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Abstract

Several new pyrazole syntheses, based on the cycloaddition reactions of sydnones and functionalised
alkenes, are reported. The methods take advantage of a cycloaddétorcycloadditionrelimination
concept to achieve am situ oxidation level adjustmentwhich leads to the selective formation of

pyrazole products.

Under thermal promotion, the reactions of sydnones and a range ofethelrs was found to deliver
the corresponding 1 4lisubstituted pyrazoles in good yield and with high levels of regioobrhen
cyclic enol ethers are employed in these reactionghe absence of any additivescetal containing
pyrazoles are isolatedHowever,the addition of stoichiometric potassium carbonate leads to the
corresponding alcohol containing products. Fertlinvestigations found the scope of this process to
be limited with respect to both substratedl-arylsydnones bearing different functional groups are
reactive but N-alkylsydnones andX-substituted sydnones do not form the desired pyrazoles.

Additionally, examinationf a number of other dipolarogle substrates was met with limited success.

Following these investigations, a visible light promoted photocatalytic cycloaddition procedure was
developed. The synergistic combination of organocaialand visible light photocatalysis was found

to promote a reaction between enamines ardarylsydnones at ambient temperature under
irradiation withblue light. This reactioleads to the exclusive formation of tdsubstituted pyrazoles

in high yield aross a range of structurally varied enamines &hdrylsydnones. Howevegcope
investigations uncovered a number of limitations including the -reactivity of N-alkyl and (-
substituted sydnonesA series of mechanistic investigations (St¥wimer lumnescence quenching,
radical traps/clocks, cyclic voltanetry and isotopic labelling) indicate that this novel reactivity is
driven by a triplet energy transfer from the photocatalyst to the sydnone substrate, leading to an

excited state sydnone intermediatwhich reacts further to form the observed products.

Vi



Chapter 1: Introduction

1. Introduction

1.1 Pyrazoles

Pyrazole containing molecules are of paramount importance. Thisnferabered heterocycle
containng two adjacent nitrogen atomsvas first synthesised by Knorr in 1883 through the
condensation oN-arylhydrazines and 1,8icarbonyl compound$Since this report, a large number
of bioactive molecules based on the pyoée core have been discovered including celecoitul
rimonabant (Figure1.1), while the pyrazole motif is also prevalent in a number of blockbuster

agrochemicalé® Furthermore, pyrazoles have been shown to have wide ranging industrial

o
P e
o/ H TN cl NH,
NN NN Ne—( T ¢
0 -
cl
S NH, CI/Q

0// \\o cl Cl

applications®’

Celecoxib Rimonabant Fipronil

Figure 1.1 7 bioactive molecules containing the pyrazole core

Owing to this widespread utility, there has been much interest in the development of novel
methodologies for the synthesis of pyrazole derivatives. Generally these approaches can be classified
into one of two maincategories 1) condensation reactions bedgn hydrazines and 13
biselectrophiles forging two ne@N bonds(Figurel.2, path a)or 2) cycloaddition reactions between
various 1,2dipoles and suitable dipolarophiles leading to the formation of G&and oneGN bond
(Figurel.2, path b).Alternative approaches using multbomponent reactions (MCRs) and transition

metal catalysis have also been reported but will not be discussed fufrther.

/ ! /

N\ path a m path b -
+ < T g — +
Hﬁ\N, condensation N~ \ cycloaddition HN\N/ o
) 1x C-C '
2x C-N 1x C-N

Figure 1.2 7 typical approaches towards pyrazole synthesis
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Chapter 1: Introduction

1.1.1 Condensation Reactions

Classical methods for the synthesis of pyrazoles have been largely based on the condensation of
hydrazine derivatives with 1:8icarbonyl compound such as diketones andl, -unsaturated
ketones/aldehydeqSchemel.l). Elguero and cevorkers have postulated a mechanism for the
condensation of hydrazides with t¢Bketones whereby addition to both carbonyl groups leads to the
formation of diaminalintermediateslaandl1b, which then lose two molecules of water to furnish the
pyrazole productg.In this proposal, the formation of botG-N bonds leading td.a/ 1bis considered

to bereversible while the subsequent loss of water to fazad2bis irreversible. As sucthe ratio of
product regioisomers is determined by the rates of dehydration of intermedib&Ebb (Schemel..1).

These methods generally proceed with high levels of efficiency but provide regioisomeric mixtures of
pyrazole poducts when unsymmetricadlectrophiles areemployed,because the regioselectivity is
controlled by reactivity differences between the two termini of the-bisctrophile. As such, the
observed ratios are heavily substituent dependaksimilar mechanism may also be invoked for the
reaction of enoes, excepthat in this casehe immediate product of the reaction is pyrazolida' 3b

which must be subsequently oxidised to the corresponding pyrazole.

+or -———— M
M—O
HN-p
Q

3b

[O]

Scheme 1.1 7 proposed mechanism for the condensation of hydrazines and 1,3-di car bonyl compounds ¢
unsaturated carbonyl compounds

L GSNY I GAGR R0 deNE (KRS OF Nb2yef O2YLRdzyR ©eyidl Aya
i -position then the pyrazoline intermediate can undergo iansitu oxidation level adjstment to

deliver the pyrazole directhisucha strategy was reported Katritzky andworkers in the reaction of
h-benzotriazolyh >unsaturated ketones andll-alkyl/aryl hydrazinegScheme 1.2 In the case of

aryl substituted enones the reaction initially forms teble pyrazoline intermediate$ which can

undergo conversion to the corresponding pyokes using excess base. On the other hand, alkyl

substituted enones form the pyrazole products directly.

Page |2



Chapter 1: Introduction

In addition to its role as a leaving group, the benzotriazole maiktyenhances the regioselectivity

of the reaction and for aryl substituted pyrzolines5, allows the introduction ofadditional
functionality due to the acidity of the-hydrogen atom. Numerous other elegant methods to achieve
regiocontrol in condensation reactions have been reported, resulting in a diverse library of pyrazole

derivaives becoming accessible using this strategy.

Ph
Q. -NH; Ph
i H Bt QA Q = alkyl, aryl {
O/\)L Ph N B
NaOEt, EtOH N N
Bt S "
4 5
n H ) o
o . O=any l BR“:-' 50-94%
5 N : -
: N’ '
;B \ND ! R Ph R Ph
: 5 Bt {
L oo meoet
"é) EtOH Nb
6 6 examples

85-99%
Scheme 1.2'7 synthesis of pyrazoles using benzotriazole substituted enones
1.1.2 Cycloaddition Reactions

An alternative approach for pyrazole synthesis centres onltBalipolar cycloaddition reactions of
[GN-N] dipoles such as diazoalkanes, nitrilimines and azomethine imines with suitably substituted
alkene or alkynelipolarophileg(Schemel.3). In comparison to the condensation methods described
above dipolar cycladditions aretypically more regioselective as a consequence of the intrinsic

polarity across the dipole resulting from the large electronegativity difference betweer trel N

atoms.
1 2
® O R R
R'-——=R? + Xy\,:Z — -
Y X .Z
Y
N @9 9 @ o @ .
C=N=N =—> C-N=N =—> C-N=N (diazoalkane)
NN N =~ _ 2NN (nitrilimine)
‘@ S] VO ® 0 NORO)
C-N-N-- «—> C=N-N-- <«—> C-N=N-- (azomethine imine)

Scheme 1.37 common dipolar reagents used for pyrazole synthesis
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Chapter 1: Introduction

1.1.2.1 Diazoalkanes as 1,3-dipoles

Amongst their many uses in synthetic chemistry, diazoalkanegspecially prominent as substrates
for thermally promoted cycloaddition reactions with alkenes and/adis to form pyrazoles. Due to
the high reactivity and toxicity of these intermediates, they are often prepareditu from
tosylhydrazone precursorsS¢hemel.4A). Upon exposure to a suitable base, the tosylhydrazone
undergoes an elimination event to for the desired diazoalkane which can then react with the
dipolarophile partner. For example, Aggarwal showed that aryl substituted diazoalBarwesd be
trapped with N-vinylimidazole (an acetylene equivalent) or a range of propiolates to produce the

corresponding pyrazoles in high yields and with excellent regioseléesiVit

H base © @
~. _N 17
ROSNNTs T RN Gs — RUTNGe©
tosylhydrazone diazoalkane
R1 R1
1) TsSNHNH,, MeCN NO ZONTY R2
j\ RT,3h N \~/ Y | N
/ +/or 4
Al H 2_— 2 N N
r 2) 5 M NaOH Ar)J\H or R-F—= R H e
7 50 °C,48h
8 9a 9b

16 examples, 19-79%
up to 99.8:0.2

Scheme 1.4 - a) base promoted conversion of tosylhydrazones into diazoalkanes; b) cycloaddition reactions of in-

situ generated diazoalkanes

A few years laterMurugananthamet al. reported the synthesis of a range of phosphonyl pyrazoles
(Schemel.5.1* A basemediated acyl cleavage from the Bestmabhira reagent (BOR)S 11
generates the reactive diazoalkah8 which reacts with the nitroolefin partner to afford the desired
pyrazoles as a single regioisomer. These reguogislight the excellent levels of regiocontrol that can

be attained in these dipolar cycloaddition reactions and again demonstrate the utility of exploiting a

leaving group elimination to attain the pyrazole oxidation level.
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Chapter 1: Introduction

O,
o o POkt
NO P NaOEt R!
R1/\/ 2+ Me \OEt ——» N\ 11 examples
OEt EtOH | N 47-77%, >98:2
N, N
10
11
via: .
©0 OEt 0 0
| P- — s o P~ :
: \-OEt o, "\"OEt !
: Me%f OEt ﬂ OFt :
: 12 ™2 2 13 5

Scheme 1.571 synthesis of 3-phosphonyl pyrazoles

1.1.2.2 Nitrilimines as 1,3-dipoles

Analogous to diazoalkanes, nitrilimines are usually genernateiu by the treatment of hydrazonoyl
halides with a bas¢Scheme 1.6AThe use of this class of dipole for the synthesis of pyrazoles has
been known for over 30 years and has subsequently been employed in the regioselective synthesis of
several bioactive moleculé$!® In contrast to the reactions with diazoalkanes, the cycloaddition
reaction between nitrilimines and alkynes often exhibits low levels of regioselectivity and therefore
remains relatively unexplored. However, the reaction of nitrilimines with alkenes is highly
regioselective and hence more synthetically valuable. In 2001, Donohue reported the reaction
between nitrilimines and restbound enaminesl15, leading to the formatn of pyrazoline
intermediatesl7.1® Sulsequent treatment with trifluoroacetic acid (TFA) induces an elimination event
that concurrently oxidises the pyrazoline and cleaves the target pyrazole from the solid support
(Schemel.6B.

X

H base C ) ® O
N > > 1_—N_N_-R2
R1J\\N’ “R2 R1J§N’N‘R2 RI—=N-N-R
hydrazonoyl halide nitrilimine
16 Cl
H Ss
SS—\ N. ~ R _\N
N—> Q °N w
& 0 & TFA /\
> N —_— N
N CHCl, @ N7 TCOR
— EtsN, CHCl, H
reflux, 16 h O Ny cor

15 52-79%
17 overall yield

Scheme 1.6 a) base promoted conversion of hydrazonoyl halides into nitrilimines. b) polymer supported synthesis

of pyrazoles from enamines and nitrilimines; SS = solid support
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Chapter 1: Introduction

Further reports from Abunada and weorkers showed that nitrilimines generated from hydoanyl|
bromides18 undergo successful reaction with active methylene compout@snd 21 to deliver
densely functionaliseghyrazoles in moderate to high yieléfsin the case of pyrazoline cycloadduct
20, the elimination of a molecule of wategorms the pyrazole produgtwhile 22 undergoes a
tautomerisation to form the desired product. In combination, these methodemonstrate that
incorporating a heteroatom based leaving group into the dipolarophile partner can enhance dipolar
cycloaddition reactions by: 1pRirising the frontier molecular orbitals of the dipolarophile leading to
higher levels of regiocontrol. ZBZemoving the necessity for further oxidative manipulation of the

cycloadducts.

OH
R1)\(H R2 R2
R? -\ o -H,0 I\
————» N, R? — N_ 1
N N~ R
19 S S
HN_
N NaOEYEtOH 20 47-11%

|
Br/kO RT
18 o H COR®
NC COR3
_ N — >

» ‘N~ SNH N.N~ ~NH,
Q o
22

Scheme 1.7 i cycloaddition reactions of nitrilimines with active methylene containing compounds

1.1.2.3 Azomethine imines as 1,3-dipoles

The final class of 1;@ipoles which may be utilized in the synthesis of pyrazoles are azomethine imines.
Reports using this class of dipole are much pessalentthan diazoalkanes/nitrilimines, and mainly
involve strongly oxidising conditions to convestrazoline intermediates into the desired pyrazoles.
For example, Kiraet al. showed that cyclic azomethine imin2d react with acetylene amid@&5to

form bicyclic pyrazolidinone®6 in moderate yield® Electron rich pyrazolidinon26acould then be

subjected to a coppecatalysecdbxidative hydrolytic ringppening to the corresponding pyraz&e.

On the other hand, sydnones have been widely used as dipolar reagents for the synthesis of pyrazoles.
This tass of heterocycles may essentially be regarded as azomethine imine type dipoles linked to a
molecule of carbon dioxide; the elimination of which both oxidises the intermediate and drives the
reaction forward. This makes sydnones highly versatile precsiram a wide range of pyrazole

containing moleculesv{deinfra).

Page |6



Chapter 1: Introduction

23 R
24

CO,Me 9 CO,Me

2 2
HO,C N= ~ cu? N— ~
}NQ\WN“ - N NH
0,, H,0 )
R le} R O 26a-e

27 26a, R = 3,4,5-OMeCgH,
o 5 examples
44% 27-66%

Scheme 1.8 synthesis of pyrazoles from azomethine imines
1.2 Sydnones

Sydnones were discovered in 1935 by Earl and Mackney who observed that trédting
nitrosophenylglycine with acetic anhydride gave rise to a crystalline $¢fudienylsydnoné? This

was later found to be a general process and the early chemistry of sydnones was subsequently
reviewed by Ollis and Stewd&ft?* Synthetic interest in sydnones has steadily inseghover the last
century due to the discovery of many bioactive sydnone containing molecules including
antibaderials?? antimicrobials®®> and antineoplasticd* Additionally, sydnones serve as effective
precursors to a range offiembered heterocycles including pyrazoles and pyrazolines through their

cycloaddition reactioswith alkynes and alkenesgspectively?®

1.2.1 Structure and Properties

Ever since their discovery, the sttuce of sydnones has attracted much debate. Initial proposals for
the structure of sydnones included the strained bicyicHactam?28, based on the observations that
alkaline hydrolysis oMN-phenylsydnone produced\-nitroso-N-phenylglycine in high yield and
treatment with aqueous acid gaww-phenylhydrazine, formic acid and carbon dioxi8el{eme 1.8).

What is now considered the correct structure was first proposed by Baker, Ollis and Poole i 1949.
Experiments by Kenner and Mackay concluded that sydnones are optically irfatdéiading Baker

and Ollis to propose a fivmembered mesoionic structur@9, in which the posive charge is
delocalised over the ring system while the negative charge is localised mainly on the exocyclic oxygen
(Scheme 1.9BY.his problem has also been approached computationally through a series of molecular
orbital calculationg® The calculated bond orders corroborate the presence of an enolate type
exocyclic oxygen and the calculated net charges also indicate an iminiuniNg/pérogen (large

positive charge) and efate like oxygen atom (large negative chardgegre 1.3A)However, these

Page |7
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o
H H,0* /]—f N -0
Ph—N aOH N
pronp, T HEOM + €O —— ‘N-O N_ _CO.H
Ph™ 2
28
a o
o)
o
ol
= 9% ' o
®
‘& 29a P‘g
T\ N .
N, M. N
29b N @l 20f
| © !
® e
o
ZN?: 4
R
® O sydnone numbering o]
e on,
! > S~
N\N <. ®‘N
29¢c . X
' o] 29e
N, © .
oN
29d

Scheme 1.97 a) proposed b-lactam structure of sydnones; b) proposed mesoionic structure of sydnones

conclusions are contradicted by the observation that the proton on the sydfone OF NBb 2y A &

I OARA O

sydnones also show an intea (5 | |
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2%indi¢dting the prgsénke of a ketone type carbonyl group. réch spectra of
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picture. Gratifyingly, synthetic studies indicate that a combination of the various predicted properties

is correct and a general reactivity profile for sydnones is shoviaigire 1.3B
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sydnones
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Chapter 1: Introduction

1.2.2 Synthesis of Sydnones

Sydnones can be readily synthesised in two steps from the correspoNeingstituted amino acids
30(Scheme 1.10 Treatment with sodium nitrite i solution ofaqueoushydrochloricacid generates
nitrosamine intermediate31 which can then undergo cyclodehydration in the presence of acetic
anhydride. The sydnone products are, with the exceptioh-ofethylsydnone, crystalline solids that
show remarkable stability under ambient conditionsl-ghenylsydnone is stable at ambient
temperature >5 years). More recent modifications of this protocol include using isoamyl nitrite (IAN)
to allow the incorporation of acid sensitive functional groups and the employment of trifluoroacetic
anhydride (TFAA) due to the increased rate of cydigdeation. It should be noted that the use if
substituted amino acids is necesgatreatment d the unsubstituted amino acid (R = Wjth a
nitrosating reagentsimply results in the formation of the corresponding diazonium salt. Further
refinement of ths reaction has been investigated leading to methods which achieve higher levels of
purity and avoid handling the highly carcinogenic nitrosamine intermediates through means of a one

pot process%3?

H N-C 0
NaNO,, HCI | Ac,0 ®
RANNCOM T o N COH ———» cﬁ/\ng'
R or IAN he or TFAA Ny
R \
R
30 31 3
E,wa
. -0 < 0 i
, N 0y © N-O 07 o
: N — > _N®
: R” o R e OH
E 33 R 34 R

Scheme 1.10 7 general procedure for the synthesis of sydnones
1.2.3 C4 Functionalisation

The functionaliation of sydnones at th€4 position is arguably the most common, and important,
means of derivatizing these mesoionic heterocycles. Given both the nucleitplifisydnones at the
4 carbon and the presence of an acigioton in the same position, it is unsurprising that a large
number of G4 functionalisation reactions have been report€dReported techniques include
electrophilic aromatic substitution £&r), lithiation and electrophilic trapping and transition metal
catalysed crossoupling reactions. The combination of these methods allows the doizbon of a

diverse range of functional groups at tf# position of the sydnone ring.
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1.2.3.1 C4 Halogenation

The halogenation of sydnones has been known for over 70 years and servaschpia for sydnone
functionalisation due to the diverse array of chemistry applicable to the halogenated products. Many
reagents have been shown to successfully promote this transformation including bromine, chlorine,
N-bromosuccinamide (NBS) ahdchlorosuccinamide (NC%)% The reaction exhibits a wide scope
with respect to the sydnondl-substituent including both alkyl and aryl groups. In the latter example
one might imagine a copetitive halogenation process between the sydnone and aryl rings, however,
systematic studies by Turnbull discovered that only the presence-@inai2o group was sufficient for
achieving selective bromination on the aryl ritidhese results indicate a strong deactivating effect
on the aryl ring due to the electron withdrawing nature of the sydnd3eatom. In contrast to the

effortless bromination/chlorination of sydnones, iodination reactions with iodine @eddn markedly

RSONBIIaSR @AStRaE&d wSLIE2NIa FTNRBY 5dzYAUiNro0Odz RSY2y

mixture of iodine monochloride, glacial acetic acid and sodium acd@theme 1.118%3% This
reaction works in high yield for a range WNfalkyl/N-aryl sydnones and was unaffected by the
electronic charaar of the nitrogen substituent. The fluorination of sydnones via reductive elimination
from a Pdfluoride complex has also been report&dyhile the dehalogenation of-ialosydnones can

also be achieved using a number of conditi®¥.

o S o
o [ i i
& O
o\ ., NCS o/\g NBS 0/\&
! or Cl, N or Bry N Br
N N N

Q Q Q

o
(o}

® ICI, AcOH ®
o
N

S
o
- ?/\gfl 10 examples
N NaOAc N-y 70-85%

Scheme 1.117 a) chlorination and bromination of sydnones; b) iodination of sydnones using ICI

1.2.3.2 C4 Acylation

The &4 acylation of sydnones is another important transformation because of the versatility of the
carbonyl group within organic synthesis. Interestingly, the classical F@dék conditions for
achieving acylation (acid chloride and Al@ke inoperative when used on sydnorfégresumably

due to sequestration of theewisacid by the exogclic oxygen of the sydnone. The first sydnone
acylation reaction was reported by Greco who showed that treatiaghenylsydnone withn-

butyllithium ("BuLi) produced lithiated speci86 which could be trapped with carbon dioxide to
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o o )
F
2 "BuLi % N co, % N
» Et,0, -20 °C i Li then H,O* N CO,H

N\N 2% N\N\ 3 ‘N\
‘Ph Ph Ph
35 36 37

] © ° R | Yield/ %
® P 0 Me | 93
o/\g (RCO),0 ® J\y Et 53
Ny Bi(OTf)s (25 mol%) U D—COR ;| 73
bh LiCIO, (25 mol%) N ipr 59
MeCN, 95 °C Ph CFy| -
35
38a-e

Scheme 1.127 a) acylation of sydnones with carbon dioxide; b) Lewis acid catalysed acylation of sydnones

produce sydnon@&7.33 Alternatively, the generation of thé4 Grignard reagent from the appropriate
4-bromosydnone has been exjed for the synthesis of -4cetylsydnones and this
metalation/electrophilic trapping strategy has also been expanded to disulphide, phmmagh
chloride and silyl chloride electrophiles along with a variety of acyl dofidgistthermore, Turnbull

has reported a metal triflate catalysed system for achiev@gacylationi®* the first example of a
Lewis acid catalysed sydnone acylati®clieme 1.12BUsing bismuth triflate (25 mol%hnd a lithium
perchlorate cecatalyst (25 mol%) in the presence of acetic anhydride gave excellent yields ety
3-phenylsydnone in only 2 hours. Longer reaction times were found to decrease product yield (likely
dueto increased acinediated degrdation of the sylnones yide suprd) as did decreasing either the
catalyst loadings or temperature. The reaction is also tolerant of different acid anhydride substrates
although the reaction fails to provide any product when TFAA is used, possibly dueitalulcgve
effects of the fluorine atoms leading to decreased coordination of libeis acid. Myriad other
methods have been reported for this transformation thus allowing acylation of the sydnone ring

regardless of thé&3-substituent®
1.2.3.3 C4 Functionalisation using Transition Metal Catalysis

Significant advancements in transition takcatalysed crossoupling andGH activation reactions

have been achievedver the last few decade8;>°the importance of which has beaecognised by

the awarding ofboth the 2005 and 2010 Nobel prize in Chemisifhese processdsave provided
chemists with an abundance of waysrapidly functionalise molecules artiese techniques have
subsequently been applied to sydnones to further increase the functional group diversity available at
the C4-position. The first example of sydnone crassipling came from Kalinin who showed that
cuprate 39, generated by deprotonationf N-phenylsydnonewith "BuLi and transmetalation with

copper (1) bromide, underwent palladium catalysed crosspling with aryl and alkeny! halidé&s
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o o
1 D ®
Ard o g N»R 9<§\ 9‘§\/“ 1
‘ Pd(PPhy)s N\N Ar 2 N R
o o Ph Ph
® O ® O 40 41
o "BuLi, THF, -78 °C 0
N N
N then CuBr ‘N~ "Cu
|
Ph Ph
35 39
1. Pd(PPhy), ® S o S
| Br———Tms 9§\ RX PA(PPha)s O
2. TBAF, THF NS cul N THE N .
| |
Ph X=Br, | Ph
43
42

7 examples
26-97%

Scheme 1.13 1 Pd-catalysed sydnone functionalisation via cuprate 39

afford sydnones40 and 41, respectively(Schemel.13).5! Attempts to directly introduce different
ethynyl groups with this methodology failed but this could be circumvented using a Sonogashira
coupling of intermediatet2.52 A more efficient synthesis ofdkynylsydnones came from Turnbull in
2002 who demonstrizd that 4bromosydnones were susceptible to a direct Sonogashira coupling
reaction with terminal alkyne¥, delivering the corresponding-dlkynylsydnones in high yield. The
main advantage of this method is the relative ease of synthesishmgasydnones (Section 1.2.3.1).
Further coupling reactions ofdalosydnones include the microwave assisted Sulglifkaura coupling

of 4-bromosydnones Vth arylboronic acids$cheme 1.1¢°* This procedure is tolerant of numerous
palladium precatalysts, solvents and boron activating species including potassium hydrogen fluoride
(KHE) which, at the time, represented an unprecededtacidmediated SuzulMiyaura cross

coupling. The reaction was found to give high yields of the coupled pi®ohatependent of the

S O-B(OR), e

® PdCl,(PPhs), (5 mol%) @
O\ _g, - O™\ 8 examples
N-y CsF (3 eq), DME:H,0 (1:1) N-n 56-86%

\ 130 °C, MW, 30 min \

Ph Ph
R = H, BPin
i Me s, D Me
OMe NOZ J‘iij
93% 56% 71% 86% v 0%

91% (KHF,)

Scheme 1.14 7 microwave assisted Suzuki-Miyaura cross-coupling of 4-bromosydnones
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electronic nature of the boronic acid, but more sterically hindered boronic acids gave lower yields.

