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ABSTRACT 

Typical ly, the popular cl ick reaction between an alkyne and an azide forms 

a tr iazole in very high yield, but since this process does not produce a 

stereogenic centre, i ts use with chiral l igands has not been thoroughly 

investigated. Choosing a prochiral diyne as the start ing mater ial  al lows 

the cl ick process to perform a desymmetrisation step. Desymmetrisat ion 

of prochiral molecules using cl ick chemistry is a method that has had l i t t le 

attention in the past. Herein is descr ibed progress into a novel synthetic 

route to chiral molecules using this process. 

The f i rst part of this thesis introduces the concept of chiral i ty,  why it  is 

important, and how molecules with chiral i ty are synthesised. Then, the 

importance of the cl ick reaction and similar reactions are discussed. 

The second part  of this thesis reports on the format ion and 

characterisation of the bis-alkyne precursors, which are used in the key 

cl ick chemistry step. Next, several azide compounds are discussed, as 

these are also required for the key step.  

The third part  of this thesis is concerned with the main cl ick chemistry 

step. There are sub-sections for the original racemic tr ia l reactions, as 

well as a series of reactions assessing var ious l igands, culminat ing in a 

t uning of condit ions for the best l igand. A general reaction scheme for 

the project is given below. 

 

Next fol lows the fourth part , which consists of some reactions performed 

in conjunction with a visit ing project student. Whi lst these are not key to 

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

The f inal part of this thesis is the experimental section and the appendix.  
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(S)-SYNPHOS (S)-όҍ)-6,6'-bis(diphenylphosphino)-2,2 ',3,3'-

tetrahydro-5,5'-bi-1,4-benzodioxin 

(S)-t Bu-

BisOxazol ine 

όҍύ-нΣн- isopropyl idenebis((S)-4-tert -butyl-2-
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(S)-t Bu-

Thiazoline-TPP 

(S)-2-(2-diphenylphosphino-phenyl)-4-tert -butyl-

4,5-dihydrothiazole 

(S)-Tol-BINAP (S)-όҍύ-2,2'-bis(di-p-to lylphosphino)-1,1'-

binaphthyl 

(S)-Xyl-BINAP (S)-όҍύ-2,2'-bis[di(3,5-xylyl)phosphino]-1,1'-

binaphthyl 

(S,S)-Chiraphos (2S,3S)-(+)-2,3-bis(diphenylphosphino)butane 
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(S,S)-Me-DUPHOS (+)-1,2-bis((2S,5S)-2,5-

dimethylphospholano)benzene 

Bn Benzyl 

BOX bis(oxazoline) 

CDA Chiral Derivat ising Agent 

CLSR Chiral Lanthanide Shif t  Reagent 

CS Proton NMR spectroscopy in the presence of a chiral  

lanthanide shift  reagent 

CuAAC Copper-catalysed azide-alkyne cycloaddit ion 

d Doublet 

DMF N,N-Dimethylformamide 

DMSO dimethyl sulphoxide 

ee enant iomeric excess 

equiv Equivalent 

Et Ethyl 

EtOAc ethyl acetate 

FT Fourier transform 

GC Gas Chromatography 

HPLC High-Performance Liquid Chromatography 

h Hours 

Hz Hertz 

IR infra-red spectroscopy 
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m Mult iplet  

min minute(s) 

mp melt ing point 

NMR nuclear magnetic resonance 

OC degrees Celsius 

ppm Parts per mi l l ion 

p-TSA para-toluenesulfonyl acid 

PyBOX bis(oxazolinyl)pyr idine 

RT room temperature 

s Singlet 

SM start ing mater ials 

t  Triplet  

t -Bu tert -butyl 

THF Tetrahydrofuran 

TLC thin layer chromatography 

UV Ultraviolet 
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INTRODUCTION 

CHIRALITY 

WHAT IS CHIRALITY? 

Chirali ty occurs in chemistry when a molecule has a non-superimposable 

mirror image. Such isomers are known as enant iomers. They have the 

same bond l inkages, but exhibit a di fferent 3D orientation of them. All 

the physical propert ies, and therefore reactivit ies of enantiomers are the 

same, apart from their  abil i ty to rotate the plane of plane polarised l ight .  

One enant iomer wil l  rotate it  one way, and the other wi l l  rotate it  the 

other. Therefore, in a 50:50 mixture of both enant iomers, cal led a racemic 

mixture, the overall net rotation is zero. This is because the rotations 

cancel out. 

 

Structur e  1 ,2 - Example of  two enant iomers 

Structures 1 and 2 are the two different enant iomers of lactic acid. The 

carbon atom at the centre is asymmetric, because it  has four di fferent 

groups attached to it .  Each of the structures is a non-superimposable 

mirror image of the other. 

Perhaps the easiest way to explain this concept is to use oneΩs hands. I t  

is not possible to orient your left  hand so that i t  looks l ike your r ight 

hand, and because of this,  a lef t-handed glove does not f i t  on a right 

hand. 
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In organic compounds, chiral i ty often arises from an asymmetric carbon 

atom, although this is not always the case. There are several examples of 

compounds with no asymmetric centres, yet they exhibit  chiral i ty, such 

as BINOL, which exhibits axial chiral i ty.  

 

Structure  3 ,4 - Both enant iomers of  BINOL 

In contrast, there are molecules which contain more than one asymmetric 

centre, but they are not overall chiral, because the mirror image is now 

ident ical , and is superimposable. These are known as meso-compounds. 

One example used in this thesis is mucic acid. 

 

Structure  5 - Muc ic ac id .  A meso-compound 

Chirality is useful in chemical synthesis, but to be able to rel iably discuss 

the enantiomers with fel low scientists a naming convent ion is required. 

The R / S system is one of several conventions, and is the one preferred 

by chemists. For each asymmetric centre, the four substituents are 

ordered, in l ine with the Cahn-Ingold-Prelog rules.1 The molecule is 

moved round so that the lowest prior ity substituent is placed away from 

the viewer. The remaining three substituents, start ing with the highest 

prior ity, wil l  then be ordered in either a clockwise (R), or ant i-c lockwise 

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

molecule. 
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For axial  chiral i ty,  a similar method of def ining their chiral i ty is used, but 

the chiral axis is used as the viewing point , rather than a chiral atom, as 

in the process above. Using the Cahn-Ingold-Prelog rules, the 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 subst i tuents 

denotes whether the molecule is Ra (clockwise), or Sa (anti-clockwise), 

with a subscript a to show the chiral i ty is axial. 

A further type of chiral i ty can be seen in hel icenes. These are large 

polycyclic aromatic molecules, which twist  around, l ike an auger. They 

exhibit axial chiral i ty,  but do not fol low the R/ S convention. They are 

label led P,  for plus, a right-handed helix, or M ,  for minus, a lef t-handed 

helix. 

Another naming convention commonly found is the D/ L system. This 

system is based on the configuration of atoms, and their  relat ion to the 

configuration of glyceraldehyde. Molecules are given the classif ication D- 

when their configurat ion is the same as (R)-glyceraldehyde, whi le those 

that are the same as (S)-glyceraldehyde are given the classif icat ion L-. 

There is no direct correlat ion between the R/ S and D/ L systems. This 

convention is commonly used with biological systems, where it  is useful  

to be able to compare molecules of a similar structure. 

The f inal  naming convention uses the abil i ty  of chiral molecules to rotate 

the plane of plane-polarised l ight . A rotation clockwise gives a (+), while 

an ant i-clockwise rotation gives (-) . Again, this has no direct relat ionship 

to the other naming conventions. 
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WHY IS CHIRALITY IMPORTANT? 

One of the main uses for enant iomerical ly pure products is for use as 

medication. The human body, along with all  l i fe itself,  is an inherently 

chiral and enantiomerically-pure environment. In the human body, amino 

acids, used to make proteins, mostly have the same L-configuration, and 

all sugars have the D-configurat ion.  

While two different enant iomers of the same molecule have the same 

propert ies under standard condit ions, and therefore wil l  react the same, 

once they are put into the chiral  environment of the body the two may 

behave in completely different ways. This can range from the unwanted 

enant iomer being completely inert, to having an al ternative, but st i l l  

benef icial side effect, to producing severe undesired side effects. This is 

because the target receptors have a defined geometry, so only one 

enant iomer may have the correct  orientation of atoms to interact 

suff iciently. For this reason, new drug molecules are often synthesised as 

enant iopure molecules, or more generally,  re-patented as enantiopure 

molecules. 

Probably the most well-known example of the extreme differences a 

single bond geometry change can have on a drug molecule is the use of 

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

 

Structure  6 - Tha l idomide 

Thalidomide was or iginally marketed in 1956 by the German company, 

Chemie Grünenthal, for the treatment of respiratory problems. In 1957 

this was extended to include the use as an antiemetic for the treatment 

of morning sickness. In the fol lowing years, there was a marked increase 
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in the number of miscarriages and babies being born with birth defects. 

This increase was attr ibuted to the (S)-enantiomer of thalidomide being 

teratogenic, whi le the (R)-enantiomer was the active drug molecule.2 The 

drug was found to racemise in vivo,  so producing an enantiopure version 

of the (R)-thal idomide was not an opt ion.2 The drug was withdrawn from 

use in 1961, and drug testing since this disaster has become much more 

thorough.3  

The company which marketed the drug in the UK, now a part of Diageo 

PLC, contribute at least £6.5mil l ion per year to The Thalidomide Trust,  

which helps to support the people affected by this disaster.4 

Thalidomide has now been approved for use as a treatment for a 

complication of leprosy,5 and it  is also used as a cancer growth blocker 

for cases of mult iple myeloma.6 
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HOW IS CHIRALITY OBTAINED? 

aƻǎǘ ǊŜŀŎǘƛƻƴǎ ŀǘ ŀ ŎƘŜƳƛǎǘΩǎ ŘƛǎǇƻǎŀƭ ŀǊŜ ƴƻǘ ƛƴƘŜǊŜƴǘƭȅ asymmetric. 

Therefore, for each reaction step which introduces an asymmetric centre, 

around 50% of the product is of the unwanted enantiomer. In addit ion to 

this, the separation of the two products is not tr ivial, due to both 

enant iomers exhibit ing the same physical characterist ics under standard 

condit ions. Chemists must either separate their desired enantiomer from 

t he mixture, or develop asymmetric reactions to negate the need for 

extensive separat ion. 

Separation is possible through several methods, such as chiral  

chromatography, which is prohibit ively expensive for large scale 

synthesis; enzyme resolution, which is only suitable for certain functional 

groups; or f ractional crystall isat ion, which is only possible where the 

molecule of interest crystall ises. 

Alternatively, should separat ion prove to be too costly, Reactions are 

available that can either use chiral l igands to impart stereoselectivity on 

the reaction, or use start ing materials which already have a chiral centre, 

which can be transferred through to the f inal molecule. 

CHIRAL HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 

High performance l iquid chromatography (HPLC) is a technique used to 

separate mixtures of analytes. The mixture of analytes is passed through 

a column packed with a stationary phase, in the f low of a mobile phase, 

which is a mixture of solvents. The analytes part it ion between the two 

phases, and the relat ive aff inity of each analyte to the specif ic phases 

used, determines by how far the analyte is delayed on the column. 

Analytes with a high aff inity for the stat ionary phase wi l l  elute after those 

which have a low aff inity, hence separating them.  
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The analytes elut ing from the column are detected using a detector 

appropriate for the specif ic molecule. For example, a UV-absorbance 

detector may be used if the molecule absorbs UV l ight, a f luorescence 

detector could be used if the molecule f luoresces.  

It  is also possible to couple more than one detector to the same system. 

This most common pairing is a UV-absorbance detector with a mass 

spectrometer. This can help to determine which peak on the 

chromatogram corresponds to the molecule of interest,  by giving accurate 

mass data. However, this method is unable to determine the dif ference 

between two stereoisomers. 

Chiral high performance l iquid chromatography is similar to standard 

HPLC, except the stat ionary phase is altered to form a chiral environment. 

Several different asymmetric materials can be coated onto the support. 

They are often derivatives of polysaccharides such as cellulose or 

amylose, featur ing many asymmetric centres. Different derivatives can be 

coated on to produce many varied environments. Finding the right 

combination of solvents and columns can often be t iresome, but column 

manufacturers are often happy to offer a chiral method development 

service.7 , 8 

There is a large range of di fferent coatings available for HPLC columns.9 

One company, Daicel, have many different column materials available, in 

several dif ferent part icle sizes and column lengths. They are based on 

either an amylose or cellulose support, which gives the column its 

chiral i ty. The three alcohol groups on each sugar unit are then 

funct ionalised with a άselectorέ group, which is often done by formation 

of an ester or carbamateΦ 5ŀƛŎŜƭ ǊŜŎŜƴǘƭȅ ƛƴǘǊƻŘǳŎŜŘ ŀƴ άLƳƳƻōƛƭiseŘέ 

column series, where the column coating is bonded onto the si l ica support 

material,  instead of just being coated on. This means the type of solvents 

that can be used on the column is not restricted. Previously, with the 
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coated columns, the use of, for example, chlorinated solvents would 

remove the chiral coat ing from the si l ica support.  

Most common chiral  άselectorέ groups form carbamates or esters on 

bonding to the polysaccharide backbone, some of which are given below. 

 

Structures 7-14 - Examples of  some selector  groups  in ch ira l  HPLC co lumns. 

While the άselectorέ groups above are al l fair ly similar, they are di fferent 

enough to favour one molecule over another. 

ENZYME RESOLUTION 

Enzymes can also be used to separate two enantiomers. Due to the 

spatial ly defined pockets in some enzymes, only one enantiomer of a 

product may f it  the pocket, meaning just that one enantiomer reacts, 

forming a di fferent molecule which is then easier to separate.1 0 

One common example is the introduct ion of an alcohol group at a pro-

chiral carbon. This creates two enantiomers at  the react ion centre. A 

l ipase enzyme, such as CalB (Candida Antarctica l ipase) can then be used 

to acylate just one of the alcohols in a kinet ic resolution process. When 

run to completion, this produces a mixture of 50% of one enantiomer, and 

50% of the other enantiomer, but with an acyl group attached, which is 

usually easier to separate using conventional methods.  

Should the or iginal substrate racemise during the reaction, i t  is termed a 

dynamic kinetic resolution, and the acylat ion of the desired product 
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effectively protects i t  from racemisation. This means the enzyme reaction 

is constantly progressing to restore the equil ibr ium, and this can produce 

a theoretical yield of 100% of the desired enant iomer. 

FRACTIONAL CRYSTALLISATION 

Fract ional crystall isation is a process whereby molecules are separated 

from a solution of two or more solutes.1 1 However, this process is not 

always useful  on its own when trying to separate two enantiomers, 

because they often have the same solubil i ty .  

On some occasions crystall isat ion of enantiomeric mixtures wil l  form 

conglomerates.1 2 This is where each enant iomer crystal l ises out 

separately. They can either crystall ise at the same t ime, in which case 

they would appear as two mirror image crystals which can often be 

separated using a microscope and tweezers; or crystall isat ion of one 

enant iomer can be encouraged over the other, by having a saturated 

solution, and adding a crystal  of previously puri f ied, enantiopure 

compound. 

Often though, the two enant iomers co-crystall ise. In cases such as this, a 

chiral derivat izing agent can be used to form diastereoisomers, which can 

t hen be crystall ised separately. This however introduces further steps to 

the synthesis, to  add and then remove the agent. 

CHIRAL POOL COMPOUNDS 

A common method used to obtain a chiral product is to use start ing 

materials which come from nature. As mentioned above, nature is 

asymmetric, so the products it  produces are also often asymmetric. 

Sugars and amino acids are examples of natural compounds which are 

available on a large scale as enant iomerical ly pure materials. Such 

compounds can provide an easy and inexpensive way of insert ing 

asymmetry into a molecule, but there are l imitat ions on the type of 
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molecules that can be used. Much more value can be obtained by taking 

a prochiral  molecule, and transforming it  into a stereodefined 

enant iomerical ly pure product.  

ASYMMETRIC SYNTHESIS 

By far the most important way of obtaining chiral  molecules is using 

asymmetric synthesis. Some reactions which use metal co-ordinat ion sites 

as the reaction centre can be modif ied with suitable l igands to relay their  

chiral i ty across to the product. This is the process to be undertaken in 

this research project.  

There are countless different l igand designs used in modern chemistry. 

Most l igands use bulky structures, with  electron rich elements to bind to 

a metal atom, although not al l  catalysts require a metal to work. Common 

heteroatoms used in l igand design are oxygen, nitrogen, phosphorus, and 

sulphur. They usual ly work by blocking off  certain areas of the l igand-

metal complex with large groups, forcing the pro-chiral  molecule to 

attack, or be attacked, from a def ined region, presenting only one face of 

the pro-chiral  molecule to the reagent. These systems can be very 

eff icient, often obtaining ees in excess of 95%, from only a few mol% of 

catalyst.1 3 , 1 4 

Whilst  there are countless dif ferent molecules which can be used as a 

chiral l igand for a specif ic case, there are only a few specif ic classes of 

l igands which are well  known and can be used on several mechanist ical ly 

unrelated reactions. These are known as privi leged l igands.1 5 

Several of  the common l igand systems used are based on the BINAP 

backbone. BINAP is dif ferent from most l igands, because it  does not have 

any chiral centres. All  the carbons are sp2 hybridised which does not at 

f irst s ight seem a good chiral  l igand design. However, due to the bulky 

nature of the two naphthyl r ings, they cannot l ie in the same plane, and 
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one has to rotate to accommodate the other. Therefore, the molecule 

exhibits axial chiral i ty, and exists in both (R)- and (S)-enantiomers. The 

formation of BINAP usually proceeds from BINOL, through the bis-t r i f late 

derivat ive. 

 

Structures 15,16 - Both enant iomers of  BINAP 

BINOL itself can be a l igand system in its own right, where the alcohol 

groups replace the diphenylphosphine groups of BINAP. This is commonly 

used with rhodium for asymmetric hydrogenation.1 6 

 

Structure  3 ,4 - Both enant iomers of  BINOL 

There is a range of similar l igands where the diphenylphosphine groups 

on BINAP are replaced with ditolylphosphine, or dixylylphosphine groups. 

These enable access to more sterically hindered l igands. This variat ion of 

groups al lows the user to tune the l igand to the specif ic reaction.  
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Another avenue for customisation can be obtained through manipulat ion 

of the naphthalene rings. One such example used in this thesis is 

SYNPHOS. 

 

Struc ture  17 - (S)-SYNPHOS 

This l igand no longer contains delocal ised system in the end rings, as the 

end benzene r ings are replaced with dioxene moieties. This affects the 

steric bulk of the group, because the end ring is no longer planar; and the 

electronic propert ies, because the oxygen is more electronegat ive than 

the CH group it  replaces. This l igand was originally developed as a l igand 

for asymmetric hydrogenation using a ruthenium catalyst . 1 4 

One or both of the naphthalene rings can even be swapped for a phenyl 

r ing, giving even greater f lexibi l i ty in tuning the l igands.17 Examples are 

below 

 

Structures 15,18,19 - Examples of  swapping naphtha lene  r ings  for  pheny l  r ings 
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Bis-oxazoline l igands were developed in an attempt to mimic the metal 

binding site of vitamin B1 2,  where a cobalt atom is bound in the centre of 

a corr in r ing.1 5 Only half of  the r ing is formed, but addit ion of suitable 

groups to the oxazole can add addit ional binding sites to complete the 

tetra-dentate l igand.  

 

Structure  20  - A b is-oxazo l ine l igand 

PyBOX ligands are a subset of the larger group of bis-oxazoline l igands. 

¢ƘŜ άtȅέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ǇȅǊƛŘƛƴŜ ƛƴ ǘƘŜ ŎŜƴǘǊŜΦ ¢ƘŜ substituent groups can 

be var ied to produce a large number of dif ferent l igands with di ffering 

steric bulk, which can be used in a variety of dif ferent situations. Bis-

oxazoline l igands have been previously used with both copper(I) sal ts, and 

in reactions with alkynes, so are an interest ing l igand for this project.1 8  

 

Struc tures 21,22 - Both enant iomers of  a gener ic PyBOX l igand 

Whilst there are very complicated l igands such as those above, with 

several different elements, r ings, and substi tuents,  there are some that 

have a much simpler structure. Chiraphos is one such example. 

 

Structures 23,24 - Both enant iomers of  Ch iraphos 
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The l igands described above all  need a metal atom to make them into a 

catalyst that is useful  in asymmetric synthesis. Recent work within this 

group has focused on organic, metal-free catalysts, based on an iminium 

salt.1 9 

 

Structure  25 - Meta l -f ree  im in ium sa l t  cata lyst 

This catalyst  is one of a range produced in the lab, and they have for 

example been used to epoxidise cis-chromene 26 in up to 97% ee.2 0 Ring-

opening of the resultant epoxide 27 gives the correct arrangement for the 

active isomer of cromakalim, levcromakalim 28. 

 

Scheme 1 - tŀƎŜΩǎ ǳǎŜ ƻŦ meta l-f ree  im in ium sa l t cata lyst  25  in key epox idat ion step 

to wards levcromaka l im 28 
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CLICK CHEMISTRY PHILOSOPHY 

¢ƘŜ ǘŜǊƳ ά/ƭƛŎƪ Chemistryέ was coined by K. Barry Sharpless from The 

Scripps Research Inst i tute.2 1 I t  refers to a group of reactions which are 

άmodular, wide in scope, give very high yields, generate only inoffensive 

by-products that can be removed by nonchromatographic methods, and 

be stereospecif ic (but not necessari ly enant ioselective)έ. They can often 

occur in aqueous solvents, meaning they can be more environmental ly-

fr iendly than other reactions.  

The philosophy behind cl ick chemistry 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,  i f  larger molecules can be built  

ƛƴ ǎŜǾŜǊŀƭ ǇŀǊǘǎΣ ŀƴŘ ǘƘŜƴ άŎƭƛŎƪŜŘέ ǘƻƎŜǘƘŜǊΣ ƛǘ ǿƻǳƭŘ ǎǇŜŜŘ ǳǇ ǘƘŜ 

discovery of new drug candidates, as several di fferent moieties could be 

cl icked together in dif ferent orders to produce a vast range of molecules 

in a short space of t ime.  

