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Abstract 

This thesis can be viewed as two separate studies. Firstly, the design, synthesis and 

catalytic activity of novel 2-pyridyl mono(oxazoline). A family of mono(oxazoline) 

ligands were developed in which the 5-poition is substituted with various substituted 

esters. These ligands were then applied as organocatalysts in an asymmetric 

hydrosilylation reaction and an asymmetric allylation reaction.  

Mono(oxazoline) ligands catalysed  a benchmark hydrosilylation reaction and ee’s of 

up to 46 to 48% were obtained. The ligands in which either the adamantyl ester, 

p-nitro phenyl ester, p-chloro phenyl ester or the p-methyl phenyl ester were present 

afforded these results. Use of the ligands in a benchmark allylation reaction showed 

low conversions. 

 

Preliminary modifications to the backbone structure were also undertaken in order to 

ascertain the dendicity of the ligands. It was found the ligands coordinate in a 

bidentate fashion. 

The second part of the this study involved the design and attempted synthesis of 2
nd

 

generation 4,4’-bis(oxazoline) ligands. Structural modifications were proposed in 

order to increase selectivity from that of the first generation of ligands within this 

class. Our first proposed modification was the addition of secondary binding sites on 

the pendant groups on the ligand. Attempted ligand formation a novel one-pot 

deprotection-activation-ring-closure (DARC) reaction, was not successful. 

The second proposed modification was the installation of a functionalised 

bridgehead. Racemisation issues lead to the formation of diastereomeric pairs in 

which separate was not possible, and the synthesis of the desired ligand proved 

unsuccessful. This and other synthetic results are discussed herein.  
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1.1 Asymmetric synthesis 

One of the most quoted definitions of asymmetric synthesis is that of Marckwald
1
, in 

which he states; 

“‘Asymmetrische’ Synthesen sind solche, welche aus symmetrisch constituirten 

Verbindungen unter intermediärer Benutzung optisch-activer Stoffe, aber unter 

Vermeidung jedes analytischen Vorganges, optisch-activ Substazen erzeugen” 

This directly translates as ‘Asymmetric’ syntheses are those which produce optically 

active substances from symmetrically constituted compounds with intermediate use 

of optically active materials, but with the avoidance of any separations.  

Today, the majority of therapeutic agents and natural products contain chiral centres 

and therefore can exist in different enantiomeric forms. Many of these function 

within the body by binding to host enzymes and receptors which themselves contain 

chiral centres and exist in one enantiomeric form. Due to this, different enantiomers 

in these binding sites will display different biological activities, some may be less 

active and some may act in an adverse manner. Ethambutol, a drug used to treat 

tuberculosis, is one such example, the (S,S) enantiomer treats tuberculosis, whereas 

the (R,R) enantiomer can lead to blindness (Figure 1.1).
2
  

 

 

Figure 1.1 Enantiomers of ethambutol 

 

As chiral molecules are ubiquitous in biological systems, pharmaceuticals and other 

synthetic compounds need to be synthesised as single enantiomers so as to ensure 

different interactions, diastereomeric in nature, cannot occur leading to unwanted 

biological activity. Consequently, asymmetric synthesis is an essential tool in 

organic synthesis. 
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1.1.1 Resolution 

 

A method in achieving the desired optically active target molecule is resolution, 

though it is excluded from Marckwalds definition. This is the separation of a racemic 

compound into both its enantiomers. Resolving agents are a means of accomplishing 

this. They are single enantiomers that act by combining with the racemate to form a 

pair of diastereomers. These diastereomers may have different physical properties 

allowing them to be separated by normal physical means such as crystallisation or 

chromatography. Some common resolving agents are single enantiomers of tartaric 

acid
3
, mandelic acid

4
, camphor acid

5
, ephedrine

6
 and brucine.

7
 Finally, removal of 

the resolving agent leaves the desired product as a single enantiomer. 

Ghosh and Aubé carried out studies in resolution of carboxylic acids via 

diastereomeric propargylic esters under mild conditions.
8
 Condensation of racemic 

carboxylic acids with chiral terminal propargyl alcohols gave separable 

diastereomeric esters. Chromatographic separation followed by heating the 

individual diastereoisomers in methanol with catalytic copper(I) halide regenerated 

the carboxylic acids in good yields and in enantiomeric excesses of ≥94%. 

 

  

Scheme 1.1 Resolution of carboxylic acids via diastereomeric propargylic esters 
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Racemic 1-(tert-butoxycarbonyl)proline 1 was esterified with chiral 

(1R)-1-(2-methoxyphenyl)prop-2-yn-1-ol 2 as the resolving agent yielding the esters 

3 and 4 in high yields (Scheme 1.1). The diastereomeric esters were separable by 

column chromatography. This resolving agent was then removed via copper(I) 

promoted alkyl-oxygen bond cleavage to yield the chiral acid 5 in an 82% yield 

(based on possible 50% return) and 96% ee. 

Kinetic resolution is another method employed to separate an unwanted mix of 

stereoisomers which involves the reaction of the two enantiomers in the racemate at 

different rates, such that one enantiomer reacts faster than the other, leading to an 

excess of one stereoisomeric product. If successful, one enantiomer in the racemate 

is transformed to the desired product and the unreacted starting stereoisomer can be 

recovered unchanged. The main disadvantage with both kinetic resolution and use of 

resolving agents is that a maximum yield of 50% is possible in each case. A method 

to overcome the problem of a limited yield is dynamic kinetic resolution (DKR), 

which allows a theoretical quantitative yield of a pure enantiomer.
9
 

 

 

 

Figure 1.2 Dynamic kinetic resolution 

 

The principle of DKR, shown in Figure 1.2 above, combines the racemisation or 

equilibrium of a mixture of enantiomers, (S)-A and (R)-A, followed by the resolution 

step of kinetic resolution. This system leads to an excess of the desired product, 

(S)-B. Racemisation of the starting material can be carried out either chemically, 

enzymatically or spontaneously, whilst ensuring the conditions do not lead to 

racemisation of the newly formed enantiopure product. 

Kim et al. describe the use of ionic surfactant-coated Burkholderia cepacia lipase 

(ISCBCL) and a ruthenium based racemisation catalyst to carry out a dynamic 
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kinetic resolution study on a variety of alcohols, transforming each to its respective 

chiral acetate.
10

  

 

 

Scheme 1.2 Dynamic kinetic resolution of a propargylic alcohol 

 

In the above example, propargylic alcohol 6 was treated with isopropyl acetate, 

ISCBCL and the ruthenium racemisation catalyst 8 with K2CO3 in toluene to yield 

the corresponding acetate 7 in a 92% yield and a 99% ee (Scheme 1.2). It is also 

noted that the resulting acetate can be treated with either TBAF or K2CO3 to yield 

the enantiopure α-chiral propargyl alcohol, a useful building block in an asymmetric 

synthesis.  

 

1.1.2 Chiral pool  

 

Chiral pool synthesis is a strategy in which a chiral starting material is worked 

through a sequence of reactions using achiral reagents; this retains the original 

built-in chirality which is then displayed in the final product. This method is 

extremely useful when the desired product bears a strong resemblance to readily 

available, cheap enantiopure natural products, as extra synthetic steps would lead to 

an overall decrease in the % yield of the final product. Common natural products 

used in chiral pool synthesis are sugars
11

, amino acids
12

, terpenes
13

, alkaloids
14

 etc. 

This stock of commercially available, enantiomerically pure products are of great 

importance in the synthesis of a larger and more diverse range of enantiopure 

products which are not as readily available. 

Tun and Herzon employed this strategy in the three step synthesis of 

(R)-(+)-4-methylcyclohex-2-ene-1-one 9 from (R)-(+)-pulegone 10 (Scheme 1.3).
15

 

The synthesis begins with deprotonation of (R)-(+)-pulegone with LHMDS and 

trapping of the resulting enolate with N-phenyl-bis(trifluromethanesulfonimide) to 
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yield the vinyl triflate 11. Selective oxidation of 11 with ozone afforded the 

α-(trifluromethanesulfonyloxy)-α,β-unsaturated ketone 12. Finally, heating of 

α-(trifluromethanesulfonyloxy)-α,β-unsaturated ketone 12 with palladium acetate 

(2 mol%), triphenylphosphine, triethylamine and formic acid provided the target 

(R)-(+)-4-methylcyclohex-2-ene-1-one 9 with the chirality of the starting material 

being retained. Tun et al. employed this compound in the total synthesis of 

(-)-huperzine A 13, a tricyclic alkaloid which is of clinical interest for the treatment 

of neurodegenerative diseases.
16

 Gram quantities of (-)-huperzine A 13 can be 

obtained from (R)-(+)-4-methylcyclohex-2-ene-1-one 9. 

 

 

 

Scheme 1.3 Chiral pool synthesis of (-)-huperzine 

 

1.1.3 Chiral auxiliaries 

 

In enantioselective synthesis, the use of chiral auxiliaries allows for the synthesis of 

enantiopure organic compounds. A chiral auxiliary can be defined as an 

enantiomerically pure, optically active chiral species that introduces chirality into 

otherwise racemic compounds. The auxiliary can be temporarily covalently attached 

to another organic compound retaining its pre-existing chirality so that subsequent 
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reactions can be carried out asymmetrically under the influence of the chirality from 

the auxiliary. This leads to the selective formation of a single stereoisomer even 

when all other reagents are non-chiral. It is the temporary stereocentre which is 

present in the auxiliary that forces the asymmetric formation of a second stereocentre 

by steric hindrance or directing groups, determining chirality. This is achieved on the 

basis that the non-chiral substrate first reacts with the auxiliary compound and the 

chiral intermediate formed in this step will then react asymmetrically even when 

reacting with achiral reagents. Upon subsequent removal of the auxiliary in a final 

step, a stereochemically pure (enantiomerically or diastereomerically) product is 

obtained and the auxiliary may be reused. The main obstacle to be overcome in 

relation to the use of chiral auxiliaries in organic synthesis is when an auxiliary 

deviates from the ideal in any way. Ideally its introduction should be easy and the 

auxiliary must be able to influence the developing stereocentre in a subsequent 

reaction causing high stereoselectivity and also must have the ability to cleave 

without racemisation of the desired product. Today, there is an extensive variety of 

chiral auxiliaries that fit these conditions that are used in organic synthesis, the most 

common of which are Evans’ oxazolidinones
17

, Enders’ RAMP/SAMP hydrazones
18

 

and Ellman’s N-tert-butylsulfinamide.
19

 

Evans’ oxazolidinones were first reported in the literature in 1981, with a report on 

their use in a diastereoselective Aldol reaction. Chiral oxazolidinones and their 

derivatives are now one of the most widely reported classes of chiral auxiliaries in 

the literature, in part due to their ease of synthesis from readily available amino acids 

such as (S)-valine and high levels of stereoinduction in multiple reaction types. 

Many variants have now been described and consequently utilised in a wide variety 

of asymmetric reaction such as α-alkylation
20

, Aldol
21

 and Diels-Alder
22

 reactions. 

Esumi et al. describe the total synthesis of (+)-backuchiol 14, an optically active 

phenolic isoprenoid used as an antibiotic against Staphylococcus aureus in four steps 

from (E)-geranic acid 15 (Scheme 1.4).
23

 Treatment of (E)-geranic acid 15 with 

pivaloyl chloride and triethylamine in THF, followed by addition of 

(2’R)-2’-phenyl-oxazolidinone 16 in the presence LiCl yielded compound 17 in 

quantitative yield. Compound 17 was then subjected to an asymmetric 1,4-conjugate 

addition reaction with (H2C=CH)2Cu(CN)Li2 leading to 18 in a diastereoselectivity 

of 92:8 in a 78% yield. Treatment of 18 with sodium hexamethyldisilazide 

NaHMDS, followed by p-methoxybenzaldehyde 19 led to O-methylbakuchiol 20 in 
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excellent yield with recovery of 16. Finally, compound 20 was demethylated by 

heating in the presence of MeMgI to give (+)-bakuchiol 14, in a 53% overall yield.  

 

 

Scheme 1.4 Synthesis of (+)-backuchiol using Evans’ oxazolidinones 

 

1.1.3.1 N-tert-butylsulfinamide 

 

Chiral N-tert-butylsulfinamides are another extensively used class of chiral auxiliary 

currently employed in organic synthesis. The first use of sulfinamides as chiral 

auxiliaries was reported by Davis with his p-toluenesulfinamide 21.
24

 Davis 

demonstrated that the use of a sulfinimine has many advantages over that of an imine 

in the synthesis of chiral amines. Activation by the N-sulfinyl group not only leads to 

enhanced electrophilicity at the C=N,  but also displays a powerful directing effect 

leading to excellent diasterofacial control.
25

 Furthermore, following the desired 

transformation cleavage is easily carried out with acid avoiding epimerisation of the 

product. Further work in this field was carried out by Ellman, focusing on the use of 

N-tert-butylsulfinamide 22 as a chiral auxiliary. Ellman reported that the N-tert-butyl 

group was superior to the p-toluoyl group as it displays enhanced diastereocontrol 
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and also benefits from being less susceptible to nucleophilic attack at the sulfinyl 

group; both due to the increased steric bulk of the tert-butyl group (Figure 1.3).
26

 

 

 

Figure 1.3 N-sulfinamides 

 

The use of  N-tert-butyl amide as a chiral auxiliary has led to an asymmetric route to 

a variety of chiral building blocks; 1,2 and 1,3 alcohols
27

, α- and β- amino acids and 

esters
28

, diamines
29

 and α- and α,α-branched amines.
30

 The large scale synthesis of 

N-tert-butylsulfinamides 22 as first described by Ellman is shown below 

(Scheme 1.5).
26, 31

 The disulfide 23 undergoes a catalytic asymmetric oxidation using 

H2O2 as a stoichiometric oxidant, VO(acac)2 and the chiral Schiff base ligand 24 to 

yield the chiral tert-butyl-tert-butanethiosulfinate 25 in a 91% ee and ≥92% yield. 

Thiosulfinate 25 undergoes a stereospecific nucleophilic displacement of the 

tert-butyl thiolate using LiNH2 in liquid ammonia and THF leading to crude 22. 

Finally, a single recrystallisation leads to the enantiomerically pure 22 in an overall 

yield of 71-75%.  
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Scheme 1.5 Synthesis of N-tert-butylsulfinamide 

 

Currently the large majority of chemical suppliers produce 22 and its corresponding 

enantiomer using a slightly modified procedure to that described in Scheme 1.5. 

Altering both the solvent and chiral Schiff ligand used in the first transformation has 

allowed the reaction to be carried out at higher concentrations, enhancing the 

industrial applicability of the process.
32

  

Liu et al. first described the synthesis of N-sulfinyl aldimines 26 via a condensation 

reaction between tert-butylsulfinamide 22 and an aldehyde.
26

 The reaction is carried 

out in the presence Lewis acid dehydrating agent (MgSO4), and a catalytic amount of 

pyridinium p-toluenesulfonate (PPTS) in mild conditions (Scheme 1.6). Depending 

on the aldehyde used yields of 90-96% were obtained.   

 

 

Scheme 1.6 N-sulfinyl imine formation using MgSO4 
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Alternatively, for less reactive ketimines or more sterically demanding aldimines 

harsher conditions are necessary to yield the desired N-sulfinyl imine 

(Scheme 1.7).
30b

 Ti(OEt)4 is commonly used in refluxing THF to transform the 

starting ketone to the ketimine 27.  

 

 

 

Scheme 1.7 N-sulfinyl imine formation using Ti(OEt)4 

 

 

Following the synthesis of a family of N-tert-butylsulfinyl imines, Cogan et al. 

carried out a comprehensive study of the synthesis of  chiral α-branched amines by 

1,2-diastereoselective additions of organometallic reagents to their corresponding 

aldimines using a variety of reaction conditions (Scheme 1.8).
30b
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Scheme 1.8 1,2-Diastereoselective additions of organometallic reagents to 

N-sulfinyl imines 

 

 

 

Table 1.1 1,2-Diastereoselective additions of organometallic reagents to 

N-sulfinyl imines 

 

Table 1.1 above shows a selection of results obtained in the Ellman laboratory.  

Addition of MeMgBr to tert-butanesulfinyl aldimines in THF at -48 ºC proceeds in 

excellent yields and high diastereoselectivity (entries 1-2). However a drop in 

stereoselectivity was observed when the Grignard reagent was changed from 

MeMgBr to EtMgBr (entry 3), and changing the R group on the sulfinimine from an 

iso-propyl group to a phenyl group led to a decrease in diastereoselectivity from 

80:20 to 50:50 (entry 4). The use of CH2Cl2 as a non-coordinating solvent led to both 

an increase in the % yield and the diastereoselectivity (entry 5). When the 

organometallic reagent was switched from a Grignard reagent to an organolithium 

Entry R
1
 R

2
M Solvent Yield (%) dr 

1 
i
Pr MeMgBr THF 91 95:5 

2 Et MeMgBr THF 98 93:7 

3 
i
Pr EtMgBr THF 90 80:20 

4 Ph EtMgBr THF 91 50:50 

5 Ph EtMgBr CH2Cl2 98 92:8 

6 Et MeLi THF 87 75:25 

7 Et MeLi Et2O 86 54:46 

8 Et CeCl3/MeLi THF 89 78:22 
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(MeLi) sometimes involving the use of a cerium salt (CeCl3), a slight drop in 

% yield occurred but a drastic drop in the diastereomeric ratio (dr) was observed 

(entries 6-8).  

The two transition states in Scheme 1.9 are consistent with the results described in 

Table 1.1. It can be seen that solvent effects play a critical role in determining the 

diastereoselectivity. As can be seen for entries 4 and 5, the change from a 

coordinating solvent, THF, to a non-coordinating solvent, CH2Cl2, has a dramatic 

effect on the diastereoselectivity for the Grignard reaction between EtMgBr and the 

phenyl substituted sulfinimine. The dr increases from 50:50 (entry 4) to 97:3 

(entry 5).   

 

 

 

Scheme 1.9 Re vs. si facial attack of organometallic reagents on sulfinimines 

 

This effect is depicted in the two transition state structures seen in Scheme 1.9. The 

first pathway leads to the Ellman product via a six-membered transition state, in 

which the Mg of the Grignard reagent coordinates to the oxygen of the sulfinyl 
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group. In the structure the sterically hindered tert-butyl group occupies the axial 

position leading to a si-face attack (opposite the tert butyl group). This approach is 

common when a non-coordinating solvent such as toluene or CH2Cl2 are employed. 

Coordinating solvents such as THF or Et2O are more likely to interfere with the 

formation of this chair like transition state, leading to a decrease in stereoselectivity.  

When a coordinating solvent is used, an open non-chelation transition structure is 

observed in which a re-face attack leads to the anti-Ellman product (Scheme 1.9). 

This transition structure is not only commonly seen when coordinating solvents are 

in use, but also in reactions involving organolithiums.
33

 The use of the appropriate 

one of these competing pathways allows the choice of isomer of the resulting 

sulfinamine to be obtained.  

The structures in both transition states depicted in Scheme 1.9 have been supported 

by work carried out in the Chemla laboratory. Chemla carried out semi-empirical 

MM2 and AM1 calculations to deduce the most stable conformation of the imine.
34

 

From their studies, Chemla et al. were able to infer that C-1, in which the S-O bond 

and the lone pair of electrons on the nitrogen are antiperiplanar, was the most stable 

conformation. Conformation C-2, in which the nitrogen and sulfur atoms are 

antiperiplanar, has also been shown to be a stable conformer of the imine, although 

C-1 is preferred by 5.23 kJ mol
-1

. AM1 studies, calculating the heat of formation of 

both the conformers, deduced that the C-1 conformer was determined to be 

24.34 kJ mol
-1

 lower than that of the heat of formation of the C-2 conformer.  These 

calculations have been supported by work pioneered in the Bharatam group, in 

which similar calculations were undertaken using the simplest sulfinimine 

H(O)-S-N=CH2.
35

 Bharatam’s studies led to the proposal
35

 of the low energy 

conformer C-3, which is structurally comparable to that obtained by Chemla 

(Figure 1.4). Bharatam deduced that this conformational preference was proven due 

to both the repulsions of the lone pair of electrons on the nitrogen, sulfur and oxygen 

atoms, but also the nN → σ
*
S-O negative hyperconjugative interaction. Furthermore, 

in the case of aldimines the intramolecular C-H
…

O electrostatic interaction has been 

shown to support the hypothesised structure C-1. A high barrier to rotation about the 

N-S bond (41.3 kJ mol
-1

) aids locking the conformation of the sulfinimine, leading to 

the high diastereoselectivity observed during a 1,2-nucleophillic addition.  
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Figure 1.4 Low energy conformers of sulfinimines 

 

Once the resulting sulfinamine has been obtained, cleavage of the sulfinyl auxiliary 

will yield the optically active amine. The tert-butylsulfinyl group can be readily 

removed by either acidic alcoholysis or hydrolysis without racemisation of the 

desired amine. Cogan et al. carried out this transformation (Scheme 1.10) with a 1:1 

mixture of 2 equivalents of 4M HCl in dioxane and MeOH at room temperature for 

0.5 h, yielding crude amine hydrochloride.
30b

 Of course in this way the sulfinamides 

are a different type of chiral auxiliary as although the chirality is removed in the 

cleavage step the nitrogen is left behind and the auxiliaries are not readily reusable as 

would be the oxazolidinone Evan’s auxiliaries.
30b

 A single recrystallisation yields the 

enantiomerically pure amine hydrochloride 29. 

 

 

Scheme 1.10 Removal of tert-butylsulfinyl group by acidic alcoholysis 

 

Following on from the synthesis of α-branched amines from aldimines, α-branched 

amines can also be obtained from the corresponding ketimines. As previously 

discussed, treatment of a ketone with tert-butylsulfinamide 22 with Ti(OEt)4 in 

refluxing THF will lead to the desired ketimine (Scheme 1.7). The resulting ketimine 

can then be treated a reducing agent, as a hydride source, to yield the α-branched 

amine. As in the case of the aldimines, the sulfinyl group polarises the C=N bond, 

activating it towards the 1,2-addition of mild reducing agents. Again, the pioneering 

work in the reduction of ketimines to yield α-branched amines was carried out in the 



Introduction 

 

16 

 

Ellman laboratory. Borg et al. studied the in situ ketimine generation followed by 

NaBH4 reduction to the corresponding sulfinamide (Scheme 1.11).
36

  

 

 

Scheme 1.11 Ketimine generation followed by NaBH4 reduction 

 

The Ti(OEt)4 played the role of both a Lewis acid and a water scavenger in the 

condensation step and acted as a Lewis acid, in the reduction step; increasing the 

overall yield and diastereoselectivity. Firstly, reaction of N-tert-butylsulfinamide 22 

with acetophenone 30 in THF and Ti(OEt)4 yields the sulfinimine followed directly 

by treatment with NaBH4 affording the resulting sulfinamide 31 in a 78% yield and a 

96:4 diastereomeric ratio (Scheme 1.11). The reaction proceeds through a chair like 

six-membered transition state leading to the Ellman product through a si-face attack, 

similar to that seen with the Grignard reaction with aldimines (Scheme 1.9).  

While NaBH4 proceeds through the si reaction channel, Ellman has reported that 

other reducing agents, such as L-selectride (Lithium tri-sec-butylborohydride), yields 

the other diastereoisomer.  When L-selectride was employed as the reducing agent 

the reaction proceeds through the open form re reaction channel. Again, the same 

overall reaction was undertaken. Following the reaction of N-tert-butylsulfinamide 

22 with acetophenone 30,  the resulting sulfinimine 32 was treated with L-selectride 

(Scheme 1.12).
37
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Scheme 1.12 Ketimine generation followed by L-selectride reduction 

It can be seen from Scheme 1.12 above that the other diastereoisomer 33 is obtained 

following the reduction (89%, 97:3 dr). The ability to obtain either diastereoisomer 

of sulfinamide from just one stereoisomer by just altering the reducing agent is quite 

synthetically appealing in regards to the synthesis of α-branched amines.  

In 1999, Ellman investigated the synthesis of α,α-dibranched amines from 

1,2-additions of organometallic reagents with ketimines.
30b

 Again a variety of 

organometallic nucleophiles were examined in conjunction with a variety of 

substrates. 
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Scheme 1.13 1,2-Additions of organometallic reagents with ketimines 

Entry R
1 

R
2
 R

3
M Solvent 

Yield 

(%) 

dr (Major 

diastereomer) 

1 Me 
i
Pr allylMgBr CH2Cl2 93 >95:5(RS,S)

a 

2 Me 
i
Pr PhMgBr CH2Cl2 21 69:31(RS,S) 

3 Me 
i
Pr PhLi toluene 65 94:6(RS,R) 

4 Bu 
i
Pr MeLi toluene 54 82:18(RS,R) 

5 Me Bu PhLi toluene 67 63:37(RS,R) 

a
RS denotes the (R)-configuration at the sulfur atom 

Table 1.2 1,2-Additions of organometallic reagents with ketimines 

Table 1.2 tabulates the results of the series of reactions depicted in Scheme 1.13. It 

can be seen again that Grignard reagents and organolithiums offered opposing 

diastereoselectivities. Cogan et al. concluded that the reaction proceeded well for the 

treatment of 34 with allylMgBr but when PhMgBr was examined it yielded less 

desirable results (entries 1-2). The rationale behind this result was supported by 

similar findings observed by Hua et al. during their study of allyl additions to 

toluenesulfinyl imines in which a six-membered ring transition state was proposed.
38

 

Cogan et al. proposed transition structure 36 in which coordination of the Mg to both 

the oxygen of the sulfinyl group and to the nitrogen of the imine, leading to its 

activation, supports the higher observed yields and diastereoselectivities (Figure 1.5).  
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Figure 1.5 Six-membered transition state of organometallic reagent on 

sulfinimine 

It can be seen in Table 1.2 that overall organolithiums perform better than Grignard 

reagents in the 1,2-addition to ketimines (entries 3-5). To improve both the yields 

and stereoselectivities, the effects of Lewis acid additives were studied. It was found 

that trialkylaluminiums were the most promising regarding enhanced yields and 

selectivities, in particular Me3Al. Sulfinyl imines were treated with Me3Al, before 

slow addition to the organometallic reagent in toluene. Comparison of entry 5, 

treatment of methyl butyl sulfinimine with PhLi, against the same reaction with 

Me3Al as the Lewis acid additive shows the benefits of this approach. Both increased 

yields and diastereoselectivities were reported, from 67% yield and 63:37 dr to 82% 

yield and 91:9 dr. Again a transition state structure was proposed which is consistent 

with the experimental data obtained. Firstly, it should be noted that 

trialkylaluminiums do not transfer an alkyl group; its role is in the activation of 

imine via coordination to the nitrogen, enhancing electrophilicity at the quaternary 

carbon. 

 

Figure 1.6 Six-membered transition state of trialkyl aluminium catalysed attack 

of organometallic reagent on sulfinimine 
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Figure 1.6 above, depicts the postulated six-membered chair like transition state 37. 

Cogan et al. described many reasons rationalising the above structure. Primarily, the 

substantial effect of Me3Al on increasing both yields and selectivities supports a 

sulfinimine-Me3Al complex. Secondly, the use of coordinating ethereal solvents 

leads to reduced yields and selectivities again reinforcing the idea of a 

sulfinimine-Me3Al complex. Finally, the six-membered transition state correctly 

predicts the stereochemistry observed in each of the test reactions, in which si-face 

addition is observed. 

Grainger et al. utilised the diastereofacial selectivity exhibited by 

tert-butanesulfinamides in their total synthesis of (-)-aphanorphine 38. 

(-)-aphanorphine is a naturally occurring alkaloid isolated from the algae 

Aphanizomenon flos-aquae, which has received much attention due to its structural 

similarities to many analgesics such as morphine, pentazocine and eptazocine. 

Ellman’s procedure was implemented to install the amino-substituted stereocentre at 

C4 of aphanorphine. The synthesis of (-)-aphanorphine begins with the CuSO4 

mediated condensation of tert-butylsulfinamide 22 with cis-4-heptenal 39 to afford 

the expected (E)-sulfinimine 40 in a 97% yield. Addition of 2-methylallylmagnesium 

chloride 41 in CH2Cl2 provided sulfinamide 42 in excellent yield and an 83:17 

diastereomeric ratio. Separation of the stereoisomers was not possible at this point. 

The reaction proceeded via si-face addition, leading to the desired Ellman product. 

Following this, N-methylation of 43 with BuLi and CH3I was carried out to yield 44. 

From there, a ring-closing metathesis of the resultant 1,7-diene was undertaken with 

Grubbs 2
nd

 generation catalyst to the yield the cyclohexene 44 in excellent yields. 

Treatment of 44 with acid resulted in the cleavage of the sulfinyl group without 

racemisation of the product. At this stage, recrystallisation of the hydrochloride salt 

afforded the enantiomerically pure material 45. Following a number of steps, chiral 

amine 45 was carried through to the desired product (-)-aphanorphine 38 in a total 

overall yield of 14% (Scheme 1.14).
39
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Scheme 1.14 Synthesis of (-)-aphanorphine 

1.2 Catalysis 

A catalyst can be defined as a substance that can alter the rate of a reaction without 

being consumed during the reaction. The catalyst can be considered as both a 

reactant and a product of the reaction. The term catalyst can encompass a wide 

variety of different groups; ranging enzymes to organocatalysts to transition metal 

catalysts. A catalyst can lower the activation energy for a specific reaction, leading 

to an increase in the rate of the reaction. A catalyst enables a reaction to proceed 

more efficiently and with milder conditions. Catalysts can be classified in one of two 

ways, homogeneous or heterogeneous; homogeneous catalysts are in the same phase 

as the reactants whereas heterogeneous catalysts function as the interface of two 

phases. Both homogeneous and heterogeneous catalysts have advantages and 

disadvantages as regards their use in industry.   Homogeneous catalysts are superior 

in terms of activity and selectivity but the difficulty in recovery and reuse of 

expensive catalysts is disadvantageous. Heterogeneous catalysts however possess the 
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ability to be recycled, increasing catalyst turnover and therefore lowering the overall 

cost.   

1.3 Asymmetric catalysis  

The aim of asymmetric catalysis is to selectively form one stereoisomer over another 

from a prochiral starting material. An achiral catalyst will have no effect on 

stereoselectivity as the two forming enantiomers will have iso-energetic transition 

states. Therefore, a chiral catalyst is employed to facilitate this transformation. This 

chiral catalyst should be able to distinguish between the two faces of a prochiral 

compound or enantiotopic group. The chiral catalyst induces chirality in the newly 

forming compound by taking advantage of the fact that the formation of each 

stereoisomer for a specific reaction now proceeds through different diastereotopic 

transition states (Figure 1.7). Each of these transition states will now be at different 

energies, and under the optimum reaction conditions, the increase in the rate of 

formation of one stereoisomer will in turn decrease the rate of formation of the other; 

making the reaction stereoselective.  

 

 

Figure 1.7 Energy difference in diastereotopic transition states 

As can be seen in Figure 1.7 both the R and S enantiomers are at the same energy 

level, but the pathway to the formation of the R isomer has a higher activation 
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barrier. Thus, the diastereomeric transition state for the S enantiomer is energetically 

more favourable, making the S enantiomer the most likely to form under the 

optimum reaction conditions.  

 

1.3.1 Asymmetric organocatalysts  

Organocatalysts are small organic compounds that consist predominately of but not 

exclusively, carbon, hydrogen, oxygen, nitrogen, sulfur and phosphorus. 

Organocatalysts are generally derived from cheap, readily available starting 

materials under aerobic conditions. Due to organocatalysts being comprised of 

non-toxic, non-metallic elements they are favoured from the perspective of green 

chemistry. A wide variety of compounds have been employed as organocatalysts; 

amino acids (most commonly proline and phenylalanine)
40

, thioureas
41

, 

N-heterocyclic carbenes
42

, carbohydrate derivatives
43

 and cinchona alkaloids.
44

 The 

field of organocatalysis is a relatively new one. Prior to 1997, there were only a few 

published reports into the use of small chiral organic molecules as chiral catalysts. 

Each of these reports was only viewed as stand-alone chemical reactions, rather than 

as part of a much larger interconnected field. Although from 1998 to 2008 at least 

1,500 manuscripts describing the use of organocatalysts were published, showing the 

growing trend towards the using of organic molecules as catalysts.
45

 During the early 

1970s, Hajos et al. and Eder et al. reported the use of (S)-proline 46 as an 

asymmetric organocatalysts in an intramolecular aldol reaction.
46

 Starting from 

triketone 47 they prepared the bicylic ketol 48 product in a 100% yield and 93% ee, 

catalysed by 3 mol% of proline.  
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Scheme 1.15 (S)-proline as an organocatalyst in an intramolecular aldol 

reaction 

The original stereochemical model proposed by Hajos and Parrish in 1974 has since 

been rejected, and the most widely accepted mechanism reported is that of Houk and 

co-workers (Scheme 1.15). Their theoretical studies along with kinetic, 

stereochemical and dilution experiments support a one-proline reaction mechanism 

which proceeds through a six-membered chair like enamine transition state 50.
47

 The 

reaction begins with the formation of an iminium compound 49 from the reaction of 

proline 46 and the triketone species 47.  Following formation of the six-membered 

chair like enamine transition state, 1,2-addition of the enamine to the adjacent ketone 

affords the six-membered ring 51. Finally, cleavage of the proline molecule 

regenerates the catalyst and liberates the bicyclic ketol product 48.  
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Phenylalanine is a second amino acid that has shown applicability in catalysing the 

transformation of a triketone to the bicylic aldol condensation product. Patin et al. 

employed this approach whilst undertaking the first total synthesis of barbacenic 

acid, a bisnorditerpene, containing five chiral centres. They obtained their bicyclic 

product in and 86% yield and with a 94% ee.
48

  

Imidazolidinone catalysts, sometimes referred to as MacMillan catalysts are another 

group of organocatalysts, which can be readily derived from phenylalanine with 

retention of chirality.  This group of catalysts were based upon design features 

derived from Lewis acid catalysts, and the ability for chiral amines to also act as 

LUMO-lowering catalysts. This was termed iminium catalysis. From this MacMillan 

and co-workers postulated that the formation of iminium ions from α,β-unsaturated 

aldehydes and chiral amines might emulate the catalytic properties that are inherent 

to Lewis acid catalysts, thus leading to a new platform for asymmetric 

organocatalytic processes (Figure 1.8). 

 

 

 

Figure 1.8 Lewis acid catalysis vs. iminium catalysis 

 

To test their hypothesis MacMillan et al. first tested their 1
st
 generation 

imidazolidinone catalyst in an enantioselective Diels-Alder reaction.
49

 The study 

undertook is outlined below in Scheme 1.16.  

 

 

Scheme 1.16 Enantioselective Diels-Alder reaction 
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Firstly, condensation of a variety of α,β-unsaturated aldehydes with chiral 

imidzolidinone 52 yielded the iminium ion intermediate 53 (Figure 1.9). The 

iminium ion is sufficiently activated that is able to react with cyclopentadiene 54. 

The reaction proceeds through the iminium ion 55, which upon hydrolysis affords 

the enantioenriched Diels-Alder products with regeneration of the imidzolidinone 

catalyst.  

 

Figure 1.9 Enantioselective Diels-Alder reaction 

 

 

Entry R Yield (%) exo:endo exo ee (%) 

endo ee 

(%) 

1 Me 75 1:1 86 (2S) 90 (2S) 

2 Pr 92 1:1 86 (2S) 90 (2S) 

3 
i
Pr 81 1:1 84 (2S) 93 (2S) 

4 Ph 99 1.3:1 93 (2S) 93 (2S) 

5 Furyl 89 1:1 91 (2S) 93 (2S) 

 

Table 1.3 Enantioselective Diels-Alder reaction 

 

Table 1.3 above describes the results achieved by MacMillan and co-workers. They 

studied a variety of different α,β-unsaturated aldehydes that contained different R 

groups which had a variation in steric contribution. They discovered that the reaction 

was tolerant to each of these alterations, displaying moderate to high yields with 

consistently high ee’s. MacMillan et al. documented that their imidzolidinone 
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ligands were both inexpensive and bench stable. Furthermore, the Diels-Alder 

reaction was carried out in aerobic conditions with wet solvents, showing the scope, 

effectiveness and benefits of the use of organocatalysts in asymmetric catalysis. 

 

1.3.2 Asymmetric transition metal catalysis  

 

Simply put, transition metal catalysts consist of a chiral ligand in coordination with a 

transition metal. An enantiomerically pure ligand coordinates to a transition metal 

leading to the formation of a reactive chiral pocket within the complex. When achiral 

reagents enter this chiral environment and interact with the reactive metal core, the 

stereochemistry is transferred in subsequent reactions when the reagent is attached in 

this manner. Variation of the stereochemistry of the optically pure chiral ligand 

allows the formation of either enantiomer for a given reaction. Many considerations 

have to be taken into account when designing a catalyst. Firstly, the coordination 

number of the metal must be taken into account as this will control the geometry in 

the chiral pocket. Possible dendicities, electronic properties and steric properties 

must also be taken into account. Finally, another important factor which must be 

considered is the ease of modification of the chiral ligand. Due to the laborious 

nature of the synthesis of chiral ligands it is highly desirable for the core framework 

of the ligand to be easily modified. This allows the incorporation of alternative steric 

and/or electronic groups to the ligand backbone. Effective catalysts can produce a 

large amount of enantiomerically pure material from a small amount of catalyst. 

Also, if catalyst recyclability is an option a higher total turnover number can be 

obtained, increasing the attractiveness of the use of transition metal catalysts as a 

form of asymmetric synthesis.  

 

 

1.4 Oxazolines  

 

Oxazolines, or 4,5-dihydro-2-oxazoles, are a class of five-membered hetereocycles 

that contain both a nitrogen and oxygen atom connected via an sp
2
 hybridised 

carbon. Oxazolines were first reported in 1884 by Rudolph Andreasch
50

, although 

they were incorrectly characterised. The correct structure was elucidated by Sigmund 
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Gabriel some five years later.
51

 If either the 4- or 5-postion of an oxazoline ring is 

substituted, a chiral centre is created, meaning each enantiomer can be potentially 

obtained in optically pure form (Figure 1.10).  

 

 

Figure 1.10 General structure of an oxazoline ring 

 

Due to their ease of synthesis and applicability in a wide variety of metal catalysed 

reactions, chiral oxazoline moieties have been widely reported in the literature with 

regards to their use as chiral catalysts whilst in coordination with a transition 

metal.
52

  

In the late 1960s Meyers and co-workers began a study into the use of hetereocycles 

in asymmetric carbon-carbon bond forming reactions.  After an initial screening of 

various hetereocycles, they found oxazolines to be the most promising and explored 

their applicability further. In 1976 they reported the synthesis of the first chiral 

oxazoline 56. The synthesis began with a condensation reaction between amino 

alcohol 57 and imidate 58 resulting in oxazoline ring formation (Scheme 1.17).
53
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Scheme 1.17 Propanoic acid synthesis via an oxazoline ring 

 

The resulting oxazoline ring with free hydroxyl 56 was methylated with NaH and 

MeI to yield 59. With 59 in hand, the prochiral α-carbon was deprotonated, alkylated 

and the resulting product treated to an acidic hydrolysis to yield the propanoic acid 

60 in 75-80% optical purity. The higher degree of stereoselectivity can be attributed 

to the formation of the rigid chelation anion 61.
54

 The lithium ion was locked in 

place below the plane of the azaenolate, thus leading to the subsequent alkylation 

step to occur from the underside.  

 

1.5 Mono(oxazoline) ligands 

 

The first reported use of mono(oxazoline) based ligands for asymmetric catalysis 

were described by Brunner et al. in 1986.
55

 Brunner and co-workers employed 

optically active pyridyl oxazoline ligand 62 as a nitrogen-nitrogen bidentate ligand.  
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Scheme 1.18 Monophenylation of cis-cyclohexan-1,2-diol 

 

Entry R Yield (%) ee (%) 

1 CHMeEt 43 30 

2 CHMe2 35 37 

3 Et 42 21 

4 CH2Ph 36 16 

5 Me 45 15 

 

Table 1.4 Monophenylation of cis-cyclohexan-1,2-diol 

  

They studied the monophenylation of cis-cyclohexan-1,2-diol 63 with 

triphenylbismuth diacetate in the presence of Cu(OAc)2 and their oxazoline ligand 

62 to yield the monophenylated product 64   (Scheme 1.18).  Both nitrogen atoms in 

ligand 62 above can coordinate to a transition metal leading to an organometallic 

chiral catalyst. The selectively of this ligand, and ligands with the same core 

framework is due to the chiral centre adjacent to the neighbouring coordinating 

nitrogen atom. As previously mentioned, the close proximity of a chiral centre 

adjacent to the reactive metal core is highly advantageous as regards a high degree of 

stereocontrol from the ligand. 

Whilst the enantioselectivities for this reaction were modest (Table 1.4), it showed 

the scope and potential for the use of oxazoline based ligands in the field of 

asymmetric catalysis. From this first report on the catalytic activity of oxazoline 
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based catalysts, the incorporation of oxazoline rings into asymmetric catalysts has 

increased exponentially.  

 

1.5.1 Structure  

 

Guiry et al. have published an in-depth and comprehensive study on the successful 

applications of oxazoline based ligands and the wide range or transformations they 

catalyse.
52, 56

 They described a wide array of mono(oxazoline) ligands which they 

categorised under various different classifications (Figure 1.11).  

 

 

Figure 1.11 Mono(oxazoline) ligands 

 

Firstly, bidentate mono(oxazoline) P,N-ligands have been shown to be very 

effective, whilst coordinated to a transition metal, at catalysing a wide variety of 
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organic transformations. Phosphinooxazolines have been widely reported in the 

literature, they themselves can be sub classified into phosphinoxazoline ligands with 

one stereocentre (ligands 65-68)
57

, phosphinoxazoline ligands with a stereoplane 

69
58

 or a stereoaxis 70
57,59

, phosphinoxazoline ligands with a stereoplane 69
58

 or a 

stereoaxis 70.
59

 Bidentate mono(oxazoline) P,N-ligands can also exist as 

oxazoline-phosphinite 71
60

, oxazoline-phosphoramidate 72
61

, 

oxazoline-phosphonamidate 73
62

 and oxazoline-phosphite ligands 74
60,63

. Both the 

phosphorus and nitrogen atoms in the chiral phosphinooxazolines have different 

coordination abilities; the P is a “soft” ligand which has π-acceptor properties, 

whereas N has π-donor properties and is therefore a “hard” ligand. Due to this chiral 

phosphinooxazolines can differentiate between different termini in a reaction, 

leading to enantiocontrol. Although phosphorous is quite a common heteroatom to 

appear in mono(oxazoline) ligands, many other heteroatoms such as nitrogen, 

oxygen, sulfur and selenium are represented widely in the literature also.
56

 

Mono(oxazoline) N,N-ligands are also extensively described in the literature. As 

previously discussed, the first example of a mono(oxazoline) ligand being used as an 

asymmetric catalyst was first published in 1986 (Scheme 1.18).
55

 Ligand 62, a 

pyridyl-2-oxazoline, showed modest yet promising enantioselectivities in an 

asymmetric monophenylation reaction. From this many mono(oxazoline) 

N,N-ligands have appeared in the literature in a wide variety of asymmetric reaction 

some of which are shown below in Figure 1.12. Ligands 75-77
64

 all contain a 

pyridine moiety, in which the pyridyl nitrogen can get involved in coordination to a 

transition metal along with the nitrogen of the oxazoline ring through the formation 

of either five- or six-membered metallocycles. This metallocycle now forms a rigid 

structure, such that the reactive metal core is held tightly in the chiral environment 

created by the chiral centre adjacent to the coordinating nitrogen of the oxazoline 

ring.   
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Figure 1.12 Mono(oxazoline) ligands 

 

As shown by Wipf and Guiry respectively, the second coordinating nitrogen can be 

installed into the ligand backbone from sources other than a pyridine moiety, it can 

be included via an amine 78
65

 or a pyrrolidine moiety 79
65-66

  (Figure 1.12). 

 

1.5.2 Synthesis  

 

Mono(oxazoline) ligands feature so prominently in the literature not only due to their 

high levels of stereoselectivity in asymmetric reactions but also due to their ease of 

synthesis. Many successful routes towards the synthesis of mono(oxazolines) have 

been reported, some of which are depicted in Scheme 1.19. 
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Scheme 1.19 Synthetic routes towards oxazoline rings 

 

McManus et al. developed a family of pyrrolidine-oxazoline ligands for the use in 

transfer hydrogenation reactions. They began their synthesis with N-carboxybenzyl 

(CBz)-protected proline 80 which was converted to the acid chloride with thionyl 

chloride and then reacted with a chiral amino alcohol 81 in the presence of 

triethylamine to give β-hydroxyamide 82. Cyclodehydration of 82 by treatment with 

diethylaminosulfur trifluoride (DAST) afforded 83 which was then deprotected in a 

transfer hydrogenolysis reaction using Pd/C and cyclohexene to yield the desired 

pyrrolidine–oxazoline ligand 84 (Scheme 1.20).
66
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Scheme 1.20 Synthesis of an oxazoline ring using DAST 

 

In 1974, Witte and Seeliger first described the synthesis of oxazoline rings via a 

one-pot reaction between a nitrile and an amino-alcohol in the presence of a Lewis 

acid catalyst.
67

 This approach has since been adopted by Guiry et al. in their 

synthesis of aminophosphine–oxazoline ligands which they subsequently applied to 

asymmetric catalysis (Scheme 1.21).
68
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Scheme 1.21 Synthesis of an oxazoline ring via Lewis acid catalysed 

condensation 

 

Synthesis of ligand 85 began with the ZnCl2 catalysed cyclocondensation reaction of 

α-bromo-o-tolunitrile 86 and the appropriate amino alcohol 87. During the ZnCl2 

catalysed cyclisation partial exchange of the α-bromo group for an α-chloro group 

was observed. To avoid this issue, ZnBr2 can be used as the Lewis acid catalyst. 

Depending on the R group and reaction condition employed, yields of 42-77% were 

obtained for the key cyclisation step.  With the oxazoline ring 88 installed, 

construction of the side-chain began the nucleophilic substitution with benzylamine 

to yield the secondary amine 89. Treatment of 89 with the appropriate 

chlorophosphine in the presence of Et3N yielded the aminophosphine-oxazoline 

ligand 85 (Scheme 1.21). Guiry and co-workers employed their family of 

aminophosphine-oxazoline ligands in the Pd-catalysed asymmetric allylic alkylation 

of 1,3-diphenyl-prop-2-enyl.
68

 

Vorbrüggen et al. first reported on the synthesis of oxazoline rings by means on an 

Appel type reaction (Scheme 1.22).
69

 Vorbrüggen first treated benzoic acid 90 with 

triphenylphosphine and carbon tetrachloride followed by addition of amino alcohol 

91, yielding oxazoline 92. 

 



Introduction 

 

37 

 

 

 

Scheme 1.22 Synthesis of an oxazoline ring using the Appel reaction 

 

Vorbrüggen and co-workers produced a wide range of various oxazolines via this 

method but overuse of carbon tetrachloride poses environmental and health 

concerns. Jiang et al. studied the one-pot synthesis of oxazolines by the cyclisation 

of various β-amino alcohols and carboxylic acids using the 

bromotriphenylphosphonium salt ([Ph3P
+
Br]CBr3

-
).

70
 

Another method of obtaining oxazoline rings is the cyclisation of an aldehyde and a 

β-amino alcohol to form an oxazolidine, followed by oxidation to yield the desired 

oxazoline ring. Glorius et al. described new methodology for the synthesis of various 

substituted 2-oxazolines from aldehydes, amino alcohols, and N-bromosuccinimide 

(NBS) as an oxidizing agent. This one-pot synthesis is characterized by mild reaction 

conditions, broad scope, high yields, and its preparative simplicity.
71

 Condensation 

of an aldehyde with an amino alcohol would lead to an oxazolidine after which a 

subsequent oxidation would yield an oxazoline (Scheme 1.23). After testing several 

reaction conditions, the team concluded that stirring a dichloromethane solution of 

the aldehyde 93 and amino-alcohol 94 in the presence of 4 Å molecular sieves was 

optimal, resulting in the complete formation of the corresponding oxazolidine 95. 

