Investigations into the Generation and
Pleiotropic Reactivity Modes of the Nitrile
Imine 1,3-Dipole
Keith Livingstone

June 2020



Investigations into th&eneration and Pleiotropic

Reactivity Modes of the Nitrile Imine 2Bipole

Keith Livingstone

April 2020

A report submitted to the Departmenf Pure and Applied Chemistryniversity of
Strathclyde, Glasgow, in fulfiimentof the reuirementsfor the degree ofDoctor of

Philosophy.

| certify that this report has been written by myself. Any help | haveived in my research
work and the preparation of thieportitself has been acknowledged. In addition, | certify

that all information sourcesnd literature used are indicated in tport

This thesis is a result olbeentconposedby thecautlios or i
and has not been previously submitted for examination which has led to the award of a

degree.

The copyright ofthis thesis belongs to the author under the terms of the United Kingdom
Copyright Acts as qualified by University f oStrathclyde Regulation 3.50. Due
acknowledgement must always be made of the use of any material contained in, or derived
from, this thesis.

Signed:

Keith Livingstone

June2020



Abstract

The nitrile imine 1,&dipole is a versatile intermediate with &atse range of applications
from chemical biology to materials chemistry. In the 60 years since i@ idigcovery, this
system has been found to undergo-digblar cycloaddition with numerous dipolarophiles,
while also engaging with various convemiid heteroatomic nucleophiles through an
electrophilic addition mechanism. This pleiotropic reactivitgfie makes the nitrile imine
an especially unique motif within E@pole chemistry.

The research detailed within this thesis relates to the manguulat the nitrile imine 1,3
dipole and its role in the discovery of novel chemical transformations ankkwowards
methods of harnessing its complex reactivity profile with the ultimate goal of improving the
understanding of the species in its contina@glication within ligation chemistry. As an
initial investigation, a novel approach towards the pop@drtetrazole nitrile imine
precursor was developed. Employing robust Subykirogenation methodology previously
established within our laboratonhi$ protocol demonstrates a facile means of accessing a
broad palette of 2;8iaryl tetrazoles for applation as a source of nitrile imineSgheme
0.1).
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Schemd.1: The development of a novel route towardsdidgyltetrazoles employing Suztd@benzylation
mehodology

With efficient access to the k@Bpole demonstrated, the extensive reactivity of the nitrile
imine was investigatethrough its combination with arylboronic acids. Drawing mechanistic
inspiration from the Petasiannich reaction, a novel and rakfree approach towards-C

bond formation was developed, forming an array of aryl ketone hydrazone compounds
(Schemd.2). The scope of thprocedure was further expanded through the introduction of
hydrazonyl chlorides as an alternative source of the nitrile imine. Exemplification of the
transformation was accomplished through the nfetal synthesis of hypolipidemic agent
fenofibrate, the daption of the methodology to incorporate the nitrile oxidedip®le, and

the integration of 2Betrazole photolysis within a flowhemistry manifold.
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Schemd.2: The devlmpment of a metaree GC bondformation through the combination of nitrile imines and
arylboronic acids

Finally, following extensive experience with the promiscuous reaction profile of nitrile
imines, a series of competition experiments were undertakelevelop acomprehensive

guide to the relative reactivity of the pleiotropic dipEEhemd.3). The study investigated
numerous potential substratesspaming a selection of biomolecular residues, potent
nucleophiles and bespoke dipolarophiles. Particular attention was paid to common NI
bioorthogonal ligation agents that have been previously reported. Based on this, a definitive
roadmap of NI reactity was developed towards the more informed application of the

versatile dipole within the field of chemical biology.
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1 Nitrile Imines

The generation of nitrile imines (NIs) can be traced back to the begiohihg 20" century,
although these reports lacked both characterisation and application of the highly reactive
species. The first synthetically tractabieport came from Huisgen in 195This initial

study was remarkably comprehensive, documenting multiple approdohesds the
generation of the Nland detailing its reactivity with a number of dipolarophiles and
nucleophiles. Huisgen dominated the aaf®r much of the next decade andowpded
invaluable insights into the reactivity, kinetics and chemoselectiviNi®through a number

of publications''*8

Interest in the applications of NIs was more sparse over the next few decades, with the
majority of publications focusing instead dime mechanism of their formation, or reactivity

with different substrates. Recént however, NI chemistry has enjoyed a renaissance
throughout the literature, with a raft of applications identified in the synthesistioE a
pharmaceutical ingredients (A4}, in bioorthogonal conjugation, and in materials chemistry

over the past fiften yeard??2?
1.1 Properties

1.1.1 Resonance Forms

NIs are members of the nitrillium betaine family of -tljpoles, which possess the general
formula outlined inFigure 1.1.%22 These are isoelectronic with the allyl aniontwi 4
electrons shared across three atoms. The inherent reactivity-dipd|8s comes from the
incomplete octeof the neutral terminusyhich gives rise to a number of potential resonance
forms. The contribution of each of these canonical forms islyhigiportant in governing

the reactivity of the species.

neutral

S @ terminus X = O, nitrile oxide
Xz X =N, nitrile imine
Zmone N X = C, nitrile ylide

Figure 1.1: The general structure of the nitrillium betaines

Two resonance forms can be viewed as the dominantilmatoirs to NI structure: the
propargylic and allenic formg={gure 1.2). From a geometric perspea, the propargylic
structure can be described as planar (with respect to-thdNbond axis), while the allenic
form is sl i?yMitd yamidenfden referred to as

interconversion energy barrier between the two isoffefs
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Figure 1.2: The six potenél resonance forms of Nl

Which of these two resonance forms predominates depends significantly on the substituents
on both termini of thé\I.2” One of the most important factors is the electronegativity of the
terminal nitrogen atom. Increased electraiegty favours the linar, propargylic structure,
forming a more electrophilic dipole with a losnergylowest unoccupied molecular orbita
(LUMO), andvice versadn the case of the allenic forff?°

More recently, attention has turned to the importaoicéhe contribution ofhe carbenic
resonance form. Computational studies have indicated that substitution@tehainus of

the NI with a heteroatom such as nitrogen or oxygen could increase the carbenic character to
up to 206 of the overall resonanceontribution®®3! This has been partially confirmed
experimentally, with Eamino NI showrvia infra-red (R) spectroscopy to exhibit tHewest

C-N bond order of any NI ever record&d.

1.1.2 Characterisation of NlIs

A number of spectroscopic techniques havenbemployed in an effort to suitably
characterise NlIs. As expected in a nitrillium betainedip®le, the inherent reactivity of the

speces is a major stumbling block in this process.

Following on from theirnitial application} any preliminary evidere of the existence of an
NI intermediate was indireét,with the first direct detection of an NI reported in 1973, using
ultravioletvisible light (UV-Vis) spectroscopy at cryogenic temperatuifes.

Multiple appoaches towards the spectroscopic charaetiwis of NIs were reported
throughout the 1980s. The WWis spectra of diphenyl NI and derivatives were reported
independently by both Holmand Heimgartner, employing 12 K matrix isolation and
immobilisation usig ethefisopentanesthanol (EPA) or poly(vigichloride) (PVC) glas$®

% The IR spectra were also disclosied these same repost The palette of diaryl Nls
characterised using thischnique increased towards the middle of the decade, with over 20

UV-Vis and IR spectra reporté@l® The utility o this approach was significantly bolstered



with the application of Afl asho pheisol ysi s

spectrumof an NI at room temperatufg?!

Other spectroscopic approaches wese aleveloped, principally using high temgara gas
phase techniqués. This enabled analysis through mass spectrometry, photoelectron
spectroscopy, or IRiaimmobilisation of theNIl on a KBr disc***Modernday advances in

IR technology have recentlseen the remergence of this approach &g tmost valuable
analytical technique in the characterisation of reactive’Nfs'*

1N nuclear magnetic resonance (NMR) spectroscogyatso been shown to be a feasible
approach, although a limitation of shtechnique is that the NI requires enhanstdbility
relative to other spectroscopic methdtddore recently, photocrystallography was also

employed as a means of characterisiragydiNIs 6

1.1.3 Spectroscopic Properties

NI UV-Vis spectra are dominated laylarge absorption around 2205 nm (heteratom
substituted NIs) or 37865 nm (diaryl NIs}236:3840414347Thjs is postulated to originate
from-" & fransi t i ocase of wiaryl INls, an extremebyelarge extinction
coefficient leading to a very broad sigA%Electronrich species on thi-terminus of the NI

and electrordeficient species on tieterminus further increase absorption wavelerigjth.

IR spectroscopy is one of the most valuable techniques in determining whether a specific NI
will adopt an allenic or propargylic structure, as the most prominent peak of the spectrum
corresponds to the-8 antisymmetric stretch, with the stretching frequency increasing with
increasing bond order. All NIs with a-i8 stretch frequency below 2100 €nare almost
entirely allenic (EN bond order of 2), while those with a stretch frequency above 2260 cm
are Ikely to primarily exist as the propargylic resonance form. Those with a value between
2100 cmt and 2200 cm exhibit both allenic and propargylic characteMost diaryl, or

even monoaryl NI species have been shown to possess a predominantly progargylioe
through this technique (® stretch typically ranges from 222250 cmt).3537:3943The
addition of any conjugative functional group onto either of the aromatic rings, electron
donating or withdrawing, will lower the bond order of theNCbond and will lower the
stretching frequency accordingiyNIs substituted by heteroatoms typically adopt allenic or

mixed resonance forms, withI€ stretch values between 1990 and 2176.¢¢0-31.4852

There has been considerably less focus on the atkasation of NIs by NMR spectroscopy
in comparison to other methods, likely due to the relatively specialised conditions required
making the stability of the compound a necessity. In the specific cases where NI NMR
spectra have been examin&if; resonaces have been observed between 45 and 7G5m.

This is complicated by large longitudinal relaxation:)(Walues and small transverse



relaxation (%) values, which can lead to extremely broad and undetectable ‘pedKs.
NMR spectroscopy is a viabletae r nat i v e, whi ch g®mtaroantes a s
215--170 ppm?®

UV-Vis
R'- Amax T with 7 electron-withdrawing property
R2- Jm.x T with 7 electron-donating property

@, C NMR

N~ N, - characteristic sharp signal -215—-170 ppm

IR
C-N bond - antisymmetric stretch around 2250-2000 cm™
- frequency T with 7'in bond order

Figure 1.3: A summary of the spectroscopic characteristics of NIs

1.2 The Generation of Nitrile Imine Derivatives

As most forms of the NI moiety are unstable under standard conditions, they must typically
be generateth situby an appropriate precursor. This is possible through a range of chemical
transformations, each with their own advantages andivhsdages. Examples of each are

provided in the subsequent sections.

1.2.1 Hydrazonyl Halides

The most common NI precursor is the hydrazonyl halide, or a derivative thefdaf.NI is
typically generated from this precursor through treatment with a basepws 8hScheme
1.1, causing deprotonation and subsequent elimination of the Ralide.

o

base + N’NH —_— @N,N + baseH™X
Z

@

Scheméd..1: The generation of NIgsing hydrazoyl halides

The generation of NIs from hydrazonyl chlori
report, as an alternative to the thermolysis ofdisbibstituted tetrazolesSéction1.2.3.

Treatment of d@henyl hydrazonyl chloride with triethylamine in the presence of
dicyclopentadiene yielded the expected pyrazoline in a®88ield (Schemel.2). The

liberation of the NI in this manner was later shown to be a s@élerprocess through a
combination of kinetic and isotope labelling studidydrazonyl chlorides were able to act

as a fAdepoto of the NI, wdependentandhe reactiviywfl v ¢ o1

the dipolarophile partner of the cycloaddition.



Ph QZ} H Ph
_NH N,
N —_— N
P Et;N, PhH

Ph Cl 83 % H Ph

Schemd..2: The first example of NI generation using hydrazonyl halides

Further mechanistic ark has since shown that NI formation from hydrazonyl halides is in
competition with the formation of the analogous carbonium cati®@chgeme1l.3).>
Unsurprisingly, the relative formation of either intermediate is highly dependent upon pH,
with the NI dipole formation becoming increasingly davable with increasing pH. The pK

of the hydrazonyl halide therefore has a significant impact on the rédé ggneration, as

the deprotonation of the species is the rate determining step of the réaB@aTtivity may

also be modified through variah of theC andN-substituents, and through careful selection

of the halide or psuedohalide leaving groupr Egample, increased reactivity has been
exemplified through the exchange of a hydrazonyl bromide with a hydrazonyl iodide, due to
the lower pk of the iodide aniori!

‘ B l B
L r +/-H* N@ '
il ) ¥
Ph)\CI Ph)\Cl
R pK,
Me 9.64
+/-CI +/- CI"
F 9.42
e N02 "‘8 e
O Br -H* l Br
®,NH """""""" > ®,N@
— N = N
72 7
Ph ph

Schemd..3:The pKa of the hydrazonyl halide can be influenced by substituent

The selection of base can also prove important when generating NI sp@ogsydrazonyl
halides. Silver(l) carbonate in particular has been proposed to facilitate NI formatioghthrou
an alternative mechanism to that of a more conventional base, such as trieth§lamine.
Whereas triethylamine has been shown to initiate reattimugh the deprotonation of the
hydrazonyl halide, the silver(l) cation is believed to initially generage darbonium ion,
which then forms the NI through deprotonation by the carbonate aBabreifnel.4).>° The
driving force behind this process is the fotima of the insoluble AgCI saf. This may also

influence the rate of NI reactivity, as the solubility of the salt generated upon NI formation

5



has a significant impact on the balance of the equilibrium lestleese products and the

starting hydrazonyl Hiale.

MeO,C ; Ag* MeOZC/© COz* Me020/©

-NH ®_NH - ® NO
N AgCl (s) - HCO; _N~

MeOZC Cl MeOzC MeOZC

Schemd..4: The use of silver salts in the generation of NIs

Numerous examples exist in the literature documentingsticeessful application of both
organic andnorganic bases within this reaction. For example, inorganic bases are competent
in the generation of Nis in aqueous media, as evidenced in the first reported example of NI

cycloaddition under such conditiorS8chemd.5).5*

Me Me
(0]
Meo)J\/ o
| NH H,0, NaOH NN Q
e \ OMe
| Cy4N*CI, 24 h, rt
MeO,C Cl quant. MeO,C

Scheméd..5: The first example of NI cycloaddition under agueous conditions

The presence of a halideunterion itselfin the reaction miture can also have a significant
impact upon the reactivity of the NI. Recent examples in the literature have shown that when
generating NlIs through irreversible mearedtion 1.2.3, performng the reaction in
phosphatéuffered saline (PBS) can lower the reactivity, by trapping some of the dipole as
the corresponding hydrazonyl chloridgcfemel.6). This is accomplished by the chloride
anion within tte buffer 2

hv

-N -N
v I/SN’“O
@ " ® (&)
1 +/-CI’
+-H*
(&)
_NH

@

Scheméd..6: The trapping of an NI dipole via the presence of chloride anions in an aqueous reaction mixture

As discussed previously, hydrazonyl halides are utmgsiwithin the literature as a robust

means of generating NlIs, with numerous examptetuding microwave and solvefree



approache&*54 The most conventional means of synthesising these precursors is through
halogenation with an electrophilic halogaurce®® although hydrazonyl chlorides may also

be accessed through the treatment efrtdevant hydrazide species with a chlorinating agent
such as POG(Schemel.7).5¢ The hydrazonyl iodide can be generatéa a Finkelstein

reaction of the relevant hydrazonyl bromide analdque.

NO, NO,
Br2
O,N — = O,N
_NH _NH
N AcOH N
)I\ 0°C,3h |
EtOZC H 69 % Et02C Br
cCly, PPh
NH %8 NH

HN

MeCN |
0] rt, 20 h Cl
64 %

Schemd..7: Exemplar methods of synthesising hydrazonyl chlorides

Hydrazonyl halides are mildly unsiabto atmospheric conditions, and are severe skin
irritants” As such, it is also common to generate these sp@tisiu (Schemel.8).6”¢8
Indeed, this can be taken a step further, beginning with the aldehgdgenarating the

hydrazone, hydrazonyl bromide andiNIsitu prior to isolation othe product®

o)
QQ/H\OEt

PPh;Cl,

Et;N, MeCN
o) rt, 1 h
82 %

Scheméd..8: The in situ generation and consumption of the hydrazonyl halide

1.2.2 Hydrazones

In addition to generation through the halogenated derivatives, NIs can also be accessed
directly from the corresponding aldehyde hydrazahesugh an oxidative processe. via

loss of H rather than HX). This is typically accomplished usimeavy metakalts, such as
lead(IV) or mercury(ll) acetat®* with the proposed mechanism shownSohemel.9.
Hypervalent iodine can also generate NIs directtymf hydrazonesand is believed to

proceedvia asimilar mechanismi?"3



NH Hg(OAc), o 1o
| //N
@
l - AcOH - AcOH
(N
KI\\I"N\rqu’(\ Ac) - Hg° N®

Schemd..9: The mechanism of NI formation using heavy metal acetates

One drawback in thiapproach to NI formation is the use of acetate as the cmmtés
will be discussed belowSgctionl.3.2.9, carboxylate moieties are known to mdlgi react
with NIs!? This often impacts the yield of the intended reaction when heavy metal acetates

are used in their geration.

Oxidation of hydrazones can also be employed when the hydrazone is gemmesitigcas
evidenced by a report from 2014, evb no intermediates are isolated in between the starting
aldehyde material and the cycloadduct of the Sithemel.10).”* Mercury(ll) acetate is
again used to generate the NI.

0 /COQE’[ Q

NHNH,
R P
Hg(OAc),, EtOH 7 COaEt
ON t, 2 h
79 % O,N

Schemd..10: The generation and consumption of hydrazones in situ by meliguagétate

1.2.3 Tetrazoles

Excluding hydrazoyl chlorides, tetrazoles are the most common precursor to the NI dipole
in the literaturé? Tetrazoles form NIs through the expulsion of M¥& andN-4 atoms of the
heterocycle as nitrogen g&sThis may be initited through either thermal or photocheati
means. In both cases, only the -@jSubstituted regioisomer of the tetrazole is relevant.
While the 1,5disubstituted species may also expel nitrogen when heated or exposed to
ultraviolet (UV) light, it does nioform the NI during its decomposition thavay.”®

The thermal degradation of 2disubstituted tetrazoles was the first ever approach reported
to yield NlIs, again by Huisgen in 195%dhemel.11).! The method was eived as
particularly useful as no exogenous reagents were required, merely the tetrazole and the

reaction partner. However, one downside was (and indeed, remains) the temperature required



in tetrazole thermolysis. In the case of-@iphenyl NI, the most gevalent example of the
species within the literature, temperatures in excess of°Cé@re required to facilitate
decompositiot? While the substituent of theC-aromatic ring was shown to be
interchangeable, exchange of thighenyl ring for a methyl gip increased the thermolysis
temperature to over 20TC. This represented a drawback in the applications of tetrazole
thermolysis, due to the prerequisite thad tieaction product must be stable to such high

temperatures itself.

~N \
N N\ —_—
! @@
N A
Ph 68 % H pn

Schemd..11: The original example of NI 1-8ipolar cycloaddition via tetrazole thermolysis

The rate of termolysis is highly dependent on t@eandN substituents of the respective NI,
and this haséen studied by a handful of research groliif8.Rate of NI formation is most
simply measured by iteratively incorporating electron donating and electron withdra
groups into both aromatic rings of Zj§henyl tetrazole. Curiously, it has been shohat t
electrondonating groups on th€-aryl ring can facilitate more rapid decomposition, while
electronwithdrawing groups on thi-aryl ring have the same effeét’®®This impliesthat
cleavage of th&l-2-N-3 andC-5-N-4 bonds is not symmetricaluggestingthat there must be
residual charges present at the transition state of the thermolysis-difi/5tetrazoles’
Hammett plots of this reaction generatbyg Baldwin suggested that the influence of
substitution of theN-aromatic ring is around-Bmes that of theC-aryl ring, leading to the
hypothesis that thH-2-N-3 bond is the first to be broken, likely during the +détermining
step of the proces§&taphl.1).”®

The photolysis of 2lisubsituted tetrantes was first documented nearly a decade after the
thermolysis of the specieS¢hemel.12).2° This method had the advantage of no longer
requiring extremely high temperatures to form the NI. However, in the dasosi 2,5
diaryl tetrazole species, the wavelength of light required was arour@d@bsOm, well into

the UV-B range of the electromagnetic (EM) spectftinthis required the use of high
power mercury lamps that remain an uncommon laboratory accessatyasarsuch

applications of this transformation were limited for many years.
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Graph1.1: The correlation between the electronic properties of both aryl rings and rate of Kiagen

In 2007, Lin revisited the procedure in a report which documented the agditon of
some NIs with various dipolarophiles. The dipole was accessed usittipB/btetrazoles
and a handheld 300 nm UV lamp commonly used for ttamalysis of thin-layer
chromatography (TLC) plateS¢hemd..13).82

Ph COM /Ph /Ph
/ X -CO2Me N—N N—N
N/N\ Me /MCO M + /MMG
' ,\j'N hv, PhH Ph™ ™ 2he Ph™
Ph rt, 4 h Me CO,Me
78 % A 5
(78:22 A:B)

Schemd..12: The original example of NI 1;8ipolar cycloaddition when using pladysis of a tetraole as an NI
source

From this report, photolysis of 2dharyl tetrazoles quickly gathered momentum as a popular
approach for NI generation in both bioorthogonal and materials chemistry (discussed further
in Sectionl.4).21%2The method was particularly attractive due to the tracelessaoteated

method of NI formation in which no exogenous reagents were required.
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Schemd..13: An example fronkin's 2007 publication on the photolysis of-@jaryl tetrazoles

One particularly active area of research was the development of novel tetrazoles with

i ncreased wavel engt hmaovhluesn@hen considerireg 2Bpbenyb t i on (
tetrazole, thererequisite of a UMB light source undoubtedly hindered its apalion, due

to the likelihood of causing cellular damage through reactivity with deoxyribonucleic acid
(DNA).8 Some of the first reports to address this issue modified the substituerd¢hof b

termini of the tetrazole. The use of heteroatomic substitugate shown to generate a
Apupthl | 6 system of el e c tmk mto thed lbwemenergwVM c h  r ai
range®*

Subsequent efforts were dedicated to extending the conjugation bfahe r aeteotrore
system. Analogues substituted by naphthaletiésphenes and pyrenes were all found to
furnish the relevant Nlipon exposure to UM light.®%87 In both the thiophene and pyrene
derivates, NI formation was observed at wavelengthsvef 400 nm, the visible region of

the spectrum.

Other modificatios demonstrated that further extension of the operational wavelength was
possible. The use of twghoton excitation generated a naphthaleased NI from the
corresponding tetrazole using7@0 nm lasef® A summary of these efforts is outlined in
Schemd.14.

One additional advantage of the availability of numerous tetrazole speategenerate Nlis

at different wavelengths of -olritghhotg oinsal toh ecihre
whereby two photolabilanoieties may be selectively activated in the presence of one
another using two different wavelengths of li§ht’ This technique can even be applied to

two different tetrazole specieS¢hemd..15).%*
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Schemd..14: The progressive increase in the wasrejth required in the photolysis of different species of 2,5

tetrazoles

In comparison to the other methods of NI generation, there whsising lack of

mechanistic cussion into the photolysis of tetrazoles in the years following its discovery.

Fiteeny ear s after

Hui sgends initial report, Pac
a number of diaryl tetrazoles, proposing that thet@itecomposition of the species
transition to t%he first excit

originated from a forbidden-n *

Furthe measurements of tetrazole QYs followédn comparison to other photochemical

reactions, the QYs were generally good, indicating an efficient photolytic proc&aivent

polarity, concentration, and even the substituents o€theyl ring did not sigificantly alter

this QY, with only substitution of th&l-aryl ring found to have any significant impact.

