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Abstract:

This thesis is concerned with the study and attempted synthesis of an array of homochiral 

pyridines and their A/-oxides and their ultimate use as potential hypernucleophilic promoters 

of the acylation of a variety of racemic alcohols.

That they might facilitate this acylation is discussed in chapter 1 of this thesis. Here a quick 

synopsis of past and present literature is presented. From the earliest work of Verley and 

Bolsing who discovered that pyridine facilitates the acylation of primary and secondary 

alcohols using acetic anhydride or acetyl chloride to Steglich and Hofle who demonstrated 

that 4-A/,A/-dimethylaminopyridine was a superior catalyst, facilitating the acylation of 

tertiary alcohols which were not easily acyiated using pyridine. Further work by Hassner and 

co-workers is discussed in which they demonstrated an activity series of 4-pyrrolidino>4- 

dimethylamino>4-piperidino>4-morpholino pyridine. It is also shown that the reason for the 

increased activity of 4-dialkylaminopyridines is the result of increased nucleophilicity at the 

ring nitrogen caused by favourable p-n overlap resulting in increased stability of the 

acylpyridinium intermediate. Hassner also demonstrates the inability of 2- 

dialkylaminopyridines to act in the same way as a result of steric hindrance which causes the 

formation of the acylpyridinium to be unfavourable.

Following this a definition of enantiomers as well as methodologies such as kinetic 

resolution, which is the exploitation of the unequal rates of reaction of enantiomers of a 

racemate with a chiral agent, is provided. A short explanation, with equations derived by 

Kagan and co-workers for the calculation of the s-factor is provided. A treatise of various 

researchers work is offered, including enzymatic and non-enzymatic kinetic resolution. 

Enantiodiscriminating chiral 4-A/,A/-dimethylaminopyridines, as synthesised by Vedejs and co

workers, are introduced. Further advances in the synthesis of chiral 4-N,N- 

dimethylaminopyridines including planar chirality, induced fit chirality, axial chirality and 

DMAP's supported on magnetic nanoparticles as well as a discussion as to the effectiveness 

of same in the catalysis of various reactions is undertaken. The introduction ends with a



demonstration of the effectiveness of pyridine A/-oxides as catalysts, such as those of Maikov 

and co-workers, Chelucci and co-workers and the helical chirality developed by Chen and co

workers, in a variety of reactions.

Chapter 2 is the first experimental chapter and in it a discussion of the methodology into the 

synthesis of various 2-aminopyridine A/-oxides is undertaken. An explanation of unexpected 

^H-NMR chemical shifts between pyridine A/-oxides and their parent pyridine analogues is 

proposed. The use of palladium catalysts to synthesise 2-aminopyridines from 2- 

chloropyridine, in the form of the Buchwald-Hartwing amination reaction, is discussed. 

Further, attempts to synthesise fused rings containing the pyridine moiety to include 

imidazopyridines and pyrrolopyridines and the problems and possible solutions to these are 

discussed.

Chapter 3 treats of the possibility for the synthesis of more fused rings derived from (-i-)- 

nopinone and (+)-camphor. Various synthetic strategies are surveyed and attempted. Again 

the use of the Buchwald-Hartwig amination reaction is used and an examination of various 

reaction conditions, including variation of bases and ligands, to find the most favourable is 

carried out. Several methodologies for the synthesis of a pyridine ring fused with (-r)- 

camphor are attempted and possible explanations for their failure are proposed. Finally in 

this chapter an efficient and more cost effective synthetic strategy for the synthesis of 

camphor enaminone is elucidated.

Chapter 4 details the use of the compounds synthesised in the previous synthetic chapters as 

potential enantioselective catalysts in the acylation of a variety of racemic alcohols in a 

variety of solvents. An investigation into the possible mechanism of action for 2- 

aminopyridine A/-oxides with anhydride is undertaken, and this compared to the reactivity of 

the parent pyridines. Finally proposed future work including the investigation of more novel 

compounds, synthesised in the present work, for catalytic activity in a variety of reactions.
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Chapter 1

Introduction



1.0 Introduction:

1.1 Pyridine and 4-A/,/\/-Dialkylaminopyridine as catalysts

A catalyst is a substance that increases the rate of a chemical reaction without itself 

undergoing any permanent chemical change. Catalysts act by lowering the activation energy 

of a reaction, providing an alternative pathway by which a particular reaction occurs. 

Therefore the presence of small quantities of catalyst can improve the speed at which a 

particular reaction proceeds.

Treatment of amines, alcohols and phenols with acetic anhydride in the presence of pyridine 

(1) has proved to be an effective general acylation method since it was first developed by 

Verley and Bolsing (Scheme 1.01).^ Further examination showed that this esterification 

reaction also worked when acetic anhydride was replaced with acetyl chloride.^ This method 

presented few problems for the acylation of primary and secondary alcohols, however

attempts to esterify hindered alcohols proved unsuccessful.'

N o
(0>0

N

HO—R

1a

+ H"

N

'O-R

O

O-R N
I

H

OAc

Scheme 1.01: General mechanism for acylation of an alcohol using Pyridine (1).

Pyridine (1) enhances the rate of reaction due to its nucleophilicity towards acyl compounds 

possessing a good leaving group, and because the intermediate acylated ammonium species 

cannot lose a proton to give a resonance-stabilised amide and is, therefore, highly reactive 

towards nucleophiles. Also, given that the intermediate la is a charged species it is more 

capable of transferring an acyl residue to a nucleophile than an anhydride alone. Evidence for 

the acylpyridinium intermediate la comes from work by Fersht and Jencks'* who observed by
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ultraviolet spectroscopy the formation and decay of an intermediate in the course of the 

pyridine-promoted hydrolysis of acetic anhydride. They believed this confirmed the presence 

of an intermediate acylpyridinium ion. Increasing the pyridine concentration caused an 

increase in rate and the extent of formation of the intermediate, and increasing the acetate 

ion concentration decreased the amount of intermediate formation by shifting the 

equilibrium to the left to re-form acetic anhydride (Scheme 1.02).

k,

'N'

O O

Ki
+

'N

O

O
OAc

1 1a

Scheme 1.02: Fersht and Jencks showed the presence of an acyl pyridinium intermediate. With increasing 

pyridine (1) concentration the rate ki increases. When acetate concentration is increased rate k.j increases.

They"* found that the rate of the pyridine-catalysed acetylation of substituted anilines by 

acetic anhydride is independent of the nature and concentration of the aniline, thus 

demonstrating that these acyl transfer reactions proceed through the rate-determining 

formation of the acylpyridinium ion intermediate, followed by a fast reaction with the 

anilines.

From these data they formulated a mechanism where pyridine, being basic, acts by 

nucleophilic attack with its lone pair of electrons on nitrogen against the carbonyl group of 

the anhydride, resulting in the formation of an acylpyridinium ion intermediate. This then 

breaks down, leading to the acylated product (Scheme 1.01).

Steglich and Hofle^ found that 4-A/,/\/-dimethylaminopyridine (DMAP, 2), either alone or 

mixed with triethylamine, proved a superior acylation catalyst to pyridine (1), acylating even 

tertiary alcohols - which were considered to be difficult substrates when using the method of 

Verley and Bolsing.^ They^ reported that acylation of 1-methyl cyclohexanol (3) had gone to



completion after 10 h in the presence of an equivalent amount of (2) and acetic anhydride 

(5). Further examination showed that where (3) was not acylated by anhydride (5) in the 

presence of 1 or trimethylamine, the addition of 0.05 molar equivalents of 2 led to the 

formation of 1-methylcyclohexyl acetate 4 in 86% yield (Scheme 1.03).^ Indeed Litvinenko 

and Kirichenko,^ working independently of Steglich and Hbfie, found 2 to be a far superior 

acylation catalyst, and have estimated from kinetic data that it is ca. 10'* times as effective as 

pyridine in catalysing the benzoylation of m-chloroaniline.

O O 2 (0.05 eq)
\ OAcX

O'

Scheme 1.03: Acylation of 1-methyl cyclohexanol (3) with 0.05 equivalents of DMAP (2). When this reaction was 

performed with pyridine as the acylation promoter only < 5% product was formed over the same reaction 

timeframe.

Hassner et af originally envisioned the possibility that 2-aminopyridines may act catalytically 

in the hydrolysis of ethers, however, when this proved fruitless they turned their attention to 

the study of various aminopyridines for catalytic activity in the acylation of tertiary alcohols. 

They carried out studies involving an array of 2- and 4-substituted dialkylamino pyridines.

To determine the relative efficiencies of these 4-dialkylaminopyridines in catalysing the 

acylation of hindered alcohols, 1,1-diphenylethanol and 1-methyl cyclohexanol were chosen 

as the substrates, and reacted with two molar equivalents of anhydride 5 and triethylamine 

in the presence of 10 mol % of the catalyst. A control reaction of the substrates without 

catalyst was also performed and showed only slight conversion of alcohol to its acetate (< 

5%) even after several days reaction time. Figure 1.01 shows those alkylamino pyridines 

which Hassner et af" tested for activity and Table 1 shows their reported results.



r,2

7R'=R': -(CH2)4- 

8 R^=R^: -(CH2)5-

9 R^=R^: -CH2CH2OCH2CH2-

10 R’=R^: CH(CH3)CH=CH(CH3)CH

11 R: CH3; X: N(CH3)2

12 R: CH3: X: H

Figure 1.01: Hassner et af synthesised various 2- and 4-substituted amino pyridines.

As a result of their studies, they^ proposed the activity series 4-pyrrolidino > dimethylamino > 

piperidino > morpholino pyridine. A comparison between 4-pyrrolidinopyridine (7) and 

pyridine (1) in the acylation of a secondary alcohol resulted in acetylation after 2 h in the 

presence of 1 where it occurred after seconds with 7.

N-

N

N

15

N
N R

N

16 17 R;

18 R:

H

N
19 R: -|-N=<

NH
2 20 R:

N(CH3)2

N(CH3)2

N(CH3)2

Figure 1.02: Hassner et ar synthesised a variety of analogues of their active catalysts. The above all proved to 

lack catalytic activity in the acylation of hindered alcohols.

Neither 4-pyrrolidinoquinoline (13) nor the imidazole 14 were found to have any catalytic 

effect in the attempted acylations of hindered alcohols. Similarly devoid of activity were 4- 

pyrrolidinopyrazine (15), 3-pyrrolidinopyridine (16) and various 2-substituted pyridines 17-20 

(Figure 1.02).



Table 1: Results from the catalytic tests by Hassner et af‘ in their study on poro-substituent effects on pyridine 

for the acylation of alcohols.

Cat. Pyridine
Substituent

Relative
Rate

Cat. Pyridine Substituent Relative
Rate

7
1

1

1.0 8 0
1

WWW

0.40

11 N(CH3)2
f^N(CH3)2

WWW

0.90 12 H
r^N(CH3)2

WWV*

0.30

6
wvjw

0.63 9 0
1

WWW

0.12

10

AWV

0.50

In a further comparative reaction with 1, pyrrolidinopyridine 7 was allowed react with a diol 

21, containing both secondary and tertiary alcohol functions, in the presence of an excess of 

anhydride 5. With either of 1 or triethylamine, the reaction was complete in about 2 h with 

only the secondary alcohol group undergoing acylation. They reported that no further 

acylation occurred, even after 1 week. When 10 mol % of the pyrrolidinopyridine 7 was used 

instead, immediate acylation of the secondary alcohol group occurred. On allowing the 

reaction to continue for 24 h the monoacetate was completely consumed, resulting in its 

conversion to the diacetate in a yield of 94 % (Scheme 1.04).

OH Ac20/Et3N

Cat. (10 mol %), 30 s

OAc 24 h OAc

21 22 23

Scheme 1.04: Hassner et af used 4-pyrrolidinopyridine in the acylation of hindered diols.
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Table 2: Hassner et af used 4-pyrrolidinopyridine in the acylation of several hindered alcohols.

Alcohol Reaction Time Yield of
Acetate

24
\ OHef 45 min 87 %

25
OH

30 min 97 %

26
pH

24 h 80%

Further, Hassner et ar showed that the acylation of several other hindered alcohols with 

acetic anhydride (5), and a catalytic amount of 7, proceeded smoothly at room temperature 

Table 2.

Their results show that the observed increase in catalytic ability is a result of the increased 

basicity of the pyridine ring system of 4-substituted dialkylaminopyridines due to the donor 

ability of the amine substituent. Given, however, that the basicity of triethylamine is 

comparable to that of 2, it would suggest that another contributing factor is involved, this 

being the stability of the acyl pyridinium intermediate species. The donation of the lone pair 

of electrons from the 4-diall<ylamino substituent is facilitated by favourable p-n overlap, 

which causes the pyridine ring nitrogen atom to become hypernucleophilic (Scheme 1.05).



OAc

O
R.

'O +

Scheme 1.05: Mechanism of 4-/V,/\/-dimethylaminopyricline (2) as an acylation catalyst.

This hypernucleophilicity enables the 4-A/,A/-dialkylaminopyridines to react more effectively 

with the anhydride substrate and this, coupled with the stability of the A/-acyl-4-A/,A/- 

dialkylaminopyridinium intermediate - which shifts the equilibrium to the right - enables the 

greater catalytic activity observed for the 4-dialkylaminopyridines. The reduced activities of 

the 10 as well as those of the 2-substituted pyridines 17-20 can be explained by the steric 

interactions which cause the formation of the acylpyridinium intermediate to be 

unfavourable (Scheme 1.06).

o V o

1

oV

AC2O

A, OAc
O

10

Scheme 1.06: Steric hindrance prevents 2-dialkylaminopyridines 17-20 from acting catalytically. While 2,5- 

dimethylpyroline pyridine 10 sees reduced activity compared with 4-pyrolidinopyridine 7.®
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1.2 Enantiomers

Enantiomers are molecules that exist in two different structural forms which are non- 

superimposable mirror images and have no plane of symmetry. They possess the same 

physical and chemical properties but they rotate plane-polarised light in opposing directions. 

When enantiomers interact with other chiral compounds or environments, however, they 

interact differently. This is due to the differing diasteromeric interactions which they 

produce. This can be understood from the different enantiomers of carvone (Figure 1.03). S- 

(+)-Carvone 28 smells of spearmint while /?-(-)-carvone 27 smells of caraway seeds. This is as 

a result of the differing interactions between the enantiomers and the binding sites on the 

receptors of the olfactory sensory neurons.

27 R-(+)-carvone 28 S-(-)-carvone 

Figure 1.03: Enantiomers of carvone.

Biologically the importance of diasteromeric interactions was demonstrated in the 

differences between (/?)-thalidomide 29 and (S)-thalidomide 30 (Figure 1.04). Thalidomide 

was used as a sedative and also in the treatment of morning sickness in pregnant women. It 

was administered as a racemate and was considered a "safe drug" as no mortality from 

overdose or attempted suicide has ever been recorded.^ Whilst the (R) form acted as 

expected, the (5)-enantiomer proved to be teratogenic, resulting in malformations of 

children born to women who received it as a treatment during pregnancy. It was later found 

that even treatment with the (R) enantiomer alone resulted in malformations due to its 

racemisation in vivo.^



o

29 (R)-Thalidomide 

Figure 1.04; (/?) and (S)-Thalidomide.

O

30 (S)-Thalidomide

1.2.1 Resolution

As has been demonstrated with the example of thalidomide, potential hazards exist in the 

interaction of one enantiomer or another with some biological systems and as such vast 

resources are employed to develop methodologies which were both efficient and cost 

effective for their separation. Given that the interaction of enantiomers with a chiral 

environment can provide differing diasteromeric products, and thus differing properties, 

these interactions can be exploited for the ultimate goal of enantiomer separation.

1.2.1.1 Classical Resolution

Products formed by the interaction of two enantiomers with a chiral reagent will be 

diastereomerically related and will therefore be liable to separation by methods such as 

crystallisation, distillation, extraction, column chromatography, or gas-liquid 

chromatography.®

Resolution is achieved if the desired enantiomers can be individually regenerated from the 

separated diastereomers; representing a convenient method for the resolution of an array of 

racemic molecules containing functional groups such as amines, alcohols, aldehydes and 

ketones.



1.2.1.2 Kinetic Resolution

Kinetic resolution is defined as "the achievement of partial or complete resolution by virtue 

of unequal rates of reaction of the enantiomers in a racemate with a chiral agent (reagent, 

catalyst, solvent, etc)".^ Substrate enantiomers interact with a chiral reagent or catalyst to 

generate different diastereomeric transition states. The free energies of these competing 

transition states define the rate constants for conversion of the fast-reacting and slow- 

reacting enantiomers, and the ratio kfast/ksiow, controls the product distribution as is outlined 

(Scheme 1.07), with the R enantiomer assumed to be the fast reacting while S is the slow. Zr» 

symbolises a chiral reagent (catalyst or enzyme) which provides the diasteromeric 

environment with which the enantiomers may interact at differing rates.

R + Zr.

S + Zr*

fast

slow

R-Zr.

S Zr.

kfei kp/kg

Scheme 1.07: Kinetic resolution. When racemates interact with a chiral environment differing rates of reaction 

are observed.

The efficiency of a kinetic resolution is thus typified by the rate constant /Crei = kh/ks = -S, i.e. 

the stereoselectivity factor.This relates enantiomeric excess and percentage product 

conversion and may be calculated using equations 1 or 2, (Figure 1.05), where c is the 

conversion (0 < c < 1) while eesm and eeprod (0 ^ eesm, eeprod ^ 1) are the enantiomeric 

excesses of recovered starting material and product respectively.

Eq. 1: s = /^= Infd -c)(l -ee.m)1 

ks ln[(l-c)(l + eesm)]

Eq. 2: s = kg_= ln[(l -c)(l -r eenmd)] 

ks ln[(l-c)(l-eeprod)]

Figure 1.05: Equations as developed by Kagan et al for the calculation of selectivity factor (s).
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Equations 1 and 2 apply to first order reactions with respect to substrate and any other order 

with respect to co-reactants or catalysts. A high s value allows the recovery of a large amount 

of initial compound with excellent eesm while conversely a small s (< 10) value means that 

conversion must be increased to attain a similar eesm-

Kinetic resolution was first discovered by Louis Pasteur/^ who observed the destruction of 

the dextrorotatory isomer from the fermentation of racemic ammonium tartrate with 

Penicillium glaucum. Further, Fischer^^ observed several enzymatic resolutions in 

carbohydrates and deduced that the natural D-hexoses were consumed upon fermentation 

with brewer's yeast, whereas the L enantiomers remained unchanged.

The first example of kinetic resolution with nonenzymatic reagents was reported by 

Marckwald and McKenzie^^ who observed enantioselective esterification of racemic mandelic 

acid by (-)-menthol upon heating the reactants, and who were able to recover a small 

amount of the less reactive t-mandelic acid in pure form after multiple crystallisations.

Sharpless et reported kinetic resolution with racemic allylic alcohol substrates and 

titanium di/sopropyl tartrate/tert-butylhydroperoxide Ti(0/Pr)4/(TBHP) reagent (Scheme 

1.08). This is significant because of the generally high enantiomeric purity of the recovered 

allylic alcohols - >96 % ee with ~ 55 % conversion. The titanium alkoxide tartrate catalyst 

showed selectivity for a attack and erythro selectivity for the (S) enantiomer at the expense 

of the (R) with the (5) enantiomer reacting some 104 times faster than that of the (R) 

enantiomer.

11



(S)-31

(R)-31

erythro

32 33

erythro 38:62 three

34 35

Scheme 1.08: Kinetic resolution as reported by Sharpless et al

1.2.1.3 Dynamic Kinetic Resolution

The one major restriction associated with kinetic resolution is that the maximum theoretical 

yield of product is 50 % due to the consumption of only one enantiomer of the substrate. 

Because of this, the unreacted enantiomer must be, if possible, racemised and resubmitted 

to resolution conditions in order to increase the yield. If the racemisation can occur at the 

same time as the kinetic resolution, in a process known as dynamic kinetic resolution, then 

theoretically 100% of the racemic mixture can be converted to one enantiomer. Dynamic 

kinetic resolution can be achieved either enzymatically - that is to say resolution of racemic 

compounds mediated by biocatalysts - or via chemocatalysis.

For dynamic kinetic resolution to be viable some conditions need to be met. A selective 

enzyme or catalyst which facilitates enantioselectivity is vital, a catalyst must facilitate, in 

situ, a fast racemisation of the substrate i.e. the rate of racemisation of substrate (S) (kinv(SR) 

> l<inv(Ss)) should at least equal but preferentially be faster than the rate of conversion of the

12



faster-reacting enantiomer, /tr, (Scheme 1.09). This ensures that product (Pr) is the dominant 

enantiomeric product. Finally the catalyst should not influence the enzyme in terms of 

selectivity and reactivity.^^ In order to ensure high enantioselectivity the kinetic resolution 

should also be irreversible. Racemisation of the substrate can be performed either 

chemically, biocatalytically or even spontaneously, but conditions must be chosen so as not 

to cause racemisation of the product and to allow the efficient performance of the enzyme in

the resolution step. 16

Sr

A
^inv k-.r.

Scheme 1.09: Scheme showing the reaction of a dynamic kinetic resolution.

The efficiency of this methodology is dependent on the parallel reactions and racemisation. It 

must also be assumed that Sr and Ss racemise at the same rate and that formation of product 

(P) is irreversible. As such, at a particular time (t) the substrates and products SR(t), Ss(t), PR(t) 

and Ps(t) may be represented by /cr, ks and kinv As such the selectivity, enantiomeric excess 

(ee) of the unreacted slow reacting substrates [ees(t)] and the ee of the favoured product 

(Pr), [eep(t)] and the conversion (c(t)) can be expressed (Figure 1.06).

Eq 3: ees(t) = Ss(t)-SR(t) 

SR(t) + Ss(t)

Eq 4: eep(t) = PR(t) - Ps(t) 

PR(t) + Ps(t)

Eq5: c(t) = PR(t) + Ps(t)

Sr(0) + Ss(0)

Figure 1.06: Equations for reaction of a dynamic kinetic resolution.
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Zwanenburg et classified the racemisation step into different methods: i) thermal 

racemisation; ii) base-catalysed racemisation, iii) acid-catalysed racemisation, iv) 

racemisation via Schiff bases, v) enzyme-catalysed racemisation and vi) racemisation via 

redox and radical reactions. Notwithstanding these, suitable methods for dynamic kinetic 

resolution are those taking place in a single step and under mild reaction conditions. For 

compounds with a stereogenic centre bearing an acidic proton, eg if the proton is adjacent to 

an electron withdrawing group such as a ketone, base catalysed racemisation is the method 

of choice to equilibrate enantiomers via an enolate intermediate.

One of the earliest reported examples of non-enzymatic dynamic kinetic resolution came in 

1966 with a report from Weygand and Steglich^® which involved the reaction of racemic 

aziactones with chiral amino esters to form dipeptides (Scheme 1.10). Here, the amine 

catalysed enolate formation, by deprotonation, which caused scrambling of stereochemistry. 

In this way the preferred enantiomer, that is to say the enantiomer with the faster rate of 

reaction, is formed and can react with alanine methyl ester to form the products 39 and 40 in 

a ratio of 16:84 where Ri is /so-propyl and R2 is phenyl.

14



R

O

Ro N

H 1 .O

NyO

R2

(S) 36

^slow
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Me

O
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NyO 

R2

(R) 37

^fasl

Rl H

>_ ^002Me

H O Me

39 40

Scheme 1.10: Weyland and Steglich's^® first example of dynamic kinetic resolution.

Later Noyori et described the first catalytic enantioselective hydrogenation of

equilibrating racemic 3-keto esters 41 to afford the corresponding alcohols 42 in very high ee 

using the Ru-BINAP hydrogenation catalyst (Scheme 1.11). The absolute configuration at C-3 

of 42 is governed by the handedness of the BINAP ligand while the C-2 configuration is 

dependent on substrate structures.
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RT 'Y' 'OR3 

R2

41 a-d

O O

Rl : 0^3

43 a-d

H,
(R) BINAP-Ru

H,
(R) BINAP - Ru

OH

R2

syn 42 a-d

OH

R2

anti 44 a-d

OR,

O

OR,

a = R, = R3 = Me ; Rj = NHCOMe 

b = R^ = 3,4-methylenedioxyphenyl ;

Rj = NHCOMe ; R3 = Me 

c= R, = 3,4-methylenedioxyphenyl ;

R2 = NHCOOCH^CgHg; R3 = Me

d = R, = R3 = Me ; R2 = CH2NHCOCgH5

Scheme 1.11: Noyori et al report the first example of catalytic dynamic kinetic resolution.

Table 3: Results from the study of Noyori et al.

Substrate 38 Catalyst Time
(h)

Syn/Anti % ee,
(absol. config.)

(±) a
RuBr2[(/?)BINAP]

50 99/1 98, (25, 3R) 
>90, (2R, 3R)

(±)b
RuBr2[(/?)BINAP]

120 99/1 94, (25, 3R)

(±)c
RuBr2[(/?)BINAP]

96 99/1 92, (25, 3R)

(±)d
Ru2Cl4[(R)BINAP]2.N(C2H5)3

20 96/4 98, (25, 3R)
93, (2R, 3R)

Much interest abounds^° in the field of non-enzymatic catalytic dynamic kinetic resolution as 

is evidenced by Tang and Deng^^ who found that the commercially available cinchona 

derivative (DHQD)2AQN is an effective catalyst for the enolisation and ethanolysis of 5- 

substituted l,3-dioxolan-2,4-diones (/?,S)-45 (Scheme 1.12). Generally high enantioselectivity 

was achieved when R was an aromatic substituent for (/?)-45, however, the 2-chloro phenyl
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substituent caused a depression in the product enantiomeric excess. Table 4. This suggests 

there is greater enantioselectivity in the initial stages of the reaction, indicating that the 

interconversion of enantiomers (S)-45 and (/?)-45 via enolate 46 is not quick enough to satisfy 

the conditions for efficient dynamic kinetic resolution.

R R

O
O

YO
O

o

o
(S) 45

Y
O

46

O

R

Y°
O

{R) 45

O

EtOH
(DHQD)2AQN

k„
EtOH

'slow

(DHQD)2AQN

k.slow

R,^^C02Et 

OH 

(S) 47

R,. ^C02Et 

OH 

[R) 47

Scheme 1.12: Tang and Deng^^ found that (DHQD)2AQN is an effective catalyst for the enolisation and 

ethanolysis of 5-substituted l,3-dioxolan-2,4-diones (f?,5)-45.

Table 4: Results of Tang and Deng.

R Time (h) Temperature
(“C)

% yield % ee

CeHs 24 -78 71 95
4-CI-C6H4 24 -78 70 96
1-Napthyl 14 -40 74 91
2-CI-C6H4 10 -60 66 62
C6H5CH2 12 -78 47 96

nC/iHs 36 -78 46 92

More recently Hoffmann, Nicoletti and List^^ described the catalytic asymmetric reductive 

amination of a-branched aldehydes (Scheme 1.13).

17



o
R

R

48

+ H2NR'^

HjO

R

[H]

R NHR
w

R^

51a

r3HN'^ N'
—R-. 1 ^ r: A

h ^ ^---------- H ^ 2R R R
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Scheme 1.13: Catalytic asymmetric reductive amination of a-branched aldehydes by List et al.

They use 3,3'-bis(2,4,6-tri/sopropylphenyl)-l,l'-binaphthyl-2,2'-diylhydrogenphosphate 

(TRIP) 52 as a catalyst, which was previously employed in the formation of aromatic and 

aliphatic ketimine intermediates with high enantioselectivities under low catalyst loadings (1 

mol%).^^ It was thought that under certain reductive amination conditions an R-branched 

aldehyde substrate, where R is an alkyl or aryl substituent, would undergo a fast 

racemisation in the presence of the amine and acid catalyst via an imine/enamine 

tautomerisation. Having explored various phosphate catalysts^^ they found TRIP, coupled 

with Hantzsch ester 53, to be the most effective in terms of enantioselectivity, providing the 

chiral amine 51 under unoptimised conditions in 50 % yield with an enantiomeric ratio of 

84:16 (Scheme 1.14). After optimisation the enantioselectivity was improved giving an 

enantioselective ratio of 98:2 for the reductive amination of a wide array of aldehydes, as 

shown in Table 5.



R
O

R

48

cat. 52 (5 mol%)
53

2 ^ + H2N-R^
MS 5A, CgHg, 6 'C, 72 h

i-Pr

R'4 _
i-Pr

i-Pr

52

Scheme 1.14: List et af used 52 as catalyst in the presence of 53.

r^
NH

R^

50

^ ^ 6
C02R^^,X.^C02R

53a R^ = f-butyl

53b R® = Me

Table 5: Results as reported by List et al. PMP = para methoxy phenyl.

R^ % Yield er
Ph Me PMP 87 98:2
Ph Me PMP 80 99:1

4-Me-C6H4 Me PMP 86 97:3
4-MeO-C6H4 Me PMP 81 97:3

1-Naph Me PMP 85 99:1
2-Naph Me PMP 96 98:2

4-Br-C6H4 Me PMP 92 97:3
2-F-C6H4 Me PMP 89 97:3
3-F-C6H4 Me PMP 84 97:3

Ph Et PMP 92 99:1
Ph Me Ph 78 97:3
Ph Me 4-CF3-C6H4 54 95:5

As Stated previously, dynamic kinetic resolution may be carried out using biocatalysts to 

impart an asymmetric reaction environment. The chiral environment of the active site will 

favour the conversion of one enantiomer of the substrate over the other resulting in a kinetic 

resolution of the starting racemate.

Allen and Williams^'* used palladium catalysts in combination with several enzymes. They 

report that the enantioselective conversion of the phenyl-substituted cyclohexenyl acetate
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56 into the corresponding alcohol was achieved. In this method an enzyme was used to 

hydrolyse one enantiomer of an allylic acetate to the (S)-alcohol while a palladium catalyst 

(PdCl2(MeCN)2) racemised the starting material but not the product. Their best results are 

summarised (Table 6).

Table 6: Results as reported by Allen and Williams.

Starting Acetate Enzyme Product Conversion -OH
ee%

Yield
%

56
Ph

Acetylcholine esterase
Ph 68 (-)-85 47

Pseudomanas 
fluoresce ns Lipase 96 (+)-96 81

57 Penicillium roqueforti 
Lipase 31 78

T
C02Me

T
CO2M©

Pseudomanas 
fluorescens Lipase >98 50

Backvall et reported the efficient dynamic kinetic resolution of alcohols using a 

diruthenium catalyst 58 and a Candida antarctica lipase supported on a resin, with 4- 

chlorophenyl acetate, 59, as the acyl donor (Scheme 1.15). Although other acyl donors were 

tested they proved less effective, giving lower yields and enantiomeric excesses. The catalyst 

needs hydrogen mediators for racemisation to prevent the dehydrogenation of alcohols to 

their corresponding ketones which would lead to a decrease in the yield of the dynamic 

kinetic resolution.
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OH Cl

OAc

59

Cat 58

OAc

R R Ru cat/Lipase 
70 *0

Scheme 1.15: Dynamic kinetic resolution using a di-Ruthenium catalyst as reported by Backvall et al

With this catalytic system, elevated temperatures (70 °C) as well as long reaction times of 

between 24-48 h were required to produce good yields and conversions.

Further work was carried out by Park et leading to the synthesis of another generation of 

catalysts analogous to those described by Backvall et aP but with only one ruthenium centre 

(Figure 1.07). This, they report, racemised secondary alcohols within 30 min at room 

temperature but when combined with a lipase enzyme very long reaction times of several 

days were required for the formation of acetate from their corresponding alcohols.

00

60

Figure 1.07: Park et synthesised analogous catalysts to Backvall et al but with only one Ruthenium centre.

Similarly Backvall et synthesised complexes that catalysed the racemisation of chiral 

alcohols highly efficiently at room temperature after being activated by KOtBu, and with low
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catalyst loadings (0.5 mol%). Racemisation of (S)-l-phenylethanol 61 occurred within 10 min, 

with 50% racemisation after less than 2 min with the chloro analogue 62a (Figure 1.08).

Initial attempts to combine these catalysts with an enzymatic resolution were unsuccessful 

and gave either no dynamic kinetic resolution or led to very long reaction times of several 

days.

Ph

62a X = Cl 

62b X = Br 

62c X = I

Figure 1.08: Backvall efo/^^ produced a second generation of catalyst.

Following optimisation of the reaction, however, Backvall et reported that the amount of 

base required depended on the substrate and the amount of Candida antarctica lipase B 

(CALB) employed (Table 7). Their catalyst 62a was used at loadings of 4 mol% (Scheme 1.16).

Ph

OAcOH

R

Cat 4 mol% 
fBuOK 5 mol% 

CALB

Na2C03 

Toluene 
RT, ~3h

R'
Cat =

Scheme 1.16: General acylation scheme \A/ith catalysts 62a.
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Table 7: Results of Backvall et al's^^ study with cat 62a.

(±) Alcohol Acetate Time
(h)

Conversion
(%)

ee
(%)

61 OH OAc 3 95 >99

63 OH OAc 3 93 >99

64 OH
1 OAc 6 94 >99

(Ti lAAMeO"'^^

65 OH
1 OAc 6 93 >99

rf^A AA,
Cl'^

66 OH
1

OAc 14 97 >99

(tV^ A02N''''^A^ 02N^'^''A^

67

OH OAc

6 98 >99

68

OH OAc

6 93 96

69 G"''L 5 99 >99

70 OH

A
OAc

A
17 98 >99

Backvall et also report that in all cases involving the lipase based system for the dynamic 

kinetic resolution of alcohols the (/?)-configuration of the product ester is obtained.
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1.3 Chiral 4-/\/,/\/-Dimethylaminopyridines

As has been shown previously, 4-A/,A/-dimethylaminopyridine (2) greatly increases the rate at 

which the acylation of alcohols can proceed. To this end it provides an ideal target for 

desymmetrisation resulting in chiral analogues which may be able to mimic biocatalysts in 

their enantioselective acylation.

Vedejs et reported the first chiral DMAP when they synthesised the chiral acyl transfer 

reagent 71 based on the 4-A/,/\/-dimethylaminopyridine backbone (Scheme 1.17). Their 

reagent was employed in stoichiometric amounts in the acylation of racemic alcohols, i.e. 

catalyst turnover was nil, but was recovered unchanged and was reused without apparent

loss of activity at the end of the reaction.

O
o^c,

Me~^

Me CCI3

OMe
DCM 0^0

ROH
MgBfj (2 eq) 

TEA (3 eq) .0^ Me

Me
ecu

OMe

71
Me-4 

Me CCI3 72

Scheme 1.17: Vedejs's first 4-dialkylaminopyridine 71 which was used as an acyl transfer reagent. This was 

employed in stoichiometric amounts.

Compound 71 did not acylate secondary alcohols at room temperature, however, on addition 

of a tertiary amine, together with a Lewis acid, a slow acyl transfer reaction resulted in the 

formation of a mixed carbonate 72 with > 90 % enantiomeric purity. This work showed that 

in order to maximise the influence of the catalyst on the stereochemistry of the product it is 

necessary to install chiral groups as close as is possible to the active site, i.e. the nucleophilic 

ring nitrogen, but whilst this might define stereochemistry it can inhibit activity by reducing 

access to the active site or by destabilising the acyl pyridinium intermediate. This method for 

the kinetic resolution of alcohols results in the enrichment of starting material with the 

slower reacting enantiomer.
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To this end Vedejs and Chen^® devised a procedure which involved competing parallel 

reactions that produce 2 distinctly different chiral products (Scheme 1.18).

71
OMe

O
o^c,

Me CCI3

'N

MgBr2 
EtaN (3 eq) 
DCM, 36 h

R O O
76

O Me

CCI3

(+)-Fenchyl
chloroformate

'N

HO

r'

R = 1-napthyl 

R = 2-napthyl 

R = o-tolyl

I oJL AR O OFenchyl
77

Scheme 1.18: Parellel kinetic resolution as devised by Vedejs and Chen.^

This would maintain the concentrations of enantiomers in the reaction at or near the 

optimum 1:1 substrate ratio as well as facilitating separation. The conditions as stipulated by 

them were that (i) the two competing reactions occur without mutual interference, (ii) that
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both reactions have similar rates, (iii) they both have complementary enantioselectivities and 

(iv) they afford distinct products.

In their studies they allowed the reaction to proceed to >98 % conversion for an array of aryl 

alcohols with ee up to 95 %, (Table 8).

Table 8: Results of Vedejs and Chen's^® study on parallel kinetic resolution.

R Ratio 69:70 % Yield 69 % ee 69 % Yield 70 % ee 70
1-Napthyl l.Oil.O 46 88 49 95
2-Napthyl 1.0:1.0 49 86 43 93

o-Tolyl 1.13:1.0 46 83 46 94

1.3.1 Planar Chiral DMAP

DMAP 2 exists with 2 mirror planes of symmetry and as such is achiral. Fu et al^° synthesised 

planar-chiral 4-A/,A/-dimethylaminopyridine derivatives in which they eliminated the mirror 

planes of 2 through the n complexation of the pyridine ring to a metalocenyl fragment, as 

well as the introduction of a substituent in the 4 position of the pyridine ring. These 

compounds were initially based around the FeCp* skeleton due to its electron rich nature, 

stability and steric bulk. They found that all the DMAP analogues are effective catalysts in the 

acylation process as well as for the addition of an alcohol to a ketene. Their studies also 

showed that the substituted derivatives of DMAP, 78 and 79, provided greater than 100 fold 

rate accelerations for each process (Figure 1.09).
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78 R = Me

79 R = Ph

Figure 1.09: Fu et al^° initially prepared planar chiral 4-/\/,/\/-dimethylaminopyridine derivatives based on the 

ferrocene Cp* skeleton.

Given that these compounds, 78 and 80, proved catalytically active but failed to promote 

enantioselection Fu et al^' undertook to modify them in order to introduce a more 

asymmetric environment around the active site of the nucleophilic nitrogen. This was 

undertaken because the attempted resolution of racemic phenylethanol with the FeCp* 

analogues showed no enantioselectivity. Increasing the steric bulk of the metal fragment 

from n^-CsMes to ri^-CsPhs 79 served to ensure the catalyst promoted a high level of 

enantioselectivity for the kinetic resolution of an array of saturated alcohols (Scheme 1.19).

O

OH + O O 2 mol% (-) 79 O' 
1-^„2R R " u " NEt3, Etp, RT r' "r

Scheme 1.19: General scheme for the acylation of aicohols using planar catalyst 79.
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Modification^^ of the reaction conditions under which catalyst 79 operated displayed greatly 

enhanced enantioselectivity in the resolutions of arylalkylcarbinols. Fu also applied this 

system for the first time to racemic and meso diols with tert amyl alcohol as solvent which at 

0 °C proved to be the preferred reaction conditions.
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Having evaluated two planar chiral DMAP derivatives of ferrocene Fu et now undertook 

to modify their catalysts by the replacement of the iron by ruthenium. Their analysis, based 

on steric effects, suggested that the larger metal-ligand bond distances of ruthenium 

complexes might exhibit lower enantioselectivity with greater reactivity than their iron 

analogues (Figure 1.10).

81 R = Me

82 R = Ph

Figure 1.10: Following evaluation of catalysts 78 and 79 Fu et decided to modify the ferrocenyl Cp** 

fragment, instead using Ru.

The ruthenocenyl group stabilises adjacent cations better than does the ferrocenyl, 

suggesting that the pyridine nitrogen on the pyridinyl ruthenium complexes might be more 

nucleophilic than on the pyridinyl iron complexes. In the kinetic resolution of aryl-alkyl 

carbinols, which had shown itself to be sensitive to choice of Cp^ fragment, selectivity is also 

sensitive to the choice of metal, as Ru-n^-CsMes-DMAP is considerably worse in promoting 

enantioselectivity than that of the equivalent Fe complex, with a selectivity factor of 10 

compared to that of the Fe-DMAP with a selectivity factor of 43. In the case of 

deracemisation/ring opening of azalactones, however, the Ru-DMAP* catalyst 81 is slightly 

superior to that of the Fe-DMAP* 78.
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Ph Ph

83

Scheme 1.20: Fu et al synthesied acyl-4-pyrrolpyridine analogue 84.

84

Fu et further extended their investigations by attempting the acylation of racemic 

amines. These efforts were however frustrated due to the fact that the amines would react 

directly with that acylating agent in a competitive non-enantioselective pathway. Treatment 

of ferrocenyl compound 82 with acetyl chloride leads to the acylation of the DMAP moiety 84 

(Scheme 1.20).

O

NH,
R'^R^ + Cl O

U
PhP Py*"''''^Me

DCM 
78 t:

HN Me

R R

84

Scheme 1.21: Acylpyridinium species, and in particular the 4-pyrrolidino analogue 84, in DCM at - 78 °C 

provided the best results for the acylation of (±) phenylethylamine with 78% ee, though it was employed in 

stoichiometric quantities (100 mol %).

Analysis of the crystal structure^^ of compound 84 showed that the dimethylamino group, 

the pyridine ring, and the acetyl group of the acylpyridinium ion all lie in approximately a 

single plane, which is consistent with extended conjugation. Orientation of the methyl group 

of the pyridinium salt is consistent with minimisation of steric interactions with the fused 

five-membered ring. Finally, the two cyclopentadienyl rings deviate from co-planarity by 

about 8°. It is suggested that this is due to repulsion between the pyridine ring and the
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phenyl substituents of the CsPhs group. This results in a steric blockage of one face of the 

pyridine ring in an effective fashion and is critical to the asymmetry of these planar-chiral 

catalysts. Indeed it has been suggested^® that the ability of the electron rich ferrocenyl 

moiety to stabilise the pyridinium cation affords these catalysts their high activity.

These acylpyridinium species, and in particular the 4-pyrrolidino analogue 84, in DCM at - 78 

°C provided the best results of the conditions that \A/ere examined for the acylation of (±) 

phenylethylamine, with 78% ee, though it was employed in stoichiometric quantities (100 

mol %).

CHCij,-50 “C 
82 cat (10 mol %)

Ph

Ph
Scheme 1.22: Fu et ar used 4-pyrrolidinopyridine analogue 82 to resolve racemic amines.

