Figure 46).
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‘ R
N CO,Et
2
. RﬁCOZEt Slower  Nuc
+
H\N,EDG H. EDG _ +H EDG,NH
(J o N~ Nuc
R k i Slower R)\LCOZEt Faster or
OEt No* -H* I‘EDG £DG
N2+ 2 N D HN’
RACOQEt Slower R)\l/COZEt
EDG = Electron donating group > *
NUG Nuc
I‘EWG
N i CO,Et
2
. R < CO,Et Fastiar Nuc
H\N’EWG H. .EWG - EWG’NH
(J o N Nuc
R 4\ Faster /SlCOZEt Slower or
_ —> R E——
HJ\OEt Cue -H* EWG
+ N, ‘ _EWG
N2 N = HN
R SNco,et _Festr, R)\(cozEt
EWG = Electron withdrawing group ) +H*
NUG Nuc

Figure 46: Demonstration of the effect oN-substitution with electron withdrawing, or electron
donating groups upon aziridine formation {ia an aza-Darzens mechanism), and nucleophilic ring

opening reactions

Further consideration is also required regarding transition state of the ring
opening reaction. In general, electron withdrawiNtgubstituents are favourable, as they
are capable of stabilising the resulting negatifiarge from ring opening under basic
conditions, and also destabilising the positivergbaelating from protonation of the ring
nitrogen during ring opening under acidic condisioziridines which are capable of
these two functions tend to be of much greatertinggctowards nucleophilic attack, and
thus have been termed as ‘activated’ aziridifiesFor those aziridines containing
substituents or electronic properties which areamoénable to ring opening (NH being the
simplest of these unactivated species), it is sionest possible to induce reactivitya
coordination, protonation, or indeed other methoflggenerating a partial, or formal,
positive charge upon the ring nitrogen, such asegnsation (Figure 47).

H H H H.®H LA o H R.® H
N TN — RW)\R, N { N g
R™ R R) R Nuc R R R™ R R R
©
Unactivated Nuc Protonation Coordination Quaternisation
e o
YOR YOR" Ny e

N N —— -~ Y=C,P,S
RAR. AR, R%R. RW/kR' R" = alkyl, aryl, Oalkyl/aryl

)
o Nuc Nuc

Activated Nuc

Figure 47: Unactivated and activated ring opening eactions; also potential activators of unactivated
aziridines
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3.4.3: Aziridines: Utilisation in Synthesis — Ri@gening Reactions

As mentioned within the introduction to this senti various nucleophiles have
been applied to the ring opening reactions of diries.

Carbon nucleophiles which have found use witheséhreactions include alkyl and
aryl carbanions, enamines, olefins and enolates,cgano species. One such example is
provided by Nenajdenket al, who have shown that treatmentNtosyl aziridines (such
as (290) with Grignard reagents leads to, in the majoofycases, regiospecific ring

opening to only giv-aryl amines, in 63 — 89 % yields (Scheme %5).

N R R’ Yield (%) R R’ Yield (%)

R
S
(290) ©/}( w 79 }5\)\ 73
2 eq R'MgBr THE s
15 mol % Cul @ % 63 Me /©}{ 83
MeO
, R
R /\( }i)\ 76 Me 75
NHTs

(291)

Scheme 95: Regioselective ring opening Nftosyl aziridinesvia treatment with aryl magnesium
bromides in order to form B-aryl amines; demonstrated by Nenadjenkeet al
Further to this example, Pinegdti al have demonstrated that with the introduction
of a chiral §)-BINOL derived ligand(292) into copper catalysed ring opening reactions
utilising alkylzinc species, addition products shmgvenantiomeric excesses of up to 83 %

can be achieved (Scheme §8).

6 mol % (292) NHCbz
NCbz RZZn Cu(OTf), ;
-78 °C O\P7N>.....
o’ >_
R | Eq.RyZn | Time (h) | Yield (%) | trans:cis | e.e. (%) OO PH
Et 0.55 2 42 91:9 78
Chiral ligand (292) utilised by

Et 1.50 18 100 8:2 8 Pineshi et al
Me 0.40 2 48 95:5 83

Scheme 96: Enantioselective ring openings by Pinasit al

A final example of carbon nucleophile use is thatcyanide. Although due to
relatively weak nucleophilicity, cyanide requirestigation of most aziridine species, its

use as a nucleophile is widely popular due to thergiala- or 3- amino acid products,
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depending upon the regioselectivity of the ringropg reaction. For example, the work of
Farraset al and Romeat al demonstrates thaia an aziridine intermediate, it is possible
to interconverta-amino acid species into their equivalegbform. Utilising N-nosyl
aziridines (such ag293), synthesised by treatment of the desicedmino alcohol €.9.
(294) with nosyl chloride, followed by base catalysedjrclosure), the group were able to
demonstrate a regioselective nucleophilic ring amgnwith sodium cyanide as the
nucleophile, resulting in formation of the desifedyano speciese(g.(295)), which could
then be hydrolysedia treatment with concentrated hydrochloric and acatids to form
the desire@-amino acid specie®(g.(296) (Scheme 975>

-NsCI Overall Yield From
f - R R | Amino Alcohol (%)

ONs

R
A OH
H,N" CO,H HZNJ\/ CH,Cly/ NsHN)\/ Vo 75
(294) Pyridine, 2-4 h
2M KOH \ Bu 65

conc. HCI/ R ‘Bu 60
I
NsHN)\/COZH NsHN)\/CN — il

-
I
Reflux, 4 h CH3CN:H0 Ns
(296) - (295) RT (293) '‘Bu 60

Scheme 97: Conversion ofi-amino acids to-amino acids by Farraset al

Moving away from carbon based nucleophiles, oxygentred nucleophiles such
as alcohols, hydroxyl compounds, and carboxylagge halso been used to ring open
aziridines. One of the most extensive publication®cent times related to these substrates
has been the use of cerium ammonium nitrate (C&97) in order to catalyse the
regioselective addition of alcohols, or water, tairidines. First published by
Chandrasekhaet al this mild procedure involved the treatment of wad N-tosyl
aziridines with 10 mol % CAN297), and either water, or methanol in order to afftrel
ring opened products in yields of up to 95 %. Asuldobe expected, ring opening was
regioselective for the less hindered ¥ the aziridine ring, as opposed to the substitut
carbon; however, this broke down to some extent nwisgéerically undemanding

substitution was present (Scheme 98).
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Ts [ 10 mol % CAN (297)] NHTs

i TSHN YR o

B Acetonitrile : HyO R * 7R
or Methanol a b

R = alkyl, aryl R = alkyl, aryl

R' = OH, MeO
R Nucleophile | Yield (%) | a: b | Nucleophile | Yield (%) | a: b
p-OMeCgH, H,O 90 all a MeOH 92 all a
p-BrCgHy4 H,O 87 all a MeOH 85 alla
"By H,O 90 7:3 MeOH 87 8:2

Scheme 98: Ring opening of aziridines utilising 1ol % CAN (297) as the catalyst, and kD or
methanol as the nucleophile; demonstrated by Chandisekharet al
One further interesting example of the use of orylgased nucleophiles is that of
the work of Igbakt al?* This work involved the ring opening of an aziridiimtermediate
(298) as the key step within the synthesis of analoge&dged to tripeptide based HIV

protease inhibitors such as those shown in Sch@&ne 9

D cat. para-toluene D R =H, Yield: 72 7% *
- ; s O R = Me, Yield: 74 %
Oﬁ“ N [ sulfonic acid ] RO TJ" N R = Alyl, Yield: 72 %
N > ~_..NH
/Q,,O \ ROH, ca. 6 h Ph/\\ O)\\\\ * Reaction carried out in
Ph ‘COEt™Ph CO,Et Ph THF/H,0

OQI\\“Q RO O%WNQ Reaction proceeds with inversion
N s S NH of stereochemistry at the position
/A,O)\K Ph/\\‘ O)\\k of the nucleophilic attack
CO.Et™~ph CO,Et Ph
Scheme 99: Ring opening of aziridine intermediate208), and observed selectivity; carried out by Ighbla
et al

The key points from the procedure shown in Sche®ea@® the use opara
toluenesulfonic acid299) as the catalyst for the addition of water or atdehto the
aziridine in order to facilitate the ring openingaction, and also the stereoselectivity, as
the reaction took place with the expected inversibistereochemistry at the position of
attack (Scheme 99).

The addition of sulfur based nucleophiles to airied follows a similar course to
that of oxygen, however, some subtle differenced@be noted. For example, the work of
Leeuwenet al concerned with the addition of thiophenols to C2-€ubstituted N-H
aziridines shows interesting differences in reaigstito those expected. It was shown that
the addition of various thiophenols to these umattid aziridines took place under
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relatively mild conditions with no catalyst emplayéScheme 100). With consideration
this reactivity is to be expected, due to the pmbityi of protonation of the aziridine
nitrogen pKa. generic aziridinesa. 7.982%" pK, thiophenol 6.62%° thus activating the

ring carbons, and allowing attack of the generateflir nucleophilé>’

/\ R | R" | R" | Yield (%)
R Ph R
N - + R"—SU_H S /_\ H | Me | Ph 59
DA . Methanol R"S NHR
Ph R i
60 OC, 16 h H Me iPr 32
R\(;\fl),H H Me | Bn 73
< H|Ph|Ph| 92
WA
o H | Ph | Bn 38
R"—S
Me | Me | Bn 87

Scheme 100: Addition of sulfur nucleophiles to undivated NH aziridines by Leeuwenet al

Azido compounds have many applications within orgaynthesis, so a logical
extension to the ring opening chemistry of aziredins that of the addition of azides. One
such example of this addition was developed by etaal, utilising trimethylsilyl azideN-
tosyl aziridines, and TBAF as an activator. Thighod generated the desired ring opened
azido compounds (Scheme 101) in yields of betweer 89 %. The reaction was also
shown to proceed regioselectively, with nucleoghatitack occurring predominantly at the
least hindered ring carbon, as expedt&d.

The role of TBAF within the reaction is believexite that of an exchange catalyst,
allowing for stabilisation of the negative charg®n nitrogen within the transition state of

the reaction, resulting from ring opening.

R R’ Time (h) a:b | Yield (%)
R NHTs
16q TMSN j Bu Bu 4 meso 99
3 ‘
R' ‘N
TS 5 mol % TBAF a 8 Pr Pr 12 meso 83
N -
RAR' THF. 40 °C Rst Pent Pent 12 meso 90
R' bl"NHTs Ph H 4 36:64 97
‘Bu H 6 99:1 99

Scheme 101: Ring opening dfi-tosyl aziridines with trimethylsilyl azide; develgped by Houet al

Various other methods are available within theditere for the addition of azides
to aziridines, including the utilisation of sodiuazide and CAN(297) shown by

Chandrasekhagt al, utilising similar reaction conditions to those shin Scheme 98>
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The addition of halides to aziridines can affoedious useful substrates for further
synthesis, as well as interesting products in tbwin right. One such example of this is the
work of Leeet al As part of a project to produce oxazolidinonagcksas(300) via ring
opening of aziridine&>® Lee et al demonstrated the production of chloro functiorealis
oxazolidinones in yields ranging from 83 to 90 Yanh N-substituted aziridines bearing
alcohols (such a801)) (Scheme 103 Treatment of the starting material aziridi31)
with sodium hydride and phosgene led to an interatedicyclic aziridine specig802),
which activated the unhindered C3 carbon to nudigepattack from chloride, in order to
produce the desired oxazolidinone spe(3€9)in a regiospecific manner.

' | Yield (¢
Phosgene
| R R Me/kN/( H H 89
: 0
CO AQH\OH THE Cl\N/ Me Me 92
CI)]\CI 0°C to -78°C R R
Me\rlah ) (301) (300) Ph Ph 83
R
Moe H | Me 91
H
n
01) \ ) H | "Bu 84
Ph Ph
Me.__Ph 0 H § 20
TR \R'o? Meéﬁ»\o Me/LN/( B
R ",
H C]@j H R' R H | p-F-Ph 85
(302) (300)

Scheme 102: Synthesis of substituted oxazolidin-2w@svia ring opening of N-substituted aziridines

While not essentially a nucleophile, the reductiyerogenation of aziridines is of
significant interest due to the possibility of puathg unnaturafi-, or 3- ‘amino acid-like’
products,via relatively simple procedures. The hydrogenolydigshe C-N bond within
aziridines has been shown to be regioselective amyncases, with varying catalysts
producing cleavage at specific centres within tledecule of interest.

One such example of the application of regioselediydrogenolysis of aziridines

is the work of Satolet al?®* |262.263

Utilising a previously developed procedure by Kata
the treatment of various-aryl trisubstituted aziridines (of the type showrScheme 103)
with palladium hydroxide on carbo(803) under hydrogen gave the desired amine
products (ring opened from the least hindered agridth retention of stereochemistry, in

excellent yields of between 93 and 99 % (Schemeg. 103
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. Pd Loading .
R R (weight %) | Yield (%)
Pd(CH),/C CH C,H
Eh R, NHPh 8 7 13 %8
Ph g

NTAN MeOH :EtOH 2:1) | R “CH,Ph CHs | CroHa 200 99
R H Ha(g), 15 min

CioHar | CHg 120 93

CioHor | CHoPh 300 97

Scheme 103: Regioselective hydrogenolysisifaryl trisubstituted aziridines, promoted by
Pd(OH),/C; demonstrated by Satolet al

However, in order to achieve these results, stomhtric amounts of303) were
required, with 100 — 300 % by weigf803) employed. Reduction of loading was said to
led to significant reductions in yield (no valuegaiable), which was not corrected by
increased reaction time. Presumably this is duahibition of the catalyst by the amine
species produced within the reaction cytfe.

Further to this work is the synthesisflsamino esters containing quaternary centres
from aziridine-2-carboxylate esterise( (304), as shown in Scheme 104), carried out by
Davis et al®®® It was found that Raney nickel was the most edfiticatalyst for the ring
opening, and gave regioselective ring opening eodésire3-amino esters (such &305))

in up to quantitative yield (Scheme 104).

Ts ,
i

\“VQU’ Ph/\/\/\/COZMe
Ph(H2C)s COMe Ethanol, 8 h
(S,S)-(304) Yield: >99 % (S)-(305)

Scheme 104: Hydrogenolysis dfl-tosyl aziridine-2-carboxylate ester (304) to fornf-amino ester (305)

with retention of stereochemistry; demonstrated byDavis et al

The examples shown above are a small selectiothage which have been
developed within the area of aziridine ring openiRgrther examples will be examined in
the due course of the research contained withgtkigsis, and are also available within the

literature, as discussed previousi§?*°
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Section 2: Results and Discussion

Chapter 4: Pyridinium Triflate Catalysed Aziridinat ion Reactions, the One-pot
Method, and Asymmetric Aziridinations
4.1.1: Pyridinium Triflate Catalysed Aziridinatidviethods - Introduction

Traditionally, the synthesis of aziridines hasa@lupon the utilisation of methods
which require sensitive, and often toxic, metal doagatalytic systems; be it with the
inclusion of metal based Lewis acids (such ag, BICI3, TiCls; the work of Templetoet

al),232

or homogeneous metal catalystsg( Cu(OTf), systems; the work of Jgrgensein
al).?*?3'However, the recent push towards ‘green chemistng organocatalysis has led
to the development of various new methods, inclydive work of Johnstoat al into the
use of triflic acid®*®?** Despite the slightly greener profile of using roetal based
systems such as triflic acid, the potential expental issues become focussed upon ease
of use and applicability.e. the methods developed by Johnssbral still require the use
of dry solvents and anhydrous conditions in orderptoduce the desired aziridine
products). Thus the development of easy to usesefgrchemistry’ methods for the
production of aziridines is a potential area of@lepment.

Recent work within our research group has beenearoed with developing new
aziridination methodologies along the lines mergmbpreviously. We have developed the

use of pyridinium triflatg279Y?* and N-fluoropyridinium triflate (281)*2

as stable, easy
to use, organocatalysts for the production of racdgpredominantly)is-aziridines in an
efficient procedure from easily synthesised imiresdadl starting materials, and alkyl
diazoacetategseeScheme 89). This reaction fits with the ethos oéé&n chemistry’ as it
features high atom economy, and the only by-protucitrogen gas.

As part of our continuing development of this melblogy, various advances have
been made towards improving the accessibility aask eof use of these procedures, and

these are reported herein.

4.1.2: Pyridinium Triflate Catalysed Aziridinatidlethods — Development of the One-pot
Procedure

Within the organic chemistry environment, hundrefiseactions and procedures
are published every year. However, not all of thésd use within the laboratory
environment. This can be for a variety of reasgredominant among these are cost,
availability of materials, and ease of use.

Previously, the cost effective (and readily avdéatsalt pyridinium triflate has

proven an effective catalyst for the synthesis afemic structurally diverse aziridines.
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Thus, treatment of preformeédtsubstituted imines with 10 mol % pyridinium tri&g(279)
and 1.1 equivalents of ethyl diazoacet@®l) or tert-butyl diazoacetaté280), has been
shown to afford the desired racemlesubstitutectis-aziridine-2-carboxylate esters in high
yields??* These reactions are believed to procéadan aza-Darzens type mechanism (See
3.3: Aziridination with Alkyl Diazoacetatp&®%3043

However, the potential for simplification of thisethod with the development of a
one-pot procedure was a tempting target. Thus, as Wypothesised that a one-pot
procedure could be developed using the requisisabstituted imine starting materials
(aldehyde and amine) under reaction conditions kviviould allow formation of the
desired iminen situ; which could then undergo formation of the desiceeN-substituted

aziridine carboxylate ester (Scheme 105).

(e} _ _
, AN
2 Ethyl, isopropyl LY
i X H 4A Molecular | orytert-t?utyﬁy | = R
L Sieves N \\' diazoacetate
R | \*R‘ — > I R H N H
: » A
=
NH, R” ~= ©

Scheme 105: Proposed one-pot synthesisaid-N-substituted aziridine carboxylate esters, showinthe

intermediate imine formation

Initial attempts towards the one-pot aziridinatwere focussed upon the use of
benzaldehyd€306) and 2tert-butoxy aniline(307). Treatment of these with pyridinium
triflate (279), andtert-butyl diazoacetate BDA, (280)), over flame dried 4 A molecular
sieves, in anhydrous chloroform, led to the foroawf the desiredis-aziridinerac-(308
in a yield of 67%. The identity of the product wesnfirmed by the presence of two
doublets within théH-NMR spectrum at 3.1 and 3.6 ppm, correspondirtheéaC2 and C3
protons (Scheme 106). Initially, the reaction tinegspeared longer than those of the
previously developed method starting from iminesa. L2 hours as opposed to 6 hours

reported previouslyy**

o 1.1 eq 'BDA (280) Initial Reaction
©\ 10 mol % PyTf (279) O'Bu (Solid 4A MS):
H + " N 12 h, Yield: 67 %
©)L OBu H'a “\H O'BuU Repeated Reaction
NH, 4A molecular sieves (Powdered 4A MS):
Chloroform, RT 0 6 h. Yield: 66 %
(306) (307) —
rac-(308)

Scheme 106: Synthesis oac-(308)via a one-pot aziridination reaction

On repeat of the reaction, it was observed thatirgli was inhibited by the

molecular sieves; leading to the use of pre-powdtiéieene dried molecular sieves as the
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desiccant. This allowed for much more efficientrstg of the reaction, and subsequently,
a reduced reaction timed. 8 hours). It is also the author's observation thigbrous
stirring of unpowdered molecular sieves can leadbteakdown of their integrity,
potentially releasing captured water; which althoymptentially recaptured, could allow
for decomposition of the intermediate imine witkine reaction.

The generality of this one-pot method was confirrapdn the successful synthesis
of several aziridine-2-carboxylate esters contgndliffering functionality upon the C3
phenyl substituent. First among these was the sgighof an aziridine-2-carboxylate
bearing 2-pyridyl functionality at the C3 positiomac-(309) (Figure 48). Indeed,
application of the previously described conditicies the one-pot aziridination was
successful, affording the desires-aziridinerac-(309)in a yield of 85%; with formation
confirmed by botHH-NMR spectroscopy (two new doublets were seenlaad 3.6 ppm,
corresponding to the C2, and C3 hydrogens (Fig8ie @nd MS, with the required mass
ion being detected at/z369.1.

Further to this, confirmation was required of ti® nature of the product aziridine.
Thus examination of thtH-NMR spectrum ofrac-(309) revealed coupling constants of
6.8 Hz for both ring hydrogens at the C2 and C3 positidssshown in Figure 48). This is
within the expected range fais-aziridines, which are commonly found to show vatin
coupling constantsJ{s) of 5 — 9Hz whereas the values for the correspondiramns

aziridines are expected to be much lower (commbatween 2 and Biz).2*®

; O'Bu

HONH
| N O'Bu
o N . _N (0]
ﬁvﬁ ;\/: k70 I’aC-(309)

Intensity

|
‘I
30
20
k10
I -0
3 s
3

EX]
1 (ppm)

T T T
5 4 3 2 1 0 -1 -2
1 (ppm)

Figure 48: 'H-NMR spectrum of rac-(309) showing the desired coupling constants forZsH and C3H
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Considering the aforementioned increased readnos of the one-pot aziridination
system when compared to the previously developetiadé®* it was decided to assess the
rate of imine formation presuming the reaction pemedvia an aza-Darzens mechanism
(Scheme 107). Thus, the addition of pyridine-2-oadbdehyde to a prepared solution of 2-
tert-butoxy aniline(307) and pyridinium triflate(279), over 4 A molecular sieves, was
carried out immediately before the addition'BDA (280) However, the rate of imine
formation was such that vigorous gas evolutiondptally N;) was observed immediately
upon the addition of the alkyl diazoaceté®80) Presumably, the evolution of,Ns a
result of the ring closure of the intermediate #ddiproduct, leading to the formation of
rac-(309) It can therefore be concluded that imine fornmati® very rapid in this case
(Scheme 107).

o
‘BuO
H.®
TS M Pyridinium triflate N @ N, t
_N (279) I oBu Hon: -H,0 oBu
-H,0 | o > It H N H
N AN 2 > N OtBU
Fast | U N
O'Bu H O'Bu N |
. 07 ~0'Bu =N o
NH, N2
rac-(309)

Scheme 107: Observed rapid rate of imine formationgemonstrated by the rapid evolution of N

during the formation of rac-(309)via an aza-Darzens mechanism

This observed rapid rate of imine and aziridinerfation noted within the reaction
above (Scheme 107) potentially could be due tcetbetronic withdrawing capabilities of
the 2-pyridyl functionality; thus leading to inceeal electrophilic character at the carbonyl
carbon of both pyridine-2-carboxaldehyde, and titermediate imine. Also, potentially
the pyridyl ring nitrogen could protonate under tleaction conditionspK, pyridyl
nitrogenca. 28; pK, pyridinium 3.4)?®’ thus leading to the double cationic species shown
in Scheme 108. This would lead to much greateremptiilicity of the intermediate imine;

affording the higher rate of reaction observed.

H.®
A e D e el
t i t > ® t
|N\ HOBu ‘N\ HOBu |N\ HOBu
= 4 o

Scheme 108: Potential formation of a double catioaispecies leading to a rate acceleration in imine

formation

Further to the synthesis ofc-(309), the one-pot aziridination procedure proved
successful in synthesising several aziridine-2-@aylate esters containing differing

functionality upon the C3 position; including aramahalogenated, and bicyclic systems.
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The results of these aziridinations are summarisdeéigure 49 below. In general, these
reactions were successful; with the desired aniesliobtained in all cases in good to very
good vyields of 64% to 85%. However, in the majoofycases, yields were roughly 5 to
10% lower than the corresponding aziridinations)gissolated preformed imines; this is
believed to be due to the fixed reaction time dbérs employed within this screen. It was
also observed that nmans-aziridine product was produced within any of theraples

shown in Figure 49 either within the crude materia after purification by column

; OBu ; OBu

chromatography.

; O'Bu ; OB
N

u
H N H H N H H N H
@/"Q‘\WO‘BU OBu /X _O'Bu 4N _0'Bu
|
(0] (0] O (0]
N O,N FsC
rac-(308) rac-(309) rac-(310) rac-(311)
Yield: 66 % Yield: 85 % Yield: 71 % Yield: 70 %

‘Bu ; ; O'Bu ; OBu
H

; o O'Bu
H, N
mOTBu motsu O‘Bu " o
NC

rac-(312) rac-(313) 5 rac-(314) rac-(315)
Yield: 75 % Yield: 64 % Yield: 71 % Yield: 72 %

2 @

rac-(316) rac-(317)
Yield: 66 % Yield: 80 %

Figure 49: Aziridines rac-(308) torac-(317) produced by one-pot aziridination

Characterisation of the above aziridines, and iooation of the cis
stereochemistry, was predominantly carrieddat'H-NMR spectroscopic analysis of the
C2H and C3H doublets present within each product. The vicoc@lpling constants of
these being between the required range of 5 — ®Hacis-aziridine. MS and HRMS also
confirmed the desired aziridine products, with ged&tected at the requiredzfor all of
the above aziridines(g.rac-(312), C2H 3.11 ppmJ,3 6.8 Hz; C3H 3.49 ppmJ;, 6.8
Hz; m/z found 393.2174 [M+H] theoretical 393.2173 [M+HI].

Several interesting results arose within the rasfgaziridines shown in Figure 49;
including the synthesis afic-(310), which is potential precursor to the antibioticural

product chloramphenic¢282)2°®

and also, the synthesis mafc-(313), which via a similar
route could become a viable precursor to anothébiatic compound, thiamphenicol

(322)?*° The synthesis of rac-(+)-chloramphenicol (282) has previously been
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demonstrated utilising similar starting materialghim the thesis work of Pesé® and
within a publication by Bevet al (Scheme 109, and s8e3.3: Aziridination: Aziridination
with Diazoacetates - Brgnsted Acid CatalySsheme 89)* However, the use afac-

(310) within a synthesis 0f282) has not been attempted, and will be the subjetitafe
investigations.

2.2 eq CAN H [ 10 eq CHCI,CO,H ]
: H N H
O'Bu N

Acetonitrile O'Bu 1.2-DCE
; H,O o reflux, 1h
wo Bu | poctoRT Yield: 76 %

O,N
Yield: 67 %

OH 5 eq NaBH,4
J@M oH /©/\)J\Ot8u
: MeOH
HN.__CHCI CHCI
2N b 0°C, 30 min ?
0

Yield: 79 %

rac-(+)-chloramphenicol (282)

Scheme 109: Synthesis o&c-(+)-chloramphenicol (282) by Bewet al, utilising an aziridine

substrate similar to rac-(310)

One other interesting result came out of the amigitions shown in Figure 49, this
being within the synthesis ahc-(315) During this synthesis, it was noted that a by-
product was present; this was subsequently foutbe tihe bis-aziridineac-(318) (Scheme
110). Tailoring of the stoichiometry of the one-pesction (2.2 equivalentBDA (280)
and 2.2 equivalents rt-butoxy aniline(307)) allowed for predominant formation cdic-
(318), leading to the observed yield of 65% shown inebaod 110.

‘ 1.1 eq 'BDA (280) ©\ (315)
g t rac-
10 mol % PyTf (279) OBu Yield: 72 %
‘ 4 A molecular sieves O‘Bu
e DCM, RT
O o}

2.2 eq 'BDA (280)

+

O'Bu 9
10 mol % PyTf (279) R, R = O'Bu
NH, or 318
(307) o7 1) 1.05 eq 'PrDA (320) yr-afd_-( 65 3/
(321) 10 mol % PyTf (279) —

2) 1.1 eq 'BDA (280)

rac-(319)
Yield: 50 %

DCM, RT

R = 0OBu, R = OPr
4 A molecular sievesJ

Scheme 110: Synthesis of mono- and bis- aziridinesc-(315), (318), and (319), from
terephthalaldehyde (321)
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Having synthesised the symmetric bis-aziridiae-(318), an intriguing target was
the synthesis of a differentiated bis-aziridinearreg differing ester functionality. Thus,
rac-(319) was synthesisedia a three step, one-pot procedure involving the temdiof
1.05 equivalentssopropyl diazoacetatéRrDA (320)) to a solution of terephthalaldehyde
(321), 2-tert-butoxy aniline(307), and 10 mol % pyridinium triflat€279), over powdered
4 A molecular sieves, in dichloromethane. When tkaction was deemed complete
(monitoring was carried out byH-NMR spectroscopy, observing formation of the
aziridine doublets at 3.03 and 3.46 ppod),16 hours, a further equivalent ct@t-butoxy
aniline (307), and 1.1 equivalents DA (280)were added, and the reaction was left to
proceed to completion. Again monitoring of the t&atbyH-NMR spectroscopy showed
consumption of the imine, and formation of 82and C3H doublets at 3.03 and 3.46 ppm
respectively. After purificatiorrac-(319)was obtained in a 50% yield.

Although the main body of this thesis is dedicatethe production of asymmetric,
isotopically enriched aziridines and related praduthe author feels that the background
development of previously demonstrated aziridimatieactions is worthy of note. This is
due to the continued application of these methodgsHe synthesis of racemic aziridine
standards (for use within HPLC, or NMR) throughthé project. Thus, reactions referred
to as following standard one-pot aziridination dtiods can be assumed to follow the
general procedure outlined in Scheme 111, andldétaiithin the general procedures in

the experimental section.

10 mol % PyTf (279)
o 1.1 eq ethyl (261), tert-butyl(280}),
| or isopropyl (320) diazoacetate O'Bu
PN~
: @) * 0'Bu
- R

! ” HNH
S NH 4 A molecular sieves BT EN O'Bu
2 DCM or Chloroform ' | .
RT,6-16 h Ny /\R o

R =H, Halogens, CN, pentafluoro,
CF3, NO,, SMe, C(O)H, 2-pyridyl,
2-naphthyl, 2-quinolinyl

Scheme 111: General scheme of the racemic one-patralination reaction

4.2.1: One-pot Asymmetric Aziridinations — Introtioc

Having developed a methodology for the one-potl®agis of racemic aziridines
utilising pyridinium triflate as the catalyst, thext consideration was to extend the one-pot
methodology to the production of non-racemic azieg.

As has been previously demonstrated within theaieh group of Bewet al, (and
in particular, within the work of Pesc&} application of theN-triflyl phosphoramide

197

catalyst (289) based upon BINOL (as a strongly protigK{ ca. -1)" catalyst for
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aziridinations), has led to a robust methodologytfe production of a wide range at-
N-substituted aziridine carboxylate esters in higldg (88 to 98%) and enantiopurities
(79 to 98%e.e’s) (see 3.3 Aziridination with diazoacetatesnd Scheme 112). This
method utilised predominantlyN-phenyl imines as the starting materials. Thus the
possibility of utilising a one-pot procedure fromet composite aldehydes and amines

would lead to an increase in the already wide appbns of this robust procedure.

R
10 mol % (S)-(289)
/@ 1.1 eq tert-butyl diazoacetate (280) O'Bu 0. ,/O
H N H °P
|N OB A __OBu O "NHTf
Pz | u Chloroform | =
-60°C, 16-24 h N o} R
> X

Yields: 88 % - 98 % R = 9-anthracenyl
0.6.:79 % -98 % R = H, Halogens, OFmoc, p-CN,
p-CHg, p-NOy, 2-pyridyl Catalyst (S)-(289)

Scheme 112: Asymmetric synthesis afs-N-substituted aziridine carboxylate esters utilisingthe N-
triflyl phosphoramide catalyst (289) by Pesc&®

The development of a one-pot asymmetric aziridbmatmethod from aldehydes
and amines was also seen as an important tartfes mlevelopment of the methodology, as
at the time of the work, no example of such a reaatvas available within the literature.
Since the time of the work's completion, a recerdlipation by Wulffet al has elucidated
a one-pot synthesis of aziridine-2-carboxylateksirig an §-VAPOL boroxinate catalyst
(275) (see3.3.2: Aziridination: Aziridination with Diazoacdts - Lewis Acid Catalysis
Scheme 86; and Scheme 113). However, the methadagped within the following pages
differs slightly from that of Wulffet al in the fact that a pure protic catalyst is usesl (a

opposed to a boroxinate specigg)23*27

e}

L MeO OMe
e 0
O O 1 eq ethyl diazoacetate
NH, Toluene, 25°C, 1 h 4A molecular sieves R LN OFEt
25°C, 24 h

O e

5 mol % (S)-VAPOL
15 mol % B(OPh),

T
z
T

Yield: 98 % Yield: 96 % Yield: 95 % Yield: 96 %
e.e..98 % e.e..99 % e.e.:99 % e.e.:99 %
T el kT (T
- R= R= \ R=\\
N S (e}
O,N Z
Yield: 92 % Yield: 96 % Yield: 53 % Yield: 51 % (S)-VAPOL derived
ee:99% e.e.:90 % ee:93% e.e:94% boroxinate (275}

Scheme 113: One-pot asymmetric aziridination reaadins utilising the VAPOL catalyst (275) developed
by Wulff et af™®
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4.2.2: One-pot Asymmetric Aziridinations — Synthes$iaziridines cig309)to cis{317)

Initial efforts towards developing a one-pot asyetme aziridination reaction were
focussed upon the one-pot synthesigisf(309) Moving forward from the methodology
developed previously (utilising pyridinium triflates the catalyst), and combining this with
the asymmetric aza-Darzens aziridination methodoldgveloped by Pesce (Scheme
112)%°® a one-pot reaction was attempted between pyriélinarboxaldehydé323), 2-
tert-butoxy aniline(307), andtert-butyl diazoacetate DA (280)); utilising the strongly
protic catalys(289)at -60 °C over powdered 4 A molecular sieves (8eh&14).

o 1.1 eq 'BDA (280)
1 mol % (S)-(289) OBy
X

| " OBu H, N H
=N NH, ‘ 4A molecular sieves J P O'Bu
_&0 ©°
(323) (307) Chloroform, -60 °C | P 3
cis-(309)

Scheme 114: Proposed one-pot synthesis of aziridinarboxylate estercis-(309) from pyridine-2-
carboxaldehyde (323), Zert-butoxy aniline (307), andtert-butyl diazoacetate (280)

Initially, catalyst loading was maintained at 1 nmd (S)-(289) which had
previously been shown to be effective in the amaton of 2-tert-butoxyN-(pyridin-2-
ylmethylene)aniline withiert-butyl diazoacetate (forming the desired aziridtaeboxylate
estercis-(309) (Shown in Scheme 114) in 98% vyield, and 96%).2%®

The synthesis afis-(309) proceeded to completion in a time of 24 hourshasvn
by monitoring of the appearance of aziridine I@2nd C3H doublets at 3.12 and 3.64
ppm within the'H-NMR spectrum. The crude product was isolated iligafion straight
from the reaction through a plug of silica gel;telg with diethyl ether. This allowed for
removal of the catalyst from the impure materidde Tesulting solution was evaporated to
dryness, and submitted to flash column chromatdyram silica. Subsequeft-NMR
spectroscopic analysis confirmed tlees-stereochemistry otis-(309) via the vicinal
coupling constants of the G2- and C3H doublets present at 3.12 and 3.64 ppm
respectively; these both beidgs: 6.8 Hz, which is consistent with the expected % Hz
value for acis- aziridine?®® *C-NMR spectroscopy (appearance of the C2 and Qfnar
signals at 48.4 & 46.8 ppm), M&(z369.1 [M+H]), and HRMS ([M+H] theoreticaim/z
369.2173, founan/z369.2176) analysis also confirmed that the desamddine had been
produced with an excellent yield of 96% (Scheme)lI®e enantioselectivity of the
reaction was quantified by submitting a samplecigf(309) to chiral HPLC analysis,
running againstrac-(309) (produced via the one-pot pyridinium triflate catalysed

aziridination reaction developed); thee.of cis-(309) was shown to be 96%.
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R
o 1.1 eq 'BDA (280) OO
©\ 1 mol % (S)-(289) o'Bu 0.0

T M O'Bu 0" “NHT
=N NH; 4A molecular sieves OtBu -
Chloroform, -60 °C
(323) (307) Yield: 96 %, e.e.: 96 % R = 9-anthracenyl
cis- (309)

Catalyst (S)-(289)
Scheme 115: One-pot asymmetric synthesis t&frt-butyl 1-(2-tert-butoxyphenyl)-3-(pyridin-2-
yl)aziridine-2-carboxylate; cis-(309)

The asymmetric one-pot procedure was extendedrtbefuexamples based upon
the aziridines produced from the racemic one-potdazation protocol (ac-(310) —rac-
(317) see4.l1.2: Development of the one-pot proceduryntheses o€is-(310) — cis-
(317)were carried out under the same conditions utilisehe synthesis afis-(309). This
was successful focis-(314) and cis-(317) however in the majority the reaction was
deemed too slow at 1 mol % catalyst loading, asti@atimes were prohibitive (~5 days).
Therefore, in these cases, catalyst loading wasased to 5 mol %S§-(289) At this
loading, the reactions were seen to proceed smoutitthin 36 — 48 hours, with good to
very good yields (61% - 93%), and higles (74% — 99%) (Figure 50).

0 f= B2 S

H N H

u
O‘Bu O‘Bu O‘Bu N _OBu
o)

cis-(310) cis-(311) cis-(312) cis-(313)
Yield: 93 % Yield: 83 % Yield: 74 % Yield: 72 %
e.e.:96 % e.e.:89 % e.e.:99% ee:76%

©\Ot8u OtBU OtBU
wotsu motau : l tBu wwu

cis-(314) cis-(315) cis-(316) cis-(317)
Yield: 74 % Yield: 93 % Yield: 61 % Yield: 81 %
° e.e:9 % e.e.: 82 % e.e.:98 %

Figure 50: Aziridines cis-(310) tocis-(317) producedvia an asymmetric three component one-pot

aziridination protocol, catalysed by 5 mol % §)-(289)

As had been the case withc-(310) — rac-(317), aziridinescis-(310) — cis-(317)
were characterised BfH-NMR spectroscopyia the C2H and C3H doublets (which also
confirmed thecis- stereochemistry of the products, with couplingstants within the 5 —
9 Hz range expected fais- aziridines). The enantiopurity of aziridines-(310) — cis-

(317)was measured by chiral HPLC, running against tlieesponding racemic aziridine.
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However, although chiral HPLC allowed the enantrttywof the product aziridines
to be confirmed, at this stage no confirmation I absolute stereochemistry of these
aziridines was possible. Unfortunately, no exampleslar enough to these existed within
the literature in order to compang,, and no crystal structure was available. Thus the
stereochemistry shown in Figure 50 (and throughbetthesis) should be considered as
relative stereochemistry. Attempts have been made etucidate the absolute
stereochemistry of the aziridines produced throwgimputational and spectroscopic
methods, and these are discussed in Chapter 8:tr&pmapic and Computational
Investigations.

Further to this, it proved difficult to gain goodpmaration of the enantiomers @$-
(314) by chiral HPLC, or GC techniques. Therefore, itswkecided to remove ortert-
butyl group from the molecule as this, it was bediit would allow for a longer retention
time upon the chiral HPLC column (due to the greptdarity of a free OH substituent),
thus allowing for better separation of enantiom@iss insight came about as a result of
consulting the online application guide for the i@hpak AD-H column; which suggested
that compounds with a free OH tended to give gephsatiorf.”*

The method by which this cleavage was discoveresl egaentially serendipity; as
the required product was isolated by column chrograiphy while attempting a ring-
opening reaction afis-(314) (see Chapter 7; and Scheme 116).

OH O

|\ v~ TO'Bu
s~ HN
o [ MY
1.1 eq para-toluene N

{ an / ‘BuO

sulphonic acid (299)

Acetonitrile : Water
1w, 60 °C
Yield: 70 %, e.e.: 90 % OH

Q\O‘Bu
H N H
N LN _OBu
Fs

cis-(314) H N H
| X O'Bu
) o
Fs
cis-(324)

Scheme 116: Serendipitous synthesis cif-(324)

Although'H-NMR and**C-NMR spectroscopic analysis cis-(324) made it clear
that atert-butyl group had been removed from the startingenmataziridine, initially there
was uncertainty as to whictert-butyl group had been removed. The structure of the
product was elucidated by IR spectroscopy, as aorpbon band was clearly shown at

3408 cnt, well within the expected range for phenolic sininig. Also, a broad peak was
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visible in the'H-NMR spectrum, at 6.54 ppm (Figure 51). Althoufls s slightly low for
a phenolic peak, it is much closer to the acceptadhge than that of a carboxylic acid
(typically 12 — 14 ppm). This was further confirmieglthe C=0 peak at 166.4 ppm within
the *C-NMR spectrum, which was not significantly shifté@m that of the starting
material, found at 167.2 ppm. If the ester had bd#eaved to give a free acid, this peak

would be expected to shift towards a higher ppmtdu&e increased deshielding effect of

the carboxyl functionality.

L,
H N H t
A _OBu
cis-(324) | N
S (0]
Fs  cis-(324)
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Figure 51: *H-NMR, and chiral HPLC data for compound cis-(324) (NMR correlation data for
compoundcis-(324) can be found in Appendix 1)

Further to this spectroscopic evidence, the cleavafgethers to give phenolic
functionality via the use ofparatoluene sulphonic acid has precedence within the
literature. For example, Wiemet al have utilised similar conditions in order to cleav
methoxymethyl ether protecting groups during thentlsgses of schweinfurthin
analogue$’

Cleavage of aert-butyl group from aziridinecis-(314) yielded cis-(324), which
was much more amenable to HPLC separation; alloaimge of 90% to be recorded. As
thee.e is unlikely to have increased within the cour§¢he cleavage reaction, it can be
reasonably assumed that thigs.can be transposed onto the starting matenis(314).
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4.2.3: One-pot Asymmetric Aziridinations — Syntheséibis-aziridines ci¢318)and cis-
(319)

Having secured a synthesis ofs-(317) Figure 50, 70% yield, 90%:.e), a
synthesis of the bis-aziridineis-(318) was attempted, utilising one-pot aziridination
conditions, but with corresponding adjustmentshia stoichiometry ofBDA (280). This
afforded the desired produds-(318)in a very good 75% yield, and an excellent 98¢
(Scheme 117).

'H-NMR spectroscopy confirmed the presenceisf(318), with C2H and C3H
peaks present at 3.03 and 3.46 ppm respectiveth, imiegrations relating to 2 protons
each. MS and HRMS also confirmed the presenceeotieisired aziridine, with mass ions
being detected at 679.4 [M+Najand 657.3895 (theoretical 657.3898). Interesyintjie
C2H signals for both aziridines overlap perfectly, wgnly one doublet seen, withJas
of 6.7 Hz; suggesting @is- conformation about the C2 — C3 positions of eazifidine?®®
However, the C34 signals at 3.46 ppm do not overlap perfectly, gstjgg a different
environment around the C3 position in each aziediC-NMR also suggests slight
differences between each aziridine; with two signékeing seen for the carbonyl
functionalities at 167.1 and 167.0 ppm; and alsar peaks seen relating to the C2 and C3
carbons (47.6, 47.5, 47.4, 47.3 ppm). Potentidhgse peaks could be caused by the
presence of a meso form of the diaziridine; whiabuld account for the doubling of the

C2 and C3 peaks seen within NMR spectroscopy.

22 er‘BDA (280) O'Bu o

5 mol % (S)-(289) o'Bu
0 ‘ 4 A molecular sieves . He

Chloroform, -60 °C Buo

cis-(318)
Yield: 75 %, e.e.. 99 %

1) 1.05 eq 'PrDA (320) X
NH, _ 5 mol % (S)-(289) OBu Q
(307) o) 2) 1.1 eq 'BDA (280) ; / )
(321) o ! cis-(319)
Yield: 65 %, e.e.: 85 %
‘ 4 A molecular sieves
Chloroform, -60 °C o tBUO

Scheme 117: Asymmetric syntheses ois-(318), andcis-(319)

With cis-(318) in hand, a strategy was made for the synthesikeotlifferentiated
bis-aziridine cis-(319) Within the synthesis ofac-(319) this had been achieveda a
stepwise aziridination, limited by introduction D05 equivalents of320), followed by a
further 1.1 equivalents d280). In this case however, the method required theticato
be kept at low temperature in order to increaseettantioselectivity of the reaction. Thus,

1 equivalent of Zert-butoxy aniline (307) was introduced to 1 equivalent
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terephthalaldehyd@21) at room temperature, followed by cooling to -6Q &8d addition
of 1.05 equivalents dPrDA (320). Upon completion of the first aziridination, (ceténed
by 'H-NMR spectroscopy) a further 1 equivalent ofeB-butoxy aniline(307) and 1.1
equivalents ofBDA (280) were added. However, upon addition of the secayuivalent
of 2-tert-butoxy aniline(307), aziridine formation was observed ty-NMR spectroscopy
to slow prohibitively.
This reduction in reaction rate could be due tawapof the catalytic proton by 2-
tert-butoxy aniline(307). If the relativepK, values of arN-substituted iminepK, = 24.3,
in DMSOY®” and aniline fK, = 30.5, in DMSO3®" are compared it can be seen that the
aniline has a higher pKand thus is likely to protonate to a greater mixtean the imine.
At room temperature, the fall in the rate of reactdue to this effect is not observed. This
can be explained by rapid imine formation consunailhgresent 2ert-butoxy aniline.
However, at the low temperature conditions utilisethin the above reaction,
imine formation is likely to be slowed, thus alloygicapture of the catalytic protons within

the reaction by free fert-butoxy aniling(307)to become significant (Scheme 118).

CHO o'Bu i ; ]
/©/(321) isopropyl ©i ©:O Bu
diazoacetate ® H
OHC o N9 ~-H
T o ' Nl
H, /A &
O'Bu Pro_~, + CHO i
NH, (307) m/\Nz | Pro”0 CHO|
© |
\ 'BuO ;’® ‘BuO t
0 HoNS K) BuO BUO
-60 °C, . LH NH
H +H N o 2 ®
Slower imine | = H N ]
Az formation -H20 /©) |
Az
Residual amine present Az
O'Bu ; :
NH, (307) o5 00 " BuO BuO
Faster imine . “N — H\ﬁ —
formation H,O \ |
O'Bu 2
Az N H A A
= I i V4 V4
HIVQV)_COZPr No residual amine present
!
- - 'BuO
B0 @]@
H. tert-butyl
O'Bu H. C |N diazoacetate
N~ - ]
H N H ~— Y | T
. s OtBu N2 k
~ Az OB
u
A 0 Az 07 0Bu Ny
cis-(319) - - o)

Scheme 118: Proposed mechanistic rationale for thrate reduction effect observed during the synthesis

of cis-(319), showing potential proton capture by residul2-tert-butoxy aniline at -60 °C
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In order to circumvent this effect, after the fiestiridination was seen to reach
completion (monitoring the appearance of i€2nd C3H by 'H-NMR) the reaction was
warmed to 0 °C, followed by addition oft@rt-butoxy aniline(307). After stirring at this
temperature for 12 hours, the imine formation app@dao be well advanced, and the
reaction was cooled to -60 °C once again, follolga@ddition of BDA (280).

The aziridination proceeded successfully from fhogt, eventually yielding 35%
of isolated product after a reaction time of 72 isptnowever, this was increased to 65%
considering recovered imine and starting materidjson submittingcis-(319) to chiral
HPLC analysis, ae.e.of 85% was realised.

4.2.4: One-pot Asymmetric Aziridinations — Hypothiegon the Enantioselectivity of the
Asymmetric One-pot Aziridination Reaction

Throughout the syntheses detailed in the prevsegsions high enantioselectivities
have been shown, with onljs-aziridines being observed. It is also the case wian
utilising pyridinium triflate (279) to generate racemic aziridines, owiig-aziridines were
produced. This is in agreement with the observedlt® during the use ¢289) and(279)
within the thesis work of Pes¢&

The highcis- selectivity of these aziridination reactions da@ rationalised by
considering Newman projections of the initial aktaf tert-butyl diazoacetate upon a
simple imine of the type employed within the presmgoreactions (For exampl@25)
which is derived from benzaldehyde ande®-butoxy aniline). In order for the desired
aziridination reaction to occyB25) must be protonated, and therefore we must consider
the protonated form o0{325) within any Newman projections. This adds a further
consideration to the analysis, as both the dianamgof the attacking diazoacetate and the
protonated imine nitrogen, carry positive chargeeréfore, upon approach it is reasonable
to assume these two groups will adoptaas orientation to one another in order to gain
maximum separation between the like charges, lgathnfour possible orientations of
approach (See Figure 52). However, steric intevastimust also be considered.
Interactions between the bullf2-tert-butoxy phenyl substitution of imin@25), and the
tert-butyl group oftert-butyl diazoacetate are highly disfavoured; thugy awo possible
approaches of the diazoacetate to the imine areradxd (Figure 52). These lead to two
possiblecis- aziridines, which are enantiomers of one another the racemic product

observed upon use of pyridinium triflg{&79) as the aziridination catalyst).
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Figure 52: Newman projections of the attack ofert-butyl diazoacetate upon the protonated form of
imine (325)

A high degree of enantioselectivity has also bedserved in aziridination

reactions utilising(289) as the catalyst. In an attempt to rationalise tleehanism by

which this selectivity occurs, molecular modellirg the interaction between the
protonated form of iming€325) within catalyst §)-(289) during the transition state has
been carried out at the MM2 theory level. Althougtow level of theory, this model

should allow a basic understanding of the shapgbefntermediate speci€326) believed

to be formed betweers)-(289) and(325) upon proton transfer (Scheme 119, and Figure

53).

l O 9-anthracenyl
P\ ,8020F3
] ] 9-anthracenyl

(S)-(289)

be

t PO,
O Bu —— O \N
X @

9-anthracenyl

(325)

L,

~7

9-anthracenyl

SO,CF,

lon-Pair Intermediate (326)

Scheme 119: Protonation of (325) by (S)-(289) torfo the intermediate ion-pair (326)
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Figure 53: ‘Front’ and ‘Side’ views of the MM2 optimised structure for the intermediate (326)

comprised of the anionic form of catalyst §)-(289) and the protonated form of imine (325)

As shown in Figure 53325) is predicted to fit well within the cavity creatég
the ‘shielding’ 3,3’-(9-anthracenyl) groups upor ttatalyst $)-(289) The orientation of
the imine within the cavity could potentially beptained by the formation of a hydrogen
bond between the anionic nitrogen of the catalystl the NH of the imine intermediate;
also, potentially hydrogen bonding could occur lestwthe delta positive hydrogen of the
imine CH, and the lone pairs upon the carbonyl exygf the catalyst, forming a double
hydrogen bonded transition state (Figure 54). Tit@ams states such as this have been
invoked in various situations previously; includittge work of Listet al into the use of
asymmetric counterion directed catalysis with TR{E83) (see 2.2.6: Counterion

Catalysis Figure 37)-8¢187

and the work of Akayamat al and Teradaet al into
asymmetric Mannich reactions (S28: Organocatalysis: Chiral Brgnsted Acid Catabyst

Figure 39)'

l ! 9-anthracenyl /@ 9-anthracenyl
O. O _____ @
P SO,CF O ”
o N L OBu —— o \ e
99 O S
9-anthracenyl

(325) 9- anthracenyl
(S)-(289)

Double hydrogen bonding intermediate (32_6)

Figure 54: Representation of the potential double ydrogen bonded transition state within
intermediate (326)

Further to this, evidence for the presence of aatlmtermediate similar t¢326)
arising from the interaction of catalys){(289) with anN-substituted imine substrate has
been provided by CD spectroscopy, and is discugsedhapter 8: Spectroscopic and
Computational Investigations
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If a chiral intermediate species such(326) is indeed formed between the chiral
catalyst(289) and protonated imines, it becomes obvious thamnti@eophilic attack of
any diazoacetate will preferentially occur from theshielded face of the imine, thus
leading to the high enantioselectivity which is etved within the aziridination reactions
utilising (289) It is also reasonable to assume (as the azitidmaeactions utilising298)
are still highly cis- selective) that the same Newman analysis of thgrcach of a

diazoacetate to the intermediate discussed earltars section still holds true (Figure 55).

(tBuO)Ph\%,H

H L coBu __ BuO,C _H __
H™ T Ph H " Ph
No* ! No* \
t t
OBu _Ph(O'BU) | OBu _Ph(O'Bu)
Ph., N .co,Bu HIN: . ph, N_H HIN.
P ~— P AN ~  Ph ) ot
HO H H "<|:-|o ey | M colBu H™ N\ Soz Bu
’ 5 u : 2
cis-aziridine: +N2) trans-aziridine: +N2)
Observed ' Not Observed

Figure 55: The two possible approaches aért-butyl diazoacetate to the imine (325) whilst withi the
cavity of (S)-(289); showing the steric disfavouring of the apfach which would producetrans-
aziridine

Potentially, the analysis within this section coubd extended to provide
predictions upon the absolute stereochemistry ef dhiridines produced utilisingS)-
(289) however, no prediction has been made, as no iexgetal confirmation of the
absolute stereochemistry of these aziridines ha&n lpossible thus far. Therefore, all
graphical representation of chiral non-racemicidiies throughout this thesis should be
considered relative stereochemistry. Attempts Hasen made to elucidate the absolute
stereochemistry of these aziridines utilising spsttopic and computational techniques,
and these are detailed witithapter 8: Spectroscopic and Computational Invesioms.

4.3.1: Development of a Flow Reactor Based Aziatiom Procedure — Introduction and
Advantages

When comparing flow chemistry to traditional battipe chemistry, the most
striking difference is the way product is produc&dithin batch type chemistry, each

reaction is distinct; producing an amount of prddafter a set reaction time. Flow
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chemistry differs in the fact that a product stremnproduced; resulting in a smaller

amount of product, but produced continuously.

Reagent A | Oven

Solvent | i Catalyst
é
Reagent B l ‘

Figure 56: Schematic diagram of a basic flow chentiy reactor

Detector Product

The advantages of flow chemistry type procedurespmonounced; and include
such factors as low catalyst contact time (reduthiregpotential for side reactions), reduced
need for solvents and less waste (important fadtogreen chemistry), and less manual
manipulation of hazardous materials and reagentsveMer, the disadvantages of flow
chemistry are also reasonably strong; foremost gmthrese being the sometimes
prohibitive cost of setting up a flow reactor systéFor example, the Sigma-Aldrich
micro-reactor system, a commercial flow reactoaiteat £18 800§’

As a proof of concept for the robustness of theadization procedures developed
within this research, a flow reactor system wadthinased upon HPLC equipment),
capable of producing aziridines, with a view toeeaksynthesis in the future.

4.3.2: Development of a Flow Reactor Based Aziatiom Procedure — Chemical Basis
for the Flow System

As has been demonstrated by Betal the aziridination of phenyl substituted and
derived imines with various alkyl diazoacetatesh@ presence of pyridinium trifla{@79)
is a facile and high yielding procedufé.lt is this basis upon which any potential flow
reaction could be built. In order to utilise thisetimodology within a flow setting, an
immobilised catalyst was required. A suitable immhsbd pyridinium triflate based
catalyst had previously been reported by P&%¥gerepared by treatment of commercially
available polystyrene bound DMARB27), with triflic acid (276) (Scheme 120).

= N [m] ~ IﬁzH
N N
| [ Dichloroomethane] | @OSOZCF3
(327) i (328)

Scheme 120: Synthesis of polymer bound pyridiniunriflate (328) by Pesce
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The polystyrene immobilised cataly6328) was washed with dichloromethane
prior to use in order to remove any unreacteddrdtid, and was confirmed to be present
by ATR-IR spectroscopy; with bands consistent witiH stretching (3242 cit), C=N
stretching (1552 cit), and sulfonyl asymmetric stretching (1283 — 1&68").

In order to test the effectiveness of the polymeuru catalyst(328) a test
aziridination in batch mode was carried out (Schd@). Treatment of iming29) with
ca. 10 mol %(328) (stoichiometry could not be accurately predicted tluapproximation
of the surface coating of the resin), and E(@261) led to the production of the desired

aziridinerac-(330)in a 78% yield at room temperature in 16 hours.

OMe
@/OMG 10 mol % (328) ©
o 1.1 eq EDA (261)
OoN DCM, 16 h, RT Q/_\;(OEt
(329) Yield: 78 % ON fe)
rac-(330)

Scheme 121: Batch aziridination of (329) utilisingpolymer bound catalyst (328)

Confident that the cataly$B828) was effective under batch conditions, it was
decided to attempt to utilise it under flow conafits; thus the next step was to develop the

required hardware for the flow reactor.

4.3.3: Development of a Flow Reactor Based Aziation Procedure — Sourcing and Set-
up of the Reactor

As noted above, the main disadvantage of flow dbieyn for an academic
laboratory environment is the prohibitive cost ok tflow reactor itself. Within this
context, it was decided to utilise readily avai@blPLC equipment in order to produce a
flow reactor capable of synthesising aziridines.

HPLC equipment already possesses many of theatisifeatures of a flow
system: i.e. solvent resistant fittings and pumps, high presseapability, finely
controllable pump and valve equipment, detectorabdipy, and an interface with software
to facilitate control and method development.

The HPLC used within the flow system was a Beckrzadd System modular
HPLC, equipped with a 128 series pump module, &%iskries diode array detector. In
order to allow for introduction of the reactantse tsystem was fitted with a standard
Rheodyn& valve, containing a 5 mL sample loop. The use Bhaodyn& valve enabled

the reagents to be introduced after the pumpseptang potential corrosion of the pump
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heads and seals. In order to determine when tlgemés had passed through the system,
the diode array detector was set up to monitorhat standard wavelengths for UV
detection, 298 nm and 254 nm. The reaction chamizer provided by stripping and
repacking a 10 x 0.7 cm analytical HPLC column witib polymer bound cataly§328)
(Figure 57). This column was kept under dichlordmaee when not in use in order to

remove the need for long column flushing times kefcse.

Repacked 10 x 0.7 cm analytical HPLC
column, packed with catalyst (328)

Beckmann 128 Series HPLC Pumps

Rheodyne Injection Valve

Beckmann 129 Series Diode
Array Detector

Figure 57: The basic flow system setup, based uparBeckmann System Gold HPLC; and the

repackaged 10 x 0.7 cm analytical HPLC column

As it has been shown, the pyridinium triflate tygad aziridination protocol
(utilising preformed imines) previously developedBew et al is tolerant to moisture and
air;*?* therefore, no attempt was made to dry, or vigdsouegas the solvents used
(although, solvents were sonicated before use). edew prior to use, the system was
flushed with dichloromethane in order to remove airybubbles present, as is standard
practice within HPLC.

4.3.4: Development of a Flow Reactor Based Aziatlon Procedure — Synthesis of a
Racemic Aziridine via a Flow Chemistry Procedure

The initial test aziridination was similar to trdgmonstrated previously in Scheme
113, utilising imine(331) (derived from aniline, and 4-nitro benzaldehydeyl &DA
(261) The system was set up at a flow rate of 0.5 mi'mand the reagents premixed in
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dichloromethane to a volume of 5 mL at a conceianadf ca. 0.26 mmol/mL (Scheme
122).

{ 1.1 eq ethyl diazoacetate (261)] ©
N /@ ” N
/@N Catalyst (328) H, N _H
OEt
ON DCM
2 (331) RT, 0.5 mL min™ o
O,N

Scheme 122: Initial flow aziridination attempted; uilising N-(4-nitrobenzylidene)aniline (331), ethyl

diazoacetate (261), and polymer bound catalyst (3p8

Pre-mixing of(331) and EDA does not bias the reaction; as a cataysjuired to
sufficiently lower the activation energy and allawaction betweer(331) and ethyl
diazoacetatq261) (see 3.3.1: Aziridination: Aziridination with Alkyl Diamacetates —
Introduction Figure 44). Ideally, in a second generation @aanixing would occur
within the system, however, for the purpose of feof of concept, pre-mixing was
adequate. After injection, the system was run uthtid detector returned to a stable
baseline; while the output of the system was ctdtand the solvent removed under
reduced pressure.

