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Zum Werke, das wir ernst bereiten,
Geziemt sich wohl ein ernstes Wort;
Wenn gute Reden sie begleiten,
Dann flieBit die Arbeit munter fort.
So 1afit uns jetzt mit Fleifl betrachten,
Was durch schwache Kraft entspringt;
Den schiechten Mann muf} man verachten,
Der nie bedacht, was er vollbringt.
Das ist's ja, was den Menschen zieret,
Und dazu ward ihm der Verstand,
DaB er im Herzen spiiret,

Was er erschaffen mit seiner Hand.

,Das Lied von der Glocke”
Johann Christoph Friedrich von Schiller

An earnest word doth well betide
When we prepare for earnest deeds,
By good discourse accompanied
Then labour cheerfully proceeds.
So let us carefully now scan
Of feeble strength what are the fruits;
One must despise the wretched man,
Who, unreflecting, executes.

For this it is that Man doth grace,
Hereto he hath power to understand,
That he, in his heart’s core, may trace

The type of his creative hand.

“The Song of the Bell”
Johann Christoph Friedrich von Schiller



ABSTRACT

Pyridines occupy a central part in modern day organic chemistry. Recent studies in various
fields of chemistry, biology and physics have featured numerous examples and applications of
these compounds. The purpose of this study was to produce a library of polysubstituted
pyridines, 2,2'-bipyridines and 2,2".6',2"-terpyridines via pathways that allowed unusual or
even unique substitution patterns. To achieve a generic pyridine synthesis that delivers a
diversity of products tailored to different industrial needs, a strategy by which the target
molecule is constructed in a [2+2+2]-manner was chosen, i.c. the six atoms of the pyridine
ring and their pendant functionalities are traced back to three building blocks, each delivering

two atoms to the pyridine ring.

A range of a-acetoxy-a-chloro-B-keto esters were prepared in three steps from commercially
available B-keto esters through a-chlorination with sulfuryl chloride, a-acetoxylation with
acetic acid and triethylamine and a second a-chlorination in good overall yields (69 — 89 %)
without the need for chromatographic purification. These o-acetoxy-a-chloro-B-keto esters
‘served as equivalents for a,B-diketo esters (building block 1) in the synthesis of various 1,2,4-
triazines through condensation with picolinohydrazonamides or thiosemicarbazides (building
block 2). A subsequent aza Diels-Alder reaction of these 1,2,4-triazines with electron-rich
dienophiles (building block 3) such as 2,5-norbornadiene, I-pyrrolidino-1-cyclopentene and
2,3-dihydrofuran furnished an array of novel polysubstitued (bi)pyridines. The two-step
sequence of condensation and aza Diels-Alder reaction could be advanced into a ‘one-pot’

synthesis on several occasions.

Furthermore, we devised a feasible synthetic alternative towards a,B-diketo esters. Alpha-
picolinoyl-B-keto esters were prepared from the same starting materials as the a-acetoxy-o-
chloro-B-keto esters in a shortened two-step sequence of a-chlorination of B-keto esters with
sulfuryl chloride and replacement of the chloro group by a picolinoyl group using picolinic
acid and KHCOs;. The overall yields of o-picolinoyl-f-keto esters (55 — 91 %) were
comparable to those of the a-acetoxy-a-chloro-f-keto esters. Copper(Il) acetate-facilitated
methanolysis of a-picolinoyl-B-keto esters and immediate oxidation of the in sifu generated
a-hydroxy-p-keto esters by excess copper(ll) acetate afforded a,B-diketo esters which reacted
with hydrazonamides in the same manner as the a-chloro-a-acetoxy-B-keto esters. However,

in terms of product purity and yield the ‘chloroacetate route’ remains the superior strategy.

Ultimately, our methodologies were applied to the related substance classes of 2,2:6',2"-

terpyridines and imidazoles and, hence, novel representatives thereof were synthesised.
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INTRODUCTION



1 Introduction

Heterocycles occupy a central part in modern day organic chemistry. Studies in various
fields of chemistry, biology and physics have featured numerous examples of these
compounds over the last centuries — and due to the continuous discovery and development
of new and improved synthetic methods many more of these structurally diverse
compounds will become target molecules or at least play a key role as intermediates in

future syntheses.

Pyridine (1) (Figure 1), one of the simplest heterocyclic compounds, is encountered as a
building block or — on many occasions — even as the central element in ubiquitous

chemical structures.

Figure 1. Pyridine.

Pyridine owes its name (pyr, Greek for fire) to the way in which it and a small range of its
simple alkyl derivatives were first found and isolated, namely by pyrolysis of bone and the
distillation of the freed oils. The ending idine classified it as an ‘aromatic base’. Until the
end of the 19"™ century it was solely obtained from coal tar distillation and even into the
first half of the 20" century, coal tar was the main source of pyridines for early industrial

applications.’

1.1 Pyridines — nature and industry

At the beginning of the 20™ century, as the commercial interest in specific pyridines such
as 2-picoline and niacine (2) grew, their demand rapidly outstretched the quantities of
pyridines available from coal tar. This marked the beginning of the uprising of pyridine

chemistry to become a field of major industrial significance.



There are only a small number of natural pyridine sources, most of them being classed as
either (co)enzymes or precursors thereof or alkaloids.” However, the effects those
compounds have on the human body are significant and the roles they play in biochemical

processes are vital.

Niacine (2) — or vitamin Bs — is converted by the human body into nicotinamide adenine
dinucleotide (NAD™) (3) and its phosphate NADP", two coenzymes regulating oxidation-
reduction processes in cellular respiration and in various anabolic (fatty acid and nucleic
acid synthesis) as well as catabolic processes (glycolysis). Pyridoxin (4) or vitamin Bg
forms a coenzyme in the human body, which is involved in a number of processes in the

amino acid metabolism (Figure 2).2

OH

HO_

»

N

OH

pyridoxine (4)

nicotine (5) NAD* (3) frigonelline (6) epibatidine (7)

Figure 2. Naturally occurring pyridines.

The highly potent neurotoxin nicotine (5), predominantly found in tobacco, is undoubtedly
the best-known pyridine worldwide. However, it is not the toxicity, it is the stimulating
effects it exerts in low concentrations that brought nicotine its fame. Other pyridine-based
alkaloids are trigonelline (6), which is found in coffee and shows antitumour- and
antiseptic activity, and epibatidine (N, a highly potent painkiller which is 200 to 500 times
more effective than morphine without showing the addictive side-effects of the former

(Figure 2).

With a vast number of diverse industrial applications, pyridines have attracted much
attention amongst preparative organic chemists and manufacturers alike. And with more
than 7000 drugs containing a pyridine subunit,’ the pharmaceutical sector appears to be the

most lucrative market in chemical industry. The three proton pump inhibitors



Esomeprazole, Lansoprazole and Pantoprazole (10a-c) all range amongst the top twenty
bestselling drugs worldwide for the year 2006 with combined sales of more than US$5,100
million.” Other pyridine-based drugs show activity against tumours (8) or HIV (9),
tuberculosis (11), depression (12), inflammation and asthma (13, 14), hypo-/hypertension
(14/15), heart-failure (15) etc. (Figure 3).!
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X
=
N
s} =
|
Cl CIO ! /3 NHAC Bu N
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bradykinin (BK) B2 receptor antagonist (14)
(pain, inflammation, asthma, hypotension)

Figure 3. Pyridine-based pharmaceuticals.

endothelin receptor agonist (15)
(heart failure, hypertension)



Further applications which are of interest to industry are, for example, pyridines as
agrochemicals, food supplements (niacine; Figure 2), starting material for polymers (2-
vinylpyridine) or bases to catalyse synthetic reactions (DMAP, 2,6-lutidine).’ The
pyridines used as agrochemicals are usually small, polychlorinated molecules such as the
herbicides paraquat (16) and picloram (17), the bactericide nitrapyrin (18) and the
fungicide pyroxychlor (19) (Figure 4).

Cl
3

paraquat (16) picloram (17) nitrapyrin (18) pyroxychlor (19)
(herbicide) (herbicide) (bactericide) (fungicide)

Figure 4. Pyridine-based agrochemicals.

By virtue of their ability to bind to a wide variety of transition metal ions, molecules
containing two, three or more pyridine moieties in relative proximity to each other such as
2,2'-bipyridine (bipy) (20), 2,2";,62"-terpyridine (tpy) (21) or phenanthroline (phen) (21)
can serve as chelating ligands (Figure 5).° This physico-chemical property has been
exploited in purification processes,’ catalysis® and to an increasing degree in asymmetric
catalysis.”'? Other areas where polypyridine complexes find application are the closely
linked fields of redox- and photochemistry,"> macro- and supramolecular chemistry'*!® and

high-sensitivity analytical chemistry and sensor techniques.'®

20 21 22

Figure 5. Pyridine-based ligands: bipy (20), tpy (21), phen (22).



1.2 Past and present studies and established approaches

QOver the last two centuries the synthesis of pyridines has been studied extensively to create
ever new substitution patterns around the azabenzene ring. Therefore, it is not — and cannot
be — our intention to give a detailed and complete overview of all the existing pyridine
syntheses. We simply want to outline the ‘evolution’ from early groundbreaking
approaches via syntheses which are still of major importance up to some of the most recent
methodologies. We will start out with an overview of the possible strategies, then focus on
the one which has proven to be the most diverse and successful, discuss likely
retrosynthetic disconnection approaches back to commercially available starting materials,

again focussing on methods that seemed to be most promising to us.

Pyridines are usually prepared using one of the two following basic reaction types:

condensation or cycloaddition reactions.

1.2.1 Condensation reactions

Early syntheses of simple pyridine derivatives such as compound 27 involved a [5+1]-type
reaction of a 1,5-dicarbonyl compound (23 or 24) with ammonia or hydroxylamine
(Scheme 1) where the dicarbony! contributes all five carbon atoms to the ring.? Depending
on the nature of the 1,5-dicarbonyl these reactions proceed through dihydropyridines 25 or
26. These simple reactions, however, do not tolerate the presence of most functional

groups due to their harsh reaction conditions.

NH; m oxidation
-2H20 N
H
5 G — 25
=
2 | NHpOH ﬂ . )\/\/L
-2 H0 N - H20 SN
OH o7
26
—
NHg }
o 0 -2H,0
24

Scheme 1. Simple condensation reactions.



The HANTZSCH-Synthesis'” (Scheme 2), a condensation of one mole of aldehyde 28 with
two moles of a 1,3-dicarbonyl compound 29 and a source of nitrogen such as ammonia or
ammonium acetate, is an efficient [2+2+1+1]-type ’one-pot’ synthesis to generate
symmetrical, carbonyl- or ester-substituted pyridines 30 which form the basis of a range of
present-day pharmaceuticals. However, the symmetry of the products is a limitation of the
HANTZSCH-Synthesis.

A 0

H,,C

28 NH3 A
-2 H,0 l
00O N
29 30

Scheme 2. Example of a HANTZSCH-Synthesis.

The [3+3]-type approach is very versatile and of great importance since it allows the
synthesis of unsymmetric pyridines from readily available starting materials. Two well-
known examples of a [3+3]-type construction are the BOHLMANN-RATZ-Synthesis'®
(Scheme 3), in which an ynone 31 and an enamine 32 react through an intermediate 33
under high temperature or acidic conditions to give pyridine 34, and the GUARESCHI-
Synthesis' (Scheme 4), in which a 1,3-dicarbonyl compound 35 reacts either with a

cyanoacetate 36 and ammonia or directly with cyanoacetamide to give pyridine 37.

OzR' CO,R'
COzR' =z 2
| ¥ 2 — 3\ 120-160 °C |
0 HNT R
31

O H,N N R
32 33 34

Scheme 3. Example of a BOHLMANN-RATZ-Synthesis.

R' R'
o) CN NH, o~ CN
+ —_— |
R 0] R'C O R N OH
35 36 37

Scheme 4. Example of a GUARESCHI-Synthesis.



Probably the most frequently used strategy for constructing pyridines is the [3+2+1]-
disconnection, in particular the one applying a base-promoted Michael addition of an
a~substituted ketone 39 to an a,B-unsaturated ketone 40 as the key step in order to form
pyridine 41. An early example is the KROHNKE-Synthesis® (Scheme 5) in which 39 is a

pyridinium salt that is easily prepared from compound 38 and pyridine.

R3
X
s 0
Br | Nt 0~ R?
L N2 L o 40 ~ N
_ r
38 39 41

Scheme 5. Example of a KROHNKE-Synthesis.

1.2.2 Cycloaddition reactions

Cycloadditions are generally pericyclic reactions in which two o-bonds are formed
between the two substrates at the expense of two n-bonds (one of each substrate).
Pyridines can be sythesised via cycloadditions from other heterocycles such as

oxazoles?

as well as vig the rather atypical [2+2+2] cyclocotrimerisation.23 However,
the most intriguing pyridine synthesis involves the use of 1,2,4-triazines (42) (Figure 6).

Their conversion into pyridines is one example of a so-called Diels-Alder reaction.

Figure 6. 1,2,4-Triazine (42).



2 Diels-Alder reactions

The Diels-Alder (DA) reaction®® is one of the cornerstones in organic chemistry — even to
such an extent that when discovered in 1928 it was already anticipated to be the basis of
numerous organic syntheses, including those of various natural products®’ that had not

been accessible before.

The DA reaction is a specific type of a cycloaddition, in which a conjugated diene adds to
an olefinic or acetylenic dienophile through its 1- and 4-position — making it a
[4+2]-cycloaddition — in order to generate a six-membered ring with up to four new
stereocentres (Scheme 6). The participating n-bonded electron pairs are shifted as a whole
with the bond breaking and bond formation occurring in a concerted fashion. Therefore,

the reaction proceeds through a cyclic transition state.

0 E{ﬁ“ — []|; @

Scheme 6. Diels-Alder mechanism. Possible stereocentres (*).

In contrast to the majority of chemical reactions which are charge controlled, the DA
reaction is orbital controlled. In order to understand and predict the reactivity and
selectivity of different DA reactions one can apply the Frontier Molecular Orbital (FMO)
theory, which focuses on the interactions between the reactants’ highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) — the
two orbital types that are closest to each other in energy and, therefore, interact the

s‘crongest.2 6



The structurally simplest DA reaction, the addition of butadiene to ethylene (Figure 7,
centre) will not proceed under mild reaction conditions (low temperature, atmospheric
pressure) by virtue of the electronic nature of its reactants. Both HOMOpuadienc—

LUMOethylene and LUMOpytadienc—HOMOetnylene show little interaction.

By choosing reactants bearing electron donating groups (EDGs), which will raise the
energy levels of all n-type MOs, and/or electron withdrawing groups (EWGs), which will
lower the energy levels of those MOs, one can decrease the energetic difference between
the HOMO of one reactant and the LUMO of the other (Figure 7, left and right). This will
result in a stronger interaction between those two orbitals and, therefore, in a stabilisation

of the transition state — or in other words: in an increased reactivity.”’

electron normal neutral inverse
demand:

LUMOs

HOMOs

Figure 7. FMO interactions for different electron demands.

The most common type of DA reaction sees an electron-rich diene adding onto an electron-
deficient dienophile. This HOMOgiene=LUMOienophile interaction occurs in the majority of
the all-carbon DA reactions and is referred to as “normal electron demand” DA reaction

(Figure 7, left).

10



However, the concept of DA reactions is not limited to all-carbon systems — with CZO,28
N=0.” $=0 or C=S functionalities (amongst many others) being suitable olefin substitutes
both in dienes and dienophiles — making the DA reaction a versatile tool for organic

synthesis.

If one or more nitrogen atoms, e.g. in the shape of nitriles, imines, azadienes,30 di-, tri- or
tetrazines, are involved in this cycloaddition it is referred to as an aza Diels-Alder reaction
(Scheme 7). Comprehensive overviews of these hetero Diels-Alder reactions including the

aza variant were compiled by BOGER and WEINREB®! and TIETZE and KETTSCHAU.>

N S
o NR NR

=z
w1 — @
NR N
R
=
M « | — O
Nx N
b A

Scheme 7. Aza Diels-Alder reactions.

Using an imine-based diene (Scheme 7, I to IV) will — in most cases — make it electron
deficient and, therefore, require an electron-rich dienophile. This is referred to as a DA
reaction with “inverse electron demand” (Figure 7, right). A comprehensive review of both
nitrogen-containing dienes and suitable dienophiles (which will be mentioned in the

following sections) has been published by BOGER.? 0

Out of the four options in Scheme 7 the one involving the 1,2,4-triazine seems to be the
most attractive. They are relatively easy to prepare, stable and the nitrogen extrusion from
the triazines’ azo group is a strong driving force for the re-aromatisation of the DA adduct
in order to furnish pyridines where reactions I to Il may form stable di- or

tetrahydropyridines.

Before we discuss how the triazines are disconnected into readily available materials, we
should take a look at the sort of dienophiles it will react with and which functional groups

will thereby be introduced.

11



2.1 Dienophiles

The number of suitable dienophiles for the reaction with 1,2,4-triazines is vast and new
variations are frequently being published. Furthermore, regioselectivity varies depending
on the nature (i.e. pattern and bulkiness of substitution) of the diene. Therefore, only the

most popular examples shall feature prominently here.

In order to yield pyridines the DA adduct of 1,2,4-triazines and their dienophiles has to
undergo a retro-DA (cycloreversion) reaction. The initial step of this elimination sees a
loss of nitrogen, which is a considerable driving force. Depending on the nature of the
dienophile, two scenarios are possible: in the case of the dienophile being acetylene or an
equivalent thereof, the elimination of nitrogen leads directly to re-aromatisation
(Scheme 8). If the dienophile is an olefin, then it needs to possess a suitable leaving group
X (Scheme 9 — Scheme 11) which is labile under the chosen reaction conditions and

eliminates as XH subsequent to the extrusion of nitrogen.

12



2.1.1 Acetylenic dienophiles

The partcipation of alkynes such as ethynyl- (43b) or 1-propynylbenzene (43a) (Scheme 8)
in aza DA reactions requires high temperatures and/or pressure and is generally not very

3435 reactions of this type the orientation of the

regioselective.®® In intramolecular
cycloaddition can be determined by the length of the tether. For intermolecular reactions
where an ester functionality is present in the diene, selectivity can be enhanced using
ethynyltributylstannane (43¢) since repulsion of the two groups strongly favours one of the
cycloadducts 44 or 45 and, hence, one of the outcomes 46 or 47 in Scheme 8 over the
other. Moreover, the tributylstannyl functionality is easily transformable into a variety of
electron-withdrawing groups, not accessible directly through inverse electron demand DA

. 36 . . . ele . .. .
reactions.” The toxicity and moisture sensitivity of the stannane, however, limits its

application.
retro DA | SR

- Z
////% SN NPy
46
R' RI
42 43 MmDA I\

TN, NF

Abfnn@

48

R Ph  Ph  SnBus

43a 4A3b 43¢

Scheme 8. Acetylenes in aza Diels-Alder reactions.

Despite not adding any functional groups to the product, 2,5-norbornadiene (48) is the
most utilised dienophile in aza DA methodology. Although 2,5-norbornadiene (48) is
technically not an acetylene, the decomposion of its strained bicyclic ring system into
acetylene and cyclopentadiene upon cycloreversion of the DA adduct constitutes the
driving force for the spontaneous reaction right through to the pyridine even under

comparably mild conditions.
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2.1.2 Olefinic dienophiles

2.1.2.1 Ketene acetals

One class of olefinic dienophiles through which alkoxy-, amine- or alkylthio-bearing
pyridines are easily prepared are 1,1-heterodisubstituted olefins such as ketene acetals 49a
and their nitrogen or sulfur equivalents 49b,¢, conveniently referred to as ketene-O,N-,
-N,N-, -S,N-acetals etc. (Scheme 9). The total synthesis of the antibiotic streptonigring'7

(Figure 3, p. 4) is a popular example featuring a DA reaction with a ketene acetal.

As shown by BURG et al.®® ketene acetals possess high regioselectivity as well as high
reactivity towards electron-deficient dienes since both strong electron donors, which are
also excellent leaving groups, are attached to the same ethylene carbon. In fact, their
reactivity is of such scale that most ketene acetals will proceed through a sequence of
cycloaddition and cycloreversion directly to pyridines 54/55 at ambient temperatures
without isolatable DA adducts 50/51 or dihyhydropyridines 52/53. In mixed ketene acetals
functional groups on the diene as well as solvent selection may influence which one of the

heteroalkyl substituents acts as the leaving group.

Like the alkynylstannanes, ketene acetals are highly moisture sensitve. Therefore, they

have to be prepared freshly or generated in situ.
=
N X\WR DA

X R
_retro-DA O/
F ’/N - N2
N N
50
. " \ X~4R ~_retroDA Q\
if N - N2

N~ N R

R EiC.__OEt

\ﬂ/ EtO\H/ NMe, MeS \[r NMes

4%a 45%b 49¢c

=
I

Scheme 9. Ketene acetals in aza Diels-Alder reaction.
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2.1.2.2 Enamines

A simple means of introducing alkyl groups or even forming annulated pyridines is by the
reaction of triazines 42 with enamines,” pyrroles/indoles® and imidazoles*! 56 through
cycloadducts 57 or 58 (Scheme 10). Reactivities and, therefore, reaction temperatures
range between those of alkynes and ketene acetals. Enamines can also be generated
in situ™ for convenience. Re-aromatisation of dihydropyridines 59/60 to pyridines 61/62
results from elimination of the synperiplanar orientated bridgehead hydrogen and amine
(for 56a-c) or from elimination of H; in the case of pyrroles/indoles (56d) and imidazoles
(56€). Intramolecular versions have been utilised to get access to Aspidosperma alkaloids™

and (tetrahydro)naphthyridines.*!

X
R R
' retro-DA 2 syn-elim. | ~
/ -N, Natrm  -XH N A Ng

W 59 1 61
It
Nx N H
R _A~JaR R
42 f _retroDA syn-elim. _ |
TON; Ny Yin - XH N F g
80 X 62
.G -
X R K/N N C\ 7 N
T=-"T L \C O C
R' n n H
6c 56d 56e

Scheme 10. Enamines in aza Diels-Alder reaction.

2.1.2.3 Cyclic vinyl ethers

Similar to ketene acetals, vinyl ethers like the dihydrofurans 63a exhibit good
regioselectivity to furnish either cycloadduct 64a or 65a upon reaction with triazine 42
(Scheme 11); as with any other dienophile the more electrophilic of the two unsaturated
centres will generally react with the more nucleophilic position (1- or 4-position) of the

diene and vice versa unless this interaction is inhibited by steric constraints.
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Reactivity varies strongly between the different ethers and only the most electron-deficient
dienes react smoothly with all of them. In some instances, sidestepping this with harsher
reaction conditions (higher temperature; sealed tube) brings about 2:1 cycloadducts as the

major products.

Mechanistically, the dihydropyridines 66a/67a re-aromatise spontaneously through the
opening of the furan ring which corresponds to an antiperiplanar elimination of ROH. This
ring opening leads to pyridines 68a/69a containing a side chain with a terminal hydroxy
group. These hydroxy groups tend to either lactonise with nearby esters (Section 3,
Scheme 23, p. 25) or add to excess vinyl ether forming acetals (Section 6.3.2.3,
Scheme 49, p. 54). Examples of both ot these reactions will be shown in the work at hand.

Deprotection of the hydroxy groups from the acetals is easily achieved by acidic workup.

H
. OH
retroDA_ [© Y \> anti-elim. B
/ TIN, | Ny g N

K?\l 6:a 68a

42 \ f _fetro-DA CI ) _anti-elim. | X
- "y N~
N2 1 OH
67a

£%a

\

Scheme 11. Cyclic vinyl ethers in aza Diels-Alder reactions.

Reactions of triazines 42 with ethoxy-substituted vinyl ethers like 63b result in the
formation of pyridines 68b/69b bearing a side chain with an aldehyde group instead of a
hydroxy group (Scheme 12). A good account of the reaction of 1,2,4-triazines with both

substituted and unsubstituted dihydrofurans and -pyrans was given by ROCHA GONSALVES

etal.*
DA/ o
retro-DA anti-elim. X = AN
|| + OEt = or |
NN N, - EtOH N~ NPy
42 63b 68b 690

Scheme 12. Cyclic vinyl ethers in aza Diels-Alder reactions.
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2.2 Dienes

An obvious choice for the diene is a 1,2,4-triazine 70 because of the case and variety of
routes for its preparation. Ways of disconnecting the heterocycle include the condensation
of a vicinal dicarbonyl compound 71 with a hydrazide 72 following a double condensation
with a nitrogen source such as ammonia or ammonium acetate® (Scheme 13) or the double
condensation of the said dicarbonyl with a hydrazonamide 73.*® For reactions with
otherwise poor regioselectivity, disconnection into hydrazones 74 and acid derivatives

such as acid anhydrides 75 can be used as an alternative.”

R2__O HoN. R2__N. RS_O HoN .
27 NH A | N B 27 NH
+ = /)\  s——— + %]\
R® ~O 0~ RrR? R N 2 R® O HN” "R?
71 72 70 71 73

Scheme 13. Retrosynthetic disconnection of triazines.

2.3 Di- and tricarbonyls

In Scheme 13 it becomes apparent that for routes A and B there are two possible
stereochemical outcomes: one being the triazine 70 depicted; the other being its
regioisomer (R’ in the place of R® and vice versa). The position of the first nucleophilic
attack by the hydrazide/hydrazonamide, i.e. the regioselectivity, is mainly determined by
steric factors. Vicinal tricarbonyls (VTCs) 76 (Scheme 14), e.g. a,p-diketo esters, have
often been used as asymmetric dicarbonyls owing to the fact that generally the first attack
occurs exclusively on the central carbonyl group. Though most VTCs are not

commercially available manifold preparations have been developed.”’
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It has to be mentioned that, depending on reaction media and workup conditions, VTCs 76
will exist largely as their monchydrates 77 but can be dehydrated by distillation,
sublimation and heating over desiccants such as phosphorous pentoxide. They are

generally shown in their water-free form for simplicity.
o R
R R~ ho R R
Scheme 14. General structure of a VTC (76) and its monohydrate form (77).

2.3.1 From 1,3-diketones

Several two-step syntheses of vicinal tricarbonyl compounds 81 from their corresponding
1,3-dicarbonyls 78 have been developed throughout the last century. To our knowledge,
SACHS ef al.*® presented the first examples (between 1901 and 1907) using N,N-dimethyl-
4-nitrosoaniline (toxic!) at ambient temperature to form the arylimide 79 which furnishes
the desired tricarbonyl on strongly acidic workup. Nitrous acid acts in the same fashion as
the nitrosoaniline to form oxime 80 which yields the target compounds on reaction with

nitrogen peroxide (Scheme 15).%

MezN—O—NO O Q HC!
Ao
N< G
C6H4—NM62-,D
R OR' 79 R OR’
78 C

o
HNO, N>Oy
R OR' 81

N\
OH

80

Scheme 15. Early oxidations of B-keto esters 78.

The sensitive monobromo compound 82 (Figure 8) — prepared with NBS or PHT — reacts
with DMSO presumably forming the dimethylalkoxysulfonium bromide intermediate 83,
which collapses into the target compound and dimethylsulfide under aqueous workup.”*!

Other preparations involved intermediates such as 84°% (from reaction with DMFDMA),

the dihalo compound 85 or the nosylate 86> (prepared with 4-nitrobenzenesulfonyl
P
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peroxide). Compounds 84 and 85 were converted into tricarbonyls using singlet oxygen or

ozone; compound 86 was decomposed with triethylamine.

A A A LS,

oN +/ CHNMe, CI) (CI

82 83 84 85 86

Figure 8. Intermediates of diverse oxidation methods of 1,3-diketo to 1,2,3-triketo compounds.

2.3.2 Direct synthesis

Considering the elimination of a synthetic step and the respective purification, a direct
oxidation of 1,3-dicarbonyls 78 to their corresponding vicinal tricarbonyls 81 (Scheme 16)
via labile intermediates such as 87 or 88 is desirable. However, only when this
economisation outweighes other possible drawbacks such as toxicity or cost of reagents,

will it be feasible for large scale use.

@)
Se02
+ R OR’'
O«

SeCOH
L 87 J
J_X ouarno | S A i
BusN"NOCy )‘K’/U\ , _
R OR! R OR R/U\H)LORI
78 ] %o, | o)
88 84

Dess-Martin periodinane, pyridine

Scheme 16. Direct oxidation methods of -keto esters.

Having come to fame through the RILEY oxidation® selenium dioxide was first used on
1,3-dicarbonyls by DAYER et al’' in 1974. However, complex product mixtures and
contamination with the toxic oxidant posed problems. A much superior method was
presented by CAINELLI ef al.’® (1986) who reacted tetrabutylammonium nitrates with
1,3-dicarbonyls at ambient temperatures. The nitrate ester intermediates 88 decomposed

easily.
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BATCHELOR ef al.”’ (1993) reported an unorthodox application of Dess-Martin periodinane
in the presence of two equivalents of pyridine (presumably to reduce 1" to I'"). The main
advantage of this method over other oxidations is its selectivity in the presence of
N-heterocycles. On the other hand, the high cost of the Dess-Martin reagent is a concern in

terms of industrial application.

2.3.3 Viaylides

Alternatively, vicinal tricarbonyl compounds 76 can be prepared from their 1,3-dicarbonyl

equivalents 89 by formation of an ylide in the 2-position and ozonolytic cleavage of said

zwitterion (Scheme 17). SCHANK ef al”*®

158

(1982/83) developed procedures involving
sulfonium 90, pyridinium 91°® and iodonium ylides 92°° with the latter having the added
advantage that they can also derive from the reaction of an acid chloride with a pre-formed
ylide 39 where 1,3-dicarbonyls are rather complex and not commercially available. The
same applies for the procedure described by BESTMANN and KLOETERS® (1978) involving
a phosphonium ylide 93 generated by the reaction of an acid or acid chloride with a pre-

formed ylide 94.

0 o)
9 0 ’)K
- R Y R )
R)J\/U\R' | rooct [, R
DMSO, SMe - DMSO - pyridine o s
Ac20 90 Os 05 AN X
91 39
0o 0
R R
R R'

89

78
03 or

o DMD

PhI(OA\c% / \
9 9 - Phl -pnpON Q@ Reocl Q
R)J\_(U\R' RMR' rRcoH [ R

IPh PPhs EDCI PPhs
92 93 94

Scheme 17. Oxidations via ylides.

Negative aspects of this type of reaction are the low temperatures (-70 to -40 °C) needed
for the oxidation, the potential formation of peroxides and the lack of selectivity in the

presence of other oxidisable functionalities (e.g. double bonds).
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These problems were overcome in an inproved method by WASSERMAN ef al.%” who used
dimethyldioxirane (DMD) — a much milder oxidant which in most cases allowed for
oxidation at ambient temperatures — on phosphonium ylides. Consequently, this method is

still proving to be a very popular choice for the formation of tricarbonyls.®

Shortcomings of this method are the intolerance of N-heterocycles and — even more
importantly — the generation of triphenylphosphine oxide which, generally, is difficult to
remove since it is likely to be soluble in the same solvents as the desired products. By-
products of the other ylides (i.e. iodobenzene, pyridine, DMSO), though easier to remove,

would still require a high vacuum.
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3 Past developments within the STANFORTH group

As the foregoing line of argument suggests, when our research group set out to do the
retrosynthetic analysis to our pyridine syntheses, we opted for the disconnection shown in
Scheme 18. The rationale was that this convergent approach will allow for the synthesis of
highly substituted pyridines in a few reaction steps and will enable us to create a library of
pyridines by variation of either of the three building blocks A, B and C. This would have

been more intricate with the linear approaches mentioned in Section 1.2.1 (p. 6).

R4
2.n6 . _RS3
\KR R KC/R R® Ny R2_0O HaNs
N R6 "N” 'R? RS O X~ R?
A-B-C AB A B1(X=0)

Scheme 18. Retrosynthetic disconnection of pyridines.

The possibilities for the olefin building block C have already been discussed and through
building block B we were aiming to introduce a selection of aliphatic, aromatic and
heteroatom substituents. As representatives for the dicarbonyl building block A we were
mainly interested in o,f-diketo esters for a number of reasons. Besides the already
mentioned selective attack of hydrazides/hydrazonamides B in order to avoid
regioisomeric mixtures during the triazine formation, the ester group also accounts for the
directing effect on the cycloaddition of said triazines across the C-3/C-6 axis (Scheme 19;
reaction @) as opposed to the N-2/C-5 axis (reaction II) which would eliminate RsCN

instead of N to form a pyrimidine.

6
y TN —— T
AN N> N~

3

5

LIS 6 3

1y 3&31+ I — h{Nj
2

Scheme 19, Possible cycloadditions of 1,2,4-triazines.
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In addition to the directing effects, using a dicarbonyl building block A bearing an ester
group would allow for attachment to a solid support.*’ This would simplify workup
procedures as a purification of the final products by column chromatography could be
circumvented. Intramolecular aza DA reactions where a dienophile-bearing tether was
introduced by attachment to a triazine’s ester group have also been reported.®® Another

40,41,66

interesting aspect is that only a few examples are reported in the literature where

a,B-diketo esters are used as building blocks for the triazine or pyridine synthesis.

Initial preparations of these a,B-diketo esters 81 by WATSON ez al. utilised a sequence of a
diazo transfer from 4-acetamidobenzenesulfonyl azide (97) onto B-keto esters 78 followed
by the hypochlorite-facilitated scission of the o-diazo-B-keto esters 95 that proceeded
through intermediates 96 (Scheme 20).%” Recent modifications saw the use of milder, more

stable hypochlorite substitutes such as DMD®® and Oxone®.®

‘ 0
, 1] ' f v '
ijcozR R"N3 RjTCOZR BuOC| Rj><C02R 5 R)H‘/COZR
No

95

Cl OBu 0

78 8¢ 81

R"Ng = TsNs or AcHNSOzNg,

7

Seheme 20. General tricarbonyl synthesis as featured in our group’s early work.

However, the problem remained that from a manufacturing point of view the use of diazo
compounds is not attractive. In view of these limitations, ALTUNA-URQUIIO ef al 70!
screened for novel preparations of a,B-diketo esters or equivalents thereof identifying
a~hydroxy- 98 and a-hydroximino esters 99 (Figure 9) as tricarbonyl precursors and finally
a~chloro-a-acetoxy esters 102 (Scheme 21) as tricarbonyl equivalents, with the latter
compounds proving to be most suitable in terms of accessibility and yield from starting

material, purification issues and product yield when converted into their corresponding

CO,R' COR

NVI
OH OH

98 99

.. . g 1.72
triazines/pyridines.”"

Figure 9. Tricarbonyl precursors/eqivalents.
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These a-chloro-a-acetoxy esters 102 were obtained through a reaction sequence of
a-chlorination of B-keto esters 78 with sulfury] chloride,” replacement of the chloro by an
acetoxy group, followed by a second chlorination in the a-position (Scheme 21) liberating

the gaseous by-products SO, and HCI, which significantly simplifies the workup.

0
Rj\/COZR' _0 Rj\(COZR' _® RK/COZR' i) - /U><COZR.
ci

OAc ¢l OAc
78 100 101 102

Scheme 21. A novel tricarbonyl equivalent 102. Reagents and conditions: (i) and (iii) SO,Cl,, CH,Cl,, ¢ °C
to RT; (ii) AcOH, NEt;, DMF, RT.

The a-acetoxylation, which utilised acetic acid and triethylamine, was adapted from a
method by PASSAROTTI et al.;’* similar methods use potassium acetate.” Mechanistic
details on how chloroacetates act as tricarbonyl equivalents will be described at a later

stage of this thesis (cf. Section 6, p. 34 £.).

Direct preparations of the a-acetoxy compounds 101 from 78 with lead(IV) acetate’® and
more recently with an AcOH/mCPBA/iodobenzene-mix’’ have been reported. However,
the neurotoxicity of the by-product lead(Il) acetate in the former and the purification issues
in the latter synthesis are again major shortcomings.

l’. 78-80

With the tricarbonyls 81 (or their equivalents) in hand WATSON ef a and later

ALTUNA-URQUUO et al.”*™!

synthesised a library of 1,2,4-triazines 103-107 (occasionally
showing traces of regioisomers 108-112), pyridines and 2,2'-bipyridines 113-117 as
outlined in Scheme 22, some of which later underwent functional group interconversion
(R = SMe to SOMe, OEt). In some cases the triazine and pyridine formation advanced into
‘one-pot’ reactions (R = Py). Again, a mechanistic view as well as discussions about

reaction conditions will follow at later stages of this thesis.
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Ab EtOH

= CO,Et (103, 108, 113) ag | reflux

reflux
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R =Me
py Me (104, 109, 114)

pr

Ph

Ph (105,110, 115) EtOC X
Py (106, 111, 116) |

SMe (107, 112, 117) R N R'

Scheme 22. Overview of early (bi)pyridine syntheses in our research group.

Preliminary studies have been carried out using dienophiles other than 2,5-norbornadiene
(48). Noteworthy examples of annulated pyridines 120 have been obtained from the
reaction of triazines 103 with DHF (63a) after re-aromatisation of their DA adducts 118

and spontaneous lactonisation of their intermediates 119 (Scheme 23). Reactions with this

13 - 117

RIN;’\L

EtO,C

N
108 - 112

and other dienophiles have been investigated in more detail in the work at hand.

0

\
OGN J
2 l N 63a
Z EtOH
R CO,Et t N COzEt
reflux
103 118
\ R'0O2C
R="Pr R'=Me | - |
'Pr Et R
Ph

Scheme 23. Synthesis of an annulated pyridine by WATSON et al.
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Despite our interest in a,B-diketo esters 81 in pyridine/triazine syntheses our group has also
prepared a number of triazines 123 from the reaction of amidrazone 73a with the
symmetric vicinal diketones 121 as well as triazine 124 from phenylglyoxal 122 and
semicarbazide 73b (Scheme 24). Dicarbonyls 121 and 122 have also featured heavily in

the research of the group by TAYLOR® amongst others *!#!

R C Hy N R N‘\N
I * J\i\ E{OH g I //k

R” o RN P
HoN Py reflux y
121 73a 123
H._O H,oN< H_ N
I * 2 J\L A ;[ i
Ph” 0 HoN” sMe  H20, Ph” N~ “SMe
122 73b 124

Scheme 24, Triazine syntheses from symmetric and asymmetric dicarbonyls in our research group.
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4 Aims and objectives

The purpose of this study, which was conducted in collaboration with Vertellus Specialties
UK Ltd., was to produce a library of polysubstituted (bi)pyridines and (pyridyl)triazines via

pathways that allowed unusual or even unique substitution patterns.

It was hoped that these types of compounds would be of great interest to the chemical and
pharmaceutical industry — be it as ready-to-use target compounds or as readily available

building blocks — in a variety of applications.

To achieve a generic pyridine synthesis that delivers a diversity of products tailored to
different industrial needs, we opted for a combination of condensation and cycloaddition
steps by which the target molecule is effectively connected in a [2+2+2]-manner, i.e. the
six atoms of the pyridine ring and their appendant functionalities are traced back to three

building blocks, each delivering two atoms to the pyridine ring (Scheme 25).

HZN\{\! ”
4
5 5 HZNJ\RZ 5 K/RS 5 1 3
R50,C R%0,C.__0 B ROZCIN\\N o R50,C I\ R
—ae B S ERESTY. &k B P
RS o RS o R6” N7 TR? RS "NT "R2
A

Scheme 25. Synthesis of highly substituted pyridines.

Variation of either of the three building blocks A - C would give us a fair amount of
control over all functional groups attached to the pyridine core without having to sacrifice

the simplicity of the synthetic route.
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To put the aforementioned aims into practise, we applied synthetic strategies that have
been developed by former co-workers of our group to add a series of novel representatives

to an already existing library of polysubstituted (bi)pyridines and (pyridyl-)triazines.

Alongside, we aimed to establish more efficient ways towards pyridines and triazines —
both known and novel derivatives. This included a shortened preparation of the tricarbonyl
building block A from the same commercially available starting materials (Scheme 26) as

well as diverse optimised experimental procedures such as ‘one-pot’ or ‘telescoping’

reactions.
i 3 st 9
5 steps 5 5
established route: Rﬁﬂ\/cozR — ™ R¢ COR" —— 16 CO,R
Cl OAc 0
Q 0
2 steps
novel route: RGJJ\/COZR5 SEEEE Rejj\(cost — Rsﬂw/COst
0.0 O

Scheme 26. Established and novel routes towards pyridine building block A.

During the course of this study we also intended to widen the application of our

methodologies to the related families of 2,2".6',2"-terpyridines and imidazoles.

Although this project was University-based and the reactions were mainly carried out on a
gram-scale, our approaches were governed by the transferability of the procedures to a
plant-scale. Various factors had to be taken into consideration for a potential scale-up:
starting materials had to be readily available, inexpensive and preferably easy to handle;
the synthesis itself needed to be efficient in terms of reaction time, yield, number of steps
and cost; by-products and chemical waste had to be kept to a minimum and needed to be

safe and inexpensive to dispose of.
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S Starting materials

5.1 Commercially unavailable -keto esters

B-Keto esters 78 represent excellent starting materials for the synthesis of vicinal
tricarbonyls as a wide range of these compounds is commercially available. Where the
B-keto esters 78 were not readily available they were prepared by condensation of ketones
125 with an excess (2.8 equivalents) of diethyl carbonate (126) using a modified literature

method®*%?

(Scheme 27). Ethyl 5-methyl-3-oxohexanoate (78f) was obtained in good yield
(76 %) upon distillation. In the case of 125k competative condensation at both the methyl
and methylene position afforded an inseparable mixture of the desired product 78k and its
skeletal isomer 127k in very low overall yield (23 %). Although other preparation

methods™ are known, they did not seem viable and the follow-up chemistry for 78k was

abandoned.
RJK i 2.3 equiv. NaH \i/ R
4 +
Et0” OBt dry THF. N, R COREt
reflux, 2h (for 78%) CO,Et
125 126 40 oC, 1h (fO!' ?8"() 78f R = ipr (76 %)
k:R=Bn (17 %) 127k 6 %

Scheme 27. -Keto esters 78 from ester condensation. Keto:enol ratios of 78f 92:8, 78k 97:3 (in CDCl;).