In recent years attention has turned @H activation methods for achieving4 functionalisation. By
comparison to traditional crossoupling techniques tich require two activated substrate§;H

activation reactions make use of offepr two,*® unactivated substrates and are therefore less time
consuming due to a decreased requirement for precursor synthesis. In 2009, Moran discloged that
arylsydnones44 can undergo a direct reaction with iodobenzenes at 120 °C under air to produce
diarylsydnone#5in high yielc?” Optimisation studies found the high tempetae was essential for

an efficient reaction withN-arylsydnones while a decreased temperature of 80 °C also alldwed
Ffl1efaeRy2ySa (2 LINIHAOALIGS Ay GKS NBIFIOGAZ2YS |
group extended this catalyst systetn include alkenyl halide electrophil&€thus rendering this

system highlyseful for sydnoné&4-functionalisation.

2 o
o O-X 3
© 0 . @
0N\ Pd(OAG), (5 mol%), PPhs (10 mol%) 9 N 12 examples
N-n K,COj (2 eq), DMF, 80-120 °C, Ny 19- 92%
“ O X =Br,I O 45

Pd(OAc), (5 mol%)

o
o
%/g PPhg (10 mol%) /& /& 48:49
N- PMP-Br, K,CO5 (2 eq) v PMP + & Ph PMP| 9:1
T™MP|  3:1

A\
N .
Ar DMF, 80 °C, air
46, Ar = PMP 48a-b 49a b
47,Ar=TMP T TTTTTTTTTTmmommmmmmmmmmmssssmmooonoooonmmomnnnes
L via; PPhy PArPh,
' 48a-b =——— X-Pd-Ar X-Pd-Ph  ——> 49a-b
: L L
L
o 5
® o Pd(OAc), (5 mol%) o o]
0,
0\ XPhos (10 mol%) ?/\ngr 15 examples
N-N Ar-Cl, K,COs3 (2 eq) N-n 22-96%
o) DMF, 120 °C, 16 h )

Scheme 1.15171 a) direct C-H arylation of sydnones; b) by-product formation under C-H arylation conditions using

PPhs as a ligand; ¢) improved C-H arylation conditions using XPhos as a ligand; PMP = 4-methoxyphenyl; TMP =
3,4,5-trimethoxyphenyl

[ FGSNI Ay@gSadAaaraazy Ay GKS | FNNRG@ 3INRdAzZL) NB OGS €
electron rich sydnone substrates were employ@&theme 1.15B%.Alongside the desired products
48aand48b, small amounts of the-phenyl substituted sydnonet®aand49bwere also isolated. The

authors hypothesised that the byroducts arise due to an exchange process between the palladium

centre and the triphenylphosphine ligand, which becomes kinetically competitive due to a slow
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transmetalation step. The use of the Buchwald biaryl phosphine ligand XPhos (10 mol%) in place of
PPRh eliminated this unproductive side reaction and also allowedl &hlorides to be used as
substrates’® Exploration of the reaction scope found the reaction to be unaffected by the electronic
nature of the sydnone, but electron rich aryl chlorides were significantly I¢is® dlcan electronically

poor/neutral counterparts $cheme 1.15C).

1.2.2 Sydnone Cycloaddition Reactions

1.2.2.1 Cycloaddition Reactions with Alkynes

Arguably the most important synthetic application of sydnones is theirdip8lar cycloaddition
reactionwith alkynes. This reaction leads to the formation of pyrazéeby an initial cycloaddition
to form bridged intermediat&1, followed by a retrocycloaddition with the extrusion of carbon dioxide
(Scheme 1.16

5
P Q
% O—=—-0 N -CO, Om/\g
7N (o] | — N +/or regioisomer
~ cycloaddition > p retrocycloaddition ~N
S o
50 51 52

Scheme 1.16 1 general mechanism of sydnone-alkyne cycloaddition reactions

This mode of reactivity was discovered by Huisgen in 1962 with the reaction betydaones and
alkynes bearing hydrocarbon, ketone, ester, alcohol and acetal groups at high tempétdiary

other examples employing both symmetrical and unsymmetrical dipolarophiles have since been
reported, leading to a diverse range of functional groups and pyrazole substitution patterns becoming
accessible using this chemist&f® Often, the observed regioselecitiy is hard to predict and appears

to arise from a combination of steric and electronic fact@r&inother common feature of these

reactions is the requirement for high temperatures (>140 °C) and long reaction times (>16 h).

On the other hand, systems which can reliably control the regioselectivity of organic reactions are
highly sought after. Moreowe those which proceed under mild conditions offer further advantages
with respect to functional group toleranceollowing on from the widespread success of the copper
catalysed azidalkyne cycloaddition (CUAACY;? Taran reported the regioselective copper catalysed
sydnonealkyne cycloaddition (CuSAC) reacti@®cheme 1.17A} The combination of catalytic
guantities of copper (1) sulphate (20 mol%) and ligadcfficiently promoted the reaction oN-
arylsydnones and terminal alkynes to form -tjdubstituted pyrazoles ekssively. The postulated
mechanism involves the formation of a-@cetylide species which coordinates to tK2 atom of the

sydnone ring. This coordinating interactittren controls the geometry of the dipolarophile during the
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A
. o R1 Ar2 ArZ
(o) CuS0O,/L1 (20 mol%
@ N(CH,CH ch 1 " N / \
o\ . (CH,CH,0H)3 (1 eq) .
I + Rl—= . N =N N=
N-N SA (2 eq), 'BuOH/H,0O Ar! L1
‘Arl 60 °C, 16 h
Ar 20 examples Ar? = p-SO3NaCgH,
61-99%, >98:2
' via: .
E R¥§ 1 R1
: “[Cu] [Cu] !
1 \ 1 = 'COZ / \
: /‘\/ o] {O N,
, ! i\ 1
Ar1/N/N<0 Ar-N"o Ar'
|

E =0 (2 eq) % =0 (2 eq) /_f)
7\
N

N/ \ Cu(OTf), (1 eq) D Cu(OAc),.H,0 (1 eq)
0-DCB, 140 °C 0-DCB, 140 °C, 4-5 h

°N ‘ N-p °N
o 20 min-3.5h 5 o
11-69% 53-100%

Scheme 1.17 7 a) Cu-catalysed sydnone-alkyne cycloaddition (CuSAC); b) regiodivergent Cu-promoted sydnone-
alkyne cycloadditions; SA = sodium ascorbate; 0-DCB = 1,2-dichlorobenzene
cycloaddition reaction, leading to the observed selectivitge promoting effect of copper salts on
sydnone cycloadditions has also been reported by the Harrity gi®cipeme 1.17B%6These studies
demonstrated that the addition of Cu(OAgL eq) gae the 1,4regioisomer selectivgl while the
addition of Cu(OTf)(1 eq) gave the 1;Begioisomer. Density functional theofFT) calculations
propose that the observed regioselectivity switch is the result of a change in mechanism; Gu(OAc)
produces the Cuacetylide (c.f. CuS® while Cu(OT$)coordinatesto the exocyclic oxygen of the
sydnone ringlowering the energy of thigansition state to form the 1, &lisubsttuted pyrazole Other
regioselective sydnonalkyne cycloadditions include a substrate controlled reaction between 4
pyridylsydnone$3 and alkynyltrifluoroborate salt§4 (Scheme 1.18'" Exposure of trifluoroborate
54to a fluorophilicLewisacidgenerates the corresponding difluoroboraimesituwhich then forms a
Lewisacidbase complex with the nitrogen donor in the pyridine substituent. The formation of this
interaction templates thecycloadditionprocess enhancing both the regioselectivity and rate of
reaction.As a consequence, this reaction proceeds under remarkably mild conditions compared to

other sydnonealkyne cycloaddition reactions (140->25 °C).
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54 /f
N O—==—BFsK (5¢q) O\

o

o
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0™\ > B-N7 10 examples
Ny A\ 7/ BF; OEt, (2 eq) e | 61-100%

DCE, 25 °C, 2h '
Q N-N
53
QO =5

Scheme 1.187 Lewis acid-base promoted sydnone cycloaddition reaction

Much of the recent literature has focused on the application of sydnones in bioorthogonal
cycloadditions, driven by the discovery thBkphenylsydnone reacts rapidly witexo((1R89-
bicyclo[6.1.0]nor4-yn-9-yl)methanol (BCN) under ambient conditiorSchieme 1.19%% A nore
rigorous evaluation of the substituent effects on the rate of these reactions was then performed by
¢ I NJ y Q4 AmangEhdahdte interesting results, the presence of a halogen atom on the sydnone
C4-position was found to dramatically increase the rate of the react&pecifically, iodine provided a
5-fold rate enhaiwement while a chlorine substituent increased the rate by over 15 times. Later work
found an even larger effect in the presence of fluorth&hile a computational investigation of the
NBI OGA2Y dzaAy3d (GKS GRAAG2NIA2YKkAYGESNF Olgndfyé Y2RS
this phenomenorf® Furthermore, computational analysis of different dipolarophile partners in
bioorthogonal cycloadditions usj N-phenylsydnone led to the discovery of dibenzoazacyclooctyne
(DIBAC) as a more efficient coupling parti@atieme 1.198}.The cimination of these reports begins

to address the problems associated with the harsh conditions of sydnone cycloadditions, although

further work is required to expand the scope of these processes.

@

o
® OH MeOH N OH
o\, + | an/ = =~ Ph-N an/
N-n RT, 30 min =

- 11
s BCN k = 0.054 M-'s 99%
a HO —
Ne@e
% M ; O DIBAC
N/ BCN 2 \ X e
on N~ 25 °C °N 23°C
X Ph
X=Cl, k=0.87 M's™ k =1.46 M1s™"

X =Br, k=0.59 M1s"
X=1,k=0.31 M1s"

Scheme 1.19 1 a) discovery of strain promoted sydnone-alkyne cycloadditions (SPSAC); b) investigation of 4-

halosydnones and alternative dipolarophiles in the SPSAC reaction; RT = room temperature
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1.2.2.2 Cycloaddition Reactions with Alkenes

The first sydnonalkenecycloadditions were reported around the same time as the sydradkgne
equivalent®? In spite of this, far fewer examples of this class of cycloadditionbeafound in the
literature. The reaction is again thought to proceed via a cycloaddiBtrocycloaddition mechanism
however, due to the oxidation leV difference in the dipolarogte, the product of this process is no
longer a pyrazoléScheme 1.20)nstead, 1,&dipolar intermediates8is formed and the unpredictable
fate of this species is likely responsible for the relatively limited number of sydalkeee
cycloadditions. As reported by Huisgeb8 can undergo a simple proton shift to form the
comresponding pyrazolires9.82 Alternatively, a second 1-@ipolar cycloaddition gives rise to bridged
heterocycles of typ&0,%® while an oxidation event can also lead to pyrazole prod6dt& Indeed,

the propensity of these dipoles to undergo further cycloaddition reactions has been exploited within

!
Ol?—_f) +/or regioisomer

polymer synthesi&§>8

°N
o 5
proton
shift
©
P = Q = nO
7 o o0 | e W
Ul . NI Z ——
N-\~  cycloaddition ?N retrocycloaddition ® cycloaddition N
o o 58 60
56 57 +/or regioisomers
Joxidation
}/ \S n
N‘N +/or regioisomer
Q o

Scheme 1.20 7 general sydnone-alkene cycloaddition

In addition to these general processes, substrate specific rearrangemenigathno even further
possibilities. For example, Sasaki hasscdbed the reaction ofN-phenylsydnone iwth 7-
azanorbornenet?2 in refluxing toluene to produce polycyclic addué@a and 63b.8” The reaction
begins with the usual cycloadditieetrocycloaddition to form dipole64. However, instead of
undergoing one of the aforementioned transformations, the dipolar intermediate eliminates a
molecule ofN-phenylpyrazole to form isoindol&5 which participates in a [4+2] cycloaddition with

the azanorbornen&?2 to produce63a and63b.
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“ o Boc
o Boc ﬁ°° ﬁ°°
@ N toluene
o\ +
rlll / reflux
N
Ph 62
L
via:
©
-
NPh NR| ——— 63a+63b
64 Nl N 65
R = Boc \yh
xylenes, reflux
67, 26%

68, 22%
66

Scheme 1.21 i a) formation of polycycles from sydnone-alkene cycloaddition; b) unexpected formation of CO2
containing adduct 68

Another surprising result can be found in the reaction of proline derived sydré@haevith
acenaphthylene§cheme 1.21B%.Along with the expected produéi7, adduct68 was also formed in

22% vyield. In this instance, extrusion of carbon dioxide (usually a barrierless process) has failed to
LINE OSSR (2 O2YLX SUA2yd® CAylfftez RdzNAY zlkehedzA 4 3Sy ¢
cycloadditions a surprising eliminatioeaction was observetf. The reaction ofN-phenylsydnone

with h-methylstyrene was found to produce ZXd#phenylpyrazole through the elimination of
methane, possibly proceeding via pyrazolir@d. The potential application of this unexpected
hydrocarbon elimination was then examined further by Larsen using bicyclic sydtiieThe
reaction of a number of *unsaturated ketones proceeded in high yield and, while the alkyl
substituted examples gave mixtures of elimination products, aryl substituted enones produced only
products arising from the elimination of hydrogen. Overall, the above examples serve to highlight the

somewhat unpredictable nature of sydnoadkene cycloaddibns.
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Scheme 1.22 i a) methane elimination observed by Huisgen; b) hydrocarbon eliminations in the cycloaddition

reactions of enones with sydnones

1.3 Conclusions

Since their discovery, a large amount of research into the chemistry of sydnones has uncovered a
number of interesting and unique chemical and physical properlibs.development o& variety of
methods to functionalise sydnones at tli&-position have alowed the creation of a vast array of
sydnone containing compounds with relative ease. Furthermore, the cycloaddition reactions of
sydnones and alkynes is well studied and, when combined with the methods to adieve
functionalisation, allows$or the rapd construction ofdiverse pyrazole libraries. However, in spite of

this progress, the vast majority of sydnone cycloaddition reactions require high temperatures to
proceed efficiently and afford regioisomeric mixtures of pyrazole products. Therefore,efurth
research focusing on enhancing both the reactivity and regioselectivity of sydnone cycloaddition

reactions remains highly desirable.
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2 Thermal Cycloaddition Reactions

2.1 Aims

As described, the platform of sydnoia¢gkyne cycloadditions offers access to a highly diverse set of
pyrazole containing molecules. However, with the exception of coppamoted systems and
directed cycloadditions, these reactions oftagive rise to inseparable mixtures of pyrazole
regioisomers. Those reactions that are highly selective often rely on steric interactions to achieve such
an outcome, limiting the application of less hindered functional groups. Literature precedence from
other classes of dipolar cycloaddition indicates that alkenes substituted with a heteroatom can act as

efficient alkyne equivalentssgcheme 2.1A

I E | P N0, TN TP 0R TR,

: % -
a o ,
0 | X 1 1
@ NN S .o 4
X > o -H-X >
N-N cycloaddltlon-_ _ N=y N-n
O retrocycloaddition b 73 o

Scheme 2.17 a)assortmento f fAal kyne e qub)leaihggrodpelimadtitheasaareans of controlling

the fate of 1,3-dipolar intermediate 73

Moreover, the electronically polarising nature of these substituents confers a degree of asymmetry to
the k" F 2NDAGEFT &aX 2FGSy fefelsBfregidontra® AdditcBaRyAtiidintay f S
result in increased overlap between the frontier molecular orbitals involved in the cycloaddition and
lead to reduced activation barriers. In the context of sydnone cycloadditions, these leaving groups
may alsoallow the fate of the dipolar intermediate to be controlled because an intramolecular
elimination event should outcompete further cycloaddition reactions, hopefully resulting in exclusive
formation of the corresponding pyrazoleSgheme 2.1BIndeed, ths strategy has been investigated

by Gribble in the cycloaddition of minchnones (another class of mesoionic heterocycles) and
nitroalkenes® Due to the structural diversity associated with compounds that fit the above

description, a number of scaffolds may become accessible using this reaction méddfotane 2.2
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Scheme 2.27 potential scaffolds accessible using sydnone-alkene cycloadditions

Thus, the aims at the outset of the project were:

1) To investigate the scope (both in terms of structure and substitution) of alkene type dipolarophiles

in sydnone cycloadditions reactisn

2) Examine the possibility of using this chemistry to overcome the issues associated with regiocontrol

in sydnone cycloaddition reactions.

3) Determine whether the inherent polarisation of the dipolarophile offers any advantage in terms of

reaction rate

2.2 Cyclic Enamide Dipolarophiles |

To begin investigating the above hypotheses we first required reasonable quantities of starting
materials.N-Phenylsydnone was selected as the dipolar substrate for these investigations due to its
availability in multigram quantities and remarkable stability under ambient conditions. Thus,
according to the procedure of Turnbull, treatment df-phenylglycine with IAN in 12
dimethoxyethane (DME) afforded nitrosamiiig.®* Due to its highly carcinogenic nature, handling of
this intermediate was kept to a minimum and therefore the solvent was removed under vacuum and
the crude oil dissolved directly in dichloromethane (DCM)eaund nitrogen (M atmosphere and
treated with TFAA. A standard aqueous wagk (dilution with sat. NaHGGolution and extraction

with DCM) followed by recrystalliion from hot ethanol (EtOH) then afford&iphenylsydnong35)

as a tan solid ii2%yield.
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@
-0
TFAA

H N//o o
S
N |
\/U\OH N\)J\OH \/)\O
DME, RT, 20 h DCM, RT,2h ©/

74 75 35
20g 15.3 g, 72%

Z2~Z

Scheme 2.3 1 synthesis of N-phenylsydnone from N-phenylglycine; DME = 1,2-dimethoxyethane; RT = room
temperature

In order to rapidly investigate the key cycloaddition reaction, we then selected commercially kvailab
enamide76 (n = 1) as the starting dipolarophile. A test reaction indi¢hlorobenzened-DCB) at 150

°C overnight showed the formation of idsubstituted pyrazol&8a which could be isolated in 6%

yield following column chromatography. Generalle regiochemical assignment of the disubstituted
pyrazoles formed during sydnone cycloadditions can be made purely on the ba¥is MR
spectroscopy because of the drastically different signals produced by the pyrazole ring protons in each
case. Firstlythe H4 andH5 protons in 1,3disubstituted pyrazoles appear as a pair of doublets (with a
coupling constant in the order of R0 Hz) at 6.5.0 ppm and 7.8.0 ppm, respectively.
Contrastingly, theH3 andH5 protons in 1,4disubstituted pyrazoles appear as singlets, with both
signals in the region of 7-8.0 ppm. In the case a18a, analysis of théH NMR spectrum shows two
singlets at 7.55 ppm and 7.74 ppm, consistent with thergégloisomer. Despite thew conversion

and vyield, this experiment provided two key results: 1) Sydnones successfully react with enamides to
form pyrazoles. 2) Pyrazok8a was formed as a single regioisomer (the other regioisomer was not
detectable by*H NMR spectroscopy of theutte material), indicating the potential of these reactions

to achieve high levels of regiocontrol. Despite this initial success, our attempts to optimise the reaction
by altering variables such as the solvent, temperature, time, concentration and enamglsize

failed to afford synthetically useful yields of the corresponding pyrazdkeisi¢ 2.}.
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Table 2.1 1 optimisation of the reaction between N-phenylsydnone and enamides 76/772

06 "/~NHBoc BocHN-
g/g @ solvent /_f\}/f —
i AN + ) ———— A\ +
N n ° N\ N\
N-N Boc 150°C. t N"  78a,n=1 78b,n=1 N
Ph 76,n =1 Ph 79a,n=0 79b,n=0 Ph
35 77,n=0
Entry S Solvent Concentration[M] t [h] P Yield [%o} a:b°
1 76 o-DCB 0.5 24 78 6 >08:2
2 76 xylenes 0.5 24 78 8 >98:2
3 76 toluene 0.5 24 78 8 >98:2
4 76 o-DCB 0.5 48 78 7 >08:2
5 76 o-DCB 1.0 24 78 5 >08:2
6 77 o-DCB 0.5 24 79 5 >98:2

@ Reaction conditions: N-phenylsydnone (0.5 mmol), enamide (1.0 mmol), solvent (0.5-1.0 mL) at 150 °C for the

specified time; ® yield of isolated compound; ° ratio determined by *H NMR analysis; 0-DCB = 1,2-dichlorobenzene;

S = substrate; P = product

We suspected that the lack @fprovement in product yield could be a consequence of thermal

deprotection of the Bogroup, which could limit the product yield in at least two ways. Firstly,

deprotection of the starting material would provide enami@@which could tautomerise to ima81

and undergo side reactions, reducing the quantity of substrate available for the desired cycloaddition

(Scheme 2.A). Alternatively, deprotection of the initial cycloadduéBa would produce the free

amine 82 which might prove difficult to isolate bgilica column chromatography due to its high

polarity. An L&MS analysis of the crude reaction mixture identified an8@econfirming the viability

of Boecdeprotection under the reaction conditions. Regardless of the explanation for the low product

yieldsunder these conditions, this observation indicated the requirement for a more thermally stable

N-protecting groupenzyloxycarbonylCbz) for example.
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“ @ thermal | +H*
) ) =—— __~ o by-products
N \N )

Boc  deprotection H n n
76 or 77 80 81
E NHBoc NH,
//_f\/\ thermal //_f\/\
N\N\ 78a deprotection N\N\ 82
Ph Ph

detected by
LC-MS

Scheme 2.4 7 a) thermal deprotection of Boc protected enamide substrates; b) thermal deprotection of Boc

protected pyrazoles

Although the Cbz protected enami@ is commercially available, it is rather expensive (>£130 per

AN Y |4 GKS GAYSO |YyR | & &-dai@flachm was empldyed l@taly § KS & A 2
protection of the amide nitrogen with benzyl chloroformate (&} following deprotonation with

"BuLi gag imide 83 which was used in crude form in the next steps. Selective reduction of the
endocyclic carbonyl group with sodium borohydride (NaB&hd subsequent dehydration using

sulphuric acid (k8Q) produced enamid@&4in 41% yield over the 3 steps.