Catalytic enantioselective acylation of amines was achieved,by employing a terMeucine 

derived acylating agent, again with catalyst 82 proving to be the most efficient with 

selectivity factor of 27 (Scheme 1.22).

More recently, catalyst 82 has been employed in the asymmetric coupling of ketenes with 

aldehydes to generate enol esters. Fu et achieved the catalytic asymmetric synthesis of a 

wide array of enol esters of (a)-arylalkanoic acids through couplings of ketenes with
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diphenylacetaldehyde. Reactions of phenyl alkyl ketenes, in which the alkyl group ranges in 

size from small methyl to large ferf-butyl, proceeded with moderate to excellent 

enantioselectivity. The addition also occurred with good stereoselectivity even in the 

presence of electron-rich or electron-poor substituents (Scheme 1.23).

O
Et " '

'O +
0=\

Ph
-Ph

82 cat (10 mol%) 
CHCI3, 0 “C

Et O
Ph

Scheme 1.23: Asymmetric coupling of ketenes with aldehydes as reported.

Again the cp* analogue of catalyst 78 was employed, by Fu et al,^^ in 10 mol%, in asymmetric 

[3 + 2] annulations to produce compounds that contain three adjacent stereocentres. They 

surveyed an array of aromatic substituents, the ortho-substituted being found to produce 

somewhat lower yields (Scheme 1.24).

SiMe-]
78 cat (10 mol%) 

DCM 
40 ■€

Scheme 1.24: Fu et al investigated various [3+2] annulations.

O

Table 10: Results as reported by Fu et al.'

R Yield % ee % dr%
Ph 60 78 12:1

3-F-C6H4 51 58 7:1
3,5-(MeO)2C6H3 61 70 8:1

4-Br-C6H4 52 70 9:1
2-Me-C6H4 41 66 7:1
1-Naphthyl 42 70 9:1

2-Furyl 47 75 6:1
3-Furyl 48 77 9:1
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Further work on the design and synthesis of novel ferrocene-based planar chiral DMAP 

analogues has been reported by Johannsen et 0/.''° Their catalyst design involved using 

pendant naphthyl substituted ferrocenyl DMAP's, 85 and 86, instead of the fused system of 

Fu et al (Figure 1.11). In their studies they tested catalysts for both activity and selectivity in 

the kinetic resolution of (±)-2-phenylethanol, however no selectivity was found and only 

catalyst 86 displayed high catalytic activity.

Figure 1.11: Following synthesis of planar chiral DMAP's by Fu et al, Johannsen et af° set about synthesising a 

new generation of this type of catalyst with limited results.

Following this, the catalysts were then tested in the kinetic resolution of azalactones. During 

these experiments it was found that catalyst 86 provided a 63 % yield of benzoyl amino ester 

87 with 42 % ee while catalyst 85 showed no activity (Scheme 1.22). When the steric bulk of 

the alcohol was increased by using /-PrOH a decrease in selectivity was observed (Scheme 

1.25).

O
O

Ph

N=
O

Ph

cat. 5 mol%
Ph

HN
R-OH

toluene
Y

Ph

87

OR
O

a; R= Me, b; R=/Pr

Scheme 1.25: Benzoyl amino ester as produced from the kinetic resolution of azalactones by Johannsen et al
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1.3.2 Induced Fit Enantioselectivity

In his studies on the theory of enzyme specificity to protein synthesis Koshland^^ first 

suggested the postulate of an "induced fit" model of enzyme action. He suggested that 

changes in protein structure, caused by substrate binding, will bring the catalytic groups into 

the proper orientation for reaction.

This method of action was exploited, non-enzymatically, by Fuji et in their synthesis of 

homochiral pyridine derivative 89 (Figure 1.12). They chose to model their catalyst design on 

that of the 4-pyrrolidinopyridine moiety as it was known to be the most effective catalyst for 

the acylation of alcohols.^ Given the difficulties faced by Vedejs et al,^^ in that reactivity was 

sacrificed for selectivity, they chose to place the stereo-controlling chiral centres far from the 

active site. It was thus hoped that remote induction through chirality transfer from the 

"open" non-acylated species to the active site in the "closed" acylpyridinium intermediate 

would occur.

H

HO ,,,

Open 90 Closed

O

Figure 1.12: Fuji et af^ used the "induced fit" model to impart enantioselection in their catalysts

The implication is that the catalyst is uninhibited in the absence of the acylating agent while 

attractive n-n interactions between the pyridine ring and aryl moiety in the presence of the 

acylating agent cause the catalyst to adopt a hindered conformation. This results in 

stereoselective shielding of one face of the acylated catalyst. This binding and reorganisation 

mimics the action of enzymes which shift their conformation in an "induced fit" process. 

Enantioselectivity also increases in proportion to the electron-donating aaility of the 

aromatic part of the substrates.
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Results from their studies show conversion of racemic alcohols to their acetates proceeding 

in moderate yield (65 % conversion) and good selectivity (97 % ee). Further they extended 

their interests to include the resolution of amino alcohol derivatives. Again their induced fit 

catalyst showed potential with good conversion and ee.'^^

More catalysts based on the "induced fit" mechanism come from Connon et al.^^ They 

developed 4-(pyrrolidino)-pyridine catalysts which they believed could promote remote 

stereoselectivity in the kinetic resolution of alcohols (Figure 1.13).

'N HO
R R

92 93
a R =

b R = 2-Naphthyl 

c R = 3,5-(CF3)-C6H3

Figure 1.13: Connon et of*'* synthesised the above pyrrolidinopyridine derivatives which used the "induced fit" 

mechanism of action.

Their results showed that these catalysts, 91-93, (Figure 1.14), provide smooth acylation of 

mono-protected diols in the presence of /so-butyric anhydride with low catalyst loadings of 1 

mol %. Catalysts 92a and 92b proved considerably more adept at facilitating 

enantioselectivity compared with catalyst 91 (Schemel.26).

a
94

AR

(/PrC0)20 (0.8 eq)
NEt3 (0.8 eq)

16 h, DCM 
------------------------------------------------ 1

cat (1 mol %)

.OH 
Orr'

R=4-OMeC4H6

R=C6H5

Scheme 1.26: Connon et used various substrates with their "induced fit" catalysts.
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Given that catalysts 92a and 92b proved useful they then set about synthesising catalysts 93a 

and 93b in order to determine the influence of the hydroxyl group on catalyst selectivity. 

Catalysts 93a and 93b exhibit poor enantioselectivity, with between 36-43 % conversion and 

~ 22 % ee, compared with ~ 72 % conversion and ~ 93 % ee for catalysts 91a and 91b (Table 

11 & 12, Scheme 1.27).

Table 11: Results of tests as carried out by Connon et al with alcohol 94a.

Catalyst ROH Temp. (“C) Conversion ee (%) 5

91 94a 25 88 13 1.4

92a 94a 25 78 93 4.9

91a 94a -78 69 97 9.4

91a 94b 25 68 74 4.3

91b 94a 25 73.5 90 5.4

91b 94b 25 71 80 4.4

91b 94c 25 88 95 3.5

They suggested that both 92a and 92b act as a promoter in the enantioselective acyl-transfer 

due to a combination of aryl-pyridinium ion n-n and substrate-catalyst H-bonding 

interactions.

96

(/PrC0)20 (1.5 eq) 
NEtg (0.75 eq)

- 78 x:
8 h, DCM 

cat (1 mol %)

+

OCO/Pr

Scheme 1.27: To maximise ti-ti interactions during catalysis Connon et al chose substrates which are conducive 

to this.
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Table 12: Results of tests as carried out by Connon et al with alcohol 96.

Catalyst ROH Conversion C^alcohol (%) Sfiester (%) S

92a 96 72 93 29 6.3

92b 96 43 51 63 8.7

93a 96 36 22 36 2.8

93b 96 43 30 38 3.0

Further examination into the activity of catalysts 92a and 92c came with investigations by 

Connon et into the acylative kinetic resolution of Baylis-Hillman adducts which, they 

suggest, are difficult to synthesise in high enantiopurity using direct catalytic asymmetric 

Baylis-Hillman reactions (Scheme 1.28).

HO

R
R

(/PrCO)20 (0.7 eq) 
NEt3 (0.8 eq) 

DCM 
-78'C

Cat (1 mol%)

O

R

HO 
1 R +

O

98

R

99

R

a R^ = CeHsi R^ = COjMe ; b R^ = 2-OCH3-C6H4; R^ = C02Me 

c R^ = CgHs ; R^ = ON ; d R^ = 2-OCH3-C6H4 ; R^ = ON

Scheme 1.28: Connon et al used catalyst 92a and 92c in the kinetic resolution of Baylis-Hillman adducts.

They chose adducts 98 a-d as candidates for acylative kinetic resolution of Baylis-Hillman 

adducts and found that catalysts 91a and 91c catalysed various aryl vinyl substrates. They 

found that the methoxy-substituted adduct 93b which, they suggest, was up until then 

unavailable via asymmetric Baylis-Hillman nucleophilic catalysis"'^ proved an excellent 

substrate which could be resolved with good conversion (40 %) and excellent selectivity (97 

% ee) by either catalyst. The remaining substrates also proved amenable and moderate to 

good conversions and selectivities were obtained (Table 13).
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Table 13: Results of Connon et al's 

reaction.

investigations into the acylative kinetic resolution of Baylis-Hillman

Catalyst Substrate Conversion

(%)

Yield (%) ee (%) of

recovered

OH

S

92a 98a 70 29 62 3.1

92c 98a 72 27 74 3.7

92c 98a 83 16 95 3.8

92a 98b 61 36 90 10.9

92c 98b 56 40 82 11.0

92c 98b 64 35 97 13.1

92c 98c 51 45 41 3.5

92c 98c 85 13 93 3.6

92c 98d 32 64 25 4.0

92c 98d 78 19 82 3.5

Yamada et designed their "induced fit" catalysts based on a proposed thiocarbonyl 

pyridinium cation interaction (Figure 1.14). The blocking of the pyridinium ring occurs using a 

non-aromatic moiety and distinguishes these from those of Fuji and Connon.

"Closed"

a R = R' = S

b R = S : R^ = O

c R = = O

Figure 1.14: Yamada et exploited the "induced fit" model in the design of their catalysts.

Acylation of 1-phenylethanol with /so-butyric anhydride in the presence of 0.5 mol % of 100a 

and EtsN showed good selectivity (89 % ee) Table 14. When an electron-donating or
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withdrawing group is present at the p-position of some substrates, it had little effect on their 

selectivity suggesting that the selectivities are not affected by the substituent affect.

OH
(/-PrC0)20 

EtjN, O O, 3h 
fBuOMe

-------------------------------------------»>

cat 84b (5 mol %)

OCO/Pr

OCOiPr OH

102 (R,R)-103 53 % 

88% ee

Scheme 1.29; Yamada et used 1,4-diols as substrates.

(S,S)-104 20 % 

92% ee

(S,S)-102 26 % 

>99% ee

Kinetic resolution of acyclic 1,4-diol 102 with 1.5 equivalent of /sobutyric anhydride in the 

presence of 5 mol % of catalyst 100b gave a mixture of (/?,/?)-diester 103 (53%, 88% ee) and 

(5,S)-monoester 104 (20%, 92% ee) with recovery of (S,S)-diol 102 (26%, >99% ee) in 

excellent optical purity (Scheme 1.29). Similarly for 1,5-diol 105; (/?,/?)-diester 106 (54%, 86% 

ee), (S,S)-monoester 107 (14%, 76% ee), and (S,S)-diol 105 (30%, 99% ee) were produced in 

good to excellent selectivities (Scheme 1.30).

OH OH

(/PrCO)20 
EtjN, 0 “0, 3h 

tBuOMe
OCO/Pr OCOiPr OCO/Pr OH

Cat 84b (5 mol%)

(R,R)-106 54 % 

86 % ee

Scheme 1.30: Yamada et also tested 1,5-diols with their catalysts.

(S,S)-107 14% (S,S)-105 30 %

76 % ee >99 % ee

Recently Yamada et investigated the dynamic kinetic resolution of hemiaminals using 

catalysts lOO(a-c) and 101 in the presence of /so-butyric anhydride and triethylamine. This 

proved fruitful, with catalyst 100a giving the corresponding esters in high yields and with 

between 66-88 % ee (Scheme 1.31).
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o
R

R

(/PrC0)20
f-BuOMe

O
R

NCOR
cat. (1 mol %) R

NCOR

OCO/Pr

R^= Et; R^= Ph

. p^

Scheme 1.31: Yamada et af^ investigated the dynamic kinetic resolution of hemiaminals.

Table 14: Results of tests carried out by Yamada et al.

40



Early work by Vedejs et with chiral 2-substituted DMAP derivatives demonstrated that 

the derived A/-alkoxycarbonyl pyridinium salts facilitate enantioselective carboxylating 

agents. Steric hindrance from the 2-substituent, however, inhibits catalytic turnover. They

subsequently sought to modify catalyst 71 with a view to improving its reactivity. 48

'^N'^ OAc.

108

Figure 1.15: Vedejs et af^ attempted to surmount their reactivity/selectivity dilemma.

It was suggested'’® that restrictions in the conformation of the A/-acylpyridinium intermediate 

109 of catalyst 108 results in the dialkylamino group being nearly coplanar with the pyridine 

ring due to nitrogen lone pair delocalisation (Figure 1.15). The preferred conformation 

around the ring C-H bond places the bulky trityl group on an open face of the pyridine ring 

and directs the benzylic hydrogen toward the orf/?o-dialkylamino group. This results in the 

acetoxy group forming a chirotropic environment.

This catalyst 108 proved useful in the rearrangement of 0-acylated enolates to deliver a,a- 

disubstituted lactones with high enantiomeric excess (Scheme 1.28).

O.
O Cat 108 (1 mol%)
y-OPh Et20, RT

92 %, 92% ee

Scheme 1.32: Results as reported by Vedejs et al.*^
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1.3.3 Axial Chirality

Spivey et synthesised catalysts which possessed large axially chiral substituents at the 3- 

position of the pyridine ring. These catalysts showed activity in the acylation of 3 with 

anhydride 5 in the presence of NEts at RT with a catalyst loading of 4 mol %. The asymmetry 

of these catalysts is as a result of restricted rotation about the aryl-aryl bond in the 3-position 

of the pyridine ring.

110 111 112

a: = H ; b: R' = Me

a: R^ = Me ; b: R^ = Ph

a: R^ = Me : R” = H

b: R^ = Et: R'* = Ph

Figure 1.16: First generation catalysts as synthesised by Spivey et al.

Table 15: First generation catalysts as synthesised by Spivey et were tested for catalytic activity.

Catalyst Ratio OH:OAc (10 h) Ratio OH:OAc (24 h)

110a 21:79 10:90

111 36:64 18:82

113a 63:37 45:55

112a 22:78 13:87

112b 30:70 14:86

In order to prevent racemisation through rotation of the aryl-aryl bond, various analogues 

were synthesised in which the substituent in the 4-pyridyl position was varied and also the 

substituent in the 2' position of the napthyl ring which resulted in the synthesis of analogue 

114 which possesses a large sterically demanding substituent in the 2' position of the napthyl 

moiety (Figure 1.17).
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Figure 1.17: Variation in the substituent on the napthyl ring resulted in the synthesis of 114.

Kinetic resolution of secondary alcohols was performed using catalyst 113b resulting in a 

moderate level of selectivity ranging from s = 8-25 at - 78 °C in toluene with /so-butyric 

anhydride and a catalyst loading of 1 mol %. With the presence of an ortho-substituent on 

the aryl ring of the alcohol a marked increase in selectivity occurs (Table 16).

Table 16: Initial results of Spivey et al.

Catalyst R-OH S % eBester

113b OH 13 84.1

113b OH 8.4 72.7
Ph'^/Pr

113b OH 20 91.1
Ph"^fBu

113b OH 25 76.5
2-IV!e-H4C^^

Further tests were carried out using the same conditions as above to include more diverse 

secondary alcohols. These again showed selectivities ranging from 5.9 - 20 (Table 17).
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Table 17; Results of catalytic tests as carried out using catalyst 113b with some diverse secondary alcohols.

Catalyst R-OH s % eSester

113b a"OCOPh

14 72.8

113b a"^-'^OCOPh

20 64.8

113b

OH

5.9 52.8

113b

OH

9.3 78.0

113b OH

C/'
8.4 71.0

Spivey et also noted that the nature of the dialkylamino substituent in the 4-position of 

the pyridine ring influenced selectivities in the resolution of (±)-l-(l-napthyl)ethanol, ranging 

from a selectivity of 3.5 for the 4-pyrrolidinopyridine to 31 for the 4-di-n-butylamino 

analogue, though they could not find a correlation between steric bulk and chain length 

(Scheme 1.33).

cat (1 mol %) 
(/PrCO)20 

NEtj

Toluene 
-50 x:

96

Scheme 1.33: Acylation of (±)-l-(l-napthyl)ethanol as performed by Spivey et at.
51

/PrOCO „

Further developments have come from Spivey et in that they have attempted to 

introduce a blocking group in the form of a terphenyl group 115 (Figure 1.18).
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115

Figure 1.18: Spivey et al have attempted to introduce a steric crowding in the form of a terphenyl group 115

Again being used in the resolution of (±)-l-(l-napthyl)ethanol with anhydride 5 at - 78 °C a 

selectivity of 6.7 was observed, with the ee of the ester found to be 85.1 %

1.3.4 Enantioselectivity Through Chiral Induction

Birman et synthesised an array of catalysts based on the 2,3-dihydroimidazo[l,2- 

a]pyridine backbone (Scheme 1.34). It was thought that electron donation from the lone pair 

of electrons of the pyridine nitrogen would enhance the nucleophilicity of the imine nitrogen. 

Chiral substituents could be introduced a to the imine nitrogen thus enhancing the chiral 

pocket around the active site of the catalyst. It was suggested that the acylated species 

would exist predominantly in conformation 118. Steric interaction of any bulky R group 

would impose strain at the hydrogen at C7 whereas the carbonyl oxygen, being much 

smaller, would induce less strain. The group would then block the approach of 

nucleophiles from the bottom face causing discrimination between the two faces of the 

carbonyl (Scheme 1.34).
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R

116 117

a; X = H : b; X = Br; c; X = NO.: d; X = CF,; e ; X = Cl

118

Scheme 1.34: Birman et ai sought to demonstrate that the 4-diall<ylamino substituent was not a necessity for 

catalytic action.

Acetylation of (±)-l-phenylpropanol in the presence of 20 mol % of 117 produced (R)-acetate 

in 49% ee and 21% conversion. For 116b, introduction of electron-withdrawing substituents 

onto the pyridine ring increased the rate of conversion but decreased selectivity. In the case 

of nitro 116c, with augmentation of selectivity, a decrease in the rate of conversion occurred. 

This was attributed to its lower nucleophilicity. The CF3 group in 116d, which has an 

intermediate withdrawing capacity between Br and NO2, was found to have the greater 

overall catalytic activity and selectivity. Addition of /Pr2NEt, as auxiliary base, also helped to 

increase the activity allowing a reduction in the catalyst loading from 20 mol % to 2 mol % 

(Scheme 1.35).

Ph

OHA (RX0)20

Et Cat 116c
(2 mol%)

OCOR

Ph^Et

48 %, s = 85

+ Ph

OHAEt

Scheme 1.35: Investigated acylation of (±)-l-phenyl propanol with catalysts 116 by Birman et a!.'

Further work by Birman et involved an exploration of the kinetic resolution of secondary 

alcohols which are capable of n-stacking. Acylation of 116 was found to proceed more slowly 

and with lower selectivity than that of 1-naphthyl alcohol 120 (Figure 1.19).
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119 120

Cat 116d: conv 50% ; s 26 ; 8h Cat 116d: conv 51% ; s 56 ; 8h

Cat 116e; conv 55% ; s 57 ; 4h Cat 116e: conv 56% ; s 55 ; 8h

121

Cat 116d: conv 50% ; s 42 ; 8h 

Cat 116e: conv 51% ; s 74 ; 2h

Figure 1.19: Further work^^ involved an exploration of the kinetic resolution of other secondary alcohols which 

are capable of n-stacking.

Given the more remote phenyl ring of 119 Birman et contend that lower selectivity is a 

result of poor n-stacking with the pyridinium moiety of the catalyst. While the olefin may 

interact it is far less efficient than an aromatic ring.

S
)=:N

Ph

122 123

Figure 1.20: Tricyclic catalysts as synthesised by Birman et

In order to counter this fact Birman et developed a new class of catalyst based on a 

tricyclic core (Figure 1.20). With this they observed an improvement in both reaction rate 

and selectivity in not only the resolution of alcohol 119 under the same conditions as above, 

but also in the majority of cases when compared to catalyst 116d.

Selectivity (s = 74) was observed when 2-naphthyl methyl carbinol 121 was used as a 

substrate with catalyst 122 and reached 51% conversion in only 2 hours. This result 

constituted a significant improvement over that obtained with 116d. In contrast, 1-naphthyl 

methyl carbinol 120, in which the second benzene ring cannot participate in n -stacking 

effectively, produced similar conversions and selectivities with both catalysts.
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More recently Birman et decided to employ their catalyst 116d in the kinetic resolution 

of 2-oxazolidinones (Scheme 1.36). Since the importance of n - n and cation - ti interactions 

in the chiral resolution of benzylic alcohols had been demonstrated previously,^'' they chose 

4-phenyl-2-oxazolidinone as the substrate. They found that after 24 h, conversion reached 

39%, and the selectivity factor was found to be s = 7.8, with a preference for the S- 

enantiomer. When catalyst 122 was employed it was again found to be the superior with 

better conversions and selectivities with /so-butyric anhydride in 2-methyl-2-butanol the 

preferred reaction conditions.

OX
HN O

R

Cat (2 mol%) 
(EtC0)20 (0.75 eq) 
/Pr2NEt (0.75 eq)

0 “C, 24 h

O 9
o +

R

OX
HN O 

R

Scheme 1.36: More recently Birman et al decided to employ their catalysts 116d in the kinetic resolution of 2- 

oxazolidinones.

Greater selectivities were found when there was an increase in aromatic character and n- 

stacking ability of substituent R. The importance of these n -stacking interactions was 

demonstrated with the employment of an /sopropyl substituent in place of phenyl at the 4- 

position which led to no reaction, even at room temperature over prolonged periods of time.

Catalyst 123 was also employed and promoted higher enantioselectivities at room 

temperature in chloroform with selectivities from 2.5 to 27 times higher than those of 122.

Levacher et synthesised a 4-/\/,A/-dimethylaminopyridine (2) with a chiral sulfoxide in the 

3 position to induce enantioselectivity (Figure 1.21). They found that their catalyst, 124, 

drove the acylation of (±)-phenylethanol by anhydride 5 to completion at 25 "C in DCM in 24 

h compared to that of DMAP 2 which was completed in 2 h. They attribute the rate 

difference to the fact that the chiral sulfoxide exhibits an electron withdrawing effect on the 

pyridine ring. Having undertaken a survey of reaction conditions using a variety of racemic 

alcohols, they report their best selectivity as being with substrate l-(2-
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methoxyphenyl)ethanol with acetic anhydride as acyl donor at - 78 °C in acetone which gave 

a selectivity of s = 4.

124

Figure 1.21: Catalyst 124 as reported by Levacher et al.^^

1.3.5 DMAP Catalysts Supported on Magnetic Nanoparticles

Connon et aP synthesised DMAP catalysts 125 and 126 (Figure 1.22), which are analogous to 

catalysts 2 and 91 respectively, supported on magnetic nanoparticles which have proved 

catalytically valuable in the acylation of alcohols. The advantage of these catalysts is that the 

support is of a small size, and therefore retains a high surface area, and the catalyst can be 

removed from the reaction mixture by exposure to an external magnetic field, thereby 

facilitating both relatively rapid catalysis and facile separation of the catalyst from the 

products by simple decantation.

126

Figure 1.22: Connon et al have synthesised chiral DMAP catalysts tethered to magnetic nano-particles.

Compound 125 (Figure 1.22) (5 mol%) exhibited high catalytic activity for the acylation 

reaction forming the acetate of (±)-phenylethanol with anhydride 5, allowing quantitative 

conversion at ambient temperature with mechanical agitation. It was reported that the
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catalyst was easily separated from the products by exposing it to an external external magnet 

followed by decantation of the reaction solution. The remaining catalyst was washed with 

THF to remove residual product. They report that catalyst 125 was then reused for a further 

13 catalytic cycles, furnishing the acylated product with 94-98% conversion in each case. 

Connon et al also found the catalyst to be compatible with the hindered acylating agent iso- 

butyric anhydride, allowing the esterification of monoprotected diols.

Catalyst 126, with catalyst loadings of 5 mol %, was also employed in the acylation of racemic 

mono protected diols, furnishing the resolved alcohol in 72 % conversion with 98 % ee which 

is comparable to unsupported catalyst 91. Importantly, the recycled catalyst could then be 

reused in a total of 20 catalytic cycles with the average conversion, selectivity factor and 

alcohol enantiomeric excess over the 20 consecutive cycles being 66%, 9.5 and 93%. Further, 

126 was used in the kinetic resolution of a range of racemic alcohols of variable steric and 

electronic characteristics with acetic anhydride at ambient temperature affording their 

acetates in high enantiomeric excess.

1.4 Catalytically Active Pyridine /V-Oxides

In conjunction with the synthesis of planar chiral DMAP's Fu et sought to widen their 

planar chiral library. To this end they sought to synthesise A/-oxide analogues 127 a-c 

(Scheme 1.37). They anticipated that as the ring nitrogen is no longer the nucleophilic site, 

that an electron donating 4-dialkylamino group would not be critical to reactivity.

They thus set about testing these catalysts in the desymmetrisation of meso epoxides with 

chlorosilanes (Scheme 1.37). They found that although (-)-127a efficiently catalyses the ring

opening of cis stilbene oxide by SiCU, the product is formed in very modest enantiomeric 

excess of 11% ee. The use of more sterically hindered (-)-127b provided higher selectivity of 

25% ee at room temperature, which can be further enhanced by lowering the reaction 

temperature to -78 °C to afford 60% ee.
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o
SiCI,

cat (5 mol%)

(;Pr)2NEt 
DCM, - 78 X:

R

OSiCU

Cl

a R = Me 

b R = Ph

R

Scheme 1.37: Fu et ar used planar chiral catalyst 127 in the desymmetrisation of meso epoxides with 

chlorosilanes.

It was also found that the methyl groups in the 3 position of the phenyl rings of 127c were 

occupying the space beneath the plane of the pyridine A/-oxide more effectively. As such 

when these 3-methyls were replaced by the more bulky trifluoromethyl, (R = 4-CF3C6H4), 

conversion of 93 % with an ee of 98% was observed.

128 129

Figure 1.23: Nakajima et al used the C2 symmetric 2,2'-biquinoline-/V,/V'-dioxide (S)-128 and 1,1'- 

bisisoquinoiine /V,/V-dioxide (S)-129 as chiral catalysts in the enantioselective allyiation of aldehydes with 

ailyichlorosilanes.

Pyridine A/-oxide derivatives have been extensively tested as chiral catalysts in the 

enantioselective allyiation of aldehydes with ailyichlorosilanes (Scheme 1.38). Nakajima et 

used the C2 symmetric 2,2'-biquinoline-A/,A/'-dioxide (S)-128 and l,l'-bisisoquinoline N,N- 

dioxide (S)-129 (Figure 1.23) as chiral catalysts in this reaction. Catalyst (5)-128 was found to 

give a yield of 90 % with enantioselectivity of 86 % ee with = R^ =H while it gave a

yield of 68 % with 86 % ee where R^ = R^ = H and R^ = CH3. Catalyst 129 performed slightly 

less favourably, giving 82% yield, and 52% ee. Nakajima et propose that the increase in
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selectivity for catalyst 128 is as a result of the active site of the A/-oxide moieties being

embedded within a chiral pocket created by the walls of the biaryl unit.

Cat (10 mol%)
/PrjEtN 
PhCHO

HSiCL
R

R

/Pr2EtN
X

R CuCI 
EUO, RT

R

R R
3 SiCIa

OH R

DCM 
-78 13

Ph
R^ V

130: R^=r2=r3=h

131: R^=R^=H ; R^=CH3

Scheme 1.38: Reaction scheme for the catalytic reaction as performed by Nakajima et al:

They also suggested that the allylations of aromatic and unsaturated aldehydes proceed via 

cyclic chair like transition structures 132, (Figure 1.24), involving hypervalent silicates where 

one of a pair of N-oxide moieties occupies an axial position. Further^” improvements on 

yields and ee were later reported for catalyst 128.

Figure 1.24: Transition state as proposed by Nakajima et al.

Maikov et set about synthesising and testing compounds derived from p-pinene, 133, 

134, 136-139, (Figure 1.26), in the addition of allyltrichlorosilane to benzaldehyde. Their 

results show that 133, used as 10 mol % at - 90 °C, promoted the production of the 

homoallylic alcohol of benzaldehyde and allyltrichlorosilane, in a yield of 67% with 92% ee, 

with the corresponding N,N-d\ox\de 105 promoting it less selectively with only 41% ee.
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R R R R

a R = H 

b R = Me

Figure 1.25: Maikov et synthesised and tested the above mono A/-oxide and bis A/-oxide compounds with 

compound 133 found to be the most efficient catalyst in the promotion of enantioselectivity between 

benzaldehyde and allyltrichlorosilane.

Compound 133b was found to be the most enantioselective of catalysts giving best yields of 

98 % ee from the product of allylation of benzaldehyde. Maikov et report, however, 

difficulty in preparation of 133b and its configurational instability did not permit large scale 

use. As a result compounds 135-139 (Figure 1.26) were synthesised with a view to being 

possible alternatives. When tested compound 139 was found to prove a viable alternative 

with 96 % ee for the allylation of aldehydes with allylchlorosilanes.

136 R = H

137 R = Me

138 R = Bu

139 R = /-Pr

Figure 1.26: Second generation bis A/-oxide catalysts and mono W-oxides of Maikov et al.^^

Catalyst 140, being monodentate in lacking the second nitrogen centre, catalysed the 

allylation of benzaldehyde in only 41% ee. This demonstrated that a bidentate catalyst was 

not strictly required. Catalyst 141 (Figure 1.27) which possesses a methoxy group in the ortho 

position of the phenyl ring exhibited higher selectivity than that of 143 at 68 % ee. It is 

supposed that this was due to weak coordination of the MeO group to silicon which is lacking 

in 143.
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O R

140

141 R = OMe ; R' = H ; R^ = H

142 R = OMe ; R^ = OMe ; R^ = H

143 R = R^ = R^ = H

144 R = R^ = H : R^ = OMe

Figure 1.27: Further catalytic design developments from Maikov et al.

To investigate this further catalyst 144 was synthesised. This proved effective giving a yield of 

58 % ee for the allylation of benzaldehyde suggesting that the effect of the OMe group is in 

fact electronic in origin, via increased electron density on the phenyl moiety of the catalyst.

Kwong et synthesised the chiral neutral 0,0,0-tridentate ligands 145 (a-d) (Figure 1.28) 

based on the tri-pyridine A/-oxide framework. They tested these in the asymmetric allylation 

of benzaldehyde with allyltrichlorosilane using 10 mol% of catalyst.

a R = Bn 

b R = Me 

c R = nButyl 

d R = /Propyl

Figure 1.28: Kwong et synthesised the chiral neutral 0,0,0-tridentate ligands based on the tri-pyridine N- 

oxide framework.

They report that all catalysts performed well in the conversion to the allylation product with 

yields of 85 - 95 % and moderate to good enantioselectivities (44 - 74 % ee), with catalyst 

145a affording the best ee of 74 % (Scheme 1.39).
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R'^ 'H
+ ,SiCU

cat (10 mol %) 

/-PrgEtN, DCM

OH

R'=Ph

R'=4-N02-C6H4

Scheme 1.39: Asymmetric allylation of benzaldehyde with allyltrichlorosilane.

Catalyst 145b gave the best yield of the homoallylic alcohol at 97 %. The lower yields and 

selectivities were those due to catalysts 145c and 145d. Kwong et af’^ suggest that this is a 

result of steric interactions caused by the bulkiness of the R group (Table 18).

Table 18: Results as reported by Kwong et al.

Catalyst Yield (%) % ee Temp. (“C) R' Time

145a 89 74 0 Ph 3h

145a 85 66 25 Ph 3h

145a 91 86 0 4-NO2-C6H4 3h

145b 97 64 0 "C Ph 3h

145c 87 67 0 °c Ph 3h

145d 85 44 0 °c Ph 3h

Chelucci et prepared enantiomerically pure dipyridine A/-monoxides and A/,/\/-dioxides 

146-149 (Figure 1.29) from naturally occurring monoterpenes, which possessed an 

/sopropylidene backbone between the two pyridine rings (Figure 1.27). Again used as 

catalysts in the allylation of benzaldehyde with allyltrichlorosilane these /V-oxides were used 

in 10 mol% with di/so-propylethylamine as auxiliary base in acetonitrile.
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149

Figure 1.29: Chelucci et af^ synthesised bis /V-oxides based on mono terpenes.

They report that for the allylation of benzaldehyde with allyltrichlorosilane, catalyst 146 

furnishes a 37 % yield with 85% ee at - 40 °C. Performing the reaction at 0 °C and 25 °C 

brought about a higher yield (58 % and 98 %, respectively) with only a slight decrease in the 

enantioselectivity (83 % and 77% ee, respectively). Changing the solvent from MeCN to DCM 

led to a quantitative yield at 0 °C, but enantioselectivity decreased with an ee of only 64 %.

Catalyst 147 at 0 °C gave a yield of 30 % with an ee of 4 %. Catalyst 148 and 149 showed poor 

yields and enantioselectivities with 24 % conversion and 30 % ee and 22 % conversion and 35 

% ee respectively.

Later®"* they synthesised another array of pyridine /V-oxides bearing an additional 

coordinating element in the heterocycle, 150 and 151 with the second pyridine nitrogen and 

152 and 153 with a potentially coordinating ethereal oxygen (Figure 1.30).
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N
MeO o'

152

Figure 1.30: Chelucci et sought to introduce N-coordination and 0-cordination sites for Si in these catalysts.

At 0 °C all these catalysts showed poor conversion and selectivity for the allylation of 

benzaldehyde using allyltrichlorosilane with catalyst 151 showing the best activity with 21 % 

conversion and 35 % ee. In fact catalyst 150 showed no reactivity whatsoever. This is possibly 

a result of steric crowding of the active site.

Further synthesis of catalysts 154-155 was also undertaken by Chelucci et with 154 based 

on the camphor backbone (Figure 1.31).

155

Figure 1.31: Symmetric catalysts as synthesised by Chelucci etal

156

Again these proved unviable in the allylation of benzaldehyde, with 154 only catalysing the 

reaction at room temperature to give a 65 % yield but with less than 5 % ee. Catalyst 155 was 

able to give the homoallylic alcohol of benzaldehyde using allyltrichlorosilane at - 40 °C with 

a yield of 23 % and 42 % ee. Catalyst 156 showed no reaction.
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Chen^^ recently reported the synthesis of helical chiral pyridine A/-oxides 157-159 (Figure 

1.32) for the desymmetrisation of meso epoxides with chlorosilanes (Scheme 1.40).

o
SiCL

Cat (5 mol%)

/-PrjNEt R'

OSiClg 
^R

DCM, - 85 “C Cl

Scheme 1.40: Chen et chose to test their helical AZ-oxides in the desymmetrisation of meso epoxides with 

chlorosilanes.

It was found that ring opening proceeded in better enantioselectivity for substrates with 

aromatic rather than alkyl substituents. While catalyst 157 provided better product ee than 

158 for acyclic epoxides, the opposite was true for the cyclic analogues. Catalyst 159 proved 

to be superior to the others for enantioselectivity. They also found that the active site 

pocket was clearly defined by the rings beneath them, with modifications of these leading to 

increased enantioselectivity and substrate scope.

157 158

Figure 1.32: Chen et af^ synthesised several helical pyridine A/-oxides.

Table 19 below outlines both yields and ee's for the desymmetrisation of meso epoxides with 

chlorosilanes of a range of aromatic and non-aromatic epoxides which were surveyed.
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Table 19: Yields and ee's for a range of aromatic and non-aromatic epoxides as surveyed by Chen et al. 6S

0
R'^

% Yield
128

% ee
128

% Yield
129

% ee
129

% Yield
130

% ee
130

R = Ph 77 93 80 92 77 94
R = 2-Naphthyl 79 81 77 73 76 92

R = BnOCHz 71 49 68 42 72 65
0

A 70 0 68 22 74 33

(J
Lee and Grayson®^ performed work based on a previous observation by Gallagher and 

Grayson®^ that 2-A/,A/-dimethylaminopyridine A/-oxide 160 proved an effective catalyst for the 

acylation of 1-phenylethyl alcohol with acetic anhydride (5). As such they undertook to 

synthesise and test an array of pyridine A/-oxides (Table 20) vyhich they then tested for 

catalytic activity in order to determine whether pyridine /V-oxides generally act catalytically.

As can be seen various /V-oxides proved catalytically valuable in the conversion of (±)-l- 

phenylethanol to 1-phenylethyl acetate. Indeed 2-dimethylaminopyridine A/-oxide (163) 

resulted in 88 % conversion when compared to the parent pyridine which is essentially 

catalytically inert giving only 15 % conversion. This is a result of steric hindrance as per 

(Scheme 1.06). With the A/-oxide however the acyl group is one bond further away from any 

steric effects which the 2-dimethylamino substituent imposes on the active site.

59



Table 20: Results of Lee’s*® tests for catalytic activity with various pyridine A/-oxides.

Catalyst^ %
Conversion

Catalyst^ %
Conversion

161 100 166 Me
1 77

.
0 0

162

N N N

0 167 NOo

fS
5

1 6- 1 N1 - 
0

163 Cl,N N

88 168 0N

60

0 '
1 - 
0

164 ClN Cl

16 169

fS
0

1 .
0

1 o' 1

165 aN OMe1.
0

42 170 C°1N
/ 0

11.5

Catalysts were employed as 10 mol % in 750 pL total CDCI3 with 1 eq of (±)-phenylethanol and 2 eq of AC2O at 

ambient temperature. No auxiliary base was used.

Given that various A/-oxides were now shown to possess catalytic activity, Lee®® undertook to 

synthesise a number of homochiral pyridine A/-oxides and examine their potential as 

enantioselective promoting acylation catalysts. To this end he synthesised (-)-2- 

bornyloxypyridine A/-oxide 171 and (-)-2-menthyloxypyridine A/-oxide 172, (Figure 1.33), by 

reaction of 2-chloropyridine A/-oxide 164 with the sodium salts of the terpene alcohols (-)- 

borneol and (-)-menthol respectively.
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N^'^0'"

I
O

171

Figure 1.33: Lee synthesised (-)-2-bornyloxypyridine W-oxide 171 and (-)-2-menthyloxypyridine A/-oxide 172. 

These proved to be reasonably catalytically active however they lacked enantioselectivity.

Although proving to be reasonably catalytically active for the acylation of racemic alcohols 

they lacked enantioselectivity which was attributed to insufficient chiral differentiation 

around the active site. As such Lee then undertook to synthesise C2 symmetric compounds, 

173 and 174, (Figure 1.34), to provide a more asymmetric environment around the /V-oxide 

thus leading to fewer diastereoisomeric transition states and as a result increased 

enantioselectivity. These compounds again, however, failed to result in enantioselective 

acylation with 1-phenylethanol.

r^

o N
I.

O

174

O"

173

Figure 1.34: C2 symmetrical compounds synthesised by Lee.

Following this, work was undertaken to synthesise 2-(l'-phenylethylamino)-4- 

dimethylaminopyridine A/-oxide 175. The results of the test for catalytic activity show that 

174 gives 100 % conversion of 1-phenylethanol to its acetate whereas 175 shows only 50 % 

conversion. Due to time constraints, however, synthesis of an enantiopure form of 175 and 

testing for the promotion of enantioselective acylation were not performed.

Ethers 171-174 were chosen as the terpenoid alcohols from which they are derived are 

relatively cheap and are readily available from the chiral pool. It was also assumed that the 

chiral groups would provide a sufficiently asymmetric environment about the active site so as
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to induce enantioselectivity during the acylation of a racemic alcohol. All, however, showed 

poor conversion over prolonged reaction periods in a variety of solvents and all failed to 

promote any enantioselectivity. Poor reaction was attributed to an electron withdrawing 

effect from the oxygen atoms in the 2- and/or 6-positions of the pyridine ring.

1.5 Aims and Objectives

With this in mind, and cognisant that 2-aminopyridine A/-oxides had shown a degree of 

catalytic activity, in the present work, it was hoped that the presence of a chiral amine on the 

pyridine ring might promote some degree of selectivity. As the amine nitrogen derived from 

(S)-(-)-a-methylbenzylamine possesses a proton it is hoped that this might act to provide a 

level of left right selectivity by H-bonding to the acyl pyridinium species (Figure 1.35).

Figure 1.35: H-bonding between the A/-oxide oxygen in the acyl pyridinium species.

Synthesis of this and other possible analogues would be achieved by nucleophilic 

displacement of chloride from 2-chloropyridine AZ-oxide (164) (Scheme 1.41). Further it is 

hoped that developement of fused ring systems might impart rigidity to and further 

discrimination by locking the chiral centre next to the active site.

Thus the aim of this project is to synthesise and characterise a range of homochiral 2- 

dialkylaminopyridine A/-oxides and to extend this study to some 2-dialkylamino-4- 

dimethylaminopyridine A/-oxides.
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H2N- -R*
Cl N NH—R*

I -
O

'N 'N—R* 
O' R

Scheme 1.41: General outline for the synthesis of homochiral 2-dialkylaminopyridine W-oxides.

Formation of the dialkyl amine will be achieved through alkylation of the exo-cyclic nitrogen. 

