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Abstract

New methods for the synthesis of heterocyclic compounds are constantly required and sought
after by the chemical industry. Specific heterocycles, including 1,2,3-triazoles and

benzimidazoles are present in a multitude of pharmaceutical and agrochemical compounds.

Contained within this thesis is the discovery, optimisation and exemplification of a highly
general method for the synthesis of 1,2,3-triazoles and a new methodology for the synthesis

of a specific class of benzimidazole.

Chapter 1 concerns the synthesis of 1,2,3-triazoles. The state-of-the-art reaction to synthesise
1,2,3-triazoles uses high energy azides and alkynes, which require elaborate and lengthy
synthetic procedures to incorporate these functional handles into the substrate. Moreover, the
use of metal catalysts to furnish specific regioisomers of the 1,2,3-triazole product renders
these reactions non-ideal from a financial, environmental and practical perspective. A new
procedure has been designed which bypasses the use of azides and directly converts primary
amines into 1,2,3-triazoles. The reaction is a 3-component coupling between U-ketoacetals,
p-toluene sulfonylhydrazide and a primary amine and does not require a metal catalyst. Issues
such as chemoselectivity, regiospecificity and scalability have all been addressed. An
orthogonal set of conditions have been developed which allow for the chemoselective
conversion of either aliphatic amines or aromatic amines into a 1,2,3-triazole depending on
the utilised reaction conditions. The reaction has been exemplified multiple times to be highly
efficient in the synthesis of 1,2,3-triazoles on a large scale in both batch and flow reactors.
The reaction has been shown to give regiospecific access to 4-, 1,4-, 1,5-, 4,5-, 1,4,5- and
1-substituted systems and is often complete within less than 10 minutes. The desired triazoles
can be isolated without chromatography in yields of up to 98% and the reaction has been

exemplified on greater than 70 examples.

Chapter 2 concerns the synthesis of 2-aminobenzimidazoles. Current methods to synthesise
benzimidazoles largely rely on the use of 1,2-diaminobenzenes whereby a series of synthetic

procedures furnish the benzimidazole. A new CiH functionalisation reaction to form



2-aminobenzimidazoles has been developed which directly targets the synthesis of this
heterocycle in one-step from aryl-guanidines. High throughput screening and statistical Design
of Experiments have enabled the discovery of an efficient system which uses a simple copper
salt as a catalyst to mediate a Ci H functionalisation event using pivalic acid as an additive.
Empirical examination of this additive reveals that increased steric bulk around the carboxylate
moiety plays a key role in delivering useful yields of the desired benzimidazole, providing a
potential explanation as to why pivalic acid is an effective mediator. The developed
methodology has been applied to the synthesis of Emedastine, a marketed pharmaceutical
compound, in which the key step was performed on a gram-scale, highlighting the practical

utility of the developed procedure.
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0. General Introduction
0.1 The importance of nitrogen-containing heterocycles

Nitrogen-containing heterocycles are the cornerstone to the development of life.
Deoxyribonucleic acid (DNA) is fundamentally constructed by the interaction of
nitrogen-containing heterocycles and the intermolecular hydrogen bonding these species
adopt.12 The DNA base-pairs Guanine (1), Cytosine (2), Adenine (3) and Thymine (4), and

the respective paired adducts they adopt, constitute the core nucleobase structure of DNA

(Figure 1).
s o N

R AU

oI \\\N\rNH HN N
</N | e \Io Cytosine, 2 </N l\N\““ O Thymine, 4
N N/)\N,H\ N N/)
H H H
Guanine, 1 Adenine, 3

Figure 1: Guanine, Cytosine, Adenine and Thymine, the base-pairs of DNA
Further nitrogen-containing heterocycles are present in a plethora of essential natural
biochemical processes, such as Pyridoxine (5, Vitamin Bs) and Cobalamin (6, Vitamin B12)
(Figure 2), two species in which the heterocyclic moiety (pyridine and benzimidazole

respectively) are central to their biochemical roles.34

R

—
R \/\(\(

\
OH No_/
COQ"""'/
HO X R 7 N
| ~
N \
OH Me

Pyridoxine, Vitamin Bg, 5 Cobalamin, Vitamin B,, 6

Figure 2: Vitamin Bs and B12, two important biological nitrogen heterocycles

Owing to the importance of these species, it is unsurprising that numerous industries have
capitalised on the ability of nitrogen-containing heterocycles to elicit useful and valuable
biological responses. Nitrogen-based heterocycles are often key features of modern

pharmaceutical compounds, highlighted by a recent analysis of FDA approved drugs in the



0. General Introduction
U.S.A. summarising that 59% of all unique small-molecule drugs contain a nitrogen

heterocycle (from herein described as an azacycle).> This indicates that the public health
sector is dependent on the advancement of novel and improved methodologies to develop the

next-generation of pharmaceutical compounds.

In particular, one of the most common types of heterocycle adopted by the pharmaceutical
industry are 5-membered azacycles.® Nitrogen can be incorporated into a range of
5-membered rings in which the positioning and number of the nitrogen atom(s) result in
different physiological responses. Displayed in Figure 3 are the different 5-membered
azacycles which are possible. Pyrrole (7), a 5-membered species containing one nitrogen
atom is present in a range of important biochemicals, including haemoglobin.” Increasing the
number of nitrogen atoms in the ring to two gives rise to two different regioisomeric
heterocycles, these being pyrazole (8) and imidazole (9). Pyrazole is the chemical structure
obtained when the two nitrogen atoms are adjacent to each other, and imidazole is obtained
when the nitrogen atoms are separated by a carbon unit. Histidine, one of the 20 proteogenic
amino acids, contains an imidazole unit.® Adding a third nitrogen atom gives rise to two
regioisomeric triazole motifs; 1,2,3-triazole (10) and 1,2,4-triazole (11). Adding a fourth
nitrogen atom results in the formation of tetrazole (12). Finally, although strictly not an organic
azacycle, the last in this series is pentazole (13), a 5-membered compound in which all the
atoms within the ring-system are nitrogen. Examples and applications of pentazole are rare

and only recently has the parent heterocycle (13) been synthesised.®

N N N N N N N
N N N N N-™N
M M N
W o [N’> [N"N N Neg Neg
Pyrrole Pyrazole Imidazole 1,2,3-triazole 1,2,4-triazole Tetrazole Pentazole
7 8 9 10 11 12 13

Figure 3: The 5-membered azacycles
Key examples of these heterocycles are presented in Figure 4 in which the displayed drug

products elicit a range of valuable pharmaceutical responses. Atorvastatin (14) is arguably the

best example ofa5-me mber ed azacycle and at the fAcoreo

of



0. General Introduction
heterocycle. This is one of the best-selling drugs of the last 16 years and generated sales of

nearly $13 billion USD in its best-selling year (2006).1° Celecoxib (15) is an example of a
pyrazole-containing pharmaceutical compound. This species is a nonsteroidal
anti-inflammatory drug and is used for the treatment of rheumatoid arthritis.1* Midazoloam (16)
contains an imidazole and is often used to elicit an analgesic response.’? Tazobactam (17),
an antibiotic’® and Anastrozole (18), a breast-cancer treatment!* are triazole regioisomers,
being a 1,2,3-triazole and 1,2,4-triazole respectively. Finally, Candesartan (19), which is used
to treat elevated blood pressure and heart failure, contains both a tetrazole and an imidazole
motif.1> These six examples offer an important insight as to why 5-membered azacycles are
highly important and sought-after moieties by chemical industries. This thesis is concerned

with the preparation of two specific azacycles: 1,2,3-triazoles and 2-aminobenzimidazoles.

OH
HOQ,

HO NN
N\/{
=~ >—CF O
/ 3
I N ] N-N Cl
/
o HaN~g? O F
NH Q go

Atorvastatin (Lipitor, 14) Celecoxib (15) Midazolam (16)

H \é/,o CN
T \
N ) N
/,/j'\'l/\_)\’N~ =N < t\
o Z N NN CN
CO,H N
Tazobactam (17) Anastrozole (18) Candesartan (19)

Figure 4: Important examples of the 5-membered azacycle series within pharmaceutical compounds
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1. Introduction
1.1 The importance of 1,2,3-triazoles

The 1,2,3-triazole heterocycle is a 5-membered azacycle with three adjacent nitrogen atoms
(Figure 5). Undoubtedly this chemical scaffold has been popularised through the development
of one of the most prominenti C| i ¢ k 0s; thed3a2] dipolar nycloaddition of an alkyne with
an organic azide. The copper-catalysed azide-alkyne cycloaddition (CUAAC) was reported in

two papers published in 2002 by Sharpless and Meldal.16:17

3,N .

2N\']
INT S
R

1,2,3-triazole

Figure 5: 1,2,3-triazole
The 1,2,3-triazole has a range of applications in functional coatings, DNA modification and is
present within medicinal compounds.18-20 1,2 3-triazoles have further been shown to display
potency as antivirals, antihistamines, antioxidants and antibacterials, as well as displaying
activity for the treat ment -celatedRllaesdes.??sExamples
of the 1,2,3-triazole structure in marketed drugs include Tazobactam (17), Rufinamide (20)
and Mubritinib 21 (Figure 6). In recent years, it has been shown that the 1,2,3-triazole is
bioisosteric with the trans-conformation of an amide bond. This has provided medicinal
chemists with a new avenue to pursue when exploring the structure-activity relationship of new
pharmaceutical compounds (Figure 6).2627 These factors considered, it would be unsurprising
if a number of new compounds containing a 1,2,3-triazole moiety progress through the
pharmaceutical and agrochemical pipelines, given the favourable properties of this

heterocyclic scaffold.

di seas



1. Introduction
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Figure 6: Applications of the 1,2,3-triazole

Arguably however, the 1,2,3-triazole to-date has seen its largest impact as a molecular
scaffold within chemical biology and target identification.?8-3 The reactions which are adopted
by chemical biologists to be used in-vivo are required to be fast, have extremely high functional
group tolerance, be stable under biological conditions and result in the formation of little-to-no
waste by-products. Fulfilling these criteria, and as such being one of the most utilised reactions

in a chemical ,BtheCubaACireadtidnsd® t ool ki t

1.2 The azide-alkyne cycloaddition

The thermal [3+2] dipolar cycloaddition between an azide and an alkyne was initially reported
in a relatively uncited & uncredited report by Dimroth in 19023 Ho we v e r |, Di mrot hds
research interests were focussed on the unusual rearrangements that certain substitution
patterns of 1,2,3-triazoles undergo, now termed the Dimroth rearrangement.3>3¢ The
cycloaddition was also picked up in a review from Smith in 1938. It was reported that acetylene
(22) reacts with hydrazoic acid (23) and phenylazide (24) to form the corresponding triazoles
(Scheme 1).3” However, the generality and scope of this procedure were not examined, so the

reaction and its potential remained unexplored.



1. Introduction

R
S ;
® N N,
% N,,N' _— [ "N
) N
R
22 R=H, 23 R=H, 25
R = Ph, 24 R =Ph, 26

Scheme 1: The azide-alkyne cycloaddition (AAC)

I't wasnodt uwhenHilisgentreportédhis findings on 1,3-dipolar cycloadditions that
this reaction to form 1,2,3-triazoles started to gain interest.383% Hiiisgen detailed an in-depth
analysis of a number of [3+2] dipolar cycloadditions, including the use of azides and alkynes
as substrates. A major artefact of the report was the in-depth mechanistic studies, including
molecular orbital (MO) descriptions of the substrates and overall reaction mechanism.4°
Huisgenconcl uded that the reacti on pr oénoveichthe twa
n e w-baids are formed simultaneously.&® Scheme 2 details Hiisgen6 s MO descr
reaction mechanism. The first major point to note is that the geometric configuration of an
azide constitutes a linear Ni Ni N system. Secondly, the MO description of an azide is a
3-centre, 4-electron (3c,4e) "-bond and a -bancee @showmain orénge and red
respectively). This 3c,4e-bonding is impossible to describe in one skeletal structure, but the
two resonance forms of an azide accurately describe this (Scheme 2). For the cycloaddition
to occur, the azide needs to bend fort h esystems of the alkyne and the azide to efficiently
overlap. To achieve the reactive configuration of 120 °, the r e g u lFband (shhown in red) is
required to break. In doing so, the * -bond electrons are described as having to reside in an
sp? orbital on the central nitrogen, leaving a vacant p orbital on the terminal nitrogen. The
energy | ost f r o nrbordisesankwhat gompehsatedterehybridisation of the
central nitrogen atom and containment of the resultant lone pairinansp?or bi t al

character. This energy payback enables effective bending of the azide to engage in the
concerted addi-dystemnnof theialkyme. This eepoft by Hiisgen was the first
accurate description of the reaction mechanism for [3+2] dipolar cycloadditions and to this day
remains the largely favoured mechanism based on experimental and computational

observations.
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1. Introduction

Linear azide The reactive conformation
R o2 ;
. . 5P 2_orbi p g -orbital I.p.
- sp“-orbital I.p. _ Sp~-or p
sp-orbital IE)NQNQN/R Bending o NG
C f g:‘r g \NO’ sp-orbital I.p.
2-centre sp?-orbital I.p.
2-electron
bond

A R R
.N -No
@N"N@Q vN""\I@\J

Scheme 2: The mechanism and molecular orbital description of the azide-alkyne cycloaddition

Despite offering a huge scope and excellent mechanistic understanding, the thermal dipolar
cycloaddition presents two key problems. Arguably the main problem resides in the fact that
the reaction displays poor regioselectivity. Often reactions give mixtures of the 1,4- and 1,5-
substituted triazoles, which can be difficult to separate and therefore would result in lower
yields of the desired regioisomer. An example is given in Scheme 3 using phenylacetylene
(27) and phenylazide (24) resulting in regioisomeric products 28 & 29 in 43% and 52% isolated

yield respectively.3®

N R! 1 R R! 1 R
-N3 = _— N, N,
i Z JN o N
R1 N N

N3 Toluene 7 7

> | N, | N,

Z Reflux N N

Z N N

24 27 28, 43% 29, 52%

1,4-substituted 1,5-substituted

Scheme 3: Regiochemical challenges with the AAC
Moreover, owing to the high activation energy of the transformation, the reactions often require
heating for long reaction times.1® The transition state energies for the 1,4- and 1,5-substituted
products between methyl azide and propyne have high activation energies of 25.7 and 26.0

kcal mol1.4%42 The small difference between these two barriers (0.3 kJ mol!) explains the poor

10



1. Introduction
regioselectivity. Figure 7 describes the optimised transition-state structures for the formation

of both regioisomers, highlighting the poor differentiation between the formation of either

regioisomer.

N

N== 2\
... N—Me
-§~<’
Me
26.0 kcal mol™!
25.7 kcal mol™!
Energy N—/—N\
- N—Me
/ﬁ‘/
Me
/// +MeN;

Figure 7: Poor energetic differentiation between the regioisomeric transition states

1.3 The copper-catalysed azide-alkyne cycloaddition (CuAAC)

Owing to the highlighted regiochemistry problems, in 2002 when Sharpless and Meldal
published their independent reports of the CUuAAC, it is unsurprising that the chemical
community were quick to adopt these processes.1%17 With a catalytic amount of a copper salt
(Cu(l) being the active catalyst, produced in-situ by reduction of Cu(ll) using sodium
ascorbate), terminal alkynes and organic azides react to give 1,4-substituted triazoles with
complete regioselectivity (Scheme 4). The functional group tolerance of the reaction proved

remarkable, and the reported conditions were incredibly mild.

CuSOy4 (1 mol%) R
N R sodium ascorbate (10 mol%) [Ns
N3 N
R i H,0, 'BUOH, rt A~N
R
< h'l/\© Y% NQSOzNHz "oy o
N;N HN /——(\I — !
>_ =N o) N’N
HO NH N
HoN
84% 88% 88%

Scheme 4: Copper-catalysed AAC (CUAAC). Regioselective 1,4-triazole synthesis

11



1. Introduction
1.3.1 The mechanism for the CUAAC

The mechanism for the CUAAC proved very challenging to study, not least owing to the small
redox potentials for Cu(ll)/Cu(l), the propensity for Cu(ll) species to disproportionate in-situ
and the tendency for copper-complexes to aggregate.*?® It quickly became apparent that the
CuAAC was not concerted, unlike the uncatalysed variant described by Hiisgen: this reaction
proceeds via a polar, stepwise mechanism.* Moreover, early DFT evidence suggested that
the reaction involved one copper species and the cyclisation proceeded through subsequent
annulation steps after predicting a number of unprecedented intermediates.*? In a mechanism
proposed by Sharpless (Figure 8), copper acetylide 32 (c.f. Sonogashira reaction*®)
coordinates to the azide (33) to give intermediate 34, displacing a ligand on the copper (not
shown in Figure 8 for clarity). The distal nitrogen of the azide then attacks the acetylide to give
35, whereby subsequent rearrangement gives the desired copper-triazolide 36 which

subsequently undergoes protodecupration to give the desired triazole.

Energy
Reaction coordinate
Figure 8: The first suggested CUAAC mechanism
However, severalpaperspu bl i shed af t e sugdgesta that thersastion invalvesk

two separate copper species operating through a dinuclear mechanism. This essentially ruled
out the mechanism described in Figure 8.4647 In 2013, Fokin published the now widely-

accepted mechanism for the CUAAC.*8 Through a series of control reactions using an isolable
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1. Introduction
and stable copper-acetylide, it was shown that in the absence of an exogenous copper source,

copper-acetylides and azides do not undergo the [3+2] dipolar cycloaddition. On addition of
an exogenous copper source to a copper-acetylide and an azide, the reaction was observed
by real-time heat-flow reaction calorimetry to quickly and smoothly undergo the desired
reaction to form the triazole. This showed that a binuclear mechanism was at play. The new,
adjusted mechanism proposed by Fokin is presented in Scheme 5. Starting with alkyne 37,
the first «copp e r-coadnation withthe algyses(38), to then readily undergo
formation of a copper acetylide. The copper acetylider api dl y e n g a-goerdination
with a second copper species to form 39. At this point, coordination of the azide to the
non-acetylenic copper forms intermediate 40 which is primed to undergo the first Ci N bond-
forming step to form binuclear species 41. This is the step in which the exquisite
regioselectivity is obtained; the current understanding is that R and R? are orientated apart, as
supported by DFT studies,*® which ultimately results in formation of the 1,4-substituted product
43. Through isotopic labelling of the copper species, the first Ci N bond-forming step was
shown to produce intermediate 41, a species which contains a plane of symmetry (i.e., with
indistinguishable copper atoms). The second Ci N bond-forming step forms copper triazolide

42 and protonation of this yields the final triazole (43).

N\ .
~ N 37
N 1 [Cul®
R'——H f
_—1 43 E [Cu]b
R [Cu] ~ R'-=——H
38
HO H®
R
NN b
N'/N [c:u]
o [Cul RI—==—[CuJ°

42 . E@ 39
NN <N . icur

[Cu] N s ofCul N A7
1>=<\\ : [Cu]a

- R\—=

40

Scheme 5: The generally accepted CUAAC mechanism based on experimental and theoretical
observations
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1. Introduction
Within chemical sciences, the advancements of the synthetic application and mechanistic

understanding of the CUAAC have been high-impacting and wide spanning in application.
These reactions have enabled a completely regioselective synthesis of 1,4-substituted
1,2,3-triazoles from azides and terminal alkynes through the addition of catalytic quantities of
a simple copper salt. However, this methodology does not allow for the synthesis of

1,5-substituted or 1,4,5-trisubstituted triazoles.

1.4 The ruthenium-catalysed azide-alkyne cycloaddition (RUAAC)

The regioselective synthesis of 1,5-triazoles was reported in 2005 by Sharpless and Fokin
(441 46, Scheme 6).59 This procedure, which complements the CuAAC reaction, gives
exclusive access to 1,5-triazole products, with a similarly high level of functional group
compatibility to the CUAAC. Moreover, the protocol allows for internal alkynes to react to give
a 1,4,5-trisubstituted triazoles, providing access to products such as 4,5-diphenyl triazole 47
in a quantitative yield. The reaction to form 1,5-triazoles is highly dependent on the ligand
environment on the ruthenium centre, with the Cp* ligand being crucial to impart the high-level
of regiocontrol on the reaction. When Ru(OAc)2(PPhs)2 was used, the major product was the
1,4-substituted product. The triphenylphosphine ligand proved to be a spectator ligand only i
when this was replaced with other ligands (such as COD, NBD and chloride), the reaction

remains unaffected.

. R’

2 jt _CPRUCIPPhgp(1mol%) R\

R N3 60°C, 2-12 h \[ N

N

_ Ph
Ph OH Ph Ph
Ph N// N NH Ph N// Ph N//
Ton [N PN I N
N N N ph” N

44, 80% 45, 80% (2 mol% catalyst) 46, 87% 47,100%

Scheme 6: Ruthenium-catalysed AAC (RUAAC). Regioselective 1,5-substiututed triazole and
1,4,5-substituted triazoles
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1. Introduction
1.4.1 Regiochemical observations

Internal alkynes give access to 4,5-substituted triazole products.*! The reaction proceeds
efficiently when a symmetrical alkyne is used, however, when using an unsymmetrical internal
alkyne, the reaction can give rise to regioisomers of the triazole product. A summary of the
empirical observations made in the literature are highlighted in Scheme 7. When an
alkyl-disubstituted internal alkyne is used (R, R! = alkyl), mixtures of regioisomers are
obtained. This is only biased when the steric differentiation is large, exemplified by ‘Bu triazole
48 being observed in a 15% yield as the exclusive regioisomer. If R = aryl and R* = alkyl, poor
regioselectivity is also observed. Where the alkyne starting material contains a propargylic
H-bond donor as in 49 (n=1), exclusive positioning of this group into the 5-position of the
triazole product is observed. Moving the H-bond donor further away (n>1) results in the
formation of regioisomeric triazoles. Next, introducing a heteroatom into the alkyne positions
this group into the 5-position of the triazole (50). Finally, electron-withdrawing groups are

placed in the 4-position of the triazole product (51).41.51-53

2 2
R ) Cp*RuCIX R r\iR R N,R
/ N _R \ N
R 3 X = (PPhj), or COD | N | N
R1 N R N
Sterics Propargylic H-bond donor Heteroatom Electron-withdrawing group
OH
B B w Ph o
n n O NI
1 n 1
N ENNN o~ | N
| N | N (NN EtO N
N e
N O
49 Ph
48 n =1, 70%, no regioisomer 50 51
15%, no regioisomer n > 1, mixtures of regioisomers  95%, no regioisomer 85%, no regioisomer

Cp*RUCI(PPh;), (10 mol%)  Cp*RuCI(PPhs), (10 mol%)  Cp*RuCI(COD) (2 mol%) Cp*RuCI(PPhs), (10 mol%)

Scheme 7: Regiochemical observations for RUAAC

The regiochemical determination of the RUAAC of internal alkynes is thus challenging to
predict. Unless the system is heavily biased towards these empirical observations, it is likely

that mixtures of regioisomeric triazoles will be obtained.
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1. Introduction
1.4.2 The mechanism for the RUAAC

The mechanism for RUAAC is fundamentally different from CuAAC. This is implied by the
successful formation of 4,5-substituted products which indicates that formation of a
metal-acetylide is not an active mechanistic pathway in these transformations. Several
mechanistic and theoretical studies have been performed and the generally accepted
mechanism for the RUAAC is displayed in (Scheme 8).41.5051 Coordination of the alkyne to the
ruthenium centre | ocates the 6RO6 group away fron
Metalocyclopropene intermediate 52 then adds to the electrophilic terminal end of the azide to
form the new carbon-nitrogen bond (53). The reductive elimination to form the second
carbon-nitrogen bond (54) has been suggested to be the rate-determining step. Finally,
decomplexation of the triazole (55) from the ruthenium completes the catalytic cycle to form

56, the active catalyst.

y i
EQ——@ 1 l Cp*
Rul .R cl Cl,
N "R 1 ‘Ru N
R/ o AN T @ N R N “re
< R \ — N
52 N 53 \ 2N 54 N, 56
N N~ ‘N-R
R
55

Scheme 8: The generally accepted mechanism for the RUAAC

The current challenges with RUAAC are emphasised when a regioselective synthesis of a
triazole is required in which poor differentiation with an internal alkyne is observed. Moreover,
the fundamental requirement for the use of azides in CUAAC and RuAAC necessitates

synthetic procedures to incorporate these functional groups into organic compounds.

1.5 1-Substituted triazoles

To access 1-substituted triazoles the required alkyne is acetylene. These reactions can often
be performed in the absence of a catalyst and use acetylene gas directly.>* However, the use
of acetylene gas presents an inherent safety concern and requires specialist equipment to

handle safely.5556
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1. Introduction
Alternatives to the use of acetylene have been presented in the literature, many of which are

Aiprotectedod ac e t% Bchame 9 displays avamde ef adetglene surrogates that
have been reported in the literature. These include TMS (57), acetone (58) and carboxylate-
protected species (59), along with the use of an inorganic source of acetylene, calcium carbide
(60). Often the isolated triazoles from these reactions still contain the protecting group, which
later needs to be removed, adding a synthetic step and an inevitable loss in yield associated
with the deprotection. Recently, ethenesulfonyl floride (61) has been reported as an effective
acetylene surrogate which smoothly undergoes reaction with an azide to form a 1-substituted

triazole.5?

R

N

,\ p— R
[ I

Acetylene analogues

OH
™S CO,H

b e sor
57 58 59 60 61

Scheme 9: 1-substituted triazole retrosynthesis
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1.6 The challenges with azides

1.6.1 Azide incorporation into give an organic compound

The most common method for the introduction of an alkyl azide (62) is through displacement
of a leaving group (63, chloride, bromide, tosylate) with sodium azide (Scheme 10, left).6?
Aromatic azides (64) are most commonly prepared by diazotisation of an aniline (65) followed

by SnAr with sodium azide, or directly from anilines with diazo-transfer reagents (Scheme 10,

right).63.64
N o
NH2 ®N Cl N3
NaN; NaNO,, HCI NaN;
R/\LG —_— R/\N3 © —_— © —_—

63 62 65 64

| RSO,N3 T
Aliphatic azide synthesis Aromatic azide synthesis

Scheme 10: Incorporation of azides into organic compounds
Very recently, Sharpless reported the direct conversion of primary amines into organic azides
with the diazo-transfer reagent fluorosulfuryl azide (FSO2Ns, 66) in which the azide product
does not require purification (Scheme 11).55 The authors were able to directly convert primary
amines into azides with 66, followed by in-situ CUAAC to form a diverse triazole library. The
addition of this synthetic step however, decreases the overall efficiency of the resultant

synthesis of a triazole product.

o
N /9 CI:-I)»,N
F7°N* R R
NH 66 ®9 =z
- 2 _— N~ —_—
R NE N
R CuAAC N-y

Scheme 11: Sharplessd6 azide synthesis from primary ami

1.6.2 Azide safety concerns

A second factor to consider is the high energy associated with organic azides. Azides are

known to decompose under thermal conditions or prolonged exposure to light.6667 This
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1. Introduction
decomposition releases nitrogen; an uncontrolled release of this gas can be dangerous when

performing reactions with azides on scale.®® Moreover, there are safety concerns associated
with the toxicity of sodium azide.%® These factors explain why, realistically, an azide is
produced in-situ through the introduction and consumption of this species within two

consecutive synthetic steps to minimise handling.

1.6.2.1 The scalability of the CUAAC

After introduction of the azide, the products are often used directly in the subsequent triazole
forming step without purification. The CUAAC has been examined as a method for the feasible
construction of 1,2,3-triazoles on scale, and the Early Chemical Development team at
AstraZeneca were apprehensive about the potential to generate copper azide.”® Scheme 12
describes the synthetic sequence undertaken to form ester-containing triazole 67. The azide
was introduced from U-bromoester 68 by an Sn? reaction to form alkyl-azide 69. The risk with
using azide 69 directly in the subsequent CUAAC with alkyne 70 was that any residual sodium
azide could then undergo a salt metathesis with the copper catalyst to form copper azide. The
AstraZeneca chemists used real time in-line monitoring of the reaction by FTIR to examine the
levels of sodium azide remaining after the Sn? reaction. Sodium azide has a strong IR
absorption band at 2050 cm-! and monitoring of this window gave a qualitative understanding
of the residual levels of sodium azide before bringing it into contact with a copper catalyst.
However, monitoring of this window does not give quantitative proof of total consumption of
sodium azide. The detection threshold of sodium azide by the FTIR probe was not determined

and so there remained the risk of producing copper azide.

