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Abstract

This Thesis describes the preparation of fluoroarenes using a palladitatysed

coupling/electrocyclisation methodology.

Difluoroenolzinc couplingartners, X(N,N-diethylcarbamoyloxyp,2-difluoro-1-zinc
chloride and 2,difluoro-1-6 HM@thoxyethoxymethoxyjl-zinc chloride were
prepared from trifluoroethanol at near ambient temperature and underwent
Negishi coupling with a range of athylides. Aco-solvent (N,N-dimethylpropylene
urea)was necessary to generate Aj#luoro-1-6 HM@thoxy-ethoxymethoxyjl-zinc
chloride in good vyield. The zinc coupling partners were also converted to
(iodo)difluoroenols which participated in Suzdhiyaura coupling wh a range of
arykboronic acids and potassium atyifluoroborates. Side reactions of the Suzuki
Miyaura couplings were circumvented by using tertiary butanol as the reaction
solvent. Low temperature preparation of trifluoroborate coupling partners,
potassium 2, Aifluoro-1-(N,N-diethylcarbamoyloxy)ethenyl trifluoroborate and
potassium 2,Aifluoro-1-(2Q@methoxy-ethoxymethoxy)ethenyl trifluoroborate, from
trifluoroethanol was also accomplished. The trifluoroborates underwent Suzuki
Miyaura coupling witha range of aryhalides. This SuzuMiyaura coupling
protocol was used to prepare a range of fluorinated electrocyclisation precursors in
modest to good vyield. Subsequent electrocyclisation afforded fluorobenzene,
fluoronaphthalene and fluorophenanthrenspecies. The electrocyclisations were
investigated computationally in an attempt to rationalise the ease/difficulty of

cyclisation.
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Aq
ASE
Ar
BINAP
bmim
n-Bu
t-Bu
n-BuLi
t-BuLi
Ca

Cy

DABCO
dba
DCM
DEA
DEC
DMF
DMI

DMSO

DoM

aqueous
aromatic stabilisation energy

aryl

H Z-Bisliphenylphosphinem Z-lmn@phthyl

1-butyl-3-methylimidazolium
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n-butyllithium

t-butyllithium

circa, approximately
cyclohexyl

days
1,4-diazabicyclo[2.2.2]octane
dibenzylideneacetone
dichloromethane
diethanolamine
N,N-diethylcarbamoyl
N,N-dimethylformamide
1,3-dimethyl2-imidazolidinone
dimethylsulfoxide

Directedortho-Metallation



dppf
dppp
EDG
emim
eq.
Et
EWG

GC

aHF

HMBC
HMPA
HPLC
HSQC

Hz

i-Pr

LC

LDA

Me
MEM

MIDA

M Z-bisdiphenylphosphino)ferrocene
1,3-bigdiphenylphosphino)ferrocene
electron donating group
1-ethyl-3-methylimidazolium
equivalents

ethyl

electron withdrawing group

gas chromatography

hours

anhydrous hydrogen fluoride
Homonuclear Multiple Bon@orrelation
hexamethylphosphoramide

High Performance Liquid Chromatography
Heteronuclear Single Quantum Correlation
hertz

isopropyl

Liquid Chromatography

lithium diisgpropylamide

ligand (s)

methyl

2-methoxyethoxymethyl

N-methyliminodiacetic acid



min
mol
MS
NHC
NICS
NMP
NMR
PDC
Ph
ppm
PTFE
RT
SVAr
TEA
Tf
THF
TMEDA
TMP
TS
uv
vide infra

vide supra

minutes

moles

Mass Spectrometry

N-heterocyclic carbene

Nucleus Independent Chemical Shift
1-methyk2-pyrrolidinone

Nuclear Magnetic Resonance
phthaloyldichloride

phenyl

parts per million
polytetrafluoroethylene

room temperature

Nucleophilic Aromatic Substitution
triethylamine

trifluoromethane sulfonyl
Tetrahydrofuran

b Z b X {etdambtifylethylenediamine
2,2,6,6tetramethylpiperidine
transition state

ultra violet
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1 Introduction

In recent history, fluorinated compounds have played a significant role in the
enhancement of everyday lifeSince discovery of the remarkable properties of
fluoropolymers, an ever expanding number of applications have been fofind
array of uses such as natick coatings for cooking utensils, lubricantagl
tanks/lines, waterproofingand chemical reactor liningsto name but a few, have
contributed to a multibillion dollar industry. Interest in the properties that fluorine

imparts upon organic molecules has also received significant atteftion.

Over 25% of the pharmactcals on the market in 2011 contained fluorine, one of
which wast T A Ta®idstatin 1, the bestselling drug globally in 20080ther
successful fluorinated drugs are the antibacterial ciproflox&cirom BayerD{ Y Qa

anticancer drug Lapatin®andEIlH{ A fPeagagrel (Figurel).

i-Pr OH OH

(@)
/\/'\/k/COH !

PhHNO,C—¢ N 2 FmCOZH
(\N N

PH " A

Figurel: Successful pharmaceuticals containing fluoroarenes



A common fluorinated motif present in modern pharmaceuticals is a fluoroafene.
The properties of the fluorine atom have the potential to enhance thécaffyof a
drug through several channe{Sigure2).2 The high electron withdrawing nature of
fluorine can Alter the pH of adrug, which can increase bioavailability.
Bioavailability canalso be enhanced bylocking metabolism pathways with
strategic introduction of a strong-E bond and increasing lipophilicity with the

insertion of aromatic fluorines.

Enhanced binding
affinity

/ J g i

S

pK4 modulation

Metabolism
resistance
~ F NH
H
6 H,oN.HCI
5
_H. NH
F7 ™0 2
HO NH HO
2 Hydrogen @]
bonding H
HO HO F-
7 8

Figure2: Effect of fluorine substitution on biologically active compounds

Electrostatic interadgbns also play a role idrug efficacy; fluorine atoms havmeen
observed to increase the potency of drugs by stronger binding to an active site on

an enzymé.



Weak FH hydrogen bonding can also have a significant effect on the drug.
Intramolecular FH hydrogen bonding of fluorinated norepinephrimers7 and

8 has been implicated in theselectivity for differenty h  #di@nérgic receptors

With a better understanding of fluorine atom effects in biological systems and
ever increasing interest in fluorinated,dbogically active molecule# is important

to develop new and efficient methods for their synthesis

1.1 Nucleophilic fluorination of arenes

Nucleophilic sources of fluorine have been routinely used to fluorinate aromatic
compounds. Early methods which recpd harsh reaction conditions and toxic,

difficult-to-handle fluoride sources have been superseded by more sophisticated
techniques. A brief description of some of the most useful methods and their

advances is described below.

1.1.1 Diazotisation/fluorodediazaiation

Fluorination by displacement of a diazonium salt has been performed in anhydrous
hydrogen fluoride (aHF).Anilines wereconverted to diazonium salt40 using
sodium nitrite in neat aHF at 0 °C, then heagguhtlyto promote decomposition to

the fluorinatedarenes (Tablel).?



.
NH, N,F F

aHF, NaNO, A
) oo | [ —
0°C
<F F V<F
9 10 11
Entry Y Yieldof 11(%) Entry Y Yield of 11(%)
1 H 87 7 4-OH <10
2 2-Ph 82 8 2-Cl <10
3 2-Me 73 9 3-Cl 81
4 3-Me 82 10 4-Cl 74
5 2-OH <10 11 2-NG, <10
6 3-OH 46 12 3-NO 40

Tablel: diazotisation/fluorodediazotisation of a range of substituted arenes

Dediazomtion becomesdifficult when strong electron donating groups (Oldye
presentin the ortho- and para positions. Nitro groups also have a deleterious

effect on the yield when presemtrtho to the diazonium salt.

Fluoroarenes are prepared by this method an industrial scalé;however, the
highly corrosive nature of aHF requires expertise and specialist equipment to
handle and so alternative sources of fluoride have been sought for

fluorodeazoniation.

1.1.2 BalzSchiemann reaction

Decomposition of diazonium tetrafluoroborate salts IBalz and Schiemann'®

demonstrated that fluorodeazoniation could be accomplished with a less hazardous



source of fluoride. A series offluoroarenes, prepared by thddalzSchiemann

reaction, are displayed in Tab™

NH, N'Cl L N,*BF, F
‘ N NaNO, | N NaBF, | X Heat | SN
, 2 HCl [ [ [
Y Y Y Y
9 12 13 11

Yield of 11(%) Yield of11 (%)

R

ortho para ortho para
H 100 100 CQH 19 2
Me 90 97 CQEt 87 90
F 30 62 NG 19 58
Cl 85 2 NEb 2 20
Br 81 75 NMe, 2 17
OMe 67 67 OEt 36 53

a) Reaction not performed

Table2: BalzSchiemann reaction performed on a range of substituted arenes

As with fluoroarenes generated liiyorodediazoniation with aHHpwer yields were
obtained using the BakSchiemann methodvhen the aniline precursorswere
substituted with polar groups andewis basicgroups (electron donating and
withdrawing) in theortho- or para- positions Another problem encountered arises
from the strong electron withdrawing nature of diagalts, which can encourage
substitution of even moderate leaving groups from tho- position (particularly

nitro groups) via a SYAr process.



Isolation of the diaanium tetrafluoroborate salt is necessary ataw yields can
result ifthe intermediateis not driedthoroughly, decomposition irthe presence of
moisture can lead to the formation of phendfsRecovery of tetrafluoroborate sadt
13 from water canalsobe difficult, particularlywhen hydrophilic substituents are

present on the ring?

Milner demonstrated that aqueous acidic media was not needed to effect
diazotisation of anilingsand that fluoroarenes could be prepared in one pot,
without the inconvenience of isolating the diazonium salt intermedigte.ow
temperature diazotisation (0 °C) was accomplished using nitrosonium
tetrafluoroborate in DCM. A solvent exchange to a higher boiling sol(e2t
dichlorobenzenepefore subsequent thermal decomposition provided fluarenes

in good yield Table3).

NH; N,"BF F
NO*BF4 A
S X -_— - X
|/ _ DCM, 0 °C |/ P Solvent |/ _
Y Y exchange Y
9 13 11
Entry Y Yield of 11(%) Entry Y Yield of 11(%)
1 H 72 6 2-Cl 90
2 4-NHAcC 55 7 2-Br 90
3 2-OMe 70 8 3-F 52
4 2-OPh 63 9 2-NG 15
5 2-OH 58 10 3-NOG 65

Table3: Onepot diazotisation/fluorodediazoniation reactions



Low yields are still apparent witB-nitro substituted derivatives Laalihas also
reported onepot diazotisationfluorodediazamiation reactions butin ionic liquids*
A noteworthy successof the use of ionic liquids ithe high isolated yield (90%)
obtained from the decomposition ofa 4-nitro substituted diazonium
tetrafluoroborate salt (Schemel), although this example was not a orgot
procedure andan extensive study of other lone pair beariogtho- and para

substituents was not undertaken.

N,"BF, —
NaNO, 27 N -
HBF, [ \) BFy

N
[em|m][BF4] 80 °C |
90% .
[emim][BF,4]
14 15 16 17

Schemel.: Diazotisation/fluorodediazoniation in ionic liguemim][BR]

Fluoroarene preparation by the decomposition of aryltriazenes is also a route of
note; the first decompositionn acidic media (HCI and HF) to form chloemd

fluoroarenes was desdréd by WallachH>*

Aryltriazenes are prepared by treating diazonium salts with an arylamine and are
more stable than the salt precursoi@eavage of the aminender acidic conditions
releasesthe diazonium salt for fluorodediazoniation by fiBr [BR]".*® Generally,
aryltriazene decompositn affords fluoroarene product in lower yields than the

BalzSchiemann reaction.



1.1.3 SJAr reactions with fluoride

Another establishedprotocol for fluorinating arenes is the displacement of a
halogen ion leaving group (halex reaction) by a fluoride aniacieophile cheme
2).1%% sybstantial activation can be required, with the presence of one or more
strong electronwithdrawing groups such asformyl, nitrile or nitro groups a
common requirement.Alkali metal fluorides, which are hygroscopic and require
careful drying are the usuaburces of fluoride ion, angolar aprotic solvents such
as dimethylsulfoxide PMSQ, tetramethylene sulfone dulfolang and N-methyl
pyrrolidinone (NMP) are routinely useas reaction solvest High temperatures
are required due to the poor solubility of the fluoride sources non-agqueous

solvents which makes the use of phase transfatalysts very important

Cl F
spray dried KF SN

Ph,PBr Q
—_ >
Sulfolane 98%

NO, reflux, 5 h NO, NO,

Y

18 19 16

Scheme2: Halex reaction performed onditrochlorobenzene

Spray dried potassium fluoride (KF) has been used most often, normally delivering
product inbetter yields than anhydrous KMe greater surface area of the spray

dried salt leds to a more efficient reactionlhe surface area of the salt (hence the



rate of fluorination) can be increased still further by recrystalising fiof

methanol??

The use of phase transfer catalysts have allowed lower temperatures to be used
(although temperatures of up to 200C are sometimes needed) and improved
reactionyields.Effective catalystgclude those ofi KS W2 y A dzY Q ,ABE LIS & dzC
and Me,;NCI** Grown ethershave also been shown to be effective phase transfer
catalysts’”® These catalysts can degrade at high temperatures and pressures, so

more recently, alternative catalysts have been soughPleschke demonstrated

that azaallenium catalystsuch as CNQ20), which has high thermal stability and

low dermal toxicity (P¥PBr has high dermal toxicityare effective phase transfer

catalysts (Tabld). Pleschke admithowever, that a general method for the halex

reaction has not been found and that optimisation would be needed for each

substrate?®

Microwavemediated halex reactions have been attemptgatoceeding ingood
yields in the presence of a polymeric imidazole gatialScheme3).?*’ Sulfolane,

the solvent of boice for many halex reactions was found by Luo to be unstable
under microwave conditions, degradingnder the high temeratures generated at
200-350W;DMSO was found to be a suitable alternative. Although good yields were
achieved it should be noted that the substrates were highly activated by electron

withdrawing nitro groups.



Cl F

+

/ _
. N NMez Cl
E >>'_'_'_'ZN:'_'_'_'<
N NMe,
NO, NO, \
20
18 16
. Yield
Entry Solvent (wt.%) Catalyst (mol%) Temperature (°C) Time (h) (%)
0
1 - PhPBr (1.3) 190 10 307
2 Sulfolane (70) PhPBr (1.6) 180 5 40°
3 Sulfolane (250) PhPBr (1.6) 180 4 80
4 Me,SO (130) CNC(1.0) Q0) 170 5 96
5 Me,SO (130) PhPBr (1.0) 170 6 89
6 Me,SO (130) (E&N)PBr (1.0) 170 6 93
a) % conversion
Table4: Halex reactions using azaallenium salt catalysts
Cl F
KF (1.5 eq) -
Catalyst (17) Br_ Br
DMSO N N=(CHz) =N, N~CH,CH,
NO, 192°C, 2h NO, n
93%
18 16 21

Schemes: Microwavemediated halex reaction

Substitution of a nitro group itself is possible due to the strongly electron
withdrawing nature of the group®?® The vyields of this transformation can be
modest; howeverKimura has shown that high yields meta-fluoroarenes can be
achieved by using RRBr as a phase transfer catalyst and phthaloyl dichloride (PDC)

to trap the nitrite ion Schemed).?® A higher temperature is necessary, presumably

10



because the Meisenheimer complex cannot be stabilised by this substitution

pattern.

KF (4 eq)

NO, Ph,PBr (10 mol%) F
PDC N
Sulfolane

CN 210 °C, 2.5h CN

86%

22 23

Schemet: Halex reaction with N£as the leaving group

An alternative option to having activating groups suchN&3 already present on

the arene ring is to utilise the disposable electron withdrawing group strategy

developed by KimuréSchemes).3%%

83% Sulfolane
SO,ClI 849, SO,F
26
NaOH F F 80% H,SO, F F
B — _— >
79%
SO;Na
27 28

Schemeéb: Chlorosulfonyl grous a disposable activatfor the halex reaction

Carbons aand 4 of25 are activated for attack by fluoride in the halex reaction as a

result of the introduction of thechlorosulfonyl moiety Thechlorosulfonyl groups

11



converted toa fluorosulfonyl grop during the halex reactiorSubsequent reaction
with aqueous sodium hydroxide generates a sodium sulfonate that is cleaved on
exposure to 80% #3Q. Owing to the unattractive scalep implications arising from

the use of excess strong acid, the Kimuraugralevised amilder cleavage of the
sulfonate using sodium carbonate in 4dBnethyt2-imidazolidinone (DM])
followed by desulfination by exposure to HEIThis gave comparable yields,

although an extra ste is needed and the use of aggdstill required.

The introduction of fluorine into an aromatic compound by aAISype reactions

a direct and selective method but certain limitations hinder the widespread use of
this operation. The fluoride source demands careful drying before arsg due to
solubilty issuesrequires high temperatures and expensive phase transfer catalyst.
Poor yields are often reported and electron withdrawing groups in a particular
substitution pattern ¢rtho- and/or para) are usually required tamake the
Meisenheimer complex emgetically favourable A considerable limitation of this
approach is the lack of generality. No single set of conditions has been able to effect

the transformation of both activated and neactivated substrates.

1.1.4 Conversion of phenols

An operationaly simple, single step fluorination of phenols was developed by
Ritter>? The fluorinating agent PhenoFluBi was prepared by treatind\,N-1,3-
bisd H @lisa@pylphenyh2-chloroimidazolium chloride with Csk wide range of

substituted phenols underwent deoxyfluorination in good yjeddew examples are

12



displayed inTable5. Electrondeficient phenols typically reacted more rapidly than
electron rich phenols; however, nucleophilic fluorination of arenes Inggaelectron

donating groups represents a significant advance in fluoroarene synthesis.

HF_2 iPr —_ iPr
OH PhenoFluor (1.2 eq) N/:\,\T F N_ N
N, CsF(Beq) Ar~ Y TAr N F><F
| J  Toluene, 80-110 °C O | « iPriPr
Y 3-18h | ) Y PhenoFluor
29 2% 1 31
30
Entry Y Temperature (°C) Time (h) Yield (%)
1 4-NO, 80 3 93
2 4-CR 80 3 92
3 4-OMe 110 20 822
4 4-NH 110 20 7530
5 2-Me 110 20 55*P
6 4-Me 110 20 812

a) Determined by GC assay; b)-tlidxane used as solvent.

Table5: Deoxyfluorination of phenols using imidazolium species PhenoBluor

1.2 Electrophilicfluorination of arenes

Many electrophilic sources of fluorine such ageneental fluorine®® xenon
difluoride® and organic hypofluoritéd have been usedin the synthesis of
fluoroarenes. Issues with toxicity, ease of handling and reagent availability have
seen these flarinating agents relegated in favour df-F reagents such as
pyridinium fluorides andfluoro-diazoniabicyclo[2.2.2]octee salts (Selectfludl).

Many of the NF salts are air stable and commercially available and, as a result, are

13



the mostfrequently usedelectrophilic fluorinating agents. A brief overview of their

use in fluoroarene preparation is described below.

1.2.1 CH/CF exchange

Direct GH/GF exchangeof aromatic compoundsby electrophilic aromatic
substitution has been accomplished usingfluoropyridinum specie¥ and fluoro-
diazonialicyclo[2.2.2]octane salts F9 5! 2 NJ { St SOUFf dz2etM 0 RS
al.®” These reactiors require directing groupsand proceed with modest

conversionsbut resultin poor selectivity An example is shown Bchemes.*®

Selectfluor cl
MeCN F A{f
> + -
reflux, 16 h [N+ 2(BF4)
80% overall yield F F
60% 20% Selectfluor
32 33 34 35

Schemes: CH/CF exchange using EDA

Attempts to improve the efficiency and yields of such fluorination reactiosnge

seen the use of ionic liquitlsand microwave irradiatio® with limited success.
lonic liquids appear to offer no advantage in electrophilic fluorination. Modest
(~50%) yields are generally obtained and due to the need for electron rich arenes,
mixtures ofortho- and para- isomers are routinely recovered after the reactith.

Laali and cavorkers have shown that #hisomer ratio can be managed in favour of

14



the ortho- isomer by blockingpara- substitution with a substituent already present

on the molecule (Tablé). Although selectivity is improved with this approach, a
Wof201AYy3IQ 3ANERAzLI Y dza llead$ preésénSdiithe &endhig i NP R dzC
represents a significardimitation of the method as extraynthetic stepsvould be

required to addand removethe blocking group.

,  F-TEDA F
/@/ lonic liquid z
v 80 °C, 15 h
Y
36 37

Isomer Composition of

Z Y lonic liquid Yield ReactionMixture (%)
OMe Me [emim][CESQ] 56%  2-fluoro (93), 3fluoro (6)
OMe Cl [emim][CESQ] 50% 2-fluoro (95), 2,&difluoro (5)
OMe F [emim][CESQ] 24% 2,4-difluoro (100)

Me NG [bmim][BR] 0 -

a) Determined by NMR assay.

Table6: Ortho- CH/CF exchange selectivity

The use of microwave reactors significantly reduces reaction times; however this

method suffers from similarly poor yields and selectiffty.

1.22 From aryl boronic acids

Substitution ofa small selection cdryl boronic acids and aryl trifluoroborates using

Selectfluor has beeaccomplished by Lemaire (Tafleg"

15



or

ﬁ/_CI

4

_ . g

BF;K [N+ 2(BF,)
F/

Y- - Y-k
= MeCN, RT, 24 h =
38 11
Entry Y B species Conversion%}
1 B
4-t-Bu (OH) s
2 BREK 53
3 4NO, B(OH) Traces
4 BRK Traces
5 4-OBn B(OH) 100
6 3-OBn B(OH) 0
7 2-OBn B(OH) 67

a)Measured by GC

Table7: Electrophilic fluorination of aryl boronic acids and arflluoroborates

The true scope of this useful transformation has not been determined; however,
this small study appears to shawat CB/CF exchange accomplished under mild
conditions. It also seems to Benited by the same drawbacks of CH/CF exchange
electron richortho- or para- substituents are required to effect substitutioand
electron withdrawing substituents are not tolerated. A study of a larger cohort of

aryl boron species is required to determine the generality of this novel fluorination.

1.23 From arydimetallic species

The regioselectivity of fluorination is greatly increased when aryl metallic species
are quenched with an electrophilic source of fluoriBnieckus has demonstrated

that directed ortho- metallation (DoM) to produce aryl lithium species, followed by

16



fluorination  with  N-fluorobenzenesulfonimide  (NFSi)  or N-fluoro-O-
benzenedisulfonimide (NFOBS) delivers fluoroarenes in modest yieldsoearlete

regioselectivity(Tableg).*?

