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Abstract 

This Thesis describes the preparation of fluoroarenes using a palladium-catalysed 

coupling/electrocyclisation methodology. 

Difluoroenolzinc coupling partners, 1-(N,N-diethylcarbamoyloxy)-2,2-difluoro-1-zinc 

chloride and 2,2-difluoro-1-όнΩ-methoxy-ethoxymethoxy)-1-zinc chloride were 

prepared from trifluoroethanol at near ambient temperature and underwent 

Negishi coupling with a range of aryl-halides. A co-solvent (N,N-dimethylpropylene 

urea) was necessary to generate 2,2-difluoro-1-όнΩ-methoxy-ethoxymethoxy)-1-zinc 

chloride in good yield. The zinc coupling partners were also converted to 

(iodo)difluoroenols which participated in Suzuki-Miyaura coupling with a range of 

aryl-boronic acids and potassium aryl-trifluoroborates. 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 2,2-difluoro-1-(N,N-diethylcarbamoyloxy)ethenyl trifluoroborate and 

potassium 2,2-difluoro-1-(2Ω-methoxy-ethoxymethoxy)ethenyl trifluoroborate, from 

trifluoroethanol was also accomplished. The trifluoroborates underwent Suzuki-

Miyaura coupling with a range of aryl-halides. This Suzuki-Miyaura coupling 

protocol was used to prepare a range of fluorinated electrocyclisation precursors in 

modest to good yield. Subsequent electrocyclisation afforded fluorobenzene, 

fluoronaphthalene and fluorophenanthrene species. The electrocyclisations were 

investigated computationally in an attempt to rationalise the ease/difficulty of 

cyclisation. 
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Aq aqueous 

ASE aromatic stabilisation energy 

Ar aryl 

BINAP нΣнΩ-bis(diphenylphosphino)-мΣмΩ-binaphthyl 

bmim 1-butyl-3-methylimidazolium 

n-Bu n-butyl 

t-Bu t-butyl 

n-BuLi n-butyllithium 

t-BuLi t-butyllithium 

Ca circa, approximately 

Cy cyclohexyl 

d days 

DABCO 1,4-diazabicyclo[2.2.2]octane 

dba dibenzylideneacetone 

DCM dichloromethane 

DEA diethanolamine 

DEC N,N-diethylcarbamoyl 

DMF N,N-dimethylformamide 

DMI 1,3-dimethyl-2-imidazolidinone 

DMSO dimethylsulfoxide 

DoM Directed ortho-Metallation 
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dppf мΣмΩ-bis(diphenylphosphino)ferrocene 

dppp 1,3-bis(diphenylphosphino)ferrocene 

EDG electron donating group 

emim 1-ethyl-3-methylimidazolium 

eq. equivalents 

Et ethyl 

EWG electron withdrawing group 

GC gas chromatography 

h hours 

aHF anhydrous hydrogen fluoride 

HMBC Homonuclear Multiple Bond Correlation 

HMPA hexamethylphosphoramide 

HPLC High Performance Liquid Chromatography 

HSQC Heteronuclear Single Quantum Correlation 

Hz hertz 

i-Pr isopropyl 

LC Liquid Chromatography 

LDA lithium diisopropylamide  

Ln ligand (s) 

Me methyl 

MEM 2-methoxyethoxymethyl 

MIDA N-methyliminodiacetic acid 
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min minutes 

mol moles 

MS Mass Spectrometry 

NHC N-heterocyclic carbene 

NICS Nucleus Independent Chemical Shift 

NMP 1-methyl-2-pyrrolidinone 

NMR Nuclear Magnetic Resonance 

PDC phthaloyl dichloride 

Ph phenyl 

ppm parts per million 

PTFE polytetrafluoroethylene 

RT room temperature 

SNAr Nucleophilic Aromatic Substitution 

TEA triethylamine 

Tf trifluoromethane sulfonyl 

THF Tetrahydrofuran 

TMEDA bΣbΣbΩΣbΩ-tetramethylethylenediamine 

TMP 2,2,6,6-tetramethylpiperidine 

TS transition state 

UV ultra violet 

vide infra see below 

vide supra see above 
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1 Introduction 

In recent history, fluorinated compounds have played a significant role in the 

enhancement of everyday life.1 Since discovery of the remarkable properties of 

fluoropolymers, an ever expanding number of applications have been found. An 

array of uses such as non-stick coatings for cooking utensils, lubricants, fuel 

tanks/lines, waterproofing and chemical reactor linings, to name but a few, have 

contributed to a multi-billion dollar industry. Interest in the properties that fluorine 

imparts upon organic molecules has also received significant attention.2   

Over 25% of the pharmaceuticals on the market in 2011 contained fluorine, one of 

which was tŦƛȊŜǊΩǎ atorvastatin 1, the best-selling drug globally in 2008.2 Other 

successful fluorinated drugs are the antibacterial ciprofloxacin 2 from Bayer, D{YΩǎ 

anticancer drug Lapatinib 3 and Eli-[ƛƭȅΩǎ Prasugrel 4 (Figure 1). 

 

Figure 1: Successful pharmaceuticals containing fluoroarenes 
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A common fluorinated motif present in modern pharmaceuticals is a fluoroarene.2 

The properties of the fluorine atom have the potential to enhance the efficacy of a 

drug through several channels (Figure 2).3 The high electron withdrawing nature of 

fluorine can Alter the pH of a drug, which can increase bioavailability.4 

Bioavailability can also be enhanced by blocking metabolism pathways with 

strategic introduction of a strong C-F bond4 and increasing lipophilicity with the 

insertion of aromatic fluorines.5 

 

 

Figure 2: Effect of fluorine substitution on biologically active compounds 

Electrostatic interactions also play a role in drug efficacy; fluorine atoms have been 

observed to increase the potency of drugs by stronger binding to an active site on 

an enzyme.6  
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Weak F-H hydrogen bonding can also have a significant effect on the drug. 

Intramolecular F-H hydrogen bonding of fluorinated norepinephrine isomers 7 and 

8 has been implicated in their selectivity for different όʰ ƻǊ ʲύ adrenergic receptors.7     

With a better understanding of fluorine atom effects in biological systems and an 

ever increasing interest in fluorinated, biologically active molecules, it 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 required 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/ fluorodediazoniation 

Fluorination by displacement of a diazonium salt has been performed in anhydrous 

hydrogen fluoride (aHF).8 Anilines were converted to diazonium salts 10 using 

sodium nitrite in neat aHF at 0 °C, then heated gently to promote decomposition to 

the fluorinated arenes (Table 1).8 
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Entry Y Yield of 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-NO2 <10 

6 3-OH 46 12 3-NO2 40 

Table 1: diazotisation/fluorodediazotisation of a range of substituted arenes 

Dediazoniation becomes difficult when strong electron donating groups (OH) are 

present in the ortho- and para- positions. Nitro groups also have a deleterious 

effect on the yield when present ortho to the diazonium salt. 