Anal ogous to Bal dwi

nods

r e getrdzdlescleavaye, éldtteon t her

withdrawing groups were found to improve &¥This again sggests that the photolysis of

2,5disubstituted tetrazoles is negmmetrical. Furthermore, the lack of an effect on the QY

by substitution of th€-aryl ring indicaed a similar finding to the thermolysis studige N-

2-N-3 bond was broken first in thate determining step of the process.
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410-420 nm

Schemd..15: The selective photolysisofoter az ol e moi ety in the presence of
values

A significant advancement towards the elucidation of the mechanism was made in 2017, by
the BarneiKowollik group®% Using recently developed computational methods in
combinationwith experimental evidence, an alternative mechanism of photochemical NI
formation was proposed, shown Bchemel.16. Firstly, the excitation of the ating
tetrazol e was  *i dternatnisfiirseedoited singta stath,&SThd Highest
occupied molecular orbital (HOMO) in question was shown to be positioned around both the
tetrazole heterocycle and thkaryl ring, justifying the previus experimental evidence that
N-aryl properties had such aysificant impact on QY. Secondly, the NI itself was found to

be formedvia the first triplet state, 1 of the tetrazole, meaning intersystem crossing (ISC)
from S to T: was necessary. Oncetime triplet state, tetrazole decomposition was expected
to pracea througha diradical intermediate, forming the NI upon returning to the ground
state through a conical intersection.

This mechanistic interpretation had implications relating to specifiazie substrates.
While excitation of the tetrazole to the Sate may be guaranteed through an appropriate
light source, two other factors determine the QY of the corresponding NI: the favourability

of ISC and the favourability of any competing relagatprocesses.

Firstly, for ISC to occur, the:&nd a T stak nust be as near to degenerate as possible. This
can be influenced to an extent, whereby the use of a higher energy wavelength may excite
the tetrazole to a higher state of vibrational energrddition to excitation to the singlet
state, however computanal approaches are still necessary to derive the numerical values of

the relevant triplet energy levels. A second prerequisite is a similarity in tetrazole

13



conformation in the Sand T, states. Any differences correspond to an unfavourable energy
penaly which will decrease the likelihood of ISC in relation to other competing processes.
Unfortunately, the conformation of both excited species is another property specific to the

individual tetrazole that can only be derived through computational means.

Excited-state diradical decomposition

I

h . 2 . . . 6
NI,N\N v NI,N\N N‘,N\N . N’N N’N section (ﬁ’N
) /) ., N \ Z
S1.— ---------- — T4
IsC P e
y et
T4
4G :
hv ¢ Conical °*

intersection

Schemd..16: The mechanism of NI generation via photolysis ott@t&zoles

When considering competing pataiys to ISC, the neradiative relaxation pathway known

as charge m@nbination was found to be of particular importaft&he favourability of this
process increases with increasing charge separation between the exdtate &nd the
ground state, anthe extent of charge separation affected upon the molecule fofjowin
irradiation will determine whether this pathway is dominant. As with the other properties

discussed above, charge recombination is inherent to individual molecules.

To summarise, the esga QY through which a -B-substituted tetrazole will generate the
corresponding NI is no#rivial, and requires empirical experimental determination or
advanced computational calculations on a 4®sease basis to elucidate whether dipole
formation is posible Schemel.17). Forturatdy, cases whereby the corresponding Nis fail
to form entirely appear to be limited to only a handful of tetrazoles, cargaiitro moieties

and dimethylamino functional groups’ The vast majority tetrazoles reported in the

literature generate threlevant NI in good QYSs.
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Schemd..17: Both charge recombination potential and ISC ability must be considered when elucidating the QY
of a 2,5tetrazole

1.2.4 Sydnones

Sydnones areneionic compounds typically represented as a cationic oxadiazole species
with an exocyclic anionic oxygen atothDue to the zwitterionic nature of sydnones, they
have been known for some time to participate indig®lar cycloaddition$® Reaction of a
sydnone with a dipolarophile will initially lead to a fused 5,5 ring system, which upon

cycloreversion furnishes G@as and the pyrazoline/pyrazole produstfemd.18)%°

. ® I\CIB

N \ - N - -

1 o) Il (o) I (0]
N\O N-< @N\O

|

l -CO,

HE) &)

Schemd..18: Thegeneral tautomeric forms of sydnones and their reactivity with dipolarophiles
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While also applicable to the synthesis of pyrazoles and pyrazolines, thermal sydnone
cycloadditions do not proceed tlugh an NI intermediate. However, photolysis of
arylsydnonederivates activates an alternative mechanistic pathway by which the sydnone
expels CQ prior to any cycloaddition, generating the relevantfThis transformation is
thought to occur through il formation of an unstable diazirine species, followsd

further isomerisation to furnish the dipoecheme.19). 101102

(7

® ' ® o ¥

C@? I : W&o e aC /@N’? ©
N~g 1,3-diazirine

intermediate

Schemd..19: The hypothesised mechanism of NI formation via sydnone photolysis

Applications of sydnones as NI sources are known, although limited in comparison to both
hydrazones and tetrazoles. One reason is the relative inefficietioy process. The QYS o

diaryl sydnones are around ten times lower than the corresponding tetfazoles.
1.3 The Reactivity of Nitrile Imines

NIs exhibit a broad scope of reactivity with several different substrates. The inherent
property of 1,3dipoles to udergo 1,2dipolar cycloadition with olefins and alkynes is
shared by NIs, but reactions with various nucleophiles are alsala@iimented.

1.3.1 1,3-Dipolar Cycloaddition

The cycloaddition of a 1;8ipole with an appropriate dipolarophile, typicallycarbon
carbon doubleor triple-bond is a powerful reaction that is broadly applicable in organic
synthesis. NIs have been widely characterised to undergo this transformation with numerous

different dipolarophiles.

1.3.1.1Regioselectivity

Cycloaddition between aNl and a norsymmetric dipolarphile can theoretically generate
both the 4substituted and-Substituted pyrazoline/pyrazole adduct, and classification of the
regioisomeric preferences of different dipolarophiles has been thoroughly investigated.

Generdy, intermolecular NI cycloadditns favour the regioisomer with the most sterically
encumbered substituent in the-pésition of the resulting heterocycle. Extensive
investigations by Huisgen have shown thatNherminus of the NI is much more toleraifit o
steric bulk, partially justifing this trend Schemel.20).571¢ However, it should be noted
that 4substitued regioisomers are still known in mam@ges, and the outcomes of these

cycloadditions often generate unexpected regioisomeric mixfires
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The electronics of regioselectivity are slightly more complex. Initial attempts to rationalise a
general trend utilised frontier molecular orbital thed®Q), through calculations of the
relative electron density of the corresponding HOMO and LUdfGxals at each reaction
centre!®¥197 This approach relies on the theory that HOMO and LUMO orbitals of similar
sizes are more likely to interact, due to mefficient overlap, favouring one regioisomer
over the other. This original application of FMSDgpested that Substituted heterocycles
were favoured in the majority of cases, with the exception of highly elesftbdrawing

groups Yielding either regisbmeric mixtures or-4ubstituted products®

o F L

N
- M .
NH 7 TF N e -NH N Me

N \ N
' EtsN, PhH | Et;N, PhH !
cl s ©)\C| 10 h, 70 °C
74 %
. ¢
Me\/\ Me

Me _N
N’NH N Me

| Et;N, PhH \
cl 24 h, 100 °C Me
61%

N
| Et;N, PhH
cl 2.5h,80°C

Schemd..20: While more forcing reaction conditions are required for NI cycloaddition with increasing steric
bulk, regioselectivity consistently favours theubstituted regioisomer

R" | R? | AB

H H 100:0

Me H 64:36

Me Me | 10:90

While this technique is commonly used the literature to predict or account forl N
regioselectivity, it is not universal, nor quantitative. More recent approaches have employed
density functional theory (DFT) as a tool to understand the regioselectivity of NI
cycloadditionst?®1% The applcaion of concepts such as hesdft acidbas theory,
molecular electron density theory, relative electrophilicity and Fukui functions within these
higher levels of theory have enabled a much more accurate understanding of NI

regioselectivity, including wartitative predictions in some instances:!!

However, despite these significant advances, regioselectivty in NI cycloadditions remains

difficult to predict or rationalise. While the vast majority of cases of rmrstituted
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alkenes and alkynes yielthe 5-substituted product!? there are nummeus exceptions,
hindering the development of a general set of rules. While ¥M& and DFT>11¢
calculations have both aided in rationalising unexpected results, neither have demonstrated

satisfactory levis of accuracy in their broader prediction tmads.

One curious exception to this unpredictable regioselectivity is the use of enamines as
dipolarophiles. Vicinal enamines exhibit exclusive regioselectivity for thebstituted
pyrazoline product, apparty in contrast to the combined steric andodonic influences

that direct most other functional groups to thedsition/**" This is discussed in more detail

in Section1.3.2.5

1.3.1.2Rate of Reetion

The rate ofreaction of NIs with dipolarophiles can be significantly influenced by both
electronic and steric effects, and is rationalised very effectively by FMO tH&dnythis
context, Nl's are consi der ed teraotions ketwéehahpe | | 0
the HOMO of the dipole and the LUMO of the dipolaroptdled the interactions of the
LUMO of the dipole and the HOMO of the dipolarophile may have an impact on reaction
rate!’® Consequently, any form of substitution of the dipgidnite, electrordonaing or
electronwithdrawing, will increase reaction rate, with ethene the least reactive olefin species
in NI cycloadditions. Indeed, all alkenes with no form of conjugative electronic activation
are very poor substrates, requiringglarexcesses or fting conditions to generate the
desired product. This trend was first proposed by Sustmann in 1971, and confirmed
experimentally by Tomaschewski in the early 1990s using diphenyl NI, where it was shown
that a plot of substituent ionisati potential verssireaction rate generated a characteristic

parabolic curve, with an unsubstituted olefin as the point of inflecBoaph 1.2).118119

Substitution of the NI dipole can alter this reactivity profile significanttyparticular, the
NI can be transformed into a pseudo type | dipatethe attachment of electratonating
groups. This occurs by raising the LUMO energy of the dipml#he point where LUMO
dipoleHOMO-dipolarophile interactions are no longer significaUnsurprisingly, this
further increases the reactivity of the NI with electdmiicient dipolarophiles, while
neutralising the reactivity of electraich dipolaroplies!'¥2! This approach requires the
substitution of theN-terminus of the NI, as &gftution of theC-terminus is less effective in

raising the orbital energy!
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Graph1.2: The relative reaction rates of different dipolaropkile NI 1,3-dipolar cycloadiition reactions with
diphenyl NI

The relief of ring strain can also have a beneficial impact on reaction rate. Numerous
examples in the literature document increadeg0oto 5Gfold when using strained cyclic
systems relative to their linear analogé&!?® Of particular note are the rapid
cycloaddition rates of cyclooctenes and spiro[2.3]hene, both of which offer substantial
enhancement even relative to otrsrained systemié?12¢ A more hydrophilic strained
cyclopropenyl system, azaspiro[2.3]h&ene, has also recently beeeported (Figure
1.4).1%4

L

OH

11

WN\ SO ~g NH,
o)

Figure 1.4: Two examples of strained dipolarophiles designed to irsertige rate of NI cycloaddition

Increased steric bulk has a detrimental effect on reactats and while disubstituted

alkenes are typically competent substrates, trisubstituted olefins react mucklondye™ 8
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Tetrasubstituted systems will not nodiyaundergo cycloaddition, with only certain

substrates compatibléa substantial electréo activation Schemd..21).2

()
2 of
o NH ® N
|

\

EtzN, PhH
cl 80°C,5h (®)
R'= Me, 0 %

R! = CO,Et, 90 %

Schemd..21: Electronic activation can have a substantial impact on conversions in NI cycloadditions

Several additional effects should also be considered when evaluating the rate of NI
cycloaddition. For instancdrans alkenes are much more competent substratas ttiea
correspondingis isomers, and are also typically several orders of magnitude more reactive
than the analogous alkyn8aqhemel.22).° The exact ogins of these effects remain unclear,

but may be partially explned by the efficiency of orbital overlap during the respective

CO,Et
E
H

transition states.

o NH N-N
| EtsN, PhH ' CO,Et
c 80°C CO,Et
ky(rel) =1
CO,Et
=z
Et0,C
| NH . N-N
| EtsN, PhH [/ COsE
c 80°C CO,Et
ky(rel) = 10.1
Et0,C  H Q
N H  CO,Et N
| EtsN, PhH [/ COEL
c 80 °C CO,Et

ky(rel) = 35.9
Schemd..22: The relative reaction rates of NI k@polar cycloaddition with 3 similar sastrates

The influence of entropy on cycloaddition rate should also be noted. Competition
experiments have determined that intramolecular cycltaddi between NIs and

electronically neutral alkenes have similar reaction rates to intermolecular cydlmaidit
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with electronically activated alken&This can be rationalised by considering the highly
ordered transition state of a cycloaddition reattimeaning that the high entropy penalty
required for the intermolecular process cannot always be fullytedsy electronic

activation of the substrate.

When using a reversible source of NI, the rate of dipole generation can also impact the rate
of cycloaddition. In the case of hydrazonyl chlorides, both increasing pH and decreasing
chloride concentration hagpositive impact on reaction rat&.

1.3.1.3CarbonCarbon Double Bonds

NIs were first shown to undergo idgoolar cycloaddition with alkenes Wyuisgen in his
initial report, yielding the expected pyrazoline from diphenyl NI and dicyclopentene
(Schemel.11).! This scope was expanded considerabl§962, when Huisgen outlined the
reactivity of NIs with a comprehensive library of dipolarophtfes.

In the decades that have followed, numerous research groups have destbtisital,3

dipolar cycloaddition between Nls and alkenes is a facile andtobaction, applicable to a

broad palette of compounds. Examples range from relatively unreactive unconjugated
alkenes;®2through aryl and vinyl olefin$!?6'27and to highyact i vat ed siheci es

unsaturated carbonyls and vinyl sulfoxid€sifemd..23).7128.129

; Z>Co,Me ;

_NH N ~CO,Me
)N‘\ Et;N, PhMe w 2
F.G~ 90°C, 5 h

FsC
85 % 3

/\/OH

NH = -

N
\ EtsN

Cl 65°C, 12 h
80 %

Schemd..23: A brief example oflown NI cycloadditions

In addition to these intermolecular cycloadditions, intramolecular reports are equally
prevalent. This was first exemplified by Zecchi in 1977, 3 years tiftesame authdrad

performed the reaction using atkyne intramoleculadipolarophile Schemel.24).130:131

While more synthetically challenging to install both the dipolarophile and dipole precursor
within the same molecule, intramolecular cycloaddition has multiple advantages over
intermo | ecul ar cycloaddition. Depending on the
reagents, the regioselectivity rules discussed above may be overridden. Furthermore,
cyclisation of a single molecule negates the significant entropy penalty encountered dur

the highly ordered transition state of a-ljfolar cycloaddition. This means that unactivated
dipolarophiles that may have otherwise required vast excesses or dxtraigh

temperatures can instead be cyclised in good yields using milder conéfitions.

21



H CO2Et COzEt
hv NN N. 2l NaH N=
- > ©: N — N_J
N-N PhH H
y THF
/N i, 2h Me 0\ 70°C. 96 h @[O
N 88 % :
Me ’ 40 %

\
Et;N N

—_—
H H
N. = PhH
cl 73%

Schemd..24: The intramolecular cyclodditions of Nis

Multiple NI precursors have beesmployed in the synthesis of pyrazolines. Hydrazonyl
halides are the most commonboth intermolecular and intramolecular exampfég?2134
however there are also numerous examples involving the photolysis and thermolysis of

tetrazoled:139 137 Exampks of sydnone photolysis also exist, but are less comihoi.

One additional poinof complexity to consider in Nalkene cycloaddition is the formation of

up to two contiguous stereocentres. Engineering a stereoselectiggpdi@ cycloaddition

is exremely challenging, as regiodiasteree and enantioselectivity must all be caiBfu
controlled. Nevertheless, multiple examples of both diastereoselective and even
enantioselective NI cycloadditions exist.

The simplest method of generating stereosefgctis via substrate control, with the
presence of a chiral centre elsewhere enblecule. This was initially exemplified in 1998
using both Fischer carbene complexes and simple carbohydrates as directing groups in
separate NI cycloadditionsS¢heme 1.25).24%141 These procedures and othersvéna

demonstrated impressive diastereomeric ratio (dr) vafaé&s.

\ EtsN, PhH
Cl rt, 20 h
73 %
MeO y

>95:5 dr

OMe
o) Ph
M Me
Me Ph,
" MeO,C [e)
NPMP |
p NK4 “. —NPMP
N-N 0 + \N -, R
N’NH AgOAc, dioxane )\\)—/,/ Ph Bn o
| rt MeO,C~ - ~NPMP
MeO c)\m 0% Ph ¢
€02 80:20 A:B PR Me
>99:1 dr o B

Schemd..25: Diastereoselectivity via substrate control in the NI cycloaddi
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The first intramoleculaexanple was published in 1999, with stefieductionvia a chiral

ester vinylic to the dipolarophifé* While low levels of diastereoselectivity were achieved,
stereochemical induction through an existing chiral centregisfigiantly more challenging

in intramolecular examples than intermolecular examples. Regardless, numerous reports
exist with chiral directing groups adjacent to both the dipolaroptiifé’ and the NI

precursor $chemd..26).148

MeO,C.__Cl MeO,C
L i
N

*NH O Ag,CO3 N. Me

- - N—
N/\/ 1,4-dioxane jph
J t, 96 h o
Ph” “"Me 86 %

70:30 dr

(¢]]
N X
Hii. 0
Ag,CO3 4>‘

EEEE—— O QO

1,4-dioxane w&
rt, 30 h o

HN\‘N \)
Cl)ﬁ‘ro "/O/\/ 66 % &N
o dr not reported 3 N~ \©\
Cl

Schemd..26: Preparation of enantiopure cycloadducts via substrate control

Enantioselective examples of NI cycloaddition are less common and cannot be generated by
chiral directing groupsalone. Instead, a Lewis acid catalyst and chiral ligand must be
employed, as was first documented by Sibi in 2005, where a simple diaryl hoas to

cyclise enantioselectively with a dipolarophile containing an oxazolidinone m&@eheme
1.27).1491%0 Stereochemical induction was accorspéd through the use of magnesium
triflate as a Lewis acid in conjunction with a bespoke chiral ligand. Mechanistically, the
oxazolidinone functioned as a directing group, claxipg with the Lewis acid and
establishing the regioselectivity. Enantioseldtti was achievedvia coordination of the

chiral ligand, shielding one face of the dipolarophile and leaving only one orientation from
which the NI may undergo cycloadditionhi$ was a versatile transformation and proceeded

with >99% enantiomeric excegse) in almost all cases.
. i o)
_NH Ligand A (10 mol%) N
N N
i Mg(NTF,), (10 mol%) )\_7_/\OH
‘Me A

Ph Br DIPEA, DCM, 4A MS PH
-78°C,6 h
ii. NaBH,4, THF/H,O
rt,3 h
91 %
99 % ee

Br i Br

Schemd..27: Enantioselective NI 1;8ipolar cycloaddition facilitaéd by a chiral ligand and Lewis acid
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Further examples anantioselective NI cyclisation have since followed, but all rely on the
same general approach of stenmeduction through a Lewis acid and chiral ligarg@tileme
1.28).1511521t js essential that the dipolarophile also contains an appropriate directing group

for coordination to the Lewis acid, either as part of the substrate or as a removable auxiliary

group.

Bu
/ B >
Ph e} ® ©)
| N ‘N
/NH N \\/\\‘ |
cl N Boc O %
' O™ “NH HN O
Cl Ligand B (10 mol%) Et Et
Mg(CIO.), (12 mol%) EHEt
DIPEA, DCE
o
60°C,4h Me B Me
91 %
98 % ee

Schemd..28: A further example of enantioselective-tljpolar cycloaddition using an NI

1.3.1.4CarborCarbon Triple Bonds

NIs may also undergo Xgdlipolar cycloaddition with alkyyl functionalities, furnishing
pyrazoles. This wafirst demonstrated in 1962, with the scope later expanding significantly
(Scheme..29).57.16

P o P @ PSS

_NH —N - n-N

N
| Et3N PhH ©/U 160 °C, 6 h Wl
cl rt, 240 h o
81 % 4% Ph

Schemd..29: Initial examples of Nl ycloaddition with alkynes

Alkynes are less reactive towards Nls than the analoyans-alkenes, by a factor of 12
148 Most literatureexamples which involve alkyne cycloaddition are intramolecular, employ
electronicallyactivated substrates, or requirextremely forcing conditions Scheme
1.30).130.132.158155 A gccessible approach towards dycloaddition with acetylene itself was
recently developed by Ananikov, through the generation of thengsitu from CaC, and

waterst
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Q\OMe
Cl MeO cl N\N
_NH \ |
N Et;N, PhMe
NN Boc 3

84 % Boc
COZMe

Y

_NH N * N
N EtsN, PhMe NC COzMe N
M tt, 1.5 h
FsC” Br 64 % F3C F3C CO,Me

81:19 C:D c D

ph CaCy, H,0 Ph

| NH - N-N
P EtsN, CHCl, )'\/)
Ph™ “ClI ft, 48 h Ph
99 %

Schemd..30: Further examples of the cycloaddition of acetylenes with Nis

Benzynes have also been shown by Moses to be a competent dipolarophile, pfaalding
access to a range of indazol&glfemel.31).1>’ The extremely reactive nature of this highly
strained intermediate presenthallenges in the optimisation of such a transformafion.
Precedent indicatebd the use of a hydrazonyl halide as the NI source is required, enabling
an appropriate base to form both the NI and benzyne from their relevant precursors at similar

rates.

S o G
~Ph
_NH N
N

I TMS —N’
Cl CsF, 18-crown-6
MeCN, rt, 5 min
MeO 60 %
MeO

Schemd..31: The cycloaddition of NIs and benzynes

The reaction of terminal alkynes with Nls is also open to an alternative mode of reactivity.
The enhanced acidity of the alkyne proton facilitates the potential nucleophilic attdnek of t
corresponding ann at the neutral terminus of the NB¢hemed..32).2°° This complicates the

use of these specidsowever,the process could likelpe avoided through selection of an
appropriate base. It should be noted that thiexpected product was later found to

spontaneously cyclise to afford the desired pyrazole.
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NEt,

slow ¢
Br Br Br
Ph
// Br /©
Br + Br
NH EtsN, PhH -NH N
. aN, N N Ph
bl , 1.5h | w
55 % Ph N
PR Cl A
58:42 A:B Ph Ph
A B

Schemd..32: The formation of an unexpected alkykeadduct prior to pyrazole fenaion

1.3.2 Nucleophiles

Although not as prolific as 1;8ipolar cycloaddition, Nis react with various nucleophiles by
the general mechanism shownSehemel.33. The primary product of all reactions is the
general mofi shown, with the formation of a carbdreteroatom bond at tHe-terminus of
the NI, and protonation of the-terminus. The structureay undergo further intramolecular

rearrangement in some cases, but this is the primary product of all nucleophilioradditi

|
%@ @ N

X=0, N, CO,, S, etc. X
Hn

Schemd..33: The general reactio mechanism by which nucleophiles react with NIs

reactions of NIs.

h

It was believed that the rate of reactivity of NlIs with these nucléompecies was many
times lower than that of dipolarophiles. Recent publications, however, have demonstrated
that certain functional rgups may compromise the orthogonality of the-aNdene

cycloaddition60.161

1.3.2.1Alcohols

Alcohols may react with Nlis to gergte the corresponding hydrazonyl ester. This reactivity

was exemplified in Huisgenés i niisblatemwasinubl i c a
fact a diphenyl hydrazidéSchemel.34).! Huisgen proposed thatigration of the aryl group

was driven by the formation of a thermodgnieally favourable amide borid.
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Ph Ph
PhOH N
| - HN™ Ph

ve” "N 180°C, 1.5 h Me/&o
89 %

L o i
NS
Me)l\’o\\AQ

1,4-Ph migration

1
N-N

Schemd..34: Huisgen's initial report into the reaction of phenolfwén NI

Later studies demonstrated that isolation of the pringalguct is also possible, and that
hydrazide formation requires substantial heatin§chéme 1.35).1%2 Work from
Tomaschewskalso argued against a plyréntramolecular mechanism of rearrangement, as

heating the primary product in different alcohols gave mixtures of final protfécts.