© O\ /O
DMG Osg=0 S\
©/DMG R[S e @DMG O\\S/'{‘\F @[/S/\N—F
Y/ Z THF Y/ A1 Y/ T ©/6 oo
39 40 M . NFOBS
NFSi 43
42
Entry Y DMG DoM conditions F" Source Yield (%)
1 n-BuLi (1 eq); NFSi 55
4-OM NM
2 OMe  SQNMe; 40°C NFOBS 47
3 n-BuLi (1 eq); NFSi 74
H SOBl (1 eq)
4 -78°C NFOBS 70
5 n-BuLi (1 eq); NFSi 58
2-CON SQBU
6 Bt Q -78°C NFOBS 31

Table8: Directedortho-lithiation of arenes and subsequent fluorination

The regioselectivity of the lithiations is excellent; however, the organolithium
intermediates must be kept at low temperaturéo avoid degradatiorand many
functional groupsare not tolerated. Arykmagnesium halides have been successfully
converted to fluoroarenes byhe groups ofBeller, using anN-fluoropyridinium
reagent46* (Table9) and Knochel, using NF&iThe ayl Grignard intermediates
require less demanding storage conditions and are less nucleophilic than the lithium
species, allowing for more functional group toleca. Electron rich aryGrignards

were fluorinated inhigher yielg than electron poor species.
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. | ) BFy
Mg, LiCl l:rl/

B Br ?-rPngCLLim - MgX.LiCl F 46 B F
S THE - Y|/©/ Heptane F
44 45 1
Entry Y Yield (%) Entry Y Yield (%)
1 4-OMe 81 7 2-Me-4-OMe 59
2 2-OMe 69 8 4-F 47
3 4-SMe 61 9 4-C| 48
4 2-SMe 61 10 4-vinyl 60
5 2-Me 70 11 4-Ch 57°
6 3,4-DirMe 68 12 4-CN 33

a) Determined by GC assay) methoxyperfluorobutane (GBGR) used as solvent

Table9: Fluoroarene preparation from aryl Grignard reagents

The Grignard intermediates were prepared froamyl bromides by either Mg
insertion in the presence of LiCl or by Mg/Br exchange udirlylgCI.LiCl. This is an
excellent method for the pngaration of simple fluoroarenes, taking advantage of a
readily available catalogue of aryl bromides and using midallation techniques.

It does not represent a general approach to aromatic fluorine compounds; however,
as some functional groups are still séive to the Grignard reagents ¢gl, esters,

OH) and electron poor arenes were not fully investigated.
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1.3 Palladiumcatalysed fluorination

Palladiumcatalysedfluorination of aryl halides has long been investigated as a
route for the preparation of fluoroarenes. If the fluorination proceeded along
similar reaction pathways to the well established, knowngsilim coupling cycles
then it would overcome several limitationsf the fluorinationprotocols described
earlier; there would be excellent regioselectivity, truly mild reaction conditions,
activating substituents on the aromatic rirgould not be requiredand a greater

range offunctional grou would betolerated

1.3.1 Coupling using a nucleophilic source of fluorine

Early, extensive effort® form fluoroarenesby Grushin proved unsuccessfaf® A

simple representation of the desired palladium cycle is displayed in Fsgure

Ar—F, L,Pd Ar—X

Red. Ox. OO Ph, Bh
Elim. Add. .
P pg F

N (o-Tol)sP.  .F\  P(o-Tol)
LoF *pd Pd °

T A
Ar Trans- Ar Ph, 53

Figure3: Palladiuracatalysed fluorination cycle and isolated Pd complex2sind

53
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Grushin found that oxidative addition of aromatic iodides followed by
transmetallation with AgF produced palladium complEX This aggregated into
stable dimers likes3. Thermal decomposition of dimées3 did not result in €
union; instead PC and H- species were detected. Grushin prepared novel Pd
complex52 to encourage the difficult reductive elimination step by forcing the Ar
and F groupsisto each other; reductive elimination to form fluoroarenes remained

elusive.

Several grups have recently taken up the challenge of delivering effective
palladiumcatalysed fluorination processes with some successing both

nucleophilic and electrophilic sources of fluorine.

A series of aryiriflates were successfully fluorinated by Budid using CsF as the
source of fluorine(Table 10).*” Key to the success of the palladitzatalysed
fluorination was the use of a bulky psphine ligandtBuBrettPhos5). Buchwald
suggests that the ligand promotes reductive elimination and participates in the
overall efficiency of the cycle by preventing formation of a palladium dimer such as

53 (Figure3).
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OMe
t-BuBrettPhos (55) MeO PR
OTf  [(cinnamyl)PdCI], F e 2
i-Pr i-Pr
| N CsF (2eq) _ | N O
toluene, 12h _
Y// u Y// . R =t-Bu
i-Pr
54 11
55
Y Temperature (°C) Catalyst (Mol%) Yield (%)
2-Ph 110 4 82
4-CQnBu 80 2 85
3-OBn 130 10 57
3-NO-6-Me 110 2 80
4-NO-6-Me 110 2 83
3-NMe, 130 4 84

a) 1:1.5 catalyst:ligand ratio; b) cyclohexane used as solvent

Tablel0oY . dzO #dladiuRa@talysed fluorination of aryl triflates

Buchwald further improved this fluorination methodology by using a different

catalyst/ligand combinatiofSchemey).*®
MeO

Ad_Ad Ad_ 1
TfO F R m \/p
58 (2 mol%) /P%;—U«i;d\
MeO CsF (3 eq) MeO iPr iPr
R ——— N ve
N CgH N CgH MeO OMe
- w/ 6117 toluene, 12h - \n/ 6117
O (0]

56 57 iP r

r iPI
58

Schemeér: Improved nucleophilic palladitiratalysed fluorination

Competitive palladiuntatalysed processes (reduction of-@ff and formation of

Ar-Cl) were inhibited by using catalyss.
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1.3.2 Coupling usingraelectrophilicsource of fluorine

Palladium catalysts in the presence of electrophilic fluorine sources have also been
observed to generate fluoroareneSanford described fluorination of At bonds

with simple Pd(OAggand fluoropyridifum salts(Schemes).*®

F Pd(OAc), (10 mol%) R
— Selectfluor (2.5 eq) —
> /
\_\/ MeCN in CF4CeHs \_
N 150 °C (uW), 1.5 h =
59 69% 60

SchemeB: Directed palladiuntatalysed AiH fluorination

The requirement for a directing group and strategic blocking of reactive centres

imparts aserious limitation on the generality of this methodology.

A protocol for the fluorination of aryl boronic acidsing Selectfluor™ 35 and a

stoichiometricamount of palladium catalysvas developed by Ritter (Scher@g™

NO, ~Cl
o 4o ==
F
K>CO3 35 /©/F
—_—
MeOH/CeHg MeCN, 50 °C Ph
23°C,18h 30 min, 72%
91% 63
61 Ph

62

Schemed: w A (i (i S NI amediditetiffudrimatiodz) boronic acids
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Palladium compleX?2 is generated byransmetallation ofthe boronic acid tothe
Pd(Il) catalys6l. Exposure ofcomplex 62 to selectfluor generates a fluorinated
Pd(IV) complexand subsequentreductive eliminationof the aryl and fluoride

ligandsaffords the fluoroarene?

A severe limation imposed upon this approach is the need for stochiometric
amounts of palladium catalyst. Ritter developed a catalytic fluorination using a

Pd(Ill) catalyst to address this isse.

_ 4 XX(2mol%) —2
BF;K XX (4 mol%) F | A 2BF, I A
A NaF (1eq) SN B “.‘/ P [ N N
Y Selectfluor (1.0-1.2 eq) Y- ZN—Pd—N_~ _N N~
2 DMF, 40°C 15 h = MeCN 66
64 11 65
Y Solvent Yield (%)
4-t-Bu DMF 98
4-OPh DMF 99
4-Ph DMF 73
2-Ph DMF 85P
4-Br MeCN 96%
4-6 HoWridyl) MeCN 86%

a) No NaF used; b) 4% biphenyl

Tablell: Palladiumcatalysed fluorination of boronic acids using selectfluor

A selection of arytrifluoroborates were converted to anfluorides in high yield
using a Pd(lll) catalygeneratedin situfrom 65, 66 and selectfluorRitter proposed

an unusual single electron transfer mechanism and has shown that only small
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amounts of fluoroarenes<g%) are generated in the absence of the palladium
catalyst. A trifluoroborate group is necessary for successful flutoims; however,

Ritter demonstrated that these groups can be generateditufrom other common

boron species such as boronic acids or boronic esters. The scope of the reaction is
limited to electron rich or neutral anttifluoroborates and has so far ke unable

to tolerate heteroaromatic species.

Palladiumcatalysed fluorinatioris an attractive approach to fluoarene synthesis

due to excellent selectivity and mild reaction conditiombe Pd(IV) methodologies
developed by Sanford and Ritter, althoughaking a breakthrough in the
problematic reductive elimination of fluoride from a palladium complex, were
limited by either directing group requirements, poor substrate scop¢heruse of
a020KA2YSUNRO FY2dzyda 27F LI f ysedappdadch OF G I €
represents an excellent method of fluorination. High temperatures are necessary
(110130 °C) and purification from small amounts of smleducts can be difficult

but it is a very general procedure with high substrate scope.

1.4 Building Hock approach

A less common approach tolubroarene preparationis a building block
methodology, with the fluorine atom already present ansmaller non aromatic

substrate.
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1.41 Cyclisation of fluor@nynes

Burton has prepared some simple fluoroarengsing a building block approach
(Schemel0).>® A Wittig reaction was performed on cinnamaldehyf@&to generate
phenyl diene68 in aEE: EZratio of 43:57.Sonogashira coupling then afforded
dienyne69. The resulting crude mixture &E and EZisomers was cyclised under
basic conditions (DABCO) in refluxing NMP to afford fluoroaihm 72% yield

(based on 57% dEZdiene available from the Wittig reaction)

==—C4Hg (1.2 €q)
Cl,Pd(PPhs), (6 mol%) CaHo
PPN PPh;, CFBr; Ph/\/\;’”Br Cul (5 mol%) “ =
Ph No ————
O THF, reflux £ Et;N, RT, 48 h PNy
3N, ,
67 5h, 49% 68 F
69
C4H9

DABCO Ph
_ >
NMP, reflux, 6 h

70

Schemel0: Base catalysed cyclisation of a monoflrdienyneto afford biaryl70

Burton used the same methodology to prepare monofluoronaphthalenes #em
trifluoromethylbenzaldehydg' and fluorinated benzofurans and benzothiophenes

from heteroaromatic aldehydes (Figu#.>

C4Ho C4Hg C4Ho
FsC
. (T
F O F S F
71 72 73

FiguredY Cf dz2NRBI NBy Sa LINBLI NBR FNRY . d2NIi2yQa
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This approach produces fluoroarenes with complete regioselectivity; however, low

reactionyields and extremely low atom efficiency limit its usefulness.

1.5 Summary of fluorination methods

Several simple methods for the fluorination of arenes have been useathely in

the past; both electrophilic and nucleophilic fluorine sources have bespduto
fluorinate simple arenedut these processes generally require harsh reaction
conditions and often make use of toxic fluorinating agents. Fluorinated
regioisomers are also often produced which complicaieslation of reaction
products A stronginterest in fluorinated aromatic molecules in recent history has
stimulated research into improving fluorination protocols, with some success. Most
modern methods no longer make use of toxic reagents and try to use mild reaction
conditions. Some challengestill remain; however, includindgack of generality,
regioisomer formation, lack of functional group tolerance gowibr atom efficiency.
Palladiumcatalysed fluorinatiorrepresents the most significant advance to date,
allowing for excellent regioselectiy, mild reaction conditions and late stage
fluorination. Coupling using an electrophilic fluorine source, incurring reductive
elimination from a fluorinated Pd(IV) complex, produces product under extremely
mild reaction conditions but does not toleratbd substrate scope enjoyed by the

palladiumcatalysed fluorination developed by Buchwald.
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Given the keen interest in fluorinated aromatic species and the desire to improve
upon known syntheses, a novel building block approaehfluoroareneswas

investigaed.

1.6 Proposed synthetic strategy

A building block approach to fluoroarenes with 4 key operations is envisaged

(Schemell).

AN :\ /E] /x\\ S I//\\ e ,“/\\ -
o ’ 5 (0)'4 i
T K woA N TR,

F FF E
74 75 76 77

X =MEM or DEC

Schemell: Proposeduilding blockstrategyfor fluoroarene preparation

The key operationare:

1 ZHalodienéhalostyrene74 synthesis.
1 Palladiumcatalysed assembly @flectrocyclisation precursofr&b.
1 Electrocyclisation gbrecursorgo generate cyclohexadien&s.

1 Aromatisationby dehydrofluorination to affordluoroarenesr7.

Well established imple chemistry should expediate the synthesis @f
Halodienethalostyrenes 74. Similarly, known palladiuvmoatalysed coupling

chemistry of difluoroenol species shouldid in the delively of fluorinated
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electrocyclisation precursors75. Electrocyclisation fo the precursors to
cyclohexadienes76 is a novel step; however, should it prove successful,

aromatisation to fluoroareneg7 with the loss of HF should be facile.

1.6.1 Z-Halodieneand Halostyrenaynthesis

Four principal methods for the preparation dflodienes and halostyrenes are
outlined in Figure5. (Z} -Bromostyrenes79 can be prepared using a method
developed by KuangA{*® 2-Bromocinnamic ester81 can be prepared by
performing a Knoevenagel condensation oibr@mobenzaldehyde0 followed by
an esterification B). 2-Bromostyrenes33 could be prepared by palladivcatalysed
vinylation . ZBromodiene 85 can be prepared by performing a Vilsmeier

formylation on cyclohexanon&4 followed by a Wittig olefination).>’

@] v Br O Br
% | — m b, “_CO,Me
- e
S | N Br
78 79 80 81

A B

| PR = Cl) Br
A ML
| SN Br _____»n I X Br —_—
Y_I _ Y—| P
82 83 C 84 85

Figure5: Strategies for the preparation @halodienesand halostyrenes
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The proposed preparation of each halodiene and hagi@ste is described in more

detail in chapter 2.

1.6.2 Palladiumcatalysed assembly @tiorinatedelectrocyclisation precursors

Palladiumcatalysed coupling has received enormous attention over the last few
decades particularly since ~1990 (Figué>® owing to the wide substrate scope,
functional group tolerance and milgkaction conditions enjoyed by th@bust GC
bond forming processThe pioneers of the reaction received the Nobel prize for
chemistry in 20162 indicating the value of palladium coupling to the chemical

community.

1.6.2.1 A historical perspective on palladicatalysed coupling

The first palladiurrcatalysed coupling reactions as we wibuécognise them today
were performed by Heck in 88 when he successfully coupled olefins with aryl
mercury specie§' Mizorokf? and HecR® later improved the transformation by
demonstrating that aryl halides could be used in place of toxic organomercu
compoundsOlefination byforming GC bondausing a Pd catalyst became known as

the MizorokiHeck coupling reaction (oftesbbreviatedto Heck coupling)

In 1972 Corritf and Kumad®*® coupled Grignard reagents with arjbdides,
-bromides and-chlorides using nickel catalyst¥he scope of the Cordkiumada

coupling was later improved by usipglladium®’ more stable palladium catalysts
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allowed for a more robust catalytic cycle; howeverganochlorides then became

difficult to couple

< > >
< >

<
<

<1000 . <4000 . > 17000
publications ! publications ' publications
1972 '
Corriu .
M '
Kumada} (Mg) : 1995 .
1968 : Buchwald}:
' - (N, 0)
Heck 1975 1988 Hartwig !
Sonogashira ) '
9 Hiyama (Si) 1996 '
1978 : NHC ligahds
stille (Sn) 1997 12001
. Génet, |Molander
I L L L L L L L ; L L L ; L L L L L I
| 70 80 90 '00 10 |
1966 2014
Suzuki (B) Buchwald ligands | Burke
Mizoroki Fu ligands 2007
1971 1979 1998
Negishi (Zn)
Migita (Sn)
1977

Figure6: Timeline of majodevelopments within palladiurcatalysed coupling

Shortly after Sonogashira developed a palladtopper-catalysed protocol for
coupling acetylene species with organic halidf&swork by Negishi?’® Migita,™
Stille’>®and Suzukand Miyaurd* "> demonstrated that the excellent selectivity of
CorrivKumada coupling could be reproduced with organoZiNegishi coupling)
organotin (Migita-Stille coupling)and organoboron (SuzukiMiyaura coupling)

species respectively, while also achieving sigsdunctional group tolerance.

Migita-Stille and Suzu¥liyaura coupling, often abbreviated to Stille and Suzuki
coupling due to the extensive development by these researchers, are extremely
versatile, robustreactions that are performed under mild conditioremyd as such

have been usednore than the other coupling method&.Toxic tin residues are

30



produced as a bproduct of the Stille coupling and so limit its use by contemporary

chemists.

LnPdX, E L,PdX,

Ar—R L,Pd© Ar—X . Ar—R L,Pd© Ar—X
Reductive Oxidative : Reductive Oxidative
elimination addition . elimination addition

,?\r Ar ,Tkr Ar
R—pg(h Ln_F'>d<u) ; R—pd" Ln—l|3d(”)
| ' |
Ly )l( ' L, )I(
Cis/trans Trans- E Base
?somer- metallation ' ;r:tr.'jl;tion Activation
isation ,?‘,- R-MY, ,?\r “OH
L,—Pd® . B(OH); L,—Pd(
| ' |
R MY X : R-B(OH), OH HX
M = Mg, Zn, Sn '

Figure7: Catalytic cyckefor palladiumcatalysed coupling reactions

Organociodides and-bromides were routinely used as coupling partners but
couping of less expensive orgaridorides continued to pose problesnoxidative
addition of organchlorides is slow and is very often the rdimiting step in
palladiumcatalysed couplingsThere had also been little success enjoyed with
challenging coupling partners such as ahlglides or alkyly' S (i I thidfide |
elimination competes with slow transmetallatiomvestigations intdigand design
beganto address these issues and ushered in anotferry of research into

palladium catalysed couplings.

Buchwald and Hartwig independently and simultaneously discovered that

aSO2YyRIFNE | YAYSA 6hGdbGeyis) dolcR e Souple8 itoNskyly 3
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halides hrough palladium catalysis usingoR¢lyl); as a ligand®’’ This coupling
was termed the Buchwaltiartwig amination and was improved by the use of
chelating phosphine ligands (DP&te BINAPT"® This methodology was extended

to GO bond forming reaction® demonstrating that slow, problematic steps in
palladiumcatalysed coupling reactions could be overcome by use of the correct

ligand.

Buchwald discovered that amines could be coupled with-emjdrides by using a
biaryl amino phosphine ligarftt This ledto the development of an array fimilar
bulky, biaryl phosphinedands(such as36)® that are able to promoteformation of
mono-ligated Pd(0) catalysts and accelerdbe oxidative addition and reductive

eliminationsteps

Acceleration of lhe oxidative addition of orgarohlorides by electroflonating,
bulky phosphine ligands was also exmdiby Fu®® Fu demonstrated thatri-tert-
butylphosphine (RFBus]) 87 and tri-cyclohexylphosphine (P¢)y88 ligandscould be
used inHeck® Stille® Suzuki® and Negisii coupling of organochloridesThe
value of these ligands was exemplifiby their ability to effect palladiuroatalysed

coupling of alkyhalide$® andin particular, alkythlorides®
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i-Pr i-Pr

OMe
O i-Pr i-Pr
MeO PCy, ﬁ/ N
i-Pr i-Pr B ! NN
T OO e

87 88 89

Figure 8: Some importantligands in the development of palladivoatalysed

coupling

N-Heterocyclic carbene (NHC) ligarfdsch as889) have also been used in palladium
catalysed couplingHerrmann first used these ligands simple Heck couplings of
arykhalides The main advantage of the electron ribtHC ligandis strong binding

to the metal centre of Pd(0) catalystextending their lifetimeand promoting
oxidative addition of organohalideBlHC ligands have been usednost palladium
catalysed coupling™ Organ has recently developed some NHC ligated palladium
precatalysts yridine enhanced precatalyst preparation, stabilisation, and
initiation; PEPPSI) that akapable of coupling difficult substratéswhich include

sterically hindered arythlorides, alkyhalides and alkyietallic species>®®

A more recentdevelopment in palladiurcatalysed coupling as the discovery that
masked boronic acids could be used as substrates in SMaydura coupling.
Suzuki couplings by far the most used coupling metti8diue to the vast substrate
scope and stability of the coupling partners; however, some boronic acids are prone
to extensive degradation and stabilisation of these species lead to higher

yielding more efficient reactions.
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Coupling of a range of arenediazonidetrafluoroborates with potassium aryand

alkenyltrifluoroborates by Geet*®®’

generally went unnoticed until the scope of
the methodology was extended by Molander. Molander demonstrated tiat
more amenable organohalides could be coupled with an impressive array of

potassium organotrifluoroborates (Scherig). The borate saltare generally white

solids thatareindefinitely stable under ambient storage conditions.

R/R' = X =1, Br, OTf, Cl
X
Y—:(;X XX Z = Heteroatom
R-X + R—BF,K _Pd_ R-R
Base X
Y_!\ P N
Z

Scleme12: Scope of Suzuiiliyaura coupling of potassium trifluoroborates

The key to the success of the reactions is slow release of the active coupling reagent
(boronic acid) under reaction conditions. This me#mat only a small amount of
boron coupling reagent is available at a given time and limits the loss of material

through degradation processes.

Some species, particularly potassium heterodnflluoroborates still proved
difficult to couple using the conditions developed by Molander. Burke
demonstrated thataryl, heteroaryl, viny, and alkyN-methyliminodiacetic acid
(MIDA) boronategsouldsimilarly be used asasked boronic acidoupling partners

(Schemet 3).%8%°
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\ MeO OMe MeQ OMe ‘ PCy,
P . 9 @

90 i 92 93: SPhos

i) Pd(OAc), (5 mol%), SPhos 93 (10 mol%), KsPO, (7.5 eq), Dioxane:H,O
(5:1),60 °C, 6 h, 98%

Schemel3: Example of Suzukiyaura coupling wh a heteroaryl MIDA boronate

PalladiumcatalysedGC and € bond formations an extremely powerful reaction
that has become indispensable the modern synthetic chemist. Some extremely
general and efficient coupling methodologies have been deliveaéidr four
decadesof research, and development continues today. Currently, chemists are
striving for a coupling methodology that does not require activation of coupling
partners (organohalide or organometallic species). Direct palladiatalysed cross
coupling of arenes has been accomplished througH @ctivation'®® This improves

the previous coupling methodology in terms of atom efficiency; however, the scope
of the coupling is limited at present as directing groups areessary to impart

regioselectivity.

1.6.2.2 Trifluoroethanol derived building blocks

It is envisaged that palladineatalysed coupling of difluoroenol coupling partners
derived from trifluoroethanol could deliver the electrocyclisation precursors

outlined in Schemd 4. Trifluoroethanol derived vinystannanes97 have previously
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been generatetf*'%? and used by Percyn the synthesis of several classes of

fluorinated organic compound€3*%’

NaH OX OX
o . i | onee 1o Y
F.C~  0°C  F,c”  -78°C 7| 78°c-18°C SnBus
THF THF F THF F
94 95 96 97

X = MEM [CH,O(CH,),OCHs] or DEC [C(O)NEt,]

Schemel4: Preparation of key difluoroenol coupling reagent

w

OH F
0%, CFH o F
YF,C | o Lo OH
P

—OH
H

W

O nm

98 99 100

Figure9: Fluorinated compounds prepared using stannd@éa

Preparation of the difluoroenol stannanes requires cryogenic conditions and their
use results in release of toxic tin residuédthough thechances ofsuccess of
delivering electrocyclisation precursorsby Stille coupling of 97 are high,
investigation into the preparatioand reactionof alternative difluoroenol coupling

partnersof less environmental impact would be of value.