Fluoroarenes are prepared by this method on an industrial scale;9 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 Balz-Schiemann reaction  

Decomposition of diazonium tetrafluoroborate salts by Balz and Schiemann10 

demonstrated that fluorodeazoniation could be accomplished with a less hazardous 
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source of fluoride. A series of fluoroarenes, prepared by the Balz-Schiemann 

reaction, are displayed in Table 2.11 

 

 

R 
Yield of 11 (%) 

R 
Yield of 11 (%) 

ortho para ortho para 

H 100 100 CO2H 19 -a 

Me 90 97 CO2Et 87 90 

F 30 62 NO2 19 58 

Cl 85 -a NEt2 -a 20 

Br 81 75 NMe2 -a 17 

OMe 67 67 OEt 36 53 

 

a)  Reaction not performed 

Table 2: Balz-Schiemann reaction performed on a range of substituted arenes 

As with fluoroarenes generated by fluorodediazoniation with aHF, lower yields were 

obtained using the Balz-Schiemann method when the aniline precursors were 

substituted with polar groups and Lewis basic groups (electron donating and 

withdrawing) in the ortho- or para- positions. Another problem encountered arises 

from the strong electron withdrawing nature of diazo-salts, which can encourage 

substitution of even moderate leaving groups from the ortho- position (particularly 

nitro groups) via an SNAr process.  
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Isolation of the diazonium tetrafluoroborate salt is necessary and low yields can 

result if the intermediate is not dried thoroughly; decomposition in the presence of 

moisture can lead to the formation of phenols.12 Recovery of tetrafluoroborate salts 

13 from water can also be difficult, particularly when hydrophilic substituents are 

present on the ring.12   

Milner demonstrated that aqueous acidic media was not needed to effect 

diazotisation of anilines, and that fluoroarenes could be prepared in one pot, 

without the inconvenience of isolating the diazonium salt intermediate.13 Low 

temperature diazotisation (0 °C) was accomplished using nitrosonium 

tetrafluoroborate in DCM. A solvent exchange to a higher boiling solvent (1,2-

dichlorobenzene) before subsequent thermal decomposition provided fluoroarenes 

in good yield (Table 3).  

 

 

Entry Y Yield of 11 (%) Entry Y Yield of 11 (%) 

1 H 72 6 2-Cl 90 

2 4-NHAc 55 7 2-Br 90 

3 2-OMe 70 8 3-F 52 

4 2-OPh 63 9 2-NO2 15 

5 2-OH 58 10 3-NO2 65 

Table 3: One-pot diazotisation/ fluorodediazoniation reactions 
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Low yields are still apparent with 2-nitro substituted derivatives. Laali has also 

reported one-pot diazotisation/fluorodediazoniation reactions, but in ionic liquids.14 

A noteworthy success of the use of ionic liquids is the high isolated yield (90%) 

obtained from the decomposition of a 4-nitro substituted diazonium 

tetrafluoroborate salt (Scheme 1), although this example was not a one-pot 

procedure and an extensive study of other lone pair bearing ortho- and para- 

substituents was not undertaken. 

 

 

Scheme 1: Diazotisation/fluorodediazoniation in ionic liquid [emim][BF4] 

Fluoroarene preparation by the decomposition of aryltriazenes is also a route of 

note; the first decomposition in acidic media (HCl and HF) to form chloro- and 

fluoroarenes was described by Wallach.15,16  

Aryltriazenes are prepared by treating diazonium salts with an arylamine and are 

more stable than the salt precursors. Cleavage of the amine under acidic conditions 

releases the diazonium salt for fluorodediazoniation by HF17 or [BF4]
-.18 Generally, 

aryltriazene decomposition affords fluoroarene product in lower yields than the 

Balz-Schiemann reaction. 
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1.1.3 SNAr reactions with fluoride 

Another established protocol for fluorinating arenes is the displacement of a 

halogen ion leaving group (halex reaction) by a fluoride anion nucleophile (Scheme 

2).19,20 Substantial activation can be required, with the presence of one or more 

strong electron withdrawing groups, such as formyl, nitrile or nitro groups a 

common requirement. Alkali metal fluorides, which are hygroscopic and require 

careful drying are the usual sources of fluoride ion, and polar aprotic solvents such 

as dimethylsulfoxide (DMSO), tetramethylene sulfone (sulfolane) and N-methyl 

pyrrolidinone (NMP) are routinely used as reaction solvents.21 High temperatures 

are required due to the poor solubility of the fluoride sources in non-aqueous 

solvents which makes the use of phase transfer catalysts very important. 

 

 

Scheme 2: Halex reaction performed on 4-nitrochlorobenzene 

Spray dried potassium fluoride (KF) has been used most often, normally delivering 

product in better yields than anhydrous KF; the greater surface area of the spray 

dried salt leads to a more efficient reaction. The surface area of the salt (hence the 
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rate of fluorination) can be increased still further by recrystalising KF from 

methanol.22  

The use of phase transfer catalysts have allowed lower temperatures to be used 

(although temperatures of up to 200 °C are sometimes needed) and improved 

reaction yields. Effective catalysts include those of ǘƘŜ ΨƻƴƛǳƳΩ ǘȅǇŜ ǎǳŎƘ ŀǎ tƘ4PBr23 

and Me4NCl.24 Crown ethers have also been shown to be effective phase transfer 

catalysts.23 These catalysts can degrade at high temperatures and pressures, so 

more recently, alternative catalysts have been sought.25 Pleschke demonstrated 

that azaallenium catalysts such as CNC+ (20), which has high thermal stability and 

low dermal toxicity (Ph4PBr has high dermal toxicity), are effective phase transfer 

catalysts (Table 4). Pleschke admits however, that a general method for the halex 

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

substrate.25 

Microwave-mediated halex reactions have been attempted, proceeding in good 

yields in the presence of a polymeric imidazole catalyst (Scheme 3).26,27 Sulfolane, 

the solvent of choice for many halex reactions was found by Luo to be unstable 

under microwave conditions, degrading under the high temperatures 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. 
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Entry Solvent (wt.%) Catalyst (mol%) Temperature (°C) Time (h) 
Yield 

(%) 

1 - Ph4PBr (1.3) 190 10 30a 

2 Sulfolane (70) Ph4PBr (1.6) 180 5 40a 

3 Sulfolane (250) Ph4PBr (1.6) 180 4 80 

4 Me2SO (130) CNC+ (1.0) (20) 170 5 96 

5 Me2SO (130) Ph4PBr (1.0) 170 6 89 

6 Me2SO (130) (Et2N)4PBr (1.0) 170 6 93 

      

a)  % conversion 

Table 4: Halex reactions using azaallenium salt catalysts 

 

 

Scheme 3: Microwave-mediated halex reaction 

Substitution of a nitro group itself is possible due to the strongly electron 

withdrawing nature of the group.28,29 The yields of this transformation can be 

modest; however, Kimura has shown that high yields of meta-fluoroarenes can be 

achieved by using Ph4PBr as a phase transfer catalyst and phthaloyl dichloride (PDC) 

to trap the nitrite ion (Scheme 4).28 A higher temperature is necessary, presumably 
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because the Meisenheimer complex cannot be stabilised by this substitution 

pattern.  

 

 

Scheme 4: Halex reaction with NO2 as the leaving group 

An alternative option to having activating groups such as NO2 already present on 

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

developed by Kimura (Scheme 5).30,31  

 

 

Scheme 5: Chlorosulfonyl group as a disposable activator for the halex reaction  

Carbons 2 and 4 of 25 are activated for attack by fluoride in the halex reaction as a 

result of the introduction of the chlorosulfonyl moiety. The chlorosulfonyl group is 
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converted to a fluorosulfonyl group during the halex reaction. Subsequent reaction 

with aqueous sodium hydroxide generates a sodium sulfonate that is cleaved on 

exposure to 80% H2SO4. Owing to the unattractive scale-up implications arising from 

the use of excess strong acid, the Kimura group devised a milder cleavage of the 

sulfonate using sodium carbonate in 1,3-dimethyl-2-imidazolidinone (DMI), 

followed by desulfination by exposure to HCl.31 This gave comparable yields, 

although an extra step is needed and the use of acid is still required.  