The oxazolidine 95 exists in equilibrium with their open-chain imine form 95a and 

the ring-closed form 95b. Screening of a variety of oxidising agents at ambient 

temperature led to the use of NBS as the oxidising agent of choice. Under optimised 

conditions, the in situ formation of the oxazolidine is followed by the addition of one 

equivalent N-bromosuccinimide, resulting in the formation of the oxazoline 

hydrobromide salt 96 via 97. The salt was subsequently deprotonated using an 

aqueous NaHCO3 workup. This also allowed rapid separation of the water-soluble 

succinimide byproduct and yielded in desired oxazoline product 98.  
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Scheme 1.23 Synthesis of an oxazoline ring via an oxazolidine 

 

Many other oxidising agents have been utilised in the transformation from the 

oxazolidine to oxazoline such as 1,3-diiodo-5,5-dimethylhydantoin (DIH)
72

, 

pyridinium hydrobromide perbromide (PHPB)
73

 or molecular iodine.
74

 

In 1989, Balavoine et al. described the synthesis of 2-pyridyl oxazoline catalysts for 

the enantioselective hydrosilylation of acetophenone in combination with 

[Rh[C2H4]2Cl]2.  

 

 

Scheme 1.24 Synthesis of an oxazoline via imidate/amino alcohol condensation 
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Synthesis of the oxazoline ligand began from commercially available 

2-cyanopyridine 99 which was transformed to the corresponding imidate 100 with a 

NaOMe (cat.) in MeOH. Formation of the oxazoline 101 was achieved by the 

reaction of the imidate 100 and amino-alcohol 102 in dichloromethane 

(Scheme 1.24).
75

 Further functionalisation of the free hydroxyl allowed Balavoine 

and co-workers to develop a family of ligands.  

 

A variety of other approaches towards the synthesis of oxazoline rings have also 

been reported in the literature including PPh3/DDQ
76

, Burgess reagent
77

, 

DAST/Deoxo-Fluor
78

, PPh3/DIAD
79

  and molybdenum oxide.
80

 

 

1.5.3 Mono(oxazoline) metal complexes 

 

A chiral mono(oxazoline)-metal complex is formed when a chiral mono(oxazoline) 

ligand complexes with a metal (from an inorganic metal salt) to form a catalytically 

active species. Many metals have been reported in this role such as palladium
81

, 

iridium
82

, ruthenium
83

 and copper.
55

 The metal complexes to the ligand via the donor 

nitrogen atoms of the oxazoline ring. As previously discussed, mono(oxazoline) 

ligands tend to contain various side group which themselves can co-ordinate to a 

metal ion. The coordination of these groups is advantageous as it increases the 

rigidity of the chiral ligand backbone around the metal core; enhancing 

stereoselectivity.  

McDonald et al. studied the intramolecular aerobic oxidative amidation of 

unactivated alkenes bearing tethered sulfonamide nucleophiles with Pd(TFA)2 and a 

pyridyl-2-oxazoline ligand 103. Despite the growing success of pyridyl-2-oxazoline 

ligands in Pd
II
-catalysed reactions, little insight had been provided into the origins of 

enantioselectivity arising from this class of ligand.
84
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Scheme 1.25 Intramolecular aerobic oxidative amidation alkenes  

 

Therefore, McDonald and co-workers undertook mechanistic studies to better 

understand the source of selectivity in pyridyl-2-oxazoline ligands. The reaction 

studied is depicted in Scheme 1.25. The team tested the aerobic oxidative cyclization 

of alkenyl sulfonamide 104 in the presence of Pd(TFA)2 (5 mol%) and the 

pyridyl-2-oxazoline ligand 103 (7.5 mol%). Use of this complex 106 in toluene 

afforded the desired pyrrolidine 105 in a 66% yield and a 98% ee. Use of the 

cis-alkene starting material proved important as when the trans-alkene was 

employed a drop in both the % yield and enantioselectivity was observed.  

In previous studies, McDonald postulated that the reaction takes place via 

cis-amidopalladation of the alkene.
85

 

 

 

Scheme 1.26 Proposed transition structures for intramolecular aerobic 

oxidative amidation alkenes 
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Analysis of the transition state structures TSmajor/minor reveal the vinylic methyl 

group in TSminor is in close proximity to the oxazolinyl phenyl group, whereas the 

vinylic methyl group in TSmajor is oriented downward, away from the phenyl 

group. This analysis highlights the way in which the pyridyl-2-oxazoline ligand 

orients the substrate at the Pd
II
 centre, and the steric effects of the oxazoline 

substituent, which differentiates the two enantiotopic faces of the alkene in the 

insertion step (Scheme 1.26). 

 

1.5.4 Mono(oxazoline) ligands as organocatalysts 

 

As previously discussed, the field of organocatalysis is a relatively new one, 

although it is experiencing an exponential growth recently, and this can be attributed 

to a number of factors. Generally, the catalysts are developed from inexpensive, 

readily available starting materials and easily functionalised starting materials. Due 

to the metal-free nature of organocatalysis, no metal traces need to be removed at the 

end of the reaction, making organocatalysis an attractive option for both industry and 

green chemistry.  
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Figure 1.13 Reaction coordinate diagram for an organocatalyzed reaction 

 

A feature common to many organocatalytic reactions is shown in Figure 1.13 above. 

It depicts  the formation of an intermediary [substrate-catalyst] complex ([S-Cat
*
]) 

from the initial achiral substrate (S) and chiral organocatalyst (Cat
*
).

86
 The reaction 

pathway bears a strong resemblance to that of an organometallic, biocatalytic or 

enzymatic pathway which are all highly efficient.  

The mono(oxazoline) ligands reported in this thesis can be classed as Lewis base 

organocatalysts, due to the ability of the nitrogens in both the oxazoline and pyridine 

rings to donate a lone pair of electrons. Lewis base catalysts (B:) initiate the catalytic 

cycle via nucleophilic addition to the substrate (S). The resulting complex undergoes 

a reaction and then releases the product (P) and the catalyst for further turnover 

(Figure 1.14).
87

 

 



Introduction 

 

43 

 

 

 

Figure 1.14 Lewis base organocatalysis 

 

1.6 Bis(oxazoline) ligands 

 

Semicorrin ligands are a class of pseudo C2-symmetric N,N-ligands, that are inspired 

by the structures of the corrinoid and porphinoid metal complexes, which have a 

pivotal role as biocatalysts in nature.
88

 Pfaltz et al. demonstrated that these class of 

ligands performed well in an enantioselective Cu-catalysed cyclopropanation and 

Co-catalysed conjugate reaction of α,β-unsaturated carboxylic acids and esters. 

Cobalt complexes of semicorrin 107 were employed to catalyse the transformation 

from the α,β-unsaturated ester 108 to the corresponding ester 109 in a 97% yield and 

a 94% ee (Scheme 1.27).
89

 

 

 

 

Scheme 1.27 Co-catalysed conjugate reaction of α,β-unsaturated carboxylic 

esters 
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Semicorrin 107 developed by Pfaltz displayed encouraging enantioselectivities due 

to the ligand being a conformationally rigid structure containing two stereogenic 

centres adjacent to the reactive metal core. The groups on each stereocentre shield 

the metal atom from two directions, reducing the number of reaction pathways 

leading to a marked effect on the stereochemical outcome of the reaction. Following 

the work of Pfaltz et al., in the development of semicorrin ligands, development of 

structurally related ligands have been investigated in the literature. From this 

promising work, the studies involving bis(oxazoline) ligands evolved. 

 

 

1.6.1 Structure 

 

Bis(oxazoline) or BOX ligands 110 are a class of C2-symmetric ligands containing 

two oxazoline rings, most commonly separated by a one carbon bridgehead. The 

spacer itself may also be substituted. The most common variation of the 

bis(oxazoline) ligand is the 2,2’-bis(oxazoline). The nitrogen atom of each oxazoline 

ring can coordinate to a transition metal leading to the formation of a six-membered 

metallocycle. Once a metal ion is coordinated to the ligand a chiral Lewis acid 

catalyst is formed. The metal-ligand complex is conformationally constrained due to 

the rigid nature of the ligand backbone and the formation of the internal six 

membered metallocycle. Chirality arises from the two chiral centres within the 

ligand, one on each oxazoline ring, adjacent to the coordinating nitrogen atom. These 

chiral centres are in close proximity to the reactive metal core of the catalyst, 

influencing stereoselectivity of a reaction taking place on that metal by determining 

how a substrate approaches the metal and how the substrate interacts with it.  A 

major advantage in the use of C2-symmetric ligands is the reduction in the possible 

number reaction pathways and transition states. This can be attributed to the fact that 

the presence of a C2-symmetric axis which halves the number of reaction pathways 

and transition states, as rotation about this axis leads to an identical coordination 

system. 



Introduction 

 

45 

 

 

 

Figure 1.15 C2-symmetry of bis(oxazoline) ligands 

 

Figure 1.15 above shows the general structure of a bis(oxazoline) metal-ligand 

complex as conventionally drawn (left) and on the right demonstrating the 

C2-symmetrical axis, with identical trajectories being shown by arrow colour.
90

 As 

can be seen the C2-symmetric axis reduces the number of possible reaction 

pathways. The use of steric R groups as directing groups on the chiral centres can 

prevent approach of substrate from a particular direction (red arrows). These factors 

combined favour the formation of only one stereoisomer, formed from approach of 

the substrates from the direction of the green arrows.  

The use of bis(oxazolines) as chiral ligands were first reported in 1991 in the Journal 

of the American Chemical Society in two back-to-back publications by both Evans 

and Corey, in which they studied the asymmetric cyclopropanation of olefins and 

enantioselective Diels-Alder addition respectively.  

Evans reported the use of copper(I) complexes of 
t
Bu-bis(oxazoline) 111 as a highly 

efficient catalyst for the cyclopropanation reaction below (Scheme 1.28).
91

 Reaction 

of styrene 112 with ethyl diazoacetate 113 yielded the trans and cis cyclopropanes in 

a ratio 73:27 (114:115), with a 99% ee of 114 and a 97% ee of 115.  
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Scheme 1.28 Asymmetric reactions catalysed by bis(oxazoline) ligands 

 

Corey described the use of Ph-bis(oxazoline) 116 complexed with iron(III) 

efficiently catalysed the Diels-Alder reaction between cyclopentadiene 54 and 

3-(2-propenoyl)-2-oxazolidinone 117. The reaction afforded 118 in an 85% yield 

with and endo:exo ratio of 97:3, giving the endo product in and 80% ee 

(Scheme 1.28).
92

 

Again Guiry et al. studied the expansive field of the modification and application of 

bis(oxazoline) ligands in the organic synthesis. As with their mono(oxazoline) 

counterparts, many alterations can be implemented to enhance the selectivity of the 

ligand, some of which can be seen in Figure 1.16 below. Firstly alternation in the 

size and the flexibility on the spacer changes the ring size for formation of the 

internal metallocycle, once the ligand is in coordination with a metal ion (119-121). 

Alternatively, the spacer between the two oxazoline rings can itself be further 

substituted, which functions in increasing rigidity to the ligand backbone (122-125). 

Another possible modification is the further substitution of the oxazoline ring with 

additional substituents, which can in some cases lead to the formation of additional 

chiral centres (125-128). Bis(oxazoline) ligand 125 also includes secondary binding 

sites on the pendent arms. 
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Figure 1.16 Bis(oxazoline) ligands 

 

1.6.2 Naming of bis(oxazolines)  

 

 

 

Figure 1.17 2,2-BOX vs. 4,4’-BOX ligands 

 

Naming of bis(oxazoline) ligands follows the assignment of each of the atoms in the 

oxazoline rings. When numbering atoms in a ring the highest priority atom is given 
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#1, and continues around the ring, such that the next highest priority atom will be 

assigned the lowest possible number. In the case of oxazoline rings, oxygen is 

assigned the highest priority. Figure 1.17 above depicts both the general structure for 

a 2,2’-bis(oxazoline) ligand 129 and a 4,4’-bis(oxazoline) ligand 130. Each ligand 

named so due to the connection of the ring to the carbon bridgehead. In 2009, 

O’Leary et al. first reported the synthesis of 4,4’-bis(oxazolines) 130, regioisomers 

of the traditional 2,2’-bis(oxazoline) ligands 129 widely reported in the literature.
93

  

 

1.6.3 Synthesis  

 

As previously discussed, bis(oxazolines) are widely reported in the literature and this 

is partly due to their ease of synthesis. Bis(oxazolines) can be easily afforded from 

the reaction of a chiral amino alcohol and disubstituted malonic acid derivatives. 

This approach was employed by Corey et al. in their studies.
92

 Corey synthesised 

bis(oxazoline) ligand 116 following the steps shown in Scheme 1.29 below.  

 

 

 

Scheme 1.29 Synthesis of bis(oxazoline) ligand 

 

The synthesis began with the reaction of 2 equiv. of (S)-(+)-phenylglycinol 131 with 

1 equiv. of dimethylmalonyl chloride 132 in the presence of Et3N in CH2Cl2 to afford 

the bis-amide 133. Treatment of the bis-amide 133 with excess SOCl2 at reflux 
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yielded 134, followed by the base catalysed cyclisation to afford the phenyl 

substituted bis(oxazoline) 116 in a 78% overall yield (Scheme 1.29).  

Bis-hydroxyamides such as 133 can be considered key intermediates in the synthesis 

of bis(oxazoline) ligands. From 133 many alternate synthetic routes can be 

undertaken (Scheme 1.30). Firstly, the hydroxyls of the bis-amide can be converted 

into the corresponding bis-mesylates or tosylates 135 (R’ = Ms/Ts)
94

, and again 

undergo base catalysed cyclisation to yield bis(oxazoline) ligand 116. 

Activation of the hydroxyls of the bis-amide 133 is not always required to yield the 

cyclised product. Firstly, the Masamune protocol can be employed; Treatment of the 

bis-hydroxyamide 133 with dibutyltin dichloride in refluxing xylene yields the 

bis(oxazoline) ligand 116 in excellent yields.
95

 

 

 

Scheme 1.30 Synthetic routes to bis(oxazoline) ligands 

 

Alternatively, Evans et al. devised a procedure adapted from Vorbrüggen’s synthesis 

of mono(oxazolines)
69

,  in which bis-amide 133 was treated with triphenyl 

phosphine and triethyl amine in CCl4.
96

 The use of various dehydrating agents to 
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cyclise the bis-hydroxyamide 133 has also been extensively reported such as 

methanesulfonic acid in CH2Cl2 at reflux
97

, (NH4)2MoO4
80

 or treatment with 

diethylaminosulfur trifluoride (DAST).
98

 Furthermore, the use of poly ethylene 

glycol (PEG)-linked version of N-triethylammonium-sulfonyl)carbamate (Burgess 

reagent)
99

 can also promote cyclisation from the bis-hydroxyamide 133 to the 

desired ring closed product 116 (Scheme 1.30). 

 

Another common methodology followed in the synthesis of bis(oxazoline) ligands is 

the use of malononitriles as the starting material. One equivalent of malononitrile 

can be reacted with 2 equiv. of an optically active β-amino alcohol or their related 

1,2 diol counterpart to result in the desired bis(oxazoline). This approach retains the 

configuration of the β-amino alcohol or 1,2 diol.
100

 Whilst undertaking research into 

the synthesis of the HIV protease inhibitor, Indinavir, Davies et al. reported that a 

Ritter type reaction between malononitrile 136 and 1S,2R-indandiol 137 in the 

presence of TfOH in CH2Cl2 at -40 ºC resulted in bis(oxazoline) 138 in a 60% yield 

upon warming to room temperature (Scheme 1.31).
101

 

 

 

Scheme 1.31 Synthesis of bis(oxazoline) ligand from malononitrile  

 

 

 

 

1.6.4 Bis(oxazoline)-metal complexes 

 

A chiral bis(oxazoline)-metal complex is formed when a chiral bis(oxazoline) ligand 

is treated with an inorganic salt in an organic solvent. The most widely used metals 

in this role are transition metals such as copper
102

, palladium
103

, ruthenium
104

 and 

rhodium.
105

 Although there have been reported examples of non-transition metals 

being utilised such as the lanthanide ytterbium.
106

 Bis(oxazoline) complexes 

employed in asymmetric catalysis are generally used in a 1:1 metal to ligand ratio. 

The metal complexes to the ligand via the two donor nitrogen atoms from each 
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oxazoline rings. The chiral bis(oxazoline) ligand is generally bidentate, meaning 

once the bis(oxazoline)-metal complex has formed two to four coordination sites will 

be available to substrates, solvent molecules or counter ions.   

Assuming a complex is crystalline, X-ray crystallography can be used  for structural 

analysis. Information regarding coordination number, spatial arrangement of the 

chiral ligand at the metal centre, any anions present and any actor ligands that can be 

replaced by at least one of the reagents to give rise to the reacting intermediate can 

all be determined from the crystal structure of the complex. This is all vital 

information for the development of reasonable models of the reacting intermediate 

and the mechanism of the reaction. This information in itself can then be used for 

further ligand design and reaction optimisation and for drawing inferences about the 

structure of compounds which fail to crystallise. 

Bis(oxazoline) ligands are generally bidentate in nature although they can also act as 

a monodentate ligand.
107

  

X-ray structures of Cu(II) complexes of bis(oxazoline) ligands are known with a 

variety of counter ions, such as Cl
-
, SbF6

-
 and Br

-
. In general, the copper is 

tetracoordinated, with a distorted square planar geometry. The degree of this 

distortion varies with each bis(oxazoline) ligand and counter ion. Figure 1.17 below 

shows phenyl substituted bis(oxazoline)-Cu(II) (139a and 139b) complexes and 

tert-butyl substituted bis(oxazoline)-Cu(II) (140a and 140b) complexes.  
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Figure 1.17 Geometries of bis(oxazoline) ligands 

 

 

 

Both complex 139a and 140a show a bis(oxazoline)-Cu(II) complex with Cl
-
 anions. 

With Cl
-
 anions the distortion from the ideal square planar geometry is large and the 

anions occupy the quadrants free from substituents.
90

 The hydrated complex 139b is 

closer geometrically to the ideal square planar and the distortion of the H2O 

molecule reverses from that of 139a, with the ligands now orientated towards the 

phenyl substituents.
108

 Conversely, the hydrated complex 140b has a high degree of 

distortion compared to 139b, with the ligands orientated far from the tert-butyl 

groups. This change in ligand orientation can be attributed to the variation of R 

group on the chiral centre.
108

 The importance in the variation in coordination 

geometries between 139b (towards square planar) and 140b (towards tetrahedral) 

can be best understood if the water molecules are replaced by reagents that will take 

part in the asymmetric reaction. Two coordinating oxygen atoms are often present in 

the substrates present in an asymmetric reaction; therefore the water complex can be 

used as a model to develop a sense enantioselction for a specific reaction.  

Tetracoordinated metal complexes of bis(oxazoline) ligands are often intermediates 

in asymmetric catalysis reactions. The two principle geometries that are observed are 

tetrahedral (141a) and square planar (141b) (Figure 1.18).
90
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Figure 1.18 Facial attack on bis(oxazoline) metal complexes 
 

Complexes that form either of these two geometries will show opposing selectivities 

since rotation of a coordinated substrate by 90º moves a given face from the 

unshielded into the shielded region or vice versa. The tetrahedral complex has the 

re-face open for nucleophilic attack, while the square planar complex had the si-face 

open for attack. Ultimately, this observation means that by appropriate choice of 

metal these geometries can be selectively chosen, such that a specific enantiomer can 

be achieved. It allows also the possibility of obtaining either enantiomer from one 

chiral BOX ligand by careful metal selection.  

 

 

1.6.5 Bis(oxazoline) ligands with secondary binding sites 

 

The concept of molecules being able to interact with substrates via means of 

secondary interactions is long known from enzymes, but only recently has been 

successfully employed in the development of ligands for asymmetric catalysis. A 

series of ligands have been prepared with secondary binding sites. These secondary 

binding sites can interact with the either the reagents in an asymmetric reaction or 

the reactive metal centre: both enhancing enantioselectivity of a given reaction. 

Resier et al. synthesised bis(oxazoline) ligand 142 (Figure 1.19) as a suitable starting 

ligand, as it allowed for further functionalisation, altering secondary interactions. A 

Cu(I) chiral bis(oxazoline) complex from 142 was utilised in the cyclopropanation of 

methyl furancarboxylate 143 and methyl diazoacetate 144, which gave enhanced 

enantioselectivity due to the secondary binding sites. 
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Figure 1.19 Bis(oxazoline) ligands 

 

Hydrogen bonding between the hydroxyl secondary binding sites on the ligand led to 

enhanced enantioselectivity. The product 145 was formed yielding the exo-adduct 

exclusively, in 45% yield and 69% ee (Scheme 1.32). 
109

 

 

 

 

Scheme 1.32 Cyclopropanation of methyl furancarboxylate and methyl 

diazoacetate 

 

Griffith et al. were interested in the synthesis and application of 

bis[4-(aminomethyl)oxazolines] 146  as the amine moiety would allow further 

elaboration of the central core and has great potential in the formation of bifunctional 

catalysts (Figure 1.19).
110

 The team applied ligand 146 to the catalytic addition of 

diethylzinc to benzaldehyde 147. Benzaldehyde 147 was treated diethylzinc and 

ligand 146 (0.1 mol%) to yield the corresponding alcohol 148 in a 93% yield and a 

54% ee (Scheme 1.33). 

 

Scheme 1.33 Catalytic addition of diethylzinc to benzaldehyde 



Introduction 

 

55 

 

1.6.6  4,4’-Bis(oxazoline) ligands  

 

In 2009, O’Leary et al. reported the first synthesis of 4,4’-bis(oxazoline) ligands. In 

these ligands, the backbone contains stereogenic centres and upon complexation with 

a metal, these chiral centres are internal to the metallocycle. The redesign also 

introduces a twist into the ligand reminiscent of the salen ligands (Figure 1.20).
111

  

 

 

Figure 1.20 Top views vs. side views of bis(oxazoline) ligands 

 

Two classes of 4,4’-BOX ligands were designed and synthesised by O’Leary and 

co-workers; XyliBOX ligands derived from Xylitol and AraBOX ligands derived 

from (2R, 4R)-Arabitol 150. Though Xylitol presents significant advantages over 

Arabitol in terms of cost as a starting material it leads to a meso ligand and thus will 

not function as an asymmetric ligand. Synthesis of AraBOX 151 ligand is described 

in Scheme 1.34 below.  Synthesis of the key intermediate, a novel bis-β-amino 

alcohol 152, was achieved in several steps from (2R, 4R)-arabitol 150. Conversion to 

the bis (O-silyl) benzamide 153 with benzoyl chloride, followed by reaction with 

TsF and DBU in refluxing acetonitrile in a deprotection/activation/ring-closing 

(DARC) reaction afforded the novel bis(oxazoline) ligand 151 in 75% yield from 

153 (Scheme 1.34).
93
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Scheme 1.34 Synthesis of a 4,4’-bis(oxazoline) ligand 

 

4,4’-Bis(oxazoline) ligand 151 was applied to the asymmetric Diels-Alder reaction 

of cyclopentadiene 54 and 7-crotonyl-2-oxazolidinone 154 (Scheme 1.35). O’Leary 

and co-workers achieved 155 in a 60% conversion, in and endo/exo ratio of 70/30 

and 44% ee of the endo  product.
112

 Encouragingly, the first application of ligand 

151 in a catalytic context gave a higher enantioselectivity than the corresponding 

isomeric 2,2’-bis(oxazoline) ligand, which gave a 22% ee for the same reaction.
113

  

 

 

Scheme 1.35 4,4’-Bis(oxazoline) ligand catalysed Diels-Alder reaction 
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1.7 Asymmetric reactions using mono(oxazoline) ligands 

1.7.1 Asymmetric hydrosilylation reaction 

 

The term hydrosilylation refers to the addition of organic and inorganic silicon 

hydrides to organic compounds containing unsaturated bonds such as alkenes
114

, 

alkynes
115

, carbonyls
116

 and nitriles
117

, leading to an overall net reduction of the 

multiple bond. Hydrosilylation of ketones/imines produces the corresponding silyl 

ethers/silyl amines which can be easily transformed into an alcohol/amine via an 

additional hydrolysis step (Figure 1.21).  

 

 

 

Figure 1.21 Hydrosilylation of ketones and imines 

 

The first report of hydrosilylation in the literature was that of Leo Sommer in 1947. 

Sommer reported the reaction between trichlorosilane and 1-octene 156 in the 

presence of diacetyl peroxide 157 (Scheme 1.36).
118

 Sommer reported the synthesis 

of n-octyltrichlorosilane 158 in a 99% yield.  

  

Scheme 1.36 Hydrosilylation of 1-octene 
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Most commonly the organosilane in question needs to be activated by a catalyst or 

additive before it becomes an active species, although there are exceptions to this 

general claim. Gilman et al. reported the hydrosilylation of benzophenone 159 with 

triphenylsilane, diphenylsilane and phenylsilane without the using of a catalyst or 

additive.
119

    

 

 

Scheme 1.37 Hydrosilylation of benzophenone 

 

Gilman heated benzophenone 159 with triphenylsilane in a (1:1) ratio in a distillation 

flask between 250-270 ºC for 3 h. Following removal of unreacted benzophenone 

159 by distillation and recrystallisation from petroleum ether, 

benzohydryloxytriphenylsilane 160 was obtained in 62% yield (Scheme 1.37).  

Two mechanistic routes have been reported for the Si-H bond cleavage, homolytic 

and heterolytic. In general, free radical addition of Si-H across an alkene cannot be 

performed with trialkylsilanes due to the strong Si-H bond present in trialkylsilanes, 

therefore modified silanes such as tris(trimethylsilyl)silane are more commonly 

employed.
120

 

One such report in which radical hydrosilylation is employed is that of Studer et al. 

wherein silylated cyclohexadienes are used to generate chain carriers as depicted in 

Scheme 1.37. Reaction between the silylated cyclohexadiene initiator 161 and alkene 

lead to the formation of the β-silylalkyl radical 162. H-transfer from the bisvinylic 

methylene group yields the product 163 and generates the cyclohexanedienyl radical 

164, which subsequently rearomatises producing arene 165 and tert-butyldimethyl 

silyl radical. It is this  tert-butyldimethyl silyl radical that acts as the chain carrier, 

thus propagating the reaction.
121
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Scheme 1.37 Homolytic hydrosilylation mechanism 

As previously mentioned the second approach involves the heterolytic cleavage of 

the Si-H bonds, many of which employ catalysts incorporating transition metals such 

as platinum
122

, iron
123

, rhodium
124

 and ruthenium
125

; platinum being the most widely 

utilised. The silicon industry regularly employs Pt-based catalysts, both homogenous 

and heterogeneous, in the hydrosilylation reaction for the preparation of monomers 

and cross-linking polymers containing Si-C bonds, resulting in a wide variety of 

product including gels, aerosols, adhesives, preservatives and coolants.
126

 Many Pt-

based catalysts now exist for this function including Speier’s catalyst and Karstedt’s 

catalyst.
127

 

Many Pt(0) complexes which are derivatives of the Karstedt’s catalyst have now 

been synthesised, proving highly efficient for the hydrosilylation of alkenes. Hopf et 

al. have developed one such catalyst 166, prepared from the treatment of Karstedt’s 

catalyst with 2-methyl-1,4-napthoquinone in refluxing benzene for 1 h.  
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Scheme 1.38 Hydrosilylation of trimethylvinylsilane  

Pt-catalyst 166 was applied to the transformation seen in Scheme 1.38 above. 

Trimethylvinylsilane 167 was treated with triethylsilane and 0.04 mol% catalyst 166 

obtaining a 60% conversion to 1-triethylsilyl-2-trimethylsilylethane 168.
128

 

 

Scheme 1.39 Heterolytic hydrosilylation mechanism 
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In 1965, Chalk and Harrod proposed a mechanism for the hydrosilylation of alkenes. 

They carried out their studies with chloroplatinic acid, but applied their findings to 

the roles of late transition metal complexes as catalysts in the reaction. Their 

mechanistic proposal can be seen in Scheme 1.39 above. Their mechanistic outline 

includes oxidative addition of the metal ([M]) to the Si-H bond, followed by 

migratory insertion of the alkene into the [M]-H bond and the resulting 

metal(silyl)(alkyl) complex undergoes reductive elimination to generate the silylated 

product and regenerating the metal catalyst.
120, 129

 Twelve years later, Wrighton 

proposed  a modification where the formation of the silylated product, which 

involves alkene insertion into the metal-silyl bond followed by C-H reductive 

elimination (Modified Chalk-Harrod Mechanism, Scheme 1.39).
120, 130

 Since the 

publication of these aforementioned reaction pathways, detailed theoretical studies 

have been undertaken which conclude that the process proceeds through the 

Chalk-Harrod mechanism.
120

  

As with alkenes, many catalysts function in the hydrosilylation of ketones/imines, 

which when followed by an additional hydrolysis step will yield alcohols/amines. 

Comte et al. described the reduction of acetophenone 30 by diphenylsilane to 

phenylethanol 169 in excellent yields under an inert atmosphere of H2 

(Scheme 1.40).
131

 

 

Scheme 1.40 Hydrosilylation of acetophenone  

The hydrosilylation reaction was initially carried out at 25 ºC in THF using 

0.1 mol% of the rhodium catalyst. After 5 h inconsistent yields (5-20%) were 

continuously obtained. They discovered that carrying the reaction out in an 

atmosphere of H2 led to product formation in a 98% yield. It should be noted that H2 

pressure remained constant throughout the course of the reaction, meaning it was not 
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consumed during the reaction and in accordance with data [(o-dppbe)Rh(COD)OTf] 

does not catalyse the hydrogenation reaction.  

The use of prochiral ketones along with an asymmetric catalyst allows the direct 

synthesis of chiral alcohols, important building blocks in organic synthesis. 

Therefore, the study into the development of asymmetric catalysts for use in the 

hydrosilylation reaction is a growing field. Nishiyama et al. employed a rhodium 

complex of a pyridine bis(oxazoline) ligand (PYBOX) to catalyse the transformation 

of prochiral ketones to their corresponding chiral secondary alcohols.
132
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Scheme 1.41 Hydrosilylation of acetophenone 

 

Entry Additive 

(mol%) 

170 

 (mol%) 

Temp/ ºC 

Time/ h 

Yield 

% 

ee 

% 

1 None 1.7 room temp. no reaction 

2 BF3.Et2O 

(1.5) 

3.5 0, 14 90 82 

3 AgOTf (1.5) 0 0, 26 61 56 

4 AgOTf (1.1) 3.0 0, 17 84 83 

5 AgOTf (1.1) 7.0 -20, 27 96 89 

6 AgBF4 (2.0) 4.0 0, 2 91 94 

7 AgBF4 (1.0) 4.0 -4, 4.5 90 93 

 

 Table 1.5 Hydrosilylation of acetophenone  
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Scheme 1.41 above shows a test reaction undertaken by Nishiyama and co-workers, 

with the results being displayed in Table 1.5. The team studied the reduction of 

acetophenone 30 employing 170 as the asymmetric catalyst. They deduced that no 

reaction took place without the use of an additive (Entry 1). However, the addition of 

silver ions or Lewis acids lead to the generation of (S)-phenylethanol 171 in 

excellent yields and enantioselectivities following hydrolysis. It was found that silver 

salts led to both the best yields and enantioselectivities (Entries 3-7). 

Recently, asymmetric reduction of prochiral ketones catalysed by chiral Lewis bases 

has emerged as a highly efficient methodology. Matsumara and co-workers were the 

pioneers in this field, which has grown exponentially since they first reported the 

stereoselective reduction of ketones and ketimines with a proline-derived formamide 

172. Matsumara et al. performed a comprehensive screening to best identify the 

optimum substrate and catalyst to best yield the reduction product (Scheme 1.42).
133

 

 

Scheme 1.42 Asymmetric reduction of prochiral ketones 

Matsumara concluded that in the –CONH-1-naphthyl substituted proline derivative 

performed best in the hydrosilylation reaction of acetophenone to phenylethanol 

(43% ee, 78% yield). They rationalised the stereochemical outcome by means of 

each of the intermediates, 173a and 173b, shown in Figure 1.22.  
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Figure 1.22 Proposed transition states for asymmetric reduction of prochiral 

ketones 

Firstly, they hypothesised that activation of trichlorosilane is achieved through each 

of the carbonyl groups of the organocatalyst, leading to the silane being held in a 

locked confirmation in the chiral pocket. Following this, coordination of the ketone, 

in this case acetophenone 30, to the silicon centre results in the formation of the 

silylhydride reducing agent. It is the approach of the ketone, from the re or si face, to 

form the silylhydride reducing agent that determines the stereochemical outcome of 

the reaction. Matsumara proposed that intermediate 173a would be the more 

energetically favourable of the two approaches, due to the steric repulsion that exists 

between the naphthyl and phenyl groups in intermediate 173b.  

Since this preliminary communication, a wide variety of organocatalysts for the 

hydrosilylation reaction have been reported within the literature including 

formamides
134

, picolinamides
135

, sulfinamides
136

 and 2-pyridyl oxazolines.
137

 

Kočovský et al. have developed a new family of Lewis basic 2-pyridyl oxazolines 

which have been shown to act as effective organocatalysts for the asymmetric 

reduction of prochiral aromatic ketones and ketimines with trichlorosilane 

(Scheme 1.43). 
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Scheme 1.43 Hydrosilylation of unsaturated bonds 

Kočovský and co-workers began by synthesising a family of 2-pyridyl oxazoline 

ligands, some of which are outlined below (Figure 1.23). With the ligands in hand, 

the team set about optimising the reduction of aromatic prochiral ketones to their 

corresponding chiral alcohols varying solvent, temperature, substrate and catalyst 

loading (Table 1.6)
137-138

 

 

Figure 1.23 Family of mono(oxazoline) ligands employed in the hydrosilylation 

of aromatic prochiral ketones 
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Entry Catalyst 

(mol%) 

R
1
, R

2
 Solvent Temperature 

(ºC) 

Conversion 

(%) 

ee (%)
a 

1 174 (20) Ph, Me CHCl3 -20 29 66 (S) 

2 175 (20) Ph, Me CH2Cl2 -20 83 74  

3 175 (20) Ph, Me CH2Cl2 rt 40 64  

4 175 (20) 2-Naph, 

Me 

CHCl3 -20 99 80  

5 176 (20) Ph, Me CH2Cl2 rt 63 34  

6 177 (10) Ph, Me CH2Cl2 -20 85 68  

7 178 (20) Ph, Me CHCl3 -20 72 84  

8 178 (20) 2-Napt,Me CHCl3 -20 93 94  

9 178 (10) Ph, Me CHCl3 -20 85 84 

10 179 (20) Ph, Me CH2Cl2 0 0 _ 

a
All products were the (R)-configuration unless otherwise stated 

Table 1.6 Hydrosilylation of aromatic prochiral ketones 

From the results obtained a number of conclusions could be drawn. Firstly, as 

regards to temperature, it can be seen that -20 ºC is the optimum temperature, if the 

temperature is increased to either to 0 ºC or room temperature a drop in conversion 

and enantioselectivities results (Entry 5 and 10). As regards catalyst loading, a 

change from 20 mol% to 10 mol% (entries 7 and 9) was accompanied by a drop in 

conversion but an increase in stereoselectivity. Ketones containing bulky aromatic 
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groups, such as 2-naphthyl, (Entry 4 and 8) performed well in both conversion and 

selectivity; most likely due to steric repulsions encountered in the transition states 

between the re and si approaches. All ligands with the chiral centre on 5-position on 

performed better than ligand 179, which is substituted on the 4-position (Entry 1). 

Combining all results obtained by Kočovský and co-workers in can be seen that 

1-isoquinolyl substituted oxazoline 179 performed best in the reduction of 

1-acetonapthone to the corresponding (R)-alcohol in a 93% conversion and 94% ee 

(Entry 8). 

 

1.7.2 Asymmetric allylation reaction 

The allylation reaction, or allylmetal-aldehyde addition, is a reaction in which an 

aldehyde is transformed into the corresponding chiral homoallylic alcohol by means 

of an activated allyl species (Scheme 1.44) 

 

Scheme 1.44 Allylation of an aldehyde to the corresponding chiral homoallylic 

alcohol 

The allyl group is an extremely versatile group as once it is incorporated in an 

organic molecule it has the ability to undergo a wide range of reactions such as 

olefin metathesis, cycloaddition reactions, epoxidation and hydrogenation. These 

reactions lead to many structural subunits than are commonly seen in natural 

products and synthetic compounds, making the allylation reaction synthetically very 

important. The allylmetal-aldehyde addition reaction has proved an attractive 

approach for the synthesis of homoallylic alcohols for a number of reasons. Firstly, a 

high level of enantio- and diastereoselectivity has been widely reported. Secondly, 

the extreme diversity of reagent reactivity based on the metal and finally the ease of 

further synthetic planning that is afforded by the latent functionality of the 

homoallylic alcohol.
139
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Kinnaird et al. developed silacycle 180, with a view to creating an active allylation 

species without the need for any additional catalysts or reagents. After screening a 

range of 1,2-diols, 1,2-diamines and 1,2 amino alcohols 180 was synthesised from 

(1S,2S)-pseudoephedrine with allyltrichlorosilane and Et3N in CH2Cl2.
140

 With the 

allylation species in hand, a variety of aldehydes and reactions conditions were 

surveyed. They reported that treatment of pivalaldehyde 181 (1 equiv.) with silacycle 

180 (1.5 equiv.) in toluene at -10 ºC for 2 h yielded the corresponding homoallylic 

alcohol 182 in an 80% yield and an enantiomeric excess of 96% (Scheme 1.45).  

 

Scheme 1.45 Allylation of pivalaldehyde with chiral silacycle 

Whilst Kinnaird and co-workers obtained stellar selectivities, this approach has one 

main disadvantage, in that a stoichiometric amount of the chiral species is necessary. 

If the chiral group is inexpensive and readily available, like that described in 

Scheme 1.45, this method still represents a viable approach. Otherwise, catalytic 

enantioselective methodologies need to be further researched, to make the approach 

more practically attractive.  

Catalytically, three different methods have been described, type I, II and III.
139, 141

 

Type I is concerned with the addition of the allyl species to an aldehyde catalysed by 

a chiral Lewis base. The Lewis base activates the allyltrihalometal reagents by 

coordination of the Lewis base to the metal. The resulting complex retains enough 

Lewis acidity to activate the aldehyde without the use of any additional reagents. 

This leads to the formation of a six-membered, chair-like transition state 

(Zimmerman-Traxler model). Not only does the Lewis acidic complex activate the 

aldehyde but it also functions in the transfer of the allyl fragment. The transition 

state is diastereospecific, meaning an (E)-allyl fragment will yield the anti-product 

and the (Z)-ally fragment will yield the syn-product. Therefore, the E/Z ratio of the 

starting material determines the syn/anti ratio of the product (Scheme 1.46). Type II 

details the addition of allylic organometallic reagents (Cr, Zn, In) which are 
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generated in situ from the corresponding allylic halides catalysed by chelating 

ligands. The nucleophilic metal-allyl fragment does not possess sufficient Lewis 

acidity to catalyse the reaction, explaining the need of an external Lewis acid 

promoter. The external Lewis acid will function in activating the aldehyde, 

increasing the electrophilicity of the carbon of the C=O. Due to this, the reaction 

proceeds via an open transition state, in which the syn product is formed due to its 

energetic favourability, regardless of the starting geometry of the allyl species.  

Finally, type III involves the use of a Lewis-acidic metal fragment that will generate 

the anti-geometry regardless of the initial E/Z ratio. This can be attributed to the 

rapid isomerisation from the (Z)-isomer to (E)-isomer. As with type I, this method 

proceeds via a chair-like transition state (Scheme 1.46). 
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Scheme 1.46 Type I, II and III allylations 

In 1988, Yamamoto et al. reported the first example of the use of chiral Lewis acids 

in the enantioselective allylation of aldehydes. Reaction of borane.THF with 

mono(2,6-diisopropoxy)benzoyltartaric acid 183 in dry propionitrile at 0 ºC afforded 

the chiral Lewis acid catalyst, proposed to be boronic ester 184 (Scheme 1.47).
142
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Scheme 1.47 Use of chiral Lewis acids in the enantioselective allylation of 

aldehydes 

This chiral (acyloxoy)borane (CAB) (20 mol%) complex was then employed in 

catalysing the condensation of benzaldehyde 147 with β,γ-disubstituted allylic 

trimethysilane 185 at -78 ºC to produce the homoallylic alcohol 186. Not only does 

the Lewis acid function in activating the aldehyde to increase its susceptibility to 

nucleophilic attack but it also determines the stereochemical outcome of the reaction 

(Scheme 1.48).
143

 

 

Scheme 1.48 Use of chiral Lewis acids in the enantioselective allylation of 

aldehydes 

High syn selectivities are achieved, regardless off the starting of the geometry or the 

silane. Homoallylic alcohol 186 was obtained in a 74% yield, with a syn/anti ratio of 

97:3.  

The preparation of allylic organometallic reagents in situ from allylic halides with 

various transition metals is advantageous as it does not require the preparation, 

isolation and storage of potentially toxic or sensitive reagents.
139

 One of the most 

widely reported examples in this category is the chromium-mediated addition of 

allylic halides to aldehydes. Umani-Ronchi and co-workers were the first people to 

develop a catalytic version of this reaction, through use of a chiral Cr-salen complex. 

Formation of the catalytic species is achieved by an in situ reduction of CrCl3 to 
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CrCl2 with an excess of manganese, followed by complexation of the Salen ligand 

187 in the presence of Et3N (20 mol%).
144

  

 

 

Scheme 1.49 Chromium-mediated addition of allylic halides to aldehydes 

 

Entry R Yield % ee % 

1 Ph 67 84 

2 c-C6H11 42 90 

3 PhCH2CH2 45 77 

Table 1.7 Chromium-mediated addition of allylic halides to aldehydes 

With the chiral [Cr(salen)] complex (10 mol%) in hand, the addition of allylic 

halides, in this case allyl chloride 188, to aldehydes was performed at room 

temperature in acetonitrile yielding the corresponding chiral homoallylic alcohols 

(Scheme 1.49). It can be seen from Table 1.7 that the best enantioselectivity of 90% 

ee is achieved when cyclohexanecarboxaldehyde is employed at the starting material 
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(Entry 2). Low yields are reported across all substrates due to the competing pinacol 

coupling reaction.  

Denmark et al. reported the first catalytic, enantioselective generation of stereogenic 

quaternary carbon centres by the allylation reaction. The team studied the addition of 

γ-disubstituted allyltrichlorosilanes to benzaldehyde 147 to yield γ-disubstituted 

allylic alcohols. This transformation was catalysed the dimeric phosphoramide 189 

containing a chiral diamine backbone and a five methylene tether. Geometrically 

pure (E)-190 and (Z)-191 were chosen as test substrates and were each were obtained 

geraniol 192 and nerol 193 respectively.
139, 145

 The reaction proceeded with excellent 

diastereo- and enantioselectivities (Scheme 1.50). As is expected with type I 

allylations, the (E)-isomer afforded the anti-geometry and the (Z)-isomer afforded 

the syn-geometry.  

 

 

Scheme 1.50 Type I allylation of geraniol and nerol 
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In 2010, Denmark et al. employed catalyst 189 (10 mol%) in an enantioselective 

allylation as one of thirty-one steps in synthesis of (+)-papulacandin D 

(Figure 1.24).
146

 The papulacandins are a family of antifungal agents that have 

demonstrated potent in vitro antifungal activity against a range of pathogens such as 

Pneumocytis carinii. Homoallylic alcohol 193 was obtained in an 88% with a 96:4 dr 

from chiral aldehyde 194 (Scheme 1.51). 

 

Scheme 1.51 Enantioselective allylation 

 

Figure 1.24 (+)-Papulacandin D 

 

Motloch et al. studied the enantioselective allylation of thiophene-2-carbaldehyde 

195 with allyltrichlorosilane under Lewis base catalysis in the total synthesis of 

duloxetine 196. Duloxetine, marketed as Cymbalta in Ireland, is a 

serotonin-norepinephrine reuptake inhibitor first sold by Eli Lilly in the treatment of 

major depression. Motloch and co-workers employed chiral bipyridine N,N’-

dioxides to catalyse the desired transformation. This class of catalyst has shown 

stellar selectivities in the asymmetric allylation of aldehydes with allyltrichlorosilane 

to yield homoallylic alcohols, with asymmetric inductions of up to 99% ee.
147

 After a 

comprehensive screening of axially chiral bipyridine N,N’-dioxides with a 

bis(tetrahydroisoquinoline) scaffold they found catalyst (R,S)-197 to best catalyse the 
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reaction of thiophene-2-carbaldehyde 195 to (S)-1-(thiophen-2-yl)-but-3-en-1-ol 198 

(Scheme 1.52). The reaction proceeded in a 72% isolated yield and 93% ee. 

 

Scheme 1.52 Synthesis of Duloxetine 
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2.1 Introduction 

The design of new asymmetric ligands is an active area of chemical research. This 

thesis deals with two separate, but related studies. Firstly, a series of novel 2-pyridyl 

mono(oxazoline) ligands were synthesised and applied in an asymmetric allylation 

reaction and asymmetric hydrosilylation reactions. This study forms part of a larger 

research project on mono(oxazoline) ligands. In the discussion we will also report, 

for comparison purposes only, some results obtained by another researcher 

(Zhenyu Cao) working on this project. 

Secondly, we undertook the redesign and attempted synthesis of novel 

4,4’-bis(oxazoline) ligands first reported within the group. As before, in the 

discussion we will discuss, for comparison purposes, some results obtained by other 

researchers (Dr. Fiona Kirby, Dr. David Kellehan and David Frain). 

A numbering scheme independent of that in Chapter 1 is used from this point 

onwards. 

 

2.2 Synthesis of mono(oxazoline) ligands  

2.2.1 Synthesis via α-keto esters 

As previously discussed in Section 1.5, mono(oxazoline) ligands have been 

successfully utilised in a large number of  asymmetric organic reaction as either an 

organocatalyst or in coordination with a metal, leading to the formation of a metal 

ligand complex. With that in mind, we aimed to synthesise mono(oxazoline) ligand 1 

and exploit the modular nature of the synthesis to expand the ligand class. 

Ultimately, our aim is to apply our ligands as catalysts in catalytic reactions. 

We envisaged the synthesis of 1 would begin with the one pot oxidation, 

esterification accompanied by ketalisation and hydrolysis of 4’-methylacetophenone 

2 to yield 3. Following on from this, a Ti(O
i
Pr)4  catalysed condensation between the 

appropriate sulfinamide and α-keto ester 3 would yield N-sulfinyl imine 4. 

Hydrolysis of the ester and N-sulfinyl imine led to the key amino-alcohol 

intermediate 5, after which the Lewis acid catalysed reaction with benzonitrile 1 

would lead to the desired mono(oxazoline) ligand (Scheme 2.1).  
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Scheme 2.1 Retrosynthetic analysis of mono( oxazoline) ligand 1  

Our synthesis began with the formation of α-keto ester 3 from 

4’-methylacetophenone 4 in a slightly modified procedure from that described by 

Zhuang et al. in 2009.
1
 They carried out their synthesis in methanol, but it was 

discovered within our group the use of 2-propanol proved beneficial in our case, as 

the methyl ester proved problematic during N-sulfinyl imine formation with titanium 

(IV) isopropoxide. Their synthesis began with the oxidation of acetophenone 6 with 

selenium dioxide in pyridine at 120 ºC to yield the corresponding α-keto acid 7 in an 

87% yield. Treatment of 7 with thionyl chloride in methanol with 4Å molecular 

sieves afforded a mixture of the  ketal 8 and the α-keto ester 9. To obtain solely the 

ester product, the mixture was treated with perchloric acid in acetonitrile to afford 

phenyl α-keto ester 8 in a 74% overall yield (Scheme 2.2).  
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Scheme 2.2 Synthesis of α-keto ester 9 

Reagents and conditions: (a) SeO2, pyridine, 120 ºC, 18 h, 87% (b) SOCl2, MeOH, 4Å MS, rt, 

overnight (c) HClO4, MeCN, H2O, rt, 0.5 h, 74% overall from 7. 

Zhuang et al. were able to further optimise their methodology by adopting a more 

economic and synthetically desirable one-pot procedure, which they executed with 

great success obtaining a 76% yield for the same transformation from acetophenone 

6 to phenyl α-keto ester 9 depicted in Scheme 2.2.
1
 

Consequently we employed the one-pot system towards the synthesis of our 

mono(oxazoline) ligand 1. Selenium dioxide and 4’-methylacetophenone 2 were 

stirred in dry pyridine at 120 ºC for 18 h, after which the mixture was cooled and 4Å 

molecular sieves and isopropyl alcohol were added. Following slow addition of 

thionyl chloride the reaction was warmed to room temperature and stirred overnight. 