(\/\L "ByLi, THF, -78 °C (\/\L 1. NaBH,, MeOH, RT @
NS0 N0 N
H

then Cbz-Cl N, 2. H,S0,, THF, RT N

d-valerolactam 83 84

41% over 3 steps

Scheme 2.571 synthesis of Cbz protected enamide 84

The use of Cbz protected enami@iéin sydnone cycloaddition reactions was then investigaliedbie

2.2). However, these attempts were unsuccessful and failed to affordadre desired product
despite prolonged heating at high temperature (180 °C for 48 h). The reduced reactRdtyetrdtive

to 76is not easily understood due to the similarity of the two protecting groups, but the low reactivity
of these enamide subsites in general, compared to alkynes, is also interesting. Previous work on
sydnonealkyne cycloadditions has suggested that sydnone cycloadditions may operate under inverse
electron demand, due to the increased rate of reaction when using electron defidiarylsydnones

in comparison to those with neutral or electron rich grodp$herefore, the pesence of a carbamate
protecting group may prevent efficient donation of the nitrogen lone pair into the alkene, leading to
a decreased HOMO energy and lefficient orbital overlap. However, this is contradicted by the

observation that sydnones react efiently with both propiolate and acetylene dicarboxylate
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Table 2.2 1 attempted optimisation of the reaction between N-phenylsydnone and enamide 842

& NHCbz CbzHN
® solvent (0.25 M)
L. O T
N-yn Cbz Tt ‘N 83b N

Ph Ph Ph

84
35
Entry Solvent eq. 84 T [°C] t [h] Yield [%}

1 o-DCB 2 150 24 0
2 o-DCB 2 150 48 0
3 xylenes 2 150 24 0
4 o-DCB 5 150 24 0
5 o-DCB 2 180 24 0

@ Reaction conditions: N-phenylsydnone (0.5 mmol), 84 (1.0-2.5 mmol), solvent (2.0 mL) at the specified
temperature and time; ° yield of isolated compound; 0-DCB = 1,2-dichlorobenzene

dipolarophiles?® Thus, it is possible that the enamide dipolarophiles ae@her electron rich nor
electron poor enough to efficiently react with sydnones. Further investigation of this hypothesis would
be possible using an enamine bearing an electron donating (or Idsdrawing)N-substituent Figure
2.1).Given the limited number of reported methods to synthesise compounds of this type, we decided

to pursue other avenues of investigation.
() )
Ph Me

Figure 2.17 possible enamine dipolarophiles
2.3 Cyclic Enol Ether Dipolarophiles |

Following the limited success employing cyclic enamides in sydnone cycloaddition reactions, attempts
were made to incorporate,4-dihydro-2H-pyran (86) in a reaction withN-phenylsydnone. It was
envisaged that the lack of a heteroatom protecting group should simplify the analysis because
deprotection steps are no longer possible. Initial attempts to promote the reaction at 150 °C were
found to be unproductive, with the sydne substrate returned intact. However, increasing the
temperature to 180 °C resulted in conversion of the sydnone, evidenced by the formation of a
RAFIAy2aiGA0O LERBNIT 2t S HINIRGRuNt. Morelintetestingly, lahalysis bfythe (i K S
crudetHbaw &aLISOGNHzY t&d2 ARSYGATFTASR y2GKSNJ aAdyl

the pyrazole proton. Following column chromatography this reaction was found to produce
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Table 2.3 - optimisation of the reaction between N-phenylsydnone and enol ether 862

o OR RO . :
g/g @ 0-DCB (1.0 M) /_f\ﬁ ' &0
A\ + ! !
N-y ) Tt N/\N ) * N, \ Y 5
Ph 86 b, 87a,R=H 87b,R=H B, . THPy '
35 88a,R=THPy 88b,R=THPy =~~~
Entry T [°C] t [h] P Yield [%o} a:b’
150 24 - 0 -
2 150 48 - 0 -
3 180 24 88 26 >08:2
4 180 48 88 39 >08:2
5 200 24 88 20 >08:2

a Reaction conditions: N-phenylsydnone (0.5 mmol), 86 (2.0 mmol) in 0-DCB (0.5 mL) at specified time and
temperature; ° yield of isolated compound; © ratio determined by *H NMR analysis; 0-DCB = 1,2-dichlorobenzene;

THPy = tetrahydropyranyl

tetrahydropyranyl (THPYy) ether containing pyrazBirather than the desired alcotaontaining
pyrazole87, the formation of which appears to be the result8freacting with another equivalent of

86. Once again, the regiochemical assignment is made on the basis of two singlet peaks at 7.56 ppm
and 7.74 ppm, consistent with a t¢dsubstituted pyrazole isomer. Attempts to increase the yield by
lengthening the reaction and increasing the temperature ultimately resulted in a modest 39% yield of

884, but as a single regioisomérable 2.3).

In order to examine the electronic effect of theydnone N-substituent a small number oR-
arylsydnones were then employed in a cycloaddition reaction @@kTable2.4). The desired THP
ether containing pyrazole products were obtained indB% yield, with the reaction proving more
efficient for electron withdrawing/neutal aryl substituents than the one electron rich group tested.
Furthermore, the reaction was found to be highly selective in all cases, with only thedlodsomer

isolated.
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Table 2.4 1 scope of the 1,4-regioselective cycloaddition between N-arylsydnones and 862

5 OTHPy /===~~~ ;
® o-DCB (1.0 M) i o
o+ | /A ! 5
NN 0 180 °C, 48 h N\N >98:2 : '
Ar 86 Ar . THPy |

Reaction Scope

OTHPy OTHPy OTHPy OTHPy
] ] ] ]
Nﬁg\f Nhgj Nﬁgj ng\ﬁ

N N N

88a, 39% 89a, 24% i 90a, 48% 91a, 35%
CN F

OMe

a Reaction conditions: N-arylsydnone (0.5 mmol), 86 (2.0 mmol), o-DCB (0.5 mL), 180 °C, 48 h; o-DCB = 1,2-
dichlorobenzene; THPy = tetrahydropyranyl

With enol ethers established as more reactive substrates under these conditions than the cyclic
enamides, we next turned our investigations to probing the effect of changing rinfrsiake 2.5)In

stark contrast ta86, 2,3-dihydrofuran92 reacted smootly with N-phenylsydnone at 150 °C (c.f. 180

°C for86), leading to 100% conversion and a 54% vyiel@daf Pleasingly, this reaction was found to
furnish the analogous tetrahydrofuranyl (THFu) ethers as the major product, although careful
examination of tle crude'H NMR spectrum showed the free alcohol containing pro@8aias a minor
component. A decreased temperature of 100 °C was also found to promote this reaction, leading to
40% conversion of the starting material and a mixture of produable 2.5entry 2).Increasing the
temperature beyond 150 °C provided no further benefit but decreasing the concentration of the
reaction mixture gave a much cleaner crutteNMR spectrunand a combined product yield of 98%

following column chromatographyl &ble 25, entry 5).
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Table 2.5 optimisation of the reaction between N-phenylsydnone and enol ether 92.2

. S OR RO o
ﬁ\/\g LD 0-DCB N/{—g\/ ) I %
N o T t N N
‘Ph 92 Il°h I'l’h .THFu
35 93a,R=H 93b,R=H
94a, R = THFu 94b, R = THFu
Entry eq 92 Concentration [M] T[°C] t][h] Yield 94[%]° abe
1 4 1.0 150 24 54 >08:2
2 4 1.0 100 24 8d >08:2
3 4 1.0 180 24 59 >08:2
4 6 1.0 150 24 47 >08:2
5 4 0.25 150 24 65° >08:2
6 4 0.25 150 48 67 >08:2
79 4 0.25 150 1 50 >08:2
89 4 0.25 150 2 55 >08:2
99 4 0.25 180 2 64 >08:2

@ Reaction conditions: N-phenylsydnone (0.5 mmol), 92 (n mmol), 0-DCB (0.5-2.0 mL) at specified temperature

and time; Pyield of isolated compound. ¢ ratio determined by *H NMR analysis; @ 34% of 93a isolated; ¢ 33% of 93a

isolated; f 30% of 93a isolated; 9 reaction performed using microwave irradiation; o-DCB = 1,2-dichlorobenzene;

THFu = tetrahydrofuranyl

Interestingly heither increasing the length of the reaction (compare entries 5 and 6) or the equivalents

of 2,3dihydrofuran (compare entries 1 and 4) resulted in further conversid@tdssumin@®4 arises

from the reaction 0f93 and 2,3dihydrofuran, there may be a few possible explanations for this
observation. Either the reaction has reached a thermal equilibrium after 24 hours and therefore the
product distribution will be unaffected by further heating, the concentration of enol ethe92 has
RSONBIFaSR adzFFAOASy(Gfe& FFOUSNI Hn K2dzNBR GKF G FdzNI K
L2adaAofSd Ll aK2dAZ R 0SS WRKERNEKIzNI yiKBSa 62Af ay Ic LI
pressire would be expected under the reaction conditions. In line with this expectation, a large
amount of liquid was observed to condense inside the reaction vessel when running these reactions
(albeit far kelow the solvent boiling point), indicating that tlsencentration 092 in solution should

be lower than expected. Given that a subsequeotrol experiment heating an isolated sample of

93ain 0-DCB in the presence 6R verified the formation of acetal products from the free alcohol

under these conditioa Scheme 2.8), it is probable that the lack of increased conversio®4as the

result of one of the above explanations.
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“ OTHFu

OH

7 0-DCB (0.25 M)
I\ + Z 0> > N/ \ 100% conversion
N, 150 °C, 24 h . 94 1
N 93a N a by 'H NMR
Ph 92 Ph
o] «
o
R Ar—y o R Ar\N
N// \S - ?” _inverse_ . o _ normal __ | \
°N electron o electron o/
) demand i\ demand r

z
=

AN
\ d"and §

Scheme 2.6 i a) conversion of alcohol containing pyrazoles into the corresponding acetals; Reaction conditions:

93a (0.25 mmol), 92 (1.0 mmol), 0-DCB (1.0 mL), 150 °C, 24h; b) mechanistic pathways for normal and inverse

electron demand cycloadditions between sydnones and alkenes; o-DCB = 1,2-dichlorobenzene; THFu =
tetrahydrofuranyl

Due to the prolonged reaction times, the feasibility of using microwave irradiation to drive the
reaction betweerf2 andN-phenylsydnone was also investigated (Table 2%gmperature of 150 °C

and reaction length of 2 hours was found to be insufficient for compteteversion of the starting
material, while increasing the temperature to 180 °C gave complete conversion and a 64% yield of

945 comparable to the optimisedonditions under conventional heating.

The observed regioselectivity and apparently high levels of regiocontrol observed in the sydnone
alkene cycloadditions investigated so far is interesting. In particular, the high levels of selectivity are
in stark contast to many sydnone cycloaddition reactici$® Early work by Huisgen and Gotthardt
found that the rate of sydnonalkyne cycloadditions is onlyigitly decreased by increasing solvent
polarity, indicating that sydnone cycloadditions likely proceed via a concerted mech¥nism.
Moreover, the reactin of 4methyl3-phenylsydnone with different acetylene derivatives showed
that the rate of reaction increased dramatically when electron deficient acetylenes were used,
pointing to a normal electron demand (i.e. the reaction is controlled by the sydn@d® and
dipolarophile LUMO). On the other hand, calculations by Houk and Varnek propose that sydnones
possess a low energy LUMO and thus their cycloadditions reactions should operate under inverse
electron demand®®¢ KA a Aa O2yaAradSyid gAGK GKS 2 a@SHNDII GA2Y
the reaction of a series ofdrylsydnones, indicating an increase in reaction rate for electronidafic
sydnones. Curiously, molecular orbital calculations on sydnones have indicated that a larger
coefficient of both the HOMO and LUMO orbitals is found onGhetom than on theN2 atom?®’
Therefore, any observed selectivity would be derivearf the dipolarophile only. In the case of these

sydnonealkene cycloadditions using enamides/enol ethers, the predicted selectivity for a normal
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electron demand cycloaddition gives rise to the opposite regioisomer to that obs¢debegme 2.6B)
Conversel, the predicted selectivity for an inverse electron demand cycloaddition would result in the
same regioisomer to that which is isolated in the reactions investigated so far. Ultimately, it would
appear that sydnone cycloadditions caperate via eithertie sydnone HOMO &rUMO orbitals, and

the contributions of each in a given reaction depend on both the sydnone substitution pattern and
the electronic characteristics of the dipolarophile. In the reaction Nrylsydnones and
enamides/enol ethers, the olksved selectivity is best explained by an inverse electron demand

cycloaddition reaction, but further experimental work would be required to verify this.

The scope of this 1;regioselective cycloaddition process was then examined using a number of
different sydnone substratesT@ble 2.§. Sydnones containing strongly electron withdrawiRg
substituents produced good yields of the digubstituted pyrazoles9{a-99a), as did sydnones
containing F Cl, or Br substituents1Q0a-102a). Sydnones with strongly electron donatimd
substituents required higher concentrations to react efficiently, but nevertheless gave good yields of
the corresponding pyrazoledba and 96a. Unfortunately, the reaction was not compatible with

alkyl sydnoes: those with methy103), isopropyk104) and benzy(105) substituents were unreactive
while a carboxymethyl substituted sydnoi@®06) decomposed under the reaction conditions. The
origin of this reactivity difference is not entirely clear, but couldue decreased transition state
adroAtAalrdAzy Ay G K-Systdmo AdSiyoaafly, tige Freadtiofi ofstiRsitlited S y (i
sydnones bearing either acyl or aryl groups all failed to produce any detectable quantities of pyrazole
products. In this insince the lack of reactivity is probably caused by detrimental steric interactions
between the enol ether and th€-substituent. Both of these observations are consistent with the

reduced reactivity oN-alkyl andC4-susbtituted sydnones when reacting wialkynes.
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Table 2.6 i scope of the 1,4-regioselective cycloaddition between N-arylsydnones and 922

o@ OTHFu
©) T '
o 0-DCB (0.25 M) ; o !
N DS = I\ : i
N o 150 °C, 48 h Ny~ >08:2 | :
Ar 92 Ar | THFu |
OMe
OMe OMe NO, CF;
OMe
94a, 67% 95a, 50%" 96a, 51%" 97a, 60% 98a, 66%
CN F (o] Br
99a, 57% 100a, 59% 101a, 70% 102a, 67%
unreactive substrates
108 OBn
o & o
o@ o 362 ¢ me 0 OBz
® 103, R = Me, o ®
O™\, 104,R='Pr N 37 €<0|-| 0™\ 109
N-N" 105,R=Bn \ , N
R 106, R = CH,CO,H Ph 107 eA{N’H\OH Ph Me
H 110 ﬁ[N\
[
:

aReaction conditions: N-arylsydnone (0.5 mmol), 92 (2.0 mmol), 0-DCB (2.0 mL), 150 °C, 48 h; ! reaction performed

at 1.0 M; o-DCB = 1,2-dichlorobenzene; THFu = tetrahydrofuranyl

The apparent reactivity difference betwed® and 92 is surprising, given their structural similarity,
and we hypothesised that it might arise from an electronic differemesveen theGCdouble bond

in each of the substrates. To investigate thi€, NMR spectra of bo®6 and92were recorded; if one
double bond is significantly more electron rich or poor than the other, then the alkene signals would
be shifted either upr down field in the spectrum, respectively. In the event, as can be sdeguire

2.2, the spectra of both substrates are very similar, indicating no major electronic difference between

the two double bonds.
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Figure 2.2 7 3C NMR spectra of enol ethers 86 (red) and 92 (blue)

bSEGS GKS NRtS 2F NAy3a A0GNIAY AWSYESNERINE YAy & &
O2yilGlFAY I Y2RSNI G4S RS 3NSB Syclapantanelf while siknieMbeied ring C
systems are relatively strain free, it is possible to imagine that the release of ring strain in the
elimination step might hig to drive the reaction 02 towards the pyrazole product. An initial
competition reaction betweer86 and 92 was performed to gauge their relative reactivity, with the

two alcohol products being obtained in a 94:6 rat8zlieme 2.&, path a)An unforturate limitation

of this experiment is the need to hydrolyse the mixture of WHHPy ethers obtained after the first

step as one must assume that all intermediates are hydrolysed to an equal extent. Nevertheless, this
experiment provides further evidence af significant reactivity difference betwre86 and 92. A
cycloaddition reaction betweem-phenylsydnone and ethyl vinyl ethdrlla (essentially92 but

without the ring strain) was then performed under the optimised conditions and, to our surprise, this
reaction deliveredN-phenylpyrazole(112) in an outstanding 94% vyieldS¢heme 2.&, path b).

Moreover, a competition reaction betweed? and111a affordedthe corresponding products fairly

similar yields. In combination, these experiments suggest that ring strain is not an important factor in

the cycloaddition reaction between sydnones and enol ethers. Finally, a series of experiments were
conducted to investigate the effect of vinyl ethers with varying steric buicheme 2.C). In

comparison to ethyl vinyl ether {kubstituted), cyclohexyl vinyl eth&d 1b (2° substitution) and
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112, 94% Ph 2
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Scheme 2.7 a) competition reaction between enol ethers 86 and 92 (path a) and cycloaddition reaction between
N-phenylsydnone and ethyl vinyl ether (path b); b) competition reaction between 92 and ethyl vinyl ether; c) reaction

of N-phenylsydnone with sterically variable vinyl ethers; 0-DCB = 1,2-dichlorobenzene; DMSO = dimethylsulfoxide;

THFu = tetrahydrofuranyl

tert-butyl vinyl ether111c (3° substitution) both producedN-phenylpyrazole in diminished yields.
However, the origin of this reduction in yield is currently unclear becaubetincases the reaction
reached 100% conversion and the crdieNMR spectra showed no other phenyl containing species.
Overall, it is possible that the stefindrancein this position can have an impact on the efficiency of

sydnoneenol ether cycloaddion reactions.

2.4 Acyclic Dipolarophiles

The discovery that acyclic enol ethers are also reactive in sydalkeae cycloadditions prompted

use to carry out a more thorough examination of the scope of this class of dipolarophile. First, the
reaction of commercially available enol eth&t3 with a number of sydnones was evaluatel-
Phenylsydnone and\-(4-nitrophenyl)sydnonereacted within 24 hours to afford high yields of 4
methyl substituted pyrazole$l4a and 1153, respectively. As noted previously, the reaction with
(4-methoxyphenyl)sydnonevas much slower, requiring 2 days to reaetnigh level otonversion
(116a). Enol
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Table 2.7 1 scope of the 1,4-regioselective cycloaddition between N-arylsydnones and 1132

o
Me
o
® Me— Xx~OFt 113
?/\g—x .Y
N-y 0-DCB (1.0 M) N-n
ar 150 °C, 24 h Ar
Me Me Me Me
B B B N
N-N N-N N N-N

114a, 70% 115a, 85% 116a, 66%' 117a, 41%

a Reaction conditions: N-arylsydnone (0.5 mmol), 113 (2.0 mmol), 0-DCB (2.0 mL), 150 °C, 24 h. 1 48 h; 0-DCB =
1,2-dichlorobenzene
ether 113then proved to be a particularly reactive substrate, achieving a successful reaction-with 4

chloro-3-phenylsydnone to giviél7ain moderate yield.

Although the ability to selectively introduce a methyl group into the pyrazole scaffold is useful, an
expansion to further functional groups was required. As such, a number of other substrates were
synthesised tofurther this investigation. The Wittig oleftion of either benzaldehyde op-
anisaldehyde (chosen as a particularly electron rich example) gave the corresponding methyl enol

ethers118and119in high yield as a mixture of geometrical isomers (Scheme 28yl substituted

o PhaPs OMe “_.OMe
N
o)
THF,0°C, 2 h QT
|Reaction Scopel
oM . OMe
phX-OMe /@Aﬁ By X\-OMe CeHy, A ~OMe
MeO
118 119 120 121
93% (49:51) 95% (47:53) 47% (55:45) 99% (51:49)
0 TMSCLEtN — OTMS o) R1=ph,R2=H, 62%

2
R‘J&R Nal, MeCN,RT, 2h R -R° 123 R'=H, R2 = Ph, 30% (2:>98)

Scheme 2.8 a) synthesis of enol ethers via the Wittig olefination of various aldehydes; b) synthesis of silyl enol
ethers from carbonyl compounds. Values in parentheses indicate E:Z ratios of the isolated compounds as

determined by *H NMR analysis; THF = tetrahydrofuran
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enol ethers could also be synthesised by the reaction of phenylacetaldehyde2(oor hexanal (for
121) under the same conditions. Additionally, silyl enol eth&?2 and 123 could be isolated by
trapping the enolates of acetophenone or phenylacetalddhywith chlorotrimethylsilané®
Curiously, the silyl enol ether derived from phenylacetaldehyd3)(was isolated exclusively as the

Z-isomer.

The scope of the cycloaddition reactions of these substrates was then investigated and, wettflgtun

a lack of reactivity was observed in many cases including aryl substituted enol EtB&r$9and silyl

enol ethers122/123. However, alkyl substituted enol ethef?0 and 121 did participate in a
cycloaddition reaction to give the Edisubstituted pyrazole$31and132in moderate yield. As a final
attempt to extend this reaction to more interesting and highly substituted products, silyl ketene acetal
124was reacted wittN-phenylsydnone (@ble 2.8 entries 9 and 10). Despite heating up to 180 °C this
reaction gave no trace of the desired product, instead returning the unreacted sydnone. Overall these
results indicate that this approach may serve as a useful method for thikesis of alkyl substituted
pyrazoles in a regiocontrolled manner. Interestingly, the reaction remains highly regioselective in the
presence of a sydnor@&l-substituent, thus indicating that the observed selectivity may arise from an
electronic preferencelt remains unclear whether aryl substituted enol ethers are unreactive due to

steric or electronic factors.

Although these results showed promise, a number of deficiencies remained. For example, the reaction
is limited (with the exception of 1 examplea) the synthesis of disubstituted pyrazole scaffolds and
the enol ether substrates are prone to decomposition under a number of conditions. A brief
investigation of other leaving groups was therefore performed to ascertain whether any reactivity
enhancementcould be achieved by the manipulation of this substituent. Maintaining a focus on
oxygen substituted dipolarophiles, a reaction with viagktate (25 demonstrated the enhanced
reactivity of these dipolarophiles; even with an electron withdrawing groopxygen this reaction
affords N-phenylpyrazole in 75% yield (Table 2.8, entry 11). However, the use of a more strongly

electron withdrawing tosyl group prevented the reaction of vinyl tosyl2é.
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Table 2.8 1 cycloaddition reactions of N-phenylsydnone and enol ethers?