The introduction of fluorine into an aromatic compound by an SNAr type reaction is 

a direct and selective method but certain limitations hinder the widespread use of 

this operation. The fluoride source demands careful drying before use, and due to 

solubility issues, requires high temperatures and expensive phase transfer catalyst. 

Poor yields are often reported and electron withdrawing groups in a particular 

substitution pattern (ortho- and/or para-) are usually required to make the 

Meisenheimer complex energetically 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 non-activated substrates. 

 

1.1.4 Conversion of phenols 

An operationally simple, single step fluorination of phenols was developed by 

Ritter.32 The fluorinating agent PhenoFluor 31 was prepared by treating N,N-1,3-

bisόнΩΣсΩ-diisopropylphenyl)-2-chloroimidazolium chloride with CsF. A wide range of 

substituted phenols underwent deoxyfluorination in good yield; a few examples are 
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displayed in Table 5. Electron deficient phenols typically reacted more rapidly than 

electron rich phenols; however, nucleophilic fluorination of arenes bearing electron 

donating groups represents a significant advance in fluoroarene synthesis. 

 

Entry Y Temperature (°C) Time (h) Yield (%) 

1 4-NO2 80 3 93 

2 4-CF3 80 3 92 

3 4-OMe 110 20 82a 

4 4-NH2 110 20 75a,b 

5 2-Me 110 20 55a,b 

6 4-Me 110 20 81a 

     

a) Determined by GC assay; b) 1,4-dioxane used as solvent. 

Table 5: Deoxyfluorination of phenols using imidazolium species PhenoFluor 31 

 

1.2 Electrophilic fluorination of arenes 

Many electrophilic sources of fluorine such as elemental fluorine,33 xenon 

difluoride34 and organic hypofluorites35 have been used in the synthesis of 

fluoroarenes. Issues with toxicity, ease of handling and reagent availability have 

seen these fluorinating agents relegated in favour of N-F reagents such as 

pyridinium fluorides and fluoro-diazoniabicyclo[2.2.2]octane salts (SelectfluorTM). 

Many of the N-F salts are air stable and commercially available and, as a result, are 
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the most frequently used electrophilic fluorinating agents. A brief overview of their 

use in fluoroarene preparation is described below. 

 

1.2.1 CH/CF exchange 

Direct C-H/C-F exchange of aromatic compounds by electrophilic aromatic 

substitution has been accomplished using N-fluoropyridinium species36 and fluoro-

diazoniabicyclo[2.2.2]octane salts (F-¢95! ƻǊ {ŜƭŜŎǘŦƭǳƻǊϰύ ŘŜǾŜƭƻǇŜŘ ōȅ .ŀƴƪǎ et 

al..37 These reactions require directing groups and proceed with modest 

conversions, but result in poor selectivity. An example is shown in Scheme 6.38 

 

 

 

Scheme 6: CH/CF exchange using F-TEDA 

 
Attempts to improve the efficiency and yields of such fluorination reactions have 

seen the use of ionic liquids39 and microwave irradiation40 with limited success. 

Ionic 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 of ortho- and para- isomers are routinely recovered after the reaction.39 

Laali and co-workers have shown that the isomer ratio can be managed in favour of 
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the ortho- isomer by blocking para- substitution with a substituent already present 

on the molecule (Table 6). Although selectivity is improved with this approach, a 

ΨōƭƻŎƪƛƴƎΩ ƎǊƻǳǇ Ƴǳǎǘ ŜƛǘƘŜǊ ōŜ ƛƴǘǊƻŘǳŎŜŘ ƻǊ ŀlready present on the arene; this 

represents a significant limitation of the method as extra synthetic steps would be 

required to add and remove the blocking group. 

 

 

Z Y Ionic liquid Yield 
Isomer Composition of 

Reaction Mixture (%) 

OMe Me [emim][CF3SO3] 56% 2-fluoro (93), 3-fluoro (6) 

OMe Cl [emim][CF3SO3] 50% 2-fluoro (95), 2,6-difluoro (5) 

OMe F [emim][CF3SO3] 24% 2,4-difluoro (100) 

Me NO2 [bmim][BF4] 0 - 

     

a) Determined by NMR assay. 

Table 6: Ortho- CH/CF exchange selectivity 

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

method suffers from similarly poor yields and selectivity.40  

 

1.2.2 From aryl boronic acids 

Substitution of a small selection of aryl boronic acids and aryl trifluoroborates using 

Selectfluor has been accomplished by Lemaire (Table 7).41  
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Entry Y B species Conversion (%)a 

1 
4-t-Bu 

B(OH)2 75 

2 BF3K 53 

3 
4-NO2 

B(OH)2 Traces 

4 BF3K Traces 

5 4-OBn B(OH)2 100 

6 3-OBn B(OH)2 0 

7 2-OBn B(OH)2 67 

 

a) Measured by GC 

Table 7: Electrophilic fluorination of aryl boronic acids and aryl trifluoroborates 

 
The true scope of this useful transformation has not been determined; however, 

this small study appears to show that CB/CF exchange is accomplished under mild 

conditions. It also seems to be limited by the same drawbacks of CH/CF exchange; 

electron rich ortho- or para- substituents are required to effect substitution and 

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.      

 

1.2.3 From aryl-metallic species 

The regioselectivity of fluorination is greatly increased when aryl metallic species 

are quenched with an electrophilic source of fluorine. Snieckus has demonstrated 

that directed ortho- metallation (DoM) to produce aryl lithium species, followed by 
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fluorination with N-fluorobenzenesulfonimide (NFSi) or N-fluoro-O-

benzenedisulfonimide (NFOBS) delivers fluoroarenes in modest yields and complete 

regioselectivity (Table 8).42  

 

Entry Y DMG DoM conditions F+ Source Yield (%) 

1 
4-OMe SO2NMe2 

n-BuLi (1 eq); 

-40 °C 

NFSi 55 

2 NFOBS 47 

3 
H SOBut 

n-BuLi (1 eq); 

-78 °C 

NFSi 74 

4 NFOBS 70 

5 
2-CONEt2 SO2But 

n-BuLi (1 eq); 

-78 °C 

NFSi 58 

6 NFOBS 31 

Table 8: Directed ortho-lithiation of arenes and subsequent fluorination 

The regioselectivity of the lithiations is excellent; however, the organolithium 

intermediates must be kept at low temperature to avoid degradation and many 

functional groups are not tolerated. Aryl-magnesium halides have been successfully 

converted to fluoroarenes by the groups of Beller, using an N-fluoropyridinium 

reagent 4643 (Table 9) and Knochel, using NFSi.44 The aryl Grignard intermediates 

require less demanding storage conditions and are less nucleophilic than the lithium 

species, allowing for more functional group tolerance. Electron rich aryl Grignards 

were fluorinated in higher yields than electron poor species.  
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Entry Y Yield (%)a Entry Y Yield (%)a 

1 4-OMe 81 7 2-Me-4-OMe 59 

2 2-OMe 69 8 4-F 47 

3 4-SMe 61 9 4-Cl 48 

4 2-SMe 61 10 4-vinyl 60 

5 2-Me 70 11 4-CF3 57b 

6 3,4-Di-Me 68 12 4-CN 33 

 

a) Determined by GC assay; b) methoxyperfluorobutane (CH3OC4F9) used as solvent 

Table 9: Fluoroarene preparation from aryl Grignard reagents 

The Grignard intermediates were prepared from aryl bromides by either Mg 

insertion in the presence of LiCl or by Mg/Br exchange using i-PrMgCl.LiCl. This is an 

excellent method for the preparation of simple fluoroarenes, taking advantage of a 

readily available catalogue of aryl bromides and using mild metallation techniques. 