S.2 B-Keto esters as starting materials

With the exception of compounds 78a and 78j where the a-chloro--keto esters 100a and
100j are commercially available, the B-keto esters 78 were chlorinated in the a-position
using a slight excess of sulfuryl chloride to furnish a-chloro-f-keto esters 100 (Scheme 28)
including the previously uncharacterised 100¢c (R = Et, R’ = Me) and the novel compound

100f (R =By, R' = Et).
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0°C-RT,1h?
78

Scheme 28. a-Chloro-B-keto esters 100. ¥ Reaction time for 78d (R = "Pr, R’

overnight.

j\/co - 1.1 equiv. SO,Ch o N H
R 2 CH,Cls, RJ\( COR R COR
cl cl
100

Et), 78e (R = 'Pr, R' = Et):

The products 100 — existing predominantly in their keto forms — were obtained in good to

excellent yields throughout (Table 1) without any need for further purification. They were

easily identified by 'H-NMR spectroscopy; the signal of the a-proton(s) shifted downfield

from around 3 to 4 ppm for compounds 78 towards 4.7 (100b) to 5.6 (100h) ppm (in

CDCl; relative to TMS). Not surprisingly, the acid labile fert-butyl ester 100b showed a

dramatic decrease in yield when left in the reaction mixture for longer (overnight) than the

usual reaction time of one hour; all other esters 100 were stable under these conditions.

Table 1. Yields of a-chloro-B-keto esters 106.

ester 100 R R’ yield keto:enol ratio®
a Me Et available n/a
b Me ‘Bu 71 % 93.7
¢ Et Me 99 % 92:8
d "Pr Et 98 % 93.7
e Pr Et 94 % 92:8
f ‘Bu Et 100 % 86:14
g ‘Bu Et 100 % 91:9
h Ph Et 100 % > 99:1
i Np Et 77 % 100:6
j CF; Et available n/a
¥ in CDCL.

31



The otherwise straightforward chlorination had its limitations with compounds containing
other ‘activated’ positions than the desired a-methylene group. In particular, reaction of
benzyl 3-oxobutanoate (78m) under the usual conditions resulted in a complex mixture of
the desired product 100m and at least two by-products. An AB spin system of CH,Cl in the

'H-NMR spectrum indicated the presence of 128m;*

two additional singlets in the
aliphatic region were ascribed to 129m when comparing the spectrum to those of similar

compounds (Scheme 29).

1.1 equiv. ')
j\/C028n _SOCh COBn , C COsBn /ig(cozsn
CH,Cl,

0°C - RT Cl Cl ct Cl
78m 1h 100m 128m 129m

Scheme 29. Product mixture from o-chlorination of 78m.

Equally unsatisfactory results were obtained when we attempted the mono-chlorination of
the symmetrical diester 78n which led to an inseparable mixture of product 100m,
overchlorinated side-product 128n and unreacted substrate (Scheme 30). Therefore, the

product could not be fully characterised.

O 1.1 equiv.
Me0,c._J_cCoMe SOLL MeOQC\%/COZMe . MeOZCW/?%/COZMe

H,Cl,
0°C - RT Cli cl Cl
1h

78n 100n 128n

Scheme 30. Attempted single chlorination of the symmetrical diester 78n.

Getting hold of a (2-pyridinyl)-substituted o,-diketo ester 810 would mean easy access to
bipyridines 131 and terpyridines 131 (R = Py) through a novel methodology (Scheme 31).

EtO 2C O H 2N \,\! EtOQC N\\ N EtOzC
S Gl N e
~
| = o HZN*R | X7 NT R R
=N =N
810 73 130 131

Scheme 31. Possible route towards bi-/terpyridines 131 vig triazines 139.
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To achieve this, the p-keto-B-(2-pyridyl) ester 780 was prepared through ester
condensation of readily available ethyl picolinate (132) and ethyl acetate with sodium
ethoxide as a base (Scheme 32).%%” But despite adopting various literature methods (Table

2), halogenation of B-keto ester 780 did not produce the pure product 1000.

Compound 7806 remained indifferent when subjected to the routine procedure (entry 1) or
NCS as the chlorinating agent (entries 3, 4); it decomposed giving ethyl picolinate (132)
when treated with 2.2 equivalents of sulfuryl chloride in boiling dichloromethane (entry 2).
A combination of sulfuryl chloride and hydrogen chloride (entries 5, 6) saw partial
conversion to the product alongside decompositon into 132. Though a-chloro-B-keto esters
have been purified by column chromatography in the literature,*® from a manufacturing

point of view this did not seem desirable to us at such an early stage in the pyridine

synthesis.
NaOEt, i
O/COZEt dry AcOEt . | N COEt __ l RS CO.Et
dry toluene
~ZN 100°C,15h ~N =N CI
0
132 6% 780 1000

Scheme 32. Preparation and attempted a-chlorination of -keto-B-(2-pyridyl) ester 78e.

Table 2. Attempted preparations of a-chlore-B-keto ester 1000 from 780.

entry reactant conditions remarks lit.
1 1.1 equiv. SO,Cl, 0 °Cto RT, CH,ClL, no conversion 70
2 2.2 equiv. SO,CL 0to 40 °C, CHyCl,  decomposition to 132 89
3 1.05 equiv. NCS, RT, ethyl acetate no product %0
Amberlyst® 15
4 1.5 equiv. NaH, 0 °C to RT, dry THF no conversion 8
2.0 equiv. NCS
5 1.1 equiv. SO,ClL,, 0 °Cto RT, CH,CL, mixture of 132, 780
excess conc. HCI and 1000
6 1.1 equiv. SO,Cl,, 0°CtoRT, CH,ClL, mixture of 132, 780
HCly and 1000
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The attempt to prepare compound 1000 via ester condensation of ethyl picolinate (132) and
ethyl chloroacetate (133) also failed and only 132 could be re-isolated (Scheme 33). Thus,
the synthesis of bi- and terpyridines was pursued using alternative approaches which will

be discussed at a later stage.

| A O/\ + ﬁo/\ ——--91—-/7‘(-'-”—)——» l A O/\
ZN Cl =N Cl

132 133 1000
Scheme 33. Attempted preparation of a-chloro-B-(2-pyridyl)-B-keto ester 1000. Reagents and conditions: (i)

1.3 equiv. 'Pr,NH, 1.3 equiv. BuLi, dry THF, 0 °C, 1 h; (ii) 133, - 78 °C; (iii) 1.0 equiv. 132, 0 °C to RT,

overnight.

6 Chloroacetate route

6.1 Acetates and chloroacetates

This route encompasses the conversion of a-chloro-f-keto esters 100 into the a-acetoxy-o-
chloro-substituted tricarbonyl equivalents 102 in two steps (Scheme 34). The generation of
tricarbonyl equivalents has been studied extensively by our research group for several
years and this route was found to be a short, industrially feasible and high-yielding method
for the generation of pyridine building blocks from readily available p-keto esters 78 in

only three steps.

AcOH, NEts 1.1 equiv. SO,Cl, ¢!
Rj\/COZR' DMF.RT RK/COZR' CH,Cly, 0°C to RT R)J}( COR'
Cl 20 h® OAc 20 h cl OAc
100 101 102

Scheme 34. Preparation of chloroacetates 102 from a-chloro compounds 100. ¥ 101e (R = 'Pr, R'= Et): 2 d,
101h (R=Ph,R'=Et): 3 d.
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In an initial nucleophilic substitution reaction between a-chloro compounds 180 and acetic
acid in the presence of triethylamine as a base, the chloride in 100 was replaced by an
acetoxy group to form acetates 101 in moderate to excellent yields (Table 3). This
exchange of a-substituents was reflected by a downfield shift of the signal for the a-proton
(5.5...6.3 ppm for compounds 101 compared to 4.7...5.6 ppm for compounds 100} as well
as by the presence of an additional acetoxy singlet at 2.2 ppm in the '"H-NMR spectra
which was in accordance with literature data. The novel derivative 101g was fully

characterised.

Table 3. Yields of a-acetoxy-f3-keto esters 101 and a-acetoxy-o-chloro-B-keto esters 102.

ester R R' yield of 101 yield of 102 *
a Me Et 85 % 81 % (69 %)
¢ Et Me 90 % 92 % (82 %)
e Pr Et 55 %

f ‘Bu Et 100 % 95 % (72 %)
g Bu Et 70 % mixture

h Ph Et 93 % 96 % (89 %)
j CF;3 Et 0% n/a

Y from compound 191 and (overall yield from commercially available starting material).

The reaction of the trifluoromethylated a-chloro-f-keto ester 100j was carried out in dry
toluene under a nitrogen atmosphere due to its moisture sensitive nature. Unfortunately, no
product 101j was isolated. An explanation could be that the target compound 101j is likely
to be as sensitive as the substrate and that it is labile under the conditions of the workup,

i.e. washing with an aqueous solution of sodium bicarbonate to neutralise.

The chloroacetates 102 were subsequently prepared from acetates 101 in the same manner
as the a-chloro compounds 100 have been produced from B-keto esters 78 before (Section
5.2, p. 30). However, yields of chloroacetates 102 were generally slightly lower than those
of the corresponding a-chloro compounds 100; chloroacetate 102g could not be obtained

in its pure form.
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Complete disappearance of the signal for the a-proton in the products’ 'H-NMR spectra

indicated full conversions. The structures of the novel chloroacetates 102¢ and 102f

(Figure 10) were confirmed by a combination of "H-NMR (Table 4, Table 5), >C-NMR,

HRMS and IR spectrometry (Table 6).

Figure 10. Chloroacetates 102¢ and 102f.

Table 4. "H-NMR spectral data of chloroacetate 102¢.

O

Cl OAc
102¢

O

Ci OAc
102f

chemical shift multiplicity integral coupling constants  assignment
(ppm) (Hz)
3.87 s 3 ester-CHj3
2.92 q 2 7.2 -CH,-
2.24 S 3 acetoxy-CHj
1.15 t 3 7.2 -CH3

Table 5. "H-NMR spectral data of chloroacetate 102f.

chemical shift multiplicity integral coupling constants  assignment
(ppm) (Hz)
4.37 and 4.32 2q 2 7.2 ester-CH-
2.77-2.70 m 2 -CHs-
2.24 S 3 acetoxy-CHj
2.30-2.15 m | -CH(CHs),
1.35and 1.31 2t 3 7.2 ester-CHj
0.97 and 0.96 2t 6 6.7 -CHj3

Table 6. HRMS data of chloroacetates 102¢,f.

ester mass calculated for [M+NH4}Jr mass measured
102¢ 240.0633 240.0633
102¢ 282.1103 282.1104




6.2 Triazine formation

/0717880 with the intentions of

As this study was a continuation / expansion of earlier wor
adding novel derivatives to a library of triazines and pyridines as well as optimising
established reactions, the results obtained during the course of this study have to be viewed
as such. Consequently, overviews and tables may feature results gained from both this and

earlier studies in order to draw sound conclusions.

6.2.1 (2-Pyridyl)triazines

Triazines 106 were generated from the reaction of chloroacetates 102 and 2.5 equivalents
of amidrazone 73a in boiling ethanol (Scheme 35; Table 7, method A). Amidrazone 73a,
in turn, can be obtained from 2-cyanopyridine (136) by reaction with hydrazine
monohydrate. It was available in quantity from prior research and did not have to be
prepared freshly. The use of excess amidrazone was based on earlier experiments in our
group which showed that these reactions only gave satisfactory yields when at least two
equivalents of the amidrazone 73a were used.”””! However, even under these conditions
the reactions of chloroacetates 102 bearing small substituents (R = Me, Et) showed

unsatisfactory yields of triazines 106a (36 %) and 106¢ (22 %) respectively.

RO,C PE0 Ny RO,C. T RO,C.0 | AN
. s L LK
EtOH - HC

R™ 0 HoN Py R™ 0 RO HaN - Py
102 73a 134 81 135

73a l reflux, 2 h

HaN-
NH,NH,*H,0 ; R OZC

N
| ) EtOH,RT,2h  HpN [
N~ N~

136 73a N %

106a: R = Me; R = Et (36 %)
C:R=E;R'= Me(22%)

Scheme 35, Preparation of 3-(2"-pyridyl)-triazines 106 from chloroacetates 102. Method A: 2.5 equiv. 73a.
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Mechanistically, we proposed that an initial decomposition was brought about by the
reaction of one equivalent of amidrazone with the acetoxy group of compound 102, thus
forming amide 135 and the de-acylated intermediate 134 which, under release of hydrogen
chloride, formed the a,f-diketo ester 81. Condensation of a second equivalent of 73a with

81 subsequently furnished triazines 106.

A refinement of this method where no amidrazone had to be sacrificed used two
equivalents methylamine to transform the chloroacetates 102 into their corresponding
a,p-diketo esters 81 (Scheme 36). The two compounds were stirred in ethanol at room
temperature for around one hour. The condensation step then required reflux again to
furnish triazines 106 in moderate to good yields (Table 7, method B). Alternatively a
saturated ethanolic hydrogen chloride solution has been used for the pre-treatment of

chloroacetates 102 with great success in earlier studies (Table 7, method C).”!

. Ac  20eaquiv : H .
RO2C,  MeNHyEtOH | ROC /7 R'0,C. 20 NHA
R N ES EVE
EtOH, RT, 1 h - HCI I © °

R” O R™ 0 R” O

102 134 81
|

R'G,C. 0O HoN< R'O,C N«
B S
reflux, 2 h Z

RTT0]  HN™ TPy R™ N Tmy

81 73a 106d: R = "Pr: R' = Et (71 %)
f: R ='Bu; R' = Et (54 %)

Scheme 36. Preparation of 3-(2'-pyridyl)-triazines 106 from chloroacetates 102. Method B.

Table 7. Yields of 3-(2'-pyridyl)-triazines 106 from chloroacetates 102.

triazine 106 R R’ method A  method B method C
a Me Et 36 % (79 %) mixture
¢ Et Me 22%
d "Pr Et 98 % 71 % (61 %) 79 %
f ‘Bu Et 54 %
h Ph Et 97 % 65 % 95 %
i Np Et 32%

Method A: no pre-treatment of chloroacetates 102; method B: pre-treatment of 162 with MeNH;;

method C: pre-treatment of chloroacetates 102 with EtOH/HCI; results from former co-workers in italics.
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All triazines 106 were purified by column chromatography. The 'H-NMR spectral data of

the known representatives 106a and 106d was consistent with that found in the literature;”’
novel triazines 106¢ and 106f (Figure 11) gave comparable patterns (Table 8) and their

structures could be confirmed by HRMS (Table 9).

Figure 11. Triazine 106f.

Table 8. "H-NMR spectral data of triazine 106f.

chemical shift  multiplicity integral coupling constants  assignment
(ppm) (Hz)
8.94 ddd 1 1.0,1.7,4.7 9-H
8.72 ddd 1 1.0,1.2,7.9 6-H
7.95 ddd 1 1.7,7.7,7.9 7-H
7.51 ddd 1 1.2,4.7,7.7 8-H
4.57 q 2 7.2 4-H
3.15 d 2 7.2 1-H
236-2.21 m 1 2-H
1.50 t 3 7.2 5-H
0.99 d 6 6.7 3-H

Table 9. HRMS data of triazines 106¢.f.

triazine mass calculated for [M+H]" mass measured
106¢ 245.1033 245.1031
102f 287.1503 287.1504
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6.2.1.1 Test for the reaction rate of the chioroacetate decomposition

To a solution of chloroacetate 102d in ethanol was added 2-phenylethylamine (Scheme 37)
and samples of the reaction mixture were taken after 1, 7, 15, 30 and 60 min. The ethanol
was evaporated under reduced pressure and 'H-NMR spectra were recorded (in CDCls).
The significant changes, i.e. complete disappearance of the acetoxy singlet (2.2 ppm) of
chloroacetate 102d and appearance of the acetamide singlet (1.8 ppm) of compound 137,

were observed already after 1 min. The spectra taken at 7, 15, 30 and 60 min showed no

further changes.
) ~_Ph
2.0 equiv. HoN
o /i%(coza S oy jﬁrcoza NS
Cl OAc 0
1024 81d 137

Scheme 37. Test for the reaction rate of the decomposition of chioroacetate 102d into o,B-diketo esters 81d.

6.2.1.2 Reactions at ambient temperatures

As we have constantly striven to optimise reaction conditions, we attempted a triazine
synthesis at ambient temperatures. The usual preparation methods for polysubstituted
1,2,4-triazines used ethanol or, where necessary, a higher boiling solvent under reflux. In
one instance where the carbonyl component was thermolabile and only available in
aqueous solution, PABST and SAUER switched to an ethanol/water system at room
temperature.”’ However, heating at 100 °C in DMF was necessary to complete the
condensation. Using chloroacetate 102d as an example we performed a series of test
reactions at room temperature (Table 10), none of which showed complete conversion

even after extended reaction times.

Table 10. Synthesis of triazine 106d from chloroacetate 102d with amidrazone 73a at room temperature.

entry chloro- solvent equivalents of time conversion
acetate amidrazone 73a to 106d

1 1024 methanol-dy 2.5 4d 40...46 %

2 102d toluene-dy 2.5 44 39 %

3 102d CDCl3 2.5 4d 35..45%

4 1024 °? CDCl; 1.0 2d 50 %

¥ pre-treated with excess methylamine
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6.2.2 Sulfur-containing triazines

The rather labile thiosemicarbazide 73b was prepared by S-alkylation of its parent
compound 138 with iodomethane in boiling absolute ethanol and isolated in moderate yield
(59 %) simply by filtration of the precipitating product from the cooled and concentrated
reaction mixture. Reactions of chloroacetates 102d,h with 2.5 equivalents of S-methyl-
thiosemicarbazide 73b in boiling ethanol afforded products 107d,h as easy-to-handle
liquids in quantitative yields (Scheme 38). Not surprisingly, the yield dropped drastically
(25 % of 107b) when only one equivalent of 73b was used. Following a basic workup
procedure consisting of extraction into dichloromethane and washing with water, the
products 107 did not require any further purification. The analytical data was consistent

with that found in the literature.”"

. OAc
ROzC:i cl
R O
H2N HoN 102 Et0C~_N
NH 1.0 equiv. Mel N 2 \IN 2.8 equiv. NaHCO;, 2 I )N;
s
HNT s abs. EtOH, N, THN" SMe EtOH, reflux, 1 h RN sMe
reflux, 1 h
138 73b (59 %) 107d: R = "Pr (quant.)
h: R =Ph (quant)
Br/\©\
~ HaN< (i) or (if) .
HzNjil 130 NO; 2 ﬁi ot (i) Etozclmji
abs. EtOH, Ny ot . y
NS ik 24 h BrifN S Pr™ "NT TSPnb
138 73¢ (94 %) NG, 140d (33 - 65 %)

Scheme 38. Preparation of 3-methylthiotriazines 107d,h and 3-(4-nitrobenzylthio)triazine 140d. Reagents
and conditions: (i) 102d, 2.5 equiv. 73¢, 2.8 equiv. NaHCO;, EtOH, reflux, 1 h; 33 %, (ii) 102d, 2.0 equiv.
MeNH,, EtOH, RT, 1 h; then 1.0 equiv. 73¢, 1.0 equiv. NaHCO;, EtOH, reflux, 2 h; 65 %. (iii) ‘telescoping
synthesis’: same as (ii} but with in sizu-generated 73¢ (from 138 and 139); 63 % overall yield.

The yield of S-(4-nitrobenzyl)triazine 140d, which derived from the reaction of
chloroacetate 102d with thiosemicarbazide 73¢, was poor (33 %) when prepared according
to 107d but could be improved to 65 % when pre-treating 102d with two equivalents of
methylamine (Scheme 38). The thiosemicarbazide 73¢, in turn, was prepared in excellent
yield (94 %) from an equimolar mixture of its parent compound 138 and 4-nitrobenzyl

bromide (139). In a simplified method chloroacetate 102d was pre-treated with

41



methylamine and then reacted with the in situ-generated thiosemicarbazide 73¢ (from 138

and 139) to furnish triazine 140d in good yield (63 %).

In all of the above mentioned triazine formations stoichiometric amounts of sodium
bicarbonate were added as a scavenger for the HI and HBr liberated from the

thiosemicarbazide hydrogenhalide salts 73b and 73¢ respectively.

6.2.2.1 Eschenmoser sulfide contraction

The purpose of the preparation of thiosemicarbazide 73¢ and, in turn, triazine 140d was to
test the applicability of the Eschenmoser sulfide contraction’® to triazines or pyridines. The
fact that this type of conversion has been observed in structurally related 2-pyrimidones®

sparked our interest in this reaction.

The original Eschenmoser sulfide contraction (Scheme 39) saw an initial S-alkylation of a
secondary thioamide or thiolactam 141 by an a-halogenated carbonyl compound 142.
Addition of a base to the newly-formed compound 143 induced a sequence of
deprotonation (144), enolisation (145), episulfide formation (146) and opening (147) and
elimination which resulted in the formation of vinylogous amide (148). The extruded

sulfur was taken up by a thiophile such as triphenylphosphine.
RL RL RL
N
| base | _
3 ——— 3 3
RESs T YR R2J\s/\[( R sz\s/ﬁ( R
O G O

141 142 143 144

J

NH R? PR
Rz)\/&o - T3 )\(& )W/& R2 /\(
- S=PR3
148 147 146 145

Scheme 39. Mechanism of the Eschenmoser sulfide contraction.
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Preliminary work within the group remained unsuccessful and the reaction was re-
investigated on the model of the SPnb-substituted triazine 140d (Scheme 40). In this case —
given that no a-carbonyl group was present — the carbanion in structure 149 was hoped to
nucleophilically attack the triazine’s 3-position directly. The negative charge could be
easily delocalised through the triazine ring and stabilised by the ester group. But despite
testing different bases (NaH, KO'Bu, NaOEt) and solvents (DMF, THF, toluene), the
expected 3-(4-nitrobenzyl)-triazine 150 was not observed. Instead, the starting material

was partly re-isolated (42 - 70 %).

. Et0,C _N.
BtO2C ~Ns (i) or (ii) or (il 2 N NO
| 4 -
npy npr” N

150

o

N o NO,
=o Llr\/)\[\- - EtO%Nw
P N s/\©\ <Y

N
i NO, Cs i
149

Scheme 40. Attempted sulfide contraction reaction. Reagents and conditions: (i) 1.0 equiv. NaH, 1.0 equiv.
PPhs, N,, DMF or dry THF, -15 °C, 2 h; (ii) 1.1 equiv. KO'Bu, 1.0 equiv. PPh;, toluene, -30 °C, 90 min; (iii)
1.0 equiv. NaOEt, DMF, -15 °C, 2 h.

6.3 Pyridine formation

6.3.1 Alkylthio-, sulfinyl- and sulfonylpyridines

6.3.1.1 Reactions of triazines and 2,5-norbornadiene

The 3-methylthio-1,2,4-triazines 107 were prepared with the prospect of having the
S-methyl functionality replaced by other groups such as trichloromethyl at a later stage of

34,35

the pyridine synthesis. On various occasions SMe and SO,Me substituents have shown

to be excellent leaving groups.
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There are two possible strategies to convert the 3-methylthio-1,2,4-triazines 107 into the
desired methylsulfinyl- and methylsulfonyl-pyridines 153 and 154 respectively: oxidation
to SO-methyl- and SOp-methyl-triazines 151 and 152 followed by cycloaddition
(Scheme 41, route A) or the cycloaddition to S-methyl-pyridines 117 followed by

oxidation (route B).

route A | /)\ ------- e 1
RN R L
181. R' = SOMe ¥
152: R' = SO,Me
EO2C Nsy, Et0,0~ Et02C~
) ® $
R N SMe R N SOMe R N S0O,Me
107 153d; R ="Pr (72 %) 154d: R = "Pr (93 %)
h:R = Ph (78 %)
/
route B 48 Bt0,C | X 1.05 equiv.T 2.50 equiv.T
DCB = NaBO3*4H,0, AcOH (100 %)
140°C, 1 d RN SMe  50.60°C 2-4h

117d: R = "Pr (64 %)
h: R = Ph (88 %)°

Scheme 41. Two possible preparations of SOMe- and SO,Me-pyridines from SMe-triazines. ® mCPBA or
NalO, or NaBO;-4H,0; » 10.0 equiv. 48; © 35.0 equiv. 48.

Both routes have been investigated in our research group’s earlier studies and route A was
favoured due to initial conversion problems from triazines 107 to pyridines 117 in the first
step of route B, that is to say no reaction in ethanol, very little conversion in toluene and

slow conversion in xylene (product/substrate = 1:1 after 12 h of reflux).

However, when attempting to reproduce the syntheses of route A, the oxidation reaction
from S-methyl compound 107 to SO-methyl compound 151 using mCPBA showed a lack
of selectivity giving mixtures of substrate, product and in one case over-oxidised side

product 152. Other oxidants such as NalO4 and NaBO3-4H,0 also proved unsuccessful.

Moreover, despite showing that sulfoxy-triazine 151 successfully underwent DA/retro-DA
reaction with 2,5-norbornadiene to furnish 153, ALTUNA-URQUUO and co-workers’' found
that the same could not be said about the conversion of their sulfonyl equivalents 152 into
compounds 154. Failure to isolate pyridines 154 could be ascribed to ethanolysis of the

sulfonyl group. This, however, would have led to presumably easily identifiable products.
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A reasoning by RocHA GONSALVES ef al.*? (in reference to CHENARD ef al.”*) stating that
‘In the cycloaddition of 3-(methylsulfonyl)-1,2,4-trlazine with some enamines
dihydropyridines were also isolated and this was ascribed to conformational factors which
made the elimination step unfavourable.” seems more likely. In that case a second

successive DA reaction gave the 2:1 adduct as the predominant or even the only product.

Faced with the shortcomings of both the oxidation and the retro-DA step of route A, our
focus now turned back to route B. The conversion of 107h to 117h in xylene was re-visited
using a longer reaction time (1 day) giving an only slightly improved product/substrate
mixture of around 3:2. Reactions in neat 2,5-norbornadiene at an extended reaction time (2
days) showed more promise giving good yields of the products 117d (66 %) and 117h (64
%), each with 8 % of the substrate 107 remaining unconverted. Full conversion was finally
achieved in 1,2-dichlorobenzene at 140 °C. The higher yield of 117h (88 %) compared to
117d (64 %) was a result of optimisation, namely the use of a greater excess of dienophile

48 (35 instead of 10 equivalents).

The subsequent oxidation was initially carried out with mCPBA, the reagent of choice for
conversions of this type in numerous publications. However, in this instance
1.1 equivalents of mCPBA afforded a separable mixture of the desired sulfoxy compound
153h (22 %) and the over-oxidised sulfonyl compound 154h (56 %); the use of
1.1 equivalents of sodium periodate resulted in an inseparable mixture of 153h (25 %) and
starting material 117h (25%). Eventually, single pure products 153 and 154 were obtained
in good yields (72 — 93 %) using sodium perborate (1.05 and 2.5 equivalents respectively)
which, compared to mCPBA, is a relatively mild and stable oxidant. Only on one occasion
was a mixture of 153h (49 %) and over-oxidised 154h (29 %) observed when aiming for

the sulfoxy compound 153h.
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A comparison of 'H-NMR spectral data for the methylthio- 117d, sulfinyl- 153d and
sulfonyl-pyridines 154d (Figure 12) can be found in Table 11. The structures were verified
by HRMS (Table 12).

C O O
7 7 7
“Z Pt “ ~ < 4
72 NT Tg7e 52 N g 72 NO/’S\\Ci
147d 153d © 154d

Figure 12. Sulfur-containing pyridines.

Table 11. 'H-NMR spectral data of SMe-pyridine 117d, SOMe-pyridine 153d and SO,Me-pyridine 154d.

chemical shift (ppm) multiplicity,  coupling
117d 153d 154d integral const. (Hz) assignment
7.97 8.35 8.37 d, 1 8.2 7-H
7.04 7.89 7.96 d, 1 8.2 8-H
4.34 4.37 4.43 q, 2 7.2 4-H
3.15-3.09 3.15-3.09 322-3.16 m, 3 1-H
2.59 2.83 3.27 s, 3 6-H
1.84 -1.70 1.71 1.79 m/tq, 2 n/a/7.4 2-H
1.39 1.38 1.43 t,3 7.2 5-H
1.00 0.95 1.01 t,3 72/7.4 3-H

Table 12. HRMS data of SMe-pyridine 117d, SOMe-pyridine 1534 and SO,Me-pyridine 154d.

pyridine mass caleulated for [M+H]" mass measured
117d 240.1053 240.1052
153d 256.1002 256.1002
154d 272.0951 272.0951
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The same methodology of cycloaddition in dichlorobenzene followed by perborate
oxidation was applied to (4-nitrobenzylthio)triazine 140d resulting in moderate yields of
pyridine 155d (50 %), sulfinyl-pyridine 156d (43 %) and sulfonyl-pyridine 157d (73 %)
which did not quite compare to the ones of the respective methylthio equivalents but,
nevertheless, furnished pure products (Scheme 42). On this occasion, the DA reaction in
neat 2,5-norbornadiene (48) showed full conversion of 140d but produced only 35 % of
pyridine 155d.

A7
EtOZC:[N\\N i ) Etozcm
/)\ DCB, 140°C, 1d =

Pr” N SPnb or "Pr™ N "SPnb

140d neat, reflux, 6 d 165d (50 % in DCB)
(35 % neat)

AcOH (100 %)|50-60°C,2 -4h

1.05 equiv. 2.50 equiv.
NaBO3*4H20 NaBO3*4H20
EtO.C AN EtO,C AN
T PN
ey N SCPnb Py N SO,Pnb
186d (43 %) 187d (73 %)

Scheme 42. Preparation of sulfinyl- and sulfonyl-pyridines 156d and 1574 from triazine 140d.

The '"H-NMR spectra of SPnb-pyridines 155d showed downfield shifts similar to those
of the SMe-pyridine 117d when oxidised. Again, structures were assured by HRMS
(Table 13).

Table 13. HRMS data of SPnb-pyridine 155d, SOPnb-pyridine 156d and SO,Pnb-pyridine 1574.

pyridine mass calculated for [M+H]" mass measured
155d 361.1217 361.1219
156d 377.1166 377.1168
157d 393.1115 393.1119
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6.3.1.2 Reactions of chloroacetates and thiosemicarbazides — ‘one-pot’ reaction

The ‘one-pot’ synthesis of the sulfur-containing pyridine 155d from chloroacetate 1024,
thiosemicarbazide 73¢ and 2,5-norbornadiene (48) (Scheme 43) was carried out in a bid to
optimise the yield of the two-step procedure. However, with only 24 % of isolated target
compound this method was far inferior to the stepwise approach where triazine 140d was

isolated in quantitative yield and converted into the pyridine 155d in 50 % yield.

. OAc
R'O,C Ci HzN\N () - (i) EtO,C SN
; | SULLA B
npy 0 HoN SPnb Py N SPnb
162d 73c 188d (24 %)

Scheme 43. ‘One-pot’ synthesis of pyridine 155d. Reagents and conditions: (i) 102d, 2.0 equiv. MeNH,,
EtOH, RT, 1 h; (ii) 1.0 equiv. 73¢, 1.0 equiv. NaHCO;, EtOH, reflux, 2 h; (iii) 32 equiv. 2,5-norbornadiene
(48), DCB, 140 °C, 3 d.

6.3.2 Bipyridines

6.3.2.1 Reactions of (2-pyridyl)triazines and norbornadiene

The straightforward conversion of (2-pyridyl)triazines 106 into their corresponding
bipyridines 116 with 2,5-norbornadiene (48) in boiling ethanol (Scheme 44) has already
been explored by WATSON er al.”® showing a low yield of compound 116a (R = Me; 36 %)
but generally good results for bipyridines 116d (R = "Pr; 81 %), 116e (R = 'Pr; 81%) and
116k (R = Ph; 87 %) with larger substituents, a trend that was recurring for various DA

reactions in our study.
EtO,C~ Ny ﬂb EtO,C A
T |

R™ N Py EtOH or neat R™ N Py

106 reflux 116

z

\
\!

Scheme 44. DA reaction of 116d in neat 2,5-norbornadiene (48).

We attempted an optimisation of this conversion by means of a solvent-free reaction of
triazine 106d with 2,5-norbornadiene (48) which proceeded smoothly to full conversion

but resulted in a reduced yield of bipyridine 116d (65 %).
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6.3.2.2 Reactions of chloroacetates and amidrazones — ‘one-pot’ reaction

Earlier work by ALTUNA-URQUIO ef al. has shown that a ‘one-pot’ synthesis of
bipyridines 116 from chloroacetates 102, amidrazones 73a and 2,5-norbornadiene (48) is a
superior method to the two-step-process with isolation of triazines 106. Similarly to the
preparation of triazines 106 (cf. Section 6.2) these syntheses have been investigated in
much detail and the examples presented in Scheme 45 are an extension to the work of past

co-workers.

R-ochAC H,N. (i) or (i), ﬂb R0,C

cl {\1 48 ~ R o
+ | y7 * I =

R0 HoNT Py [1£tr(‘)_H1 rdef lux R "N~ Py R0O,C N Py
102 73a 116 168

Scheme 45. ‘One-pot’ syntheses of bipyridines. Reagents and conditions: (i) 2.5 equiv. 73a; (ii) 102,
2.0 equiv. MeNH,, RT, 1 h; then 1.0 equiv. 73a.

Bipyridines 116 were initially prepared from the reaction of their corresponding
chloroacetates 102 using 2.0 — 2.5 equivalents of amidrazone 73a (Table 14, method A)
and ten equivalents of 2,5-norbornadiene (48) in boiling ethanol. In context with earlier
results it is noticable that chloroacetates 102 with small substituents (R = Me, Et) gave
unsatisfactory yields (22 %) whereas those with larger substituents (R = "Pr, ‘Bu, Ph)
showed moderate yields (49 — 63 %).

Table 14. Yields of bipyridines 116 (results in italics are from former co-workers).

pyridine 116 R R’ method A method B methoed C
a Me Et 22 % (18 %)
€ Et Me 22 %
d "Pr Et 63 % 56 % (80 %) 96 %
f ‘Bu Et 49 %* 61 %"
h Ph Et 50 % 68 % 80 %
i Np Et 14 %

Methods: A: no pre-treatment of chloroacetates 102; B: pre-treatment of 102 with MeNH,;
C: pre-treatment of 102 with EtOH/HCJ; 9 2:1 mixture with regioisomer 158f; ® 3:1 mixture with 158f.
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Alternatively, chloroacetates 102 were subjected to two equivalents of methylamine prior
to reaction with one equivalent of amidrazone 73a (method B) generally improving the
yields of bipyridines 116. Reaction of chioroacetate 102f resulted in a product mixture of

regioisomers 1161 (Figure 13; Table 15) and 158f (Figure 14; Table 16).

On the two occasions where pre-treatment of chloroacetates by ethanolic hydrogen
chloride solution (method C) was applied in earlier studies, the yields (of 116d,h) were

superior to those of methods A and B.

While the conversion of triazine 106d to pyridine 116d in neat 2,5-norbornadienc (48)
proceded smoothly (Scheme 44, p. 48), this was not the case for the ‘neat one-pot’ reaction
from chloroacetate 102d (Scheme 45) where at best an inseparable mixture of 116d (35 %)
and 102d (35 %) was obtained (after 2 days at reflux).

Figure 13. Bipyridine 1161.

Table 15. "H-NMR spectral data of bipyridine 116£.

chemical shift multiplicity integral coupling constants assignment
(ppm) (Hz)

8.70 ddd 1 1.0,1.7,4.7 11-H
8.52 ddd t 1.0,1.2,7.9 8-H

8.30 and 8.27 2d 2 8.2 6-H, 7-H
7.84 ddd 1 1.7,7.7,7.9 9-H
7.34 ddd 1 1.2,4.7,7.7 10-H
4.40 q 2 7.2 4-H
3.16 d 2 6.7 1-H
2.26 nonet 1 6.7 2-H
1.43 t 3 7.2 5-H
0.99 t 3 6.7 3-H
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Figure 14, Bipyridine 1581

Table 16, '"H-NMR spectral data of bipyridine 158f.

chemical shift multiplicity integral coupling constants  assignment
(ppm) (Hz)
8.70 ddd 1 1.0,1.7,4.7 11-H
8.58 ddd 1 1.0,1.2,7.9 8-H
8.42 d 1 8.2 7-H
833 d 1 8.2 6-H
7.85 ddd 1 1.7,7.7,7.9 9-H
7.36 ddd 1 1.2,4.7,7.7 10-H
4.43 q 2 7.2 4-H
2.54 d 2 6.9 I-H
230-2.15 m 1 2-H
1.31 t 3 7.2 5-H
0.89 t 3 6.7 3-H

Correct assienment of the regioisomers 116 and 158:

The initial assignment of the products (or product mixtures) obtained from the DA reaction
in Scheme 45 to the two regioisomers 116 and 158 was based upon a structure

determination of the DA products 113 carried out by WATSON ef al.”® (Scheme 46).

Treatment of the diesters 113d,h with 0.5M NaOH resulted in hydrolysis of the ester group
in the 2-position whilst the one in S-position remained stable under these conditions.
Compound 159 was then decarboxylated and the NMR spectral data of the resulting
nicotinate 160 was found to be identical to an authentic sample of 160 verifying the

regioselectivity of the DA reaction leading to pyridines 113.
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EtO2C~ veon | FO2ONN A E00~
| e | — |

R” "N “CO,Et R "N~ “CO,H R™ N
143d (R = "Pr) 159 160
h (R = Ph)

Scheme 46. Confirmation of structure 113 by defunctionalisation and comparison to authentic samples of

160 (WATSON et al.”®).

We then hydrolysed the ester 116d using aqueous KOH for the cleavage and acidic
conditions for the precipitation of the nicotinate 161d obtaining the crystalline acid 161d in
good yield (Scheme 47). Subsequently, we subjected compound 161d to several
decarboxylation regimes in order to determine its regioisomeric constitution through
comparison of the NMR spectral data of the decarboxylation product 162d to that of an

authentic sample.

EtO,C S 1) KOH, MeCH HO,C SN A SN
| 2) HCI (pH=3) | i |
= = —
Pr NT Py 79 % "’r” N Py  (Cu) "Pr7 N° Py
116d 161d 162d

Scheme 47. (Attempted) FGI of the ester group in pyridine 116d.

Although — and possibly because — failing to obtain the literature-known nicotinate 162d,
we were confident that our assignment was correct as only a mefa-substituted ester/acid
group would be stable under the hereinafter described conditions. Heating of a sample of
161d to 200 °C for 10 minutes showed no conversion; heating to 150 °C for 2 h resulted in
sublimation of the crystals and deposition of fine white needles which turned out to be still
substrate. Heating the highly stable compound 161d in the presence of one equivalent of
copper powder melted the solid at 80 °C, a temperature at which the product would be
expected to melt. However, NMR analysis could not be performed due to the formation of

an insoluble copper-bipyridine complex.

A determination of the regioselectivity of DA reactions on the example of triazine 106d

(Scheme 48) was unsuccessful as the ester did not hydrolyse under the standard reaction
conditions.
EtO,C~ N 1) KOH, MeOH

"pr N/ Py =1 N/ Py

166d 163d

\j

Scheme 48. Attempted FGI of the ester group in triazine 106d.
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6.3.2.3 Reactions of (2-pyridyl)triazines and 2,3-dihydrofuran

As 2,5-norbornadiene (48) had already been used extensively as a dienophile on various
triazines in our group’s earlier work, we went on to test further dienophiles for DA
reactions, namely 2,3-dihydrofuran (63a) and 1-pyrrolidino-1-cyclopentene (56b), on the
example of (2-pyridyl)triazines 106d.

Whilst needing a similar activation energy (i.e. temperatures of around 80 °C) as
2,5-norbornadiene (48) for reactions with most aza-dienes, DHF (63a) has a much lower
boiling point (54 °C as opposed to 89 °C) which posed a considerable challenge in terms of
experimental setup. A closed system would, by virtue of the building pressure, suppress the
spontaneous extrusion of nitrogen from the DA adduct and favour the formation of
2:1-adducts.* Hence, DHF had to be used in an open system and in large excess in order to

compensate for its volatility.

Reasonably good yields of pyridine 164d (62 — 64 %) were obtained from triazine 106d
after comparably™® short reaction times (20 h) at vigorous reflux in high-boiling solvents
(Scheme 49; Table 17, entries 3 and 4). Unlike with 2,5-norbornadiene (48) as the
dienophile/solvent, this reaction could not be performed in neat DHF (63a) since it is very

susceptible to polymerisation and other side reactions at elevated temperatures.

Table 17. DA reaction of triazine 1664 using cyclic vinyl ether 63a in various solvents.

entry solvent equiv. of DHF temp. time yield of
(63a) 164d
1 CH,Cl, 7 RT 3.5d -
2 CH,Cl, 12 40 °C 5d 22%
3 ethanol 32 80 °C* 20h 64 %
4 toluene 32 80 °C*® 20h 62 %

 vigorous reflux (b.p. of DHF is 54 °C)
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It can be said with confidence that the regioselectivity of the cycloaddition of DHF (63a)
onto triazine 106d is as depicted in Scheme 49. Had the dienophile 63a reacted with
opposite regioselectivity, the ring-opening of the added DHF would have resulted in
reaction with the adjacent ester, thus, lactonisation (cf. Scheme 23, p. 25) instead of
reaction with another equivalent of DHF (63a). This was ruled out as NMR spectroscopy
(Table 18) and HRMS confirmed the target structure to be 164d (Figure 15).

o

EtO2C~ Ns ) EtO2C~ X O~_-0

X csa DO,

"pr” TN TPy "Pr” TN TPy
106d 164d (64 %)

Scheme 49. DA reaction using cyclic vinyl ether 63a.

Figure 15. Bipyridine 164d.

Table 18. 'H-NMR spectral data of bipyridine 164d.

chemical shift multiplicity integral  coupling constants assignment
(ppm) (Hz)
8.68 ddd 1 1.0,1.7,4.7 10-H
8.17 s 1 6-H
7.88 ddd 1 1.0,15,79 7-H
7.82 ddd 1 1.7,7.7,7.9 8-H
7.31 ddd 1 1.5,4.7,7.7 9-H
5.10-5.03 m 1 13-H
4.40 q 2 7.2 7-H
3.82-3.74 m 2 16-H
3.19 t 2 6.7 11-H
3.18-3.13 m 2 4-H
2.04-1.70 m 6 5-H, 20-H, 21-H
1.43 t 3 72 8-H
1.01 t 3 7.4 6-H
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6.3.2.4 Reactions of (2-pyridyl)triazines and 1-pyrrolidino-I-cyclopentene

For the reaction of triazines with 1-pyrrolidino-1-cyclopentene (56b) (Scheme 50) a
method by KOZHEVNIKOV er al.”® was adapted. Unlike with DHF (632) as the dienophile
(cf. Scheme 49, p. 54) the regioselectivity of the addition of enamine 56b onto triazine
1064 is irrelevant because whether the reaction proceeds through cycloadduct 165d or

rather through 1664, the outcome is always pyridine 167d.

