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ABSTRACT

Typically, the popular clickeaction between an alkyne and an azide forms
a triazole in very high yield, but since this process does not produce a
stereogenic centre, its use with chiral ligands has not beaboroughly
investigated. Choosing a prochiral diyne as the starting material allows
the click process to perform a desymmetrisation step. Desymmetrisation
of prochiral molecules using click chemistry is a method that hadg liitale
attention in the past. Herein is desdréd progress into a novel synthetic

route to chiral molecules using this process.

The first part of this thesis introduces the concept of chirality, why it is
important, and how molecules with chirality are synthesised. Then, the

importance of the click raction and similar reactions are discussed.

The second part of this thesis reports on the formation and
characterisation of thebis-alkyne precursors, which are used in the key
click chemistry step. Next, several azide compounds are discussed, as

these arealso required for the key step.

The third part of this thesis is concerned with the main click chemistry
step. There are swsections for the original racemic trial reactions, as
well as a series of reactions assessing various ligands, culminating in a
tuning of conditions for the best ligand. A general reaction scheme for

the project is given below.

N=N

R4 — R1 :L\ /N “Rj3
R1/\R2 B —— ] R X o —_— R .
2 — —

2

Next follows the fourth part, which consists of some reactions performed
in conjunction with a visiting project student. Vilst these are not key to

my research, they are related to the main aim of a chiral click reaction.

The final part of this thesis is the experimental section and the appendix.
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INTRODUCTION

CHIRALITY

‘WHAT IS CHIRALITY?

Chiralityoccursin chemistry when a molecule has a nmuperimposable
mirror image Such isomersare known as enantiomersThey have the
same bond linkages, but exhibit a different 3D orientation of the#dl

the physical properties, and therefore reactivities of enantiomers are the
same, apart from their ability to rotatéhe plane ofplanepolarised light.
One enantiomerwill rotate it one way, and the other will rotate it the
other. Therefore, in a 50:50 mixture of both enantiomers, called a racemic
mixture, the overall net rotation is zero. This is demuse the rotations

cancel out.

1 2

Me
(R) ‘\\\\H

HO,C” ~OH

Me
H m,\(S)

HO” ~CO,H

Structure 1,2- Example of two enantiomers

Structures 1land 2 arethe two different enantiomers oflactic acid The
carbon atom at the centre is asymmetribecause it has foudifferent
groups attached to it. Each of the structures is a rsuperimposable

mirror image of the other.

Perhaps the easiest way to explain this concept is to use®rands. It
is not possible to orient your left hand so that it looks like your right
hand, and because of this, a leftanded glove does not fit on a right

hand.




In organic compounds, chirality often arises from an asymmetric carbon
atom, although this is not always the case. There are several examples of
compounds with no asymmetric centreget they exhibit chirality, such

as BINOL, which exhibits axial chirality.

(R)-BINOL (S)-BINOL

Structure 3,4 - Both enantiomers of BINOL

In contrast, there are molecules which contain more than one asymmetric
centre, but theyare not overall chiral, becausethe mirror image is now
identical, and is superimposabléelfhese are known asnesocompounds.

One example used in this thesis is mucic acid.

Structure 5- Mucic acid. A mesecompound

Chirality is usful in chemical synthesis, but to be able to reliably discuss
the enantiomers with éllow scientists a naming conventiois required.
The R / Ssystem is one of several conventions, and is the one preferred
by chemists.For each asymmetric centrethe four substituents are
ordered, in line with the Cahingold-Prelog rules! The moleculeis
moved round so that the lowest priority substituent is placed away from
the viewer. he remaining three substituents, starting with the highest
priority, will then be orderedin either a clockwiseR), or anticlockwise

(S) direction. This process isepeated for every asymmetric centre in the

molecule.
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For axial chirality, a similar method of defining their chirality is used, but
the chiral axis is used as the viewing point, rather than a chiral atom, as
in the process aboveUsing the Cah+ingold-Prelog rules, he two groups

on the front of the bond are ordered 1 and 2, then the groups on the rear
of the bond are ordered.Again, the ordering of these substituents
denotes whether the molecule iR. (clockwise),or S (anti-clockwise),

with a subscripta to show the chirality is axial.

A further type of chirality can be seen in helicenes. These are large
polycyclic aromatic molecules, which twist around, like an auger. They
exhibit axial chirality, but do not follow thdé¥S convention. They are
labelled P, for plus, a righthanded helix, orM, for minus, a lefthanded

helix.

Another naming convention commonly found is th®L system. This
system is based on the configuration of atoms, and their relation to the
configuration of glyceraldehyde. Moleculeseagiven the classification-
when their configuration is the same a®)tglyceraldehyde, while those
that are the same asSj-glyceraldehyde are given the classificatian
There is no direct correlation between th&S and D/L systems. Ths
convention 8 commonly used with biologicalystems where it is useful

to be able to comparanolecules of a similastructure.

The final naming convention uses the ability of chiral molecules to rotate
the plane of planepolarised light. A rotation clockwise gives(d), while
an anticlockwise rotation gives-]. Again, this has no direct relationship

to the other naming conventions.

| A



WHY IS CHIRALITY I®RTANT?

One of the main uses foenantiomerically pureproducts is for use as
medication. The human body, along withall life itself, is an inherently
chiraland enantiomericallypure environment.In the human body, mino
acids, usedo make proteins, mostlyhave the same.-configuration and

all sugars have th®-configuration.

While two different enantiomersof the same moleculehave the same
propertiesunder standard conditionsand therefore will react the same,
once they are put into the chiral environment of the body thewo may
behave in completely different mys. This can range frotnhe unwanted
enantiomer being completely inertfo having an alternative, but still
beneficial side effectfo producingsevereundesiredside effects.This is
because the target receptors have a defined geometry, so only one
enantiomer may have the correct reentation of atoms to interact
sufficiently. For this reasonpnew drug moleculesare often synthedsed as
enantiopure molecules, or more generally, -patented as enantiopure

molecules

Probably the most wellknown example of the extreme differences a
single bond geometrychangecan have on a drug moleculis the use of

thalidomide 6 for the treatment of morning sickness in the late 1950s.

O O
NH
N O

(0]
Structure 6 - Thalidomide

Thalidomide was dginally marketedin 1956 by the German company,
Chemie Griunenthalfor the treatment ofrespiratory problems. In 1957
this was extended to include the use as an antiemetic for the treatment

of morning sicknessln the following years there was a markedncreas

| AoM




in the number of miscarriageand babies being born with birth defects.
Thisincrease was attributed to th€S)-enantiomer ofthalidomide being
teratogenicg while the R)-enantiomer was the active drug molecufeThe
drug was found to racemisen vivo, so producing an enantiopure version
of the (R)-thalidomide was not an optiof.The drug waswithdrawn from
usein 1961 and drug testing since this disaster hascmme much more

thorough.®

The company whichmarketed the drugin the UK, now a part oDiageo
PLC contribute at least £6.5million per year toThe Thalidomide Trust

which helps tosupport the people affected by thidisaster?

Thalidomide has now been approved for useas a treatment for a
complication of leprosy and it is also used as aancer growth blocker

for cases of multiple myelomé

Eol



HOW IS CHIRALITY @ABNEL?
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Therefore, for each reaction step which introducess asymmetriccentre,
around50% of the product i®f the unwantedenantiomer. In addition to
this, the separation of the two products is not trivial, due to both
enantiomers exhibiting the same physical characteristics under standard
conditions.Chemists must either separate their desired enantiomer from
the mixture, or develop asymmetric reactions to negate the need for

extensiveseparation.

Separation is possible throughseveral methods, such aschiral
chromatography, which is prohibitively expensivfor large scale
synthesis;enzyme resolution, which ienly suitablefor certain functional
groups; or fractional crystallisation, which is only possible where the

moleculeof interestcrystallises.

Alternatively, should separation prove to be too costlReactionsare
available thatcaneither use chiral ligands to impart stereoselectivity on
the reaction, oruse starting materials which already have a chiral centre,

which can betransferred through to the final molecule.

CHIRAHIGH PERFORMANCEUIMCHROMATOGRAPHY

High performance liquid clomatography (HPLC) is a technique used to
separate mixtues of analytes. The mixture of analytes is passed through
a column packed with a stationary phase, in the flow of a mobile phase,
which is a mixture of solvents. The analytes partition between the tw

phases, and the relative affinity of each analyte to the specific phases
used, determines by how far the analyte is delayed on the column.
Analytes with a high affinity for the stationary phase will elute after those

which have a low affinity, hence sepating them.

| ExL



The analytes eluting from the column arédetected using a detector
appropriate for the specific molecule. For example, a-dhsorbance
detector may be used if the molecule absorbs UV light, a fluorescence

detector could be used if the molecalfluoresces.

It is also possible to couplmore than one detector to the same system.
This most common pairing is a bAbsorbance detectorwith a mass
spectrometer. This can help to determine which peak on the
chromatogram corresponds to the molecule imfterest, by giving accurate
mass data. However, this method is unable to determine the difference

between two stereoisomers.

Chiral high performance liquidchromatography is similar to standard
HPLCexcept the stationary phase is altered to form a chiealvironment.
Several differentasymmetricmaterials can becoated onto the support.
They are often derivatives of polysaccharides such as cellulose or
amylose, featuring mangasymmetriccentres. Different derivatives can be
coated on to produce many vari@ environments. Finding the right
combination of solvents and columns can often be tiresome, but column
manufacturersare often happy to offer a chiral methoddevelopment

service’:8

There is a large range of different coatings available for HPLC auddim

One company, Daicel, have madyfferent columnmaterialsavailable, in

several different particle sizes and column lengths. They are based on
either an amyloseor cellulose suport, which gives the column gt
chirality. The three alcohol groups on eackugar unit are then
functionalised with adselector group, whichis often done by formation

of an esteror carbamateb 5+ A OSt NS OSyidfe AiseR NR R dzO
column series, where the column coating is bonded onto the silica support
material, instead ofiust being coated on. This means the type of solvents

that can be used on the column is not restricted. Previously, with the

E2E



coated columns, the use offor example,chlorinated solvents would

remove the chiral coating from the silica support.

Most common chiraldselecto€ groups form carbamatesor esterson

bonding to the polysaccharide babkne, some of which are given below

7 CHs 8 Cl 9 Cl 10
%N CH, \HLN Cl \HLN \QLN Cl
H H H H
11 12 13 Cl 14
o)
BoEN SN
>~
K K Py \)V\@
H H Ho S,

Structures7-14 - Examples of some selector groups in chiral HPLC columns.

While the dselectoré groups above are all fairly similar, they are different

enough to favour one molecule over another.

ENZYMIRESOLUTION

Enzymes can also be used to separdto enantiomers. Due to the
spatially defined pockets in some enzymes, only one enantiomer of a
product may fit the pocket, meaning just that one enantiomer reacts,

forming a different molecule wich is then easier to separat®

One common example is the introduction of an alcohol groatpa pro-
chiral carbon. This creates two enantiomers at the reaction centre. A
lipase enzyme, such as CalBanhdidaAntarcticalipase) can thenbe used
to acylate just one of the alcoholi® a kinetic resolution processwhen
runto completion, this produces mixture of50%of one enantiomer, and
50% of theother enantiomer, but with an acyl group attached, which

usuallyeasier to separate using conventional methods.

Should theoriginal substrateracemise during the reaction, it is termed a

dynamic kinetic resolution, and the acylation of the desired product

E3)K




effectively protects it from racemisation. This means thezymereaction
is constantly progressing to restore the equilibriuand this can produce

a theoretical yield of 100% of the desired enantiem

FRACTIONATCRYSTALLISATION

Fractional crystallisation is a process whereby molecules are separated
from a solution of two or more solute$: However, this process is not
always useful on its own when trying to separate two enantiomers,

because they ofé¢n have the same solubility.

On some occasions crystallisation odnantiomeric mixtureswill form
conglomeratest? This is where each enantiomer crystallises out
separately. They can either crystallise at the same time, in which case
they would appear astwo mirror image crystals which can often be
separated using a microscope and tweezers; or crystallisation of one
enantiomer can be encouraged over the other, by having a saturated
solution, and adding a crystal of previously purified, enantiopure

compound

Often though, the two enantiomers carystallise. In cases such as this, a
chiralderivatizingagent can be used to form diastereoisomers, which can
then be crystallised separately. This however introduces further steps to

the synthesisto add and thenremove the agent.

CHIRAL POGOMPOUNDS

A common methodused to obtain a chiral productis to use starting
materials which comefrom nature. As mentionedabove nature is
asymmetric so the products it produces aralso often asymmetric
Sugars and amino acids amxamples of naturalcompounds which are
available on a large scalas enantiomerically purematerials. Such
compounds an provide an easy and inexpensive way of inserting

asymmetry into a molecule, but there are limitations omnhe type of
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moleculesthat can be usedMuch more value ca be obtained by taking
a prochiral molecule, ad transforming it into a steredefined

enantiomerically pureproduct.

ASYMMERIC SYNTHESIS

By far the most important way of obtaining chiral molecalés using
asymmetric synthesisSome reactions which use metal-@rdination sites
as the reaction centre can be modified with suitable ligands to relay their
chirality across to the product. This is the process to be undertaken in

this research project.

There are countless different ligand designs used in modempneistry.
Most ligands usebulky structures with electron rich elenents to bind to
ametal atom, although not all catalysts requieemetal to work.Common
heteroatomsusedin ligand desigrare oxygen, nirogen, phosphorus, and
sulphur. They usually work by blocking off certain areas of thgand
metal complex with large groups, forcing the prchiral molecule to
attack, or be attackedfrom a defined region, presenting only one face of
the pro-chiral molecule to the reagent. These systems can be very
efficient, often obtainingees in excess of 9%, from onlya few mol% of

catalystts.14

Whilst there are countless different molecules which can be used as a
chiral ligandfor a specific casethere are only a few specific classes of
ligands whichare well known andcan be used on several mechanistically

unrelated reactions. These are known as privileged ligahds.

Severalof the common ligand systems useadre based on the BINP
backbone.BINAPis different from most ligands, because it does nhave
any chiral centres. All the carbons are?sipybridised which doesnot at
first sight seema good chiral ligand design. However, due toetbulky

nature of the two nafthyl rings, they cannot lie in theame plane, and
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one has to rotate to accommodate the othelherefore, the molecule
exhibits axial chirality, and exists in bo{lR)- and (S)-enantiomers.The
formation of BINAP usually proceeds from BINOL, throughhlsetriflate

derivative.

15 16

OO
soliihee

(R)-BINAP (S)-BINAP

Structures 15,16 - Both enantiomers of BINAP

BINOL itself can be aligand systemin its own right where the alcohol
groupsreplace thediphenylphosphine groupsf BINAPRP This is commonly

used with rhodum for asymmetrichydrogenation?®

(R)-BINOL (S)-BINOL

Structure 3,4- Both enantiomers of BINOL

There is a range of similar ligands where tddgphenylphosphinegroups
on BINAPare replaced withditolylphosphire, or dixylylphosphinegroups.
Theseenable access tmore stericaly hindered ligands. This variatiaof

groups allows theuser to tune the ligand to thepecific reaction.




Another avenue forcustomisationcan be obtained throughmanipulation
of the naphthalene rings.One such example usle in this thesis is

SYNPHOS.

17

Ci
PPh
') 2
iy
o

Structure 17 - (S)-SYNPHOS

This ligand no longecontainsdelocalised system in the end rings, as the
end benzene rings are replaced with dioxene moietiddis affects the
steric bulk of the group, becausdn¢ end ring is no longer planaand the
electronic properties, because the oxygen is more electronegative than
the CH group it replaceshhis ligandwas originally developed as a ligand

for asymmetric hydrognation using a ruthenium catalyst?

One or both of the naphthalene rings can even be swapped for a phenyl
ring, giving even greater flexibility in tuning the ligand$ Examples are

below

15 18 19

SelENee NS I
oo™ o™ to™

(R)-BINAP (R)-MeO-NAPhePHOS (R)-MeO-BIPHEP

Structures 15,18,19 Examplesof swapping naphthalene rings for phenyl rings
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Bisoxazoline ligandsvere developedin an attemptto mimic the metal
binding site of vitamin B, where a cobalt atom is bound in the centre of
a corrin ring!® Only half of the ring is formed, but additioaf suitable
groups to the oxazole can add additional binding sites to complete the

tetra-dentate ligand.

20

O (0]
N

Structure 20 - A bis-oxazoline ligand

PyBOX ligandare a subset othe larger group ofbis-oxazoline ligands.

¢CKS ateéé¢ NISTSNA (2 (KS sulistitieRtyrgups day G K S
be varied to produce a large number of differefigands with differing

steric bulk, which can be used in a variety of different situatioBss
oxazoline ligands have beqrevioudy usedwith both copper(l) salts, and

in reactions with alkynes so are an interesting ligand for this projett.

21 . 22
= | ! | X
(@] \N (@] ! O N/ (0}
&/ | | I |
N : N N—/
R R | R R
(R)-PyBOX (S)-PyBOX

Structures 21,22 - Both enantiomers of agenericPyBOX ligand

Whilst there are ery complicated ligandssuch as thoseabove, with
several different elements, rings, and substituents, there are some that

have amuch simplerstructure. Chiraphos is one such example.

23 24

S)(S), (R)(R)

Ph,°  PPh, | Ph,P  PPh,

Structures 23,24 - Both enantiomers of Chiraphos
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The ligandsdescribed aboveall need a metal atom tanake theminto a
catalyst that isuseful inasymmetricsynthesis. Recent work withithis

group has focused on organic, methlee catdysts, based on an iminium

salt.1®

25

X, BPh,
~ . O
0\

MeO,S

Structure 25 - Metal-free iminium salt catalyst

This catalyst is one of a range produced in the lab, and they hfave
examplebeen used to epoxiide cisschromene26in up to 7% ee.?’° Ring

opening of the resultant epoxid27 gives the correct arrangement for the

active isomer of cromakalim, levcromakali?28.
26

25 _ m
o X, BPh, o
_ +
X ‘
07\ (e
28

MeOZS

Schemel -t I 38 Q& nztalSfre@ iminium saltcatalyst25in key epoxidation step

towards levcromakalim28
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CLICKCHEMISTRRHILOSOPHY

i A

¢ KS (S NIChamistryh was coined by K. Barry Sharpless from The
Scripps Research Instituté! It refers to a group of reactions which are
amodular, wide in scope, give very high yields, generate only inoffensive
by-productsthat can be removed by nonchromatographic methods, and
be stereospecific (but not necessarily enantioselecté&elhey can often
occur in aqueous solvents, meaningey can be more environmentaly

friendly than other reactions.

The philosophy behind clkcchemistry attempts to mimic nature, in the

way proteins and sugars are created by joining together smaller subunits.
Proteins are formed from repeating amino acid groups, and sugars from
monosaccharide units. In the laboratory, ldrger molecules can bbuilt

AY &aS@SNJI f LI NGasxs FyR G4KSy aO0ftAO0]1SRé
discovery of new drug candidates, as several different moieties could be
clicked together in different orders to produce a vast range of molecules

in a short spae of time.
Some eactions thatcanfall into this classification are,

- Nucleophilic @ening ofsmall iings, such as epoxidesziridines
aziridinium ions, and episulpmium ions

- Cycloadditionreactions, such a4,3-dipolar cycloaddition,and the
DielsAlder family of cycloadditions;

- ab2lyt R2f ¢ GelJS OFNbv2yet OKSYAalNR:
thioureas, aromatic heterocycles, oxime ethers, hydrazones, and
amides;

- Additions to CGC multiple bonds, such as epoxidation,
dihydroxylation, aziridination, sulpényl halide addition, and

Michael additions.
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COPPERY CATALYSED HUISGEBDIPOLAR CYCLOADION

The most popular reaction under theclick chemistry umbrellais the
copper(l) catalysed Huisgen 1;d8ipolar cycloaddition, in which an alkyne
and an azide moiety reacdtogether to form a 14-disubstituted triazole,
as shown inScheme2. The reaction is so popular, that when people refer
to "click chemistry", this is the reaction thy think of. From here on in,

the click reactionwill refer to this one reaction.

R N
+ SN SN
R—N=N=N" =R, —» \—(

R

Scheme2 ¢ General ¢ick chemistry reaction

This cyclisation reaction was first discovered Wbjichael in 189322
Further work by Hisgen in the 1960s brought the 1,3dipolar
cycloaddition into common use, and, as such, it was named after Huisgen
himself2® The standard reaction does not use a catalyst, requires quite
harsh reaction conditions, and gives a mixture tfe 1,4 and 1,5
regioisaners. Due to this, the uncatalgs reactiondoesnot fit under the

clickchemistry terminology.

Surprisingly,tiwas notuntil 2002that Meldal and Torwe discoveed that
by using coppe(l) salts as catalysts for the reactian common organic
solvents therate of reaction was increasedandonly the 1,4-regioisomer
was produced?* At the sametime, Sharplessindependently developed
the same process in aqueous conditions usingapper(l) salt witha
reducing agent, such asodium ascorbate,to generate the active
copper(l) speciesn situ.?® This method avoidedhe problems associated
with the use of justtopper() salts, such athe purity due toreaction with
oxygento form inactivecopper(l) species and reactive oxygempecies;

disproportionation to form inactivecopper@) and copper(l); and the
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formation of diacetylenes through a crosouplingreaction, such as the

Glaser or Strauss coupling reactions.

The mechanism of theclick reaction is thought to proeed through a
copper acetylideand a copper metallacycle. However, there are several

proposed mechanisms.

In the firstproposedmechanismshown inScheme3, the copper is thought

to coordinate to the™ -bond of the alkyne. The terminal proton is then
removed, and the copper acetylide is formed. The azide then binds to the
copper. Intermolecular attack then occurs on the azide by the alkyne,
facilitated by the charge on the copper.h& sixmembered copper
metallacycle then undergoes ring contraction. A proton therchanges

with the copper to formthe triazole product, and regenerates the copper

catalyst?®
R4
N\\N,N\R2 R———H .
H
+
CuL,
H+
Ri————-o~cCuL,
R4
___~CuL,
+ -_—
NoyN-R, N:N—N\RZ
(-\_
Rq o\ Ri—==—CuL,
e {
NTUR, N=N-N.

Scheme3 - Mechanismproposed by Himo
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Another studyby Buckleysuggeststhat two copper atoms are required,
and reports experimental evidence that dinuclear alkynylcopper(l)
ladderane complexes are the active specfésTheir work used copper(ll)
sulphate as the precatalyst. The copper was reduced to the active
oxidation stateusing sodium ascorbatewhich then formed a complex
with the terminal alkyne. Many of these complexes would join together,
forming a ladderane complex. This complex waltained as a yellow
insoluble product after several days of reaction, andray powder
diffraction has shown that there are two copper(l) atoms holding the

alkyne groups together.

MNa ascorbate (10 mol%)
i) Reduces Cu'" to Cu'
H———R! ii)Deprotonates the R!

o \\
+ n-complexed acetylene \\Q\ \\\ I
Cu''SO, (1 mol%) - ci R
N 2
N7 N-R
y={ "
. N=N-N
* -
[R'-=-cuCu—=—rl,
H— I:i1
|
N
2N R '
N” N P
_ = -
R Cu-Cu :
H1 —(Cu
\ Cu——~R
FII
Nz B2
Ri-sgzCU
Cu——R’

Scheme4 - Mechanism proposed by Buckley

This preformed catalyst was usd in a click reaction with the same
terminal alkyne and an ade, and gave yields up to 98%. The reaction was
also performed using the conditions used originally by Sharpless, and
gave results that were comparable to those obthad with the ladderane

complex.
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Another study by Worrellused heatflow reaction calorimetry toshow
that two copper atoms are required® Recent literature on the click
reaction of kiodoalkynes shows that the terminal alkyrnedide bond
does not need to be severed for the reactid¢a occur, hinting at the fact
that a copperacetylide is not required for the click reacticd.The copper
YSNISt & AyidSNF-hiedactian& NRthie3rKaction is catalysd

i K N2 dz3 K-intéricdions, it suggests that in terminal alkynes the
copper(l)acetylide is formedwhich activates the alkyne, then a second

copper atom is required for the catalysis.