Me
OH
Ph Ph Ph Ph Me
_NH PhOH _NH N N
N R — N >~  HN \@ + HN
Et3N,rt A
Ph)\CI Ph)\OPh 7030 A-B Ph/&o Ph/go

Schemd..35: Further mechanistic insighnto the reaction of NIs with alcohols

The reactivity of alcohols with NlIs is very low in comparison to other nucleophiles and
dipolarophiles, and is almost always less effici€htAll literature examples of this
transformation require the presencevat excesses of the alcohol, and the adducts are only

likely to be observed through the use of a solvent such as water, methanol orf{5Héhol.

1.3.2.2Amines

As with alcohols, amines wiladd to NIs in the manner outlined above, as was also
exemplified in 199, with an expanded study reported 2 years ladehémel.36).512 The
primary product of this addition is more stable than the alcohol adduct, and hence no

spontaneous rearrangements were observed.

Ph Ph
/ BnNH _NH
NN z . N
| 7,
Ph N 185 °C, 2h Ph)\N/\Ph
49 % H

Schemd..36: Huisgen's initial work in the use of anemas NI nucleophiles

As may be anticipated when considering the relative nucleophilicities, nitizag=d

nucleophiles are considdéilgt more reactive towards NI dipoles than alcoRésThis
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negates the requirement for superstoichiometric quantitiiseodmine within the reaction

mixture, meaning this procedure has seen more extensive application.

The most frequent adaption has beenthe synthesis of five, six and seveembered
heterocycles$®¥1”® This is typically accomplished through the use a@f nitrogenous
nucleophile containing a pendant acid or ester group, with spontaneous lactamisation
occurring upon formation of the prary addition product’*"2 Further examples can be
found where the use of a coupling agent is necessary to faciitagenisation, while others

have utilised a cyanamide moiety in the formation of cyclic guanidine derivaboteife
1.37).167[169,174

H2N =N Me
Os_Me \©\ Os__Me Me \
H M H col ) §
N. = € N. = N (¢}
N” cl NN .
Et;N, THF, MeOH H THF o
CO,H rt, 15 h CO,H r,3h

73 %

71% Me
Ph
m v ZE N _NH
N Ph”" “CN N N, NZ:
—
=
S el CsF, 18-crown-6 (1:1) S ] N i))\
\ MeCN \ Ph N
0 °C, 20 min

85%
Schemd..37: Two examples of the cyclisation of primary products of nucleophilic amine addition

1.3.2.3Thiols

Thiols react with Nis througlthe classic addition mechanism outinddave to yi el d
mercaptohydrazones. This was first discovered by Huisgen in 1959 using diphenyl NI and
thiophenol, and further elucidated by the same author in 8 Mme.38).112

Ph Ph
q PhSH
Nl,N\ )Nl\,NH
N 170°C, 2.5 h
Ph Ph Ph
87 % S

Schemd..38: Huisgen's initial example of thiol as a NI nucleophile

The reactivity of thiols with NIs is analogous to amines. While fadile,reaction does not

furnish a product of particular synthetialue. Consequently, the main application of this
reaction is in the synthesis of sultwntaining heterocycles. Employing a similar strategy as
above, a pendant carboxylic acid or ester tgihicserves as a means of cyclisation after the

nucleophilic adition of the thiol Gcheme..39).17%:173178

28



i Q Ph Ph
Nl,NH HOJ\/SH Nl,NH DCGC NI,Nfo
\H)\C' Et;N, THF \H)\S/\H/OH THF \H)\S
o rt, 6 d o o rt,2 h o
69 % 85%

Schemd..39: The application of thiol nucleophilicity in the synthesis of sutiomtaning heteocycles

The addition of thiols to Nlis is highly efficient and has been responsible for the generation of
multiple unexpected bproducts. This is typically observed in attempted-difblar
cycloadditions using sulfur containirsyibstrates§chemel.40).161.17°18n some instances,
control experiments indicated that the desired cycloaddition products were formed when
exchanging the sulfur for an oxygatom?’® Thiols can also ostompete both amines and
carboxylic acids in reactions with N1€:17® However, more recent studies have suggested
that the order of reactivity of NIs can be established as adiuisls > amines:®!

©
_N _N
/\S/Q N N~
M -
S®

_NH
N Et,N, MeCN Et0,C EtOZC/ s
PR i, 2h =
Et0,C” ClI 2 9%

Schemd..40: The high reactivity of sulfides with NIs can often lead to unexpected rearrangement products when
attempting a 1,&lipolar cycloaddition

1.3.2.4Carboxylic Acids

First reported in 196% the reaction of carboxylic acids and Nis serves as anettample
where the primary nucleophilic adduct was not isolated as part of the initial study,bisth a
hydrazide formed in 83 yield (Schemel.41). Huisgen proposed a similar mechanism to
that of the alcohol reeangement, with a 1;dcyl shift furnishing a stable product with two

amide bonds.

o PhCO,H "
- 2 _N._Ph
W Y

|
180 °C, 2h Ao o

ph” N
83 %

He Ph
N’l‘\l‘H O)
I\
Ph)\koJ)J\Ph

via

Schemd..41: The first example of carboxylic acids acting as an NI nucleophile and tleeht®gised mechanism
of their addition

However, unlike the reaction between an NI and an alcohoketsivity of a carboxylic
acid is extremely favourable, and can outcompete both dipolarophiles and other

nucleophilesg®® In the reaction between diphenil and acetic acid, lowemperature
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spectroscopic techniques show the formation of the primary oplule adduct at135 °C,

with rearrangement to thgis-hydrazide occurring at aroun@0 °C Schemel.42).34181|n
contrast to other nucleophiles,id likely that deprotonation of the acid by the NI occurs
prior to addition to the electrophilic centre. This may account for the increased reactivity of

the carboxylate relative to other neutral species.

o)
Ph Ph Ph
| |
NN \)J\OH HN. N
N T N O ——  HNTYT
)l\;\]’ hv, PhH LN\ PhH o)
Ph 135 °C A 0 rt Ph™ =0

detected via
UV spectroscopy

Schemd..42: Further mechanistic insight into the reaction of NIs and carboxylic acids

Despite this unprecedented and efficient reactivity, very few publications exploited this
reactionbetween the 1960s and 2010s. Most reppooting the formation of these products
mention them only as a side product, either through the use of an acetate buffer or acetic acid
as a reaction solvent, or as an alternative method of NI traf3itt¢*8'Only in recent years

has the reactivitpf NIs with carboxylic acids been reasses$éé?Additional applications

have since emerged both as a photoaffinity label in biochemistry, and as a ligating agent in
materials chemistrySectionsl.4.1.2and1.4.2.3.183185

1.3.2.5Enamines and Enol Ethers

The reactivity of NIs with enamines wéisst discovered in 1967 They represent intriguing
substrates, as they can be treatecit®er a dipolarophile or a nucleophile. In his initial
report, Huisgen isolated the pyrazoles that would be expected bydgpa&l@r cycloaddition
followed by elinination Schemel.43). The enamines were also showo react very
efficiently, again consistent with a cycloaddition. As a type |l dipole, both the L&D
the HOMO of the NI are available for mixing with the complementary orbital of the
dipolarophilet®* The highly electrordonating effect of an enamineould raise the HOMO

of the dipolarophile significantly, facilitating better overlap with the LUMO of the NI and

improving reactivity.

;' MeO,C. A~
7 NMe, / NMe2
‘ Et,N, PhH _— HNMe2 N /
cl 80°C, 3 h CO,Me
84%

not jsolated

Schemd..43: Enamine dipolarophilesxnibit absolute regioselectivity in NI dipolar cycloadditions
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While all of the above evidence was indicative of adigblar cycloaddition mechanism,
some curiosities remained. It was possible that thenasd pyrazoline was itself the
secondary product fothe reaction, with an initial hydrazone being formed by the
nucleophilic attack of the enamine onto tBxerminus of the NI$chemel.44). Quenching

of the generated iminium by titerminus would yield the sampgoduct. Furthermore, the

use of an enamine had some peculiar influences on the regiochemistry of the reaction. In
contrast to most other difawophiles, enamine substrates generate a single regioisomer,
yielding 5aminopyrazolines. This anomaly could icate a sequential nucleophilic

addition/cyclisation mechanism, as opposed to alip8lar cycloaddition.
)
© l

2 Concerted cycloaddition
. or

+ Step-wise Ring Closure N’N
| N —_— I
N ) @ @) {
(&) (&)
| N,N © I
&) l \N
e

Schemel.44: The two potential modes of cyclisation proposed faneine dipolarophiles

N/N

This issue is further complicated when exploring further literatBohéme.45). A number

of publications document the use of enamines as NI nucleophiles, isolating the
corresponding hydranyl adduct®¥1®® However, others highlight the formation of
pyrazolines or psazoles exclusively, with no mention of any isolated intermedt&fés$!

194 The mechanism of this transformation has recently been examined computationally, with
the trandion state being reported as an asynchronous cycloadtitigvhile the reactn

may not be fullysynchronousthe absence of an energy minimum between the starting
materials and product is indicative of a-#ljpolar cycloaddition. However, the isolatioha

range of nucleophilic adducts in the literature suggests that the truitgad enamines

with NIs may be substrate dependent.

NO,

NO, i
NM !
OEt ON _NH ‘Bu N
O,N _— NH N N, |
NH EtsN, CHC, N J EtsN, EtOAc »
N tan | Et0,C .
B Lo P NN 40°C, 4 h Et0,C
Ph”Cl o Me ii. HCI, EtOAC
Et0” N0 ft,1h

56%

Schemd..45: Two different reactivity pfiles of enamines and NlIs have both been widely reported throughout
the literature
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Regardless of mechanism, the enamine system remains the only directing group within NI
cycloaddition chemistry with exclusive selectivity for thepdsition of the pyrazaie, a
valuable attribute in synthetic applications. Additionally, the cormedipg ammonium
species can be treated as an excellent leaving group in many of the pyrazoline products.
Thesetwo characteristics, combined with the facile nature of the ragdias made this
transformation an excellent method for the regiospecific patipa of pyrazoles. This is
typically accomplished through the use of a simple enamine as a directing group, which is
eliminated from the product after treatment with an acithase $chemel.46). Examples

from the literature have utilised morpholitte?'-1%2piperaziné®® and dimethylamin€® as

directing groups.

SO,NH, SOyNH,
N
joge

> Me
_N
EtsN, THF %
10 °C, 10 min \

F3C OSOzPh ii. HCI FsC
rt, 1h
72 %

Schemd..46: A further example of enamines as a NI cycloaddition directing group

Recent work by Jasinski has also capitalised on the remarkable regioselectivity of these
systems through the use of enol ethers as dipolaropBiteeind.47).1%° As with enamines,
el imination of the Adirecting groupo follow

aromatic pyrazole with completegieselectivity.

Me Me
MeO
e \/\Me - Q
NH EtsN, THF N-N
N” ft, 24 h (s
X an e
FsC” “Br 9% Me

Schemd.47: The application of enol ethers in the regioselective synthesis of pyrazoles

1.3.3 Dimerisation

In the absence of an appropriatgolarophile or nucleophile, two equivalents of NI may
react with one another, leading to dirisation products. The reaction conditions can prove
extremely important in dictating the exact product, with NiIs able to yield either a 1,2,4,5
dihydrotetrazineor a 1,2,3triazole, with compelling evidence for the formation of both

species reported.

There are two initial modes of NI dimerisation, with two equivalents combining in either a
fhetatdai | 0 tohe ddh@ amtanner . Bot h pzmesche4,84e5%s yi el
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analogue in the case of the former and the 1A8aogue in the case thfe latter cheme
1.48). However, the 1,2,3;dihydrotetrazine species may undergo cycloreversion to generate
a bis-azoethylene. This compound can undergo either thermal or photochemical ring closure,

generating oeequivalent of the 1,2;8iazole and the corresponding nitreffel®’
2 N O
1,2,3,4 Ly O N P 1,2,4,5
-tetrazine Z "head-to-head" //N "head-to-tail" N -N -tetrazine
®) dimerisation dimerisation

& @ . @
N”? 'ﬁ S 'N N"?

SN = \\N_N - | N 1,2,3-triazole
N S

Schemd.48: The two modes of dimerisation observed in NI chemistry

As previously mentioned, the me¢ of the species formed depends entirely upon the
reaction conditions, which are likely derived from the source of $thémel.49). For
example, undethe thermal conditions employed when using hydrazonyl hatidéestrazole
thermoylsis, the 1,2,4.8ihydrotetrazine dimer forms exclusively?1982% Further study has
suggested that this species is quite stable, and is unlikely to regenerate Nlsypitdé

reaction conditiong®!

OMe

?h Elh CO,Et Q
_NH EtsN N‘/ Y 2 hv N

N B —

)‘\ THE )\ _N NN ) N\ /N
£ EtO,C~ "N | N 'PrOH, 2-MeTHF
t0,C~ Cl rt, 720 h Ph N t 7h
59 % .
90 %

MeO OMe

Schemd..49: Examples of NI dimerisation

Conversely, photochemical generation of the NI from tetrazoles or sydnones
overwhelmingly favours the formation of 1,2/8azoles’>192:201205 The intermediat bis-
azoethylene is commonly isolated in smaller amounts, perhaps as expulsion of the nitrene to
facilitate triazole formation may require slightly more forcing condgidghan the initial

phot0|ysi§96,197,202

The exact nature of this difference in cgeity remains relatively undezxplored, with a
number of reports failing to account for the preference of either pathway. Control

experiments have shown the formatiohthe 1,2,4,&dihydrotetrazine to be irreversible

33



under photochemical conditions, né@zg an alternative explanation is required to account
for the complete selectivity for the formation of the 1,2@ydrotetrazing®! The issue is
complicated by théact that the formation of 1,2{Biazole is feasible in the absence of UV
light, meaiing its limited formation relative to 1,2,4t{6trazine under thermal conditions is

also unexplained.

1.3.4 Decomposition

In the absence of an appropriate reaction partner aansufficient dilutions to inhibit
dimerisation, NlIs will decompose to yield a numloérsimpler constituents. This is only
applicable to irreversible methods of NI generation, such ateftdzoles or sydnones, as
species such as hydrazonyl chlorided wiaintain an equilibrium between the NI and the

precursor until the reaction is quéec.

The principal product of NI decomposition is the corresponding carbodiimide isomer. This
can be generated thermaiff, but can also be accelerated through photslysi the
NI.36:206207The exact nature of this rearrangement was presumed for mars/tgeproceed
via a diazirine intermediat®;?°” which was finally confirmed by Nunes in 2014 in a report
that fully detailed the decomposition pathway of N8sl{emel.50).** Initial isomerisation to
the diazirire may be followed by two competing degradation pathways. The more dominant
of these is further rearrangenteinto the carbodiimide, however formation of the
corresponding nitrile of theC-terminal substituent is also possible. Theterminal
substituent ixpelled as a nitrene in this instance, generating the corresponding aniline. This
degradation pathway hagen shown to be active in a number of NI speti#=06.208
SN
J hv or A
" @ T v T o Ceveredsy
photolysis

1,3-diazirine
intermediate

Schemd..50: Decomposition pathways of the NI in the absence of a suitable reaction partner

1.4  Applications of Nitrile Imine Derivatives

Given the range of processes in which NI species participate, it is unsurprisisgwae!
different fields have develegl a raftof applications of the dipole. While naturally finding

widespread use within general synthetic chemistfy®191.19320211 N|s are most prolific in
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bioorthogonal and materials science. The applications of the latter two fields will bectover

in this section, owing to theincreasingoresence within recent scientific literature.

1.4.1 Bioorthogonal Chemistry

The facile and often quantitative nature of-diBolar cycloadditions are well documented,
often falling under istrfféTheroyatoadkiteon betawvden Nilscand ¢ k 0 «
alkenes specifically has long been considered orthogonal, and consequently NI
cycloadditions have enjoyed widespread application over the past decade as a bioorthogonal
labelling tool®2213215 Photolysis of a B-diaryl tetrazole is typically the preferred source of

the dipole within this manifold, due to the traceless nature of the reaction. As this represents

a photochemical, high yielding transformation between two-aratogenous functional

handles with miniral by-prod u c t formati on, the term fAphoto

describe the proceduf?.

1.4.1.1Protein Ligation

Lin introduced the concept of protein conjugation through NI cycloaddition in 20@8.
2,5tetrazole was incorporated into lysozyme and gfaerescet protein through simple
amidation chemistry, before the formation of a pyrazoline adslizctreatment of the
proteins with acrylamide following liberation of the NI. Later the same year, Lin employed
the 2,5tetrazole as the ligating agent. émporation of O-allyltyrosine into Zdomain protein
furnished the augmented dipolarophile, which was rapidly modified when exposed to the
relevant NI Schemel.51).2*® One of the immediately apparent advantages haftqelick
chemistry was that the pyrazoline products were intrinsically fluorescent, and as a

consequence this represented-sefiorting ligation methodology.

,N CO,Me
NP 2

\ /

N—-N

@ COzMe
O/\/
N-N
hv
PBS buffer, DMSO fluorescent
rt, 10 min

Z-domain Z-domain
protein protein

Schemd..51: Incorporation of a dipolarophile within a protein and its subsequent ligation using NI chemistry

Subsequent reports have since further optimised this procedure througbdifieation of

both partners. Firstly, the reactivity of the NI itself may be eobddrthrough careful control

of the energy levels of its molecular orbitals. For example, when using an allyltyrosine
modified protein as a dipolarophile, appropriate maodiion of the NI functional groups
may afford up to a 20€ld increase in cycloadtibn rate by raising the HOMO energy of
the dipole Graph1.3).1?
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Graph1.3: The increase in cycloaddition rate observed when mgishe HOMO of the NI

The reactivity of the dipolarophile may also be improved, mainly through the appsoache
discussed irBectionl.3.1.2 The additional challenge in this context is enhancing reactivity
while maintaining facile incorporation of the moiety into a biomolecular scaffold. The
synthesis of both tetrazole and alkex@mtaining amino acid structures is relatively simple,
with approaches towards both ubiquitous in the literdfidré®22° For alkenesthis normally
involves simple, one step procedures, such as the allylation of tyrosine or the amidation of
lysine withacrylic acid?*¢?°The design of tetrazoleontaining scaffolds are slightly more
complex and require multiple transformations, tamhain relatively straightforwar@&¢theme
1.52).220

i) PhSO,NHNH,
EtOH, rt, 1 h
ii) PhN,CI, Py
0 0°C, 1 hr
oTf iii) BBr3, DCM N
H . |
co -78°C, 16 hr N
N
MeO. -, Pd(OAc), (3 mol%) 41 %
NHB M .
I ¢ dppp (3 mol%) €O~ “"NHBoc
Et;N, DMF, 70 °C, 4 h ) HO

85 %

Schemd..52: An example synthesis of an artificial amino acid containing ad8yl tetrazole
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Following the reemergence ofesearch into the reactivity of NIs towards nucleophilic
additions Gection 1.3.2, more recent studies from Lin have investigated methods of
shieldirg NIs from nucleopilic attack. Substitution of thertho positions of theC-aryl ring

of an NI has subsequently been shown to preserve cycloaddition reactivity, while sterically
occluding the C-terminus from nucleophilic attack by endogenous residigsshegme

1.53).221,222

OMe OMe OMe
PR
+
SH
lutathii
:

~N
Q N N

Phopshate buffer/MeCN (1:1)

_NH
e ® N
O hv, rt, 1 min O S
® ®

® = H 5% 91%

Eoc
® = ?{w 96 % 2%

Schemd..53: Steric encumbrance of the NH€rminus may enhance reactivity with dipolarophiles relative to
nucleophiles

In 2018, Yureported the application of diaryl sydnones as an alternative NI source for
bioorthogonal ligation $chemel.54).2% This shares similar advantages to the use of 2,5
tetrazoles, such as usaefined light activatio and no requirement for endogenous reagents,
however it also shares tlame shortcomings, with wavelengths of 311 nm required for
effective ligation. More recent reports have alleviated this concern through successful use of
the technique in live cellsith 405 nm light, paving the way for further application of this

methoddogy 2?4

CF,
MeO
Qg
N ©
@"'H I )0
N~g
hv
PBS buffer, MeCN
DMSO, rt, 2 min
Lysozyme Lysozyme CF3

Schemd..54: The application of diaryl sydnones in NI ligation chemistry

1.4.1.2Bioconjugative Re#dons

The reactivity of the NI dipole with carboxylic acids has recefrfitiynd widespread
application in the field of bioconjugative chemistry, for example in the design of -photo
affinity probes. Within the last 4 years, adirazoles have been incorp@etinto phote

affinity probes of bromodomaioontaining proteins BRD4 and kinases such as protein
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kinase A, among othet§!182183n al| of these reports, the NI was found to combine with an
acidic amino acid moiety in close proximity to the activie.sA direct comparison of
tetrazole photolysis with other known ligattivated photeaffinity probes also found that

the NI afforded a substantial increase in ligation properSithéme.55).18°

hv

PBS buffer
rt, 20 min

15 % <1%

Schemd..55: A comparison of the proficiency of an NI as a photoaffinity label

In 2017, Lin reported the first genetic incorporation of at8ttazole into biomolecules for
applications inprotein crosdinking.??>2?6 This methodology is attractive as a probe for
further investigation of dynamic protein interactions in living systegthémel.56). This
approach was exemplified in living cells withe crosdinking of a mutant form ofjrowth
factor receptobound protein 2 and the epidermal growth factor receptor. Again, an NI

carboxylic acid interaction was found to bepassible for this reactivity.

PBS buffer
rt, 20 min

hv
—_—

Schemd..56: The crosdinking of proteins using Ntarboxylic acid bioconjugation methodology
This broad reactivity profile has also found application in phenotypic screening, where
incorporation of an NI precursor witha bioactive molecule may facilitate the rdiéication
of the protein with which the compound exhibits an effect. This was first employed by Ding

and Li in 2017, in the implication of numerous proteins as potential targets of two small
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molecules exhibihg antiproliferative effects in cancer ceihés??’ Degradation studies of

the ligated targets identified an aspartate residue as a suspected conjugation site of the NI.

1.4.1.3Chemosensors

An additional biocompatible application of NI cycloaddition is in tHetection or
visualisation of analytes withiliving systems, for exampleja turn-on fluorescent imaging.

| n mo s t cases, t hese probes ar e activated
chromophore, however photolytic generation of the NI will lead tliréo the synthesis of a
fluorescent pyrazoline due to the proximity of a dalgvophilic alkene. This was first
exemplified in 2011 following the attachment of such a system to a-baseld molecule

with a known binding affinity for microtubules$® Phoblytic activation generated up to an

112-fold increase in fluorescenc8c¢hemd.57).