Some reactions that can fal l  into this classi f ication are, 

- Nucleophi l ic opening of small rings, such as epoxides, azir idines, 

azir idinium ions, and episulphonium ions; 

- Cycloaddit ion reactions, such as 1,3-dipolar cycloaddit ion, and the 

Diels-Alder family of cycloaddit ions; 

- άbƻƴ-ŀƭŘƻƭέ ǘȅǇŜ ŎŀǊōƻƴȅƭ ŎƘŜƳƛǎǘǊȅΣ ǎǳŎƘ ŀǎ ŦƻǊƳŀǘƛƻƴ ƻŦ ǳǊŜŀǎΣ 

thioureas, aromatic heterocycles, oxime ethers, hydrazones, and 

amides; 

- Addit ions to C-C mult iple bonds, such as epoxidat ion, 

dihydroxylat ion, azir idination, sulphenyl halide addit ion, and 

Michael addit ions. 
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COPPER(I) CATALYSED HUISGEN 1,3-DIPOLAR CYCLOADDITION 

The most popular reaction under the cl ick chemistry umbrella is the 

copper(I) catalysed Huisgen 1,3-dipolar cycloaddit ion, in which an alkyne 

and an azide moiety react together to form a 1,4-disubstituted tr iazole, 

as shown in Scheme 2. The reaction is so popular, that when people refer 

to "cl ick chemistry",  this is the reaction they think of.  From here on in, 

the click react ion wil l  refer to this one react ion. 

 

Scheme 2 ς Genera l  cl ick chemistry  react ion 

This cycl isation react ion was f irst discovered by Michael in 1893.2 2 

Further work by Huisgen in the 1960s brought the 1,3-dipolar 

cycloaddit ion into common use, and, as such, i t  was named after Huisgen 

himself .2 3 The standard reaction does not use a catalyst, requires quite 

harsh reaction condit ions, and gives a mixture of the 1,4- and 1,5- 

regioisomers. Due to this,  the uncatalysed reaction does not f i t  under the 

cl ick chemistry terminology. 

Surprisingly,  it  was not unti l  2002 that  Meldal and Tornoe discovered that 

by using copper(I) sal ts as catalysts for the reaction in common organic 

solvents, the rate of reaction was increased, and only the 1,4-regioisomer 

was produced.2 4 At  the same t ime, Sharpless independently developed 

the same process in aqueous condit ions using a copper(II) salt  with a 

reducing agent,  such as sodium ascorbate, to generate the active 

copper(I) species in s i tu.2 5 This method avoided the problems associated 

with the use of just copper(I) salts, such as the purity due to reaction with 

oxygen to form inactive copper(II) species and react ive oxygen species;  

disproport ionation to form inactive copper(0) and copper(II);  and the 
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formation of diacetylenes through a cross-coupling react ion, such as the 

Glaser or Strauss coupling react ions. 

The mechanism of the cl ick react ion is thought to proceed through a 

copper acetyl ide and a copper metallacycle. However, there are several 

proposed mechanisms. 

In the f irst proposed mechanism shown in Scheme 3, the copper is thought 

to coordinate to the ̄ -bond of the alkyne. The terminal proton is then 

removed, and the copper acetyl ide is formed. The azide then binds to the 

copper. Intermolecular attack then occurs on the azide by the alkyne, 

facil i tated by the charge on the copper. The six-membered copper 

metallacycle then undergoes r ing contraction. A proton then exchanges 

with the copper to form the tr iazole product, and regenerates the copper 

catalyst.2 6 

 

 

Scheme 3 - M echanism proposed by Himo 
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Another study by Buckley suggests that two copper atoms are required, 

and reports experimental evidence that dinuclear alkynylcopper(I)  

ladderane complexes are the act ive species.2 7 Their work used copper(I I) 

sulphate as the pre-catalyst . The copper was reduced to the active 

oxidation state using sodium ascorbate, which then formed a complex 

with the terminal alkyne. Many of these complexes would join together,  

forming a ladderane complex. This complex was obtained as a yellow 

insoluble product after several days of reaction, and X-ray powder 

diff ract ion has shown that there are two copper(I) atoms holding the 

alkyne groups together.  

 

Scheme 4 - Mechanism proposed by Buck ley 

This pre-formed catalyst was used in a cl ick reaction with the same 

terminal alkyne and an azide, and gave yields up to 98%. The reaction was 

also performed using the condit ions used original ly by Sharpless, and 

gave results that were comparable to those obtained with the ladderane 

complex. 
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Another study by Worrell used heat-f low reaction calor imetry to show 

that two copper atoms are required.2 8 Recent l i terature on the cl ick 

reaction of 1-iodoalkynes shows that the terminal alkyne-iodide bond 

does not need to be severed for the reaction to occur, hint ing at the fact 

that a copper-acetyl ide is not required for the cl ick reaction.29 The copper 

ƳŜǊŜƭȅ ƛƴǘŜǊŀŎǘǎ ǘƘǊƻǳƎƘ ˉ-interact ions. If  the reaction is catalysed 

ǘƘǊƻǳƎƘ ǘƘŜ ˉ-interactions, i t  suggests that in terminal alkynes the 

copper(I) acetyl ide is formed, which act ivates the alkyne, then a second 

copper atom is required for the catalysis. 

A preformed copper acetyl ide 29 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 within 20 minutes.  

 

Scheme 5 - Method used by Worre l l  us ing preformed copper  acety l ide 
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For this mechanism, shown in Scheme 6, the copper is thought to 

ŎƻƻǊŘƛƴŀǘŜ ǘƻ ǘƘŜ ˉ-bond of the alkyne as before. The terminal proton is 

removed and a copper acetyl ide is formed. Now that the tr iple bond is 

ŀŎǘƛǾŀǘŜŘΣ ŀ ǎŜŎƻƴŘ ŎƻǇǇŜǊ ŀǘƻƳ Ŏŀƴ ŎƻƻǊŘƛƴŀǘŜ ǘƻ ǘƘŜ ˉ-bond. The azide 

now enters and attacks the second copper atom, causing the tr iple bond 

to break and join onto the terminal end of the azide, leaving both copper 

atoms at the opposite end of the alkene. Ring contraction then takes 

place, eject ing a copper atom. A proton then exchanges with the 

remaining copper atom, to form the tr iazole product. 

 

Scheme 6 - Mechanism proposed by Worre l l 
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USES OF CLICK CHEMISTRY 

Click chemistry has only been around for 15 years, yet i t  is becoming an 

increasingly important technique in numerous areas of chemistry. Its 

ǇƻǇǳƭŀǊƛǘȅ ŎƻǳƭŘ ōŜ ŘǳŜ ǘƻ ǘƘŜ ŎǳǊǊŜƴǘ ǇǳǎƘ ǘƻǿŀǊŘǎ άƎǊŜŜƴέ ŎƘŜƳƛǎǘǊȅΣ 

and chemistr ies that provide an easy separation of products. One major 

advantage to cl ick chemistry is the speed of the reaction, and ease of 

creating a large l ibrary of compounds, by merely changing the azide or 

alkyne used. Often the products can be separated by a simple f i l trat ion 

or crystal l isat ion, and the use of chromatography as a means of 

separat ion is regarded as unsatisfactory in c l ick chemistry.  

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

are: 

¶ Dendrimer formation3 0 , 3 1 

¶ Peptidomimetic chemistry3 2 , 3 3 

¶ Fluorescent tagging34 

¶ Polymer formation3 5 

¶ Polymer derivatisat ion3 6 

¶ Liquid Crystals3 7 

¶ Self-Assembled Monolayers3 8 

¶ Functionalised sugars3 9 

¶ Cyclophane l igand design4 0 

One use for cl ick chemistry is in the peptidomimetic area of chemistry. A 

recent review by Pedersen and Abel l discusses the advantages of using 

tr iazoles in place of peptide l inkers, such as the very similar bond lengths, 

and polar ity. The 1,4-tr iazole l inker gives a good approximation to the 

trans-pept ide bond, whereas the 1,5-tr iazole l inker gives an even closer 

approximation to a cis-pept ide bond, as shown in Figure 1.3 2  
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Figure 1 - Compar ison of  pept ide bond leng ths w i th the ir  t r iazo le mimics. 

Horne used these propert ies to lock the conformation of tetrapeptides, 

and prove that the more potent conformation of apic idin, a histone 

deacetylase inhibitor (HDAC), is not the al l-trans structure observed in 

solution, but a cis-trans-trans-trans conformation.3 3  

 

Structure  31 ,32 - Ap ic id in ,  and the c is-t rans-t rans-t rans-mimic produced by Horne 

The group synthesised the precursor molecule, with the appropriate 

alkyne and azide end groups. They then performed two cyclisation 

reactions, the f i rst was heated and used no catalyst . This gave a mixture 

of the two regioisomers, and they were able to successfully pur ify out the 

1,5-regioisomer, shown above. The other reaction used a copper salt, to 

give the 1,4-regioisomer. An in-vitro f luorescence assay was then used to 

confirm the active conformation. 
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The cl ick reaction can also be used to produce functionalised polymers in 

several ways. When suitable bis-azides and bis-alkynes are reacted 

together,  ful ly conjugated polymers can be created for use as 

f luorophores.4 1 Work by van Maarseveen and Reek subjected bis-azides 

35 and 36 to  cl ick reaction condit ions in the presence of bis-alkynes 33 

and 34. This formed conjugated polymers with up to 73 repeating units,  

as detected by size-exclusion chromatography for the react ion of 33 with 

36.   

 

Structure  33-37 ς Bis-az ides and b is-alkynes used by van Maarseveen and Reek4 1 

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

in ful ly conjugated polymer 38 with 14 repeating units. 

 

Structure  38 - C l ick po lymer synthes ized by Maarseveen and Reek 
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Click chemistry has been used to funct ionalise an azido-polymer, which 

has azide groups on the side chains. There are many examples in the 

l i terature. The one below, by Lecomte, is performed by ring-opening co-

polymerisation of caprolactone with an azido-caprolactone.3 6 The 

resultant azido-polymer 39 is subjected to cl ick reaction condit ions, in 

the presence of one of several alkynes, to form funct ional ised polymer 

40.  This functionalisat ion alters the propert ies of the polymer, such as its 

solubil i ty . For example, functionalisation with N,N,N-tr iethylpropargyl 

ammonium bromide, would help solubi l ise the polymer in aqueous 

environments, such as the human body. 

 

Figure 2 - Funct iona l is ing an az ido-po lymer 

Dendrimers are macromolecules which mimic the branching of a tree. 

They are made up of a core molecule, linking units, and capping units. The 

capping units often have a specif ic protein binding capabi l i ty, or 

f luorescent tags. Cl ick chemistry has been used in this area to l ink the 

three pieces together. 

The simplest use of cl ick chemistry in dendrimer formation is the 

connection of two pre-built  dendrons with different functional it ies. For 

example, one dendron could have sugar molecules for protein recognit ion 

on the outer edge, and the other dendron may have f luorescent 

molecules. Joining these two dendrons together using the cl ick reaction 

forms a f luorescent protein detector. This modular approach allows a 

large range of dendrons to be synthesised, each with a dif ferent property.  
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Lǘ ƛǎ ǘƘŜƴ ǇƻǎǎƛōƭŜ ǘƻ άǇƛŎƪ ŀƴŘ ƳƛȄέ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ǘƘŀǘ ŀǊŜ ǊŜǉǳƛǊŜŘΦ For 

example, several di fferent dendrons can be synthesised, each with a 

f luorescent molecule which has a different excitat ion wavelength. Then it  

is easy to form a new dendrimer with a different excitat ion profile if  

required. 

A more in depth use of cl ick chemistry is in the building stages of the 

dendrimer,  by l inking the units together.  Structure 41 is an example of a 

dendrimer bui lt  using both these methods.3 0 The left half is a dendron, 

init ial ly formed by controlled  esterif ication of 2,2-

bis(hydroxymethyl)propionic acid. Next, an alkyne containing group is 

l igated to the f inal layer. In this case, the sugar group is functionalised 

with an azide, and is joined on under cl ick reaction condit ions. The right 

half of structure 41 is bui lt  in a similar way, but here a f luorescent marker 

is used. The two halves can then be joined under cl ick reaction condit ions, 

to form the ful l  dendrimer. 

 

Structure  41 - Bi funct iona l  dendr imer 
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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 removes for example a mirror plane, or 

rotational axis. 

General ly, desymmetrisation is often not useful . Without careful  control 

the molecule may react at more than one reaction site, forming a 

statist ical mixture of the products. However, desymmetrisation can be 

readi ly promoted by certain enzymes, and, due to the nature of an 

enzyme, the step is usually enantioselect ive.4 2 , 43 , 4 4 , 4 5  

Some achiral reactions can be adapted to form a desymmetr isation 

version. This can be done by creating a substrate with two reaction sites. 

One react ion site may be favoured over the other due to steric hindrance 

or favourable interact ions from other groups. Ligands can be introduced 

to further inf luence the reaction site choice. Highly effective l igands used 

in conjunction with crystall isat ion techniques can desymmetrise some 

substrates with ees up to 100%.46 

Scheme 7 outl ines the intent ion of this desymmetrisation project.  

 

Scheme 7 - Desymmetr isa t ion of  a b is-a lkyne us ing CuAAC 
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Previous work with the desymmetrisation of dialkynes has tended towards 

intramolecular cyclisations of one alkyne, leaving the other avai lable for 

future funct ional isat ion. Hennecke used a similar substrate to that used 

in this thesis.4 7 The group progressed through a bromolactonisation of 

diyne 42 as shown in Scheme 8, obtaining results of up to 98% yield, and 

96% ee.  

 

Scheme 8 - Procedure used by  Hennecke 

15 examples were synthesised, mostly using NBS for a 

bromolactonisat ion, but NCS and NIS were also used, performing a 

chlorolactonisat ion, and iodolactonisat ion, respectively. In addit ion, the 

group performed the cyclisat ion reaction using one gram of bis-alkyne 44, 

under the same condit ions, and then a selective hydrogenat ion afforded 

the unsaturated n-butyl derivative 46,  shown in Scheme 9, in a 93% 

overall yield. 

 

Scheme 9 - Gram-scale  synthes is  used by Hennecke 
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The advantage of this process is that internal alkynes can be used. This is 

not possible using the copper-catalysed azide-alkyne cycloaddit ion 

(CuAAC) process, as only terminal alkynes can be catalysed using copper.  

Another desymmetrisation process uses a gold catalyst to cyclise one of 

the alkynes. Hashmi is well known in the gold catalysis area, and has 

writ ten several reviews on the topic.4 8 , 4 9 , 5 0 , 5 1 His group synthesised a 

furan-diyne substrate 47 which they cycl ised to form phenol 48,  with no 

interference or s ide reactions from the other alkyne group.5 2 

 

Scheme 10 - Procedure  w i th best  cond i t ions used by Hashmi 

Overall,  in excess of 20 chiral l igands were tested, including several chiral  

ferrocene derivat ives, through to BINAP and BINOL based l igands, with 

the best results coming from BIPHEP l igand 49,  with the condit ions shown 

in Scheme 10. 

Another group using gold catalysis on diyne structures is the group of 

Czekelius.5 3 Their work uses 1,4-diynes such as structure 50 instead of the 

1,6-diynes in this thesis, and ment ioned above. The process, shown in 

Scheme 11, forms a 7-membered heterocycle 51,  which is an often seen 

motif in natural products, but there are few methods to synthesise them 

selectively.  
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Scheme 11 - Procedure  used by Czeke l ius to form 7-membered heterocyc les 

The majority of their  work is concerned with achiral l igands, so the 

desymmetrisation is uncontrolled and racemic products are formed. 

However, they do use two chiral l igands at the end of the paper. The f irst 

uses optically pure NHCH as a l igand 52,  which gave a good yield of 60%, 

but a low ee of 17% was obtained. Switching to l igand 49 as used by 

Hashmi, gave an improved ee of 60%, at the cost of a lower yield of 23%. 

 

Structure  52 ς [ AuCl(NHCH) ]   
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The f irst and, at the start of the project, only mention of a 

desymmetrisation process using cl ick chemistry was made by Fokin in 

2005.54 However,  their work focused on kinetic resolution of compounds, 

by using the cl ick reaction. They worked with a chiral mono-azide 53,  and 

a gem-diazide, both reacting with phenylacetylene 54,  so the sense of the 

reaction was reversed compared with our work. The work discussed in 

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

 

Scheme 12 - Procedure  used by Fok in 

In their research, they evaluated ten l igands, al l  of which were of the 

PyBOX category. Reactions were run as per Scheme 12, and conversions, 

which were capped at 40% due to l imit ing the alkyne reagent,  ranged from 

16 ς 39%. Selectivity,  which is given by the below formula, gave values 

from -1.8 up to 3.2. The results are shown in Table 1. Enant iomeric 

excesses were not stated. 

 

The table shows that the majority of the reactions almost reach 

completion. Entry 1 uses iso-propyl side chains, but i t  is apparent they do 

not have enough ster ic bulk to impart any selectivi ty on the reaction. 

However, by introducing a larger group, such as a phenyl (entry 2), the 

selectivity increases. Entry 3 shows 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 5, causes the select ivity to be part ial ly  restored, but not to 

the level obtained with 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 to rotate. 

Interest ingly, entry 5 uses the opposite enantiomer of l igand to entry 4, 

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

Table  1 - L igand evaluat ion by  Fok in.  Se lect iv i ty  is  g iven as a ra t io of  k f a s t/ ks l o w.  
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(S,S ) -56  

 

39% 1.0 

2 

57  

 

38% 3.2 

3 

58  

 

37% 1.0 

4 

59  

 

31% 2.0 

5 

60  

 

19% -2.0 

6 

61  

 

37% -1.8 

7 

62  

 

34% 1.6 

8 

63

 

16% 1.0 

9 

64  

 

38% 1.5 

10 

65  

 

22% 2.8 
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Entry 6 reduces the steric bulk on the f irst  carbon atom, by replacing the 

phenyl group for a much smaller methyl group. This reduces the 

selectivity.  Entry 7 moves the phenyl group away from the l igand by one 

carbon unit  by using a benzyl s ide chain. This gives the group more 

f lexibi l i ty, but this again lowers the selectivi ty. Entr ies 8 and 9 use larger 

side groups, but their movement is restr icted by forming a r ing with them. 

This again reduces the selectivity. In the case of entry 8, no select ivity is 

obtained. Entry 9 is a direct analogue of entry 2, in that a phenyl group 

is attached to the oxazole ring at the 5-posit ion, but in this case there is 

a methylene l inking it  to the 4-posit ion on the ring, restr ict ing the 

f lexibi l i ty. The fact that the selectivity is more than halved, shows that 

the phenyl group is held in a conformation which is not ef fective as a 

stereoselective l igand for this reaction. Final ly, entry 10 uses a 

tryptophan side chain, and this affords good selectivity,  but at  a lower 

conversion rate.  

Further react ions were performed to investigate three other variables in 

the reaction. The copper source, complex concentrat ion and l igand 

copper proport ions were individual ly varied to see how they affected the 

reaction. They found that copper(I) iodide gave the best selectivity, at 10 

mol% copper, to 20 mol% ligand. 

The second, smal ler, section of the paper used a prochiral gem-diazide, 

with l igand 65 and the best reactions condit ions found in the previous 

step, summarised in Table 2. The authors found that the reaction was 

progressing on to form the bis-t r iazole product as the major product,  

instead of the expected mono-triazole. They attr ibuted this behaviour to 

the high reactivity of a Cu-organometal l ic intermediate, as described by 

Rodionov, who had previously performed studies on the reaction.5 5 
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Table  2 - Fokin 's  Resu l ts  f rom gem-diaz ide react ions 

 

 Mono-triazole Bis-tr iazole 

66 

 

23% yield 

16% ee 
60% yield 

67 

 

25% yield 

59% ee 
63% yield 

At the end of the paper is a single sentence on work with 1-

phenylpropargylic compounds where i t  is stated that attempts to perform 

a kinetic resolut ion on these compounds resulted in no enant iomeric 

discr imination. There is no mention of any work with prochiral bis-alkyne 

compounds, and we believe that our project was entirely novel at the 

outset. 
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Rodionov has previously performed the cl ick reaction on bis-alkynes, but 

they were not prochiral compounds.5 5 His work used both a diazide and 

bis-alkyne shown below to investigate the mechanism of the cl ick 

reaction. 

 

Figure 3 ς React ions  per formed by Rodionov 

His results showed that diazide 76 reacts with phenylacetylene 54 to form 

mainly the bis-t r iazole product 78,  with only a trace of mono-tr iazole 77.  

However, the reaction performed with bis-alkyne 72 and benzyl azide 73 

produced a stat ist ical mixture of the mono- and bis-products. This work, 

combined with the work from Fokin, showing that even with a bulky l igand 

the majority of the product is the bis-tr iazole, shows that there is an 

addit ional 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 chiral ly useful molecules, by using a cl ick 

chemistry intermediate step. 

First ly, prochiral  bis-alkynes are formed from a range of easily available,  

and inexpensive prochiral methylene based compounds. These are then 

subjected to standard cl ick chemistry condit ions. A range of di fferent 

substrates are formed, along with a range of dif ferent azide groups. 

Because only benzyl azide was commercially avai lable,  a range of 

different azide moieties were synthesised. Synthesis wil l  probably occur 

in-s itu with the cl ick reaction, or immediately before. Because azides can 

be unstable and potential ly explosive it  is desirable to have them formed 

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

Once a suitable combination between substrate and azide has been found, 

the react ion condit ions are altered to try to increase the yield of the 

mono-subst ituted product. 

Further into the project a period is spent evaluat ing chiral l igands with 

which an enantioselective cl ick step wil l  be performed. Prior to this, a 

chiral separat ion is to be undertaken on the racemic samples, to form a 

chiral analysis procedure. This is necessary to determine how successful  

the desymmetrisat ion step is.  
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RESULTS AND DISCUSSION 

RELATED WORK 

Short ly after the conclusion of the practical research port ion of this 

thesis,  Zhou publ ished a paper on the same topic.5 6 Their  research 

focused on the format ion of quaternary oxindoles, such as 79 and 80,  and 

performing an asymmetric c l ick react ion on them, to obtain useful  chiral  

molecules which could be subjected to further functionalisation on the 

remaining alkyne group. 

 

Figure 4 - Ox indo les used by Zhou 

The 1,6-heptadiynes used were synthesised from N-protected oxindoles 

and propargyl bromide, shown in Scheme 13. 11 different 1,6-heptadiynes 

were synthesised, with yields ranging from 35 to 81%. 

 

Scheme 13 - Process used by Zhou for  synthes is  of  ox indo le  based 1 ,6-heptad iynes 
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For the majority of the experiments, Zhou achieved results similar to 

those performed previously by Rodionov, in that more of the bis-t r iazole 

product was formed than the mono-t riazole product. In some cases, 

results as low as 10% mono-triazole product to 90% bis-tr iazole product 

were obtained. By changing the solvent to acetone the rat io was reduced 

to 1:2. This encouraged Zhou to try several different ketone solvents, one 

of which, 2,5-hexadione, reversed the results, and gave a 7:1 ratio of 

products, in favour of the mono-product.   