Burton has prepared fluorovinylzinc coupling partnéam HFE1348% and HFE
1334 at ambient temperature and performed Negishi coupling with a range of

arykiodides (Table 12). The key to generating the vinylzi species at ambient
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temperature was slow addition of LDA to a solution of the fluorinated building block
and ZnGl in THF; the temperature sensitive organolithium intermediates were
immediately quenched with ZnCiGiven the similar, albeit low temperate, LDA
LINBLI N A2y 2F RATFEd2NRSy2f adlyybeySax

applicable tathe trifluoroethanolderivedbuilding blocks

%
LDA (2 eq) X — X
X ZnCl, Pd(PPh3), F Y
o nCl
FsC 15-20°C 65 °C F |
THF F =
101
102 103
X=F,Cl
X Y t (h) Yield (%)
F H 3 69
F 4-NO, 1 37
F 4-CR 1.5 66
F 4-OMe 1 82
Cl H 1 77
Cl 3-NO 15 77
Cl 4-Me 12 83
Cl 3-OMe 3 79

Tablel2: Coupling of vinylzinc species prepared at ambient temperature

Another attractive alternative to Stille coupling is the popular Suzuki coupfiaz.
has shown that potassium difluorovinyltrifluoroborai®6a can beprepared from

trifluoroethanolin 50-60% yield Schemet 5).1*°
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1. LDA (2eq) 1. HOCOH

MEMO 2. B(Oi-Pr)3 OMEM OMEM
F% 3. Aq work-up F% Toluene, 16 hrs= F\%\— .
FL o THF I BOH): 2 khF, [ BF3K
-78 °C Acetone/H,0O
104a 105a 106a

Schemel5: Katz preparation of potassium difluorovinyltrifluoroboradi@6a

Katz also demonstrate@uzuki couplingpf 106a with a range of arybromides

under regular thermal and microwave conditions using Pd@i a bulky phosphine

ligand (RuPhog)rablel3).

Br
veJ @
=
PCy2

PdCl, (5 mol%)

OMEM RuPhos (15 mol%) OMEM i-PrO Oi-Pr
_ . NEts, n-PrOH F \/Y
BF K T hermal: 90 °C, 23h g »
ermal: y
F or F 107 = RuPhos
106a uW: 150 °C, 10 min 108
Y Thermal yield (%) MW Yield (%)
4-OMe 76 38
3-OMe 85 =
2-OMe 86 83
4-Ch 82 57
3-NQ, 0 2

a) Coupling not attempted

Tablel3: Katz coupling of potassium trifluoroborat®6a
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1.6.3 Electrocyclisation and rearomatisation

9t SOGUNROBOt A&l GA2Y NBIOGA2Y A | NBndid§ NA O& O

ring opening or ring closing proceshe reactions can be promotatermally or
photochemically and the outcomes follow strict stereochemical ratésinder
thermal conditionssystems involving 4n electrons undergo conrotatory cyclisation
while systems involving 4n+2 electronsdergo dsrotatory cyclisation (Figur&0).

The opposite is true for photochemically promoted electrocyclisations.

LBy A

Conrotatory X X

By QL — G

FigurelO: Thermal electrocydation reactions

1,3,5Hexatriene systems are usually associated with a signifigetmzation barrier

(see chapter 22.2.4 with temperatures ofup to ~200 °C commonly required for

electrocyclisation to occuiSchemel 6).'*2

OtBu OtBu

Decalin, 215 °C‘
0 H 45 min, 83% 0 H

_
& ! CO,Bu Q z CO,Bu

109 110

Schemel6Y -electrocyclisation 01 09to afford steroid skeletori10
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It is hard to predict the level of thermal activation required for electrocyclisation of
0KS LINPLIZASR Wi NR S VB, &hewevarydeatokatisatios @Nd 6 CA
impose significant activation barriers for systems suciHzand 113, leading to

high reaction temperatures.

XO XO

111 112

Figurell: Hexatriene core of the proposed electrocyclisation precursors

Substitution of the hexatrienes can, in some cases, lower the activation barrier for
cyclisation. A series of calculations carried out by'¥uvevealed that some
monosubstituted andn particular some disubstitutetrienes had remarkably low

activation energiesTable14).

(\ G =
F ' NS
Entry Y T(K) n B(kcal/mol)®
1 H 298 30.7
2 1-F 298 28.3
3 1,6F 298 28.2
4 1-F2-OH 298 27.2
5 2-NO»-5-NH; 298 16.7

a) B3LYP/31G

Tablel4: Calculated freenergy of activation of some substituted hexatrienes
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Entries 24 suggest that terminal monfluorination may have a modest lowering
effect on the activation barrier for electrocyclisation. The proposed precursors to
the pericyclic sted 11, 112and 113all have two terminal fluorines and so may not
follow the trend displayed in Tablel4. Indeed, Dolbier has attepted

electrocyclisation of hexfluorinated precursors without succe$¥

Benzene
193 °C, 24 h

115

Schemel7: Unsuccesful electrocyclisation of hex@duorinated 114

Dolbier suggested thateric repulsion between the terminal fluorines, resulting in
destabilisation of the required boat transition state may be the reasontiier
failure of the cyclisation. Dolbier designed a clever experiment to probe this
theory.*° A tetrafluorinated compound (terminal position) constrained to undergo
Cope rearrangement through a boat transition statas much slower than one able

to adopt a chair transition state (see chapter 2; 2.2.4). The proposed
electrocyclisation precursors in this work have only two terminal fluorines, and on
the same carbon, so similar destabilisation of the chair transitiatestxperienced

by Dolbier is not anticipiated.

L'y AGSNI GAQGS O2dzL) Ay3a &AGN)rGS3Te (261 NRa

Figure5 (C), and subsequent electrocyclisation has been demonstrated by Langer
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(Scheme18).1*® A twofold Heck coupling of dibromoquinon&16 with ethyl
acrylate in DMF at 90 °C resulted in anthraquindi9 after 8 h. The same
methodology, but at higher temperature (120 °C) was applied to- 2,3
dibromoindoles'’ Langer could not apply the same approach to -2,3
dibromobenzofurans; solvent exchange to,@hwas required as a temperature of

200 °C was required for electrocyclisatiof.

Z>CO,E

0 Pd(OAc), (5 mol%)
XPhos (10 mol%)

o)
DOUE: Crrr
Br %g/,:, 90°C,8h CO,Me
o) ° o)

116 119

o o
‘ ' AN COzMe ! . ! COgMe
Z COzMe COzMe

@)

o
117 118

Schemel8Y [ y3ISNR& R2YAyYy2 |1 SO1 O2dz2LJ) Ay3akSt SO

In the case of the proposed electrocyclisation precursors, rearomatisation will occur
with the concomitant release of HF. Care must be taken to trap this highly corrosive

acid.KF can be used to trap HF as a potassium salbKHF

42



KF scrub

+N
F F F KF 2

XO . XO Solution @— PTFE/silicone septum

—_— |

CHI>— Crimped lid

Thick walled
Glass tube

120 121

Reaction solution

Figurel2: Proposed trapping dfiFreleased during rearomatisation

Addition of an aqueous solution of KF on reaction completion would trap any HF
dissolved in the reaction medium. A dry KF scrub would also help trap any gaseous
HF, with a posite pressure of Plforcing any acidic vapours from the reaction

vessel headspace through the scrub.

The previous passages have described a proposed novel route for the synthesis of
fluorarenes. The strong literature precedence for some of the key steps theas
is scope for some optimism that the proposed palladicatalysed

coupling/electrocyclisation methodology can be successful.
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2 Research and Development

2.1 PalladiumCatalysed Coupling

Palladiumcatalysed coupling of metallated difluoroenol species was envisaged as a

key operation for realising the synthesis of novel fluoroarenes (Scli€ne

OX
S
F —
X 123 | ox A
| — 1 e ox
Y F -HF
F F
122 124 125

Schemel9: Proposed route to fluoroarenes

Investigation ofthis vital step was essential in order to fulfil the aim of generating
fluoroarenes. It also represented an opportunity to improve upon already-well
established difluoroenol coupling chemistry. One of the main issues to address was
the identification of tke most appropriate metal species to be used as the
transmetallating reagent, and to try to avoid the cryogenic methods historically
employed in their synthesis. With the appropriate difluoroenol coupling partners in

hand, the scope of their palladivatalysed coupling reactions was also assessed.

2.1.1 Synthesis of trifluoroethanalerived building blocks04a and 104b

Acetal 104a and carbamatel04b were prepared in 0.63 mol and 0.74 mol scale

respectively according to previously published proceduresg@et20).'%'%
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i) NaH

OH iy MEMCI OMEM o
FsC) THF FaC MEM= 25070
94 92% 104a
i) NaH o
OH iy DECCI ODEC _
F3C) THE F3C) PEC= MONTS
94 89% 104b K

Scheme20: Generation of acetal and carbamate building blocks

Trifluoroethanol 94 was added dropwise to a stirring suspension of NaH (60%
dispersion in mineral oil) in THF at 0 °C. After hydrogen evolution ceased,
methoxyethoxymethyl chloride (MEMCI) or diethylcarbamoyl chloride (DECCI) was
added dropwise and the thick suspension was stirred for 18 h. Aqueousupork
and careful distillation afforded acetdl0O4a and carbamatelO4b as colourless
liquids. These building dtks were stored under Nand refrigerated (~8C), and

were stable for a number of years.

2.1.2 Preparation of Difluoroenol nucleophiles
2.1.2.1 Stannand27aandl127b

Stannanel27a was isolated in 91% yield on an 8 mmol scale using a method
devebped by Percy (Schen®i).'%? Dehydrofluorination/ lithiation of acetalO4a

was effected with dropwise addition d04a to a stirring solution of LDA (2.1 eq) in
THF at-78 °C. The resulting lithiated speciE®6a was quenched by the dropwise
addition of tributyltin chloride. Flash chromatography afforded stann&@ea as a

colourless ail.
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OX OX

ﬁ) LDA (2.1 eq) F\)\ BusSnCl F%
FsC~  THF 7Ll 78°CtoRT I SnBuy

-78°C F
104a 126a 127a
104b 126b 127b

127a (91%): X = MEM
127b (75%): X = DEC

Scheme2l: Low temperature generation of stannan&g7aand127b

The same method was used to generate stannd@é in 75% yield on an 18 mmol
scale!® These stable stannanes were stored under refrigeration (~ 5 °C) until

required for cross coupling.

2.1.2.2 Potassium trifluoroboraté86a and 106b

Potassium trifluoroboratelO6a has previously beemsynthesised by Katz and -co
workers but required the isolation of a boronic ester intermedi&if®An alternative
telescoped procdure was sought to avoid the intermediary isolation in the Katz
method.

Trifluoroborates106a and 106b were generated on 0.12 mol and 0.06 mol scales
respectively by using an adaptation of a procedure published by Genét and co

workers (Schemg?).2%97
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XO OX 1. B(OMe); (1.5 eq) (0)4
F LDA (2.1eq) _ Fj/\ . RT,3h . Fu Ty
THF Ll 2 KHF, (6 eq) 3
F'r 2 F
-78°C,2h F 0 °C,18h
104a 126a 106a
104b 126b 106b

106a (55%): X = MEM
106b (47%): X = DEC

Schene 22; Low temperature generation of potassium tifluoroborat&66a and

106b

Generation of lithiated specie426a and 126 was accomplished as described
previously. Trimethyl borate was added to the reaction mixture-#& °C. After
addition of trimethyl lorate the reaction mixture was allowed to warm to room
temperature and stirred for 3 h; it was then quenched with an aqueous solution of
KHE at 0 °C. The trifluoroborates were isolated by extraction into a methanol:
acetone mixture (1:4). In the case 1fiéa, concentration of the extract and addition

of diethyl ether encouraged immediate crystalisation. The crude, concentrated
extract of borate106b required cooling in the refrigerator for 18 h to bring about
crystalisation. The resulting semwlid was slrried with diethyl ether and the
crystals were collected by filtration and dried. The process was repeated twice for
the mother liquor to obtain the maximum yield of borat®6b.

The trifluoroborates were stored at RT under ambient conditions and shavweed

signs of deterioration in quality after years of storage.
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2.1.2.3 Organozinds88la and131b

Burton and colleagues have established that a rarabient zincation of fluorinated

building blocks HFT34d % and HF€133d s possible, using LDA as the base.

Y
— A
LDA (2 eq) X — X
X ZnCl, Pd(PPh3), F Y
) < . |F > = RS
. = ~ZnCl |
FsC 15-20°C 65 °C =
THF F =
128
129 130
X=F,Cl

Scheme3Y . dzNIi2y Q& | Yo A Sy dh andSovplis MiemistetNS Y S G | €

This tiemistry lays the foundation for metallation of building blodik®la and 104b

at near ambient temperatures, traditionally carried out at low temperatui&(°C).

Low temperature zincation df04b

Before higher temperature metallation was attempted on building bldbd4a and
104b, the dehydrofluorination/metallation of carbamateE04bwas carried out with
t-BuLi (2 equivalents) in THF-&B °C. These conditions were chosen to allow the
unambiguous (and aminefree) preparation of the organolithium reagent as
demonstrated by Arany and emorkers'® A solution of freshifused zinc chloride
(1.1 equivalents) in THF was added and the mixture was heltBaitC for 2 hours,
then allowed b warm to room temperature (RT, 48 °C). A palladium coupling

assay was performed in order to ascertain if the organozinc species had been
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formed. After 30 minutes at RT, the mixture was cannulated onto a mixture of 4
iodoanisole 132 (1.1 equivalents) am tetrakig(triphenylphosphino)palladium(0)
(5mol%) [Pd(PR)y], and heated at 65 °C for 16 hours. After waogk and
purification, styrenel33 was obtained as the sole fluorinated productda. 70%
yield (Scheme24). This result demonstrated that31b was both stable at room
temperature and available for coupling under palladigatalysed conditions at

higher temperatures.

1. t-BuLi ODEC IOOMe
DECO 78 °C . 132 i ODEC
> = ~ZnCl > =
Fs;C 2.2ZnCl, F Pd(PPhs),
104b  -78 °Cthen 0 °C 70% OMe
THF 131b 133

Scheme24: Low temperature generation and initial coupling of carbanidéb

Nearambient zincation 0104b

A series of simultaneous step changes were then implemented by replacing the
alkyllithium base with LDA, raising the dehydrofluorination/metallation reaction
temperature to 0 °C and having the zinc(ll) salt present from #girming of the

sequence, as described by Burt§fi!®

Although Burton's precesht of near

ambient zincation of HFC34a and subsequent palladium catalysed coupling was a
very strong one, the effect of strongly coordinating groups within the alkenylmetal
was difficult to predict. Freshlgrepared LDA (2.5 equivalents) was added to a

mixture of 104b and freshlyfused zinc chloride in THF at O °C. A yellow solution

formed immediately and this colour persisted after a further hour at room
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temperature (1518 °C). After this time had elapsed, a small amount of white
precipitate was appardn This may be lithium fluoride due to the relative
insolubility of fluoride salts in organic solverits.No difference in yield was
detected whenl131b was used either as a fully homogeneous solution or as a
suspension.

Reagentl31lb was cannulated onto a mixture @B2 (1.1 equivalents) and Pd(Ph

(5 mol%) and heated at 65 °C overnight. Once ad&8yas isolated in good (65%)

yield from104b(Scheme25).

ODEC |OOMG ODEC
DEC)O LDA, ZnCl, NUZ N, 132
> > /
F3C1o4b THF F Pd(PPh3), L
0 °C then 15 °C
en 131b 65% 133 OMe

Scheme25: Near ambient temperature generation and subsequent coupling of

131b

The use of excess LDA is worthy of comment. Although it is hard to understand the
necessity for a 0.5 eq excess of the amide base, it is clear that it is tolerated by the
sensitive difl@roalkene generated by the reaction. An excess of nucleogHsial i
would result in an addition/elimination reactidff*** and was observed
experimentally when chlorotrimethylsilane was used as an electrophile after
dehydrofluorination/lithiation of carbamatd04b with various equivalents afBulLi
(Figure 13). The generation ofLl36 and 137 in the presence of 1.9 and 2.0
equivalents oft-BuLi could be a result of inaccurate titration of the organolithium

base.
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~gi C ODEC

. ODEC ODEC
- [P G AP Ay P
F.C~ THF Li N N I
-78°C F F F
104b 126b 135 136 137

2.1 eq of t-BulLi | J
e 135 d,%k-= 49 Hz
. d,?kr=49 Hz .
° e 1360r 137:'s
2.0 eq of t-BulLi _l

1.9 eq of t-BulLi | } i

-80 - 100 =110 -120 [epi

Figurel3: Crude'F NMR highlighting addition/ elimination reaction

The nearambient zincation conditions detailed above for carbamatb were
applied to acetall04a but the MEM protecting group is cleaved by zZn(ll) $&lend

so reagent and product stability was uncentai

Optimisaton of nearambient zincation 0104a

Low conversions 0104a were observed under the conditions used fb@4b (as
indicated by the'®F NMR spectrum of the crude coupling reaction mixtures [Figure

14]). Tablel5 summarises initial investigats of the reaction of acetdlO4a
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MEl\ﬁ) OMEM |—< >—OMe OMEM

LDA, ZnCl, F 132 E
— Z >ZnCl - =
FsC THF Pd(PPh3),
F
104a F oM
131a 138 e
Zn salt Time at Conversiot  Yield
Entry LDA (eq.)
(eq.) 0°C(hrs) 1518 °C (hrs) (%) (%)
1 2.0 1.0 1 1 27 -
2 2.5 1.1 1 2.5 65 -
3 25 1.1 1 4 67 -
4 3.0 1.1 1 4 93 34
5 2.5 1.1 0 4 88 -
6 25 1.1° 1 3 81 47
7¢ 25 1.1 1 1 95 60

“Calculated by integration of tHéF NMR spectrum (Pr/SM + Piisolated yield of.38
after chromatography°ZnCJ. TMEDA complex was usé@he solvent was 12% v/v
DMPU/THF.

Tablel5: Optimisation of neaambient zincation/coupling af04a

Entries 1 and 2 indicate clearly tha04a and 104b undergo dehydrofluorination/
metallation at different rates; only a moderate conversionl@a was observed
after 3.5 hours. There was little to be gained from increasing the reaction time
further (entry 3). The use of 3 equivalents of LDA (entry 4), delivered a
disappointing yield of product after isolation (34%) despite high conversion (93%);
product decomposition was revealed by a low sigiahoise ratio in the'F NMR
spectrum. Similar results were observed when LDA was added at room temperature
(entry 5). We noted that the reaction was slightly exothermic at room temperature;

decomposition mg be the consequence of failure to control it. The non
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hygroscopic Zn€TMEDA complex synthesised using the protocol of <8lveas
investigated as a zinc(ll) source (entry 6). The complex was less soluble in THF than
the free salt; conversions were comparable to those obtained with zinc chloride,
but no better, so tlere seemed no benefit in an additional preparative step.

As it is known that the DEC group ranks more highly than the methoxymethyl
(MOM) group in the DoM hierarchy”*?®it was postulated that the carbamate
group may be deaggregating the LDA and increasing the rate of lithiatid/N-
Dimethylpropylene urea (DMPU) (12% v/v) was added to mimic the carbamate
moiety of 104b and toincrease the reactivity of the metal amide base (entry??).

131 The presence of the esolvent resulted in full conversion df04a, a higher
isolated yield and a reduced reaction time. A range ofalvent concentrations
(12¢65% v/v) wee screened; however, it was observed that DMPU concentrations

above 12% v/v yielded similar conversions and isolated yields.

Entry 7 1
e 1043 t, %k = 9 Hz
e 138 d,%}kr= 62 Hz
d,’kr=62Hz ° .
Entry 2 ‘
60 T o 00 A e

Figurel4: Crude'F NMR spectra of selected zincationd 6fa
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This much improved procedure was adopted as the standard protocol for

generating organozinc speci&8la

2.1.3 Preparation of difluoroenol electrophiles
2.1.3.1 lodide$3% and13%

Generation ofiodo(difluoroenol) derivativesl3% and 13% was achieved by
applying the near ambient zincation conditions, described earlier, to a known

literature procedure™®*

LDA (2.5 eq) OMEM OMEM
MEMO  zncl, (1.1 eq) Fo b, 10min £
> ZnCl| Zror |
FsC THF 50%
DMPU (12% V/v) F
104a 0-15°C,1h 126a 139a
LDA (2.5 eq) ODEC ODEC

DECO  zncl, (1.1 eq) l,, 10 min
- _ 2, F
> > zncl| o TN

F,C THF 71%
0-15°C, 1 h F
104b 126b 139b

Scheme26: Synthesis of iodo(difluoroenol) specit3%a and13%

In the case ofLl3%, 2.5 equivalents of LDA waslded dropwise to a solution of
104b and ZnGlin THF at 0 °C to afford zinc speci@db. A solution ofdin THF was
then added via syringe to quench the zinc species; after wprkhe crude iodide
was purified by filtration through a plug of silicallbwed by Kugelrohr distillation,

to afford iodide13% in 71% yield (0.01 mol scale).
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The preparation of iodidel3% was less efficient, with 50% the highest yield
obtained. The same procedure (on a 0.02 mol scale) was followed, but a short
contact timebetween the zinc reagent and iodine was essential for this yield; times
of 1 hour and longer significantly reduced the yield of iodid&9a (ca. 25%).
Addition of DMPU caolvent was necessary for an acceptable yield 8%a; the

urea coesolvent ensuredull conversion ofl04a to the organozinc intermediate as
described previously. Both iodides were found to be stable after purification and
could be stored under Nin the refrigerator (~5 °C) without decomposition (3
months). Discoloration of the materialgas observed when they were stored at

room temperature with iodidel 3% being much less stable.

2.1.4 Palladiumcatalysed coupling of difluoroenol nucleophiles
2.1.4.1 Stille coupling of stannarigs/a and 127b

Stille coupling of stannand7a'®® and 127'%is already well established with high
yields and a broad substrate scope; however, these couplings provided an
opportunity to learn the practical aspects of palladium coupling clsémiand test

the reproducibility and further scope of the methodology.
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(0):4
F Conditionslorll  F
= SnBU3 - = | \:—Y
F F —
7 140
Entry Stannane lodide Conditions Product (Yield)
OMEM OMEM

F F

o

SnBug |
F OMe

o

OMe
127a 132 138 (51%)

OMEM | OMEM

F = nbu. i =
. v T, 0 YT
127a 141 142 (90%)

ODEC | ODEC

P NG~
3 T SnBu, \©\0Me I mom
1270 132 133(83%)

I: Pd(OAG)(3 mol%), iodide (1.05 eq), PRhO mol%), Cul (2@01%),
DMF, 50 °C, 18 h; Pddba; (5 mol%), iodide (1.05 eq), BRRR0 mol%),
Cul (10 mol%), DMF, 50 °C, 18 h.

Tablel6: Stille coupling of stannand®27aand127b

Styrenes 138, 142 and 133 were generated in moderate to good vyield from
stannanesl27a and 127b. In a typical procedure a mixture ©27a, iodide141 (1.1
eq), PPh (10 mol%) and Cul (20 mol%) were taken upMF and stirred at 50 °C
for 16 h (entry 1). Workip with a methanolic solution of KF removed most of the
toxic organotin byproduct BuSnl as solid BSnF which was filtered off? The
remaining tin byproduct was removed by flash chromatography to afford styrene
142in 90% vyield. Although stannané&&7a and 127b participate in Stille coupling

under mild conditions and with a broad scope of electrophilegjctdin reagents
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and difficulty of purification and poor atom efficiency are disadvantages that usually

persuade chemists to find alternatives to-Based nucleophiles.