R2 R3 R3 R2
OR! 0-DCB (0.25 M) >/—§ 5/—§
3 N + N
R2 J\«*R ‘r;] \r;]
Ph Ph

Z-0®
+

.U,Z
=

T,24h

35 a b
Entry  Substraté R R R T[°C] Product Yield [%} ab?

1 122 TMS Ph H 150 127 0 -
2 122 TMS Ph H 180 127 0 -
3 123(2:>98) TMS  H Ph 150 128 0 -
4 118(49:51) Me H Ph 150 129 0 -
5 118(49:51) Me H Ph 180 129 0 -
6 119(47:53) Me H PMP 150 130 0 -
7 120(55:45) Me H Bn 150 131 41 >08:2
8 121(51:49) Me H GHu1 150 132 30 >08:2
9 124(85:15) TMS OMe "Bu 150 133 0 -
10 124(85:15) TMS OMe "Bu 180 133 0 -
11 125 Ac H H 150 112 75 -
12 126 Ts H H 150 112 0 -

a Reaction conditions: N-phenylsydnone (0.5 mmol), dipolarophile (2.0 mmol), o-DCB (2.0 mL) at specified
temperature for 24 h; ® values in parentheses indicate the E:Z ratio of the substrate; ¢ yield of isolated compound;

d ratio determined by *H NMR analysis; 0-DCB = 1,2-dichlorobenzene.

Finally, 2,dihydroisoxazold 34, available in 3 steps from benzaldehyde, was investigated in the hope
of introducing a useful amino functional groif}.Despite numerous attepts, and despite the
structural similarity betweerl34 and 2,3dihydrofuran 92, this substrate failed to participate in
sydnone cycloaddition reactions. Moving away from oxygen based leaving groups, vinyl Izées
and 136-Zwere synthesised from-tictyne Scheme 2.B)10219%3Although the double bnd geometry
should have no impact on the final product structure in these reactions, we were intrigued as to
whether or not this structural feature would have any effect on reactivity. Unfortunately, neither the

Eor Zisomer reacted under any of the caitidns investigated.
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A o

0 / \
@ Bn. -0 0-DCB (0.5 M) N N
o \ + f \ Bn + Bn /i \
N J N N
~N Ph 150 °C, 24 h N N
\ | |
Ph Ph Ph
35 134 135a 135b
E 1. "BuLi, hexane, -78 °C
° then |y, Et,O
oh /\/l DIBAL, hexane, 55 °C CoHyy—= 2, Elp C6H13/\
613 then -50 °C, I, 2. Cy,B-H, Et,0 i
136-E 1_°ctyne then AcOH 136.2
56% (>98:2) 58% (2:>98)
c O
. . o CeH1iz CgHy3
0-DCB (0.5 M) j
0/\g +  CgHyz ' + Y
W N N, N_
N-y Z additive (1 eq) N N
b 136 150 °C, 24 h Ph Ph
35 137a  137b
alkene | additive | yield [%]
136-E -
136-E | K,CO3 0
136-Z - 0
136-Z | K,CO; 0

Scheme 2.9 1 a) attempted reaction between N-phenylsydnone and dihydroisoxazole 134; b) synthesis of E- and
Z-alkenyl iodides from 1-octyne. Values in parentheses indicate E:Z ratios of isolated compounds; c) attempted
cycloaddition reactions of N-phenylsydnone and alkenyl iodides

The enhanced reactivity of electron rich enol ethers also prompted us to test the reaction of various
enamines. Moreover, given the highly regiosélez nature of these reactions, we were interested in

the possibility of tuning the enamine structure as a means of achieving regiodiver@aiesrie 2.10

The reaction oh-butyl substituted enamind.38was first performed to gauge the reactivity of tlees
substrates. Surprisingly, under our optimal conditions, the anii@@ was isolated in quantitative
yield. The formation of this bgroduct is unusual and appears to arise from a hydrolysis of the
enamine starting material followed by nucleophilic ring openingNgbhenylsydnone with the
resulting piperidine. Attempts to reduce this n@noductive pathvay by employing more strictly
anhydrous conditions were unsuccessful and further examination of a number of enamine substrates

found this to be a general process under the current conditions. Therefore, investigation of a possible

A\
1,3-disubstituted %

pyrazole )

1,4-disubstituted
N ~N pyrazole

Scheme 2.107 using enamines for a regiodivergent pyrazole synthesis
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regiodivergent synthesis was performed usingn@thoxypropenel43, leading to 1,3lisubstituted
pyrazolel14b in 54% yield. This is the opposite regioigrno that obtained in the reaction df13

with N-phenylsydnongTable 2.7and this result provides further indication that the regioselectivity

in these reactions is governed primarily by electronic factors. A couple of other details from this
reaction ae worth mentioning: only a small amount of conversion is observed at 150 °C (unlike enol
ether113) and even at 180 °C, the reactionremk y & A Yy O2 Y LJ 78% @nverdon)SBdthefn K 0
these details highlight the significantly detrimental impadtrit interactions have on this class of

cycloaddition reaction.

“ lo) (o)

o

§ . O conditions Ph/“\)LN

N-y gy N 150 °C, 24 h O
Ph 139

35

o®

138

e conditions a: 0-DCB (wet) = 100% yield
e conditions b: toluene (dry) = 100% conversion
e conditions c: toluene (dry) + 4A MS = 100% conversion

conditions a H
N - @ @ @ @ @O + Ph/N \)J\ N
35
Y Y

140, Y = OMe Y = OMe: 100% conversion
141,Y =ClI Y = Cl: 100% conversion

(0]
Oe (o) Me
conditions a

N-N

\

h 142 Ph
RSM

fo) Me Me

o

® 0-DCB (0.25 M) //—g )—)

ﬂ/g * MeJLOMe - N o
h

Y

N T,24h N N
b 143 Ph 114a 114b Ph

35 T =150 °C: 24% conversion
T =180 °C: 54% yield (2:>98)

Scheme 2.11 7 a) attempted cycloaddition reaction of N-phenylsydnone and enamine 138; b) cycloaddition
reactions of N-phenylsydnone and various enamines; c) 1,3-regioselective cycloaddition reaction between N-

phenylsydnone and 143; 0-DCB = 1,2-dichlorobenzene; MS = molecular sieves
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2.5 Cyclic Enamide Dipolarophiles I

The investigation of sydnorenol ether cycloadditins uncovered an intriguing relationship between
dipolarophile ring size and reactivity. Although our initial attempts to useeénbered cyclic
enamides failed, we postulated that this reactivitlghancement might assist our efforts. To aid with
this invesigation, a 3 step synthesis of Cbz protectedd8/dropyrrolel46was devised® An initial
Cbz protection of 4 dliethoxybutarl-aminel44under biphasic conditiongroceededjuantitatively,
but subsequenthydrolysis of the acetal moietysing pyridiniump-toluenesulfonate (PPTS) and
dehydration in anhydrous toluene proceeded in poor yieltl ggave a mixture of compounds.

Nevertheless, this synthegisovided sufficient quantities df46for cycloaddition atdies.

EtOYv\NHz Na,CO3, Cbz-Cl EtOW\NHCbZ 1. PPTS, acetone/H,0, 45 °C /\/_\/

OEt H,0/DCM, 0 °C OEt 2. toluene, reflux gbz
144
145, quant. 146

32% over
2 steps
Scheme 2.121 synthesis of Cbz protected enamide 146

A test reaction using 2 eq. 4#6in o-DCB at 150 °C demonstrated that this reactivity trend also
extends to enamidesT@ble 2.9, entry 1 Indeed, 100% conversion (c.f. 0% conversio@4pof the
sydnone was observed alongside formation of adistibstituted pyrazole product, as evidenced by
GKS FLIJISEFNIyOS 2F (62 aiy3at SiaHNMRspertrdp. Blowkdedy | y R
following purification by column chromatography the desired product was obtained in low yield.
Furthermore, the!H NMR spectrum of the isolated compound did not fit the structurg4¥a; there

were too many aromatic protons. An{MS analysis revealeddhthis observation was the result of
several products celuting from the column during purification. In addition to the mass peak of the
desired producim/z 322.2 (M+H) a peak aim/z412.2 (M+H)is also observed, consistent with the
benzylated structte 148a. The exact mechanism by which this product is formed is unclear, but the
obvious benzyl donor molecule is enamide starting mateti#. In accordance with this, a small
quantity of amide 149 was isolated alongside the pyrazole products. It pgssble that
debenzylation/oxidation of enamid&46leads to the formation of pyrrole which can then cause ring
opening ofN-phenylsydnone to produc&49 (c.f. schene 2.11A. Additionally, this helps to explain

the low isolated yields in spite of the high conversion of sydnone starting material. We next undertook
a small survey of conditions to try and minimise the amount of benzylation, hoping that a concomitant
increase insydnone stability might also be observed. Decreasing the equivalents of enddfide
reduced the conversion of sydnone but all of the identifiegpbyducts were still visible otH NMR

and LEMS analyses. Heating the reaction to 180 °C and varying tlsratéstoichiometries provided
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Table 2.9 1 optimisation of the reaction between N-phenylsydnone and enamide 1462

o@ NHCbz Bn

N~Cbz | fo) h

® [\ -DCB i H :

‘.’.§ ¥ /N - N//_g\/ * P NN

N-y Nz  T.24h ‘N I : \}

Ph pp 1472 NT 1482 149 =/ |

146 R EEEEEE LD

35 Ph

Entry eq 146 Concentration [M] T [°C] Conversion [%] Yield [%}

1 4 0.25 150 100 20

2 4 0.13 150 100 24

3 2 0.25 150 65 19

4d 4 0.25 150 100 <5

4 0.25 180 100 18

2 0.25 180 100 10

7 4 0.13 180 100 15

8° 4 0.13 150 100 <5

a Reaction conditions: N-phenylsydnone (0.13 mmol), 146 (0.25-0.50 mmol), o-DCB (0.5-1.0 mL) at specified
temperature for 24 h; ° conversion estimated by the 'H NMR ratio of 147a to N-phenylsydnone; ¢ yield of isolated

mixture of 147a + 148a; 9 K2COs (2 eq) added; ¢ DABCO (2 eq) added; o-DCB = 1,2-dichlorobenzene

almost identical results. On the basis that enamide decomposition is an acid catalysed process, we
examined the effect of adding different bases to the reaction. The addition of potassium carbonate
(KCQ) provided no noticeable change to the outcome of tleaction, while the organic bade4-
diazabicyclo[2.2.2]octandDABCQO) prevented the formation of amidd9 but also reduced the
amount of pyrazole product even at 100% conversion. Although these reactions reinforce the idea
that ring size affects reaeity in sydnonealkene cycloadditions, the use of enamines poses a number

of challenges which are yet to be overcome.

2.6 Cyclic Enol Ether Dipolarophiles II

The ability to predictably switch the selectivity of a reaction by the addition or removal ofjke si
reagent is highly desirable in synthetic chemistry as a means of accessing more diverse chemical space
from common starting materials. Often this means searching for conditions which achieve a switch in
either regio or stereoselectivity, but other dpns are also possible. Protecting groups are highly
useful in organic synthesis for allowing control over a chemical reaction, but their removal must occur
under orthogonal conditions to other protecting groups within the molecule. Therefore, beingaable

control the fate of a functional group in a given reaction is highly important.
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In the case of cyclic enol ethe8§ and 92, the reaction withN-arylsydnones was found to produce
either the THR or THH ethers, respectively. In the event that the free alcohol containing product is
desired, an additional deprotection step would be required leading to decreased yields and increased
time consumption. The formation of THFHPy ethers is usually an acid cétaed process whereby
protonation of86 forms the oxocarbenium intermediatE50which can undergo attack by an alcohol

nucleophile to form the desired produd62(Scheme 2.13

+ OH +
@L’@O—’QEEQL’QO

o” o

86 150 151 152
Scheme 2.13 7 mechanism of formation of THP ethers

Based on this mechanism, we hypothesised that adding a base to our otherwise optimal conditions
might lower the pH of the reaction medium sufficiently as to prevent the formation ofaitetal
products. An initial test reaction beenN-phenylsydnone an82in the presence of 1 equivalent of
K.CQ validated this hypothesisT@ble 2.10entry 1). Analysis of the crudel NMR spectrum showed

no evidence of the acetal product at 100% conversiuth &ollowing column chromatography, alcohol

93a was isolated in 56% yield as a single regioisomer. However, further experimentation found this
result hard to replicate despite numerous attempts, with varying quantities of the acetal product
observed eackime. Coincidentally, this turned out to be the result of different amounts ofginging
betweenN-phenylsydnone and K Q before the addition 082 and eventually a 1 hour prstir was
employed as the optimal method for preventing acetal formationchesn of other bases including
1,4-diazabicyclo[2.2.2]octane  (DABCO)1,8diazabicyclo[5.4.0lundeé¢-ene (DBU) and -4
ORAYSGKEtl YAY20LRNARAYS 65altuv LINRPRdAdZOSR YAESR
completely prevent acetal formation, while Dptbduced a complex mixture from which only small
guantities 0f93a could be isolated. The observation of numerous high molecular weightdducts

via LeMS (possibly from further reactions of the dipolar intermediate) then prompted us to try
running the reaction at lower concentrations, resulting in a final 70% yie®®a(Table 2.10entry

10).

Page |41



Chapter 2: Thermal Cycloaddition Reactions

Table 2.10 1 optimisation of the base-buffered cycloaddition reaction between N-phenylsydnone and 922

S OH HO
ﬁ/\g . D 0-DCB, additive N//_g\/ . "y
\N\Ph 92 150°C, t N 93a 93b N
35 Ph Ph
Entry  Additive (eq) Concentration [M] t [h] Yield [%} a:b®
1 K:CQ(1.0) 1.0 24 56 >08:2
2 K:CQ(0.5) 1.0 24 66 >08:2
3 KCQ(0.1) 1.0 24 50 >98:2
4 K:CQ(2.0) 1.0 24 41 >08:2
5 DABCO (1.0) 1.0 24 64 >08:2
6 DBU (1.0) 1.0 24 17 >08:2
7 DMAP (1.0) 1.0 24 45 >08:2
8 K:CQ(1.0) 0.25 24 52 >08:2
9 K:CQ(2.0) 0.25 24 40 >08:2
10 K:CQ(2.0) 0.17 48 70 >08:2
11 K:CQ(2.0) 0.13 72 65 >08:2
12 DABCO (2.0) 0.17 72 18 >08:2

@ Reaction conditions: N-phenylsydnone (0.5 mmol), 92 (2.0 mmol), additive (0.05-1.0 mmol), 0-DCB (0.5-3.0 mL)

at 150 °C for the specified time; ? yield of isolated compound; € ratio determined by *H NMR analysis; 0-DCB = 1,2-
dichlorobenzene.

OtherN-arylsydnones were then surveyed under these conditions and although no obvious electronic

trends were apparent, several alcohol containing pyrazotasd be synthesised in good yield and

with good regioselectivity (Tabkz11).
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Table 2.11 1 scope of the 1,4-regioselective base-buffered cycloaddition between N-arylsydnones and 922

o 0-DCB (0.17 M)
©] i K>CO3 (2 eq)
8 7 ,CO4 ( /—f\/
N-n o 150 °C, 48 h >08:2
Ar 92
OMe NO
93a, 70% 153a, 65% 154a, 30%
CN F cl
155a, 65% 156a, 58% 157a, 35%

a Reaction conditions: N-arylsydnone (0.5 mmol), 92 (2.0 mmol), K2COz (1.0 mmol), o-DCB (3.0 mL), 150 °C, 48

h; 0-DCB = 1,2-dichlorobenzene

In order to compare and contrast this method with sydnaaikyne cycloadditions we performed a
reaction betweenN-phenylsydnone and-Butyn-1-ol 158 (Scheme 2.14). Interestingly this reaction
proceeds at a similar rate to the reaction w2 (incomplete conversions were observed after 24
hours) and crucially, leads &8a/93b in 65% yieldand a ratio of 17:83Thekey conclusions derived
from this experiment are: 1) The reaction betwedarylsydnones and enol ethers offers
complementary regioselectivity to sydnotaékyne cycloadditions. 2) The reaction betwebh
arylsydnones and enol ethers offers higher levelsegfocontrol than sydnonalkyne cycloadditions.
These key details highlight the utility of enol ethers in expanding the scope of sydnone cycloaddition
reactions. Although earlier experiments had confirmed the conversid®Bato 94a (Scheme 2.5

one might argue that the observed results upon addis@&to the cycloaddition reaction conditions
are the consequence of a change in mechanism rather than simply preventing the read@daraf
93a. This may be refuted by the observation that hea®®3a in the presence 082 and kCQ simply
returns the starting material intact, with 0% conversion to the acetahéme 2.1B). Once again, a
pre-stirring period with93a and KCQ was found to be essential for consistent results. Finally, a
competitionreaction between Emembered enol etheP2 and 6membered86 was performed under
the newly optimised conditionsScheme 2.1@). Earlier competition experiments had required a
secondary hydrolysis stefp¢heme2.7A), thus to draw any conclusion from this experiment we had
to assume that the observed product ratio was unaffected by this step. Under the base buffered
conditions, the reactivity 0®2 and 86 could be directly compared and it was found that the

correspording products were formed in a 63% yield and 94:6 ratio. The observed ratio is identical to
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S OH HO
cg/g /\/OH 0-DCB (0.25 M)
N\ + A\ + A\
N-p Z 150 °C, 48 h AN NN
\ | 93a 93b |
Ph 158 Ph Ph
35 65%, 17:83
ol 0-DCB (0.17 M) OTHFU - ---ooe
K,COj3 (2 eq) : o
i + U T\ :
NN esa o 150 °C, 24 h Nyw  94a !
Fl:h 92 RSM Il’h L__T!-I_Iflj__;

B - OH

o OH
@ -DCB (0.25 M
?/\g + Z/ o+ | ° ( : A\ f
o N * )
~N o K,CO5 (2 eq) . N,

N N" g7
[ ° | 93a a
35
63%, 94:6

Scheme 2.14 1 a) reaction of N-phenylsydnone with alkyne 158; b) failed reaction of alcohol 93a with enol ether

92 in the presence of K2COs; ¢) competition reaction between 92 and 86 under base-buffered conditions; 0o-DCB =
1,2-dichlorobenzene; THFu = tetrahydrofuranyl; RSM = return of starting material

that found in the earlier experiment, validating our assumption and further confirming the enhanced

reactivity of92 relative t086.

2.7 Substituted Cyclic Enol Ether Dipolarophiles

Our initial experiments used only the unsubstituted-g8iBydrofuran92 and 3,4dihydro-2H-pyran86

as substrates in sydnone cycloaddition reactions. Primarily, this was a consequence of the formation
of THR/THRy ethers which, upon the use of substituted dihydrofuran substrates, would lead to
diastereoisomeric mixtures of ac¢al protected product@ndpotential purification problemgScheme
2.15A) However, the discovery that addingdQ to the reaction medium prevents this additional

step opened up the possibility of using more highly sitbted enol ether substratesPrevious
literature precedence indicated that-gubstituted2,3-dihydrofurars 159 are accessible using a
transition metal catalysed cycloisomerisation of the corresponding homopropargy! alch@0ls
(Scheme 2.15B Given the contrasting regioselectivity ®fdnonealkyne and sydnonenol ether
cycloadditions, we envisioned that this cycloisomerisation might also function as a regioselectivity

switch within these reaction§&Scheme 2.15C)
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“ O OH O/%
o0 Lo o 07
N\NO N\N Nl\

=N
o o
E — 0 + Z4
[M]
/ p— O/A
(0]
159 * [""1/

OH
'/ B —
N \ N\
3 °N
1,3-regioisomer 1,4-regioisomer

Scheme 2.15 7 a) reaction of sydnones and substituted dihydrofurans to form diastereoisomeric mixtures; b)
retrosynthetic analysis of homopropargylic alcohols; c) regiodivergent cycloadditions using a cycloisomerisation

switch

A simple retrosynthetic analysis identified two potential roubgswhich these compounds might be
synthesised; the addition of alkynyl nucleophiles to epoxides (Scheme 2.15B, path a) or the addition
of propargylic nucleophiles to aldehydes (Scheme 2.15C, path b). In the case of the former, achieving

high levels of reigcontrol is potentially problematic, especially for aryl substituted epoxides.

Therefore we began by exploring the reaction between benzaldeld®8#® and propargyl Grignard
(derived from propargyl bromide) in THF, however, none of the desired prqiié8f was observed

and benzaldehyde was returned intaffable 2.12)Furthermore, large quantities of magnesium
turnings remained visible at the base of the reaction flask (in spite of a 1:1 stoichiometry of propargyl
bromide:Mg), indicating a lack of Gmyd formation. To try and achieve a more effective activation

of the magnesium, a flame dried round bottomed flask (RBF) containing Mg turnings under argon was
stirred for 3 hours prior to the addition of THF, two crystals of iodipeghd propargyl bnmide and

GKS YAEGANB 61 &a GKSy KSIGSR (G2 pn c/ F2N H K2dzNA
were observed over the course of this reaction but analysis of the chdddMR again showed no
formation of the desired product and formation af complex mixture of products. It is therefore
possiblethat the observed colour changes were simply the result of iodine consumption, with no
subsequent formation of the propargyl Grignard. Indeed, the difficulty of forming propargylic Grignard

reagents$ documented in the chemical literature, with their formation often requiring the use of sub
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stoichiometric quantities of highly toxic mercury (Il) saltsdifidnally, the basic nature of these
reagents can result in the formation of alkynyl Grignard ezag165, leading to isomeric mixtures of
products. In order to avoid these problems it was decided to investigate the reaction of the
corresponding propargyl zinc reagent. An initial reaction employing activated zinc (activated according
to the procedureof Baran)® in place of the magnesium turnings, and this showed complete
consumption of benzaldehyde and the formation of homopropargylic alct&8lalongside minor
guantities of allenic alcohdl64, which could be isolated in a combined 97% yield after purification
(Table 2.12 entry 4). This reaction was found to work with almost equal efficiency usingctorated

zinc powder, giving a 91% combiheroduct yield with the same ratio of regioisomdentry 5)
Unfortunately, these mixtures proved difficult to separate chromatographically and so we sought
more selective conditions. Interestingly, higher levels of selectivity could be achieved bgnpago

the reaction in a mixture of THF and saturated ammonium chloride@Ndolution (1:1, vAA®While

this reaction proceeds with lower levels of conversion, almost complete selecfmitythe
homopropargylic alcohol63 (163164 = 96:4 in the crude product) was observed d@8 could be
isolated as a single compound following column chromatography. A number of different

homopropargylic alcohols were then synthesised following this procediabl¢ 213).