It  is interesting to note the differences between entries 1 and 2 in Table 

3. On addit ion of the l igand, the amount of bis-product actually increases, 

with 11% mono-triazole and 44% bis-tr iazole formed with a l igand, 

compared to 10% mono-triazole and 30% bis-tr iazole with no l igand. This 

shows that using a l igand may have an adverse effect on the reaction, 

with the steric bulk causing the mono-triazole 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 l igand, so no further comparison can be made.   
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Table  3 - A summary of  resu l ts  by Zhou.  

 

Ent ry Solvent Reagents Rat io o f  

mono to  

bis 

product 

Iso lated 

yie ld o f  

mono-

product 

ee 

1 CH2Cl2 Ligand ς 0 mol% 

CuCl ς 10 mo l% 

1:3 10% N/A 

2 CH2Cl2 L igand ς 12 mo l% 

CuCl ς 10 mo l% 

1:4 11% 67% 

3 acetone L igand ς 12 mo l% 

CuCl ς 10 mo l% 

1:2 20% 75% 

4 2-butanone L igand ς 12 mo l% 

CuCl ς 10 mo l% 

1:2 21% 77% 

5 2-pentanone L igand ς 12 mo l% 

CuCl ς 10 mo l% 

1:2 22% 75% 

6 3-pentanone L igand ς 12 mo l% 

CuCl ς 10 mo l% 

1:2 21% 84% 

7 cyc lopentanone L igand ς 12 mo l% 

CuCl ς 10 mo l% 

1:2 24% 60% 

8 2,5-hexadione L igand ς 18 mo l% 

CuCl ς 15 mo l% 

7:1 77% 90% 

Rat io of  products de termined by 1H NMR spectroscopy, us ing CH2Br2 as in ternal  

s tandard. 
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Scheme 14 - Bes t  react ion cond i t ions f rom Zhou 

Further modif ications to the substrate and azide as shown in Scheme 14 

gave results up to a ratio of 12:1 in favour of the mono-product, with 82% 

isolated yield of the mono-product,  obtained with an ee of  89%. Changing 

the azide from 3-f luorobenzyl azide to an N-(2-azidoethyl)phthalimide 

moiety gave a higher ee of 98%, but lowered the yield to 56%. 

Fortunately,  the mono-triazole products could be crystall ised out,  and the 

absolute conf igurat ion of their products has been established, and shown 

to be that shown as the product in Scheme 14. 

Up unt i l the appearance of this publ icat ion, we had hoped that we were 

the only group working on such a procedure. The fact that another group 

was working on it  too, and with such a large group of researchers, 

validated our interest in the area. Fol lowing this,  we announced our 

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

THE ESTER SERIES 

The bis-alkyne cl ick substrates of the type shown in Scheme 15 were 

original ly synthesised by Oediger and Möller, but for a different 

purpose.5 7 The group reacted methyl cyanoacetate 86 with 2.2 

equivalents of propargyl bromide 82,  using 2.2 equivalents of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) 87 as the base, producing the bis-

alkyne product 88 in 77% yield,  as per Scheme 15. Their procedure then 

led to forming cyclised products from the two alkyne moieties. 

 

Scheme 15 - Method used by Oediger  to form b is-a lkyne 88 

A similar synthesis is used here, but with potassium carbonate as the base 

instead of DBU due to the much lower cost, and acetonitr i le as the solvent 

instead of DMF, mainly because of the high toxicity of DMF compared to 

acetonitr i le. Several variat ions have been at tempted, and some products 

synthesised. A selection of results from both the ester and phosphonate 

series are detailed in Table 4. 
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Table  4 - Bis-a lkyne products  formed w ith y ie lds 

 

Compound 
Number 

R1 R2 Yield (%) 

88 CO2Me CN 78-97 

89 CO2Me Ph 66 

90 CO2Me p-OMe-Ph 0 

91 CO2Et p-Me-Ph 0 

92 CO2Me C(O)Me 31 

93 CO2Me p-NO2-Ph 0 

94 CO2Me Pyridine 30 

95 CO2Et CO2
tBu 19 

96 CO2Bn CN 38 

97 CO2
tBu CN 53 

98 CO2Menthyl CN 63 (2 steps) 

99 P(O)(OEt)2 CN 19 

100 P(O)(OMe)2 CO2Me Not separated 

101 P(O)(OMe)2 C(O)Me 0 

102 P(O)(OiPr)2 CO2Et 0 

The fi rst substrate was produced from methyl cyanoacetate 86,  as this 

was relat ively inexpensive, and it  is easy to fol low the reaction by NMR 

spectroscopy due to the singlet produced by the methyl group. 

 

Scheme 16 - Synthes is  of  b is-a lkyne 88 f rom methy l  cyanoaceta te 86 

After puri f icat ion of the product by column chromatography, the proton 

NMR spectrum showed three signals; the singlet from the methyl, a 

doublet from the methylene groups, and a tr iplet f rom the terminal 

alkyne protons. The carbon NMR spectrum was assigned 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 carbon was easily recognised as 

having the highest shift ,  fo l lowed by the nitr i le carbon. The remaining 

two signals were provisional ly assigned, assuming the peak with a similar 

shift  to the terminal alkyne was the other end of the alkyne, and the 

remaining quaternary carbon having a lower signal intensity than the 

others. Infra-red analysis showed the product also had a nitr i le group, 

with a stretch at  2249 cm-1,  and an ester group, with a stretch at 1740 

cm-1, as expected. Analysis by mass spectrometry showed the high-

resolution mass to be within 0.5 ppm of the predicted mass, which is in 

excellent agreement. 

The synthesis was successful, and has given yields up to 97%. Larger scale 

reactions were attempted, and with the increased quant it ies, vacuum 

dist i l lat ion was a viable option to purify the compound. The recovered 

yield here was 78%, but the purif ication step was easier,  and gave a much 

purer compound which solidif ied into a large white solid. This was ground 

down to give a colourless powder which was much easier to handle than 

the thick oils produced previously.   

Further into the research project, l i terature was found which used 

acetone as the solvent at  room temperature overnight.4 8 This gave a 

cleaner, greener method of production, and after extraction from the 

reaction solvent, addit ion of ethanol to the impure product general ly 

produced large crystals of the product.  This f i t ted well with the 

phi losophy of cl ick chemistry. 

To further confirm the product had been formed, X-ray crystal lography 

was performed on the crystall ine product thanks to Jean-Francois Lohier 

at the University of Caen. The structure obtained is shown below. 
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Figure 5 - X-ray crysta l  st ruc ture  of  bis-a lkyne  88 

Interest ingly, the two alkyne groups are pointing away from each other, 

rather than al igning together.  This projects the two alkynes into two 

different areas of space, theoretically meaning a suitable l igand could be 

designed to l ink to the ester and nitr ile groups and present the copper 

reaction site to just one of the alkynes. This, of course, assumes the 

molecule adopts this configurat ion while in solution, and it  is not just due 

to the crystal packing. 

  



   
 

 ИМ 
 

 

Scheme 17 - Synthes is  of  bis-a lkyne 89 f rom methy l  pheny lacetate 103 

The first change to this process was to use methyl phenylacetate 89 as 

the substrate of the bis-alkyne reaction. This change was adopted because 

during the racemic cl ick step discussed later, a large amount of bis-

reaction product was being formed. Due to the high aff inity of nit r i les to 

copper salts, we thought that the nitr i le was interfer ing with the reaction, 

and perhaps holding the copper in c lose proximity to the molecule, so it 

could easily react with the second alkyne, something which was not 

intended.5 8 

Unfortunately, forming bis-alkyne 89 f rom methyl phenylacetate 103 

required harsher condit ions, using sodium hydride as the base. This could 

be because the pKa for the phenyl derivative is much higher.5 9 However, 

a small amount of product was produced, which was subjected to the cl ick 

procedure. The cl ick reaction was successful , and showed 30% conversion 

to the mono-product, and a further 9% to the bis-product, as calculated 

from the relat ive areas of the methyl signals on the proton NMR 

spectrum. However, due to the phenyl group on the backbone, and the 

phenyl groups on the benzyl azide coinciding on the NMR spectrum, it  was 

impossible to locate the tr iazole proton under the aromatic protons. Due 

to the dif f iculty of assigning signals in the NMR spectrum, combined with 

the harsher synthesis, this substrate was set aside. 
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Scheme 18 ς Attempted synthesis  of  b is-a lkyne 90 f rom methy l  p-

methoxyphenylace tate 104 

Methyl p-methoxyphenylacetate 104 was suggested as the next substrate 

in an attempt to clear up the aromatic area of the NMR spectrum. The p-

methoxyphenyl group would exhibit two doublets in the aromatic region 

of the NMR spectrum, instead of the mult iplet in the phenyl version. 

Unfortunately, attempts to synthesise bis-alkyne 90 were unsuccessful.  

The f irst method attempted used the sodium hydride react ion that 

worked for the phenyl variant. This method did not produce the expected 

peaks in the proton NMR spectrum and showed some start ing material 

remaining. The reaction was reattempted by heating at reflux. Again, the 

product peaks were not seen in the proton NMR spectrum. Less start ing 

material remained thi s t ime, so this showed some reaction was occurring. 

Next, a weaker base, potassium carbonate, was used. Again, the proton 

NMR spectrum showed no peaks from the product. Some high mult ipl ic ity,  

low intensity peaks were found around 3 ppm, which were assumed to be 

from the mono-substituted products.  

 

Scheme 19 - At tempted synthes is  of  b is-a lkyne 91 f rom ethy l  p-to ly laceta te 105 

We theorised that the methoxy group deactivated the react ion site. Ethyl  

p-tolylacetate 105 was the next to be attempted, in the hope that by 

changing the p-methoxy for the tolyl moiety, the reaction would proceed. 

The ester is also different, due to the methyl ester being commercial ly 

unavailable,  although this should not have a signif icant effect  on the 
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reaction. Again, potassium carbonate was chosen as the weak base, 

fol lowing the same procedure as before. After heating under reflux over 

a weekend, the proton NMR spectrum showed that no reaction had 

occurred. The protocol using sodium hydride was attempted, and the 

reaction was heated under reflux overnight.  Analysis of the proton NMR 

spectrum showed l i t t le reaction, but a series of very low intensity peaks 

in the expected posit ion for the addit ional alkyne peaks gave hope that 

the reaction was in fact working. The react ion was repeated and left for 

six days, after which no addit ional product appeared in the proton NMR 

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

 

Scheme 20 - Synthes is  of  bis-a lkyne 92 f rom methy l  ace toaceta te 106 

Methyl acetoacetate 106 was the next molecule to be investigated. This 

has an ester on one side of the molecule, and a methylcarbonyl moiety on 

the other. This was also chosen to simpl ify the NMR spectrum. Given the 

ease of analysing reactions with a methyl ester, putt ing an methyl group 

on the other half  of the molecule should give another easy to identify 

singlet.  The potassium carbonate procedure was attempted, and formed 

the product in 31% yield. 
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Scheme 21- Synthesis  of  b is-a lkyne 93 f rom p-n i t ropheny lacet ic  ac id 107, v ia  methy l  

ester  108 

Methyl p-nitrophenylacetate 108 was synthesised from the corresponding 

acid 107,  using dimethyl carbonate, with concentrated sulphuric acid as 

a catalyst . The formation of bis-alkyne 93 f rom this was achieved using 

the standard potassium carbonate procedure. Proton NMR analysis 

showed the product had been formed and no start ing material was 

present, but the product did contain some mono-subst ituted product as 

an impurity. Separat ion by column chromatography could not separate 

the two products cleanly, and only gave about a 30% recovered yield of 

the bis-alkyne product. 

 

Scheme 22 - At tempted synthes is  of  b is-a lkyne 94 f rom 2-(pyr id in-2-y l )ace t ic ac id 

109, v ia methy l  ester  110 

Methyl 2-(pyridin-2-yl)acetate 110 was chosen because of i ts close 

relat ion to the cyano group, both having the nit rogen two atoms away 

from the proposed asymmetric centre. Unfortunately the similarity of i ts 



   
 

 ЙЖ 
 

atom posit ions did not extend to the reactivity. Synthesis of ester 110 

was attempted from the corresponding acid 109,  using dimethycarbonate 

and concentrated sulphuric acid. Whilst  no start ing mater ial  was present 

in the proton NMR of the crude react ion mixture, there did not appear to 

be any peaks that could correspond to the product either, specif ically the 

three to two ratio of methyl and methylene protons. The synthesis of bis-

alkyne 94 was therefore not attempted. 

 

Scheme 23 - Synthes is  of  bis-a lkyne 95 f rom te r t -buty l  e thy l  malonate 111 

A malonate is a diester derived from malonic acid. They have an active 

methylene unit,  surrounded by two ester groups. Mixed malonates are 

pro-chiral, in that the two ester groups are different with a pro-chiral 

centre on the methylene between the esters. 

Formation of bis-alkynes from these should be easier, because of the two 

ester groups. Any two alcohols can be used to create a mixed malonate, 

so this also allows for a wide range of different substrates. The init ia l  

mixed malonate chosen was tert -butyl ethyl malonate 111. 

The react ion to form bis-alkyne 95 was f irst attempted with potassium 

carbonate as the base, but analysis of the proton NMR spectrum showed 

that no product was formed. A search of the l i terature uncovered a 

previous attempt to perform a similar react ion, but with a symmetrical  

malonate, and hexyl bromide, instead of propargyl bromide.6 0 On 

fol lowing the same procedure, which used sodium hydride as the base, 

the product was formed in just 19% yield. 
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Realis ing that changing the ni tr i le moiety on our original backbone only 

gave detrimental results, we changed our focus onto changing the other 

side of the backbone, the ester. 

 

Scheme 24 - Synthes is  of  bis-a lkyne 96 f rom benzy l  cyanoaceta te 112 

First ly, benzyl cyanoacetate 112 was tr ied. The react ion proceeded well 

under the standard potassium carbonate procedure and the crude proton 

NMR spectrum showed peaks character ist ic of the product bis-alkyne 96, 

with an amount of start ing mater ial  present. Purif icat ion via column 

chromatography gave a yield of 28%. 

 

Scheme 25 - Synthes is  of  bis-a lkyne 97 f rom te r t -buty l  cyanoace tate 113 

Following on from the methyl ester giving a clear singlet in the proton 

NMR spectrum for easy determination of reaction progress, tert -butyl 

cyanoacetate 113 was chosen next. It  also gives the clear singlet, but at  

a much lower chemical shift . The outcome of the NMR spectroscopy in the 

presence of a chiral lanthanide shift  reagent using the methyl 

cyanoacetate bis-alkyne 88,  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. Crystal l isat ion 

from ethanol produced pale yel low crystals which were suitable for X-ray 

crystallography. Jean-Francois Lohier at the University of Caen assisted 

me in the mounting of this crystal , and performed the analysis. The crystal 

structure is given in Figure 6. 
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Figure 6 - X-ray crysta l  s t ruc ture  of  bis-a lkyne  97 

The two alkyne groups are again pointing away from each other, and they 

form a mirror plane through the molecule. Their posit ion is notable, with 

the terminal alkyne protons out away from the centre of the molecule, 

compared to Figure 5, where one is near the molecule and the other is 

away.  This may mean it  is harder for the l igand to have an effect while 

dist inguishing the two alkynes. Again, this assumes the molecule adopts 

this configuration whi le in solut ion, and it  is not just due to the crystal  

packing. 

 

Scheme 26 - Synthes is  of  menthy l  2-cyanoacetate 116 f rom L-mentho l  114 and  

2-cyanoacet ic ac id 115 

The final ester change performed was using L-menthol 114 to form an 

ester. 2-Cyanoacet ic acid 115 and L-menthol 114 were added to toluene, 

and the reaction was catalysed by p-TSA using a Dean-Stark apparatus. 
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This afforded an orange reaction mixture. The product 116 proved not to 

be miscible with n-pentane, whereas the impurit ies were. The crude 

reaction mixture was therefore st i rred vigorously in n-pentane, and the 

mixture was f i l tered off to give an 81% recovered yield of the desired 

menthyl cyanoacetate product 116. 

 

Scheme 27 - Synthes is  of  bis-a lkyne 98 f rom menthy l  cyanoace tate 116 

This menthyl cyanoacetate was subjected to the standard potassium 

carbonate reaction to afford bis-alkyne 98,  which after purif icat ion by 

vacuum dist i l lat ion, gave a recovered yield of 78%. Recrystall izat ion from 

ethanol again gave crystals suitable for X-ray crystal lography. Jean-

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

the structure is shown in Figure 7. 
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Figure 7 - X-ray crysta l s t ruc ture  of  bis-a lkyne  98 

Following the above research, we concluded that the most appropriate 

molecules to investigate further would be the original methyl 88 and tert -

butyl 97 cyanoacetates because they are easy to make in a good yield and 

it  is easy to fol low the reaction by proton NMR spectroscopy. In addit ion, 

the L-menthyl cyanoacetate 98 was chosen because it  could be produced 

easily in excellent yield, and might al low the sense of asymmetric 

induction from the proposed asymmetric Ψcl ickΩ reaction to be 

determined, if  the relat ive stereochemistry of the mono-triazole could be 

proven by crystal lography. The menthyl ester, however, may act as a 

chiral auxi l iary in the cl ick reaction, perhaps result ing in an improved, or 

reduced ee by double stereodif ferent iat ion. 
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PHOSPHONATE ESTERS 

In addit ion to esters,  and a mixed malonate, the synthesis of phosphonate 

esters was investigated. A phosphonate ester is s imilar to a standard 

carbonate ester, in that a double-bonded oxygen, and alkoxy groups are 

bonded to the phosphorus, the dif ference being there are two alkoxy 

groups, instead of one. 

 

Scheme 28 - Synthes is  of  bis-a lkyne 99 f rom diethy l  cyanophosphonate 117 

Diethyl cyanophosphonate 117 was the f irst phosphonate ester used, and 

is a close analogue of the original methyl cyanoacetate 86 precursor,  

except with ethyl alcohol groups on the phosphonate ester, in place of 

the methyl ester. A l i terature search found only one previous preparat ion 

of the compound.6 1 This required the use of potassium metal in dry 

diethyl ether as the f i rst step to form the potassium derivative, before 

addit ion of the propargyl bromide. This was deemed extreme reaction 

condit ions which would not f i t  well with the ΨclickΩ chemistry philosophy. 

We decided to use our standard reaction procedures established with the 

cyanoacetate ester and should they not work, the phosphonate series 

would be discarded. 

The reaction proceeded using the potassium carbonate protocol, and 

analysis of the proton NMR spectrum showed very few impurit ies. 

Purif ication by si l ica gel chromatography using petroleum ether and ethyl  

acetate as the eluent gave an overall  19% yield of product 99 as a pale 

yellow oil. 
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Scheme 29 - Synthes is  of  bis-a lkyne 100 f rom t r imethy l  phosphonoacetate 118 

Trimethyl phosphonoacetate 118 was the next phosphonate invest igated. 

This is simi lar to the mixed malonate backbone of the ester series, with 

an ester on one side, and the phosphonate ester on the other. There was 

no l i terature precedent this react ion. The reaction again proceeded well 

using the potassium carbonate protocol, and analysis of the proton NMR 

spectrum showed that  the product had formed, but with some impurit ies. 

The impurity peaks were close to the product peaks, so we theorised that 

these could have come from the start ing material and mono-substituted 

product.  Puri f icat ion by si l ica-gel chromatography using petroleum ether 

and ethyl  acetate as the eluent was unable to separate the mono- and 

bis-substituted products ful ly. A smal l amount of impure bis-alkyne 

product 100 was obtained, but further puri f ication was not attempted. 

The cl ick react ion was performed on this mixture of products. 

 

Scheme 30 ς Attempted synthesis  of  b is-a lkyne 101 f rom  

dimethy l  2-oxopropy lphosphonate 119 

Another phosphonate ester backbone used was dimethyl 2-

oxopropylphosphonate 119.  This is an analogue of the methyl 

acetoacetate backbone of the ester ser ies 92,  in that i t  has the 

phosphonate ester on one side 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 numerous signals from 

products which were not expected, and could not be ident if ied. The bis-

alkyne product 101 was not found among these signals. 

 

Scheme 31 ς Attempted synthesis  of  b is-a lkyne 102 f r om  

ethy l  2-(d i- isopropy l  phosphono)acetate 120 

The final phosphonate used was ethyl 2-(di-isopropoxy phosphoryl) 

acetate 120.  This is another analogue of the mixed malonate from the 

ester series, However,  analysis of proton NMR spectra result ing from the 

standard potassium carbonate procedure gave no sign of the product bis-

alkyne 102.  

Of the phosphonate esters investigated, none appeared to provide the 

ease of reaction and excellent yie ld required for a ΨclickΩ chemistry 

protocol, compared to the ester ser ies. This avenue was therefore 

discont inued. The two phosphonate compounds which had been 

synthesised successfully and part ly puri f ied were subjected to the cl ick 

reaction procedures. 
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AZIDE COMPOUNDS 

The azide moieties were synthesised using the method proposed by 

Alvarez and Alvarez where the corresponding bromide was treated at 

ambient temperature in a 0.5 M solution of sodium azide in dimethyl 

sulphoxide.6 2 These reactions achieved yields of up to 98% in just one 

hour.  

 

Scheme 32 - Method used by A lvarez to  form az ide 

Following these procedures, the synthesis of benzyl azide was achieved, 

and has given yields of up to 94%. Several different azide moieties were 

made as part of this project; these are detai led in Table 5. 

Table  5 - Az ide moie t ies formed w ith y ie lds 

Azide Yield 
Compound 

Number 

Benzyl 94% 73 

Benzhydryl 99% 121 

Trityl 98% 122 

Benzoyl 76% 123 

2-nitrobenzyl 94% 124 

The react ion with benzoyl chlor ide was at tempted using the standard 

reaction in DMSO, but on addit ion of the chloride to the DMSO solution a 

violent react ion occurred. Later research found that DMSO reacts with 

benzoyl chloride 125 to form 2-(methylsulphinyl)-1-phenylethanone 

126.6 3  
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Scheme 33 - Unexpected react ion o f  benzoy l  ch lor ide wi th  DMSO 

A literature method for the synthesis was found, which used an acetone 

water mix as the solvent system.6 4 This reaction gave the product in a 

yield of 76%. 