\Xﬁ

NaNj 70
IPA/H ,0 cul
O 0] 0 —
MeOJ\/Br MeO)J\/N3 MeOJ\/N\N"N
68 69 67

EtN, Py

Scheme 12: AstraZenecabs telescoped triazole synthesis
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Copper azide is a detonator and as such a primary explosive.”'-73 Process safety departments

are quick to highli-ghagthee€afAeCnganhsafdtycdnirédlsdr ce s
to mitigate the formation of copper-azide. In 1976 the National Institute for Occupational Safety
& Health issued an explosion warning to hospitals and clinical laboratories about the disposal
of sodium azide waste.” Solutions of sodium azide (concentrations of <0.1%) were used as a
diluent for automatic blood cell counters and these were routinely disposed of through the
plumbing systems of the labs. These plumbing systems contained lead, copper and brass
that, when exposed to sodium azide, could form accumulations of lead and copper azide, both
of which are shock sensitive primary explosives. Copper(l) azide has a very low friction
sensitivity before detonation (2.66 N cm-2), lower than that of any other metal-azide tested in
a military examination of primary explosives.”* This emphasises the significant safety concern
associated with the production of copper azide and arguably indicates that reactions which are

at risk of forming this species should be avoided for large-scale purposes.

An alternative to this inherent safety problem would be to circumvent the use of azides to make
triazoles altogether, through direct conversion of a primary amine into the desired triazole
(Scheme 13). Primary amines are the most widely available functional group from commercial
suppliers,” making it desirable to use these substrates directly as the functional handle. It is
therefore unsurprising that the direct conversion of a primary amine into triazoles has received

the attention of synthetic chemists.

_N
N= 1
R’NHZ _ Rst [ ,N\/)—R
R

Methods to circumvent azide T

Scheme 13: 1,2,3-triazole synthesis circumventing an azide
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1.7 1,2,3-triazoles from primary amines

1.7.1 Oxidative methodologies

Several methods to directly convert a primary amine into a triazole have been reported. Wang
and Ji published an oxidative method to synthesise 1,4-diaryl substituted triazoles 73 from
acetophenone-derived tosylhydrazones 71 and anilines 72 (Scheme 14).7® The procedure
uses an oxidative mediator (I2) and the terminal oxidant tert-butyl peroxybenzoate (TBPB) to
regenerate Iz in-situ. The procedure proved to be robust in the synthesis of diaryl substituted
triazoles, but the authors do not report the formation of products which are not derived from
acetophenones. This is likely to do with the proposed mechanism which involves enolisation
of acetophenone and trapping with I2. A ketone substrate with two enolisable positions would

therefore give regioisomeric triazoles.

NHTs I, (20 mol%)

_N —_R
N="% >
N N NH2  TBPB (2.0 equiv) - N@
R10 _
R—:(j)‘\ Z 1,4-dioxane R@/‘\/
Z 71 72 100°C, 12 h Lz 13

o _N
N:N\NO N=N, :j 7 N=D <:>
= N O /©/§/
=
©/7;/, 87% ©/\71/5b, 79% . 73c, 55%

Scheme 14: Wang and Ji 6s oxidative methodology to form tr
amines

At the same time, Zhang published a very similar study using hydrazones (71) and anilines
(72), with stoichiometric iodine as the oxidant, in which the scope and observed yields were
virtually identi cal Scheme ¥8a'hZhang moekd that afiphatic amipesr t  (
behaved worse under the reaction conditions giving poor yields of the desired triazole. No
explanation was offered other than the observation that reaction mixtures contained a complex

mixture of products.
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]
N NHTs N, e N,,N\N — R
R1—'\ 5 (1.5 equiv) - \ /
R L~ DMSO S
Z 11 72 100°C, 12 h R/ 73
Scheme15: Zhangés oxidative triazole synthesis

In 2013, Zhang further revealed an oxidative copper-promoted triazole formation using
tosylhydrazones (74) and aromatic amines (75) under aerobic conditions (Scheme 16).78 The
procedure exhibited excellent functional group tolerance and an extensive range of aromatic
amine substrates were explored (76). Moreover, the reaction could generate 1,4,5-substituted
triazoles, providing access to products such as 76c¢ which would be challenging to access via
traditional AAC chemistry. One key problem with this methodology, as was noted by the
authors, was that aliphatic amines were not tolerated; such reactions generated very

complicated mixtures of products.

Cu(OAc), (1.0 equiv)

N,NHTs N=N
R _NH, PivOH (2.0 equiv) — N—-Ar
N Ar - —> S
R toluene, 100°C, air \ 1
L R R
74 75 Z 16
N=
=N, =N, \
SO« 0
Y =
©/‘\/ ©/‘\/ N\ )
NO,
76a, 73% 76b, 63% 76¢c, 50%

Scheme 16: Zhangds oxi dative copper (ll) acetate

Zhang furthered this research using modified conditions with tosylhydrazones (77) and allowed
for the use of aliphatic amines (78) to give N-alkyl triazoles (79, Scheme 17).7° This system
used stoichiometric copper as a terminal oxidant with an amino acid derived ligand, ultimately
the addition of the ligand and the change of additive (NaOAc from PivOH) allowed for this
improvement to tolerate aliphatic amines. The procedure showed tolerance of a range of
heterocycles in the 4-position of the triazole from the hydrazone starting materials. However,
this procedure still relied on the use of ketones which only contain one set of enolisable protons

and so is ineffective at producing 4-alkyl substituted products. Furthermore, the use of
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1. Introduction
superstoichiometric copper is undesirable from a sustainability perspective and will likely not

be attractive as a scalable procedure.

Cu(OAc), (2.0 equiv)

W NHTS NN
, NaOAc (2.0 equiv N-R'
MmN @Oequl) I~/
Ar Ac-Gly-OH (30 mol%) Ar
77 78 toluene, 100°C 79
N J_/ =N J_@
N N NtN\N—/_/ N= N
—~ ~ ~
O
F 79a, 76% 79b, 42% 79c, 66%

Scheme 17: Z h a n g 6 s methotpa atow édaliphatic amines
In 2015, Wang and Ji reported a powerful method for the synthesis of 1,4- and 1,5-substituted
triazoles from the corresponding U-chlorotosylhydrazone which offers moderate-to-good yields
of the desired product (Scheme 18).8° Moreover, the regiospecific access to triazoles by this
method was unprecedented. 1,4-substituted triazoles (82a) were accessed from ketone
substrates, and 1,5-substituted triazoles (82b) were accessed from aldehyde substrates.
Access to 1,4,5-trisubstituted triazoles (82c) was not possible by this method and aliphatic

amines were ineffective in providing N-alkyl triazoles.

_NH
TsHN. | Arm 2
81 N=N,
)K(m - N-Ar
R 1 DMF, 50°C, O, R/‘*(
go R} 82 R’
R =aryl, H
R'= alkyl, H
=N, =N, =N,
e -0
Y - Y
82a, 73% 82b, 60% 82c, 0%
R=Ph,R"=H R=H,R"=Bn R = Ar, R' = CH,Ar

Scheme 18: Wang and Ji 6s mand hoesdbstituted tiiazoled or 1, 4

The above examples highlight recent advancements in the direct conversion of an amine into

a 1,2,3-triazole. Each method presents individual advantages and disadvantages. For a
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method to really compare with the CUAAC reaction, several hurdles need to be overcome.

Firstly, the conditions need to be considered mild i many of the above protocols use high
temperatures for long reaction times. Secondly, one of the main advantages of the CUAAC is
the Aadditived nature of the reaction; waste proc
many of the above examples, the use of stoichiometric oxidants and the production of
halogenated waste result in laborious work-up procedures and poor mass efficiency. Thirdly,
a general protocol for the synthesis of all substitution patterns of 1,2,3-triazoles is desirable. A
single methodology which gives access to all substitution patterns would be necessary from a

synthetic diversity viewpoint and a wide-spanning application.

1.8 The Sakai Reaction

A procedure which fulfils many of these criteria is the reaction of an U,U-dichlorotosylhydrazone
(83) with a primary amine, known as the Sakai reaction.! S a k aorigirml 1986 report
highlighted this interesting reaction, but the sc
publication from Westermann (Scheme 19).82 The mild conditions allowed for a reaction with
an incredibly wide substrate scope. Amines with stereocentres were retained with no erosion
of enantiopurity (84a), sensitive functional groups (ketones 84b, acetals 84c) remained stable
and importantly the conditions tolerate both aromatic and aliphatic amines. A remarkable
display of the tolerance of the method was displayed by the 48% vyield observed of a product
derived from psychosine, a highly bioactive substrate, to give elaborate triazole 84e. This
displayed the power of the methodology in derivatising primary amines directly, without first
the need to convert them into an azide. However, the reaction offered poor differentiation
between aliphatic and aromatic amines, as evidenced by compound 84f being isolated from a

bifunctional amine baring both an aliphatic and an aromatic amine in 69% vyield.
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TSHN . R
cl N NN Rt
Ri\( DIPEA, MeCN/EtOH R)w o4
Cl rt, 30 min - 16 h
N OEt
N \ N’N < > (O _/_< /Cﬁ\)NjN—n CgH
OEt ~ -8l
_@ Ph /“\)\/ EtO
84a,96%, >99% ce  84b, 73% 84c, 68% 84d, 89%

(CH2)4OH
N{ N=N
NS
\/Y\/C13H27 N. /©/\/
N}/"\l 84f, 69%

84e, 48%

Scheme 19: The Sakai reaction of U,U-dichlorotosylhydrazones with a primary amine

U,U-Dichlorotosylhydrazones can be prepared from U U-dichloroketones (85), which
themselves are prepared in either one or two steps from dichloroacetyl chloride (86, Scheme
20). The first reaction involves the formation of the Weinreb amide 87, followed by addition of
an organometallic reagent, such as a Grignard.®3 In some cases, the products can be prepared
in one step from the acyl chloride 86.84 A one-step oxidative method to access
U,U-dichloroketones was reported by Sheppard in 2014 from the treatment of a terminal alkyne
88 with trichloroisocyanuric acid (89).85> The ease of preparation of these substrates makes

the Sakai reaction highly accessible for the synthesis of triazoles.

(0] HN. .~ (0] (0]
el CIMg.
R
C'\H\m cl \-OMe ci o
Cl ¢ Me cl
86 87 85
| NuH
SN o)
R c.. JU _ci
88 j\ /’L
0” NS0
¢l
89

CH3CN/H,0 (4:1)

Scheme 20: Synthesis of U,U-dichloroketones
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1.8.1 The Sakai reaction on alarge scale

Rib-X, an American biopharmaceutical company focussing on the development of antibiotics,
explored the Sakai reaction as a method of scaling up the synthesis of one of their key
antibacterial macrolides (90, Scheme 21). This method was used because the chemists were
concerned about the risk of producing copper azide and handling azides on scale which
emphasises the length that pharmaceutical companies will go to in order to avoid the CUAAC
reaction on scale. Starting from chiral amine 91, the reaction with hydrazone 92 gave the
desired triazole 93. This example further displays the exquisite functional group compatibility
of the reaction, through the retention of two stereocentres, a free-amine baring pyrimidine, and
an ester functionality. Moreover, the mild conditions (35 °C, short reaction times) ultimately
allowed the reaction to be conducted on a large scale, safely delivering over 3 kg of triazole

93 in an 80% yield.

DIPEA (6 equiv) Fo
N.
EtOH, 35°C, 8 h N
OH, 35°C, 8 o»}
92, 1.3 equiv 91 EtO 93, 80%, 3.1 kg

Scheme 21: Rib-X 6 s a n ftriazdlei synthesis using a Sakai reaction

One of the key challenges with this transformation is the 2-step nature of the reaction which
starts from ketone 94, the reasoning for this is displayed in Table 1. During the formation of
hydrazone 92 from ketone 94, the authors noted the production of bishydrazone species 96.

The relative ratio of the desired monohydrazone to bishydrazone varied depending on the
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solvent used. The solvent that resulted in the highest formation of monohydrazone was

propionic acid as reported by Sakai in the original publication (9:1 ratio, Entry 1).81 However,
it was known that the cyclisation to the triazole required basic conditions (DIPEA), and so the
required solvent-swap into a non-acidic solvent for the subsequent step was undesirable owing
to the time taken when conducting the chemistry on scale. Consequently, the authors
undertook a small screen of solvents including ethyl acetate, toluene, acetonitrile and
methanol (Table 1, Entries 21 5). The production of the bishydrazone 96 varied between 6:1 in
toluene and 1:1 in methanol. It was observed that the bishydrazone was insoluble in both
toluene and acetonitrile, and the resultant filtrate contained >99:1 of the desired
U,U-dichlorotosylhydrazone 92 (Entries 3 and 4). Acetonitrile gave the best isolated yield of the
desired product, with excellent purging of the bishydrazone. Moreover, it was noted that using
the hydrazone crude (i.e. without purging of the bishydrazone), the impurity profile for the
subsequent step was poor, giving lower yields of the desired triazole. These factors explain
why the hydrazone formation and triazole formation and conducted over 2 separate synthetic

steps.

o o -~ TsHN\N o TsHN\N o
S 2
C'Noa C'Noa MOH
& solvent a Il\l
TsHN”
94 92, hydrazone 96, bishydrazone

Ratio of 92:96

Entry Solvent Crude Filtrate Yield 92 (%)b
1 Propionic acid 9:1 N/A2 N/A
2 EtOAcC 5:1 6:1 90
3 Toluene 6:1 >99:1 56
4 MeCN 5:1 >99:1 80
5 MeOH 11 3:1 59

Table 1: Solvent effect for monohydrazone and bishydrazone formation
aNo precipitation observed. PSolution yield of 92 in the filtrate by HPLC
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1.8.2 Access to 1-substituted triazoles via the Sakai reaction

Both Singh and Harada have published the use of UU-dichloroacetaldehyde to furnish
1-substituted triazoles (Scheme 22).86-88 This transformation involves condensation of
U,U-dichloroacetaldehyde (97) with p-toluene sulfonylhydrazide and isolating hydrazone 98.
This is followed by exposure of the hydrazone to a primary amine which results in formation
of a 1-substituted 1,2,3-triazole (99). This reaction offers the opportunity to produce
1-substituted triazoles without the need to use acetylene gas, which often requires specialist

equipment and presents a safety concern.

o) N,NHTS R
TsNHNH RNH, N
H Cl =, cl ———> N
H [ N
Cl Cl N
97 98 99

Scheme 22: SinghandHar adadés adaption of t hesubditateddriazolesaisingt i on t o
U,U-dichloroacetaldehyde

Section 1.5 presented methods to access 1-substituted triazoles using protected acetylene
surrogates. The Sakai reaction offers an alternative i t r a ¢ adtivatgg group strategy in
which the resultant triazole does not require deprotecting. The advantages with this method
include triazole products are obtained more quickly, in higher yields and without the need for
high-energy azides. This results in a shorter synthesis, allowing the direct conversion of

primary amines into a triazoles.

However, the procedure using U,U-dichloroacetaldehyde is affected with many of the same
concerns as the Sakai reaction, including the requirement to isolate the hydrazone. Moreover,
dichloroacetaldehyde is highly toxic and there is a drive to move away from halogenated
compounds as functional handles. These factors necessitate the development of new

synthetic methods.

1.8.3 The Sakai reaction to access different substitution patterns

The apparent power of using U,U-dichlorotosylhydrazones to make triazoles lies in the potential

to access all different regioisomers of substituted triazoles (Scheme 23). 1,4-substituted
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triazoles have been extensively reported, as discussed in Section 1.8 (Method A). However,

the use of U U-dichloroaldehydes (Method B) to furnish 1,5-substituted triazoles, and the use
of U,U-dichloro, U-substituted ketones to furnish 1,4,5-trisubstituted triazoles (Method C) have
never been reported. Given the power of the Sakai method for 1,4-substituted triazole
synthesis, it is surprising t h a't t his h a s n .6 tFinallye then prepaxapioh @fr e d
1-substituted triazoles has been shown by Singh and Harada (Method D). However, there

remains scope to expand this methodology to enable a one-pot procedure.

(0] R
Method A cl 1) TsNHNH, N 1,4-substitution
etho R’ 2) RNH, JI N Sakai, Westermann, Hanselmann
Cl R1 N
C 1) TsNHNH R
' 2, i 1,5-substituti
Method B |, ol > N, 5-substitution
2) RNH, | N Unexplored
N
9 R
cl 1) TsNHNH, N 1,4,5-substitution
Method C g1 cl > \
2) RNH, | N Unexplored
R1 N
0 R
1) TsNHNH ' o
Method D H)K(CI AL 2 5 N, 1-substitution
cl 2)RNH; [NN Singh, Harada

Scheme ,23,: Methods to access different substitution patterns of 1,2,3-triazoles using
U,U-dichloroketones. 1,5- and 1,4,5-substitution remains unexplored
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2. Aims and Objectives

The overall aim of this chapter was to expand on the potential of the Sakai reaction as a
method of directly converting a primary amine into a 1,2,3-triazole, thus removing the

requirement to use azides.

The Sakai reaction has been shown as a versatile alternative to the CuAAC reaction in
preparing highly functionalised triazoles under mild conditions. Moreover, the method has
been shown to present a safer alternative to the CuAAC in producing triazoles on scale.8284
However, the Sakai reaction is yet to be considered general for the synthesis of all substitution

patterns of triazoles.

The key objectives were to develop a method which regiospecifically targets the synthesis of
most substitution patterns of triazoles by appropriate selection of starting materials (Figure 9).
This will be achieved by developing a method which does not necessitate isolation of the
intermediate hydrazone, by eliminating the formation of a problematic and limiting
bishydrazone. Achieving quantitative conversion to the desired hydrazone will allow for the
development of a 1-pot, 3-component coupling to access these important products.
Developing a reaction which has these characteristics brings the reaction into the realms of
being consi der e d claserfo@dvingapplications withih biothgical systems as
well as providing a valuable synthetic tool.8® Moreover, showing scalability of the procedure

would further add weight to this synthetic method for preparing triazoles on a preparative scale.

Once these conditions had been developed, the objective was to exemplify the method for the
synthesis of a range of substitution patterns of 1,2,3-triazoles, including 1,4-, 4,-, 1,5-, 1,4,5-,
4,5- and 1- substituted triazoles (Figure 9). This would present a highly general, redox-neutral,

azide- alkyne- and halogen-free synthesis of 1,2,3-triazoles which has not yet been reported.
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2. Aims and Objectives

R H R R 2 H R
N N RN RUN N N

1,2,3-triazole N JiS \[ N I N I NN
R? N R! N N' R N R1 N N'
Substitution 14- 4 15- 14,5- 4,5- 1-

Figure 9: The various substitution patterns of 1,2,3-triazoles which are targeted within this thesis

Finally, current methods do not offer chemoselectivity for aliphatic or aromatic amines.8 It
would be ideal to develop a complementary set of conditions which allow for the
functionalisation of an aromatic amine in the presence of an aliphatic amine, or vice versa,
without protecting groups (Scheme 24). Two sets of orthogonal conditions to selectively
convert aromatic or aliphatic amines into a corresponding triazole would be desirable and

would have a range of potential applications.

zZ-z
[0
N\ _Z

NH,
/O/\/ Cond|t|ons ‘A /©/\/ Condmons 'B'
Ney

N
= H,oN

Scheme 24: The proposed chemoselectivity to develop orthogonal conditions for either aromatic or
aliphatic amine conversion
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3. Results and Discussion
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3. Results and Discussion
The main aim of this chapter was to achieve a one-pot hydrazone formation which can be

telescoped into the subsequent cyclisation to a 1,2,3-triazole. The Sakai reaction involves two
steps, the first being the formation of the hydrazone, which needs to be isolated owing to the
significant formation of a bishydrazone.818284 The proposed mechanism for the Sakai reaction
involves the desired U,U-dichlorotosylhydrazone 101 eliminating an equivalent of HCI to form
vinyldiazene species 102 (Scheme 25). This species, described as being highly electrophilic,
readily undergoes 1,4-addition with a primary amine. This leads to iminohydrazone 103, which

cyclises to form the triazole, eliminating a sulfinic acid by-product.

During the formation of U,U-dichlorotosylhydrazone 101, if the vinyldiazene (102) is formed by
elimination of HCI, then any excess tosylhydrazide will react with the vinyldiazene (102) to
form the undesired bishydrazone (104, Scheme 25). If the rate of vinyldiazene formation can
be decreased, there will be a lower concentration of this reactive intermediate, removing the
potential to form the bishydrazone. Replacing the dichloro handle with a poorer leaving group,
such as dimethoxy (an acetal functional group), the forward rate of vinyldiazene formation
would be expected to be slower, making intermediate hydrazone 105 more stable. This should
reduce the formation of bishydrazone 104 and allow for the potential of a one-pot,

3-component reaction without the need to isolate the hydrazone.
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1
TsHN R R
0 NH, HoN" N
R)K(m JI N
-H,0 DIPEA R N
100 ©!
T—TSH
_NHTs Ts Ts
N _NH !
TsHN N N H N,NH
NH, -HX
RJ\" _— N R Negi J\/N
N. _HCI R proton N R < R!
104 NHTs Unproductive 102 Cl transfer <CI 103
This hypothesis
-!-S Ts = Decrease rate of vinyldiazene formation
N’N\H ,,r\'j = If a poorer leaving group is used, the intermediate will be more stable
o OMe Slower rate > R/g " Propose replacing the dichloride handle with an acetal (alkoxide leaving group)
-MeOH ) . :
<0Me OMe = A more stable intermediate should produce less/no bishydrazone
105 ® This should then allow for a telescoped procedure

Scheme 25: The hypothesis. Use of U-ketoacetals as precursors to 1,2,3-triazoles

3.1 Development of conditions for hydrazone formation

At the outset of the study, the conditions for the formation of a hydrazone between an
U-ketoacetal and p-toluene sulfonylhydrazide were examined. As had been previously
reported in the Sakai reaction (Section 1.8.1), the solvent in which the hydrazone was formed
had a large effect on the relative production of the desired hydrazone and side-products.8
1,1,dimethoxypropan-2-one 106 is a commercial and readily available U-ketoacetal and so this
was chosen as a model substrate. Dissolving U-ketoacetal 106 in acetonitrile, tetrahydrofuran,
1,4-dioxane, dimethyl sulfoxide and methanol and adding 1 equivalent of p-toluene
sulfonylhydrazide 107 gave the results shown in Table 2 after 30 minutes at room temperature.
The formation of two new products was observed. The mass-ions of hydrazone 108 (m/z, MT H
285) and bishydrazone 109 (m/z, M+H 409) were observed by LCMS. Interestingly, at 10
minutes in acetonitrile two species were observed which were consistent in mass with the
hydrazone 108 at a ratio of 1:1. These two species are likely the two stereocisomers of the
hydrazone (108 and 108a). After 30 minutes, the ratio had changed to 4:1 indicating that
interconversion of these two species is facile and that one of the stereoisomers is

thermodynamically more stable. Only one stereoisomer was observed in all other solvents.
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3. Results and Discussion
In all cases the reaction had gone to near completion after 30 minutes, resulting in < 5%

residual p-toluene sulfonylhydrazide by HPLC and LCMS analysis of the reaction mixture
(Entries 11 5). However, the relative ratio of reaction components varied with solvent.
Bishydrazone 109 formed in up to 12% in acetonitrile but was not observed at all in either

dimethylsulfoxide or methanol.

TsHN . TsHN .
\©\ ’/O i \O\ ’/o N I
)J\(OMG [ IS )J\(OMe )J\"

S. <
g NH Solvent g NH
NH, OMe rt, 30 min NH, OMe N-NHTs
107, 1 equiv. 106, 1 equiv 108, m/z (M) =285 109, m/z (M*) = 409
TsHN N N,NHTs,
)J\(OMe OMe
OMe OMe
108 108a
Entry Solvent Residual hydrazide Hydrazone Bishydrazone
107 /% 108 /% 109 /%
1 MeCN 0 88 12
2 THF 2 87 4
3 1,4-dioxane 0 80 9
4 DMSO 3 91 0
5 MeOH 1 95 0

Table 2: The solvent effect on the ratio of mono and bishydrazone
Percentages given are of HPLC & LCMS analysis of the reaction mixture.
Where mass balances are < 100%, no individual impurity was greater than 0.5%.
Hydrazone 108 percentages are the combined peak area percentages of both stereocisomers.

The observed selectivity for the formation of the desired hydrazone 108 over bishydrazone
109 was highly encouraging considering the objective to achieve a one-pot triazole formation.
In both dimethylsulfoxide and methanol, no formation of bishydrazone 109 was observed after
30 minutes (Entries 4 & 5). Compared to the U,U-dichloroketone system in Table 1 (Section
1.8.1) no solvent gave better than a 5:1 ratio of mono:bishydrazone, and methanol gave very
poor results yielding a 1:1 ratio in the crude reaction mixture. Despite not being an exact
comparison owing to the different ketone substrate, this potentially eludes to the increased

stability of a hydrazone derived from an U-ketoacetal over that of an U , -dichloroketone.
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3. Results and Discussion
In methanol, 95% of the desired hydrazone was observed after 30 minutes, with no formation

of the bishydrazone. Moving forward, the aim was to design a procedure to encourage
formation of an iminohydrazone 110 (Scheme 26). This intermediate is classically invoked in
the mechanism for the Sakai reaction, and so if this could be accessed the triazole formation
should proceed accordingly.84%° The initial aim was to develop selective conditions to
hydrolyse the acetal whilst retaining the hydrazone, to form aldehyde 111. This aldehyde

should then react with a primary amine to form the desired iminohydrazone 110.

TsHN TsHN TsHN 1
R ~ R
N + Hzo N H2NR1 N { o
)J\(OMe )Hr --------- - )J\H/H --------- - N L
-2 MeOH -Hzo )I N HO/ \pTol
OMe 0 NR' N
108 111 110

Scheme 26: The proposed selective hydrolysis to furnish an aldehyde with the aim of forming
iminohydrazone 110 on the way to forming a triazole

3.2 A model system

A literature search to selectively hydrolyse an acetal in the U-position of a hydrazone to an
aldehyde returned limited results, with the only comparable transformation shown in Scheme
27.°1 The conditions use 2 equivalents of lithium tetrafluoroborate in acetonitrile:water (98:2)
to form 113 from 112. This looked problematic for two reasons. If this procedure was adopted
to access the aldehyde, it was known that the formation of the hydrazone in acetonitrile was
poor (Section 3.1). This would necessitate swapping from methanol into acetonitrile, removing
the potential of a one-pot procedure. Secondly, the low yield of 113 (24%) did not look
promising from the perspective of developing a high-yielding methodology. This suggested

that the hydrolysis step would require significant optimisation.

HoN_S HoN___S
Y
HN‘N LiBF4 (2 equiv) HN‘N
)K(OMG MeCN:H,0 (98:2) )HrH
OMe o)
112 113, 24%

Scheme 27: Literature result for a selective hydrolysis of an acetal in the presence of a hydrazone
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3. Results and Discussion
Therefore, before pursuing what appeared to be a highly challenging hydrolysis, a model

system was designed to examine whether this was a feasible strategy. Using 1,2-dicarbonyl
compound 115 would examine whether the selective hydrolysis strategy could give access to
the desired imine intermediate 117. To pursue this, 1,2-diketone 115 was reacted with p-
toluene sulfonylhydrazide in methanol. After 1 hour, by HPLC & LCMS a species consistent in
mass with hydrazone 116 was observed at 84%, with 4% bishydrazone present (not shown
for clarity). On addition of benzylamine, no imine intermediate 117 or triazole 118 was
observed. Instead, the formation of p-toluene sulfinic acid 119 was observed and 66% of

U-diazocarbonyl species 120 was isolated.

TsHN .
HoN._, ST R?
R R Known RN
—_ > R —_ > I ,\N
N\Rz R1 N
114
o TSHN . TSHN . Bn
i BnNH; (1.3 equiv) N
)Hrph TsNHNH (1 equw)= )J\rrph 2 )J\rrph | ,‘N
MeOH, rt, 60 mins N
o} 0 NBn Ph
0,
15 116, 84% 17 18
Q N©
BnNH, (1.3 equiv) /©/S\OH N®
rt, 16 h )}(Ph
(0]
119 120, 66%

Scheme 28: U-diazocarbonyl formation from a hydrazone

The collapse of the hydrazone follows the first part of a Shapiro or Bamford-Stevens
mechanism.%29 Deprotonation of the sulfonamide NH on 121 by base (benzylamine,
triethylamine) gives azo-enolate 122 (Scheme 29). This compound is stabilised by conjugation
of the anion throughout the carbonyl and the sulfonamide, explaining the ease of
deprotonation. At this point the anion can push through, eliminating p-toluene sulfinate to give

U-diazocarbonyl 120.
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3. Results and Discussion

Scheme 29: The elimination of p-toluene sulfinic acid to give an U-diazocarbonyl

Unfortunately, U-diazocarbonyl 120 did not undergo formation of an imine (123) on addition of
benzylamine (Scheme 30). This is unsurprising considering the resonance structure of the
diazo compound decreases the electrophilicity of the carbonyl group owing to its enolate-type

nature.