2.1.4.2 Suzuki coupling of potassium trifluorobora@&a and 1060

Advantages ofSuzuki coupling include functional group tolerance, high atom
efficiency with a nortoxic waste stream, and the use of isolable boron coupling
reagents that are generally stable to purification and storage.

Trifluoroborates106a and 106b represent extremel stable masked boronic acids
that are able to participate in Suzuki coupling with arylhalides (TABleKatz and
coworkers have developed conditions for couplid@6a with a range of aryl
bromides® They used RuPhos, a bulky phosphine ligand, to obtain the best yields.
Entry 1 demonstrates that these borates can be coupled in the absence of
expensive ligands in a slightly loweeld (53% vs 78%).

Styrenesl144 and 146 were generated using an optimised procedure developed
when coupling iododifluoroenol$3% and 13% (vide infrg. Interestingly for entry

3, % NMR analysis of the crude reaction mixture showed styréA& was
syrthesised with no bikoupled product or Zodostyrene. This suggests that
oxidative addition involving the-Cbond is significantly faster than that in theGO'f

bond as would be expectétfin the absence of bulky phosphine ligarfds**
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Entry Borate Halide Conditions Product (Yield)

OMEM | OMEM
Fo A+ F Z
1 \FH\BHK \©\OM9 | mOMe
106a 132 138(53%)
ODEC Br ODEC
Fo =+ F.
, pwr ' V\@
1060 143 144 (54%)
ODEC OTf ODEC
Fa AN+ ' F =
3 BF3K 1 [
F TfO
106b 145 146 (64%)

I: Pd(dba) (5 mol%), Halide (0.9 eq) NE3 eq),n-PrOH, 90 °C, 18 H;
(PPR)PdC] (2 mol%), Halide (1 eq), LK} (3 eq), tBUuOH, 90C, 4 h

Tablel7: Suzuki coupling of potassium trifluoroborate3ta and 106o

There has been a significant amount of work developing coupling conditions for
borate 106a,'*° and for stannaned27a'® and 1270**. Further work on palladium
catalysed coupling of difaroenol species was therefore focused on the less well

developed organozind 8la and 131b) and iodide 13% and 13%) species.

2.1.4.3 Negishi coupling of difluoroenolzinc spe@éa and131b

Optimisation of the Negishi coupling @8la and 131b was necessary before the
scope of the reaction was determined. The protocol was improved immediately by
observing that a catalyst loading of 2 mol% was as effective as a 5 mol% loading.

Subsequent couplings were performed with the lower loading.
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Investgation of order of addition

The order of the addition of the reactants was investigated briefly. Addition of a THF
solution of ZnGl (1.1 equivalents) and LDA (2.5 equivalents) to a solution of
carbamatel104b (method B), followed by coupling witid32 (1.1 equivalents) and

Pd(PPB4 (2 mol%) resulted in the same (65%) isolated yield as the earlier

procedure (methodd).

Al
OMe

LDA, D 132 ODEC
DECO  zncl, Pd(PPhg), F
P > |FN>zn0 ~ T
FsC THF n F
104b 0°C F OMe
131b 133
LDA
+
LDA ZnCl, 104b

Scheme27: Depiction of the order of addition of reagents

Altering the interval between mixing the ZaGblution with LDA and its addition to

the carbamate had little effect on the isolated yield of the coupling reaction; yields
were similar after 5 minutes (45%), 60 minutes (51%) and 120 minutes (39%). As
these are isolated yields after chromatographyjsitunlikely that the differences

between them are significant (manual deconvolution of column fractions can easily
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lead to yield variations of this size). A lower (26%) yielti3&was obtained when
104b was added dropwise to a solution of LDA (2.5 edaiva) and ZngI(1.1
equivalents) in THF (methad), so the order of addition does appear to have an
effect.

If LDA is the active base then organolithidfi6b must be zincated extremely
rapidly or elimination of lithium fluoride to form acetylen&47 would occur
competitively resulting in a decreased yield (Schetle Such eliminations to form
acetylenes has previously been described by Norm#rt® The order of addition
employed in methodA (Scheme27) would therefore help to ensure rapid zincation

by keeping the concentration of lithium amide low with respect to ZnCl

DECO |pa ODEC | zncl, QDEC ~_ODEC
el I I R - .
Fc” THF \%\L' \%\Z”C' F/
0°C F F
104b 126b 131b 147

Scheme&28: Proposed competitive elimination under slow zincation conditions

Alternatively, LDA and ZnQGhay react instantaneously to form an active mixed
metal species. Knochel and -amrkers reported that TMPZnCI-LiCl was formed
within 30 minutes when a solutioof ZnGlin THF was added to a solution of LTMP
in THF at10 °C (Schem29)**’, but the reaction would have to be much faster than

that in our system.
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[ ] ZnCl, (1.1 eq) [ ]
N THF N

| o o

Li -10°Cto0°C ZnCLLICl
30 min

148 149

Scheme29: Knochel generation of TMPZnClI- 143

The yieldwas also lower when the substrate was added to the LDA/,ZnRture
(method ©), conditions under which an active mixed metal species would have time
to form fully. Although not fully understood, it is clear that subjecting carbamate
104bto a high concetation of LDA at these elevated temperatures is detrimental
to the yield of the overall reaction.

Method A (the addition of LDA to a solution @b4band ZnGlin THF) was retained

as the standard protocol as it was the most straightforward, due to adowenber

of reagent transfers.

Stability of difluoroenolzinc species

Coupling reactions were usually performed by preparing a batch of the
difluoroenolzinc reagent&3la or 131b and transferring the appropriate quantity by
syringe to reaction tubes containg a palladium catalyst and the appropriate
coupling partner. Organozinc reagents are sometimes avoided because of their
sensitivity to moisture and are usually forméd situ for immediate consumption;
however, Lietner and cworkers discovered that a solution of-@ridylzinc
bromide could be stored for more than 12 months at room temperature without

any significant decomposition (scherg@).**
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F3COBr
FsC
7 Pd(PPh3), (2.5%)
. -
|

N
N ZnCl THF
65°C,1h 151 N~
150 99% conversion
12 months

stored at RT

Schemed0: Stability of 2pyridylzinc chloride

A solution of reageni31bwas stored in the refrigerator for 7 days prior to Negishi
coupling with132 using the standard conditions. A 65feld of styrenel33 was
obtained from a coupling carried out at the end of that period, revealing 1¥itb

is relatively stable in solution, and certainly amenable to batch preparation.

Overcoming an unexpected side reaction

During the course of this westigation it was discovered that the reactions could be
carried out smoothly using commercial LDA as a solution in
THF/heptane/ ethylbenzene. This simplified the protocol still further; it became
necessary as prominent side products were observed inesoases. G®IS data
from the crude reaction mixtures suggested that an addition/elimination reaction
with lithium n-butoxide was occurring. Similar side products were also observed by
Burton when coupling trifluorovinylzinc species wittldorobenzene ioitle °® An
experiment was devised to ascertain if tlmebutoxide was introduced from the
commercialn-BuLi during LDA formation (Figuts). n-BuLi (0.5 eq) was added to a
solution of purified styrenel52 in THF at78 °C and the reaction stirred for 30

minutes. The solution was then allowed to warm-89 °C, recooled to-78 °C and
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stirred for a further 30 minutes. A sample was removed aftes time, quenched

with water and the organic products were extracted into GD@H analysis by°F

NMR.
ODEC n-BuLi (0.5 eq) ODEC ODEC
Fo = OMe ?’ ~o~OF OMe + = OMe
F -78°C F F
152 153 154
. e 152 d,%kr= 49 Hz
d,?}r=49 Hz
e, 1532xs
o 154 t,%}, = 23 Hz
t, %k, =23 Hz .
5 /\/_.u M A,
. gr.JgL. . 'H‘ S — .‘H‘ﬁ . I“E‘ﬂ
.g|3 -103 -104 =121 -1|zs

Figurel5: Identification of butoxide side products usitif NMR

The ®F NMR spectrum of the reaction mixture revealed some unreacted starting
material (2 x d?Xkr 49 Hz) and addition/elimination products (major and minor
isomers) from butyllithium (34 23 Hz) and lithium butoxide (2 x s) nucleophiles.
The butoxide side product was isolated by chromatography (30% diethyl ether in
hexane) and theH NMR spectrunobtained (Figurel6) was consistent with the
proposed structure. These results confirmed the presence of a significant amount of
lithium butoxide in the commercial source BuLi for LDA formation and due care

was taken to avoid the use of such contaated products.
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Figurel6: *H NMR of purified butoxide side produt$3

| T T T | T T T |
6 4 2 0 [ppm]

Scope of Negishi coupling of difluoroenolzinc spd@és and131b

With high conversion conditions in hand for batBla and 131b, the scope of the
Negishi coupling could be explored with a palette of aryl bromides and iodides.

Tablel8 summarises the results for acetk®la

64



MEMO
FsC

104a

i) LDA (2.5 eq.), ZnCl, (1.1 eq.), 12% v/iv DMPU/THF, 0 °C (1 hour) then 15 °C (1 hour);
then aryl halide, Pd(PPh3),, 65 °C.

Q
z

Entry Halide Time (h) Product (yield)
OMEM
Br. F. =
1 155 \Q 16 ! 138(60%)
OMe OMe
OMEM
Br OMe F yZ OMe
2 156 @ 16 I 169(73%)
Br OMEM
3 143 @ 16 F%@ 170(53%)
F
Br OMEM
4 157 16 OO 171(48%)
F
MEMO
5 158 Br\@ 16 kaé 172 (40%)
F
Br . OMEM
6 159 CL 16 V\Q 173(54%)
Cl F cl
OMEM
|
7 160 @ 05 F\%K@L 174(25%)
oTf F
OTf
OMEM
Br.
g 161 @ 16 F\Z\Q 175(41%)
CFs F o,
Br. CF3 OMEM
9 162 U 05 FWca 176/(20%)
F
Br i OMEM
10 163 @ 05 V\Q 177 (25%)
F
CN
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11# 164

g

CN
0.5 "~~~ N 178(33%)
F
I F
122 141 \CL 16 V\Q 142 (41%)
NO, F
NO,
Br. NO, E NO
13 165 U 05 j%@ 179(31%)
F

14 166 16 180(0%)

Br- Z
15 167 \©\f0 16 F 0 181(0%)
Br. E
16 168 @ 16 V\Q 182 (0%)
OH F
OH

%Commercial LDA was used

Tablel8: Scope and limitations of the Negishi coupling protocol with ade3dh

The MEM specie$31a O 2 dzLJt SR  gefedtron riéhAaadKneutral aryl halides
(entries 1- 7). The highest yielding couplings were carried out witfm&thoxy)
(156) and 4(methoxybromobenzene X55). This suggests that oxidative addition is
not the ratedetermining step for these Negishi coupling reactions; electron
deficient aryl halides would then be expected to undergo faster oxidative addition
and perhaps produce higher yieldscoupled product.

Steric bulk is also tolerated in the Negishi coupling of MEM vinylk3ia as

demonstrated by coupling with-Bromotoluene (58) in 40% vyield.
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A modest scaleip of the Negishi coupling df3la was demonstrated using-1
bromo-4-chloroberzene159. A 54% yield was obtained when coupling 1 mmol of
aryl halidel59. Scaling the reaction to 10 mmol produced a yield of 38%.

Aryl halides containing electron withdrawing groups generally coupled less
efficiently (entries 8 16) and some required eeduced reaction time to optimise
the coupling yields vide infrg. Negishi coupling of acyl containing halides 4
bromobenzaldehydd 66 and 4bromoacetophenonel67 afforded peculiar results.

No signals consistent with product80 or 181 were observed inthe *F NMR
spectra of a sample removed from the reaction mixtures. On addition of the aryl
halides to a stirring solution of vinylzint31a in THF, an intense blue colour
developed almost immediately. This colour dissipated to a dark brown/black colour
over 18 h. Investigation of these interesting results was not pursued due to time
constraints.

It is clear from entry 16 that acidic protons are not tolerated by this Negishi
coupling protocol.’®F NMR of the reaction mixture confirmed that protonated
species 205awas the only product of the reaction. Although there was concern that
the vinylzinc reagent&31a and 131b would be too basic to tolerate acidic protons,
there is literature precedent for Negishi coupling of phenol species. Knochel
demonstrated thatphenylzinc halides could, with slow addition, be coupled to aryl

halides bearing a benzylic alcohol in good yield (Schath&®
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|
IDXOH
184

.~ Pd(OAc), (1 mol%)
Znl.LiCl SPhos (2 mol%) - O >
] THF, 2 h, 25 °C O
_ o)
73 - 95% R 185

183
R = H, Cn, CO,Me

Scheme31: Negishi coupling of iodobenzyl alcoi&4

Knochel also demonstrated the difference in rate of protonation between
organozinc species (Tahl®).'*° Addition ofi-PrOH to a solution of the organozinc
species at-10 °C revealed their relative basicities; phenylzinc > alkylzinc >

benzylzinc.

Yield of active zinc reagent (%)

i-PrOH added (eq) @L N el @
ZnGl.LiCI ° ZnCl.LiCI

0 100 100 100
1 20 80 >97
2 <3 10 85

Tablel9: Rate of protonation of organozinc species

Jackson demonstrated that alkylzinc specié$ could be coupled with halides

bearing a phenolic proton (Schergg) !4
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I A
G
=
Pd(dba)s (2.5 mol%) _
WHBoC b o-tol)s (10 mol%) BocHN N on
BnO,C Znl > BnO,C = U

DMF, RT
186 42 - 88% 187

Scheme32: Negishi coupling of aryl halides bearing a phenolic proton

The results of Knochel and Jackson demonstrate that alkylzinc halides are
unexpectedly tolerant of acidic protons. Teg® hybridised organozin&31a would

be expected to be of similar reactivitg phenylzinc species, and so the faster rate

of protonation of these species demonstrated by Knochel andvakers would

explain its intolerance of phenols.

Next, the scope and limitations dflegishi coupling oftarbamate 131b were
determined. The resultare displayed in Tablg0. As for the coupling af31a, the

DEC analogu&31b O2 dzLJt SR Ay 0 S-&lécBoNyich an8 heltéal aglA (1 K -
halides (entries T 0 { K | yéleciboh deflicient coupling partners (entries-8

15). Investigations into ophising the reactions with electron deficient aryl halides

initially focused on <4odo-4-nitrobenzene 141; the lowest coupling yields of

. dzZNIi2y Q8 OAyefi AyO NBIFISy(id®'2dewENER G Ay S
spectrum of the crude reaction mixture from a coupling of halidé with vinylzinc

131b using the standard procedure (16 hours at 65 °C) revealed an array of signals,

and styene 198was isolated in low yield (13%).
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DECO
FsC

104b

i) LDA (2.5 eq.), ZnCl, (1.1 eq.), THF, 0 °C (1 hour) then 15 °C (1 hour);

then aryl halide, Pd(PPhs),, 65 °C.

Q
z

Entry Halide Time (h) Product (yield)
ODEC
Br. F
1 155 \Q 16 m 133(65%)
OMe OMe
ODEC
Br. OMe F. OMe
2 156 @ 16 m 152 (63%)
Br. ODEC
3 143 @ 16 F%@ 144(65%)
F
Br ODEC
4 157 16 P OO 190(57%)
F
DECO
5 158 Br\@ 16 F%\@ 191 (0%)
F
Br ODEC
6 159 @ 16 F%@ 192 (51%)
Cl F al
| ODEC
7 160 @ 05 F\%K@ 193(60%)
oTf F
OoTf
Br ODEC
g 161 \Q 16 FV\Q 194(53%)
CFs F
CF,
Br. CF. ODEC
9 162 U 16 FWCFs 195(37%)
F
Br ODEC
10 163 @ 16 F@ 196(36%)
F

(@]
z
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Br- CN
112 164 U 16 "~~~ N 197(29%)
F
I F
122 141 \Q 0.25 %\Q 198 (42%)
NO, F
NO,
Br. NO, F NO
13 165 U 16 j%@ 199(18%)
F

14 188 ® 3 NS 200(0%)
Br N F N_ _—~
ODEC
Br. X F
15 189 [ 3 NS 201 (0%)
N F —

%Commercial LDA was used

Table 20: Scope and limitations of the Negishi coupling protocol with carbamate

vinylzincl31b

A short % NMR study to derive a crude reaction profile was undertaken to
determine if the low yield was a result of possible side reactions emerging from the
catalyticcycle, or from degradation of styred®8once it was formedThe reaction

was undertaken as normal and an aliquot was removed every 15 minutes for 1
hour. These aliquots were exposed to a crude wapk then'’F NMR and G®IS
analysis was performed. Natl of the species could be identified after the coupling
of halide141 but unreacted starting material$04b and 141, iodide 139b and HF
addition product202were confirmed to be present (Figulg). After 15 minutes a
significant quantity of styren&98was produced along with small amounts of side

products.

71



700000 ° 1O4b
e 139b
600000 o Y
e 141
@510000 o
%
Z e 202
« 198
[ )
[ ]
[ ]
100000 M
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Figurel7: Crude G@®/S (60 mins) an’F NMR analysis of Negishi coupling.81b

with 141 under standard conditions
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The presence of trace amounts of ioditl@9bis suggestive of a side reaction of the
catalytic cycle but generation of HF addition prod@6R in increasing significant
guantities over time indicates that low coupling yields are as a result of degradation
of styrenel98. The presence of starting materid4b is an interesting observation.
Although it may be unreacted starting material, an irase in concentration of
104b over time hints at a more complex regeneration pathway. This observation
was not investigated further but would be of significant interest for future work
with fluorinated building block404a and 104b.

Katz and ceaworkers alsoidentified HF addition products when generating
difluorostyrenes that contained a strong EWG (Sch&®)é'° The mechanism of HF
addition is clear in the Katz study, as the generated styrenes are exposed to KF in a
protic solvent. Presumably, in the case &8, the styrene is exposed to fluoride
present in the reaction mixture (LiF) and the fluoride adduct is stable until

protonation during aqueous workp.

o)
Br—< >—</
Ph
167 OMEM OMEM
MEMO PdCl,, RuPhos E
ek - T Foe
I 3" n-ProH, 90 °C F | Ph | Ph
106a 181 O 203 O

Scheme32: HF addition product observed by Katz andhawkers

A considerably improved isolated yield of styret8(42%) was achieved when the
reaction was quenched after just 15 minutes. Howe the improvement in yield

ONRdzZZAKG Fo2dzi o0& akK2NISyAy3d (KSlecdl OGA 2y
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deficient aryl halides. It should be noted thahBrostyrene199was also isolated in

poor yield due to a significant amount of HF addition duot, but due to time
constraints a coupling reaction with a reduced reaction time was not attempted.
Reduced exposure to the LiF and the Negishi coupling conditions would be expected
to result in a higher yieldYields of triflatesl74 and 193 were also improved when

the reaction time was reduced to 30 minutes.

A notable difference between Negishi coupling of acé@ila and carbamatel31b

Ada GKS I G0SNDa Ayl 272 Nds geDetated ifi a 40% Sidkdh O 0 d.
from 2-bromotoluene 158, however, attempts to couple carbamafie3ib with 158

were unsuccessful. Only protonated spec285 was observed by’F NMR when

the reaction mixture was quenched. This limitation was overcome by interchanging
the transmetalating and oxidative addihospecies \(ide infrg suggesting that
transmetalation from131b to an (E-tolyl)palladium phosphine complex may be
slow.

Entries 14 and 15 of TabRO suggest that heteroaromatic halides are unsuitable
substrates for this Negishi coupling approach. In tase of entry 15, &F NMR
spectrum of the reaction mixture revealed only a small amount of proddt
unreacted starting materiallO4b, protonated specie205% and homodimer204

(Figurel8).
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ODEC ODEC DECO F ODEC
F = | AN F _ P F F _
FF F NG F  ODEC F
o 1040 e 201 e 204 2Xxm e 205k
t, 3}, 9 Hz d,%}kr46 Hz dd, k- 73,
d,%}kr46 Hz 331,16 Hz
d,?}kr73 Hz
[ ) [ ]
- "

o —— | : : R : o —
-80 -90 -100 -110 [ppm:

Figurel8: *°F NMR of reaction mixture of Negishi coupling betw#atb and 189

A significant amount of starting material is present (only 22% conversidf4i)
and may be as a result of poor conversion to vinylzinc spdd#és. Poor coupling
selectivity is also apparent from th&F NMR spectrum ag01 and 204 were
observed in a 21 ratio. Formation of the homodimer may be the result of
competition between a second transmetallation and reductive elimination, a
mechanism proposed by Casaf€sand also byLei’*® Scheme33 represents a

possible catalytic cycle that would result in the generation of homodiodr
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DECO F ' /:V Pd(0) —\
F\(\%F{

131b
ODEC

= ~ZnCl

F 131b

Scheme33: Proposed catalytic cycle for generation of homodir2e4

CycleA represents a simple, conventional Negishi coupling of pyridyl brorh@8e
with vinylzinc 131b. Oxidative addition yields palladium comple206 with
subsequent transmetallation yielding compl@07. The Negishi coupling cycle is
completed by reductive elimation to form styrene201 and regenerate Pd(0).
However, if reductive elimination is slow from compl2@7, then a competitive
second transmetallation (cyclB) may occur to generate compl€08. Reductive
elimination from this species would yield homagded product and regenerate
Pd(0) to propagate the coupling cycle. No further optimisation of the coupling of
vinylzinc131b with heteroaromatic halides was attempted; however, a judicious
choice of ligand may have increased the rate of reductive elinanand inhibited
the proposed double transmetallation.

The general trends observed in the Negishi coupling3dh and 131b are similar to

those obtained by Burton and esorkers®®*®for trifluorostyrene synthesis from
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HFC134a, HF@33a and aryl iodides. The highest yields were obtained using
St SOGNRBY NAROK I NBEf A2RARSA | YR -detrorSNJ €A S

deficient.

Effect of halide on coupling efficiency

The Negishi couplings of aryl iodides were compared with those of the analogous
bromide coupling partners to probe the efficiency of the more reactive halide and
determine if highest yields depended on the use of the more costly and less
available iodideg¢Table21).

The use of iodides offered no advantages over the reactions of the bromides;
essentially the same product yields were obtained for each halide derivative. The
results lend further evidence to the theory that oxidative addition is not the rate
determining $ep in the catalytic cycle of specid8la and 131b as aryl iodides
would be expected to undergo oxidative addition significantly faster than the
analogous bromides.

A single attempt at coupling-énethoxy)chlorobenzene with vinylzirt3la was
unsuccessfulunder the standard Negishi conditions, suggesting that oxidative
addition had become rate limiting. This was not unexpected as it is known that
organochloride coupling partners usually require activation in order to participate in
oxidative additiorf’ Due to time constraints a ligand study was not undertaken and

so coupling with a range of aryl chlorides was not atsd.
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OX i) orii)
P N AN A
F3C Z /_/\ F ’ /—Y
104a; X = MEM
104b; X = DEC

Method i) LDA (2.5 eq.), ZnCl, (1.1 eq.), 25% v/v DMPU/THF, 0 °C (1 hour) then
15 °C (1 hour); then aryl halide, Pd(PPh3),, 65 °C.

Method ii) LDA (2.5 eq.), ZnCl, (1.1 eq.), THF, 0 °C (1 hour) then 15 °C (1 hour);
then aryl halide, Pd(PPh3),, 65 °C.