Comparison of c l ick reactions performed using commercial  benzyl azide 

and my freshly prepared benzyl azide showed 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 fr idge for some t ime, the colourless 

l iquid turned pale yellow. This could indicate some deterioration of the 

compound. However, as all the react ions to produce the azides general ly 

give very pure products, in almost quantitat ive yield, in a short reaction 

t ime, they can be produced as and when needed for the cl ick reaction 

step, and used without further puri f icat ion. General ly, they can be 

produced in the t ime i t  takes to charge the reaction vessels with the other 

reagents. 

In addit ion to the stepwise procedure, there were several reported 

procedures where the azide is formed in-s i tu during the reaction. This 

method has several advantages. First ly, azides are known to be explosive, 

and are highly volat i le. With this method, the azide is not isolated, and 

there wil l  theoret ical ly be a very small quantity in the react ion at any one 

t ime due to the eff iciency of the cl ick reaction. Secondly, as mentioned 

above, the azide may deter iorate after some t ime. With the formation 

occurring in-s itu,  and the other reactants being present in a large excess 

over the formed azide, the cl ick react ion occurs very rapidly, el iminat ing 

the t ime for deterioration. 
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As a mid-ground between the two procedures, a one-pot, two-step 

reaction was developed. In the review on copper-catalysed azide-alkyne 

cycloaddit ions by Meldal and Tornøe, they summarised numerous cl ick 

reactions from the seven years preceding the paper.6 5 Many of the 

reactions proceeded in DMSO, which is the same solvent used for 

formation of the azide. So for the mid-ground, t he azide was formed using 

the same procedure as Alvarez, but no purif icat ion was performed. A 

small sample of the reaction mixture was taken after an hour, and NMR 

analysis showed the progress of the react ion. The benzyl protons shift 

sl ightly between the bromide and azide in the proton NMR spectrum, from 

4.50 ppm for benzyl bromide, to 4.35 ppm in benzyl azide. In addit ion, IR 

spectroscopy was used to show the stretch corresponding to the C-Br 

group at around 1600 cm-1  had disappeared, and the C-N3 group had 

replaced it,  with a stretch at around 2100 cm-1.  Once at this stage, the 

reagents for the cl ick reaction, the bis-alkyne and the copper source, 

were added to the exist ing react ion media and the reaction was al lowed 

to proceed as normal.   
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CLICK PRODUCTS 

The click chemistry step fol lows a variat ion to  the protocol originally set 

out by Sharpless where alkyne 127 and benzyl azide 73 are suspended in 

tert -butanol/water and a copper(II) source is added.2 5  

 

Scheme 34 - Procedure  used by Sharp less 

A 91% yield of the product 1,4-regioisomer 128 was achieved using just 1 

mol% of copper(II) sulphate, with 5 mol% of sodium ascorbate to reduce 

it  to the active copper(I) species. There is no contaminat ion by the 1,5-

regioisomer. The variat ion used in this thesis uses copper powder as the 

catalyst, and relies on air oxidation of the copper to form the active 

catalyst .6 6 

At the start  of the project, a series of reactions were performed to gauge 

the eff icacy of several copper sources for the reaction. A l i terature search 

showed numerous copper sources and forms that had been used in 

previous CuAAC research, including a review l ist ing.6 5 Several copper(I)  

and copper (I I) salts were selected for testing, along with copper (0) 

powder, the results are given in Table 6.  
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Table  6 - Compar ison of  copper  sources 

 Copper Source NMR Resul ts 

1 CuSO4 44 /  31  /  25 

2 CuI 50 /  25  /  25 

3 Cu2O 57 /  19  /  24 

4 CuCl 52 /  27  /  21 

5 CuBr 55 /  23 /  22 

6 Cu(OAc)2 52 /  27  /  21 

7 Cu(0) 58 /  30  /  12 

The outcome of the reaction showed that copper(I I) sulphate and 

copper(0) powder produced about the same amount of mono-triazole 

product, but copper(0) powder gave a lower yield of the unwanted bis-

tr iazole product. The four copper(I) sources, copper iodide, oxide, 

chloride and bromide, and copper (I I) acetate, al l  gave sl ight ly lower 

yields, with the addit ional problem of impurit ies from the DIPEA used, 

which was sti l l  present in some of the NMR spectra. Therefore, copper 

powder was chosen for our catalyst for the racemic reactions. In addit ion, 

this made the reaction easier to purify, as the react ion mixture could be 

f i l tered after quenching to remove the copper powder. After this,  removal 

of the solvents under vacuum would give the products and any remaining 

start ing material, which can be separated easi ly by column 

chromatography. 

However, for the work with l igands, copper(0) powder is not suitable,  and 

copper(I) iodide would be used instead. To ensure the l igand is having an 

effect on the reaction, al l  copper atoms need to be interacting with a 

l igand. The process of having an excess of copper powder and relying on 

oxidation by air is not compatible with this. 
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Scheme 35 - Standard c l ick chemis try  react ion us ing bis-a lkyne 88 

Due to the lack of chiral induction in this step, as no l igands are used, 

both the mono- and bis-substituted products are synthesised as a 

mixture, as shown in Scheme 35. Separat ion of the two products required 

column chromatography. The start ing material e lutes f i rst, fol lowed by 

the mono-product, then the bis-product. Purif icat ion in this way is easy 

and produces the mono-product in a clean state. The mono-product in 

this reaction is of course racemic. 

The NMR spectrum of the crude reaction mixture was part icular ly useful,  

as the methyl singlets from the start ing material,  mono- and bis-products 

are well separated, and an easy comparison can be made to obtain 

percentage yields. See Figure 8. 
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Figure 8 - Sect ion f rom proton NMR showing the  three methy l  s ing lets . 

The same bis-alkyne 88 was treated with the other azides that had been 

synthesised and the results are shown in Table 7. Of the results obtained, 

the benzhydryl product gave the best mono-selectivity at a reasonable 

rate. This is probably to do with the bulkiness of the group. The tr i tyl  

group did give better mono-selectivity with only a t race amount of the 

bis-product, but required reaction at ref lux for two days to give only 14% 

yield, whereas the benzhydryl  group reacted at room temperature, and 

gave 26% conversion, with 85% of the mono product.  

  



   
 

 КЛ 
 

Table  7 - Summary of  resu l ts  w i th d i f fer ing az ide group 

 

 

 

73 

 

 

121 

 

 

122 

 

 

124 

Benzyl  az ide Benzhydry l  az ide Tr i ty l  az ide 2-n i t robenzy l  

az ide 

Reacted a t  room 

temperature 

Reacted a t  room 

temperature 

Reacted only 

under  ref lux 

Reacted a t  room 

temperature 

SM  53% 

Mono 25% 

Bis 22% 

SM 74% 

Mono 22% 

Bis 4% 

SM 86% 

Mono 14% 

Bis Trace 

SM 28% 

Mono 46% 

Bis 26% 

 

Despite this, benzyl azide was chosen as the one to take forward into 

further analysis. Both benzyl bromide and azide are l iquids, which can 

easily be measured out using a syr inge on a smal l scale, whereas 

benzhydryl bromide is a lumpy solid, which is harder to weigh out, as only 

a few mil l igrams is required per l igand assessment. It  is also easier to 

track by NMR analysis, because the benzyl protons are unobstructed, 

whereas the benzhydryl proton is masked under the phenyl group in the 

proton NMR spectrum. In addit ion, should the chiral l igand system be 

effective enough to produce a good ee, very l i t t le of the bis-product 

should be produced as it  requires react ion on the disfavoured alkyne. 
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Therefore, the higher reaction rate of benzyl over benzhydryl azide may 

produce higher conversions in a shorter t ime. 

At f i rst, our research was focused on improving the mono-selectivity. 

Several di fferent reaction solvents and catalysts were tested, a summary 

of which are shown in Table 8. 

Table  8 - C l ick  react ions  per formed w ithout  a  l igand 

 

 Alkyne Azide Solvent 
Copper 

Source 

Az ide  

Source 
NMR Resul ts 

1 88 73 t BuOH/H2O Cu(OAc)2 Commerc ia l 52 /  27 /  21 

2 88 73 t BuOH/H2O CuSO4 Commerc ia l 44 /  31 /  25 

3 88 73 t BuOH/H2O Cu(0) Commerc ia l 58 /  30 /  12 

4 88 73 Toluene Cu(0) Commerc ia l 53 /  32 /  15 

5 88 73 DMSO Cu(0) In-s i tu 

25 /  75  /  0 

25 /  53  /  22 

6 88 73 DMSO Cu(0) In-s i tu 70 /  30 /  0 

7 88 Phenyl DMSO/H2O CuI In-s i tu 26 /  59 /  15 

8 88 123 t BuOH/H2O Cu(0) Premade 100 /  0 /  0 

9 88 121 (R) t BuOH/H2O Cu(0) Premade 47 /  22 /  31 

10 88 124 t BuOH/H2O Cu(0) Premade 29 /  47 /  24 

11 88 122 t BuOH/H2O Cu(0) Premade 100 /  0 /  0 

12 96 73 (50) t BuOH/H2O Cu(0) Premade 48 /  29 /  23 
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 Alkyne Azide Solvent 
Copper 

Source 

Az ide  

Source 
NMR Resul ts 

13 97 73 (50) t BuOH/H2O Cu(0) Premade 39 /  37 /  24 

14 92 121 t BuOH/H2O Cu(0) Premade 42 /  18  /  40 

15 95 121 t BuOH/H2O Cu(0) Premade 56 /  20  /  24 

16 99 73 (50) t BuOH/H2O Cu(0) Premade 16 /  21  /  63 

17 100 73 (50) t BuOH/H2O Cu(0) Premade N/A 

18 88 122 (R) t BuOH/H2O Cu(0) Premade 86 /  14 /  0 

19 88 121 t BuOH/H2O Cu(0) Premade 74 /  22 /  4 

20 97 121 t BuOH/H2O Cu(0) Premade 41 /  25 /  34 

21 97 121 (50) To luene Cu(0) Premade 57 /  8 /  35 

22 97 73 (-40) To luene CuI Premade 51 /  17 /  32 

23 88 73 (-40) To luene CuI Premade 52 /  22 /  26 

24 88 73 (µ 125) t BuOH/H2O CuSO4 Mic rowave 32 /  30 /  38 

25 88 73 (µ 125) t BuOH/H2O CuSO4 Mic rowave 43 /  42 /  15 

26 88 73 (µ 125) t BuOH/H2O CuSO4 Mic rowave 36 /  26 /  38 

27 88 73 (µ 70) THF CuSO4 Mic rowave 37 /  46 /  17 

NMR resu l ts  are g iven as rat io of  SM/Mono/Bis products. A l l  react ions per formed a t ,  

or  just  above, RT,  exclud ing those  which were per formed at  the tempera ture in  the  

brackets,  under  ref lux  (R) ,  or  in  a  focussed microwave reactor at  the  stated 

temperature (µ X).  Az ide  source:  Commercia l  means used as purchased f rom Alfa  

Aesar ,  w i th no pur i f icat ion.  Premade means synthes ised by mysel f ,  and pur i f ied 

immedia te ly  pr ior  to  use.  In s i tu means synthes ised by myse l f ,  and not  pur i f ied pr ior  

to use.  M icrowave methods used benzy l  az ide synthes ised f rom sodium az ide and 

benzy l  bromide  ins ide the  microwave reactor  as the  react ion progressed. 

  



   
 

 ЛД 
 

Entries 1 to 3 compare the use of dif ferent copper sources for the 

reaction, and al l give about 30% conversion of the mono-substituted 

product. Entry 3, using just copper powder as the catalyst, has the lowest 

amount of impurity from the bis-substi tuted product. This, coupled with 

the ease of separat ion of the catalyst at the end, made this the clear 

choice for further use in the l igand-free synthesis. 

Entry 4 changed the solvent to toluene, from a mixture of water and tert -

butanol. This was in preparation for l igand assisted react ions later, that 

generally take place in toluene. This did not have much effect  on the 

reaction, with the yields of both products similar to that of entry 3. 

Entries 5 and 6 formed the benzyl azide in-s itu,  before the cl ick reagents 

were added. This means the same reaction solvent is used. The original 

proton NMR analysis of entry 5, pr ior to purif ication,  appeared to show 

an unprecedented yield of 75% mono-triazole, with no bis-t r iazole 

produced at  al l .  Unfortunately, after separation by column 

chromatography, proton NMR analysis showed the product fract ions to 

consist of both products, 71% mono to 29% bis-product. This phenomenon 

has not been explained so far. It  was thought that the column condit ions 

could have aided the change, but st irr ing of the purif ied mono-product in 

the column eluent with si l ica produced no bis-product.  This experiment 

has been performed several t imes under the same condit ions, and has not 

had the same outcome. For example, entry 6 uses the same condit ions, 

but the yield of mono-product was just 30%, similar to that of the 

previous reactions. There was no bis-product detected in this reaction 

either, and none was retrieved after puri f ication. 

Entry 7 fol lowed the procedure set out by Liang, for the formation of 

phenyl azide in-situ.6 7 This was successful, and gave a large proport ion of 

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

solvent condit ions are not compatible with most l igands being used. 

Entries 8 to 11 used di fferent azide groups. Entry 9 used benzhydryl  azide, 

and the reaction was performed at ref lux. This gave a good yield of the 

mono-triazole, but a larger proport ion of the unwanted bis-tr iazole. The 

reaction was performed again later on for entry 19, this t ime at room 

temperature which gave the same yield of mono-triazole, but much less 

of the bis-tr i azole by-product. Benzoyl and tr i tyl azides did not form any 

products at  room temperature, but entry 18 shows tr i tyl  azide does react 

under reflux condit ions. The steric hindrance of the three phenyl groups 

attached to a single carbon atom is clear ly at play here. 

Entries 12 and 13 used di fferent substituents on the alkyne backbone. 

These reactions were performed at 50 OC in an attempt to produce a larger 

quantity of mono-products for easier separation and analysis. Changing 

the methyl ester to benzyl or tert -butyl gave results similar to the original 

methyl ester. The benzyl ester variant was also not easy to fol low by 

proton NMR analysis, as the only singlet f rom which to obtain rat ios does 

not move suff iciently to form separate signals, especially when combined 

with the benzyl proton signal from the azide. 

Entry 14 used the acetoacetate backbone with benzhydryl azide. The 

proton NMR analysis showed 40% conversion to the undesired bis-

product, with just  18% conversion to the mono-product. Entry 15 used 

the mixed malonate, tert -butyl ethyl malonate with benzhydryl azide. This 

gave similar results to the original cyanoacetate, but with sl ightly more 

bis-product.  These two bis-alkynes were originally created to avoid having 

a nitr i le group in the molecule, because it  was thought it  may be holding 

the copper react ion centre in the vic inity of the second alkyne group, 

causing an increase in the bis-cl ick product. However, these reactions 
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both have a higher yield of the bis-click product,  so this theory has been 

proved wrong. 

Entry 16 was the f irst  phosphonate ester, based on diethyl 

cyanophosphonate. This reaction gave just 21% conversion to the mono-

triazole, but 63% conversion to the undesired bis-product. Entry 17 was 

based on the other successful  phosphonate ester, Tr imethyl 

phosphonoacetate. Whilst  the reaction did in fact  form some products,  

the mult i tude of overlapping methyl s ignals in the proton NMR caused for 

an impossible task in obtaining any yield data from it.  

Entries 20 and 21 used the tert -butyl cyanoacetate backbone, with 

benzhydryl azide. The standard react ion at room temperature in a tert -

butanol and water mixture gave results simi lar to the methyl 

cyanoacetate version. The reaction in toluene at the higher temperature 

of 50 OC gave a lower overall conversion, and mostly to the bis-tr iazole. 

In this case it  seems the higher reaction temperature favours formation 

of the bis-tr iazole over the mono-triazole. 

Entries 22 and 23 were preliminary reactions performed under the same 

condit ions that would be used when the l igands were used. In this case, 

copper(I) iodide worked well,  compared to previous reactions in tert -

butanol:water, where it  gave a lower yield than using copper(0) powder. 

In this case, both methyl and tert -butyl cyanoacetates were used, and 

gave very similar results,  with a sl ight  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 azide and benzyl bromide. Whilst the reactions proceed much 

quicker than the standard reactions, al l  of the azide was consumed in just 

15 minutes, they have a tendency to form a large proport ion of the bis-

product, and between the three react ions using aqueous solvent 
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condit ions, there is a large variat ion 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 gives an overall conversion almost as high 

as entry 24, and both are higher than entry 25. Looking at the mono-

triazole though, entry 25 gave the best proport ion of mono-product, with 

42%, and 15% of the bis-tr iazole. This is simi lar to the results from using 

THF as the solvent in entry 27, and at the lower temperature. 

As described above, a menthol ester was introduced, and fol lowed the 

procedure set out in Scheme 36. The init ial plan was to try to perform a 

fractional crystall isation on the product to separate the stereoisomers. 

Menthol is a cheap, readily available chiral  alcohol, which would easily 

introduce defined chiral i ty into the molecule. A search of the l i terature 

brings up hundreds of results for the more sterical ly hindered, and more 

expensive, 8-phenylmenthol,  which is wel l  known because it  has been 

used by Corey in the synthesis of prostaglandins.6 8 Menthol i tsel f is not 

as widely used as a chiral  auxil iary for the purpose of crystall isat ion, but 

i t  has been used.6 9 
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Scheme 36 - Proposed method us ing L-Mentho l  as a  chira l  aux i l iary 

Methanolysis of the menthol ester of the separated products would then 

give the or iginal tr iazole products, which could be analysed to validate 

the chiral shi ft  NMR and HPLC analyt ical methods, and also to determine 

the absolute configuration of the products.7 0 

The cl ick reaction was performed on a smal ler scale, and proceeded well,  

even on the hindered bis-alkyne. The react ion was performed with benzyl 

azide, and benzhydryl azide, both pre-made, and in situ methods. Analysis 

by proton NMR spectroscopy showed yields of up to around 50% mono-

product, with the remainder being start ing material and bis-product. The 

ful l  results are given in Table 9. 
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Table  9 - Resu l ts  f rom react ions  us ing L-Mentho l  b is-a lkyne  98 

 

 Az ide Solvent 
Copper 

Source 

Az ide  

Source 
NMR Resul ts 

1 121 t BuOH/H2O CuSO4 Premade 95 /  5 /  0 

2 121 DMSO Cu(0) In  s i tu 35 /  51 /  14 

3 121 t BuOH/H2O Cu(0) Premade 73 /  23 /  4 

4 73 t BuOH/H2O Cu(0) Premade 32 /  45 /  23 

5 121 t BuOH/H2O Cu(0) Premade 30 /  54 /  16 

NMR resu l ts  g iven as  ra t io of  SM/Mono/Bis products.  A l l  react ions  per formed at ,  or  

jus t  above,  RT. Az ide source:  Premade means synthesised by myse l f ,  and pur i f ied  out  

immedia te ly  pr ior  to use.  In  s i tu means synthes ised by myse l f ,  and not  pur i f ied out  

pr ior  to  the c l ick react ion tak ing p lace  in the  same react ion vesse l . 

The reaction indicated in Table 9, entry 1 used benzhydryl azide. The 

reaction was performed at room temperature overnight, and shows very 

l i t t le yield. This could indicate that due to the combined bulkiness of the 

ester group and azide group, the reaction is slower.  

Entry 2 also used benzhydryl  azide, and the reaction was again performed 

at room temperature, over a weekend. This t ime the react ion was 

performed in DMSO, as the two equivalents of azide were synthesised in-

situ beforehand. In addit ion, this used copper powder as the copper 
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source, rather than copper ( II) sulphate. This gave a much better yield, 

and this reaction was purif ied successfully using column chromatography.  

Entry 3 formed a brown sludge upon working up, which did not dissolve 

in any solvents. Extraction with pentane was attempted, and proton NMR 

analysis of this showed some mono-product had leached into the solvent, 

along with a small amount of the start ing material. Further extraction 

brought out more of the mono-product,  and the combined tr i turates were 

purif ied by column chromatography to give a 5% recovered yield of the 

mono-product.  

Entries 4 and 5 were run concurrently. Entry 4 used benzyl azide, whereas 

the other reactions with the menthyl ester al l  used benzhydryl azide. TLC 

analysis of both react ions after a weekend at room temperature showed 

minimal reaction, perhaps due to the low temperature in the lab. The 

reactions were then heated to 50 OC for a further two days, which gave 

good yields of the mono-products by proton NMR analysis. Extraction of 

the benzhydryl azide reaction brought about the mono-product, as 

before. However, extraction of the benzyl azide reaction was unsuccessful 

at puri fying the product.  In addit ion, the brown oi ly s ludge formed did 

not dissolve in any solvents tr ied. 

 

Figure 9 - Two d ias tereo isomers  formed f rom b is-a lkyne 98 and az ide 121 
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Separation of the two diastereoisomers was attempted. Firstly, column 

chromatography was investigated. TLC analysis using several di fferent 

solvent systems was performed, but no separat ion could be obtained. 

Fract ional crystall isat ion was attempted next, from both ethanol and 

pentane, solvents which have favoured crystall isation of the bis-alkynes 

before, but no crystals were formed. Crystall isation was also attempted 

from bi-layer systems, and several solvent mixtures, but these al l fai led 

to produce any crystals. 

 

Structure  131 - Cholesterol 

Cholesterol 131 is another chiral alcohol which has been used as a chiral  

auxi l iary for a fractional crystal l isation, so it  was chosen as the next chiral  

auxi l iary.7 1 Andersen used a menthyl group as a chiral auxil iary for the 

formation of dialkyl sulphoxides 135.7 2 Simi lar to our work, these proved 

to be problematic, because the menthyl methylsulphinates exist as oils,  

which are dif f icult to obtain pure. Therefore, as per Scheme 37, Andersen 

changed his procedure to use cholesterol in his work, and the addit ion of 

the cholesterol group enabled separation of the two diasteroisomers by 

crystall isat ion. Cholesterol 131 was combined with methanesulphinyl  

chloride 132 to form the sulphinate 133 in quant itat ive yield. 

Crystal l isat ion at this point managed to separate the two different 

diastereoisomers of the product 134.  The next step was to introduce the 

second alkyl group using a Grignard reagent, ejecting the cholesterol  

group, and leaving the chiral dialkyl sulphoxides 135. 
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Scheme 37 - Procedure  used by Andersen us ing cho lestero l  (Chol )  as a  ch ira l  

auxi l iary  to form ch ira l  d ia lky l  su lphoxides . 

I  attempted a similar procedure given by Guseva, but unfortunately, the 

acid-catalysed react ion with 2-cyanoacet ic acid 115 produced no 

product.7 3 On standing, the reaction mixture congealed together in the 

bottom of the f lask, and could not be removed.  