Studies will be undertaken to elucidate the most efficient routes to various target 

compounds. On synthesis of these compounds, tests will be performed for catalytic activity in 

the acylation of tertiary and other alcohols to their respective acetates. If these compounds 

prove to catalyse this reaction, further study into their effectiveness as catalysts in the 

promotion of enantioselection will be performed in which their activity with respect to the 

rate of catalysis will be compared with a reference compound.
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Chapter 2

Synthesis of Some Homochiral Pyridines and

their A/-oxides



2.0 Synthesis of Some Homochiral Pyridines and their AZ-Oxides

2.1 Synthesis and Purification of {+)-2-(l'-Phenylethylamino)pyridine /V-oxide

An important feature of halo-pyridine A/-oxides is the reactivity of halogenated positions 

ortho and para to the nitrogen towards nucleophilic substitution. Previously, Lee^ had 

synthesised 2-(l'-phenylethylamino)pyridine A/-oxide (1) using racemic a-methylbenzylamine 

(2), and although this proved to be an efficient catalyst in the acylation of (±)-l-phenylethyl 

alcohol with acetic anhydride to give its acetate, he was unable to synthesise an enantiopure 

form of 1 and as such was not able to test this compound for the promotion of 

enantioselectivity in the acylation of racemic alcohols with acetic anhydride.

The aim of the present work was to synthesise 2-dialkyaminopyridine A/-oxides primarily,

followed by their 2-dialkylamino-4-A/,/\/-dimethylaminopyridine A/-oxide analogues and test

these for catalytic activity. To this end, in the present work, two equivalents of (S)-(-)-a-

methylbenzylamine (2) was reacted with 2-chloropyridine A/-oxide (3) in a pressure tube in

ethylene glycol as solvent, and with heating at 150 °C for 96 h (Scheme 2.01) resulting in the

formation of (-l-)-2-(l'-phenylethylamino)pyridine A/-oxide (1). Though various solvents were

examined, ethylene glycol proved to be the most suitable. The reaction product was purified

via column chromatography using EtOAc : MeOH : NEts (90 : 10 : 1) as the solvent system.

Ethylene glycol 
Pressure Tube 

150 "C
+

Cl HoN 96 h

Scheme 2.01: Reaction scheme for the synthesis of (+)-2-(l'-phenylethylamino)pyridine W-oxide 1.

The NMR spectrum of (-l-)-2-(l'-phenylethylamino)pyridine A/-oxide (1) is consistent with 

that reported^® for the racemic compound in that the signal due to the methyl group appears
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at 6h 1.55 ppm as a 3H doublet, J 6.5 Hz. In addition, the methine proton at the asymmetric 

centre resonates at 6h 4.65 ppm as an apparent IH quintet, J 6.5 and 13.0 Hz, owing to the 

fact that it is split by coupling with the methyl group and NH protons. The more shielded 

pyridine signals resonate at 6h 6.33 ppm, as a double doublet with J 1.5, 7.5 Hz, for H-3, at 6h 

6.53 ppm, as an apparent triplet J 7.5 Hz, for H-5 and 6h 7.02 ppm, again as an apparent 

triplet J 8.0 Hz, for H-4. The final pyridine resonance, H-6, appears at 6h 8.12 ppm and is an 

apparent doublet with J 6.5 Hz. The protons of the benzene ring and the NH protons appear 

between 6h 7.22-7.33 ppm as a 6H multiplet. The NMR spectrum of 1 is again consistent 

with that reported for the racemic compound. However, even after column chromatography, 

the product remained a dark brown, viscous liquid. Further attempts at purification, which 

involved the attempted formation of various salts including the oxalate, hydrochloride and 

also the picrate complex were pursued. The oxalate and hydrochloride failed to form. The 

picrate, however, formed slowly. Optical rotation of the picrate complex revealed an [ajo of 

+ 103°.

2.2 Synthesis of A/-Methyl-2-(l'-phenylethylamino)pyridine /V-oxide

2.2.1 Attempted Alkylation of (+)-2-(l'-Phenylethylamino)pyridine A/-oxide

Base
-78 to 0 *0

Mel

Scheme 2.02: Attempted synthesis of 4 using methyl iodide with a lithium base.

It was thought that the synthesis of A/-methyl-2-(l'-phenylethylamino)pyridine A/-oxide (4) 

would be easily achieved via deprotonation of the exo-cyclic amino group of 1 using a base, 

e.g. '^BuLi or LDA, followed by addition of the methyl group using methyl iodide as alkylating
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agent (Scheme 2.02). The use of sodium hydride as base had been investigated previously, 

however, the reaction was unsuccessful. Both the "BuLi and LDA reactions failed to deliver 

the required product after several attempts and various modifications to the reaction 

conditions. It is believed that deprotonation of the exo-cyclic nitrogen of 1 did occur, due to 

colour changes in the solution, but that the lithium cation had coordinated to the negative 

nitrogen and, stabilised by further coordination to the oxygen of the AZ-oxide to form a 

lithiated species and was unable to react with methyl iodide. Accordingly, new routes for the 

synthesis of 4 were investigated, one of which involved, initially, the attempted reduction of 

the A/-oxide 1 to yield the 2-alkylamino substituted pyridine 7, followed by alkylation and 

then re-oxidation at the endocyclic nitrogen atom to afford the target compound 4.

2.2.2 Synthesis of (S)-(-)-N-dimethylbenzylamine

Following the failure of the alkylation of 1 synthesis of the secondary amine, (S)-(-)-A/-a- 

dimethylbenzylamine (6), was undertaken in order to couple it with 2-chloropyridine /V-oxide 

(3) thus garnering the desired compound 4 directly.

AC2O/HCO2H
THF

0 “C to 60 T: 
2 h

(i) BMS 
-20'C 
12 h

------------------------ )

(ii) reflux 
3 h

Scheme 2.03: Synthetic strategy used in the synthesis of 6 developed by Krishnamurthy.

Though commercially available, amine 6 is expensive and synthesis was the most viable 

option on a reasonable scale. Numerous methods exist for the alkylation of amines, though 

there are limitations which include competing bis alkylation that results in mixtures which 

can be difficult to separate, poor yields with sterically hindered amines, experimentally 

difficult reaction conditions and, with chiral amines, the problem of racemisation. To this end 

Krishnamurthy^ developed a procedure that involved formylation of the amino group
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followed by reduction of the derived formamide using borane dimethylsulphide complex 

(BMS), to give the corresponding A/-methylated amine.

Krishnamurthy^ reported near-quantitative conversion for an array of primary amines, 

including a yield of 98 % for the methylation of benzylamine. To this end, (S)-(-)-a- 

methylbenzylamine was taken and formylated using acetic-formic anhydride generated from 

formic acid and acetic anhydride. The formyl compound was quantitatively isolated from this 

step and reduced using BMS at - 20 °C. Krishnamurthy^ reports that this reaction is 

"vigorous", and for the alkylation of benzylamine the reaction medium was maintained at 

low temperature for 3h. That the reaction is vigorous is something of an understatement, 

and it was found, in the present work, that a much longer period at low temperature (12 h) 

was preferential to ensure the reaction had finished. This resulted in a conversion of amine 2 

to the monoalkylated AZ-a-dimethylbenzylamine (6) in a yield of 75 % after distillation 

(Scheme 2.03). The resonances in the NMR spectrum of this product are consistent with 

those of the commercially available material, with a 3H doublet, J 6.5 Hz at 6h 1.39 ppm, for 

the methyl group at the asymmetric centre. The A/-methyl group resonates at 6h 2.32 ppm. 

The methine proton of the asymmetric centre is a IH quartet, having collapsed from an 

apparent quintet in the starting material, found at 6h 3.68 ppm with J 6.5 and 13.0 Hz, and 

the resonances for the phenyl ring protons occur at 6h 7.35 ppm, as a 5H multiplet.

2.2.3 Synthesis of (-)-/\/-l\/lethyl-2-(r-phenylethylamino)pyridine /V-oxide using (S)-(-)-N- 

dimethylbenzylamine

With enantiopure A/-a-dimethylbenzylamine (6) now available the nucleophilic displacement 

of the 2-chloro substituent from A/-oxide 3 could be undertaken (Scheme 2.04). To this end, 

2-chloropyridine A/-oxide (3) was reacted with (-)-A/-a-dimethylbenzylamine (6) in a pressure 

tube using tert-butanol (tert-BuOH) as solvent. The reaction mixture was heated at 150 °C for 

96 h, resulting in the formation of A/-methyl-2-(l'-phenylethylamino)pyridine A/-oxide (4) in 

53 % yield (Scheme 2.04). This is evidenced by the characteristic ^H NMR resonances which
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are to be found as a 3H doublet with J 7.0 Hz at 6h 1.66 ppm for the methyl group at the 

asymmetric centre. The A/-methyl group is found as a 3H singlet at 6h 2.70 ppm, whilst the 

methine proton of the asymmetric centre resonates at 6h 5.83 ppm, as a IH quartet with J 

7.0 and 14.0 Hz. The pyridine ring protons resonate as a IH double doublet with J 1.5 and 8.5 

Hz at 6h 6.81 ppm for H-3. The signal attributed to the pyridine ring proton of H-5 is found as 

a IH double triplet with J 1.5, 6.5 Hz at 6h 6.91 ppm, and H-6 appears as a IH double doublet 

with J 1.5 and 6.0 Hz at 6h 8.30 ppm. The phenyl protons, as well as H-4 of the pyridine ring, 

resonate as a 6H multiplet centred at 6h 7.30 ppm.

fe/tBuOH 
Pressure Tube 

150 ■€

+
'N
I.

O

+
Cl

96 h

Scheme 2.04: Synthesis of 4 using amine 6.

2.2.4 Other Synthetic Strategies Adopted for the Attempted synthesis of (-)-/\/-Methyl-2- 

(r-phenylethylamino)pyridine /V-oxide

Parallel to this it was decided to follow a synthetic strategy which was independent of the 

need for amine 6. This involved, initially, the reduction of the A/-oxide of 2-(l'- 

phenylethylamino)pyridine A/-oxide 1 followed by attempted alkylation of the reduced 

pyridine 7 to form tertiary amine 8 and then re-oxidation of the pyridine ring nitrogen to 

form the desired compound 4 (Scheme 2.05).

73



red. alkyl.

'N N
I - I

O Me

Scheme 2.05: Alternate synthetic strategy investigated for the ultimate synthesis of 4.

Several different methods for the reduction were considered^ and attempted. Reduction of 

A/-oxides by reaction with excess methyl iodide followed by addition of NaOH had been 

accomplished successfully in this laboratory by Aubert^ in good yield when deoxygenating (- 

)-2-[(lS, 2S, 5R)-(l-hydroxy-2-isopropyl-5-methyl)cyclohexyl]-4-dimethylaminopyridine N- 

oxide to the parent pyridine. An advantage of this method is that it does not require 

extremes of heat or cold, though the presence of comparatively large quantities of toxic 

methyl iodide is a slight disadvantage (Scheme 2.06). When this procedure was attempted 

with 2-(l'-phenylethylamino)pyridine A/-oxide (1) it gave, as expected, the salt la which, 

upon treatment with 1 M NaOH in MeOH, yielded the required pyridine 7 (Scheme 2.06). 

However there always remained about 40% unreacted starting material even after variations 

in conditions that included leaving the reaction stirring for up to 9 days, gentle heating and 

performance of the synthesis under an inert atmosphere. This resulted in an optimal yield of 

only 50% achieved necessitating tedious column chromatography which resulted in recovery 

of both the desired product 7 and the starting material 1. Thus, given the inherent 

inefficiency of this method it was decided to investigate another route for the reduction of 

the A/-oxide 1.
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Me—I

Scheme 2.06: Reduction of 1 using methyl iodide followed by NaOH solution.

0=CH2

+
H2O

To this end, the most efficient method found for the reduction of A/-oxide 1 involved utilising 

iron in acetic acid as reagent. Evans and Brown^ had previously reported the reduction of 4- 

chloro-2,6-lutidine 1-oxide via this method. The authors, hovyever, only managed to obtain 

their target compound in a yield of 12 %. When used here with 2-(l'-

phenylethylamino)pyridine A/-oxide (1) this method gave 7 in 66 % yield with no need for 

chromatography. As is evinced from the NMR proton shifts, the signal due to the methyl 

group appears as a 3H doublet with J 6.5 Hz at 6h 1.57 ppm, whilst the pyridine protons 

resonate at 6h 6.21 ppm J 8.0 Hz for H-3, an apparent doublet and 6h 6.55 ppm J 5.0, 7.0 Hz 

for pyridine H-5. The signal attributed to H-6 of the pyridine ring was found to resonate at 6h 

8.08 ppm as an apparent doublet with J 4.0 Hz. The protons of the benzene ring as well as 

that of the pyridine proton of H-4 are visible as a 6H multiplet centred at 6h 7.40 ppm. When 

compared with the position of the same proton in the ^H-NMR spectrum of the A/-oxide 1, an 

interesting shift occurs for the methine proton at the asymmetric centre, again an apparent 

quintet, in that it shifts from 6h 4.65 ppm to 6h 4.73 ppm, J 6.5 and 13.0 Hz, i.e., it has 

become more de-shielded. It had been thought that since the electron-withdrawing AZ-oxide 

functionality had been removed the opposite would occur. However, the N-H proton, which 

had been obscured by the phenyl protons is now to be seen at 6h 5.14 ppm i.e. it has become 

more shielded.

A second approach to the synthesis of 7 was one utilising the Buchwald-Hartwig amination 

reaction.^ This reaction involves palladium-mediated cross-coupling of aryl halides and
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amines in a C-N bond forming reaction in the presence of stoichiometric amounts of base. 

The catalytic cycle entails, firstly, the addition of a phosphine ligand to a palladium (II) 

species, in this case Pd(OAc)2 which results in the formation of the active Pd(0) catalyst. 

Oxidative addition of the aryl halide to palladium(O) results in a Pd(ll) species. The halide 

atom is replaced by the nitrogen atom of the amine to give a palladium(ll) aryl amine 

intermediate. Finally, reductive elimination results in the formation of the desired C-N bond 

and the palladium catalyst is regenerated to enter another cycle (Scheme 2.07).

Thus, 2-chloropyridine (9) with Pd(OAc)2 as the palladium source and (±)-BINAP as ligand was 

heated under reflux in toluene under a blanket of nitrogen for 48 h in the presence of (S)-(-)-
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a-methylbenzylamine and ^BuONa as base. This resulted in the formation of the desired 

product 7 in 43 % yield when either 2-chloro or 2-bromopyridine was used as the aryl halide.

Following the successful synthesis of 1, an attempt was again made to methylate its 

secondary amine moiety. It was felt that without the presence of the A/-oxide this would 

prove to be more accessible. Reaction of amine 7 with one equivalent of "BuLi followed by 

methyl iodide led to complete disappearance of the starting material after 2 h and formation 

of A/-methyl-2-(l'-phenylethylamino)pyridine (8) in 70% yield. The NMR spectrum of 8 

shows the signal due to the methyl group appears as a 3H doublet with J 7.0 Hz at 6h 1.61 

ppm, and the A/-methyl signal as a singlet at 6h 2.74 ppm. An extraordinary shift occurred to 

the methine proton at the asymmetric centre in that it shifted from 6h 4.73 ppm in amine 7 

to 6h 6.18 ppm with J 7.0 and 14.0 Hz. As expected, it has also collapsed from a multiplicity of 

an apparent quintet to becoming a quartet due to the fact that the amino group is now 

tertiary. The pyridine protons resonate as an apparent IH doublet for H-3 with J 9.0 Hz at 6h 

6.56 ppm. The resonance of the proton of H-5 is found as a double doublet with J 5.0 and 6.8 

Hz at 6h 6.59 ppm. The more de-shielded proton of the pyridine ring are found as a IH 

apparent double triplet at 6h 7.49 ppm for proton H-4 with J 2.0, 9.0 Hz, and a IH double 

doublet at 6h 8.24 ppm for proton H-6 with J 2.0, 5.0 Hz. The protons of the benzene ring 

resonate as a 5H multiplet centred at 6h 7.35 ppm.

Following on from this the next stage was the A/-oxidation of tertiary amine 8. Various 

peroxyacid reagents were applied including trifluoroperoxyacetic acid prepared in situ from 

trifluoroacetic anhdyride and H2O2/ m-CPBA® and H2O2 with acetic acid.^ These methods, 

however, proved fruitless as the desired A/-oxide was not isolated. It can be suggested that 

the root cause of the lack of A/-oxidation was the acid environment which would protonate 

the basic pyridine ring to the pyridinium form, resulting in a lack of nucleophilicity at the ring 

nitrogen. As such a technique involving a basic oxidising agent was attempted. 

Peroxymonosulfuric acid (Caro's acid) was used in the form of Oxone™ in 0.5 M KOH. As the 

A/-methyl compound 8 was not soluble in the aqueous medium used for the reaction, tert-

11



butanol was added as cosolvent. The reaction was then allowed to proceed for 18 h at room 

temperature resulting in the formation of what was believed would be compound 4. 

However, in comparing NMR data from the known spectra of 4 resulting from the coupling 

of N-ox\de 3 with amine 6 it was clear that no formation of the desired compound 4 had 

occurred. As is evident (Scheme 2.08), oxidation of the exocyclic amine occurred 

preferentially resulting in the formation of 10.

Fe/AcOH 
Cone. HCI

0.5 M KOH 
Caro's Acid

Scheme 2.08: Synthetic strategy adopted for the synthesis of 4. Although proving valuable for the synthesis of 

compounds 7 and 8 the final A/-oxidation step proved unsuccessful.
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On further investigation into the oxidation of 2-aminopyridines reference was made by 

Pentimalli^° in which he states that on oxidation of 2-dimethylaminopyridine with 

peroxyacids, the oxygen goes preferentially to the exocyclic dimethylamino group. The 

pyridine ring A/-oxide products are obtained when using 2-methylamino and 2- 

aminopyridine. This would suggest that the nucleophilic centre of 2-substituted dialkyl 

derivatives is the exocyclic amino nitrogen, whilst due to conjugation between the ring and 

this amino nitrogen in secondary derivatives the nucleophilic centre remains on the ring 

nitrogen (Scheme 2.09).

[O]

Scheme 2.09: According to Pentimalli oxidation of 2-dialkylaminopyridines occurs on the exocyclic nitrogen 

atom, suggesting that compound 10 was formed.

Given that AZ-oxidation has occurred on the exo-cyclic nitrogen atom it would make this 

nitrogen now a chiral centre; it being bonded to four different groups with no plane of 

symmetry. As such, NMR spectra shows the formation of both of these diastereoisomers. 

This can be seen in Figure 2.01 below. With respect to the methine proton of the asymmetric 

centre of 10 a IH quartet appears at 6h 5.40 ppm, J 6.5 Hz, for the major isomer, whilst for 

the minor isomer this is at 6h 5.60 ppm, J 6.5 Hz, again as a quartet (top). The minor isomer 

proton integrates for O.IH. The signal due to the methyl group (bottom) is a 3H doublet, J 6.5 

Hz, at 6h 1.71 ppm for the major isomer and a doublet at 6h 1.65 ppm, J 6.5 Hz, for the minor 

isomer, which integrates for 0.3H. A distinction between the two isomers cannot be achieved 

for the pyridine or aromatic protons. Attempts at separation of the diastereoisomers proved 

unsuccessful. Given that the exo-cyclic amine has oxidised, it would explain the apparent 

shift downfield of the methine proton of the asymmetric centre from 6h 4.58 ppm of 1 to 6h 

5.40 ppm for compound 10.
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Figure 2.01; Further evidence for the A/-oxidation of the exocyclic nitrogen in compound 10 is the presence of 2- 

diastereoisomers in the ^H-NMR spectrum.

Work had been carried out by Jung et in which they demonstrated high chemoselectivity 

in the direct A/-alkylation of amines using various hydroxide bases. In their study they 

surveyed numerous alkali bases including lithium, sodium, potassium, rubidium, and cesium 

hydroxides for the efficient coupling of phenethylamine with bromobutane. Cesium 

hydroxide (CsOH) was shown to be the most successful base, offering the greatest selectivity 

in terms of delivering the secondary amine from the primary precursor without further 

alkylation to the tertiary amine. They^° also used cesium carbonate (CS2CO3), though they 

reported lower yields and selectivities compared to CsOH.
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Scheme 2.10: Jung et a/“ suggest this mechanism for the chemoselectivity of the alkylation of amines using 

CsOH as base.

A possible explanation proposed by them for the chemoselectivity is that co-ordination of 

the cesium ion to the nitrogen atom causes the amine protons of the primary amine to be 

more acidic and easier to deprotonate and thus open to nucleophilic attack. Once secondary 

amine has formed the cesium ion coordinates this more quickly than the primary amine. As a 

result of increased steric factors, brought about by the co-ordinated cesium ion and the nevy 

alkyl group on the nitrogen, the abstraction of a further proton is inhibited from the 

secondary amine. Also stronger coordination of the cesium to the secondary amine than to 

the primary would help curb any further alkylation by reducing the nucleophilicity of the 

secondary amine (Scheme 2.10).

In the present work it was initially envisaged that this method could be applied to the 

alkylation of amine 2 in the synthesis of amine 6, however, given the possibility of 

racemisation of the enantiopure amine this was discounted. 2-(l'-Phenylethylamino)pyridine 

AZ-oxide (1) provided another possible substrate for this reaction. With the presence of the 

coordination sites of the exocyclic amine and the A/-oxide functionality it was thought that 

the already acidic nature of the amine proton could be augmented.
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To this end, A/-oxide 1 was taken, separately, with two equivalents of CS2CO3 and Li0H.H20 in 

dry DMF at room temperature and allowed stir for 0.5 h. After this time one equivalent of 

methyl iodide was introduced dropwise. After stirring for 12 h the solution was basified with 

IM NaOH and extracted with ethyl acetate (Scheme 2.11). Analysis of the NMR spectrum 

of the resulting product showed alkylation had indeed occurred. This was evidenced by the 

fact that the resonance for the methine proton at the asymmetric centre now showed as a 

quartet at 6h 6.15 ppm instead of an apparent quintet at 6h 4.65 ppm. However evidence for 

the presence of an absorption for the A/-oxide in the IR spectrum was absent. Comparison of 

the NMR spectra of the products obtained here and those of A/-Methyl-2-(l'- 

phenylethylamino)pyridine (8) obtained either from alkylation of 2-(l'- 

phenylethylamino)pyridine (7) with methyl iodide, or the product of the Buchv\/ald-Hartv</ig 

reaction of 2-chloropyridine with amine 6 also shows that they are consistent, thus 

confirming that the A/-oxide had been reduced. This was true for both bases.

Cs^COj or LiOH 
Dry DMF 

Mel
---------------------------- ►

RT 
12 h

Scheme 2.11: On using the method of Jung et at a mixture of products were formed.

Given that the presence of methyl iodide with NaOH has been shown to cause reduction of 

the A/-oxide function and that the work-up of Jung et o/“ is basic, it was felt that a control 

reaction using 1 equivalent of base (again CS2CO3 and LiOH were used) was necessary. This 

control involved taking an aliquot of each reaction mixture and using both basic and non- 

basic conditions for the work-up. To this end, (-i-)-2-(l'-phenylethylamino)pyridine /V-oxide (1) 

was taken and placed with one equivalent of base in dry DMF. This mixture was again 

allowed to stir for 0.5 h before one equivalent of methyl iodide was added dropwise. After 

stirring again for 12 h the solutions were divided and extracted either by washing with 

aqueous NaOH and then ethyl acetate or just dilution with water followed by extraction with
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ethyl acetate. The results show that for LiOH, the extraction with base afforded 3 

compounds, the starting material 1, the reduced pyridine 8 and also the alkylated A/-oxide 4 

in a ratio of about 1:1: 0.5. With no basic work-up the product formation favours the N- 

oxide 4 with no pyridine 8 and only trace amounts of starting 3. When CS2CO3 is used with a 

basic work-up the A/-oxide 4 is present as the major product with starting 1 still present. No 

reduced pyridine 8 is present whatsoever. When, however, no basic work-up is used the 

NMR spectrum of the product shows resonances for the starting material and what is 

believed might be the alkylated A/-oxide 4 or reduced alkylated pyridine 8 coordinated to 

cesium. This is due to the fact that the apparent quintet at 6h 4.65 ppm has collapsed to a IH 

quartet found resonating at 6h 5.56 ppm. This was further evidenced by comparison of the 

spectra obtained from the reaction of amine 6 with A/-oxide 3 and shows the quartet for the 

proton of the methine proton of the asymmetric centre at 6h 5.83 ppm.

From NMR analysis of these compounds 1, 4, 7, 8 and 10 it was clear that on reduction of 

the initial A/-oxide 1 to 2-(l'-phenylethylamino)pyridine 7 the methine proton of the 

asymmetric centre became more deshielded. This is an unexpected observation in that the 

electron-withdrawing /V-oxide is no longer present. A further unexpected shift in the position 

of this proton is seen when 7 is A/-methylated to give 8 in that there is an enormous shift 

down-field to resonate at 6h 6.18 ppm from its original position at 6h 4.71 ppm. The 

methylation of 7 occurs on the 2-amino nitrogen atom as the multiplicity of the methine 

proton of the asymmetric centre has reduced from an apparent quintet to a quartet. 

Although shifts downfield occur between the CH2 of 2-ethylaminopyridine^^ and 2-(l'- 

methyljethylamino pyridine^^ and a slightly larger shift for the 2-diethylaminopyridine^'* they 

are only in the region of 6h 0.3-0.5 ppm compared with 6h 1.5 ppm observed here.

On reaction of 8 with Caro's acid to A/-oxidise it to 10, i.e. the introduction of an electron 

withdrawing substituent a to the pyridine ring, the signal arising from the methine proton 

shifts up-field to 6h 5.37 ppm.
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Tortorella et performed an NMR investigation into the conformational properties of N-[2- 

pyridyl-A/-oxide]-amino derivatives. They suggested that 2-amino pyridine A/-oxides can be 

seen as rigid structures given that conjugation of the pyridine A/-oxide extends to the amino 

nitrogen. These authors also suggest that the rotational freedom of the molecule is severely 

restricted by H-bonding interactions between the amino group and the A/-oxide oxygen atom.

Scheme 2.12: Tortorella et al performed NMR investigations into N-[2-pyridyl-/V-oxide]-amino derivatives. 

They suggested that as a result of H-bonding that some primary and secondary 2-amino A/-oxides are rigid 

structures. When R=alkyl these interactions do not occur resulting in rotomers.

Given that /\/-methyl-2-(l'-phenylethylamino)pyridine A/-oxide 4 lacks this H-bonding 

interaction and the fact that the small H atom is replaced by a more bulky alkyl substituent, a 

conformational modification may occur around the 2-amino bond (Scheme 2.12). With this 

modification the proton of the chiral carbon is brought closer to the A/-oxide and 

consequently resonates at a much lower field.

A second possible reason for the unusual shifts in the methine proton of the asymmetric 

centre of 1, 4, 7, 8, and 10 could be to do with resonance structures. The pyridine ring is an 

electron deficient aromatic ring due to the greater electronegativity of the ring nitrogen than 

that of carbon. As the shift in the reduced 2-amino pyridines, 7 and 8, is that of the methine 

proton becoming more de-shielded and acidic, this could conceivably suggest that there is 

preferential donation of electron density from the amino group into the pyridine ring.
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Scheme 2.13: Possible resonance structures of compound 7 and possible tautomeric structure.

Given the resonance structures shown in (Scheme 2.13), it seems that the lone pair of 

electrons on the exocyclic amino nitrogen of 7 are donating preferentially into the ring to 

form a rapidly tautomerising mixture with a proton shift to the ring nitrogen from the 

asymmetric centre. This explanation was, however, discounted as the ^H-NMR spectrum 

shows an apparent quintet for the proton of the asymmetric centre instead of a quartet, 

which would be expected due to the absence or fast exchanging of the NH proton. This, 

therefore, suggests that the shift in the signal due to the proton of the asymmetric centre in 

the ^H-NMR spectrum is as a result of a rotomeric form which results in this proton being 

brought closer to the ring nitrogen, thus allowing for H-bonding interactions (Scheme 2.14).

Scheme 2.14: Possible rotomeric structure of compound 7.

When the exocyclic nitrogen is methylated to give 8 this scenario cannot occur, therefore a 

positive charge in the a-position to the methine proton of the asymmetric centre in the 

resonance structure causes a greater shift down-field than is observed for compound 7 

(Scheme 2.15). Also given that the A/-oxide is no longer present in either 7 or 8 the 

stabilisation of the N-H proton by intramolecular H-bonding does not occur and this results in 

a shift up-field.
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Scheme 2.15: Further evidence for conformational rotomers as per scheme 1.14 comes with the chemical shift 

of the methine proton after methylation of the exocyclic amino nitrogen.
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2.3 Attempted synthesis of 2-(l'-phenylethylamino)-4-dimethylaminopyridine /V-oxide

2.3.1 Synthetic strategies for the synthesis of 2-halo-4-dimethyiaminopyridine and the 

analogous A/-oxide

Lee^ in his thesis strove to develop a synthetic strategy for the synthesis of 2-bromo-4- 

dimethylaminopyridine (11) and also for the 2-chloro derivative 12. To this end he devised an 

approach, (Scheme 2.16), which commenced with commercially available 2-chloropyridine N- 

oxide (3). The initial step of this synthesis was the nitration of 3 using H2SO4/HNO3 under 

reflux to yield 2-chloro-4-nitropyridine A/-oxide (13) using the method of Finger and Starr^^ 

with reported yields of up to 85%.^ This reaction was repeated successfully in the present 

work with best yields however only ~ 60% after recrystallisation from ethanol : chloroform 7 : 

3.

HNO3
H2SO4

NO

'NI -
O

Cl 90 “C 
3h

O

13

NHMe3,3^) 
Pressure Tube

NMe cone. HCI 
NaN02 

2 h

100 O 
24 h

-15 0 to 80 0

Fe/AcOH 
100 10

V 3 hN NH2

NMe

Scheme 2.16: Reaction scheme for the synthesis of 2-halo-dimethylaminopyridine as used by Lee. This strategy 

proved unsuccessful on repetition.

NMR spectra of compound 13 show resonances in agreement with those reported by 

Lee^'* with H-5 as a double doublet at 6h 8.04 ppm, with J 3.0 and 7.0 Hz, by ortho coupling
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with H-6 and meta coupling with H-3, as is characteristic of all 2,4-disubstituted pyridines. 

The signal attributed to the proton of H-3 is found to resonate as a doublet at 6h 8.37 ppm 

with J 3.0 Hz. The proton resonance for H-6 appears at 6h 8.41 ppm because of the strong 

electron-withdrawing nature of the substituents as is found as a doublet with J 7.0 Hz.

The second step of this synthesis uses the electron-withdrawing characteristics of the nitro 

group of 13 to facilitate substitution of the chloro substituent by an amino group. Thus, 2- 

chloro-4-nitropyridine A/-oxide (13) was placed in a pressure tube with concentrated 

ammonia solution in /sopropyl alcohol. This reaction was repeated several times under the 

same reaction conditions as reported by Lee,^ however it was never successful. In any case, 

ultimately this synthetic strategy Is flawed in that it is time consuming, reliant on linear 

synthesis resulting in low over-all yields (15%) and requires extreme reaction conditions i.e. 

high pressures and temperatures. As such it was abandoned as a viable route in the synthesis 

of 2-halo-4-dimethyaminopyridines.

Fort et have investigated the development of bases able to facilitate the functionalisation 

of pyridines and quinolines via metallation. To this end they developed BuLi-LiDMAE which 

gave the "first direct a-lithiation of 4-A/,A/-DMAP".^^ This base is obtained via reaction of two 

equivalents of butyl lithium and one equivalent of A/,/\/-dimethylaminoethanol in dry hexane. 

They^^ reported that the direct and selective lithiation of 4-A/,A/-DMAP 14 is probably due to 

the formation of aggregates between BuLi-LiDMAE and 14 via chelation of lithium by the 

pyridine nitrogen atom, strongly augmented by the electron-donating dimethylamino group 

at the 4-position. The aggregates are assumed initially to deliver "BuLi to the proximity of H-2 

and ensure stabilisation of the subsequently formed 2-monolithiated intermediate (Scheme 

2.17).
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Scheme 2.17: Fort et al suggest this conformation of aggregates between their base and 4-DMAP.
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Fort et then set about demonstrating the scope of this reaction using various 

electrophiles. These included iodine, which gave the 2-iodo-4-dimethylaminopyridine in 81 % 

yield, carbon tetrabromide which afforded the 2-bromo-4-dimethylaminopyridine 11 in 94 % 

and hexachloroethane which provided the 2-chloro analogue 12 in 90 % yield.

Although Lee^ had employed a variant of this method, using carbon tetrabromide as 

electrophile, he reported difficulty in obtaining the product in a pure state, commenting 

"...the reaction had some major drawbacks. A large amount of an unknown brown solid was 

invariably present in the crude material...resulting in the crude mixture having to be 

chromatographed...to obtain material of high purity". Even so, in the present work, it was 

decided to attempt the chlorination of 4-A/, A/-DM A P 14 using the updated method.^® To this 

end, 4-A/,A/-DMAP 14 was added to BuLi-LiDMAE after which time the reaction medium was 

cooled from 0 °C to - 78 °C. It is at this point that the method employed by Lee and that of 

the present work differs in that Lee performed the lithiation at - 10 °C, as had been reported 

at that time. Once the appropriate temperature had been reached the electrophile, 

hexachloroethane, was introduced. After work-up this resulted in formation of a brown 

viscous oil. Hot extraction of the product using hexane over the course of 12 h, followed by 

column chromatography resulted in the isolation of 2-chloro-4-dimethylaminopyridine (12) in 

39 %. ^H NMR spectra of the product are consistent with those reported,^® with a resonance 

at 6h 3.02 ppm appearing as a 6H singlet consistent with the methyl groups of the 4- 

dimethylamino moiety. Protons of the pyridine ring are found at 6h 6.44 ppm, a IH double 

doublet with J 2.5 and 6.0 Hz, consistent with the proton on H-5. The pyridyl proton at H-3 is
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found to resonate at 6h 6.49 ppm, as a IH doublet with J 2.5 Hz, whilst the resonance for the 

H-6 proton is found at 6h 7.98 ppm, as a IH doublet with J 6.0 Hz.

Given that two equivalents of "BuLi were required in the formation of "super base" BuLi- 

LiDMAE, its generation on a synthetically useful scale was shown to be practically difficult 

and financially uneconomical. Also, purification of the product from the starting electrophile, 

hexachloroethane, proved difficult, though not impossible.

Another strategy adopted in the synthesis of 2-halo-4-DMAP derivatives was that of 

Sammakia et in which 4-A/,A/-dimethylaminopyridine (14) was initially complexed with the 

Lewis acid, boron trifluoride diethyl etherate, and the resulting adduct metallated using 

butyllithium. This metallated species was then reacted with elemental bromine to yield 2- 

bromo-4-dimethylaminopyridine (11). This synthesis again relied heavily upon extreme 

reaction conditions (- 78 °C) however it proved itself more cost effective in that less "BuLi 

was required for reaction, although it was again practically inefficient, requiring the addition 

of base dropwise over several hours. The 2-bromo DMAP 11 was also produced in a higher 

state of purity compared to that formed by the method of Fort et and, as such only 

required column chromatography using ether : hexane 1 : 1 as solvent system for final 

purification. This is evidenced from the ^H NMR resonances of the product, which are 

consistent with those observed for the 2-chloro analogue, with resonances for the 

dimethylamino moiety at 6h 3.04 ppm, as a 6H singlet, whilst the pyridine protons resonate 

at 6h 6.49 ppm as a IH double doublet with J 2.5 and 6.5 Hz consistent with expectation for 

the proton of H-5, at 6h 6.68 ppm as a IH doublet with J 2.5 Hz, and at 6h 7.98 ppm as a IH 

doublet with J 6.5 Hz.

Various other methods exist for the halogenation of pyridines. Indeed a facile halogenation 

of some hydroxyheterocycles using triphenylphosphine and A/-halosuccinimide in dioxane 

under reflux has been reported by Sugimoto et al^° in which they halogenated various 

heterocycles, the results of which are outlined in the table 1 below.
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Table 1: Sugimoto ef o; halogenated various hydroxyl substituted pyridines with PhsP/NBS or NCS.

Starting Product Yield X = Br Yield X = Cl

hydroxyheterocycle

C^x 54 43

90 63

OH X
1

84 74

fi N

OH
1

X 50 56

Ph Ph

^^N^OH ax 43 71

Furthermore, Kato et reported a facile bromination of hydroxyheteroarenes using P2O5 

and tetrabutylammonium bromide (TBAB). They reported that heteroarenes carrying an 

electron withdrawing substituent, such as a cyano or a carboxylic group, were smoothly 

brominated. This procedure was also successfully applied to the bromination of hydroxy 

pyrone and hydroxyl coumarin as well as various types of heteroarenes such as pyrimidine, 

quinoxaline and benzothiazole.

Cid et reported the synthesis of 2,4-dibromopyridine (15) in 90% yield by reaction of 2,4- 

dihydroxypyridine with POBrs.
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Given that the target, in the present work, was the 2-halo-4-dimethylamino pyridines, 11 or 

12, which could be garnered via selective substitution of the 4-halo group of the 2,4- 

dihalopyridine with dimethylamine, these methodologies were initially attractive, however 

the prohibitive costs of starting reagents 2,4-dihydroxypyridine and POBrs ensured that 

another route would have to be elucidated.

Cid et also report the synthesis of 2,4-dibromopyridine A/-oxide 16, in 71 % yield, by 

substitution of the nitro group of 2-bromo-4-nitropyridine A/-oxide (17) using acetyl bromide 

as the halogen source. When repeated using acetyl chloride this reaction failed to yield any 

of the desired products. As the oxygen on the A/-oxide can act nucleophilically it is supposed 

that the reaction mechanism involves, initially, nucleophilic displacement of the bromide by 

oxygen (Scheme 2.18).

NO,

'NI -
O

X

tfj
X

Br

O
HO

Br

NI -
O

16 : X = Br

Scheme 2.18: Possible mechanism for the halogenation of 4-nitropyridine A/-oxides.

As the nitrite anion is a superior leaving group to the halide it follows that nucleophilic attack 

by the bromide ion on the nitro group results in its displacement with the loss of NO2” to 

yield the desired 4-halo-pyridine /V-oxide.
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The nitrite anion is a good leaving group^^ from sp^ hybridised carbon atoms, being better

than the chloride ion by a factor of 1000. Further, it was felt that, after addition, the 

promotion of aromaticity in the product would enhance rate of substitution. As it is widely 

known that the reaction of pyridine A/-oxide with POX3 (where X = halo) results in the 

formation of the derived 2-halo pyridine, (Scheme 2.19), it was decided to attempt a double 

substitution at the 2- and 4- positions of 4-nitropyridine A/-oxide (19) using phosphorus 

oxychloride (POCI3) heated under reflux. This resulted, expectedly, in reduction of the N- 

oxide and substitution of the proton in the 2 position and the 4-nitro group to yield 2,4- 

dichloropyridine (18) in a yield of 88 % on a 100 mg scale, (Scheme 2.20). When scale-up was 

performed, however, this yield dropped considerably to ~55 %. Characteristic resonances are 

found in its NMR spectrum, which shows a IH double doublet J 2.0 and 7.0 Hz for H-5 at 

6h 7.28 ppm, a IH doublet with J 2.0 Hz for H-3 at 6h 7.40 ppm, while H-6 was found to 

resonate as a IH doublet with J 7.0 Hz at 6h 8.33 ppm. This provided the starting point for the 

synthesis of 2-chloro-4-dimethylaminopyridine 12.

N Cl

Scheme 2.19; Mechanism for the halogenations of pyridine A/-oxide using POCI3.

With 2,4-dichloropyridine 18 in hand two divergent syntheses were undertaken. The first 

involved the substitution of the 4-chloro group by dimethylamino to yield 2-chloro-4- 

dimethylamino pyridine 12. The method decided upon for the substitution was that of 

Schlosser et in which 18 is treated with 40 % aqueous dimethylamine solution and heated 

at 50 °C for 20 h. This method is, by far and away, the preferred route for the synthesis of 12 

given the large scale (attempted here up to 5g) and relative ease with which the reaction can 

be performed.
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Scheme 2.20:Svnthetic route adopted for the synthesis of 4-DMAP's 12 and 21.

An alternative to this involved reacting a 40 % dimethylamine solution in a pressure tube 

vyith 2,4-dichloropyridine 18, for 24 h, giving 2-chloro-4-dimethylamino pyridine 12 as the 

major product (90 %). The remaining material arising from substitution by dimethylamine at 

both the 2- and 4-positions is 2,4-b/sdimethylaminopyridine. Thus, the desired compound 12 

was obtained with an overall yield of 80 %. Its NMR resonances were consistent with

those reported above for the synthesis of 12 according to the method of Fort et al 18

When amine 2 was used as the nucleophile, with pyridine 18, analysis of the ^H-NMR spectra 

of the product mixture showed no reaction. A possible reason for the lack of reactivity of 2 

compared to that of dimethylamine is that dimethylamine is a secondary amine and 

therefore has greater electron density centred on the nitrogen. Thus, a synthetic strategy 

involving either one or two steps depending on starting material, both of which are high 

yielding, was elucidated for the synthesis of 2-halo-4-dimethylamino pyridines.
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In order to synthesise the A/-oxide analogue of 12 it was decided to oxidise 2,4- 

dichloropyridine (18) to 2,4-dichloropyridine /V-oxide (20) followed by sequential nucleophilic 

displacement of the halides by the desired amines, (Scheme 2.20). As such, 2,4- 

dichloropyridine (18) was /V-oxidised using UHP/TFA at 65 °C for 24 h. This led to the 

formation of 2,4-dichloropyridine A/-oxide (20) in 39 % yield. This is evidenced due to the 

shifts of the NMR spectrum which show resonances as a IH double doublet with J 2.5 and 

7.0 Hz for H-5 of the pyridine ring at 6h 7.34 ppm. The proton resonance for H-3 of the 

pyridine ring was found as a IH doublet with J 2.5 Hz at 6h 7.63 ppm, and H-6 of the ring 

found to resonate at 6h 8.42 ppm, a IH doublet with J 7.0 Hz.