Table 2.121 optimisation of the synthesis of homopropargylic alcohol 163

o conditions OH OH ! Me |
Ph)J\H i ///\mBr - Ph)\/// ' PhM BrM9<5
161 163 164  ~o-eooo-o-o-e- ’
Entry Conditions Yield [%} 163164
1¢ ad Gdz2NyAy3az ¢l Cx 0 -
2d ad Gdz2NyAy3az ¢l Cx 0 -
3¢ Mg turnings, THF, 50/ b n c/ 0 -
4f Zn powder, THF, RT 97 88:12
59 Zn powder, THF, RT 91 88:12
6" Znpowder, THFINHf = nc/ Tb 59 >08:2

a yield of the isolated compound; P ratio determined by *H NMR analysis; ¢ 162 (2 eq), Mg (2 eq), I (cat.), reflux
then 161 (1 eq), 0 °C; ¢ 162 (2 eq), Mg (2 eq), Iz (cat.), 50 °C then 161 (1 eq), 0 °C; ¢ Mg (2 eq), RT, 3 h then 162
(2 eq), I2 (cat.), 50 °C then 161 (1 eq), RT; factivated Zn (2 eq), LiCl (2 eq), TMSCI (5 mol%), 1,2-DBE (5 mol%),
THF, RT then 161 (1 eq), 162 (1 eq); 9 Zn (2 eq), 1,2-DBE (2 eq), 162 (2 eq), THF, RT then 161 (1 eq); " activated
Zn (2 eq), 162 (2 eq), THF/NH4CI (1:1, 0.5 M), 0 °C then 161 (1 eq), RT. 1,2-DBE = 1,2-dibromoethane
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Table 2.13 1 synthesis of homopropargylic alcohols?

o activated Zn powder OH

vz B ' - =

H THF/NH4CI (1:1), RT, 20 h
162
oH g7 OH
Z P OH
~ 7 /I\/
EtO,C

MeO \_s

166, 40% 167, 40% 168, 33%

a Reaction conditions: aldehyde (9.8 mmol), 162 (20 mmol), activated Zn (20 mmol), THF/NH4CI (1:1, 20 mL). THF

= tetrahydrofuran

With sufficient quantities ofLl63 in hand, we then examined the cycloisomerisation step under
conditions reported by McDonald? The reaction of163 with substoichiometric quantities of
Mo(COg and trimethylamineN-oxide (TMNO) in a mixture of triethylamine {&f and diethyl ether
(EtO) at 20 °C proceeded in low conversion even after 2 dagke(2.14, entry L

Table 2.14 7 optimisation of the cycloisomerisation of 1632

Mo(CO)g (x mol%)

OH _ TMNO (x mol%) D
R)\// R

Et,O/Et;N (1:3.3), T, 48 h

Entry SM R X Concentration [ mM] T[°C] P Conversion [%6]
1 163 Ph 50 23 20 169 23
2 163 Ph 50 46 20 169 51
3 163 Ph 50 46 30 169 73
4 163 Ph 50 46 40 169 35
5 163 Ph 50 46 50 169 75 (70)
6 163 Ph 100 46 20 169 24
7 163 Ph 50 93 20 169 45
8 163 Ph 50 190 20 169 35
g9ed 166 PMP 50 46 50 170 100 (82)
1064 167  2-thiophenyl 50 46 50 171 100 (90)
119 168 CQEt 50 46 50 172 100 (52)

@ Reaction conditions: homopropargy! alcohol (0.34 mmol), Mo(CO)s (0.17-0.34 mmol), TMNO (0.17-0.34 mmol),
Et2O/EtsN (1:3.3, 1.8-15 mL), at specified temperature for 48 h; ® conversion estimated by *H NMR ratio of SM and
P. Values in parentheses are yields of isolated compound; ¢ homopropargyl alcohol (2.3 mmol); ¢ 60 h; SM =
starting material; P = product; TMNO = trimethylamine N-oxide
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A twofold increase in concentration provided a marked increase in conversion, but higher
concentrations were less effectifeompare entries 12, 7 and 8) Increasing the temperature also
resulted in higher levels of conversion up to 75% at 50 °C, allowirdil8;8rofuran169to be isolated

in 70% vyield. These optimised conditions were then used in the synthesis of a number of other 2,3
dihydrofurans(170-172) (Table 2.14, entries-21).

Although successful, the linear nature of this protocol results in a diminished quantity of material
throughput. Thus, a more rapid synthesis of aybstituted 2,3dihydrofurans could be achieved
using aPdcatalysed Heck reaction under conditions reported by ESHP° The initial migratory

Ay & S NI Ahgdyide EliyhiRationis thought to produce isomeric 2dihydrofuran173which then

dzy RSNEB2Sa aSldzSydAl thydiké &imiRatidn tofaffordlthie dd&siyed probit. |
Consequatly, aryl substituted dihydrofurans withhenyl (69), para-methyl (174), fluoro (175) and

nitro (176) groups could be synthesised38%,42%, 50% and 56% yield respectiy&lonly one step

from commercially available 2@hydrofuran.

Table 2.157 Pd-catalysed synthesis of 4-aryl-2,3-dihydrofurans?

7 Pd(OAc), (5 mol%) pviar 473 0
[y - wm "Dl O
o "BusNBr, KOAc Ar | D\Arg

)
92 4A MS, DMF, RT, 16 h 0 .
£ C & : } KQF v,
169, 58% 174, 42% 175, 50% 176, 56%

a Reaction conditions: aryl iodide (1 eq), 92 (10 eq), "BusNBr (2.5 eq), KOAc (2.5 eq), Pd(OAc)2 (5 mol%), 4A MS,

DMF, RT, 20 h; DMF = dimethylformamide; MS = molecular sieves

With a library of 4substituted2,3-dihydrofurans available we were then able to examine their
sydnone cycloaddition reactions. A reaction betwééphenylsydnone and69in the presence of 1
equivalent of KCQ at 150 °C for 24 hours praded 1,4disubstituted pyrazolel77ain 37% vyield
(Table 2.16, entry 1). Increased reaction times had no positive impact on the reaction but a

temperature of 180 °C gave a higher yield of 48%.
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Table 2.16; optimisation of the reaction betweeN-phenylsydnone and69*

s OH HO
O]
O/\g i o-DCB (0.25 M) /—§\<Ph PH
I + / + /
N‘N\ QPh K,CO3 (1 €q) N\N\ N_ \
Ph 169 T,t ﬁh 177a 177b ﬁh
35
Entry T [°C] t[h] Yield [%} abe
1 150 24 37 >08:2
2 150 48 35 >08:2
3 180 24 48 >08:2
4 180 48 40 >08:2

@ Reaction conditions: N-phenylsydnone (0.34 mmol), 169 (0.68 mmol), K2CO3 (0.34 mmol) 0-DCB (1.3 mL) at the
specified temperature and time; ® yield of isolated compound; ¢ ratio determined by *H NMR analysis. 0-DCB = 1,2-
dichlorobenzene

The aplication of these conditions to other dihydrofuran substrates gave a range of alcohol
containing pyazoles bearing both electron rich and electron deficient aryl grolip8g 1813 182a),

a heteroaryl substituentl(79a) and a synthetically useful ester moiety80a). As would be expected,

the electronic and steric profile of these substituents had little impact on their reactivity.
Unfortunately, the pyrazole containingpara-nitrophenyl substituent could not be purified despite
several attempts. The investigatiasf homopropargylic alcohols in sydnone cycloadditions then
verified the possibility of using the cycloisomerisation as a regioselectivity switch. For instance, the
phenyl substituted alkynd 63 reacted with N-phenylsydnone to afford 1;8isubstituted pyraale

177 in 42% yield as a single regioisomer. Further reactions patiamethoxyphenyl 178b), 2
thiophenyl (7%) and ester 180b) substituted alkynes all produced the corresponding-1,3

disubstituted pyrazoles exclusively, albeit in low yidldije 2.T).

Page |49



Chapter 2: Thermal Cycloaddition Reactions

Table 2.17 i regioselective synthesis of alcohol containing pyrazole derivatives®?

HO OH D\Q OH
o7 °
; o-DCB(0.25M)
N - N
N 0-DCB (0.50 M) K2COs (1 eq) N
982  pn 150 °C, 24 h 180°C, 24 h by >98:2
O .. OO AT
=
Y
OMe ome S o)
177b, 42% 178b, 20%

177a, 48% 178a,46% 179a, 44% 180a, 49%

‘O A 000

179b, 36% 180b, 36%

181a,61% 182a, 53% 183a, -

@ Reaction conditions: N-phenylsydnone (0.31 mmol), dihydrofuran (0.62 mmol), K2CO3z (0.31 mmol), o-DCB (1.2
mL), 180 °C, 24 h; ® Reaction conditions: N-phenylsydnone (0.31 mmol), homopropargyl alcohol (0.93 mmol), o-
DCB (0.62 mL), 150 °C, 24 h;  unable to purify product; o-DCB = 1,2-dichlorobenzene

2.8 Conclusions

The cycloaddition of sydnones and enol ethers has been succesiduolignstrated as a means of
achieving high levels of regiocontrol in sydnone cycloaddition reactions. A range of both cyclic and
acyclic enol ethers react with sydnones to afford-digubstituted pyrazoles exclusively in good yields.

In the case of cyclienol ethers, acetal containing pyrazoles are isolated in the absence of any
additives, while the addition of a stoichiometric quantity ofCK leads to the isolation of the
corresponding alcohols. However, the scope of these reactions remains somemwthead;ionly N-
arylsydnones react successfully wheréhalkylsydnones an@4-substituted sydnones (with a single
exception) fail to provide any trace of product under the investigated conditions. Additionally, enol
ethers are currently the only viable dilawophiles in this reaction; a range of other dipolarophiles
including enamines, enamide and alkenyl halides were shown to be unreactive. Given the high
temperatures, long reaction times and limited substrate scope, it seems likely that the solution to

these limitations lies in the use of alternative forms of promotion (vide infra).
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3 Visible Light Photocatalysis

3.1 Introduction

Catalysis plays a pivotalle within organic synthesis. Indeed, the development of both mieteded

and purely organic catalyst structures has allowed both the enhancement of known processes and the
discovery of novel transformations. Among all of the reported catalytic manifelidible light
photocatalysis (VLPC) has been shown to play a unigue role in uncovering novel complexity building
transformationst!®2 Traditionally, the role of synthetic photochemistry has remained limited due to

a number of complications, both chemical and practical. Many organic molecules exhibit only weak
interactions with light and therefore ultraviolet (UV) irradiation igu&ed to achieve their excitation,
however, the use of such high energy photons can often result in undesirable photodecomposition
processes, especially in highly functionalised molecules. Furthermore, the setups required to generate
UV radiation can bexpensive and hazardous to use aié tombination of these issues has meant
that many photochemical transformations are limited in overall scope and applicability. More
recently, a number of approaches have been taken to combat these deficiencies. &pgcifie
incorporation of flowchemistry techniques has allowed circumvention of some of the practical
issuest*114 while the discovery of photocatalysts capable of absorbing visible light haslygreat

expanded the scope of synthetic photochemistry.

Although the application of this strategy to organic synthesis has been known for a number of decades,
the true potential of this approach has been realised only recently by the synthetic comn(feigiye

3.1). This resurgence followed independent reports from the laboratories of MacMilfayipon!®

and Stephensoi’ and has resulted in photocatalysis becoming § kesa of research interest in

organic chemistry.
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3.2 Mechanisms of Photocatalysis

At its core, VLPidvolves the conversion of light energy into synthetically useful chemical energy (via
energy transfer) or chemical potential (via electron or atom transfer) by means of a light absorbing
photocatalyst. Absorption of a photon by the photocatalyst generateexcited state photocatalyst
which can interact with organic molecules in a number of ways (vide infra), each of which leads to
uniquely reactive intermediatesS€heme 3.1 Essentially, the photocatalyst acts as a conduit through
which visible light aabe used to excite a wide variety of organic molecules. The operative mechanism
within a specific transformation is primarily determined by the structure of the chosen catalyst and
understanding the potential mechanisms for each is crucial for designavg photocatalytic

reactions.

3.2.1 Photoinduced Electron Transfer

The primary factor responsible for the renewed interest in photocatalytic transformations is the ability
of excited state photocatalysts to participate in single electron transfer (SETiselsing transition

metal photocatalysts as an exemplar, excitation with visible light promotes a metal to ligand charge
transfer (MLCT) creating an electron hole pair (a similar charge separation is responsible for the
reactivity of organic photocatalystout the orbitals involved are reliant upon the individual catalyst
structure). This charge transfer increases the positive charge on the metal centre and negative charge

on the ligand, thus conferring the remarkable property that the excited photocdtailys
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simultaneously more oxidisirend more reducing than in the ground state. Therefore, quenching of

this excited state can occur via the transfer of an electtonan acceptormolecule (oxidative

guenching) or from a donor molecule (reductive quenchifigfe terms oxidative and reductive refer

to the change in oxidation state of the photocatalyst as a result of the quenching step. In the case of

an oxidative quenching cycl&¢heme 3.1path a)the resultingPC is then an even more powerful

oxidising agent, capable of removing an electron from another organic molecule. Conversely, a
reductive quenching3cheme 3.1path b)generates the powerfully reducirfgCwhich can donate an

electron to an organic moleculd. S NI £ £ 3 GKS OFrdFrfead KIFINySaasSa g

electrons from a donor to an acceptor.

3.2.2 Photoinduced Energy Transfer

The second commonly reported quenching mechanism involves a triplet energy transfer (EnT),
O2YY2yte &SHEWERymAIA&IGAZ2YEéS FNBY GKS SEOAGSR
molecule!!® Following excitation to the singlet excited state the photocatalyst undergoes intersystem
crossing (ISC) to a long lived triplet excited state which can then participate in an energy transfer event

to create an excited state substrate and reform the ground state photocatédgste(mes. 1, path c).

The most commonly invoked mechanism for thisqess is a Dexter energy transfer which can be
conceptualised as a bilateral electron exchange between the molecules. The resulting diradical species

can then undergo different synthetically useful bond forming reactions.

3.2.3 Photoinduced Atom Transfer

The final common quenching mechanism involves direct hydrogen atom transfer (HAT) from the
substrate to the excited state photocatalyst, rather than sequential electron transfer and bond
cleavage processeS¢heme 3.1path d)!'° Many examples of this type habeen reported and are
particularly common for aromatic ketone and polyoxometalate photocatalysts. This mechanistic
distinction is important primarily because the feasibility of HAT is dictated by the bond dissociation
energy (BDE) rather than the substrated catalyst reduction potentials (as is the case for electron
transfer). The combination of these distinct modes of substrate activation has culminated in a plethora

of bond forming processes mediated by visible light photocatalysis.
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"Oxidative Quench" "Energy Transfer"
S A* A
D @ A EnT
PC
) SET path a SET path ¢
®p A
hv hv
————— PC =— PC*-------------- PC =——= PC*-----
@A path b D A—H path d D—H
© HAT
SET PG SET HAT PC-H
A ®p A D
"Reductive Quench" "Atom Transfer"

Scheme 3.1 7 possible mechanistic outcomes in visible light photocatalysis; PC = photocatalyst; A = acceptor; D

= donor; SET = single electron transfer; EnT = energy transfer; HAT = hydrogen atom transfer
3.3 Using Visible Light photocatalysis for Constructing Cyclic Molecules

Given the prevalence of carb@nd heterocyclic motifs within natural products and compounds
exhibiting useful bioactive properties, it is unsurprising that many reports utilising VLPC have focused
on their construction. For the purposes of the following section there will be a focus on reactions
which proceed by cycloaddition/annulation processes, while those utilising cyclisations will not be

discussed?*122

3.3.1 Synthesis of 3-Membered Rings

The synthesis of -Biembered cyclic motifs is highly desirable due to the defined and rigid
conformations of such oiecules, in combination with their use as substrates in the assembly of larger
cyclic systems. Although examples eh@8mbered ring synthesis using VLPC are more limited than
larger ring systems, several interesting examples are reported in the literdfareexamplework in

the laboratory of Yoon highlighted the synthesis of aziridines from alkenes and azidofat8vate
(Scheme 3.2A%%Previous attempts to promotthis same transformation by other methods including
direct UV photolysis resulted in the formation of mixtures of products arising from aziridination and
GHactivation processes. Based on the assumption that these arose from theatective formation

of both singlet and triplet nitrene intermediates, Yoon proposed that excitation of iridium complex
185 followed by energy transfer t484 would lead to selective generation of the triplet nitrene,
thereby providing a platform to control product formationndeed, irradiating a mixture of
azidbformate 184 and various dj tri- and tetrasubstituted alkenes with blue light in the presence of
iridium complex 185 delivered the corresponding aziridines in high yields and with excellent
selectivity. The reactionsi chemoselective for electron rich alkene substrates as shown in the

formation of188, while the reaction of electron rich enol ether substrates such as benzofuran afforded
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)\KRZ (o) [Ir(ppy),(dtbbpy)]PFg (185) (2.5 mol%)
R +
N DCM, blue LEDs

184
(1 eq) 17 examples
(5 eq) 61-91%

E Reaction Scope
o OR
Me TrocN 0
Me W TrocN Me
Me = Me [o}
186, 91% 187, 77% (9:1) 188, 75% 189, R = CH,CCl;, 89%
Mechanistic Studies
standard TrocN standard n A
npr/\/npr —_— npy "Pr -~ Pr/\n
conditions conditions Pr
190-E 84%, 3:1 191 75%, 2:1 190-Z
N”N hv
\ _— TrocN 185 absent = 30% yield
TrocN 4h +2.5 mol% 185 = 34% vyield
192 193

Scheme 3.2 7 a) photocatalytic aziridination of alkenes using Ir-catalyst 185; b) partial reaction scope. Values in
parentheses indicate the diasteroisomeric ratio; c) mechanistic studies of photocatalytic aziridination; Troc = 2,2,2-
trichloroethoxycarbonyl

the isorreric oxazoline product89. Mechanistic investigations support the reaction proceeding via a
stepwise diradical mechanism rather than azadkene cycloaddition followed by rearrangement due
the stereoconvergent nature of the reaction and the lack of raehancement on the

photodecomposition 0f.92in the presence of photocatalyst (Scheme 3.2C).

VLPC may also be used in the synthesis of cyclopropanes, as demonstrated by Ferreira with the
photooxidising Cr(lll) catalyst96 (Scheme 3.8 and others** In comparison to oxidative
transformations using Ru(ll) and Ir(lll) complexes, oxidative transformations using first row transition

metal (TM) complexes are more rare. However, in addition to the obvious advantages of first row TMs

in terms of cost/availability, the photoexcited states of first row TM complexes also offer interesting

and unique propertie$?>'%Thus Ferreira demonstrated that photocatalyl€6 could promote the
cyclopropanation of a large number of electron rich styrenes under mild conditions. In this instance,

the authors propose a mechanism whereby the styrene substrate ngogs single electron oxidation

(SEO) to form radicahtion197followed by addition of the diazo compound to form the figs€bond

(Scheme 3.3A Loss of nitrogen froml98t S R& { 2-0 A1yKES Rkt 2NIT@ANEc  OF A 2

Page |55



Chapter 3: Visible Light Photocatalysis

undergoes single electroreduction (SER) to form the final product. An important consequence of

these mechanistic details is found in the observed chemoselectiiygme 3.3B

1 (o)

R! " [Cr(Phyphen)s](BF4)3 (196) (1 mol%) R
3
JI , R3JS( DCE, 23 W CFL MR
R N,
194 30 examples
33-88%

via:

E [Cl'"l]* E
i [cr' i
5 0._R? , 0o
i R? 4 -N R i
L 195 ., LR 2 .
- ™ . R . SRS
i N, + R '
© Ar” "R? * Ar” 2 !
L 197 Ar”R? o8 199 !
. !

Me i Cat. (1 mol% e 0 } o
J’/ + /\/\O)S.‘/H 4“ ; ( mo 0) _/—\ +
PMP DCE s o N\

N, PMP H
200 201 202
203
conditions result
Bu_
’
o
Clu_o <20% conversion (59:41)
_N ,105°C, 6 h
‘Bu
[Cr(Phyphen)s](BF4); (196) 52% yield (100:00)

Scheme 3.3 i a) chromium photocatalysed cyclopropanation of radical cations; b) demonstration of the
chemoselectivity in the chromium photocatalysed cyclopropanation. Values in parentheses indicate the ratio
202:203; CFL = compact fluorescent light bulb; PMP = 4-methoxyphenyl

The reaction ofrans-anethole 00) with diazo esteR0lusing Ctcatalysed cyclopropanation delivers
an isomeric mixture of produc®02and203with low conversion. On the other hand,-Catalyst196
provides a moderate yield of the intermolecular cyclopropanation pro@0&texclusivelydue to the

necessity for SEO of the alkene to initiate the reaction.

3.3.2 Synthesis of 4-Membered Rings

Arguably the principal application of traditional photochemistry has focused on the promotion of [2+2]
cycloaddition reactions of unsaturated hydrobans. Analogously, the majority of VLPC cycloaddition
reactions focus on the [2+2] cycloaddition of a wealth of different substrates. Interest in this area was
sparked by reports from Yoon describing the intramolecular radical anion cycloaddition reaation

aryl substituted enonesScheme 3.4A¢Key observations from the optimisation studies include the
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necessity for botiN,N-diisopropylethylamingDIPEA) and lithium tetrafluoroborate (LiBtEhanging

either ion inhibits conversion) in orddor the reaction to proceed. The dependency on DIPEA is
thought to arise from a reductive quench of [Ru(kj¥f}Xo the highly reducing [Ru(bpy) species (k

=-1.33 Ws.SCE), while the lithium cation is proposed to act as a Lewis acid and theitetvhbrate

anion aids with catalystolubility. On this basis the authors proposed a mechanism initiated by SER of
lithium coordinated enon&05 using [Ru(bpy)* to generate radical anio@06 which then cyclises

2y G2 (KS -unstOratefiRystenk /A secondary bond forming cyclisation creates the 4,5
bicyclic intermediate208 which undergoes SEO as part of a chain propagation step to form the
product!?’ Investigations bthe scope showed tolerance of a variety of aryl substituents along with
Michael acceptors including enones, enoates and enamides and importantly, the products were
obtained with uniformly high diastereoselectivity. However, the reaction fails to prodeeitie
absence of at least one aryl enone moiety, presumably because reduction of the substrate is
endergonic in this case. Later reports from the same group overcame this limitation by employing a

cleavable redox auxiliary to allow the synthesis of dieated diamide product$812°

o (o] Ru(bpy)3Cl, 6H,0 (5 mol%)
LiBF,4, DIPEA, MeCN Ar
Ar >
| X | visible light H H

204 13 examples, 54-98%
up to >10:1 d.r.
..................................... ]

[Ru(l)] ’& O.Li o
Ar
[Ru(I]* H H
X
208
[Ru(Il)] /
OLi (o) /

H H

X 207
) ,  Ru(bpy)sCl, (1 mol%) Ar! Arz V@ i

Ar | | Ar MV(PF), (15 mol%) VAL Ar2:
xj MgSO,, MeNO,, RT H H LXJ |

visible light X 5 209 |

14 examples, 54-92%
up to >10:1 d.r.

