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ABSTRACT

Polysubstituted pyridines are prepared by a one—pot three—component cyclocondensation
process, developed by modification and improvement of the traditional Bohlmann—Rahtz
reaction. The synthesis combines a 1,3—dicarbonyl compound, ammonia, and an alkynone
without the use of an additional acid catalyst. This three—component heteroannulation
reaction proceeds by tandem Michael addition-heterocyclization with total control of

regiochemistry and the resulting library of pyridines is isolated in good yield.

Modified Bohlmann-Rahtz procedures were applied to the synthesis of a range of
terpyridines, by a two— and three—component condensation of 2,6-propynoylpyridine
derivatives and a range of enamines, or 1,3—dicarbonyl compounds and ammonia,

proceeding in moderate to good yield using a range of conditions.

The synthesis of fluorescent cyanopyridines with desirable photophysical properties from —
aminocrotononitrile and a variety of heterocyclic alkynones was established by one—pot
Bohlmann—Rahtz reaction in excellent yields. These cyanopyridines can be generated in good

yield, rapidly, using microwave irradiation.

Primary thioamides are prepared in excellent yield from the corresponding nitriles by
treatment with ammonium sulfide in methanol, at room temperature for electron deficient
aromatic nitriles or under microwave irradiation at 80 °C or 130 °C in 15-30 minutes for

other aromatic and aliphatic nitriles without the need for chromatographic purification.
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CHAPTER ONE - INTRODUCTION



1.0 THE DISCOVERY OF PYRIDINE

The synthesis of pyridines and our understanding of their physical and chemical
properties has come a long way since the isolation of the first pyridine base, picoline,
from bone oil was in 1846 by Thomas Anderson,’ but it was not until Wilhelm K&rmer
(1869) and James Dewar (1871) independently formulated a mono—aza—analogue of
benzene, that pyridine chemistry was born.” Understanding the pyridine structure 6
enabled different synthetic routes to be founded in the latter half of that century.
Baeyer™* passed acrolein 1 through aqueous ammonia 3 and, after purification, obtained
a small amount of basic material which was identified as the 2-picoline derivative 3

(Scheme 1).

AN
O
N+NH3——————>©
N~ Me

Scheme 1. Synthesis of 2—picoline 3.

The original laboratory preparation of pyridine 1 in 1876 was discovered by Ramsey by
passing acetylene 4 and hydrogen cyanide 5 through a red—hot tube (Scheme 2).’

I
/

Scheme 2. Synthesis of pyridine 6.



For decades, pyridines were little regarded. The required quantities were obtained by coal
tar distillation, and yet pyridines came to distinction in the 1930’s when Elvehjem and his
colleague Koehn later were able to isolate and identify nicotinamide 7 and niacin 8 from
vitamin B, (Scheme 3).° His discovery led directly to the cure of human pellagra, a

vitamin deficiency causing dermatitis and dementia.
o (0]
= ~
N N

Scheme 3. Structures of nicotinamide 7 and niacin 8.

Since the middle of the last century, pyridines have held an important role in our
understanding of the chemistry and properties of biological systems. They play a key role

in both biological and chemical coordination.

O,
\ﬁ’N N NH, X
j— | BuHN" X O

NADP Isoniazide L-754,394 (Potent HIV protease inhibitor)

(antituberculosis)

NC N CN AN
— l/

Cl N Cl Cl N CCl3

Pyridinenitrile Nitrapyrin Picloram
(Fungicide) (Bactericide) (Herbicide)

Figure 1. Structures of drugs and agrochemicals.



The pyridine motif is the most common heterocyclic compound, and is found in many
enzymes of living organisms: the prosthetic pyridine nucleotide (NADP) is involved in
various oxidation—reduction processes,’ and this heterocyclic motif is found in over 7000
pharmaceutical drugs, including isoniazide, an antituberculosis drug, and the HIV

inhibitor L—754, 394, agrochemicals® and a large number of natural products (F igure 1).°



1.1 CYANOPYRIDINES

1.1.1 Initial Studies

The directed construction of carbon—carbon bonds have always been a central theme in
synthetic organic chemistry, structural diversity and the biological importance of
nitrogen—containing heterocycles have made them attractive targets for synthesis over
many years. Of these, cyanopyridines have drawn continuing efforts in the development
of novel synthetic strategies, such as involving vinamidium salts, '° one—pot reactions, !
and microwave'’ and ultrasound irradiation.”® The pyridine motif is among the most
common heterocyclic compounds found in various therapeutic agents.'* It is a building
block for the synthesis of nicotinic acid, its amide (nicotinamide), are used in
pharmaceutical formulations, such as additives in food, animal feed, and possessing
fluorescent properties, making them ideal for tools in the synthesis of dyes. Thus
~extensive efforts have been exerted over the years on the methodology for the synthesis

of pyridine derivatives.

Initial experiments for the synthesis of cyanopyridines date as far back as 1908, when
Meyer prepared 2,4,6-trimethyl-3,5—dicyanopyridine 11 by reaction of acetaldehyde 10.
The intermediate dihydropyridine was oxidised to achieve the cyanopyridine compound

(Scheme 4)."

Me
NH (0]
. NC X CN
2 NC |
Me Me H >
Me N Me
9 10 11

Scheme 4. Synthesis of 2,4,6-trimethyl-3,5-dicyanopyridine 11.

Many studies for the synthesis of cyanopyridines followed this initial discovery,

including the production of a valuable intermediate for the synthesis of vitamin Bg



(pyridoxine) by Harris, Stiller and F olkers'® from which extensive studies by Wenner and
Platti found that two isomers were formed from the reaction, compromising 75% of the

expected isomer and 15% of the isomeric 3—cyano—6—ethoxymethyl-4—methyl-2—

hydroxypyridine (Scheme 5). 17

CH,OEt Me

(o] (o] (o] CN CN
M e — B ' B
EtOCH; Me NH, — P
Me' N OH EtOCH; N OH
75% 15%
12 13 14 15

Scheme 5. Synthesis of cyanopyridine isomers 14 and 15.

The synthesis of pyridine derivatives from malononitrile as a starting material can be
~carried out by several methods, such as by reacting dinitrile 16 with tetracyanopropene
salts, obtained from orthoesters;'® however the corresponding pyridine products required
two steps to form, and the necessary orthoesters are not easily obtainable. In 1970,
Alvares—Insula, Lora-Tamayo, and Soto developed a method whereby the reaction of
aldehydes and malononitrile in the presence of an alcohol/alkoxide provided a single step
route for the synthesis of 4—substituted 2—amino—3,5—dicyano—6—alkoxypyridines 18
(Scheme 6)."°

R
o a - NC CN
2 NCL_CN + /U\ R-OH, NaOR' BN
R H reflux, 3hr | P
RO N7 NH,
16 17 18

Scheme 6. Synthetic route to 3,5—-dicyanopyridienes 18.



Table 1. One—pot synthesis of pyridines from aldehydes.

Entry Starting Aldehyde R Yield (%)
1 Acetaldehyde Methy 3
2 Propionaldehyde Ethyl 7
3 Isobutyraldehyde Isopropyl 32
4 Pivaldehyde tert-Butyl 5
5 Valeraldehyde n-Butyl 25
6 Benzaldehyde Phenyl 50
7 p-Tolualdehyde p-Tolyl 31
8 m-Tolualdehyde m-Tolyl 49
9 p—Chlorobenzaldehyde = p—Chlorophenyl 40
10 3—Pyridinealdehyde 3—Pyridyl 39

Various pyridines were prepared from aldehydes from this route and the pyridines were
generated in moderate yields when aromatic aldehydes were employed (Table 1) with
aliphatic and alicyclic aldehydes generating lower yields. Reactions involving aromatic
aldehydes and a,B—unsaturated aldehydes failed to produce the corresponding pyridines.
Although the one this one-step reaction proceeds to the polysubstituted pyridines, the
yields were moderate, and hence further research into the synthesis of pyridine

derivatives continued.

Application of vinylogous iminium salts led to the synthesis of trisubstituted
cyanopyridines in 1995 by Sikorski and co-workers. Previous work within the group
used vinylogous iminium salts for the formation of five-membered rings such as
pyrroles.®® With the methodology established, combined with previous work reported by
Jutz and co—workers®' 2,3,5—trisubstituted pyridines were synthesized using the reaction
of f—aminocrotononitrile 20 with 2—substituted symmetrical vinamidinium salts 19 under

basic conditions (Scheme 7).

NH.
Me Me 2

NC
| | 3.2eq. &CN AN
e Me |

Ar 2.5 eq. NaH, DMF Me” N7 ar
15 hr, t, 4hr 100 °C

19 20 21

Scheme 7. Synthesis of 3-cyanopyridines from B—aminocrotononitrile.



Two regioisomeric pyridines could be formed by the reaction of f—aminocrotononitrile
20 and vinamidinium salts 19. Nucleophilic attack on unsymmetrical vinamidinium salts
have been shown to be under steric control; attack by the nitrogen of the enamine at the
least sterically hindered carbon of the vinamidinium salt will result in 2,3,4—trisubstituted
pyridine, whereas attack by the carbon of the enamine is favoured resulting in 2,3,6—

trisubstituted pyridine 21 as the major product.

Table 2. Synthesis of 2,3,6-trisubstituted pyridine 21.

Entry Ar Product
Yield (%)
1 4'-C¢H;OMe 80
2 4'-C¢H Me 74
3 4'-C¢H,Cl1 58
4 4'-C¢H, Br 49
5 Ph 67
6 4'-C¢HNO, 52
7 4'-C¢HyF 67
8 3'4'-C¢H4(OMe), 65
9 3'-C¢H,NO, 55

The scope of this reaction was extended using a range of substrates and generated the
trisubstituted pyridines in moderate to good yields. The use of symmetrical vinamidinium

salts gave the corresponding 2,3,5—trisubstituted pyridine in 60% yield (Scheme 8).
y

NH
Me Ar Me )\Z/CN NG AT
N\/l\éNtM Me |

Me” e
NaH, DMF Me N

Ar = 4-MeOPh

22 20 23

Scheme 8. Synthesis of of 2,3,5—trisubstituted pyridine.

Although this methodology formed 2,3,5-trisubstituted 23 and 2,3,6-trisubstituted
pyridine 21 in acceptable yields, it required the initial preparation of vinylogous salts in

addition to inert, dry conditions, somewhat limiting its applicability.