In order to test the reactivity of the halogens in the 2- and 4-position of the A/-oxide 20, (S)-(- 

)-a-methylbenzylamine (2) was taken in a pressure tube in ferf-BuOH and heated with 20 at 

150 °Cfor 24 h. This resulted in two distinct products, one being the 2-(l'-phenylethylamnio)- 

4-chloropyridine A/-oxide 23, whilst the other was 2-chloro-4-(l'-phenylethylamnio)-pyridine 

A/-oxide 22, which was the major product in a ratio of 0.44 : 1, (Scheme 2.21).

20 2

Scheme 2.21: On reaction of W-oxide 20 with (S)-(-)-a-MBA a mixture of products was formed.

This is evinced due to the shifts of the ^H NMR spectra for A/-oxide 22 which show resonances 

as a 3H doublet with J 6.5 for the methyl group of the benzyl amine substituent at 6h 1.62. A 

IH apparent quintet for the methine proton of the asymmetric centre is found at 6h 5.19 

ppm. The proton resonance for H-3 of the pyridine ring was found as a IH doublet with J 5 Hz 

at 6h 6.60 ppm, and the pyridyl proton for H-5 of the ring and the phenyl protons are found 

to resonate as a 6H multiplet at 6h 7.51 ppm. The pyridyl proton of H-6 is to be found as a IH 

doublet with J 7.5 at 6h 7.99 ppm. The ^H NMR spectra for A/-oxide 23 which show
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resonances as a 3H doublet with J 6.2 for the methyl group of the benzyl amine substituent 

at 6h 1.49. A IH multiplet for the methine proton of the asymmetric centre is found at 6h 

4.68 ppm. The proton resonance for H-3 of the pyridine ring was found as a IH doublet with J 

3.0 Hz at 6h 6.30 ppm, and the pyridyl proton for H-5 of the ring is found to resonate as IH 

6h 6.38 ppm. The pyridyl proton of H-6 is to be found as an overlapping 6H multiplet with the 

phenyl protons at 6h 7.42 ppm

Proof that neither compound was the 2,4-di-(l'-phenylethylamino) pyridine A/-oxide came 

from the mass spectrum which showed molecular masses for both 22 and 23 as being m/z 

233.0830 for [M - 0 + H]. Though the mass shows a loss of oxygen this is not unusual for 

pyridine /V-oxides as is evidenced by Chowdhury et who found that the fragmentation 

pattern of 3,5-dichloro-4-alkylamino pyridine A/-oxide 24 indicated a loss of oxygen followed 

by an identical fragmentation pattern for the free base pyridine 25.

24 25

Figure 2.02:Chowdhury et al investigated the fragmentation pattern of 3,5-dichloro-4-alkylamino pyridine N- 

oxide 24 which indicated a loss of oxygen followed by an Identical fragmentation pattern for the free base 

pyridine 25

March et aF^ investigated the mass spectral fragmentation pattern of quinoline A/-oxide and 

later that of pyridine A/-oxide and found that these were consistent with the loss of OH’ 

following protonation of the A/-oxide.

As such, 2,4-dichloropyridine /V-oxide (20) was taken and reacted with 40 % dimethylamine 

solution in a pressure tube. After 3 h the reaction was complete and yielded the 2-chloro-4- 

dimethylamino pyridine A/-oxide (21) in 62 % yield. This is evidenced by the resonances in the
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NMR spectra which shows resonances for the methyl protons of the NIVIe2 at 6h 3.13 ppm 

a 6H singlet. The pyridine protons resonate as a IH double doublet with J 3.0 and 7.0 Hz for 

H-5 at 6h 6.84 ppm, while H-3 resonates as a IH doublet with J 3.0 Hz at 6h 6.86 ppm, and H- 

6 resonates as a IH doublet with J 7.0 Hz at 6h 8.13 ppm,.

2.3.1.1 Synthesis of 2-(l'-Phenylethylamino)-4-A/,/\/-dimethylaminopyridine via Buchwald 

Hartwig Amination

Previously, Lee^ had described the synthesis of 2-(l'-phenylethylamino)-4- 

dimethylaminopyridine (26) by direct substitution of 2-bromo-4-dimethylaminopyridine 11 

with (±)-a-methyibenzylamine (2). However, when this procedure was repeated it did not 

result in product formation, rather starting material was recovered. Investigations were 

undertaken as to the feasibility of carrying out the Buchwald-Hartwig amination of aryl 

halides using 2-chloro-4-dimethylaminopyridine (12) with (S)-(-)-a-methylbenzylamine (2). 

Though a variety of bases were surveyed (K2CO3, K*BuO, CS2CO3) for the amination reaction it 

was found that only ‘BuONa afforded the desired products. Thus, the general procedure of 

Jonkers et of' was followed, with slight modification, with Pd(OAc)2 as the palladium source 

and (±)-BINAP as ligand, heated under reflux in toluene under a blanket of nitrogen for 48 h 

in the presence of amine (2) and a 2-chloro-4-dimethylamino pyridine (12). This resulted in 

complete consumption of starting material and formation of the desired crude product in ~ 

40 % yield as a viscous oil. This is evidenced by the shifts in the ^H NMR spectra which show 

resonances for the methyl group of the asymmetric centre as at 6h 1.56 ppm, a 3H doublet J 

6.5 Hz. The resonance assigned to the methyl groups of the 4-dimethyl amino moiety, a 6H 

singlet is at 6h 2.82 ppm. The methine proton of the asymmetric centre, a IH apparent 

quintet with J 6.5 Hz and 13.0, resonates at 6h 4.68 ppm. The NH is found as a broad IH 

singlet at 6h 4.91 ppm. The resonances of the pyridine ring are found as a IH doublet with J 

2.0 Hz at 6h 5.32 ppm for H-3. The resonance for H-5 is found as a double doublet with J 2.0 

and 6.0 Hz at 6h 5.97 ppm, while the signal assigned to H-6 is found at 6h 7.78 ppm, a IH
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doublet with J 6.0 Hz. The phenyl ring protons are found as a 5H multiplet centred at 6h 7.33 

ppm.

When A/-a-dimethylbenzylamine (6) was used as the amine, again under the conditions as 

specified above for the Buchwald-Hartwig reaction, the reaction with 12 again proceeded 

with a moderate yield. This is evidenced by the characteristic resonances in the NMR with 

the shift for the signal assigned to the methyl group of the asymmetric centre as a 3H 

doublet with J 7.0 Hz at 6h 1.58. The methyl of the tertiary amine is found to resonate as a 3H 

singlet at 6h 2.70 ppm. The protons shifts assigned to the pyridine ring show a IH doublet for 

the proton of H-3 6h 5.63 ppm, with J 2.0 Hz, for the proton of H-3. The resonance for the 

proton at H-5 is found as a IH double doublet with J 2.0 and 6.0 Hz at 6h 6.06 ppm, while the 

proton of H-6 is found as a 1 H doublet at 6h 7.96 ppm, with J 6.0 Hz. The proton of the 

asymmetric centre is found to resonate as a IH quartet with J 3.8 Hz at 6h 6.20 ppm and the 

phenyl protons are found as a 5H multiplet at 6h 7.33 ppm.

As was observed by Jonkers et al,^ all attempts at the synthesis of a C2-symmetric compound 

from 2,6-dichloropyridine and amine 2 using this method failed. This, they suggest, is a result 

of the electron-rich nature of the intermediate monoaminated chloropyridine, as a result of 

the electron-donating nature of the introduced amine, which hampers a second oxidative 

addition.

2.3.1.2 Attempted Synthesis of 2-(l'-Phenylethylamino)-4-y\/,/\/-dimethylaminopyridine

/V-oxide from 2-(l'-Phenylethylamino)-4-nitro-pyridine A/-oxide

Parallel to the synthesis above another strategy was adopted (Scheme 2.22). Lee^ had used 

2-chloro-4-nitropyridine A/-oxide (13) as starting material in the substitution of the chloro- 

substituent with amine 2. On repetition, this occurred as expected to yield (-i-)-2-(l'- 

phenylethylamino)-4-nitropyridine A/-oxide (27) as is evidenced by the resonances in the ^H 

NMR spectra which shows characteristic resonances for the methyl group protons of the
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asymmetric centre as a 3H doublet with J 7.0 Hz at 6h 1.63 ppm. The methine proton of the 

asymmetric centre is found to resonate as an apparent IH quintet with J 7.0 Hz at 6h 4.60 

ppm. The proton of H-3 is found as a IH doublet with J 3.0 Hz at 6h 7.10 ppm. The proton of 

H-6 is assigned as a doublet with J 7.0 Hz at 6h 8.16 ppm. The phenyl ring protons as well as 

the proton of H-5 are a 6H overlapping multiplet centred at 6h 7.25 ppm.

Attempts to chlorinate the 4-position of 27 to give 2-(l'-phenylethylamino)-4-chloropyridine 

AZ-oxide (23) using acetyl chloride in CHCI3 under reflux for 16 h, as reported by Lee/ failed 

under various conditions which included the distillation of starting materials, performance of 

the reaction in an inert atmosphere and the procedure reported by Lee.^

NO,

13

Cl
H,N

23 a : X = Cl ; b : X = Br

Scheme 2.22: Strategy adopted by Lee^ for the synthesis of 29. On repetition this proved unsuccessful.

As such, the (-i-)-2-(l'-phenylethylamino)-4-nitropyridine A/-oxide (27) was stirred at room 

temperature, with Pd/C, in an environment of H2(g) until H2(g) consumption had apparently 

ceased. This reduction occurred quite well, resulting in formation of the 4-amino-2-(l- 

phenylethylamino)pyridine A/-oxide (28). This is evidenced by the characteristic resonances in 

the ^H NMR spectra which show resonances assigned to the methyl group of the asymmetric
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centre as a 3H doublet with J 6.5 Hz at 6h 1.52 ppm. The methine proton of the asymmetric 

centre is found to resonate as a IH apparent quintet with J 6.5 and 13.0 Hz at 6h 4.41 ppm. 

The 4-amino NH2 is evident as a broad 2H singlet at 6h 4.82 ppm. The protons of the pyridine 

ring are found as a IH doublet with J 3.0 Hz, for the proton of H-3 at 6h 5.77 ppm. The proton 

of H-5 is found as a IH double doublet with J 3.0 and 7.5 Hz at 6h 6.15 ppm, while the proton 

at H-6 is found as a IH doublet at 6h 6.56 ppm with J 7.5 Hz. The NH of the 2-amino group is 

overlapping with the multiplet for the phenyl protons at 6h 7.26 ppm. The A/-oxide 

functionality is not reduced due to the resonance structures which stabilise the amine oxide. 

Though this reaction proceeded on average in good yield on a small scale, any attempts at 

scale-up led to hydrogenolysis of the amine substituent.

The next step was an attempt to methylate the amine. It was thought that the Eischweiler- 

Clarke methylation of amines might prove worthwhile, (Scheme 2.23), however, on heating 

the amine 28 under reflux with formaldehyde and formic acid^^ only starting materials were 

obtained. This could be due to the engagement of electrons from the amino group with the 

pyridine ring, thus reducing the nucleophilicity of the 4-amino group. As this strategy was 

unable to provide compound 29 in a convenient manner it was abandoned.

24 h 
RT

Scheme 2.23: Reduction of 27 to give 28 proved successful. As such further work will be undertaken to 

elucidate the usefulness of this strategy in the ultimate synthesis of 29.
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2.4 Synthesis of 2,6-Bis-[2-(l'-PhenYlethylamino)]pyr!dine N-ox\de

2.4.1 Synthesis of 2,6-Dichloropyridine N-oxide

Nettekoven and Jenny^® reported the development of a practical synthetic route to the 

synthesis of 2,6-diamino-4-bromopyridine (30). This involved the A/-oxidation of 2,6- 

dibromopyridine (31) followed by nitration in the 4-positon of the ring. Subsequent 

treatment of the 2,6-dibromo-4-nitropyridine A/-oxide (32) with acetyl bromide in acetic acid, 

in a similar vein to Cid et al,^^ yielded the tribromopyridine A/-oxide (33).

Interested by the possibility of the formation of C2 symmetric analogues of 1, it was decided 

to attempt the synthesis and A/-oxidation of 2,6-dichioropyridine (34) using the method 

applied in the synthesis of 2,4-dichloropyridine (18) using POCI3 and 4-nitro pyridine A/-oxide 

(19). Although both the 2,6-dichloro 34 and 2,6-dibromo 31 pyridines are commercially 

available it was felt that these reactions might prove to demonstrate the robustness of the 

strategy when synthesising various substituted halopyridines.

To this end 2-chloropyridine A/-oxide (3) was taken and heated under reflux with POCI3 for 48 

h. After distillation of the excess POCI3 the reaction medium was neutralised with aqueous 

NaOH and extracted. This led to the isolation of 2,6-dichloropyridine 34 in 71 % yield. This is 

evidenced by the resonances in its NMR spectra which show the protons assigned to H-3 

and H-5 as an overlapping 2H doublet with J 8.0 Hz at 6h 7.21 ppm. The proton of H-4 is 

found to resonate at 6h 7.54 ppm, as a IH triplet with J 8.0 Hz.

Oxidation of the pyridine ring was attempted with mCPBA, aqueous H2O2 with TFA, and 

oxone. All, however, failed to lead to formation of the desired 2,6-dichloropyridine A/-oxide 

35. Urea hydrogen peroxide (UHP) with TFA in the absence of water resulted in the formation 

of the A/-oxide 35 after 3 h. This is evidenced by the characteristic resonances in the ^H NMR
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spectra with 5h 7.17 ppm, a IH triplet with J 8.5 Hz for H-4 of the pyridine ring, while the 

resonances of the protons of H-3 and H-5 are found as a 2H doublet J 8.5 Hz at 6h 7.49 ppm.

Cl N "Cl
I.

O

35

+

Scheme 2.24: Synthesis of 2,6-bis-[2-(l'-phenylethylamino)]pyridine W-oxide 36.

With 2,6-dichloropyridine /V-oxide (35) now to hand the synthesis of C2 symmetric analogues 

of 1 was undertaken. Thus, A/-oxide 35 was dissolved in ethylene glycol in a pressure tube 

with five equivalents of (S)-(-)-a-methylbenzylamine (2) and the solution allowed to heat at 

150 °C for 96 h. This resulted in the formation of compound 36 in 48 % yield (Scheme 2.24). 

Analysis of the ^H NMR spectrum shows resonances at 6h 1.66 ppm a 6H doublet for both 

methyl groups on the asymmetric centre with J 6.5 Hz. The methine protons of the 

asymmetric centre resonate at 6h 4.55 ppm, a 2H apparent quintet, with J 6.5 and 13.0 Hz. 

The pyridine protons H-3 and H-5 resonate as a 2H doublet at 6h 5.60 ppm with J 8.2 Hz. The 

H-4 proton of the pyridine ring is found at 6h 6.79 ppm, a IH triplet with J 8.2 Hz. The amino 

protons are found to resonate at 6h 7.07 ppm a broad doublet with J 5.5 Hz. The phenyl 

protons resonate as a lOH multiplet between 6h 7.24-7.33 ppm.

As Lee had found that 2,6-bis dimethylaminopyridine A/-oxide (37) had no catalytic activity 

the synthesis of tertiary amine analogue using A/-a-dimethylbenzylamine (6) as starting 

material was not attempted.
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2.5 Synthesis of 3-[l'-phenylethyl-3W-imidazo[4,5-6]pyridine I-oxide 30

Tortorella et reported the synthesis of A/-(3-nitro-2-pyridyl) amino derivatives under 

relatively benign reaction conditions, heating amines 2 or 6 under reflux at 120 °C for 24 h 

with 2-chloro-3-nitropyridine (38). It was decided to repeat these experiments in order to 

obtain 2-(l'-phenylethylamino)-3-nitropyridine (39) and /\/-methyl-2-(l'-phenylethylamino)-3- 

nitropyridine (40) (Scheme 2.25). The advantage of being able to do this is that it removes 

the need for excessively harsh reaction conditions as had been used previously i.e. high 

temperature and pressure over 96 h.

120 “C 
N2(g)

[I J. + HN |, ^| _. .
^N^CI ^ ll I 24 h

38

Scheme 2.25: General scheme for the reaction of 2-chloro-3-nitropvridine 38 with (S)-(-)-a-methylbenzylamine 

(2).

The above reactions, (Scheme 2.25), proved successful with ^H-NMR chemical shifts for 39 at 

6h 1.67 ppm for the methyl, a 3H doublet, J 7.0 Hz, the methine proton of the asymmetric 

centre resonates as a IH quintet with J 7.0 Hz at 6h 5.60 ppm. The pyridine peaks resonate as 

a double doublet J 4.5, 8.5 Hz for H-5 at 6h 6.66 ppm, as a double doublet J 1.0, 4.5 Hz for H-6 

6h 8.39 ppm, as a double doublet J 1.0, 8.5 Hz for H-4 6h 8.42 ppm, with the 2-amino NH 6h 

8.57 ppm, a doublet with J 5.5 Hz. The protons of the benzene ring resonate as a multiplet 

centred at 6h 7.37 ppm. Compound 40, in which the amino group in the 2-position is tertiary, 

was not synthesised as this compound would not facilitate further modification in the 

synthetic goal of an imidazopyridine.

Though initially it was envisaged that the synthesis 2-(l'-phenylethylamino)-3-nitropyridine 

(39) could, through the reduction of the nitro group, be functionalised - providing either
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greater steric bulk which could control the orientation of the 2-(l-phenylethyl amino) 

substituent, introduce an inductive effect into the pyridine ring or indeed introduce further 

chirality in the 3 position by reaction with e.g. a chiral acid - this plan was abandoned. Given 

that the synthesis of 39 was comparatively facile, it was decided to engage this compound in 

the ultimate synthesis of an imidazpyridine which would possess a chiral centre. As has been 

discussed previously, Birman et al synthesised an array of imidazopyridines and found them 

to facilitate the acylation of alcohols with reasonable selectivities. It was envisioned that, in 

the present work, the synthesis of an imidazopyridine might lock the stereogenic centre of 

the chiral amine of the 2 position closer to the active site of the catalyst and thereby provide 

greater discrimination. The rigidity that the fused ring could also benefit selectivity (Scheme 

2.26).

In any event, reduction of an aromatic nitro group, which has previously been reported^® for 

similar classes of compounds, was the first step of this synthesis. Thus, 2-(l'- 

phenylethylamino)-3-nitropyridine (39) was dissolved in MeOH and 5 % Pd/C was added. The 

resulting mixture was stirred for 8 h at room temperature in an atmosphere of H2(g). This 

resulted in quantitative conversion of the 3-nitro pyridine 39 to the 3-amino analogue 41. 

This is evidenced from the characteristic NMR spectral shifts which show resonances for 

the methyl group of the asymmetric centre as a 3H doublet with J 7.0 Hz at 6h 1.62 ppm. The 

NH2 of the 3-amino group resonates as a very broad 2H singlet at 6h 3.33 ppm, while the NH 

of the amine of the phenylethylamino group resonates at 6h 4.69 ppm, again a broad IH 

singlet. The methine proton of the asymmetric centre resonates as a IH quintet with J 7.0 Hz 

at 6h 5.36 ppm. The resonances assigned to the protons of the pyridine ring are a IH double 

doublet with J 5.5 and 7.5 Hz 6h 6.54 ppm for H-5, a IH double doublet with J 1.5 and 7.5 Hz 

for H-4 at 6h 6.89 ppm, while the signals assigned to H-6 resonate as a IH double doublet 

with J 1.5 and 5.5 Hz at 6h 7.72 ppm. The phenyl protons resonate as a 5H multiplet at 6h 

7.46 ppm.

104



38

120 x:

MeOH
RT

Pd/C
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DMF
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43

Scheme 2.26: Synthetic strategy adopted for the synthesis of compound 44.

41

Various methods exist for the formylation and cyclisation of diamino pyridines. Graboyes and 

Day^^ reduced nitro pyridines using stannous chloride followed by conversion of the 2,3- 

diaminopyridine to the imidazole by heating with formic acid. More recently Boehr et 

synthesised 3H-imidazo[4,5-b]pyridine using 2, 3-diaminopyridine refluxed with triethyl 

orthoformate. They reported a yield of 80 %. Thus 2-(l'-phenylethylamino)-3-aminopyridine 

(41) was taken and heated under reflux with triethyl orthoformate for 3 h. After reaction and 

work-up were complete NMR analysis of the crude material showed the presence of only 

starting material.

It appeared that another formylating agent was required. Dimethylformamide dimethyl 

acetal (42) possesses a carbon atom attached to three leaving groups (MeO and NMe2), 

resulting in the carbon atom carrying partial positive charge after disproportionation. Indeed, 

DMF acetal has been used extensively^^ as a formylating agent and it was decided to utilise it
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here. Thus, 2-(l''-phenylethylamino)-3-aminopyridine (41) was dissolved in DMF and DMF 

acetal was added. The resulting solution was heated under reflux for 24 h after which time 

the solvent was removed. NMR resonances of the product show complete conversion of 

starting material to 43 with characteristic proton shifts at 6h 2.02 ppm as a 3FI doublet, J 7.0 

Hz for the methyl group of the asymmetric centre. The methine proton of the asymmetric 

centre resonates at 6h 6.11 ppm, a IH quartet. The protons of the phenyl ring, as well as 

proton H-2' of the pyridine, resonate as a 6H multiplet between 6h 7.24-7.38 ppm. The 

remaining protons of the pyridine ring resonate at 6h 8.08 ppm a double doublet J 1.5 and 

8.0 for H-3' overlapping with the proton H-2 of the imidazole ring which resonates as a 

singlet at 6h 8.07 ppm, while H-1' resonates at 6h 8.44 ppm, a IH double doublet J 1.5 and 

5.0. The spectra show complete conversion of starting material to product in a yield of 90 % 

(Scheme 2.27).

H^N.

H < N—

Scheme 2.27: Possible mechanism for the formylation and annulation of compound 41 to form 43.

Furthermore, Boehr et reported the AZ-oxidation of 3H-imidazo[4,5-b]pyridine using aq. 

H2O2 and acetic acid. This, they report, gave 80 % of the desired pyridine A/-oxide. Given that 

previously A/-oxidation had been performed easily with mCPBA in CHCI3 it was decided to
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engage this oxidising agent for the synthesis of A/-oxide 44, Thus imidazopyridine 43 was 

dissolved in chloroform and mCPBA was added slowly at room temperature with stirring. The 

solution was allowed stir for 12 h at ambient temperature after which excess mCBA was 

filtered off. The resulting solution was washed with IM NaOH and extracted with DCM to 

yield 3-[l''-phenylethyl]-3H-imidazo[4,5-b]pyridine 1-oxide (44) in 56 % yield. This is 

evidenced by the characteristic NMR resonances as a 3H doublet with J 4.8 Hz for the 

methyl group of the asymmetric centre at 6h 2.09 ppm. The methine proton of the 

asymmetric centre is found as a IH quartet with J 4.8 and 9.5 Hz at 6h 6.20 ppm. The phenyl 

protons and proton H-2' of the pyridine ring can be found as a 6H multiplet at 6h 7.36-7.45 

ppm. Proton H-3' is found resonating as a IH doublet with J 5.3 Hz at 6h 8.22 ppm, while H-1' 

resonates as an apparent IH doublet with J 3.0 Hz at 6h 8.54 ppm. The imidazo proton has 

shifted downfield and can now be found resonating at 6h 8.56 ppm, a IH singlet.
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2.6 Attempted synthesis of l-[l'-Phenylethyl]-2,3-dihydro-lH-pyrrolo[2,3-f>]pvi'idine (45) 
and its /V-oxide 46

Along with the synthesis of imidazopyridine 44 it was decided to undertake the synthesis of 

JH-pyrrolo[2,3-b]pyridine (45) and its N-oxide (46) (Figure 2.03). Given that again its 

synthesis would lock the chiral amines stereogenic centre closer to the active site of the 

catalyst, in a similar way to that of the imidazopyridine, it was hoped that this would provide 

greater discrimination in any enantioselective acylation reaction. The rigidity that the fused 

ring could also impart may be a benefit to selectivity.

46

Figure 2.03: It was decided to attempt the synthesis of compound 46 as it was felt the rigidity of the 5- 

membered ring might prove beneficial to selectivity.

To this end Seller et had performed a study into the intramolecular amination of o- 

halostyrenes which they found proceeded selectively, without the necessity for a palladium 

catalyst, using *BuOK as base. The base both promoted the hydroamination of the styrenes 

and subsequently aided the intramolecular attack of the amino group. Various 2,3- 

dihydroindoles were obtained on heating chlorostyrene 47 in a pressure tube with base and 

a secondary amine.

+ H2N-R
Cl

47

KfOBu
Toluene
135

36 h N
\
R

48

Scheme 2.28: Seller et af synthesised an array of 2,3-dihydroindoles via amination of various styrenes.
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Given the apparent ease of this reaction if vyas decided to attempt this synthetic route in the 

quest for the desired compound 46. Firstly, however, the synthesis of the starting 2-bromo-3- 

vinyl pyridine (49) was undertaken. Spivey et had reported the synthesis of pyridine 

carbaldehyde 50 followed by a Wittig type reaction to give the vinyl pyridine 49 (Scheme 

2.29).

Bu H Ph

H H Ph H Ph

Ph
O

p^-'Ph 

I "Ph 
Ph

Br

^N^Br

49

Scheme 2.29: Wittig reaction as performed in the synthesis of vinylpyridine 49.

To this end lithiation of 2-bromopyridine was carried out by its dropwise addition to a 

solution of LDA at - 78 °C followed by addition of dimethylformamide (DMF). This resulted in 

the formation of the carbaldehyde 50 in 31 % yield after work up. This is evidenced by the 

NMR spectrum which shows resonances for the pyridine protons at 6h 7.48 ppm, a IH double 

doublet with J 5.0 and 7.5 Hz, for H-5. The resonances for the proton at H-4 are found at 6h 

8.22 ppm, again a IH double doublet with J 2.0 and 7.5 Hz and the proton resonances of H-6 

are found at 6h 8.61 ppm, again a IH double doublet with J 2.0 and 5.0 Hz. The resonance 

shift of the aldehyde is found at 6h 10.38 ppm, a IH singlet.
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LDA 
-78 -C 

4 h

'N Br /=0
MeoN

MePPh,.Br 
14 h
0 x:
'^BuLi

50

Scheme 2.30; Synthetic strategy adopted by Spivey et al for the synthesis of vinyl pyridine 49.

Though the reaction proceeded well the reported yield of 72 % could never be repeated and 

scale up of the reaction from 3 mmol of 2-bromopyridine was not amenable. As 50 could 

potentially prove a valuable starting material in the present work, it was decided to 

investigate a new synthetic strategy for its ultimate synthesis in which more synthetically 

useful quantities could be obtained.

Br,

'N

'2
HBr

NaNO,

NH 2 h
2 -20

Br

CaCOj
Reflux

8 h

Scheme 2.31: As the method of Spivey et al for the synthesis of 2-bromo-3-pyridine carbaldehyde proved 

unsuitable for scale-up, the method of Mandal et was adopted.

Mandal et reported access to bromo-pyridine carbaldehyde scaffolds using gem- 

dibromomethyl intermediates. This method entailed the bromination of 2-amino-3-picoline 

via a Sandemeyer reaction with bromine, HBr and sodium nitrite. 2-Bromo-3-picoline (51) 

was then converted into the corresponding bromo-dibromomethyl-pyridine intermediate 52 

using Wohl-Ziegler type radical bromination at reflux with A/-bromosucinamide (NBS). 

Heating of the resulting compound 52 under reflux with calcium carbonate (CaCOs) resulted 

in the formation of the 2-bromo-3-pyrdine carbaldehyde 50 (Scheme 2.31). On repetition of 

these reactions it was found that, although in lower yield than advertised, they proceeded
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well. This is evidenced from the resonances of the NMR spectra v;hich show for the 2- 

bromo-3-picoline 51 resonances at 6h 2.41 ppm, a 3H singlet for the methyl group of the 3 

position. The pyridine protons resonate at 6h 7.22 ppm a IH double doublet with J 5.0 and 

7.5 Hz for the proton of H-5, with the proton of H-4 found to resonate at 6h 7.56 ppm again a 

IH double doublet with J 2.0 and 7.5 Hz and the proton of H-6 found as a double doublet at 

6h 8.23 ppm with J 2.0 and 5.0 Hz, The resonances for the bromo-dibromomethylpyridine 52 

occur as a IH singlet for the methine proton of the 3-dibromomethyl substituent at 6h 7.28 

ppm. The proton resonance of H-5 is found at 6h 7.62 ppm, a IH multiplet, while the protons 

of H-4 and H-6 are found as an overlapping 2H multiplet at 6h 8.36-8.45 ppm. The ^H NMR 

resonances of the carbaldehyde 50 are identical to those reported above from the reaction 

of Spivey et al.^^

Synthesis of 3-vinyl pyridine 49 was performed via a Wittig reaction according to the 

procedure reported by Spivey et in a yield of 67 %. This is evidenced by the resonances of 

the ^H NMR spectra with a IH doublet with J 11.7 Hz for one of the inequivalent protons of 

the vinyl CH2 at 6h 5.50 ppm. The other is found to resonate again as IH doublet with J 17.6 

Hz at 6h 5.78 ppm. A IH double doublet with J 11.7 and 17.6 Hz is found resonating at 6h 7.00 

ppm. The pyridine protons are found to resonate at 6h 7.27 ppm for the proton of H-5, a IH 

multiplet, 6h 7.80 ppm, a IH double doublet with J 1.9 and 7.8 Hz for the proton of H-4 while 

the resonance assigned to the proton of H-6 Is found at 6h 8.26 ppm, a IH multiplet.

With 49 in hand the synthesis of 46 using the method of Seller et was undertaken. To this 

end vinyl pyridine 49 was dissolved in toluene and placed in a pressure tube with KOtBu and 

(S)-(-)-a-methylbenzylamine. The reaction mixture was heated to 135 °C for 36 h. On 

quenching the reaction and following workup ^H NMR spectra revealed the complete 

consumption of starting material but the expected signals of the desired product were also 

absent. From ^H NMR data it appears that a substitution reaction had occurred between the 

bromide of the 2-bromo-3-vinyl pyridine and the KOfBu yielding 2-tert butoxy-3-vinyl 

pyridine (53) (Scheme 2.32). This is evidenced from the resonances in the ^H NMR spectra



which shows a 9H singlet at 6h 1-63 ppm. The resonances for CH2 of the vinyl protons are 

inequivalent a IH doublet with J 9.5 Hz at 6h 5.28 ppm and a IH doublet with 6h 5.77 ppm. 

The CH of the vinyl substituent as well as the proton of H-5 resonates as an overlapping 

multiplet at 6h 6.93 ppm. The remaining pyridine protons resonate as a double doublet for 

the proton of H-4 with J 2.0 and 7.5 Hz at 6h 7.69 ppm, while the proton at H-6 resonates as a 

IH double doublet with J 2.0 at 6h 8.04 ppm.

N Br

49

K/BuO 
135 t:

Tol. 
36 h

Scheme 2.32: On reaction of 2-bromo-3vinyl pyridine with amine in the presence of KtBuO as per the method of 

Beiler et af* ether 53 was formed.

As none of the desired product was obtained from the reaction of vinyl pyridine and (S)-(-)- 

a-methylbenzylamine via the method of Beiler et al^'^ it was decided to investigate the 

possibility of epoxidation to form an oxirane ring followed by amination.

Schirok^^ reports the microwave assisted synthesis of 7-azaindoles. In a comparison between 

microwave and conventional synthesis he ran parallel reactions in which he used the Corey- 

Chaykovsky epoxide forming reaction using trimethylsulfonium iodide in THF with KOtBu as 

base to afford the desired oxiranes (Scheme 2.33). This involves the reaction of aldehydes (or 

ketones) with sulfur ylides prepared by the deprotonation of the corresponding sulfonium 

salt.
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54

Scheme 2.33: Mechanism for the Corey-Chaykovsky epoxidation of aldehydes.

Following the formation of the oxirane Schirok^^ reported that the next step in the synthesis 

of the 7-azaindole is the reaction of primary amines with the oxirane ring of 54 leading to 

regioselective ring opening and the formation of an amino alcohol. Intramolecular 

nucleophilic aromatic substitution then occurs resulting in the formation of the 3- 

hydroxyazaindoline. Subsequent acid promoted dehydration led to the formation of their 

target compound. He reports that a-branched amines such as cyclopentylamine reacted 

significantly more slowly than linear amines, requiring overnight heating.

As such 2-bromo-3-pyridine carbaldehyde (50) was taken and, with (S)-(-)-a- 

methylbenzylamine (2), trimethylsulfonium iodide and KtOBu, was dissolved in dry THF at 0 

°C. The resulting solution was stirred at ambient temperature overnight and following work

up the analysis of the resonances in the NMR spectra showed the presence of no product 

and only starting material. It was then decided to repeat the reaction with more vigorous 

attention being paid to reaction conditions and starting reagent purity. To this end 

trimethylsulfonium iodide was recrystallised as prescribed by Perrin and Armarego whilst
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KfOBu was sublimed before use. Again however, this failed to result in the synthesis of the 

desired products.

Given that the previous attempts at the synthesis of 7-azaindole 46 all involved the synthesis 

of the fused 5-membered ring using substituted pyridines as the starting reagent it was 

decided to try to reverse the synthetic strategy, beginning instead with a 5-membered ring. 

To this end, l-[l'-phenylethyl]pyrrolidin-2-one (55) was synthesised via the procedure of Ishii 

et al}^ Thus, 4-chlorobutyryl chloride (56) was added dropwise to a solution of (S)-(-)-a- 

methylbenzylamine (2) in THF at 0 °C and stirred at this temperature for 1 h after which time 

the reaction mixture was quenched and extracted to yield amide 57. Analysis of the 

resonances of the NMR spectra of the product are consistent with those reported with the 

signal due to the methyl group of the asymmetric centre a 3H doublet with J 6.8 Hz at 6h 1.52 

ppm. A 2H multiplet and was assigned to the methylene protons on H-3, resonating at 6h 

2.14 ppm. The methylene protons a to the amide resonate as a 2H multiplet at 6h 2.40 ppm. 

The methylene protons of H-4 resonate at 6h 3.62 ppm as a result of the electron 

withdrawing nature of the chloride. The methine proton of the asymmetric centre is a IH 

apparent quintet with J 6.8 Hz at 6h 5.14 ppm. The NH is found as a broad singlet resonating 

at 6h 5.80 ppm. The phenyl protons resonate at 6h 7.36, a 5H multiplet. Thus (S)-A/-(l- 

phenylethyl)-4-chlorobutyrlamide 57 was synthesised in good yield 97 %.

The second step required the intramolecular cyclisation of the amide 57 to yield the 

pyrrolidinone 55. Thus, 57 was taken and dissolved in THF and NaH was added slowly and the 

resulting mixture heated under reflux for 6 h. Again after quenching and extraction the 

desired compound 55 was isolated and purified by distillation at reduced pressure giving a 

yield of 66 %. The characteristic ^H NMR resonances for compound 57 are observed as a 3H 

doublet J 7.3 Hz for the methyl group of the asymmetric centre at 6h 1.54 ppm. A 2H double 

double doublet resonates with J 5.3, 8.5 Hz at 6h 2.01 ppm for H-4. A 2H multiplet at 6h 2.49 

ppm is assigned to the methylene protons on H-3, Resonances at 6h 3.02 ppm again a double 

double doublet J 5.3, 8.5 Hz, but integrating for IH, is that of the inequivalent protons of the
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methylene at H-5. The other of these protons resonates as a IH double double doublet with J 

6.2, 8.5 Hz at 6h 3.33 ppm. The methine proton of the asymmetric centre is found resonating 

as a IH quartet with J 7.3 Hz at 6h 5.54 ppm. The phenyl protons resonate as a 5H multiplet 

at 6h 7.35 ppm.

Chelucci et al^° synthesised a fused 5,6,7,8-tetrahydro-8,9,9-trimethyl-5,8-methanoquinoline 

from (+)-camphor. In this synthesis they initially formed the hydrazone of camphor followed 

by its lithiation using LDA and then alkylation with 2-(2-bromoethyl)-l,3-dioxolane. From the 

alkylated species they were then able to cyclise using acid resulting in the formation of a 

pyridine ring. Given the apparent simplicity of this reaction sequence it was decided to 

attempt the alkyation of 55 to 58 followed by attempted condensation with 

dimethylhydrazine and cyclisation to yield 45. Subsequent oxidation of the pyridine nitrogen 

would then yield the desired compound 46.
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55

Scheme 2.34: Given the failure of previous strategies, it was decided to try to adapt the method of Chelucci et 

ar in the ultimate synthetic goal of 46.

As such 55 was taken and added dropwise to a solution of LDA at - 78 °C. The solution was 

then warmed to 0 °C and allowed stir for 1 h at this temperature. The mixture was cooled to 

- 78 °C and 2-(2-iodooethyl)-l,3-dioxalane was introduced dropwise. The solution was 

allowed rise to room temperature and stir over a 3 h period. On quenching and work-up the 

resulting material was purified by vacuum distillation to yield 40 % of the desired compound
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58. Given that the substitution has created a new stereogenic centre the NMR spectra 

show both diastereoisomers in a ratio of 1 : 0.2. Resonances in the NMR spectra showed 

shifts for the methyl group as a 4H multiplet overlapping at 6h 1.51 ppm. The remaining 

methylene protons of both the alkyl substituent and the pyrrolidinone ring resonate as an 8H 

multiplet from 6h 1.78 - 3.23 ppm. The methylene protons of the dioxolane ring are found as 

a 4H multiplet at 6h 3.97 ppm. The methine proton of the new asymmetric centre is found as 

a IH apparent triplet at 6h 4.91 ppm while the asymmetric centre proton of the benzylamine 

substituent is found at 6h 5.52 ppm. The phenyl protons are found as a 5H multiplet at 6h 

7.34 ppm (Scheme 2.34).

Given the success of this stage of the synthesis the next step was a condensation reaction to 

form the hydrazone 59 followed by cyclisation to the 7-azaindole. As such compound 58 was 

dissolved in fBuOH and placed in a pressure tube with dimethylhydrazine and 10 mol % 

toluene sulfonic acid. The reaction was allowed heat at 150 °C for 5 days after which time the 

solution was extracted. Analysis of the resonances of the NMR spectra showed no sign of 

product. This is most probably due to the fact that the carbonyl group of the amide 58 is less 

electrophilic than that of an aldehyde or ketone. This is a result of electron donation by the 

amide nitrogen resulting in a resonance delocalisation.

Attempts to form the pyridine ring via a Hantzsch pyridine synthesis by reacting 58 with 

acetic acid and ammonium acetate also failed to give the desired products.

Given that various methods towards the synthesis of 7-azaindole 45 and 46 had all failed, the 

attempted formation of 45 and 46 was thus abandoned.

117



2.7 Future Work

New routes to the synthesis of homochiral pyridine A/-oxides have been elucidated, though 

the synthesis of compound 46 proved elusive. As such further work should be undertaken to 

provide for a facile synthetic route given that this compound could provide a good candidate 

for the promotion of enantioselectivity in the acylation of racemic alcohols due to the 

proximity of the active site to the chiral centre. It is possible that this might best be achieved 

the epoxidation of vinylpyridine 49 to its oxirane ring using a peracid like oxone and reaction 

of this with a chiral amine. Though this adds a synthetic step onto the strategy compared to 

that of the route involving the Corey-Chaykovsky reaction, it is believed that it will, 

ultimately, provide for the synthesis of the target 46.
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2.8 Chapter 2 Experimental:

2.8.1 General Conditions

NMR spectra were recorded for CDCI3 solutions unless otherwise stated using Bruker 

AVANCE -DPX400, AV400 or AV600 instruments operating at 400 or 600 MHz respectively. 

Chemical shifts are quoted in ppm. Coupling constants (J) are recorded in Hz. ^^C NMR 

spectra were recorded at 100.6 MHz or 150.6 MHz. Assignments were verified where 

appropriate by nOe, ^H-^H COSY, TOCSY, ^^C-^H HSQC, HMBC and ^^C-DEPT experiments. IR 

spectra were either recorded as liquid films (L), as nujol mulls (N) between sodium chloride 

plates or for neat samples using a Mattsson Genesis II FTIR spectrophotometer or a Perkin 

Elmer Spectrum One FT-IR Spectrometer using the Universal ATR Sampling Accessory. They 

are reported in reciprocal centimetres. Mass spectra were obtained under electrospray 

conditions for solutions in methanol unless otherwise stated using a Micromass high- 

resolution time-of-flight instrument. Melting points (uncorrected) were measured in 

unsealed capillary tubes using a Barnstead Electrothermal lA 9000. Thin layer 

chromatography was carried out on Merck Kieselgel 60 F254 0.2 mm silica gel plates. Gravity 

chromatography was performed using Merck silica gel 60 (70-230 mesh). THF and Et20 

solvents were dried over sodium metal and benzophenone and were freshly distilled before 

each use. DMF and DMSO solvents were stored over molecular sieves. DCM was dried over 

CaCl2 and freshly distilled before use. MeOH was dried over CaH2 and freshly distilled before 

use. All other solvents were used as received.
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PURIFICATION OF 2-CHLOROPYRIDINE /V-OXIDE (3)

2-Chloropyridine A/-oxide (21% w/v in H2O, 100 ml) was extracted with DCM (3 x 60 ml). The 

organic layers were then combined, dried over MgS04 and concentrated in vaccuo yielding 2- 

chloropyridine A/-oxide (17.5 g, 84%)

NMR; 6h(CDCI3) 7.18-7.21 (2H, m, H-4 & H-5), 7.49 (1H, m, H-3) and 8.37 (1H, d, J 3.5, 

H-6) ppm.