"

SRSINe Y

EtO>C~__N.s EtO.C N EtO.C
PRI S WS §
s ~ 2
"Pr” N Py "Pr” N Py "Pr” N Py
106d 165d 167d
H;”\
EtO,C A N(j
P
npy N Py
166d

Scheme 50. DA reaction using enamine 56b; only additions from top-face shown for simplicity.

Table 19. 'H-NMR spectral data of bipyridine 167d.

chemical shift multiplicity  integral coupling constants assignment
(ppm) (Hz)
8.68 ddd 1 1.0,1.7,4.7 Py-H
8.25 ddd 1 1.0,1.2,7.9 Py-H
7.80 ddd 1 1.7,7.7,7.9 Py-H
7.27 ddd 1 1.2,4.7,7.7 Py-H
442 q 2 7.2 ester-CH,
3.38 and 3.06 2t 4 7.7 -CHy-CH,-CH,-
3.01-2.95 m 2 -CH»-CH,-CH3
2.16-2.02 m 2 -CH,-CH,-CHa-
1.82 tq 2 7.4 -CH,-CH,-CH;3
1.42 t 3 7.2 ester-CHs
1.01 t 3 7.4 -CHy-CH,-CHj
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Several reaction conditions (solvent, amount of S6b, temperature) and workup procedures
were tested to optimise the initially low yield (Table 20; entry 1) but the crucial step
seemed to be the elimination of the DA adduct 165d, thus depending on the workup rather
than the reaction conditions and in particular the addition of acetic acid. We were then
especially pleased to see that upon acid-facilitated re-aromatisation of 165d followed by
workup in basic medium (entry 7) the product 167d was obtained in good yield (84 %)
without need for column chromatography or recrystallisation. Furthermore, the reaction

proceeded smoothly at ambient temperature without external heating.

Table 20. Preparation of annulated pyridine 167d from triazine 106d and enamine 56b.

entry dienophile solvent temp. time workup ® yield of
56b 167d
1 1.12 equiv. dioxane reflux 1h B,C 49 %
2 1.12 equiv. ethanol reflux 1h B,C 49 %
3 2.24 equiv. ethanol reflux 1h B,C 45 %
4 1.12 equiv. ethanol reflux 1h C 52%
5 large excess neat reflux 1h C -
6 1.11 equiv. ethanol RT lh C 45 %
7 1.11 equiv. ethanol RT lh A, B 84 %

Y A: acidic workup (stir with excess glacial acetic acid for 1 h at RT);
B: basic workup (make basic with excess 1M NaOH and then extract with dichloromethane);

C: column chromatography.
The literature showed that utilising a microwave improved the yield of similar aza DA

reactions using the same dienophile.”® On an industrial scale, however, such a procedure

would not be feasible.

6.3.2.5 ‘Omne-pot’ reaction with I-pyrrolidino-1-cyclopentene

A ‘one-pot’ reaction involving enamines as dienophiles required a slightly modified
procedure to the one involving 2,5-norbornadiene (48) that was discussed earlier. As
enamines are prone to undergo side reactions with the chloroacetates or the in situ-
generated tricarbonyls they would interfere with the condensation of tricarbonyls and
amidrazones. In fact, when adding both amidrazone 73a and enamine 56b to the solution

of chloroacetate 102d in ethanol at once no bipyridine 167d was formed.
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Addition of the enamine 56b two hours into the reaction of chloroacetate 102 with
amidrazone 73a furnished 41 % of the desired pyridine 167d (Scheme 51). As already
shown (Table 20), this yield could theoretically be further increased by means of an acidic

workup but this has not been investigated.

Ac CN‘@
: AR L .
RO, 2 N (i), @ EtOZCIN‘N w 56b FI0,C B
i . LU
A A [TEon %
N Py

e’ O HoN™ Py "Pr reflux, 20 h "Pr N" Py
102d 73a 106d 167d (41 %)

Scheme 51. DA reaction using enamine 56b. Reagents and conditions: (i) 102, 2.0 equiv. MeNH,, EtOH,
RT, 1 k; (ii) 1.0 equiv. 73a, reflux, 1 h.
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7 Picolinate route

7.1 Rationale

Alongside the improvements on, and modifications to, the existing methodology we
developed and optimised a very promising novel route towards pyridines. In this
alternative to the chloroacetate route the tricarbonyl precursors that were reacted with

amidrazones to triazines/pyridines were picolinic acid esters 168.

The rationale was that picolinic acid esters 168 are capable of forming complexes 169 with
metal salts such as copper(Il) acetate. This complexation would facilitate the cleavage of
the ester bond by methanol resulting in the formation of a-hydroxy-B-keto esters 98 and
methy! picolinate (170) as a by-product. The presence of excess copper(Il) acetate would
ultimately result in immediate oxidation of the in situ generated a-hydroxy-B-keto esters 98
to the desired o,fB-diketo esters 81 (Scheme 52). Related transformations, 1.e. the scission

of picolinate esters”’ and the oxidation®® of alcohols to ketones, have independently been

reported before.
- 4 -
R COzRI R)JW/COZRI o) MeO O
0.0 Cu©Ac) 00O, MeOH R/U\(COZR' N Ny
/CU(OAC)Z OH ~ |
7N Z "N
- K | 98 170
168 169 lCu(OAC)Z
O
A oo
G
81

Scheme 52. A novel route to o,-diketo esters 81.
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7.2 Picolinates

In the first step (Scheme 53) of this route we simply adapted the experimental procedure
for the preparation of the o-acetoxy compounds 101 from the chloroacetate route

(Section 6.1, p. 34): a-chloro compounds 100 were added to a solution of picolinic acid

and KHCO; in DMF.
X
| , KHCO;

H
RK/COQR' DMF, RT, 1 _ 8 d o R%COzR’ R%/COZR'

Cl OPic OPic
100 168

Scheme 53. Preparation of picolinates 168 from a-chloro compounds 100.

Table 21. Yields of a-chioro-B-keto esters 109.

picolinate 168 R R’ yield *

a Me Et 77 % ° (77 %)
b Me ‘Bu 69 % ° (49 %)
¢ Et Me 81 % (80 %)
d "Pr Et 91 % (89 %)
e Pr Et 59 % (55 %)
f 'Bu Et 80% (61 %)
g Bu Et 64 % (64 %)
h Ph Et 92 % (92 %)
i Np Et 77 % (59 %)
i CF; Et 0%

? from a-chloro-B-keto ester 100 and (from commercially available starting material);

® keto:enol form = 93:7; @ keto:enol form = 90:10; ¥ containing small amounts of impurities.

Reaction rates of the picolinate 168 formation were generally slower (1 to 8 days) than
those for the acetoxy equivalents 101 (20 h to 3 days) of the chloroacetate route but the
products 168 were obtained in the same good to excellent yields (Table 21) as the
chloroacetates 102 from the same substrates 100. The only exception was the
trifluoromethyl derivative 168j which, as in the chloroacetate route (Section 6.1, p. 34 ),
could not be obtained from its a-chloro-B-keto ester 100j. In the synthesis of derivative

168g 3 % of substrate 100 remained unreacted. Reactions at elevated temperatures were
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not carried out but it is imaginable that this would increase reaction rates and drive the

reaction of 100g to completion.

The structures 168 were confirmed by 'H- and *C-NMR spectroscopy and HRMS. The
'H-NMR spectra (Table 22 for 168d) contained the four characteristic picolinate signals at
8.8, 8.2, 7.9 and 7.5 ppm as well as the signal for the a-proton which showed a downfield
shift (5.7...6.6 ppm) compared to the substrates 100 (4.7...5.6 ppm).

Figure 16. Picolinate 168d.

Table 22. 'H-NMR spectral data of picolinate 168d.

chemical shift  multiplicity integral coupling constants assignment
(ppm) (Hz)
8.82 ddd 1 1.0,1.7,4.7 10-H
8.23 ddd 1 1.0,1.2,7.9 7-H
7.89 ddd 1 1.7,7.7,7.9 8-H
7.54 ddd 1 1.2,4.7,7.7 9-H
5.81 S 1 1-H
4.33 q 2 7.2 5-H
2.77 2 7.2 2-H
1.70 tq 2 7.2 3-H
1.33 t 3 7.2 6-H
0.96 t 3 7.2 4-H

Compared to the already short chloroacetate route described in Section 6.1 (p. 34 f.) this
route saved an additional reaction step as the second chlorination step that was necessary in

the chloroacetate route could be omitted here.
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7.3 Triazine and pyridine formation

7.3.1 (2-PyridyDtriazines and 2,2'-bipyridines

For the synthesis of triazines 106 and pyridines 116 (Scheme 54), suspensions of
picolinates 168, 2.0 - 2.5 equivalents of copper(Il) acetate and excess methanol in
dichloromethane were stirred at ambient temperatures and monitored by TLC for
disappearance of the starting material (generally one day). The copper salts were filtered
off and remaining traces were removed from the organic solution by washing with an
aqueous solution of the strong complexating agent Na,EDTA. It was essential that the
copper was fully removed as it would have interfered with the subsequent condensation of
a,B-diketo esters 81 and amidrazone 73a by means of complexing the amidrazone. From
this stage on the procedure was identical to that of the chloroacetate route. The tricarbonyls
81 and amidrazone 73a were converted into triazines 106 in boiling ethanol or optionally
transformed directly into pyridines 116 adding 2,5-norbornadiene (48) together with the
amidrazone 73a.
1) Cu(OAQ),, Y

MeOH HN
opic  CHaClp, RT, 1d

=
N~
R'0,C !
2 1 2) Na,EDTA [R%CIO] 73a

g t . oJ EtOH, reflux, 15 h /Hi)
168 81

1) Cu(CACc),, MeOH

CH,Clp, RT, 1d , ,
2) Na,EDTA - R'0,C | S ROZCIOMG
N ~ -
3)H2NN R™ N s R™ "OH
HZN)\./j ﬁb N~
N~ 116 171
73a 48

EtOH, reflux, 20 hic5d

Scheme 54. (2-PyridyDtriazine and 2,2'-bipyridine syntheses from picolinates 168.
When analysing the yields and purities of the various triazines 106 and bipyridines 116
(Table 23) it becomes apparent once more that reactions of tricarbonyl equivalents (here

picolinates 168) bearing small 6-substituents (R = Me, Et) tend to result in lower yields

and/or products of lesser purity (despite purification by column chromatography)
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compared to those with larger substituents (R = "Pr, ‘Bu, ‘Bu, Ph). The 6-isobutyl pyridine
116f, which could only ever be obtained in a mixture with its regioisomer 158f vig the

chloroacetate route, was obtained as the single regioisomer from its picolinate 168f.

Table 23. Yields of (2-Pyridyl)triazines 106 and 2,2'-bipyridines 116.

ester R R’ triazine 106 pyridine 116
a Me Et complex mixture
b Me Bu 23 %*°
¢ Et Me 22 % 24 %

d "Pr Et 43 % 59 %
e Pr Et 13 %"
f ‘Bu Et 58 % 45 %
g ‘Bu Et 68 %
h Ph Et 63 % 71 %
i Np Et 7% °

**) inseparable mixtures with 171: ¥ 16 %;> 20 %;% 16 % of 171.

The reactions of picolinates 168b,e and i afforded low-yielding, inseparable mixtures of
the corresponding bipyridines 116 and by-products which we suggested to be compounds

171 according to interpretation of the "H-NMR spectral data (Table 24 for 171e).

i71e

Figure 17. Suggested by-product 171e from conversion of picolinate 168e into bipyridine 116e.

Table 24. '"H-NMR spectral data of picolinate by-product 171e.

chemical shift multiplicity integral  coupling constants Assignment

(ppm) (Hz)

4.29 and 4.27 2q 2 7.2 3-H
3.81 S 3 5-H
2.65 septet 1 6.9 1-H
1.31 t 3 7.2 4-H

0.93 and 0.92 2t 3 6.9 2-H
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7.3.1.1 Optimisation I: catalytic use of copper salts

At the outset of this method we used around two equivalents of copper(Il) acetate in order
to obtain a,B-diketo esters 81 from their precursors 168 — one for the picolinic ester
cleavage and another to oxidise the a-hydroxy-f-keto intermediates 98 (Table 25, entry 1).
However, in a time where chemical processes are not only assessed by economical but also
by ecological criteria the use of stoichiometric quantities of heavy metals is simply not

acceptable from an industrial point of view.

A series of optimisation tests was carried out on the example of picolinate 168h. The first
of which was to reduce the load of metal salts to 1.2 equivalents (entries 2 and 3). The
reasoning was that the copper(Il) acetate that complexes and cleaves the picolinate 168
might not actually be consumed and, therefore, would be available to the oxidation of the
freed alcohol of compound 98. As this resulted in a dramatic decrease in yield we assumed
that the copper(Il) acetate was indeed consumed by the complexation. Thus, we screened

various catalytic Cu(OAc),/co-oxidant systems for their applicability (entries 4 to 7).

Table 25. Preparation of 116h from 154h.

entry oxidant, conditions for conditions for yield of
(co-oxidant) * ester cleavage aza DA 116h °
1 2.0 equiv. Cu(OAc), CH,Cl, 1 d ethanol, reflux,2d 71 %
2 1.2 equiv. Cu{(OAc) CH,Cl,, 4d ethanol, reflux,2d 32 %
3 1.2 equiv. Cu(OAc), toluene, 4 d toluene, reflux,2d 28 %
4 S mol% Cu(OAc),, AcOH/H,0O,7d ethanol, reflux, 1 d b
3.0 equiv. NH4NO;
5 6 mol% Cu(OAc),, AcOH/H,0,7d  ethanol, reflux,1d 47 %
3.2 equiv. N"BusNO;
6 5 mol% Cu(OAc),, toluene, 3d toluene, reflux,2d 49 %
air
7 5 mol% Pd(OAc),, DMSO, 1d toluene, reflux, 2 d -
air

“based on picolinate 168h,; ® based on amidrazone 73a; ° 41 % a-hydroxy compound 98k (Scheme 55).
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Catalytic systems for the oxidation of alcohols to ketones are diverse and plentiful.
Cu(OAc),/NH4NO3 in acetic acid/water (5:1) seemed promising since an oxidiation similar
to the one discussed here had been carried out.”® Unfortunately, instead of the desired

product 116h the a-hydroxy-B-keto ester 98h was isolated (Table 25, entry 4; Scheme 55).

0 cat. CU(OAC),, 0 0 H
NH,NO /AcOH x
Ph OEt Ph OEt —=== Ph OEt

OPic H2N. OH OH

oAy ~
168h H2N Py 7 98h: 41%

73a 48

Scheme 55. Incomplete ester cleavage/oxidation reaction.

Replacing NHsNO; by N"BusNO; under retention of the reaction medium and reaction
conditions yielded 47 % of the product (entry 5). Incidentally, N"BuyNO; has also been
used before to convert a-halo-f-carbonyl esters into o,B-diketo esters via the nitrate
esters.”® Therefore, it cannot be said for certain whether N"BusNQO3 re-oxidised the
copper(ll) acetate or functioned as the sole oxidant. But either way, the use of three
equivalents of ammonium salt in combination with a considerable loss in yield did not

represent the desired optimisation.

Stimulated by our observation that, no matter if a co-oxidant was used or not, the
distinctive turquoise copper(Il) acetate colour was always restored after an initial change to
green indicating the presence of Cu', we succesfully tested a Cu(OAc),/air system in the
absence of acetic acid and ammonium salts (entry 6) which gave 49 % of the product 116h
with a mere 5 mol% of oxidant. This seemingly inconsistent result in comparison with
entry 3 (100 mol% oxidant; 23 % product) can easily be explained. Regeneration of Cu' to
Cu" depends largely on the availability of oxygen, i.e. the rate of stirring and the reaction

in an open system as opposed to a closed system in entry 3.

The literature suggests that a) both the use of oxygen instead of air and elevated
temperatures will increase reaction rates, b) polar solvents inhibit the reaction whereas
especially toluene has proven useful and ¢) yields are likely to be improved by the addition
of either stoichiometric amounts of bases such as NaHCO; or catalytic amounts of non-
oxidisable bases with molecular sieves.” The finding under point b) was consistent with

our results (entries 6 and 7).
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Proposed mechanism I:

Systems simply using oxygen as the stoichiometric and sole co-oxidant have been reported

for various metals, e.g. Co, Cu, Ru, Rh, Pd or Pt.”'*

However, the active catalysts of
those systems are transition metal-centered complexes such as Cu(pyr)sls (A),1%0
Cu(bpy)La (B)'® or Pd(OAc)/pyridine'® (Figure 18), which makes our finding that
5 mol% of Cu(OAc), facilitated a picolinate cleavage plus subsequent oxidation of the
freed alcohol — apparently without any catalytic complex — all the more interesting. But an

oxidative system composed of Cu(OAc), and air is not known and seems highly unlikely.

r{ AN 7 |_2+ _l N 7 |—2+ i S ]
N NX 2N Ny MeO\_O, N~
' +2 L oif 2L cl 2L
VARAN AN =
N z = {\1 0~ "OMe
x
c

o
P72 NN
- _
A

Figure 18, Identified oxidation catalysts (A, B) and our proposed catalyst (C).

2+

We, therefore, propose that the copper-picolinate complex 169 (Scheme 52, p. 58) which is
key to the methanolysis of picolinate 168, subsequently forms a Cu(PicOMe),L, complex
C (Figure 18) catalysing the oxidation of the in situ formed alcohol 98 to the

10101 the full catalytic system may be

corresponding ketone 81. According to literature
depicted as Cu(PicOMe),*"/2MeO/98/0,. Intriguingly, with the picolinate moiety of the
substrate acting as a surrogate for additives such as pyridine or bpy in other syntheses, this
may be the first example of an aerobic oxidation which requires solely the addition of

catalytic amounts of metal salts.
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Proposed mechanism II:

Since the presence of the above mentioned oxidative system is purely hypothetical and the
good yield in Table 25, entry 6 (p. 63) was rather unexpected, we also considered a second
possible reaction mechanism. If the a-hydroxy-B-keto esters 98 that were generated from
the cleavage of picolinates 168 were not capable of being oxidised by the catalytic amounts
of copper(Il) salts, then the reactions had to proceed through just a single condensation of
the B-keto group of the compounds 98 with the amidrazone 73a and a Sy reaction of the
the amidrazone’s second amine group to form dihydrotriazine 172, followed either by
dehydrogenation/aromatisation to the triazine or DA reaction of 172 to form the pyridine

116 (Scheme 56).

y 27
RO,C~_OH  HyN. RO\ N\ /48 R'O,C~
Lo o —e e T
R” 0 HoN~ Py R™ "N TPy » Fetiux R™ "N~ Py
98 73a 172 116

Scheme 56. A second proposed mechanism for the conversion of picolinates 168 into pyridines 116.

To clarify this, o-acetoxy compound 101k was de-acylated by treatment with a saturated
solution of ethanolic hydrogen chloride and subsequently amidrazone 73a and

2,5-norbornadiene (48) were added to the newly formed a-hydroxy-B-keto ester 98h

(Scheme 57).
o j\/COZEt EtOH/MHCI Ei0,C S
. =

OAc HZNN PR~ N~ TPy
A /

101h HN P .
2 "may 48 116h: 21%

Scheme 57. From acetates to pyridines. Reagents and conditions: (i) excess sat. EtOH/HCI, RT, 1 d; (ii) 1.1
equiv. 73a, 10 equiv. 48, N,, EtOH, reflux, 2 d.

Although the yield was very low, the fact that this novel type of reaction proceeded
through to the target compound 116h gives reason to believe that the conversion of
picolinates 168 into pyridines 116 with catalytic amounts of oxidant also proceeded at least

partly via mechanism II.
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7.3.1.2 Optimisation II: improving yields of pyridines with small 6-substituents

Since pyridines with a small substituent in 6-position (R = Me, Et) were obtained in poor

yields via both the chloroacetate and the picolinate route, we decided to re-examine the

pyridine synthesis as carried out by WATSON er a/. Ethyl 3-oxobutanoate (78a) was

converted into the tricarbonyl precursor 95a by diazo transfer from 4-acetamidobenzene-

sulfonyl azide (97) in 27 % yield (Scheme 58). Decomposition of diazo compond 95a with

tert-butyl hypochlorite furnished the o,B-diketo ester 81a which was reacted with

amidrazone 73a and 2,5-norbornadiene (48). Unfortunately, 186a was isolated in very low

yield (16 %) again. Additionally, 5 % of the regioisomer 158a was obtained after column

chromatography.
E{0,C 2.0 equiv. KF, Et0,C-_N
2 k 1.0 equiv. 97 2 I 2 1.2 equiv. 'BUOCI EtOZC/\ZO
o CH,Cly, RT, 16 h o CH,CN 5
78a 27 % 85a 81a
HoNC
LAy
HzN/kPV - EtO,C
73a 48 2 | X | =
[s1a] o+ )
EtOH, reﬂux, 20h N Py Et02C N Py
106a (16 %) 158a (5 %)

AcH N‘@*SOQ‘%

97

Scheme 58. Synthesis of pyridine 106 vig its diazo compound 95a using 1.0 equiv. 73a and 10 equiv. 48.
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7.3.2 Sulfur-containing triazines

Triazines 107 were prepared from their corresponding picolinates 168 and
thiosemicarbazide 73b as outlined in Scheme 59. Similarly to the chloroacetate route,
triazines 107 prepared from thiosemicarbazide 73b generally gave better yields than their

2-pyridyl substituted equivalents 106.

R'C,C_ OPic HZN\NH (i), (i EtOZC:[N\\N R | N°N
TN A, 7 A
R™ O F"HoN™  SMe R N SMe Et0.C° N SMe
168 73b 107d: R = "Pr (92 %) 112

h: R= Ph (64 %)
Scheme 59. Preparation of 3-(S-methyl)-triazines 107. Reagents and conditions: (i) 154, 2.1 equiv.
Cu(OAc),, excess MeOH, CH,Cl,, RT, 1 h; (ii) 2.6 equiv. 73b, 2.9 equiv. NaHCOs, EtOH, reflux, 2 h.

However, the S-methyl triazines 107 synthesised from chloroacetates 102 were found to be
superior to the the ones synthesised from picolinates 168 in terms of purity as the the latter
showed slight contamination by their inseparable regioisomers 112 — and in the case of

107d contamination by methyl picolinate as well.

The corresponding pyridines could then be prepared from triazines 107 as discussed earlier

(cf. Section 6.3.1.1, p. 43 ).
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8 Further functional group interconversion

8.1 Lactone formation

As already mentioned, pyridines are very useful tools in asymmetric catalysis. The
chirality, essential for this type of application, can be introduced into pyridines either by
coupling to the (bi)pyridine core or by incorporation into the (bi)pyridine skeleton. It can

o . - 915
arise from various sources'”!! but to a large extent stems from the pinene pool.”

With the preparation of lactone 173 (Scheme 60) we envisioned a synthesis of a chiral
target molecule from the reaction of 116f with benzaldehyde. It was hoped for that due to
steric hindrance generation of the two syn-isomers of lactone 173 would be disfavoured.
Consequently, a racemic mixture of the two anti-isomers would be the outcome and could

be shifted towards one of the two enantiomers by using a chiral base to deprotonate 116f.

Et0,C~ N
| (i) or (ii) or (iii) |

~
N~ TPy  dry THF, N, Ph N~ Py

\

116f 173

Scheme 60. Attempted lactone synthesis. Reagents and conditions: (i) 116{, 1.2 equiv. LDA, -78 °C, 30 min;
then 1.2 equiv. PhCHO, -78 °C to RT, 1 h (ii) 116f, 1.2 equiv. LHMDS, -72 °C, 80 min; then 2.5 equiv.
PhCHO, -72 °C, 30 min, RT, 1 h; (iii) 1.5 equiv. NaOFEt, 0 °C, 30 min; then 2.4 equiv. PhCHO, 0 °C, 30 min,
then RT, 30 min.

When LDA (generated in situ from diisopropylamine and n-butyllithium) was used as the
base no conversion of 116f was observed; LHMDS and sodium ethanolate under similar

conditions gave a crude mixture within which no product 173 was identified.
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8.2 Halogenated pyridines

A great deal of pyridine-based pharmaceuticals and agrochemicals are fluorinated and
chlorinated derivatives. However, halogenated moieties in the target molecules are usually
derived either from substitution of suitable leaving groups by halogen-bearing sidechains
or from coupling reactions of the pre-formed pyridine with readily available aromatic or
aliphatic halogen-bearing reactants.'™ A conversion of 3-methyl-1,2,4-triazines with
chlorine gas to furnish their 3-trichloromethyl equivalents has also been reported'®® but this
approach would not be attractive to our work due to the lack of selectivity and functional

21,23,107

group tolerance. The number of syntheses where triazines'® or pyridines are

assembled from halogenated building blocks is very scarce.

In addition to the reactions of halogen-bearing B-keto esters mentioned earlier on, attempts
have been made to replace the methylsulfonyl group in pyridine 154h. Introduction of a
fluorine substituent by means of excess potassium fluoride (and catalytic amounts of
‘{)enzo—18-crown-6)86 showed mainly recovered starting material and traces of an

unidentified compound but no product 174 (Scheme 61).

3 — # | _

Ph” N~ TsSO,Me Ph” NT F
154h 174

Scheme 61. Attempted fluorination of 154h. Reagents and conditions: (i) 2.0 equiv. KF, DMF,
N,-atmosphere, 120 - 140 °C, 1 d; (ii) 1.5 equiv. KF, 10 mol% benzo-18-crown-6, MeCN, reflux, 1 d.

Attempts to functionalise the pyridine ring with a trifluoromethyl functionality included
the reaction of the methylsulfinyl or methylsulfonyl pyridines 153d and 154d respectively
with a trifluoromethyl anion (generated from reaction of methyl chlorodifluoroacetate, KF
and Cul upon heating in DMF) (Scheme 62). In literature, a replacement of this type has
been successful with Cl as the leaving group.'” The preparation of compound 175,

however, remained without success.
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2.0 equiv. Fo,CICCO,Me,
2.0 equiv. KF

Et02C | A 15 equiv. Cul EtO2C | S
= 7 ~
o N R DMF, Ng, 115°C, 5 h pr” ONT CF,
153d: R = SOMe 175
154d: R = SO,Me

Scheme 62. Attempted trifluoromethylation of 153d/154d.
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9 Terpyridines

2,2"6',2"-Terpyridines (tpys) are one of the most widely used classes of ligands in
coordination and supramolecular chemistry.'™'% This is largely due to their ability to form
stable complexes with a range of transition metal ions. Certain representatives also show
excellent electro-/photochemical and -physical properties110 and over the last couple of

111 and

years there has been an ever increasing interest in other fields such as catalysis
polymer c:hcs:mis‘[ry.112 However, the vast majority of tpys featured in the literature are not
highly substituted; in most cases they only possess a spacer group in the 4'-position linking
them — depending on their use — to a solid support, a polymer backbone or anchoring them

within a supramolecular assembly.

9.1 Established approaches

Terpyridines are largely prepared either by the coupling of the pyridine units or
construction of the central pyridine ring. The former strategy suffers from low yields and
often involves the separation of intractable mixtures of different oligomers and
regioisomers. The latter strategy, although more rational, is fairly lengthy and the reaction

steps are often inconvenient.'

A strategy much less exploited, but very useful for the synthesis of highly substituted tpys,
is to start off with the central pyridine unit and to construct the two lateral/peripheral
pyridine rings. One example is a route deploying a bpy and tpy synthesis first described by
JAMESON and GUISE!'® which was then used by BRUNNER and SCHECK,'"* PLEIER et. al.,'”

7.1 17 t0 prepare a series of polyaza heterocycles with the latter

BEJAN et al.” > and HASSANIEN
author being the only one to report a tpy synthesis of this kind. His target compounds, for
example 180a, are obtained in KROHNKE-type sequence of Michael addition, condensation
and aromatisation from enaminone 178 and compounds such as B-keto ester 78a via
intermediates 179a (Scheme 63). Enaminone 178 is prepared from the reaction of
DMFDMA (177) with 2,6-diacetylpyridine (176) which is commercially available, though
costly, and is best prepared from dipicolinic acid in two steps.!'® Unfortunately this route

does not allow for substitution in the 3/3"- or 4/4"-positions of the products 180.
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OMe

Q
MeN—
N oMo B M co,et
.7 177 Me,N N7 o NMe 78a
90 % AcOH
ol 0 el
176 178

MezN NMGZ

NH,OAC

EtO,C CO,Et] 60 %

179a 180a
Scheme 63. Example of a tpy synthesis by HASSANIEN.

1% 2,6-Pyridinedicarbox-

A rather unusual approach was chosen by KOZHEVNIKOV ef. a
aldehyde (182) was reacted with 1-aryl-1-hydrazono-2-oximinoethane (181), forming a
series of 2,6-bis(6-aryl-1,2 4-triazin-3-yl)pyridines (183) which are transformed into the
respective tpys 184 in a common aza DA reaction {Scheme 64). This approach, however, is

limited to aryl substituents in the 5/5"-position of the products 184.

X
»
OHC CHO
50-70 % NI’NHZ 182 NI'N\
)\%N\ N\
Ar 55-70 %  Ar OH Ar

AcOH
65-85%

183 184

Scheme 64. General BTP/tpy synthesis by KOZHEVNIKOV et. al.
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9.2 STANFORTH terpyridine synthesis

In keeping with our pyridine and bipyridine research we opted for a strategy similar to
KOZHEVNIKOV ef al. where we proceeded via 2,6-bis(1,2,4-triazin-3-yl)pyridines (BTPs).
This not only allows for substituents in the 3/3"- and/or the 4/4"-positions of the target
compounds but BTPs are of great interest to the chemical industry in their own right as
they show potential in nuclear reprocessing (SANEX process — Selective ActiNide

Extraction process).®"!"

9.2.1 Central building block

For our BTP/tpy synthesis we used pyridine 2,6-bis(carbohydrazonamide) (189) — prepared
from 2,6-pyridinedicarbonitrile (188) according to a method by CASE'® — as the central
building block (Scheme 65). Though carbonitrile 188 is commercially available, from a
manufacturing point of view it is too expensive. The 2,6-bis(amidrazone) 189 was instead

prepared from 2,6-pyridinedicarboxylic acid (185) in four steps in an overall yield of 64 %.

B SOCl, B aqu. NHy B
z cl ANl Toree T HoN AN NH
HO,C~ N~ “CO,H [fjat- 6‘?5“’1'; N <5°C 2 N 2
2
o) o) 0
185 96 % 186 99 % 187
POCI, | o H,N-NH,*H,0 | A
DMF Z RT, 15 h AN NN
M NCT N7 TN HoN T N e NH,
67 % 96 % 2 2
188 189

Scheme 65, Preparation of the tpy’s central building block 189.

The diacid 185 was converted into acid chloride 186 using an excess of thionyl chloride
acting both as solvent and reagent. Catalytic amounts of DMF were added, forming a
formidinium chloride salt (Vilsmeier reagent) which shows enhanced reactivity towards
the acid compared to the thionyl chloride. The moisture-sensitive acid chloride 186 was
treated very carefully with ice-cold aqueous ammonia forming amide 187 which, in turn,
was dehydrated to the carbonitrile 188 under mild conditions utilising yet another

Vilsmeier complex (POCL/DMF).'*! Eventually, reaction of carbonitrile 188 with
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hydrazine monohydrate at ambient temperatures afforded the 2,6-bis(amidrazone) 189. The
NMR spectral data and melting points of all intermediates were consistent with those in the

literature.

9.2.2 Construction of lateral triazines/pyridines

As we have already discussed, there are two different options for the decomposition of
chloroacetates in our pyridine and bipyridine syntheses: a) the use of either ethanolic HCI
or methylamine prior to condensation with the amidrazone and b) the use of two
equivalents of amidrazone. In the tpy synthesis, however, only option a) is applicable
because if the 2,6-bis(amidrazone) 189 were to be used for decomposition of chloro-
acetates 102 then not only would we sacrifice a much more expensive substrate but we
would also suffer a loss of product since the ‘hemitriazine’ intermediate 190 (Figure 19)

will compete with 2,6-bis(amidrazone) 189 for the decomposition of the chloroacetate 102.

Figure 19. ‘Hemitriazine’.

The 2,6-bis(1,2,4-triazin-3-yl)pyridines 191d,h were synthesised from reaction of 2,6-bis-
(amidrazone) 189 with two equivalents of the methylamine-pre-treated chloroacetates
102d,h (Scheme 66) according to the usual method described in Section 6.2 (p. 37 f.).
However, the yields were unsatisfactory and remained so when the reaction time was

extended (191d: 4 h of reflux instead of 2 h; same yield).

B
9 1) MeNH,/EtOH NS PN Ny
R x N N~
cl” OAc 2 I J Etozc)Y YLcozEt
HNTSYT "NT T NH R R
102 Nz 186 Nz 191d: R = "Pr (34 %)

£ R = Bu (36 %)

Scheme 66. Preparation of BTPs 191. Reagents and conditions: 2.0 equiv. 102, 4.0 equiv. MeNH,, EtCH,
RT, 1 h; then 191, reflux, 2 h.
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The structures were verified by full characterisation. A representative set of 'H-NMR
spectral data for BTP 191d (Table 26) and HRMS resulits for both BTPs 191d,f (Table 27)

can be found below.

Table 26. 'H-NMR spectral data of BTP 191d.

chemical shift  multiplicity integral  coupling constants assignment
(ppm) (Hz)
8.85 d 2 7.9 Py-H
8.19 t 1 7.9 Py-H
4.56 q 4 7.2 ester-CH,
3.23-3.17 m 4 -CH,-CH,-CH3
1.98-1.85 m 4 -CH,-CH,-CHj;
1.48 t 6 7.2 ester-CHj
1.07 t 6 7.2 -CH,-CH,-CH;

Table 27. HRMS data of BTPs 191,

BTP mass calculated for [M+H]" mass measured
1914 466.2197 466.2192
191f 494.2510 4942512

The ‘one-pot’ reaction of 2,6-bis(amidrazone) 189 with two equivalents of chloroacetates
102d,f and h respectively and 20 equivalents of 2,5-norbornadiene (48) (Scheme 67)

furnished the corresponding terpyridines 192 in moderate to good yields.

| AN X
-N ~ N«
HoN S N ~ " NH = | ~

MeNHy NH; NH, | N | A
CO.Et  /EtOH 189 x NPZ
R . Et0,¢” YN COEt
cl” OAc
] R R
102 . 192d: R = "Pr (60 %)

f: R = 'Bu (43 %)
h: R = Ph (76 %)

Scheme 67. ‘One-pot’ synthesis of tpys 192. Reagents and conditions: 2.0 equiv. 102, 4.0 equiv. MeNH,,
EtOH, RT, 1 h; then 189, 20 equiv. 48, reflux, 20 h.
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Addition of 2,5-norbornadiene (48) to the reaction mixture of compounds 162 and 189
after two hours of heating at reflux — as it has proved to be successful for reactions with
enamines as the dienophile (cf. Section 6.3.2.5, p. 56) — did not improve the yield. Results
by SAUER and co-workers suggest that a better yicld may be obtained by switching to a

higher boiling solvent.'?

Again, structures were verified by full characterisation. The 'H-NMR spectral data for tpy
192d (Table 28) and all HRMS (Table 29) are given below.

Table 28. "H-NMR spectral data of tpy 192d.

chemical shift multiplicity integral  coupling constants assignment
(ppm) (Hz)
8.59 d 2 7.9 central Py-H
8.47 and 8.30 2d 4 83 lateral Py-H
7.91 t 1 7.9 central Py-H
4.42 q 4 7.2 ester-CH,
3.26 -3.20 m 4 -CH,-CH,-CH;
1.94-1.80 m 4 -CH,-CH,-CHj
1.44 t 6 7.2 ester-CH;
1.06 t 6 7.2 -CH,-CH,-CH;

Table 29. HRMS data of tpys 192.

terpyridine mass calculated for [M+H]" mass measured
192d 462.2387 462.2394
192f 490.2700 490.2699
192h 530.2074 530.2079

The ‘one-pot’ synthesis of the annulated tpys 193 (Scheme 68) from 2,6-bis(amidrazone)
189 with two equivalents of chloroacetates 102d and h respectively and 2.1 equivalents of
enamine 56b showed moderate yields (40 — 50 %). The chloroacetates 102 were pre-
treated with methylamine in the usual manner. The 2,6-bis(amidrazone) 189 was added and
the mixture was refluxed for 2 h in order to form the BTPs 191 in situ. Then two different

experimental procedures were applied. Initially, enamine 56b was added to the boiling
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mixture and it was kept under reflux for further 20 h before purification by column
chromatography yielded tpy 193d (48 %). Alternatively, the mixture was left to cool to
room temperature, enamine 5S6b was added and it was stirred for 1 h followed by treatment
with excess glacial acetic acid (1 h at room temperature) and basic workup (excess NaOH).
Column chromatography furnished the pure tpys 193d (40 %) and 193f (50 %). The
"H-NMR spectral data for tpy 193d (Table 30) and both HRMS (Table 31) are given

below.
B X
HoN" Ny N/ N "NH;, I =
COLEt MeNH, NH;, NH; = | N | =
R 2 JEtOH 189 o N NZ
Cl OAcC - = EtOZC COzEt
oRe R :
102 56b 193d: R ="Pr (48 %)

f: R = 'Bu (50 %)

Scheme 68. ‘One-pot’synthesis of annulated tpys 193. Reagents and conditions: 2.0 equiv. 162, 4.0 equiv.
MeNH,, EtOH, RT, 1 h; then 191, reflux, 2 h; then 2.1 equiv. 56b, RT...reflux, 1h...20 h.

Table 30. "H-NMR spectral data of tpy 193d.

chemical shift  maultiplicity integral  coupling constants assignment
(ppm) (Hz)
8.18 d 2 7.9 Py-H
7.92 t 1 7.9 Py-H
4.41 q 4 7.2 ester-CHp
3.29 and 3.06 2t 8 7.4 ~CHy-CHy-CHy-
3.02-2.96 m 4 -CHy-CH,-CHs
2.04 tt 4 7.4 -CH,-CH,-CH;-
1.84 tq 4 7.4 -CHy-CH,-CH3
1.41 t 6 7.2 ester-CHj;
1.03 t 6 7.2 ~-CH,-CH,-CH;

Table 31. HRMS data of tpys 193.

terpyridine mass calculated for [M+H]" mass measured
193d 542.3013 542.3014
193f 570.3326 570.3324
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10 Application to imidazole synthesis

Not only are vicinal tricarbonyls and, therefore, chloroacetates and picolinates useful
building blocks of triazines and pyridines but they also find application in the synthesis of

. 4
various other heterocycles such as pyrroles and furans.*”*

Imidazoles (194) (Figure 20) are another class of heterocycles which are of industrial
interest, especially to the pharmaceutical industry. A miniproject alongside our studies on
pyridines focussed on whether the methodologies we developed to synthesise triazines

could be transferred to the synthesis of imidazoles.
(\
NH
N=/
194

Figure 20. Imidazole (194).

The simple replacement of an amidrazone or thiosemicarbazide by an amidine such as 195
in the reaction with chloroacetate 102d did not result in the formation of product 196d

(Scheme 69).

OAc A: EtOH, 65°C H
BOL ¢, HoN B: AcOH, 65°C BtO2C N
+ JPh* 1,0 | )—Ph
o NG HN *HE| C: AcOH, 100°C . N
D: toluene, 110°C Pr
102d 195 196d

Scheme 69. Attempted imidazole synthesis.

l.,m in which imidazoles are

Based on the experimental procedure of BRACKEEN ef a
prepared via a KROHNKE-type reaction sequence from vicinal tricarbonyls with
benzaldehyde and ammonium acetate in acetic acid, we synthesised the novel imidazole
196d from both tricarbonyl equivalents, chloroacetate 102d and picolinate 168d
(Scheme 70). The benzaldehyde was used without purification. This may (partly) account

for the low yields.
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CO,Et

Ci OAc
162d

CO,Et

CPic
168d

Et0,C.__K

PRCHO, NH,OAc

AcOH,70°C, 1h npr
41-85%
1) Cu(OAc),, MeOH EtO,
RT, 1 day
2) PhCHO, NH.OAc npy

AcOH, 85°C,3h

41 %

| )—Pnh
N

N
)—Ph
N

Scheme 70. Preparation of imidazole 196d from chloroacetate 102d and picolinate 154d.

Treatment of chloroacetate 102d with a saturated ethanolic hydrogen chloride solution
prior to reaction with benzaldehyde and ammonium acetate resulted in an identical yield
(41 %). Treatment with methylamine showed an improved yield (65 %) of the pure

imidazole 196d with no need for column chromatography. Full characterisation including

'H-NMR (Table 32) and HRMS (calculated for [M+H]": 570.3326; measured: 570.3324)

confirmed the structure of the target compound.

Table 32. '"H-NMR spectral data of imidazole 1964.

chemical shift  multiplicity integral  coupling constants assignment
(ppm) (Hz)

7.90 - 7.86 m 2 Ph-H

7.49 —7.40 m 3 Ph-H
4.38 q 4 7.2 ester-CH,

2.98 -2.89 m 8 7.4 -CH,-CH,- CH3
1.75 tq 4 7.4 -CHy-CHy-CH3
1.40 t 6 7.2 ester-CHs
1.00 t 6 7.4 -CHy-CHy-CHs
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The diphenyl-substituted imidazole 196h has also been prepared from its corresponding
picolinate 168k (Scheme 71) using the same method as for the synthesis of imidazole
196d. An advantage of the imidazole synthesis in acetic acid over the pyridine synthesis in
ethanol or toluene is that the product precipitated on cooling of the reaction mixture to

room temperature.

Oy
H
0O 0 1) Cu(OAc),, MeOH (O ,'\l EtO2C\__N
CH,Cl, RT .
PhMOEt 2) Ph(ZZHZO NH4OA | N/>—Ph IN\>_Ph
., , 4 C
OPic ACOH, 65 °C. 16 h Ph P H
154h 196h
27 %

Scheme 71. Preparation of imidazole 196h from picolinate 168h.

The "H-NMR spectral data is consistent with that in the literature. Although a ratio of the
two tautomers of imidazole 196h could not be determined, we reason that the predominant

tautomer was the one forming an intramolecular hydrogen bond.
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11 Summary

We prepared a range of a-chloro-a-acetoxy-f-keto esters 102 in three straightforward and
generally high-yielding steps from commercially available starting materials. These
chloroacetates 102 served as equivalents for vicinal tricarbonyls 81 in the synthesis of

various 1,2 4-triazines through condensation with hydrazonamides 73 (Scheme 72).