OH
N~ §
0 OH
§ é . ( e
N~ o
@)~
l;l—N\ 0 PBS o
_N rt, 0.5 h
N
&) Y

Schemd..57: An intramolecular cycloaddition af light-generded NI that may be performed in vitro, yielding a
highly fluorescent pyrazoline

112-fold increase in
fluorescence at 405 nm

In this seminal report, the fluorescent reporting moiety was formed through an
intramolecular process (in other words, independent of the analyte), but merg rec
examples hee targeted pyrazoline formation through direct reaction with the biomolecule of
interest. The accumulation of ths-carboxylate species known as fumarate can often be
indicative of the poor regulation of metabolism, a common charaateoissome cangs.
Investigations by Meier elucidated that -tipolar cycloaddition between an NI and
fumarate can also form highly fluorescent pyrazolines, representing a quantitative evaluation
of fumarate levelsvia ano f f ‘Ytlemical probe§chemel.58).22%230While initial studies
employing hydrazonyl chlorides observed a near-fol) increase in fluorescence in the
presence of excess fumarate, this was driven to dod@@ncrease when 2;tetrazoles were

applied %

Lin also exemplified the seleporting properties of the Nfumarate cycloaddition using
2,5tetrazoles augmented with a bordipyrromethene (BODIPY) chromophot®. In
contrast to the cycloadducts employed in earlier reports, the BOpyRalines do not
exhibit a fluorophore, as the fluomnce of the BODIPY moiety is quenched by the

pyrazoline, andsice versa The starting 2/8etrazole, however, is highly fluorescent in the
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absence of the pyrazoline, making this an example af anY ocheimical probe $cheme
1.58).

OFF ON
o
S
S o
OJ\%\W
o
fumarate
hv
DMSO/PBS Ny >N
rt, 2 min

OFF

(¢]
fumarate o
(e}
hv

OPTI-MEM serum
rt, 2 min

Schemd..58: The application of Nlis in the detection of the oncometabolite fumarate

1.4.2 Materials Chemistry

The NI dipole is also prevalent within materials chemistry. As before, most examples
involve the introduction of photlabile 2,5tetrazoles as the preferred NI precursor, which is
particularly convenient when selective NI generatiomeiguired (for examlp, in surface
patterning). 1,Dipolar cycloaddition is the most common reactivity profile exemplified,
due to its high yields and fast reaction times. However, in direct analogy with other fields,

the introduction of carboxylic acidglation agents hagcently risen to prominence.

1.4.2.1Polymer Synthesis

The first example of polymerisation using NIs emerged in 1966, from Sfill€he
monomer s appliedo,wBBB f of matn, ~HAvAbishgdrazomylact i on
chlorides andbis-acetylaes forming pyrazolinked products $chemel.59). A similar

publication later that year expanded this scope to inclhde | ef i ns -B& t he

comporent, which generated fluorescent pyrazolinked polymerg3?

" -
v
cl =

cl
i EtsN, PhH
_N 80 °C
HN
Ph

Schemd..59: Stille's initial report into the use of NlIs in polymerisation reactions
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A significant developmenn NI polymerisation chemistry was the application of tetrazoles
as an NI sourcegdue to the lack of exogenous reagents required to generate the dipole.
Repeating the abovesing a bis-2,5tetrazole in conjunction with dis-dipolarophile
afforded the dsired polymers through simple thermolysiSclieme1.60).2°°233 The

photolytic generation of a similar polymer has also recently been exemptffied.

N-NPh RFRF N=NPh F .
I N NC CN 'N/ F
N FF E F

/N\ tetralin PhN’N\ £
PhN

N=N 200 °C, 24 h =N

Schemd..60: 2,5tetrazoles can also be used as NI sources impalisation reactions

NI pol ymer®8o0oomondbmeriAt ype are also well
introduced by Stille in 1969, in the polymerisation of a tetrazole with a pendant alkynyl
functionality, and in a further example using an oléfinWhile these polymers we
accessedia thermolysis of the tetrazole, literature precedent also exists for the generation of
a pyrazolindinked polymer using UV light Scheme1.61).2%% Control of reaction
concentratia is of particular importance, as many-hsed monomers of theB\type have

the ability to react intramolecularly.

OMe MeQ
hv Q
N-N e _fo N-N
N THF !
N
O rt o)
s g0 %
le} O

Schemd..61: NI polymerisation using a monomer of théBAype

NI chemistry can also be applied in extending the chain length of existing polymers. For
example, modification of nitrilebutadiene rubber with a terminal tetrazole endides t
dimerisation when photolysed in the presence bfsanaleimide linker(Schemel.62).2%

This enables controlled linear growth while minimising s#irsking, facilitating access to

high molecular weight polymers with low dispersity values. This has also been applied in the
synthesis bcopolymers, through the introduction of a second pair of orthogonal functional
handles3®
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Schemd..62: The synthesis of extended linear polymers using NI cycloaddition

1.4.2.2Polymer Cros&.inking

In the examples discussed above, NI chemistry was employed during theepsétion
process. However, these reagents are also useful in thdinkiisg of polymer chains when
generated after the polymerisation process has been cetpl&his first requires
incorporation of a NI precursor into the monomer sitdain, and polyrar synthesis through

an alternative approach, such as fradical polymerisatio®® Crosslinking in polymers is
important as it can drastically alter the pndjgs of the product. Control over the process is
similarly crucial, in order to influence thextent of alterations made to the polymer.
Photolytic NI generation is extremely convenient as the use of a focused light source can
afford exquisite control ovehe sites of reaction.

The simplest method of Nhduced crosdinking involves the synthesiof a cepolymer that

incorporates both a 2fgtrazole and a dipolarophile such as acrylonitrile or butadiene
(Schemel.63). Initial examples fromStille showed that crodimking could be induced

through heating of the material to temperatures in excess of 180 Tthi s fAacti vat.i
temperature may be influenced through the modification of functional groups presemt arou

the tetrazole, with subiition of theN-aryl ring influencing the decomposition threshold by

as much as 60 °&!

In 1994, Darkow reported that UV irradiation of similar polymers could also be used to yield
the crosdinked product$#2243 This affords more control over the lalisation of the
reaction, however crodmking was less efficient when using thicker samples due to the

relative opacity of the produét?
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Schemd..63: The preparation o& polymer containing an NI precursor and its subsequent diossg

While incorporation of a tetrazole into the polymer backbone is a simple method of ensuring
efficient NI coverage, the properties of the polymer are undolybtesnpromised by the
necesty of having the same functional group present in at least one of the monomers. This
problem is exacerbated by the inclusion of a dipolarophile within the polymer. Recent
examples of Ninduced crosdinking from Meier, BarneiKowollik and Bowman have
reintroduced the concept of adding a crlisking agent to the reactioti*?*°The polymer is

first synthesised or modified to include a tetrazole or an alkene, before a dimeric structure of
the other reaction partner is addeddaenUV irradiation $chemel.64). This has greatly
expanded the utility of NIs as a crdsiking agent and can be applied in the modification of
many common polymers, such as eklse?*® The use of a disulfidénked bis-NI as the
crosslinking agent also enables retroactive degradation of the linkers through treatment with

a reducing agent.

While modes of reactivity including nitrile cycloaddition and NI dimerisation have been
shown to induce crosknking,2*>?® the formation of pyrazoline crodiskers has the
additional benefit of generating fluorescent functional groups. The extent ofliotdeg

may therefore be quantified by monitoring the fluorescence intensity of the product. Linear
polystyrene, functinalised with a tetrazole moiety on both termini, may form a dense-cross
linked network when photolysed in the presence of a trimeric maleimide sffécies.
Degradation of this polymer and measurement of the fluorescence spectrum can then inform

on the succss of the initial photochemical cycloadditioBgheméd..65).
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Schemd..64:The lightactivated crosdinking of a butadiene polymer ugj a bisNI crosslinking agent

1.4.2.3Surface Chemistry

Surface chemistry, at the interface of small molecule and macromolecular research, is a
diverse field with broad applications throughout matersgience. During the past ten years,
the NI dipole has becaoena popular ligation agent in this aféahis approach to surface
madification is attractive owing to its orthogonality and high reactivity, with the additional
benefit that the NI may be gaaéed using only UV light. The most straightforward example
is in the immobilisation of a polymer onto the surface of an organic or inorganic network.
This was first exemplified in two independent publications from Bakmevollik and
Nallani and Liedberdgn 2011247248 The former modified a silicon wafer and a senpf
cellulose with a 2 etrazole moiety, which were exposed to UV light in the presence of a
poly(methylacrylate derivative capped with a maleimide dipolaropBibhémel.66). The
liberated NI rapidly formedhie desired cycloadduct, attaching the polymer to the surface.
Nallani and Liedberg demonstrated similar reactivity in the ligatbrthe horseradish

peroxidase enzyme to the surface of a polymersome, a synthetic replica of lipéSomes.
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Schemd..65: Quantitative analysis of the efficiency of ¢yicloaddition in polymer crodinking

The photochemical activation of 2t&trazoles is once again a highly favourable property in

this field. The use of a template, or shadow mask, that permits controlled irradiation of the
surface can allow for accuraiep at t er ni ngo of the surface wit
was demonstrated during the development of bespokéouting brushs, with ligation of a
poly(methylacrylate monomer onto a silicon wafer, again employingn&leimide
cycloaddition chemisy.?*° The use of a templated shadavask rendered the 2tBtrazole

inert in the regions of the surface obstructed from the lightceg enabling controlled

surfacepatterning chemd..67).

An alternative method of surface patterning was disclosed by Ravoo in226%6.
Microcontact chemistry involves the selective application of reagehtsmonertain areas of

the surface, using a specially desigrstamp coated in the required compotiid\ reaction

will occur only in the areas of the surface where the stamp made direct contact with the
environment. In the case of NI cycloadditions, teateoledoped silicon wafer was shown to
undergo patterspedfic reactivity with several dipolarophiles, which were administered to

the surfacevia microcontact printinggchemd..68).
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Schemd..66: The attachment of a poly(methyl)acrylate derivative to a silicon wafer using NI chemistry

The modification of surfaces can yield materials with unusual properties and numerous

potential appcations. One of the first examples of this involving NI chemistry was the

functionalisation of a cellulose paper sheet with a hydrophobic polymer based on methyl
methacrylate, with the hydrophobic properties of the polymer translated to the**&heet.

Another early example was the ligation of silicon wafers with short polymers containing a

diazo moiety. The facilE Y  Bomerisation of this motif upon exposure to light created the

first example of a lightesponsive surface engineered through NI che&gi(Scheme

1.69).254
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Schemd..67: The photepatterning of a surfacthrough the application of NI cycloaddition and a shadoask
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Schemd..68: The application of NI chemistry and microcontact printing in the patterning of surfaces
Recodable surfaces have also been exemplified imédiated surface modifition. This
chemistry relies on reversible bonding interactions between a surface amtdanating
group. While NIs themselves do not possess the appropriate properties, they are often used
as ligating agents for the installation of the reversible r@agiartners. One example from
2015 capitalised on the hegtiest binding properties of cypdextrin, anchoring this
carbohydrate onto a polydopamine surface through a NI cycloaddition using a shagkw
(Schemd..70).2%° The resulting pattern was visualised through treatment of the surface with a
rhodamine dye, modified by an adamantyl moiety to coordinate with the cyclodextrin. This
interaction may then be reversed by washing the material with an excess of &xyilod
solution.
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Schemd..69: Surface labelling can be applied in the synthesis of photoresponsive surfaces using NI
cycloaddition
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Surface modification using alternative Nacton partners have also been disclosed, with
most employing carboxylic acids in very recent reports. Zetterlund/B&mgollik and

Ravoo have both independently reported this application within the past two years, in the
augmentation of tetrazefeinctiondised nanoparticles and silicon wafers, respectitIspS

One earlier report from 2016, also from Ravoo, documented the application of thiols as an
NI ligation agent in the immobilisation of biotin and triethyleneglycol on the surface of a

silicon wafer?%!
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Schemd..70: The ligation of cyclodextrins to surfaces using Nls, and its application in reversiblg inesit
chemistry

1.5 Conclusions and Outlook

In the six decadefollowing the initial synthetic report on the introduction of Nisyuenber

of publications have exploited the unique properties of this valuable species. The 2007
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rediscovery of the benefits of 2¢haryl tetrazole photolysis in particular has revitdighe

field, 22 with a number of new and exciting applications of the dipole emerging, relative to the
limited literature activity of the 1980s and 1990s. Of additional significance is the recent
reevaluation of carboxylic acids and thiols as NI reactiantnes®? While initially
stimulating the development of additional applications of NIs exploiting this reacfi¥ify,

it has also prompted a reassessment of the
which has led to the development ofich improved NI and alkenyl functional handles

within this field124222

Looking towards the future applications of this dipole, it is likely that the photolysis -of 2,5
tetrazoles will become the most commonplace method of NI generation owing to the
excepional value of this approach to the fields of ligation chemistry. Further investigation
into the true orthogonality of the NI towards either-di@olar cycloaddition or nucleophilic
trapping is certainly necessary, but likely to be overlooked in a diseigbminated by an

applicationdriven philosophy.
1.6 Overarching Aims

Consequently, the original research documented in the subsequent chapters of this thesis is
driven by the central theme of simplifying the application of NI derivatives in ligation
chemisry through an increased understanding of their generation and reactivity. This will
commence through the investigation of an alternative synthesis afis2yb tetrazoles,

which are forecast to become the most popular method of NI generation in theyezars.

Current approaches towards these heterocycles gareerally robust, however are
incompatible with an arratype synthesis that focuses on rapid construction of a library of
different tetrazoles. This shortcoming will be addressed through theamn of Suzuki
hydrogemlysismethodology in the diversification of a key tetrazole motif.

With efficient access to a diverse palette ¢§ Bhabled subsequent studies are devoted to
further understanding the reactivity of the NI, and its applicatidgheédevelopment of novel

C-C bond formations. The interaction of this -tljpole with aryl boronic acids has never
been investigated, however mechanistic interpretation of the PBtasisch reaction
revealspotential similarities between the two trasrshations. This represents an opportunity

for the development of a metfke, lightactivated method of €€ bond formation, requiring

only a tetrazole and boronic acid, with no exogenous reagents. Furthermore, the introduction
of hydrazonyl halides as aalterrative NI source could facilitate the extension of the

methodology into similar 1;8ipolar systems, such as the nitrile oxides.

The final chapter in this thesis is dedicated to further understanding the relative reactivity of

the NI dipole with varias sulstrates. As mentioned above, it is likely that the application of
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the NI in ligation chemistry will continue with limited investigation into the reactivity of the
dipole with alkenes relative to its reactivity with native functionalities such a®xdid

acids or thiols. The development of a conpléamework of individual competition
experiments will establish a rank order of substrate reactivity with the NI, enabling more

informed application of the dipole within bioorthogonal sciences.

— Chapter 2 — Chapter 3

i B(OH)2+ B(OH)z B(OH)2 @ on

-OH ——

ST L G

u ‘

’ @ @ ®
Suzuki-Debenzylation
Cu-Catalysed Arylation Boronate R® migration Metal-free C-C bond formation

— Chapter 4
H Several
ON-N reactivity @
\I\;)=O i partners @N NO
Z
. Z
SH Me” SOH  Quantification ./ -
©/ of results to @ competing

give rank order nitrile imine reactivity?

Conversion (%)

Schemd..71: A summary of the overall objectives of this thesis
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2 A Modular Protocol for the Synthesis of 2,5-

Diaryl Tetrazoles

As discussed above, future application of the Nkdigdle will most likely rely on the
photolysis of 2,Ediaryl tetrazoles as the primary precursor. Consequently, it is crucial to
develop robust protats for the synthesis of these valuable NI sources. This chapter
describeghe development of novel, modularethodology to enable facile and rapid access

to a library of 2,&diaryl tetrazoles.
2.1 Introduction

2.1.1 Current Methods of 2,5-Tetrazole Synthesis

The rerosynthesis of the tetrazole motif can be considered from two different approaches.
The first is the congtiction of the heterocycle with a single aromatic ring, either C-

linked, already present. The second aryl group is then introduced in a sepedéteation
following tetrazole synthesis. This enables more efficient modification of the substituents
agmenting the tetr azm®Valee andwbancecréactivity (Hiscussed io e
Sectionl.2.3. The second approach involves direct construction of the tetrazole with both
aryl rings in place. This habte obvious advantage of affording direct access to the desired
compound and is the most common technique employed in the literature.

Despite the nugrous advanced and modern applications ofdiaByl tetrazoles, the vast
majority of publications employsome derivitisation of the Kakehi tetrazole synthesis,
developed in 1976 Scheme2.1).25"2%8 This involves the electrocyclisation of an aryl
diazonium salt with an aryl sufonylhydrazone, normally employing a vastse of base
such as pyridine. The regioselectivity of this cyclisation can be dt#dbiw the enhanced
steric encumbrance in the transition state of therdgwisomer. The sulfonyl hydrazone
moiety is accesseda the condensation of benzenesulfohydrazide with a benzaldehyde

derivative, allowing for an extremely broad scope.

An alternative to the Kakehi synthesis emerged in 2015, using aryl diazonium salts and aryl
amidines $cheme.2).2>° While this reation appears to also coitste an electrocyciation,

it was shown to first proceed through nucleophilic attack of the diazonium species by the
amidine, followed by oxidative rirglosure facilitated by the addition of iodine and
potassium iodide. Due tthe symmetry of the amidén regioselectivty is not an issue,

however the scope is slightly limited by the availability of this reactant.
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No
N SO,Ph Hydrazone

e’ | Cyclisati
~N yciisation
l'r\]' — (ary -Kakehi, 1976

N

SO,Ph
N,*CI l,\rNH Pyridine
O,N” C * /@2 6h,0°C I N
Me 78 % /©/'\N
Me

Scheme.l: The Kakehi tetrazole stmesis

Numerous approaches have been developed for the attachmenNeairgnring in the 2

position of C-arylated tetrazoles. Initial reports involved the application of hypervalent
heavy elements, such as bismuth and iodBehéme2.3).250261While this became a widely
studied approach, the reactions were not atom economical, and often required the use of

palladium and copper etatalysts?®" 263

Ns ®
NH °N

=N + (A1) Amidine Cyclisation

NIGAN
o Il:?[\l — NH2 -Liu, 2015

K,CO3, DMSO
Me NH S Me
N,*BF, ‘
+ NH2 N_N Me
then 15, Kl N
Me Me 1h,rt N’
80 %

Scheme.2: The synthesis of 2@iaryl tetrazoles through the combination of aryldiazonium salts and amidines

More recently, coppetatalysed Chaham-type coupling between -Substitued IH-
tetrazoles and aryl boronic acids has emerges rasre accessible route towards-@iaryl
tetrazoles $cheme2.4).264267 The use of a copper(l) salt in the presence of an oxygen
atmosphere facilitates a remarkably efficient process that can safely geneyatedtret in
excellent yields. The regiosetaaty of this reaction and those above are derived from steric

considerations in the transition state, rather than electronics.

One disadvantage df-arylation is the prerequisite afsing5-aryl tetrazoles. Founhately,
the synthesis of this moiety istersively documented, and is typically achievexthe 1,3
dipolar cycloaddition of an aryl nitrile and hydrazoic aftWhile HN; is an extremely
hazardous, highly toxic species, it is typically generatestu through treatment of an azide

salt witha Bronsted or Lewis acid.
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0 - M. N N-Arylation w Heavy Metal
-N N7 Complexes

®
N7 N CN
N ./'\. + SN == @)+ 'HNs' - Davydoy, 2002, 2004
N & @ N &) -Zhou, 2004

Pdydbas/rac-BINAP (5 mol%) Me
® ©
"'C02

Ph

Nag o Cu /rac-BINAP (5 mol%)
N “N Me Me
~. 2
N+ _N
® , NN,
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BF, 97 % ©)\N

Scheme.3: N-arylation of tetrazoles using hypervalent iodine species

In contrast to théN-arylation oftetrazoles, arylation of thg-position is a very uncommon
transformation. The formation of an?sg’ carboncarbon bond typically falls within the
domain of palladiurcatalysed crossoupling, but while 5bromo and &metallated
tetrazoles are known tandergo such reactions, thisshanly ever been documented using
the 1,5regioisomep?9270

®

-N

-N B(OH HNT L . . .
N~ (CH), N CN . v« N-Arylation w Boronic Acids

N : +./‘*N' = @) *"HNS'  _pan, 2012, 2014

ol ®©
OMe
HN-N,
N B(OH),  Cu,0 (5 mol%)
MeO N

0,, DMSO N
4h, 100 °C N
95%

Scheme.4: Coppercatalysed MNarylation of 5substituted tetrazoles using bororicids

This highlights the pncipal problem with this approach: the steric bulk of thgoSition is
required to ensure regioselective modification of th@gition, hence the efficient synthesis

of aC-5 unsubstituted-2ryl tetrazole is challenging.dwever, one example was remattin

2016 involving the cycloaddition of diazonium salts and TFt&omethane Scheme
2.5).2"* Silyl deprotection and subsequent bromination afforded access to an electrophilic

crosscoupling partner foC-arylation, although no such reaction was conducted.

2.1.2 The Benefits of a Modular Approach to Tetrazole Synthesis

One of the mosattractive aspects of employing Aj&aryl tetrazoles as an NI source is that
the substituents of both anmyhgs offer remarkably sensitive tuning of several key properties,
including wavelength of NI liberation, and the HOMO/LUMO energy levels of thdtieg
dipole Schemel.14 and Graph 1.3). It is logical that when using 28iaryl tetrazoles as a
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source of NI, it will be necessary to synthesise a small library to ascertain which tetrazole
possesses optimal properties for the application at hand. However, this is at odthe with
methods of 2,&liaryl tetrazole synthesis currently available. While methodsl-afyl ring
modification are ubiquitous, all require the prior synthesis o€C-aryl tetrazolevia
cycloadditions using highly toxic hydrazoic acid, and modificationseCtaryl ring remain

completely underdeveloped.

not _N N
N~ Synthesis of 5-bromotetrazoles

_N known B(OH
N~ — (OH), | N +
ol N — )\N — ® /NG - Kamenecka, 2016

B -
@Yy-N r TMS. N

MeO MeO

CI\©:NZBF4 TMSCHN, y /\@ NBS N
™S N- Bra N
~ N CsF, THF N

N=N N=N

OMe CF3CO,Ag, Et;N Cl Can
r,
CsF, THF 55 9%
-78°C,1h
73%
Scheme.5: The synthesis of-Bromo2-aryltetrazoles

Cl

The existing synthetic approaches also suffer from other shortcomimg&akehisynthesis

in particular, while robust and wetrecedented, is undermined by the use of an explosive
starting material, large quantities of corrosive and pungent solvent, low reaction yields and
laborious purification techniques. More broadlye thise of gplosive starting materials is a
ubiquitous problem within this field, with all current synthetic routes employing extremely

hazardous and explosive reagents such as diazonium salts, azides, and diazomethane.

To facilitate simple andapid accesgo a library of 2,5diaryl tetrazoles, a new approach
must be devised. This philosophy must centre upon the use of a common intermediate with
two principal characteristicsFigure 2.1). Firstly, it must already caain the tetrazole
heterocycle, as this would avoid repeated introduction of explosive and toxic reagents.
Ideally, a single largscale synthesis of the intermediate would suffice for the generation of
numerous 2 &liaryl derivatives. Secondly, the tetod& must incorporate two chemically
orthogonal functional handles, to allow for facile and, importantly, regioseldd¢i®andC-
5 arylation.

Handle 1:

C-Aryl
Modification K

N \
-
X
Handle 2:

N-Aryl
Modification

Z.