A preformed copper acetylid29 was synthesized and was treated with

benzyl azide, both with, and without an exogenous copper catalyst. Their
results showed the reaction without the exogenous copper catalyst
produced no appreciable products, whereas the reaction with the catalyst

ran to completion wihin 20 minutes.

29 30
Cu(NHC) N n-Bn
Y a. 4.1 mM Cu(PPh;),NO; —
b. non-catalyzed= Cu(NHC)
Benzyl Azide
t-Bu THF, 35°C tBu

Scheme5 - Method used by Worrell using preformed copper acetylide
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For this mechanism shown in Scheme 6, the copper is thought to
02 2 NRA Yl G®ond &f thé KI§/ne as before. The terminal proton is

removed and a copper acetylide is formed. Ndtvat the triple bond is

FOdAQGrGSRE + aS0O02y R O2 LILIS Ndbondi Zhe azdd y O 2

now enters and attacks the second copper atom, causing the triple bond
to break and join onto the terminal end of the azide, leaving both copper
atoms at the opposite end of the alkee. Ring contraction then takes
place, ejecting a copper atom. A protothen exchanges with the

remaining copper atom, to form the triazole product.

M

N= N —R? R'==—H
]J%( \ [Cu? b
R [Cu] s——— 5 [Cu]
H Rl—=——H
H* H*
'WN‘\'-RE [Cul®
= R1_i_[cu]a
R
[Gu]
RZ
R? B I‘I\JEI
[Cu] NN N N.—R?
NT T \. . 3
I PN () N‘\ [Cu]
H '|I“r *;
fcu] R [Cul?

Scheme6 - Mechanism prompsed by Worrell
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USES OF CLICK CHHRNS

Click chemistry has only been around fo% §ears, yetit is becoming an
increasinglyimportant technique in numerous areas of chemistry. Its

LJ2 LJdzf F NA G& O2dzi R 6S RdzS (2 GKS OdzNNXSy i
and chemistries thatprovide an easy separation of product®ne mapr
advantage to click chemistris the speed of the reactionand ease of
creating a large library of compounds, by merely changing the azide or
alkyne used.Often the products can be separated by a simple filtration

or crystallisation, and the use of chromatography as a means of

separation isregarded as unsatisfaory in click chemistry

Click chemistry has been used in a wide range of areas, some of which

are:

Dendrimer formatiori®:3!
Peptidomimetic chemistry? 33
Fluorescent taggint
Polymer formatior®

Polymer derivatisatio®®
Liquid Crystal¥
SeltAssembledMonolayers?

Functionalised sugaf8

= =4 4 -4 -4 A -8 -2 -2

Cyclophane ligand desigh

One use for click chemistry is in the peptidomimetic area of chemisry.
recent review by Pedersen and Abell discusses the advantages of using
triazoles in place of peptide linkers, suchth® very similar bond lengths,
and polarity. The 1,4triazole linker gives a good approximation to the
trans-peptide bond, whereas the 1;briazole linker gives meven closer

approximation to acis-peptide bond, as shown ifigure1.32




R

N 0 R

IIIII( R
oy
cis-peptide bond 3.0 A trans-peptide bond 3.7 A
R
é;\ N )\(\ (ré R}/\‘ Y
N ~
H ( N HJ\K\NJ
R nmn ( N :N R
N
cis-peptide bond mimic 3.2 A trans-peptide bond mimic 4.9 A

Figurel - Comparison of peptide bond lengths with their triazole mimics.

Horne used these properties to lock the conformatioh tetrapeptides,
and prove that the more potent conformation of apicidin, a histone
deacetylaseinhibitor (HDAC), is not the allrans structure observed in

solution, but acis-trans-trans-trans conformation.®3

MeO O MeO i N
N— Os_N N— Os_N N
\ N/) \ N
NHOY'% NHOY'%
o NH o NH
31 32
o] o
Apicidin cis-trans-trans-trans locked mimic

Structure 31,32- Apicidin, and thecis-trans-trans-trans-mimic produced by Horne

The group symesised the precursor molecule, with the appropriate
alkyne and azide end groups. They then performed twgclisation
reactions,the first was heated and used no catalyst. This gave a mixture
of the two regioisomers, and they were able to successfully purify thet
1,5-regioisomer, shown above. The other reaction usadopper salt, to
give the 1,4regioisomer.Anin-vitro fluorescenceassay was then used to

confirm the active conformation.
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Theclickreaction can also be used to produéenctionalised polymersin
several ways When suitable bis-azides andbis-alkynes are reacted
together, fully conjugated polymers can be createtbr use as
fluorophores#! Work by van Maarseveen and Reskbjectedbis-azides
35 and 36 to click reaction conditions in the presence bfs-alkynes33
and 34. Thisformed conjugated polymex with up to 73 repeating units,
as detected ly sizeexclusion chromatography for the reaction 88 with

36.

Structure 33-37 ¢ Bis-azides and bis-alkynes used byvan Maarseveen and Ree¥k

A further experiment usedis-alkyne 37 with bis-azide 36. This resulted

in fully conjugatedpolymer 38 with 14 repeating units.

NﬁN\ Me 11 11 Me /N:N Me Me
Rastsasa ey

14

38

N

Structure 38 - Click polymer synthesized by Maarseveen and Reek
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Click chemistry has been uset functionalisean azidepolymer, which
has azide groups on the sidehains. There are many examples in the
literature. The one belowby Lecomtejs performed by ringopeningco-
polymerisation of caprolactone with an azidecaprolactone3® The
resultant azidepolymer 39 is subjected to clickeaction conditions, in
the presence ofone of severalalkynes, to form functionalised polymer
40. Thisfunctionalisationaltersthe properties of the polyer, such as its
solubility. For example, functionalisatiowith N,N,N-triethylpropargyl
ammonium bromide, would help solubilise the polymer in aqueous

environments, such as the human body.

39
o O Cul, DBU,=—R
Xo) ye) - >
N, THF, 35°C
X y
R = OCOPh, N(+)Ets Br(-),
NMe,, N(+)Me,PEO Br(-)

Figure?2 - Functionalising an azidgolymer

Dendrimersare macromolecules which mimic the branching oftree.
They are made up of a core moleculéking units, and capping unit3.he
capping units often have a specificprotein binding capability, or
fluorescent tags. Click chemistry has been used in this acedink the

three pieces togther.

The simplest use of click chemistry in dendrimer formatioins the
connection of two prebuilt dendronswith different functionalities For
example,one dendron could have sugar molecules for protein recognition
on the outer edge, and the other dendron may haviéuorescent
molecules. Joining these two dendrons together using tick reaction
forms a fluorescent protein detector. This modular approach allows a

large range of dendrons to be synthesised, each with a different property.
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example, several different dendrons can be synthesised, each with a
fluorescent molecule which has a different excitation wavelength. Then it

is easy to form a new dendrimer with a different excitation piefiif

required.

A morein depth useof click chemistry isn the building stagesof the
dendrimer, bylinking the units together.Structure41lis an example of a
dendrimer built using both these method®¥.The left half is a dendron,
initially formed by controlled esterification of 2,2-
bis(hydroxymethyl)propionic acid. Next, an alkyne containing group is
ligated to the final layer. In this case, the sugar group is functionalised
with an azide, and is joined on under click reaction conditions. The right
half of structure4lis builtin a similar way, but here a fluorescent marker
is used. The two halves can then be joined under click reaction conditions,

to form the full dendrimer.

41

Structure 41 - Bifunctional dendrimer
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DESYMMETRISATION

Desymmetrisation is the process of removing one or more symmetry
elements, such that chiral molecules are obtained from prochiral ones.
This could be a change which removésr examplea mirror plane, or

rotational axis.

Generally, desymmetrisation igften not useful. Without careful control
the molecule may reactat more than one reaction site forming a
statistical mixture of the productsHowever, c&esymmetrisation can be
readily promoted by certain enzymes, and, due tihe nature of an

enzyme, the s¢p is usually enantioselectiv& 43:44.45

Some achiral reactions can be adapted to form a desymmetrisation
version. Thixan bedone by creating a sultgate with two reaction sites
One reaction site may be favoured ovelhd otherdue to steric hindrance

or favourable interactions from other groupdigands can be introduced
to further influence the reaction sitetmice. Highly effective ligands used
in conjunction with crystallisation techniquesan desymmetrisesome

substates withees up to 100 ¢

Scheme7 outlinesthe intention of thisdesymmetrisationproject.

R4 Nin
— X \ I{]
L R _ RgNg R, Rs
R
2 R3~N R,
N N X —
SN R,

Scheme7 - Desymmetrisation of abis-alkyne using CuAAC
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Previous work with the desymmetrisation of dialkynes has tended towards
intramolecular cyclisations of onalkyne, leaving the other available for
future functionalisation.Hennecke used similar substrateo that used

in this thesis?’” The group progressd through a bromolactonisation of

diyne 42 as shown inScheme8, obtaining resudts of up to 98% vyield, and

96%ee.
R NBS (1.2 equiv) R
1 1
HO (DHQD),PHAL (0.1 equiv) O] iy
>

. . Ry—(
‘ ‘ ‘ ‘ Chloroform:n-Hexane (1:1) 2 | |

-30° Br
R, R, 30°C, 15 hours R,

R, = CO,Me, Aryl, CH,OR, H
R, = H, Alkyl, Aryl

Scheme8 - Procedure used by Hennecke

15 examples were synthesised, mostly wusing NB®r a
bromolactonisation but NCS and NIS were also useperforming a
chlorolactonisation, and iodolactonisation, respectively addition, the
group peformed the cyclisation reactionsingone gramof bis-alkyne44,
under the same conditionsandthen a selective hydrogenation afforded
the unsaturated nbutyl derivative 46, shown in Scheme9, in a 93%

overall yield.

44 O 45 0 46 (0]
Ph Ph H, (1 bar) Ph
HO , 2 0
o 7. Pd/ C “n-Bu
3 —
[ Me— l EtOAc Me—
rt, 2 hours Br
Me Me Me
1.00g 98.7%, 92% ee 93%

Scheme9 - Gram-scale synthesis used by Hennecke
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The advantage of this process is that internal alkynes can be uSkib. is
not possible usingthe coppercatalysed azidealkyne cycloaddition

(CUAAC) processas only terminal alkynesan be catalysed using copper.

Another desymmetrisationprocess usesa gold catalysto cyclise one of
the alkynes. Hasti is well known in the gold catalysis areand has
written several reviews on the topit?4°°°951 His groupsynthesiseda
furan-diyne substrate47 which they cyclised to formphenol 48, with no

interference or side reactions from the other alkyne groéd.

47 1. [AuCI(tht)] 48
2. Ligand 49 OH
R— | oH 3. AgBF, R
o » OH
X CD.Cly, RT Il
24 hours
Z Yield = 99%, 55% e
t-Bu
. PAr,
Ligand 49 = Ar = OMe
PAr, r ?_Q

SchemelO - Procedurewith best conditionsused by Hashmi

Overall, in excess of 20 chiral ligands were tested, including seédrial
ferrocene derivatives, througho BINAP and BINOL based ligands, with
the best results coming fromIPHEP ligand9, with the conditions shown

in SchemelO.

Another group using gold catalysis aliyne structures is the group of
Czekelius’® Their work used ,4-diynessuch as structuré&0 instead of the
1,6-diynes in this thesis, and mentioned abov&he process, shown in
Schemell, forms a fmembered heterocyclél, which is anoften seen
motif in natural products, but there are few methods to synthesise them

selectively.
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NH 51

50 (AuCl),
J/ Ligand 49 OmN/Ts
o AgBF, >
\_ Toluene \\

23%, 60% ee

Schemell - Procedure used by Czekelius to formimembered heterocycles

The majority of their workis concerned with achiral ligands, so the
desymmetrisation is uncontrolled and racemic products are formed.
However, they do use two chiral ligands at the end of the paper. The first
uses optically pure NHCas a ligands2, which gave a good yield of 60%,
but a low ee of 17% was obtained. Switching to ligamk® as used by

Hashmi, gave an improveee of 60%,at the cost of a lower yieldf 23%

Structure 52¢ [AuCKNHCY)]
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The first and, at the start of the project, only ention of a
desymmetrisationprocessusing click chemistry was made Wyokinin
2005.°* However, their work focused on kinetiesolution of compounds,
by using the click reactionlhey workedwith a chiral moneazide53, and
agem-diazide, both reactingvith phenylacetylene4, so the sense of the
reaction was reversecompared with ow work. The work discussed in

this thesis is related to &is-alkyne, reacting with an azide.

CuOTf
ngand

04 equ|v CH20|2 IPerEt

z/Z

Schemel?2 - Procedure used by Fokin

In their research,they evaluated ten ligands, all of which wei the
PyBOX categoryReactions were run as peSchemel2, andconversions,
which were capped at 40% due to limiting the alkyne reagentngad from
16 ¢ 39%. Selectivity, which is given by the below formudamve values
from -1.8 up to 3.2. The results are shown imable 1 Enantiomeric

excessesvere notstated.

IN[A/Ag  In[(Ag-X)/Ag)] Where . . ‘ ,
S= = Aq = By = the starting concentration of each azide enantiomer

n[B/Bg]  In[(Ag-Y)/Ag)] X, Y = measured concentrations of triazole enantiomers

The table showsthat the majority of the reactions almostreach
completion.Entry 1uses so-propyl side chains, but it is apparent thel

not have enough steridulk to impart any selectivity on the reaction.
However, by introducing darger group, such as a phenykentry 2), the
selectivity increasesEntry 3shows that by moving the phenyl group one
carbon further away from the metal binding site the effect on selectivity
is negated. However, having the phenyl group on both the sites, as in
entries 4 and 5causesthe selectivity to be partially restored, but not to

the levelobtainedwith just the one phenyl group. This may be due to the
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phenyl groups aligning with each other, causing them to restrict their
movement, whereas with the single group it is free tootate.
Interestingly, entry 5 uses the opposite enantiomer of ligand to entry 4,

and, as expected, the selectivity is to the same degree, but reversed.

Tablel - Ligand evaluation by Fokin. Selectivity is given as a ratiokefst/ Ksiow.

CuOTf r\\l
ngand N=

04 equ|v CHzclz IPerEt

c 61
o 2
© N S =
> v 2
2 = 5 = 6| o AKJ o |37%| -1.8
(] Ph N Ph
< o > o C Q‘
L i c —
o 3] Me Me
@) 0

(S,S)-56

| \
QN X
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2 OY@YO 38%| 3.2 8 Ao 16%| 1.0
Ny
N N 4

PH Ph
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4

(0]
/;\
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Entry 6reduces the steric bulk on the first carbatom, by replacing the
phenyl group for a much smaller methyl group. Thisduces the
selectivity. Entry 7moves the phenyl group away from the ligand by one
carbon unit by using a benzyl side chain. This gives the group more
flexibility, but thisagainlowers the selectivity.Entries 8 and Qse larger
side groups, but their movement is restricted by forming a ring with them.
This again reduces the selectivity. In the case of entry 8, no selectivity is
obtained. Entry 9is a direct analogue oéntry 2, in that aphenyl group

is attached to theoxazolering at the 5position, butin this casethere is

a methylene linking it to the4-position on the ring, restricting the
flexibility. The fact that the selectivity imore thanhalved, shows that
the phenylgroup isheld in a conformation which is not effective as a
stereoselective ligand for this reaction. Finally, entry 10uses a
tryptophan side chain, and this affords good selectivity, but at a lower

conversion rate.

Further reactions were performed to investigataree other variables in
the reaction. Thecopper source, omplex concentration and ligand
copper proportions werandividuallyvaried to see how theywffected the
reaction.They found that copper(l) iodide gave the best selectivity, at 10

mol% copper, ta20 mol% ligand.

The secondsmaller, section of thepaper used aprochiral gem-diazide,
with ligand 65 and the best reactions conditions found in the previous
step, summarised inTable 2. The authors foundthat the reaction was
progressing on to form thebis-triazole productas the major product
insteadof the expected monetriazole. Theyattributed this behaviourto
the high reactivity of a Ciorganometallic intermediate, as described by

Rodionov, who had previously performed studies on the react?én.
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Table?2 - Fokin's Results from gendiazide reactions

N3
=
= | N '\\'/\B/Ph 68 R = 0-Me
Nj 54 ) Ney 69 R = p-Cl
R
|\ N3 Cul (0.1 equiv) Ph
// > N
R Ligand 65 (0.2 equiv) N\
DCM, RT N 70R = o-Me
66 R = 0-Me e
67 R = p-C| ) NTN—pn 7R =pCl
[ N=
R N
Mono-triazole Bistriazole
66
Me Ns 23% vyield
60% vyield
N3 16%ee
67
N 25% yield 639 vield
o yie
/@ANs 59%ee
Cl

At the end of the paper

is a single sentence on work Wwitl-

phenylpropargylic compoundwhereit is statedthat attempts to perform

a kinetic resolution on these compoundssulted in no enantiomeric

discrimination.There is no mention of any work withrochiralbis-alkyne

compounds,and we believethat our project was entirely novel at the

outset.
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Rodionov has previously performed the click reactionms-alkynes, but

they were not prochiral compound®® His work used both aliazide and

bis-alkyne shown below to

reaction.

72

OH OH

76
N3 N3

OH OH

74
73 N
3 5% CuSO, N-N
A\
3 N
20% Na Ascorbate | | N
4:1 DMSO:H,0
OH OH
77
54
| | 5% CuSO, N
R — . / ‘i\l
20% Na Ascorbate N3 N’
4:1 DMSO:H,0
OH OH

investigate the mechanism of the click

75
_N N
N\ /

N
N Y

OH OH

78

N N
N-~N N—N

OH OH

Figure3 ¢ Reactions performedby Rodionov

His results showed that diazid& reacts with phenylacetylen&4 to form

mainly thebis-triazole product78, with only a trace of mondriazole 77.

However,the reaction performed withbis-alkyne72 and benzylazide73

produced a statistical mixture of the mor@nd bis-products. Thiswork,

combined with the work fronFokin showing that even with a bulky ligand

the majority of the product is thebis-triazole, shows that there is an

additional complication to the diazide reaction.
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RESEARCH OBJECTIVES

The overall aim of the project is to develop an enantioselective
methodology to create chirallyuseful molecules, by using alick

chemistry intermedate step.

Firstly, prochiralbis-alkynesare formed from a range of easily available,
and inexpensive prochiral methylene based compounds. Thasethen
subjected to standard click chemistry conditiond. range of different

substratesare formed, along vith a range of different azide groups.

Because only benzyl azide wacommercially available, a range of
different azide moietieswvere synthesised. Synthesis will probably occur
in-situ with the click reaction, or immediately before. Because azides can
be unstable and potentially explosive it is desirable to have them formed

this way, to mininise the chance of deterioration, or explosion.

Once a suitable combination between substrate and azide has been found,
the reaction conditionsare altered to try to incease the yield of the

mono-substituted product.

Further into the project a periods spent evaluating chiral ligands with
which an enantioselectivelick step will be performed. Prior to this, a
chiral separationis to be undertakenon the racemic samples, to form a
chiral analysis procedure. This is necessary to determine how successful

the desymmetrisationstep is.
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RESULTS AND DISCUB$I

RELATED WORK

Shortly after the conclusion of the practical research portion this
thesis, Zhou published a paper on the same topieé Ther research
focused on the formatn of quaternary oxindoles, such &9 and 80, and
performing an asymmetric click reaction on theno obtain useful chiral
molecules which could be subjected to further funatialisation on the

remaining alkyne group.

79 /) /l 8o/ /l

@) @)
N N

\ \\©
Figure4 - Oxindoles used by Zhou

The 1,6-heptadiynes used were synthesised from-piotected oxindoles
and propargyl bromideshown inSchemel3. 11 different 1,6heptadiynes

were synthesised, with yields ranging fro8b to 81%.

/ Il

K,CO3 (6.0 eq)

—0 Br TBAHS (0.1 eq)
R

MeCN, 70°C N
R

79 R = Me, Yield 78%

80 R = Bn, Yield 54%

@)

81 82

Schemel3 - Process used by Zhou for synthesis of oxindole based-hgptadiynes
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For the majority of theexperiments,Zhou achieved results similar to
those performed previously by Rodionov, in that more of this-triazole
product was formed than the montriazole product. In some cases,
results as low ad0% monaetriazole product to 90%bis-triazole product
were obtained By changing the solvent to acetone the ratio was reduced
to 1:2. This encouragedhouto try several different ketone solvents, one
of which, 2,5-hexadione, reversed theesults, and gave a 7:1 ratio of

products, in favour of the mongroduct.

It is interesting to note the differeces between entries 1 and 2 ihable

3. On addition of the ligand, the amount bfis-product actually increases,
with 11% mono-triazole and 44% bis-triazole formed with a ligand
compared to 10%mono-triazole and 306 bis-triazole with no ligand.This
shows that using a ligand mayattie an adverse effect on the reaction,
with the steric bulk causing the montriazole product to remain within
the reaction sphere long enough for a reaction to take place on the
second alkyne. Unfortunately, no further work was performed in the other

solvents using no ligand, so no further comparison can be made.
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Table3 - A summary of results by Zhou

79 73
N N3 cucl
Ligand 57
—_
e} RT, 60 hours
N .
\ 1.0equiv
Entry | Solvent Reagents Ratio of Isolated | ee
mono to yield of
bis mono-
product product
1 CHCl Ligand¢ 0 mol% 1:3 10% N/A
CuClc 10 mol%
2 CHClh Ligand¢ 12 mol% 1:4 11% 67%
CuClc 10 mol%
3 acetone Ligand¢ 12 mol% 1:2 20% 75%
CuClc 10 mol%
4 2-butanone Ligandg 12 mol% 1:2 21% 77%
CuClc 10 mol%
5 2-pentanone Ligandg 12 mol% 1:2 22% 75%
CuClc 10 mol%
6 3-pentanone Ligandg 12 mol% 1:2 21% 84%
CuClc 10 mol%
7 cyclopentanone Ligandg 12 mol% 1:2 24% 60%
CuClc 10 mol%
8 2,5-hexadione Ligandg 18 mol% 7:1 77% 90%
CuClc 15 mol%

Ratio of products determined by'H NMR spectroscopy, usin@€HBr, as internal

standard.
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80 // // 84 85

N3 Ligand 57 - 12 mol%
o CuCl - 10 mol%
N
2,5-hexadione
0°C,9 h

Schemel4 - Best reaction conditions from Zhou

Further modifications to the substrate and azide shown inSchemel4
gave results up to a ratio of 12:1 in favour of the mepooduct, with 82%
isolatedyield of the moneproduct, obtained withanee of 89%.Changing
the azide from 3fluorobenzyl azide toan N-(2-azidoethyl)phthalimide

moiety gavea higheree of 98%, but lowered the yield to 56%.

Fortunately, the monotriazole products could be crystallised out, and the
absolute configuration of theiproducts has been established, and shown

to be that shown adhe product inSchemel4.

Up untilthe appearance of this publication, we had hoped thaé were
the only group working on such a procedurEhe fact that another group
was working on it too, and with such a large group of researchers,
validated our interest in the area. Following this, we announced our

results by way of a publication, which is attached as an appendix.
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CLICK SUBSTRATES

THE EBER SERIES

The bis-alkyne click substrates of théype shown inSchemel5 were
originally synthessed by Oediger and Médller, but for a different
purpose®’ The group reacted methylcyanoacetate 86 with 2.2
equivalents of propargylbromide 82, using 2.2 equivalentsof 1,8
diazabicyclo[5.4.0Junde@-ene (DBU)87 as the base produchg the bis-
alkyne product88 in 77% yield as perSchemel5. Their procedure then

led to forming cglised products from the twoalkyne moieties.

Schemel5 - Method usedby Oediger to formbis-alkyne 88

A similarsynthesisisused here, but with potassium carlate as the base
instead of DBWue to the much lower costand acetonitrileas the solvent
instead of DMFmainly because of the high toxicity of DMF compared to
acetonitrile. Several variations have beeattempted, and someroducts
synthedsed. A selectionof resultsfrom both the eder and phosphonate

seriesare detailed inTable4.
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Table 4 - Bis-alkyne products formed with yields

82 — K,CO3 or NaH RisRe
Ri_R2 s/ >
MeCN or THF m|
Compound R R Yield (%)

88 CQMe CN 7897

89 CQMe Ph 66

90 CQMe p-OMe-Ph

91 CQEt p-Me-Ph

92 CQMe C(O)Me 31

93 CQGMe p-NO-Ph 0

94 CQMe Pyridine 30

95 CQEt CQ'Bu 19

96 CQGBn CN 38

97 CQ'Bu CN 53

98 CQOMenthyl CN 63 (2 steps)

99 P(O)(OEy) CN 19

100 P(O)(OMe) CQMe Not separated

101 P(O)(OMe) C(O)Me 0

102 P(O)(a@Pn: CQEt 0

The first substrate was produced from methgl{anoacetate86, as this
was relatively inexpensive, anid is easy to follow the reaction by NMR

spectroscopydue to the singlet produced by the methyl group.