Other reactions incorporating enamine precursors for the formation of pyridine
derivatives was reported by J. N. Chatterjea in 1952.%* He reported two products were
formed from the reaction of f—aminocronotonitrile with chalcone, namely compounds 26

and 27 although no yields were reported (Scheme 9).

Ph Ph Ph
0 NH, NC. NC. NG
+ - - . + =
X _CN | | |
P X" Ph  Me pZ
Me” N7 “ph Me” N7 P Me” SN
H

24 20 25 26 27

Scheme 9. Synthetic path to pyridines via Michael addition.

An alternative method emerged for the synthesis of 3—cyanopyridines by Gupta and co—
workers in 1990, although this complicated procedure required dry conditions and the use

of n—butyllithium (Scheme 10).

n-BuLi(1.5 eq)
MeCN
3eq THF-78°C Li Li~e
[LICH,CN + MeCN] |N NH
— R1A/CN . . _CN
n-BuLi(1.5 eq)
MeCN
15eq THF/I-78°C
[LICH,CN + R?CN]
SMe SMe
TMe ; NC SSZLAN NCL A
NP sMe T ; | :
1,4-addition 1N . ~
' R Sy R R N7 OR?
“R¥ o I
Li
28 29

Scheme 10. Reaction scheme for the synthesis of tetrasubstituted pyridines.



Table 3. Synthesis of 2,6-substituted—4—(methylthio)-3—

cyanopyridines 29.
Entry R’ R! Product
Yield (%)
1 Me 4'-C¢H,OMe 92
2 Me Ph 86
3 Me 4V*C6H4Cl 90
4 Me 2'-Naphthyl 92
5 Me 2'-Furyl 85
6 Me 2'-Thienyl 82
7 Me 3'—Pyridyl 62
8 Me Me 30
9 Ph 2'-Furyl 87
10 Ph Me 57
11 2'-Thienyl Ph 65
12 2'-Furyl Ph 76

The lithiated B—amino—B—substituted acrylonitriles were first generated in situ by treating
excess acetonitrile (3 eq) with »—butyllithium (1.5 eq), and this was reacted with a range
of enones 28 generating cyanopyridines (Table 3). The overall yields produced from this
method ranged from moderate to excellent, however the experimental procedure makes

- this method to some extent laborious.

The fluorescent properties of cyanopyridines have sparked much interest in its synthesis
to explore their photophysical potential in application. In 1992, a similar reaction to

Chatterjea was reported by Matsui and co-workers. >

The synthesis of 4,6—disubstituted—3—cyano—2-methylpyridines 31 were prepared by the
treatment of a,f—unsaturated carbonyl compounds with B—aminocrotononitrile 20 in the
presence of tert-butoxide and these were found to show intense fluorescence in the

region of 400—552 nm.



NH
NH, NH 'Buéa

)\/CN )‘l\/CN CN
Me’ Me Me

20 9 9a

30 9a 31

Scheme 11. Synthesis of 3—cyanopyridines.

R? R2 R2 R2
CN CN -H0 CN [0} SN CN
9a +30 _— | — |
1 7Y 1 ~ 4 e~ 1 =
R Yo N e R OHN Me R N Me R N Me
|

Scheme 12. Proposed mechanism of the synthesis of 3—cyanopyridines.

The mechanism proposed by Matsui and co—workers is very similar to the Bohlmann—
Rahtz pyridine synthesis which will be discussed in further detail later on in this chapter.
B—Aminocrotononitrile can exist as an amino 20 or an imino 9 isomer in solution.
Michael addition of the carbanion of the imino isomer 9a to 30, followed by cyclization,
with subsequent dehydration gave the 3—cyanopyridines. A variety of 3—cyanopyridines
were generated and fluorescence excitation maxima and emission maxima were

observed.

With a view to their pharmacological properties, use as important intermediates in
preparing heterocyclic compounds and with various synthetic routes available for the
synthesis of 2-amino—3-cyanopyridines, these derivative continues to attract much
interest. More recently methodology has turned towards optimizing efficiency and

facility in the synthesis of cyanopyridines, involving the use of microwave dielectric

10



heating as a valuable alternative to conventional conductive heating methods for a range

of synthetic chemistry.**

35 36

Scheme 13.

An efficient and simple method was developed by Paul, Gupta and Loupy” in 1998 for
the rapid synthesis of 2—amino—3—cyanopyridines from arylidenemalanonitriles 32 and
ketones 33 or 34 in the presence of ammonium acetate without solvent/containing traces
of solvent under microwave irradiation, reducing the reaction times with improvement to

yields in comparison to conductive heating.

Table 4. Comparison of yields for 3-cyanopyridines using
microwave and classical heating methods.

Compound A (%) B (%) C (%)
55a 52 72 49
55b 43 75 46
55¢ 58 78 69
55d 52 69 46

A=Without solvent in MW. B=Trace solvent in MW.
C=Classical reflux with benzene.

The classical approach to the synthesis of cyanopyridines is at reflux in benzene. The

same reaction performed under microwave conditions required 3—5 minutes; the yields

11



observed increased under microwave assisted conditions and were enhanced further by

the addition of small amounts of solvent.

Following on from this method, a few years later, Tu and co—workers prepared a series of
2—-amino—3—cyanopyridines derivatives by one-pot condensation from malononitrile,
methyl ketone 37, aromatic aldehyde 38 and ammonium acetate under microwave

irradiation in the absence of solvents (Scheme 14).

o]
)cj)\ + /U\ + NC___CN NHaOA o

AN
R Me Ar H MW | —
N

37 38 16 39

Scheme 14. One—pot synthesis of 2-amino—3—cyanopyridines.

Table 5. Synthesis of 2—amino—-3—cyanopyridine 39 microwave irradiation.

Entry Ar R Time (min)  Product
Yield (%)
1 4'-C¢H,C1 4'-C¢H,OMe 8 83
2 4'-C¢H,OMe 4'-C¢H,OMe 7 80
3 4'-C¢H,OMe 2'4'-C¢H, (C]), 7 75
4 4'-C¢H,OMe Ph 9 85
5 4'-C¢H,C1 2'4'-C¢H, (C]), 9 72
6 4'-C¢H,C1 4'-C¢H F 8 78
7 3'-Indolyl 4'-C¢H,OMe 7 86
8 4'-C¢H,C1 Me 8 84

When a mixture of 37, 38 and 16 with ammonium acetate was irradiated in a domestic
microwave oven, reactions were almost complete in 7-9 min. The reaction mixtures were
washed with a small amount of ethanol and crude products were recrystallized to afford
cyanopyridine derivatives in good yields (Table 5). This reaction proceeds via imine
formation from aldehyde/ketone and ammonium acetate, followed by reaction of the
corresponding enamine with the alkylidenemalononitrile formed by the condensation of
aromatic aldehyde and malononitrile, followed by cyclization to form the 2—amino—-3-

cyanopyridines 39.

12



Metallocenes are known to exhibit a wide range of biological properties, one being that
ferrocene has attracted special attention since it is a neutral, chemically stable, non—toxic
entity that is able to cross cell membranes.”® The synthesis of 3-cyanopyridine
compounds via the condensation of chalcone with malononitriles had been studied
previously, but reaction with ferrocenyl (Fc) substituents was not investigated until 3i%
and co—worker developed an efficient synthesis of ferrocenyl substituted 3-—
cyanopyridine derivatives via the condensation of ferrocenyl substituted chalcones 40
with malononitrile in a sodium alkoxide solution under ultrasonic irradiation (Scheme

15).

OMe
(e}

= = + RONa/ROH
NC._oN  RONaROH
Ultrasound
OMe CN

40 16 41

Scheme 15. Synthesis of ferrocenyl substituted 3—cyanopyridine derivatives.

The acceleration of reactions by ultrasound to achieve higher yields, shorter reaction
times and improved efficiency was applied to the reaction of chalcone and malononitrile
by immersing the mixture into the water bath of a KQ-250E ultrasonic cleaner at 50-60
°C.

13



Table 6. Reactions with various ferrocenyl substituted chalcones
with malononitrile in ethanol.

Entry Chalcone Time Product
() Yield (%)°
1 O 5 66
Fc/k/\Q
Me
2 o] 3 64
FCJ\/A©
3 Q 4 71
Fck/\@0>
o
4 o 2 73
Fc/u\/\©\
cl
5 O 6 68
Fc =
I\

Ji and co—workers investigated the effects of ultrasonic irradiation on a range of
substrates conducted in EtOH (Table 6). Both phenyl substituted chalcones and the
heterocyclic ring containing chalcones reacted efficiently with malononitriles to afford
the target products (entries 1-5) in moderate to good yields. It was concluded that a mild,
efficient and ultrasound-assisted method for the synthesis of ferrocenyl substituted
derivatives had been developed, which could be used as intermediates, ligands for

transition—metal ions or new drugs.

1.1.2 Synthetic Applications

Fluorescent probes have become an essential tool for the investigation of biological
systems. Suitable dyes be utilized in their own right, but they can also be incorporated
into metal-based architectures where their chromophoric properties can be exploited.
This is particularly true of lanthanide—derived assemblies, where the chromophore acts as
a sensitizing component facilitating lanthanide—based phosphorescence, which has been

exploited in bioassay, responsive chemosensors and intracellular fluorescence imaging.®

14



Therefore, the investigation of new chromophoric dyes that are biologically compatible,
from a photophysical perspective, is key to the ongoing development of many of these
applications. The photophysical potential of 3—cyanopyridines has been demonstrated

recently by Bowman, Jacobsen and Blackwell.?

Furthermore, the non-linear optical properties of a series of 2—(pyrrolidin—1-
yD)nicotinonitrile derivatives have also been reported.’® In view of these precedents, it
was apparent that a facile, rapid and efficient route to 3—cyanopyridines, that could
incorporate a number of points of diversity for modulating electronic and photophysical
properties, would be a worthwhile endeavour and might enable the preparation of new

and improved fluorescent materials.

In the elegant study by Bowman, Jacobsen and Blackwell, the SPOT synthesis of
heterocyclic macroarrays identified fluorescent 3—cyanopyridines that exhibited large
Stokes shifts, promising solvatofluorochromic properties and exceptionally high quantum
yields. Small molecules of cyanopyridines and deazumazines were generated in high

purity via a spatially addressed synthesis on planar cellular supports.

R’ R?
X NV koBu, MeoN
H | 2OBu, Vet TFA vapor
7 = o i —_—
0/ 25°C, 10 min 25°C. 1h
g cleavage
-
planar cellulose II]
support with
Wang linker
42 43 44

Scheme 16. Synthesis of heterocyclic macroarrays and cyanopyridines.
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Table 7. Structures, purity data and spectral properties of selected cyanopyridines 44.