Product (Yield %)

Entry Aryl halide P . =
=~ ~ZnCl ~~ ~ZnCl
F
Br.
1 155 \CL 138(60) 133(65)
OMe
|
2 132 T@L 138(58) 133(65)
OMe
Br-
3 161 @ 175(41) 194(53)
CFs
|
4 210 Q 175(29) 194(53)
CFs
Br.
5 163 @ 177(22) 196(36)
CN
|
6 211 \@L 177(22) 196(32)

CN

Table21: Comparison of coupling efficiencies of aryl iodides and bromides

Effect of additives on coupling efficiency

The nature of the organozinc species can play a pivotal role in the level of success of
the Negishi coupling reaction. Organozincate species doadigand more rapidly

than diorganozinc species which in turn donate a ligand faster than organozinc
halides. Organ has proposed thgt*-sp® Negishi coupling can be promoted in the

presence of LiBr or LiCl €12 eq) by forming an alkylzincate (ScheB®% a)*° Lei
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and coworkers observed a rapid increase in reaction rate when Mg&$ present

as an additive in the Ni catalysed homocoupling of phenylzinc chloride (S@¥%me
b).1** Although the observations by Organ and Lei are of an increased reaction rate,
it was important to perform Negishi couplings on the difluorozinc species with these

additives to determinegheir effect on the yields of the couplings.

. Br - . /Br 2_
a) n-Bu—ZnBr LiBr. Li*| n-Bu-zn } LBr, 2Li* n-Bu-Zn‘-Br}
‘Br Br
212 213 214
- -~ Ph” > Br
fl NN E 216
iPmPr Catalyst 217
CI-Pd—Cl THF:DMI
N (2:1)
| Y
Do
217 Ph”” >""n-Bu
215
o)
Ph)k(Ph
cl cl
ZnCl O N2 Ni(acac
b)  Ph-Mgol T 2 Mg(THF), Ni@eac) - o _pn
218 Ph™ “ci 220

219

Scheme&34Y hNHIY YR [ SAQa | OOStSNY A2y 27

The usual zincation df04a was performed in the presence of 1 or 2 equivalents of
LiCl, addedefore the coupling step to generate styred88 (scheme35). Added
LiCl appeared to have no effect on the yield of the coupling; the yielkdB8fvas

63% with 1 added equivalent of LiCl and 59% with 2 added equivalents. However, 2
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equivalents of lithium alt (LiCl and LiF) are already present in the reaction mixture
as a result of the dehydrofluorination/metallation step and may already be assisting

the Negishi couplings.

. OMEM
MEMO i) E
P g Z
F4C BrOOMe F
OMe
104a 155 138

Method: i) LDA (2.5 eq.), ZnCl, (1.1 eq.), LiCl, 12% v/v DMPU/THF, 0 °C
(1 hour) then 15 °C (1 hour); then aryl halide, Pd(PPh3),, 65 °C.

Schemed5: Negishi coupling df31ain the presence of excess LiCl

There also appeared to be no positive effect on the Negishi couplint3lbfwhen

MgC}h was used as an additive (Tab®). Difluorovinylzinc specie$31b was
generated in the usual manner before being added to a flask containing a
suspension of Mggin THF at 0 °C. This suspension was allowed to warm to RT
before a solution of aryl halide and Pd(RRHn THF was added and the reaction

mixture was stirrecht 65 °C.
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ODEC i) MgCl, (1 eq) ODEC
THF,0-15°C F

Fs - N
ZnCl ) PA(PPhy), (2 mol%) | Y
F ArX F =
131b 65 °C, t
. Time .
Entry Aryl halide " Product (Yield %)
Br ODEC
1 155 @ 16 F@ 133(39%)
OMe F
OMe
Br ODEC
2 163 @ 16 Fj2\© 196 (48%)
CN F
CN
| ODEC
3 141 \Q 0.3 Fﬁ%@ 198(50%)
NO, F
NO,
Br NO. QpEC
4 165 U 05 F%@(NOZ 199(10%)
F

Table22: Negishi coupling df31b in the presence of Mg¢&l

These results demonstrate that the vyields of the Negishi couplings remain
unaffected by LiCl and MgGidditives; however, their effect on the rate of the
reaction is unknown and would require kinetic studies to gain a complete

understanding.

2.1.5 Palladiumcatalysed coupling of difluoroenol electrophiles

2.1.5.1 Suzuki coupling of iodo(difluoroedeljvativesl3% and13%

The main limitations with palladiuroatalysed coupling of difluoroenol nucleophiles

were poor yields when a strong EWG is present on the aryl halide, failure to tolerate

81



heteroaryl halides and steric sensitivity. The Suiiiaura coupling of iodides
13% and13% was investigated to try to overcome some of these limitations.
Potassium trifluoroborate coupling partners were used to probe the scope of the
iodo(difluoroenol) species in SuztMiyaura coupling. Trifluoroborates areported

to have better stability and efficacy than the more traditional boronic acids,
exemplified by the wide range of couplings performed by Molander and co
workers!****° These stable salts were generated in moderate to excellenr9@a)
yields from the boronic acids following literature procedures of Vedejs and
Molander (Scheme6).*>**! A solution of KHFin H,O was added to a stirring
solution of boronic acid in methanol. The resuy mixture was stirred at RT for 2 h
then concentrated under reduced pressure to afford a white solid. The
trifluoroborates were then extracted from the solid with a methanol:acetone
mixture (1:4) and precipitation was encouraged by addition of diethiyere The

salts were then collected by filtration and were all stored at RT.

Foll (OH) K ol Mgk
L BOH), — o ler,
A > MeOH/ H,0 A
2 h, RT
221 £1.09% 222

Scheme86: generation of aryl trifluoroborates
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Optimisation of the Suzuki coupling reaction

The coupling conditions were based initially tose reported by Molandet?®
These are: Boron reagent; @®yPdCJ} (2 mol%) precatalyst and GEQ in a
toluene: water mixture (2.7: 1 v/v). Inifianvestigations indicated that the more
stable Pd(ll) catalyst (EPpPdCl was more effective than Pd(P£h and that
toluene was a more effective solvent than THF as indicated by’EhBIMR analysis

of the coupling betweerd 3% and223 (Figurel9).

+ -
KF3B\©
223

(1.1 eq)
Pd catalyst (2 mol%) ODEC
QDEC Cs,CO3 (3 eq)
Fe - | ., F _
E solvent/ H,O (2.7: 1 viv) F
90°C, 2h
139b 144
e 139h
d,’kr42 Hz
d, “kr42 Hz .H Y THF, (PP),PAC}
1 M
o 144
d, *kr49 Hz .
2 [ ]
d,"kr49 Hz “ THF, Pd(PRJ)
i
[ Toluene, (PP}),PdC}
k
N Toluene, Pd(PR
-'.’!0 I I I ‘ -E:O I I I I -SIO I I I I -1|()0 I I I I -1|10 I ‘ I [[;p

Figurel9:®C baw 2F (KS ONHzZRS waQ#HdD2TF AYyAGAL €
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It was observed that 1.1 eq of borate coupling partner was not sufficient to
completely consume iodid&3% (Figurel9). Due to difficulty separating unreacted
iodide from the coupled products aadest excess of boron reagent (1.2 eq) was
required to fully convert the iodides3% and 13%.

lodide 13% was used to optimise the Suzuki coupling. Full conversion of the iodide
occurred over 2 hours at RC with a number of electrorich potassium
arykrifluoroborates, producing products in good to excellent yieldakle24). Not

all borates coupled successfully under these conditions, with solubility appearing to
be limiting in some cases, prompting a search for more general conditions. To
improve borate solubility, more polar solvents were investigated; alcohols were
chosen as relatively sustainable candiddat®sThe (3nitro)phenyl borate224 was
chosen to optimise the reaction conditiorss products179 and 199 are difficult
compounds to generate in good yield as observed by the efforts of Btiftand
Katz'*® Borate 224 (1.2 eq), iodidel3%, CsCQ (3 eq) and (P¥PLPdCS (2 mol%)
dissolved fully in an alcohah-rOH,i-PrOH ort-BuOH) : water (2.1) mixture and

the solutions were stirred at 90 °C. lodid8% was consumed completely in all
alcoholic solvent systems but different ratios of side products were observed in
each case. Whem-PrOH was used addition, addition/elimination and reduced
speces225, 227 and 205bwere generated in a 4:1:10 rati&igure20). Changing to
i-PrOH removed addition and addition/elimination produ@®5 and 227 but 205b

was now the major product. Only a small reduction in the amour0&bproduced

was observed when the-PrOH was degassed by using the frepamp-thaw

method. The use of-BuOH as solvent completely inhibited the formation206b
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but HF addition produc226 was then a major constituent of the reaction mixture.

A reductionin reaction time from 18 h to 4 h limited the amount »26 formed.

Figure20 maps the optimisation of the Suzuki coupling reactiod &b with 224.

+ -
KF3B\© N02
224

(PhzP),PdCl,
ODEC (2 mol%) ODEC ODEC ODEC ODEC
N Cs:€0; Bea)  r NO, X N NO, F L,
solvent/ H,O * FF + +
Fiaeb @71 F nPro
90 °C, t 199 225, X = O-n-Pr; 227 205b
226, X =F
[ ]
[ ]
e 199
d, 2%£42 Hz
n-PrOH( 18 h) o o o o d, 2kr42Hz .
L 1 I i | i
® 227.2Xs
i-PrOH(18 h) { N
e 205h
dd, %} 73,31, 16 Hz
i-PrOH(FPT, 18 h).J d, 21,73 Hz
1 i, A .
o 225
dd, k£ 141,k 5 Hz
t-BUOH (18 h) dd,%k£141,%%,9 Hz
° 226
d, %%, 7 Hz
t-BUOH (4 h
K| wl
T | T T ‘ T T T | T T T T | T T T T | T T T T
-70 -80 -80 -100 -110 PP

Figure20: Optimisation of the Suzuki couplingI8% with 224

Investigation into the generation of deiodinat2@5b

The observation that-BuOH completely suppressed the formation of deiodinated

species205bwas key to understanding its origin. It was clear tB@bbwas being
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generated when oxidisable alcohols were used as solvent. The formatia@5tf
could arise from reductive elimination from a palladium hydride complex such as
235, itself produced from -hydride elimination of palladium alkoxid#84 (Scheme
37). The key intermediate228 is shown, which partitions between the Suzuki
Miyaura coupling pathway and the reductive pathway. In the former, iodide is
displaced by generic boronic acB2, formed in situ from the trifluoroborate"
before transmetallation in a monophosphineycle’®* In the latter, alcohol
coordination is followed by eliminatidr2 ¥ | L ¥ 2-hydrél@eSriinato® |
to form an hydridopalladium complex; radtive elimination then release205h.
Similar reactions were reported by Helquist during the palladaatalysed
dehalogenation of areneS, and Buchwald and eworkers™® in palladium
catalysed ether formation.

OX . o)
FA T k
Ar 206b

PhsP_ F OJ

F 231 .
Pd—Ar i
S F A > PPN PhsP—Pd—H
X0 Pd xF
230 F DECO

OX 235 F H
PhsP >
F Pd—O
B(OH)3 139b . _F
DECO
A B !
234
ArB(OH), Y |-
232 OH HCO,
/ PhsP
F R | /
e L A e e
-€ Pd F
Pd Y N\ / xo/%/
PhsP” 509 OX ! PhsP  5og OX
| OH_ 233 F
X =DEC

Schem@&7: Proposed Catalytic Cycle for Generatio2@b
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¢ K Lhydride pathway t®205bwas confirmed by carrying out the couplingl&h
and borate 224 in 1-deuterio-1-cyclohexanol236 (Scheme38). The deuterated

alcohol was prepared by reducing cyclohexanond WiAID using the procedure of

Olah*®
(Ph3P),PdCl, (2 mol%)
ODEC  Cs2C0j3 (3 eq) ODEC ODEC
F A 224 (1.2 eq) _ FWNOZ L RSN,
F 236 <:><BH F F
139b 199 237

90°C,2h

Schemed8: Probing the origin of produ@05b

Product199and deuterated specie®37were produced in a ~3:1 ratio; tHé&F NMR

chemical shifts o237 were distinct from those o205b, and one of the fluorine

nuclei showed a splitting pattern consistent with theirsgjuantum number of

deuterium ( = 1) (Figure2l). The same reaction performed in cyclohexanol
produced 199 and reduced specie05b Ay | dnYwm Ndnigidde @ b SA
elimination nor reductive elimination is likely to be the ratetermining step for

the side reaction. The different proportions @05b and 237 may arise from the

partitioning of228between the two ligand exchange stepsSnheme37.
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® 205k 1 £-97.2 and-117.6 ppm
dd, 2k 73,%%, 16 Hz
d,%?kr73 Hz

Reaction solvent: cyclohexanol
i " L

® 237, 41-97.4 and-117.8 ppm
dt, 2kr73,%kp 2 Hz
N d,?}kr73 Hz

A Reaction solvent: D-cyclohexanol
k A ) .

T ‘ T T T T T T ‘ T T ‘ T T T T
-80 -100 -110 -120 Ip

Figure21: *°F NMR of reaction mixture containi@§5band 237

Reaction
solvent: cyclohexanol

Reaction
solvent: D-cyclohexanol

-97.0 -972 -97.4 -976 pp

Figure22: Expanded® NMR of reaction mixture containi2g5band237

Finally, in order to confirm the identity of deuterated speci287, it was

synthesised and isolated independently (Sch&dfe
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ODEC ODEC ODEC

F\/\ n-BuLi (1.1eq) F\%\ MeOD _ F%
SnBuz - L1 78°C, 1 hthen x

F 270 -78°C,1h F 1260 RT, 1h F 237
41%

Scheme39: Generation of deuterated speci@87

n-BuLi was added dropwise to a stirring solution of stannd2ébin THF at78 °C

to form lithium speciesl26h This was quenched with deuterated methanol to
afford 237. The deuterated species was isolated by careful distillation so as to leave
the tin residues behind. NMR and mass spectrometric analysis confirmed the
identity of 237 and thus its formation in the Suzuki coupling reactions as previously

described.

Scope of Suzuki coupling of iodo(difluoroenol) derivafigéa and 13%

With the optimisation of the Suzuki coupling I8% and 13% complete, the scope

of the coupling was investigated, beginning witBRa (Table23).
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oY
KF3B. ~)
|
I/XJ

90

(1.2 eq)
OMEM  (PhaP)PdCl, (2 mol%) OMEM
Fo Cs,CO3 (3 eq) . F _ N .
E sol\(/Jent/HZO (2.7:1 viv) | X/)
139a 90°C
Time .
Entry Borate Method ) Product (yield)
. - OMEM
KF3B E 138
1 238 @ 3 18 5
oMe mom (87%)
. - OMEM 169
KF,B OMe
2 239 3 18 N~ oMe
o TUT™ e
~ OMe MEMO OMe 254
3 240 °F 1 2 A
e F (93%)
. - OMEM
KF3B 255
4 241 @ 3 18 )
SMe F SMe (62/0)
. - MEMO 172
KF,B E
5 242 3 18 -
e PO oo
. - OMEM
KF3B E 256
6 243 Q 3 18 5
TIL, e
L+ - OMEM
KF3B E 173
7 244 j@ 1 2 5
o m@ (72%)
. - OMEM
KF38 . 175
8 245 Q 1 18 -
. - OMEM 176
KF3B CF3 E CF
9 246 3 18 - ’
o W (78%)
. - OMEM
KFsB E 177
10 247 Q 3 18 5
N mm (59%)



OMEM

T(F:;é CN E CN 178
11 247 3 18 -
@ 1)\@( (55%)

OMEM

KFaB “ 257
12 248 o 2 2 A No
3 (67%)

- OMEM

KF4B NO, 179
13 224 3 4 N~ NO2
@ 1)\@( (61%)

OMEM

F 258

14 249 B 3 18 (54%)
0

= AN
F | 7
N
= N
F | 7
N

MEMO
e 259
15 250 "B 3 18 )
» (32%)

OMEM

KF4B 260
16 251 A 3 18 AN
e TOL o
N Br
MEMO
e 261
17 252 W‘\(@ 3 18 F
$ 1 ) (57%)

OMEM 262
18 253 e 3 18 FW
O BRK F/ (27%)

1: (PhPXLPdC] (2 mol%), GEQ (3 eq), potassium trifluoroborate (1.2 eq), tolueng®
(2.7 : 1), 90 °C2: (PhPRPdC] (2 mol%), GEQ (3 eq), potassium trifluoroborate (1.
eq), iPrOH/HO (freezepump-thaw) (2.7 : 1) 90 °Q@: (PhPLPdC} (2 mol%), GEQ (3
eq), potassium trifluoroborate (1.2 egBuOH/HO (2.7 : 1), 90C.

®Estimated yield: product contaminated with ~ 1%266aand~ 1% ofl39a

Table23: Scope and limitations of the Suzuki coupling of iodo(difluoroet®9n

As in the case for Negistoupling, styrenes bearing an EDG were formed in higher
yield than those bearing an EWG. In the case of the Negishi coupling protocol, the
variable reagent was undergoing oxidative addition whereas here they are
undergoing transmetallation. The borates dvang a strong EWG, being less

nucleophilic would undergo slower transmetallation. The lower yields in this case
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would be more likely to arise from degradation of the styrenes as the reaction time
was extended to allow the reactions of the electron defitidorate coupling
partners to reach completion. Styrer#2s7 was generated in 67% vyield; this is a
good result as no formyl bearing styrenes could be generated using the Negishi
protocol. Another successful outcome arose from the couplingld®a with
eledron deficient borates; the problematic nitro styrerier9 was obtained in 61%
yield.

Next, the Suzuki coupling of iodo(difluoroend8% was performed with a range of

trifluoroborates (Table4).
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tea Y
KF;B S/
|

j:(] (1.2 eq)

93

ODEC  (PhsP),PdCl; (2 mol%)
Fo Cs,CO3 (3 eq) F N
£ solvent/H,0 (2.7:1 v/v) | /jY
0 X
139b 90°C
. Time .
Entry Halide Method ) Product (yield)
. - ODEC
one ; . (80%)
5 239 KF4B OMe ) . Po=e OMe 152
=
o U™ e
. OMe DECO OMe 264
3 240 e 2 "~~~
@ F (59%)
L+ - ODEC
4 241 KF35\©\ 2 F@ 265
: L (93%)
DECO
5 242 KF3B 5 ] 191
F (93%)
.- ODEC
6 243 KFaB@\ 2 A 266
F _ (66%)
KFB e 192
7 244 2 =
| @ (88%)
8 245 Q 18 -
CFs F o5, (88%)
9 246 T(F3é CF3 > E = CF 195
= 3
o W (60%)
. ODEC
10 247 KFSBQ 18 196
o I . (62%)



ODEC

KF.B CN E oN 197
11 247 1 2 ~
o W (61%)
. ODEC 267
KF3B
12 248 So 2 2 P N
@A ! °(90%)
. - ODEC 199
KF;B NO,
1 224 3 4 N NO-
> o W (75%)
. - ODEC
KF4B 201
14 249 A 2 3 RS
| - I - (61%)
_ DECO 268
1 2 KF3;B 2 2 F.
> 20 ® TN (aaw)
N N
. - ODEC
KF4B E 269
16 251 B 3 3 AN
N/ Br F |N/ B (52%)
. - ODEC
KF;B N E
| % AN 270
17 263 N 3 18 o (70%)
OMe OMe
.- DECO 271
KF;B F.
18 252 ng\ > 1 2 YK[@ (57%)
S S
ODEC
272
19 253 A e 3 18 FW
I (30%§

1: (PhP)PdC] (2 mol%), GEQ (3 eq), potassium trifluoroborate (1.2 eq), tolueng
(2.7 : 1), 90 °Q@: (PhPLPdC] (2 mol%), GEQ (3 eq), potassium trifluoroborate (1.2 eq
iPrOH/HO (freezepump-thaw) (2.7 : 1) 90 °QG: (PhPYPdC] (2 mol%), GEQ (3 eq),
potassium trifluoroborate (1.2 eq}BuOH/HO (2.7 : 1), 90C.°Estimated yield: produc
contaminated with ~ 5% &f05band~ 4% ofL3%

Table24: Scope and limitations of the Suzuki coupling of iodo(difluoroeifskp

The geneal coupling trends for carbamate coupling partri8% were similar to
those observed forl39a Borates with a strong EWG generally coupled less

efficiently than those with an EDG. Some tolerance of steric bulk was observed
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(entries 3 and 5). In contrasthe carbamate coupling partnet31b used in the
Negishi protocol described earlier could not couple witto®lbromide. Coupling of
lodide13% afforded styrened91and264in moderate to excellent yield.
Heteroaromatic species were also couplednmoderate yields using the Suzuki
coupling strategy (Entries 1%7); no heteroaromatic coupling partners were utilised
effectively using the Negishi protocol. Entry 17 is an interesting case as generally 2
pyridyl boron coupling partners are prone to ramldborylation and couple in poor
yields*®%!16-Substituted 2pyridylborates like263 have been shown to participate
efficiently in Suzuki coupling reactions by Zou anevookers’®? and styrene270

was generated in 70% yield wh@&3was coupled witlHL3%. Attempts to generate

é61,162 and

potassium  Zpyridyltrifluoroborate 273 from  2-bromopyridin
trimethylborate proved unsuccessful (Schem®), demonstrating the sensitive

nature of borate273as previously highlighted by Moland®f.

1. nBuLi

B(OMe);
THE KHF, Ph

XN 70 °C MeOH/ HZO | NN

] /%~ J N
N~ >Br 2. KHF, BF 4K N" B-o’
H,0 0

188 273 274

Schemet0: Attempted syntheses of potassiurapgridyltrifluoroborate273

An alternative coupling partner is dzNJ $idyl Numethyliminodiacetic acid
(MIDA) boronate275.2%*1%|t has been shown to have long term stability in storage,
and to participate in Suzuki coupling reactions under highly optimised condifidns.

Synthesis of pyridyl MIDA boronate using the literature method was unsuccessful,

95



however, a small amount of commercially available material was procured in order

to attempt Suzuki coupling with iodide8% (Schemetl).

