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Abstract

Abstract

This thesis desdres cyclometallation at Pd, Mn and Co: functionalisation 41 C
and @ C bonds involving cyclisation, rearrangement and isomerisation prgcesse
The use of NaN@NaNO3; as an oxidant in oxidative Ruhtalyzed processes has
recently been reported as a compbemary cecatalyst to other common oxidants
(e.g. CU'/Ag' salts) In view of this (Chapter two}he synthesisof a seriesof
palladacyclic complexesontaining aC”N ligand backbone, and the geometry and
linkage isomerism at N&Pd, hasbeen studied. Thgeometryabout the P centre
shows the crucial role played by bulky ligandscreatinghindrance and affecting
phosphinelissociation

Mn-catalysed GH bond activations a powerful strategy for thieinctionalsation of
organic compounds containingetal-directing groups. Chapter three of this thesis
reports thecharacteriation ofa highly reactive #fnembered Mhspecies which acts
asanvil pointbetween protonation and reductive elimination to deliver alkenylated
andbr pyridinium products respectilye Both processes are exemplified through the
reactions of a substrate containing-py2idyl directing group and electreseficient
2-pyrone motif at My where GH bond activation occurs regioselectively at C3
within the 2pyrone. A unprecedented reggelective DielsAlder reaction also
occurs on boththe pyridine and2-pyronering systems These findinggprovide a
unique insight into Mhmediated €H bond activation processes, especially how
relatively minor changes in substrate structure influeéneproductdistribution. The
study shows thaWin'-based metallocycles warrant further study more generally in
organic and organometallic chemistry

The intermolecular Pausdthand (PK) reactions of sterically comparable (2
pyridylethyny)-heteroaromatic conqunds with norbornene, mediated by,(@0O)

to give cyclopentenone products, were examine@hapter four of this thesis. The

" -deficient heteroaromatic substraBepyrone favouredthea-posi t i on - whi | e
rich heteroaromatics such agH2ophene favao r  tpbs#@ionbThe position of the
nitrogen in pyridycontaining alkyne substrates also affects the regiochemical
outcome of the PK reaction. A-@@ridyl alkyne, possessing a proximal nitrogen
atom influences the regioselectivity relative to apyidyl variant quite
dramatically,favouringt h eposhion in the newly formed cyclopentenone ring.
Overall, the type of heteroaromatic grogpeatly influences PK regioselectivity.
The PK cycloadductsundergo a G&-electrocyclisationoxidative aromatisatio
reactionin the presence of lightvhich is promoted by LED UV-light controlled
system, affording benzbfindeno[1,2flisochromene type products.
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Chapter 1: General Introduction

Chapter 1. General Introduction

3.1 Transition metal mediated Q C, Ci O and Ci N bond formation

Transition metal complexes are employed extensively as catalystslgrmarganic
chemistry, natural product synthesis, therapeutics, advanced materials and chemical
biology. Theyallow the production of high value chemicals for usenanufacturing

drugs and specialsed chemicals:® through crossoupling reactions which are
powerful methods for the construction of €, GO and GN bonds®® Researchers

have used a variety of ligand types to promote catalytic activity at Pd and high
turnover numbers (TONs) are obtained wittany phosphineligands® *° The
development of metalatalysed methods for converting’<i H bonds €.g. 1) into

Ci O bonds €.9.2), using dioxygen as a terminal oxidgmemains a grand challenge

in organometallic chemistty(Schemel).

Pd M cat.
NN NaNO, NN
N [0,] N
OAc/Ac,0
1 2 AcO” 2

Schemel Typical oxidative aetoxylation reactiomediated by Pd.

Furthermorethe use of acyl anion equivalents in the formation ©€ @nd or CO
bonds is a powerful strategy used widely in chemical synthebiserestingeffects

of nitrate/nitrite anionsit Pdhas beemeported recently™ **

3.1.1 Palladium in C-X/C-H cross-coupling bond functionalisation

Metalcatalysed crossoupling, particularly using Pd, continues to grow, as

evidenced by the total number publications/patents recoded by a SciFinder
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Chapter 1: General Introduction

search Figure 1).°> Pd-catalysed crossoupling reactions comprise of one of the
most important classes of transformations in synthetic chemistry, providing chemists
with an exceptionally powerful tool for the construction e€Gnd GX bonds (X =
heteroatom§® These, and many related transformatiars, indispensable reactions

used widelyin modern industry and academia.

w Year of discovery

W 1999 no. of Pub.

10000 - 101
2000 no. of Pub.
. —— 5689 p—_— = 2010 no. of Pub.
1988 1979 1977 238 W 2014 no. of Pub.
1977
1000 - s 824
25 47(
~
=2 72
z £
3 e 100 - o
25
T B
s 3
=
]
o
g 2o
10 + 7
3
0
= !
N =
C 6@ o
N o
N S 3 N >
& 5 & oS by
& A & = & < & ®
& & ® 5@6
& o
o +

Named reaction

Figure 1 Trend in discoery and number of publications 1999, 2000, 2010 and 2014-cafatysed
crosscoupling reactions (Based on SciFinder searches, May 2014).

A direct Q' H bond functionalisation reactios¢heme?) is widely attractie to the
organic community althoughit is considered to be limited by two fundamental

issues:

(i) the inert nature of most carb&wydrogen bonds, and;

(i) the requirement to control site selectivity in molecules that contain diverse

Ci H groups.
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Chapter 1: Gearal Introduction

Many studies havaddressed the first challenge by demonstrating that transition
metals can react withi€l bonds to producei® bonds in a process known askC

bond activation, which occurs by distinct mechanigexemplified inScheme2 ).’

The resultingCi M bonds are far more reactive than theitHCcounterparts, and in
many cases they can be converted to new useful functional groups under mild
reaction conditions. The latter are typically reactions conducted at or below 40 °C,

although it does depend time system.

3.1.2 Recentdevelopmensin metal Ci C bond formation via Ci H bond
activation 1 examples fromnatural product synthesis

Suzuki Miyaura crosscoupling remains the most widely uselddmediated
reactiont® (Figure 1) Heck shared the 2010 Nobel Prifmr Pd-catalysed cross
coupling with both Suzuki and Negishi. Mizoroki and Heck, first reported
functionalisation of a terminal alkefi¢?’ using Pd catalyst®tenable reactionsith

aryl, benzyl or vinyl halidesScheme?). The Stille (coupling organopseudohalides
with organotin reagent$}*® SuzukiMiyaura (coupling organopseudohalides with
organoboronic acidsy, Sonogashira (coupling organopseudohalides with terminal
alkynes)® % KumadaCorriu (coupling organopseudohalides with Grignard
reagents) and Hiyama (coupling organopseudohalides with organosilanes) reactions
are also well developed, tak advantage of the unique reactivity of,Rdasually

shutting between Ptand Pd.*8
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Buchwald, 1994

R1-NR?
R2NH
Pd-ca
RZSiR,;
; -
Hlyar|:1a, :;88 Pd-cat
Pd-cat
R2SnBu,
Stille, 1979
R1-R?

Kumada, 1972
R'-R2

A

Pd-cat
R2MgX

R2alkene

Heck, 1972

R1—\\_R2

R2alkyne

Pd-cat,

2
base R“B(OH),

Y

Suzuki, 1977
R'-R?

Scheme2 A timeline of crosscoupling processes
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Chapter 1: General Introduction

Sasaki and Tsukaht®™® examined how the Suzukiiyaura reation can be used in

the total synthesis of gymnocin %23 using a highly complex synthetic strategy as
highlighted inScheme3. The exocyclic enol eth€BA) was transformed with19
borabicyclo[3.3.1]Jnonane {BBN); the resultant alkyl borane adduct was treated

with cyclic ketene acetal phosph&8B),u nd e r Johnsonds condi t |
trisubstituted enol ether prodt(3C)i n good yield (72 %) . I
coupling produc{3C), via a cyclic ketene acetal trifla(8D) resulted in the second

key b-alkyl Suzuki Miyaura fragment coupling reaction of an alkyl borane species,

derived from hydroboration of the ABD-ring exocyclic enol ether un{BE), to give
compound3F)i n 81 % vy i e |(3F).waslthern wsednoecdmpete ef the

total synthesis of gymnocin 3G.>*
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1) BBN, THF,
[Pd(PPhj3),, base,
DMF/H,0, 25 °C

2) BH,.THF,
20-0 °C Then
NaOOH, 25 °C

sPd(PPh;),, base,
DMF/H,0, 25 °C

Gymnocin A

Scheme3 Intermolecular Seukii Miyauracouplingexemplifiedin the total synthesis of gymnocin A
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Chapter 1: General Introduction

Schreiberet al. used inter and intramolecular Sonogashira reactions to prepare the
core structure of dynemicin ASchemed).®* 3 3" 38 The potential viability of two
different stréegies to prepare the putative macrocyclic transannular iBileler
precurso¥B was investigated. In the first of these, it was proposed that the
macrocyclic ring could be generated via a terminal alkyne and the briesdimg
vinyl carbon atom in est&A through a Sonogashira coupling reacti@cl{emed).
Surprisingly when estedA was treated under Sonogashira conditions in toluene, it
was found that the Didlélder cycloadductC was formed as a single steisamer

i n 25 | %a aytrarmsientd intermediate of macrocyéR: The second approach
made use of an intermolecular Sonogashira coupling between enéDiwamel
bromoacrylatelE, followed by basic ester hydrolysis, to generate the corresponding
polyunsaurated carboxylic acid with retention of the alkene geometry. When the
acid was subjead™ to a Yamaguchimacrocyclsation protocol,cyclisation gave a
lactone4B which spontaneously participated in a transannular DAddker reaction

at room temperature g@ive 4C. Suchcascade processes serve to highlight the utility

and potential of the Sonogashira reaction in generating molecular complexity
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[Pd(PPhj3),] (2 mol %)
Cul (20 mol %)
toluene 25°C

intramolecular

4A
transannular
Diels-Alder

steps
-€
OMe O OMe
tri-O-methyl dynemicin A
methyl ester
4F
2,4,6-Cl;CgH,COCI Yamaguchi
DMAP, tgnlsal;r;:lar
iels-Alder
toluene, 25 °C
Br. /
NF"Nco,Me

[Pd(PPhj3),] (2 mol %)
Cul (20 mol %)
toluene 25°C

intermolecular

Schemed Different uses of the Sonogashira coupling in cascade raaetiorouteto dynemicin A
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3.1.3 C-H bond activation methodlogies

Pd-catalysed CH activation/G C bond forming reactions excel as promising new
catalytic transformations; however, development in this field is still at an early stage
compared to the statd-the-art in classical crossoupling reactions using aryl and
alkyl halides (note: involving two substrates which are both preactivated by
functional groups). Direct arylation reactiomg& CiH bond functionalisation has
become economically attractivEigure 2), although one should bear in mind the
formationof stoichiometricside products which are not necessarily gren

Ar-H
Cross-coupling reaction

(Dehydrogenative Arylation)

Path C

Pre- C-H Cross-coupling
fuctionalisation M-Ar'

> Ar-X

Ar-H R-R'

Path A

(Direct C-H funtionalisatiorD
Path B

Figure 2 Classical vs modern pathways foetatcatalysed GH bond functionalisation

There are typically four modes of activation for forminig3Cor Q O bonds from €
H bonds at Pd. They use various redox couglgsPd'”©, pd""™) pd? V) gng
PV 1113 Each catalytic manifold offers something quite diffefiefd" is hard,
whereas Pliis soft. Pd can be hard or soft, although isuafly consider harder than

soft. Pd" is usually seen in bimetallic species amtikely hard too.
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Chapter 1: General Introduction

Chapter two of this thesis focuses on the synthesis 'bhRito complexes, which

are of potential significancen C-H bond functionalisation. Indeedjtrite linkage
isomerisation and associated ligand effeetg,Pd NO, Y R @NO, are interesting

to study* This has enhanced significance, as the anionic nitrate or nitrite ligands
offer potential as ceatalysts/oxidants in oxidative processes mediated By Pd

11, 41

salts; particularly when the NQspecies are redexctive under the reaction

conditions Figure3d).*?

pdl+NO,© ——— [Pd(NO,)] ®

[PdNO)] & HC==CH, + AcOH ——»  [Pd(NO,)]® + HOCH,CH,0Ac

C(sp’y—H C(sp?—H
) Pd—NOXC
C(sp3—X C(sp?=

X = HO, OAc X = NO,, OAc

Figure 3 Synthesis methodology using N@ith Pd

A variety of substrates containing batlkime ether and pyridine-directing groups
undergo aerobic Pd(OA¢NaNGQs-catalysed shCi H bond acetoxylatiol at sites
adjacent to the directing group. Sanforet al. hypothesised that these
transformations proceed via decomposition of nitrate te(t)O"* which can lead to

a NOy redox cycle They reported that NQand 2 equiv. of AcOH react with a
cyclopalladated intermediate to form"Ralong with NO and bD.*® This is followed

by carboiioxygen boneformation via reductive elimination, with the NMeng
oxidizedby O, to regenerate N{g'* *° Sanford proposed that generation of NO is a
key intermediate in this reactigBchemes).
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5 mol% Pd(OAc),

25-100 mol % NaNO, m
m—H > —OAc

AcOH/Ac,0, 100-110 °C
1 atm O, or Air

Schemeb Ci H bond acetoxylationeaction reported bganfordet al.
PdNO,coor di natiN@o YaRINODPd i nkage i someri sa
investigated within the Fairlamb group in YoriScheme6),*! although other

examples are knowft.

o
(0] _~N
N=— o~ X
C///’/ , ‘\\\\\\ h \ 4 / A C///” 0 \‘\\\\\ o
N SNV
N/ PPh, N PPh;

Schemesb Linkageisomeriationin apalladacycle containing a Pdentre.