Figure 2.1: The ideal hypothétal synthon for the modular synthesis of a library of tetrazoles
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2.2 Aims

It is proposed that the optimal realistic equivalent of the desired tetrazolyl synthon would be
1-benzyts-bromotetrazole. Previous literature precedent has documented thesdalge
synthesis of this precursor, which will be replicated to obtain egaate quantities of this

motif .26°

The main aims of the pr o) epeviousvexpelienceimther por a
development of a orgot Suzukihydrogenation protocaf? This will facilitate simultaneous
modification of theC-5 position of the tetrazole with a variety of boronic acids, and
concomitant deprotection of tHé-1 position. Tatomerisation of the free-aryl tetrazole

would then facilitate regioselective functiosation of theN-2 position using established
methods?%4:265

Consequently, the project will commence with the independent optimisation of the Suzuki
and hydrogenolysi reactions before combining both into a -@o¢ protocol. Particular
attention will be pid to the practicality of the approach, minimising purification steps
(Scheme.6).

Following optimisation, the scope ofabyl tetrazoles accessiblga this procedure will be
explored, employing a diverse paletie boronic acids. The methodology will be further
exemplified through the utilisation of knov2 couping approaches to synthesise a broad
library of 2,5diaryl tetrazoles.

Handle 1: Handle 1:
C-Aryl Aryl
Modification I Halide

NI’ ‘N BnN-"\

N e > ,
A =
Handle 2: Handle 2:
N-Aryl Unmasked by

Modification Hydrogenolysis

B(OH) H B(OH)
BnN’N\N ’ N|/N\N ’ N
Br)QNI C@(@ N’ @ i

Suzuki-Hydrogenolysis Cu-Catalysed Arylation

Scheme.6: The overall reaction scheme intended to furnish a novel, modular appro2¢hdaryl tetrazoles
2.3  Results and Discussion
2.3.1 Synthesis of 1-Benzyl-5-Bromotetrazole

To begin the development of the methodology, gsaale synthesis of the desirstrting
material was first established. Retrosynthesis dbedzylt5-bromotetrazole iderfted

bromination of the electrerich C-5 position as an appropriate final step, leaving the
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construction of dbenzyltetrazole as the only obstacle. As mentioneg&lsynthesis of the
tetrazole moiety itself requires a cycloaddition between diazonius @adl hydrazones, or
nitriles and hydroazoic acid. Fortunately, previous literature precedent had identified that the
reaction of benzylisocyanide with hydrazoicidaavould furnish the desired product in
excellent yields$cheme.7).2%° Furthermore, it was shown to perform very well on scales of

up to 30 g, ideal for the synthesis of the core starting material throughquibjiet.

HC(OEt),
NaN3 ® _N
NH; . Ny, + HNj| —— NN
S <y
AcOH
80°C, 17 h

83 %

Scheme.7: The literature conditions originally identified for the synthesis-behzyltetrazole

Due to safety concerns, thresitu generation of hydrazoic aciging a Bronsted acid such as
acetic acid was deemed too hazardous. Consequently, it was decided to synthesise
benzylisocyanide separately, before employing the less explosive trimethylsilylazide
(Scheme.g).2"®

S) TMSN; NEL S

X N

©/\ Yo =y
HCI (2 mol%)

MeOH, 60 °C, 5 h
67 %

Scheme.8: The reported [3+2] cycloaddition of benzylisocyanide and Tazi&le

Synthesis of benzylisocyanid2.8) was conductedia the formylation of benzylamine and
subsequen dehydration using POgl with both steps proceeding in acceptable yields
(Scheme.9). However, the pungent odour of the benzylisonitrile product was an undesirable

characteristic in the intended grasmale synthees to follow, and the route was abandoned.

0
HCO,H, Ac,O POCI @
NH 2, 2 3
o it (™%
rEt’CZ'V'! H Et;N, DCM
2.1 : o 2.3
77 % 2.2 0°C,1h
51 %

Scheme.9: The synthesis of benzylisocyanig@e3)

When considering alternative approaches, it was proposed that the syntheasis of
heterocycle may be avoided entirely through the benzylationHefiettazole itself. This
would facilitate thesynthesis of the desired intermediate using readily available starting
materials without necessitating the handling of any explosive or tegigents. An initial
attempt employing triethylamine afforded the product in acceptable yield, while the
introducton of caesium carbonate improved conversion further, allowing facile access to
significant quantities of -benzyltetrazole 4.5 (Scheme2.10). While the yield was

diminished due to the presence of both regioisomers, this was not problematic as the
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eventual removal of the benzyl protecting group should render both regioisomers
compatible. However, to miplify the subsequent optimisation, only thebdnzyl
regioisomer 2.5 was taken forward. The bromination of this compound was then
accomplished through the application Mfbromosuccinimide (NBS), which proceeded in

excellent yield $cheme.11).

~N ©/\ N -N
HN-N -N, “
<N @AL N ©/\TL/N
N Et;N, MeCN N

60 °C, 16 h

2.4 60 % (16:9 2.5:2.6)

Br

Cs,CO3, MeCN
60 °C, 16 h
79 % (16:9 2.5:2.6)

Scheme.10: The benzylation ofH-tetrazole employing either triethylamine or casesium carbonate

N-N NBS NN,

IQ /N = /N
Br N
2.7

N AcOH
80°C,16 h
91 %

Scheme.11: The bromination of -benzyl tetrazole to furnish7

2.3.2 Optimisation of Reaction Conditions

As discussed irSection2.2, the Suzuki and hydrogenolysis stages & thaction were
optimised individually to maximise the conversion of the protocol. This would also highlight
any incompatibility upon the combinatiof laoth procedures.

2.3.2.10ptimisation of Suzuki Reaction

The optimisation of the Suzuki reaction commenced withidentification of prexisting
conditions, employing 3 mol% Pd(P{h(tetrakis) as the Pd catalyst.While a convenient
starting point, it waglesirable to identify an alternative catalyst dugh® well-reported
instability of this complex. Fur#rmore, previous studies have shown that the
triphenylphosphine motif is capable of poisoning Pd/C catalysts, an undesirable attribute for
any eventuabnepot investigatior’2

Initial screening was therefore undertaken using six palladium(ll) precataBrgcatalysts
represent a versatile alternative to classical sources of Pd(0), owing to their relatively inert
properties prior to treatment with zase, when the active catalyst species is libefated.
These compounds are also employed as dopneed metatligand complex, simplifying the

overall practicality of a reaction that often requires the separate addition of a catalyst and
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ligand. The siprecatalysts were screened alongside two different solvents and Gaiaph (
2.1), with both toluene and potassium carbonate included due to theirigamfifwithin
previous literature examplé&. Phenylboronic acid, as the simplest possible aryl substrate,

was employed as the coupling partner.

Br [catalyst], [base],
2.7 [solvent], H,O 2.8
100 °C, 16 h

1.0 K3PO, K,CO3

0.8

dioxane

0.4

Relative Conversion?

0.2

0.0-
XPhos SPhos DTnBuP AmPhos DTBPF P'Bu,

G3 Precatalyst (10 mol%)

Graph2.1: Initial catalyst screening identified XPhos Pd G3 as a suitable candidate for further study
aConversion was determined by HPLC with reference to an interauadiatd

NN

N, PhB(OH 'N

©/\N N O > =N
=N

20 2.8

Br Pd(PPh3), (3 mol%)
2.7 Na,CO3, PhMe, EtOH, H
110 °C, 24 h
75 %
NN
NN PhB(OH), O/\ N
5 - “
5" N XPhos Pd G3 (10 mol%) ©)\
2.7 K,CO3, H,0, PhMe 2.8
100°C, 3 h
76 %

Scheme.12: A direct comparison of the previously reported literature conditions, and those identified from a
screen of modern precatalysts

The results of this initlsscreerimmediately identified a relatively superior set of conditions,
with a combination of XPhos Pd G3, toluene and potassium carbonate aff@r8ingh

conversion values almost three times greater than the sbeshdconditions. The
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identification of toluene and carbonate was unsurprising, given their application in the
previous literature repoft! Indeed, a larger scale replication of these newly identified
conditions and of the established literature conditions gratifyingly yielded comparable
conversiors of the product, with XPhos requiring a much shorter reaction t8obefme
2.12).

To further enhance the efficiency of the newly identified conditions, initial felpw
screening sought to establish whettdferent generations of the XPhos precatalyst would
improve cowersion {Table 2.1). However, this was found have no significant impact on
yield. The introduction of XPhos as separate ligand was found to be oeartal to
conversion, despite the addition of superstoichiometric portions of XPhos relative to
Pd(OACc) to facilitate palladium(0) generatigr?.

Table2.1: Investigation of théormationof 2.8 employing diferent generatioaof XPhos precatalysts

X _XPhos
B(OH), \ RHN/Pd
T C Rl o g s I G
O/\): N - =N HZN’\/\Q O
Br N Pd XPhos GX (10 mol%)
2.7 K2CO3 H,0, PhMe 2.8 G1 G2R=H,X=Cl
100 °C, 16 h G3 R =H, X = OMs
G4 R = Me, X = OMs
Entry (Pre)catalyst Conversion (96)
1 XPhos + Pd(OAc) 50
2 XPhos Pd G1 65
3 XPhos Pd G2 66
4 XPhos Pd G3 63
5 XPhos Pd G4 70

aConversion values determined by LCMS wefierence to caffeine as an internal standard

The isolated yields of Suzuki reactions are often compromised by -prat@oted
protodeboronation or oxidation of the boronic &éidl'o address this potential shortcoming,
the stoichiometry of water was examindd was found that significantly reducing the
stoichiometry from one hundred equivalents to only five had a negligible impact upon
conversion Table 2.2). While this improved the efficiency of the process, it was

unfortunately unsuccessful in improving conversio.®

Prior to further optimisation using phenylboronic acid, it was deemedojapgie to
investigate the applicability of additional substrates. It was reasoned that identifying any

potential limitatiors of the methodology at this early stage would facilitate a more informed
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approach towards further improving the conditions. Comsetly, three additional boronic
acids were selected and subjected to the-tligtughput screening conditions outlined in
Graph 2.1. 4methoxyphenylbomic acid, 4fluorophenylboronic acid, and -4
cyanophenylboronic acid were selected to represent a range of eldotrating and
withdrawing substituents in order to highlight any weakeg$s the methodology. The poor
performance of potassium phosphatal dn4dioxane in the initial screen led to their

replacement with caesium carbonate and acetonitrile, respectBlyh(2.2).

Table2.2: Water stoichiometry was found to have a limited impact on reaction conversion

B(OH
(OH), N
N/N\ O/\ N
EjA N =N
. g

Y

Br Pd XPhos G3 (10 mol%)
2.7 K2CO3’ Hzo [x equiv.], PhMe 2.8
100 °C, 16 h

Entry  Water Stoichiometry (equivs) Conversion (96)

1 1 64
2 5 73
3 10 76
4 20 75
5 50 70

aConversin values determined by LCMS with reference to caffeine as an internal stand
Interrogation of the resulting data immediately highlighted the superiority of XPhos and
SPhos relative to the other precatalysts. DTnBuP also exhibited promisingrsions
however this was not consistent over all substrates. Toluene was again identified as the
favourable solvent, with acetonitrile furnishing substantially diminished yields. Both
potassium and caesium proved to be acceptable counterions for theatarbae, with very
little discrepancy between the species. The outcome of this study was the confirmation of
XPhos and potassium carbonate in toluene as the best combination of reaction conditions

identified thus far.

While relative conversion valueseabeneftial in identifying optimal conditions within a
defined data set, such results provide no context of the overall conversion of the reaction.
Consequently, all three new boronic acids were exposed to the identified conditions at an
increased scalgnd isohted yields were obtaine&c¢heme2.13). This quickly highlighted
that while the reaction was applicable to electich and neutraboronic acids, electren

deficient species afforded extremely poor conversions.
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Relative Conversion? Relative Conversion?

Relative Conversion?

B(OH),

NN @ ©/\ NN
©A)= N'N @ \NIN

Br [catalyst], [base],
2.7 [solvent], H,0 2.9,2.10, 2.11
100 °C, 16 h

Cs,C0;K,CO,

/@){ PhMe
MeO MeCN

0.8+

0.6

0.2+

0.0-
SPhos DTnBuP AmPhos DTBPF P'Bu,

G3 Precatalyst (10 mol%)

1.0- Cs,C03K,CO;

PhMe

0.8+
MeCN

0.2+

0.0-

SPhos DTnBuP AmPhos DTBPF PtBu3
G3 Precatalyst (10 mol%)

Cs,C04K,CO;

PhMe
NC MeCN

SPhos DTnBUP AmPhos P'Bu,

G3 Precatalyst (10 mol%)

Graph?2.2: Investigation of additional boronic acid substrates in combination with six Pd precatalysts

aConversion was determined by HPLC with reference to an internal standard
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Pd XPhos G3 (10 mol%)
K2C031 H20, PhMe

B(OH
NN @ o N
©/\)\ > > ‘N’N
Br N
27

100°C, 3 h
MeO : F : NC :
2.9 2.10 2.11
Isolated 72 60 <5

Yield (%)

Scheme.13: The isolated yields of benzyl tetrazok8to 2.11

It was determined that further investigatiortled shortcomings of the reaction with electron
deficient boronic acids was necessary prior to the continuation of the optimisation. A
targeted highthroughput screen was designed examining two eleckedinient aryl boronic
acids and their correspondipgnacol ester derivatives. The primary aims of this experiment
were twofold. Firstly, it was considered that the poor performance®fahophenylbmnic

acid previously may represent a substsiecific issue, as opposed to the incompatibility of
all electronndeficient motifs. Nitriles are competent transition metal ligands, which may
inhibit the catalyst’® The incorporation of 4trifluoromethylphenylboronic acid was
intended to assess this possibility. The inclusion of the pinacol esters of botticbarids
hoped to elucidate whether more controlled release of the boronic acid may afford greater
control over the desired-C bond formation. Théclusion of alternative base and solvent
combinations in potassium phosphate arultanol were intendetb further modulate the

rate of boronic acid liberatiorsfaph 2.3).

While conversions remained slightly lower than desired, it was apparent that the
incompatibility of 4cyanophenylboronic acid was not shared bl edctrondeficient
species. Despite pos,vaue?s thentrifluoemeshyl motid ddmot Ha mme t
inhibit the procedure in the same manner. Gratifyingly, this result was replicated upen scale

up of the reaction §cheme2.14). Unfortunately, boronic acid pinacol esters were poor
substrates, while toluene was again shown to be the optimal reaction solvent. Caesium
carbonate was adopted as a base for the remainder sfutlte owing to the marginally

beter conversion alues obtained relative to potassium carbonate.

With the apparent identification of the optimal discrete variables, efforts were made to
reduce the catalyst loading. While 10 mol% often represents an acceptable turnover rate in
crosscoupling chemistry, itvas deemed unsuitable in this instance. Given that similar yields
were obtained in the application of only 3 mol% of tetrakis earlier in the project, it would not
be justifiable to employ XPhos Pd G3 at such high loadings. Furthermorsigttificant

cod and limited abundance of palladium necessitates that every effort is made to reduce the

quantity consumed whenever possible. Disappointingly, initial attempts to decrease the
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catalyst loading resulted in a substantial decrease in coomepglow 5 mol%loading
(Table2.3).

B*

-N_ @ N’N\\
=N N
Br XPhos Pd G3 (10 mol%)
2.7 [base], [solvent], H,O 211. 212
100°C, 16 h ’

1001

K,CO; Cs,CO; K;PO,

PhMe
751

nBuOH

Conversion (%)?

4-(F;C)CgH,4B(OH), 4-(F;C)CgH,BPin 4-(NC)CgH,B(OH), 4-(NC)CgH,BPin
Boron Species
Graph2.3: An additional screen of electreseficient boron specigadicated that some substrates were

compatible with the conditions, whi&COs represented a minor improvement oveCKs. 2Conversion was
determined by LCMS with reference to caffeine as an internal standard

B(OH
-N —
©/\N N FsC N

=y >

Br Pd XPhos G3 (10 mol%)
2.7 Cs,C0O3 H,0, PhMe F3C 212
100°C, 3 h

56 %

Scheme.14: The isolation of tetrazolg.12

This represented a significant dustck in the optimisation campaign, and all efforts were
subsequently redirected towards reducing catalyst loading. It was proposed that sma
alterations to the structure of XPhos magilfeate more efficient catalyst turnover, given

the comparable yields obtained by SPhos in earlier screening reacdiaph 2.2). To
explore this thexy, a selectia of bulky, biaryl, monodentate phosphine ligands were
investigated®?®1 The boron species selected for this screen were those emplog@edpin

2.3. This was intended to enable facile identification of any &igamt improvement in
conversion by interrogating the most challenging palette of substrates. Tetrakis and XPhos
were also both included to enable a direct comparison with tiee cdkalysts.
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Table2.3: Attenpts in lowering catalyst loading in the synthesis of tetra2adl®

B(OH), \
Nk
N, o
©/\N N F N

J=N >

Br Pd XPhos G3 [x mol%]
2.7 Cs,C0O3 H,0, PhMe F 2.10
100°C, 16 h
Entry Catalyst Loading (mol% Conversion (96)
1 10 52
2 5 47
3 2.5 14
4 1 6
5 0.5 3

aConversion values determined by LCMS with reference to caféasiae internal standard.

Despite the introduction of four alternative bulky biaryl ligands, XPhos remained by far
superior Graph 2.4). Interestingly, XPhos also comfortably outperformed tetrakis within
this smalllibrary of substrates, furtheemphasisinghe utility of this species. Retaining
XPhos as the ligand, alternadi palladium sources were then investigated as a final attempt
to increase reaction yield at a loading of 5 mol%. Unfortunately, all othexdpath species
failed to achieve the conversion values of XPhos PdT@Blé2.4).

B*
Ly - Oy
):N N

Br [catalyst], Cs,CO;
PhMe, H,0
27 100°C, 16 h 2.1, 2.12
407 B(OH), BPin
BX
O CF;
. (X o

20+

Conversion (%)?

104

Pd(PPhy), XPhos ‘BuXPhos BrettPhos RockPhos RuPhos

Precatalyst (5 mol%)

Graph2.4: An investigéion into alternative ligands for the Suzuki couplinafand organoboron species
aConversion was determined by LCMS with reference to caffeine as an internal standard
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Table2.4: Investigations into the inget of palladium source on the cressupling of2.7 and 4
(trifluoromethyl)phenylboronic acid

B(OH
/@/ (OH), N
N °N
N ;
- F3C ©/\ =

ﬁi_—z
z_
z
Y
z

Br [Pd source] (5 mol%)
2.7 XPhos (10 mol%) F3C
Cs,C03 H,0, PhMe 212
100 °C, 16 h
Entry Palladium Source Conversion (96)

1 XPhos Pd G3 48
2 PdC 3
3 Pd(OAQ) 7
4 Pd(PP§2Ch 0
5 Pd(dppf)Cl 20
6 Pd(dba)s 4

aConversion values determined by LCMS with reference to caffeine as an internal stan
With efforts to minimise catalyst loading seemingly complete, the remaining continuous
variables were optimisedising a design of experiments (DoE) appro&&t®® While
conventional reaction optimisation considers each variable separately, DoE adsesses t
influences that different variables may have on each oihexddition to their impact on
overall reaction conversion. This can enable the identificati@n optimal set of conditions

that may otherwise have been overlookeig\re 2.2).

A\

Figure 2.2: An example of a linear optimisation appach (left) and an example of a DoE approach (right) in the
optimisation of the same experiment

65



b)

o8

/

—

Figure 2.3: a) A visual example of a two level optimisation with two variables, requiring 4 reactions plus centre
point reactions; b) A two leveptimisation involving three variables (8 experiments plus cquiet reactions);
c) A two level halfractional optimisdéion, again involving three variables, but only requiring 4 reactions plus
centrepoint experiments

To accommodate complete covezagf the variables incorporated within a two level DoE
optimisation, a total of '2+ x reactions must be performed, whérés equivalent to the
number of variables under study,ands t he number of fAcentre poi
4). This total iscomprised of reaction conditions that fully encompass all combinations of

the minima and maxima of all variables under stu@gntre point reaction conditions are
composed of the intermediate values of every variable and are included to provide evidence

of reproducibility and to enable an estimation of error. As the number of screening reactions

required can rapidly expand dstnumber of variables under examination increases, half
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fractional designs are often employed to simplify the study. These dernimaneed for 50
% of the screening reactions by extrapolating the results already obtained, maintaining

appropriate covege of the minimum and maximum variable valuégygre 2.3). These

e
DoE studies require a total &f + x experiments for accurate results.

Half-fractional designs improve efficiency at the expense of accuf&iyis a consequence
of the fAal i asi ngadnfluente of differant teaction warialeles enaytbé e
combined during the extrapolation portion of the calculation. Aliasing can become
problematic during optimisations involving few variables, mgkinterpretation of results

challenging, however accuracy da@improved through the input of additional reactions.

Overall, the DoE approach is a highly efficient method of reaction optimisation, while
concurrently minimising the number of reactiond®performed in the process. As part of

this specific optimis@&n, a twelevel, fivefactor, halffractional DoE protocol was
undertaken as a means of optimising base, water and boronic acid stoichiometry, catalyst
loading, and concentration. Gratifyinglymited aliasing issues were encountered, with all
main effe¢s and twefactor interactions estimated with good accuracy.

The results of this study highlighted some unanticipated influences on the efficiency of the
transformation Table 2.5, Graph 2.5). While catalyst loading was unsurprisingly identified

as a crucial variable, the significant impact of conceiotmavas entirely unexpected. Upon
further investigation, thislependency appeared to be a more complex manifestation of the
impact of water stoichiometry. While relatively inconsequential at higher levels of dilution,
the increased equivalents of water &vdound to have a substantial positive impact on

conversion irconcentrated sample&iaph 2.6).

Table2.5: Conversion values obtained from the DoE study

/©/B(OH)2
F N’N\\N
-N, [x equiv.] — 7
Br N
2.7

XPhos Pd G3 [x mol%]
Cs,COg3 [x equiv.], H,0 [x equiv.] F
PhMe [x M]
100 °C, 16 h

Catalyst Boronic Acid Base Water
Concentration Conversion
Entry Loading Stoichiometry Stoichiometry Stoichiometry
(M) (%5

(mol%) (eq.) (eq.) (eq.)

1 10 25 1.1 100 0.1 49
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11
2.5
11
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2.5
2.5
11
11
11
2.5
2.5
2.5
2.5
1.8

11
11
2.5
1.1
1.1
25
1.1
2.5
1.1
2.5
2.5
2.5
2.5
1.1
2.5
1.8

100

100

100

100
5
100
100
100
52.5

0.1

0.1

0.1
0.1
0.1
0.1

0.1
0.55

21
32

13

50

52

54

21

aConversionsalues determined by LCMS with reference to caffeine as an intstaadiard.

PReported values are averages of two runs.

cAverage of three runs.

Design-Expert® Software

Log10(Conversion)

Shapiro-Wilk test
W-value = 0.940
p-value =0.516

A: Catalyst Loading
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Graph2.5 A halfnormal plot originating from the DoE studyto the Pdcatalysed coupling of aryl bromide7
and aryl boronic acids identified both catalyst loading and concentration as variables of interest
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Design-Expert® Software
Factor Coding: Actual
QOriginal Scale
Conversion (%)
(adjusted for curvature)

54 100
1
80

X1 = E: Concentration
X2 = D: Water Stoichiometry 60
Actual Factors 40
A: Catalyst Loading = 9.75676

B: Boronic Acid Stoichiometry = 1.8
C: Base Stoichiometry = 1.8

20

Conversion (%)

100

62

0.5
0.6 07

E: Concentration (M) 08 0.9

43
D: Water Stoichiometry (eq.)

Graph2.6 A 3D response surface highlighting the relasbip of concentration and water stoichiometry on the
outcome of the reaction:

As a consequence of this DoE study, an additional screen was conducted to investigate if
increased equivalents of water in cdandtion with a decreased catalyst loading could
cownteract the steep decline in conversion values that had previously been observed.
Pleasingly, yields of tetrazol@.10 were maintained at synthetically tractable levels of
around 70% at catalyst loadingsf 2 and 3 mol%{Table2.6). This represented a significant

contrast to earlier results when only ten equivalents of water wereTeadZ.3).