R50,C HoN.
6L J‘\ 2 4 Z >
R ~O HoN™ R

N

78 73 48

RS = Me, Et RZ = py, o

R® = alkyl, aryl SMe i\ /
SPnb 63a 56b

l 3 steps

OAc

; :
R°0,C R50,C_.0 ) R50,C~_N. | R5O,C R3
- ~~ ! ~ ‘ —
i 3

R¢ "0 R ~O R® N° RZ? R NT R?
102 81 y“

Seheme 72. Synthesis of polysubstituted pyridines.

Subsequent (or ‘one-pot’) aza Diels-Alder reactions of (in situ generated) 1,2,4-triazines
with electron-rich dienophiles such as 2,5-norbornadiene (48), 1-pyrrolidino-1-
cyclopentene (56b) and 2,3-DHF (63a) (Scheme 72) and in some case functional group

interconversion (oxidation, ester hydrolysis) furnished an array of novel polysubstitued

pyridines (Figure 21).
R%0,C~ X\ EtO,C A\ EtO;C~ o\@
» B B
RS "N Py "t N Py "Pr” N Py
116¢c: R® = Et, R = Me 167d 164d

fRO=By RO=Et

g: R®=1Bu, RS = Et EtO,C EtO,C
161d: R6 ="Pr, RS = H j[\/j\ Ij\
-~ / .
o N s e N x/\©\
o)
155d: X = S NO

153d: R® = "Pr 1564, X = 50
h:R®=Ph o
157d: X = SO,

Figure 21. Novel (bi)pyridines.
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We also devised a feasible alternative route towards vicinal tricarbonyls 81. Picolinates
168 were prepared from the same starting materials 78 as their chloroacetate counterparts
in a shortened two-step sequence (Scheme 73) also showing high purities and generally
good to excellent overall yields. Copper(ll) acetate-facilitated methanolysis of 168 and
immediate oxidation of a-hydroxy-f-keto esters 98 by excess copper(Il) acetate afforded

tricarbonyls 81 which reacted with hydrazonamides 73 in the same manner as the

chloroacetates.
N/
O N |
5 5 5 5
R OZCL 2 steps R OZCIO Cu(OAc),, R OZCIOH Cu(OAC)2 R OZCIO
——
RS0 R o MeOH R8O RS 0
78 168 l 98 81
R% = Me, Et, Bu
RS = alkyl, aryl MeO /O\
Cu(OAC),
Z "N
“~ !

Scheme 73, Picolinate route.

As the oxidation of sec-alcohols 98 to their corresponding ketones 81 proceeded with
catalytic amounts of copper(ll) acetate in the absense of a co-oxidant (other than air), we
believe to have identified a novel oxidation system in Cu[PicOMe],/O,. This, however,

will have to be tested in more depth to be verified.

Irrespective of the route chosen, tricarbonyl equivalents with small substituents R® (Me, Et)
generally gave lower yields of triazines or pyridines than those with larger aliphatic ("Pr,

'Pr, ‘Bu, ‘Bu) or aromatic substituents (Ph, Np).
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Both the chloroacetate and the picolinate methodology could be applied to the synthesis of
novel 2,6-bis(1,2,4-triazin-3-yl)pyridines and, hence, 2,2".6',2"-terpyridines from 2,6-bis-
(carbohydrazonamide) (189) (Figure 22) as well to the synthesis of imidazoles.

AN
x l
| Z NN N Nen
X 7 | !
HoN N NH, N ‘P
NH NH, EtO,C CO,Et
189 R R
191d: R = "Pr
f:R="Bu
I ~N
A NG N
x>~ N Nz
Et0,C CO,E
R R
192d: R = "Pr
f.R='Bu 193d: R = "Pr
h:R=Ph fR='Bu

Figure 22. Novel BTPs 191 and tpys 192/193.

The four-step synthetic sequence (Scheme 74) leading up to 2,6-bis(carbohydrazonamide)
(189) (Figure 22) was part of an upscaling project at multi-100-g scale.

B [ [
X Z X 70 % over % N Z N
N 2 stope NG~ N CN Ho,NT XY N7 Y ONH,
o) o) NH, NH,
:185: X=0OH 188 189
186: X = CI (96 %)
[ 187 X = NH,

Scheme 74. Preparation of the tpy’s central building block 189.
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The other two preparations that were successfully upscaled to +100 g of starting material
were the four-step synthesis of ethyl 2-acetoxy-2-chloro-5-methyl-3-oxo-hexanoate (1021)
in 61 % overall yield (Scheme 75) and the three-step synthesis of ethyl 2-acetoxy-2-chloro-
3-ox0-3-phenylpropanoate (102g) in 82 % overall yield (Scheme 76).

E10” “OEt 74% )\/R( = Tow )\/ﬁ}(coza

Ci OAc
125 126 |“_‘: 78f R= H 102f
100f: R = CI (100 %)
101f R = OAc (89 %)
Scheme 75. Large scale synthesis of chloroacetate 102f.
i G
CO.Et - CO,Et
Ph 2 100 % ph& 2 88 % Ph/lS(COZEt
H R Cl OAc
78g . 400g: R=Cl 102¢

101g: R = OAc (93 %)

Scheme 76. Large scale synthesis of chloroacetate 102g.

12 Outlook

As far as triazine, pyridine and bipyridine syntheses are concerned, several preparative
methods have been investigated and experimental procedures have been optimised to a
point where a numer of target compounds showed good overall yield. However, for those
substrates and intermediates that gave poor product yields or product mixtures, a weli-
known method involving the reaction of tricarbonyls 81 (or their equivalents) with
hydrazides 72 and a source of ammonia such as ammonium acetate (Scheme 77) may

prove successful.

R4

5 - 5 N R5 R3
R702C-20 2N NH,0Ac RN Nog DA x
, N, N oA

RS ~O 0”7 R? RS" "N~ "R? RS” °NT TR?

81 72

Scheme 77. Alternative triazine/pyridine synthesis.
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Access to chiral terpyridines could be gained from the reaction of the central tpy building
block 189 with cyclohexane-1,2-dione (197) and 2,5-norbornadiene (48) (Scheme 78). The
resulting 2,6-bis(5,6,7,8-tetrahydroquinolin-2-y)pyridine (198) would then have to be
deprotonated on its cyclohexyl rings followed by an alkylation which hopefully selectively

furnishes a single stereoisomer, e.g. 199.

\gﬁ\( \

N AN, |

HoN N " NH =

2 2 X

\

o NH2 NH2 ‘ N l
i:z 189 N N~
© Lb
199 48 188
base, RX

Scheme 78. Possible synthesis of a chiral tpy 199.

We have shown that our methodologies for the synthesis of triazines and pyridines from
two different types of tricarbonyl equivalents — chloroacetates 102 and picolinates 168 —
were, in principle, transferable to the synthesis of imidazoles. An extension of this work in
terms of widening the range of products by derivatives such as 200 — 202 (Figure 23) as

well as optimisation of experimental procedures is an undertaking worth pursuing.

H H H
s T Tl U Sk Wy N
O,N

200 201 202

EtO, EtO,C

R

Figure 23. Future imidazole represantatives.
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EXPERIMENTAL PART
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1 General information

The nomenclature of the compounds was assigned according to the nomenclature
program CS CHEMDRAW ULTRA®, Version 10.0 by CAMBRIDGESOFT. The numbering of
atoms within the chemical structures is not necessarily according to TUPAC nomenclature.
They are derived from the numbering in their respective substrates and rather reflect the

chronology of the syntheses of the compounds.

Percentages and yields of products or product mixtures are relative to the number of
moles. Yields of product mixtures or products in solution were calculated by the ratio of
peak intensities in the "H-NMR spectrum. Percentages of reagents in solution are relative

to mass; percentages of solvent mixture are relative to volume.

The identity of products prepared by different methods was checked by comparison of
their NMR spectra. Hence, corresponding NMR spectral data for multiple synthetic
methods is only stated for the first method.

1.1 Methods

Melting points were measured with a BUCHI 5/0 and are corrected.

Thin layer chromatography (TLC) was performed on plastic or aluminium sheets pre-
coated with silica gel 60 F,s4 obtained from MERCK. The detection of products was carried
out with UV light of the wavelenght 254 nm. If necessary, TLC plates were stained with a
potassium permanganate solution (made up of 3 g KMnO4, 20 g KyCO;, 5 mL
5 % aqueous NaOH and 300 mL water).124

Column chromatography was performed using silica gel 60 (0.060 — 0.200 mm)

purchased from MERCK and ReagentGrade solvents purchased from FISCHER SCIENTIFIC.
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NMR speetra were recorded on a JEOL JNM-EX270 FT NMR system at frequencies of
270.17 MHz ("H) or 67.93 MHz ("*C). Chemical shifts are noted in ppm relative to
tetramethylsilane (TMS) as internal standard. The multiplicities of the 'H-NMR signals are
as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad.

High resolution mass spectrometry was carried out by the EPSRC’s National Mass
Spectrometry Service Centre at the University of Wales, Swansea and was performed on a

FINNIGAN MAT900 XLT using electrospray ionisation (ESI).

IR spectra were obtained using a SENSIR TECHNOLOGIES diamond anvil cell on a PERKIN
ELMER Paragon 1000FT-IR spectrometer. The shapes and intensities of the bands are as

follows: s = strong, m = medium, w = weak, br = broad.

1.2 Chemicals

Starting materials and reagents were purchased from ACROS, FLUKA, LANCASTER,
MERCK and SIGMA-ALDRICH and used without further purification unless noted otherwise.

Picolinohydrazonamide (73a) and 2-acetoxy-2-chloro-3-oxo-3-hexanoate (102d) were
readily available from prior research in our group.”’ Where benzaldehyde is stated as being
purified it was washed with a 10 % aqueous solution of NayCOs, a saturated solution of

NapS0Os, dried over MgSO,4 and vacuum distilled.'®

Selvents were purchased from FISCHER SCIENTIFIC and were generally of ReagentGrade.
Absolute ethanol was bought as such. Where solvents are stated as being “dry” they were
purified as follows:

Ethyl acetate was dried over 4A molecular sieves.'?

Tetrahydrofuran was pre-dried with sodium wire and then passed through a column of
alumina. Where absolutely ‘dry” THF was needed it was refluxed over / distilled from
either sodium hydride or sodium/potassium alloy.'®

) . 125
Toluene was dried over 4A molecular sieves.
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1.3 List of products

structure name page
o Ethyl 5-methyl-3-oxohexanoate (78f) 08
S cos
©/\/\L/ Ethyl 3-ox0-5-phenylpentanoate (78k) 99
COzEt
Ethyl 3-ox0-3-(pyridin-2-yl)propanoate (780) 100
~ COsEt
’ =N
/ﬁ\/ tert-Butyl 2-chloro-3-oxobutanoate (100b) 101
CO>Bu
cl
\/ﬁ\( Methyl 2-chloro-3-oxopentanoate (100¢) 102
COzMe
cl
/\/?K( Ethyl 2-chloro-3-oxohexanoate (100d) 103
CO:Et
cl
\%/ Ethyl 2-chloro-4-methyl-3-oxopentanoate (100e) 103
COzEt
ci
)\L Ethyl 2-chloro-5-methyl-3-oxohexanoate (100f) 104
COzEt
cl
>(?K( Ethyl 2-chloro-4,4-dimethyl-3-oxopentanoate (100g) 105
CO,Et
cl
Ethyl 2-chloro-3-oxo0-3-phenylpropanoate (100kh) 105
COEt
(j cl
Ethyl 2-chloro-3-(4-nitrophenyl)-3-oxopropanoate (100i) 106

2

&

CO,Et
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structure name page
i(co } Ethyl 2-acetoxy-3-oxobutanoate (101a) 106
OAc 2
\/?‘\(COZMe Methyl 2-acetoxy-3-oxopentanoate (101¢) 107
OAc
w/ﬁ\(co . Ethyl 2-acetoxy-4-methyl-3-oxopentanoate (101¢) 108
OAc
/kj\/COz . Ethyl 2-acetoxy-5-methyl-3-oxohexanoate (101f) 108
OAc
%Co Et Ethyl 2-acetoxy-4,4-dimethyl-3-oxopentanoate (101g) 109
2
OAc
0 o Ethyl 2-acetoxy-3-oxo-3-phenylpropanoate (161h) 110
/R(C . Ethyl 2-acetoxy-2-chloro-3-oxobutanoate (102a) 111
cl OASZ
\/?}(Co y Methyl 2-acetoxy-2-chloro-3-oxopentanoate (102¢) 111
cl OAc2 )
/L)OS(C . Ethyl 2-acetoxy-2-chloro-5-methyl-3-oxo-hexanoate (102f) 112
cl o,'-\S2
o Ethyl 2-acetoxy-2-chloro-3-oxo0-3-phenylpropanocate (102g) 113
1-Ethoxy-1,3-dioxobutan-2-yl picolinate (168a) 114
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structure name page
/ﬁ\( 1-Tert-butoxy-1,3-dioxobutan-2-yl picolinate (168b) 115
CO2'Bu
0.0
=
5
\/ﬁ\'/co y 1-Methoxy-1,3-dioxopropan-2-yl picolinate (168c¢) 116
oMe
00
=
5\‘
/\j\( 1-Ethoxy-1,3-dioxohexan-2-yl picolinate (168d) 117
COzEt
00
=
é
\%/ 1-Ethoxy-4-methyl-1,3-dioxopentan-2-yl picolinate (168e) 118
COEt
00
=
5]
)\)(L( 1-Ethoxy-5-methyl-1,3-dioxohexan-2-yl picolinate (168f) 119
COzEt
OO0
=
5‘
>rﬁ\( 1-Ethoxy-4,4-dimethyl-1,3-dioxopentan-2-yl picolinate 120
COzEt
00 (168g)
=
5\‘
1-Ethoxy-1,3-dioxo-3-phenylpropan-2-yl picolinate (168h) 121
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structure name page
1-Ethoxy-3-(4-nitrophenyl)-1,3-dioxopropan-2-yl 122
COzEt
o picolinate (168i)
02N
P
5
j\r Ethyl 2-diazo-3-oxobutanoate (95a) 123
COqEt
N2
H2N~|N S-Methylthiosemicarbazide hydrogen iodide (73b) 123
TTHaN™ “SMe
HzN\[\l S-(4-Nitrobenzyl)thiosemicarbazide hydrogen 124
'Br+H3N)\S/\©\ bromide (73¢)
NO»2
EtO2C~ Ny Ethyl 3-methylthio-5-propyl-1,2,4-triazine-6- 125
N//kSMe carboxylate (107d)
E02C | Ney Ethyl 3-methylthio-5-phenyl-1,2,4-triazine-6- 126
©I N/)\SMe carboxylate (107h)
EtOC I Ne Ethyl 3-(4-nitrobenzylthio)-5-propyl-1,2,4-triazine-6- 127
N//‘\S/\©\ carboxylate (140d)
NO,
ElOzCIN¢N Ethyl 5-methyl-3-(pyridin-2-yl)-1,2,4-triazine-6- 128
N 7 carboxylate (106a)
N
MeOiCIN\\N Methyl 5-ethyl-3-(pyridin-2-yl)-1,2,4-triazine-6- 129
N&K@ carboxylate (106¢)
N~
Ethyl 5-propyl-3-(pyridin-2-y1)-1,2,4-triazine-6- 130

carboxylate (106d)
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structure name page
EtO2C IN\\N Ethyl 5-isobutyl-3-(pyridin-2-yl)-1,2 4-triazine-6- 131
\(\[N/ s carboxylate (106f)
Ns
E10:C leN Ethyl 5-phenyl-3-(pyridin-2-yl)-1,2,4-triazine-6- 133
N S carboxylate (106h)
N~
E10.C B Ethyl 6-methylthio-2-propylnicotinate (117d) 134
N SMe
Et0.C B Ethyl 6-methylthio-2-phenylnicotinate (117h) 135
N/ SMe
Et02C o~ Ethyl 6-(4-nitrobenzylthio)-2-propylnicotinate (155d) 136
NO2
E10:C B Ethyl 6-methylsulfinyl-2-propylnicotinate (153d) 137
N SOMe
Et0:C B Ethyl 6-methylsulfinyl-2-phenylnicotinate (153h) 138
N” “some
% Ethyl 6-(4-nitrobenzylsulfinyl)-2-propylnicotinate 140
N §/\© (156d)
© NO;
% Ethyl 6-methylsulfonyl-2-propylnicotinate (154d) 140
N s0;Me
EtO,C S Ethyl 6-methylsulfonyl-2-phenylnicotinate (154h) 141
@IND\SOZMe
Ethyl 6-(4-nitrobenzylsulfonyl)-2-propylnicotinate 142

m
E?
(@]
=/
o\
2
5

NO;

(157d)
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structure name page
Et0,C N Ethy! 6-methyl-[2,2']-bipyridine-5-carboxylate (116a) 143
N [
N
BUO.C | X Tert-butyl 6-methyl-[2,2']-bipyridine-5-carboxylate 145
IN)\@ (116b)
N?
MeO2C~ Methyl 6-ethyl-[2,2']-bipyridine-5-carboxylate (116¢) 146
N [
NP~
020 Ethyl 6-propyl-[2,2']-bipyridine-5-carboxylate (116d) 147
N7 Y
N
HOC X 6-Propyl-{2,2']-bipyridine-5-carboxylic acid (161d) 149
N F
Na?
EiC,C S 0\107 Ethyl 6-propyl-3-(2-(tetrahydrofuran-2-yloxy)ethyl)- 150
/\If\lj% [2,2']-bipyridine-5-carboxylate (164d)
N F
O Ethyl 3-propyl-1-(pyridin-2-yl)-6,7-dihydro-5H- 151
N
PN cyclopentajc]-pyridine-4-carboxylate (167d)
N
E020 X Ethyl 6-isopropyl-[2,2']-bipyridine-5-carboxylate (116e) 152
N [
N A
EtO:C S Ethyl 6-isobutyl-[2,2']-bipyridine-5-carboxylate (116f) 154
Nz
Ethy! 6-tert-butyl-[2,2']-bipyridine-S-carboxylate (116g) 156
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structure name page
EOC S Ethyl 6-phenyl-[2,2']-bipyridine-5-carboxylate 156
NS (116h)
N?
EtO2C Ethyl 6-(4-nitrophenyl)-[2,2']-bipyridine-5- 159
N S carboxylate (116i)
N N
| X 2,6-Pyridinedicarbonyl dichloride (186) 160
cl N C
0 ¢
™ 2,6-Pyridinedicarboxamide (187) 161
HzN NPy NHe
o) 0
S 2,6-Pyridinedicarbonitrile (188) 161
NG N CN
l X Pyridine 2,6-bis{(carbohydrazonamide) (189) 162
HzN—N\ N/ 2N NH;
NH; NH>
| A Diethyl 3,3'-(pyridine-2,6-diyl)bis(5-propyl-1,2,4- 163
N AN
NN triazine-6-carboxylate) (191d)
Etozc/g/ N N o
"Pr =1
S Diethyl 3,3'-(pyridine-2,6-diyl)bis{5-isobutyl- 164
N AN Ns
NN N 1,2,4-triazine-6-carboxylate) (191f)
EtOzC)\f N N NcoE
Bu ‘Bu
| X Diethyl 2,2'-(pyridine-2,6-diyl)bis(6-propyl- 165
s # SN ‘4
N7 pyridine-5-carboxylate) (192d)
eo.c” YN NP co,kt
"Pr "Pr
Y Diethyl 2,2'-(pyridine-2,6-diyl)bis(6-isobutyl- 166
= “ X o g
N pyridine-5-carboxylate) (192f)
E0,¢” Y N co,Et
'Bu Bu
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structure name page
| A Diethyl 2,2'-(pyridine-2,6-diyl)bis(6-phenyl- 167
Z N . s
r N pyridine-5-carboxylate) (192h)
800" YN N Scoet
Ph Ph
| X Diethyl 1,1'-(pyridine-2,6-diyl)bis(3-propyi-6,7- 168
ST VY dihydro-5H-cyclopenta]c]pyridine-4-carboxylate)
E0.c” Y NP Sco,et
"oy "oy (193d)
B Diethyl 1,1'-(pyridine-2,6-diyl)bis(3-isobutyl-6,7- 169
~ NTYS dihydro-5H-cyclopenta]c]pyridine-4-carboxylate)
N N
EtO.C CO,Et
By Bu (193f)
EtO2C\__K Ethyl 2-phenyl-4-(n-propyl)-1 H-imidazole-5- 170
nPrIN/)_Ph carboxylate (196d)
Et02C.__N Ethyl 2,4-diphenyl-1 H-imidazole-5-carboxylate 172
|
PhIN)_ o (196h)
0 8-Isopropyl-7-phenyl-2-(pyridin-2-y1)-7,8- 173
| j dihydro-5H-pyrano-[4,3-b]pyridin-5-one (173)
Ph N° Py
AL {(unsuccessful)
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2 B-Keto esters

2.1 Ethyl 5-methyl-3-oxohexanoate (78f)

To a suspension of sodium hydride (9.31 g; 60 % w/w dispersion in mineral oil; 233 mmol;
2.33 equiv.) in dry tetrahydrofuran (60 ml) was added diethyl carbonate (126) (33.8 mL;
279 mmol; 2.79 equiv.) and then dropwise 4-methyl-2-pentanone (125f) (10 g; 100 mmol)
in dry tetrahydrofuran (15 mL) under a nitrogen atmosphere and the mixture was heated
under reflux for 2 h. After cooling to room temperature, the mixture was quenched with
water, neutralised with dilute HCI and extracted with diethyl ether. The organic phase was
washed with water, a saturated solution of NaHCO; and brine, dried over MgSO, and the
solvents were evaporated under reduced pressure. The residue was distilled under vacuum
yielding 78f (13.1 g; 76.1 mmol; 76 %) as a colourless liquid. The ratio of keto to enol

form was 92:8.

The reaction was scaled up to 200 g (2.00 mol) of 4-methyl-2-pentanone and 680 mL
(5.61 mol; 2.81 equiv.) of diethyl carbonate yielding 254 g (1.47 mol; 74 %) of 78f as a
colourless liquid (b.p. 74 — 75 °C / 1 mbar). At this scale the reaction was carried out in
two batches and the 4-methyl-2-pentanone was added at such a rate (over 1.5 h) that the
mixture remained refluxing without external heating once the exothermic reaction set in.
Complete reaction was indicated by the formation of a clear orange solution. Dilute HCI

was replaced by concentrated HCI.

120, ~ AR
NN = OO N

6 4 2 8 6 4 2 8

C9H1603 (M =172.22 g/mol)

'H-NMR (CDCl3): 6 = 12.09 (s, 1H, OH enol form), 4.96 (s, 1H, 2-H enol form), 4.20
(g, 2H, 7-H keto form, J73 = 7.2 Hz), 4.19 (q, 2H, 7-H enol form, J753 = 7.2 Hz), 3.41
(s, 2H, 2-H keto form), 2.42 (d, 2H, 4-H, Jis = 6.6 Hz) 2.16 (nonet, 1H, 5-H, Jsu = Js/6 =
6.6 Hz), 2.08 — 1.96 (m, 3H, 4-H, 5-H enol form), 1.29 (t, 3H, 8-H enol form, Jy7 =
7.2 Hz), 1.28 (t, 3H, 8-H keto form, Jg7 = 7.2 Hz), 0.94 (2d, 12H, 6-H enol and keto form,
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Jos = 6.6 Hz) ppm. The 'H-NMR spectral data is consistent with that found in the

literature.®

2.2 Ethyl 3-oxo-5S-phenylpentanoate (78k)

To a suspension of sodium hydride (8.00 g of 60 % dispersion in mineral oil; washed free
from oil with petroleum ether; 200 mmol; 2.00 equiv.) in tetrahydrofuran (50 mL) was
added diethyl carbonate (126) (23.6 g; 200 mmol; 2.00 equiv.) and the mixture was heated
to 40 °C. 4-Phenyl-2-butanone (125k) (14.8 g; 100 mmol) was then added dropwise over
5 h. After complete addition the mixture was heated for another hour. It was cooled to 0 °C
and glacial acetic acid (12.5 mL) was added dropwise along with tetrahydrofuran (200 mL)
in order to keep the mixture liquid. After addition of water (250 mL) in order to dissolve
the generated sodium acetate, the aqueous phase was extracted with diethyl ether, the
combined organic phases were washed with a saturated solution of NaHCOs3, dried over
MgSO,4 and the ether evaporated under reduced pressure. Vacuum distillation of the
residue afforded an inseparable mixture (4.99 g; 22.7 mmol; 23 %) of 78k and ethyl
2-benzyl-3-oxobutanoate (127k) as a colourless liquid (b.p. 168 — 174 °C / 1 mBar). The
ratio of 78k to 127k was 72:28. The ratio of keto to enol form of 78k was 97:3.

O O
/\
5 3 101011

C13H1603 (M =220.27 g/mol)

Analytical data for 78k:

'H-NMR (CDCl3) of the keto form: & = 7.31 — 7.14 (m, 5H, 7-H to 9-H), 4.17 (q, 2H,
10-H, Jion1 = 7.2 Hz), 3.41 (s, 2H, 2-H), 2.96 — 2.82 (m, 4H, 4-H, 5-H), 1.25 (t, 3H, 11-H,
Jio = 7.2 Hz) ppm. The '"H-NMR spectral data is consistent with that found in the

literature.'2°
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9 7 /\
e 0101011

C13H1603 (M =220.27 g/m@l)

Analvtical data for ethyl 2-benzyl-3-oxobutanoate (127k):

'H-NMR (CDCl3): 6 =731 —7.14 (m, 5SH, 7-H to 9-H), 4.14 (q, 2H, 10-H, Ji1011 = 7.2 Hz),
3.76 (t, 1H, 4-H, Jys = 7.6 Hz), 3.15 (d, 2H, 5-H, Js;s = 7.6 Hz), 2.18 (s, 3H, 2-H), 1.19
(t, 3H, 11-H, J1110 = 7.2 Hz) ppm. The '"H-NMR spectral data is consistent with that found

in the literature.'?’

2.3 Ethyl 3-ox0-3-(pyridin-2-yl)propanoate (780)

Under a nitrogen atmosphere and without stirring sodium (1.38 g; 60.0 mmol; 1.51 equiv.)
was heated in dry toluene (30 mL) until just boiling. It was then vigorously stirred until a
grey suspension formed, stirring was discontinued and it was left to cool to room
temperature. Under vigorous stirring absolute ethanol (20 mL) was added at such a rate
that the temperature remained below 85 °C (gentle reflux).®® After complete addition of the
ethanol the mixture was heated to 100 °C for 1 h. A solution of ethyl picolinate (132)
(6.05 g; 40.0 mmol) in dry ethyl acetate (7.05 g; 80.0 mmol; 2.00 equiv.) was then added
dropwise and the mixture was heated for 15 h. Water (350 mL) was added to the cooled
reaction mixture followed by glacial acetic acid (SmL). The organic phase was separated,
the aqueous phase extracted with diethyl ether, the combined organic phases washed with
water and dried over MgSO4. The solvents were evaporated under reduced pressure
yielding 780 (3.59 g; 18.6 mmol; 46 %) as a red liquid (b.p. 108 °C/ 1 mBar) which faded

to straw colour on standing. The ratio of keto to enol form was 85:15.

0] o) H
6 5\ 3 ™NATN = 6 5\ ANV
' 4 3 0} o T | 4 2 o 10
7~ N 72N

8 8

C10H11NO3 (M =193.20 g/mol)
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'H-NMR (CDCly): & = 12.40 (s, 1H, OH enol form), 8.67 (ddd, 1H, 8-H keto form, Jys =
1.0 Hz, Jys = 1.7 Hz, Jgy; = 4.7 Hz), 8.63 (ddd, 1H, 8-H enol form, Jg5s = 1.0 Hz, Jgs =
1.7 Hz, Jy; = 4.7 Hz), 8.08 (ddd, appearance similar to dt, 1H, 5-H keto form, Jsg =
1.0 Hz, Js;7 = 1.2 Hz, Jss = 7.9 Hz), 7.92 (ddd, appearance similar to dt, 1H, 5-H enol
form, Js3 = 1.0 Hz, Js;7 = 1.2 Hz, Js6 = 7.9 Hz), 7.85 (ddd, appearance similar to dt, 1H,
6-H keto form, Jgs = 1.7 Hz, Jgs7 = 7.7 Hz, Jgis = 7.9 Hz), 7.79 (ddd, appearance similar to
dt, 1H, 6-H enol form, Jgs = 1.7 Hz, Js;7 = 7.7 Hz, Jg5s = 7.9 Hz), 7.49 (ddd, 1H, 7-H keto
form, Jys = 1.2 Hz, Jys = 4.7 Hz, J7s = 7.7 Hz), 7.35 (ddd, 1H, 7-H enol form, Jy5 =
1.2 Hz, Jy3 = 4.7 Hz, Jys = 7.7 Hz), 6.32 (s, 1H, 2-H enol form), 4.28 (g, 2H, 9-H enol
form, Jo10 = 7.2 Hz), 4.20 (q, 2H, 9-H keto form, Jono = 7.2 Hz), 4.19 (s, 2H, 2-H keto
form), 1.33 (t, 3H, 10-H enol form, Jyop = 7.2 Hz), 1.24 (t, 3H, 10-H keto form, Jigp =

7.2 Hz) ppm. The "H-NMR spectral data is consistent with that found in the literature.'*®

3 o-Chloro-f-keto esters

3.1 tert-Butyl 2-chloro-3-oxobutanoate (100b)

To a stirred ice-cold solution of rerz-butyl acetoacetate (78b) (5.00 g; 31.6 mmol) in
dichloromethane (30 mL) was added dropwise over 5 min sulfuryl chloride (4.69 g;
34.7 mmol; 1.10 equiv.). After warming to room temperature, the solution was left stirring
for 1 h, then washed with a saturated solution of NaHCO; (60 mL) and water (30 mL). The
organic phase was separated, dried over MgSO, and the solvent evaporated under reduced
pressure yielding 100b (4.34 g; 22.5 mmol; 71 %) as a colourless liquid. The ratio of keto

to enol form was 93:7.
6 H O 8
2 /ke —— 2 /ks
i 3 1 0 5 5 ; 3 1 9) 5 5
Cl Cl
CsH5CIO; (M = 192.64 g/mol)
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'H-NMR (CDCl3): & = 12.45 (s, 1H, OH enol form), 4.66 (s, 1H, 2-H keto form), 2.36
(s, 3H, 4-H keto form), 2.13 (s, 3H, 4-H enol form), 1.51 (s, 9H, 6-H enol form), 1.49
(s, 9H, 6-H keto form) ppm. The 'H-NMR spectral data is consistent with that found in the

literature.'®

3.2 Methyl 2-chloro-3-oxopentanocate (100c)

Following the procedure in Section 3.1, methyl 3-oxopentanoate (78¢) (1.00 g; 7.68 mmol)
and sulfuryl chloride (1.14 g; 8.45 mmol; 1.10 equiv.) were converted into 100c (1.25 g;
7.59 mmol; 99 %) which was obtained as a pale yellow liquid. The ratio of keto to enol

form was 92:8.

This reaction was scaled up to 40 g (307 mmol) of starting material resulting in a slightly

reduced yield (47.2 g; 287 mmol; 93 %).

Cl Ci
CeHoClO3 (M = 164.59 g/mol)

'H-NMR (CDCL): & = 12.33 (s, 1H, OH enol form), 4.81 (s, 1H, 2-H keto form), 3.92
(s, 3H, 6-H enol form), 3.85 (s, 3H, 6-H keto form), 2.88 (2q, 2H, 4-H enol form, two non-
identical H, 1H syn and 1H anti to Cl, Jys = 7.2 Hz), 2.75 (2q, 2H, 4-H keto form, two
non-identical H, 1H syn and 1H anti to Cl, Jys = 7.2 Hz), 1.19 (t, 3H, 5-H enol form, Js5;4 =
7.2 Hz), 1.12 (t, 3H, 5-H keto form, Js;s = 7.2 Hz) ppm.

BC.NMR (CDCls) of the keto form: § = 199.74 (C-3), 165.72 (C-1), 60.59 (C-2), 53.82
(C-6), 32.57 (C-4), 7.71 (C-5) ppm.

The HRMS spectrum was not recorded.

IR: Vima/em™ = 2960 (w, CHayyt), 1726 (s, C=0), 1263 + 1167 (m, C-O).
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3.3 Ethyl 2-chloro-3-oxohexanoate (100d)

Following the procedure in Section 3.1 (reaction time overnight), ethyl 3-oxchexanoate
(78d) (20.0 g; 126 mmol) and sulfuryl chloride (18.8 g; 139 mmol; 1.10 equiv.) were
converted into 100d (23.9 g; 124 mmol; 98 %) which was obtained as a pale yellow liquid.

The ratio of keto to enol form was 93:7.

O H O
5 3 2 1 /\ e — 2
5 Y Qo 7 5 Z 5 S 1 0/7\8

Cl Ci
CsHi3Cl05 (M = 192.64 g/mol)

"H-NMR (CDCls): & = 12.40 (s, 1H, OH enol form), 4.77 (s, 1H, 2-H keto form), 4.28 (2q,
4H, 7-H enol and keto form, Jys = 7.2 Hz), 2.68 and 2.67 (2t, appearance similar to dt, 2H,
4-H keto form, two non-identical H, 1H syn and 1H anti to Cl, Jys = 7.2 Hz), 2.48 (t, 2H,
4-H enol form, Jys = 7.2 Hz), 1.68 (tq, appearance similar to sextet, 2H, 5-H enol form, Js5/4
= Jsis = 7.2 Hz), 1.65 (tq, appearance similar to sextet, 2H, 5-H keto form, Js4 = Js6 =
7.2 Hz), 1.30 (t, 6H, 8-H enol and keto form completely overlapped, Js7 = 7.2 Hz), 0.97
(t, 3H, 6-H enol form, Jgs = 7.2 Hz), 0.92 (t, 3H, 6-H keto form , Jys = 7.2 Hz) ppm. The

'H-NMR spectral data is consistent with that found in the literature.’*°

3.4 FEthyl 2-chloro-4-methyl-3-oxopentancate (100e)

Following the procedure in Section 3.1 (reaction time overnight), ethyl 4-methyl-3-
oxopentanoate (78e) (3.00 g; 19.0 mmol) and sulfuryl chloride (1.68 mL; 20.9 mmol;
1.10 equiv.) were converted into 100e (3.43 g; 17.8 mmol; 94 %) which was obtained as a

pale yellow liguid. The ratio of keto to enol form was 92:8.

O O oH O

EWKO/%‘-—“ TYEY 0
5 Ci Ci

5

CsH13ClO; (M = 192.64 g/mol)
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'H-.NMR (CDCls): 8 =12.53 (s, 1H, OH enol form), 4.93 (s, 1H, 2-H keto form), 4.29
(g9, 4H, 6-H enol and keto form completely overlapped, Jg7 = 7.2 Hz), 3.09 (septet, 2H,
4-H enol and keto form completely overlapped, Jis = 6.9 Hz), 1.30 (1, 6H, 7-H enol and
keto form completely overlapped, J7s = 7.2 Hz), 1.26 (d, 3H, 5-H enol form, J54 = 6.9 Hz),
1.18 and 1.16 (2d, appearance similar to t, 6H, 5-H keto form, J5u = 6.9 Hz) 1.15 (d, 3H,
5-H enol form, Js4 = 6.9 Hz) ppm. The '"H-NMR spectral data is consistent with that found

in the literature, ™"

3.5 Ethyl 2-chloro-5-methyl-3-oxohexanoate (100f)

Following the procedure in Section 3.1 (reaction time overnight), ethyl 5-methyl-3-
oxohexanoate (78f) (12.0 g; 69.7 mmol) and sulfuryl chloride (6.16 mL; 76.7 mmol,
1.10 equiv.) were converted into 100f (14.6 g; quantitative yield) which was obtained as a

pale yellow liquid. The ratio of keto to enol form was 86:14.

This reaction was scaled up to 254 g (1.47 mol) of starting material also resulting in a
quantitative yield (306 g).
6 O 6 H
2 — 2
Y 1 0/7\8 ~= N 1 0/7\8

& Cl
C9H15C103 (M =206.67 g/moi)

'H-NMR (CDCls) : & = 12.43 (s, 1H, OH enol form), 4.75 (s, 1H, 2-H), 4.29 (g, 2H, 7-H
enol form, J73 = 7.2 Hz), 4.28 (q, 2H, 7-H keto form, Js7 = 7.2 Hz), 2.70 (d, 2H, 4-H enol
form, Jys = 7.2 Hz), 2.59 and 2.56 (2d, 2H, 4-H keto form, two non-identical H, 1H syn
and 1H anti to Cl, Jys = 7.2 Hz), 2.19 (nonet, 2H, 5-H enol and keto form completely
overlapped, Jsu = Js = 6.7 Hz), 1.31 (t, 6H, 8-H enol and keto form completely
overlapped, Jg7 = 7.2 Hz), 0.99 +0.96 (2d, 6H, 6-H enol form, Jgs = 7.2 Hz), 0.94 and 0.93
(2d, 6H, 6-H keto form, Jgs = 7.2 Hz) ppm.

BC.NMR (CDCls) of the keto form: § = 198.46 (C-3), 165.09 (C-1), 63.20 (C-7), 61.30
(C-2),47.71 (C-4), 24.32 (C-5), 22.41 and 22.31 (C-6), 14.04 (C-8) ppm.

HRMS (ESI) for CoH;6ClO3 [M+H]": calculated: 207.0782; measured: 207.0781.

IR: Vmar/em™ = 2962 (w, CHayt), 1729 (m, C=0), 1252 + 1181 (m, C-0), 1022 (m).
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3.6 Ethyl 2-chloro-4,4-dimethyl-3-oxopentanoate (100g)

Following the procedure in Section 3.1, ethyl 4,4-dimethyl-3-oxopentanoate (78¢g) (10.0 g;
58.1 mmol) and sulfuryl chloride (5.13 mL; 63.9 mmol; 1.10 equiv.) were converted into
100g (12.2 g; quantitative yield) which was obtained as a pale yellow liquid. The ratio of

keto to enol form was 91:9.

o 0 H

543210/6\w= 43210/6\
7 7

LS s

o

CoH35Cl05 (M = 206.67 g/mol)

'H-NMR (CDCl3): & = 5.22 (s, 1H, 2-H keto form), 4.36 (2H, 6-H enol form, Jg7 =
7.2 Hz), 4.26 (q, 2H, 6-H keto form, Jg7 = 7.2 Hz), 1.36 (s, 9H, 5-H enol form), 1.28
(t, 6H, 7-H enol and keto form completely overlapped, J75 = 7.2 Hz), 1.26 (s, 9H, 5-H keto
form) ppm. The OH signal of the enol form was not detected. The 'H-NMR spectral data is

consistent with that found in the literature.!*°

3.7 Ethyl 2-chloro-3-ox0-3-phenylpropanoate (100h)

Following the procedure in Section 3.1, ethyl 3-oxo-3-phenylpropanoate (78h) (18.0 g;
93.6 mmol) and sulfuryl chloride (13.9 g; 103 mmol; 1.10 equiv.) were converted into
100h (21.5 g; quantitative yield) which was obtained as an orange oil. The ratio of keto to

enol form was > 99:1.

This reaction was scaled up to 115 g (598 mmol) of starting material also resulting in a

quantitative yield (136 g).

C11H1Cl0; (M = 226.66 g/mol)

105



'H-NMR (CDCls): 6 = 12.87 (s, trace, OH enol form), 8.01 (dd, 2H, 5-H, J5;; = 1.7 Hz,
Jsis = 7.2 Hz), 7.64 (it, 1H, 7-H, Jys = 1.7 Hz, J36 = 7.2 Hz), 7.51 (dd, 2H, 6-H, Js;s = Jo;7 =
7.2 Hz), 5.61 (s, 1H, 2-H), 4.29 (q, 2H, 8-H, Jso = 7.2 Hz), 1.25 (1, 3H, 9-H, Jos = 7.2 Hz)
ppm. The 'H-NMR spectral data is consistent with that found in the literature.'*’

3.8 Ethyl 2-chloro-3-(4-nitrophenyl)-3-oxopropanoate (100i)

Following the procedure in Section 3.1 (reaction time: overnight), ethyl 3-(4-nitrophenyl)-
3-oxopropanoate (78i) (3.00 g; 12.6 mmol) and sulfuryl chloride (1.12 mL; 13.9 mmol;
1.10 equiv.) were converted into 1001 (2.64 g; 9.72 mmol; 77 %) which was obtained as an

orange oil. The product exists solely in its keto form.

5 Cl
ON 7 %

C11H1CINOs (M = 271.66 g/mol)
'H-NMR (CDCL): § = 8.36 (d, 2H, 6-H, Jgs = 8.7 Hz), 8.18 (d, 2H, 5-H, Js = 8.7 Hz),

5.57 (s, 1H, 2-H), 4.32 (q, 2H, 8-H, Jgo = 7.2 Hz), 1.27 (t, 3H, 9-H, Jog = 7.2 Hz) ppm.
The '"H-NMR spectral data is consistent with that found in the literature.”’

4 a-Acetoxy-p-keto esters

4.1 Ethyl 2-acetoxy-3-oxobutanoate (101a)

To a stirred ice-cold solution of glacial acetic acid (20 mL; 349 mmol; 5.75 equiv.) in
DMEF (100 mL) was dropwise added triethylamine (20 mL; 143 mmol; 2.36 equiv.). After

warming to room temperature, ethyl 2-chloro-3-oxobutanoate (100a) (10.0 g; 60.8 mmol)
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was added and the solution was left stirring for 20 h. The solution was then washed with
water (100 mL), extracted with dichloromethane (100 mlL), washed again with water
(5% 50 mL), dried over MgSO, and the solvent evaporated under reduced pressure yielding
101a (9.67 g; 51.4 mmol; 85 %) which was obtained as an orange liquid. The product

exists solely in its keto form.

CgH]zOs (M =188.18 g/mol)

'H-NMR (CDCls): 6 = 5.50 (s, 1H, 2-H), 4.29 (q, 3H, 5-H, J55 = 7.2 Hz), 2.36 (s, 3H,
4-H), 2.24 (s, 3H, 8-H), 1.32 (t, 3H, 6-H, Jg5 = 7.2 Hz) ppm. The 1H-NMR spectral data is

consistent with that found in the literature.”