Previously a complex, Pd(OA£pip). (where pip = piperidine), was synthesised
within the group'* The synthesis of this complex was accompanied by the surprising
formation of Pd(OAc)(NG)(pip)z, which also proved tbe catalyticallicompetent

The source of the NQQhen was a mystery in this chemistry, but further ingasibn
revealed that N@ligand came from a nitrite impurity found in commercial batches

of Pd(OAc), which was able to replace one of the acetate ligands #©ORd)s

giving P&(OAC)sNO, (Scheme?).*® The impurity arises from the synthesis: Pd +
4HNO;Y P d 6NQNO, + 2H,0 and Pd(N@,+ 2CHCOOH Y PgH OAc)

2HNO,. At 42
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T o\
AV \\(I; o _ s AN W\I\

/ N / AY
o , . - o, N
= NS = / NS
- 7 NS - = 7/ NS
S v/ NS S/ (N
< 7/ \ 7 \ <

Ly " pd L, wepd
N/ N/

Scheme7 Nitrite adduct of [P{OAC)sNO,].
The nitrite anion replaced one acetate anion bridggramntl between two Pd atoms; a
similar processvas reported by Murillet al,*®in which one acetate bridginigand

was replace by H,O from the wet CDC{ solventused(Schemes).*°

O B Pd
oWy s

/ \
’

\/
JO
J
.
A
5
(@)

\ \J; 3 H,0
ﬁd? ------------- (\ T\P.d d7—--___--___--‘P
N0 oM /oy o™
Ay hd
OYO OYO

Scheme8 Water adduct of [PFOAC)s-H,0]

o

i
)
Q(I,IIO
o
o

It is not obvious that the hydrolysis is consistent withwie#-establisled reactivity
of Pdy(OAc)s toward ligands such phosphines and arsthdsjt recent work has

shown that alcoholic solvents have a profound effeatsimilar way to watef®

3.2 Mn-catalysed crosscoupling processes
3.2.1 Mn catalysedcross-coupling with organolithium and Grignard reagents

Manganese was first used as a catalyst for erogpling reactions by Cahiez,
Normant in 1976° They found that the homeooupling of alkenyl lithium reagents
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(generatedhn situfrom alkenyl iodides and-BuLi), gave conjugated 1,8ienes with

excellentE-selectivity and high yield3cheme9)

, 1.1 eq nBuLi, 1% R? R3
R R MnCl,/2LiCl — R
>=< R1 —_—
1
R ' Et,0 -20 °C R® R?
5 6

R'=Bu, R2=Et, R®=H (91 %)
R' = Et, R?=Bu, R®=H (90 %)
R' = Et, R> = Me, R3=H (87 %)
R' = Hept, RZ=H, R3=H (88 %)
R'=H, R2=H, R®=Bu (70 %)

Schemed MnCl,/2LiCl-catalyzed homocoupling of alkenyllithium derivatives

The reaction is catalysed by simple MpGt MnBr,, but for preparative purposes,
they utilised MnCJ/2LiCl was initialised Their choie of ether as a solvemtas
crucial since more polar solvents like THF favour an undesirable alkylation of
alkenyl iodides withn-BuLi, even in the absence of the manganese cafilyst.
Daugulis reported the applicatiofia similar* synthetic protocol in the dimerisation

of aryl and heteroaryl Grignard reagents generatéd situ upon aromatic
deprotonation with the supbrasé&* TMPMgCI/LiCl. The coupling of activated alky!
Grignard reagents can also be achieved with higher catalyst lodlimdsyt the

reactbn suffers poor chemoselectivitfSchemel ).
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Ph/MPh
5% MnCI2/2L|CI, Ph 8b (25 %)

phA/\MgBr dry air, RT, 45 min - +
7 THF — /\ on +
8a, (50%) =>_<’h_
Ph —

8c, (25 %)

Schemel0 MnCl,-catalysedhomocoupling of Grignard reagents with low chemoselectivity
3.2.2 Crosscoupling processes leading to carbeheteroatom bond formation

Mn-based catalysis can be effective for the amination ofeamylheteroaryl halide
with a broad varie™° of nucleophiles,e.g. benzamide10 (Schemell). The
reactions work welln water while in other polar (DMF, DMSO, THF, MeCN) or

apolar (toluene) solvents, the yields were considerably lower.

[Mn] (30 mol %)

| o
(o) 2
0,
N NH, [Cul(10mol %) g |
DE NN
'\ KOH(2 eq.) trans- 1,2-diamino H R
% R 10 cyclohexane (20 mol %)

H,0, 60 °C 24 h
good to exellent yield

Schemell Mn/Cu catalytic systems for the-atylation of benzamide iH,O

The presence of a chelating diamine ligand is crucial for the success of the reaction
using MnF, (20 mol%) or a mixed MnH20 mol%)/ Cul (10 mol%) catalyst system.

For nucleophilic heterocyclic amines such as pyrazoles, indazole-amhindole,

the readbn can be performed using Mngf whereas for less nucleophilic amines
and amides the catalytic system based on MwBvides the best reks.>® "% &

Aryl bromides such as PhBm-ArBr, andp-ArBr can be coupled as well, giving

similar product yields as their iodide counterparts.
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//\ 5% MnCl,. 4H,0, 10% L-proline
Ot o> T
\—/  2eqt-BuONa, DMSO, 135 °C, 24 h —/
14

12 13

Schemel2 Mn-catalysed amination of aryl iodides with aliphatic amines
3.2.3 Mn-catalysed carbonylation reactions
Calderazzo reported a Mratalysedeactionof amine&' to give ureas and hydrogen
at high temperature and high CO pressusehémel3). Both Mn(CO) and
MnMe(CO), are equally effective catalysts in heptane, showing TONs of 94 and
102 respectivel}*

(o)
0.45% of Mn,(CO)10 or 0.25% (CO)sMnMe g + H
2
>  RHN” “NHR
heptane or THF, 135 atm CO, 180-200 °C, 12 h

2 RNH, + CO

R = Bu 47% (heptane), 52% (THF)

Mny(CO)4o R = Cy 41% (heptane), 58% (THF)

R = Bu 33% (THF)

(CO)sMnMe R = Cy 25% (heptane)

Schemel3 Mn-catalyzed dehydrogenative carbonylation of primalkylamines

The most important example involves the methylene moiety feketoester. The

reactionof these substrates typafords 2-pyranonesZ-pyronesy*®

in good vyields,
instead of the expected tesabstituted areneS¢hemel4). The reactiorwas found

to work well for aryt and alkenyisubstituted terminal alkyné&s.

The proposed catalytic cycle begins with compfexearing both the cooithted
alkyne and enol form of theb-ketoester (Scheme 14). It then rearranges

intramolecularly to metallacyclopente® which undergoes a reductive elimination
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liberating cyclobutenoC and regenerating. The cylobutenolC undergoes a rinrg
opening rearrangement to giveketoesterk, followed by a sequence of base
catalysed double bond migrations, deprotonatioR ahdintramolecular cyclisation

of enolateG to give 2pyranoneH.

Ph
o O 5% (CO)sMnBr, neat, rt, 24h
OEt + Ph———H > | >
then 10%Bu,NF, toluene, 50 °C, 2h o o
16
15 17
Ph
O O
+
(CO)sMnBr + MOE ||
15 H
16
2COl-HBr
Ph—==
7 oc,, ! \\\\0\ OEt
Ph OEt
(o]
CO|NoH

Schemel4 Proposed mechanism for Mratalysed formation of-pyrones
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3.2.4 Mn-catalysed G H bond activation processes

Hartwig et al®®

reported the catalytic i®1 bond activation reactionased on an
organometallic manganese complé&ke studyconsisted of a borylation of pentane
and benzene with PiriBPin, promoted by Cp'Mn(C@)10%) at RT under UV
irradiation and in the presence of CO (2 atm) to give PentBPin, and PhBPin in 36%,

and 76% jelds respectively. Later, Kuninol5(,®®

reported the catalytic 1t
activation of phenyl and alkenylateties bearing a directing nitrogen donor group,

in the presence of an aldehyde and tertiary silane. The imidazole and imidazoline
moieties were good directing groypgiving excellent yields of the silyl ethers
products. Interestingly, MICO) o and MNM&CO); exhibited the same efficiency as
MnBr(CO). More recently it was shown by Chen and W3arthat MnBr(CO}
induces the selective insertion of terminal alkynes into thel Gond of ortho-
phenylpyridnes, in the presence af-catalytic Cy,NH (Schemel5). Terminal
alkynes are considered as tricky reaction partnerd kh &kenylation reactions, due

to their tendency to undergo competitive cyclotrimerisatiogite arenes. Here, the
reaction shows good scope and provides alkenylated products in moderate to good

yield, with excellent chemaand stereoselectivity. When twastho Ci H bonds are

available typically the less hindered site is activated selectively
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_N 10% (CO)sMnBr, 20% Cy,NH

Y

Et,0, 80-100 oC, 6-12h X_A or B

where R
A= :—@—R

% yield = 76

where m-Tol | 2-Naph | o-C¢H,CF; | 2-thienyl

75 78 65 51

Schemel5 Mn-catalysed aromatici® bond alkenylation using terminal alkynes

The work by Chen and Wang led our research group to investigate the use of the
electrondeficient 2pyrone ring, containip a pyridyl directing groupat the 4
positions In this context, chapter three will give details about this work, involving
C-H alkenylation reactions of af2yrone derivative containing a@ridyl directing

group at Mh including a plethora of other tgp of chemistry.

3.3 Introduction to Pauson-Khand reaction

Ihsan Ullah Khand (193%980), working as a postdoctoral associate \wigter L.
Pausor? first reported the Pausdthand Reaction (PKR) in 1973.The reaction
consists of a transition metehtalysed [2+2+1] cycloaddition of an alkene, alkyne

and carbon monoxide to give cyclopentendbehemel6).’®"

o}

transition metal
Il + |l +co »>

20

Schemel6 Transitionmediated Pauseikthand reaction
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The cyclopentenone ring is an important structural unit found in natural psoahct
pharmaceutical§® " This onepot reaction, whih can be both intermolecular and
intramolecular, can display regiochemical preferences, depending on the substituents
on the alkene and alkyne substrates. Despite the successes of the intramolecular
PKR,* the intermolecular PKR suffers from less predictable regioselectivity,
especially in new substrateSahemel?). Here, unsymmetrical alkynesd alkenes

give riseto various regioisomeric products. The link to the work described within

this thesis examines intermolecular PKRsd the regiochemical outcome

specifically.
A B ,
R
R R1 R! 2
= rz-——_ co R
[~z co — >
X —> X o o
N R3S R3
R2 R2 R4 R4
well-established More limited

(dependent on R-groups)

Schemel7 Cobaltmediated PauseKhand reactions

The PKR reaction was first mediated by cobalt and this is still the most common
transition metal used; however, PKRs can also be mediated with rHdium
iridium’”, iron” 7, chromiuni®, molybdenuni® 2 tungstef® 8 and palladiurf® .

This thesis focuses on intermolecula’@uediated reactions, as tkeere interesting

regiochemical observations that require more detailed understanding.

3.3.1 Mechanism of PausorK hand reaction

The general PKR mechanism starts with the formation of a stable atkiadt

complexl. A pentacarbonyl complex forms via a vacaobrination site, loses one
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CO ligand in a reversible stephich givesll. The free site reversibly occupied by
coordination of an alkengschemel8), followed by the regiochermal determining

step through the coliacycle where alkene insertion occurs between cobalt and the
original alkyne carbon, forming a fivrmmembered rindV. Then carbonyl insertion

into the bond between the former alkene and the cobals §iv8'he next step is
reductive elimination, in whit a bond is formed between the carbonyl carbon and
the other end of the alkynso that fivemembered carbocycle is foed VI. The

final step is decomplexation of the weaklgnded cyclopentenorembalt complex,
after whichthe PKR is complete Several keyintermediates were characterised

within theliterature by IR, UV and NMRe.g.!1 7% 11| 993 andIv **,
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Chapter 1: General Introduction

Themechanism origially proposed by Magnusasbased on general organometallic

knowledge™ %

and supported by theoretical studiey Nakamura Figure 4),°’
al though t he pur pose of Magnusos hypot
stereoselectivity of certain intramolecular reactioNsverthelessit fits well with

other experimentdindings
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Chapter 1: General Introduction

3.3.2 Regicselectivity in the PausonKhand reaction

A total of four different isomeric products are possible mRKR T two are related

to the alkyne regioselectivity (Rand R) in Schemel9, and two to the alkene
regioselectivity,giving four regioisomers (racemic) in totdigure5). The number

of possible stereoisomers is limited to two in this reaction mechanism, the alkene
stereochemistry is significant, one alkene steremtre was uskfor clarity of the

mechanismo show how alkene insertion plays a vital role in controlling selectivity.