The dried material from the flow reactor was anedlyby'H-NMR spectroscopy,
which revealed partial conversion of the startingtenals to the desired aziridine. The
characteristic doublets present within the spectan®.18 and 2.66 ppm corresponding to
the C2 and C3 protons were integrated to the imppmé&on signal, giving a ratio of roughly
1:2, suggesting around 33% conversion. Also, thgliog constants of the G3-and C3-

H peaks were 6.9 and 6.9 Hz respectively, suggestiagoroduction otis-aziridine®®
Also present within th&H-NMR spectrum were peaks relating to starting miate i.e. the
imine CH singlet present at 8.4 ppm (ethyl diazoacetat&gpeeere not present within the
NMR spectrum, due to evaporation under high vacuum)

Although the conversion within this initial reaatiovas not highda. 33%), this test
shows that passing the starting materials show8cimeme 122 over cataly&28) is a
potential method of inducing an aza-Darzens amnation reaction. To increase the
conversion and yield of this process, the flow maftehe system was reduced to increase
retention times. However, reduction of the floweréelow 0.5 mL mitl did not lead to
any appreciable change in conversion. Manual catiicui of the flow rate at this point
suggested that at below 0.5 mL fjithe pump was not reliable to hold a steady thtes
reduction of the flow rate was not effective inneasing contact time.

Despite the low conversion of this initial reactiothe demonstration of the

principle is clear. With further development of #aguipment used, it should be possible to
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optimise all parameters of this flow reactio® (retention time, concentratiatio), leading
to the possibility of continuous production of @dimes. However, further development or
optimisation of the system was not carried forwdug to developments concerned with

the work discussed in the following chapters.

4.3.5: Development of a Flow Reactor Based Aziatiom Procedure — Suggestions for
Future Work

The main development which could be consideredn@isystem is the introduction
of more finely controlled pump apparatus. It is #agthor’'s belief that increasing the
contact time of the reaction will lead to highemeersion of the starting materials. A
further improvement could potentially be the usersfine introduction of reagents; as
opposed to injectiomia a Rheodyn@ valve. This would allow concentrations of reagents
to be kept low, thus preventing potential overlogdaof the reaction chamber, and allowing

for more complete reaction (Figure 58).

Potentially unreacted starting material
Reaction sites
Number of on column
£°te?tial Injection via
eactions Rheodyne Valve
Time
Reaction sites
Number of on column
Potential | TTTTTTTrTmnnnTmmmmmmmmmmmmmmmmmmmmmmnmnmemeet ;
Reactions Contln'upusl low
/ level injection
Time

Figure 58: Demonstration of potential column overlading arising from starting material injection via

a Rheodyne valve; and comparison with continuous Vo level starting material injection

One final suggestion could be the use of in-lirmitoring such as the IR in-line
monitoring and optimisation techniques developedLby et al?’*?’®> These techniques
allow for continuous monitoring of the reaction jputf, enabling changes to be made to the
system and their effects analysed immediately;, almough correlation of the IR output
with the Beer-Lambert Law, concentrations of eagsingonent in the product stream can

be calculated immediately. For example, legyal have utilised this technique to develop
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and optimise conditions for the fluorination of aars aliphatic and aromatic compounds

including(332)and(333)shown in Scheme 123; utilising a continuous flgstem.

Starting Material l

Pump 1 [ sample Loo Convection Heater 332
(150 L min") ble -oop 70 . 90 °C (332) “No, NO,
Yield: 65 %
CaCo,
Pump 2 A Sample Loop Si0o,
(150 pL min™) Column
SIF3 IR In-Line Backpressure
~N—~ monitoring LReguIator 100 psi) (333)
Yield: 96 %

Scheme 123: Schematic representation of the flowstgm utilised by Leyet alwithin the synthesis and

optimisation of the fluorination reactions of various starting materials including (332) and (333)
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Chapter 5: Studies towards the Synthesis of C2-deettated Aziridines
5.1.1: Development of Deuteration Techniques -obhiction

As shown within Chapter 1, there are many mettiodstroducing deuterium into
an organic compound (Sée5: Synthesis of deuterated compoyndkhough the majority
of these focus upon introducing deuterium at a $¢dge of a synthesis, and tend to show
poor selectivity for specific positions within abstrate. The exception to this rule is the
H/D exchange chemistry of Ir(l) based catalysts. These have been shown to selectively
introduce deuterium 5 or 6 bonds away from a dmgctarbonyl group (Se#.5.3.4.2.
However, for the purposes of aziridination chemistine most useful deuteration positions
are the ring carbons, C2 and C3, which are 2 oroBd® away from the carbonyl
functionality.

The main aim of this project was to develop adele, accessible and easy to use
deuteration technique. Initially, efforts were centated upon the production of
deuterated alkyl diazoacetate starting materiatlichvwould be suitable for application
within our aziridination methodologies (Scheme 1ZM)is would allow introduction of
deuterium at the beginning of the synthesis; rglyipon the stability of the ring carbons to
exchange in order to maintain deuteration levetsufphout ongoing reactions. For the
purposes of our methodology, it was decided tongiteto use deuterium oxide as a
deuterium source, due to the relative ease of egydhnd reduced cost compared to pure

deuterium gas, which has been used in H/D exchasaggtions previousl§f %%
3 ™
&
“or \\R N,
Nzgj\OR“ Pyridinium Triflate (279)] (;_ o
or (S)-, or (R)-(289) =

Vil

or H N@
o N . OR"
|
= k\ e O
- \| - \R
f N N \.

Scheme 124: Proposed synthesis of C2-deuteratedradines from deuterated alkyl diazoacetates

5.1.2: Development of Deuteration Techniques — &atibn of Ethyl diazoacetate
Initially, deuteration efforts were focussed upathyl diazoacetate (EDAR61).
The main reason for this was the ready availabdftgommercial EDA; ensuring a ready

supply of starting material for future work. As theposition of EDA is vulnerable to
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exchange, it was decided to attempt a simple basalysed exchange reaction with

deuterium oxide (Scheme 125).

pZop
~~ 0 DQ@ 0" i
50® H ?J\ e %) — WOEt
\, N2¢' OEt N,
(261) (334)

Scheme 125: Proposed base catalysed H/D exchangenamism for the a-position of ethyl diazoacetate
(261)

Thus, a deuteration of ED/261) was attempted; utilising a catalytic amount of
potassium carbonate in a biphasic mixture of diedilger, and deuterium oxide. After
stirring vigorously for 16 hours, the layers wemparated, and the organic layer was
carefully evaporated to remove the solvent, withexdaporating the desired product. The
'H-NMR spectrum of this crude material showed tlaatcertain extent, deuterium had
been incorporated into the desiraeposition (Figure 59). The deuterium incorporation
level was determined by consideration of the redaintegrations of the GH1.30 ppm),
CH; (4.22 ppm) and residual CH (4.70 ppm) peaks t218¢ (Figure 59).

However, this level of deuterium incorporation wast deemed high enough to
move on to the next step. It was also noticed thabvery of the EDA was lower than
would be expected; potentially due to base catdlysalrolysis of the ester due to the
conditions and reaction time employed, leadingadss|of the resulting diazocarboxylic
acid species within the deuterium oxide during wapk

Therefore, a further reaction was attempted; tngateDA (261) again in the
presence of potassium carbonate and excess deateride, however, in this case, two
reaction cycles of 30 minutes were employed. Thetdgd a-deuterated EDA334) in a
75% vyield, and more importantly, with a deuteriumdrporation of >90% determined by

'H-NMR spectroscopy (Figure 59).
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Figure 59: *H-NMR of EDA- d (334) after one, and two, reaction cycles

Interestingly, when the sample was submitted®*®NMR spectroscopy, several
signals appeared to be ‘missing’ from the spectriihese being those related to tre
carbon (expected at 46 ppm), and also the carlsgyhl. The loss of the-carbon signal
can be attributed to to signal splitting by deuteri(Seel.3: Properties of Deuterium,
Deuterium Oxide, and the Deutedpand also the effects of relaxation.

This splitting effect comes about due to the nucépen of a deuteron, which has a
value of 1. This generates three distinct energgléewhen the deuteron is placed within a
magnetic field, meaning during spin-spin coupliag,adjacent nucleus (in this ca$i)

can experience the effect of three distinct spilesierating a triplet signal (Figure 605.

0]

| =1 bbb o WOEt

N,

. o-'3C experiences

| = -1 N 1 < three distinct spins from

ppm the adjacent deuteron;
resulting in a triplet signal

Figure 60: Representation of the spin energy levetsf the deuteron, giving rise to a triplet signaln **C-
NMR

Therefore, thex-C signal within EDAd (334) should appear as a triplet. However,
the effect of deuterium coupling also leads toss lof signal intensity, as each peak of the
triplet has 1/3 intensity; thus leading to the lagghe signal within the baseline of the
spectrum (Figure 61).
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Figure 61: *C-NMR of EDA (261) and EDAd (334)

Satisfied that the exchange procedure would funciddequately to supply our
research, the next step was to attempt the prdyiodeveloped aziridination

methodologies utilising-deuterated EDA334).

5.1.3:Development of Deuteration Techniques — Initialidmation Reactions

With a-deuterated EDA (EDAI (334)) in hand, a test aziridination was required in
order to establish any potential difficulties inilising deuterated alkyl diazoacetates
(compared to the conventionaloteo-form) within the aziridination protocols. Therefore
a one-pot racemic aziridination of benzaldehyd86) 2-tert-butoxy-4-methoxy aniline
(335), and EDAd (334) was attempted (Scheme 126). During this first tteac best
possible conditions were usedt. all glassware was flame dried and allowed to coaler
nitrogen, dichloromethane was freshly distillednfiroalcium hydride, and the reaction was

carried out in a sealed vial under nitrogen.

OMe
(@] (0] s )
~ 10 mol % pyridinium
H OMe woa triflate (279)
e O'Bu
334 HN
(306) oy O DCM, RT NO Ot
N 4A molecular sieves
(3235) Yield: 45 % o)
rac-(336)

Scheme 126: Racemic aziridination reaction utilisig EDA-d to produce aziridine rac-(336)

124



Gratifyingly, after 16 hoursH-NMR spectroscopy revealed new peaks believed to
correspond to the desired product, and the reaegtem halted. After purification by flash
column chromatography, further analysis revealedpioduction of the desired aziridine

in a yield of 45%.
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O'Bu '
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4.0
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Figure 62: *H-NMR of rac-(336), indicating deuteration of the C2-position

As shown in Figure 62, th&H-NMR spectrum revealed residual proton to be
present at the C2-position (characterised by thallsmesidual doublet at 2.97 ppm),
however, integration of the residual E2and C3H (3.41 ppm) peaks revealed deuterium
incorporation of 91%. Interestingly, theory suggeasiat the C34 peak should appear as a
triplet (due to spin coupling with the adjacent ®@ean at the C2 positiod}° However,
experimentally this is not the case. This can bglaémed by the fact that although the
coupling constants for H-D couplings are proporioto those of H-H coupling, they are
reduced by a factor afa. 7 (due to the differences in the H and D magnetogwatios
(Figure 2))?® Thus, the coupling constant for the B3to the C2D can reasonably be
expected to bea. 0.9 Hz. Therefore, the triplet appears as a bsvaglet within the'H-
NMR spectrum.

Further evidence for the deuteration rat-(336) was provided by MS, which,
under ESI conditions provided the mass ions shawRigure 63 for both [M+H] and

[M+Na]".
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Figure 63: LC-MS data for rac-(336) showing [M+H] and [M+Na]*

Interestingly, although in most senses this reactehaved as a standard
aziridination reaction, the rate of reaction appdaio be slightly slower than that of the
equivalentprotec aziridination. Potentially, this could be due @secondary kinetic
isotope effect (See 1.Beuterium and the Kinetic Isotope Effect

Secondary kinetic isotope effects come about wheuatedium is not directly
involved within the bond making/breaking step ofeaction, and have been shown to
result primarily from changes in the vibrationaéduencies (and thus the Zero Point
Energies (ZPEs)) present within the transitionestft a reaction (Figure 64)2 In this
case, the changes in vibrational frequency (anéd BE) come about as a result of
hybridisation changes within the C-D bofid.These changes occur at only one point
during the aziridination reaction (assuming an Baszens mechanism is in effect); this
being nucleophilic attack of EDA- (334) upon the N-benzylidene-Zert-butoxy-4-
methoxyaniling337) formedin situ, passing through TSB38). Although deuterium isi-
to the ring closure of the intermedig{&39) eliminating N, no rehybridisation occurs;
thus TS2340)can be discounted as the source of a secondaryH{dkre 64).
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Figure 64: Energy surface diagrams representing therigins of secondary KIE's from changes in ZPE;
and representations of the transition states duringhe formation of rac-(336) from which a secondary

KIE could arise

Therefore, a very basic prediction as to if theeobsd loss of reaction rate is due to
a secondary KIE can be made if the ZPEs of ([338), and EDAd (334) are calculated. If
AZPEgeutero) IS greater thal\ZPEproe0) then the reaction will be slower in tlieutere
form, due to the increased activation energy of tbaction (e. a normal KIE). If
AZPEproteo) is greater thahZPEgeutero)then an inverse KIE should be in effect. In orer
calculate the ZPEs, a transition state minimisati@s carried out at the B3LYP/6-31g
level of theory within Gaussian '09 for T$338), followed by frequency calculations for
both theproteo-anddeutero-forms. It should be noted that this calculatiod kot include
a conformational search, or consider the effectsobfation, it was simply to provide a
basic level of understanding. The results are shiovirigure 65.
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ZPE ZPE
(proteo) (deutero)
Structure |~ jimol) |  (kJ/mol)
EDA 275.533 267.209
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AZPE
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3D representation of the Gaussian
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Figure 65: Calculated ZPEs forproteo and deuterc TS1 (338); alsqrotec and deuterc ethyl
diazoacetate (261) & (334)

As shown in Figure 65, the changes in ZPE caledlatith Gaussian suggest that a
very small inverse secondary KIE may be in effadtich suggests that reaction should be
very slightly faster with EDAd (334) as opposed to EDA-(261) Experimentally
however, this was not seen to be the case; thoanitbe concluded that either another
factor is causing the longer reaction times obski@ad potentially masking the inverse
KIE), or higher level calculations are requiredarder to observe the potential normal
secondary KIE. However, literature suggests thatptesence of an inverse KIE is more
likely upon rehybridisation from épo sp.%’’

Having successfully synthesised the C2 deuterateliae rac-(336), the racemic
one-pot C2deuteroaziridination methodology was expanded by thelsssis of aziridines
bearing 4-fluorophenyl, 4-bromophenyl, 4-nitrophlerand 4-cyanophenyl functionalities
upon the C3 positionrgc-(341) — rac-(344)). These reactions proceeded well, with all
complete within 16 hours. The results of thesadin@ations are presented in Figure 66.

OMe OMe OMe
i O‘Bu i O'Bu i O'Bu i O'Bu

HN HN HN

rac-(341) rac-(342) rac-(343) rac-(344)
Yield: 55 % Yield: 57 % Yield: 59 % Yield: 52 %

2H incorporation: 93 %  2H incorporation: 93 % 2H incorporation: 94 % 2H incorporation: 95 %

Figure 66: Results for the syntheses of aziridinaac-(341) torac-(344)
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As shown in Figure 66, the deuterium incorporatmrels withinrac-(341) to rac-
(344) (determined by integration of the &B+to the residual CP peak within the'H-
NMR spectra) remained fairly constant throughouet tiinge of aziridines; suggesting that
the final level of deuterium incorporation withihet product is a measure of the initial
incorporation of deuterium within the starting maeEDA-d (334) (ca. 93%, Figure 61).
Also, experimental error within the determinatidrdeuterium incorporations By4-NMR
spectroscopy should be consider#dNMR integration can be considered to be accurate
to within ca. 5%, thus an error of + 5% should be taken intmant?"

At this point it was considered prudent to elutedahe cis-character of the
deuterated aziridinegac-(340) — rac-(344) produced with the above method. During
previousproteo- aziridinations utilising the same reaction cormi, onlycis- aziridines
had been formed4(1.2: Development of the one-pot procedBeheme 106, Figure 49).
This had been proven by the characteristic cougorgstants of 5 — 9 Hz of the GRand
C3-H peaks within'H-NMR spectra of the product® In this case howevelH-NMR
confirmation of thecis-conformation ofrac-(340) — rac-(344) was obtained/ia only the
coupling constant of the residual EReoublet, present within each spectrum. These again
were within the expected range of 5 — 9%fz.

Further confirmation of theis- relationship about the C2 C3 positions was
soughtvia single-crystal structure analysis. Thus, crysation ofrac-(340) — rac-(344)
was attempted. Success was achieved in comp@er@42) after crystallisation from 4:1
40 — 60 petroleum ether : diethyl ether, with thegstals obtained as colourless plates. The
X-ray crystal structure confirmed tlees-relationship around the C2 — C3 positions.

OMe

BuO

" " ~® OEt

Brm

rac-(342)

Figure 67: ORTEP representation of the X-ray crystastructure of rac-(342) showingcis-
stereochemistry around the C2 — C3 positions
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However, confirmation of the deuteration level withac-(342) was not possible
utilising the crystallographic equipment availablethe time. This is due to the structure
being acquired using X-ray diffraction, as opposedceutron scattering. During X-ray
diffraction to determine a crystal structure, th#raction occurs between the X-rays and
the electron clouds around individual atoms of demde; thus, information upon the
isotopes contained within a molecule is not acquifdeutron scattering occurs due to
interactions with nuclei rather than electrons,stteach isotope generates a different
interaction with the neutron source. This allowstapic enrichment to be determin€d.
These experiments are only able to be carried peitlaer nuclear facilities, or particle
accelerators (such as the UK National Synchrottioe;Diamond Light Source located at
the Harwell Science and Innovation Campus in O>dbiie)?%°
5.1.4: Development of Deuteration Techniques —mAyted Deuteration of Pyridinium
Triflate

Having demonstrated that the racemic one-potdazation protocol was tolerant to
the use of EDA (334), it was considered prudent to test for a posdtble exchange
reaction between pyridinium trifla{@79) and EDAd (334) due to the potential decrease
in deuterium incorporation within aziridine prodsidf such an exchange reaction was

occurring (Figure 68).

X X
¢ \INQ;H | | 5 «
R— ~ ~
O..) [\! @O, H C'}l @ H H | @
— S = He_ ol — OEt N
WOEt %oa ‘\.)()OEt Ny @
N, N, N7~

Figure 68: Proposed mechanism of H/D exchange betere pyridinium triflate (279), and EDA-d (334),

leading to decreased deuterium incorporation withinEDA-d (334)

In order to test the potential for H/D exchange,NiviR experiment was carried
out. One equivalent of pyridinium triflat@279) was mixed with one equivalent EDd\-
(334)in anhydrous deuterated chloroform (dried over thdlecular sieves); and an initial
'H-NMR spectrum was recorded. The solution was 8tered within the NMR tube for
36 hours, with'H-NMR spectra being acquired at intervals. Intdgraof the residual CH
peak at 4.70 ppm against the known peak for the @idup (4.17 ppm) revealed a
reduction in deuterium incorporation upon the EBA334) from the initial value ota.
99% (Figure 68, Spectra 1); this reduction was\ajeant to loss of approximately 15% of
the initial deuteration after 36 hours; suggestorgdual equilibration of deuterium
between pyridinium triflate and EDA (Figure 69).

130



‘ ' 7 Spectra | Time | %D
Residual CH ‘ \
/ | 4 1 Initial | 98.8
_“ | It ri |
_ LU 2 35 min | 97.1
| I
‘ ‘ 3 15h | 93.9
|
L 3 4 36h | 85

O

l
| N2 OFt
2 2
L cbel,

“ 1 !
i
iy 0
JIVAVAUL!
I - R — - h g — N2
— ) OEt
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

55 45 445 44 435 43 425 42 415 41 405 4 H
f1 (ppm)

Figure 69: 'H-NMR experiment to determine if H/D exchange occws between pyridinium triflate (279)
and EDA-d (334)

Although the H/D exchange reaction appears to lbe,sthis could potentially
represent a route for an undesired decrease iremaut incorporation within the C2-
deuteroaziridines produced using pyridinium trifla@79) as the catalyst. Therefore, it
was decided to investigate the possibility of pmdg deuterated pyridinium triflate
(PyTf-d (345)).

To achieve this, freshly prepared, recrystallisatt] dried pyridinium triflate was
treated under scrupulously dry conditions with éeutn oxide. After 50 minutes stirring,
the deuterium oxide was removed under reduced ymessstilising a nitrogen backfilled
rotary evaporator. The resulting solid was treatéti a further two cycles of deuterium
oxide before redissolving the solid material irsfily distilled acetonitrile, drying over 4A
molecular sieves, filtration, and removal of thdveat. The resulting free flowing solid
PyTf-d (345)was stored under nitrogen in a dry box until iswaquired (Scheme 127).

X X

N GéSO CF % @OSO CF

H 2~ 3 [ 50 mins ] [ 50 mins J ‘ Acetonitrile >3
(279) 4 A molecular sieves (345)

Scheme 127: Attempted deuteration of pyridinium trflate (279) to form pyridinium triflate-d (345)

Analysis of the PyTH (345)was attempted by both LC-MS, and HRMS; however,
LC-MS (under ESI conditions) proved inconclusivaedo solvent contamination peaks at
low mass present within the background of the spetticoming from contamination of

the instrument itself). Also, treatment of Pydft345) under nano electrospray HRMS
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conditions was unable to provide conclusive evidefar the presence of deuterated
pyridinium triflate; with the predominant ion fourad m/z80.2, consistent with protec
pyridinium ion. However, due to the acidity of tNeH or N-D bond pK, of pyridinium =
3.4 in DMSOJ® it is not unreasonable to envisage H/D exchangederuronising
conditions, such as those present in HRMS and M§/sis.

5.1.5: Development of Deuteration Techniques — Pestidination to form raq342)
Catalysed by Deuterated Pyridinium Triflg&45)

Despite the lack of conclusive evidence for theteeation of pyridinium triflate; it
was decided to carry out a simple one-potdefteroaziridination in order to test the
reactivity of the new catalyst; PyTf{345) (Scheme 128).

OMe
O o]
_ 10 mol % pyridinium
H OMe MOEt triflate-d (345)
N,* O'Bu
Br -~
334 H N
(346) OBy (334) DCM. RT 6 h NO oet
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2 Yield: 45 % o
(335) Br
rac-(342)

Scheme 128: Test aziridination to produceac-(342) utilising pyridinium triflate- d (345)

The reaction was seen to proceed'HyNMR, and the resulting purification gave
rac-(342) in a 45% vyield after 6 hours. However, subsequaeralysis of this product
showed no significant change in deuteration lewgh deuterium incorporation int@ac-
(342) roughly following that of the EDAl (334) as noted previously (>90%).

In hindsight, this lack of change in deuterationeleis expected, due to the
relatively slow rate of H/D exchange noted withine tNMR experiment shown in Figure
69 (15% H/D exchange over 36 hours); and also dlee that pyridinium triflate is only
present in 10 mol %, rather than the one equivgleegent within the NMR experiment.
Thus the effects of any exchange reaction betwseidipium triflate and EDA under
reaction conditions are likely to be negligible.

Despite this, the deuteration of pyridinium triladid have one unexpected effect
upon the reaction; a significant reduction in regactrate was noted. After 6 hours, the
equivalent formation ofac-(342) catalysed by PyTh (279) had reacheda. 60% vyield
(opposed to the 45% vyield noted above, Scheme 138jilar to the effect noted when
changing from the use of ED&61) to EDA-d (334) this slowing of the reaction was
believed to result from primary kinetic isotopeeeffs, and is examined in more detail
below (See 5.1.@etermination of a potential primary kinetic isotopffeck.
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5.1.6: Development of Deuteration Techniques — Deternonatf a Potential Primary
Kinetic Isotope Effect

During the test aziridination to formac-(342) utilising pyridinium triflated (345)
as the catalyst, a marked decrease in the ragaocfion was noted. Initially it was thought
this could be due to experimental error; howevewas decided to investigate this effect
by carrying out two parallel aziridinations, difieg only in the use of either pyridinium
triflate-h (279), or pyridinium triflated (345), monitoring each byH-NMR spectroscopy,

and calculating a rate for the aziridination reacti

10 mol % pyridinium
0] triflate-h (279) OMe
2 or
OMe - 10 mol % pyridinium
" MOE‘ triflate-d (345) t
N2" O'Bu
Br
334 H N
(349) OBu (334) DCM, RT 3 @ OFt
NH 4A molecular sieves
: (0]
(335) Br
rac-(342)

Scheme 129: The two one-pot aziridination reactionstudied within the rate experiment

Two parallel one-pot aziridinations were set uph@ue 129), and allowed to
equilibrate at 25 °C for 30 minutes in order tooalformation of the required imine
intermediates. At this stage, EDA(334) was added, and an inititH-NMR spectrum of
each reaction was acquired. The reactions wergeatad by 10 minutes in order to allow
the NMR analysis at similar reaction times. Frons thoint, '"H-NMR spectra were
acquired at hourly intervals.

When the reactions were deemed complete, analfsiedH-NMR data allowed
the percentage composition of each reagent atsagk to be calculated (Figure 70). This
was achieved by relating the integrations of thielayde COH peak (9.92 ppm), the imine
CH peak (8.40 ppm), and the aziridine C3 peak (Bj38).
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Figure 70: Comparison of the aziridination reactiors forming rac-(342), catalysed by (279) and (345)

The reaction catalysed {$45) shows a much shallower decrease in the presence
of imine, which corresponds to a much shalloweraase in the presence of aziridine than
that seen in the reaction catalysed®¥9) This potentially indicates a slower reaction. In
order to confirm this, an estimation of the rateeath reaction was calculated. For the
purpose of the rate calculation, it was assumet tthea rate of aziridine formation is
dependent upon the rate of disappearance of inaisehge alkyl diazoacetate is in excess
within the reaction, any potential effects from centration of this reagent can be
discounted), and that the rate determining stejdsdissociation of H(or D) from the

pyridinium triflate, and subsequent protonatiorifedf imine intermediate (Scheme 130).
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Scheme 130: Proposed mechanistic rationale for thtebserved reduction in reaction rate upon use of

pyridinium triflate- d (345) opposed to pyridinium triflate-h (279); an aza-Darzens mechanism for

In order to calculate rate, the concentration aharwithin the reaction mixture at
each time was required. As the initial amount dealyde present within each reaction was
known, the concentration of imine at each stagedcde calculated from percentage
composition (Data shown in Appendix 3). The recgalaf these concentrations was then

plotted against time, and the regression lineheftivo data sets gave the rate constant of

aziridine formation is presumed to be in effect

each reaction (Figure 71).

Calculating k for the aziridination reaction of rac -(342); catalysed by PyTf-h (279)

4.5E+401
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Calculating k for the aziridination reaction of rac -(342); catalysed by PyTf-d (345)
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Figure 71: Calculation of the rate constants for tle PyTf-h (279), and PyTfd (345), catalysed

formation of rac-(342)
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From the regression analysis data, an estimatbeokinetic isotope effect within
the reaction was calculated. It was noted thatrétte of reaction was approximately 9
times slower on changing from pyridinium triflate279) to pyridinium triflated (345).
Although this value is toward the higher end ofhary kinetic isotope effects (See 1.4:
Deuterium and the Kinetic Isotope Effg€ttaking into consideration the inherent potential
for error in calculations from NMR data, this valeeuld vary byca. + 5%2"® Also, this
value is calculated from the overall reduction e&gation rate observed upon the use of
pyridinium triflated (345) in the place of pyridinium triflat&-(279) Thus it is probable
that this value includes several primary kinetiotagpe effects throughout the reaction
mechanism.

Despite these points, literature values for prinmdngtic isotope effects relating to
acid-base behaviour.€. the deprotonation of pyridinium triflate, and pyoation of the
intermediate imine) include the KIE value of 10atdéted for the acid base behaviour of
nitroethane (as determined by Wynne-Joeesl)),?* and the KIE value of 8.7 for the
protonation of (4-methoxy)methylstyrene (as deterdiby Richarcet al):?®' suggesting
that the value of 9 calculated above is feasible.

This experiment clearly demonstrates a signifit@ss in reaction rate upon the use
of deuterated pyridinium triflate as the catalyst &ziridination. This, coupled with the
apparent lack of improvement in deuterium incorfiorainto the product aziridines, led to
the conclusion tha345)was a less efficient aziridination catalyst t{am9) thus, efforts
were focussed upon improvement of the drying aachge conditions of both pyridinium
triflate (279) and the deuterated alkyl diazoacetates employditinmthe C2deutero
aziridination chemistry. This is due to it beindibeed that loss of the deuteration level
within the starting material alkyl diazoacetatesgdo exchange with either residual water,
or atmospheric water vapour) was the greatest isskeeping deuterium incorporation

high within the desired aziridines.

5.1.7: Development of Deuteration Techniques —alniDevelopment of Asymmetric
Deuterated Aziridination Reactions and the Synthetcis¢350)

Having investigated the use of deuterated alkglzoacetates in order to form
deuterated racemic aziridines; the next step ofeldgvnent was to adapt existing
asymmetric, and one-pot asymmetric, aziridinatimcedures to utilise these substrates.

It was decided to begin development of these sgath utilising theN-triflyl
phosphoramide catalysb)(347), derivatised at the 3,3’-positions with pyrendpwaing
for considerable steric bulk around the 1,1’-birthghscaffold (Figure 72).
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Figure 72: MM2 optimised structure of the protonated form of imine (348) within catalyst §)-(347),

demonstrating the ‘shielding’ effect of the 3,3’-pyene substitution

As had been shown within the work of PeS€ét was hoped that the large, planar
pyrene functionalities of347) would act effectively as lateral ‘shields’ to theotonated
imine substrate during the transition state, tlave@ring nucleophilic attack from one face
only. The MM2 optimised protonated structureNs{4-bromobenzylidene)-grt-butoxy-
4-methoxyaniling348) within the catalyst$)-(347)is shown in Figure 72, demonstrating
the shielding effect of the pyrene substitution.

For continuity within these development reactioitswas decided to keep the
substrate the same throughout. To this end, itdeagded that the synthesis of ethyl 3-(4-
bromophenyl)-1-(Zert-butoxy-4-methoxyphenyl)-Beuter@ziridine-2-carboxylate c{s-
(342) see Figure 66) would be employed as the modeldazation system. At this point a
desired target foe.e was set to 90%; as high enantioselectivity wittiia aziridination
reaction was considered to be a major aim.

Thus, a temperature variation study was carri¢disung chloroform as the solvent
in order to test the levels of enantioselectivibggible. Deuterated chloroform was chosen
due to the effectiveness of chloroform as the sulveithin previous asymmetric
aziridinations (Seet.3: One-pot asymmetric aziridinationgnd the work of Pescéy
while deuterated chloroform allowed monitoring loé treaction byH-NMR spectroscopy.
The temperature screen ranged from -20 °C to -63afd the results of this study are

shown in Scheme 131.

137



OMe

(0] OMe
Q)LH
t ) -
Br O'Bu [ 8 mol % (S)-(347) ] O'Bu
(346) NH; H N @
o (335) Chloroform-d N -OFt
N 4 A molecular sieves
2 OEt B 0
;
(334) cis-(342)
Temi’fg;‘t“’e Reaction Time | Yield (%) | e.e. (%) OO R O
0.0 so0r, T30
-20 5 days 53 45 o~ SOCFs -3 O
-40 6 days 50 65 OO H Q
R
63 12 days 44 64
(S)-(347)

Scheme 131: Initial temperature study for the synthsis ofcis-(342) utilising (S)-(347)

The study showed thate.of cis-(342) increased from a baseline level of 45% at -
20 °C to a maximum of 65% at -40 °C and -63 °C. wpssingly, reduction of the
reaction temperature led to significant increaseaction times, up to a maximum of 12
days at -64 °C. A similar effect had been obsemvédin the thesis work of Pesce, who
noted an increase of reaction time from 10 to 24irbioupon decrease of reaction
temperature from — 20 °C to — 80 °C (within theridmation reaction shown i&cheme
132, utilising the 3,3"-anthracenyl cataly§)(134).%%®

Time R
T(C
MLIIO®
@ 20 | 10 0.
N ‘ 1.1 eq EDA-h (261) - /P\N,SOZCF3

10 mol % (S)-(289)

| N e}
_ H
N A el OO
_N Chloroform | _N 0 -60 20 R

R = 9-anthracenyl
-80 24

(S)-(289)

Scheme 132: Temperature study carried out by Pescgon the aziridination of N-(pyridin-2-
ylmethylene)aniline, catalysed by the 3,3’-anthraagyl substituted catalyst §)-(289)

Having investigated various temperatures utiligimg pyrene based catal\{847),
unfortunately the desired.e.of 90% had not been achieved. Therefore it wasdddco
attempt the synthesis ofs-(342) utilising the 3,3’-anthracenyl substituted cattl{z89).
This choice was based upon the trends seen whikimvork of Pesc&® which had shown
9-anthracenyl substitution at the 3,3’-positiongre BINOL scaffold of the catalyst to be
generally the most effective substitution for inithgc high e.e. within the aziridination

reactions attempted (Scheme 133).
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1.1 eq EDA-h (261) R e.e. (%)
R 9-anthracenyl 47
Oe o. P 9-phenanthryl 35
10 mol % P ,SO,CF;
OO 0 N 1-naphthy 26
R Q 4-toluyl 16
N
X OEt
~N (0]

I Chloroform, RT
X H |

~N

Scheme 133: Catalyst study carried out by Pesce,denstrating the effect of altering the 3,3'-

substitution of the catalyst specie¢§®

Therefore, a synthesis ofs-(342) was carried out utilising 5 mol %&)-(289) at
just below the freezing point of chloroform, -63 {& had been employed by Pesce, see

Scheme 1125%® The results of this reaction are shown in Schegde 1

OMe

o) OMe
: [ 5 mol % (S)-(289) J
mo -
Br OB : O'Bu
(346) NH, - H N @
o) (335) Chloroform-d, -63 C AN
4 A molecular sieves
N2§0Et Yield: 58 %, e.e.: 72 % . o
(334) cis-(342)

Scheme 134: Test aziridination carried out near thé&eezing point of chloroform catalysed by §)-
(289), producingcis-(342)

Unfortunately, although the enantioselectivity tbfs reaction was closer to the
desired 90%e.e, a further increase was desired. After re-exangitie previous work; it
was decided to bring the test aziridine structur@eminto line with those synthesised
previously (Seetl.2: One-pot asymmetric aziridinationse. altering the amine used to 2-
tert-butoxy aniline(307), and the alkyl substitution upon the alkyl diazstate totert-
butyl.

Therefore,a-deuteration otert-butyl diazoacetat€280) was carried out utilising
the previously developed procedure (€e#.2: Deuteration of ethyl diazoacetatand
Scheme 135 below). Gratifyingly, the desired deaitettert-butyl diazoacetaté BDA-d,
(349) was afforded in 85% yield, and more importantt95% deuterium incorporation
determined byH-NMR spectroscopy (Scheme 134).
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(0] O
N [Cat. K2C03] [Cat. K2CO3] N
2%OtBU 2 OtBU

H D,0, RT D,0, RT B

(280) 30 mins 30 mins (349)

Yield: 85 %
2H incorportation: >95 %
C(CHs); | CH '

Integral | Integral | -2H (%) |

n
Intensity

9 0.045 95 J
|

T T T T T T T T T T T T T T T T T T T T T T T
120 1s 11.0 10.5 10.0 9.5 9.0 85 8.0 75 70 6.5 6.0 s.5 S0 45 4.0 35 3.0 2.5 20 1.5 1.0 0s
f1 (ppm)

Scheme 135: Synthesis of, arfth-NMR data for, (349) confirming deuterium incorporation

With (349) in hand, the one-pot aziridination reaction of rérhobenzaldehyde
(346), 2-tert-butoxy aniline(307), and'BDA-d (349) was carried out, utilising 10 mol %
(9)-(289) with chloroformé as the solvent at -63 °C (Scheme 136). These tonsliwere
chosen based upon the high yields (61 to 93%)ea@sl (74 to 98%) obtained during the
asymmetric syntheses of thgotecaziridine-2-carboxylates discussed previously (see

4.2.2: Asymmetric one-pot aziridinations

0]

H [ 10 mol % (S)-(289)J
Br OtBu O'Bu

(346) NH, H N @

Chloroform-d O'Bu
o) (307) 4 A molecular sieves m
N .63 °C 0
2§0t8u Br

Yield: 82 %, e.e.: 87 %

cis-(350)
(349)

Scheme 136: One-pot C2leuteroaziridination reaction between 4-bromobenzaldehydé¢346), 2tert-
butoxy aniline (307), andtert-butyl diazoacetated (349); catalysed by 10 mol %%)-(289)

However, although these conditions afforaesl(350) with a goode.e.of 87%, an
increase was still desired. Thus, it was decidedlter the reaction solvents in an attempt
to gain the required increaseere. Solvents for this study were chosen in an attetmpt

lower the minimum temperature that could be aclielvefore the freezing point of the
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solvent was reached (Scheme 137); while maintaithegoresence of solvents which had
proven effective within the work of Pesce. Therefdhe use of ethereal solvents was not
considered, as these had shown poor compatibilityh whe aziridination protocols

developed by Peséé®

H
Br/(j)L ; O'Bu [ 10 mol % (S)-(289)] ; O'Bu
(346) NH, - HN@
o (307) ) O'Bu
4 A molecular S|eves]
O'Bu Br

cis-(350)
(349)
Temi’fé;‘““’e Solvent | Yield (%) | e.e. (%) OO R
o. 2
-70 DCM 80 79 ~P_ ,SO,CFy4
0" N
H
) CHCl3:Toluene OO
80 B 73 83 R
CDCl;:DCM (S)-(289)
-80 ©2) 85 92

Scheme 137: Solvent and temperature study utilisingatalyst (S)-(289)

Utilising lower temperatures with differing solwsndid not necessarily lead to
higher enantioselectivities, as demonstrated ine®eh137. An interesting case of this
being the use of 1:1 chloroform : toluene; whickhaligh allowing for a significant
decrease in reaction temperature, did not leaddori@sponding increase in enantiomeric
excess.

More importantly to the development of the methib@, use of an 8:2 mixture of
chloroform:dichloromethane allowed for a reactiemperature of -80 °C, a reaction time
of ca. 72 hours, and ae.e.of 92% within thecis-(350) product. This was not only above
the desired target of 90%, but deuterium incorpanatvithin the product was shown to be
excellent, measured BiA-NMR spectroscopy as >95%. Further evidence ferptesence
of cis(350) was provided by MS and HRMS, with mass ions detkctm/z 447.1
[M+H]*, and 447.1388 (theoretical 447.1388).

5.2.1: Asymmetric Synthesis of C2-deuterated Azegl— Introduction

Having satisfied the initial major goal of develogp a methodology capable of
producing C2 deuterated aziridines in a highly énaelective mannewia a one-pot
reaction; expansion of the applicability of the rasyetric C2deuteroaziridine synthesis

was desired. Thus, substrate screening was castedbr the reaction using pre-formed
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imines. Carrying out the reaction in this way alkmhthe imine formation to be checked for
potential reactivity issues before adding in thenpbcations of a one-pot procedure.

Therefore, reactions within this section follow tieneral method shown in Scheme 138.

tBUO 10 mol % (289)
j@ 1.1 eq (334), or (349) o
u
N -

| H, N
rf"A‘l X H 4 A molecular sieves “”/A\| AN O'BUIOE
S < CDCI5:DCM (8:2) '

NN D) 3 5 )
- \R -80°C, 16 - 36 h boy - /\R 0

Scheme 138: General scheme for the synthesis of msyetric C2 deuterated aziridines

5.2.2: Asymmetric Synthesis of C2-deuterated Amaegl— Synthesis of ¢f850) to cis-
(359), cis{363), and cisf367)to cis{370)

The first substrate screen focussed upon utilighgnyl, para-fluorophenyl, and
para-chlorophenyl substitution at the C3 position. Tharidinescis-(351) andcis-(352)
(Figure 73) were synthesised utilising the asymimgdirotocol; howevergis-(353) was
synthesised utilising a one-pot asymmetric aziation. It was also decided to repeat the
synthesis otis-(350)in order to test for any differences within thactton outcome when
starting from an imine instead of the one-pot pdore. The results of these reactions are

shown in Figure 73.

; OBu ; OtBu ; O'Bu
H

H N O

AN _OBu O‘Bu O‘Bu
Synthesised from
Imines
cis-(351) cis-(352) cis-(350)
Yield: 65 % Yield: 55 % Yield: 87 %
2H incorporation: >90 % 2H incorporation: >85 % 2H incorporation: >95 %
e.e.:.81% e.e.: 80 % e.e:95 %
O'Bu

- Yield | e.e.
Aziridine | Method (%) (%)

H, N
. @ OBu
Synthesised from aldehyde
and amine (One-Pot) o 0] cis-(350) | One-Pot 87 92

cis-(353) cis-(350) | Stepwise 87 95
Yield: 55 %

2H incorporation: >85 %
e.e..67 %

Figure 73: Asymmetric syntheses of C2 deuterated amilines cis-(350) tocis-(353)

As shown in Figure 73, these aziridinations proeeedith reasonable yields of

between 55% and 87%, and in general, good to extadles (67 — 95%). A point of
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interest is the loss of some deuterium incorponatuithin the syntheses afs-(352) and
cis-(353) It is believed that this came about during thectiens as a result of inadequate
initial deuteration of the starting material alkjhzoacetate.

Interestingly, the repeat synthesis @$-(350) from the requisite imine (&rt-
butoxyN-(4-bromophenylmethylene)phenylamine) as opposeal dae-pot process led to
very similar results. Identical yields of 87% wexehieved with the stepwise and one-pot
methods, whilee.e.was seen to slightly improve upon changing frora-pot to a stepwise
synthesis. However, the differenceaire.was essentially negligible.@. 3%).

In order to determine the enantiomeric excesti®fabove aziridines, chiral HPLC
analysis was undertaken, utilising a Chrialpak Aftral column. Determination of the
peaks of interest was carried out by running eahdame against the corresponding
racemic aziridine as a standard. Initially, thezeidine standards were deuterated in order
to be sure of peak identification. However, raceangidines were also synthesised in the

proteo-form, and it was shown that the desired peakslameed well with thedeutero-

| @

versions (Figure 74).

Lulin d noslinsadien b absssslinsalin duabussaln alisslilia 4
] ®
oi
z o
E vs)
3 c

rac-(350)

L Bielinelhaded
£

Figure 74: Demonstration of the overlap of peaks whin chiral HPLC for cis- & rac-(350)

'H-NMR, BC-NMR, IR, MS, HRMS, and specific rotation data waslected for
each of the above aziridines, with deuterium inocafions being confirmed byH-NMR
spectroscopyMa integration of the C3 and residual CH peaks) as well as HRMS
analysis. Selected data from the characterisafi@msg350) (discussed below) is included

in Appendix 4, demonstrating the effects of dewt@rincorporation.
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Within the'H-NMR spectra ofis-(350), the characteristic doublets for E2and
C3H (expected at 3.02 and 3.39 ppffiwere no longer present; as would be expected
with replacement of the CR-with a deuteron. Instead, a singlet was preseBi3& ppm,
integrating to one proton, consistent with B3-The cis- stereochemistry 0f350) was
confirmed by the coupling constant of the residb2iH doublet (6.9 Hz), which was well
within the 5 - 9 Hz range expected witttia- aziridine®® Examination of thé*C-NMR
spectrum ofcis-(350) shows the C2 carbon peak (expected at 47.5 $pims vanished
into the baseline, as was seen with the deuterafiatkyl diazoacetates; due to deuterium
coupling splitting the desired peak into three dineach with one third intensit{? HRMS
data also demonstrates the incorporation of deuterivith the major peak at 447.1388
corresponding to [M+H] (theoretical 447.1388), whereas, the peak corretipg to the
protec form of cis-(350) (M/z446.1305 [M+H]) is not present within the data, suggesting
high deuterium incorporation levels.

Similar effects to those detailed above were atgedin the data acquired fois-
(351) — cis-(353), with singlets observed for G3-in the'H-NMR spectra. These peaks
integrated to 1H, and were found at chemical shifts3.43, 3.42, and 3.44 ppm
respectively. The residual G2peaks within théH-NMR spectra otis-(351) — cis-(353)
confirmed thecis- stereochemistry about the C2 and C3 positiongh Wi coupling
constants of 6.8, 6.7, and 6.7 Hz respectively.M3Ralso confirmed the presence of the
deuterated productsis-(351) — cis-(353), with [M+H]" peaks found ain/z369.2283 ¢is-
(351), theoretical 369.2289)m/z 387.2185 ¢is-(352), theoretical 387.2189), anah/z
403.1889 ¢is-(353), theoretical 403.1893).

Having successfully synthesised monohalogenateddegD®eratedcis-aziridines
(350) — (353), it was decided to synthesise a deuterated pantafphenyl substituted
aziridinecis-(354) (Scheme 139), similar tois-(314) (see Figure 50). As previously it had
proven difficult to separateis-(314) under chiral HPLC conditions, thert-butyl ester of
the aziridinecis-(354) was cleaved utilising previously discussed methagio (Scheme
116) in order to give the phenolic specas(355) which was more amenable to chiral
HPLC analysis.

10 mol % (S)—(289)J { 1.1eq para-toluene

X 1 1 eq 'BDA-d (349) sulphonic acid
I/ P O‘Bu
" W
©\Ot8u 80°C Yield: 67 %, e.0.- 52 % w
” mc(\)(rlgl,c:aﬁi:/(;% ” cis-(354) 2H incorporation: >85 % 5:355)

Scheme 139: Synthesis ais-(354) andcis-(355)via a one-pot asymmetric aziridination procedure

followed by tert-butyl ether cleavage
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Gratifyingly, the desired aziridineis-(354), and deprotected aziridings-(355)
were produced in yields of 82% and 67% respectjvellyile deuterium incorporation
remained at the >95% level present within the isiginaterialBDA-d (349) throughout
the synthesis. This stability of the isotopic enment level was seen to be a critical
finding, as it suggests the stability of the C2d @otentially, the C3 positions to isotopic
exchange; which was essential if the deuterateuda®s produced were to be employed
in further syntheses.

Satisfied thus far with the syntheses attemptied, next set of substrates to be
tested were the electron withdrawing substitupats:-nitrophenyl, angara-cyanophenyl.
Again starting from the requisite imines t@&t-butoxy-N-(4-nitrophenylmethylene)
phenylamine, and rt-butoxy-N-(4-cyanophenylmethylene)phenylamine)), the syrdbes
of cis-(356) andcis-(357) (Figure 75) were attempted utilising 10 mol $-(289), in 8:2
deuterated chloroform : dichloromethane, at -80TI@& reactions proceeded well, yielding
cis-(356) in 95%, andcis-(357) in 65% yields. Enantioselectivities were also higls
shown in Figure 75, witltis-(357) showing an excellerg.e.of 99% when run against a

racemic standard by chiral HPLC.

'y

plo bbb bbb b

O'Bu

__OBU .
cis-(357)

3@

cis-(356)
Yield: 95 %
2H incorporation: >90 %
e.e.:88 % Pl L i’ S e e Ty i i i il

; OBu -

H N O

]

A

oo do bt N

O'Bu ’ | I rac-(357)

NC

cis-(357) : I G N
Y|e|d 65 % St Yty ety St SR An Wiy MR WM "Rl "Rl WRAAE e Y
2H incorporation: >95 %

e.e.: 99 %

Figure 75: Synthesis results focis-(356) andcis-(357); and chiral HPLC trace for cis-(357)

It was noted that during column chromatograptig;(356) was seen to crystallise
from a mixture of diethyl ether and petroleum ethEnerefore, purifiedcis-(356) was
treated under similar conditions in order to retafise the material. The resulting crystals
of cis-(356) were submitted for X-ray analysis, yielding in ttwystal structure shown in
Figure 76 (Full crystal data shown in Appendix Bhis structure clearly shows tlogs-
relationship of the C2 and C3 substituents of theidine. Confirmation of thiscis-
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relationship is important due to the potentialidiffties of measuring coupling constants
for the residual CH doublet within the'H-NMR spectra of these deuterated materials.
Unfortunately, confirmation of the absolute stetesistry of the aziridine produced was

not provided, as the crystal was shown to be amate

Figure 76: ORTEP representation of the X-ray crystastructure of cis-(356)

The next substrates to be tested were heteroamnatd polycyclic systems.

These being the 2-naphthyl, 2-pyridyl, and 9-ardéngl basedN-aryl imines shown in

Scheme 140).
10 mol % (S)-(289) ©\ot8u

)'N 1.1 eq 'BDA-d (349) H N @
OB . t
R u R/%(O Bu
R = 2-naphthyl, CDCl;: DCM (8:2) 0
2-pyridyl, 4 A molecular sieves, R = 2-naphthyl (358),
9-anthracenyl -80 °C 2-pyridyl (359),

9-anthracenyl (360)

Scheme 140: Attempted syntheses of 3-(2-naphthy8)(9-anthracenyl), and 3-(2-pyridyl) functionalised

aziridine-2-carboxylatescis-(358) tocis-(360)

From these three substrates two reactions weressitt, with the 2-naphthytis-
(358)), and 2-pyridyl ¢is-(359)) derived aziridines being obtained in 85%, and 828kds
respectively. Chiral HPLC analysis of these compuisurevealed excellent enantiomeric
excesses of 90% and 99% respectively; and excellenterium incorporation of >95%
(Figure 77).
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; O'Bu ; O'Bu

H N O HN@

AN _OBuU OBu
O ¥
cis-(358) cis-(359)
Yield: 85 % Yield: 82 %
2H incorporation: >95 % 2H incorporation: >95 %
e.e.:90 % e.e.:99 %

Figure 77: Results of the syntheses ofs-(358) andcis-(359) catalysed by 10 mol %8)-(289) at -80 °C

The synthesis of the 3-(2-pyridyl) aziridine-2-aaxilate cis-(359) proceeded
rapidly, with vigorous gas evolution being visilgeen at the low reaction temperature of
-80 °C. This rate acceleration could be due togmation of the pyridyl ring leading to the
highly reactive intermediaté361), which has more electrophilic character at thenemi
carbon; thus increasing the rate of attack of tleakly nucleophilic alkyl diazoacetate
(Scheme 141). The formation (§61) is supported by the relatiyiK, values of the imine
nitrogen pKa ~ 24, in DMSO3%’, the pyridyl nitrogen K. ~ 28, in DMSO3®’, and the
catalyst(289) (pKa ~ -1)**’. These values show that the catal89)is acidic enough to
protonate both nitrogen positions, with the ringagen protonating first, followed by the

NG
| N@I

t t ON
| N HOBu | N HOBu N\ H

= =

imine nitrogen.

(361)

Scheme 141: Formation of the dicationic species (Bf potentially leading to accelerated nucleophilic
attack by tert-butyl diazoacetated (349)

Unfortunately, the attempted synthesis of the 3sffhryl)aziridine-2-carboxylate
(360) was unsuccessful, with no aziridination being obseé after 72 hours. A repeat of
the reaction utilising the one-pot procedure géeesame results, with imine being formed

successfully, but no further reaction to the amedbeing observed (Scheme 142).
LS
|
oL @m
NH, 10 mol % (S)-(289)
1.1 eq 'BDA-d (349) O'Bu
CDCl, : DCM (8:2)

IN 4 A molecular sieves
O'Bu -80 °C

(361)

cis-(360)

Scheme 142: Attempted syntheses of the 3-(9-anthyubstituted aziridine-2-carboxylatecis-(360)
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There are two potential reasons for the lack oftrea seen during the attempted
synthesis otis-(360). The first of these being that free rotation af imthracenyl group
could lead to steric disfavouring of the requiredjlas for nucleophilic attack upon the
imine (361) (Figure 78), effectively preventing approach o thieakly nucleophilic alkyl
diazoacetate (in this ca8DA-d (349)).

Attack of the weakly nucleophilic alkyl
diazoacetate (349)
disfavoured due to steric interactions

Figure 78: Hartee-Fock optimised structure of the athracenyl functionalised imine (361) and

representation of the disfavoured nucleophilic attak, due to free rotation of the 9-anthracenyl group

The second potential reason for the lack of reaaBahat the 9-anthracenyl group
of the imine(361) may be simply too large to be accommodated by#talyst §)-(289)
As has been hypothesised previously (82e4: Hypothesis upon the enantioselectivity of
the asymmetric one-pot aziridination reachprsubstrate imines are believed to be
accommodated within the steric ‘shielding’ of th&'d9-anthracenyl) functionalities of
the catalys{289) Thus potentially, if the 9-anthracenyl functiabalof the imine(361)
encounters significant steric interactions with tleatalyst, preventing approach,
protonation may not occur; resulting in the lackedction observed. This potential effect
can be shown visually by considering the MM2 mirsed structure of catalysB)¢(289),
showing the ‘shielding’ effect of the 3,3’-(9-andlcenyl) functionalities (Figure 79).

Steric interactions between imine (361)
and the 3,3'-(9-anthracenyl) functionalities
of catalyst (S)-(289) potentially prevents
approach and protonation

Figure 79: MM2 optimised structure of (S)-(289), and representation of the potential sterimteraction
of the 9-anthracenyl group of imine (361) with théshielding’ 3,3’-(9-anthracenyl) groups of §)-(289),
potentially preventing approach and protonation
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Having synthesised aromatic, heteroaromatipne and poly- halogenated,
bicyclic, nitro, and cyano functionalised enantioelmed C2 deuterated aziridines, the final
C3 functionalisation to be tested was a masked gileergroup. To this end, 4-
hydroxybenzaldehyde was reacted with Fmoc chlomderder to produce the masked
hydroxy species(862) Scheme 143) in accordance with literature procesft? (362)
was submitted to the asymmetric one-potdeteroaziridination procedure, utilising 1
equivalent of 2ert-butoxy aniline(307), 1.1 equivalents dBDA-d (349), and 10 mol %
(R)-(289) at -80 C. The desired aziridines-(363) was obtained in a yield of 78%, with a
deuterium incorporation of >85%. Somewhat disapjpaghy however, the enantiomeric

excess otis-(363)was shown to be only 66%.

10 mol % (R)-(289)

1.1 eq 'BDA-d(349)

0. H O H 1 eq 2-tert-butoxy
2 &q Fmoc-Cl aniline (307) olBy
o i = H N @

O'Zé”td'r:T CDCl;:DCM (8:2) L\ 0By
(0] .
48 h OFmoc 4 A molecular sieves, 3
OH -80 °C FmocO

(362) Yield: 78 %, e.e.: 66 % cis-(363)
2H incorporation: >85 %

Scheme 143: Synthesis of (362) and C2-deuteratedratdine cis-(363)

As the aziridination reaction that had been dgwstibseemed tolerant to changes
upon the C3 substitution, the next logical step watest the tolerance to C2 substitution;
that is, the use of differing deuterated alkyl dmzetates apart frodBDA-d (349)
Therefore, a series of six aziridinations wereragieed utilising various alkyl diazoacetates
(Scheme 144); these beiigp-propyl diazoacetatd-(PrDA-d (364)), allyl diazoacetate-
(365), and propargyl diazoacetade366). 'PrDA-d (364) was prepared utilising the same
approach as that applied to the synthesis of ED{@34) and 'BDA-d (349) that is
treatment with excess deuterium oxide, and potassarbonate (Se&1.2: Deuteration of
ethyl diazoaceta)e whereas allyl diazoacetatet365)and propargyl diazoacetatie:366)

were prepared during the work of Bachera whicloisimcluded heré®?
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; O'Bu

10 mol % (S)-(289) H N
N 1.1 eq tert-butyl (349), LN _OR'
| iso-propyl (364), R

R) O'Bu or allyl (365) diazoacetate-d (o)

R = 2-pyridyl, R' = 'Pr (367)

R = 2-pyridyl, CDCl;: DCM (8:2) R = (4-cyano)phenyl, R' = iPr (368)
(4-cyano)phenyl, 4 A molecular sieves, R = (4-cyano)phenyl, R' = Allyl (369)
(4-bromo)phenyl o ,

-80 °C R = (4-bromo)phenyl, R' = Allyl (370)

R = (4-cyano)phenyl, R' = Propargyl (371)
R = (4-nitro)phenyl, R' = Propargyl (372)

Scheme 144: Asymmetric aziridination reactions attepted utilising a-deuteratediso-propyl (364),

allyl (365), and propargyl (366) diazoacetates

Disappointingly, the reactions attempted utilis{i3$6) were seen not to proceed
either at -80 °C, or room temperature. Howeverctieas with'PrDA-d (364) and allyl

diazoacetat€365)were successful, and the products of these arerstmoFigure 80.

; O'Bu ; O'Bu ; O'Bu ; O'Bu

H N H N H, N H, N
WOiPr /Q)L\@(oipr /©}LQ(OAlly| /@/L\@WOAIM
|

= © NC ° NC © Br ©
cis-(367) cis-(368) cis-(369) cis-(370)
Yield: 78 % Yield: 80 % Yield: 68 % Yield: 50 %
2H incorporation: >90 %  2H incorporation: >90 % 2H incorporation: >90 % 2H incorporation: >70 %
e.e:92% e.e.: 96 % e.e.:87 % e.e.: 60 %

Figure 80: Deuterated aziridinescis-(367) tocis-(370) synthesised utilisingx-deuteratediso-propyl
(364), and allyl (365), diazoacetates

As shown within these examples, the reaction se&mde tolerant to the
structurally diverse alkyl diazoacetates, with gogklds (50 — 80%), and good
enantiomeric excesses (60 - 96%) achieved. It shbelnoted that the loss of deuterium
incorporation (expected at >90%, found to be >70&a) potentiallye.e.within cis-(370)
came about due to experimental error, wherein ismpropanol leak occurred,
contaminating the reaction.

Characterisation of the aziridines shown in Figu@ was carried out
predominantly by'H-NMR spectroscopy*>C-NMR spectroscopy, and HRMS analysis.
Aziridine formation was confirmed by the presendethe C3H singlet (3.62 ppntis-
(367) 3.52 ppmcis-(368);, 3.49 ppmcis-(369) 3.42 ppmcis-(370) within the 'H-NMR
spectra, while integration of these peaks agaihst tesidual CH peaks enabled
calculation of the deuterium enrichment levels. Thapling constants of the residual C2-

H peaks also confirmed theis- stereochemistry of the aziridines, with the caoupl
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constants being well within the 5 — 9 Hz range etgx for acis- aziridine (6.8, 6.6, 6.4,
and 6.5 Hz respectively§®

Incorporation of the differing alkyl diazoacetatesas confirmed by the
characteristic €8(CHs). septet ofiso-propyl diazoacetate (4.81 ppeomrs-(367) 4.87 ppm
cis-(368)), or the signals for the allyl4€ and allyl-CH, of allyl diazoacetate (5.72-5.56,
and 4.49-4.33 ppm respectively withinis-(369) 5.72-5.58, and 4.50-4.30 ppm
respectively withircis-(370)).

Final confirmation of the synthesis of aziridir@s-(367) - (370) was provided by
HRMS, with mass ions being detected at the requmézlvalues €is-(367) 356.2082
[M+H]™ (theoretical 356.2079)is-(368) 380.2079 [M+H] (theoretical 380.2079)is-
(369) 378.1923 [M+H] (theoretical 378.1922)is-(370) 431.1 [M+H] (sample was not
sent for HRMS due to low deuterium incorporationoigd value is for ESI-MS).