Despite the length of this optimisation, the resulting conditions representetuat
alternative to the previous literature precedent. Firstly, the exchange of tetrakis for a more
stable and versatile alternative in XPhos@&l represented a considerable improvement in

the longevity of the protocol, particularly as these catalystsained equally proficient at
similar loadings. Furthermore, the use of XPhos Pd G3 has the potential to broaden the scope
of the reaction in congrison to tetrakis (for example, in the resultsScheme2.14). The

reaction timewas also significantly reduced, with the completion of the newly dpeel

methodology in only one sixth of the time required previously.

2.3.2.20ptimisation of Hydrogenolysis Reaction

Following the discovery of reaction conditions to facilitate siynthesis of varioustienzyl

5-aryl tetrazoles, work commenced on the developneérsa hydrogenolysis protocol to

enable the debenzylation of these substrates. Limited precedent existed for this
transformation, with only a single publication outliningetapplication oRos en mund é s

catalyst (Pd/BaSg as an efficient additive, althougis optimisation was rather limité#:
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Table2.6: Decreased levels of catalyst loading maintained similar reaction caowesrf the presence of
superstoichiometric quantities of water, whilencentration was shown to have little effect

B(OH), \
O/\N’ °N

_N /[ j )
O/\N N F N

)
Z.
\

Br XPhos Pd G3 [x mol%]
2.7 CSZCO34 Hzo [100 equiV.] F
PhMe [x M], 100 °C, 4 h 2.10

Catalyst Loading Concentration

Entry Conversion (96)
(mol%) (M)
1 10 0.1 70
2 7 0.1 69
3 6 0.1 71
4 5 0.1 71
5 4 0.1 70
6 3 0.1 71
7 2 0.1 66
8 1 0.1 38
9 3 0.02 67

aConversion values determined by LCMS with reference to caffeine as an internal standarc
It was decided that a more prudent approach would be an initiaithvighghput screen,
employng eight common industrial palladium on charcoal (Pd&ajalysts from 3
commercial sources. While numerous hydrogenation catalysts are marketed under the
moniker Pd/C, these species are seguivalent, with unique properties such as charcoal
nanostructureand method of palladium impregnati®#28 Such varitions can result in
significant differences in reactivity. Three solvents were also considered, given the
importance of hydrogen solubility in such proceddfésicetic acid has been shown to
promoteN-denzylation reaction®; and the role of this substee as an additive was also
investigated Graph2.7).

Of the eight catalysts examined, five furnished almost quantitative conversion to the
debenzylatd prodiwct. Both ethanol and THF were suitable solvents, with ethanol selected
for further assessment owing to its robust performance in previous Shuyairkigenation
studies within our laboratoRf? The inclusion of acetic acid was found to be unnecessary

and n many cases proved detrimental to reaction conversion.
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-N H, (6 b -N
N7 2 (6 bar) HN"
©/\ \N'N > ):NIN Watiney  Evonik BASF
Ph [Pd/C catalyst] (30 wt.%) Ph
2.8 [solvent] 2.13

40°C, 16 h
(a)

1004
80+

60+

Conversion? (%)

20+

EtOH EtOACc THF

Solvent

(b)

1004

80+

404

Conversion? (%)

20+

EtOH EtOAc THF

Solvent

Graph2.7: High-throughput screening of debenzylation conditimentified numesus suitable Pd/C catalysts
both in theabsence (aand presence (lf acetic acid.2Conversions reported as a percentage of the total peak
area of2.8and2.13

The five besperforming catalysts were reevaluated at reduced catalyshdisadh order a
differentiate between the high yields of the earlier results. The pressure of hydrogen was also
decreased from 6 bar to 4 bar, in a continuing effort to identify the mildest debenzylation

conditions availableTable2.7).
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Table2.7: Conversions obtained from lowering the loading of five potential Pd/C catalysts

O/\N/N\\N H, (4 bar) N HN/N\\N
J=y g =y

Ph [Pd/C catalyst], [x wt. %] Ph
2.8 EtOH 213
40°C,16h

Entry Pd/C Catalyst Catalyst Loading (wt. %) Conversion (%6)

1 JMA4050285 20 38
2 JMA5030325 20 33
3 Evonik P1070 20 99
4 Evonik P1071 20 98
5 BASF 10318 20 99
6 IM A4050285 10 24
7 IMA5030325 10 20
8 Evonik P1070 10 67
9 Evonik P1071 10 2.5 mol% 99
10 BASF 10318 10 97

aConversion values determined by LOM# reference to caffeine as an internal standard.

The results of this screen identified Evonik P1071 and BASF 10318 as the optimal catalysts,
with complete hydrogenolysis after 16 hours. The striking efficiency of this debenzylation is
highlighted wherconsidering that the application of 10 wt.% Pd/Cdaiealent to only 2.5

mol% when expressed using more conventional units.

A final optimisation sought to lower the reaction temperature to room temperature, while
simultaneously bringing the pressurehgidrogen gas to 1 bar. As shownTiable 2.8, this
demonstrated the necessity of maintaining a temperature SC4Qvith a decrease in
conversion of more than 4@ in all cases. By contrast, the yield wakativdy unaffected by

the pressure of the hydrogen atmosphere.

Following the conclusion of this study, Evonik P1071 Pd/C (otherwise known as Noblyst
P1071) was selected as an appropriate debenzylation catalyst for incorporation within the
Suzukihydrogenolysisonepot protocol. Based on the results of the final scréaiblé2.8)

a temperature of 40 °C was maintained for all futdedenzylation reactions, with aH

pressure of 2 bar.
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Table2.8: Attempts in further lowering the pressure and temperature of the debenzylation reaction conditions

-N, H, [x bar -N,
O/\j\ \,N ) ] . H)N\ \,N
N [Pd/C catalyst] (2.5 mol%) N

EtOH Ph
2.8 it 16 h 213

Entry Pd/C Catalyst H, pressure (bar) Conversion (96)

1 Evonik P1071 4 59
2 Evonik P1071 3 56
3 Ewnik P1071 2 50
4 Evonik P1071 1 47
5 BASF 10318 4 53
6 BASF 10318 3 50
7 BASF 10318 2 44
8 BASF 10318 1 42

aConversion values determined by LCMS with reference to caffeine as an internal stanard.

2.3.2.30ptimisation of On®ot SuzukiHydrogenolysis

Priorto combining the two optimised reaction conditions, initial tests were conducted on the
Suzuki reaction to assess whether the ecosgpling would be tolerant to the incorporation

of Noblyst® P1071 Pd/C. The lowering of the boronic acid and basehstongry wasalso
assessed, owing to the results of the earlier DoE sflidple 2.5). Gratifyingly, the
decreased stoichiometry and incorporation of Pd/C was found to be compatible, with a
conversion within five percemtf the highest values obtainebaple2.9).

Following this positive result, the tweansformations were combined in a single pot for the
first time (Table 2.10). With the robustness of the Suzykiotocol established, an initial
screen examined the efficiency of the debenzylation conditions when exposed to the crude
Suzuki reaction mixture. To avoid ercomplication, ethanol, the hydrogenolysis solvent,
was added aftehe completion of the Suzuki reaction. Gratifyingly, ptessure was found

to be inconsequential to the conversions obtained, with improved or unchanged yields
observed at the lower prese of 2 bar. Unfortunately, the incorporation of the
debenzylationprotocol within the ongot Suzukihydrogenolysis manifold necessitated a
Pd/C loading of 10 mol% for adequate conversion (65 %). While not ideal, a loading of 10
mol% is typical of most ebenzylation methodology, with a similar trend also observed as
partof our groupos this @edi® dhisds likelg a eoasequédnce iofnthe
poisoning of the Pd/C catalyst by the XPhos ligand of the Suzuki Pd species.
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Table2.9: Investigating the incorporation ¢d/C within the Suzuki reaction manifold

-N PhB(OH), [x equiv.] -N

N7 NI
N > N

):N ):N

Br XPhos Pd G3 (3 mol %) Ph
2.7 Cs,CO; [x equiv.] H,0, PhMe 2.8
100 °C, 16 h
[+ additive]

Boronic Acid Base

Entry Solvent Stoichiometry  Stoichiometry  Additive Conversion (986)

(eq.) (eq.)
1 Toluene 1.3 15 - 77
2 Toluene 1.3 15 + Pd/C 72
3 Toluene 15 2 - 76

aConvesions values determined by LCMS with reference to caffeine as an internal standard.

Table2.10: The initialincorporation of the Suzukiebenzylation methodology within a gmat manifold

B(OH),
HN N

NN N
oL -

Br XPhos Pd G3 (3 mol%)
2.7 Noblyst P1071 Pd/C [x mol%] 2.13
Cs,CO3, H,0, PhMe
100°C,4 h
then H, [x bar], EtOH
40°C,20h

b3
=z,
\
z

Entry Pd/C loading (mol%) H, pressure (bar) Conversion (96)

1 10 4 43
2 7.5 4 48
3 5 4 29
4 2.5 4 17
> 10 2 65
6 7.5 2 52
7 5 2 34
8 2.5 2 35

aConversions values determined by LCMS with reference to caffeine as an internal standard.
While this experiment afforded relatively good conditions for further investigation, one final

attempt was made to negate the need for solvent addition following completion of the Suzuki
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reaction, through the addition of a-solvent at the beginning ohé protocol. While the
ideal caesolvent for this procedure was ethanol, this required the lowering of the temperature
of the Suzuki reaction to AT in order to prevent evaporation. Consequentlyutanol was
also considered as a means of maintainingtehgperature at 100C. The application of

toluene as the sole solvent for both transformations was also investiGaldel(11).

Table2.11: Attempts at introducinghe hydrogenolysis solvent from the beginning of the protocol were met with
diminished yields

B(OH),
N,
NN ©/ HN" N
P et
g N XPhos Pd G3 (3 mol%)
2

2.7 Noblyst P1071 Pd/C (10 mol%)
Cs,CO3, H,0, [solvent]
[temperature], 4 h
then H, (2 bar)

40°C, 24 h
Entry Solvent Suzuki Temperature®’C) Conversion (96)
1 PhMe 100 24
2 4:1 (PhMenBuOH) 100 24
3 3:2 (PhMenBuOH) 100 4
4 1:1 (PhMenBuOH) 100 34
5 4:1 (PhMe:EtOH) 70 37
6 3:2 (PhMe:EtOH) 70 22
7 1:1 (PhMe:EtOH) 70 15

aConversions values determined by LCMS with reference to caffeine as an istanddrd.
Unfortunately, none of these modifications facilitated the inciusifoa cesolvent within the
initial reaction mixture, with limited Suzuki or hydrogenolysis conversions obtained in all
instances. Therefore, the conditions shownSitcheme2.15 were taken forward as the

optimisedprotocol.

B(OH),

BnN-N, HN-N,
N > N
Br N XPhos Pd G3 (3 mol%) @
07 Noblyst® Pd/C (10 mol%)

Cs,CO03, H,0, PhMe, 4 h, 100 °C
then H, (2 bar), EtOH, 18 h, 40 °C

Scheme.15: The optimised conditins identified in the novel arylatieshebenzylation of Bromo tetrazole.7
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2.3.3 Scope of the Reaction

Following the identification ofappropriate reaction conditions, the scope of the procedure
was investigated. The boronic acids considered as part of uki were selected based on
two criteria. Primarily, substrates encompassing a variety of electronic and steric
characteristics wer identified, while several others were based on their previous
incorporation within key tetrazoles and NIs. It was intendet the inclusion of these
substrates would further showcase the applicability of this protocol. It was determined that
purification of the products by column chromatography should be avoided wherever
possible. Such methods of compound isolation oftenir@dhe investment of significant

time and resources, and avoiding this represents a significant improvement in the overall
practcality of the methodology. Purification was instead conducted through careful control
of the pH of the reaction worltp, explating the natural acidity of theH-tetrazole product

relative to all other components of the crude reaction mixrhgme.16).

B(OH), on-N HN-N,

A

BnN-N, -y =N
N - N ®
)\N reaction conditions @ acidic work-up

+ neutral work up organic-soluble
product,

>90 % purity

Br
water-soluble

intermediate

Scheme.16: Control of pH during reaction workip negates the need of purification by column chromatography

The results of the substrate scope are showfahle 2.12. While extensive, it was
disappointing that no substrate exceeded the isolated yield of the model cor@ptRi&b

%). Nevertheless, additional species with differing electronic properties were shown t
posses similar reactivity, with2.14 2.15and2.16isolated in good to moderate yields. The
low conversion of methoxy derivative.20 was a surprising result, given the high yields

observed for this substrate in the earlier optimisation of the Suzadtion(Scheme.13).

The poor performance of electroich substrates is also apparent in the failure of compounds
2.29 and 2.32 which both exhibited substantial protodeboronation of the starting material.
Electrondefident systems, with the exception fL6 are similarlyincompatible, with the
synthesis 0R.24 2.27 and 2.28 all unsuccessfulGratifyingly, the reaction was reasonably
tolerant of steric occlusion, with the isolation oftho-tolyl substrate2.18 in moderate
yields. This did not extend to the Alénethyl pecies2.23 however, where no product
formation was observed. The disparity in isolated yield betvmeetasubstituted?2.17 and

the correspondingrtho andpara analogues remains unexplained but ddug influenced by

the purity of the boronic acid startj materials.
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Table2.12: The scope of aryl and vinyl boronic acids investigated as part of the newly developed Suzuki
hydrogenolysis methodology

B(OH),
-N
BnN’N\\ HN \\N
e XPhos Pd G3 (3 mol%) N
2.7 Noblyst® Pd/C (10 mol%) 213 -2.22
Cs,CO3, H,0, PhMe, 4 h, 100 °C
then H, (2 bar), EtOH, 18 h, 40 °C
— Successful Substrates
HN-N HN-N, HN-N, HN-N,
< N <~ N < N < N
N N N N
F Me FsC
2.13 2.14 2.15 2.16
65 % 60 % 51% 42 %
HN-N, Me HN-N, HN-N, HN”‘f\N
|_ N ,
Me \N/ \N/ \N/ \N
g E MeO
217 2.18 2.19 2.20
26 % 47 % 42 % 15 %
HN-N,
. HN-N,
Ole N =~
(I N
221 2.222
23 % 22 %
— Failed Substrates
Me HN-N, HN”‘!\N HN-N, HN-N, HN-N,
>~ ,N ./ N ~ ,N N
\ | \
—
Me HoN N
2.23 2.24b 2.25 2.26 2.25¢
HN-N, HN-N, HN-N,
: J N : J N N
\N \N \N/
MeOQC H2NOZS AcHN
2.27 2.28 2.29
HN-N HN-N, HN-N, HN-N, HN-N,
\\N ~ ,N NS ,N NS ,N N
%N/ N N
0 H,N MeO HO
2.30 2.312¢ 2.24b:¢ 2.20°

2from vinyl derivative, bfrom nitro derivative, “from BPin
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Further attempts to incorpate the pinacol esters of some substrates were unsuccessful
(2.20 2.24 2.25 and2.3)). It is likely that the enhanced reactivity of the boronic acid motif

is required to facilitate adequate transafiation during the Suzuki component of the
transformaibn. An example of a vinylboronic acid was successfully incorporated within the
manifold, furnishing alkylsubstituted tetrazolg.22in low yields following hydrogenation

of the olefin.

Specialised A-diaryl tetrazole substituents prevalent in tierature including naphthyf
pyrenyl® and thiophenff moi et i es are often incorperated
required for NI generation. Consequently, efforts were made to introduce these motifs into
this substrate scope. Both napthyl agdepyl substrates were amenable to the methodology,
furnishing tetrazole®.19and2.21in 42 and 23% yields, respectively. The diminished yield

of 2.21 can be attributed to the bulky-substituent hindering effective surface adsorption

during the hydrogaolysis phase. Unfortunately;tBienyl substrat®.25was ncompatible.

Given the propensity of the corresponding boronic acid to undergo protodebord#fatimn,

likely that the harsh conditions promoted the decomposition of this material.

One commordrawback that was observed during the investigation ofsthiistrate scope

was the limited hydrogenolysis of some intermediates following efficient Suzuki coupling.
As mentioned above, it is possible that this drawback originates in the poisoning dfGhe P
catalyst by residual XPhos ligand employed during theulureaction. To expand the
overall scope of the procedure, a handful of these substrates were investigated as part of a
more conventional twatep protocol, with the initial Suzuki reaction puots purified by

column chromatography prior to their hydesglysis. While this is understandably less
desirable from a practicaerspective it was deemed beneficial for substrates that were

ineffective under the original conditions.

As an additional amect of this investigation, a more accessible method of umdimd the
hydrogenolysis step was assessed. Thus far, all debenzylation reactions were performed
within an automated reactor, employing pressurised vessels due to the necessity of a 2 bar
hydrogen atmosphere. To make this procedure more-effsttive, itwas performed using a

20 mL COware reaction vess®l.This enabld the generation of high pressures of reactive
gases safely through the application of a-thkambered piece of glassware. Irstekample,

the ex situ generation of hydrogen in chamber Acilitated the hydrogenolysis of the

substrate, situated in chamberfgure 2.4).

Hyphenaion of the established manifold enabled the improved isolation of a handful of
substrates compared to the original condgi@lable2.13). Both 4methoxy derivative2.20
and alkyl tetrazol@.22were isolated in yields more than #®higher, with the synthesis of

2.20 demonstrating applicability as a means of accessing phauntieathy-relevant
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compounds, such as the metabotropic glutamate (mGlu 2) receptor potentiator shown
below?®° Benzoate este.27was also accessed for the fitiste using this methodology in a

27 % yield, having previously failed to form. Two additiosaibstrags, the2-phenyl an4-

phenyl analogueg.33 and2.34 were also isolated. The incorporation of a bulkghznyl
moiety, albeit in low yields, provides further feedback on the tolerance of steric occlusion
within this methodology. This motif is algaresentin the angiotensin receptor inhibitor

losartan, a marketed pharmaceutical for the treatment of high blood pré&sure.

=)

{

A B

N AN

Figure 2.4: A schematic outlining thEOware reactoin vessel

2.3.4 The Modular Synthesis of 2,5-Diaryl Tetrazoles

With the development of a novel route towards a library -stiistituted tetrazoles, the
principal objective of the project could now be expleraanodular synthesis of a library of
2,5-diaryl tetraoles. Four substrates from the above scope were selected to simulate the
installation of various functional groups in thepésition of the tetrazole. Following the
largescale syntheses of these four intermediates, a succession of-cappesed aryldabns
utilising literature precedent would furnish a final matrix of sixteendiabyl tetrazoleg5

The objective of this study was to maximise the efficiency of the process, with only one
chromatographic purification required for each sidiet and adtal of 20 reactions
affording the 16 target compounds.

The aromatic moieties selected to augment the tetrazole were carefully considered. Three of

the four boronic acids adopted for the arylation of @wposition were maintained for

subsequet arylationoftheN-posi ti on. This would enab-le the
pairso as possible. FNphenyCenapintpyl tetrazolé &aindl- sy nt h ¢
naphthylC-phenyl tetrazole would enable the determination of whetherNther C-

substiuent exhibis gr eat er i fufoflthe etrazoke. on t he &
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Table2.13: An additional scope of-Substituted tetrazoles accessible through apebapproach

BN, @) B(OH), N HN-N,
N BaN~ Zn, HCI _ N
<N N )
Br)\N \N/ @ N
07 XPhos Pd G3 (3 mol%) (ar) Noblyst® Pd/C (10 mol%) »
Cs,CO3, H,0, PhMe E{OH 2.20 - 2.
4 h, 100 °C 18 h, 40 °C
. N T :
3 HNTR, | mGlu 2 receptor i HN-N,
| ~ /N i 'HO . N ! - /N
! N 3 potentiator HN-— N 3 N
3 N in \N/
‘\””””7”””7””6()7%/1 : O\/\/\O ‘ 77 %
HN-N D
< N L N/N N/N
O N o S HN/N
N
N\/CCl 32,33 O O 2.34 MeO,C 2 27
| 3 122 % 53 % 27 %
; losartan oH |

@from vinyl derivative

Naphthyl boroit acid was herefore selected as a substrate to investigate the impact of
increased conj ugat -system. OotHo-tolyl baronict axitl wasz atsb y |
investigated owing to recent reports on the application of sterically congested NIs in
chemical Iology.??> Phenylboronic acid was included as a control substrate. -4
fluorophenylboronic acid was introduced as an example of a valGahtgl substituent, as

the incorporation of a fluorine atom in this position provides a tremendously sensitive
functioral handle forthe monitoring of NI reactivitygeeSection3.3.1.2 3.3.2.1and4.32).

The final N-arylation substrate was-(&cetamidyphenylboronic acid, to simulate the
introduction of an easily modifiable, bioorthogonal functional harflgufe 2.5).

- 20 steps
7 - 16 examples

O OF OrF R

Figure 2.5: A summary of all functional groups considered in the modular egistbf a library o2,5-diaryl
tetrazoles
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To synthesise this library of 2tBtrazoles, it was necessary to generate the four desired 5
aryl tetrazoles on a larger scale. Translation ofttisting methodology to a 2.5 mmol scale
proceeded smoothly, with no detrimental impan yield Table 2.14). Indeed, two of the

four substrates were isolated in improved vyields relative to the 0.5 mmol scaleuphgv
employed 2.18 and 2.19. Consequently, a satisfactory excess of all fowarys-1H-
tetrazoles were obtained for application in the subsequent matrix. Gratifyingly, all were
obtained in excess of 9% purity without the need for column chromatognaptvith an

isolation timeof under one hour.

Table2.14: The scaleup synthesis of four-aryl tetrazoles for application in the array synthesis oftfsazoles

B(OH),

BnN-N. HN-N

N N
B~ N XPhos Pd G3 (3 mol%) N
Noblyst® Pd/C (10 mol%)

2.7 Cs,COs, H,0, PhMe, 4 h, 100°Cc  2:13-2.19
then H, (2 bar), EtOH, 18 h, 40 °C
yield (2.5 mmol)
yield (0.5 mmol)
HN-N HN-N, HN-N, HN-N,
N /N NS /N N /N NS /N
’ ’ oo
F Me
2.13 2.14 2.18 2.19
59 % 59 % 57 % 61 %
(65 %) (60 %) (47 %) (42 %)

The outcomeof this synthesis is shown ifable 2.15. The data obtained was extremely
positive: fifteen of the sixteen tetrazoles were successfully dloeci in synthetically
tractable quantities. More than half of tNearylaion reactions afforded yields of >,
with overall yields of greater than 38. Most importantly, this modular approach towards
these analogues drastically reduced the purificatina that would have otherwise hindered
their preparation. All reactiongxhibited a relatively clean profile with no isolation

difficulties, a substantial improvement over existing methodology.

Interesting trends in the reactivity of some substratesatsm be immediately identified
through this synthetic approach. For exampghe inclusion of the naphthalene motif as
either theN- or C-aryl group has a substantial influence on the stability of the heterocycle. It
is likely that the increased conjugatio o f -elechran system promotes the formation of
the corresponding Nt lower temperatures. The high temperatures required by this protocol
may facilitate premature formation of the -Hipole, resulting in lower yields for these
substrates. The ingooration of arortho substituent in both th€- andN-aryl rings also has

a small negative effect on the yield. This can be expected given the increased steric bulk of
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the substrates, but the methodology remains competent and furnishes even the most

congesed analogu@.50in 36 % overall yield.