(0] o]
_ Co,(CO)q R
R——= + = +
______________________________________ a_ ... bR
R
alkene trans Co/—Co alkene cis
to bulkier (CO)3 (CO)34 to bulkier
alkyne group alkyne group
favored disfavored
R R
oc, = oc, : N
R %2 /AN . &
= oc-caco—||  oc-cdBcotco
0C A O oc , ‘ %o
OC-Co\l—/Co‘-CO CO ocC

Y
| ;\ ] Co/—Co

Co—Co (CO), (CO)3
(CO)z (CO),

i

+
o o

Figure 5 PKR regioselectivity regarding alkene insertion vs. steric effect
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The alkene sutiituents R and R (Schemel9) are on the same side of the ring.
Choosing a symmetrical alkene starting material limits the possible isomeric
products. However, regioselectivity is often a problem for syntheptcapions of

PKR and a great effort has gone into predicting and controlling the selectivity
(Schemel9). The regio and stereochemical outcome of the intermolecular PKR are
substratecontrolled. The intermoleculareaction has been less exploited, mainly

because of the small range of reactive alkene partSehenel9).”

o}

Coy(CO)g R,
R—m——HR;, + —m ———»

Ry

Schemel9 Intermolecular Pauselihand reaction
3.3.3 Significance of alkene regioselectivity in intermolecular PKRs

Gimbert and cew o r k estudy, Gexamining the reactivity of alkenes in the
intermolecular PKR® *° showed good reactivity for ckhexene, cyclopentene and
norbornene towards the intermediate hexacarbonyldicobalt(0) complepropgne.

The reactivity of the a-dclkedomton of slectroes| at e d

from the d orbit al s-oroithl ofthdiadkenefagbre6).t at om t

O O |A&] 8 a

128° 112° 107° 94.2° 64.6° bond angle

= o

reactivity
(lower lying LUMO)

Figure 6 Alkenereactivityin theintermoleculaPKR
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The favourable baeHonation from CB to the alkene is due to thkighest
energy occupiedmolecularorbital and lowest energynoccupiednolecularorbital
interaction (HOMGLUMO interaction) respectively. The greater the bdokation,
the higher the reactivity alow energy LUMO gives rise to a lower energy barrier
for PKRs?® %° The frontierleading molecular orbitals are shown for the simplest

alkene inFigure?.

r \ d *
T /"\ alkene
N <él O
* Cc-
\ R R J n alkyne c-Cc

Figure 7 HOMO-LUMO orbital interaction of a transition metalabital with ethene®

An important property of the ethene molecule, and alkenes in general, is the

existence of a high barrier to rotation about@x bond.

3.3.4 Competition between steric and electronic factors

The reported regiochemistry in a number of different systems is a complex issue,
especially for intermolecular PKR. The dividing line between complete selectivity
and nonrselective reaction can bguite thin, depending on four variables: alkene
reactivity, alkyne chemical structure (stewns. electronic), CO insertion anthe

met al u s e d -bdck donation)i Sewgral research groups have been aiming
to address treeissues®*%” As can be seen frorBcheme20 and Scheme21, the
electronwi t hdr awi ng ester g r o pgsition W poroduetd | y

employing internal disubstituted alkyn&s.
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O Co,(CO)
—>

[}
45 OEt toluene/ 80 °C

= |E 46 OEt
NBN o

Scheme20 Norbornene=ffect on the regioselectivityhich iscompletelyselective despite the
sterically hindered groufexample 1)

If the methyl group is changed to a strongly electnathhdrawing and sterically

similar trifluoromethyl group $cheme2l), the reaction outcome still remains the

same® For el ectronic reasons t he-pogition. f | uor
However, the electrowithdrawing ester group (by mesomeric effects) again prefers

t o go ipodition, plating thé electrenithdrawing CE group (by inductive

effects) ino the -pdsition(Scheme21).

o
o Co,(CO)g
F.e—<4 > CF,
OEt

(o]
a7 toluene / 80 °C OEt

NBD = |i 48 °
7

Scheme21 Norbornenesffect on the regioselectivitiyhich iscompletelyselective despite the
sterically hindered grougexampé 2)

Rieraet al'® have run a series of experimen8ciieme22), varying the alkyne
substituents. In reactions with NBD, the reaction was completely regioselective
giving the product wi t hpostortQOnihé étherchand,met hy

1% reported anothreset of experimentsvhereregioisomeric mixtures of

Konnoet a
cycl opent @madpraficts 1ormed. The reaction conditions for both
experiments were close to each other, the main differences being the alkenes and

solvents used (NBD vs. NBN and toluene vs. DCE, respectively) and the
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tenperature (70C vs. 84°C). The reason for this unexpected difference in results is
not obvious, but it might indicate that the more reactive NBD is, for some reason,
affecting the regioselectivity outcome than NBThis may be due to moneersus

bi-dentae coordination of NBN and NBD to €eespectively.

Co,(CO
—CF; + — LoaCO o, i} I:‘é—
Toluene or DCE

CF3

R

R
NBNR a.f | NBD, R = 3 only
OMe OMe CF;
t t '
]
1, (90%) ii, (72%) ix, (77 %) ' '
71:29 22:78 X, (95 %) xi, (70 %)
OMe OMe
@ CsHyqq
~ - OMe
iii, (57%) iv, (86%) '
~ 937 69:31 xii, (74 %) :
xiii, (77 %) ~~ Xiv, (99 %)
OEt __O
OMe
. C11H24
1o a -
PV, (91%) ' i, (0%) ; '
73:27 l( 0%) xvii, (79 %)
Cl xVv, (70 % . 0
oy ! xvi, (80 %)

OEt NBN = Norbornene E&

viii, 969%) 1 iix, (92%)
100:0 ' 68:32 NBD = Norbornadiene z

Scheme22 Summary of twaeportedstudiesprobingthe effect of alkene substituents in reactions of
trifluoromethylsubstituted internal alkynegith norborneneandnorbornadien.
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3.3.5 Regiochemistry determination with sterically nearequivalent alkynes

The examples above showcase the competition between steric and electronic factors
and how they influence regiochemisiryclearly it is difficult to prelict. In order to

gain more informatiorabout theelectronis guidance, the steric effect has to be
minimised. A few studies with sterically equivalent or requivalent diarylalkynes

have been reported. For example, Fairlagtbal'®* %% 1% reported PKRs of
heteroaromatic diarylalkynes, with intstig results. To be critical, these results
could not be fully explained by the electronic properties of the alkynes alone. The
alkynes were classified by the types of heteroaromatics tested, s-deficient (v-

iX, Scheme 23) o-excessive ifiii and x-xii, Scheme23) . Adeflcient”

het eroar omat i cpositigns batf results gadied with ealkybesviray
"-excessive substituents. It was suggested that, aside from steric and electronic
effects, that dynamic ligand effects and stabilisation provided by the aromatic or
heteroaromatic group might subtly influence the regiochemical outcome of

intermolecula PKR. This will be elaborated upavithin Chapter 4.
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Ph + — C°2(C°)s @:‘é, w
49

R
500, Ph 508 Pr
R=a R=S
/ ' i
@ N“XN S S
N v
i, (76 %) iv, (79 %) v, (91 %) vi, (71 %) vii, (89%
1.05;1 1:18.8 1:1.8 1:9.1 1:3.7

0~

N

ii, (87 %) (ID
2:1

viii, (76 %) ix, (79 %)

If;N_ 1:3 1:1.8
-~
‘\
iii, (73 %) - == S - °
2.8:1 \W/ G— @
X, (75 %) xi, (92 %) xii, (88 %)
1:2.3 1:2.1 1:3.4

o /;--
o

Scheme23 PKRs of heteroaromatic diarylalkynes reported by Fairlatrdd **®

Gimbert® led a cenputational DFT study on the alkyikcobalt hexacarbonyl
complexe¥® to probe whether electronic differees in the acetylenic substituents

could affect the regiochemistry of the PKRScheme24). This provides an
alternative to the fsteric effecto for
aspect of the PKR. df example, the ethyl benzoate group was found exclusively in

t h eposiion of the newhformed cyclopentenor&.The dichotomy between steric

vs electronic effects is still a subject of debate, which makes regiochemical

predictions still difficult.
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SEE ) e Sy =

Vi Co,(CO)s

= O
O toluene /80
o oC
OEt
OEt @ (0]

51 52, (65 %)

Scheme24 Formation ofone regioisomeric product

3.4 PKR/6 -electrocyclisationaromatisation reactions

Electrocyclisation, a subclass of pericyclic reactions, enable the formation of a ring
system froman operchain conjugated systei’w i t hborad fofming across the
ends of a conjugated system on both stdek.n t r a mo letedrackchsationéof
the PKR product of various heteroaromatic systems provided the stimulus for this

part of the project§cheme25).1%

Scheme?256 -electrocyclisation/oxidative aromatisation reaction

Electrocyclisation reactioh¥ can occur thermally or photochemicallyia two
possible modes known a®nrotatory and disrotatory, The simplest examples of

photochemical electrocyclisation are illustrate&cheme2s.
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3.4.1 Examples of orbital symmetry andtorquoselectivityi n i 6 °
electrocyclisations

The WoodwardHoffman rules were put forth over a series of publications in 1965,
the first of which concerned itself with the stereochemistry of electrocyclic reactions,
and the landmark synthesis of vitamim,B'° Orbital symmetry rules state that the
ground state of the HOMO controls the key bond forming steps of the reaction, thus

the terminals ubsti tuents d -electrocyglic reactionhreovemia o 6 °

disrotatory mannerScheme6).'*2

Thermally allowed Symmetry
but photochemically disallowed

A
%
- Disrotatory
> >
&0
5
=)
m
Photochemically allowed Symmetry
but Thermally disallowed
A
>
g Conrotatory
> —_—
2
[0
(=]
3|

Scheme26 Thermal vs photochemicatducedcyclisation

Orbital symmetry r ul e-slectpeydishiion is disrotatary, t h e
while the photochemical process is conrotatd®gheme26); thus two modes of

disrotation exist for all theren| -el@ctrocyclisations™
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3.5 Project Aims and Objectives
3.5.1 Aims

The focus ofthe thesis is split principally into three parts. The first aim is to
synthesie Pd'-nitrito compound, which areof potentialrelevance to catalyti€i H

bond functionakation reactions. The second aim is to examihe-mediatedCi H

bond alkenylationof substrates containing 2-pyrone moietywith a pyridyl
directing group. The third aim of the project is to further examine the
regioselectivity in seleed intermoleculaCo-mediatedPKRs (PKR). A follow-on

aim is to examinghe light-induced 6-electrocyclgation'oxidative aromatisation
reactions of the PKR cycloadducts. A common thread throughout the whole thesis is
the use of Zoyrone ring systems and pyridyl directing groups, and their reactions

and coordination to Mn, Co and Pd.

3.5.2 Obijectives
The following objectives underpin the content of this thesis:

I.  To examine the reactivity of directedi & bond activation by reaction of

Pd(OAc) with 2-benzyt and 2phenytpyridines (Chapter 2).

II.  Prepare and characterigalladacyclic complexs containindNO, ligands and
establishitrite linkage isomesationat Pd (Chapter 2).

[ll.  To study the reactivityof a 2-pyronecontaining pyridyl group as substrate
for Mn-mediatedCi H bond functionabation (Chapter 3)

IV. To examine secondary reactonfrom Mn-medided QH bond
functionalsation processese.g. pyridyl fragmentation and Dielalder

reactions of the-pyrone derivatives (Chapter.3)
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To examine the regioselectivity in @oediated intermolecular PKRs,
specifically the role ofa pyridyl moiety and relai heteroaromatiaing
systens (Chapter 4).

Investigate the 6Gelectrocyclsationaromatsation of PKR cycloaddust

mediated by light400 nm)andair (Chapter 4).
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Chapter 2: Synthesis and Characterisation of
Cyclopalladated C*N Complexes

4.1 Introduction

Most Pdcatalysed mediated cressupling reactions requir@re-functionalised
carbon atoms in the organic substrdte.These functional groups are usually
halogens or oxygenontaining (Scheme 27),** the challenge for direct iG
functionalsation issite-selectivity as there are usually many differeintbonds in
a single organic molecule. For this purpd@d' complexes withf- acetatebridged
ligands,were preparedrom 2-phenylpyridine, Zbenzylpyridine and 42-pyridyl)-
6-methyl2-pyrone in all cases actingas the C”N ligand backbone dhe

cyclopalladated derivatives,g.60.

Pd(OAc), (0.45 mol%)
(@) Mn-SiO, (0.89 mol%)
NaOAc (0.89 mol%)

© HNO; (20 mol%) ©/°A° @r"oz
o *
58 59

57 0, (19 atm), AcOH
120 °C, 2 h.

PhOAc:PhNO, = 7:1; TON = 41.

(b) pre-functionalisation with a directing group

/ X / /
\ NGO 7/ Cul \ N \ N
Pd Spd—X — x + Pd°
\
PPh;
61

Cul-PPh, L -

60
where X = NO, or ONO

Scheme27 Potential products from the reaction of (a) benzene with @ and (b) [PAINO, for
acetoxylation/nitratiot{
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The pyridyl moiety serves as a directing grdop Pdto harness the challenge of
directing functionality at thertho-C-H bond. Two of the key aimsf this chapter

are to understand the effect of phosphine substituents on the aggiolinkage
isomergation of Pd NO,/Pd ONO complexes a fundamental study will pave the
way for studyingwhether PANO, species are preseahd activein oxidative GH

bond functionalisation process&s| f the geometry of t he
with nitrite ligands does inflence the reactivity, then their independent synthesis and
characterisation could be important in defining a more specific role for the redox
active ligands in catalysis. With this in mind, novel' Rdmplexes were prepared

part of this chapterAlso, within this chapter the effect of bulky phosphine
substituents within the Pehitrite dimer complexesontaining 2-phenylpyridine

have beemxamined.