Ny ODEC ODEC
| N 1) or 2)
N” B0 |
o Yo F F N
275 139b 200

1) (Ph3P),PdCl, (2 mol%), Cs,CO3 (3 eq), t-BuOH/H,0O (2.7 : 1),
90 °C; 2) Pdcycle 276 (5 mol%), K3PO,4, Cu(OAc), (50 mol%),
DEA, DMF, 100 °C

Schemetl: Attempted Suzuki coupling @75with iodide 13%

Both the Burke optimised coupling conditions (2) and the standard Suzuki coupling
conditions of this work (1) failed to generate any styr@®. *°F NMR analysis of

the coupling reaction undethe standard Suzuki conditions revealed unreacted

iodide 13% and some dedodinated specie205b after 4 h, but no styrene. The

alrysS Fyrfteara 2F (GKS NBFOGA2Y dzy RSN . ¢
consumption of iodidel3%, but only deiodinated spe@s205bwas observed. This

was a surprising result and indicated that iodBR 6 & y 20 adl o6t S dzyR
conditions. It is possible th&3% had undergone oxidative addition to a Cu(l) or

Cu(0) species in the reaction mixture analogous to an Ulimaaction. The
subsequent aqueous quench of a sample for NMR analysis would release de
iodinated specie205b. No homodime204was observed in the reaction mixture as

would be expected from a successful Cu(0) promoted Ullmann reaction, suggesting

that the active metal species for this reaction pathway would be Cu(l). It is also
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possible that DEA behaves like the ethanol molecules in ScB&raad generates
de-iodinated 205b as previously described. Ohta has used this methodology to

prepare a series of pyrroles from hydresgamines (Schen#?2).*%*

Pd(PPhj), (2 mol%)

MesBr (1 eq 2
I J/\ COEt 050 ((2 eq)) J/\ CO,Et R/MC\OZH
R DMF, 150 °C 67 83% RN\
H
277 278 279

R'=H, Me, Bn, Ph, i-Pr
R2 = H, Me, Ph

Schemed?2: Palladiumcatalysed oxidation of hydroxginamines in the preparation

of pyrroles

The focus of the boron coupling species has been centred on trifluoroborates as
they have been shown to have advantages over their parent boronic HCittsey
are generally more stable compounds, both in storage and under coupling reaction
conditions. As supplied, the acids can be complex mixtures of monomers, dimers
and trimers and some species are prone to deborylation on prolonged storage. An
example of thiswas observed when generating-p§ridyl borate 249 from

commercial boronic acid that had been stored éar 12 months (Schemé3).
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@ Mo &
KHF,
B O MeOH/H,0
(\I o
\Q 281 N

|
|

_JUL%II ULJ@[LJLWU

UJO
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8 T L

10 2 a T L

Scheme43: ExpandedH NMR of (a) commerciat@/ridyl boronic acid83and (b)

3-pyridyltrifluoroborate 249

3-Pyridylborate 249 was prepared from the commercial boronic acid using the
standard procedure described previously with Kischeme36). A single species

was isolated in 76% yield making determination of reaction stoichiometry
considerably less challenging and demonstrating the worth of borate formation as a
YSGUK2R 2 FdzZL¥O{oS2ANRPAYWATIO | OARAZ LI NI Adalz | NI &
value.

SuzukiMiyaura coupling of iododifluoroend3% was performed with a range of

freshly-purchased boronic acids under the standard conditions (T2BleEntries 1
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5 demonstrate that boronic acids are effective coupling partners. Styt®8eould

be made in the same yield from the boronic acid or from the trifluoroborate salt
(entry 5). The absence of fluoride from this reaction mixture confirms that the HF
addition product observed when coupling bora?24 was completely suppressed
with a shoter reaction time. As expected, the heteroaromatic boronic acids
coupled less efficiently than their borate counterpartsP@ridyl specie283did not
couple at all and only unreacted iodid8% was observed by’F NMR analysis of
the reaction mixture aér 2 h. Isoquinolyl boronic aci?89 only produced268 in

10% yield and-®romo-3-pyridyl boronic acid only generat&t69in 25% yield.
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Y
(HO)B~,
IQJ

(1.2 eq)

oDEC  (PhaP),PdCl, (2 mol%) ODEC
Fo Cs,CO3 (3 eq) F _ N
1 t-BUOH/H,0 (2.7:1 vIv) Lo > Y
139b 90°C, 2h
Entry Halide Product (yield)
ODEC
(HO).B E
1 284 Q j2\© 133(83%)
OMe F
OMe
ODEC
(HO),B F
2 285 @ YK@ 194(92%)
CF, F
CF,
ODEC
(HO),B CN . N
3 286 @ 5 197 (74%)
F
ODEC
(HO),B N -
4 287 @AO - o 267 (60%)
F
ODEC
(HO),B NO, . o
5 288 Tij %@ : 199 (75%)
F
ODEC
(HO),B X E
6 283 B NS 201(0%)
N F N/
ODEC
7 289 (OB N B 268(10%)
N/ F N/
ODEC
(HO),B XN E
8 290 ) S 269(25%)
N Br F —

Table25: SuzukiMiyaura coupling o13% with a range of boronic acids
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Catalyst loading study

Catalyst loading is of greamportance to any reaction but it is of particular

importance when the catalyst

Is expensive. On the scale typically used to perform

the Suzuki couplings described here (50 mg, 0.17 mmol), 2 mol% of palladium

catalyst (2 3 mg) is an acceptable amountadtalyst. Extrapolating for a moderate

scaling of the reaction to generate 5 Kg of styrd33 for example, would require

238 - 357 g of (PP).PdCJ. At the time of writing the cost for this amount of

(PPh),PdC} from a commercial supplier is ~£3000.

ODEC -
Fo . N BF;K
I Y_'K _
X
139b

(Ph3P),PdCl, ODEC
Cs,CO3 (3 eq) F

> = N
t-BUOH/ H,0 (2.7:1 viv) E | oY
90 °C, 18 h X

Concentration of

Volume of stock solutiof

ConversioRl (%)

0.0 0 0 0 0
0.01 11.5 (A) 6 - -
0.025 29 (A) 40 - -
0.05 58 (A) 100 76 0

0.1 115 (A) 100 100 0

0.5 575 (A) - - 0

1.0 500 (B) . - 100

2.0 1000 (B) 100 100 100

a) Stock solution A: 1.42 mM solution of (REPAC] in t-BuOH; Stock solution B: 3.3 m
solution of (PP¥),PdC}in t-BuOH; bgg [192/(192+ 13%)]

Table26: (PPh),PdC} loading study on the effect of Suzuki couplingl@Bb with

borates244, 246and 249
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A short study was performed, probing the scope for reducing the loading of
palladium catalyst in the coupling of iodidel3% with potassium
aryltrifluoroborates. The study was performed by adding a volume of a stock
solution of (PP¥),PdC]j (table 26) to a mixture of potassium trifluoroborate e.$92

(43 mg, 0.2 mmol), iodid&3% (50 mg, 0.17 mmol) and caesium carbonate (161
mg, 0.5 mmol). A volume @fBuOH (to bring total volume of alcohol to 1.15 mL)
and HO (0.425 mL) were added and the reaction mixture was stirred aC90or 18
hours. After this time the reaction mixture was cooled to room temperature and
partitioned beéween DCM (5 mL) and,& (5 mL). The organic phase was separated
and dried by passing through a hydrophobic frit. The reaction conversion was then

calculated from'®F NMR spectroscopy of the crude samples (T26)e

L °
19F NMR
2.0 mol%
e 192
1.0 mol%
¢ 13%
0.1 mol%
0.05 mol%
[ ]
[ )
0.025 mol%
0.01 mol%
0.0 mol%
I T T T T I T T T T i T T T T '| T T T T | T T T T | T T T T |
-80 -85 -90 -95 -100 -105 [ppm]

Figure23: Results of the (PRRPdC) loading study visualised BYF NMR
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Figure23 illustrates the spectral results obtained BYF NMR for the coupling of
borate 244. A catalyst loading as low as 0.05 mol% is tolerated in the Suzuki
coupling of iodidel3% with borate 244 before catalyst turnover becomes slow at
0.025 mol% and effectively stops at 0.01 mol%. Reducing the catalyst loading from 2
mol% to 0.05 mol% would represent a-#d saving on the cost of the expensive
transition metal catalyst.

The results from the loading study of the couplinglé6 and 201 demonstrate that
minimum catalyst loadings are borate specifieCB borate 195 required 0.1 mol%

of catalyst for complete conversion of iodid8% while pyridyl borate201required

1 mol% This may be as a result of slow turnover of the catalyst. If transmetallation
of the boron coupling partner is slow then accumulation of the boronic acids
generatedin situcould occur. Pyridyl speci@f1 could undergo facile deborylation

leading to inomplete conversion of iodid&3%.

Coupling of potassium alkyltrifluoroborates

Alkyl coupling partners are amongst the most challenging partners in palladium
catalysed coupling reactiort§®i -hydride elimination from an alkyd complex can
severely reduce the vyield of coupling. Attempts to couple potassium

alkyltrifluoroborates to iodidel 3% are detailed in Tablg7.
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ODEC Pd catalyst ODEC ODEC DECO F

-+

Fuz . BRk PEseBed g . Fo . F A

I R Alky! H F
Solvent

F 90°C. 18 h F F F  ODEC
139b 291 292 205b 204
R Catalyst Solvent Base  Product$
1 n-Butyl (PPh),PdC} (2 mol%) t-BuOH/HO CsCQ 13%,205b
13%, 205
2 Isobutyl (PPh),PdC} (2 mol%) t-BuOH/HO CsCQ 204 b
3 Isobutyl Pd(OAcg)(5 mol%)/DPPF toluene/HLO CsCQ 13%, 205b
4 Isobutyl Pd(OAG) (5 mol%)/DPPF toluene/H,O CsCQ 13%, 205b
5  Cyclopropyl (PPR).,PdC} (2 mol%) t-BuOH/HO CsCQ 13%
6  Cyclopropyl PEPPSPr (2 mol%) i-PrOH/HO CsCQ 13%, 205b
7  Cyclopropyl PEPPSPr (2 mol%) t-BuOH/HO CsCQ 13%
8  Cyclopropyl Pd(PPE4 (2 mol%)  toluene/H,O KsPQ 13%, 292,
yelopropy 4 ° 2050, 204

a) Analysis by°F NMR of reaction mixture

Table27: Suzuki coupling of potassium alkyltrifluoroborates with iodi86b

Initially Suzuki coupling of iodide8% was attempted withn-butyl trifluoroborate.

This coupling partner was generated by quenchirguLi with triisgpropylborate.

The boron ester intermediate was then hydrolysed and the salt was formed by
addition of KHf solution. The standard coupling conditions (entry 1) were
unsuccessful. The only fluorinated species present after stirring at 90 °C for 18 h
were unreacted iodidd.3% and deiodinated specie205bin a 1: 0.1 ratio.

NMR analysis of the reaction a$dbutyl borate under the standard coupling
conditions (entry2) reveals unreacted iodid&3%, de-iodinated specie205b and
homodimer204in a ratio of 1: 0.2: 0.1.

The proposed mechanism for the generatior266band 204 is detailed in Scheme

44. The recovery of a substantial amount of unreacted starting mdt&fA&b, and
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the formation of deiodinated species205b suggests that Suzuki coupling of
Ff1@f ONRTEd2NRPO2NI 0Sa A& &af 24 Shydid¢ R
elimination™>® from an alkylPd complex294is probably occurring (Scherdd, path
B). Coupling withsabutyltrifluoroborate 296 also generates an appreciable amount
of homodimer204. It is possible that a second oxidative addition to Pd comp@
could occur generating Pd(IV) compR88°°1%”Subsequent reductive eliimation
would afford homodimer204 and palladium iodide299. Regeneration of Pd(0)

could then be effected by reaction with PRiresent from the precatalyst (pat@).

oX (O)PPh;  PPhy

F\)\H > /:> Pd(0) _TA«
F 205b '
R F o OX

e g S o
L /V Z 204

_Pd F 205
297
B

A . T
4/27 " : Vam
OoX
X OoX
294 2930
-+ F
YBFaK \%\I
296

X =DEC

Schemet4: Proposed catalytic cycles for the generatimf 205band 204

Ly a2YS Ol aSazs -hythiBel elidiRatioin ApathivayR Fas been
accomplished using chelating phosphine ligatfds®®
1,3-Bis(diphenylphosphino)propan@01 6 R LILIJLJO  -bisfdiRhenyiphesghino)

ferrocene 302 (dppf) ligands were utilised in conjunction with Pd(QAo)try to
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inhibit the formation of205band encourage the desired catalytic cycle to fa2é2
(entries 3 & 4). Both catalyst/ ligand systems failed to generate any desired product
and**F NMR analysis of the reaction mixture revealed iodi8b and deiodinated
205b as the only fluorinated species present in a 1. 0.2 ratio. Formation of
homodimer 204 may have been inhibited by the chelating ligands forming a
coordinatively saturated Rdomplex after the first oxidative addition. The second
oxidative additon to complex293would then be difficult.

Coupling between potassium cyclopropyltrifluoroborate add@% was then

I 4GS YLI S Rhydtidg elithiKaBon pathway to dédinated 205b should be
significantly retardef® as a result of the greatesp” character:’* The standard
Suzuki conditions (entry 5) did not yield any coupled product; only unreactkdei

was present in the reaction mixture after 18 h. An alternativeN-ueterocyclic
carbene (PeNHC) catalyst (PEPH#™& 300) was used in an effort to generate
desired coupled product; strong binding of the bulky, electron rich NHC to the metal
centre helps to keep the Pd ligated and extend the catalyst lifetihihis catalyst
has been used successfully in a range -6f Bond forming reactions and has been
used effectively by Organ and-wmrkers in the Negisfi and SuzuRf coupling of
alkyl species. A reaction under the conditions employed by Gigtmiled to
generate any desired rpduct (entry 6). Complete consumption of iodidE3%
occurred and exclusive formation of dedinated 205b resulted due to use of-
PrOH as solvent; the alcohol is oxidised to acetone in the formation of a
hydridopalladium complex which undergoes reduetalimination to generat05b

as described earlier (Schen3¥). Exchanging the solvent @BuOH completely
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suppressedhe deiodination side reaction as expected but only ioditigdb was

present on analysis of the reaction mixture after 18 h (entry 7).

iPr /\ iPr,
(A0
iPr | iPr I©/ 2
Cl-Pd—Cl Fe
. Ph,P  PPh, }
N
_ | 301 Q\Pth
300

Deng and cavorkers were able to perform Suzuki coupling on a range of potassium
cyclopropyltrifluoroborates with aryl halides using Pd(RPas catalyst, #£Q.3H0

as base and toluene as solvéftApplying these conditions to the coupling 8%

with cyclopropylrifluoroborate afforded a range of fluorinated species as observed
by *®FNMR of the reaction mixture (entry 8). lodid8%, product, homodime204

and de-iodinated 205b were all observed in a 1: 0.5: 0.4: 0.1 ratio. Presumably
homodimer was generated via a Pd(IV) complex as described earlier (Sddgme
Deiodinated 205b was generated in a small quantity under these coupling
conditions, demonstrating K | U-hydride elimination from a PRdyclopropyl
complex is not inhibited completely. The identity mbduct was confirmed by GC

MS analysis of the reaction mixture and entry 8 represents the first set of conditions
able to produce any desired coupling teten 13% and an alkyl coupling partner.
No attempt to isolate the product was undertaken due to the complex reaction

mixture and small quantity of material produced.
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Palladium catalysed coupling of alkyltrifluoroborates with iodl@8b represents a
particularly challenging problem. The attempted couplings described in 2P3lde
not represent an exhaustive screening of conditions but do represent a robust initial

foray intosp-sp’ coupling of iodidel 3%.

2.1.6 Effect of-fluorination on palladiuntoupling efficiency

A competition reaction between trifluoroborate306and 106 was attempted in an
effort to determine the effect of terminal fluorination on the coupling reaction.
Borate 306 was generated using a procedure adapted from that of BowSer,
followed by the standard low temperature metalation and trifluoroborate salt

formation (Schemdb).

1. LDA (1.3 eq)

Me;3Si—NEt, B(OMe)s (1.5 eq)
j)\ 304 ODEC -78 °C to RT /OI\DEC
> -+
Z>07Cl DCM,0°C & 2. KHF, (6 eq) 7 BFK
1h 0 °C, 25%
303 305 306

Schemet5: generation of enoltrifluorobaate 306

Silylamine304 was added to a stirring solution of vinylchloroform&@@3in DCM at
0 °C. The reaction was complete after 1 hour and the crude oil isolated after work
up was taken through to trifluoroborat806in 25% yield (0.04 mol scale) frd@05

using the same procedure described fd6b.
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A competition reaction betweer306 and 106b could determine which substrate
underwent palladium catalysed coupling more readily. The Suzuki coupling protocol
was chosen for the investigation as it was engeshthat handling and monitoring
discrete difluoroenol substrates would be easier than using coupling partners
generated in situ (which would be the case with the zinc based coupling
methodology discussed previously).

Suzuki coupling 0806 was attempted m order to confirm its competence in the

palladium catalysed coupling reaction (Schetbg

Cl,Pd(PPh3), (2 mol%) ODEC

ODEC Br Cs,CO3 (3 eq)
-+t -
%BF3K \© t-BuOH/H,0 (2.7:1)

90 °C, 3 h
306 143 58% 307

Schemet6: Suzuki coupling of trifluoroborat&06

Nonfluorinated styrene307 was isolated in 58% yield. This compares well with
Suzuki coupling oft06b with 143 (54%) and confirms the suitability of the
trifluoroborates for participation in the study.

The competition reaction was performed using the standard optimised Suzuki
coupling conditions with 1 eq of each of the triflatworates106o and 306, 1 eq of
bromobenzenel43, 3 eq of C£Q and 2 mol% GPd(PPk), at 90 °C in dert-
butanol:water (2.7:1) solvent system. The reaction was monitored byMSC
analysis of samples removed at different time points. The spectra revealed a

complex mixture of starting materials, products and side products. (FRf)re
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Figure24: Typical G@®/S trace observed for competition reaction betweé&fo
and306(90 mins)

Most of the species identified by the @S analysis had been observed previously
by "FNMR but it was surprising to see difluoroborate spe@88and 310. These
borate species exist in equilibrium with the trifluoroborates and the active boronic

acids (Schem47).153174

ODEC ODEC ODEC ODEC ODEC

- + - +

PR T Pt PO Fhg O — POt
F FF F F F F F OH F  OH
139b 310 311 312 313

Schemed7: Equilibrium between trifluoroborat@é06b and trihnydroxyborate313
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The results of the GWEIS study suggest that transmetallation dfO06b is
considerably slower than that @&06. A selection of the data is plotted in Figud®

the profiles for the consumption ofl43 and generation of144 and 307,
demonstrates that formation ofl44 does not occur until formation 0807 has
stopped. This would indicate that the terminal fluorinde not have a positive
effect on the rate of coupling of difluoroenol nucleophiles. It also provides further
circumstantial evidence that transmetallation is the rate determining step in the

palladium catalysed coupling of nucleophilic difluoroenol cowgppartners.

120 4 5 ODEC ODEC
©/ r y FA —o— 143
100 F —a— 307
% go 143 307 144 144
A 60 -
r S <> o o
€ 40 - R .
a
20 -
O ". """ o T T T T T 1
0 50 100 150 200 250 300
Time (min)

Figure25: Plot of % area vs time for competition reaction betwd&tband 306

Further observations from the G@S study reveal a picture of competing catalytic
and degradation pathways. The advantages accrued from the Suzuki coupling of
organotrifluoroborates is attributed to a low level of deborylation due to slow
release of borora acid. Observation of difluoroboron speci@d8 and 310 (Figure

26) exposes a potentially rapid equilibration between borai€b and 306 with

the active boronic acid species. Competitive base catalysed deboryigtisuld
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then occur and may be the cause of the poor conversion of brormii4i@ The
presence of a significant quantity of deborylat@@5b at the first data point in
Figure 26 suggests that hydrolysis of fluorinated alkenyl borai®6b and

subsequent deborylatiorsiconsiderably faster than for the analog@gs6.

40 -
—8—307 —a—144
35 - —e—308 =310
e 204 309
30 -
305 205b
% o5 -
A 20
r e
€ 15 -
a
10 -
4
5 -
0 {ngf:f——m‘(f—_g
0 10 20 30 40 50

Time (min)
Figure26: Plot of % area vs time of select species from the competition reaction

between106b and 306

GCMS analysis (Figur24) also revealed formation of homodimeB99 and 204.

This suggests that borate306 and 106b are involved in a sacrificial double
transmetallation and reductive elimination cycle to reduce the Pd(Il) precatalyst to
an active Pd(0) specieScheme48).'”> The formation of dimer309 before any

formation of coupled307is consisent with this proposal. Triphenylphosphine oxide
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(OPPB) was also observed by @84S and suggests a competitive RReduction of

the precatalyst.

ODEC
)‘\DEC /O\DEC ODEC /\(
BOH), B(OH) PPh; BOH), BOH); PhsP, I~ ODEC
319 | 319 Pd
/;_A, ClI-Pd BN /. e 309
OH™ 3
%ODEC on /31: pEC
315
PPh; PPhy
Cl—Pd—Cl Pd
314 ) 37
cl + OH  (O)PPhy + HCI T
Y - PPhy M
>  CI—Pd
318

Schemet8: Proposed mechanism for generation of active catalyst

A significat amount of difluoroboron specie808 was formed immediately.
Consumption of this species coincides with the generation of a significant amount
of deborylated 305, all before Suzuki coupling to for@07 occurs. This would
explain the moderate yield (58%9r the coupling reaction described previously. A
similar trend is observed for the difluoroenol analogl@eb; a significant quantity

of deborylated produc05bis observed after only 2 minutes.

Supressing the rate of formation of the difluoroboron specd&8 and 310 may
reduce the rate of deborylation and formation 805 and 205h, ultimately leading

to a better yield.

A fuller picture of the effect of the fluorine atom substituents on the caupl
reaction would be obtained if a similar competition reaction was performed with

(iodo)difluoroenol specie$3%.

113



2.1.7 Summary of palladiumoupling of difluoroenol derivatives

Preparations of difluoroenol derivatives have been performed and théissguent
palladiumcatalysed coupling investigated. The work has built upon a solid
foundation of coupling chemistries both from within the group and also from the
wider chemical literature. The main developments have been the -aedrient
preparations ofdifluoroenolzinc specie$31a and 131b and their subsequenh situ
Negishi coupling, avoiding isolation and costly cryogenic preparation conditions.
(lodo)difluoroenols139% and 13% were also prepared utilising the neambient
methodology. Suzuki couply of these species circumvented the substrate scope
limitation of the Negishi coupling. A comparison of the various coupling

methodologies performed on fluorinated building blobB4a is detailed in Tabl&8.
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Coupling method (% isolatedverall yield from 104)

Product
Negishi Suzuld Stille Suzukd
OMEM
F
=
m 60 50 50 44
OMe
138
OMEM
F pZ OMe .
I 73 55 O 48
169
MEMO
F
= C
kaj 40 48 & 48
172
OMEM
F
=
m 41 53 (-)° 36
CF4
175
OMEM
F
=
m 25 O 46 30
CN
177
OMEM
F
\%\©\ c c
F vo, 41 ) 61 ¢
142
OMEM
P NO, )
I 31 0 A 31

179

aRef. 27°From iodidel3%; ‘Reaction not carried out

Table28: Selected comparisons of coupling strategies

Armed with an array of difluoroenol substrates and palladicamalysed coupling
conditions, and underpinned by a knowledggtheir limitations, the preparation of

fluoroarenes could be addressed.
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2.2 Preparation of Fluoroarenes

Three strategies to generate electrocyclisation precursors using the palladium

catalysed coupling chemistry described earlier were envisaged.

(0)4 y
F~s
2y T = '~
Y\ e AR F | OX A |
N = L R/ A=l O
| P P Br e -HF OX
F F
78 79 320 321

Schemet9: Strategy 1: phemi,3-diene approach

Strategy 1 (Schemé9) would take advantage of simple, established chemistry to
generate Z) -bromostyrenes rapidly® Palladiumcatalysed coupling to form

phenyldienes320and subsequent electrocyclisation could then be explored.

L f GSNYFGAPS &GN (-Boadiofilie eléckabyklic tidaSlockey it & NI/ | €

Z-configuration were also envisaged.

OoX
MeO,C MeO,C
N F%MLH /\/ OX A
a Br ------- > F ---->
) A -HF
F
322 323 324
OoX .
| = Fz Z 0OX
Z ML MLy A
Br o Br __F___ - F oo s

b) Y_| A y | X v I NN HF 10) 4

82 83 325 326

Scheméb(: Strategy 2: Divinylbenzene approach
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Strategy 2a) (Schen&0) would require preparation of phenylacrylat@22 using
known literature methods’® Palladiumcatalysed coupling would deliver

divinylbenzeneg823and electrocyclisation would then afford fluoroaren&24.