Table2.15: The modular, arrastype synthesis of a library of 2¢baryl tetrazoles

H B(OH),
N-N, number
yield

N > N’N\N
Gy N Cu,0, DMSO, O, ',\]f (overall yield)
110 °C, 16 h (ar)
TOENG NS Q@

235 2.36 2.37 238
83 % 83 % 84 % 78 %
(54 %) (54 %) (55 %) (51 %)

78 % 71 % 15 % 81 %
(46 %) (42 %) (9 %) (48 %)

/©>£ 2.39 2.40 2.41 2.42
F

2.43 2.45 2.46

85 % S 16 % 35 %
(52 %) n.r. (10 %) (21%)

2.47 2.48 2.49 2.50

68 % 71 % 30% 63 %

Me (39 %) (40 %) (17 %) (36 %)

2.4 Conclusions and Outlook

As outlined inSection2.1.1 while there are numeropsotocols reported for the synthesis of
2,5diaryl tetrazoles, none are compatible with a ntaduarraytype synthesis towards a
library of these compounds. Given the enormous potential of this heterocycle as a traceless,
light-activated precursor of thgleiotropic NI 1,3dipole Sectionl.4), it is essential that
greater efforts are made to further adapt the synthesis-téteazoles for application in the

215 century.

The study detailed above representsignificant advance on existingethods of accessing
these motifs. The adoption of-lsomo1-benzyltetrazole as a lynchpin from which to
construct a broad variety of NI precursors with minimal synthetic effort has substantial
utility within this field. Furhermore, this valuable intermiate was accessed in excellent
yields in just two steps from commercially available starting materials, while simultaneously

negating the need for hazardous reagents in the formation of the heterocyclic ring itself.
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While the optimisation of the protocolighlighted the challenges often associated with
palladiumcatalysed methodology, the resulting qrog tandem Suzukiydrogenolysis of
2.7 and arylboronic acids enabled access to a range of differantltBtrazoles in good
yields. Most importantly, thisprocedure required no column chromatography in the
purification of the product and was compatible with seadeto synthetically useful levels
(Scheme.17).

N o B(OH),
Handle 1: -N ./ _N
Aryl BnN\ N _ it Handle 2:
Halide — BrZ N XPhos Pd G3 (3 mol%) SN Unmasked by
Q Hydrogenolysis

Noblyst® Pd/C (10 mol%)
CSch3, H20, PhMe, 4 h, 100 °C
then H, (2 bar), EtOH, 18 h, 40 °C

* facile and scalable access to starting material * no column chromatography required
* 14 examples sup to a 65% yield on a 2.5 mmol scale

()
B(OH) H B(OH) ’
BnN’N\\N : NN, i NN,

5 AN (rara) ” N”N (@) g N’N

Suzuki-Debenzylation Cu-Catalysed Arylation
* rapid diversification of tetrazole nucleus * 15 tetrazoles isolated from 20 reactions
* 94% success rate * overall yields of up to 55%

Scheme&.17: An overview of the principal findings of this chapter

Furthermore, this reaction provided the rapid and facile synthesis of a librifteer 2,5

diaryl tetrazoles, with a®% successate and more than half isolated in overall yields
greater than 40 %. Given the increasing reports otiayl tetrazoleapplication within the
literature, it is anticipated that this reaction will enable increased diversification of these
valuable heteocycles, indirectly facilitating greater understanding of the properties of the
resulting NI 1,3dipoles.
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3  Metal-Free Coupling of Nitrile Imines and

Boronic Acids

With a facile method of accessing NI precursors now in hand, further research shifted focus
towards manipulation of the dipole itself. As discusse8euntionl.3, the properties of this
species facilitate the exploitation of many transformations in comparison to malpdles.

This promiscuous reéuity is at odds with the research output of thisa, with much of the

behaviour of this motif yet to be understood.

In accordance with our broader objectives of further understanding the nature of NI
reactivity, we endeavoured to investigate the outcarithe combination of this Ldpole
with aryl boronic acids. Drawing mechanistic rationale from the Petasis reaction, it was
proposed that this interaction may represent a route towards ne@ebdhd formation

through an unprecedented reactivity deoff the NI.
3.1 Introduction

3.1.1 The Petasis Borono-Mannich Reaction

First reported in 1993, the Petasis reaction is a foaltiponent reaction (MCR) between an
amine, an aldehyde, and a boronic &4d** It proceedsvia the formation of an imine or
iminium moiety in situ, followed by the nucleophilic migratn of the R group of the boronic

acid, forming a substituted amine. The transformation is often referred to as the Petasis
BoronaMannich (PBM) reaction, owing to its similarities to the eponymous progbih
involves the nucleophilic attack of an elegthilic iminium centre®® In comparison to other
MCRs such as the Ugi or Passerini, the PBM employs very mild conditions and is

compatible with a range of different solvents.

In his initial publication, Btasis reported the condensation of a library obsdary amines
with paraformaldehyde, furnishing a number of allyl amines upon combination with a vinyl
boronic acid derivative§chemes.1).2°2 The reaction was gnerally high yielding across a

variety of secondary amines, although examples were mainly limited to aliphatic motifs.

©/\/ (OH),
(CH,0),, 1,4-dioxane k/O
90°C,0.5h
89 %

Scheme.1: An example from Petasis' iratipublication outlining the PBM reaction
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The scope of the process has been expanded significantly in recent years, particularly with
respect to the amine component. The reaction is applicable with most primary and secondary
species, with secondary aminasd bulky pimary amines affording superior yielé:2%7

These motifs form cationic iminium species, which exhibit substantially greater
electrophilicity than the analogous imine and are therefore more susceptible to nucleophilic
attack in the rate detmining stepof the reaction. Other amines such as anilines and amino

acid derivatives are also compatib&heme.2).2%7:298

X B(OH),
Ph NH, M
Y € NN
Ph MeCOCO,H, DCM

76 %

X _ B(OH), oM
e
oy s,
MeO

CHOCO,H, EtOH H
i, 12 h
94 %

B(OH), o
* N._CO,H
o NHBn . /\OJ)/ 2
CHOCO,H, DCM Ph
Ph rt, 18 h

Scheme.2: An asortment of compatible amines within the PBM reaction

The scope of the carbonyl cpaonent of the PBM is considerably more restricted. While
paraformaldehyde was employed in the initial study, almost all other examples involve
aldehydes with adjacent alcdlay carboxylic acid moieties. This is due to the formation of a
nucleophilic fourcoordinate boronate as an intermediate within the reaction mechhism.

Whil e Petasis6 i niti alin gtwbbrbnate tormationninvaviegno nst r
transientwater or alcohols is possible, the reaction is accelerated significantly thraugh th

formation of an intramolecular borondteminium species

UHydroxy aldehydes, such as glycoaldehyde, and salicaldehyde derivatives are both
common substrates. These follaavsimilar principle wherein the neighbouring alcohol
moiety participates in the reactiora formation of a nucleophilic boronate compl&cheme
3.3).390301 This protocol can also proceed with diastereoselégtivypically yielding the
anti-product relative to the boronic acidgRoup @ d  t-hiydeoxylgroupi©?303
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S B(OH), Q oH
(6] ©/\/
. ©/\H/ 7
EtOH N
OH tt, 24 h
81 %

O-_B(OH),
g N~ @/
H \”)\CFa + ©/\H .
EtOH
(6]

rt, 24 h FaC o]
85 %, >99 % dr : |/

X B(OH),
OH - ©/\/

DCM

© rt, 40 h

44 %, 91 % ee

Scheme.3: The application of salicaldehyde and glycoaldehydévdgves within the PBM reaction

The scope of the boronic acidmponent of the PBM is diverse, and mosttsmridised

boronic acids are copatible. Vinyl boronic acids exhibit superior activity in comparison to

aryl boronic acids, with the reactivity afryl compounds enhanced by electdmmating
substituents§cheme.4).300304309

— aryl vs vinyl

B(OH), HAN X B(OH),
Ph” NH ©/ ? @N Ph” > NH
©/‘\002H CHOCO,H, DCM CHOCO,H, DCM ©/\/‘\C02H
rt, 48 h rt, 48 h

10 % 79 %

— e-neutral vs e -rich

= | B(OH), /@/B(OH)Z = |
N
N W2 meo NN

NH

-
CO,H CHOCO2H, MeCN N CHOCO,H, MeCN COH
80°C,4h 80°C, 4 h MeO

25% 87 %

pz4

Schem@.4: The increased reactivity of vinyl aetectron-rich aryl boron species in the PBM reaction

Other boron species can also participate in the PBM reaction. While relatively- under

explored, boronic esters are able to furnish the desired products in comparable yields to the

parent boroniacid?®3%9311 However, while the system is tolerant of boronic esters, they

are often significantly less reactive than the analogous boronis @ttlene 3.5). This has

been hypothesised to be a consequence ofitleegased steric bulk, inhibiting the formation
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of the key boronate complex and the migration of the boeshon bond into the iminium

centre3%®

NO

‘ CO,H
N N
H CHOCO,H, DCM Py

rt, 48 h

OH o)
: ' OJ§<
E‘QB\OH %B\o é\

Isolated
Yield (%)

84 19 0

Schene3.5: An example ofhte application of boronic esters under PBM conditions, highlighting their decreasing
reactivity with increasing steric bulk

Potassium tetraflaroborate salts can also be introduceda@stic acid equivalentsScheme
3.6).312314 While not particularly advantageous over the use of the boronic acids for most
substrates, it does enable access to propargyhes through the use of alkynyl

tetrafluoroborate precursot’showever an acid catalyst is required to activhgereagent.

BF3K

SRS
'SR
(CH,0)3, BF3.0Et; (25 mol%)
PhMe, 90 °C, 5 h

86 %
BF 4K
o O
©f‘\ ©\/ \/© BnCO,H (100 mol%) ©/\
BmimBF,, 80 °C, 20 h

81 %

Scheme.6: The application of BEK salts within the PBM reaction

The mechanism of the PBM reaction has been a topic of continued research since the initial
report in 19932%2 A general overview is shown i&cheme3.7, with formation of the
nucl e o p hdorpiex andithetgeneration of the electrophilic iminium spetias. is
followed by the irreversible migration tfie vinyl or aryl group of the boronate. Numerous

publications have identified this final carboarbon bond formation as the rate deterngnin
Step§07,308,315

The formation of t haisdneof henmost significdard asieets oéthe ¢ o mp
PBM. Neutral boronic acids are relatively inert in the presence of electrophiles, and
formation of a boronate significantly increases the rapfdicity of the specie¥® The

formation of this key intermediate has been detected experimentally H8nHIMR
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spectroscopy®The neceshiytdy o a-garbaxp mdiety for the formation of

this complex provides rationalisation for the lied scope of aldehydes in thegtan.

Iminium
(0] 10 p2
R3 R\N/R RIN,R2
R! R? H )H/R3 Vinyl migration 3
R
. - G e’ OB(OH);
(HO)2B/\/R HO OH “Ate

Complex

Schem@.7: A general overview of the key steps of the PBM reaction

One point of contention within the mechanism has been the order by which the iminium and
i at e olexesam formed. Two pathways were proposed in earlier reports, with either
immediate condensatiaof the aldehyde and amine followed by coordination of the boron
compound®®’ or rapid boronate complexation with slower generation of the iminium
(Scheme.8).316:318

1 2 R1®R2
R\N,R \N, R4

T

T
0"
T Ry
@

1® R2
o Path A RIY.R R _R2
\ 3 N
RS R 3
B — R R
OH R‘l\/\%);o 4 | OH
Path B HO OH R
O
R3
Rt _~ " o RL-R?
4 N
\/\B(OH)Z R\/\B,O H

HO OH

Schem@.8: The two potential paths of "atebmplex formation

Recent computational work has indicated that a slightly modified version of path A is the
favoured mechanisit® The reaction proceedsa a zwitterionic imnium intermediate prior

to the coordination of the boronic acid, which tfem r ms t h e k e ySchénaet e 0
3.9). While the starting aldehyde was indeed found to react with the boronic acid, this
proceededvia a dehydrativemechanism, preventing the generation of a nucleophilic

boronate species.

3.1.2 Applications to Nitrile Imine Chemistry

When considering the PBM mechanism, arguably the most important step is-carbon
bond formationvia migration of the aryl owinyl group of the boronic acid. The step is

facilitated by the generation of two key intermediate functional groups; the electrophilic
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iminium and the nucleophilic boronate complex. While the formation of the iminium is
relatively facile, boronate gengi@n requireshe presence of a coordinating group adjacent
to the electrophil e, such as an acid or an a

is also important, as unsubstituted aldehydes are often incompatible.

1 2 R!' R2 R! ® R2
R\N’R "N” “N” R“\/\B oH
H ! | ( )2
_ ! R3 > R3
HO -H,0 H
\H/O O@
1@ p2
° Path A RLOR Rl R?
3 | R® N
H)J\/R ------------------------------------- > H —_ h/Ra
4 —_
OH R\/\g'o 4 | OH
Path B HGO OH R %
R R! _R? R! _R?
~Z T B(OH), o N oN
e e
H,O R4 5 -H,0 R4 o
~~ > B ~~>p*
| |
OH OH

Schemd.9: An updated mechanism of the formation of the key "ate" complex of the PBM reaction

The similarities between this reaction profile and the properties of the NI dipole are
extensive. Firstly, Nd possess aidghly electrophilicC-terminus, the site of reaction with

several simple nucleophiles such as amines and thiols. This is analogous to the electrophilic
iminium species within the PBM reaction, which is also generataitu. Secondly, the\-

terminus of tle NI possesses considerable electron density, potentially enabling formation of

a nucleophilic boronate in a similar fashion
behaviour of a coordinating acid or alcohol. These two propertieg dflitlare alsan close
proximity, potentially enabling formation of
prominent within the PBM mechanisi8¢heme.10).

The combination of these unique properties & tl dipole, in conjunction with the
knowledge of the PBM reaction mechanism, should facilitate a novel transformation
between NIs and boronicids, enabling access to a range of aryl hydrazone compounds

without recourse to transition metal catalysis.
3.2 Aims

The aims of this chapter focus on the development of the hypothetical reactivity profile
proposedn Scheme8.10 into a chemically tractable route towardsCChond formation in

the synthesis of aryl ketone hydraes. This transformation would be highly favourable
from a green chemistry peesgive, as this represents a mdtak approach with the

generation of minimal byproducts.
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R\ ~ -
RS N+ B(OH), \
H Y Ll RS
-ty
OH
OH
1 2 Petasis-Borono-Mannich
R\N/R -H,0 Reaction Mechanism
10 Rp2
1@ R2 RIZ.R
RNR R? N R! _R?
e B(OH), SE N
H N EE—— 3
H formation RY O R*group R* R
Op of boronate ‘IB\é migration OB(OH),
HO OH
Ph R4 Ph
NN B(OH), _NH
| N oo - N
ph” N 4
Ph R
Hypothesised Mechanism
hv | -N, of a Reaction Between
an NI and Boronic Acid +H,0
PR e &
® NO B(OH), ® N.OOH N
_N~ - ZN "B~oH o7 N™ "B(OH),
Ph P formation Bh /<\_/ | R* group /m
of boronate R4 migration Ph” " R*

Scheme.10: The application of the PBM reaction mechanism towards the noveivita of NIs and boronic
acids

Investigations will commence through an extensive assessment of potential reaction
conditions, with both tetrazoles and hydrazonyl chloridesstigated as potential sources of
the NI dipole, as both exhibit their own un#& advantages. Ideally, complementary

approaches involving both precursors will be develoSethéme.11).

®

N/NH base ® _N© hv N—-N
I N N | N
HCl ./ -N; ‘K N
CI @ nitrile @
imine

* Two complementary

NI sources B(OH),

» Metal-free C-C bond

formation

* Novel 1,3-dipole ®
reactivity "N’N\B/’OH _NH aryl

@ </\® @@ hydrazone

Scheme.11: The general aims of this chapter
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The robustness of the procedwdl then be assessed throughalution of the substrate
scope There will be particular emphagis the influence of thedronic acid, owing to the
proposed impact of its electronic properties on the propensity of the reaction. The inclusion
of hydrazonyl chlorides as an NI soumoay alsoexpand the reaction scope relative to-2,5

tetrazoles.

Finally, the potential applicaties of the methodology will be discussed, including its role in
the metalfree synthesis of pharmaceutically relevant compounds, its incorporation within
flow chemistry, and the further diversification of the aryl hydrazone prediibe ligation of

a tetraolemodified biomolecule by a boronic acid will also be investigated to assess the
affinity of this motif with the NI relative to other nucleophiles. Translation of the
methodology into the closely related nitrile oxide (NO)-difole will also be attentpd
owing to the similarity between the hydrazonyl chloride and hydroxamoyl chloride

precursorsand their respective reactive intermedia(8sheme.12).

(&)
hydrazonyl B(OH)2 @ N,ﬁl

; _NH ® N O
chloride N| P N’N ~N" "B(OH); — |
-
Cl "it""e O
imine
hydrazone
B(OH), -OH
hydroxamoyl _OH ® o° N9 R \
! N NG _N B(OH), |
chloride _— 7 -
| ~ @ =~ . " @ @
@ cl nitrile @
oxide oxime?

Scheme.12: The proposed adaption of the methodology from NI to NO dipoles

3.3 Results and Discussion

3.3.1 2,5-Tetrazoles as a Source of Nitrile Imine

Following on from theefforts of the previous chapter, Zjfaryl tetrazoles were introded

as the initial source of NI. Prior to beginning the investigation, some additional analogues
were synthesised for application within the optimisation and s¢dpdle 3.1). The
transformation discussed in theepious study was utilised in the synthesis3df 3.2 and

3.32%4 The Kakehi synthesis was employed @ocess the remaining compourtfsThe
disparity in yields observed between these two approaches further emphasises the benefits of

themore recently deslopedmethodology.

91



Table3.1: The synthesis @dditional tetrazole starting materials

H B(OH)2

N~

\ N’N\N
@ N Cu,0, DMSO, O, \ N
110 °C, 16 h @
— N-Arylation
CF3 OMe OMe
N-N -N N-N
N I N /N
N N N
MeO 31 3.2 3.3
90 % 88 % 70 %
SO,Ph QN o
|
_NH cl &)
N N’N
@ -
Pyridine 4
H
® N
— Kakehi Synthesis
OMe OMe CF3
N’N\ N’N\
I N N
N N
eO 3.4 F3C 3.6
23 % 49 % 12 %
-N ; -N
N—™N N-N,
N [ NI'N I N
N ,
N~ —
3.8 3.9 3.10
46 % 18 % 24 % 15 %

3.3.1.1Proof of Concept Studies

As an initial proof of concept, 28iaryl tetrazole3.7 wasirradiated with U\B light in the
presence of excess-rdethoxyphenylboronicacid. This substrate was selected as the
electronrich aromatic system was expected to enable the migration of the dzobmm
bond towards théC-terminus of the NI. Gratifyigly, this generated the desired product,
hydrazone3.11, in a 46% vyield (Scheme3.13). Around 44 % of tetrazole was also
recovered, implying that énefficiency of the pathway was greater than the low conversion

indicated, with initial NI generation hindered by a poor photolysis yield.

The procedure was then replicated using substrates which would generateyannugtric
product. This was necessamnyadto the spectroscopic similarities of hydraz8ril and the
triazde by-product3.12 which may also have been gener&tédhe application of tetrazole

3.13was expected to generate the 1symmetric hydrazon8.14 however the only product
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isolated vas identified as trace amounts of aryl ket@&5 (Scheme3.13). This can be
explained when considering the limited stability of hydrazoneseven atmospheric
guantities of watet® It is likely that the mildly acidic conditions of the silica gel employed

in column chromatographyromotedthe hydrolysis of the hydrazone.

o™ 7
O (0

-N, hv

| ,N

N

NG
N N
_NH "
MeCN N|
' e
¢ o0
46 %
MeO OMe MeO OMe
3.1

3.12

spectroscopic
similarities

/©/B(OH)2 ©

@ MeO 0
,N\ hv

N

3.7

_NH
N NI _____ -
N MeCN
3h,rt (¢]] 315 OMe
< 5% .
cl o Cl 314 OMe
3.13 not isolated- unstable

NHAc

i ©/B(OH)2
(0]
Q hv, MeCN, 8 h, rt
NN = :
| N ii. VO(acac), (10 mol%)

N’ COMey:H,0, (4:1)

3h, rt ‘ 3.17

22 % 1

3.16 - incorporation of hydrolysis conds

Scheme.13: The initial proof of concept experiments between tetrazoles and aryl boronic acids

Prior to commencing a full optimisan, the limited stability of the hydrazone products was
addressed. It was reasoned timasitu hydrolysis to the &one wouldenablean accurate
determination of conversion, negating the need for dry conditions in the handling of the
reaction mixture. @nditions obtained from the literature reported the oxidative cleavage of
the GN bond of the hydrazone using a vaiuad(\VV) catalyst and hydrogen peroxitfé This

work culminated in the final proof of concept reaction in which tetra®le was
photolysel in the presence of phenylboronic acid, with the hydrazone immediately oxidised
in situ. The corresponding ketone svisolated in a 2% yield (Scheme.13).

3.3.1.20ptimisation of Reaction Conditions

The substrates ches for the reaction optimisation were intended tthigesimplest possible,
using 2,5diphenyl tetrazole3.18 and phenyl boronic acid. However, limited photolysis of
3.18during preliminary reactions hindered NI formation. This was thought to be rétated

t h enax Ob this precursor, with the opacity of ehborosilicate flask at the required
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wavelengths hindering itctivation To address this, tetrazde? was introduced, leading to

greatly improved dipole generatioBriaph 3.1).

Q owe

N‘N‘ Amax = 272 nm
| N
N Amax = 289 nm N
N
3.18 | N
N
3.2

3.18
3.2

Borosilicate

Relative Absorbance

AN

240 270 300 350
Wavelength (nm)

Graph3.1: The maevhlues of tetmzoles.2and3.18 shown relative to the absorbance of 2.5 mm thick
borosilicate glasware. Dashed lines indicate the primary transmission region of the UV light source.

With the selection of appropriate reaction partners, a solvent screen was undéréditen (
3.2). Unfortunately, conversions waefound to be extremely low with acetone, ethyl acetate
and THF all affording similar results. THF was taken forward dueh® potential
photosensitisation effects of solvents containing carbonyls. A 50:50 (v:v) mixture of 2
MeTHF and isopropyl alcohol as assessed due to its propensity in similar systems
previously reported within our laboratof¥?, however this solvent only romoted NI
dimerisation. The impact of different boron species was then investigedbte 8.3), with

any deviation from the boronic acid motif resodfiin complete loss of reactivity. Variation

of the boronic acid stoichiometry was also unsuccessful.
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Table3.2: An initial solvent screen

OMe OMe
©/B(OH)2 ©
N/NN hv, [solvent] HN\N
: /l\,\j' 3h,rt | I |
3.2 3.19
Entry Solvent Conversion (%)?2
1 Acetone 10
2 THF 9
3 Acetonitrile 7
4 Ethyl Acetate 10
5 iPrOH:2-MeTHF (1:1) 2

aConversion determined by HPLC with reference to caffeine as an internal

standard

Table3.3: Investigation into theompatibility of different boron species within the reaction manifold

OMe OMe
NI'N\N hv, THF AN\
: /I\,\j' 3h,rt | I |
3.2 3.19
Entry B Additive B Stoichiometry Conversion (%)?
1 B(OH): - 2 9
2 BPin - 2 <1
3 BFsK - 2 <1
4 BFsK 18-crown-6 2 <1
5 B(OH): NaOH 2 <1
6 B(OH)2 - 1 6
7 B(OH)2 - 4 9

2Conversion determined by HPLC with reference to caffeine as an internal standard

While not helpfulin the context of an optimisation, these results remain interesting from a

mechanistic perspective. The failure of the corresponding pinacol ester seems to indicate that
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the formation of a nucleophilic boronate is essential during the reaction. As BRiespre
unable to form boronatéd the migration of the aryl group ohé BPin cannot occur,
eliminating the possibility of mechanistic pathway A9nheme3.14. This also represents a
deviation from the PBM reaction mechanism, where boronic esters have demonstrated

adequate compatility.