Finally, it was decided to attempt a one-pot deuwésl asymmetric aziridination
utilising 24ert-butoxy-4-methoxy aniling335), 4-nitrobenzaldehyde, and-deuterated
tert-butyl diazoacetaté349), producing the aziridineis-(373) Gratifyingly, the reaction
was successful, leading to a good yield of 65%,amele.of 95%. (Scheme 145).

OMe
(0] (0]

L OMe wo‘Bu [ 10 mol % (R)-(289) )

2 (349) CDCl; : DCM (8:2)
OBu

H N @
-80 °C, 4A molecular sieves LN _OBu
Yield: 65 %, e.e.: 95 % o
(335) O,N

NH,
cis-(373)

Scheme 145: Synthesis &-substituted aziridine-2-carboxylate estercis-(373)

This reaction was designed to test the difference®.e. which occur upon
changing the amine substituent within the one-paction; as within the work of Pesce,
the use 0{335) had been shown to reduce the.of aziridines it was included within by
ca. 5% compared to fert-butoxy aniline (Scheme 146 Thus, thee.e.of 95% achieved

R = Yield: 86 %
10 mol % (S)-(289)] - e.e.. 74 %

1.1 eq tert-butyl O'Bu

.R
N
CHI\ diazoacetate (280)
D
N Chloroform, RT G/L\H/ ©/ Yield: 89 %

was unexpected.

e.e.. 69 %
R = 2-tert-butoxy phenyl or

t
2-tert-butoxy-4-methoxy phenyl OBu

Scheme 146: The effect of utilising Bert-butoxy-4-methoxy aniline in the place of Zert-butoxy aniline

within the asymmetric aziridination work of Pesce
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The synthesis ofis-(373) was also considered important as it had been shoywn
Bew et al that with the inclusion of thH-(4-methoxy-2-tert-butoxy)phenyl substituent, the
subsequent aziridine was amenable to cleavagee®-gubstitution; thus yielding the NH
aziridine product(374) (as shown in Scheme 147). This potential cleavaigéhe N-
substitution was a critical step in the synthedisag-(+)-chloramphenico(282) from an

aziridine similar tecis-(373) (Scheme 14732

OMe
& H
N
O'Bu
N

H

Acetonitrile S u — HN._ _CHCI
OBu | goctoRT| O,N o
Io) Yield: 67 % (374) rac-(+)-chloramphenicol (282)
O,N

Scheme 147: Synthesis of NH aziridine (374), amdc-(+)-chloramphenicol (282) from an aziridine

similar to cis-(373); carried out by Pesc&®

5.2.3: Asymmetric Synthesis of C2-deuterated Azegl— Summary and Conclusions

In summary, within this chapter the syntheses afious C2 deuterated
enantioenriched aziridine-2-carboxylates have bdemonstrated. Evidence (including
HRMS and'H-NMR) has been presented to show high levels afatation (in the main
>95%). As well as high deuterium incorporationg #mantioselectivity of the reaction is
high, with enantiomeric excesses as high as 99%odsitrated i(e. the synthesis adfert-
butyl  1-(2{ert-butoxyphenyl)-3-(pyridin-2-yl)-deuter@ziridine-2-carboxylate; cis-
(359). Also, tolerance for varying substitution on pbsitions of the aziridine ring has
been demonstrated;e. differing alkyl diazoacetates (ethylert-butyl, iso-propyl, and
allyl), differing amine constituents N¢(2-tert-butoxy-4-methoxy)phenyl; N-(2-tert-
butoxy)phenyl), and differing starting aldehydesc@rporating aromatic, polycyclic,
heteroaromatic, halogenated, and electron withargfinctionalities).

Within the development of this method, variousmgmaena have been investigated
including the possibility of both primarys(1.6: Determination of a potential primary
kinetic isotope effertand secondary5(1.3: Development of deuteration techniques —
Initial aziridination reaction$ kinetic isotope effects arising from the use daher
deuterated pyridinium triflate, or deuterated al#tigdzoacetates.
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= | — R
l(, = | H 4
RSN
h \R o NHz  one-Pot
or
=

Stepwise

10 mol % (279)
or 10 mol % (289)

4 A molecular sieves
CDCl3:DCM (8:2)
RT or-80°C,6-72h
Yields: 55 % - 95 %
e.6e.5:66 % -99 %
2H incorporation >95 %

R' = 2-tert-butoxy,
2-tert-butoxy-4-methoxy

R =H, F, Cl, Br, pentafluoro,
NO,, CN, 2-naphthyl, 2-pyridyl,
OFmoc
R" = Bu, 'Pr, Allyl, Et

Scheme 148: General scheme for the deutero aziridition chemistry developed thus far

Logically, the next step of development of the pobjwould be the synthesis of C3

deuterated aziridines utilising the one-pot asymimeiziridination protocol, and studies

towards this goal are included within the followicigapter.
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Chapter 6: Studies towards the Synthesis of C3- and2-, C3-deuterated Aziridines
6.1.1: Synthesis of Deuterated Aldehydes — Intribolinic

In a similar manner to the synthesis of C2-deteraziridines, the approach taken
to develop C3-deuterated aziridines involved theoduction of deuterium within the
synthesis as opposed to the use of H/D exchangepoatsynthesised aziridines. In order
to facilitate this, formyl deuterated benzaldehydese required. A search of the literature
yielded several general methods, utilising readiilable starting materials including:
reduction of either carboxylic acids or estershwdeuterated lithium aluminium hydride

284

followed by re-oxidation (Fitzpatricket al), or formation of an intermediate

morpholinoacetonitrile, or dithiane derived specigBich could be deprotonated and
subsequently quenched with deuterium (Kirby al Chikashitaet al).?*>%*® These

methodologies are summarised in Scheme 149.

0 3 eqNaH 0
1.1 eq CIO4H 6 eq D,O
1.1 eq NaCN 1.1 eq thionyl chloride HCI
N
- H 0)
2) NaH

S Ph D,0
\’\Na —_— @
S
THF
chlorochromate

0]
H

0] 4 eq LiAID, Q‘@ 3.5eq Pyridinium]‘
OR OH

R =H, Me, Et

(@)
z
@]
N
O

t 1)1 ,3—propanedithio|] (@]

Scheme 149: Summary of the general methods withihe literature for the production of formyl

deuterated benzaldehyde derivatives

The method chosen was based upon the work of Ketbgl?® involving the
production of morpholineoacetonitrile species ($08€el50). This procedure relies upon
the ability of the intermediate morpholino spediestabilise a negative charge; allowing
deprotonation and quenching with deuterium oxideotider to generate the subsequent
deuterated morpholino species, which can then lkeohysed to afford the desired formyl
deuterated aldehyde.
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© (0]
o) 1.1 eq perchloric acid 2:3 gag [ ]
Rl N 1.1eq thionylzchloride N
| N7 H H .
// morpholine | N CN i | N oN
R 3h, 70 °C to 90 °C Lo LU »
R R

o)
R = 1-naphthyl (3H: 97 %)

[j 2M g HCI '
N m Q)L@ 4-nitrophenyl (2H: 99 %)

N oN 3-nitrophenyl (2H: 99 %)
| 100 °C 1h 4-cyanopenyl (2H: 99 %)

R// 3,4-dimethoxyphenyl (2H: 99 %)

Scheme 150: Synthesis of formyl deuterated aldehysiby Kirby et al

This method was chosen as the intermediate morphapecies are crystalline
solids allowing easy handling, and may also beestdor extended periods of time. This
methodology had also been utilised in recent patibas; including the synthesis BiN-
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labelled3-deuterated phenylalanine by Curlelyal~™® which suggested it was a reliable

method.

6.1.2: Synthesis of Deuterated Aldehydes — Morpbatetonitrile Methodology

As an initial test of the Kirby conditiorf&’ it was decided to synthesise a range of
deuterated benzaldehyde derivatives that had besressfully employed as thgoteo-
form within the asymmetric one-pot aziridination thmedology described in Chapter 5.
Hence, benzaldehyde, 4-fluorobenzaldehyde, 4-chépaldehyde, 4-nitrobenzaldehyde,
4-cyanobenzaldehyde, 4-benzyloxybenzaldehyde, agdlolexylcarbaldehyde were
treated according to the methods shown in Scheme QGring these initial reactions,
extreme care was taken due to the procedure raguine addition of perchloric acid to
morpholine. However, it was found that the additisronly mildly exothermic, and no

violent reactions were noted.

‘ 1.1 eq perchloric acid] R = phenyl (374), Yield: 81 %

4-fluoro phenyl (375), Yield: 76 %
o 1.1eqNaCN [ j 4-chloro phenyl (376), Yield: 70 %
)k 4-nitro phenyl (377), Yield: 83 %
R™ "H ‘ morpholine 4-cyano phenyl (378), Yield: 79 %
o o 4-benzyloxy phenyl (379), Yield: 69 %
3h, 70 °C 10 90 °C R™ CN cyclohexyl (380), Yield: 73 %

Scheme 151: Synthesis of morpholinoacetonitrile spes (374) - (380)

The production of the desired morpholinoacetdeitspecies was confirmed
predominantly by*H-NMR and *C-NMR spectroscopy, with final confirmation by
HRMS. Of particular interest within tHél-NMR spectra were thetCpeaks relating to the
central carbon (4.82 ppif874), 4.78 ppm(375), 4.78 ppm(376), 4.89 ppm(377), 4.87
ppm (378), 4.75 ppm(379), 3.07 ppm(380) as it was loss of this signal which would
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indicate deuteration of the morpholino specieswasild be expected, the GDpeaks for
each aldehyde starting material were no longereptes

Having synthesised the required precurs@84) — (380), the deuteration and
hydrolysis reactions shown in Scheme 150 were edhiout upon 2-morpholino-2-phenyl
acetonitrile (374) (Scheme 152). The reaction appeared to proceeddtbimo with
deuteration being observed Hy-NMR spectroscopyvfa a reduction of intensity of the
CH peak at 4.82 ppm). However, when hydrolysis ofitikermediatg382) was attempted,
the final yield of formyl deuterated benzaldehy883) was a disappointing 45%. Despite
this, >90% deuterium incorporation Biy-NMR spectroscopy was achieved.

3 eq NaH o
© 6 eq D,O o
[ 1.1 eq thionyl chloride 2M(5q) HCI
N
5 Tk o'e
CN DMF CN 100 °C, 1h
RT, 1h Yield: 45 % (383)
21 [P o
(374) (382) H incorporation: >90 %

Scheme 152: Synthesis of formyl deuterated benzaligde (383), utilising the Kirby et al methodology

6.1.2: Synthesis of Deuterated Aldehydes — Fu@@nments

Although the above methodology was successful ynthesising deuterated
benzaldehyde, results were difficult to obtain icomsistent manner. Yields of all steps of
the procedure varied significantly (x 15%) with leaepeat; in some cases, hydrolysis of
the deuterated morpholino species would lead topbete or partial reversal of the
deuteration; leading to recovery of a partiallyfudly proteo-aldehyde.

At a similar time to this research, further workswongoing under a similar project
within the research group; leading to the availgbibf deuterated aldehydes in a more
reliable manner. Thus, use of the Kirby procetflireras discontinued, in favour of the
deuterated aldehydes produced by the work of Bachmrolving treatment of the desired
aldehyde with sodium cyanide, in®, for 5 days®**

6.2.1: Asymmetric Synthesis of C3-deuterated Aziridinkgreduction

Having demonstrated the synthesis of deuteratextdbgehyde(383) and with
various deuterated aldehydes available from the&kwbBacher&® the next step was to
attempt the asymmetric synthesis of C3-deuterar@idme-2-carboxylates utilising the
methodology developed in Chapter 5.

As confidence in the one-pot aziridination methodas had grown with their

further development, it was decided to utilise poé{procedures in the synthesis of the
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following aziridines. One-pot methodology also aleml for minimum exposure of the
deuterated aldehyde substrates to air and moisituréhe hope that deuteration levels
would remain high within the ongoing synthesis.

At this point, the aim of the project had beereexted into development of the one-
pot aziridination and deuteration techniques ineorid enable a ‘dialled in’ approach to
aziridine synthesis (Appendix 7)e. selective incorporation of deuterium at the CZ8r
positions in high levels could be chosen (or ‘@dllin’) via use of either deuterated
aldehydes or alkyl diazoacetates; along with seiégctof enantioenrichment, with
enantiomers able to be selectabi@ the use of either the&)- or (R)- enantiomers of the
catalyst(289).

6.2.2: Asymmetric Synthesis of C3-deuterated Azesl— Synthesis of aziridines ¢&33)
to cis{388), cis{392)to cis{393), and cis{398)to cis{399)

The first reaction attempted within this group whas one-pot asymmetric C3-
deuteroaziridination of benzaldehyd#{382) with 2+tert-butoxy aniline(307), and'BDA
(280). The results of this reaction are shown in Schifi

‘)L' \H)J\O‘Bu [ 10 mol % (R)-(289) | ©\O‘Bu
@M
(382) ©\ (280) CDCI;:DCM (8:2) A O'Bu
-80 °C, 4A molecular sieves o
NH2 : . 0, . 0,
Yield: 65 %, e.e.: 88 %

(307) 2H incorporation: >90 % cis-(383)

Scheme 153: One-pot asymmetric synthesis of C3 detdted aziridine cis-(383)

The reaction proceeded as expected, yielding tlseedeaziridinecis-(383) in a
yield of 65% anck.e.of 88%. Further to this, subsequéRtNMR spectroscopic analysis
revealed the C3-deuterium incorporation to be >9UBe ‘H-NMR spectrum is shown in
Figure 81, and it can clearly be seen that the ldbddr C3H (expected at 3.43 ppm) has
been suppressed. A comparison with tHeNMR spectrum of the CBeuteroaziridine
cis-(351) shows that the singlet remaining for the aziridiimg hydrogen atom switches
position between those expected for I€33.43 ppm) and CH® (2.97 ppm), depending

upon which position is deuterated, as would be ebgoke

157



H N @

I.. Wotsu

_J \ cis-(351) O

G
|

T T T T T T T T

T T 1
3.50 345 340 338 330 3.25 3. 20 3.15 3.10 3.05 3.00 2.95 2.9
1 (ppm)

; O'Bu

@N

©/L\Wotsu
|
l

~ Cis-(383)

I

T T T T T T T T T T T 1
350 345 340 335 330 325 320 345 310 305 300 295 230
f1 (ppm)

089—
900 =
899«

T T T T T T T
8.0 725 720 6.5 6.0 5.5 S0 4.5 4. 35 3.0 25 20 15

T
0 10 0s
f1 (ppm)

Figure 81: *H-NMR data for cis-(383), and comparison of the CH, and C3H singlets present within
the *H-NMR spectra of cis-(351) andcis-(383)

A further point of interest within théH-NMR spectrum ofcis-(383) was the
coupling constant of the residual EBdoublet, this being 6.6 Hz. This value is withlire t
range of expected vicinal coupling constants farissaziridine (5 — 9 Hz§® and also
offers good correlation with thgroteo version ofcis-(222) synthesised by Pescé ¢ =
6.7 Hz)?*® confirming thecis- stereoselectivity of the reaction.

Having demonstrated the one-pot asymmetric syrdhedi a C3-deuterated
aziridine, the next step was to test the tolerantehe procedure to differing C3
substitution. To this end, aziridiness-(384) to cis-(388) were synthesised (under the
conditions shown in Scheme 153) utilising halogedatdeuterated aldehydes 4-
fluorobenzaldehyde; 4-bromobenzaldehyds- 4-chlorobenzaldehyde- 3-

chlorobenzaldehydd; and 2-chlorobenzaldehyde-The results of these are shown in
Figure 82.
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; O'Bu ; O'Bu
N H N H
/@%(OBU /@%(OIBU
(0] (0]
F Br

cis-(384) cis-(385)
Yield: 72 %, e.e.: 86 % Yield: 65 %, e.e.: 83 %
2H incorporation: >90 % 2H incorporation: >90 %

; O'Bu ; O'Bu ; O'Bu
N H N H i@ N H
/@%(otsu C'@%(OtBU @%(O@u
o) o) o)
Cl

cis-(386) cis-(387) cis-(388)
Yield: 67 %, e.e.: 71 % Yield: 65 %, e.e.: 69 % Yield: 41 %, e.e.: 64 %
2H incorporation: >80 % 2H incorporation: >90 % 2H incorporation: >95 %

Figure 82: Halogenated C3-deuterated aziridinesis-(384) tocis-(388)

As can be seen from the yields and enantioselgetivshown in Figure 82, some
substrates performed better than others, witi(384) and cis-(388) providing the best
overall results, with yields of 72% and 65% respety, and highe.es of 86% and 83%.
Deuterium incorporation was universally high amothg set, in the main being a
conservative >90% obtained by integration of theHC&nglet peak present within -
NMR spectra ofcis-(384) — cis-(388) (found at 3.03, 3.04, 3.01, 3.05, and 3.08 ppm
respectively) against the residual B3doublet. The coupling constants of the residual C3
H doublet also confirmed thas-stereochemistry of the C2 and C3 substitutiocisn(384)

— cis-(388), with coupling constants of 6.5, 6.8, 6.7, 6.8] &V Hz respectively.

The formation of the desired aziridineis-(384) — cis-(388), and the presence of
deuterium within the structures was also confirnbgdHRMS; with [M+H] ions being
detected for each product at the requim@d (cis-(384) 387.2192cis-(385) 447.1391cis-
(386)403.1889ris-(387)403.1893ris-(388) 403.1894).

Having synthesised halogenated C3-deuteratediemas, the next set of substrates
to be attempted were those bearing C3-electrondvathing substituents. To this eras-
(392) and cis(393) were synthesised utilising 4-nitrobenzaldehyde-and 4-
cyanobenzaldehyde:-
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Compound | Beuterium | vieiq (%) | e.e. (%)
O'Bu O'Bu
cis-(392) C3 53 93
OtBu O‘Bu
cis-(356) C2 95 88
cis-(392) cis-(393) cis-(393) C3 41 89
Yigld: 53 %, fa.e.: 93 % Yigld: 41 %, fe.e.: 89 % cis-(357) c2 65 99
2H incorporation: >95 % 2H incorporation: >90 %

Figure 83: Syntheses of C8leuteroaziridines cis-(392) andcis-(393) bearing C3 electron withdrawing

substituents

As shown in Figure 83is-(392) andcis-(393) were produced in moderate yields
of 53% and 41% respectively, with very good enadiectivity observed (93% and 89%
e.e.respectively). More relevantly to the project, @giwm was incorporated at the C3
position in enrichment levels of >95% and >90% eesipely, as determined BYH-NMR
spectroscopy; which also confirmed ttis-stereochemistry of aziridiness-(392) andcis-
(393), with coupling constants for the residual B3doublets being 6.2 and 6.7 Hz
respectively; well within the 5 — 9 Hz range exjgector acis-aziridine?®

It was noted at this stage that both yields amdathieved enantioselectivities of
the aziridines produced appeared to be lower tlmn corresponding C2 deuterated
aziridines producetdide supra The decrease in yield could be brought aboutrasat of
slower reactions due to a secondary kinetic iso&feet during imine formation.

Secondary KIE in this case would come about assaltr of changes in the Zero
Point Energy of the relevant transition state,imgiSrom differences in the vibrational
frequency of the formyl C-D or C-H bond. These @iffinces become significant upon
changing the hybridisation of the C-H or C-D boiithus, the relevant transition states
within imine formation are the initial nucleophilattack of the amine upon the aldehyde
carbonyl, and the elimination of water to form tirene (Figure 84).

In order to provide evidence for this potential@®tary KIE, Gaussian calculations
of the relevant transition states resulting from teaction of 4-cyanobenzaldehyde with 2-
tert-butoxy aniline(307) were carried out (Figure 85). This allowed caltiola of the
vibrational frequencies of the formyl C-H and C-DPnlds during the transition states TS1
(394) and TS2395), and thus calculation of the differences in ZeoinPEnergy between
theproteo anddeutere forms.
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__________ » | TransitonState 1 | ___________
w (394)

sp2 to sp3
o Oy H ©\ HO H/D
H
H* ' oBu  -H* N
/©)kH/D T m?/ :NH, ‘i NC O'Bu
ZPE ZPE
(proteo) (deutero)
Structure | (xjimol) | (kJimol) “ H*
4-cyano ‘BuO ®

venzardehyde | 320-3727 | 311.4764 H,O H/D
-H0 H

N —_— N

TS1(394) | 9504731 | 941.1002 | /©)< o
AZPE /©)\H/D NC @/
(o) | 6301004 | 6206238 | (396)

ntermediate | 9455808 | 936.2357 3 Transition State 2
@®) | T (395) | <
TS2(395) | 950.9775 | 941.6785 sp3 to sp2
AZPE
(kJ/imol) 5.3877 5.4428

Figure 84: Gaussian calculations (carried out at B3YP/6-11g theory level) and comparison of the

ZPEs of TS1 and TS2 during imine formation in bothproteo and deuterce form

As shown in Figure 84, th&ZPE between the proteo and deutero forms of TS1 is
very small ¢a. 0.5 kJ/mol), suggesting little, or no KIE is presat this stepAZPE for
TS2 is also very smallcé. 0.06 kJ/mol), suggesting the presence of a smalimnal
secondary KIE. However, when taken together, theseeffects essentially cancel out;
suggesting that either a higher level of theometired to account for the KIE, or another
effect is present. It is worthy of note that thécakations used did not take into account
conformers of the transition states, or the effaftsolvation. Thus, the results of the
calculation only allow for a very basic prediction.

Despite the lack of evidence from computational kyavidence for the reduced
rate of imine formation leading to increased reactime was provided by the synthesis of
cis-(392) via the preformed iminéN-(2-tert-butoxyphenyl)-4-nitrobenzimidoyl deuteride
(397) The use 0{397) as the starting material led to a significantlgueed reaction time

of ca. 48 hours; as opposedda. 72 hours for the one-pot approach (Scheme 154).
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9 10 mol % (R)-(289)
+ O'Bu 1.1 eq 'BDA-d (349)
NH,
O:N CDCl; : DCM (8:2)
4 A molecular sieves, -80 °C
ca. 72 hours O'Bu
Yield: 53 %, e.e.: 93 % @ N H

2H incorporation: >95 % mOtBu
(0]
O,N

10 mol % (R)-(289) ] cis-(392)

‘BuO
N]@ 1.1 eq 'BDA-d (349)
|
) CDCl5 : DCM (8:2)
4 A molecular sieves, -80 °C
O,N

ca. 48 hours
397
(397) Yield: 55 %, e.e.: 92 %
2H incorporation: >95 %

Scheme 154: Comparison of the required reaction ties for the synthesis ofis-(392) utilising one pot,
or stepwise synthesis routes; demonstrating the partial presence of a secondary KIE within the one-

pot procedure

Thus (with the decrease in reaction time wh887) was utilised as starting
material, as evidence), it can be concluded thatrtbreased reaction times observed when
utilising deuterated aldehydes come about as dtresslower initial imine formation;
potentially due to a secondary KIE.

Following on from the above examples, it was dedido attempt aziridinations
utilising a range of alkyl diazoacetates. To thsl,eone-pot aziridinations were attempted
utilising 4-bromobenzaldehyd#-and EDA(261), or 'PrDA (320), as the carbon sources.
Carrying out the standard one-pot asymmetric dnaitbn protocol, aziridinesis-(398)

andcis-(399) were produced (Scheme 155).

0
0 -
(D) 10 moil % (R)-(289) ©\OtBu ©\OtBu
5 1.1 eq 'PrDA-h (320) @ N @ N

r or EDA-h (261 ) H ) H
L (261) R molpr mOEt

CDCl, : DCM (8:2 o) @)

3 ( ) Br Br

O'Bu 4 A molecular sieves

oo cis-(398) cis-(399)
NH, 80°C Yield: 65 %, e.e.: 84 %  Yield: 52 %, e.e.: 74 %
(307) 2H incorporation: >90 %  2H incorporation: >90 %

Scheme 155: Compoundsis-(398) andcis-(399)

Characterisation ofis-(398) and cis-(399) was predominantly carried out Bi-
NMR spectroscopy, and HRMS; with the desired KCBinglet present in th&H-NMR
spectra of botltis-(398) and cis-(399) at 3.10 ppm. Incorporation of the desired alkyl
diazoacetates was confirmed by the presence ofitheacteristic 6(CHs), septet of the
iso-propyl residue (in the case ois-(398)) at 4.89 ppm; or the GHnultiplet (4.21-3.87

162



ppm) and CH triplet (1.09 ppm) of the ethyl residue in the &as cis-(399). *H-NMR
spectroscopy also allowed confirmation of diestereochemistry af398) and(399), with
both showing residual CHB- doublets with coupling constants of 6.6 and 6.5 Hz
respectively. HRMS provided final confirmation dfet synthesis otis-(398) and cis-
(399), with [M+H]" ions found at the requirea/z (cis-(398) found: 433.1233, required:
433.1232ris-(399)found: 419.1082, required: 419.1075).

Interestingly, there was no noticeable drop in épaalectivity in changing from
the use oftert-butyl diazoacetatei.g. cis-(385), Figure 82, 83%e.e) to iso-propyl
diazoacetatei.€. cis-(398) Scheme 155, 84%.e); as expected, however, a roughly 10%
loss in enantioselectivity was experienced upomgimy to ethyl diazoacetatéd, cis-
(399) Scheme 155, 74%.e). This loss ine.e.upon switching to ethyl diazoacetate was
expected as a similar effect was noted by Pesaagltire synthesis of chiral non-racemic
N-substituted aziridine-2-caboxylate esters (Sch&fed2®®

Q 10 mol % (S)-(289)
)

1.1 eq tert-butyl diazoacetate H N H
or ethyl diazoacetate e
| = | ~N (0]
_N Chloroform, RT l
R = Et, Yield: 81 %, e.e.: 70 %
R ='Bu, Yield: 81 %, e.e.: 75 %

N OR

Scheme 156: Demonstration of the loss of enantioselivity upon switching from tert-butyl

diazoacetate to ethyl diazoacetate; carried out bipesce

This effect can be rationalised by consideratiothefMM2-minimised structure of
the imine 4-bromN-(2-tert-butoxyphenyl)benzimidoyl deuteridd00) (formed from 4-
bromobenzaldehydd; and 2tert-butoxy aniline) within the cavity of catalys§)¢(289)
(Figure 85). This demonstrates the high steric awheround(400) during the transition
state; thus, attack from the disfavoured face(4890) is more likely with an alkyl
diazoacetate bearing a less bulky alkyl substituentethyl vs. tert-butyl or iso-propyl,
leading to the observed loweres.
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Figure 85: Front and side MM2 minimised structuresof imine (400) within the cavity of §)-(289),

demonstrating the steric demand about the C=N bond

6.2.3: Asymmetric synthesis of C3-deuterated Arnggl— General Remarks

Having switched from the use of deuterated alkyzdacetates to deuterated
aldehydes, it was found that generally the develop®e-pot methodologies for aziridine
formation were tolerant to this change, with yietifs41 - 72% ance.es of 64 - 93%
achieved. However, several points of interest adoseng this screen. It was found that, in
general, yields were lower, and reaction times éoivghen deuterated aldehydes were used
in the place of deuterated alkyl diazoacetatess Tpresumed to be due to a secondary
kinetic isotope effect when utilising deuteratededlydes, although computational work
has not provided conclusive evidence for this.

The secondary kinetic isotope effect is presumeddme about during imine
formation, meaning that the imine formation is #igantly slower with a deuterated
aldehyde. This effect, when compounded by the keaction temperatures required, led to
increased reaction times (Figure 84). As duringptogect the aim was to develop a useful
procedure, many reactions were cut short due t@ l@action times, meaning that
possibly, these yields would be increased if reactimes had been allowed to run beyond
72 hours. To a certain extent this was confirmeadnyying out the synthesis ois-(392)
from a preformed deuterated imine (Scheme 154). TBbsequent asymmetric
aziridination was then seen to proceed in a shogttion time ota. 48 hours, along with
a yield more consistent with those expected.

Throughout the syntheses shown during this chagearterium incorporation was
high, and the incorporation levels stable; againfioming the stability of the aziridine C2
and C3 carbons to H/D exchange. The aziridineshegiged were able to be stored on the
bench at room temperature for several weeks witappreciable deterioration, and when
stored at reduced temperature under nitrogen, thdupts seem to be stable over an

extended period (>12 months). This property becamesrtant when the potential uses of

164



aziridines as intermediates in synthesis are censitj and especially, the potential uses of

deuterated aziridines.

6.3.1: Asymmetric Synthesis of C2-, C3-deuteratddines — Introduction

As both deuterated aldehydes and deuterated allagodcetates were now
available, and having developed a pool of expedent synthesising and purifying
deuterated aziridine products; at this point then adf developing a ‘dialled in’
methodology for the synthesis of aziridines wasob@ng more feasible.

Having demonstrated the synthesis of both C2 aBdl€luterated aziridines, the
next development was a combination of the two nusho order to produce C2-, C8H;
deuterated aziridines. The following aziridinatiomgre carried out in an attempt to
demonstrate the potential to choose single or @odeluteration within the asymmetric
aziridine product, which was a key aim of the ‘tidlin’ methodology.

6.3.2: Asymmetric Synthesis of C2-, C3-deuterateddines — Synthesis of aziridines cis-
(401)to cis{408)

The firstdi- deuterated aziridine to be synthesised utilisiregdne-pot asymmetric
aziridination protocol was the simple phenyl detivacis-(401). The reaction was carried
out utilising standard one-pot methods, leadintheoproduction of the desired aziridine in

a yield of 72% and an enantiomeric excess of 67&hd®e 157).
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Scheme 157: Synthesis @is-(401), and expansion of the 2.8 — 3.6 ppm regiohthe 'H-NMR spectra
of cis-(351),cis-(383), andcis-(401) showing the effect of deuteration at the CZ;3, and C2-C3

positions

As shown in Scheme 157, confirmation of the deumerincorporation levels
within cis-(401) was provided byH-NMR spectroscopy. Clearly, both G2{expected at
2.9 ppm) and C34 (expected at 3.4 ppm) doublets had been suppré¥setegration of
the residual CH and C3H peaks at 2.98 and 3.42 ppm showed deuterium incatipn
of >90% at both C2 and C3 positions, although ¥aisie should be considered to contain
an error ofca. 5% due to potential error within the integratidnd-NMR spectr&’® The
presence ofis-(401)was further supported by HRMS, and LC-MS, bothwehg peaks at
m/z370(.2348) consistent with the doubly deuteradeH] " ion.

One point of interest is the loss of enantioselggtwithin cis-(401) (e.e.67%)
when compared to the equivalent C2 or C3 deuteratedlinescis-(351) (e.e.81%) and
cis-(383) (e.e.88%). Intrigued by this, and wishing to demonstitte applicability of the
aziridination methodology, further aziridinationgns carried out, focused upon producing
halogenated aziridinesis-(402) and cis-(403), along similar lines of inquiry as used in
previous chapters (S&e2.2and6.2.2.
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Figure 86: Synthesis and HRMS data for C2-C3 doublyeuterated aziridinescis-(402) andcis-(403)

As can be seen in Figure 86, batls-(402) and cis-(403) were produced in
reasonable yields of 69% and 68% respectively. @hes in line with those expected, with
little difference between these materials and theesponding C3 deuterated aziridines
cis-(384) (C3d 4-fluorophenyl substituted, 72% yield), ands-(385) (C3d 4-
bromophenyl substituted, 65% yield).

Confirmation of the synthesis oifs-(402) andcis-(403) was obtained primarily by
'H-NMR spectroscopy and HRMS; with integration o ttesidual C2H and C3H peaks
(3.03 and 3.45 ppntis-(402) 3.04 and 3.42 ppntis-(403) confirming >90% deuterium
incorporation in both products at the C2 and C3tjpos; and HRMS showing [M+H]
peaks atn/zvalues consistent with C2-C3 deuteratiois-(402) found 388.2252, required
388.2252ris-(403) found 448.1376, required 448.1378; see Figure 86).

Perhaps unexpectedly (considering the loss.@fseen within the synthesis of-
(401)), the enantioenrichment of the @ara-bromophenyl aziridineis-(403) was higher
than that seen within the corresponding C3 singiyterated speciass-(385) (83%e.e),
bringing the results back into line with those lo¢ {C2-deuterated producit-(350) (95%
e.e). This is an unusual result, as it suggests tlithimthis example, single deuteration of
the C3 position has a significantly adverse effepbn the enantioselectivity of the
reaction, which is subsequently reversed upon datine of both the C2 and C3 positions
(Figure 87).
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Yield: 65 %, e.e.: 83 %
C3 2H incorporation: >90 %

Figure 87: Comparison of the yields and.es achieved with C2, C3, and C2-C3 deuteration of

aziridines bearing C3para-bromophenyl substitution

With a view to investigating the effects of vanyisubstitution patterns upon the C3
position, a set of C3-chlorophenyl substituted CR-Qeuterated aziridines were

synthesised;is-(404)to cis-(406) Figure 88 shows the results of these syntheses.

O'Bu O'Bu O'Bu
N N Cl N
/@@L\[@(O‘Bu Cl \QC%\[@(OtBU (j@/L\@H/O‘Bu
(0] (e} (6]
Cl
cis-(404) cis-(405) cis-(406)

Yield: 65 %, e.e.: 77 %
C2 2H incorporation: >90 %
C2 2H incorporation: >90 %

Yield: 58 %, e.e.: 76 %
C2 2H incorporation: >90 %
C3 2H incorporation: >90 %

Yield: 51 %, e.e.: 52 %
C2 2H incorporation: >90 %
C3 2H incorporation: >90 %

Compound Subs(t:i?ution Dgg;?trii;lr:n Yield (%) | e.e. (%)

cis-(386) 4‘;ﬁ2'r?yrf’ c3 67 71

oy | 40 | caca | e | 77 | | mnagutetiuion [ sverage A

cis-(387) 3pﬁ2'r?;f c3 65 69 4 66 &
3 62 2

cis-(405) 3pﬁ2'r?yr|° c2,C3 58 76 o " ;8

cis-(388) zpﬁg'r?;f’ c3 41 64

cis-(406) zpﬁg'r?;f c2,C3 51 52

Figure 88: Effect of varying substitution positionon yields ande.e.of chloro- substitutedmono- and di-

deuterated aziridines

As can be seen, the enantioselectivities of thesetions were of the same order as
those of the corresponding C3-deuterated aziridiéés- 71%gis-(386)— cis-(388)), with
a similar pattern emerging concerning the effecsubstitution position. That being the
enantioselectivity of the reaction drops as ringssiution position is changed from 4- to

2-, with e.e.decreasing in the order 4- > 3- > 2-.
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The final C3 substitution to be tested was thataof electron-withdrawing
functionality. Thusgis-(407)was synthesised, furnished with an electron-watang C3-
(para-nitro)phenyl group, from 4-nitrobenzaldehyde2+tert-butoxy aniline (307), and
'BDA-d (349). cis-(407) was afforded in a 57% yield from the one-pot dniation
procedure, whiléH-NMR spectroscopy confirmed a deuterium incorgorapf >90% at
both the C2 and C3 positiongd integration of the residual (2-and C3H peaks at 3.13
and 3.50 ppm respectively). HRMS also confirmed @& C3- deuteration, with the
[M+H] *ion found atm/z415.2196 (theoreticah/z415.2197)

Gratifyingly, the enantioselectivity of the reactiovas excellent, with ag.e. of
97% confirmed by chiral HPLC analysis (Figure 8Biis e.e was unexpected, as it was
higher than those achieved previously with both@2adeutero(cis-(356), 88%e.e) and
C3-deutero(cis-(392), 93%e.e) derivatives of this aziridine.

O'Bu |

OND . \_

m“” | "

Ly aa s an s o g 2 77 7 T T n T ™7 T
ol |
02N P

cis-(407)
Yield: 57 %, e.e.: 97 %
C2 2H incorporation: >90 % "
C3 2H incorporation: >90 % ‘

Figure 89: Yield, e.e, and chiral HPLC trace for cis-(407)

The final test to be carried out upon the toleesnof the deuterated aziridination
protocol was that of variation of the C2 substdnti Thus the synthesis ois-(408)a C2-
C3- di-deuterated C3para-bromo)phenyl-substituted aziridine bearing a i€2propyl
ester (synthesised from 4-bromobenzaldehyd2tert-butoxy aniline(307), and'PrDA-d
(364) is shown in Scheme 158.

(0] (0] [ 10 mol % (R)-(289) ]

O o (on
N,* CDCI;:DCM (8:2) N
Br (364) -80 °C, 4A molecular sieves @ @ oPr
O'Bu Yield: 76 %, e.e.: 87 %
(6]
Br

NH, C2 2H incorporation: >90 %
(307) C3 ?H incorporation: >90 % cis-(408)

Scheme 158: One-pot asymmetric synthesis ci-(408)
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The reaction proceeded well, with a yield of 76#¢ ane.e.of 87%. Deuterium
incorporation withincis-(408) was determined by the integration of the residDaiH
(3.09 ppm) and CB# (3.46 ppm) peaks within théH-NMR spectrum as >90%.
Incorporation of the desired G2c-propyl ester was confirmed by the presence of the
characteristic 6(CHs), septet of théso-propyl residue at 4.89 ppm within thd-NMR
spectrum. Finally, the presence of tiiedeuterated specieds-(408) was confirmed by
HRMS, with [M+H]" ions detected aih/z434.1296 (theoretical 434.1294).

6.4: Conclusions upon the synthesis of C2-, C3editerated Aziridines, and the overall
‘Dialled in” Methodology

As is demonstrated in this chapter, various C2,dCBeuterated aziridines have
been synthesised using a one-pot asymmetric amtidn procedure, generating
deuterated products in moderate to good yields £516%), and good to excellent
enantiomeric excesses (52 — 97%). The reactiomé&as shown to be tolerant to aromatic
(Scheme 157), halogenated (Figures 86 — 88), aadtreh-withdrawing substituents
(Figure 89), and also tolerant to the alteratiothefalkyl diazoacetate used as the substrate
carbon source (Scheme 158).

To this end, in this and the previous chaptedialled in’ approach (Appendix 7)
has been adopted for the integration of deuterielecsvely into the C2, C3, or C2 and C3
positions of aziridines, in a highly enantioseleetprocedure. The development present in
this, and the preceding chapter (S&eapter 5: Studies towards the synthesis of C3-
deuterated Aziridingsled to the possibility of selecting the enantiomgubstitution,
deuterium position, and alkyl diazoacetate suligtitu desired; and synthesising the

corresponding aziridine in good yields, and in heglantioselectivity (Scheme 159).
0

X
TNF or ® | Pz R
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Scheme 159: Summary of the ‘dialled in’ synthesisfaeuterated aziridines
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The next development of this procedure was to gtteamgoing syntheses of
materials from these aziridines, in order to tést potential viability of the ‘dialled in’
approach to the syntheses of useful materialsatural products. The attempted utilisation

of these aziridines in ongoing syntheses is thgstibf the following chapter.
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Chapter 7: Studies towards the ‘Dialled in’ Synthes of Deuterated a-amino acid
Derivatives
7.1.1: Synthesis of Deuterateeamino acids — Introduction

With the ongoing development of methods for thedpction of deuterated
enantioenriched aziridines discussed within theviptes chapters, it was decided to
investigate the possibilities of utilising these starting materials for the synthesis of
potentially useful amino acids.

As described within the introduction of this tekbe ring-opening chemistry of
aziridines is a very large area of ongoing reseant as such it was decided to search for
available chemistry which could be of use with tteuterated aziridines on hand. The
chemistry which was settled on was that developed.de et al into the regioselective
ring-opening of aziridines by molecular hydrogetatgsed by palladium. Kinet al found
that treatment of aziridines with Pd(QH) and hydrogen gas led to selective ring-
opening, breaking the nitrogen C2 bond, and fornaimg-amino specie$:22%

It was hoped that application of this methodoltmyhe aziridine products obtained
vide suprawould lead to regioselective ring-opening, andsthselective production of
deuteratear-amino acid species. It was also anticipated theteuteration levels obtained
from the aziridine synthesis would be translatdeatively into high levels of selective
deuterium incorporation within the subsequerdamino acid species. It is worthy of note
that up to this point it had proven impossible $sign the absolute stereochemistry of the
aziridines producedvia the developed aziridination methodology. Thus, himit the
following work, the products and aziridines areeredéd to depending on the sign of their
optical rotation. It is also noted within the exipsntal section which enantiomer of the

catalyst(289) the starting aziridines were synthesised from.

7.1.2: Synthesis of Deuterateeamino acids — Synthesis (@09)to (428)

With the aim of producingri-amino acids, it was decided to attempt the ring-
opening methodology of Kinet al uponcis-(351) a C2 deuterated aziridine with simple
C3 phenyl substitution. Kinmet al had utilised stoichiometric amounts of palladium
hydroxide on carbon in order to facilitate theirdhygenolysis reaction; however, in our
case, it was decided initially to treat the azm&lunder milder conditions. Thus, 20 mol %
palladium hydroxide on carbon was employed, andrélaetion was carried out under 43
psi H, at 30 °C (Scheme 160). Ethyl acetate was usetieasdlvent, as this offered the

best solubilisation of the starting material.
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Scheme 160: Synthesis of (+)-(409)

After 12 hours the uptake of hydrogen gas was sercease; suggesting
completion of the reaction. After the reaction ranetwas filtered through Celftdin order
to remove the catalyst), and the solvent was rechaweler reduced pressuré-NMR
spectroscopy revealed the reaction mixture to Imearkably clean; with only starting
material and product present. Subsequent purificdiy column chromatography gave the
desired produd409)in an excellent 93% vyield.

Deuterium incorporation withig409) was established by the relative integrations
of the-CH. and residuati-CH peaks within théH-NMR spectrum at 3.11 and 4.20 ppm
respectively; and was determined to be >85% (itytia low deuterium content aziridine
sample (>85%) was used as we were unsure thae#otion would work), a result which
suggests no loss of deuterium incorporation dutirey hydrogenolysis reaction. Further
evidence for the synthesis @09) (and the presence of deuterium) was provided by LC
MS and HRMS; with the required [M+HjJon being found ain/z371(.2443) (theoretical
[M+H]* m/z371.2439).

Initially, it proved difficult to obtain an enaotineric excess measurement for
(409), as the enantiomers were inseparable utilisingGhealpak AD-H chiral HPLC
column available at the time. However, upon usea differing HPLC column (Chiralcel
OD, with a gradient C@iso-propanol system as the mobile phase) etleewas confirmed
as 80%; this is within the experimental error of fetention of enantiopurity from the
initial starting materialdis-(351), 81%e.e).

Although the hydrogenolysis worked well, and omdge major product was
isolated, at the time uncertainty persisted as rtheire of the regioselectivity of the
hydrogenolysis reaction had not been confirmeabrdier to confirm the regioselectivity of
the ring-opening, and in order to move towards pr@vhe generality of the method, it
was decided to synthesise tRaleutero andx,(3-deutero versions of409) these being

(410)and(411)respectively. The results of these reactions amnzarised in Scheme 161.
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Scheme 161: Synthesis of compounds (-)-(410) ang-(411)

As shown in Scheme 161, the yields(410) and(411) were both excellent (92%
and 90% respectively), along with good enantiosei¢ies of 71% e.e.and 70%e.e.

respectively; demonstrating reasonable retentionstefeochemistry from the starting
materialscis-(383) (88%e.e), andcis-(401) (67%e.e).
Deuterium incorporation withii410) and(411) was confirmed both byH-NMR
integration (an error ofa. 5% should be considered due to the insensitivitHbNMR
integration)>’® and mass spectrometry (LC-MS and HRMS), with [M*gpaks being
detected fof246)and(247)at 371(.2442), and 372(.2431) respectively.
The primary concern at this point was confirmatainthe regioselectivity of the

reaction. Analysis of the structures @09), (410) and(411) allowed several predictions

about which peaks would be expected within'tHeNMR spectra between 2.5 and 5 ppm,

i.e. the expected range for the andB- protons, along with the NH (Figure 9%¥:

o-amino products l ]@
BuO

2 peaks ([3-CH,, 2H;

and NH, 1H)
or
: OBu
NH O
[B-amino products v~ “OBu

3 peaks (0-CHD, 1H;
-CH, 1H; and NH, 1H)
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BuO :

3 peaks (a-CH, 1H;
-CHD, 1H; and NH, 1H)
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@O‘Bu
@ NH O
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2 peaks (3-CHD, 1H;
and NH, 1H)
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©[OtBU
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éw
~ ~OBu
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2 peaks (0-CHD, 1H;
and NH, 1H)

Figure 90: Predictions of the peaks within the 2.8 5 ppm range of the'H-NMR spectra of thea- and

B- amino products from the ring-opening of (351), (83), and (401)
174



With the predictions in hand, thee-selectivity of the ring-opening reaction was
confirmed by comparison of th#l-NMR spectra 0f409), (410), and(411) COSY and
HSQC data was also collected for compoydad0), allowing the coupling within the
molecule to be assessed. Thus, the 2.8 — 5 pprnredithe'H-NMR spectrum 0{409)
contained one peak. This pair of doublets corredpdn the diastereotop{g-hydrogen
atoms (3.11 ppm, 2H), however, thedNexpected at 4.80 ppm, 1H), was not present
(possibly due to exchange). Despite this, the spectwas still consistent with the
predictions shown in Figure 90 for teamino product. Whereas, within tHe-NMR
spectrum 0f410), the 2.8 — 5 ppm region contains three peaks (weidtive integrations
of 1:1:1), consistent with theHN(4.80 ppm), the singly deuteratBeposition (3.11 ppm),
and the final peak corresponding to t€H (4.19 ppm). Again, these are consistent with
the expected peaks for the-amino product. COSY coupling also supported these
assignments, and is included in Appendix 6 alonth Wi-NMR, *C-NMR, and HSQC
spectra 0f410). Finally, as expected, tHel-NMR spectrum 0f411) contains two peaks
within the region of 2.8 — 5 ppm; correspondingthe NH (4.80 ppm), and singly
deuterate@-CH, (3.11 ppm), consistent with tlleamino product.

NH o-CH B-CH,
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W .
|
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"“ M\
I (410) ‘u
[V A ‘l‘
| [ (1,
| || [ !
v J
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Figure 91: Comparison of the 2.8 — 5.0 ppm range dfie 'H-NMR spectra of (409), (410), and (411)

Having demonstrated that the ring-opening hydrofyesis behaved in the desired
manner; and that the deuterium incorporation andhe whole, enantioenrichment of the
products (inherited from the starting material idaes) was conserved during
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hydrogenolysis; the substrate range was expandéetthade bicyclic and heteroaromatic
aziridines produced with the one-pot aziridinatraethodology. Thereforesis-(201) and
cis-(202) were submitted under the same reaction conditietailed above (Scheme 160),
those being 43 psi Hat 30 °C for 12 hours. The results of these reastiare shown in
Scheme 162.

9 o
U i 2™ O w2
OBu [ 20 mol % Pd(OH)Z/C] HN:© _N HND
N
H}QQ(O‘BU ‘BuO BuO
R ‘ Ha(g) 43 psi, 30 °C ] (+)1(412) (+)a13)

O Ethyl Acetate Synthesised from Synthesised from
R = 2-naphthyl, ¢is-(358); (-)-cis-(358) (-)-cis-(359)
2-pyridyl, cis-(359) Yield: 80 %, e.e.. 77 %  Yield: 64 %, e.e.: 97 %
2H Incorporation: >90 %  2H Incorporation: >90 %

Scheme 162: Synthesis results for (+)-(412), (+)i@)

'H-NMR spectra of(412) and (413) confirmed the regioselectivity of the ring-
opening reaction to produeceamino acids, with both compounds showing diastepgo
AB doublet peaks with integrations of 2H (at 3.28nd 3.40 ppm respectively)
corresponding to th@-CH, group present within each compound. Integratiorthefse
peaks against the residuatCH peak at 4.31 and 4.28 ppm respectively confirmed
deuterium incorporations of >90% for both compoynasighly equal to that of the
starting materialsis-(358) andcis-(359).

The yields and enantioselectivities of the reactiovere also good, although, a
significant loss of enantiopurity was discoveredmghiral HPLC analysis of (#}$12)
(77%e.e.compared to 85%.e.for the starting materiatis-(358)). This was unexpected,
as the entering group at the C3 position is a hyelnoatom, therefore the stereochemical
information at the C3 position is lost (as it is lmmger chiral). Thus, any inversion or
scrambling of stereochemistry must occur at thep@dtion. However, it is unlikely that
this is occurring through a simple acid catalysedemisation, as the deuterium
incorporation within(412) remains high; which would not be the case if amthlysed
racemisation were in effect, due to the relativeiralances of protonss. deuterons
(Scheme 163).
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H N @ B HN HN
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OO 0 tBuO tBuO
(HO)Pd+ O

cis-(358)

H*B o) ‘)
Note: Absolute stereochemistry of the O'Bu
aziridine cis-(358) is unknown; :

stereochemistry shown for representation

of inversion and retention only BUO
u

Scheme 163: Mechanism of the acid catalysed raceati®wn of amino acids, demonstrating loss of

deuterium
Further development of the ring-opening methodoleggs carried out by the

reactions of th@ara-chlorophenyl substratess-(195), cis-(225), andcis-(240) under the

ring-opening conditions shown in Scheme 160. Thaseditions afforded the desired
monae and di- deuteratedp-amino productg414), (415) and(416) (see Figure 92) in
excellent yields of 95%, 92%, and 98% respectively.

O
QA@K >
HN
Cl

BuO :

(-)-(414) (-)-(415) (-)-(416)
Synthesised from Synthesised from Synthesised from
(+)-cis-(353) (+)-cis-(386) (+)-Cis-(404)
Yield: 95 % Yield: 92 % Yield: 98 %
2H Incorporation: >90 % 2H Incorporation: >90 % 2H Incorporation: >90 %

Figure 92: Results for the syntheses of (414), (41and (416)

Deuterium incorporation within the examples showrrigure 92 was again found
to be high, with deuterium levels of >90% {dr14) - (416) inclusively, as determined by
'H-NMR spectroscopy (determined by the relative graéions of the3-CH. (3.06 ppm),
and a-CH (4.19 ppm) peaks). Unfortunately measuring thengomeric excess of these
compounds by chiral HPLC analysis proved difficuiith the columns and utilities
available at the time. Analysis was attempted wtdndard solvent-based HPLC, as well
as supercritical C® based systems, but none were capable of separtimgiwo
enantiomers to a sufficient degree to allow assgymnof enantiomeric excess. Despite
this, as the majority of syntheses within this dbaplemonstrate, it is reasonable to
consider that the enantiomeric excesses showrhéostarting materials will have been,
within reason, unaltered by the ring-opening rearctirhus, it can be inferred that thes
of (414)—(416)wereca.67%, 71%, and 77% respectively.
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Undeterred by the inability to separate the 4-apbenyl derived amino acid
species, a further halogenated substrate was sebint the ring-opening procedure; this
being cis(352) The reaction was successful, affording the ddsingara
fluorophenylalanine derivativi@17)in 95% yield (Scheme 164).

[ 20 mol % Pd(OH),/C o
O'Bu - Q/@OtBu
H N @ 0Bl Ha(g) 43 psi, 30 °C F HN
Ethyl Acetate
. o) Yield: 95 % 'BuO

21 inA- 0
(+)-cis-(352) H incorporation: >90 % (-)-(417)

Scheme 164: Synthesis of (417) fronis-(352) utilising 20 mol % Pd(OH)/C

The regioselectivity of the ring-opening was comiéd by’H-NMR spectroscopy,
with AB doublet peaks present within thid-NMR spectrum at 3.09 ppm, integrating to
2H, corresponding to the desired diastereotdpiCH, group of thea-amino product
(417). Deuterium incorporation was also confirmed B%NMR spectroscopy, with the
relative integrations of thg-CH, signal (3.09 ppm) and residuatCH (4.19 ppm)
showing deuterium incorporation of >90%.

Unfortunately, separation of this compound provefficdlt with the HPLC
materials and methods available. Thus, it was @elcid attempt a similar methodology as
was applied in the case of the C3-pentafluoropheytidine-2-carboxylatecis-(355)
(Chapter 5, Scheme 139); this being removal oftertebutyl group in order to deliver the
required retention time for separation of enanticeniy chiral HPLC.

A literature search revealed a multitude of meshadailable for the cleavage of
tert-butyl esters (it was decided to focus upon therefsinctionality, as it was believed
cleavage would be more facile, and therefore regmitder conditions than those required
for ether cleavage). A variety of these reactiorerewattempted, and the conditions
employed are shown in Scheme £85*%
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[ 4 eq Phosphoric Acid]

DCM DCM

5 eq ZnBr,

¥ “O'Bu
30 mol % I, F/Q/%‘\: 8 eq KOH
BuO

(-)-(417)

[ H,O:Acetonitrile J THF

Scheme 165: Attempted hydrolysis of theert-butyl ester of (417)

Generally, the methods shown in Scheme 165 wéhneregntirely unsuccessful or
produced product mixtures which were too complexafford the desired material in a
useful state, or yield. However, one interestingavbation came about during the reaction
with trifluoroacetic acid (TFA). Monitoring by TLAt appeared that the starting material
had been consumed withi. 2 hours.*H-NMR spectroscopy of a sample supported this
fact, but after a basic work up, analysis revealmuplete recovery of the starting material.
It was believed that this was due to salt formatiwhich was reversed during the basic

work up, regenerating the starting material (Sch&6®.

o
0 t 0
Y O'Bu Satd.(aq) KQCOa
>~ OBu HN® - ¥~ "O'Bu
Ty ey S
]@ DCMRT ) £ 9 guo D
BuO hif BUO

)

(417)

Scheme 166: Formation of the TFA salt of (417), anslibsequent regeneration of (417)

The method which was eventually settled upon wastiment of the starting
material (417) with neat formic acid, stirring at room temperatdor 36 hours. TLC
analysis revealed that the starting material wassewmed, and after purification by
reversed phase chromatography, the desired pr¢diig) was identified by'H- and**C-
NMR spectroscopy, IR spectroscopy, and HRMS amalygie'H-NMR spectrum clearly
showed the loss oftart-butyl group, with only one peak seen within th@ected range of
a tert-butyl group, at 1.35 ppm, integrating to 9H; whilee required peaks for the
diastereotopicp-CH, group (integrating to 2H) was present at 3.06 pfrhis was
consistent with thé°C-NMR spectrum, which contained only one peak apoading to
the tertiary carbon of the remainitgyt-butyl group at 82.2 ppm. IR analysis showed the
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appearance of an absorbance band at a frequer®§A@fcnt, which is within the range
of the O-H stretch within a free carboxylic acigipitally 2500 — 3300 cil); and finally,
LCMS, and HRMS confirmed the presence of the [M*dh of (418) at a mass ofn/z
333(.1723), consistent with the desired deuterpteduct (Scheme 167).

o) o)
MotBu MOH
HN > HN
F
D Formic Acid F j@
tBuO RT, 36 h tBUO

Yield: 55 %, e.e.: 89 %
-)-(417 ’ -)-
O-417) 2H incorporation: >90 % (-)-(418)

Scheme 167: Synthesis of thee-amino free acid product (-)-(418)

Removal of theert-butyl group increased the polarity of the molecsuéiciently
to increase the retention time @18) upon HPLC analysis to allow for separation of the
enantiomeric peaks; thus, determination of the &o@eric excess gave a value of 89%;
this result is within the experimental error of Ifuktention of enantiopurity from the
aziridine starting materialis-(352). Therefore, it can be reasonably inferred thaketleeof
the intermediate protected amino a@d 7) was between 80% and 89%. The low yield of
this reaction was believed to come about as atresdahe potential decomposition of the
product due to the harsh reaction conditions reguio remove theert-butyl group.

Having achieved HPLC separation of the enantionoér@18) the ring-opening
procedure was expanded further by the use of teetreh withdrawing group (C3-(4-
nitro)phenyl) bearing aziridinesis-(356), cis-(392), andcis-(407) as substrates (Scheme
168). However, an additional complication was ided with these substrates. Due to the
conditions used to perform the hydrogenolysis ef dziridine ring, reduction of the nitro
group to give the corresponding amino species c@ldd take place. Despite this,
application of the previously utilised ring-openipgpcedure (see Scheme 160) proceeded
smoothly; with the desired deuteratae(para-amino)phenylalanine derivativgd19) —
(421)afforded in excellent 85%, 97%, and 82% yieldpeetively (Scheme 168).
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R_0O

O'Bu R
R N R t Hydrogenolysis : O'Bu R=H,D
A HN R'=H,D
u O,N
(0]

O,N BuO
R =H, R'=D; cis-(356)
R =D, R =H; cis-(392) Reducti
R =D, R =D; cis-(407) eduction

@ o
[ 20 mol % Pa(OH)C ) /©/®‘\otsu oy
HN HN
H,N j@ H,N
43 psi, 30 °C
f2(9). 43 p ] tBuO BuO

Ethyl Acetate

(-)-(419) (-)-(420) (-)-(421)
Synthesised from Synthesised from Synthesised from
(+)-cis-(356) (+)-cis-(392) (+)-cis-(407)
Yield: 85 %, e.e.: 86 % Yield: 97 %, e.e.: 89 % Yield: 82 %, e.e.: 94 %
2H Incorporation: >90 % °H Incorporation: >90 % 2H Incorporation: >90 %

Scheme 168: Synthesis of compounds (419), (420)d §421)

As had been seen previously during the synthelsgi8)— (411) (Figure 91), the
presence of deuterium at tlee and/or[3- positions of(419) — (421) led to differing
integration and peak patterns within the 2.8 —#h range within theitH-NMR spectra;
supporting the regiospecificity of the ring-openitogform a-amino products. Thus, the
'H-NMR spectrum of(419) contained an AB doublet at 2.98 ppm, integratiog2H,
consistent with the diastereotofleCH,; the *H-NMR spectrum 0f{(420) contained two
peaks, both integrating to 1H at 4.11 ppm and @, consistent with the-CH, and[3-
CHD; and finally, the'H-NMR spectrum 0f(421) contained a single peak at 2.99 ppm,
integrating to 1H, consistent with thB-CHD. Within (419) — (421) deuterium
incorporation (determined bY1-NMR spectroscopy) was found to be >90%. HRMS also
confirmed the formation of the desired deuteratextipcts, with mass ions being detected
at the requiredn/zvalues (419) m/z386.2551(420) m/zfound 386.2552(421) m/zfound
387.2612).

Gratifyingly, (419) — (421) were amenable to separation by chiral HPLC arsglysi
recordinge.es of 86%, 89%, and 94% respectively. These werginvegxperimental error
of full retention of stereochemistry from the stagt material aziridines(856) 88% e.e;
(392)93%e.e; (407)97%e.e).

Having demonstrated the applicability of regiosfiechydrogenolysis to the
aziridine substrates developede supra further ring-openings were carried out utilising

water as the nucleophile. It was believed that tiethodology would yiel@-hydroxy-a-
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amino acids; applying the ‘dialled in’ approach Icbthen yield the desired-, 3-, or a,[3-
deuteroversions of thesp-hydroxy-a-amino acid derivatives.