 

Scheme 38 - Procedure  used in  at tempted synthes is  of  cho les tery l  cyanoacetate 136 

While there is a l i terature precedent for formation of the acid chloride of 

2-cyanoacetic acid, there is none for the formation of the cholesteryl 

ester this way.7 3 , 7 4 The only method in the l i terature for format ion of 

cholesteryl  cyanoacetate uses the transester if ication of ethyl 

cyanoacetate in refluxing toluene with the boil ing off of ethanol as the 

driving force.7 5 Neither of these methods were attempted however, as the 

project had moved on to the l igand evaluation. 
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CHIRAL ANALYSIS PROCEDURE 

Very early into the project, once a pure mono-triazole sample had been 

formed, we began to develop a procedure to analyse the ee of the 

products. Chiral HPLC analysis is the standard procedure here, and was 

the f i rst to be attempted.  

Samples of a racemic mono-triazole made from methyl cyanoacetate 88 

and benzhydryl azide 121 were formed, and run through a Chiralcel OD-H 

column. Init ial tr ials of the chiral HPLC analysis fai led due to the peaks 

appearing as a negat ive absorption on the HPLC trace. This appeared to 

give results from racemic, through to a 34% ee on the same sample. This 

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 f luorescence spectrophotometer. However, i t  exhibited 

no f luorescence under the same condit ions as in the HPLC detector. An 

addit ional sample was made using fresh solvents and this st i l l  exhibited 

the same negat ive peak problem. As HPLC analysis worked wel l for other 

samples, but appeared to not work for my compounds, this method of 

analysis was disregarded. 

The next procedure at tempted was gas chromatography. This is similar to 

HPLC, but instead of a l iquid mobi le phase, a gaseous mobi le phase is 

used, at elevated temperatures. The column length is also increased 

dramatically from a few centimetres to several metres. 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 f low. Detection of any analytes was done using a f lame ionisat ion 

detector.  This uses a hydrogen flame to ionise the gas stream as it  comes 

out of the chromatography column, which doubles as the posit ive 

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 a larger amount of analyte being ionised, then the current 

increases. This variat ion forms the chromatogram.  

A sample of the mono-triazole used for HPLC was created, and analysed 

on the gas chromatograph. Unfortunately, no products could be found in 

the GC trace. A more concentrated sample was made up, and this too 

showed no products on the chromatogram. There are several explanations 

for this, the products may have not interacted at all  with the column, and 

gone straight through, either with, or close to the injection solvent peak. 

Another possibil i ty  is that they interacted strongly with the column, so 

had a very high retention t ime. This means the peak would appear very 

broad which would be harder to spot on the chromatogram. In addit ion it  

may appear outside the normal run t ime so would not be seen. 

After the init ial fai led HPLC and GC analyses, we turned to chiral shi ft  

NMR spectroscopy. This involved the port ion-wise addit ion of a 

europium-based camphorate chiral derivat izing agent (CDA) t o the NMR 

sample and obtaining a new spectrum after each addit ion. As more of the 

CDA is added some peaks from the two enantiomers may separate.  

The two enant iomers would exhibit the same NMR spectrum under normal 

condit ions, but on addit ion of the CDA to the sample, interactions 

between the analyte and CDA form diastereoisomers, which have 

different NMR spectra. 

There are several CDAs which can be used. The three l igands in Figure 10 

are commonly found in CDAs, complexed with either europium, lutetium, 

lanthanum, ytterbium or praseodymium.76 
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Figure 10 - -̡d ike tone l igands commonly  found in  Chira l  Der iva t iz ing Agents7 7 

 

Structure 140  - Eu(hfc)3,  the chosen Chira l  Der ivat iz ing  Agent 

The CDA chosen, shown above, was europium(II I)  tr is[3-

(heptafluoropropylhydroxymethylene)-d-camphorate] (Eu(hfc)3) 140.  This 

part icular molecule has a l i terature precedent for being used as a CDA for 

nitr i le-containing molecules, so was expected to work well .7 8 In this work, 

the authors formed optical ly act ive cyanohydrins 142 from aldehydes 141,  

using an enzyme, mandelonit r i le lyase, as in Scheme 39, which is found in 

a crude extract of almond flour. The CDA was then used to determine the 

enant iomeric excess of the samples. 

 

Scheme 39 - Procedure  used by Brussee  et  a l. ,  for  format ion of  cyanohydr ins 
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Figure 11 - Ef fect  of  add i t ion of  CDA on mono-t r iazole product of  bis-a lkyne  88 w ith 

benzhydry l  az ide  121.  The  f ront  spectrum is  pr ior  to any addi t ions. 

As can be seen in Figure 11, each addit ion of the CDA causes the peaks to 

separate further.  The peak with the most pronounced effect  starts at just  

under 3.5 ppm, from the methylene adjacent to the tr iazole. 

Unfortunately, the methyl s inglet  just  above it  blocks the higher shifted 

signal at the key point  after the third addit ion when the peaks have been 

separated. A further addit ion causes the least shifted peak to move 

underneath the methyl singlet, in addit ion to the methyl signal start ing 

to split . 

For this reason, the tert -butyl ester bis-alkyne 97 was developed because 

it  does not contain any signals in the methyl group area that could 

interfere with the separation. The chiral shi ft  procedure was repeated, 

shown in Figure 12. 
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Figure 12 - Ef fect  of  add i t ion of  CDA on mono-t r iazole product of  bis-a lkyne  97 w ith 

benzhydry l  az ide 121.  The  f ront  spectrum is  pr ior  to any addi t ions. 

As can be seen, with just one addit ion the signal that starts just  below 

3.5 ppm separates into two doublets, and what appears at f irst to be a 

tr iplet . The two doublets were assumed to be the signal f rom one proton, 

and the άtripletέ was assumed to be two overlapping doublets the same 

as the other signal,  from the other proton. Further addit ions show the 

doublets separat ing further, and the άtripletέ splits further, into two 

doublets as expected.  

The original singlet corresponds to two protons on the methylene 

adjacent to the tr iazole. On react ion with the CDA, each proton on each 

enant iomer is in a different environment, causing four s ignals. In 

addit ion, the signal is now split  by the other methylene proton, because 

it  is in a di fferent environment. This causes the four doublet  signals 

obtained.  
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The tr iazole and tert -butyl s ignals are also beginning to separate, giving 

potential ly three signal rat ios from which to obtain an ee.  In this case the 

product was racemic, as expected. 

During my period of study in France, one racemic sample was given to 

their  HPLC technician for analysis. After a period of testing on several 

different columns and condit ions, he returned with separat ion condit ions 

for my molecule, using their HPLC system. Throughout the rest  of my 

period of study in France he performed my HPLC analysis. 

The condit ions he found used a Daicel Chiralpak IC column, instead of the 

OD-H column attempted before. The main difference is the selector used 

on the chiral cel lulose backbone. The new OD-H column uses 3,5-

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. In addit ion, the OD-

H column material is coated onto the polysaccharide support material,  

which means it  can be removed by putt ing the wrong solvents through it ,  

whereas the IC column coating is immobil ised onto the support, al lowing 

for a much wider range of solvents. In fact , the manufacturer has stated 

that no known organic solvent wil l  deter iorate the column coat ing.7 9  

 

Figure 13 -Selectors  used in  the ch ira l  co lumns 
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Later in the project, the chiral shi ft  procedure was verif ied by using 

samples that had been shown to have an ee,  once the chiral HPLC 

procedure had been establ ished. Two samples were chosen, one was from 

the reaction using (R)-Tol-BINAP as the l igand, which exhibited an ee of 

33% by HPLC analysis, and the other used (S)-Tol-BINAP, and exhibi ted an 

ee of 33% in favour of the opposite enantiomer. 

The same CDA was used as above, and gave similar shift  patterns. The 

ester which had been used was the methyl cyanoacetate bis-alkyne 88,  so 

extra shift  reagent was required to shift  the signals c lear of the other 

peaks. This had an undesirable effect, in that the preferred signal 

previously ident if ied at just under 3.5 ppm was split  so far that i t  was 

impossible to dist inguish the peaks. Fortunately, the methyl signal 

start ing at just under 4 ppm could be spl it ,  and an ee was calculated for 

both samples. 

Table 10 - Compar ison of  resu l ts  f rom NMR in the  presence o f  a chira l  lan thanide 

sh i f t  reagent  to chira l  HPLC 

 Least 

Shifted 

Peak Area 

Most 

Shifted 

Peak Area 

ee from 

NMR 

ee from 

HPLC 

(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 sl ight ly lower ee using the NMR method. The two 

enant iomers of l igand used have the opposite influence on the ee as was 

expected. 

 

 



   
 

 МК 
 

On my return to England we purchased a matching column for chiral  

analysis, and by using another HPLC machine the results were replicated, 

with no negative peaks. I improved upon the method by increasing the 

temperature of the column oven, which increases the rate of exchange 

between the phases, and changing the polar i ty of the solvent to shorten 

the retention t ime as much as possible, whi lst keeping the two peaks of 

interest separated. This is important because at longer retention t imes 

the peaks tend to be broader, with longer tai ls, due to diffusion inside 

the column, which makes measurement less accurate. In addit ion, shorter 

retention t imes mean less solvent is used in the process, and the results 

can be obtained much more quickly,  further reinforcing the green 

credent ials of the cl ick chemistry procedure. 

To validate the method, a puri f ied sample that had been analysed in 

France was re-run using the new method, and the results were in good 

agreement,  as can be seen in Table 11, but with markedly shorter 

retention t imes. 
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Table  11 - Compar ison of  HPLC condi t ions and resu l ts for  sample in  Caen,  France and 

Norwich. 

Variable Caen, France Norwich, UK 

Column Type Chiralpak-IC Chiralpak-IC 

Mobile Phase Heptane ς i -PrOH Hexane ς i-PrOH 

Solvent Rat io 80 ς 20 70 ς 30 

Flow rate 1 mL min-1 1 mL min-1 

Column Temperature 20 OC 40 OC 

Peak 1 Retention 68.80 min 30.02 min 

Peak 1 Area (%) 41.24 40.41 

Peak 2 Retention 76.83 min 33.00 min 

Peak 2 Area (%) 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 l igands, and he brought some l igand samples with him. 

These included both the (S,S) and (R,R)  enant iomers of N,N' -bis[o-

(diphenylphosphino)benzyl idene]-1,2-di iminocyclohexane 143. 

 

Figure 14 - Both enant iomers of  N,N' -bis[o -(d ipheny lphosphino)benzy l idene ]-1,2-

di im inocyclohexane synthesised by Damien Deschamps 

The first reactions performed with the above l igand showed mixed 

results. Entry 2 in Table 12 was the f irst reaction performed using a chiral 

l igand. The azide was being formed in the reaction before using the same 

reaction media, so the reaction solvent was kept as DMSO for the cl ick 

step too. Proton NMR analysis of the reaction the next day showed no 

reaction using the l igand and copper(I) iodide. On addit ion of copper 

powder to the react ion vessel, proton NMR analysis the fol lowing day 

showed the reaction had proceeded as expected and gave a good yield of 

the mono-product. This shows that the combination of copper(I) iodide 

and l igand may not be suitable for reactions in this solvent. To combat 

this inconvenience, for al l  further reactions with a l igand the azide wil l  

either be purchased commercially, or made in a separate react ion and 

purif ied out immediately prior to being used in the react ion, and DMSO 

wil l  be avoided as a reaction solvent for the cl ick step when using a l igand.  
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Table  12 - Table  of resul ts  for  react ions wi th  l igand 143.  

 

E
n

tr
y Ester/  

Az ide 

L igand /   

Copper source 
Solvent 

Az ide 

Source 

NMR Resul ts 

SM/Mono/Bis 

ee  

(%) 

1 88 /  73 (±)-143 /  CuI THF Commerc ia l 58 /  29 /  13 N/A 

2 88 /  73 
(R,R)-143 /  CuI  

then Cu(O) 
DMSO in-s i tu 

100 /  0 /  0 

20 /  56 /  24 
N/A 

3 97 /  121 (S,S)-143 /  CuI 
To luene 

50 oC 
Premade 22 /  59 /  19 

3 

CS 

4 97 /  121 (S,S)-143 /  CuI 
To luene 

0 oC 
Premade 87 /  11 /  2 

5 

CS 

5 97 /  73 
(S,S)-143 /  CuI 

40 /  20  mol% 
Toluene Premade 65 /  30 /  5 

3 

1s t 

6 97 /  73 (S,S)-143 /  CuI DCM Premade 37 /  46 /  17 0 

7 97 /  73 (S,S)-143 /  CuI To luene Premade 75 /  23 /  2 0 

8 97 /  73 (S,S)-143 /  CuI To luene Premade 63 /  30 /  7 
2 

2n d 

9 88 /  73 (S,S)-143 /  CuI To luene Premade 43 /  43 /  14 0 

10 88 /  73 
(S,S)-143 /  CuI 

40 /  20  mol% 
Toluene Premade 66 /  31 /  3 0 

11 98 /  73 (S,S)-143 /  CuI To luene Premade 100 /  0 /  0 N/A 

NMR resul ts  obta ined by  compar ison of  pro ton NMR peaks,  and are  percentages. 

Equ iva lents used are as per  the scheme, unless s tated o therw ise. ee resu l ts  obta ined 

by proton NMR spectroscopy  in the  presence  of  a  chira l  lanthan ide sh i f t  reagent  (CS)  

or  ch ira l-HPLC. HPLC resu l ts  show which peak was the larger . 
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Entries 3 to 8 used the tert -butyl cyanoacetate as the basis for the bis-

alkyne 97 instead of the methyl ester 88.  This sl ight increase in size of 

the ester did not appear to inf luence the reaction much, with broadly 

similar results.   

Entries 3 and 4 used benzhydryl azide 121,  at two different temperatures. 

As would be expected, the reaction at 50 oC produced more products than 

the reaction at 0 oC. In addit ion there was a very sl ight improvement in 

the ee at the lower temperature.  

The remaining entr ies in the table were run at -40 oC and used benzyl 

azide, but show no discernible eeΩǎΦ /ƘŀƴƎƛƴƎ the solvent to DCM in entry 

6 increases the yield of the mono-product, but chiral-HPLC analysis 

showed the product to be racemic. 

Entries 5, 7 and 8 all  had one variable changed. Entry 5 increased the 

quantity of l igand, while keeping everything else the same, including the 

amount of copper (I) iodide. This was to ensure the copper catalyst was 

completely bound to a l igand, and there was no excess of copper giving 

adverse results. The yields were similar to the standard reactions though, 

and no ee was found. 

Entry 7 doubled the quant ity of bis-alkyne in the reaction, while entry 8 

doubled the azide. Doubl ing 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 overall yield,  but with it ,  less of the bis-

product. This is exact ly what was found, but again, no ee was exhibited in 

the react ions. 

Entries 9 and 10 went back to the methyl bis-alkyne 88,  with entry 9 at 

standard quant it ies of reagents, and entry 10 with double l igand. In this 

case, doubl ing the quantity of l igand did in fact decrease the quantity of 

bis-t r iazole product formed, and reduced the quantity of mono-product.  
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This may show that the l igand and copper do not ful ly form a complex at  

a 1:1 ratio, and it  requires a sl ight excess of l igand to ensure ful l  

association. For further reactions this wil l  be the case. 

Entry 11 was an attempt to use a menthol ester as a chiral auxi l iary, by 

using bis-alkyne 98.  However, no react ion was observed. This could be 

due to the react ion being run at ς40 OC. At this temperature the other 

reactions proceed wel l,  but being a bulkier ester a higher temperature 

may have given better results, but at this point the l igand was set aside, 

because it  was exhibi t ing no selectivity on the reaction. In addit ion, as 

stated in the previous section, react ions without chiral induction were 

able to product the mono-product, but ef forts to separate the menthyl 

ester diasteroisomers were unsuccessful, so the menthyl ester bis-alkyne 

98, was also set aside. 

 

Structure  56 - (R,R)- iPr-PyBOX l igand 

Due to the l i terature precedent for PyBOX ligands being used with 

copper(I) salts,  a simple PyBOX l igand, (R,R)-56 was chosen for the next 

reactions.8 0 The results are shown in Table 13. 

With this new l igand the f irst reaction was very promising, with no 

detected bis-product,  and a yield of mono-product of 16%. However, 

analysis by proton NMR spectroscopy in the presence of a chiral  

lanthanide shift  reagent showed an ee of just 4%. A second attempt under 

the same condit ions gave less mono-product, but a large amount of bis-

product was produced, which was not expected.  
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Table  13 - Table  of  resul ts  for  reactions wi th  (R,R)- iPr-PyBox 56.  

 

Ent ry Az ide Source 

NMR Resul ts 

SM/Mono/Bis 

ee  

(%) 

1 Premade 84 /  16  /  0 
4 

CS 

2 Premade 51 /  11  /  38 
0 

CS 

NMR resu l ts  obta ined by compar ison of  NMR peaks,  and are  percentages.  ee resul t  

obta ined by pro ton NMR spectroscopy in  the presence  o f  a  ch ira l  lanthanide sh i f t  

reagent (CS).  

We thought that even though the l igand had been used carefully, and 

resealed thoroughly,  i t  had st i l l  deteriorated and was no longer effective 

as a l igand. However, the deter ioration products may have helped 

catalyse the reaction because the yields were so much higher than any 

other react ion. This l igand was then set aside, primari ly because of the 

low ee obtained, but also the unexpected rapid deter ioration of the 

l igand. 
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The laboratory in Caen had a much larger range of l igands available, so 

several new ones were tr ied. The results from the cl ick reactions using 

these are detai led in Table 14. 

Table  14 - L igand assessment us ing  methy l  cyanoacetate  bis-a lkyne 88 

 

Ent ry L igand 
NMR Resul ts 

SM/Mono/Bis 

1s t 

E lu t ing 

Peak 

2n d 

E lu t ing 

Peak 

ee (%) 

1 

(S,S)-Me-DUPHOS 

(S,S)-146 

 

67 /  33  /  0 50.36 49.64 
1 

1s t 

2 

(S)-To l-B INAP 

(S)-147 

 

96 /  4 /  0 41.24 58.76 
18 

2n d 

3 

(S)- iPr-Oxazo l ine-TPP 

(S)-148 

 

65 /  32  /  3 50.64 49.36 
1 

1s t 

4 

(R,R)-BDPP  

(R,R)-149 

 

86 /  14  /  0 50.17 49.83 0 
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Ent ry L igand 
NMR Resul ts 

SM/Mono/Bis 

1s t 

E lu t ing 

Peak 

2n d 

E lu t ing 

Peak 

ee (%) 

5 

(S,S)-Chiraphos 

(S,S)-150 

 

59 /  37  /  4 49.85 50.15 0 

6 

(S)-SYNPHOS 

(S)-17 

 

100 /  0  /  0 N/A N/A N/A 

7 

(S)- t Bu-BisOxazol ine 

(S)-151 

 

53 /  32  /  15 48.66 51.34 
3 

2n d 

8 

(S)- t Bu-Thiazo l ine-TPP          

(S)-152 

 

60 /  35  /  5 49.09 50.91 
2 

2n d 

9 

(R,R)-NORPHOS 

(R,R)-153 

 

66 /  34  /  0 42.17 57.83 
16 

2n d 

10 

(R)-To l-BINAP 

(R)-147 

 

75 /  19  /  6 52.21 47.79 
4 

1s t 
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Ent ry L igand 
NMR Resul ts 

SM/Mono/Bis 

1s t 

E lu t ing 

Peak 

2n d 

E lu t ing 

Peak 

ee (%) 

11 

(S)-Xy l-BINAP 

(S)-154 

 

53 /  41  /  6 47.16 52.84 
6 

2n d 

12 

(R)-Xy l-BINAP 

(R)-154 

 

62 /  35  /  3 52.60 47.40 
5 

1s t 

NMR resu l ts  g iven as rat io of  SM/Mono/Bis products obta ined f rom crude  proton 

NMR spectrum.  Benzy l  az ide  was synthesised and pur i f ied  out immediate ly  before 

use in the  react ion us ing the s tandard procedure. ee obta ined f rom chira l  HPLC 

ana lys is ,  and shows which peak was larger . 

Entry 1 shows the use of (S,S)-Me-DUPHOS, 146 which at f irst gave a 

reassuring yield of mono product, with no trace of the bis-product 

present. Unfortunately, after separating the product by column 

chromatography, the product proved to exhibit no discernible ee by chiral 

HPLC analysis.  

Entry 2, however, was the f irst s ign that our methodology could work. The 

reaction with (S)-Tol-BINAP (S)-147 gave a disappointing yield of just 4%, 

but there was again no trace of any bis-products. Chiral HPLC analysis of 

the purif ied product showed an ee of 18%, in favour of the slower elut ing 

enant iomer. This init ial result prompted further research on this l igand, 

and related l igands.  
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Entry 3 used (S)-iPr-Oxazoline-TPP 148,  which has both oxazoline and 

phosphine binding sites, which gave a good yield of the mono product,  

but also 3% of the bis-product was detected. An ee of just 1% was 

obtained in favour of the faster elut ing enantiomer.  

Entries 4 and 5 both use smaller, simpler l igands, with two 

diphenylphosphine groups separated by a three or two carbon unit ,  

respectively. However, neither (R,R)-Bis-Diphenylphosphino pentane 149 

or (S,S)-Chiraphos 150 gave a detectable ee,  but the addit ional methylene 

unit in 149 appears to give better mono-selectivity, but a slower reaction, 

with just the 14% yield of mono-product, compared to entry 5 with 37% 

reaction to mono-product, and a further 4% to bis-product. 

Entry 6 used (S)-SYNPHOS 17,  which was chosen because of the similarity 

to (S)-Tol-BINAP 147,  but i t  exhibits di fferent electronic and steric 

propert ies due to the change of the peripheral r ings from a phenyl r ings 

to ful ly unsaturated dioxins. This change did not have the desired effect  

on the react ion, because no reaction products could be detected in the 

proton NMR spectrum. This could be because the electronegat ive oxygen 

atoms pulled the electron density from the catalyt ic copper atom. With a 

lower electron density on the copper atom, it  would become a weaker 

nucleophi le, and may be unable to attack the alkyne. Without an attack 

on an alkyne the cl ick reaction cannot take place. 

After previous results with a PyBOX ligand proved unsuccessful , a BOX 

ligand, (S)-tBu-BisOxazoline 151 was tr ied for entry 7, due to the similar 

propert ies to the PyBOX. Unfortunately, the propert ies were too similar, 

and an ee of just 3% was achieved, with a yield of 32% mono-product, and 

15% bis-product. 
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Entry 8 used a l igand developed and synthesised by a lab member in Caen. 