86 82 88 o
o K,CO4 - =

_N — >
\O)J\// Br Acetonitrile

reflux overnight ‘ | | |

Schemel6 - Synthesis of bisalkyne 88 from methyl cyanoacetate86

After purification of the product by column chromatography, the proton
NMR spectrum showed threesignals; the singlet from the meth, a

doublet from the methylene groups, and a triplet from the terminal
alkyne protons. The carbon NMé$pectrumwas assighed through use of a

HMQC spectrum. The three signals for the carbon atoms attached to

[
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protons were easily assigned. The ester carbmas easily recogised as
having the highest shift, followed by the nitrile carbon. The remaining
two signals were provisionally assigned, assuming the peak with a similar
shift to the terminal alkyne was the other end of the alkyne, and the
remaining quatenary carbon having a lower signal intensity than the
others. Infrared analysis showed the product also had a nitrgeoup,

with a stretch at 2249 cm, and an estergroup, with a stretch at 1740
cml, as expected. Analysis by mass spectrometry showeé thigh
resolution mass to be within 0.5 ppm of the predicted mass, whiclnis

excellent agreement.

The synthesis was successfaind has given yields up to %. Larger scale
reactions were attempted, and with the increased quantitjesacuum
distillation was a viable option to purify the compoundhe recovered
yield here was 7%, but the purification step was easier, and gave a much
purer compound which solidified into kmrgewhite solid. This was ground
down to give acolourlesspowder which was much easier to handle than

the thick oils producedreviously.

Further into the researchproject, literature was found which used
acetone as the solvent at room temperaturevernight*® This gave a
cleaner, greener method of production, andfter extraction from the
reaction solvent,addition of ethanol to the impure product generally
produced large crystals of the product. This fitted well with the

philosophy ofclick chemistry.

To further confirm the product had been formed-ray crystallgraphy
was perfomed on the crystalline product thanks tdeanFrancois Lohier

at the University of Caen.hk structureobtained is shown below.
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Figureb5 - X-ray crystal structure of bis-alkyne 88

Interestingly, the two alkyne groups are pointing away from each other,
rather than aligning together. This projects the two alkynes into two
different areas of space, theoretically meaning a suitable ligand could be
designed to link to the ester and nile groups and present the copper
reaction site to just one of the alkynesrhis, of course, assumes the
molecule adopts thizonfiguration while in solution, and it is not just due

to the crystal packing.
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o _ NaH \o
/—_ 4>
~o0 Br THF

rt 60 hours | | | |

Schemel7 - Synthesis ofbis-alkyne 89 from methyl phenylacetate103

The first changeto this processwas to usemethyl phenylacetate89 as
the substrateof the bis-alkynereaction. Thischange was adoptetiecause
during the racemicclick step discussed later,a large amount ofbis-
reaction product was being formed. Due to the high affinity of nitriles to
copper saltswe thoughtthat the nitrile was interfering with the reaction,
and perhaps holding the copper in close proximity to the molecue,it
could easily react with the second alkyne, something which was not

intended 58

Unfortunately, forming bis-alkyne 89 from methyl phenylacetatel03
required harsher conditions, using sodium hydride as the bhddss could
be because the Ka for the phenyl derivative is mucthigher®® However,
asmall amountof productwas produced, which was subjected the click
procedure. The clickeactionwas successful, and siwed 30% conversion
to the mono-product, anda further 9% to thebis-product, as calculad
from the relative areas of the methyl signals on thgroton NMR
spectrum However, due to the phenyl group on the backbone, and the
phenyl groups on the benzyl azide coinciding on the N&pRctrum,it was
impossible to locate the triazole proton undehé aromatic protonsDue
to the difficulty of assigningignals inthe NMRspectrum combined with

the harsher synthesisthis substrate was set aside.
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104 82 90 o)
o OMe o NaH ~o
) O B e
~0 Br THF
rt 60 hours | | | |

Schemel8 ¢ Attempted synthesis ofbis-alkyne 90 from methyl p-

methoxyphenylacetatel104

Methyl p-methoxyphenylacetatel04 was suggested as the next substrate
in an attempt toclear up the aromatic area of thBMR spectrum. The-
methoxyphenyl group would exhibit two doublets in tremomatic regon

of the NMR spectrum, instead of themultiplet in the phenyl version
Unfortunately, attempts to synthesiséis-alkyne 90 were unsuccessful.
The first method attempted used the sodium hydride reaction that
worked for the phenyl variant. This method dibt produce the expected
peaks in theproton NMR spectrum and showedsome starting material
remaining The reaction waseattempted by heatingat reflux. Again, the
product peaks were not seeim the proton NMR spectrumLess starting
materialremainedthis time, sothis showedsome reaction was occurring.
Next, a weaker base, potassium carbonateas used.Again,the proton
NMRspectrumshowed no peaks from the product. Some high multiplicity,
low intensity peaks were foundround3 ppm, whichwere assumedo be

from the mono-substituted products.

105 82 91 0
/?J\/©/ — NaH /\O
= ¢ >
0 Br THF
rt 140 hours | | | |

Schemel9 - Attempted synthesis ofbis-alkyne 91 from ethyl p-tolylacetate 105

We theorisedthat the methoxy groupdeactivated thereaction site Ethyl
p-tolylacetate 105 was the next to be attemptedin the hopethat by
changing thep-methoxy for the tolyl moiety, the reaction wouldroceed
The ester is also different, due to the methyl ester beiogmmercially

unavailable, although this should not hawe significant effect on the

()
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reaction. Again, potassium carbonatevas chosen as the weak base,
following the same procedure as before. Aftaeating underreflux over

a weekend the proton NMR spectrum showed that no reaction had
occurred The protocolusing sodium hydride was attemptedand the
reaction washeated underreflux overnight.Analysis of the proton NMR
spectrumshowed little reaction, but a series of very low intensity peaks
in the expected position for thedditional alkyne peaks gave hopthat
the reaction was in fact working. The reaction was repeated &afd for
six days, after whichno additional product appeared in thproton NMR

spectrum. This caused this substrate to be set aside too.

0 O
106 o o 82 K,COs4 92 -
— I @)
\OM Br Acetonitrile

reflux overnight | | | |

Scheme20 - Synthesis ofbis-alkyne 92 from methyl acetoacetatel06

Methyl acetoacetatel06 wasthe next molecule tobe investigatal. This
has an ester on one side of the molecule, and a methylcarbonyl moiety on
the other. This was also chosen to simplify the NMR spectrum. Given the
ease of analysing reactions with a methyl ester, putting an methyl group
on the other half of the molecule should give anothersy to identify
singlet. The potassium carbonate pcedure was attenpted, and forned

the product in 31% vyield.
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107 NO
L
HO

Dimethylcarbonate
C. H2804

NO
108 82 93 O 2

NO, —  K,CO
\O Acetonitrile

reflux overnight ‘ ’ | |

Scheme21- Synthesis ofbis-alkyne 93 from p-nitrophenylacetic acid107, via methyl

ester 108

Methyl p-nitrophenylacetatel08 was synthesised from the corresponding
acid 107, using dimethylcarbonate, with concentrated sulphuric acid as
a catalyst.The formation ofbis-alkyne 93 from this was achieved using
the standard potassium carbonate procedure. Proton NMR analysis
showed the product had been formed and no starting material was
present, but the product did contain some movrsubstituted product as

an impurity. Separation by domn chromatography could not sepate

the two products cleanly, and only gave about a 388tcoveredyield of

the bis-alkyne product.

Dimethylcarbonate
C. H2804

o N Acetonitrile
reflux overnight | ‘ ‘ ’

Scheme22 - Attempted synthesis ofbis-alkyne 94 from 2-(pyridin-2-yl)acetic acid

109, via methyl ester 10

Methyl 2-(pyridin-2-yl)acetate 110 was chosen because of itslose
relation to the cyano grouppoth having the nitrogen two atoms away

from the proposed asymmetric centre. Unfortunately the similarity of its

[
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atom positions did not extend to the reactivitySynthesis ofester 110
was attempted from the corresponding acikd9, using dimethycarbonate
and concentrated sulphuric acid. Whilst no starting material was present
in the proton NMR of the crude reaction ntixre, there did not appear to

be any peaks that could correspond to the product either, specifically the
three totwo ratio of methyl and methylene protonsihe synthesis obis-

alkyne94 wastherefore not attempted.

L O O J< 82 _ KyCO4 % o0 o0
e L
- OJ\/U\ o) Br Acetonitrile -0 o)

reflux overnight

Scheme23 - Synthesis ofbis-alkyne 95 from tert-butyl ethyl malonate 111

A malonate is a diester derived from malonic acid. They have an active
methylene unit, surrounded bywo ester groups.Mixed malonates are
pro-chiral, in tha the two ester groups are different with a prahiral

centre on the methylene between the esters.

Formation ofbis-alkynes from these should be ei@s, because of the two
ester groups. Any two alcohols can be used to create a mixed malonate,
so this alsoallows for a widerange of different substratesThe initial

mixed malonate chosen watert-butyl ethyl malonatelll.

The reaction to form bis-alkyne 95 was first attempted with potassium
carbonate as the base, but analysis of the proton NMR spectrum showed
that no product was formed. A search of the literature uncovered a
previous attempt to perform a similar reaction, but with a symmetrical
malonate, aml hexyl bromide, instead of propargyl bromidé. On
following the same procedure, which used sodium hydride as the base,

the product was formed in just 19% yield.
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Realising that changing the nitrile moiebn our original backbon®nly
gave detrimental reslts, we changed our focus onto changing the other

side of the backbone, the ester.

0 K2003 = N

N — =
= — ? (e}
©ﬁok/ Br Acetonitrile ©/\

reflux overnight | | | |

Scheme24 - Synthesis ofbis-alkyne 96from benzyl cyanoacetate 12

Firstly, benzyl cyanoacetatd12 was tried. e reaction proceeded well
under thestandard potassium carbonate procedure and the crude proton
NMR spectrim showed peaks characteristic of the produis-alkyne 96,
with an amount of starting material present.Purification via column

chromatography gavea yield of 28%.

113 82 97

J R = T L K
/ [—
OM Br Acetonitrile 0

reflux overnight

Scheme25 - Synthesis ofbis-alkyne 97 from tert-butyl cyanoacetatell3

Following on from the methyl ester giving a clear singlet in the proton
NMR spectrum for easy determinationf reaction progresstert-butyl
cyanoacetatell3 was chosen next. lalso gives the clear sghet, but at

a much lowerchemicalshift. The outcome of the NMR spectroscopy in the
presence of a chiral lanthanide shift reagent using the methyl
cyanoacetatebis-alkyne88, detailed later,was instrumental in the choice
of this new structure.The reaction proceeded well under the potassium
carbonate procedure, and yields up to 58% were obtained. Crystallisation
from ethanolproduced pale yellow crystals which were suitable foray
crystallography.JeanFrancois Lohier at the University of Caen assisted
me in the mounting of this crystal, and performed thaalysis The crystal

structure is given irFigure6.
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Figure6 - X-ray crystal structure ofbis-alkyne 97

The two alkyne groups are again pointing away from each other, and they
form a mirror plane throughtie molecule.Their positionis notable with

the terminal alkyne protons out away from the centre of the molecule,
compared toFigure5, where one is near the moleculand the other is
away. This may mean it is harder for the ligand to have an effect while
distinguishing the two alkynesAgain, this assumes the molecule adopts

this configuration while in solution, and it is not just due to the crystal

packing.
114 115 e
-TSA

e OR O

_ =

2 Toluene -

: OH HO Dean-Stark apparatus H ©

PN 2

Scheme26 - Synthesis of menthyl 2cyanoacetatel16 from L-menthol 114 and

2-cyanoacetic acid 115
The final esterchange performed was using-menthol 114 to form an

ester. 2Cyanoacetic acid15 and L-menthol 114 were added to toluene,

and the reaction was catalysed bhyTSA using a Dea8tark apparatus.
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This afforded an orange reaction mixture. The produddi6 proved not to
be miscible with Apentane, whereas the impurities we. The crude
reaction mixture was therefore stirred vigorously in-pentane, and the
mixture was filtered off to give an 81%ecoveredyield of the desired

menthyl cyanoacetatgroduct 116.

116 82 98
o] N _ KyCOs - 9 N
. —
- O)v Br Acetonitrile H o
z reflux overnight PN | | | |

Scheme27 - Synthesis ofbis-alkyne 98 from menthylcyanoacetatel16

This menthyl cyanoacetate was subjected to the standard potassium

carbonate reaction to affordbis-alkyne 98, which after purification by
vacuum distillation, gave eecoveredyield of 78% Recrystallization from

ethanol again gave crystals suitable forrXy crystallography.Jean

Francois Lohier at the University of Caen performed the experiment, and

the structure isshown inFigure?.
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Figure7 - X-ray crystalstructure of bis-alkyne 98

Following the above research, weoncluded that themost appropriate
molecules to investigate further would be the original metl88 andtert-
butyl 97 cyanoacetates becausthey areeasy tomakein a good yield and
it is easy to follow the reaction by proton NMR spectroscopyadtiition,
the L-menthyl cyanoacetaté98 was chosen because it could be produced
easily in excellent yield, and might allow the sense of asymmetric
induction from the proposed asymmetric®lickQ reaction to be
determined, if the relative stereochemistry of the moftoiazole could be
proven by crystallography. The menthyl ester, howeveray act as a
chiral auxiliaryin the click reactionperhapsresulting in an improved, or

reducedee by double stereodifferentiation.
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PHOSPHONATE ESTERS

In addition toesters, and a mixed malonat¢he synthesis ophosphonate
esters was investigated A phosphonate ester is similato a standard
carbonate ester, in that a doubtbonded oxygen, and alkoxy groups are
bonded to the phosphorus, the difference being there are two alkoxy

groups, instead of one.

117 82 99

0

o - KoCOs Eto-p_ 2\
I _N — s /
EtO-P _#~ Br Acetonitrile EtO

EtO reflux overnight ’ | ‘ |

Scheme28 - Synthesbs of bis-alkyne 99 from diethyl cyanophosphonatell?

Diethyl cyanophospbnate 117 was the firstphosphonate esteused and

is a close analogue of the original methyl cyanoaceta®b6 precursor,
except with ethyl alcohol groups on thphosphonateester, in place of
the methyl ester. A literature search found only one previous preparation
of the compound®® This required the use of potassium metal iry
diethyl ether as the first stepto form the potassium derivativebefore
addition of the propargl bromide This was deemed extreme reaction
conditions which would na fit well with the ®lickQchemistry philosophy.
We decided touseour standard reaction procedures established with the
cyanoacetate ester and should they not work, the phosphonateis®r

would be digarded.

The reaction proceeded using the potassium carbonate protocol, and
analysis of the proton NMR spectrum showed very few impurities.
Purification by silicaggel chromatography using petroleum ether and ethyl

acetate as the eluent gavan overall 19% yield of produd9 as a pale

yellow oil.
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118 82

K,CO;4 _
\ lq Q —— - BO/P o~
O-P o~ Br Acetonitrile

—0 reflux overnight | | | ‘

Scheme29 - Synthesis ofbis-alkyne 100 from trimethyl phosphonoacetatel18

Trimethyl phosphonoacetatd18was the next phosphonaténvestigated
This is similar to the mixed malonate backbone of the ester series, with
an ester on one side, and the phosphonate ester on the othErere was

no literature precedentthis reaction The reaction again proceeded well
using the potassium cé&onate protocol, and analysis of the proton NMR
spectrumshowedthat the product had formed, but with some impurities.
The impurity peaks were close to the product peaks, so we theorised that
these could have come from the starting material and meswbstiuted
product. Purification by silicgel chromatographysing petroleum ether
and ethyl acetate as the eluent was unable to separate the moand
bis-substituted productsfully. A small amount ofimpure bis-alkyne
product 100 was obtained, but furtherpurification was not attempted.

The click reaction was performed on this mixture of products.

119 82 K.CO 101 | o O
O O 2-3 O-P

N\ — - k
ng\)J\ Br Acetonitrile —0

reflux overnight | | ‘ |

Scheme30 ¢ Attempted synthesis ofbis-alkyne 101 from

dimethyl 2-oxopropylphosphonatell19

Another phosphonate ester backbone used was intethyl 2-
oxopropylphosphonate 119. This is an analogue of the methyl
acetoacetate backbone of the ester serie82, in that it has the
phosphonate ester on onaide of the methylene, and a methylcarbonyl

group on the other The potassium carbonate procedure was used, but
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analysis of the proton NMR spectrum showed numerosignals from
productswhich were not expected, and could not be identified. Tihies-

alkyne productl0l1l was not found among these signals.

120 82 102 (0] (0]

K,CO I

4( 0o o _ 2C0s 0-pP
i — . / o

o_/PQkO/\ Br Acetonitrile > 0

o reflux overnight | | | |

Scheme31 ¢ Attempted synthesis ofbis-alkyne 102 from

ethyl 2-(di-isopropyl phosphono)acetatel20

The final phosphonate used wasthyl 2-(di-isopropoxy phosphoryl)
acetate 120. Thisis amther analogue of the mixed malonate from the
ester series, Howeveranalysis of proton NMR spectra resulting from the
standard potassium carbonate procedure gave no sign of the produst

alkyne102.

Of the phosphonate esters investigated, none appearta provide the
ease of reactionand excellent yield required for aklickQchemisty
protocol, compared to the ester seriesThis avenue was therefore
discontinued. The two phosphonate compounds which had been
synthesised successfully anghrtly purified were subjected b the click

reactionprocedures
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AZIDE COMPOUNDS

The azide moieties were synthis®d using the method proposed by
Alvarez and Alvarez where the corresponding bromigas treated at
ambient temperaturein a 0.5 M solution of sodim azide in dinethyl
sulphoxide ®2 These reactionsachieved yields ofup to 98% in just one

hour.

NaN3
R—Br —» R=Ns
DMSO

Scheme32 - Method used by Alvarez to form azide

Following these procedureshe synthesis obenzyl azide waschieved,
and has given yields of up t84%. Several different azide moietiegere

made as part of this proje¢tthese are detailed infable5.

Table5 - Azide moieties formed with yields

_ _ Compound
Azide Yield
Number

Benzyl 94% 73
Benzhydryl 99% 121
Trityl 98% 122
Benzoyl 76% 123
2-nitrobenzyl 94% 124

The reaction withbenzoyl chloridewas attempted using the standard
reaction in DMSQbut on addition of thechlorideto the DMSO solution a
violent reaction occurred. Later research found that DM8&&acts with
benzoyl chloride 125 to form 2-(methylsulphnyl)-1-phenylethanone

126.%3
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125 1) 126 11
——» S\
o DMSO

Scheme33 - Unexpected reaction of benzoyl chloride with DMSO

A literature method for the synthesis was found, whiaked an acetone
water mix as the solvent systefif This reaction gave the product ia

yield of 76%.

Comparison of click reactions performed using commercial benzyl azide
and my freshly prepared benzyl azidehowed they both performed
equally well This gave me confidence in using this process to synthesise

azides for further reactions.

On leaving the benzyl azide in the fridge for some time, the colourless
liquid turned pale yellow. This could indicate some deterioration of the
compound However, as all the reactions to produce the azides generally
give very pure products, in almost qutitative yield, in a short reaction

time, they can be produced as and when needed for the click reaction
step, and usd without further purification. Generally, they can be

produced in the time it takes to charge the reaction vessels with the other

reagent.

In addition to the stepwise procedurge there were several reported
procedures where the azide is formeish-situ during the reaction. This
method has several advantages. Firstly, azides are known to be explosive,
and are highly volatile. With this ntkod, the azide is notisolated, and
there will theoretically be a very small quantitg the reaction at any one
time due to the efficiency of the click reaction. Secondly, as mentioned
above, the azidemay deteriorateafter some time. With the formation
occurring in-situ, and the other reactants being present in a large excess
overthe formed azide, the click reaction occurs very rapidly, eliminating

the time for deterioration.
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As a midground between the two procedures, a oneot, two-step
reaction was devalped. In the review on coppercatalysed azidealkyne
cycloadditions by Meldal andornge, they summarised numerous click
reactions from the seven years preceding the pagérMany of the
reactions proceeded in DMSO, which is the same solvent u$ed
formation of the azide. So for the midround,the azide was formed using
the same procedure as Alvarez, bubo purification was performed A
small sample of the reaction mixture was taken after an hour, and NMR
analysis showed the progress of the reaction. Thenzyl protors shift
slightly between the bromide and azida the proton NMR spectrumfrom
4.50 ppm for benzyl bromide, to 85 ppm in benzyl azideln addition, IR
spectroscopy was used to show thestretch corresponding to theC-Br
group at around 1600 cm® had disappeared and the GNs; group had
replaced it with a stretch at around 2100 cm Once at this stage, the
reagents for the click reaction, théis-alkyne and the copper source,
were addedto the existing reaction mediand thereaction wasallowed

to proceed as normal.

KK3)K



CLICKPRODUCTS

Theclickchemistry step followsa variationto the protocol originaly set
out by Sharpless where alkynE27 and benzylazide73 are suspended in

tert-butanol/water and acopper(l) source is added®

127 73 N 128
3 CuSO, - 5H,0, 1 mol%
o sodium ascorbate, 5 mol% 0 N=n
NI > L&N\/@
— | P> H,O/tBuOH, 2 : 1, RT, 8h

Scheme34 - Procedure used by Sharpless

A 91% vyield of theproduct 1,4-regioisomerl28 wasachievedusing just 1
mol% of copper(ll) sulphate, with 5 mol% of sodium ascorbate to reduce
it to the active copper() species.There is no contamination by the 1,5
regioisomer.The variationused in this thesis usesopper powder as the
catalyst, and relies omir oxidation of the copper to form the active

catalyst®®

At the start of the projecta series of reactions were performed to gauge
the efficacy of several copper sources for the reactidnliterature search
showed numerous copper sourceand forms that had been used in
previous CUAAC researchincluding a reviewlisting.’® Several copper(l)
and copper (Il)salts were selectedfor testing, along with copper(0)

powder, the results are given in Table 6
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Table6 - Comparison of copper sources

Copper Sourcel NMR Results
1 CuSQ 44 | 31/ 25
2 Cul 50/ 257/ 25
3 CwO 57 119/ 24
4 CuCl 52 /27121
5 CuBr 55/ 23/ 22
6 Cu(OAc) 52 /27121
7 Cu(0) 58 /30/ 12

The outcome of the reaction showed that copper(ll) sulphate and
copper(0) powderproduced about the same amount of mondriazole
product, but coppef0) powder gave a lower yield of the unwantdds-
triazole product. he four copper(l) sources, copper iodidegxide,
chloride and bromide, and copper (ll)acetate, all gave slightly lower
yields, with the additional problem ofimpurities from the DIPEA sed,
which was still present irsome ofthe NMR spectraTherefore,copper
powder was choseffior our catalystfor the racemic reactionsln addition,
this made the reaction easier to purify, dee reactionmixture could be
filtered after quenchingio remove the coppempowder. After this, removal
of the solvents under vacuum would give the products and any remaining
starting material which can be separated easilypy column

chromatography.