N© N©
N® BnNH, N®
—X—
Ph Ph
(0] NBn
120 123
N© N N
NG N® Ne
=) pp > %Ph - )\(Ph
o) o) Oo
120 120a 120b

Scheme 30: Resonance structures of an U-diazocarbonyl, explaining the poor reactivity towards an
amine

The above observations suggest that U-carbonyl hydrazones are not a suitable intermediate
to target for the synthesis of 1,2,3-triazoles. This is because the collapse of the intermediate
hydrazone to an U-diazocarbonyl compound & which is unreactive & occurs preferentially
over imine formation. These factors suggested that pursuing the aldehyde as an intermediate

was not going to be productive.

3.3 A surprisingly labile acetal

With these observations, the hydrazone formation and resultant steps were examined in more
detail. Using tosylhydrazide (107) as the limiting reagent and U-ketoacetal 106 in deuterated

methanol, the reaction was monitored by 'H NMR spectroscopy. After 5 minutes p-toluene
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3. Results and Discussion

sulfonylhydrazide (107) had been fully consumed, resulting in near quantitative formation of

hydrazone 108 (Scheme 31).

0 N,NHTs
TsNHNH , MeO — X > | MeO
CD3;0D
OMe rt, 5 min OMe
107, 1.0 equiv 106, 1.05 equiv 108, quant.

Scheme 31: Quantitative hydrazone formation in deuterated methanol

However, on leaving the same reaction to stand for 2 hours at room temperature, by LCMS
analysis of the reaction mixture the mass ion (m/z M") of the hydrazone increased from 285 to
288andto291 (Figure10).Thi s i ncrease in multiples of 3 sugg:¢
3D6s. The absence of integers other than 3 or 6
associated with CDs group of the deuterated solvent rather than multiple sequential additions

of individual deuterium atoms.

2:M3 ES- . 2:MS ES-
2:MS ES-
1.6e+004 2 1.9e+004
285 37 288.35 1.3e+004 201 45
291.37
286.44 288.30
i [ , i ,
bt miz T MIZ T Mz

Figure 10: Mass spec trace of the hydrazone over a 120-minute period.
Left = 5 minutes, middle = 50 minutes, right = 120 minutes

Interpretation of these results likely suggest that the dimethyl acetal of the hydrazone substrate
108 is being exchanged with a deuteriomethoxy acetal from the solvent. After 2 hours at room
temperature, greater than 90% incorporation of the OCDs acetal was observed by H NMR
spectroscopy (Scheme 32). This explains the sequential increase in mass observed in the M!

by the formation of deuterated acetals 124, 125 and 126.
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NXT:
0 N,NHTs N s
TsNHNH MeO — > [ MeO ——— > D3CO
CD3;0D rt,2 h
OMe rt, 5 min OMe OCDg
107, 1.0 equiv 106, 1.05 equiv 108, quant. 90% CD3
X=HorD
2 2 %
N,NTs N,NTs N S
MeO\Hj\ D3CO\HJ\ D3CO\HJ\
OMe OMe OCD;
124 125 126

Exact Mass: 285.09 Exact Mass: 288.11 Exact Mass: 291.13

Scheme 32: The lability of the acetal towards exchange with the deuterated solvent

Reaction of U-ketoacetal 106 in deuterated methanol and leaving at room temperature for 2
hours resulted in complete recovery of the ketoacetal with no deuterium incorporation

(Scheme 33). This shows that the hydrazone is crucial to the lability of the acetal.

(0] (0] (0]
MeO ———F——F > MeO ———FFF > MeO
\Hj\ CD30D, rt, 5 min \Hj\ rt,2h \Hj\
OMe OMe OMe
106 106 106

Scheme 33: Control reaction of U-ketoacetal in deuterated methanol

If benzylamine (127) was added as soon as the hydrazone had formed, the acetal-exchange
almost entirely shut-down. The hydrazone containing 90% CHs acetal was observed after 2
hours, with the remaining 10% being mono-methoxy, mono-deuteriomethoxy acetal. No

bis-deuteriomethoxy acetal was observed even after 2 hours (Scheme 34).

o N-NHTS BnNH21(21_.,1 equiv) NfN§<<T=SH oD
TsNHNH, ~ MeO — Meo\Hf\ X3CO
CD,0D i, 2 h
OMe rt, 5 min OMe OCX3
107, 1.0 equiv 106, 1.05 equiv 108, quant. 90% (OCHs),

10% (OCH3)(OCD3)
(OCD3), Not observed

Scheme 34: Suppressed acetal exchange under basic conditions

Moreover, the 'H NMR analysis showed that the NCH: signal of benzylamine undergoes a
downfield shift from 3.77 ppm to 3.88 ppm (Scheme 35). This downfield shift is highly indicative

of a proton transfer between the hydrazone substrate and benzylamine. The complete
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3. Results and Discussion
protonation of benzylamine (evidenced by disappearance of singlet at 3.77 ppm) suggested

that the hydrazone was remarkably acidic. The pKaH in water of benzylamine is 9.34,%*
implying that the pKa of the hydrazone must be at least 3 pKa units lower than benzylamine to
leave no observable neutral benzylamine by 'H NMR analysis (Figure 11). The pKa of p-
toluene sulfonylhydrazide is 1.09 (measured in a water:DMSO mixture)® which also suggests

the hydrazone would be similarly acidic.

(\3.77 ppm (\ 3.88 ppm V/\pKa =1.09

H H n-NHTS H H N,ﬁTs Q\S,E\NH
(v OMe ('HOMe
127 4.41 ppm 108 1279 4.42 ppm 108°

Scheme 35: Acid-base equilibrium between hydrazone 108 and benzylamine (127)

S u
N,NHTS ® NTs ‘
MeO HN h e
e MeOw)K |
\
OMe OMe i

Figure 11. Red = benzylamine reference, green = reaction mixture 2 hours after benzylamine addition,
blue = reaction mixture before benzylamine addition

This observation has implications for the mechanism in which the acetal collapses. If the
hydrazone contains the Ni H bond, i.e without base, then a 6-membered species can be drawn
(128, Scheme 36). This intramolecular H-bonding arrangement would facilitate acetal collapse
and an intramolecular proton transfer, eliminating methanol to form enoldiazene 129. Evidence

for the formation of the enoldiazene species was seen in the LCMS trace. Only one species
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3. Results and Discussion
was observable by liquid chromatography which had the mass-ion of m/z=285 in the ES-

(hydrazone 108/128). However, a fragment-ion of the same species was observed with an
m/z=255 in the ES+ (Scheme 36). This suggests that the formation of an enoldiazene is
mechanistically feasible, even though this species has not been observed by H NMR analysis.
This could suggest that the enoldiazene intermediate is fleeting and is rapidly trapped by any

pendant nucleophiles (CDz0OD/MeOH).

DsC

h \H\/BS \OD /TS DSC\ /TS
oy E -CH30H :" /\‘[}l§
\o)t\_/lj \O/\(N

128, Exact Mass: 286.10 129, Exact Mass: 254.07 Exact Mass: 290.12

Scheme 36: Intramolecular elimination of methanol and trapping of an enoldiazene

28 ES-
1.7e+004
285.41

| .287.28
— e e T
1S ES+
3.5e+006

255.24
25627 237.28

I""I""I''I'I'I""I""I'"'I""I""I"I"I""'I"'r.r-l-IIZ

250.00 260.00 270.00 220.00 290.00

Figure 12: Mass-spectrometry trace of hydrazone, showing a fragment ion consistent in mass with
enoldiazene 129

On addition of benzylamine, the discussed intramolecular hydrogen bond is disrupted (as
evidenced in Figure 11) resulting in the deprotonation of hydrazone 108 by benzylamine. The
decrease in OCDs incorporation into the acetal can be explained through the equilibrium
obtained between the hydrazone and benzylamine (Scheme 37). The hydrazone substrate
(108) and benzylamine (127) engage in an acid-base equilibrium which, as shown by H NMR
spectroscopy, the position of equilibrium lies on the left-hand side of the arrow. This results in
a very low concentration of neutral benzylamine, and by effect, neutral hydrazone. However,
as discussed, Scheme 34 shows that after 2 hours with benzylamine 10% acetal exchange
had occurred. This therefore suggests that the anionic hydrazone (1087 can very slowly
eliminate methoxide to form the enoldiazene 129. The absence of a separate species with a
different retention time in the LCMS and the lack of evidence for enoldiazene 129 by 'H NMR

suggest that trapping of this intermediate by a nucleophile is rapid.
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° v
N,NTS [©) N~ "H
Hoow Q) = Aom ey
OMe
OMg ® 108 127
108 127 Ts
. . . . 1 .N
Direct enoldiazene formation from anion -MeOH N
SIow@ = N
-MeO 129OMe

Scheme 37: Proposed mechanism for enoldiazene formation

The elimination of an alkoxide Uto a hydrazone is commonly exploited in the Eschenmoser
fragmentation (Scheme 38). The Eschenmoser reaction is a fragmentation in which an
U , -époxy N-tosylhydrazone 131 ring-opens the epoxide to give 132, which subsequently
collapses to give an alkyne 133 and a carbonyl product 134.% The first step of the reaction
after hydrazone formation involves the ring-opening of the epoxide which can occur under
basic conditions.®” The comparison between the Eschenmoser fragmentation and the
observation of the acetal lability is not a totally fair comparison however; the Eschenmoser
reaction relies on the opening of a strained 3-membered ring to liberate an alkoxide i this
ring-strain is not present in the case of hydrazone 108. However, this does imply that the direct
enoldiazene formation for the hydrazone anion 108 could be possible.

@/2 TsN

TsN.

N, R? N RPR? Ny, -TsH R O
‘ =
R Q RS > R1VO@ > R1/ 3RJ\R2
RO R
131 132 133 134

Scheme 38: The Eschenmoser fragmentation

On leaving the reaction with benzylamine at room temperature overnight, singlets at 5.53 ppm
and at 7.68 ppm in the *H NMR spectrum were observed. This was believed to be due the CH:
and the CH protons of the desired triazole product 135 (Figure 13). This was further supported

by the LCMS trace showing a species consistent in mass with the desired triazole.
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Figure 13: Observation of the triazole

On repeating this reaction, 1-benzyl-4-methyl-1,2,3-triazole 135 was isolated in 47% yield
(Scheme 39) with 25% hydrazone 108 remaining. This indicates that the intermediate
enoldiazene 129 could be trapped by the amine directly. Again, no species consistent in mass
with the enoldiazene 129 or any further subsequent intermediates were observed. This
suggests that the slow step is elimination of methoxide from the anionic hydrazone to give
enoldiazene. Evidence suggests that trapping of this species is rapid. The methoxide can then

deprotonate the ammonium to generate the free-base in-situ which reacts with the enoldiazene

129.
TsNHNH _NHT:
o 12 N NHTs _ Bn N S
MeO\Hj\ 1.0 equiv MeO BnNH, (1.1 equiv) N, MeO\HK
MeOH, rt 5 min rt, 16 h )I N
OMe OMe N OMe
1.05 equiv 108, quant. 135, 47% 108, 25%*
y 0
N~ H N,NTs @
)J\(OMe HZN/\© )f\(owle H3N/\©
OMe OMe
108 127
MeO@
Slow MeOH
Ts Ts
U U
Bn ,NHH N"N HaN
[N — ——
):N N‘Bn M/
OMe OMe
129

Rapid trapping

Scheme 39: Formation of triazole 135 at room temperature.
*25% remaining by *H NMR analysis of the crude reaction mixture
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3.4 Trapping of enoldiazene 129 with benzylamine

Encouraged by the formation of triazole 135 in 47% yield (Entry 1, Table 3), methods to
improve the observed yield were examined. On heating the reaction under reflux for 16 hours,
a 75% solution yield of 135 was obtained by *H NMR analysis using 1,3,5-trimethoxybenzene
as an internal standard (Entry 2). Further encouraged by the positive effect of heating the
reaction, an 83% solution yield of 135 was observed when heating the reaction in a sealed vial
under microwave irradiation at 120 °C for 20 minutes (Entry 3). This indicated that a hotter
reaction was beneficial for increased product formation. Increasing amine equivalents did not
increase the observed yield of the product, where an 84% solution yield was observed, and
77% of the product was isolated (Entry 4). A reduced reaction time of 5 minutes also did not
have a marked effect on the observed yield giving 82% (Entry 5). This showed that the reaction
was complete within 5 minutes with no hydrazone remaining. Increasing the temperature
further to 140 °C for 5 minutes gave a further increase in solution yield increase to 89%, further
supporting the idea that a hotter, faster reaction is beneficial (Entry 6). The temperature was
not increased further owing to the maximum recommended pressure limitation with the

microwave equipment.

o N-NHTs
MeO Ts NHNH, (1 equiv?' MeO\Hj\ BnNH, (1.1 eq.uiv)' BnNi\‘;N\
OMe MeOH (0.4 M), 5 min OMe temperature, time
106, 1.05 equiv 108, quant. 135
Entry Temperature Time Variations 135 yield?d
1 rt 16 h - 47%
(47% isolated)
2 Reflux 16 h - 75%
3p 120 °C 20 min - 83%
4b 120 °C 20 min BnNH:2 84%
(2.0 equiv) (77% isolated)
5b 120 °C 5 min - 82%
6° 140 °C 5 min - 89%
7° 140 °C 5 min + EtsN 88%
(1.1 equiv) (88% isolated)

Table 3: Optimisation table for triazole synthesis. 2Solution yield calculated using
1,3,5-trimethoxybenzene by *H NMR analysis. PReaction performed in a sealed vial under
microwave irradiation
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Throughout the course of the optimisation, the production of an impurity by LCMS and HPLC

was observed. The impurity could not be removed by aqueous washes and the only way of
separating it was by chromatography. Exposure of the triazole to the reaction conditions did
not result in any degradation of the triazole and the unknown impurity was not formed (Scheme

40). This showed that the impurity was not related to the triazole.

Bn Bn
)INN W )INN No formation of unknown impurity
N o N
120 °C, 20 mins
135 135

Complete recovery

Scheme 40: Control reaction examining triazole stability
Exposing the triazole and p-toluene sulfinic acid (137) to the reaction conditions also led to full
recovery of triazole 135, however the formation of p-toluene sulfonic acid (138) and the
unknown impurity was observed (Scheme 41) suggesting that the impurity was derived from

the sulfinic acid byproduct (137).

oo r o O
HO\S ): N - > )I N HO\S + Unknown impurity
o) N N

MeOH (0.4 M) A
120 °C, 20 mins

|
137 135 135 138
Complete recovery

Scheme 41: Control reaction with p-toluene sulfinic acid (137) and triazole 135

Finally, to prove the impurity was associated with a degradation product of the sulfinic acid by-
product, exposure of this to the reaction conditions gave full conversion of the sulfinic acid.
This yielded the unknown impurity with trace quantities of p-toluene sulfonic acid. Isolation of

the impurity proved it to be methyl 4-methylbenzenesulfonate (139) in 84% yield.

_—
HO-g- : MeOH (0.4 M) Meo~s/© H0~S/<j

J7\\ J7\\

0 120 °C, 20 mins OO0
137 139, 84% 138, trace

Scheme 42: Control reactions with p-toluene sulfinic acid (137), showing impurity 139
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3. Results and Discussion
The formation of the sulfonic acid (138) is likely a result of oxidation of the sulfinic acid

side-product. No precautions were made to degas the solvent or to make the headspace of
the reaction inert, meaning the reaction would have contained oxygen, facilitating oxidation of
the sulfinic acid by-product. Secondly, heating the sulfinic acid in methanol forms the methyl
sulfonate product. In order to develop scalable reaction conditions which do not rely on
chromatography for purification, a procedure was designed which trapped the p-toluene
sulfinic acid by-product as the triethylamine salt. Scheme 43 shows the developed conditions
where adding 1.1 equivalents of triethylamine shuts down the degradation pathway of the

sulfinic acid 137 and traps this species as the triethylamine sulfinate salt.

/@/ EtsN (1.1 equiv) /@/ /@/

,, MeOH (0.4 M) ,, \\ ,, \\
120 °C, 20 mins
137 138 139

Scheme 43: Triethylamine stops degradation of the sulfinic acid byproduct

With this learning, Entry 7 in Table 3 shows how adding 1.1 equivalents of triethylamine to the
reaction mixture gives (within error) the same yield of triazole 135 (88% yield). This procedure
allows for the separation of the sulfinate by-product from the triazole by a simple aqueous
wash. Even though the material could be isolated in acceptable purity (93% by LCMS),
analytically clean material was isolated by chromatography. The final optimised conditions are
displayed in Scheme 44. These conditions give access to the triazole in an excellent yield in

10 minutes from U-ketoacetal 106.

N»NHTS BnNH, (1.1 equiv)
(0] .

TsNHNH; (1 equiv) MeO Et3N (1.1 equiv) \ISY
MeO\Hj\ - > BnN
oM MeOH (0.4 M), rt, 5 min OMe 140 °C, 5 mins \)\
e
106, 1.05 equiv 108, quant. 135, 88%

Scheme 44: The optimised reaction conditions
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3. Results and Discussion
3.5 Exploration of the substrate scope for 1,2,3-triazole synthesis

3.5.1 Simple aliphatic amines

Having seen that triazole 135 could be isolated in excellent yield, the scope of the primary
amine was next explored. Scheme 45 displays the results of using simple aliphatic primary
amines. Using n-propylamine, triazole 140 was isolated in a 98% yield after a simple aqueous
wash of the triazole in CH2Cl.. The formation of N-methyl triazole 141 under these
high-pressure conditions is interesting; the high volatility of methylamine (boiling point=16 °C)
suggests this species may largely exist in the headspace of the reaction. However, the high
pressure and temperature of the reaction forces the methylamine into solution to react. More
likely, however, is that the methylamine is protonated on reaction with the hydrazone (as
evidenced in Figure 11 Section 3.3), suppressing the volatility and ensuring retention of this
substrate in solution. Secondly, a 40% aqueous solution of methylamine was used, showing
that the reaction is highly tolerant towards the presence of water. Other amines, including
iso-propylamine, cyclopropylamine, cyclohexylamine and tert-butylamine gave triazoles
142-145in 79%, 97%, 91% and 90% respectively. Highly sterically hindered amine substrates
such as cyclohexylamine and tert-butylamine behaved excellently. All the triazole products

presented here afforded analytically clean material without chromatography.

NHTs

o N R. N
Meo\Hj\ TSNHNHZ Meo\%}\ NH2 _ —Q\:E
OMe MeOH OMe Et3N (1.1 equiv) R
5 min, rt 5 min, 140 °C
quant.

N=py N=n N=pn Nap N=pn Nap
Mo T ﬂwf Nﬁv J\w\: _MK

140, 98% 141, 95% 142, 79% 143, 97% 144, 91% 145, 90%
Scheme 45: Scope of simple aliphatic amines
3.5.2 Functionalised aliphatic amines

To further explore the functional group compatibility of the amine substrate, a series of aliphatic

amines baring various functional groups were exposed to the reaction conditions and the
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3. Results and Discussion
results are displayed in Scheme 46. Fluorinated triazole 146 was isolated in 80% yield using

2,2,2-trifluoroethylamine, a highly volatile amine reagent (boiling point 37 °C®8). This further
supports the claim that these high-pressure conditions are suitable for the conversion of
volatile, low molecular weight amines. N-alkenyl and N-alkynyl triazoles 147 & 148 were
isolated in 85% and 87% yield using allylamine and propargylamine respectively. The

formation of these two products strongly emphasises the orthogonality of this reaction when

compared to AACO6s. Both al kenes and azdek®Thige s

shows that this approach is a complementary method to the AAC synthesis of triazoles, in
which alkenes and alkynes are not tolerated reagents. A primary amine attached to a pendent
tertiary amine resulted in triazole 149 in 81% vyield. Next, to explore whether an NH triazole
(150) could be synthesised, it was proposed that using a solution of ammonia in methanol
would be suitable. Unfortunately, under the conditions displayed in Scheme 46 with 1.1
equivalents triethylamine, compound 150 could not be separated from several impurities
including the triethylamine salt. The product could not be recovered by chromatography and
the product decomposed under vacuum distillation. However, a slight modification of the
reaction conditions using 2.2 equiv ammonia as a solution in methanol with the omission of
triethylamine allowed for clean isolation of NH triazole 150 in 78% vyield. This observation is
notable as a Click reaction using sodium azide to give an NH triazole is highly challenging.
Hydrazoic acid can be used,3” however this presents a significant safety concern. This method

presents a chemist with the ability to install an NH triazole simply from ammonia.

o N,NHTs , \
MeO TsNHNH, MeO NH, :N
- _Q\/Ns
OMe MeOH OMe Et3N (1.1 equiv) R
5 min, rt 5 min, 140 °C
quant.
N=N N=N N=N N=N N‘“N
I 1 1 U )
—Q\/NVCFS —Q\/N\/\ —Q\/N/// —Q\/N\/\/NMeZ \ NH
146, 80% 147, 85% 148, 87% 149, 81% 150, 78%*

Scheme 46: Scope of functionalised aliphatic amines. *2.2 equiv ammonia in MeOH
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3. Results and Discussion
3.5.3 Elaborated amine substrates

In attempts to stretch the reaction, functionalised benzylamine derivatives were examined
(Scheme 47). Benzylamine gave 88% triazole 135 as discussed previously, and both electron
withdrawing and donating substituents on the aromatic ring were tolerated. For example,
4-methoxybenzylamine and 4-cyanobenzylamine also gave triazoles 151 & 152 in 84% and
919% respectively. Further, bromo-containing triazole 153 was isolated in 80% yield, providing
a potential handle for further elaboration. This, despite not being an exhaustive examination,
suggested that the electronics of a benzylamine substrate do not affect its ability to undergo
the desired reaction. Primary amines baring heterocyclic functional groups were next
examined. Pyridines, furans and N-Boc protected azetidines proved to be synthetically
versatile substrates giving the triazoles 154-156 in 68%, 96% and 92% yield respectively. It
is also worth noting that both 155 and 156 yielded analytically clean material without
chromatography, adding weight to the claim that this reaction could be dee me d a

process. Aniline provided N-phenyl triazole 157 in 74% yield, showing that aromatic amines
also prove to be suitable substrates for the synthesis of triazoles. Finally, a 2-aminopyrazole
derived triazole 158 was isolated in 91% yield. This shows how complex heterocyclic products

which resemble pharmaceutical compounds can be synthesised using this methodology.

o N,NHTs R. \
MeO\Hj\ TsNHNH, MeO\Hj\ NH, _ﬂ\j}‘
MeOH EtsN (1.1 equiv) N,
OMe , OMe ) R
5 min, rt 5 min, 140 °C
quant.
Nsp Nep OMe Ny CN Ne Br
G0 Lo g Lo
135, 88% 151, 84% 152, 91% 153, 80%
\
\/©l _Q/ \/O \<’ —Q/N\[ j N‘N
NBoc
154, 68% 155, 96% 156, 92% 157, 74% 158, 91%

Scheme 47: Scope of benzylamines, heterocyclic aliphatic amines and aromatic amines
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3. Results and Discussion
3.5.4 Enantiomerically enriched amine substrates

In attempts to examine how chiral amines behave under the reaction conditions, a
cis-1,2-amino alcohol was exposed to the reaction conditions to give triazole 159 in 80% yield
(Scheme 48). Under the standard conditions the product was isolated with no erosion of
diastereomeric purity which was determined by *H NMR analysis. The NCH proton of 159 was
observed as a sharp doublet at 6.13 ppm with a coupling constant of 5.9 Hz, which is
consistent with the cis-configuration of a 2-amino-1-indanol.1% Trans-2-amino-1-indanols have

a coupling constant of >6.5 Hz%! and no 6.5 Hz doublet was observed.

NH,
NHT: é/\ﬂ
Q NS OH N~
veo A\ TR weoy A - ©f>—oH
OMe MeOH OMe Et3N (1.1 equiv)

5 min, rt 5 min, 140 °C
min quant. 159, 80%, >99:1 d.r

Scheme 48: Retention of diastereomeric purity in an indanol substrate

An alanine amino acid derivative was exposed to slightly modified conditions using 2
equivalents of triethylamine (Scheme 49). The reason for this was that alanine-ethyl ester was
provided as the hydrochloride salt. The excess of triethylamine was to free-base the
alanine-ethyl ester in-situ. The triazole product 160 was isolated in 84% yield. However, when
the triazole was analysed by HPLC on a chiral stationary phase, an 80:20 enantiomeric ratio
was observed (referenced to a racemic marker). Unsurprisingly, under the basic conditions of
the reaction some erosion of enantiomeric purity was observed. The ester moiety in either the
starting material, product or an intermediate can convert to an enol or an enolate under the
reaction conditions (drawn as an enol owing to the weakly basic reaction conditions). This
results in a prochiral enol which is unselectively protonated on either the Re or Si face,

resulting in erosion of enantiomeric purity.
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3. Results and Discussion
0

Me
NHTs %O/\
0 N NHsCl N=N 0
MeO TsNHNH, Meo\Hf\ _ ’&/N\)Lo/\
OM MeOH OM Et;N (2.0 equiv) =
© 5 min, rt ° 5 min, 140 °C Me
quant. 160, 84%, 80:20 e.r.
o o OH o o
Me H Enolisation Me Enolisation Me H
= O/\ = O/\ ;) o/\
R R R

R = NHjy, triazole or intermediate

Scheme 49: Erosion of enantiomeric purity under high-temperature conditions

To improve the enantiomeric purity of triazole 160, modification of the reaction conditions was
pursued. By lowering the reaction temperature to 75 °C and extending the reaction time to 18
hours, whilst using only one equivalent of triethylamine, the enantiomeric purity was greatly
improved to 98:2 (by HPLC analysis using a chiral stationary phase) and the product 160 was

isolated in 84% yield (Scheme 50).

(0]
_NHTs o™
i TsNHNH | NH,ClI N=N 0
MeO 2 MeO
P e o — —
OMe MeOH OMe Et3N (1.0 equiv) H
5 min, rt 18 h, 75 °C Me

160, 84%, 98:2 e.r.

Scheme 50: Modification of reaction conditions to improve enantiomeric purity of 160
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3. Results and Discussion
3.5.5 Unsuccessful nucleophiles

To further probe the reaction to examine the scope of the amine nucleophile, benzamide was
exposed to the reaction conditions (Scheme 51). No N-benzoyl triazole 161 was observed.
Instead, the sealed reaction vial remained pressured after heating to the reaction temperature
for 5 minutes. By LCMS analysis, benzamide remained unreacted, however, the residual
pressure in the microwave vial highlighted that the hydrazone had undergone decomposition.
This suggested that the hydrazone would decompose with particularly poor amine

nucleophiles such as benzamide.

_NHTs H,N
N N<n
TsNHNH =
M 2 M .
eO eO - ’«\/N\H/Q
OMe MeOH OMe EtzN (1.1 equiv)
5 min, rt 5 min, 140 °C )

Scheme 51: Unsuccessful nucleophile

3.6 Synthesis of triazole 144 on a multi-gram scale

Moving forward, to exemplify this procedure as a synthetically valuable protocol to access
triazoles on a preparative scale, cyclohexylamine was treated with the in-situ formed
hydrazone under reflux (Scheme 52). After 16 hours at reflux, 7.4 g of triazole 144 was isolated
in an 81% yield. This compares favourably with a 91% yield under the optimised super-heating
conditions. This suggests that the process will be a practical method to synthesis

1,2,3-triazoles on a preparative scale.

o) N-VHTs H N/O N=
2
MeO\Hj\ m MeO\Hj\ > "Q\/
MeOH Et3N (1.1 equiv) \O

OMe 5 min, rt OMe 16 h, reflux

144,74 g, 81%

Scheme 52: Multi-gram scale synthesis of triazole 144 from cyclohexylamine under typical batch
conditions
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3. Results and Discussion
From here, to further show scalability, a two-stage flow process was designed (Scheme 53).

A 0.43 M solution of p-toluene sulfonylhydrazide (107) was combined with a 0.979 M solution
of U-ketoketal 106 at flow rates of 4.60 mL min and 2.02 mL min-! respectively. This results
in a molar flow rate of 1.978 mol min-1 of both solutions, which was passed through a 20 mL
reactor at 20 °C. The residence time for this process was 3.02 minutes. After this, the
hydrazone solution and a 1:1 solution of cyclohexylamine and triethylamine were combined in
a T-piece, whereby the reaction was superheated to 145 °C through a 50 mL reactor. After a
residence time of 7 minutes, the solution was passed through a back-pressure regulator and
the solution collected. 73 grams of triazole 144 was isolated in an 82% yield after a processing
time of 4.5 hours. This flow-process exemplifies the power of the designed synthetic procedure

to rapidly access triazoles on a preparative and process chemistry relevant scale.