4.1.1 nf-Acetatebridged palladacyclic complexes of phenyipyridine

Pd' complexes with acetate bridging ligands were prepared uspigeylpyridine

as the C"N ligand. Cyclopalladated complexes were isolated in good vieltle
reaction pathway shown iBcheme28. Katsuma and cevorkers™® demonstrated

that similar syntheses of cyclopalladated derivatives proceed in good to excellent
yields. The nf-acetatebridged dimer62 was prepared by the reaction of 2
phenylpyridine with Pd(OAg)in acetic acid. An NMR study suggests that both

andanti-geometrical isomers are formdeiqure8).
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CH3 Hs
\ / /
Pd(OAc)z, N N O o\
A o Pd Pd Pd
C ‘o O
~ reflux, 1.5 h 7/ "{
A CH;,

18 62A, 66% 62B, 10 % by MNR

Scheme28 Synthesis opalladacycliccomplexes of Zphenylpyridine

The synandanti-isomersare inseparablby conventional chromatographic methods,
even though isomed2B is only present in a small quantity; bodoimers62A and
62B could be catalyticall)competentspecies. This was nelaborated upoim the
work reported by Sanford and -wmrkers, who proposed mechanismfor the

acetoxylation reactiorScheme29).™

62A-CH
62A-CH
H
624
62B-CH' 62B-CH

- \ oo \\,..,.....‘.
s & " P S

S = ! e S

- o - S -

805 800 795 790 785 780 775 770 765 760 755 750 745 7.40 735 730 725 720 715 710 70

Figure 8 Aromatic region osome *H NMR specta containing anixture 62A and62B

The 'H NMR spectrashows thathe pyridine ringwithin 62 is a useful diagnostic

tool whendistinguishingbetween62A and 62B (Table 1) . The -mrthet on
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nitrogen atom ir62B is deshielded by 0.1j3pm with respect to itsquivalentproton

in 62A. In fact, with the exception of the phenyl moiety and methyl of the acetate
bridge, all the protonsfdhe pyridyl moiety in compoun@2B are more deshielded
compared td2A (the proton attributes wemnfirmed by'H COSY) The aromatic
protons within the two isomeB2A and62B appear in a similar chemical shift range
(6.80- 6.95 ppm) as shown ihablel1 andFigure8; changing frontrans 62B to cis

62A causes aupfield shift of ca. 0.13 ppm.

Although the geometrical isomerism has no effect wB2a/62B is transformed
from a dimeric palladacycle in to a monomeric paktadle, itis well established
that a palladiummitrogen(c.a A = 1.985) bond is longer than a palladicanbon
bond (c.a A = 1.855) in this type of C*N palladacycle systémhich explains why

theprotonchemical shifts othe pyridylsystem areso diagnosticKigure8).
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Table 1 Comparison of selectéth NMR shifts for compound$2A and62B

N
62B )
Postion Compound §2A) Compound §2B) o / p|
ad/ ppm ad/ ppm
6 7.87 8.02 0.15
4 7.37 7.51 0.14
3 7.08 7.2 0.12
6 0 6.67 6.71 0.04

Note: multipletsaregiven by acentrepoint averageNMR standards residual
CD.Cl,.

Efficient synthetic methods have beerdeveloped for ligandirected GCH
oxygenation indentical palladacyclic complexe§&Scheme?9). The transformations
generally involve reaction with oxidants such as IOAcPhI(OAck,*™ or
Oxone®*® However,formation of stoichiomeeic quantities of byproducts means
that there is a requirement for expensive or roommercial reagents poor atom
economyhas suyppressed the use of these methodsarge scaleproduction The
ideal method is thaise of Q as the oxidant, especiallyofn an atom economy

perspective. The mechanism of -Batalysed CH oxygenation with acetate

bridgingPd specieshas been explored in detail by Sanford anavookers™ ®
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10

o)
H Pd(OAc), /qu >—
- [ 3
| ~N CH,CI,/HOAc Po\l\o
7 ]
18 40°C Pd(ll)
62, (97 %)
Phl(OAc),
cat. Pd(OAC)z CH2C|2
Phi(OAc), -35°C
4
Pd—_
7
OAe O™ [ o o \ Soa ol
O, ,0 c N
SN 7? o] /| Moac
= Pd(lll) OAc
65, (91 %) 63,88 %

Scheme29 Pd'/PdY speciesmplicated in acetoxylation reactiostarting at PY

4.2 Nitrido palladacyclic complexesof 2-phenylpyridine

The main aim of this chaptewas to synthese novel nitrité cyclopalladated
complexeswith sterically bulky phosphine ligands, enabling steric effects relating to
nitrite linkage isomerisation to be studied. In view of thiseries of novel Rditrite
complexes were synthesisefbllowing the lterature procedurés™**> The
chloro-dimer was sythesied according to the method described by Hiretkal,**®
which involved treatment 062 with an excess of lithium chloride to afford the
insoluble chloridebridged Pd dime66.:*3 This was then converted to the phosphine
monomer67 via addition of triphenylphosphine, and followed by reaction with silver

nitrite to form conpound60in excellent yield $cheme30).
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\ /)
_ R
LiCl (2.2 eq.), V2N, PPh3 (2.2 eq),
62— Pd Pd
acetone, J N \CI/ DCM,
water, rt, _\ rt, 30 min. PPh3
48 h
66, 92% 67, 95%
DCM,
AgNOz | i ash
\ / "S) \_/ 7 B
Q /
rN,, R low temp. TN/, \\\N'\ \ N /NOz
Pd _— Pd” o ] ~ P
N\ hv/A \ N
/ \ PPh; / \ PPh; PPh,
60, 96%

Scheme30 Synthesis ohovel Pd nitrito complexes of dhenylpyridineanddifferentnitrite
geometies

All the complexes preparedave been studied by electrospray ionization {HES)

or liquid injection field desorption ionization (LIFEMS), infrared (IR)and nuclear
magnetic resonance (NMR) spectrggic analysis(Table 2). An NMR study
suggested the phosphine ligand has a profound effect on coupling with the proton of
the C~N backbone ligand in the palladacycle owing to dramatic change on
J-coupling splitting pattern The Jyp-coupling splitting pattems were diagnostifor

the protonUto nitrogenwithin thepyridyl moiety Eigure9).
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npy-2-92-96.1.fid

'H NMR & 9.67 — 9.63 (m, 1H)

npy-2-92-96.3.fid

'H{*'P} NMR & 9.65 (ddd, J= 5.6, 1.7, 0.8 Hz, 1H)

T T T T f T af T ok T - T k T " T k T T T T T ' T L T L T L T L T e T by T
9.670 9.666 9.662 9.658 9.654 9.650 9.646 9.642 9.638 9.634

Figure 9 Phosphorus couplindé-coupling*H NMR effect on monomeric palladacycle containing
phosphine ligand

Resolution enhancement by free induction delay (FID) modification allows the
multiplicity of the peaks to be seénhere,a sinebell apodisationfunction was
employed. An example of the effect of their peaks is showkigare 10. The two
stacked'H NMR spectra, showing th&P coupled and decoupled result gave a clear

indication of the effect of phosphorus.
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npy-2-92-96.3.fid

T T T T T T T T T T T T T T T T T T T T T T T T T T
9.687 9.684 9.681 9.678 9.675 9.672 9.669 9.666 9.663

f\py—z—ng%‘sﬂd '%.

—9.69
—90.68
—9.68
—9.68
6
6
—9.67
—9.67

9.694 9.689 9.684 9.679 9.674 9.669 9.664 9.659
f1 (ppm)

Figure 10 Sinebell enhanceentof *H and"H{*'P} NMR spectra effect on complex illustragithe
a-N resonance 07 (red"H{*'P} i green'H)

4.2.1 Geometry andlinkage isomerismin Pdi NO, and Pdi ONO species

Following a successful synthesis of the novel nitrito cyclopalladated coréplex
crystal suitable for Xay diffraction was grown from a solati of dichloromethane
with petroleum ether as the asbtlvent. The single crystal structure obtained is
displayed inFigure 11. The crystal structure confirmed that the nitrite ligands
occupy a coordination sittansto the P@dC bond.A mixture of PANO, and Pd
ONO isomerswere evident The bond lengthgA) and bond angle¢°) are all in

agreement with those typical for complexes of this type
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Figure 11 Single crystal Xray diffractionstructure of compleg0

Hydrogen atoms omitted for clarity. Thermal ellipsoids shown with probability of 50%. (left; a
mixture of N and Gbonded NG forms.) and (right; Noond structure only shown for
clarity). Selected bond lengths (A); Pd{1(11) 2.@83(18), Pd(1) N(1) 2.0666(15), Pd(1i) P(1),
Pd(1)i O(1) 2.1227(17), Pd(Z) N(2A) 2.2200(2)

Previously the Fairlamb group worked on a similar complex with a different C*N
badkbone™ showingthat when the complex is exposed to light (400 nm) 150 K, a

1:3 mixture of Pdd-NO, and Pdd-ONO | i nkage i scomer s
ONO)(C*N)PPh (C”N = papaverine) converted fully into theiB-ONO species.
Irradiation of 60 revealed that only isomer remained, which supported the idea that
linkage isomesation in this type of complex is temperature and light dependent.

117
l.;

This was further studiedby Raithby et a who examinedthe nitrohitrito

photanediatedinkage isomesa t i on o f -ONO)C{dPD e ) ( d

4.2.2 Geometry and linkage isomerism in PANO, and Pdi ONO species a
theoretical perspetive

An independent study was carried out within the Fairlamb §foimp order to
ascertain the stability dhe PdNO, or Pd ONO forms of the nitrite ligand and the

geometry of the nitrito palladacycle complexes by DFT. For these complexes to
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function as precatalytic species, theig/trans geometry and the preferred linkage
isomerism of the nitrite ligand ctilibe of great importance. In a catalytic system, it
Is anticipated that the nitrite ligand could undergo reductive elimination, along with
an organic substrate, to form a4, or Ci ONO contains products, the ratio of
theseproducts could be determined the relative geometry of the Pd and Pd
NO,/ONO bonds; typically the two anionic ligands would need taibeto each
other to form a product via a concerted reductive elimination process. The stability
of Pd'NO, or Pd ONO species could determine whetliee ligand is likely to be
involved in reductive elimination or act as a spectator ligand. The density functional
theory (DFT) werecomputedby Dr. Jason Lynam in York, the purpose being to
determine single point energies at 298 K for @&ound and\-bound isomers of
[PA(C*N)(NOG)PRs], where CAN = Zphenylpyridine, Zbenzylpyridine and PR=

PPh. Calculations were also performed ois- andtransisomers. The Gibbs free
energies of each substituent at the pbeO/TZVPP level of theory are shéigure

12
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Trans; geometry

\ wSt+FiABS FTNBS
N, o TZVPP /kJ mdl
( )n Pd n= 0 1
\PPh3 N-bound 0 0
isomer

O-bound -1 +13
isomer

cis; geometry

wSt I GADS TNBS

TZVPP /kJ mdl
///1 ‘\X n= 0 1
(Un N;Pd\PPh N-bound — +15  +17
72\ 3 isomer
— O-bound +44 +48
isomer

X =NO, or ONO

Figure 12 Single point energies of complexes of the type [RENd)(NO,)PPh]

These values suggest that in any species that-igpsietr reductive elimination, the
nitrite ligand would be likely to be bound through the nitrogen atom. Fer thi
geometry, the DFT results showed that the difference in free energy b&dwaad

N- bound forms of the complex is negligible. For thensisomer, as the length of
the alkyl linker, and therefore the steric bulk of the C~N ligand, increase§)-the

bound isomer was found to increase in energy

This suggests that tié-bound form of the nitrite ligand has less steric clash with the
neighbouring ligands, and therefore is preferred ove®©theund when a bulky C*N
ligand is presentHigure 12). However, the lower energy forms of complé®
contain a nitrite ligand which ans to the PdC bond Therefore thdikely-hood

for complex60 to participate in catalytic <1 bond activation is hindered by the
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geometry i possesss (Figure11). A seri es o fONO/NO)ECINPR Pd ( d

were synthesised to ascertain the effe¢hefigand substituent.

Pd(OAc) was added to the C~N ligand in the presence of LiCl. Subsequeatly th

phosphine and nitrite were added accordin§dbeme31.