Entry R' R? Aex (nm) Aem (DM) of° Product
Yield (%)
1 4'-OH H 341 433 0.07 81
2 4'-OH “F 342 430 0.06 81
3 4'-OH 4'-Br 342 440 0.12 82
4 4'-OH 4'-OMe 339 423 0.12 70
5 4'-OH 4'_NMe, 366 524 0.09 74
6 3'OMe,4-OH H 351 469 0.03 74
7 3'-OMe, 4'-OH 3-OMe 351 473 0.02 89
8 3-OMe, 4-OH 4'-F 351 466 0.04 71
9 3'-OMe, 4'-OH 4'-Br 352 475 0.02 70

? Determined by integration of HPLC traces with UV detection at 254 nm. ® Relative quantum yields
measured in ethanol.

Chalcone macroarray 42 was converted into cyanopyridine macroarray 43 with the
treatment of 3—aminocrotononitrile generated in situ from acetonitrile and potassium fert—
butoxide (Scheme 16). Spotting a presonicated mixture of these reagents onto individual

chalcone array at room temperature gave cyanopyridines in good yields (Table 7).

-In addition to their fluorescent properties, Bowman and co—workers used these small—
molecule macroarrays to identify bacterial agents effective against Staphylococcus
aureus.”’ These infections represent one of the largest health threats in hospitals and
communities. The effectiveness of current antibacterial agents against S. aureus has
become limited due to the ever increasing resistance of the strain, Bowman and co—
workers applied the small —molecule macroarray approach to the synthesis and screening
of new antibacterial agents effective against S. aureus. Macroarrays of chalcones and
heterocycles were constructed and subjected to a suite of antibacterial assays conducted
either on or off the macroarray support. Their studies revealed that the chalcones and
cyanopyridine derivatives with in vitro MIC (minimum inhibitory concentration) values
against S. aureus prepared on support were comparable to established antibacterial
agents. Furthermore, these compounds displayed similar activity against a methicillin

resistant S. aureus with selectively for certain Gram—positive bacteria.

16



1.1.3 Conclusion

There are a range of efficient methods for the synthesis of cyanopyridine derivatives. For
each desired pyridine, the number, nature and pattern of substituents is dictated by the
suitability of each strategy. There is a continuing need to improve and expand on the
different methodologies available for pyridine synthesis. With synthetic applications,
drug discovery, antibacterial agents and in view of their fluorescent properties, it has
become ever more demanding now to discover new synthetic strategies and uses for

cyanopyridines.
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1.2 BIPYRIDINES AND TERPYRIDINES SYNTHESIS

1.2.1 Introduction

Within synthetic organic chemistry, pyridines are extensively utilised in coordination
chemistry: bipyridines 45, terpyridines 46, and oligopyridines, have an excellent ability to
complex various metal ions, including ruthenium, zinc and copper. These functional
ligands have found a multitude of applications in building blocks of ribozyme mimics,
photochemistry,*>~* highly sensitive analytical reagents sensor systems, photocatalysis,
luminescent chemosensors, electroluminescent materials,*>*® luminescent agents for
labelled peptide synthesis and building blocks for supramolecular chemistry %7 since the

first discovery of terpyridines in 1932 by Burstall and Morgan almost 70 years ago.”®

45 46

Scheme 17. Structures of 2,2'-bipyridine and 2,2":6',2"terpyridine.

Since the discovery of bipyridines at the end of the nineteenth century,® the pyridine
ligand has been used extensively in the complexation of metals. The isomers of

bipyridines can be (2,2', 3,3' and 4,4") or asymmetrical (2,3, 2,4' and 3,4") (Scheme 18).
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Scheme 18. Symmetrical and asymmetrical isomers of bipyridine 45.

1.2.2 Initial Studies

Many methods have been developed for the synthesis of bipyridines and terpyridines.
Some reactions incorporate the use of metals, or alkylpyrdinium salts and a,p—
unsaturated ketones with ammonium acetate as a source of nitrogen. Some of the initial
studies performed for the synthesis of bipyridines usually gave poor yields. In 1938,

1*® treated 2-bromo—4-methylpyridine 47 with copper powder and synthesized

iBurstal
4,4'—dimethyl-2,2"-bipyridine 48 in a 33% yield. It was found that the bromide was
preferable to iodide or chloride and in addition, the presence of a p-—nitro group did not
improve the efficiency, for example, achieving a 2.2% yield for 5,5-dinitro-2,2'-

bipyridine from 2—-10do—5—nitropyridine.

Cu powder — —

)

47 48

Scheme 19. Synthesis of 4,4'-dimethyl-2,2"-bipyridine.
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By increasing the reaction temperature greatly to 300-350 °C, 2,2'-bipyridine 45 was

formed as the predominant product resulting from the reaction of ferric chloride and

pyridine (Scheme 20).** *°

2I\ FeCly = —+H
/ \ 2
J 7 i\
6 45

Scheme 20. Synthesis of 2,2'-bipyridine.

A well known procedure developed by Kronke, and occasionally used today, is the
reaction of pyridinium salt 49, (obtained from an aldehyde and an acetylpyridine) with
ammonium acetate giving rise to a bipyridine, one pyridine nucleus of which originates
from the unsaturated pyridyl ketone 50. Bipyridines were generally formed in low yields
(usually around 30%) by this method (Scheme 21).*'

R3
= o _|X— E\ P2 NH,OAc AN
O +\)]\ + //4/<_—_\ AcOH | ~
N R N s R? N @
R N
N

49 50 51

Scheme 21. Synthesis of 2,2°-bipyridine.

More recently Bergmann, McCusker and Cordaro** developed a new synthetic route to
the substituted 2,2'-bipyridines 51 (Scheme 21). Previous studies on the synthesis of
terpyridines have lead to these compounds being formed via an aldol condensation and
Michael addition utilizing acetylpyridine and substituted benzaldehydes.* Based on this
methodology, Bergmann and his group synthesized bipyridines using the product of the
aldol condensation reaction. Employing freshly distilled 2-acetylpyridine 52 and
substituted benzaldehyde, heterodiene products 53 were isolated in 40-85% yield.
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Scheme 22. Synthetic route to bipyridines.

Although this reaction was successful in synthesizing bipyridine derivatives, the
procedure does require multi—step preparation. The conversion of enone 53, to
dihydropyran 5S4 was catalyzed by commercially available yttrium (IiI)
hexafluoroacetylacetonate, (abb [Y3+]) with ethyl vinyl ether in THF or DCM at room
temperature. As a source of nitrogen H,NOH-HCI was used for the final synthesis to the
product. A range of substituents were applied to this three step synthetic reaction

sequence and the yields for the final product isolation ranged between 10—40%.

Table 8. Yields for the synthesis of bipyridines

products.
Entry R Product
Yield (%)°
1 4'-C¢H,F 35
2 4'-C¢H4Br 41
3 2'.4',6'-CsHy(OMe); 41
4 4'-C¢H4,OMe 36
5 Ph 25
6 4'-C¢HsNO, 18

? Bipyridine yield with isolation of intermediate

The use of ammonium acetate is widely prevalent in the synthesis of terpyridines as a
valuable nitrogen source. Thummel, Hedge and Yang* treated enamines, with
paraformaldehyde followed by hydrolysis. Diketone intermediate 57 was formed and
reacted directly without isolation with ammonium acetate to give the polycyclic

terpyridines 58 albeit in poor yield.
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Scheme 23. Synthesis of terpyridines.

Table 9. Preparation of 4'-substituted bis—annelated terpyridines
from aromatic aldehydes.

Entry Aldehyde Terpyridine
Yield (%)
1 Benzaldehyde 20
2 p—Tolualdehyde 39
3 p—Chlorobenzaldehyde 35
4 p—Nitrobenzaldehyde 19
5 4-Benzyloxyaldehyde 31
6 3-Pyridinecarboxaldehyde S3
7 4-Pyridinecarboxaldehyde 36
8 Ferrocenecarboxadlehyde 26

A range of aldehydes were used to explore the scope of this method and generated the
corresponding terpyridines in relatively low to moderate yields with aromatic aldehydes
reacting favourably (Table 9). Reactions performed with aliphatic aldehydes did not
produce the desired terpyridines.

Transition metal complexes of polypyridyl ligands have been a target in coordination
chemistry due to their potential utility in a range of applications, As part of their studies
into the Ru(II) complexes of terpyridines, Hanan and Wang* developed a facile route to

a variety of 4'—aryl-terpyridine ligands.
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Scheme 24. One—pot synthesis of 4'-aryl-2,2":6',2"terpyridine.

This study led to the development of a one—step reaction of aryl aldehydes and 2-
acetylpyridine (Scheme 24). The enolate of 2—acetylpyridine can be generated by KOH,
followed by aldol condensation and Michael addition, which all proceeded at room
temperature. The soluble diketone intermediate then formed the pyridine ring with an
aqueous ammonium nitrogen source, and the ligands precipitated from the reaction

mixture.

Table 10. One—pot synthesis of 4-aryl-2,2":6',2"terpyridine.

Enrty R Time (hr) Product
Yield (%)
| Ph 2 53
2 4'-C¢HsMe 2 49
3 4'-CcH,CN 4 42
4 4'-C¢H,OH 12 43
5 4'-C¢H4NBr 2 56
5 4'-CeHsN(Me), 12 25
6 4'-C¢H4NO, 4 51
7 4'-C¢H,OMe 12 20
8 2',3'-CsH4(OMe), 24 27
9 '—Pyridyl 4 42
10 4'-Biphenyl 4 48
11 '—Napthyl 4 42

The synthesis of a range of phenyl-based pyridine ligands was realized, generating
terpyridines in low to moderate yield. These findings led the group to apply these
conditions and introduce organic chromophores into the tpy moiety, a step which
prolonged the room temperature luminescence lifetime of Ru(tpy),>" complexes by the

bichromophore approach.*®

23



Following on from the procedure developed by Hanan and Wang, a very similar synthesis
of terpyridines was also performed using microwave irradiation, a choice of system that
is growing in popularity due to improvements in efficiency and speed that can be realized
for a range of organic reactions when compared to conventional heating methods. Tu"’
and co-workers in 2006 accomplished a one—pot Kronke reaction process for the
synthesis of terpyridines 59 from 2-acetylpyridine 52 with aromatic aldehyde 38 and

ammonium acetate in glycol under microwave irradiation.

o) AN KOH,
)J\ I NH4OAc
+ 2 - —_—
Ar H N EtOH
(0]
38 52 59

Scheme 25. General Kronke reaction for the synthesis of terpyridines.