H /©/ 0.43 M in MeOH 20 mL reactor 50 mL reactor
'R
HoN S @ 20 °C 145 °C

/7 \\O 4.6 mL min‘1
N=
N
107 [\
o , 35 bar
MeO § 0.979 M in MeOH Back-pressure 1aa
2.02 mL min™’! regulator ,
OMe 82%,73 g
106

0.514 mL min™’
Neat, 1:1

Scheme 53: The designed flow-sequence to synthesise triazoles under the optimised conditions on a
large scale
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3. Results and Discussion
3.7 Exploration of the U-ketoacetal

To examine the compatibility of substitution on the 4-position of the triazole, a synthetic route
to access a series of U-ketoacetals (162) was required (Scheme 54). Literature methods often
rely on the use of Weinreb amides (163) as precursors, whereby addition of an organometallic
reagent (Grignard, organolithium) forms the desired U-ketoacetal.192 Weinreb amides are often
not commercially available and require synthesising, likely from an acid chloride which in-turn
is made from the carboxylic acid. Another, arguably more attractive method uses simple
U-esteracetals such as ethyl diethoxyacetate (164). These species are commercial, and so

looked like an attractive option to gain rapid access to a series of U-ketoacetals.

(0] 0] o
R-Li or R-MgX R-MgX
1 1
R O\HJ\N,OMe l — R O\HJ\R — EtO OEt
oR' Me OR! OEt
163, Weinreb amide 162 164, Ethyl diethyoxyacetate

Scheme 54: Retrosynthesis of functionalised U-ketoacetals

3.7.1 Grignard additions to esters

Traditionally, the reaction of Grignhard reagents with esters gives poor selectivity when the
desired product is the ketone; the major product from this reaction is the tertiary alcohol
(Scheme 55). The initial Grignard addition to the ester (165) gives tetrahedral intermediate
166. This intermediate rapidly collapses, even at low temperatures, expelling an alkoxide to
give a ketone 167. The instability of the tetrahedral intermediate means that the ketone is
formed when there is a Grignard reagent remaining. Ketones are more electrophilic than
esters, meaning that there is a lower activation barrier to the addition of a nucleophile. As such,
a Grignard reagent will preferentially add to the ketone over the ester, resulting in the formation
of a tertiary alcohol. As a result, when 1 equivalent of a Grignard reagent is added to a simple
ester (165), in most cases the observed products are the tertiary alcohol (168) and residual

starting material (165) in a 1:1 ratio.103.104
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S)
le) R2MgX OMgX OR' 0 R2MgX OMgX OH
A or' | ———— I LRt | — g
R” “OR! R™ Rr2 R” R? R™ R2 R™ r2
165 166 167 168
j.]\ R2MgX (1 equiv) /(@—IRZ )O]\
_
R” ~OR! R™ r2 R” “OR'
165 168 165

Scheme 55: The challenge with Grignard additions to esters

It was believed that addition of a Grignard reagent to ethyl diethoxyacetate (164) would result
in the formation of a stabilised tetrahedral intermediate (169) in which the pendant acetal would
coordinate to the magnesium centre, resulting in the formation of the ketone (170) as a major
product. A literature search indicates that this idea has been pursued and successfully applied

to the synthesis of a range of U-ketoacetals.105

o) XMg—0 o]
RMgX EtO ]
EtO\Hj\OEt g R Work-up EtO\Hj\R
— OEt — >
Ot Et Ot
164 169 170

Scheme 56: Grignard addition to an acetal-containing ester

3.7.2 Preparation of a library of U-ketoacetals

This method enabled the synthesis of a variety of U-ketoacetals to examine the tolerance of
the ketoacetal in the triazole-forming reaction. Addition of a Grignard reagent to
ethyl diethoxyacetate at 1 78 °C in THF gave the U-ketoacetals displayed in Scheme 57. Allyl,
homoallyl, cyclohexyl and homobenzyl substrates (171, 172, 174 and 175) were prepared in
47%, 58%, 49% and 64% respectively. Substrate 173 was used as sourced from a commercial

supplier.
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0 o)

RMgX (1-1.5 equiv
EtO\Hj\OEt gX ( quiv) EtO\HJ\R
OEt THF, -78 °C OEt
164
0 o) o) o} 0
EtO
EtO\Hj\/\ EtOM EtO EtO
OEt OEt OEt OEt OEt
171 172 173 174 175
X =Cl, 47% X = Br, 58% Commercial X =Cl, 49% X =Cl, 64%

Scheme 57: The synthesised U-ketoacetals and the commercial substrate 173

3.7.3 The reaction of allyl substrate 171

On exposure of allyl-ketoacetal 171 to p-toluene sulfonylhydrazide in methanol, after 10
minutes the reaction gave a species consistent in mass with hydrazone 176 by LCMS analysis.
Addition of benzylamine and triethylamine followed by heating to 140 °C for 5 minutes gave a
mixture of products. 4-allyl triazole 177 was isolated in 39% yield and a 4:1 mixture of the
stereoisomeric internal alkene triazoles 178 were isolated in 24% combined yield. The internal
alkene products could not be separated by chromatography or preparative HPLC but were

isolated as a mixture of both E and Z isomers as determined by 'H NMR analysis.

0 .NHTs

N BnNH, (1.1 equiv N= Ns
1O “ TsNHNH, EtO\Hj\/\ 2(1.1 equiv) BnN\J\/\ BAN /N
MeOH EtsN (1.1 equiv) N \)\%LL
OEt 10 min, rt OEt 5 min, 140 °C
171 176 177, 39% 178 24%, E:Z, 4:1

Scheme 58: The reaction of 171. Alkene migration under the optimised conditions

The internal alkene products 178a and 178b could form as a result of alkene migration in the
product. The internal alkene is more substituted and is conjugated into the triazole aromatic
" -system, providing a thermodynamic driving-force for the migration (Scheme 59).1%6 An
alternative option is the intermediate hydrazone undergoes alkene migration by the formation
of an enamine intermediate 178 from 176. However, the described deuteration experiments in
Section 3.3 have provided no evidence for the formation of an enamine under the reaction

conditions.
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| NHTs e NHTS | NHTs
EtO\Hj\/\ X EtOM == Ew ~
Ot OEt Ot
176 178
BnN'N:N ®
— N\ - Ns Ns
\)\j\ HNEts  _ _ gaN | BnN
H \f \)\/\ NS
ELN G D 178a 178b

Scheme 59: Postulated mechanism for alkene migration

3.7.4 Homologation of allyl substrate

By homologating U-ketoacetal 171 from allyl to homoallyl to give substrate 172, on exposure
to the same reaction conditions, hydrazone 180 was obtained and no migration of the alkene
in the triazole product was observed, providing a product solely containing a terminal alkene.
Benzylamine, aniline, methylamine, cyclohexylamine and ammonia all underwent efficient

cyclisation to the alkene-baring triazoles 1811 185 in 75%, 81%, 82%, 84% and 75% (Scheme

60).
o N-NHTS .
TsNHNH, NH; (1.1 equiv) Ns
EtOM ——— > EO = - RN |
MeOH EtsN (1.1 equiv) M
OFEt 10 min, rt OEt 5 min, 140 °C
172 180
Ns Ns Ns Ns Ns
Bn—N N Ph—N N Me—N N Cy—N N H-N N
— — — — —
181, 75% 182, 81% 183, 82% 184, 84% 185, 75%*

Scheme 60: Homologation of alkene, scope with 5 representative amines.
*No EtsN, 2.2 equiv NH3

With the alkene triazoles displayed above in Scheme 60, it is worth noting the formation of a
side-product. The triazoles derived from benzylamine, methylamine and ammonia, after
standard-phase chromatography were isolated containing between 31 6% of their saturated
alkane analogue and the yields shown above are of clean alkene product isolated after
preparative HPLC. Standard phase chromatography was able to separate the alkane-side
products of the triazoles derived from aniline and cyclohexylamine (182 & 184). The formation

of an alkane under these conditions is interesting. On considering the methylamine derived
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3. Results and Discussion
triazole, standard phase chromatography gave a mixture of the alkene and alkane products in

a 13:1 ratio (78% 183 and 6% 186 respectively) (Scheme 61). Moreover, through studying the
hydrazone formation by HPLC, no p-toluene sulfonylhydrazide was observed on completion

of hydrazone formation. This highlights the reversibility of the hydrazone formation.

0 TsNHNH, N-HTs

MeNH, (1.1 equiv) N= Ns
EtOM = EtO Pz > MeN Y MeN N
£ MeOH EtsN (1.1 equiv) M M
OFEt 10 min, rt OFEt 5 min, 140 °C

183, 78% 186, 6%

13:1

Scheme 61: Background reduction of the alkene
To investigate the formation of the alkane, a series of experiments were conducted. Exposing
the mixture of alkane 186 and alkene 183 shown in Scheme 60 to 1 equivalent of p-toluene

sulfonylhydrazide altered the ratio of alkene to alkane to 1:6 (Scheme 62).

N N : Ne Ne
MeN\)N\/\/ MeN\)N\/\/ TSNHNHZ (1 eqUIV) MeN\J\/\/ MeN\)N\/\/
— — — —
= =
MeOH, 5 min, 140 °C
183 186 183 186
13:1 1:6

Scheme 62: Control reaction to elucidate the reductant
Adding 1 equivalent of either triethylamine or methylamine gave complete conversion to the

alkane (Scheme 63).

Nz Nan TsNHNH (1 equiv) 'N\‘N
MQNM MGNM EtsN or MeNH, (1 equiv) MeNM
MeOH, 5 min, 140 °C
183 186 186, 100%

Scheme 63: Second control reaction to elucidate the reductant. Quantitative conversion to alkane
product 186.

These experiments suggest that the responsible reductant is diimide (187), derived from either
the thermal or base-promoted decomposition of p-toluene sulfonylhydrazide , a known process

to reduce unhindered, unpolarised alkenes (Scheme 64).197 The initial hydrazone formation
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was monitored closely by HPLC analysis and no residual p-toluene sulfonylhydrazide was

remaining before the amine was added and the reaction heated. This suggested that the
hydrazone formation is reversible under the reaction conditions. At elevated temperatures any
free p-toluene sulfonylhydrazide can eliminate to form diimide, which then engages with the

reduction of the alkene.

R
HK;J"H\S/Q/ s % " RK

187
Diimide formation

Scheme 64: Diimide reduction of unhindered alkenes

3.7.5 Further U-ketoacetal substrates

Phenyl U-ketoacetal 173 took 2 hours to form the desired hydrazone (188) smoothly by LCMS
analysis of the reaction mixture. The longer length of time taken for hydrazone formation is
likely due to the increased steric encumbrance around the ketone. After this time, the desired
amine was added and the reaction submitted to the optimised conditions to give triazoles

189-193 in 72%, 67%, 86%, 73% and 74% respectively (Scheme 65).

o _NHTs _
TsNHNH, N RNH, (1.1 equiv) Nay

EtO ——— EtO R-N
MeOH, 2 h, rt EtsN (1.1 equiv) =
OEt OEt 5 min, 140 °C
173 188
N Ns Ns Ns Ns
Bn-N Ph-N ) Me-N N Cy-N N H-N
— — — — —
189, ;;\O 190, ;;\Q 191,2?2@ 192, ;;\O 193, 7:°)/o*\©

Scheme 65: Phenyl substrate 173, scope with 5 representative amines. *No EtsN, 2.2 equiv NH3

Cyclohexyl substrate 174 underwent smooth formation to hydrazone 194 in 90 minutes. This
longer length of time before complete hydrazone formation was observed is again attributed
to increased steric encumbrance around the carbonyl group. Triazoles 195-199 derived from
benzylamine, aniline, methylamine, cyclohexylamine and ammonia were formed in 84%, 69%,

90%, 85% and 58% respectively (Scheme 66).
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o _NHTs

N .
TsNHNH, RNH, (1.1 equiv) N
EtO —— = > Eo M - R-N )
MeOH, 90 min, rt EtsN (1.1 equiv) =
OEt OEt 5 min, 140 °C
174 194

N< Ns Ns Ns Ns
BN Ph-N Me-N Cy—N N H-N N
— — — — —
195,\84)%\0 196,\69)%\0 197,\:"/?0 198,;5)%\0 199, 5;;\0
Scheme 66: Cyclohexyl substrate 174, scope with 5 representative amines. *No EtsN, 2.2 equiv NH3

Finally, homobenzyl U-ketoacetal 175 underwent smooth conversion to the hydrazone (200)
within 5 minutes and triazoles 201i 205 were isolated in 83%, 77%, 88%, 85% and 82%

respectively (Scheme 67).

NHTS N=n

TsNHNH2 RNH, (1.1 equiv) R-N___
MeOH 5 min, rt Et3N (1.1 equiv)
5 min, 140 °C
175
N Nz Ns Ns Nz
n-N | Ph-N | Me-N | cy-N | H-N )
— — — — —
201, 83% 202, 77% 203, 88% 204, 85% 205, 82%*

Scheme 67: Homobenzyl substrate 175, scope with 5 representative amines. *No EtsN, 2.2 equiv NHz

A thorough examination of the use of U-ketoacetals as a method to synthesise 1,4-substituted
triazoles as a direct comparison to the Sakai reaction of U ,-dichlorotosylhydrazones with
primary amines has been established. The tolerance of the amine has been shown to be
remarkable, aliphatic and aromatic amines are tolerated giving the triazoles in excellent yields.
Chiral amines give access to enantioenriched products with excellent retention of enantiomeric
purity and ammonia can give access to NH triazoles, a species which cannot be directly
accessed via an AAC without using hydrazoic acid. Furthermore, the 4-position of the resultant
triazole has been shown to be easily functionalised with a range of alkyl-, aryl- and alkenyl
groups via the preparation ofdi f f e +ketoadetaldby a Grignard addition to commercial ethyl
diethoxyacetate. Up until this point the new method is directly comparable to the Sakai reaction
in terms of functional group compatibility and ease of substitution at the 4-posititon (Figure 14).

The developed method is beneficial when compared to the Sakai reaction by not needing to
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isolate and purify the intermediate hydrazone as a problematic and limiting bishydrazone has

been eliminated. The developed procedure provides rapid access to triazoles in a
3-component coupling which can be exemplified on large scale using both batch (7-gram
exemplification) and flow techniques (73-gram exemplification). Moving forward, attempts to
further differentiate this method from the Sakai reaction was attempted by examining the
effectiveness of this procedure to synthesise different substitution patterns of triazoles (Figure

14).

R ‘ R R § R
N \ N N, \ N
1,2,3-triazole JI ,\N JI N \[ N I N I N [ N
R” N R N N RT N R N N
Substitution 1,4- 4- 1,5- 1,4,5- 4,5- 1-
Exemplified

Figure 14: The exemplified 1,2,3-triazoles (boxed). Unboxed are triazoles left to exemplify

3.8 1,5-Substituted triazoles

3.8.1 Accessing aldehyde 211

In order to access 1,5-substituted triazoles, the required substrate is an U-ketal aldehyde (206,
Scheme 68). The proposed retrosynthesis for such a compound stemmed back to a
1,2-diketone, in which the two carbonyls are differentiated by the inclusion of an ester and a
ketone (such as 207). Differentiation between the carbonyls is required to enable selective
protection of one carbonyl over the other, whereby a functional group interconversion of the
ketone to a ketal introduces the required functional group. The aldehyde is then accessed by
a selective reduction of the ester. A literature search of differentiated 1,2-dicarbonyl in which
one carbonyl is an ethyl ester and the other is a ketone generated greater than 50 examples
with numerous commercial suppliers in which R is alkyl, aryl or heteroaryl (208). This suggests
that these 1,2-dicarbonyl starting materials would be a suitable starting point for accessing

U-ketal aldehydes.
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1) Ketone protection o o
R R
: 7HJ\OR3 %OEt
2) Ester reduction 0 o)
R#H
207, 1,2-dicarbonyl 208

R = alkyl, aryl, heteroaryl

Scheme 68: Retrosynthesis of an U-ketalaldehyde

As a starting point, ethyl pyruvate (209) was reacted with triethylorthoformate to give ketal
ester 210 in a 93% yield on a >40 g scale (Scheme 69). From here, reduction of the ester
using diisobutyl aluminium hydride at 1 78 °C gave aldehyde 211 in a moderate yield of 43%.
Isolation of the aldehyde proved challenging as this species did not survive chromatography
or a rapid filtration through a small plug of silica as the literature suggested.1%® The 43% quoted
yield in Scheme 69 was from the product isolated by Kugelrohr distillation at 10 mbar and 45
°C. Even with careful handling and manipulation, subsequent decomposition of 211 occurred
rapidly, meaning manipulations were performed quickly and under an inert atmosphere.

However, this method enabled access to aldehyde 211 which could be used in the subsequent

reactions.
EIO_OEt .
2S04
y \Hok OEt 0 DIBALH (2.2 equiv) 0
e Me%k Me
OEt OEt ; H
CH,Cl, -78 °C
o} EtOH, rt, 15 h EtO OEt 2¥2 EtO OEt
209 210, 93% 211, 43%

Scheme 69: The synthesis of aldehyde 211

3.8.2 Cyclisation of aldehyde 211 to give 1,5-triazoles

With aldehyde 211 in hand and an understanding of how to appropriately handle this substrate,
the formation of a 1,5-triazole was pursued (Scheme 70). Full conversion of p-toluene
sulfonylhydrazide (107) was observed after less than 5 minutes by LCMS analysis of the
reaction mixture. The only observed component was a species consistent in mass with the
desired hydrazone (212). The high reactivity of this aldehyde is unsurprising given its instability

and the electron-deficiency of aldehydes, as exemplified by the in the 13C chemical shift of the
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3. Results and Discussion
aldehyde carbon (199.7 ppm). The highly electron-deficient nature of the aldehyde manifests

itself in a very fast rate of hydrazone formation. To hydrazone 212 was then added a selection
of primary amines, including benzylamine, cyclohexylamine, propargylamine, aniline and
tert-butylamine. The mixtures were then subject to the optimised reaction conditions of 140 °C
for 5 minutes to give 1,5-substituted triazoles 213-217 in 72%, 77%, 75%, 68% and 77%
respectively. Importantly, only the 1,5-substituted triazole was observed, highlighting the

regiospecificity of the process.

0 _NHTs R
Me y TsNHNH, 107 Ve RNH (1.1 equiv) ~ Me | N‘N
MeOH, < 5 min, rt H Et:N (1.1 equiv 5
EtO OFt EtO OFEt i, 140G N
211, 1.1 equiv 212

Me N\ Me N\ Me N\ Me N\ Me N\
' SR S TR ST

N N N N N
213, 72% 214, 77% 215, 75% 216, 68% 217, 77%

Scheme 70: Examination of the regiospecific 1,5-substituted triazole synthesis from aldehyde 211

3.8.3 Regiochemistry determination

As a general trend, as described in a review of 1,2,3-triazoles, the C5 carbon of a
1,4-disubstituted triazole displays a signal in the 13C NMR at 120 + 3 ppm. The corresponding
C4 carbon of the 1,5-disubstituted isomer instead appears at 133 + 3 ppm.>! This is exemplified
in Figure 15 in which the aromatic region of the 3C NMR spectra of cyclohexyl triazoles 144
and 214 (1,4- and 1,5-substituted) are displayed. In the 1,4- isomer (144), the C5 carbon has
a chemical shift of 118.8 ppm, and in the 1,5-isomer (214) the C4 has a chemical shift of 132.7
ppm. Since the 13C chemical shifts in the observed products described above fall within the
ranges provided, this offers strong evidence for the regiospecific formation of either 1,4- or

1,5-substituted triazoles depending on starting material.
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Figure 15: Regiochemistry determination by *3C chemical shift of the triazole products.
Top, 1,4-isomer (144), bottom, 1,5-isomer (214).
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3. Results and Discussion
3.9 (1),4,5-Substituted triazoles

3.9.1 Acyclic systems

To access (1),4,5-substituted triazoles, the proposed starting material is an U-ketoketal (218,
Scheme 71). The nomenculature (1),4,5 is used to include the formation of NH triazoles, which
are formally not substituted on the 1-position. There are a number of these substrates
commercially available (219, 220) often derived from a symmetrical 1,2-diketone. As a starting

point, 3,3-dimethoxybutan-2-one 219 was examined.

R? 0 0 0 o
I'\f\N — R%Fv Me%'\/‘e Ph%kph — RV(W
RT N R’0 OR? MeO OMe MeO OMe o)
R, R" = alkyl, aryl 219 220
R? = alkyl
Keto-ketal
218

Commercial

Scheme 71: The proposed retrosynthesis of 1,4,5-substituted triazoles from U-ketoketals

Addition of p-toluene sulfonylhydrazide to 1.05 equiv ketoketal 219 in deuterated methanol
gave a mixture of 3 products after 60 minutes by LCMS analysis. The ratios of the 3 species
are shown in Scheme 72. Hydrazone 221, bishydrazone 222 and ketone 223 were observed
ina3.5:1.4: 1 ratio respectively after 60 minutes. On leaving the same reaction for a further

60 minutes at room temperature, the ratio of 221:222:223 had changedto 1: 1.6 : 4.3.

_NHTs -NHTs _NHTs
o TsNHNH, N Me\”)NL N
M Me Me
S%Me CD;OD, rt %L'V'e Me \IHL'V'G
MeO OMe D;CO OCD; S 0
219, 1.05 equiv 221 222 223
t =60 min 3.5 1.4 1
t=120 min 1 1.6 4.3

Scheme 72: The instability of a hydrazone derived from an U-ketoketal with substantial bishydrazone
formation. Values shown are relative ratios

The above result suggests that the ketal-hydrazone intermediate (221) is unstable with respect

to water (Scheme 73). Water is present from the initial hydrazone-formation or from residual
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3. Results and Discussion
water in the solvent. This could add into enoldiazene intermediate 224 to form hemiacetal 225

which then collapses to ketone 223.

_NTs _NHTs _NHTs
N H,0 N -ROH N
Me — M
\%\Me “Hﬂg%Me e\[HLMe
OR OR o
224 225 223

Scheme 73: A proposed hydrolysis mechanism of the enoldiazene

It was observed that heating the hydrazone formation reaction to 60 °C resulted in a different
product distribution (Scheme 74). No desired ketal-hydrazone 221 was observed after 15
minutes, and the bishydrazone 222 and the hydrolysed ketal 223 were observed ina 1.4: 1
ratio. This suggests that bishydrazone 222 is a thermodynamic product, and to preferentially
form the ketal hydrazone 221 over the bishydrazone then the rate of formation of the ketal

hydrazone 221 needs to be increased.

_NHTs
Q TsNHNH, (1 equiv) NN N NS
MG%LMG > MG%L Me\[HLMe Me\rHL
MeG OMe CDsOD, 15 min, 60°C OCE\)"G N Me
3 3 TsHN’ 0
219, 1.05 equiv 221,0 222, 1.4 223, 1

Scheme 74: Higher temperature increases the formation of the bishydrazone 222

In order to preferentially form the hydrazone over the bishydrazone, 2 equivalents of 219 was
used. Under these conditions after 5 minutes, the ketal hydrazone 221, bishydrazone 222 and
ketone 223 were observed in a 42 : 4 : 1 ratio respectively (Scheme 75). After 20 minutes, the
ratio had changed to 11 : 1 : 1 respectively. On leaving for a further 100 minutes, the ratio had
further changed to 4 : 1 : 11 respectively. These points indicated a couple of factors which
were taken into consideration. Firstly, the formation of a hydrazone with U-ketoketals is slower
than with U-ketoacetals. This is likely because the ketone is neo-pentylic and as such is more
sterically hindered, making attack onto the carbonyl group by a nucleophile slower. Secondly,
the hydrazone derived from an U-ketoketal is remarkably more labile than that derived from an
U-ketoacetal. Based on evidence by LCMS, the hydrazone-ketal hydrolyses to a

hydrazone-ketone, and on consideration, this hydrolysis 8 in methanol 8 is surprising.
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3. Results and Discussion
Secondly, complete incorporation of the OCDs ketal within 20 minutes further emphasises this

increased lability. Scheme 32 (Section 3.3) showed that the hydrazone derived from an
U-ketoacetal undergoes 90% OCDs incorporation within 2 hours. The results from U-ketoketal
219 show that within 20 minutes, complete OCDs incorporation into the ketal was observed

(Scheme 75).

o N-NHTs N-NHTs N -NHTs
M TsNHNH, Me
e%LMe vy Me%Me Me Me\”)LMe
3 3
MeO OMe XO OX TsHN,N 0
219, 2.0 equiv 221 222 223
X =Me or CD3

100% CD3 after 20 min

t =5 min (X = Me or CD3) 42 4 1
t =20 min (X = OCD3) 1 1 1
t =120 min (X = OCD3) 4 1 11

Scheme 75: Increased equivalents of U-ketoketal 219 increases the rate of formation of hydrazone 221
which decomposes over time

The rationale for this observation can be explained by the Thorpe-Ingold effect.l®® The
Thorpe-Ingold effect is a kinetic effect in which a quaternary carbon contained within a ring
system promotes intramolecular interactions. Hydrazone 226 is proposed to undergo collapse
to enoldiazene 227, mediated by an intramolecular hydrogen bond between the hydrazone
NH and the acetal (Scheme 76). In the case of a hydrazone derived from an U-ketoketal (226)
the methyl group and OMe group (both shown in red) will have a larger bond angle between
them compared with the proton and OMe group from the U-ketoacetal hydrazone (228) (both
shown in blue) owing to increased steric interaction. An MOE calculation of the bond angle
between the hydrazone and methoxy group in substrate 226 returned a bond-angle of 115.1 °,
whereas the calculated value for substrate 228 was 115.6 °, providing support for this
Thorpe-Ingold hypothesis. This decrease in bond angle in 226 favours the intramolecular
interaction and thus the elimination of methanol to form the enoldiazene (227) over that of 229
(from 227). This provides an explanation for the faster rate of enoldiazene formation with

U-ketoketals than U-ketoacetals.
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e s
H N Faster TSN°N H N Slower TSN°N
MeO —_— M —_— H
?)LMe -HOR e\]/\Me MeOQR e -HOR \y/\Me
Me" ome OMe H OMe OMe
115.1 ° 115.6 °
226 227 228 229

Thorpe-Ingold effect
Favoured intramolecuar H-bonding interaction with ketoketals

Scheme 76: A potential explanation of the increased lability of hydrazone 226. Thorpe-Ingold effect

Another possibility to consider with U-ketoketals is the potential to form an enol-ether (230)
under the reaction conditions. It is known that under acidic reaction conditions methyl-ketals
undergo conversion to methyl enol-ethers.’0 Scheme 77 displays an elimination which could
theoretically occur under the reaction conditions. In this example the intramolecular hydrogen
bond between the hydrazone and the ketal (226) could facilitate the elimination to enol-ether
230 by weakening the carbon-oxygen bond. This species could then undergo oxonium

formation (231) which is trapped by solvent to form the deuterated species (232).