6c (CDCI3) 123.6 (C-5), 125.4 (C-4), 126.6 (C-3), 139.9 (C-6), 141.1 (C-2) ppm

IR Vmax 3416, 3094, 3065, 3033, 2993,2515, 1941, 1823, 1650, 1602, 1468,

1417, 1275, 1262, 1143, 1082, 1041, 991, 955, 846, 768 cm‘^

Mass Spec (ES) Found 151.9872 (accurate mass) calcd. For [C5H4NOCI + Na]^ 151.9879

SYNTHESIS OF (-i-)-2-(l'-PHENYLETHYLAMINO) PYRIDINE A/-OXIDE (1)

Pressure Tube 
150 13

Ethylene Glycol 
96 h

2-Chloropyridine A/-oxide (1.0 g, 7.7 mmol) was added to a solution containing (S)-(-)-a- 

methylbenzylamine (1.87 g, 0.0154 mol) in ethylene glycol (10 ml) in a pressure tube. The 

reaction was heated to 120 °C for 96 h after which time the mixture was diluted with ~50 ml 

DCM, washed with 0.1 M HCI and then with H2O (4 x 20 ml). The organic layer was then dried 

over Na2S04, column chromatographed using 90 : 10 : 1 Ethyl Acetate : Methanol : 

Triethylamine to yield 2-(l-phenylethylamino)pyridine A/-oxide (0.97g, 59 %).
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[a]D (+) 103.63 (MeOH; c 1.27)

NMR: 6h(CDCI3) 1.65 (3H, d, J 6.5, H-2'), 4.56 (IH, quin., J 6.5, 13.0, H-1'), 6.33 (IH, dd, J 

1.5, 7.5, H-3), 6.53 (IH, dd, J 1.5, 7.5, H-5), 7.02 (IH, t, J 8.0, H-4), 7.22- 

7.33 (6H, m, phenyl-H and NH), 8.12 (IH, d, J 6.5, H-6) ppm

6c(CDCl3) 24.7 (C-2'), 52.6 (C-1'), 106.9 (C-3), 111.7 (C-5), 125.5 (phenyl), 127.4 

(phenyl), 128.2 (C-4), 128.8 (phenyl), 137.1 (C-6), 143.0 (quat. phenyl), 

149.5 (C-2) ppm

IR: Vn 3320, 3059, 3027, 2972, 2929, 1616, 1566, 1518, 1492, 1449, 1430, 1375, 

1278, 1192, 1137, 1017, 946, 848, 811, 743, 700 cm'^

Mass Spec (ES) Found 237.0998 (accurate mass) calcd. For [C13H14N2O + Na]"" 237.1004

SYNTHESIS OF 2-(l'-PHENYLETHYLAMINO)PYRIDINE /V-OXIDE (1) USING leq OF (S)-(-)-a- 

METHYLBENZYLAMINE AND 2eq OF TRIETHYLAMINE

2-Chloropyridine A/-oxide (1.0 g, 7.7 mmol) was added to a solution containing (S)-(-)-a- 

methylbenzylamine (0.93 g, 7.7 mmol) and triethylamine (1.6 g, 15.4 mmol) in ethylene 

glycol (10 ml) in a pressure tube. The reaction was heated to 150 °C for 96 h after which time 

the mixture was diluted with DCM (~50 ml) followed by deionised water (100 ml) and an 

aqueous NaCI solution. The organic layer was then washed with H2O (4 x 10 ml). The organic 

layer was then dried over Na2S04, column chromatographed using 90 : 10 ; 1 Ethyl Acetate : 

Methanol : Triethylamine to yield 2-(l-phenylethylamino)pyridine A/-oxide (0.87g, 53%)

All spectroscopic data is identical to that previously reported.
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SYNTHESIS OF (-)-/V-a-DIMETHYLBENZYLAMINE (6)^

AC2O/HCO2H
THF

0 ‘C to 60 O 
2 h

(i) BMS 
-20‘C 
12 h

------------------------ )

(ii) reflux 
3h

HN 1

Acetic formic anhydride was generated under a blanket of N2(g) by dropwise addition of 98% 

formic acid (12.15 g, 0.264 mol) to acetic anhydride (21.9 g 0.214 mol). The temperature was 

kept at 0 °C followed by gentle heating (60 °C) for 2 h. The mixture was cooled to room 

temperature, and THF (10 ml) was added. (S)-(-)-a-methylbenzylamine (lOg, 82.5 mmol) in 

THF (80 ml) was then added. Once formylation was complete (~ 3 h) the volatilities were 

removed at reduced pressure to provide quantitative conversion (by ^H NMR) of the 

formamide. The formamide was then dissolved in THF (25 ml), the solution was cooled to - 

20 °C, and borane methyl sulfide complex (20 mL, 0.205 mol) of was added dropwise. The 

resulting solution was allowed stir at this temperature for 12 h following which it was 

brought to a gentle reflux and maintained at that temperature for 3 h. The reaction mixture 

was cooled to 0 °C, methanol (20 ml) was added, and the mixture was stirred for a further 

1.5 h. Anhydrous hydrogen chloride, generated via dropwise addition of cone. H2SO4 to NaCI 

pellets, was bubbled through the mixture to attain a pH of 2, and the resulting mixture was 

gently refluxed for 1 h After the mixture was cooled, methanol (100 ml) was added and the 

solvents were removed in vacuo. The solid residue obtained was made basic by a 2M solution 

of NaOH and extracted with ether (3 x 75 ml). The organic layer was then dried over Na2S04, 

followed evaporation of the solvent in vacuo to give the crude product (10.78g). This was 

then purified by distillation to yield pure /V-a-dimethylbenzylamine as a colourless oil (8.42g, 

76 %)

[a]D (-) 65 (MeOH; c 1.12) Lit."^^ (-) 72 (CHCI3; c 2)
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NMR 6h (CDCI3) 1.41 (3H, d, J 6.5, H-2), 2.34 (3H, s, H-1'), 3.70 (IH, quart., J 6.5,

H-1), 7.38 (5H, m, phenyl)

6c(CDCl3) 23.8 (C-2), 34.4 (C-1'), 60.2 (C-1), 126.6 (phenyl), 127.0 (phenyl), 128.4 

(quat. phenyl) ppm

IR v,„ax 3062, 3025, 2964, 2844, 2787, 1603, 1492,1475, 1449, 1368, 1349, 1313, 

1281, 1221, 1135, 1080, 1052, 1027, 1004, 987, 911 cm'^

Mass Spec (ES) Found 136.1129 (accurate mass) calcd. For [CgHisN + H]'^ 136.1126

SYNTHESIS OF (-)-N-METHYL-N-[l'-PHENYLETHYL]PYRIDINE-2-AMINE 1-OXIDE (4)

'N ''Cl 
O'

+
Pressure Tube 

150 O

fBuOH 
96 h

2-Chloropyridine A/-oxide (1.0 g, 7.7 mmol) was added to a solution containing (S)-{-)-N-a- 

dimethylbenzylamine (1.87g, 13.8 mmol) in tBuOH (10 ml) in a pressure tube. The reaction 

was heated to 150 °C for 96 h after which time the mixture was diluted with ~50 ml DCM, 

washed with 0.1 M HCI and then with H2O (4 x 20 ml). The organic layer was then dried over 

Na2S04, column chromatographed using 9 : 1 EtOAc : MeOH to yield A/-methyl-A/-[(lS)-l- 

phenylethyl]pyridin-2-amine 1-oxide as a brown viscous oil (0.94g, 54 %)

[a]D (-) 260 (MeOH; c 1.34)

NMR 6h(CDCI3) 1.66 (3H, d, J 7.0, H-2'), 2.70 (3H, s, H-1"), 5.83 (IH, quart., J 7.0, 14.0 H- 

1'), 6.77 (IH, dd, J 1.5, 8.5, H-3), 6.91 (IH, dt, J 1.5, 6.5, H-5), 7.30 (6H, m, 

H-4 & phenyl), 8.30 (lH,dd, J 1.5, 6.0, H-6) ppm
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6c(CDCl3) 15.1 (C-2'), 31.9 (C-l”), 53.9 (C-1') 116.1 (C-3), 116.7 (C-5), 126.6 (phenyl), 

126.9 (C-4), 127.2 (C-3), 127.7 (phenyl), 140.2 (C-6), 140.3 (quat. phenyl), 

154.2 (C-2) ppm

IR Vmax 3381, 3059, 2967, 2878, 1603, 1552, 1496, 1449, 1431, 1374, 1317, 1264,

1235, 1210, 1174, 1131, 1092, 1050, 1025, 982, 901, 832, 754, 730, 698 

cm

Mass Spec (ES) Found 251.1166 (accurate mass) calcd. For [C14H16N2O + Na]^ 251.1160

REDUCTION OF (-)-2-(l'-PHENYLETHYLAMINO)PYRIDINE W-OXIDE (7)

(1)72h, RT,

+ Me—I (2) NaOH, MeOH

2-(l-phenylethylamino)pyridine /V-oxide (0.1 g, 0.467 mmol) was dissolved in CHCI3 (5 ml) 

after which Mel (0.2 g, 1.4 mmol) was added and the solution allowed stir at room 

temperature for 3 days under an atmosphere of N2(g) after which time the solvent was 

removed and the remaining product dissolved in a minimum amount of MeOH (~2 ml). 

NaOH (1 M) (3 ml) was then added and the solution heated under reflux for 2 h after which it 

was allowed cool to room temperature and left stirring overnight. The MeOH was then 

removed in vacuo and the product was extracted with DCM (3 x 10 ml), dried over Na2S04 

and concentrated in vacuo to yield a colourless oil (46 mg, 50 %)

[ct]D (-) 21.5 (MeOH; c 1.16)
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NMR: 6h (CDCI3) 1.57 (3H, d, J 6.5, H-2'), 4.73 (IH, quin., J 6.5, 13.0, H-1'), 5.14 (IH, br. s, 

NH), 6.21 (IH, d, J 8.0, H-3), 6.55 (IH, dd, J 5.0, 7.0, H-5), 7.38 (7H, m, 

phenyl-H, NH, H-4), 8.08 (IH, d, J 4.0, H-6) ppm

6c(CDCl3) 24.4 (C-2'), 52.0 (C-1'), 106.8 (C-3), 113.0 (C-5), 125.8 (phenyl), 127.0 

(phenyl), 128.7 (phenyl), 137.7 (C-4), 144.5 (quat. phenyl), 147.6 (C-6), 

157.8 (C-2) ppm

IR Vn 3247, 3024, 2927, 2869, 1596, 1571, 1482, 1440, 1372, 1334, 1289, 1242,

1207, 1153, 1094, 1019, 984, 767cm -1

Mass Spec: (ES) Found 199.1229 (accurate mass) calcd. For [C13H14N2 + H]"*^ 199.1235

GENERAL PROCEDURE FOR THE BUCHWALD-HARTWIG AMINATION OF 2-HALOPYRIDINE'’

Under a blanket of N2(g), 2-Halopyridine (1 eq) was taken with (S)-(-)-a-methylbenzylamine 

(1.2 eq) and Bu’ONa (20 eq) in dry toluene into a 3-necked RBF fitted with a reflux condenser. 

Pd"(OAc)2 (10 mol %) with (±)-BINAP (10 mol %) were added to an RBF fitted with a septum 

and N2(g) balloon and allowed stir at RT for 20 mins, after which time the mixture was 

transferred, quantitatively, to the flask containing the 2-halopyridine, base and amine. The 

resultant mixture was heated under reflux for 48 h. Any resulting solid material was filtered 

off and washed with DCM (20 mL). The resulting solution was then washed with water (50 

mL) and brine (20 mL). Following this the organic layer was removed, dried over Na2S04 and 

concentrated in vacuo to yield 2-(l-phenylethylamino)pyridine as a dark oil. Purification was 

by column chromatography DCM : MeOH (98 : 2) to yield the product as a yellow oil (43 %)
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SYNTHESIS OF (-)-2-(l'-PHENYLETHYL-N-METHYLAMINO)PYRIDINE (8)

"BuLi 
2 h

+ Me-
-78 x:

2-(l-phenylethylamino)pyridine (1.5g, 7.6 mmol) was dissolved in dry THF (20 ml) and cooled 

to - 78 °C. Following this "BuLi (2.5 M) (4.5 ml, 9.8 mmol) was added. The solution was 

allowed warm to room temperature and cooled again to - 60 °C after which time Mel (1.42 

mL) was added and the solution allowed warm to room temperature once again. This was 

then left stirring for 2 h after which time the reaction mixture was diluted with H2O (10 mL) 

and extracted with DCM (3 x 25 mL). The organic layer was then dried over Na2S04. The 

resulting product was then run down a column of silica gel using EtOAc as eluent. This 

yielded 2-(l-Phenylethyl-N-methylamino)pyridine as a yellow oil (l.lOg, 68 %)

[a]D (-) 163 (MeOH; c 1.27)

NMR: 6h(CDCI3) 1.61 (3H, d, J 7.0, H-2'), 2.74 (3H, s, H-1"), 6.18 (IH, quart., J 7.0, 14.0 H- 

1'), 6.56 (IH, d, J 9.0, H-3), 6.59 (IH, dd, J 5.0, 7.0 H-5), 7.28-7.33 (5H, m, 

phenyl-H), 7.49 (IH, dd, J 2.0, 9.0 H-4), 8.24 (IH, dd, J 2.0, 5.0, H-6) ppm

6c(CDCl3) 15.7 (C-2'), 29.7 (C-1"), 51.6 (C-1'), 105.2 (C-3), 111.3 (C-5), 126.3 (phenyl), 

126.5 (phenyl), 127.8 (phenyl), 136.9 (C-4), 142.0 (quat. phenyl), 147.5 (C- 

6), 158.4 (C-2) ppm

IR Vmax 2971 1684, 1589, 1558, 1480, 1441, 1419, 1384, 1317, 1274, 1215, 1159,

1131,1046, 1027, 977, 916, 766, 727, 697 cm'^

Mass Spec (ES): Found 213.1383 (accurate mass) calcd. For [C14H16N2 + H] 213.1392
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GENERAL PROCEDURE FOR THE METHYLATION OF 2-(l'-PHENYLETHYLAMINO)PYRID!NE N-

OXIDE USING WITH CS2CO3 OR LiOH AS BASE AND METHYL IODIDE 10

CS2CO3 or LiOH 
Dry DMF 

Mel

RT 
12 h

+

To a stirred solution of (+)-2-(l-phenylethylamino)pyridine /V-oxide (100 mg, 0.462 mmol) in 

anhydrous DMF (4 mL) was added powdered cesium carbonate (300 mg, 0.924 mmol) or 

Li0H.H20 (40 mg, 0.924 mmol). The mixture was stirred at ambient temperature for 30 min. 

Methyl iodide (0.3 mL, 0.462 mmol) was added dropwise with efficient stirring, and the 

reaction was allowed to proceed for 12 h at room temperature. The reaction mixture was 

then filtered to remove undissolved inorganic salts and continually washed with ethyl 

acetate. The filtrate was concentrated, and the residue was taken up in 1 M NaOH and 

extracted with ethyl acetate (3 x 30 mL). The organic layer was washed with water (2 x 30 

mL) and brine (30 mL) and dried over anhydrous Na2S04. The solvent was removed in vacuo. 

The crude product was then purified by flash column chromatography using DCM : MeOH 98 

; 2 as mobile phase to yield 2-(l-Phenylethyl-N-methylamino)pyridine and /\/-methyl-A/-[(lS)- 

l-phenylethyl]pyridin-2-amine 1-oxide.

These compounds were spectroscopically identical to those reported earlier.

127



SYNTHESIS OF 2-(l'-PHENYLETHYL-/V-METHYL-A/-OXIDOAMINO)PYRIDINE (10)

0.5 M KOH 
Caro's Acid

18 h 
RT

'N N
I

1"

2-(l-Phenylethylamino)pyridine (0.033 g, 0.156 mmol) was dissolved in isopropyl alcohol (2 

ml) after which time KOH (0.5 M, 5 ml) and to this solution was added, with stirring, Caro's 

acid (peroxymonosulphuric acid, H2SO5) (0.02g, 0.171 mmol) during 30 mins. The resulting 

solution was stirred slowly for 18 h. The water was the evaporated and the resulting product 

extracted with boiling chloroform (3 x 50 ml). The organic layer was then dried over Na2S04 

and the solvent removed to yield 2-(l-Phenylethyl-N-methy!-N-oxidoamino)pyridine as a 

brown viscous oil (21 mg, 59 %)

NMR: 6h(CDCI3) 1.71 (3H, d, J 6.5, H-2'), 3.06 (3H, s, H-1"), 5.40 (IH, quart., J 6.5, H-1'), 

6.83 (IH, t, J 6.5, H-5), 7.02 (IH, d, J 6.5, H-3), 7.38 (5H, m, phenyl-H), 7.80 

(IH, m, H-4), 8.29 (IH, d, J 6.5, H-6) ppm

6c(CDCl3) 19.5 (C-2') 32.6 (C-1"), 57.3 (C-1'), 98.7 (C-3), 104.4 (C-5), 124.1 (Phenyl) 

135.9 (C-6), 143.6 (quat. phenyl), 148.2 (C-2)

IR 3195, 1724, 1660, 1508, 1454, 1272, 1196, 1125, 1086, 1059, 1006, 917,

762, 701, 610, 568 cm -1

Mass Spec (ES) Found 213.1389 (accurate mass) calcd. For [C14H13N2 + H]"^ 213.1392
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SYNTHESIS OF 2,4-DICHLOROPYRIDINE (18)22

POCI3 
100 “C

24 h

4-nitropyridine A/-oxide (2.5 g, 17.8 mmol) was placed in a clean dry round bottomed flask 

and the contents cooled to - 5 °C after which time POCI3 (40 ml, 44 mmol) was added 

slowly. The resulting solution was then heated under reflux at 90 °C for 24 h. Following this 

the excess POCI3 was distilled off and the flask again cooled using an ice/water bath to - 5 °C. 

Water was then added dropwise to remove any remaining POCI3. After evolution of gas had 

ceased the product was diluted with water, extracted with DCM (4 x 25 ml), dried over 

Na2S04and the solvent removed in vacuo to yield 2,4-dichloropyridine which was purified via 

column chromatography using DCM : MeOH (98 : 2) as eluent to give the target compound as 

a yellow oil (1.56g, 59%)

NMR: 6h (CDCI3) 7.28 (IH, dd, J 2.0, 7.0, H-5), 7.40 (IH, d, J 2.0, H-3), 8.32 (IH, d, J 7.0, H-6) 

ppm

6c (CDCI3) 123.0 (C-5), 124.5 (C-3), 145.8 (C-4), 150.2 (C-6), 151.8 (C-2) ppm

IR 3082, 1750, 1666, 1598, 1576, 1456, 1394, 1371, 1288, 1241, 1221, 1188, 

1141, 1102, 1065, 994, 956, 918, 854, 839, 826, 805, 767, 714, 691, 588

cm -1

Mass Spec (ES) Found 147.9704 (accurate mass) calcd. For [C5H3NCI + H]"^ 147.9721
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SYNTHESIS OF 2-CHLORO-4-DIMETHYLAMINOPYRIDINE (12)

9' 30 % HNMe,
H3C. ,CH3

Pressure

. 120 13 6

.^3
N Cl

2,4-DichloropYridine (200 mg, 1.35 mmol) was added to a pressure tube containing 

dimethylamine (0.678 g, 0.76 ml, 0.015 mol) and heated to 120 °C for 48 h after which time 

NaOH (30% w/v) (1.22 ml) was added and the contents shaken. The contents were then 

concentrated in vacuo and the remaining solid was extracted with boiling chloroform (~ 10 

ml) for 18 h. The resulting solution was dried over MgS04and the solvent removed at which 

point the product crystallised yielding 2-Chloro-4-dimethylaminopyridine as a white solid 

(0.13g, 61%) MP 69.7 °C Lit. 71.5°C^

NMR: 6h(CDCI3) 3.02 (6H, s, H-1'), 6.44 (IH, dd, J 2.5, 6.0, H-5), 6.49 (IH, d, J, 2.5, H-3), 

7.98 (IH, d, J 6.0, H-6) ppm

6c (CDCI3) 39.1 (C-1'), 105.2 (C-5), 105.7 (C-3), 148.8 (C-6), 152.0 (C-4), 155.9 (C-2) 

ppm

IR Vn 3241, 2929, 1595, 1521, 1441, 1429, 1382, 1402, 1382, 1348, 1269, 1222,

1137, 1079, 1067, 977, 803, 699 cm -1

Mass Spec Found 157.0532 (accurate mass) calcd. For [C7H9N2CI + H]"^ 157.0533
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SYNTHESIS OF 2-CHLORO-4-DIMETHYLAMINOPYRIDINE (12) 24

30 % HNMe2
------------------- »

Reflux 
24 h N Cl

2,4-Dichloropyridine (1.7 g, 11.5 mmol) and a 40% aqueous solution of dimethylamine (15 

ml) were heated at 50 °C for 20 h. The product was extracted with diethyl ether (3 x 50 ml) 

and crystallized from chloroform to yield the desired product (0.86g, 48 %) MP 68.5 °C Lit. 

71.5°C^

Mass Spec (ES) Found 157.0527 (accurate mass) calcd. For [C7H9N2CI + H]"^ 157.0533

SYNTHESIS OF 2-CHLORO-4-DIMETHYLAMINOPYRIDINE (12) 18

,OH
MeoN'

CI3C—CCI3
-78 "C 

Bull

A solution of 2-(dimethylamino)ethanol (5.1 ml, 81.8 mmol) in n-Hexane (200 ml) was 

cooled to - 5 "C after which time n-BuLi (75 ml) was added dropwise under a blanket of 

nitrogen. After 1 h at 0 "C 4-dimethylaminopyridine (5g, 40.9 mmol) was added in one go as a 

solid. After a further hour of stirring at 0 °C the reaction mixture was cooled to - 78 °C and a 

solution of hexachloroethane (19.36g, 81.8 mmol) in n-Hexane (200 ml) was added slowly 

via pressure equalized dropping funnel. The temperature was then allowed raise to 0 °C over 

the course of about 2 h, following which H2O (300 ml) was added and the resulting solution 

was extracted with DCM (3 x 25 mL) and dried over MgS04. The solvent was then evaporated 

and n-Hexane (150 ml) added. The resulting mixture was then heated under reflux for 14 h. 

The liquid solution was then removed via suction filtration and the n-Hexane heated to 

boiling. The target compound was obtained via hot filtration of the hexane yielding white
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crystals. This was then purified further using column chromatography using EtOAc : Hexane 8 

: 2 as eluent to give the desired compound (2.53g, 39 %)

SYNTHESIS OF 2-(l'-PHENYLETHYLAMINO)-4-DIMETHYLAMINOPYRIDINE (26)

+
N Cl

Pd(OAc)2
BINAP

NafOBu

Toluene
A

48 h

'N'

Under a blanket of N2(g), 2-chloro-4-dimethylaminopyridine (Ig, 6.39 mmol) was taken with 

(S)-(-)-a-methylben2ylamine (1.55g, 12.8 mmol) and Bu'ONa (12.3g, 12.77 mmol) in dry 

toluene (150 ml) into a 3-necked RBF fitted with a reflux condenser. Pd"(OAc)2 (0.143g, 

0.6385 mmol; 10 mol %) with (±)-BINAP (0.398g, 0.6385 mmol, 10 mol %) were added to an 

RBF fitted with a septum and N2(g) balloon and allowed stir at RT for 20 mins, after which time 

the mixture was transferred, quantitatively, to the flask containing the 2-chloro-4- 

dimethylaminopyridine, base and amine. The resultant mixture was heated under reflux for 

48 h. Any resulting solid material was filtered off over celite and washed with DCM (20 ml). 

The resulting solution was then washed with water (50 ml) and brine (20 ml). Following this 

the organic layer was removed, dried over Na2S04 and concentrated in vacuo to yield 2-(l- 

phenylethylamino)-4-dimethylaminopyridine. Purification was by column chromatography 

using DCM : MeOH (98 : 2) as eluent and this yielded the pure product as a dark oil (0.86g, 

56 %)

[«]□ (-) 39 (MeOH; c 1.19)
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NMR: 6h (CDCI3) 1.56 (3H, d, J 6.5, H-2'), 2.82 (6H,s, H-l”), 4.68 (IH, quin., J 6.5, 13.0, H-1'), 

4.91 (IH, bs, NH), 5.32 (IH, d, J 2.0, H-3), 5.97 (IH, dd, J 2.0, 6.0, H-5), 7.37 

(5H, m, phenyl & ), 7.78 (IH, d, J 6.0) ppm

ScfCDCIa) 24.5 (C-2'), 39.1 (C-1"), 52.5 (C-1'), 87.7 (C-5), 98.9 (C-3), 125.8 (phenyl), 

126.9 (phenyl), 128.6 (phenyl), 145.1 (C-4), 146.9 (C-6), 156.0 (quat. 

phenyl), 158.4 (C-2) ppm

IR Vn 3331, 2934, 2832, 1609, 1547, 1528, 1493, 1449, 1372, 1294, 1209, 1167, 

1118, 1024, 986, 801, 763, 700, 663 cm'^

Mass Spec Found 242.1662 (accurate mass) calcd. For [C15H19N3 + H]^ 242.1657

SYNTHESIS OF 2,4-DICHLOROPYRIDINE /V-OXIDE (20)

Cl TFA
UHP

Cl

"N^'CI 60 "C 
18 h 'N Cl

I.
O

2,4-dichloro pyridine (2.5g, 16.9 mmol) was dissolved in TFA (220 mmol, 17 ml) after which 

time UHP (20.7g, 220 mmol) was added slowly (CAUTION: EXPLOSION HAZARD). The 

resulting suspension was heated at 60 °C for 18 h. Following this the mixture was basified 

with 2 M NaOH and the aqueous layer extracted with DCM (3 x 25 mL). The organic layer was 

dried over Na2S04 and the solvent removed in vacuo to yield the crude product. Purification 

was by column chromatography with DCM : MeOH 96 : 4 as mobile phase yielding the 

desired A/-oxide as an oil (l.lg, 40 %).

NMR 6h(CDCI3) 7.34 (IH, dd, J 2.5, 7.0, H-5), 7.63 (IH, d, J 2.5, H-3), 8.42, (IH, d, J 7.0, 

H-6) ppm
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6c (CDCI3) 124.6 (C-5), 127.1 (C-3), 132.7 (C-4), 140.8 (C-6), 142.9 (C-2) ppm

IR Vn 3094, 1772, 1599, 1529, 1452, 1394, 1259, 1205, 1151, 1078, 992, 

927, 864, 816, 757, 707, 673 cm‘^

Mass Spec (PCI) Found 191.9982 (accurate mass) calcd. For [C5H3NOCI2 + C2H2] 191.9983

SYNTHESIS OF 2-CHLORO-4-DIMETHYLAMINOPYRIDINE /V-OXIDE (21)

Cl
r 1

30 % HNMe, Soln V 
Pressure tube 5

I. 150 “C I-
O O

^ 'Cl

2,4-Dichtoropyridine A/-oxide (0.5 g, 3.01 mmol) was placed in a pressure tube after which 

time dimethylamine 30 % soln. in water (0.3 g, 5.42 mmol) was introduced. The tube was 

sealed and heated at 150 °C for 3 h. The resulting solution was diluted with water (20 ml), 

extracted with DCM (3 x 20 ml) and dried over Na2S04 to yield the desired compound as a 

brown viscous oil (0.32 g, 62 %)

NMR 6h(CDCI3) 3.13 (6H, s, H-1'), 6.84 (IH, dd, J 3.0, 7.0, H-5), 6.86 (IH, d, J 3.0 H-3), 8.13 

(IH, d J 7.0, H-6) ppm

6c (CDCI3) 41.9 (C-1'), 108.9 (C-5), 109.6 (C-3), 149.0 (C-6), 153.8 (C-4), 164.2 (C-2) 

ppm

Mass Spec (ES) Found 173.0479 (accurate mass) calcd. For [C7H9N2OCI + H]^ 173.0482
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SYNTHESIS OF 4-CHLORO-2-(l'-PHENYLETHYLAM!NO)PYRIDINE /V-OXIDE (23) and 2- 

CHLORO-4-(l'-PHENYLETHYLAMINO)PYRIDINE /V-OXIDE (22)

Cl

Cl
HoN

fBuOH
Pressure tube

150 “C 
18 h

22 23

2,4-Dichloropyridine /V-oxide (0.5g, 3.01 mmol) was places in a pressure tube in ethylene 

glycol (5 mL) after which time (S)-(-)-a-methylbenzylamine (0.48g, 3.92 mmol) was 

introduced. The tube was sealed and heated at 150 °C for 12 h. The resulting solution was 

diluted with water (20 ml), extracted with DCM (3 x 20 ml), dried over Na2S04 and 

concentrated in vacuo. The resulting crude material was purified via column chromatography 

using EtOAc : Hexane 1 : 1 as eluent to yield a product mixture of a and b (57 mg)

NMR 6h(CDCI3 (a) 1.62 (3H, d, J 6.5, H-2'), 5.19 (IH, quint., J 6.5, 14.5, H-1'), 6.60 (IH, d , J 

5.0, H-3), 7.51 (6H, m, phenyl and H-5), 7.99 (IH, d, J 7.5, H-6) ppm

(b) 1.49 (3H, d, J 6.2, H-2') 4.68 (IH, m, H-1'), 6.30 (IH, d, J 3.0, H-3), 6.38 

, J 3.0, 7.0, H-5), 7.42 (6H, m, phenyl & H-6) ppm(IH, dd,.

Mass Spec (ES) (a)Found 233.0838 (accurate mass) calcd. For [C13H13CIN2 + H]"^ 233.0846 

(b)Found 233.0853 (accurate mass) calcd. For [C13H13CIN2+ H]"^ 233.0846
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SYNTHESIS OF 2-CHLORO-4-NITRO-PYRIDINE /V-OXIDE (13) 16

NO,

'N ClI.
O

Fuming HNO3 
Cone. H2SO4 5

100 1C
I -

O
Cl

2-Chloropyridine A/-oxide (5 g, 15.4 mmol) was dissolved in concentrated H2SO4 (7.5 ml) 

which was then cooled to 5 °C. Fuming nitric acid (13.5 ml) in concentrated H2SO4 (5 ml) was 

added dropwise during 30 mins. The solution was then heated and stirred under reflux at 100 

°C for 3 h. The reaction mixture was then poured onto an ice water mixture and neutralised 

to pH ~7 with solid Na2C03, which led to the precipitation of the nitro compound. The 

precipitate was then isolated by filtration, dissolved in hot chloroform and dried over MgS04. 

The crude product was then recrystallised from ethanol : chloroform 70 : 30 and hot filtered 

to yield 2-Chloro-4-nitropyridine A/-oxide as a yellow solid (1.47g, 55 %) MP 154 °C Lit. 153.5
„ci

NMR: 6h (CDCI3) 8.06 (IH, dd, J 3.0, 7.0, H-5), 8.38 (IH, d, J 3.0 H-3), 8.43 (IH, d, J 7.0, H-6) 

ppm

6c (CDCI3) 115.2 (C-2), 118.1 (C-3), 121.6 (C-5), 140.7 (C-6), 151.7 (C-4) ppm

IR Vn 3025, 2876, 1692 1572, 1513, 1458, 1405, 1339, 1270, 1257, 1145, 1117, 

1057, 906, 888, 834, 802 cm’^

Mass Spec (ES) Found 174.9910 (accurate mass) calcd. For [C5H3N2O3CI + H]^ 174.9910
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SYNTHESIS OF 4-NITRO-2-(l'-PHENYLETHYLAIVIINO)PYRID!NE W-OXIDE (27)

NO,

+
Cl

2-Chloro-4-nitropyridine A/-oxide (1 g, 5.7 mmol) was added to a solution containing (S)-(-)-a- 

methylbenzylamine (1.46 g, 12.0 mmol) in fert-butanol (10 mL) in a pressure tube. The 

reaction was heated to 120 °C for 18 h after which time it was allowed cool and the solution 

diluted with DCM (20 ml) and washed with H2O (2 x 10 ml). The organic layer was then dried 

over MgS04 and concentrated in vacuo. Chromatography over silica gel using DCM : MeOH 

96 : 4 as mobile phase yielded 4-Nitro-2-(l-phenylethylamino)pyridine A/-oxide as a 

red/brown viscous oil (l.Og, 68 %)

[aJo (+) 65.4 (MeOH; c 1.48)

NMR: 6h (CDCI3) 1.63 (3H, d, J 7.0, H-2'), 4.60 (IH, quin., J 7.0, H-1'), 7.19 (IH, d, J 3.0, H-3), 

7.31-7.39 (7H, m, phenyl-H, NH, H-5), 8.16 (IH, d, J 7.0, H-6) ppm

6c(CDCl3) 22.8 (C-2') 51.5 (C-1'), 98.7 (C-3), 104.4 (C-5), 124.1 (phenyl) 135.9 (C-6), 

140.2 (quat. phenyl & phenyl), 142.9 (C-4), 148.4 (C-2) ppm

Mass Spec (ES) Found 244.1095 (accurate mass) calcd. For [C13H14N3O2 + H]"^ 244.1086
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REDUCTION OF 4-AMINO-2-(r-PHENYLETHYLAMINO)PYRIDINE /V-OXIDE (28)

5 % Pd/C
^2(g)

48 h 
RT

2-(l-phenylethylamino)-4-nitropyridine /V-oxide (0.2 g, 0.771 mmol) was dissolved in MeOH 

(4 ml) after which time Pd/C (5 %) (0.054 g) was added and the solution allowed stir in an 

atmosphere of hydrogen for 48 h at room temperature. Following this the Pd/C was removed 

via filtration through a double layer of filter paper and the remaining solvent removed in 

vacuo yielding 2-(l-phenylethylamino)-4-aminopyridine /Y-oxide as a yellow oil (0.16g, 90%)

[a]D (-) 35 (MeOH; c 0.47)

NMR: 6h (CDCI3) 1.52 (3H, d, J 6.5, H-2'), 4.41 (IH, quin., J 6.5, 13.0, H-1'), 4.82 (2H, s, NHj), 

5.77 (IH, d, J 3.0, H-3), 6.15 (IH, dd, J 3.0, 7.5, H-5), 7.26 (6H, m, phenyl-H 

& NH), 6.56 (IH, d, J 7.5, H-6) ppm

6c(CDCl3) 23.0 (C-2'), 52.5 (C-1'), 90.2 (C-3), 100.7 (C-5), 114.8 (phenyl), 128.5 

(phenyl), 129.1 (phenyl), 138.1 (C-6), 135.3 (C-4), 143.7 (quat. phenyl), 

151.7 (C-2) ppm

IR Vrr,ax 3689 (NH), 3336 (NH) 1263 (N^-O )cm-^

Mass Spec (ES) Found 230.1296 (accurate mass) calcd. For [C13H15N3O + H]"^ 230.1293
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SYNTHESIS OF 2,4,6-TRICHLOROPYRIDINE

NO, POCI3
Reflux

'Cl
I.

O

48 h
Cl N

4-Nitro-2-chloropyridine /V-oxide (0.202 g, 1.46 mmol) was added to a round bottomed flask 

and cooled to ~ 0 °C after which time POCI3 (3 ml) was added and the solution heated under 

reflux at 90 °C for 48 h. Following this the excess POCI3 was removed by distillation and water 

(20 ml) added slowly with cooling. The resulting mixture was then basified with 1 M NaOH 

solution, extracted with DCM (3 x 25 ml), dried over Na2S04 and concentrated in vacuo to 

yield a white solid (0.13g, 49 %) MP 32.5 °C Lit. 33-37 °C

NMR: 6h(CDCI3) 8.01 (2H, s, H-3 & H-5) ppm

6c (CDCI3) 116.5 (C-3 & C-5), 122.9 (C-4), 152.6 (C-2 & C-6) ppm

IR; Vn 3099, 1737, 1594, 1568, 1543, 1455, 1397, 1346, 1280, 1238, 1194, 

1170, 1141, 1074, 988, 878, 831, 814, 744, 737 cm‘^

Mass Spec (ES) Found 181.9325 (accurate mass) calcd. For [C5H3NCI3 + H]"^ 181.9331

SYNTHESIS OF 2,6-DICHLOROPYRIDINE (34)

POCI3
Reflux

'n"' 'Cl
I -

O
24 h

2-Chloropyridine N-oxide (1 g, 7.8 mmol) was cooled to 0 °C after which time POCI3 (36.4 ml, 

39.0 mmol) was added and the mixture heated under reflux at 90 °C for 24 h. After this the
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excess POCI3 was distilled off and water (20 mL) added. The product was then extracted with 

DCM (4 X 25 ml), dried over Na2S04 and concentrated in vacuo to yield the desired compound 

as a colourless solid (0.8g, 69 %) MP 85.3 °C Lit. 83-86 °C

NMR: 6h (CDCI3) 7.21 (2H, d, J 8.0, H-4), 7.54 (IH, d, J 8.0, H-4) ppm

Mass Spec (ES) Found 147.9716 (accurate mass) calcd. For [C5H3NCI2 + H]"^ 147.9721

SYNTHESIS OF 2,6-DICHLOROPYRIDINE /V-OXIDE (35)

O

Cl N Cl

UHP
RT

F3C OH
12 h Cl N Cl

Lo
2,6-Dichloropyridine (2.5g, 33.75 mmol) was dissolved in TFA (16.7 ml, 220 mmol) after 

which time UHP (20.65g, 220 mmol) was added slowly. The resulting suspension was stirred 

at room temperature for 4 h. Following this the mixture was basified with 2M NaOH and 

extracted with DCM (3 x 25 ml). The organic layer was dried over Na2S04 and concentrated 

in vacuo to yield the crude product. This was then purified by column chromatography using 

DCM : MeOH 98 : 2 as mobile phase to yield the desired product as a white solid (3.5g, 63 %)

NMR 6h (CDCI3) 7.17 (IH, t, J 8.5, H-4), 7.49 (2H, d, J 8.5, H-5 and H-3) ppm

6c (CDCI3) 124.4 (C-4), 125.0 (C-3 & C-5), 143.7 (C-2 & C-6) ppm

IR: Vn^ax 3118, 3087, 1665, 1581, 1532, 1488, 1445, 1363, 1263, 1156, 1143, 843,

817, 765 cm‘^

Mass Spec (El) Found 162.9600 (accurate mass) calcd. For [C5H3NOCl2]'^ 162.9592
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SYNTHESIS OF 2,6-BIS-[2-(l'-PHENYLETHYLAMINO)] PYRIDINE N-OXIDE (36)

Cl N
I.