It does not represent a general approach to aromatic fluorine compounds; however, 

as some functional groups are still sensitive to the Grignard reagents (acyl, esters, 

OH) and electron poor arenes were not fully investigated. 
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1.3 Palladium-catalysed fluorination 

Palladium-catalysed fluorination 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, known palladium coupling cycles 

then it would overcome several limitations of the fluorination protocols described 

earlier; there would be excellent regioselectivity, truly mild reaction conditions, 

activating substituents on the aromatic ring would not be required and a greater 

range of functional groups would be tolerated. 

 

1.3.1 Coupling using a nucleophilic source of fluorine 

Early, extensive efforts to form fluoroarenes by Grushin proved unsuccessful.45,46 A 

simple representation of the desired palladium cycle is displayed in Figure 3.        

 

 

Figure 3: Palladium-catalysed fluorination cycle and isolated Pd complexes 52 and 

53 
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Grushin found that oxidative addition of aromatic iodides followed by 

transmetallation with AgF produced palladium complex 50. This aggregated into 

stable dimers like 53. Thermal decomposition of dimer 53 did not result in C-F 

union; instead P-C and P-F species were detected. Grushin prepared novel Pd 

complex 52 to encourage the difficult reductive elimination step by forcing the Ar 

and F groups cis to each other; reductive elimination to form fluoroarenes remained 

elusive. 

Several groups have recently taken up the challenge of delivering effective 

palladium-catalysed fluorination processes with some success, using both 

nucleophilic and electrophilic sources of fluorine. 

A series of aryl-triflates were successfully fluorinated by Buchwald using CsF as the 

source of fluorine (Table 10).47 Key to the success of the palladium-catalysed 

fluorination was the use of a bulky phosphine ligand (tBuBrettPhos 55). 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 (Figure 3). 
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Y Temperature (°C) Catalyst (Mol%)a Yield (%) 

2-Ph 110 4 82 

4-CO2nBu 80 2 85 

3-OBn 130b 10 57 

3-NO2-6-Me 110 2 80 

4-NO2-6-Me 110 2 83 

3-NMe2 130b 4 84 

 

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

Table 10Υ .ǳŎƘǿŀƭŘΩǎ palladium-catalysed fluorination of aryl triflates 

Buchwald further improved this fluorination methodology by using a different 

catalyst/ligand combination (Scheme 7).48 

 

Scheme 7: Improved nucleophilic palladium-catalysed fluorination 

Competitive palladium-catalysed processes (reduction of Ar-OTf and formation of 

Ar-Cl) were inhibited by using catalyst 58. 
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1.3.2 Coupling using an electrophilic source of fluorine 

Palladium catalysts in the presence of electrophilic fluorine sources have also been 

observed to generate fluoroarenes. Sanford described fluorination of Ar-H bonds 

with simple Pd(OAc)2 and fluoropyridinium salts (Scheme 8).49 

 

 

Scheme 8: Directed palladium-catalysed Ar-H fluorination 

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

imparts a serious limitation on the generality of this methodology. 

A protocol for the fluorination of aryl boronic acids using SelectfluorTM 35 and a 

stoichiometric amount of palladium catalyst was developed by Ritter (Scheme 9).50 

 

 

Scheme 9: wƛǘǘŜǊΩǎ ǇŀƭƭŀŘƛǳƳ-mediated fluorination of boronic acids 
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Palladium complex 62 is generated by transmetallation of the boronic acid to the 

Pd(II) catalyst 61. Exposure of complex 62 to selectfluor generates a fluorinated 

Pd(IV) complex and subsequent reductive elimination of the aryl and fluoride 

ligands affords the fluoroarene.51  

A severe limitation imposed upon this approach is the need for stochiometric 

amounts of palladium catalyst. Ritter developed a catalytic fluorination using a 

Pd(III) catalyst to address this issue.52    

 

 

Y Solvent Yield (%) 

4-t-Bu DMF 98 

4-OPh DMF 99 

4-Ph DMF 73a 

2-Ph DMF 85b 

4-Br MeCN 96% 

4-όнΩ-pyridyl) MeCN 86% 

 

a) No NaF used; b) 4% biphenyl 

Table 11: Palladium-catalysed fluorination of boronic acids using selectfluor 

A selection of aryl-trifluoroborates were converted to aryl-fluorides in high yield 

using a Pd(III) catalyst generated in situ from 65, 66 and selectfluor. Ritter proposed 

an unusual single electron transfer mechanism and has shown that only small 
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amounts of fluoroarenes (<5%) are generated in the absence of the palladium 

catalyst. A trifluoroborate group is necessary for successful fluorinations; however, 

Ritter demonstrated that these groups can be generated in situ from other common 

boron species such as boronic acids or boronic esters. The scope of the reaction is 

limited to electron rich or neutral aryl-trifluoroborates and has so far been unable 

to tolerate heteroaromatic species. 

Palladium-catalysed fluorination is an attractive approach to fluoroarene synthesis 

due to excellent selectivity and mild reaction conditions. The Pd(IV) methodologies 

developed by Sanford and Ritter, although making a breakthrough in the 

problematic reductive elimination of fluoride from a palladium complex, were 

limited by either directing group requirements, poor substrate scope or the use of 

ǎǘƻŎƘƛƻƳŜǘǊƛŎ ŀƳƻǳƴǘǎ ƻŦ ǇŀƭƭŀŘƛǳƳ ŎŀǘŀƭȅǎǘΦ .ǳŎƘǿŀƭŘΩǎ tŘόлύ Ŏŀǘŀƭysed approach 

represents an excellent method of fluorination. High temperatures are necessary 

(110-130 °C) and purification from small amounts of side-products can be difficult 

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

 

1.4 Building block approach 

A less common approach to fluoroarene preparation is a building block 

methodology, with the fluorine atom already present on a smaller non aromatic 

substrate. 

 



25 
 

1.4.1 Cyclisation of fluoro-enynes 

Burton has prepared some simple fluoroarenes using a building block approach 

(Scheme 10).53 A Wittig reaction was performed on cinnamaldehyde 67 to generate 

phenyl diene 68 in a E,E : E,Z ratio of 43:57. Sonogashira coupling then afforded 

dienyne 69. The resulting crude mixture of E,E and E,Z isomers was cyclised under 

basic conditions (DABCO) in refluxing NMP to afford fluoroarene 70 in 72% yield 

(based on 57% of E,Z diene available from the Wittig reaction). 

 

Scheme 10: Base catalysed cyclisation of a monofluorodienyne to afford biaryl 70 

Burton used the same methodology to prepare monofluoronaphthalenes from 4-

trifluoromethylbenzaldehyde54 and fluorinated benzofurans and benzothiophenes 

from heteroaromatic aldehydes (Figure 4).55 

 

 

Figure 4Υ CƭǳƻǊƻŀǊŜƴŜǎ ǇǊŜǇŀǊŜŘ ŦǊƻƳ .ǳǊǘƻƴΩǎ ōǳƛƭŘƛƴƎ ōƭƻŎƪ ŀǇǇǊƻŀŎƘ 
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This approach produces fluoroarenes with complete regioselectivity; however, low 

reaction yields and extremely low atom efficiency limit its usefulness. 

 

1.5 Summary of fluorination methods 

Several simple methods for the fluorination of arenes have been used routinely in 

the past; both electrophilic and nucleophilic fluorine sources have been used to 

fluorinate simple arenes but these processes generally require harsh reaction 

conditions and often make use of toxic fluorinating agents. Fluorinated 

regioisomers are also often produced which complicates isolation of reaction 

products. A strong interest 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 challenges still remain; however, including lack of generality, 

regioisomer formation, lack of functional group tolerance and poor atom efficiency. 