After which, acetonitrile, perchloric acid and deionised water were added and the 

resulting mixture was stirred for 1 h (Scheme 2.3). The molecular sieves were 

removed by filtration and the resulting residue was purified by column 

chromatography on silica gel following work-up. The structure of the product was 

confirmed by 
1
H and 

13
C-NMR spectroscopy. A doublet at 7.87 ppm (J = 8.1 Hz) 

and a doublet at 7.29ppm (J = 8.4 Hz) each integrating for 2H, correspond to the four 

aromatic hydrogens. A heptet at 5.30 ppm (J = 6.4 Hz) integrating for 1H 

corresponds to the hydrogen of the CH of the isopropyl group. Splitting by each of 

the CH3’s of the isopropyl group leads to the appearance of a heptet in the 
1
H-NMR 

spectrum. The CH3 group bound to the aromatic ring appears as a singlet at 
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2.42 ppm, which integrates for 3H. Finally, a doublet at 1.39 ppm (J = 6.4 Hz) 

integrating for 6H corresponds to the six CH3 hydrogens of the isopropyl groups. 

The appearance of two carbonyl bands at 1729 and 1679 cm
-1 

in the IR spectrum 

confirms product formation. 

Scheme 2.3 Failed synthesis of sulfinamine 13 

Reagents and conditions: (a) SeO2, pyridine, 120 ºC, 4 Å mol. sieves, isopropyl alcohol, SOCl2, 

0 ºC-rt, overnight, HClO4, H2O, MeCN, rt, 1h, 40% (b) (±)-2-methylpropane-sulfinamide, Ti(O
i
Pr)4, 

THF, reflux, 18h, 27% (c) MeMgCl, CH2Cl2, -78 ºC-rt, 18h. 

With the desired α-keto ester 3 in hand, we next focused on the chemoselective 

formation of the N-sulfinyl imine 10. In 2011, Pan et al. described a general 

asymmetric synthesis of phenylglycinols, by hydride reduction of chiral N-sulfinyl 

imines.
2
 They achieved their chiral N-sulfinyl imine 11 from the corresponding 

ketone 12 by utilising standard sulfinimine formation procedure, described by 

Ellman and co-workers (Scheme 2.4).
3
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Scheme 2.4 Synthesis of sulfinimine 11 

Reagents and conditions: (R)-2-methylpropane-sulfinamide, Ti(O
i
Pr)4, THF, reflux, 16 h, 71%. 

Applying the same methodology, our α-keto ester 3 was treated 1.2 equivalents of 

(±)-2-methylpropane-sulfinamide and 2.5 equivalents of titanium (IV) 

isoproppoxide. The Ti(O
i
Pr)4 had a dual role: acting as both a Lewis acid in that it 

activates the ketone making the carbon more susceptible to nucleophilic attack. It 

also acts as a dehydrating agent, facilitating the removal of water following the 

condensation step. The mixture was heated at reflux in THF overnight, after which 

we altered the work-up in the approach undertaken by Pan et al. in which their 

reaction was quenched with brine at room temperature and consequently filtered. We 

observed higher yield for the reaction if both the reaction mixture and the brine are 

cooled to 0 ºC before quenching the reaction. We believe that the excess Ti(O
i
Pr)4 is 

facilitating the hydrolysis of the N-sulfinyl imine 10 by activating the imine during 

the addition of the aqueous brine solution. Therefore, cooling to 0 ºC minimises this 

unwanted transformation, increasing the overall yield. The product was purified by 

column chromatography on silica gel. The product was eluted by gradient elution 

with petroleum ether:ethyl acetate 98:2 to 90:10.  



Results and discussion 
 

93 

 

 

Figure 2.1 
1
H-NMR spectrum of 10 

Formation of N-sulfinyl imine 10 was confirmed by 
1
H and 

13
C-NMR spectroscopy. 

Characteristic signals corresponding to the backbone hydrogens were observed. 

Addition of the tert-butylsulfinimine groups can be confirmed by the appearance of a 

singlet at 1.32 ppm, integrating for 9H, confirming the installation of the tert-butyl 

moiety (Figure 2.1). It is worth noting at this point, that we utilised the racemic 

(±)-2-methylpropane-sulfinamide in our synthesis while we ascertained if our 

synthetic route was practically viable. This was solely down to reagent cost. 

Therefore any compounds described from here on towards the synthesis of 

mono(oxazoline) 1 are racemic. 

  

Following on from the formation of the N-sulfinyl imine 10, we turned our attention 

to the Grignard reaction to yield the amine 13. Chen et al. studied the addition of 

alkynylmagnesium chlorides to N-tert-butanesulfinyl imines, in which they reported 

diastereomeric ratios of greater than 13:1, allowing them to achieve isolation of the 

main stereoisomer. Chen and co-workers treated a cooled solution (-78 ºC) of 

N-sulfinylimine 14 in CH2Cl2 with 2-3equivalents of an alkynyl Grignard reagent 15 
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in a THF or diethyl ether solution. After 2 h at -78 ºC the reaction was heated to 

room temperature and stirred overnight to yield 16 in an 84% yield following 

purification. The team employed this methodology towards the synthesis of 

(+)-angustureine 17, a tetrahydroquinoline, in 3 steps from amine 16 (Scheme 2.5).
4
 

 

Scheme 2.5 Synthesis of (+)-angustureine 

Reagents and conditions: (a) 15, CH2Cl2, -78ºC-rt, overnight, 84%. 

 

Based on this study, we undertook the Grignard reaction of MeMgCl and N-sulfinyl 

imine 10 with a view to achieving the nucleophilic attack of the Grignard reagent at 

the electrophilic carbon activated by the chiral auxiliary, leading to net reduction of 

the C=N bond and formation of the secondary amine (Scheme 2.3). To achieve this 

desired transformation N-sulfinyl imine was treated with 1.6 equivalents of MeMgCl 

(3.0 M in THF) at -78 ºC for 6 h following which the mixture was stirred to room 

temperature overnight. The 
1
H-NMR spectrum of the crude residue indicated a 

mixture of products were present. The residue was purified by column 

chromatography on silica gel. To our dismay, a mixture of products was isolated. 

The appearance of singlets between 1 and 2 ppm signified the presence of multiple 

methyl groups in one of the compounds in the mixture, therefore we hypothesised 

we have the following competing  reaction pathways (Scheme 2.6).  
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Scheme 2.6 Competing mechanisms in the Grignard reaction of 10 

Pathway A, shown with black arrows, shows the desired nucleophilic attack of the 

Grignard reagent on the electrophilic C=N, followed by acidic work-up leading to 

amine 13. Pathway B, shown with red arrows, shows the formation of the tertiary 

alcohol by means of nucleophilic attack at both the carbon of C=N but also the C=O 

of the ester moiety. Attack of one molecule of the Grignard reagent with one the 

ester results in a tetrahedral intermediate which collapses to form the corresponding 

ketone. Nucleophilic attack of another molecule of MeMgCl with the ketone 

followed by an acidic work-up yields the tertiary alcohol 18. The 
1
H-NMR spectrum 

shows evidence of both 13 and 18 being present. The appearance of a heptet at 

5.06 ppm corresponding to the CH of the isopropyl group in 13, confirms that the 

product resulting from pathway A is present. The chemical shift of the CH hydrogen 

is different to that of N-sulfinyl imine 10, showing that this signal does not 

correspond to the starting material of the reaction. Presence of 18 is more difficult to 

ascertain due to the mixture of products present. Although, as previously mentioned 

the appearance of several singlets between 1 and 2 ppm in the 
1
H-NMR spectrum 
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alludes to its formation. It is also possible some intermediate compounds are isolated 

where multiple methylations have occurred but not to exhaustion, as is shown in 

pathway B.   Due to the over reaction of the Grignard reaction, we made the decision 

to carry out the transformation with an excess of Grignard reagent, therefore driving 

the reaction towards forming the tertiary alcohol 18.   The rationale behind this was 

that our target was the amino alcohol and having a dimethyl alcohol presented 

interesting possibilities in terms of ligands which could be prepared. 

 

Scheme 2.7 Grignard reaction of 10 with excess MeMgCl 

Reagents and conditions: (a) MeMgCl, CH2Cl2, -78 ºC-rt, overnight, 77%. 

Use of 6 equivalents of MeMgCl now led to the formation of solely the tertiary 

alcohol 18. The structure of the compound was confirmed by 
1
H and 

13
C-NMR 

spectroscopy. In the 
1
H-NMR spectrum, the four aromatic hydrogens appear as a 

doublet at 7.31ppm (J = 8.3 Hz) and a doublet at 7.12 ppm (J = 8.2 Hz).  The CH3 

directly bonded to the aromatic ring appears as a singlet at 2.33 ppm. A singlet at 

1.85 ppm, integrating for 3H, corresponds to the hydrogens of the CH3 directly 

bonded to the carbon of the C-N bond. A singlet at 1.27 ppm which integrates for 

nine hydrogens which corresponds to hydrogens of the tert-butyl group of the sulfur 

based auxiliary. Finally, two singlets, each integrating for 3H, at 1.19 ppm and 1.10 

ppm correspond to the two CH3 groups bonded to the carbon of the tertiary alcohol. 

A HSQC experiment confirmed that these two singlets corresponded to one CH3 

signal in the 
13

C-NMR spectrum. The rationale behind their appearance as two 

separate signals in the 
1
H-NMR spectrum, can be attributed to the fact they are 

diastereotopic. This now makes the two methyl groups chemically inequivalent. The 

IR spectrum shows a broad band at 3380cm
-1

 corresponding to the newly introduced 

alcohol moiety. Following the formation of the N-sulfinyl amine 18, we then turned 
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our attention to the hydrolysis of the sulfinyl group to yield amino-alcohol 19 as a 

key intermediate. Following which treatment of 19 with benzonitrile and a Lewis 

acid was hoped to lead to the formation of mono(oxazoline) 25 (Scheme 2.8).  

 

Scheme 2.8 Retrosynthetic analysis of mono(oxazoline) ligand 25 

As previously mentioned Pan et al. presented a study of the asymmetric synthesis of 

phenylglycinols (Scheme 2.4). After the condensation reaction in which they formed 

the N-sulfinyl imine 11, the team performed a hydride reduction, with various 

different reducing agents, to yield N-sulfinylamine 20.  

 

Scheme 2.9 Acid hydrolysis of sulfinamine 20 

Reagents and conditions: (a) HCl/MeOH, MeOH, rt, 3 h, 93%. 

Transformation to the corresponding amino alcohol 21 was achieved by treatment of 

20 with HCl in MeOH (Scheme 2.9). Following this approach, we treated 

N-sulfinylamine 18 with 4.0 M HCl/MeOH at room temperature for 3 h 

(Scheme 2.10). The structure of 19 was confirmed by 
1
H and 

13
C-NMR 

spectroscopy. Again, characteristic signals corresponding to the aromatic hydrogens 

were observed. The hydrogens of the CH3 bonded to the carbon of the C-N bond can 

be observed as a singlet at 1.58 ppm. Finally, the hydrogens of the two methyl 
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groups directly bonded to the carbon of the tertiary alcohol appears a two singlets; 

one at 1.24 ppm and the other at 1.01ppm  

 

Scheme 2.10 Acid hydrolysis of sulfinamine 18 

Reagents and conditions: (a) HCl/MeOH, MeOH, rt, 3 h, 73%. 

As previously discussed in Section 1.5.2, Bronger et al. described the synthesis of 

aminophosphine-oxazoline ligands for a palladium catalysed asymmetric allylic 

alkylation. To install the oxazoline ring, the team treated α-bromo-o-tolunitrile 22 

with an equimolar amount of the (S)-amino alcohol 23. Addition of the reagents in 

chlorobenzene with ZnBr2 as the Lewis acid catalyst in 4 mol% was carried out at 50 

ºC, followed by heating to 134 ºC for 24 h. They achieved the desired ring closed 

product 24 in a 77% yield (Scheme 2.11).
5
 

 

Scheme 2.11 Oxazoline ring formation between nitrile 22 and amino alcohol 23 

Reagents and condition: (a) chlorobenzene, ZnCl2 50-134 ºC, 24h, 77%. 

Based on the above findings, we undertook the above methodology towards the 

synthesis of our desired mono(oxazoline) ligand 1. Firstly, we began by freshly 
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preparing a 1.0 M zinc (II) chloride solution in diethyl ether. This Lewis acid catalyst 

(4 mol%) was then added to a solution of amino alcohol 18  and benzonitrile in 

chlorobenzene at 50 ºC, following which the combined mixture was heated to reflux 

and stirred for 24 h. Disappointingly, despite numerous attempts, the 
1
H-NMR only 

showed starting material and no reaction had occurred. 

As previously stated, one attractive aspect of the synthetic pathway described for the 

synthesis of mono(oxazoline) 1 is its modular nature. Such that various groups can 

be introduced sequentially into the mono(oxazoline) ligand at different points in the 

synthesis. One approach is to change the starting ketone, which would then be 

incorporated into the final product. Consequently, the attempted synthesis of 25 was 

conducted in parallel with the attempted synthesis of 1. More specifically, the initial 

one-pot reactions were carried out in situ. Therefore, following the same 

retrosynthetic approach as previously undertaken with mono(oxazoline) 1, the 

following retrosynthetic analysis was undertaken for the 2-pyridyl oxazoline 25.  

As previously discussed in Section 1.5.4, 2-pyridyl oxazoline ligands have been 

utilised in a wide variety of asymmetric organic transformations as both 

organocatalysts and in coordination with a metal ion. Therefore, we are very 

interested in their synthesis. We envisaged the synthesis of 25 to begin with the one 

pot oxidation, esterification accompanied by ketalisation and hydrolysis of 

2-acetylpyridine 26 to yield 27. Following on from this, a Ti(O
i
Pr)4  catalysed 

condensation between the necessary sulfinamide and α-keto ester 27 would yield 

N-sulfinyl imine 28. Hydrolysis of the ester and N-sulfinyl imine led to the key 

amino-alcohol intermediate 29, after which the Lewis acid catalysed reaction with 

benzonitrile could lead to the desired mono(oxazoline) ligand 25 (Scheme 2.12).  
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Scheme 2.12 Retrosynthetetic analysis of mono(oxazoline) ligand 25 

Following the procedure described by Zhuang et al.
1
 and previously described for 

the synthesis beginning with 4’-methylacetophenone 2 above, we employed the 

one-pot procedure towards the synthesis of our mono(oxazoline) 25 starting from 

2-acetylpyridine 26. 
1
H-NMR spectra in both CDCl3 and D2O showed no apparent 

product signals. As this unsuccessful attempt had been conducted via a one-pot 

procedure we decided to conduct the transformation stepwise, with a view to 

achieving the desired pyridyl α-keto ester 27. As previously shown in Scheme 2.2, 

Zhuang et al. also carried out the transformation stepwise therefore we employed the 

same approach.
1
 

Therefore, 2-acetylpyridine 26 was treated with 2 equivalents of selenium dioxide in 

dry pyridine and stirred in a nitrogen atmosphere for 18 h at 120 ºC (Scheme 2.13). 

1
H-NMR spectroscopy confirmed the presence of the α-keto acid 30. 

 

Scheme 2.13 SeO2 oxidation of 2-acetylpyridine 

Reagents and condition: (a) SeO2, pyridine, 120 ºC, 18h, 47%. 
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The hydrogen of the OH of the carboxylic acid appeared as a broad singlet at 

11.08 ppm. The use of a COSY experiment was necessary to assign the aromatic 

hydrogens of the pyridyl moiety. A doublet at 8.76 ppm (J = 4.6 Hz) corresponded to 

the hydrogen on carbon A. This hydrogen appears furthest downfield due to the 

deshielding effect of the adjacent electronegative nitrogen. This signal correlated to 

the double doublet at 7.73 ppm (J = 5.9 and 1.7 Hz) corresponding to the hydrogen 

on carbon B. Again, correlation of this signal to the triplet of doublets at 7.94ppm 

(J = 7.6 and 1.2 Hz) which led us to assign this signal as the hydrogen on carbon C. 

Finally, correlation of the triplet of doublets at 7.94 ppm to the doublet at 8.24 ppm 

(J = 7.1 Hz) meant this signal was assigned as the hydrogen on carbon D 

(Figure 2.2). 

 

Figure 2.2 
1
H-NMR spectral chemical shifts of the aromatic signals in 30 

With the α-keto acid 30 in place we then focused on the formation of the ketal 31 

and the α-keto ester 27 by treatment of the α-keto acid with the dropwise addition of 

thionyl chloride to a cooled (0 ºC) methanol solution containing 4Å molecular 

sieves. The combined mixture was then warmed to room temperature and stirred 

overnight (Scheme 2.14). The crude residue was purified by column chromatography 

on silica gel. The residue was eluted with petroleum ether:ethyl acetate 9:1. Again, to 

our dismay no products peaks were observed in the 
1
H-NMR spectra.  
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Scheme 2.14 Failed synthesis of α-keto ester 27 

Reagents and conditions: (a) SOCl2, 4Å mol. sieves, IPA,  0 ºC-rt, overnight. 

 

2.2.2 Synthesis via α-hydroxy ketones 

In the attempted synthesis of 1 above we encountered numerous issues which 

reduced the overall attractiveness of the synthetic route. Firstly, the chemoselective 

condensation of the ketone carbonyl in the α-keto ester 3 with 

(±)-2-methylpropane-sulfinamide to form the N-sulfinyl imine suffers from a low 

yield of 27%. This can be attributed to the competing titanium (IV) isopropoxide 

mediated condensation reaction occurring at the ester carbonyl as opposed to the 

ketone carbonyl. In addition, difficultly in the purification of the N-sulfinyl imine 10 

product by column chromatography contributes to a reduced yield. A second issue 

with the synthetic route is the chemoselective issue that is encountered in the 

reaction of the Grignard reagent with the N-sulfinyl imine 10.  This issue led to a 

change from our retrosynthetic scheme. This change resulted in the CH2 in our 

oxazoline ring, of mono(oxazoline) 1, now appearing as a gem-dimethyl substituted 

quaternary carbon. It is possible that the presence of this quaternary carbon is 

contributing to the failure of the ZnCl2-catalysed ring closing reaction, as when this 

reaction is carried out by Guiry et al. in which β-amino alcohol 23 contains a CH2, 

the oxazoline rings are obtained in moderate to high yields.
5
 

With all the above in mind, we designed an alternate route towards the synthesis of 

32 (Scheme 2.15). 
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Scheme 2.15 Retrosynthetic analysis of mono(oxazoline) ligands 32 

We again envisaged our synthesis beginning with an aryl ketone 33.  Exploiting the 

modular nature of the synthesis, alternating our starting material allows to alter the 

aromatic ring present in the final mono(oxazoline) ligand 32. With our chosen 

starting material we planned to form an α-hydroxy ketone upon treatment with 

(diacetoxyiodo)benzene and hydrolysis of the resulting ketal. The synthetic plan thus 

involved formation of the N-sulfinyl imine 34 using a titanium (IV) isopropoxide 

mediated condensation between the newly formed α-hydroxy ketone and the 

appropriate sulfinamide chiral auxiliary. Grignard reaction at the electrophilic carbon 

of the C=N bond of N-sulfinyl imine 34 would lead to overall reduction of the 

double bond forming the amine. Hydrolysis of the chiral auxiliary would generate 

the β-amino alcohol 35. Finally, a Lewis acid mediated ring closure would give the 

(mono)oxazoline 32.  

Therefore, we turned our attention to the α-hydroxylation of ketones by reaction with 

(diacetoxyiodo)benzene based on a modified procedure reported by Moriarty et al.
6
 

Moriarty and co-workers described a variety of test reactions for their methodology. 

According to Moriarty’s protocol, the aryl ketone 33 in question was dissolved in 

MeOH and treated with iodosobenzene and NaOH at a reduced temperature (0 ºC). 

Following acidification, the corresponding α-hydroxy ketone is obtained. If the acid 

is omitted, the dimethyl ketal 35 of the acyloin is obtained. Moriarty and co-workers 

proposed the following mechanism for the formation of the ketal 35 (Scheme 2.16). 



Results and discussion 
 

104 

 

 

Scheme 2.16 Mechanism of α-hydroxylation of ketones with iodosobenzene 

Reagents and conditions: (a) NaOH, iodosobenzene, MeOH, 0 ºC –rt, overnight, 72%. 

This methodology was further reported on by Fraga et al. in 2013.
7
 They utilised 

(diacetoxyiodo)benzene as opposed to iodosobenzene as the hypervalent iodine 

reagent. Consequently, we subjected three different aryl ketones to the 

α-hydroxylation reaction; 4’-methylacetophenone  2, 4’-methoxyacetophenone 36 

and 2-acetylpyridine 26. While these compounds have been synthesised using 

similar hypervalent iodine reagents, the use of  (diacetoxyiodo)benzene  for these 

particular substrates is novel.
8
 The aryl ketone in question was treated 

1.1 equivalents of (diacetoxyiodo)benzene and 10 equivalents of KOH in MeOH at 

0 ºC for 2 h following which it was warmed to room temperature and stirred for a 

further 4 h. The crude product was purified by column chromatography on silica gel 

(Scheme 2.17). 
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Scheme 2.17 α-Hydroxylation of ketones 2, 26 and 36 

Reagents and conditions: (a) (diacetoxyiodo)benzene, KOH, MeOH, 0 ºC-rt, 6h (b) 10% HCl, 

EtOH, rt, 45 mins. 

4’-methylacetophenone 2 afforded the corresponding ketal in an 87% yield. The 

structure was confirmed by 
1
H and 

13
C-NMR spectroscopy. Formation of ketal 37 

can be confirmed by firstly, a large singlet at 3.28 ppm which integrating for 6H 

corresponding to the two OCH3 groups and secondly the singlet at 3.72 ppm which 

corresponds to the newly formed CH2, which integrates for 2H. 

4’-methoxyacetophenone 36 yielded the corresponding ketal 38. Structural 

determination was attempted by 
1
H-NMR spectroscopy. The 

1
H-NMR spectrum, 

however, showed a mixture of products. This can be attributed to the partial 

spontaneous transformation of ketal 38 to the α-hydroxy ketone 39.  This can be 
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attributed to the electron donating effect of the para-methoxy group on the aromatic 

ring.  

Finally, the formation of ketal 40 from 2-acetylpyridine 26 was achieved in an 99% 

yield.   Again the structure of the product was confirmed by 
1
H-NMR spectroscopy. 

A singlet at 3.99 ppm, integrating for 2H, corresponds to the CH2 and a singlet at 

3.26 ppm, integrating for 6H represents, the two newly installed OCH3 confirming 

formation of ketal 40.  

Following ketal formation, we then investigated the formation of the corresponding 

α-hydroxy ketones. Treatment of the each ketal with 10% HCl in ethanol for 45 mins 

at room temperature achieved the corresponding α-hydroxy ketone. The structure of 

α-hydroxy ketones 41, 39 and 42 was investigated by 
1
H and 

13
C-NMR 

spectroscopy.  

The 
1
H-NMR spectrum of the α-hydroxy ketone 41 obtained from the ketal 37 

derived from 4’-methylacetophenone 2 showed the characteristic aromatic signals. A 

doublet at 4.84 ppm (J = 3.7 Hz) integrating for 2H corresponds to the CH2. This 

signal is split into a doublet due to the hydrogen of the hydroxyl group. A triplet at 

3.53 ppm (J = 4.3 Hz) corresponds to the hydrogen of the hydroxyl group. 

Installation of the carbonyl group can be confirmed by a band at 1739 cm
-1 

in the IR 

spectrum. α-Hydroxy ketone 41  was obtained in a 97% yield in from ketal 37. 

 The 
1
H-NMR spectrum of the α-hydroxy ketone 39 obtained from the ketal 38 

derived from 4’-methoxyacetophenone 36 is shown in Figure 2.3 below. The four 

aromatic hydrogens show up as a doublet at 7.89 ppm (J = 8.7 Hz) and a doublet at 

6.96 ppm (J = 8.7 Hz). Each signal represents two hydrogens. A doublet at 4.81 ppm 

(J = 4.5 Hz), integrating for 2H, corresponds to the CH2. A singlet at 3.88 ppm 

corresponds to the three hydrogens of the OCH3 moiety. Finally, a triplet at 

3.58 ppm (J = 4.6 Hz), integrating for 1H, corresponds to the hydrogen of the OH 

group (Figure 2.3). 
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Figure 2.3 
1
H-NMR spectrum of 39 

Confirmation of ketone formation can be determined by the appearance of a band at 

1671 cm
-1

 in the IR spectrum.  

The treatment of ketal 40 derived from 2-acetylpyridine 26 with 10% HCl yielded an 

unidentifiable mixture of products as observed in the 
1
H-NMR spectrum. 

Purification was attempted by column chromatography on silica gel. The residue was 

eluted with petroleum ether:ethyl acetate 95:5. To our dismay only the ketal 40 was 

recovered. The failed reaction is thought to be caused by the electron withdrawing 

nature of the nitrogen atom in the aromatic ring preventing ketone formation. 
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Scheme 2.18 Failed synthesis of sulfinimine 43 

Reagents and conditions: (a) Ti(O
i
Pr)4, (S)-(-)-2-methyl-propansulfinamide, THF. 

With α-hydroxy ketones 39 and 41 in hand, we turned our attention to the installation 

of the chiral tert-butane sulfinamide auxiliary to our compounds to induce chirality 

in the next synthetic step. To a stirring solution of α-hydroxy ketone 41 in THF at 

room temperature was added 2.5 equivalents of titanium (IV) isopropoxide. Upon 

addition, the reaction mixture turned instantaneously brown in colour. At this point 

we concentrated the sample and obtained a 
1
H-NMR spectrum of the resulting 

residue. A non-identifiable series of signals was observed (Scheme 2.18). We believe 

that the alcoholic group on α-hydroxy ketone 41 is reacting directly the titanium (IV) 

isopropoxide, displacing an iso-propoxide group and reforming a strong Ti-O bond. 

Therefore, we turned our attentions to the protection of the primary alcohol to 

prevent the side reaction in the formation of the N-sulfinyl imine. A variety of 

alcohol protecting groups were investigated namely, protection as the 

tert butyldimethylsilyl ether, benzyl protection or reaction with acetic anhydride to 

yield the corresponding ester. 

The first approach we investigated was that of the protection of the primary 

hydroxyls as the corresponding tert-butyldimethylsilyl (TBDMS) ethers in the 

α-hydroxy ketones 39 and 41 (Scheme 2.19). The transformations were achieved by 

treatment of the appropriate α-hydroxy ketone with 1.3 equivalents of triethylamine 

and 1.3 equivalents of tert-butyldimethylsilyl chloride in DCM at 0 ºC for 0.5 h, 

following which the mixture was warmed to ambient temperature and stirred 

overnight.  
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Scheme 2.19 TBDMS protection of α-hydroxy ketones 39 and 41 

Reagents and conditions: (a) Et3N, TBDMSCl, CH2Cl2, 0 ºC-rt, overnight. 

 

The structure of the protected α-hydroxy ketone 44 was confirmed by 
1
H and 

13
C-NMR spectroscopy. In addition to the characteristic signals in the 

1
H-NMR,  

confirmation of the protection of the hydroxyl as the TBDMS ether can be shown by 

the appearance of a singlet at 0.92 ppm which intergrates for 9H therefore 

corresponding to C(CH3)3 and a singlet at 0.11 ppm, integrating for 6H, 

corresponding to Si(CH3)2. The desired product was obtained in a 53% yield.  

The structure of the protected α-hydroxy ketone 45 was also confirmed by 
1
H and 

13
C-NMR spectroscopy. Confirmation of the protection of the hydroxyl as the 

TBDMS ether can be shown by the appearance of a singlet at 0.92 ppm which 

intergrades for 9H therefore corresponding to C(CH3)3 and a singlet at 0.11 ppm, 

integrating for 6H, corresponding to Si(CH3)2. The characteristic backbone signals 

were also observed. The protected product was obtained in a very poor 12% yield. 

Despite prolonged reaction times, a large proportion of starting material persisted.  
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Scheme 2.20 Failed benzyl protection of α-hydroxy ketone 41 

Reagents and conditions: NaH, BnBr, DMF, 0 ºC-rt, 18h. 

 

The second proposed protecting group for α-hydroxy ketone 41 was a benzyl group 

as seen in Scheme 2.20 above. α-Hydroxy ketone 41 was first stirred in a cooled 

solution (0 ºC) of NaH in DMF for 1h to generate the alkoxide 46 following which, 

benzyl bromide was added and the resulting mixture was allowed to warm to room 

temperature and stirred for 18h. Following work up of the reaction and column 

chromatography with petroleum ether:ethyl acetate 95:5, a 
1
H-NMR spectrum was 

obtained. Isolation of 47 was not achieved and the 
1
H-NMR spectrum showed a 

mixture of products.  

Scheme 2.21 below shows two competing reaction pathways associated with the 

reagents and conditions described in Scheme 2.20 above. As stated above, our 

reaction begins with the treatment of 41 with sodium hydride. This base can act in 

one of two ways. Deprotonation of the alcoholic hydrogen to generate alkoxide 46 

followed by nucleophilic attack of the resulting alkoxide on benzyl bromide, 

displacing the bromide ion as the leaving group and generating the desired product 

47 (black arrows). Alternatively, the base can remove an acidic α-hydrogen leading 

to the formation of enolate 48 (red arrows). Addition of benzyl bromide leads to the 

alkylated product 49.  
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Scheme 2.21 Competing pathways of benzyl protection of α-hydroxy ketone 41 

 

As isolation of either 47 or 49 was not achieved, formation of either was not 

confirmed. Although the appearance of two singlets at 2.43 and 2.40 ppm in the 

1
H-NMR, corresponding to the CH3, allude to the presence of two separate distinct 

products. The final route to a protected α-hydroxy ketone we explored was the 

protection of the alcohol moiety as an ester. Both α-hydroxy ketones 39 and 41 were 

treated with acetic anhydride, triethylamine and 4-dimethylaminopyridine in CH2Cl2 

and stirred overnight in CH2Cl2 overnight (Scheme 2.22).  
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The structure of methyl ester protected α-hydroxy ketone 41 was confirmed by 

1
H and 

13
C-NMR spectroscopy. Two singlets, each integrating for 3H, appear at 2.41 

and 2.23 ppm correspond to each of the CH3 groups in the molecule. The former can 

be assigned to the hydrogens of the CH3 group bonded to the aryl ring. We made this 

assignment based on comparison with the same CH3 assignment in α-hydroxy ketone 

41 in which the hydrogens in question appeared as a singlet at 2.42 ppm. Therefore, 

the singlet at 2.23 ppm can be assigned as the newly installed CH3 of the methyl 

ester protecting group, confirming formation of our desired protected product 50. 

Also, two bands in the IR spectrum, at 1736 and 1693 cm
-1

, confirm the presence of 

two carbonyl groups. 50 was obtained in a 71% overall yield.  

 

Scheme 2.22 Esterification of α-hydroxy ketones 39 and 41 

Reagents and conditions: (a) acetic anhydride, Et3N, DMAP, CH2Cl2, rt, overnight. 

Formation of 51 was confirmed by the presence of a singlet at 2.22 ppm in the 

1
H-NMR, corresponding to the hydrogens of the newly installed CH3 of the methyl 

ester protecting group. Also, two bands in the IR spectrum, at 1736 and 1693 cm
-1

, 

confirm the presence of two carbonyl groups. 51 was obtained in an 64% yield.  

With protected α-hydroxy ketones 44 and 50 in place we turned our focus to their 

transformation to the corresponding N-sulfinyl imines 52 and 53 (Scheme 2.23).  
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As previously discussed in Section 1.1.3.1, N-sulfinyl imines have been used as 

chiral auxiliaries in Grignard reactions and have shown excellent 

diastereoselectivities, due to facial selectivity arising from the spatial orientation of 

the auxiliary. The N-sulfinyl imine also polarises the C=N bond, making the carbon 

more electrophilic and therefore more susceptible to nucleophilic attack.   

 

Scheme 2.23 N-sulfinyl imine formation from protected α-hydroxy ketones 44 

and 50 

Reagents and conditions: (a) Ti(O
i
Pr)4, (S)-(-)-2-methyl-propanesulfinamide, THF, reflux, overnight 

The transformations depicted in Scheme 2.23 above were both carried out following 

the same methodology. The appropriate protected α-hydroxy ketone was first treated 

with 2.5 equivalents of titanium (IV) isopropoxide in refluxing THF. The titanium 

(IV) isopropoxide acts as both a Lewis acid catalyst and a dehydrating agent. After 

10 mins at reflux, 1.2 equivalents of (S)-(-)-2-methyl-2-propanesulfinamide was then 

added and the resulting mixture was stirred at reflux overnight. Following work-up, 

the resulting crude N-sulfinyl imines 52 and 53 were purified by column 
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chromatography on silica gel. The products were eluted with petroleum ether:ethyl 

acetate 99:1. 

The structure of 52 was confirmed by 
1
H and 

13
C-NMR spectroscopy. An apparent 

broad singlet at 7.76 ppm, integrating for 2H, corresponds to two aromatic 

hydrogens. Based on the 
1
H-NMR spectrum of 41 we expected this signal to be a 

doublet. The final two aromatic hydrogens appear as a doublet at 7.19 ppm 

(J = 8.5 Hz). A doublet at 5.23 ppm (J = 13.3 Hz) and a doublet at 4.99 ppm 

(J = 12.5 Hz), each integrating for 1H, correspond to the CH2 moiety within the 

molecule. The appearance of the two hydrogens as two doublets can be attributed to 

the diastereotopic nature of these hydrogens (Figure 2.4). 

 

 

Figure 2.4 
1
H-NMR spectrum of sulfinimine 52 

A singlet at 2.38 ppm, integrating for 3H, corresponds to the three hydrogens of the 

CH3 group directly bonded to the aryl ring. Installation of the tert-butyl sulfinyl 

group can be confirmed by the appearance of a singlet at 1.29 ppm, integrating for 

9H, corresponding to the nine hydrogens on the tert-butyl group bonded to the sulfur 

of the newly installed chiral auxiliary. Finally, a singlet at 0.81ppm, integrating for 
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9H, and a doublet at 0.07 ppm (J = 8.5 Hz), integrating for 6H, correspond to the 

hydrogens of the TBDMS protecting group. In the 
1
H-NMR spectrum of the 

protected α-hydroxy ketone 44 the six hydrogens of the two CH3 groups directly 

bonded to the silicon appear as a singlet at 0.11 ppm. These hydrogens now appear 

as a doublet as they are also diastereotopic. N-sulfinyl imine 52 was isolated in a 

43% yield.  

The structure of N-sulfinyl imine 53, derived from the methyl ester protected 

α-hydroxy ketone 50 was investigated by 
1
H and 

13
C-NMR spectroscopy. A mixture 

of products was observed.  

 

Scheme 2.24 Possible products from sulfinimine formation of 50 

Reagents and conditions: (a) Ti(O
i
Pr)4, (S)-(-)-2-methyl-propanesulfinamide, THF, reflux, overnight 

 

Scheme 2.24 above shows the possible mixture of products that can be obtained by 

the competing chemoselective reactions. Condensation reaction at the ketone 

carbonyl leads to the formation of N-sulfinyl imine 53 and the condensation reaction 
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at the ester carbonyl leads to the formation of N-sulfinyl imine 54. This 

chemoselectivity issue has been previously encountered in work described in Section 

2.2.1. 

With N-sulfinyl imine 52 in place, we began to focus on the Grignard reaction with 

MeMgCl. As previously stated, the role of the auxiliary is not only to enhance the 

diastereoselction in the reaction but it also polarises the C=N bond, enhancing 

electrophilicity of the carbon centre.  Therefore, we proposed the formation of 55 

from the reaction of the MeMgCl and N-sulfinyl imine 52 (Scheme 2.25).  

 

Scheme 2.25 Failed Grignard reaction of 52 with MeMgCl 

Reagents and conditions: (a) MeMgCl, CH2Cl2, -78 ºC-rt, overnight. 

We attempted to achieve the desired transformation by the addition of 

1.2 equivalents of MeMgCl (3.0 M in THF) to a solution N-sulfinyl imine 52 in 

CH2Cl2 at -78 ºC. Following stirring at the cooled temperature for 6 h, the solution 

was allowed to warm to ambient temperature and stirred overnight.  Following 

work-up purification of the resulting residue was attempted by column 

chromatography on silica gel. The residue was eluted with petroleum ether:ethyl 

acetate 95:5. To our dismay isolation of 55 was not possible. The 
1
H-NMR spectrum 

of the purified residue showed the presence of multiple products. Firstly, we were 

able to conclude that unreacted starting material remained due to the presence of N-

sulfinyl imine 52 signals which were still present in the spectrum. We were not able 

to definitively conclude whether 55 was formed, although the presence of multiple 

singlets between 1.60 and 1.40 ppm could indicate the presence of the newly 

installed methyl group. Initially we added the MeMgCl in two separate aliquots. The 
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reasoning behind the slower addition was to enhance stereoselectivity, as flooding 

the reaction with an excess of Grignard reagent can lead to a decrease in the facial 

selectivity associated with tert-butanesulfinamide chiral auxiliaries.  As no reaction 

was obtained on our case, we decided to add the Grignard reaction in one addition. 

Although following the same reaction methodology and purification as described 

above, again, isolation of product was not achieved as was seen in the previous 

example.  

As previously discussed in Section 1.1.3.1, the addition of organometallic 

nucleophiles to N-sulfinyl ketimines suffers to low yields and stereoselectivities 

compared to that of their aldimines counterparts. To overcome this problem Ellman 

et al. studied the addition of various Lewis acid additivities. The team was able to 

conclude that trialkylaluminiums were the most promising regarding enhanced yields 

and selectivities, in particular trimethyl aluminium.
9
 AlMe3 functions in the 

activation of imine via coordination to the nitrogen, enhancing electrophilicity at the 

quaternary carbon. 

 

Figure 2.5 Proposed transition state for trialkylaluminium activated 

sulfinimines towards nucleophilic attack by organolithium reagents 

Ellman and co-workers devised Figure 2.5 above, depicting the postulated transition 

six-memebered chair like transition state for the addition of organolithiums to ketone 

derived N-sulfinyl imines in the presence of AlMe3.This model has since been 

applied to various organometallic nucleophiles.
10

 Cogan et al. described many 

reasons rationalising the above structure, which have been previously discussed in 

Section 1.1.3.1. Therefore, the attempted transformation from N- sulfinyl imine 52 to 

N-sulfinyl amine 55 was carried out in the presence of Me3Al. 
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Firstly, to one flame-dried, N2 filled schlenk flask was added N-sulfinyl imine 52 in 

toluene at -78 ºC, the solution was stirred for 1 h following addition of 

1.1 equivalents of AlMe3 (1.0 M in heptane). To a separate flame-dried, N2 filled 

schlenk flask was added 2.15 equivalents of MeMgCl (3.0 M in THF) in toluene, 

also at -78 ºC. The cooled Grignard solution was then added to the first flask, 

containing the N-sulfinyl imine 52/AlMe3 solution. The combined solution was then 

stirred for 4 h, maintaining the low temperature, following which it was warmed to 

ambient temperature and stirred overnight. Following work-up the resulting residue 

was purified by column chromatography on silica gel. The residue was eluted with 

petroleum ether:ethyl acetate 95:5. As with the previous example, in which AlMe3 

was not employed, a non-isolable mixture of products was obtained. Although in this 

case, we are able to observe signals which may indicate the formation of 55 

(Figure 2.6). 

 

Figure 2.6 
1
H-NMR spectrum of attempted synthesis of sulfinamine 55 

Figure 2.6 above shows the 
1
H-NMR spectrum obtained following column 

chromatography on silica gel. From this, we are able to draw a number of 

conclusions. Firstly, it appears that at least two distinct products are present in this 
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sample. We can say this due to the appearance of two singlets at 2.34 ppm and 

2.30 ppm, which based on all 
1
H-NMR spectra of compounds from 37 to 52, derived 

from 4’-methylacetophenone 2, is indicative of the methyl group directly bonded to 

the aryl ring. As regards the synthesis of the desired 55, a number signals suggest its 

presence. To begin with, a singlet at 1.58 ppm could correspond to the newly 

installed methyl group, therefore suggesting the Grignard reaction did occur. 

Secondly, the presence of a doublet at 3.83 ppm and a doublet at 3.71 ppm could 

correspond to the CH2. It is likely the CH2 signal(s) of 55 will appear further upfield 

than the CH2 signals of N-sulfinyl imine 52, due to the reduction of the C=N bond. 

Therefore, these aforementioned signals are highly suggestive of the presence of 55. 

But overall, and despite numerous attempts, isolation of a single product from the 

reaction was not achieved. 

Ellman reported that trialkylaluminiums do not transfer an alkyl group, its role solely 

is in the activation of imine via coordination to the nitrogen, enhancing 

electrophilicity at the quaternary carbon (Figure 2.5), although in 2008, Reingruber 

et al. published a report in which they describe the use of trialkylaluminium reagents 

for the 1,2-addition on acetophenone-derived ketimines, leading to the formation of  

α-trisubstituted amines in excellent yields of up to 99%.
11

 The team described the 

treatment of a family of N-diphenylphinoylketimies 56 with AlMe3 to generate the 

corresponding family of masked α-trisubstituted amines 57 (Scheme 2.26).  

 

Scheme 2.26 1,2-Addition of trialkylaluminium reagents on sulfinimines 

Reagents and conditions: (a) AlMe3, toluene, rt, 24 h. 
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Reingruber was able to achieve the above transformation without the use of any 

additional reagents. To that end, we employed the same methodology applied by 

Reingruber, in the attempted diastereoselective nucleophilic addition of an alkyl 

group to C=N. Consequently, to a stirring solution of N-sulfinyl imine 55 in toluene 

was added 4 equivalents of AlMe3 (Scheme 2.27). Through reaction optimisation, 

Reingruber et al. found this to be the optimum quantity of AlMe3 needed for their 

desired transformation. Following work-up the crude residue was purified by column 

chromatography on silica gel. The residue was eluted with petroleum ether:ethyl 

acetate 95:5. As we have previously reported, a non-isolable mixture of products was 

obtained. As observed in the Grignard reaction above, in which AlMe3 was included, 

a number of signals alluding to the presence of 55 were present. Again, a singlet at 

1.58 ppm was present in the 
1
H-NMR spectrum, as seen in the previous reaction, 

suggesting the presence of the newly installed methyl group. Although in this case, 

the intensity of this signal is decreased, suggesting that the product is present in 

reduced quantities. For that reason, and due to the fact starting material signals were 

also present, we carried out the reaction with a large excess of AlMe3 

(8 equivalents). Again, to our disappointment product isolation was not possible.  

 

Scheme 2.27 1,2-Addition of trimethylaluminium on sulfinimine 52 

Reagents and conditions: (a) AlMe3, toluene, rt, 24 h. 

As previously discussed in Section 1.1.3.1, it is not only Grignard reagents that can 

undergo a 1,2-addition to N-sulfinyl imines, a variety of organometallic nucleophiles 

can be employed.
9
 To that end, we explored the addition of organolithiums, namely 

n-butyl lithium, to N-sulfinyl imine 52. We began our synthesis by adding 
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1.1 equivalents of AlMe3 (1.0 M in heptane) to a solution of N-sulfinyl imine 52 in 

toluene at -78 ºC. The resulting solution was stirred for 20 mins, following which 

n-butyl lithium (2.5 M in hexanes) was added in two aliquots and stirred for 0.5 h. 

After this time had elapsed, the solution was warmed to room temperature and stirred 

for 1 h. The crude residue was purified by column chromatography on silica gel 

(Scheme 2.28). 

 

Scheme 2.28 1,2-addition of n-butyllithium on sulfinimine 52 

Reagents and conditions: (a) AlMe3, nBuLi, toluene, -78 ºC-rt, 1.5 h 

The 
1
H-NMR spectrum of the isolated sample following purification can be seen in 

Figure 2.7. Whilst it can be seen that some minor impurities remain, N-sulfinyl 

amine 58 has been isolated in low yields (14%). 
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Figure 2.7 
1
H-NMR spectrum of sulfinamine 58 

The doublet at 7.24 ppm (J = 9.3 Hz) and the doublet at 7.11 ppm (J = 8.3 Hz) 

corresponds to the four hydrogens of the aryl ring. The signal at 7.24 ppm can be 

seen to integrate for 2.45H, but this is due to the CDCl3 signal being masked by the 

doublet. A broad singlet at 4.32 ppm, integrating to 1H, corresponds to the hydrogen 

of the NH moiety. Two separate doublets correspond to the CH2 hydrogens; 

3.95 ppm (J = 9.4 Hz) and 3.84 ppm (J = 9.4Hz). The singlet at 2.30 ppm, 

integrating for 3H, corresponds to the methyl group directly bonded to the phenyl 

ring. Two singlets at 1.24 ppm and 0.80 ppm, each integrating for 9H, correspond to 

the two separate tert-butyl moiety present within the molecule. The former 

corresponding to the tert-butyl of the sulfur based auxiliary and the latter 

corresponding to the tert-butyl group of the TBDMS protecting group. Finally, a 

singlet at 0.01 ppm corresponds to the remaining hydrogens of the TBDMS group. It 

is also worth noting that residual ethyl acetate from purification is still present in the 

sample [1.26 ppm (t), 2.05 ppm (d) and 4.12 (q)].
12

 Definite signals corresponding to 

the newly installed n-butyl group cannot be clearly identified and assignment was 

not possible. Therefore we studied the 
13

C-NMR spectrum. A series of signals, 
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corresponding to the expected chemical shifts of the newly installed alkyl chain can 

be observed; 36.0, 26.3, 23.1 and 14.1 ppm.  

Due to the low isolated yield and product impurity it was necessary to produce more 

material with a view to the synthesis of mono(oxazoline) 32. Further attempts to 

produce 58 via the 1,2-addition of n-butyl lithium proved unsuccessful and isolation 

of 58 was not possible. Seemingly, the use of freshly opened n-butyl lithium seems 

necessary for the desired transformation to occur, lowering the viability of this 

synthetic route. Also, as previously mentioned, the cost of 

(S)-(-)-2-propanesulfinamide  is a limiting factor in the synthesis of 32, especially in 

combination with many low yielding reactions encountered in this synthetic route 

towards mono(oxazoline) ligands. It was decided to abandon this synthetic route at 

this point and explore more synthetically viable routes towards mono(oxazoline) 

ligands.   

 

2.2.3 Synthesis from (L)-Serine 

(L)-Serine 59 is an amino acid which occurs naturally in proteins. It is an attractive 

starting material for the synthesis of mono(oxazoline) ligands due to the presence of 

a chiral centre adjacent to the amine moiety. It is the nitrogen of this amine moiety 

that will be incorporated into the oxazoline backbone. Consequently, as previously 

discussed in Section 1.5, the chiral centre will be adjacent to the coordinating 

nitrogen atom, affecting stereoselectivity in an asymmetric reaction.  

 

In 2006, Kočovoský et al. reported the synthesis and application of 2-pyridyl 

oxazoline ligands as asymmetric organocatalysts in the hydrosilylation of ketones.
13

 

As discussed in Section 1.7.1, the team designed a family of 2-pyridyl oxazoline 
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ligands and utilised them in the hydrosilylation of prochiral ketones under optimised 

conditions, achieving ee’s of up to 94%.  

 

Scheme 2.29 Retrosynthetic analysis of mono(oxazoline) ligand 60 

With this in mind, we envisaged the synthesis and catalytic application of our own 

family of 2-pyridyl oxazoline ligands which also contained a substituted ester group 

on the 4- position of the mono(oxazoline) backbone. Synthesis of 2-pyridyl 

oxazoline ligands 60 was attempted in accordance with the retrosynthetic analysis 

depicted in Scheme 2.29 above. Mono(oxazolines) 60, with various R groups on the 

ester moiety can be obtained from the reaction of the primary alcohol 61 with the 

appropriate acid chloride. Primary alcohol 61 could be derived from the cyclisation 

of methyl-(L)-serine 62 with 2-cyanopyridine 63, followed by reduction of the 

resulting methyl ester 64 to the primary alcohol. Finally, methylation of (L)-serine 

59 would provide the methyl-(L)-serine 62 necessary to achieve the desired 

cyclisation.  

Our synthesis began with the dropwise addition of thionyl chloride to a stirring 

solution of (L)-serine 59 in methanol at 0 ºC, followed by stirring at room 

temperature for 2 h and then refluxing overnight. The resulting white powder was 

titurated with diethyl ether to afford methyl-(L)-serine 62 in a 98% yield. The 

structure was confirmed by 
1
H and 

13
C-NMR spectroscopy and was consistent with 

published data.
14
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A singlet at 3.71 ppm, in the 
1
H-NMR spectrum, integrating for 3H corresponds to 

the hydrogens of the newly installed methyl group, confirming formation of the 

desired product 62. 