C L

©1) paconc), C Noy” \ e »> 1) 2.2 eq. L1 Noy
—_—

2) LiCl / \ / \ 2) 22eq.L2 N/ \L2

where C*N = 2-phenylpyridine where L, = PR; and L, = Cl and NO,
\
‘\ AgNo2 N, NO;
Pd
DCM Yoo
rt, 48 h 3

Where PR; = PPh3, PPh,Cy, PPh,(t-Bu) and P(n-Bu);

Scheme31 General synthetic pathwagy novelPd' nitrito complexes of shenylpyridine

Although nitrite chemistry is under investigation for its role in catalysfs*> *1#120

as well as anthropogenic toxicity; ** their coordination with NAC bound Fuks
receivel less attentionwhich has caughthe attention of theFairlamb group in
York.*42

Table 2 summarises the novel palladacycles synthesised in this study. Changing
phosphine from a less sterically hindered to more bulky / sterically hindered
phosphine proved to not change the nitrite linkagemersation studying these
complexes by single crystal diffraction reveals unusual structural changes in
complexesr4aand74b (Figure13 andFigure14), which result from the elimination

of the bulky phosphine (PRAy and PP§(t-Bu)) and transformation into dimeric
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complexescontainingnf-NO, bridging ligand The effect of phosphine substituents

on the nitrite palladacycle therefore significant as revealedSnheme33.

\ \ /, \ /,
/CI\ N // PPR;(2:2 eq) N, Cl AgNO, N, NO;
Pd Pd _— Pd\ —_— pd\
N O\~ DCM,
Cl . PR; DCM, PR,
/_\ rt, 30 min. t, 48 h
66
N\ \ \
Cl N NO Cl
¢ \ ,' \\\ 2 /l . \
“pa™ Pd" W
\PPhs \PPhs \PPhZCy
67, (95 %) 60, (96 %) 68, (99 %)
\_y NO
N, WNO ‘\\\CI \\\ )
Pd
\PPhZCy Pth(t Bu) Pth(t Bu)
69, (99 %) 70, (94 %) 71, (99 %)
I \
N cl N, NO,
/] \ v/ K\
“pa pa"
\P(n-Bu)?, \P(n-Bu)3
72, (99 %) 73, (99 %)

Scheme32 Synthesis of novel nitrite palladacyclesntaining2-phenylpyridine
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Table 2 Physical properties of complex66 and67-73 2-phenylpyrinepalladacycles (dimers to monomers)

C L

//,"Pd‘\\\\ ' Where CAN = 2-phenylpyridine

/ \ L, = PPh;, PPh,Cy, PPh,(t-Bu), P(n-Bu);
N L, L, = Cl and NO,

Compound L, L, M.P /°C C:H:N (cal. / observed) MS m/z Yield (%)
67 PPh Cl 2200223 62.38:4.15:2.51 / 63.03:4.22162 558.99 95
60 PPh NO> 215216 61.23:4.07:4.92 / 65.63:4.32:2.69 588.90 96
68 PPhCy Cl 17271 173 61.71:5.18:2.48 / 62.23:5.33:2.50 564.10 99
69 PPhCy NO, 195196 60.58:5.08:4.87 / 65.81:5.50:2.69 574.08 99
70 PPh(t-Bu) Cl 16071 161 60.24:5.06:560/ 61.13:5.44:3.01 538.11 94
71 PPh(t-Bu) NO, 163167 - 548.07 99
72 P(nBu)s Cl - - 497.12 >99
73 P(nBu)s  NO, - - 508.17 >99

Some of the experiment@HN valueswere found to be outside of the error limits of taéculatedvalues, whichmaybe
due tothepresence o€H,Cl; in the sample
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423 Met ast abOND)(C@EN)PREand an unusual Pd dimer structure
(C~N = ligand)

Raithby and cavorkers'” ' studed similar low temperature, single crystal
photocrystallograjpy, suggeshg thatsimilar square planar complexes can be formed

e.g. [Ni(PEt)(NOy)z], [Pd(PPR):(NO,); and [Pd(AsPE2(NO.),. In their Pd
complexes, the two nitro groups adoptrans-configurationat the metal centre

Upon irradiation with UV light, at 100 K,fpot 0oi s 0o me r-NGs mittoitodhe o f
d-ONO nitrito form occurs Under the same experimental conditions,
[Pt(PPh)2(NO,),] showed no isomerisation. Based oagéexperimental detas) our

study suggests that complex68 and 71 dimerised via phosphinéoss at low

temperaure Scheme33).

- 0
\S o-N’
N 02 _DCM / Pat. other /" ~‘\\ /”'
Pd\ et. ether \ /Pd
PR3 3°C /4 days ' -0

Where PR; = PPh,Cy complex 69 and PPh,(t-Bu) complex 71

Scheme33Me t a s t atON@)(CMNIPR dnd an unusual Bédimer structure
I n order to ttNOatef bhONO fitrito complek, a long pair of
electrons on the nitrogen atom replaces the bulky phosphine accordsuhe¢me
34. Such transformation occurred only in complexes containing@RIfrigure 13)
and PPR(t-Bu) (Figure 14). The complex containing the PRhligand gave the

expected monomeric palladacycle linkage nitrite isorRyufe11l).
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W\NO; DCMIPet ether N, X

R3 3 °C / 4 days PR3

confirmed structure of 60
by single X-ray study
where X = NO, or ONO

0
O-N’
ANO2  DCM/ Pet. ether 9\ N
Pd.
by
PPhZCy 3°Cl4days | SN \ o/

Z

confirmed structure of 74
by single X-ray study

'1
( ”o

0 Z
DCM / Pet. ether -~
NO2 7, SN
o Pd
> 3 C/4days 4 y 4
PPhy(t-Bu) -0

confirmed structure of 74
by single X-ray study

Scheme34 Effect of bulky phosphine on nitrito cyclopalladated complexes containing phenylpyridine

open crystallisation

The crystal structures of the monomeric and dimeric palladacgtlemd 68-71
(Scheme32) have been unequivocalprovenby X-ray diffraction studiegxample
Figurel3andFigurel4. The monomeritdN\*C palladacycles having monophosphine,
chloro and or nitrite ligand60 and67-73 (Table 2) were initially studied by NMR
spectroscopic analysisvhich confirmed their expected structure @ach case

(Scheme32, Table2). NMR also confirmed the formation @# (Scheme34, Figure
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13 andFigure 14). It is important to note thahese complexes only foed during
the process of growing cryssadt low temperatureScheme34, Figure13 andFigure
14). For X-ray crystallographic analysis, compl&#4 is described ag4a and 74b
(different crystals from the separate reactions detailed abové&)grads marginal
increase in all bond lengtf{d), alongw t h a decr eas ealthomgh b o n d

these can be considered within error.

’y
| o—
/NA ' 4
Pd, li’,d,
N //N—O\\\ ,/N/
1y I
(o) S

Figure 13 Single crystal Xray diffraction structure of complesda; Hydrogenatoms removed for

clarity. Thermal ellipsoids shown with probabjliof 50%. Selected bond lengths (A); Pd@j1)

1.972(4), Pd(1)0O(3) 2.173(3), Pd(T)N(1) 2.017(3), PA(I)N(3) 2.034(3), Pd(1)Pd(2)2.9802(5),
Pd(2) C(12)1.964(4), Pd(2)N(4) 2.027(3), Pd(2)0(1) 2.172(3), Pd(2)N(2) 2.024(3)
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(0} z
‘N-0 |
2, & 7, Nx
Pd Pd
\N( \O— 4

Figure 14 Single crystal Xray diffraction structure of complesdb; Hydrogen atoms removed for
clarity. Thermal ellipsoids shown with probability of 50%. Selected bond lengths (A);iPd(1)
C(1) 1.964(3), PA(EN(1) 2.016(2), Pd(T)N(3) 2.033(3), Pd(1)0O(3) 2.172(2), Pd(1)
Pd(2)2.9707(4), Pd(Z)C(12)1.962(3), Pd(2)N(2) 2.012(2), Pd(2)N(4) 2.037(2), Pd(2)
0(1) 2.184(2).

Upon redissolving the crystal submitted for-pay diffraction study, an unusual
structure was ascertaineddeuterated solventnd alsan solid state NMR, in both
cases the phosphine ligand was found to be in the complexes. These presumably
dissolve the entire sample in phosphine and equilibrate the sample and phosphine in
solution. However the crystal structure of chlononomers of ths type of product

did not deviate fronthat expeced (Figurel15).
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Figure 15 Single crystal Xray diffraction structure of comples0 showing two moleculefleft T
single moleculendrighti showing thewo independent molecules in the unit telydrogen atoms
omitted for clarity. Thermal ellipsoids shown with probability of 50%. For selected bond lengths and
bond angles seEable3 page78.

Table 3 summarises the -Xay crystallographic data of these palladacyclic
complexes. They adopt square planar geometries around palladium with the
phosphorus atortransto the donor N atm. The angle FPd' N bond angle in the
nitrite isomer of60 is 176.365)°, while that for the corresponding complez0 is
171.574)°. This suggested that the nitrite containing complex dsstbe square

plane less than the chloride counterpart. However ehPdN bond length70
2.098215) A is longer compared to 2.06@%) A of complex60. As expected
complexes74a and 74b (nitrite dimer) show a dramatic increase in thePd X

bond angles and a decrease in @id’d X bond angleswhen comparedo 60.
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Table 3 Selected bond lengths (A) and bond angles (°) for compR8,e&0, 74aand74b

Lengths/Angles 60 (ijsf1213) 70 (ijsf1219) 74a (jjsf1225) 74b (ijsf1226)
PdCA 2.0083(18) 2.0183(18) 1.972(4) 1.964(3)
PdPA 2.2447(5) 2.2846(5) 2.173(3)* 2.172(2)*
PaN A 2.0666(15) 2.0982(15) 2.017(3) 2.016(2)
PdX A 2.22(2) 2.3891(5) 2.034(3) 2.012(2)
Pd-Pd A - - 2.9802(5) 2.9707(4)
C-PdN © 81.49(7) 81.13(7) 81.62(15) 81.85(10)
C-Pd-P° 95.03(5) 92.57(5) 173.32(14)* 176.86(9)*
C-PdX © 162.2(5) 170.15(5) 95.81(15) 94.45(11)
P-PAN © 176.36(5) 171.57(4) 94.11(13) 95.02(9)
P-PdX © 91.0(5) 96.842(16) 88.45(13)* 88.69(9)*
N-PdX © 92.0(5) 89.77(5) 177.43(14) 176.04(10)

C-Pd-Pd° - - 112.17(11) 117.20(8)

X = Clfor 70; X = N for 60, 74a and74b; * = (ligand change from RB Y -CPird74aand74b)
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4.3 Palladacycliccomplexesof 2-benzlpyridine

An  acetateébridged cyclopalladated complex of benzylpyridine,76
[(PA(OAC)(N~C)}, was obtained by reaction of benzylpyriditewith Pd(OAc). '
A chloro-bridged analogué&7, [PACI(N"C)}, formed bymetathetical reaction of the
e?-acetatebridged complex with LiCl, undeogsa bridge exchangeeactionto form
77. Whereas reatment of 75 directly with PdCl, in methanol yieldedonly

mononuclear compleX8 (Schemeds).

CHy /=
Ao, N4
PdCI .|
2 d(OAc)z Pd, Pd
\ N, Pd__ ) a MeoH ACOH,RT y hi “ou0

78, 99% 76, 93%

LiCl acetone
water

(o] R/
N
Pd/ \Pa
/4 'i \CI/

77, 95%

Scheme35 Synthesis otyclopallada¢d 2-benzypyridine complexes

ThesePd complexes wereharactesed by means of elemental analysis, IR and
NMR spectroscopy. NMR study reveals that the acetgpttopalladateeridged
complex 76 prefers ahigher energyboat conformation rather than a chair
conformaion, an observatiomeported by Hiraki and eworkers who studied the

geometry of these types of compleX@svith different substituentgFigure 16).
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Figure 16 Geometry of cyclopalladation @benzylpyridine

4.3.1 Geometrical aspects of the Pd@mplexes

NMR spectroscopic analysgiggested two isomevgere present for complexeg,

A andB, with A beingthe major isomer. In consideration of the two coordination
planes in an acetatwridged cyclopalladated dimers whipbssesswo mutuallycis
acetato ligands76 was expected tadopttwo configurationsA andB (Figure 16).
The mixture of76 was simplified by addition ofleuteratedpyridine (GDsN) in
CD.Cl,, giving the mononuclear cyclopalladated complex [Pd(ORAEC)(CsDsN)]

80 only (Scheme36). This simplifies the NMRspecta as only one isomer is seen
wherethe pyridine nitrogen of the cyclopalladated ligand agddyl donorligand
assume to bare mutuallytrans. One isomer wasnly observedor 80, aseviderced

by the simplifiedproton signals within th&H NMR specta (Figure17, pages?).
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= iH3 =
Cl \ \
¥ NN CsDsN X CsDsN ’or\o\PaN %
Pd Pd ) — - ( Pd p Pd
o AN . /
N N\ r.t./ 2 min. N rt/2min YN N
A\ Cl/ 7y N0 7N\ o0
— —/pA .
H
77 100 % D CH;
° 76

where X = Cl, 79 (quant).
OAc, 80 (quant).