Ts
N'Nf o N7 ﬁT NXT:
<o. -MeOH N~ X N’ S CD30D N° S
Me Me 3 -~ OMe
) OMe Me Me Me OCD;4
HOLH < OMe OMe
®
226 230, X=HorD 231 232, X=HorD

Scheme 77: Hypothesis of the potential for enol-ether formation. X = H or D

To search for evidence of this enol-ether the hydrazone formation was conducted in CHzOD
in order to separate the changes from incorporation of an OCDs group into the acetal from
sequential M+1, M+2, M+3 peaks involving incorporation of individual deuterium atoms.
Isolating the two different mechanisms for deuterium incorporation allows for an understanding
of the equilibrium processes which the hydrazone intermediate is undergoing. By LCMS
analysis, sequential M+1, M+2, M+3 mass changes were not observed (Scheme 78). If an
enol ether (230) is formed, an increase in mass of M+1 should be observed by LCMS analysis
resulting from protonation of this species to give deuterated ketal 233. The mass ion of the
hydrazone remained at 299 in the MS-, suggesting that an enol ether is not a species present

in solution.
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_NHTs _NHTs .NHTs
o TsNHNH, N N D N
Me%Me Me —— MeO ——
CH30D, rt Me Me Me
MeO OMe ’ MeO OMe MeO OMe
219, 2.0 equiv 226 230 233
Exact Mass: 300.11 Exact Mass: 268.09 Exact Mass: 301.12

Scheme 78: Examination of enol-ether formation.
Deuterium labelling suggests that an enol-ether is not formed

As a result of the slow hydrazone formation owing to the ketone being neopentylic, and this
effect being compounded by the intermediate hydrazone being significantly less stable owing
to a potential Thorpe-Ingold effect, it became apparent that the intermediate hydrazone should
not be held for prolonged periods before adding an amine and cyclising to the triazole. With
these considerations, 1,4,5-trisubstituted triazoles 234 & 235 derived from benzylamine and
aniline were isolated in a 75% and 91% vyield respectively in which the amine was added as

soon as complete hydrazone formation was observed (Scheme 79).

o N-NHTs R
Me Me TsNHNH, _ Ve RNH, (2.2 equiv) _ Me N,
MeO OMe MeOH, <5 min, rt %Me 5 min, 140 °C I N
MeO OMe mMe” N
219, 2.0 equiv 226
Me N//O Me ,:Q
p
Me N Me N
234, 75% 235,91%

Scheme 79: Synthesis of 1,4,5-substituted triazoles from U-ketoketals

To further explore the scope of the U-ketoketal, diphenyl substrate 220 was investigated. This
substrate did not undergo a reaction with p-toluene sulfonylhydrazide to form 236 or 237 at
either room temperature or under reflux (Scheme 80). In fact, decomposition of p-toluene
sulfonylhydrazide occurred before any consumption of the U-ketoketal was observed by LCMS

analysis.
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TsHN . TsHN .
i Ph TeNFINR, Ph i Ph
Ph)S( —X— Ph)S( Ph)H(
MeO OMe MeOH MeO OMe N.
rt or reflux NHTs
220 236 237
1.1 equiv

Scheme 80: Hindered U-ketoketals are ineffective substrates

The above result likely indicates that this ketone is too sterically hindered to undergo a reaction
with p-toluene sulfonylhydrazide. A literature search for the reaction of a hydrazide or
hydrazine with this U-ketoketal substrate does not yield any results, highlighting the difficulty
of this reaction. In fact, a recent publication detailing a similar transformation with substrate
238 shows the highly forcing conditions required to encourage nucleophilic attack onto a
neopentylic benzoic ketone to form heterocyclic species 239 (Scheme 81).11! Considering the
nucleophile in this example is hydrazine, which is known to be highly nucleophilic,12 the highly
forcing conditions demonstrate the challenge with nucleophilic attack onto a neopentylic

benzoic ketone.

o O N~

M HoNNH, (1.2 equiv) Phﬁ
Ph Ph
Ph
MeG OMe CHClj, reflux, 12 h MeO OMe
238 239

Scheme 81: Literature evidence highlighting the challenge with nucleophilic addition onto hindered
neopentylic benzoic ketones
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3.9.2 Attempts to access 1,4,5-substituted triazoles with different 4 & 5 groups

Being able to access 1,4,5-substituted triazoles in which the R & R groups are different would
be desirable (Figure 16). The CUAAC reaction has never been shown to afford 4,5-substituted
triazoles, however RUAAC has shown promise in affording these products as discussed in
Section 1.4, however, regioisomers are often observed.5! Moreover, the Sakai reaction of an
U, -dichlorotosylhydrazone has never been shown to access 4,5-substituted triazoles. Being
able to access these products in a metal- and azide-free manner would be a significant

advancement in this field.

Figure 16: Differentially substituted 4,5-substituted triazoles

Methods of accessing an U-ketoketal (such as 241) which would be derived from an
unsymmetrical 1,2-diketone were examined in a manner analogous to Section 3.7.2 in which

the U-ketoacetals were accessed via a Grignard addition to an ester (240, Scheme 82).

(0] 2 (0]
. R?MgClI - R
OR R?
RO OR RO OR
240 241

Scheme 82: The proposed addition of a Grignard reagent to an U-ketalester

Unfortunately, using the same procedure as described in Section 3.7.2, the corresponding
addition of Grignard reagent 242 to ketal-ester 243 resulted in full recovery of the starting
material after 3 hours at 1 78 °C (Scheme 83). This was surprising; however, it was perhaps
an indication of the challenging addition of a nucleophile to a neopentylic carbonyl compound.
The Newman projection indicates that an incomingnuc | eophi |l e and the
the carbonyl experience a large steric repulsion, disfavouring addition to the ester (Scheme

83).
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MgCl
0 mequiv o) 1)
OEt
242
OFEt > ogt EtO )

> R
EtO OEt THF, 3 h, -78 °C EtO OEt Et0 Me )
243 Full recovery

Scheme 83: Full recovery of ester 243, highlighting challenging nucleophilic addition to neopentyl ester

In order to encourage Grignard addition to the sterically hindered ester, the reaction was
gradually allowed to warm to room temperature overnight (Scheme 84). After 15 hours, 10%
of clean Uketoketal 244 was isolated with 30% unreacted starting 243 material. This
procedure ultimately gave enough material to use for subsequent transformations but
highlights how this route may not be suitable for future synthesis of these U-ketoketals without

substantial optimisation.

©/\/MQC|
1.1 equiv
(0] a (0]

0
242
OEt - OEt
EtO OEt THF, 15 h, -78°C to rt EtO OEt EtO OEt

243 243, 30% 244, 10%

Scheme 84: Synthesis of U-ketoketal 243

U-Ketoketal 244 (1.5 equivalents) was exposed to p-toluene sulfonylhydrazide in methanol
(Scheme 85). After 1 hour at room temperature, LCMS analysis of the reaction mixture showed
no observable hydrazone product 245, with 16% bishydrazone 246; the rest of the mass
balance being unreacted p-toluene sulfonylhydrazide. This can be explained by a very slow
hydrazone formation as a result of the neopentylic carbonyl effect, as described previously.
Under the current hypothesis the bishydrazone forms from enoldiazene intermediate 247. This
would suggest that the hydrazone formation is slower than the subsequent conversion to the
bishydrazone, explaining why no intermediate hydrazone (245) was observed (Scheme 85).
The increased steric encumbrance of this substrate when compared to U-ketoketal 219 is
described by the Newmann projection in Scheme 85, where the homobenzyl group hinders an

incoming nucleophile more than the proton in U-ketoketal 219.
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N NHTs N NHTs
%/\Q TsNHNH
EtO OFt MeOH, 1 h,rt  EtO OEt TSHN”
244, 1.5 equiv Slow 245 0% Faster 246, 16%

(0]
% ,NTs
MeO OMe
N
c.f. 219
via 247

Scheme 85: Poor selectivity for hydrazone formation with U-ketoketal 244.
Percentages shown are LCMS peak area, discounting for residual starting material 244.
The remaining 84% is p-toluene sulfonylhydrazide

In attempts to increase the rate of hydrazone formation, acetic acid was added (Scheme 86).
Complete consumption of p-toluene sulfonylhydrazide was observed under these conditions,
suggesting that the addition of acetic acid did catalyse formation of the hydrazone. However,
the only observed products by LCMS analysis were the hydrolysed ketal-hydrazone 248 and

bishydrazone 246. This further demonstrated the challenging preparation of the hydrazone.

o) N,NHTs N,NHTs
AcOH (1 i
TsNHNH %/\@ cOH (1 equiv) \'H‘\/\© \'H‘\/\©
EtO OEt
MeOH, 1 h, rt .
© TsHN N
1 equiv 244, 1.5 equiv 248, 29% 246, 71%

Scheme 86: Acid-catalysed hydrazone formation.
Percentages shown are LCMS peak area, discounting for residual starting material 244

The methoxy-ketal analogue of 244 was next synthesised in order to gain a direct comparison
to Scheme 75. Two point-changes are currently present: the first is the ethoxy vs. methoxy
ketal, and the second is the replacement of a proton with a benzyl group. As such a fair
comparison between ethoxy U-ketoketal 244 and U-ketoketal 219 could not be made (Figure
17). The reason for exploring this was to elucidate whether the reason for the slower
hydrazone formation was associated with the larger ethoxy ketal or the presence of the

homobenzyl group.
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0 0
EtO OEt MeO OMe
244 219

Figure 17: Comparison between U-ketoketals 244 and 219

The analogous Grignard addition to ketal ester 249 did not give any observable product 250
(Scheme 87). However, 250 was accessed via an aldol-elimination-reduction sequence. The
U,b-unsaturated ketone 251 was obtained in 95% yield from an aldol reaction with U-ketoketal
219 and benzaldehyde. Subsequent reduction of this species with hydrogen and palladium on

carbon gave the desired U-ketoketal 250 in 43% yield.

MgCl
0 0
©/\:equw
YJ\OMe
MeO OMe THF, 15 h, -78 °C to rt MeO OMe

249 250
o] o 0]
% PhCHO NaOH Hy, Pd/C (10 mOl/o)
MeO OMe MeOH Mem MeOH Mem
219 251, 95% 250, 43%

Scheme 87: Synthesis of U-ketoketal 250

Adding p-toluene sulfonylhydrazide to 2 equivalents of U-ketoketal 250 gave a substantially
different result to Scheme 75. No hydrazone ketal 253 was observed by LCMS. A species
consistent in mass with the hydrolysed ketal 248 was observed at 11% and bishydrazone 246
was observed at 17%. This experiment, in combination with Scheme 75, compares the size of
a proton with a benzyl group. The results suggest that increasing substitution on the U-position
of the ketone substrate substantially decreases the rate of hydrazone formation owing to
increased steric congestion around the ketone. This therefore does not allow for clean

formation of the hydrazone and thus is a present limitation of this methodology.
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0 N NHTS - NHTS N-NHTs
MeO OMe
M M
MeOH 2h,rt eO OMe TSHN®
250, 2.0 equiv 253, 0% 248, 11%* 246, 17%*
c.f. Scheme 76
o _NHTs N-NHTs N-NHTs
TsNHNH, N
— > YK/H \’HK/ YK/
MeO OMe CD30D, 2 h, 1t
D3;CO OCD; TSHN”
219, 2.0 equiv 221, 24% 223, 67% 222, 6%

\

Scheme 88: Hydrazone comparison between U-ketoketals 250 and 219.
*LCMS area% discounting for residual 250

These factors point towards the conclusion that acylic U-ketoketals remain a challenge using
this methodology and significant further work is required to address this problem. See Future

Work Section 4.2 for ideas to improve this reactivity.
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3.9.3 Cyclic systems

To examine the effect of using a cyclic U-ketoketal, cyclohexane-1,2-dione (256) was reacted

in acidified methanol to give cyclic U-ketoketal 257 in 24% yield.113

(0] (0]
0 TMSCI OMe
- OMe
MeOH, rt, 2.5 h
256 257, 24%

Scheme 89: Cyclic U-ketoketal 257 synthesis

With cyclic U-ketoketal 257 in hand, it was quickly observed that the desired ketal hydrazone
258 formed smoothly within 10 minutes using only a slight excess of 257 (Scheme 90). No
bishydrazone formed under these conditions. This could indicate that the hydrazone formation
is substantially faster in a cyclic system, or that the intermediate hydrazone of a cyclic
U-ketoketal is more stable than an acyclic counterpart. In the acyclic system, the formation of
the bishydrazone was a major constituent under the same conditions (see Scheme 72). This
suggested that cyclic U-ketoketals would be more suitable substrates than acyclic variants.
With smooth conversion to the hydrazone using cyclic substrate 257, triazoles 259 and 260
were isolated by addition of either benzylamine or ammonia in 79% and 87% yield respectively
(Scheme 90). An extensive substrate scope of the amine was not pursued; the assumption

being that the scope of the amine would not change under these conditions.

0 TsH N\N R
OMe TsNHNH, OMe RNH, (1.1 equiv) N
oM — N
© MeOH, 10 min, rt OMe  Et;N (1.1 equiv) ()I N
5 min, 140 °C N
257, 1.1 equiv 258

259, 79% 260, 87%

Scheme 90: Exemplification of 1,2,3-triazole synthesis from cyclic U-ketoketal 257
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These tetrahydrobenzotriazole products are very interesting from an accessibility point of view.

If AAC chemistry was used to access these products, the required alkyne would be
cyclohexyne (262); a highly strained, energetic compound which is challenging to prepare.14
The use of cyclohexyne to access tetrahydrobenzotriazoles is known (Scheme 91),115
however, the starting materials are tetrasubstituted cyclic alkenes such as 261, which are
non-trivial to synthesise.!’® The method presented above is the first example of a
redox-neutral, azide-free synthesis of tetrahydrobenzotriazoles. This could therefore prove to

be a valuable tool in the synthesis of these products.

(IOT" BnN; (3 equiv) Bn

SiMe; CsF (5 equiv) Ol OINN
THF, 60°C, 24 h

261 259, 94%

Scheme 91: The traditional synthesis of tetrahydrobenzotriazoles; benzyne (262) is the required
precursor
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3.10 1-Substituted triazoles

3.10.1 Ni Alkyl Triazoles

1-substituted triazoles are often accessed from an azide and acetylene.% These reactions
either necessitate an acetylene atmosphere which presents a fundamental safety concern, or
require the use of specialist equipment to safely handle acetylene. As such, the use of
protected acetylene analogues has garnered attention.57-61 The protecting groups introduced
often require a further synthetic step post-triazole formation to remove. As a solution, both
Singh and Harada have reported an adaption of the Sakai reaction to furnish 1-substituted
triazoles using either dichloroacetaldehyde or dichloroacetaldehyde-hydrate (263 & 264,
Scheme 92).868 This procedure offers a traceless alternative to the use of protected
acetylenes in which the triazole is isolated without a residual protecting group. However,
dichloroacetaldehyde and the hydrate are both highly reactive species and have extremely
high associated toxicity concerns. Moreover, the intermediate hydrazone still required

isolation, meaning this procedure wastwo-st eps and coul dndét be ¢

R
cl Q cl oH 1) TsNHNH, N
Or _— \ Singh, Harada
\HJ\H \H\OH 2) RNH2 [ ',N g
Cl Cl N
263 264

Scheme 92: Si ngh a n dsubltitutectdaaole synthesis

The hypothesis presented here, an extension of the previously discussed methodology, would
enable the use of 1,1-dimethoxyacetaldehyde (265) as a precursor to 1-substituted triazoles
(Scheme 93). The benefits offered with this procedure would be the neutral reaction conditions
as HCI would not be produced throughout the reaction, the use of a safer, more stable
aldehyde starting material and the one-pot nature of the reaction. If this procedure behaves
as previously described, the hydrazone would not need to be isolated and could rapidly gain

access to 1-substituted triazoles.
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3. Results and Discussion

Q TsNHNH R
MeO A\, ...l st 2 N,
H [ N
OMe RNH, N
265

Scheme 93: The proposed adaption of the procedure using 1,1,-dimethoxyacetaldehyde

At the outset it was observed that the reaction between p-toluene sulfonylhydrazide and
1,1-dimethoxyacetaldehyde to form hydrazone 266 took two hours before full consumption of
p-toluene sulfonylhydrazide was observed. The increased length of time for hydrazone
formation is likely due to the form in which the aldehyde was obtained. An aqueous solution of
aldehyde 265 was used and so it is likely that the aldehyde exists in an equilibrium with hydrate
267. This aldehyde-hydrate will be unreactive with p-toluene sulfonylhydrazide, providing an
explanation for the slower hydrazone formation. The important point to note is that no

bishydrazone 268 was observed under these conditions.

_NHT:

o TsNHNH N-NHTS NS
MeO
© \HkH MeOH, rt, 2 hours MeO\HJ\H ”)kH
OMe OMe ToHN N
265, 1.05 equiv 266 268
(0] OH
H,0
MeO H MeO OH
OMe OMe
265 267

Scheme 94: An explanation for the slow hydrazone formation

3.10.2 Optimisation

Hydrazone 266 was exposed to the optimised conditions from the previous investigations
using 1.1 equivalents of both the primary amine and triethylamine at 140 °C for 5 minutes. By
LCMS analysis, the reaction profile was very messy and isolation of triazole 269 was

challenging (Scheme 95).
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BnNH; (1.1 equiv)

o TsNHNH, - HTs EtsN (1.1 equiv) N=N
MeO > -
e \HJ\H Moo L 2h MeO\Hj\H 140 °C, 5 mins BN
OMe OMe
265, 1.05 equiv 266 269, Messy

Scheme 95: Poor selectivity for triazole 269 formation under previously optimised conditions

In order to improve the reaction profile, the temperature was lowered to 75 °C in a sealed tube
(Scheme 96). After 16 hours under these conditions a 57% solution yield the triazole 269 was

observed by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.

BnNH, (1.1 equiv)

0 TsNHNH, N-NHTS EtsN (1.1 equiv) l,\liN)
MeO > BnN./
\HJ\H MeOH, rt, 2 h MeO\HJ\H 75°C, 16 h
OMe OMe
265, 1.05 equiv 266 269, 57%

Scheme 96: Improved triazole 269 formation under milder conditions

Table 4 displays the results of an optimisation procedure. The author would like to highlight
the significant contribution of S. J. M. Patterson in the optimisation and synthesis of the
triazoles contained within this Section. Entries 1, 2 and 6 were conducted by the author, S. J.
M. P. performed the remaining entries with guidance from the author. Entry 1 is described in
Scheme 96 where a 57% solution yield of 269 was observed. Interestingly, the solution yield
of triazole 269 was 65% in the absence of any additives suggesting that basic reaction
conditions were suboptimal for the desired transformation. Adding 0.05 equivalents of acetic
acid (Entry 3) gave a yield increase to 69%. This may be encouraging collapse of the acetal,
a species which is known to be labile under acidic conditions.''” Gradually increasing the
number of equivalents of acetic acid from 0.1 equivalents through 0.2 equivalents, 1 equivalent
and 3 equivalents led to a concurrent increase in solution yield of the triazole (Entries 417,
72%i 79%). When 5 equivalents of acetic acid were added the yield dropped to 74% (Entry 8).
Lowering the temperature resulted in a loss in yield to 60% at 40 °C and 54% at 30 °C
respectively after 72 hours (Entries 9 & 10). Stronger acids (methane sulfonic acid, Entries
117 13) completely shut off the desired reactivity. The pKa of the additive was next examined

and found that less acidic additives including pentafluorophenol (pKa = 5.5)1*® and
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3. Results and Discussion
hexofluoroisopropanol (pKa ~9)1° were also advantageous over no additive giving 76% and

72% vyield respectively (Entries 14 & 15). These factors suggest that weak acids are the best
additives for the desired transformation. With this, triazole 269 was isolated in 76% yield from

the conditions shown in Entry 6 on a 1 g scale.

0 _NHTs

MeO TsNHNH, N BnNH, (1.1 equiv) N=N
H MeOH, rt, 2 h MGO%H Additive, time, temp BN
OMe OMe
265, 1.05 equiv 266 269
Entry Temp./°C Additive Time/h 269 yield /%?
(equiv)
1b 75 EtsN (1.1) 16 57
2b 75 ) 16 65
3 75 AcOH (0.05) 16 69
4 75 AcOH (0.1) 16 72
5 75 AcOH (0.2) 16 76
6b 75 AcOH (1.0) 16 78 (76)

7 75 AcOH (3.0) 16 79
8 75 AcOH (5.0) 16 74
9 40 AcOH (1.0) 72 60
10 30 AcOH (1.0) 72 54
11 75 MsOH (1.0) 16 2
12 75 MsOH (3.0) 16 0
13 75 MsOH (5.0) 16 0
14 75 PFP (1.0) 16 76
15 75 HFIP (1.0) 16 72

Table 4: Optimisation of 1-substituted triazole synthesis.
aSolution yield using 1,3,5-trimethoxybenzene by *H NMR spectroscopy.
bThe reported solution yield is the mean average of 3 experiments.
PFP = pentafluorophenol. HFIP = hexafluoroisopropanol. Yields in parenthesis are isolated yields.
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3. Results and Discussion

3.10.3 N-alkyl triazoles

Having developed optimised conditions, the scope of the primary amine was explored.
Triazoles derived from benzylamine, propargylamine, cyclohexylamine and hexylamine were
isolated in 76%, 33%, 54% and 57% vyield respectively (269-272, Scheme 97). It is proposed
that the moderate yields observed were associated with the acid-base equilibrium obtained on

mixing the amine with acetic acid.

R

"NH,
o N-NHTs _
MeO TsNHNH» 1.1 equiv R. N
e H Meo\Hf\H = NN
) MeOH, rt, 2 h ACOH (1.0 equiv) s/
Me OMe .
265 266 16 h, 75 °C
N=N
N=N N
N=N ) PN
AD S O '
269 76% 270, 33% 271, 54% 272, 57%

Scheme 97: Scope of aliphatic amines to give N-alkyl triazoles

3.10.4 Ni Aryl Triazoles

Aliphatic amines provided triazoles in poor to moderate yields. It was proposed that less basic
nucleophiles would counterintuitively be better substrates under the acidic conditions. A less
basic nucleophile would result in a higher concentration of free, unprotonated amine which
would be able to engage in the desired reaction. Anilines (aniline pKaH = 4.63'2°) were thus
proposed to be suitable substrates. Gratifyingly, when aniline was used as the nucleophile,
N-phenyl triazole 273 was isolated in a 97% vyield confirming the hypothesis (Scheme 98). A
range of halogenated anilines were then reacted to give halogenated triazoles 274-277 in

82%, 75%, 75% and 78% respectively.
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R

"NH,
N-NHTS T eau <
.1 equiv
MeO\Hk TSNHNH, > MeO\Hj\ d "‘N-N,
H H N
OMe MeOH, rt, 2 h 5 AcOH (1.0 equiv) I%/
Me o
265 266 16h,75°C
N=N N=N N=N N=N N=N
ek ot ot oTha o
F Cl Br |
273, 97% 274, 82% 275, 75% 276, 75% 277,78%

Scheme 98: Scope of aniline and halogenated substrates

Examination of the electronics of the aniline partner indicated that electron-rich anilines,
including 4-methoxy- and 4-dimethylamino aniline yield triazoles 278 & 279 in 90% and 78%
yields respectively (Scheme 99). Electron-deficient anilines also provided the triazoles in
excellent yields, with ketone- and ester-containing anilines giving triazoles 280 & 281 in a 95%
and 98% yield, along with 4-nitroaniline providing a surprisingly high yield of triazole 282 in
81% vyield. This seeming independence of electronic nature of the amine partner suggests a

very wide substrate scope for the presented transformation.

R,
NH.
o N-NHTS :
Ts NHNH, 1.1 equiv R, _N
MeO H > Meo\%k » N N
Svte MeOH, rt, 2 h ) H AcOH (1.0 equiv) I/
e o
265 266 16h,75°C
N= N= N= N= N=
: : . . :
N N Q\/N N NN
L o L
OMe NMe2 COZMe N02
278, 90% 279, 78% 280, 95% 281, 98% 282, 81%

Scheme 99: Scope of electron-rich and electron-deficient anilines

Sterically hindered 2,6-dimethylaniline was exposed to the reaction conditions and the triazole
283 was isolated in an 82% vyield (Scheme 100). This shows the tolerance of highly sterically
hindered amine partners. An unprotected phenol substrate provided triazole 284 in 84% vyield,
showing how phenols can be carried through without protecting groups. 2- and 3-amino

pyridine also underwent cyclisation in moderate to good yields, giving triazoles 285 and 286
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3. Results and Discussion
in 38% and 67% yield respectively i this was highly encouraging owing to poor nucleophilicity

of these species. Finally, highly substituted complex anilines baring a range of functional
groups could also be successful manipulated into the desired triazoles 287 and 288 in 90%

and 24% vyield.

R

"NH,
o) N,NHTS i
Ve TsNHNH, 1.1 equiv R’N’N
e H » MeO\HkH > N
OMe MeOH, rt, 2 h oM AcOH (1.0 equiv) I%/
€ o
265 266 16h,75°C
N=N N=N  OH N=N N=N N=N N=
= =N NO
| \ | \ \ 2
&\/N Q\/N Q\/N | Ny &\/N | N &\/N Q\/"\J
U G D/
F Cl
283, 82% 284, 84% 285, 38% 286, 67% 287, 90% 288, 24%

Scheme 100: Scope of functionalised aromatic amines

To exemplify the scalability of this method, the triazole synthesis was performed on a
13.35-gram scale. Triazole 281 was isolated in an 85% yield without chromatography (Scheme
101). After the reaction was complete, the reaction mixture was concentrated in volume such
that ~20 mL of methanol remained. At this point, an antisolvent addition (TBME) resulted in
the precipitation of the triazole whilst all impurities were retained in the organic solution. This
procedure highlights the potential for this method to access 1-substituted triazoles on a

preparative scale.

M602c\©\
NH

NHTs 2
o) N . MeO,C
MeO\HJ\H TsNHNH, MeO\Hj\H 1.1 equiv . \©\
MeOH, rt, 2 h i -N,
OMe OMe AcOH (1.0 equiv) Nl\/N
16 h, reflux =
265 266 281, 85%, 13.35 g

Isolated by crystalisation

Scheme 101: Scalability of the procedure, delivering triazole 281 on 13 g scale
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3. Results and Discussion
3.11 Mechanistic considerations

3.11.1 Examination of the role of the Ni H bond

Throughout the optimisation procedure, using deuterated methanol proved to be an effective

tool to monitor the stability and reactivity of the intermediate hydrazone. Deuterated methanol

all owed for monitoring of the rate-of6tf hemltdh aintgeh ad

been observed that the faster the rate of acetal-exchange, the more bishydrazone is observed.

This implies that the bishydrazone forms from a species in the acetal-exchange pathway.

When using U-ketoketals, the rate of acetal-exchange is so fast that complete exchange is
observed after 20 minutes (Scheme 75, Section 3.9.1). In order to examine the underlying
principle behind this acetal-exchange, N-methyl tosylhydrazide (289) was synthesised by
reacting N-methylhydrazine (290) with p-toluenesulfonyl chloride (291) in a biphasic mixture
to give the product in 81% yield (Scheme 102). The reason for preparing this molecule was to
monitor the hydrazone formation and the subsequent acetal-exchange to examine whether

the Ni H bond was key for this lability.

N/

e
291
MeHN. (1 equiv) - S\N’NHZ
NH» Me
H,O:Toluene (1:1)

290, 3 equiv
289, 81%

Scheme 102: Synthesis of N-methyl p-toluene sulfonylhydrazide (289)
Exposure of N-methyl tosylhydrazide 289 to U-ketoacetal 106 in deuterated methanol led to
the following observations. The hydrazone (292) formation was substantially slower; with the
unmethylated hydrazide, the hydrazone formation was complete in less than 5 minutes. The
N-methylated analogue was incomplete after 20 minutes, leaving 13% N-methyl
tosylhydrazide (289) remaining (Scheme 103). This suggests that the acidity of the p-toluene
sulfonylhydrazide acts as a catalyst to increase the rate of hydrazone formation, or the

hydrazone product self-catalyses the hydrazone formation by the presence of the acidic
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3. Results and Discussion
proton. Secondly, a fragment-ion of the hydrazone was also consistent in mass with that of an

enoldiazonium intermediate 293, the species which is invoked as the reactive intermediate
(Scheme 103). This species is now formally positively charged and so a mass ion of m/z=269
was observed in the MS+. The observation of this species provides further evidence that this

species is present and can be invoked as a reactive intermediate in the triazole formation.

Q90
S.. .NH> Ts
N ' Ts
o Me 289 INEAIN N
MeO - RO N"@\
OMe CD30D, rt, 20 min OR RO\}\
106, 1.05 equiv 292, R = Me or CD; 293, R = Me or CD3

Scheme 103: Slower hydrazone formation and observation of enoldiazonium cation

A key difference with the methylated hydrazide was observed after 2 hours. The hydrazone
(292) and bishydrazone (294) were observed in a 4.7:1 ratio (Scheme 104) with full
consumption of the hydrazide. With the NH hydrazide, no bishydrazone was observed after

the same reaction time.

MeO\Hj\ - RO\HJ\
~p-N
CD30D, 1, 2 h N

OMe
OR s
206, 1.05 equiv 292, R = Me or CDj3 294
4.7 : 1

Scheme 104: Bishydrazone formation with N-methyl p-toluene sulfonylhydrazide

Further, the mass spectrometry trace suggested that the hydrazone had undergone a series
of proton-deuterium exchanges. This had been observed previously in which the mass of the
hydrazone increased by 3 and 6 Daltons, indicating incorporation of the deuteriomethoxy
acetal. However, in this reaction all mass-ion integers from M* through to M+10* (301 to 311)
were observed (292 and 295, Scheme 105). This suggested that all labile protons had

undergone exchange. This was further supported by the fragment enoldiazene cation also
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3. Results and Discussion
displaying this sequential incorporation of deuterium showing an increase in mass-ion from

269 up to 276 (293 and 296, Scheme 105).