The general method for the Kronke reaction for the synthesis of terpyridines is
highlighted in scheme 26. Tu and co—workers exploited this method for the synthesis of

2,2":6',2" terpyridines 59 with the use of microwave irradiation (Scheme 26).

0 S NH,OAc
iy | HiO
+ 2 — _—
Ar H N MwW
130 °C
0 16-22 min
38 52 59

Scheme 26. Synthesis of terpyridine under microwave irradiation.
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Table 11. Synthesis of 2,2":6',2" terpyridine under MW and conventional heating

at 130 °C.
Entry Ar Microwave Irradiation Conventional Heating
Time (min) Yield (%) Time (min) Yield (%)
1 4'-CgH4Cl 16 92 240 78
2 4'-C¢H,Br 16 91 180 81
3 2-C¢H,Cl 16 90 180 70
4 '—CeH4F 18 90 240 72
S Ph 24 82 300 71
6 4-C¢H,NO, 22 92 300 80
7 3-CeH,NO, 22 87 300 75

A series of products were synthesized using both heating methods and a comparison was
made. Results indicated that all reactions performed under microwave irradiation
generated the resulting products in good yield (Table 11) indicating that microwave
irradiation exhibited several advantages over conventional heating by significantly

reducing the reaction time and improving the reaction yields.

1.2.3 Synthetic Applications

The potential properties of terpyridines have enabled chemists to take advantage of these
compounds and use then in a range of applications. One such example are europium
chelates, that are widely used in due to their unique luminescence properties for various
bioanalytical applications such as non-radioactive in time-resolved fluorescence
immunoassays or DNA hybridization assays.*® In 2003, Kozhenikov, Kénig* and co-
workers synthesized the substituted terpyridines via triazine intermediates. These
intermediates allowed the introduction of cyano groups, which were converted into amino
diacetic acid moieties. Together with the terpyridine nitrogen atoms they shielded

coordinated europium (III) ions completely from the solvent.
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Scheme 27. Synthesis of europium complex.

The terpyridines were further functionalised for specific applications as ligands, using
bromo substituents in standard transition metal mediated coupling methods, making these
terpyridines valuable intermediates for the preparation of luminescence probes in
biochemistry, medicinal diagnostics and material sciences. The main advantages for Eu®”
luminescence probes are their long emission wavelength excitation lifetimes, allowing
easy separation of the output signal from short-lived background noise in the sample.
However, solvated lanthanide metals ions have a weak absorption and fluorescence, and a
iharvesting ligand is required to enhance photophysical properties. Light energy absorbed
by the ligand is intramolecularly transferred to the Eu’" jon and emitted as the
characteristic spectrum of Eu’". The terpyridine moiety coordinates directly to the
europium ion, harvesting light energy and efficiently transfering the energy to Eu’*

(Scheme 27).

Since 1986, Baskin and co—workers®® had been working on the preparation of
catalytically active ribozyme mimics, sequence—specific reagents for the hydrolytic
cleavage of RNA. These ribozyme mimics contain a deoxyoligonucleotide, designed to
form a sequence—specific RNA/DNA duplex by Watson—Crick base—pairing, and a

pendent metal complex designed to cleave the target RNA.
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Scheme 28. Diagramatic representation of RNA cleavage.

The catalytic cycle involved the binding of the ribozyme mimic to the RNA target,
cleaving the RNA and releasing the cleaved RNA fragment to regenerate the catalyst.
Failure to release the RNA fragments would result in product inhibition. The use of the
DNA building blocks avoided product inhibition and achieving a turnover. Cleavage of
the internal residue in the RNA/DNA duplex decreases the stability of the duplex and
allowed the product fragments to be displayed by the new substrate molecule, due the
RNA-DNA binding constants depending on the length and sequence of the duplex.
Cleavage outside the duplex has no effect on the RNA-DNA binding, therefore product

cannot be released efficiently from the “catalyst” (Scheme 28).
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Scheme 29. Synthesis of the ribozyme mimics; conjugates of terpyridine and bipyridine with nucleosides.

The incorporation of 2,2':6'2"-terpyridyl complex of Cu(l) 64 into a
deoxyoligonucleotide 63 resulted in the formation of the ribozyme mimics containing
2,2-bipyridines 66 or terpyridyl ligands 64. The ligands were attached to either a
nucleobase or sugar to allow attack across either the major groove or minor groove of an
RNA/DNA duplex, thus forming modified nucleoside building blocks for rybozyme

mimics (Scheme 29).
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1.2.4 Conclusion

The chemistry of pyridines, bipyridines and terpyridines has been a subject of wide and
increasing interest. With importance to analytical and coordination chemistry, studies on
their chemical, biological and photophysical properties have been an enhanced by organic
chemists in the pursuit of improved synthetic routes, optimizing the yields, scope and

efficiency of reactions.
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1.3 PYRIDINE SYNTHESIS

With an ever increasing interest in the synthesis of pyridines, numerous diverse routes
have been developed, of the many ways to conduct these heterocycles, most syntheses of
pyridines rely upon one of two approaches: the condensation of carbonyl compounds or

cycloaddition reactions, which will be discussed in turn.

1.3.1 Hantzsch Pyridine Synthesis

The classical Hantzsch pyridine synthesis was first published by Hantzsch in 1882.%!
Symmetrical pyridines are normally generated via this four—component route by the
condensation of two equivalents of a 1,3—diacarbonyl compound 63, aldehyde 17 and
ammonia 2 to generate the 1,4—dihydropyridine 133 which in turn is readily oxidized
with DDQ 65, nitrous acid or a plethora of alternative oxidants to give a pentasubstituted
pyridine 66 (Scheme 30).

=pbQ
NC cl
NH,
1 2 NC cl
R'O,C CO.R' R? R2
/\\[\ R'0,C CO,R! o R10,C_A_-COR'
(0] —_ _ -
[¢] )J\ (o] | | |
2 N N/
RZ” H
H
65
63 17 64 66

Scheme 30. Hantzsch pyridine synthesis.

Although yields for this reaction are usually good, the initial product requires an
additional oxidation step before the desired pyridine is formed, although the intermediate
dihydropyridines 64 have interesting biological properties as Ca channel antagonists in

their own right.
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1.3.2 Condensation Of 1,5—Dicarbonyl Compounds

A simple approach to pyridines involves a 1,5—diketone 67 reacting with ammonia, losing
two equivalents of water to produce a 1,4—dihydropyridine 68 precursor which in turn is
oxidised (usually by nitric acid) to the disubstituted pyridine 69.”> The 1,5-dicarbonyl
systems can also be accessed by Michael addition of enolate to enone, or by ozonolysis of

cyclopentenes.

67 68 69

Scheme 31. 1,5-Dicarbonyl condensation pyridine synthesis.

To avoid an additional oxidation step 1,5-diketone 67 can react with hydroxylamine to

form the pyridines directly on elimination of water (Scheme 31).>*

1.3.3 Bohlmann—Rahtz Pyridine Synthesis

Bohlmann and Rahtz first reported the synthesis of trisubstituted pyridines from ethyl
aminocrotonate and ethynyl ketones back in 1957.> This process had seen little use since
its discovery for the synthesis of trisubstituted pyridines and had not been used at all for
the synthesis of tetrasubstituted products until Bagley and co-workers began to exploit

this method.
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The traditional synthesis of trisubstituted pyridine product 73 1s a two step process
involving initial reaction by Michael addition of an enamine 70 and an ethynyl carbonyl
compound 71, firstly heated in ethanol at 50 °C for 5 hours to provide the corresponding
aminodienone 72 in almost quantitative yields. The aminodienone intermediate in turn is
isolated and heated at high temperatures to facilitate cyclodehydration to form the

corresponding pyridine 73 in good yields after purification (Scheme 32).

NH,
CO,Et
NH2 0 Me \ 2
X _CO.Et  + :—4 - - S
Me
Me (6}
NH, R*
3 3
NH, o 2 CO,R R*0O,C.
R AN
z)\/COZRs + R—= /\/ Eggg = 120N—e1a7to °c I ~
R RO R "NT TR®
RS o
70 71 72 73

Scheme 32. The traditional Bohlmann—Rahtz heteroannulation reaction.

1.3.4 Improvements In The Bohlmann—Rahtz Reaction

Over the past ten years Bagley and co—workers have been focusing on the potential of the
Bohlmann—Rahtz reaction for application in heterocyclic chemistry, and have published
numerous improved alternative methodologies that employ various solvents, catalysts,
tandem processes and microwave dielectric heating, under milder improved reaction
conditions, to give a range of polysubstituted pyridines in good yields. In this chapter the

development and modifications of the Bohlmann—Rahtz reaction will be reviewed.
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1.3.5 Acid—Catalysed One—Step Bohlmann—Rahtz

Increasing the scope of the Bohlmann—Rahtz reaction, research was carried out to
overcome some of the problems found in the original experiment, for example the high
temperatures used in the cyclodehydration of the aminodienone, and to develop a one—
step procedure. A series of reactions were conducted in order to investigate the
improvements, using Breonsted and Lewis acid catalyst for the cyclodehydration of the
aminodienone.

Using the standard Bohlmann—Rahtz reaction,'®>®

the aminoheptadienone was prepared
from ethyl B—aminocrotonate 74 and 4—(trimethylsilyl)but-3—yn—2—one 75 in ethanol
(EtOH) at 50 °C to give the pure cyclodehydration precursor in 98% yield following
purification. However due to the shortages in the availability of but-3—yn—2-one,
concerns about its volatility and in order to expand the scope of range of alkynone

substrates an alternative route to the intermediate was required.

Table 12. Michael addition of 74 and 75 in various solvents at 50 °C

NH,
CO,Et

NH, O Me X 2

Me)\/COZEt + TMST{Me ——— e
Me (6}
74 75 76

Solvent Results Solvent Results
Acetone Noreaction  Diethyl ether No reaction
Toluene Noreaction  Neat No reaction
DCM No reaction =~ DMSO Product 3a (59%)
Chloroform No reaction  Ethanol Product 3a (98%)

Therefore a mixture of ethyl B—aminocrotonate 74 and 4—(trimethylsilyl)but-3—yn—2—one
75, which was cheaper than but-3—yn—2-one, more readily available and less volatile,

was heated to 50 °C in a range of different solvents (Table 12).