O
Cl

Ethylene Glycol 
Pressure Tube

------------------------------►

72 h

2,6-dichloropyridine A/-oxide (Ig, 6.10 mmol) was place in a pressure tube and dissolved in 

ethylene glycol (10 ml) after which time (S)-(-)-a-methylbenzylamine (3.7g, 30.5 mmol) was 

added and the tube sealed. The resulting solution was then heated at 150 °C for 72 h. The 

reaction was then allowed cool to RT, diluted with water (20 ml) and extracted with DCM (3 

X 25 mL). The organic layer was then dried over Na2S04 and concentrated in vacuo. The crude 

product was then purified by column chromatography using EtOAc : Hexane (95 : 5) as 

eluent. This resulted in the isolation of the product as a brown viscous oil (0.9Sg, 48 %)

[a]D (+) 11.7 (MeOH; c7.2)

NMR 6h (CDCI3) 1.66 (6H, d, J 6.5, H-2'), 4.55 (2H, quin., J 6.5, 13.0, H-1') 5.60 (2H, d, J 8.2, 

H-3 & H-5), 6.75 (IH, t, J 8.2, H-4), 7.07 (2H, d, J 5.5, NH), 7.30 (lOH, m, 

phenyl)

6c(CDCl3) 24.7 (C-2'), 52.7 (C-1'), 93.5 (C-3 & C-5), 125.6 (phenyl), 127.3 (phenyl), 

128.7 (phenyl), 129.7 (C-4), 143.6 (quat. phenyl), 148.2 (C-2 & C-6)

Mass Spec (El) Found 334.1913 (accurate mass) calcd. For [C21H23N3O + H]"^ 334.1919
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SYNTHESIS OF 3-NITRO-2-(l'-PHENYLETHYLAMINO)PYRIDINE (39) 29

N Cl
H,N

120 -C
*^2(g)

24 h

2-Chloro-3-nitropyricline (4g, 25.2 mmol) followed by (S)-(-)-a-methylbenzylamine (3.36g, 

27.75 mmol) and NEta (3.5 ml) were added to a RBF which was then flushed with Naig). The 

mixture was then heated under reflux at 120 °C for 24 h after which time the solution was 

poured onto ice/water and then extracted with DCM (3 x 25 ml). The organic layer was then 

dried over NaaSOAand the solvent removed in vacuo (3.98g, 65 %)

[a]D (+) 468 (MeOH; c 1.44)

NMR 6h (CDCIa) 1.67 (3H, d, J 7.0, H-2'), 5.60 (IH, quin, J 7.0, H-1'), 6.66 (IH, dd, J 4.5, 8.5, H- 

5), 7.37 (5H, m, phenyl-H), 8.39 (IH, dd, J 1.0, 4.5, H-6), 8.42 (IH, dd, J 1.0, 

8.5, H-4), 8.57 (IH, d, J 5.5, NH) ppm

6c(CDCl3) 23.0 (C-2'), 50.4 (C-1'), 111.9 (C-5), 126.0 (phenyl), 127.2 (phenyl), 128.0 

(C-3), 128.7 (phenyl), 135.3 (C-4), 143.7 (quat. phenyl), 151.7 (C-2), 155.7 

(C-6) ppm

IR 3386, 3084, 3029, 2975, 2928, 1601, 1569, 1492, 1442, 1389, 1355, 1312, 

1245, 1212, 1196, 1148, 1129, 1090, 1068, 1038, 1029, 1000, 836, 756,

697 cm -1

Mass Spec (ES) Found 244.1095 (accurate mass) calcd. For [C13H13N3O2 + H]^ 244.1086
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SYNTHESIS OF 3-AMINO-2-(l'-PHENYLETHYLAMINO)PYRIDINE (41)

,NO *^2(g)
5 % Pd/C

RT
8h

NH2 2'

3-Nitro-2-(l-phenylethylamino)pyridine (4g, 16.4 mmol) was dissolved in methanol (50 mL) 

followed by the addition of 10 % activated palladium on carbon (0.7g, 5 mol %). The flask was 

then evacuated and flushed with H2(g) at atmospheric pressure for 8 h. The resultant 

suspension was filtered to remove the palladium catalyst and the solvent removed in vacuo 

to yield crude 3-Amino-2-(l-phenylethylamino)pyridine as a deep red oil which was purified

by column chromatography using EtOAc ; Hexane 8 : 2 as mobile phase (2.61g, 75 %'■

[a]D (+)4(MeOH;c0.24)

NMR 6h (CDCI3) 1.62 (3H, d, J 7.0 H-8), 3.33 (2H, br. s, NH2), 4.69 (Ih, br. s, NH), 5.36 (IH, 

quin., J 7.0, 9.5, H-1'), 6.54 (IH, dd, J 5.5, 7.5, H-5), 6.89 (IH, dd, J 1.5, 7.5, 

H-4) 7.46 (5H, m, phenyl), 7.72 (IH, dd, J 1.5, 5.5, H-6) ppm

6c(CDCl3

IR Vn

23.0 (C-2'), 50.5 (C-1'), 113.3 (C-5), 122.1 (C-3), 126.3 (C-6 & phenyl), 

126.9 (phenyl), 127.3 (C-4) 128.5 (phenyl), 144.8 (C-2), 149.0 (quat. 

phenyl) ppm

3056,2976, 1621, 1605, 1572, 1452, 1412, 1395, 1350, 1290, 1214,

1176, 1084, 1050, 1025, 972, 914, 858 cm -1

Mass Spec (ES) Found 214.1351 (accurate mass) calcd. For [C13H15N3+ H]"^ 214.1344
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SYNTHESIS OF 3-[l"-PHENYLETHYL-3H-IMIDAZO[4,5-b]PYRIDINE (43)

NH,

N NH

OMe
+ Me2N—(-H 

OMe

DMF
Reflux

2-(l-phenylethylamino)-3-amino-pyridine (1 g, 4.67 mmol) was dissolved in dry DMF (50 mL) 

after which time dimethylformamide dimethyl acetal (2.5 mL, 18.7 mmol) was added and the 

resulting solution heated under reflux for 24 h. The solvent was then removed in vacuo to 

yield the desired compound which was purified via column chromatography (EtOAc : Hexane, 

8 : 2) as a brown viscous oil (0.97 g, 93 %)

[a]D (-) 9.1 (MeOH; c 1.10)

NMR 6h(CDCI3) 2.02 (3H, d, J 7.0, H-2"), 6.11 (IH, quart., J 7.0, H-1"), 7.45 (6H, m, 

phenyl & H-2'), 8.07 (IH, s, H-2), 8.08 (IH, dd, J 1.5, 8.0, H-3'), 8.44 (IH, 

dd, J 1.5, 5.0, H-1') ppm

6c(CDCl3) 20.6 (C-2"), 52.6 (C-1"), 117.9 (C-2'), 126.1 (phenyl), 127.4 (C-3'), 127.7 

(phenyl), 128.5 (phenyl), 135.0 (C-5), 139.9 (quat, phenyl), 141.7 (C-2), 

143.8 (C-4 & C-1') ppm

IR Vn 3056, 2979, 1707, 1597, 1582, 1488, 1450, 1406, 1287, 1272, 1229, 

1194, 1125, 1085, 1026, 971, 897, 873, 798, 772, 696 cm^

Mass Spec (ES) Found 224.1185 (accurate mass) calcd. For [C14H13N3 + H]”^ 224.1188
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SYNTHESIS OF 3-[l''-PHENYLETHYL-3H-IMIDAZO[4,5-b]PYRIDINE-l-OXIDE (44)

N

'N N

mCPBA

CHCL

3-[l-phenylethyl-3H-imidazo[4,5-b]pyridine (1 g, 4.5 mmoi) was dissolved in CHCI3 (20 ml) 

after which time m-CPBA (1.6 g, 9 mmol) was added over 20 min with stirring. The resulting 

suspension was allowed stir at RT overnight. Following this any m-CBA was filtered and the 

solution washed with 1 M NaOH in water, extracted with DCM and dried over Na2S04. 

Purification was performed via column chromatography with DCM : MeOH 98 : 2 as mobile 

phase to yield the title compound as an oil (0.6 g, 56 %)

NMR 6h(CDCI3) 2.09 (3H, d, J 4.8, H-2"), 6.20 (IH, quart, J 4.8, 9.5, H-l”), 7.43 (6H, m, 

phenyl and H-2'), 8.22 (IH, d, J 5.3, H-3'), 8.54 (IH, d, J 3.0, H-l'), 8.56 (IH, 

s, H-2) ppm

6c(CDCl3) 20.6 (C-2"), 54.1 (C-1"), 119.7 (C-2'), 126.6 (phenyl), 126.9 (C-3'), 128.5 

(phenyl), 129.0 (phenyl), 139.0 (C-5), 139.0 (C-4), 141.1 (C-2), 145.5 (C-1') 

ppm

IR Vn 3058, 2979, 1680, 1597, 1583, 1489, 1450, 1406, 1287, 1229, 1193, 1026, 

772, 696 cm‘^

Mass Spec (ES) Found 262.0952 (accurate mass) calcd. For [C14H13N3O + Na]'*' 262.0956
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SYNTHESIS OF 2-BROMOPYRIDINE-3-CARBALDEHYDE (50)35

=0

LDA 
-78 'C 

4 h

'N Br
Me2N

N ^Br

To a solution of LDA was added freshly distilled 2-Bromopyridine (0.5g, 3.16 mmol) dropwise 

at - 78 °C. After stirring at this temperature for 4h, dry DMF () was added slowly and the 

reaction mixture was allowed to stir for a further Ih at - 78 °C before being allowed warm to 

room temperature over the course of 2 h. Saturated aqueous NH4CI (50 mL) was added 

followed by extraction with Et20 (3 x 30 mL). The combined extracts were then dried over 

Na2S04 and concentrated in vacuo to yield a red oil. Purification was by column 

chromatography (Hexane : EtOAc, 9 : 1) to afford 2-Bromopyridine-3-carbaldehyde (0.181g, 

31 %)

NMR 6h{CDCI3) 7.48 (IH, dd, J 5.0, 7.5, H-5), 8.21 (IH, dd, J 2.5, 7.5, H-4), 8.61 (IH, dd, J 

2.5, 5.0, H-5), 10.37 (IH, s, H-1') ppm

IR 3053, 3025, 2999, 2872, 2733, 1693, 1657, 1571, 1556, 1439, 1403, 1369, 

1269, 1234, 1187, 1114, 1049, 830, 801, 725, 704 cm^

Mass Spec (ES) Found 184.9479 (accurate mass) calcd. For [C6H4NOBr]^ 184.9476

146



SYNTHESIS OF 2-BROMO-3-PICOLINE (51)36

Br
HBr

NaNO,

N NH 2 h 
2 -20 'C

To a mixture of 2-amino-3-picoline (35 g, 323 mmol) in 48% HBr (0.75 L) was added Br2 (50 

mL, 969 mmol) dropwise over a period of 20 min. The reaction mixture was stirred for 30 min 

at - 20 °C. Then a solution of NaN02 (55.7 g, 810 m mol) in water (200 mL) was added over a 

period of 30 min. The resulting reaction mixture was stirred for 2 h at the same temperature, 

then quenched with aqueous NaOH (20%). The mixture was extracted with Et20 (4 x 30 mL), 

dried over Na2S04, concentrated, and distilled under reduced pressure to give the desired 

compound (43.49 g, 78 %)

NMR 6h(CDCI3) 2.41 (3H, s, H-1'), 7.22 (IH, dd, J 5.0, 7.5, H-5), 7.56, (IH, dd, J 2.0, 7.5, H- 

4), 7.77 (IH, dd, J 2.0, 5.0, H-6) ppm

IR Vmax 3048, 2980, 1579, 1558, 1535, 1454, 1441, 1385, 1261, 1196, 1178, 1123,

1112, 1053, 990, 888, 867, 806, 788, 726, 717, 678, 659 cm'^

Mass Spec (ES) Found 171.9762 (accurate mass) calcd. For [CeHeNBr + H]^ 171.9762

36SYNTHESIS OF 2-BROMO-3-(DIBROMOMETHYL)PYRIDINE (52)

2-Bromo-3-methylpyridine (lOg, 58 mmol) was dissolved in CCU (15 mL) after which time NBS 

(15.5g, 87 mmol) was added with benzoyl peroxide (1.75g, 7.5 mmol) and the resulting 

suspension was heated for 4 h under reflux. The reaction mixture was cooled to RT and any 

solids were filtered. The filtrate was concentrated in vacuo and the crude product was
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purified via column chromatography using petroleum ether : EtOAc 9 ; 1 to give the desired 

product (10.14 g 53%)

NMR: 6h(c/6-DMSO) 7.28 (IH, s), 7.62 (IH, m), 8.36-8.45 (2H,m) ppm

Mass Spec (ES) Found 327.7961 (accurate mass) calcd. For [C6H4NBr + Fl]'^ 327.7972

SYNTHESIS OF 2-BROMOPYRIDINE-3-CARBALDEHYDE (50)

CaCOg 
Reflux 

8 h

36

"N" 'Br 'N- -Br

A mixture of bromo dibromomethyl-pyridine (11.5 g, 35 mmol), CaCOa (14 g, 140 mmol) in 

water (400 mL) was heated at reflux for 8 h. The reaction mixture was cooled to room 

temperature after which time it was extracted with EtOAc (4 x 150 ml). The organic layer 

was washed with water, brine and dried over Na2S04. The solvent was removed under 

reduced pressure and the crude compound was purified by column chromatography to yield 

the desired compound (3.85 g, 59 %)

This compound was spectroscopically identical to that reported earlier

SYNTHESIS OF 2-BROMO-3-VINYLPYRIDINE (49)

O

35

MePPh3.Br
14 h 
0 “C

N Br « 'N" "Br

To an ice cold suspension of methyl triphenylphosphonium bromide (2.44 g, 6.83 mmol) in 

dry THF (20 ml) was added a solution of n-BuLi (3.10 ml) and the reaction mixture was
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allowed stir at room temperature for 1 h. The solution was then cooled to 0 °C, and a 

solution of 2-Bromopyridine-3-carbaldehyde (l.OSg, 5.65 mmol) in THF (10 ml) was added 

dropwise. The reaction mixture was allowed warm to room temperature and stirred for 14 h, 

followed by quenching with H2O (50 ml) and extracted with Et20 (3 x 25 ml). The combined 

organic extracts were dried over Na2S04 and concentrated in vacuo to give a yellow oil. 

Purification via column chromatography (Hexane : EtOAc, 9:1) yielded 2-Bromo-3- 

vinylpyridine as a white solid. (0.693g, 67 %)

NMR 6h(CDCI3) 5.54 (IH, d, J 11.7, H-2'), 5.81 (IH, d, J 17.6, H-2'), 7.00 (IH, dd, J 11.7, 

17.6, H-1'), 7.27 (IH, m, H-5), 7.80 (IH, dd, J 2.0, 7.8, H-4), 8.25 (IH, m, H- 

6) ppm

6c (CDCI3) 118.3 (C-2'), 122.5 (C-5), 133.7 (C-4), 134.2 (C-1'), 142.5 (C-2), 148.5 (C-6) 

ppm

IR Vmax 3054, 2957, 1627, 1572, 1551, 1447, 1424, 1398, 1375, 1271, 1183, 1121,

1048, 1026, 984, 920, 830, 805, 796, 746, 739, 721, 666, 568 cm'^

Mass Spec (ES) Found 183.9759 (accurate mass) calcd. For [C7H6NBr + H]"^ 183.9762

SYNTHESIS OF 2-tertBUTOXY-3-VINYLPYRIDINE (53)34b

KtBuO
Pressure

amine

N Br Toluene 
36 h

N O

1" r

2-Bromo-3-vinyl pyridine (250 mg, 1.36 mmol) was taken with (S)-(-)-a-methylbenzylamine 

(0.17g, 1.36 mmol) and KtBuO (0.46g, 4.08 mmol) in dry toluene (7 ml) and added to a
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pressure tube. The resulting mixture was heated at 135 °C for 36 h after which time the 

reaction was cooled to RT and diluted with water. The aqueous phase was extracted with 

DCM (2x25 mL), dried over Na2S04 and concentrated in vacuo. The resulting oil was purified 

via column chromatography using EtOAc : Hexane 3 : 1 as mobile phase to yield the starting 

bromopyridine and product ether as oils in a ratio of ~5 ; 1 (~100mg ; 20 mg, 8 %)

NMR 6h (CDCI3) 1.63 (9H, s, H-1'), 5.28 (IH, dd, J 1.2, 11.2, H-2''), 5.77 (IH, dd, J 1.2,

17.8, H-2"), 6.93 (2H, m, H-5 & H-1"), 7.69 (IH, dd, J 2.0, 7.5, H-4), 

8.04 (IH, dd, J 2.0, 5.0, H-6) ppm

6c(CDCl3) 29.7 (C-1'), 117.4 (C-2"), 122.6 (C-1"), 131.0 (C-5), 133.2 (C-4), 137.7 

(C-6) 142.5 (C-3), 148.5 (C-2) ppm

Mass Spec (ES) Found 178.1232 (accurate mass) calcd. For [C11H15NO + H] ^ 178.1232

SYNTHESIS OF 4-CHLORO-/V-[r-PHENYLETHYL]BUTANAMIDE (57) 39

4 2

4-chlorobutyrl chloride (1.43 g, 10 mmol) was added dropwise to a solution of (R)-(+)-a- 

methylbenzylamine (1.43 g, 10 mmol) with triethylamine (1.4 ml) in dry THF (20 ml) at 0 °C. 

The resulting mixture was stirred at this temperature for a further 30 mins after which time it 

was poured onto saturated aqueous ammonium chloride and extracted with EtOAc (3 x 25 

ml). The organic layer was then dried over Na2S04 and concentrated in vacuo. The crude 

product was then purified by distillation to yield 4-chloro-A/-[-l-phenylethyl]butanamide as a 

colourless oil (2.17 g, 96 %)
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[a]D (+) 70.7 (MeOH; c 2.32) L/p (-) 84.0 (CHCI3; c 1.2)

NMR 6h (CDCI3) 1.52 (3H, d, J 6.8, H-2'), 2.14 (2H, m, H-3), 2.40 (2H, m, H-2), 3.62 (2H, m, 

H-4), 5.14 (IH, quin., 6.8, H-1'), 7.36 (5H, phenyl) ppm

6c(CDCl3) 21.3 (C-2'), 27.7 (C-3), 32.7 (C-4), 44.0 (C-2), 48.5 (C-1'), 125.6 (phenyl), 

127.0 (phenyl), 128.2 (phenyl), 142.6 (quat. phenyl), 170.7 (C=0) ppm

IR Vn 3283, 3061, 2971, 1730, 1639, 1540, 1494, 1448, 1375, 1244, 1209,

1145, 1018, 978, 912, 876, 761, 698, 648, 614 cm -1

Mass Spec (ES) Found 248.0819 (accurate mass) calcd. for [C12H16NOCI Na]^ 248.0818

SYNTHESIS OF l-[l-PHENYLETHYL]PYRROLIDIN-2-ONE (55) 39

Cl .0

HN NaH

4 3

iCi,N
THF
^2{g)

4-chloro-A/-[-l-phenylethyl]butanamide (2.17 g, 9.63 mmol) in THF (30 ml) was added to 

NaH (0.23 g, 9.63 mmol) at room temperature. The resulting mixture was heated under 

reflux for 6 h after which time it was poured carefully onto saturated aqueous ammonium 

chloride, extracted with EtOAc (3 x 25 ml) and dried over Na2S04. The resulting solution was 

concentrated in vacuo and purified by distillation to yield 3-[2-(l,3-dioxolan-2-yl)ethyl]-l-[(l- 

phenylethyl]pyrrolidin-2-one as a colourless oil (1.21 g, 66 %)

[a]c (-) 258.4 (MeOH; c 1.48) Lit^^ (-) 206.7 (CHCI3; c 1.1)
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NMR 6h(CDCI3) 1.54 (3H, d, J 13, H-2'), 2.01 (2H, m, H-4), 2.49 (2H, m, H-3), 3.02 (IH, 

ddd, J 5.3, 8.5, CHH), 3.33 (IH, ddd, J 6.2, 8.5, CHH), 5.45 (IH, quart., J 

7.3, H-1'), 7.35, (5H, m, phenyi) ppm

6c(CDCl3) 16.2 (C-2'), 17.8 (C-4), 31.4 (C-5), 42.3 (C-3), 48.9 (C-1'), 126.9 (phenyl), 

127.0 (phenyl), 128.5 (pheny), 140.1 (quat. phenyl), 174.5 (C=0) ppm

IR Vn 3430, 3030, 2975, 1658, 1583, 1542, 1494, 1453, 1420, 1377, 1353, 

1312, 1284, 1217, 1191, 1166, 1117, 1054, 1030, 1020, 1002, 930, 849,

784, 763, 736, 698, 633, 606 cm -1

Mass Spec (ES) Found 190.1228 (accurate mass) calcd. For [C12H15NO + H]"^ 190.1232

SYNTHESIS OF 3-[2-{l",3"-DIOXOLAN-2-YL)ETHYL]-l-[l'-PHENYLETHYL] PYRROLIDIN-2-ONE 

(58)'“'

4"

o-

Pyrollidinone 38 (1.822g, 9.67 mmol) in THF (10 ml) was added dropwise at - 78 °C to a 

solution of 2.5 M nBuLi (4.58 ml, 9.63 mmol) in THF (20 ml). The solution was then allowed 

warm to 0 °C and stirred at this temperature for 1 h. Following this the solution was cooled 

to - 78 °C again and freshly distilled lED (2.36 g, 11.6 mmol) in HMPA (5 ml, 28.7 mmol) was 

added dropwise over the course of 0.5 h. The solution was allowed rise to room temperature 

and stirred for 2 h. The reaction was then quenched with H2O (100 ml) and extracted with 

EtOAc (3 X 25 ml). The organic layer was dried over Na2S04 and concentrated in vacuo to
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yield the target compound. This was then purified by distillation at reduced pressure to give 

3-[2-(l,3-dioxolan-2-yl)ethyl]-l-[-l-phenylethyl]pyrrolidin-2-one as an oil (1.09 g, 39 %)

[a]D (-) 123 (MeOH; C5.52)

NMR 6h(CDCI3) 1.52 (4H, m, H-2' & H-4), 1.75 (2H, m, H-2'''), 2.01 (2H, m, H-1'"), 2.49 

(IH, m, H-3), 2.87 (IH, m, H-5), 3.23 (IH, m, H-5), 3.97 (4H, m, H-4" & H- 

5"), 4.91 (IH, dt, J 1.5, 4.5, H-2"), 5.52 (IH, quart. J 8.0, H-1'), 7.34 (5H, m, 

phenyl) ppm

6c (CDCI3) 15.6 (C-2'), 24.3 (C-4), 25.1 (C-2'"), 30.1 (C-1'"), 40.0 (C-5), 41.5 (C-3), 48.4 

(C-1'), 64.4 (C-4" & C-5"), 103.8 (C-2"), 126.4 (phenyl), 126.6 (phenyl), 

139.7 (phenyl), 139.9 (quat. phenyl), 175.3 (C-2) ppm

IR Vn 2934, 2878, 1674, 1494, 1453, 1420, 1376, 1266, 1217, 1140, 1028,

926, 943, 907, 782, 699 cm -1

Mass Spec (ES) Found 312.1578 (accurate mass) calcd. For [C17H23NO3+ Na]"^ 312.1576
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Chapter 3

Attempted Synthesis of Some Fused Ring

Systems



Chapter 3.0 Attempted synthesis of Fused Ring systems

3.1 Attempted synthesis of (+)-2-{r-Phenylethyiamino)-4,5,6,7-tetrahydro-6,6- 
dimethyl-5,l-methanoquinoiine /V-oxide from (+)-Nopinone

It was decided to attempt the synthesis of the fused ring system 1 (Figure 3.01) as it was 

thought that this would provide not only the possibility for chiral discrimination by the 

enantiopure 2-amino substituent on the pyridine ring, but also a bulky chiral moiety 

which would help to desymmeterise the pyridine W-oxide, hopefully leading to greater 

selectivity in acylation reactions.

Figure 3.01: It was thought that the synthesis of a fused amino pyridine A/-oxide ring system like 1 might 

serve to augment selectivity.

Various methods exist for the synthesis of fused terpene-pyridine species. Chelucci et al^ 

report the synthesis of C2 symmetric phenanthrolines, e.g. the phenanthroline 2, derived 

from monoterpenes (-)-3-pinene, (-l-)-a-pinene and (-t-)-camphor. Having synthesised the 

Michael acceptor (-)-pinocarvone 3 via oxidation of (-l-)-a-pinene, they set about reacting 

this with the lithium enolate of 2-benzyloxycyclohexanone 4 to yield a 1,5-dicarbonyl 

intermediate by conjugate addition. This intermediate underwent azaanulation- 

aromatisation to produce the pyridine 5 as a mixture of epimers. Hydrogenolysis to the 

alcohol, then Swern oxidation followed by lithiation and aromatisation led to the 

dihydrophenanthrolines 6 in 38 % yield. Dehydrogenation of 6 was carried out with 

catalytic Pd/C, resulting in a 31 % overall yield of phenanthroline 2.
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Scheme 3.01; Chelucci et al^ report the synthesis of C2 symmetric phenanthrolines derived from 

monoterpenes.

When this synthetic strategy was applied to (-)-P-pinene the dihydro analogue of 6 

(Scheme 3.01) was obtained in 35 % yield. (+)-Camphor gave a poor yield of only 14 % of 

the dihydro compound 7. Dehydrogenation of the (-)-p-pinene and (+)-camphor 

analogues with Pd/C gave overall yields of 33 % for (-)-P-pinene and 9 % of (+)-camphor 8 

(Scheme 3.02).

Scheme 3.02: Chelucci et 0/synthesised (+)-camphor analogues though the yields proved to be very poor,

Maikov et al^ reported the synthesis of fused pyridine ring species via Krohnke pyridine 

synthesis. (-)-p-Pinene was oxidised to (+)-nopinone (9)^ which was then condensed with 

ethyl formate to give 10a followed by transaldolisation with formaldehyde and sodium 

carbonate to generate the a,P-unsaturated ketone 10b. This was then further condensed
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with the acylmethylpyridinium salt 11 to yield the desired pyridine compound 12 in 49 % 

yield (Scheme 3.03).

10

aX = OH 

bX= H

11

Scheme 3.03: Maikov et ar synthesised various fused ring systems containing pyridine using the Kronhke 

pyridine synthesis.

Given the ready availability of ozonolysis here and the acceptable yields reported/ it was 

decided to adopt this approach to the first step in the synthesis of fused pyridyl pinene 

rings. Thus, (lS)-(-)-3-pinene was taken in DCM/MeOH 1:1 and ozonised at - 60 °C for 18 

h resulting in the formation of (+)-nopinone 9, (Figure 3.02), in 59 % after distillation.

2^0

Figure 3.02: Structure of (+)-Nopinone 9.

This is verified via the resonances in the NMR spectrum which show resonances for the 

methyl group of H-8 of the bridgehead as a 3H singlet at 6h 0.84 ppm. The other 

bridgehead methyl group of H-9 is found to resonate as a 3H singlet at 6h 1.31 ppm. The 

bridgehead protons of the methylene group on H-7 were also found to be inequivalent 

and resonate as a IH doublet with J 10.5 Hz for the endo proton at 6h 1.58 ppm. The 

inequivalent endo and exo protons of H-4 are found to resonate as IH multiplets at 6h 

1.93 ppm and 6h 2.04 ppm respectively. The proton of H-5 is found to resonate as a IH
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multiplet at 6h 2.23 ppm. The endo proton of H-3 is found to resonate as a IH multiplet at 

6h 2.37 ppm. The remaining bridgehead proton on H-7, as well as the proton of H-1 and 

the remaining exo proton of H-3 are found to resonate as an overlapping 3H multiplet at 

6h 2.57 ppm. These shifts in the proton resonances are also consistent with those 

reported by Meklati et al}

Further, Maikov et al^ report the synthesis of (-)-2-chloro-5,6,7,8,-tetrahydro-7,7- 

dimethyl-[6,8-methanoquinoline] 10, (Figure 3.03), from a either a 2-step or a 4-step 

strategy, each of which were reported as being high yielding. Given that pyridine 10 was 

thought to be a valuable precursor in the strategy for the synthesis of 1, it was decided to 

adopt this approach.

10

Figure 3.03: Maikov et al report the synthesis of (6/?,8R)-(-)-2-chloro-5,6,7,8,-tetrahydro-7,7-dimethyl- [6,8- 

methanoquinoline] 10

The first approach'’ involved the treatment of (-F)-nopinone (9) with an excess of methyl 

propiolate (11) and ammonia hydroxide in an autoclave at 140 °C for 10 h at 15 bar and 

resulting from Michael addition followed by imine formation and ring closure pyridone 12 

was synthesisied in 61 % yield (Scheme 3.04). It was envisioned that, in the present work, 

treatment of pyridone 12 with halogenating agents like PCI5 or POCI3 would yield the 2- 

chloro pyridine analogue 10 in 2 steps.

O
NH3

140 x:

O— autoclave

11 12

Scheme 3.04: Synthesis of pyridone 12 from (+)-nopinone and methyl propiolate with ammonium 

hydroxide in an autoclave as reported by Maikov et al.''
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Obvious experimental difficulties lay in the reproduction of this method in that the 

experimental procedure described Maikov"' involved conditions \which where unattainable 

here in that these authors used large scale autoclaves (using 0.1 mol of (+)-9) with 

reduced pressure and under an inert atmosphere of argon. Although such apparatus was 

unavailable here it was decided, given the apparent ease and simplicity of the synthesis, 

to attempt to modify this procedure in an effort to repeat the synthesis.

Thus (+)-nopinone (9) was taken and, initially in a pressure tube with 'BuOH as solvent, 

and later neat, heated at 150 °C with methyl propiolate (11) and ammonium hydroxide 

solution for 24 h. Given the necessity of further reaction steps hereafter, it was decided 

to use a pressure tube initially in order that relatively large scale (~ Ig) reactions could be 

attempted. This resulted in no formation of products and as such the modification of 

using a pressure tube was abandoned.

Thereafter small scale autoclaves, 25 ml total capacity, were acquired® and a series of 

experiments were undertaken. These included the heating of (+)-nopinone 9 in dry MeOH 

with methyl propiolate and ammonium hydroxide solution at 120 °C, 140 °C and 180 °C at 

1 atm for 24 h. Only at 140 °C was any product observed in the resonances of the NMR 

spectrum of the product mixture, with that of the lower temperature reaction showing 

starting material, while that of the higher temperature reaction displayed degradation of 

the pinene ring system leading to an array of inseparable products. NMR resonances of 

pyridone 12 show shifts for a 3H singlet of the methyl group of H-8 at 6h 0.78 ppm, a 1 H 

doublet with J 9.5 Hz for the endo bridgehead proton of H-7 at 6h 1.36 ppm, a 3H singlet 

for the protons of the methyl group at H-9 at 6h 1.41 ppm, a IH multiple! for the endo 

proton of H-4 at 6h 2.30 ppm, a 3H multiple! for the inequivalent bridgehead proton of H- 

7 and the proton of H-4 and H-5 at 6h 2.66 ppm, a IH apparent triplet with J 5.6 Hz for 

the proton of H-1 at 6h 2.85 ppm. A IH doublet with J 9.0 Hz for the pyridone ring proton 

of H-12 at 6h 6.42 ppm, a IH doublet with J 9.0 Hz for the pyridone ring proton of H-13 at 

6h 7.32 ppm and finally a IH broad singlet for the NH at 6h 13.60 ppm.
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4 13

Figure 3.04: Structure of (lR,9R)-10,10-dimethyl-3-azatricyclo[7.1.1.0^'jundeca-2(7),S-dien-4-one 12.

Though synthesis of the pyridone analogue 12, (Figure 3.04), was successful, the poor 

yield (10 %) and relatively small scale (0.42 g) on which the reaction was necessarily 

performed led to the conclusion that this method was not a viable synthetic strategy 

given that it was envisaged that a further three steps would be involved to get to the 

desired 2-amino pyridine target 1.

The next route to be attempted, as elucidated by Maikov et al,^ involved the synthesis of 

(-i-)-nopinone oxime 13, (Figure 3.05), from (-f)-9. As previously, with (-i-)-camphor, this 

was carried out via the method of Flall^ instead of that reported by Maikov et al as it 

proved to give higher yields, though the only appreciable difference in the methods is the 

reaction time which is substantially greater for Hall^ with a 12 h reflux compared to 

Maikov's 1 h reflux. Further, no purification was required for oxime 13 as near 

quantitative conversion (94 %) occurred.

13

Figure 3.05: The structure of nopinone oxime.

The oxime 13, (Figure 3.05), was identified via its ^Fl NMR spectra which showed 3FI 

singlets at 6h 0.84 ppm and 6h 1.30 ppm for the methyl groups of H-8 and H-9 

respectively. The bridgehead protons of the methylene group on FI-7 are found to be 

inequivalent and resonate as a IFI doublet with J 10.0 FIz for the endo proton at 6h 1.41 

ppm. The inequivalent endo and exo protons of FI-4 are found to resonate as 2FI multiplet
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at 6h 1.98 ppm. The proton of H-5 is found to resonate as a IH multiplet at 6h 2.11 ppm. 

The exo bridgehead proton at H-7, as well as the inequivalent endo proton of H-3, are 

found to resonate as a 2H multiplet at 6h 2.52 ppm. The proton of H-1 is found to be a IH 

triplet with J 5.5 Hz at 6h 2.62 ppm, while the exo proton of H-3 is found as a double 

doublet, with J 2.5 and 9.5 Hz at 6h 2.86 ppm.

Figure 3.06: Synthesis of enamide 14 from nopinone oxime with AC2O and acetic acid in the presence of Fe. 

Following this the next step involved reduction of the oxime 13 and its amidation, using 

Fe powder with AcOH and AC2O in toluene. Though in the experimental section of the 

report by Maikov^ it states that this reaction should be performed at 0 °C, and in the 

actual report itself at room temperature, it was found here that it was preferential to 

perform this reaction at room temperature, with an injection of heat, to initiate the 

reaction should this be needed. Once the reaction is under way it is strongly exothermic 

and can be cooled with ice/water to prevent evaporation of the toluene solvent. The 

reaction time is extremely short taking about 1 h to 2 h for completion. This leads to a 

dark brown/black suspension. On filtering of the excess Fe powder and washing with 

EtOAc the resulting dark solution, on evaporation of the solvents, yields a dark oil in 81 % 

yield. This compound was used without purification. ^H NMR spectra showed this to be 

the desired enamide 14, (Figure 3.06), with the methyl group of H-8 of the bridgehead as 

a 3H singlet at 6h 0.93 ppm. The other bridgehead methyl group of H-9 is found to 

resonate as a 3H singlet at 6h 1.31 ppm. The bridgehead protons of the methylene group 

on H-7 are inequivalent and resonate as a IH doublet with J 9.0 Hz for the endo proton at 

5h 1.35 ppm. The 3H singlet for the methyl group of the amide resonates at 5h 2.05 ppm. 

The proton of H-5 is found as a IH multiplet at 6h 2.13 ppm. A IH apparent triplet with J 

3.5 Hz for the endo proton of H-4 at 6h 2.29 ppm, while the exo proton of H-4 is found as 

again a triplet with J 3.5 Hz at 6h 2.35 ppm. The protons of H-1 and the exo proton of H-7
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are found as a 2H multiplet at 6h 2.45 ppm. A broad IH singlet resonates for the proton of 

H-3 6h 5.94 ppm, and a broad IH singlet for the NH at 6h 6.61 ppm.

Reaction of the isolated enamide 14 with POCI3 and DMF results in the formation of the 

fused 2-chloropyridine 10, (Scheme 3.05), in 38 % yield, the synthesis involving, in situ, 

preparation of the Vilsmeier reagent 15 via a Vilsmeier-Haak formylation. The 

characteristic resonances in the NMR spectrum of 10 for the fused pyridine ring system 

are with the methyl group of H-8 of the bridgehead as a 3H singlet at 6h 0.68 ppm. The 

bridgehead protons of the methene group on H-7 are found to be inequivalent and 

resonate as a IH doublet with J 9.7 Hz for the endo proton at 6h 1.30 ppm. The other 

bridgehead methyl group of H-9 is found to resonate as a 3H singlet at 6h 1.42 ppm. The 

endo proton of H-4 is found as a IH singlet at 6h 2.19 ppm. A IH multiplet for the exo 

proton of H-4 is found at 6h 2.36 ppm. The protons of H-5 is found as a IH multiplet at 6h 

2.72 ppm and the exo proton of H-7 are found as a IH singlet at 6h 2.92 ppm. The proton 

resonance for H-1 is found as a IH triplet with J 5.3 Hz at 6h 3.00 ppm. The pyridine 

protons are found as IH doublets with J 7.8 Hz resonating for the proton of H-12 at 6h 

5.94 ppm, and the other pyridine proton as a IH doublet J 7.8 Hz at 6h 7.40 ppm.

J

DMF
POCL

Cl

NH 0 t: / Cl

15

14 10

Scheme 3.05: Vilsmeier-Haak type formylation led to the formation of 2-chloropyridine 10 from enamide

14.

Following successful purification 10 via column chromatography the next step involved N-

oxidation of the pyridine ring. This was achieved in 59 % yield using m-CPBA as oxidising

agent. Various reagents for oxidation were considered but given the ease with which the

chosen reagent can be used, and the fair yield obtained, it was decided not to assess any

other of the candidate reagents. Characteristic ^H NMR shifts for N-oxide 16, (Figure

3.07), are observed as a 3H singlet for the protons of the methyl group on H-8 at 6h 0.56
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ppm. The resonances show a IH doublet with J 10 Hz for the inequivalent endo proton of 

the bridgehead H-7 at 6h 1.30 ppm. The other bridgehead methyl group protons of H-9 

are found to resonate as a 3H singlet at 6h 1.42 ppm. The resonances for the endo proton 

of H-4 is found as a 1 H multiplet at 6h 2.19 ppm. The proton of H-5 is found as a IH 

multiplet 6h 2.61 ppm. The exo proton of the bridgehead H-7, as well as the exo proton of 

H-4, are found as an overlapping 2H signal at 6h 2.83 ppm. The remaining proton of H-1 is 

found at 6h 3.92 ppm, a IH triplet with J 5.5 Hz. The explanation for the shift of the 

proton of H-1 by 6h 1.0 ppm is that there is now an electron withdrawing group in the N- 

oxide on the pyridine ring. The pyridine protons are found to resonate at 6h 6.91 ppm, a 

IH doublet with J 8.0 Hz for the proton of H-12 while that of H-13 is found at 6h 7.16 

ppm, again a IH doublet with J 8.0 Hz.

16

Figure 3.07: Following the synthesis of chlropyridine 10, oxidation of the pyridine nitrogen was undertaken.

With A/-oxide 16 now to hand it was thought that its nitration, with a view to the 

synthesis of a 4-dimethylamino analogue, might prove valuable. This, it was hoped would 

be achieved via a procedure analogous to that used for synthesis of the non-fused 2- 

chloro pyridine A/-oxide with nitration followed by halogenations using POCI3, re-oxidation 

of the pyridine ring nitrogen, amination in the 4-position and finally amination using 

enantiopure (S)-(-)-(a)-MBA in the 2-position of the pyridine ring.

As has been discussed previously, the synthesis of 2-chloro-4-nitropyridine A/-oxide 

proved facile by the method of Finger et al.^ Therefore, A/-oxide 16 was taken and 

dissolved in concentrated H2SO4 at 5 °C and fuming nitric acid was slowly added. The 

solution was then heated and stirred under reflux at 100 °C for 3 h. Following work-up the 

resonances of the ^H NMR spectrum of the product revealed complete degradation of the 

starting material yielding an array of inseparable compounds. Given ring strains which 

exist in the pinene backbone, and the harsh conditions necessary for the nitration, it is
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unsurprising that degradation occurred. Instead, it was decided to focus on the synthesis 

of the mono amino substituted pyridine 1.

O3

-60 "C

DCM/MeOH 
18 h

NH2OH
EtOH

Pyridine
A

16

mCPBA
DCM

DMSO 
A

N Cl

^a-MBA

POCI3
DMF

Fe
AC2O

AcOH
RT

NH

14

Scheme 3.06: Synthetic strategy adopted for the synthesis of 1. On the final step of the synthesis pyridine 

17 was formed.

The final step of the synthesis of 1 involved the nucleophilic displacement of the 2-chloro 

substituent of the pyridine ring from 16 to give the desired chiral amine 1. Given the ease 

of reaction of 2-chloropyridine W-oxide with (S)-(-)-a-MBA, no problems with successful 

completion of this reaction were envisaged. However, reaction of compound 16 with this 

amine in ethylene glycol in a pressure tube at 150 °C for 96 h resulted in degradation of 

the pinene ring yielding a mixture of unidentified compounds (^H NMR spectroscopy). 

Various attempts, including modifying reaction times and/or temperature, resulted in 

either further degradation for higher temperatures and/or longer reaction times, or
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isolation of starting material for shorter reaction times, solvents and/or lower 

temperatures. Given that it appeared that high temperatures and pressures were having 

an adverse impact on the starting reagents it was decided to seek less vigorous conditions 

of reaction. As such it was found that Player et af had synthesised various 2-amino 

substituted pyridine /V-oxides via reflux of a 2-chloropyridine A/-oxide, with the desired 

amine, at 150 °C in DMSO, though they report moderate to poor yields (Scheme 3.06).

As such the fused pyridine 16 was taken with 4 equivalents of (S)-(-)-a-MBA and heated 

under reflux in DMSO for 96 h. This resulted in the isolation of what was initially believed 

to be compound 1 in very poor yield (3 %]. This is evidenced by the characteristic 

resonances in the NMR spectra which shows a 3H singlet at 6h 0.71 ppm for the 

protons of the H-8 methyl group, and a IH doublet with J 9.5 Hz at 6h 1 30 ppm for the 

inequivalent endo proton of the bridgehead H-7. The other methyl group protons of H-9 

are found at 6h 1.40 ppm, again a 3H singlet. The methyl group of the asymmetric centre 

is found at 6h 1.55 ppm, a 3H doublet with J 6.5 Hz. The resonances for the protons of H-4 

are found at 6h 2.28 ppm, a multiplet for the endo proton of H-4, while the exo proton is 

found at 6h 2.65 ppm, again a multiplet. The exo proton of the bridgehead H-7, as well as 

the protons of H-5 and H-7, are found as an overlapping 3H multiplet signal at 6h 2.75 

ppm. The methine proton of the asymmetric centre is found to resonate at 6h 4.55 ppm, a 

IH apparent quintet with J 6.5 Hz. The NH proton is found to resonate at 6h 4.95 ppm a 

IH broad doublet with J 5.0 Hz. The pyridine protons are found to resonate at 6h 5.94 

ppm, a IH doublet with J 8.0 Hz for the proton of H-3 while that of H-4 is found at 6h 7.08 

ppm, again a IH doublet with J 8.0 Hz. The phenyl protons are found to resonate as a 5H 

multiplet centred at 6h 7.35 ppm (Figure 3.08).

4 12

Figure 3.08: Structure of fused pyridine 17.
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Though thought to be the /V-oxide 1, mass spectrometry of the product revealed a mass 

of [(M - 0) + H], As has been discussed previously, Chowdhury et al and March et al, 

found that it is not uncommon for A/-oxides to lose OH* initially followed by the 

fragmentation pattern of the reduced form to yield the observed mass. However, the 

shift of the NH signal is nearly identical to that observed for the reduced non-fused 2-(l- 

phenylethyl)aminopyridine. Further, the chemical shift of the proton at H-10 of the 

pinene ring has moved upheld to almost the exact shift observed for the equivalent 

proton in the fused 2-chloro pyridine 10. This was thought to be a result of an inductive 

effect from the aliphatic ring which could contribute to an upheld shift of the protons on 

the pyridine ring, while preferential interaction between the A/-oxide and the 2-amino 

proton may cause the upheld shift of the proton of H-1. There was also a lack of the 

expected W-oxide absorption in the IR spectrum of the product.

Given that the attempt at the synthesis of the A/-oxide 1 had failed and to corroborate the 

hypothesis that the reflux of A/-oxide 16 with (S)-(-)-a-MBA in DMSO results in the 

reduction of the A/-oxide to give compound 17, (Figure 3.08), it was thought that since the 

analogous non-fused pyridine was amenable to palladium coupling, in the form of the 

Buchwald-Hartwig amination of aryl halides with an amine to form the C-N bond using 

Pd(OAc)2 as the palladium source, it might be possible to nucleophilically substitute the 2- 

chloro-substituent of 10 with the desired chiral amine. This would serve to eliminate the 

oxidation step, thus reducing the synthetic strategy by one step, possibly resulting in a 

more productive and higher yielding synthetic strategy in the formation of 17.

Various ligands and bases were surveyed in this endeavor, however, all combinations 

proved fruitless save for one, that of using BINAP as ligand and K^OBu as base, which 

produced the desired compound in 18 % yield after a 48 h reflux under N2(g) (Scheme 

3.07). Previous palladium-mediated substitution for analogous 2-chloropyridines afforded 

reasonable yields of ~ 50 %. This result was disappointing, and though initially thought the 

low yield could be due to steric hindrance affecting oxidative addition of the aryl halide to 

the palladium catalyst, it is more likely that the use of equivalent molar amounts of the 

palladium source and BINAP ligand could have negatively impacted on the formation of 

the active phosphine Pd*°' species and thus reducing the overall amount of catalyst
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present for reaction. Nevertheless, a more efficient route to the synthesis of 17 was 

elucidated.

Cl

Pd(OAc)2

Scheme 3.07: Buchwald-Hartwig amination of chloropyridine 10 with (S)-(-)-a-methylbenzylamine. Though 
product was obtained in low yield comparison between the ''H NMR from this reaction and that of the N- 
oxide refluxed with amine in DMSO confirmed the reduction of the A/-oxide.