SAMPLE: 2:18 Combine (278:202-(251:253+314:317))

27429

100 273.29. 309.28
2 257,20 21028, ~275.27 3029530523 31025
e : | | | ‘ | ~276.30 288'21‘%91{3?‘%92{3;293-25 : \l | | | ‘ | | | o
26000 | 26500 27000 27500  280.00 28500  290.00 29500 30000 30500  310.00  315.00
TS TS Ts Ts
,N\ —— N,N\ ,[{]\ N”{l\
—> D c) D ——— ®
MeO D3CO ——
\Hj\ —_— 3 \{)J\CD3 /O\/\ . D3CO\%\CD3
OMe OCD3 D
292 295 293 296
Exact Mass: 300.11 Exact Mass: 310.18 Exact Mass: 269.10 Exact Mass: 276.14

Scheme 105: Deuterium incorporation into hydrazone 292

Further evidence for the deuteration of the labile protons was also observed in the mass
spectrum of the bishydrazone 294. A species with a mass of 437 up to 441 was observed,
which is consistent in mass with incorporation of 4 deuterium atoms in the bishydrazone (294

and 297, Scheme 106).

SAMPLE: 2:18 Combine (332:345-(306:308+369:372))

437.44 43840 a0 44
100 o 430.
# 44045 44144
| 7
- T T T T T T P e
42500 427 50 430.00 432 50 435.00 43750 440.00 442 50 44500
s s

N'N\ N'N\
- D

”)k —_— %CD‘%

\N,N \’\II,N
Ts Ts
294 297
Exact Mass: 436.12 Exact Mass: 440.15

Scheme 106: Incorporation of deuterium into bishydrazone 294

The rationale for this sequential incorporation of deuterium atoms can be explained through a
combination of factors. The acetal exchange with OCDs accounts for integers +3 and +6.

However, the i nt eger s o fcouldr dceur froid éhe formation of enamine type
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intermediates including 298 and 299. Subsequent redeuteration accounts for the incorporation

of individual deuterium atoms (Scheme 107).

Ts Ts Ts
N'N\ +D@ H@ DN'N\ N ’\I‘\
MeO H MeO = Meo0 D
OMe OMe OMe
292 298 292+D
Ts Ts Ts
’ NN 0° H® DI 5 NN
Meo\‘)J\ MeO\%\ D — Meo\{)J\
OMe OMe OMe
292 299 292+D

Scheme 107: Sequential deuteration of hydrazone 292 by enamine formation

No evidence has been observed for the formation of an enamine species when using p-toluene
sulfonylhydrazide. Enamine substrates are nucleophilic, meaning the formation of an enamine
in the triazole forming reaction would be detrimental. The Ni H bond appears to be vital in

limiting the formation of an enamine intermediate (Scheme 108).

Is Ts s
o o e
MeOﬁ)J\/H — %~ MeO#)J\/D Meo\{)f\/H
OMe OMe OMe
108 108a 108b

Scheme 108: Enamine formation is not present with the NH hydrazone

Having the N-methyl group on the hydrazone will increase the basicity of the neighbouring
nitrogen atom, favouring formation of an enamine. On the contrary, with an N7 H hydrazone,
the hydrazone substrates are acidic, not basic. This therefore suggests that the hydrazone
anion (300) is unable to undergo formation of an enamine, and instead is primed to undergo

elimination of methoxide, to give enoldiazene intermediate 129 (Scheme 109).
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Ts '!'s
- N
H nNe -MeO@ N
MeO H > H H
OMe OMe
300 129

Scheme 109: The NH hydrazone is essential to invoke elimination of methoxide

3.11.2 Attempts at probing the Ni S bond cleavage

As no intermediates after the enoldiazene had been observed, an alternative mechanistic
pathway was considered which involved elimination of p-toluene sulfinate from enoldiazene
301 to form diazonium species 302 (Scheme 110). This diazonium species can react with an
amine to give vinyl triazene species 303. This species is then primed to undergo an

addition-elimination reaction to form the triazole whilst eliminating methanol.

R!

4/7 ’.\JHz '31
Ts. g\) NH 1
N N R
N T2 Ny® © N N-N
Yome . 0 ome T ZSome  _MeOH ,\7\%

R R R
R

301 302 303

Scheme 110: A proposed alternative reaction mechanism to form triazoles, involving formation of a
diazonium species

Evidence for the formation of such enoldiaznoiums can be traced back to a report from 1975
by Bott (Scheme 111). It was reported that tosylhydrazones derived from U-ketoacetals (108)
can undergo conversion to the diazonium (304) by treatment with Lewis acids, such as tin(IV)
chloride (Scheme 111).22! |t was shown that U-acetal tosylhydrazone 108 could eliminate
PTSA to form the diazonium salt 304 which could be isolated and was thermally stable. In part,
this remarkable stability was attributed to resonance forms of this species in which the electron

rich alkene conjugates through the * * orbital (304a and 304b).
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18 )
SnCl,.T
N,NH SnCI4 N$N®/ nCly.1s N\\ @ @
OMe 7 oMe < > SoMe
Me Me Me
OMe
108 304a 304b

Scheme 111: Bottds observ334 i on of diazonium

To examine the potential formation for such a diazonium species, 304 was proposed which
could be trapped with a secondary amine (Scheme 112). The addition of morpholine (305)
would allow for the determination as to whether a diazonium forms under the reaction
conditions. The diazonium 304 would be trapped by morpholine to give an enoltriazene
species 306, which would be unable to cyclise to a triazole. Moreover, formation of the

diazonium 304 from the enoldiazene would likely be an irreversible process.

oY
L_NH 305
s y o
N N.
N 7 N\\N@/ HO N
OMe o U OMe ._......... > N
Me Me 7 “OMe
Me
129 304
306

Scheme 112: The examination for the formation of diazonium 304 by trapping with morpholine
After adding morpholine (305) to the reaction mixture and stirring at 30 °C for 3 days, 40%
PTSA was observed with 60% hydrazone 108 remaining by LCMS analysis of the reaction
mixture (Scheme 113). However, by H NMR only one set of signals corresponding to a
morpholine were observed. The *H NMR signals of morpholine are highly characteristic. This
suggested that the morpholine was unrelated to the production of PTSA and that all the
morpholine in the reaction remained as a single species. The morpholine signals observed
were deshielded with respect to morpholine, suggesting that the only species present was a
protonated morpholine. This result suggested that the formation of a diazonium and

enoltriazene (306) is not involved in the mechanistic pathway.
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(\o
T 305
o & o2

TsNHNH, N 1 equiv N
)\(OMG )1\(0Me = 'N
MeOH, rt, 5 min °
OMe 30 °C, 3 days %\O’\"e
OMe Me
106 108 306

Scheme 113: No formation of triazene 306 by addition of morpholine, suggesting a diazonium is not
present

The observation of only one morpholine species by 'H NMR spectroscopy indicates that the
diazonium pathway is not active. This therefore suggests that the addition of morpholine to
enoldiazene species 129 is a reversible process forming hemiaminal species 307 (Scheme
114). This species was not observed by either 'H NMR or LCMS. This reaction pathway does
not have a thermodynamic driving force as an aromatic product cannot be formed. Therefore,
it can be invoked that the addition of an amine to an enoldiazene is reversible, and the position
of equilibrium lies on the side of the enoldiazene 129 and acetal hydrazone 108. Moreover,
intermediate 307 will likely remain protonated on the red nitrogen owing to the acidity of the

hydrazone, which would further shift the position of equilibrium to the left-hand side.

oY
L_NH
.- o
NE) < [@]
Ts r\ll OMe @ z’l\lj /\ ’l\l HI}I/TS
-MeO
N OMe NV\OMe N
308

1 12 (0]
08 o Slow [ ] MO
Ts “NHON
proton transfer !

Scheme 114: A rationale for the lack of observation of any intermediates



3. Results and Discussion

To further probe the Ni S bond cleavage, an experiment was designed which compared the
rate of formation of triazole 144 using the standard hydrazone (R = Me, 108) and an activated
hydrazone (R = NO2, 310, Scheme 115). Placing an electron-withdrawing group on the
hydrazone would be expected to facilitate cleavage of the Ni S bond. However, if the
rate-determining step of the reaction happens before cleavage of the Ni S bond, the rate of
formation of triazole 144 should be the same using either hydrazone 108 or 310. Therefore, in
two separate reactions U-ketoacetal 106 was treated with either hydrazide 107 or 309. In
methanol, nitrohydrazone 310 was insoluble, so a 4:1 solvent system of methanol:DMSO was
utilised in both cases (Scheme 115). The rate of formation of hydrazones 108 and 310 was
virtually identical using hydrazides 107 or 309 respectively, indicating that the electronics of

the arene play a small role in the formation of the hydrazone.

N

H2N\N,S\©\ R H,N
H
R \©\ 2
St
R = Me (107) HN (1.1 equiv) Q
o R = NO, (309) N

EtsN (1.1 equiv) N
)J\(OMe )J\(OMe | N
MeOH:DMSO (4:1) 55 °C N
OMe OMe
106 R = Me (108) R 144
R = NO, (310) HO.
6
R=Me (119)
R=NO, (311)

Scheme 115: Comparison in rate of triazole 144 formation using either 108 or 310.
Reactions performed with anisole as an internal standard.

To the hydrazone was then added 1.1 equivalents of both cyclohexylamine and triethylamine
and the reactions were heated to 55 °C. The reactions were monitored by HPLC analysis using
anisole as an internal standard. Samples were taken at frequent time-points and the ratio of
triazole 144:anisole was plotted against time to give Figure 18. The rate of triazole formation
is virtually identical in both cases, suggesting that an electron-withdrawing group on the
sulfonylhydrazone does not increase the rate of triazole formation. This suggests that cleavage
of the NT S bond is not rate-limiting, and as such indicates that the rate-limiting step happens

before cleavage of the Ni S bond.
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Comparison of the rate of formation of triazole 144
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Figure 18: Rate of formation of triazole 144 using hydrazone 108 or 310

3.11.3 A proposed mechanism for the formation of triazoles from U-ketoacetals

With the observations discussed within the previous Sections, also in combination with
literature evidence from the Sakai reaction of U,U-dichlorotosylhydrazones, a mechanism can
be proposed for the synthesis of 1,2,3-triazoles from Uketoacetals (Scheme 116). The
hydrazone formation from U-ketoacetal 312 proceeds smoothly, catalysed by the presence of
the acidic proton on p-toluene sulfonylhydrazide (Section 3.11.1). At this point, hydrazone 313
and the added amine undergo a proton transfer, as indicated by *H NMR spectroscopy in
Figure 11, Section 3.3. The anionic hydrazone 314 can then eliminate methoxide in a
reversible step to form enoldiazene 315 which can be invoked owing to the presence of a
species consistent in mass as a fragment ion of the hydrazone by LCMS (Figure 12, Section
3.3). This process is reversible, as evidenced by the acetal exchange with deuterated
methanol (Figure 10, Section 3.3). Moreover, based on the lack of direct observation of this
species by 'H NMR or as a separate fragment by LCMS and HPLC, it is proposed that this is
the slow step of the reaction. The methoxide liberated in this step would readily deprotonate
the ammonium salt which formed in the first step to give a free amine. After this point in the
mechanism, no intermediates have been observed by LCMS analysis or 'H NMR

spectroscopy. This observation is not consistent with the reports of Hanselmann who studied
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the mechanism with U,U-dichlorotosylhydrazones. Intermediates analogous with aminal 316

and iminohydrazone 317 were observed by LCMS.84 The observation of these species
therefore suggests that the rate-limiting step with U,U-dichlorotosylhydrazones occurs after the
formation of iminohydrazone 317. This is unsurprising given that an enoldiazene is more
electron rich than a chlorovinyldiazene which is invoked in Sakai chemistry. Furthermore,
section 3.11.2 indicates that the rate of triazole formation is not affected by placing
electron-withdrawing groups on the hydrazone, which would be expected to facilitate cleavage
of the Ni S bond. This therefore suggests that there is a change in rate-determining step
between the use of U,U-dichloroketones and U-ketoacetals. After the addition of the amine to
enoldiazene 315, the hemiaminal intermediate 316 can collapse to an iminohydrazone 317,
the same species invoked in Sakai chemistry. After this point, a [1,5] H-shift can occur to give
enamine-type species 318 as has been previously suggested in the literature.®® Results
obtained in this work indicate that cleavage of the N7 S bond is not the slow step, however the
exact mechanism for the N-N bond formation still requires further work to be understood in
more detail. However, an addition-elimination of the enamine to the diazene 318 can be
invoked, whereby elimination of the sulfinate by-product 319 furnishes the triazole product

320.
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Scheme 116: The proposed reaction mechanism for triazole synthesis from U-ketoacetals
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3.12 Chemoselective triazole synthesis

The results contained in Section 3.10 highlighted how N-aryl triazoles formed in higher yields
than N-alkyl triazoles under the acidic conditions examined. This suggested that an orthogonal
set of reaction conditions could be developed to selectively functionalise either an aromatic or
an aliphatic amine. Amine 321, a bifunctional compound containing both an aliphatic and an
aromatic primary amine was chosen as a model substrate to examine this hypothesis (Scheme

117).

NH, ,
N /©/\/ Condltlons ‘A /©/\/ Condltlons 'B' N
< N

N
) HoN

Scheme 117: Postulated chemoselectivity for either aromatic or aliphatic amine conversion

3.12.1 Aliphatic amine functionalisation

As an initial starting point to test for chemoselectivity, U-ketoacetal 106 was reacted with
p-toluene sulfonylhydrazide to give hydrazone 108, in an identical procedure to that described
in Section 3.3. From here, adding bifunctional amine 321 and using the conditions developed
in Section 3.4 (NEts (1 equiv), 140 °C, 5 min) the only observed product was triazole 322,
derived from functionalisation of the aliphatic amine, which was isolated in an 83% yield
(Scheme 118). By *H NMR analysis of the crude reaction mixture, no product derived from

functionalisation of the aromatic amine was observed.

/©/\/NH2 N=N
NHTs !
- N/
Q TsNHNH N HoN 321 W
MeO\Hj\ MeO\Hj\

MeOH, rt, 5 mins Et3N (1 equiv) HoN

OMe OMe 140 °C, 5 mins
106 108 322, 83%

Scheme 118: Complete chemoselectivity for aliphatic amines under basic conditions with bifunctional
amine 321

Interestingly, the use of dichlorotosylhydrazone 323 and the same bifunctional amine 321 has

been reported by Westermann (Section 1.8 & Scheme 119).82 Under the optimised reaction
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conditions it was reported that no chemoselectivity for either an aliphatic or an aromatic amine

was observed giving bis-triazole 84f in 69% yield. The reason for this is likely a combination
of factors; the method presented by Westermann requires 1.7 equivalents of
dichlorotosylhydrazone 323, presenting the system with an excess of the intermediate for both
pendant amines to react with. Secondly, it is possible that the intermediate in the dichloro
system is more reactive, resulting in poor differentiation between aromatic and aliphatic
amines. Under the conditions developed for ketoacetal 106, not requiring an excess of the

hydrazone, complete chemoselectivity for the aliphatic amine was observed.

NH,
_NHTs /O/\/

N HoN 321

CI\HJ\ N O
DIPEA (6 equiv) ©N 84f, 69%

Cl

N
CH3CN/EtOH, 16 h )9‘
323, 1.7 equiv Westermann, 2012

Scheme 119: Westermannés report of poor c¢h3Imose

The difference in chemoselectivity between the dichloroketones and U-ketoacetals could be
explained by the reactive intermediate proposed in both cases. Chlorovinyldiazene species
324 has been invoked as the reactive intermediate which undergoes a 1,4-addition with the
primary amine nucleophile (Figure 19). This chlorovinyldiazene is unsurprisingly electrophilic,
as the electronegative chlorine atom will inductively withdraw electron density from the
" -system via the inductive effect, making the alkene electron-deficient and susceptible to
nucleophilic attack. Based on the mechanistic considerations contained within this report, it is
likely that this reaction proceeds by a similar mechanism. Therefore, the enoldiazene 129 can
be invoked as a reactive intermediate. This species is reminiscent of an enol-ether which are
electron rich and formally nucleophilic, often invoked as a masked enolate species.1% The
increased electron density of the enoldiazene with respect to the chlorovinyldiazene will thus
increase the energy of the LUMO, resulting in an increase in the differentiation between attack

from either an aliphatic or an aromatic amine.
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N,,NTs N,,NTs

al AL Meo._A_
/’ 324 /’ 129

RNH, RNH,

Favoured Less favoured

Figure 19: The differentiation between addition to a chlorovinyldiazene and an enoldiazene

The observed chemoselectivity for this process is a new observation. If
dichlorotosylhydrazones were employed to selectively functionalise either the aromatic or the
aliphatic amine, protecting groups would need to be utilised. Under these new conditions, the
aliphatic amine can be selectively functionalised over the aromatic amine in the absence of
protecting groups. The reaction solely relies on the inherent difference in the nucleophilicities

of an aromatic vs. an aliphatic amine.

3.12.2 Aromatic amine functionalisation

The conditions presented in Section 3.10 appeared to be a good starting point for the
development of conditions to selectively functionalise an aromatic amine. The acidic conditions
allow for the formation of N-aryl triazoles in excellent yields whilst N-alkyl triazoles behaved
poorly, giving lower yields of the triazoles products. Exposure of bifunctional amine 321 to the
hydrazone derived from dimethoxy acetaldehyde with 1 equivalent of acetic acid gave triazoles
325 and 326 in a 1:3 ratio by *H NMR analysis of the crude reaction mixture (Scheme 120).
325 forms from functionalisation of the aliphatic amine, whilst 326 forms from functionalisation
of the aromatic amine. This switch in chemoselectivity shows that the acidic conditions favour
the formation of the N-aryl triazole over the N-alkyl triazole. Increasing the amount acetic acid
to 3 equivalents increased the ratio of products to 1:4, showing how more acid offered

increased chemoselectivity.

99



3. Results and Discussion

NH,
=N
_NHTs = NH
N HN 321 N\/ /©/\/
MeO\Hj\H /@/\/ N"N\N
St AcOH,75°C,16h 325 =/ 326
267
1 equiv AcOH 1 3
3 equiv AcOH 1 4

Scheme 120: Observation of chemoselectivity for aromatic amines under acidic conditions

It was hypothesised that stronger acids would further increase this chemoselectivity. In the
presence of benzoic acid, the chemoselectivity further increased to 1:5 for triazoles 325:326
(Scheme 121). Increasing the acidity of the additive further by using trifluoroacetic acid
increased the observed ratio to greater than 1:50 by 'H NMR analysis. The general trend
observed is that the chemoselectivity for aromatic amines over aliphatic amines increases with
more acidic additives. Acetic acid (pKa = 4.76)122 gave a 1:3 ratio, benzoic acid (pKa = 4.31)12?

gave a 1:5 ratio and trifluoroacetic acid (pKa = 0.25)122 gave a greater than 1:50 ratio.

NH,
N 321 N/
HoN
Meo% /@/\/ ,,N\N

Svte H RCOH (1 equiv), 75°C, 16 h 1y s25 N_J 526
267
MeCO,H 1 3
PhCO,H 1 5
CF4CO,H 1 > 50

Scheme 121: Stronger acids improve chemoselectivity

To validate this result, the triazole 326 formed in an 88% solution yield when TFA was used
and was isolated in an 81% yield (Scheme 122). The product derived from functionalisation of
the primary amine, 325, was observed in < 2% yield by 'H NMR analysis of the crude reaction
mixture. This switch in chemoselectivity can be explained by considering that the aliphatic
amine, owing to its incr eas e dasthaanmaenium yalt328,s tr ans
leaving it unable to participate in the triazole formation. The increased basicity of an aliphatic

amine over an aromatic amine is highlighted in the pKaH values. The pKaH value of

100



3. Results and Discussion
methylamine is 10.63, and the pKaH of aniline is 4.63, highlighting that aliphatic amines are

~10° times more basic than aromatic amines.'?° This transient protonation consequentially
removes the aliphatic amine as a reactive partner, resulting in the aromatic amine being the

only available nucleophile.

NH,

NHTs NH
o TsNHNH,, N H,N 321 :
MeO\Hj\H Meo\HLH Ney

MeOH, rt, 120 mins .
OMe OMe TFA (1 equiv) N_J

75°C, 16 h
265 267 ’ 326, 88% (81%)

® N=N

1

HoN 328 H,N 325

Scheme 122: Functionalisation of an aromatic amine under acidic conditions

In attempts to highlight the generality of this procedure and show the starting material was not
limited to dimethoxy acetaldehyde, 1,4-substituted triazole 329 was synthesised with an
excellent degree of chemoselectivity, giving the triazole product in 87% isolated yield using

TFA as an additive within the reaction (Scheme 123).

NH»
.NHTs /©/\/ NH
(0] TsNHNH, N HoN 321 /©/\/ 2
N-N

MeO > |MeO >

OMe  MeOH, rt, 5 mins Svte TFA (1 equiv) Nﬁ
106 108 75°C, 16 h 329, 87%

Scheme 123: Functionalisation of an aromatic amine with an U-ketalacetal

3.12.3 A note on regiochemistry determination

The above regiochemistry of the triazole formation is easily elucidated by the chemical shifts
of the alkyl protons. The alkyl protons in N-aryl triazole 329 are at 2.96 and 2.87 ppm, whereas
in the N-alkyl triazole 322 the alkyl protons undergo a substantial downfield shift to 4.52 and
3.05 ppm (Figure 20). This downfield shift can be explained by the protons in the N-alkyl
triazole being in the vicinity of an electron-deficient heterocycle, in which the alkyl protons are

deshielded with respect to the protons on amine 329.
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NH,
Y o=
"N\N L /©/\/
296 ppm L 4.52 ppm

329 322

Figure 20: Regiochemistry determination

The developed processes are therefore an orthogonal set of reaction conditions to selectively
functionalise either an aromatic amine or an aliphatic amine (Scheme 124). This offers many
advantages, including obviating the use of protecting groups which could be challenging to

chemoselectively introduce selectively in the first place.

TFA N EtsN
Aromatic amine functionalisation <«——— [MeO —> Aliphatic amine functionalisation

Scheme 124: A general scheme showing conditions to functionalise aromatic or aliphatic amines

3.12.4 A one-pot, multi-stage telescoped synthesis of bis-triazoles

To exemplify the potential of these orthogonal reaction conditions, a one-pot, multi-stage
telescoped reaction procedure to form bis-triazole 330 was designed (Scheme 125). Starting
from dimethoxy acetaldehyde 265, hydrazone 267 was formed as per Section 3.10.
Telescoping hydrazone 267 into the triazole formation gave N-aryl triazole 326. To a separate
vial containing the Uketoacetal 106 was added p-toluene sulfonylhydrazide to make
hydrazone 108 in-situ. The reaction mixture containing N-aryl triazole 326 was then added to
the hydrazone 108, which was basified with 2.2 equivalents of triethylamine, followed by
exposure to the optimised reaction conditions to give bis-triazole 330 in 69% yield. These four
telescoped steps, with a midway point of convergence, exemplify the potential for this reaction

to enable a rapid, chemoselective, regiospecific synthesis of substituted triazoles.
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NH,
weo TNtz |y, g A o O/V
H N-y
OMe MeOH, rt, 2 h OMe TFA (1 equiv) N_
75°C, 16 h
265 267 326
_NHT:
0 NS Et;N (2.2 equiv)
MeO TSNHNHZ .
Me ————————> MeO Me 140 °C, 5 mins
OMe MeOH, rt, 5 mins OMe
106 108
N=N

N
= 330, 69%

Scheme 125: A one-pot, 4-stage telescoped process to synthesise differentiated bis-triazole 330
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4.1 Conclusion

In conclusion, U-ketoacetals have been shown to impart a higher degree of selectivity in the
reaction with p-toluene sulfonylhydrazide when compared with U ,-dichloroketones. This
enables formation of the intermediate hydrazone with complete selectivity over the formation
of a bishydrazone which does not undergo cyclisation to a triazole. As a result, 1,2,3-triazoles
can be synthesised directly in one-pot from U-ketoacetals, without the required isolation of an
intermediate hydrazone. This enables a faster, cleaner synthesis of 1,2,3-triazoles on scale,
often enabling isolation of the triazole product without the requirement for chromatography.
This is exemplified by the synthesis of triazoles 144 & 281 on a multi-gram scale. A two-stage
flow chemistry set-up has been exemplified as an effective tool to perform the
high-temperature reaction on a large scale, isolating 73 grams of triazole 144. This strongly
emphasises the utility of the new method as an efficient synthetic tool to form 1,2,3-triazoles

on a preparative scale.

Sakai reaction

_NHTs
T enmnn i 1R M2 N=N
Cl 2 Cl
\HJ\R — f e %R —_— N\/)_R
Base (6 equiv) R
Cl Cl
Pros Challenges
Mild conditions Two step process
Azide-free Potentially toxic chlorinated reagent and intermediate
Amine partner has exceptional functional group tolerance  4-, 1,5- and (1),4,5-substituted triazoles not known
Access to 1- and 1,4-substituted triazoles No chemoselectivity for aromatic or aliphatic amines
This variant
1) TsNHNH,
R i 2) 2g-ie N=N
R _ > ,N\/Q*R
R%0 OR?® R i
Benefits Challenges
Works under neutral conditions Optimum conditions require high temperature
Regiospecific access to Acyclic 1,4,5-substituted triazoles with large R’
4-,1,4-,1,5-, (1),4,5- and 1-substituted triazoles groups are currently inaccessible

Scalable in batch and flow reactors
One-pot process — hydrazone isolation removed

Clean reaction — products can easily be isolated
without chromatography

Chemoselective conditions for the conversion of aromatic
or aliphatic amines
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It has been shown that this procedure can access a multitude of substitution patterns of

1,2,3-triazoles, including 4-, 1,4-, 1,5-, 1,4,5-, 4,5- and 1-substituted triazoles. This
methodology has been exemplified by synthesising >70 1,2,3-triazoles. The amine coupling
partner has a wide-spanning scope, including the use of aliphatic, aromatic and
heteroaromatic amines. Amines containing a range of functional groups including esters,
ketones, halogens, alkynes, sterically hindered groups and chiral groups all undergo efficient
cyclisation with retention of chemical information, indicating that the developed procedure is
highly general. Further, U-ketoacetals have been shown to be readily accessed via a Grignard
addition to commercial starting materials. This indicates that substitution of the carbon
skeleton of the triazole is facile and the substrates can be readily prepared in one-step from
commercial starting materials. (1),4,5-substituted 1,2,3-triazoles have been shown to be
accessible using this methodology, however, the current limitation is that the intermediate
hydrazone of these substrates is unstable with respect to hydrolysis and conversion to the

unreactive bishydrazone. Ideas to solve this have been presented in a future work section.

Mechanistic studies allude to a change in rate-determining step between the use of
U,-di chl or ok eketeacetals as @recursbrs to 1,2,3-triazoles. Experimental evidence
suggests that cleavage of the Ni S bond is notrate-d et e r mi n i -kejoacetalseare udéd
as precursors to 1,2,3-triazoles. This is mechanistically different to the use of
U , -dichloroketones as the synthetic precursor in which the Ni S bond-cleavage event is
proposed to be rate-determining. Based on the findings in this work, the rate-determining step
appears to be the elimination of methoxide from an intermediate hydrazone, to form a reactive

enoldiazene.

Finally, an orthogonal set of reaction conditions have been developed to selectively
functionalise either an aromatic or an aliphatic amine, further showing the potential of the
developed synthetic method. The use of trifluoroacetic acid as an additive gave exclusive
access to N-aryl triazoles, whilst basic conditions using triethylamine give exclusive access to
N-alkyl triazoles. This has been exemplified by the synthesis of N-aryl, N-alkyl bistriazole 330,

which was synthesised in 4 telescoped reaction steps.
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N
= 330, 69%

This is the first reported example of a redox-neutral, azide-, alkyne- and halogen-free synthesis
of triazoles which can be considered general by giving access to almost all substitution
patterns of 1,2,3-triazoles. This procedure offers scalable, rapid, chemoselective and
regiospecific access to triazoles which will likely attract significant interest in the synthetic

chemistry community and have applications across a wide-range of chemical sciences.1%3

4.2 Future work

Section 3.9 detailed the challenges with using Uketoketals as substrates to access
(1),4,5-substituted triazoles. The problem largely appears to be two-fold. Firstly, nucleophilic
addition onto an U-ketoketal is slow owing to the increased steric hindrance around the ketone.
As R! (331) increases in size, the rate of hydrazone formation decreases. This is explained as
the neopentylic effect. Secondly, the intermediate hydrazone (332) is less stable with respect
to elimination of methanol to form enoldiazene 333. Therefore, a major product in these

reactions is the bishydrazone 334, especially as R? increases in size (Scheme 126).

O oR N,NHTs R4 N,NHTs
RO@\T/\ RO "N\y/\OR — R
RZR “ Nu RO R2 TsN R2 1 R2
R 1 .N
331 "33 R'FH 333 TsHN
Slow attack onto carbonyl Fast formation of enoldiazene 334
Neopentyl effect Increased production of bishydrazone

Scheme 126: An explanation for the poor results obtained with U-ketoketals

A proposed solution to this is to use a cyclic ketal (335) or a tetrahydroimidazole (337) instead
of the acyclic ketals presented in this thesis. The incorporation of a cyclic ketal would change
the position of equilibrium and should disfavour formation of the diazene 336 or 338 in high
concentrations. The reverse reaction, involving intramolecular attack of the pendant alcohol or

secondary amine onto the enoldiazene would be a favoured process over an intermolecular
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reaction. This should therefore result in smoother formation of an intermediate hydrazone,

enabling access to 4,5-substituted triazoles in which R and R2? are different.