However, for the work with ligands, pper(0) powder is not suitableand
copper(l) iodidewould be used instead. To ensure the ligand is having an
effect on the reaction all copper atoms need tde interacting with a
ligand. The process of having an excess of copper powder and relying on

oxidation by air is not compatilel with this.
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() N=N
88 4 —
) N Copper source N
—
~ = N3~R3 ——— ~0 N=N
0 tert-butanol/water ‘N _

RT overnight 0 X Rs
Il X =n

N /

N=N

Scheme35 - Standardclick chemistry reactionusing bis-alkyne 83

Due to the lack of chiral induction in this steps no ligands are used,
both the mono and bis-substituted products are synthessed as a
mixture, as shown irScheme35. Separation of the two producteequired
column chromatography. The starting material elutes first, followed by
the mono-product, then thebis-product. Purification in this wa is easy
and produces the mongroduct in a clean state. The monrproduct in

this reaction isof courseracemic

The NMR spectrum of the crude reaction mixture was particularly useful,
as themethyl singlets from the starting material, morand bis-products
are well separated, and an easy comparison can be made to obtain

percentage yields. SeEigure8.
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Figure8 - Section from poton NMR showing the three methyl singlets.

Thesamebis-alkyne 88 was treated with the other azide that had been
synthedsed and the results are shown iffable7. Of the results obtained,
the benzhydryl poduct gave the best monaelectivity at a reasonable
rate. Thisis probablyto do with the bulkinessof the group. Thetrityl
group did give better moneelectivity with only a trace amount of the
bis-product, but required reaction at reflux for two days t@ive only14%
yield, whereas the benzhydryl group reacted at room temperature, and

gave26% conversion, with 886 of the mono product.
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Table7 - Summary of results with differing azide group

88 e} O
- N R-N3 (1.0 equiv) N
O Copper powder
o
[ tert-Butanol:Water 1:1 Il &N
/N_ l
R
O N3
N N
3 3 N
RGNS
73 121 122 124
Benzyl azide Benzhydryl azide Trityl azide 2-nitrobenzyl

azide

Reacted at room

Reacted at room

Reacted only

Reacted at room

temperature temperature under reflux temperature
SM 53% SM 74% SM 86% SM 28%
Mono 25% Mono 22% Mono 14% Mono 46%
Bis 22% Bis 4% Bis Trace Bis 26%

Despite this, benzyl azide was chosen as the one to take forward into
further analysis. Bdt benzyl bromide and azide arkquids, which can
easily be measured out using a syringe on a small scale, whereas
benzhydryl bromide is tumpy solid, whichis harder to weigh out, as only

a few milligrams is required per liganalssessmentlt is also easier to
track by NMRanalysis becausethe benzyl protons are unobstructed,
whereas the benzhydryl protonsimasked under the phenyl grouip the
proton NMR spectrum In addition, should thechiral ligand system be
effective enough to produce a goode, very little of the bis-product

should beproduced & it requires reaction on the dfavoured alkyne.
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Therefore,the higher reaction rate of benzyl over benzhydryl azimay

produce higher conversions in a shorter time.

At first, our research was focused on improving thraono-selectivity.
Severaldifferent reaction solventsand catalystswere tested, a summary

of which are shown infable8.

Table8 - Click reactions performed without digand

R4 R,
Ri_R2
N Copper source
RS/ 3 e || z /!\l
[l NN
Rs
Copper Azide
Alkyne Azide Solvent NMR Results

Source Source
1 88 73 tBUOH/HO | Cu(QAc), | Commercial| 52/ 27/ 21
2 88 73 tBuOH/HO CusSQ Commercial| 44/ 31/ 25
3 88 73 tBuOH/HO Cu(0) | Commercial| 58/ 30/ 12
4 88 73 Toluene Cu(0) | Commercial| 53/ 32/ 15
25/ 7570

5 88 73 DMSO Cu(0) In-situ
25 /53 /22
6 88 73 DMSO Cu(0) In-situ 70/ 30/ 0
7 88 Phenyl DMSO/HO Cul In-situ 26/ 59/ 15
8 88 123 tBUOH/HO Cu(0) Premade 100/ 0/0
9 88 121 (R) [tBuOH/HO Cu(0) Premade | 47/ 22/ 31
10 88 124 tBUOH/HO Cu(0) Premade 29/ 471/ 24
11 88 122 tBUOH/HO Cu(0) Premade 100/ 0/ 0
12 96 73 (50) |tBuOH/HO Cu(0) Premade 48/ 29/ 23
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Copper Azide
Alkyne Azide Solvent NMR Results
Source Source
13 97 73 (50) |tBuOH/HO Cu(0) Premade 39/ 371/ 24
14 92 121 tBUOH/HO Cu(0) Premade 42 /18 / 40
15 95 121 tBUOH/HO Cu(0) Premade 56/ 20/ 24
16 99 73 (50) [tBuOH/HO Cu(0) Premade 16 / 21/ 63
17 100 73 (50) |[tBuOH/RO Cu(0) Premade N/A
18 88 122 (R) tBUOH/HO Cu(0) Premade 86/ 14/ 0
19 88 121 tBuOH/HO Cu(0) Premade 741 221 4
20 97 121 tBuOH/HO Cu(0) Premade 41/ 25/ 34
21 97 121 (50) |[Toluene Cu(0) Premade 57/ 8/ 35
22 97 73 (-40) |Toluene Cul Premade 51/ 17/ 32
23 88 73 (-40) |Toluene Cul Premade 52/ 221 26
24 88 73 (n 125) |[tBUOH/HO CusQ Microwave | 32/ 30/ 38
25 88 73 (n 125) |tBUOH/HKHO CuSQ Microwave | 43/ 42/ 15
26 88 73 (n 125) |tBUOH/HKHO CuSQ Microwave | 36/ 26/ 38
27 88 73 (n70) |THF CuSQ Microwave | 37/ 46/ 17

NMR resultsare given as ratio of SM/MonoBisproducts. All reactions performed at,
or just above, RT, excluding those which were performed at the temperatutia the
brackets, under reflux (R), or in afocussed microwave reactor at the stated
temperature (p X). Azide source: Commercial means used as purchadedm Alfa
Aesar, with no purification. Premade means synthesised by myself, and purified
immediately prior to use.In situ means synthesised by myself, anaot purified prior
to use. Microwave methods used benzyl azidsynthesisedfrom sodium azide and

benzyl bromideinside the microwave reactor as the reaction progressed.
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Entries 1 to 3 compare the use of different copper sources for the
reaction, and all give about 30%onversionof the monosubstituted
product. Entry 3, using just copper powdas the catalysthas the lowest
amount of impurity from thebis-substituted product. Tis, coupled with
the ease of separation of the catalyst at the enchade this the clear

choice for further usen the ligandfree synthesis.

Entry 4 changed the solvenb toluene, from a mixture of water antert-
butanol. This was in preparation for ligand assisted reactions later, that
generally take place in tolueneThis did not have much effect on the

reaction, with the yields of both prodats similar to that of enty 3.

Entries 5 and 6 formed the benzyl azidesitu, before the click reagents
were added. This means the same reaction solvent is uddte original
proton NMR analysis ofrdary 5, prior to purification, appeared toshow

an unprecedented yield of 75% mortoiazole, with no bis-triazole
produced at all. Unfortunately, after separation by column
chromatography, proton NMR analysis showed the product fractions to
consist of both products, 71% mono to 29%s-product. This pheaomenon
has not been explained so far. It was thought that the column conditions
could have aided the change, but stirring of the purified mepimduct in
the column eluent with silica produced nbis-product. This experiment
has been performed several timsunder the same conditionsand has not
had the same outcomeFor example, entry 6 uses the same conditions,
but the yield of moneproduct was just 30%, similar to that of the
previous reactions. There was niwis-product detected in this reaction

either, and none was retrieved after purification

Entry 7 followed the procedure set out by Liang, for the formation of
phenyl azidein-situ.6” This was successful, and gave a large proportion of

the mono-product. This method was considered for future use, but i
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would be unsuitable for the reactions using ligands as the aqueous

solvent conditions are not compatible with most ligands being used.

Entries 8 to 11 used different azide grougsntry 9 used benzhydryl azide,
and the reactionwas performed at reflux. Ais gave a good yield of the
mono-triazole, buta larger proportion of the unwantedis-triazole. The
reaction was performed agaihater on for entry 19, this time at room
temperature which gave the same yield of mo#tidazole, but much less
of the bis-triazole byproduct. Benzoyland trityl azides did not form any
productsat room temperature,but entry 18 shows trityl azide does react
under reflux conditionsThe steric hindrance of the three phenyl groups

attached to a single carbon atom is clearly aaplhere.

Entries 12 and 13used different substituents on the alkyne backbone.
These reactions were performed at C in an attempt to produce a larger
quantity of monoproducts for easier separation ananalysis.Changing
the methyl ester to benzyl otert-butyl gave results similar to the original
methyl ester The benzyl ester variantvas also not easy to follow by
proton NMR analysis, as thenly singlet from which to obtain ratios does
not move sufficiently to form separate signals, especially witembined

with the benzyl proton signal from the azide.

Entry 14 used the acetoacetate backbonwith benzhydryl azide. fe
proton NMR analysis showed 40% conversion to the undesitas
product, with just 18% conversion to the moraroduct. Entry 15 used
the mixed malonatetert-butyl ethyl malonate with benzhydryl azide. This
gave similar results to the original cyanoacetate, but with slightly more
bis-product. These twobis-alkynes were originally created to avoid having
a nitrile group in the moleculehecause it was thought it may be holding
the copper reaction centre in the vicinity of the second alkyne group,

causing an increase in thbis-click product. However, these reactions
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both have a higher yield of thbis-click product, so this theory has bae

proved wrong.

Entry 16 was he first phosphonate ester, basedon diethyl
cyanophosphonate. This reaction gave just 21% conversion to the mono
triazole, but 63% conversion to the undesirdds-product. Entry 17 was
based on the other successful phosphonat ester, Trimethyl
phosphonoacetate. Whilst the reaction did in fact form some products,
the multitude of overlapping methyl signals in the proton NMR caused for

an impossible task in obtaining any yield data from it.

Entries 20 and 21 used theert-butyl cyanoacetate backbone, with
benzhydryl azideThe standard reaction at room temperature intart-
butanol and water mixture gave results similar to the methyl
cyanoacetate versionThereaction in toluene at the higher temperature
of 50 °C gave a lower overall conversioand mostly to the bis-triazole.

In this case it seems thhigher reaction temperature favours formation

of the bis-triazoleover the moneotriazole.

Entries 22 and 23 were preliminary reactions performender the same
conditions that would be used when the ligands were used. In this case,
copper(l) iodide worked well, compared to previous reactionstert-
butanol:water, where it gave a lower yield than using copper(0) powder.
In this case, both methyl andert-butyl cyanmcetates were used, and
gave very similar results, with a slight advantage to the methyl

cyanoacetate.

Entries 24 to 27 were conducted in a focussed microwave reactor. They
all used benzyl azide, which was synthesised during the reaction from
sodium azideand benzyl bromide. Whilst the reactions proceed much
quicker than the standard reactionsll of the azide was consumed in just
15 minutes, they have a tendency to form a large proportion of the-

product, and between the three reactions usingqueous solvent
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conditions, there is a large variation in the conversions. Entry 24 and 25
were irradiated for 20 minutes each, with entry 26 being irradiated for
just 15 minutes, yet entry 26 givesnaoverallconversion almost as high
as entry 24, andooth are hgher than entry 25. Looking at the mono
triazole though, entry 25 gave the best proportion of mopooduct, with
42%,and 15% of thebis-triazole. This is similar to the results from using

THF as th solvent in entry 27, and at theower temperature.

As described above, a menthol ester was introduced, and followed the
procedure set out inScheme36. The initial plan was to try to perform a
fractional crystallisation orthe product to separate the stereésomers.
Menthol is a cheap, readily available chiral alcohol, which would easily
introduce defined chirality into the molecule. A search of the literature
brings up hundreds of results for the more sterically hindereddamore
expensive 8-phenylmenthol, which is well known because it has been
used by Corey in the synthesis of prostaglansdtd Menthol itself is not

as widely used as a chiral auxiliary for the purpose of crystallisation, but

it has beenused?®®
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R

Methanolysis
Sodium Methoxide

Scheme36 - Proposed method using-Menthol as a chiralauxiliary

Methanolysis ofthe mentholester of the separated productsvould then
give the original triazole products, which could be analydedvalidate
the chiral shiftNMRand HPL@nalyticalmethods, and also to determine

the absolute configuration of the product?.

The click reaction was performed on a smaller scale, pnaceeded well,
even on the hinderedis-alkyne.The reaction vas peformed with benzyl
azide and benzhydryl azidédboth pre-made, andin situ methods. Analysis
by proton NMR spectroscopy showed yields of upamund 3% mono
product, with theremainder being starting material anlis-product. The

full results are givenn Table 9.
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Table9 - Results from reactions using-Menthol bis-alkyne 98

98
0]
(0] N R_N3 //N
o Z Copper source . - OJ,}{
: Solvent PN
g ol
N-N
R
Copper Azide
Azide |Solvent NMR Results
Source Source
1 121 tBUOH/HO CusQ Premade 95/5/0
2 121 DMSO Cu(0) In situ 35/ 51/ 14
3 121 tBUOH/HO Cu(0) Premade 731231/ 4
4 73 tBUOH/HO Cu(0) Premade 32/ 45/ 23
5 121 tBUOH/HO Cu(0) Premade 30/ 54/ 16

NMR results given as ratio of SM/Mondis products. All reactions performed at, or
just above, RTAzide source: Premade means synthesised by myself, and purified out
immediately prior to use.In situ means synthesised by myself, and not purified out

prior to the click reaction taking place in the same reaction vessel.

The reaction indicated inrTable 9,entry 1 used benzhydryl azide. The
reaction was performed at room temperature overnight, and shows very
little yield. This could indicate that due to theombinedbulkiness of the

ester groupand azide groupthe reaction is slower.

Entry 2also used benzhydryl azide, and the reaction vagainperformed
at room temperature over a weekend. Ais time the reaction was
performedin DMSQ as the two equivalents of azide were synthesidad

situ beforehand In addition, this used copper powder ahe copper

[
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source, rather than copper (ll) sulphat&his gave a much better yield,

and this reaction was purified successfully using column chromatography.

Entry 3formed a brown sludge upon working up, which did not dissolve
in any solventsExtractionwith pentane was attempted, and proton NMR
analysis of this showed some mofproduct had leached into the solvent,
along with a small amount of the starting material. Furthextraction
brought out more of the moneproduct, and the combined triturates wer
purified by column chromatography to give a 5% recovered yieldhe

mono-product.

Entries 4 and 5 were run concurrently. Entry 4 used benzyl azide, whereas
the other reactions with the menthyl ester all used benzhydryl azide. TLC
analysis of both readons after a weekend at room temperature showed
minimal reaction, perhaps due to the low temperature in the lab. The
reactions were then heated to 508C for a further two days, which gave
good yields of the mongroducts by proton NMR analysis. Extractioh

the benzhydryl azide reaction brought about the mopooduct, as
before. However, extraction of the benzyl azide reaction was unsuccessful
at purifying the product. In addition, the brown oily sludge formed did

not dissolve in any solvents tried.

129 130

Figure9 - Two diastereoisomers formed frombis-alkyne 98and azidel21
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Separation of the two diastereoisomers was attemptefirstly, column
chromatographywas investigated.TLC analysis using severaifferent
solvent systems wagerformed, but no separation could be obtained.
Fractional crystallisation was attemptedext, from both ethanol and
pentane, solvents which have favoured crystallisation of thes-alkynes
before, but no crystalswere formed. Crystallisation was also attempted
from bi-layer systems, and several solvent mixtures, but thesefailled

to produce any crystals.

Structure 131 - Cholesterol

Cholesteroll31 is another chiral alcohol which has beesead as a chiral
auxiliaryfor a fractional crystallisation, so it was chosen as the next chiral
auxiliary/* Andersen used a menthyl group as a chiral auxiliary for the
formation of dialkyl sulphoxide435.”?2 Similar to our work, hese proved

to be problematic, because the menthyl methylsulphinatexist as oils,
which are difficult to obtain pureTherefore,as perScheme37, Andersen
changedhis procedure touse cholesterol irhiswork, and the addition of
the cholesterol group enabledeparation ofthe two diasteroisomersby
crystallisation. Cholesterol 131 was combined with methanesulphinyl
chloride 132 to form the sulphinate 133 in quantitative yield.
Crystallisation at this pointmanaged to separate the two different
diastereoi®mers of the productl34. The next step was to intuce the
second alkyl groupusing a Grignard reagent,ejecting the cholesterol

group, and leaving the chiral dialkyl sulphoxsd&35.
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Scheme37 - Procedure used by Andeen using cholesterol (Chol) as a chiral

auxiliary to form chiral dialkyl sulphoxides.

| attempted a similarproceduregiven by Gusevabut unfortunately, the
acid-catalysed reaction with 2cyanoacetic acid115 produced no
product.”® On standing, the reaction mixture congealed together in the

bottom of the flask,and could not be removed.

Scheme38 - Procedure used in attempted synthesis of cholesteryl cyanoacetdtg6

While there is a literature precedent for formation of the acid chloridke
2-cyanoaceic acid, there is none for the formation of the cholesteryl
ester this way’®’* The onlymethod in the literature for formation of
cholesteryl cyanoacetate uses the transesterification of ethyl
cyanoacetate in refluxing toluene with the boiling off of ethol as the
driving force’® Neither of these methods were attempted however, as the

project had moved on to the ligand evaluation.
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CHIRAL ANALYSIS PRDERE

Very early into the project, once a pure mo+toiazole sample had been
formed, we began to developa procedure to analyse these of the
products. Chiral HPLC analysies the standard procedure here, angdas

the first to be attempted.

Samples of aacemicmono-triazole made from methyl cyanoacetat88
and benzhydryl azidd21 were formed, and run through a Chiralc@®D-H
column. Initial trials of the @iral HPLC analysimiled due to the peaks
appearing as a negative absorption on the HPLC trddds appeared to
give results from racemic, through to a 3486 on the same sampleThis
was clearly not a viable way of performing the analysis. To try to
determine why negative peaks were experienced, the sample was
transferred to a fluorescence spectrophotometellowever,it exhibited

no fluorescence under the same conditions as in the HEket&ctor. An
additional sample was made usifgesh solvents and this still exhibited
the same negative peak problemAs HPLG@nalysisworked well for other
samples, butappeared to not work for my compounds, this method of

analysis was disregarded

The nex procedure attempted was gas chromatography. This is similar to
HPLC, but instead of a liquid mobile phase, a gaseous mobile phase is
used, at elevated temperatures. The column lengih also increased
dramatically froma few centimetres to severalmetres. The compounds

are made up in a solvent which evaporates quickly under the high
temperatures of the apparatus, to allow the analyte to be taken up in the
gas flow. Detection of any analytewas done using a flame ionisation
detector. This uses a hydrogdhame to ionise the gas stream as it comes
out of the chromatography column, which doubles as the positive
electrode. The ions are then attracted to a negative electrode. This

process creates a current through the device, which is measurable. If
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there is alarger amount of analyte being ionised, then the current

increases. This variation forms the chromatogram.

A sample ofthe mono-triazole used for HPL@vas created, and analysed

on the gas chromatographUnfortunately, no products could be found in
the GCtrace. A more concentrated sample was made up, and this too
showed no product®n the chromatogramThere are several explanations
for this, the products may have not interacted atlatith the column, and
gone straight througheither with, or clo® to the injection solvent peak
Another possibility is that they interacted strongly with the column, so
had a very high retention timeThis means the peak would appear very
broad which would be harder to spot on the chromatogram. In addition it

may appear ouside the normalrun time so would not be seen.

After the initial failed HPL@nd GCanalyss, we turned to chiralshift
NMR spectroscopy. This involved theortion-wise addition of a
europium-based camphoratechiral derivatizing agent (CDAY the NMR
sampleand obtaining a new spectrurafter each addition As more of the

CDAis addedsomepeaks from thetwo enantiomersmay separate

The two enantiomers would exhibit the same NMR spectrum under normal
conditions, but on addition of the CDA to the samplinteractions
between the analyte and CDA form diastereoisomers, abvhihave

different NMR spectra

There are several CDAs which can be usEllethree ligandsin Figurel0
are commonly found in CDAs, complexed with either europidaietium,

lanthanum,ytterbium or praseodymiun’®
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Structure 140 - Eu(hfc), the chosen Chiral Derivatizing Agent

The CDA chosen shown above was europium(lll) tris[3-
(heptafluoropropylhydroxymethylenefl-camphorate](Eu(hfc}) 140. This
particular moleculehas a literature precedent fobeing used as a CDA for
nitrile-containing molecules, so was expectedwork well.”® In this work,
the authorsformed optically active cyanohydring42from aldehydesl41,
using an enzymemandelonitrile lyase as inScheme39, which is found in
a crude extract of almond flourThe CDA washien used to determine the
enantiomeric excess of the samples.

141 142
O] mandelonitrile lyase

_<OH
= R—H
R_< CN

H KCN / HOAc

Scheme39 - Procedure used by Brusseet al., for formation of cyanohydrins
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Figurell - Effect of addition of CDA omono-triazole productof bis-alkyne 88 with

benzhydryl azide 121 The front spectrum is prior to any additions.

As can be seen ikRigurell, each addition of the CDA causes the peaks to
separatefurther. The peak with the most pronounced effestarts at just
under 3.5 ppm, from the methylene adjacent to the triazole.
Unfortunately,the methyl singlet just abovét blocks the higher shifted
signal at the key point after the third addition when the peaks have been
separated. A further addition causes the least shifted peak move

underneath the methyl singlet, in addition to the methyl signal starting

to split.

For this reasonthe tert-butyl esterbis-alkyne97 was developed because
it does not contain any signals in the methyl group area that could

interfere with the separation. e chiral shift procedure was repeated

shown inFigurel2.

MK



AS144:F2-ChiralShift-3

|
Jm | u’«‘

J W\
AS14: AFZ—CT

rawﬂft—l

AS144:F2-Ch

: . . . . . . . . . . !
8.0 7.5 7.0 6.5 6.0 5.5 4.5 3.5 3.0 25 2.0 15 1.0
f1 (ppm)

Figurel2 - Effect of addition of CDA on monetriazole product of bis-alkyne 97with

benzhydryl azidel21. The front spectrum isprior to any additions.

As can be seen, with just one addition tlsgégnalthat starts just below
3.5 ppmseparatesinto two doublets, and what appearat first to be a
triplet. The two doublets were assumed to like signalfrom one proton
and the dtripleté was assumed to béwo overlapping doubletshe same
as the other signal from the other proton Further additions show the
doublets separating further, and theétripleté splits further, into two

doublets as expected.

The original singlet correspmnds to two protons on the methylene
adjacent to the triazole. On reaction with the CDéach proton on each
enantiomer is in a different environment, causing four signals. In
addition, the signal is now split by the other methylene proton, because
it is in a different environment. This causes the four doublet signals

obtained.
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The triazole andert-butyl signalsare also beginning teeparate,giving
potentially threesignalratios from whichto obtain anee. In this case the

product was racemic, as expexd.

During myperiod of stud/ in France, one racemic sampleas given to
their HPLC technician for analysiéfter a period of testingon several
different columns and conditionshe returned with separation conditions
for my molecule, using their HPLC sg®. Throughout the rest of my

period ofstudy in France he performed my HPLC analysis

The conditions he found used a Daicel Chiralpak IC column, instead of the
OD-H columnattempted before. The main difference is the selector used
on the chiral cellulose backbone. Theew OD-H column uses 35
dimethylphenylcarbamate 7, whereas the IC column uses 3,5
dichlorocarbamate 8, which would give a very different electronic
environment with two mildly electron donating groups per phenyl group,
rather than two highly electron withdrawing groups$n addition, the OP

H column material is coated onto the polysaccharide support material,
which means it can be removed by putting the wrong solvetitsough it,
whereas the IC column coating is immobilised onto the support, allowing
for a much wider range of solvents. In fact, the manufacturer has stated

that no known organic solvent will deteriorate the column coatiffg.

! CH, 8 cl
0O O

%H CH; \81\” Cl
Chiralcel OD-H Chiralpak IC

Figure13 -Selectors used in the chiral columns
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Later in the project, he chiral shift procedure wawerified by using
samples that had been shown to have a®, once the chiral HPLC
procedure had been established. Two samplwere chosen, onwas from
the reaction using(R)-Tol-BINAPas the ligand which exhibited an ee of
33%by HPLC analysiand the other used§)-Tol-BINAP, and exhibited an

eeof 33% in favour of the opposite enantiomer.