 

Scheme 2.30 Synthesis of mono(oxazoline) ligand 60 

Reagents and conditions: (a) SOCl2, MeOH, 0 ºC-rt-reflux, overnight, 98% (b) (i) 2-cyanopyridine, 

Na metal, MeOH, rt, 40h then 62, CH2Cl2, 2.5 h, reflux, 63% (over 2 steps) (c) NaBH4, MeOH, 4h, 

0 ºC-rt, 71% (d) acid chloride, Et3N, 18 h, 0 ºC-rt, 75-87%. 

With methyl-(L)-serine 62 in place we turned our attention to the formation of 

oxazoline 64. As described in Section 1.5.2, in 1989, Balavoine and co-workers 

described the synthesis of 65, a 2-pyridlyl oxazoline ligand, which they employed in 

the rhodium catalysed hydrosilylation of acetophenone  6.
15

 Their synthesis began 

the treatment of commercially available 2-cyanopyridine 63 with a catalytic quantity 

of sodium methoxide in methanol to generate the corresponding imidate 66. The 

resulting imidate 66 was then heated to reflux in CH2Cl2 with amino alcohol 67 for 

2 h, affording the corresponding oxazoline ligand 68 (Scheme 2.31). This primary 

alcohol can be easily functionalised, as can be seen. Treatment of the primary 

alcohol 68 with NaH and MeI affords 69 in an 87% yield. 
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Scheme 2.31 Synthesis of mono(oxazoline) ligand 69 

Reagents and conditions: (a) NaOMe, MeOH (b) CH2Cl2, reflux, 2 h (c) NaH, THF, 30 ºC, 1 h, then 

MeI, 30 ºC, 15h, 87%. 

Based on the methodology described above, we undertook the synthesis of oxazoline 

64. Firstly, the desired catalytic amount of sodium methoxide was generated by the 

addition of 0.4 equivalents of sodium metal to a stirring solution of methanol at room 

temperature. Upon cessation of gas evolution, 2-cyanopyridine 63 was added and the 

resulting solution was stirred for 40 h. Excess methanol was removed under reduced 

pressure to afford the crude imidate 70.  

 

Scheme 2.32 Formation of imidate 70 

Reagents and conditions: (a) Na metal, MeOH, rt, 40h. 
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The crude imidate was used without any further purification (Scheme 2.32). The 

crude imidate 70 was then dissolved in CH2Cl2 and methyl-(L)-serine 59 was added 

and the resulting solution was stirred at reflux for 2.5 h. The crude product was 

purified by column product on silica gel. The structure was confirmed by 
1
H and 

13
C-NMR spectroscopy. A doublet at 8.67 ppm (J = 4.8 Hz), integrating for 1H, 

corresponds to the hydrogen on carbon A. By COSY experiments, we can ascertain 

the assignment of the remaining aromatic hydrogens. A doublet at 8.06 ppm 

(J = 7.9 Hz) corresponds to the hydrogen on carbon D. A triplet at 7.70 ppm 

(J = 7.8) corresponds to the hydrogen on carbon C. Finally, a double doublet at 7.38 

(J = 7.6 and 4.8 Hz) corresponds to the hydrogen on carbon B (Figure 2.8) 

 

 

Figure 2.8 
1
H-NMR chemical shifts of aromatic signals of 64 

The hydrogen of the CH appeared as a double doublet at 4.98 ppm (J = 10.5 and 

8.4 Hz). The signal appeared as a double doublet due to the diastereotopic nature of 

the hydrogens on the adjacent CH2. The hydrogens of the CH2 appear as two signals 

each integrating for 1H; A multiplet at 4.74 ppm and a double doublet at 4.65 ppm 

(J  = 10.8 and 8.2 Hz). Finally, a singlet at 3.77 ppm, integrating for 3H, corresponds 

to the hydrogens of the methyl group of the ester moiety. The methyl ester 64 was 

obtained in a 63% yield.  

With the methyl ester 64 in hand, we focused on the reduction to the primary alcohol 

61. Methyl ester 64 was treated with sodium borohydride initially at 0 ºC and then 

room temperature in MeOH. Following work-up, the crude alcohol was purified by 
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recrystallisation from dichloromethane:ethyl acetate at 0 ºC to yield alcohol 61 in a 

71% yield. The structure of alcohol 61 was confirmed by 
1
H and 

13
C-NMR 

spectroscopy and is consistent with published literature data.
16

 Formation of 61 was 

confirmed by the appearance of two separate signals corresponding to the CH2 

adjacent to the primary hydroxyl; a double doublet at 3.96 ppm (J = 11.6 and 3.6 Hz) 

and a double doublet at 3.68 ppm (J = 1.6 and 4.3 Hz). Finally, a broad band at 

3565 cm
-1

 in the IR spectrum corresponds to the free primary hydroxyl.   

With the desired primary alcohol 61 in hand, we now focused on the esterification of 

61 with a variety of acid chlorides. Consequently, generating a family of 

mono(oxazoline) ligands. In the interest of giving a more comprehensive overview, 

we will first begin by discussing the general approach towards the synthesis of all 

mono(oxazoline) ligands 71, 72, 73, 74, 75 and 76 in this family of ligands. We 

began our synthesis by the addition of 2 equivalents of triethylamine and 

1.5 equivalents of the appropriate acid chloride to a stirring solution of alcohol 61 in 

CH2Cl2 at 0 ºC. Following addition of all reagents, the resulting solution was 

warmed to room temperature and stirred for 18 h. Following work-up, the crude 

mono(oxazoline) ligands were purified by column chromatography on silica gel. 

Mono(oxazoline) ligands were obtained in 75-87% yields. The family of 2-pyrdiyl 

mono(oxazoline) ligands can be seen in Figure 2.9 below. 

 



Results and discussion 
 

129 

 

 

Figure 2.9 Family of 2-pyridyl mono(oxazoline) ligands 

 

The structure of mono(oxazoline) ligand 71-76 was confirmed by 
1
H and 

13
C-NMR 

spectroscopy. Figure 2.10 shows the 
1
H-NMR spectrum of mono(oxazoline) 74, in 

which our oxazoline ligand is substituted at 4- position with the p-nitro phenyl ester. 

Again, by the use of COSY correlation experiments, and following the same naming 

convention used for the pyridyl compounds in this thesis, we were able to assign 

each of the hydrogens of the pyridyl moiety. The doublet at 8.72 ppm (J = 4.3 Hz) 

corresponds to the hydrogen on carbon A. The doublet at 8.04 ppm (J = 7.9 Hz) 

corresponds to the hydrogen on carbon D. The triplet of doublets at 7.80 ppm 

(J = 7.8 and 1.8 Hz) corresponds to the hydrogen on carbon C. Finally, the double 

doublet at 7.43 ppm (J = 6.6 and 4.9 Hz) corresponds to the hydrogen on carbon B. 

The remaining signals in the aromatic region of the 
1
H-NMR spectrum corresponds 

to the 4H of the phenyl ring. A doublet at 8.22 ppm (J = 9.0 Hz) and a doublet at 

8.15 ppm (J = 9.0 Hz), each integrating for 2H. A multiplet between 4.82 and 4.76 

ppm, integrating for 1H, correspond to the CH hydrogen on the chiral centre of the 

oxazoline backbone. The CH2 hydrogens of the oxazoline ring again appear as two 
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separate signals; a multiplet between 4.69 and 4.65 ppm and a double doublet at 

4.47 ppm (J = 8.8 and 7.3 Hz), with each signal integrating for 1H. Finally, a doublet 

at 4.58 ppm (J = 4.6 Hz), integrating for 2H, corresponds to the CH2 adjacent to the 

ester moiety. Also, IR spectroscopy was used to confirm the formation of 

mono(oxazoline) 74. A band at 1726 cm
-1

 confirms the formation of the ester 

carbonyl.  

 

 

Figure 2.10 
1
H-NMR of 2-pyridyl mono(oxazoline) ligand 74 

Each of the mono(oxazoline) ligands with p-substituted  phenyl ester groups have 

almost identical 
1
H-NMR spectra, with slight changes in chemical shift dependant on 

the group on the 4- position of the phenyl ring. Therefore, the signals from each of 

the 
1
H-NMR spectra of 71, 72 and 75 have been collated in Table 2.1 below. The 

table shows the solely the chemical shifts for each of the signals that appear in each 

spectrum. A full assignment of each 
1
H-NMR spectrum, including splitting and 

J-values can be seen in Section 3.2.3. As can be seen from Table 2.1 below, each of 

the mono(oxazoline) ligands 71, 72 and 75 have largely consistent chemical shifts 

relative to one another. The most noticeable deviation from this trend can be 

witnessed in the case of ligand 75, in which the 4- position of the oxazoline ring is 
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substituted with a p-methoxy phenyl ester. The chemical shifts of the aromatic 

phenyl signals are 8.01 and 6.92 ppm. The reasoning behind this observed change in 

chemical shift can be attributed to the electron donating effect exhibited by the 

para methoxy moiety.  
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Ligand 
Pyridyl signals 

(ppm) 

Phenyl signals 

(ppm) 

Oxazoline signals 

(ppm) 

CH2O 

(ppm) 

 A B C D  CH CH2  

71 8.72 7.41 7.79 7.06 7.88 and 7.19 4.80-4.73 

4.66-4.63 

and 

4.50-4.44 

4.47 

72 8.72 7.42 7.79 8.05 7.92 and 7.36 4.79-4.72 

4.66 and  

1H of 4.51-

4.45 

4.56 and 

1H of 4.51-

4.45 

75 8.65 7.43 7.85 8.19 8.01 and 6.92 4.61-4.45 

 

Table 2.1 
1
H-NMR spectral chemical shifts of 2-pyridyl mono(oxazoline) ligands 71, 72 and 75
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As with the previous mono(oxaozoline) ligands, the structure of 73, the naphthyl 

ester, was confirmed by 
1
H and 

13
C-NMR spectroscopy. It contains characteristic 

and consistent splittings and chemical shifts for the backbone hydrogens. As can be 

seen in Figure 2.11 below, due to the inclusion of the naphthyl moiety, the aromatic 

region of the 
1
H-NMR spectrum contains a large number of signals, confirming 

formation of 73. The IR spectrum also confirms the formation of 73 due to the 

presence a band at 1710 cm
-1

, corresponding to the carbonyl of the newly installed 

ester.  

 

Figure 2.11 
1
H-NMR spectrum of 2-pyridyl mono(oxazoline) ligand 73 

 

The 
1
H-NMR of 76 is fully reported in Section 3.2.3, and has consistent splittings 

and chemical shifts for the oxazoline backbone and pyridyl moiety with that 

previously discussed above. Inclusion of the adamantyl ester group was confirmed 

by the appearance of a multiplet between 1.93 and 1.58 ppm, integrating for 15H. 

This is consistent with the presence of six CH2 groups and three CH groups in the 

adamantyl side chain. 

In Kočovskýs preliminary report on the use of 2-pyrdiyl mono(oxazoline) ligands a 

mechanism was proposed for the hydrosilylation of aromatic ketones, which will be 
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discussed in further detail in Section 2.3.1. In this report the team proposed 

N,N-chelation of trichlorosilane to the mono(oxazoline) ligand. Consequently, their 

mechanistic proposal involves coordination of both the oxazoline nitrogen and the 

pyridyl nitrogen to the trichlorosilane (Figure 2.12).
13

 

 

Figure 2.12 Proposed transition state for N,N-chelation of trichlorosilane to the 

mono(oxazoline) ligand 

We wanted to investigate this hypothesis. Therefore, we proposed the synthesis of a 

family of 2-pyridyl mono(oxazoline) ligands in which the pyridyl moiety is derived 

from 4-cyanopyridine 77  as opposed to 2-cyanopyridine 63 which was utilised in 

the previous examples. This will in turn lead to the 4-substitued pyridine ring. Our 

reasoning behind the use of 4-substituted pyridine ring was to maintain similar 

electronic properties between each family of ligands to allow us to directly study the 

coordinating effect of the nitrogen on the 2- position of the pyridine moiety.  

 

Scheme 2.33 Retrosynthetic analysis for the formation of mono(oxazoline) 78 
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We proposed a retrosynthetic analysis identical to that described above as regards to 

the synthesis of 71 to 76 above. The retrosynthetic analysis can be seen in Scheme 

2.33 above. Mono(oxazoline) ligands 78, with various R groups on the ester moiety 

can be obtained from the reaction of the primary alcohol 79 with the appropriate acid 

chloride. Primary alcohol 79 can be derived from the cyclisation of 

methyl-(L)-serine 62 with 4-cyanopyridine 77, followed by reduction of the resulting 

methyl ester 80 to the primary alcohol 79. As before, methylation of (L)-serine 59 

afforded methyl-(L)-serine 62 necessary to achieve the desired cyclisation.  

 

Scheme 2.34 Synthesis of mono(oxazoline) 78 

Reagents and conditions: (a) SOCl2, MeOH, 0 ºC-rt-reflux, overnight, 98% (b) (i) 4-cyanopyridine, 

Na metal, MeOH, rt, 40h then 81, CH2Cl2, 2.5 h, reflux, 61% (over 2 steps) (c) NaBH4, MeOH, 4h, 

0 ºC-rt, 77% (d) acid chloride, Et3N, 18 h, 0 ºC-rt, 68-85% 

Our synthesis was carried out exactly as was done so for mono(oxazoline) ligands 71 

to 76 and as can be seen in Scheme 2.34 above. The only change we employed the 

use of 4-cyanopyridine 77 in the imidate forming reaction, as can be seen in 

Scheme 2.35 below.  
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Scheme 2.35 Synthesis of imidate 81 

Reagents and conditions: (a) Na metal, MeOH, rt, 40h 

The crude imidate was used without any further purification. The crude imidate 81 

was then dissolved in CH2Cl2 and methyl-(L)-serine 62 was added and the resulting 

solution was stirred at reflux for 2.5 h, as described previously. The structure was 

confirmed by 
1
H and 

13
C-NMR spectroscopy. A doublet at 8.69 ppm (J = 5.9 Hz), 

integrating for 2H, corresponding to the hydrogens on carbons B and C. These 

hydrogens appear furthest downfield due to the adjacent electronegative nitrogen, 

which exhibits a deshielding effect on the hydrogens in question. A doublet at 7.78 

ppm (J = 5.9Hz) represents the hydrogens on carbons A and D (Figure 2.13). Due to 

the change of the pyridine nitrogen from the 2- to the 4-postion, relative to the 

oxazoline moiety, a plane of symmetry is now present along that axis, equating to the 

chemical equivalency between the hydrogens on carbons B and C and the hydrogens 

on A and D. This symmetry can be seen in Figure 2.13, as depicted by the dashed red 

line.  

 

Figure 2.13 
1
H-NMR spectral chemical shifts for aromatic signals of 80 
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The 
1
H-NMR spectrum of the oxazoline backbone and the methyl ester possess the 

same characteristics as that seen for the 2-pyridyl mono(oxazolines) described 

previously.  

Following oxazoline ring formation, again we looked to reduce the methyl ester 80 

to the corresponding primary alcohol 79 following the same procedure described 

above for the reduction of ester 64 to alcohol 61 with sodium borohydride. 

Formation of 79 was confirmed by the appearance of a doublet at 4.00 ppm 

(J = 11.6 Hz) and a doublet at 3.68 ppm (J = 11.7 Hz), each integrating for 1H, 

corresponding to the CH2. Also a broad band at 3293 cm
-1

 in the IR spectrum 

corresponds to the presence of a free alcohol.  

Our final synthetic step towards our desired modified family of 2-pyridyl 

mono(oxazoline) ligands 78 was carried out as is described for the synthesis of 71 to 

76 above.  Mono(oxazoline) ligands were achieved in 68-85% yields The family of 

2-pyrdiyl mono(oxazoline) ligands can be seen in Figure 2.14 below.  

 

 

Figure 2.14 Family of 4-pyridyl mono(oxazoline) ligands 

 

As with all previous examples, the structures of mono(oxazoline) ligands were 

confirmed by 
1
H and 

13
C-NMR. The key signals of the 

1
H-NMR spectra of 
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mono(oxazoline) ligands 81-84 can be seen in Table 2.2 below [based on the naming 

convention for 80]. It can be seen that each ligand in the family has largely 

consistent chemical shifts as was previously witnessed for ligands 71-76. Full 

assignment of the 
1
H-NMR spectra can be seen in Section 3.2.3 
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Ligand 
Pyridyl signals 

(ppm) 

Phenyl signals 

(ppm) 

Oxazoline signals 

(ppm) 

CH2O 

(ppm) 

 B and C A and D  CH CH2  

81 8.72 7.79 7.85 and 7.18 4.74-4.70 

4.60-4.52 

and 

4.46-4.40 

 

4.60-4.52 

and 

4.46-4.40 

 

82 8.73 7.79 7.90 and 7.37 4.76-4.69 

4.61- 4.52 

and 
4.49-4.39 

 

4.61- 4.52 

and 
4.49-4.39 

 

83 8.73 7.79 8.24 and 8.14 4.79-4.72 

4.64-4.60  

and 

4.42 

4.56 

84 8.72 7.80 7.92 and 6.87 4.75-4.68 

4.60-4.51 

and 

4.45-4.40 

 

4.60-4.51 

and 

4.45-4.40 

 

 

Table 2.2 
1
H-NMR spectral chemical shifts of 4-pyridyl mono(oxazoline) ligands 81, 82, 83 and 84 
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2.3 Asymmetric reactions using mono(oxazoline) ligands  

2.3.1 Asymmetric hydrosilylation reaction    

The term hydrosilylation refers to the addition of silicon hydrides to organic 

compounds containing unsaturated bonds. Hydrosilylation of a prochiral ketone 

produces the corresponding silyl ether which can be easily transformed into a chiral 

secondary alcohol via an additional hydrolysis step. Kočovský et al. initially 

reported the use of 2-pyridyl oxazoline ligands as organocatalysts in the 

hydrosilylation reaction in 2006. A second report in 2012 further developed the 

methodology and family of ligands. Kočovský achieved up to 94% ee for the 

hydrosilylation of aromatic ketones to their corresponding chiral alcohols 

(Scheme 2.36).
13, 17

  We studied this reaction using our novel ligands 

 

Scheme 2.36 Hydrosilylation of prochiral aromatic ketones 

 

2.3.2 Hydrosilylation methodology 

The reaction of acetophenone 6 and trichlorosilane was catalysed by 20 mol% of 

appropriate 2-pyridyl mono(oxazoline) organocatalyst. This reaction led to the 

formation of 1-phenyl ethanol 85 (Scheme 2.37). The reaction was carried out 

at -20 ºC in CH2Cl2 for 24 h.  

 

Scheme 2.37 Hydrosilylation of acetophenone 

A 
1
H-NMR spectrum was recorded of the crude product to determine the 

% conversion. The % conversion was calculated by comparing the amount of 
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unreacted acetophenone 6 [signal at 2.59 ppm (3H)] to that of the product 85 [signal 

at 1.49 ppm (3H)] in the 
1
H-NMR spectrum. The crude mixture was then purified by 

column chromatography on silica gel. The product was eluted with petroleum 

ether:ethyl acetate 95:5 affording pure  85.  The enantiomeric excess was determined 

using chiral GC (Cyclodex β column, 120 ºC, 20 min). 

The hydrosilylation reaction was the first test of the catalytic performance of the 

chiral mono(oxazoline) ligands 71, 72, 73, 74, 75, and 76.The results for the reaction 

shown in Scheme 2.37, using 20 mol% of appropriate ligand are shown in Table 2.3  

 

Entry Ligand % Conversion ee %
a 

1 71 78 44 

2 72 3 48 

3 73 >99 1 

4 74 >99 46 

5 75 65 0.6 

6 76 99 47 

a 
determined by chiral GC (Cyclodex β column, 120 ºC, 20 min) 

Table 2.3 Hydrosilylation of acetophenone with 2-pyridyl mono(oxazoline) 

ligands 

Excellent conversions were observed for ligands 73, 74 and 76. Modest 

enantioselectivities were obtained for ligands 71, 72, 74 and 76. The ligands with the 

naphthyl ester 73 and the p-methoxy phenyl ester 75 show the poorest 

enantioselectivities overall, such that almost no facial selectivity is shown 

(Entry 3 and 5). We postulate that a possible arene-arene interaction between the 

incoming acetophenone and the naphthyl moiety may be playing a role in the lack of 

selectivity seen for ligand 73. This effect may not be seen in the other aromatic 

substituted ligands due to steric reasons and also the competing arene-arene 

interaction between the incoming acetophenone and the pyridyl moiety of the ligand. 

This effect was proposed by Kočovský et al. for their family of ligands, as discussed 

below. As the naphthyl moiety consist of two fused rings, the ability of an 

interaction with the aromatic ketone substrate seems to be increased. Due to the 
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stellar conversions observed for the use of ligand 73 we can conclude that the 

formation of 85 is occurring, which suggests that the formation of the alcohol may 

be occurring via different mechanisms, leading to the low enantiocontrol. As 

established above, p-methoxy phenyl ester substituted ligand 75 was the second 

ligand to show disappointing selectivities. This effect could be attributed to the 

strong electron donating effect exhibited by the para-methoxy moiety. Through 

resonance, it is possible to move the lone pair of electrons, originating from the 

oxygen of the methoxy group, as far as the ester oxygen. This would suggest that this 

ester is somehow involved in the reaction mechanism and additional electron density 

now reduces selectivity. Work carried out within the group supports this 

hypothesis.
18

 It was established by a co-worker that ligands without an ester linkage 

suffer from a reduced enantioselectivity. If 61, the primary alcohol, is employed to 

catalyse the transformation and ee of 42% is obtained. Conversion of the alcohol to a 

mono(oxazoline) with a methoxy group also display a reduced selectivity (41% ee). 

As previously seen in section 1.7.1, trichlorosilane can coordinate to multiple 

separate carbonyl groups. Both of these finding suggests our ester may play a role 

mechanistically.  

To rationalise their results Kočovský co-workers obtained, they postulated the 

following mechanistic transformation (Scheme 2.38) 

 

Scheme 2.38 Proposed mechanistic transformation of the hydrosilylation of 

acetophenone 

N,N-chelation of Cl3SiH of by the 2-pyridyl mono(oxazoline) leads to the formation 

of the activated hydrosilylating species, seen in Scheme 2.38 above. Trichlorosilane 

does not reduce the carbonyl species without the presence of a Lewis base, 

supporting the formation of the hexacoordinated species seen above. Another 
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molecule of Cl3SiH is likely to activate the ketone by coordination to the oxygen 

atom. It is unlikely that the carbonyl will displace a chloride ion to coordinate to the 

activated silicon centre, as the corresponding four membered transition state would 

not be energetically favourable. This ketone-Cl3SiH complex can then approach the 

catalyst-Cl3SiH from the less hindered face, as dictated by the orientation of the 

chiral centre. Kočovský et al. also suggested that this interaction will also be 

stabilised by arene-arene interactions between the phenyl ring of the substrate and 

the pyridyl ring of the chiral catalyst (Scheme 2.38).  

In a second report in 2012, the team suggested that the catalyst may be acting in a 

monodentate fashion, whereby a protonated second nitrogen serves as a hydrogen 

bond donor for the incoming ketone (originating from the omnipresent traces of 

HCl).
17

 Therefore, we set about trying to ascertain if our 2-pyridyl mono(oxazoline) 

ligands were behaving in a mono- or bidentate fashion. To that end we attempted the 

synthesis of a family of 2-pyridyl mono(oxazoline) ligands in which the pyridyl 

moiety was changed from the 2-substitured pyridyl  to the 4-substituted pyridyl. In 

doing so we should keep the same electronic properties of our ligand, but the 

coordination of Cl3SiH in a bidentate manner is no longer permitted due to the 

positioning of each of the nitrogen atoms.  

Mono(oxazoline) ligands 82, 83, 84 and 61 were developed and applied in the 

hydrosilylation of  acetophenone 6 (Scheme 2.37). The results of the reaction are 

shown in Table 2.4 below. 

 

Entry Ligand % Conversion 

1 81 0 

2 82 0 

3 83 0 

4 61 0 

 

Table 2.4 Hydrosilylation of acetophenone with 4-pyridyl mono(oxazoline) 

ligands 
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As can be seen from Table 2.4 above, no conversion was obtained for any of the 

mono(oxazoline) ligands in which the 4-substitued pyridyl ligands were employed. 

This result supports Kočovskýs first proposed mechanism shown in Scheme 2.38, in 

which the 2-pyridyl mono(oxazoline) ligand behaves in a bidentate fashion. 

Following on from this we wanted to establish the versatility of the reaction as 

regards to substrate scope. Chiral alcohols are important building blocks in organic 

synthesis and are commonly used synthons in the pharmaceutical industry, such as in 

the total synthesis of Duloxetine.
19

 Therefore, it is desirable that our ligands are able 

to catalyse the transformation of various ketones. Scheme 2.39 shows the 

transformation of 4’-methylacetophenone 2 to the corresponding alcohol 86. 

 

Scheme 2.39 Hydrosilylation of 4’-methylacetophenone 

The transformation was carried out as was described for that of acetophenone 6 

above. The % conversion was calculated by comparing the amount of unreacted 

4’-methylacetophenone 2 [signal at 2.54 ppm (3H)] to that of the product 86 [signal 

at 1.48 ppm (3H)] in the 
1
H-NMR spectrum. Following purification, the ee was 

calculated by chiral GC as previously described.  The results of the reaction with 

appropriate ligand are shown in Table 2.5 below. 
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Entry Ligand % Conversion ee %
a 

1 71 >99 38 

2 72 3 38 

3 73 92 10.5 

4 75 91 3 

5 76 7 35 

a 
determined by chiral GC (Cyclodex β column, 120 ºC, 20 min)

 

Table 2.5 Hydrosilylation of 4’-methylacetophenone with 2-pyridyl 

mono(oxazoline) ligands 

The same general trend can be seen as was seen for acetophenone above (Table 2.5). 

Low selectivities were again observed for ligands 73 and 75 and again the remaining 

ligands showed almost consistent selectivities. Although an overall decrease in 

enantioselectivity was seen for ligands 71, 72 and 76 (Entries 1, 2 and 5). Therefore, 

we can conclude that the addition of the methyl group has an overall negative effect 

on the selectivity of the reaction.   

Finally, the third substrate we examined can be seen in Scheme 2.40 below. It shows 

the transformation of 4’-methoxyacetophenone 36 to the corresponding alcohol 87. 

 

Scheme 2.40 Hydrosilylation of 4’-methoxyacetophenone 

Again, the transformation was carried out as was described for that of acetophenone 

6 above. The % conversion was calculated by comparing the amount of unreacted 

4’-methoxyacetophenone 36 [signal at 2.55 ppm (3H)] to that of the product 87 

[signal at 1.47 ppm (3H)] in the 
1
H-NMR spectrum. Following purification, the ee 

was calculated by chiral GC as previously described.  The results of the reaction with 

appropriate ligand are shown in Table 2.6 below. 
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Entry Ligand % Conversion ee %
a 

1 72 94 10 

2 73 98 0.1 

3 76 98 32 

 
a 
determined by chiral GC (Cyclodex β column, 120 ºC, 20 min)

 

Table 2.6 Hydrosilylation of 4’-methoxyacetophenone with 4-pyridyl 

mono(oxazoline) ligands 

As can be seen in Table 2.6 above a large decrease is seen in the selectivities for the 

transformation described in Scheme 2.40 as compared with previous similar 

reactions, in particular for the para-chloro ester ligand  72 (Entry1). 1-phenyl ethanol 

85 was obtained in a 48% ee from acetophenone 6 when 72 was employed as the 

catalyst (Table 2.3, Entry 2), but in this case an ee of 10% is obtained. Curiously, for 

the formation of 85 and 86, in both cases only a 3% conversion from starting 

material to substrate was obtained (Table 2.3, Entry 2 and Table 2.5, Entry 2), but in 

this case a 94% conversion was observed.  

2.3.2 Asymmetric allylation reaction 

The asymmetric allylation reaction is a reaction in which an aldehyde is transformed 

into the corresponding chiral homoallylic alcohol by means of an activated allyl 

species. The allyl group is an important building block in organic synthesis as it has 

the potential to be transformed into a wide variety functional groups via reactions 

such as epoxidation, cycloaddition and hydroboration.  Asymmetry is induced when 

the catalyst differentiates between the enantiotopic faces of the aldehyde. 

Allyltrichlorosilane 88 can be activated by a chiral Lewis base catalyst to effect 

asymmetric allylation of aldehydes.
20

 Many chiral Lewis basic organocatalysts have 

been employed in this role.
21

 To date, there is no reported examples of 2-pyridyl 

mono(oxazoline) ligands being utilised in this role. Kočovský et al. reported the 

transformation of benzaldehyde 89 to the corresponding homoallylic alcohol 90 with 

trichlorosilane 88 and 5 mol% of their pyridine-type N-mono oxide ligand 91 

(Scheme 2.41). Kočovský et al. obtained the desired homoallylic alcohol in 

≤96% ee.
20
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Scheme 2.41 Asymmetric allylation of benzaldehyde using ligand 91 

The reaction described above was carried out within our group in which low 

selectivities and modest ee’s were obtained.
18

 The transformation shown in Scheme 

2.42 was catalysed with the methyl ether derivative of alcohol 61. The 

transformation afforded homoallylic alcohol 90 in an 11% conversion and 12% ee. 

Despite the modest results, we were interested to assess how our ligands would 

perform therefore we studied this reaction using our novel catalysts. 
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2.3.1.1 Allylation methodology 

Ligands 71, 73 or 74 (15 mol%) were added to benzaldehyde 89 (0.4 mmol) and 

DIPEA (2.0 mmol) in CH2Cl2 at 0 ºC. Following which allyltrichlorosilane 88 

(0.47 mmol) was added. The resulting solution was stirred at the cooled temperature 

for 24 h (Scheme 2.42). 

 

Scheme 2.42 Asymmetric allylation of benzaldehyde 

A 
1
H-NMR spectrum was recorded of the crude product to determine the 

% conversion. The % conversion was calculated by comparing the amount of 

unreacted benzaldehyde 89 [signal at 10.00 ppm (1H)] to that of the product 90 

[signal at 2.54 ppm (2H)] in the 
1
H-NMR spectrum. The % conversions for ligands 

71, 73 and 74 can be seen in Table 2.7 below.  

Entry Ligand % Conversion 

1 71 5 

2 73 6 

3 74 <1 

  

Table 2.7 Asymmetric allylation of benzaldehyde 

Table 2.7 above shows very poor conversions for each of the ligands employed in 

the allylation reaction depicted in Scheme 2.42. Attempts to purify the crude product 

were carried out by column chromatography on silica gel. The product was eluted 

with petroleum ether:ethyl acetate 95:5. Unfortunately, isolation of 90 was not 

achieved due to difficulty in visualisation of the product due to its low concentration 

in the sample.  

We decided to re-run the reaction with ligand 74 with a view to analysis of the crude 

mixture by chiral HPLC in order to ascertain if our ligands were able to influence the 
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stereoselectivity in the formation of homoallylic alcohol 90. In this case, only a 2.5% 

conversion was observed, and again attempts to obtain pure alcohol 90 proved 

unsuccessful. Analysis of the crude sample by chiral HPLC (DAICEL Chiracel OD 

5 cm x 4.6 mm 5 µm, 210 nm, hexane-IPA, 99:1, 0.3 mL/min) was undertaken. 

Detection of alcohol 90 was not possible. This can be attributed to a number of 

reasons. Firstly, as the crude mixture was injected, sample purity was an issue, 

therefore there is a possibility that the peaks/signals from homoallylic alcohol 90 

were masked by these signals. Secondly, due to our inability to detect 90 in our 

crude sample by TLC using UV visualisation, suggests that 90 is not very UV active. 

As our HPLC employs UV detection, it is possible that detection of 90 is not 

possible unless present in higher concentrations.  

It is possible that our system would benefit from longer reaction times but this 

lowers the viability and attractiveness of this route towards the synthesis of 

homoallylic alcohols.   
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2.4 Attempted synthesis of 4,4’-bis(oxazoline) ligands 

2.4.1 Attempted synthesis of 4,4’-bis(oxazoline) with secondary binding sites 

In 2010, Kirby et al. described the application of novel 4,4-bis(oxazoline) ligand 92 

in the cyclopropanation reaction of ethyl diazoacetate 93 and styrene 94 

(Scheme 2.43).
22

  

 

 

Scheme 2.43 Cyclopropanation reaction of ethyl diazoacetate  and styrene 

 

Kirby and co-workers reported a cis:trans ratio of 60:40 (95:96) with the cis 

diastereomer being formed in 32% ee of the (1R, 2S) isomer and  the trans 

diastereomer being formed in 16% ee of the (1R, 2R) isomer. In order to gain some 

insight on the origin of the enantiodifferentiation leading to the enantioselectivities 

and absolute configurations of the major enantiomers found, a computational study 

was undertaken by Kellehan et al. in 2013.
23

 First of all, they calculated the structure 

of the cationic 92-Cu(I)-carbene intermediate, whose optimised geometry was 

similar to that of the 92-CuCl2 complex, determined by X-ray diffraction.
24

 

Modelling of a cyclopropanation reaction was then undertaken using ethylene as the 

alkene. Although the resulting cyclopropane is not chiral, the corresponding 

transition state (TS) of the approaches of ethylene through the re and si faces of the 

carbene carbon atom of the chiral bis(oxazoline)-copper complexes are 

diastereomeric, and therefore different in energy. Previous studies undertaken by 
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Garcia et al., on 2,2’BOX ligand performance, have shown that the main steric 

interactions responsible for the enantioselection are retained in this simplified model, 

leading to good estimations of the enantioselectivity of real systems, and, 

consequently, the same approach was adopted in this study.
25

  As previously 

mentioned, ethylene can approach the carbene carbon atom through its re or si faces. 

Additionally, there are two conformations of the ester group for each approach 

leading to four possible reaction channels. The re TS displays a chelate structure 

(blue) almost identical to that of the carbene intermediate (green), the si TS is much 

more deformed as the six-membered copper chelate ring changes its conformation 

from the initial half-chair to a boat-like disposition (red). Figure 2.15 highlights 

these structural differences by superimposing the 92-Cu(I)-carbene intermediate with 

the minimum energy re and si TS, respectively. 

 

Figure 2.15 Low energy conformers 

However, by inspecting the relative energies of the four possible TS, it has been 

reported that the geometric deformation observed between the re and si reaction 

channels  has a rather low energy cost, since three of the four TS have almost the 

same energy.
23

 The modest enantioselectivity observed seems to have its origin in 

the slight preference for one of the reaction channels over the other three 

(Figure 2.15). The calculated enantioselectivity (39% ee in the 1R enantiomer) is in 

excellent agreement with the experimental values obtained by Kirby et al. with 

(R)-PhAraBOX 92 (37% ee) (Scheme 2.43). Theoretically, to enhance the 

enantioselectivity for the cyclopropanation reaction described in Scheme 2.43 above, 

the change in geometry between the re and si reaction channels needs to come at a 

higher energy cost. This will make the change in the ring conformation from 

half-chair (si) to boat-like (re) less energetically favourable and therefore, under the 

optimum reaction conditions, less likely to occur. Consequently, modifications to the 
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increase the structural rigidity of the overall ligand-metal complexes of the 1
st
 

generation of novel 4,4’-bis(oxazoline) ligands  first developed in the O’Leary lab 

were proposed.  

In 2009, Frain et al first reported the synthesis of novel 4,4'-bisoxazoline ligands.
26

 

Here, they reported the synthesis of a novel 4,4'-bis(oxazoline) ligand 

(R)-PhAraBOX 92 and PhXyliBOX 97. Subsequently, a family of 1
st
 generation  

4,4’-bis(oxazoline) ligands were developed. These ligands were given their names 

based on their original starting materials, with AraBOX ligands derived from the 

alcohol arabitol and XyliBOX ligands from xylitol (Figure 2.16). 

 

 

Figure 2.16 4,4’-bis(oxazoline) ligands 

 

Following the work of Frain et al. with the AraBOX ligands and Kirby et al. with the 

XyliBOX ligands, we envisaged the synthesis of our modified 4,4’-bis(oxazoline) 

ligands to follow a similar synthetic approach to that of of (R)-PhAraBOX 92. 

 

 

 

Scheme 2.44 Retrosynthetic analysis of 4,4’-BOX ligand 92 
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Scheme 2.44 shows the retrosynthetic analysis proposed by Frain et al..
26

 They 

indicated that the desired BOX ligand 92 could be obtained from di-TBDMS 

protected bis-β-amido alcohol 98. This bis-amide could be prepared from the 

di-TBDMS protected bis-β-amino alcohol 99. The tetraol 100 key intermediate, 

which is obtained from (2R, 4R)-arabitol 101, provides a pathway to the bis-amine. 

The work of this project began with synthesis of key intermediate 100 following the 

same procedure adopted by Frain et al, a modified version of that performed by 

Linclau et al (Scheme 2.45).
26-27

 

 

Scheme 2.45 Synthesis of tetraol 100 

Reagents and conditions: (a) (i) 3,3-dimethoxypentane 102, camphorsulfonic acid, THF, reflux, 

5 min (ii) Et3N, succinic anhydride, CH2Cl2, reflux, 1 h, 62% (b) CS2, NaH, THF, 0 °C-rt., 16 h, then 

MeI, 0 °C-rt., 6h, 87% (c) ACN, Bu3SnH, toluene, reflux, 4 h, 88% (d) 0.5 M H2SO4, EtOH, reflux, 

4 h, 92%. 

 

The synthesis began with the preparation of 3,3-dimethoxypentane 102 from 

3-pentanone. Treatment of 3-pentanone with trimethyl orthoformate and 

camphorsulfonic acid gave 3,3-dimethoxypentane 102 in a 52% yield. Synthesis of 

the 3,3-dimethoxypentane 102 was performed on a large scale starting with 200 ml 

of 3-pentanone. The 3,3-dimethoxypentane 102  was purified by distillation and the 

structure was confirmed by 
1
H and 

13
C-NMR spectroscopy. The appearance of a 

singlet at 3.14 ppm, integrating for 6H, corresponds to the two newly installed OCH3 

groups, confirming the formation of 3,3-dimethoxypentane 102. Complete 

characterisation can be seen in Section 3.4.1, which is in accordance with published 

data.
28
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Scheme 2.46 Separation of isomeric bis-acetal products 

 

Reagents and conditions: (a) 3,3-dimethoxypentane 102, CSA, THF, reflux 5 min (b) succinic 

anhydride, Et3N, CH2Cl2,; basic aqueous extraction, 62%. 

The starting material, (2R,4R)-arabitol 101 was then protected using 

3,3-dimethoxypentane 102 in a kinetic, acid-catalysed, acetalisation (Scheme 2.46). 

Starting with 10 g of (2R,4R)-arabitol 101, protection was achieved by a reaction 

with 4 equivalents of 3,3-dimethoxypentane 102, in the presence of CSA in THF, at 

66 ºC, for 5 min. A 4:1 mixture of the desired 1,2:4,5 bis-acetal 103 and the isomeric 

1,2:3,4 bis-acetal 104, was formed. This result was ascertained by 
1
H-NMR 

spectroscopy by comparing the by-product signal at 2.46 ppm (1H) and the product 

signal formed at 2.39 ppm (1H). The isomeric mixture was treated with an excess of 

succinic anhydride, which reacted with the more reactive primary alcohol of the 

1,2:3,4 bis-acetal 104. The reaction was heated at reflux, 40 ºC, in CH2Cl2, for 1 h. 

The resulting by-product 105 could easily be separated from the reaction product by 

a basic aqueous extraction (Scheme 2.46). The crude product was purified by column 

chromatography on silica gel. The desired product 103 was obtained in a 62% yield. 

The structure of the product was confirmed by comparison with published data.
26-27

 

Full 
1
H and 

13
C-NMR spectral assignment of 103 is described in Section 3.4.1. 
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The protected bis-acetal 103 was then treated with NaH at 0 °C in THF to generate 

the alkoxide at the free hydroxyl group in the 3-O position. Excess carbon disulfide 

was added and the mixture was allowed to stir at room temperature for 6 h. 

Subsequent cooling to 0 °C, followed by addition of iodomethane provided the 

xanthate product after overnight stirring. The crude product was purified by column 

chromatography on silica gel. The product was separated with petroleum ether:ethyl 

acetate 95:5. The xanthate product 106 was obtained in 87% yield. The structure of 

the product was confirmed by comparison with the published data
26

 as described in 

Section 3.4.1. A singlet at 2.58 ppm, which integrates for 3H, corresponds to the 

hydrogens of the SCH3 moiety, confirming installation of the xanthate ester.  

Following this, radical deoxygenation of xanthate 106 was carried out with 

tributyltin hydride and 1,1-azobis(cyclohexane-carbonitrile) (ACN) as the radical 

initiator. Xanthate 106 was heated to reflux in toluene in the presence of 

1.1 equivalents of tributyltin hydride and 0.25 equivalents of ACN. The crude 

product was purified by column chromatography on silica gel. The product separated 

with petroleum ether:ethyl acetate 9:1. The deoxygenated product 107 was obtained 

in 88% yield. The structure of the product was confirmed by comparison with the 

published data.
26

 Again, full assignment of the 
1
H and 

13
C-NMR spectra can be seen 

in Section 3.4.1, which includes an apparent triplet at 1.79 ppm (J = 6.4 Hz), 

corresponding to the bridgehead CH2 of deoxygenated product 107. 

The purified deoxygenated product 107 was then heated to reflux in a 1:1 solution of 

in 0.5 M sulfuric acid and ethanol, hydrolysing the acetal protecting groups. The 

reaction was then quenched with K2CO3. A modification in the procedure reported 

by Frain et al. involved the addition of an extra extraction step. It was found that 

extraction of the aqueous layer with CH2Cl2 removed trace organic impurities, 

including residual grease signals that were detected by 
1
H-NMR spectroscopy even 

after column chromatography had been performed. The crude product was then 

purified by column chromatography on silica gel. The product eluted with 

dichloromethane:methanol 7:3 providing tetraol 100 in a 92% yield.  

In the report published by Frain et al. in 2009, it can be seen that the backbone of the 

each of the compounds 103, 106, 107 and 100 has characteristic and consistent 
1
H 

and 
13

C-NMR spectra. Characterisation of the tetraol key intermediate 100 by 
1
H and 

13
C-NMR spectroscopy showed these characteristic signals. Figure 2.17 below 

shows the structure of tetraol 100 along with the 
1
H-NMR chemical shifts (in red) 
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associated with each of the backbone hydrogens. The CHO hydrogens, of the two 

secondary alcoholic groups, appear as a multiplet between 3.76 and 3.70 ppm. Two 

of the hydrogens of the two CH2Os appear as a double doublet at 3.42 ppm 

(J = 11.7 and 3.9 Hz). The other two hydrogens of the two CH2Os appear as a double 

doublet at 3.32 ppm (J = 11.7, and 6.8 Hz). The CH2 of the CHCH2CH appears as a 

multiplet between 1.39 and 1.29 ppm (Figure 2.17 and 2.18). 

 

 

 

Figure 2.17 
1
H-NMR spectral chemical shifts of tetraol 100 

 

 

 

Figure 2.18 17 
1
H-NMR spectrum of tetraol 100 
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Scheme 2.47 Synthesis of TBDMS protected bis--amino-alcohol 99 

Reagents and conditions: (a) TBDMSCl, Et3N, DMAP, CH2Cl2, -15 °C-rt., 40 h, 38% (b) MsCl, 

Et3N, CH2Cl2, 0 °C-rt., 4 h, 98% (c) NaN3, DMF, 85 °C, 16 h, 80%  (d) Pd/C, H2 (5 bar), MeOH, rt., 

12 h, 52%. 

 

With the tetraol 100 in hand, we then focused on the conversion of the secondary 

alcohols to amines. The preparation of the di-TBDMS protected bis-β-amino alcohol 

99 as shown by Frain et al to be the key precursor in the synthesis of any novel 4,4'-

(bis)oxazoline ligand 92 (Scheme 2.47). 

To achieve the desired transformation it was necessary to selectively protect the 

primary hydroxyls of tetraol 100. Therefore tetraol 100 was treated with 

tert-butyldimethylsilyl chloride in the presence of triethylamine and a catalytic 

amount of 4-dimethylaminopyridine in CH2Cl2 at -15 ºC. After stirring at room 

temperature for 40 h, the crude product was purified by column chromatography on 

silica gel. The di-TBDMS protected product 108 was separated with petroleum 

ether:ethyl acetate 9:1. The protected product 108 was obtained in a 38% yield. The 

structure of the product was consistent with  published data.
26

 The characteristic 

signals of the backbone of the molecule were present in the 
1
H-NMR spectrum. The 

key signals identifying the product are the singlets appearing at 0.89 and 0.06 ppm, 

which integrate for 18H and 12H respectively. These signals correspond to the 
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C(CH3)3 and the Si(CH3)2 of the two new TBDMS protecting groups. The relatively 

low yield obtained for this reaction was due to the simultaneous formation of 

tri-TBDMS 109 or tetra-TBDMS 110 product. These by-products could be 

desilylated by treatment with a 1% hydrochloric acid in methanol solution (Scheme 

2.48). The tetraol product recovered could be purified by column chromatography on 

silica gel and reused. In practice the small amounts of these by-products isolated led 

their deprotection and reuse impractical however. 

 

 

 

 

Scheme 2.48 Possible products from TBDMS protection of tetraol 100 

Reagents and conditions: (a) TBDMSCl, Et3N, DMAP, CH2Cl2, -15 °C-rt., 40 h, 38% of 108 (b) 1% 

HCl/MeOH, rt, 16 h. 

 

The protected diol 108 was mesylated using triethylamine and methanesulfonyl 

chloride in CH2Cl2 at 0 ºC. The reaction was then stirred for 4 h at room temperature. 

The crude product was purified by column chromatography on silica gel. The crude 

product was eluted with petroleum ether:ethyl acetate 4:1, to give 109 in 98% yield. 

The structure of the di-TBDMS protected dimesylate 109 was confirmed by 
1
H and 

13
C-NMR spectroscopy. Again, the characteristic signals of the backbone of the 

molecule were all present in the 
1
H-NMR spectrum. The key signal identifying the 
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product is the singlet appearing at 3.10 ppm, which integrates for 6H. This signal 

corresponds to the SCH3 hydrogens of the two newly installed mesylate groups.  

The treatment of the di-TBDMS-mesylate 109 with sodium azide in 

N,N-dimethylformamide, was seen to give complete displacement of the sulfonate 

groups, in a SN2 type reaction, leading to an inversion of stereochemistry at each of 

the two stereocentres.  The reaction was performed using a large excess of sodium 

azide (30 equivalents). The reaction was heated at 85 ºC, for 16 h. The excess 

sodium azide was removed by filtration. At this point Frain et al. carried their 

diazide through to the next step without purification. We discovered however that 

purification of the diazide by column chromatography at this point proved to be 

beneficial as it allowed for ease of purification of the polar diamine 99 in the next 

synthetic step. Therefore, diazide 110 was purified by column chromatography on 

silica gel. The crude product was eluted with petroleum ether:ethyl acetate 95:5 to 

yield 110 in 80%. The structure of the product was confirmed by 
1
H-NMR, 

13
C-NMR and IR spectroscopy. The characteristic backbone signals were present in 

the 
1
H-NMR spectrum. The CHN hydrogen’s appears as a multiplet between 3.77 

and 3.73 ppm. The CH2O hydrogen’s appear as a multiplet between 3.64 and 3.56 

ppm integrating for 4H. The CH2 of the CHCH2CH appears as a double doublet at 

1.42 ppm (J = 7.5 and 5.6 Hz). The IR spectrum showed a band at 2104 cm
-1

, which 

is characteristic of an azide group. The diazido compound 110 was subjected to 

hydrogenation, using 10% palladium on activated carbon as catalyst, in methanol, to 

give TBDMS protected bis--amino-alcohol 99. Optimum conditions for this 

reaction were the use of freshly opened palladium on activated carbon, at 5 bar H2, 

for 12 h with vigorous stirring. The palladium catalyst was removed by filtration. 

The crude product was purified by column chromatography on silica gel. The 

TBDMS protected bis--amino alcohol 99 product eluted with ethyl 

acetate:methanol 85:15. This gave a 52% yield of 99.The structure 99 was confirmed 

by 
1
H-NMR 

13
C-NMR and IR spectroscopy. Again, the characteristic backbone 

signals were observed. Reduction of the azide to the amine was confirmed by a 

broad singlet at 2.02 ppm in the 
1
H-NMR spectrum integrating for 4H, 

corresponding to the newly installed two NH2 groups.  