N,NHTs TSNeN N,NHTs TsN\\N
o . R , R . R,
O%RZ R MeN R? R
R HO/\/O K/NMe MeHN~~Me
335 R'#H 336 337 R'#H 338

Scheme 127: A proposal to use a cyclic ketal 335 or a tetrahydroimidazole 337 protecting group
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5. Introduction
5.1 The importance and synthesis of benzimidazoles

Further azacycles of importance to the pharmaceutical industry include
benzimidazoles (339) - imidazoles which are fused to a benzene ring (Figure 21).
A meta-analysis of over 1,000,000,000 prescribed medicinal drug products was published in
the British Journal of Clinical Pharmacology in 2018.124 The results of this analysis reveal that
t he number -groupée podrdesucgr i bed by Br it ipanip inbibitors
Within this category, Omeprazole, a benzimidazole-containing compound (340, Figure 22)

was the most prescribed drug.

SN o

'benzo’ 'imidazole’ Benzimidazole
339

Figure 21: Benzimidazole nomenclature

Most benzimidazole-derived pharmaceutical compounds on the market are proton-pump
inhibitors.® Omeprazole (340) and Pantoprazole (341) are sold as treatments for a range of
disorders, including peptic ulcer disease, gastroesophageal reflux disease and Zollinger-

Ellison syndrome.?> Omeprazole is deemed by the World Health Organisation (WHQ) as one

of the worl dos mo st essenti al me d i & iTalinisartadf o r

(342) is used for the treatment of high blood pressure!?” and contains two benzimidazole motifs

(Figure 22).

\_/ N
/
MeO OMe N

Omeprazole, 340 Pantoprazole, 341 Telmisartan, 342

H H
0 0
CI5€ pm 1 iy Oy
MeO N L&\:/?* F Yo N \—Q z N HO,C
OMe

Figure 22: Examples of benzimidazole-containing pharmaceutical compounds

Benzimidazole (343) can be formed by the condensation reaction between 1,2-diamino
benzene (344) with formic acid or trimethyl orthoformate (Scheme 128).128 1,2-diamines will

often require preparation from the o-nitroaniline (345) by means of reductive methods.
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HCOZH

NO; NH; HC(OMe) H
I @ )
NH; NH, N
345

343

Scheme 128: Synthesis of a benzimidazole from 1,2-diaminobenzene with formic acid or an
orthoformate

2-substituted benzimidazoles (346) are synthesised by the reaction of a 1,2-diamine (344) with
either an aldehyde and oxidant, or the condensation reaction with an ester, acid or a nitrile
(Scheme 129).129-131 This necessitates the use of 1,2-difunctionalised arenes for the synthesis

of these moieties.

O .
\\—R + oxidant

0
R or NC-R H
NH, R'C N
Cx Lo
NH, R = Alkyl, aryl N
344 346

Scheme 129: Synthesis of 2-substituted benzimidazoles by the condensation reaction of a
1,2-diaminobenzene with an ester or aldehyde

On considering the commercial synthesis of Telmisartan, a nitration-reduction-condensation
sequence was utilised (Scheme 130).132 The trifunctionalised arene 347 was nitrated using
HNO3/H2SOs to give 348, followed by heterogeneous hydrogenation with a
palladium-on-carbon catalyst to give 1,2-diamine 349. Upon one-pot saponification-cyclisation
of methyl-ester 349, the furnished carboxylic acid 350 behaves as the condensation partner
for 1,2-diamine 351 to give the second benzimidazole 352. Indeed, almost all benzimidazole
motifs are synthesised in the manner of nitration-reduction-condensation, largely owing to the

easily accessible starting materials.13!
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MeO,C MeO,C NO, MeO,C NH,

HNOg/stO4 Pd/C, H2, MeOH‘
NH NH NH

OM o)\/\ o)\/\

347 348 NH 349
o X
MeO,C NH, NH> QN/
—

NaOH, MeOH O N\>_n_Pr 351
N
H

349 350 352

Scheme 130: The partial synthesis of Telmisartan 342 using a double condensation sequence

This method of using 1,2-diamines remains the standard method for the synthesis of other
benzimidazoles, including Omeprazole. The reaction sequence to form the ring and introduce
the sulfur atom relies on the condensation of 1,2-diaminobenzene 353 with potassium

ethylxanthate to give 2-thiobenzimidazole 354 (Scheme 131).133

S

H
/@NHZ e sk /©:H . /@:N)_SP N
)—SH  ——— N
MeO NH,  EOHHO o N MeO \_§\:%7
OMe
353 354 Omeprazole, 340

Scheme 131: The synthesis of the benzimidazole ring in Omeprazole

The challenge with the nitration-reduction sequence to access benzimidazoles originates with
the nitration reaction. Aniline (355) itself is challenging to nitrate under standard nitrating
conditions (HNOs, H2S04), since protonation of the nitrogen atom results in the formation of
anilinium 356 (Scheme 132). The strongly electron-withdrawing nature of the NHs* group
deactivates this species with respect to electrophilic aromatic substitution, making the nitration

of aniline to give nitroaniline 357 challenging.134
® ®
NH2 HNOj, H,SO, NH; ~oNHs
— > — %
©/ OZN{)/
=

355 356 357

Scheme 132: Explaining the challenge with the nitration of aniline
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To solve the above issues, the nitrogen atom can be protected by means of an N-acyl or

N-sulfonyl aniline to inhibit formation of the anilinium, upon which the nitration reaction
proceeds readily.’** When considering a substituted aniline derivative, in which the ortho-,
meta-andpara-posi ti ons ar e s udraup (Bchame £38), the nitration eactiod R 6
can lead to a mixture of regioisomeric nitroanilines. Ortho- and meta-substituted anilines (358,

359) could theoretically result in the formation of four regioisomeric products, whilst a
para-substituted aniline (360) can result in the formation of two regioisomeric products. The
regioselectivity can be controlled by an appr opr i at el y grdup ama anany ofghe 6 R 6
theoretical isomers are not observed, however, in a lot of cases the formation of more than

one nitration product is observed, resulting in lower yields of the desired nitration product.

; NHR' ; :NHR1 NHR' ; "NHR' O,N” ; “NHR!

R
358
m oo

R NHR' NHR' NHR' R NHR' R NHR'

359
i RU L
\©\NHR1 NHR' O,N NHR'

360 NO:

Scheme 133: Regioselectivity issues with nitration reactions
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5.2 The importance of 2-aminobenzimidazoles

As of 2014, 77% of all marketed unique small-molecule drugs which contain a benzimidazole
are substituted with a heteroatom (N, O or S) at the C: position (Figure 23).5 Emedastine (361),
Albendazole (362) and Astemizole (363) are three marketed examples of this substitution in

which the 2-position is functionalised with an amine.

OEt

¥ - ] O
O OO ™SOt o
. N/> 2 ¥ \) \©:N>—NH ©:N/>—NH OMe
4 3 H { >

N

Emedastine, 361 Albendazole, 362 Astemizole, 363

Figure 23: Examples of 2-aminobenzimidazoles

Emedastine (361) is a second-generation antihistamine developed by Alcon for the treatment
of allergic conjunctivitis. This compound displays vastly improved binding affinity to the target

protein over first-generation alternatives.13%

Albendazole (362) is a GlaxoSmithKline (GSK) marketed drug, patented in 1975,13¢ and is
used for the treatment of numerous parasitic worm infections. These include enterobiasis,
filariasis and ascariasis. These conditions result in rashes, skin thickening, abdominal pain
and can cause down-stream effects such as blindness. Largely, these parasitic infections are
tropical diseases which are carried by mosquitoes or through poor sanitation, and as such are
prevalent in warm, arid climates.137138 Up to 1 billion people are potentially at risk of contracting
these parasites across 82 countries, of which the most susceptible population are infants.139
In 2013 GSK had donated 763 million Albendazole doses to the developing world, with a
pledge to bring this total to over 2 billion by 2020.140 This equates to 800 tonnes of Albendazole
at an average dose of 400 mg.*! This particularly emphasises the importance of this class of
azacycle and why efficient synthetic methodologies are required for the preparation of

2-aminobenzimidazoles.
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2-Aminobenzimidazoles have shown significant promise within medicinal chemistry for their

use as use as antibacterials, immunosuppressives, antidiabetics, antivirals and analgesic
compounds.14>14 Furthermore, in recent years, 2-aminobenzimidazoles have become highly
promising targets for STING receptor agonists (Stimulator of Interferon Genes), an example
of which is the experimental dimeric aminobenzimidazole 364 (Figure 24). STING is a
signalling molecule located in the endoplasmic reticulum and is essential for regulating
transcription of a “hAssuchh theradieah mtersiveveseargheeffoet $0.
capitalise on these observations to find applications within oncology and infectious

diseases.151-153

N
O
0
H,N NH,
(0]
N’\;\’
N\< N
NH YN
° HN, /] ©
BN, — 5

364
STING receptor agonist

Figure 24: G S Kadnmob@nzimidazole candidate for STING receptor agonists

5.3 The synthesis of 2-aminobenzimidazoles

5.3.1 From 1,2-diaminobenzenes

The original method for the formation of 2-aminobenzimidazole can be traced back to a report
by Pierron from the early 20" century.’>* The reaction involves the condensation of a
1,2-diamine (365) with cyanogen bromide to give species 366 which rapidly collapses to
cyanamide 367 by elimination of bromide. Intramolecular addition of the aniline to this species
furnishes the unsubstituted 2-aminobenzimidazole 368 (Scheme 134).155-157 This procedure is
practically simple to perform and high-yielding, however, the products are limited to those

baring an NHzin the Cz position of the benzimidazole.
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NH Z
1 X 2 Br/¢ \} - Br@ d X N\\/\ _ H@ A N
RT ~VWH ——— Ry P CNH —— Ry )—NH,
NH; +HY Ry P NH, @ 1@ Z>N
NH,
365 366 367 368

Scheme 134: The Pierron method for 2-aminobenzimidazole synthesis

Alternative methods which allow for substitution on the C2 position include the phosphorous
oxychloride mediated dehydration-cyclisation of aryl urea-containing substrates such as 369
(Left, Scheme 135). This proceeds through the formation of an intermediary chloroamidinium
species 370, whereby this highly reactive species is trapped by the intramolecular aniline,
yielding the benzimidazole.%815° Other similar methods include the cyclodesulfuration of
thioureas (371) with mercury or lead salts, which are assumed to occur through formation of
an intermediary diimide, although the evidence for this species is inconclusive (Right, Scheme
135).160 Medicinal chemistry programmes have been supported by this cyclodesulfuration
technique,* however, the method is operationally unpragmatic owing to the use of either lead
or mercury. One-pot procedures using other cyclodesulfuration agents (carbodiimide) have
more recently been reported.'®? The use of stoichiometric agents to affect the

cyclodesulfuration, including mercury and lead, render this procedure unnattractive towards

scale-up.
R R
NH POCI,_ -Hcl HgX or PbO NHR
— />—NHR1 -

NH NH

R1HN’J§0 NHR1 RHNAS

R, R' = H, alkyl R = Alkyl, aryl, acyl
369 370 371

Scheme 135: Synthesis of 2-aminobenzimidazoles using POCIs or mercury and lead mediated
methods

In 1975, Lugosi and Hornyak studied the spontaneous cyclisation of o-amino arylguanidines
(Scheme 136).16% These reactions involve the functionalisation of an o-nitroaniline (372) into
the corresponding nitroguanidine 373. The guanidinylation agent (374) is prepared by

phosphorous oxychloride mediated dehydration of a urea. This highly electrophilic reagent
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reacts with the aniline to form the guanidine. Upon catalytic reduction of the nitro group to

aniline 375, the guanidine free-base undergoes cyclisation to the 2-aminobenzimidazole,
liberating an amine. These thermolysis reaction conditions superficially appear to be more
pragmatic than the mercury and lead mediated cyclodesulfuration, however, they only occur
in the solid-state or when heated at significantly elevated temperatures. Moreover, when the

6R6 gr oup s-guanding aneediffexentythe procedure offers little to no selectivity for

elimination of di fferent ami nes. This proesent s

expensive, as half ofthe 6 R6 gr oup pr e s3@3mbuldibeloss ubstr at e

® R

HN
>
CI)LNHRCI@ RHN___NR RHN&\NR
") Y Me
N

| {T-

NH 374 NMe NEAB - RNH,
Ol Ol — | =

NO, NO, NH, N

372 373 375

Scheme 136: Intramolecular cyclisation of o-aminoarylguanidines

In 2013, Wang and Ji published a transition-metal catalysed procedure using 1,2-diamines
(376) and an isocyanide (377) to synthesise 2-aminobenzimidazoles (378) (Scheme 137).164
This obviates the need for strong dehydrating conditions. However, the procedure is limited to
the accessibility of isocyanides as coupling partners, which despite a number being
commercial, these species require synthesising when the 2-amino group requires increased
complexity. It was also noted that reactions with aromatic amines afforded poor to moderate

yields of the desired 2-aminobenzimidazole, exemplified by a 51% yield of 378b.
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PR
oz 3717

Co(OAc),.4H,0 (10 mol%)
NaOAc (2 equiv)

@NHZ K,S,0s (1 equiv) ©:N\>_N,E
NHR' 1,4-dioxane, 100°C N

1
376 37s R
H—NH N ; z ©: D—NH
NH
©:N @N% N\
" Ts Bn
378a, 91% 378b, 51% 378¢, 91%

Scheme 137: Wa n g a-antnokkmnzilnglazde synthesis from isocyanides

119



5. Introduction
5.3.2 From 2-chloro benzimidazoles

The substitution of a chloride at the 2-position of a benzimidazole (379) by an amine was first
reported in 1912 by Kim and Ratner (Left, Scheme 138).1%5 This nucleophilic aromatic
substitution (SnAr) method is arguably the most adopted method for the synthesis of
2-aminobenzimidazoles and various adaptions of this method have recently been reviewed.166
The reactivity of 2-chlorobenzimidazoles (380a) with a secondary amine (piperidine) has been
shown to be less than that of 2-chlorobenzoxazole (380b) and 2-chlorobenzothiazole (380c)
analogues (Right, Scheme 138).166 The exact mechanism for this SnAr reaction has not been
studied extensively, however, this observation would be consistent with a slow formation of
the Meisenheimer intermediate (often invoked as the rate-determining step in SnAr
reactions167.168) owing to the increased electron density in a benzimidazole compared with
benzoxazoles and benzothiazoles. A concerted SnAr mechanism can
however.1%® This is represented in the forcing conditions required to substitute the chloride
with the desired amine, often under high pressures at elevated temperatures.'’® The
temperature of these reactions can be lowered by using lithium amides instead of the amine, 7!
however, the preparation and handling of lithium amides require extra steps and can restrict

the tolerance of certain base-sensitive functional groups.

e 22 o0

H H
XN RoNH ~xrN Lz= 380
R1—:<): ) —Cl —— > R1—:<): >—NR, i £=NH.O0rS
Z =N 150 °C, 16 h Z N ; H
379 R = H, alkyl, aryl : N o S
alkyl, ary E©:/>—CI<©:/>—CI:(>:/>—CI
: N N N

380a 380b 380c

Reactivity towards an amine for SyAr reaction

Scheme 138: SnAr reactivity comparison between 2-chlorobenzimidazoles, 2-chlorobenzoxazoles and
2-chlorobenzothiazoles with an amine

It has been shown using flow chemistry that with high temperature (225 °C) and pressures
(120 bar) SnAr reactions can be realised to give significantly shorter reaction times (Scheme
139).172 2-chlorobenzimidazole (381) was shown to undergo an SnAr to give benzimidazole

382 in 78% yield. This procedure offers a scalable method to furnish 2-aminobenzimidazoles
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5. Introduction
through an SnAr reaction. However, the requirement for specific flow technologies does not

make this method widely accessible.

©:E/>_CI H2N/\© EtOH m . Q:E)_Nf@

381 225°C 120 bar 382, 78%
16 min, 0.5 mL/min  Back-pressure

Scheme 139: SnAr reactions in flow to decrease the reaction times

Transition metal catalysis has proved to be an effective tool to couple 2-chlorobenzimidazoles
with primary amines.1”® Sennanyake and co-workers developed a novel procedure to form
Norastemizole 383, a closely related analogue of the marketed drug, Astemizole 363 (Scheme
140). The procedure involves a Buchwald-Hartwig amination'’4175 of 2-chlorobenzimidazole
384 with primary amine 385 to give 383. This procedure offers milder reaction conditions than

the SnAr protocol with shorter reaction times, giving the desired product in one hour at reduced

temperatures.
Pd,(dba)s (0.25 mol%) .
. BINAP (0.7 mol%) KO/
NCO,Et NaOtBu (1.4 equiv) N
N > ©: )—NH
©: />_C| HoN Toluene, 85°C, 1 h N @
N
NCO,Et
384 385 Norastemizole, 383, 85%

Scheme 140: Palladium-catalysed aminations of 2-chlorobenzimidazoles and the application towards
Norastemizole

The challenge with using 2-chlorobenzimidazoles lies in the preparation of the starting
materials. 2-chlorobenzimidazoles (386) are accessed from chloro-dehydration of a
benzimidazolone (387), which itself is prepared by ring-closure of a 1,2-diamine (388) with
phosgene (COCl) or carbonyl diimidazole (CDI) (Scheme 141).176
Thus, 2-chlorobenzimidazole materials are the product of two separate synthetic steps. With
simple starting materials (e.g. R = H), these materials are commercially available and easily

accessible. However, whenRi H or the starting materials
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unstable with respect to either CDI or POCls (amines, amides, ureas, pyridiones), this synthetic

sequence will likely make the synthesis of 2-chlorobenzimidazoles highly challenging.

NH,

NH2  cocl,or cDI N POCI N
A ,or A 3 A
R-- — > R R-F cl
9 Lo L
H
387

386

Scheme 141: The two synthetic steps to access 2-chlorobenzimidazole

5.3.3 From 2H benzimidazoles

The direct Ci H amination of an aromatic species presents a significant advantage over the
functionalisation of Ci X bonds (where X | H) . There are sever al
material are saved by not needing to introduce a synthetic handle, and the elimination of these
handles reduces the consequential production of waste. Ci H bonds are ubiquitous in organic
compounds, and the capability to directly convert these to Ci N bonds has drawn significant
attention from synthetic chemists in recent years. These elegant and impactful transformations
have been reviewed in detail, emphasising the efforts of the chemistry community to realise
CiH amination as a realistic and practical synthetic technique.l’”17® A fundamental
consideration with Ci H amination is the requirement for an oxidant. The electrons in the Ci H
bond either leave as molecular hydrogen or are shuttled through to a terminal oxidant.””
Described herein are a number of Ci H amination procedures to form 2-aminobenzimidazoles

(389) from benzimidazoles (390) (Scheme 142).

~—N C-H amination XN
R_: \> _— > R_: \>_NR12
Z N Z N
H H
390

Scheme 142: A general scheme to consider the Ci H amination of benzimidazole

The Chichibabin reaction was reported in 1914 as a simple method to substitute the 2-position
of a pyridine (391) using sodium amide to give 2-aminopyridine (392, Left, Scheme 143).180
This unusual reactivity invokes a hydride as a leaving group, which remained of synthetic and

mechanistic interest throughout the 20" century.18 An adaption of this method was reported
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throughout the 1960si 1970s to form 2-aminobenzimidazoles (394) from the corresponding

C-H benzimidazole (393, Right, Scheme 143).182 This is a highly elegant procedure as it is a
metal- and oxidant-free method to access these products. However, the high basicity of the
nucleophiles (pKa of NHz = 38)'8% renders the functional group compatibility towards
base-sensitive groups (ketones, aldehydes, acids) poor. Moreover, the presence of these

functional groups would consume the nucleophile, removing the desired reactivity altogether.

R R

N ﬂ"'z N

L L)
N

' N QH Reflux
N NaNH N PhNMe, or xylenes
| ~ —= | P> 393 R = alkyl, aryl 394
391 392 . l T H,0
Classical Chichibabin :

R

O — O
@3 @N

R
-H, N ©
— »)—NH
N

Scheme 143: The Chichibabin reaction

Madifications of the Chichibabin reaction have recently been reported by Roy in 2018 (Scheme
144).184 Acylation of N-methyl benzimidazole (395) gives cationic species 396, which acidifies
the CzH position, allowing for smooth carbene formation and trapping of this with iodine to give
an intermediate 2-iodobenzimidazolium 397. This species is suggested to undergo an
SnAr-type reaction with sodium amide to give an imine intermediate 398. Despite aryl-iodides
being well known to be poor SnAr substrates,8186 this likely attests to the high reactivity of
the benzimidazolium species 397 towards nucleophilic attack. The iminium substrate 398 is
then exposed to hydrolysis conditions to cleave the carbamate, revealing the desired
2-aminobenzimidazole (399). The advantage of this procedure is the removal of the
requirement to use sodium amide under reflux and removes the production of hydrogen, both
of which present a significant safety concern.18” This method again suffers from the same
functional group challenges as the standard Chichibabin reaction owing to the use of highly
basic sodium amide. Secondly, these reactions have not been reported with complex alkyl or

aryl amides, suggesting poor generality of the procedure. Ultimately, the Chichibabin reaction
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and the associated modifications are limited to the synthesis of compounds baring an NHz

group in this position and suffer from poor substrate scope compatibility.

0]

N )j\ Me NaNH, (2 equiv) Me
O: ) CI7 T OEt N/>_H I, (1 equiv) N/>—|
N N Et3N (2 equiv) N
Me ® ). THF, rt, 6 h @)\
395 Cle g OEt Cle o OEt
396 397
Ne HCl Ne
O == (L
N N)\
OEt
(6)
399, 75% 398

Scheme 144:Roy 6 s a d the Chichibabineehction

Various other strategies which directly functionalise the Ci H bond in the 2-position have been
reported using transition metal catalysis. The first example of the direct Ci H amination of the
2-position of benzimidazole using copper-catalysis was reported in 2009 by Mori (Scheme
145).188 The catalytic system uses copper(ll) acetate and triphenylphosphine in xylene under
an oxygen atmosphere which acts as the terminal oxidant. The paper only reports one
example of an aminobenzimidazole (400, 51%), but this seminal report highlighted the
potential for this interesting transformation. This was later followed up in 2014 by Bhanage
showing how the use of copper(acac):z proved beneficial, affording the benzimidazole 400 in
84% vyield without triphenyl phosphine under otherwise identical conditions.18 This suggests
that the ligand environment on the copper-catalyst plays an important role in the
transformation. Furthermore, only one example of a 2-aminobenzimidazole was reported in
this publication using N-methyl benzylamine. As such, a true examination of the substrate

generality was not obtained.
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N
Me” “Bn
Cu source (20 mol%)
N PPhg (40 mol%) N  Me
©: > "0, xylene, 140°C. 201 ©: >N
N 2, XY , , N Bn
Me Me
395 400

Mori, 2009, Cu(OAc),: 51%
Bhanahe, 2014, Cu(acac),, no PPh3: 84%

Scheme 145: Mo r i and Bhanageo6s iHanpnatior of berfzimitdazate using a ecogper
catalyst under oxygen

In 2014 Schreiber reported an elegant methodology to couple benzimidazoles with nitrogen
nucleophiles (Scheme 146).1% Using N-methylbenzimidazole (395), the scope of the amine
partner was extensively examined and resulted in the formation of products in good yield,
exemplified by species 401ai c. The procedure was limited to substrates baring moderately
acidic NH bonds, (primary and secondary amines were not tolerated) however, this efficient

reaction paved the way for the next advancement for the Ci H amination of benzimidazoles.

HNR,
©:N> Cu(OAc), (20 mol%) N
3 - S—NR
N Na,COg3 (2 equiv) ©:N>_ 2
395 Me  pyridine (20 equiv) 401 Me

PhMe, O,, 120-140 °C

(0] (0]
N N »—CF; N Ts
CO-0 OO G
N N N Me
Me Me Me
401a, 82% 401b, 68% 401c, 50%

Scheme 146: Sc hr ei ber 6 9H aminatiorrof bernzifmidazofes usi@y acidic amine coupling
partners

In 2013, Shi published an interesting stoichiometric study using the copper-adducts of simple
aliphatic amines. This showed how non-acidic amine partners can be efficiently coupled to
give 2-aminobenzimidazoles (Scheme 147) under remarkably mild reaction conditions.1°1 The
reaction proceeds with both primary and secondary amines, along with anilines to furnish a
variety of substituted 2-aminobenzimidazoles (402ai c). The conditions offered in this report
(lower temperatures, shorter reaction times, the use of air and not oxygen) offer a great

improvement over the previous methodologies, and the scope of the amine partner is
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dramatically improved. This publication also offers an interesting mechanistic insight into these

transformations by suggesting that once an amine and the aryl partner are both coordinated
to the copper-centre, the reaction readily occurs, emphasised by the mild reaction conditions.
However, little mechanistic insight was offered into either the Ci H functionalisation or the C-N

bond-forming step.

N CuCly(HNRR"),.2HCI (50 mol%) N
Cry > CLye
N K2003, MeCN N

395 Me 50 oC, 5 h, air 402 Me
N N N
H—NH S—NEt, S—NH
N  hPr N N
Me Me Me
402a, 68% 402b, 66% 402c, 60%
2
R R RL _R
NHRR' K,CO N7 N N N
! 23 ! N 1
CyCl, 2HCI————=  Cu — @:N\>—C,U—H O VRR
NHRR' N N. Me
R! R N Me RI1 R
oy
N
Me

Scheme 147: Shi 6s met hodo-bmwimpgaltcomplenes copper
A novel zincation-amination strategy was reported by Wang in 2014 which involved
transmetalation of an in-situ generated benzimidazole-2-zincate onto a copper catalyst,
ultimately giving the 2-aminobenzimidazole (Scheme 148).192 This strategy opened the door
to a range of amine partners which we {@4@3aid)t
This paper also highlighted the use of an endogenous oxidant, in which the imported N7 O
bond on the amine acts as an oxidant, without the requirement to add exogenous oxidising
species. However, these substrates require elaborate synthetic preparation, and when a more
complex amine partner is required this strategy would become less feasible owing to the

preparation of the hydroxylamine derived substrate.
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N 1) Zn(tmp)y, THF, 1t, 1 h N R~

CL g - X0
N.  2)Cu(OAc), (10 mol%), rt, 5 h N R-~
Me

; R™ ™y Me
395, 2.1 equiv I\IL /J 1 equiv 403
BZO/ R
N /™ N Bn N
L Oeee CL (O
N~ N  Me N
Me Me Me
403a, 86% 403b, 90% 403c, 67%

Scheme 148: Wa n g dnsatiom-amination using an internal oxidant in the form of an activated
hydroxylamine

There remains a significant challenge with the CiH amination of benzimidazoles. The
reactions are currently limited to nitrogen-based nucleophiles baring acidic NH bonds and
often use very forcing conditions, or, use amine substrates which are activated in the form of
hydroxylamines. Given the abundance of similar methodologies to aminate the C: position of
benzoxazoles by transition-metal catalysis'93-2%0 and under metal-free conditions,291-206 gther

strategies are required to target 2-aminobenzimidazoles.

While progress in the Ci H amination of benzimidazole has developed in recent years to
become a powerful methodology, the substrates require the heterocycle to be pre-formed. This
ultimately results in lengthened syntheses of the final products, especially when highly
substituted benzimidazoles are required. The use of 1,2-diaminobenzenes is therefore
essential for all the discussed methods up until this point. For simple substrates, many are
likely to be commercially available. However, given the increasing complexity of
pharmaceutical and agrochemical compounds, it is likely that the heterocycle would require
assembly. This would necessitate the use of a nitration-reduction sequence which increases
the length of the resultant synthesis of the desired benzimidazole. Furthermore, the required
synthetic sequence of a nitration limits functional group compatibility when other aromatic
systems are present, along with the regiochemical challenges for the nitration reaction. The
second synthetic step, involving reduction of a nitro group, further limits the substrate scope.
These factors therefore necessitate other synthetic methodologies which directly target the

formation of the heterocycle, removing the nitration-reduction sequence.
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5.4 2-aminobenzimidazoles from other 1,2-disubstituted arenes

5.4.1 Intramolecular examples

Owing to the challenges associated with the CiH amination of the preconstructed
benzimidazole core, as described in Section 5.3, it is unsurprising that other methods are
desirable for the construction of the heterocycle in one step. An intramolecular copper-
catalysed CiN bond formation was reported by Batey which transforms
U-halo aryl-guanidines (404) into the corresponding 2-aminobenzimidazoles
(405a-c, Scheme 149).297 This reaction offers access to products which are challenging to
access by Ci H amination methods (aliphatic amines) and quickly allows efficient construction

of the desired heterocycle.