The water-based nucleophilic ring-opening procedwas initially tested upon
substrates which were unsuitable for hydrogenolyased ring-opening. Foremost among
these were compounds bearing bromine atoms, dubet@otential cleavage of these
during hydrogenolysi&* Therefore,cis-(385) was treated according to the conditions

shown in Scheme 168°

[ 1.1 eq para-toluene sulfonic acid]

O'Bu
@ N H Acetonitrile:H,O
N _OBu o2
45°C,16 h
B m Yield: 88 %, e.e.: 78 %
r

2H Incorporation: >90 %
(+)-cis-(385) (-)-(422)

Scheme 169: Synthesis @-deuteref-hydroxy-a-amino acid (-)-(422)

The reaction was monitored by TLC, and after 16rbavas deemed complete.
Subsequent work up and purification by column chatography gave the desirgd
hydroxy-a-amino acid product. This was confirmed By-NMR spectroscopy, with the
spectrum showing the presence of fa@H with a singlet peak at 3.32 ppm integrating to
1H, a-CH at 4.07 ppm (singlet, 1H), and resid3aCH(OH) at 4.95 ppm (also present is
the requisite peak for the-NH, at 5.17 ppm). Deuterium incorporation assessetHby
NMR spectroscopy was assigned as >90%. HRMS alsfire®d the presence of the
desired deuterated product, showing [M*H} the requiredn/z of 465.1495. Are.e.of
78% by chiral HPLC analysis was obtained 22), which is within experimental error
of the 83%ge.e.of the starting material aziridirees-(385). Further to the synthesis @22)
hydroxy ring-openings were carried out on thede2teroand C2-C3deuteroversions of
cis-(385) (cis-(350), andcis-(403)), and the results of these are shown in Scheme 170

HO ~O0
1.1 eq para-toluene -
0'Bu sulfonic acid ] /©/®‘\ O'Bu
R, N R Br HN Br
OBu
Acetonitrile : H,O ‘
o 45°C, 16 h BuO
Br

(-)-(423) (-)-(424)
R=H,R =D cr:s-(350) Synthesised from Synthesised from
R =D, R' =D cis-(403) (+)-cis-(350) (+)-cis-(403)
Yield: 86 % Yield: 86 %, e.e.: 80 %
2H incorporation: >90 % 2H incorporation: >90 %

Scheme 170: Synthesis a@f- and a-B-deuterep-hydroxy-a-amino acid derivatives (423) and (424)
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These reactions proceeded well, producing {d28) and (424) in 86% yield.
Formation of the desired products was confirmetbdty *H-NMR and HRMS; with peaks
present in théH-NMR spectrum 0f(423) consistent with the-NH (5.17 ppm, 1H)p-
CH, (4.93 ppm, 1H) an@-OH (3.33 ppm, 1H); while within théH-NMR spectrum of
(424) only residual peaks for thee- and3-CH groups were found. Unusually, baithNH,
and B-OH peaks within theéH-NMR of (424) have been suppressed, possibly by H/D
exchange; however, the source of this deuteriunmis©iown. A comparison of the peaks
present within the 3.3 5.3 ppm regions of th#4-NMR spectra 0{422)— (424)is shown
in Figure 93 in order to demonstrate the suppressidghea-CH, or 3-CH peaks bya-, (3-,

or a-B- deuteration.

a-NH  B-CH(OH) o-CH B-OH

B-deutero (422) L

o-deutero (423) Pl

o, B-deutero (424)

N,

T T T T T T T T T T T T T T
5.2 S s.0 43 48 47 46 45 44 43 41 4.0 39 38 37 36 35 34 3.3

4.2
ft (ppm)

Figure 93: Comparison of the peaks present withinte 3.1 — 5.3 ppm regions of thiH-NMR spectra of
(422) — (424)

Further to confirmation of the formation of423) and (424) deuterium
incorporation was also measured +NMR integration; with levels of >90% recorded
for both compounds. HRMS provided further confirioatof the deuterated products, with
[M+H]+ ions detected at the required/zfor both compoundq423) m/zfound 465.1495,
required 465.1494;(424) m/z found 466.1556, required 466.1557). Unfortunately,
decomposition of these products was found to balyamd thus no HPLC separation of
(423)was possible. However, tleee.of (424)was shown to be 80% by chiral HPLC.
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With the success of these reactions, it was ddcideattempt the hydroxy ring-
opening upon other substrates; these being thede@&roC3-(parafluoro)phenyl
aziridine cis-(384), and the C2,C8eutereC24isopropoxy ester functionalised aziridine
cis-(408). These substrates were submitted to the ring-ageprocedure as shown in
Scheme 169, and the desigdydroxy-a-amino acid derivative$425), and(426) were
obtained (Scheme 171).

(-)-(425)

Synthesised from OPr Synthesised from
(+)-cis-(384)

HN (+)-cis-(408)
Yield: 75 %, e.e.: 90 % Br

Yield: 86 %, e.e.: 87 %
BUO 2H incorporation: >90 % BUO ?H incorporation: >90 %

Scheme 171: Synthesis @ and a-B-deuterep-hydroxy-a-amino acid derivatives (425) and (426)

(-)-(426)

As demonstrated within the previous synthese$dyieere good, witlt425) being
afforded in a 75% vyield after purification, whi{é26) was obtained in an 86% yield. The
enantiomeric excesses @25) and(426) were 90% and 87% respectively. Assignment of
the peaks within théH-NMR spectra of(425) and (426) was aided by the knowledge
obtained during the deuteration study of compou@®?) — (424), as the peaks seen
within these spectra followed similar patterns. §hthe 'H-NMR spectrum of(425)
contained peaks relating to theNH (5.17 ppm, 1H)a-CH (4.09 ppm, 1H), an@-OH
(3.30 ppm, 1H); whereas the spectrun{4#6) contained peaks relating to theNH (5.17
ppm, 1H), the characteristicH{CHs), (confirming retention of théso-propoxy group,
4.94 ppm, 1H), and tH&-OH (3.22 ppm, 1H).

Finally within the exploration of ring-opening metiologies, a set of ring-opening
reactions were carried out based upon the use tadlide ion as the nucleophile. This
methodology was provided by Wai al, whereby the researchers had demonstrated the use
of iodine and a catalytic amount of thiophenol ¢hiave the ring-opening of aziridin&s.
The mechanism of the reaction allows this procedorproceed cleanly, as the only by-

product should be diphenyl disulphide (Scheme 172).
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Scheme 172: Proposed mechanism for the ring-openimg aziridines by thiophenol and molecular

iodine by Wu et al

Utilising a modification of the Wu procedure witblpmer-bound thiophenol, ring-
openings were carried out upon the Qaré-nitro)phenyl aziridinexis-(356), and cis-

(392). The reaction conditions and results are showcimeeme 173.

ol 9
t 0.5eq I ~ oy N
OBu { 1 eq ps-thiophenol HN S
R, N R O,N O,N
£ _OBu
° tBUO tBuo
ON RT, 20 min (+)-(427) (+)-(428)

. Synthesised from Synthesised from
R =H, R'=D cis-(356 . .
R=D,R' =H cis-£392; (+)-cis-(356) (+)-cis-(392)
Yield: 86 %, e.e.: 84 % Yield: 81 %, e.e.: 79 %
2H incorporation: >90 % 2H incorporation: >90 %

Scheme 173: Syntheses af, and B-deuterep-iodo-a-amino acid derivatives (427) and (428)

The relative simplicity of the procedure was uhioately offset by the rapid
decomposition of the products; and the first attesmp synthesise these compounds were
met with failure. However, after careful considerat the reaction was carried out in the
dark, followed by filtration and column chromatoghg, again in the dark, and immediate
characterisation. This approach led to the resiitsvn in Scheme 173, wiif#27) and
(428) afforded in good yields of 86% and 81%.

Confirmation of the regioselectivity of the ring@png reaction to form the
desiredp-iodo-a-amino acid derivatives was provided Hy-NMR spectroscopy. Thus,

the *H-NMR spectrum 0f427) contained a singlet peak at 5.56 ppm, integratingH,
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consistent with thg3-CH; and a further broad singlet at 5.28 ppm, integgato 1H,
consistent with th&-NH. A residual peak for tha-CH was also seen at 4.06 ppm, and
integration of this against tH&CH peak provided the deuterium incorporation value of
>90%. The'H-NMR spectrum 0{428) contained two doublets, both integrating to 1H, at
5.28 and 4.06 ppm respectively. These were consistgh the a-NH, anda-CH. The
coupling constants of these peaks were 9.7 andH®.fespectively; suggesting coupling
between the two, consistent with a regioselectiig-opening to the desirefg-iodo-a-
amino species. Again, deuterium incorporation dd%9was quantified by integration of
thea-CH peak against the residy®CH at 5.58 ppm. Further evidence for the presence of
both deuterium and iodine with{(d27) and(428) was obtained by HRMS, with the desired
[M+H] " ions being detected at the requinedz of 542.1252(427) and 542.1253428)
(theoretical 542.1257).

The enantiomeric excesses achieved were also gatde.es of 84% and 79%
measured fo(427) and(428) respectively. However, comparison of &he.of (428) with
the starting materiatis-(392) shows a significant loss of 14%. This was unexgubcas
(427) shows only 4% loss from the 88@te.of cis-(356) which can be accounted for by

experimental error.

7.1.3: Synthesis of Deuterateeamino acids — Summary and Conclusions

[ 20 mol % Pd(OH),/C ]

Ethyl acetate
43 psi Hy, 30 °C
Yields: 64 % - 97 %
e.es: 70 % -97 %

R' = 2-tert-butoxy,
2-tert-butoxy-4-methoxy

X 2H incorporation: >90 %
| —R
Pz
0.5 eq |2
@ or @ N @ or @ 1 eq ps-thiophenol
S CO,R"
Z | N 2 DCM
SLNG RT, 20 min

R Yields: 81 % - 86 %

e.e.s:79%-84 %

R=H,F, Cl, Br, NO,, 2H incorporation: >90 %

2-naphthyl, 2-pyridyl
R"='Bu, Pr

[ 1.1 eq para-toluene sulfonic acid]

Acetonitrile:H,O
45°C, 16 h
Yields: 75 % - 86 %
e.e.s: 80 % -90 %
2H incorporation >90 %

Scheme 175: Summary of the ring-opening reactionsgelopedvide supra
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A summary of the ring-opening reactions developbdve is shown in Scheme
175. In general, three differing ring-opening reats have been attempted; all of which, in
the main, allow for the retention of enantioenrigmty and deuterium incorporation,
inherent within the aziridine starting materials.

Despite these successes, it is worthy of notedtiate of the amino acid products
from these ring-opening reactions are prone to mgosition. Thus care should be taken
upon synthesis of these compounds to ensure tleegtared correctly under inert gas at
low temperature.

The reactions above are a very small range of plesmof the ring-opening
chemistry of aziridines available within the litaree (See3.4: Aziridines: Utilisation in
Synthesis Therefore, it may be possible to apply many otingg-opening techniques to
the aziridines produced by the methodologies d@esidvide suprd; however, within the

timescale of this project, no other ring-openinghoedologies were investigated.

187



7.2.1: ‘Dialled in” Asymmetric Synthesesaftimino acid Derivatives containing Multiple
Isotopic Labels — Introduction

With the chemistry developed so far, the emphasis been upon probing the
possibilities and reactivity of the one pot azmiaion methods, deuteration techniques,
and ring-opening chemistries; and synthesisingpadrange of materials. However, as the
chemistry available increased, the ‘dialled in’ aggrh began to seem more viable (A
summary of the ‘dialled in” methodology can be fdun Appendix 7). Thus, at this stage,
several products were chosen as targets; and etiraghtheses of these were undertaken
via the ‘dialled in’ approach. In order to test thelted in’ methodologies appropriately, it
was decided to incorporate multiple isotopic lalvalhin the target molecules, and also, to
generate these targets by a range of the ring-ngeastiemistry available. The molecules

chosen are shown in Figure 94.

H1SQ o)

o)
g@otBu Q/@OtBu

H'SN HN

0 e
o)
'B
(430) X ™oy uo
| \ (432)
_N H‘?N

® o j@ H80)~ 0
O " >0'Bu (429) /@/@ 0'Bu
H15N HN
w0 10
BuO

(431) (433)

Figure 94: Targets set for testing of the ‘dialledn’ approach to the synthesis ofx-amino acid

derivatives bearing multiple isotopic labels
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7.2.2: ‘Dialled in” Asymmetric Synthesesaftimino acid Derivatives containing Multiple
Isotopic Labels — ‘Dialled in’ syntheses(@29)to (433)
The first target to be attempted was theleuteroa-'>N amino acid derivative

(429) The ‘dialled in” approach dictated that the imediate required was the C2-
deuteraC3-(2-pyridyl)-°>N-aziridine-2-carboxylate estegis-(434), shown in Scheme 176.
Thus, according to the ‘dialled in’ methodologipgridine-2-carboxaldehydé®N-aniline,
and deuteratetkrt-butyl diazoacetateBDA-d (349) were submitted to the asymmetric
one-pot aziridination methodology developed€ infra), utilising 10 mol % §)-(289) as

the catalyst. The results of this reaction are shbalow (Scheme 176).

O [10 mol % (S)—(289)]

T -
_N 15NH, 4 A molecular sieves 15N
0 CDCI;:DCM (8:2) OtBu
N -80°C, 48 h
2 O'Bu Yield: 83 %, e.e.: 85 % N
(

349) 2H incorporation: >90 % (-)-cis-(434)

Scheme 176: Synthesis of the G@utero™N-aziridine cis-(434)

The reaction proceeded smoothly, and followingdsi@blished work-up procedure
and column chromatographgis-(434) was obtained in an 83% yield. Subsequent analysis
by *H- and **C-NMR spectroscopic techniques, and HRMS, confirrtiesl presence of
both the'®N and deuterium label$N is active within©*C-NMR spectroscopy, and with a
spin (1) of ¥, will split**C lines into two lines of equal intensft{ This effect can be seen
when considering thE€C-peak associated with the C3 carbortief(434), which has been
split into two lines at 47.7, and 47.8 ppm. Conétian of the C2 deuteration ofs-(434)
was obtained byH-NMR spectroscopy, as the GRdoublet has been suppressed (residual
peak present at 3.17 ppm), with the B3eak (3.67 ppm, 1H) now a singlet. Relative
integrations of these peaks suggested deuteriuorgaation of >90%, while theis-
stereochemistry ofis-(434) was confirmed by the coupling constant of thedesi C2H
peak, which was found to be 6.9 Hz, well within the—- 9 Hz expected for ais
aziridine?®® Further to the NMR spectroscopic data, HRMS caméil the presence of both
deuterium and®N, with the desired [M+H]ion being found at the required/z299.1629
(theoreticaim/z299.1631). Finally, chiral HPLC of the sample raeel are.e.of 85%.

With the intermediate aziridings-(434) in hand, the next step was hydrogenolysis
of the aziridine ring to give the desired prod(#29) (Scheme 177). This was carried out
using the standard method developgt infra
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© [ 20 mol % Pd(OH),/C J ©
s > | X >~ "OBu
H,oN @ o' H,(g) 43 psi, 30 °C _N H1,5N
X u Ethyl Acetate \©
| _N 1) Yield: 52 %, e.e.: 84 %

2H incorporation: >90 % (+)-(429)
(-)-cis-(434)

Scheme 177: Synthesis of the-deuterca-'°N amino acid derivative (429)

Although the reaction proceeded smoothly, puriftcaof the final product proved
difficult, as purification by column chromatograpbgve some overlap between materials.
However, the desired chiral non-racemideuterea->N-amino acid derivativé429) was
afforded in a 52% vyield, with ae.e.of 84% by chiral HPLC. This value was within the
range of complete retention of enantioenrichmeatnfrthe starting aziridineis-(434)
(85%e.e).

The regioselectivity of the ring-opening hydrogessis was confirmed byH-
NMR spectroscopy, with a singlet found for {f«€H, at 3.24 ppm, with an integration of
2H. BC-NMR and HSQC experiments provided further condition of the a-amino
product, with a signal indicating coupling betwdba AB doublet peak corresponding to
the diastereotopi@-CH> (3.24 ppm), and th@-CH, signal at 40.5 ppm within th€C-
NMR spectrum. This coupling would not be presenthé 3-amino product had been
formed, as the presence of thedeuterium would split and suppress tHe signal?’®
therefore removing the coupling. Also, if the 4@Bm **C peak were related to tie
product, coupling with thé°N nucleus would be expected, splitting the sigméb itwo
lines; which is not the case. Final confirmationtbé a-amino product structure was
provided by a°N- *H-HMBC experiment (which provides correlations oo to four
bonds)?’® where a correlation was found between’fiesignal and th@-CH. group {H-
NMR, 3.24 ppm), three bonds away. Full NMR speciopsc data for compoun@29) can
be found in Appendix 8.

Deuterium incorporation was determined by intégraof the’H-NMR spectrum,
with the relative integrations of tfleCH, signal, and residua-CH peak giving a value of
>90% incorporation. Retention of tH&N enrichment, and deuterium incorporation were
also confirmed by HRMS, with the desired peak f#H]" being present ah/z301.1791
(requiredm/z301.1787).

Therefore, with this reaction, the first target swlle for the ‘dialled in’ synthesis

was obtained in an overall 42% vyield over the thveemponent one-pot asymmetric
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aziridination and ring-opening steps, with @e.of 84%, and deuterium incorporation of
>90%.

The next targets to be attempted were the compodid@3and(431) consisting of
a B-(para-amino)phenyl functionalised-amino acid derivative, labelled widn-*>N, and
either a-deuterium (430) or B-deuterium (431) The ‘dialled in’ synthesis method
employed dictated the required intermediates teither a C2deuterq or C3deutero C3-
(para-nitro)phenyl**N-aziridine-2-carboxylate ester (Gzutero (435) C3-deutero
(436). Therefore, *>N-aniline, 4-nitrobenzaldehyde (or 4-nitrobenzalgishd), and
deuteratedert-butyl diazoacetaté349) (or tert-butyl diazoacetaté280)) were submitted to
the one-pot asymmetric aziridination protocol siflg S)-(289) as the catalyst (Scheme
178).

o) [10 mol % (S)—(289)]

. O . Q@
/©)J\ 4 A molecular sieves 5N
15NH H’
O,N 0 2 CDCI;:DCM (8:2) 2 @ O'Bu
N, t -80 °C, 48 h
O'Bu Yield: 63 %, e.e.: 82 % O-N o
( 2

349) 2H incorporation: >90 % (-)-cis-(435)

0 [10 mol % (S)-(289) ]

s 5
15 4 A molecular sieves 15
ON W CDCI,;:DCM (8:2 @, N Mo
0 3 (8:2) O'Bu
N -80 °C, 48 h
2%‘)J\O‘Bu Yield: 59 %, e.e.: 81 % O,N @)

H (280) 2H incorporation: >90 % (-)-CiS-(436)

Scheme 178: Syntheses of the chiral non-racemic G&- C3-deuteroC3-(para-nitro)phenyl-**N-

aziridine-2-carboxylate esterscis-(435) andcis-(436)

The results of these aziridinations were reas@abith yields of 63% and 59%
respectively. The enantiomeric excesses of theyatsdwvere good, with a value of 82%
achieved forcis-(435), and 81% achieved fais-(436).

Confirmation of*>N incorporation was obtained by bdfiN- *H- HMBC, and**C-
NMR spectroscopy fotis{435), and by*C-NMR spectroscopy focis-(436) The *°C-
NMR spectra for botltis-(435) and cis-(436) contained signals relating to either 168
position (46.06, 45.99 ppnajs-(435)), or C2 position (46.67, 46.61 ppmis-(436)), split
into two lines by coupling with the adjacelN nucleus. The'H- *N-HMBC spectra
acquired forcis{435) contained a singlE€N peak, and correlations of this nucleus with the
C3-H (3.52 ppm*H-NMR), residual C2H (3.13 ppm}H-NMR), and aromatic protons of

the N-phenyl group. Deuterium incorporation withais-(435) andcis{436) was measured
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by 'H-NMR spectroscopy, with the relative integratiasfsthe C3H and residual C24
peaks €is{435), 3.52 ppm, and 3.13 ppm respectively), ork€and residual CB peaks
(cis-(436), 3.13 ppm, and 3.52 ppm respectively) confirmimgitdrium incorporation of
>90% for both compounds. The coupling constantshefresidual CH (cis-(435), 6.8
Hz), and residual CBt (cis-(436), 6.7 Hz) peaks also confirmed this- stereochemistry of
the products, with the values within the range of 8 Hz expected of eis-aziridine®®®
Finally, HRMS revealed the desired [M+Hijons atm/z 343.1527 ¢is-(435), andm/z
343.1533 ¢is-(436)) (Theoreticam/z343.1529).

With the required C2- or C8eutero C3-(para-nitro)phenyl*°N-aziridine-2-
carboxylate ester intermediatess-(435) and cis-(436) in hand, the compounds were
submitted to the developed hydrogenolysis methapolas dictated by the ‘dialled in’
synthesis; with reduction of the nitro group expécalongside the ring-opening reaction
(Scheme 179).

[J @ 0
t t
[ 20 mol % Pa(OH 2/C] L OB OBu
QR;SNL\RW ) e HﬁN

OBu
H,(g) 43 psi, 30 °C ]
)
O,N Ethyl Acetate -)- (430) (_)_(431)

R = H, R' = D; cis-(435) Synthesised from Synthesised from

R =D, R' = H; cis-(436) (-)-cis-(435) (-)-cis-(436)
Yield: 70 % e.e.: 75 % Yield: 72 % e.e.: 80 %
2H incorporation: >90 % 2H incorporation: >90 %

Scheme 179: Syntheses of tle or B-deuterop-(para-amino)phenyl-a-°N amino acid derivatives (-)-
(430) and (-)-(431)

As shown in Scheme 179, the ring-opening reactposeeded well, in yields of
70% and 72% fo(430) and (431) respectively. As expectedH-NMR spectroscopy
confirmed both the formation of the desiraeamino products and the reduction of the
nitro functionality. Thus, peaks were present witlthe *H-NMR spectra of(430) and
(431)for either the3-CH; ((430), 2.91 ppm, 2H), or the-CH andf3-CH ((431), 4.16 ppm,
1H; 2.96 ppm, 1H, respectively); while both con&alra broad singlet peak at 3.60 ppm
corresponding to the amine functionalitfd-NMR spectroscopy also revealed deuterium
incorporation of >90%C-NMR spectroscopy confirmed the presencébf in (431)
with splitting of the peak related to tleecarbon into two signals of equal intensity (58.4
& 58.3 ppm), due to the presence of the neighbguriN nucleus’’® Confirmation of the
presence of°N within (430) could not be obtained BYC-NMR spectroscopy due to the
presence of the-deuterium splitting and reducing the*C peak into the baseline.

Finally, HRMS confirmed the formation of both desircompounds, with the presence of
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[M+H]™ at the requiredn/z of 315.1939(430), and 315.1939431) (Theoreticalm/z
315.1944).

Therefore, with these reactions, two further targelecules had been synthesised,
(430) and (431), overall yields from starting materials for thesere 44% (75%e.e,
>90% deuterium incorporation), and 43% (8@, >90% deuterium incorporation)
respectively over two steps.

The final two products to be synthesised usingdiadled in” approach were to be
the a-deuterop-'?0-hydroxy-a-amino acid derivative§432) and (433);, both were based
upon existing aziridines synthesised within the kvabove, thus the syntheses of these
intermediatesqis-(352) andcis+350)) are not discussed here. However, the hydroxgkrin

openings with?0- enriched water that were required are showrcireBie 180.

H'%0) 50 H80)~ O
©\ 1.4 /@m O'Bu /@@%‘m
" .1 eq para-toluene : :
OBu sulfonic acid F HN Br HN
H N O 10 eq 18OMH,0 :@ j@
., . OtBU tBuO tBUO
m Acetonitrile (-)-(432) (+)-(433)
R 45°C 16 h Synthesised from Synthesised from
R = F, cis-(352) ; (+)-cis-(352) (-)-cis-(350)

R =Br, cis-(350) Yield: 43 % e.e.: 85 % Yield: 72 % e.e.: 95 %
2H incorporation: >90 %  2H incorporation: >90 %

Scheme 180: Syntheses of thedeuterop-"°0-hydroxy-a-amino acid derivatives (432) and (433)

As shown above, both ring-openings were succesalfilough the yield of432)
was lower than had been hoped due to a difficutifipation. Despite the disappointing
yield of (432), both products were afforded with good enantiadeléies of 85% and 95%
e.e.for (432) and(433) respectively. Deuterium incorporation was alsodyjamith >90%
incorporation achieved in both cases as measuretHHYMR spectroscopyH-NMR
spectroscopy also confirmed the regioselectivitythaf hydroxy ring-opening, with both
(432) and (433) showing the requisite peak for tffieCH (4.94 ppm(432), 4.87 ppm
(433)), and residual peak for the deuterategosition 4.05 ppn{432), 4.03 ppm(433).
These peaks were also found to be consistent Wwehstandar@3-hydroxy amino acids
(422) — (425) produced previously, as would be expected. Theemee of-*0 could not
be confirmed by NMR techniques, but HRMS confirnteé presence of°O in both
compounds, with the required [M+Hipns detected ah/z407.2333 (432) theoreticaim/z
407.2337), anth/z467.1536 (433) theoreticam/z467.1524).

Thus, the final two target molecules had beenh®gised; with an overall yield
(over aziridination and ring-opening) f¢432) of 24% g.e. of 85%,°H incorporation
>90%), and fok433)of 63% €.e.of 95%,H incorporation >90%).
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Chapter 8: Spectroscopic and Computational Investigtions
8.1: Introduction

Throughout the work detailed above, several goestarose which required the
use of spectroscopic and/or computational methodsswer: The first of these being the
nature of the interaction leading to enantioselggtiwithin the aziridination reactions;
and the second being the assignment of the absikreochemistry of the chiral aziridine
products.

Investigations into the nature of the aziridinatreaction intermediate were fuelled
by a desire to prove the interaction between thelctatalyst and the achiral imine. It was
believed that due to the inhergi, difference between the highly acidic catal{89)
(PKa ca. -1)*" and the starting material iminegk( ca. 24)?° protonation of the imine
would be rapid. However, the nature, or indeed, finesence, of any subsequent
interactions between the catalyst and iminium ggehad not been proven. Investigations
into this phenomenon followide infra

Despite obtaining a crystal structure of the eioanriched aziridinecis-(357)
produced utilising the methods detailed within tthesis; it had proven impossible to
determine the absolute stereochemistry transfetwethe product aziridines from the
catalyst(289), beyond thesis- nature of the products. Therefore, it was decideattempt
to employ computational chemistry, combined witkecposcopic techniques, in order to
provide insight into the stereochemistry of theridmes (and subsequent products)
producedvide supra Details of this work are the subject of Sectiad. 8

8.2: Determination of a Chiral Intermediate Utilgy Circular Dichroism Techniques

As has been hypothesised previously (see 4.24fpothesis upon the
enantioselectivity of the asymmetric one-pot amaton reactior) it is believed that the
enantioselectivity of the one-pot aziridinationatans developed within this work arises
from the interaction of a starting material iminghathe chiral catalys{289) Due to the
inherent pK, differences between these species, it is reasenaml presume that
protonation of the imine will be rapid, producing emtermediate ion-pair species of the
type shown in Scheme 181.

l [ 9-anthracenyl /@ l l 9-anthracenyl
(ON /, O. /, ;
P\ ,SO,CF; OtBu o \ ,SO,CF5 O‘Bu
I l 9-anthracenyl g g Ej

9- anthracenyl

(S)-(289) - lon-Pair Intermediate

Scheme 181: Representation of the ion-pair interméate believed to be formed within aziridination

194



Due to the steric bulk and chiral nature(289), it was believed that the ion-pair
formed would itself be chiral, and thus, evidenoe ifs existence could be provided by
Circular Dichroism (CD) spectroscopy. CD spectrgscmeasures the differences in the
absorption of left or right polarised light withansample; these differences being caused
by the chirality of the sampf&® Thus, only chiral materials display a CD spectfim.

This method seemed ideal for the purposes of datergithe presence of a chiral
intermediate within the aziridination methodologg, the starting catalyst is chiral, but the
starting imine is achiral. Thus, a CD spectrum doloé acquired of the cataly&89),
providing a background. Upon mixing of the catalgat imine, a further CD spectrum
could be acquired, from which this background cdwédsubtracted, meaning any residual
signal would be related to a new chiral intermedi@rmed from the catalyst and imine
(potentially the chiral ion-pair intermediate). Tlseample imine N-benzylidene-Zert-
butoxyaniline(437)was chosen for this study.

To gain information upon the area of interest witthe UV visible range, a
standard UV-Vis spectrum was acquired $f-(289) and alongside the CD spectrum of
(289), these are shown in Figure 95. As can be seennvkilgure 98,(289) shows useful
absorbencies within the range of 410-270 nm, amehg this range which was chosen to

be investigated.

UV and CD spectra of (S)<{289)

CD (mdeg)

270 290 310 330 350 370 390 410

Wavelength (nm)

—— UV Spectra of (S)-(289) —— CD Spectra of (S)-(289)

Figure 95: UV and CD spectra of (S)-(289)
Initially, as the reaction betwedg@89) and (437) was believed to be rapid and

facile, it was decided to simply mix equimolar gaas of the two samples and measure
the UV and CD spectra related to the mixture. Wasthy of note that upon mixing of the
two samples, a colour change from colourless ghslyellow was noted within 5 to 10
seconds, suggesting an interaction between thectmepounds. This interaction was
confirmed by acquiring a UV spectrum of the new twig, and subtracting the baseline
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spectra for(289) It is worthy of note that the concentrations loé tbackgrounds were

calculated to be equal to the final concentratidnth® solutions upon mixing; thus

concentration effects can be discounted from thleviitng analysis. The new spectrum
showed a general increase in absorbance; and alsfting of the maximum absorbencies
atca. 390 nm, and 370 nm, with the suggestion of a stE@ak emerging as a shoulder
from the peak at 370 nm (Figure 96).

UV Spectra of (437) and a 1:1 mixture of (S)(289) and (437) (Background (S)-(289)
Subtracted)

o~

~ ~\\ .,/’ \\
./
__,//\\
350 370

Wavelength (nm)

Abs

..//\
/'/ \\.

390 410

210 290 310 330

— (437) —— 1:1 (437) : (289)
Figure 96: UV spectra of (437) and a 1:1 mixture of289) and (437)

Interestingly, it was also noted that these changebsorbance seemed to recede
after a short time. Thus, in order to investighis,ta series of UV spectra were taken over
a period of 8 minutes, with one complete scan beorgpleted in one minute. The results
are shown in Figure 97.

Time Dependent UV Spectra of a 1:1 mixture of (289) and (437) (Background
(289) Subtracted)

Abs

210 290 310 330 350 370 390 410

Wavelength (nm)

—— 1 Minute —— 2 Minutes 3 Minutes 4 Minutes —— S Minutes —— 6 Minutes —— 7 Minutes —— 8 Minutes

Figure 97: Time Dependent UV Spectrum of a 1:1 mixire of (289) and (437) acquired over 8 minutes
This study appears to suggest that the interactiansing the changes in

absorbance is decaying over time; this could p@kytbe explained by decomposition of
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the intermediate iminium species by hydrolysis.haligh the solvent used for the study
had been stored over molecular sieves, the expetim@&as not carried out under
anhydrous conditions, and also, the concentratiomslved within the UV experiment

were very low, meaning little water would be reedirto cause decomposition (Scheme

182).

t (0]
BuO
'BuO ‘BuO H
H.® Proton
N :) transfer <)
! — HN — HZND S +
H ® N H
) OH, (0]
O'Bu

H,0 N,
Scheme 182: Potential decomposition of the intermede ion-pair via imine hydrolysis
Despite the apparent decomposition of the iminintermediate, evidence of an
interaction had been shown by UV; thus it was datitb go ahead with a similar set of
experiments with CD spectroscopy. The use of Clrtspgcopy would remove achiral
species from the acquired spectrum, meaning thatibgracting the initial CD spectrum of
(289) from the acquired data, any residual signal wdwdgle to come about due to the
presence of the intermediate observed within UVcipecopy; and also, that this

intermediate would have to be chiral.

CD spectrum of (5)-(289) and 1:1 mixture of (5)-(289) : (437)

CD (mudegq)

Wavelength (nm)

— [S)}288) —— 1:1 (S)-(289) : (437)

Figure 98: CD Spectra of §)-(289) and a 1:1 mixture of §)-(289) and (437)
Shown in Figure 98 is the initial background C2apum of §)-(289) and also,

the CD spectrum arising from the 1:1 mixture 6j-(289) and (437). As is shown, a

significant change in the CD spectrum is observeldted to this, the spectrum resulting
from the subtraction of the background spectra($1(289) is shown in Figure 102. The
subtracted spectrum clearly shows the presenceabiiral intermediate species, with a
significant peak being observed at 390 nm. Havimgedh a decomposition of the
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intermediate species within UV spectrum, it wasidist to also investigate this effect
within the CD spectrum, using the signal at 390 asnour probe. Thus, in a similar
experiment to that carried out with UV spectroscapyime dependant CD spectrum was

acquired over 8 minutes, with one spectra beingiieed every minute. This spectrum is

also shown in Figure 99.

CD Spectrum for a 1:1 mixture of (S)-(289) and (437) (Background (S)-(289) subtracted)

CD (mdeg)

Wavelength (nm)

Time Dependent CD Spectra of a 1:1 mixture of (S)-(289) and (437) (Background
(S)-(289) subtracted)

CD (mdeg)

Wavelength (nm)

— 1 Minute —— 2 Minutes 3 Minutes 4 Minutes —— S Minutes —— 6 Minutes —— 7 Minutes —— 8 Minutes

Figure 99: CD spectra for a 1:1 mixture of §)-(289) and (437); and time dependent CD of the 410

370 nm wavelength range

Consistent with the UV traces, the CD signal alsows decay back to a baseline
level over a period of around 8 minutes. This gteens the theory that the observed
differences within the UV spectrum arise due tdmat intermediate, this in turn believed
to arise due to continued interaction between theakcatalyst §)-(289), and the achiral
iminium species.

Unfortunately, despite this evidence for the pneseof a chiral intermediate ‘ion-
pair’ between the catalyst and iminium species,aD UV spectroscopies do not provide

information into the nature of this interactionugshno direct conclusions can be drawn
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from about the structure, or type, of interactiather than the presence of a chiral
intermediate. Potentially, NMR studies have thesfmkty of elucidating this interaction,

however, this is an area for future work, and hatoeen covered here.

8.3: Attempted Determination of the Absolute Stenemistry of cig351) and cis¢358)
via VCD and Computational Methods

As mentionedvide supra during the project, despite the use of x-rayrddtion,
determination of the absolute stereochemistry o #riridines produced with the
asymmetric aziridination chemistry developed provetgpossible. Thus a differing
approach was chosen, relying upon the use of VCbrdtional circular dichroism)
spectroscopy. VCD is essentially ‘chiral IR’ spestopy, utilising circularly polarised
light and measuring the subsequent interactions avinolecul&®’

As VCD is a CD technique, thus only chiral materigre VCD active, and
opposite enantiomers will generate mirror imagecspé®’ Therefore, if the VCD of each
enantiomer of a compound is calculated (utilisingmputational methods) and a
subsequent VCD of the enantioenriched materiatepiaed, the two can be matched in
order to assign stereochemistry.

Although seemingly simple, the process for calénga VCD spectrum requires
consideration. VCD spectra inherently measure titmal frequencies, and as such, are a
composite of all accessible vibrational levelsatffconformers, accessible at the analysis
temperature. Also, the presence of deuterium withén molecules of interest has to be
considered, due to the difference in vibrationaqtrencies between deuterium and
protium?"28

Taking the above factors into account, it was datitb begin with an energy
minimised structure of both enantiomerscef(351) andcis-(358) these were calculated
within Gaussian @9 (utilising the UEA Grace cluster) at the B3LYP/6¢3 level of
theory®®® Care had to be taken at this stage to ensure ithienised structures were true
minima, as opposed to saddle points within the g@nesurface; thus the keyword
freq=(readiso) was included to ensure the absence of imaginaguéncies (present
within a saddle point but not within a true minimynand also that the presence of
deuterium was taken into account during the anmalysi

These minimised structures were checked to ensureat convergence within the
job, and subsequently were submitted to Spartafi fa0 conformational searching. The
conformational searches were carried out utilingolecular mechanics approach, at the

MMFF level, utilising a Monte-Carlo search mettddAs a large area of conformational
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space was desired to increase the likely accuradlyeofinal composite VCD spectrum,
the energy difference above the initial level wasts +160 kJ mdl. This generated 18
distinct conformers for each enantiomerci(351), and 32 distinct conformers for each
enantiomer otis-(358) Further to this, searches of up to +1000 kJ'mare carried out,
with no new conformers being generated. Severameples of the structures of these

conformers are shown in Figure 100:

O'Bu
O'Bu
o}

Front and Side 3D representation of
cis-(351): Conformer 1; generated by
Spartan '10®, optimised by Gaussian 09®
at B3LPY/6-31* theory level

I

; O'Bu

H N @

O'Bu
SO

Front and Side 3D representation of
cis-(351): Conformer 18; generated by
Spartan '"10®, optimised by Gaussian 09®
at B3LPY/6-31* theory level

Figure 100: Selected conformers afis-(351) generated by Spartan ‘19
Having investigated an area of conformational sp#ite conformers generated

were again submitted to Gaussian®0®r DFT energy minimisation, and frequency
checking; also at this point, VCD calculation wasried out {req=(readiso,vcd)a typical
input file can be found in Appendix 9). It is woytbf note that the average CPU time for
each analysis related &s-(351) was ~10 hours, and ~20 hours és-(358), leading to a
total of ca. 1640 hours of CPU time; thankfully, the parallebgessing available within
the cluster reduced the actual processing timetwden 1 and 9 hours per job.

Initially, the relevant data from these analyses wee energy of each conformer,
and these are shown in Figures 101 and 102. Thertamxe of these energies comes
about due to the need for an understanding of tpalption of each conformer at the
temperature of analysis. This is due to the faat #ach conformer will produce a unique
VCD, thus in order to predict the actual VCD, agieed average was required. In order
to understand the population of each conformerplzBiann analysis of each enantiomer
and the related conformers was carried out. Thdtrneg data is also shown in Figures 101
& 102.
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- Erelative/ RT

e
N Z e_Erelative/ RT

Energy Level | Conformer | Energy (kJ mol™) N/N | Energy Level | Conformer | Energy (kJ mol™) Ni/N
0 4 -3085257.011 0.0564 0 4 -3085257.011 0.0563
0 8 -3085257.011 0.0564 0 8 -3085257.011 0.0563
1 1 -3085251.283 0.0563 1 1 -3085251.282 0.0562
2 3 -3085250.076 0.0562 2 3 -3085250.076 0.0562
2 7 -3085250.076 0.0562 2 7 -3085250.076 0.0562
3 2 -3085246.068 0.0561 3 2 -3085246.068 0.0561
4 5 -3085245.214 0.0561 4 5 -3085245.214 0.0561
5 6 -3085243.155 0.0561 5 6 -3085243.155 0.0560
6 9 -3085227.263 0.0557 6 9 -3085227.263 0.0557
6 14 -3085227.262 0.0557 6 14 -3085227.262 0.0557
7 13 -3085222.610 0.0556 7 13 -3085222.610 0.0556
8 15 -3085213.260 0.0554 8 11 -3085220.624 0.0555
9 12 -3085212.106 0.0554 9 15 -3085213.260 0.0554
10 10 -3085187.907 0.0548 10 12 -3085212.106 0.0553
10 11 -3085187.907 0.0548 11 10 -3085188.151 0.0548
11 18 -3085162.695 0.0543 12 18 -3085162.695 0.0543
12 16 -3085156.734 0.0542 13 17 -3085156.742 0.0541
12 17 -3085156.743 0.0542 14 16 -3085156.734 0.0541

Figure 101: Boltzmann distribution data for both erantiomers of cis-(351)

Energy Level | Conformer | Energy (kJ mol™) Ni/N | Energy Level| Conformer | Energy (kJ mol™) Ni/N
0 8 -3488919.805 0.0317 0 8 -3488919.805 0.0317
0 17 -3488919.805 0.0317 0 16 -3488919.805 0.0317
1 7 -3488919.702 0.0317 1 7 -3488919.702 0.0317
1 16 -3488919.702 0.0317 2 15 -3488919.702 0.0317
2 2 -3488914.280 0.0316 3 1 -3488914.280 0.0316
3 1 -3488913.643 0.0316 4 2 -3488913.643 0.0316
4 5 -3488912.930 0.0316 5 5 -3488912.930 0.0316
4 14 -3488912.930 0.0316 5 13 -3488912.930 0.0316
5 6 -3488912.646 0.0316 6 6 -3488912.646 0.0316
5 15 -3488912.646 0.0316 6 14 -3488912.646 0.0316
6 4 -3488908.829 0.0315 7 4 -3488908.829 0.0316
7 3 -3488908.532 0.0315 8 3 -3488908.532 0.0316
8 10 -3488908.481 0.0315 9 9 -3488908.481 0.0316
9 11 -3488907.943 0.0315 10 10 -3488907.943 0.0316

10 13 -3488906.257 0.0315 11 12 -3488906.257 0.0315
11 12 -3488906.180 0.0315 12 11 -3488906.180 0.0315
12 9 -3488895.988 0.0314 13 20 -3488890.159 0.0313
13 21 -3488890.159 0.0313 14 17 -3488889.601 0.0313
14 18 -3488889.601 0.0313 15 25 -3488885.430 0.0313
15 26 -3488885.430 0.0312 16 26 -3488884.441 0.0313
16 27 -3488884.441 0.0312 17 18 -3488883.626 0.0313
17 19 -3488883.625 0.0312 18 23 -3488875.587 0.0312
18 24 -3488875.587 0.0311 19 24 -3488874.135 0.0311
19 25 -3488874.134 0.0311 20 21 -3488850.908 0.0308
20 22 -3488850.908 0.0308 21 19 -3488847.566 0.0308
21 20 -3488847.566 0.0308 22 22 -3488838.258 0.0307
22 23 -3488838.258 0.0307 23 31 -3488826.878 0.0306
23 31 -3488826.878 0.0305 24 32 -3488823.992 0.0305
24 32 -3488823.992 0.0305 25 28 -3488819.733 0.0305
25 29 -3488819.733 0.0304 26 30 -3488819.676 0.0305
26 28 -3488819.194 0.0304 27 27 -3488819.194 0.0305
27 30 -3488819.194 0.0304 28 29 -3488819.194 0.0305

Figure 102: Boltzmann distribution data for both erantiomers of cis-(358)

Having calculated the relative population of eaohformer withincis-(351) and
cis-(358), the VCD data also calculated for each confornoedd now be treated with a

weighted average, based upon the calculated Batmnaigstribution, thus generating a
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prediction of the composite VCD for each enantianidre generated VCD spectra are
shown in Appendix 9.

As shown in the generated spectra, the calcuhabiges for each enantiomer are
mirror images of each other; this is to be expecésdeach enantiomer will interact more
strongly with circularly polarised light of a spkcirotation.

Unfortunately, at this stage, despite the commhetif the calculations required, no
samples have been submitted to VCD for analysis iBhunfortunate, as the assignment
of an aziridine produced with a specific enantiorokthe catalys{289) would allow for
assignment of both the aziridines produced witlhis froject, and also, the products
produced from them. However, the work above doesomstrate that such predictions are
possible, although it remains to be seen to whagree of accuracy the predicted spectra

would agree with the experimental data.

8.4: Conclusions and Future Work

Within the two sections contained within this cteap evidence of a chiral
intermediate formed from the interaction betwg289) and an imine has been provided
by CD and UV techniques, and also, computationakwas led to the prediction of VCD
spectra for both enantiomersai$-(351) andcis-(358).

Future work within these areas could increaseviiee of this data. For example,
NMR studies of the interaction betwe@89) and imines could provide useful insight into
the exact nature of these interactions. Wheredsrefustereochemical assignment work
would be based upon the acquisition of experimevi@D data for compoundsis-(351)
andcis-(358)in order to test both the accuracy of the compurat predictions, and also
in order to finally assign the absolute stereoclsémiof the aziridines produced within the
work previously discussed in this thesis.
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Section 3: Experimental

9.1: General Information and Procedures
Drying of Solvents and Reagents

If noted as ‘dry’ or ‘dried’, solvents were treatext follows prior to use:
acetonitrile was freshly distilled from calcium ige; chloroforme and chlorofornmh
were stored in darkened glass over flame dried 4flecular sieves; dichloromethane
(DCM) was freshly distilled from calcium hydrideiethyl ether was freshly distilled from
sodium wire and benzophenone; propionitrile wagilidid from calcium hydride and
stored over flame dried 4A molecular sieves; tetdgabfuran (THF) was freshly distilled
from sodium wire and benzophenone. All other sdivevere used as supplied.

Unless noted, reagents were used as supplied. Howthe following reagents
were treated as follows before use: phosphorushiagde was distilled under reduced
pressure and stored under a nitrogen atmosptegtdyutanol was distilled and stored over
flame dried 4A molecular sieves; triethylamine vir@shly distilled from calcium hydride;

trimethyl borate was freshly distilled from sodiuvire.

Sourcing of the Isotopically Enriched Materials

>N-aniline, and*®0-water were purchased from Sigma-Aldrich, storedlen
nitrogen, and used as supplied. Deuterated alkgtodicetates (EDA; 'BDA-d, and
'PrDA-d) were prepared as per the procedures noted witiéntext, and within 9.9:
Syntheses of starting materiaéd stored under nitrogen in a dry-box.

Characterisation Methods and Instrumentation

'H-NMR and**C-NMR spectra were acquired at 400 MHz and 100 MH300
MHz and 75 MHz respectively. FT-IR spectra wereuaayl neatvia either thin film, or
ATR techniques. Low resolution MS spectra were a@egquusing a Shimadzu 2010A
LCMS utilised in either ESI or APCI modes. HRMS wexcquiredvia the EPSRC mass
spectrometry service centre, Swansea. X-ray crgstattures were acquired eithaa the
UEA crystallography service, @ra the EPSRC X-ray crystal service centre, Southampto

Reactions carried out under microwave conditionsevgerformed with a Biotage
Creator microwave synthesiser. Hydrogenation reastivere carried out using a Biotage

Endeavour catalyst screening system.
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Preparation of the Cooling Bath for Asymmetric Adiivation Reactions

As the asymmetric aziridination reactions requirestained low temperature
conditions in order to induce the desired leveleantiomeric excess, the use of an
immersion chiller is recommended. The bath wasamebby the addition ao-propanol
to a dewar flask of the appropriate size, withirichtthe chiller arm was submerged. Care
was taken to ensure the arm was settled firmly theobottom of the flask, leaving the
central space free for a large magnetic stirree &m was clamped securely above the
bath to ensure no movement during the reaction,thadapparatus was placed upon a
magnetic stirrer plate. Efficient stirring of theath was essential in order to achieve
uniform cooling, and also in preventing build upioé. A thermometer was suspended
within the bath in order to check the correlati@ivieen the temperature of the bath and
the set temperature of the chiller. Any requirefsetf could then be implemented. At -80
°C, the bath was reasonably expected to last arwmdveeks before requiring defrosting,
and newiso-propanol. However, depending upon the strengtithefchiller used, some
heating of the bath may be observed before thistpand thus the bath may require more

regular maintenance.

Synthesis of Racemic Aziridines

The one-pot methodology was frequently appliedtite synthesis of racemic
aziridines during the project. The method usedHlese reactions is essentially identical to
those syntheses detailed in Section 9.8: Syntlési2-deuteroaziridinesrac-(336), and
rac-(341)torac-(344)
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9.2: Synthesis of C2-, C®roteoAziridines
Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-
3-(pyridin-2-yl)aziridine-2-carboxylate; cis-(309)

o) o)
~A Hotome  (1moi%sres) o'Bu

_N N,*

q HNH
oy 20 CHCl3, -60 °C, N O'Bu
4A molecular sieves | N o
NH2 ~

Yield: 96 %, e.e.: 96 %
(307) cis-(309)

Pyridine-2-carboxaldehyde (27.8 mg, 25 pL, 0.26 mma-tert-butoxy aniline(307) (43
mg, 0.26 mmol), and catalys$)¢(289) (2.2 mg, 0.0026 mmol, 1%) were added to a flame
dried 2 mL vial under nitrogen. 1 mL of chloroformas added (pre-dried over 4A

molecular sieves), followed by ~40 mg of freshlyyoered 4A molecular sieves, and the
vial was sealed with a PTFE crimp cap. After stgriat room temperature for 6 h, the
reaction was cooled to -60 °C. After 30 minutest-butyl diazoacetaté280)(40.7 mg, 40
pL, 0.286 mmol) was addeda syringe, and the reaction mixture was stirredéét *C,
monitoring by'H-NMR spectroscopy until the reaction was deemedpdete (~24 h). At
this point the reaction mixture was filtered thrbug short plug of silica, eluting with
diethyl ether. The solvents were removed under aedressure, and the residue was
purified via flash column chromatography (14 % diethyl etherpetroleum ether). A
sample was submitted to chiral analytical HPLC wsial[Chiralpak AD,so-hexane iso-
propanol : 8 /2, 1 mL / min, 5.25 min®{(peak), 7.43 min (¥ peak), 96%e.e]. The title
productcis-(309) was a colourless oil afforded in a 96 % yield (88, 0.25 mmol)H-
NMR (CDClk, 400 MHz)$ 8.61-8.45 (m, 1H, ArH), 7.79-7.51 (m, 2H, ArH)18.(ddd,
1H,J 1.8, 4.9, 6.9 Hz, ArH), 7.09-6.85 (m, 4H, ArH)68.(d, 1H,J 6.8 Hz C3-H), 3.12
(d, 1H,J 6.8 Hz, C2-H) 1.37 (s, 9H, C(GH), 1.17 (s, 9H, C(B3)3); **C-NMR (CDCE,
100 MHz) 166.8, 155.6, 148.7, 148.2, 145.8, 13323.2, 123.1, 122.9, 122.7, 122.5,
120.9, 81.3, 80.1, 48.4, 46.8, 28.6, 27.6 pmript -41.8 (c 1.1 CHG); FT-IR (thin film,
cm?) 2976, 2908, 1741, 1717, 1589, 1569, 1489, 1458511391, 1365, 1223; MS (ES):
m/z 369.1 [M+H], 391.1 [M+Na]; HRMS (EI) Exact mass calculated for,p8,9N,O3]
requiresm/z369.2173 founan/z369.2176
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(4-nitrophenyl)-aziridine-2-carboxylate; cis-(310)

o) 0
@)LH HW‘)J\OtBu { 5 mol % (S)-(289)] O'Bu

N,*

O,N HNH
oy 20 CHCl3, -60 °C, O'Bu
4A molecular sieves o
NH, O,N

Yield: 93 %, e.e.: 96 %
(307) cis-(310)

4-nitrobenzaldehyde (49 mg, 0.26 mmol,}eP-butoxy anilineg(307) (43 mg, 0.26 mmol),
and catalyst)-(289) (10.8 mg, 0.013 mmol, 5%) were added to a flaniedd2 mL vial
under nitrogen. 1 mL of chloroform was added (priedi over 4A molecular sieves),
followed by ~40 mg of freshly powdered 4A molecud@ves, and the vial was sealed with
a PTFE crimp cap. After stirring at room temperatior 6 h, the reaction was cooled to -
60 °C. After 30 minutedert-butyl diazoacetat€280) (40.7 mg, 4QuL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirreds8t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed comptet8 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eeswdas purified via flash
chromatography (12 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Aso-hexane fiso-propanol: 95 /5, 1 mL / min,
5.62 min (&' peak), 9.32 min (¥ peak), 96%e.e]. The title productcis{310) was a
colourless oil afforded in a 93 % vield (99 mg,£Hr@mol).*H-NMR (CDCk, 400 MHz)5
8.20 (d, 2H,J 8.7 Hz, ArH), 7.72 (d, 2HJ 8.7 Hz, ArH), 7.11-6.88 (m, 4H, ArH), 3.53 (d,
1H, J 6.7 Hz, C3-H), 3.14 (d, 1H] 6.7 Hz, C2-H), 1.35 (s, 9H, C(GH), 1.22 (s, 9H,
C(CHg)s); **C-NMR (CDCk, 100 MHz)5 166.9, 148.3, 147.6, 145.8, 135.8, 129.5, 128.9,
127.8, 126.3, 123.4, 123.1, 122.8, 121.2, 121.05,830.4, 49.2, 47.3, 28.9, 27.9 ppm;
[a]p® -46.47 (c 2 CHG); FT-IR (thin film, cm') 2977, 2933, 1741, 1714, 1602, 1519,
1489, 1450, 1343, 1149, 1111; MS (B8)z 435.3 [M+NaJ; HRMS (El) Exact mass
calculated for [GsH29N2Os] requires 413.2134 found 413.2131.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-
3-(4-(trifluoromethyl)phenyl)aziridine-2-carboxylat e; cis-(311)

0 o)
@H H j‘/kotsu [ 5 mol % (S)-(289) | O'Bu

N,*

FsC HONH
OtBu (280) CHC|3, -60 OC, O'Bu
4A molecular sieves o
NH, FoC

Yield: 83 %, e.e.: 89 %
(307) cis-(311)

4-(trifluoromethyl)benzaldehyde (22.6 mg, 17 plidmmol,), 2tert-butoxy aniline(307)
(21 mg, 0.13 mmol), and cataly$){(289) (5.4 mg, 0.0065 mmol, 5%) were added to a
flame dried 2 mL vial under nitrogen. 1 mL of cldftorm was added (pre-dried over 4A
molecular sieves), followed by ~40 mg of freshlyyoered 4A molecular sieves, and the
vial was sealed with a PTFE crimp cap. After gtgriat room temperature for 6 h, the
reaction was cooled to -60 °C. After 30 minutest-butyl diazoacetaté€280) (20.4 mg, 20
uL, 0.143 mmol) was addeda syringe, and the reaction mixture was stirredéat *C,
monitoring by'H-NMR spectroscopy until the reaction was deemedpdete (~48 h). At
this point the reaction mixture was filtered thrbug short plug of silica, eluting with
diethyl ether. The solvents were removed under aedressure, and the residue was
purified via flash chromatography (12 % diethyl ether in petoh ether). A sample was
submitted to chiral analytical HPLC analysis [Clpek AD, iso-hexane iso-propanol : 95
/5,1 mL/ min, 3.98 min fipeak), 6.06 min (¥ peak), 89%e.e]. The title productis-
(311)was a colourless oil afforded in a 83 % yield (g, 0.11 mmol)'H-NMR (CDCl,
400 MHz)$ 7.64 (d, 2H,J 8.2 Hz, ArH), 7.57 (d, 2H) 8.2 Hz, ArH), 7.06-6.90 (m, 4H,
ArH), 3.49 (d,J 6.8 Hz, 1H, C3-H), 3.07 (d, 1H,6.8 Hz, C2-H) 1.37 (s, 9H, C(GH),
1.19 (s, 9H, C(CH3); **C-NMR (CDCk, 100 MHz) 166.8, 148.2, 146.1, 139.7, 130.1,
129.7, 129.4, 128.6, 125.8, 124.9, 124.8, 124.8,812123.5, 123.3, 123.2, 123.1, 121.0,
81.8, 80.6, 47.6, 47.0, 28.9, 28.0 ppm]f3 -41.0 (c 1 CHQ); FT-IR (thin film, cm?)
2978, 1844, 1715, 1620, 1593, 1489, 1450, 13923,18280, 1159; MS (ES)n/z 458.1
[M+Na]*; HRMS (El) Exact mass calculated for §8,9FsNO3] requiresm/z 436.2094
foundm/z436.2094.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(4-cyanophenyl)aziridine-2-carboxylate cis-(312)

0 o)
H H j)kotsu [ 5 mol % (S)—(289)] o'BY
N,* -~
(280)

H N H t
o'By CHCl,, -60 °C, OBu
4A molecular sieves o
NH, NC

Yield: 74 %, e.e.: 99 %
(307) cis-(312)

4-cyanobenzaldehyde (34 mg, 0.26 mmol,xer2-butoxy aniline (307) (43 mg, 0.26
mmol), and catalystS)-(289) (10.8 mg, 0.013 mmol, 5%) were added to a flaniedd?
mL vial under nitrogen. 1 mL of chloroform was addgre-dried over 4A molecular

NC

sieves), followed by ~40 mg of freshly powdered @hlecular sieves, and the vial was
sealed with a PTFE crimp cap. After stirring atmotemperature for 6 h, the reaction was
cooled to -60 °C. After 30 minutetert-butyl diazoacetat€280) (40.7 mg, 4QuL, 0.286
mmol) was addedia syringe, and the reaction mixture was stirredéét *C, monitoring
by 'H-NMR spectroscopy until the reaction was deemedpiete (~48h). At this point the
reaction mixture was filtered through a short phigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (14 % diethyl ether in petah ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABp-hexane Iso-propanol : 95/5, 1 mL

/ min, 7.04 min (1 peak), 13.69 min (9 peak), 99%e.e]. The title productis-(312) was

a colourless oil afforded in a 74 % vyield (75 md,®mmol).*H-NMR (CDClL, 400 MHz)

§ 7.70-7.60 (m, 4H, ArH), 7.07-6.89 (m, 4H, ArH)48.(d,J 6.8 Hz, 1H, C3-H), 3.11 (d,
1H, J 6.8 Hz, C2-H) 1.35 (s, 9H, C(GH), 1.20 (s, 9H, C(CHJs); **C-NMR (CDC}, 100
MHz) 166.5, 148.0, 145.7, 141.0, 131.6, 128.9, 32323.1, 123.0, 120.8, 111.2, 81.8,
80.4, 47.5, 46.7, 28.6, 27.7 ppna]4* -61.6 (c 0.7 CHG); FT-IR (thin film cm?) 2977,
2228, 1741, 1713, 1592, 1489, 1450, 1392, 13661,12824, 1149; MS (ESh/z415.2
[M+Na]*; HRMS (El) Exact mass calculated for§8,9N,04] requiresm/z 393.2173
foundm/z393.2174.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(4-(methylthio)phenyl)aziridine-2-carboxylate; cis-(313)

0 0
@H H j_)J\O"Bu [ 5 mol % (S)-(289) | o
MeS No* H, N H
o (280) CHCls, -60 °C,
O'Bu .
4A molecular sieves o)
MeS

NH, Yield: 72 %, e.e.: 76 % .
(307) cis-(313)

4-(methylthio)benzaldehyde (51 mg, 0.26 mmolje2-butoxy aniline(307) (43 mg, 0.26
mmol), and catalystS)-(289) (10.8 mg, 0.013 mmol, 5%) were added to a flanedd?

mL vial under nitrogen. 1 mL of chloroform was addg@re-dried over 4A molecular

‘Bu
O'Bu

sieves), followed by ~40 mg of freshly powdered @hlecular sieves, and the vial was
sealed with a PTFE crimp cap. After stirring atmmotemperature for 6 h, the reaction was
cooled to -60 °C. After 30 minutetert-butyl diazoacetat€280) (40.7 mg, 2QuL, 0.286
mmol) was addedia syringe, and the reaction mixture was stirredéét *C, monitoring
by *H-NMR spectroscopy until the reaction was deemeupiete (~72 h). At this point
the reaction mixture was filtered through a shdugof silica, eluting with diethyl ether.
The solvents were removed under reduced pressuiietha residue was purifieda flash
column chromatography (12 % diethyl ether in pewoh ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABg-hexane Iso-propanol : 95/ 5, 1 mL /
min, 5.06 min (1 peak), 9.63 min (¥ peak), 76 %e.e]. The title productis-(313)was a
slight yellow oil afforded in a 72 % yield (78 mf,19 mmol).'H-NMR (CDCk, 400
MHz) 6 7.43 (d, 2HJ 8.4 Hz, ArH), 7.21 (d, 2H] 8.4 Hz, ArH), 7.03-6.87 (m, 4H, ArH),
3.42 (d,J 6.7 Hz, 1H, C3-H), 3.01 (d, 1H,6.7 Hz, C2-H), 2.44 (s, 3H, SGK 1.36 (s,
9H, C(CH)3), 1.19 (s, 9H, C(CHJs); *C-NMR (CDCk, 100 MHz) 167.2, 148.1, 146.7,
137.6, 132.5, 128.7, 126.3, 123.4, 123.3, 123.2,11281.5, 80.6, 47.6, 47.3, 28.9, 28.1,
16.3 ppm; §i]o>> -35.6 (c 1.4 CHG); FT-IR (thin film, cm') 2976, 2929, 1743, 1711,
1592, 1489. 1391, 1365, 1304, 1260; MS (E)414.2 [M+H], 436.2 [M+Na]; HRMS
(El) Exact mass calculated for Jf13,NO3S] requiresn/z414.2097 founan/z414.2099.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(perfluorophenyl)aziridine-2-carboxylate; cis{314)