The results of the trifluoroborate salt alsffer some interesting mechanistic considerations.
The BRK speciess substantially more nucleophilic than the boronic &igdet is unable to
facilitate hydrazone formation. This seems to indicatettieproximity of the two reactants

is key to the migration of the aryl group. Coordination of a boron species with the NI
simultaneously generates the boronate and brings ittlreappropriate pose to facilitate
intramolecular transfer of the aryl groufhis can also rationalise why spiking the reaction
mixture with sodium hydroxide led to no conversion. While the boronate was likely
generatedn sity, it would lack intramoledar coordination with the NI to enable aryl group

migration, as with the BJK species. This data favours mechanistic route Eclmeme.14.

The impactof time and concentration were then assessed, with the results shdahlén
3.4. While an increasd reaction time and dilution aided in more completrazole
photolysis (from approximately 3® remaining to less than 10 %), neither variable was able

to significantly improve conversion over what had been previously observed.

A B Cc

onNN© NN ® N_Q
®) Z Bx ®) T Bx .///:N/ X
2 3 \_/
\/ @
OMe OMe
Q O/BPin ©/BF3K
NN no reaction NN

D N_O - boronate formation is essential
N B

Z Xz - intramolecular process favoured

Scheme.14: Insights into the mechanism of@bond formation in the reaction of NIs and boronic acids
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Table3.4: The impact of concentration and tirae reaction conversion

OMe OMe
©/B(OH)2
~N
N"W hv, THF [x M] AN
N [time], rt |
3.2 3.19

Entry Time (h) Concentration (M) Conversion (%)?

1 1 0.08 4
2 2 0.08 5
3 3 0.08 9
4 7 0.08 9
5 3 0.04 6
6 3 0.16 9

2Conversion determined by HPLC with reference to caffeine as an internal standard
The results ofthese preliminary screens were puzzling. More complete photolysis of the
tetrazole seldom led to an improved yield and generated a mass balance that failed to account
for the fate of more than 8% of the NI in some cases. This inde@ one or more
significant side reactions occurring during the procedure, and an examination of the HPLC
chromatograms confirmed this, with a large unknown signal dominating the spgeégtree (
3.1).

OMe
OMe
o HN.
/ [ N-N
~N N | N
Py | » B(OH), N
N
© 'iJ ©/ ? 3.19 3.2

AL o -
= §

5
ey > |

Figure 3.1: An example of an HPLC chromatogram from this optimisation, with a large unassigned elution at
around 5.3 minutes
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With efforts to isolate this species unsuccesstaintrol experiments were conducted to
estabish whether this unknown compound was a side product of the NI alone, or whether the
boronic acid was implicated in its generation. Crucially, results suggested that both the
boronic acid and NI were essentialits formation. To drive the reaction towarithe desired
ketone hydrazone, it was determined that introduction of the eledttorsubstrate 4
methoxyphenylboroni@cid may facilitate improved conversion through promotion of the
critical GB bond migation Scheme3.10). Previous mechanistic evidence from the PBM
itself has also demonstrated the increased reactivity of eledttotoronic acids§cheme

3.4).

Oxidation of the hydrazone primary product into the ket®20 was also reintroduced for
this assay, due to difficulties in isolatiige corresponding hydrazan&he reaction was
performed using an NMR tube as opposed to rewottbm flasks to enable faster and more

efficient tetrazole photolysis. The resulfisthis screen are shown Trable3.5.

Table3.5: The optimisation of reaction conditions when usingdthoxphenylboroniacid as a substrate

i B(OH
OMe /@/ ( )2
MeO
e}

hv, [solvent], [time], rt
-N ~
NI N ii. VO(acac), (10 mol%) O O

N COMey:H,0, (4:1) OMe
3h, rt 3.20

3.2
Entry  Solvent Time Concentration B(OH): Conversion
(h) (M) Stoichiometry (%)?
1 THF 3 0.1 5 57
2 MeCN 3 0.1 > 53
3 THF 1 01 ) "
4 THF 2 0.1 5 48
5 THF 3 0.05 2 61
6 THF 3 02 ) -
7 THF 3 01 1 45
8 THF 3 0.1 3 69
9 THF 3 0.1 5 78 (75?)

aConversion determined by HPLC with reference to caffeine as an internal standard

blsolated yield

Initial observations clearly showed that exchange of the boronic acid facilitated an improved

conversion over previous attempts. Solvent again hadditibet, as was also observed with
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concentration and reaction time. However, boronic acid stoichionieidy a significant
impact on reaction conversion. This was unexpected, as boronic acid stoichiometry was
investigated as part of the initial optimisatiowolving phenylboronic acidTable3.3). It is

likely that the increased reactivity ofmethoxyphenylboroniacid makes the system more

sensitive to its stoichiometry, leading to the pronounced increase in simmver

Regardless of earlier resultsetluse of five equivalents ofmethoxyphenylboroniacid
generated a 7% isolated yield of the corresponding ketoB20, marking the first
synthetically tractable yield of the campaign. However, multiple issuds the reaction
remained. Firstly, the guirement of five equivalents of boronic acid severely limited the
utility of the procedure. Secondly, the substrate scope had proven to be highly limited.
Phenylboronic acid, an electronically neutral substrateyigied disappointingly low
conversions, Wth introduction of a methoxy moiety in thpara position of the aromatic ring
necessary to facilitate pivaup of-6.27¢®hisyepresentss . Wi t
a considerable deviation from the neutrabperties of an ideal optimisatiofindly, a
substantial portion of the mass balance of earlier reactions remained unaccounted for. The
identity of the unknown compound highlighted by HPLC remained elusive, despite

establishing that both the boronic aaitld the NI were required for its formation.

It was decided that a beneficial approach to tackling these problems would involve a switch
from an HPLC assay td°F NMR spectroscopy. One of the principal advantages of NMR
assays is that results are immediatuantifiable without calibration, as thietegration of

1F atoms are much more consistent than the 254 nm light absorbance between different
organic molecules. NMR studies also avoid the degree of sample preparation required by
HPLC. As HPLC assays tldionally employreverse phase chromatogngp the sample

must be miscible in aqueous media. The reactivity eD Hneans that any unstable
intermediates, such as the NI or any side products, may be quenched by water prior to
generation of the chromatografurthermore, NMR allows the detection ofiltiple nuclei

within the same spectra. This is particularly beneficiiFfatoms are incorporated into both
reaction partners, as it permits identification of which compounds are responsible for the
generatio of each new species. This is more diffidol generateia HPLC and can only be
assessed through further control experimeis.NMR was selected ovéiH NMR to enable

analysis without the need of a transfer into deuterated solvent.

The model reactiorused in the previous optimisation work wasdified incorporate
multiple fluorine atoms. Preliminary experiments found thaf4-8uorophenyl}2-(4-
methoxyphenyhtetrazole 8.5 and 3fluoro-4-methoxyphenylboroni@cid enabled simple
guantification of allspecies formed within the reaction mixtugePheny}t2-(3-fluoro-4-

methoxyphenyhetrazole 8.3) was used as a standard due to its-igEntical T-relaxation
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times, enabling the acquisition of accurate integration values. Replication of the reaction
conditions used within the HPLC assay causentield to decrease from #8to 56%. This
was unsurprising, given the change in electronic properties of the alternative boronic acid.
Whi | e t he pvdlaenomtbet methaky group i© . 2 7 , n value ef fludrine is
0.342"° with the sum of thesevalues rendering the substrate electdeficient, and

anticipated to be less reactive.

Initial screening addressed one of the key issues of the earlier optimisation through
investigation of boronic acid stoicheetry (Table 3.6). It was found that conversion could

be maintained when lowering the equivalents from five to three, while the use of any less
resulted in a significant decrease in conversidrese results arersilar to those observed
during the earlier optimisation, where a relatively modest increase in yietd) (dvas
observed when moving from 3 to 5 equivalents, with a significant increase %f \2hen

moving from 1 equivalent to I able3.5).

Table3.6: An investigation into the impact of boronic acid stoichiometry on conversiog {5ilNMR

OMe F B(OH)z OMe F OMe
O wld, O
[x equiv.]
-N -N
N N hv, THF N~y N N
/@/LN 3h, rt l I l F ©/‘\N
F F ‘ ‘ OMe
3.5 3.21 3.3
Entry  B(OH). Stoichiometry (equiv.)  Conversion (%)?
1 5 56
2 4 55
3 3 53
4 2 42
5 1 33

aConversion determined by °F NMR with reference to 3.3 as an internal standard

The most important outcome of this study was additional information concerning the side
reactions of the mixturé’F NMR datashowed that the boronic acid was relatively benign,
with its only side reaction involving oxidation to the phenol, and a sukstgatrtion of
starting material remaining following reaction completion. The NI, however, was much more

promiscuous, generatjrseveral side products in addition to the desired hydrazone.

These results raised some interesting questions. Firstly, prguiecsdent indicated that
the absencef a reactive partner in solution, NIs would dimerise, forming the -trB3ole

via the 1,2,3,4etrazine Hectionl.3.3. However, while detectable, neither the triazole nor
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the tetrazine were ascribed to be a major side product. Secondly, earlier control experiments
had shown that the presenctthe boronic acid was essential in the formation of some
unknown by-products, yet the species was not present in the final structure of any other

compounds, as evidenced by tffe NMR spectra.

A significant development was made during an investigahtm the compatibility of alkyl
boronic acids, where primary hydrde 3.22 was unexpectedly isolated in 8 yield
(Scheme8.15). This compound is a known hydration product of the intermediate NI, caused
by nucleopilic attack of a water molecule into the neutral terminus of the dipole. However,
in literature examplesf this reaction, the process must be conducted at very high dilution
using water as the solvent, as compensation for its limited nucleophilicitydaado
competing dipole dimerisation. In the procedure above, no external source of water was
added, savéor that found in typical atmospheric conditions. A further control experiment
excluding the boronic acid failed to replicate this exceptional resulicating that the

boronic acid is somehow necessary in the synthesis of this compound, corrob@digng e

findings.

OMe OMe OMe
O o
-N_ HN. NOT N
N N hv, THF NH N
N 3h,rt

81% o
F F F

3.5 3.22 3.23

Scheme.15: The unexpected isolation of primary hgzide3.22

This can be rationalised when assuming rapid coordination of the boronic acicatochie
terminus of the NI to form the hypothesised boronate complex. If the migration of the R
group of the boronate is the rate limiting step of the proeedben at this point the NI is
susceptible to attack by another nucleophile, as it is no langenventional zwitterionic
dipole, but rather an electrophilic pseuditrillium ion (Scheme3.16). This would justy

why an NI in the presence oftmronic acid is more likely to be intercepted a nucleophile
such as water, and could explain a key side reaction observed throughout the optimisation.
The formation of3.22may also be exacerbated through the additiorupésstoichiometric
portions of loronic acid, as the principal source of water is likely through the condensation
of the boronic acid to form the corresponding boroxine. This would also explain the lack of
triazole or tetrazine formation, as NI dimerisatioelies on a concerted cycloatioin
between two equivalents of the dipole, which would not be possible if the electronics of the

original species had been distorted through coordination to the boronic acid.

101



: not
i isolated
@ | iso
3x B(OH)z (I)’B\(I) +3xH,0 intercepted
B. B i by H,0
° |
e
® c
BX,
N/N\Cg - N’NH HN’NH side

H):z OH o product

Scheme.16: The hypothesised mechanism which facilitates the formation of primary hydBa2&le

Table3.7: Elimination of the hydrazide bgroduct3.22from the reaction emnifold

OMe OMe OMe
Fj@/ B(OH),
MeO
NTAN i HN. + _NH
| N [additive] N HN
N hv, THF ! F
W T °
F F OMe F
3.5 3.21 3.22

Conversion (%)?

Entry  Atmosphere Additive
3.21 3.22
1 - - 41 19
2 N2 - 45 18
3 N2 3 A molecular sieves (400 gmol-L) 46 8
4 N2 3 A molecular sieves (4000 gmol?) 60 1
5 N2 Trimethyl orthoformate (10 eq.) 38 21
6 N2 Trimethyl orthoformate (neat) 11 31
7 N2 3 A molecular sieves (400 gmol-1)P 61 2
8 N2 3 A molecular sieves (4000 gmol-)P 55 <1

aConversion determined by *°F NMR with reference to 3.3 as an internal standard
bCrushed

Gratifyingly, analysis 0f3.22 by °F NMR identified the compound as one of the most
prominent byproducts of the reaction. A focused optimisation was then conducted to
remove water from the reaction mixture to minimise its formatitable 3.7). Performing

the reaction under nitrogen in an owned flask did little to improve conversion, or to
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diminish the yield of hydrazide. To cdrat the generation of J via boroxine formation,
exogenous drying agents were added, while the -dvied glassware and nitrogen
atmosphere were maintained. Trimethylorthoformate was not capable of improving
conversions, however success vaahieved using & molecular sieves (MSs). While a
relatively high loading was initially required to eliminate the hyitaformation, this was

reduced by a factor of 10 by crushing the sieves prior to their introduction.

These optimisation studies pertad the identification of highly efficient conditions for the
novel reaction of NIs with aryl boronic acids, furnishinghyields in a reaction with no
previous precedent prior to this research. This transformation represents an environmentally
benign ad economical approach towardsQGCbond formation in the absence of any
organometallic species, with only UV light and ellar sieves required as exogenous

reagents$cheme.17).
B(OH),
N-N. L
| N I
h
@ e

rt, 16 h

Schem@.17: The reaction conditions identified as part of the optim@atf the PBMnspired reaction of NIs
and aryl boronic acids

3.3.1.3Scope ofhe Reaction

The studies outlined above facilitated a much better understanding of the reaction between
NIs and aryl boronic acids, identifying robust conditions for investigation efstibstrate
scope. One of the only alterations made from the aboveitmmsdwas the adoption of
guartz rounebottom flasks as reaction vessels. This enabled the interrogation of a broader

library of 2,5diaryl tetrazoles€.g. 3.18 by maximising their @posure to incident light.

The most extensively examined substrate class wara-substituted aryl boronic acids,
owing to the apparent influence of electronics on the outcome of the reaction. Substitution of
the para-position was intended to minimise thepact of sterics while mdmising
electronic impact through direct conjugation of the substituent with the boron centre. The
results of this study are shown Tiable 3.8. A total of ten para-substituted examplesese
exposed to the optimised conditions usingdhenyl tetrazole as a reaction partner. It was
immediately apparent that the electronics of the aromatic ring had a substantial influence on

the isolated yield.

Beginnirg with compound3.24 a substrateof much of the optimisation, the reaction

proceeded in very good yield. When this conversion is compared to the unsubstituted
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product3.30 (16 %), it is evident that the improved conversiorB@4 can be attributed to
the electrorrich properties of thedsonic acid p-MeO = -0.2779).

Table3.8: The scope gbarasubstitued aryl boronic acids

Q B(OH)z

HN.
N/N‘N IN
L, hv
N THF, 3A MS O (an)
16 h, rt
3.18 3.24 - 3.31

— Successful Substrates

© © © ©

3.24 3.25 3.26 3.27
79 % 92 % 76 % 57 %
HN .

| @ @

3.28 3.29 3.30 3.31
37 % 75 % 16 % 14 %

e

Y

:@

- Failed Substrates

HN. HN.
N N
| |
COzMe CF3
3.32 3.33

This trend is maintained in numeroother examples. In the case of electdaficient
boronic acids such as 4rifluoromethyl and 4met h o x y ¢ a* b.®4nand 0.4%,
respectively’), the products did not form at all, with only NI decomposition observed.
While a partial conversion of 1% was observed for hydrazor¥3l, this represented the

lowest solated yield and the only example of a formally electron deficient boroni¢m€id
Up=0.2379).

By contrast, substitution of the aryl boronic acid with electifonating groups affordeddh
desired hydrazones in good to excellent yields. Even mildgtrendonating moieties such

as a methyl group had a significant impact on yield (compa&iggto 3.30. As a general
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trend amongst electrenich boronic acids, conversion increased witlc dee a $ valug G
One significant outlier was the conversiohhydrazone3.25 with an anomalously high
yield of 92% (p-NHCO;R Up= -0.1779). While the reasons behind this excellent yield are
not immediately apparent, it remains ancouraging example of the versatility of the
protocol.

Following on from this invegyation, the impact of steric factors was assessed through the
incorporation of functional groups into theetaandortho positions of the boronic acid. The
scope was alsbroadened to include examples of heterocycles. Owing to the previous results,
it was determined that the investigation of electron rich heterocycles such as thiophene and

indazole would be of greater relevance.

Table3.9: The scope of heterocyclic anctho and metasubstituted boronic acids

Q B(OH)2 EE\I

N|/N\N |
‘2 hv
N THF, 3A MS O (a)
16 h, rt
3.18 3.34-3.41

HN. HN. HN. R
N N OMe N HN N
! OMe ! ! F l _—
U OO UouT 0
OMe OMe
3.34 3.35 3.36 3.37
21 % 66 % 79 % 26 %
HN. HN. HN. HN.
L L | L
S
=
oy oD 7 v,
N N
Me Me
3.38 3.39 3.40 3.41
64 % 61 % 72 % 86%

Pleasingly, the reaction manifold was highly tolerant of substitution of botmétaand

ortho positions of the aryl boronic aciddble 3.9). While hydrazone3.34 was isolatedri

only a 21% vyield (c.f. the para-substituted regioisome.24isolated in a 796 yield), this is

due to the electronic impact of relocating the methoxy substituent, effectively inverting the
electronic effects of the aromating (p-MeO 0p=-0.27,m-Me O,=.12). The negligible
impact of metasubstitution can be clearly observed in the isolated yield of hydré&z86e

(79 %) . The retention of an pas@dsition allows fogam met h C
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accurate comparison with thm-H example3.24, with an identical yield obtained for both

reactions.

Ortho-substituted boronic acids were also tolerated, with the isplafidvydrazone8.35in

66 % yield. While comparable to the yield of hydraz@24 (79 %), the presence of an
addiional methoxy group constitutes further electronic activation of the boronic acid,
meaning steric effects are not entirely detached frontrelgc influence in this comparison.
Nevertheless, the minimal reduction in yield between the two substratestesditat
substitution in thertho-position is well tolerated.

Five heterocyclic boronic acids also furnished the desired hydrazones, withagexcellent

yields in most cases. All four heterocycles tested (thiophene, furan, indole and indazole) are
eledrontrich, meaning that these results remained consistent with those observed involving
electronrich boronic acids in the previous scope.eTlow yield of the furarcontaining
hydrazone3.37was initially surprising when compared to its closely relatéshtt analogue
3.40(26 %vs. 72 %). This can be explained by the propensity of furanyl boronic acids to
undergo protodeboronation, meaniftt this substrate may have been unstable under the

reaction condition&®®

Overall, investigation of the boronicid scope within this emerging process provided a
satisfactory degree of diversity. The conditions were applicable to a wide number of
electorrrich boronic acids, most of which were isolated in good to excellent yields. This

also extended to heterocyclioronic acids, as well as sterically encumbered examples.
Unfortunately, electromleficient species were generally incompatible, with onlyo tw
examples furnishing the products, and in comparatively poor yields. This is likely based on

the electronic contoiutions of the boronic acid substituents, with a comparison of conversion
versus Hammett O values di s pWithindreaspdetectron ear t
density. However, the exact behavi owalues o f t he
al one. For -eextalrdgriVagves3.28and3.3(Q generated yields that differ by

over 20%. Similarly, hydrazon&.36 which is defi ned-deficienti t s u
afforded a higher isolated yield tharany electrosrich analogues

Following examination of the boronic acid scope, modification of the NI dipole was also
assessed. Thisequired variation of the substituents of the-@gubstituted tetrazoles
employed in the reaction, which would in turn influence the behaviour MItf&lowing in

situ generation of the dipole. Diversification of the NI was not as extensive as the
investigation of boronic acids for a number of reasons. Firstly, the introduction of two sites
of variation necessitated screening a much larger paletseilasftrates to achieve similar
coverage. As 28liaryl tetrazoles are not typically commercially avd#althe synthesis of

an exhaustive scope of starting materials was not efficient nor practical, even through
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application of the newly developed Zdirazole synthesis outlined abovBettion2.3).
Secondly, the alteration of NI substituents was not anticipated to have such a significant
influence on reaction yield as the properties of the boronic acid. Preuitilisations have
shown that substantialterations to the NI are necessary to meaningfully influence their
properties’ Finally, changes to the 2diaryl tetrazole could impact the efficiency of NI
generation itself, rather than the subsequent régctf the NI. For example, as discussed
above Sectionl.2.3, it has previously been demonstrated that certain substituents-of 2,5
tetrazoles may inhibit NI formation entirely The inclusion of such a subgtawithin this

scope could lead to a false negative result.

For these reasons, the NI substrates studied were limited to the following criteria. To
investigate NI electronics, examples were included with electobn electon-neutral, and
electrondeficient groups in thgara position of both aromatic rings, in all eight possible
combinations. Methoxy and trifluoromethyl moieties were selected as the eldotrating

and electrorwithdrawing groups respectively, as bothrevknown to have minimal impact

on NI generationvia photolysis. 4-Tolylboronic acid was selected as the boronic acid
substrate, due to the comparatively modest yield of this compound in the initial scope above
(57 %). This was intended to enable straightfard identification of any beficial or
detrimental impacts of the NI species on reaction yield, as the introduction of either
phenylboronic acid or-fnethoxyphenylboroniacidmay have resulted in deceptively low or

high yields, respectively.

The resuls of thisstudy are shown inTable 3.10. It was immediately apparent that the
substituents of the NI have a significantly reduced influence on yielda®d to the
boronic acid. Firstly, all electredeficient and electrenich examples of subisition on the
N-aryl ring afforded isolated yields within 19% of the unsubstituted reference compound
3.27 It was initially considered that boronate formation using the anionic terminus of the NI
may have been affected by the electronic propertiesofitly system, however the reaction
yield remained unaffected. Modification of tiaryl ring also provedo have a limited
impact on reaction yield. This was exemplified by the yield8.4fl and 3.45 which both
afforded moderate conversions despitsgessing inverted electronic properties of the
motif. Some examples did result in atypically low yield$. 8.48and3.49 27 %and16 %),
however this is thought to be a consequence of isolation issues as opposed to substrate

incompatibility.

One sigificant issue encountered during this scope was the partial hydrolysis of the
hydrazones during columchromatography, as was observed during the early stages of the
optimisation Echeme3.13). Compound3.46was i®lated as the ketone derivative in a%?7

yield, representing an entirely mefe¢e procedure for the synthesis of aryl ketones using no
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exogenous reagents other than silica. In other cases, partial hydrolysis resulted in
unrepresentatively low reactioniejds through continuous mechanical dpssuch as
compound3.43 which was eventually isolated as the ketone. Species containing an electron
rich N-aryl ring underwent ambient hydrolysis much more readily than any other hydrazones.

The exact reason for thhphenomenon remains unclear.

Table3.10: The scope of electronic modification of the NI component

Due to the proximity of theC-aryl ring of the NI to the centre of the réian, some
additional parameters aroutiids moiety were also probeitigble3.11). These included both
an electrorpoor and electronich heterocycle, as well as the introduction of both-eéhloro

ando-chloro moigy.

The reaction was tolerant oftho andmetasubstitution as the synthesis of hydrazoBéd
and3.52both proceeded smoothly. Steric occlusion of this ring could theoretically preclude
the reactiorby preventing aryl group migtion onto theC-terminws of the NI. Gratifyingly,

this was not observed in practice and all three chdafmstituted compounds were obtained

in good yields. Onlywo heterocyclic substrates were investigated, with the elecichrC-

thiophenyl NI yieldhg the desired hydrazor&53 in an acceptable yield (36 %). Initial
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