In most cases, only unreacted starting material was isolated from the mixture. However

when a solution of B—aminocrotonate 74 and 4—(trimethylsilyl)but-3-yn—2—one 75 was
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stirred in ethanol or DMSO at 50 °C for 5 hours, the aminodienone 76 was produced in
98% or 59% yield respectively, after purification, with the protic solvent ethanol giving
better yields than the aprotic solvent DMSO. In both solvents protodesilylation occurred
spontaneously under the reaction conditions and, in view of the improvement that this
transformation offered over the original procedure, this became the method of choice for

the preparation of aminodienone 76 (Scheme 33).

NH,
NH, o Me X _-CO,Et
)\/COZEt + TMS——‘<: — FOoH
Me Me  50°C.5 h (98%) X
Me [¢]
74 75 76

Scheme 33. Synthesis of aminodienone using alkynone 75.

In order to avoid harsh conditions for the cyclodehydration, it was proposed that the use
of Brensted®’ or Lewis'’ catalysts would promote double bond isomerisation for the
aminodienone intermediate 76, and result in spontaneous cyclodehydration at a lower

temperature and thus obviating the need to isolate the conjugate addition product.

This hypothesis was confirmed by stirring aminodienone 76 in toluene (PhMe) and acetic
acid (5:1) to generate pyridine 78 in quantitative yield and without the need for further
purification (Scheme 34).

NH,
X _CO,Et

Ve E10,C.
PhMe-AcOH |
AN - P
50 °C 100%

Me N Me

Me [6]

76 78

Scheme 34. Synthesis of aminodienone 76 using alkynone 75.
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Further reactions were conducted with a range of enamine esters,”® which were prepared,
and alkynones at 50 °C in toluene-acetic acid (5:1) to produce highly functionalised
pyridines in good to excellent yields in a single step (Table 2)."* Only reactions involving
B—aminocrotonitrile were unsuccessful and failed to generate the desired pyridine,
attributed to the acid catalysed decomposition of the material. All other experiments were
realized in good to excellent yields. Failure to form pyridine (entries 7) was possibly due
to the need for ethyl ester/electron withdrawing group in the R® position of the alkynone,

which clearly enhances for the formation of pyridine in entry 3 (95% yield).

Table 13. Synthesis of functionalised pyridines.

R4
RN T ke 50°C (65-95%) 2 |N/ 6
79 71 80
Entry R’ R? R R® Pyridine
Yield%
1 Me EtO,C ™S Me 79
2 Me EtO,C Et Me 85
3 Me EtO,C Ph EtO,C 95
4 Ph EtO,C Et Me 65
5 Ph EtO,C H Me 73
6 2 Furyl  EtO,C TMS  Me 80
7 Me NC Et Me 0
8 Me EtO,C Ph Me 0
9 Me ‘Bu0O,C TMS Me 0

These findings provided a breakthrough in the search for a one-step Bohlmann—Rahtz
reaction protocol and a basis for further investigation into alternative methods to promote
the cyclodehydration that were compatible with a range of functional groups. To that end,

aminodienone 76 was reacted with a number of Lewis acids under a range of conditions.
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Scheme 35. Pyridine formation from aminodienone by Lewis acid catalyst.

Although the Lewis acids chosen appeared to be less effective than the acetic acid,
zinc(II) bromide (15 mol%) in toluene at reflux produced the corresponding pyridine 78
in 59% yield (Scheme 35) when compared to other Lewis acids. and therefore provided

possible course for further investigation for an alternative one—step procedure (Table 14).

Table 14. The Lewis acid catalysed cyclodehydration of aminodienone
76 to form pyridine 78 and 79.

™S
EtO,C N EtO,C N
- |
Me N Me Me N Me
78 81
Lewis acid Conditions Compound
BF.OEt, DCM, reflux, 4 h 78 (no reaction)
FeCl; (10 mol%) DCM, reflux, 3.5 h 78, 81 (3:2)
Sc(OTh); (100%) DCM, reflux, 24 h 78, 81 (1:3)
ZnBr, (100 mol%) DCM, reflux, 24 h 79 (46%)
ZnBr; (15 mol%) PhMe, reflux, S h 79 (59%)

A solution of ethyl B—aminocrotonate 74 and 4—(trimethylsilyl)but-3—yn—2-one 75 in
either dichloromethane or toluene was heated at reflux overnight in the presence of 10—
100 mol% of a range of Lewis acid catalysts. No reaction occurred in the absence of a
Lewis acid catalyst, but in all other experiments pyridine 78 was formed, showing that
Lewis acid catalysis promotes both the Michael addition and subsequent spontaneous
cyclodehydration. The efficiency of the reactions varied depending on the type and
quantity of the Lewis acid and the reaction time and found that the best conditions

involved ytterbium(1ll) triflate (20 mol%), at reflux for 18 hours (90% yield) or zinc(lII)
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bromide which gave optimum yields when used (15 mol%) at reflux for 5 hours (90%)

yield.

With conditions established and to increase the scope of the methodology, a range of
enamines and alkynones were reacted by heating in toluene—acetic acid solution in the
presence of 15 mol% of zinc(lll) bromide for 5 h or by heating in the presence of

ytterbium(11l) triflate (15 mol%) overnight (Table 15).

Table 15. Comparison of heteroannulation catalysed by ZnBr, and Yb(OTf);.

R? R’ R* RS ZnBr, Yb(OTH),
Yield (%)  Yield (%)

Me CO,Et TMS Me 90° 90

Me CO,Et Et Me 83 67

Me CO,Et Ph EtO,C 55 85°

Me CO,Et TMS EtO,C 33 44°

Ph CO,Et Et Me 32 72

Ph CO,Et Ph Me 68 62

Ph CO,Et Ph EtO,C 44 65

Ph CO,Et H Me 58 70

2 Pyridyl CO,Et Et Me 68 62

Me CO,'Bu  Et Me 70 14

320 mol% catalyst was used. ®10 mol% catalyst was used.
“Desilyliated pyridine (R*= H) produced

In almost all cases investigated the desired pyridines were produced in moderate to
excellent yield with a few exceptions. Reactions catalysed by zinc(ll) bromide provided
the better yields, increasing the efficiency of the reaction significantly in shorter time
when compared to ytterbium(ill) triflate, where prolonged reaction times were required to
facilitate complete conversion. Reaction catalysed by zinc(ll) bromide gave rise to
protodesilylated trisubstituted pyridines in one—step by reaction of the enamine and the
alkynone, compared to the two—step traditional Bolmann-Ratz reaction and proved to be
an excellent modification of this process for the synthesis of tri- and tetrasubstituted

pyridines.

With the success of establishing an acid—catalysed one—pot heteroannulation method, a
comparison was made between the acid catalysed routes and the traditional two—step

Bohlmann—Rahtz. But-3—yn—2—one 82 or less volatile 1-phenylprop—2-yn—I-one 83
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was reacted with ethyl B—aminocrotonate by the traditional two—step Bohlmann—Rahtz
procedure16 (Method A) and the one-step acid—catalyzed methods (Methods B and C)
(Table 16).

Table 16. Comparing the Bohlmann—Rahtz heteroannulation

methods.
Et0,C
iz — P A, BorC ’ | \
&Coza + = . P
Me R Me” N7 R
74 71 80
Entry R Method Catalyst Pyridine
Yield (%)
1 Me A None 85
2 Me B AcOH 77
3 Me C ZnBr, 65
4 Ph A None 80
5 Ph B AcOH 85
6 Ph C ZnBr, 86

Reagents: A= EtOH, 50 °C, 5 h; then 140-160 °C; B= PhMe-AcOH
(5:1), 50 °C; C= ZnBr,, (15 mol%), PhMe, reflux, 5.5 h.

All three reactions gave the desired pyridine products in excellent yield (Table 16). The
least efficient route to the pyridine being the traditional two—step procedure (entry 4). In
contrast the direct study shows that the one—step reactions using but-3—yn—2-one 82,
although more convenient, were still not as efficient as the traditional Bohlmann—Rahtz

method for this transformation.

Further milder conditions where explored by Bagley, Dale and Bower for conjugate
addition—cyclodehydration that were compatible with acid sensitive substrates. A solution
of alkynone and enamine in toluene was stirred overnight in the presence of Amberlyst

15 ion exchange resin and the corresponding pyridines were produced in good yields

(Table 17)."®



Table 17. Synthesis of functionalised pyridines catalysed by Amberlyst
15 ion exchange resin.

NH> O R3

J— Amberlyst 15
2)\/R3 + R"‘——é _ Amberst s | A
R

Me PhMe 50% (71-83%)

74 84 85
Entry R’ R’ R* R® Pyridine
Yield (%)

1 2“-Furyl CO,Et TMS Me 73

2 Me CO,Et Ph Me 71

3 Me CO,'Bu T™MS Me 83"

4 Me CO,Bu Et Me 80

5 Me CO,'Bu Ph Me 76

*Protodesilyliated pyridine (R*= H) produced.

Although reactions involving f—aminocrotononitrile under conditions using a Brensted
acid or acidic resin were unsuccessful (these experiments failed to provide either the
aminodienone or pyridine and only recovered starting materials were isolated), all other
experiments formed the pyridine were formed in good yield. Also worthy of note was
that the protodesilylated pyridine was not produced in the synthesis of pyridine (entry 1).
Overall the new methods compared favourably due to their simplicity over other
procedures for the synthesis of tri— and tetrasubstituted pyridines avoiding the harsh

conditions.

Having explored a range of successful reactions and conditions for the two—component
reaction, further improvements were needed to overcome another weakness of the
Bohlmann-Rahtz method: the poor availability of enamine substrates which restrict the
applicability of the reaction. Bagley, Dale and Bower proposed that the enamine could be
generated in situ from the reaction of P-ketoester and ammonia. Once formed, the
enamine would then react with the alkynone, generating the pyridine product, improving

the whole process considerably in a new multiple—component condensation reaction.>

In order to test the validity of the proposal for the one—step synthesis of polysubstituted
pyridines via a three—component condensation, ethyl acetoacetate 86 was reacted with
either one or two equivalents of hex—3—yn—2—one 87 and ammonium acetate in toluene,

heated at reflux in the presence of either acetic acid or zinc(Il) bromide (Scheme 36).
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NH4OAC, PhMe EtOZC
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M + E—— (/ acid cat, 20 h | AN
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67-96% bz
N

Me Me

86 87 88

Scheme 36. Three component condensation under acidic conditions.