Table 1: Results of test reactions to elucidate favourable reaction conditions for the Buchwald-Hartwig 
amination of chloropyridine 10 with (S)-(-)-a-methylbenzylamine.

Ligand Base Products {%) Reaction time (h)

PPhs K^OBu SM 48

(±)-BINAP K'OBu 18 48

PPha K2CO3 SM 48

(±)-BINAP K2CO3 SM 48

PPha CS2CO3 SM 48

(±)-BINAP CS2CO3 SM 48

Given that the target compound 1 was not synthesised in the course of this project, 

future work would involve an investigation into the possible synthetic strategy leading to 

its eventual isolation. /V-oxide 1 could prove catalytically valuable in an array of reactions 

to include the acylation of racemic alcohols and the allylation of aldehydes with 

allyltrichlorosilanes.

One possible synthetic route, which was not investigated here, would be the optimisation 

of the synthesis of analogue 17. Currently, in the present work, a best yield of 18 % in the 

final step is still quite poor.
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Once optimisation has been achieved oxidation of the pyridine ring nitrogen should result 

preferentially using peracids providing the target /V-oxide 1.

3.2 Attempted synthesis of 2-(l'-PhenYlethylamino)-4,5,6-tetrahydro-l,7,7- 

trimethyl-5,l-methano-[2.2.1]-quinoline /V-oxide (18) from (+)-Camphor

As with (-)-P-pinene, (+)-camphor was thought to be a suitable candidate for the 

synthesis of a fused pyridine skeleton given its large bulk and bicyclic bridged system, 

which it was believed would add rigidity to the aliphatic portion and thus result in 

possible stereodifferentiating ability for the active site of the catalyst 18 (Figure 3.09).

Figure 3.09: Given the failure of the (P)-pinene synthetic strategy it was decided to embark on analogous 

target derived from (+)-camphor 18.

In consultation with the literature it was found that Chelucci et in their investigations 

into the pyridoannelation of chiral aldehydes into optically active alkypyridines, had 

previously synthesised 5,6,7,8-tetrahydro-8,9,9-trimethyl-5,8-methanoquinoline 19a 

(Figure 3.10).

a ; X = H 

b : X = Cl

Figure 3.10: Chelucci et al had previously synthesised pyridine 19a in w/hat appeared to be a facile 

strategy.
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Throughout their studies^^ these authors had investigated various possible synthetic 

routes to the target compound. These included thermolysis of (+)-camphor 0-allyl oxime, 

which had previously been reported.They, however, found this synthetic strategy to 

suffer from two major obstacles, namely yields were poor, with a reported best yield of 6 

% for 19a obtained by Chelucci and co-workers,^^ and the fact that this method is not 

suited to the preparation of 2-alkyl substituted derivatives. Chelucci^^ also reported that 

on heating at 200 °C for 46 h the reaction resulted in the Beckmann fragmentation of the 

oximino ether 20 (Scheme 3.08).

200 “C 
Benzene

R = H, CH,
20

Scheme 3.08: Chelucci et o/“ had investigated various avenues to the synthesis of 19a including the 

possible use of an oximino ether as a precursor to their target.

Given the apparent failure of this route they then turned their attention to the synthesis 

of their target via camphor enamine 21 which was then to be alkylated with an 

appropriate a,P-unsaturated carbonyl compound which could then be cyclised to the 

pyridine through treatment with hydroxylamine hydrochloride (Scheme 3.09).

Scheme 3.09: Having abandoned the route through the oximino ether they now turned their attention to 

the synthesis of 19a from (+)-camphor enamine.
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Again however this strategy proved fruitless because when the enamine was treated with 

methyl vinyl ketone (MVK) it produced a di-ketone structure which, on treatment with 

hydroxylamine, produced either camphor oxime over prolonged reaction times or the 

dioxime of the diketone. When, however, more polar solvents of higher boiling point 

were used with hydroxylamine, the fused 2-picoline analogue 22 was isolated in 

moderate 25-30 % yield.

Further, Chelucci found that reaction of the enamine 21 with acrolein and hydroxylamine 

hydrochloride gave a "complex mixture of products"^^ which could not be isolated nor 

identified and which never produced even trace amounts of the desired compound 19a. 

In fact, they reported the isolation of crystals of the ketonitrile 23. Given its presence they 

suggest that 23 originates from the intermediate aldoxime formed early in the reaction 

with hydroxylamine as a consequence of the low reactivity of the hindered keto group 

and as such its formation precludes any possibility of formation of the target via this 

route.

Chelucci et then suggest that a more successful procedure would be the introduction 

of a hydrazone, prepared by direct reaction of camphor with the appropriate hydrazine as 

this, they report, would be "stable and accessible in high yield" and also that "a-lithiated 

derivatives of these can be prepared easily and are very reactive towards a variety of 

electrophiles". To this end a synthetic strategy, (Scheme 3.10), was adopted by them with 

the synthesis of the dimethylhydrazone of (-l-)-camphor 24 proceeding from (-l-)-camphor 

and dimethylhydrazine under reflux in ethanol with a reported yield of 85 %. Alkylation 

using 2-(2'-bromoethyl)-l,3-dioxolane (BED), using "BuLi as base, provided the desired 

compound 25 in a reported 66 % yield whilst simply heating under reflux with HCI in 

diethylene glycol gave the target 19a in 80 % yield, or an overall 45 % over three steps.
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Me^NNHj

24a 24

nBuLi
-78‘C

THF

BED

o

Scheme 3.10; Chelucci et al synthesised 19a in good yield via alkylation of camphor hydrazone followed by 

annulation.

Given the apparent simplicty, reasonable yields of the individual reactions and moderate 

yield of the overall strategy, it w/as decided to adopt this synthetic route to the pyridyl- 

camphor fused ring system 19a. Further experimental steps could introduce a chloro 

substituent in the 2 position of the pyridine ring, follovyed by /V-oxidation and finally 

amination to yield target compound 18.

Thus, (+)-camphor was reacted with one equivalent of A/,/V-dimethylhydrazine with 10 

mol % toluene sulfonic acid in ethanol under reflux for 72 h, but after work up it was 

found that on analysis of the product NMR spectrum only starting ketone was present. 

After several further attempts it was decided that the presence of water, formed during 

the reaction, may have been having a detrimental effect on product formation. Thus the 

reaction was performed under N2(g) and with the attachment of a Dean-Stark apparatus. 

Again, however, all product spectra showed the presence of only starting (+)-camphor 

and hydrazine.

Given that the boiling point of the A/,A/-dimethylhydrazine at 60 - 62 is considerably

lower than that of the solvent (ethanol 78 °C)^^ and that it is present in only one molar

equivalent compared to the camphor it was felt that there was the possibilty that the
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hydrazine was too volatile for the current reflux conditions. Thus the reaction 

temperature was lowered to 55 °C. This again proved fruitless with recovery of staring 

materials and not even trace amounts of product hydrazone.

Accordingly a new approach was decided upon in order to elucidate perfect conditions for 

this reaction. Given that (+)-camphor is a relatively hindered ketone, and also reasonably 

expensive, it was felt that trial synthesis of cyclopentyl hydrazone 26a and 

cyclohexylhydrazone 27a from cyclopentanone 26 and cyclohexanone 27 respectively, 

(Scheme 3.11), by reaction with /\/,A/-dimethylhydrazine would more easily form the 

desired products given the lack of the steric hindrance which is present in camphor due 

its bridge system. Also given that camphor is a bridged six membered ring which 

embodies a pair of five membered rings on either side of the bridge it was felt that both 

cyclohexanone and cyclopentanone were good models for the reaction at hand. Again, 

one equivalent of hydrazine was reacted with the appropriate ketone under reflux in 

ethanol for 72 h but again this resulted in the presence of characteristic resonances for 

starting materia! in the product NMR spectra.

A further modification was to perform the reaction with the Dean-Stark apparatus but 

this time with benzene as solvent and with the presence of BF3.Et20 instead of toluene 

sulfonic acid. This failed to result in conversion of starting materials to products.

O

26

Me2NNH2
EtOH
reflux

T0ISO3H (5 mol%)
26a

l\/1e2NNH2
EtOH
reflux

T0ISO3H (5 mol%)
27 27a

Scheme 3.11: Given the apparent failure of the hydrazone to form various analogous test reactions were 

attempted In order to ascertain ideal reaction conditions

Given that various modifications to the published procedure were attempted, and all 

failed, it was thought that communication with the author, Chelucci, might prove useful. 

To this end advice was sought, and given, in that it was suggested that an increase in the 

molar ratio of /V,A/-dimethylhydrazine to camphor, from 1:1 to 2:1, could prove
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advantageous. An updated procedure was also provided in which the reaction time was 

elongated from 72 h to one week. Further, a more detailed NMR analysis as well as a 

NMR spectrum of 24 was provided. Thus, the suggested new procedure was 

performed, initially at 55 °C, but later the temperature was increased to 65 °C, again 

resulting in the presence of solely starting materials as is evinced by the NMR spectra. 

Neither performance of the modified procedure under a blanket of nitrogen nor with the 

attachment of a Dean-Stark apparatus resulted in the formation of the desired product 

24. Various other modifications were attempted, including the addition of up to five 

equivalents of /\/,A/-dimethylhydrazine. Higher or lower temperatures and modifications to 

the reaction time never resulted in the formation of the desired hydrazone.

A final attempt at this synthesis was the performance of the reaction in a pressure tube. It 

had always been suspected that the volatility of the hydrazine had, in fact, been the root 

cause for the lack of reaction, hence the various control reactions with modified 

temperature. In a pressure tube, however, this fear is negated by the fact that the 

reaction vessel is sealed. Thus, (-F)-camphor was taken with four equivalents of N,N- 

dimethylhydrazine with 5 mol % toluene sulfonic acid in ^BuOH and the reaction was 

allowed proceed for 96 h at 120 °C after which time the solution was diluted with water 

and extracted with EtOAc. This resulted in conversion of the ketone 24a into the 

hydrazone 24 in 53 % yield after distillation (Figure 3.11).

The resonances in the NMR spectrum of 24 are consistent with those reported by 

Chelucci et with the resonances in the NMR spectrum which shows 3H singlet for 

the bridgehead methyl group of H-9 at 5h 0.90 ppm, another 3H singlet for the methyl 

group of H-8 at 6h 0.91 ppm, another 3H singlet for the protons of H-10 at 6h 0.99 ppm. A 

IH multiplet for the endo proton of H-5 appears at 6h 1.21 ppm. Another IH multiplet 

appears for the endo proton of H-6 at 6h 1.27 ppm. The exo proton of H-6 appears as a IH 

multiplet at 6h 1.33 ppm. The exo proton of H-5 as well as the methine proton of the 

bridgehead, H-4, appear as a 2H multiplet centred at 6h 1.89 ppm. The endo proton of H-3 

appears as a IH doublet with J 17.5 Hz at 6h 2.00 ppm. The exo proton of H-3 resonates as 

a IH doublet with J 7.5 Hz at 6h 2.36 ppm. The dimethylamino protons of the hydrazone 

resonate as a 6H singlet at 6h 2.42 ppm.

175



Figure 3.11: Structure of camphor hydrazone.

Given that the hydrazone 24 had now been synthesised in good yield the next step was to 

be the alkylation of the camphor hydrazone with 2-(2'-bromoethyl)-l,3-dioxolane (BED). 

Again this was reported as proceeding in good yield (66 %)“ with simple lithiation and 

deprotonation alpha to the hydrazone using "butyl lithium ("BuLi) followed by alkylation. 

Thus, "BuLi was added slowly to a solution of the (+)-camphor hydrazone 24 in 

tetrahydrofuran (THE) at - 78 °C followed by warming to 0 °C and cooling again to - 78 °C 

at which temperature the BED was added slowly. After work up the NMR spectrum 

showed resonances for the starting hydrazone 24 and BED, with again no sign whatsoever 

of the desired product 25.

Although part of the reported procedure, it was felt that the addition of the base to the 

hydrazone may have been a factor in the lack of reaction. Indeed normally the reactant is 

added slowly to the base, in part to prevent self-condensation, though this was thought 

unlikely given the large steric factors that would need to be overcome for the self

condensation of the (-l-)-camphor hydrazone. As such, the reaction was repeated exactly 

as in the described experimental procedure^^ save for the addition of the hydrazone to 

the base. Again, however, the reaction failed to deliver the desired product.

Scheme 3.12: Following the failure of the alkylation of camphor hydrazone, test alkylations using Mel were 

attempted.
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Given that the BED is quite a large and sterically imposing structure to be introducing into 

an already crowded area it was felt that a control reaction with the introduction of a 

smaller alkyl group might prove useful again in elucidating possible ideal reaction 

conditions. As such, the camphor hydrazone 24 was taken with, initially, one equivalent of 

"BuLi and alkylated with methyl iodide to give a 21 % yield of the methyl camphor 

hydrazone 28. Given the poor yield the reaction was performed again using two 

equivalents of base and this resulted in a crude yield of 85 % which after distillation gave 

a pure yield of 55 % (Scheme 3.12). This is evidenced from with resonances for a 3H 

singlet for the bridgehead methyl group of H-9 at 5h 0.79 ppm, another 3H singlet for the 

methyl group of H-8 at 6h 0.90 ppm, another 3H singlet for the protons of H-10 at 6h 0.99 

ppm. The protons resonances of the proton on endo H-5, endo H-6, exo H-6 all appear as 

a multiplet centred at 6h 1.33 ppm. The methyl group now at H-3 shows resonance as a 

3H doublet with J 7.5 Hz at 6h 1.41 ppm. The exo proton of H-5 resonates as well as the 

methine proton of the bridgehead appear as a 2H multiplet centred at 6h 1.85 ppm. The 

dimethylamino protons of the hydrazone resonate as a 6H singlet at 6h 2.45 ppm while 

the exo proton of H-3 resonates as a IH multiplet at 6h 2.55 ppm.

Given that the yield of the methyl analogue increased with larger amounts of base it was 

decided to attempt to alkylate 24 using BED again, this time using two and three 

equivalents of "BuLi, respectively. Again, however, the reaction failed to yield any of the 

desired product. A further modification to the procedure comes from Chelucci and 

Gladiali^'' in which they undertake to exploit the same procedure as previously reported^^ 

in the preparation of alkyl substituted pyridines. Here they change the base from "BuLi to 

LDA whilst adding the akylating agent as a mixture in the presence of HMPA. The nature 

of HMPA is that it improves the selectivity of lithiation reactions by breaking up the 

oligomers of lithium bases, e.g. butyllithium. Because HMPA solvates cations, while not 

solvating anions, it accelerates some difficult Sn2 reactions with the basic oxygen atom 

coordinating strongly to Li^. It must therefore be assumed that Chelucci et also found 

this reaction troubling. Again, however, repetition using this additive resulted in the 

presence of starting hydrazone in the resonances of the ^H NMR spectrum.
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Fearing lest the presence of the hydrazone might be impairing the reaction, either by 

steric or electronic effects, it was decided to modify the synthesis in that alkylation of the 

ketone would be the first step followed by condensation of the carbonyl group of the 

alkylated product with /\/,/\/-dimethylhydrazine to yield the alkylated hydrazone. Thus (+)- 

camphor was added dropwise to "BuLi in THF at - 78 ° C and stirred for 2 h at this 

temperature followed by dropwise addition of BED. The solution was left to warm slowly 

to R.T., allowed to stir for a further 2 h following which it was quenched with water and 

extracted with EtOAc. This again resulted in the isolation of starting (+)-camphor. 

Attempts to alkylate (+)-camphor with BED using LDA also proved fruitless.

Given the apparent difficulties in the use of BED as an alkylating agent and the fact that 

"substitution or addition reactions in camphor are sterically hindered in general"^^ a two 

pronged approach was adopted: (1) as the reaction of methyl iodide was successful it was 

felt that the synthesis of a more reactive alkylating agent would perhaps prove more 

successful than using BED, also a literature review was undertaken to elucidate possible 

variations in reaction conditions which could prove to elicit a more favorable outcome to 

the reaction, and (2) the use of less hindered ketones and /\/,/\/-dimethylhydrazones than 

that of (+)-camphor to elucidate more favourable reaction conditions for this particular 

alkylation.

To this end it was found that the iodo analogue, 2-(2'-iodoethyl)-l,3-dioxolane (lED) 29, 

was much more prevalent in the literature than BED, being used eg. as an alkylating agent 

by Krotz and Helmchen^® in their total synthesis of (-)-(Z)- and (-)-(E)-3-Santalol and their 

enantiomers, and by Kita et with LHMDS as base and by Buchbauer et af'^ in their 

synthesis and olfactory activity of side chain modified 3-Santalol analogues. Given that 

these compounds are somewhat analogous to camphor it was felt that the preparation 

and reaction of the iodo analogue of BED would be prudent.

Thus (lED) (Stowell's iodide),^® figure 24, was prepared via the method of Larson and 

Klesse^° by rapid dropwise addition of chlorotrimethysilane to a rapidly stirring solution of 

acrolein and sodium iodide in acetonitrile, followed by addition of ethylene glycol and 

work up to yield 2-(2'-iodoethyl)-l,3-dioxolane 29 in 58 % yield after distillation.
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Figure 3.12: Structure of 2-(2'-iodoethyl)-l,3-dioxolane 29

NMR resonances for 29 showed resonances for the methylene proton of H-1' appears 

as a 2H multiplet at 6h 2.23 ppm. The methylene protons of H-2' are found to resonate as 

a 2H triplet with J 7.5 Hz at 6h 3.2 ppm. The dioxolane ring protons resonate as a 4H 

multiplet at 6h 3.91 ppm. Resonances for the methine proton of H-2 of the dioxolane ring 

appear as a IH triplet with J 4.5 Hz at 6h 4.92 ppm. These are consistent with those for 

BED, save the expected slight shifts in the ^H NMR resonances given the change in halo 

substituent. On standing, the liquid changed colour from a light yellow to a dark brown, 

however, ^H NMR spectra revealed no observable impurities. Indeed, before each use the 

lED was freshly distilled to avoid any possibility of contamination within the reaction.

Nal
MejSiCI

CHjCN
29

Scheme 3.13: Synthetic scheme for the formation of 2-(2-iodoethyl)-l,3-dioxolane 29

Reaction of (+)-nopinone 9 with /\/,/\/-dimethylhydrazine under the same conditions as 

that used with (+)-camphor gave the derived hydrazone 30 in a yield of 85 %.

30

Figure 3.13: Structure of nopinone hydrazone 30

This is shown from its characteristic ^H NMR spectra with the resonances for the protons 

of the methyl group of H-8 showing a 3H singlet at 6h 0.78 ppm. The other bridgehead
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methyl group on H-9 resonates as a 3H singlet at 6h 1.28 ppm. The endo proton of 

bridgehead H-7 shows resonance as a IH doublet with J 10.5 Hz at 6h 1.44 ppm. The endo 

proton of H-4 resonates as a IH multiplet at 6h 1.87 ppm, while that of the exo H-4 

proton resonates as a IH multiplet at 6h 1.99 ppm. The proton of H-5 resonates as a IH 

multiplet at 6h 2.09 ppm. The protons of the dimethylamine substituent as well as those 

of the exo proton of H-7 and the endo proton of H-3 resonate as an 8H singlet at 6h 2.46 

ppm. The proton of H-1 has shifted compared with the starting (+)-nopinone and now 

resonates as a triplet with J 5.0 Hz at 6h 2.61 ppm, while exo proton of H-3 has also 

shifted and is found resonating as a IH multiplet at 6h 2.95 ppm (Figure 3.13).

O3

60 “C

DCM/MeOH 
18 h

MejNNMej

Scheme 3.14: Reaction sequence for the formation of nopinone hydrazone from (-)-P-pinene.

(-l-)-Nopinone hydrazone 30, thus prepared, was taken and added dropwise to a solution 

of 2 eqivalents of "BuLi in THF at - 78 ° C and the remainder of the procedure followed as 

described above for (-l-)-camphor, with iodide 29 being used as the alkylating agent. 

Again, however, this resulted in the isolation of starting materials as shown in the product 

^H NMR spectra. As the site of reaction is much less hindered than for the analogous 

camphor reaction, the failure here was disappointing.

Given that (-l-)-nopinone 9 and its hydrazone 30 were now in hand, and attempted 

alkylation using the procedure of Chelucci et had failed, it was decided to undertake a 

series of reactions with each of camphor and its dimethylhydrazone. To this end, an array 

of attempted alkylations using both BED and lED, were performed using varying amounts 

and types of base, including "BuLi, LDA, LDA/HMPA, NaHMDS and NaOMe.

180



Table 2: Various attempts were made to alkylate camphor hydrazone. All but those with Mel failed.

Examples of these reactions are given in Table 2, for the A/,A/-dimethylhydrazones, and in 

Table 3, for the ketones, and included variations in reaction conditions'^ including 

addition of the hydrazone or ketone to the base at low temperature (reactions were 

performed at a wide range of temperatures from - 78 °C to 0 ° C) followed by warming 

for prolonged periods of time, up to and including 24 h, and addition of the alkylating 

agent at temperatures in the range - 78 °C to 0 °C.
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Table 3: As the attempts to alkylate camphor hydrazone failed it was felt attempts to alkylate camphor 

itself might prove useful

Again reaction times were varied as was temperature, which included heating under

reflux, and on one occasion (with NaOMe as base) attempted alkylation of (+)-camphor
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with lED in ^BuOH at 120 °C in a pressure tube. All attempts, however, failed to result in 

the formation of any of the desired alkylated product.

Indeed, on only one occasion did either BED or lED react as hoped. In a somewhat 

unrelated synthesis, lED was used to alkylate compound 31a. This was done using LDA as 

base and following the general procedure of Chelucci et (Scheme 3.15).

LDA
O -78 “C

lED

31 31a

Scheme 3.15: The method of Chelucci et al * was successful, with lED as alkylating agent, only once.

This is evidenced from the NMR resonances of 31a which have been discussed 

previously.

Thus, given that the alkylation step had been achieved successfully under the published 

reaction conditions, albeit in an unrelated synthesis, a certain vindication of experimental 

procedure allowed for the decision that the current reaction strategy was no longer viable 

in the synthesis of the target compound 18 and, as a result, other routes should be 

explored.
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RT 
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POCI3
dmf'

Scheme 3.16: Proposed synthetic strategy for the synthesis of 32 using the method of Maikov et al.^

As such it was decided to attempt the synthesis of pyridine 19b, followed by its N- 

oxidation, by adapting the method of Maikov and Kocovsky^ (Scheme 3.16). Reaction of 

camphor 24a with hydroxylamine hydrochloride in EtOH in the presence of pyridine, 

according to the procedure of Hall,^ resulted in the formation of the oxime 33. This is 

evinced by the resonances of the NMR spectrum which shows the methyl protons of 

H-8 as a 3H singlet at 6h 0.83 ppm, the methyl protons on H-7 appear as a 3H singlet at 6h 

0.95 ppm while the methyl protons of H-9 appear as a 3H singlet at 6h 1.04 ppm. 

Resonances for the endo proton of H-5 appears as a IH multiplet at 6h 1.30 ppm while 

the endo proton of H-6 appears as a IH multiplet at 6h 1.51 ppm. The exo proton of H-6 

appears as a IH double triplet with J 4.0, 12.5 Hz at 6h 1.77 ppm. The exo proton of H-5 

resonates as a IH multiplet at 6h 1.86 ppm. The proton of the bridgehead methine group 

is a IH triplet with J 4.2 Hz at 6h 1.96 ppm. The proton resonance of the endo H-3 proton 

appears as a IH doublet with J 18.8 Hz at 6h 2.06 ppm. The exo proton of H-3 shows 

resonance as a IH multiplet at 6h 2.34 ppm. When oxime 33 was reacted with iron, acetic 

anhydride (AC2O) and acetic acid (AcOH) at room temperature, under the same conditions
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as for the oxime of (+)-nopinone, the camphor analogue failed to yield any of the desired 

product 33a. Indeed only starting material was observed in the proton NMR spectrum.

Various modification including heating the reaction mixture to reflux proved fruitless as 

none of the desired compound 33a was formed. It is supposed that the added bulkiness 

in the area of reaction causes steric factors which were absent in the (+)-P-pinene 

derivative. After attempts at modification of the reaction conditions to those reported by 

Maikov et aF proved to be without success this approach to the synthesis of 32 was also 

abandoned.

Von Zelewsky and Gianini^^ report the synthesis of chiral thienylpyridines from 

monoterpenoids via a Krohnke pyridine synthesis in which they synthesised the a,fi- 

methylene ketone 34 derived from (+)-camphor and reacted it in a Michael addition with 

a Krohnke salt producing a 1,5-diketone, followed by pyridine elimination and aza ring 

closure. This they report gave moderate to good yields of their target thienylpyridines. 

Chelucci et al^ also reported the synthesis of a C2-symmetric 1,10-phenanthroline 

derivative using the (-i-)-camphor backbone utilising 34, (Figure 3.14), though they report 

poor yields.

Figure 3.14: a,|3-Methylene ketone 34 was used by Von Zelewsky and Gianini in a Krohnke pyridine 

synthesis.

Valla et report on aromatic annulation via reaction of the enaminone synthon with 

several anions. Enaminones combine the nucleophilicity of enamines and the 

electrophilicity of enones (Figure 3.15).
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Nu
'R

'N

Nu

Figure 3.15: Enaminones can react electrophilically at 2 positions.

Given that one of the aims of the present work was the attempted synthesis of 2,4- 

diamino substituted pyridine W-oxides it was decided to attempt the synthesis of (-1-)- 

camphor enaminone 35 from (-i-)-camphor. It was hoped that this might react 

electrophilically at the olefinic double bond, thus possibly providing (after annulation), a 

chiral 4-dimethylamino pyridine. Groselj et ai^‘' employed fert-butoxy 

bis(dimethylamino)methane (Bredereck's reagent) 36 which, after 7 h of heating with 

camphor under reflux, afforded the desired enaminone 35 in 43 % yield (Scheme 3.17).

NMeo 
-O—(-H

NMe2

36

DMF
Reflux

7h

35

Scheme 3.17: The use of Bredericks reagent 36 in the synthesis of camphor enaminone 35 as used by 

Groseij et o/.^'*

Given the prohibitive cost of 36 it was decided to attempt to use /V,A/-dimethylformamide 

dimethylacetal (DMF acetal) 37 for the synthesis of enaminone 35. Pesa et report the 

synthesis of (E)-l-dimethylamino-2-phenylsulfonylethylene using methyl phenyl sulfone 

and DMF acetal in a yield of 94 % at reflux in DMF. To this end, (-F)-camphor was taken 

and dissolved in DMF, DMF acetal (3 eq) was added and the reagents heated under reflux 

for 3 days. On analysis of the product ^Fl NMR spectra it was clear that no reaction had 

occurred as only starting materials were present. Thus, investigations into the 

optimisation of reaction conditions which might result in the formation of the desired 

enaminone 35 using the more cost effective formylating agent 37 were undertaken.
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It was thought that the presence of either acid or base might promote enolisation of the 

(+)-camphor and thus allow it to more easily react with DMF acetal to form the desired 

target. As such a catalytic amount (10 mol%) of NaOMe or toluene sulfonic acid was 

added to the solution of the acetal 37 and (+)-camphor in DMF. When heated under 

reflux the reaction which included acid showed resonances in the NMR spectrum for 

the starting material only. The reaction which contained added NaOMe, however, 

contained some of the desired product but with a poor yield of ~ 10 % after 3 days reflux. 

After various investigations into the ideal reaction conditions it was found that high 

temperature was required for reaction as was the elongation of reaction time to 7 days. 

In addition, there was a need for a further 3 equivalents of DMF acetal to be added at the 

3 day point. This resulted in a optimised yield of 30 % of the desired enaminone 35 as is 

evinced in the characteristic resonances of the NMR spectra with resonances for the 

protons of the three methyl groups are found as 3H singlets for H-9, H-8 and H-10 at 6h 

0.85 ppm, 6h 0.90 ppm and 6h 0.95 ppm respectively. The endo proton of H-6 as well as 

the endo proton of H-5 resonate as a 2H multiplet at 6h 1.34 ppm. The exo proton of H-6 

is found to resonate as a IH double triplet with J 2.0, 12.0 Hz at 6h 1.62 ppm. The exo 

proton of H-5 is found to resonate as a IH multiplet at 6h 2.00 ppm. The methine proton 

of the bridgehead is found to resonate as a IH doublet with J 4.0 Hz. The methyl protons 

of the dimethylamino moiety are found to resonate as a 6H singlet at 6h 2.99 ppm. The 

olefinic proton is found to resonate as a IH singlet at 6h 7.01 ppm.

This demonstrates a facile and relatively cheap method for the preparation of enaminone 

35. Though no further investigations with this compound were undertaken it is clear that 

it may provide a good starting point in the synthesis of fused pyridine camphor ring 

systems.
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3.3 Future Work

As the synthesis of compound 18 failed work needs to be undertaken to investigate new 

synthetic routes to the target 18.

Chelucci et al^ reported the synthesis of 1,10-phenanthrolines using the (+)-camphor 

enone and the enolate of 2-benzyloxycyclohexanone 4. This they report provided the 

camphor analogue 8 producing a 1,5-dicarbonyl intermediate and later the pyridine 5, 

and with the analogous nature of enaminone 35 it is hoped that this compound may be 

used to synthesise fused pyridines, or possibly their 4-dimethylamino analogues if the 

dimethylamino group does not act as a leaving group. Furthermore, as pyrrolidone 31 has 

been shown to form its enolate the possibility of conjugate addition onto enaminone 35 

could yield a tetra cyclic ring system. This would possess not only a sterically imposing 

chiral camphor moiety but also a chiral amine which is locked adjacent to the active site 

(Scheme 3.18).

NMe,

Base

35 31

Scheme 3.18: It is hoped that enaminone 35 might react with pyrrolidinone 31 to form 38.
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3.4 Chapter 3 Experimental:

3.4.1 General Conditions

NMR spectra were recorded for CDCI3 solutions unless otherwise stated using Bruker 

AVANCE -DPX400, AVAOO or AV600 instruments operating at 400 or 600 MHz respectively. 

Chemical shifts are quoted in ppm. Coupling constants (J) are recorded in Hz. ^^C NMR 

spectra were recorded at 100.6 MHz or 150.6 MHz. Assignments were verified where 

appropriate by nOe, ^H-^H COSY, TOCSY, ^^C-^H HSQC, HMBC and ^^C-DEPT experiments. IR 

spectra were either recorded as liquid films (L), as nujol mulls (N) between sodium chloride 

plates or for neat samples using a Mattsson Genesis II FTIR spectrophotometer or a Perkin 

Elmer Spectrum One FT-IR Spectrometer using the Universal ATR Sampling Accessory. They 

are reported in reciprocal centimetres. Mass spectra were obtained under electrospray 

conditions for solutions in methanol unless otherwise stated using a Micromass high- 

resolution time-of-flight instrument. Melting points (uncorrected) were measured in 

unsealed capillary tubes using a Barnstead Electrothermal lA 9000. Thin layer 

chromatography was carried out on Merck Kieselgel 60 F254 0.2 mm silica gel plates. Gravity 

chromatography was performed using Merck silica gel 60 (70-230 mesh). THF and Et20 

solvents were dried over sodium metal and benzophenone and were freshly distilled before 

each use. DMF and DMSO solvents were stored over molecular sieves. DCM was dried over 

CaCl2 and freshly distilled before use. MeOH was dried over CaH2 and freshly distilled before 

use. All other solvents were used as received.
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SYNTHESIS OF {+)-NOPINONE (9r

O3

78 O 
18 h

2^0

A solution of (-)-P-Pinene (40 g, 293.6 mmol) in a mixture of methanol (80 mL) and DCM (80 

mL) was cooled to - 40 °C in a three necked round bottomed flask. While the mixture was 

stirring at this temperature ozone was bubbled through for 20 h, after which time ozone 

generation was ceased and the flask was allowed warm to room temperature. The flask was 

then flushed with N2(g). The solution was then cooled in an ice-bath and dimethyl sulphide (24 

ml, 32.3 mmol) was added slowly. The resultant solution was diluted with H2O (100 ml), 

extracted with DCM (3 x 25 ml), dried over Na2S04 and concentrated in vacuo. (-f)-Nopinone 

was then isolated following chromatography using EtOAc : Hexane (95 : 5) as a colourless oil 

(21.45g, 53 %)

[a]c (+) 19.5 (MeOH; c 1.08)

NMR 6h(CDCI3) 0.84 (3H, s, H-8), 1.31 (3H, s, H-9), 1.58 (IH, d, 10.5, endo H-7), 1.93 (IH, 

m, endo H-4), 2.04 (IH, m, exo H-4), 2.23 (IH, m, H-5), 2.37 (IH, m, endo 

H-3), 2.57 (3H, m, exo H-3, exo H-7, H-1) ppm

6c(CDCl3) 21.3 (C-4), 22.1 (C-9), 25.2 (C-7), 25.8 (C-8), 32.7 (C-3), 40.3 (CH), 41.2 (C- 

6) 57.9 (C-1), 215.3 (C-2) ppm

IR Vn 2949, 1706, 1459, 1386, 1251, 1199, 1178, 1095, 1029, 935, 861 cm -1

Mass Spec (ES) Found: 161.0935 (accurate mass). Calcd. for [C9H14O + Na]"^ 161.0942
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SYNTHESIS OF (+)-NOPINONE OXIME (13)^

NH2OH.HCI 
Reflux 
24 h

.OH

Nopinone (0.476g, 3.44 mmol), hydroxylamine hydrochloride (0.311g, 4.48 mmol) and 

pyridine (0.44g) in ethanol (10 mL) were heated under reflux for 12 h. The solution was then 

cooled and 0.1 M HCI was added and the resulting mixture extracted with DCM (3 x 25 mL). 

The combined organic extracts were then dried over Na2S04 and the solvent removed in 

vacuo to yield the oxime as a colourless liquid {0.49g, 94 %)

[a]D (+) 24.7 (MeOH; c 1.66)

NMR 6h (CDCI3) 0.84 (3H, s, H-8), 1.30 (3H, s, H-9), 1.41 (IH, d, J 10.0, endo H-7), 1.98 (2H, 

m, exo & endo H-4), 2.11 (IH, m, H-5), 2.52 (2H, m, exo H-7 & endo H-3), 

2.62 (IH, t, J 5.5, H-1), 2.86 (IH, dd, J 2.5, 9.5, exo H-3) ppm

6c(CDCl3) 18.3 (C-4), 21.8 (C-7), 22.2 (C-9), 25.5 (C-8), 27.1 (C-3), 40.5 (C-5), 40.8 (C- 

6) 47.7 (C-1), 167.1 (C-2) ppm

IR 3233, 2924, 1660, 1458, 1385, 1368, 1319, 1298, 1248, 1231, 1209, 1073, 

1042, 1003, 942, 896, 877, 859, 768, 683cm'^

Mass Spec (ES) Found: 154.1234 (accurate mass). Calcd. for [C9H15NO -F H]”*^ 154.1232
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SYNTHESIS OF (-)-6,6-DIMETHYL-5,l-METHANO-(N-METHYLACETAMIDO) CYCLOHEXENE

(14)'

Fe
AC2O
AcOH

Toluene
RT
1h

Iron powder (2.1g, 37.4 mmol) was added to a solution of nopinone oxime (0.574g, 3.75 

mmol) in toluene (5 mL) followed by acetic anhydride (1.12g, 11.2 mmol) and acetic acid 

(0.65g, 11.2 mmol) dropwise with mechanical stirring. The reaction was allowed stir for 1 h 

after which time the remaining iron powder was filtered off and washed with H2O (100 mL). 

The solution was then neutralized with solid NaHCOs extracted with EtOAc (4 x 50 mL) and 

then dried over Na2S04. The solvent was then removed in vacuo to yield the desired 

compound as an oil (0.54g, 80 %)

[a]D (-) 45.8 (MeOH; c 1.04) L/t.' (-) 61.6 (CHCI3; c 2.18)

NMR 6h(CDCI3

6c(CDCl3)

IRVn

0.93 (3H, s, H-8), 1.31 (3H, s, H-9), 1.35 (IH, d, J 9.0, endo H-7), 2.05 (3H, s, 

H-12), 2.13 (IH, m, H-5), 2.29 (IH. t, J 3, endo H-4), 2.35 (IH, t, J 3.5, exo 

H-4), 2.45 (2H, m, H-1 and exo H-7), 5.94 (IH, s, H-3), 6.61 (IH, br. s, NH) 

ppm

20.9 (C-9 CH3), 24.3 (C-8 CH3), 26.0 (C-7 CH2), 29.3 (C-4 CH2), 31.1 (C-12 

CH3), 38.4 (C-5 CH), 40.7 (4'' C-6), 47.0 (CH C-1), 105.1 (C-3 C=C), 168.2 (C-2 

C=0) ppm

3240, 2924, 1729, 1662, 1458, 1368, 1320, 1297, 1231, 1003, 941, 896

cm -1

Mass Spec (ES) Found 202.1205 (accurate mass) calcd. For [CnHiyNO + Na]^ 202.1208
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SYNTHESIS OF (-)-2-CHL0R0-4,5,6,7-TETRAHYDR0-6,6-D!METHYL-5,1-

METHANOQUINOLINE (10)^

NH

DMF
POOL

0 V

Phosphorus oxycloride (50 mL, 546 mmol) was added dropwise to a solution of nopinone 

enamide (10.0 g, 55.8 mmol) in DMF (100 ml) at 0 °C, and the mixture was stirred at the 

same temperature for 1 h. Following this water (100 mL) was carefully maintaining the 

temperature below 5 °C. Aqueous 30% NaOH solution was then added to reach pH 13, and 

the mixture was extracted with ethyl acetate (4 x 100 mL). The combined organic layers were 

washed with brine (1 x 100 mL), dried over Na2S04, and evaporated to give crude product 

which was purified by column chromatography, using hexane : EtOAc 7 : 3 as eluent (5.67g, 

49 %) MP 87.9 ‘’C Lit.^ 80-82 °C

[a]D (-) 12.9 (MeOH; c 1.63) Lit.^ (-) 18.6 (CHCI3; c 1.9)

NMR 6h (CDCI3) 0.68 (3H, s, H-8), 1.30 (IH, d J 9.7, endo H-7), 1.42 (3H, s, H-9), 2.19 (IH, s, 

endo H-4), 2.36 (IH, m, exo H-4), 2.72 (IH, m, H-5), 2.92 (2H, s, exo H-7, 

exo H-4), 3.00 (IH, t, J 5.3, H-1), 5.94 (IH, d, J 7.8, H-12), 7.40 (IH, d, J 7.3, 

H-13) ppm

6c(CDCl3) 21.2 (C-9), 25.9 (C-8), 30.5 (C-7), 30.7 (C-4), 39.1 (C-6), 39.9 (C-5), 49.9 (C- 

1), 121.3 (C-12), 128.8 (C-3), 137.8 (C-13) 146.8 (C-2) 167.3 (C-11) ppm

IR 2998, 2974, 2942, 2931, 1580, 1559, 1467, 1432, 1419, 1383, 1367, 1252, 

1221, 1185, 1144, 1127, 1095, 1071, 1018, 953, 942, 914, 893, 819, 760, 

745, 627, 622 cm‘^

Mass Spec (ES) Found 208.0897 (accurate mass) calcd. For [C12H15NCI + H]^ 208.0893
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SYNTHESIS OF (-)-2-CHLORO-4,5,6,7-TETRAHYDRO-6,6-DIMETHYL-5,l-

METHANOQUINOLINE-l-OXIDE (16)

mCPBA
CHCL

RT 
24 h

(l/?,9/?)-4-Chloro-10,10-dimethyl-3-azatricyclo[7.1.1.0^'^]undeca-2,4,6-triene (l.Og, 4.96 

mmol) was dissolved in CHCI3 (20 mL) followed by slow addition of mCPBA (3.42g, 9.92 

mmol). The resulting suspension was allowed stir at room temperature for 24 h after which 

time the excess mCBA was filtered off and the remaining solution washed with IM NaOH 

solution. The aqueous layer was then extracted with DCM (3 x 25 mL) and the organic layer 

dried over Na2S04 and concentrated in vacuo to yield the product which was purified by 

column chromatography using EtOAc : Hex 1 : 1 as eluent followed by 100 % EtOAc to give a 

white solid (0.386g, 35 %) MP 96.4 °C

[«]□ (+) 12.9 (MeOH; c 1.62)

NMR 6h(CDCI3) 0.56 (3H, s, H-8), 1.30 (IH, d, J 10.0, endo H-7), 1.42 (3H, s, H-9), 2.19 (IH, 

m, endo H-4), 2.61 (IH, m, H-5;, 2.83 (2H, m, exo H-7, exo H-4), 3.92 (IH, t, 

J 5.5, H-1), 6.91 (IH, d, J 8.0, H-11), 7.16 (IH, d, J 8.0, H-12) ppm

6c(CDCl3) 21.3 (C-9), 25.6 (C-8), 30.1 (C-7), 31.2 (C-4), 39.1 (C-6), 39.5 (C-5), 41.0 (C- 

1), 123.3 (C-11), 126.0 (C-12), 131.8 (C-3) 139.4 (C-2) 157.7 (C-10) ppm

IR Vn 2956, 1710, 1577, 1462, 1443, 1417, 1369, 1335, 1304, 1268, 1220, 1189, 

1169, 1134, 1145, 991, 939, 927, 908, 876, 833, 825, 793, 753, 705, 681

cm

Mass Spec (ES) Found 224.0836 (accurate mass) calcd. For [C12H15NOCI + H]"^ 224.0842
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SYNTHESIS OF (+)-2-(l'-PHENYLETHYLAMINO)-4,5,6,7-TETRAHYDRO-6,6-D!METHYL-5,l- 

METHANOQUINOLINE (17)®

DMSO 
150 13

96 h 
Reflux

N-oxide 16 (4.2g, 18.8 mmol) was dissolved in DMSO (10 ml) after which time (S)-(-)-a- 

methyl benzylamine (4.85 ml, 37.5 mmol) was added. The resulting solution was heated 

under reflux for 96 h. The resulting solution was then cooled to RT, diluted with water (4 x 

100 ml) and extracted with EtOAc (4 x 30 ml). The crude product was then purified by 

column chromatography using DCM ; MeOH 96 : 4 as eluent to yield the product as a white 

solid (165 mg, 3%) MP 86.3 °C

[a]D

NMR 6H(CDCIa

6c(CDCl3)

IR

(+) 76.0 (MeOH; c 1.08)

0.71 (3H, s, H-8), 1.30 (IH, d, J 9.5, endo H-7), 1.40, (3H, s, H-9), 1.55 (3H, 

d, J 6.5, H-2'), 2.28 (IH, m, endo H-4), 2.65 (IH, m, exo H-4), 2.75 (3H, br. 

s, exo H-7, H-5, exo H-4), 4.55 (IH, quin., J 6.5, H-1'), 4.95 (IH, br. s, J 5.0, 

NH), 5.94 (IH, d, J 8.0, H-11), 7.08 (IH, d, J 8.0, H-12), 7.41 (5H, m, phenyl) 

ppm

21.1 (C-2'), 24.8 (C-9), 26.0 (C-8), 30.1 (C-7), 30.6 (C-4), 38.7 (C-6), 39.2 (C- 

5), 40.3 (C-1), 52.7 (C-1') 103.1 (C-11), 118.2 (C-3), 126.8 (phenyl) 127.0 

(phenyl) 128.6 (phenyl), 137.0 (C-12), 144.4 (quat. phenyl), 154.4 (C-3), 

163.6 (C-2) ppm

3247, 2970, 2931, 2913, 2837, 1657, 1598, 1583, 1526, 1492, 1467, 1441, 

1428, 1400, 1383, 1347, 1324, 1309, 1266, 1211, 1173, 1141, 1102, 1088, 

1068, 1016, 972, 959, 936, 907, 801, 751, 762, 751, 700, 659, 608, 594 cm
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Mass Spec (ES) Found 293.2027 (accurate mass) calcd. For [C20H25N2 + H]"^ 293.2018

SYNTHESIS OF (+)-2-(l'-PHENYLETHYLAMINO)-4,5,6,7-TETRAHYDRO-6,6-DIMETHYL-5,l- 

METHANOQUINOLINE (17) Via BUCHWALD-HARTWIG AMINATION

Under a blanket of N2(g), chloropyridine 10 (100 mg, 0.48 mmol) was taken with (S)-(-)-a- 

methylbenzylamine (0.07 g, 0.577 mmol ) and Bu*OK (1.08g, 9.63 mmol) in dry toluene (10 

mL) into a 3-necked RBF fitted with a reflux condenser. Pd"(OAc)2 (0.011 g, 0.04814 mmol, 10 

mo! %) with (±)-BINAP (0.0299 g, 0.04814 mmol, 10 mol %) were added to a RBF fitted with a 

stopper and N2(g) inlet and allowed stir at RT for 20 mins, after which time the mixture was 

transferred, quantitatively, to the flask containing 10, base and amine. The resultant mixture 

was heated under reflux for 48 h. Any resulting solid material was filtered off and washed 

with DCM (20 ml). The resulting solution was then washed with water (50 mL) and brine (20 

mL). Following this the organic layer was removed, dried over Na2S04 and concentrated in 

vacuo to yield a dark oil. Purification was by chromatography using product as a white solid 

(25 mg, 18 %)

SYNTHESIS OF (6R, 8R)-(-)-2-HYDROXY-5,6,7,8-TETRAHYDRO-6,6-DIMETHYL-[6,8-

METHANOQUINOLINE (12)''

+
OMe

Autoclave
NH3.H2O

MeOH 
24 h

(-F)-Nopinone (0.42g, 3.04 mmol) was taken into an autoclave and dissolved in MeOH (12 mL) 

after which time aqueous ammonia (7.24 mL) was added with methyl propiolate (0.5 mL, 

5.62 mmol). The resulting solution was heated at 140 °C for 24 h. On cooling the solution was
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transferred into a flask and the solvent \A/as evaporated. The crude product was dissolved in 

dichloromethane filtered through a plug of Celite to afford a brown solution after which the 

solvent was removed in vacuo. The product was purified via column chromatography using 

DCM : MeOH 98 : 2 as eluent to yield the desired compound as a yellow oil (0.056g, 10 %)

[ct]D (+) 39.1 (MeOH; c 0.12)

NMR 6h(CDCI3) 0.78 (3H, s, H-8), 1.36 (IH, d, J 9.5, endo H-7), 1.41 (3H, s, H-9), 2.30 (IH, 

m, endo H-4), 2.66 (3H, m, exo H-7, exo-H-4), 2.85 (IH, t, J 5.6, H-1), 6.42 

(IH, d, J 8.8, H-11), 7.32 (IH, d, J 9.0, H-10), 13.60 (IH, br. s, NH) ppm

6c(CDCl3) 21.1 (C-8, CH3), 25.7 (C-9, CH3), 29.4 (C-7, CHj), 30.6 (C-4, CH2), 39.5 (C-6), 

40.4 (C-1, CH), 45.1 (C-5, CH) 111.8 (C-3, py), 114.9 (C-10, py), 142.9 (C-11, 

py) 153.8 (py) 163.9 (C=0) ppm

Mass Spec (ES) Found 190.1232 (accurate mass) calcd. For [C12H15NO + H]"^ 190.1232

SYNTHESIS OF 2-(2'-IODOETHYL)-l,3-DIOXOLANE (29)20

O

H
+ HO'

,OH

Na-I
MeCN

MejSiCI

1^0 
. 2>3
O-

4

To a solution of sodium iodide (9 g, 60 mmol) and acrolein (2.8 g 50 mmol) in acetonitrile 

(100 ml) was rapidly added with vigorous stirring chlorotrimethylsilane (7.5 ml 60 mmol). 