Scheme36 Synthesis of palladacycles oft2nzylpyridine containing pyridine ligand
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| ||1|l|,| || |
2 ||| m || || | |“{J |k/\
[Pd] p -Acetate dimer /| /
i I . - - j | \ A :

-\ ( T ) “ ﬂl A q""“\

——

[Pd]-AcetaEmunumer

9.1 8.9 8.7 8.5 8.3 8.1 7.9 7.7 7.5 7.3 71 6.9 6.7 6.5

Figure 17 Comparison ofH NMR spectm of 76A/B (positivespectra and80 (negativespectraat (400 MHz, CBCl,). I- the negativespectrahe protons of the pyridiyl
group are highlighted
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A similar acetate bridged complex was synthesised usii&}plyridyl)-6-methyl2-
pyrone as the N~C backbone. Reaction of Rd@th a twofold excess of 2
benzylpyridine, irefluxing methanol, yielde®8 (Schemes5, page79), and the'H
NMR spectraof this complexsuggested two isomergresentin an equimolar
mixture. Hiraki and ceworkers postulatkthat this is associated with the quenching

of the rotation about the two bulky N*C ligandboutthe PAN bond

4.4 Palladacycliccomplexesof 4-(2-pyridyl )-6-methyl-2-pyrone

4-(2'-Pyridyl)-6-methyl2-pyrone 81 was prepared by Negishi cressupling in an
excellent yield $cheme37). This provides anore bulky (N*C) ligand with respect
to 2phenylpyridinel8. Treament of 81 with PdC} in methanol does not give a
monomer compleB6, but rathergiveschloro-bridged dimercomplex83. Refluxing
ligand 81 with Pd(OACc) yielded acetatdéridged dimer comple82, present asour
possible isomers. Tregaent 0of83 with triphenylphosphine allowed the formation of
monomeric palladacycleé84. Dissolving 83 in deuteratedpyridine at room

temperature for ca. 5 mirgave complex85.
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0

N O i SN

—N.. N\ I paci, N Pd(OAc),

'PH\ —
I Ny o’ ‘n= MeOH (¥ | AcOH
(o]
0y N\ 65°C 2o 100 °C 2, (54
86, (0 %) 81, (93 %) PR

PdCIl,| MeOH, 65°C

o
PPh,
— >
D DCM, rt.
30 min.
D
85, Quant. 83, (73 %) 84, Quant.

Scheme37 Synthesiof cyclopdladated4-(2'-pyridyl)-6-methyt2-pyrone complexes

These complexes were characterised by MS (LIFDI and ESI) and NMR. The NMR
spectraof complex82 proved to be four different geometrical isome3si{eme38).
The remaining proton of the2-pyrone moiety in comple82 is indicative when
following the transformations betwe@&2A, 82B, 82C and 82D by NMR (Scheme

38). It appears that both C3 and C5 protons have been activated!'bip these

reactions.
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Scheme38 Possiblesyn / antivs C3 / C5 isomers @2

This is illustratecby *H NMR spectran Figure18to supportthe structues proposed

in Scheme38, where the proton chemical shiftat 5. 9 5 angd%65 (s,11H))
correspond to C3 d32B and82D, whereagpr ot on c he mb».7® &s] 1Hs hi f t
and5.56 (s, 1H)correspond tdC5 of 82A and 82C.respedwely. This was further
supported by COSY spectroscopy whicbnfirmed the presencef dour sets of
protonsU- to nitrogen in the pyridyl moiety. These correspond to the protons on each
aromatic ring of the pyridyl moiety. The appear gbroton chemical shifti 8.54,

8.52, 8.29 and 8.2(Figure18).
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Figure 18 NMR spectroscopic analysis of compl@X (400 MHz, CDC}) i inset(top right)is the’H COSY spectra
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For compound85, crystals suitable for Xay diffraction were growry layering a
solution of83 in deuterategyridine ds; the single crystal structuiie displayed in
Figure 19. This confirmed thatchloride occupes the coordination sitérans- to the

Pd C bond.

The bond distanctor a similar complex70 was directly compad with 85 (Figure
19). The Pd(1) C(1) bond in85 was 1.9931(18)A, which isshorterthan the same
bond within70, 2.0183(18) A Similarly, thePd(1) N(1) bond in85was2.0353(16)
A, slightly shorter tharv0, with 2.0982(15) A While, Pd(1) CI(1) was2.3967(5) A

in 85and2.3891(5)A in 70.

c(11)

Figure 19 Single crystal Xray diffraction structure of comple86. Hydrogen atoms removed for
clarity. Thermal ellipsoids shown with probability 50%. Selected bond lengths (A); Pd(@}1)
1.9931(18), PA(1)CI(1) 2.3967(5), Pd(I)N(1) 2.0353(16), Pd(IN(2) 2.0287(15).
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4.5 Nitrito -palladacyclic complexesof 2-benzylpyridine

The nitrito containing palladacycle with NAC backbone ase@zylpyridine wa
synthesised according to the method described by Hitalii treatment of76 with
an excess dfiCl gavegive chloridebridged dimef77,* which was then converted to
the phosphine monom@&7 via addtion of PPh, followed byreactionwith AgQNO;
to form88in excellent yield §cheme39)

\
cl / \'\1 \

N |
9 V' \Pd PPh;, oy P AgNO, N\Pd _NO;
N \CI/ DCM, RT, 30 min. Npph, DCM.RT pph,
_ 95%

77, (95%) 87, (97%) 88, (94%)

Scheme39 Synthesis of Phnitrito-cyclopalladated complex of2enzylpyridine

The reaction mechanisms of cyclopalladation reactions of this type have been
recently given due consideration wittpBenylpyridine§ N-benzylideneaminésand
N-benzyltriamine$ as Ndonor ligands. Although it is commonly assumed that the
first step in the cyclopalladation reaction is coordietbonding of the N/C
nitrogen to the palladium atgi® this assumptionbeing quite logical, direct
experimental proofhas beenlacking What remainsclear is that N*C bounded
nitrogen is a directing group in-B bond activation/functionalisatioms shown in
Scheme40. The geometry of all the monomeric palladacycles under this study
depend on the steric andeetronic nature of the incoming ligands, for example
complexes76-87 gives preference to the N~C nitrogen of the pyridine moiety which
direct the overall geometrigarlier in the chaptahe geometry of the Pd complexes
containing 2phenylpyridine as N*@igandwere found to béess sterically hindered,

herewasintroducel a more sterically bulkN*C as 2benzylpyridne to ascertain the
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enhancement or suppressing outcomethaf nitrite anion 88, with its various
coordination modes that it can adopt at'.PA series ofnitrito cyclopalladated
complexes were synthesised with varying phosphgeall in excellent yield

(Schemetl, andTable4).

c Pd(OAo),,
T OGN SRS N
q.
—_>> —— Pd
/ \ / \ — / N\
N N L,
where CAN = 2-benzylpyridine where Ly = PR3z and L, = Cl or NO,
L' = PPhsand L? = Cl = 87, (98 %)
L' = PPh2Cy and L? = CI = 89, (89 %)
L' =PPh2(t-Bu)and L2=CI = 91, (91 %)
= P(2-fu); and L? = CI = 93, (93 %)

L' = P(n-Bu); and L2 =Cl 95, (>99 %)

N\ |/ N/
N/, ‘\\\CI AgNO, N/, ‘\\NOZ
Pd —_— Pd
Wpr, DCM, VR,
rt, 48 h

Where PR; = PPh;, PPh,Cy, PPh,(t-Bu), P(n-Bu);, P(Fu);

Scheme40 General synthetic pathwag novel Pd nitrito complexes of sbenzylpyridine75

The'H-NMR spectra of79 and87-96, recorded irCD.Cl., are given iffable4. The
signal assigmens are based on the chemical shifts and spin/spin coupli@gs,
NMR experiments andby comparisonof the H chemical shi& of related

compounds$chemetlandTable4).
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(a)

\ % \ % /
N cl AaNO N X \
//'Pd;\\\\ L’ “pg »\\“ ﬂ»
DCM N
PPh ’ DCM
° r48h PPhs P(Fu)s 48 h p(,:u)3

87 88, (97 %) 94, (95 %)
(b) (f)
\ \ 7 N\ |/
N’/'P d‘“\\\CI AgNO, N/,,Pd‘\\\x N/I'Pd““\\CI AgNO, Pd
e —»
N DCM A » bC
PPh,Cy ’ P(n-Bu);
“ r,48n PPhCY rt, i P(n e
80 90, (98 %) 95 96, (97 %)
(c)
\ where X = NO, or ONO
N 7, “\\\\CI AgN02
Pd\ — >
DCM,
PPh,(t-Bu) t, 48 h Pth(t Bu)
91 92, (97 %)

Scheme41 Synthesis of novatitrite-containingpalladacycles of -benzylpyridine
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4.5.1 NMR study of nitrito -palladacyclic complexesof 2-benzylpyridine

Coordination of the metal atom with a phosphimeomplexes37-96 (Scheme4l,

and Table4) results ina CH, protonssplitting from a singletvithin the ligand to a

doublet (diastereotopic protons) witHaage downfieldshift seen for theequatorial
protonatHCHeq( U  -5.017fAm) andargeupfield shift for theaxial protonH..CH

(U 3 4.087ppm) with respect to complé&®. Here, both protons of CHare
observed as a broad signal at wupfield (U0
However he dichotomy between complexes witipl2enylpyridine with respect to
2-benzylpyridine is that, théH coupling phosphorus has no profound effect en 2
benzylpyridine ligand compared to thepBenylpyridine, this may be due to the

bulky nature of Zbenzylpyidine, seeTable4, where the protortJto nitrogen PyH*

shows the expected attribute of doublet (d) with the exception of cor@gleroad

singlet (br.s) an@1 doublet of doubleftwo doubletdd), which is not observed in 2
phenylpyridine.

In the complexed9 and 87-96 the protons on pyrid moiety (pyH?, py-H? py-H*

and pyH?) and phenyl moiety (ph*, ph-H? phH?® and phH* are matching the

expected attribute with the exception of comp@&where multiplets dominates the
attributes. The protorlJ to nitrogen PyH' of chloromonomer conipxes are
de-shielded with respect to their corresponding nitrito monomers (ca 0.60 ppm).

The 0 of phosphorus in chloro bound comp
nitrite complexesdisplays a profound difference between complexes containing

chloro and ntrito with similar phosphine was observed in the comp&kaad88 ( U
35.26 ppm and 32.8&8ndWpm, 36. 838ppmpaphd 34

2.23 ppm),91 and 92 ( ®4.75ppm and52.94p p m, @ 1 93%Band9%(pdm) ,
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19.24ppm and-22.17pp m, P 2. 9 35apd@6n) 21.44ppm and19.01

ppm, ®@ 2.13 ppm) respectively.
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Table 4 'H and**P NMR chemical shiftd) data from the spectra of compleX&and89-96

Comolexes  piph-CH- py-H* py-H? py-H? py-H* ph-H® ph-H°® ph-H’ ph-H® 13p
79 430 s 9.29dd 7.14 7.68t 7.41d 7.07dd 6.91td 6.70td 6.56dd --
87 4.90d, 4.01d 9.17d 7.24ddd 7.74ddd 7.46d 6.95dd 6.66td 6.62dr.s 6.25td 35.26
88 5.01d, 4.08d 8.55br. s 7.15t 7.74 td 7.50d 7.02d 6.74t 6.33t 6.48d 32.45
89 4.91d, 4.07d 9.04d 7.18dd 7.71td 7.45d 7.06dd  7.00ddd 6.82td 6.61t 36.83
90 4.93d, 4.07d 8.40d 7.15m 7.73m 7.73m 7.03m 6.88dd 6.66t 6.83d 34.60
91 4.84d, 3.95d 9.25dd 7.25dd 7.72td 7.41d 6.77d 6.4s8dd 6.04t 6.44ddd 54.75
92 4.93d, 3.99d 8.52d 7.73td 7.13dd 7.47d 6.79d 6.52td 6.13t 6.45ddd 52.94
93 4.90d, 4.00d 9.24d 7.22ddd 7.70td 7.42d 6.99d 6.78td 6.48td 6.84d -19.24
94 4.98d, 4.05d 8.75d 7.23d 7.75dd 7.49d 7.06d 6.82m 6.56dd 6.87d -22.17
95 4.71d, 3.97d 9.00d 7.18t 7.69t 7.40d 7.04d 7.28dd 6.85m 6.90d 21.14
96 4.80d, 401d 8.53d 7.13m 7.71td 7.44d 7.04dd 7.23ddd 6.71m 6.92dd 19.01

Note: multiplets, argiven as aentrepoint averageNMR standard (5.32 ppnig residualCH,Cl..
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The ** NMR chemical shift is indicative ofhe phosphineligand within the
complexes Figure20) i complexes containing(Fu); 93 and94 appearedt higher
field (upfield) d =-19.24 and22.17 ppm with difference a@hloro- to nitrito- D o -
2.93, complexe®5 and 96 containing [P(rBu);] appearedat 21.14 and 19.01 ppm
andD dof CI- to NO,- = 2.13, while complexe81 and 92 containing [PP§(t-Bu)]
appearedat low field (downfield) d = 54.75 and 52.94 witld d= 1.81 However
complexes containing PPhand PPBRCy show similar properties, which both
coordinated to phosphine with a cyclic six membered ligand thrauglaternary
carboni complexes89 and90 d = 36.83 and 34.6With D d= 2.23, complexe87
and 88 d 35.26 and 32.45 witld d= 2.81.Thesevalues diferertiate between the

complexegontainingCl- and NQ- (Figure20).