In all cases, pyridine 88 was formed directly as the only reaction product isolated in good
to excellent yield in a single preparative step, formed as a single regioisomer. Optimum
results were found when two equivalents of alkynone, the zinc(ll) bromide catalyzed

reaction gave the best result (96%), compared to acetic acid (78%).

o O O
M Et%{ EtO,C S N EtO,C N
Me OEt Me | Ij\
& Z Z
86 87 Me N Me N7 “Me Me N7 “Me
o o o 93 94 78
TMS—(:
MeMO‘Bu Me
89 75 NH,OAc
; T™MS . Et
acid cat. EtO,C Bu0O,C u0,C
A, = PO & ®
Ph—=
o 2 &
Ph)l\/u\OEt Me Me N “Me Me” N7 “Me Me” N7 “Me
2 9 81 95 96
e}
0
N COEt  ___ EtO,C ~
y: —4_
‘_< | Me N I &
BocHN S i | N Me
92 82 BocHN S 97

Scheme 37. Three—component heteroannulation of B-ketoester,
alkynone and ammonia under acidic conditions.

Having found a general set of conditions that performed well, a range of -ketoesters 86,
89, 90, and 92 and alkynones 75, 82, 87 and 91 were reacted under acidic conditions in
the presence of ammonium acetate (Scheme 37). In all cases that were investigated, the
pyridine was isolated in good to excellent yield, ranging from a reasonable 49% to an

excellent 96% as the only regioisomeric reaction product (Table 18).
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Table 18. Examining the scope of the heteroannulation reaction refluxed in toluene.

Entry B-Ketoester Alkynone Equivalents Acid catalyst Product Yield (%)°
132 141 of 141

1 86 87 2 ZnBr, 88 96
2 86 91 2 AcOH 93 80
3 90 91 2 AcOH 94 70
4 90 91 2 ZnBr, 94 88
5 90 75 2 ZnBr, 81,96 55

6 86 75 2 AcOH 78 75
7 89 87 3 ZnBr, 96 49
8 89 91 2 Amberlyst 15 95 53
9 89 91 3 Amberlyst 15 95 60
10 89 87 3 Amberlyst 15 96 55
1 92 82 3 AcOH 97 68°
12 92 82 3 AcOH 97 71%

“ Yield of pure isolated product. *Formed in 78% ee (entry 1) or 98% ee (entry 12) by HPLC analysis
[Chiralpak AD column, hexane-IPA]. ‘Refluxed in benzene.

When 4—(trimethylsilyl)but-3—yn—2—-one 75 was reacted with ethyl acetoacetate 166 in
the presence of zinc(ll) bromide, partial protodesilylation occurred to give a mixture of
pyridine 81 and 96 (entry 5). However, by employing acetic acid as the catalyst, only a
single pyridine 78 was produced in 75% vyield (entry 6). The use of terr—butyl
acetoacetate 89 caused a reduction in the efficiency of the process but pyridine 165 was
still 1solated in moderate yield under zinc(ll) bromide or Amberlyst 15 ion exchange resin
catalyzed conditions (entries 7 and 9). The synthesis of the N—terr—butoxycarbonyl—
protected valine derived thiazolyl pyridine 97, resulted in a high degree of racemisation
in toluene (entry 11), which is likely due to protonation of the nitrogen, although these
problems were overcome by switching to benzene as a solvent.”’ There was now further
scope for the development of novel methods for three component heteroannulation in the

synthesis of pyridines.

1.3.6 Tandem Oxidation—Heteroannulation Bohlmann—Rahtz Pyridine Synthesis

Extending the findings for a new method for the synthesis of pyridine heterocycles led to
the development of a facile one—pot transformation involving the in situ oxidation—
heteroannulation of propargylic alcohols 174 with ethyl f—aminocrotonate 144 using o—

iodobenzoic acid (IBX) or manganese dioxide as oxidant, to form pyridines in good
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yields.®® A range of conditions were investigated and optimum conditions involved
heating the enamine 86 and a one—fold excess of both the propargylic alcohol 98 and IBX
in dimethylsulphoxide—acetic acid (5:1) at 65 °C overnight to give pyridine 99, in 70%

isolated yield after purification on silica.

With successful conditions established for the tandem process, a range of propargylic
alcohols 98 was submitted to in situ oxidation—heteroannulation with ethyl (-

aminocrotonate 99 mediated by IBX in DMSO-acetic acid (5:1) at 65 °C (Scheme 38).

NH OH E10:C
/l\z/co e MnO; or IBX l X
—_— —— ey
Me NS 2 < P

.7 20,
R cat. (20-73%) Me” N7 R

86 98 29

Scheme 38. Tandem oxidation—heteroannulation of propargylic
alcohols 98 in the synthesis of pyridines 99.

It was found that the efficiency of the reaction was highly dependent on the nature of the

propargylic alcohol and the corresponding pyridines 99 were generated in between 20%
and 73% yield (Table 19).

Table 19. One—pot synthesis of pyridines mediated

by IBX.
Entry Alcohol R Pyridine
Yield (%)

1 Ph 70

2 Me 45

3 Et 20

4 4'-C¢H,Cl 73

5 4'-C¢H,OMe 53

“ Isolated yield after purification on silica

It was postulated that the moderate yields of the one—pot process was a consequence of
the oxidative degradation of ethyl B—aminocrotonate 86 under the reaction conditions.

Thus, generating the enamine 70 in situ by the condensation of the f—ketoester precursor
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and ammonia should help reduce enamine degradation and establish a new three-

component condensation route in a single preparative step.
When a range of propargylic alcohols 98, f—ketoesters 101 and ammonium acetate were

heated at reflux in toluene—acetic acid (5:1) in the presence of manganese dioxide,

pyridines 73 were formed in high yield and with total regiocontrol.*!

Table 20. Synthesis of pyridines via propargylic alcohol and p—Ketoester

mediated by MnO,.
R4
jk/co o e P MnOa NHOAS  ROL A
R2 2 - ( . PhMe-AcOH |
reflux (60-96%) R2ZSNT MRS
100 101 73
Entry R? R’ R* R® Pyridine
Yield (%)
1 Me CO,Et H Me 66
2 Me CO,Et H 4'-C¢H,Cl 96
3 Me CO,Et H 4'-C¢H,OMe 85
4 Me CO,Bu Et Me 60
5 Me CO,'Bu H Ph 73
6 Ph CO,Et H 4'-CgH,Cl 63

A one-pot synthesis of pyridines involving the in situ oxidation—heteroannulation of
propargylic alcohols and the simultaneous formation of enamines using either IBX or
manganese dioxide provides an alternative tandem route to tri— and tetrasubstituted
pyridines, effecting up to four separate synthetic transformations in a single preparative

step.”!

1.3.7 N-Halosuccinimide—-Mediated Reactions For Pyridine Synthesis.
In continuing the development of new routes able to incorporate increased diversity in the

synthesis of polysubstituted heterocycles, the bromocyclization of aminodienone

intermediates generated by the traditional Bohlmann—Rahtz reaction was explored.
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Dechoux reported that when &-dienaminoesters 103 where were treated with N-
bromosuccinimide (NBS) under neutral conditions, 1,2,3,4—tetrasubstituted pyrroles were
formed,él’62 whereas under basic conditions treatment with N-halosuccinimides

generated the corresponding 3—halo—2—-1H-pyridones 104 in reasonable yield.63

CO,Me
NBS/CH,CH, R3 NXS/MeOH
0 (5-59%) | MeONa
3 / R'HN R? (37-83%) 0
R
X
2.
R N CO,Me w2 X0
R' H
102 103 104

Scheme 39. Dechoux’s synthesis of pyrroles 102 and pyridones 104.”

Based upon this precedent, the NBS—-mediated bromocyclization of Bohlmann—Rahtz
intermediates, generated by a Michael addition, under neutral conditions was expected to

provide a two—step route to pyrrole heterocycles (Scheme 39).

o)
NH, 0o R®
A — =l —— w )
RS |
R2” “NH,
70 71 72

Scheme 40. Synthesis of Bolmann—Rahtz intermediates.

In order to examine the scope of the heteroannulation procedure, a subset of
aminodienones was first prepared.'® Bromocyclization of aminodienone (R*=Me,
R’=CO,Et) with NBS was investigated in DCM at 0 °C according to the reported
conditions.” Surprisingly, no pyrrole 102 could be isolated from the reaction mixture

and instead a facile bromination—cyclodehydration occurred to give the bromopyridine
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108 (Scheme 42) in 63% yield along with a trace of trisubstituted pyridine, which could
be easily separated from the main product by washing with dilute acid as a consequence

of the reduced basicity of the 5—br0mopyridine.64

0 0 o
Br] B

6 r 6 r 6 EtO,C Br
e e T e U e Y
F10:0 eon - FOCF B396%) o NP s

| {or CH,CH,) EtO,C7]

RZ” NH, R SNH, RZ TNH,
105 106 107 108

Scheme 41. Proposed mechanistic course for bromocyclisation.

The course of the reaction was rationalized by considering initial regioselective addition
to give s—cis bromide 106, in equilibrium with the s—trans conformer (Scheme 41).
Deprotonation rather than intramolecular nucleophilic substitution, prevents the
formation of pyrrole 102, and gives (4F)-hexa—dienone intermediate 196, thus avoiding
the need for double bond isomerisation and undergoing spontaneous cyclodehydration
under mild conditions to give the pyridine 108. It was expected that the cyclization of
bromodienone 107 to pyridines 73 would be much more facile than the corresponding
cyclization of d—dienaminoesters, to give pyridinones, and so this proceeded under milder
conditions in the absence of sodium methoxide base. In order to explore the bromination—
heteroannulation procedure, a range of different aminodienones was treated with NBS at
0 °C for between 30 and 60 minutes. It was found that reactions conducted in EtOH, as
opposed to CH,Cl,, were much more efficient, reducing the formation of the
trisubstituted pyridines as a byproduct to give the corresponding 5-bromopyridines in

excellent yields (Scheme 41, Table 21).
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Table 21. Bromocyclization of Aminodienones.

Entry R’ R* R® Yield (%)
1 Me Et Ph 92

2 Me Et 4-C¢H,OMe 88

3 Me Et 4'-C4H,Cl 89

4 Me Et Me 96

5 Ph Et Ph 837

6 Ph Et Me >98

7 Me ‘Bu Me 97

“ Reaction run at —10 °C to prevent formation of pyridine

It was further decided to investigate other N-halosuccinimides in the halogenation/
heteroannulation process. The use of N—chlorosuccinimide in EtOH at 0 °C led to a
complex mixture of products. However when aminodienones (entries 1-9) were treated
with N-1odosuccinimide (NIS) under the same conditions, none of the 5-1odopyridines
were produced. Instead an extremely facile cyclodehydration of the normally stable
dienes 72 occurred to give the 2,3,4-trisubstituted pyridines (Scheme 42, Table 22)."
Furthermore, the use of catalytic quantities of NIS (20 mol%) did not adversely affect the

course or efficiency of the reaction, generating pyridine 73, in quantitative yields.