F O
" H Ho oy [5 mol % (S)—(289)]
N +
F F 2
F o (280) CHCl,, -60 °C,
O'Bu .
NH 4A molecular sieves
: Yield: 74 %, e.e.: 99 % ,
(307) F o cis-(314)

Pentafluorobenzaldehyde (51 mg, 0.26 mmoljer®butoxy aniline(307) (43 mg, 0.26
mmol), and catalystS§)-(289) (10.8 mg, 0.013 mmol, 5 %) were added to a flamedd2
mL vial under nitrogen. 1 mL of chloroform was addgre-dried over 4A molecular
sieves), followed by ~40 mg of freshly powdered dhlecular sieves, and the vial was
sealed with a PTFE crimp cap. After stirring atmotemperature for 6 h, the reaction was
cooled to -60 °C. After 30 minutetert-butyl diazoacetat€280) (40.7 mg, 4QuL, 0.286
mmol) was addedia syringe, and the reaction mixture was stirredééit *C, monitoring
by *H-NMR spectroscopy until the reaction was deemeupiete (~48 h). At this point
the reaction mixture was filtered through a shdugof silica, eluting with diethyl ether.
The solvents were removed under reduced pressuileha residue was purifieda flash
column chromatography (12 % diethyl ether in pewoh ether). The title producis-
(314)was a colourless oil afforded in a 74 % yield 83, 0.19 mmol); howevecis-(314)
proved impossible to separate utilising availabhérat HPLC techniquesH-NMR
(CDCl3, 400 MHz)4 7.14-6.88 (m, 4H, ArH), 3.33 (d, 14,5.6 Hz, C3-H), 3.04 (d, 1H,
5.6 Hz, C2-H), 1.40 (s, 9H, C(GH), 1.38 (s, 9H, C(Ch)3); **C-NMR (CDCE, 100 MHz)
167.2, 148.2, 147.7, 147.7, 147.5, 145.3, 144,8,314139.3, 139.1, 139.0, 136.0, 135.8,
135.8, 123.7, 123.1, 122.8, 120.7, 110.5, 110.9,21182.1, 80.5, 43.6, 36.8, 28.6, 27.6
ppm; [o]p* -122.7 (c 0.8 CHG); FT-IR (thin film, cm®) 2979, 2933, 1740, 1655, 1594,
1523, 1500, 1451, 1393, 1369, 1331; MS (E®)480.1 [M+Na]; HRMS (El) Exact mass
calculated for [GsH25FsNOg] requiresm/z458.1749 founan/z458.1748.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(4-formylphenyl)aziridine-2-carboxylate; cis-(315)

. o)
i j_)J\OtBu [ 5moi % (S)-(289) ] o'Bu
| N,* < H N H
o o5y (280) CHCls, -60 °C, OBu
NH 4A molecular sieves
2 Yield: 70 %, e.e.: 90 % | )
(307) o) cis-(315)

Terephthalaldehyde (34.8 mg, 0.26 mmol,te@-butoxy aniline (307) (43 mg, 0.26
mmol), and catalystS)-(289) (5.4 mg, 0.0065 mmol, 5%) were added to a flaniedd?
mL vial under nitrogen. 1 mL of chloroform was addgre-dried over 4A molecular
sieves), followed by ~40 mg of freshly powdered @hlecular sieves, and the vial was
sealed with a PTFE crimp cap. After stirring atrmotemperature for 6 h, the reaction was
cooled to -60 °C. After 30 minutegert-butyl diazoacetat¢280) (38 mg, 17.5uL, 0.27
mmol) was addedia syringe, and the reaction mixture was stirredéét *C, monitoring
by 'H-NMR spectroscopy until the reaction was deemeupiete (~72 h). At this point
the reaction mixture was filtered through a shdugmf silica, eluting with diethyl ether.
The solvents were removed under reduced pressuiietha residue was purifieda flash
column chromatography (12 % diethyl ether in petah ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABg-hexane Iso-propanol : 95/ 5, 1 mL /
min, 6.94 min (I peak), 14.85 min (¥ peak), 90 %e.e]. The title productis{315)was a
colourless oil afforded in a 70 % vield (72 mg,®rimol).*H-NMR (CDCk, 400 MHz)5
10.01 (s, 1H, CHO), 7.86 (d, 2H,8.3 Hz ArH), 7.71 (d, 2H. 8.3 Hz, ArH), 7.11-6.85
(m, 4H, ArH), 3.52 (dJ 6.8 Hz, 1H, C3-H), 3.12 (d, 1H, 6.8 Hz, C2-H), 1.35 (s, 9H,
C(CHg)3), 1.19 (s, 9H, C(CHJ3); *C-NMR (CDCk, 100 MHz) 192.2, 166.6, 148.1, 145.9,
142.6, 135.8, 129.3, 128.8, 123.4, 123.1, 123.0,9281.6, 80.3, 47.5, 47.0, 28.6, 27.7
ppm; [a]o> -67.4 (c 2.4 CHG); FT-IR (thin film, cm?) 2976. 2932, 1742, 1701, 1608,
1592, 1577, 1489, 1450, 1391, 1303, 1279; MS (E%)418.3 [M+Na]; HRMS (EI)
Exact mass calculated for Jf130N104] requiresm/z396.2169 founan/z396.2170.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(naphthalen-2-yl)aziridine-2-carboxylate;cis-(316)

i i B
Ho
H W)kotB“ [ 5 mol % (5)-(289) ] O'Bu
(g, i

- H, .
(280) A—__OBu
O'Bu CHCls, -60 °C, OO
NH, 4A molecular sieves o
(307) Yield: 61 %, e.e.: 82 % cis-(316)

2-napthaldehyde (40.6 mg, 0.26 mmol,e®-butoxy aniline(307) (43 mg, 0.26 mmol),
and catalyst)-(289) (10.8 mg, 0.013 mmol, 5%) were added to a flaniedd2 mL vial
under nitrogen. 1 mL of chloroform was added (priedi over 4A molecular sieves),
followed by ~40 mg of freshly powdered 4A molecud@ves, and the vial was sealed with
a PTFE crimp cap. After stirring at room temperatior 6 h, the reaction was cooled to -
60 °C. After 30 minutedert-butyl diazoacetat€280) (40.7 mg, 4QuL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirreds8t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed comptet8 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eeswds purifiedvia flash column
chromatography (14 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Aso-hexane fiso-propanol: 95 /5, 1 mL / min,
5.11 min (& peak), 11.66 min (2 peak), 82%e.e]. The title productcis{316) was a
colourless oil afforded in a 61 % vyield (66 mg,®rmol).*H-NMR (CDCk, 300 MHz)d
8.02 (s, 1H, ArH), 7.93-7.72 (m, 3H, ArH), 7.64 (dH, J 1.6, 8.5 Hz, ArH), 7.58-7.35
(m, 2H, ArH) 7.18-6.85 (m, 4H, ArH), 3.64 (d, 1816.7 Hz, C3-H), 3.13 (d, 1H,6.7 Hz,
C2-H), 1.39 (s, 9H, C(B5)3), 1.15 (s, 9H, C(H3)3); **C-NMR (CDCE, 75 MHz) 166.2,
146.9, 145.4, 131.9, 131.8, 126.9, 126.6, 126.8,012124.9, 124.6, 122.0, 121.9, 121.9,
120.0, 80.3, 79.3, 46.7, 46.5, 27.7, 26.7 ppip?° -25.6 (c 0.9 CHG); FT-IR (thin film,
cm?) 2977, 1740, 1708, 1591, 1449, 1413, 1392, 1388111160, 1111; MS (E)m/z
440.2 [M+NaJ, 857.5 [2M+Na]; HRMS (EI)": exact mass calculated for f€13,NO3]"
requiresm/z418.2377, founan/z418.2377.
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Three component One-Pot asymmetric synthesis tért-butyl 1-(2-tert-butoxyphenyl)-

3-(quinolin-2-yl)aziridine-2-carboxylate; cis-(317)

o o
CENJ)LH H j‘)kofsu [ 1 mol % (S)-(289) | O'Bu

Z N2 HNH
(280) CHCls, 60 °C, N OBu
O'Bu 3
4A molecular sieves | o
NH, 1421 0 . o8 0 =
Yield: 81 %, e.e.: 98 %
(307) cis-(317)

Quinoline-2-carboxaldehyde (40.8 mg, 0.26 mmol;jer®butoxy aniline(307) (43 mg,
0.26 mmol), and catalysS)-(289) (2.2 mg, 0.0026 mmol, 1%) were added to a flame
dried 2 mL vial under nitrogen. 1 mL of chloroformas added (pre-dried over 4A
molecular sieves), followed by ~40 mg of freshlyyoered 4A molecular sieves, and the
vial was sealed with a PTFE crimp cap. After gtgriat room temperature for 6 h, the
reaction was cooled to -60 °C. After 30 minutest-butyl diazoacetaté280)(40.7 mg, 40
pL, 0.286 mmol) was addeda syringe, and the reaction mixture was stirredéat *C,
monitoring by'H-NMR spectroscopy until the reaction was deemedpete (~24 h). At
this point the reaction mixture was filtered thrbug short plug of silica, eluting with
diethyl ether. The solvents were removed under aedressure, and the residue was
purified via flash column chromatography (14 % diethyl etherpetroleum ether). A
sample was submitted to chiral analytical HPLC wsial[Chiralpak AD,so-hexane iso-
propanol : 8 /2, 1 mL / min, 4.78 min®(peak), 5.80 min (¥ peak), 98%e.e]. The title
productcis{317) was a colourless oil afforded in a 81 % vyield (8§, 0.21 mmol)H-
NMR (CDCk, 400 MHz)5 8.14 (d, 1H, 8.5 Hz, ArH), 8.07 (d, 1HJ 8.5 Hz, ArH), 7.90
(d, 1H,J 8.5 Hz, ArH), 7.82 (d, 1H) 8.1 Hz, ArH), 7.70 (t, 1HJ) 7.7, 7.7 Hz, ArH), 7.52
(t, 1H,J 7.5, 7.5 Hz, ArH), 7.12-6.90 (m, 4H, ArH), 3.82 (H, J 6.8 Hz C3-H), 3.21 (d,
1H, J 6.8 Hz, C2-H) 1.38 (s, 9H, C(GH), 1.18 (s, 9H, C(83)3); **C-NMR (CDC}, 100
MHz) 167.0, 156.7, 148.3, 147.7, 145.8, 135.9, 62928.9, 127.9, 127.8, 126.4, 123.5,
123.2, 122.9, 121.3, 121.1, 81.7, 80.5, 49.2, 4290, 28.0 ppm;d]p>® -78.2 (c 1.7
CHCl); FT-IR (thin film, cm') 2976, 2931, 1740, 1718, 1618, 1597, 1562, 148891
1426, 1330, 1311, 1227; MS (EB)Yz419.2 [M+H], 441.2 [M+Na]; HRMS (EI) Exact
mass calculated for fgH31N203] requiresm/z419.2329 founan/z419.2329.
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Three component One-Pot asymmetric synthesis oftert-butyl 3,3'-(1,4-

phenylene)bis(1-(2ert-butoxyphenyl)aziridine-2-carboxylate); cis-(318)

<|> 0
H \‘Hj\ofsu [ 5 mol % (S)-(zss)]
No*
! (280)
OBu

CHCI3, -60 °C, I BUO

4A molecular sieves
'BUO l cis-(318)

Yield: 75 %, e.e.: 99 %
Terephthalaldehyde (8.8 mg, 0.065 mmol,te@-butoxy aniline (307) (21 mg, 0.13
mmol), and catalystS)-(289) (5.4 mg, 0.0065 mmol, 5%) were added to a flanedd?
mL vial under nitrogen. 1 mL of chloroform was addgre-dried over 4A molecular

(307)

sieves), followed by ~40 mg of freshly powdered dhlecular sieves, and the vial was
sealed with a PTFE crimp cap. After stirring atmotemperature for 6 h, the reaction was
cooled to -60 °C. After 30 minutetert-butyl diazoacetat€280) (20.4 mg, 2QuL, 0.142
mmol) was addedia syringe, and the reaction mixture was stirredéét *C, monitoring
by *H-NMR spectroscopy until the reaction was deemeupiete (~72 h). At this point
the reaction mixture was filtered through a shdugmf silica, eluting with diethyl ether.
The solvents were removed under reduced pressuileha residue was purifieda flash
column chromatography (12 % diethyl ether in petah ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABg-hexane iso-propanol : 95/ 5, 1 mL /
min, 4.47 min (I peak), 6.01 min (¥ peak), 99 %e.e]. The title productis{318)was a
colourless oil afforded in a 25 % isolated vyieldl (ihg, 0.016 mmol; 75 % based on
recovered materialfH-NMR (CDCh, 400 MHz)8 7.50 (d, 4H,) 3.2 Hz ArH), 7.14-6.81
(m, 8H, ArH), 3.46 (dd*J 3.6, 6.7 Hz, 2H, C3-H), 3.03 (d, 28,6.7 Hz, C2-H), 1.37 (s,
18H, C(CHy)3), 1.27 (s, 18H, C(CHs); **C-NMR (CDCk, 100 MHz 167.1, 167.0, 148.0,
147.9, 146.9, 146.8, 134.6, 134.6, 127.6, 127.8,312123.2, 123.1, 123.0, 121.1, 81.2,
80.3, 80.3, 47.6, 47.5, 47.4, 47.3, 28.6, 27.8 o> -43.7 (c 0.7 CHG); FT-IR (thin
film, cm™) 2977, 1745, 1716, 1450, 1367, 1262, 1163; MS (B%)679.4 [M+Na];
HRMS (El) Exact mass calculated for 4f8s4N.O¢] requiresm/z 657.3898 foundm/z
657.3895.

*Could potentially contain two doublets, one foe ttesired product, and one for the
presence of a small amount of these diaziridine within the product.
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Four component One-Pot asymmetric synthesis oért-butyl 1-(2-tert-butoxyphenyl)-
3-(4-(1-(2tert-butoxyphenyl)-3-(isopropoxycarbonyl)aziridin-2-yl)phenyl)aziridine-2-
carboxylate; cis{319)

(0]
|
O'Bu
5 mol % (S)-(289
| NH, [ 6 (S)(289) J
o} (307)
CHCls, |
0 0 4A molecular sieves 'Pro” X7~
HW_)J\ H\_HL i -60°C to 0 °C to -60 °C
O'Bu O'Pr .
N+ N+ Yield: 65 %, e.e.: 85 % ‘BuO cis-(319)
2 2
(280) (320)

Terephthalaldehyde (8.9 mg, 0.065 mmol;)e&-butoxy aniling(307) (11 mg, 6.5 mmol),
and catalyst%)-(289) (6 mg, 0.0065 mmol, 10%) were added to a flamedd2 mL vial
under nitrogen. 1 mL of chloroform was added (priedd over 4A molecular sieves),
followed by ~40 mg of freshly powdered 4A molecudaves, and the vial was sealed with
a PTFE crimp cap. After stirring at room temperatiar 16 h, the reaction was cooled to -
60 °C. After 30 minutedgso-propyl diazoacetaté320) (8.5 mg, 8.4uL, 0.065 mmol) was
addedvia syringe, and the reaction mixture was stirreds8t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed compiét2 h). At this point 2ert-butoxy
aniline (307) (11 mg, 6.5 mmol) was added, and the reactionstieed at 0 °C for 12 h;
after which, the reaction was re-cooled to -60 A@er 30 minutestert-butyl diazoacetate
(280) (9.3 mg, 9.21L, 0.065 mmol) was addeda syringe, and the reaction mixture was
stirred at -60 °C, monitoring byH-NMR spectroscopy until the reaction was deemed
complete (~72 h). At this point the reaction migtwras filtered through a short plug of
silica, eluting with diethyl ether. The solventsreeeemoved under reduced pressure, and
the residue was purifieda flash column chromatography (12 % diethyl ethepetroleum
ether). A sample was submitted to chiral analytld®ILC analysis [Chiralpak ADiso-
hexane fso-propanol : 95/ 5, 1 mL / min, 4.70 min®(peak), 6.64 min (¥ peak), 11.47
min (3° peak), 15.28 min {4peak) 85 %e.e]. The title productis{319)was a colourless
oil afforded in a 35 % overall isolated yield (15n9.023 mmol; 65 % based on recovered
material)."H-NMR (CDCl, 400 MHz)8 7.50 (2s, 4H, ArH), 7.00 (m, 8HArH), 4.87 (m,
1H, CH(CH),), 3.51 (dd, 1HJ 2.0, 6.7 Hz, C3-H), 3.46 (d, 1H,6.7 Hz, C3-H), 3.09 (d,

J 6.7 Hz, 1H, C2-H), 3.03 (d, 1H,6.7 Hz, C2-H), 1.36 (2s, 18H, C(G}), 1.25 (s, 9H,
C(CHs)s), 1.08 (m, 6H, C(CH),); **C-NMR (CDCk, 100 MHz) 167.4, 167.1, 148.0,
146.8, 146.7, 146.5, 146.4, 134.8, 134.7, 134.7,612127.5, 123.2, 123.1, 123.0, 122.9,
122.9, 122.7, 121.1, 121.0, 81.2, 81.1, 80.3, 8803, 80.168.2, 68.1, 47.8, 47.4, 28.6,

27.8, 21.7, 21.6 ppmpp?® -52.3 (c 2 CHG); FT-IR (thin film, cm?) 2978, 2932, 1744,
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1716, 1592, 1489, 1450, 1391, 1367, 1305, 12629,12262; MS (ES)m/z 665.2
[M+Na]*; HRMS (El) Exact mass calculated forz§8s:N,Og] requiresm/z 643.3742
foundm/z643.3739.

Synthesis of tert-butyl 1-(2-hydroxyphenyl)-3-(perfluorophenyl)aziridine-2-
carboxylate; cis-(324)

1.1 eq p-toluene
OBy sulfonic acid

FH N H .
4 _OBu Acetonitrile, H,O
uW 60 °C
Yield: 70 %, e.e.: 90 %
£ cis-(314) £ cis-(324)

To a stirred solution o€is{314) (40 mg, 0.088 mmol) in 1 mL acetonitrile, in a 4 m
Biotage microwave vial, was addedra-toluene sulfonic acid (19 mg, 0.096 mmol, 1.1
eq). 500 uL distilled water was added, the reacti@s capped with a PTFE seal, and
heated to 60 °C for 5 h in a Biotage Cre@toticrowave synthesiser. After this time the
reaction mixture was diluted with 10 mL ethyl atefawashed with 15 mL saturated
aqueous sodium hydrogen carbonate, and 10 mL brime.organic layer was dried with
magnesium sulphate, filtered, and the solvents veshaunder reduced pressure. The
resulting material was purifiedia flash column chromatography (30 % diethyl ether in
petroleum ether). A sample was submitted to clarallytical HPLC analysis [Chiralpak
AD, iso-hexane Iso-propanol : 95/ 5, 1 mL / min, 2.67 min*{peak), 3.00 min (¥ peak),
90%e.e]. The title productis-(324) was a colourless oil afforded in a 70 % vyield (28,
0.061 mmol)*H-NMR (CDCk, 400 MHz)$ 7.13-7.05 (m, 1H, ArH), 6.97 (dd, 14,8.0,
1.3 Hz, ArH), 6.91-6.81 (m, 2H, ArH), 6.51 (s, 1A-OH), 3.64 (d, 1HJ 6.2 Hz, C3-H),
3.09 (d, 1H,J 6.2 Hz, C2-H), 1.40 (s, 9H, C(GH); *C-NMR (CDCk, 100 MHz) 166.4,
151.5, 147.7, 147.6, 147.5, 144.3, 144.3, 144.9,4,3139.3, 139.2, 139.2, 136.1, 126.4,
120.4, 117.6, 115.7, 83.0, 44.5, 37.1, 27.6 purts’f 17.2 (c 1 CHGQ); FT-IR (thin film
Cm'l) 3408, 1721, 1597, 1523, 1501, 1458, 1370, 128B61 MS (ES)m/z 424.1
[M+Na]*; HRMS (El) Exact mass calculated for§8:17-FsNOs] requiresm/z 402.1123
foundm/z402.1129.
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9.3: Synthesis of CaeuteroAziridines
Asymmetric Synthesis of tert-butyl 3-(4-bromophenyl)-1-(2tert-butoxyphenyl)-2-

deuter@aziridine-2-carboxylate; cis{350)

10 | % (S)-(289
o [ 10 mol % (S)-(289) ) .

|N w t N

' ; ot H

/©) O'Bu Ny ! CDCl; : DCM (8:2) @ O'Bu
-80 °C

Br (349) o

4A molecular sieves
Yield: 87 %, e.e.: 95 % cis-(350)

(E)-2-tert-Butoxy-N-(4-bromophenylmethylene)phenylamine (85 mg, 0.26at), and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecidimves, under nitrogen. 8QQ. of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefth syringe through
the septum, and the reaction mixture was cooleeB@ °C. After 30 minutes, >95 %
deuteratedert-butyl diazoacetat€349) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
4.12 min (£ peak), 7.27 min (¥ peak), 95 %e.4. The title productis{350)was a slight
green oil afforded in 87 % vyield (101 mg, 0.226 nimtH-NMR (CDCl;, 400 MHz) 3
7.42-7.30 (m, 4H, ArH), 6.97-6.91 (m, 1H, ArH), 6:8.82 (m, 3H, ArH), 3.35 (s, 1H, C3-
H), 1.29 (s, 9H, C(CHs), 1.16 (s, 9H, C(CHs); **C-NMR (CDCk, 100 MHz) 167.0,
148.1, 146.3, 134.6, 131.0, 130.0, 123.3, 123.3,312421.6, 121.1, 81.7, 80.6, 47.0, 28.9,
28.0 ppm; §i]o>> -23 (¢ 1.1 CHG); FT-IR (thin film, cm®) 3010, 1770, 1750, 1495, 1395;
MS (ES) m/z 447.1 [M+HJ, 469.1 [M+Na] ; HRMS (El) Exact mass calculated for
[C23H26DBrNOs] " requiresm/z447.1388 founan/z447.1388
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Asymmetric Synthesis of tert-butyl 1-(2-tert-butoxyphenyl)-3-phenyl-2-

deuter@ziridine-2-carboxylate; cis{351)

[ 10 mol % (S)-(289) ] t
O Bu

N N
I Y~ TOBu
O'Bu 1 CDCl, : DCM (8:2) OtBu
2 -80 °C
(349)

4A molecular sieves
Yield: 65 %, e.e.: 81 % cis-(351)

(E)-2-tert-Butoxy-N-(benzylidene)phenylamine (47 mg, 0.26 mmol), azdlyst G)-(289)
(21.6 mg, 0.026 mmol, 10%) were added to a flanedd2z mL vial, containing ~40 mg of
freshly powdered 4A molecular sieves, under nitro®00uL of deuterated chloroform
was added (pre-dried over 4A molecular sieves), thedvial was sealed with a PTFE
crimp cap. 20QuL of anhydrous DCM was addeth syringe through the septum, and the
reaction mixture was cooled to -80 °C. After 30 utes, >95% deuterate@rt-butyl
diazoacetat€349) (40.7 mg, 4QuL, 0.286 mmol) was addeda syringe, and the reaction
mixture was stirred at -80 °C, monitoring Hy-NMR spectroscopy until the reaction was
deemed complete (~72 h). At this point the reactiorture was filtered through a short
plug of silica, eluting with diethyl ether. The gehts were removed under reduced
pressure, and the residue was purifiea flash column chromatography (14 % diethyl
ether in petroleum ether). A sample was submitteahiral analytical HPLC analysis
[Chiralpak AD,iso-hexane fiso-propanol: 95 / 5, 1 mL / min, 3.81%peak), 7.60 (¥
peak), 81 %e.d. The title productcis{351) was afforded as a colourless oil in a 65 %
yield (62 mg, 0.17 mmol):H-NMR (CDCk, 300 MHz)d 7.56-7.48 (m, 2H, ArH), 7.38-
7.27 (m, 3H, ArH), 7.06-6.90 (m, 4H, ArH), 3.43 (&1, C3-H), 1.38 (s, 9H, C(dx)3),
1.19 (s, 9H, C(E)s); *C-NMR (CDCk, 75 MHz) 167.3, 148.0, 146.7, 135.3, 128.1,
127.8, 127.5, 123.2, 123.1, 123.0, 121.0, 81.3,80..3, 28.5, 27.6 ppma]p*°-30.6 (c 1
CHCly); FT-IR (thin film, cm®): 2977, 1746, 1716, 1593, 1490, 1449, 1392, 1363;
(ED™: m/z 369.2 [M+H], 391.2 [M+Na]; HRMS (EI): exact mass calculated for
[C23H29DNO3]* requiresm/z369.2283, founan/z369.2285
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Asymmetric Synthesis of tert-butyl 3-(4-fluorophenyl)-1-(2-tert-butoxyphenyl)-2-

deuter@aziridine-2-carboxylate; cis{352)

o [ 10 mol % (S)-(289) )
\ O'Bu
| MOtB H N
O'Bu Nt ! CDCl; : DCM (8:2) @ O'Bu
2 -80 °C
F (349) 4A molecular sieves F 0

Yield: 55 %, e.e.: 80 % cis-(352)

(E)-2-tert-Butoxy-N-(4-fluorophenylmethylene)phenylamine (71 mg, 0.@6nol), and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecidimves, under nitrogen. 8@ of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefth syringe through
the septum, and the reaction mixture was cooleeB@ °C. After 30 minutes, >95 %
deuteratedert-butyl diazoacetat€349) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
4.01 min (& peak), 6.20 min (¥ peak), 80%e.e]. The title productcis{352) was a
colourless oil afforded in a 55 % vyield (55 mg,4BImmol).’"H-NMR (CDCk, 400 MHz)

3 7.50-7.44 (m, 2H, ArH), 7.04-6.96 (m, 3H, ArH)96:6.87 (m, 3H, ArH), 3.42 (s, 1H,
C3-H), 1.34 (s, 9H, C(Ckk), 1.19 (s, 9H, C(CH)s); *C-NMR (CDCk, 100 MHz) 167.1,
163.7, 161.3, 148.1, 146.5, 131.2, 131.1, 129.9,82123.3, 123.2, 121.1, 114.9, 114.7,
81.6, 80.6, 46.9, 28.9, 28.0, ppm]$** -19.1 (c 1 CHGJ); FT-IR (thin film, cm') 2977,
2934, 1743, 1710, 1512, 1489, 1450, 1392, 1368; (MS) m/z 387.2 [M+HT, 409.1
[M+Na]* ; HRMS (EI) Exact mass calculated for,f8,sDFNQOs]* requiresm/z387.2189
foundm/z387.2189.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-chlorophenyl)-2deuteraziridine-2-carboxylate; cis{353)
o) 0

1 19 -(2
@AH @ Ny, [ominmam) @Otm
N,* N
“ (349) CDCl, : DCM (8:2) NO o'BU
O'Bu -80 °C
NH, 4A molecular sieves o)

(307) Yield: 55 %, e.e.: 67 % cis-(353)

4-chlorobenzaldehyde (37 mg, 0.26 mmolbte&-butoxy aniline (307) (43 mg, 0.26
mmol), and catalystR)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flanmedd?
mL vial under nitrogen. 80QL of deuterated chloroform was added (pre-driedr @\
molecular sieves), followed by ~40 mg of freshlyyoered 4A molecular sieves, and the
vial was sealed with a PTFE crimp cap. 2000f anhydrous DCM was addeth syringe
through the septum, and the reaction mixture wadedoto -80 °C. After 30 minutes, >95
% deuteratedert-butyl diazoacetaté349) (40.7 mg, 4QuL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred & <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silieduting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (12 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
4.45 min (£ peak), 7.34 min (¥ peak), 67 %e.e]. The title productis{(353)was a slight
green oil afforded in a 55 % yield (58 mg, 0.143 ohm'*H-NMR (CDCl, 400 MHz)3
7.47 (d, 2HJ 9.0 Hz, ArH), 7.30 (d, 2H] 9.0 Hz, ArH), 7.06-6.91 (m, 4H, ArH), 3.44 (s,
1H, C3-H), 1.36 (s, 9H, C(CHt), 1.25 (s, 9H, C(Ch)s); *C-NMR (CDCk, 100 MHz)
166.9, 148.0, 146.3, 133.9, 133.3, 129.5, 127.9,21223.1, 120.9, 81.4, 80.3, 46.6, 28.6,
27.7 ppm; §1]o?* 24.5 (c 0.05 CHG); FT-IR (thin film, cm') 2980, 2344, 1742, 1715,
1593, 1490, 1451, 1341, 1278, 1258; MS (E®)403.1 [M+HT, 425.1 [M+Na] ; HRMS
(El) Exact mass calculated for JE,,DCINO3]* requires m/z 403.1893 foundm/z
403.1889.
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Three Component One-Pot Asymmetric Synthesis dert-butyl 1-(2-hydroxyphenyl)-
3-(perfluorophenyl)-2-deuteraziridine-2-carboxylate; cis{354)

F (0] (0]
_ 10 mol % (S)-(289
F y MotBu [ 6 (S)(289) ] -

N,*
F F (349) CDCl, : DCM (8:2)
F O'Bu -80 °C
NH, 4A molecular sieves
(307) Yield: 82 %

Pentafluorobenzaldehyde (40 mg, 0.26 mmokjertbutoxy aniline(307) (43 mg, 0.26
mmol), and catalystS)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flanedd
mL vial under nitrogen. 80QL of deuterated chloroform was added (pre-driedr ae
molecular sieves), followed by ~40 mg of freshlyyoered 4A molecular sieves, and the
vial was sealed with a PTFE crimp cap. 2000f anhydrous DCM was addeth syringe
through the septum, and the reaction mixture wasdedoto -80 °C. After 30 minutes, >95
% deuteratedert-butyl diazoacetaté349) (40.7 mg, 40QuL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ €, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleumegthThe reaction producis{354)
was a colourless oil afforded in an 82 % vyield (8§, 0.21 mmol); howevekgis-(354)
could not be separated with the chiral HPLC techesgavailable at the timéH-NMR
(CDCl3, 400 MHz)6 7.09-6.83 (m, 4H, ArH), 3.30 (s, 1H, C3-H), 1.40 9H, C(CH)53),
1.38 (s, 9H, C(CH)3); *C-NMR (CDCk, 100 MHz) 167.2, 148.2, 147.7, 147.7, 147.5,
145.3, 1445, 144.3, 139.3, 139.1, 139.0, 136.6,8,3135.8, 123.7, 123.1, 122.8, 120.7,
110.5, 110.2, 110.2, 82.1, 80.5, 43.55, 36.82,,28166 ppm; ¢]p>> -121 (c 1.1 CHG);
FT-IR (thin film, cm?) 2979, 2933, 1743, 1738, 1594, 1524, 1502, 1489311369,
1331; MS (ES)n/z459.2 [M+H], 481.1 [M+Na]; HRMS (EIl) Exact mass calculated for
[C23H24FsDNOs] requiresm/z459.1812 founan/z459.18009.
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Synthesis oftert-butyl 1-(2-hydroxyphenyl)-3-(perfluorophenyl)-2-deuteraziridine-2-
carboxylate; cis{355)

1.1 eq para-toluene
sulfonic acid

-

Acetonitrile : H,O
uW 60 °C
Yield: 67 %, e.e.: 92 %
F cis-(354) F cis-(355)

To a stirred solution of the optically active stagtmaterialcis-(354) (37 mg, 0.081 mmol)
synthesised usindR}-(289), in 1 mL acetonitrile, in a 4 mL Biotage microwawvial, was
addedpara-toluenesulfonic acid (17 mg, 0.087 mmol). 500 (fLwater was added, the
reaction was capped with a PTFE seal, and heaté6 € for 5 h in a Biotage Creafor
microwave synthesiser. After this time, the reattiwixture was neutralised by addition of
a saturated aqueous solution of sodium hydrogdronate. This was extracted with ethyl
acetate, and the combined organic layers were wasith brine, dried with magnesium
sulphate, filtered and the solvent removed undeéuced pressure. The resulting material
was purifiedvia flash column chromatography (30 % diethyl ethep@troleum ether). A
sample was submitted to chiral analytical HPLC wsial [Chiralpak IA, CQ / iso-
propanol: 5% - 50% over 9 min, 0.7 mL / min, 3.7B11f1* peak), 4.23 min (¥ peak), 92
% e.e] The reaction produatis{355) was a pale brown oil afforded in a 67 % yield (22
mg, 0.054 mmol)*H-NMR (CDCk, 300 MHz)d 7.12-7.04 (m, 1H, ArH), 7.00-6.93 (m,
1H, ArH), 6.91-6.80 (m, 2H, ArH), 6.54 (s br, 1Hr-®H), 3.62 (s, 1H, C3-H), 1.40 (s,
9H, C(CH)3); *C-NMR (CDCk, 75 MHz) 166.6, 151.6, 147.3, 147.2, 147.1, 14248..7,
144.6, 143.6, 143.6, 143.6, 138.9, 138.9, 138.6,213126.5, 120.6, 117.9, 115.9, 83.2,
37.4, 27.9 ppm;d]po?? -18.2 (c 1 CHGJ)); FT-IR (thin film, cm®): 2982, 1720, 1597, 1502,
1458, 1395, 1370, 1277, 1094; MS (Eljn/z 425.3 [M+Na]; HRMS (ASAPY: exact
mass calculated for [gH1sDFsNOs]” requiresm/z403.1186, founan/z403.1178.
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Asymmetric Synthesis of tert-butyl 1-(2-tert-butoxyphenyl)-3-(4-nitrophenyl)-2-

deuter@aziridine-2-carboxylate; cis{356)

o [ 10 mol % (S)-(289) ]

O'Bu

|N w t N @
Y O'Bu H
O'Bu Nt CDCl; : DCM (8:2) LN _OBu
(23 ) -80°C
O,N O,N ©

4A molecular sieves
Yield: 95 %, e.e.: 88 % cis-(356)

(E)-2-tert-Butoxy-N-(4-nitrophenylmethylene)phenylamine (77 mg, 0.26nat), and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecidimves, under nitrogen. 8QQ. of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefth syringe through
the septum, and the reaction mixture was cooleéB@ °C. After 30 minutes, >95 %
deuteratedert-butyl diazoacetat€349) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ €, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Aso-hexane fiso-propanol: 95/ 5, 1 mL / min,
5.62 min (&' peak), 9.32 min (¥ peak), 88%e.e]. The title productcis{(356) was a
yellow oil, afforded in a 95 % yield (102 mg, 0.2dimol); cis-(356) could be crystallised
by treatment with 8:2 petroleum ether : diethyleetfiH-NMR (CDChk, 400 MHz)$ 8.17
(d, 2H,J 6.9 Hz, ArH), 7.69 (d, 2H] 6.9 Hz, ArH), 7.10-6.83 (m, 4H, ArH), 3.50 (s, 1H,
C3-H), 1.33 (s, 9H, C(Chk), 1.20 (s, 9H, C(CH)s); *C-NMR (CDCk, 100 MHz) 166.5,
148.1, 147.5, 145.6, 143.2, 129.2, 123.7, 123.3,2223.1, 121.0, 82.1, 80.6, 46.8, 28.9,
28.1 ppm; §]p?2 -5.33 (c 0.3 CHG); FT-IR (thin film, cm®) 2978, 2933, 1743, 1715,
1520, 1345; MS (ES)n/z 414.2 [M+H]; HRMS (EI) Exact mass calculated for
[C23H28DN2Os] requires m/z414.2134 founan/z414.2131.
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Asymmetric Synthesis of tert-butyl 1-(2-tert-butoxyphenyl)-3-(4-cyanophenyl)-2-

deuter@ziridine-2-carboxylate; cis{357)

[ 10 mol % (S)-(289) ]

O'Bu

(@]
|N @\—HJ\ t N
OB H
O'Bu L ! CDCl; : DCM (8:2) MO o'By
2 -80 °C
NC (349) 4A molecular sieves 0]

Yield: 65 %, e.e.: 99 % cis-(357)

(E)-2-tert-Butoxy-N-(4-cyanophenylmethylene)phenylamine (72 mg, 0.26wolp and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecidimves, under nitrogen. 8QQ. of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefth syringe through
the septum, and the reaction mixture was cooleeB@ °C. After 30 minutes, >95 %
deuteratedert-butyl diazoacetat€349) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comgieh). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eeswdas purified via flash
chromatography (14 % diethyl ether in petroleureBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
6.19 min (£ peak), 8.75 min (¥ peak), 99%e.e]. The title productis{357)was a slight
green oil afforded in a 65 % yield (66 mg, 0.17 MmtH-NMR (CDChk, 400 MHz)$
7.72-7.58 (m, 4H, ArH), 7.09-6.88 (m, 4H, ArH), 8.4s, 1H, C3-H), 1.35 (s, 9H,
C(CHg)3), 1.18 (s, 9H, C(CHJ3); *C-NMR (CDCk, 100 MHz) 166.6, 148.1, 145.8, 141.1,
131.8, 129.1, 123.7, 123.3, 123.2, 121.0, 119.2),80.6, 47.0, 28.9, 28.0 pprmy]p*° -
43.93 (c 1.4 CHG); FT-IR (thin film, cm') 2978, 1520, 1344; MS (ESy/z 394.1
[M+H]"; HRMS (EI) Exact mass calculated for}8,sDN,Os] requiresm/z 394.2235
foundm/z394.2236.
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Asymmetric Synthesis of tert-butyl 1-(2-tert-butoxyphenyl)-3-(naphthalen-2-yl)-2-

deuteraziridine-2-carboxylate; cis{358)

o [ 10 mol % (S)-(289) ] .

N~ :
[ t ®\%J\Ot8u H N @
O'Bu . CDCl, : DCM (8:2) L\ oy
C :
(349) o

4A molecular sieves
Yield: 85 %, e.e.: 90 % cis-(358)

(E)-2-tert-Butoxy-N-(2-napthylmethylene)phenylamine (79 mg, 0.26 mmald catalyst
(9)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flanedd mL vial, containing
~40 mg of freshly powdered 4A molecular sieves,annuitrogen. 80QiL of deuterated
chloroform was added (pre-dried over 4A molecuiaves), and the vial was sealed with a
PTFE crimp cap. 20QL of anhydrous DCM was addeda syringe through the septum,
and the reaction mixture was cooled to -80 °C. AB@ minutes, >95 % deuteratéstt-
butyl diazoacetat¢349) (40.7 mg, 40uL, 0.286 mmol) was addeda syringe, and the
reaction mixture was stirred at -80 °C, monitorimg ‘H-NMR spectroscopy until the
reaction was deemed complete (~72 h). At this pthet reaction mixture was filtered
through a short plug of silica, eluting with dietlegher. The solvents were removed under
reduced pressure, and the residue was punfi@adlash column chromatography (14 %
diethyl ether in petroleum ether). A sample wasnstted to chiral analytical HPLC
analysis [Chiralpak ADiso-hexane Iso-propanol: 95/ 5, 1 mL / min, 4.61 min®*(peak),
11.01 min (2% peak), 90%.e]. The title productis{358) was afforded as a slight brown
oil in an 85 % vyield (92 mg, 0.22 mmotH-NMR (CDCls, 400 MHz)5 7.94 (s, 1H, ArH),
7.81-7.68 (m, 3H, ArH) 7.57 (d, 1H,8.5 Hz, ArH), 7.46-7.34 (m, 2H, ArH), 7.01-6.83
(m, 4H, ArH), 3.57 (s, 1H, C3-H), 1.33 (s, 9H, C(§4) 1.04 (s, 9H, C(Ch)s); *C-NMR
(CDCls, 100 MHz) 167.4, 148.2, 146.6, 133.1, 133.0, 128279, 127.5, 127.3, 126.2,
126.1, 125.9, 123.2, 123.2, 123.1, 121.2, 81.%,80.9, 28.9, 27.9 ppma[p>3 -13.93 (c
2.9 CHC}); FT-IR (thin film, cmi') 2977, 1742, 1713, 1592, 1489, 1449, 1392, 1367,
1332, 1261; MS (ES)n/z 419.2 [M+H], 441.1 [M+Na]; HRMS (El) Exact mass
calculated for [G/H21:DNOs]” requiredm/z419.2439 founan/z419.2441.
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Asymmetric Synthesis of tert-butyl 1-(2-tert-butoxyphenyl)-3-(pyridin-2-yl)-2-

deuter@aziridine-2-carboxylate; cis{359)

[ 10 mol % (S)-(289) ]

NQ O ; O'Bu
| Mots H, N
N O'Bu . o CDCl, : DCM (8:2) MO O'BuU
| N2 ) X
N 46 -80 °C |
(349) 4A molecular sieves N o)

Yield: 82 %, e.e.: 99 % cis-(359)

(E)-2-tert-Butoxy-N-(pyridin-2-ylmethylene)phenylamine (66 mg, 0.26 oin and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecud@ves, under nitrogen. 8@ of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefha syringe through
the septum, and the reaction mixture was cooleéB@ °C. After 30 minutes, >95 %
deuteratedert-butyl diazoacetat€349) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ €, monitoring by'H-NMR
spectroscopy until the reaction was deemed compiEeh). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eeswds purifiedvia flash column
chromatography (14 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Axo-hexane iso-propanol: 8 /2, 1 mL / min, 5.05
min (1% peak), 7.01 min (¥ peak), 99%e.e]. The title productis{(359)was a colourless
oil afforded in a 82 % yield (79 mg, 0.21 mmdi-NMR (CDClL, 400 MHz)5 8.61-8.48
(m, 1H, ArH), 7.78-7.60 (m, 2H, ArH), 7.24-7.13 (dH, ArH), 7.08-6.88 (m, 4H, ArH),
3.65 (s, 1H, C3-H), 1.38 (s, 9H, C(6H), 1.23 (s, 9H, C(B3)3); *C-NMR (CDCk, 100
MHz) 166.8, 155.6, 148.7, 148.2, 145.8, 135.9, 22823.1, 122.9, 122.7, 122.5, 120.9,
81.3, 80.2, 48.4, 28.6, 27.7 ppma$>* -43.30 (c 3.1 CHG); FT-IR (thin film, cm') 2977,
1738, 1715, 1589, 1570, 1489, 1450, 1435, 13927;18& (ES)m/z370.1 [M+H], 392.1
[M+Na]*; HRMS (EI) Exact mass calculated for,pH,sDN,O5] requiresm/z 370.2235
foundm/z370.2237.
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Three Component One-Pot Asymmetric Synthesis dert-butyl 3-(4-(((9H-fluoren-9-
yl)methoxy)carbonyloxy)phenyl)-1-(2tert-butoxyphenyl)-2-deuteraziridine-2-
carboxylate; cis{363)

10 mol % (R)-(289
/©)J\H WJ\O‘BU [ o (RH ) ] ©\Ot8u
N,* N
FmocO (349) CDCl3 : DCM (8:2) - @ OBy
O'Bu -80°C
NH, 4A molecular sieves FmocO ©

(307) Yield: 78 %, e.e.: 66 % cis-(363)

(9H-fluoren-9-yl)methyl 4-formylphenyl carbonai@4 mg, 0.13 mmol), -2ert-butoxy
aniline (307) (21.4 mg, 0.13 mmol), and cataly®){(289) (11 mg, 0.013 mmol, 10%)
were added to a flame dried 2 mL vial under nitrogg00uL of deuterated chloroform
was added (pre-dried over 4A molecular sievesjovigd by ~40 mg of freshly powdered
4A molecular sieves, and the vial was sealed wlBTRE crimp cap. 200L of anhydrous
DCM was addedia syringe through the septum, and the reaction mexivas cooled to -
80 °C. After 30 minutes, >95 % deuterated-butyl diazoacetaté349) (20.4 mg, 2QuL,
0.143 mmol) was addedia syringe, and the reaction mixture was stirred 8 °C,
monitoring by*H-NMR spectroscopy until the reaction was deemeupgete (72 h). At
this point the reaction mixture was filtered thrbug short plug of silica, eluting with
diethyl ether. The solvents were removed under aedyressure, and the residue was
purified via flash column chromatography (18 % diethyl etherpgtroleum ether). A
sample was submitted to chiral analytical HPLC wsial[Chiralpak AD,jso-hexane iso-
propanol: 95 /5, 1 mL / min, 8.9 min(peak), 34.48 min (8 peak), 66 %e.e]. The title
productcis{363) was a colourless oil afforded in a 78 % vyield (64, 0.10 mmol)H-
NMR (CDClL, 300 MHz)5 7.80 (d, 2H, 7.4 Hz, ArH), 7.67 (d, 2HJ 7.4 Hz, ArH), 7.57
(d, 2H,J 8.7 Hz, ArH), 7.44 (t, 2H) 7.4, 7.4 Hz, ArH), 7.35 (t, 2Hl 7.4, 7.4 Hz, ArH),
7.17 (d, 2HJ 8.4 Hz, ArH), 7.07-6.92 (m, 4H, ArH), 4.53 (d, 2H,7.4 Hz, CH), 4.34 (t,
1H,J 7.4, 7.4 Hz, ArH), 3.48 (s, 1H, C3-H), 1.39 (s,, {CH3)3), 1.22 (s, 9H, C(B3)3);
13C-NMR (CDCh, 75 MHz) 167.2, 153.9, 150.7, 148.1, 146.5, 14B4,.5, 133.4, 129.4,
128.2, 127.4, 125.4, 123.3, 121.1, 120.6, 120.9,0,181.7, 80.6, 70.6, 46.9, 28.9, 28.0
ppm; [a]p?® 80 (c 0.1 CHG)); FT-IR (thin film, cm?): 2976, 1760, 1712, 1591, 1489,
1449, 1366, 1253, 1229, 1205, 1159; MS {EM/z629.3 [M+Na]; HRMS (EI)": exact
mass calculated for fgH3sDNOg]* requiresm/z607.2840, founan/z607.2900.
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Asymmetric Synthesis of isopropyl 1-(2-tert-butoxyphenyl)-3-(pyridin-2-yl)-2-

deuter@aziridine-2-carboxylate; cis{367)

[ 10 mol % (S)-(289)

N Q O ©\OtBU
l MO‘Pr H N
X O'Bu . CDCl; : DCM (8:2) N0 opr
‘ N2 0 AN
N -80 °C |
Z (364) 4A molecular sieves _N )

Yield: 78 %, e.e.: 92 % cis-(367)

(E)-2-tert-Butoxy-N-(pyridin-2-ylmethylene)phenylamine (66 mg, 0.26 oin and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamesdd® mL Biotage
microwave vial, containing ~ 40 mg of freshly powet® 4A molecular sieves, under
nitrogen. 800uL of deuterated chloroform was added (pre-driedrod molecular
sieves), and the vial was sealed with a PTFE ciayp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratsd-propyl diazoacetat864) (36.6 mg, 3L, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit >C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢tetm~72 h). At this point the
reaction mixture was filtered through a short phaigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (14 % diethyl ether in pewoh ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABg-hexane iso-propanol: 95/5, 1 mL /
min, 6.60 min (I peak), 11.90 min (¢ peak), 92%e.e]. The title productis{(367)was a
colourless oil afforded in a 78 % vield (72 mg,®r@mol).*H-NMR (CDCk, 400 MHz)5
7.72-7.54 (m, 2H, ArH), 7.17-7.08 (m, 1H, ArH), 7-6.93 (m, 1H, ArH), 6.93-6.83 (m,
4H, ArH), 4.81 (m, 1H, CH(CH)>), 3.62 (s, 1H, C3-H), 1.29 (s, 9H, C(&)¥), 1.01 (d, 3H,

J 6.2 Hz, CH(CH),), 0.93 (d, 3H,J 6.7 Hz, CH(CH),); *C-NMR (CDCk, 100 MHz)
167.5, 155.5, 148.9, 148.3, 145.5, 136.1, 123.8,312122.9, 122.8, 122.4, 121.0, 80.3,
68.7, 48.9, 28.9, 21.8 ppmy]p>® -8.5 (c 0.2 CHG); FT-IR (thin film, cni') 2977, 1738,
1715, 1589, 1570, 1493, 1451, 1440, 1393, 1365; (ES) m/z 356.1 [M+H], 378.1
[M+Na]*; HRMS (El) Exact mass calculated for,[B26DN.O3]" requiresm/z 356.2079
foundm/z356.2082.
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Asymmetric Synthesis of isopropyl 1-(2-tert-butoxyphenyl)-3-(4-cyanophenyl)-2-

deuteraziridine-2-carboxylate; cis{368)

[ 10 mol % (S)-(289)
O ] O'Bu

N ; M
| Y~ ~OPr H, N
O'Bu N CDCl; : DCM (8:2) N opr
2 -80 °C

4A molecular sieves
Yield: 80 %, e.e.: 96 % cis-(368)

(E)-2-tert-Butoxy-N-(4-cyanophenylmethylene)phenylamine (74 mg, 0.26wof) and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecud@mves, under nitrogen. 8@ of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefha syringe through
the septum, and the reaction mixture was cooleeB@ °C. After 30 minutes, >95 %
deuteratedso-propyl diazoacetat¢364) (36.6 mg, 36uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comiet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95/ 5, 1 mL / min,
7.40 min (&' peak), 13.10 min (2 peak), 96%e.e]. The title productcis{368) was a
slight green oil afforded in a 80 % vyield (79 mgDmmol).*H-NMR (CDCl;, 400 MHz)

8 7.71-7.59 (m, 4H, ArH), 7.07-6.89 (m, 4H, ArH)84.(m, 1H, CH(CH),), 3.52 (s, 1H,
C3-H), 1.33 (s, 9H, C(Chk), 1.02 (dd, 6H,) 6.3, 8.9 Hz, CH(CH),); *C-NMR (CDCl,
100 MHz) 167.1, 148.2, 145.4, 140.9, 131.8, 12923.8, 123.1, 122.8, 120.9, 119.1,
111.5, 80.5, 69.0, 47.2, 28.9, 21.9, 21.7 ppmpT -37.65 (c 1.7 CHG); FT-IR (thin
film, cm'®) 2925, 2859, 1608, 1494, 1451, 1403, 1262, 1208;(&5)m/z380.2 [M+HT;
HRMS (El) Exact mass calculated forp8,DN,O5]" requiresm/z 380.2079 foundn/z
380.2079.
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Asymmetric  Synthesis of allyl 1-(2-tert-butoxypheny)-3-(4-cyanophenyl)-2-

deuteraziridine-2-carboxylate cis{369)

o [ 10 mol % (S)—(289)J

O'Bu

N~ :
I t Cgj)komu H N
OBu N.* y CDCl; : DCM (8:2) @ OAllyl
2 -80 °C
NC (365) o}

4A molecular sieves

Yield: 68 %, e.e.: 87 % cis-(369)

(E)-2-tert-Butoxy-N-(4-cyanophenylmethylene)phenylamine (74 mg, 0.26wof) and
catalyst §)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial,
containing ~ 40 mg of freshly powdered 4A molecud@mves, under nitrogen. 8@ of
deuterated chloroform was added (pre-dried ovemblecular sieves), and the vial was
sealed with a PTFE crimp cap. 20D of anhydrous DCM was addefha syringe through
the septum, and the reaction mixture was cooleeB@ °C. After 30 minutes, >95 %
deuterated allyl diazoacetd®65) (36 mg, 35uL, 0.286 mmol) was addeda syringe, and
the reaction mixture was stirred at -80 °C, moiipby ‘H-NMR spectroscopy until the
reaction was deemed complete (~72 h). At this pthet reaction mixture was filtered
through a short plug of silica, eluting with dietlegher. The solvents were removed under
reduced pressure, and the residue was punfi@adlash column chromatography (14 %
diethyl ether in petroleum ether). A sample wasnstted to chiral analytical HPLC
analysis [Chiralpak ADjso-hexane fiso-propanol: 95 / 5, 1 mL / min, 12.20 min*(1
peak), 20.40 min (¥ peak), 87%e.e]. The title productis{369) was a slight green oil
afforded in a 68 % yield (67 mg, 0.18 mmdhl-NMR (CDCk, 400 MHz)§ 7.64-7.53 (m,
4H, ArH), 7.00-6.83 (m, 4H, ArH), 5.72-5.56 (m, 1&llyl-CH), 5.15-5.03 (m, 2H, OCHj,
4.49-4.33 (m, 2H, allyl-Ch), 3.49 (s, 1H, C3-H), 1.25 (s, 9H, C(§; “C-NMR
(CDCl3, 100 MHz) 167.2, 148.1, 145.2, 140.5, 131.8, 13128.9, 123.7, 123.0, 122.6,
120.7, 118.9, 111.5, 80.3, 65.7, 47.2, 28.6 ppis°f -18.5 (c 1 CHQ); FT-IR (thin film,
cm?) 2963, 2228, 1748, 1610, 1490, 1450, 1392, 138801MS (ES)N/z378.2 [M+H];
HRMS (El) Exact mass calculated forj8,sDN,O3] requiresm/z 378.1922 foundm/z
378.1923.
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Three component One-Pot Asymmetric Synthesis ofert-butyl 1-(2-tert-butoxy-4-
methoxyphenyl)-3-(4-nitrophenyl)-2deuteraziridine-2-carboxylate; cis{373)

OMe
o)
H OMe O‘Bu [ 10 mol % (R)-(289)]
O'Bu
(349) CDCl3 : DCM (8:2) H N O
O'Bu -80 °C LN _OBu

NH, 4A molecular sieves 5
(335) Yield: 65 %, e.e.: 95 %

cis-(373)

4-nitrobenzaldehyde (49 mg, 0.26 mmol,), 4-meth2xgrt-butoxy aniline(335) (43 mg,
0.26 mmol), and catalysR}-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flame
dried 2 mL vial, under nitrogen. 8Q€L of deuterated chloroform was added (pre-dried
over 4A molecular sieves), followed by ~40 mg @fshly powdered 4A molecular sieves,
and the vial was sealed with a PTFE crimp cap. #200f anhydrous DCM was addeth
syringe through the septum, and the reaction nexiwas cooled to -80 °C. After 30
minutes, >95 % deuteratéert-butyl diazoacetaté349)(40.7 mg, 4QuL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred38t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed comphdgt¢his point the reaction mixture
was filtered through a short plug of silica, elgtiwith diethyl ether. The solvents were
removed under reduced pressure, and the residue pwafied via flash column
chromatography (14 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol : 95 /5, 1 mL / min,
9.80 min (&' peak), 11.60 min (2 peak), 95%e.e]. The title productcis-(373) was a
slight yellow oil afforded in a 65 % yield (75 mf,17 mmol).*H-NMR (CDCk, 300
MHz) 6 8.20 (d, 2HJ 8.5 Hz, ArH), 7.71 (d, 2HJ 8.5 Hz, ArH), 6.84 (d, 1H) 8.7 Hz,
ArH), 6.62 (d, 1HJ 2.7 Hz, ArH), 6.51 (dd, 1H] 8.7, 2.7 Hz, ArH), 3.75 (s, 3H, GH
3.46 (s, 1H, C3-H), 1.35 (s, 9H, OfG)s3), 1.21 (s, 9H, C(B3)3); *C-NMR (CDCk, 75
MHz) 165.4, 154.8, 147.7, 146.3, 142.1, 137.9, Q2&821.9, 119.7, 108.5, 106.1, 80.8,
79.6, 54.5, 45.8, 27.7, 26.8 ppnur]$?® 0.6 (c 1 CHG)); FT-IR (thin film, cm™): 2978,
1742, 1605, 1523, 1368, 1345; MS (Eln/z 444.3 [M+H], 466.3 [M+Na]; HRMS
(EN": exact mass calculated for JEl30DN,Og]" requires m/z 444.2239, foundm/z
444.2238.
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9.4: Synthesis of C3euteroAziridines
Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-phenyl-3deuteraziridine-2-carboxylate; cis{383)

O 0]
H W_)J\OtBu [ 10 mol % (R)-(289) OtBu
N,*
©\ (280) CDCIl; : DCM (8:2) ©/L\H/Ot8u
O'Bu -80 °C
NH, 4A molecular sieves ]

(307) Yield: 65 %, e.e.: 88 % cis-(383)

>95 % deuterated benzaldehy@21) (27.8 mg, 28.L, 0.26 mmol,), Zert-butoxy aniline
(307) (43 mg, 0.26 mmol), and cataly&){(289) (21.6 mg, 0.026 mmol, 10%) were added
to a flame dried 2 mL vial under nitrogen. 80D of deuterated chloroform was added
(pre-dried over 4A molecular sieves), followed b$0~mg of freshly powdered 4A
molecular sieves, and the vial was sealed with BEP@rimp cap. 20QL of anhydrous
DCM was addedia syringe through the septum, and the reaction mexivas cooled to -
80 °C. After 30 minutedert-butyl diazoacetat€280) (40.7 mg, 4QuL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred38t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleureBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
3.77 min (& peak), 7.10 min (¥ peak), 88%e.e]. The title productcis{383) was a
colourless oil afforded in a 65 % vyield (62 mg, Orimol).*H-NMR (CDCk, 300 MHz)d
7.52-7.39 (m, 2H, ArH), 7.32-7.13 (m, 3H, ArH), :6.79 (m, 4H. ArH), 2.97 (s, 1H, C2-
H), 1.31 (s, 9H, C(ChH3), 1.12 (s, 9H, C(CH)s); *C-NMR (CDCk, 75 MHz) 166.1,
146.9, 145.6, 134.1, 127.0, 126.7, 126.4, 122.2,11221.9, 119.9, 80.2, 79.3, 46.2, 27.6,
26.7 ppm; §1]o2° 26.7 (c 1 CHG); FT-IR (thin film, cm'): 2977, 1746, 1716, 1593, 1490,
1449, 1392, 1367; MS (E)m/z369.3 [M+HJ, 391.2 [M+Na]; HRMS (EI)": exact mass
calculated for [GsH2sDNO3]* requiresm/z369.2283, founan/z369.2286.
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Three Component One-Pot Asymmetric Synthesis dert-butyl 3-(4-fluorophenyl)-1-
(2-tert-butoxyphenyl)-3-deuteraziridine-2-carboxylate; cis{384)

o o)
H_ [ 10 mol % (R)-(289)
W)J\OtBu ] O'Bu
Ny N H
i (280) CDCl, : DCM (8:2) @ N OBy
O'Bu -80 °C
NH, 4A molecular sieves 0

(307) Yield: 72 %, e.e.: 86 % cis-(384)

>95 %deuterated 4-fluorobenzaldehyde (40 mg, 0.26 mmatgrt-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly$t)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes tert-butyl diazoacetat¢280) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stired @ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
3.34 min (£ peak), 6.77 min (¥ peak), 86%e.e]. The title productis{384)was a slight
green oil afforded in a 72 % yield (72 mg, 0.19 MmtH-NMR (CDCL, 300 MHz)d
7.54-7.46 (m, 2H, ArH), 7.06-6.92 (m, 6H, ArH), 3.Gs, 1H, C2-H), 1.36 (s, 9H,
C(CHs)3), 1.22 (s, 9H, C(B3)3); **C-NMR (CDCk, 75 MHz) 167.1, 148.0, 146.4, 131.0,
129.7, 129.6, 123.1, 123.1, 120.9, 114.8, 114.8,8D.3, 47.1, 28.5, 27.7 ppnu] p*° 24