%2,
‘9740 pd 31p § of Complexes
1A 2193 containing;
5 YU, mNO2

» 9 7

)
g P7) cl
s 6"0 i
& [ |
£ e, % [10.01 PYRVY EXE ’
9 Fz )
Q A’}
2 e,‘,‘e |
5 %, 9 [ 5204 (ETREIN RS
g |
o 4
c ST
E £ 36.83 2.23

&
2 2
@ 3
=] ¢ ]
£ %,

23 32.45 35.26 2.81

-50 -30 -10 10 30 50 70 90 110
13P NMR chemical shift (8)

Figure 20 **P NMR chemical shif(d) data from the spectra of comple8¥s96
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4.5.2 Single crystal study of nitrito-palladacyclic complexes of 2
benzylpyridine

From the X-ray crystallographic data it can be noticed that the palladacyclic
complexes are square planar geometries at the patiackatre and the phosphorus
atom is intrans position to the donor N atom. The anglePl@ N varies from 166.79
to 174.7%and PdN bond length varies from 2.0931119 A, complexd1 bond
length of Pd centred are longer with respect to its nitrito counte®ggTable5).
When the phosphine ligand is simjlarg.comple»xes91 and92, there is an increase
in the F Pd' N bond angles 171.8and 173.26and a decrease in thé Rd X bond
angles (89.7& and 87.78. For complex 93, having a P(Fu} ligand, the GPdX
175.1%and RPdN 174.72increase by a margin of. 3eand 2erespectively and a
decrease in NPd-X (92.98) bond angles by cagBwith respect to complexe38-92.
See the crystallographic data for thengdexesd8-94, are alsssummarsedin Figure

21
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Table 5 Selected bond lengths (A) and bond angles (°) for compR&eS

Lengths/Angles 88 (ijsf1209) 89 (ijsf1215)  9Q(ijsfl217)  91(ijsf1216) 92 (ijsf1218)  93(ijsf1314)
Pd-C A 2.017(2) 2.0183(18)  2.0004(18)  2.0077(12)  2.0070(18) 2.006(2)
Pd-P A 2.2568(6) 2.2846(5) 2.2667(5) 2.2791(3) 2.2743(5) 2.2413(7)
Pd-N A 2.1166(17)  2.0982(15)  2.1067(16)  2.1119(11) 2.081(12) 2.093(2)
Pd-X A 2.2193) 2.3891(5) 2.1332(19)  2.4046(4) 2.1061(15) 2.3978(6)

C-Pd-N e  86.60(8) 81.13(7) 86.18(7) 84.55(5) 84.51(7) 85.61(9)
C-Pd-P e  92.02(6) 92.57(5) 90.69(6) 87.06(4) 87.20(5) 91.88(7)
C-Pd-X e 171.69(9) 170.15(5) 173.88(8) 171.32(4) 169.1(4) 175.13(7)
P-Pd-N e  175.79(5) 171.57(4) 173.25(5) 166.79(3) 166.93(5) 174.73(6)
P-Pd-X e  93.08(7) 96.842(16) 95.42(5)  100.978(12) 100.9(4) 92.98(2)
N-Pd-X e  88.75(8) 89.77(5) 87.72(7) 88.09(3) 88.7(4) 89.51(6)

X = Cl for 89, 91and93; X = N for 88, 90 and92
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X =NO, or ONO _ ) A Single crystal Xray diffraction structure o2
A Single crystal Xray diffraction structure 088 A Single crystal Xray diffraction structure o80 with only N- bonded N@forms

with a mixture of N and Obonded NQforms with only N- bonded NQforms

7Y

SPhCy =

Pd

Pd .
N el

N '/CI Ciiip

A Single crystal Xray diffraction structure 083 A Single crystal Xray diffraction stucture 0of89  Single crystal Xray diffraction structure dd1

Figure 21 Single crystal Xray diffraction structurgof complexs88-93.
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4.5.3 Pd-catalysed G H bond functionalisation processes

Nitroaromatic compounds are of great importance to both the pharmaceutical
industry and academi&® The GH bond activation/functionalisation of ligands
involved in this study is the key test to catalytic activity of the Pd complexes
synthesised in this thesis. The potentiaHond acetoxylation reaction process
with the complexes preparedtimis thesis is under investigation withme Fairlamb
group in York, and believed to proceeda a Pd"" or Pd"™ C-H bond
functionalisation pathwayas shown in Scheme 44. However, the potential
applicatbn of these complexes is the formation afNCbonds (sp C-H bonds to
form nitroaromatic compounds)a reductive elimination of RANO, complexesvas
noted It was anticipated that reductive elimination is the key to forming céarbon
carbon and carbdheter@atom in the majority of metalatalysed transformations,

and reductive elimination processes from botf’rod P4") (Schemet?)

\ X cul \ [/ ¥
~ ~
Pd\ Pd—Xx | — > X + Pd°
PPh,
Cul - PPh,
60 - - 61

where X = NO, or ONO

Scheme4?2 Anticipatedreductiveelimination via complex60 with Cul

4.5.4 Pd Cat. C-H bond activation the dichotomy between nitration vs
acetoxylation

Liu and coworkers*?* reported palladiurtatalzed nitration of 8nethylquinolines

1 with t-BuONO to give &nitromethylquinoline2 in a good vyieldsinvolving sp’

CiTH bond act i v akammedthe nitriteesource and ptmaspheric
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conditiors; NaNGO,, AgNO, and KNG supressed the formation of product with

respect to-BuONO underlanatmosphere of dioxygen at 1 atrSchemet3d).

X Pd(OAc); (10 mol%) N
Z > z
N t-BUuONO, (1.5 eq.), N
0O, (1 atm)
H o NO,
. DCE, 90 °C 97, (81%)

Scheme43 Example demonstrating the catalytic nitration reaction by Liu andariers>*

The abwe observation Liu and eaorkers'®* proves that the nitrite source has

profound effect in enhancing the nitration reactidhe Fairlamb grougDr. Margot
Wenzel and Phppa Owensket Pd(OAG) (c) as the benchmark catalyst to evaluate
the aerobic oxidation ofl to give 2 in Scheme44. Although the catalyshas
excellent activity using 1 eq. of NaN@©(Figure 22), complexesd) to (d) are less
catalytically competent with respect to Naj\G'he dinuclear P complexes d)
and €) showing a relatively similareactivity profile. The PPB-containing complex
(a) is alsoaviable catalystyith (b) being more active under the conditions using 0.1

eq. of NaNQwith respect tod) (Figure22).
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Pd Cat. (5 mol%),
~ NaNO3 (1eq.),
< | | | ) |: :| |
N™  AcOHIAC,0, 110°c
H air, 18 h

Pd Cat. = (c)

Schemed4 Acetoxylation ofl to 2 and a possibleitnation side produc®7

99 99 99
100 A NaNOs
89
90 A H10eq.
20 - H0.1leq.
g?O 1 Oeq.
Z 60 -
=
50 A
Z
240 - 33
= 30
©30 -
20 - 14
10 1 0 0 0
0 T T T
PdCat. a b Cc d

Figure 22 Catalytic activity of Pd compless.(a) and(b) with respect tqc) and(d) (5 mol%) with
varying equivalents of NaNgin the aerobic oxidation of compountis2.
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4.6 Conclusion

A series of novepalladacyclic complexes have been prepavath differing C*N
ligands60, 68- 73, 82-85 and 88-96. The workallowed a greater understanding of

the cyclopalladation behaviour of seveaN ligandsto be gainedFurthermore, the
successful synthesis apgtaracterisation of seriesof C*N palladacyclic complexes
containing nitrite andhitrite ligands has paved the way into understanding how NO
interacts withPd"). When assessing the role that such ligands can play in catalysis,
and in particular the goent i al for reduct iTN@&0 et ymenat
products, the geometry and linkage isomerism of the complexes is of paramount
importance. However, for more bulky phosphine ligands, monomeri¢ Pd
complexes could be characterised by NMR speatmschowever crystallisation of

NAC (2-phenylpyridine) with bulky phosphines (PRly and PP§(t-Bu)) 69 and71

upon crystallisation yielded novel ¥ddimer complex74, where the bulky ligand

had been ejected and th&nitrito ligand is found bridging two Pl centres This

was onlyseen wher€"N = 2-phenylpyridineand not for2-benzylpyridine Figure

13andFigurel4)

Calculated fee energy values suggest that the energy difference betisand

trans geometric isomers with respectttee pyridyl moiety inthe complexesstudied
increases with increasing steric bulk of the C~N ligand and reductive elimination
experiments, where iglination of G NO, type products, which would normally
require the two ligands being eliminated to be mutueily was not observed. The
crystal structure of all the nitrite complexes prepared in this thesis showed a mixture

of N- and O bound linkage ismers.
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Chapter 3 Manganese catalysed &l alkenylation /
Diels-Alder Reactions

5.1 Introduction

The nucleophilic addition of species generated Hy Ectivation*?® has been widely

126 7

investigatedat palladium®® rhodium*?’ rhenium®®® and nickel.*® It hashowever
been difficult tomediatesuch reactionsvith first-row transition metal In a recent
report, Chen and eworker$® showed that environmenhgifriendly Mn' mediates a
catalytic GH alkenylation of Zphenylpyridine derivatives, by a highly chemo
regio- and stereoselective reaction with terminal alkynes in diethyl ether at 100 °C

(Schemetb).

Indeed,intermediate structures proposed by Chen andiadiers Scheme45) in
Mn'-mediated €H bond activation reactions (intermediate) are often speculative and

unsubstantiated by experimental evidence.

eSS
| & BrMn(CO)s , (10 mol%)
+
H Cy,NH (20 mol%)
| | Et,0, 105 °C 12 h.
18 16

19, (76 %)

N N X
| _\ co | _\ co | co
Z, | +CO = “, | \\\CO /N\I\III ~CO Steps
M "‘ LN —> 19
| eo _|_ J~co >
co —Ph Ph Occurs
readily

\ ) intermediate
) very fast

Scheme45 Chen and cavorkers alkenylation proceSs
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A number of related manganesediated EH functionalsation processes have been
reportec®® which have been proposed to proceei the intermediacy of
manganacycles related 98. Complex98 has been of interest to the Fairlamb group
because it acts as a source of therapeutic’®@y addition to synthetic
applications:*’specifically the regioselective alkenylation of biologigatlevant 2
pyrones, which is currently limited to PY. Structural details on reaction
intermediates relating to protonation and reductive eliminatimm .8 to 19, has
beenmissing. The pyridydirecting group exerts a profound effect in determining
alkenylation regioselectivity. -Phenylpyrazined9 is alteredby a secondnitrogen

atomparato thenitrogendirecting group.

Compound99 was synthesisedia a Suzuki crossoupling reaction The five
membered manganacyd€@0was formed in a 62 % vyieldy cyclometallation 099
with BnMn(CO} i the reactionconfirmed that the nitrogen in th@tho-nitrogen

acted as the directirgom(Schemet6).

N
| | co
~.N BnMn(CO); (1 eq.) = N’/r,, I £C0
> n
Hexane, 75 °C I co
(ef0)
99 100, (62 %)

Schemet6 Novel five-membered manganacydé0

The E/Z isomerisation is possible in manganes¢alysed alkenylation, as it often
occurs in the transition metaltasysed hydroarylation of alkynéd" *3? A proposed
mechanistic scheme is shown 8theme47, involving several intermediates- (

[l /11" ). Isomerisation is possible with the key seveamembered manganacycle
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[Il . This could equilibrate with a manganese carbene comflexia path A This

can afford a E-isomer by protonatim with alkyne®?

Another possibility is the
homolytic cleavage of th€vinyl-Mn bond inl, followed by isomerisatiomiving

[ll'". Reformatiorof the Cvinyl-Mn bondl (path B)can also deliver thE-isomer

| S
~N |/N
_Ph e
- \
Ph

SN
|

(0]
~N (o{0]

N
co
4/ Ph

i
“Mn

intermEdiate -
1}

Scheme47 Possible pathways f&/Z isomerization

Chen and cavorkers also reported, based on DFT calculat®ribat the step of
insertion & phenyl acetylene into the M@aryl bond, leading tdll, favoured the
anti-Markovnikov addition produdtva, which is more stable than the Markovnikov
addition produciVb by 5.1 kcal/mol Figure 23).%° Alkyne insertion mediated by
Cy.NH," IVd, to generate the final alkenylation produist disfavoured due to a
higher energy barrie(2.3 kcal/mol) with respect to direct insertiovith phenyl
acetylendVc (Figure23b).®®
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(a) Markovnikov vs anti-Markovnikov addition

[ 1%
co N co ¥
Nu,, | WCO ~Nu, | CO
M M
"\ Nco Vs 7\ Yco
LY : /‘
11 H B 12~  Ph
IVa IVb
anti-Markovnikov addition Markovnikov addition
favoured dis-favoured

(b) Protonation by terminal alkyne vs CyNH,"
1

VS

Ivd
protonation by terminal by CyNH,*
dis-favoured

protonation by terminal by alkyne
favoured

Figure 23 Markovnikov and antmarkovnikov addition vs protonation by terminal alkyne and
CyNH," possibilities

5.2 Synthesis of 4(2'-pyridyl) -6-methyl-2-pyrone derivatives 81
and 104

Based on the experimental evidence abdivejnvestigation focusd on theuse of
the 4-(2-pyridyl)-6-methyt2-pyrone81 moiety asthe nitrogendirecting group. This
novel compound is availableia Negishi crossoupling of 4bromo6-methyl2-
pyroné>* 103with PhZrCl 102, formed by lithiation ofl01, mediated by Pd(PR)

(Scheme4d).
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X
X
| Y~ 1) n-BulLi (1.05 eq). X Br Pd(PPh,), |\
_N  2)ZnCl, (1.10 eq). N B (0.1 eq). -
Br {eq. THF,-78°C Zncl 0 N THF, r.t. 18h B
1eq-

X=H, 101a X=H, 102a 103 oo

OMe, 101b OMe, 102b X=H, 81(85%)

OMe, 104 (86%)

Scheme48 Negishi crosscoupling reactios of 4bromo-6-methyl2-pyronel103with pyridyl zinc
reagentd02aand102b

5.3 Synthesis of five membered manganacyde

Given the intermediatgzroposed irSchemet5 (pagel02) the related complexeil

and 104 were synthesised. Compoundd, 104a and 104 were used in a
manganecyclometallation reaction witBnMn(CO) in a stoichiometric reaction to
give a five membered manganaaydO5a and 105b (Scheme49). The direct
reaction of81 with BnMn(CO) in hexane at 75 °C gaudd5ain 96% andl05b98%

yield. The complexes were characterised by spectroscopic methods, shmglea
crystal was subjecte to X-ray diffraction Eigure 24), which showed that

regioselective C3 & bond activation had taken place.