The resulting suspension was stirred for 30 min and ethylene glycol (4 ml) was added rapidly 

followed by stirring for a further 30 min, after which time the reaction mixture was poured 

onto 5% solution of NaHC03 (50 ml) overlaid with pentane (200mL). This produced a triphasic 

soluion. The aqueous, undermost layer was removed, and the remaining organic phases were 

washed with 5% Na2S20 (100 ml), and then with saturated NaCI (5 x 100 ml) or until the 

solution showed 2 phases. The pentane layer was separated and dried over K2CO3. Solvent
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removal at reduced pressure gave 2-(2-iodoethyl)l,3-dioxolane as a colourless liquid which 

changed to a yellow liquid on standing (6.56 g, 58%)

NMR 6h(CDCI3) 2.19 (2H, m, H-2), 3.21 (2H, t, J 7.0, H-1), 3.86 {4H, m, H-4), 4.92 (IH, t, J 

4.5, H-3) ppm

6c(CDCI3) 27.2 (C-1), 37.0 (C-2), 64.9 (C-4 & C-3), 102.5 (C-3) ppm

IR Vn 2957, 2883, 1475, 1409, 1361, 1266, 1213, 1126, 1065, 1013, 963, 942, 

881, 717, 683 cm'^

SYNTHESIS OF (+)-l,l-DIMETHYL-2-(l,7,7-TRIMETHYLBICYCLO[2.2.1]HEPT-2-YLIDENE) 

HYDRAZONE (24)“

TolSO,H (5 Mol %) 
fBuOH

Pressure Tube

120 x:
5 days 10 N—NMe2 

r

(+)-Camphor (2g, 13 mmol ) was dissolved in fBuOH (10 ml) and placed in a pressure tube, 

followed by A/,/\/-dimethylhydrazine (3.2g, 52 mmol) and toluene sulphonic acid (5 mol %). 

The resulting solution was heated at 150 °C for 5 days after which time the solution was 

diluted with H2O (50 ml) washed with a 5 % solution of HCI and extracted with DCM (3 x 25 

ml). The resultant organic layer was dried over Na2S04 and concentrated in vacuo to yield 

the crude product which was purified by column chromatography using EtOAc : Hexane 95 : 5 

as eluent as a yellow liquid (1.35g, 53 %)

[a]D (+) 14.5 (MeOH; c 1.31)

NMR 6h(CDCI3) 0.90 (3H, s, H-9), 0.91 (3H, s, H-8), 0.99 (3H, s, H-10), 1.21 (IH, m, H-5), 

1.27 (IH, m, endo H-6), 1.33 (IH, m, exo H-6), 1.89 (2H, m, exo H-5, H-4),
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2.00 (IH, d, J 17.5, endo H-3), 2.36 (IH, d, J 7.5, exo H-3), 2.42 (6H, s, 1') 

ppm

6c (CDCI3) 11.5 (C-8), 18.8 (C-10), 19.4 (C-9), 27.3 (C-6), 32.4 (C-3), 35.5 (C-5), 43.8 (C- 

4), 47.0 (C-1') 47.3 (C-7), 52.3 (C-1), 178.9 (C-2) ppm

iR Vn 2950, 2852, 2814, 2769, 1746, 1665, 1466, 1447,1388, 1369, 

1277, 1199, 1068, 1019, 968 cm'^

Mass Spec (ES) Found 195.1854 (accurate mass) calcd. For [C12H22N2 + H]"^ 195.1861

SYNTHESIS OF 2-[6,6-DIMETHYLBICYCLO[3.1.1]HEPT-2-YLIDENE]-l,l-DIMETHYLHYDRAZONE 

(30)“

TolSO.H (5 Mol %) 
rBuOH

Pressure Tube

150 ID 
5 days

2'N',NMe2
10

(+)-Nopinone (2g, 14.5 mol ) was dissolved in tBuOH (10 mL) and placed in a pressure tube, 

followed by A/,/\/-dimethylhydrazine (3.48g, 58 mmol) and toluene sulphonic acid (5 mol %). 

The resulting solution was heated at 150 °C for 5 days after which time the solution was 

diluted with H2O (50 ml) washed with a 5 % solution of HCI and extracted with DCM (3 x 25 

ml). The resultant organic layer was dried over Na2S04 and concentrated in vacuo to yield 

the crude product which was purified by column chromatography using EtOAc : Hexane (95 : 

5) as eluent to yield a clear oil (2.2g, 85 %)

NMR 6h(CDCI3) 0.78 (3H, s, H-8), 1.28 (3H, s, H-9), 1.44 (IH, d, J 10.5, endo H-7), 1.87 (IH, 

m, endo H-4), 1.99 (IH, m, exo H-4), 2.09 (IH, m, H-5), 2.46 (8H, m, exo H- 

7, endo H-3, H-10), 2.61 (IH, t, J 5.0, H-1), 2.95 (IH, m, exo H-3) ppm
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ATTEMPTED SYNTHESIS OF 3-(3-ETHYLENEDIOXYPROPYL)-l,7,7-TRIMETHYL BICYCLO-

[2.2.1]-HEPTAN-2-ONE-A/,/V-DIMETHYLHYDRAZONE25 11

N—NMe2

Base
0 ‘Cto-78 V 

lED

The (+)-Camphor hydrazone 24 (0.5g, 2.57 mmol) was added dropwise at - 78 °C to a 

solution of 2.5 M nBuLi (3 mL) in THF (5 mL). The solution was then allowed warm to 0 °C and 

stirred at this temperature for 1 h. Following this the solution was cooled to - 78 "C again 

and freshly distilled BED (0.56g, 0.36 mL, 3.1 mmol) was added dropwise over the course of 

0.5 h. The solution was allowed rise to room temperature and stirred for 2 h. The reaction 

was then quenched with H2O (100 mL) and extracted with EtOAc (3 x 25 mL). The organic 

layer was dried over Na2S04 and concentrated in vacuo to yield starting material near 

quantitatively.

SYNTHESIS OF METHYL CAMPHOR /V,/V-DIMETHYLHYDRAZONE (28) 11

nBuLi
Mel

-78 "C

N—NMe2

The (-l-)-Camphor hydrazone 24 (0.5g, 2.57 mmol) was added dropwise at - 78 °C to a 

solution of 2.5 M nBuLi (3 mL) in THF (5 mL). The solution was then allowed warm to 0 °C and 

stirred at this temperature for 1 h. Following this the solution was cooled to - 78 °C again 

and freshly distilled Mel (0.5 mL) in THF was added dropwise over the course of 0.5 h. The 

solution was allowed rise to room temperature and stirred for 2 h. The reaction was then 

quenched with H2O (100 mL) and extracted with EtOAc (3 x 25 mL). The organic layer was 

dried over Na2S04 and concentrated in vacuo to yield the crude product which was purified
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by column chromatography using EtOAc : Hexane (95 : 5) as eluent to yield a clear oil (0.29g, 

55 %)

[a]D (+) 54.3 (MeOH; c 1.04)

NMR 6h (CDCI3) 0.79 (3H, s, H-9), 0.90 (3H, s, H-8), 0.99 (3H, s, H-10), 1.33, (3H, m, endo H- 

6, endo H-7 & exo H-7), 1.41 (3H, d, J 7.5, 4-CH3), 1.85 (2H, m, exo H-6 & H- 

5), 2.45 (6H, s, NMez), 2.55 (IH, m, exo H-4) ppm

6c (CDCI3) 11.7 (C-8), 18.8 (C-10), 19.4 (C-9), 27.3 (C-6), 32.4 (C-5), 35.5 (C-3), 43.8 (C- 

4), 44.0 (C-11), 47.0 (C-1') 47.3 (C-7), 52.3 (C-1), 178.9 (C-2) ppm

Mass Spec (ES) Found 209.2015 (accurate mass) calcd. For [C13H24N2 + 209.2018

GENERAL PROCEDURE FOR THE ATTEMPTED SYNTHESIS OF 3-(3-ETHYLENEDIOXY PROPYL)- 

1,7,7-TRIMETHYLBICYCL0[2.2.1]HEPTAN-2-0NE“

o
Base

0 'Cto-78 “C 

lED

(+)-Camphor (1.0 g, 6.57 mmol) was added dropwise at - 78 °C to a solution of LDA (3.5 mL) 

in THF (10 mL). The solution was then allowed warm to 0 °C and stirred at this temperature 

for 1 h. Following this the solution was cooled to - 78 °C again and freshly distilled lED (4.49g, 

19.7 mmol) in THF was added dropwise over the course of 0.5 h. The solution was allowed 

rise to room temperature and stirred for 2 h. The reaction was then quenched with H2O (100 

mL) and extracted with EtOAc (3 x 25 mL). The organic layer was dried over Na2S04 and 

concentrated in vacuo to yield (+)-Camphor near quantitatively.
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SYNTHESIS OF 3-[(DIMETHYLAMINO)METHYLIDENE]-l,7,7- TRIMETHYLBICYCLO

[2.2.1]HEPTAN-2-ONE (35)25

OMe
Me2N—

OMe

DMF
NaOMe (10 mol %)

Reflux 
1 wk

(+)-Camphor (Ig, 6.57 mmol) was dissolved in dry DMF (20 mL) with A/,A/-dimethylformamide 

dimethylacetal (4.36 mL, 33 mmol) and NaOMe (10 mol %). The solution was then heated 

under reflux for 3 days after which time a further amount of A/,A/-dimethylformamide 

dimethylacetal (3 eq) was added. The solution was allowed continue to be heated under 

reflux for another 4 days after which time the solvent and excess A/,A/-dimethylformamide 

dimethylacetal were removed in vacuo to yield a brown solid. (0.55g, 40 %) MP 55.5 °C Lit 

63-64 -C

.-*25

[a]o (+) 423 (MeOH; C2.66) Lit.^^ (-h) 484.8 (Petroleum Ether; c 0.506)

NMR 6h (CDCIs) 0.85 (3H, s, H-9), 0.90 (3H, s, H-8), 0.95 (3H, s, H-10), 1.34 (2H, m, endo H- 

6, endo H-5), 1.62 (IH, t, J 2.0, 12.0, exo H-6), 2.00 (IH, m, exo H-5), 2.92 

(IH, d, J 4.0, H-4), 2.99 (6H, s, H-2'), 7.01 (IH, s, H-1') ppm

6c(CDCl3) 9.6 (C-9), 19.0 (C-8), 20.7 (C-10), 28.4 (C-5), 30.3 (C-6), 42.2 (C-2'), 48.0 (C- 

3), 48.1 (C-4), 56.3 (C-1), 110.9 (C-7), 141.2 (C-1'), 207.4 (C-2) ppm

IR Vn 3364, 2952, 2920, 2867, 2805, 1684, 1579, 1474, 1435, 1408, 1382, 1323, 

1267, 1215, 1164, 1122,1103, 1074, 1010, 953, 800, 765 cm'^

Mass Spec (ES) Found 208.1698 (accurate mass) calcd. For [C13H21NO + H]"" 208.1701
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Chapter 4

Investigations into the Potential Catalytic 

Activity of a Variety of 2-Aminopyridines and

their A/-oxides



Chapter 4.0

4.1 Investigations of some 2-aminopyridine and 2-aminopyridine /V-oxides for catalytic 

activity in the acylation of racemic alcohols

In the investigation described below regarding the efficiency of the various pyridines and 

their A/-oxides that have been synthesised as potential acylation catalysts the initial racemic 

alcohol chosen as substrate was (±)-l-phenyl ethyl alcohol 11. This was chosen because its 

stereogenic centre is comprised of large phenyl, medium methyl and small proton groups, 

which should afford a suitably differentiating environment and it is also commercially 

available.

Figure 4.01: Various pyridine and pyridine A/-oxides were tested for catalytic activity in the acylation of racemic 

alcohols.

Initially, however, catalysts 1-4 (Figure 4.01) were taken in stoichiometric amount and one 

equivalent with, respect to acetic anhydride, and added to an NMR tube containing CDCI3 

and an excess of acetic anhydride to determine the mode of reaction of the A/-oxides. This 

test showed that A/-oxide 1 reacted instantaneously to form a species that was acylated on 

the 2-amino substituent. This is evinced from the resonances seen in the NMR spectra of 

la, which was isolated after the reaction of 1 with acetic anhydride, with a 3H doublet for
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the methyl group of the asymmetric centre with J 7.5 Hz at 6h 1.40 ppm, the methine proton 

of the asymmetric centre, a IH quartet with J 7.5 and 14.5 Hz, has shifted downfield to 

resonate at 6h 6.21 ppm. The pyridine proton of H-3 resonates as a IH doublet with J 6.5 Hz 

at 6h 6.48 ppm, while the proton of H-6 is again a IH doublet with J 6.0 Hz and found to 

resonate at 6h 8.42 ppm. The phenyl protons and the remaining pyridyl protons (on H-4 and 

H-5) are found as a 7H multiplet centred at 6h 7.33 ppm.

+ AC2O

- AC2O

Scheme 4.01: Catalyst 1 and its acetamido intermediate.

The first point of note when comparing the ^H NMR resonances of la to that of the 

resonances of the parent A/-oxide 1 is that the methine proton of the asymmetric centre has 

shifted downfield by ~ 6h 1.62 ppm, from 6h 4.59 ppm to 6h 6.21 ppm. It has also collapsed 

from being an apparent quintet to a quartet. This suggests that the newly introduced acyl 

group has displaced the NH proton. This is consistent with the resonance observed for the 

methine proton of the asymmetric centre of A/-oxide 2, which is found at 6h 5.89 ppm. The 

methyl group of the acetamide is found to resonate at 6h 1.89 ppm. The difference in the 

shift the methine could be attributed to the fact that there is an electron-withdrawing 

carbonyl carbon present on the amine. Also further evidence comes in that such downfield 

shifts are not unusual for a-amido methine protons, with the proton of 6^ found to resonate 

at 6h 4.46 ppm while that of 6a^ is found at 6h 6.30 ppm.
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Figure 4.02: Comparitive NMR with compounds 6 and 6a eluded to the structure of intermediate la.

On addition of AC2O to pyridine 3 in chloroform solution a similar collapse of the apparent 

quintet for the proton at the asymmetric centre, resonating at 6h 4.76 ppm, to a quartet at 

6h 4.65 ppm in the presence of anhydride was observed in the NMR spectra. The 

resonance for the NH proton, found at 6h 5.23 ppm in 3 was also no longer present. The 

methyl group of the asymmetric centre was found to resonate at 6h 1.56 ppm for the acyl 

pyridine 3 in the presence of anhydride, a slight shift downfield from 6h 1.30 ppm for the 

pyridine 3. The pyridine ring protons have the same chemical shift for both 3 and 3 in the 

presence of AC2O save for the proton of H-6 of the pyridine ring which displays a slight up- 

field shift from 6h 8.09 ppm for 3 to 6h 7.95 ppm for 3 in the presence of anhydride.

Fused ring pyridine 5 was also reacted with excess AC2O in chloroform. Similarly to pyridine 3, 

the methine proton at the asymmetric centre collapsed from an apparent IH quintet 

resonating at 6h 4.55 ppm to a IH quartet at 6h 4.51 ppm in its NMR spectrum. Again, the 

pyridine protons at H-3 and H-4 shifted only slightly with 6h 5.94 ppm for H-3 and 6h 7.08 

ppm, both apparent 1 H doublets with J 8.0 Hz for 5 while they were found at 6h 6.00 ppm 

for H-3, J 8.5 Hz and 6h 7.16 ppm for H-4, J 8.5 Hz for the acylated 5 in the presence of 

anhydride. The phenyl protons remained stagnant at 6h 7.38 ppm, a 5H multiplet. Again, like 

pyridine 3, the resonance associated with the NH of 5 had disappeared. Interestingly the 

resonance associated with the pinene ring proton of H-10 of the acylated analogue of 5 has 

shifted slightly downfield and is now found at 6h 2.89 ppm, as an apparent IH triplet with J 

5.0 Hz, while in pyridine 5 itself it is found at 6h 2.75 ppm, as an overlapping 3H multiplet
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with the protons of H-8 and H-10 and the exo bridgehead proton of H-9. The amide methyl 

group of 5 in the presence of anhydride is found to resonate at 6h 2.06 ppm, as a 3H singlet.

The relative shifts and multiplicities of the methine protons of compounds 1, 3 and 5 can be 

explained in that the methine proton remains stagnant on addition of acetic anhydride to a 

solution of pyridines 3 and 5. Though the multiplicity of the signal collapses from an apparent 

quintet to a quartet, no downfield shift of the methine protons resonance occurs. Given that 

Hassner et al^ has demonstrated that 2-amino pyridines are catalytically inert in the acylation 

of alcohols, it suggests that no acyl species is formed for compounds 3 and 5. The collapse in 

the multiplicity is, however, explained in the fact that acid present in the anhydride is most 

probably causing a fast proton exchange with the amino proton of compounds 3 and 5. As a 

result the NMR resonance for the methine proton is only split by the methyl group at the 

asymmetric centre.

Scheme 4.02 shows a possible mechanism which A/-oxide 1, undergoes when reacted with 

acetic anhydride to form la. As neither pyridines 3 or 5 show signs of acylation in the 

presence of acetic anhydride despite possessing the same 2-amino moiety it must be 

concluded that the presence of the A/-oxide is the driving force for reaction. Once initially 

acylated on oxygen the A/-oxide may react intramolecularly yielding la. As no intermediate 

was observed it must be considered that the reaction occurs more quickly than is detectable 

by NMR spectroscopy.

1a

Scheme 4.02: Possible intramolecular reaction to yield la.
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For the teriary amines 2 and 4 the mode of reaction with acetic anhydride must necessarily 

be different, as the amino function at the 2-position of the pyridine ring can no longer lose a 

proton. Thus, with the addition of AC2O to A/-oxide 2 no appreciable changes in the 

resonances of the NMR spectra were observed. The IH quartet for the methine proton of 

the asymmetric centre resonates at 6h 5.89 ppm before addition of the anhydride and at 6h 

5.91 ppm after addition. Any nucleophilic attack by the tertiary amine on the anhydride 

should lead to a downfield shift, as was observed in the case of A/-oxide 1, which in this case 

would cause not only a shift in the position of the methine proton but also that of the amino 

methyl group. Again, however, this is not observed.

Pyridine 4, when reacted with AC2O, again showed no difference in the resonances of the 

NMR spectra when compared to that of the resonances without anhydride present.

In order to try to force the acyl group to remain on the N-oxide functionality of 1 it was 

thought that a bulky anhydride might be unable, for steric reasons, to react intramolecularly. 

To this end propionic anhydride 9 and pivalic anhydride 10 were enlisted as acylating agents.

O O 

O

O O 

O

10

Figure 4.03; Propionic anhydride (9) and pivalic anhydride (10) were used in the investigations of the 

mechanism of acylation of catalyst 1.

Again using A/-oxide 1 and pyridine 5, each were taken in chloroform solution and an excess 

of anhydride was added. In the case of anhydride 9 shifts in the resonances of the NMR 

spectra were observed which were similar to those when acetic anhydride was employed as 

the acylating agent. With A/-oxide 1 the IH methine proton of the asymmetric centre again 

collapsed from an apparent quintet to a quartet resonating at 5h 6.19 ppm. Nearly the exact
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shift downfield observed for the methine proton of 1 when acetic anhydride was employed 

as acylating agent.

When pivalic anhydride 10 was reacted with A/-oxide 1, it was found that the resonance 

position of the methine proton at the asymmetric centre remained constant at 6h 4.59 ppm, 

while also remaining as a IH apparent quintet. In fact, no apparent changes in the 

resonances had occurred.

With pyridine 5, again with anhydride 9 in excess, the methine proton of the asymmetric 

centre collapsed from a IH apparent quintet at 6h 4.55 ppm to a quartet at 6h 4.50 ppm. The 

proton on H-10 has again moved downfield to resonate as a triplet at 6h 2.99 ppm, from 

appearing as a 3H multiplet at 6h 2.75 ppm for pyridine 5. A change in the position of the 

pyridine protons occurred in that they shifted from 6h 5.94 ppm for the proton on H-3 in 

pyridine 5 to 6h 6.08 ppm for the same proton in the presence of anhydride 9, both 

appearing as apparent IH doublets with J 8.0 Hz, while the proton for H-4, which resonates 

at 6h 7.08 ppm in 5, shifted downfield to resonate close to the phenyl protons at 6h 7.28 

ppm. The methylene and methyl groups of the acyl moiety of the reaction product are 

obscured by the presence of the anhydride in such large excess.

When anhydride 10 was used as acylating agent the methine proton at the asymmetric 

centre of pyridine 5 collapsed to a IH quartet from being an apparent quintet. As for the 

reaction with anhydride 9 there was no downfield shift in the resonance position of this 

proton, it remaining constant at 6h 4.53 ppm. Again the proton on H-10 of the pinene ring 

shifted downfield to resonate at 6h 2.89 ppm in the presence of anhydride 10 from 6h 2.75 

ppm without anhydride. The pyridyl protons are again shifted slightly, with the proton on H-3 

resonating at 6h 6.03 ppm after reaction with anhydride 10 from 6h 5.94 ppm for pyridine 5. 

Similarly to the situation when anhydride 9 was used, the pyridyl proton on H-4 is found to 

overlap with the multiplet of the phenyl ring at 6h 7.39 ppm in the presence of anhydride 10.
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Given that the methine proton remained an apparent quintet in A/-oxide 1 on addition of 

anhydride 10, whilst the analogous quintet collapsed to a quartet in pyridine 5, it is supposed 

that the steric bulk of the anhydride and the presence of the A/-oxide prevented the 

formation of an amide on the exocyclic amine nitrogen atom of 1.

Scheme 4.03: Pivalic anhydride failed to form an acyl intermediate on the amino nitrogen with compound 1.

The absence of any change in the resonance positions of the pyridyl protons of 1, especially 

those on H-4 and H-6, on addition of anhydride 10, suggested also that an acyl species 

located on the /V-oxide oxygen atom had also failed to form (Scheme 4.04).

Scheme 4.04: Pivalic anhydride failed to form an acyl intermediate on the W-oxide with compound 1.

211



Also given that a collapse in the multiplicity of the methine proton in pyridine 5 occured, 

when pivalic anhydride was employed as acylating agent, it further confirms that rapid 

proton exchange is the most probable cause for the collapse (Scheme 4.03).

The next approach taken was to explore the use of pyridines 1-5 in catalytic amount in the 

presence of the acylating agent AC2O and (±)-l-phenylethanol 11. As such, the general 

procedure of Lee^ was followed in which no auxiliary bases were employed, and with 

reactions being carried out in NMR tubes and monitored by NMR spectroscopy. Each 

reaction entailed addition of 500 pL of a 0.41M solution (2.05 x lO '* mol) of (±)-l-phenyl 

ethyl alcohol and 250 pL of a 1.63 M solution (4.07 x lO '* mol) of anhydride to an NMF tube 

followed by addition of 10 mol % of the respective catalyst. Spectra were recorded at 

intervals as reaction proceeded at ambient temperature. Enantiomeric excesses of reaction 

products were determined using chiral HPLC using a Chiralcel OD-H column (4.6 x 250 mm). 

The results obtained for these reactions are found in the Table below.

Table 1: Results for the tests of compounds 1-5 with acetic anhydride and (±)-l-phenylethanol 11.

Catalyst (10 mol %) (±)-ROH Anhydride Solvent Conversion
to acetate

% ee of
acetate

Time

(h)

1 11 AC2O CDCI3 30% 8 144

2 11 AC2O CDCI3 39% 0 72

3 11 AC2O CDCI3 45 % 0 403

4 11 AC2O CDCI3 45 % 0 455

5 11 AC2O CDCI3 25 % 0 335
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As can be seen, A/-oxide 1 proved to be the only viable candidate enantioselective catalyst 

under these conditions. As has been reported previously by Hassner et ol,^ 2-amino pyridines 

do not act catalytically due to steric interactions which lead to the formation of a 

thermodynamically unstable acyl pyridinium intermediate. The observation of the 

conversions above would seem to support this premise.

Given the nature of A/-oxide 1, where there can potentially be H-bonding between the amino 

hydrogen atom and the acylated A/-oxide oxygen, a certain rigidity might be afforded to the 

structure. As catalyst 1 was employed in an enantiopure state it would be expected that this 

rigidity would add to chiral discrimination, and it is possibly for this reason that a modest 

enantiomeric excess is recorded here as this H-bonding would promote left-right selectivity 

(Scheme 4.05). The timeframe of reaction, however, was disappointing. Catalyst 2 proved to 

be the fastest, however, no enantioselectivity was observed. This may be attributed to the 

lack of H-bonding interaction between the acylated AZ-oxide and the amine group at the 2- 

position.

Scheme 4.05: H-bonding in the acyl intermediate of A/-oxide 1 possibly promoted a modest enantiomeric 

excess.
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Table 2: Various alcohol were tested in the investigation of ideal catalytic conditions for catalyst 1.

Catalyst (±)-Alcohol Anhydride Solvent Conversion
to acetate

% ee of
acetate

Time

(h)

1

OH

CrV 12 AC2O CDCI3 27 % 0 168

1

OH

13 AC2O CDCI3 35 % 0 312

1 a: 14 AC2O CDCI3 0% 0 -

1

_OH

^'0 15 AC2O CDCI3 46% 0 144

Following on from the earlier report of Hassner et af, it was decided to survey the acylation 

of an array of racemic alcohols using A/-oxide 1 to find out if any proved to acylate with a 

higher degree of enantioselectivity and shorter reaction times. To this end a number of (±)- 

alcohols 12-15 (Table 2) were employed^ and the acylation reactions were again performed 

with 10 mol % of catalyst 1 and excess AC2O in CDCI3. Alcohols 12 and 13 proved to be 

slower-reacting than alcohol 11, and the catalyst 1 displayed no enantioselectivity, as 

racemic acetates were formed. Alcohol 14 showed no conversion to its acetate whatsoever 

and in fact, began degrading during the prolonged reaction times.

Alcohol 15 proved to be the fastest reacting of those surveyed, giving 46 % conversion to its 

acetate in 144 h, though again no enantioselectivity in formation of the derived acetates was 

observed.
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The (±)-alcohol, which appeared to give some level of selectivity, (±)-l-phenyl ethyl alcohol 

(11), and that which displayed the fastest rate, (±)-trans phenyl cyclohexanol 15, were then 

taken and a survey of various solvents and anhydrides was carried out using the A/-oxide 1 

(10 mol %) as catalyst. The following results were obtained (Table 3).

Thus, solvent CCU has had a negative impact on the activity catalyst 1 in the acylation of 

alcohol 15 and alcohol 11 with acetic anhydride elongating conversion timeframes and 

decreasing the already low enantiomeric excess. Pivalic anhydride failed to react at all in any 

of the solvents employed nor with any of the alcohols. This is unsurprising as its steric bulk 

would be unfavourable to the formation of the acyl intermediate.

Further an array of control reactions, which involved the use of alcohols 11 and 15 with 

acetic anhydride and pyridine (10 mol %) as the acyl transfer promoter in CDCI3, was 

undertaken. This revealed only trace amounts of conversion (~ 10%) of the alcohol to acetate 

after several days reaction time with (±)-l-phenylethyl alcohol (11), while conversion of 

alcohol 15 proved more amenable with ~ 50 % conversion to its acetate after 72 h.

When acetic anhydride was substituted for pivalic anhydride, no conversion was observed 

with either alcohol 11 or 15 using pyridine, even after 168 h reaction time.
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Table 3: (±)-l-phenyl ethyl alcohol 11 and (±)-trans phenyl cyclohexanol 15 were then taken and a survey of 
various solvents and anhydrides was carried out.

Catalyst (±)-Alcohol Anhydride Solvent Conversion % ee Time
(h)

1 O'"^'0 AC2O CCI4 28% 0 408

1
or" 0 0

V'-V C/-DCM 0% 0 528

1 a" 0 0

CCI4 8% 0 528

1

0 0

CDCI3 6% 0 168

1

OH

if' AC20 CCI4 47 % 0 528

1

OH

Cr^
0 0

C/-DCM 0% 0 528

1

OH 0 0

V-.V CDCI3 13 % 0 528

5

OH 0 0

CCI4 8% 0 288
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4.2 Discussion and Future Work

Thus, though some of the synthesised compounds show potential in the acylation of racemic 

alcohols the goal of achieving a fast, efficient and simple enantioselective catalyst remains 

unattained. A possible reason for this might be that the chiral centre is too far from the 

active site. As a result there was little or no discrimination here. It is hoped, however, that 

the remaining A/-oxides which were synthesised in the present work might provide the basis 

for better chiral discrimination, in particular C2-symmetrical /V-oxide 16 (Figure 4.04). Unlike 

catalyst 1, catalysts such as 16 provide chiral discrimination on both sides of the pyridine 

ring.

0,1.NH N NH^-
I.

O

16

Figure 4.04: C2-symmetrical /V-oxide.

Another possible hopeful is A/-oxide 17 with the chiral centre on the exocyclic nitrogen. This 

compound possesses two contiguous chiral centres, one being the possible active site of the 

catalyst. If this shows acylation activity, with a racemic alcohol and anhydride, on the A/-oxide 

an array of analogues could be prepared to include phenyl analogue 18 (Figure 4.05). This 

would be to investigate the need for a pyridine ring at all but also it would allow tuning of the 

active site by introducing substituents onto the phenyl ring.
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18

Figure 4.05: Chiral A/-oxides in which the possible active site is also a stereogenic centre.

Further possible applications, other than the acylation of racemic alcohols, for these AZ-oxides 

could be their employment as catalysts in the allylation of aldehydes by allytrichlorosilanes. It 

has has been demonstrated by others^ that this process is facilitated by A/-oxide catalysis. 

Also, though not catalytic, Hou et al^ have shown pyridine A/-oxide to facilitate the facile 

oxidative ring opening of aziridines leading to a-amino aldehydes (Scheme 4.06). Though the 

A/-oxide would be employed stoichiometrically, the possibility exists to produce enantiopure 

a-amino carbonyl derivatives.

DMF 
80 “C

Ts. NH O

N
I.

O

Scheme 4.06: Hou et ai’ have shown that pyridine A/-oxide facilitate the facile oxidative ring opening of 

aziridines.
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4.3 Chapter 4 Experimental:

4.3.1 General Conditions

NMR spectra were recorded for CDCI3 solutions unless otherwise stated using Bruker 

AVANCE -DPX400, AV400 or AV600 instruments operating at 400 or 600 MHz respectively. 

Chemical shifts are quoted in ppm. Coupling constants (J) are recorded in Hz. ’'^C NMR 

spectra were recorded at 100.6 MHz or 150.6 MHz. Assignments were verified where 

appropriate by nOe, ^H-^H COSY, TOCSY, ^^C-^H HSQC, HMBC and ^^C-DEPT experiments. IR 

spectra were either recorded as liquid films (L), as nujol mulls (N) between sodium chloride 

plates or for neat samples using a Mattsson Genesis II FTIR spectrophotometer or a Perkin 

Elmer Spectrum One FT-IR Spectrometer using the Universal ATR Sampling Accessory. They 

are reported in reciprocal centimetres. Mass spectra were obtained under electrospray 

conditions for solutions in methanol unless otherwise stated using a Micromass high- 

resolution time-of-flight instrument. Melting points (uncorrected) were measured in 

unsealed capillary tubes using a Barnstead Electrothermal lA 9000. Thin layer 

chromatography was carried out on Merck Kieselgel 60 F254 0.2 mm silica gel plates. Gravity 

chromatography was performed using Merck silica gel 60 (70-230 mesh). THF and Et20 

solvents were dried over sodium metal and benzophenone and were freshly distilled before 

each use. DMF and DMSO solvents were stored over molecular sieves. DCM was dried over 

CaCl2 and freshly distilled before use. MeOH was dried over CaH2 and freshly distilled before 

use. All other solvents were used as received.
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CONTROL REACTION FOR THE REACTIVITY OF COMPOUND 1 WITH ACETIC ANHYDRIDE.

AC2O
RT

'N

Catalyst 1 was dissolved in CDCI3 (750 ^L) after which time acetic anhydride was introduced 

via syringe. The reaction proceeded at RT and was shown to be instantaneous (NMR).

NMR 6h(CDCI3) 1.44 (3H, d, J 7.5, H-2'), 1.93 (3H, s, H-l”) 6.23 (IH, quart., J 7.5, 14.5, H- 

1'), 6.49 (IH, d, J 8.0, H-3), 7.05 (IH, t, J 8.0, H-5), 7.26 (6H, m, phenyl & H- 

4), 8.39 (IH, d, J 6.5, H-6) ppm

6c(CDCl3) 14.8 (C-2'), 22.1 (C-2''), 54.4 (C-1'), 125.4 (C-5), 127.5 (C-3), 127.7 (C-4), 

127.8 (C-), 128.5 (C-2), 140.5 (C-6), 145.9 (phenyl), 170.5 (C-1") ppm

IR 3031, 1633, 1604, 1563, 1495, 1468, 1448, 1379, 1286, 1270, 1193, 1135, 

1052, 1024, 877, 824, 773, 701 cm‘^

Mass Spec (ES) Found: 279.1114 (accurate mass). Calcd. for [C15H16N2O2 + Na]'^ 279.1109

GENERAL EXPERIMENTAL PROCEDURE FOR THE TEST REACTIONS OF PROSPECTIVE 

CATALYST WITH RACEMIC ALCOHOLS.

500 pL of a 0.41M solution of (±)-alcohol and 250 pL of a 1.63 M solution of anhydride were 

added to an NMR tube followed by addition of 10 mol % of the respective catalyst. Spectra 

were recorded at intervals as the reaction proceeded at ambient temperature. Enantiomeric 

excesses of reaction products were determined with chiral HPLC using a Chiralcel OD-H 

column (4.6 x 250 mm) with Hexane : IPA 99.9 : 0.1 as eluent at 1 mL/min.
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1-Phenylethyl acetate:

O

0

NMR 6h(CDCI3) 1.57 (3H, d, J 6.5), 2.10 (3H, s), 5.89 (IH, quart., J 6.5, 13.0), 7.32 (5H, m) 

ppm

NMR 6h (CCU) 1.70 (3H, d, J 6.5), 2.27 (9H, s), 5.98 (IH, quart., J 6.5, 13.0), 7.50 (5H, m) 

ppm

Retention Time: 3.1 min and 6.1 min

Trans-l-acetoxy-2-phenyl cyclohexane:

O

O

A

NMR 6h (CDCI3) 1.20-1.69 (8H, m), 2.09 (3H, s), 2.66 (IH, dt, J 4.0, 12.0), 4.99 (IH, dt, J 4.0, 

10.5), 7.22 (5H, m) ppm

6h (CCI4) 1.55-2.72 (12H, m), 5.08 (IH, dt, J 4.3, 10.5), 7.40 (5H, m) ppm 

Retention Time: 3.1 min and 6.1 min
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2-Methy-l-phenylpropyl acetate:

O

o

NMR 6h (CDCI3) 0.81 (3H, d, J 6.5), 0.97 (3H, d, J 6.5), 1.98 (IH, m), 2.23 (3H, s), 5.48 (IH, d, 

J 7.5), 7.34 (5H, m) ppm

Retention Time: 4.89 min and 5.45 min

l-(2-Methoxyphenyl)ethyl acetate:

O

OA.
OMe

NMR 6h (CDCI3) 1.50 (3H, d, J 6.5), 2.10 (3H, s), 3.84 (3H, s), 6.26 (IH, quart., J 6.5, 13.0), 

7.20 (4H, m) ppm

Retention Time: 7.1 min and 10.4 min
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1-Phenylethyl pivalate:

NMR 6h (CDCI3) 1.23 (3H, d, J 6.8), 1.49 (9H, s), 5.86 (IH, quart., J 6.8), 7.39 (5H, m) ppm 

6h (CCU) 1.30-1.49 (12H, m), 5.94 (IH, quart., J 6.5, 13.0), 7.40 (5H, m) ppm

Trans- 2-phenylcyclohexyl-2,2-dimethylpropanoate:

O

NMR 6h (CDCI3) 1.20-1.69 (17H, m), 2.71 (IH, dt, J, 4.0, 12.0), 4.94 (IH, dt, J 4.0 10.5), 7.29 

(5H, m) ppm

6h (CCI4) 1.55-2.72 (18H, m), 5.05 (IH, dt, J 4.0, 10.5), 7.40 (5H, m) ppm
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