NH,
COgRa RrR30.C
2 2
RN NIS, EtOH | X
\ OOC ~
R2 N R
(84-98%)
R®” o
72 73

Scheme 42. NIS-Mediated cyclodehydration of aminodienones.
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Table 22. Cyclodehydration of aminodienones 73 with NIS.

Entry Product R? R® Yield (%)
1 Me Et Ph >98

2¢ Me Et Ph >98

3 Me Et 4'-C4H,OMe >98

4 Me Et 4'CH,Cl 97

5 Me Et Me 66

6’ Me Et Me 71

7¢ Me Et Me 84

8 Ph Et Me >98

9t Me ‘Bu Me >08

¢ A catalytic (20 mol%) quantity of NIS was used.
? Reactions were run in the presence of NaHCO;.
“ Reaction was run over the course of 4 h rather than 1 h.

It was proposed that the Lewis acidity of NIS was responsible for this facile
cyclodehydration, that traditionally requires temperature in excess of 120 °C, and this
was supported with further experimentation. Repeating the process in the absence of NIS
returned only unreacted starting material, aminodienone, 72. When the NIS was purified
by recrystallization prior to use, or employed in the presence of NaHCO; (to remove HI
present or generated in the course of the reaction), this did not affect the yield of pyridine
73, and in some instances improved the reaction efficiency, thus representing a mild
method for the low. This procedure therefore represented a very mild method for

cyclodehydration to give trisubstituted pyridines.

1.3.8 Iodine Mediated Cyclodehydration

Although it was evident that traces of HI had not catalyzed the NIS process, it could not
be ruled out that traces of iodine (generated by photochemical decomposition) were
mediating the reaction. To test this hypothesis aminodienone 72, the least efficient
substrate in the N-iodosuccinimide cyclodehydration reactions, was reacted with a
stoichiometric amount of either iodine or N-iodosuccinimide in ethanol at 0 °C for 30

minutes (Scheme 43).
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CO,R
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R® o
72 73

Scheme 43. NIS mediated cyclodehydration.

Under these conditions both reactions gave efficient conversion to pyridine 78 (Scheme
44), but the iodine cyclodehydration was superior, generating the product in quantitative

yield after a simple work up.

NH,
CO,Et

EtO,C
~ 2
Me EtOH, 0°C Ij
X I, or NIS 7

Me N Me
30 min

Me o]

76 78

Scheme 44. Cyclodehydration of B-R intermediate.

These transformations were then repeated in the presence of two equivalents of sodium
thiosulphate, added prior to the cyclodehydrating agent, to establish if 10dine generated
from N-iodosuccinimide was responsible for the reaction’s facility (Table 23). As
expected, the iodine mediated reaction now failed, giving only a 9% yield of product and
predominantly returning unreacted starting material 76 (91% recovery). In contrast, the
cyclodehydration mediated by N—iodosuccinimide was chiefly unaffected by the presence
of sodium thiosulphate and gave pyridine 78 in 80% yield, supporting the hypothesis that
it was the Lewis acidity of N-iodosuccinimide and not the generation of iodine in situ,

that was responsible for the reactivity.
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Table 23. Comparing stoichiometric I, and NIS.

Entry Reagent Yield (%) Yield (%)
1 L >98 9
2 NIS 88° 80°

® Reaction was run in the presence of Na,S,0;. ° Starting material 76 was
recovered (91%). © Purification on silica was required.

Following the success of this study, an alternative aminodienone 105 was reacted with
iodine (0.1-100 mol%) in ethanol at room temperature for 30 minutes in an effort to
establish if a process could be developed that was catalytic in reagent. Essentially
quantitative conversions to pyridine were observed under catalytic conditions even at

very low 10dine concentrations (0.5 mol%, Table 24).

Table 24. Room temperature cyclodehydration of 105 varying

quantity of I,.
NH2
v Ny CO2E EtOC.
x - = Me N/
CiCeHs” SO cl
105 106
Entry I, (mol%) Yield (%)
1 100 >98
2 20 >98
3 20 >08
4 10 >08
5 1.0 >98
6 0.5 >08
7 0.1 182

® From '"H NMR analysis of the crude reaction mixture. ® A mixture
of 146:148 (5:1) was obtained.

With conditions established for catalytic cyclodehydration, a range of aminodienones
were reacted with catalytic iodine (20 mol%) in ethanol at room temperature for 30
minutes. After a simple aqueous work up with sodium thiosulphate solution, the 2,3,6—

trisubstituted pyridines were obtained in excellent yield (Table 25). Only in the case of
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the iodine catalyzed cyclodehydration of dienone 105 (entry 4) was any further
purification required and this was attributed to the poor solubility of the substrate in

ethanol.®

Table 25. Cyclodehydration of aminodienone 3 using catalytic
quantities of iodine (20 mol%).

NH,
N COR® 1,20 mol%) R%0,C X
EtOH, r.t,
N 30 mirr1 I g N
(92to >98%) Me™ NT R

R®” o

72 3
Entry R3 RS Pyridine

Yield (%)°

1 EtO,C Me >98
2 EtO,C Ph >98
3 EtOZC 4'—C6H4C1 >98
4 EtO,C 4'-C¢H,OMe 92°
5 COZIBu Me >98
6 CO,Bu Ph 97
7 CO,Bu 4-CH,Cl 92°
8 CO,'Bu 4'C¢H,OMe >98

? Isolated yield of pure 73 after an aqueous work up. ®Yield of pyridine
from analysis of 'H NMR spectrum which showed corresponding
dienone (8%) was also present.

In conclusion, the iodine—mediated catalytic cyclodehydration of B-R aminodienone
intermediates are rapid at ambient temperatures and this procedure has a number of

advantages over equivalent methods using NIS* or other Lewis acids'’.

1.3.9 Microwave—Assisted Pyridine Synthesis

Microwave-assisted organic synthesis (MAOS) as an alternative heating method has
received increasing interest in recent years, and has become a valuable and alternative
route to conventional conductive heating methods for accelerating chemical reactions in

synthetic chemistry,®® with increasing application in the biosciences®’ with no direct
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contact between the chemical reactants and the energy source, microwave-assisted
chemistry can provide faster heating rates, improved efficiency and rapid optimization of

procedures.

In order to explore a microwave-assisted method for the synthesis of the modified
Bohlmann—Rahtz pyridines, Bagley, Lunn and Xiong performed a pyridine synthesis
under a range of conditions in a self tuning single mode CEM Discover ™ Focused
Synthesiser.®® A solution of ethyl P-aminocrotonate 74, and an excess of
phenylpropynone 162 (Ph), was stirred in toluene or DMSO, as from previous studies
these solvents had been shown to promote Michael addition in the traditional Bohlmann—
Rahtz reactions,'” at 170 °C by irradiating initially at 150 or 160W (Table 26). The
reaction conducted in toluene was found to be sluggish, providing pyridine 178 in 76%
yield after 90 min following purification by column chromatography on silica (entry 1).
The reaction in DMSO, a more polar solvent that can couple more efficiently in a
microwave irradiation, resulted in a more rapid heating profile and facilitated reaction.
Michael addition and spontaneous cyclodehydration was complete after 20 min, giving

the pyridine 178 in 87% yield (entry 2).

Table 26. Reactions under microwave-assisted conditions and in
a sealed tube using conventional heating techniques.

NH EtO,C
)\2/ ° Solvent, 1700C 2 B
Mo X -COE + \ Microwave or ~

Ph Thermal Me' N Ph
74 83 107
Entry  Solvent Time  Microwave Thermal
Yield (%)  Yield (%)
1 PhMe 90 76 54
2 DMSO 20 87 80
3 PhMe-ZnBr, 10 80 33
4 PhMe-AcOH (5:1) 10 98 95
5 Neat 20 84 93

Reactions conducted in toluene were accelerated dramatically as expected, by the
presence of a Lewis acid catalyst, zinc(I) bromide (15 mol%), providing the product in

80% yield after 10 min at 170 °C (entry 3). However, optimum conditions for this
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transformation employed acetic acid as a Bronsted acid catalyst. After stirring for 10 min
in a solution of toluene—acetic acid (5:1) at 170 °C (160W), pyridine 107 was isolated in
a 98% yield following purification on silica. In a bid to explore solventless reaction
conditions, a mixture of enamine 74, and alkynone 83 was irradiated at 170 °C (150W)
for 29 min to give the product in 84% yield (entry 5). Although this final experiment was
not as efficient, the use of solventless reaction conditions does have intrinsic ecological

and chemical values.?**

All of the microwave—assisted experiments facilitated both Michael addition and
cyclodehydration in a single synthetic step and generated the pyridine 107 as a single
regioisomer. Although the use of microwave irradiation had been successful, an
investigation of traditional conductive heating methods was carried out in order to
establish the potential of this method as a one-pot transformation. In order to make a
comparison, the same reactions were repeated in a sealed tube using an oil bath as an
external heat (Table 26). In almost all of the experiments, the microwave—assisted
reactions gave higher yields, particularly the reaction conducted in toluene, with 15 mol%
zinc(l) bromide (entry 3), although in many instances comparable yields were obtained
(entries 2, 4 and 5). Only the solventless reaction (entry 5) gave superior results in a
Carius tube, possibly due to poorer energy transfer when neat reagents were irradiated

under the microwave conditions.
With an established procedure in place, ethyl B—aminocrotonate 74 was reacted with a

range of alkynones by irradiating a solution in DMSO at 170 °C for 20 min. In all

experiments, a single regioisomeric product was formed (Table 27).
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Table 27. Microwave—assisted synthesis of pyridines.

R4
NH2 2,0 DMS0 170°C _ Et0,C A
Me)\/OEt v R= 26 Microwave, 170 °c jl\/j\
24-94% Me” SNZ RS
74 71
Entry R* R® Pyridine
Yield (%)
1 Ph Me 24
2 H Ph 87
3 H Me 62
4 Et Me 94
5 H 4'-C¢H,Cl 75
6 H 4'-CsH,OMe 66

Although the efficiency of the reaction between enamine 74 and
4-phenybut—-3—yn—2—one 91 was low (entry 1),%* this alkynone has been known to be
problematic in similar heteroannulation reactions. '* The remaining reactions gave
pyridine products (entry 1-6) in good yields after purification by column chromatography
(entries 2-6), illustrating that the one—pot microwave-assisted Bohlmann—Rahtz reactions

represents a simple and highly expedient route to tri— and tetrasubstituted pyridines.