Alternatively, an iterative couplingpproach (2b) would afford divinylbenzeng25
before palladiuracatalysed coupling and subsequent electrocyclisation could be
probed. Due care should be taken using this approach as there is potential for
symmetrical bisoupled side products to form aftehe first coupling stepvide

infra).

Schemebl: Strategy 3: 12livinylcyclohexene approach

Strategy 3 (Schemgl) would once again make use of known chemistry to form
bromodienes328>’ The key coupling and electrocyclisation steps could then be

explored.

2.2.1 Strategy 1: phenyldiene approach
2.2.1.1Preparation of (&) -bromostyrenes

The generation of 4} -bromostyrenes 79a-d) was achieved using literature
procedures®*” Small adjustments to the literature methods were necessary to

obtain satisfactory results.
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O Y Br Y
CO,H
o (YT A e Y
E _ X/ E _ ; X/ Br
X X

78a-d 331a-d 332a-d 79a-d

O um

i) Malonic acid, Pyridine, Piperidine, 100 °C, 3 h; ii) Br,, chloroform, 0 °C, 1-3 h; iii) pW,
DMF, TEA, 140 °C, 3mins

78 331 332 79
a Benzaldehyde 70% 84% 88%
b 4-Methoxybenzaldehyde 68% 819 8394
c 4-Nitrobenzaldehyde 96% 60% 93%
d 3-Pyridinecarboxaldehyde 87% 74% 41%

a) 5: 1 ratio of anti: syn; b) Conditions;BXcOH, reflux; c) heated to 60 °C; d) 89: 11
ratio of ZE

Table29: Generation ofZ} -bromostyrenes

Cinnamic acids33la-d were generated in good vyield using the Knoevenagel
condensation with the Doebner modification (refluxing in pyridine to effect
decarboxylationin situ). The acids were isolated from the reaction solution by
precipitation upon the addition of aqueous HCl andoseguent filtration. Re
crystallisation from ethanol was necessary to isoldBda-d as pure, dry crystalline
solids. Precipitation from acidic media was ineffective in isolating pyridylcinnamic
acid 131d as protonation occurred, trapping the product inethaqueous layer.
Instead, the reaction solvent was removed under reduced pressure and the
resulting sticky solid was washed with water and isolated by filtration and air dried

to afford a white powder.
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Cinnamic acid831a, 331b and 331d were brominated byadding a solution of Bin
CHGdJto a suspension of the acids in C}HEI0 °C. The acids usually dissolved within
~5 mins after complete addition of the Bsolution. The reaction solutions were
stirred at RT (60 °C for pyridg81d) and after 1 h a precipitate had formed. The
precipitate was collected by filtration and air dried to aff@82a, 3320 and332d in
good yield. An alternative method was sought for the nitro analo88&c as no
bromination occurred due to its insolubilitin CHGl The reaction procedure
remained the same foB32c but acetic acid was used as the solvent instead of
chloroform. The reaction mixture was stirred at reflux for 3 h and then allowed to
cool to RT. The resulting precipitate was collected by fitraand air dried to
afford 332c as a yellow powder. The extra reaction time needed for bromination
presumably resulted from the electron deficiency of the alkene due to the strongly
electron withdrawing nitro group.

Dibromocinnamic acid832a, 332c and 332d were produced as thenti-adducts
with no synadducts observed. Methoxy analogu82b was produced in a 5:1
anti:synratio, possibly as a result of stabilisation of a benzylic carbocation (Scheme

52).1® Bromide trapping 0835would erode the stereochemicahti-preference.
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Br
Br

MeO

Schemes2: Proposed generation of syn addition prod3&7

Microwavemediated decarboxylation/dehydrobromination was then performed
using the method of Kuarj.This involved irradiation of the dibromoacids in DMF

containing TEA at 200 W for-80 seconds. Initially the reaction was performed on

333

CO,H

L MeO

335

CO,H

Br COQH

L > Br

MeO
337

dibromoacid332a in a sealed microwave vessel but low conversion and ar

selectivity resulted. Irradiating under the same conditions but in an open vessel

resulted in full conversion and complete selectivity f@-i(-bromostyrene 79a

(Figure27). The isomers could be identified by the coupling constants of the vicinal

protons. TheEisomer has a significantly larger coupling constdnt 6.1 Hz) than

the Zisomer (= 8.1 Hz) as predicted by the Karplus equatidri®
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Br COz- C02_

W, TEA XN
coH MBTEA | g Hgr <=—= Br Hy| —
DMF H Ph Br
Br Ph

200 W, 1 min Br
332a 76% 338 339 79a

e Zisomer, d,®],4= 8 Hz ®

°? o Eisomer, d.3]..= 16 Hz
o ® e
M U Closed vessel JUL
M Open vessel "

Figure27: '"H NMR of open and closed vessel microwindiced generation of9a

R
~

The vyield of79a was improved further (88%) by irradiating at 140 °C for three
minutes whilestirring; the DMF solvent discoloured and refluxed violently when
controlling the reaction by maximum power (200 W). Styrefiéls, 79c and 79d
were obtained in good yield using this method. It should also be notedA®tatvas
generated in 80% yield by stirring a solution of diboromo&8&b and TEA in DMF at
RT for 96 h. This method would be of considerable value if sgalgas required,;
the amount of79 produced by microwave irradiation is limited by the size of the

reactor cavity.
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With (- -bromostyrenes in hand the developed palladisatalysed coupling

methodology could be applied to generate electrocyclisation precursors.

2.2.1.2Preparation of 1,%henyldienes

Key to the success of this strategy was the abilitytref palladiumcatalysed
coupling to generate phenyldienes with retention of the internalalkene
configuration, which was essential for the subsequent electrocyclisation Std[e
coupling of stannanel27a with bromostyrene 79a using the Stille condiins
described earlier, afforded phenyldier@10 in 76% vyield after chromatography

(Schemes3).

“ OMEM 2 ey ol (0.2 =
Br 3 DMF, 50°C, 16 h F

F 76% F
79a 127a 340

Schemes3: Stille coupling to afford phenyldiers20

In order to gain confidence that the generated diene wag-obnfigumtion, some
commercialE0 i-btomostyrene was purchased and coupled with stannd2&a
and the resulting’™M NMR was compared with that &40 (Figure 28). The
purchased E0 i-bfbomostyrene was supplied as a 85:1&EZ isomeric ratio
(confirmed by'H NMR). Stille coupling with27a under the standard conditions

afforded a mixture o840and341in a 88:12 ratio.
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Pd(OAc), (3 mol%)
PPh; (0.1 eq), Cul (0.2 eq)

OMEM Q: é—t;romostyrene (gé- ?3/51/(1)2) = OMEM
F%S : E-bromostyrene (E/Z - ) / OMEM o F
nBus
DMF, 50 °C, 16 h F

F F
127a 340 341

e Eisomer, d,J,4= 16 Hz
ddd,®3,,= 16 HA 1, = 3 HZA s = 1 Hz
SRR

e Zisomer, d,*Jyy= 12 Hz
dd,®1,,=1220r=4 Hz

R S S e B S —
6.8 66 6.4 6.2 6.0 58 [pp

Figure28: ExpandedH NMR after coupling df27a with Zbromostyrene A) andE

bromostyrene B)

The alkene coupling constand) (observed for phenyldien840 (generated under
conditionsA) was 12.4 Hz while the coupling constant observed for phenyldiene
341 (generated under conditionB) was found to be 16.1 Hz. The observed coupling
constants, in conjunction with the retained isomeric ratio of starting materials and
products using conditins B, confirmed that coupling ofl27a and Z0 i- 0
bromostyrenes occurs with fidelity.

It became quickly apparent that phenyldieBd0was not stable either as a solution

in CDGClor stored neat under refrigeration (~5 °C). Within hours in both cases a
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signficant quantity of Eisomer was observed' NMR; Figure29). Rapid

degradation of thee-isomer was also observed.

= OMEM
@OMEM —_— NN F = Unknown
F 96 h
340 341
M 0 hours

L1 zE “ ’ 24 hours
't
3:1 ZE
M 48 hours

96 hours
JLM,J\W Minanin A

| : ; ; | ; ; : : ; ; . : ; : ; ; ; ; . : :
6.8 6.6 6.4 6.2 6.0 58 [pp!

Figure29: ExpandedH NMR spectra showing the degradation of phenyldig4e

Grubb$®! and Piné®? have prepared similarZ-phenyl dienes by olefination of
cinnamic esters with retention of stereochemistry. Neither describedlifeéme of
the dienes or the isomeric ratios over time.

The isomerisation/degradation behaviour was repeated for ott@phenyldienes

(Table30).
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Pd(OAc), (3 mol%)
OMEM PPh3 (0.1eq), Cul (0.2eq)

\ —

F%S o Z-Bromostyrene . m—OMEM

I nBus DMF, 50 °C, 16 hours Y X7 E _
127a

Structure Y X Yield
340 H CH 76%
342 OMe CH A
343 NGO CH 82%
344 H N 52%

a) Not recorded

Table30: Summary of the preparation af)phenyl dienes

The 4methoxy analogu@&42was not isolated but a mixture of th& and Eisomers

was observed byH and®F NMR of the crude reaction mixture. The nitro and
pyridyl analogues343 and 344 were isolated but also isomerised and degraded
rapidly.

The degradation products were not identified but the rapid isomerisation and
degradation of these phenyl dienes meanthey were unsuitable as
electrocyclisation precursors. An alternative electrocylisation approach was

investigated.

2.2.2 Strategy 2: Divinylbenzene approach
2.2.2.13-Phenylacrylate species

The divinylbenzene approach appeared to be a more robust optsothere was no

opportunity for isomerisation of a double bond to occur. The first divinyloenzene
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motif was generated by a Knoevenagel condensation on bromobenzalde8f/de
The resulting cinnamic acid was converted to the methyl ester which was then
coupled with trifluoroborate 106a (Scheme54). The previously developed Suzuki
conditions yida suprd resulted in only traces 0345 (observed by G®IS); it is
possible that greater steric demand imposed by tirgho-substituent resulted in
poor conversion tB45. Using the same base and reaction solvents but exchanging
the catalyst for Pd(OAgRuUPhos catalyst/ligand system afford@d5 and 346 in

41% and 91% isolated yields respectively.

oX
F P BF.K

1. Malonic acid F

Piperidine CO,Me Pd(OAc), (5 mol%) CO,Me
_0 Pyridine RuPhos (10 mol%)
gy 100°C,3h,71% (& Cs,CO3(3eq) 7 OX

2. H,S0, Br  £BUOH/ H,0 o F
MeOH, 75 °C, 2 h 90°C,35h F
94%

80 81 345 (X = MEM; 41%)

346 (X = DEC; 91%)

Schemeb4: Preparation of divinylbenzen&sl5and 346

It is unclear why the yield d45 was lower than that of the DEC analogB46,
however, electrocyclisation precursors were in hand for the first time and

electrocyclisation was attempted.

The first electrocydiation was attempted on divinylbenzergt5 (Schemes5). A
solution of345in xylene was stirred at 130 °C in a sealed tube for 18 h. The starting
material had been completely consumed by this tiniéF (NMR) and signals for

three major fluorinated compoundsvere observed (Figure80). The different
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species were isolated by chromatography and NMR andMGCanalysis was

performed to identify the compounds.

CO,Me CO,Me o FF
Z~ OMEM  Xylene e
E i AN E + + Unknown
X 130 °C
F F
345 347 348

Schemebs: First electrocylisation attempt &45

The relatively labile MEM group was cleaved under the conditions used to afford
difluoroketone 347, which has a characteristic doublet in th#& NMR spectrum,
and a corresponding triplet in th&H NMR spectrum. Difluoroindanor@48 was
identified by a cheacteristic geminal fluorine coupling in tHéF NMR spectrum
consistent with the presence of neeguivalent fluorines on asp’ centre; the GE

MS analysis was also consistent with the structur@48. The third major species
observed in the crudé’F NMR spectrum could not be identified. The data accrued
suggested that the MEM group was intact and that the alkenyl protons were still
present. A new signal in thé! NMR (tJ= 12Hz) corresponding to the triplet in the
F NMR J = 17 Hz) appeared tde the only significant difference in the
spectroscopic data from that of starting materias. The three species were

generated in a 1:1:1 ratio.
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. 347 d,’}k,=53 Hz

348 dd,?kr= 283 HZE =17 H: «
348 dd.?k-=2833%.= 6 Hz

349 t1.J=12 Hz

| T .Lu\.L._Jl (|

-—— Y7
-105 -110 -115 -120 [ppm:;

Figure30: *°F NMR of the crude RM of the electrocyclisatior345

Identification of intramolecular conjugate addition product difluoroindancs#s
required some investigation as the observed NMR spectra an1&dada were
also consistent with thendocyclised specie850, which would be generated via

electrocyclisation.

HMBC NMR analysis revealed correlations consistent with sp@&8$¥ut not with
350. It was expected thgproton H, would correlate with €of 348 but not with G

of 350.
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The *C NMR signal for;Gvas identified easily, as it had a largei Goupling

constant than & due to being closer to the difluorinated carbon (FigBig

g bl 4R . .

r—r—T—T—
F1 [ppm]

T
20

.-
L)

40

- oo ab

o 'H;app.dq, 31r= 17, 6 Hz
o 'H; ddd,*Jyy= 17 HZ%4 = 7 Hz J4e= 1 Hz o F
F

o H: ddd,%1,y= 17 HZA,y = 7 HZ*1,r= 2 Hz

&0

» G app. d2ke=9 Hz
o °C dd,’kr= 26, 21 Hz

13C

348

b

\ E
H; co,me

Hy He E

T T T L] T L] T T T T L] T L] T [ T T T T T T T T T T T

T T
4.0 as 3.0 25 20  [ppm]

Figure31: Expanded HMBC of indanoBd8 showing’H-**C correlations of H,H
and H

As expected, protons +and H, appear as a pair of doublets B NMR. Hwas
identified easily as it correlated with the distinctive carbonyl carbon whijelit

not (Figure32).
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Figure32: Expanded HMBC of indano&48 showing*H->*C correlations of H

Once the**C and'H NMR signals for,@nd H, were identified, it was a simple task
to search for a correlation between the two signals. Such a correlation was

observed (Figur83) proving the formation of indanong48.
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Figure33: Expanded HMBC of indano848showing'H - **C correlations of ki

Electrocyclisation of DEC divinylbenze3wt was attempted using the conditions
described for345, but no conversion was observed. Conversion of starting material
was observed only above 170 °C (Teakile At 180 °C in diphenylether, indanone
348 and electrocyclisation produ@51 were identified by'>FNMR analysis of the
crude reaction mixture (enyr 3). Formation of indanon848 was surprising as the
DEC group is considerably less labile than the MEM protecting group; however,

fluoroarene351was generated for the first time indicating that electrocyclisation of
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divinylbenzene motifs is possible. &hratio of 348351 remained virtually

unchanged when the reaction temperature was increased (entries 4 and 5).

CO,Me o FF F
~ ODEC  Solvent . PECO O COMe
F A 18h
o CO,Me
F
346 348 351
Entry Solvent T(°C) Conversioft XX:XX
1 Xylene 130 0% -
2 Xylene 170 0% -
3 Ph,O 180 85% 2:3
4 PhO 200 100% 11
5 PhO 220 100% 1:1°

a) (B48+351)/[ 346+348+351]) x 100; b) 9 mg (38%) isolated by chromatography &
3:2 ratio

Table31: Development of the electrocyclisation 16

Electrocyclisation 0846 by UV irradiation was performed in an attempt to increase
the selectivity for either indanon&48 or fluoroarene351 In the first instance a
solution of346in heptane in a sealed vessel was irradiated continuously for 48 h
with a full spectrum lamp (22000 nM). LeMS analysis of the crude reaction
mixture revealed complete conversion 8#6, and generation of fluoroaren851

and a new species. The new compound was isolated by chromatography as the
major species in a 3:2 mixture wiBb1and analysed bNMR (Figured4). The®*F

NMR signals contained a geminal coupling constant of 148.7 Hz, suggestive of non
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equivalent fluorine atoms on arsp® hybridised carbonH NMR analysis also

revealed that the DEC group had remained intact.

CO,Me F e F
DECO DECO CO,Me
Z ODEC  Heptane COMe O 2
—_— +
xF  hv,18h
F
346 352 351

e 352 ddd,’}kr= 149 HZ},, = 16 Hz,
k=2 Hz

352 app.dt, 2ke= 149 HZJ = 2 Hz
* 351: d.*"kn=7Hz

: . : ; ; | : ; ; ; ; : ; : ;
-110 -120 -130 [ppm

Figure34: *°F NMR of a mixture of fluoroarergs1and suspected speci&s2

A significant amount of heat was generated by the lamp whichy have

contributed to the formation of the fluoroarene. Irradiation 0346 under flow

conditions was performed in an attempt to generate suspected bridged sp8&bizs
selectively; flow chemistry would minimise any reaction by thermal activation.

3

Using flow conditions established by Boo#ditburn'®* and developed by

Harrowven'®® a solution 0f346in acetonitrile was irradiated with a 9 W UV (254
nM) bulb. After a reaction time of 1 i’F NMR analysis revealed suspected bridged

species352 and fluoroarere 351in a 5:2 ratio. Preparative HPLC of the crude oil
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isolated after workup afforded 12 mg (35%) 862and 5 mg oB51 The'H and™*C

NMR spectra of the purified compound revealed signals that were consistent with

352 (Figure35).
ROF e dd, }r= 306,294 Hz
DECO. CO,Me
e dd,2kr=22,17 Hz
* dd,®%-=12,5Hz
352 e dd,%k¢= 20, 17 Hz
| N
‘ . Ui |
1&'10 I I I I 160 I ‘ . ‘ 5!0 ‘ l I .l:ppm]

Figure35: 3C NMR spectrum of bridged specB&2 after preparative HPLC

Dolbier and ceworkers have previously performed electrocyclisations of similar
fluorinated divinylphenanthrene853to form biaryl specie856 (Scheme56).1** A
radical cyclisation was suggted as the mechanism of the reaction. The main
species observed by Dolbier was rationalised by suggesting a radical isomerisation

from 355t0 356.
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353 354 355 356

Schemes6: Suggested radical cyclisation of divinylphenanthradsg

LI @Ay 3 52f0ASNRA YSOKI YA & Y34awduldpieS O
rise to two possible species, the bridged spe@&2and a new bridged speci&s9

(Schemes7). Both compounds would be very difficult to differentiate by spectral

analysis.
R obec DECO  CO,Me FODEC_ Foo
F e F
F)\é////cozlvle E 27 A &C%Me
346 359 360 361
Heptane
hv, 18 h T

R opec T oM Vi o. R
. e F
= ._CO,Me F 2 DECO COMe , COMe
___, DECO ‘ . 2, 2
357 358 352 348

Schemes7: Possibleadical cyclisation mechanisfor the formation of352and 359

The isolated product of the photochemical electrocyclisation was heated at 200 °C
in diphenylether in a sealed vessel to simulate the etemyclisation conditions, and

resulted in exclusive formation of difluoroindanoBd8. The signals in thfF NMR
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spectrum of the crude reaction mixture matched those of the previously isolated
difluoroindanone exactly, ruling out the formation of the iseric difluoroindanone
361 and therefore also ruling out the isomerisation mechanism suggested by

Dolbier.

To rule out the possibility of ambient light triggering a photocyclisat@#g was
subjected to the thermal electrocyclisation conditions (Xyler@) 2C) in darkness
(tin foil covered vessel). The same ratio of indan848 and fluoroarene351 was

observed by analysis of the crude reaction mixturé FyNMR.

A small amount of fluoroarene was observed after attempted electrocyclisation of
3-phenylacylate 346, however, formation of difluoroindanone sig®oducts

ddz33S4ai GKIG aLISOASE 6 A U Kpositionyak iirfsdtabk O ND 2

for this transformation.

2.2.2.22-Phenylacrylate species

Ly 2NRSNJ G2 RSGSNNAYS AT -pokithn wasiihiifing & O ND
the electrocyclisation reaction, divinylbenzeB84 was generated (Scheni8) and

electrocyclisation attempted.

ODEC,
F P BF.K
F
Pd(OAC), (5 mol%) F

Br 1. H,SO,4, MeOH Br RuPhos (10 mol%) F
90 °C, 1.5 h, 99% | Cs,CO;5 (3 eq) DECO—
CO,H CO,Me y/
2. Paraformaldehyde t-BuOH/ H,O
K,CO3, CaO 90 °C, 18 h, 46% CO,Me

40 °C, 4 h, 55% 363

362 364

Scheméb8: Preparation of tvinyloenzene364
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Acid 362 was esterified under acidic conditions on a 52 mmol scale to afford the
methyl ester in 99% vyield. The ester was then olefinated using paraformaldehyde to
afford 26 Hbh@mophenybhacrylate 363 in 58% yield. Suzuki coupling 863 with

1060 generated divinylbenzene864 in 46% vyield after chromatography. The
coupling yield was significantly lower than for the corresponding coupling- of 3
phenylacrylate346 with 106b (91%). The low yield may be due to the steric bulk of
the electrophile; slow oxidative addition @63 would result in an increased amount

of deborylation side produc205b and hence a lower conversion of acrylé363
(incomplete conversion A363was observed by GMS). Since the rate of oxidative
addition has already m enhanced by the use of the RuPhos ligand, control of the
rate of trifluoroborate 106b hydrolysis may improve the reaction yield by
decreasing the deborylation side product. Lley@hes and cavorkers suggest that

one of the key factors governing the eabf release of the active boronic acids from
trifluoroborate salts is control of the pH>'™ An induction period (substrate
specific) with slow release of boronic acid precedes a rapid decrease in pH and
release of boronic acid. The solvent system used by Lloyés is a THR® (10:1)

mix that results in a biphase when,C&} (3 eq) is used asase, with a lower pH
recorded in the bulk organic phase than the aqueous phase. The induction period
before acid catalysed hydrolysis was prolonged by adequate stirring of the phase
and by addition of more bas@wo phases araot present in the Suzukobaditions

used to prepare864and so an effort was made to attenuate the rapid hydrolysis of

106b by increasing the concentration of £LK3. Mixtures of106b with 2, 3, 4 and
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10 equivalents of GEQ in t-BuOH/HO (2.7:1) were stirred at 90 °C for 18 h. A

sample of each reaction mixture was removed and analys€dFolMR (Figura6).

ODEC ODEC * 205k dd,%ke= 73 HAL, = 16 Hz
Fo - 032003(0-10eq)= Fo d,zJ:F=73 Hz
BFsK  BuOH/ H,0 H L 2y _
F 90 OC, 18 h F L4 06h d, \l‘_F— 64 HZ,4
106b 205b dq, “ke= 64 HZ,k¢= 9 Hz;
br.s
0 eq 0:1-106b:205b
2 eq 0.1:1- 106b:205b
) 3eq . 0.4 : 1- 106b : 205b
[ ) -4 . . °
0 4 eq I 0.8 :1-106b:205b A
J__ 4 1oeq " ; 1:0.3-1060 : 205b J\

T T T T

T
-100

T T T T

T
-110

T T T T T T T

I ] T T
-120 -130 [pp!