The sameCDAwas used a above, ad gave similar shift patternsThe
esterwhich had beerused was the methyl cyanoacetatds-alkyne88, so
extra shift reagent was required to shift the signals clear of the other
peaks. This had an undesirable effect, in that tipgeferred signal
previously identifiedat just under 3.5 ppm was split so far that it was
impossible to distinguish the peaks. Fortunately, the methyl signal
starting at just under 4 ppm could be split, and a®e was calculated for

both samples.

Table 10 - Comparison of results from NMR in the presence of a chiral lanthanide

shift reagent to chiral HPLC

Least Most eefrom eefrom
Shifted Shifted NMR HPLC
PeakArea PeakArea

(R)-Tol-BINAP 35.8 64.2 28 % 33 %

(S)-Tol-BINAP 64.4 35.6 29 % 33 %

The results show very good agreement between the two analysis methods,
but both exhibit a slightly loweree using the NMR method. The two
enantiomers of ligand used have the opposite influence on #esas was

expected.




On my return to England we purched a matching columrfor chiral
analysis and by using another HPLC machine the results were replicated,
with no negative peaksl improved upon the method by increasing the
temperature of the column oven, which increases the rate of exchange
between the phases,and changing the polarity of the solvent to shorten
the retention timeas much as possibjJewhilst keeping the two peaks of
interest separated. This is important because at longer retention times
the peaks tend tobe broader,with longer tails due to diffusion inside
the column which makes measurement less accurate. In addition, shorter
retention times mean lessolvent is used in the process, and the results
can be obtained muchmore quickly further reinforcing the green

credentials of the clickchemistry procedure.

To validate the method, a purified sample that had been analysed in
France vas re-run using the new methogd and the results were in good
agreement, as can be seen imable 11, but with markedly shorter

retention times.
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Table11l - Comparison of HPLC conditiorend resultsfor samplein Caen, Franceand

Norwich.

Variable Caen, France Norwich, UK
Column Type ChiralpakIC ChiralpakIC
Mobile Phase Heptane¢ i-PrOH | Hexaneg i-PrOH
Solvent Ratio 80 ¢ 20 70 ¢ 30
Flow rate 1 mLmint? 1 mLmint
Column Temperature 20°C 40 °C

Peak 1 Retention 68.80 min 30.02 min
Peak 1 Ared%) 41.24 40.41

Peak 2 Retention 76.83 min 33.00 min
Peak 2 Areqd%) 58.76 59.59

ee 18% 19%
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LIGAND EVALUATION

As part of the Interreg exchange program, Damien Deschamps spent a
period of study in our laboratory. His research included the development
of phosphine ligands, and he brought somegdnd samples with him.
These included both the (S,§ and R,R) enantiomers of N,N'-bis[o-

(diphenylphosphino)benzylidenel,2-diiminocyclohexanel43.

( R)

(S)
— — N R =

PPh, PPh,
Ph,P Ph,P

(S,5)-143 (R,R)-143

Figure14 - Both enantiomers ofN,N'-bis[o-(diphenylphosphino)benzylidene]l,2-

diiminocyclohexanesynthessed by DamienDeschamps

The first reactions performed with the above ligand showenlixed
results.Entry 2 inTablel2 was the first reactiorperformedusing a chiral
ligand. The azidewas being formed irthe reaction before using the same
reaction media,so the reaction solvent wakept asDMSOfor the click
step too. Proton NMR analysis of the reaction the next day showed
reaction using the ligand and copper(l) iodide. On additioof copper
powder to the reaction vessel, proton NMR analystilse following day
showedthe reactionhad proceeded as expectednd gave agood yield of
the mono-product. Thisshows that the combination ofcopper(l) iodide
and ligandmay not be suitable for reactionsin this solvent To combat
this inconvenience, dr all further reactions with a ligand the azide will
either be purchased comnreially, or madein a separate reaction and
purified out immediately prior & being used in the reaction, and DMSO

will be avoided as a redimn solvent for the click step when usirgligand.
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Table12 - Table ofresults for reactons with ligand #43.

R,-N3 (1.0 equiv) o N
¢} . 0 Riw =
//N Copper iodide (20 mol%) o
Rivo Ligand 143 (20 mol%)
=l @
[ DIPEA (3 equiv) N—N
Solvent R
-40 °C
- Ester Ligand/ Azide NMR Results | ee
= Solvent
ch Azide Copper source Source SM/Mono/Bis (%)
1 88/ 73 (£)-143/ Cul THF Commercial| 58/ 29/ 13 N/A
(R,R-143/ Cul 100/ 0/0
2 88/ 73 DMSO in-situ N/A
then Cu(O) 20/ 56/ 24
Toluene 3
3 97/ 121 (S,9-143/ Cul Premade 22/ 59/ 19
50 °C Cs
Toluene 5
4 97/ 121 (S,9-143/ Cul Premade 87/ 11/ 2
0°C Cs
(S,9-143/ Cul 3
5 97/ 73 Toluene Premade 65/ 30/ 5
40 / 20 mol% 1st
6 971/ 73 (S,9-143/ Cul DCM Premade 37/ 461 17 0
7 971/ 73 (S,9-143/ Cul Toluene Premade 751231/ 2 0
2
8 971 73 (S,9-143/ Cul Toluene Premade 63/ 30/ 7
2nd
9 88/ 73 (S,9-143/ Cul Toluene Premade 43/ 43/ 14 0
(S,9-143/ Cul
10 88/ 73 Toluene Premade 66/ 31/ 3 0
40 / 20 mol%
11 98/ 73 (S,9-143/ Cul Toluene Premade 100/ 0/ 0 N/A

NMR results obtained by comparison oproton NMR peaks, and are percentages.
Equivalents used are as per the scheme, unless stated otherwiseresults obtained
by proton NMR spectroscopy in the presence of a chiral lanthanide shift reagei@@S)

or chiral-HPLC. HPLC results show which peak was the larger.
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Entries 3 to 8 used theert-butyl cyanoacetateas the basis for thebis-
alkyne 97 instead d the methyl ester88. Thisslight increase in size of
the ester did not appear toinfluence the reactionmuch, with broadly

similar results.

Entries 3 and 4 used benzhydryl aziti2l, at two different temperatures.
As would be expected, the reaction a03C produced more products than
the reaction at 0°C. In addition there was a very slight improvement in

the ee at the lower temperature.

The remaining entries in the tablevere run at-40 °C and used benzyl
azide, butshowno discernibleeeQ a ® / Kthe/salkeyit3o DCM in entry
6 increases the yield of the monRproduct, but chiralHPLC analysis

showed the product to be racemic.

Entries 5, 7 and &ll had one variable changed. Entry 5 increased the
quantity of ligand, while keeping everything else thanse, including the
amount of copper (I) iodide. This was to ensure the copper catalyst was
completely bound to a ligand, and there was no excess of copper giving
adverse results. The yields were similar to the standard reactions though,

and noee was found

Entry 7 doubled the quantity obis-alkyne in the reaction, while entry 8
doubled the azideDoubling the azide was expected to produce more of
both products, while doubling the alkyne, in effect, halving the azide, was
expected to produce a lower overlaiield, but with it, less of thebis-
product. This is exactly what was found, but again,aewas exhibited in

the reactions.

Entries9 and 10 went back to the methywis-alkyne 88, with entry 9 at
standard quantities of reagents, and entry 10 with doahbigand.In this
case, doubling the quantity of ligand did in fact decrease the quantity of

bis-triazole product formed, and reduced the quantity of moipsoduct.
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This may show thathe ligand and copper do not fully form a complex at
a 1:1 ratio, andit requires a slight excess of ligand to ensure full

association. For further reactions this will be the case.

Entry 11 was an attempt to use menthol ester as a chiral auxiliarypy
using bis-alkyne 98. However, no reaction was observed. This could be
due to the reaction being run ag40 °C. At this temperature the other
reactions proceed well, but being a bulkier ester a higher temperature
may have given better results, but at thipoint the ligand was set aside
because it wasexhibiting no selectivity orthe reaction In addition,as
stated in the previous sectionreactions without chiral induction were
able to product the moneproduct, but efforts to separatehe menthyl
esterdiasteroisomerswere unsuccessfulso the menthyl esterbis-alkyne

98, was also set aside.

(R,R)-56 =
(@] \N | (@]
@/ \
3(R) N N (R

Structure 56 - (R,R-iPr-PyBOX ligand

Due to the literature precedent for PyBOX ligands being used with
copper(l) salts, a simple PyBOX ligarf/,R)-56 was chosen for the next

reactions®® The results are shown ifable13.

With this new ligand the first reaction was very promising, with no
detected bis-product, and a yield of mongroduct of 16% However,
analysis byproton NMR spectroscopy in the presence of a chiral
lanthanide shift reagenshowed anee of just 4%. A second attempt under
the same conditions gave less moipsoduct, but a large amount obis-

product was producedwhich was not expeted.
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Table13 - Table of results for reacibns with (R,R-iPr-PyBox56.

Benzhydryl Azide 144
Copper iodide
Ligand (R,R)-56

Toluene || NN

NMR Results ce
Entry | Azide Source
| (%)
SM/Mono/Bis
4
1 Premade 84/16/0
Cs
0
2 Premade 51/ 11/ 38
Cs

NMR results obtained by comparison of NMR peaks, and are percentagesresult

obtained by proton NMR spectroscopy in the presence of a chiral lanthanide shift

reagent (CS)

We thought that even though the ligand had been used carefully, and
resealed thoobughly, it had still deteriorated and was no longer effective
as a ligand. However, the deterioration products may have helped
catalyse the reactiorbecause theyields were so much higher than any

other reaction. This ligand was then set aside, primarilgdause of the

low ee obtained, but also the unexpected rapid deterioration of the

ligand.
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The laboratory in Caen had a much larger range of ligands availahble,
seweral new ones were tried. The results from the click reactions using

theseare detailedin Table14.

Table14 - Ligand assessmentising methyl cyanoacetateis-alkyne 88

88 o Benzyl Azide (1 equiv) 145 _N
_N Copper lodide (20 mol%) ~0 -
~o ~ Ligand (30 mol%)
= Il &

Il DIPEA (3 equiv) -
Toluene @\/

-40 °C, 18 hours

NMR Results
Entry | Ligand Eluting | Eluting | ee (%)
SM/Mono/Bis
Peak Peak

(S,9-Me-DUPHOS
(S,9-146

1 Q 67/33/0 50.36 | 49.64
? ? qst

(S)-Tol-BINAP

(9)-147
18

2 96 /4 /0 41.24 58.76
2
P
SeMvs!

(9)-iPr-OxazolineTPP

(5)-148
3 65/32 /3 50.64 49.36
Newe
. NP
s
o)\©

(R,R)-BDPP

(R,R-149

4 86/14 /0 50.17 49.83 0
PPh, PPh,

Holy <




1st 2nd
NMR Results
Entry | Ligand Eluting | Eluting | ee (%)
SM/Mono/Bis
Peak Peak
(S,9)-Chiraphos
(S,9-150
5 59/37/4 49.85 50.15 0
/'\rpphz
Ph,P
(9-SYNPHOS
(9-17
0
6 [ O 100/0/0 | N/A | N/A N/A
o PPh,
[O O PPh,
0
(9)-tBu-BisOxazoline
(9-151
3
7 V4 53/32/ 15 48.66 51.34
B2 2nd
N N
(\ I
o} 0
(9)-tBu-ThiazolineTPP
(9)-152
2
8 60/35/5 49.09 50.91
A//, ©\ /@ 2nd
N P
&
s)\©
(R,R)-NORPHOS
(R,R-153
16
9 PPh; 66 /34/0 42.17 | 57.83
2nd
“PPh,
(R)-Tol-BINAP
(R)-147
4
10 OO 75/19/6 | 52.21 | 47.79
)
2




1st 2nd
NMR Results
Entry | Ligand Eluting | Eluting | ee (%)
SM/Mono/Bis
Peak Peak
(9-XyFBINAP
(S9)-154
11 OO ; 2 53/41/6 47.16 52.84
P 2nd
Sy
< >2
(R)-XyFBINAP
(R)-154
12 OO >>: ) 62/35/3 | 52.60 | 47.40
P 1st
99 Q
< >2

NMR results given as ratio of SM/Mondis products obtained from crude proton
NMR spectrum Benzyl azide wasynthesised and purified outimmediately before
use in the reaction using the standard procedureee obtained from chiral HPLC

analysis, and shows which peak was larger.

Entry 1 shows the use ofS(3-Me-DUPHOS 146 which at first gave a
reassuring yield of mono product, with no trace of theis-product
present. Unfortunately, after separating the product by column
chromatography, the product proved to exhibit no discernil®eby chiral

HPLC analysis.

Entry 2, however, was the first sighat our methodology could work. The
reaction with ©)-Tol-BINAP(S)-147 gave a disappointing yield of just 4%,
but there was again no trace of arbis-products. Chiral HPLC analysis of
the purified product showed areof 18%, in favour of the slower eluting
enantiomer. This initial result prompted further research on this ligand,

and related ligands.
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Entry 3 used 9-iPr-OxazolineTPP 148, which has both oxazoline and
phosphine binding sites, which gave a good yielidtbe mono product,
but also 3% of thebis-product was detected. Anee of just 1% was

obtained in favour of the faster eluting enantiomer.

Entries 4 and 5 both use smaller, simpler ligands, with two
diphenylphosphine groups separated by a three or two carbon unit,
respectively.However, neither(R,R)Bis-Diphenylphosphino pentand49

or (S,S)Chiraphosl50gave a detectablee, but the additbnal methylene
unit in 149 appears to give better monselectivity, but a slower reaction,
with just the 14% yieldof mono-product, compared to entry 5 with 37%

reaction to moneproduct, and a further 4% tdis-product.

Entry 6 used $-SYNPHOE7, whichwas chosen because of the similarity
to (9-Tol-BINAP 147, but it exhibits different electronic and steric
properties due to the change of the peripheral rings from a phenyl rings
to fully unsaturated dioxins. This change did not have the desired effect
on the reaction, because no reactioproducts could be detected in the
proton NMR spectrumThis could be becaustihe electronegative oxygen
atoms pulla the electron density from the catalytic copper atom. With a
lower electron density on the copper atom{ iwwould become a weaker
nucleophile, and may be unable to attack the alkyne. Without an attack

on an alkyne theclickreaction cannot take place.

After previous results with a PyBOX ligand proved unsuccessful, a BOX
ligand, (S}tBu-BisOxazolinel51 was tried for entry 7, due to the similar
properties to the PyBOXUnfortunately, the properties were too similar,
and aneeof just 3% was achieved, with a yield of 32% megmoduct, and

15%bis-product.
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Entry 8 used diganddeveloped and synthesised by a latember in Caen.
Their ligand,152, is similar to oxazolind48 used in entry 3Thisused a
thiazoline group, instead of an oxazolineThe electronic and steric
properties of this ligand are somewhadifferent, because sulphur is
larger, and less electroghc. The larger size of the sulphur would distort
the five-membered ring, forcing the nitrogen closer to the phosphorus
leaving a smaller chiral pocketor the copper catalytic centré! In
addition, the bulkiness ofhe thiazoline group is largebecausethe iso-
propyl group is exchanged fortart-butyl group.Theclickreaction using
this ligand gave very similar results to the oxazoline of entrywdh a
yield of 35% moneproduct, and 5%bis-product. The ee was also of a

similar magnitude, but favoured thepposite,slower eluting enantiomer.

Entry 9 useda norbornene basedis(diphenylphosphine) (R,R-NORPHOS
153 as the ligand. Proton NMR analysis thfe reaction mixture showed a
yield of 34% of themono-product, with nobis-product detected. Chiral
HPLC analysis of the purified product showed a reasonable &6%mn
favour of the slower eluting enantiomefhis result prompted this ligand

to be investigated further too.

In entry 2, the bulkiness ofhie BINAP backbone could have helped
improve theee, by restricting the angle of attack of one of the alkynes.
To prove this theory, entry 1@sing the opposite enantiomer,R)-Tol-
BINAP(R)-147, was performed. The initial reaction used an existing ligand
sample, and gave an unexpected yield of 19% memoduct, with 6%bis-
product. Theee was alsoa lot lower at 4% but was in favour of the
opposite, faster eluting enantiomer, as expected.his was further
indication that the methodology was working, buthe lower monoc

selectivity andee suggested thathis ligand sample had deteriorated.

In addition to swapping enantiomers, there is another series of ligands

which vary the phosphine groups. Entries 11 and 12 ud€3,5-
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xylyl)phosphine groups in place dhe di-p-tolylphosphine groups but
retained the bisnapthalene structurel54. Both enantiomers of the ligand
were used The §)-enantiomer produced 41% of the monrproduct, with
6% of thebis-product impurity, which exhibits are of 6% in favour of
the slower eluting enantiomer. TheRj-enantiomer produced 35% of the
mono-product, with 3% of thebis-product impurity, which exhibited an

eeof 5% in favour of the faster eluting enantiomer.

As expected, using the opposite enantiomer of the ligand favotirs
opposite enantiomer of the product. This shows that the reaction is in

fact being influenced by the chirality of the ligand.

(9-Tol-BINAP and 9-XyFBINAP both favour the slower eluting
enantiomer, whereas K)-Tol-BINAP and R)-XyFBINAP both favourthe
faster eluting enantiomer However, the XyBINAP ligands both exhibit
higher yields, but at a loweee than the TolBINAP ligandsThis could
show that the BINAP backbone B good starter backbone for further
ligand design that is outside the scopé this thesis. XyBINAP is bikier
than TolBINAP, and gave a lower selectivity. Perhaps reducing the steric
bulk further by using diphenylphosphine groups, or rearranging the-di
tolylphosphine groups to theortho- or meta-positions could affect the

selectivity of the reaction.

Good results were only obtained with ligandsontaining bis(diaryl)
phosphine groups, but not all ligands containing this moiety were
successful. $,9-Chiraphos andRK,R-NORPHOS both contain the same P
C-C-P arrangement of atom, but the rigidityand strained structureof the
latter ligand backbone makeis much better at selecting one alkynever

the other.

Further work was performed on improving the selectivitytbe Tol-BINAP

and XyiBINAP series, as well 48, R)-NORPHOS.
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OPTIMIZATIO®F REACTION CONDINNSE FOR SELECTEDANIZES

(R,B-NORPHOS

(R,R-NORPHOS3%53wasone of theligands chosen to be taken through to

try to improve the selectivity. The first process chosen was to vary the

solvent used in the reactionResults are given iffablel5.

Table 15 - Reactions with R,R-NORPHO353 varying the solvent conditions

(0]
PPh, - N
88 73 153 145 O
1N N @

\O i ’,'// H / N

0.2 equiv  'PPh, N—N

il >

0.1 equiv Cul

3 equiv DIPEA

18 hours, -40 °C

1st 2nd
NMR Results ee
Entry Solvent Eluting | Eluting
SM/Mono/Bis (%)
Peak Peak

1 Toluene 72/ 25/ 3 45.48 54.52 9 2nd
2 Acetone 55/391/6 46.47 53.53 7 2nd
3 Ethanol 81/17 1/ 2 55.34 44.66 11 1st
4 DMF 61/29/10 | 46.93 53.07 6 2nd
5 THF 58/ 341/8 46.97 53.03 6 2nd
6 EtOAc 61/351/4 46.78 53.22 6 2nd
7 Et,O 70/ 2713 46.33 53.67 7 2nd
8 Methanol| 68/ 28/ 4 46.41 53.59 7 2nd

NMR results given as ratio of SM/Mondis products obtained from crude proton

NMR spectrum.Benzyl azide was synthesised and purified out immediately before

use in the reaction using the standard procedurese obtained from chiral HPLC

analysis, and showwhich peak was larger.
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The standout result is for entry 3. Using ethanol appears to revetbe
selectivity of the reaction, however, on closer inspection of the HPLC
trace, the tail of the peak eluting just before the first enantiomer is

masked under the first peakiherefore,this result should be disregarded.

This series ofeactions wereperformed on areduced catalyst loadingf

10 mol% of copper(l) iodide, with 20 mol% of ligand, mainly to reduce the
amount of ligandused per reaction. Because of this, another control
reaction was performed in tolueneThis gave a reduced yield of 25% of
the mono-product, compared to34% previously which can be attributed

to the lower catalyst loadinglnaddition,the eedroppedfrom 16% to 9%,
with a slightincrease in thebis-product produced.The other results all
give yields of the mongroduct simiar to that of the original reaction in
toluene, or slightly higher, often with a small amount of tHes-product

too. But, theees are all lower than theontrol toluene run.

The reactions were all repeated for 5 days, with the aim of increasing the

yield. Results for this are given ihable16.

Entry 3, using ethanol as the solvent is again the stand out result, this
time for positive reasons. This gave apslightly higher than the toluene

control reaction, with a comparable yield.

All the yields from this series of reactions were marginally higher than for
the previous overnight reactions, except for entry 4, with DMF. This is not
what was expected, and can only lpait down to the effect of impurities
from dimethylamine in he DMF in the previous reaction acting as an
additional base whereas a fresh bottle must have been used for the

longer period reactions.
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Table 16 - Reactions with R,R-NORPHOSL53 varying the solvent conditions and

allowing a longer reaction period

O
PPh, - N
88 73 153 145 O
(0] //N N

\O . ,'// H / N

0.2 equiv  'PPh, N—N

il >

0.1 equiv Cul

3 equiv DIPEA

5 days, -40 °C

1st 2nd
NMR Results ee
Entry | Solvent Eluting | Eluting
SM/Mono/Bis (%)
Peak Peak

1 Toluene| 68 /29 /3 46.72 53.28 7 2nd
2 Acetone| 56/40/ 4 47.94 52.06 4 2nd
3 Ethanol 71 /251 4 44 .85 55.15 10 2nd
4 DMF 93/6/1 46.64 53.36 7 2nd
5 Hexane 97 /21/1 48.58 51.42 3 2nd
6 THF 53/381/9 47.17 52.83 6 2nd
7 EtOAC 49 [/ 43/ 8 48.36 51.64 3 2nd
8 Et,O 45 /48 | 7 47.89 52.11 4 2nd

NMR results given as ratio of SM/Mondis products obtained from crude proton
NMR spectrum.Benzyl azide was synthesised and purified out immediately before
use in the reaction using the standard procedurese obtained from chiral HPLC

analysis, and showwhich peak was larger.
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The DMF reaction has a slightly highee in this series of reactions
possibly due to the dimethylamine impuritiesrtificially decreasing the
ee and increasing the yield in the original reactiorwhereas the
remainder have eithe the same, or lower. This result matches well with
a previous reaction, where§;3-Me-DuPHOS gave megligibleee with a
yield of 33% after 18 hour reactiom&blel14, Entry 1) but with a reaction
for just 4 hours arimprovedee of 5% with a yield of 8% was exhibited. In

both cases ndis-product was detected.

This suggests that the reaction proceeds ioogl ee at first, but aftersome
time the complex somehow loses its ability to transfer its chirality to the
reaction meaning theeedropsas both enantiomers are produced in equal

proportions.

This could show the ligand in question does not bind tightlyoegh to
the copper atom, so when a competirachiralligand, such as the alkyne
or nitrile groups on thebis-alkyne, becomes involved, the chiral ligand
may be displacedleaving the catalytic centre devoid of chiral induction
Although, should thechiralligand leaveor decompose you would expect
somebis-product to be formed.In addition, there is generallyraexcess
of chiralligandover the copper catalyst to allow for any disassociations,
but, by being used in catalytic quantities, there is alwayg@aager excess

of other competing molecules in the reaction.
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BINAPBASED LIGANDS

The reaction conttions were also optimised for th@INAPbased ligands

results of which are given imablel7.

The reaction with §)-Tol-BINAR (S)-147, entry 1, benefitted from the
slight increase in temperature, and gaverarginal improvement in yield
up from 4 to 5% and there was also 1% of th®is-product detected too
In addition, the ee improved dramatically to 33%, still in favour of the
slower eluting peak. Entry Bad the same change$ut for the opposite
enantiomer, R)-Tol-BINAR (R)-147. Theyields obtainedhere are much
lower than theprevious reaction, but mirror the results foS(-Tol-BINAR
(9)-147 almost perfectly, giving a yield of 6%, and aeaof 33% in favour

of the faster eluting enantiomer.