X X
|\ |\ ¢
Z BnMn(CO); (1 eq.) a, | CO
» 'Mn‘;
| N Hexane, 75 °C | N (l; co
0~ No Me” ~0” N0
H, 81

N/
o

(o)
Me
X= X=H, 105a(96%)
OMe, 104b OMe, 105b (98%)

Scheme49 Stoichiometric reaction of MnBn(C@ith 2-pyrone104 affording fivemembered
manganacyclé05 and105b
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Me”~ "O” ~NO Me”~ O ™ O
Selected bond lengths (A) of 105a: C1-Mn1 = 1.817(3), C2- Selected bond lengths (A) of 105b: Selected bond lengths (A) of 104b: C1 -
Mn1 = 1.827(3), C3-Mn = 11.842(3), C9-C10 = 1.467(3), Mn1 = 2.0357(15), C13-Mn1 = 1.8487(17), C14-Mn1 = 1.8097(16), C15--Mn1
C4-Mn1 = 1.866(3), C10-N1 = 1.353(3), C5-Mn1 = =1.8617(17), C5-C6 = 1.464(2), C16-Mn1 = 1.8396(17), C6-N1 = 1.3645(18),
2.042(2), Mn1-N1 = 2.0651(19) Mn1-N1 = 2.1032(13), C1-C5 = 1.363(2)

Figure 24 X-ray crystal structueof 105aand105b (note: arbitrary atom numbering used ainermal ellipsoids set to 50%:-&tons omitted for clarity.
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5.3.1 C-H bond alkenylation

Chenet al® described their conditionfor the 2-phenylpyridine alkenylation by
heating2-phenylpyridinel8 andphenylacetylend 6, catalysed by BrMn(CQ) with

or without aminein Et,0.°° Using the pyrone moietysurprisingly these conditions

did not produce the expected proddd6. In work initially conducted byan
Erasmus exchangstudent Conrad Wagner the product obtained was a stable six
membered manganacydé7 (Schemes0). The®H NMR spectraof 107 (acetoneds,

400 MHz) exhibiekda new resonance at U 5.79 as a
run wi t%@H, derfieed that this proton was directly connected to'fge

label ¢Jcn = 181 Hz). The most characteristic information was obtained frorti@he

NMR spectraof the unlabdéd product which showed four unusual but characteristic
carbon environments (at U0 62. 0, Pa. 2(*),

label). The observation indicates that the Mn atom is bound to four contiguous

car bon c e‘coordmationnadel@’n d

N
(a) | BnMn(CO); (5 mol%), HNCy,, | )
ZN Et,0, 80 °C, 16 h Z
Ph
B ¥ > S
| ! |
Me” ~0" Yo ——Ph Me” ~0" Yo
.......... 1048, e eeeeeeeeaaaa 106l
b
(b) | X
BnMn(CO); (1 eq.) _N (|30 co
104a — oy W
Mn
Hexane, 75 °C X | \CO
| co
Me (0] o
105a (90%) 107, (67%)

Schemes0 Unexpectedilkyne insertiorgiving cyclomanganesiated compl&Q7
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Crystallisation of 107 from acetoneds gave single crystals suitable for-rdy
diffraction, which confirmedits structure (work conductedby a summer project

studentMagdalen€eTleh, Figure25).

Figure 25 X-ray crystal structure of-nethyk4-oxo-6-phenyt4H-3,7 >-pyrano[4,3a]quinolizin-7-
ylium-d*-3,3a,5,6tricarbonylmanganesuidid7 (note: arbitrary atom numbering used). Selected
torsion angles (°), bond angles (°) and bond lengths (ACBL€13-C12 = 4.2(2), CL4-C7-N1 =-
38.4(2), NXC12C13C3 = 44.4(2); C3-C12N1 = 114.38(14), C¥4-C7 = 116.31(15); G3Inl =
2.0769(17), CaMn1 = 2.1843(17), C1nl = 2.1060(18), C1-8In1 = 2.0908(18) (Figure prepared
by lan Fairlamb).

5.3.2 Density functional theory (DFT) evaluation for 107

The mechanistic steps leading to tharfation of107 were evaluated using density
functional theory by DrJason Lynam in York. Starting from(Figure 24), formed
via loss of a CO ligand frori9a insertion of the coordinated alkyne into the-Mn
C(pyrone) bond proceeds through a low energy transition skatéo give Ill .
Carbonnitrogen reductive elimination frorh, via transition statdV, results in the
formation of the 2methyt4-oxo-6-phenyt4H-3,7 >-pyrano[4,3a]quinolizin-7-

ylium ring system. An angsis of IV revealed that the imaginary eigenvector led to
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107 (coordination isomer of07); ap-slip (not modelled) would lead tO7(Figure

26).

BnMn(CO)s (1 eq.)
EE——
Hexane, 75 °C

Figure 26 Density functional theor{DFT) showingpotentialenergy surface for the formation of

107, Energies are zero poinbrrected electronic energies (top) and Gibbs free energies at 298.15 K

(bottom) in kJ mot at the PBEED3/def2TZVPP//BP86/SV(P) level witkolvation corrections
applied in EfO (COSMO.,e = 4.33 for EfO at 25 °C).

A series of expements were conducted to gamidence for reaction intermediates
Taking 10 mg ofL05awith 1.1 equivalents of phenylacetylemgssolved inds-THF
(0.5 mL), thereaction mixturevas cooledo 243 K.UV light wasused to irradiate
the sampleat 243 K for 15 minsNMR simulation of the reaction mixture reveals
signals corresponding 7. Howeverfurtherirradiationreveals nevsignals These

may be due to the formation dhe intermediate(lll ). The intermedite (Il )
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detection wasconducted in collaboration witKate Appleby who did theNMR

analysisand photochemical measuremefiigure27).

I I I I I I I I I
9 8 7 6 5 4 3 2 1 ppm

Figure 27; 'H NMR spectraof the manganese startingatarial105a and the solution after 15 min
irradiation with UV light (above). New signals belong to the intermedI&té.

2D NMR pavesthe way in confirming the proposed intermedigt€igure 28).
LIFDI-MS analysisconfirmed a radical cation at/z427 [M]*. ESFMS also showed
a pseudomolecular ion [MHARt m/z428, with MSMS analysis revealing loss of CO
m/z 400 [MH-COJ]". Warming of the solution oflll ) to room temperature led to

formation of107, confirming(lll ) as a viable intermediat&igure28).
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7.53 (m),
124.5 (C2) Other 13C signals:
8.07 (), H 926(d %/=48), 157.9 (C5)
1385(C3) |, 154'5 (1) 159.7(C6)
6.95 (d, 3J = 5.9), 158.3 (C8)
186.3 (C10)

7.72 (d, 3J = 7.5), 124.6 (C15)

7.21(°%/=68), 1459 (C11)

127.2(C4) y 127:3(C16)
6.26 (s) H nOe:
105.4 (C7) H12-H15
77 H 7.07 (t,3J =7.2),
HC—3 124.2 (C17)
235(s), 9 o
18.8 (C9) 6.89(s), H 5
o 129.3 (C12) 721 (t,°J=6.8),
127.3 (C16)

Figure 28 Correlation methods (HMQC and HMBC) and selective nOe experiments confirmed
intermediatdlll ) (Figure prepeed by KateAppleby and lan Fairlamb

DFT calculation ottorresponding potential energy surface for the phsualgktituted
system Figure 29) revealedsimilar pathway was viableln this case insertion of
alkyneremairs a barrier between the two agpgrorne moiety isslightly greaterin
Gibbs energies relative to the respective compdurd+25 kJ mof versus(la =

+34 kJ mot') and thaill was higher in energy tharila(-76 kJ mot* versus-95 kJ
mol ™). Therdore, the energetic spans for reductive elimination are 60 k3 (gel
pyrone) and 129 kJ mibkphenyl). When compared with the formationvaf andV,

l.e. the next steps in forming df9 and 106 respectively, it is evident that the
reductive eliminatiorto form 107is competitive, but in the case of intermedidte
Figure 29, the much larger energetic span to reductive elimination allows for

productive catalysis vi¥a.
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(Ina)

Figure 29 Density functional theoryDFT) showing Potential energy surface for the formation of
Illa ; Energies are zero potabrrected electronic energies (top) and Gibbs free energies at 298.15 K
(bottom) in kJ motat the PBEED3/def2TZVPP//BP86/SV(P) level with solvation corrections
applied in EO (COSMO,e = 4.33 for E£O at 25 °C)

5.3.3 Alkenylation reaction/Diels-Alder product

The DFT results led us to believe that the reactiobO&fwith higher concentrations
of phenyl acetylend6 could give productLO6 by alkyne protonation (cf. similar to
that proposed *iHpatingl0saim deatl6sat 100°C &1s5)h, gave

four compounds$chemebl).
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N
| N_ _Ph
N
X _Ph
| + '
| = (of0] ——Ph o o © ©
% IR 106a, (28%
Mn‘\ 2, neat (28%) +
| ™ iy
I\ CO 100 °C, X
o o >h l ~-N
105a . _Ph
106b,
Ph (traces Ph
by NMR) 109, (21%)

Schemeb1 Reaction ofL05awith neat phenyl acetylene 16 at 100 °C afforded alkenylated product
106aandDiels-Alder productsl06hb 108and109

The firstcompoundwvas determined to bmovel compound 06, which was isolated

in a yield of 28%. Rather remarkably, the second and major product from the
reaction was found to be an entirely novel compadl0fd] isolated in a yield of 44%.
Here, four new bonds have been formed, includin@ &d C-N bonds, in addition

to the cleavage of the pyridyl ring and elimination of the Mn(d@giety. The final
product from the reaction was found to be novel compdid8]isolated in a 21%
yield, with a remarkable six new bond from three alkyne inseriio@ssystematic
fashion by manipulating both the pyridyl and pyronyl moiety of the ligand amthfo

compoundlLO6bwhich was detected by (EMS).

Compound106 was synthesised via a protonation reactiSoheme51). However
compounds106b, 108 and 109 are formed by a fragmentation and Diélsler
reaction, involving the pyridine group to givel08 A second DielsAlder reaction
at 108via the 2pyrone also occurs, regioselectively, giving compoiidg also was

detected a DielsAlder reaction atlO6a via the 2pyrone to form106h These
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compounds were characterised by NMR and other spectroscopic technique, however
compound106 exhibited a precedented character at protdpscoupling in the

al kene r egidly=06.1yan@®895 (1H, B,y = 16.1) which confirm

the trans alkene formation as drawn fBchemebl, typically the trans alkene gave

Jun coupling caostant 16 Hz whilecis alkene 12 Hz. However surprisingtie

proton geminal to phenyl in the alkene regidi6aresonated at relatively lofield

U4 7.88 with respect to corresponding gem

190 7 .S6hBmet5)(with ad difference of D d= 0.83)

The full NMR spectroscopic analysis b8 and 109was possible, using correlation

methods (HMQC and HMBC) and selective nOe experiments, which confirmed that

the proposed structur08 had been formed regioselectivelidure 30). It can be

seen thatthe Jyy coupling matched the typical structure, examptegyre 30a)
proton (110)Jw&E178940(6)H, (1L8842AB10D8) U 7. 7
and (146) Jdyy1B)Db6tTinthelsantd ringsystem and are coupled with a

Jnn value = 1.8 more detail coupling semgure30a. The selective nOe experiments

further confirmed the proposed structure having observed the nOe of the protons that

lie close in space especially nOd-'H of (CH-8 and @H-11) and (CGH-5 and

CH-119 (Figure 30b). ESIMS analysis confirmed a radical cationratz [M+H]"

390.1484, [M+Na]412.1304 Figure34).
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Figure 30 'H NMR spectroscopic data (700 MHz, @L),) for compoundL08 (a) chemical shifts (in
ppm) are followed by the multiplicity of the signal and the coupling constant in Hz. (b) Key nOe
interactions for compound 108, confirming the stereochemistry artha@dpyrone moiety.

Further evidence for a-gyrone was the characteristic UV absorption band at 262
nm, and infrared bands at 1681, 1633, and 1596, cim addition to*C NMR
resonances at 162.26, 156.95 and 156.06 ppm, all of which were in agreement with

an authentic reference compoune|, 2pridyl)-2-pyrone 81.
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