Their l igand, 152,  is s imilar to oxazol ine 148 used in entry 3. This used a 

thiazoline group, instead of an oxazoline. The electronic and steric 

propert ies of this l igand are somewhat di fferent, because sulphur is 

larger, and less electrophil ic. The larger size of the sulphur would distort  

the f ive-membered ring, forcing the ni trogen closer to the phosphorus 

leaving a smaller chiral pocket for the copper catalyt ic centre.8 1 In 

addit ion, the bulkiness of the thiazoline group is larger because the iso-

propyl group is exchanged for a tert -butyl group. The click reaction using 

this l igand gave very similar results to the oxazoline of entry 3, with a 

yield of 35% mono-product, and 5% bis-product. The ee was also of a 

similar magnitude, but favoured the opposite, slower elut ing enant iomer. 

Entry 9 used a norbornene based bis(diphenylphosphine), (R,R)-NORPHOS 

153 as the l igand. Proton NMR analysis of the reaction mixture showed a 

yield of 34% of the mono-product, with no bis-product detected. Chiral  

HPLC analysis of the purif ied product showed a reasonable 16% ee in 

favour of the slower elut ing enantiomer. This result  prompted this l igand 

to be investigated further too. 

In entry 2, the bulkiness of the BINAP backbone could have helped 

improve the ee,  by restrict ing the angle of attack of one of the alkynes. 

To prove this theory, entry 10 using the opposite enantiomer, (R)-Tol-

BINAP (R)-147,  was performed. The init ial reaction used an exist ing l igand 

sample, and gave an unexpected yield of 19% mono-product, with 6% bis-

product. The ee was also a lot lower at 4%, but was in favour of the 

opposite, faster elut ing enantiomer, as expected. This was further 

indication that the methodology was working, but the lower mono-

selectivity and ee suggested that this l igand sample had deteriorated.  

In addit ion to swapping enant iomers, there is another ser ies of l igands 

which vary the phosphine groups. Entries 11 and 12 use di(3,5-
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xylyl)phosphine groups in place of the di-p-tolylphosphine groups, but 

retained the bis-napthalene structure 154.  Both enant iomers of the l igand 

were used. The (S)-enantiomer produced 41% of the mono-product, with 

6% of the bis-product impurity, which exhibits an ee of 6% in favour of 

the slower elut ing enantiomer. The (R)-enantiomer produced 35% of the 

mono-product, with 3% of the bis-product impurity, which exhibi ted an 

ee of 5% in favour of the faster elut ing enantiomer.  

As expected, using the opposite enantiomer of the l igand favours the 

opposite enantiomer of the product. This shows that the reaction is in 

fact being influenced by the chiral i ty of the l igand. 

(S)-Tol-BINAP and (S)-Xyl-BINAP both favour the slower elut ing 

enant iomer, whereas (R)-Tol-BINAP and (R)-Xyl-BINAP both favour the 

faster elut ing enantiomer.  However, the Xyl-BINAP ligands both exhibit 

higher yields, but at a lower ee than the Tol-BINAP ligands. This could 

show that the BINAP backbone is a good starter backbone for further 

l igand design that is outside the scope of this thesis. Xyl-BINAP is bulkier 

than Tol-BINAP, and gave a lower selectivity. Perhaps reducing the steric 

bulk further by using diphenylphosphine groups, or rearranging the di-p-

tolylphosphine groups to the ortho- or meta-posit ions could affect the 

selectivity of the reaction. 

Good results were only obtained with l igands containing bis(diaryl) 

phosphine groups, but not al l  l igands containing this moiety were 

successful . (S,S)-Chiraphos and (R,R)-NORPHOS both contain the same P-

C-C-P arrangement of atoms, but the rigidity and strained structure of the 

latter l igand backbone makes it  much better at selecting one alkyne over 

the other.   

Further work was performed on improving the selectivity of the Tol-BINAP 

and Xyl-BINAP series, as well as (R,R)-NORPHOS. 
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OPTIMIZATION OF REACTION CONDITIONS FOR SELECTED LIGANDS 

(R,R)-NORPHOS  

(R,R)-NORPHOS 153 was one of the l igands chosen to be taken through to 

try to improve the selectivity. The f irst process chosen was to vary the 

solvent used in the reaction. Results are given in Table 15. 

Table  15 - React ions  w i th (R,R)-NORPHOS 153 vary ing the so lvent  cond i t ions 

 

Entry Solvent 
NMR Results 

SM/Mono/Bis 

1s t 

Eluting 

Peak 

2n d 

Eluting 

Peak 

ee  

(%) 

 

1 Toluene 72 / 25 /  3 45.48 54.52 9 2n d 

2 Acetone 55 / 39 / 6 46.47 53.53 7 2n d 

3 Ethanol 81 / 17 / 2 55.34 44.66 11 1s t 

4 DMF 61 / 29 / 10 46.93 53.07 6 2n d 

5 THF 58 / 34 / 8 46.97 53.03 6 2n d 

6 EtOAc 61 / 35 / 4 46.78 53.22 6 2n d 

7 Et2O 70 / 27 / 3 46.33 53.67 7 2n d 

8 Methanol 68 / 28 / 4 46.41 53.59 7 2n d 

NMR resu l ts  g iven as rat io of  SM/Mono/Bis products obta ined f rom crude  proton 

NMR spectrum.  Benzy l  az ide  was synthesised and pur i f ied  out  immediate ly  before 

use in the  react ion us ing the s tandard procedure.  ee obta ined f rom chira l  HPLC 

ana lys is ,  and shows which peak was larger . 
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The stand-out result is for entry 3. Using ethanol appears to reverse the 

selectivity of the reaction, however, on closer inspect ion of the HPLC 

trace, the tai l  of the peak eluting just before the f irst enant iomer is 

masked under the f i rst  peak. Therefore, this result should be disregarded. 

This ser ies of react ions were performed on a reduced catalyst loading of 

10 mol% of copper(I) iodide, with 20 mol% of l igand, mainly to reduce the 

amount of l igand used per react ion. Because of this, another control 

reaction was performed in toluene. This gave a reduced yield of 25% of 

the mono-product,  compared to 34% previously, which can be attr ibuted 

to the lower catalyst loading. In addit ion, the ee dropped from 16% to 9%, 

with a sl ight increase in the bis-product produced. The other results al l  

give yields of the mono-product similar to that of the original reaction in 

toluene, or s l ightly higher, often with a small amount of the bis-product 

too. But, the ees are all lower than the control toluene run. 

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

yield. Results for this are given in Table 16. 

Entry 3, using ethanol as the solvent is again the stand out result, this 

t ime for posit ive reasons. This gave an ee sl ightly higher than the to luene 

control react ion, with a comparable yield. 

All the y ields 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 be put down to the effect of impurit ies 

from dimethylamine in the DMF in the previous reaction act ing as an 

addit ional base, whereas a fresh bott le must have been used for the 

longer period react ions. 

 

 

 



   
 

 ДДЕ 
 

Table 16 - React ions w i th (R,R)-NORPHOS 153 vary ing the so lvent  cond i t ions and 

al low ing a longer  react ion per iod 

 

Entry Solvent 
NMR Results 

SM/Mono/Bis 

1s t 

Eluting 

Peak 

2n d 

Eluting 

Peak 

ee  

(%) 
 

1 Toluene 68 / 29 / 3 46.72 53.28 7 2n d 

2 Acetone 56 / 40 / 4 47.94 52.06 4 2n d 

3 Ethanol 71 / 25 / 4 44.85 55.15 10 2n d 

4 DMF 93 / 6 /  1 46.64 53.36 7 2n d 

5 Hexane 97 / 2 /  1 48.58 51.42 3 2n d 

6 THF 53 / 38 / 9 47.17 52.83 6 2n d 

7 EtOAc 49 / 43 / 8 48.36 51.64 3 2n d 

8 Et2O 45 / 48 / 7 47.89 52.11 4 2n d 

NMR resu l ts  g iven as rat io of  SM/Mono/Bis products obta ined f rom crude  proton 

NMR spectrum.  Benzy l  az ide  was synthesised and pur i f ied  out  immediate ly  before 

use in the  react ion us ing the s tandard procedure. ee obta ined f rom chira l  HPLC 

ana lys is ,  and shows which peak was larger . 
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The DMF reaction has a sl ight ly higher ee in this ser ies of reactions, 

possibly due to the dimethylamine impurit ies art i f ic ial ly decreasing the 

ee and increasing the yield in the original reaction, whereas the 

remainder have either the same, or lower. This result matches wel l with 

a previous reaction, where (S,S)-Me-DuPHOS gave a negligible ee with a 

yield of 33% after 18 hour react ion (Table 14, Entry 1) but with a reaction 

for just 4 hours an improved ee of 5% with a yield of 8% was exhibi ted. In 

both cases no bis-product was detected. 

This suggests that the reaction proceeds in good ee at f irst , but after some 

t ime the complex somehow loses its abi l i ty to transfer i ts chiral i ty to the 

reaction meaning the ee drops as both enant iomers are produced in equal  

proport ions. 

This could show the l igand in quest ion does not bind t ight ly enough to 

the copper atom, so when a competing achiral l igand, such as the alkyne 

or nitr i le groups on the bis-alkyne, becomes involved, the chiral l igand 

may be displaced, leaving the catalyt ic centre devoid of chiral induction. 

Although, should the chiral l igand leave or decompose, you would expect 

some bis-product to be formed. In addit ion, there is general ly an excess 

of chiral l igand over the copper catalyst to allow for any disassociations, 

but,  by being used in catalyt ic quantit ies, there is always a greater excess 

of other competing molecules in the react ion. 
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BINAP BASED LIGANDS 

The react ion condit ions were also optimised for the BINAP based l igands, 

results of which are given in Table 17. 

The reaction with (S)-Tol-BINAP, (S)-147,  entry 1, benef it ted from the 

sl ight increase in temperature, and gave a marginal improvement in yield,  

up from 4 to 5%, and there was also 1% of the bis-product detected too. 

In addit ion, the ee improved dramatically to 33%, st i l l  in favour of the 

slower elut ing peak. Entry 2 had the same changes but for the opposite 

enant iomer, (R)-Tol-BINAP, (R)-147.  The yields obtained here are much 

lower than the previous reaction, but mirror the results for (S)-Tol-BINAP, 

(S)-147 almost perfect ly, giving a yield of 6%, and an ee of 33% in favour 

of the faster elut ing enant iomer.  

Entry 3 changes the solvent to chloroform. For (S)-Tol-BINAP, (S)-147,  this 

dramatically increases the yield of the mono-product from 4% to 46% with 

5% bis-product impuri ty, but at the expense of the ee,  which is reduced 

down to 17%. 

Changing the solvent to acetonitr i le, entry 4, produces no products. This 

could be because the acetonitr i le can form l igands with the copper 

catalyst . This would prevent any reaction from occurring. 

Entries 5 to 8 were performed at the sl ightly lower temperature of ς50OC. 

As expected, al l  four gave lower yields at the lower temperatures.  

The best result was obtained with (S)-Tol-BINAP (S)-147, and (R)-Tol-

BINAP (R)-147,  consist ing of a 33% ee in opposing directions, but this was 

only a 5-6% yield, and was unable to be repl icated.  



   
 

 ДДИ 
 

Table  17 ς React ions  w i th var ious BINAP based l igands,  vary ing the  so lvent  and 

temperature condi t ions. 

 

Entry Ligand 
Solvent 

Temp 

NMR Results 

SM/Mono/Bis 

1s t 

Peak 

2n d 

Peak 

ee  

(%) 

1 (S)-147 
Toluene 

-30 OC 
94 / 5 /  1 33.64 66.36 

33 

2n d 

2 (R)-147 
Toluene 

-30 OC 
94 / 6 /  0 66.54 33.46 

33 

1s t 

3 (S)-147 
Chloroform 

-30 OC 
49 / 46 / 5 41.63 58.37 

17 

2n d 

4 (S)-147 
Acetonitr i le 

-30 OC 
100 / 0 /  0 N/A N/A N/A 

5 (S)-147 
Chloroform 

-50 OC 
98 / 2 /  0 43.13 56.87 

14 

2n d 

6 (S)-154 
Chloroform 

-50 OC 
97 / 3 /  0 47.87 52.13 

4 

2n d 

7 (S)-147 
Toluene 

-50 OC 
95 / 5 /  0 41.23 58.77 

18 

2n d 

8 (R)-147 
Toluene 

-50 OC 
99 / 1 /  0 59.25 40.75 

19 

1s t 

NMR resu l ts  g iven as rat io of  SM/Mono/Bis products obta ined f rom crude  proton 

NMR spectrum.  Benzy l  az ide  was synthesised and pur i f ied  out immediate ly  before 

use in the  react ion us ing the s tandard procedure. ee obta ined f rom chira l  HPLC 

ana lys is ,  and shows which peak was larger . 



   
 

 ДДЙ 
 

The reaction t ime was another variable that was investigated, and the 

results are shown in Table 18. Entries 1 and 2 were using the tolyl 

containing l igand, 147,  and show an increase in the yield of the mono-

product as hoped, from 4% up to 13% for (S)-147,  and up to 9% for (R)-

147.  However, they do both exhibit  a lower ee than before of 13-14%. 

Entries 3 and 4 used the xylyl containing l igands, 154,  and exhibit a similar 

yield as before, and identical ees are obtained. 

For entr ies 1 and 2, leaving the reaction for longer increased the yield,  

but lowered the ee,  again indicating the chiral l igand is somehow 

deteriorat ing during the react ion and allowing the ee to reduce. 

Table  18 ς React ions w i th  var ious BINAP based l igands , vary ing the react ion t ime 

 

Entry Ligand 
Solvent 

Temp 

NMR Results 

SM/Mono/Bis 

1s t 

Peak 

2n d 

Peak 

ee  

(%) 

1 (S)-147 Toluene 86 / 13 / 1 43.08 56.92 
14 

2n d 

2 (R)-147 Toluene 90 / 9 /  1 56.62 43.38 
13 

1s t 

3 (S)-154 Chloroform 61 / 35 / 4 46.81 53.19 
6 

2n d 

4 (R)-154 Acetonitr i le 74 / 24 / 2 52.49 47.51 
5 

1s t 

NMR resu l ts  g iven as rat io of  SM/Mono/Bis products obta ined f rom crude  proton 

NMR spectrum.  Benzy l  az ide  was synthesised and pur i f ied  out  immediate ly  before 

use in the  react ion us ing the s tandard procedure.  ee obta ined f rom chira l  HPLC 

ana lys is ,  and shows which peak was larger . 
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ADDITIONAL WORK IN THE AREA 

Another v isit ing student, Ali Moawia, from Caen, was tasked with 

performing cl ick reactions as a desymmetrisation step on meso-

compounds. We chose to focus our research on the mucic acid backbone 

5. The intent ion of the project was to create a bis-alkyne out of the 

molecule, from which to perform a novel cl ick desymmetrisation step. 

 

Structure 5 - Muc ic ac id  backbone 

 

Scheme 40 - F irs t  procedure for  format ion of  meso-b is-a lkyne f rom mucic ac id 
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This was to be done by protecting the acid groups by acid catalysed 

esterif ication using methanol, to form the diester 155.  Next, the diols 

were protected by bis-acetonides 156.  Reaction with l i thium aluminium 

hydride then resulted in reduction of the ester groups to free alcohol 

groups 157,  with the original intent ion of reoxidis ing back to an aldehyde 

158.  Several different methods were attempted, either part-reduction 

direct ly from the ester to the aldehyde, or oxidation back from the 

alcohol to the aldehyde.  

¶ DIBAL (reduct ion) 

¶ Pyridinium chlorochromate8 2 

¶ IBX8 3 

¶ Dess-Martin Periodinane8 4 

¶ TPPP with IBA to form IBX in situ8 5 

¶ Parikh-Doering oxidat ion8 6 

None of these methods afforded the bis-aldehyde 158,  as hoped. 

However, reaction with IBX gave the mono-aldehyde. Further work 

consisted of protecting just one of the alcohols from the reduced product 

using a silane protecting group 159.  The remaining alcohol could then be 

oxidised to the mono-aldehyde 160.  Reaction with ethynylmagnesium 

bromide would then afford an alkyne moiety at one end, and the si lane at  

the other 161.  Deprotection, fol lowed by oxidation and a further addit ion 

of the Grignard reagent should give the bis-alkyne 162.  React ions were 

completed up to, and including the f i rst addit ion of ethynylmagnesium 

bromide.  

During this t ime, I assisted Al i by making each product on a larger scale, 

while he proceeded with new reactions.  
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I  also independently researched a second route to the same molecule 

shown in Scheme 41, start ing with D-galactose 163,  which already has an 

aldehyde at the end of i ts open chain form. My procedure stemmed from 

a similar methodology found in the l i terature, where a prochiral al lyl ic 

alcohol is converted into an alkynol.8 7 

 

Scheme 41 - Second procedure  for  format ion of  meso-bis-a lkyne f rom D-ga lactose 

The init ia l procedure was to protect the terminal alcohol, fol lowed by bis-

acetonide protect ion of the remaining alcohol groups. The f i rst protection 

was attempted with TBDMS-Cl, tr i tyl chlor ide, and acetal formation with 

benzaldehyde, but these protections either produced no products, or very 

low yields, unsuitable for isolat ion and further reactions.  

Out of f rustration, the Horner-Emmons react ion was tr ied directly on the 

sugar itself . A small trace of the product 164 was seen in an NMR, 

ident if ied by the alkene proton signal, but i t  could not be isolated. At this 

point in the research, the vis it ing student returned to France, and this 

area of research was taken on by another student in our research group. 
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CONCLUSION AND FURTHER RESEARCH AREAS 

This thesis has shown that i t  is possible to form a chiral compound using 

cl ick chemistry,  on a pro-chiral  bis-alkyne. The best result  was the 33% ee 

obtained in both directions from (S)- and (R)-Tol-BINAP, albeit at a low 

yield.  

The paper from Zhou, released short ly after the practical project had 

f inished was met with mixed opinions within the group. On the one hand 

they had published work in this area of chemistry f irst, and had achieved 

much higher ees than our work, but i t  proves that our work is of 

importance to the scientif ic community. 

Their success came about from a chance use of acetone as a solvent, 

which increased the proport ion of mono-triazole product, whilst st i l l  

being the minor product. Further research into solvents with the same 

carbonyl moiety gave them a very successful procedure using 2,5-

hexadione. In my research, the use of acetone as the reaction solvent also 

increased the proport ion of mono-product produced, but this was not 

picked up on as al l of my standard reactions have always produced more 

mono-triazole product than bis-t r iazole, therefore the increase was not 

as pronounced. Overall,  their best result was a 12:1 mix of products,  

whereas I  had several reactions which produced no bis-product at al l ,  

including my first reaction with (R,R)-NORPHOS 153,  which had 34% 

mono-product, with no bis-product. 

Comparing the ee results obtained, they achieved a much higher ee in 

their research. This may be because the oxindole backbone of their 

molecule is more rigid than the ester and ni tr i le used in this thesis, so it  

always presents the same shape. The two separate groups used in this 

thesis can rotate and move around in space, reducing the eff ic iency of 

the catalyst. 
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Possible further research would be attempt ing to recreate the work of 

Zhou to confirm their  results.  In addit ion, using their best solvent, 2,5-

hexadione, for react ions with my compounds would show whether the 

solvent choice is universal, or only appl icable with oxindoles. The l igand 

they chose was a PyBox l igand, with phenyl s ide chains, 57.  In this thesis 

I used an iso-propyl PyBOX ligand 56,  which was unsuccessful in gett ing 

an ee,  so the entire PyBOX ligand class was ignored. Therefore, i t  would 

be wise to go back and invest igate several different PyBOX ligands. 

In addit ion, other substrates could be investigated. Possibi l i t ies include 

sulphones, or forming a l ink between the ester and nitr i le,  introducing 

rigidity into the backbone. 

  



   
 

 ДЕЕ 
 

EXPERIMENTAL 

GENERAL EXPERIMENTAL PROCEDURES 

1H and 13C NMR spectra were obtained on a Varian Unity+ at 400 and 100 

MHz respect ively, or on a Varian Gemini 2000 at 300 and 75 MHz 

respectively,  or on a Bruker Ascend at 500 and 125 MHz respectively. 

Chemical shifts are referenced to the residual solvent peak, or by using 

TMS as an internal standard. Al l spectra were recorded in CDCl3 unless 

specif ied otherwise. 

Infrared spectra were recorded using a Perkin-Elmer Paragon 1000 FT-IR. 

Either neat,  using an ATR attachment, mixed in a nujol mull,  or in the case 

of thick oi ls, applied directly to a KBr disc. 

Microwave-assisted reactions were conducted using a Biotage Ini t iator, 

within sealed vials. Microwave irradiat ion power was typically a maximum 

of 100 W.  

Samples requiring purif icat ion were puri f ied by column chromatography 

using si l ica gel as the adsorbent. Reactions were monitored using TLC 

Sil ica Gel 60, embedded with a f luorescent indicator,  and were visualised 

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

permanganate TLC stain, developed by heat ing. 

Anhydrous react ions were carr ied out in f lame dried glassware, under an 

inert atmosphere of ei ther dry nit rogen or dry argon.  

Most reagents were obtained from commercial sources and used without 

any further purif ication. Anhydrous THF and diethyl ether were dr ied 

using the sodium / benzophenone ketyl radical, pr ior to dist i l lat ion. Light 

petroleum used for column chromatography was dist i l led prior to use. 
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Optical rotat ion measurements were obtained using a Bel l ingham and 

Stanley ADP-440 polar imeter operat ing at  the sodium (D) l ine emission of 

˂Ґруф ƴƳ ŀǘ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ǎǇŜŎƛŦƛŜŘΦ   
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EXPERIMENTAL PROCEDURES 

REACTIONS TO FORM BIS-ALKYNE PRECURSORS 

108 METHYL P-NITROPHENYLACETATE8 8 

 

4-nitrophenylacetic acid 107 (2.00 g, 11 mmol) was added to a clean 

carousel tube. Dimethyl carbonate 165 (3 mL, 3.21 g, 35.6 mmol) was 

added, and the react ion was heated at reflux overnight. The brown 

solution was allowed to cool, and poured in to aqueous sodium 

bicarbonate (10%, 10 mL) whi le st irr ing. The result ing mixture was 

extracted with ethyl acetate (3 x 10 mL). The combined organic layers 

were washed with water and br ine (10 mL each), and dr ied over anhydrous 

magnesium sulphate. After f i l t rat ion and evaporation of the solvents, 

proton NMR analysis showed the product had formed, and none of the 

precursor acid remained. No further purif ication was performed. This 

gave methyl p-nitrophenylacetate 108 as a pale orange oil (1.929 g, 9.89 

mmol, 90%): 1H NMR (400 MHz, CDCl3ύ ʵ уΦнл όŘ, J = 8.6 Hz, 2H), 7.46 (d, 

J = 8.6 Hz, 2H, 3.74 (s,  2H), 3.73 (s, 3H).  