(c 1.4 CHCH); FT-IR (thin film, cm?): 3010, 1744, 1736, 1490, 1163; MS (EH/z387.2
[M+H]"; HRMS (EI)": exact mass calculated for JEl,sDFNOs]* requiresm/z 387.2189,
foundm/z387.2192.
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Three Component One-Pot Asymmetric Synthesis dért-butyl 3-(4-bromophenyl)-1-
(2-tert-butoxyphenyl)-3-deuteraziridine-2-carboxylate; cis{385)
o)

@)
10 mol % (R)-(289
e e ) otsu
Br ©\ No*
(280) CDCl; : DCM (8:2) o'BU
o'Bu -80°C m
NH, 4A molecular sieves ]

(307) Yield: 65 %, e.e.: 83 % cis-(385)

>95 % deuterated 4-bromobenzaldehyde (49 mg, 0126l 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and catalyf)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutestert-butyl diazoacetat¢280) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ €, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
4.01 min (&' peak), 6.68 min (¥ peak), 83%e.e]. The title productis{385)was a slight
green oil afforded in a 65 % yield (75 mg, 0.17 MmtH-NMR (CDCL, 300 MHz)d
7.49-7.38 (m, 4H, ArH), 7.05-6.92 (m, 4H, ArH), 8.(s, 1H, C2-H), 1.36 (s, 9H,
C(CHs)s), 1.24 (s, 9H, C(CH)s); **C-NMR (CDCk, 75 MHz) 166.9, 148.0, 146.3, 134.4,
130.9, 129.8, 123.2, 123.1, 121.4, 120.9, 81.8,801.2, 28.6, 27.7 ppmut]p>° 28.4 (c 1
CHCL); FT-IR (thin film, cmi'): 2965, 1744, 1595, 1489, 1392, 1367, 1260; M3 (EHi/z
447.1 [M+HT, 469.1 [M+Na]; HRMS (EI)': exact mass calculated for J£1,sDBrNO3]*
requiresm/z447.1388, founan/z447.1391.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-chlorophenyl)-3deuteraziridine-2-carboxylate; cis{386)

O O
H__ [ 10 mol % (R)-(289)
Fon ) Q.
No* N H
c (280) CDCl; : DCM (8:2) QN OBy
O'Bu -80 °C
NH, 4A molecular sieves o

(307) Yield: 67 %, e.e.: 71 % cis-(386)

>95 % deuterated 4-chlorobenzaldehyde (19 mg, Sui®l), 2tert-butoxy aniline(307)
(22 mg, 0.13 mmol), and cataly$®)¢(289) (10 mg, 0.013 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 4Q0Q of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp &€00uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutestert-butyl diazoacetat¢280) (20.4 mg, 20uL, 0.142 mmol) was addeda
syringe, and the reaction mixture was stirred &@ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (12 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol: 95 /5, 1 mL / min,
4.78 min (' peak), 7.92 min (¥ peak), 71 %.e]. The title productis{386)was a slight
yellow oil afforded in a 67 % yield (35 mg, 0.087#nol). *H-NMR (CDCl, 400 MHz)$
7.44 (d, 2HJ 9.0 Hz, ArH), 7.27 (d, 2HJ 9.0 Hz, ArH), 7.03-6.87 (m, 4H, ArH), 3.01 (s,
1H, C2-H), 1.34 (s, 9H, C(CHt), 1.20 (s, 9H, C(Ch)s); *C-NMR (CDCk, 100 MHz)
167.0, 148.1, 146.4, 134.0, 133.4, 129.6, 128.3,31223.3, 121.1, 81.7, 80.6, 47.5, 28.9,
28.0, ppm; §]p>* 21.8 (¢ 1 CHQ); FT-IR (thin film, cm?) 2977, 1743, 1491, 1367, 1258;
MS (ES) m/z 403.0 [M+H], 425.1 [M+Na] ; HRMS (El) Exact mass calculated for
[C23H26DCINOS] ™ requiresm/z403.1893 founan/z403.1889.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(3-chlorophenyl)-3deuteraziridine-2-carboxylate; cis-(387)

0] (0]
0,
CI H j‘/lkotsu [ 10 mol % (R) (289)] O‘Bu
N,*
©\ (280) CDCl, : DCM (8:2) WotBu
OBu -80 °C
NH, 4A molecular sieves

(307) Yield: 65 %, e.e.: 69 % cis-(387)

>95 9% deuterated 3-chlorobenzaldehyde (37 mg, @w@®l,), 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly$t)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutestert-butyl diazoacetat¢280) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred &@ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (96 : 2 : 2 petroleum ether : didrtitethane : diethyl ether). A sample
was submitted to chiral analytical HPLC analysishif@lpak AD, iso-hexane /iso-
propanol: 95 /5, 1 mL / min, 3.99 min®(peak), 7.98 min (¥ peak), 69%e.e]. The title
productcis{387)was a slight yellow oil afforded in a 65 % yieBB(mg, 0.17 mmol)‘H-
NMR (CDCk, 300 MHz)d 7.57-7.54 (m, 1H, ArH), 7.43-7.38 (m, 1H, ArH)28-7.24
(m, 2H, ArH), 7.05-6.92 (m, 4H, ArH) 3.05 (s, 1H2El), 1.38 (s, 9H, C(H3)3), 1.23 (s,
9H, C(CH3)3); *C-NMR (CDCk, 75 MHz) 167.2, 148.1, 146.2, 137.6, 133.9, 12928.4,
127.9, 126.5, 123.4, 123.2, 123.1, 121.1, 81.8,80.4, 28.9, 28.0 ppmap*° 18.4 (c 1
CHCly); FT-IR (thin film, cm?): 2978; 1780, 1760, 1527, 1398; MS (Elm/z 403.2
[M+H]", 425.1 [M+Na]; HRMS (EI): exact mass calculated for JE,sDCINOs]*
requiresm/z403.1893, founan/z403.1893.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(2-chlorophenyl)-3deuteraziridine-2-carboxylate; cis{388)
Cl O

0
H _ 10 mol % (R)-(289
) W)kotBu [ ¢ (R-269) | o'Bu
N;* Y C@ N H
(280) CDCl; : DCM (8:2) A_O'Bu
O'Bu -80 °C
0

NH, 4A molecular sieves
(307) Yield: 41 %, e.e.:. 64 % cis-(388)

>95 % deuterated 2-chlorobenzaldehyde (B00.26 mmol,), 2ert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly®)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutestert-butyl diazoacetat¢280) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ €, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (96 : 2 : 2 petroleum ether : dighoethane : diethyl ether). A sample
was submitted to chiral analytical HPLC analysikif@lpak AD,iso-hexane iso-propanol
:95/5, 1 mL/ min, 3.52 min fpeak), 7.01 min (2 peak), 64%¢.e]. The title product
cis{388) was a slight yellow oil afforded in a 41 % yiekf3(mg, 0.11 mmol)*H-NMR
(CDCls, 300 MHZz)0 7.71-7.64 (dd, 1H] 1.9, 7.5 Hz, ArH), 7.30-7.12 (m, 3H, ArH), 7.00-
6.85 (m, 4H, ArH), 3.08 (s, 1H, C2-H), 1.34 (s, IE{CH3)3), 1.13 (s, 9H, C(B3)3); *C-
NMR (CDCkL, 75 MHz) 167.0, 148.2, 146.1, 133.7, 130.8, 12828.5, 126.2, 123.2,
122.9, 122.7, 120.7, 81.1, 80.2, 46.5, 28.6, 2pm:fa]po?® 52.4 (c 0.86 CHG); FT-IR
(thin film, cm): 2977, 2932, 1744, 1719, 1594, 1490, 1476, 13888, 1165; MS (ET)
m/z 403.3 [M+H], 425.2 [M+Na]; HRMS (EI): exact mass calculated for
[C23H26DCINOS] ™ requiresm/z403.1893, founan/z403.1894.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-nitrophenyl)-3-deuter@ziridine-2-carboxylate; cis{392)

O 0
_ 10 mol % (R)-(289
Hﬁ)kotB“ [ 7259 ) 0'Bu
N2+ N N H
OaN (280) CDCl, : DCM (8:2) @ ey
O'Bu -80 °C
NH, 4A molecular sieves O,N 0]

(307) Yield: 53 %, e.e.: 93 % cis-(392)

>95 % deuterated 4-nitrobenzaldehyde (40 mg, 0.8®I), 2tert-butoxy aniline(280)
(43 mg, 0.26 mmol), and cataly®)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutes tert-butyl diazoacetat¢280) (40.7 mg, 40uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol : 95 /5, 1 mL / min,
5.47 min (&' peak), 8.83 min (¥ peak), 93%e.e]. The title productcis{392) was a
yellow oil afforded in a 53 % yield (57 mg, 0.14 ok *H-NMR (CDCl, 300 MHz) 3
8.21 (d, 2HJ 6.9 Hz, ArH), 7.72 (d, 2H] 6.9 Hz, ArH), 7.08-6.91 (m, 4H, ArH), 3.13 (s,
1H, G-H), 1.35 (s, 9H, C(B3)3), 1.22 (s, 9H, C(B3)3); *C-NMR (CDCk, 75 MHz)
166.5, 148.1, 147.5, 145.6, 143.1, 129.2, 123.3.3,2123.2, 123.1, 121.0, 82.1, 80.6,
47.8, 28.9, 28.1 ppmp|p?° 55 (c 1.3 CHGJ); FT-IR (thin film, cm®): 2978, 1742, 1603,
1520, 1891, 1520, 1491, 1367, 1345; MS {EWl/z 414.3 [M+H], 436.2 [M+Na];
HRMS (EI)": exact mass calculated for 4£1,6DN,Os] " requiresm/z414.2134, founan/z
414.2134.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-cyanophenyl)-3deuter@aziridine-2-carboxylate; cis{393)
@)

0
H_ 10 mol % (R)-(289)
%O‘Bu [ J O'Bu
N,* N H
NC (280) CDCl, : DCM (8:2) QN 0'Bu
0'Bu -80 °C
NH, 4A molecular sieves o

(307) Yield: 41 %, e.e.: 89 % cis-(393)

>95 % deuterated 4-cyanobenzaldehyde (10.6 mg,m8l,), 2tert-butoxy aniline(307)
(13 mg, 0.08 mmol), and catalyd®)¢(289) (7 mg, 0.008 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes tert-butyl diazoacetat¢280) (12.5 mg, 12ulL, 0.088 mmol) was addeda
syringe, and the reaction mixture was stirred & <€, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (14 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol : 92.5 /7.5, 1.2 mL /
min, 5.37 min (I peak), 9.35 min (¥ peak), 89%e.e]. The title productis{393)was a
slight green oil afforded in a 41 % yield (13 mg0¥B mmol).*H-NMR (CDCk, 400
MHz) 6 7.72-7.58 (m, 4H, ArH), 7.09-6.88 (m, 4H, ArH)18.(s, 1H, C2-H), 1.35 (s, 9H,
C(CH)3), 1.18 (s, 9H, C(Ch)3); *C-NMR (CDCk, 100 MHz) 166.5, 148.1, 145.7, 141.0,
131.6, 128.9, 123.5, 123.1, 123.0, 120.8, 119.0,21181.8, 80.4, 47.5, 28.6, 27.7 ppm;
[a]p?® 35.1 (c 0.7 CHG); FT-IR (thin film, cm®) 2978, 2310, 1721, 1523; MS (ES)z
394.2 [M+H]; HRMS (El) Exact mass calculated for 2}8,sDN,Os] requires m/z
394.2235, founan/z394.2237.
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Three Component One-Pot Asymmetric Synthesis asopropyl 3-(4-bromophenyl)-1-
(2-tert-butoxyphenyl)-3-deuteraziridine-2-carboxylate; cis{398)

o o]
. 10 mol % (R)-(289
‘O ) H%O'Pr [ Ry ) O'Bu
N,* N
o (320) CDCl; : DCM (8:2) @ < OPr
O'Bu -80°C
NH, 4A molecular sieves Br o

(307) Yield: 65 %, e.e.: 84 % cis-(398)

>95 % deuterated 4-bromobenzaldehyde (40 mg, 0r@6lyy) 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and catalyf)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutes,jso-propyl diazoacetaté320) (36.4 mg, 36uL, 0.286 mmol) was addeda
syringe, and the reaction mixture was stirred @ €, monitoring by'H-NMR
spectroscopy until the reaction was deemed comtet2 h). At this point the reaction
mixture was filtered through a short plug of silietuting with diethyl ether. The solvents
were removed under reduced pressure, and the eesids purifiedvia flash column
chromatography (35 % DCM, 3 % diethyl ether in pletum ether). A sample was
submitted to chiral analytical HPLC analysis [Clpek AD, iso-hexane iso-propanol : 95
/5,1 mL/ min, 4.18 min fipeak), 7.15 min (¥ peak), 84%e.e]. The title productis-
(398) was a slight green oil afforded in a 65 % vyiel® (hg, 0.17 mmol)H-NMR
(CDCls, 300 MHz)d 7.49-7.38 (m, 4H, ArH), 7.07-6.91 (m, 4H, ArH),88. (m, 1H,
CH(CHg)2), 3.10 (s, 1H, C2-H), 1.34 (s, 9H, C{g)s3), 1.04 (dd, 6H,J 3.0, 6.3 Hz,
C(CHs3),); *C-NMR (CDCk, 75 MHz) 167.4, 148.1, 145.9, 134.2, 131.0, 12923.3,
123.0, 122.7, 121.6, 120.9, 80.2, 68.5, 46.7, 28166, 21.39 ppm; [af° 24.75 (c 0.4
CHCly); FT-IR (thin film, cm?): 2979, 1746, 1489, 1258, 1194, 1108; MS {&1)/z433.1
[M+H]", 455.1 [M+Na]; HRMS (EI): exact mass calculated for f€,sDBrNO3]"
requiresm/z433.1232, founan/z433.1233.
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Three Component One-Pot Asymmetric Synthesis of eyh 3-(4-bromophenyl)-1-(2-
tert-butoxyphenyl)-3-deutera@ziridine-2-carboxylate; cis{399)

0 0
Br ©\ N2* N H

(261) CDCl; : DCM (8:2) OEt
O'Bu -80 °C
NH, 4A molecular sieves O
(307) Yield: 52 %, e.e.: 74 % cis-(399)

>95 % deuterated 4-bromobenzaldehyde (40 mg, 0r@6lyy) 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and catalyf)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutes, ethyl diazoacetg®#61) (32.6 mg, 32iL, 0.286 mmol) was addeda syringe,
and the reaction mixture was stirred at -80 °C, itooing by *H-NMR spectroscopy until
the reaction was deemed complete (~72 h). At thistghe reaction mixture was filtered
through a short plug of silica, eluting with dietlegher. The solvents were removed under
reduced pressure, and the residue was punfi@adlash column chromatography (35 %
dichloromethane, in petroleum ether). A sample sidsmitted to chiral analytical HPLC
analysis [Chiralpak ADiso-hexane Iso-propanol : 95 /5, 1 mL / min, 5.41 min"{fpeak),
8.86 min (2% peak), 74%.e]. The title productis{399)was a slight green oil afforded in
a 52 % vyield (56 mg, 0.135 mmofH-NMR (CDCL, 300 MHz) 3 7.51-7.35 (m, 4H,
ArH), 7.11-6.88 (m, 4H, ArH), 4.21-3.87 (m, 2H, @H3.10 (s, 1H, C2-H), 1.33 (s, 9H,
C(CHa3)3), 1.09 (t, 3H,J 6.9, 6.9 Hz, CH); *C-NMR (CDCk, 75 MHz) 167.9, 148.1,
145.7, 134.1, 131.0, 129.8, 123.4, 122.9, 122.4,7,2120.8, 80.2, 60.8, 46.6, 28.5, 13.9
ppm; [ah** 14.9 (c 0.9 CHG); FT-IR (thin film, cm?'): 2978, 1747, 1595, 1489, 1449,
1366, 1258, 1217; MS (E)m/z419.3 [M+HJ, 441.3 [M+Na]; HRMS (EI)": exact mass
calculated for [GiH24DBrNO3]* requiresm/z419.1075, founan/z419.1082.
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9.5: Synthesis of C2-, C3-ddeuteroAziridines
Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-phenyl-2,3-ddeuter@ziridine-2-carboxylate; cis-(401)

O (0]

) 10 mol % (R)-(289)]
@ g, [ : OB
\PY > N
(349) CDCl; : DCM (8:2) QNO O'Bu
O'Bu -80 °C
NH, 4A molecular sieves o

(307) Yield: 72 %, e.e.: 67 % cis-(401)

>95 % deuterated benzaldehyde (27.8 mgul28).26 mmol,), 2Zert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly$t)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratestt-butyl diazoacetaté349) (40.7 mg, 4QuL, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit °C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢et@~72 h). At this point the
reaction mixture was filtered through a short phaigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (14 % diethyl ether in pewoh ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak AlBg-hexane iso-propanol : 95/5, 1 mL

/ min, 3.77 min (¥ peak), 7.17 min (2 peak), 67%.e]. The title productis{401)was a
colourless oil afforded in a 72 % vyield (69 mg,®rimol).*H-NMR (CDCk, 300 MHz)d
7.53-7.46 (m, 2H, ArH), 7.34-7.21 (m, 3H, ArH), Z-6.86 (m, 4H. ArH), 1.35 (s, 9H,
C(CHa3)3), 1.17 (s, 9H, C(B3)s3); **C-NMR (CDCk, 75 MHz) 167.3, 148.0, 146.7, 135.2,
128.1, 127.8, 127.5, 123.2, 123.2, 123.0, 121.2,&8D.3, 28.5, 27.6 pprmu]p° 27 (c 0.9
CHCly); FT-IR (thin film, cm®): 2977, 1745, 1714, 1593, 1490, 1449, 1391, 1363;
(ED": m/z 370.3 [M+H], 392.3 [M+Na]; HRMS (EI): exact mass calculated for
[C23H28D2NO3]* requiresm/z370.2346, founan/z370.2348.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-f|uorophenyl)-Z,3-d'deutercaziridine-2—carboxylate; cis{402)

O
10 mol % (R)-(289
@ Ny, [(Comnman) @o
Ny*
(349) CDCl, : DCM (8:2) @
O'Bu -80 °C

NH, 4A molecular sieves O
(307) Yield: 69 %, e.e.: 91 % cis-(402)

>95 % deuterated 4-fluorobenzaldehyde (40 mg, th@®l,), 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly$t)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratestt-butyl diazoacetat€349) (40.7 mg, 4QuL, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit °C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢tetm~72 h). At this point the
reaction mixture was filtered through a short phaigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (14 % diethyl ether in pewoh ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABp-hexane Iso-propanol : 95/5, 1 mL

/ min, 3.91 min (¥ peak), 6.08 min (2 peak), 91%e.e]. The title productis{402)was a
slight yellow oil afforded in a 69% yield (69 mg18 mmol).*H-NMR (CDCk, 300 MHz)

3 7.55-7.46 (m, 2H, ArH), 7.08-6.91 (m, 6H, ArH)3T.(s, 9H, C(Els)3), 1.22 (s, 9H,
C(CHs)3); C-NMR (CDCk, 75 MHz 167.1, 164.1, 160.8, 148.0, 146.4, 13029.7,
129.6, 123.2, 123.1, 120.9, 114.8, 114.5, 81.48,88.5, 27.7 ppmol]p>° 21 (c 1 CHGJ);
FT-IR (thin film, cmi®): 2978, 1744, 1512, 1490, 1367, 1257, 1160; MS'(fEh/z 388.2
[M+H]", 410.3 [M+Na]; HRMS (EI): exact mass calculated for fEl,;D,FNOs]*
requiresm/z388.2252, founan/z388.2252.
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Three Component One-Pot AsymmetricSynthesis oftert-butyl 3-(4-bromophenyl)-1-
(2-tert-butoxyphenyl)-2,3-dideuteraziridine-2-carboxylate; cis{403)

0 0
@\_Hkotm [ 10 mol % (R)-(289) J .
Br I ©\ N @

(349) CDCl, : DCM (8:2) O‘Bu
O'Bu -80 °C
NH, 4A molecular sieves O
(307) Yield: 68 %, e.e.: 92 % cis-(403)

>95 % deuterated 4-bromobenzaldehyde (49 mg, 0161y 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly®)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutes, >95 % deuterattstt-butyl diazoacetat€349) (40.7 mg, 4QuL, 0.286 mmol)
was addedsia syringe, and the reaction mixture was stirredséit >C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢tetm~72 h). At this point the
reaction mixture was filtered through a short phigilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (14 % diethyl ether in petah ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABp-hexane Iso-propanol : 95/5, 1 mL

/ min, 4.01 min (¥ peak), 6.77 min (2 peak), 92%e.e]. The title productis{403)was a
slight green oil afforded in a 68 % vyield (79 mgl®mmol).*H-NMR (CDCl;, 300 MHz)

0 7.45-7.36 (m, 4H, ArH), 7.02-6.88 (m, 4H, ArH)33.(s, 9H, C(El3)3), 1.20 (s, 9H,
C(CH3)3); *C-NMR (CDCk, 75 MHz) 166.9, 148.0, 146.2, 134.4, 130.9, 129233.2,
123.1, 121.4, 120.9, 81.5, 80.3, 28.6, 27.7 pmiu¥ 24 (c 1 CHCJ); FT-IR (thin film,
cm): 2978, 1744, 1715, 1595, 1489, 1392, 1367, 1283; (EI)': m/z 448.1 [M+HT,
470.1 [M+NaJ; HRMS (EI): exact mass calculated for fEl,9D,BrNO3]* requiresm/z
448.1378, founan/z448.1376.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-chlorophenyl)-2,3-ddeuter@ziridine-2-carboxylate; cis-(404)

o o
MOtBu [ 10 mol % (R)-(289) ] O‘Bu
cl ©\ N2 @

(349) CDCl3 : DCM (8:2)
O'Bu -80 °C
NH, 4A molecular sieves O
(307) Yield: 65 %, e.e.: 77 % cis-(404)

>95 % deuterated 4-chlorobenzaldehyde (19 mg, Sui®l), 2tert-butoxy aniline(307)
(22 mg, 0.13 mmol), and cataly$®)¢(289) (10 mg, 0.013 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 4Q0Q of deuterated chloroform was added (pre-
dried over 4A molecular sieves) followed by ~40 ofgfreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp &€00uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratestt-butyl diazoacetaté349) (20.4 mg, 2QuL, 0.142 mmol)
was addedia syringe, and the reaction mixture was stirredséit °C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢at@~72 h). At this point the
reaction mixture was filtered through a short phaigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (12 % diethyl ether in pewoh ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak AlBg-hexane iso-propanol : 95/5, 1 mL

/ min, 5.2 min (¥ peak), 7.9 min (¥ peak), 77 %e.e]. The title productis{404) was a
yellow oil afforded in a 65 % vyield (34 mg, 0.085nml). *H-NMR (CDCk, 400 MHz)$§
7.47 (d, 2HJ 9.0 Hz, ArH), 7.30 (d, 2H) 9.0 Hz, ArH), 7.06-6.91 (m, 4H, ArH), 1.36 (s,
9H, C(CH)s), 1.23 (s, 9H, C(CH); **C-NMR (CDCk, 100 MHz) 166.9, 148.0, 146.3,
133.9, 133.3, 129.5, 127.9, 123.1, 123.1, 120.9,8D.3, 28.5, 27.7 pprmy]p* 27.3 (c 1
CHCly); FT-IR (thin film, cmi') 2977, 2932, 1743, 1744, 1593, 1489, 1449, 1398 (KB6)
m/z 404.2 [M+HJ, 426.1 [M+Na] ; HRMS (El): exact mass calculated for
[C23H27D,CINO;]" requiresm/z404.1956 founan/z404.1952.

245



Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(3-chIorophenyl)-2,3-ddeuter(aziridine-2-carboxylate' cis-(405)

O
10 mol % (R)-(289
O @ OtBu [ — )J O‘Bu
No*
©\ (349) CDCI; : DCM (8:2) \©/Q\H/Ot8u
O'Bu -80 °C
NH, 4A molecular sieves

(307) Yield: 58 %, e.e.: 76 % cis-(405)

>95 % deuterated 3-chlorobenzaldehyde (37 mg, Gu2®l,), 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly$t)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratestt-butyl diazoacetaté349) (40.7 mg, 4QuL, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit >C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢at@~72 h). At this point the
reaction mixture was filtered through a short phigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (96 : 2 : 2 petroleum ethéichloromethane : diethyl ether). A
sample was submitted to chiral analytical HPLC wsial[Chiralpak AD,so-hexane iso-
propanol : 95 /5, 1 mL / min, 4.19 min*(peak), 8.01 min (2 peak), 76%e.e]. The title
productcis{405)was a yellow oil afforded in a 58 % yield (61 ndgl5 mmol).*H-NMR
(CDCls, 300 MHz)d 7.52-7.47 (m, 1H, ArH), 7.38-7.31 (m, 1H, ArH)2%-7.16 (m, 2H.
ArH), 7.00-6.85 (m, 4H, ArH), 1.31 (s, 9H, Ofg)3), 1.17 (s, 9H, C(B3)s3); *C-NMR
(CDCl5, 75 MHz) 167.1, 148.0, 146.0, 137.5, 133.8, 12928.3, 127.7, 126.3, 123.2,
123.0, 122.9, 120.9, 81.6, 28.6, 27.6 ppaipf° 24 (c 0.9 CHG); FT-IR (thin film, cm?):
2978, 1744, 1715, 1595, 1490, 1367, 1263, 1160; (K% : m/z 404.2 [M+H], 426.2
[M+Na]"; HRMS (EI): exact mass calculated for JE,7D,CINO;z |* requires m/z
404.1956, foundn/z404.1957.

246



Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(2-chlorophenyl)-2,3-ddeuter@ziridine-2-carboxylate; cis-(406)
(0]

[ 10 mol % (R)-(289) |

cl O
Motsu O'Bu
N2+ < CI N
@' @ O'Bu

(349) CDCl, : DCM (8:2)
OBu -80 °C
NH, 4A molecular sieves O
(307) Yield: 51 %, e.e.: 52 % cis-(406)

>95 % deuterated 2-chlorobenzaldehyde (B00.26 mmol,), 2ert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly®)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mexias cooled to -80 °C. After
30 minutes, >95 % deuteratestt-butyl diazoacetaté349) (40.7 mg, 4QuL, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit >C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢et@~72 h). At this point the
reaction mixture was filtered through a short phigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (96 : 2 : 2 petroleum ethdichloromethane : diethyl ether). A
sample was submitted to chiral analytical HPLC wsial[Chiralpak AD,jso-hexane iso-
propanol : 95 /5, 1 mL / min, 4.19 mir*{feak), 8.01 min (¥ peak), 52 %.e]. The title
productcis{406) was a yellow oil afforded in a 51 % yield (53 ndgl3 mmol).*H-NMR
(CDCls, 300 MHZz)$ 7.71-7.63 (m, 1H, ArH), 7.31-7.12 (m, 1H, ArH)96:6.85 (m, 4H,
ArH), 1.35 (s, 9H, C(Bls)3), 1.13 (s, 9H, C(B3)3); **C-NMR (CDCk, 75 MHz) 167.0,
148.2, 146.1, 133.7, 133.4, 130.9, 128.7, 128.6,212123.2, 122.9, 122.7, 120.7, 81.1,
80.2, 28.6, 27.5 ppmp]p?® 35 (c 0.9 CHGJ); FT-IR (thin film, cm®): 2978, 1745, 1734,
1491, 1368, 1262, 1163; MS (Eln/z404.2 [M+HT, 426.2 [M+Na]; HRMS (EI)": exact
mass calculated for ggH,7D>CINOs]" requiresm/z404.1956, foundn/z404.1956.
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Three Component One-Pot Asymmetric Synthesis of tert-butyl 1-(2-tert-
butoxyphenyl)-3-(4-nitrophenyl)-2,3-ddeuter@aziridine-2-carboxylate; cis{407)

0 0
Mo‘su [ 10 mol % (R)-(289) J ©\ot5u
O,N ‘ ©\ N, @

(349) CDCl; : DCM (8:2)
O'Bu -80 °C
NH, 4A molecular sieves O
(307) Yield: 57 %, e.e.: 97 % cis-(407)

>95 % deuterated 4-nitrobenzaldehyde (40 mg, 0.2®lp), 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly®)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratestt-butyl diazoacetat€349) (40.7 mg, 4QuL, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit °C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢tetm~72 h). At this point the
reaction mixture was filtered through a short phaigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (14 % diethyl ether in pewoh ether). A sample was submitted
to chiral analytical HPLC analysis [Chiralpak ABp-hexane Iso-propanol : 95/5, 1 mL

/ min, 5.42 min (1 peak), 8.89 min (¥ peak), 97%e.4. The title productis{(407)was a
yellow oil afforded in a 57% yield (61 mg, 0.15 mindH-NMR (CDChk, 300 MHz)3
8.20 (d, 2HJ 6.9 Hz, ArH), 7.72 (d, 2H] 6.9 Hz, ArH), 7.07-6.91 (m, 4H, ArH), 1.35 (s,
9H, C(CHs)3), 1.22 (s, 9H, C(B3)3); *C-NMR (CDCk, 75 MHz) 166.5, 148.1, 147.5,
145.6, 143.1, 129.2, 123.7, 123.3, 123.2, 123.1,0.82.1, 80.6, 28.9, 28.1 ppna]§°

65 (c 1 CHCY); FT-IR (thin film, cmi®): 2978, 1743, 1602, 1520, 1891, 1367, 1345, 1258,
1159; MS (ElJ: m/z415.3 [M+HT, 437.2 [M+Na]; HRMS (EI)": exact mass calculated
for [C23H27D2N,05]" requiresm/z415.2197, founan/z415.2196.
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Three Component One-Pot AsymmetricSynthesis ofisopropyl 3-(4-bromophenyl)-1-
(2-tert-butoxyphenyl)-2,3-dideuteraziridine-2-carboxylate; cis{408)

0] (0]
) 10 mol % (R)-(289
@ Mgy, [mn@am) o6,
N,* N
Br 2 g i
(229) (364) CDCl; : DCM (8:2) @ @ O'Pr
O'Bu -80 °C
NH, 4A molecular sieves Br o

(307) Yield: 76 %, e.e.: 87 % cis-(408)

>95 % deuterated 4-bromobenzaldehyde (40 mg, 0r@6lyy) 2tert-butoxy aniline(307)
(43 mg, 0.26 mmol), and cataly$t)((289) (21.6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 8@ of deuterated chloroform was added (pre-
dried over 4A molecular sieves), followed by ~40 ofgreshly powdered 4A molecular
sieves, and the vial was sealed with a PTFE criagp 200uL of anhydrous DCM was
addedvia syringe through the septum, and the reaction mextvas cooled to -80 °C. After
30 minutes, >95 % deuteratsd-propyl diazoacetaté864) (36.4 mg, 36.L, 0.286 mmol)
was addedia syringe, and the reaction mixture was stirredséit °C, monitoring byH-
NMR spectroscopy until the reaction was deemed ¢et@~72 h). At this point the
reaction mixture was filtered through a short phigsilica, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (35 % dichloromethane, 3 éthgi ether in petroleum ether). A
sample was submitted for chiral analytical HPLClgsia [Chiralpak AD,so-hexane iso-
propanol : 95 /5, 1 mL / min, 4.18 min®(peak), 7.15 min (2 peak), 87%e.e]. The title
productcis{408) was a slight green oil afforded in a 76 % yield (8g, 0.197 mmol)‘H-
NMR (CDClk, 300 MHz) 6 7.51-7.38 (m, 4H, ArH), 7.07-6.91 (m, 4H, ArH)98:4.83
(m, 1H, GH(CHs),), 1.34 (s, 9H, C(8)s3), 1.04 (dd, 6HJ 3.0, 6.3 Hz, C(B5)s); *C-
NMR (CDClk, 75 MHz) 167.4, 148.1, 145.9, 134.2, 131.0, 12933.3, 123.0, 122.7,
121.6, 120.9, 80.2, 68.5, 28.6, 21.6, 21.4 purs ¥ 25 (c 1 CHG)); FT-IR (thin film, cm
): 2979, 1746, 1489, 1258, 1194, 1108; MS {Eith/z 434.2 [M+H], 456.1 [M+Na];
HRMS (El)": exact mass calculated for 4€l,sD-BrNO3]" requiresm/z 434.1294, found
m/z434.1296.
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9.6: Synthesis of C2-, or C3leuterq and C2-, C3-dideuteroAmino Acids
Synthesis of tert-butyl 2-(2-tert-butoxyphenylamino)-2-deutere3-phenylpropanoate;

(+)-(409)
0]
[ 20 mol % Pd(OH),/C
O'Bu ¥ “0Bu
H N @ g HN
AN _OBu H,(g) 43 psi, 30 °C j@

o Ethyl acetate tBuO

Yield: 93 %, e.e.: 80 %

(-)-cis-(351) (+)-(409)

To a solution of the optically active starting mi&k(-)-cis-(351) (15 mg, 0.041 mmol),
synthesised usingS|-(289), in 4 mL ethyl acetate was added palladium hydliexon
carbon (20 % Pd by weight [6 mg, 0.0081 mmol, 20. %fe reaction mixture was stirred
at 30 °C, under 43 psiHor ~12 h in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefiteand the Celit® eluted with ethyl acetate.
The resulting washings were combined, and the sblrmoved under reduced pressure.
The crude material was purifieda flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was submitted to claralytical HPLC analysis [Chiralcel
OD, CQ / iso-propanol : 5% — 50% over 9 min, 0.7 mL / min, 2r8ih (I peak), 3.25
min (2" peak), 80 %e.e]. The title compound (+}409)was afforded as a slight brown oil
in a 93 % vyield (14 mg, 0.038 mmofH-NMR (CDCl, 300 MHz)& 7.31-7.18 (m, 5H,
ArH), 6.98-6.86 (m, 2H, ArH), 6.64-6.51 (m, 2H, ArH3.11 (2d, 2H,J 2.4 Hz,
diastereotopi-CH,), 1.34 (s, 9H, C(83)s), 1.32 (s, 9H, C(H3)s) ; *C-NMR (CDCE, 75
MHz) 172.3, 143.0, 141.3, 136.8, 129.6, 128.4, 82623.6, 122.0, 116.6, 110.8, 81.4,
79.5, 38.6, 28.8, 27.8 ppm; FT-IR (thin film, ¢mn 2977, 2931, 1729, 1599, 1509, 1368,
1254; plpo*® 6.5 (c 1 CHG) MS (El)': m/z 371.2 [M+H]; HRMS (EIJ: exact mass
calculated for [GsH3:DNO3]* requiresm/z371.2439, foundn/z371.2443.
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Synthesis oftert-butyl 2-(2-tert-butoxyphenylamino)-3-deutere3-phenylbutanoate;
(-)-(410)

| 20 mol % Pd(OH)2/C]

O'Bu
@ N H
WOtBU Ha(g) 43 psi, 30 °C I
Ethyl acetate
0 Yield: 92 %, e.e.: 71 %
(+)-cis-(383) (-)-(410)

To a solution of the optically active starting nréke (+)-cis-(383) (15 mg, 0.041 mmol)
synthesised usingR{}-(289), in 4 mL ethyl acetate was added palladium hydrexaah
carbon (20 % Pd by weight [6 mg, 0.0081 mmol, 20. %fe reaction mixture was stirred
at 30 °C, under 43 psiHor ~12 h in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefiteand the Celit® eluted with ethyl acetate.
The resulting washings were combined, and the sblremoved under reduced pressure.
The crude material was purifieda flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was submitted to claralytical HPLC analysis [Chiralcel
OD-3, CQ / iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 2r@ih (1* peak), 3.24
min (2" peak), 71 %e.e]. The title compound (-}410) was afforded as a slight brown oil
in a 92 % yield (14 mg, 0.038 mmofH-NMR (CDCl, 300 MHz)3 7.41-7.12 (m, 5H,
ArH), 7.05-6.84 (m, 2H, ArH), 6.66-6.45 (m, 2H, AxHt.20 (d, 1HJ 6.2 Hz,a-CH) 3.11

(d, 1H,J 6.2 Hz,3-CHD), 1.34 (s, 9H, C(H3)3), 1.32 (s, 9H, C(83)3); **C-NMR (CDC},

75 MHz) 172.3, 143.0, 136.8, 129.6, 128.4, 12628.6, 122.0, 116.6, 110.8, 81.4, 79.5,
57.7, 28.8, 27.8 ppm; FT-IR (thin film, ¢ 2977, 2927, 2362, 1729, 1599, 1507, 1368,
1254; p]p*? — 17.5 (c 0.2 CHG); MS (El)": m/z371.2 [M+H]; HRMS (El}: exact mass
calculated for [GsH3:DNO3]* requiresm/z371.2439, foundn/z371.2442.
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Synthesis oftert-butyl 2-(2-tert-butoxyphenylamino)-2,3-ddeutere3-phenylbutanoate;

(+)-(411)
[ 20 mol % Pd(OH)Z/C]
O'Bu
N £
@' *® O'Bu H(g) 43 psi, 30 °C
Ethyl acetate
0 Yield: 90 %, e.e.: 70 %
(-)-cis-(401) (+)-(411)

To a solution of the optically active starting mak(-)-cis{401) (15 mg, 0.041 mmol)
synthesised usingS)-(289), in 4 mL ethyl acetate was added palladium hydrexah
carbon (20 % Pd by weight [6 mg, 0.0081 mmol, 20. %ke reaction mixture was stirred
at 30 °C, under 43 psiHor ~12 h in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefiteand the Celit® eluted with ethyl acetate.
The resulting washings were combined, and the sblremoved under reduced pressure.
The crude material was purifieda flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was submitted to claralytical HPLC analysis [Chiralcel
OD-3, CQ / iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 216l (1* peak), 3.03
min (2'¢ peak), 70 %.e]. The title compound (+}411)was afforded as a slight brown oil
in a 90 % yield (14 mg, 0.037 mmofH-NMR (CDCl, 300 MHz)3 7.33-7.18 (m, 5H,
ArH), 6.99-6.86 (m, 2H, ArH), 6.65-6.50 (m, 2H, Ax8.10 (s, 1HB-CHD), 1.34 (s, 9H,
C(CHa3)3), 1.32 (s, 9H, C(B3)3) ; *C-NMR (CDCk, 75 MHz) 172.3, 143.0, 141.3, 136.8,
129.6, 128.4, 126.8, 123.6, 122.0, 116.6, 110.8},829.5, 28.8, 27.8 ppm; FT-IR (thin
film, cm™) 2977, 2927, 2854, 2362, 1729, 1599, 1507, 138841a]p** 15 (¢ 1 CHGJ)

MS (EI)": m/z 372.2 [M+H]; HRMS (EIJ: exact mass calculated for JfEl30D.NOs]"
requiresm/z372.2429, founan/z372.2431.
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Synthesis of tert-butyl 2-(2-tert-butoxyphenylamino)-2-deutere3-(naphthalen-2-
yl)propanoate; (+)-(412)

{ 20 mol % Pd(OH)Z/C]
O'Bu

N
H, N @ oL
OO Ethyl acetate
0O Yield: 80 %, e.e.: 77 %

(-)-cis-(358) (+)-(412)

H,(g) 43 psi, 30 °C ]

To a solution of the optically active starting matk(-)-cis-(358) (20 mg, 0.048 mmol)
synthesised usingS)-(289), in 4 mL ethyl acetate was added palladium hydrexah
carbon (20 % Pd by weight [6.7 mg, 0.0096 mmol,%2]). The reaction mixture was
stirred at 30 °C, under 43 psi;Hor ~8 h, in a Biotage Endeavour catalyst scregnin
system. The reaction was monitored by the uptakeéhyafrogen gas. When deemed
complete, the reaction mixture was filtered throu@glite® and the Celif® eluted with
ethyl acetate. The resulting washings were combimed the solvent removed under
reduced pressure. The crude material was puniéflash column chromatography (15 %
diethyl ether in petroleum ether). A sample wasnsitted to chiral analytical HPLC
analysis [Chiralcel OD-3, CQ iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 3.91
min (1% peak), 4.10 min (¥ peak), 77 %e.e]. The title compound (+}412) was afforded
as a colourless oil in an 80 % yield (16 mg, 0.6880l). *H-NMR (CDClL, 300 MHz)d
7.84-7.72 (m, 3H, ArH), 7.68 (s, 1H, ArH), 7.51-Z.8m, 3H, ArH), 6.99-6.87 (m, 2H,
ArH), 6.68-6.57 (m, 2H, ArH), 3.29 (2d, 2H,6.0 Hz,diastereotopi§-CH,), 1.30 (s, 9H,
C(CHs)3), 1.28 (s, 9H, C(B3)3); *C-NMR (CDCk, 75 MHz 172.3, 143.1, 141.5, 134.5,
133.6, 132.6, 128.4, 128.1, 127.9, 127.8, 127.8,202125.7, 123.8, 122.3, 116.8, 111.0,
81.7, 79.7, 39.0, 29.1, 28.1 ppnu]§*? 3.6 (¢ 1 CHG)); FT-IR (thin film, cm?): 2977,
2927, 2853, 1729, 1599, 1509, 1435, 1391, 13672,13255; MS (El): m/z 421.3
[M+H]™; HRMS (EI)": exact mass calculated for f&33DNO3]" requiresm/z 421.2596,
foundm/z421.2596.
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Synthesis  of tert-butyl 2-(2-tert-butoxyphenylamino)-2-deuterce 3-(pyridin-2-
yl)propanoate; (+)-(413)

| 20 mol % Pd(OH)z/C]

O'Bu
"N @ ]
P O'Bu H,(g) 43 psi, 30 °C
| Ethyl acetate
2N 0 Yield: 64 %, e.e.: 97 %
(-)-cis-(359) (+)-(413)

To a solution of the optically active starting nmrak (-)-cis-(359) (25 mg, 0.06 mmol)
synthesised usingS|-(289), in 4 mL ethyl acetate was added palladium hydliexon
carbon (20 % Pd by weight [9.6 mg, 0.014 mmol, 3. Fhe reaction mixture was stirred
at 30 °C, under 43 psiHor ~8 h, in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefiteand the Celit® eluted with ethyl acetate.
The resulting washings were combined, and the sblremoved under reduced pressure.
The crude material was purifieda flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was submitted to claralytical HPLC analysis [Chiralcel
OD-3, CQ / iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 3r8f (1* peak), 3.84
min (2" peak), 97 %.e]. The title compound (+}413)was afforded as a slight brown oil
in a 64 % vyield (14 mg, 0.038 mmotH-NMR (CDChk, 300 MHz)3 8.73 (d, 1H, 4.7 Hz,
ArH), 8.02-7.60 (m, 1H, ArH), 7.57-7.32 (m, 2H, Ax+6.77-6.49 (m, 2H, ArH), 3.40 (2d,
broad, 2H, diastereotoppsCH,), 1.37 (s, 9H, C(B3)3), 1.34 (s, 9H, C(H3)3); *C-NMR
(CDCl5, 75 MHz) 171.6, 143.1, 141.1, 139.6, 125.7, 12328.0, 122.3, 117.2, 111.2,
82.3, 80.0, 39.1, 29.1, 28.0 ppnu]§** 22 (c 0.5 CHG); FT-IR (thin film, cm®): 2978,
2931, 1735, 1598, 1511, 1507, 1368, 1253, 1157;(KI%: m/z 372.3 [M+H], 394.2
[M+Na]"; HRMS (EI)": exact mass calculated for f€i3DN,Os]* requiresm/z372.2392,
foundm/z372.2396.
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Synthesis of tert-butyl 2-(2-tert-butoxyphenylamino)-3-(4-chlorophenyl)-2-
deutergropanoate; (-)-(414)

(@]
[ 20 mol % Pd(OH)z/C]
O'Bu : O'Bu
H N @ > HN
LN _OBu Hy(g) 43 psi, 30 °C cl j@
o Ethyl acetate tBuO
Cl Yield: 95 %

(+)-cis-(353) (-)-(414)

To a solution of the optically active starting nréke (+)-cis-(353) (25 mg, 0.062 mmol)
synthesised usingR}-(289), in 2 mL ethyl acetate was added palladium hydlexbn
carbon (20 % Pd by weight [8.7 mg, 0.012 mmol, 3. Fhe reaction mixture was stirred
at 30 °C, under 45 psiHor ~12 h, in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefifaind the Celit®eluted with ethyl acetate. The
resulting washings were combined, and the solvemired under reduced pressure. The
crude material was purifiegtia flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was unable to be segghiat chiral HPLC by any method that
was available. The title compound (414)was a slight green oil afforded in a 95 % yield
(24 mg, 0.059 mmol)*H-NMR (CDCk, 300 MHz)3 7.32-7.18 (m, 4H, ArH), 6.97-6.85
(m, 2H, ArH), 6.64-6.51 (m, 2H, ArH), 3.11 (2d, 2H2.1 Hz, diastereotopit-CH,), 1.31

(s, 18H, 2 C(CH)s); **C-NMR (CDCk, 75 MHz) 171.9, 143.0, 141.1, 135.4, 132.7, 131.0,
128.5, 123.7, 122.1, 116.8, 110.9, 81.7, 79.6,,37878, 27.8 ppm;d]p* -1.87 (c 0.6
CHCL); FT-IR (thin film, cmi'): 2977, 1730, 1599, 1507, 1367, 1255, 1159; M$' (EHi/z
405.2 [M+H]; HRMS (EI)": exact mass calculated for f£l30DCINOs]* requiresm/z
405.2050, founan/z405.2046.
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Synthesis of  tert-butyl 2-(2-tert-butoxyphenylamino)-3-(4-chlorophenyl)-3-
deutergropanoate; (-)-(415)

[ 20 mol % Pd(OH)z/C]

OBu " "O'Bu
@ N H ol HN
/L _OBu Hy(g) 43 psi, 30 °C j@
m Etl:]yl acetate I tBuO
Cl Yield: 92 %
(+)-cis-(386) (-)-(415)

To a solution of the optically active starting mak (+)-cis-(386) (12 mg, 0.03 mmol)
synthesised usingR}-(289) in 1 mL ethyl acetate was added palladium hydrexich
carbon (20 % Pd by weight (4 mg, 0.006 mmol, 20. %le reaction mixture was stirred at
30 °C, under 45 psi Hor ~12 h, in a Biotage Endeavour catalyst scregsiystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefifand the Celit®eluted with ethyl acetate. The
resulting washings were combined, and the solvemired under reduced pressure. The
crude material was purifiegtia flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was unable to be segghiat chiral HPLC by any method that
was available. The title compound (415) was afforded as a slight green oil in a 92 %
yield (11 mg, 0.028 mmol}H-NMR (CDCk, 300 MHz)3 7.25 - 7.15 (m, 4H, ArH), 7.15,
6.99-6.87 (m, 2H, ArH), 6.65-6.52 (m, 2H, ArH), @.1d,J 6.0 Hz, 1H,a-CH), 3.07 (d,
1H, J 6.0 Hz, B-CHD), 1.34 (s, 18H, 2 C(CHt); *C-NMR (CDCk, 75 MHz) 171.9,
143.1, 141.2, 135.4, 132.8, 131.1, 128.6, 123.8,201216.9, 111.0, 81.9, 79.8, 57.8, 29.1,
28.1 ppm; fi]p>* -1.38 (c 0.8 CHG); FT-IR (thin film, cm®): 2976, 2927, 1730, 1598,
1510, 1444, 1391, 1253, 1154; MS (Elin/z 405.1 [M+H]; HRMS (EI)": exact mass
calculated for [GsH3oDCINOs]" requiresm/z405.2050, founan/z405.2048.
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Synthesis  of tert-butyl 2-(2-tert-butoxyphenylamino)-3-(4-chlorophenyl)-2,3-
dideutergropanoate; (-)-(416)

[ 20 mol % Pd(OH)z/C]
O'Bu

QN0 :
A _OBu Hy(g) 43 psi, 30 °C cl j@
o Ethyl acetate tBuO
Cl Yield: 98 %
(+)-cis-(404) (-)-(416)

To a solution of the optically active starting nréke (+)-cis-(404) (15 mg, 0.037 mmol)
synthesised usingR}-(289) in 1 mL ethyl acetate was added palladium hydrexich
carbon (20 % Pd by weight [6 mg, 0.007 mmol, 20.%l)e reaction mixture was stirred at
30 °C, under 45 psi Hfor 12 h, in a Biotage Endeavour catalyst scregmsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefifand the Celit®eluted with ethyl acetate. The
resulting washings were combined, and the solvemired under reduced pressure. The
crude material was purifiegtia flash column chromatography (15 % diethyl ether in
petroleum ether). A sample was unable to be segghiat chiral HPLC by any method that
was available. The title compound (416) was afforded as a slight green oil in a 98 %
yield (15 mg, 0.036 mmolfH-NMR (CDCk, 300 MHz)d 7.25 - 7.14 (m, 4H, ArH), 6.97-
6.86 (m, 2H, ArH), 6.64-6.51 (m, 2H, ArH), 3.06 ($H, p-CHD), 1.34 (s, 18H, 2
C(CHs)3); *C-NMR (CDCk, 75 MHz) 171.3, 143.0, 141.1, 135.3, 132.7, 13128.4,
123.7, 122.1, 116.8, 110.8, 81.7, 79.6, 28.8, pp®; [a]o>* -19.0 (c 1 CHG); FT-IR
(thin film, cm): 2976, 2927, 1730, 1598, 1510, 1444, 1391, 12484; MS (EIJ: m/z
406.1 [M+H]; HRMS (EI)": exact mass calculated for fE,0D,CINOs]* requiresm/z
406.2113, founan/z406.2103.

257



Synthesis of  tert-butyl 2-(2-tert-butoxyphenylamino)-3-(4-fluorophenyl)-2-
deutergropanoate; (-)-(417)

@ [ 20 mol % Pd(OH)z/C] /@/@i
O'Bu ¥ “0Bu
g HN
motau H,(g) 43 psi, 30 °C F j@
Ethyl acetate tBuO
Yield: 95 %

(+)-cis-(352) (-)-(417)

To a solution of the optically active starting nréke (+)-cis-(352) (45 mg, 0.116 mmol)
synthesised usingR}-(289), in 4 mL ethyl acetate was added palladium hydlexbn
carbon (20 % Pd by weight [16 mg, 0.0233 mmol, 3D %he reaction mixture was stirred
at 30 °C, under 43 psiHor ~12 h, in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefifaind the Celit®eluted with ethyl acetate. The
resulting washings were combined, and the solvemired under reduced pressure. The
crude material was purifiegtia flash column chromatography (15 % diethyl ether in
petroleum ether). The title compound (4t7)was afforded as a slight brown oil in a 95 %
yield (43 mg, 0.11 mmol)*H-NMR (CDChk, 300 MHz)$ 7.21-7.12 (m, 2H, ArH), 7.01-
6.86 (m, 4H, ArH), 6.65-6.50 (m, 2H, ArH), 3.09 (ZH, J 5.4 Hz, diastereotopig-CH,),
1.34 (s, 18H, 2 C(Chk); *C-NMR (CDCk, 75 MHz) 172.0, 163.6, 160.3, 143.0, 141.2,
132.5, 132.4, 131.2, 131.0, 123.7, 122.1, 116.8,311115.0, 110.8, 81.6, 79.6, 37.6, 28.8,
27.8 ppm; §i]p>?-6.14 (c 1 CHG)); FT-IR (thin film, cm?): 2976, 1728, 1599, 1508, 1430,
1367, 1325, 1253, 1222, 1156; MS (Elin/z 389.3 [M+H]; HRMS (EI)": exact mass
calculated for [GsHsDFNO;]" requiresm/z389.2345, founan/z389.2347.
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Synthesis of 2-(2Zert-butoxyphenylamino)-3-(4-fluorophenyl)-2deutergropanoic
acid; (-)-(418)

(0] (e
¥~ “OBu - >~ OH
HN HN
F Formic acid, RT F
Yield: 55 % e.e.: 89 %
BuO BuO

(-)-(417) (-)>-(418)

The optically active starting material (447) (59 mg, 0.152 mmol) was stirred in neat
formic acid (500 uL) for 36 h. After this time, TL@nalysis (20 % diethyl ether in
petroleum ether) revealed consumption of the snmnaterial. At this point the solution
was evaporated to dryness, and the residue was$ieduby reversed phase column
chromatography (100% water 100% acetonitrile). A sample was submitted to athir
analytical HPLC analysis [Chiralpak Axo-hexane Iso-propanol (containing 1% TFA) :
90 / 10, 1 mL / min, 9.89 min {1peak), 12.35 min (2 peak), 89 %e.e]. The title
compound (-)418)was afforded as a colourless oil in a 55% yiel8l if&y, 0.084 mmol).
'H-NMR (CDCk, 300 MHz)d 7.25-7.16 (m, 2H, ArH), 7.05-6.93 (t, 2H,8.6, 8.6 Hz,
ArH), 6.84-6.61 (m, 4H, ArH), 3.06 (2d, 2H,5.4 Hz, diastereotopig-CH,), 1.35 (s, 9H,
C(CHs)3); *C-NMR (CDCh, 75 MHz) 173.2, 163.7, 160.4, 145.8, 134.6, 1328l.1,
131.0, 121.1, 120.5, 115.6, 115.4, 115.1, 82.2),38.8 ppm:; §i]p** -53.9 (c 0.1 CHG);
FT-IR (thin film, cm™®): 2977, 2717, 2334, 1728, 1606, 1510, 1369, 1828;(El)": m/z
333.1 [M+H] 355.1 [M+Na]; HRMS (EI)": exact mass calculated for JgEl,,DFNQO;]*
requiresm/z333.1719, founan/z333.1723.
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Synthesis of  tert-butyl 3-(4-aminophenyl)-2-(2tert-butoxyphenylamino)-2-
deutergropanoate; (-)-(419)

[ 20 mol % Pd(OH)z/C]

O'Bu ¥~ "O'Bu
H N HN
g @ OBu H,(g) 43 psi, 30 °C H2N :@
0 Ethyl acetate tBUO
O,N Yield: 85 %, e.e.: 86 %
(+)-cis-(356) (-)-(419)

To a solution of the chiral starting material €3-(356) (30 mg, 0.073 mmol) synthesised
using R)-(289), in 4 mL ethyl acetate was added palladium hydiexn carbon (20 % Pd
by weight [10 mg, 0.0145 mmol, 20 %]). The reactixture was stirred at 30 °C, under
43 psi B for ~12 h, in a Biotage Endeavour catalyst scragisiystem. The reaction was
monitored by the uptake of hydrogen gas. When dderoenplete, the reaction mixture
was filtered through Celife and the Celit® eluted with ethyl acetate. The resulting
washings were combined, and the solvent removeeruretiuced pressure. The crude
material was purifiediia flash column chromatography (15 % diethyl ethepétroleum
ether). A sample was submitted to chiral analytldBLC analysis [Chiralcel OJ-3, GO
iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 3 (I peak), 4.71 min (2
peak), 86 %e.e]. The title compound (-{419) was afforded as a dark brown/black oil in
an 85 % yield (24 mg, 0.062 mmofH-NMR (CDCk, 300 MHz)36.97-6.90 (m, 2H,
ArH), 6.89-6.78 (m, 2H, ArH), 6.58-6.42 (m, 4H, ArH2.98 (2d, 2H,J 4.8 Hz,
diastereotopi-CH.), 1.33 (s, 9H, C(CH)s), 1.32 (s, 9H, C(CH)s); *C-NMR (CDC}, 75
MHz) 172.5, 145.1, 142.9, 141.5, 130.4, 126.7, 12322.1, 116.4, 115.2, 110.8, 81.2,
79.5, 37.7, 28.8, 27.8 ppm; FT-IR (thin film, ¢yB374, 2976, 1725, 1599, 1514, 1429,
1367, 1280, 1253, 1156a]p%* -9.90 (c 1 CHGJ)); MS (El)": m/z387.3 [M+H]; HRMS
(E)*: exact mass calculated for #E:,DN>Os]" requires m/z 386.2548, foundm/z
386.2551.
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Synthesis of  tert-butyl 3-(4-aminophenyl)-2-(2tert-butoxyphenylamino)-3-
deutergropanoate (-)-(420)

{20 mol % Pd(OH)z/C]

O'Bu
@ N H
LN 0By Ha(g) 43 psi, 30 °C H2N
Ethyl acetate
O,N o Yield: 97 %, e.e.: 89 %
(+)-cis-(392) (-)-(420)

To a solution of the chiral starting material €3-(392) (30 mg, 0.073 mmol) synthesised
using R)-(289), in 4 mL ethyl acetate was added palladium hydiexn carbon (20 % Pd
by weight [10 mg, 0.0145 mmol, 20 %]). The reactixture was stirred at 30 °C, under
43 psi B for ~12 h, in a Biotage Endeavour catalyst scragisiystem. The reaction was
monitored by the uptake of hydrogen gas. When dderoenplete, the reaction mixture
was filtered through Celife and the Celit® eluted with ethyl acetate. The resulting
washings were combined, and the solvent removeeruretiuced pressure. The crude
material was purifiediia flash column chromatography (15 % diethyl ethepétroleum
ether). A sample was submitted to chiral analytldBLC analysis [Chiralcel OJ-3, GO
iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 3mn (I peak), 4.75 min (2
peak), 89 %e.e]. The title compound (-}420) was afforded as a dark brown/black oil in a
97 % yield (27 mg, 0.071 mmofH-NMR (CDChk, 300 MHz)3 7.12-6.83 (m, 4H, ArH),
6.74-6.43 (m, 4H, ArH), 4.11 (s, 1id;CH), 3.00 (s, 1HB-CHD), 1.33 (s, 9H, C(CHh)),
1.32 (s, 9H, C(CH)3); **C-NMR (CDCk, 75 MHz) 172.5, 145.1, 142.9, 141.5, 130.4,
126.7,123.7, 122.1, 116.4, 115.2, 110.8, 81.51, 4.9, 28.8, 27.8 ppm; FT-IR (thin film,
cm?) 2979, 1725, 1624, 1598, 1512, 1437, 1392, 13287,12%51; fi]p** -15.52 (c 1
CHClL); MS (EI): m/z 387.3 [M+H]; HRMS (EI): exact mass calculated for
[C23H3.DN,0O3] " requiresm/z386.2548, founan/z386.2552.
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Synthesis  of tert-butyl  3-(4-aminophenyl)-2-(2tert-butoxyphenylamino)-2,3-
dideutergropanoate; (-)-(421)

{20 mol % Pd(OH)z/C]
O'Bu
| .
QNO O'Bu Ha(g) 43 psi, 30 °C H2N
Ethyl acetate
ON o Yield: 82 %, e.e.: 94 %

(+)-cis-(407) (-)-(421)