4.2 Methyl 2-acetoxy-3-oxopentanoate (101c)

Following the procedure in Section 4.1 and using triethylamine (30 mL; 215 mmol;
3.54 equiv.), methyl 2-chloro-3-oxopentanoate (100¢) (10.0 g; 60.8 mmol) and glacial
acetic acid (30 mL; 524 mmol; 8.63 equiv.) were converted into 101¢ (10.3 g; 54.7 mmol;

90 %) which was obtained as a yellow liquid. The product exists solely in its keto form.

0.0
T
CgH;zOs (M = 188.18 g/mol)

'H-NMR (CDCl3): 8 =5.53 (s, 1H, 2-H), 3.83 (s, 3H, 6-H), 2.71 and 2.70 (2q, appearance
similar to dq, 2H, 4-H keto form, two non-identical H, 1H syn and 1H anti to Cl, Jys5 =
7.2 Hz), 2.24 (s, 3H, 8-H), 1.11 (t, 3H, 5-H, Js;s = 7.2 Hz) ppm. The "H-NMR spectral data

is consistent with that found in the literature.™"
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4.3 Ethyl 2-acetoxy-4-methyl-3-oxopentanoate (101e)

Following the procedure in Section 4.1 (reaction time 2 days) and using triethylamine
(2 mL; 14.3 mmol; 2.76 equiv.), ethyl 2-chloro-4-methyl-3-oxopentanoate (100e) (1.00 g;
5.19 mmol) and glacial acetic acid (2 mL; 34.9 mmol; 6.73 equiv.) were converted into
101e (617 mg; 2.85 mmol; 55 %) which was obtained as a yellow liquid. The product

exists solely in its keto form.

O O
5\7/[&%04\7

5 0,0

T

C10H1605 (M =216.23 g/mol)

"H-NMR (CDCls): & = 5.64 (s, 1H, 2-H), 4.26 (q, 2H, 6-H, J¢7 = 7.2 Hz), 3.03 (septet, 1H,
4-H, Jys = 6.9 Hz), 2.21 (s, 3H, 9-H), 1.29 (t, 3H, 7-H, J36 = 7.2 Hz), 1.16 and 1.11
(2d, 6H, 5-H, Js;4 = 6.9 Hz) ppm. The 'TH-NMR spectral data is consistent with that found

in the literature.'>?

4.4 Ethyl 2-acetoxy-5-methyl-3-oxochexanoate (101f)

Following the procedure in Section 4.1 and using triethylamine (10 mL; 71.7 mmol;
2.97 equiv.), ethyl 2-chioro-5-methyl-3-oxohexanoate (100f) (5.00 g; 24.2 mmol) and
glacial acetic acid (10 mL; 175 mmol; 7.22 equiv.) were converted into 101f (5.67 g;
quantitative yield) which was obtained as a yellow liquid. The product exists solely in its

keto form.

This reaction was scaled up to 306 g (1.48 mol) of starting material resulting in a yield of

304 g (1.32 mol; 89 %).
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C11H1805 (M =230.26 g/mol)

'H-NMR (CDCls): 6 =546 (s, 1H, 2-H), 4.27 (q, 2H, 7-H, Jy3 = 7.2 Hz), 2.53 (d, 2H, 4-H,
Jys = 6.7 Hz), 2.22 (s, 3H, 10-H), 2.19 (nonet, 1H, 5-H, J5;s = J55 = 6.7 Hz), 1.30 (t, 3H,
8-H, Jg;7 = 7.2 Hz), 0.93 and 0.90 (2d, 6H, 6-H, J¢s = 6.7 Hz) ppm. The H-NMR spectral

data is consistent with that found in the literature.'*?

4.5 Ethyl 2-acetoxy-4,4-dimethyl-3-oxopentanoate (101g)

Following the procedure in Section 4.1 and using triethylamine (11 mL; 78.9 mmol;
8.16 equiv.), ethyl 2-chloro-4,4-dimethyl-3-oxopentanoate (100g) (2.00 g; 9.68 mmol) and
glacial acetic acid (11 mL; 192 mmol; 19.9 equiv.) were converted into 101g (1.56 g;
6.77 mmol; 70 %) which was obtained as a yellow liquid. The product exists solely in its

keto form.

G ©
* s 00
T
C11H150s5 (M =230.26 g/mol)

'H-NMR (CDCls): & =5.92 (s, 1H, 2-H), 4.26 (q, 2H, 6-H keto form, Jg7 = 7.2 Hz), 2.21
(s, 3H, 9-H), 1.28 (1, 3H, 7-H, J7s = 7.2 Hz), 1.24 (s, 9H, 5-H) ppm.

BC-NMR (CDClL): & = 205.19 (C-3), 169.58 and 165.47 (C-1, C-8), 72.21 (C-2), 62.38
(C-6), 44.76 (C-4), 26.24 (C-5), 20.52 (C-9), 14.04 (C-7) ppm.

HRMS (ESI) for C;1H 905 [M+H]+: calculated: 231.1227; measured: 231.1226.

IR: Viga/em™ = 2970 (w, CHay), 1752 + 1719 (s, C=0), 1370 (m, CHapiyr), 1197 (s, C-0),
1085 (m, C-0).
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4.6 Ethyl 2-acetoxy-3-oxo0-3-phenylpropanocate (101h)

Following the procedure in Section 4.1 (reaction time 3 days) and using triethylamine
(12.9 mL; 92.6 mmol; 1.00 equiv.), ethyl 2-chloro-3-oxo-3-phenylpropanoate (100h)
(20.9 g; 92.2 mmol; 1.00 equiv.) and glacial acetic acid (7.44 mL; 130 mmol; 1.41 equiv.)
were converted into 101h (21.1 g; 84.3 mmol; 91 %) which was obtained as a brown

liquid. The product exists solely in its keto form.

This reaction was scaled up to 136 g (600 mmol) of starting material resulting in a slightly
improved yield of 140 g (559 mmol; 93 %). At this large scale the considerable amounts of
triethylamine hydrochloride salts that precipitated during the reaction were filtered off

before continuing the workup.

7 5 040

C13H1405 (M =250.25 g/mol)
'H-NMR (CDCl3): & = 8.01 (dd, 2H, 5-H, Js;; = 1.7 Hz, Jss = 7.2 Hz), 7.63 (tt, 1H, 7-H,
Jus = 1.7 Hz, Jy6 = 7.2 Hz), 7.50 (dd, 2H, 6-H, Jg;s = Joy7 = 7.2 Hz), 6.33 (s, 1H, 2-H), 4.25

(q, 2H, 8-H, Jyo = 7.2 Hz), 2.23 (s, 3H, 11-H), 1.22 (¢, 3H, 9-H, Jog = 7.2 Hz) ppm. The

"H-NMR spectral data is consistent with that found in the literature.”’
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5 a-Chloro-a-acetoxy-p-keto esters

5.1 Ethyl 2-acetoxy-2-chloro-3-oxobutanoate (102a)

To a stirred ice-cold solution of ethyl 2-acetoxy-3-oxobutancate (101a) (4.00 g
21.3 mmol) in dichloromethane (50 mL) was added dropwise over 1 min sulfuryl chloride
(1.88 mL; 23.4 mmol; 1.10 equiv.). After stirring at room temperature for 20 h, the
solution was washed with a saturated solution of NaHCOs;, dried over MgSO4 and the
solvent evaporated under reduced pressure yielding 102a (3.83 g; 17.2 mmol; 81 %) which

was obtained as a yellow liquid.

o O
2 N
7 B
Cl

CsH,1ClO5 (M = 222.63 g/mol)

'H-NMR (CDCL): & =4.33 (q, 2H, 5-H, Js = 7.2 Hz), 2.50 (s, 3H, 4-H), 2.24 (s, 3H,
8-H), 1.32 (t, 3H, 6-H, Jgs = 7.2 Hz) ppm.

BC.NMR (CDCl): & = 194.50 (C-3), 167.70 and 163.32 (C-1, C-7), 89.98 (C-2), 63.96
(C-5), 24.81 (C-4), 20.80 (C-8), 13.87 (C-6) ppm.

HRMS data can be found in the literature.”"

IR: Vma/em™ = 2987 (w, CHaiyi), 1733 (s, C=0), 1370 (m, CHapy1), 1252 + 1199 + 1086
(s, C-0), 1042 (s), 1011 (s).

5.2 Methyl 2-acetoxy-2-chloro-3-oxopentanoate (102c)

Following the procedure in Section 5.1, methyl 2-acetoxy-3-oxopentanoate (101¢) (10.3 g;
54,7 mmol) and sulfuryl chloride (4.84 mL; 60.2 mmol; 1.10 equiv.) were converted into
102¢ (11.2 g; 50.3 mmol; 92 %) which was obtained as a yellow liquid.
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CgH]]CIOs (M =222.63 g/mol)

'H-NMR (CDCl): & =3.87 (s, 3H, 6-H), 2.92 (q, 2H, 4-H, Juys = 7.2 Hz), 2.24 (s, 3H,
8-H), 1.15 (t, 3H, 5-H, J5.a = 7.2 Hz) ppm.

BC.NMR (CDCLy): 8 = 197.88 (C-3), 167.73 and 164.12 (C-1, C-7), 89.87 (C-2), 54.38
(C-6),30.48 (C-4), 20.83 (C-8), 7.74 (C-5) ppm.

HRMS (ESI) for CsH5CINOs [M+NH4]+: calculated: 240.0633; measured: 240.0633.

IR: Via/em™ = 2960 (w, CHaiy), 1779 + 1736 (s, C=0), 1262 (m, C-0), 1200 (s, C-O),
1095 (s, C-0), 1071 (m, C-0).

5.3 Ethyl 2-acetoxy-2-chloro-5-methyl-3-oxo-hexanoate (102f)

Following the procedure in Section 5.1, ethyl 2-acetoxy-5-methyl-3-oxohexanoate (161f)
(4.97 g; 21.6 mmol) and sulfuryl chloride (1.91 mlL; 23.8 mmol; 1.10 equiv.) were
converted into 1021 (5.45 g; 20.6 mmol; 95 %) which was obtained as a yellow liquid.

6 (0]
4 N
5 3 1078

Ci 0w.0O
¥

C11H17C105 (M =264.71 g/mol)

6

'H-NMR (CDCls): & =4.37 and 4.32 (2q, 2H, 7-H, Jy3 = 7.2 Hz), 2.77 — 2.70 (m, 2H,
4-H), 2.30 — 2.15 (m, 1H, 5-H), 2.24 (s, 3H, 10-H), 1.35 and 1.31 (t, 3H, 8-H, Jgyy =
7.2 Hz), 0.97 and 0.96 (2t, 6H, 6-H, Jgs = 6.7 Hz) ppm.

PC-NMR (CDCL): & = 196.16 (C-3), 167.67 and 163.46 (C-1, C-9), 63.89 (C-7), 45.51
(C-4), 24.06 (C-5), 22.43 and 22.20 (C-6), 20.86 (C-10), 13.89 (C-8) ppm. The signal for

C-2 was not detected.
HRMS (ESI) for C;;H;;CINOs; [M+NH4]+: calculated: 282.1103; measured: 282.1104.
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IR: Vma/om™ = 2965 (w, CHaig1), 1735 (m, C=0), 1247 + 1200 + 1090 (m, C-0), 1021.

5.4 Ethyl 2-acetoxy-2-chloro-3-oxo0-3-phenylpropanoate (102g)

Following the procedure in Section 5.1, ethyl 2-acetoxy-3-oxo-3-phenylpropanoate (101g)
(21.1 g; 84.3 mmol) and sulfuryl chloride (7.44 mL; 92.6 mmol; 1.10 equiv.) were

converted into 102g (23.1 g; 81.1 mmol; 96 %) which was obtained as an orange oil.

This reaction was scaled up to 140 g (559 mmol) of starting material resulting in a yield of
140 g (492 mmol, 88 %) of 102g which was obtained as yellow crystals (m.p. 44 — 46 °C
from diethyl ether / hexanes).

7 s CI 040
<
1

Ci13H5CI0s (M = 284.70 g/mol)

'"H-NMR (CDCL): § = 8.10 (dd, 2H, 5-H, Jss = 7.2 Hz, Js7 = 1.7 Hz), 7.63 (it, 1H, 7-H,
Jys = 1.7 Hz, Jo = 7.2 Hz), 7.49 (dd, 2H, 6-H, Jgs = Jo7 = 7.2 Hz), 4.36 (g, 2H, 8-H,
Jyo = 7.2 Hz), 2.21 (s, 3H, 11-H), 1.29 (t, 3H, 9-H, Jos = 7.2 Hz) ppm. The 'H-NMR

spectral data is consistent with that found in the literature.'*?
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6 Picolinates

6.1 1-Ethoxy-1,3-dioxobutan-2-yl picolinate (168a)

To a stirred ice-cold solution of picolinic acid (17.8 g; 145 mmol; 2.50 equiv.) in DMF
(100 mL) was added KHCO; (8.57 g; 85.6 mmol; 1.48 equiv.). After warming to room
temperature, ethyl 2-chloro-3-oxobutanoate (160a) (9.50 g; 57.7 mmol) was added and the
solution was left stirring for 2 days. The solution was poured onto water (100 mL),
extracted with dichloromethane (2x 100 mL), washed with water (4x 50 mL) to remove the
DMF from the organic phase, dried over MgSOy4 and the solvent evaporated under reduced
pressure yielding 168a (11.1 g; 44.2 mmol; 77 %) which was obtained as a viscous orange

liquid. The ratio of keto to enol form was 93:7.

H
2 /\ 2 /\
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10 |12 1012

11 11
Ci2H;3NOs (M =251.24 g/mol)

'H-NMR (CDCl3): 6 = 12.35 (s, 1H, OH enol form), 8.82 (ddd, 2H, 12-H keto and enol
form completely overlapped, Jioo = 1.0 Hz, Jiono = 1.7 Hz, Jiyu = 4.7 Hz), 8.23
(ddd, appearance similar to dt, 2H, 9-H keto and enol form completely overlapped, Joj12 =
1.0 Hz, Jon, = 1.2 Hz, Jon0 = 7.9 Hz), 7.90 (ddd, appearance similar to dt, 2H, 10-H keto
and enol form completely overlapped, Jio12 = 1.7 Hz, Jig11 = 7.7 Hz, Jiow = 7.9 Hz), 7.55
(ddd, 2H, 11-H keto and enol form completely overlapped, Jiio = 1.2 Hz, J1112 = 4.7 Hz,
Jio = 7.7 Hz), 5.81 (s, 1H, 2-H keto form), 4.34 (q, 2H, 5-H keto form, Jss = 7.2 Hz),
4.33 (q, 2H, 5-H enol form, Js6 = 7.2 Hz), 2.47 (s, 3H, 4-H keto form), 2.39 (s, 3H, 4-H
enol form), 1.34 (t, 3H, 6-H keto form, Jgs = 7.2 Hz), 1.33 (t, 3H, 6-H enol form, Jg;5 =
7.2 Hz) ppm.

BC.NMR (CDCl) of the keto form: § = 197.19 (C-3), 164.28 and 163.61 (C-1, C-7),
150.39
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(C-12), 146.63 (C-8), 137.22 (C-10), 127.63 (C-11), 125.88 (C-9), 78.61 (C-2), 62.78
(C-5), 27.48 (C-4), 14.08 (C-6) ppm.

HRMS (ESI) for C12H14NOs [M+H]": calculated: 252.0866; measured: 252.0866.

IR: Via/em™ = 2986 (w, CHaig), 1727 (s, C=0), 1290 (m), 1244 + 1215 (m, C-0), 1126 +
1092 (s, C-0), 749 + 700 (s, CHyy).

6.2 1-Tert-butoxy-1,3-dioxobutan-2-yl picolinate (168b)

Following the procedure in Section 6.1 and using 12.0 g KHCO; (120 mmol;
3.99 equiv.), tert-butyl 2-chloro-3-oxobutanocate (100b) (5.78 g; 30.0 mmol) and picolinic
acid (14.8 g; 120 mmol; 4.01 equiv.) were converted into 168b (5.80 g; 20.8 mmol; 69 %)

which was obtained as an orange liquid. The ratio of keto to enol form was ~ 90:10.

O 0O 6 OH O 6
a2 J<6 3 2 J<6
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1 11
Ci14H7NOs (M = 279.29 g/mol)

'H-NMR (CDCl3): & = 8.82 (ddd, 1H, 12-H, keto form, Jige = 1.0 Hz, Jizno = 1.7 Hz,
Jian1 = 4.7 Hz), 8.81 -8.78 (m, 1H, 12-H, enol form), 8.23 (ddd, appearance similar to dt,
1H, 9-H, keto form, Jo;12 = 1.0 Hz, Jo;;; = 1.2 Hz, Joj10 = 7.9 Hz), 8.22 — 8.18 (m, 1H, 9-H,
enol form), 7.92 — 7.86 (m, 1H, 10-H, enol form), 7.88 (ddd, appearance similar to dt, 1H,
10-H, keto form, Jio12 = 1.7 Hz, Jion1 = 7.7 Hz, Jiow = 7.9 Hz), 7.53 (ddd, 2H, 11-H, keto
and enol form completely overlapped, Jy10 = 1.2 Hz, J1112 = 4.7 Hz, Jiino = 7.7 Hz) 5.72
(s, 1H, 2-H, keto), 2.45 (s, 3H, 4-H, keto form), 2.36 (s, 3H, 4-H, enol form), 1.52 (t, 9H,
6-H, keto form), 1.50 (s, 9H, 6-H, enol form) ppm.
BC-NMR (CDCls) of the keto form: § = 197.42 (C-3), 163.60 + 163.05 (C-1, C-7), 150.42
(C-12), 146.82 (C-8), 137.18 (C-10), 127.53 (C-11), 125.82 (C-9), 84.42 (C-5), 79.04
(C-2),27.97 (C-6), 27.63 (C-4) ppm.
HRMS: The expected ion was not observed due to decomposition/hydrolysis of the ester.
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IR: Vmad/em™ = 2984 (w, CHag), 1726 (s, C=0), 1308 (m), 1244 (m, C-0), 1123 (s, C-0),
1091 (m, C-0), 748 + 704 (s, CHa).

6.3 1-Methoxy-1,3-dioxopropan-2-yl picolinate (168c)

Following the procedure in Section 6.1 and using KHCO; (0.61 g; 6.09 mmol;
1.00 equiv.), methyl 2-chloro-3-oxopropanoate (100¢) (1.00 g; 6.08 mmol) and picolinic
acid (2.99 g; 24.3 mmol; 4.00 equiv.) were converted into 168¢ (1.24 g; 4.94 mmol; 81 %)

which was obtained as a viscous orange liquid. The product exists solely in its keto form.
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C12H13N05 (M =251.24 g/moi)

'H-NMR (CDCl): & = 8.82 (ddd, 1H, 12-H, Jize = 1.0 Hz, Jizno = 1.7 Hz, Jiz11 = 4.7 Hz),
8.23 (ddd, appearance similar to dt, 1H, 9-H, Jo12 = 1.0 Hz, Joy1 = 1.2 Hz, Joy10 = 7.9 Hz),
7.90 (ddd, appearance similar to dt, 1H, 10-H, Jign2 = 1.7 Hz, Jio1 = 7.7 Hz, Jiow =
7.9 Hz), 7.55 (ddd, 1H, 11-H, J1190 = 1.2 Hz, Jii12 = 4.7 Hz, Juino = 7.7 Hz), 5.84 (s, 1H, 2-
H), 3.87 (s, 3H, 6-H), 2.84 (q, 2H, 4-H, Jis = 7.2 Hz), 1.15 (t, 3H, 5-H, J5;s = 7.2 Hz) ppm.
BC.NMR (CDCls): § =200.17 (C-3), 165.05 and 163.69 (C-1, C-7), 150.39 (C-12), 146.60
(C-8), 137.24 (C-10), 127.66 (C-11), 125.91 (C-9), 78.02 (C-2), 53.38 (C-6), 33.49 (C-4),
7.23 (C-5) ppm.

HRMS (ESI) for C;oH4NOs [M+H]+: calculated: 252.0866; measured: 252.0865.

IR: Vmax/em™ = 2917 (w, CHayr), 1725 (s, C=0), 1307 (m), 1290 (m), 1234 (m, C-O),
1127 (s, C-0), 1090 (m, C-0), 748 + 703 (s, CHq).
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6.4 1-Ethoxy-1,3-dioxohexan-2-yl picolinate (168d)

Following the procedure in Section 6.1 (reaction time 3 days) and using KHCO; (1.56 g;
15.6 mmol), ethyl 2-chloro-3-oxohexanoate (100d) (3.00 g; 15.6 mmol) and picolinic acid
(3.84 g; 31.2 mmol; 2.00 equiv.) were converted into 168d (3.94 g; 14.1 mmol; 91 %)

which was obtained as a viscous orange liquid. The product exists solely in its keto form.

C14H17N05 (M =279.29 g/mol)

'H-NMR (CDCls): & = 8.82 (ddd, 1H, 14-H, Jiy1, = 1.0 Hz, Jign2 = 1.7 Hz, Jia3 = 4.7 Hz),
8.23 (ddd, appearance similar to dt, 1H, 11-H, Jijy4 = 1.0 Hz, Jij3 = 1.2 Hz, Jiyin =
7.9 Hz), 7.89 (ddd, appearance similar to dt, 1H, 12-H, Jions = 1.7 Hz, Jion3 = 7.7 Hz,
Jion1 = 7.9 Hz), 7.54 (ddd, 1H, 13-H, Ji311 = 1.2 Hz, Ji3na = 4.7 Hz, Ji312 = 7.7 Hz) 5.81
(s, 1H, 2-H), 4.33 (q, 2H, 7-H, Jy3 = 7.2 Hz), 2.77 (t, 2H, 4-H, Jys = 7.2 Hz), 1.70
(tq, appearance similar to sextet, 2H, 5-H, Js4 = Jss 7.2 Hz), 1.33 (1, 3H, 8-H, Jg7 =
7.2 Hz), 0.96 (t, 3H, 6-H, Jgs = 7.2 Hz) ppm.

BC.NMR (CDCL): & = 199.55 (C-3), 164.48 and 163.66 (C-1, C-9), 150.41 (C-14), 146.73
(C-10), 137.21 (C-12), 127.60 (C-13), 125.88 (C-11), 78.33 (C-2), 62.72 (C-7), 41.84
(C-4), 16.70 (C-5), 14.13 (C-8), 13.58 (C-6) ppm.

HRMS (ESI) for C14HsNOs [M+H]": calculated: 280.1179; measured: 280.1180.

IR: Vpa/em™ = 2978 (m, CHar), 1729 (s, C=0), 1306 (m), 1244 + 1134 (s, C-0), 749 +
705 (m, CHyy).
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6.5 1-Ethoxy-4-methyl-1,3-dioxopentan-2-yl picolinate (168e)

Foliowing the procedure in Section 6.1 (reaction time 6 days) and using KHCO;3 (2.60 g;
26.0 mmol; 5.00 equiv.), ethyl 2-chloro-4-methyl-3-oxopentancate (100e¢) (1.00 g;
5.19 mmol) and picolinic acid (3.20 g; 26.0 mmol; 5.01 equiv.) were converted into 168e
(859 mg; 3.08 mmol; 59 %) which was obtained as a yellow liquid. The product exists

solely in its keto form.

543210/6\7
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C14H17NO5 (M =279.29 g/mol)

'H-NMR (CDCl3): & = 8.82 (ddd, 1H, 13-H, Jizn10= 1.0 Hz, Jizny = 1.7 Hz, Jisna = 4.7 Hz),
8.23 (ddd, appearance similar to dt, 1H, 10-H, Jijo13 = 1.0 Hz, Jignz = 1.2 Hz, Jign1 =
7.9 Hz), 7.89 (ddd, appearance similar to dt, 1H, 11-H, Jyin3 = 1.7 Hz, Junz = 7.7 Hz,
Jio = 7.9 Hz), 7.54 (ddd, 1H, 12-H, Ji210 = 1.2 Hz, Jion3 = 4.7 Hz, Jion = 7.7 Hz) 5.97
(s, 1H, 2-H), 4.33 (q, 2H, 6-H, Js7 = 7.2 Hz), 3.19 (septet, 1H, 4-H, Jys = 6.9 Hz), 1.33
(t, 3H, 7-H, J75 = 7.2 Hz), 1.26 and 1.18 (24, 6H, 5-H, Js;s = 6.9 Hz) ppm.

BC-NMR (CDCls): 6 = 203.44 (C-3), 164.63 and 163.60 (C-1, C-8), 150.42 (C-13), 146.74
(C-9), 137.18 (C-11), 127.56 (C-12), 125.85 (C-10), 76.89 (C-2), 62.70 (C-6), 38.36 (C-4),
18.54 and 17.82 (C-5), 14.12 (C-7) ppm.

HRMS (ESI) for C14H sNOs [M+H]": calculated: 280.1179; measured: 280.1180.

IR: Vmad/em™ = 2924 (w, CHay), 1725 (s, C=0), 1248 + 1194 (s, C-O), 744 + 709
(s, CHap).
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6.6 1-Ethoxy-5-methyl-1,3-dioxohexan-2-yl picolinate (168f)

Following the procedure in Section 6.1 (reaction time 7 days) and using KHCO3 (969 mg;
9.68 mmol; 2.00 equiv.), ethyl 2-chloro-5-methyl-3-oxchexanoate (100f) (1.00 g;
4.84 mmol) and picolinic acid (1.19 g; 9.67 mmol; 2.00 equiv.) were converted into 168f
(1.14g; 3.89 mmol; 80 %) which was obtained as a green liquid. The product exists solely

in its keto form.

O (0]
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C15H19NO5 (M =293.32 g/mol)

'H-NMR (CDCL): & = 8.82 (ddd, 1H, 14-H, Jiyn; = 1.0 Hz, Jig12 = 1.7 Hz, Jign3 = 4.7 Hz),
8.23 (ddd, appearance similar to dt, 1H, 11-H, Jiyys = 1.0 Hz, J1ii3 = 1.2 Hz, Jiyp =
7.9 Hz), 7.89 (ddd, appearance similar to dt, 1H, 12-H, Jiz14 = 1.7 Hz, Jionz = 7.7 Hz,
Jiom = 7.9 Hz), 7.54 (ddd, 1H, 13-H, Ji3n1 = 1.2 Hz, Ji3na = 4.7 Hz, Ji3n2 = 7.7 Hz) 5.79
(s, 1H, 2-H), 4.33 (q, 2H, 7-H, Jy3 = 7.2 Hz), 2.67 and 2.66 (2d, 2H, 4-H, Jys = 6.7 Hz),
2.26 (nonet, 1H, 5-H, Jsu = Jss 6.7 Hz), 1.33 (t, 3H, 8-H, Jg7 = 7.2 Hz), 0.98 and 0.96
(2d, 6H, 6-H, Jg5s = 6.7 Hz) ppm.

BC.NMR (CDCls): 8 = 199.02 (C-3), 164.40 and 163.63 (C-1, C-9), 150.42 (C-14), 146.73
(C-10), 137.20 (C-12), 127.58 (C-13), 125.86 (C-11), 78.55 (C-2), 62.72 (C-7), 48.69
(C-4),24.16 (C-5), 22.54 and 22.44 (C-6), 14.13 (C-8) ppm.

HRMS (ESI) for C1sHyoNOs {M+H]+: calculated: 294.1336; measured: 294.1332.

IR: Vma/cm™ = 2961 (w, CHay1), 1725 (s, C=0), 1308 (m), 1290 (m), 1245 + 1192
(m, C-0), 1130 (s, C-0), 1092 (m, C-0), 749 + 702 (m, CHa).
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6.7 1-Ethoxy-4,4-dimethyl-1,3-dioxopentan-2-yl picolinate (168g)

Following the procedure in Section 6.1 (reaction time 3 days) and using KHCO; (1.45 g;
14.5 mmol; 2.99 equiv.), the reaction of ethyl 2-chloro-4,4-dimethyl-3-oxopentanoate
(100g) (1.00 g; 4.84 mmol) and picolinic acid (1.79 g; 14.5 mmol; 3.00 equiv.) afforded
0.94 g of a mixture of 168g (3.10 mmol; 64 %) and unconverted 100g (145 pmol; 3 %)
which was obtained as a viscous orange liquid. The product exists solely in its keto form.
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C15H15NOs (M = 293.32 g/mol)

"H-NMR (CDCls): & = 8.81 (ddd, 1H, 13-H, Ji3/10= 1.0 Hz, Ji31; = 1.7 Hz, Ji312 = 4.7 Hz),
8.20 (ddd, appearance similar to dt, 1H, 10-H, Jioi3 = 1.0 Hz, Jig2 = 1.2 Hz, Jig1 =
7.9 Hz), 7.87 (ddd, appearance similar to dt, 1H, 11-H, Jy 143 = 1.7 Hz, J11/12= 7.7 Hz, J11110
=79 Hz), 7.52 (ddd, 1H, 12-H, Jio10 = 1.2 Hz, Jion3 = 4.7 Hz, Jion = 7.7 Hz) 6.23 (s, 1H,
2-H), 4.30 (q, 2H, 6-H, Jgs = 7.2 Hz), 1.31 (1, 3H, 7-H, Js = 7.2 Hz), 1.31 (s, 9H, 5-H)
ppm.

BC.NMR (CDCl): & = 204.87 (C-3), 165.22 and 163.56 (C-1, C-8), 150.42 (C-13), 146.70
(C-9), 137.17 (C-11), 127.54 (C-12), 125.88 (C-10), 73.02 (C-2), 62.55 (C-6), 44.89 (C-4),
26.35 (C-5), 14.07 (C-7) ppm.

HRMS (ESI) for CysHyoNOs [M+H]+: calculated: 294.1336; measured: 294.1336.

IR: vpa/em™ = 2974 (w, CHaiy1), 1750 (m, C=0), 1725 (s, C=0), 1305 (m), 1291 (m),
1242 + 1206 (m, C-0), 1122 (s, C-0), 1091 (m, C-0), 746 + 699 (m, CHy).
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6.8 1-Ethoxy-1,3-dioxo-3-phenylpropan-2-yl picolinate (168h)

Following the procedure in Section 6.1 (reaction time 8 days; until judged complete by
TLC) and using KHCO; (8.84 g; 88.3 mmol; 2.0 equiv.), ethyl 2-chloro-3-oxo0-3-
phenylpropanoate (100h) (10.0 g; 44.1 mmol) and picolinic acid (13.6 g; 110 mmol,
2.5 equiv.) were converted into 168h (12.7 g; 40.5 mmol; 92 %) which was obtained as a

viscous orange liquid. The product exists solely in its keto form.

13y~ 15
14

C17H1sNOs (M = 313.31 g/mol)

"H-NMR (CDCls): & = 8.81 (ddd, 1H, 15-H, Jis12 = 1.0 Hz, J15713 = 1.7 Hz, J1514 = 4.7 Hz),
8.20 (ddd, appearance similar to dt, 1H, 12-H, Jions = 1.0 Hz, Jione = 1.2 Hz, Jiyiz =
7.9 Hz), 8.09 (m, 2H, 5-H), 7.86 (ddd, appearance similar to dt, 1H, 13-H, Ji315 = 1.7 Hz,
J13na = 7.7 Hz, Jy3p2 = 7.9 Hz), 7.64 (t, 1H, 7-H, Jys = 1.4 Hz, Jys = 7.3 Hz), 7.55-7.48
(m, 3H, 14-H and 6-H), 6.64 (s, 1H, 2-H), 4.30 (q, 2H, 8-H, Jzy = 7.2 Hz), 1.24 (t, 3H,
9-H, Jois = 7.2 Hz) ppm.

BC-NMR (CDCls): & = 189.30 (C-3), 164.95 and 163.58 (C-1, C-10), 150.43 (C-15),
146.67 (C-11), 137.21 (C-13), 134.41 (C-7), 134.26 (C-4), 129.42 (C-5), 128.92 (C-6),
127.60 (C-14), 125.97 (C-12), 75.31 (C-2), 62.77 (C-8), 14.01 (C-9) ppm.

HRMS (ESI) for C7H6NOs [M+H]": calculated: 314.1023; measured: 314.1021.

IR: Vmad/em™ = 2984 (w, CHy), 1748 + 1694 (s, C=0), 1598 + 1583 (m, C=C,), 1450,
1372 +1237 + 1128 + 1023 (s, C-0O), 748 + 703 (s, CHa).
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6.9 1-Ethoxy-3-(4-nitrophenyl)-1,3-dioxopropan-2-yl picolinate (168i)

Following the procedure in Section 6.1 (reaction time 1 day) and using KHCO; (1.80 g;
18.0 mmol; 2.00 equiv.), ethyl 2-chloro-3-(4-nitrophenyl)-3-oxopropanoate (100i) (2.44 g;
8.98 mmol) and picolinic acid (2.21 g; 18.0 mmol; 2.00 equiv.) were converted into 168i
(2.49 g; 6.95 mmol; 77 % including small amounts of impurities) which was obtained as an

orange solid (decomposition > 154 °C). The ratio of keto to enol form was not determined.
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C17H14N2@7 (M =1358.31 g/mol)

'H-NMR (CDCls): & = 8.82 (ddd, 1H, 15-H, Jisy2 = 1.0 Hz, J1s113 = 1.7 Hz, Jyspng = 4.7 Hz),
8.36 (d, 2H, 6-H, Jgs = 8.9 Hz), 8.28 (d, 2H, 5-H, Js5;s = 8.9 Hz), 8.20 (ddd, appearance
similar to dt, 1H, 12-H, Jios5 = 1.0 Hz, Jigna = 1.2 Hz, Jions = 7.9 Hz), 7.90 (ddd,
appearance similar to dt, 1H, 13-H, Jy3ns = 1.7 Hz, Ji3na = 7.7 Hz, Ji3p2 = 7.9 Hz), 7.56
(ddd, 1H, 14-H, Jign2 = 1.2 Hz, Juuns = 4.7 Hz, Jupns = 7.7 Hz), 6.56 (s, 1H, 2-H), 4.32
(q, 2H, 8-H, Jgo = 7.2 Hz), 1.26 (1, 3H, 9-H, Jos = 7.2 Hz) ppm.

BC-NMR (CDCl): & = 188.42 (C-3), 164.27 and 163.55 (C-1, C-10), 150.87 (C-7), 150.46
(C-15), 146.27 (C-11), 138.83 (C-4), 137.37 (C-13), 130.53 (C-5), 124.04 (C-6), 127.89
(C-14), 126.04 (C-12), 75.84 (C-2), 63.22 (C-8), 14.04 (C-9) ppm.

The HRMS spectrum was not recorded.

IR: Viadem™ = 3117 (w, CHy), 2839 (w, CHaxyr), 1686 (s, C=0), 1601 (m, C=C,), 1539
(m, NOy), 1426 (m, CHaiiy1), 1349 (s, NO»), 1310 + 1291 + 1278 (s, C-O) + 1109 (m, C-0O),
1014 (m), 930 (m), 878 + 860 + 800 + 788 + 715 (s, CHy).
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7 Other compounds

7.1 Ethyl 2-diazo-3-oxobutanoate (95a)

To a stirred solution of ethyl acetoacetate (78a) (2.60 g; 20.0 mmol) and potassium
fluoride (2.32 g; 40.0 mmol; 2.00 equiv.) in dichloromethane (50 ml) was added
4-acetamidobenzenesulfonyl azide (97) (4.80 g; 20.0 mmol). The solution was protected
from the light and stirred at room temperature for 16 h. After filtering the mixture through
a layer of silica gel (2 — 3 cm) the filtrate was washed with 5 % KOH solution (50 mL),
water (3x 10 mL), dried over MgSOys and the solvent was evaporated under reduced

pressure yielding 95a (0.84 g; 5.38 mmol; 27 %) which was obtained as an orange liquid.

CeHgN2O4 (M =156.14 g/mol)

'H-NMR (CDCl3): & =4.31 (q, 2H, 5-H, Jss = 7.2 Hz), 2.49 (s, 3H, 4-H), 1.34 (t, 3H, 6-H,
J6/5 =72 HZ) ppm.
A full characterisation was not carried out; the structure of AG95a was confirmed by

analysis of the product of its follow-up chemistry (Section 10.1, p. 143).

7.2 S-Methylthiosemicarbazide hydrogen iodide (73b)

To a solution of thiosemicarbazide (138) (2.00 g, 21.9 mmol) in absolute ethanol (20 mL)
was added iodomethane (1.4 mL; 21.9 mmol) and the solution heated under reflux and a
nitrogen atmosphere for 1 h. The solvent was evaporated to half volume and the precipitate
filtered yielding 73b (3.00 g; 12.9 mmol; 59 %) which was obtained as a yellow solid
(m.p. 134 - 136 °C; lit. **: 140 °C).
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HaN-

THsN~ “SMe
C,HgIN3S (M = 233.08 g/mol)

The 'H- and *C-NMR spectra were not recorded; the structure of AG73b was confirmed
by analysis of the products of its follow-up chemistry (Sections 8.1 and 8.2, p. 125 f.)

IR: Vmad/em™ = 3336 — 3136 (m, multiple peaks, N-H), 1644 + 1608 (m, C=N and N-H),
1450 (m), 962 (m).

7.3 S-(4-Nitrobenzyl)thiosemicarbazide hydrogen bromide (73c)

A solution of thiosemicarbazide (138) (1.50 g, 16.5 mmol) and 4-nitrobenzyl bromide
(139) (3.56 g; 16.5 mmol) in absolute ethanol (45 mL) was heated under reflux and a
nitrogen atmosphere for 24 h. The solvent was evaporated under reduced pressure and the
residue washed with dichloromethane yielding 73¢ (4.75 g; 15.5 mmol; 94 %) which was
obtained as an off-white solid (m.p. 143 — 144 °C).
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CgH ;1 BrN4O,S (M =307.17 g/mol)

'H-NMR (CD;OD): & = 8.24 (d, 2H, 5-H, Jsis = 8.9 Hz), 7.66 (d, 2H, 4-H, Jy5 = 8.9 Hz),
4.90 (s, 2H, 2-H) ppm.

BC-NMR (CD;0D): § = 147.61 (C-6), 129.93 (C-4), 123.69 (C-5), 34.40 (C-2) ppm. The
signals for C-1 and C-3 were not detected.

HRMS (EST) for CgH;N4O,S EM-Br]+: calculated: 227.0597; measured: 225.0599.

IR: va/om™ = 3296 + 3136 (w, N-H), 2909 (w, CHyyiy1), 1662 + 1615 (m, C=N and N-H),
1508 (m, C=C,), 1350 (m), 699 (m, CHy).
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8 Triazines

8.1 Ethyl 3-methylthio-5-propyi-1,2,4-triazine-6-carboxylate (107d)

Method A — From the chloroacetate

To a stirred solution of ethyl 2-acetoxy-2-chloro-3-oxchexanoate (102d) (5.00 g;
19.9 mmol) and NaHCO; (4.70 g; 55.9 mmol; 2.80 equiv.) in ethanol (200 mL) was added
S-methyl thiosemicarbazide hydroiodide (73b) (11.7 g; 50.2 mmol; 2.52 equiv.) and the
mixture was heated under reflux for 1 h. After cooling down to room temperature, the
mixture was poured into water (200 mL), extracted with dichloromethane (2x 100 mL),
washed with water (200 mL), dried over MgSOy and the solvent evaporated under reduced

pressure yielding 107d (4.92 g; quantitative yield) which was obtained as a brown liquid.
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C10H15N302S (M =241.31 g/mol)

'H-NMR (CDCly): 8 = 4.50 (q, 2H, 7-H, Jy3 = 7.2 Hz), 3.06-3.00 (m, 2H, 4-H), 2.70
(s, 3H, 10-H), 1.79 (tq, 2H, 5-H, Jsiu = Jsis = 7.4 Hz), 1.46 (t, 3H, 8-H, Jg;7 = 7.2 Hz), 1.02
(t, 3H, 6-H, Jgs = 7.4 Hz) ppm. The 'H-NMR spectral data is consistent with that found in

the literature.”"

Method B — From the picolinate

A mixture of 1-ethoxy-1,3-dioxohexan-2-yl picolinate (168d) (500 mg; 1.79 mmol),
Cu(OAc)," H,0 (746 mg; 3.74 mmol; 2.09 equiv.) and methanol (1 mL) in dichloromethane
(25 mL) was stirred at room temperature for one day. The reaction was diluted with
hexanes (10 mL) and washed with a saturated aqueous solution of Na,EDTA until the
aqueous phase remained colourless. The organic phase was dried over MgSOy and the
solvents evaporated. The resulting oil was taken up in ethanol (25 mL), NaHCOs (440 mg;
5.24 mmol; 2.93 equiv.) and S-methyl thiosemicarbazide hydrogen iodide (73b) (1.09 g;
4.68 mmol; 2.61 equiv.) were added and the solution was heated under reflux for 2 h. After

cooling down to room temperature, the mixture was poured onto water (20 mL), extracted
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with dichloromethane (2x 10 mL), washed with water (20 mL), dried over MgSO, and the
solvent evaporated under reduced pressure. The residue was purified by column
chromatography (dichloromethane / ethyl acetate = 49:1; Ry = 0.37) yielding 107d

(398 mg; 1.65 mmol; 92 %) which was obtained as an orange oil.

8.2 Ethyl 3-methylthio-5-phenyl-1,2,4-triazine-6-carboxylate (107h)

From the chloroacetate

Following method A in Section 8.1 and using NaHCO; (4.12 g; 49.0 mmol; 2.79 equiv.),
ethyl 2-acetoxy-2-chloro-3-oxo-3-phenylpropanoate (102h) (5.00 g; 17.6 mmol) and
S-methyl thiosemicarbazide hydroiodide (73b) (10.2 g; 43.8 mmol; 2.49 equiv.) were
converted into 107h (5.06 g; quantitative yield) which was obtained as a brown liquid.

C13H13N3028 (M =275.33 g/mol)

'H-NMR (CDCl3): & = 7.77 — 7.47 (m, 5H, 5-H to 7-H), 4.39 (q, 2H, 8-H, Jgn = 7.2 Hz),
2.75 (s, 3H, 11-H), 1.27 (t, 3H, 9-H, Jog = 7.2 Hz) ppm. The 'H-NMR spectral data is

consistent with that found in the literature.”’