Literature values: 1H NMR (400 MHz, CDCl3ύ ʵ уΦм8 (d, J = 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 TERT-BUTYL CYANOACETATE8 9 

 

2-Cyanoacetic acid 115 (1.701 g, 20 mmol) was suspended in acetonitr i le 

(20 ml) and tert -butanol 166 (2.391 ml, 25.00 mmol). To this, a solution 

of bΣb-Dicyclohexylcarbodi imide 167 (4.54 g, 22.00 mmol) in DCM (22 ml) 

was added under st i rr ing at RT.  The react ion mixture was st irred for 30 

minutes, then f i l tered through Celite, and the solvents were evaporated. 

Proton NMR analysis of the residue showed complete conversion to the 

product. The product,  tert -butyl cyanoacetate 113 was not purif ied, but 

was taken straight through to the next react ion. 1H NMR (400 MHz, CDCl3) 

ʵ оΦот όǎΣ нH), 1.50 (s, 9H). 

Literature values: 1H NMR (400 MHz, CDCl3ύ ʵ оΦоф όǎΣ нIύΣ мΦрм όǎΣ фIύΦ 
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116 L-MENTHYL CYANOACETATE9 0 

 

2-Cyanoacetic acid 115 (10.12 g, 119 mmol) and L-menthol 114 (36.219 g, 

232 mmol) were dissolved in toluene (300 mL). p-TSA (2.263 g, 11.90 

mmol) was added and the reaction heated at  ref lux overnight, with 

azeotropic removal of  water using a Dean-Stark apparatus. The orange 

reaction mixture was allowed to cool, and the solvents were evaporated. 

The residue solidi f ied once cool. The solid was broken up, and n-pentane 

was added. The mixture was st irred vigorously for 4 hours, al lowing the 

solid to completely break up and turning the pentane orange. The solid 

was collected by f i l trat ion, and analysed by proton NMR spectroscopy. No 

further purif ication was necessary. This gave L-menthyl -cyanoacetate 116 

as a white powder (21.626 g, 97 mmol, 81%): 1H NMR (400 MHz, CDCl3ύ ʵ 

4.76 (td, J = 10.9, 4.5 Hz, 1H),  3.42 (s, 2H),  2.05 ς 1.96 (m, 1H), 1.89 ς 

1.79 (m, 1H), 1.74 ς 1.64 (m, 2H), 1.55 ς 1.38 (m, 2H), 1.13 ς 0.98 (m, 2H), 

0.92 (d, J = 6.6 Hz, 3H), 0.90 (d, J = 6.9 Hz, 3H), 0.87 ς 0.82 (m, 1H), 0.76 

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

Literature values: 1H NMR (CDCl3)  ɻ 5.0 (1H, dt),  3.75 (2H, s), 2.2-0.95 

(18H, m); IR (KBr pel let): 3000-2850, 2223, 1730, 1450, 1230, 1130. 
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REACTIONS TO FORM BIS-ALKYNES 

88 METHYL 2-CYANO-2-(PROP-2-YN-1-YL)PENT-4-YNOATE5 7 

 

Methyl cyanoacetate 85 (20 g, 202 mmol) was suspended in acetonitr i le 

(600 mL). Potassium carbonate (69.7 g, 505 mmol) was added, and the 

reaction was cooled in an ice bath. Propargyl bromide in toluene 82 (80%, 

49.5 mL, 444 mmol) was added and the orange suspension was heated at 

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 brown 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 dr ied over anhydrous magnesium sulphate. After 

f i l trat ion and evaporation of the solvents, the resulting brown oil was 

purif ied by vacuum dist i l lat ion at 115 ς 125 OC. Methyl-2-cyano-2-(prop-

2-yn-1-yl)pent-4-ynoate 88 was isolated as a colourless oil,  which 

solidi f ied to a white solid (25.1 g, 143 mmol, 71%): m.p. 46-48 oC; IR (neat) 

m˄ a x /  cmς1 3275, 2957, 1740, 1437, 1322, 1287, 1263, 1226, 1078, 963, 

789, 694, 653, 465; 1H NMR (400 MHz, CDCl3)  ɻ3.89 (s, 3H), 2.94 (d, J = 

2.6 Hz, 4H), 2.24 (t, J = 2.6 Hz, 2H);  1 3C NMR (75 MHz, CDCl3ύ ʵ  166.6, 

117.0, 76.0, 73.7, 54.1, 47.1, 25.6; HRMS (NSI) Calcd. for C1 0H1 3O2N2 

([M+NH4] +) 193.0972. Found 193.0971. 

Literature values: m.p. 43-45 °C; IR (KBr) m˄ a x /  cmς1  3277, 2957, 1743, 

1438, 1325, 1288, 1266, 1227, 1079, 964, 790, 695, 655, 465; 1H NMR 

(CDCl3Σ олл aIȊύΥ ʵ 3.87 (s, 3 H), 2.92 (d, J = 2.6 Hz, 4 H), 2.23 (t,  J = 2.6 

Hz, 2 H); 1 3C NMR (CDCl3Σ тр aIȊύΥ ʵ мссΦпΣ ммсΦфΣ тсΦлΣ тоΦтΣ рпΦмΣ птΦнΣ 

25.7; HRMS (EI (+),  70 eV): C1 0H9NO2 (175.18), [C1 0H8NO2]+:  calcd 

174.0555, found 174.0568. 
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89 METHYL 2-PHENYL-2-(PROP-2-YN-1-YL)PENT-4-YNOATE9 1 

 

Sodium hydride (1.2 g, 30 mmol) was added to a f lame dried f lask, under 

an atmosphere of nitrogen. Dry THF (50 mL) was added, and the mixture 

was cooled to 0 OC in an ice bath. Methyl phenylacetate 103 (1.89 mL, 

13.3 mmol) was added, fol lowed by propargyl bromide in toluene 82 (80%, 

5.6 mL, 40.3 mmol). The reaction was st irred at room temperature for 60 

hours, under the nit rogen atmosphere. The react ion was worked up 

cautiously with water, and extracted into ethyl acetate. The combined 

organics were washed with water and brine (50 mL each), and dried over 

anhydrous magnesium sulphate. After f i l trat ion, the solvents were 

evaporated, and no further purif icat ion was performed to separate the 

product from remaining start ing materials. The product 89 was obtained 

as an impure pale oil (2.00 g, 8.8 mmol, 66%): IR (neat):  3298, 3287, 1730, 

1291, 1217. 1H NMR (300 MHz, CDCl3ύ ʵ тΦпо ς 7.21 (m, 5H), 3.70 (s, 3H),  

3.19 (dd, J = 16.7, 2.6 Hz, 2H), 3.09 (dd, J = 16.5, 2.6 Hz, 2H), 1.99 (t, J = 

2.6 Hz, 2H). 

Literature values: 1I bawΥ  ʵ  тΦот-7.24 (m, 5 H), 3.69 (s, 3 H), 3.12 (dq, 

J = 2.6, 7.0 Hz, 4 H),  1.97 (d,  J = 2.6 Hz, 2 H).  1 3C bawΥ  ʵ  мтнΦуΣ моуΦрΣ 

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 2-ACETYL-2-(PROP-2-YN-1-YL)PENT-4-YNOATE 

 

Methyl acetoacetate 106 (1 mL, 1.076 g, 9.27 mmol), propargyl bromide 

in toluene 82 (80%, 2.1 mL, 18.85 mmol) and potassium carbonate (2.82 

g, 20.39 mmol) were combined in acetonitr i le (20 mL). The yellow 

suspension was heated at 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 br ine (20 mL 

each), dried over anhydrous magnesium sulphate and after f i l trat ion, the 

solvents were evaporated. Crystall isation from ethanol gave crystals of 

t he pure product 92 (550 mg, 2.9 mmol, 31%): IR (neat) m˄a x /  cmς1  3277, 

2967, 2159, 2029, 1977, 1747, 1712, 1428, 1288, 1210, 1166, 840; 1H NMR 

(400 MHz, CDCl3ύ ʵ оΦту όǎΣ оIύΣ оΦлл όŘŘΣ J = 17.4, 2.7 Hz, 2H), 2.93 (dd, 

J = 17.5, 2.7 Hz, 2H), 2.21 (s, J = 7.7 Hz, 3H), 2.03 (t, J = 2.7 Hz, 2H). 1 3C 

NMR (100 MHz, CDCl3ύ ʵ нллΦууΣ мсфΦуфΣ туΦснΣ тнΦнмΣ снΦррΣ роΦпмΣ нсΦопΣ 

21.99; HRMS (NSI) Calcd. for C11H1 3O3 ([M+H]+) 193.0859. Found 

193.0859. 
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93 METHYL 2-(4-NITROPHENYL)-2-(PROP-2-YN-1-YL)PENT-4-YNOATE 

 

Methyl 4-nitrophenyl acetate 108 (1.93 g, 9.89 mmol) was suspended in 

acetonitr i le (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 toluene 82 (80%, 2.4 mL, 21.76 mmol) was added, and the 

reaction was heated at reflux overnight. The 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 brine (20 mL 

each), dried over anhydrous magnesium sulphate and after f i l trat ion, the 

solvents were evaporated. Puri f icat ion by column chromatography, 

elut ing with petroleum ether:EtOAc 9:1 gave the product 93 as a yellow 

oil (0.99 g, 3.63 mmol, 37% yield): 1H NMR (400 MHz, CDCl3ύ ʵ уΦмс όŘΣ J 

= 8.6 Hz, 2H), 7.43 (d,  J = 8.7 Hz, 2H), 3.68 (s, 3H), 3.15 (dd, J = 16.7, 2.6 

Hz, 2H), 3.04 (dd, J = 16.7, 2.6 Hz, 2H), 1.99 (d, J = 2.6 Hz, 2H). 
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95 TERT-BUTYL 3-ETHYL 2,2-DI(PROP-2-YN-1-YL)MALONATE 

 

Tert-butyl ethyl  malonate 111 (1 mL, 0.994 g, 5.28 mmol), propargyl 

bromide in toluene 82 (80%, 1.2 mL, 10.77 mmol) and potassium 

carbonate (1.61 g, 11.62 mmol) were combined in acetonitr i le (20 mL). 

The yellow suspension was heated at 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), dr ied over anhydrous magnesium sulphate and 

after f i l t rat ion, the solvents were evaporated to give the pure product 95 

(262 mg, 0.99 mmol, 19%): IR (neat)  ˄ ma x /  cmς1 3284, 3262, 2983, 2938, 

2159, 2028, 1728, 1475, 1450, 1369, 1305, 1198, 1148, 1095, 890 ; 1H 

NMR (400 MHz, CDCl3ύ ʵ пΦмф όǉΣ J = 7.1 Hz, 2H), 2.90 (d,  J = 2.7 Hz, 4H), 

1.99 (t, J = 2.6 Hz, 2H), 1.41 (s, 9H), 1.23 (t, J = 7.1 Hz, 3H);  1 3C NMR (101 

MHz, CDCl3ύ ʵ мсфΦммΣ мстΦсфΣ унΦусΣ туΦутΣ тмΦтоΣ снΦлпΣ рсΦумΣ нтΦфмΣ 

22.60, 14.29; HRMS (NSI) Calcd. for C1 5H2 0O4Na ([M+Na]+) 287.1254. 

Found 287.1259. 
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96 BENZYL 2-CYANO-2-(PROP-2-YN-1-YL)PENT-4-YNOATE 

 

Benzyl cyanoacetate 112 (1 mL, 6.53 mmol), propargyl bromide in toluene 

82 (80%, 1.6 mL, 14.37 mmol) and potassium carbonate (2.26 g, 16.33 

mmol) were combined in acetonitr i le (50 mL) to give a yellow suspension. 

The react ion was heated at ref lux overnight.  The react ion was allowed to 

cool, then worked up with water (30 mL), and the aqueous layer was 

extracted with ethyl acetate (2 x 30 mL). The combined organic layers 

were washed with water and brine (30 mL each) and dr ied over anhydrous 

magnesium sulphate. After f i l trat ion, the solvents were evaporated, to 

give benzyl-2-cyano-2-(prop-2-yn-1-yl)pent-4-ynoate 96 as a brown oil . 

(0.453 g, 1.8 mmol, 28%): 1H NMR (400 MHz, CDCl3ύ ʵ тΦпп - 7.32 (m, 5H), 

5.30 (s, 2H), 2.95 (d, J = 2.6 Hz, 4H), 2.18 (t,  J = 2.6 Hz, 2H). 
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97 TERT-BUTYL 2-CYANO-2-(PROP-2-YN-1-YL)PENT-4-YNOATE 

 

Tert-butyl cyanoacetate 113 (5 mL, 35.0 mmol), propargyl bromide in 

toluene 82 (80%, 8.57 mL, 77 mmol) and potassium carbonate (12.08 g, 

87 mmol) were combined in acetonitr i le (100 mL) to give a yellow 

suspension. The react ion was heated at 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 br ine (50 mL each), and dr ied over anhydrous 

magnesium sulphate. After f i l trat ion, the solvents were evaporated, and 

the product 97 was obtained as pale crystals by crystal l isation from 

ethanol,  (4.00 g, 18.4 mmol, 52.7%): m.p. 59.5-61.3 oC; IR (neat)  ˄ ma x /  

cmς1 3289, 2989, 2979, 2941, 2249, 2159, 2029, 1977, 1728, 1468, 1398, 

1370, 1346, 1319, 1262, 1149, 832;  1H NMR (400 MHz, CDCl3ύ ʵ нΦус όŘΣ J 

= 2.7 Hz, 4H), 2.19 (t ,  J = 2.7 Hz, 2H), 1.50 (s, 9H). 1 3C NMR (100 MHz, 

CDCl3ύ ʵ мспΦуΣ ммтΦтΣ урΦрΣ тсΦсΣ тоΦсΣ птΦуΣ нтΦфΣ нрΦуΤ Iwa{ όb{Lύ /ŀƭŎŘΦ 

for C1 3H1 9O2N2 ([M+NH4] +) 235.1441. Found 235.1444.  
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98 L-MENTHYL 2-CYANO-2-(PROP-2-YN-1-YL)PENT-4-YNOATE 

 

L-Menthyl cyanoacetate 116 (21.4 g, 96 mmol) was dissolved in 

acetonitr i le (600 mL). Potassium carbonate (33.1 g, 240 mmol) and 

propargyl bromide in toluene 82 (80%, 23.5 mL, 211 mmol) were added, 

and the reaction was heated at ref lux overnight. The react ion was cooled 

to room temperature, and worked up with water unti l  any remaining 

potassium carbonate had dissolved and a deep brown reaction 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 br ine 

(100 mL each), and dried over anhydrous magnesium sulphate. After 

f i l trat ion, t he solvents were evaporated. Vacuum dist i l lat ion of the 

residue (140-144 °C at 0.4 mbar) gave the product as a pale yellow oil. On 

standing and cooling with dry ice, the oil solidi f ied, and was ground into 

a f ine powder. Proton NMR analysis showed the product was pure and no 

further puri f icat ion was necessary (22.24 g, 74.3 mmol, 78%): m.p. 47-49 

oC; ώʰϐ22
D -46o  (c = 1.02, ethanol); 1H NMR (400 MHz, CDCl3ύ ʵ пΦул όǘŘΣ J = 

11.0, 4.4 Hz, 1H), 2.93 (t, J = 2.7 Hz, 4H), 2.21 (dt, J = 6.3, 2.6 Hz, 2H),  

2.07 ς 1.91 (m, 2H), 1.77 ς 1.64 (m, 2H), 1.58 ς 1.42 (m, 2H), 1.15 ς 0.99 

(m, 2H), 0.97 ς 0.83 (m, 7H), 0.76 (d, J = 6.9 Hz, 3H).  
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99 DIETHYL (4-CYANOHEPTA-1,6-DIYN-4-YL)PHOSPHONATE6 1 

 

Diethyl cyanomethylphosphonate 117 (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 acetonitr i le (20 mL). 

The yel low suspension was heated at  ref lux over the weekend. The 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 and after f i l trat ion, the solvents 

were evaporated. Puri f ication of the product was attempted by column 

chromatography, elut ing with petroleum ether:EtOAc 1:1 to give the 

product 99  (295 mg, 1.17 mmol, 18.9%): 1H NMR (400 MHz, CDCl3ύ ʵ пΦос 

ς 4.26 (m, 4H), 3.02 ς 2.93 (m, 4H), 2.30 ς 2.24 (m, 2H), 1.44 ς 1.36 (m, 

6H). 

Literature values: b.p.: 136-137 oC. Elemental 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 2-(DIMETHOXYPHOSPHORYL)-2-(PROP-2-YN-1-YL)PENT-4-YNOATE 

 

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

in toluene 82 (80%, 1.6 mL, 14.36 mmol) and potassium carbonate (2.11 

g, 15.2 mmol) were combined in acetonitr i le (20 mL). The yellow 

suspension was heated at reflux over the weekend. The 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 

brine (20 mL each), dr ied over anhydrous magnesium sulphate and after 

f i l trat ion,  the solvents were evaporated. Purif icat ion by column 

chromatography, elut ing with petroleum ether:EtOAc 9:1 was attempted, 

but the mono- and bis-subst ituted products could not be completely 

separated. No further puri f icat ion was performed. 1H NMR (400 MHz, 

CDCl3ύ ʵ оΦуо όǎΣ оIύΣ оΦум όǎΣ сIύΣ 3.02 (t, J = 2.7 Hz, 2H), 2.98 (d, J = 2.6 

Hz, 2H), 2.07 (t,  J = 2.6 Hz, 2H); Lw όƴŜŀǘύ ˄ma x /  cmς1 3289, 2985, 2242, 

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

  



   
 

 ДЖК 
 

AZIDE SYNTHESIS 

73 BENZYL AZIDE6 2 

 

Sodium azide (3.58 g, 55.0 mmol) was added to DMSO (120 mL) and stirred 

vigorously unt i l  ful ly dissolved. Benzyl bromide 168 (6.54 mL, 55 mmol) 

was added. The reaction mixture was st irred at RT overnight. The 

colourless l iquid was worked up with water (100 mL), and 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 dr ied over MgSO4 and after 

f i l trat ion, i t  was evaporated to dryness, giving benzyl azide 73 as a 

colourless oil (6.9 g, 51.8 mmol, 94%): IR (neat) m˄a x /  cmς1 3455, 3028, 

2970, 2946, 2093, 1605, 1586, 1496, 1454, 1349, 1252; 1H NMR (400 MHz, 

CDCl3ύ ʵ тΦпп ς 7.28 (m, 5H), 4.33 (s,  2H); 1 3C NMR (100 MHz, CDCl3ύ ʵ 

135.55, 129.05, 128.52, 128.44, 55.00. 

Literature values: IR (neat)  ˄ ma x /  cmς1 2094 (C-N3);  1H NMR (400 MHz, 

CDCl3ύ ʵ т.45 ς 7.26 (m, 5H), 4.35 (s,  2H); 1 3C NMR (100 MHz, CDCl3ύ ʵ 

135.42, 128.90, 128.37, 128.29, 54.84. 
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121 BENZHYDRYL AZIDE6 2 

 

Sodium azide (1.973 g, 30.3 mmol) was added to DMSO (50 mL) and stirred 

unti l  i t  dissolved ful ly. Benzhydryl bromide 169 (5 g, 20.23 mmol) was 

then added, to give an orange solution. The reaction mixture was st irred 

at RT overnight. The orange solution was worked up with water (50 mL). 

The mixture was then stirred unti l  i t  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 MgSO4.  After f il t rat ion, the solvents were removed under vacuum to 

give benzhydryl azide 121 (4.155 g, 19.86 mmol, 98%): IR (neat)  ˄ m a x /  cmς

1 3028, 2970, 2095, 1659, 1610, 1493, 1450, 1365, 1230, 1217, 1079, 1030, 

960, 743, 599; 1H NMR (400 MHz, CDCl3ύ ʵ тΦпн ς 7.27 (m, 10H), 5.71 (s, 

1H); 1 3C NMR (101 MHz, CDCl3ύ ʵ мофΦттΣ мнуΦфлΣ мнуΦнрΣ мнтΦруΣ суΦтнΦ 

Literature values: IR (neat): m˄a x /  cmς1  2097. 1H NMR (400 MHz, CDCl3): ʵ 

7.37ς7.23 (m, 10H), 5.70 (s, 1H). 1 3C NMR (100 MHz, CDCl3):  139.5, 128.7, 

128.0, 127.4, 68.5.  
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122 TRITYL AZIDE9 2 

 

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

unti l  i t  had dissolved ful ly. Chlorotriphenylmethane 170 (2.230 g, 8.00 

mmol) was added, and the react ion was al lowed to st ir 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), dried over anhydrous sodium sulphate, and 

after f i l t rat ion, evaporated to dryness under reduced pressure. Tr ityl  

azide 122 was obtained as a colourless oil,  which crystal lised into pale 

purple crystals (2.239 g, 98%): Mp 64-65 oC l it .  64 oC,  IR (neat)  ˄ ma x /  cmς

1 3455, 3025, 2970, 2097, 1596, 1489, 1446, 1365, 1216; 1H NMR (400 

MHz, CDCl3ύ ʵ тΦос ς 7.25 (m, 15H); 1 3C NMR (101 MHz, CDCl3ύ ʵ мпоΦорΣ 

128.70, 128.44, 127.94, 77.37. 

Literature values: 1H NMR (25°C, CD2Cl2Σ олл aIȊύΥ ʵ тΦсс ς 7.01 (m, Ph). 