To a solution of the chiral starting material €3-(407) (26 mg, 0.063 mmol) synthesised
using R)-(289), in 4 mL ethyl acetate was added palladium hydiexn carbon (20 % Pd
by weight [9 mg, 0.0126 mmol, 20 %]). The reactmixture was stirred at 30 °C, under
43 psi B for ~12 h, in a Biotage Endeavour catalyst scragisiystem. The reaction was
monitored by the uptake of hydrogen gas. When dderoenplete, the reaction mixture
was filtered through Celife and the Celit® eluted with ethyl acetate. The resulting
washings were combined, and the solvent remove@ruretiuced pressure. The crude
material was purifiediia flash column chromatography (15 % diethyl ethepétroleum
ether). A sample was submitted to chiral analytldBLC analysis [Chiralcel OJ-3, GO
iso-propanol : 5% - 50% over 9 min, 0.7 mL / min, 3® (I peak), 4.72 min (2
peak), 94 %e.e]. The title compound (-}421) was afforded as a dark brown/black oil in
an 82 % yield (20 mg, 0.052 mmofH-NMR (CDCk, 300 MHz)d7.05-6.85 (m, 4H,
ArH), 6.65-6.49 (m, 4H, ArH), 2.99 (s, 1§;CHD), 1.33 (s, 9H, C(C¥h)s), 1.32 (s, 9H,
C(CHs)s); *C-NMR (CDCh, 75 MHz) 172.5, 145.1, 142.9, 141.5, 130.4, 12673.7,
122.1, 116.4, 115.2, 110.8, 81.2, 79.5, 28.8, Pp1&; FT-IR (thin film, crit) 3377, 2977,
2931, 1727, 1624, 1599, 1515, 1367, 118651° -16.6 (c 1 CHG); MS (El)": m/z387.3
[M+H]"; HRMS (EI)": exact mass calculated for §3;D,N,0s]" requiresm/z387.2611,
foundm/z387.2612.
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Synthesis oftert-butyl 3-(4-bromophenyl)-2-(2tert-butoxyphenylamino)-3-hydroxy-3-
deutergropanoate; (-)-(422)

1.1 eq para-toluene
sulfonic acid
O'Bu
@ N H ] Br
A __OBu Acetonitrile : H,O
45°C, 16 h
Br o Yield: 88 % e.e.: 78 %

(+)-cis-(385) (-)-(422)

To a stirred solution of the optically active stagt material (+)eis-(385) (25 mg, 0.056
mmol) synthesised usindR)-(289), in 1 mL 1:1 acetonitrile : water was addpdra-
toluene sulphonic acid (11.7 mg, 0.062 mmol), dreresulting mixture was heated to 45
°C with stirring for 16 h. After this time, the @&on mixture was neutralised by addition
of a saturated aqueous solution of sodium hydragebonate. This was extracted with
ethyl acetate, and the combined organic layers weashed with brine, dried with
magnesium sulphate, filtered, and the solvent readawnder reduced pressure. The crude
material was purifiediia flash column chromatography (30 % diethyl ethepétroleum
ether). A sample was submitted to chiral analytidBLC analysis [Chiralcel OD-3, GQ
methanol : 5% - 60% over 9 min, 0.7 mL / min, 4rfih (I peak), 4.44 min (¥ peak),

78 %e.e]. The title product (-Y422)was a slight brown oil afforded in an 88 % yieh3 (
mg, 0.049 mmol)*H-NMR (CDCk, 300 MHz)3 7.47 (d, 2H,) 8.3 Hz, ArH), 7.30 (d, 2H,

J 8.3 Hz, ArH), 6.96 (d, 1H] 7.9 Hz, ArH), 6.85 (t, 1H] 7.6, 7.6 Hz, ArH), 6.64 (t, 1H]

7.6, 7.6 Hz, ArH), 6.49 (d, 1H,8.1 Hz, ArH), 4.07 (s, 1Hy-CH), 3.32 (s, 1H, OH), 1.40
(s, 9H, C(®3)3), 1.31 (s, 9H, C(B3)3); *C-NMR (CDCk, 75 MHz) 171.0, 143.5, 141.1,
139.0, 131.4, 128.4, 123.6, 121.9, 117.9, 111.9,,8P.8, 63.4, 28.9, 27.7 ppna p>% -43

(c 0.7 CHCY); FT-IR (thin film, cm?'): 2978, 2931, 1728, 1599, 1509, 1488, 1253, 1156;
MS (EI)": m/z487.2 [M+Na]; HRMS (EI)": exact mass calculated for fEl30DBrNO,]"
requiresm/z465.1494, founan/z465.1495.
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Synthesis of tert-butyl 3-(4-bromophenyl)-2-(2tert-butoxyphenylamino)-3-hydroxy-
2,3-dideutergropanoate; (-)-(424)

1.1 eq para-toluene
sulfonic acid
O'Bu

N

L _OBu Acetonitrile : H,0
45°C,16 h
Br © Yield: 86 % e.e.: 80 %

(+)-cis-(403)

To a stirred solution of the optically active sitagt material (+)eis-(403) (20 mg, 0.045
mmol) synthesised usingr)-(289)in 1 mL 1:1 acetonitrile : water was addeta-toluene
sulphonic acid (9.4 mg, 0.049 mmol), and the rasyliixture was heated to 45 °C with
stirring for 16 h. After this time, the reaction xture was neutralised by addition of a
saturated aqueous solution of sodium hydrogen oatko This was extracted with ethyl
acetate, and the combined organic layers were wasith brine, dried with magnesium
sulphate, filtered, and the solvent removed uneééuced pressure. The crude material was
purified via flash column chromatography (30 % diethyl etherpetroleum ether). A
sample was submitted to chiral analytical HPLC gsial[Chiralpak Chiralcel OD-3, GO
methanol : 5% - 60% over 9 min, 0.7 mL / min,, 408 (I peak), 4.45 min (¥ peak),
80 %e.e]. The title product (-}424)was a slight brown oil afforded in an 86 % yiel® (1
mg, 0.039 mmol)*H-NMR (CDCk, 300 MHz)3 7.47 (d, 2H,J 8.5 Hz, ArH), 7.30 (d, 2H,
J 8.5 Hz, ArH), 6.96 (d, 1H] 7.9 Hz, ArH), 6.86 (t, 1H) 7.7, 7.7 Hz, ArH), 6.64 (t, 1H),
7.7, 7.7 Hz, ArH). 6.50 (d, 1H) 7.9 Hz, ArH), 1.40 (s, 9H, C(€y)s), 1.31 (s, 9H,
C(CHs)3); *C-NMR (CDCh, 75 MHz) 171.0, 143.5, 141.0, 139.0, 132.5, 13128.4,
123.6, 121.9, 117.9, 111.9, 82.7, 79.8, 28.9, ppm; [0]p> -46.05 (c 0.4 CHG); FT-IR
(thin film, cm®): 2978, 2931, 1726, 1599, 1508, 1488, 1431, 13934, 1156; MS (ET)
m/z 488.2 [M+Na]; HRMS (EI)": exact mass calculated for fEl,sD-BrNO4]" requires
m/z466.1557, founan/z466.1556.
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Synthesis oftert-butyl 2-(2-tert-butoxyphenylamino)-3-(4-fluorophenyl)-3-hydroxy-3-
deuteropropanoate; (-)-(425)

1.1 eq para-toluene
sulfonic acid
OBu
@ N H ] F
= __OBu Acetonitrile : H,0
45°C, 16 h
F o Yield: 75 % e.e.: 90 %

(+)-cis-(386) (-)-(425)

To a stirred solution of the optically active siagt material (+)eis-(386) (10 mg, 0.028
mmol) synthesised usin&)-(289)in 1 mL 1:1 acetonitrile : water was addeta-toluene
sulphonic acid (6 mg, 0.031 mmol), and the resgltmxture was heated to 45 °C with
stirring for 16 h. After this time, the reaction xnire was neutralised by addition of a
saturated aqueous solution of sodium hydrogen oatko This was extracted with ethyl
acetate, and the combined organic layers were wasith brine, dried with magnesium
sulphate, filtered, and the solvent removed uneééuced pressure. The crude material was
purified via flash column chromatography (30 % diethyl etherpetroleum ether). A
sample was submitted to chiral analytical HPLC wsial[Chiralcel OD-3, C®/ methanol

: 5% - 60% over 9 min, 0.7 mL / min, 3.28 mirf'{@eak), 3.77 min (¥ peak), 90 %.el.
The title product (-f425)was a slight brown oil afforded in a 75 % yieldY#ng, 0.021
mmol). *H-NMR (CDCl, 300 MHz)3 7.44-7.36 (m, 2H, ArH), 7.08-6.93 (m, 3H, ArH),
6.87 (m, 1H, ArH), 6.64 (m, 1H, ArH), 6.52 (d, 1B18.0 Hz, ArH). 4.09 (s, 1Hy-CH),
3.30 (s, 1H, OH), 1.40 (s, 9H, Of5)3), 1.29 (s, 9H, C(B3)3); *C-NMR (CDCk, 75
MHz) 171.1, 143.6, 141.2, 128.5, 128.4, 123.6, 92117.9, 115.3, 115.0, 111.9, 82.5,
79.8, 63.8, 28.9, 27.7 pprma]p?* -20.0 (c 0.7 CHG); FT-IR (thin film, cmi'): 2977, 2922,
2852, 2344, 1727, 1600, 1510, 1477, 1392, 13683,12358; MS (El): m/z 405.1
[M+H]"; HRMS (ASAP): exact mass calculated for JE;0DFNO,]" requires m/z
405.2294, founan/z405.2287.
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Synthesis of isopropyl 3-(4-bromophenyl)-2-(2tert-butoxyphenylamino)-3-hydroxy-
2,3-dideutergropanoate; (-)-(426)

[ 1.1 eq para-toluene ]

sulfonic acid
O'Bu
N -
@’ @ O'Pr Acetonitrile : H,0O Br
45°C,16 h
Br 0 Yield: 86 % e.e.: 87 %
(+)-cis-(408) (-)-(426)

To a stirred solution of the optically active stagt material (+)eis-(408) (20 mg, 0.045
mmol) synthesised usindR)-(289) in 1 mL 1:1 acetonitrile : water was addpdra-
toluene sulphonic acid (9.4 mg, 0.049 mmol), arelrésulting mixture was heated to 45
°C with stirring for 16 h. After this time, the @éon mixture was neutralised by addition
of a saturated aqueous solution of sodium hydragebonate. This was extracted with
ethyl acetate, and the combined organic layers weashed with brine, dried with
magnesium sulphate, filtered, and the solvent readawnder reduced pressure. The crude
material was purifiediia flash column chromatography (30 % diethyl ethepétroleum
ether). A sample was submitted to chiral analytidBLC analysis [Chiralcel OD-3, GQ
methanol : 5% - 60% over 9 min, 0.7 mL / min, 4raih (I peak), 4.50 min (¥ peak),
87 %e.e]. The title product (-(426)was a slight brown oil afforded in an 86 % vyield (
mg, 0.039 mmol)*H-NMR (CDCk, 300 MHz)3 7.47 (d, 2H, 6.0 Hz, ArH), 7.30 (d, 2H,

J 6.0 Hz, ArH), 6.96 (d, 1H] 9.0 Hz, ArH), 6.85 (t, 1HJ) 6.0, 15.0 Hz, ArH), 6.64 (t, 1H,
J 6.0, 15.0 Hz, ArH). 6.45 (d, 1H] 6.0 Hz, ArH), 4.94 (dt, 1HJ 6.2, 6.2, 12.5 Hz,
CH(CHa)), 1.40 (s, 9H, C(B3)3), 1.31 (s, 9H, C(83)3); **C-NMR (CDCk, 75 MHz)
171.5, 143.6, 140.9, 138.9, 131.5, 128.3, 123.@,112121.9, 118.0, 111.8, 79.8, 77.2,
69.4, 28.9, 21.6, 21.4 ppny]p*? -61.1 (c 0.1 CHG); FT-IR (thin film, cm®) 2977, 1599,
1508, 1488, 1463, 1431, 1367, 1254, 1161; MS'(Bt)z 452.1 [M+H] 474.1 [M+NaJ;
HRMS (EI)": exact mass calculated for f8,7D,BrNO,]* requiresm/z 452.1400, found
m/z452.1401.
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Synthesis of tert-butyl 2-(2-tert-butoxyphenylamino)-3-iodo-2deutere3-(4-
nitrophenyl)propanoate; (+)-(427)

0.5eql,

1 eq ps-PhSH
O'Bu

H N >

’,' \@ tB O2N
OBu Dichloromethane
o) RT, 20 min BuO
O,N Yield: 86 % e.e.: 84 %

(+)-cis-(356) (+)-(427)

To a stirred solution of the optically active siagt material (+)eis-(356) (40 mg, 0.097
mmol, synthesised usindr)-(289)) solubilised in 1 mL dichloromethane, was addgd |
(11.9 mg, 0.049 mmol), and polystyrene bound beethéml (97 mg, ~1.0 mmolY 0.097
mmol). The resulting mixture was stirred in thekdor 20 minutes. After this time, the
reaction mixture was filtered, and the solvent reetbunder reduced pressure. The crude
material was purifiedvia flash column chromatography (20 % dichloromethal®,%
diethyl ether, in petroleum ether), in the darks@mple was submitted to chiral HPLC
analysis [Chiralpak IA, C®/ iso-propanol 5% - 50% over 9 min, 0.7 mL / min, 4.3&xm
(1% peak), 5.30 min (¥ peak), 84 %e.e]. The title product(+)-(427) was a yellow oil
afforded in a 86 % vyield (45 mg, 0.083 mmoB:-NMR (CDCk, 300 MHz)3 8.12 (d, 2H,

J 9.0 Hz, ArH), 7.71 (d, 2HJ) 9.0 Hz, ArH), 7.00 (d, 1H] 7.9, ArH), 6.83 (t, 1HJ 7.7,
7.7 Hz, ArH), 6.64 (t, 1H) 7.7, 7.7 Hz, ArH). 6.34 (d, 1H,7.9 Hz, ArH), 5.56 (s, 1H3-
CHI), 5.28 (s, 1H, NH), 1.48 (s, 9H, Off5)s), 1.33 (s, 9H, C(83)3); *C-NMR (CDCE,

75 MHz) 168.8, 147.8, 147.5, 143.4, 140.7, 12928.1, 123.6, 122.2, 117.9, 111.3, 83.1,
80.0, 31.5, 29.0, 27.7 ppny]p*? 87.1 (c 0.7 CHG); FT-IR (thin film, cm™): 2976, 1726,
1597, 1509, 1507, 1483, 1345, 1251, 1154; MS*(Efyz 542.4 [M+H]; HRMS (EI)":
exact mass calculated forf,sDIN,Os]* requiresm/z542.1257, founan/z542.1249.
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Synthesis of tert-butyl 2-(2-tert-butoxyphenylamino)-3-iodo-3deutere3-(4-
nitrophenyl)propanoate; (+)-(428)

OtBu 0.5 eq |2

@M H -

, Y OtB
Y Dichloromethane
o) RT, 20 min
O,N Yield: 81 % e.e.: 79 %

(+)-cis-(392)

‘ 1 eq ps-PhSH ]

(+)-(428)

To a stirred solution of the optically active siagt material (+)eis-(392) (34 mg, 0.082
mmol, synthesised usindr)-(289)) solubilised in 1 mL dichloromethane, was addgd |
(10.4 mg, 0.041 mmol), and polystyrene bound beethéml (82 mg, ~1.0 mmolYy 0.082
mmol). The resulting mixture was stirred in thekdor 20 minutes. After this time, the
reaction mixture was filtered, and the solvent reetbunder reduced pressure. The crude
material was purifiedvia flash column chromatography (20 % dichloromethal®,%
diethyl ether, in petroleum ether), in the darks@mple was submitted to chiral HPLC
analysis [Chiralpak IA, C®/ iso-propanol 5% - 50% over 9 min, 0.7 mL / min, 4.2Bhm
(1% peak), 5.29 min (¥ peak), 79 %e.e]. The title product (+)428) was a yellow oil
afforded in a 81 % vyield (36 mg, 0.066 mmoh-NMR (CDCl, 300 MHz)d 8.12 (d, 2H,

J 8.6 Hz, ArH), 7.71 (d, 2HJ 8.6 Hz, ArH), 7.00 (d, 1H] 7.9, ArH), 6.82 (t, 1H, 6.9,
7.0 Hz, ArH), 6.64 (t, 1HJ 7.0, 7.0 Hz, ArH). 6.33 (d, 1H,6.9 Hz, ArH), 5.28 (d, 1H]
9.7 Hz, NH), 4.06 (d, 1H, J 9.@-CH), 1.48 (s, 9H, C(B3)3), 1.34 (s, 9H, C(B3)3); *C-
NMR (CDCk, 75 MHz) 168.8, 147.8, 147.5, 143.4, 140.7, 12923.7, 123.6, 122.2,
117.9, 111.3, 83.1, 80.0, 31.5, 29.0, 27.7 pmris¥ 48.6 (c 0.5 CHG); FT-IR (thin film,
cm): 2976, 1726, 1597, 1508, 1456, 1367, 1343, 12326; MS (Elj: m/z 542.4
[M+H]"; HRMS (EI)": exact mass calculated for JE,9DIN-Os]” requiresm/z542.1257,
foundm/z542.1253.
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9.7: Synthesis of Deuterated®N and *?0 containing Aziridines, and Amino
Acids/Alcohols
Three Component One-Pot AsymmetricSynthesis of tert-butyl 1-*N-1-phenyl-3-
(pyridin-2-yl)-2- deuteraziridine-2-carboxylate; cis-(434)

O (0]

N MOtBu [ 10 mol % (S)-(289)J
| _N N2+ 15N
© (349) CDCl3 : DCM (8:2) G/L\WO‘BU
-80 °C
5NH, 4A molecular sieves

Yield: 83 %, e.e.: 85 % cis-(434)

Pyridine-2-carboxaldehyde (27.8 mg, 25 pL, 0.26 mnteN-aniline (23 mg, 0.26 mmol),
and catalystY)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd mL vial
under nitrogen. 80QL of deuterated chloroform was added (pre-driedr @ molecular
sieves), followed by ~40 mg of freshly powdered dhlecular sieves, and the vial was
sealed with a PTFE crimp cap. 2@Q of anhydrous dichloromethane was addeal
syringe through the septum, and the reaction nmexiwas cooled to -80 °C. After 30
minutes, >95 % deuteratéert-butyl diazoacetaté349)(40.7 mg, 4QuL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred38t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed comphdgtéhis point the reaction mixture
was filtered through a short plug of silica, elgtiwith diethyl ether. The solvents were
removed under reduced pressure, and the residue pwafied via flash column
chromatography (20 % diethyl ether in petroleunreBthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak Also-hexane fiso-propanol : 8 / 2, 1 mL / min,
6.38 min (£ peak), 8.20 min (¥ peak), 85%.e]. The title productis{434)was afforded
as a slight brown oil in an 83 % vyield (64 mg, G2amol).’"H-NMR (CDCl;, 300 MHz)
8.56 — 8.51 (m, 1H, ArH), 7.70 — 7.64 (m, 2H, Arf)30 — 7.15 (m, 3H, ArH), 7.09 — 6.98
(m, 3H, ArH), 3.67 (s, 1H, C3-H), 1.22 (s, 9H, C(§#t “C-NMR (CDCk, 75 MHz)
166.5, 166.4, 155.2, 155.1, 152.1, 152.1, 148.8,213129.2, 123.5, 122.8, 122.7, 122.6,
120.0, 119.9, 81.7, 47.8, 47.7, 27.8 ppmipf’ -22.2 (c 1.1 CHG); FT-IR (thin film,

m™1):2978, 1739, 1717, 1591, 1570, 1489, 1477, 14838511392, 1367; MS (E) m/z
299.1 [M+H], 321.1 [M+Na]; HRMS (El)": exact mass calculated for E,DN*NO,]*
requiresm/z299.1631, founan/z299.1629.
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Synthesis of tert-butyl 2-deutero2-(phenyl-**N-amino)-3-(pyridin-2-yl)propanoate;

(+)-(429)
© | 20 mol % Pd(OH)2/C] Q
_ | X ¥~ "OBu
H°N @ _NH"N
P O'Bu H,(g) 43 psi, 30 °C
| Ethyl acetate
=N 0 Yield: 52 %, e.e.: 84 %

(-)-cis-(434) (+)-(429)

To a solution of the optically active starting nmrak (-)-cis-(434) (36 mg, 0.12 mmol)
synthesised usingS|-(289), in 4 mL ethyl acetate was added palladium hydliexon
carbon (20 % Pd by weight [17 mg, 0.024 mmol, 20. %ke reaction mixture was stirred
at 30 °C, under 43 psizHor 12 h, in a Biotage Endeavour catalyst scregsystem. The
reaction was monitored by the uptake of hydroges. §dhen deemed complete, the
reaction mixture was filtered through Cefifand the Celit®eluted with ethyl acetate. The
resulting washings were combined, and the solvemired under reduced pressure. The
crude material was purifiegtia flash column chromatography (30 % diethyl ether in
petroleum ether). A sample was submitted to clarallytical HPLC analysis [Chiralpak
ID, CO, / iso-propanol 5% - 50% over 9 min, 0.7 mL / min, 4.4b 1> peak), 5.28 min
(2" peak), 84 %e.e]. The title product (+Y429)was afforded as a colourless oil in a 52 %
yield (19 mg, 0.0624 mmolfH-NMR (CDCk, 300 MHz)3 8.57 (d, 1H,J 4.8 Hz, ArH),
7.60 (td, 1HJ 7.7, 7.7, 1.8 Hz, ArH), 7.22-7.08 (m, 4H, ArH)68.(t, 1H,J 7.3, 7.3 Hz,
ArH), 6.62 (d, 2H,J 7.3 Hz, ArH), 3.24 (2d, 2H, diastereotofeCH,), 1.32 (s, 9H,
C(CHs)3); *C-NMR (CDCk, 75 MHz) 172.5, 157.7, 149.2, 147.1, 146.9, 13629.2,
124.0, 121.8, 118.0, 113.6, 113.5, 81.5, 40.5, pp; [o]o>* 4.7 (c 0.6 CHG); FT-IR
(thin film, cm®): 2978, 1725, 1603, 1502, 1474, 1436, 1368, 13263, 1160; MS (ET)
m/z301.1 [M+H]; HRMS (EI): exact mass calculated for§E,,DN*°NO,]* requiresm/z
301.1787, founan/z301.1791.
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Three Component One-Pot AsymmetricSynthesis oftert-butyl 3-(4-nitrophenyl)-1-
15N-1-phenyl-3-deuter@ziridine-2-carboxylate; cis{435)

O O

10 mol % (S)-(289
O O (ommem)
. 15
O,N Na N
(349) CDCly : DCM (8:2) OtBu
-80 °C
SNH, 4A molecular sieves

Yield: 63 %, e.e.: 82 % cis-(435)

4-nitrobenzaldehyde (39.2 mg, 0.26 mmdtN-aniline (23 mg, 0.26 mmol), and catalyst
(9)-(289) (21.6 mg, 0.026 mmol, 10%) were added to a flamedd2 mL vial under
nitrogen. 800uL of deuterated chloroform was added (pre-driedro#8 molecular
sieves), followed by ~40 mg of freshly powdered @hlecular sieves, and the vial was
sealed with a PTFE crimp cap. 2@Q of anhydrous dichloromethane was addeal
syringe through the septum, and the reaction nexiwas cooled to -80 °C. After 30
minutes, >95 % deuteratéert-butyl diazoacetaté349)(40.7 mg, 4QuL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred38t°C, monitoring byH-NMR
spectroscopy until the reaction was deemed comphdt¢his point the reaction mixture
was filtered through a short plug of silica, elgtiwith diethyl ether. The solvents were
removed under reduced pressure, and the residue pwaBed via flash column
chromatography (17 % diethyl ether in petroleunegthA sample was submitted to chiral
analytical HPLC analysis [Chiralpak AD, heptansd-propanol : 97.5/ 2.5, 1 mL / min,
21.19 min (i peak), 24.27 min (¥ peak), 82%¢.e]. The reaction produatis{(435) was
afforded as a yellow oil in a 63 % yield (56 mgL& mmol).*H-NMR (CDCl, 300 MHz)

0 8.15 (d, 2HJ 8.9 Hz, ArH), 7.63 (d, 2H] 8.9 Hz, ArH), 7.31-7.67 (m, 2H, ArH), 7.07 —
6.93 (m, 3H, ArH), 3.52 (s, 1H, C3-H), 1.15 (s, IH{CHs)3); *C-NMR (CDCk, 75 MHz)

0 166.2, 151.9, 147.7, 142.7, 129.5, 129.0, 1284,0, 123.4, 120.1, 120.1, 82.5, 46.1,
46.1, 28.0 ppm;d]p*° -76.3 (¢ 0.9 CHG); FT-IR (thin film, cm™): 2979, 1741, 17186,
1599, 1520, 1490, 1426, 1344, 1253; MS {Ei)/z 343.1 [M+H]; HRMS (EI)": exact
mass calculated for [gH20DN**NO,]* requiresm/z343.1529, founan/z343.1527.
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Three Component One-Pot AsymmetricSynthesis oftert-butyl 3-(4-nitrophenyl)-1-
15N-1-phenyl-3-deuter@ziridine-2-carboxylate; cis-(436)

0 0
H\‘Hj\otBu [ 10 mol % (S)-(289) |
O N2+ 15N H
O2N (280) CDCl; : DCM (8:2) O'Bu
-80 °C
SNH, 4A molecular sieves

Yield: 59 %, e.e.: 81 % cis-(436)

95 % Deuterated 4-nitrobenzaldehyde (24 mg, 0.155 mmoBN-aniline (14 pL, 0.155
mmol), and catalystS§)-(289) (12 mg, 0.015 mmol, 10%) were added to a flamedd&
mL vial under nitrogen. 80QL of deuterated chloroform was added (pre-driedr @\
molecular sieves), followed by ~40 mg of freshlyyoered 4A molecular sieves, and the
vial was sealed with a PTFE crimp cap. 2@00f anhydrous dichloromethane was added
via syringe through the septum, and the reaction mexwas cooled to -80 °C. After 30
minutes tert-butyl diazoacetaté280) (25.3 mg, 25uL, 0.17 mmol) was addeda syringe,
and the reaction mixture was stirred at -80 °C, itooing by *H-NMR spectroscopy until
the reaction was deemed complete. At this pointehetion mixture was filtered through a
short plug of silica, eluting with diethyl etherhd& solvents were removed under reduced
pressure, and the residue was purifiea flash column chromatography (17 % diethyl
ether in petroleum ether). A sample was submitteahiral analytical HPLC analysis
[Chiralpak AD, heptaneiso-propanol : 97.5/2.5, 1 mL/ min, 21.14 mir‘@leak), 24.74
min (2" peak), 81%e.e]. The reaction productis{(436)was afforded as a yellow oil in a
59 % yield (31 mg, 0.0915 mmofiH-NMR (CDCl, 400 MHz)3 8.16 (d, 2H,J 8.9 Hz,
ArH), 7.64 (d, 2HJ 8.9 Hz ArH), 7.27-7.19 (m, 2H, ArH), 7.04 — 6.98,(3H, ArH), 3.13

(s, 1H, C2-H), 1.15 (s, 9H, CK3)3); *C-NMR (CDCk, 75 MHz)$§ 166.2, 151.9, 147.7,
142.6, 129.5, 129.0, 128.9, 124.0, 123.4, 120.0,11B2.5, 46.7, 46.6, 28.0 ppno| §° -
76.7 (¢ 1 CHQ); FT-IR (thin film, cm): 2979, 1740, 1720, 1599, 1519, 1490, 1426,
1344, 1253, 1154; MS (Et)ym/z343.1 [M+H]; HRMS (EI): exact mass calculated for
[C1eH20DNNO,]* requiresm/z343.1529, founan/z343.1533.
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Synthesis oftert-butyl 3-(4-aminophenyl)-2-deutero2-(phenyl-"°N-amino)propanoate;

(-)-(430)

© [ 20 mol % Pd(OH)z/C] 0

. ¥ ~0Bu
HJ5N @ H15N
L\ 0By Ha(g) 45 psi, 30 °C H,N
Ethyl acetate
(0]

O,N

Yield: 70 %, e.e.: 75 %
(-)-cis-(435) (-)-(430)

To a solution of the chiral starting material ¢$-(435) (20 mg, 0.076 mmol) synthesised

using §)-(289), in 4 mL ethyl acetate was added palladium hydtexin carbon (20 % Pd

by weight [10.7 mg, 0.015 mmol, 20 %]). The reactmixture was stirred at 30 °C, under

45 psi H for ~16 h, in a Biotage Endeavour catalyst scragisiystem. The reaction was
monitored by the uptake of hydrogen gas. When dderoenplete, the reaction mixture
was filtered through Celife and the Celit® eluted with ethyl acetate. The resulting
washings were combined, and the solvent remove@ruretiuced pressure. The crude
material was purifiediia flash column chromatography (20 % ethyl acetatpatroleum
ether). A sample was submitted to chiral analytld®ILC analysis [Chiralpak ADiso-
hexane Iso-propanol with 0.1 % DEA : 80 / 20, 1.2 mL / miri,.%56 min (%' peak), 13.34
min (2" peak), 75 %e.e]. The desired product ((%30) was afforded as a dark
brown/black oil in 70 % yield (17 mg, 0.053 mmdh-NMR (CDCk, 400 MHz)3 7.09 (t,
2H,J 7.8 Hz ArH), 6.92 (d, 2H) 8.4 Hz, ArH), 6.64 (t, 1H) 7.3, 7.3 Hz, ArH), 6.57-6.50
(m, 4H, ArH), 2.91 (2d, 2H, diastereotopeCH,), 1.29 (s, 9H, C(CHs); “C-NMR
(CDCl3, 75 MHz) 172.6, 146.7, 145.2, 130.4, 129.3, 12683.0, 115.7, 113.6, 113.5,
81.5, 37.6, 37.5, 27.8pm; FT-IR (thin film, cn) 2976, 2928, 1724, 1603, 1518, 1501,
1368, 1310, 1282, 1255, 115%]$** -21.1 (c 0.5 CHG); MS (EI)': m/z315.2 [M+HT;
HRMS (EI)": exact mass calculated for {E,.DN*NO,]* requiresm/z 315.1944, found
m/z315.1939.
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Synthesis oftert-butyl 3-(4-aminophenyl)-3-deutero2-(phenyl-"°N-amino)propanoate;
(-)-(431)

Lzo mol % Pd(OH)z/C] ® o

QN H

o 1 . 0, . 0,
O,N Yield: 72 %, e.e.: 80 %

(-)-cis-(436) (-)-(431)

Ethyl acetate

> O =~ ~O'Bu
. o H15N
Hy(g) 45 psi, 30 °C ] HoN \©

To a solution of the chiral starting material ¢$-(436) (19 mg, 0.055 mmol) synthesised
using §)-(289), in 4 mL ethyl acetate was added palladium hydtexin carbon (20 % Pd
by weight [8 mg, 0.011 mmol, 20 %]). The reactioixtore was stirred at 30 °C, under 45
psi H, for ~16 h, in a Biotage Endeavour catalyst scregraystem. The reaction was
monitored by the uptake of hydrogen gas. When dderoenplete, the reaction mixture
was filtered through Celife and the Celit® eluted with ethyl acetate. The resulting
washings were combined, and the solvent remove@ruretiuced pressure. The crude
material was purifiediia flash column chromatography (20 % ethyl acetatpatroleum
ether). A sample was submitted to chiral analytld®ILC analysis [Chiralpak ADiso-
hexane Iso-propanol with 0.1 % DEA : 80 / 20, 1.2 mL / miri,.&0 min (%' peak), 13.33
min (2" peak), 80 %e.e]. The desired product (#31) was afforded as a dark
brown/black oil in 72 % yield (12.4 mg, 0.0396 mndH-NMR (CDCl, 400 MHz)
07.16 (t, 2H,J 7.9, 7.9 Hz ArH), 6.99 (d, 2H) 8.5 Hz, ArH), 6.71 (t, 1HJ 7.3, 7.3 Hz,
ArH), 6.65-6.57 (m, 4H, ArH), 4.16 (d, 1H,5.6 Hz,a-CH), 2.96 (d, 2HJ 5.6 Hz,p-
CHD), 1.36 (s, 9H, C(Chs); *C-NMR (CDCk, 75 MHz)172.7, 146.9, 146.9, 145.3,
130.5, 129.4, 126.5, 118.2, 115.3, 113.7, 113.78,838.4, 58.3, 28.2 ppm; FT-IR (thin
film, cm™) 2977, 1724, 1628, 1603, 1502, 1368, 1313, 12818,12553; fi]p** -28.9 (c
0.7 CHCk); MS (EI): m/z 315.1 [M+H]; HRMS (El): exact mass calculated for
[C10H24DN™NO,]* requiresm/z315.1944, founan/z315.1939.
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Synthesis  of tert-butyl  2-(2-tert-butoxyphenylamino)-3-(4-fluorophenyl)-3+%0-
hydroxy-2-deutergropanoate; (-)-(432)

1.1 eq para-toluene
sulfonic acid
OtBu 10 eq "80*H,0

+)-cis-(352)

45°C, 16 h
Yield: 43 % e.e.: 85 %

Acetonitrile I

(-)-(432)

To a stirred solution of the optically active siagt material (+)cis-(352) (27 mg, 0.071
mmol, synthesised usingR)-(289) in 1 mL dry acetonitrile was addgohra-toluene
sulphonic acid (13 mg, 0.078 mmol), afid-H,0 (14.2 mg, 15 pL, 0.71 mmol). The
resulting mixture was heated to 45 °C with stirrfiog 16 h. After this time, the reaction
mixture was neutralised by addition of a saturatgdeous solution of sodium hydrogen
carbonate. This was extracted with ethyl acetatd, the combined organic layers were
washed with brine, dried with magnesium sulphalteréd, and the solvent removed under
reduced pressure. The crude material was punieéflash column chromatography (25 %
diethyl ether in petroleum ether). A sample wasnstted to chiral analytical HPLC
analysis [Chiralpak OD, CQ methanol 5% - 50% over 9 min, 1 mL / min, 3.4& 1™
peak), 3.73 min (¥ peak), 85 %e.e]. The title product (-(432) was a slight brown oil
afforded in a 43 % yield (12.4 mg, 0.031 mm&BY-NMR (CDCk, 300 MHz)d 7.49-7.31
(m, 2H, ArH), 7.09-6.99 (m, 2H, ArH), 6.96 (dd, 1817.9, 1.4 Hz, ArH), 6.87 (td, 1H},
7.9,7.7,1.4 Hz, ArH), 6.64 (td, 14,7.9, 7.7, 1.5 Hz, ArH), 6.52 (dd, 1H,7.9, 1.5 Hz,
ArH). 4.94 (s, 1HB-CH), 1.40 (s, 9H, C(B5)3), 1.29 (s, 9H, C(83)3); *C-NMR (CDCl,

75 MHz) 171.1, 1435, 141.2, 135.7, 128.5, 12823.4, 121.9, 117.9, 115.3, 115.0,
111.9, 82.5, 79.8, 73.8, 28.9, 27.7 pmipf? -23.3 (c 0.5 CHG); FT-IR (thin film, cm?):
2977, 2934, 1726, 1601, 1509, 1368, 1392, 12557 1V8 (EI): m/z 407.1 [M+HT,
429.2 [M+NaJ]; HRMS: exact mass calculated for ,fH3DFNO;0]" requires m/z
407.2337, founan/z407.2333.
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Synthesis  of tert-butyl 2-(2-tert-butoxyphenylamino)-3-(4-bromopheny)-3-*%0-
hydroxy-2-deutergropanoate; (+)-(433)

N

1.1 eq para-toluene
sulfonic acid
O'Bu 10 eq "¥Q#H,0

H N -

’,' s@ t Br
OBu Acetonitrile
(0] 45°C, 16 h
Br

i . 0, . 0,
(_)_Cis_(sso) Yield: 72 % e.e.: 95 %

(+)-(433)

To a stirred solution of the optically active sitagt material (-)eis-(350) (37 mg, 0.083
mmol, synthesised usingS)¢(289)) in 1 mL dry acetonitrile was addeguara-toluene
sulphonic acid (20 mg, 0.083 mmol), afD-H,0 (16.6 mg, 17 pL, 0.83 mmol). The
resulting mixture was heated to 45 °C with stirrfiog 16 h. After this time, the reaction
mixture was neutralised by addition of a saturatgdeous solution of sodium hydrogen
carbonate. This was extracted with ethyl acetatd, the combined organic layers were
washed with brine, dried with magnesium sulphalteréd, and the solvent removed under
reduced pressure. The crude material was punieéflash column chromatography (25 %
diethyl ether in petroleum ether). A sample wasnstted to chiral analytical HPLC
analysis [Chiralpak AD, C&/ methanol 5% - 50% over 9 min, 1 mL / min, 4.1& 1™
peak), 4.43 min (¥ peak), 95 %e.e]. The title product (+)433)was a slight brown oil
afforded in a 72 % vyield (28 mg, 0.060 mmoh-NMR (CDCl, 300 MHz)d 7.41 (d, 2H,

J 8.5 Hz, ArH), 7.23 (d, 2HJ 8.5 Hz, ArH), 6.89 (d, 1H, J 7.9 Hz, ArH), 6.791H,J 7.7,
7.7 Hz, ArH), 6.58 (t, 1H) 7.7, 7.7 Hz, ArH), 6.43 (d, 1H,7.9 Hz, ArH), 4.87 (s, 1H3-
CH), 1.33 (s, 9H, C(B3)3), 1.24 (s, 9H, C(B3)s3); *C-NMR (CDCk, 75 MHz) 171.1,
153.2, 143.6, 141.2, 139.1, 131.5, 128.6, 123.2,11218.1, 112.1, 82.9, 80.0, 73.9, 29.2,
28.1 ppm; §]p?% 24.8 (c 0.8 CHG); FT-IR (thin film, cmi®): 2978, 1726, 1599, 1508,
1488, 1431, 1392, 1254, 1157; MS (Elin/z 467.1 [M+H], 489.2 [M+Na]; HRMS
(El)*: exact mass calculated for £El;0DBrNO3"°0]" requiresm/z 467.1524, foundn/z
467.1536.
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9.8: Synthesis of Cleuteroaziridines rac-(336), andrac-(341) torac-(344)
Racemic  synthesis of ethyl 1-(Zert-butoxy-4-methoxyphenyl)-3-phenyl-2-

deuter@ziridine-2-carboxylate; rac-(336)

0 OMe
H OMe — [ 10 mol % PyTt (279)]

O'Bu

(334) chhloromethane H, N @
O'Bu OEt

NH 4A molecular sieves
¢ Yield: 45 % o
(335)
rac-(336)

Benzaldehyde (27 uL, 0.26 mmol,) t&t-butoxy-4-methoxy aniling335) (51 mg, 0.26
mmol), and pyridinium triflatg279) (6 mg, 0.026 mmol, 10%) were added to a flame
dried 2 mL vial under nitrogen. 1 mL dichlorometbamas added, followed by ~40 mg of
freshly powdered 4A molecular sieves, and the wias sealed with a PTFE crimp cap.
After 30 minutes, >95 % deuterated ethyl diazodeefd34) (32.6 mg, 30uL, 0.286
mmol) was addedia syringe, and the reaction mixture was stirred atf& 16 h. The
reaction mixture was the filtered through a shdugpf silica, eluting with diethyl ether.
The solvents were removed under reduced pressuiietha residue was purifieda flash
column chromatography (20 % diethyl ether in pewoh ether). The desired produat-
(336) was afforded as a colourless oil in a 45 % vyiel8 g, 0.117 mmol)*H-NMR
(CDCls, 400 MHz)d 7.49 - 7.43 (m, 2H, ArH), 7.30 - 7.17 (m, 3H, ArH).80 (d, 1HJ
8.7 Hz, ArH), 6.55 (d, 1H 2.7 Hz, ArH), 6.42 (dd, 1H] 8.7, 2.7 Hz), 4.03 — 3.85 (m, 2H,
OCH,), 3.68 (s, 3H, OCHJ, 3.41 (s, 1H, C3-H), 1.29 (s, 9H, C(&#H), 0.96 (t, 3HJ 7.1,
7.1 Hz, CH); **C-NMR (CDCE, 75 MHz) 168.4, 155.8, 149.0, 139.8, 135.3, 12828.0,
127.8, 120.9, 109.4, 107.0, 80.6, 60.9, 55.7, 48828. 14.2 ppm; FT-IR (thin film, ct):
2977, 2360, 1747, 1721, 1608, 1582, 1498, 13917,18867, 1220; MS (E1) m/z371.1
[M+H]*, 393.1 [M+Na].
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Racemic synthesis of ethyl 1-(Zert-butoxy-4-methoxyphenyl)-3-(4-fluorophenyl)-2-
deuter@ziridine-2-carboxylate; rac-(341)

OMe
O o]
H OMe MOH [ 10 mol % PyTt (279)]
N,* O'Bu
F 2

(334) chhloromethane H, N @

O'Bu OEt
NH 4A molecular sieves
¢ Yield: 55 % o
(335)
rac-(341)

4-fluorobenzaldehyde (28, 0.26 mmol,), 2ert-butoxy-4-methoxy anilin€335) (51 mg,
0.26 mmol), and pyridinium triflat€279) (6 mg, 0.026 mmol, 10%) were added to a flame
dried 2 mL vial under nitrogen. 1 mL DCM was addéallowed by ~40 mg of freshly
powdered 4A molecular sieves, and the vial waseseaith a PTFE crimp cap. After 30
minutes, >95 % deuterated ethyl diazoacefag) (32.6 mg, 30uL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred @t fBr 16 h. The reaction
mixture was then filtered through a short plug tits, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (20 % diethyl ether in pewoh ether). The desired produat-
(341) was afforded as a colourless oil in a 55 % yi&6 tng, 0.143 mmol)*H-NMR
(CDCls, 300 MHz)d 7.55 — 7.47 (m, 2H, ArH), 7.01 (t, 2H8.7, 8.7 Hz, ArH), 6.84 (d,
1H,J 8.7 Hz, ArH), 6.61 (d, 1H) 2.7 Hz, ArH), 6.49 (dd, 1H] 8.7, 2.7 Hz, ArH), 4.11 —
3.95 (m, 2H, OCH), 3.75 (s, 3H, OCEj, 3.44 (s, 1H, C3-H), 1.35 (s, 9H, C(&¥H), 1.06

(t, 3H,J 7.1, 7.1 Hz, Ch); **C-NMR (CDC}, 75 MHz) 168.2, 155.8, 148.9, 139.4, 129.7,
129.6, 120.7, 114.9, 114.6, 109.2, 106.9, 80.37,685.4, 47.2, 28.5, 13.9 ppm; FT-IR
(thin film, cm): 2978, 2918, 2851, 1746, 1721, 1606, 1585, 14991, 1367; MS (El)
m/z389.1 [M+HT, 411.1 [M+Na].
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Racemic synthesis of ethyl 3-(4-bromophenyl)-1-(2tt-butoxy-4-methoxyphenyl)-2-

deuteraziridine-2-carboxylate; rac-(342)

OMe
O
H OMe _ [10 mol % PyTT (279) |

. O'Bu

(334) Dichloromethane H, N @
O'Bu RT . N OEt

NH 4A molecular sieves
2 Yield: 57 % (@]
(335) Br

rac-(342)
4-bromobenzaldehyde (48 mg, 0.26 mmol,Xe@-butoxy-4-methoxy aniling335) (51
mg, 0.26 mmol), and pyridinium trifla279) (6 mg, 0.026 mmol, 10%) were added to a
flame dried 2 mL vial under nitrogen. 1 mL DCM wadded, followed by ~40 mg of
freshly powdered 4A molecular sieves, and the wias sealed with a PTFE crimp cap.
After 30 minutes, >95 % deuterated ethyl diazodeefd34) (32.6 mg, 30uL, 0.286
mmol) was addedia syringe, and the reaction mixture was stirred atf& 16 h. The
reaction mixture was then filtered through a siptuy of silica, eluting with diethyl ether.
The solvents were removed under reduced pressuiietha residue was purifieda flash
column chromatography (20 % diethyl ether in pewaoh ether). The desired produat-
(342) was afforded as a slight yellow oil in a 57 % yi¢é6 mg, 0.148 mmol). The oll
could be subsequently crystallised by treatmerth @@ % diethyl ether in petroleum ether,
yielding colourless plate$H-NMR (CDCl, 400 MHz)d 7.42 — 7.31 (m, 4H, ArH), 6.76
(d, 1H,J3 8.7 Hz, ArH), 6.54 (d, 1H] 2.7 Hz, ArH), 6.42 (dd, 1H] 8.7, 2.7 Hz, ArH), 4.06
—3.88 (m, 2H, OCHh), 3.68 (s, 3H, OCHJ, 3.34 (s, 1H, C3-H), 1.28 (s, 9H, C(g}}, 1.01
(t, 3H,J 7.1, 7.1 Hz, Ch); *C-NMR (CDC}, 75 MHz) 168.1, 155.9, 149.0, 139.4, 134.4,
131.1, 130.0, 121.8, 120.8, 109.4, 107.1, 80.61,685.7, 47.6, 28.9, 14.3 ppm; FT-IR
(thin film, cm®): 2977, 2920, 2849, 1747, 1721, 1608, 1583, 14991, 1367; MS (El)
m/z449.1 [M+HT, 471.1 [M+Na].
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Racemic synthesis of ethyl 1-(Rert-butoxy-4-methoxyphenyl)-3-(4-nitrophenyl)-2-

deuteraziridine-2-carboxylate; rac-(343)

OMe
o 0
H OMe @\_HJ\OEt (10 mol % PyTf (279) ]
N,* > O'Bu
N
©: (334) Dichloromethane H N O
O'Bu RT LN OEt
NH 4A molecular sieves
2 Yield: 59 % o
(335) O,N
rac-(343)

4-nitrobenzaldehyde (39 mg, 0.26 mmol, xeB-butoxy-4-methoxy aniling335) (51 mg,
0.26 mmol), and pyridinium triflat€279) (6 mg, 0.026 mmol, 10%) were added to a flame
dried 2 mL vial under nitrogen. 1 mL DCM was addéallowed by ~40 mg of freshly
powdered 4A molecular sieves, and the vial waseseaith a PTFE crimp cap. After 30
minutes, >95 % deuterated ethyl diazoacefag) (32.6 mg, 30uL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred @t fBr 16 h. The reaction
mixture was then filtered through a short plug its, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (20 % diethyl ether in pewoh ether). The desired produat-
(343)was affordedhs a yellow oil in a 59 % yield (64 mg, 0.153 mm&H§-NMR (CDCl,
300 MHz) 4 8.19 (d, 2H,J 8.8 Hz, ArH), 7.72 (d, 2HJ] 8.6 Hz, ArH), 6.83 (d, 1H) 8.6

Hz, ArH), 6.62 (d, 1H, 2.7 Hz, ArH), 6.50 (dd, 1H] 8.8, 2.7 Hz, ArH), 4.10 — 3.95 (m,
2H, OCH), 3.75 (s, 3H, OCBHJ, 3.52 (s, 1H, C3-H), 1.33 (s, 9H, C(&)}), 1.07 (t, 3HJ
7.1, 7.1 Hz, Ch); **C-NMR (CDCk, 75 MHz) 166.4, 155.0, 147.8, 146.4, 141.7, 137.5,
128.0, 122.0, 119.5, 108.1, 105.8, 79.5, 60.1,,5%62, 27.7, 13.1 ppm; FT-IR (thin film,
cm?): 2978, 1742, 1605, 1523, 1368, 1345; MS {HN)/z416.1 [M+H], 438.1 [M+Na].
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Racemic synthesis of ethyl 1-(Pert-butoxy-4-methoxyphenyl)-3-(4-cyanophenyl)-2-

deuteraziridine-2-carboxylate; rac-(344)

OMe
@ o)
H OMe Moa (10 mol % PyTt (279))
N,* OtBU
NC 2 -
(334) Dichloromethane H N @
o'BL RT LA Ot
4A molecular sieves
NH, Yield: 52 % 0
(335) NC
rac-(344)

4-cyanobenzaldehyde (34 mg, 0.26 mmol er®-butoxy-4-methoxy anilin€335) (51 mg,
0.26 mmol), and pyridinium triflat€279) (6 mg, 0.026 mmol, 10%) were added to a flame
dried 2 mL vial under nitrogen. 1 mL DCM was addéalowed by ~40 mg of freshly
powdered 4A molecular sieves, and the vial waseseaith a PTFE crimp cap. After 30
minutes, >95 % deuterated ethyl diazoacefag) (32.6 mg, 30uL, 0.286 mmol) was
addedvia syringe, and the reaction mixture was stirred @t fBr 16 h. The reaction
mixture was then filtered through a short plug its, eluting with diethyl ether. The
solvents were removed under reduced pressure, lendesidue was purifiedia flash
column chromatography (20 % diethyl ether in pewoh ether). The desired produat-
(344) was affordedas a slight green oil in a 52 % yield (53 mg, 0.13%0l). *H-NMR
(CDCls, 300 MHz)d 7.65 — 7.53 (m, 4H, ArH), 6.78 (d, 1B18.7 Hz, ArH), 6.58 (d, 1HJ
2.7 Hz, ArH), 6.45 (dd, 1H] 8.7, 2.7 Hz, ArH), 4.06 — 3.88 (m, 2H, OgH3.70 (s, 3H,
OCHg), 3.43 (s, 1H, C3-H), 1.29 (s, 9H, C(§H), 1.02 (t, 3HJ 7.1, 7.1 Hz, Ch); *C-
NMR (CDCk, 75 MHz) 167.7, 156.1, 148.9, 140.9, 138.8, 1313).0, 120.7, 119.1,
111.5, 109.3, 107.0, 80.6, 61.2, 55.7, 47.5, 2B4& ppm; FT-IR (thin film, crh): 2978,
2227, 1746, 1609, 1584, 1500, 1391, 1367, 12682,12P56, 1124; MS (E1) m/z418.1
[M+Na]".
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9.9: Synthesis of Starting Materials
Synthesis oftert-butyl diazoacetate (2805

3 eq KzCO3
DCM, 0 °C, 10 min

Q(OH - NZ%O
2) 2 eq N,N' ditosylhydrazine )<

5eq DBU
THF, 0 °C, 30 min
Yield: 70 %

1) 1.5 eq bromoacetyl bromide]

To a 250 mL flame dried round bottom flask, equigpbpeth a magnetic stirrer bar, under
N, was added potassium carbonate (14.4 g, 105 mtedHoutanol (2 mL, 35 mmol), and
DCM (120 mL), were addeda syringe, and the reaction was cooled to 0 °C wiitting.
After 5 minutes, bromoacetyl bromide (4.5 mL, 52 olflnwas added dropwise over 5
minutesvia syringe, and the reaction was stirred at 0 °Gafturther 10 minutes. After this
time, the reaction was quenched by the additiodt@fmL water, and extracted with
dichloromethane (80 mL). The combined organic layeere washed with brine, dried
with magnesium sulphate, filtered, and the solvesrhoved carefully under reduced
pressure. The resulting crude material was redisdoin 120 mL dry THF, and,N’-
ditosylhydrazine (23.8 g, 70 mmol) was added. Téaction was cooled to 0 °C, and
allowed to stir for 5 minutes before the dropwiskliaon of DBU (26.1 mL, 175 mmol)
via syringe. After stirring for a further 30 minutehe reaction was quenched by the
addition of 60 mL saturated aqueous sodium hydragehonate and extracted with 180
mL diethyl ether. The combined organic layers werashed with brine, dried with
magnesium sulphate, filtered and the solvent ciyefamoved under reduced pressure.
The resulting dark yellow liquid was purifieda flash column chromatography (20 %
diethyl ether in petroleum ether). The productibthe desired produ¢280)was afforded
as a yellow liquid in 70 % yield (3.45 g, 24.5 minoH-NMR (CDCl, 300 MHz)5 4.61
(s, 1H, CH), 1.47 (s, 9H, C(GMH); **C-NMR (CDCk, 75 MHz) 81.6, 46.1, 21.5 ppm; FT-
IR (thin film, cm®): 2924, 2853, 2106, 1658, 1458, 1370, 1258; HRMEIR)": exact
mass calculated for fEl10N-O,]" requiresm/z142.0737, founan/z142.0736.
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Synthesis ofiso-propyl diazoacetate (320"

1) 1.5 eq bromoacetyl bromide
3 eq KzCO3
DCM, 0 °C, 10 min o

\(OH - NZ%O
2) 2 eq N,N' ditosylhydrazine )\

5eq DBU
THF, 0 °C, 30 min
Yield: 72 %

To a 100 mL flame dried round bottom flask, equgppeth a magnetic stirrer bar, under
nitrogen was added potassium carbonate (5.35 gnB8®l). iso-propanol (1 mL, 13
mmol), and DCM (60 mL), were add&th syringe, and the reaction was cooled to 0 °C
with stirring. After 5 minutes, bromoacetyl bromid&.7 mL, 19.5 mmol) was added
dropwise over 5 minute@a syringe, and the reaction was stirred at 0 °Cafdurther 10
minutes. After this time, the reaction was quenchgdhe addition of 20 mL water, and
extracted with DCM (40 mL). The combined organigels were washed with brine, dried
with magnesium sulphate, filtered, and the solvesrhoved carefully under reduced
pressure. The resulting crude material was redisdoln 60 mL dry THF, andN,N’-
ditosylhydrazine (8.8 g, 26 mmol) was added. Thactien was cooled to 0 °C, and
allowed to stir for 5 minutes before the dropwisliion of DBU (9.7 mL, 65 mmolyia
syringe. After stirring for a further 30 minutebetreaction was quenched by the addition
of 30 mL saturated aqueous sodium hydrogen carbarat extracted with 90 mL diethyl
ether. The combined organic layers were washed Withe, dried with magnesium
sulphate, filtered and the solvent carefully rentbuader reduced pressure. The resulting
dark yellow liquid was purifiediia flash column chromatography (20 % diethyl ether in
petroleum ether). The desired prod(820) was afforded as a yellow liquid in 72 % vyield
(1.19 g, 9.36 mmol):H-NMR (CDCl, 300 MHz)3 5.04 (septet, 1H] 6.3 Hz, GH(CHs)y),
4.66 (s, 1H, CH), 1.20 (d, 6H, 6.3 Hz, CH(®s),); **C-NMR (CDCk, 75 MHz) 68.3,
46.1, 21.8 ppm; FT-IR (thin film, ch): 2983, 2939, 2104, 1685, 1467, 1375, 1341, 1249,
1193, 1103, 991, 744; HRMS (HEIPExact mass calculated forgdgN,O,]* requiresm/z
128.0580, founan/z128.0580.
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Synthesis of deuteratedert-butyl diazoacetate (349)

K,CO4

O O

Ngs‘)\O . Nzgko
H K { diethyl ether, RT, 30 min ] Pe

(280) Yield: 85 %, (349)
2H incorporation: >95 %

A 50 mL flame dried round bottom flask under nittagwas charged with a stirred
solution oftert-butyl diazoacetaté280) (5 mL, 36.3 mmol) in 5 mL dry diethyl ether, with
stirring. Potassium carbonate (750 mg, 5.4 mmolk waded, followed by 10 mL
deuterium oxidevia syringe. The resulting biphasic mixture was stirvegorously under
nitrogen for 30 minutes at room temperature. Atités time, the mixture was transferred to
a flame dried separating funnel under nitrogen, thiedaqueous layer was separated. The
organic layer was returned to a flame dried rouoitdon flask under nitrogen, and further
potassium carbonate (600 mg, 4.3 mmol), and deuteaxide (7 mL), were added. The
mixture was stirred vigorously for 30 minutes. Atist point the organic layer was
separated, and the aqueous layer extracted withL.2@iethyl ether. The combined organic
layers were washed with brine, dried with magnessuiphate, filtered, and the solvent
removed with care under reduced pressure. Theedepnoduct(349) was afforded as a
yellow liquid in 85 % yield (4.38 g, 30.86 mmotH-NMR (CDCk, 300 MHz)3 1.47 (s,
9H, C(CHp)s); **C-NMR (CDCk, 75 MHz) 81.6, 21.5 ppm; FT-IR (thin film, ¢ 2924,
2853, 2106, 1658, 1458, 1370, 1258; MS (Ht)/z143.1 [M+H].
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Synthesis of deuteratedso-propyl diazoacetate (364)

K,COs

O O

Ngs‘)\O . Nzgko
H AL { diethyl ether, RT, 30 min ] PN

(320) Yield: 83 %, (364)
2H incorporation: >95 %

A 25 mL flame dried round bottom flask undes Was charged with a stirred solution of
isopropyl diazoacetat€320) (1 mL, 8.01 mmol) in 5 mL dry diethyl ether, wighirring.
Potassium carbonate (300 mg, 2.17 mmol) was adolkaiyed by deuterium oxide (3 mL)
via syringe. The resulting biphasic mixture was stirvegorously under pfor 30 minutes
at room temperature. After this time, the mixtur@aswtransferred to a flame dried
separating funnel under,Nand the aqueous layer was separated. The origamic was
returned to a flame dried round bottom flask undgrand further potassium carbonate
(300 mg, 2.17 mmol), and deuterium oxide (3 mL)revadded. The mixture was stirred
vigorously for 30 minutes. At this point the orgamhayer was separated, and the aqueous
layer extracted with 10 mL diethyl ether. The condal organic layers were washed with
brine, dried with magnesium sulphate, filtered, éimel solvent removed with care under
reduced pressure. The desired prod864)was afforded as a yellow liquid in 83 % vyield
(0.858 g, 6.64 mmol)H-NMR (CDCk, 300 MHz) & 5.04 (septet, 1H,] 6.3 Hz,
CH(CHs),), 1.20 (d, 6H,J 6.3 Hz, CH(®1s),); *C-NMR (CDCk, 75 MHz) 68.3, 22.0
ppm; FT-IR (thin film, crif): 2983, 2939, 2879, 2109, 1732, 1658, 1458, 14374,
1350, 1306; MS (El) m/z130.1 [M+HJ.
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Synthesis of deuterated ethyl diazoacetate (334

K,COs

O O

N2§)ko . Nzgko
Ho { diethyl ether, RT, 30 min ] §

(261) Yield: 75 %, (334)
2H incorporation: >95 %

A 25 mL flame dried round bottom flask undes Was charged with a stirred solution of
ethyl diazoacetat€261) (3 mL, 27 mmol) in 5 mL dry diethyl ether, withirsing.
Potassium carbonate (400 mg, 2.9 mmol) was addéddwed by 6 mL deuterium oxide
via syringe. The resulting biphasic mixture was stirvegorously under pfor 30 minutes
at room temperature. After this time, the mixtur@aswtransferred to a flame dried
separating funnel under,Nand the aqueous layer was separated. The origamic was
returned to a flame dried round bottom flask undgrand further potassium carbonate
(400 mg, 2.9 mmol), and deuterium oxide (6 mL), evadded. The mixture was stirred
vigorously for 30 minutes. At this point the orgamhayer was separated, and the aqueous
layer extracted with 20 mL diethyl ether. The condal organic layers were washed with
brine, dried with magnesium sulphate, filtered, éimel solvent removed with care under
reduced pressure. The desired prod884)was afforded as a yellow liquid in 75 % vyield
(2.33 g, 20.25 mmol)*H-NMR (CDCk, 300 MHz)3 4.22 (q, 2H,J 7.1, 7.1, 7.1 Hz,
OCHy), 1.30 (t, 3HJ 7.1, 7.1 Hz, Ch); *C-NMR (CDCk, 75 MHz) 60.7, 14.2 ppm; FT-
IR (thin film, cm%): 2112, 1735, 1700, 1370, 1259, 1180, 1096, 1026; MS (EIf m/z
114.9 [M].
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Synthesis of 2tert-butoxy aniline (307f°®

@ [ 10 mol % Pd/C | Q\
OB oB
NO . 45 psi H,, ethanol NH .
2 30 °C, 24 h 2
Yield: 93 % (307)