Palladium-catalysed fluorination represents the most significant advance to date, 

allowing for excellent regioselectivity, 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 tolerate the substrate scope enjoyed by the 

palladium-catalysed 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 approach to fluoroarenes was 

investigated.  

 

1.6 Proposed synthetic strategy 

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

(Scheme 11). 

 
Scheme 11: Proposed building block strategy for fluoroarene preparation 

The key operations are: 

¶ Z-Halodiene/halostyrene 74 synthesis. 

¶ Palladium-catalysed assembly of electrocyclisation precursors 75. 

¶ Electrocyclisation of precursors to generate cyclohexadienes 76. 

¶ Aromatisation by dehydrofluorination to afford fluoroarenes 77. 

Well established simple chemistry should expediate the synthesis of Z-

Halodienes/halostyrenes 74. Similarly, known palladium-catalysed coupling 

chemistry of difluoroenol species should aid in the delivery of fluorinated 
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electrocyclisation precursors 75. Electrocyclisation of the precursors to 

cyclohexadienes 76 is a novel step; however, should it prove successful, 

aromatisation to fluoroarenes 77 with the loss of HF should be facile. 

 

1.6.1 Z-Halodiene and Halostyrene synthesis 

Four principal methods for the preparation of halodienes and halostyrenes are 

outlined in Figure 5. (Z)- -̡Bromostyrenes 79 can be prepared using a method 

developed by Kuang (A).56 2-Bromocinnamic ester 81 can be prepared by 

performing a Knoevenagel condensation on 2-bromobenzaldehyde 80 followed by 

an esterification (B). 2-Bromostyrenes 83 could be prepared by palladium-catalysed 

vinylation (C). Z-Bromodiene 85 can be prepared by performing a Vilsmeier 

formylation on cyclohexanone 84 followed by a Wittig olefination (D).57 

 

 

Figure 5: Strategies for the preparation of Z-halodienes and halostyrenes 
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The proposed preparation of each halodiene and halostyrene is described in more 

detail in chapter 2. 

 

1.6.2 Palladium-catalysed assembly of fluorinated electrocyclisation precursors 

Palladium-catalysed coupling has received enormous attention over the last few 

decades, particularly since ~1990 (Figure 6),58 owing to the wide substrate scope, 

functional group tolerance and mild reaction conditions enjoyed by the robust C-C 

bond forming process. The pioneers of the reaction received the Nobel prize for 

chemistry in 2010,59,60 indicating the value of palladium coupling to the chemical 

community. 

 

1.6.2.1   A historical perspective on palladium-catalysed coupling 

The first palladium-catalysed coupling reactions as we would recognise them today 

were performed by Heck in 1968 when he successfully coupled olefins with aryl-

mercury species.61 Mizoroki62 and Heck63 later improved the transformation by 

demonstrating that aryl halides could be used in place of toxic organomercury 

compounds. Olefination by forming C-C bonds using a Pd catalyst became known as 

the Mizoroki-Heck coupling reaction (often abbreviated to Heck coupling). 

In 1972 Corriu64 and Kumada65,66 coupled Grignard reagents with aryl-iodides, 

-bromides and -chlorides using nickel catalysts. The scope of the Corriu-Kumada 

coupling was later improved by using palladium;67 more stable palladium catalysts 
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allowed for a more robust catalytic cycle; however, organochlorides then became 

difficult to couple.   

 

Figure 6: Timeline of major developments within palladium-catalysed coupling 

Shortly after Sonogashira developed a palladium/copper-catalysed protocol for 

coupling acetylene species with organic halides,68 work by Negishi,69,70 Migita,71 

Stille72,73 and Suzuki and Miyaura74,75 demonstrated that the excellent selectivity of 

Corriu-Kumada coupling could be reproduced with organozinc (Negishi coupling), 

organotin (Migita-Stille coupling) and organoboron (Suzuki-Miyaura coupling) 

species respectively, while also achieving superior functional group tolerance. 

Migita-Stille and Suzuki-Miyaura coupling, often abbreviated to Stille and Suzuki 

coupling due to the extensive development by these researchers, are extremely 

versatile, robust reactions that are performed under mild conditions, and as such 

have been used more than the other coupling methods.58 Toxic tin residues are 
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produced as a by-product of the Stille coupling and so limit its use by contemporary 

chemists. 

 

 

Figure 7: Catalytic cycles for palladium-catalysed coupling reactions 

Organo-iodides and -bromides were routinely used as coupling partners but 

coupling of less expensive organochlorides continued to pose problems; oxidative 

addition of organochlorides is slow and is very often the rate-limiting step in 

palladium-catalysed couplings. There had also been little success enjoyed with 

challenging coupling partners such as alkyl-halides or alkyl-ƳŜǘŀƭǎΤ ʲ-hydride 

elimination competes with slow transmetallation. Investigations into ligand design 

began to address these issues and ushered in another flurry of research into 

palladium catalysed couplings. 

Buchwald and Hartwig independently and simultaneously discovered that 

ǎŜŎƻƴŘŀǊȅ ŀƳƛƴŜǎ όŜǾŜƴ ǘƘƻǎŜ ōŜŀǊƛƴƎ ʲ-hydrogens) could be coupled to aryl-
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halides through palladium catalysis using P(o-tolyl)3 as a ligand.76,77 This coupling 

was termed the Buchwald-Hartwig amination and was improved by the use of 

chelating phosphine ligands (DPPF and BINAP).78,79 This methodology was extended 

to C-O bond forming reactions,80 demonstrating that slow, problematic steps in 

palladium-catalysed coupling reactions could be overcome by use of the correct 

ligand. 

Buchwald discovered that amines could be coupled with aryl-chlorides by using a 

biaryl amino phosphine ligand.81 This led to the development of an array of similar 

bulky, biaryl phosphine ligands (such as 86)82 that are able to promote formation of 

mono-ligated Pd(0) catalysts and accelerate the oxidative addition and reductive 

elimination steps. 

Acceleration of the oxidative addition of organochlorides by electron-donating, 

bulky phosphine ligands was also exploited by Fu.83 Fu demonstrated that tri-tert-

butylphosphine (P[t-Bu3]) 87 and tri-cyclohexylphosphine (PCy3) 88 ligands could be 

used in Heck,84 Stille,85 Suzuki86 and Negishi87 coupling of organochlorides. The 

value of these ligands was exemplified by their ability to effect palladium-catalysed 

coupling of alkyl-halides88 and in particular, alkyl-chlorides.89 
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Figure 8: Some important ligands in the development of palladium-catalysed 

coupling 

N-Heterocyclic carbene (NHC) ligands (such as 89) have also been used in palladium-

catalysed coupling; Herrmann first used these ligands in simple Heck couplings of 

aryl-halides.90 The main advantage of the electron rich NHC ligands is strong binding 

to the metal centre of Pd(0) catalysts, extending their lifetime and promoting 

oxidative addition of organohalides. NHC ligands have been used in most palladium-

catalysed couplings.91 Organ has recently developed some NHC ligated palladium 

precatalysts (pyridine enhanced precatalyst preparation, stabilisation, and 

initiation; PEPPSI) that are capable of coupling difficult substrates,92 which include 

sterically hindered aryl-chlorides, alkyl-halides and alkyl-metallic species.93-95 

A more recent development in palladium-catalysed coupling was the discovery that 

masked boronic acids could be used as substrates in Suzuki-Miyaura coupling. 