1 3C NMR (CD2Cl2Σ тр aIȊύΥ ʵ Ґ мпоΦтΣ мнфΦлΣ мнуΦуΣ мнуΦоΣ ттΦуΤ Lw όƴŜŀǘύ 

m˄ a x /  cmς1 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 (m), 843 (w), 770 (m), 761 (m), 752 

(s), 717 (m), 696 (s), 667 (m), 629 (m), 557 (m) 
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123 BENZOYL AZIDE9 3 

 

Sodium azide (616 mg, 9.5 mmol) was dissolved in water (5 mL). Benzoyl 

chloride 125 (1 mL, 8.62 mmol) was added to acetone (6 mL) in a separate 

f lask. Both solutions were cooled to 0 oC, then mixed together and stirred 

vigorously for 30 minutes. The react ion mixture was al lowed to sett le into 

2 layers. The top acetone layer was removed and poured over ice. White 

crystals formed, which were f i l tered off, washed with cold water, and 

allowed to dry. This gave the product benzoyl azide 123 as colourless 

crystals (968 mg, 6.58 mmol, 76%): Mp 30-31 oC lit  29-31 oC, 1H NMR (400 

MHz, CDCl3ύ ʵ уΦлп ς 7.97 (m, 2H), 7.64 ς 7.56 (m, 1H), 7.48 ς 7.40 (m, 

2H); 1 3C NMR: (100 MHz, CDCl3ύ ʵ мтнΦтΣ мопΦпΣ молΦуΣ мнфΦпΣ мнуΦуΦ 

Literature values: 1H NMR: (CDCl3Σ плл aIȊύ ʵ уΦло όŘΣ J = 7.6 Hz, 2 H), 

7.62 (t, J = 7.4 Hz, 2 H), 7.46 (t,  J = 7.8 Hz, 1 H); 1 3C NMR: (100 MHz, CDCl3) 

ʵ мтнΦр, 134.3, 130.6, 129.4, 128.6. 
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124 2-NITROBENZYL AZIDE9 4 

 

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

vigorously unti l  i t  had dissolved ful ly. 2-Nitro benzyl bromide 171 (1.728 

g, 8.00 mmol) was added, and the reaction was al lowed to st ir  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), dr ied over sodium sulphate, and after 

f i l trat ion, evaporated to dryness under reduced pressure. 2-Nitrobenzyl 

azide 124 was obtained as an orange oil (1.341 g, 7.53 mmol, 94%): IR 

(neat) m˄a x /  cmς1 3455, 3016, 2970, 2946, 2101, 1738, 1611, 1578, 1523, 

1445, 1353, 1293, 1228, 1217, 857, 788, 730; 1H NMR (400 MHz, CDCl3ύ ʵ 

8.12 (d, J = 7.9 Hz, 1H), 7.73 ς 7.64 (m, 2H), 7.55 ς 7.48 (m, 1H), 4.85 (s, 

2H); 1 3C NMR (101 MHz, CDCl3ύ ʵ мстΦноΣ мопΦннΣ момΦтуΣ молΦомΣ мнфΦноΣ 

125.49, 52.18. 

Literature values: IR (neat) m˄a x /  cmς1 2105 (C-N3);  1H NMR (400 MHz, 

CDCl3ύ ʵ уΦмо-8.11 (m, 1H), 7.71 ς 7.66 (m, 2H), 7.54 ς 7.50 (m, 1H), 4.85 

(s, 2H);  1 3C NMR (100 MHz, CDCl3ύ ʵ 147.7, 133.9, 131.5, 130.1, 128.9, 

125.2, 51.9. 
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CLICK REACTION STEP 

CONVENTIONAL METHOD 

 

Methyl 2-cyano-2-(prop-2-yn-1-yl)pent-4-ynoate 88 was suspended in the 

solvent (typical ly t er t-butanol/water (1:1)). The copper catalyst was 

added (typically 2 equivalents copper powder), fol lowed by the azide 

(typically 1.1 equivalents). The reaction was stirred vigorously overnight. 

The react ion was quenched with water and then extracted with ethyl 

acetate. The combined organics were then washed with water and brine, 

dried over anhydrous magnesium sulphate, and after f i ltrat ion, the 

solvents were removed under reduced pressure. 

IN-SITU METHOD 

Sodium azide (0.412 g, 6.34 mmol) was dissolved in DMSO (25 mL) with 

vigorous st irr ing. Benzyl bromide 168 (0.830 mL, 6.98 mmol) was added, 

and the reaction st irred for another 2 hours. Analysis by proton NMR of 

the crude reaction mixture checked for the disappearance of the benzyl 

protons at 4.50 ppm relating to benzyl bromide, and the appearance of 

the benzyl protons from benzyl azide at  4.35 ppm. Methyl 2-cyano-2-

(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 reaction was sti rred at RT 

overnight. The reaction was diluted with water. The copper powder was 

removed by f i l trat ion through Celite, and the result ing l iquid was 

extracted with ethyl acetate several t imes. The combined organics were 

washed with water and brine, and then dried over anhydrous magnesium 
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sulphate. After f i l trat ion, the solvents were removed under reduced 

pressure. 

MICROWAVE METHOD 

Methyl 2-cyano-2-(prop-2-yn-1-yl)pent-4-ynoate 88 (100 mg, 0.57 mmol), 

copper(II) sulphate (14 mg, 0.057 mmol), sodium ascorbate (113 mg, 0.57 

mmol) and sodium azide (41 mg, 0.63 mmol) were combined in a 5 mL 

microwave reactor vial. The solvent,  (tert -butanol/water, 1:1, 4 mL) was 

added, and the vial  sealed. Benzyl bromide 168 (0.068 mL, 0.57 mmol) 

was added through the septum, and the vessel was heated in the 

microwave reactor at 125 OC, 100 W, for 20 minutes. The cooled reaction 

was worked up with water, and extracted with ethyl acetate. The 

combined organics were washed with water and brine, and then dried 

over anhydrous magnesium sulphate. After f i l trat ion, the solvents were 

then removed under reduced pressure. 

LIGAND ASSISTED METHOD 

(R,R)-NORPHOS (R,R)-153 (0.017 g, 0.038 mmol) and copper(I)  iodide 

(4.76 mg, 0.025 mmol) were combined in toluene (5 mL). DIPEA (0.131 mL, 

0.750 mmol) was added, and the reaction was allowed to st ir  at RT to 

allow the complex to form. The reaction was then cooled to ς40 °C and 

methyl 2-cyano-2-(prop-2-yn-1-yl)pent-4-ynoate 88 (0.044 g, 0.250 mmol) 

and benzyl azide 73 (0.031 mL, 0.25 mmol) were added, and the reaction 

was sti rred at ς40 °C for 18 hours. The reaction was f i l tered through si l ica 

while st i l l  cold, to avoid allowing any further reaction to occur, and the 

si l ica pad was washed with DCM (5 mL). The solvents were evaporated, 

and the residue analysed by proton NMR spectroscopy. Further di lut ion 

was performed to create a sample for chiral  HPLC analysis. 
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146 METHYL 2-((1-BENZYL-1H-1,2,3-TRIAZOL-4-YL)METHYL)-2-CYANOPENT-4-
YNOATE 

 

The product was purif ied by column chromatography, elut ing with 

petroleum ether:EtOAc (2:1). This gave the mono product as a pale yellow 

oil (0.737 g, 2.39 mmol, 41.9%): IR (neat)  ˄ ma x /  cmς1  3280, 3141, 2256, 

1739; 1H NMR (500 MHz, CDCl3ύ ʵ тΦпф όǎΣ мIύΣ тΦпм ς 7.32 (m, 3H), 7.26 ς 

7.21 (m, 2H), 5.52 (s, 2H), 3.80 (s, 3H), 3.39 (s, 2H), 2.93 (dd, J = 16.9, 2.6 

Hz, 1H),  2.81 (dd, J = 16.9, 2.6 Hz, 1H), 2.22 (t, J = 2.6 Hz, 1H);  13C NMR 

(101 MHz, CDCl3ύ ʵ мстΦннΣ мопΦсмΣ мнфΦмлΣ мнуΦтоΣ мнуΦнлΣ мнтΦфмΣ 

123.32, 117.71, 76.74, 73.58, 54.13, 53.96, 49.07, 32.17, 26.28; HRMS 

(NSI) Calcd. for C1 7H1 7N4O2 ([M+H]+) 309.1346. Found 309.1345. 

METHYL 3-(1-BENZYL-1H-1,2,3-TRIAZOL-4-YL)-2-( (1-BENZYL-1H-1,2,3- 
TRIAZOL-4-YL)METHYL)-2-CYANOPROPANOATE 

 

The product was puri f ied by column chromatography as described above. 

Bis-tr iazole product eluted after mono-triazole product as pale yel low oil: 

IR (neaǘύ ˄ma x /  cmς1  3132, 3065, 3035, 2997, 2962, 2246, 1740; 1H NMR 

(300 MHz, CDCl3ύ ʵ тΦр7 (s, 2H), 7.33 ς 7.23 (m, 6H), 7.20 ς 7.12 (m, 4H), 

5.42 (s, 4H), 3.61 (s,  3H), 3.48 ς 3.14 (m, 4H); HRMS (NSI) Calcd. For 

C2 4H2 4N7O2 ([M+H]+) 442.1986. Found 442.1984. 
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METHYL 2-( (1-BENZHYDRYL-1H-1,2,3-TRIAZOL-4-YL)METHYL)-2-CYANOPENT-4-
YNOATE 

 

The product was purif ied by column chromatography, elut ing with 

petroleum ether:EtOAc (2:1). Recrystall isat ion from ethanol gave the 

product as a white powder (0.967 g, 2.52 mmol, 21%): m.p. 107.8-108.8 

oC; Lw όƴŜŀǘύ ˄m a x /  cmς1 3246, 3148, 2946, 2250, 1752; 1H NMR (400 MHz, 

CDCl3ύ ʵ тΦпп όǎΣ мIύΣ тΦпн ς 7.36 (m, 6H), 7.19 ς 7.09 (m, 5H), 3.78 (s, 

3H), 3.41 (s, 2H), 2.96 (dd, J = 16.9, 2.6 Hz, 1H), 2.85 (dd, J = 16.9, 2.7 Hz, 

1H), 2.22 (t,  J = 2.6 Hz, 1H);  1 3C NMR (101 MHz, CDCl3ύ ʵ мстΦпнΣ моуΦлуΣ 

129.21, 129.17, 128.89, 128.82, 128.29, 128.11, 123.37, 117.82, 76.91, 

73.67, 68.39, 54.13, 49.38, 32.52, 26.49; HRMS (NSI) Calcd. For C2 3H2 1N4O2 

([M+H]+) 385.1659. Found 385.1664. 

METHYL 2-CYANO-2-((1-TRITYL-1H-1,2,3-TRIAZOL-4-YL)METHYL)PENT-4-YNOATE 

 

The reaction was performed at reflux. Proton NMR analysis showed 14% 

yield of the product. Product was not puri f ied. NMR in appendix contains 

the start ing material. 1H NMR (400 MHz, CDCl3ύ ʵ тΦтм όǎΣ мIύΣ тΦоф ς 7.27 
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(m, 15H), 3.85 (s, 3H), 3.48 (s,  2H),  2.92 (dd, J = 15.5, 2.8 Hz, 2H), 2.84 

(dd, J = 11.2, 2.6 Hz, 1H), 2.29 (t, J = 2.7 Hz, 1H). 

TERT-BUTYL 2-((1-BENZYL-1H-1,2,3-TRIAZOL-4-YL)METHYL)-2-CYANOPENT-4-
YNOATE 

 

The product was purif ied by column chromatography, elut ing with 

pentane:EtOAc (1:2). This gave the mono product as a pale oil (43 mg, 

0.123 mmol, 24.5%): 1H NMR (500 MHz, CDCl3ύ ʵ тΦрр όǎΣ мIύΣ тΦпм ς 7.34 

(m, 3H), 7.30 ς 7.24 (m, 2H), 5.54 (s, 2H), 3.36 (s, 2H), 2.90 (dd, J = 16.8, 

2.6 Hz, 1H), 2.78 (dd, J = 16.8, 2.6 Hz, 1H), 2.22 (t, J = 2.6 Hz, 1H), 1.44 

(s, 9H).  

METHYL 2-( (1-(2-NITROBENZYL)-1H-1,2,3-TRIAZOL-4-YL)METHYL)- 
2-CYANOPENT-4-YNOATE 

 

The product was synthesised using the standard procedure, but 

separat ion of the products was not attempted. Proton NMR analysis 

showed the yield to be 47% mono-triazole, with a further 24% as the bis-

tr iazole, and the remaining 29% was remaining start ing material. The 

combined NMR is given in the appendix.  
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144 TERT-BUTYL 2-((1-BENZHYDRYL-1H-1,2,3-TRIAZOL-4-YL)METHYL)- 
2-CYANOPENT-4-YNOATE 

 

The product was purif ied by column chromatography, elut ing with 

pentane:EtOAcc (1:2). This gave the mono product as a colourless oil (51 

mg, 0.120 mmol, 16.8%): 1H NMR (400 MHz, CDCl3ύ ʵ тΦпт όǎΣ мIύΣ тΦпм - 

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-MENTHYL 2-((1-BENZHYDRYL-1H-1,2,3-TRIAZOL-4-YL)METHYL)-2-CYANOPENT-
4-YNOATE 

 

1H NMR (400 MHz, CDCl3ύ ʵ тΦрл όǎΣ мIύΣ тΦпн ς 7.30 (m, 6H), 7.19 ς 7.05 

(m, 5H), 4.75 (ddd, J = 20.4, 10.8, 4.3 Hz, 1H), 3.38 (s,  2H),  2.96 (d, J = 

16.8 Hz, 1H), 2.83 (d, J = 16.6 Hz, 1H), 2.21 ς 2.12 (m, 1H), 2.02 ς 1.81 (m, 

2H), 1.68 (d,  J = 10.8 Hz, 2H),  1.51 ς 1.38 (m, 2H), 1.11 ς 0.96 (m, 2H), 

0.92 ς 0.64 (m, 11H);  Lw όƴŜŀǘύ ˄ma x /  cmς1 3289, 2922, 2099, 1738, 1454, 

1244, 1215, 1038, 950. 
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GALACTOSE BASED MESO-STRUCTURE SYNTHESIS 

155 D-GALACTARIC ACID DIMETHYL ESTER9 5 

 

D-Galactaric Acid 5 (100 g, 476 mmol) was suspended in Methanol (500 

mL). Sulphuric acid (7.5 mL, 141 mmol) was added, and the reaction 

st irred at reflux overnight. The reaction was al lowed to cool to RT, and 

then placed in an ice bath for 30 mins. The white precipitate was f i l tered 

off, washed with water, and dr ied in a vacuum oven overnight. This gave 

D-galactar ic acid dimethyl ester 155 (103.573 g, 435 mmol, 91%) as a 

white powder: Mp 185 oC; 1I baw όплл aIȊΣ 5a{hύ ʵ пΦфп - 4.87 (d, J = 

7.9 Hz, 2H), 4.84 - 4.74 (dd, J = 5.9, 2.6 Hz, 2H), 4.31 (d, J = 8.0, 2H), 3.79 

- 3.68 (m, 2H), 3.62 (s, 6H) ; Lw όƴŜŀǘύ ˄max / cmς1 3246, 3148, 2946, 1752  

Literature values:  Mp 189 °C; 1H NMR (DMSO-d6,  400 MHz)  ɻ3.63 (s, 6H, 

OMe), 3.77 (m, 2H, OH), 4.30 (d, J=8.1 Hz, 2H, CHςOH), 4.80 (m, 2H, OH) , 

4.91 (d, 2H, J=8.1 Hz, CHςOH); 1 3C NMR (DMSO-d6,  101 MHz)  ɻ51.43, 

70.27, 71.20, 174.11; IR (KBr) 3345, 3265, 3120, 2966, 2923, 1726, 1384, 

1288, 1119, 1052 cmҍ1;  EI-MS m/ z 239 (M++H), 221 (M+ҌIҍI2O). Anal.  

Calcd for C8H1 4O8:  C 40.34, H 5.92. Found: C 40.15, H 5.91.  
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156 DI-ISOPROPYLIDENE D-GALACTARIC ACID DIMETHYL ESTER9 5 

 

(2R,3S,4R,5S)-dimethyl 2,3,4,5-tetrahydroxyhexanedioate 155 (23.79 g, 

100 mmol) was suspended in acetone (1.2 l) .  2,2-Dimethoxypropane (184 

mL, 1498 mmol) and p-TSA (5.68 g, 33.0 mmol) were added, and the 

reaction was st irred at RT over the weekend. The deep red/brown l iquid 

was evaporated to dryness to give a brown solid.  The solid was taken up 

in ethyl acetate, and washed with Na2CO3 to remove the p-TSA. The 

organic layer was then washed with water and br ine, dr ied over MgSO4 

and after f i l trat ion, evaporated to dryness again. The brown oil soon 

solidi f ied. The sol id was recrystallised from ethanol to give a 3.5 g of a 

cream solid. A second recrystall isat ion was performed on the f i l trate. 

NMR analysis of the f i rst 3.5 g batch showed it  to be pure product 156.  

Mp 100 oC; 1H NMR (400 MHz, CDCl3ύ ʵ пΦсп - 4.58 (m, 2H), 4.52 - 4.46 (m, 

2H), 3.82 - 3.80 (s,  6H), 1.51 - 1.46 (s, 6H), 1.45 - 1.40 (s, 6H).  

Literature values: Mp 98 °C; 1H NMR (CDCl3,  400 MHz)  ɻ1.38 (s, 6H, Me), 

1.44 (s, 6H, Me),  3.76 (s, 6H, OMe), 4.44 (m, 2H, CHςO), 4.56 (m, 2H, CHς

O); 1 3C NMR (CDCl3,  101 MHz)  ɻ25.84, 26.89, 52.52, 75.69, 78.90, 112.22, 

171.36; IR (KBr) 3498 (w), 3029, 2988, 2959, 2941, 1759, 1375, 1219, 

1126, 854 cmҍ1;  FAB-MS (NBA) m/ z 319 (M++H), 261 (M+ҌIҍŀŎŜǘƻƴŜύΦ 

Anal. Calcd for C1 4H2 2O8:  C 52.82, H 6.97. Found: C 52.46, H 6.94. 
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157 DI-ISOPROPYLIDENE D-GALACTITOL9 6 

 

Lithium aluminium hydride (1.897 g, 50.0 mmol) was suspended in dry 

ether (75 mL) at 0 °C. Di-isopropylidene D-galactaric acid dimethyl ester 

156 (7.23 g, 22.71 mmol) was suspended in dry ether (175 mL) in a 

separate f lask. The contents of the second flask were transferred 

dropwise via cannula to the LiAlH4 f lask, and allowed to st ir overnight. 

Sodium sulphate (3 g) was added to the mixture, and st irred for 30 mins. 

Water (5 mL) was then cautiously added. The mixture was then allowed 

to st ir for a further 30 mins. The mixture was f i l tered through Celi te and 

sodium sulphate. The solvents were then evaporated, leaving an orange 

aqueous "sludge". This was taken up in DCM, and di luted sl ightly with 

water. The DCM layer was removed and the solvents evaporated. This 

gave di-isopropylidene galact itol 157 (3.652 g, 13.9 mmol, 61%) as a white 

powder:  1H NMR (400 MHz, CDCl3ύ ʵ пΦмо - 4.02 (m, 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, 6H). 1 3C NMR 

(100 MHz, CDCl3ύ ʵ ммлΦмлΣ умΦпуΣ туΦулΣ снΦруΣ нтΦмпΣ нтΦлмΦ 

Literature values: Mp 111 oC (diethyl etherςƘŜȄŀƴŜύΤ ώʰϐD
2 3 0.0 (c, 0.75 in 

CHCl3);  1H NMR (200 MHz, CDCl3) ʵ мΦплΣ мΦпн όмнIΣ н Ҏ ǎΣ н Ҏ /ό/IоύнύΣ 

2.28ς2.30 (2H, dd, J 4.1 Hz, J 8.7 Hz, 2 × OH), 3.74ς3.87 (6H, m), 4.04ς

4.10 (2H, m); 13C NMR (50.3 MHz, CDCl3):  26.8, 26.9 (2 × q, 2 × C(CH3)2), 

62.3 (t, C-1, C-6), 78.4, 81.3 (2 × d, C-2, C-3, C-4, C-5) and 109.8 (s, 2 × 

C(CH3)2). 
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159 MONO-SILYL PROTECTED DI-ISOPROPYLIDENE D-GALACTITOL9 7 

 

Di-isopropyl idene D-galactitol 157 (0.950 g, 3.62 mmol) was suspended in 

dry THF (50 mL) at  ς78 °C. Butyl l i thium (1.45 mL, 3.62 mmol, 2.5 M) was 

added slowly, and the react ion was st irred for an hour. TBDMS-Cl (0.546 

g, 3.62 mmol) was then added port ionwise, and the reaction was allowed 

to complete for 4 hours. The reaction was allowed to warm to RT and 

worked up with the addit ion of water.  The aqueous layer was extracted 

with DCM. The combined organics were washed with water, br ine, and 

then dried over MgSO4.  After f i l trat ion, the solvents were then removed 

under reduced pressure. This afforded a small amount of the mono-si lyl  

protected di- isopropyl idene D-galactitol 159,  which was not puri f ied, but 

was detected in the NMR by the appearance of the low shift  signals, 

characterist ic of a si ly l protecting group. 

Literature values: 1H NMR (CDCl3):  ɻ 0.07ςлΦлу όƳΣ с IΤ {ƛό/I3)2), 0.87ς

лΦфп όƳΣ ф IΤ t.ǳύΣ мΦорΣ мΦосΣ мΦотΣ мΦоу όŜŀŎƘ ǎΣ мн IΤ iPr), 3.59 

(dd, J5 , 6=12.0 Hz, JсʰΣсʲ=5.6 IȊΣ м IΤ IсʰύΣ оΦтн όŘŘΣ J1 , 2=11.3 Hz, JмʰΣмʲ=4.6 

IȊΣ м IΤ IмʰύΣ оΦтф όŘŘΣ JрΣсʲ=2.2 IȊΣ м IΤ IсʲύΣ оΦул όŘŘΣ J4 , 5=5.3 

Hz, J3 , 4=2.4 IȊΣ м IΤ IпύΣ оΦуу όǘΣ JмʲΣн=2.6 IȊΣ мIΤ IмʲύΣ оΦфл όǘΣ J2 , 3=1.3 

IȊΣ м IΤ IоύΣ оΦффς4.03 ǇǇƳ όƳΣ н IΤ IнΣ IрύΤ 1 3C NMR (CDCl3): =ɻ0.10, 

0.19 (Si(CH3)2), 24.57 (t Bu), 31.73, 32.70, 32.73, 32.75 (iPr), 68.73 (C6), 

69.69 (C1), 88.19 (C4), 84.73 (C3),  88.19 (C5), 88.27 ppm (C2); HR-MS 

(FAB): m/ z calcd for C1 8H3 6O6Si: 377.2359; found: 377.2364 [M+H]+.  
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