The synthesis of the novel chiral ligands involved the incorporation of a pyridine 

group as the pendant groups on the oxazoline rings of the AraBOX structure. The 
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nitrogens in each of the pyridine groups could then be able to coordinate to either the 

reactive metal core of the metal-ligand complex or incoming substrates. 

Synthesis of 111 began with the treatment of 2-picolinic acid 112 acid in thionyl 

chloride. The thionyl chloride acted as both a reactant and solvent in the reaction. 

Following removal of excess thionyl chloride by rotary evaporation, the resulting 

acid chloride 113 was used without further purification (Scheme 2.49). 

 

 

Scheme 2.49 Synthesis of bis-amide 111 

Reagents and conditions: (a) SOCl2, reflux, 3 h, 98%  (b) Et3N, CH2Cl2, 0 ºC-rt, 16 h, 37 % 

 

The TBDMS protected bis--amino-alcohol 99 was treated with 3 equivalents of 

2-picolinoyl chloride 113 and triethylamine in CH2Cl2, at 0 °C. The reaction was 

then stirred at room temperature for 16 h (Scheme 2.49). The crude product was 

purified by column chromatography on silica gel. The bis-amide product 111 was 

eluted with petroleum ether:ethyl acetate 4:1, giving bis-amide 111  in a 37% yield. 

The structure of compound 111 was confirmed by 
1
H and 

13
C-NMR spectroscopy. 

The characteristic signals of the backbone of the molecule were present in the 

1
H-NMR spectrum. The CHN hydrogen’s appear as a multiplet between 4.28 and 

4.21 ppm, these hydrogens appear further downfield than in 99. This can be 

attributed to the deshielding effect of the amide group. The CH2O hydrogens appear 
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as an apparent quartet of doublets at 3.77 ppm (J = 10.0 and 4.4 Hz). Based on the 

backbone signals in the 
1
H-NMR spectrum of 111, it is likely that the quartet of 

doublets is actually two overlapping double doublets. The CH2 of the CHCH2CH 

appears as an apparent triplet at 2.11 ppm (J = 6.7 Hz). Again, based on the 
1
H-NMR 

spectrum of the backbone of 111 this is likely that the triplet is actually an 

overlapping double doublet.  The key signal identifying the presence of the product 

111 is the doublet at 8.30 ppm (J = 8.9 Hz). This signal integrated for 2H, 

representing the two NHs of the amide groups. The characteristic TBDMS signals 

were also observed in the 
1
H-NMR spectrum. A singlet, integrating for 18H 

appeared at 0.89 ppm representing the two C(CH3)3 groups, one on each of the 

TBDMS groups. A singlet at 0.01 ppm, integrating for 12H represented both of the 

Si(CH3)2 groups.  
 
Assignment of the aromatic protons of the pyridine rings was 

achieved by COSY experiments (Figure 2.19 in red).  

 

 

 

Figure 2.19 
1
H-NMR spectral chemical shifts of aromatic signals in bis-amide 

111 

 

The hydrogens on carbons A appear as a doublet at 8.41 ppm (J = 4.8 Hz) which 

integrates for 2H. These hydrogens appear furthest downfield of the aromatic protons 

due to being adjacent to the electronegative nitrogen, which has a deshielding effect. 

Correlation of the signal at 8.41 ppm to the signal at 7.35 ppm in the COSY 
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spectrum led to assignment of the doublet of double doublets (J = 7.5, 4.7 and 

1.1 Hz) at 7.35 ppm as the hydrogens on carbons B, integrating for 2H. The signal at 

7.35 ppm also correlated to the triplet of doublets at 7.79 ppm (J = 7.7 and 1.7 Hz) 

corresponding to the hydrogens on carbons C. Finally, correlation of the signals due 

to the hydrogens on carbons C to the doublet at 8.30 ppm (J = 8.9 Hz) led to the 

assignment of the hydrogens on carbons D (Figure 2.X). The splitting pattern and 

J-values are consistent with 
1
H-NMR spectroscopic studies of 2-substituted 

pyridines reported in the literature.
29

  The 
13

C-NMR spectrum showed a quaternary 

carbon at 164.0 ppm and the IR spectrum showed a peak at 1673 cm
-1

. This is strong 

evidence for the presence of an amide carbonyl. 

 

 

Figure 2.20 
1
H-NMR spectrum of bis-amide 111 

 

With the amide in place, formation of the 4,4’-bis(oxazoline) was attempted by a 

tandem deprotection-activation-ring-closure (DARC) method developed in the 

O’Leary laboratory and reported by Frain et al. in 2009 for different ligands. 
26

 They 

achieved TsF-mediated cyclisation of their bis-amide  98 to yield (R)-PhAraBOX 92 

by using a stoichiometric amount of DBU. The TsF mediates the conversion from 

the O-silyl group to the O-tosyl group. The DBU plays a dual role by catalysing the 
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deprotection step and then it acts as a base in the in situ ring closure. Our 

bis(O-silyl)amide was treated with 2.2 equivalents p-toluenesulfonyl fluoride and 

2.2 equivalents of DBU in refluxing MeCN overnight. The desired 4,4’-

bis(oxazoline) was not clearly present by 
1
H-NMR spectroscopy although a trace 

amount of possible product was detected (Figure 2.20). Purification by column 

chromatography on silica gel was attempted. The residue was eluted with petroleum 

ether:ethyl acetate 7:3, but to our dismay no product could be isolated and starting 

material was not recovered.   

 

 

 

Scheme 2.20 Failed DARC reaction 

Reagents and conditions: (a) p-toluenesulfonyl fluoride, DBU, MeCN, reflux, 18h. 

 

 



Results and discussion 
 

164 

 

 

Figure 2.21
 1

H-NMR spectrum of attempted formation of 4,4’-BOX ligand 112 

 

Figure 2.21 above shows a section of the 
1
H-NMR spectrum from the DARC 

reaction depicted in Scheme 2.50. It can be seen by comparing the regions between 

7-9 ppm of both Figure 2.20 and Figure 2.21 that starting material is still present in 

the reaction mixture. Comparison of the 
1
H-NMR spectrum in Figure 2.21 above and 

the 
1
H-NMR reported by Frain et al. for (R)-PhAraBOX

26
 shows that there is a 

possibility that a small amount of the bis-amide 111 converted to the bis(oxazoline) 

112 due to the appearance of a multiplet at 4.74-4.70 ppm in Figure 2.21 above. This 

is closely mirrored in the 
1
H-NMR of (R)-PhAraBOX 92 which has a multiplet 

between 4.61-4.51 ppm corresponding to the CHO hydrogens of the ligand 

backbone. Due to the change from a phenyl side to a pyridyl side chain, a chemical 

shift of this magnitude is to be expected. 

Kirby proposed the following mechanism for the DARC reaction in the synthesis of 

PhXyliBOX 97 (Scheme 2.50).
30
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Scheme 2.50 Proposed mechanism for DARC reaction 

 

Treatment of bis(O-silyl)benzamide 114 with TsF and DBU lead to the bis-cyclised 

product. Since the first report of 4,4’-bis(oxazoline) ligand a family of ligands 

containing a variety of R groups have been synthesised using the DARC    

reaction.
22-23

 Each of the side chains in the previously synthesised ligands share one 

common feature, in that they are all hydrocarbons. It is therefore hypothesised that 

the addition of the electron-withdrawing pyridine side chain is preventing the DARC 

reaction from proceeding. If the R group in question has the ability to pull electron 

density away from the amide, it will decrease the ability of the carbonyl of the amide 

to displace the –OTs group via nucleophilic displacement thus preventing the 

formation of the desired oxazoline rings.  

 

2.4.2 Attempted synthesis of 4,4’-bis(oxazoline) ligand with functionalised 

bridgehead 

 

Following on from the discussion in 2.4.1 in which the need for a more rigid ligand 

backbone was established to enhance stereoselectivities in the cyclopropanation 

reaction between ethyl diazoacetate 93 and styrene 94, a second modification was 

proposed.  The proposal was the installation of an alkene on the CH2 bridgehead of 

(R)-PhAraBOX 92. The purpose of the alkene would be to increase rigidity of the 

ligand backbone and thus the six-membered internal metallocycle. This would 

consequently lead to a higher energy cost in the ring flip between the re reaction 

channel and the si reaction channel, therefore decreasing the possibility of this ring 

flip occurring.  

Utilising (2R, 4R)-arabitol 101 as the starting material, it could be converted into the 

3-deoxy-3-methylenearabitol 115. The tetraol 115 could then be converted into the 

TBDMS protected bis--amino-alcohol 116 through the same methodology used in 
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the attempted synthesis 112. This could then be converted into the amide, followed 

by cyclisation to the bis(oxazoline) 117 (Scheme 2.51) 

 

 

Scheme 2.51 Retrosynthetic analysis for 4,4’-BOX ligand 117 

 

The synthesis of tetraol 115 was carried out using a modified procedure of that 

published by Maleczka et al. that  described the synthesis of 

3-deoxy-3-methylenearabitol 115 in a four step synthesis from (2R, 4R)-arabitol 101 

(Scheme 2.51).
31

 

Maleczka and co-workers started with (2R, 4R)-arabitol 101 which was protected 

using 3,3-dimethoxypentane 102, this afforded the bis-acetal-protected arabitol 103 

in 90% yield. The secondary alcohol was then oxidised to the ketone 118 using 

SO3·pyridine and i-Pr2NEt in DMSO, followed by a Wittig reaction to install the 

olefin. This gave 119 in 90% yield from 103. The acetals were then hydrolysed with 

camphorsulfonic acid (CSA) to give tetraol 115 (Scheme 2.52). 
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Scheme 2.52 Synthesis of tetraol 115 

Reagents and conditions: (a) 3,3-dimethoxypentane 102, CSA, DMF, 38 °C, 90%. (b) SO3.pyridine, 

DMSO, i-Pr2NEt, rt, 1 h. (c) Ph3PCH3Br, NaHMDS, 0 °C-rt, then 118, 0 °C, 4 h (90% from 103). (d) 

CSA, H2O, MeOH/CH2Cl2 (2:1), 40 °C, 7 h, quant. 

 

Synthesis of 103 by the kinetic, acid-catalysed acetalisation of (2R, 4R)-arabitol 103 

was performed in the exact same manner as was previously described in section 

2.52. With the free hydroxyl at the 3-O position the bis-acetal protected 103 was then 

subjected to a Swern oxidation (Scheme 2.53). 
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Scheme 2.53 Synthesis of tetraol 115 

Reagents and conditions: (a)(i) 3,3-dimethoxypentane 102, camphorsulfonic acid, THF, reflux, 5 

min (ii) Et3N, succinic anhydride, CH2Cl2, reflux, 1 h, 62% (b) (COCl)2, DMSO, Et3N, CH2Cl2, 

78 ºC-rt., 12 h, 68%, (b) Ph3PMeI, tBuOK, rt., 1 h, then ketone 118, 0 ºC, toluene, 71% (c) 0.5 M 

H2SO4, EtOH, reflux 16 h, 82%. 

 

The secondary alcohol was oxidised to the corresponding ketone 118 using oxalyl 

chloride, DMSO and triethylamine in CH2Cl2 at -78 ºC. Following addition of the 

reagents, the reaction was allowed to warm to room temperature and was stirred 

overnight. The crude product was purified by column chromatography on silica gel. 

The product eluted with petroleum ether:ethyl acetate 9:1, to yield  118 in a 72% 

yield. In the 
1
H-NMR spectrum, the CHO hydrogen’s of 118 appear as a double 

doublet at 4.78 ppm (J = 7.6 and 7.0 Hz). The CH2O hydrogens appear as a double 

doublet at 4.28 ppm (J = 8.4 and 7.8 Hz) and a double doublet at 3.93 ppm (J = 8.5 

and 6.9 Hz) (Figure 2.22). The IR spectrum showed a carbonyl peak at 1736 cm
-1

.  
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Figure 2.22 Section of 
1
H-NMR spectrum of ketone 118 and diastereomer 

 

Figure 2.22 above shows a section of the 
1
H-NMR between 3-5 ppm, representing 

the just the backbone structure of the ketone 118. It can be seen that the formation of 

a second diastereomer is occurring due to keto-enol tautomersim  of our desired 

ketone 118.The extent of formation of the other diastereomer 120 can be seen most 

clearly with respect to the signals representing the CHO hydrogens. It can be seen 

that the dr for the reaction is 7.47:1 (88% de). Attempts to separate the diastereomers 

proved unsuccessful by column chromatography and the diastereomeric ratio 

remained the same pre- and post-column chromatography. The ketone 118 was then 

subjected to a Wittig reaction to install the olefin. Ph3PMeI and 
t
BuOK were stirred 

in toluene for 1 h to generate the triphenyl phosphonium ylide. The ketone 118 was 

added to the triphenyl phosphonium ylide at 0 ºC. The solution was allowed to warm 

to room temperature and was stirred overnight. This yielded the alkene 119 and 

triphenylphosphine oxide (TPPO). The crude product was purified by column 

chromatography on silica gel. The product eluted with petroleum ether:ethyl acetate 

95:5 to yield to 119 as the major diastereomer and 121 as the minor diastereomer 

(Scheme 2.54). 
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Formation of the product was confirmed by 
1
H and 

13
C-NMR. The backbone of the 

compound maintained the same characteristic splitting pattern and chemical shifts as 

that seen in the ketone 118 in the 
1
H-NMR spectrum. A double doublet at 4.52 ppm 

(J = 8.6 and 6.3 Hz) integrating for 2H represents the CHO hydrogens. The CH2O 

hydrogens appeared at two separate signals; a double doublet at 4.19 ppm (J = 7.9 

and 6.1Hz) and an apparent triplet at 3.56 ppm (J = 7.9 Hz). The appearance of a 

singlet at 5.30 ppm integrating for 2H representing the C=CH2 hydrogens confirmed 

the installation of the olefin. It is worth noting that separation of the alkene 

diastereomers was not achieved by column chromatography on silica gel. From 

calculating the integration of the CHO signal to that of the corresponding CHO 

signal of the diastereomer, a diastereomeric ratio of 1.72:1 (63% de) was recorded 

(Figure 2.23). 

The formation of the diastereomer can be explained by the mechanism depicted in 

Scheme 2.54. The reaction begins with an acidic α-hydrogen of ketone 118 being 

deprotonated by unreacted potassium tert-butoxide which consequently destroys the 

chirality at the CHO carbon of 118 by the formation of an sp
2
 carbon. When this 

chiral centre is reformed the hydrogen can add from either side, leading to 

racemisation of our product. Wittig reaction of each of these diastereomers therefore 

leads to the mixture of alkenes witnessed in the 
1
H-NMR spectrum in Figure 2.23.It 

is worth noting at this point that Maleckza et al. never reported any racemisation 

issues in their synthesis of 115.  
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Figure 2.23 Section of 
1
H-NMR spectrum of alkene 119 and diastereomer 

 

 

 

Scheme 2.54 Racemisation of ketone 118 
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From the Wittig reaction of ketone 118 to 119 an additional unknown product was 

detected, purified and isolated. Attempts were made to assign the product by means 

of various NMR spectroscopic experiments; 
1
H-NMR, 

13
C-NMR, DEPT-135, 

COSY, and HSQC. Through these experiments we believe 122 to be the side-

product in the Wittig reaction (Figure 2.24). 

 

 

 

Figure 2.24 Wittig reaction side product 122 

 

 

 

Figure 2.25 
1
H-NMR spectrum of Wittig side product 122 
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A multiplet between 5.94 and 5.85 ppm, integrating for 1H, corresponds to internal 

olefinic hydrogen. The two terminal olefinic hydrogens appear as two separate 

double triplets at 5.42 ppm (J = 17.2 ppm) and 5.20 ppm (J = 10.6 ppm). A multiplet 

between 4.36 and 4.32 ppm, integrating for 1H, corresponds to the hydrogen of the 

CH adjacent to the alkene moiety. A multiplet between 4.14 and 4.06 ppm, 

integrating for 1H, corresponds to the hydrogen of one of the remaining CHs and one 

of the hydrogens of the CH2 moiety. The second hydrogen of the CH2 moiety 

appears as a multiplet between 3.91 and 3.87 ppm. The remaining CH appears as a 

multiplet between 3.67 and 3.62 ppm. Finally, the bis-acetal appear as a multiplet 

between 1.65 and 1.55 ppm and a multiplet between 0.90 and 0.82 ppm; the former 

corresponding to the 8H of the  four CH2 moieties and the latter corresponding to the 

12H of the four CH3 moieties (Figure 2.25). 

Due to the racemisation issues being encountered, synthesis of the other 

diastereomer was also run in parallel. Utilising xylitol 123 as the starting material, it 

can be converted into the 3-deoxy-3-methylenexylitol 124. The tetraol 124 can then 

be converted into the TBDMS protected bis--amino-alcohol 125 through the same 

methodology used in the attempted synthesis 112. This can then be converted into 

the amide, followed by cyclisation to the bis(oxazoline) 126 (Scheme 2.55) 

 

 

 

Scheme 2.55 Retrosynthetic analysis of 4,4’-BOX ligand 126 

 

Xylitol 123 is an attractive starting material as it is cheap and readily available. It is a 

wood alcohol which is used as a naturally occurring sugar substitute. Xylitol is 

commercially available, by the commercial name Xylobrit. It contains 100% xylitol, 

as confirmed by 
1
H, 

13
C-NMR and it lack of an optical rotation. Xylobrit can be 
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purchased for €4.49 per 250 g (Evergreen, March 2015) as compared to €1810 for 

the same quantity of the diastereomeric (2R, 4R)-arabitol (Sigma-Aldrich, March 

2015), making it an attractive model of the chiral pool compounds. Therefore xylitol 

has been used as a starting material in this study. 

The synthesis of tetraol 124 was carried out using the modified procedure of that 

published by Maleczka et al. previously discussed above (Scheme 2.52) in which 

they synthesised 3-deoxy-3-methylenearabitol 100 in a four step synthesis from 

(2R,4R)-arabitol 101 (Scheme 2.52).   

 

 

Scheme 2.56 Synthesis of tetraol 124 

Reagents and conditions: (a)(i) 3,3-dimethoxypentane 102, camphorsulfonic acid, THF, reflux, 

5 min (ii) Et3N, succinic anhydride, CH2Cl2, reflux, 1 h, 62% (b) (COCl)2, DMSO, Et3N, 

CH2Cl2, -78 ºC-rt., 12 h, 68%, (c) Ph3PMeI, tBuOK, rt., 1 h, then ketone 120, 0 ºC, toluene, 71% (d) 

0.5 M H2SO4, EtOH, reflux 16 h, 82%. 

 

As with the synthesis described from (2R,4R)-arabitol 101, the synthesis began with 

the selective protection of xylitol to leave the alcoholic group on C-3 free for further 

functionalisation (Scheme 2.56). Xylitol was protected using the 

3,3-dimethoxypentane 102 in a kinetic, acid-catalysed acetalisation following the 

same conditions as previously described for (2R,4R)-arabitol 101. The 1,2:3,4 

bis-acetal product was the major product, this is due to the change in stereochemistry 

between xylitol 123 and (2R, 4R)-arabitol 101. Treatment of the isomeric mixture 

with succinic anhydride, meant the resulting by-product could easily be separated 

from the reaction product by a basic aqueous extraction, as previously shown for the 

isomeric (2R,4R)-arabitol (Scheme 2.46) Following purification, the required 
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product 127 was obtained in a 49% yield. The structure of the product was 

confirmed by comparison with published data.
22

 With the secondary alcohol on C-3 

available, a Swern oxidation was undertaken to yield the corresponding ketone 120. 

Again, the transformation was achieved using oxalyl chloride, DMSO and 

triethylamine in CH2Cl2 at -78 ºC before heating to ambient temperature. Following 

purification, a racemic mixture was obtained; with 120 as the major diastereomer 

and 118 as the minor diastereomer (Figure 2.26). 

 

 

Figure 2.26 Section of 
1
H-NMR spectrum of ketone 120 and diastereomer 

 

In the 
1
H-NMR spectrum, the CHO hydrogen’s of the major diastereomer appear as 

a triplet at 4.74 ppm (J = 7.4 Hz). The CH2O hydrogens appear as an apparent triplet 

at 4.33 ppm (J = 8.4 Hz) and a double doublet at 3.95 ppm (J = 8.7 and 6.9 Hz) 

(Figure 2.26). The IR spectrum showed a carbonyl peak at 1736 cm
-1

. Figure 2.26 

above shows a section of the 
1
H-NMR between 3-5 ppm, representing just the 

backbone structure of the ketone 120. The extent of formation of the other 

diastereomer 118 can be seen most clearly with respect to the signals representing 

the CHO hydrogens. It can be seen that the dr for the reaction is 5.80:1 (85% de).  As 

with the Swern oxidation of the alcohol derived from (2R, 4R)-arabitol 101, attempts 
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were made to separate the diastereomers by column chromatography. Again this 

proved to be unsuccessful and the diastereomeric ratio remained the same pre- and 

post-column chromatography. 

It should be noted that the degree of racemisation is almost equal for both ketones 

118 and 120; 88% de for the arabitol derived ketone and 85% de for the xylitol 

derived ketone.  

The ketone 118 was subjected to a Wittig reaction to install the olefin as previously 

described for the ketone derived from (2R,4R)-arabitol yielding 121 as the major 

diastereomer and 119 as the minor diastereomer (Scheme 2.57) 

The structure of the product was confirmed by 
1
H and 

13
C-NMR spectroscopy. The 

backbone of the compound maintained the same characteristic splitting pattern and 

chemical shifts as that seen in the alkene 119 in the 
1
H-NMR spectrum. A triplet at 

4.58 ppm (J = 7.2 Hz) integrating for 2H represents the CHO hydrogens. The CH2O 

hydrogens appeared at two separate signals; a double doublet at 4.15 ppm (J = 8.0 

and 6.4Hz) and an apparent triplet at 3.60 ppm (J = 8.4 Hz). The appearance of a 

singlet at 5.32 ppm integrating for 2H representing the C=CH2 hydrogens confirmed 

the installation of the olefin. The crude product was purified on silica gel. The 

product was eluted in petroleum ether:ethyl acetate 95:5 to yield 121 as the major 

diastereomer and 119 as the minor diastereomer (Scheme 2.57). It is worth noting 

that separation of the diastereomers was not achieved by column chromatography of 

the alkene. From calculating the integration of the CHO signal to that of the 

corresponding CHO signal of the diastereomer, a diastereomeric ratio of 2.40:1 

(70% de) was recorded (Figure 2.27). 
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Figure 2.27 
1
H-NMR of alkene 121 and diastereomer  

 

 

 

Scheme 2.57 Mixture of products from Wittig reaction of 120 

Reagents and conditions: (a) Ph3P, MeI, tBuOK, rt., 1 h, then ketone 120, 0 ºC, toluene, 71%. 
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Despite, the partial racemisation of the alkene product, in both cases it was decided 

to proceed with the synthesis to ascertain if synthesis of the desired 

4,4’-bis(oxazoline) ligand 112 was possible, before reaction optimisation was 

attempted. It was also hoped that separation of diastereomers may be possible from a 

different diastereomeric pair, although even if successful, separation of the 

enantiomer would not be possible by normal physical means (Section 1.1.1). 

The alkene 118 was then heated at reflux, in a 1:1 solution of 0.5 M sulfuric acid and 

ethanol to hydrolyse the acetals. The reaction was heated at reflux for 16 h and then 

the reaction was quenched with K2CO3 and refluxed for a further ten minutes. The 

crude product was purified by column chromatography on silica gel. The product 

eluted with dichloromethane:methanol 7:3, to give 115 in 82% yield. The structure 

of the product was confirmed by 
1
H and 

13
C-NMR. The CHOH hydrogens appear as 

an apparent triplet at 4.06 ppm (J = 3.7 Hz). The CH2O hydrogens appear two 

double doublets at 3.54 ppm (J = 11.8 and 4.0 Hz) and at 3.40 ppm (J = 11.8 and 7.3 

Hz). The acetal signals are no longer present in the 
1
H or 

13
C-NMR spectra and the 

appearance of a large broad band in the IR at 3336 cm
-1 

representing the free 

hydroxyls, confirmed completion of the deprotection reaction.  

Following the synthesis of the tetraol key intermediate 115, our attention then turned 

to the selective protection of primary hydroxyls, leaving the secondary hydroxyls 

free for further functionalisation towards the synthesis of 117. 

Re-examining our retrosynthetic analysis and the previous methodology used in the 

attempted ligand synthesis in Section 2.4.1, adopted from Frain et al., we envisaged 

the following steps; following selective protection of the primary alcohols as the 

TBDMS ether, activation of the secondary alcohols as mesylates, followed by SN2 

displacement of the mesylates with sodium azide would yield the diazide. Reduction 

of the diazide to the diamine followed by transformation to the bis-amide and DARC 

reaction would yield, in theory, the desired 4,4’-bis(oxazoline) ligand 117.  

With this in mind, protection of the primary alcohols of tetraol 115 with 

tert butyldimethylsilyl chloride was explored. The tetraol 115 was cooled to -15 ºC 

in CH2Cl2, and triethylamine, DMAP and tert-butyldimethylsilyl chloride were 

added. The reaction was stirred at room temperature for 40 h. Following work-up the 

crude reaction mixture was analysed by TLC which showed unreacted starting 

material and three other distinct spots representing tetra-protected tetraol 128, 

tri-protected tetraol 129 and the desired di-protected tetraol 130 (Scheme 2.57). 



Results and discussion 
 

179 

 

Purification was attempted by column chromatography on silica gel. The di-

protected tetraol 130 was isolated in an 14 % yield by gradient elution of petroleum 

ether:ethyl acetate 98:2 to 80:20. The structure of di-protected tetraol 130 was 

confirmed by 
1
H and 

13
C-NMR. The 

1
H-NMR spectrum confirmed the presence of 

the tert-butyldimethylsilyl groups due a singlet at 0.89 ppm integrating for 18H 

representing the  C(CH3)3 hydrogens and a singlet at 0.08 ppm representing the 

Si(CH3)2 on each of the protecting groups. The integration of the 
1
H-NMR and the 

symmetry of the splitting pattern and chemical shift of the backbone hydrogens 

confirm that it was the di-protected tetraol 130 that was isolated, rather the tri- or 

tetra protected 129 or 128. (Scheme 2.58) 

 

Scheme 2.58 Possible products from the TBDMS protection of tetraol 115 

Reagents and conditions: (a) TBDMSCl, Et3N, DMAP, CH2Cl2, -15 °C-rt., 40 h, 14%. 

 

Due to the racemisation issues involved in the Swern reaction and the extremely low 

yield obtained in the TBDMS protection of the primary alcohols of tetraol 115, it 

was decided to switch our attention to the corresponding synthesis starting from 

xylitol (Scheme 2.56), due to the high costs associated with a synthesis in which 

(2R,4R)-arabitol was the starting material, as previously discussed. 
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Therefore, following on from the Swern reaction of the xylitol derived secondary 

alcohol 127 to the corresponding ketone 120 we now investigated installation of the 

olefin in a Wittig reaction as previously described for the transformation of 118 to 

119. The product was isolated in a 68% yield.  

Confirmation of the product was confirmed by 
1
H and 

13
C-NMR. The backbone of 

the compound maintained the same characteristic splitting pattern and chemical 

shifts as that seen in the ketone 120 in the 
1
H-NMR spectrum. A triplet at 4.58 ppm 

(J = 7.2 Hz) integrating for 2H represents the CHO hydrogens. The CH2O hydrogens 

appeared at two separate signals; a double doublet at 4.15 ppm (J = 8.0 and 6.4 Hz) 

and an apparent triplet at 3.60 ppm (J = 8.4 Hz). The appearance of a singlet at 

5.32 ppm integrating for 2H representing the C=CH2 hydrogens confirmed the 

installation of the olefin. It is worth noting that separation of the diastereomers was 

not achieved by column chromatography of the alkene. From calculating the 

integration of the CHO signal to that of the corresponding CHO signal of the 

diastereomer, a diastereomeric ratio of 5.67:1 (85% de) was recorded.  

Deprotection of the acetals to yield tetraol 124 was carried out as previously 

described above, affording 124 in 82% yield. The structure of the product was 

confirmed by 
1
H and 

13
C-NMR. The CHOH hydrogens appear as a double doublet at 

4.11 ppm (J = 6.8 and 3.9 Hz). The CH2O hydrogens appear two double doublets at 

3.56 ppm (J = 11.8 and 4.0 Hz) and at 3.44 ppm (J = 11.7 and 7.5 Hz). The acetal 

signals are no longer present in the 
1
H or 

13
C-NMR spectra and the appearance of a 

large broad band in the IR at 3338 cm
-1

, confirmed completion of the deprotection 

reaction. With the tetraol 124 key intermediate in hand, we again turned our attention 

to the selective protection of the primary hydroxyls. Firstly we explored the 

protection of the primary alcohols of tetraol 124 with tert-butyldimethylsilyl 

chloride. As in previous TBDMS protections, the tetraol 124 was cooled to -15 ºC in 

CH2Cl2, and triethylamine, DMAP and tert-butyldimethylsilyl chloride were added. 

Purification was carried out by column chromatography on silica. The di-protected 

tetraol 131 was isolated in a 25 % yield by gradient elution of petroleum ether:ethyl 

acetate 98:2 to 80:20. The low yield can be explained by a number of factors. As was 

seen with the TBDMS protection of arabitol derived tetraol 130 (Scheme 2.58), 

formation of the mono-, tri and tetra-protected tetraol reduces the possible yield of 

the desired di-protected tetraol 131. Secondly, a quantity of starting material 124 was 

recovered (<10%).  This can be attributed primarily to the fact that tetraol 124 was 
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sparingly soluble in CH2Cl2. Consequently, once the protection of the first hydroxyls 

occurs, the compound becomes less polar and therefore more soluble in the solvent, 

meaning that it is more likely to react with a second, third or fourth molecule of 

TBDMSCl than the heterogeneous tetraol 124 . Once we observed over protection of 

the tetraol by TLC the reaction was stopped, and unreacted starting material 

remained. The structure of di-protected tetraol 131 was confirmed by 
1
H and 

13
C NMR. The 

1
H-NMR spectrum confirmed the presence of the 

tert-butyldimethylsilyl groups due a singlet at 0.90 ppm integrating for 18H 

representing the  C(CH3)3 hydrogens and a singlet at 0.08 ppm representing the 

Si(CH3)2 on each of the protecting groups. The integration of the 
1
H-NMR and the 

symmetry of the splitting pattern and chemical shift of the backbone hydrogens 

confirm that isolation of di-protected tetraol 131 was achieved (Scheme 2.59)  

Due to the low isolated yield, alternate silyl groups were investigated. Due to the 

overprotection seen in previous TBDMS protections, we envisaged a more sterically 

hindered protecting group would favour the selective protection of the primary 

alcohols and therefore the secondary alcohols would be free for further 

functionalisation. Consequently, the triisopropylsilyl group was investigated. 

The tetraol 124 was cooled to 0 ºC in a 1:1 DCM/DMF mixture and imidazole, 

4-dimethylaminopyridne (DMAP) and triisopropylsilyl chloride was added. 

Following an increase in the temperature to ambient temperature the reaction was 

stirred for 2.5 h. We discovered the addition of MeOH was needed to quench the 

reaction, by reacting with the excess triisopropylsilyl chloride and preventing 

over-protection on work-up. The crude product was purified by column 

chromatography on silica gel. The product was eluted with petroleum ether:ethyl 

acetate 9:1 to yield 132 in a 68% yield (Scheme 2.59). The structure of the 

compound was confirmed by 
1
H-NMR. The 

1
H-NMR spectrum again shows the 

typical signals for the backbone hydrogens. A double doublet at 4.31 ppm (J = 8.6 

and 3.6 Hz) integrating for 2H represented the CHOH hydrogens. The CH2O 

hydrogens were represented as a double doublet at 3.85 ppm (J = 9.8 and 4.0 Hz) 

and a double doublet at 3.61 ppm (9.8 and 8.5 Hz). The olefin hydrogens appear as a 

singlet at 5.26 ppm integrating for 2H. The triisopropyl hydrogens appear as a 

multiplet between 1.11-1.04 ppm which integrated for 42H.  
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Scheme 2.59 TBDMS vs. TIPS protection of tetraol 124 

Reagents and conditions: (a) TBDMSCl, Et3N, DMAP, 0 ºC-rt, 25% (b) TIPSCl, imidazole, DMAP, 

DCM/DMF, 0 º C –rt, 68%. 

As hypothesised, protection of the primary alcohols as the triisopropylsilyl ethers 

proceeded to a higher % yield than the tert-butyldimethylsilyl ethers (68% vs 25%) 

which can be attributed to the additional steric bulk associated with the 

triisopropylsilyl ethers. While this steric effect proved advantageous in the protection 

step, we were concerned it may have a detrimental effect in future steps, therefore 

the decision was made to continue with both the tert-butyldimethylsilyl di-protected 

tetraol 131 and the triisopropylsilyl di-protected tetraol 132.  
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Scheme 2.60 Transformation of protected teraols 131 and 132 to protected 

amino alcohols 135a and 135b 

Reagents and conditions: Where P = TBDMS (a) MsCl, Et3N, CH2Cl2, 0 ºC –rt, 4 h, 94% (b) NaN3, 

DMF, 85 ºC, 16h (c) LiAH4, Et2O, reflux, 5 h or Pd/C, H2 (5 bar), rt, 16h; where P = TIPS (a) MsCl, 

Et3N, CH2Cl2, 0 ºC –rt, 4 h, 94% (b) NaN3, DMF, 85 ºC, 16h (c) Pd/C, H2 (5 bar), rt, 16 h. 

In accordance with Scheme, 2.60 above, our next synthetic step involved the 

activation of the secondary alcohols of the di-protected tetraol as the mesylates. We 

will begin by discussing the transformation of 131 to 133a when TBDMS is the 

alcoholic protecting group. The protected diol 131 was mesylated using 

triethylamine and methanesulfonyl chloride in CH2Cl2 at 0 ºC. The reaction was then 

stirred for 4 h at room temperature. The crude product was purified by column 

chromatography on silica gel. The crude product was eluted with petroleum 

ether:ethyl acetate 4:1, to give 133a in 94% yield. The structure of the di-TBDMS 

protected dimesylate 133a was confirmed by 
1
H and 

13
C-NMR spectroscopy. The 

1
H-NMR spectrum showed a triplet at 5.06 ppm (J = 5.8 Hz) which integrated for 2H 

represented the CHOMs hydrogens. The CH2OSi hydrogens appeared as a doublet at 

3.84 ppm (J = 1.8Hz), which integrated for 4H. The olefinic protons appeared as a 

singlet at 5.57 ppm, which integrated for 2H. The addition of the mesylate groups 

was confirmed by a singlet at 3.05 ppm, integrating for 6H, corresponding to the two 

SCH3 groups. It is also worth noting that the corresponding diastereomer is still 

present.  

The same experimental and purification procedure was employed for the 

transformation of the TIPS di-protected tetraol 133b. The structure was confirmed by 

1
H and 

13
C-NMR spectroscopy. The 

1
H-NMR spectrum showed a double doublet at 
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5.09 ppm (J = 6.9 and 4.6 Hz) which integrated for 2H represented the CHOMs 

hydrogens. The CH2OSi hydrogens appeared as a doublet at 3.84 ppm (J = 3.2Hz), 

which integrated for 4H. The olefinic protons appeared as a singlet at 5.58 ppm, 

which integrated for 2H. The addition of the mesylate groups was confirmed by a 

singlet at 3.06 ppm, integrating for 6H, corresponding to the two SCH3 groups. The 

change in chemical shift of the backbone hydrogens from both the TIPS 132 and 

TBDMS di-protected tetraol 131 to the di-mesylate compounds 133a/133b can be 

attributed to the deshielding effect of the two mesylate groups.  

Following successful activation of the secondary alcohols, nucleophilic displacement 

of the mesylates with sodium azide was our next focus The treatment of the 

TBDMS-mesylate 133a with sodium azide in N,N-dimethylformamide was 

undertaken. The reaction was performed using a large excess of sodium azide under 

the same experimental conditions described for the formation of the diazido 

compound 110. The diazide 134a was used without any further purification. 

Reduction of the diazide 134a to the diamine 135a was attempted by a LiAlH4 as the 

hydride source based on an approach published by Kuroda et al. in which they make 

tertiary alkyl halides from tertiary alcohols.
32

 LiAlH4 (4 equivalents) was added to 

the diazide in refluxing diethyl ether. The reaction was then filtered through celite 

and sodium sulfate. The crude 
1
H-NMR showed an unidentifiable mixture of 

products. IR analysis did not show an expected band between 3300 and 3400 cm
-1

 as 

would be expected with the formation of an amine. We then attempted to reduce the 

diazide by means of hydrogenation. The diazido compound 134a was subjected to 

hydrogenation using 10% palladium as a catalyst on activated carbon in methanol. 

The Pd/C was removed by filtration through celite, after which the crude residue was 

analysed by 
1
H-NMR spectroscopy; again one clear product could not be identified. 

There was a large region of signals between 3.8 and 3.5 ppm. From studying the 

characteristic backbone 
1
H-NMR spectrums associated with the compounds derived 

from xylitol with an alkene at the bridgehead, we know that the CH2O hydrogens 

typically appear in this region. A large multiplet in this region could suggest a 

number of outcomes from the transformation of the bis-mesylate 133a to the 

bis-amine 135a via the TBDMS di-protected diazido compound 134a. Either a 

number of products have been formed and/or a loss of the C2-symmetry of the 

compound. Attempts to separate the mixture of compounds proved unsuccessful. 

Another issue that could arise from the hydrogenation of TBDMS di-protected azide 
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134a to the TBDMS di-protected amine 135a is not only can the reduction of the 

azide 134a to the amine 135a occur, but the alkene should also be reduced to the 

alkane (Scheme 2.61). The absence of any signals in the region of 5.40 to 5.30 ppm, 

in which the signals to the olefinic hydrogens appeared previously, would suggest 

that reduction of alkene did occur leading to the formation of 136. 

 

Scheme 2.61 Possible hydrogenation products of diazide 134a 

Reagents and conditions: (a) H2, Pd/C, MeOH, rt, 16h 

 

Due to the problems associated with the transformation of the bis-mesylate 133a to 

the bis-amine 135a via the TBDMS di-protected diazido compound 134a we decided 

to relook at the nucleophilic displacement of the mesylate groups with sodium azide. 

As with what was witnessed in the 
1
H-NMR spectrum of the residue formed in the 

attempted hydrogenation of the diazide 134a to the diamine 135a there was a large 

region of signals between 3.8 and 3.5 ppm. As previously established, we know the 

CH2O hydrogens typically appear in this region. A large multiplet in this region 

could suggest a number of outcomes from the transformation of the bis-mesylate 

133a to the bis-azide 134a. Either a number of products have been formed and/or 

desymmetrisation of the compound. If we look at the reaction mechanistically we 

can see there are two competing pathways arising from the nucleophilic attack of the 

azide (Scheme 2.62). The desired reaction pathway is depicted by the black arrows. 

It involves nucleophilic attack of the azide at the electropositive sp
3
 chiral carbon, 

leading to displacement of the mesylate as the leaving group. Overall, inversion of 

stereochemistry is observed. Conversely, if the reaction proceeds via the red arrows 

the azide attacks at the allylic carbon, causing the allyl group to shift to the next C-C 
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bond and eliminating the mesylate. This process is known as a nucleophilic 

conjugate addition or an SN2’ reaction (Scheme 2.62). This process may be favoured 

due to the saturated carbon being hindered, making the approach of the azide more 

difficult.  

 

Scheme 2.62 SN2 vs. SN2’ mechanism of bis-mesylate 133a 

Due to difficulties in purification it was difficult to assess to what extent each 

product was formed. The presence of a double doublet at 5.33 ppm (J = 9.5 and 

0.9 Hz) in the 
1
H-NMR spectrum could signify the presence of 137, the product of 

the nucleophilic conjugate addition. This signal would likely correspond to the 

olefinic hydrogen, which is observed with such a splitting pattern due to the 

diastereotopic hydrogens on the adjacent carbon. The same reaction methodologies 

were employed using the TIPS di-protected mesylate 133b as in the case of the 

TBDMS di-protected mesylate 133a. But as expected, we obtained the same results. 

Again, a mixture of non-isolable products was obtained, as confirmed by
1
H-NMR 

spectroscopy. 
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2.4.3 Attempted 4,4-bis(oxazoline) synthesis containing chiral sidearms 

In 2013, Kellehan et al. reported the synthesis of novel 4,4’-bis(oxazoline) ligands 

with chiral side arms (Figure 2.28). These new ligands have been applied as copper 

complexes to asymmetric cyclopropanation reaction of styrene 94 with ethyl 

diazoacetate 93 (Scheme 2.43). Enantioselectivities of up to 70% were obtained 

when 138 was employed as the chiral ligand in 10% catalyst loading. This is the 

highest ee reported from the use of this ligand class in this reaction to date. 

 

Figure 2.28 4,4’-Bis(oxazoline) ligands 

We decided to use xylitol 123 as our starting material as it is cheap and readily 

available (Section 2.4.2). Xylitol 123 leading to the XyliBOX ligands is meso unless 

additional chirality is incorporated into the pendant groups on the oxazoline rings. 

When PhXyliBOX ligand 97 was employed in the cyclopropanation reaction 

described in Scheme 2.43 no stereoselectivity was observed, but in the case of ligand 

142 24% ee for both the cis (1S, 2R) and trans (1S, 2S) isomers was observed. The 

modest enantioselectivities can be attributed to the flexibility in the ligand backbone, 

which was previously discussed in Section 2.4.1. Therefore, incorporation of 
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secondary binding sites to the chiral side arms may enhance stereochemistry in the 

cyclopropanation reaction. 

 

 

Scheme 2.63 Retrosynthetic analysis of 4,4’-BOX ligand 143  

With that in mind we envisaged our desired 4,4’-bis(oxazoline) ligand 143 could be 

obtained from the di-TBDMS protected bis-β-amino alcohol 144. The tetraol 145 

key intermediate, could be obtained from xylitol 123, provides a pathway to the bis-

amine (Scheme 2.63). Our synthesis was carried out using an identical methodology 

as described in Section 2.4.1 for the attempted synthesis of a 4,4’-bis(oxazoline) 

ligand  112 with secondary binding sites. Therefore our synthesis began with the 

kinetic, acid-catalysed acetalisation of xylitol 123 with 3,3-dimethoxypentane 102 to 

yield 127. Following purification and isolation the xanthate ester was installed. 
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Scheme 2.64 Synthesis of tetraol 145 

Reagents and conditions: (a)(i) 3,3-dimethoxypentane 102, camphorsulfonic acid, THF, reflux, 

5 min (ii) Et3N, succinic anhydride, CH2Cl2, reflux, 1 h, 49% (b) CS2, NaH, THF, 0 °C-rt., 16 h, then 

MeI, 0 °C-rt., 6h, 87% (c) ACN, Bu3SnH, toluene, reflux, 4 h, 77% (d) 0.5 M H2SO4, EtOH, reflux, 

4 h, 64% 

 

The xanthate product 146 was obtained in 87% yield. The structure of the product 

was confirmed by comparison with the published data.
22, 30

 A singlet in the 
1
H-NMR 

spectrum at 2.58 ppm corresponds to the newly installed SCH3 moiety, confirmed 

the formation of 146. 

Following this, radical deoxygenation of xanthate 146 was carried out with 

tributyltin hydride and 1,1-azobis(cyclohexane-carbonitrile) (ACN). The 

deoxygenated product 147 was obtained in 77% yield. The structure of the product 

was confirmed by 
1
H-NMR spectroscopy. The CH2 bridgehead appears as two 

separate signals; a double triplet at 2.00 ppm (J = 14.6 and 3.0 Hz) and a double 

triplet at 1.77 ppm (J = 14.6 and 3.0 Hz). The purified deoxygenated product 147 

was then heated to reflux in a 1:1 solution of in 0.5 M sulfuric acid and ethanol, 

hydrolysing the acetal protecting groups to yield 145 in 64% following purification 

as previously described. 
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Figure 2.29 
1
H-NMR spectral chemical shifts of tetraol 145 

 

Characterisation of the tetraol key intermediate 145 by 
1
H-NMR spectroscopy 

showed these characteristic signals. The CHO hydrogens, of the two alcoholic 

groups, appear as a multiplet between 3.71 and 3.65 ppm. Two of the hydrogens of 

the two CH2O appear as a double doublet at 3.44 ppm (J = 11.8 and 3.6 Hz). The 

other two hydrogens of the two CH2Os appear as a double doublet at 3.32 ppm (J = 

11.8 and 6.5 Hz). The CH2 of the CHCH2CH appears as two double triplets at 1.51 

ppm (J = 14.3 and 5.4 Hz) and 1.42 ppm (J = 14.3 and 5.4 Hz) (Figure 2.29 and 

2.30).  

 

 

 

Figure 2.30 
1
H-NMR spectrum of tetraol 145 
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With the tetraol intermediate 145 in hand we turned our attentions to the synthesis of 

the bis-amine 144 (Scheme 2.65). To achieve the desired transformation it is 

necessary to selectively protect the primary hydroxyls of tetraol 145. Therefore 

tetraol 145 was treated with tert-butyldimethylsilyl chloride in the presence of 

triethylamine and a catalytic amount of 4-dimethylaminopyridine in CH2Cl2 

at -15 ºC. Following work-up and purification the protected product 148 was 

obtained in 32% yield. The characteristic signals of the backbone of the molecule 

were present in the 
1
H-NMR. The key signals identifying the product are the singlets 

appearing at 0.89 and 0.06 ppm, which integrate for 18H and 12H respectively. 

These signals correspond to the C(CH3)3 and the Si(CH3)2 of the two new TBDMS 

protecting groups. 

 

 

 

Scheme 2.65 Synthesis of protected amino alcohol 144 

Reagents and conditions: (a) TBDMSCl, Et3N, DMAP, CH2Cl2, -15 °C-rt., 40 h, 32% (b) MsCl, 

Et3N, CH2Cl2, 0 °C-rt., 4 h, 95% (c) NaN3, DMF, 85 °C, 16 h (d) Pd/C, H2 (5 bar), MeOH, rt., 12 h 

 

The protected diol 148 was mesylated using the same conditions as previously 

described, affording 149 in 95% yield. The structure of the di-TBDMS protected 

dimesylate 149 was confirmed by 
1
H and 

13
C-NMR spectroscopy. The characteristic 

signals of the backbone of the molecule were all present in the 
1
H NMR. The key 
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signal identifying the product is the singlet appearing at 3.06 ppm, which integrates 

for 6H. This signal corresponds to the SCH3 of the two new mesylate groups.  

The treatment of the TBDMS-mesylate 149 with sodium azide in 

N,N-dimethylformamide, was seen to give complete displacement of the sulfonate 

groups in an 80% yield. The IR spectrum showed a signal at 2104 cm
-1

, which is 

characteristic of an azide group. The diazido compound 150 was subjected to 

hydrogenation using 10% palladium on activated carbon in methanol, to give 

TBDMS protected bis--amino-alcohol 144. As previously discussed, optimum 

conditions for this reaction were the use of freshly opened palladium on activated 

carbon, at 5 bar H2, for 12 h and with vigorous stirring. The palladium catalyst was 

removed by filtration. The crude product was purified by column chromatography on 

silica gel. The TBDMS protected bis--amino alcohol 144 product eluted with ethyl 

acetate:methanol 85:15. The 
1
H-NMR spectrum showed an unidentifiable mixture of 

products. This can be attributed to the palladium catalyst having being exposed to the 

atmosphere, lowering the activity of the catalyst. This lead to the reaction having to 

be carried out under more forcing conditions (higher pressure and longer reactions 

times), leading to a mixture of products of which separation was not possible.  

 

2.5 Conclusions 

 

Synthesis of mono(oxazoline) ligands was attempted via three alternate routes; 

Synthesis via α-keto esters, synthesis via α-hydroxy ketones and synthesis from 

(L)-serine. Following successful oxidation, esterification accompanied by 

ketalisation and hydrolysis of various aryl ketones to the corresponding α-keto 

esters, N-sulfinyl imine 10 was prepared as a key intermediate towards the synthesis 

of amino alcohol 19. Zinc (II) chloride mediated cyclisation with benzonitrile to the 

corresponding mono(oxazoline) ligand 25 proved unsuccessful. Due to the modular 

nature of the synthesis of mono(oxazoline) ligands, synthesis via α-hydroxy ketones 

was attempted. Various aryl ketones were transformed into their corresponding 

ketals 37, 39 and 40 and hydrolysed towards α-hydroxy ketones 41, 39 and 42. 