Scheme 3417 a)radi cal anion [2+2] c y ¢ | o a-dndatutatecbcarbooyf comapoupds; be nones a

radical cation cycloaddition of electron rich styrenes; MV(PFs)2 = methyl viologen dihexafluorophosphate
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Despite this, an obvious limitation to this methodology lies in the fact that the substrate must possess
a suitable reduction potential in order for the reaction to proceed. However, by exploiting the
capability o Ru(bpy)]>*ti 2 dzy RSNH 2 { 9 haBoablex®@intd@@poraté & rangesoteledron

rich alkenes $cheme 3.4B8°° Themethyl viologenadditiveis proposed to oxidise the excited state
photocatalyst generating the highly oxidising [Ru(bpy}* species (+1.29 Ws. SCE) which
subsequently oxidises the styrene substrate to radical c&tith A series of cyclisation steps and SER
then generates the product, analogously to the radical anion cycloadditions. Limitations were also
uncovered when sumrying the scope because in this instance an electron rich styrene is required fo
the reaction to be successfulhif is best demonstrated by the fact thattho- and paramethoxy
substituted styrenes are reactive, but thmeta-substituted analog is not.ntleed, although the

I dzG K2 NR& Ay3aASydzade Ffft26SR | oNBFIR a02L)S 27F 4adz
examples do highlight the predominant problem within photoredox catalysis; the scope of reactions
is limited by the redox properties of thehosen substrates which must participate in SET events. A
series of other publications dealing with intermolecular variants of this reaction have also been made

using transition metal3***2heterogeneous;?®and organic photoredox catalyst¥.

More recent advances in VLPC [2+2] cycloadditions have focused on the ability of numerous
photocatalyststd JNBR Y2 1S GKS GNALX SG aSyaiaidraldirzy 2F O NJ
valence photoisomerisation of a substituted norbornadiéffe,, 2 2 y Q a IANR dzLJ NBLERN
intramolecular [2+2] cycloaddition of various styrenes proceeding via an energy transfer
mechanism:*¢ Importantly, the scope of this reaction was found to be independent of the eleittron

nature of the styrene substituent, leading to a range of bicyclic products in high yield and with good
diastereoselectivitfScheme 3.5A A particularly impressive demonstmai of the mild nature of this

protocol is the synthesis @11from an alkenyl iodide distrate. Moreover, the utility of this method

was demonstrated in the synthesis of {#gnnabiocicyclolic acik14) and a subsequent report

extended the method to include 1-@ienes as the acceptor alkeh&.In addition to expanding the

scope of photoatalytic cycloadditions, energy transfer manifolds are also useful for attaining new
selectivity. For example, the intramolecular [2+2] cycloaddition of styrenes and enones provides the
GAGNI AIKGE | RRA O Aidntyclodd@tiBndz@dansgselyl 3/ repbrt from KidorRshovédt

that a [2+2] cycloaddition of substrateésl5 under energy transfer conditions produced bridged
adducts216 selectively:*® Computational calculations into the origins of this selectivity suggest it

arises as a result of the varying stability of-digadicals217a-d, formed following the fist GCbond

formation (Scheme 3.5BThe more stable diradicall7a then participates in a combination event to

form the bridged products selectively. In addition to these methodologies, a number of systems using

iridium,13%41 rythenium 12 and favin derived photocatalysts have also been descritfétf?
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e

Arl
[Ir(dF(CF3)ppy),(dtbbpy)]PFs (210) (1 mol%)

H%H
DMSO, 23 W CFL N

X = CH,, O, NTs

X Ts
26 examples, 64-90% .
up to >10:1 d.r. 211, 90%

2:1d.r.

OH

4. EtOC Ca(OH),
140 °C
o Me 213 oH HO,C
H =~ “Me
| 2.210, DMSO, 23 W CFL Me
Me 3. LiOH, 60 °C
212 45% over 3 steps (x)-cannabiocicyclolic acid, 214
1
R
o
1 3
R R 210 (1 mol%) R2
RZ __ - 17 examples
DCM, 25 °C, white LEDs R3 38-96%
215 216 O
(o) (o} o
° 217a 217b 217¢ 217d o
0.0 kcal/mol 3.6 kcal/mol 9.0 kcal/mol 20.6 kcal/mol

Scheme 3.571 intramolecular [2+2] cycloaddition of styrenes by an energy transfer mechanism; b) synthesis of (+)-

cannabiocicyclolic acid using Ir-catalysed triplet sensitisation; c) synthesis of bridged carbocycles using a [2+2]

cycloaddition; CFL = compact fluorescent light bulb

Perhaps the most notable extension of this concept has been the development of enantioselective

photocatalytic cycloaddition reactions. One such example involves the reactiemofr@xychalcones

218with dienes219under a duatatalytic system§cheme 3.5*°Central to the design of this system

is the principal that coordination of a Lewis acid to the substrate can result in a decrease of the

ddz0 aGNF 6SQa GNRLX S

S ¥y S NA@roxycbalt&he2d8 phsyessinKriplat NJ dzy 6 2

energy level whichs too high (54 kcal/mol) to participate in productive energy transfer with

[Ru(bpy3]?* (46 kcal/mol). However, coordination of the scandium Lewis acid to both the phenolic and

carbonyl oxygen atoms leads to a >20 kcal/mol reduction in the triplet enemyiied both

experimentally and computationally, leading to thel®zind complex220readily participating in an

energy transfer with photoexcited [Ru(bp}fj. By exploiting this interaction, a potential nselective

background reaction is circumvented and therefore the vinylcyclobutane (VCB) products are obtained

in high yield and with excellent enantioselectivity. This principle has since been disclosediber
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Ru(bpy)s(PFe)2 (2.5 mol%) OH O
OH O Sc(OTf)3 (10 mol%)

3
AN + MR (S,S)-tBu-PyBox (15 mol%) N |,
RT = | R' R2? 'PrOAc/MeCN, 23 W CFL L~ ):1.,” /R
Ar 1

218 219 12 examples, 66-86%

) up to 4:1 d.r.
E; = 54 kcal/mol
T cal/mo up to 98% ee.

[Ru(i)]  [Ru(II* [Scl* 219

\\/ HO |
EnT m
Ar

_______________________________________________________________

Scheme 3.6 7 enantioselective [2+2] cycloaddition of 2-hydroxychalcones by Lewis acid catalysed triplet
sensitisation; CFL = compact fluorescent light bulb; EnT = energy transfer
of other reports using Lewis acidend hydrogen bonding catalyst4® while many direct

photochemical cycloadditions exploiting intermolecular interactions are also kAtify;158161.15£158

3.3.3 Synthesis of 5-Membered Rings

Another thriving area ofresearch in photocatalysis involves the synthesis -ofienbered ring
systems. The synthesis of carbocyclic motifs has largely focused on the [3+2] radical ion cycloadditions
2 T -cytlopropylketones which, analogously to the previously described [2+2)aciditions, are
initiated by SET from the photocatalyst to a Lewis acid bound ket&@uheme 3.2 This
intermediate then undergoes rapid ring opening to form distal radi@2iwhich is followed by f&xo-

trig cyclisation onto the alkene, secondary ring closure and SEO to afford the observed products. In
this way, aryl cyclopropyl ketones could be cbup R 4 A i K -u@shtiNdted datbonylss alkenes

and alkynes in good yield and diastereoselectivity. Asymmetric versions have since been reported and
the principal of cyclopropyl ring opening has also been used in a number of other sétthfs,

rendering this a useful method of synthesising cyclopentane containing compounds.

Ar.__0O Vvia:
) Ru(bpy)sCly (2.5 mol%) | OlLa]
La(OTf)s, TMEDA, MgSO, :
Ar AT
)J\QX | MeCN, visible light 5

15 examples, 55-86% X 222 |
up to >10:1 d.r. [t '

Scheme 3.7 1 [3+2] radical anion cycloadditions of aryl cyclopropyl ketones

5-Membered heteroaromatic compounds are also accessiBlag photocatalysis, as demonstrated

by Xiao in the synthesis of polysubstituted pyrroles frdrazirines $cheme 3.8 Earlier reports
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from Mattay had shown thatid-azirinres223were susceptible to SEO by theliigoxidising Fukuzumi
catalyst followed by a ring opening eveh By intercepting this intermediate with a range of electron
deficient alkynes including propiolates and acetylenedicarboxylates, the desired pyrroles could be
accessed in good yield. Furthermore, this strategy can also be used for the synthesis of oxazole
containing compounds if the alkyne substrate is replaced by an aldef@rpanding the repertoire

of heterocycles accessible using VLPC, the same group described the synthesis of highly functionalised
imidazoles fray -keto-N-arylamines and tosylmethylisocyanideScheme 3.887* This reaction
exploits the propensity of amirseto undergo SEO followed by the overall loss of a hydrogen atom to
form imines230which can then react with isocyanides in a formal [3+2] cycloaddition. The mild nature
of this oxidation step eliminates the necessity for handling potentially sensitivesimtermediates

and allows the synthesis ®f-aryl acyl substituted imidazoles in good yield. The combination of a
photoinduced oxidation and annulation has also been used for the synthesis of pyrazole derivatives
from hydrazines and 1;Bis-electrophiles (Sckme 3.8¢.1"® Although the condensation of hydrazines

and 1,3bis-electrophiles is widely reported, it often requires high temperature and/or hazardous
oxidising agents. Comparatively, the addition of Ru(@iplyj2 mol%) and irradiation with visible light
under air promoted the annulation oN-alkylhydrazines and electrophiles including malonitriles,
malonates and enones in high yield under mild conditions. Although the role of the photocatalyst in
this system isimply for the oxidation of the hydrazine substrates to the corresponding diinZig2s

it highlights how photocatalytic promotion of a reaction may allow it to proceed under unusually mild

conditions.
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“ Fukuzumi's Catalyst (5 mol%)
EWG EWG i
N DCE, RT, blue LEDs Fukuzumi's Catalyst
R1” ~R2 EWG———EWG
223 e .
' via: |
; N/ 225!
‘ +e |
: N :
1 U
' R! R2 |
w3/l
E [Ir(ppy)2(bpy)IPFg (1 mol%) o

2
h © 4<Ts K,CO3, DMF, air, 18 W CFL 1u
2 R
N + R =
Ar” JJ\R‘ NC N

17 examples N7
227 228 34-86% Ar”

S

| SET \ [ir(iin)] :
oy o) K% . |
: ~ Ts :
\ /N\)L 1 /N N 1 N ‘
E Ar”~+ R Ar R [3+2] N :
1 229 H,0, 230 +H* Ar '

EWG Ru(bpy)sCly (2 mol%)
RLN,NH2 \, MeCN, air, blue LEDs

H R? R® 22 examples
50-90%

Scheme 3.8 71 a) photocatalytic synthesis of polysubstituted pyrroles; b) photocatalytic annulation of N-arylamines

and tosylmethylisocyanides; c) photocatalytic synthesis of pyrazoles; EWG = electron withdrawing group; CFL =

compact fluorescent light bulb; SET = single electron transfer; LED = light emitting diode

In a similar manner, many photocatalytic systems have been developed as a means of accessing
traditional dipolar reagents under mild conditions. The first such examples came almost
simultaneously from Xid® and Ruepinyf’ who disclosed the generation of azomethine ylides from
tetrahydroisoquinolines and their subsequent [3+2] cycloaddition with different dipolarophiles
(Scheme 3.p The reaction begins with SEO of the amine by the excited state photocatalyst to produce
radical cation234and Ru(l) specie&35, which reduces a molecule of oxygen to superoxide to return

to the ground state. Hydrogen atom transfer and deprotonatior2®4 by superoxide then creates

the key azomethine ylide36which reacts with the dipolarophile to form the azacyclic products. Using
this approach Rueping was a able to synthesise a range of polycyclic pyrrolidine derivatives, while a
ddz0 4S1jdzSy i 2EARI GA2Yy adSL) A yalisoduinain€sin higiel® She dzNBS
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success of this methodology and the presence of the resulting product motifs in a vast array of alkaloid

natural products resulted in a number of further reports utilising this apprdd€:

Xiao:
Ru(bpy)3Cl, (56 mol%)

~__R? air, MeCN, RT, visible light N__CO;R
.
N_CO,R RN then NBS \

[14 examples, 51-94%} R’

ERueping:

o [Ru(dtbpy)s](PFs)2 (1 mol%)
| X MeCN, RT 24 h
1/ = N COzR + | N—R2 6W Iamp
R
CO,R o) 10 examples, 56-67%
up to 5:1 d.r.

0,

[Ru(ll]
hv/ o azomethine
2 ylide

[Ru(ll)]* [Ru(l)] (235)

L con ——— (1}
~T2 N_ _CO,R
SET N_ €0 =
233
234

H202

N__CO,R
&%
236

Scheme 3.9 i a) photocatalytic synthesis of pyrrolo[2,1-a]isoquinolines; b) photocatalytic [3+2] cycloaddition of
azomethine ylides and maleimide derivatives; c¢) photocatalytic formation of azomethine vylides from
tetrahydroisoquinolines; SET = single electron transfer

Nitrone cycloadditions are aldmown under VLPC conditions and utilise the same principlé&For
example, N-arylhydroxylamines 237 derived from glyoxylic esters undergo oxidation and
deprotonation to afford nitrone39which react in a [3+2] cycloaddition with alker38to form
isoxazolidines3cheme 3.10AThe scope is broad and the reaction was foundettoterant of various

ester substituents, a number of electronically varigzhra-substituted N-aryl groups and
dipolarophiles including maleimides, styrenes and enol ethers. Alternatively, nitrones can be accessed
from oxaziridines by means of aringopérd 2 EA RI (A 2y dza A Wéheme 821084F dzY A Q&
Using StersWVolmer luminescence quenching the authors were able to verify the presence of an
interaction between the excited state photocatalyst and theaziridine substrate, reportedly leading

to nitrone 242 The subsequent addition of electronically activated alkynes and the ensuing [3+2]

cycloaddition led to the production of a range ofshxazoline products in variable yield.

The final class afipolar reagent generated under VLPC conditions are nitrile ox&tseme 3.10C8°
The authors reasoned thaxidative decarboxylation ofriines 243 should generate nitrile oxide
AYUGSNNYSRAF(GSa 6KAOK 0O2dxZ R 0SS AyuiSNDSLIN®Rero& N
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analysis shows oxone as the photoexcited state quenching species and the subsequent Ru(lll) complex

(B2 = +1.29 Ws.SCE) isufficiently oxidising to perform SEO of the carboxyksé (E,= +1.31 \Ws.

[] [rPpY)(bPY)IPFs (1 MOl%)  Ro.c  RZ ‘via © :
OH O ) EtOAc, H,0, 11 W CFL 2 0.0

N + IR >—S\ : Nu :

Ar” OR 30 examples, 42-97% Ar-N.g ~R" | Ar""N"0R
237 238 up to >99:1 d.r. L 239 |

(9-Mes-10-Me-Acr)CIO4 (1 mol%) (o)
H,O/MeCN, RT, 24 h PG*MEWG
blue LEDs R R1 EWG
(34 examples, 19-90%}

Cat* hv

o A :

»~ Cat Cat '

oo 5O |

PG.& 0 SET PGOO

| | !

R)\R1 R)\R1 !

241 242 |
(vial T .
_OH Ru(bpy);Cl, (2 mol%) E : :
J’L . /\O oxone, NaHCO; 7—0 | N-oH LY
DMF, RT, blue LEDs /W i o
R” “CO,H R | RJ\CO? RJ. 5
243 (26 examples, 25-95%) | 244 245 |

Scheme 3.10 i a) photocatalytic synthesis of nitrones from N-arylhydroxylamines; b) photocatalytic synthesis of

nitrones from oxaziridines; c) photocatalytic synthesis and reactions of nitrile oxides; CFL = compact fluorescent

light bulb; PG = protecting group; EWG = electron withdrawing group; SET = single electron transfer; LED = light

emitting diode

SCE), leading to-&@ntred radicaR45. A second SEO event then generates the critical nitrile oxide
dipole which reacts in a [3+2] cycloaddition. The substrate scope of this procedure was found to be
very broad, incorporating botiN-alkyl andN-aryl nitrile oxides in a reaction with alkenes beg
aldehyde, ketone, nitrile, sulfone and aryl/alkyl substituents. Moreover, alkynes are also suitable

reaction partners for the synthesis of isoxazole heterocycles.

3.3.4 Synthesis of 6-Membered Rings

The synthesis of-fhembered rings using the Diefdder reaction is one of the most important bond
forming reactions in organic chemistry and, due to this prominence, the factors governing the kinetics
and regioe and stereoselectivity within the Dielslder reactions are well understood. Importantly,
understanding the frontier molecular orbitals involved in the Dilider reaction has led to the
knowledge that reactions between electron rich dienes and electron poor dienophiles are facile

compared to the eaction of two electron rich substrates, due to unfavourable orbital overlap in the
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latter case. In this context, SEO of electron rich alkenes to create a radical cation intermediate can
assist the Dielé\lder reaction of two electron rich substrates by): ificreasing the overlap of the
orbitals involved in the reaction, thus enhancing the rate; 2) switching the inherent polarisation of the
two carbon synthon, leading to the opposite regioselectivity to that expected under thermal
conditions!®® Photocatalytic conditions that achieved the generation of a radical cation mediated
DielsAlder reaction were first reported Yoon and involved the reaction of electron rich alkene
derivatives with an assortment of dieneScheme 3.11)A%" Exanination of the scope found the
reaction to be compatible with electron rich styrenes, enamines and enol ethers as the dienophile,
while substitution at various points around the diene is also tolerated. Advantageous to the photon
promoted nature of thiseaction, no dimeriation of the styrene substrate is observed which contrasts
with electrochemical promotion of this reaction. Furthermore, due to the aforementioned features,
this methodologycould be employed ithe synthesis of heitamide A A number obther groups have

also reported on the [4+2] cycloaddition including Ferreira who used a photooxidising Cr(lIl) catalyst
(Scheme 3.118%&1% This study demonstrated that [Cr(iphen)(BR)s] 196 could catalyse a [4+2]
radical cation Dielg\lder reaction with similar efficiency (in terms of yield and regtereoselectivity)

to the Rucatalysed method developed by Yodtowever an interesting dependence on oxygen was
also observed under these conditions: although all steps of the proposed catalytic cycle are

thermodynamically feasible in the absence aof @ reaction is observed under anaerobic conditions.

Ru(bpz);(BArF), (0.5 mol%) :’via.‘ !
EDG\E N w2 air, DCM, 23 W CFL EDG y_, | EDG :
0 R? | '
) 1 n 1
R Z 18 examples, 42-98% R ' 246 \@m ;
up to >10:1 [ !
E Cr(Phyphen)s(BF,)3 (196) (1 mol%)
air, MeNO,, NUV irradiation
R* iTR*
17 examples, 21-98% R3"
up to >19:1

___________________________________________________________

[Cr(III)]* % %0,
Cr(II)] [Cr(III)]
(250)
2
Ar
251
249\L [4+2] RS @R4

Scheme 3.11 7 a) radical cation Diels-Alder reaction of electron rich styrenes; b) Cr-catalysed radical cation Diels-

Alder reaction; EDG = electron donating group; CFL = compact fluorescent light bulb; NUV = near ultraviolet
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Further mechanistic investigations by the same authors and others propose a dual role for oxygen in
this system'®*1%Firstly, triplet oxygen present in the reactiamixture can lead to a quenching of the
excited state photocatalyst with concomitant generation of singlet oxy@stondly, the singlet
oxygen generatedh situ acts as an electron shuttle between Cr(ll) spe2i&@and the cycloadduct
251.1t should be nted that singlet oxygen is required for the oxidation of Cr(Il) spe23€gE. = -

0.27 VWs.SCE) because triplet oxygen is not sufficiently oxidisiiag=(E.01 Vvs.SCE). Therefore,
although the first step initially seems unproductive it is vital the success of this reaction. The
enhanced utility of employing ahotocatalysts in this reaction has been further demonstrated by an
extension to electron deficient styrene substrates (something which is usually precluded by
unfavourable electron trasfer) via an EnT mechanisfhl®” Furthermore, photocatalytic
cycloadditions reporting the synthesis of various tetrahydroquindfé® and chromané&®

derivatives have also been made.

Page |66



Chapter 4: Light Driven Reactions of Sydnones

4 Light Driven Reactions of Sydnones

4.1 Photochemical Reactions of Sydnones

4.1.1 Traditional Photochemistry

In addition to the well described thermal cycloaddition chemistry of sydnones, photochemical
reactions, promoted by UV light, are also known. Indeed, the first report describing the interaction of
sydnones with UV light was made over 50 years ago whiancK disclosed the photochemical
rearrangement ofN-phenylsydnone int@B-phenyt1,3,4o0xadiazoi2(3H)-one 252 (Scheme 4.1)X%
Although the mechanistic pathway from the sydnone2t®is not obvious, the observation that the
reaction evolved CQupon exposure to UV light caused the authors to propose nitrilir@i@as an
AVGSNYSRAFGSD ¢KS LRGSYyGAlLt SEA&aGSYOS 2F | yAGN
reports on the photochemical cycloaddition of 3jphenylsydnone with diethylacetylene
dicarboxylate $cheme 4.18°?Unlike the thermal cycloaddition process which affords pyra2btea,

the photochemical reaction was found to produce isomeric pyra2bf and in order to explain this
observation, the authors suggested that the reactioitially proceeds to nitrilimin@56followed by

a [3+2] cycloaddition with the alkyne dipolarophile. Further evidence for nitrilimines was found from
the photolysis of 3,4liphenylsydnone in benzene in the absence of other reactants, which created a
mixture of products derived from nitrilimine256.2°% Initially, 256 undergoes photochemical
dimerisation to dihydrotetrazine257 which can undergo ettrocyclic ring opening to common
intermediate258. From this point, a series of HAT events, presumably from the solvent, leads to the
reduced specie59. Alternatively, ring closure and elimination of phenylnitrene creates 2,4,5
triphenyt1,2,3triazole261 On the other hand, amide addu263is probably formed by the reaction

of nitrilimine 256 with aniline to give hydrazon262which is hydrolysed on work up.
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Scheme 4.1 i a) photochemical rearrangement of N-phenylsydnone; b) photochemical reaction of N-
phenylsydnone and diethylacetylene dicarboxylate; c) photolysis of N-phenylsydnone; UV = ultraviolet; HAT =
hydrogen atom transfer

More convincing evidence was obtained by the reaction3gfdiphenylsydnonewith various
additives?®* The addition of methanol and trimethylborate produces hydrazorizdin 64% yield,
evidenced by'H NMR spectroscopy and through observation of the phenylhydrazine and methyl
benzoate hydrolysis products. Additionally, acetic acid reacts 2éto form hydrazonic anhydride

265 which undergoes an intramolecular acyl group transfer to form the hydeagidduct266 in
guantitative yield. Definitive evidence for the existence of nitrilimine intermediates was later obtained
using laser flash photolysis (LF®)This investigation observed an absorbancedase around 380

nm following the laser pulse, analogous to that observed in the photolysis of diphenyltetrazole and

consistent with the formation o€N-diphenyl nitrilimine256. However, the authors did not propose

Page |68



Chapter 4: Light Driven Reactions of Sydnones

a mechanism for this transformation. fner attempts to characterise the intermediates involved in

this process have also been made with varying degrees of success. Analysis of the photolysis of
different sydnone substrates using electron paramagnetic resonance (EPR) spectroscopy indicated the
involvement of radical intermediates, although no mechanistic interpretations were put forward to
explain these observatiorf§®2°’Alternatively, a combined experimental and computational study by
Wentrup observed the formation of a lactone intermediate in the matrix photolysisNof
phenylsydnone® During the course of the photolysis there is an accumulation of an intermediate
which absorbs at 1881 chin the infrared (IR) spectrum, possibly due to bicyclic lae®8. In light

of these studies, the commonly accepted mechanism for gtieémical sydnone cycloadditions is
shown in Schemé.2C The reaction begins with excitation of the sydnone precu2édiwith UV light

which then undergoes a formal electrocyclisation to lact@68. This is followed by the loss of carbon
dioxide to givediazirine269 which rearranges to the reactive nitrilimirig70, followed by a [3+2]
cycloaddition to form the observed products. More comprehensive investigations into the scope of
this process have been made over many years and in all cases, the obsgiomthemical outcome

is consistent with the formation of a nitrilimine intermediad®s216
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Scheme 4.27 a) photochemical reaction of N-phenylsydnone and various additives; b) proposed bicyclic lactone
intermediate in sydnone photolysis; c) accepted mechanism for photochemical sydnone cycloadditions; IR =

infrared
4.1.2 Bioorthogonal Reactions

More recentadvancements in the photochemistry of sydnones have focused on the development of
photoclick reactions with a particular emphasis on their application to bioorthogonal chemistry. In
comparison to other click reactions, light driven photoclick reactiorar @ffhigher degree of spatial
and temporal control rendering their development highly desirable for use in fields such as
optochemical biology*’ In the context of sydnones, Yu has shown that a #aaé3,4diarylsydnones

can undergo Uyromoted cycloaddition reaction with alkenes to produce pyrazoline products
(Scheme 4.3¥*8This reaction works with a number of electron deficié@#2-273) and neutral(274

275) alkenes, giving the pradtt in high yield but with varying degrees of regimd stereocontrol.