From the picolinate

Following method B in Section 8.1 and using Cu(OAc),-H,O (662 mg; 3.32 mmol;
2.08 equiv.) and NaHCO; (390 mg; 4.64 mmol; 2.91 equiv.), 1-ethoxy-1,3-dioxo-3-
phenylpropan-2-yl picolinate (168h) (500 mg; 1.60 mmol) and S-methyl thiosemicarbazide
hydrogen iodide (73b) (966 mg; 4.14 mmol; 2.60 equiv.) were converted into 107h.
Purification by column chromatography (dichloromethane / ethyl acetate = 49:1; R,= 0.40)
afforded the product (294 mg; 1.07 mmol; 64 %) as a yellow wax.
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8.3 Ethyl 3-(4-nitrobenzylthio)-5-propyl-1,2,4-triazine-6-carboxylate
(1404)

Method C — From the chloroacetate with methylamine

To a stirred solution of ethyl 2-acetoxy-2-chloro-3-oxohexanocate (102d) (500 mg;
1.99 mmol) in ethanol (20 mL) was added methylamine (372 mg; 33 % w/w in ethanol;
3.99 mmol; 2.0 equiv.) and the mixture was stirred at room temperature for 1 h. A solution
of S-(4-nitrobenzyl)-thiosemicarbazide hydrobromide (73¢) (613 mg; 2.00 mmol;
1.00 equiv.) and NaHCOj3 (168 mg; 2.00 mmol; 1.00 equiv.) in ethanol (20 mL) was added
to the mixture and it was heated under reflux for 2 h. After cooling down to room
temperature, the mixture was poured onto water (400 mL), extracted with dichloromethane
(2x 200 mL), dried over MgSO4 and the solvent evaporated under reduced pressure. The
residue was purified by column chromatography (dichloromethane / ethyl acetate = 49:1;
Ry=0.52) yielding 140d (472 mg; 1.30 mmol; 65 %) which was obtained as a yellow solid
(m.p. 86 — 89 °C).
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616H13N404S (M =362.41 g/mol)

'H-NMR (CDClL): & = 8.17 (d, 2H, 13-H, Ji3» = 8.7 Hz), 7.67 (d, 2H, 12-H, Jipn3 =
8.7 Hz), 4.59 (s, 2H, 10-H), 4.51 (q, 2H, 7-H, Jys = 7.2 Hz), 3.05 — 2.98 (m, 2H, 4-H), 1.74
(tq, appearance similar to sextet, 2H, 5-H, Jsu = Js = 7.4 Hz), 1.46 (1, 3H, 8-H Jg7 =
7.2 Hz), 1.00 (t, 3H, 6-H, Jys = 7.4 Hz) ppm.

BC.NMR (CDCly): § = 172.92 (C-9), 163.84, 163.29, 147.34, 146.96 and 144.65 (C-1,
C-2, C-3, C-11, C-14), 130.11 (C-12), 123.85 (C-13), 62.77 (C-7), 36.89 (C-4), 34.26
(C-10), 21.40 (C-5), 14.24 and 14.02 (C-6, C-8) ppm.

HRMS (ESI) for C6H1oN4O4S [M+]": calculated: 363.1122; measured: 363.1121.

IR: Vma/em™ = 2966 + 2938 + 2874 (w, CHayy), 1715 (s, C=0), 1526 (s, NOy), 1507
(s, C=Cy), 1341 (s, NOy), 1186 + 1169 (s, C-0), 1043 (s), 860 + 802 (m, CHy), 711

(s, CHap).

127



From the chloroacetate

Following method A in Section &.1 and using NaHCO; (94 mg; 1.12 mmol; 2.80 equiv.),
ethyl 2-acetoxy-2-chloro-3-oxohexanoate (102d) (100 mg; 399 umol) and
S-(4-nitrobenzyl)-thiosemicarbazide hydroiodide (73¢) (306 mg; 996 umol; 2.50 equiv.)
were converted into 140d. Purification by column chromatography (dichloromethane;

Ry= 0.12) afforded the product (47 mg; 130 pmol; 33 %) as an orange oil.

‘One pot’ reaction

A solution of thiosemicarbazide (138) (911 mg, 10.0 mmol) and 4-nitrobenzyl bromide
(139) (2.16 g; 10.0 mmol) in absolute ethanol (30 mL) was heated under reflux and a
nitrogen atmosphere for 24 h. To a second solution of ethyl 2-acetoxy-2-chloro-3-
oxohexanoate (102d) (2.51 g; 10.0 mmol) in ethanol (100 mL) was added methylamine
(1.86 g; 33 % w/w in ethanol; 20.0 mmol; 2.0 equiv.) and the mixture was stirred at room
temperature for 1 h. The two solutions were combined, NaHCO3 (840 mg; 10.0 mmol) was
added and the mixture was stirred under reflux for 2 h. After cooling down to room
temperature, the mixture was poured onto water (200 mL), extracted with dichloromethane
(200 mL), dried over MgSO4 and the solvent evaporated under reduced pressure. The
residue was purified by column chromatography (dichloromethane / ethyl acetate = 99:1;

Ry=0.21) yielding 140d (2.29 g; 6.32 mmol; 63 %) which was obtained as a yellow solid.

8.4 Ethyl 5-methyl-3-(pyridin-2-yl)-1,2,4-triazine-6-carboxylate (106a)

Method A — From the chloroacetate

A stirred solution of picolinohydrazonamide (73a) (3.06 g; 22.5 mmol; 2.50 equiv.) and
ethyl 2-acetoxy-2-chloro-3-0xo0-3-butanoate (102a) (2.00 g; 8.98 mmol) in ethanol
(100 mL) was heated under reflux for 2 h. After cooling down to room temperature, the
mixture was poured into water (100 mL), extracted with dichloromethane (100 mL),
washed with water (100 mL), dried over MgSOy and the solvent evaporated under reduced
pressufe. The residue was purified by column chromatography (ethyl acetate; R, = 0.15)
yielding 106a (786 mg; 3.22 mmol; 36 %) which was obtained as an orange wax which

turned brown on standing.
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C12H12N402 (M =244725 g/mol)

'H-NMR: (CDCl3) 8 = 8.94 (ddd, 1H, 12-H, J120 = 1.0 Hz, Jiz10 = 1.7 Hz, Jiy1 = 4.7 Hz),
8.77 (ddd, appearance similar to dt, 1H, 9-H, Jo1» = 1.0 Hz, Jo11 = 1.2 Hz, Joj10 = 7.9 Hz),
7.96 (ddd, appearance similar to dt, 1H, 10-H, Jyon2 = 1.7 Hz, Jion1 = 7.7 Hz, Jiow =
7.9 Hz), 7.52 (ddd, 1H, 11-H, J11p = 1.2 Hz, J11q2 = 4.7 Hz, J11n0 = 7.7 Hz), 4.58 (q, 2H,
5-H, Jss = 7.2 Hz), 2.98 (s, 3H, 4-H), 1.51 (, 3H, 6-H, Jgs = 7.2 Hz) ppm. The 'H-NMR

spectral data is consistent with that found in the literature.”’

8.5 Methyl 5-ethyl-3-(pyridin-2-yl)-1,2,4-triazine-6-carboxylate (106c)

From the chloroacetate

Following method A in Section 8.4, methyl 2-acetoxy-2-chloro-3-oxo-3-pentanoate
(AG75) (5.00 g; 22.5 mmol) and picolinochydrazonamide (73a) (7.65 g; 56.2 mmol;
2.50 equiv.) were converted into 106¢. Purification by column chromatography (ethyl
acetate; Ry = 0.24) afforded the product (1.21 g; 4.95 mmol; 22 %) as a brown solid
(m.p. 55 —-57 °C).
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C12H12N402 (M =244.725 g/moi)
IH—NMR (CDC13) 6=28.95 (ddd, lH, 12-H, J12/9 =1.0 HZ, J12/10 =1.7 HZ, J12/11 =4.7 HZ),

8.73 (ddd, appearance similar to dt, 1H, 9-H, Joyi» = 1.0 Hz, Jon; = 1.2 Hz, Jo;10 = 7.9 Hz),
7.96 (ddd, appearance similar to dt, 1H, 10-H, Jion2 = 1.7 Hz, Jion1 = 7.7 Hz, Jigw =
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7.9 Hz), 7.52 (ddd, 1H, 11-H, J11 = 1.2 Hz, Jii12 = 4.7 Hz, J1i10 = 7.7 Hz), 4.11 (s, 3H,
6-H), 3.28 (q, 2H, 4-H, Jys = 7.4 Hz), 1.15 (t, 3H, 5-H, J5.a = 7.4 Hz) ppm.

BC-NMR (CDCls): & = 165.02, 164.51, 162.75, 152.17 and 149.32 (C-1, C-2, C-3, C-7,
C-8), 150.81 (C-12), 137.34 (C-10), 126.14 (C-11), 125.07 (C-9), 53.56 (C-6), 28.85 (C-4),
12.77 (C-5) ppm.

HRMS (ESI) for C1oH;3N4O, [M+H}+: calculated: 245.1033; measured: 245.1031.

IR: vimax/em’™ = 3059 + 3001 (w, CHyy), 2953 (w, CHaiy1), 1732 (s, C=0), 1513 (m, C=C,),
1384 (m, CHay), 1332 (m), 1221 + 1126 (s, C-0O), 813 (s, CHyy), 767 + 743 (m, CHyy).

Method B — From the picolinate

A mixture of 1-methoxy-1,3-dioxopropan-2-yl picolinate (168¢) (500 mg; 1.99 mmol;
1.19 equiv.), Cu(OAc),-H,O (834 mg; 4.18 mmol; 2.51 equiv.) and ethanol (1.0 mL) in
dichloromethane (25 mL) was stirred at room temperature for one day. The reaction was
diluted with hexanes (10 mL) and washed with Na;EDTA (10 mL; 0.1M aqueous solution)
until the aqueous phase remained colourless. The organic phase was dried over MgSO,4 and
the solvent evaporated. The resulting oil was taken wup in ethanol (25 mlL),
picolinohydrazonamide (73a) (227 mg; 1.67 mmol) was added and the solution was heated
under reflux for 15 h. After cooling down to room temperature, the mixture was poured
onto water, extracted with dichloromethane, washed with water, dried over MgSQO, and the
solvent evaporated under reduced pressure. The residue was purified by column
chromatography (ethyl acetate / diethyl ether = 1:1; R, = 0.17) yielding 106¢ (91 mg;
373 umol; 22 %) which was obtained as a brown solid (m.p. 45 — 54 °C).

8.6 Ethyl 5-propyl-3-(pyridin-2-yl)-1,2,4-triazine-6-carboxylate (106d)

Method C — From the chloroacetate with methylamine

A solution of ethyl 2-acetoxy-2-chloro-3-ox0-3-hexanoate (102d) (10.0 g; 39.9 mmol;
1.01 equiv.) and methylamine (9.80 mL; 33 % w/w in ethanol; 80.0 mmol; 2.0 equiv.) in
ethanol (60 mL) was stirred at room temperature for 1 h. Then picolinohydrazonamide
(73a) (5.40 g; 39.7 mmol) was added and the solution was heated under reflux for 2 h.
After cooling down to room temperature, the mixture was poured onto water, extracted

with dichloromethane (3x 100 mL), washed with water (3x 150 mL), dried over MgSO4
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and the solvent evaporated under reduced pressure. The residue was recrystallised from
ethyl acetate / petroleum ether (1:4; 20 mL) yielding 1064 (7.71 g; 28.3 mmol; 71 %)
which was obtained as a brown solid (m.p. 61 — 65 °C; lit.”®: 68 — 70 °C).
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C14H16N402 (M =272.31 g/mol)

'H-NMR (CDCls): & = 8.94 (ddd, 1H, 14-H, Ji41; = 1.0 Hz, Jiuo = 1.7 Hz, Jigi3 = 4.7 Hz),
8.73 (ddd, appearance similar to dt, 1H, 11-H, Jijy14s = 1.0 Hz, Jiy13 = 1.2 Hz, Jjyp =
7.9 Hz), 7.95 (ddd, appearance similar to dt, 1H, 12-H, Jjy4 = 1.7 Hz, Jipn3 = 7.7 Hz,
Jiynn = 7.9 Hz), 7.51 (ddd, 1H, 13-H, Ji3y1 = 1.2 Hz, Ji314 = 4.7 Hz, Ji31p = 7.7 Hz), 4.57
(q, 2H, 7-H, Jy;3 = 7.2 Hz), 3.24 — 3.17 (m, 2H, 4-H), 1.94 — 1.80 (m, 2H, 5-H), 1.50 (t, 3H,
8-H, Jgy7 = 7.2 Hz), 1.07 (t, 3H, 6-H, Jgs = 7.4 Hz) ppm. The 'H-NMR spectral data is

consistent with that found in the literature.”!

From the picolinate

Following method B in Section 8.5 and using Cu(OAc),'H,0 (500 mg; 2.50 mmol,
2.10 equiv.) 1-ethoxy-1,3-dioxohexan-2-yl picolinate (168d) (333 mg; 1.19 mmol) and
picolinohydrazonamide (73a) (170 mg; 1.25 mmol; 1.05 equiv.) were converted into 106d.
Purification by column chromatography (ethyl acetate / diethyl ether = 1:1; Ry = 0.25)
afforded the product (138 mg; 507 pumol; 43 %) as a brown solid.

8.7 Ethyl 5-isobutyl-3-(pyridin-2-yl)-1,2,4-triazine-6-carboxylate (106f)

From the picolinate

Following method B in Section 8.5 and using Cu(OAc),H,O (340 mg; 1.70 mmol;
2.00 equiv.), 1-ethoxy-5-methyl-1,3-dioxohexan-2-yl picolinate (168f) (250 mg;
852 umol), and picolinohydrazonamide (73a) (116 mg; 852 umol) were converted into
106f. Purification by column chromatography (ethyl acetate / petroleum ether (b.p. 40 —
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60 °C) = 2:1; Ry= 0.29) afforded the product (142 mg; 496 umol; 58 %) as orange crystals
(m.p. 80— 83 °C).

Ci1sH;sN40; (M = 286.33 g/mol)

'H-NMR (CDCl3): 6 = 8.94 (ddd, 1H, 14-H, Jian, = 1.0 Hz, Jign2 = 1.7 Hz, Ji4n3 = 4.7 Hz),
8.72 (ddd, appearance similar to dt, 1H, 11-H, Jjy14 = 1.0 Hz, J1113 = 1.2 Hz, Jjyp =
7.9 Hz), 7.95 (ddd, appearance similar to dt, 1H, 12-H, Jio14 = 1.7 Hz, Jio13 = 7.7 Hz,
Jiom = 7.9 Hz), 7.51 (ddd, 1H, 13-H, Ji3n1 = 1.2 Hz, Jisna = 4.7 Hz, Ji3n2 = 7.7 Hz),
4.57 (q, 2H, 7-H, Jy3 = 7.2 Hz), 3.15 (d, 2H, 4-H, Jus = 7.2 Hz), 2.36 — 2.21 (m, 1H, 5-H),
1.50 (t, 3H, 8-H, Jg7 = 7.2 Hz), 0.99 (d, 6H, 6-H, Jgs = 6.7 Hz) ppm.

BC.NMR (CDCLs): 6 = 164.34 (C-1), 163.09, 162.52, 152.27 and 150.42 (C-2, C-3, C-9,
C-10), 150.77 (C-14), 137.32 (C-12), 126.04 (C-13), 124.98 (C-11), 62.92 (C-7), 43.25
(C-4),29.12 (C-5), 22.49 (C-6), 14.25 (C-8) ppm.

HRMS (ESI) for CsH;oN4O; [M+H]+: calculated: 287.1503; measured: 287.1504.

IR: Vipa/om™ = 2955 + 2928 + 2868 (w, CHyyy), 1723 (s, C=0), 1505 (s, C=Cy), 1248 +
1137 (s, C-0), 1051 (s), 785 + 744 (s, CHa).

From the chloroacetate with methylamine

Following method C in Section 8.6 (reflux time 1 day) and using methylamine (1.85 mL;
33 % w/w in ethanol; 15.0 mmol; 2.0 equiv.) ethyl 2-acetoxy-2-chloro-5-methyl-3-
oxohexanoate (102f) (2.00 g; 7.56 mmol; 1.01 equiv.) and picolinohydrazonamide (73a)
(1.02 g; 7.49 mmol) were converted into 106f. Purification by column chromatography
(ethyl acetate / petroleum ether (b.p. 40 — 60 °C) = 2:1; R, = 0.31) afforded the product
(1.15 g; 4.02 mmol; 54 %) as orange crystals.
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8.8 Ethyl 5-phenyl-3-(pyridin-2-yi)-1,2,4-triazine-6-carboxylate (106h)

From the picolinate

Following method B in Section 8.5 and using Cu(OAc)-H,O (1.32 g; 6.61 mmol;
249 equiv.) l-ethoxy-1,3-dioxo-3-phenylpropan-2-yl picolinate (168h) (1.00 g
3.19 mmol; 1.20 equiv.) and picolinohydrazonamide (73a) (361 mg; 2.65 mmol) were
converted into 106h. Purification by column chromatography (ethyl acetate / diethyl ether
= 1:1; Ry = 0.25) afforded the product (513 mg; 1.67 mmol; 63 %) as yellow crystals
(m.p. 99 — 108 °C).
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Ci7H1aN4O, (M =306.32 g/moi)

'H-NMR (CDCL): & = 8.95 (ddd, 1H, 15-H, Jisn2 = 1.0 Hz, Jisu3 = 1.7 Hz, Jisna = 4.7 Hz),
8.73 (ddd, appearance similar to dt, 1H, 12-H, Jions = 1.0 Hz, Jions = 1.2 Hz, Jionz =
7.9 Hz), 7.96 (ddd, appearance similar to dt, 1H, 13-H, Ji3n5 = 1.7 Hz, Ji3ns = 7.7 Hz,
Jisp = 7.9 Hz), 7.91 — 7.86 (m, 2H, 5-H), 7.61 — 7.50 (m, 4H, 6-H, 7-H, 14-H), 4.44
(g, 2H, 8-H, Jgo = 7.2 Hz), 1.29 (t, 3H, 9-H, Jos = 7.2 Hz) ppm. The "H-NMR spectral data

is consistent with that found in the literature.”*
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9 Pyridines

9.1 Ethyl 6-methylthio-2-propylnicotinate (117d)

Method E — From the triazine in DCB

A stirred solution of ethyl 3-methylthio-5-propyl-1,2,4-triazine-6-carboxylate (107d)
(100 mg; 414 pmol) and 2,5-norbornadiene (48) (0.45 mL; 4.17 mmol; 10.1 equiv.) in
1,2-dichlorobenzene (5 mL) was heated to 140 °C under a nitrogen atmosphere for 1 day.
After cooling to room temperature, the solvent was evaporated and the residue purified by
column chromatography (ethyl acetate / hexanes = 1:4; Ry = 0.55) yielding 117d (63 mg;
263 pmol; 64 %) which was obtained as a yellow liquid.
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C1oH17NO,S (M = 239.34 g/mol)

'H-NMR (CDCls): & = 7.97 (d, 1H, 11-H, Jiy2 = 82 Hz), 7.04 (d, 1H, 12-H, Jioy; =
8.2 Hz), 4.34 (q, 2H, 7-H, Jys = 7.2 Hz), 3.15 — 3.09 (m, 2H, 4-H), 2.59 (s, 3H, 10-H),
1.84-1.70 (m, 2H, 5-H), 1.39 (t, 3H, 8-H, Jg7; = 7.2 Hz), 1.00 (t, 3H, 6-H, Jss = 7.2 Hz)
ppm.

BC-NMR (CDCls): & = 166.76 (C-1), 163.63 (C-3), 162.98 (C-9), 138.10 (C-11), 120.57
(C-2), 118.05 (C-12), 61.04 (C-7), 38.95 (C-4), 22.78 (C-5), 14.35 (C-6), 14.28 (C-8),
13.22 (C-10) ppm.

HRMS (ESI) for C1,HsNO,S [M+H]": calculated: 240.1053; measured: 240.1052.

IR: Vpmadem™ = 2962 + 2931 + 2872 (w, CHayy), 1718 (s, C=0), 1575 (s, C=Cy), 1441 +
1375 (m, CHaiy), 1260 + 1144 + 1094 (s, C-O).

Method F — From the triazine in neat 2,5-norbornadiene

Under a nitrogen atmosphere a stirred solution of ethyl 3-methylthio-5-propyl-1,2,4-
triazine-6-carboxylate (107d) (100 mg; 414 umol) in 2,5-norbornadiene (48) (2.00 mL;
18.5 mmol; 44.7 equiv.) was heated under reflux for 2 days. After cooling to room

temperature, the solvent was evaporated and the residue purified by column
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chromatography (ethyl acetate / hexanes = 1:4; R, = 0.56) yielding 117d (65 mg; 272
umol; 66 %) which was obtained as a yellow oil plus recovered starting material 107d

(8 mg; 33 umoi; 8 %).

9.2 Ethyl 6-methylthio-2-phenylnicotinate (117h)

From the triazine in DCB

Following method E in Section 9.1, 3-methylthio-5-phenyl-1,2,4-triazine-6-carboxylate
(107h) (2.00 g; 7.26 mmol) and 2,5-norbornadiene (48) (27.4 mL; 254 mmol; 35.0 equiv.)
were converted into 117h. Purification by column chromatography (ethyl acetate / hexanes

= 1:4; Ry= 0.32) afforded the product (1.75 g; 6.40 mmol; 88 %) as an orange liquid.

C15H15N02S (M =273.36 g/moi)

'H-NMR (CDCL): 8 = 7.92 (d, 1H, 12-H, Jiz13 = 8.2 Hz), 7.58 — 7.40 (m, 5H, 5-H to 7-H),
7.18 (d, 1H, 13-H, J13/12 = 8.2 Hz), 4.13 (q, 2H, 8-H, Jg = 7.2 Hz), 2.61 (s, 3H, 11-H),
1.05 (t, 3H, 9-H, Jo;s = 7.2 Hz) ppm.

BC-NMR (CDCl): & = 168.19 (C-1), 162.64 (C-10), 158.89 (C-3), 140.32 (C-4), 137.73
(C-12), 128.89 (C-6), 128.73 (C-7), 127.99 (C-5), 122.26 (C-2), 119.18 (C-13), 61.31
(C-8), 13.77 (C-9), 13.29 (C-11) ppm.

HRMS (ESI) for CsH;¢NO,S [M+H]": calculated: 274.0896; measured: 274.0894.

IR: Via/em™ = 2982 + 2928 (w, CHayr), 1710 (s, C=0), 1567 (s, C=Cy), 1427 + 1385
(m, CHaiyr), 1281 + 1265 + 1152 + 1130 (s, C-O), 1046 (s), 764 + 697 (CHap).

From the triazine in neat 2,5-norbornadiene
Following method F in Section 9.1, 3-methylthio-5-phenyl-1,2,4-triazine-6-carboxylate
(107h) (100 mg; 363 pmol) and 2,5-norbornadiene (48) (2.00 mL; 18.5 mmol; 51.0 equiv.)

were converted into 117h. Purification by column chromatography (ethyl acetate / hexanes
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= 1:4; Ry= 0.38) afforded the product (64 mg; 234 umol; 64 %) as an orange liquid as well

as small amounts of recovered starting material 107h (8 mg; 29 pmol; 8 %).

9.3 Ethyl 6-(4-nitrobenzylthio)-2-propylnicotinate (155d)

From the triazine in DCB

Following method E in Section 9.1 (reaction time 1 day; complete conversion according to
TLC), 3-(4-nitrobenzylthio)-S-propyl-1,2,4-triazine-6-carboxylate (140d) (100 mg;
276 umol) and 2,5-norbornadiene (48) (0.89 mL; 8.25 mmol; 29.9 equiv.) were converted
into 155d. Purification by column chromatography (dichloromethane; Ry = 0.58) afforded
the product (50 mg; 139 pmol; 50 %) as a yellow oil.

Py
5 3 9 g 10
6 4 N S/\©\
12
14
13+ NG

C13H20N204S (M =360.43 g/mol)

'H-NMR (CDCl3): & = 8.14 (d, 2H, 13-H, Ji3, = 8.9 Hz), 7.98 (d, 1H, 15-H, Jisns =
8.4 Hz), 7.59 (d, 2H, 12-H, Ji2i13 = 8.9 Hz), 7.04 (d, 1H, 16-H, Jien15s = 8.4 Hz), 4.56 (s, 2H,
10-H), 4.35 (q, 2H, 7-H, J73 = 7.2 Hz), 3.16 — 3.09 (m, 2H, 4-H), 1.72 (tq, appearance
similar to sextet, 2H, 5-H, Js;u = Js = 7.4 Hz), 1.38 (t, 3H, 8-H J3; = 7.2 Hz), 0.99 (t, 3H,
6-H, Jo;s = 7.4 Hz) ppm.

BC-NMR (CDCL): § = 166.49 (C-1), 163.74 (C-3), 159.98 (C-9), 147.02 (C-14), 146.63
(C-11), 138.55 (C-15), 129.83 (C-12), 123.71 (C-13), 121.60 (C-2), 118.87 (C-16), 61.22
(C-7), 38.96 (C-4), 33.11 (C-10), 22.95 (C-5), 14.34 and 14.31 (C-6, C-8) ppm.

HRMS (ESI) for C;gH2N,04S [M+H]+: calculated: 361.1217; measured: 361.1219.

IR: Vma/om™ = 2963 (w, CHait), 1717 (s, C=0), 1573 (s, C=Cy), 1520 + 1350 (s, NOy),
1259 + 1143 + 1094 (s, C-0O), 858 + 788 + 719 (CHyy).
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From the triazine in neat 2,5-norbornadiene

Following method F in Section 9.1 (reaction time 6 days; complete conversion according
to TLC), 3-(4-nitrobenzylthio)-5-propyl-1,2,4-triazine-6-carboxylate (146d) (100 mg;
276 umol) and 2,5-norbornadiene (48) (2.00 mL; 18.5 mmol; 67.1 equiv.) were converted
into 155d. Purification by column chromatography (dichloromethane; Ry = 0.58) afforded
the product (35 mg; 97 pmol; 35 %) as a yellow oil.

From the chloroacetate in DCB

A solution of ethyl 2-acetoxy-2-chloro-3-oxo-3-hexanoate (102d) (4.13 g; 16.5 mmol;
1.07 equiv.) and methylamine (3.07 g; 33 % w/w in ethanol; 32.9 mmol; 2.13 equiv.) in
ethanol (150 mL) was stirred at room temperature for 1 h and then added to a solution of
S-(4-nitrobenzyl)-thiosemicarbazide hydrogen bromide (73¢) (4.75 g; 15.5 mmol) and
NaHCO; (1.38 g; 16.4 mmol; 1.06 equiv.) in ethanol (150 mL) and heated under reflux for
another 2 h. After cooling down to room temperature, water (200 mL) was added and the
product was extracted with dichloromethane (2x 100 mL). The combined organic extracts
were dried over MgSO, and the solvent evaporated under reduced pressure. The residue
was taken up in 1,2-dichlorobenzene (100 mL), 2,5-norbornadiene (48) (53.3 mL;
494 mmol; 31.9 equiv.) was added and the solution was stirred at 140 °C until judged
complete according to TLC (3 days). The solvent was then evaporated and the residue
purified by column chromatography (diethyl ether / hexanes (b.p. 40 — 60 °C) = 1:3;
R, = 0.48) yielding 155d (1.32 g; 3.66 mmol; 24 %) which was obtained as an orange
liquid.

9.4 Ethyl 6-methylsulfinyl-2-propylnicotinate (153d)

Method G - With NaBO;-4H,0

A suspension of NaBO;-4H,O (68 mg; 442 umol; 1.06 equiv.) in glacial acetic acid
(2.5 mL) was heated to 50 — 60 °C and ethyl 6-methylthio-2-propyinicotinate (117d)
(100 mg; 418 pumol) was added. It was stirred for 4 h. After cooling down to room
temperature, the precipitated Na;BO; was filtered off and the solvent evaporated under
reduced pressure yielding 153d (77 mg; 302 pmol; 72 %) which was obtained as a brown

oil.
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C12H17NO3S (M =1255.34 g/mol)

'H-NMR (CDCls): & = 8.35 (d, 1H, 11-H, Ji 1, = 8.2 Hz), 7.89 (d, 1H, 12-H, Jio11 =
8.2 Hz), 4.37 (q, 2H, 7-H, Jy3 = 7.2 Hz), 3.15 — 3.07 (m, 2H, 4-H), 2.83 (s, 3H, 10-H), 1.71
(tq, appearance similar to sextet, 2H, 5-H, Js4 = Js)s = 7.4 Hz), 1.38 (t, 3H, 8-H, Jg7 =
7.2 Hz), 0.95 (t, 3H, 6-H, Jgs = 7.4 Hz) ppm.

BC-NMR (CDCLs): 6 = 168.23 (C-9), 166.00 (C-1), 163.66 (C-3), 140.37 (C-11), 126.66
(C-2), 116.33 (C-12), 61.81 (C-7), 41.20 (C-10), 38.54 (C-4), 22.89 (C-5), 14.28 (C-8),
14.11 (C-6) ppm.

HRMS (ESI) for C1,HsNO3S [M+H]": calculated: 256.1002; measured: 256.1002.

IR: Vmadem™ = 1721 (C=0), 1262 + 1095 (C-0), 1065 (S=0).”!

9.5 Ethyl 6-methylsulfinyl-2-phenylnicotinate (153h)

With NaBO5-4H,0

Following method G in Section 9.4 and using NaBO;4H;0 (59 mg; 383 pmol;
1.05 equiv.), ethyl 6-methylthio-2-phenylnicotinate (117h) (100 mg; 366 pmol) was
converted into 83 mg (287 umol; 78 %) of 153h which was obtained as a yellow oil.

C15H15NO3S (M =289.36 g/mol)
1H—‘Nl\/iR (CDCI3) o = 8.33 (d, 1H, 12—H, J12/13 = 8.2 HZ), 8.09 (d, H‘L 13-H, J13/12 =

8.2 Hz), 7.57 — 7.44 (m, 5H, 5-H to 7-H), 4.20 (q, 2H, 8-H, Jgo = 7.2 Hz), 2.93 (s, 3H, 11-
H), 1.09 (t, 3H, 9-H, Jojs = 7.2 Hz) ppm.
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BC-NMR (CDCls): 6 = 168.06 (C-1), 167.45 (C-10), 158.73 (C-3), 139.92 (C-12), 138.80
(C-4), 129.42 (C-7), 128.74 (C-6), 128.34 (C-5), 117.26 (C-13), 62.02 (C-8), 41.33 (C-11),
13.73 (C-9) ppm. The signal for C-2 was not detected.

HRMS (EST) for C;sHgNO3S [M+H}+: calculated: 290.0845; measured: 290.0846.

IR: vipa/cm™ = 1718 (C=0), 1281 + 1085 (C-0), 1047 (S=0), 698 (CH,,).”"

With mCPBA

To a stirred ice-cold solution of ethyl 6-methylthio-2-phenylnicotinate (117h) (100 mg;
366 umol) in dichloromethane (10 mL) was added mCPBA (99 mg; 70 % w/w; 402 pmol;
1.10 equiv.) and it was stirred at 0 °C for 1 h, warmed to room temperature and stirred for
another hour. The mixture was poured onto water (10 mL), washed with a saturated
aqueous solution of NaHCO; (2x 10 mL), dried over MgSO, and the solvent evaporated
under reduced pressure. The residue was purified by column chromatography
(dichloromethane / methanol = 19:1) yielding 153h (23 mg; 79 pumol; 22 %; R, = 0.13)
which was obtained as a yellow solid (m.p. 65 — 69 °C) and the over-oxidised side product
ethyl 6-sulfonyl-2-propylnicotinate (154h) (63 mg; 206 pmol; 56 %; Ry= 0.59) which was
obtained as an off-white solid (m.p. not determined due to insufficient yield). The "H-NMR
spectral data of 154h can be found under Section 9.8 (p. 141).

With NalOy

To a stirred ice-cold solution of NalO4 (82 mg; 383 umol; 1.05 equiv.) in water (2 mL)
was added ethyl 6-methylthio-2-phenylnicotinate (117h) (100 mg; 366 pmol) in methanol
(4 mL) and it was stirred at room temperature overnight. The product was then extracted
with dichloromethane (4 mL), dried over MgSO,4 and the solvent evaporated to afford
103 mg of an inseparable 1:1 mixture of 153h (183 pumol; 50 %) and unconverted starting
material 117h (183 umol; 50 %).
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9.6 Ethyl 6-(4-nitrobenzylsulfinyl)-2-propylnicotinate (156d)

Following method G in Section 9.4 and using NaBOs;4H,O (63 mg; 409 umol;
1.05 equiv.), ethyl 6-(4-nitrobenzylthio)-2-propylnicotinate (155d) (140 mg; 388 pmol)
was converted into 1564 (63 mg; 167 umol; 43 %) which was obtained as an orange solid

(m.p. 88 — 91 °C).

C13H20N205S (M =376.43 g/mol)

'H-NMR (CDCL): 6 = 8.23 (d, 1H, 15-H, Jisne = 8.2 Hz), 8.08 (d, 2H, 13-H, Jizp =
8.7 Hz), 7.44 (d, 1H, 16-H, Ji615 = 8.2 Hz), 7.14 (d, 2H, 12-H, Ji»13 = 8.7 Hz), 4.45 (d, 1H,
10-H, Joem = 13.1 Hz), 4.41 (q, 2H, 7-H, J73 = 7.2 Hz), 4.22 (d, 1H, 10-H, Jeem = 13.1 Hz),
3.28 — 3.16 (m, 2H, 4-H), 1.81 (tq, appearance similar to sextet, ZH, 5-H, Jsu = Js =
7.4 Hz), 1.42 (t, 3H, 8-H = 7.2 Hz), 1.06 (t, 3H, 6-H, Jgs = 7.4 Hz) ppm.

BC.NMR (CDCL): § = 131.16 (C-12), 123.42 (C-13), 117.88 (C-16), 61.98 (C-7), 58.13
(C-10), 38.57 (C-4), 23.20 (C-5), 14.27 and 14.23 (C-6, C-8) ppm. The atoms C-1, C-2,
C-3, C-9, C-11, C-14 and C-15 could not be assigned.

HRMS (ESI) for : calculated: 377.1166; measured: 377.1168.

IR: Vmadem™ = 2960 + 2932 + 2872 (w, CHaiy), 1725 (s, C=0), 1520 + 1343 (s, NOy),
1259 + 1098 (s, C-0), 1034 (s, S=0), 852 + 695 (s, CHyy).

9.7 Ethyl 6-methylsulfonyl-2-propylnicotinate (154d)

Method G - With NaBO3-4H,0

A suspension of NaBO3;-4H,O (1.61 g; 10.5 mmol; 2.50 equiv.) in glacial acetic acid
(50 mL) was heated to 50 — 60 °C and ethyl 6-methylthio-2-propylnicotinate (117d)
(1.00 g; 4.18 mmol) was added. The mixture was stirred for 2 h at that temperature. After

cooling down to room temperature, the precipitated Na;BO; was filtered off, a saturated
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aqueous solution of NaHCO; (200 mL) was added to the solution and it was extracted with
dichloromethane (200 mL). The organic solution was then washed with a saturated
aqueous solution of NaHCO; and water (200 mL each), dried over MgSO, and the solvent
evaporated under reduced pressure yielding 154d (1.06 g; 3.91 mmol; 93 %) which was

obtained as a yellow oil.
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C12H,7NO,S (M = 271.34 g/mol)

'H-NMR (CDCls): § = 8.37 (d, 1H, 11-H, Ji;12 = 8.2 Hz), 7.96 (d, 1H, 12-H, Jpo, =
8.2 Hz), 4.43 (q, 2H, 7-H, Jus = 7.2 Hz), 3.27 (s, 3H, 10-H), 3.22 — 3.16 (m, 2H, 4-H),
1.79 (iq, appearance similar to sextet, 2H, 5-H, Jsu = Jsis = 7.4 Hz), 1.43 (1, 3H, 8-H, Jg7 =
7.2 Hz), 1.01 (&, 3H, 6-H, Jgs = 7.4 Hz) ppm.

BC-NMR (CDCls): 8 = 165.48 (C-1), 164.21 (C-3), 159.06 (C-9), 140.58 (C-11), 129.43
(C-2), 117.66 (C-12), 62.15 (C-7), 39.56 (C-10), 38.45 (C-4), 22.72 (C-5), 14.25 (C-8),
14.07 (C-6) ppm.

HRMS (ESI) for C1oH1sNO4S [M+H]": calculated: 272.0951; measured: 272.0951.

IR: vpa/em™ = 2964 + 2935 + 2875 (w, CHaign), 1724 (s, C=0), 1309 (s, SO,), 1265
(s, C-0), 1128 (s, SOy), 1095 (s, C-0), 758 (s, CHay).

9.8 Ethyl 6-methylsulfonyl-2-phenylnicotinate (154h)

This compound was isolated as a side product of the oxidation reaction of ethyl

6-methylthio-2-phenylnicotinate (117h) with mCPBA (cf. Section 9.5, p. 138 £).

C15H15NO4S (M =305.35 g/mol)
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'"H-NMR (CDCl3): & = 8.31 (d, 1H, 12-H, Ji213 = 8.2 Hz), 8.09 (d, 1H, 13-H, Jizn =
8.2 Hz), 7.62 — 7.46 (m, 5H, 5-H to 7-H), 4.21 {(q, 2H, 8-H, Jys = 7.2 Hz), 3.30 (s, 3H,
11-H), 1.08 (1, 3H, 9-H, Jos = 7.2 Hz) ppm.

PC-NMR (CDCls): § = 167.08 (C-1), 159.05, 158.86 (C-3, C-10), 140.14 (C-12), 138.21
(C-4), 129.76 (C-7), 128.89 and 128.44 (C-5, C-6), 128.33 (C-2), 118.40 (C-13), 62.31
(C-8), 39.65 (C-11), 13.69 (C-9) ppm.

HRMS (EST) for C15sHsNO4S [M+H]+: calculated: 306.0795; measured: 306.0792.

The IR spectrum was not recorded due to insufficient yield.

9.9 Ethyl 6-(4-nitrobenzylsulfonyl)-2-propylnicotinate (157d)

Following method G in Section 9.7 and using NaBOs;4H,O (107 mg; 695 umol;
2.51 equiv.), ethyl 6-(4-nitrobenzylthio)-2-propylnicotinate (155d) (100 mg; 277 pmol)
was converted into 157d (80 mg; 204 pmol; 73 %) which was obtained as yellow needles

(m.p. 74 — 76 °C).

C18H20N206S (M =392.43 g/mol)

'H-NMR (CDCls): & = 8.29 (d, 1H, 15-H, Jis16 = 8.2 Hz), 8.15 (4, 2H, 13-H, Jiz12 =
8.7 Hz), 7.77 (d, 1H, 16-H, Ji¢/15 = 8.2 Hz), 7.47 (d, 2H, 12-H, Ji213 = 8.7 Hz), 4.81 (s, 2H,
10-H), 4.43 (q, 2H, 7-H, Jys = 7.2 Hz), 3.28 — 3.21 (m, 2H, 4-H), 1.84 (tq, appearance
similar to sextet, 2H, 5-H, Jsy = Jss = 7.4 Hz), 1.42 (1, 3H, §-H = 7.2 Hz), 1.07 (1, 3H, 6-H,
Jo;s = 7.4 Hz) ppm.

BC-NMR (CDCls): & = 165.24 (C-1), 164.50 (C-3), 157.16 (C-9), 148.22 (C-14), 140.61
(C-15), 134.62 (C-11), 132.15 (C-12), 129.76 (C-2), 123.89 (C-13), 119.47 (C-16), 62.31
(C-7), 56.94 (C-10), 38.56 (C-4), 23.06 (C-5), 14.23 (C-6, C-8 completely overlapped)
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HRMS (ESI) for C;gH,1N>O6S [M+H]+: calculated: 393.1115; measured: 393.1119.

IR: vpa/em™ = 3059 (w, CHy), 2965 + 2930 + 2872 (w, CHaign), 1732 (s, C=0), 1528 +
1348 (s, NOy), 1309 (m, SO»), 1260 (s, C-0), 1112 (s, SOy), 1097 (s, C-0), 1043 (m), 858
+ 706 + 694 + 652 (s, CHy).

10 Bipyridines

10.1 Ethyl 6-methyl-|2,2']-bipyridine-5-carboxylate (116a)

Methed A — From the chloroacetate

To an ice-cold stirred solution of picolinohydrazonamide (73a) (272 mg; 2.00 mmol;
2.00 equiv.) in ethanol (3 mL) was added a solution of ethyl 2-acetoxy-2-chloro-3-ox0-3-
butanoate (102a) (223 mg; 1.00 mmol) in ethanol (2 mL). After 5 min. 2,5-norbornadiene
(48) (1.1 mL; 10.2 mmol; 10.2 equiv.) was added and it was heated under reflux for 2 h.
After cooling down to room temperature, the solvent was evaporated under reduced
pressure and the residue was purified by column chromatography (diethyl ether / hexanes =
4:1; Ry = 0.41) yielding 116a (54 mg; 223 umol; 22 %) which was obtained as white
needles (m.p. 77 — 79 °C; 1it."**: 80 °C from ethanol).

C14H14N202 (M =242.28 g/mol)

'H-NMR (CDCl3): & = 8.71 (ddd, 1H, 12-H, Ji20 = 1.0 Hz, Jiz10 = 1.7 Hz, Jiyn1 = 4.7 Hz),
8.51 (ddd, appearance similar to dt, 1H, 9-H, Jy;» = 1.0 Hz, Jon; = 1.2 Hz, Joj10 = 7.9 Hz),
8.34 (d, 1H, 14-H, Ji413 = 8.2 Hz), 8.29 (d, 1H, 13-H, Ji314 = 8.2 Hz), 7.84 (ddd,
appearance similar to dt, 1H, 10-H, Jion2 = 1.7 Hz, Jion1 = 7.7 Hz, Jiow = 7.9 Hz), 7.35
(ddd, 1H, 11-H, Jy19 = 1.2 Hz, Jiy12 = 4.7 Hz, Jiino = 7.7 Hz), 4.41 (q, 2H, 5-H, J56 =
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7.2 Hz), 2.93 (s, 3H, 4-H), 1.43 (t, 3H, 6-H, Jgs = 7.2 Hz) ppm. The 'H-NMR spectral data

is consistent with that found in the literature.”’