TBDMS protection of α-hydroxy ketone 41, followed by treatment with 

(R)-2-methylpropane-sulfinamide led to the formation of N-sulfinyl imine 52. 

Treatment of 52 with methylmagnesium chloride under a variety of reaction 
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condition was then undertaken, but proved unsuccessful as isolation of N-sulfinyl 

amine 55 from the crude product proved unsuccessful. We have synthesised ten 

novel 2-pyridyl mono(oxazoline) ligands. The novel ligands 71-76 are all prepared 

from a common compound, 2-pyridyl oxazoline alcohol 61, which was synthesised 

in two steps from (L)-serine. Similarly, the novel ligands 81-84 were all prepared 

from the isomeric 2-pyridyl oxazoline alcohol 79, which again was obtained in two 

steps from (L)-serine. 

Ligands 71-76 were successfully applied to several asymmetric hydrosilylation 

reactions. In the hydrosilylation of acetophenone 6 to 1-phenyl ethanol 85, ee’s of up 

to 48% were achieved with the 2-pyridyl mono(oxazoline) 72, although ligands 74 

and 76 achieved almost comparable selectivities, with 46% ee and 47% ee 

respectively.  

Ligands 81-84 were also applied in this benchmark reaction but no conversion of the 

starting material was observed. This suggests that our family of mono(oxazoline) 

ligands behave in a bidentate fashion and coordination of both the pyridyl nitrogen 

and the oxazoline nitrogen was necessary to catalyse the aforementioned 

transformation.  

Ligands 71-76 were also applied in the hydrosilylation of both 

4’-methylacetophenone 2 and 4’-methoxyacetophenone 36 to their corresponding 

chiral alcohols. Both substrates suffered a loss in selectivity as compared to 

acetophenone 6. Ligands 71 and 72 both achieved 38% ee for the conversion of 

4’-methylacetophenone 2 to the corresponding alcohol and 32% ee for the 

conversion of 4’-methoxyacetophenone 36 to the corresponding alcohol with ligand 

76.  

Ligands 71, 73 and 74 were also applied to the asymmetric allylation reaction of 

benzaldehyde with allyltrichlorosilane. Extremely low conversions were observed 

after 24 h and UV detection of the products following chiral HPLC was not possible 

and no enantioselectivities were reported. 

This first generation of these ligands have shown that the pendant groups on the 

mono(oxazoline) ligands  have an effect on the enantioselectivity of a reaction and 

the position of the nitrogen atom in the pyridyl ring is also important. The ee’s are 

encouraging for further development of this ligand class. Development of this ligand 

class is ongoing in our research group.  
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We also attempted the modification of novel 4,4’-bis(oxazoline) ligands first 

developed within the group. Early ligand developed within the group suffered from 

modest ee’s due to the flexibility present in the backbone of the ligand when in 

coordination with a transition metal. Therefore we proposed the installation of 

structural changes that would increase the rigidity of the backbone of the ligand as 

compared to the first generation of ligands. Our first proposed modification was the 

inclusion of secondary binding sites on the pendant groups on the ligand. 

(2R,4R)-Arabitol was worked through a series of reactions to generate the tetraol 

intermediate 100 which was further transformed to yield the di-TBDMS protected 

bis-β-amino alcohol 99. Bis-amide 111 was then synthesised on the route to the 

proposed 4,4’-BOX ligand 112. Attempted formation of 112 via the use novel 

one-pot deprotection-activation-ring-closure (DARC) reaction, a method which was 

developed within our research group, was not successful.  

The second proposed modification was the installation of a functionalised 

bridgehead, leading to the formation of a six-membered internal metallocycle once 

the ligand was in coordination with a transition metal again increasing rigidity of the 

overall system. Synthesis was attempted starting from both (2R,4R)-Arabitol and the 

isomeric xylitol. Therefore the attempted synthesis of ligands 117 and 126, 

4,4’-BOX ligands with a substituted bridgehead was attempted. Racemisation issues 

with both ketones 118 and 120 proved problematic. Due to the acidic nature of the 

hydrogens on the chiral α-carbons, a diastereomeric mixture of products, up to 70% 

de was obtained. Efforts to separate this diastereomeric pair proved unsuccessful. 

This diastereomeric pair was further worked through the reaction sequence towards 

the synthesis of BOX ligands 117 and 126, but as before, separation was not 

possible. Further issues arose during the treatment of the bis-mesylate 133a with 

sodium azide. A mixture of products was observed due to the competing SN2 and 

SN2’ reactions. Therefore and unfortunately despite considerable effort the synthesis 

of these ligands proved impossible in our hands.  
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2.6 Future work 

 

A number of research options are possible following on from the work presented in 

this thesis. To begin with, as discussed in this thesis our family of mono(oxazoline) 

ligands showed promising conversions and selectivities in the hydrosilylation of aryl 

ketones. It can be seen that varying the R group of the ester side chain can have a 

significant effect on either the conversion or selectivity of the transformation, 

therefore further studies regarding the alternation of the R group would provide a 

more comprehensive overview of the limitations involved with various side chains in 

the hydrosilylation reaction. This thesis has presented preliminary findings in 

deciphering the mechanistic pathway of the hydrosilylation reaction with a view to 

increasing conversions and selectivities. So far we have only studied the importance 

of the pyridyl nitrogen, therefore the role of the newly introduced ester moiety needs 

to be investigated. This will grant further insight into the mechanism of the 

aforementioned reaction and efforts can be made to incorporation of these findings 

into future ligand design. This process can then be applied to the use of our family of 

mono(oxazoline) ligands in alternative asymmetric reactions, in order to optimise the 

ligand class for specific transformations.  

In this thesis efforts were made to develop a family of 4,4’-bis(oxazoline) ligands 

which were more rigid than that of the 1
st
 generation. Following on from ligand 

design, synthesis was unsuccessful. Consequently, investigation of alternate 

synthetic routes may yield the desired ligands. In particular, alternate routes of the 

novel bis-amide to the desired 4,4’-bis(oxazoline) ligand contacting secondary 

binding sites would allow use of this ligand in asymmetric reactions to evaluate its 

catalytic abilities.  
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3.1 General experimental conditions 

Unless otherwise stated, all procedures were carried out in an atmosphere of 

nitrogen. All solvents were dried using an Innovative Technology Pure Solv 

PS-MD-5 Purification
1
 system under an atmosphere of nitrogen. Organic phases 

were dried using anhydrous magnesium sulfate or anhydrous sodium sulfate unless 

otherwise stated. All chemicals were purchased from Aldrich Chemical Company, 

Fisher Scientific or Acros Organics and used without any further purification.  All 

asymmetric reactions were carried out using standard Schlenk line techniques and all 

Schlenk tubes were dried and heated under vacuum to remove moisture prior to use.  

 

Melting points were measured on a Stuart Scientific SMP1 apparatus. IR spectra 

were measured on a Perkin Elmer FT-IR, where liquid samples were measured as 

thin films and solids were measured directly. Optical rotations were measured on a 

Uniplol L1000 polarimeter at 589 nm (Na) in a 10 cm cell; concentrations (c) are 

expressed in g/1000 mL. [α]D is the specific optical rotation of a compound and is 

measured in units of 10
-1

 deg cm
2
 g

-1
. Thin Layer Chromatography (TLC) was 

carried out on pre-coated silica gel plates (Merck 60 F254); Column chromatography 

was carried out using Sigma-Aldrich silica gel 40-63 micron. Visualisation was 

achieved by UV (254 nm) light detection, vanillin stain or ninhydrin stain.  

 

High resolution mass spectra were carried out using electronspray ionisation (ESI) 

on a Walters LCT Premier XE spectrometer by manual peak matching.
1
H-NMR (400 

MHz) and 
13

C NMR (100 MHz) were recorded on a JEOL ECX-400 NMR 

spectrometer. All spectra were recorded at probe temperatures (~20 °C) in deuterated 

chloroform (CDCl3) unless otherwise stated, using trimethylsilane (TMS) as the 

internal standard. Chemical shifts are expressed in parts per million (ppm) and 

coupling constants in Hertz (Hz). 
13

C-NMR spectra were assigned with the aid of 

DEPT experiments. Compounds were assigned by identifying both the carbon, (CH3, 

CH2, CH or C), and also the atom position of the carbon, for example, (CH, 

CH2CHOH).  
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HMQC (Heteronuclear Shift Multiple Quantum Coherence) establishes links 

between protons and attached carbons. COSY (Correlated Spectroscopy) established 

links between protons and attached carbons. 

 

All chiral HPLC analysis was carried out on a Varian Prostar instrument, with a 

UV/Vis detector at the specified wavelength, with a CHIRACEL OD 0.46 cmΦ x 25 

cm under column conditions described for each experiment. All chiral GC analysis 

was carried out on a Varian 3900 instrument using Helium as the mobile phase and a 

FID (Flame Ionisation Detector), with a CYCLODEX-β 0.25 mmΦ x 30m column 

under the conditions described for each experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Experimental 

 

202 

 

3.2 Synthesis of mono(oxazoline) ligands 

3.2.1 Synthesis via α-keto ester formation 

Synthesis of isopropyl (4-methylphenyl)(oxo)acetate (3)
2
 

 

 

A mixture of 4’-methylacetophenone (2 mL, 14.83 mmol) and selenium dioxide 

(6.06g, 59.33 mmol) in dry pyridine (8.33 mL) was stirred under N2 at 100 ºC 

overnight. The mixture was then cooled to 0 ºC. 4 Å molecular sieves (1 g) and 

isopropyl alcohol (20.5 mL, 267 mmol) were added to the reaction mixture and 

stirred for 10 min. Thionyl chloride (5.33 mL, 73.87 mmol) was added dropwise to 

the reaction mixture over 1.5 h. The reaction mixture was then stirred at 0 ºC for a 

further 10 min, gradually warmed to room temperature and stirred overnight. 

Acetonitrile (115 mL), perchloric acid (5.9 mL, 73.87 mmol) and deionised water 

(11.8 mL) were added to the reaction flask and stirred for 1 h. The reaction mixture 

was filtered through celite and concentrated in vacuo. The residue was dissolved in 

CH2Cl2 (10 mL), neutralised with an aqueous sodium bicarbonate and extracted with 

CH2Cl2 (3 x 10 mL). The combined organic layers were dried, filtered and 

evaporated under reduced pressure. The residue was purified by column 

chromatography (pet:ethyl acetate 95:5) to yield 3 as a yellow liquid (1.25 g, 40%) 

 

1
H-NMR (400 MHz, CDCl3) δ = 7.87 (2H, d, J = 8.1 Hz, 2 x ArCH), 7.29 (2H, d, 

J = 8.4 Hz, 2 x ArCH), 5.30 [1H, hept, J = 6.4 Hz, CH(CH3)2], 2.42 (3H, s, ArCH3), 

1.39 [6H, d, J = 6.4 Hz, CH(CH3)2] ppm;
 13

C-NMR (100 MHz, CDCl3) δ = 186.5 (C, 

C=O), 163.9 (C, ArC), 146.2 (C, ArC), 130.2 (CH, 2 x ArCH) , 129.7 (CH, 2 x 

ArCH), 70.6 [CH, CH(CH3)2], 22.0 (CH3, ArCH3), 21.8 [CH3, CH(CH3)2] ppm; IR 

2984,1729,1679,1605,1191,806 cm
-1
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 Synthesis of isopropyloxo(pyridine-2-yl)acetate (27)
2
 

 

A mixture of 2-acetylpyridine (2 mL, 17.83 mmol) and selenium dioxide (7.28 g, 

71.32 mmol) in dry pyridine (10 mL) was stirred under N2 at 100 ºC overnight. The 

mixture was then cooled to 0 ºC. 4 Å molecular sieves (1 g) and isopropyl alcohol 

(24.5 mL, 321 mmol) were added to the reaction mixture and stirred for 10 min. 

Thionyl chloride (6.63 mL, 89.15 mmol) was added dropwise to the reaction mixture 

over 1.5 h. The reaction mixture was then stirred at 0 ºC for a further 10 min, 

gradually warmed to room temperature and stirred overnight. Acetonitrile (115 mL), 

perchloric acid (7.1 mL, 89.15 mmol) and deionised water (11.8 mL) were added to 

the reaction flask and stirred for 1 h. The reaction mixture was filtered through celite 

and concentrated in vacuo. The residue was dissolved in CH2Cl2 (10 mL), neutralised 

with an aqueous sodium bicarbonate and then extracted with CH2Cl2 (3 x 10 mL). 

The combined organic layers were dried, filtered and evaporated under reduced 

pressure. A 
1
H-NMR spectrum of the crude product was obtained in both CDCl3 and 

D2O and no product signals were observed.  

 

Synthesis of oxo(pyridine-2-yl)acetic acid (30) 

 

A mixture of 2-acetylpyridine (1 mL, 8.91 mmol) and selenium dioxide (3.64 g, 

35.66 mmol) in dry pyridine (5 mL) was stirred under N2 at 100 ºC overnight. The 
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mixture was then allowed to cool to room temperature followed which it was filtered 

through celite to remove selenium dioxide and excess solvent was removed under 

vacuum. The residue was purified by column chromatography (pet:ethyl acetate 9:1) 

to yield 30 as yellow oil (570 mg, 47%). 

1
H-NMR (400 MHz, CDCl3) δ = 11.08 (1H, br. s, OH), 8.76 (1H, d, J = 4.6 Hz, 

ArCHA), 8.24 (1H, d, J = 7.1 Hz, ArCHD), 7.94 (1H, td, J = 7.6, 1.2 Hz, ArCHB), 

7.53 (1H, dd, J = 5.9, 1.7 Hz) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 186. 2 (C, 

C=O), 164.6 (C, COOH), 148.2 (CH, ArCHA), 146.6 (C, ArC), 138.6 (CH, ArCHC), 

127.9 (CH, ArCHB), 124.2 (CH, ArCHD) ppm; IR 2981, 1713, 1686, 1189, 809 cm
-1 

 

Synthesis of methyl dimethoxy(pyridine-2-yl)acetate (31) 

 

 

To a solution of keto acid 30 (500 mg, 3.68 mmol) in isopropyl alcohol (5.65 mL, 

73.6 mmol) at 0 ºC was added 4 Å molecular sieves. The resulting mixture was 

stirred for 10 min after which thionyl chloride (1.51 mL, 20.98 mmol) was added 

dropwise over 1.5 h. The mixture was allowed to warm to room temperature and was 

stirred overnight. The mixture was filtered and the excess solvent was removed 

under reduced pressure. The crude residue was purified by column chromatography 

(pet:ethyl acetate 9:1). 
1
H-NMR spectroscopy showed no product formation.  
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Synthesis of ()-isopropyl(2Z-[(tert-butylsulfinyl)imino](4-metylphenyl)acetate 

(10)
3
 

 

 

To a stirring solution of 3 (1.25 g, 6.06 mmol) in THF (15 mL) was added 

()-2-methylpropane-2-sulfinamide (880 mg, 7.27 mmol) and Ti(O
i
Pr)4 (4.5 mL, 

15.15 mmol). The mixture was heated to reflux and stirred overnight under N2. The 

reaction was then cooled to 0 ºC and quenched with brine at 0 ºC (5 mL). The 

mixture was filtered and concentrated in vacuo. The residue was purified by column 

chromatography (pet:ethyl acetate, gradient elution 98:2-90:10) to yield 10 as a 

yellow oil (500 mg, 27%).   

 

1
H-NMR (400 MHz, CDCl3) δ = 7.64 (2H, d, J = 8.2 Hz, 2 x ArCH), 7.23 (2H, d, J 

= 8.2 Hz, 2 x ArCH), 5.34 [1H, hept, J = 6.4, CH(CH3)2], 2.94 (3H, s, ArCH3), 1.39 

[6H, dd, J = 8.4, 6.2 Hz, CH(CH3)2], 1.32 [9H, s, C(CH3)3] ppm; 
13

C-NMR (100 

MHz, CDCl3) δ = 165. 3 (C, C=O or C=N), 163.5 (C, C=N or C=O), 143.4 (C, ArC), 

130.6 (C, ArC), 129.5 (CH, 2 x ArCH), 127.8 (CH, 2 x ArCH), 70.4 [CH, 

CH(CH3)2], 59.3 [C, C(CH3)3], 23.0 [CH3, C(CH3)3], 21.8 [CH3, CH(CH3)2], 21.6 

(CH3, ArCH3) ppm; IR 2980, 1732, 1591, 1180, 1089, 813 cm
-1

; ESI-HRMS calcd. 

for C16O3NSH12 308.1321 (M+H)
+
 found m/z 308.1326 
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Synthesis of ()isopropyl 2-[tert-butylsulfinyl)amino]-2-(4-methylphenyl) 

propanoate (13)
4
 

    

 

N-sulfinyl imine 10 (50 mg, 0.17 mmol) was added to anhydrous CH2Cl2 (2 mL) and 

stirred at -78 ºC. MeMgCl (90 μL, 3.0M in THF, 0.27 mmol) was added and the 

resulting solution was stirred at -78 ºC for 6 h. Following this, the solution was 

warmed to room temperature and stirred overnight. The reaction was quenched upon 

addition of NH4Cl (2 mL), the organic layers were extracted with CH2Cl2 (3 x 5mL) 

and dried over Na2SO4. The crude product was filtered and concentrated in vacuo to 

yield a non-separable mixture of products. 
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Synthesis of ()N-[2-Hydroxy-1,2-dimethyl-1-(4-methylphenyl)propyl]-2-

methylpropane-2-sulfinamide (18) 

 

 

N-sulfinyl imine 10 (270 mg, 0.92 mmol) was added to anhydrous CH2Cl2 (15 mL) 

and stirred at -78 ºC. MeMgCl (1.85 mL, 3.0 M in THF, 5.5 mmol) was added and 

the resulting solution was stirred at -78 ºC for 2 h. Following this, the solution was 

warmed to room temperature and stirred overnight. The reaction was quenched upon 

addition of NH4Cl (10 mL), the organic layers were extracted with CH2Cl2 (3 x 

15 mL) and dried over Na2SO4. The resulting solid was purified by crystallisation in 

hexane:ethyl acetate (9:1) to yield 18 (204 mg, 77%) as a viscous clear oil.  

1
H-NMR (400 MHz, CDCl3) δ = 7.31 (2H, d, J = 8.3 Hz, 2 x ArCH), 7.12 (2H, d, 

J = 8.2 Hz, 2 x ArCH), 2.33 (3H, s, ArCH3), 1.85 (3H, s, H3CCNH), 1.27 [9H, s, 

C(CH3)3], 1.19 [3H, s, one of HOC(CH3)2],  1.10 [3H, s, one of HOC(CH3)2] ppm; 

13
C-NMR (100 MHz, CDCl3) δ = 139.6 (C, ArC), 136.8 (C, ArC), 128.4 (CH, 2 x 

ArCH), 128.1 (CH, 2 x ArCH), 75.8 (C, COH), 66.8 (C, CNH), 56.6 [C, C(CH3)3], 

25.7, 25.5 (CH3, 2 x CH3COH), 23.1 [CH3, C(CH3)3], 22.7 (CH3, H3CNH), 21.0 

(CH3, ArCH3) ppm; IR 3384, 2978, 1596, 821 cm
-1

; ESI-HRMS calcd. for 

C16O2SNH27 298.1841 (M+H)
+
 m/z 298.1829 
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Synthesis of ()-3-amino-2-methyl-3-(4-methylphenyl)butan-2-ol (19)
3
 

 

 

To a stirring solution of 18 (170 mg, 0.57 mmol) in MeOH (6 mL) was added 

HCl/MeOH (1.5 mL, 4 M). The solution was stirred at room temperature for 3 h. The 

solvent was removed under reduced pressure and the resulting residue was 

neutralised with a sat. NaHCO3 solution (~15 mL). The mixture was extracted with 

CH2Cl2/MeOH (9:1) (3 x 40 mL). The combined organic phases were dried over 

Na2SO4, filtered and concentrated in vacuo to yield amino alcohol 19 as a white solid 

(80 mg, 73%) 

1
H-NMR (400 MHz, CDCl3) δ = 7.39 (2H, d, J = 7.9 Hz, 2 x ArCH), 7.10 (2H, d, 

J = 7.9, 2 x ArCH), 2.32 (3H, s, ArCH3), 1.58 (3H, s, H3CCNH2), 1.24 [3H, s, one of 

HOC(CH3)2], 1.01 [3H, s, one of HOC(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ 

= 137.7 (C, ArC), 136.3 (C, ArC), 129.0 (CH, 2 x ArCH), 127.0 (CH, 2 x ArCH), 

74.1 (C, COH), 66.6 (C, CNH2), 25.6, 25.5 [CH3, 2 x HOC(CH3)2], 21.3 (CH3, 

H3CCNH2), 21.0 (CH3, ArCH3) ppm; IR 3380, 3296, 2976, 2915, 1501, 1167, 827 

cm
-1

; MP 126-129 ºC; ESI-HRMS calcd. for C12NOH19 194.1545 found (M+H)
+
 m/z 

194.1723 
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Synthesis of ()-2,5,5-trimethyl-2-(4-methylphenyl)-4-phenyl-2,5-dihydro-1,3-

oxazole (1)
5
 

 

 

To a flame-dried, N2 filled Schlenk flask was added ZnCl2 (136 mg, 1 mmol), which 

was heated under vacuum for 5 h and allowed to return to room temperature. Et2O 

(1 mL, pre-dried over 3Å sieves) was added to the reaction vessel and stirred until a 

homogeneous solution was obtained. To a stirring solution of benzonitrile (0.24 mL, 

0.41 mmol) and amino alcohol 19 (40 mg, 0.41 mmol) in chlorobenzene (2.5 mL) at 

50 ºC was added 1.0 M ZnCl2 in Et2O (12 μL, 0.017 mmol). The resulting solution 

was heated to reflux and stirred for 24 h, following which the reaction was allowed 

to cool to room temperature. CH2Cl2 (1 mL) was added to the reaction vessel and 

washed with a sat. NaHCO3 (3 x 1 mL). The organic layer was dried over Na2SO4, 

filtered and concentrated. Analysis of the crude residue by 
1
H-NMR spectroscopy 

showed only starting material. 

 

 

 

 

 

 

 

 

 



Experimental 

 

210 

 

3.2.2 Synthesis via α-hydroxy ketone formation 

Synthesis of 2,2-dimethoxy-2-(4-methylphenyl)ethanol (40)
6
 

 

 

 

To a stirring solution of 2-acetylpyridine (0.93 mL, 8.19 mmol) in MeOH (15 mL) at 

0 ºC was added (diacetoxyiodo)benzene (2.9 g, 9.02 mmol). KOH (4.58 g, 

81.9 mmol) was dissolved in MeOH (85 mL) and gradually added to the stirring 

solution over 10 min. The mixture was stirred at 0 ºC for 2 h, allowed to warm to 

room temperature and stirred for 4 h. MeOH was removed under reduced pressure 

and the resulting oil was dissolved in H2O (15 mL) and was extracted with ethyl 

acetate (3 x 30 mL). The combined organic layers were washed with brine (40 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The resulting residue was 

purified by column chromatography (pet:ethyl acetate 9:1) to yield 40 as a yellow oil 

(1.11 g, 99%).  

 

1
H-NMR (400 MHz, CDCl3) δ = 8.63 (1H, d, J = 6.3 Hz, ArCH), 7.75-7.68 (2H, m, 

2 x ArCH), 7.27-7.23 (1H, m, ArCH), 3.99 (2H, s, CH2), 3.26 (6H, s, 2 x OCH3) 

ppm; 
13

C-NMR (100MHz, CDCl3) δ = 158.1 (C, ArC), 149.1 (CH, ArCH), 136.5 

(CH, ArCH), 123.2 (CH, ArCH), 122.8 (CH, ArCH), 100.1 [C, C(OCH3)2], 64.1 

(CH2, CH2OH), 49.3 (CH3, 2 x OCH3) ppm; IR 3218, 2990, 2923, 1594 cm
-1 
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Synthesis of 2,2-dimethoxy-2-(4-methylphenyl)ethanol (37)
6
 

 

 

To a stirring solution of 4’-methylacetophenone (3 mL, 22.38 mmol) in MeOH 

(50 mL) at 0 ºC was added (diacetoxyiodo)benzene (7.92 g, 24.6 mmol). KOH 

(12.51 g, 223.8 mmol) was dissolved in MeOH (150 mL) and gradually added to the 

stirring solution over 10 min. The mixture was stirred at 0 ºC for 2 h and allowed to 

warm to room temperature and stirred for a further 4 h. MeOH was removed under 

reduced pressure and the resulting oil was dissolved in H2O (50 mL) and was 

extracted with ethyl acetate (3 x 80 mL). The combined organic layers were washed 

with brine (100 mL), dried over Na2SO4, filtered and concentrated in vacuo. The 

resulting oil was purified by column chromatography (pet:ethyl acetate 9:1) to yield 

37 as a pale yellow oil (3.85 g, 87%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.42 (2H, d, J = 8.2 Hz, 2 x ArCH), 7.22 (2H, d, 

J = 8.7 Hz, 2 x ArCH), 3.79 (2H, s, CH2OH), 3.28 (6H, s, 2 x OCH3), 2.39 (3H, s, 

ArCH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 138.0 (C, ArC), 135.8 (C, ArC), 

128.9 (CH, 2 x ArCH), 127.1 (CH, 2 x ArCH), 102.2 [C, C(OCH3)2], 65.2 (CH2, 

CH2OH), 48.9 (CH3, 2 x OCH3), 21.1 (CH3, ArCH3) ppm; IR 3444, 2942, 1059, 817 

cm
-1
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Synthesis of 2,2-dimethoxy-2-(4-methoxyphenyl)ethanol (38)
6
  

 

 

To a stirring solution of 4’-methoxyacetophenone (3.0 g, 20 mmol) in MeOH 

(50 mL) at 0 ºC was added (diacetoxyiodo)benzene (7.08 g, 22 mmol). KOH (11.2 g, 

200 mmol) was dissolved in MeOH (150 mL) and gradually added to the stirring 

solution over 10 min. The mixture was stirred at 0 ºC for 2 h and allowed to warm to 

room temperature over 4 h. MeOH was removed under reduced pressure and the 

resulting oil was dissolved in H2O (50 mL) and was extracted with ethyl acetate (3 x 

80 mL). The combined organic layers were washed with brine (100 mL), dried over 

Na2SO4, filtered and concentrated in vacuo. The resulting oil was purified by column 

chromatography (pet:ethyl acetate 9:1) to yield 38 as a pale yellow oil (3.56 g, 84%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.42 (2H, d, J = 8.9 Hz, 2 x ArCH), 6.90 (2H, d, 

J = 8.9 Hz, 2 x ArCH), 3.80 (3H, s, ArOCH3), 3.22 [6H, s, C(OCH3)2] ppm; IR 

3402, 9957, 1515, 811 cm
-1 
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Synthesis of 2-hydroxy-1-(4-methoxyphenyl)ethanone (39) 

 

 

 

A stirring solution of 38 (2.17 g, 10.23 mmol) in ethanol (40 mL) was treated with 

10% HCl (28 mL) for 45 mins at room temperature. The solvents were then removed 

under reduced pressure and the resulting solid was dissolved in diethyl ether (20 mL) 

and neutralised with aq. NaHCO3. The aqueous layer was extracted with diethyl 

ether (2 x 10 mL). The combined organic layers were washed with brine (10 mL), 

dried over Na2SO4, filtered and concentrated in vacuo to yield the α-hydroxyketone 

39 as a yellow/orange crystalline solid (1.53 g, 90%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.89 (2H, d, J = 8.7 Hz, 2 x ArCH), 6.96 (2H, d, 

J = 8.7 Hz, 2 x ArCH), 4.81 (2H, d, J = 4.5 Hz, CH2), 3.88 (3H, s, OCH3), 3.58 (1H, 

t, J = 4.5 Hz, OH) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 196.8 (C, C=O), 164.5 

(C, ArC), 130.1 (CH, 2 x ArCH), 126.3 (C, ArC), 114.3 (CH, 2 x ArCH), 65.1 (CH2, 

CH2OH), 55.7 (CH3, OCH3) ppm; IR 3382, 2976, 2844, 1671, 1422, 834 cm
-1

; MP 

102-105 ºC (lit.,
7
 105-106 ºC) 
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Synthesis of 2-hydroxy-1-(4-methylphenyl)ethanone (41) 

 

 

A stirring solution of 37 (2.51 g, 12.8 mmol) in ethanol (40 mL) was treated with 

10% HCl (22 mL) for 45 mins at room temperature. The solvents were then removed 

under reduced pressure and the resulting solid was dissolved in diethyl ether (20 mL) 

and neutralised with aq. NaHCO3. The aqueous layer was extracted with diethyl 

ether (2 x 10 mL). The combined organic layers were washed with brine (10 mL), 

dried over Na2SO4, filtered and concentrated in vacuo to yield the α-hydroxyketone 

41 as a yellow crystalline solid (1.87 g, 97%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.81 (2H, d, J = 8.3 Hz, 2 x ArCH), 7.29 (2H, d, 

J = 7.4 Hz, 2 x ArCH), 4.84 (2H, d, J = 3.7 Hz, CH2), 3.53 (1H, t, J = 4.3 Hz, OH), 

2.42 (3H, s, ArCH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 198. 0 (C, C=O), 145.5 

(C, ArC), 130.9 (C, ArC), 129.7 (CH, 2 x ArCH), 127.9 (CH, 2 x ArCH), 65.4 (CH2, 

CH2OH), 21.9 (CH3, ArCH3) ppm; IR 3447, 2942, 2832, 1739, 1042, 817 cm
-1

; MP 

88-91 ºC (lit.,
8
 89-90 ºC) 

 

Synthesis of 2-hydroxy-1-pyridin-2-yl ethanone (42) 

 

 

A stirring solution of 40 (900 mg, 6.52 mmol) in ethanol (20 mL) was treated with 

10% HCl (11 mL) for 45 mins at room temperature. The solvents were then removed 
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under reduced pressure and the resulting solid was dissolved in diethyl ether (10 mL) 

and neutralised with aq. NaHCO3. The aqueous layer was extracted with diethyl 

ether (2 x 5 mL). The combined organic layers were washed with brine (10 mL), 

dried over Na2SO4, filtered and concentrated. A mixture of products was observed by 

1
H-NMR spectroscopy. The residue was purified by column chromatography 

(pet:ethyl acetate 95:5). Only ketal 40 was recovered. 

 

N-[(1Z)-2-hydroxy-1-(4-methylphenyl)ethylidene]-2-methylpropane-2-

sulfinamide (43) 

 

 

To a stirring solution of α-hydroxyketone 41 (400 mg, 2.7 mmol) in THF (4 mL) at 

room temperature was added Ti(O
i
Pr)4 (2 mL, 6.8 mmol). Upon addition of 

Ti(O
i
Pr)4, the reaction mixture turned instantaneously to a viscous brown oil. 

1
H NMR spectroscopy showed a non-identifiable mixture of products.  
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Synthesis of 2-{[tert-butyl(dimethyl)silyl]oxy}-1-(4-methoxyphenyl)ethanone 

(45) 

 

 

To a stirring solution of α-hydroxy ketone 39 (200 mg, 1.2 mmol) in CH2Cl2 (10 mL) 

at 0 ºC was added Et3N (0.17 mL, 1.32 mmol), DMAP (40 mg, 0.36 mmol) and 

TBDMSCl (185 mg, 1.32 mmol). The resulting mixture was stirred at 0 ºC for 0.5 h 

and allowed to warm to room temperature and stirred overnight. The resulting 

solution was concentrated in vacuo and purified by column chromatography 

(pet:ethyl acetate 98:2) to yield 45 as a yellow solid (40 mg, 12%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.92 (2H, d, J = 9.0 Hz, 2 x ArCH), 6.92 (2H, d, 

J = 9.0 Hz, 2 x ArCH), 4.86 (2H, s, CH2), 3.86 (3H, s, OCH3), 0.92 [9H, s, C(CH3)3], 

0.11 [6H, s, Si(CH3)2]; 
13

C-NMR (100 MHz, CDCl3) δ = 196.9 (C, C=O), 164.4 (C, 

ArC), 128.8 (C, 2 x ArC), 125.6 (CH, 2 x ArCH), 114.5 (CH, 2 x ArCH), 64.1 (CH2, 

CH2OH), 55.6 (CH3, OCH3), 25.8 [CH3, C(CH3)3], 18.6 [C, C(CH3)3], -5.2 [CH3, 

Si(CH3)2] ppm; IR 2927, 2846, 1673,1601, 821 cm
-1

 

 

Synthesis of 2-{[tert-butyl(dimethyl)silyl]oxy}-1-(4-methylphenyl)ethanone (44) 

 

 

To a stirring solution of α-hydroxy ketone 41 (1.52 g, 10.2 mmol) in CH2Cl2 (35 mL) 

at 0 ºC was added Et3N (1.75 mL, 13.3 mmol), DMAP (355 mg, 3.04 mmol) and 

TBDMSCl (1.86g, 13.3mmol). The resulting mixture was stirred at 0 ºC for 0.5 h 
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and allowed to warm to room temperature and stirred overnight. The resulting 

solution was concentrated in vacuo and purified by column chromatography 

(pet:ethyl acetate 98:2) to yield 44 as a yellow solid (1.43 g, 53%) 

1
H-NMR (400 MHz, CDCl3) δ = 7.82 (2H, d, J = 8.2 Hz, 2 x ArCH), 7.24 (2H, d, 

J = 7.7 Hz, 2 x ArCH), 4.89 (2H, s, CH2O), 2.39 (3H, s, ArCH3), 0.92 [9H, s, 

C(CH3)3], 0.11 [6H, s, Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 197.1 

(C, C=O), 144.2 (C, ArC), 132.4 (C, ArC), 129.4 (CH, 2 x ArCH), 128.1 (CH, 2 x 

ArCH), 67.5 (CH2, CH2O), 25.9 [CH3, C(CH3)3], 21.8 (CH3, ArCH3), 18.5 

[C, C(CH3)3], -5.2 [CH3, Si(CH3)2] ppm; IR 2955, 2853, 1691, 1607, 807 cm
-1

  

 

Synthesis 1-[2-(benzyloxy)-1,1-dimethoxyethyl]-4-methylbenzene (47)
9
 

 

 

Sodium hydride (123 mg, 60% dispersion in mineral oil, 3.06 mmol) was added to a 

stirring solution of 41 in DMF (5 mL) at 0 ºC. The reaction mixture was stirred for 

1 h after which BnBr (0.36 mL, 3.06 mmol) was added, following which the reaction 

was allowed to reach room temperature and stirred for 18 h. The reaction was 

quenched by the addition of sat. aq. NH4Cl (5 mL). The aqueous layer was extracted 

with Et2O (3 x 10 mL). The combined organic layers were washed with aqueous 

LiCl (10% wt/vol) (3 x 10 mL), dried over MgSO4, filtered and concentrated in 

vacuo. Purification was attempted by column chromatography (pet:ethyl acetate, 

95:5). 
1
H-NMR spectroscopy showed a non-separable mixture of products.  
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Synthesis of 2-(4-methoxyphenyl)-2-oxoethyl acetate (51) 

 

 

To a stirring solution of acetic anhydride (0.60 mL, 6.33 mmol), Et3N (0.83 mL, 

6.33  mmol) and DMAP (40 mg, 0.34 mmol) in CH2Cl2 was added 39 (700 mg, 

4.22 mmol). The solution was stirred at room temperature overnight. H2O (10 mL) 

was added to the solution and the aqueous layer was extracted with CH2Cl2 (2 x 

15 mL). The resulting combined organic layers were washed with brine (10 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The resulting brown oil was 

purified by column chromatography (pet:ethyl acetate, 4:1) to yield 51 as a yellow 

oil (560 mg, 64%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.88 (2H, d, J = 9.1 Hz, 2 x ArCH), 6.94 (2H, d, 

J = 10.0 Hz, 2 x ArCH), 5.29 (2H, s, CH2), 3.86 (3H, s, OCH3), 2.22 [3H, s, 

C(O)CH3] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 190.7 (C, C=O), 170.6 [C, 

OC(O)CH3], 164.1 (C, ArC), 130.2 (CH, 2 x ArCH), 127.3 (C, ArC), 114.1 (CH, 2 x 

ArCH), 65.9 (CH2, OCH2), 55.6 (CH3, OCH3), 20.7 [CH3, C(O)CH3] ppm; 2967, 

1721, 1688, 821 cm
-1 

 

 

 

 

 

 

 

 



Experimental 

 

219 

 

Synthesis of 2-(4-methylphenyl)-2-oxoethyl acetate (50) 

 

 

To a stirring solution of acetic anhydride (0.32 mL, 3.36 mmol), Et3N (0.44 mL, 

3.36 mmol) and DMAP (21 mg, 0.18 mmol) in CH2Cl2 was added 41 (300 mg, 

2.24 mmol). The solution was stirred at room temperature overnight. H2O (5 mL) 

was added to the solution and the aqueous layer was extracted with CH2Cl2 (2 x 

10 mL). The resulting combined organic layers were washed with brine (5 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The resulting brown oil was 

purified by column chromatography (pet:ethyl acetate, 4:1) to yield 50 as a clear oil 

(490 mg, 71%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.81 (2H, d, J = 8.3 Hz, 2 x ArCH), 7.28 (2H, d, 

J = 8.5 Hz, 2 x ArCH), 5.31 (2H, s, CH2), 2.41 (3H, s ArCH3), 2.23 [3H, s, 

H3C(C)O] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 191.8 (C, C=O), 170.6 [C, 

OC(O)CH3], 145.0 (C, ArC), 131.8 (C, ArC), 129.6 (CH, 2 x ArCH), 127.9 (CH, 2 x 

ArCH), 66.1 (CH2, OCH2), 21.9 (CH3, ArCH3), 20.7 [CH3, C(O)CH3] ppm; IR 2956, 

1736, 1693, 1224, 813 cm
-1 
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Synthesis of (SS)-N-[(1Z)-2-{[tert-butyl(dimethyl)silyl]oxy}-1(4-

methylphenyl)ethylidne]-2-methylpropane-2-sulfinamide (52)
3
 

 

 

 

To a stirring solution of 44 (710 mg, 2.73 mmol) in THF (10 mL) at reflux was 

added Ti(O
i
Pr)4 (2.02 mL, 6.83 mmol). The reaction mixture was stirred at reflux for 

10 mins and (S)-(-)-2-methyl-propanesulfinamide (400mg, 3.28 mmol) was added. 

The mixture was stirred overnight then allowed to cool to room temperature. Brine 

(10 mL) was added to the solution and the resulting solid was removed by Buchner 

filtration. The aqueous phase was extracted with EtOAc (3 x 10 mL) and the 

combined organic layers were dried over Na2SO4, filtered and evaporated under 

reduced pressure. The resulting yellow oil was purified by column chromatography 

(pet:ethyl acetate 99:1) to yield 52 (432 mg, 43%) as a yellow oil.  

1
H-NMR (400 MHz, CDCl3) δ = 7.76 (2H, br. s, 2 x ArCH), 7.19 (2H, d, J = 8.5 Hz, 

2 x ArCH), 5.23 (1H, d, J = 13.3 Hz, one of CH2), 4.99 (1H, d, J = 12.5 Hz, one of 

CH2), 2.38 (3H, s, ArCH3), 1.29 [9H, s, SC(CH3)3], 0.81 [9H, s, SiC(CH3)3], 0.07 

[6H, d, J = 9.6 Hz, Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 177.2 (C, 

C=N), 141. 9 (C, ArC), 134.3 (C, ArC), 128.9 (CH, 2 x ArCH), 128.8 (CH, 2 x 

ArCH), 60.6 (CH2, CH2OSi), 58.0 [C, SC(CH3)3], 25.8 [CH3, SiC(CH3)3], 22.8 [CH3, 

SC(CH3)3], 18.2 [C, SiC(CH3)3], -5.3 [CH3, Si(CH3)2] ppm; IR 2955, 2928, 2857, 

1594, 1075, 817 cm
-1

; ESI-HRMS calcd. for C17O2NSSiH33 344.2079 found (M+H)
+
 

m/z 344.2053; [α]D +12.1 (c 5.80 x 10
-3

, CHCl3, 20 ºC) 
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Synthesis of (SS)-(2Z)-2-[(tert-butylsilyl)imino]-2-(4-methylphenyl)ethyl acetate 

(53)
3
 

 

 

To a stirring solution of 50 (230 mg, 1.2 mmol) in THF (2.5 mL) was added 

Ti(O
i
Pr)4 (0.90 mL, 3 mmol) and stirred at reflux for 10 min. 

(S)-(-)-2-methyl-propanesulfinamide (292 mg, 2.4 mmol) was then added at reflux 

and the mixture was allowed to stir at reflux for 18 h. The reaction was cooled to 

room temperature and brine (2 mL) was added to quench the reaction. The resulting 

solid was removed by Buchner filtration and washed with EtOAc (5 mL). To the 

combined filtrate and washings was added H2O (5 mL) and the aqueous layer was 

extracted with EtOAc (3 x 5 mL). The combined organic layers were washed with 

brine (10 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 

The crude residue was purified by column chromatography (pet:ethyl acetate 98:2). 

A non-separable mixture of products was detected by 
1
H-NMR spectroscopy.   
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Synthesis of (SS) N-[2-{[tert-butyl(dimethyl)silyl]oxy}-1-methyl-1-(4-

methylphenyl)ethyl]-2-methylpropane-2-sulfinamide (55)
 

 

 

Method 1 

To a flame-dried, N2 filled Schlenk flask was added N-sulfinyl imine 52 (200 mg, 

0.60 mmol) in CH2Cl2 (4 mL). The solution was cooled to -78 ºC following which 

MeMgCl (0.24 mL, 3 M in THF, 0.72 mmol) was added in two aliquots. The 

resulting solution was stirred at -78 ºC for 6 h, following which it was warmed to 

room temperature and stirred overnight. The solution was cooled to 0 ºC and the 

reaction was quenched with NH4Cl (2 mL). The aqueous layer was extracted with 

CH2Cl2 (3 x 5 mL). The combined organic layers were washed with brine (5 mL), 

dried over Na2SO4 and concentrated under reduced pressure. Purification was 

attempted by column chromatography (pet:ethyl acetate, 95:5). A non-isolable 

mixture of products was obtained including unreacted starting material. 

Method 2
10

 

To a stirring solution of N-sulfinyl imine 52 (73 mg, 0.22 mmol) in CH2Cl2 at -78 ºC 

was added MeMgCl (90 μL, 3 M in THF, 0.26 mmol). The resulting solution was 

stirred at -78 ºC for 6 h, after which it was allowed to warm to room temperature and 

stirred for 18 h. The reaction was quenched by the addition of sat. aq. NH4Cl (1 mL) 

and the aqueous layer was extracted with EtOAc (3 x 3 mL). The combined organic 

layers were dried over Na2SO4, filtered and concentrated under reduced pressure. 

Purification was attempted by column chromatography (pet:ethyl acetate, 95:5). A 

non-isolable mixture of products was obtained including unreacted starting material. 
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Method 3
11

  

To a flame-dried, N2 filled Schlenk flask was added N-sulfinyl imine 52 (100 mg, 

0.30 mmol) in toluene (1 mL). The solution was cooled to -78 ºC. AlMe3 (0.33 mL, 

1 M in heptane, 0.33 mmol) was added and the resulting solution was stirred for 1 h. 

In a separate flame-dried, N2 filled Schlenk flask was added MeMgCl (0.22 mL, 3 M 

in THF, 0.65 mmol) in toluene (1 mL). The solution was stirred at -78 ºC, following 

which the MeMgCl solution was added to the N-sulfinyl imine/AlMe3 solution and 

stirred at -78 ºC for 4 h. The combined solutions were then allowed to warm to room 

temperature and stirred overnight. The solution was cooled to 0 ºC and slowly 

quenched with a sat. aq. NaHCO3 solution until gas evolution ceased. MgSO4 (~1 g) 

was added and stirred following which the resulting suspension was filtered through 

celite. The solid was washed with EtOAc (5 mL) and the combined organic extracts 

were concentrated under reduced pressure. Purification was attempted by column 

chromatography (pet:ethyl acetate, 95:5). The 
1
H-NMR spectrum showed a singlet a 

1.58 ppm which may correspond to the newly installed methyl group of 55, although 

isolation of 55 was not achieved. 

Method 4
12

 

To a stirring solution of N-sulfinyl imine 52 (184 mg, 0.5 mmol) in toluene (1 mL) at 

room temperature was added AlMe3 (2 mL, 1 M in heptane, 2 mmol) dropwise. The 

resulting solution was stirred for 24 h, after which the reaction was quenched by the 

addition of MeOH (1 mL) and brine (2 mL). The aqueous layer was extracted by 

EtOAc (3 x 5 mL). The combined organic layers were dried over Na2SO4, filtered 

and concentrated in vacuo. The resulting residue was purified by column 

chromatography (pet:ethyl acetate, 95:5). The 
1
H-NMR spectrum showed a singlet a 

1.58 ppm which may correspond to the newly installed methyl group of 55, although 

isolation of 55 was not achieved. 

Method 5
12

 

To a stirring solution of N-sulfinyl imine 52 (184 mg, 0.5 mmol) in toluene (1 mL) at 

room temperature was added AlMe3 (4 mL, 1 M in heptane, 4 mmol) dropwise. The 

resulting solution was stirred for 24 h, after which the reaction was quenched by the 

addition of MeOH (1 mL) and brine (2 mL). The aqueous layer was extracted by 

EtOAc (3 x 5 mL). The combined organic layers were dried over Na2SO4, filtered 



Experimental 

 

224 

 

and concentrated in vacuo. The resulting residue was purified by column 

chromatography (pet:ethyl acetate, 95:5). The 
1
H-NMR spectrum showed a singlet a 

1.58 ppm which may correspond to the newly installed methyl group of 55, although 

isolation of 55 was not achieved. 

 

Synthesis of (Ss)- N-[2-{[tert-butyl(dimethyl)silyl]oxy}-1-methyl-1-(4-

methylphenyl)-pentyl]-2-methylpropane-2-sulfinamide (58) 

 

 

To a stirring solution on N-sulfinyl imine 52 (400 mg, 1.2 mmol) in toluene (4 mL) 

at -78 ºC was added AlMe3 (1.30 mL, 1 M in heptane, 1.3 mmol) and stirred for 20 

min. n-Butyl lithium (1 mL, 2.5 M in hexanes, 2.42 mmol) was added in 2 x 0.5 mL 

aliquots and stirred at -78 ºC for 0.5 h. The solution was allowed to warm to room 

temperature and stirred for 1 h. The solution was cooled to 0 ºC and sat. aq. NH4Cl 

was added slowly until gas evolution ceased. The resulting solid was removed by 

Buchner filtration and the solid was washed with Et2O (5 ml). The aqueous layer was 

extracted with Et2O (3 x 5 mL). The combined organic extracts were washed with 

brine (5 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography (pet:ethyl acetate 95:5) yielded 58 as a 

viscous off-white oil (73mg, 14%).  

1
H-NMR (400 MHz, CDCl3) δ = 7.24 (2H, d, J = 9.3 Hz, 2 x ArCH), 7.11 (2H, d, 

J = 9.3 Hz, 2 x ArCH), 4.32 (1H, s, NH2), 3.95 (1H, d, J = 9.4 Hz, one of CH2OSi), 

3.88 (1H, d, J = 9.4 Hz, one of CH2OSi), 1.24 [9H, s, SC(CH3)3], 0.80 [9H, s, 
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SiC(CH3)3], 0.01 [6H, s, Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ= 139.9 (C, 

ArC), 136.4 (C, ArC), 128.7 (CH, 2 x ArCH), 126.9 (CH, 2 x ArCH), 69.9 (CH2, 

CH2OSi), 64.3 (C, CNH), 56.1 [C, SC(CH3)3], 36.0 (CH2, CH2CH2CNH), 26.1 (CH2, 

CH2CH2CH2), 25.8 [CH3, SiC(CH3)3], 23.1(CH2, CH3CH2CH2), 23.0 [CH3, 

SC(CH3)3], 21.1 (CH3, ArCH3), 18.2 [C, SiC(CH3)3], 14.1 (CH3, CH3CH2CH2), -5.3 

[CH3, Si(CH3)2] ppm; IR 2957, 2908, 1131, 813 cm
-1

; ESI-HRMS calcd. for 

C23O2NSSiH43 426.2862 found (M+H)
+
 m/z 426.2842 

 

3.2.3 Synthesis from (L)-serine     

Synthesis of methyl-(L)-serine (62)
13

 

 

 

 

To a stirring solution (L)-Serine (6.34 g, 0.06 mol) in MeOH (80 mL) at 0 ºC was 

added was added SOCl2 (4.84 mL, 0.07 mol) dropwise over 0.5 h, after which the 

reaction was warmed to room temperature and stirred for 2 h. Following this, the 

reaction was heated to reflux and stirred overnight. Excess solvent was removed 

under reduced pressure to yield the crude product as a white solid. The resulting 

solid was ground to yield a fine which powder which was titurated with Et2O 

(2 x 8  mL) to yield 62 as a white powder (7.05 g, 98%).  