Figure36: *°F NMR analysis of crude reactimixtures from base study ©10 eq)

A significant amount of trifluoroborat@06b was present after 18 h when 10 eq of

base was used. Borate was still present after 48 h (Figdredemonstrating that

increased GE£Q concentrations significantly retarded the rate of hydrolysis of

106b (t1/2 = ~48 h)
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ODEC ODEC 2, _ _ .
OEC ooy oe) * 2080 00 2he= 73 MRk 16 41
> , = V4
BFsK ¢ BuoH/ H,0 H F
F 90 °C, t F * 106h d,%kr= 64 Hz;
106b 205b dq,%ke= 64 HzJr= 9 H:
3h “ i | 1:0.1-1060:205b J\
18h M 1 | 1:0.3- 106b:205b
48 h | 1:0.8-106b : 205b J\
[ & 7 LI —a, " T & % [ T 7 F T+ [ 7
-90 -100 -110 -120 -130 [pp

Figure37: *F NMR analysis of crude reaction mixtures from base study (10 eq)

Suzuki coupling of trifluoroborat&é06b and acrylate363 was attempted with an

increased concentration of @3Q to try to take advantage of the slower rate of

hydrolysis ofL06b. Suzuki couplings with various concentrations gf0Cswere run

in parallel (Tabl&2).
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Pd(OAc), (5 mol%) R

Br ODEC RuPhos (10 mol%)
i % _ Cs,CO, DECO—/ "
COMe BFK tBuoM/H0
F 90 °C, 18 h CO,Me
363 106b
364
Entry CsCQ (eq) 106b: 2051 Yield of364°
1 0.2 1:0.39 39%
2 0.3 1:0.30 46%
3 0.4 1:0.33 44%
4 10 1:0.30 49%

a)F NMR analysis of RM after 18 h; b) After chromatography

Table32: Suzuki coupling dfo6b with 363using various concentrations of L

Increasing the base concentration made little difference to the isolated yield of
divinylbenzene364. A modest reduction in deborylated speci2@5b resulted in a
marginal gain in yield.

With some divinylbenzen864in hand, electrocyclisation was attempted; a solution
of 364 in diphenylether was stirred at 180 °C in a sealed vessel for 2 NMR
analysis of the reaction mixture revealed complete conversion to a single
fluorinated product. The new fluorinated corapnd had a distinctive® NMR
aA3yl f 61 J =mIlnHe)y hdicaBE of fluoroarene formation. Flash
chromatography (20% diethyl ether in cyclohexane) afforded fluoroar&stein
78% yield.

Exclusive formation of fluoroaren865 from divinylbenzene364 with loss of HF
represents the first successful electrocyclisation reaction of this type. The scope of

the methodology was then investigated.

140



F F

_— >

Ph,0O CO,Me
COMe 180 °C, 24 h O 2
78%
364 365
Y
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-90 -100 -110 -120 -130 -140 [ppm

Figure38: *°F NMR spectrum of fluoroarergs5

2.2.2.3lterative coupling approach
Order of coupling

To increase the scope of the electrocyclisation strategy a double palladium
catalysed couplingmproach was undertaken usingiddo-2-bromobenzene366. To
determine the most efficient preparationf@lectrocyclisation precursors, the order
of vinyl coupling was investigated (Tal38). Divinylbenzen&69 was used as the

test substrate as it is the simplest divinylbenzene species available by this route.
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366
Couplin . Product Couplin " Product
Entry Ping Conditions . Ping Conditions .
Partner 1 (yield) Partner 2 (yield)
F
3 3
367 A I B X
368:.(94%) 1060
369:(59%)
F
ODEC Br  ODEC DECO
A F
Sy N ek
T o )
370.(46%
(46%) 369.(84%)

A: (PPR),PdC] (5 mol%), GEQ (3 eq),t-BUuOH/HO (2.7:1)B: Pd(OAg)(5 mol%), GEQ (3
eq), RuPhos (10 mol9)BuOH/HO (2.7:1).

Table33: Order of coupling in preparation of divinylbenze3&9

W[ AFINBERQ {dzd dzZl A O2 dzLJ A 963 witB 366 affdrged 2 G NA T d
bromostyrene 368 in high yield (94%) after chromatography (entry 1). bie

coupled side producB71was observed by GRS analysis of the reaction mixture.

However, traces of a stillbeAgpe species372 were observed. Side produ@72,

generated by Heck coupling of styre 368 and 366, is a common product when
generating species with a free vinyl moiety under palladzatalysed
conditions}*®#>8The second Suzuki coupling withéb afforded divinylbenzene

369in 59% vyield after chromatography and 55% overall yield 186

The alternative coupling order (entry 2) generat&$9 in an inferior 39% overall

yield. The first Suzuki coupling Bd6b and 366 resulted in a significant quantity of
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biscoupled side producB73 Presumably the electron withdrawing difluorovinyl

moiety on370results in activation of the-Br bond for a second oxidative addition.

F
) T F
DECO—/
ODEC
N N
Br N—F
F
371 372 373

Thisbis-coupling issue was observed by Meijere andnaokers when coupling-1
trifloxy-2-bromocyclohexene with tributylstannyl acryla(§cheme 59)®’ The GBr
bond of the firstformed butadiene was activated by the strong electron
withdrawing nature of the acrylate and coupling of another unit of stannyl acrylate

to form a symmetrical triene could not be suppressed.

BUSSn/\/COZMe
OTf 375 ~CO2Me ~CO2Me
Pd(OAc),, PPhs
- — =
Br  DMF, 100 °C Br CO,Me
OTBDMS OTBDMS OTBDMS
374 376 377

Scheme&9Y a S A 2 S NB Q his-cdagliOof/tifldkbrortoByclohexen&74

with stannane375

The second Suzuki coupling 870 with vinyltrifluoroborate 367 afforded the

desired divinylbenzen869in good (84%yield after chromatography.
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The order of palladiurcatalysed coupling outlined in entry 1 (Tal®38) was
adopted as the standard method for preparation of electrocyclisation precursors

under the iterative coupling methodology.

Electrocyclisation: scopead limitations

Due to time constraints the iterative coupling methodology was not optimised
further, although it was observed that coupling dd6b with styrenes generated
from the first coupling did not require the Ruphos ligand to afford product in
moderate yield. The woptimised Suzuki couplings to afford electrocyclisation
precursors are summarised in Tal8d. Boronic acids as well as trifludrarates

were used in the Suzuki couplings to good effect (entries 5, 7 and 10).
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ODEC

F P BF K
Y F F
Br Cl,Pd(PPh3), (5 mol%) Br Cl,Pd(PPhs), (5mol%)  peco
CSch3 C82CO3 =~ °F
| Y
N > X > v
s tBUOH/H0 | % t-BuOH/H,0 N
& 90°C, 18 h = 90°C, 18 h | X
i i i
Product ii Product iii
Entry Y . .
(yield) (yield)
F
Br DECO e
1 ©/\ X
Z BFK
367 368:(94%) 369(59%f
F
B DECO E
2 X X
O BFK N N
367 384:(26%) 393(18%)
F
F
-+ Br = | DECOS/@
BF3;K
3 X 3 N B
| N
»
249 385:(38%) 394:(60%)
F
CF3 F
. B DECO-/
4 /©/ BFaK O CFs
F3C O
245 386:(23%) 395:(48%)
F
OH Br N DECO—/ "
: J 8
© O e
NC
378 387:(51%) 396:(60%)
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Br ’\
(@)

F
DECO_/
I\
0

o
379 388(16%) 397:(44%)
F
5 DECO—/
. on @ﬂ B
N S S
Q OH
380 389:(28%) 398(26%)
F
o S DECO—/ F/ s
8 ., 4 /
381 390,(53%) 399,(28%)
F
o DECO—/ T ¢
/
9 _
e (O : O
387 391:(79%) 400.(24%)

Br
|
S

|_\
o
U’E /E
/w\
o~ "o
I I

383 392(27%) 401:(66%)

a) Coupling conditions: (Pg#PdC] (5 mol%), GEQ (3 eq), RuPhos (10 mol9
t-BUOH/HO (2.7:1); b) 36% yield when trifluoroborate used; c¢) 68% yield when b
acid used.

Table34: Scope of the iterative coupling methodology

With several bisoupled species in hand, electrocyclisation was attempted (Table
35) using the same procedure as for divinylbenze&3@l There was a marked
difference in temperature required to effect electrocyclisation of divinylbenzene

369 and the biary species (entries-20), presumably due to the cost of disruption
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of the aromaticity of the second aromatic ring. Biaryl species containing no
heteroatoms (entries 4 & 5) in the rings were considerably more difficult to cyclise

than the heteroaromatic spees (entries 6.0).

F. F F
A DECO DECO
Ph,O | | g
t X _X
Entry Starting material T(CC) t(h) Product (yield)
F F
DECO. e DECO ‘
1 N 180 24 O
369 402(84%)
F F
DECO. NE DECO
2 N 240 48 X
N L N
393 403(54%)

F
DECO_y/ T
/] AN
3 S/Q 240 72 2
394

F

F
peco s F DECO ‘O CF;
CF,
4 O 240 72 O

395 404:(4%)

F

F
DECO—/ F DECO ‘O CN
CN
5 O O 240 144 O

396 405:(5%)
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F
DECO
240 48 ‘

A\
° e
406:(31%)
F
DECO
(I
7 240 48 O s
407:(28%)
F
DECO s
gV,
8 240 48 O
408 (59%)
F
9 240 72 O Q
409:(42%)
F
10 240 48 s

410:(63%)

a) Not isolated due to low conversion and regioisomers.

Table 35: Electrocyclisation of products generated from the iterative coupling

methodology

A quantitative measure of the aromaticity of particular rings could help to
rationalise the ease of electrocyclisation of the species displayed in 3abkhere
have previously been several attempts to establish general scales of arom4ficity.

19 The most common methods include calculation of aromatic stabilisation energies
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(ASE) through hés of reaction (combustion and hydrogenatidfand calculations
of changes to the magnetic parameters of a compound; magnetic susceptibility
6 (%band nucleus independent chemical shifts (N8> Some values obtained
for each of these methods adisplayed in Tabl86. Although the values from each
method cannot be compared directly, a trend in the measured aromaticities of

some selected compounds can be made.

n Icombustion n Ihydrogenation NICS(P) [

(Kcal/ mol)  (Kcal/ mol)  (ppm) (10°cm®mol?)

Benzene 36-37 36 -10.8 -14.5

Pyridine 2343 - -11.1 -13.5

Thiophene 24-31 29 -10.3 -13.0
Furan 16-23 22 -9.2 -8.9

a) GIAGHF/ 6311+G*

Table36: Literature values for aromaticity using different methods of measurement

The greater the heat oftombustion or hydrogenation then the greater the
stabilisation energy that must be overcome, suggesting a greater extent of
aromaticity. The heat of combustion results displayed predict the order of
aromaticity to be: benzene>thiophene>furan. This aromticanking is replicated
for the heat of hydrogenation reactions. The error associated with the heat of
combustion of pyridine is high and so it is unclear where pyridine ranks on the

aromaticity scale.
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The two methods probing the magnetic parametersloé romatic species in table

36 cannot be used to compare aromaticities of compounds of different ring'&ize.
20K bL/{ YR [ L}bBde dbinatidi tkan duran] soksstedk Sy S
with the heat of reaction results. The strength of aromaticity of benzene and
LENARAYS A& LINSRAOGSR G2 06S &AYAfI NI oeé
aromatic in the former andice versan the latter.

These strength of aromaticity trends help rationalise the reaction conditions
required for the electrocyclisation of the species in taBE The temperature for

the cyclisation of divinylbenzeneé¥6, 364 and 369 (180 °C) is lower than that
required for the cglisation of the biaryl species (240 °C). This can be attributed to

the need for the ASE of only one ring to be overcome. The higher temperature
required for cyclisation of divinylpyridin@93, and the poor conversion and long
reaction time required for pydine-containing biaryB94 suggests that pyridine has

a greater ASE than benzengfter heating pyridyl394 at 240 °C for 72 h, only a

small amount of fluoroarene was generatéd NMR analysis of the crude reaction
mixture revealed ~9% conversion ofettstarting material. Two aromatic fluorine
signals were present in the NMR spectrum in a 1:1 ratio indicating that there was no
regioselectivity in the reaction (Schent). No further investigation into the

electrocyclisation 0894was undertaken becaus# this disappointing result.
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F F F

peco ) F < o DECO “ DECO N
/ - N
Ph,0, 72 h 2 =

=N
9% conversion

394 411 412

Schemes0: Attempted electrocyclisation of pyridyl biai§94

Low yields were obtained for fluorophenanthrené84 and 405. Electrocyclisation

of cyano specie896 was monitored by**F NMR analysis of the reaction mixture
(Figure39). A small amount of phenanthrem®)5 was generated after 18 h at 240

°C, as indicated by the emergence of a singlet at ~140 ppm. The reaction was stirred
at 240 °C for a further 54 h resulting in 90% cosi@r of the starting material.
Some interesting new signals in ti& NMR spectrum were observed; these were a
doublet €} = 54 Hz), assumed to have arisen from difluoroketdhé formed by
cleavage of the DEC gromm an acylium ion aided by nascent HF, and a set of
doublet of doublets @kr = 259 Hz?ky = 5 Hz] and?kr = 259 Hz k= 14 Hz))
similar to those observed for indanone spec®43 (vide suprd, assumed in this
case to be from difluorointermediae 413 This species was not expected to be
observed as it was thought that4aomatisation by dehydrofluorination would be

too rapid. Nevertheless, the signal observed is consistent 4B Generation of

413 by fluoride addition via any®r type reacin to form an equilibrium witkd05

was discarded as a possibility, because none of the intermediate was observed in
the reaction mixture after 144 h. This strongly suggests that the intermediate is

consumed to form phenanthrend05. The low yield o##05 may be due to loss of
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material during purification and isolation (chromatography and recrystallisation) as
the % NMR spectrum suggests that the product is almost exclusively desired

material after a reaction time of 144.

) F DECO I CN DECO ' CN O CFaH
¢ me T 9@ e
CN——» + +

O Ph,O
® : O
405 413 414

396

e 405 s
144 h
° 413 dd,%?}kr= 259 HZ'L,=5
dd,%kr= 259 HAL, = 14 Hz
° 414 d,?},=54 Hz
72 h o o ¢
AL 11, )
. * 396 d,%}r= 49 Hz
d,?}r= 49 Hz
18 h l
T J ) J T J T J T J L ) T L J ) T I { J T 1
-80 -100 -120 -140 - 160 [pp!

Figure39: *°F NMR analysis of the generationpbfenanthrene405

The lower reaction times and moderate yields obtained for heteroaromatic species
(entries 610) suggest that they undergo electrocyclisation more easily than the
biaryl species404 and 405, these resultscorrelate well with the strength of

aromaticity scale inferred from Tab86.
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Table 35 represents the first, unoptimised attempts at electrocyclisation of the
species and so the moderate to low vyields obtained may not be a true
representation of the utity of the reaction. A range of species have, however,

dzy RSNH2yS St SOiNROeOfAal A2y GAGK @I NR?2
(divinylbenzene vs biaryl). Next, preparation and electrocyclisation ofanomatic

precursors was investigated.

2.2.3 Strategy 3: triene approach
2.2.3.1Preparation of cyclic bromodienes

Cyclic bromodienes bearing a, % and #membered ring were prepared in good
yield using the procedure of Larock and-workers (Table37). A Vilsmeier
formylation generated bromealdehydes 418 84 and 419. Neutralisation of HBr
released during the reaction was essential as degradation of the aldehydes occurred
when the crude reaction mixtures were concentrated under vacuum. Better yields
of the subsequent Wittig olefination were obtaidewhen the aldehydes were
purified by chromatography. Rapid discolouration and degradation of the aldehydes
and bromodienes occurred in storage, even on refrigeration (~5 °C, 3 months), and
were accompanied by a lowering of the pH. The proposed degradatdimvay

(Schemebl) is consistent with these observations.
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415 416 417

Schemes1: Proposed degradation pathway of Vilsmeier formylation products

Immediate consumption of the intermediates in the preparation of the

electrocyclisatiorprecursors was essential in order to minimise material loss.

I Ph
P\Ph
—0 _—
PBF3 DMF n-BuLi
oM Br THF
0°C,18h n -78°Cfor1h
i then RT for 18 h
Starting Product ii Product iii
Entry . .
material i (yield) (yield)
O /O p—
LD o <
418 420.(55%) 423(72%)
Cr Qe o
2 Br Br
84 421:(75%) 85:(70%)
o) =0 —
T eING S INe S
419 422(28%) 424:(63%)

Table37: preparation of cyclic bromodienes of various ring size
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2.2.3.2Preparation of trienes

The usual Suzuki coupling conditions generated fluoroaré?@ instead of the
expected triene425 (Scheme62). The arene was isolated in 32% yield after

chromatography.

ODEC,
F P BF.K
F

= Cl,Pd(PPh3), (5 mol%) =~ ODEC F

Br ©82C0; X £ -HF

o —_—
t-BuOH/ H,0 32%
90 °C, 18 h

85 425 426

ODEC

Scheme62: Unexpected generation of fluoroarend26 under Suzuki coupling

conditions

This result demonstrates thariene speciegi25has a considerably lower activation
barrier to electrocyclisation than the divinyloenzene and biaryl species investigated
earlier, as no penalty for the disturbance of aromaticity was incurred.

The coupling reaction of bromodieng8 with borate 106b was performed at a
lower temperature and monitored by LS to try to observe the predicted triene
425in situ(Figure40). After a reaction time of 18 h at 70 °C a significant quantity of
bromodiene 85 remained. A peak with a mass consigtevith triene 425 was
observed, as was a trace amount of fluoroaret6. Stirring the reaction mixture

for another 24 h at 70 °C resulted in consumption of triene and an increase in the

amount of fluoroarene426. The reaction temperature was then increasto 90 °C
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and a sample was removed for analysis after 3 h; further consumptigr2®and
generation of 426 was observed. After a further 18 h at 90 °C complete

consumption of trienet25was observed.

* PPR(O
70°C. 18 h f\ | | __( : U RUAW:
B
K * 85, Brdiene Jl Y
70°C. 42 h O RN
i * 425 triene o
90 °C. 45 h AN o NTAR
P
f * 426, Farene 7\
90 °C. 63 h j\ AN

065 070 075 080 085 0.90 0.95 1.00 108 110 115 120 125 130 138 140 145 150 1

Figure40: LEMS study of the Suzuki coupling ofdiene85 with borate 106b

A considerable amount of bromodiene was still present after this time, indicating
that the coupling reaction to form triend25 was inefficient and was responsible
for limiting the yield of fluoroarend26.

An attempt to isolate trienet25 by performing tle Suzuki coupling at a still lower
temperature was successful (ScheB®). Triened25was isolated in 32% vyield after

chromatography.
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ODEC
F P BF,K
F
= Cl,Pd(PPh3), (5 mol%) =~ ODEC
Br C32CO3 _ F

t-BuOH/ H,O
50 °C, 18 h

85 32% 425

Schemes3: Preparation of trienél25at lower temperature

Fluoroarenegt28and 430were generated from their bromodienes in 39% and 48%

yield respectively, without isolation of the trienes, by performing the Suzuki

coupling at 90 °C (Scherfid).

ODEC
= Q0
fBF3K
__ CIL,Pd(PPha), (5 mol%) =
Cs,CO4 ODEC
Br  .BuOH/ H,0 NF
90 °C, 18 h £
423 427
ODEC
= 0
ﬁF/\BFSK
— CLPd(PPhs), (5 mol%) =
g, ODEC
Br >
t-BUOH/ H,0 NF
90 °C, 18 h F
424 429

Schemes4: Preparation of fluoroarene428and430.

[

-HF EQ/F
39% ODEC

428

-HF F

0,
48% ODEC

430

A series of fluoroarenes have been prepared with a developed pallacdoatalysed

coupling step at the heart of the methodology. Titaagein temperatures required

to prepare the fluoroarenes suggests significant differences in activation energies

associated wh each electrocyclisation. A better understanding of the requirements
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for facile electrocyclisation was sought; the reactions were therefore investigated

computationally.

2.2.4 Computational investigation
2.2.4.1Energies of activation of electrocyctisam

The energy of activation for the electrocyclisation process of some of the generated
species was calculated with Spartan softwteat the B3LYP/@1G*+!%1% and
MO06-2X/6-31+G*%" levels of theory (Table38). Geometry optimisatin was
performed on the lowest energy conformer for each of the electrocyclisation
precursors. The energies of the respective transition states (TS) were calculated

from optimisation of a boatike geometry®®

A previous calculation of the energy of activation of 1-3eXatriene by Rodriguez
Otero®usingthe B3BLYP/6 MDF F f S @S "= 208 KdalnSl atMEBK) wag 9
in good correlation with the experimentally determined value of Steiffe(g, =
29.9 Kcal/mol at 39@34 K). To determine if this value could be reproduced the
calculation was performed using the method of Rodrigd¢gro and also using a
different method with a higher level of theory (M&5X/6-31+G*). Both methods
produced energies of activation (30.2 and 29.6 Kcal/mol) that correlate well with
the theoretical and experimental values previously determined. The 41,3,5
hexatriene electrocyclisation TS generated by N086-31+G* was compared with

the TS previously generated by OtEfo(B3LYP/&1G**) and Houk’®?* (MP2/6-
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31G*) (Figuredl). A boatlike geometry was predicted by all three levels of theory.
The M062X generated £G; interatomic distance of 2.15 A compares well with the
previously reported figures of 2.28 A and 2.24 A respectively. F&-G angle of

104.2° also compares well with the 104.6° reported by Houk.

= ThisworR  Oter®  HouK
2\ /°

1776 n 9(Kcal/mol) 29.6 29.8 26.1

XY @) (R) 1.87 -9 1.86

Xa Y G-G (b) (A) 2.15 2.28 2.24
N

G-G-GAngle (°)  104.2 -9 104.6

A (cm®) 579 573 909

Figure 41: Comparison of M0O@X/6-31+G* generated 1,3;Bexatriene TS with

literature data

The closely related energied electrocyclisation of 1,3;Bexatriene calculated at

the M06-2X/6-31+G* and B3LYP/®&LG** levels of theory with those published in
the literature, and the favourable comparison of the TS, validated the method to
investigate energies of electrocyclisatioA dimethylcarbamoyloxy group was used

in place of the diethylcarbamoxloxy group as it is conformationally less complicated

and therefore simplified the calculations.
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7 X
./

Electrocyclisatiof

precursor

n 9(Kcal/mol)

Electrocyclisatio
precursor

B3LYP/ MO06-2X/

A D 8 (Kcal/mol)
" B3LYP/ MO06-2X/

6-31G**  6-31+G* 6-31G** 6-31+G*
F
_ DMCO—/ "
S 30.2 29.6 T\ 37.4 41.4
431 (578) (579) © (428)  (508)
397
F R
DMCO._—F DMCO—/ "+
W, 25.1 27.2 R 36.8 40.6
(509) (539) S (426)  (508)
425 398
F R
DMCO._\ bmco—/F S
31.6 35.3 i 47.3 53.3
X Y
(552) (600) (312)  (406)
369 399
F
DMCO. E
33.0 36.4 34.4 37.7
XX
] (549)  (600) O 417)  (489)
393 401
R F
DMCO._/~F bMco—/ F
/ 30.4 33.4 O oN  40.3 46.8
N
come  (509)  (586) () 423)  (491)
364 396

a) DMCO Bimethylcarbamoyloxy [C(O)NMgeimaginary frequencies in parentheses (0

Table38: Calculated energies of activation of electrocyclisation

The M062X/6-31+G* calculations delivered activation energies that were higher
than the corresponding B3LYP3& G** calculations in every case, with the

exception of 1,3,8exatriene. The trends in energies between each precursor were
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