2-tert-butoxy nitrobenzene (5 g, 25.6 mmol) was dissolire@0 mL ethanol and split
between five 5 mL Biotage Endeavour catalyst séngerials. Palladium on carbon (10
%, 0.54 g) was added, and the reaction vials weateld to 30 °C, under 45 psi for 24 h

in a Biotage Endeavolircatalyst screening system. After this time, thacten was
deemed complete by monitoring the uptake ef Fhe resulting suspensions were filtered
through Celit&, eluting with diethyl ether. Removal of the solvender reduced pressure
afforded the desired produ@07)as a dark red oil, which quickly darkened to blanko3
% vyield (3.91 g, 23.8 mmol}H-NMR (CDCk, 300 MHz)3 6.96 (dd, 1H,) 7.9, 1.4 Hz,
ArH), 6.89 (dt, 1H,J 7.8, 7.8, 1.4 Hz, ArH), 6.74 (dd, 1H,7.8, 1.7 Hz, ArH), 6.66 (dt,
1H, J 7.9, 7.9, 1.7 Hz, ArH), 3.72 (br s, 2H, WH1.42 (s, 9H, C(CHs); “*C-NMR
(CDCls, 75 MHz) 143.0, 141.2, 123.7, 122.9, 118.1, 113®85, 28.9 ppm; FT-IR (thin
film, cm™): 2976, 1610, 1499, 1456, 1390, 1366, 1219, 11634, 898, 765; MS (EN
m/z ; HRMS (ASAP): exact mass calculated for {¢E1sNO]" requiresm/z 165.1148,
foundm/z165.1148.
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Synthesis of 2-morpholino-2-phenyl acetonitrile (3%)%%°

O
1.1 eq perchloric acid
e} 1.1 eq NaCN
- N
H .
@ morpholine CN
3h,70°Cto 90 °C
Yield: 81 %
- : (374)

To a 250 mL round bottom flask equipped with a nedignstirrer bar, containing 40 mL
morpholine, was added perchloric acid (5.20 g, @15 51.8 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
benzaldehyde (5.0 g, 4.8 mL, 47.1 mmol) dissolvedd® mL morpholine was added
dropwise with care, and the resulting solution st#&sed for 2 h at 70 °C. Sodium cyanide
(2.54 g, 51.8 mmol), dissolved in 15 mL water, vaalsled slowly, and the reaction was
heated to 90 °C for 1h. After this time, the reactivas allowed to cool slightly before
pouring onto crushed ice. The resulting precipitess collected by vacuum filtration, and
recrystallised from hot ethanol. The desired prod374) was afforded as colourless
crystals in 81 % vyield (7.71 g, 38.15 mmdbl-NMR (CDCk, 300 MHz)d 7.61 — 7.47 (m,
2H, ArH), 7.47 — 7.32 (m, 3H, ArH), 4.82 (s, 1H, £13.84 — 3.60 (m, 4H, CI#DCH,),
2.58 (t, 4H,J 4.6, 4.6 Hz, CENCH,); **C-NMR (CDCk, 75 MHz) 132.5, 129.1, 128.9,
128.0, 115.2, 66.6, 62.3, 49.8 ppm; FT-IR (thimfilcmi'): 1452, 1114, 906, 784; MS
(ED™: m/z ; HRMS (ASAP): exact mass calculated for [E1sN.O]" requires m/z
203.1179, founan/z203.1178.
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Synthesis of 2-morpholino-2-(4-fluorophenyl) acetaitrile (375)3%

o
1.1 eq perchloric acid
e} 1.1 eq NaCN
_ N
o |
morpholine CN
F 3h, 70 °C to 90 °C] .
Yield: 76 %
e (o (375)

To a 250 mL round bottom flask equipped with a nadignstirrer bar, containing 40 mL
morpholine, was added perchloric acid (5.20 g, @15 51.8 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
4-fluorobenzaldehyde (5.84 g, 5.0 mL, 47.1 mmo§sdived in 40 mL morpholine was
added dropwise with care, and the resulting satuvas stirred for 2 h at 70 °C. Sodium
cyanide (2.54 g, 51.8 mmol), dissolved in 15 mLevaivas added slowly, and the reaction
was heated to 90 °C for 1h. After this time, thecteon was allowed to cool slightly before
pouring onto crushed ice. The resulting precipitess collected by vacuum filtration, and
recrystallised from hot ethanol. The desired prod3F5) was afforded as colourless
crystals in 76 % yield (7.88 g, 35.80 mmdhi-NMR (CDCk, 300 MHz)3 7.50 (dd, 2H,)
5.2, 8.3 Hz, ArH), 7.08 (t, 2H] 8.5, 8.7 Hz, ArH), 4.78 (s, 1H, CH), 3.82 — 3.56, 4H,
CH,OCH,), 2.67 — 2.43 (m, 4H, CINCH,); *C-NMR (CDCk, 75 MHz) 164.7, 161.4,
129.9, 129.8, 128.4, 128.4, 116.0, 115.7, 115.(5,68..6, 49.8 ppm; FT-IR (thin film, cm
): 1607, 1508, 1453, 1294, 1114, 1005, 918, 728;(H¥: m/z; HRMS (HNESP): exact
mass calculated for [gH14FN,O]" requiresm/z221.1085, founan/z221.1086.
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Synthesis of 2-morpholino-2-(4-chlorophenyl) acetdtrile (376)3°

O
1.1 eq perchloric acid
e} 1.1 eq NaCN
_ N
ﬁH .
morpholine CN
Cl 3h, 70 °C to 90 °C ol
Yield: 70 %
- : (376)

To a 250 mL round bottom flask equipped with a nedignstirrer bar, containing 20 mL
morpholine, was added perchloric acid (5.20 g, @15 51.8 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
4-chlorobenzaldehyde (6.6 g, 47.1 mmol) dissolved20 mL morpholine was added
dropwise with care, and the resulting solution st#&sed for 2 h at 70 °C. Sodium cyanide
(2.54 g, 51.8 mmol), dissolved in 15 mL water, vaalsled slowly, and the reaction was
heated to 90 °C for 1h. After this time, the reactivas allowed to cool slightly before
pouring onto crushed ice. The resulting precipitess collected by vacuum filtration, and
recrystallised from hot ethanol. The desired prod3Z6) was afforded as slight green
crystals in 70 % yield (7.78 g, 32.97 mmdBl-NMR (CDClk, 300 MHz)3 7.48 (d, 2H,J
8.3 Hz, ArH), 7.38 (d, 2H) 8.3, ArH), 4.78 (s, 1H, CH), 3.80 — 3.60 (m, 4HH/OCH,),
2.64 — 2.46 (m, 4H, CINCH,); **C-NMR (CDCk, 75 MHz) 135.2, 131.1, 129.4, 129.1,
114.8, 66.5, 61.7, 49.8 ppm; FT-IR (thin film, §n1491, 1454, 1292, 1114, 1092, 1072,
1005, 908, 724; MS (ED) m/z ; HRMS (ASAP): exact mass calculated for
[C12H13CINLO]" requiresm/z237.0789, founan/z237.0790.
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Synthesis of 2-morpholino-2-(4-nitrophenyl) acetoniile (377)?%°

o
1.1 eq perchloric acid
e} 1.1 eq NaCN
- N
H .
@ morpholine CN
O,N 3h, 70 °C to 90 °C O-N
Yield: 83 % 2
e (o (377)

To a 250 mL round bottom flask equipped with a netignstirrer bar, containing 5 mL
morpholine, was added perchloric acid (2.19 g, hl9 21.78 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
4-nitrobenzaldehyde (3 g, 19.8 mmol) dissolved5mi. morpholine was added dropwise
with care, and the resulting solution was stirredZ h at 70 °C. Sodium cyanide (1.06 g,
21.78 mmol), dissolved in 10 mL water, was addeavii, and the reaction was heated to
90 °C for 1h. After this time, the reaction wagaléd to cool slightly before pouring onto
crushed ice. The resulting precipitate was colkkttg vacuum filtration, and recrystallised
from hot ethanol. The desired prod(877) was afforded as orange crystals in 83 % yield
(4.06 g, 16.43 mmol)H-NMR (CDCk, 300 MHz)3 8.23 (d, 2H, 8.8 Hz, ArH), 7.74 (d,
2H,J 8.8 Hz, ArH), 4.89 (s, 1H, CH), 3.81 — 3.59 (m,,48H,0CH,), 2.68 — 2.42 (m, 4H,
CH2NCH,); **C-NMR (CDCl, 75 MHz) 148.5, 139.7, 129.0, 124.1, 114.2, 66147, 49.9
ppm; FT-IR (thin film, crif): 1607, 1520, 1454, 1345, 1322, 1294, 1112, 1666, 854,
738, 707; MS (EIl: m/z; HRMS (ASAPJ: exact mass calculated for {{14N30s]"
requiresm/z248.1030, founan/z248.1030.
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Synthesis of 2-morpholino-2-(4-cyanophenyl) acetanile (378)3°

o
1.1 eq perchloric acid
O 1.1 eq KCN
_ N
H .
@ morpholine CN
NC 3h, 70°C to 90 °C NG
Yield: 79 %
e 0 (378)

To a 250 mL round bottom flask equipped with a netignstirrer bar, containing 5 mL
morpholine, was added perchloric acid (1.27 g, rhll, 12.6 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
4-cyanobenzaldehyde (1.5 g, 11.4 mmol) dissolve@5nmL morpholine was added
dropwise with care, and the resulting solution wtged for 2 h at 70 °C. Potassium
cyanide (820 mg, 12.6 mmol), dissolved in 5 mL wateas added slowly, and the reaction
was heated to 90 °C for 1h. After this time, thecteon was allowed to cool slightly before
pouring onto crushed ice. The resulting precipitess collected by vacuum filtration, and
recrystallised from hot ethanol. The desired prod378) was afforded as colourless
crystals in 79 % vield (2.04 g, 9.01 mmdi-NMR (CDCk, 300 MHz)3 7.80 — 7.70 (m,
4H, ArH), 4.87 (s, 1H, CH), 3.80 — 3.62 (m, 4H, &€H,), 2.65 — 2.48 (m, 4H,
CH2NCH,); **C-NMR (CDCk, 75 MHz) 137.8, 132.7, 128.7, 118.1, 114.2, 118@&S5,
62.0, 49.9 ppm; FT-IR (thin film, c): 2230, 1610, 1504, 1412, 1294, 1113, 1006; MS
(EN)*: m/z; HRMS (HNESP): exact mass calculated for {#€1aNsONa] requiresm/z
250.0951, founan/z250.0955.
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Synthesis of 2-morpholino-2-(4-benzyloxyphenyl) atenitrile (379)

o
1.1 eq perchloric acid j
e} 1.1 eq KCN
_ N
H .
@ morpholine CN
BnO 3h, 70 °C to 90 °C BnO
i . 0 n
Yield: 69 % (379)

To a 250 mL round bottom flask equipped with a netignstirrer bar, containing 5 mL
morpholine, was added perchloric acid (1.03 g, @19 10.3 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
4-benzyloxybenzaldehyde (2 g, 9.42 mmol) dissolied5 mL morpholine was added
dropwise with care, and the resulting solution wstged for 2 h at 70 °C. Potassium
cyanide (675 mg, 10.37 mmol), dissolved in 5 mL emawvas added slowly, and the
reaction was heated to 90 °C for 1h. After thisetinthe reaction was allowed to cool
slightly before pouring onto crushed ice. The rsglprecipitate was collected by vacuum
filtration, and recrystallised from hot ethanol.€elTtdesired produdt379) was afforded as
colourless crystals in 69 % yield (2.01 g, 6.50 Mmti-NMR (CDCl, 300 MHz)3 7.56

— 7.28 (m, 7H, ArH), 7.00 (d, 2H], 9.2 Hz, ArH), 5.08 (s, 2H, C} 4.75 (s, 1H, CH),
3.91 — 3.49 (m, 4H, C¥DCH,), 2.77 — 2.38 (m, 4H, CIMCH,); *C-NMR (CDC}, 75
MHz) 159.4, 136.6, 129.4, 128.7, 128.2, 127.5,82415.4, 115.1, 70.1, 66.6, 61.8, 49.8
ppm; FT-IR (thin film, cn): 1610, 1584, 1509, 1454, 1244, 1176, 1115, 1868, 738;
MS (EI)": m/z; HRMS (ASAPJ: exact mass calculated for 14E2:N-O,]" requiresm/z
309.1525, founan/z309.1602.
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Synthesis of 2-morpholino-2-cyclohexyl acetonitril¢380)%*

O
1.1 eq perchloric acid

0 1.1 eq KCN

_ N
H .
OA morpholine CN
3h, 70°C to 90 °C

Yield: 73 %

- - (380)

To a 250 mL round bottom flask equipped with a netignstirrer bar, containing 5 mL
morpholine, was added perchloric acid (1.48 g, hl3 14.7 mmol) dropwise over 5
minutes. After 5 minutes stirring, the resultingusion was heated to 70 °C. At this point,
cyclohexanecarbaldehyde (1.49 g, 1.6 mL, 13.3 maisfolved in 10 mL morpholine was
added dropwise with care, and the resulting satutvas stirred for 2 h at 70 °C. Potassium
cyanide (957 mg, 14.7 mmol), dissolved in 5 mL wateas added slowly, and the reaction
was heated to 90 °C for 1h. After this time, thecteon was allowed to cool slightly before
pouring onto crushed ice. The resulting precipitess collected by vacuum filtration, and
recrystallised from hot ethanol. The desired prod3@80) was afforded as colourless
crystals in 73 % vyield (2.02 g, 9.71 mmdhl-NMR (CDCl, 300 MHz)3 3.80 — 3.58 (m,
4H, CHOCH,), 3.07 (d, 1HJ 10.7 Hz, CH), 2.68 — 2.69 (m, 4H, @WCH,), 1.96 (d br,
2H, J 13.2 Hz, CH), 1.83 — 1.54 (m, 4H, 2 Gi 1.37 — 0.73 (m, 5H, 2 GHCH); *c-
NMR (CDCk, 75 MHz) 116.3, 66.6, 64.3, 50.0, 37.0, 30.5, 2961, 25.4, 25.3 ppm; FT-
IR (thin film, cmi®): 1457, 1332, 1294, 1259, 1111, 1009, 927, 862;(K¥: m/z; HRMS
(HNESP): exact mass calculated for {{,:N,O]" requiresm/z 209.1648, foundm/z
209.1648.
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Synthesis of deuterated benzaldehyde (382)

1) 3 eq NaH
o 6 eq D,0O
[ j 1.1 eq thionyl chloride o)
N 2) 2M(zq) HCI
CN 1) DMF, RT, 1h O
2) 100 °C, 1h (382)
(374) Yield: 45 %

2H Incorporation: 98 %

2-morpholino-2-phenyl acetonitril@74) (2.5 g, 12.4 mmol) was dissolved in 10 mL dry
DMF in a 50 mL flame dried round bottom flask und&r Sodium hydride (60 % in
mineral oil, washed with hexane before use [1.483F, mmol]) was added to the reaction,
suspended in 5 mL dry DMF. The resulting slurry wased vigorously under Nor 1 h.

At this point, deuterium oxide (1.48 g, 1.4 mL,#4nmol) was addedia syringe, and the
solution was stirred for 10 minutes. The reacticaswooled to 0 °C with an ice bath,
before thionyl chloride (1.62 g, 0.9 mL, 13.6 mmefs added slowlyia syringe. After
10 minutes stirring, the reaction was allowed torrwao RT, at which point it was
extracted with 90 mL diethyl ether. The combinedamic layers were washed with 120
mL water, dried with magnesium sulphate, filtered #éhe solvent removed under reduced
pressure. The resulting material was heated tax@fl 2 molar aqueous HCI (25 mL) for 1
h. After extraction with dichloromethane, dryingtivimagnesium sulphate, filtration and
removal of solvent, the crude material was purifisd column chromatography (20 %
diethyl ether in petroleum ether). The desired pov@382) was afforded as a colourless
liquid in 45 % vyield (0.597 g, 5.58 mmol), and >®(’H incorporation (byH-NMR). H-
NMR (CDCl;, 300 MHz)4 10.0 (s, residual, CHO), 7.87 @8.4 Hz, 2H, ArH), 7.62 (t)
7.5 Hz, 1H, ArH), 7.51 () 7.5 Hz, 2H, ArH); FT-IR (thin film, cit): 1685; MS (Elj:
m/z108.0 [M+HT .
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Synthesis of §)-3,3"-bis(dihydroxyborane)-2,2’-dimethoxy-1,1’-dinapthyl (438)°8 3%

1) 3 eq n-BulLi

B(OH),
3 eq N,N,N',N-TMEDA
diethyl ether, RT, 2h
~ OMe
OMe OMe
OMe 2) 7 eq trimethyl borate OO
O 3) HCliag) B(OH),

diethyl ether (S)-(438)
-78 °CtoRT, 16 h

Yield: 75 %

To a flame dried 500 mL round bottom flask, chargaeth 200 mL anhydrous diethyl
ether, was addeN,N,N’,N-tetramethylethylenediamine (4.43 g, 5.8 mL, 381at). n-
butyl lithium (2.5M in hexanes [15.3 mL, 38.2 mmolyas added with caréia syringe,
and the resulting mixture was stirred at RT for Bihutes. At this point, §-2,2-
dimethoxy-1,1-dinapthyl (4 g, 12.7 mmol) was addectkly in one portion, taking care to
minimise the exposure of the reaction to air. Tésction was then stirred for 3 h at RT.
During this time the reaction darkened to a lighavin colouration. The flask was then
cooled to -78 °C using an acetone/Cliath, and after 10 minutes at this temperature,
trimethylborate (9.2 g, 10 mL, 89 mmol) was adde@d @onstant rateia syringe over a
period of 10 minutes. The reaction mixture was takowed to warm to RT with stirring
overnight, taking care not to disturb the bathlask (as any perturbation of the reaction
can lead to the formation of a colloid which pretgethe reaction from stirring). After
cooling the reaction to 0 °C with an ice bath, 801 molar aqueous HCI| was added, and
the resulting solution was stirred for 1 h. Duritigs time, any solid within the flask
dissolved, allowing fairly rapid stirring of theaetion. After this time, the organic layer
was separated, and the aqueous layer was extradtieddiethyl ether. The combined
organic layers were then washed with 1 molar agsiét@I, brine, dried with magnesium
sulphate, filtered, and the solvent removed und@duced pressure. The resulting white
powder was recrystallised from hot toluene (notat tthe solid precipitated from hot
toluene to give a very fine powder, rather thanrystalline form. The desired product
(438) was afforded in 75 % vyield (3.83 g, 9.53 mmol)aasery fine white powder:H-
NMR (ds-acetone, 300 MHz) 8.59 (s, 2H), 8.02 (d, 2H, 8.1 Hz), 7.45-7.40 gH), 7.39

(s, 4H), 7.31-7.05 (m, 4H), 3.40 (s, 6HJC-NMR (ds-acetone, 75 MHz) 160.6, 138.5,
138.3, 135.9, 130.7, 129.0, 127.6, 127.4, 125.8,51225.1, 124.9, 123.5, 61.1, 60.9 ppm;
FT-IR (thin film, cmi®): 3428, 2934, 1619, 1587, 1493, 1444, 1410, 13362, 1219,
1148, 1017.
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Synthesis of §)-3,3"-bis(anthracene-9-yl)-2,2’-dihydroxy-1,1’-dirapthyl (439)°%®

1) 2.2 eq 9-bromoanthracene
B(OH)2 2.2 eq Ba(OH),.xH,0
OO 5 mol % Pd(PPhs),
OMe 1,4-dioxane : H,O
O OMe uw, 120 °C, 6 h
B(OH), 2) 6 eq BBrs ]
(S)-(438) DCM, RT, 16 h
Overall yield: 55 %

To a 5 mL Biotage microwaveial equipped with a magnetic stirrer bar was added 9-
bromoanthracene (283 mg, 1.07 mmol})-8,3’-bis(dihydroxyborane)-2,2’-dimethoxy-
1,1’-dinapthyl (438) (200 mg, 0.498 mmol), and barium hydroxide (345 @89 mmol).
the vial was sealed with a rubber septum, and tAewas placed under nitrogen on a
schlenk line. 4 mL 3:1 dioxane;B was added, and the mixture was degassed wifarN

5 minutes before the addition of tetrakistriphehggphine palladium (29 mg, 0.025
mmol). The vial was sealed with a PTFE crimp cap] heated at 120 °C in a Biotage
creator microwave synthesiser for 6 h. After thisiet the resulting mixture was
evaporated to dryness, and redissolved in dichletbame, washing with 1} HCI,
followed by water, and brine. The organic layer wan dried with magnesium sulphate,
filtered, and the solvent removed under reducedsaie. The resulting crude material was
filtered through a short column of silica, elutwgh 10 % ethyl acetate in petroleum ether
in order to separate unreacted 9-bromoanthracdme rd8sulting material was redissolved
in dichloromethane, and cooled to 0 °C. Boron tnibide (751 mg, 282 uL, 3 mmol) was
added slowlyvia syringe, and the reaction was allowed to warm ToaRh stirring for 16

h. After cooling again to 0 °C, the reaction wa®nmghed by the addition of water, and
extracted with dichloromethane. After washing tihganic layer with water and brine, and
drying with magnesium sulphate; filtering and remlowf the solvent under reduced
pressure gave the crude material. This was purifiedolumn chromatography (25 % - 35
% DCM in petroleum ether) to give the desired praidd39)as a very light brown powder
in 55 % vyield (175 mg, 0.274 mmol) over two stefp$:NMR (CDCk, 300 MHz)3 8.57

(s, 2H), 8.21-8.00 (m, 6H), 7.93 (d, 2H7.6 Hz), 7.87 (d, 2H] 8.3 Hz), 7.68 (d, 2H] 8.8
Hz), 7.59 (d, 2H,) 6.0 Hz), 7.57-7.36 (m, 10H), 7.36-7.25 (m, 2HR&(s, 2H);**C-NMR
(CDCl5, 75 MHz) 151.2, 134.1, 133.3, 132.5, 131.7, 13131.1, 131.0, 129.5, 128.9,
128.8, 128.7, 128.0, 127.6, 127.4, 126.4, 125.6,11224.5, 113.7 ppm; FT-IR (thin film,
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cmY): 3527, 3052, 1706, 1624, 1600, 1519, 1497, 14403, 1382, 1353, 1321; MS (El)
m/z637.4 [M-H]

Synthesis of §)-3,3-bis(anthracene-9-yl)-[1,1']-binaphthalen-2,2yl  N-triflyl
phosphoramide (2895°®

9-anthracene 1) 7 eq triethylamine 9-anthracene
1.2 eq phosphorus oxychloride
2 eq DMAP
OH DCM, RT, 2h
OH NHSOZCF3
OO ( 2) 2 eq CF3SO,NH,»

9-anthracene propionitrile, 100 °C, 16 h 9-anthracene
(5)-(439) Yield: 65 % S)-(289)

To a flame dried 50 mL two necked round bottomkijagjuipped with a reflux condenser
and stirrer bar, underJNvas addedS)-(439) (900 mg, 1.41 mmol). This was dissolved in
5 mL dichloromethane, and cooled to 0 °C with stgr To this solution was added
respectively triethylamine (1 g, 1.39 mL, 9.87 mjndireshly distilled phosphorus
oxychloride (158uL, 1.69 mmol), andN,N-4-dimethylaminopyridine (343 mg, 2.81
mmol). The resulting solution was allowed to waiwnRT, with stirring for 2 h. At this
point, trifluoromethanesulfonyl amide (419 mg, 2:/8inol) was added, and the reaction
was diluted by the addition of 10 mL propionitrilene reaction was then heated to 100 °C
for 16 h. After this time, the reaction was allowdcool to RT, and was diluted by
addition of 40 mL water. The resulting mixture wadracted with 150 mL diethyl ether,
and the combined organic layers were washed willraed aqueous sodium hydrogen
carbonate, 6 molar aqueotCl, and brine. After drying with magnesium sulghat
filtration, and removal of the solvent under redliggessure, the crude material was
purified by column chromatography (40 % ethyl ateeta petroleum ether). Subsequently,
the pure material was redissolved in diethyl ethed washed with 6 molar aqueous HCI
to ensure protonation of the product. This gavedésired material§)-(289) as a very
light brown solid in 65 % vyield (761 mg, 0.917 midH-NMR (CDCk, 400 MHz)3 8.39

(s, 1H), 8.33 (s, 1H), 8.06 (d, 2B19.3 Hz), 8.00 (d, 2H] 8.3 Hz), 7.97-7.85 (m, 3H), 7.78
(d, 1H,J 8.76 Hz), 7.74-7.46 (m, 10H), 7.46-7.26 (m, 6HY3%66.53 (m, 2H)*C-NMR
(CDCl5, 75 MHz) 134.4, 134.1, 132.7, 131.8, 131.7, 131%l.1, 131.0, 130.8, 130.7,
130.5, 130.4, 130.2, 128.7, 128.3, 128.0, 127.8,7120.27.6, 127.4, 127.2, 127.0, 126.6,
126.4, 126.2, 125.6, 125.3, 124.9, 122.6, 122.1;gprIR (thin film, cm'): 3052, 1444,
1402, 1303, 1198, 1199, 1088, 955; MS (Ei)/z830.1 [M-H].

298



9.10.1: Appendix 1:COSY and HSQC Correlation Spectra for compoune(324)
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rac-(324) > bas
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9.10.2: Appendix 2:Crystal Structure Data for compound ré842)

Identification code seant2b

Elemental formula C22 H26 Br N 04

Formula weight 448.4

Crystal system Monoclinic

Space group P2 i/c (no. 14)

Unit cell dimensions a=11.3776(5) A a=90°
b = 22.6095(11) A B =108.569(5) °
c= 8.8388(4) A vy=90°

Volume 2155.34(17) A

No. of formula units, Z 4

Calculated density 1.382 Mg/m 8

F(000) 928

Absorption coefficient 1.934 mm 1

Temperature 140(1) K

Wavelength 0.71073 A

Crystal colour, shape colourless p late

Crystal size 0.29x0.23 x 0.07 mm

Crystal mounting on aglass f ibre, in oil, fixed

in cold N , Stream

On the diffractometer:
Theta range for data collection 3.6 t0 25.0 °
Limiting indices -13<=h<=13, -2 6<=k<=26, -10<=I<=10

Completeness to theta = 25.0 99.6 %

Absorption correction Semi-empiric al from equivalents
Max. and min. transmission 1.125 and 0. 862

Reflections collected (not including absences) 27295

No. of unique reflections = 3789 [R(int) for equiva lents = 0.053]

No. of 'observed' reflections (1 > 2 o)) 2607

Structure determined by: direct methods, in SHEL XS

Refinement: Full-matrix least-squar esonF 2 in SHELXL

Data / restraints / parameters 3789/0/253

Goodness-of-fiton F 2 1.054
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Final R indices (‘'observed' data) R 1 =0.056, wWR ,=0.144
Final R indices (all data) R 1=0.082, wR ,=0.150

Reflections weighted:
w=[ o%Fo?)+(0.0787P) 2+2.09P] ! where P=(Fo 2+2Fc?)/3

Largest diff. peak and hole 1.63 and -0. 39eA 3

Location of largest difference peak near Br(24)

Table 1. Atomic coordinates (x 10 4) and equivalent isotropic
displacement parameters (A 2x 10 4. U(eq) is defined
as one third of the trace of the orthogon alized Uij

tensor. E.s.ds are in parentheses.

X y z U(eq)
N(1) 3947(3) 3376.7(17) 3469(4) 2 20(9)
C(11) 2990(4) 3475(2) 1979(5) 1 94(10)
C(12) 2055(4) 3886(2) 1892(5) 2 21(11)
0O(12) 2133(3) 4241.9(14) 3203(4) 2 14(7)
C(121) 1378(4) 4081(2) 4209(6) 2 49(11)
C(122) 16(4) 4230(3) 3387(6) 3 48(13)
C(123) 1914(5) 4473(2) 5653(6) 3 40(13)
C(124) 1513(5) 3437(2) 4668(6) 2 97(12)
C(13) 1091(4) 3969(2) 459(5) 2 17(10)
C(14) 1032(4) 3623(2) -849(6) 2 48(11)
0(14) 96(3) 3664.1(16) -2297(4) 3 28(9)
C(141) -967(5) 4002(3) -2356(6) 3 88(14)
C(15) 1940(4) 3209(2) -764(5) 2 40(11)
C(16) 2913(4) 3139(2) 643(5) 2 48(11)
C(2) 4876(4) 3841(2) 4087(5) 2 33(11)
C(21) 5274(4) 3996(2) 5806(5) 2 10(10)
C(22) 5982(4) 4500(2) 6320(6) 2 43(11)
C(23) 6390(4) 4662(2) 7885(6) 2 74(12)
C(24) 6062(5) 4335(2) 9000(5) 2 80(12)

Br(24) 6582.0(5) 4547.0(3) 11181.6(6) 3 97(2)

C(25) 5332(4) 3813(2) 8540(6) 2 50(11)
C(26) 4969(4) 3659(2) 6942(6) 2 65(11)
C(3) 5184(4) 3263(2) 3437(5) 2 17(11)
C(31) 5902(4) 2795(2) 4539(6) 2 44(11)
O(31) 5509(3) 2486.3(15) 5372(4) 3 15(8)

O(32) 7054(3) 2766.6(15) 4475(4) 2 69(8)

C(33) 7842(5) 2305(3) 5473(7) 3 81(13)
C(34) 9111(5) 2395(3) 5383(7) 4 29(15)
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Table 2. Molecular dimensions. Bond lengths are i

n

Angstroms,

angles in degrees. E.s.ds are in parenth eses.

N(1)-C(11) 1.434(5) C(15)-C(16) 1.386(6)
N(1)-C(2) 1.465(6) C(2)-C(21) 1.483(6)
N(1)-C(3) 1.439(6) C(2)-C(3) 1.512(6)
C(11)-C(12) 1.396(6) C(21)-C(22) 1.387(7)
C(11)-C(16) 1.383(6) C(21)-C(26) 1.389(7)
C(12)-0(12) 1.390(5) C(22)-C(23) 1.361(7)
C(12)-C(13) 1.400(6) C(23)-C(24) 1.375(7)
0(12)-C(121) 1.466(5) C(24)-Br(24) 1.890(5)
C(121)-C(122) 1.524(7) C(24)-C(25) 1.425(7)
C(121)-C(123) 1.513(7) C(25)-C(26) 1.384(6)
C(121)-C(124) 1.508(7) C(3)-C(31) 1.493(7)
C(13)-C(14) 1.380(7) C(31)-0(31) 1.200(6)
C(14)-0(14) 1.383(5) C(31)-0(32) 1.331(5)
C(14)-C(15) 1.380(7) 0(32)-C(33) 1.472(6)
0(14)-C(141) 1.417(6) C(33)-C(34) 1.485(7)
C(11)-N(1)-C(2) 118.6(4) C(11)-C(16)-C(15) 121.3(4)
C(11)-N(1)-C(3) 118.1(4) N(1)-C(2)-C(21) 120.0(4)
C(3)-N(1)-C(2) 62.7(3) N(1)-C(2)-C(3) 57.8(3)
C(12)-C(11)-N(1)  119.7(4) C(21)-C(2)-C(3) 124.2(4)
C(16)-C(11)-N(1)  121.5(4) C(22)-C(21)-C(2) 119.1(4)
C(16)-C(11)-C(12) 118.6(4) C(26)-C(21)-C(2) 123.1(4)
0(12)-C(12)-C(11) 119.6(4) C(22)-C(21)-C(26) 117.9(4)
C(11)-C(12)-C(13) 120.2(4) C(23)-C(22)-C(21) 121.8(5)
0(12)-C(12)-C(13) 120.0(4) C(22)-C(23)-C(24) 120.1(5)
C(12)-0(12)-C(121) 117.9(3) C(23)-C(24)-Br(24) 121.8(4)
0(12)-C(121)-C(122) 111.1(4) C(23)-C(24)-C(25) 120.4(4)
0(12)-C(121)-C(123) 102.1(4) C(25)-C(24)-Br(24) 117.8(4)
0(12)-C(121)-C(124) 111.9(4) C(26)-C(25)-C(24) 117.2(4)
C(123)-C(121)-C(122) 110.4(4) C(25)-C(26)-C(21) 122.5(5)
C(124)-C(121)-C(122) 110.0(4) N(1)-C(3)-C(2) 59.5(3)
C(124)-C(121)-C(123) 111.1(4) N(1)-C(3)-C(31) 116.7(4)
C(14)-C(13)-C(12) 119.8(4) C(31)-C(3)-C(2) 120.6(4)
C(13)-C(14)-0(14) 123.7(4) 0(31)-C(31)-C(3)  125.4(4)
C(13)-C(14)-C(15) 120.3(4) 0(32)-C(31)-C(3)  110.4(4)
C(15)-C(14)-0(14) 116.0(4) 0(31)-C(31)-0(32) 124.2(4)
C(14)-0(14)-C(141) 117.8(4) C(31)-0(32)-C(33) 115.4(4)
C(14)-C(15)-C(16) 119.8(4) 0(32)-C(33)-C(34) 106.8(4)
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Table 3. Anisotropic displacement parameters (A

2x 10 3)forthe

expression: exp {-2 n?(h 2a* 2Uy; + ... + 2hka*b*U 1)}
E.s.ds are in parentheses.
U 11 u 22 u 33 U 23 13 U 12

N(1) 19(2) 22(2) 24(2) -2.4(17) 5.
C(11) 16(2) 23(3) 19(2) 2(2) 5.
C(12) 25(3) 22(3) =24(2) -3(2) 14
0(12) 22.8(16) 21.2(18) 23.7(17) -3.2(14) 1

C(121) 27(3) 26(3) 29(3) -4(2) 19
C(122) 27(3) 44(3) 41(3) -1(3) =21
C(123) 34(3) 37(3) 34(3) -9(2) 16

C(124) 33(3) 31(3) 31(3) 1(2) 19
C(13) 18(2) 23(33) 27(3) 1(2) 10
C(14) 17(2) 33(33) 25(3) 1(2) 8§
O(14) 23.0(18) 52(2) 22.8(18) -1.0(17) 5.
C(141) 30(3) 55(4) 28(3) 8(3) 4(
C(15) 21(2) 32(3) 19(2) -6(2) 8(
C(16) 21(2) 29(3) 28(3) -1(2) 12
C(2) 22(2) 23(3) 253) 22) 8§
C(21) 18(2) 20(3) 29(3) 3(2) 12
C(22) 20(2) 24(3) 32(3) 2(2) 13
C(23) 19(2) 17(3) 39(3) 3(2) -1(
C(24) 35(3) 37(3) 14(2) 6(2) 10
Br(24) 43.6(3) 47.0(4) 24.3(3) -10.2(3) 4.
C(25) 29(3) =24(3) 25(3) 3(2) 12
C(26) 28(3) 22(3) 28(3) -6(2) 7(
C(3) 16(2) 27(3) 23(2) 4(2) 8.
C(31) 21(3) =24(3) 29(3) -4(2) 8(
0O(31) 29.9(19) 29(2) 40(2) 7.3(17) 17
0(32) 19.6(17) 34(2) 29.0(18) 9.5(16) 10
C(33) 30(3) 37(3) 41(3) 10(3) 3(
C(34) 29(3) 50(4) 49(4) 10(3) 12

2

8(17) 1.8(17)

6(18) -2(2)
) -3(2)
.5(14) -1.8(14)
(2 -1(2)
(2)  3(3)
(2) -4(3)
(2 -5(2)
(2) 6(2)

2)  -3(2)
9(14) 7.3(17)
2) 13(3)
2) -2(2)
(2) 5(2)

2)  2(2)
(2) 82
(2 52

2) -6(2)
(2)  28(2)
7(2) -2.1(3)
(2 0(2)

2) -2(2)
4(19) 2(2)
2) 1(2)

1(17) 2.0(16)
.5(14) 6.9(15)
2) 13(3)
) 13(3)
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Table 4. Hydrogen coordinates (x 10
parameters (A

in idealised positions with U(iso)'s set
for the methyl groups, 1.5*U(eq) of the p

4) and isotropic displacement
2x 10 3). All hydrogen atoms were included

at 1.2*U(eq) or,
arent carbon atom.

H(12A)
H(12B)
H(12C)
H(12D)
H(12E)
H(12F)
H(12G)
H(12H)
H(121)
H(13)
H(14A)
H(14B)
H(14C)
H(15)
H(16)
H(2)
H(22)
H(23)
H(25)
H(26)
H(3)
H(33A)
H(33B)
H(34A)
H(34B)
H(34C)

-306
-59
-444
2771
1465
1847
1156
1094
2377
491
-1538
725
-1359
1900
3525
4799
6185
6891
5110
4503
5301
7536
7845
9661
9395
9097

3984
4638
4160
4375
4413
4880
3198
3360
3342
4257
3998
4402
3834
2977
2860
4179
4735
4994
3586
3317
3282
1916
2341
2106
2784
2351

2461
3072
4111
6157
6394
5324
3736
5434
5126
389
-3423
-2044
-1640
-1649
691
3370
5575
8201
9282
6616
2386
5080
6568
6037
5756
4297

U(iso)
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52
52
52
51
51
51
44
44
44
26
58
58
58
29
30
28
29
33
30
32
26
46
46
64
64
64




Table 5. Torsion angles, in degrees. E.s.ds are i

C(3)-N(1)-C(11)-C(16)
C(2)-N(1)-C(11)-C(16)
C(3)-N(1)-C(11)-C(12)
C(2)-N(1)-C(11)-C(12)
C(16)-C(11)-C(12)-O(12)
N(1)-C(11)-C(12)-O(12)
C(16)-C(11)-C(12)-C(13)
N(1)-C(11)-C(12)-C(13)
C(11)-C(12)-0(12)-C(121)
C(13)-C(12)-0(12)-C(121)

C(12)-0(12)-C(121)-C(124)
C(12)-0(12)-C(121)-C(123)
C(12)-0(12)-C(121)-C(122)

0(12)-C(12)-C(13)-C(14)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(12)-C(13)-C(14)-O(14)
C(13)-C(14)-O(14)-C(141)
C(15)-C(14)-O(14)-C(141)
C(13)-C(14)-C(15)-C(16)
0(14)-C(14)-C(15)-C(16)
C(12)-C(11)-C(16)-C(15)
N(1)-C(11)-C(16)-C(15)
C(14)-C(15)-C(16)-C(11)
C(11)-N(1)-C(2)-C(21)
C(3)-N(1)-C(2)-C(21)
C(11)-N(1)-C(2)-C(3)
N(1)-C(2)-C(21)-C(22)
C(3)-C(2)-C(21)-C(22)
N(1)-C(2)-C(21)-C(26)
C(3)-C(2)-C(21)-C(26)
C(26)-C(21)-C(22)-C(23)
C(2)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-Br(24)
C(23)-C(24)-C(25)-C(26)
Br(24)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(21)
C(22)-C(21)-C(26)-C(25)
C(2)-C(21)-C(26)-C(25)
C(11)-N(1)-C(3)-C(31)
C(2)-N(1)-C(3)-C(31)
C(11)-N(1)-C(3)-C(2)
C(21)-C(2)-C(3)-N(1)
N(1)-C(2)-C(3)-C(31)
C(21)-C(2)-C(3)-C(31)
N(1)-C(3)-C(31)-0(31)
C(2)-C(3)-C(31)-0(31)
N(1)-C(3)-C(31)-0(32)
C(2)-C(3)-C(31)-0(32)
0(31)-C(31)-0(32)-C(33)
C(3)-C(31)-0(32)-C(33)
C(31)-O(32)-C(33)-C(34)

41.4(6)
113.9(5)
-143.6(4)
-71.1(5)
-177.9(4)
6.9(6)
-2.4(7)
-177.6(4)
-101.5(5)
82.9(5)
49.2(5)
168.0(4)
-74.2(5)
178.6(4)
3.1(7)
-2.0(7)
178.2(4)
-11.6(7)
168.7(5)
0.3(7)
-180.0(4)
0.7(7)
175.8(4)
0.4(7)
137.4(4)

-113.8(5)
-108.8(4)

-168.8(4)
121.8(5)
11.1(7)
-58.3(6)
1.0(7)
-179.1(4)
-2.5(7)
2.3(7)
-179.0(3)
-0.5(7)
-179.3(3)
-1.0(7)
0.8(7)
-179.1(4)
-139.0(4)
111.4(5)
109.6(4)
106.6(5)

-104.9(5)

1.8(7)
4.5(7)
73.2(6)
-175.3(4)
-106.6(5)
2.2(7)
-178.0(4)
-173.4(4)

n parentheses.
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Crystal data: CyH2eBrNO4, M = 448.4. Monoclinic, space group ;R2(no. 14), a =
11.3776(5), b = 22.6095(11), ¢ = 8.8388(4)pA: 108.569(5), V = 2155.34(17) A Z =
4, Dc = 1.382 g cm, F(000) = 928, T = 140(1) Ky(Mo-Ka) = 19.3 cnf, A(Mo-Ka) =
0.71069 A.

Crystals are colourless plates. Ooa,0.29 x 0.23 x 0.07 mm, was mounted in oil on a
glass fibre and fixed in the cold nitrogen stream am Oxford Diffraction Xcalibur-
3/Sapphire3-CCD diffractometer, equipped with Me-Kradiation and graphite
monochromator. Intensity data were measured lydlice o- ande-scans. Total no. of
reflections recorded, 0.« = 25°, was 27295 of which 3789 were unique (Rint = 0)053
2607 were 'observed' with | 2

Data were processed using the CrysAlisPro-CCD &iD- (1) programs. The structure
was determined by the direct methods routines @nSHELXS program (2A) and refined
by full-matrix least-squares methods, d*sFin SHELXL (2B). The non-hydrogen atoms
were refined with anisotropic thermal parametetdydrogen atoms were included in
idealised positions and their Uiso values weret@eide on the Ueq values of the parent
carbon atoms. At the conclusion of the refinemesr; = 0.150 and R= 0.082 (2B) for
all 3789 reflections weighted w sj(F.?) + (0.0787P) + 2.09P}* with P = (R + 2R?)/3;

for the 'observed' data only; R 0.056.

In the final difference map, the highest peek 1.63 eA%) was near Br(24).

Scattering factors for neutral atoms were takemfreference (3). Computer programs
used in this analysis have been noted above, angl mua through WinGX (4) on a Dell

Precision 370 PC at the University of East Anglia.
References
(1) Programs CrysAlisPro, Oxford Diffraction Ltd., Algidon, UK (2010).

(2) G. M. Sheldrick, SHELX-97 — Programs for crystalusture determination
(SHELXS) and refinement (SHELXLActa Cryst.(2008) A64, 112-122.

(3) 'International Tables for X-ray CrystallographyKluwer Academic Publishers,
Dordrecht (1992). Vol. C, pp. 500, 219 and 193.

4) L. J. Farrugia,]. Appl. Cryst.(1999)32, 837-838 .
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9.10.3: Appendix 3:Percentage Composition and Rate Calculation Datale syntheses

of rac{342) catalysed by PyTf-(279), or PyTf-d(345)
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9.10.4: Appendix 4:'H-NMR and**C-NMR spectra; and HRMS spectrum for compound
cis<{350)
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9.10.5: Appendix 5:Crystal Structure Data for compound ¢256)

Table 1. Crystal data and structure refinement details.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

fdrange for data collection
Index ranges

Reflections collected
Independent reflections
Completeness t6= 24.99°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit o>

Final Rindices F? > 20(F?)]
Rindices (all data)

Largest diff. peak and hole

ST4006 (2010src1036)
GaH2gN205
412.47
120(2) K
0.71073 A
Monoclinic
P21/
a=11.8592(7) A a=90°
b=10.7332(7) A [ =96.588(3)°
c=17.2217(10) A y=90°
2177.6(2) R
4
1.258 Mg /°m
0.089 mith
880
Lath; light blue
0.18x 0.03x 0.01 mni
3.7924.99°
-14<h<14,-12< k< 12,-20<1< 20
17789
3798, = 0.0729]
99.4 %
Semémpirical from equivalents
0.9991 and 0.9842
Full-matrix least-squares$=dn
3799/01/277
1.173
R1=0.0673wR2= 0.1139
R1=0.1286WR2= 0.1414
0.241 ar®i255 e A3

Diffractometer Nonius KappaCCDarea detector @ scans andw scans to fill asymmetric unit). Cell determination:DirAx
(Duisenberg, A.J.M.(1992). J. Appl. Cryst. 25, 92@&) Data collectionCollect (Collect: Data collection software, R. Hodf Nonius
B.V., 1998).Data reduction and cetefinement Denzo (Z. Otwinowski & W. Minor, Methods in Enzymology(1997) Vol. 276
Macromolecular Crystallography part A, pp. 307-326; C. W. Carter, Jr. & R. M. Sweet, Eds., Acadenu Press).Absorption
correction Sheldrick, G. M. SADABS - Bruker Nonius area detetor scaling and absorption correction - V2.10 Structure
solution SHELXS97 (G. M. Sheldrick, Acta Cryst. (1990) A6 467-473). Sructure refinementSHELXL97 (G. M. Sheldrick
(1997), University of Goéttingen, Germany).

Figure 1. An Ortep representation of the crystal stucture ST4006 (2010src1036). Thermal ellipsoids
are drawn at 50% probability level
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Table 2. Atomic coordinates®{ 10], equivalent isotropic displacement parameter?s_{f{AOa] and site occupancy factors.
Ueqis defined as one third of the trace of the ordmaizedU" tensor.

Atom X y z Ueq S.of.
o1 9072(2) 2006(2) 2479(1) 29(1) 1
03 7034(2) 1628(2) 4262(1) 25(1) 1
02 8294(2) 91(2) 2569(1) 30(1) 1
04 6580(2) -1909(3) -850(2) 46(1) 1
05 6784(3) -146(3) -1420(2) 49(1) 1
N2 6141(2) 1257(3) 2722(2) 25(1) 1
N1 6632(2) -766(3) -842(2) 33(1) 1
C12 10830(3) 2760(4) 2197(2) 45(1) 1
C22 8539(3) 354(3) 4770(2) 31(1) 1
C17 4186(3) 2953(3) 4317(2) 31(1) 1
c1s8 5287(3) 2570(3) 4560(2) 28(1) 1
c21 6796(3) 444(3) 5461(2) 32(1) 1
c4 6231(3) 1147(3) 1252(2) 24(1) 1
C5 6354(3) -148(3) 1255(2) 27(1) 1
c3 6200(3) 1785(3) 546(2) 28(1) 1
C20 7247(3) 421(3) 4668(2) 26(1) 1
C14 5456(3) 1815(3) 3259(2) 25(1) 1
C8 7169(3) 1951(3) 2615(2) 25(1) 1
c1 6479(3) -108(3) -114(2) 25(1) 1
C10 10190(3) 1551(4) 2291(2) 32(1) 1
c2 6336(3) 1165(3) -140(2) 28(1) 1
C13 10768(3) 789(4) 2965(2) 42(1) 1
Ci11 10024(3) 828(4) 1527(2) 42(1) 1
c7 6178(3) 1890(3) 1974(2) 26(1) 1
C16 3711(3) 2747(3) 3557(2) 32(1) 1
c15 4341(3) 2185(3) 3030(2) 29(1) 1
C19 5917(3) 1973(3) 4039(2) 25(1) 1
C9 8222(3) 1207(3) 2559(2) 27(1) 1
c23 6727(3) -627(3) 4158(2) 30(1) 1
c6 6485(3) -781(3) 569(2) 30(1) 1
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Table 3.Bond lengths [A] and angles [°].

01-C9
01-C10
03-C19
03-C20
02-C9
04-N1
O5-N1
N2-C14
N2-C8
N2-C7
N1-C1
C12-C10
C12-H12A
C12-H12B
Cl12-Hi2C
C22-C20
C22-H22A
C22-H22B
C22-H22C
C17-C16
C17-C18
C17-H17
C18-C19
C18-H18
C21-C20
C21-H21A
C21-H21B
C21-H21C
C4-C3
C4-C5
C4-C7
C5-C6
C5-H5
C3-C2
C3-H3
C20-C23
C14-C15
C14-C19
C8-C9
C8-C7
C8-H8
C1-C2
C1-C6
C10-C13
C10-C11
C2-H2
C13-H13A
C13-H13B
C13-H13C
C11-H11A
C11-H11B
Cl1-Hi1C
C7-H7
C16-C15
C16-H16
C15-H15
C23-H23A
C23-H23B
C23-H23C
C6-H6

C9-01-C10
C19-03-C20
C14-N2-C8
C14-N2-C7

1.344(4)
1.483(4)
1.387(4)
1.480(4)
1.200(4)
1.228(4)
1.227(4)
1.431(4)
1.458(4)
1.461(4)
1.469(4)
1.522(5)
0.9800
0.9800
0.9800
1.524(5)
0.9800
0.9800
0.9800
1.382(5)
1.388(5)
0.9500
1.387(5)
0.9500
1.522(5)
0.9800
0.9800
0.9800
1.392(5)
1.397(5)
1.485(5)
1.387(5)
0.9500
1.380(5)
0.9500
1.515(5)
1.394(5)
1.401(5)
1.495(5)
1.518(5)
1.0000
1.377(5)
1.380(5)
1.518(5)
1.520(5)
0.9500
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.0000
1.379(5)
0.9500
0.9500
0.9800
0.9800
0.9800
0.9500

120.8(3)
118.1(2)
114.3(3)
116.9(3)
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C8-N2-C7
O5-N1-04
O5-N1-C1
04-N1-C1
C10-C12-H12A
C10-C12-H12B
H12A-C12-H12B
C10-C12-H1i2C
H12A-C12-H12C
H12B-C12-H12C
C20-C22-H22A
C20-C22-H22B
H22A-C22-H22B
C20-C22-H22C
H22A-C22-H22C
H22B-C22-H22C
C16-C17-C18
Cl16-C17-H17
C18-C17-H17
C17-C18-C19
C17-C18-H18
C19-C18-H18
C20-C21-H21A
C20-C21-H21B
H21A-C21-H21B
C20-C21-H21C
H21A-C21-H21C
H21B-C21-H21C
C3-C4-C5
C3-C4-C7
C5-C4-C7
C6-C5-C4
C6-C5-H5
C4-C5-H5
C2-C3-C4
C2-C3-H3
C4-C3-H3
03-C20-C23
03-C20-C21
C23-C20-C21
03-C20-C22
C23-C20-C22
C21-C20-C22
C15-C14-C19
C15-C14-N2
C19-C14-N2
N2-C8-C9
N2-C8-C7
C9-C8-C7
N2-C8-H8
C9-C8-H8
C7-C8-H8
C2-C1-C6
C2-C1-N1
C6-C1-N1
01-C10-C13
01-C10-C11
C13-C10-C11
01-C10-C12
C13-C10-C12
C11-C10-C12
C1-C2-C3
C1-C2-H2
C3-C2-H2
C10-C13-H13A
C10-C13-H13B

62.6(2)
122.9(3)
118.4(3)
118.7(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.3(3)
119.9
119.9
120.0(3)
120.0
120.0
109.5
109.5
109.5
109.5
109.5
109.5
119.1(3)
117.9(3)
123.0(3)
120.3(3)
119.8
119.8
121.0(3)
119.5
119.5
109.9(3)
110.6(3)
111.7(3)
102.2(3)
111.6(3)
110.5(3)
119.3(3)
121.8(3)
118.9(3)
116.8(3)

58.8(2)
120.8(3)
116.0
116.0
116.0
122.4(3)
118.5(3)
119.1(3)
110.3(3)
109.1(3)
112.9(3)
102.2(3)
110.7(3)
111.1(3)
118.5(3)
120.7
120.7
109.5
109.5
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H13A-C13-H13B
C10-C13-H13C
H13A-C13-H13C
H13B-C13-H13C
C10-C11-H11A
C10-C11-H11B
H11A-C11-H11B
C10-C11-H11C
H11A-C11-H11C
H11B-C11-H11C
N2-C7-C4
N2-C7-C8
C4-C7-C8
N2-C7-H7
C4-C7-H7
C8-C7-H7
C15-C16-C17
C15-C16-H16
C17-C16-H16
C16-C15-Ci14
C16-C15-H15
C14-C15-H15
03-C19-C18
03-C19-C14
C18-C19-Ci14
02-C9-01
02-C9-C8
01-C9-C8
C20-C23-H23A
C20-C23-H23B
H23A-C23-H23B
C20-C23-H23C
H23A-C23-H23C
H23B-C23-H23C
C1-C6-C5
C1-C6-Hb6
C5-C6-Hb6

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.8(3)
58.6(2)
121.9(3)
115.0
115.0
115.0
120.1(3)
120.0
120.0
120.4(3)
119.8
119.8
120.8(3)
119.2(3)
119.8(3)
125.8(3)
126.3(3)
107.9(3)
109.5
109.5
109.5
109.5
109.5
109.5
118.7(3)
120.7
120.7

Symmetry transformations used to generate equivatems:
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Table 4. Anisotropic displacement parameter$¥A.0°|. The anisotropic displacement
factor exponent takes the forr2 7 [h%a*?U™ + ... + 2h k & b* U*?].

Atom Ull U22 U33 U23 U13 U12
o1 24(1) 31(1) 33(1) 0(1) 7(1) -2(1)
03 23(1) 23(1) 28(1) 1(1) 2(1) 0(1)
02 30(1) 24(1) 38(2) -1(1) 6(1) -1(1)
04 68(2) 32(2) 36(2) -6(1) 3(1) 14(1)
05 68(2) 53(2) 30(2) -5(1) 21(1) -13(2)
N2 23(2) 29(2) 23(2) -3(1) 4(1) -1(1)
N1 29(2) 41(2) 30(2) -6(2) 6(1) 2(2)
C12 29(2) 52(3) 54(3) 15(2) 2(2) -4(2)
c22 27(2) 31(2) 34(2) 1(2) 1(2) 2(2)
c17 29(2) 31(2) 34(2) -2(2) 9(2) 6(2)
c18 29(2) 32(2) 24(2) 0(2) 2(2) 0(2)
c21 31(2) 33(2) 34(2) 1(2) 6(2) -2(2)
ca 21(2) 29(2) 22(2) 0(2) 2(1) -1(2)
c5 29(2) 26(2) 26(2) 2(2) -1(2) 2(2)
c3 28(2) 26(2) 29(2) 0(2) 3(2) 0(2)
C20 26(2) 23(2) 28(2) 5(2) 1(2) 3(2)
c14 25(2) 23(2) 28(2) -3(2) 4(2) -1(2)
cs 26(2) 24(2) 26(2) -4(2) 5(2) -3(2)
c1 21(2) 33(2) 23(2) -5(2) 3(1) 0(2)
C10 22(2) 41(2) 34(2) 11(2) 6(2) 2(2)
c2 29(2) 31(2) 23(2) 4(2) 3(2) -4(2)
C13 33(2) 48(3) 43(3) 14(2) 0(2) 2(2)
c11 35(2) 56(3) 37(2) -1(2) 14(2) 6(2)
c7 26(2) 25(2) 27(2) 1(2) 3(2) 5(2)
C16 24(2) 34(2) 37(2) -1(2) 6(2) 3(2)
C15 24(2) 31(2) 29(2) 1(2) -1(2) -1(2)
C19 23(2) 24(2) 28(2) -2(2) 7(2) 0(2)
c9 28(2) 34(2) 20(2) -1(2) 4(2) -3(2)
c23 28(2) 28(2) 33(2) 0(2) 2(2) -1(2)
Ccé 32(2) 26(2) 33(2) 0(2) 2(2) 6(2)
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Table 5.Hydrogen coordinates [10/] and isotropic displacement parameter$ $4.0%.

Atom X y z Ueq S.of.
H12A 10420 3261 1780 68 1
H12B 11592 2571 2061 68 1
Hi2C 10891 3228 2689 68 1
H22A 8814 293 4255 46 1
H22B 8785 -380 5082 46 1
H22C 8849 1107 5037 46 1
H17 3756 3359 4676 37 1
H18 5611 2716 5082 34 1
H21A 7112 1163 5761 48 1
H21B 7019 -324 5746 48 1
H21C 5966 507 5386 48 1
HS 6347 -597 1730 33 1
H3 6084 2661 536 33 1
H8 7273 2760 2902 30 1
H2 6330 1607 -618 34 1
H13A 10790 1271 3450 62 1
H13B 11544 588 2864 62 1
H13C 10342 16 3016 62 1
H11A 9633 42 1608 63 1
H11B 10765 653 1352 63 1
H11C 9566 1323 1130 63 1
H7 5713 2667 1903 31 1
H16 2951 2993 3398 38 1
H15 4012 2049 2508 34 1
H23A 5902 -516 4069 45 1
H23B 6901 —-1427 4420 45 1
H23C 7040 -618 3656 45 1
H6 6578 -1660 570 36 1
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9.10.6: Appendix 6:™H-NMR and**C-NMR spectra; and COSY, and HSQC Correlation

spectra for compoun@10)
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9.10.7: Appendix 7:Summary of the ‘Dialled in’ Methodology
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9.10.8: Appendix 8: 'H-NMR and *C-NMR spectra; HSQC and®N- 'H- HMBC

Correlation spectra for compour(d29)
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9.10.9: Appendix 9:VCD predictions for both cis-enantiomers of commsuicis{351)

and cis{358) and sample Gaussian Input File for ¢&51), Conformer 1
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$Rungauss

% proc=12

% hk=phenyl enanti oner _conforner 1. chk

#N b3l yp/ 6-31g* opt freqg=(readiso,vcd) scf=tight test gfinput

Phenyl Aziridine Enantionmer Conforner 1 Wth Frequency Check and VCD

01

C -1.832498 0. 738915 3. 097539
C -1.592311 0. 781344 1.712424
C -2.693858 0. 9834083 0. 858557
C - 3. 951254 1.295187 1. 385180
C -4.158266 1.290112 2.763333
C -3.103103 0.992738 3. 619560
N -0. 286726 0. 535771 1.203732
C 0. 850317 1. 200190 1. 860881
C 2. 099262 0. 384991 2. 088907
C 2. 046563 -0.973413 2.446310
C 3. 209051 -1.716671 2. 666809
C 4.455778 -1.112234 2. 5380083
C 4.538317 0. 232429 2.189589
C 3. 371960 0.970412 1.971059
O -2.521234 1. 025049 - 0. 500622
C -2.886246 -0.167848 -1.236164
C -2.259272 -1.458857 -0.687614
C 0. 395783 1. 601837 0.466182
C 1.273424 1. 289453 - 0. 685169
O 2. 087850 2.112375 -1.079835
0] 1. 073319 0. 047005 -1.194386
C 1.941824 -0. 478090 -2.227983
C 1. 869786 0. 354708 -3.512679
C 1.394977 -1.883253 -2.522604
C 3. 381470 -0.612032 -1.718602
C -2.335647 0. 076991 -2.651019
C -4.410140 - 0. 324995 -1. 350885
H 0. 597529 1.910977 2. 643399
H - 0. 165508 2.523344 0. 369436
H 1.079339 -1.463454 2.544786
H 3.137023 -2.767104 2.935732
H 5. 361410 -1.688598 2.706368
H 5. 509027 0. 709600 2.083235
H 3. 458608 2. 019437 1.692068
H -4.774227 1.546724 0. 723117
H -5.142270 1.514678 3. 166447
H -3.263084 0. 967885 4.694398
H -1.022891 0. 505617 3. 784754
H -2.479686 -2.313320 -1.337161
H -2.639732 -1.699847 0. 310777
H -1.172495 -1.370749 -0. 605314
H -4.678377 -1. 094069 -2.083817
H -4.881069 0.617815 -1.650489
H -4.856699 -0.622114 - 0. 396549
H -2.534437 -0. 766451 - 3. 320516
H -1. 255800 0. 248502 -2.621779
H -2. 777313 0. 979053 - 3. 090694
H 4.015391 -1.129755 -2.446453
H 3. 409423 -1.170052 -0. 776345
H 3. 836439 0. 362949 -1.519234
H 1.987413 -2.398966 - 3.285612
H 0. 355965 -1. 833469 -2.867981
H 1.389129 -2.497432 -1.614431
H 2. 393364 -0. 141266 -4.337280
H 2.323980 1.341999 -3.387715
H 0. 830420 0. 522553 -3.813651
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