Entry 3 changes the solvent to chloroform. F&-Tol-BINAR (S)-147, this
dramatically increases the gid of the moneproduct from 4%to 46% with
5% bis-product impurity, but at the expense of thee, which is reduced

down to 17%.

Changing the solvent to acetonitrile, entry 4, produces no products. This
could be because the atenitrile can form ligands with the copper

catalyst. This would prevent any reaction from occurring.

Entries 5 to 8 were performedt the slightly lower temperature o£50°C.

As expected, all four gave lower yields at the lower temperatures.

The best reslt was obtained with §-Tol-BINAP (S)-147, and (R)-Tol-
BINAP(R)-147, consisting of a 33%ein opposing directionsbut this was

only a 56% yield, and was unable to be replicated.
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Table 17 ¢ Reactions with variousBINAP based ligands,varying the solventand

temperature conditions.

O
//N
8 73 145 >0
//N Na 0.1 equiv Cul
~o 0.2 equiv Ligand Il @ N
3 equiv DIPEA N—N
[l >
18 hours
1 equiv 1 equiv
Solvent NMR Results 1st 2nd ee
Entry | Ligand
Temp SM/Mono/Bis | Peak | Peak | (%)
Toluene 33
1 (9-147 94/5/1 33.64 | 66.36
-30°C 2nd
Toluene 33
2 (R)-147 94/61/0 66.54 | 33.46
-30°C 1st
Chloroform 17
3 (9-147 49 /46 /5 41.63 | 58.37
-30°C 2nd
Acetonitrile
4 (9-147 100/0/0 N/A N/A N/A
-30°C
Chloroform 14
5 (9-147 98/21/0 43.13 | 56.87
-50 °C 2nd
Chloroform 4
6 (9)-154 97/3/0 47.87 | 52.13
-50 °C 2nd
Toluene 18
7 (9-147 95/5/0 41.23 | 58.77
-50 °C 2nd
Toluene 19
8 (R)-147 99/1/0 59.25 | 40.75
-50°C 1st

NMR results given as ratio of SM/Mondis products obtained from crude proton
NMR spectrum.Benzyl azide was synthesised and purified oulnmediately before
use in the reaction using the standard procedurese obtained from chiral HPLC

analysis, and shows which peak was larger.
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The reaction time was anothevariable that was investigated, and the
results are shown inTable 18. Entries 1 and 2 were using the tolyl
containing ligand, 147, and show an increase in the yield of the mono
product as hoped, from 4% up to 13% f¢$)-147, and up to 9% forR)-
147. However, they do both exhibit a lowege than before of 1314%.
Entries 3 and 4 usedte xylyl containing ligandd4,54, and exhibit a similar

yield as before, and identicades are obtained.

For entries 1 and 2, leaving the reaction for longer increaslked yield,
but lowered the ee, again indicating the chiral ligand is somehow

deteriorating during the reaction and allowing thee to reduce.

Table 18 ¢ Reactions with various BINAP based ligands, varying the reaction time

N
=
88 73 . 145 >0 ~
(o) Ns 0.1 equiv Cul
~ N 0.2 equiv Ligand (%
0 3 equiv DIPEA N
» N—N
|| || 5 days, -40 °C
1 equiv 1 equiv
Solvent NMR Results 15t 2nd ee
Entry | Ligand
Temp SM/Mono/Bis | Peak | Peak | (%)
14
1 (9-147 | Toluene 86 /13 /1 43.08 | 56.92
2nd
13
2 (R)-147 | Toluene 90/9/1 56.62 | 43.38
15'[
6
3 (9-154 | Chloroform 61/35/4 46.81 | 53.19
2nd
5
4 (R)-154 | Acetonitrile 7412412 52.49 | 47.51
1st

NMR results given as ratio of SM/Mondis products obtained from crude proton
NMR spectrum.Benzyl azide was synthesised and purified out immediately before
use in the reaction using the standard proceduresce obtained from chiral HPLC

analysis, and shows which peak was larger.
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ADDITIONAL WORK THE AREA

Another visiting student, Ali Moawia from Caen was tasked with
performing click reactions as a desymmetrisation step oameso

compounds.We chose to focus ouresearchon the mucic acid backbone
5. The intention of the project was to create abis-alkyne out of the
molecule, from which to perform a novel click desymmetrisation step.

O OH OH

H
HO ©

OH OH O

Structure 5 - Mucic acidbackbone

5 155 156 o o
QO OH OH . HSO, O OH OH ] 2.2-0MP g o Q )
—_— ~ —»
HO : MeOH ° : p-TSA 3 ©
OH OH O OH OH O O><O o
LiAIH,

TBDMS-CI 6. 0

w Y
0 o 0 _— 0
o= F [O] HO - BulLi HO g
-
\ 0 \ 0 \ OH
o) i o_ 0 Si—
N

162 158 ><

Deprotect _HO Hq OH <€ - Q 0
and repeat — o 0= -0
——————————— HO OH OH \><O

' Click

' Chemistry

v

Scheme40 - First procedure for formation ofmeso-bis-alkyne from mucic acid
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This was to be done by protecting the acid groupg acid catalysed
esterification using methanol to form the diester 155. Next, the diols
were protected bybis-acetonides 156. Reaction with lithium aluminium
hydride then resulted in reduction of the ester groups to free alcohol
groups157, with the original intention of reoxidising back to an aldehyde
158. Several different methods were attempted, eithgrart-reduction
directly from the ester to the aldehyde, omxidation back from the

alcohol to the aldehyde.

DIBAL(reduction)
Pyridinium chlorochromat®
IBXe3

1

1

1

1 DessMartin Periodinané*

1 TPPP with IBA toofm IBX in sité®
1

PariknDoering oxidatiof®

None of these methods affored the bis-aldehyde 158, as hoped.
However, reaction with IBXgave the mono-aldehyde. Further work
consisted of protectingust one of the alcohols from theeduced product
using a diane protecting groupl59. The remaining alcohol could then be
oxidised to themono-aldehyde 160. Reaction with €éhynylmagnesium
bromide would then afford an alkyne moiety at one end, and the silane at
the other161. Deprotection, followed by oxidation ana further addition

of the Grignard reagent should give thHes-alkyne 162. Reactions were
completed up to, and including the first addition of ethynylmagnesium

bromide.

During this time, lassisted Alby making each product on a larger scale,

while he proceeded with new reactions.
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| alsoindependentlyresearcheda seond route to the same molecule
shown inScheme41l, startingwith D-galactosel63, whichalreadyhas an
aldehyde at the end ofts open chain form. Myprocedure stemmed from

a similar methodology found in the literature, where a prochiral allylic

alcoholis convertedinto an alkynol®’

164 HO OH
Horner-Emmons - /
(PrO),P(0)CH,CO,Et HO™ % COAEt i
HO OH \\\I?fc‘)tectlon
e
163 (:)H OH . Horner-Emmons ><
Hoﬁ/\('vo il TR (FrORROICHCOE Q"o
OH OH TBDMSOW TBDMSOWCOZB
D-Galactose O><O O><O
1. Deprotect Silyl )
2. Swern or similar ><o LiAIH4:AICI3 O><O

3. Horner-| Emmons > Eto,C Q ------------------ > E OH
. Horner-Emmons 2 Wcoza HOW
(iPrO),P(0)CH,CO,Et S 3

(-)-DIPT
Ti(PrO),

Scheme4l - Second procedure for formation omeso-bis-alkyne from Dgalactose

The initial procedure was to protect the terminal alcohol, followedHig-
acetonide protection of the remaining alcohol groups. The first protection
was attempted with TBDMEI, trityl chloride, and acetal formation with
benzaldehyde, butheseprotectionseither produced no products, overy

low yields unsuitable for isolatia and further reactions

Out of frustration, the HornetEmmons reaction was tried directly on the
sugar itself. A small trace of the product 164 was seenin an NMR,
identified by the alkene proton signabutit could not be isolatedAt this
point in the research,the visiting student returnedto France and this

area of researclwastaken on by another student in our research group.
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CONCLUSION AND FURRHRESEARCH AREAS

This thesis has shown that it is possible to form a chiral compound using
click chemstry, on a prochiral bis-alkyne. The best result was the 336
obtained in both directions from§)- and (R)-Tol-BINAP, albeit at a low

yield.

The paper from Zhou, released shortly after the practical project had
finished was met with mixed opinionwithin the group Onthe one hand
they had publishedvork inthis area of chemistry first, and had achieved
much higher ees than our work, but it proves that our work is of

importance to the scientific community.

Their success came about from a chance wfeacetone as asolvent,
which increased the proportionof mono-triazole product whilst still
being the minor product Further research into solvents with the same
carbonyl moiety gave them a very successful procedure usig-
hexadione In my researchthe use of acetone as the reaction solvent also
increased the proportion of mon@roduct produced, but this was not
picked up on asll of my standard reactions have always produced more
mono-triazole product thanbis-triazole, therefore the increase wasot
as pronounced.Overall, their best result was a 12:1 mix of products,
whereas | had several reactions which produced is-product at all,
including my first reaction with K,R-NORPHOSL53, which had 34%

mono-product, with nobis-product.

Comparing he ee results obtained, they achieved a much highee in
their research This may be because thexindole backboneof their
molecule is more rigid than the ester and nitrilesed in this thesissoit
always presents the same shap@he two separate groupused in this
thesis can mtate and move around in space, reducing the efficiency of

the catalyst.
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Possible further research would be attempting to recreate the work of
Zhou to confirm their results. In addition, using their best solveh5-
hexadione for reactions with my compounds would show whether the
solvent choice is universal, or only applicable with oxindolEke ligand
they chose was a PyBox ligand, with phenyl side cha®Ts,In this thesis

| used aniso-propyl PyBOX ligan86, which was unsuccessful in getting
an ee, so the entire PyBOX ligand class was ignored. Therefore, it would

be wise to go back and investigate several different PyBOX ligands.

In addition, other substrates could be investigated. Possibilities include
sulphones, or forming a link between the ester and nitrile, introducing

rigidity into the backbone.
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EXPERIMENTAL

GENERAL EXPERIMENPRODCEDURES

'H and!*C NMR spectra were obtaéml on a Varian Unityat 400 and 100
MHz respectively or on a VarianGemini 2M0 at 300 and 75 MHz
respectively or on a BrukerAscendat 500 and 125 MHz respectively.
Chemical shifts are referenced to the residual solvent peak, or by using
TMS as an internal standardill spectra were recorded in CDhxQlnless

specified otherwise.

Infrared spectra were recorded using a Periitmer Paragon 1000 AR
Either neat, using an ATR attachment, mixed in a nujol mull, or in the case

of thick oils, applied directly to a KBr disc.

Microwaveassisted reactios were conducted using a Biotageitrator,
within sealed vials. Microwave irradiation power was typically a maximum

of 100 W.

Samples requiring purification were purifielsy column chromatography
using silica gel as the adsorbent. Reactions were monitored using TLC
Silica Gel 60embeddedwith a fluorescent indicatorand were visuased

with either UV irradiation at 254 nm, or by using a potassium

permanganate TLC stain, developed by heating.

Anhydrous reactions were carried out in flame dried glassware, under an

inert atmosphere of eithedry nitrogen ordry argon.

Most reagents were obtained froncommercial sourcesind used without
any further purification.Anhydrous THF and diethyl ethewere dried
using the sodium / benzoph®wne ketyl radical, prior to distillation. Light

petroleum used for column chromatography was distilled prior to use.
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Optical rotation measurements were obtained using a Bellingham and
Stanley ADP40 polarimeter operatg at the sodium (D) line emission of

<Tpyd YY Fd G4KS GSYLISNI GdzNSa aLISOATASR
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EXPERIMENTAL PROCEBSY

REACTIONS TO FORNMALKYNIPRECURSORS

108 METHYIP-NITROPHENYLACETXTE

165 107 108
o o NO, o NO,
A JK/Q - JK/Q
HO O

4-nitrophenylacetic acid107 (2.00 g, 11 mmol) was added to a clean

carousel tube. Dimethyl carbonaté65 (3 mL, 3.21 g, 35.6 mmol) was
added, and the reaction was heated at reflux overnight. The brown
solution was allowed to cool, and poured in to aqueous sodium
bicarbonate (10%, 10mL) while stirring. The resulting mixture was
extracted with ethyl acetate(3 x 10 mL).The combined organic layers
were washed with water and brine @@ mL each), and dried over anhydrous
magnesium sulphate. Aftefiltration and evaporation ofthe solvents,
proton NMR analysis showed the product had formed, and none of the
precursor acid remained. No further purification was performed. This
gave methylp-nitrophenylacetate108 as a pale orange oil (1.929 g, 9.89
mmol, 90%):'H NMR (400 MHzCDGQs0 { y &R 8.6 [4zRH), 7.4 (d,
J=8.6 Hz2H,3.74 (s, 2H)3.73 (s,3H).

Literature values!H NMR (400 MHZCDQ30 1 8 (d,®™8.6 Hz, 2H), 7.47

(d, J= 8.6 Hz 2H),3.76 (s, 2H)3.73 (s,3H).
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113 TERTBUTYL CANOACETATPE

167 N=C=N

166 115 O <\:> 113
0]

O
>I\OH HO)J\///N > >‘\0MN

2-Cyanoacetic acid15(1.701 g, 20 mmol) was suspended icetonitrile

(20 ml) andtert-butanol 166 (2.391 ml, 25.00 mmol). To this, a solution
of b ~ Hicyclohexylcarbodiimid&67 (4.54 g, 22.00 mmol) in DCM (22 ml)
was alded under stirring at RT. The reaction mixture was stirred for 30
minutes, then filtered through Celite, andthe solvents wereevaporated.
Proton NMR analysis of the residue showedmplete conversion to the
product. The product,tert-butyl cyanoacetatel13 was not purified, but
was taken straight through to the next reactiobtd NMR (400 MHz, CI

1 o0 ®o H), D.BOXs9IH).

Literature valuesH NMR (400 MHz, CD@Gl + o®dod 06aX HI UVZ
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116 L-MENTHYL CYANOACHER

114 115 116

2-Cyanoacetic acidl15(10.12 g, 119 mmoland L-menthol 114 (36.219 g,
232 mmol) were dissolved intoluene 300 mL). p-TSA (2.263 g, 11.90
mmol) was added and the reaction heatedt reflux overnight, with
azeotropic removal of water using a Ded&tark apparatusThe orange
reaction mixture was allowed to cool, and the solvents were evaporated.
The residue solidified once coolhe solid was broken up, andgentane
was added. The mixture vgastirred vigorously for 4 hours, allowing the
solid to completely break up and turning the pentane orange. The solid
wascollected by filtration and analysed bproton NMRspectroscopy No
further purification was necessaryhis gave imenthyl-cyanoacette 116

as a white powder (21.626 g, 97 mmol, 81%): NMR (400 MHz, CDGI ¢
4.76 (td,J= 10.9, 4.5 Hz, 1H), 3.42 (s, 2H), 29©8.96 (m, 1H), 1.8%
1.79 (m, 1H), 1.74 1.64 (m, 2H), 1.5% 1.38 (m, 2H), 1.3¢ 0.98 (m, 2H),
0.92 (d J= 6.6Hz, 3H),0.90 (d,J= 6.9Hz, 3H), 0.8% 0.82 (m, 1H), 0.76

(d, J= 7.0 Hz, 3H).

Literature values:!H NMR (CD@) 1+ 5.0 (1H, dt), 3.75 (2H, } 2.20.95

(18H, m);IR (KBr pellet): 3000-2850, 2223, 1730, 14501230, 1130.
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REACTIONS TO FOBRNMSALKYNES

88 METHYL2-CYAN®2-(PROP2-YN-1-YL)PEN-B-YNOATE

86 82 8 o

Methyl cyanoacetate85 (20 g, 202 mmolwas suspended in acetonitrile
(600 mL) Potassium carbonate (69.7 g, 505 mmol) was added, and the
reactionwascooled in an ice bath. Propgyl bromidein toluene 82 (80%,
49.5 mL,444 mmol) was adde@nd the orange suspension was heatat
reflux overnight. The deep yellow suspension was allowed to cool, and
worked up with water (400 mL). The deep brown organic layer was
separated, and the town aqueous layer was extracted with ethyl acetate
(3 x 250 mL). The combined organic layers were washed with water and
brine (250 mL each), and dried over anhydrous magnesium sulphate. After
filtration and evaporation ofthe solvents, he resuling brown oil was
purified by vacuum distillation at 11§ 125 °C. Methy}t2-cyano-2-(prop-
2-yn-1-yl)pent-4-ynoate 88 was isolated as a colourless oil, which
solidified to a white solid25.1g, 143 mmo] 71%): m.p. 4648°C;IR (neat)
Amax | cms! 3275, 2957, 1740, 1437, 1322, 12871263, 1226, 1078, 963,
789, 694, 653, 465'H NMR (400 MHz, CDgk 3.89 (s, 3H), 2.94 (d]=

2.6 Hz, 4H), 2.2 (t, J= 26 Hz, 2H)3C NMR (75 MHz, CDGI 166.6,
117.0, 76.0, 73.7, 54.1, 47.1, 25.6 HRMS (NSI) Calcd. fonoBi302N>

([M+NH:]*) 193.0972. Found 193.0971.

Literature valuesm.p. 43-45 °C; IR (KBMmax/ cmst 3277, 2957, 1743,
1438, 1325, 1288, 1266, 12271079, 964, 790, 695, 655, 465H NMR
(CDCJE onn aBI187 (5,Y3 H)2.92 (d,J= 2.6 Hz, 4 H)2.23 (t,J= 2.6
Hz,2 H; 3C NMRCDCJ= Tp all oY + mMccdnI mMmMc PP
25.7, HRMS (El (+), 70 eV):10BsNO, (175.18), [GoHsNO:]+: calcd

174.0555, found 174.0568.
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89 METHYL PHENY4{2-(PROP2-YN-1-YL)PEN-4-YNOATE

Sodium hydride (1.2 g, 30 mmol) was added to a flame dried flask, under
an atmosphere of nitrogen. Dry THF (50 mL) was added, and the mixture
was cooled to 0°C in an ice bath. Methyl phenylacetate03 (1.89 mL,
13.3 mmol) was added, followed by propargyl bromide in tolue2e(80%,

5.6 mL, 40.3 mmol)The reaction was stirred at room temperature for 60
hours, under the nitrogen atmosphere. The reaction was worked up
cautiously with water, and extractednto ethyl acetate.The combined
organics were washed with water and brine (50 mL each), and dried over
anhydrous magnesium sulphate. After filtration,hd solvents were
evaporated, and no further purification was performed to separate the
product from remaining starting materials. e product89 was obtained
asan impurepale oil (2.00 g, 8.8 mmol, 66):IR (neat): 328, 3287, 1730,
1291, 1217. *H NMR (300 MHz, CD@GI + qg7d2d ém,5H), 3.70 (s, B),
3.19 (dd,J= 16.7, 2.6 Hz2H), 3.09 (ddJ= 16.5 2.6 Hz, &), 1.99 (t,J=

2.6 Hz, 2H).

Literature values?| bawyY -7124(my5pH,73.69 (s, 3 H), 3.12 (dq,
J=26,7.0Hz, 4H), 79d, J = 2.6 Hz, 2 H3Cb awY 1 MTHOY X
127.8, 127.0, 125.3, 79.2, 70.7, 52.4, 52.0, 24.8. IR (neat): 3296, 3286,

1729, 1290, 1218.
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92 METHYL ACETY2-(PROR2-YN-1-YL)PEN-B-YNOATE

106 82 92 6o O

O (0] — \O
N

Methyl acetoacetatel06 (1 mL, 1.076 g, 9.27 mmolpropargyl bromide

in toluene82 (80%,2.1 mL, 18.85 mmol) and potassium carbonate (2.82
g, 20.39 mmol) were combined in acetonitrile (20 mL). The yellow
suspension was heatedt reflux overnight. The cooled reaction mixture
was worked up with water (15 mlLand extracted with ethyl acetate (3 x
20 mL). The combined organics were washed with water and brine (20 mL
each), dried over anhydrous magnesium sulphate after filtration, the
solvents were evaporated. Crystallisation from ethanol gave crystals of
the pure product92 (550 mg, 2.9 mmol, 31%): IR (nea%)ax/ cm<! 3277,
2967,2159, 2029, 19771747, 1712 1428, 1288, 1210, 1166, 848H NMR
(400 MHz,CDQ30 + o ®Ty O a3zJ=oll.4, 2.7 6izh AH), 2098 RId,
J=17.5, 2.7 Hz, 2H), 2.21 (3= 7.7 Hz, 3H), 2.03 (§,= 2.7 Hz, 2H)3C
NMR (1@ MHz, CDGDb ¢ HAndyys>S MCcPpPy PpEZ Ty PCcHZI TH
21.99; HRMS (NSI) Calcd. fori1MizOs ([M+H]") 193.0859. Found

193.0859.
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93 METHYL2-(4-NITROPHENY-2}(PROP2-YN-1-YL)PRT-4-YNOAE

NO
108 82 93 O 2

o NO,
~ Br
(0]

Methyl 4-nitrophenyl acetatel108 (1.93 g, 9.89 mmol) was suspended in
acetonitrile (50 mL). Potassium carbonate (3.41 g, 24.73 mmol) was added
and the colour changed from pale orange to deep purple. Propargyl
bromide in touene 82 (80%, 2.4 mL, 21.76 mmol) was added, and the
reaction was heated at reflux overnighThe cooled reaction mixture was
worked up with water (50 mL) and extracted with ethyl acetate (3 x 20
mL). The combined organics were washed with water and br{gé mL
each), dried over anhydrous magnesium sulphate after filtration, the
solvents were evaporated.Purification by column chromatography,
eluting with petroleum ether:EtOAc 9:1 gave the produx? as a yellow

oil (0.99 g, 3.63 mmol, 37% yield NMR (400 MHzCDGQ30 ! y dmc
= 8.6 Hz, 2H), 7.43 (d,= 8.7 Hz, 2H), 3.68 (s, 3H), 3.15 (dd& 16.7, 2.6

Hz, 2H), 3.04 (ddJ= 16.7, 2.6 Hz, 2H), 1.99 (dz= 2.6 Hz, 2H).
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95 TERTBUTYL ETHYL 2 DI(PROP2-YN-1-YL)MAONATE

111 o o 82 95

o o
/\OMOJ< Br/—: - T ) o)<

Tert-butyl ethyl malonatel111l (1 mL, 0.994 g, .28 mmol), propargyl
bromide in toluene 82 (80%, 1.2 mL, 10.77 mmol) and potassium
carbonate (.61 g, 11.62 mmol) were combined in acetonitrile (20 mL).
The yellow suspension was heatedt reflux overnight. The cooled
reaction mixture was worked up with water (15 mL) and extracted with
ethyl acetate (3 x 20 mL). The combined organics were washed with water
and brine (20 mL each), dried over anhydrous magnesium sulphate an
after filtration, the solvents were evaporated to gividne pureproduct 95
(262 mg, 0.99 mmol, 199 IR (neat)Anax/ cm<! 3284, 3262, 29832938,
2159, 2028,1728, 1475, 1450, 1369, 1305, 1198, 1148, 1095, §9'™H
NMR (400 MHz, CD®I + n @m a1l Kdzj 2H), 2.90 (d,= 2.7 Hz, 4H),
1.99 (t,J= 2.6 Hz, 2H), 1.41 (s, 9H), 1.23Jt 7.1 Hz, 3H)}3C NMR (101
MHz, CDGD ¢ MCPpPMME McCcTPchPX yHPYcCZ TYyODYyT.
22.60, 14.29; HRMS (NSI) Calcd. forsHzoOsNa ([M+Naj) 287.1254.