From the diazo compound

To a stirred ice-cold solution of ethyl 2-diazo-3-oxobutanoate (95a) (0.84 g, 5.38 mmol) in
acetonitrile (11mL) and water (1.0 mL) was added slowly tert-butyihypochlorite (0.70 g;
6.45 mmol; 1.20 equiv.). After 30 min. the solution was poured onto water (50 mL),
extracted with dichloromethane (2x 10 mL), dried over MgSQ4 and most of the solvent
was evaporated under reduced pressure. The remainder was added to a solution of
picolinohydrazonamide (73a) (733 mg; 5.38 mmol) and 2,5-norbornadiene (48) (5.80 mL;
53.8 mmol; 10.0 equiv.) in ethanol (50 mL) and heated under reflux for 20 h. The solvent
was evaporated again and the residue purified by column chromatography (diethyl ether /
hexanes = 4:1) yielding 116a (207 mg; 854 pmol; 16 %; Ry= 0.51) which was obtained as
an orange solid and its regioisomer 158a (66 mg; 272 pumol; 5 %; Ry = 0.39) which was

obtained as an orange oil. Compound 158a decarboxylated/ decomposed on standing.

C14H14N202 (M =242 .78 g/moi)

Analvtical data for ethyl 5-methyl-{2.2'}-bipyridine-6-carboxvlate (158a):

'H-NMR (CDCls): & = 8.67 (ddd, 1H, 12-H, Jigo = 1.0 Hz, Jig10 = 1.7 Hz, J131; = 4.7 Hz),
8.46 (ddd, appearance similar to dt, 1H, 9-H, Jo;12 = 1.0 Hz, Jo;1; = 1.2 Hz, Joy10 = 7.9 Hz),
8.41 (d, 1H, 14-H, J1413 = 8.2 Hz), 7.82 (ddd, appearance similar to dt, 1H, 10-H, Jip12 =
1.7 Hz, Jion1 = 7.7 Hz, Jiow = 7.9 Hz), 7.73 (d, 1H, 13-H, Ji314 = 8.2 Hz), 7.32 (ddd, 1H,
11-H, J119 = 1.2 Hz, Jiin2 = 4.7 Hz, Ji110 = 7.7 Hz), 4.49 (q, 2H, 5-H, Jss = 7.2 Hz), 2.59
(s, 3H, 4-H), 1.47 (t, 3H, 6-H, Jgs = 7.2 Hz) ppm.

Due to decarboxylation/decomposition the '*C-NMR spectra was not obtained.

HRMS (ESI) for C14HsN,0, [M+H]+: calculated: 243.1128; measured: 243.1127.

IR: Vima/em™ = 2980 + 2932 (w, CHaiy1), 1719 (m, C=0), 1433 (m, CHayr), 1214 + 1091
+ 1088 (s, C-0), 789 + 745 (s, CHap).
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10.2 Tert-butyl 6-methyl-[2,2']-bipyridine-5-carboxylate (116b)

Method B — From the picolinate

A mixture of 1-ferr-butoxy-1,3-dioxobutan-2-y! picolinate (168b) (500 g; 1.79 mmol;
1.19 equiv.), Cu(OAc);-H,0 (746 mg; 3.74 mmol; 2.49 equiv.) and methanol (1.0 mL) in
dichloromethane (25 mL) was stirred at room temperature for 5 days. The reaction was
diluted with hexanes (10 mL) and washed with an aqueous solution of Na;EDTA until the
aqueous phase remained colourless. The organic phase was dried over MgSO4 and the
solvent evaporated. The resulting oil was taken up in ethanol (25 ml),
picolinohydrazonamide (73a) (204 mg; 1.50 mmol) and 2,5-norbornadiene (48) (1.61 mL;
14.9 mmol; 9.96 equiv.) were added and the solution heated under reflux for 2 days. After
cooling down to room temperature, the solvent was evaporated under reduced pressure.
Column chromatography (diethyl ether / hexanes = 1:1; Ry= 0.51) afforded 139 mg of an
inseparable 3:2-mixture of 116b (351 umol; 23 %) and rert-butyl 3-hydroxy-2-
methoxybut-2-enoate (171b) (234 umol; 16 %).

C16H13N202 (M =270.33 g/mol}

Analvtical data for 116b:

'H-NMR (CDCl3): & = 8.70 (ddd, 1H, 12-H, Ji29 = 1.0 Hz, Jiy10 = 1.7 Hz, Jio; = 4.7 Hz),
8.49 (ddd, appearance similar to dt, 1H, 9-H, Joj1o = 1.0 Hz, Jo/11 = 1.2 Hz, Joy10 = 7.9 Hz),
8.27 (d, 1H, 14-H, Ji413 = 8.2 Hz), 8.23 (d, 1H, 13-H, Ji3n4 = 8.2 Hz), 7.83 (ddd,
appearance similar to dt, 1H, 10-H, Jyo12 = 1.7 Hz, Jion1 = 7.7 Hz, Jiow = 7.9 Hz), 7.34
(ddd, 1H, 11-H, Ji10 = 1.2 Hz, Ji112 = 4.7 Hz, J1ipo = 7.7 Hz), 2.89 (s, 3H, 4-H), 1.63
(s, OH, 6-H) ppm.
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CoH 1604 (M = 188.22 g/mol)

Analytical data for fert-butvl 3-hvdroxv-2-methoxyvbut-2-enocate (171b):

'H-NMR (CDCL): 8 =3.79 (s, 3H, 7-H), 1.59 (s, 3H, 4-H), 1.48 (s, 9H, 6-H) ppm.

10.3 Methyl 6-ethyl-[2,2']-bipyridine-5-carboxylate (116¢)

From the picolinate

Following method B in Section 10.2 (reaction times: 1% step: overnight; reflux: overnight)
and using Cu(OAc);-HoO (783 mg; 3.92 mmol; 2.10 equiv.), 1-methoxy-1,3-dioxopentan-
2-yl picolinate (168¢) (470 mg; 1.87 mmol), picolinohydrazonamide (73a) (267 mg;
1.96 mmol; 1.05 equiv.) and 2,5-norbornadiene (48) (4.23 mL; 39.2 mmol; 21.0 equiv.)
were converted into 116¢. Purification by column chromatography (diethyl ether / hexanes
= 4:1; Ry = 0.45) afforded the product (110 mg; 454 pmol; 24 %) as orange crystals
(m.p. 58 — 61 °C).

This reaction was repeated using toluene in the second reaction step resulting in a
comparable yield of 116¢ (89 mg; 367 umol; 20 %) which was obtained as light yellow

needles.

C14H14N202 (M =242.728 g/mol)

'H-NMR (CDCl3): § = 8.70 (ddd, 1H, 12-H, Jios = 1.0 Hz, Jiz10 = 1.7 Hz, Jiyn1 = 4.7 Hz),
8.55 (ddd, appearance similar to dt, 1H, 9-H, Jo;1 = 1.0 Hz, Jo;11 = 1.2 Hz, Jy10 = 7.9 Hz),
8.30 (s, 2H, 13-H, 14-H), 7.84 (ddd, appearance similar to dt, 1H, 10-H, Jion2 = 1.7 Hz,
Jion1 = 7.7 Hz, Jioy = 7.9 Hz), 7.34 (ddd, 1H, 11-H, J11p = 1.2 Hz, J1112 = 4.7 Hz, Ji110 =
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7.7 Hz), 3.94 (s, 3H, 6-H), 3.27 (q, 2H, 4-H, Juys = 7.4 Hz), 1.39 (1, 3H, 5-H, J5;s = 7.4 Hz)
ppmm.

BC-NMR (CDCly): & = 167.19 (C-1), 164.05 (C-3), 157.70 (C-7), 155.57 (C-8), 149.32
(C-12), 139.57 (C-10), 137.03 (C-13), 124.60 (C-2), 124.32 (C-11), 121.96 (C-9), 117.79
(C-14), 52.32 (C-6), 30.32 (C-4), 13.66 (C-5) ppm.

HRMS (ESI) for Ci4H;5sN,0, [M+H]+: calculated: 243.1128; measured: 243.1129.

IR: Vmadem™ = 2976 + 2934 (w, CHany1), 1723 (s, C=0), 1582 + 1557 (m, C=Cy), 1450
(m), 1430 (s), 1282 (s), 1250 (s, C-0), 1200 (s), 1138 (s), 1099 (s), 1083 (s, C-0), 791 +
759 (s, CHyy).

10.4 Ethyl 6-propyl-[2,2']-bipyridine-5-carboxylate (116d)

From the triazine in neat 2,5-norbornadiene

Under a nitrogen atmosphere a solution of ethyl 5-propyl-3-(pyridin-2-y1)-1,2,4-triazine-6-
carboxylate (106d) (100 mg; 367 pmol) in 2,5-norbornadiene (48) (2.0 mL; 18.5 mmol;
50.5 equiv.) was heated under reflux until judged complete by TLC. After evaporation of
the 2,5-norbornadiene under reduced pressure the residue was purified by column
chromatography (diethyl ether; Ry = 0.65) yielding 116d (65 mg; 240 pumol; 65 %) which

was obtained as colourless needles (m.p. 55 — 57 °C).

C16H18N202 (M =270.33 g/mol)

'H-NMR (CDCls): & =8.70 (ddd, 1H, 14-H, Ji411 = 1.0 Hz, Ji4n12 = 1.7 Hz, Ji4n3 = 4.7 Hz),
8.53 (ddd, appearance similar to dt, 1H, 11-H, Jiins = 1.0 Hz, Jjipn3 = 1.2 Hz, Jiyp =
7.9 Hz), 8.28 (s, 2H, 15-H, 16-H), 7.84 (ddd, appearance similar to dt, 1H, 12-H, Jious =
1.7 Hz, Jizn3 = 7.7 Hz, Jin1 = 7.9 Hz), 7.34 (ddd, 1H, 13-H, Jizn1 = 1.2 Hz, Ji34 =
4.7 Hz, Ji312 = 7.7 Hz), 4.40 (q, 2H, 7-H, J75=7.2 Hz), 3.25 - 3.19 (m, 2H, 4-H), 1.85 (tq,
appearance similar to sextet, 2H, 5-H, Jss = Js5 = 7.4 Hz) , 1.43 (t, 3H, 8-H, J37 = 7.2 Hz),
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1.05 (t, 3H, 6-H, Jgs = 7.4 Hz) ppm. The '"H-NMR spectral data is consistent with that

found in the literature.®’

From the picolinate

Following method B in Section 10.2 (reaction times: 1% step: 1 day; reflux: 20 h) and using
Cu(OAc)H, O (500 mg; 2.50 mmol; 2.10 equiv.), 1-ethoxy-1,3-dioxchexan-2-yl
picolinate (168d) (333 mg; 1.19 mmol), picolinchydrazonamide (73a) (170 mg;
1.25 mmol; 1.05 equiv.) and 2,5-norbornadiene (48) (135 pL; 1.25 mmol; 1.05 equiv.)
were converted into 116d. Purification by column chromatography (diethyl ether;

Ry=0.54) afforded the product (187 mg; 741 pumol; 59 %) as an orange solid.

Method C — From the chloroacetate with methylamine

A solution of ethyl 2-acetoxy-2-chloro-3-oxohexanoate (102d) (5.01 g; 20.0 mmol;
1.01 equiv.) and methylamine (4.93 mL; 33 % w/w in ethanol; 40.0 mmol; 2.02 equiv.) in
ethanol (20 mL) was stirred at room temperature for 1 h. Then picolinohydrazonamide
(73a) (2.70 g; 19.8 mmol) and 2,5-norbornadiene (48) (18.4 g; 200 mmol; 10.1 equiv.)
were added and the solution was heated under reflux for 20 h. After cooling down to room
temperature, the solvent was evaporated under reduced pressure and the viscous brown
residue purified by column chromatography (ethyl acetate / petroleum ether (b.p. 40 —
60 °C) = 1:2; Ry = 0.38) yielding 116d (3.02 g; 11.2 mmol; 56 %) which was obtained as

orange crystals.

From the chloroacetate in neat 2,5-norbornadiene

Under a nitrogen atmosphere a mixture of ethyl 2-acetoxy-2-chloro-3-oxohexanoate
(102d) (100 mg; 399 pmol) and picolinohydrazonamide (73d) (136 mg; 999 upmol;
2.50 equiv.) in 2,5-norbornadiene (48) (5.0 mL; 46.3 mmol; 116 equiv.) was heated under
reflux for 2 days. The 2,5-norbornadiene was then evaporated under reduced pressure.
Column chromatography (diethyl ether; Ry = 0.63) of the residue afforded 72 mg of an
inseparable mixture of 116d (138 pumol; 35 %) and unconverted starting material 102d

(138 wmol; 35 %) which was obtained as a brown oil.
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10.5 6-Propyl-[2,2']-bipyridine-5-carboxylic acid (161d)

A solution of ethyl 6-propyl-{2,2']-bipyridine-5-carboxylate (116d) (360 mg; 1.33 mmol)
in methanol (2 mL) and 1M KOH (2 mL) was stirred at room temperature overnight. The
solvent was evaporated, the residue dissolved in a minimal amount of water and washed
with dichloromethane. The aqueous phase was acidified with concentrated HCl to pH =3
and left to crystalise yielding 161d (254 mg; 1.05 mmol; 79 %) which was obtained as

colourless crystals (decomposition at 206 °C).

C14H14N202 (M =242.28 g/mol)

'H-NMR (DMSO-ds): & = 8.86 (ddd, 1H, 12-H, Jiop = 1.0 Hz, Jizi0 = 1.7 Hz, Jig1; =
4.7 Hz), 8.64 (ddd, appearance similar to dt, 1H, 9-H, Joy1n = 1.0 Hz, Joy1; = 1.2 Hz, Joy10 =
7.9 Hz), 8.41 and 8.37 (2d, 2H, 13-H, 14-H, Ji314 = 7.8 Hz), 8.33 (ddd, appearance similar
to dt, 1H, 10-H, Jyo2 = 1.7 Hz, Jign1 = 7.7 Hz, Jios = 7.9 Hz), 7.80 (ddd, 1H, 11-H, Jyip =
1.2 Hz, Jii12 = 4.7 Hz, Jijno = 7.7 Hz), 3.22 — 3.17 (m, 2H, 4-H), 1.80 (iq, appearance
similar to sextet, 2H, 5-H, Jsu = Jss = 7.4 Hz), 0.98 (1, 3H, 6-H, Js5s = 7.4 Hz) ppm. The
OH signal was not detected.

BC-NMR (DMSO-dy): & = 168.06 C-1), 162.40 (C-3), 153.36 (C-7), 151.80 (C-8), 147.44
(C-12), 142.00 (C-13), 140.51 (C-10), 127.87 (C-2), 126.56 (C-11), 123.41 (C-9), 11944
(C-14), 38.34 (C-4), 23.00 (C-5), 14.57 (C-6) ppm.

HRMS (ESI) for C14HsN,O; [M+H]+: calculated: 243.1128; measured: 243.1125.

IR: vma/em™ = 3370 (br, OH), 2866 (br, CHayy), 1716 (s, C=0), 1579 + 1530 + 1460
(m, C=Cy), 1219 + 1090 (s, C-0), 839 (m, CHy), 783 + 764 (s, CHar), 731 (m, CHap).
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10.6 Ethyl 6-propyl-3-(2-(tetrahydrofuran-2-yloxy)ethyl)-[2,2']-
bipyridine-5-carboxylate (164d)

From the triazine

Under a nitrogen atmosphere a solution of ethyl 5-propyl-3-(pyridin-2-yl)-1,2,4-triazine-6-
carboxylate (106d) (256 mg; 940 pumol) in 2,3-dihydrofuran (63a) (2.11 g; 30.1 mmol;
32.0 equiv.) and ethanol was heated under reflux for 20 h. After evaporation of most of the
solvent under reduced pressure the residue was purified by column chromatography
(diethyl ether / hexanes = 9:1; Ry= 0.33) yielding 164d (233 mg; 606 pumol; 64 %) which
was obtained as a brown oil.

The reaction was repeated a) replacing ethanol by toluene giving an almost identical yield

(223 mg; 580 mmol; 62 %) and b) using 2,3-dihydrofuran as the sole solvent giving no

identifiable product.

C22H28N204 (M =384.48 g/mol)

'H-NMR (CDCl3): & = 8.66 (ddd, 1H, 14-H, Ji41; = 1.0 Hz, Jig2 = 1.7 Hz, Jign3 = 4.7 Hz),
8.17 (s, 1H, 15-H), 7.88 (ddd, appearance similar to dt, 1H, 11-H, Ji114 = 1.0 Hz, Ji13 =
1.5 Hz, Jii12 = 7.9 Hz), 7.82 (ddd, appearance similar to dt, 1H, 12-H, Jions = 1.7 Hz, J1213
= 7.7 Hz, Jion1 = 7.9 Hz), 7.31 (ddd, 1H, 13-H, Jizn = 1.5 Hz, Ji314 = 4.7 Hz, Jizn2 =
7.7 Hz), 5.10 — 5.03 (m, 1H, 19-H), 4.40 (q, 2H, 7-H, Jy3 = 7.2 Hz), 3.85 and 3.65
(2dt, 2H, 18-H, Jign7 = 6.7 Hz, Jeem = 9.0 Hz), 3.82 — 3.74 (m, 2H, 22-H), 3.19 (t, 2H,
17-H, Ji718 = 6.7 Hz), 3.18 — 3.13 (m, 2H, 4-H), 2.04 — 1.70 (m, 6H, 5-H, 20-H, 21-H),
1.43 (t, 3H, 8-H, Jg7 = 7.2 Hz), 1.01 (t, 3H, 6-H, Jg5 = 7.4 Hz) ppm.

BC.NMR (CDCL): & = 166.95 (C-1), 160.42 (C-3), 158.43 (C-9), 157.83 (C-10), 148.48
(C-14), 141.74 (C-15), 136.76 (C-12), 130.74 (C-16), 124.67 (C-11), 123.10 (C-13),
103.74 (C-19), 67.07 and 66.89 (C-18, C-22), 61.30 (C-7), 38.70 (C-4), 32.41 and 32.36
(C-17, C-20), 23.43 (C-5), 14.38 and 14.31 (C-6, C-8) ppm. The signals for C-2 and C-21

were not detected. This may be due to overlap with other signals.
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HRMS (ESI) for C»HyoN,O4 [M+H]+: calculated: 385.2122; measured: 385.2118.
IR: Vpa/cm™' = 2960 + 2873 (w, CHaiy), 1718 (s, C=0), 1252(s, C-0), 1184 (m, C-0O),
1091 (s, C-0), 1034 (s, C-0).

10.7 Ethyl 3-propyl-1-(pyridin-2-y1)-6,7-dihydro-SH-cyclopenta[c]-
pyridine-4-carboxylate (167d)

From the triazine

A solution of ethyl 5-propyl-3-(pyridin-2-yl)-1,2,4-triazine-6-carboxylate (106d) (128 mg;
470 pumol) and 1-cyclopentenylpyrrolidine (86b) (76 puL; 521 umol; 1.11 equiv.) in ethanol
(5 mL) was stirred at room temperature for 1 h. Glacial acetic acid (0.5 mL) was added and
it was stirred for another hour. It was then made basic with 1M NaOH (15 mL), the organic
layer separated and the aqueous layer extracted with dichloromethane (2x 5 mL). The
combined organic extracts were dried over MgSO, and the solvent evaporated yielding

167d (122 mg; 393 pmol; 84 %) which was obtained as a brown oil.

For the sake of optimisation this reaction was carried out several times varying parameters
such as solvent, temperature and workup. Details thereof can be found under Section

6.3.2.4 (p. 55).

ClgszNzOz (M =310.40 g/rnol)

'H-NMR (CDCls): & = 8.68 (ddd, 1H, 14-H, Ji41, = 1.0 Hz, Jian2 = 1.7 Hz, Ji413 = 4.7 Hz),
8.25 (ddd, appearance similar to dt, 1H, 11-H, Jij14 = 1.0 Hz, Juyu3 = 1.2 Hz, Jiyie =
7.9 Hz), 7.80 (ddd, appearance similar to dt, 1H, 12-H, Jions = 1.7 Hz, Jions = 7.7 Hz,
Jio1 = 7.9 Hz), 7.27 (ddd, 1H, 13-H, Ji311 = 1.2 Hz, J130a = 4.7 Hz, Jizn2 = 7.7 Hz), 4.42
(q, 2H, 7-H, Jy3 = 7.2 Hz), 3.38 and 3.06 (2t, 4H, 17-H, 19-H, Ji715 = Ji9ns = 7.7 Hz),
3.01 —2.95 (m, 2H, 4-H), 2.16 — 2.02 (m, 2H, 18-H), 1.82 (tq, appearance similar to sextet,
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2H, 5-H, Jsu = Jsis = 7.4 Hz) , 1.42 (1, 3H, 8-H, Jg7 = 7.2 Hz), 1.01 (t, 3H, 6-H, Jgs =
7.4 Hz) ppm.

BC-NMR (CDCL): & = 168.47 (C-1), 158.16 and 157.90 (C-3 and C-9), 155.94 (C-10),
152.02 (C-15), 148.64 (C-14), 136.97 (C-16), 136.50 (C-12), 124.29 (C-2), 123.52 (C-11),
123.01 (C-13), 61.20 (C-7), 38.37 (C-4), 32.95 and 32.89 (C-17, C-19), 25.08 (C-18),
23.41(C-5), 14.39 (C-8), 14.26 (C-6) ppm.

HRMS (ESI) for C19Hy3N,O, [M+H]+: calculated: 311.1754; measured: 311.1750.

IR: Vma/em™ = 2961 + 2873 (w, CHayyt), 1717 (s, C=0), 1568 + 1555 (m, C=Cy,), 1255
(m, C-0), 1231 + 1116 (s, C-0), 1093 (m, C-0), 1024 (m), 743 (s, CHy).

From the chloroacetate with methylamine

A solution of ethyl 2-acetoxy-2-chloro-3-oxohexanoate (102d) (251 mg; 1.00 mmol) and
methylamine (0.25 mL; 33 % w/w in ethanol; 2.03 mmol; 2.03 equiv.) in ethanol was
stirred at room temperature for 1 h. Picolinohydrazonamide (73a) (136 mg; 1.00 mmol)
and ethanol (10 mL) were added and the solution was heated under reflux for 2 h. Then
I-cyclopentenylpyrrolidine (86b) (153 pL; 1.05 mmol; 1.05 equiv.) was added and the
solution was heated under reflux for another 20 h. After cooling down to room
temperature, the solution was made basic with 1M NaOH (30 mlL), the organic layer
separated, the aqueous layer extracted with diethyl ether and the combined organic phases
dried over MgSO,. The solvent was then evaporated and the residue purified by column
chromatography (diethyl ether / hexanes = 1:1; Ry = 0.50) yielding 167d (128 mg;
412 wmol; 41 %) which was obtained as a yellow liquid.

10.8 Ethyl 6-isopropyl-[2,2']-bipyridine-5-carboxylate (116e)

From the picolinate

Following method B in Section 10.2 (reaction times: 1% step: overnight; reflux: 2 d) and
using Cu(OAc),-H,0 (746 mg; 3.74 mmol; 2.49 equiv.), the reaction of 1-methoxy-1,3-
dioxopentan-2-yl  picolinate  (168¢) (500 mg;, 1.79 mmol; 1.19 equiv),
picolinohydrazonamide (73a) (204 mg; 1.50 mmol) and 2,5-norbornadiene (48) (1.61 mL;
14.9 mmol; 10.0 equiv.) afforded 110 mg of an inseparable 2:3-mixture of 116¢
(199 umol; 13 %) and ethyl 3-hydroxy-2-methoxy-4-methylpent-2-enoate (171e)
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(299 umol; 20 %) which was obtained as orange crystals after column chromatography

(diethyl ether / hexanes = 2:1).

C16H18N202 (M =270.33 g/mol)

Analvtical data for 116e¢;

'H-NMR (CDCl3): 8 = 8.69 (ddd, 1H, 13-H, Ji3/10 = 1.0 Hz, Ji3n; = 1.7 Hz, J1312 = 4.7 Hz),
8.59 (ddd, appearance similar to dt, 1H, 10-H, Jion3 = 1.0 Hz, Jignz = 1.2 Hz, Jign1 =
7.9 Hz), 8.28 (d, 1H, 15-H, Jisn4 = 8.2 Hz), 8.20 (d, 1H, 14-H, Jigi5s = 8.2 Hz), 7.85
(ddd, appearance similar to dt, 1H, 11-H, Jiyy13 = 1.7 Hz, J1y1» = 7.7 Hz, Ji1y10 = 7.9 Hz),
7.34 (ddd, 1H, 12-H, Ji210 = 1.2 Hz, Ji2n3 = 4.7 Hz, Jiu = 7.7 Hz), 4.40 (q, 2H, 6-H,
Jorr = 7.2 Hz), 3.99 — 3.89 (m, 1H, 4-H), 1.43 (t, 3H, 7-H, Jys = 7.2 Hz), 1.38 (d, 6H, 5-H,
Jsu = 6.7 Hz) ppm. The 'H-NMR spectral data is consistent with that found in the

OH
™
SMO/S\?
O

5 ~
8

C9H1604 (M =188.22 g/mol)

literature.®’

Analytical data for ethyl 3-hydroxy-2-methoxy-4-methylpent-2-enoate (171e):

'H-NMR (CDCl3): & = 4.29 and 4.27 (2q, 2H, 6-H Jg; = 7.2 Hz), 3.81 (s, 3H, 8-H), 2.65
(septet, 1H, 4-H, Jys = 6.9 Hz), 1.31 (t, 3H, 7-H J7s = 7.2 Hz), 0.93 and 0.92 (24, 6H, 5-H,
Jsi4 = 6.9 Hz) ppm.
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10.9 Ethyl 6-isobutyl-[2,2']-bipyridine-5-carboxylate (116f)

From the chloroacetate with methylamine

Following method C in Section 10.4 (reaction times: 1 st step: 1 h; reflux: 20 h) and using
methylamine (4.93 mL; 33 % w/w in ethanol; 40.0 mmol; 2.0 equiv.), the reaction of ethyl
2-acetoxy-2-chloro-5-methyl-3-oxohexanoate (102f) (5.29 g; 20.0 mmol; 1.01 equiv.),
Picolinohydrazonamide (73a) (2.70 g; 19.8 mmol) and 2,5-norbornadiene (48) (18.4 g;
200 mmol; 10.1 equiv.) afforded an inseparable 3:1-mixture of regioisomers 116f and 158f
(3.42 g; 12.0 mmol; 61 %) which was obtained as a yellow liquid after purification by
column chromatography (ethyl acetate / petroleum ether (b.p. 40 — 60 °C) = 1:4; R,= 0.29).

C17H20N202 (M =284.36 g/mol)

"H-NMR (CDCls): & = 8.70 (ddd, 1H, 14-H, Ji411 = 1.0 Hz, Jian2 = 1.7 Hz, Ji413 = 4.7 Hz),
8.52 (ddd, appearance similar to dt, 1H, 11-H, Jijus = 1.0 Hz, J1y1i3 = 1.2 Hz, June =
7.9 Hz), 8.30 and 8.27 (2d, very strong roofing effect, 2H, 15-H, 16-H, Jisns = 8.2 Hz),
7.84 (ddd, appearance similar to dt, 1H, 12-H, Jiyuu = 1.7 Hz, Jions = 7.7 Hz, Juyn =
7.9 Hz), 7.34 (ddd, 1H, 13-H, Ji311 = 1.2 Hz, Ji314 = 4.7 Hz, Ji312 = 7.7 Hz), 4.40 (q, 2H,
7-H, Jy3 = 7.2 Hz), 3.16 (d, 2H, 4-H, Jys = 6.7 Hz), 2.26 (nonet, 1H, 5-H, Jsu = Jsjs =
6.7Hz), 1.43 (t, 3H, 8-H, Jss = 7.2 Hz), 0.99 (d, 6H, 6-H, Jgs = 6.7 Hz) ppm.

BC-NMR (CDCls): & = 167.09 (C-1), 162.07 (C-3), 157.25 (C-9), 155.66 (C-10), 149.29
(C-14), 139.42 (C-15), 137.05 (C-12), 125.82 (C-2), 124.26 (C-13), 121.94 (C-11), 117.69
(C-16), 61.34 (C-7), 45.25 (C-4), 29.13 (C-5), 22.67 (C-6), 14.34 (C-8) ppm.

HRMS (ESI) for C17Hz1N,O» [M+H]+: calculated: 285.1598; measured: 285.1598.

IR: Vima/em™ = 3057 (w, CHy), 2957 + 2930 + 2870 (w, CHayr), 1719 (s, C=0), 1583 +
1555 (m, C=Cy), 1254 + 1093 (s, C-0), 1052 (m), 770 (s, CHar), 744 (m, CHap).
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From the picolinate

Following method B in Section 10.2 (reaction times: 1% step: 1 day; reflux: 1 day) and
using Cu(OAcy'H,O (340 mg, 1.70 mmol; 2.0 equiv.), 1-ethoxy-5-methyl-1,3-
dioxohexan-2-y! picolinate (168f) (250 mg; 0.852 mmol), picolinohydrazonamide (73a)
(116 mg; 0.852 mmol) and 2,5-norbornadiene (48) (0.92 mL; 8.52 mmol; 10.0 equiv.)
were converted into 116f. Purification by column chromatography (diethyl ether / hexanes

= 1:2; Ry= 0.14) afforded the product (109 mg; 383 pmol; 45 %) as a brown liquid.

From the chloroacetate

Following method A in Section 10.1 (reaction time: 20 h), the reaction of 2-acetoxy-2-
chloro-5-methyl-3-oxohexanoate (102f) (2.00 g; 7.56 mmol), picolinohydrazonamide (73a)
(2.55 g; 18.7 mmol; 2.48 equiv.) and 2,5-norbornadiene (48) (8.15 mL;75.5 mmol;
10.0 equiv.) afforded an inseparable 2:1-mixture of regioisomers 116f and 158f (1.05 g;
3.69 mmol; 49 %) which was obtained as a yellow liquid after column chromatography

(diethyl ether / hexanes = 1:2; Ry= 0.23).

C17H20N202 (M =284.36 g/moi)

Analvytical data for ethyl 5-isobutyl-[2.2']-bipyridine-6-carboxvlate (158f):

'H-NMR (CDCl): & = 8.70 (ddd, 1H, 14-H, Ji41, = 1.0 Hz, Jig12 = 1.7 Hz, Ji43 = 4.7 Hz),
8.58 (ddd, appearance similar to dt, 1H, 11-H, Jijqa = 1.0 Hz, Jiin3 = 1.2 Hz, Jiin2 =
7.9 Hz), 8.42 (d, 1H, 16-H, Ji¢ns = 8.2 Hz), 8.33 (d, 1H, 15-H, Ji516 = 8.2 Hz), 7.85
(ddd, appearance similar to dt, 1H, 12-H, Jiy14 = 1.7 Hz, Jioi3 = 7.7 Hz, Jio11 = 7.9 Hz),
7.36 (ddd, 1H, 13-H, Ji31 = 1.2 Hz, Ji3na = 4.7 Hz, Jisn2 = 7.7 Hz), 443 (q, 2H, 7-H,
Jug =17.2 Hz), 2.54 (d, 2H, 4-H, Jus = 6.9 Hz), 2.30 — 2.15 (m, 1H, 5-H), 1.31 (t, 3H, 8-H,
Jy7=17.2 Hz), 0.89 (d, 6H, 6-H, Jgs = 6.7 Hz) ppm.
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10.10 Ethyl 6-fert-butyl-[2,2']-bipyridine-S-carboxylate (116g)

From the picolinate

Following method B in Section 10.2 (reaction times: 1% step: 2 days; reflux: 5 days) and
using Cu(OAc);'H,O (709 mg; 3.55 mmol; 2.51 equiv.), 1-ethoxy-4,4-dimethyl-1,3-
dioxopentan-2-yl  picolinate (168g) (500 mg, 1.70 mmol; 1.20 equiv.),
picolinohydrazonamide (73a) (193 mg; 1.42 mmol) and 2,5-norbornadiene (48) (1.53 mL;
142 mmol; 10.0 equiv.) were converted into 116g. Purification by column
chromatography (diethyl ether / hexanes = 1:1; Ry = 0.35) afforded the product (273 mg;
960 pmol; 68 %) as a yellow liquid.

C17HN,0, (M = 284.36 g/mol)

"H-NMR (CDCls): 8 = 8.68 (ddd, 1H, 13-H, J1310 = 1.0 Hz, J131; = 1.7 Hz, J1312 = 4.7 Hz),
8.52 (ddd, appearance similar to dt, 1H, 10-H, Jioy3 = 1.0 Hz, Jig2 = 1.2 Hz, Jion1 =
7.9 Hz), 8.26 (d, 1H, 15-H, Jis514 = 8.2 Hz), 7.83 (ddd, appearance similar to dt, 1H, 11-H,
Juns = 1.7 Hz, Jiupa = 7.7 Hz, Jiywo = 7.9 Hz), 7.78 (d, 1H, 14-H, Jiuns = 8.2 Hz),
7.33 (ddd, 1H, 12-H, J1y,10 = 1.2 Hz, Jipn3 = 4.7 Hz, Jiz11 = 7.7 Hz), 4.40 (q, 2H, 6-H, Js/
=7.2Hz), 1.51 (s, 9H, 5-H) , 1.27 (4, 3H, 8-H, Js; = 7.2 Hz) ppm.

BC.NMR (CDCl;): 6 = 148.41 (C-13), 138.07 and 137.89 (C-11, C-14), 124.26 (C-12),
122.22 (C-10), 117.40 (C-15), 61.85 (C-6), 30.13 (C-5), 14.14 (C-7) ppm. The signals for
the quaternary carbons C-1 to C-4, C-8 and C-9 were not detected.

The HRMS spectrum was not recorded.

IR: Vima/em™ = 2981 (w, CHay1), 1723 (s, C=0), 1259 + 1064 (s, C-O), 779 (s, CHay).
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10.11 Ethyl 6-phenyl-[2,2']-bipyridine-5-carboxylate (116h)

From the picolinate

Following method B in Section 10.2 (reaction times: 1* step: 1 day; reflux: 2 days) and
using Cu(OAc),H,O (132 g; 6.61 mmol;, 2.49 equiv.), I-ethoxy-1,3-dioxo-3-
phenylpropan-2-yl  picolinate (168h) (1.00 g 3.19 mmol; 120 equiv.),
picolinohydrazonamide (73a) (361 mg; 2.65 mmol) and 2,5-norbornadiene (48) (2.9 mL;
26.9 mmol; 10.1 equiv.) were converted intc 116h. Purification by column
chromatography (diethyl ether; R,= 0.65) afforded the product (570 mg; 1.87 mmol; 71 %)
as colourless crystals (80.5 — 83.5 °C).

For the sake of optimisation this reaction was carried out several times varying parameters
such as solvent and number of equivalents of Cu(OAc);-H,0. Details thereof can be found

under Section 7.3.1.1, Table 25 (p. 63).

C19H16N202 (M =304.35 g/rnol)

'H-NMR (CDCLs): & = 8.71 (ddd, 1H, 15-H, Jis/12 = 1.0 Hz, Jisn3 = 1.7 Hz, Jisp14 = 4.7 Hz),
8.57 (ddd, appearance similar to dt, 1H, 12-H, Jions = 1.0 Hz, Jis = 1.2 Hz, Jions =
7.9 Hz), 8.46 (d, 1H, 17-H, Ji716 = 8.2 Hz), 8.24 (d, 1H, 16-H, Ji¢17 = 8.2 Hz), 7.82
(ddd, appearance similar to dt, 1H, 13-H, Jij315 = 1.7 Hz, Ji31a = 7.7 Hz, J1312 = 7.9 Hz),
7.68 — 7.63 (m, 2H, 5-H), 7.49 — 7.45 (m, 3H, 6-H, 7-H), 7.35 (ddd, 1H, 14-H, Jiy2 =
1.2 Hz, Jisns = 4.7 Hz, Jians = 7.7 Hz), 4.19 (q, 2H, 8-H, Jg = 7.2 Hz), 1.09 (t, 3H, 9-H,
Jog = 7.2 Hz) ppm. The 'H-NMR spectral data is consistent with that found in the

literature.%°

With catalytic amounts of Cu(OAc),'H,0 and co-oxidant
A mixture of 1-ethoxy-1,3-dioxo-3-phenylpropan-2-yl picolinate (168h) (448 mg;
1.43 mmol; 1.08 equiv.), Cu(OAc),-H,0 (18 mg; 90 pumol; 0.06 equiv.) and N"BusNO;3

(1.38 g; 4.53 mmol; 3.41 equiv.) in aqueous acetic acid (5 mL; 80 % v/v) was stirred at
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room temperature for 7 days. Then NapEDTA (0.1M aqueous solution) was added, the
product was extracted with dichloromethane, the solution washed with water and the
dichloromethane evaporated. The resulting oil was taken wup in ethanol,
picolinohydrazonamide (73a) (181 mg; 1.33 mmol) and 2,5-norbornadienc (48) (1.45 mL;
13.4 mmol; 10.1 equiv.) were added and the solution was refluxed under a nitrogen
atmosphere for 1 day. The solvent was evaporated again and the residue purified by
column chromatography (diethyl ether / hexanes; Ry = 0.37) yielding 116h (192 mg;

631 umol; 47 %) which was obtained as a brown wax.

With catalytic amounts of Cu(OAc),'H,0 and without co-oxidant

A mixture of I1-ethoxy-1,3-dioxo-3-phenylpropan-2-yl picolinate (168h) (448 mg;
1.43 mmol; 1.08 equiv.), Cu(OAc),-H,O (33 mg; 165 umol; 0.12 equiv.) and methanol
(1 mL) in toluene (5 mL) was stirred at room temperature for 3 days. The reaction mixture
was washed with an aqueous solution of Na,EDTA (1 g per 10 mL) until the aqueous
phase remained colourless, the organic phase dried over MgSO, and taken up in more
toluene (20 mL). Picolinohydrazonamide (73a) (181 mg; 1.33 mmol) and
2,5-norbornadiene (48) (1.45 mL; 13.4 mmol; 10.1 equiv.) were added and the solution
was refluxed under a nitrogen atmosphere for 2 days. The solvent was evaporated again
and the residue purified by column chromatography (diethyl ether / hexanes = 1:1;
Rr=0.23) yielding 116h (198 mg; 651 pmol; 49 %) which was obtained as a yellow wax.

From its corresponding acetate

A solution of 2-acetoxy-3-0x0-3-phenylpropanoate (101h) (1.00 g; 4.00 mmol) in saturated
ethanolic HCI1 (5 mL) was stirred at room temperature for 1 day. Then water (10 mL) was
added, it was extracted with diethyl ether (10 mL), the organic phase was washed with a
saturated solution of NaHCOs;, dried over MgSQO4 and the solvent evaporated under
reduced pressure. The residue was taken up in ethanol (30 mL), picolinohydrazonamide
(73a) (592 mg; 4.35 mmol; 1.09 equiv.) and 2,5-norbornadiene (48) (4.32 mL; 40.0 mmol;
10.0 equiv.) were added and the solution was refluxed under a nitrogen atmosphere for
2 days. The solvent was evaporated again and the residue purified by column
chromatography (diethyl ether / hexanes = 1:1; Ry = 0.21) yielding 116h (258 mg;

848 pumol; 21 %) which was obtained as orange crystals.
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10.12 Ethyl 6-(4-nitrophenyl)-[2,2']-bipyridine-5-carboxylate (116i)

From the picolinate

Following method B in Section 10.2 (reaction times: 1* step: 1 day; reflux: 1 day) and
using 576 mg Cu(OAc)H,O (2.89 mmol; 2.5 equiv.), the reaction of 1-ethoxy-3-
(4-nitrophenyl)-1,3-dioxopropan-2-yl picolinate (168i) (500 mg; 1.44 mmol; 1.25 equiv.),
picolinohydrazonamide (73a) (157 mg; 1.15 mmol) and 2,5-norbornadiene (48) (1.25 mL;
11.5 mmol; 8.0 equiv.) afforded 77 mg of an inseparable 3:7-mixture of 116i (79 pmol;
7 %) and ethyl 3-hydroxy-2-methoxy-3-(4-nitrophenyl)acrylate (171i) (185 pmol; 16 %)
which was obtained as a brown solid after column chromatography (diethyl ether / hexanes

=1:1; Ry=0.25).

C19H15N3O4 (M = 34935 g/mol)

Analvtical data for 116i:

'H-NMR (CDCl): 8 =8.73 (ddd, 1H, 15-H, Jisn2 = 1.0 Hz, Jisn3 = 1.7 Hz, Jisns = 4.7 Hz),
8.56 (d, 1H, 17-H, Ji16 = 8.2 Hz), 8.51 (ddd, appearance similar to dt, 1H, 12-H,
Jians = 1.0 Hz, Jypna = 1.2 Hz, Jiyn3 = 7.9 Hz), 8.36 (d, 1H, 16-H, Jign7 = 8.2 Hz), 8.34
(d, 2H, 5-H, Js;s = 8.9 Hz), 7.86 — 7.81 (m, 1H, 13-H), 7.80 (d, 2H, 6-H, Jys = 8.9 Hz),
7.39 (ddd,1H, 14-H, Jign2 = 1.2 Hz, Juans = 4.7 Hz, Juns = 7.7 Hz), 4.24 (q, 2H, 8-H, Jgio =
7.2 Hz), 1.17 (t, 3H, 9-H, Jo;3 = 7.2 Hz) ppm.

C12H13NO6 (M =267.24 g/mol)
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Analvtical data for 3-hvdroxy-2-methoxy-3-(4-nitrophenvDacrylate (171i):

'H-NMR (CDCL): 8 = 8.23 (d, 2H, 6-H, Jgs = 8.9 Hz), 7.90 (d, 2H, 5-H, Jss = 8.9 Hz),
4.34 and 4.32 (2q, 2H, 8-H, Jsy = 7.2 Hz), 3.87 (s, 3H, 10-H), 1.31 (t, 3H, 9-H, Jy3 =
7.2 Hz) ppm. |

11 Terpyridines and precursors

11.1 2,6-Pyridinedicarbonyl dichloride (186)

Under a nitrogen atmosphere and with mechanical stirring thionyl chloride (2.0 L;
27.4 mol; 9.16 equiv.) was added at once to 2,6-pyridinedicarboxylic acid (185) (500 g;
2.99 mol) in two 250 g batches. The mixtures were heated to 65 °C at which point the
reaction set in. Catalytic amounts of DMF were added and it was heated at 65 °C until the
release of gas had ceased (5 h). The batches were combined and the majority of the excess
thionyl chloride distilled off. On cooling to 0 °C the product crystallised out and was was
filtered off under reduced pressure yielding 186 (583 g; 2.86 mol; 96 %) which was
obtained as a moisture sensitive off-white solid (m.p. 57 — 60 °C; Iit."? 6. 60 —60.5 °C).