 

1
H-NMR (400 MHz, D2O) δ = 4.14 (1H, t,  J  = 4 Hz, CHNH2), 3.96 (1H, dd, 

J = 12.8, 4.4 Hz, one of CH2OH), 3.85 (1H, dd, J = 12.4, 3.6 Hz, one of CH2OH), 

3.71 (3H, s, OCH3) ppm; 
13

C-NMR (100 MHz, D2O) δ = 169.0 (C, C(O)OCH3), 59.3 

(CH2, CH2OH), 54.8 (CH, CHNH2), 54.8 (CH3, OCH3) ppm; IR 3344, 2917, 2662, 

1745, 1250 cm
-1
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Synthesis of methyl-(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazole-4-carboxylate 

(64)
14

 

 

 

 

To a stirring solution of anhydrous MeOH (80 mL) at room temperature was added 

Na metal (760 mg, 32 mmol) under N2. Upon cessation of gas evolution, 

2-cyanopyridne (7.85 mL, 0.08 mol) was added and the resulting mixture was stirred 

at room temperature for 40 h.  Concentration under reduced pressure yielded an off-

white solid, which was dissolved in CH2Cl2 (60 mL) and used without any further 

purification. Following this 62 (7.05 g, 0.06 mol) was added and the resulting 

mixture was heated to reflux and stirred for 2.5 h. The solution was allowed to cool 

to room temperature and excess solvent was removed under vacuum. The resulting 

oil was dissolved in EtOAc/H2O (30 mL/30 mL) and the aqueous layer was extracted 

with EtOAc (3 x 30 mL). The combined organic extracts were dried over NaSO4, 

filtered and concentrated to yield 64 as pink oil. Purification of crude 64 was 

achieved by column chromatography in (EtOAc:MeOH, 95:5) to yield 64 as a 

yellow oil (7.86 g, 63%).  

1
H-NMR (400 MHz, CDCl3) δ = 8.67 (1H, d,  J = 4.8 Hz, ArCHA), 8.06 (1H, d, J = 

7.9 Hz, ArCHD), 7.7 (1H, app. t, J = 7.8 Hz, ArCHC ), 7.38 (1H, dd, J = 7.6, 4.8 Hz, 

ArCHB), 4.98 (1H, dd, 10.5, 8.4 Hz, CHCH2), 4.74 (1H, m, one of CH2CH), 4.65 

(1H, dd, J = 10.8, 8.2 Hz, one of CH2CH ), 3.77 (3H, s, OCH3) ppm; 
13

C-NMR (100 

MHz, CDCl3) δ = 171.3 (C, C=O), 165.4 (C, C=N), 149.9 (CH, ArCHA) , 146.0 (C, 

ArC), 136.8 (CH, ArCHC), 125.9 (CH, ArCHB), 124.3 (CH, ArCHD), 70.2 (CH2, 

CH2CH), 68.7 (CH, CH2CH), 52.9 (CH3, OCH3) ppm; IR 2971, 2870, 1739, 1521 

cm
-1

; ESI-HRMS calcd. for C10O3N2H10 207.0769 (M+H)
+
 found m/z 207.0768; 

[α]D +96.8 (c 5.00 x 10
-3

, CHCl3, 20 ºC) 
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Synthesis of [(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methanol (61) 

 

  

To a stirring solution of 64 (6.18 g, 29.7 mmol) at 0 ºC in MeOH (450 mL) was 

added NaBH4 (4.05 g, 0.1 mol). Upon cessation of gas evolution, the resulting 

solution was heated to room temperature and stirred under N2 for 4 h. Excess MeOH 

was removed under vacuum, and the resulting yellow solid was dissolved in 

CH2Cl2/H2O (20 mL/20 mL). The aqueous layer was extracted with CH2Cl2 (5 x 

20 mL). The combined organic extracts were dried over NaSO4, filtered and 

concentrated under reduced pressure to yield crude 61 as an off-white solid. 

Recrystallisation of the crude product from CH2Cl2/EtOAc at 0 ºC yielded 61 as a 

white solid (3.80 g, 71%). 

1
H-NMR (400MHz, CDCl3/D2O) δ = 8.66 (1H, d, J = 4.7 Hz, ArCHA), 7.95 (1H, d, 

7.9 Hz, ArCHD), 7.75 (1H, td, J = 7.8, 1.8 Hz, ArCHC), 7.37 (1H, dd, J = 4.8, 1.2 Hz, 

ArCHB), 4.51-4.38 (3H, m, H2CCHCH2 and  CHCH2OC=N), 3.96 (1H, dd, J = 11.6, 

3.6 Hz, one of CH2OH), 3.68 (1H, dd, J = 11.6, 4.3 Hz, one of CH2OH) ppm; 

13
C NMR (100MHz, CDCl3/D2O) δ = 164. 4 (C, C=N), 149.8 (CH, ArCHA), 146.2 

(C, ArC), 136.8 (CH, ArCHC), 125.9 (CH, ArCHB), 124.0 (CH, ArCHD), 69.9 (CH2, 

CHCH2OC=N), 68.3 (CH, CHCH2), 63.7 (CH2, CH2OH) ppm; IR 3565, 3194, 2865, 

1654, 1369 cm
-1

; MP 41-44 ºC; ESI-HRMS calcd. for C9O2N2H10 179.0820 (M+H)
+
 

found m/z 179.0807; [α]D +59.4 (c 4.95 x 10
-3

 , CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl] methyl-1-

naphthoate (73) 

 

 

To a stirring solution of 61 (288 mg, 1.6 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.45 mL, 3.2 mmol) and 2-napthoyl chloride (0.37 mL, 2.4 mmol). 

The reaction was stirred at 0 ºC after which it was heated to room temperature and 

stirred for 18 h. Addition of H2O (5 mL) was followed by extraction of the aqueous 

layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were washed with brine 

(10 mL), dried over NaSO4, filtered and concentrated in vacuo. The resulting oil was 

purified by column chromatography (pet:ethyl acetate, 9:1) to yield the 

mono(oxazoline) ligand 73 as a viscous straw-coloured oil (489 mg, 75%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.90-8.85 (1H, m, ArCH), 8.73 (1H, d, J = 4.2 Hz, 

ArCHA), 8.15 (1H, d, J = 7.3 Hz, ArCH), 8.07 (1H, d, J = 7.8 Hz, ArCHD), 7.99 (1H, 

d, 8.2 Hz, ArCH), 7.87-7.82 (1H, m, 1 x ArCH), 7.81-7.86 (1H, app. m, ArCHC), 

7.51 -7.47 (2H, m, 2 x ArCH), 7.43-7.39 (2H, m, 1 x ArCH and 1 x ArCHB), 4.87-

4.79 (1H, m, CHCH2), 4.72-4.59 [3H, m, one of CHCH2OC=N and CH2OC(O)Ar], 

4.55-4.51 (1H, m, one of CHCH2OC=N) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 

167.4 (C, C=N or C=O), 164.6 (C, C=N or C=O), 150.0 (CH, ArCHA), 146.4 (C, 

ArC), 136.8 (CH, ArCHC), 133.9 (C, ArC), 133.8 (CH, ArCH), 131.4 (C, ArC), 

130.6 (CH, ArCH), 128.6 (CH, ArCH), 127.9 (CH, ArCH), 127.0 (C, ArC), 126.3 

(CH, ArCH),  126.0 (CH, ArCH), 125.8 (CH, ArCH), 124.6 (CH, ArCH), 124.2 

(CH, ArCH), 70.7 (CH2, CHCH2OC=N), 66.2 [CH2, CH2OC(O)Ar], 65.9 (CH, 

CH2CHCH2) ppm; IR 3371, 3056, 2953, 1710, 1509, 1238 cm 
-1

; ESI-HRMS calcd. 

for C20O3N2H16 333.1293 (M+H)
+
 found m/z 333.1196; [α]D +5.1 (c 5.10 x 10

-3
, 

CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl] methyl-

adamantane-1-carboxylate (76) 

 

 

 

 

To a stirring solution of 61 (288 mg, 1.6 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.45 mL, 3.2 mmol) and 1-adamantanecarbonyl chloride (483 mg, 

2.4 mmol). The reaction was stirred at 0 ºC after which it was heated to room 

temperature and stirred for 18 h. Addition of H2O (5 mL) was followed by extraction 

of the aqueous layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were 

washed with brine (10 mL), dried over NaSO4, filtered and concentrated in vacuo. 

The resulting oil was purified by column chromatography (pet:ethyl acetate, 9:1) to 

yield the mono(oxazoline) ligand 76 as a viscous yellow oil (476 mg, 87%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.70 (1H, d, J = 4.8 Hz, ArCHA), 8.03 (1H, d, J = 

7.9 Hz, ArCHD), 7.78 (1H, td, J = 7.8, 1.9 Hz, ArCHC), 7.40 (1H, dd, J = 6.4, 4.8 Hz, 

ArCHB), 4.64-4.53 (2H, m, H2CCHCH2 and one of CHCH2OC=N), 4.37-4.30 [2H, 

m, CH2OC(O)Ar], 4.22 (1H, dd, J = 11.3, 5.2, one of CHCH2OC=N), 1.93-1.58 

(15H, m, 6 x CH2 and 3 x CH) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 177.5 (C, 

C=O), 164.5 (C, C=N), 149.9 (CH, ArCHA), 146.5 (C, ArC), 136.8 (CH, ArCHC), 

125.9 (CH, ArCHB), 124.1 (CH, ArCHD), 70.6 (CH2, (CH2, CHCH2OC=N), 65.8 

(CH, CH2CHCH2), 65.1[CH2, CH2OC(O)Ar], 40.9 [C, C(CH2)3], 38.8 (CH2, 3 x 

CH2), 36.5 (CH2, 3 x CH2), 27.9 (CH, 3 x CH) ppm; IR 3391, 2904, 2851, 1724, 

1641, 1071 cm 
-1

; ESI-HRMS calcd. for C20O3N2H24 341.1865 found (M+H)
+
 m/z 

341.1831; [α]D +20.0 (c 4.90 x 10
-3

, CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl] methyl-4-

chlorobenzoate (72) 

 

 

To a stirring solution of 61 (288 mg, 1.6 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.45 mL, 3.2 mmol) and 4-chlorobenzoyl chloride (0.3 mL, 

2.4 mmol). The reaction was stirred at 0 ºC after which it was heated to room 

temperature and stirred for 18 h. Addition of H2O (5 mL) was followed by extraction 

of the aqueous layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were 

washed with brine (10 mL), dried over NaSO4, filtered and concentrated in vacuo. 

The resulting oil was purified by column chromatography (pet:ethyl acetate, 9:1) to 

yield the mono(oxazoline) ligand 72 as an pale yellow solid (362 mg, 76%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.72 (1H, d, J = 4.8 Hz, ArCHA), 8.05 (1H, d, 

J = 7.9 Hz, ArCHD), 7.92 (2H, d, J = 8.4 Hz, 2 x ArCH), 7.79 (1H, td, J = 7.8, 1.7 

Hz, ArCHC), 7.42 (1H, dd, J = 6.5, 4.8 Hz, ArCHB), 7.36 (2H, d, J = 8.4 Hz, 2 x 

ArCH), 4.79-4.72 (1H, m, CHCH2), 4.66 (1H, dd, J = 9.8, 8.7 Hz, one of 

CHCH2OC=N), 4.56 [1H, dd, J = 11.3, 4.3 Hz, one of CH2OC(O)Ar], 4.51-4.45 [2H, 

m, one of CHCH2OC=N and one of CH2OC(O)Ar] ppm; 
13

C-NMR (400MHz, 

CDCl3) δ = 165.6 (C, C=O or C=N), 164.6 (C, C=O or C=N), 150.0 (CH, ArCHA), 

146.4 (C, ArC), 139.7 (C, ArC), 136.9 (CH, ArCHC), 131.2 (CH, 2 x ArCH), 128.8 

(CH, 2 x ArCH), 128.3 (C, ArC), 126.0 (CH, ArCHB), 124.2 (CH, ArCHD), 70.6 

(CH2, CHCH2OC=N), 66.3 [CH2, CH2OC(O)Ar], 65.8 (CH, CH2CHCH2) ppm; IR 

2968, 1716, 1639, 1591, 1276 cm 
-1

; MP 92-97 ºC; ESI-HRMS calcd. for 

C16O3N2H13Cl 317.0693 (M+H)
+
 found m/z 317.0646; [α]D +17.1 (c 5.50 x 10

-3
, 

CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl] methyl-4-

nitrobenzoate (74) 

 

To a stirring solution of 61 (288 mg, 1.6 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.45 mL, 3.2 mmol) and 4-nitrobenzoyl chloride (410 mg, 2.4 mmol). 

The reaction was stirred at 0 ºC after which it was heated to room temperature and 

stirred for 18 h. Addition of H2O (5 mL) was followed by extraction of the aqueous 

layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were washed with brine 

(10 mL), dried over NaSO4, filtered and concentrated in vacuo. The resulting oil was 

purified by column chromatography (pet:ethyl acetate, 9:1) to yield the 

mono(oxazoline) ligand 74 as a yellow solid (394 mg, 75%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.72 (1H, d, J = 4.3 Hz, ArCHA), 8.22 (2H, d, 

J = 9.0 Hz, 2 x ArCH), 8.15 (2H, d, J = 8.9 Hz, 2 x ArCH), 8.04 (1H, d, J = 7.9 Hz, 

ArCHD), 7.80 (1H, td, J = 7.8, 1.8 Hz, ArCHC), 7.43 (1H, dd, J =  6.6, 4.9 Hz, 

ArCHB), 4.82-4.76 (1H, m, CHCH2), 4.69-4.65 (1H, m, one of CHCH2OC=N), 4.58 

[2H, d, J = 4.6 Hz, CH2OC(O)Ar], 4.47 (1H, dd, J = 8.6, 7.3 Hz, one of 

CHCH2OC=N) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 164.7 (C, C=N or C=O), 

164.5 (C, C=N or C=O), 150.6 (C, ArC), 149.9 (CH, ArCHA), 146.1 (C, ArC), 136.8 

(CH, ArCHC), 135.0 (C, ArC), 130.8 (CH,2 x ArCH), 126.0 (CH, ArCHB), 124.1 

(CH, ArCHD), 123.5 (CH, 2 x ArCH), 70.3 (CH2, CHCH2OC=N), 66.8 [CH2, 

CH2OC(O)Ar], 65.5 (CH, CH2CHCH2) ppm; IR 2902, 1726, 1640, 1516, 1270 cm
-1

; 

MP 117-120 ºC; ESI-HRMS calcd. for C16O5N3H13 328.0933 (M+H)
+
 found m/z 

328.0901;  
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Synthesis of [(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl] methyl-4-

methylbenzoate (71) 

 

 

To a stirring solution of 61 (288 mg, 1.6 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.45 mL, 3.2 mmol) and p-toluoyl chloride (0.32 mL, 2.4 mmol). The 

reaction was stirred at 0 ºC after which it was heated to room temperature and stirred 

for 18 h. Addition of H2O (5 mL) was followed by extraction of the aqueous layer by 

CH2Cl2 (3 x 5 mL). The combined organic extracts were washed with brine (10 mL), 

dried over NaSO4, filtered and concentrated in vacuo. The resulting oil was purified 

by column chromatography (pet:ethyl acetate, 9:1) to yield the mono(oxazoline) 

ligand 71 as a white solid (320 mg, 75%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.72 (1H, d, J = 4.8 Hz, ArCHA), 8.06 (1H, d, 

J = 7.9 Hz, ArCHD), 7.88 (2H, d, J = 8.2 Hz, 2 x ArCH), 7.79 (1H, td, J = 7.4, 1.3 

Hz, ArCHC), 7.41 (1H, dd, J = 6.6, 4.8 Hz, ArCHB), 7.19 (2H, d, J = 8.0 Hz, 2 x 

ArCH), 4.80-4.73 (1H, m, CHCH2), 4.66-4.63 (1H, m, one of CHCH2OC=N), 4.57 

[2H, d, J = 4.4 Hz, CH2OC(O)Ar], 4.50-4.44 (1H, m, one of CHCH2OC=N), 2.38 

(3H, s, ArCH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 167. 7 (C, C=N or C=O), 

165.4 (C, C=N or C=O), 149.9 (CH, ArCHA), 146.2 (C, ArC), 143.7 (C, ArCH), 

136.8 (CH, ArCHC), 129.8 (CH, 2 x ArCH), 129.2 (CH, 2 xArCH), 126.7 (C, ArC), 

125.9 (CH, ArCHB), 124.2 (CH, ArCHD), 70.7 (CH2, CHCH2OC=N), 66.0 [CH2, 

CH2OC(O)Ar], 65.9 (CH, CH2CHCH2), 21.7 (CH3, ArCH3) ppm; IR 2957, 2901, 

1713, 1653, 1255 cm
-1

; MP 93-96 ºC; ESI-HRMS calcd. for C17O3N2H16 297.1239 

(M+H)
+
 found m/z 297.1188; [α]D +13.0 (c 2.15 x 10

-3
, CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl] methyl-4-

methoxybenzoate (75) 

 

To a stirring solution of 61 (288 mg, 1.6 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.45 mL, 3.2 mmol) and 4-methoxybenzoyl chloride (0.33 mL, 

2.4 mmol). The reaction was stirred at 0 ºC after which it was heated to room 

temperature and stirred for 18 h.  Addition of H2O (5 mL) was followed by 

extraction of the aqueous layer by CH2Cl2 (3 x 5 mL). The combined organic layers 

were washed with brine (10 mL), dried over Na2SO4, filtered and concentrated in 

vacuo. The resulting oil was purified by column chromatography (pet:ethyl acetate, 

9:1) to yield the mono(oxazoline) ligand  75 as a white solid (372 mg, 78%).  

1
H-NMR (400 MHz, CDCl3) δ = 8.56 (1H, d, J = 4.7 Hz, ArCHA), 8.19 (2H, d, 

J = 7.8 Hz, ArCHD), 8.01 (2H, d, J = 8.6 Hz, 2 x ArCH), 7.85 (1H, td, J = 7.7, 1.7 

Hz, ArCHC), 7.43 (1H, dd, J = 6.6, 4.9 Hz, ArCHB), 6.92 (2H, d, J = 8.9 Hz, 2 x 

ArCH), 4.61-4.45 [5H, m,  1 xCHCH2, 2 x CHCH2OC=N and 2 x CH2OC(O)Ar] 

3.86 (3H, s, OCH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 166.6 (C, C=N or C=O), 

164.6 (C, C=N or C=O), 149.9 (CH, ArCHA), 146.4 (C, ArC), 144.0 (C, ArC), 136.8 

(CH, ArCHC), 130.8 (CH, 2 x ArCH), 129.2 (CH, 2 x ArCH), 127.0 (C, ArC), 125.9 

(CH, ArCHB), 124.2 (CH, ArCHD), 70.7 (CH2, CHCH2OC=N), 66.0 [CH2, 

CH2OC(O)Ar], 65.9 (CH, CH2CHCH2), 21.8 (CH3, OCH3) ppm; IR 2959, 2930, 

1706, 1603, 863 cm
-1

; MP 102-105 ºC; ESI-HRMS calcd. for C17O4N2H16 313.1188 

(M+H)
+
 found m/z 313.1147; [α]D +10.4 (c 5.20 x 10

-3
, CHCl3, 20 ºC) 
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Synthesis of methyl-(4S)-2-pyridin-4-yl-4,5-dihydro-1,5-oxazol-4-carboxylate 

(80) 

 

To a stirring solution of anhydrous MeOH (80 mL) at room temperature was added 

Na metal (760 mg, 32 mmol) under N2. Upon cessation of gas evolution, 

4-cyanopyridine (8.48 g, 0.08 mol) was added and the resulting mixture was stirred 

at room temperature for 40 h.  Concentration at reduced pressure yielded an off-

white solid, which was dissolved in CH2Cl2 (60 mL). Following this, 62 (7.05 g, 

0.06 mmol) was added and the resulting mixture was heated to reflux and stirred for 

2.5 h. The solution was allowed to cool to room temperature and excess solvent was 

removed under vacuum. The resulting oil was dissolved in EtOAc/H2O 

(30 mL/30 mL) and the aqueous layer was extracted with EtOAc (3 x 30 mL). The 

combined organic extracts were dried over NaSO4, filtered and concentrated to yield 

SS as brown oil. Purification of crude SS was achieved by column chromatography 

in EtOAc:MeOH (95:5) to yield SS as a clear oil (7.61 g, 61%). 

1
H-NMR (400MHz, CDCl3) δ = 8.69 (2H, d, J = 5.9 Hz, ArCHB and ArCHC), 7.78 

(2H, d, J = 5.9 Hz, ArCHA and ArCHD), 4.96 (1H, dd, J = 10.7, 8.2 Hz, CHCH2), 

4.71 (1H, m, 1 x CHCH2), 4.61 (1H, m, 1 x CHCH2), 3.80 (3H, s, OCH3) ppm; 

13
C-NMR (100 MHz, CDCl3) δ = 171.1 (C, C=O), 164.7 (C, C=N), 150.3 (CH, 

ArCHB and ArCHC), 134.2 (C, ArC), 122. 1 (CH, ArCHA and ArCHD), 69.9 (CH2, 

CHCH2), 68.7 (CH, CHCH2), 53.0 (CH3, OCH3) ppm; IR 2983, 2887, 1741, 1530 

cm
-1

; ESI-HRMS calcd. for C10O3N2H10 207.0769 (M+H)
+
 found m/z 207.0748; 

[α]D +103.2 (c 5.05 x 10
-3

, CHCl3, 20 ºC) 
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Synthesis of [(4R)-2-pyrdin-4-yl-4,5-dihydro-1,3-oxazol-4-yl]methanol (79) 

 

To a stirring solution of 80 (4.86 g, 23.34 mmol) at 0 ºC in MeOH (360 mL) was 

added NaBH4 (3.20 g, 83.6 mmol). Upon cessation of gas evolution the resulting 

solution was heated to room temperature and stirred under N2 for 4 h. Excess MeOH 

was removed under vacuum, and the resulting yellow solid was dissolved in 

CH2Cl2/H2O (15 mL/15 mL). The aqueous layer was extracted with CH2Cl2 (5 x 

15 mL). The combined organic extracts were dried over NaSO4, filtered and 

concentrated under reduced pressure to yield crude 79 as an off-white solid. 

Recrystallisation of the crude product from CH2Cl2/EtOAc at 0 ºC yielded 79 as a 

white solid (3.23g, 77%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.62 (2H, d, J = 4.5 Hz, ArCHB and ArCHC), 7.64 

(2H, d, J = 4.5 Hz, ArCHA and ArCHD), 4.54-4.38 (3H, m, H2CCHCH2 and 

CHCH2OC=N), 4.00 (1H, d, J = 11.6 Hz, one of CH2OH), 3.68 (1H, d, J = 11.7 Hz, 

one of CH2OH) ppm; 
13

C-NMR (400 MHz, CDCl3) δ = 163.8 (C, C=N), 150.2 (CH, 

ArCHB and ArCHC), 134.5 (C, ArC), 122.0 (CH, ArCHA and ArCHD), 69.6 (CH2, 

CHCH2OC=N), 68.4 (CH, CHCH2), 63.5 (CH2, CH2OH); IR 3293, 2903, 1604, 845 

cm
-1

; MP 49-51 ºC; ESI-HRMS calcd. for C9O2N2H10 179.0820 (M+H)
+
 found m/z 

179.0812; [α]D +63.1 (c 5.10 x 10
-3

 , CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-4-yl-4,5-dihydro-1,3-oxazol-4-yl]methyl-4-

nitrobenzoate (83) 

 

To a stirring solution of 79 (216 mg, 1.2 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.33 mL, 2.4 mmol) and 4-nitrobenzoyl chloride (308 mg, 1.8 mmol). 

The reaction was stirred at 0 ºC after which it was heated to room temperature and 

stirred for 18 h. Addition of H2O (5 mL) was followed by extraction of the aqueous 

layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were washed with brine 

(10 mL), dried over NaSO4, filtered and concentrated in vacuo. The resulting oil was 

purified by column chromatography (pet:ethyl acetate, 9:1) to yield the 

mono(oxazoline) ligand 83 as a yellow solid (312 mg, 79%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.73 (2H, d, J = 5.9 Hz, ArCHB and ArCHC), 8.24 

(2H, d, J = 8.5 Hz, 2 x ArCH), 8.14 (2H, d, J = 8.8 Hz, 2 x ArCH), 7.79 (2H, d, 

J = 6.0 Hz, ArCHA and ArCHD), 4.79-4.72 (1H, m, CHCH2), 4.64-4.60 (1H, m, one 

of CHCH2OC=N), 4.56 [2H, d, J = 5.1 Hz, CH2OC(O)Ar], 4.42 (1H, dd, J = 8.6, 7.4 

Hz, one of CHCH2OC=N) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 164.4 (C, C=N or 

C=O), 163. 8 (C, C=N or C=O), 150.6 (C, ArC), 150.3 (CH, ArCHB and ArCHC), 

134.9 (C, ArC), 134.5 (C, ArC), 130.7 (CH, 2 x ArCH), 123.6 (CH, 2 x ArCH), 

122.0 (CH, ArCHA and ArCHD), 70.1 (CH2, CHCH2OC=N), 66.6 [CH2, 

CH2OC(O)Ar], 65.6 (CH, CHCH2) ppm; IR 3054, 2915, 1725, 1645, 820 cm
-1 

; MP 

106-109 ºC; ESI-HRMS calcd. for C16N3O5H13 328.0833 found (M+H)
+
 m/z 

328.0877; [α]D +26.1 (c 5.60 x 10
-3

, CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-4-yl-4,5-dihydro-1,3-oxazol-4-yl]methyl-4-

methybenzoate (81) 

 

To a stirring solution of 79 (216 mg, 1.2 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.33 mL, 2.4 mmol) and p-toluoyl chloride (0.24 mL, 1.8 mmol). The 

reaction was stirred at 0 ºC after which it was heated to room temperature and stirred 

for 18 h. Addition of H2O (5 mL) was followed by extraction of the aqueous layer by 

CH2Cl2 (3 x 5 mL). The combined organic extracts were washed with brine (10 mL), 

dried over NaSO4, filtered and concentrated in vacuo. The resulting oil was purified 

by column chromatography (pet:ethyl acetate, 9:1) to yield the mono(oxazoline) 

ligand 81 as a while solid (233 mg, 68%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.72 (2H, d, J = 6.0 Hz, ArCHB and ArCHC), 7.85 

(2H, d, J  = 8.2 Hz, 2 x ArCH), 7.79 (2H, d, J = 6.0 Hz, ArCHA and ArCHD), 7.18 

(2H, d, J = 8.2 Hz, 2 x ArCH), 4.74-4.70 (1H, m, CHCH2), 4.60-4.52 [2H, m, one of 

CHCH2OC=N and one of CH2OC(O)Ar], 4.46-4.40 [2H, m, one of CHCH2OC=N 

and one of CH2OC(O)Ar], 2.38 (3H, s, ArCH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ 

= 166.5 (C, C=N or C=O), 163.6 (C, C=N or C=O), 150.3 (CH, ArCHB and ArCHD), 

143.9 (C, ArC), 134.7 (C, ArC), 129.7 (CH, 2 x ArCH), 129.2 (CH, 2 x ArCH), 

126.9 (C, ArC), 122.0 (CH, ArCHA and ArCHD), 70.4 (CH2, (CH2, CHCH2OC=N), 

65.9  [CH2, CH2OC(O)Ar], 65.9 (CH, CHCH2), 21.8 (CH3, ArCH3) ppm; IR 2959, 

2898, 1715, 1648, 837 cm
-1

; MP 105-108 ºC; ESI-HRMS calcd. for C17O3N2H16 

297.1239 found (M+H)
+
 m/z 297.1225; [α]D +18.0 (c 5.00 x 10

-3
, CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-4-yl-4,5-dihydro-1,3-oxazol-4-yl]methyl-4-

chlorobenzoate (82) 

 

To a stirring solution of 79 (216 mg, 1.2 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.33 mL, 2.4 mmol) and 4-chlorobenzoyl chloride (0.23 mL, 

1.8 mmol). The reaction was stirred at 0 ºC after which it was heated to room 

temperature and stirred for 18 h. Addition of H2O (5 mL) was followed by extraction 

of the aqueous layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were 

washed with brine (10 mL), dried over NaSO4, filtered and concentrated in vacuo. 

The resulting oil was purified by column chromatography (pet:ethyl acetate, 9:1) to 

yield the mono(oxazoline) ligand as a white solid (297 mg, 78%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.73 (2H, d, J = 5.9 Hz, ArCHB and ArCHC), 7.90 

(2H, d, J = 8.6 Hz, 2 x ArCH), 7.79 (2H, d, J = 5.9 Hz, ArCHA and ArCHD), 7.37 

(2H, d, J = 8.5 Hz, 2 x ArCH), 4.76-4.69 (1H, m, CHCH2), 4.61-4.52 [2H, m, one of 

CHCH2OC=N and one of CH2OC(O)Ar], 4.49-4.39 [2H, m, one of CHCH2OC=N 

and one of CH2OC(O)Ar] ppm; 
13

C-NMR (100MHz, CDCl3) δ = 165.6 (C, C=O or 

C=N), 163.8 (C, C=O or C=N), 150.4 (CH, ArCHB and ArCHC), 139.8 (C, ArC), 

134.7 (C, ArC), 131.1 (CH, 2 x ArCH), 128.9 (CH, 2 x ArCH), 128.1 (C, ArC), 

122.1 (CH, ArCHA and ArCHD), 70.3 (CH2, CHCH2OC=N), 66.1 [CH2, 

CH2OC(O)Ar], 65.8 (CH, CCH2) ppm; IR 2902, 1715, 1647, 1271, 840 cm
-1

; MP 

101-105 ºC; ESI-HRMS calcd. for C16O3N2H13Cl 317.0693 (M+H)
+
 found m/z 

317.0678; [α]D +25.8 (c 5.35 x 10
-3

, CHCl3, 20 ºC) 
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Synthesis of [(4S)-2-pyridin-4-yl-4,5-dihydro-1,3-oxazol-4-yl]methyl-4-

methoxybenzoate (84) 

 

 

To a stirring solution of 79 (216 mg, 1.2 mmol) in CH2Cl2 (5 mL) at 0 ºC was added 

triethylamine (0.33 mL, 2.4 mmol) and 4-methoxybenzoyl chloride (0.25 mL, 

1.8 mmol). The reaction was stirred at 0 ºC after which it was heated to room 

temperature and stirred for 18 h. Addition of H2O (5 mL) was followed by extraction 

of the aqueous layer by CH2Cl2 (3 x 5 mL). The combined organic extracts were 

washed with brine (10 mL), dried over NaSO4, filtered and concentrated in vacuo. 

The resulting oil was purified by column chromatography (pet:ethyl acetate, 9:1) to 

yield the mono(oxazoline) ligand 84 as a white solid (308 mg, 85%). 

1
H-NMR (400 MHz, CDCl3) δ = 8.72 (2H, d, J = 6.0 Hz, ArCHB and ArCHC), 7.92 

(2H, d, J = 9.0 Hz, 2 x ArCH), 7.80 (2H, d, J = 6.1 Hz, ArCHA and ArCHD), 6.87 

(2H, d, J = 9.0 Hz, 2 x ArCH), 4.75-4.68 (1H, m, CHCH2), 4.60-4.51 [2H, m, one of 

CHCH2OC=N and one of CH2OC(O)Ar], 4.45-4.40 [2H, m, one of CHCH2OC=N 

and one of CH2OC(O)Ar], 3.83 (3H, s,  OCH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ 

=166.2 (C, C=O or C=N), 163.6 (C, C=O or C=N), 150.5 (CH, ArCHB and ArCHC), 

134.8 (C, ArC), 131.9 (C, ArC), 131.8 (CH, 2 x ArCH), 128.8 (C, ArC), 122.2 (CH, 

ArCHA and ArCHD), 113.8 (CH, 2 x ArCH), 70.4 (CH2, CHCH2OC=N), 65.9 (CH, 

CHCH2). 65.6 [CH2, CH2OC(O)Ar], 55.5 (CH3, ArOCH3) ppm; IR 2971, 2898, 

1705, 1604, 838 cm
-1

 ; MP 109-111 ºC; ESI-HRMS calcd. for C17O4N2H16 313.1188 

(M+H)
+
 found m/z 313.1152; [α]D +16.9 (c 4.60 x 10

-3
, CHCl3, 20 ºC) 
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3.3 Asymmetric reactions using mono(oxazoline) ligands 

2-Pyridyl ligands 
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4-Pyridyl ligands 
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3.3.1 Asymmetric hydrosilylation reaction
15

 

General procedure A 

 

 

Trichlorosilane (0.84 mmol) was added at -20 ºC to a flame-dried, N2 filled Schlenk 

flask containing a mono(oxazoline) catalyst (20 mol%) and ketone (0.4 mmol) in 

CH2Cl2 (2 mL). The reaction mixture was stirred at -20 ºC for 24 h, after which the 

reaction was quenched with saturated NaHCO3 (2 mL). The mixture was extracted 

with CH2Cl2 (3 x 10 mL). The combined organic extracts were washed with brine 

(10 mL), dried over NaSO4, filtered and concentrated in vacuo.  A 
1
H-NMR 

spectrum was obtained to determine the % conversion [unreacted ketone signal 

C(O)CH3 (s) compared to alcohol product C(OH)CH3 (d)]. The crude product was 

purified by column chromatography (pet:ethyl acetate 95:5). The enantiomeric 

excess of the purified alcohol was determined by chiral GC (CYCLODEX-β- 30 m x 

0.252 mm 0.25 μm, 120 ºC, 20 min) 
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Specific example 1 

 

 

 

Trichlorosilane (86 μl, 0.84 mmol) was added at -20 ºC to a flame-dried, N2 filled 

Schlenk flask containing a mono(oxazoline) catalyst  76 (33 mg, 0.08 mmol)  and 

acetophenone (47 μL, 0.4 mmol) in CH2Cl2 (2 mL). The reaction mixture was stirred 

at -20 ºC for 24 h, after which the reaction was quenched with saturated NaHCO3 (2 

mL). The mixture was extracted with CH2Cl2 (3 x 10 mL). The combined organic 

extracts were washed with brine (10 mL), dried over NaSO4, filtered and 

concentrated in vacuo.  A 
1
H-NMR spectrum was obtained to determine the 

% conversion [unreacted ketone signal 2.59 (3H, s) compared to alcohol product 

1.49 (3H, d)]. The crude product was purified by column chromatography (pet:ethyl 

acetate 95:5). The enantiomeric excess (ee) of the purified alcohol 85 was 

determined by chiral GC.  

1
H-NMR (400 MHz, CDCl3) δ = 7.39-7.25 (5H, m, 5 x ArCH), 4.89 (1H, q, J  = 6.4 

Hz, CHOH), 1.97 (1H, s, OH), 1.49 (3H, d, J = 6.4 Hz, CH3) ppm; 
13

C-NMR (100 

MHz, CDCl3) δ = 145.9 (C, ArC), 128.6 (CH, ArCH), 127.6 (CH, 2 x ArCH), 125.5 

(CH, 2 x ArCH), 70.5 (CH, CHOH), 25.2 (CH3, CHCH3) ppm; IR 3106,2928, 

2880,1294 cm
-1
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Reactions using acetophenone and ligands 71, 72, 73, 74, 75, 76, 82, 83, 84 and 79 

 

The reaction was carried out according to General Procedure A. The results to 

general procedure are shown below in Table 3.1. 
1
H-NMR spectra of the products 

were consistent with the full characterisation reported above.  

Entry Ligand % Conversion ee 

1 71 78 44% 

2 72 3 48% 

3 73 >99 1% 

4 74 >99 46% 

5 75 65 0.6% 

6 76 99 47% 

7 82 0 / 

8 83 0 / 

9 84 0 / 

10 79 0 / 

 

Table 3.1 
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Specific Example 2 

 

 

 

Trichlorosilane (86 μl, 0.84 mmol) was added at -20 ºC to a flame-dried N2 filled 

Schlenk flask containing a mono(oxazoline) catalyst  72 (25 mg, 0.08 mmol)  and 

4’-methylacetophenone (53 μL, 0.4 mmol) in CH2Cl2 (2 mL). The reaction mixture 

was stirred at -20 ºC for 24 h, after which the reaction was quenched with saturated 

NaHCO3 (2 mL). The mixture was extracted with CH2Cl2 (3 x 10 mL). The 

combined organic extracts were washed with brine (10 mL), dried over NaSO4, 

filtered and concentrated in vacuo.  A 
1
H-NMR spectrum was obtained to determine 

the % conversion [unreacted ketone signal 2.54 (1H, s) compared to alcohol product 

1.48 (3H, d)]. The crude product was purified by column chromatography (pet:ethyl 

acetate 95:5). The enantiomeric excess (ee) of the purified alcohol 86 was 

determined by chiral GC.  

1
H-NMR (400 MHz, CDCl3) δ = 7.26 (2H, d, J = 8.2 Hz, 2 x ArCH), 7.16, (2H, d, J 

= 7.8 Hz, 2 x ArCH), 4.86 (1H, q, J  = 6.6 Hz, CHOH), 2.34 (3H, s, ArCH3), 1.48 

(3H, d, J = 6.5 Hz, CH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ  = 143.1 (C, ArC), 

136.7 (C, ArC), 129.0 (CH, 2 x ArCH), 125.4 (CH, 2 x ArCH), 69.8 (CH, CHOH), 

25.1 (CH3, CHCH3), 21.0 (CH3, ArCH3) ppm; IR 3096, 2921, 2869, 1290 cm
-1 
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Reactions using 4’-methylacetophenone and ligands 71, 72, 73, 75 and 76 

 

The reaction was carried out according to General Procedure A. The results to the 

general procedure are shown below in Table 3.2. 
1
H-NMR spectra of the products 

were consistent with the full characterisation reported above.  

 

Entry Ligand % Conversion ee 

1 71 >99 38% 

2 72 3 38% 

3 73 92 10.5% 

4 75 91 3% 

5 76 7 35% 

  

Table 3.2 

 

Specific Example 3 

 

 

 

Trichlorosilane (86 μl, 0.84 mmol) was added at -20 ºC to a flame-dried, N2 filled 

Schlenk flask containing a mono(oxazoline) catalyst  73 (27 mg, 0.08 mmol)  and 

4’-methoxyacetophenone (60 mg, 0.4 mmol) in CH2Cl2 (2 mL). The reaction mixture 

was stirred at -20 ºC for 24 h, after which the reaction was quenched with saturated 

NaHCO3 (2 mL). The mixture was extracted with CH2Cl2 (3 x 10 mL). The 

combined organic extracts were washed with brine (10 mL), dried over NaSO4, 
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filtered and concentrated in vacuo.  A 
1
H-NMR spectrum was obtained to determine 

the % conversion [unreacted ketone signal 2.55 (3H, s) compared to alcohol product 

1.47 (1H, d)]. The crude product was purified by column chromatography (pet:ethyl 

acetate 95:5). The enantiomeric excess (ee) of the purified alcohol was determined 

by chiral GC.  

1
H-NMR (400 MHz, CDCl3) δ = 7.29 (2H, d, J = 8.7 Hz, 2 x ArCH), 6.87, (2H, d, 

J = 8.7 Hz, 2 x ArCH), 4.85 (1H, q, J  = 6.5 Hz, CHOH), 3.79 (3H, s, ArOCH3), 1.47 

(3H, d, J = 6.4 Hz, CH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 159.1 (C, ArC), 

138.1 (C, ArC), 128.6 (CH, 2 x ArCH), 11396 (CH, 2 x ArCH), 70.1 (CH, CHOH), 

55.4 (CH3, ArOCH3), 25.1 (CH3, CHCH3) ppm; IR 3052, 2978, 1503, 1283 cm
-1 

 

Reactions using 4’-methoxyacetophenone and ligands 72, 73 and 76 

 

The reaction was carried out according to General Procedure A. The results to the 

general procedure are shown below in Table 3.3. 
1
H-NMR spectra of the products 

were consistent with the full characterisation reported above. 

Entry Ligand % Conversion ee 

1 72 94 10% 

2 73 98 0.1% 

3 76 98 32 

 

Table 3.3 
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3.3.2 Allylation reaction 

General Procedure B 

 

 

To a stirring solution of benzaldehyde (0.40 mmol), DIPEA (2 mmol) and 

mono(oxazoline) ligand (0.06 mmol) in CH2Cl2 (2 mL) at 0 ºC was added 

allyltrichlorosilane (0. 47 mmol). The resulting solution was stirred at 0 ºC for 24 h, 

after which the reaction was quenched with sat. aq, NaHCO3 (2 mL). The aqueous 

layer was extracted with CH2Cl2 (3 x 5 mL). A 
1
H-NMR spectrum was obtained to 

determine the % conversion [unreacted aldehyde signal at 10.00 ppm (1H) compared 

to the ketone product signal at 2.52 (2H)]. The combined organic extracts were 

washed with brine (5 mL), dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude residue was purified by column chromatography 

(pet:ethyl acetate. 95:5).   
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Specific example 1 

 

 

 

To a stirring solution of benzaldehyde (40 μL, 0.40 mmol), DIPEA (0.35 mL, 2 

mmol) and ligand 71 (20 mg, 0.06 mmol) in CH2Cl2 (2 mL) at 0 ºC was added 

allyltrichlorosilane (68 μL, 0. 47 mmol). The resulting solution was stirred at 0 ºC 

for 24 h, after which the reaction was quenched with sat. aq, NaHCO3 (2 mL). The 

aqueous layer was extracted with CH2Cl2 (3 x 5 mL). A 
1
H-NMR spectrum was 

obtained to determine the % conversion [unreacted aldehyde signal at 10.00 ppm 

(1H) compared to the ketone product signal at 2.52 (2H)].  The combined organic 

extracts were washed with brine (5 mL), dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude residue was purified by column 

chromatography (pet:ethyl acetate. 95:5). By 
1
H-NMR spectroscopy a 6% 

conversion was observed. Isolation of homoallylic alcohol 90 was not successful. 
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Reaction with ligands 71, 73 and 74  

The reaction was carried out according to General Procedure B. The results to the 

general procedure are shown below in Table 3.4.  

 

Entry Ligand % Conversion 

1 71 5 

2 73 6 

3 74 <1 

 

Table 3.4 

 

3.4 Attempted synthesis of bis(oxazoline) ligands 

3.4.1 Attempted synthesis of 4,4’-bis(oxazoline) with secondary binding sites 

Synthesis of 3,3-dimethoxypentane (102)
16

 

 

 

 

3-pentanone (200 mL, 1.88 mol), trimethyl orthoformate (254 mL, 2.32 mol) and 

camphorsulfonic acid (13 g, 56 mmol) were added to distilled methanol (1.2 L) and 

stirred overnight at room temperature. Methyl formate was removed by distillation 

(30 – 34 °C). The solution was then neutralised with sodium methoxide, poured onto 

water (1.2 L) and extracted with diethyl ether (3 x 1 L). The combined extracts were 

then washed with brine (500 mL) and dried over K2CO3. Diethyl ether was removed 

under reduced pressure to yield a cloudy solution, which was extracted Et2O (2 x 

100 mL), dried over K2CO3, filtered and concentrated in vacuo to yield the product 

102 as a clear oil (127.7g, 52%).  

1
H-NMR (400 MHz, CDCl3) δ = 3.14 (6H, s, 2 x OCH3), 1.56 (4H, q, J = 7.4 Hz, 2 x 

CH2CH3), 0.79 (6H, t, J = 7.5 Hz, 2 x CH2CH3) ppm; 
13

C-NMR (100 MHz, CDCl3) 
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δ = 104.2 [C, C(OCH3)2], 47.6 (CH3, 2 x OCH3), 24.3 (CH2, 2 x CH2CH3), 7.9 (CH3, 

2 x CH2CH3) ppm; IR 2964,1165, 1049, 901 cm
-1  

 

Synthesis of (2R,4R)-1,2:4,5-di-O-(3,3-pentylidene)-arabitol (103)
16b, 17

 

 

 

(2R, 4R)-arabitol (10 g, 65.7 mmol) and 3,3-dimethoxypentane 102 (38.25 g, 0.29 

mol) were added to THF (100 mL) and stirred at reflux for 15 min. Camphorsulfonic 

acid (4.58 g, 19.72 mmol) was then added and the reflux was continued for a further 

5 min. The solution was then cooled to room temperature and NaOH (2 M, 20 mL) 

was added to neutralise the reaction followed by Et2O (50 mL) and H2O (10 mL). 

The organic layer was separated and the aqueous layer was extracted with diethyl 

ether (3 x 50 mL). The combined organic layers were dried, filtered and concentrated 

in vacuo to yield a mixture of the desired product and 1,2:3,4 bis-acetal byproduct 

[4:1, estimated by 
1
H-NMR signals: by-product signal at 2.46 (1H) compared to the 

product signal seen at 2.39 (1H)]. This crude mixture was then dissolved in CH2Cl2 

(200 mL) and Et3N (10 mL, 70.4 mmol) was added. This solution was heated to 

reflux and succinic anhydride (6.6 g, 65.96 mmol) was added, and the resulting 

solution was stirred for 1h at reflux. The solution was allowed to cool and NaHCO3 

(5% aq., 100 mL) was added to quench the reaction. The organic layer was separated 

and the aqueous layer was extracted with CH2Cl2 (2 x 100 mL). The combined 

organic layers were dried, filtered and evaporated under reduced pressure. The 

resulting oil was then purified by column chromatography and (pet:ethyl acetate, 

gradient elution, 98:2- 90:10) to yield 103 as a clear oil (11.8 g, 62%). 

 

1
H-NMR (400 MHz, CDCl3) δ = 4.22-4.16 (1H, m, one of CHO), 4.12 (1H, dd, 

J =  7.7, 5.7 Hz, one of CH2O), 4.07 (1H, dd, J = 8.2, 6.6 Hz, one of CH2O), 
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4.00-3.89 (2H, m, one of CHO, one of CH2O), 3.84 (1H, app. t, J = 8.0 Hz, one of 

CH2O), 3.47-3.41 (1H, m, CHOH), 2.39 (2H, d, J = 5.8 Hz, 2 x OH), 1.72-1.56 (8H, 

m, 4 x CH2CH3), 0.93-0.84 (12H, m, 4 x CH2CH3) ppm; 
13

C-NMR (100 MHz, 

CDCl3) δ = 113.4, 113.0 (C, 2 x C), 76.9, 76.5 (CH, 2 x CH2CHO), 73.1 (CH, 

CHOH), 68.0, 66.6 (CH2, 2 x CH2O), 29.7, 29.6, 29.1, 29.0 (CH2, 4 x CH2CH3), 8.4, 

8.3, 8.2, 8.1 (CH3, 4 x CH2CH3) ppm; IR 3485, 2972, 2940, 2883, 1463, 1076, 913 

cm
-1 

 

Synthesis of (2R,4R)-di-O-(3,3-pentylidene)-3-O[(methylthio)thiocarbonyl]-

arabitol (106) 

 

 

CS2 (5.3 mL, 88.7 mmol) was added to a stirring solution of 103 (2.00 g, 6.95 mmol) 

in THF (6 mL) at 0 °C. NaH (330 mg, 60% dispersion in mineral oil, 8.33 mmol) 

was then added. The solution was then allowed to warm to room temperature and 

stirred for 6 h. The reaction was then cooled to 0 °C and MeI (0.55 mL, 9.04 mmol) 

was added. The reaction was allowed to warm to room temperature and stirred 

overnight. The reaction was again cooled to 0 °C, and was quenched with NH4Cl 

(40 mL). Diethyl ether (40 mL) was added and the layers were separated and the 

aqueous phase was extracted with diethyl ether (2 x 40 mL), and the combined 

organic phases were dried over Na2SO4, filtered and concentrated in vacuo. The 

resulting yellow oil was purified by column chromatography (pet:ethyl acetate, 95:5) 

to yield 106 (5.11 g, 87%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3) δ = 6.12 (1H, dd, J = 5.7, 2.6 Hz, CHOCS), 4.43-4.36 

(2H, m, CHO), 4.09 (1H, dd, J = 8.7, 6.4 Hz, one of CH2O), 4.03-3.96 (2H, m, 2 x 
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one of CH2O), 3.68 (1H, dd, J = 8.4, 7.7 Hz, one of CH2O), 2.58 (3H, s, SCH3), 

1.66-1.57 (8H, m, 4 x CH2CH3), 0.91-0.83 (12H, m, 4 x CH2CH3) ppm; 
13

C-NMR 

(100 MHz, CDCl3) δ = 217.3 (C, C=S), 113.4, 113.3 (C, 2 x C), 79.4 (CH, CHOCS), 

75.7, 75.4 (CH, 2 x CHO), 66.4, 65.7 (CH2, CH2O), 29.7, 29.4, 29.1, 29.0 (CH2, 4 x 

CH2CH3), 19.4 (CH3, SCH3), 8.2, 8.1 [CH3, 2 x (2 x CH2CH3)] ppm; IR 2972, 2882, 

1462, 1197, 1078, 914 cm
-1

 

 

Synthesis of (2S,4S)-di-O-(3,3-pentylidene)-3-deoxyarabitol (107) 

 

 

 

A solution of 106 (4.13 g, 10.91 mmol), 1,1’-azobis(cyclohexane-carbonitrile) 

(ACN) (108 mg, 0.44 mmol) and tributyltin hydride (3.3 mL, 12.02 mmol) in 

toluene (60 mL) was stirred at reflux for 16h. Evaporation under reduced pressure 

yielded the crude product as a black oil which was purified by column 

chromatography (pet:ethyl acetate 9:1) to yield 107 as a clear oil (2.61 g, 88%).  