1.3.10 Continuous Flow Reactors

From early experiments in domestic ovens to multimodal and monomodal instruments
designed for organic synthesis, microwave technology has been implemented worldwide
for small scale synthetic operations and continues to be developed, enabling further
improvements in existing methodologies and the discovery of new synthetic
reactions.®?** However, although modern monomodal instruments dedicated for MAOS
are very successful in small scale operations, efforts to process this technology in
continuous flow (CF) reactors are frustrated by physical limitations of microwave
heating, with a penetration depth of only a few centimetres and the limited dimensions of
the standing wave cavity. Current technology has attempted to overcome these obstacles
with conventional instruments by the use of CF reactors that pump the reagents through a

small heated coil that winds in and out of the cavity,”” with external temperature
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monitoring using a fibre optic sensor, although alternative methods, such as using a
multimode batch or CF reactor, have also been described. Recently Bagley, Jenkins,
Lubinu, Mason and Wood reported a method for carrying out MAOS under CF

processing under a commercially-available monomodal microwave synthesizer.7l

HPLCpump Back pressure

Bohlmann-Rahtz regulator

Me 0 Fit — Reaction

MW cavity chamber
HzN'AyrAA_-Ph t

Me « Ph
COsB

IR Sensor

Figure 2. Schematic diagram of cell flow microwave reactor.

The principal design of this flow cell featured the need to make optimum use of the
cavity and to be able to monitor the temperature of reaction simply using the instrument’s
in-built IR sensor as shown in detail in Figure 2 shows in detail the tube flow cell set up.
A standard 10 mL Pyrex tube was fitted with a custom built steel head, filled with sand
(-10 g) held between two drilled frits and sealed using PTFE washers. The inlet tube of
the flow cell was connected to a HPLC pump and a back pressure regulator was
connected to the outlet tube, allowing experiments to be run under pressure. The flow cell
was inserted into the cavity of the CEM Discover® microwave synthesizer and the
temperature monitored using the instrument’s in-built IR sensor, situated at the bottom of
the microwave chamber. Feed-back microprocessor control was connected to the CEM
Discover® microwave synthesizer, thereby allowing the operator to preset temperature,
power, cooling and to monitor the temperature-pressure and power profile of reactions

(Figure 2).
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Scheme 45. Microwave—assisted pyridine synthesis.

The flow cell was inserted into the cavity of a self-tunable monomodal microwave
synthesizer, irradiated and stabilized at the required temperature through moderation of
microwave power before the introduction of reagents into the reactor. The CF reactor was
tested by using aminodienone 108, prepared according to reported procedures,’’ and
cyclodehydrated with CF processing under homogeneous conditions in toluene—acetic
acid (5:1) over sand, comparing the results to batch experiments carried out in a sealed
tube and to the corresponding homogeneous CF process with a Teflon heating coil
(Scheme 45). The process was successfully transferred to continuous flow process using

the tube flow cell without the need for further modifications.

Table 28. Comparing MAOS of pyridine 107 using Sealed Tube or CF Processing.

Sealed CFCoil>® CFCoil® CFGlass CF Glass

Tube’ Tube’ Tube’
Isolated yield, % >98 >98 857 >98 >98
Residency time, ° min 2 5 3.3 3 2
Flow rate, mL min’' 1 1.5 1 1.5
Processing rate, mmol min’' 0.1 0.15 0.1 0.15
Total energy, ¢ Kj 1411 762 850 735

“Batch experiment in a sealed glass tube. “CF processing in a Teflon heating coil. “CF tubing in a
glass tube reactor charge with sand. “Based upon 'H NMR analysis of crude reaction mixture.
“Residency in microwave cavity. fResidency in heating oil. ®Energy delivered by the magnetron in
flow reaction.

Under conditions that gave efficient conversion (>98%) to pyridine 178, the processing
rates using the glass tube reactor charged with sand were higher (Table 28).

Additionally, CF reactions run at the same flow rate used less magnetron energy in a
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glass tube than in the heating coil, demonstrating that the glass tube CF reactor offers (1)
improved heating efficiency, (ii) potential for operation on a large scale, (iii) successful
transfer from batch to CF processing and (iv) improved performance over commercial

Teflon heating coils (method b).

1.3.11 Combinatorial Chemistry

The development of new methods for the synthesis of heterocyclic compound libraries,
both in solution and on solid phase, is an ever-expanding area in combinatorial chemistry.
To examine the behaviour of the different Bohlmann-Rahtz heteroannulation methods,
both the traditional method and the procedures developed in our laboratories,”® a number
of methods for library synthesis were investigated, and the pyridine products were
isolated and analysed by '"H NMR spectroscopy. Data were compared to spectra of pure
pyridines isolated from previous studies to determine the product ratios, by integration of
pyridine 4-H and 5-H resonances, and library purity, by reference to a known quantity of
tetramethylsilane as an internal standard according to established methodology. A small
library of pyridines was generated using each of the three methods, the traditional
Bohlmann-Rahtz (method A), stirring in acetic acid—toluene (method B) and the Lewis
acid-catalyzed heteroannulation process (method C), and the products were isolated and

analyzed by "H NMR spectroscopic methods (Scheme 46).

A) EtOH, 50 °C, then 160 °C R*
B) PhMe-AcOH, 50 °C EtO.C
o NH2 C) PhMe, ZnBr, reflux 2 X
R“%« + /l%/COZEt | pZ
Me Me Me N Me
75 R4=TMS 78 R‘=H
77 R4 =Et 81 R‘=TMS
91 R*=Ph 88 R4= Et
93 R*=Ph

Scheme 46. Combinatorial synthesis of pyridines.



Using the traditional two step procedure (method A), heating at 50 °C in ethanol,
isolating the intermediate, then heating to 160 °C for three hours to effect
" cyclodehydration resulted in the isolation of four pyridines 78, 81, 88 and 93 with
protodesilylation occurring throughout the course of the reaction. With this in mind,
product ratios Lewis were large and varied between 1 < R <25, although the overall yield
and product purity were good. Some protodesilylation also accompanied the reaction
conducted in toluene—acetic acid (method B) and although the product ratio improved,
varying between 1 < R < 8.3, the overall yield was low (30%). However the Lewis acid
catalyzed reaction (method C) resulted in no protodesilylation and thus gave rise to only
three pyridines 81, 88 and 93 in high purity, good overall yield and in a product ratio that
only varied between 1 <R < 2.

Table 29. Comparision of Bohlmann—Rahtz heteroannulation procedures for
the combinatorial synthesis of pyridines 78, 81, 88 and 93.

Method Products Yield (%)  Ratio Library
Purity (%)

A 78, 81, 88, 93 62 100:65:4:54 75

B 78, 81, 88,93 30 52:100:67:12 80

C 81, 88, 93 64 100:73:50 86

It was curious to note that the product ratio varied between the heteroannulation
procedures, as did the identity of the major product, indicating that the alkynones display
different reactivity profiles according to the method used (Table 29). The Bohlmann—
Rahtz heteroannulation reaction was successful for the combinatorial synthesis of
pyridine libraries in solution, with low levels of impurities and even with the use of
problematic alkynones, the Lewis acid—catalyzed method seemed to be the most

successful.”

1.3.12 Applications In Natural Product Synthesis And Drug Discovery

The growing knowledge of the structural diversity and biological importance of nitrogen
containing heterocycles have made them attractive targets for synthesis and justify

continuing efforts in the development of new synthetic strategies. The Bohlmann—Rahtz
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heteroannulation reaction has been little used since its discovery in 1957, although in the
last 10 years, synthesis methodology has improved significantly and extensively, it has
been employed in the synthesis of the core domains of many naturally occurring

compounds with interesting biological properties.

In addition, simple low molecular weight heterocycles molecules make ideal scaffolds in
which to base high throughput synthesis of libraries of drug—like compounds. Examples
include the use of 1,2,3—thiadiazolidin—3—one—1,1-dioxide and pyrimidine scaffolds in
the synthesis of serine proteinase and kinase inhibitors respectively,” and the use of
simple pyridine scaffolds to generate libraries of inhibitors of HIV-1 protease and Factor
Xa.” A programme was designed in 2003 by Moody and co—workers to develop
heterocyclic scaffolds for library synthesis based on trisubstituted pyridines produced by
modified Bohlmann—Rahtz methodology (Figure 3).

0 0
re~ X~ N7 TR Me” N7
OBn
110

109
o] (o]
BocHN 7 ~
N Me N Me
BocHN
111 112

Figure 3. Trisubstituted pyridine scaffold.

Pyridine 112 was obtained when enamine 113 was reacted with butynone in boiling
ethanol in a 77% yield, which upon hydrolysis of the ester, gave the acid 214 for use in
library synthesis.
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Scheme 47. B-R application to drug design library synthesis.

Following the design process, acid 114, was coupled to a range of amines to provide 14
protected intermediates in 61-87% yield on a 100 mmol scale. Further modification
generated a larger library by reacting the piperidine nitrogen with 78 various carboxylic

acids to produce 2072 amides for drug screening (Scheme 47).

The modified Bohlmann—Rahtz reaction has also been incorporated into the synthesis of
the central domain of a range of antibiotics. Thiopeptides are naturally occurring sulphur
containing, highly modified, macrocyclic peptides, nearly all of which inhibit protein
synthesis in bacteria. These complex natural products share a number of common
structural features: a tri— or tetrasubstituted nitrogen heterocycle clustered in a pyridine
domain part of a macrocyclic framework consisting of thiazoles, oxazoles, indoles and

dehydroamino acids.

These biologically active substances are secondary metabolites produced by
actinomycetes, Gram—positive mycelial sporulating bacteria, largely of Streptomyces that
can be subdivided into 29 different antibiotic families and containing over 76 structurally
distinct entities. The first member of the family, micrococcin was isolated in 1948, and
the parent of the thiopeptide family, thiostrepton (diagram 1) was later discovered in
1954 (Diagram 1).””7 Many of these antibiotics share a similar biological profile,
displaying activity against Gram—positive bacteria, they are highly active inhibitors of the
protein synthesis and in many cases active against meth<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>