Suzuki coupling is by far the most used coupling method58 due 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 can lead to higher 

yielding, more efficient reactions. 
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Coupling of a range of arenediazonium-tetrafluoroborates with potassium aryl- and 

alkenyltrifluoroborates by Gênet96,97 generally went unnoticed until the scope of 

the methodology was extended by Molander. Molander demonstrated that the 

more amenable organohalides could be coupled with an impressive array of 

potassium organotrifluoroborates (Scheme 12). The borate salts are generally white 

solids that are indefinitely stable under ambient storage conditions. 

 

   

Scheme 12: Scope of Suzuki-Miyaura 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 means that 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 heteroaryl-trifluoroborates still proved 

difficult to couple using the conditions developed by Molander. Burke 

demonstrated that aryl, heteroaryl, viny, and alkyl N-methyliminodiacetic acid 

(MIDA) boronates could similarly be used as masked boronic acid coupling partners 

(Scheme 13).98,99 
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Scheme 13: Example of Suzuki-Miyaura coupling with a heteroaryl MIDA boronate 

Palladium-catalysed C-C and C-X bond formation is an extremely powerful reaction 

that has become indispensable to the modern synthetic chemist. Some extremely 

general and efficient coupling methodologies have been delivered after four 

decades of 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 palladium-catalysed cross 

coupling of arenes has been accomplished through C-H activation.100 This improves 

the previous coupling methodology in terms of atom efficiency; however, the scope 

of the coupling is limited at present as directing groups are necessary to impart 

regioselectivity. 

 

1.6.2.2  Trifluoroethanol derived building blocks 

It is envisaged that palladium-catalysed coupling of difluoroenol coupling partners 

derived from trifluoroethanol could deliver the electrocyclisation precursors 

outlined in Scheme 14. Trifluoroethanol derived vinyl-stannanes 97 have previously 
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been generated101,102 and used by Percy in the synthesis of several classes of 

fluorinated organic compounds.103-107 

 

 

Scheme 14: Preparation of key difluoroenol coupling reagents 

 

 

Figure 9: Fluorinated compounds prepared using stannane 127a 

Preparation of the difluoroenol stannanes requires cryogenic conditions and their 

use results in release of toxic tin residues. Although the chances of success of 

delivering electrocyclisation precursors by Stille coupling of 97 are high, 

investigation into the preparation and reaction of alternative difluoroenol coupling 

partners of less environmental impact would be of value. 

Burton has prepared fluorovinylzinc coupling partners from HFC-134a108 and HFC-

133a109 at ambient temperature and performed Negishi coupling with a range of 

aryl-iodides (Table 12). The key to generating the vinylzinc species at ambient 
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temperature was slow addition of LDA to a solution of the fluorinated building block 

and ZnCl2 in THF; the temperature sensitive organolithium intermediates were 

immediately quenched with ZnCl2. Given the similar, albeit low temperature, LDA 

ǇǊŜǇŀǊŀǘƛƻƴ ƻŦ ŘƛŦƭǳƻǊƻŜƴƻƭ ǎǘŀƴƴŀƴŜǎΣ .ǳǊǘƻƴΩǎ ȊƛƴŎŀǘƛƻƴ ƳŜǘƘƻŘƻƭƻƎȅ ǎƘƻǳƭŘ be 

applicable to the trifluoroethanol derived building blocks. 

 

 

X Y t (h) Yield (%) 

F H 3 69 

F 4-NO2 1 37 

F 4-CF3 1.5 66 

F 4-OMe 1 82 

Cl H 1 77 

Cl 3-NO2 15 77 

Cl 4-Me 12 83 

Cl 3-OMe 3 79 

 

Table 12: Coupling of vinylzinc species prepared at ambient temperature 

Another attractive alternative to Stille coupling is the popular Suzuki coupling. Katz 

has shown that potassium difluorovinyltrifluoroborate 106a can be prepared from 

trifluoroethanol in 50-60% yield (Scheme 15).110 
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Scheme 15: Katz preparation of potassium difluorovinyltrifluoroborate 106a 

Katz also demonstrated Suzuki coupling of 106a with a range of aryl-bromides 

under regular thermal and microwave conditions using PdCl2 and a bulky phosphine 

ligand (RuPhos) (Table 13). 

 

 

Y Thermal yield (%) µW Yield (%) 

4-OMe 76 38 

3-OMe 85 -a 

2-OMe 86 83 

4-CF3 82 57 

3-NO2 0 -a 

 

a) Coupling not attempted 

Table 13: Katz coupling of potassium trifluoroborate 106a  
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1.6.3 Electrocyclisation and rearomatisation 

9ƭŜŎǘǊƻŎȅŎƭƛǎŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ŀǊŜ ǇŜǊƛŎȅŎƭƛŎ ǊŜŀŎǘƛƻƴǎ ǘƘŀǘ ƳŀƪŜ ƻǊ ōǊŜŀƪ ŀ ˋ-bond in a 

ring opening or ring closing process. The reactions can be promoted thermally or 

photochemically and the outcomes follow strict stereochemical rules;111 under 

thermal conditions, systems involving 4n electrons undergo conrotatory cyclisation 

while systems involving 4n+2 electrons undergo disrotatory cyclisation (Figure 10). 

The opposite is true for photochemically promoted electrocyclisations. 

 

Figure 10: Thermal electrocyclisation reactions 

1,3,5-Hexatriene systems are usually associated with a significant activation barrier 

(see chapter 2; 2.2.4) with temperatures of up to ~200 °C commonly required for 

electrocyclisation to occur (Scheme 16).112 

 

 

Scheme 16Υ сˉ-electrocyclisation of 109 to afford steroid skeleton 110 
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It is hard to predict the level of thermal activation required for electrocyclisation of 

ǘƘŜ ǇǊƻǇƻǎŜŘ ΨǘǊƛŜƴŜǎΩ ƛƴ ǘƘƛǎ ǿƻǊƪ όCƛƎǳǊŜ 11); however, dearomatisation could 

impose significant activation barriers for systems such as 112 and 113, leading to 

high reaction temperatures.  

 

Figure 11: 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 Fu113 revealed that some 

monosubstituted and in particular some disubstituted trienes had remarkably low 

activation energies (Table 14). 

 

Entry Y T (K) ɲDỜ (kcal/mol)a 

1 H 298 30.7 

2 1-F 298 28.3 

3 1,6-F 298 28.2 

4 1-F-2-OH 298 27.2 

5 2-NO2-5-NH2 298 16.7 

 

a) B3LYP/6-31G 

Table 14: Calculated free energy of activation of some substituted hexatrienes 
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Entries 2-4 suggest that terminal mono-fluorination may have a modest lowering 

effect on the activation barrier for electrocyclisation. The proposed precursors to 

the pericyclic step 111, 112 and 113 all have two terminal fluorines and so may not 

follow the trend displayed in Table 14. Indeed, Dolbier has attempted 

electrocyclisation of hexa-fluorinated precursors without success.114 

 

 

Scheme 17: Unsuccessful electrocyclisation of hexa-fluorinated 114 

Dolbier suggested that steric repulsion between the terminal fluorines, resulting in 

destabilisation of the required boat transition state may be the reason for the 

failure of the cyclisation. Dolbier designed a clever experiment to probe this 

theory.115 A tetra-fluorinated compound (terminal position) constrained to undergo 

Cope rearrangement through a boat transition state was 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 transition state experienced 

by Dolbier is not anticipiated. 