 

1
H-NMR (400 MHz, CDCl3) δ = 4.19-4.14 (2H, m, 2 x CHO), 4.13-4.08 (2H, m, 2 x 

one of CH2O), 3.49 (2H, app. t, J = 7.8 Hz, 2 x one of CH2O), 1.79 (2H, t, J = 6.4 

Hz, CHCH2CH), 1.63-1.56 (8H, m, 4 x CH2CH3), 0.89-0.85 (12H, m, 4 x CH2CH3) 

ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 112.7 (C, 2 x C), 74.1 (CH, 2 x CHO), 70.6 

(CH2, 2 x CH2O), 37.7 (CH2, CHCH2CH), 30.0, 29.8 [CH2, 2 x (2 x CH2CH3)], 8.3, 

8.1 [CH3, 2 x (2 x CH2CH3)] ppm; IR 2972, 2940, 2881, 1464, 1172, 1056, 921 cm
-1
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Synthesis of (2S,4S)-3-deoxyarabitol (100) 

 

 

 

A solution of 107 (2.1 g, 7.65 mmol) in 0.5 M H2SO4 (10 mL) and ethanol (10 mL) 

was stirred at reflux for 16 h. The reaction was quenched by the addition of K2CO3 

until neutral. After stirring at reflux for a further ten min the reaction mixture was 

cooled, filtered and concentrated under reduced pressure to yield the crude product 

as a clear oil. The resulting mixture was dissolved in CH2Cl2 (10 mL) and extracted 

with H2O (3 x 10 mL). The aqueous layer was then concentrated in vacuo to yield an 

off-white solid which was purified by column chromatography 

(dichloromethane:methanol 7:3) to yield 100  as a white solid (1.9 g, 92%).  

 

1
H-NMR (400 MHz, D2O) δ = 3.76-3.70 (2H, m, 2 x CHOH), 3.43 (2H, dd, J = 11.7, 

3.8 Hz, 2 x one CH2OH), 3.32 (2H, dd, J = 11.7, 6.9 Hz, 2 x one CH2OH), 1.39-1.29 

(2H, m, CHCH2CH) ppm; 
13

C-NMR (100 MHz, D2O) δ = 68.3 (CH, 2 x CHOH), 

66.0 (CH2, 2 x CH2OH), 35.7 (CH2, CHCH2CH) ppm; IR 3240, 2931, 2908, 1083, 

1019 cm
-1

; MP 105-107 ºC (lit.,
18

 101-104 ºC) 

 

Synthesis of (2S,4S)-1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxyarabitol (108) 

 

 

 

Triethylamine (7.2 mL, 50.71 mmol), 4-dimethylaminopyridine (850 mg, 

6.92 mmol) and tert-butyldimethylsilyl chloride (7.58 g, 50.71 mmol) were added to 
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a stirring solution of 100 (3.13 g, 23.05 mmol) in CH2Cl2 (70 mL) at -15 °C. The 

reaction mixture was allowed to gradually warm to room temperature and stirred for 

40 h. The solvent was removed under reduced pressure and the resulting product was 

purified by column chromatography (pet:ethyl acetate, 9:1) to yield the product 108 

as an off-white solid (2.83 g, 38%). 

 

1
H-NMR (400 MHz, CDCl3) δ = 3.96-3.89 (2H, m, 2 x CHOH), 3.63 (2H, dd, 

J = 10.0, 4.1 Hz, 2 x one of CH2OSi), 3.45 (2H, dd, J = 9.9, 7.2 Hz, 2 x one of 

CH2OSi), 2.75 (2H, d, J = 3.7 Hz, 2 x OH), 1.51 (2H, t, J = 4.8 Hz, CHCH2CH), 

0.89 [18H, s, 2 x C(CH3)3], 0.06 [12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, 

CDCl3) δ = 69.1 (CH, 2 x CHOH), 67.3 (CH2, 2 x CH2OSi), 35.4 (CH2, CHCH2CH), 

25.8 [CH3, 2 x C(CH3)3], 18.2 (C, 2 x C), -5.3 [CH3, 2 x Si(CH3)2] ppm; IR 3303, 

2981, 2859, 1066 cm
-1

 

 

Synthesis of (2S,4S)-1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-2,4-bis-O-

(methylsulfonyl)-arabitol (109) 

 

 

 

A solution of 108 (2.54 g, 6.9 mmol) in CH2Cl2 (40 mL) was stirred at 0°C for 

5 min. Triethylamine (2.9 mL, 19.64 mmol) was then added to the mixture and 

stirred for a further 5 min. MsCl (1.2 mL, 15.23 mmol) was then added to the 

solution and was stirred at room temperature for 4 h. The reaction was quenched by 

the addition of sat. aq. NH4Cl (25 mL). The layers were then separated and the 

aqueous phase was then extracted with CH2Cl2 (3 x 25 mL). The combined organic 

phases were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography (pet:ethyl acetate, 4:1) yielded 109 as a 

white solid (3.50g, 98%). 

1
H-NMR (400 MHz, CDCl3) δ = 4.83-4.77 (2H, m 2 x CHOMs), 3.83-3.80 (4H, 2 x 

CH2O), 3.10 (6H, s, 2 x SCH3), 2.07 (2H, app.t, J = 6.2 Hz, CHCH2CH), 0.88 [18H, 
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s, 2 x C(CH3)3], 0.07 [12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 

79.3 (CH, 2 x CHO), 64.9 (CH2, 2 x CH2O), 37.8 (CH3, 2 x SCH3), 33.5 (CH2, 

CHCH2CH), 25.9 [CH3, 2 x C(CH3)3], 18.4 (C, 2 x C), -5.4 [CH3, 2 x Si(CH3)2] 

ppm; IR  3485, 3443, 2945, 2931, 1320, 1158, 881 cm
-1 

 

Synthesis of (2R,4R)-1,5-bis-O-[tert-butyl(dimethyl)silyl]-2,4-diazidopentane 

(110) 

 

 

 

To a solution of 109 (2.80 g, 25.37 mmol) in N,N-dimethylformamide (60 mL) was 

added NaN3 (6.11 g, 92.75 mmol). The mixture was stirred at 85°C for 16 h and then 

cooled to room temperature. This mixture was then filtered through celite and 

concentrated under reduced pressure. The resulting oil was purified by column 

chromatography (pet:ethyl acetate 95:5) to yield the 110 as a clear oil (2.25g, 80%). 

1
H-NMR (400 MHz, CDCl3) δ = 3.77-3.72 (2H, m, 2 x CHN3), 3.64-3.56 (4H, m, 2 

x CH2O), 1.42 (2H, dd, J = 7.5, 5.6 Hz, CHCH2CH), 0.90 [18H, s, 2 x C(CH3)3], 

0.08 [12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 66.8 (CH2, 2 x 

CH2OH), 60.6 (CH, 2 x CHOH), 31.5 (CH2, CHCH2CH), 25.7 [CH3, 2 x (CH3)3], 

18.3 (C, 2 x C), -5.5 [CH3, 2 x Si(CH3)2] ppm; IR 2954, 2930, 2104, 1251 cm
-1
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Synthesis of (2R,4R)-1,5-bis-O-[tert-butyl(dimethyl)silyl]-2,4-diaminopentane 

(99) 

 

 

Diazide 110 (2.00 g, 4.76 mmol) was dissolved in methanol (50 mL). This solution 

was then transferred to a Parr apparatus and palladium on activated carbon (10%, 

100 mg) was added and the suspension was stirred under an atmosphere on hydrogen 

(5 bar) for 16 h at room temperature. The mixture was filtered through celite, 

concentrated in vacuo and purified by column chromatography (ethyl 

acetate:methanol, 85:15) to yield (898 mg, 52%). 

1
H-NMR (400 MHz, CDCl3) δ = 3.54 (2H, dd, J =  9.7, 4.1 Hz, 2 x one of CH2O), 

3.33 (2H, dd, J = 9.7, 7.3 Hz, 2 x one of CH2O), 3.05-2.99 (2H, m, 2 x CHN), 2.02 

(4H, br. s, 2 x NH2), 1.26 (2H, dd, J = 7.0, 6.4 Hz, CHCH2CH), 0.88 [18H, s, 2 x 

C(CH3)3], 0.04 [12H, s, 2 x Si(CH3)2]; 
13

C-NMR (100 MHz, CDCl3) δ = 69.0 (CH2, 

2 x CH2O), 50.0 (CH, 2 x CHN), 36.8 (CH2, CHCH2CH), 26.0 [CH3, 2 x C(CH3)3], 

18.4 (C, 2 x C), -5.3 [CH3, 2 x Si(CH3)2] ppm; IR 2929, 2856, 1251, 1093, 832, 772 

cm
-1

 

 

Synthesis of pyridine-2-carbonyl chloride (113) 

 

2-Picolinic acid (600 mg, 5.08 mmol) and thionyl chloride (5 mL, 69 mmol) were 

stirred at reflux for 3 h. Excess thionyl chloride was removed under reduced pressure 

to yield the acid chloride (711 mg, 98%). The resulting acid chloride 113 was used 

without further purification. 
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Synthesis of N,N-(2R,4R)-1,5-bis{[tert-butyl(dimethyl)silyl]oxy}pentane-2,4-

diyldipyridine-2-carboxamide (111) 

 

 

To a stirring solution of diamine 99 (490 mg, 1.35mmol) in CH2Cl2 at 0 ºC was 

added triethylamine (0.57 mL, 4.05 mmol) and pyridine-2-carbonyl chloride 113 

(500 mg, 4.05 mmol). The reaction mixture was allowed to gradually warm to room 

temperature and stirred for 16 h. The solvent was removed under reduced pressure 

and the resulting residue was purified by column chromatography (pet:ethyl acetate 

4:1) to yield (xx) (270 mg, 37%) as an off-white solid. 

 

1
H-NMR (400 MHz, CDCl3) δ = 8.41 (2H, d, J = 4.8 Hz, 2 x ArCHA), 8.30 (2H, d, 

J = 8.9 Hz, 2 x NH), 8.14 (2H, d, J = 7.8 Hz, 2 x ArCHD), 7.79 (2H, td, J = 7.7, 1.7 

Hz, 2 x ArCHc), 7.35 (2H, ddd, J = 7.5, 4.7, 1.1 Hz, 2 x ArCHB), 4.28-4.21 (2H, m, 2 

x CHN), 3.77 (4H, qd, J = 10.0, 4.4 Hz, 2 x CH2O), 2.11 (2H, t, J = 6.7 Hz, 

CHCH2CH), 0.89 [18H, s, 2 x C(CH3)3], 0.01 [12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR 

(100 MHz, CDCl3) δ = 164.0 (C, 2 x C=O), 150.1 (C, 2 x ArC), 148.0 (CH, 2 x 

ArCHA), 137.2 (CH, 2 x ArCHC ), 126.0 (CH, 2 x ArCHB), 122.2 (CH, 2 x ArCHD), 

65.0 (CH2, 2 x CH2O), 48.8 (CH, 2 x CHN), 33.0 (CH2, CHCH2CH), 25.9 [CH3, 

C(CH3)3], 18.3 (C, 2 x C), -5.4 [CH3, 2 x Si(CH3)2] ppm; IR 3368, 2955, 2855. 2902, 

1673, 1517, 1108,821 cm
-1

; ESI-HRMS C29N4O2Si2H46  calcd. for 509.1829 found 

(M+H)
+
 m/z 509.1841 
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Synthesis of (4R, 4S)-4,4’-methylenebis[2-pyridyl-2-oxazoline] (112)
 

 

 

To a stirring solution of bis-amide 111 (60 mg, 0.10 mmol) and p-toluenesulfonyl 

fluoride (38 mg, 0.22 mmol) in dry acetonitrile (1.5 mL) was added DBU (33 μL, 

0.22 mmol). The resulting mixture was stirred at reflux overnight, cooled and 

concentrated under reduced pressure.  
1
H-NMR spectroscopy of the crude product 

showed possible evidence of the formation of the bis-oxazoline due to a multiplet 

between 4.70-4.60 ppm and a multiplet between 4.17-4.10 ppm, consistent with 

oxazoline signals seen in structurally similar 4,4’-bis(oxazoline) ligands
19

. 

Purification of the residue was attempted by column chromatography (pet:ethyl 

acetate 7:3). No product or starting material was recovered.  
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3.4.3 Attempted synthesis of 4,4’-bis(oxazoline) ligand with functionalised 

bridgehead 

Synthesis of (2R,4R)-1,2:4,5-bis(3,3-pentylidenedioxy)-3-penatnone (118) 

 

 

DMSO (5.9 mL, 83.8 mmol) was added dropwise over 1 min to a stirring solution of 

oxalyl chloride (4.8 mL, 55.5 mmol) in CH2Cl2 (80 mL) at -78 °C. The solution was 

stirred for 5 min and a mixture of 103 (8.00 g, 27.8 mmol) in CH2Cl2 (200 mL) was 

added and stirred for a further 5 min. Triethylamine (21.28 mL, 152.7 mmol) was 

then added to the solution. This solution was stirred for a further 5 min at -78 ºC and 

then allowed to return to room temperature and stirred overnight. The reaction 

mixture was diluted with CH2Cl2 (150 mL) and washed with water (2 x 150 mL) and 

brine (100 mL). The organic phase was then dried over MgSO4, filtered and 

concentrated under reduced pressure. The resulting oil was then purified by column 

chromatography (pet:ethyl acetate, 9:1) to yield 118 as a yellow oil (5.35 g, 72%). 

 

1
H-NMR (100 MHz, CDCl3) δ = 4.78 (2H, dd, J = 7.6, 7.0 Hz, 2 x CHO), 4.28 (2H, 

dd, J = 8.4, 7.8 Hz, 2 x  one of CH2O), 3.93 (2H, dd, J = 8.5, 6.9 Hz, 2 x one of 

CH2O), 1.66-1.53 (8H, m, 4 x CH2CH3), 0.96-0.81 (12H, m, 4 x CH2CH3) ppm; 

13
C-NMR (100 MHz, CDCl3) δ = 205.4 (C, C=O), 115.0 (C, 2 x C), 78.8 (CH, 2 x 

CHO), 66.3 (CH2, 2 x CH2O), 29.2, 28.3 (CH2, 2 x [2 x CH2CH3)], 8.3 (CH3, 4 x 

CH2CH3) ppm; IR 2973, 2941, 2883, 1735, 1463 cm
-1
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Synthesis of (2R,4R)-1,2:4,5-di-O-(3,3-pentylidene)-3-deoxy-3-methylenexylitol 

(119)
17

 

 

 

MeI (5.24 mL, 64.6 mmol) was added to a stirring solution of PPh3 (13.8 g, 

52.4mmol) in toluene (45 mL) at 0°C. The solution was allowed to warm to room 

temperature and stirred for 1 h. The solution was then concentrated under reduced 

pressure to yield PH3PMeI (21.0 g, 99%) and used without any further purification. 

Ph3PMeI (20.2 g, 49.6 mmol) and tert-BuOK (3.36 g, 29.9 mmol) were added to 

toluene (200 mL) and stirred at room temperature for 1 h. A solution of 118 (5.46 g, 

19.1 mmol) in toluene (50 mL) was added to the above solution at 0 °C. The solution 

was allowed to return to room temperature and stirred for 16 h. The reaction mixture 

was diluted with saturated NH4Cl (100 mL) and extracted with diethyl ether 

(2 x 200 mL).  The organic layer was washed with brine (50 mL) and dried over 

MgSO4.  The organic layer was filtered, concentrated in vacuo and purified by 

column chromatography (pet:ethyl acetate, 95:5) to yield 119 as a clear oil (3.77 g, 

68%).  

 

1
H-NMR (400 MHz, CDCl3) δ = 5.30 (2H, s, C=CH2), 4.52 (2H, dd, J = 8.6, 6.3 Hz, 

2 x CHO), 4.19 (2H, dd, J = 7.9, 6.1 Hz, 2 x one of  CH2O), 3.56 (2H, t, J = 7.9 Hz, 

2 x one of  CH2O), 1.68-1.61 (8H, m, 4 x CH2CH3), 0.95-0.88 (12H, m, 4 x 

CH2CH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 144.8 (C, C=CH2), 112.9 (C, 2 x 

C), 110.0 (CH2, C=CH2), 76.3 (CH, 2 x CHO), 70.2 (CH2, 2 x CH2O), 29.9, 29.5 

[CH2, 2 x [(2 xCH2CH3)], 8.2 (CH3, 4 x CH2CH3) ppm; IR 2972, 2937, 1465 cm
-1
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 Synthesis of (2R,4R)-3-deoxy-3-methylenexylitol (115)
16a

 

 

 

A solution of 119 (5.08 g, 17.9 mmol) in 0.5 M H2SO4 (25 mL) and ethanol (25 mL) 

was stirred at reflux for 16 h. K2CO3 was added to quench the reaction until neutral, 

and stirred at reflux for a further ten minutes. The reaction mixture was then cooled, 

filtered and concentrated under reduced pressure. The resulting mixture was 

dissolved in CH2Cl2 (25 mL) and extracted with H2O (3 x 25 mL). The aqueous 

layer was then concentrated in vacuo to yield an off-white solid which was purified 

by column chromatography (dichloromethane:methanol, 7:3) to yield 115 as a white 

solid (2.17g, 82%). 

1
H-NMR (400 MHz, D2O) δ = 5.20 (2H, s, C=CH2), 4.06 (2H, dd, J = 7.4, 3.5 Hz, 2 

x CHOH), 3.54 (2H, app. t, J = 3.7 Hz, 2 x one of CH2OH), 3.40 (2H, dd, J = 11.8, 

7.3 Hz, 2 x CH2OH) ppm; 
13

C-NMR (100 MHz, D2O) δ = 147.6 (C, C=CH2), 113.2 

(CH2, C=CH2), 72.2 (CH,  2 x CHOH), 64.7 (CH2, 2 x CH2OH) ppm; IR 3338, 2933, 

2884, 2487, 1406 cm
-1

; ESI-HRMS calcd. for C6O4H12 147.0658 (M+H)
+
 found m/z 

147.0684 

 

Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-3-methylenexylitol 

(130)
16b, 18

 

 

Triethylamine (2.13 mL, 15.0 mmol), 4-dimethylaminopyridine (DMAP) (0.25 g, 

2.0 mmol) and tert-butyldimethylsilyl chloride (2.24 g, 15.0 mmol) were added to a 
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stirring solution of 115 (1.00 g, 6.8 mmol) in CH2Cl2 (40 mL) at -15 °C. The 

reaction mixture was allowed to gradually warm to room temperature and stirred for 

40 h. The solvent was removed under reduced pressure and the resulting product was 

purified by column chromatography (pet:ethyl acetate, gradient elution 98:2 – 80:20) 

to yield the product 130 as a clear oil (664 mg, 25%). 

 

1
H-NMR (400 MHz, CDCl3) δ = 5.24 (2H, s, C=CH2), 4.27 (2H, m, 2 x CHOH), 

3.75 (2H, dd, J = 10.0, 4.0 Hz, 2 x  one of CH2O), 3.54 (2H, dd, J = 10.0, 8.2 Hz, 2 x 

one of CH2O), 2.85 (2H, d, J = 2.8 Hz, 2 x OH), 0.90 [18H, s, 2 x C(CH3)3], 0.08 

[12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 146.9 (C, C=CH2), 

114.2 (CH2, C=CH2), 72.9 (CH, 2 x CHOH), 67.3 (CH2, 2 x CH2O), 26.0 [CH3, 2 x 

C(CH3)3], 18.4 (C, 2 x C), -5.3 [CH3, 2 x Si(CH3)2] ppm; IR  3308, 2926, 2857, 1464 

cm
-1 

 

 Synthesis of 1,2:4,5-Di-O-(3,3-pentylidene)-xylitol (127)
16b, 17

 

 

 

Xylitol (10 g, 65.7 mmol) and 3,3-dimethoxypentane 102 (38.25 g, 0.29 mol) were 

added to THF (100 mL) and stirred at reflux for 15 min. Camphorsulfonic acid 

(4.58 g, 19.72 mmol) was then added and the reflux was continued for a further 5 

min. The solution was then cooled to room temperature and NaOH (2 M, 20 mL) 

was added to neutralise the reaction followed by Et2O (50 mL) and H2O (10 mL). 

The organic layer was separated and the aqueous layer was extracted with Et2O (3 x 

50 mL). The combined organic layers were dried over MgSO4, filtered and 

concentrated in vacuo to yield a mixture of the desired product and 1,2:3,4 bis-acetal 

byproduct. This crude mixture was then dissolved in CH2Cl2 (200 mL) and Et3N 
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(10 mL, 70.40 mmol) was added. This solution was heated to reflux and succinic 

anhydride (6.6 g, 65.96 mmol) was added and the solution stirred for 1 h at reflux. 

The solution was allowed to cool and NaHCO3 (5% aq., 100 mL) was added to 

quench the reaction. The organic layer was separated and the aqueous layer was 

extracted with CH2Cl2 (2 x 100 mL). The combined organic layers were dried, 

filtered and the solvent was removed under reduced pressure. The resulting oil was 

then purified by column chromatography (pet:ethyl acetate, gradient elution 

98:2-95:5) giving 127 as a clear oil (8.95 g, 49%). 

 

1
H-NMR (400 MHz, CDCl3) δ = 4.16-4.11 (2H, m, 2 x CHO), 4.04 (2H, dd, J = 8.0, 

6.5 Hz,  CH2O), 3.82 (2H, t, J = 7.8 Hz, 2 x CH2O), 3.58 (1H, dt, J = 6.6, 4.9 Hz, 2 x 

CHOH), 2.46 (1H, d, J = 6.7 Hz, OH), 1.71-1.58 (8H, m, 4 x CH2CH3), 0.93-0.85 

(12H, m, 4 x CH2CH3) ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 113.5 (C, 2 x C), 76.4 

(CH, 2 x CH2CHO), 71.5 (CH, CHOH), 66.5, (CH2, 2 x CH2O), 29.5, 29.0 [CH2, 2 x 

(2 xCH2CH3)], 8.2, 8.1 [CH3, 2 x (2 x CH2CH3] ppm; IR 3491, 2972, 2940, 1463 

cm
-1

 

 

 Synthesis of 1,2:4,5-Bis(3,3-pentylidenedioxy)-3-penatnone (120) 

 

 

DMSO (5.9 mL, 83.8 mmol) was added dropwise over 1 min to a stirring solution of 

oxalyl chloride (4.8 mL, 55.5 mmol) in CH2Cl2 (80 mL) at -78°C. The solution was 

stirred for 5 min and a mixture of 127 (8.00 g, 27.8 mmol) in CH2Cl2 (200 mL) was 

added and the solution was stirred for a further 5 min. Triethylamine (21.28 mL, 

152.7 mmol) was then added. This solution was stirred for a further 5 min at -78 ºC 

and then allowed to return to room temperature and stirred overnight. The reaction 

mixture was diluted with CH2Cl2 (150 mL) and washed with water (2 x 150 mL) and 

brine (100 mL). The organic phase was then dried over MgSO4, filtered and 
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concentrated under reduced pressure. The resulting oil was then purified by column 

chromatography (pet:ethyl acetate, 9:1) to yield 120 as a yellow oil (5.35 g, 72%). 

1
H-NMR (100 MHz, CDCl3) δ = 4.74 (2H, t, J = 7.4 Hz, 2 x CHO), 4.33 (2H, app. t, 

J = 8.4 Hz, 2 x one of CH2O), 3.95 (2H, dd, J = 8.7, 6.9 Hz, 2 x one CH2O), 

1.72-1.58 (8H, m, 4 x CH2CH3), 0.91 (12H, m, 4 x CH2CH3) ppm;
13

C-NMR (100 

MHz, CDCl3) δ = 206.4 (C, C=O), 115.4 (C, 2 x C), 78.9 (CH, 2 x CHO), 66.8 (CH2, 

2 x CH2O), 29.2, 28.5 [CH2, 2 x (2 x CH2CH3)], 8.3, 8.1 [CH3, 2 x (2 xCH2CH3)] 

ppm; IR 2973, 2938, 2884, 1736, 1461 cm
-1 

 

Synthesis of 1,2:4,5-di-O-(3,3-pentylidene)-3-deoxy-3-methylenexylitol (121)
17

 

 

 

MeI (5.24 mL, 64.6 mmol) was added to a stirring solution of PPh3 (13.8 g, 

52.4mmol) in toluene (45 mL) at 0°C. The solution was allowed to warm to room 

temperature and stirred for 1 h. The solution was then concentrated under reduced 

pressure to yield PH3PMeI (21.0 g, 99%), which was used without any further 

purification. Ph3PMeI (20.2 g, 49.6 mmol) and tert-BuOK (3.36 g, 29.9 mmol) were 

added to toluene (200 mL) and stirred at room temperature for 1 h. A solution of 120 

(5.46 g, 19.1 mmol) in toluene (50 mL) was added to the above solution at 0 °C. The 

solution was allowed to return to room temperature and stirred for 16 h. The reaction 

mixture was diluted with saturated NH4Cl (100 mL) and extracted with diethyl ether 

(2 x 200 mL).  The organic layer was washed with brine (50 mL) and dried over 

MgSO4.  The organic layer was filtered, concentrated in vacuo and purified by 

column chromatography (pet:ethyl acetate, 95:5) to yield 121 as a clear oil (3.77 g, 

68%).  
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1
H-NMR (400 MHz, CDCl3) δ = 5.32 (2H, s, C=CH2), 4.58 (2H, t, J = 7.2 Hz, 2 x 

CHO), 4.15 (2H, dd, J = 8.0, 6.4 Hz, 2 x one of CH2O), 3.60 (2H, t, J = 8.4 Hz, 2 x 

one of CH2O), 1.71-1.60 (8H, m, 4 x CH2CH3), 0.95-0.87 (12H, m, 4 x CH2CH3) 

ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 144.6 (C, C=CH2), 113.2 (C, 2 x C), 113.0 

(CH2, C=CH2), 76.4 (CH, 2 x CHO), 70.4 (CH2, 2 x CH2O), 29.8, 29.1 [CH2, 2 x (2 

xCH2CH3)], 8.3 [CH3, 2 x (2 x CH2CH3)] ppm; IR 2972, 2940, 2882, 1463cm
-1

 

 

Synthesis of 3-deoxy-3-methylenexylitol (124)
16a

 

 

 

A solution of 121 (5.08 g, 17.9 mmol) in 0.5 M H2SO4 (25 mL) and ethanol (25 mL) 

was stirred at reflux for 16 h. K2CO3 was added to quench the reaction until the 

solution was neutral at which point the solution was stirred at reflux for a further ten 

minutes. The reaction mixture was then cooled, filtered and concentrated under 

reduced pressure. The resulting mixture was dissolved in CH2Cl2 (25 mL) and 

extracted with H2O (3 x 25 mL). The aqueous layer was then concentrated in vacuo 

to yield an off-white solid which was purified by column chromatography 

(dichloromethane:methanol, 7:3) to yield 124 as a white solid (2.17g, 82%). 

1
H-NMR (400 MHz, D2O) δ = 5.18 (2H, s, C=CH2), 4.11 (2H, dd, J = 6.8, 3.9 Hz, 2 

x CHOH), 3.56 (2H, dd, J = 11.8, 4.0 Hz, 2 x one of CH2OH), 3.44 (2H, dd, J = 7.5, 

11.7 Hz, 2 x one of CH2OH) ppm; 
13

C-NMR (100 MHz, D2O) δ = 147.0 

(C, C=CH2), 114.5 (CH2, C=CH2), 72.0 (CH,  2 x CHOH), 64.5 (CH2, 2 x CH2OH) 

ppm; IR 3364, 2090, 1637, 1394 cm
-1

; ESI-HRMS calcd. for C6O4H12 147.0658 

(M+H)
+
 found m/z 147.0678 
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Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-3-methylenexylitol 

(131)
16b, 18

 

 

 

Triethylamine (2.13 mL, 15.0 mmol), 4-dimethylaminopyridine (DMAP) (0.25 g, 

2.0 mmol) and tert-butyldimethylsilyl chloride (2.24 g, 15.0 mmol) were added to a 

stirring solution of 124 (1.00 g, 6.8 mmol) in CH2Cl2 (40 mL) at -15 °C. The 

reaction mixture was allowed to gradually warm to room temperature and stirred for 

40 h. The solvent was removed under reduced pressure and the resulting product was 

purified by column chromatography (pet:ethyl acetate, gradient elution 98:2 – 80:20) 

to yield the product 131 as a clear oil (664 mg, 25%). 

 

1
H-NMR (400 MHz, CDCl3) δ = 5.24 (2H, s, C=CH2), 4.27 (2H, m, 2 x CHOH), 

3.75 (2H, dd, J = 10.0, 4.0 Hz, 2 x one of CH2O), 3.54 (2H, dd, J = 10.0, 8.2 Hz, 2 x 

one of CH2O), 2.85 (2H, d, J = 2.8 Hz, 2 x OH), 0.90 [18H, s, 2 x C(CH3)3], 0.08 

[12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ = 146.9 (C, C=CH2), 

114.2 (CH2, C=CH2), 72.9 (CH, 2 x CHOH), 67.3 (CH2, 2 x CH2O), 26.0 [CH3, 2 x 

SiC(CH3)3], 18.4 [C, 2 x SiCC(CH3)3], -5.3 [CH3, 2 x Si(CH3)2] ppm; IR 3308, 2926, 

2857, 1464 cm
-1

 

 

 

 

 

 



Experimental 

 

268 

 

Synthesis of 1,5-bis-O-[triiso(propyl)silyl]-3-deoxy-3-methylenexylitol (132)
17

 

 

 

To a stirring solution of 124 in DCM/DMF (2.5 mL/2.5 mL) at 0 °C, imidazole 

(460 mg, 6.75 mmol) was added. After 10 min, 4-dimethylaminopyridine (DMAP) 

(7.5 mg, 0.1 mmol) was added and the solution was stirred for a further 5 min. 

Triisopropylsilyl chloride (0.76 mL, 3.5 mmol) was then added and the solution was 

warmed to room temperature stirred for 2.5 h. MeOH (2 mL) was added to quench 

the reaction and allowed to stir for 10 min. The solvent was removed under reduced 

pressure and the resulting residue was purified by column chromatography (pet:ethyl 

acetate, 98:2) to yield the product 132 as a clear oil (420 mg, 68%). 

1
H-NMR (400MHz, CDCl3) δ = 5.26 (2H, s, C=CH2), 4.31 (2H, dd, J = 8.6, 3.6 Hz, 

2 x CHOH), 3.85 (2H, dd, J = 9.8, 4.0 Hz, 2 x one CH2O), 3.61 (2H, dd, J = 9.8, 8.5 

Hz, 2 x one of CH2O), 1.11-1.04 [42H, m, 6 x CH(CH3)2 and 6 x CH(CH3)2]; 

13
C NMR (100 MHz, CDCl3) δ = 150.1 (C, C=CH2), 100.0 (CH2, C=CH2), 79.2 (CH, 

2 x CHOH), 65.0 (CH2, 2 x CH2OSi), 38.8 [CH, CH(CH3)2], 25.8 [CH3, CH(CH3)2] 

ppm; IR 3307, 2932, 2871, 1444 cm
-1 
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Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-3-methylene-2,4-bis-O-

(methanesulfonyl)-xylitol (133a)
16a, 18

 

 

 

A solution of 131 (1.15 g, 3.15 mmol) in CH2Cl2 (20 mL) was stirred at 0 °C for 

5 min. Triethylamine (1.29 mL, 8.9 mmol) was then added to the mixture and stirred 

for a further 5 min. MsCl (0.54 mL, 6.9 mmol) was then added to the solution which 

was then stirred at room temperature for 4 h. The reaction was quenched by the 

addition of sat. aq. NH4Cl 15 (mL). The layers were then separated and the aqueous 

phase was then extracted with CH2Cl2 (3 x 15 mL). The combined organic phases 

were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography (pet:ethyl acetate, 4:1) yielded 133a as a 

white solid (1.57g, 94%) 

 

1
H-NMR (400 MHz, CDCl3) δ = 5.57 (2H, s, C=CH2), 5.06 (2H, t, J = 5.8 Hz, 2 x 

CHOMs), 3.84 (4H, d, J = 1.8 Hz, 2 x CH2OSi), 3.05 (6H, s, 2 x SCH3), 0.89 [18H, 

s, 2 x C(CH3)3], 0.09 [12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) 

δ = 140.0 (C, C=CH2), 120.4 (CH2, C=CH2), 82.8 (CH, 2 x CHOMs), 65.3 (CH2, 2 x 

CH2O), 38.7 (CH3, 2 x SCH3), 25.9 [CH3, 2 x C(CH3)3], 18.4 (C, 2 x C), -5.3 [CH3, 

2 x Si(CH3)2] ppm; IR 2916, 2849, 1464 cm
-1 
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Synthesis of 1,5-Bis-O-[triiso(propyl)silyl]-3-deoxy-3-methylene-2,4-bis-O-

(methanesulfonyl)-xylitol (133b)
16a, 18

 

 

 

A solution of 132 (210 mg, 0.46 mmol) in CH2Cl2 (5 mL) was stirred at 0 °C for 

5 min. Triethylamine (0.2 mL, 1.37 mmol) was then added to the mixture and stirred 

for a further 5 min. MsCl (0.1 mL, 1.32 mmol) was then added to the solution which 

was then stirred at room temperature for 4 h. The reaction was quenched by the 

addition of sat. aq. NH4Cl 5 (mL). The layers were then separated and the aqueous 

phase was then extracted with CH2Cl2 (3 x 5 mL). The combined organic phases 

were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography (pet:ethyl acetate, 4:1) yielded 133b as a 

white solid (180 mg, 86%) 

1
H-NMR (400 MHz, CDCl3) δ = 5.58 (2H, s, C=CH2), 5.09 (4H, dd, J = 6.9, 4.6 Hz, 

2 x CHOMs), 3.93 (4H, d, J = 3.2 Hz, CH2OSi), 3.06 (6H, s, 2 x SCH3), 1.07-1.04 

[42H, m, 6 x CH(CH3)2 and 6 x CH(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) 

δ = 140. 4 (C, C=CH2), 120.4 (CH2, C=CH2), 79.3 (CH, CHOMs), 66.3 (CH2, 2 x 

CH2O), 39.1 (CH3, SCH3), 18.0 [CH3, 2 x CH(CH3)2], 11.8 [CH, CH(CH3)2] ppm; 

IR 2923, 2864, 1434 cm
-1

 

 

 

 

 

 

 



Experimental 

 

271 

 

Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-3-methyl-2,4-

diaminopentane (136a)
16a, 18

 

 

 

To a solution of 133a (1.5 g, 2.85 mmol) in N,N-dimethylformamide (40 mL) was 

added NaN3 (3.25 g, 50 mmol). The mixture was stirred at 85 °C for 16 h. The 

mixture was filtered through celite and concentrated under reduced pressure to yield 

the diazide 134a. The resulting diazide was dissolved in MeOH (50 mL). This 

solution was then transferred to a Parr apparatus. Palladium on activated carbon 

(10%, 100 mg) was added and the suspension was stirred under an atmosphere of 

hydrogen (5 bar) for 16 h at room temperature. The mixture was filtered through 

celite, the solution concentrated in vacuo and purified by column chromatography 

(ethyl acetate:methanol, 85:15).
1
H-NMR spectral analysis showed a non-isolable 

mixture of products. 

 

 

Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-methylene-2,4-

diaminopentane (135a)
20

 

 

LiAlH4 (36 mg, 0.95 mmol) was added at room temperature to a solution of 133a 

(48.0 mg, 0.24 mmol) in Et2O (2 mL). After 5 h reflux, the reaction mixture was 

carefully quenched with H2O (36 µL), 15% aq. NaOH (108 µL), and H2O 

(36 µL).After dilution of the residue with ethyl acetate, the mixture was filtered 

through celite and anhydrous sodium sulfate. The filtrate was concentrated under 
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reduced pressure. 
1
H-NMR spectral analysis showed a non-isolable mixture of 

products. 

Synthesis of 1,5-bis-O-[triiso(propyl)silyl]-3-deoxy-3-methyl-2,4-

diaminopentane (136b) 
16a, 18

 

 

 

To a solution of 133b (150 mg, 0.32 mmol) in N,N-dimethylformamide  (5 mL) was 

added NaN3 (365 mg, 5.61 mmol). The mixture was stirred at 85 °C for 16 h. The 

mixture was filtered through celite and concentrated under reduced pressure to yield 

the diazide 134b. The resulting diazide was dissolved in MeOH (50 mL). This 

solution was then transferred to a Parr apparatus. Palladium on activated carbon 

(10%, 100 mg) was added and the suspension was stirred under an atmosphere of 

hydrogen (5 bar) for 16 h at room temperature. The mixture was filtered through 

celite, the solution concentrated in vacuo and purified by column chromatography 

(ethyl acetate:methanol, 85:15). 
1
H NMR spectral analysis showed a non-isolable 

mixture of products. 
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3.4.3 Attempted 4,4-bis(oxazoline) synthesis containing chiral sidearms 

Synthesis of di-O-(3,3-pentylidene)-3-O-[(methylthio)thiocarbonyl]-xylitol (146) 

 

 

CS2 (5.3 mL, 88.7 mmol) was added to a stirring solution of 127 (2.00 g, 6.95 mmol) 

in THF (6 mL) at 0 °C. NaH (330 mg, 60% dispersion in mineral oil, 8.33 mmol) 

was then added. The solution was then allowed to warm to room temperature and 

stirred for 6 h. The reaction was then cooled to 0 °C and MeI (0.55 mL, 9.04 mmol) 

was added. The reaction was allowed to warm to room temperature and stirred 

overnight. The reaction was again cooled to 0 °C, and quenched with NH4Cl (40 

mL). Diethyl ether (40 mL) was added and the aqueous phase was extracted with 

diethyl ether (2 x 40 mL), and the combined organic phases were dried over Na2SO4, 

filtered and concentrated in vacuo. The resulting yellow oil was purified by column 

chromatography (pet:ethyl acetate, 95:5) to yield 146 (5.11 g, 87%) as a yellow oil.  

 

1
H-NMR (400 MHz, CDCl3) δ = 5.98 (1H, t, J = 4.9 Hz, CHOC=S), 4.42-4.37 (2H, 

m, 2 x CHO), 4.06 (2H, dd, J = 8.4, 6.5 Hz, 2 x one of CH2O), 3.81 (2H, dd, J = 8.4, 

7.6 Hz, 2 x one of CH2O), 2.58 (3H, s, SCH3), 1.67-1.57 (8H, m, 4 x CH2CH3), 0.88 

(12H, m, 4 x CH2CH3) ppm;
 13

C-NMR (100 MHz, CDCl3) δ = 217.1 (C¸C=S), 113.7 

(C, 2 x C), 80.7 (CH, CHOC=S), 74.9 (CH, 2 x CHO), 66.1 (CH2, 2 x CH2O), 29.6, 

29.2 [CH2, 2 x ( 2 xCH2CH3)], 19.3 (CH3, SCH3), 8.2 (CH3,4 x CH2CH3) ppm; IR 

2972, 2939, 2881, 1462 cm
-1

 

 

 



Experimental 

 

274 

 

Synthesis of di-O-(3,3-pentylidene)-3-deoxy-xylitol (147) 

 

 

To a stirring solution of 146 (4.79 g, 12.57 mmol) in toluene (75 mL) at reflux was 

added 1,1’-azobis(cyclohexane-carbonitrile) (ACN) (125 mg, 0.52 mmol) and 

tributyltin hydride (3.8 mL, 13.84 mmol). The resulting solution was stirred at reflux 

for 16 h. Evaporation of the solvent under reduced pressure yielded the crude 

product as a black oil which was purified by column chromatography (pet:ethyl 

acetate 9:1) to yield 147 as a clear oil (3.42 g, 77%).  

1
H-NMR (400 MHz, CDCl3) δ = 4.21-4.14 (2H, m, 2 x CHO), 4.08 (2H, dd, J = 7.8, 

5.9 Hz, 2 x one of  CH2O), 3.56 (2H, t, J = 7.9 Hz, 2 x one of CH2O), 2.00 (1H, dt, 

J = 14.0, 6.3 Hz, one of CHCH2CH), 1.77 (1H, dt, J = 14.0, 6.3 Hz, one of 

CHCH2CH), 1.66-1.57 (8H, m, 4 x CH2CH3), 0.91-0.85 (12H, m, 4 x CH2CH3) ppm; 

13
C-NMR (100 MHz, CDCl3) δ = 112.8 (C, 2 x C), 73.1 (CH, 2 x CHO), 69.9 (CH2, 

2 x CH2O), 36.3 (CH2, CHCH2CH), 30.0, 29.7 [CH2, 2 x (2 x CH2CH3)], 8.4, 8.1 

[CH3, 2 x (2 x CH2CH3)]; IR 2972, 2939, 2881, 1463 cm
-1

 

 

 Synthesis of 3-deoxy-xylitol (145) 

 

 

A solution of 146 (2.50 g, 9.18 mmol) in 0.5 M H2SO4 (12 mL) and ethanol (12 mL) 

was stirred at reflux for 16 h. The reaction was quenched by the addition of K2CO3 

until neutral. After stirring at reflux for a further ten minutes the reaction mixture 

was cooled, filtered and concentrated under reduced pressure to yield the crude 
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product as a clear oil. The resulting oil was dissolved in CH2Cl2 (25 mL) and 

extracted with H2O (3 x 25 mL). The aqueous layer was then concentrated in vacuo 

to yield an off-white solid which was purified by column chromatography 

(dichloromethane:methanol 7:3) to yield 145  as a white solid (800 mg, 64%).  

1
H-NMR (400 MHz, D2O) δ = 3.71-3.65 (2H, m, 2 x CHOH), 3.44 (2H, dd, J = 11.8, 

3.6 Hz, 2 x one of CH2OH), 3.32 (2H, dd, J = 11.8, 6.5 Hz, 2 x one of CH2OH), 1.51 

(1H, dt, J =  14.3, 5.4 Hz, one of CHCH2CH), 1.42 (1H, dt, J = 14.3, 5.4 Hz, one of 

CHCH2CH) ppm; 
13

C-NMR (100 MHz, D2O) δ = 69.4 (CH, 2 x CHOH), 65.1 (CH2, 

2 x CH2OH), 35.5 (CH2, CHCH2CH) ppm; IR 3292, 2935, 1649, 1419 cm
-1

 

 

Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-xylitol (148) 

 

 

Triethylamine (1.65 mL, 12.69 mmol), 4-dimethylaminopyridine (200 mg, 1.83 

mmol) and tert-butyldimethylsilyl chloride (1.72 g, 12.29 mmol) were added to a 

stirring solution of 145 (760 mg, 5.6 mmol) in CH2Cl2 (35 mL) at -15°C. The 

reaction mixture was allowed to gradually warm to room temperature and stirred for 

40 h. The solvent was removed under reduced pressure and the resulting product was 

purified by column chromatography (pet:ethyl acetate, 9:1) to yield the product 148 

as a white solid (660 mg, 32%). 

1
H-NMR (400 MHz, CDCl3) δ =  3.92-3.85 (2H, m, 2 x CHOH), 3.54 (4H, qd, J = 

10.0, 5.6 Hz,  2 x CH2O), 3.15 (2H, d, J = 2.6 Hz, 2 x OH), 1.70-1.65 (1H, dt, J = 

14.2, 3.1 Hz, one of CHCH2CH), 1.47 (1H, dt, J = 14.3, 9.4 Hz, one of CHCH2CH), 

0.89 [18H, s, 2 x C(CH3)3], 0.06 [12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, 

CDCl3) δ = 71.7 (CH, 2 x CHOH), 67.1 (CH2, 2 x CH2O), 35.6 (CH2, 2 x 

CHCH2CH), 25.9 [C, 2 x C(CH3)3], 18.3 (C, 2 x C), -5.4 [CH3, 2 x Si(CH3)2] ppm; 

IR 3374, 2953, 2858, 1472 cm
-1
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Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-3-deoxy-2,4-bis-O-

(methylsulfonyl)-xylitol (149) 

 

 

 

A solution of 148 (660 mg, 1.8 mmol) in CH2Cl2 (15 mL) was stirred at 0 °C for 

5 min. Triethylamine (0.75 mL, 5.09 mmol) was then added to the mixture and 

stirred for a further 5 min. MsCl (0.30 mL, 3.95 mmol) was then added to the 

solution and was stirred at room temperature for 4 h. The reaction was quenched by 

the addition of sat. aq. NH4Cl (10 mL). The layers were then separated and the 

aqueous phase was then extracted with CH2Cl2 (3 x 10 mL). The combined organic 

phases were dried over MgSO4, filtered and concentrated under reduced pressure. 

Purification by column chromatography (pet:ethyl acetate, 4:1) yielded 149 as a 

white solid (904 mg, 95%). 

1
H-NMR (400 MHz, CDCl3) δ = 4.81-4.76 (2H, m, CHOMs), 3.87-3.78 (4H, m, 2 x 

CH2OSi), 3.06 (6H, s, 2 x SCH3), 2.21 (1H, dt, J = 14.8, 6.0 Hz, one of CHCH2CH), 

2.10 (1H, dt, J = 14.7, 6.9 Hz, one of CHCH2CH), 0.89 [18H, s, 2 x C(CH3)3], 0.08 

[12H, s, 2 x Si(CH3)2] ppm; 
13

C-NMR (100 MHz, CDCl3) δ =  79.6 (CH, 2 x 

CHOMs), 64.5 (CH2, 2 x CH2O), 38.7 (CH3, 2 x SCH3), 33.5 (CH2, CHCH2CH), 

25.9 [CH3, 2 x C(CH3)3], 18.4 (C, 2 x C), -5.4 [CH3, 2 x Si(CH3)2] ppm; IR 3371, 

2932, 2856, 1496 cm 
-1
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Synthesis of 1,5-bis-O-[tert-butyl(dimethyl)silyl]-2,4-diaminopentane (144) 

 

 

 

To a solution of 149 (731 mg, 140 mmol) in N,N-dimethylformamide (15 mL) was 

added NaN3 (1.60 g, 24.55 mmol). The mixture was heated to 85°C for 16 h, filtered 

through celite and concentrated under reduced pressure, yielding the diazide 150. 

This diazide was dissolved in methanol (50 mL). The resulting solution was then 

transferred to a Parr apparatus. Palladium on activated carbon (10%, 100 mg) was 

added and the suspension was stirred under an atmosphere on hydrogen (5 bar) for 

16 h at room temperature. The mixture was filtered through celite, concentrated 

in vacuo and purified by column chromatography (ethyl 

acetate:methanol:ammonium hydroxide, 85:15:1). The 
1
H-NMR spectrum showed 

an unidentifiable mixture of products.  
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