More importantly, the pyrazoline products formed in a reaction withns-cyclooct4-en-1-ol 274
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(TCO) were found to exhibit large degrees of fluorescence turn on (from 120 fold told@2@long

with a large Stokes shift (>150 nm). By varying the sydménand Gsubstituents the authors

discovered that the key to the obtaining favourable photophysical properties in the pyrazoline
products was the use of sydnones bearing electron Nedryl groups and electron deficie@aryl

groups. Furthermore, the advantageous properties of the products were subsequently employed in
cellular imaging by the same groéiS.Another study found thathe same strategy could also be

applied to the reaction of strained alkynes such as BCN, dibenzocyclooctyne (DIBO) and 3,3,6,6
tetramethylthiacycloheptyne (TMTH) for the synthesis of pyraz@etéme 4.38?° In this instance

GKS NBIFIOGA2Yy R2Sa y2G OFdzaS || Ftd2NBaOSyOS aidzN
means the reactions are complete in significantly shorter times (<2 minutes). Therefore, the authors

were able to usehis approach to perform a bioorthogonal conjugation reaction.
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Scheme 4.3 71 a) photoclick reaction of diarylsydnones and alkenes; b) photoclick reaction of diarylsydnones and

strained alkynes
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4.1.3 Conclusions

Sydnones ar&known to undergo UV promoted cycloaddition reactions with various alkenes and
alkynes to form pyrazolines and pyrazoles, respectively. From a synthetic perspective, the potential of
these reactions lies in the formation of alternative product regioisonterthose observed under
thermal conditions, due to a photochemically induced sydraitelimine rearrangement. In spite of

this, sydnone photochemistry has remained primarily limited to intramolecular reactions, while the
recently reported photoclick red@ions are performed on small scales (<30 mg) with a large excess (>5
eq) of dipolarophile. Thus, the development of a more general light induced sydnone cycloaddition

protocol remains desirable.

4.2 Photocatalytic Sydnone Cycloadditions

4.2.1 Aims

At this juncture, our investigation into the cycloaddition reactions between sydnones and alkene
dipolarophiles had encountered numerous problems. These reactions required high temperatures
(>140 °C) and long reactions times (>24 h) to proceed efficiently artitexta fairly narrow substrate

scope with respect to both reaction partners. As described above, sydnones participate in UV light
promoted cycloadditions with numerous dipolarophiles and although these reactions proceed at
ambient temperature, the develapent of a general visible light promoted sydnone cycloaddition
LINRG202f NBYFAYSR StdzaA@®dS YR RSAANIO6fSd® DAOSY
chemistry, and the ascendance of VLPC as a means of promoting transformations under benign
conditions, we were intrigued to investigate the possibility of developing a photocatalytic sydnone
cycloaddition reaction. In particular, we were interested in the radical cation [4+2] cycloaddition
developed by several groups (vide supra) as a means @é\aich this goal, based on the idea that
sydnones can be considered as-atdm N-O-GCsynthon Scheme 4 }187.188.192.19%.22)An additional
consideration in the case of sydnones is that following the cycloaddiétbncycloaddition cascade a
potentially promiscuous dipolar intermediate would berfied. Thus, we proposed that the fate of

this dipole might be controlled by employing enamines as the dienophile in this process due to their
ability to undergo SE&?and the ability of the amine moiety to function as a leaving group following
the cycloaddiibn step. Combining these considerations led to the mechanistic proposal shown in
scheme 4.4BExcitation of the photocatalyst with visible light creates the excited state cat2®yst

which performs SEO of the enamiB81to create radical catio283. A §+2] cycloaddition between

283 and the sydnone substrat280 forms cycloadduc®284 which eliminates C£to form dipolar

intermediate285. Finally, SER and elimination of the amine would form the desired pyrazole products.
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Scheme 4.4 1 a) photoredox catalysed radical cation Diels-Alder reaction; b) proposed photocatalytic sydnone

cycloaddition reaction; CFL = compact fluorescent light bulb

Therefore, the aims at the outset of this investigation were:

1) To investigate thpossibility of using visible light photocatalysis to overcome the high temperatures

(>140 °C) required for thermally promoted sydnone cycloadditions

2) To examine whether the photocatalytic activation of sydnatkene cycloaddition reactions offers

any aditional advantages in terms of substrate scope

4.2.2 Optimisation of the PSEC Reaction

To beginour examination of a potential photocatalytic sydneeeamine cycloaddition (PSEC)
reaction we explored the reaction df-phenylsyydnone (chosen once again @luo its favourable
physical and chemical properties) and enamli38, available from the condensation of hexanal and
piperidine Table 4.]. To our delight, irradiating a mixture Nfphenylsydnone (1 eq)38(3 eq) and
Ru(bpyj(PFk). (5 mol%) in MeCN i blue light for 24 hours provided the corresponding -1,4
disubstituted pyrazole87ain 33% yield as a single regioisomer. However, analysis of the Hdude
NMR spectrum showed complete conversion of the sydnone starting material, in spite of thefairly |
yield. This observation led us to investigate the use of oxidising additives, based on the assumption
that reductive decomposition of the sydnone may be caused by the highly reducing Ru(l) spgcies (E
=-1.33 Ws.SCE) formed following SEO of the enamine. The addition of a stoichiometric quantity of
methyl viologen dichloride (MV®I ¢ & F2dzyR (2 LINRPGARS | avylff
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AAAYATAOIY(H NBRAzZOGAZ2Y Ay O2y @ IneBian? i sh@ul benétésl 4 & Ry 2
at this point tha the exact role of this additive is still not fully understood, but some possibilities are
discussed belowsgction 4.2.4.% Nevertheless, these experiments provided a significantlusion:

catalytic quanities of the photosensitiser [Ru(bg}ff are capable of promoting ammbient

temperature cycloaddition reaction between sydnones and enamines ugsigle light

Our efforts then turned to the optimisation of this catalyst systéfable 4.1) A screen otatalysts
F2dzy R GKS NBIFOGAZ2Y (2 0SS dzy LINPRdAzOUGUA DS dzaAiy3a 20K
catalyst (entries 3, 4 and 6), while an Ir photosensitiser was able to promote the reaction with
comparable efficiency (entry 5). Itis not clear wising Ru(bpyLCb.6HO as a catalyst failed to provide

any conversion to the products given the light absorbing species is the same as when using
Ru(bpy)(PF)2, but counter ion effects have been observed in other catalyst systéiig.this mint

we decided to perform further optimisation using Ru(bgi®¥s). due to its decreased cost and
increased availability relative {tr(dF(CBppyk(dtbbpy)]PE. A screen of solvents showed consistently
high conversion and yield in polar aprotic solve(astries 710), while chlorinated solvents also
provided moderate conversion (entries 14 and 15). Conversely, the use of ethereal (enttigpalid
hydrocarbon solvents (entries 16 and Jfpvided low yields. Empirical observations would suggest
that the observed reactivity differences may result from physical, rather than chemical, phenomena
due an increased amount of solid precipitate in reactions which provided poor conversions
(particularly E2O, PhCfand PhCE). In this case, a reduction gatalyst solubility would result in
diminished yields by lowering catalyst concentration and increasing light scattering (due to the turbid

reaction mixture), reducing the effectiveness of the excitation step.
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Table 4.1 7 preliminary optimisation of the PSEC reaction?

@ 0@ catalyst (5 mol%) "Bu "B
?/\g + Q additive (1 eq) N//\—g + m
N-N BN solvent, RT, 24 h Eh Eh
Ph blue LEDs
35 (1 eq) 138 (3 eq) 287a 287b
Entry Catalyst Additive Solvent Yield [%} ab°
1 Ru(bpy)(PF): - MeCN 33 >98:2
2 Ru(bpy)(PF). MVC} MeCN 43 >08:2
3 Ru(bpy)Ch.6H0 MVCh MeCN 0 -
4 Ru(bpz)PF): MVC} MeCN 0 -
5 [Ir(dF(CE)ppyX(dtbbpy)]Pk MVC} MeCN 43 >08:2
6 (9-Mes-10-Me-Acr)CIQ MVC} MeCN 0 -
7 Ru(bpy)(Pk). MVC} DMF 78 >08:2
8 Ru(bpy)(PK). MVCh DMA 66 >08:2
9 Ru(bpy)(Pk). MVCh NMP 82 >08:2
10 Ru(bpy)(PR): MVCh DMSO 60 >08:2
11 Ru(bpy)(PR): MVCh  1,4dioxane 14 >98:2
12 Ru(bpy)(Pk). MVC} THF 10 >08:2
13 Ru(bpy)(Pk): MVC} EtO 0 -
14 Ru(bpy)(Pk). MVC} DCM 35 >08:2
15 Ru(bpy)(Pk). MVCh DCE 55 >08:2
16 Ru(bpy)(PR). MVC} PhCE 0 -
17 Ru(bpy)(PK). MVCh PhCH 0 -
18 - MVC} NMP 0 -
19 Ru(bpy)(Pk)2 - NMP 52 >08:2
20¢ Ru(bpy)(Pk). MVCh NMP 0 -

a Reaction conditions: N-phenylsydnone (0.1 mmol), 138 (0.3 mmol), catalyst (5 pmol), additive (0.1 mmol) in

solvent (1.0 mL, 0.1 M), 24 h at room temperature under blue LED irradiation; ° yield determined by 'H NMR

spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; ° ratio determined by 'H NMR analysis; ¢

reaction performed in the dark; MVCl2 = methyl viologen dichloride

Further optimisation of the reaction was then penfioed using as thRu(bpyj(PF). catalyst and NMP

as the solventTable 4.3. Varying the substrate stoichiometry (entrie8)lshowed the importance of

using an excess of enamine relative to sydnone, although the exact ratio is less important. Changing

the enamine structure (entry 4 and 5) provided lower yields, as did either decreasing (entry 6) or

increasing (entry 7) the quantity of additive. Investigation of other additives (entries) 8ound
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viologen additives to perform much better than quinone édsilternatives and the reaction was also
found to provide good conversion with lower catalyst loagiientries 125). Eventually, we chose
ethyl viologen diiodide (E)las the additive due to its comparable performance to M\3%vs.
82%) at a sigficantly reduced cost (EM £3.86 ¢, MVCi = £48 d).

Table 4.2 1 further optimisation of the PSEC reaction?

o Ru(bpy)s(PFe)s (5 mol%) ;"B“ "Bu
(a A + gy /\/O additive N/ \ . N7/ \\
Ny NMP, RT, 24 h \lg ‘rld

: B blue LEDs Ph 287a  287b ph
A Ph

.
.
---------------- Enamines EEEEEEEEEEEEEEEE

*KD e)iN/\ RN@—@NR

ER

5 ______________ ! :’1‘5 ___________________ ?f’?___, MVCl, R = Me, X =Cl guroguinone, Y =Z = Me |
PV REELXED DpaY=CN.z=cl

Entry Enamine AB Additive (eq) Yield [%} 287a:28b°
138 3:1 MVC4(1) 43 >08:2

2 138 1:2 MVC4(1) 75 >08:2
3 138 1:4 MVC4(1) 72 >98:2
4 288 1:3 MVC4(1) 36 >08:2
5 289 1:3 MVC4(1) 61 >08:2
6 138 1:3 MVC}(0.5) 69 >08:2
7 138 1:3 MVC}(2) 62 >08:2
8 138 1:3 - 52 >08:2
9 138 1:3 EVi(1) 73 >08:2
10 138 1:3 DDQ (1) 13 >08:2
11 138 1:3 Duroquinone (1) 41 >08:2
12 138 1:3 EVi(1) 47 >08:2
13 138 1:3 EVH(1) 67 >08:2
14 138 1:3 EVi(1) 59 >08:2
159 138 1:3 EVH(1) 60 >08:2

@ Reaction conditions: N-phenylsydnone (0.1 mmol), enamine (0.3 mmol), Ru(bpy)s(PFs)2 (5 pmol), additive (0.05-

0.2 mmol) in NMP (1.0 mL, 0.1 M), 24 h at room temperature under blue LED irradiation; ° yield determined by *H

NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; ° ratio determined by *H NMR analysis;
4 Ru(bpy)s(PFs)2 (4 pmol); ¢ Ru(bpy)s(PFs)2 (3 pmol); f Ru(bpy)s(PFs)2 (2 pmol); ¢ Ru(bpy)s(PFe)2 (1 umol); MVCls
= methyl viologen dichloride; EVI2 = ethyl viologen diiodide; DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
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With an optimised set of conditions developed on NMR sasdebegan to increase the scale of the
reaction to produce isolable quantities of the pyrazole proddehle 4.3. An increase to 0.5 mmol

of sydnone substrate resulted in a significantly decrelageld of 22% after 24 hours alongside a 58%
recovery of the unreacted sydnone. Indeed, achieving consistent results when scaling photocatalytic
processes is notoriously difficult due to decreased transmission of the incident light through larger
volumesof solvent. In the case of the PSEC reaction, it is possible that the decreased conversion at 0.5
mmol stems from this phenomenon: although the reactants are orange, the solution rapidly turns
black when everything is mixed together. Increasing the lenftteaction to 48 hours provided an
increased yield of 50% but longer reaction times gave no further benefit. In addition to the observed
rate decrease, the isolated yields 287a were diminished by the formation of >unsaturated
aldehyde290which prowed difficult to separate chromatographically. Based on the assumption that
290arises from the aldol dimetaion of the enamine substrate, we attempted several alterations to
the protocol to try and favour the cycloaddition proce&dstly, running the reaction with a large
excess of sydnone relative to enamine provided comparative results, while subsequent experiments
adding the enamine in either 2 (entry 5) or 3 (entry 6) portions failed to increase the yi2&Vaf

Finally, a raction using a large excess of enamine to compensate for the consumpti®8 by the

Table 4.3 1 optimisation of the PSEC reaction at 0.5 mmol scale

S nBy
0 Ru(bpy)s(PFs); (5 mol%) o \
@ additive (1 eq) ' 290 .
Noy Bu N NMP, RT, t N-N : l_o!
} blue LEDs Ph ' "Bu '
Ph 138 ---------------
35 287a, >98:2
Entry 35:138 Additive t [h] Yield [%}
1 1:3 EM2 24 22
2 1:3 EM: 48 50
3 1:3 EM: 72 50
4 5:1 - 48 43
5° 1:3 EM: 48 40
6° 1:3 EM: 48 36
7 1:3 MVC} 48 39
8 1:6 EM: 48 49

@ Reaction conditions: N-phenylsydnone (0.5 - 2.5 mmol), enamine (0.5 - 3.0 mmol), Ru(bpy)s(PFs)2 (25 pmol),
additive (0.5 mmol) in NMP (5.0 mL, 0.1 M), for the specified time at room temperature under blue LED irradiation;
b yield of isolated compound; ¢ 138 added in 2 portions; @ 138 added in 3 portions; € 290 isolated in 16% yield; EVI2
= ethyl viologen diiodide; MVCIz = methyl viologen dichloride
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unproductive pathway provided no benefit to the cycloaddition reaction and the aldeB90Qevas

isolated in 16% yield (entry 8).

Different purification methods were also assessed in an attempt to improve the isolated yields
(Scheme 4.5 However, stirring the crude product from the cycloaddition reaction with excess
piperidine (5 eq) before removal of the solvent under vacuum and filtration through basic aluminium
oxide (pH 910) proved unsuccessful removing290. Moreover,washing the crude product with a
saturated solution of sodium bisulfite (NaH$@lso failed to remov@90and although the addition

of sodium borohydride (NaBMHsignificantly simplified the chromatographic separation, low yields of

the desired pyrazole &re still obtained.

The lack of success in removi2g@0the led to further attempts to reduce the formation of this-by
product. It is possible to imagine that the formation290from the enamine substrate might operate
under acid catalysed conditionsavihe correspondingminium ion species However,attempts to
buffer the reaction mixture through theddition of a stoichiometric quantity of.&Q proved
deleterious to the reaction (possibly as a result of increased turbidhyiéme 4.6Apath a). Orthe
other hand, we hypothesised that the formation 280 might be inhibited using an organocatalytic
protocol to reduce the enamine concentration. Gratifyingly, we were able to fdaattenylsydnone
with hexanal directly in the presence of satwichiometic quantities of piperidine (40 mol%) to
provide 287a in 62% yield$cheme 4.6Apath b).A decrease in organocatalyst loading to 20 mol%

provided an even higher yield of 86% but a further decrease was less effective.

The unique reactivity offered by thievelopment of this duatatalytic system is highlighted 8theme

4.6B The thermally promoted reaction betwediiphenylsydnone and-hexyne requires high

nBu
piperidine (5 eq) ]
DCM, RT, 48 h I\ BU/E\/
~ (o}
then filter N\N\ e
Al,03 (pH 9-10) Ph 200
138 (6.9:1)
06 "Bu
N
@ By X NaHSOj; (sat.) N By
0N N' + L,
N\N\ Ru(bpy)3(PFs), (5 mol%) MeOH, H,0 N "By
Ph  EVI, (1eq), NMP, RT, 48 h (4.7:1) Ph 250
35 blue LEDs
"Bu
NaBH,, MeOH ~
0°CtoRT,2h N-N
Ph

29%

Scheme 4.5 7 purification methods attempted for the removal of aldol condensation product 290; EVIz2 = ethyl

viologen diiodide; RT = room temperature
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138
Bu O
"Bu/\/

R
N-N" Ru(bpy)s(PFe): (5 mol%)
Ph  EVl, (1q), KoCO; (3 eq)
NMP, RT, 48 h, blue LEDs

"Bu/\70

Ru(bpy)s(PFsg)2 (5 mol%)
EVI, (1 eq), piperidine (x eq)
NMP, RT, 48 h, blue LEDs

287a, 29%

path a path b

By 138 O i S
XN = By——
o )

N\N\ xylenes, reflux 16 h ~N xylenes, reflux 16 h
Ph ‘Ph
path ¢ path d
287a, <2% 35 287a 287b

52%, 11:89

Scheme 4.6 i a) attempted base buffering and organocatalytic PSEC reactions; b) comparison of the PSEC

reaction to other sydnone cycloaddition methods; EVIz = ethyl viologen diiodide

temperatures and long reaction times to form a regioisomeric mixture of pyrazole products in
moderate yield. Additionally, the use of enamines as substrateter thermal conditions fails to
achieve conversion to the desired pyrazoles, even after heating over extended periods. Thus, the
synergistic combination of VLPC and organocatalysis facilitates a sydnaméne cycloaddition
reaction under remarkably riai conditions with complementary regioselectivity and higher levels of

regiocontrol compared to sydnoralkyne cycloadditions.

4.2.3 Scope of the PSEC Reaction

Having established successful conditions for an organocatalytic PSEC reaction, we next turned ou
attention to assessing the reactiostope Table 4.4. Electronically neutral and electron ricd
arylsydnones reacted smoothly to afford pyrazoR3la292a in high yield and with complete
regioselectivity. Furthermore, sydnones bearing electron withdravirayyl groups such as nitrile
(293) and halides394a296a) are tolerated, opening up the pabdity for further functionaligtion.