!ƴ ƛǘŜǊŀǘƛǾŜ ŎƻǳǇƭƛƴƎ ǎǘǊŀǘŜƎȅ ǘƻǿŀǊŘǎ ΨǘǊƛŜƴŜǎΩΣ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ǇǊƻǇƻǎŜŘ ƳŜǘƘƻŘ ƛƴ 

Figure 5 (C), and subsequent electrocyclisation has been demonstrated by Langer 
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(Scheme 18).116 A two-fold Heck coupling of dibromoquinone 116 with ethyl 

acrylate in DMF at 90 °C resulted in anthraquinone 119 after 8 h. The same 

methodology, but at higher temperature (120 °C) was applied to 2,3-

dibromoindoles.117 Langer could not apply the same approach to 2,3-

dibromobenzofurans; solvent exchange to Ph2O was required as a temperature of 

200 °C was required for electrocyclisation.118  

 

 

Scheme 18Υ [ŀƴƎŜǊΩǎ ŘƻƳƛƴƻ IŜŎƪ ŎƻǳǇƭƛƴƎκŜƭŜŎǘǊƻŎȅŎƭƛǎŀǘƛƻƴ ƻŦ ƴŀǇƘǘƘƻǉǳƛƴƻƴŜ 

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 salt (KHF2). 
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Figure 12: Proposed trapping of HF released 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 positive pressure of N2 forcing 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 mean there 

is scope for some optimism that the proposed palladium-catalysed 

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

2.1 Palladium-Catalysed Coupling 

Palladium-catalysed coupling of metallated difluoroenol species was envisaged as a 

key operation for realising the synthesis of novel fluoroarenes (Scheme 19). 

 

 

Scheme 19: Proposed route to fluoroarenes 

Investigation of this 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 the 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 palladium-catalysed coupling reactions was also assessed. 

 

2.1.1 Synthesis of trifluoroethanol-derived building blocks 104a and 104b 

Acetal 104a and carbamate 104b were prepared in 0.63 mol and 0.74 mol scale 

respectively according to previously published procedures (Scheme 20).101,102  
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Scheme 20: 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 (MEMCl) or diethylcarbamoyl chloride (DECCl) was 

added dropwise and the thick suspension was stirred for 18 h. Aqueous work-up 

and careful distillation afforded acetal 104a and carbamate 104b as colourless 

liquids. These building blocks were stored under N2 and refrigerated (~5 °C), and 

were stable for a number of years.   

 

2.1.2 Preparation of Difluoroenol nucleophiles 

2.1.2.1    Stannanes 127a and 127b  

Stannane 127a was isolated in 91% yield on an 8 mmol scale using a method 

developed by Percy (Scheme 21).102 Dehydrofluorination/ lithiation of acetal 104a 

was effected with dropwise addition of 104a to a stirring solution of LDA (2.1 eq) in 

THF at -78 °C. The resulting lithiated species 126a was quenched by the dropwise 

addition of tributyltin chloride. Flash chromatography afforded stannane 127a as a 

colourless oil. 
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Scheme 21: Low temperature generation of stannanes 127a and 127b 

The same method was used to generate stannane 127b in 75% yield on an 18 mmol 

scale.101 These stable stannanes were stored under refrigeration (~ 5 °C) until 

required for cross coupling. 

 

2.1.2.2    Potassium trifluoroborates 106a and 106b 

Potassium trifluoroborate 106a has previously been synthesised by Katz and co-

workers but required the isolation of a boronic ester intermediate.110 An alternative 

telescoped procedure was sought to avoid the intermediary isolation in the Katz 

method.  

Trifluoroborates 106a and 106b were generated on 0.12 mol and 0.06 mol scales 

respectively by using an adaptation of a procedure published by Genêt and co-

workers (Scheme 22).96,97 
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Scheme 22: Low temperature generation of potassium tifluoroborates 106a and 

106b 

Generation of lithiated species 126a and 126b was accomplished as described 

previously. Trimethyl borate was added to the reaction mixture at -78 °C. After 

addition of trimethyl borate the reaction mixture was allowed to warm to room 

temperature and stirred for 3 h; it was then quenched with an aqueous solution of 

KHF2 at 0 °C. The trifluoroborates were isolated by extraction into a methanol: 

acetone mixture (1:4). In the case of 106a, concentration of the extract and addition 

of diethyl ether encouraged immediate crystalisation. The crude, concentrated 

extract of borate 106b required cooling in the refrigerator for 18 h to bring about 

crystalisation. The resulting semi-solid was slurried 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 borate 106b.  

The trifluoroborates were stored at RT under ambient conditions and showed no 

signs of deterioration in quality after years of storage. 
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2.1.2.3    Organozincs 131a and 131b  

Burton and colleagues have established that a near-ambient zincation of fluorinated 

building blocks HFC-134a108 and HFC-133a109 is possible, using LDA as the base. 

 

 

Scheme 23Υ .ǳǊǘƻƴΩǎ ŀƳōƛŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜ ƳŜǘŀƭƭŀǘƛon and coupling chemistry 

This chemistry lays the foundation for metallation of building blocks 104a and 104b 

at near ambient temperatures, traditionally carried out at low temperature (-78 °C). 

 

Low temperature zincation of 104b 

Before higher temperature metallation was attempted on building blocks 104a and 

104b, the dehydrofluorination/metallation of carbamate 104b was carried out with 

t-BuLi (2 equivalents) in THF at -78 °C. These conditions were chosen to allow the 

unambiguous (and amine-free) preparation of the organolithium reagent as  

demonstrated by Arany and co-workers.119 A solution of freshly-fused zinc chloride 

(1.1 equivalents) in THF was added and the mixture was held at -78 °C for 2 hours, 

then allowed to warm to room temperature (RT, 15-18 °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) and tetrakis(triphenylphosphino)palladium(0) 

(5 mol%) [Pd(PPh3)4], and heated at 65 °C for 16 hours. After work-up and 

purification, styrene 133 was obtained as the sole fluorinated product in ca. 70% 

yield (Scheme 24). This result demonstrated that 131b was both stable at room 

temperature and available for coupling under palladium-catalysed conditions at 

higher temperatures. 

 

 

Scheme 24: Low temperature generation and initial coupling of carbamate 131b 

 

Near-ambient zincation of 104b 

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(II) salt present from the beginning of the 

sequence, as described by Burton.108,120 Although Burton's precedent of near 

ambient zincation of HFC-134a and subsequent palladium catalysed coupling was a 

very strong one, the effect of strongly coordinating groups within the alkenylmetal 

was difficult to predict. Freshly-prepared LDA (2.5 equivalents) was added to a 

mixture of 104b and freshly-fused zinc chloride in THF at 0 °C. A yellow solution 

formed immediately and this colour persisted after a further hour at room 
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temperature (15-18 °C). After this time had elapsed, a small amount of white 

precipitate was apparent. This may be lithium fluoride due to the relative 

insolubility of fluoride salts in organic solvents.121 No difference in yield was 

detected when 131b was used either as a fully homogeneous solution or as a 

suspension.  

Reagent 131b was cannulated onto a mixture of 132 (1.1 equivalents) and Pd(PPh3)4 

(5 mol%) and heated at 65 °C overnight. Once again, 133 was isolated in good (65%) 

yield from 104b (Scheme 25). 

 

 

Scheme 25: 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 difluoroalkene generated by the reaction. An excess of nucleophilic t-BuLi 

would result in an addition/elimination reaction122-124 and was observed 

experimentally when chlorotrimethylsilane was used as an electrophile after 

dehydrofluorination/lithiation of carbamate 104b with various equivalents of t-BuLi 

(Figure 13). The generation of 136 and 137 in the presence of 1.9 and 2.0 

equivalents of t-BuLi could be a result of inaccurate titration of the organolithium 

base. 
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Figure 13: Crude 19F NMR highlighting addition/ elimination reaction 

The near-ambient zincation conditions detailed above for carbamate 104b were 

applied to acetal 104a but the MEM protecting group is cleaved by Zn(II) salts125 and 

so reagent and product stability was uncertain. 