1
X 2

Cl 43| R 4 _Cl
N

6] O
C7H3C12N02 (M =204.01 g/mol)

'"H-NMR (CDCly): & = 8.40 — 8.36 (m, 2H, 2-H), 8.21 — 8.15 (m, 1H, 1-H) ppm.
BC-NMR (CDCL): § = 169.55 (C-4), 149.32 (C-3), 139.51 (C-1), 129.10 (C-2) ppm.

The 'H- and PC-NMR spectral data is consistent with that found in the literature. "’
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11.2 2,6-Pyridinedicarboxamide (187)

To a large excess of ice-cold aqueous ammonia (30 % v/v) was carefully added
2,6-pyridinedicarbonyl dichloride (186) (6.00 g; 29.4 mmol) under vigorous stirring. After
complete addition the mixture was stirred for another hour, the solid was filtered off and
dried under a stream of air yielding 187 (4.81 g; 29.1 mmol; 99 %) which was obtained as
a white powder (m.p. > 250 °C; 1it."*: decomposition at 305 — 306 °C)

The reaction was scaled up to 234 g (1.15 mol) of starting material. The product which still
contained water and/or ammonia was used for the subsequent reaction (Section 11.3,
p. 161) without further purification and assuming quantitative yield of pure product 187.
At this scale the reaction was performed in two batches using ice-cold ammonia
(15.2 equiv.) plus external cooling and a mechanical stirrer; 2,6-pyridinedicarbonyl

dichloride (186) was added at such rate (3 h) that the temperature did not rise above 5 °C.

1
2I X 2
HoN. a2 N/34 NH,

@] O
C7H;N30, (M = 165.15 g/mol)

"H-NMR (DMSO-dq): & = 8.88 (br, 2H, NH,), 8.20 — 8.09 (m, 3H, 1-H and 2-H), 7.72 (br,
2H, NH,) ppm. The 'H-NMR spectral data is consistent with that found in the literature.'*

BC-NMR (DMSO-dp): § = 165.91 (C-4), 149.63 (C-3), 139.71 (C-1), 124.71 (C-2) ppm.

11.3 2,6-Pyridinedicarbonitrile (188)

Under gentle heating 2,6-pyridinedicarboxamide (187) (4.50 g; 27.2 mmol) was dissolved
in DMF (70 mL) and allowed to cool to room temperature. POCly (12.5 g; 81.5 mmol;
2.99 equiv.) was added in one portion and the mixture was stirred for 4 h. The mixture was
diluted with dichloromethane (75 mL), washed with water (5x 75 mL) and the

dichloromethane fraction was evaporated under reduced pressure. The residue was washed
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again with water (75 mL) and dried yielding 188 (2.37 g; 18.4 mmol; 67 %) which was
obtained as shiny platelets (m.p. 124 — 125 °C; 1it."*%: 126 °C).

The reaction was scaled up to 190 g (1.15 mol) of starting material yielding 103 g
(798 mmol; 70 %) product. At this scale the reaction was performed in 3 batches and the
POCI; had to be added slowly under cooling with an ice-bath.

C7H3N3 (M =129.12 g/moi)

'H-NMR (CDCl3): & = 8.13 — 8.06 (m, 1H, 1-H), 7.97 — 7.93 (m, 2H, 2-H) ppm.
'H-NMR (DMSO-dg): 6 = 8.41 —8.30 (m, 3H, 1-H and 2-H) ppm.

BC-NMR (CDCls): & = 138.96 (C-1), 135.42 (C-3), 131.21 (C-2), 115.52 (C-4) ppm.
BC-NMR (DMSO-d): § = 140.90 (C-1), 134.45 (C-3), 133.15 (C-2), 116.69 (C-4) ppm.

The "H-NMR spectral data is consistent with that found in the literature.'*!

11.4 Pyridine 2,6-bis(carbohydrazonamide) (189)

To 2,6-pyridinedicarbonitrile (188) (2.00 g; 15.5 mmol) was added hydrazine monohydrate
(10 mL; 206 mmol; 13.3 eq.) at room temperature. The mixture was briefly stirred and then
left to stand overnight. The crude product was filtered off, slurried with water and oven-
dried yielding 189 (2.86 g; 14.8 mmol; 96 %) which was obtained as a pale yellow powder
(decomposition > 200 °C; lit. ', m.p. 228 °C).

N 43| B4 N.
HoNT S N TR

NH, NH,

C;H;1N; (M = 193.21 g/mol)
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'"H-NMR (DMSO-ds): 8 = 7.80 (d, 2H, 2-H, Joy = 7.4 Hz), 7.64 (1, 1H, 1-H, Ji, = 7.4 Hz)

ppm. The 'H-NMR spectral data is consistent with that found in the literature.'*

11.5 Diethyl 3,3'-(pyridine-2,6-diyl)bis(5-propyl-1,2,4-triazine-6-
carboxylate) (191d)

Method C - From the chloroacetate with methylamine

To a stirred solution of 2-chloro-2-acetoxy-3-oxohexanoate (102d) (501 mg; 2.00 mmol;
2.00 equiv.) in ethanol (3 mL) was added methylamine (0.49 mL; 33 % w/w in ethanol;
3.98 mmol; 3.98 equiv.). The mixture was stirred at room temperature for 1 h. Pyridine
2,6-bis(carbohydrazonamide) (189) (193 mg; 1.00 mmol) was added and the mixture was
heated under reflux for 2 h. After cooling to room temperature, the solvent was evaporated
under reduced pressure and the residue purified by column chromatography (ethyl acetate /
petroleum ether (b.p. 40 — 60 °C) = 3:1; Ry = 0.27) yielding 191d (157 mg; 337 pmol;
34 %) which was obtained as a brown solid (m.p. 105 — 107 °C).

1
\2
4I\§

l
12\/0 5 \ 5 O\/2
11 7 7
8

__-P-

C23H27N704 (M =465.51 g/moi)

'H-NMR (CDCls): & = 8.85 (d, 2H, 2-H, Jy; = 7.9 Hz), 8.19 (t, 1H, 1-H, Ji, = 7.9 Hz),
4.56 (q, 4H, 11-H, Jyj11» = 7.2 Hz), 3.23 — 3.17 (m, 4H, 8-H), 1.98 — 1.85 (m, 4H, 9-H),
1.48 (t, 6H, 12-H, Jio11 = 7.2 Hz), 1.07 (t, 6H, 10-H, Jio = 7.2 Hz) ppm.

BC.NMR (CDCL): & = 164.10, 163.97, 162.42, 153.23, 150.00 (C-3 to C-7), 138.74 (C-1),
126.98 (C-2), 63.01 (C-11), 37.12 (C-8), 21.96 (C-9), 14.26 and 14.20 (C-10, C-12) ppm.
HRMS (ESI) for Cy3HgN704 [M+H]+: calculated: 466.2197; measured: 466.2192.

IR: vmad/em™ = 2964 + 2934 + 2874 (w, CHaiy1), 1721 (s, C=0), 1512 (m, C=Cy), 1255 +
1081 (s, C-O), 1045 (s), 815 + 743 + 668 (m, CHy).
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11.6 Diethyl 3,3'-(pyridine-2,6-diyl)bis(5-isobutyl-1,2,4-triazine-6-
carboxylate) (1911)

Following method C in Section 11.5 and using methylamine (0.49 mL; 33 % w/w in
ethanol; 3.98 mmol; 3.98 equiv.), 2-acetoxy-2-chloro-5-methyl-3-oxohexanoate (102f)
(461 mg; 1.74 mmol; 1.74 equiv.) and pyridine 2,6-bis(carbohydrazonamide) (189)
(193 mg; 1.00 mmol) were converted into 191f. Purification by column chromatography
(ethyl acetate / petroleum ether (b.p. 40 — 60 °C) = 3:1; R, = 0.39) afforded the product
(156 mg; 316 pmol; 36 % based on 102f) as a yellow solid (m.p. 99 — 102 °C).

2'\2
N N 2R N,
N | N | N
6
OGN N A0 1,
11 7 7 11
C s g8 O
ST 10 10Ny
10 10

C25H31N704 (M =493.57 g/mol)

'H-NMR (CDCl): 8 = 8.84 (d, 2H, 2-H, Jy; = 7.9 Hz), 8.19 (t, 1H, 1-H, Ji, = 7.9 Hz),
4.57 (q, 4H, 11-H, Ji1y12 = 7.2 Hz), 3.13 (d, 4H, 8-H, Jsyo = 7.2 Hz), 2.45 — 2.30 (m, 2H,
9-H), 1.50 (t, 6H, 12-H, Jip11 = 7.2 Hz), 1.03 (d, 12H, 10-H, Jiop = 6.7 Hz) ppm.

BC-NMR (CDCly): & = 164.24 (C-5), 163.24 (C-3), 162.37 (C-1), 153.29 (C-2), 150.45
(C-4), 138.65 (C-6), 126.90 (C-7), 62.99 (C-11), 43.23 (C-8), 28.83 (C-9), 22.62 (C-10),
14.26 (C-12) ppm.

HRMS (ESI) for CysH3N704 [M+H]+: calculated: 494.2510; measured: 494.2512.

IR: Vma/cm™ = 2960 2871 (w, CHaiy), 1720 (s, C=0), 1510 (m, C=Cy), 1256 + 1085
(s, C-0), 1047 (s), 798 + 744 + 669 (m, CHy).
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11.7 Diethyl 2,2'-(pyridine-2,6-diyl)bis(6-propylpyridine-5-carboxylate)
(1924d)

Method C - From the chloroacetate with methylamine

To a solution of 2-chloro-2-acetoxy-3-oxohexanoate (102d) (501 mg; 2.00 mmol;
2.00 equiv.) in ethanol (3 mL) was added methylamine (0.49 mL; 33 % w/w in ethanol;
3.98 mmol; 3.98 equiv.) and left stirring at room temperature for 1 h. Pyridine 2,6-bis-
(carbohydrazonamide) (189) (193 mg; 1.00 mmol) and 2,5-norbornadiene (48) (2.15 mL;
19.9 mmol; 19.9 equiv.) were added and the mixture was heated under reflux for 20 h. The
solvent was evaporated under reduced pressure and the residue purified by column
chromatography (ethyl acetate / petroleum ether (b.p. 40 — 60 °C) = 1:4; R, = 0.42)
yielding 192d (279 mg; 604 pumol; 60 %) which was obtained as a white solid (m.p. 105 —
106 °C from ethanol).

C27H31N3O4 (M =461.56 g/moi)

'"H-NMR (CDCls): & = 8.59 (d, 2H, 2-H, Jy; = 7.9 Hz), 8.47 and 8.30 (2d, 4H, 13-H, 14-H,
Jizna = Juiz = 8.3 Hz), 791 (t, 1H, 1-H, Jip, = 7.9 Hz), 4.42 (q, 4H, 11-H, Jj112 = 7.2 Hz),
3.26 - 3.20 (m, 4H, 8-H), 1.94 — 1.80 (m, 4H, 9-H), 1.44 (t, 6H, 12-H, J111 = 7.2 Hz), 1.06
(t, 6H, 10-H, Jyo0 = 7.4 Hz) ppm.

BC-NMR (CDCl): & = 167.01 (C-5), 162.79 (C-7), 157.48 (C-4), 154.94 (C-3), 139.42
(C-14), 137.95 (C-1), 12541 (C-6), 122.31 (C-2), 117.85 (C-13), 61.34 (C-11), 39.05
(C-8), 23.02 (C-9), 14.37 and 14.30 (C-10, C-12) ppm.

HRMS (ESI) for C7H3oN304 [M+H]+: calculated: 462.2387; measured: 462.2394,

IR: Vima/em™ = 2960 + 2933 + 2871 (w, CHauy), 1721 (s, C=0), 1582 (s, C=Cy), 1553
(m), 1436 (m), 1247 (s, C-0), 1141 (m), 1091 (s, C-O), 1040 (m), 1018 (m), 828
(m, CHyy), 786 (s, CHy), 745 + 736 (m, CHay).
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11.8 Diethyl 2,2'-(pyridine-2,6-diyl)bis(6-isobutylpyridine-5-carboxylate)
(1921)

Following method C in Section 11.7 and using methylamine (0.49 mL; 33 % w/w in
ethanol; 3.98 mmol; 3.98 equiv.), 2-acetoxy-2-chloro-5-methyl-3-oxohexanoate (102f)
(461 mg; 1.74 mmol; 1.74 equiv.), pyridine 2,6-bis(carbohydrazonamide) (189) (193 mg;
1.00 mmol) and 2,5-norbornadiene (48) (2.15 mL; 19.9 mmol; 19.9 equiv.) were converted
into 192f. Purification by column chromatography (ethyl acetate / petroleum ether (b.p. 40
- 60 °C) = 1:9; Ry= 0.35) afforded the product (182 mg; 372 umol; 43 % based on 102f) as
colourless crystals (m.p. 109 — 112 °C).

C29H35N304 (M =489.61 g/mol)

'H-NMR (CDCl3): § = 8.58 (d, 2H, 2-H, J»; = 7.9 Hz), 8.49 and 8.31 (2d, 4H, 13-H, 14-H,
Jizna = Jian3 = 8.3 Hz), 7.91 (t, 1H, 1-H, Jip, = 7.9 Hz), 4.42 (q, 4H, 11-H, J112 = 7.2 Hz),
3.17 (d, 4H, 8-H, Jg = 7.2 Hz), 2.36 — 2.21 (m, 2H, 9-H), 1.44 (t, 6H, 12-H, Jiyu1 =
7.2 Hz), 1.00 (d, 12H, 10-H, Jyo0 = 6.7 Hz) ppm.

BC-NMR (CDClL): 6 = 167.13 (C-5), 162.05 (C-7), 157.24 (C-4), 154.94 (C-3), 139.38
(C-14), 137.99 (C-1), 125.91 (C-6), 122.30 (C-2), 117.76 (C-13), 61.36 (C-11), 45.28
(C-8),29.16 (C-9), 22.68 (C-10), 14.39 (C-12) ppm.

HRMS (ESI) for CooH3sN30,4 [M+H]: calculated: 490.2700; measured: 490.2699.

IR: Vma/em™ = 2957 (m, CHaiy), 1721 (s, C=0), 1581 (s, C=Cy), 1552 (m), 1438 (m),
1254 (s, C-0), 1099 (s, C-0), 1073 (m), 822 (m, CHyy), 784 + 764 (s, CHyr), 731 (m, CHy).
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11.9 Diethyl 2,2'-(pyridine-2,6-diyl)bis(6-phenylpyridine-5-carboxylate)
(192h)

Following method C in Section 11.7 and using methylamine (0.49 mL; 33 % w/w in
ethanol; 3.98 mmol; 3.98 equiv.), 2-chloro-2-acetoxy-3-oxo-3-phenylpropanoate (102h)
(569 mg; 2.00 mmol; 2.0 equiv.), pyridine 2,6-bis{carbohydrazonamide) (189) (193 mg;
1.00 mmol) and 2,5-norbornadiene (48) (2.15 mL; 19.9 mmol; 19.9 equiv.) were converted
into 192h. Purification by column chromatography (ethyl acetate / petroleum ether (b.p. 40
- 60 °C) = 1:4; Ry = 0.32) afforded the product (403 mg; 761 umol; 76 %) as fine white
needles (m.p. 156 — 157 °C from ethanol).

C33H27N3O4 (M = 529.60 g/mol)

'H-NMR (CDCL): § = 8.67 (d, 2H, 14-H or 15-H, Jius = 8.2 Hz), 8.62 (4, 2H, 2-H,
Jon =7.9 Hz), 8.27 (d, 21, 14-H or 15-H, Juns = 8.2 Hz), 7.93 (t, 1H, 1-H, Ji, = 7.9 Hz),
7.69 — 7.63 (m, 4H, 9-H), 7.51 — 7.43 (m, 6H, 10-H, 11-H), 4.19 (q, 4H, 12-H, Jiz13 =
7.2 Hz), 1.07 (t, 6H, 13-H, Ji31 = 7.2 Hz) ppm.

BC-NMR (CDCLy): 8 = 168.42 (C-5), 158.35, 157.17 and 154.60 (C-3, C-4, C-7), 140.49
(C-1), 139.04 (C-15), 138.01 (C-8), 128.92 and 128.15 (C-9, C-10), 128.76 (C-11), 127.13
(C-6), 122.57 (C-2), 118.76 (C-14), 61.57 (C-12), 13.78 (C-13) ppm.

HRMS (ESI) for C33HsN304 [M+H]": calculated: 530.2074; measured: 530.2079.

IR: Vina/em™ = 2981 (w, CHaeet), 1705 (s, C=0), 1573 (m, C=Cyy), 1278 + 1117 (s, C-O),
1085 (m), 1046 (m), 1018 (m), 796 + 766 + 699 (s, CHa).
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11.10 Diethyl 1,1'-(pyridine-2,6-diyl)bis(3-propyl-6,7-dihydro-SH-
cyclopenta|c]pyridine-4-carboxylate) (193d)

From the chloroacetate with methylamine

A solution of ethyl 2-acetoxy-2-chloro-3-oxohexanoate (102d) (501 mg; 2.00 mmol;
2.0 equiv.) and methylamine (0.49 mL; 33 % w/w in ethanol; 3.98 mmol; 3.98 equiv.) in
ethanol (5 mL) was stirred at room temperature for 1 h. Pyridine 2,6-bis-
(carbohydrazonamide) (189) (193 mg; 1.00 mmol) was added and the solution was heated
under reflux for 2 h. Then I-cyclopentenylpyrrolidine (56b) (306 pL; 2.10 mmol;
2.10 equiv.) was added and the solution was refluxed for another 20 h. After cooling down
to room temperature, the solvent was evaporated and the residue purified by column
chromatography (diethyl ether / hexanes = 4:1; R, = 0.41) yielding 193d (261 mg;
482 pumol; 48 %) which was obtained as a yellow solid (m.p. 61 — 63 °C).

Cs3H39N304 (M =541.69 g/moi)

'H-NMR (CDCL): 6 = 8.18 (d, 2H, 2-H, Jy; = 7.9 Hz), 7.92 (t, 1H, 1-H, Ji» = 7.9 Hz),
4.41 (q, 44, 11-H, Ju2 = 7.2 Hz), 3.29 and 3.06 (2t, 8H, 15-H, 17-H, Jisn6 = J1716 =
7.4 Hz), 3.02 — 2.96 (m, 4H, 8-H), 2.04 (i, appearance similar to quintet, 4H, 16-H, Ji¢/15 =
Jien7 = 7.4 Hz), 1.84 (tq, appearance similar to sextet, 4H, 9-H, Jog = Joy10 = 7.4 Hz), 1.41
(t, 6H, 12-H, Ji211 = 7.2 Hz), 1.03 (t, 6H, 10-H, J100 = 7.4 Hz) ppm.

BC.NMR (CDCls): 8 = 168.44 (C-5), 157.88 and 157.02 (C-4, C-7), 155.79 (C-3), 152.61
(C-14), 137.12 (C-13), 136.94 (C-1), 124.26 (C-6), 123.24 (C-2), 61.23 (C-11), 38.39
(C-8), 33.01 and 32.90 (C-15, C-17), 25.24 (C-16), 23.44 (C-9), 14.39 and 14.31 (C-10,
C-12) ppm.

HRMS (ESI) for C33H4oN304 [M+H]+: calculated: 542.3013; measured: 542.3014.

IR: Vma/cm™ = 2962 + 2935 + 2872 (w, CHaup), 1717 (s, C=0), 1557 (m, C=Cy), 1256 +
1237 + 1122 (s, C-0), 1031 (m), 826 + 737 (m, CHy).
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Method I — From the chloroacetate with methylamine and acidic workup

A solution of ethyl 2-acetoxy-2-chloro-3-oxchexanoate (102d) (501 mg; 2.00 mmol;
2.0 equiv.) and methylamine (0.49 mL; 33 % w/w in ethanol; 3.98 mmol; 3.98 equiv.) in
ethanol (5 mL) was stired at room temperature for 1 h. Pyridine 2,6-bis-
(carbohydrazonamide) (189) (193 mg; 1.00 mmol) and ethanol (5 mL) were added and the
solution was heated under reflux for 1 h. After cooling down to room temperature,
1-cyclopentenylpyrrolidine (56b) (306 uL; 2.10 mmol; 2.10 equiv.) was added and the
solution was stirred for 1 h, glacial acetic acid (1 mL) was added and it was stirred for
another hour. It was then made basic with 1M NaOH (60 mL), the organic layer was
separated, the aqueous phase extracted with dichloromethane (2x 10 mL) and the
combined organic extracts dried over MgSO,. The solvent was evaporated and the residue
purified by column chromatography (diethyl ether / hexanes = 1:1; R, = 0.58) yielding
193d (219 mg; 404 pmol; 40 %) which was obtained as a pale yellow solid.

11.11 Diethyl 1,1'-(pyridine-2,6-diyl)bis(3-isobutyl-6,7-dihydro-SH-
cyclopenta[c]pyridine-4-carboxylate) (193f)

Following method I in Section 11.10 and using methylamine (0.49 mL; 33 % w/w in
ethanol; 3.98 mmol; 3.98 equiv.), ethyl 2-acetoxy-2-chloro-5-methyl-3-oxohexanoate
(102f) (529 mg; 2.00 mmol; 2.00 equiv.), pyridine 2,6-bis(carbohydrazonamide) (189)
(193 mg; 1.00 mmol) and I-cyclopentenylpyrrolidine (56b) (306 uL; 2.10 mmol;
2.10 equiv.) were converted into 193f. Purification by column chromatography (diethyl
ether / hexanes = 4:1; Ry = 0.81) afforded the product (268 mg; 495 pmol; 50 %) as a

yellow wax.

C35H43N304 (M =569.74 g/mol)
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'H-NMR (CDCL3): & = 8.18 (d, 2H, 2-H, Jy; = 7.9 Hz), 7.93 (t, 1H, i-H, Ji», = 7.9 Hz),
4.42 (q, 4H, 11-H, Jji12 = 7.2 Hz), 3.30 and 3.06 (2t, 8H, 15-H, 17-H, Jisne = Jimie =
7.4 Hz), 2.89 (d, 4H, 8-H, Jg = 7.2 Hz), 2.34 — 2.18 (m, 2H, 9-H), 2.05 (it, appearance
similar to quintet, 4H, 16-H, Jigns = Jign7 = 7.4 Hz), 1.42 (t, 6H, 12-H, Jip1 = 7.2 Hz),
0.99 (d, 12H, 10-H, Jjo0 = 6.7 Hz) ppm.

PC-NMR (CDCls): & = 168.53 (C-5), 157.09 and 156.98 (C-4, C-7), 155.51 (C-3), 152.46
(C-14), 137.05 (C-13), 136.76 (C-1), 124.83 (C-6), 123.23 (C-2), 61.18 (C-11), 44.71
(C-8), 32.93 (C-15, C-17),29.27 (C-9), 25.18 (C-16), 22.69 (C-10), 14.39 (C-12) ppm.
HRMS (ESI) for C35HysN3O4 [M+H]": calculated: 570.3326; measured: 570.3324.

IR: Vpa/em™” = 2955 (m, CHaiky1), 2869 (w, CHaikyi), 1718 (s, C=0), 1557 (m, C=Cy), 1256
+1233 + 1119+ 1095 (s, C-0), 1039 (m), 828 + 744 (m, CHy).

12 Imidazoles

12.1 Ethyl 2-phenyl-4-(n-propyl)-1 H-imidazole-5-carboxylate (196d)

From the chloreacetate with methylamine

To a stirred solution of 2-acetoxy-2-chloro-3-oxohexanoate (102d) (500 mg; 1.99 mmol) in
ethanol (5 mL) was added methylamine (0.49 mL; 33 % w/w in ethanol; 3.98 mmol; 2.00
equiv.) and it was left stirring at room temperature for 1 h. After evaporation of the solvent
benzaldehyde (423 mg; 3.99 mmol; 2.00 equiv.) and a solution of ammonium acetate (1.53
g; 19.8 mmol; 9.95 equiv.) in acetic acid (6 mL) were added to the residue and the mixture
was heated to 80 °C for 3 h. The solvent was evaporated, the residue taken up in ethyl
acetate (12 mL), washed with NaHCO; (12 mL), water (12 mL) and brine (12 mL) and
dried over MgSQy. Evaporation of the ethyl acetate afforded 196d (335 mg; 1.30 mmol;
65 %) which was obtained as orange solid (decomposition >140 °C) without need for

column chromatography.

170



PN ZH 112

8 701
| /910 13
N

3
5 1M 12

C15H13N202 (M =258.32 g/moi)

'H-NMR (CDCl3): 8 = 7.90 — 7.86 (m, 2H, 11-H), 7.49 — 7.40 (m, 3H, 12-H, 13-H),
4.38 (q, 2H, 7-H, J73 = 7.2 Hz), 2.98 — 2.89 (m, 2H, 4-H), 1.75 (tq, appearance similar to
sextet, 2H, 5-H, Jsu = Jsis = 7.4 Hz), 1.40 (t, 3H, 8-H, Jsy =7.2 Hz), 1.00 (1, 3H, 6-H, Jss =
7.4 Hz) ppm.

BC-NMR (CDCl): § = 128.99 (C-12), 125.88 (C-11), 60.72 (C-7), 23.06 (C-5), 14.49 and
14.05 (C-6, C-8) ppm. The atoms C-1 to C-4, C-9, C-10 and C-13 could not be assigned.
HRMS (ESI) for C;5HsN>O, [M+H]+: calculated: 259.1441; measured: 259.1441.

IR: vpa/om™ = 2964 (w, CHaigy), 1702 (s, C=0), 1323 (s), 1215 (s), 1113 (s, C-0), 714 +
694 (s, CHa).

From the chloroacetate

To a stirred solution of ammonium acetate {1.53 g; 19.8 mmol; 9.95 equiv.) in acetic acid
(6 mL) at room temperature were added 2-acetoxy-2-chloro-3-oxohexanoate (102d)

(500 mg; 1.99 mmol) and benzaldehyde (423 mg; 3.99 mmol; 2.00 equiv.) and the mixture
was heated to 65 °C for 1 h. The solvent was evaporated, the residue taken up in ethyl
acetate, washed with NaHCOs3, water and brine and dried over MgSO;4. After evaporation
of the ethyl acetate the residue was purified by column chromatography (ethyl acetate /
hexanes = 3:2; Ry= 0.54) yielding 196d (211 mg; 817 umol; 41 %) which was obtained as

yellow needles (decomposition >140 °C).

From the chloroacetate with EtOH/HCI

A solution of 2-acetoxy-2-chloro-3-oxohexanoate (102d) (500 mg; 1.99 mmol) in saturated
ethanolic HC1 (6 mL) was stirred at room temperature for 20 h. After evaporation of the
solvent benzaldehyde (423 mg; 3.99 mmol; 2.00 equiv.) and a solution of ammonium
acetate (1.53 g; 19.8 mmol; 9.95 equiv.) in acetic acid (6 mL) were added to the residue
and the mixture was heated to 70 °C for 3 h. The solvent was evaporated, the residue taken
up in ethyl acetate (12 mL), washed with NaHCO; (12 mL), water (12 mL) and brine (12
mL) and dried over MgSO,. After evaporation of the ethyl acetate the crude product was
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purified by column chromatography (ethyl acetate / hexanes = 3:2; Ry = 0.40) yielding
196d (209 mg; 809 umol; 41 %) which was obtained as yellow needles.

From the picolinate

A mixture of 1-ethoxy-1,3-dioxohexan-2-yl picolinate (168d) (888 mg; 3.18 mmol),
Cu(OAck H,O (1.32 mg; 6.61 mmol; 2.08 equiv.) and methanol (2.0 mL) in
dichloromethane (50 mL) was stirred at room temperature for 1 day. The reaction was
diluted with hexanes (20 mL) and washed with an aqueous solution of Na,EDTA (1 g per
10 mL) until the aqueous phase remained colourless. The organic phase was dried over
MgSO4 and the solvent evaporated. The resulting oil and benzaldehyde (704 mg;
6.63 mmol; 2.09 equiv.) were then added to a solution of NH,OAc (2.56 g; 33.2 mmol;
10.4 equiv.) in acetic acid (12 mL) and stirred at 65 °C for 3 h. The acetic acid was
evaporated, the residue was taken up in ethyl acetate (25 mL), washed with NaHCO;
(2x 25 mL), water (25 mL), brine (25 mL), dried over MgSO, and the solvent evaporated
under reduced pressure. The crude product was purified by column chromatography (ethyl
acetate / hexane = 3:2; Ry = 0.40) yielding 196d (335 mg; 1.30 mmol; 41 %) which was

obtained as yellow needles.

12.2 Ethyl 2,4-diphenyl-1H-imidazole-5-carboxylate (196h)

From the picolinate

A mixture of 1-ethoxy-1,3-dioxo-3-phenylpropan-2-yl picolinate (168h) (1.00 g;
3.19 mmol), Cu(OAc),-H,0 (1.32 mg; 6.61 mmol; 2.08 equiv.) and methanol (2.0 mL) in
dichloromethane (50 mL) was stirred at room temperature until judged complete by TLC.
The reaction was diluted with hexanes (20 mL) and washed with with an aqueous solution
of Na;EDTA (1 g per 10 mL) until the aqueous phase remained colourless. The organic
phase was dried over MgSO, and the solvent evaporated. The resulting oil and
benzaldehyde (707 mg; 6.66 mmol; 2.09 equiv.) were then added to a solution of NH4OAc
(2.56 g; 33.2 mmol; 10.4 equiv.) in acetic acid (12 mL) and stirred at 65 °C for 16 h. The
acetic acid was evaporated, the residue was taken up in ethyl acetate (25 mL), washed with
NaHCO; (2x 25 mL), water (25 mL), brine (25 mL), dried over MgSO, and the solvent

evaporated under reduced pressure. The crude product was purified by column
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chromatography (ethyl acetate / hexane = 3:2; Ry = 0.55) yielding 196h (255 mg;
872 umol; 27 %) as a yellow solid (m.p. 167 °C; 1it.'?: 165 — 167 °C).

O
P 1213 N 1213
s TOT1INEN o BOTINg N\
14 — 14
5 | 71011 5 | 1011
6 s N 1213 3 H 12 13
; 5 ; 5
5 6

C13H16N202 (M =287 .34 g/mol)

'H-NMR {CDCl3) of both tautomeric forms: & = 8.03 — 7.90 (br s, 6H) and 7.52 — 7.34
(m, 14H) (5-H to 7-H, 12-H to 14-H), 4.34 (q, 4H, 8-H, Jyy = 7.2 Hz), 1.32 and 1.29
(2t, 6H, 9-H, Jois = 7.2 Hz) ppm. The 'H-NMR spectral data is consistent with that found in

the literature.'®

13 Attempted synthesis of 8-isop I-7-phenyl-2-(pyridin-2-

yl)-7,8-dihydro-SH-pyrano-[4,3-b]pyridin-5-one (173)

Ph N Py

With n-BulLi

To a solution of diisopopylamine (0.24 mL; 1.70 mmol; 1.20 equiv.) in dry THF
(5 mL, distilled from NaH) at -40 °C under a nitrogen atmoshere was added n-butyllithium
(0.65 mL; 2.5M in hexanes; 1.62 mmol; 1.15 eq.) and the mixture was stirred for 30 min.
After cooling down to -78 °C a solution of ethyl 6-isobutyl-[2,2']-bipyridine-5-carboxylate
(116f) (400 mg; 1.41 mmol) in dry THF (5 mL) was added upon which the mixture turned
dark immediately. After another 30 min of stirring, benzaldehyde (0.165 mL; 1.62 mmol;

1.15 equiv.) was added and the mixture was allowed to warm to RT. The mixture was
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washed with aqueous Na,CO; (5 mL), the aqueous phase was extracted with diethyl ether
(2x 5 mL), the combined organic extracts were dried over KoCO; and the solvent was
evaporated. 'H-NMR spectroscopy of the crude product showed only unconverted ethyl
6-isobutyl-[2,2']-bipyridine-5-carboxylate (116f).

With lithium hexamethyldisilazide (LHMDS)

Note: all glassware was dried at >100 °C under vacuum and flushed with nitrogen prior to
the experiment.

A solution of LHMDS (1.08 mL; 1.06M in THF/ethylbenzene; 1.15 mmol; 1.15 equiv.) in
anhydrous THF (2.5 mL) was cooled to -72 °C and a solution of ethyl 6-isobutyl-[2,2']-
bipyridine-5-carboxylate (116f) (270 mg; 1.00 mmol) in anhydrous THF (5 mL) was added
upon which the mixture turned dark immediately. After stirring for 80 min purified
benzaldehyde (0.25 mL; 2.46 mmol; 2.46 equiv.) was added and the stirring was continued
for another 30 min before warming to room temperature. The mixture was washed with an
aqueous solution of Na,COs (5 mL) and the aqueous phase was extracted with diethyl ether
(2x 2.5 mL). The combined organic extracts were dried over K,CO; and the solvent was
evaporated. "H-NMR spectroscopy of the crude mixture showed no identifiable product.
With sodium ethanolate

Note: all glassware was dried at >100 °C under vacuum and flushed with nitrogen prior to
the experiment.

A solution of sodium ethanolate (102 mg; 1.50 mmol; 1.50 equiv.) in anhydrous THF
(5 mL) was cooled to 0 °C and a solution of ethyl 6-isobutyl-[2,2']-bipyridine-5-
carboxylate (116f) (270 mg; 1.00 mmol) in anhydrous THF (5§ mL) was and the mixture
was stirred for 30 min after which purified benzaldehyde (0.24 mL; 2.36 mmol,;
2.36 equiv.) was added. After warming to room temperature and stirring for another
30 min the mixture was washed with an aqueous solution of Na;CO; (5 mL) and the
aqueous phase was extracted with diethyl ether (2x 2.5 mL). The combined organic
extracts were dried over K,CO; and the solvent was evaporated. '"H-NMR spectroscopy of

the crude mixture showed no identifiable product.

174



PUBLICATIONS

175



Avazilabie online atwww.sciencedirect.com

ScienceDirect

Tetrahedron
Leiters

Tetrahedron Letters 48 (2007) 6974-6976

A convenient synthesis of 2,2'-bipyridine derivatives

Alexander Gehre,* Stephen P. Stanforth®* and Brian Tarbit®

4School of Applied Sciences, Northumbria University, Newcastle upon Tyne, NEI 8ST, UK
SVertellus Specialities Chemicals UK Ltd, Seal Sands Road, Seal Sands, Middlesbrough, TS2 1UB, UK

Received 18 May 2007; revised 17 July 2007; accepted 25 July 2007
Available online 28 July 2007

Abstract—Picolinates 7 were prepared from the corresponding a-chloro-B-keto-esters 6. Esters 7 were converted into 2,2'-bipyridine

derivatives 10 via triazines 9 using an aza Diels-Alder reaction.

© 2007 Elsevier Ltd. All rights reserved.

In a series of previous Letters,’™ we have described the
synthesis of triazines 3 from readily available amidraz-
ones 1 and hydrated o,B-diketo-esters 2 or their
equivalents (Scheme 1). These triazines 3 reacted with
2,5-norbornadiene 5 affording pyridine derivatives 4 in
an inverse electron-demand aza Diels—Alder reaction.
Alternatively, pyridines 4 could be prepared directly
from a mixture of amidrazones 1, o,B-diketo-esters 2
and 2,5-norbornadiene 5 in a convenient ‘one-pot’
reaction.

In our preliminary work,' o,B-diketo-esters 2 were
prepared by a diazo-transfer reaction between commer-
cially available B-keto-esters and tosyl azide giving the
corresponding diazo-compounds [R2COC(N,)CO,Et].
These diazo-compounds were subsequently treated
with BuOCI affording o,B-diketo-esters 2.°> From a
manufacturing perspective, the large scale use of these
diazo-compounds would not be attractive and their
replacement by other o,B-diketo-ester equivalents would
be highly desirable. Alternative methods of preparing
o, B-diketo-esters 2 similarly have other drawbacks: for
example, o,p-diketo-esters are commonlzy prepared by
ozonolysis of phosphorane precursors [R“COC(=PPhs)-
CO,Et], which generates large quantities of triphenyl-
phosphine oxide as an unwanted by-product. In view
of these limitations, the preparation of o«-acetoxy-uo-
chloro-B-keto-esters as o,f-diketo-ester 2 equivalents
was developed and published in a preliminary form.*

Keywords: 2,2'-Bipyridines; 1,2,4-Triazines; Aza Diels-Alder reaction.
*Corresponding author. Tel: +44 191 2274784; fax: +44 191
2273519; e-mail: steven.stanforth@unn.ac.uk
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In this Letter we describe an alternative synthesis of
o, fB-diketo-esters 2 and their application to the prepara-
tion of 2,2'-bipyridine derivatives. 2,2'-Bipyridine deriv-
atives were chosen as targets because of their current
interest as ligands in a wide range of contemporary
metal-catalysed processes.’

The oxidation of a-hydroxy-B-keto-esters 8 (Scheme 2)
was envisaged as a suitable method for the synthesis of
compounds 2 and picolinate esters 7 were chosen as suit-
able precursors of compounds 8. Picolinates 7 were
readily prepared from picolinic acid and a-chloro-f-
keto-esters ¢ under basic conditions in good overall
yield.® Furthermore, compounds 7 did not require puri-
fication and could be used directly in subsequent reac-
tions. The facile cleavage of picolinate esters in the
presence of copper salts is well known® and this reaction
was used to generate a-hydroxy-p-keto-esters 8 in situ.
Thus, when picolinates 7 were treated with copper(Il)
acetate, compounds 8 were initially formed and were
subsequently oxidised by the excess copper(Il) acetate
yielding the required o,B-diketo-esters 2. After washing
the reaction mixture with Na,EDTA to remove copper
salts, solutions of compounds 2 could then be reacted
with amidrazone 1 (R' = 2-pyridyl) giving triazines
9. Triazines 9 have been converted into the correspond-
ing 2,2'-bipyridines 10 by an aza Diels-Alder reaction
but it is more convenient to transform o,B-diketo-esters
2 directly into 2,2'-bipyridines 10.!° Thus, after reacting
picolinates 7 with copper(Il) acetate, the resulting
o,B-diketo-esters 2 were dissolved in ethanol and
amidrazone 1 (R' = 2-pyridyl) and 2,5-norbornadiene
5 were added. After heating at reflux the required 2,2'-
bipyridines 10 were obtained.
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L NH CO,E!
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Scheme 1. Synthesis of pyridines 4.
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Scheme 2. Synthesis of bipyridines 10. Reagents and conditions: (i) picolinic acid, KHCO;, DMF, rt; (ii) Cu(OAc),, MeOH, CH,Cl, then
Na,EDTA; (iii) amidrazone 1 (R! = 2-pyridyl), EtOH, reflux; (iv) amidrazone 1 (R! = 2-pyridyl), 5, EtOH, refiux.

In summary, picolinates 7 are readily prepared and can
be used as convenient sources of o,B-diketo-esters 2.
2,2'-Bipyridines 10 can be prepared from the reaction
of compounds 2, amidrazone 1 (R'= 2-pyridyl) and
2,5-norbornadiene 5. This methodology compliments
our other studies directed at the preparation and appli-
cation of readily available o,f-diketo-esters 2
equivalents.*
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6.63 mmol; 2.0equiv) and ethanol (2mL) in DCM
(50 mL) was stirred at room temperature for one day.
The reaction was diluted with hexanes (20 mL) and
washed with Na,EDTA (0.1 M aqueous solution) until
the aqueous phase remained colourless. The organic phase
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The 2,2':6",2"-terpyridines 8a and 8h were prepared in good yield by reacting a-acetoxy-o-chloro--keto-
esters 1 (R' ="Pr and Ph) with the bis-amidrazone 7 and 2,5-norbornadiene 5 in ethanol at reflux.

© 2008 Elsevier Ltd. All rights reserved.

2,2:6',2"-Terpyridines have found extensive use in both coordi-
nation chemistry and supramolecular chemistry, and consequently
synthetic approaches to this important class of ligand have
attracted considerable attention.! We have previously described
a convenient methodology that has enabled the preparation of
2,2'-bipyridine derivatives,>® and in this Letter we disclose how
this work has been extended and adapted to allow the synthesis
of 2,2":6',2"-terpyridines.

We have demonstrated that readily available o-acetoxy-o-
chloro-B-keto-esters 1 are synthetic equivalents of o,B-diketo-es-

ters 2,° which reacted with amidrazones 3 yielding triazines 4. An
aza Diels—Alder reaction of these triazines using 2,5-norbornadiene
5 as an acetylene equivalent (or with other aza dienophiles)>® fur-
nished pyridine derivatives 6 (Scheme 1). The substituted pyridines
6 could also be produced in a ‘one-pot’ reaction directly from
compounds 1, amidrazones 3 and 2,5-norbornadiene 5 in ethanol
solution at reflux without isolating the triazines 4. When the amid-
razone 3 had R? = 2-pyridyl, then 2,2'-bipyridines were formed.
When the bis-amidrazone 7 (available from the reaction
of 26-dicyanopyridine with hydrazine)’ was reacted with

EtO,C IOAc EtO,C o} HoN EtO,C N N
N R
Cl == i + i I
~
R'" S0 rR'” o HoN )\ EtOH, reflux R? N /L R?
1 2 3 4
(4
5
EtOH, reflux
Et0,C | X
~
EtOH, reflux, 5 R'"” N R?
8

Scheme 1. Synthesis of substituted pyridines.®
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ai-acetoxy-a-chloro-f-keto-esters 1 (R! = "Pr or Ph) in the presence
of an excess of 2,5-norbornadiene 5 in ethanol at reflux, the 2,2’
6',2"-terpyridine derivatives 8a (60%) and 8b (76%) were obtained
following the general sequence outlined above in Scheme 1 with-
out isolation of the corresponding triazine intermediates 9a and
9b.39 The structures of the products 8a and 8b were fully sup-
ported by their spectroscopic data.® This method of constructing
the 2,2:6',2”-terpyridine nucleus is versatile in view of the avail-
ability of compounds 1 (from p-keto-esters)® and 2,6-dicyanopyri-
dine (commercially available or readily prepared from the
inexpensive pyridine-2,6-dicarboxylic acid). Additionally, the reac-
tivity of 1,2,4-triazines towards aza dienophiles other than 2,5-
norbornadiene 5 is well known (e.g., enamines)'® and hence the
introduction of additional substituents in the lateral pyridine rings
of the 2,2:6',2"-terpyridine system should be feasible.

We have therefore demonstrated that our general route to pyr-
idine derivatives depicted in Scheme 1 can be conveniently applied
to 2,2/:6',2"-terpyridine synthesis.
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