Found 287.1259.
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96 BENZYL LYANG2-(PRO-2-YN-1-YL)PEN-B-YNOATE

96 (0]
o) _N
N — =z
: (Il

Benzyl cyanoacetatél12 (1 mL, 6.53 mmol), propargyl bromide toluene

82 (80%,1.6 mL, 14.37 mmol) and potassium carbonate (2.26 g, 16.33
mmol) were combined in acetonitrile (50 mL) to give a yellow suspension.
The reaction was heatedt reflux overnight. The reaction was allowed to
cool, then worked up with water (30 mL), and the wapus layer was
extracted with ethyl acetate (2 x 30 mL). The combined organic layers
were washed with water and brine (30 mL each) and dried caelmydrous
magnesium sulphate. After filtration,hie solvents were evaporated, to
give benzydl2-cyanao2-(prop-2-yn-1-yl)pent-4-ynoate 96 as a brown oil.
(0.453 g, 1.8 mmol, 28%3JH NMR (400 MHz, CD:GI { -T73Ba (M, 5H),

5.30 (s, 2H),2.95(d, J= 2.6 Hz, 4H), 28.(t, J= 2.6 Hz, 2H).

| BaXK |



97 TERTBUTYL ZZYAN®2-(PROP-2-YN-1-YL)PEN-B-YNOATE

113 82

97 o
O N
N — » >L Z
SL A, o>
('

Tert-butyl cyanoacetatel13 (5 mL, 35.0 mmol), propargyl bromidi
toluene 82 (80%,8.57 mL, 77 mmol) and potassium carbonate (12.08 g,

87 mmol) were combined in acetonitrile (100 mL) to give a yellow
suspension. The reaction was heated reflux over the weekend. The
reaction was cooled, and worked up with water (75 mL). The aqueous
layer was extracted with ethyl acetate (3 x 50 mL). The combined organics
were washed with water and brine (50 mL each), and dried cvelmydrous
magnesium sylhate. After filtration, he solvents were evaporated, and

the product 97 was obtained as pale crystals by crystallisation from
ethanol, (4.00 g, 18.4 mmol, 52.7%Mn.p. 59.561.3 °C; IR (neat)Amax /

cm<! 3289, 2989, 29792941, 2249, 2159, 2029, 1971728, 1468, 1398,

1370, 1346, 1319, 1262, 1149, 832H NMR (400 MHz, CDGI ! HAyc OF
= 2.7 Hz, 4H), 2.19 (1= 2.7 Hz, 2H), 1.50 (s, 9HFC NMR (100 MHz,
CDCJu 1 Mcn®dy 2 MMTODPTZ ypdp2 TCdDPCcZ TOODPCZ

for CisH1002N2 ([M+NH,]*) 235.1441. Found 235.1444.
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98 L-MENTHYLR-CYAN®2-(PROP2-YN-1-YL)PEN-B-YNOAE

116 82 98

L-Menthyl cyanoacetate 116 (21.4 g, 96 mmol)was dissolved in
acetonitrile (600 mL). Potassium carbonate (33.1 g, 240 mmodnd
propargyl bromide in toluene82 (80%,23.5mL, 211 mmol)were added,

and the reactionwas heatedat reflux overnight.The reaction was cooled

to room temperature and worked up with water until any remaining
potassium carbonate had dissolveaind a deep brownreaction mixture
was obtained. The aqueous layer was then extracted with EtOAc (3 x 100
mL). The combined organics were then washed with water, and then brine
(100 mL each) and dried overanhydrous magnesium sulphateAfter
filtration, the solvents wereevaporated. Vacuum distillation of the
residue(140-144 °C at 0.4 mbargavethe productasa pale yellow oil. On
standingand cooling with dry ice, the oil solidified, and s@round into

a fine powder. ProtorNMR analysis showed the product was pure and no
further purification was necessar{22.24qg, 74.3 mmol, 780): m.p. 47-49
°C; ) M?%R -46° (c = 1.02, ethanol)*H NMR (400 MHz, CD@GI + n ®3n 0 G R
11.0, 4.4 Hz, 1H), 2.93 (8,= 2.7 Hz, 4H), 2.21 (df= 6.3, 2.6Hz, 2H),
2.07¢1.91 (m, 2H), 1.72 1.64 (m, 2H), 1.5& 1.42 (m, 2H), 1.1% 0.99

(m, 2H), 0.97¢ 0.83 (m, 7H), 0.76 (d]= 6.9 Hz, 3H).
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99 DIETHYL ¢(CYANDHEPTAL,6-DIYN4-YOD)PHOSPHONAYE

117 82 99
1 N
o N _ - EtO-P. =
EtO-P_Z 5 Et0
EtO

Diethyl cyanomethylphosphonatell7 (1 mL, 6.18 mmol), propargyl
bromide in toluene 82 (80%, 1.4 mL, 12.57 mmol) and potassium
carbonate (1.88 g, 13.59 mmol) were combined in acetonitrile (20 mL).
The yellow suspension was heatad refluxover the weekendThe cooled
reaction mixture was extracted with ethyl acetate (3 x 20 mL). The
combined organics were washed with water and brine (20 mL each), dried
over anhydrous magnesium sulphate aredter filtration, the solvents
were evaporated.Purification of the poduct was attemptedby column
chromatography, eluting withpetroleum etherEtOAc 1:1 to givethe
product99 (295mg, 1.17 mmol, 18.9%)}H NMR (400 MHz, CDGI 1 ndoc
¢ 4.26 (m, 4H), 3.02 2.93 (m, 4H), 2.3@ 2.24 (m, 2H), 1.44 1.36 (m,
6H).

Literature valuesb.p.: 136137 °C.Elementd Analysis: C, 56.92; H, 6.37;

P, 12.23 Found C, 55.4; H, 6.5; P, 12.2.
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100 METHYL ZDIMETHOXYRIMSPHORY12-(PROP2-YN-1-YL)PEN-B-YNOAE

118 82 100\ 9 ©
\ o O - O-P -

1] pr— /
o-p M, &/ > 5 0

Trimethyl phosphonoacedte 118 (1 mL, 6.94 mmol) propargyl bromide

in toluene82 (80%,1.6 mL, 14.36 mmol) and potassium carbonate (2.11
g, 15.2 mmol) were combined in acetonitrile (20 mL). The yellow
suspension was heatedt reflux over the weekend. The cooled reaction
mixture was worked up with water (50 mL) andextracted with ethyl
acetate (3 x 20 mL). The combined organics were washed with water and
brine (20 mL each), dried over anhydrous magnesium sulphate afbelr
filtration, the solvents were evaporated.Purification by column
chromatography, eluting with petroleum etheEtOAc9:1 was attempted,
but the mono and bis-substituted products could not be completely
separated No further purification was performed*H NMR (400 MHz,
CDCJ) + odyo 643z BDVEI=R®WHM 2H),5208 @lI=2.5
Hz, 2H), 2.07 (tJ= 2.6 Hz, 2H)L w 6 Y &,/ @&m! 3289, 2985, 2242,

1431, 1392, 1251, 1162, 1012, 980, 794, 652, 555.
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AZIDE SYNTHESIS

73 BENZYL AZIBE

168 73
Br N3

Y

Sodiumazide (3.58 g, 55.0 mmol) was added to DMSO (&) and stirred
vigorously until fully dissolved. Benztomide 168 (6.54 mL, 55 mmol)
was added. The reaction mixture was stirred at RVernight. The
colourless liquid was worked up with water (1@fL), ard extracted with
diethyl ether (3 x 100 mL). The extractions were washed with water (2 x
80 mL) and brine (80 mL). The ether layer was dried over M@3@ after
filtration, it was evaporated to dryness, givingpenzyl azide 73 as a
colourless oil (6.9 g, 58 mmol, 940): IR (neat) Amax / cms? 3455, 3028,
2970, 2946, 20931605, 1586, 1496, 1454, 1349, 1258 NMR (400 MHz,
CDCJ0 + q 2aBr(m, 5H), 4.33 (s, 2H}3C NMR (100MHz, CDGD ¢
135.55, 129.05, 128.52, 128.44, 55.00.

Literature values:IR (neat)Amax / cm¢! 2094 (CG-N3); *H NMR (400 MHz,
CDCJ0 145q 7.26 (m, 5H), 4.3 (s, 2H);*3C NMR (100MHz, CDGD !

135.42, 128.90, 128.37, 128.29, 54.84
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121 BENZHYDRYL AZfBE

169
Br 21\,

’

Sodiumazide (1.973 g, 30.3 mmol) was added to DMSO 80 and stirred

until it dissolved fully. Benzhydryromide 169 (5 g, 20.23 mmol) was
then added, to give an orange solution. The reaction mixture was stirred
at RT overnight. The orange solution was workeg with water (50 mL).
The mixture was then stirred until it had cooled back to RT. The mixture
was then extracted with diethyl ether (3 x 50 mL). The extractions were
combined, washed with water (2 x 50 mL) and brine (50 mL) and dried
over MgSQ. After filtration, the solvents were removed under vacuum to
givebenzhydrylazide 121 (4.155 g, 19.86 mmol, 28): IR (neat)Amax/ cm*
13028, 2970, 20951659, 1610, 1493, 1450, 1365230,1217, 1079, 1030,
960, 743, 599'H NMR (400 MHz, CD:Gl + q 7027 m,10H), 5.71 (s,

1H);°C NMR (101 MHz, CRGI ¢+ MO PPT TSI MHY PPN MHY Dt

Literature valuesiR (neat):Amax/ cm<? 2097. *H NMR (400 MHz, CDLI4
7.37¢7.23 (m, 10H), 5.70 (s, 1H)*C NMR (100 MHz, CQl 139.5, 128.7,

128.0, 127.468.5.
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122 TRITYL AZIBE

170 Cl » 122 N,

Sodium azide (520 mg, 8.0 mmol) was added to DMSO (20 mL) and stirred
until it had dissolved fully. Chlorotriphenylmethank70 (2.230 g, 8.00
mmol) was added, and the reaction was allowed to stir overnight. The
reaction mixture was diluted with water (20 mL) and then extracted with
diethyl ether (3 x 30 mL). The combined organics were washed with water
(30 mL) and brine (30 mL),ri¢d over anhydrous sodium sulphate, and
after filtration, evaporated to dryness under reduced pressure. Trityl
azide 122 was obtained as a colourless oil, which crysitzdtl into pale
purple crystals (2.239 g, 98%Wtp 64-65 °C lit. 64°C, IR (neat)Amax/ cm¢

1 3455, 3025, 29702097, 1596, 1489, 1446, 1365, 1216H NMR (400
MHz, CDGD + q72& ¢m, 15H)°C NMR (101 MHz, CQGI ! Mnodop
128.70, 128.44, 127.94, 77.37.

Literature values!H NMR (25°C, GBLX o nn  al T¢i701 ¢m, Rhipc c
IBCNMR (CRCLE Tp alloYyY + T Mno®PTI MHPDPAI Mt
Amax | cmS! 3332 (w), 3060 (w), 3019 (w), 2107 (s), 2093 (s), 1591 (w),
1487 (m), 1445 (s), 1254 (s), 1200 (m), 1184 (w), 1166 (w), 1152 (w), 1082
(w), 1032 (w), 1001 (w), 940 (w), 896 (n843 (w), 770 (m), 761 (m), 752

(s), 717 (m), 696 (s), 667 (m), 629 (m), 557 (m)
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123 BENZOYL AZIPE

125 0] 123 O

Cl > N,

Sodium azide (616 mg, 9.5 mmol) was dissolved in water (5 mL). Benzoyl
chloride125(1 mL, 8.62 mmol) was added to acetone (6 mL) in a separate
flask. Both solutions were cooled to°C, then mixed together and stirred
vigorously for 30 minutes. The reaction mixture was allowed to settle into
2 layers. The top acetone layer was removeddgmoured over ice. White
crystals formed, which were filtered off, washed with cold water, and
allowed to dry. This gave the produdbenzoyl azidel23 as colourless
crystals (968 mg, 6.58 mmol, 76%): Mp-30°C 1it29-31°C,'H NMR (400
MHz, CDGD { g %97 (m, 2H), 7.64 7.56 (m, 1H), 7.4& 7.40 (m,

2H);13C NMR: (100 MHz, CQhGI ! MTH®PTSE MondnZ MonodPy

Literature valuesH NMR: (CDEI nnann al 1l 0J=z7.6yHznDH),0 RX
7.62 (t,J=7.4 Hz, 2 H), 7.46 (3= 7.8 Hz, 1 H*CNMR: (100 MHz, CD4I|

1 MT, @383, 130.6, 129.4, 128.6.
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124 2-NITR@BENZYL AZIBE

171 Br 124 N3
NO

Sodium azide (520 mg, 8.0 mmol) was added to DMSO (20 mL) and stirred

Y

2 NO,

vigorouslyuntil it had dissolved fully2-Nitrobenzyl bromidel71 (1.728

g, 8.00 mmol) was added, and the reaction was allowed to stir overnight.
The reaction mixture was diluted with water (20 mL) and then extracted
with diethyl ether (3 x 30 mL). The combined organics were washed with
water (30 mL) and brine (30 mLyried over sodium sulphate, andfter
filtration, evaporated to dryness under reduced pressuraNitrobenzyl
azide 124 was obtained as an orange oil (1.341 953 mmol,94%): IR
(neat) Amax/ cm¢! 3455, 3016, 2970, 2948101, 1738, 1611 1578, 1523,
1445, 1353 1293,1228,1217, 857, 788, 730*H NMR (400 MHzCDQs0 14
8.12 (d,J= 7.9 Hz, 1H), 7.78 7.64 (m, 2H, 7.55¢ 7.48 (m, 1H), 4.85 (s,
2H);13C NMR (101 MHZCDGQs;0 ¢ MCT®DPHOS MOMNPHHE MOMOD:

125.49, 52.18.

Literature values:IR (neat) Amax / cm¢! 2105 (CG-Ns3); *H NMR (400 MHz,
CDCJ0 1+ -§.Minfro, 1H), 7.7 7.66(m, 2H), 7.54¢ 7.50 (m, 1H), 4.85
(s, 2H); '3C NMR (100MHz, CDGb 147.7, 133.9, 131.5, 130.1, 128.9,

125.2, 51.9
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CLICKREACTIOSTEP

CONVENTIONAL METHOD

88 N 73 N; \O
~0 = .
(i @N—N

Methyl 2-cyano2-(prop-2-yn-1-yl)pent-4-ynoate 88 wassusperded inthe
solvent (typicallytert-butanol/water (1:1)). The copper catalyst was
added (typically 2 equivalents copper powder), followed by the azide
(typically1.1 equiwalents). The reaction wa stirred vigorously overnight.
The reaction wa quenched with waterand then extracted with ethyl
acetate. The combined organics were then washed with water and brine,
dried over anhydrous magnesium sulphateand after filtration, the

solventswere removed under reduced pressure.

IN-SITUMETHOD

Sodium azide (0.412 g, 6.34 mmol) was dissolved in DMSO (25 mL) with
vigorous stirring. Benzyl bromid&68 (0.830mL, 6.98 mmol) was added,
and the reaction stirred for another Bours. Analysis by proton NMR of
the crude reaction mixture checked for the disappearance of the benzyl
protons at 4.50 ppm relating tobenzyl bromide, and the appearance of
the benzyl protons from benzyl azidat 4.35 ppm.Methyl 2-cyano2-
(prop-2-yn-1-yl)pent-4-ynoate 88 (1 g, 5.71 mmol) and copper powder
(0.605 g, 9.51 mmol) were added, and the reactioms stirred at RT
overnight. The reaction was diluted with water. The copper powder was
removed by filtration through Celite, and the resulting liquid wa
extracted with ethyl acetate several times. The combined organics were

washed with water and brine, and then dried oventaydrous magnesium
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sulphate. After filtration, thesolvents wereremoved under reduced

pressure.

MICROWAVE METHOD

Methyl 2-cyano-2-(prop-2-yn-1-yl)pent-4-ynoate 88 (100 mg, 0.57 mmol),
copper(l) sulphate (14ng, 0.7 mmol), sodium ascorbate (113 mg, 0.57
mmol) and sodium azide (¥ mg, 063 mmol) were combined in a 5 mL
microwave reactor vial. The solventteft-butanol/water, 1:1, 4 mL) was
added, and the \l sealed. Benzyl bromid&68 (0.068 mL, 057 mmol)
was added through the septum, and the vessel was heated in the
microwave reactor at 125C, 100 W, for 20 minutesthe cooled reaction
was worked up with water, and extraed with ethyl acetate. The
combined organics were washed with water and brine, and then dried
over anhydrous magnesium sulphate. After filtrationhd solvents were

then removed under reduced pressure.

LIGAND ASSISTED MBTH

(R,R-NORPHOSR,R-153 (0.017 g, 0.038 mmol) andcopper() iodide
(4.76 mg, 0.025 mmol) were combinedtaluene (5 mL). DIPEA (0.131 mL,
0.750 mmol) was added, and the reaction was allowed to stir at RT to
allow the complex to form.The reaction waghen cooled to¢40 °C and
methyl 2-cyano2-(prop-2-yn-1-yl)pent-4-ynoate88 (0.044 g, 0.250 mmol)
and benzyl azidg3 (0.031 mL, 0.25 mmol) were added, and the reaction
was stirred at¢40 °C for 18 hoursThe reaction was filtered through silica
while still cold, to avoidallowing any further reaction to occuy and the
silica pad was washed witbCM (5 mL) The solvents were evaporated,
and the residue analysed bgroton NMR spectroscopy Further dilution

was performed to create a sample for chiral HPLC analysis.
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146 METHYL Z2(1-BENZL-1H-1,2,3-TRIAZOI4-YLMETHYLR2-CYANOPENZ-
YNOATE

The product was purified by column chromategrhy, eluting with
petroleum etherEtOAc(2:1). This gavéhe mono product as a palgellow

oil (0.737 g, 2.39 mmol, 41.9%). IR (neat)Amax / cm<! 3280, 3141, 2256,
1739;'H NMR (500 MHz, CDGl + T ®n ¢ 6ca732 (m| IHL, 7.2&Pn ™
7.21 (m, 2H), 5.52 (s, 2H), 3.80 (s, 3H), 3.39 (s, 2H), 2.933&d6.9, 2.6

Hz, 1H), 2.81 (ddJ= 16.9, 26 Hz, 1H), 2.22 (tJ= 2.6 Hz, 1H}*C NMR
(101 MHz, CDIev 1 MCT®PHHZ Mond®c mZ MHGODPMAN Z
123.32, 117.71, 76.74, 73.58, 848, 53.96, 49.07, 32.17, 26.284HRMS
(NSI) Calcd. fo€7H17N4O- ([M+H]*) 309.1346 Found309.1345

METHYL §1-BENZY{41H-1,2,3TRIAZOL4-YL}2-((1-BENZX -1H-1,2,3
TRIAZO44-YL)METHYE)-CYANOPROPANOATE

The product was puified by column chromatography agescribedabove
Bistriazoleproduct eluted after monotriazole product aspale yellow oil:
IR (neail OmaxA cm¢* 3132, 3065, 3035, 2997, 2962246, 1740; *H NMR
(300 MHz, CDIG0 1 7 (5,4), 7.33¢ 7.23(m, 6H),7.20¢ 7.12 (m 4H),
5.42 (s, 4H), 361 (s, 3H), 348 ¢ 3.14 (m, 4H); HRMS (NSI) Calcd. For

Co4H24N702 ([M+H]") 442.1986. Found42.1984.
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METHYL Z(1-BENZHYRYLE1H-1,2,3TRIAZO4-YLMETHYLR-CYANOPENZ-
YNOATE

The product was prified by column chromatography, eluting with
petroleum etherEtOAc (2:1). Recrystallisation fromethanol gavethe
product as awhite powder(0.9679g, 2.52 mmol, 21% m.p. 107.8108.8
°C;Lw 0 Ynaxl/ émsl32M6, 3148, 29462250,1752, *H NMR (400 MHz,
CDCUO + T dnn O0@7%Z36Nm, 6H), 711® 709 (m, 5H), 3.78 (s,
3H), 3.41 (s, 2H), 2.96 (dd= 16.9,2.6 Hz, 1H), 2.85 (dd,= 16.9, 2.7 Hz,
1H), 2.22 (tJ= 2.6 Hz, 1H)3C NMR (101 MHZGDQ:0 { Mc T ®nH =
129.21, 129.17, 128.89, 128.82, 128.29, 128.11, 123.37, 117/8291,
73.67, 6839, 54.13, 49.38, 32.52, 26.4BIRMS (NSI) Calcd. Fos:i821N4+O>
([M+HT") 385.1659. Found 385.1664

METHYL XYANG2-((1-TRITY{1H-1,2,3TRIAZO4-YLMETHYL)PEN4-YNOATE

The reaction was performed at reflux. Proton NMR analysis showed 14%
yield of the product.Product was not ptified. NMR in appendix contains

the starting material'H NMR (400 MHz, CI:8 ¢ TOT ™M OC¥ 27 wml

| 843 |
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(m, 15H), 3.85 (s, 3H), 3.48 (s, 2H), 2.92 (dd¢,15.5, 2.8 Hz, 2H), 2.84
(dd,J=11.2, 2.6 Hz, 1H), 2.29 @= 2.7 Hz, 1H).

TERTBUTYL2-((1-BENZY41H-1,2,3TRIAZOI4-YLMETHYLR-CYANOPENZ-
YNOATE

The product was purified by column chromatography, eluting with
pentaneEtOAc(1:2). This gave the mono product as a pale oil (43 mg,
0.123 mmol, 24.5% 'H NMR (500 MHz, CD®I {+ T ®pp 0&/B4 ml 0=
(m, 3H, 7.30¢ 7.24 (m, 2H), 5.54 (2H), 3.36 (s, 2H), 2.90 (dd= 16.8,

2.6 Hz, 1H), 2.78 (dd}= 16.8, 2.6 Hz, 1H), 2.22 @= 2.6 Hz, 1H), 1.44

(s, 9H).

METHYL Z(1-(2-NITRBENZY):1H-1,2,3 TRIAZO44-YLMETHYL)
2-CYANOPENZ-YNOATE

(@]
“ N
Il NS
N—N
0
N+
0

The product was synthesised using the standard procedure, but
separation of the products was not attempted. Proton NMR analysis
showed the yield to be 47% monwoiazole, with a further 24% as thkis-
triazole, and the remaining 29% as remaining starting material. The

combined NMR is given in the appendix.
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144 TERTBUTYL2-((1-BENHYDR L-:1H-1,2,3-TRIAZO4-YLMETHYL)
2-CYANOPENZ-YNOATE

The product was purified by commn chromatography, eluting with
pentane:EtOAcc (1:2)This gave the mono product as a colourless oil (51

mg, 0.120 mmol, 16.8%)H NMR (400 MHzCDQs0 ¢ TdNnT 6-ax wml
7.33 (m, 6H), 7.16 7.09 (m, 5H), 3.36 (d, J = 3.0 Hz, 2H), 2.91 (dd, J =
16.8, 2.6 Hz, 1H), 2.79 (dd, J = 16.8, 2.7 Hz, 1H), 2.21 (t, J = 2.6 Hz, 1H),

1.41 (s, 9H).

L-MENTHYLR2-((1-BENAHYDRL-1H-1,2,3-TRIAZOI4-YLMETHYLR-CYANOPENT
4-YNOATE

IH NMR (400 MHz, CD@I + T ®pn  OGE7330 (ml,66{F 7.9 ¢ 7.06
(m, 5H), 4.75 (dddJ = 20.4, 10.8, 4.3 Hz, 1H), 3.38 (s, 2H), 2.96Jd,
16.8 Hz, 1H), 2.83 (d,= 16.6 Hz, 1H), 2.24.2.12 (m, 1H), 2.02 1.81 (m,
2H), 1.68 (d,J= 10.8 Hz, 2H), 1.5¢ 1.38 (m, 2H), 1.1% 0.96 (m, 2H),
0.92¢ 0.64 (m, 11H)L w 6 Yy &/ mst 3289, 2922, 2099, 1738, 1454,

1244, 1215, 1038, 950.
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‘ GALACTOSE BASMESOSTRUCTUREYNTHESIS

155 D-GALACTARIC ACIDMEITHYL ESTER

5 OH OH O 55 oH OH O

HO = _O
OH > - o~

O OH OH O OH OH

D-Galactaric Acidb (100 g, 476 mmol) was suspended in Methanol (500
mL). Sulphuric @id (7.5 mL, 141 mmol) was added, and the reaction
stirred at reflux overnight. The reaction was allowed to cool to RT, and
then placed in an ice bath for 30 mins. The white precipitate Wwagred

off, washed with water, and dried in a vacuum oven overnight. This gave
D-galactaric acid dimethyl estel55 (103.573 g, 435 mmol, 91%) as a
white powder:Mp 185°C; 1| baw o6nnn al l Z-48a{dhJo= ! n
7.9 Hz, 2H), 4.844.74 (dd,J = 59, 2.6 Hz, 2H), 4.3Qd, J = 8.0, 2H), 3.79

-3.68 (m, 2H), 3.62 (s, 6HL;w 0 ynrSak/(cicl 8246, 3148, 2946, 1752

Literature values:Mp 189°C;!H NMR (DMS@ls, 400MHz)+ 3.63 (s, 6H,
OMe), 3.77 (m, 2H, B), 4.30 (d,J=8.1Hz, 2H, EcOH), 4.80(m, 2H, &),
4.91 (d, 2HJ=8.1Hz, @GcOH);*C NMR (DMS®@s, 101MHz)! 51.43,
70.27, 71.20, 174.11; IR (KBr) 3345, 3265, 3120, 2966, 2923, 1726, 1384,
1288, 1119, 105Zm*%; EFMSm/z 239 (M+H), 221 (Mb | tO). Anal.