In addition to butyland isopropyl moieties, other alkyl groups including metiyll5q), cyclohexyl
(298a300a) and benzylX31a) could all be installed into the pyrazole products in high yieheé use

of phenylacetaldehyde as a substrate allowed access talipfenylpyrazée (302a) in moderate
yield. Protected amines306a) and alcohols303a) are also applicable and carbonyl derivatives
including ester 304a) and amide 305a) had no adverse impact on the reaction. Throughout the
course of this investigation, dimethylamifide.NH) was discovered as a more general organocatalyst
for this procedure, offering the advantage of improved yields and atom economy. Limitations in the
current methodology were also uncovered; althougbta-substitutedN-arylsydnones were found to

reactsmoothly 01a), ortho-substituted analogues do not participate in the react{erg.307).
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Table 4.4 7 scope of the PSEC reaction?

o Q0 Ru(bpy)s(PFg)2 (5 mol%) R
o Me,NH (20 mol%)
N”‘g + R/\70 2 o _ N/ \
N EVI, (1 eq), NMP N
Ar RT, 48 h, blue LEDs Ar
CaHo 291a, R = H, 81%U]
N \S N\ 2923, R=0OMe, 80 %
N N 293a, R = CN, 50% N_ \
Ph 294a R =F, 82% N 298a, R = H, 85%!°
287a, 86%"! 295a, R = Cl, 78% 299a, R = OMe, 85%
296a, R = Br, 83% 300a, R = Cl, 83%
R 297a, R = CF3, 57%

R
//——g\ Me Ph Ph
@ Ph Ph
Me

114a, 64% 131a, 77% 302a, 46%

301a, 81%
2 NBoc
X
OTBS /_f\}
!
N\N\ N/ \
A\ | °N 306a, 73%
N ’
N 303a, 62% Ph Ph
Ph 304a, X = OMe, 69%
305a, X = N(OMe)Me, 67%
unreactive under PSEC conditions
o © C) (0]
o % 0 o 0O ° o
° 0 N,, X N,, X ¥ 310
NI/ é \N \N Me \N SPh
';l Me
Bn (o)
)J\ 31
105 Et Et
307 308 309

a Reaction conditions: sydnone (0.5 mmol), aldehyde (1.5 mmol), Me2NH (0.1 mmol, 20 mol%), Ru(bpy)s(PFs)2 (25
emol , 5  mo(0.3249mol), EMPI (5 mL, 0.1 M), 48 h at room temperature under blue LED irradiation. °
piperidine (0.1 mmol); EVI2 = ethyl viologen diiodide

Moreover,N-alkylsydnone¢105) and G4-substitutedN-arylsydnone$308 309 were found to be inert
under PSEC reaction conditions. Several ketone subst&it&s3(L1) were also surveyed in an attempt
to increase the number of substituents on the pyrazole products, but no reactivity was obskrved.
an effort to expand the sipe of the reaction we then targeted the synthesis of several sydnone

substrates which might be amenable to an intramolecular PSEC reaction (Scheme 4.7).
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1. Ac,0, py, DMAP o

/ o) o
DCM, 0 °C ® o
2. TBAF, THF, 0 °C _ 0\
I
3. (COClI),, DMSO, Et;N Non' oA
9 © DCM, - 78 °C \ ¢
e 2 ) OTBS bh
0\ _nBuli THF,-78°C S { n ( 52% over 3 steps) 314
I > | —
N- n N
N OTBS -
b oHc N OH o
312, n=4 Ph 1. Et3SiH, BF5 Et,0 ® 0 . /0
35 ’ 313, 94% DCM, 0 °C to RT o/\g_ﬁ—/
2. (COCI),, DMSO, Et;N N-y
DCM, - 78 °C b 315
[ 38% over 2 steps]
o - OH
® o oO n 0@ n /o
.
o/\g n-BuLi, THF, - 78°C | 5~ (COCI),, DMSO, EtgN gw
I 1 \
N-N"  then Q Noy' Yo DCM, - 78 °C Now' %
35Ph o0 Ph bh
316,n=1 318,n =1,77% 320,n =1, 66%
317,n=2 319,n=2,75% 321,n=2,79%

Scheme 4.71 synthesis of aldehyde tethered sydnones

Initially, deprotonation oN-phenylsydnone witm-BuLi followed by the addition of aldehy@8&2gave

the alcohol containing sydnor843. Acetyl protection of the free hydroxyl group followed by removal
of the TBS protectingroup with tetra-n-butylammonium fluoride (TBAF) and subsequent Swern
oxidation then provided aldehyd&l4in 52% yield over the 3 steps. Alternatively, cationic reduction
of 313 using triethylsilane (EBiH) and boron trifluoride (BERO) achieved simultaneous reduction
and removabf the TBS group in moderate yield and a subseq&avernoxidation then delivered the
aldehyde containing cycloaddition precurgi5in 38% vyield over the two steps. Finally, the reaction
of N-LIKSy & f & & Ry 2 y-Galerdlaciorie 31804 (26d@dldtone (317) gave the ketealcohols
318and319which could be oxidised to the corresponding aldehy828and 321, respectively. An
analysis of the PSEC reactions of these compounds began withlketoyde320, but no conversion

to the pyrazole product wadetected (Table 4.5). Interestingly, kesddehyde321 bearing a longer
carbon linker was found to participate in the cycloaddition reaction, but poor yields were observed
(entry 2). Conversely, methylen81(5) and methine $14) substituted substrates praded much
higher yields of the bicyclic pyrazol@é24and325under PSEC conditions (entries 3 and 6). The cause
of this reactivity differencés not immediately apparent, but these results successfully demonstrate
an expansion of the current methodolotry C4-substituted sydnones and also highlight an influence

on reactivity caused by the hybridisation state of the carbon atom adjacent to the sydnone ring.
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Table 4.57 scope of the intramolecular PSEC reaction?®

@ 0
o 7 "
® Ru(bpy)s(PFg)2 (5 mol%)
0\ n N\ X
1 X EVI, (1 eq), NMP, RT, 48 h NN
\N‘ blue LEDs \
bh Ph
Entry Substrate X n Concentration [mM] Product Yield [%}
1 320 Cc=0 1 100 322 0
2 321 Cc=0 2 100 323 12
3 315 Ch 2 100 324 78
4 314 CHOAc 2 100 325 32
5 314 CHOAc 2 50 325 34
6 314 CHOAc 2 25 325 52

a Reaction conditions: sydnone (0.13 - 0.50 mmol), MezNH (0.03 - 0.1 mmol, 20 mol%), Ru(bpy)s(PFe)2( 25 ¢ mol ,
5 mol%), EVI2> (0.5 mmol), NMP (5 mL, 0.025 - 0.1 M), 48 h at room temperature under blue LED irradiation; ° yield
of isolated compound; EVIz = ethyl viologen diiodide

4.2.4 Mechanism of the PSEC Reaction

4.2.4.1 Radical Trap and Clock Experiments

Upon the completion of our investigation into the scope of the PSEC reaction, we began to consider
how we might interrogate the mechanism of this novel process. Our initial mechanistic proposal for
the reaction 6cheme 4.4hinged upon the formation of aminium radic283, thus assessing the
importance of this potential intermediate seemed a logical point to begin. Conventionally, radical
AYUGSNNYSRAFGSa INBE RSGSOGSR 0@ (KSetofBriRaddicgy 27F
preferentially with the highly reactive radical intermediates. The mechanism by which these additives
inhibit the reaction is structure specific, and several examples are shogghéme 4.8AIn the case

of the PSEC reaction, the additi of super stoichiometric quantities (3 eq) of eith¢t,2,6,6
tetramethylpiperidinl-yl)oxyl (TEMPO) or 1;@liphenylethylene (DPE) was found to have negligible
impact on the outcome of the reactidischeme 4.8BYhese results would suggest that the fation

of radical species under PSEC conditions is unlikely, but without knowledge of the rate constants for
the reaction betweer283 and N-phenylsydnone and betweeP83 and TEMPO/DPE, this cannot be

definitively concluded.
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tB OH tB tBu tBu
Ph u u : 2
o% —C o
Ph& \<>/ H
Me Bu ‘Bu

TEMPO 11-DPE BHT Galvinoxyl

@ 0O Ru(bpy)3(PFe)2 (5 mol%)
N9‘§ . /k/\ HNMe, (20 mol%) Ia
s N
N o EVI,, NMP, RT, 48 h N

|
326 blue LEDs, additive (3 eq) Ph
additive | yield [%] 291a

o-z

none 81
TEMPO 78
1,1-DPE 76

Scheme 48ia) conventional firadi cal tr ap p2bimthe preseneeoftddferentb) PSEC
additives; TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl; 1,1-DPE = 1,1-diphenylethylene; BHT = butylated
hydroxytoluene; EVIz = ethyl viologen diiodide; RT = room temperature

CdzNIi KSNJ SEFYAYLFGA2Yy 2F L1LlaaArofS NIRAOFE Ayl SN
experiments (Schemé.9A). This techniqgue makes use of substrates which will, should a radical be
formed in a specific position, undergo a known rearrangement process which can be detected through

I AGNHzZOGdzNF € Fylfteara 2F (GKS Aaz2f lisafplied deaBs® dzO G & @
the application of several rearrangement processes with variable rate constants provides one with a
rough estimate for the rate of the reaction under study. As such, the tethered alkene containing
aldehyde327 was subjected to our optimed conditions. In the event, no trace of aldehygizo,

derived from 5exotrig cyclisation and subsequent hydrolysis of the proposed aminium radical
intermediate, was detected by either @S or'H NMR spectroscopy and the corresponding- 1,4
disubstitutedpyrazole328a was isolated in 78% yield. Additionally, cyclopropyl substituted aldehyde

330 also produced the cyclopropyl pyrazdd3la in 55% yield with no trace of any rearranged
compounds. These observations can be explained either by a lack of fadimation under PSEC
conditions, or by a rapid reaction betwe®hphenylsydnone and the aminium radical intermediates
outcompeting the rearrangement processes. Given the rapid rate of the rearrangement processes (2.3

x 1¢ st)??*and (1.2 x 18s?)??°and the bng reaction times required for the PSEC reaction, the former
explanation seems more likely. It should be noted that Chi has previously reported a lack of
rearrangement in homoenolateerived radicals, where the presence of radical intermediates has

been onfirmed using EPR spectroscopyh@ue 4.98.2%6 The authors rationalised this observation

on the basis that the homoenolate derived radi8a@bis significantly localised on the carbonyl carbon
Fd2YZ gAGK A0 GradRalindar2y yOS G2 (GKS |
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(A o

Ru(bpy)s3(PFg), (5 mol%)
HNMe; (20 mol%)

EVI,, NMP, RT, 48 h
blue LEDs

Ru(bpy)3(PFg), (5 mol%)
HNMe, (20 mol%)

EVI,, NMP, RT, 48 h

\ 328a, 78%

m»

329

not detected

332

Ph 330 o LED . 331a,55% ' not detected
ue S =] Y U

g P :

/ NHC (15 mol%) ./ COzMe 07Nz N-Mes
K,COj3 (1.5 eq) NZa
+ Et0,C_ O 5
Rllle 8 toluene MeOH cl
BnO 433 NO: BnO 335 60%
334 (1:1) NHC

BnO

existence proven
by EPR

/ . NHC o NHC
@ - : )
336a

Scheme 4.91 a) radical clock experiments under PSEC conditions; b) oxidation of homoenolate derived radicals

reported by Chi. Values in parentheses indicate the diastereoisomeric ratio; EVI2 = ethyl viologen diiodide

Therefore, it is possible that the lkaofrearrangement observed during our experiments is the result

of the aminium radical being localised largely on the nitrogen atom. At this stage, we concluded that

while aminium radical formation under PSEC conditions cannot be completely ruled dfat;rttegion

of this species seems highly unlikely.

4.2.4.2 Stern-Volmer Luminescence Quenching

The apparent lack of radical formation under our optimum conditions led us to design further
experiments with which to probe the PSEC reaction. Control expersf€able 4.1, entries 18 and

20)and an on/off experimentAppendix } had both demonstrated the light promoted nature of the

reaction, thus we set out to ascertain which species was responsible for the catalyst quenching step

using fluorescence quenchimgchniques. In the absence of other molecules, a photoexcited species
may return to the ground state throughtramolecula radiative (e.g. fluorescence, phosphorescence)

or nonradiative pathways. The ratio of these processes is defined by the quantdimRyie 6 . 0

YR

measuring the amount of radiative decay in the absence of additional species creates a baseline
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emission intensity ¢). The addition of other chemical species may accelerate the decay of the
photoexcited state by introducing additional noadiative intermoleculartransfer processes (e.g.
energy or electron transfer), lowering the quantum vyield and resulting in a decreased emission
intensity (I). Thus, by analysing the relationship between emission intensity (I) and the concentration
of the addtional chemical species, it is possible to determine whether there is any interaction with

the photoexcited stat€SternrVVolmer analysis)

By applying this technique to the PSEC reaction, we were able to demonstrate the presence of an
interaction betweenthe excited state photocatalyst and enaraih(Ksy= 9.08 x 16M?), consistent

with the chemical literaturg(Figure 4.1) Conversely, the corresponding aldehyidleexhibited no
interaction with [Ru(bpy]?*, thus the observed reactivity does not arise from this species.
SurprisinglyN-phenylsydnondll also produced a prominent quenching of the photocatalyst &K

2.01 x 16M1) while N-benzylsydnondV (unreactive under PSEC conditions) gave, by congwaris
negligible quenchinggure 4.1

1!

0 5 10 15 20

[quencher]/ mM

O ©
e O & O
o (o]
)\/AN )\Ao N”‘g N
N N
[
[ Ph kPh
Il v

Figure 4.1 7 Luminescence quenching studies
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The lack of quenching in the casebenzylsydnone suggests an apparent relationship between
catalyst quenching by thgydnone substrate and reactivity under PSEC conditions, therefore, further
guenching experiments were conducted to elucidate the importance of thig @egure 4.2) In

contrast toN-benzylsydnone, 4nethylsydnoneV (also unreactive under PSEC conditjgmeduced a

strong fluorescence quenching effgéty= 1.48 x 10M1), similar toN-phenylsydnone. Analogously,

the tethered aldehyde containing sydnoné (reactive under PSEC conditiomshibited a catalyst

guenching interactior{Ksy= 7.29 x 18M1) but the ortho-substituted sydnon&/Il (unreactive under

PSEC conditionshowed much weaker quenching of the photocatalyét= 1.83 x 16M™1). Indeed,

the quenching interaction o¥llis an order of magnitude less efficient than catalyst quenchiniy-by
phenylsydnone. It is possible that this observation is caused bg-thethyl substituent causing the
sydnone/phenyl rings to sit in a twisted conformation; the sydnone protdfilin LILISF NE | G + ¢ ®n )
in the 'H NMR spectrum while the sydnone protonNALIK Sy 8 t a8 Ry 2y S | LILISF NAR | G
observation suggests that the sydnone ringMt is more electron rich, perhaps as a result of

decreased conjugation between the two rings.

6
5
4
[ ]
3 \Y;
Y
> VI
2
A VI
13
O T T T T

0 5 10 15 20

1\ \ Vi
Vil

Figure 4.2 7 further luminescence quenching studies
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This decreased extent of conjugation may then alter the molecular orbitafél of such a way as to
reduce its reactivity under PSEC conditions. Nevertheless, the combination of these results highlights
a complex relationship between quenching and reactivity. It can be concluded that the presence of a
guenching interaction between thsydnone substrate and excited photocatalyst is necessary for a
successful reaction under PSEC conditions, but it is not indicative of success. It seems likely therefore
that the observed reactivity is reliant upon this interaction but other steric amgtednic factors

govern the overall fate of the reaction.
4.2.4.3 Reaction with non-quenching Dipolarophiles

At this stage, the mechanistic details of the PSEC reaction were still unclear. While the radical
trap/clock experiments evidence against the fomma of radical cation intermediates, the
observation that both enamine and sydnone substrates are active quenchers of the photocatalyst
meant that elucidation of the key interaction(s) was still required. Theoretically, the observed
reactivity under PSE€Ebnditions could arise from a reaction between two excited state substrate
molecules, an excited state sydnone and ground state enamine, or an excited state enamine and

ground state sydnone~{gure 4.3.

oY oY o
0 * (o) (o) *
® ® @
0™\ X NR; 9/\% R X NR, 0™\ R NR2
N- N- N-

N N N
: vs i Ground state VS i
Ph Excited state Ph enamine Ph Excited state
; Ground state enamine
Excited state enamine Excited state sydnone
sydnone sydnone
Scenario 1 Scenario 2 Scenario 3

Figure 4.3 7 possible mechanistic scenarios under PSEC conditions

While the final possibility can be excluded on the basis talkylsydnones are unreactive under
PSEC conditions, either of the other mechanisms could be responsible for the observed reactivity. In
an attempt to address this mechanistic dichotomy and better understand the role of sydnone based
luminescence quenching, we performedhqtocatalytic cycloaddition reactions with other
dipolarophiles; specifically, those which are unable to quench theazkstate photocatalysiScheme

4.10) If any reaction were to occur under these conditions then it would be reasonable to assume
that catalyst quenching by the enamine is irrelevant to the observed outcome of the PSEC reaction.
Initially, a reaction betwee N-phenylsydnone and -hexyne (thexyne possesses no oxidation or
reduction peaks within the window of acetonitrile) was performed, however no trace of the

corresponding pyrazole was detected. Alternatively;d@f8/drofuran could be employed as the
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Scheme 4.10 7 photocatalytic reactions of non-catalyst quenching dipolarophile; EVI2 = ethyl viologen diiodide

dienophile partner to affordd3ain 38% vyield as a single regioisomer. Given that the oxidation
potential of 2,3-dihydrofuran (&« B/MSIGLCE) is inaccessible by any of thespecies formed
under the reaction conditions (the reduction potential of [Ru(B]3y)s +1.29 Ws.SCE), and the lack

of quenching observed in a SteYfolmer analysis of 2;8ihydrofuran @Appendix 2, this result clearly
demonstrates that photocatalytic activation of the sydnone substrate alone is sufficient for a
successful cycloadditioreaction (Scenario 2, figure 4.3)aken in combination with the relative
substrate concentrdons (under the optimised conditions, there will be an excess of sydnone relative
to in situgenerated enamine until high reaction conversions) and the superior rate of quenching for
N-phenylsydnone relative to enamind€Figure 4.1)these results indicate that the sydnone substrate

is likely the major photocatalyst quenching species under PSEC conditions. Furthermore, this
observation offers an explanation for the improved yield under organocatalytic conditions; if
photoredox meditéed oxidation of the enamine is responsible for formation of the aldol dimerisation
product, then decreased enamine concentration under the organocatalytic conditions would reduce

the frequency of this quenching step and ultimately minimise the formatiathie by-product.
4.2.4.4 Cyclic Voltammetry

Having established the sydnone as the major quenching species under PSEC conditions, we next set
out to establish the nature of this quenching interaction. As described above, the excited state of
[Ru(bpy)]?* may participate in eitheelectron or energy transfer events with a variety of organic
molecules. Thus, using cyclic voltammetry we aimed to establish the feasibility of an electron transfer
events between the photocatalyst and sydnone subst(&igure 44). To this end, cyclic voltammetry
conducted onN-phenylsydnone (2.5 mM) in degassed, anhydrous MeCN contairiwgNPFE (0.1

M) as the electrolyte discovered both an irreversible oxidation pepk<E1.48 Ws.Fc/F¢) and an

irreversible reductiorpeak (g2 =-1.87 Ws.Fc/F¢) within the solvent window. Comparison of the
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Figure 4.4 CV spectrum of N-phenylsydnone

oxidation potential ofN-phenylsydnone with the excited state reduction potential of Ru(k(BRg).

(Bea = +0.37 Ws.Fc/F¢) indicates that a reductive quench of the photocatalyst would be significantly
endergonic. Analogously, the reduction potential Nphenylsydnone is more negative than the
oxidation potential of the excited state photocatalyst(E-1.21 Ws.Fc/F¢), rendering an oxidative
guench of the photocatalyst endergonic. Overall, thessuits exclude the possibility of an electron
transfer mechanism and indicate the likelihood of a photosensitisation mechanism under PSEC

conditions.
4.2.4.5 Fate of the Excited State Sydnone

The discovery that the PSEC reaction is promoted by an eneaggfér event between the
photocatalyst and sydnone substrate raises a number of additional questions. Firstly, energy transfer
to the sydnone could, theoretically, lead to the formation of either the singlet or triplet excited state.
Secondly, the previougports focusing on sydnone photolysis have demonstrated the formation of
nitrilimine intermediates which then participate in the subsequent cycloaddition reaction. In the case
of the PSEC reaction, it is possible to imagine that the observed produdis eiglerived from a
direct, regioselective cycloaddition between the excited state sydnone and the enamine substrate.

Alternatively, the formation of an excited state sydnone species could be followed by a
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decarboxylative rearrangement to form a nitrilimei which can then participate in a [3+2]
cycloaddition with the enamine. It should be noted that the observed regioselectivity under PSEC
conditions matches that which would be expected on the basis of previously described nitrlimine

enamine cycloaddition'®

We decided to begin by assessiing tfeasibility of forming a singlet excited sydnone species under
GKS NBFOGAZ2Y O2YRA (A2 Y3) ambsis EchimEetielddsofpion beaks bnyad R |
U\vis spectrum represent the excitation of a molecule from the ground state to atyaf energy

levels, it is possible to estimate the singlet excited state energy of a given compound from the tail of
the longest wavelength absorption peak on its-W¥ spectrunt?’ Performing this analysis witN-

LIKSy&f aeé Ry 2 yisvaluddP3B3dad $Hich, lusing the equation for the energy of a photon,
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Where:
Bo(X*/ X) = the estimated energy of the singlet excited state (eV)
hi' tf+yOl1Qa O2yaidfeyd) ondmopccTtcdhec E mn
c = speed of light (299762458 nt)s

<ail = Wavelength at the tail of the absorption peak (nm)
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Figure 4.57 UV-vis spectrum and estimation of the singlet energy of N-phenylsydnone
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equates to a singlet excited state energy of 3.42 eV or 78.9 kcalFgplrg 4.5).

Comparison of this estimated singlet energy with the reported triplet energy of [Ru[bd = 2.12

eV or 48.9 kcal/motf® excludes the possibility of singlet excited state formation. Interestingly, the
estimated singlet extd state energy oN-phenylsydnone is very similar to that observed\poeisly

for 3,4diphenylsydnondFigure 4.$2%22°Moreover, the triplet excited state & 4-diphenylsydnone

has also been calculated at 48.1 kcal/mol, sufficiently low for productive energy transfer with
[Ru(bpy}]?*. Based on the observation that cryssaluctures of 3,4diarylsydnones show the two aryl
rings twisted relative to each othét® and the comparatively similar singlet energies ®#-
diphenylsydnoneand N-phenylsydnone, it is not impossible to imagine that the triplet energies of
these two compounds are also similar. Therefore, our current proposal is that [Re}tbpsomotes
excitation of the sydnone substrate to its triplet excited state. This would also explain the lack of
reactivity in N-alkylsydnones, whose calculated triplet energies £ 56.0 kcal/mol forN-

methylsydnone) are inaccessible by the photocatalyst.

O e O
@ o] ® (0] @ o]
g i1 g
\'Il Ph \N H \'I] H
Ph Ph Me
Es = 79.0 kcal/mol Es =79.0 kcal/mol Es =99.0 kcal/mol
Et = 48.1 kcal/mol Er=7? Et = 56 kcal/mol

Figure 4.6 1 excited state energies of various sydnones; Es = singlet excited state energy; Et = triplet excited state

energy

We next focused on determining the subsequent fate of the photoexcited sydnone species. According
to the two possible mechanisms outlined previously, the hydrogen atom located o@thesition

of the sydnone ring could end up on either tkB8 or (5 position of the pyrazole, depending on
whether the photoexcited species undergoes a direct cycloamtitior decarboxylative
rearrangementyespectively cheme 4.11A To probe this, 4leuterosydnoneD-35was synthesised

from N-phenylsydnone by deprotonation witlBuLi and subsequent trapping with deuterium oxide
(D:0). A PSEC reaction®B5 under the optimised conditions then proceeded uneventfully to form
3-deuteropyrazoleD-291a as a single regioisomer in 87% vyield, the assignment of which is based on a
combination of'H and*C NMR spectroscopppendix 3 and ¥ Indeed, from théH NMRspectrum

it can be seen that the ratio of pyrazole protons in the product (1:0.16) reflect the extent of
deuteration in the sydnone substrate. It can be concluded from this that only one of the postulated
mechanisms is active under PSEC conditions becaus&ture of competing mechanisms would
perturb the ratio in favour of the minor integral. Furthermore, previous characterisatioiN-of

phenybyrazoleindicates that theC3-carbon atom and th€5-OF NB 2y F G2Y | LILISE NI | O
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Scheme 4.117 a) potential mechanistic routes from the excited sydnone species to the observed product; b) PSEC

reaction of a deuterated sydnone substrate; EVIz = ethyl viologen diiodide

1 MHC @y BCNWR spegtruntespectively?*>23In isopropylpyrazol®91athe C3-carbon would

then appeartobethéd A Ay I £ | & + mo @Dd NDRIYS I dXKISH NEIKS + MHO @n
of the °C NMR spectra &91a and deuterated analo@-291a reveals a significant reduction in the

intensity of the signal at 123.4 pprgpendix4). Moreover, a triplet signallé 28.5 Hz) can be seen

under the base of the signal at 123.4 ppm, caused by coupling between the carbon and deuterium
atoms inD-291a. This observation indicates that the deuterium atonDi291ais attached to thels-

cartbon atom and results in the conclusion that product formation under PSEC conditions occurs as a

result of direct cycloaddition, rather than proceeding via a decarboxylative rearrangement.
4.2.4.6 Proposed Mechanism of the PSEC Reaction

At this point we conluded our investigation into the mechanism of the PSEC reaction. However,
before proposing a mechanism, it is worth highlighting the key conclusions drawn from the above

investigations:
1) The formation of radical species under PSEC conditions is hidjkiy

2) The sydnone substrate is the main photocatalyst quenching species under organocatalytic

conditions
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