Cul (5 mol%)
N<_NR, 1,10-Phen (10 mol%) N
R QN ©: Y—NR;
« NHR Cs,CO3 (2 equiv) g

80 °C, DME, 16 h

404, X =Br, | 405
N 0 N N
>N X ] S—N S—NH
N o N N Bn
Bn Bn Ph
405a, X = Br, 96% 405b 405¢, X = Br, 83%
X = Br, 83%
X =1,96%

Scheme 149: Intramolecular amination of 2-haloarylguanidines using a homogenous catalyst
A similar method was later published by Punniyamurthy et al using heterogenous copper
catalysis with U-bromo aryl-guanidines (406) which largely gives access to the analogous
species obtained by Batey in comparable yields (407ai ¢, Scheme 150).2°8 The advantage of
this procedure is that the simple, ligand-free catalytic system could easily be recycled which

offers practical advantages and restricts metal-contamination in the isolated products.
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. CuO (5 mol%)

Br R NaOH (1.5 equiv) N R
N N~R2 @ \>_N\
DMSO, 110 °C, air N R2

NHR R
406 407

N N //\ N //\

(:[ \>—N(j (:[ >N © @ S—N  NBoc
N N / N /
Bn Ph
407a, 78% 407b, 88% 407c, 90%
OMe

Scheme 150: Punniyamurthydés heter ogenohawaryigmhidinesnol ecul ar

5.4.2 Intermolecular examples

In 2009, an intermolecular bis-functionalisation of 1,2-dihalo arenes (408) with guanidines
(409) was reported by Deng, a strategy which offers theoretical advantages over the
intramolecular examples above (410ai ¢, Scheme 151).29° By use of a simple ligand system
and taking advantage of the intermolecular nature of the reaction, it allows for a variety of
products to be assembled through a late convergence point, without substrate preparation as
in the above examples. However, the highly forcing conditions (>150 °C, long reaction times)
and low yields do not lend well to providing a reliable method to access these products.
Moreover, the use of heavy halogens (bromine, iodine) consequently lower the atom economy
of the procedure, and 1,2-dihaloarenes represent a non-trivial synthetic target to access.
These factors limit the applicability of this method in providing a scalable synthesis of these

compounds.

Cul (15 mol%)

X NH o H
J\ R MeHN/\/NHMe (30 mol%) N N ,R1
HoN” N > Rp 7N
Z=N R

é
<,\ /?

Y éz HBr Cs,CO3 (4 equiv) )
408 409 DMA, 16 h 410
/\ )
>N © /@E >N © @E >—NH
X=Y=I X=1Y=Cl X=Y=]

410a, 150 °C, 52% 410b, 150 °C, 25% 410c, 165 °C, 26%

Scheme 151: D e n g 6 scatatysefd guenidinylation of 1,2-dihaloarenes
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Bao and co-workers published the use of aryl-diimides (411) as an intermolecular example of

2-aminobenzimidazole formation.?!° The reaction proceeds under similar conditions and offers
comparable yields to the reports in Section 5.4.1. The authors showed that the reaction went
via guanidine 413, but the slight advantage offered by this adaption is that it telescopes the
guanidine-formation through to the cyclisation event. The diimide substrates can be readily
prepared by dehydration of a urea,?'! however, this is a limitation of the methodology as
diimides are strongly dehydrating substrates. This limits functional group compatibility towards
dehydrating sensitive groups (carboxylic acids, primary amides, amines).
Cul (10 mol%)

1,10-Phen (20 mol%)
or L-proline (20 mol%)

N 1 ; N R’
@ Conr HN,R Cs,CO3 (2 equiv) ©: NN
I R2 70 °C, 1,4-dioxane, 20 h g R?

41 412
. O30 03O O

OMe OMe
412a, 95% 412b, 96% 412c, 88%

Scheme 152: The use of aryldiimides as precursors to 2-aminobenzimidazoles

This diimide strategy was later extended by switching the diimide and amine partner. Two
sequential publications detailing the intermolecular reaction between o-haloanilines (413) and
exogenous carbodiimides (414) to give 2-aminobenzimidazoles (415) were reported in
2010/2011 by Xi and Bao (Scheme 153).212213 These diimide procedures offer improved yields
over other intermolecular examples and the ligand-free design in this example makes for an
operationally simple protocol. The authors noted that unsymmetrical aryl-alkyl diimides give
Ni-aryl benzimidazole products 415e & 415f, indicating a good level of regioselectivity for
these specific products. However, the functional group tolerance is limited by using highly
reactive dehydrating diimide substrates?4 and the use of a strong base (NaO'Bu).
Furthermore, the reaction class is limited to products with specific substitution patterns, and

aniline substrates baring electron donating groups were not tolerated.
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Cul (10 mol%)

NH2 1 H
R B R2 ,,C"N‘R1 BuONa (2 equiv) R B N\>—NHR1
N N NMP, 24 h, temp AN
413 414 415 R?
O O
H—NH ©: D—NH ©: H—NH
N N
N@ & &
415a,X = 1,90 °C, 88%  415b, X = Br, 110 °C, 86%  415c, X = Br, 110 °C 65%
N Q ~ ©: D—NH
N
/©: D—NH ©: S—NH N
MeO N N

415d, X = Br, 110 °C, 0% 415e, X =Br, 110 °C, 79% 415f, X = Br, 110 °C, 55%

Scheme 153: The coupling of o-haloanilines with diimides to form 2-aminobenzimidazoles

The procedures discussed in this section use o-halo arylguanidines to synthesise
2-aminobenzimidazoles. This offers an advantage as the heterocycle can be directly
synthesised in one step. However, the substrates for these transformations are synthesised

from ortho-haloanilines, which are not trivial synthetic targets to access.
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5.5 Direct heterocycle synthesis by Ci H functionalisation

5.5.1 The challenge with 1,2-substituted arenes

Ultimately, the requirement for 1,2-disubstitution on the arene portion of the substrate is
essential for all the examples discussed up until this point. Various limitations exist to this
strategy; however, the overarching problem is access to the required 1,2-disubstituted starting
materials. The most common method of accessing 1,2-diamines comes from the reduction of

a 2-nitroaniline2® and 2-haloanilines are likely products of a Sandmeyer reaction.?15-218

The commercial production of 2-nitroaniline (417) is performed by aminolysis of
2-chloronitrobenzene (Scheme 154).219 On further consideration, 2-chloronitrobenzene itself
is synthesised through the nitration of chlorobenzene, of which the desired ortho-substituted
product 418 is not the major product from this reaction. The nitration reaction gives 35% of the
desired ortho-isomer with the major product being the para-isomer 420 in 64% yield.1% Despite
these reactions being commercialised and conducted on a huge scale, the desired 1,2-diamine
for benzimidazole synthesis is likely the minor product of 4 separate synthetic steps from crude
petroleum/benzene (chlorination, nitration, aminolysis, reduction). All of which before even

considering further substitution on the arene backbone.

cl

Ot e (O, O
B E— —_—

O,N NG, NO, NO,

421 420 419 418 417

64% 1% y, 35%
Y

65% non-desired product

Scheme 154: Regioselectivity problems with the nitration reaction

When considering the synthesis of 2-haloanilines, a versatile synthetic precursor to
2-aminobenzimidazoles as discussed in Section 5.4, a common method to do so is the
Sandmeyer reaction of a 2-nitroaniline (417, Scheme 155). This reaction involves diazotisation
of the aniline and then CuX (X = Cl, Br) mediated halogenation.?*> This synthetic sequence to

access o-haloanilines is an indirect series of transformations. 2-nitroanilines (417) are
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themselves versatile substrates to access 2-aminobenzimidazoles as described by methods

in Section 5.3.1. Adding two further transformations to manipulate 2-nitroanilines (417) into

2-haloanilines (423) thus adds unnecessary synthetic complexity.

NH2 1) NaNOZ, CSA X . X
2) CuX Reduction
NO, NO, NH,
X = halogen
417 422 423

Scheme 155: Synthesis of o-haloanilines via a Sandmeyer reaction

A significant advantage in the synthesis of 2-amionobenzimidazoles would be realised by
obviating the requirement to go through this multi-step reaction sequence. A result of this

would be lower cost of goods, less waste and access to starting materials on a larger scale.
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5.5.2 Ci H functionalisation methods with endogenous oxidants

The first intramolecular Ci H amination to form 2-aminobenzimidazoles from aryl-guanidines
was reported by Schubert in 1973 (Scheme 156). This proceeded in a similar vein to Partridge
and Turnero6s observation of be argd-amuines&?%98 This
report described how when briefly heated to the melting point, N-O acylated guanidines (424,
guanidoximes) spontaneously cyclise to the corresponding 2-aminobenzimidazoles (425). The
authors state that it is likely the reaction proceeds through the formation of nitrenoid species
426. However, the low yields (<30%) and neat reaction conditions limit the practical application

of this methodology.

M H
©/N \n/NRz Heat N
»—NR
N. Neat, melt ©: 7 2
OBz N

424 425

Scheme 156: The use of guanidoximes as internal oxidants to form 2-aminobenzimidazoles

I't was reported by ES®S$Smdcortamingshbstratésq421) éas untehga t

a vicarious nucleophilic substitution to give 2-aminobenzimidazoles (Scheme 157).222
Vicarious nucleophilic substitution is a subset of SnAr in which the addition-elimination
sequence results in elimination of a leaving group which is bonded to the incoming nucleophile,
as opposed to the aromatic ring being substituted.??3 Under significantly milder conditions to
those offered above, substrates which are

group (nitro) under basic conditions result in cyclisation to the 2-aminobenzimidazole. The
anionic g wash hudléophdid Ni O fitrogen adds into the ~ -system where the

negative charge is stabilised by the highly electron-withdrawing nitro group to form 429. Under

f or mat

ol

N

oadec

the basic conditions rofoutslbe | reeaard tnigo ng,r otutpe (dneit ha

example) is eliminated to give intermediate 430. The final product (431) is formed after
protonation of 430. Despite offering an elegant route into these products, the starting materials
require a multi-step sequence to assemble and the requirement for suitable activating groups,

such as a nitro, remain essential for this vicarious substitution reaction to occur.
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Scheme 157: Vicarious SNAr to form 2-aminobenzimidazoles

Owing to the elaborate synthesis required for Ni OR substrates, it is desirable to use free
amines, or unactivated amino-containing substrates, to improve synthetic tractability. In light
of this, Esser further reported that meta-substituted nitro-aryl guanidines 432 cyclise under
basic conditions to give substituted benzimidazoles 433 in 58% vyield in the absence of a
vicarious leaving group or oxidant (Scheme 158).22* This reaction highlighted that guanidines
such as 432 are self-oxidising, by the formation of reduced aza-oxy compounds 434a & 434b
in 20% and 6% respectively. Attempts to control this redox pathway by adding exogenous
oxidants did not result in improved yields or suppressed formation of undesired aza-oxy
species, highlighting that this would be a challenging procedure to harness. Moreover, the
specific substitution pattern of highly electron-withdrawing groups limits the generality of this

procedure.
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Scheme 158: The self-oxidising ability of nitroguanidines

Endogenous oxidants, i.e substrates which contain an internal oxidant, are beneficial owing to
the relatively benign side-products which are formed along with not having to add
stoichiometric amounts of an exogenous species. However, the challenging synthesis of the
N-0O containing fragment results in a long synthesis which uses hazardous reagents (HgO,
hydroxylamines).222 Ultimately, this limits the uptake of the methodology. As a result, the
development of simple methodologies to form 2-aminobenzimidazoles using exogenous

oxidants has drawn the attention of synthetic chemists.
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5.5.3 Ci H functionalisation methods with exogenous oxidants

A strategy using an aryl-guanidine (435) and a hypervalent iodine oxidant was published by
Zhang in 2014.225 |nitial Sn? substitution of the guanidine onto the iodine(lll) species liberates
trifluoroacetate, forming iodinated-guanidine intermediate 436. This species is then primed to
undergo an electrophilic aromatic substitution reaction with the arene, liberating the reduced
iodine(l) compound and intermediate 437 which after deprotonation yields the product (438).
Strong evidence for this mechanism was given by poorly behaving electron deficient
substrates (as exemplified by 438b, R = CN, 37%). The authors noted good selectivity for the
formation of 1-aryl products, emphasised by the product of 438c in 83% yield. This selectivity
is interesting, suggesting that when R2 = aryl, an anilinic nitrogen preferentially displaces the
trifluoroacetate in the first step of the mechanism, as opposed to the more nucleophilic

cyclopentyl-baring nitrogen.

Despite the advantages offered in this method, this procedure raises the question of the choice
of oxidant for these transformations. The reaction requires the TFA-derived oxidant 439, other
hypervalent iodine species, for example Phl(OAc)z, result in the formation of different products
(438d). This selectivity concern results in the need to fine-tune the oxidant, and the relatively
high cost, high molecular weights and the poor atom-efficiency of hypervalent iodine oxidants

renders these protocols unattractive towards industrial requirements.
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Scheme 159: Hypervalent iodine derived oxidants give access to 2-aminobenzimidazoles

An alternative to the use of hypervalent iodine oxidants is the use of a transition metal catalyst
with a sacrilfiintiitailn géét urrenaogveenrt acting as the exoge
of copper and an atmosphere of oxygen as a ter mirt
interest. Bao reported that bis-aromatic carbodiimides (440) with a copper(ll) catalyst in the
presence of an amine result in the formation of 2-aminobenzimidazoles (442 Scheme 160).226
The reaction proceeds via an intermediate guanidine species 441, whereby following a Ci H
functionalisation event, the desired 2-aminobenzimidazole is formed. This was the first report
of a copper-catalysed Ci H functionalisation to form 2-aminobenzimidazoles under aerobic
conditions. However, the requirement for symmetrical diimide substrates restricts the products
to those where the arene portion of the benzimidazole and the N:-aryl group are equivalent.
In cases where an unsymmetrical diimide is used, the benzimidazole is isolated as a mixture

of regioisomers (as exemplified by 441b).
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Scheme 160: The copper-catalysed Ci H amination of diaryldiimides and an amine

A double-oxidation procedure to form 2-aminobenzimidazoles from amines (443), aryl boronic
acids (444) and aryl cyanamides (445) was reported by Neuville (Scheme 161).2%7 This tandem
Chan-Evans-Lam N-arylation/Ci H functionalisation highlights the potential for the combination
of copper and air to be a highly effective and efficient method for the synthesis of
2-aminobenzimidazoles. Despite the rapid assembly of the benzimidazole core from relatively
unfunctionalised starting materials, the problems with this procedure are comparable to the
method of Xi and Bao (Scheme 152 and Scheme 153). Often the 2 aryl groups must be
equivalent, as mixtures of regioisomers are isolated otherwise (446c). Further concerns are
presented with aryl boronic acids. These species are often synthesised from feedstock
materials, either by metalation of haloarenes and trapping with a boronate ester,228 or transition
metal catalysed borylations, both of which increase the length of the synthesis.229230 Further
challenges with using boronic acids are presented in their reported toxicological concerns,
where a number of common aryl-boronic acids have been shown to be mutagenic in the Ames
assay.?31.282 These concerns often present a hurdle to process chemists, and methods which

negate the use of mutagenic compounds are desirable from a safety perspective.
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Scheme 161: A 3-component coupling of amines, aryl-boronic acids and a cyanamide

The direct conversion of CiH bonds to 2-aminobenzimidazoles has received significant
interest in recent years. The progress made in this field has made access to these species
from simple starting materials efficient and attractive to a synthetic chemist for several
reasons. There is no longer a requirement to synthesise the benzimidazole heterocycle and
undergo a series of laborious post-formation modifications to incorporate the amino group into
the 2-position. This ultimately saves time, effort and resources to develop new benzimidazole
containing compounds. The key to the success of these methodologies has been the
development of powerful and user-friendly oxidation procedures which harness the potential
of a successful C-H functionalisation. However, the use of stoichiometric oxidising reagents
lowers the appeal of these protocols owing to the formation of substantial waste products, or
challenging chemoselectivity problems with the synthesis of 2-aminobenzimidazoles
depending on the choice of oxidant. The opportunities presented through the combination of
copper as a catalyst and air as exogenous oxidant, whereby the oxidation by-products are
easy to remove and handle, have the potential to solve several of the related concerns with

the discussed oxidation procedures.
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5.6 Copper-catalysed aerobic oxidations

5.6.1 Oxidations and the use of O;

An oxidation is an event in which a species undergoes a loss of electrons. These reactions
are crucial for several processes, including, but not limited to, metabolism, energy generation

and the synthesis of organic compounds.233

The key requirement of an oxidant is the presence of empty orbitals that are low-lying in
energy.23* These empty orbitals, on oxidation of the substrate, become occupied, reducing the
oxidant and completing the redox transfer. Given in Figure 25 is a molecular orbital diagram
for diatomic oxygen and the peroxide ion. The regions shown are those associated with the
redox properties of these molecules.??® The 2p” ¢* orbitals are two low lying anti-bonding
" -orbitals. In O2, contained within these two degenerate orbitals are two electrons, which are
distributed evenly in a manner to maximise the spin multiplicity of the system according to
Hu n d 6 €3 Thig tripet state, termed due to the two unpaired electrons, is the ground state
of diatomic oxygen (Oz2), a highly unusual example of a stable diradical species. On 2-electron
reduction of Oz, the two new electrons occupy the half-filled 2p” ¢* orbitals, spin-pairing with
the unpaired electrons from O2. The processes decreases the bond order from 2 to 1 to give
peroxide (O2?") resulting in an elongation of the bond length. This bond-lengthening is often

interpreted as a sign of the reduction of oxygen in mechanistic studies.
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Figure 25: Molecular orbital diagram of diatomic oxygen. Note 1s( and 2s( orbitals are omitted for
clarity. g=gerade, u=ungerade.

The reasons that oxygen is desirable as an oxidant in synthetic organic chemistry are relatively
apparent. Chemical industries often strive to use oxygen as an oxidant owing to the high
atom-economy offered and the untaxing effect on the environment.23” Oxygen constitutes 21%
of the earthdéds atmosphere and i s c 0% Beécausetof
these factors, it is considered a green, renewable oxidant which is available in vast
guantities.238 Furthermore, when used directly as air, it comes at essentially no cost to the
chemist. This has been capitalised on by the commodity chemicals industry, and several
feedstock materials are produced by way of an aerobic oxidation. Formaldehyde (from
methanol), ethylene oxide (from ethene), 1,2-dichloroethane (from ethene & hydrochloric
acid), vinyl acetate (from ethene & acetic acid), phenol (from cumene) and caprolactam (from

cyclohexanone) are all produced using air or oxygen as the oxidant (Scheme 162).23°
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Scheme 162: The use of oxygen as a terminal oxidant to form a range of commodity chemicals

Traditionally, however, the pharmaceutical industry has remained cautious of the use of
oxygen. In most cases, the organic solvents which are used in chemical reactions are volatile
and highly flammable. This presents an inherent risk of fire or explosion when performing

reactions under an atmosphere of oxygen.240.241

In recent years, many elegant engineering solutions have been developed which present
solutions to the flammability concerns through the development of bespoke reaction vessels.
For example, systems which directly bubble oxygen into the solvent and allow for rapid
dissolution and consumption of oxygen have been developed.?42 This prevents the build-up of
oxygen in the headspace of the reaction, removing the risk of explosion in batch reactors.
Other solutions are presented by the use of flow chemistry, which often present huge
advantages in biphasic reactions owing to superior mixing abilities.243244 These solutions to
the risks associated with using oxygen as an oxidant have allowed industries to look upon,
and pursue aerobic oxidations as a viable, safe alternative to the use of other, more hazardous
oxidants. In recent years the pharmaceutical industry has adopted aerobic oxidations for the
synthesis of important pharmaceutical compounds, perhaps indicating a change of mindset to

the use of aerobic oxidations given appropriate understanding of the safety of the process.?4°
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5.6.2 The combination of copper and oxygen as an oxidation method

The combination of copper and oxygen as a feasible oxidation method is neither new nor an
exclusive synthetic method. The combination has roles associated with, but not limited to,
metabolism, energy conversion and storage, and synthetic methods to form organic
compounds.?*6 The interaction of copper and oxygen is extensively exploited by natural
systems, with important enzymatic and biochemical process harnessing these important
interactions. For example, haemocyanin is a bimetallic copper-containing oxygen transport
protein in arthropods and mollusks?#” and a range of monooxygenase enzymes contain

copper-ions.233

A key synthetic example of an industrialised process in which copper and oxygen are
combined is the Wacker process (Scheme 163).248 The production of acetaldehyde from
ethene and oxygen supplies world-wide markets with two million metric tonnes per year. The
reaction mechanism has been studied extensively?*® and will not be discussed in detail.
However, the important interaction is the role of copper and oxygen in the transformation. After
the formation of acetaldehyde, the palladium catalyst is reduced to a Pd° species (447) which
is unable to re-engage in the catalytic cycle, necessitating a stoichiometric loading of palladium
for full conversion. The Wacker process uses a substoichiometric quantity of Cu(ll) chloride
which efficiently oxidises the palladium centre back to the active Pd" complex 448. The
reduced CuCl then undergoes aerobic oxidation with Oz, forming water and regenerating
CuClz to re-engage in the catalytic cycle. The use of oxygen in combination with copper
enables the industrial route to utilise catalytic quantities of both palladium and copper, whereby

the resultant process is very cost, atom and mass efficient.
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Scheme 163: The importance of the combination of air and copper in the Wacker reaction

The binding of oxygen to copper and the subsequent interactions has been studied extensively
by computational methods and using heterogeneous copper-bound supports (zeolites).2%0
Oxygen can bind a copper centre either end-on or side-on, providing an indication of the
coordination properties of 02.251.252 Further, on binding to a zeolite-bound copper species, the
oxygeni oxygen bond length increases from 1.22 A (free O>) to between 1.27i 1.32 A, which,
compared to the Oi O bond length in hydrogen peroxide (1.46i 1.48 A dependant on the
source) suggests a bond-weakening effect.251.252 This bond lengthening is highly indicative of
increasing the electronic population of the 2p” ¢* orbitals, whereby the " -bond is weakening,
which results in a longer oxygeni oxygen bond. Finally, computational methods have shown
the charge-transfer of ~0.3 eV from a copper 39 orbital onto oxygen.2>! Despite zeolite
structures not being representative of what is occurring in a homogenous catalytic system,
they do provide a powerful and insightful mechanistic model onto the activation of O2 by

coordination to a copper atom.

Copper exhibits four different oxidation states, Cu(0), Cu(l), Cu(ll) and Cu(lll), allowing it to act
by one-electron or two-electron redox processes.?*2 Moreover, the different oxidation states
allow it to form favourable Lewis acid interactions with organic substrates, facilitating a range
of powerful chemistry, including the reactions discussed in Sections 5.4 and 5.5. Given the
correct arrangements of ligands and organic groups bound to an active complex, Cu(lll) can
readily undergo reductive elimination to Cu(l), forming a range of valuable Ci C and Ci X

bonds, in many cases from the functionalisation of Ci H bonds.?*? The Cu(l) species which
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forms as a result of the reductive elimination is then readily oxidised by Oz back to Cu(ll),

allowing copper to be used in catalytic quantities. Given in Figure 26 are the standard
electrode potentials of the half-reactions associated with an aerobic oxidation of copper.253.254
The values displayed in Figure 26a show the redox half-equations and potentials for the
reduction of Oz to water (E° = +0.401 V) and in Figure 26b the one-electron reduction of Cu(ll)
to Cu(l) (E° = +0.153 V). Both values are positive, indicating that the position of equilibrium
shifts to the right-hand side of the arrow. Moreover, the low value for Cu(ll)/Cu(l) indicates that
interconversion between Cu(ll) and Cu(l) is facile. On considering the oxidation of Cu(l) to
Cu(ll), the reverse direction of the equilibrium arrow is followed, whereby the magnitude of the
value remains identical, with a change in sign. Therefore, the redox potential for the oxidation
of Cu(l) becomes E° =10.153 V (Figure 26¢). Finally, on combining both equations to develop
the electrode potential for the electrochemical cell between Oz and Cu(l), it is observed that
Ecen =+0.248 V (Figure 26d). Despit e these being ideal eq
ligated with organic ligands and substrates), these equations do not provide a quantitative
numerical value for what is happening in organic reactions.?>* However, taken in isolation, the
values provide a sense of the feasibility for the forward reaction to occur. The positive value
of Ecen indicates that the forward reaction is favourable (i.e gpG< 0 according to the Nernst

equation, Figure 26e) showing that the aerobic oxidation of Cu(l) ions by oxygen is favourable.

a) O, + 4HY + 47 =——= 2H,0 E°=+0.401V
b)Cu(ll) +&= =—= Cu(l) E°=+0.153 V
c) Cu(l) Cu(ll) + & E°=-0.153 V

d) O, + 4H" + 4Cu(l) 4Cu(ll) + 2H,O  Egey=+0.248 V

Qw0 :0

Figure 26: A thermodynamic explanation for the oxidation of Cu(l) by oxygen. Standard E° values, at
298.15 K (25 °C), and at a pressure of 101.325 kPa (1 atm). Values are referenced relative to the
standard hydrogen electrode (2H* + 2e 4 H2. E° = 0.000 V)
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6. Aims and Objectives

New methods for the synthesis of important azacycles are constantly desired by chemical
industries. Specific species, such as 2-aminobenzimidazoles, remain highly challenging to

access by traditional methods.154.156.160

Over the past 20 years, the development of oxidative copper-catalysed methodologies which
utilise oxygen as a terminal oxidant have received substantial interest. New methods
developed include the Chan-Evans-Lam Ci N bond-forming reaction of amines with aryl and
vinyl bornate species,?55258 the Stahl oxidation of alcohols to ketones/aldehydes25%-261 and

direct heterocycle forming reactions by methods previously discussed in Sections 5.4 and 5.5.

The current copper-catalysed aerobic oxidation methods to form 2-aminobenzimidazoles
suffer with poor generality and the products are highly restricted to specific substitution
patterns.226.227 The aims of this chapter are to develop a set of general conditions to synthesise
2-aminobenzimidazoles (450) through an intramolecular C—H functionalisation protocol of aryl

guanidines (449) using a copper-catalyst and air as a terminal oxidant (Scheme 164).

N<_NR XN

R1_: A Y 2 Copper catalyst R1—: _ \>—NR2
= H NH» Air ”
449 450

Scheme 164: The proposed copper-catalysed intramolecular Ci H amination of aryl guanidines

The reasons for this are because the starting materials required for Ci H functionalisations are
cheaper, more sustainable, and more available than the required alternatives.?® Once a
suitable method for the synthesis of 2—aminobenzimidazoles through an intramolecular C-H
functionalisation has been developed, the aim is to explore the substrate scope of the
developed reaction to examine the generality of the procedure. Once examined, the method
will be applied to the synthesis of an important pharmaceutical compound to highlight the

procedure as a viable alternative to traditional methods.

147



6. Aims and Objectives
Moreover, with the development of new methodologies comes improved understanding of the

mechanisms by which these products are formed. The intramolecular copper-catalysed C-H
functionalisation has received relatively little mechanistic investigation, specifically including
the role of key additives within the reaction system. Through a series of control reactions, the
aim was to improve the understanding of key additives and the mechanistic role these species

play. This provided an improved mechanistic understanding of the Ci H functionalisation event.
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7. Results and Discussion
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7. Results and Discussion
7.1 Reaction scouting and optimisation

Inspiration for an intramolecular Ci H functionalisation to target 2-aminobenzimidazoles was
garnered from a seminal report by Buchwald in 2008.262 |t was reported that aryl-amidines
(451) baring an arene in the R? position which was ortho-substituted underwent cyclisation to
a benzimidazole (452) in the presence of copper(ll) acetate and acetic acid (Scheme 165). It
was clear that there were unknowns in the reaction mechanism owing to the highly restricted
substrate scope requiring a specific substitution pattern, however, these conditions offered a
promising starting point. Within the publication, it was mentioned that functionalisation of an

electron-rich substrate proceeded slightly faster than an electron-deficient substrate.

Scheme 165: Inspiration for the transformation, taken from a 2008 report by Buchwald

With the observation that functionalisation of an electron rich substrate was faster, a model
guanidine substrate was designed which was electron rich and would give access to a
2-aminobenzimidazole. 3-methoxyaniline (453) was deprotonated with sodium hydride in
DMSO and reacted with N,N-dimethyl cyanamide to give electron-rich aryl-guanidine 454 in

52% yield on a multi-gram scale (Scheme 166).
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