Calcd for @H1408: C 40.34, H 5.9 ound: C 40.15, H 5.91.
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156 DI-ISCPROPYLIDENE@ALACARIC ACID DIMETHYSTER®

155 OH OH O o Q °

0 -

= /)
O OH OH O 0O

Y
~
©)

(2R,3S,4R,59)-dimethyl 2,3,4,5tetrahydroxyhexanedioatel55 (23.79 g,
100 mmol) was suspended imcetone (1.2 1). 2,2Dimethoxypropane (184
mL, 1498 mmol) and-TSA (5.68 g, 33.0 mmol) were added, and the
reaction was stirred at RT over the weekend. The deep red/brown liquid
was evaporated to dryness to give a brown solid. The solid was taken up
in ethyl acetate and washd with NaCQ; to remove the p-TSA. The
organic layer was then washed with water and brine, dried over MgSO
and after filtration, evaporated to dryness again. The brown oil soon
solidified. The solid was recrystadbd from ethanol to give a 3.5 g of a
cream solid. A second recrystallisation was performed on the filtrate.
NMR analysis of the first 3.5 lgatch showedit to be pure product156.

Mp 100°C;'H NMR (400 MHz, CD@®I { -m4®8& (m, 2H), 4.524.46 (m,
2H), 3.82- 3.80 (s, 6H), 1.511.46 (s,6H), 1.45- 1.40 (s, 6H).

Literature valuesMp 98°C;*H NMR (CDGJ|400MHz)! 1.38 (s, 6H, Me),

1.44 (s, 6H, Me), 3.76 (s, 6H, OMe), 4.44 (m, 2HcQD), 4.56 (m, 2H, KA

0);3C NMR (CDgl101MHz)! 25.84, 26.89, 52.52, 75.69, 78.90, 112.22,
171.36; IR (KBr) 3498 (w), 3029, 2988, 2959, 2941, 1759, 1375, 1219,
1126, 854cmtl; FABMS (NBAM/z319 (M+H), 261 (Mbl b OSG 2y S0

Anal. Calcd for GH,,04: C 52.82, H 6.97. Found: C 52.46, H 6.94.
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157 DI-ISCPROPYLIDENE@ALACITOL%®

~o
W\
N
O\
Y
T
o)
o,
e
o)
T

Lithium aluminium hydride(1.897 g, 50.0 mmol) was suspendeén dry
ether (75 mL) at 0 °C. Bsopropylidene Dgalactaric acid dimethyl ester
156 (7.23 g, 22.71 mmol) was suspended dmy ether (175 mL) in a
separate flask. The contents of thesecond flask were transferred
dropwise via cannula to the LiAlHlask, and allowed to stir overnight.
Sodium sulphate (3 g) was added to the mixture, and stirred for 30 mins.
Water (5 mL) was then cautiously added. The mixture was then allowed
to stir for a further 30 mins. The mixture was filtered throu@eliteand
sodium sulphate. The solvents were then evaporated, leaving an orange
aqueous "sludge". This was taken up in DCM, and diluted slightly with
water. The DCM layer was removed and the solventaporated. This
gave dtisopropylidene galactitoll57(3.652g,13.9mmol, 61%)as a white
powder: *H NMR (400 MHz, CD:GI { -4d®@ tm, 2H), 3.90 3.67 (m,
6H), 2.51- 2.43 (dd,J= 8.6, 4.3 Hz, 2H), 1.42 (s, 6H), 1.40 (s, 6}).NMR

(100 MHz, CDGD ¢ MMAPOPMNE ymMmdny 3 Tydynz CcHODPpYy

Literature valuesMp 111°C (diethyl ethecK SE | y ST 0.0 ©,"0675 in

CHCY); 'H NMR(200 MHz,CDCJ) ¢ MdnnX M®d®nH OMHI X H P
2.28¢2.30 (2H, dd, J 4.1 Hz, J 8.7 Hz, 2 x OH),3.B¥ (6H,m), 4.04&

4.10 (2H, m)3C NMR %0.3 MHz CDGJ): 26.8, 26.9 (2 x g, 2 x C(CH3)2),

62.3 (t, G1, G6), 78.4, 81.3 (2 x d,-€, G3, G4, G5) and 109.8 ¢, 2 x
C(CH3)2).
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159 MONOSILYL PROTECTEBISCPROPYLIDENE@ALACITOL?

157 >< 159 :_><o \%

o~ "o 0
HO ; _ HO Si—
o -

o__0O o__0O

A A

Di-isopropylidene Dgalactitol 157 (0.950 g, 3.62 mmol) was suspended in
dry THF (50mL) at ¢78 °C. Butyllithium(1.45 mL, 3.62 mmo) 2.5 M) was
added slowly, and the reaction was stirred for an hour. TBB®M3J0.546

g, 3.62 mmol) was then added portionwise, and the reaction was allowed
to complete for 4 hours. The reaction was allowed to warm to RT and
worked up with the addition of water. The agous layer was extracted
with DCM. The combined organics were washed with water, brine, and
then dried over MgS@ After filtration, the solvents were thememoved
under reduced pressure. Thisfforded a small amount othe mono-silyl
protected di-isopropylidene Dgalactitol 159, which was not purified, but
was detected in the NMR by the appearance of the low shift signals,

characteristic of a silyl protecting group.

Literature values:!HNMR (CDG): 1 0.07cn ®dny 0O0YZ 3p), 0.8¢ { A 6/
nodn O Ytxdzudx | WdPop Z M®doc X M ®o TPE), 3D oy 0
(dd, J6=12.0HZ, Xk v s35.61 T 2 ™M | T | ¢ &5D1.3612pJ H:7406R R X
1T ™M |I'T I mMhhss2.0dtsd MORRI | ci BE530 Dy n
Hz,%42=2.41 T X ™M | T | XZ0sR.6l0T1d% yim 4 mMI 0 2% eld3pn o i
I T ™M | T c408IY odhpd H [TNMRH(EDG): p=00.10,

0.19 (Si(CH2), 24.57 {Bu), 31.73, 32.70, 32.73, 32.7%(), 68.73 (C6),

69.69 (C1), 88.19 (C4), 84.73 (C3), 88.19 (C5), 88p2¥ (C2); HRVS

(FAB):m/z calcd for GsH3606Si: 377.2359; found: 377.236MFHT".
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Abstract: The preparation of a series of new prochiral bis-alkynes
is reported. A selection of chiral ligands is examined to gain addi-
tional information about the scope of the new asymmetric Huisgen
‘click’ reaction [the desymmetrisation of bis-alkynes using chiral li-
gands in conjunction with the widely applied copper-catalysed
azide—alkyne cycloaddition (CuAAC) triazole synthesis]. The de-
velopment of a new chiral assay for (+)-methyl 2-[(1-benzyl-1H-
1,2 3-triazol-4-yl)methyl]-2-cyanopent-4-ynoate, and the produc-
tion of this mono-triazole in up to 18% enantiomeric excess is de-
scribed.

Key words: chiral ligands, copper, CuAAC reaction, asymmetric
synthesis

Desymmetrisation reactions? are a powerful tool in enan-
tioselective synthesis since they allow access to chiral
non-racemic products from bond-formation chemistry
that does not directly introduce chirality at the reaction
centre (Scheme 1). Classic examples are the use of

enantiotopic acetates

lipase from P. putida

pH 7 buffer

enantlotoplc alkenes

B ==

Scheme 1 Desymmetrisation reactions in synthesis®**-5¢

[PdCI»(R)-BINAP]
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lipases® with prochiral diesters, or the Hajos—Parrish reac-
tion,* which distinguishes the two enantiotopic ketones of
a2,2-disubstituted cyclohexane-1,3-dione. More recently,
the development of asymmetric Heck coupling reactions®
has transformed the synthetic application of the palladi-
um-catalysed arylation of o.B-unsaturated esters and relat-
ed substrates. This reaction was originally prized in
synthesis because, in contrast to conjugate addition® with
diarylcuprates, Heck coupling achieves a comparable
C—C bond formation, but retains the alkene functionality
in the product. The valuable reactivity of the alkene is thus
still available to be employed again (for example in
epoxidation” or cycloaddition® processes). Although valu-
able, however, this conventional use of Heck coupling
does not produce a new stereogenic centre, and it was 17
years from its first description® in the literature until the
first reports!® of its use with a chiral ligand.

N
N OH

Boc

>98% ee

% L-proline, then HCI, MeOH %

£

87% ee

(magellanine-type alkalond core)

(intermediate for (~)-oppositol)
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enantiotopic azides

I
c

equation 1

ligand L1

Cul, CHxCls #

59% ee
25% yield

enantiotopic alkynes 3
ligand L2 BnN
O CuCl, 2,5-hexanedione \O

95% ee
BnN
= Q

70% yield

s} 3

N3—/_ 4

equation 2 o]
ligand L2

CuCl, 2,5-hexanedione

=0 r
—— >

N
60% yield
N AN
N=—Bn N—Bn
.-—Q/ =
+
BnN. = -
—Bn
o] N"W\ll
6% yield
0, O,
i
N
+ o~ O/
BnN. =
¢} NeNINx
98% ee
51% yield
o]

Scheme 2 Examples of asymmetric ‘click’ reactions®™*®

There are many powerful, generally applicable, high-
yielding C-C bond-forming reactions that have similarly
been overlooked for investigation with chiral ligands for
the same reason (that they do not typically form stereo-
genic centres). Some years ago,'! it occurred to us that the
popular copper-catalysed ‘click” reaction between an al-
kyne and an azide [the copper-catalysed azide—alkyne cy-
cloaddition (CuAAC)],'*> which forms a flat achiral
triazole functional group, was just such a case. Sharpless
introduced the concept of ‘click” chemistry in 2001, em-
phasising the strategic power of bond-forming chemistry
that can be applied in almost any situation. By definition,
‘click’ reactions are easy to carry out, fast, and high-yield-
ing, so the concept of an asymmetric ‘click’ reaction is
highly attractive, promising enantiopure products in al-
most quantitative yield. Indeed, during the last decade, the
CuAAC reaction has been applied in almost every con-
ceivable situation (recent examples are in fields as diverse
as electrochemistry,’ polymer science,’® bioimaging,'®
drug delivery,!” metabolic glycoengineering,'® supramo-
lecular organogels,® neoglycoproteins,®® magnetic*! and
electronic?? materials, dendrimers,® immobilised cyclo-
dextrin  derivates,” fluorescence sensors,® and
semiconductors®), but, at the start of our work, compared
to these many thousands of CuAAC papers, there was
only one report?’ of its use with a chiral ligand (for an ex-
ample, see Figure 1, L1). This study from Fokin and
Finn’s group at the Scripps Institute employed a prochiral
bis-azide reacting with alkynes to form chiral mono-azide
derivatives containing triazole functionality (Scheme 2,
eq 1). For our own investigations, we felt that the synthet-
ic value of alkynes in organic chemistry afforded the de-

Synlett 2013, 24, 27232729

5% yield

symmetrisation of prochiral bis-alkynes much greater
potential, and we therefore focused our attention in that
direction. Our initial work has concentrated on simple,
readily available prochiral bis-alkynes that can easily be
obtained from B-keto esters or cyanoacetate esters by al-
kylation with two equivalents of propargyl bromide. Very
recently, an extremely elegant demonstration of this type
of asymmetric ‘click’ chemistry was reported by Zhou,?®
with enantiomeric excesses as high as 98%, working with
a different, but structurally related class of prochiral bis-
alkynes obtained from an N-protected oxindole (Scheme
2, eq 2 and Figure 1, L2). The publication of this highly
important paper by Zhou et al. prompts us to disclose our
own results in this area. We describe here the synthesis
and characterisation of new examples of cyanoacetate-
derived prochiral bis-alkynes, their mono- and bis-triazole
products from the CuAAC reaction, and preliminary
results with a representative series of chiral ligands.

Our prochiral starting materials are easily obtained by
heating methyl or tert-butyl cyanoacetate with propargyl
bromide and potassium carbonate at reflux temperature in
acetonitrile for 15-70 hours.” Methyl acetoacetate gave
the prochiral methyl 2-acetyl-2-(prop-2-yn-1-yl)pent-
4-ynoate ester by the same procedure. Unsymmetrical
malonate diesters (e.g., the ethyl, zert-butyl diester 4) can
also be used (Scheme 3).3°

The CuAAC reaction with benzyl azide was examined
first using copper powder*! for ease of work-up*? (simple
filtration), and also with copper iodide under microwave
conditions* (using a combination of the ‘one pot’ benzyl
bromide, sodium azide, alkyne method,** and the homo-

© Georg Thieme Verlag Stuttgart - New York
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Staage
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(R)-BINAP: R = Ph (S,S)-Me-DUPHOS (10)

(R)-7 tol-BINAP: R = 4-Tol
(R)-8 xyl-BINAP: R = 3,5-Xyl

(5)-i-Pr-PHOX (11)  (§)-t-Bu- Thla PHOX (12)

(R.R)-NORPHOS (9)

g,k JJ

+BU ’l Bu
(S)-t-Bu-BOX (13)

Figure 1 Structures of L1 and L2 and chiral ligands tested in our
work (7-13)

geneous tert-butanol-water procedure®’). The bis-alkyne
1 was reactive under both of these conditions, and, de-
pending upon the concentration of reagents and the excess
of the azide, mixtures of the starting material 1 and the
mono- and bis-triazoles*®*” (5°® and 6*°) were produced
(Table 1). An authentic racemic sample of 5 obtained in
this way was separated by analytical HPLC using a
Chiralpak IC column with heptane-isopropyl alcohol (80:20
v/v) as the mobile phase (1 mL -min™). The two enantio-
mers were eluted separately with retention times of 67 and
75 minutes. Shorter elution times are possible using
hexane-isopropyl alcohol (70:30 v/v at 1 mL -min?; reten-
tion times of 31 and 34 minutes), establishing a conve-

Table 1 CuAAC Reactions of the Bis-Alkyne 1 with Benzyl Azide*

— 0
A e | 2 1:R'=Me, R2 =CN
Br
‘ L e = RO 2:R'= tBu, R2= ON
R'O K»CO3, MeCN 3:R'=Me, R =Ac
reflux, 15-70 h I | 4:R' = +Bu, R2 = CO,Et
| | 19-71% yield

S0 - WL

o o

Scheme 3 Preparation and CuAAC reactions of prochiral 2,2-diynes
[method A: copper powder; method B: microwave irradiation with
copper powder; method C: chiral ligand with copper iodide and diiso-
propylethy lamine (DIPEA)]; see Tables 1-3

=Me, R2 CN
methods A BandC

nient high-throughput chiral analysis for the investigation
of the asymmetric ‘click’ reaction, using the ratios of peak
areas observed at 229 nm.

The reaction was examined next in the presence of (R)-
and (S)-tol-BINAP (7), in toluene, employing a 1:1 ratio
of the bis-alkyne 1 and benzyl azide and 10 mol% of cop-
per(I) iodide. The reaction was stopped after 18 hours
(21% conversion) and analysed by chiral HPLC. With
(R)-7, the faster eluting peak was larger than the second
peak, showing a modest enantiomeric excess of about
13% (calculated from the areas of the two peaks). The re-
action employing (S)-7, was again stopped before comple-
tion (38% conversion). In this experiment, the second
(slower eluting) peak was the larger. A similar enantio-
meric excess (15%), favouring the opposite enantiomer,
was observed (Table 2).

Based on this protocol, we next performed a preliminary
survey of arange of chiral ligands, but obtained the mono-

Method Time (h) BnN; (equiv) Concn (M) Recovered 1 (%)  Mono-triazole 5 (%) Bis-triazole 6 (%)
A 40 1® 0.06 57 30 13
A 16 1* 0.05 59 37 4
A 16 2:5% 0.04 16 28 56
B 16 1¢ 0.24 71 28 1
B 16 1¢ 04 19 54 27
c 0.17 14 0.14 94 5 1
o 0.25 14 0.14 38 26 36
C 0.33 14 0.14 32 30 38

 Reactions in #-BuOH-H,O for method A, in DMSO for method B, and in toluene for method C; see Scheme 3 and citations in the text.
> Added as benzyl azide.

¢ Generated in situ® before the ‘click’ reaction, using benzyl bromide and sodium azide.

4 Generated in situ during the ‘click’ reaction, using benzyl bromide and sodium azide.

© Georg Thieme Verlag Stuttgart - New York Synlett 2013, 24,2723-2729
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Table2 Asymmetric ‘Click’ Reactions at —40 °C with 10 mol% Cat-
alyst Loading (2:3 Ratio of Copper Iodide and Chiral Ligand)

Table 3 Asymmetric ‘Click’ Reactions at —40 °C with 20 mol% Cat-
alyst Loading (2:3 Ratio of Copper Iodide and Chiral Ligand) in Tol-
uene

Ligand® Solvent  Time SM/ ee erf
mono/bis® (%) Ligand® Time SM/mono/bis® ee (%) er

(R)-tol-BINAP toluene 18h  79:19:2 13 56:44 (R,R)-NORPHOS (9) 18h 66:34:0 16 42:58
(S)-tol-BINAP toluene  18h 62:35:3 15 42:58  (S.S)-Me-DUPHOS (10)  4h  92:8:0 5 5347
(R)-xyl-BINAP toluene 5d 74:24:2 5 5347 (S)-i-Pr-PHOX (11) 18h 60:35:5 3 48:52
(S)-xyl-BINAP toluene 5d 61:35:4 6 4753 (S)-t-Bu-Thia-PHOX (12) 18h 60:35:5 2 49:51
(R,R)-NORPHOS toluene 18h  72:25:3 9 46:54 (S)-t-Bu-BOX (13) 18h 53:31:15 3 48:52
(R,R)-NORPHOS Et,O0 18h  70:27:3 7  46:54 (S)-tol-BINAP (7) 18h 94:6:0 18 41:59
(R.R)-NORPHOS EtOH 5d 71:254 10 45:55 * (R,R)-NORPHOS = (2R,3R)-(-)-2,3-bis(diphenylphosphino)bicy-

clo[2.2.1]hept-5-ene; (S,S)-Me-DUPHOS = 1,2-bis[(2S,55)-2,5-di-
(R.,R)-NORPHOS MeOH 18h  68:28:4 7 46:54  methylphospholano]benzene; (S)-i-Pr-PHOX = (S)-2-(2-diphenyl-

Ty : phosphinophenyl)-4-iso-propyl-4,5-dihydrooxazole; (S)-#-Bu-Thia-

(RR-NORPHOS ~ EtOAc  18h 61:354 6 47:53  pyoy = (5).2.(2-diphenylphosphinophenyl)-d-fert-butyl-4,5-dihy-
(R,R)-NORPHOS EtOAc 5d  49:43:8 34852 drothiazole; (S)-#-Bu-BOX = 2,2'-iso-propylidene-bis(4-fert-butyl-

oxazoline); (:S)-tol-BINAP = 1,1'-binaphthalene-2,2'-diy Ibis[bis-
(R,R)-NORPHOS Et,0 5d 45487 4 48:52  (4-methylpheny)phosphine].

? tol-BINAP = 1,1'-binaphthalene-2,2'-diylbis[bis(4-methylphe-
nyl)phosphine]; xyl-BINAP =1,1'-Binaphthalene-2,2’"-diyl-
bis[bis(3,5-dimethylphenyl)phosphine]; (R,R)-NORPHOS =

(2R 3R)-(-)-2,3-Bis(dipheny Iphosphino)bicyclo[2.2. 1] hept-5-ene.

b Ratio of starting material to mono- and bis-triazoles.

¢ HPLC ratios of peak areas eluting at 31 min and 34 min using a 4.6
mm » 250 mm, 5 pum Daicel Chiralpak IC column with hexane—
i-PrOH (70:30 v/v) at 1 mL-min™ [or at 67 and 75 min eluting at 1
mL-min~! with heptane—i-PrOH (80:20 v/v)].

triazole product in lower enantiomeric excesses. Using
(R)-xyl-BINAP (8) gave the same sense of asymmetric
induction as (R)-tol-BINAP, but only 5% enantiomeric
excess. Because of the very low enantiomeric excess, S
order of large/small peaks was reversed, which proved to
be the case (6% ee). Perhaps because of the more bulky li-
gand, the xyl-BINAP reaction was much slower than the
tol-BINAP alternative, and these reactions required five
days to reach comparable levels of consumption of the
azide (26-39% conversions). (R,R)-NORPHOS (9) has
also been examined, and after 18 hours gave only 9% en-
antiomeric excess. In all of these reactions (see Table 2),
small amounts of the achiral bis-triazole 6 were also ob-
served. Using (R,R)-NORPHOS, a selection of reaction
solvents (methanol, ethanol, ethyl acetate and diethyl
ether) were tested, but gave similar results (3-10% ee).
The reaction in ethanol required five days to achieve 29%
conversion. The enantiomeric excess obtained in ethanol
at 29% conversion (10%) was very similar to the enantio-
meric excess obtained after 18 hours in our initial
NORPHOS experiment (28% conversion, 9% ee). The lowest
enantiomeric excesses in the NORPHOS experiments
were encountered in ethyl acetate and diethyl ether when
the reactions were allowed to proceed to about 50-55%
conversion. In these examples, because of the longer reac-
tion times, noticeably more of the bis-triazole product 6
was present.

Synlett 2013, 24, 27232729

bRatio of starting material to mono- and bis-triazoles.

¢HPLC ratios of peak areas eluting at 31 min and 34 min using a 4.6
mm » 250 mm, 5 pm Daicel Chiralpak IC column with hexane—
i-PrOH (70:30 v/v) at 1 mL-min™' [or at 67 and 75 min eluting at 1
mL-min~ with heptane—i-PrOH (80:20 v/v)].

The best result with (R,R)-NORPHOS (9) was obtained in
toluene by increasing the quantities of copper(I) iodide
and ligand 9 and keeping the reaction time as 18 hours
(Table 3). Under these conditions, at 34% conversion,
none of the bis-triazole was observed and the chiral dis-
crimination was improved to give the mono-triazole 5 in
16% enantiomeric excess."’ With this higher catalyst
loading (20 mol% Cul and 30 mol% chiral ligand), the
range of chiral auxiliaries tested in this study was expand-
ed to include (S,S)-Me-DUPHOS (10), (S)-i-Pr-PHOX li-
gand (11)*? and the (S)-#-Bu-Thia-PHOX ligand (12)*
(Figure 1), as well as an example of a non-phosphorus bi-
dentate ligand [(S)-t-Bu-BOX (13)], but all four gave low
enantiomeric excesses in the range 2-5%. (S)-Tol-BINAP
was also studied with the higher catalyst loading, giving
the mono-triazole product in 18% enantiomeric excess at
a low conversion.

In conclusion, the development of asymmetric ‘click’
chemistry is still at a very early stage, but it is clear from
our results and those of Zhou et al.*® that the efficiency of
asymmetric induction is sensitive to the structure of the
prochiral bis-alkyne and the choice of solvent, as well as
the nature of the ligand class itself. The examples reported
here include chelating diphosphines, chelating ‘P-N’ mo-
nophosphine ligands, and a BOX-type non-phosphine
chelating ligand, but with our cyanoacetate series of pro-
chiral bis-alkynes, all significantly underperform the
PYBOX ligand employed initially by Meng, Fokin and
Finn,*” and now optimised by Zhou et al.?®

© Georg Thieme Verlag Stuttgart - New York
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