 

Optimisation of near-ambient zincation of 104a 

Low conversions of 104a were observed under the conditions used for 104b (as 

indicated by the 19F NMR spectrum of the crude coupling reaction mixtures [Figure 

14]). Table 15 summarises initial investigations of the reaction of acetal 104a. 

135; d, 2JF-F = 49 Hz 

         d, 2JF-F = 49 Hz 

 
136 or 137; s 
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Entry LDA (eq.) 
Zn salt 

(eq.) 

Time at Conversiona 

(%) 

Yieldb 

(%) 0 °C (hrs) 15-18 °C (hrs) 

1 2.0 1.0 1 1 27 - 

2 2.5 1.1 1 2.5 65 - 

3 2.5 1.1 1 4 67 - 

4 3.0 1.1 1 4 93 34 

5 2.5 1.1 0 4 88 - 

6 2.5 1.1c 1 3 81 47 

7d 2.5 1.1 1 1 95 60 

aCalculated by integration of the 19F NMR spectrum (Pr/SM + Pr); bIsolated yield of 138 

after chromatography; cZnCl2.TMEDA complex was used; dThe solvent was 12% v/v 

DMPU/THF. 

Table 15: Optimisation of near-ambient zincation/coupling of 104a 

Entries 1 and 2 indicate clearly that 104a and 104b undergo dehydrofluorination/ 

metallation at different rates; only a moderate conversion of 104a 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 signal-to-noise ratio in the 19F 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 may be the consequence of failure to control it. The non-
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hygroscopic ZnCl2.TMEDA complex synthesised using the protocol of Isobe126 was 

investigated as a zinc(II) 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 there 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,127,128 it was postulated that the carbamate 

group may be de-aggregating the LDA and increasing the rate of lithiation. N,N-

Dimethylpropylene urea (DMPU) (12% v/v) was added to mimic the carbamate 

moiety of 104b and to increase the reactivity of the metal amide base (entry 7).129-

131 The presence of the co-solvent resulted in full conversion of 104a, a higher 

isolated yield and a reduced reaction time. A range of co-solvent concentrations 

(12ς65% v/v) were screened; however, it was observed that DMPU concentrations 

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

Figure 14: Crude 19F NMR spectra of selected zincations of 104a 

104a; t, 2JF-H = 9 Hz 

 
138; d, 2JF-F = 62 Hz 

         d, 2JF-F = 62 Hz 
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This much improved procedure was adopted as the standard protocol for 

generating organozinc species 131a. 

 

2.1.3 Preparation of difluoroenol electrophiles 

2.1.3.1    Iodides 139a and 139b 

Generation of iodo(difluoroenol) derivatives 139a and 139b was achieved by 

applying the near ambient zincation conditions, described earlier, to a known 

literature procedure.101 

 

 

 

Scheme 26: Synthesis of iodo(difluoroenol) species 139a and 139b 

In the case of 139b, 2.5 equivalents of LDA was added dropwise to a solution of 

104b and ZnCl2 in THF at 0 °C to afford zinc species 131b. A solution of I2 in THF was 

then added via syringe to quench the zinc species; after work-up, the crude iodide 

was purified by filtration through a plug of silica followed by Kugelrohr distillation, 

to afford iodide 139b in 71% yield (0.01 mol scale).  
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The preparation of iodide 139a was less efficient, with 50% the highest yield 

obtained. The same procedure (on a 0.02 mol scale) was followed, but a short 

contact time between the zinc reagent and iodine was essential for this yield; times 

of 1 hour and longer significantly reduced the yield of iodide 139a (ca. 25%). 

Addition of DMPU co-solvent was necessary for an acceptable yield of 139a; the 

urea co-solvent ensured full conversion of 104a to the organozinc intermediate as 

described previously. Both iodides were found to be stable after purification and 

could be stored under N2 in the refrigerator (~5 °C) without decomposition (3 

months). Discoloration of the materials was observed when they were stored at 

room temperature with iodide 139a being much less stable. 

 

2.1.4 Palladium-catalysed coupling of difluoroenol nucleophiles 

2.1.4.1    Stille coupling of stannanes 127a and 127b 

Stille coupling of stannanes 127a105 and 127b104 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 chemistry and test 

the reproducibility and further scope of the methodology. 
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Entry Stannane Iodide Conditions Product (Yield) 

1 
 

127a 132 

I 

138 (51%) 

2 
 

127a 141 

I 

142 (90%) 

3 
 

127b 

 
132 

II 

133 (83%) 

I: Pd(OAc)2 (3 mol%), iodide (1.05 eq), PPh3 (10 mol%), CuI (20 mol%), 

DMF, 50 °C, 18 h; II: Pd2dba3 (5 mol%), iodide (1.05 eq),  PPh3 (20 mol%), 

CuI (10 mol%), DMF, 50 °C, 18 h. 

Table 16: Stille coupling of stannanes 127a and 127b 

Styrenes 138, 142 and 133 were generated in moderate to good yield from 

stannanes 127a and 127b. In a typical procedure a mixture of 127a, iodide 141 (1.1 

eq), PPh3 (10 mol%) and CuI (20 mol%) were taken up in DMF and stirred at 50 °C 

for 16 h (entry 1). Work-up with a methanolic solution of KF removed most of the 

toxic organotin by-product Bu3SnI as solid Bu3SnF which was filtered off.132 The 

remaining tin by-product was removed by flash chromatography to afford styrene 

142 in 90% yield. Although stannanes 127a and 127b participate in Stille coupling 

under mild conditions and with a broad scope of electrophiles, toxic tin reagents 
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and difficulty of purification and poor atom efficiency are disadvantages that usually 

persuade chemists to find alternatives to Sn-based nucleophiles. 

 

2.1.4.2    Suzuki coupling of potassium trifluoroborates 106a and 106b 

Advantages of Suzuki coupling include functional group tolerance, high atom 

efficiency with a non-toxic waste stream, and the use of isolable boron coupling 

reagents that are generally stable to purification and storage. 

Trifluoroborates 106a and 106b represent extremely stable masked boronic acids 

that are able to participate in Suzuki coupling with arylhalides (Table 17). Katz and 

co-workers have developed conditions for coupling 106a with a range of aryl 

bromides.110 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 lower yield (53% vs 78%). 

Styrenes 144 and 146 were generated using an optimised procedure developed 

when coupling iododifluoroenols 139a and 139b (vide infra). Interestingly for entry 

3, 19F NMR analysis of the crude reaction mixture showed styrene 146 was 

synthesised with no bis-coupled product or 2-iodostyrene. This suggests that 

oxidative addition involving the C-I bond is significantly faster than that in the C-OTf 

bond as would be expected133 in the absence of bulky phosphine ligands.86,134 
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Entry Borate Halide Conditions Product (Yield) 

1 

106a 132 

I 

138 (53%) 

2 

106b 

   
143 

II 

144 (54%) 

3 

106b 
       

145 

II 

146 (64%) 

I: Pd(dba)2 (5 mol%), Halide (0.9 eq) NEt3 (3 eq), n-PrOH, 90 °C, 18 h; II: 

(PPh3)PdCl2 (2 mol%), Halide (1 eq), Cs2CO3 (3 eq), t-BuOH, 90 °C, 4 h 

Table 17: Suzuki coupling of potassium trifluoroborates 106a and 106b 

There has been a significant amount of work developing coupling conditions for 

borate 106a,110 and for stannanes 127a105 and 127b104. Further work on palladium 

catalysed coupling of difluoroenol species was therefore focused on the less well 

developed organozinc (131a and 131b) and iodide (139a and 139b) species. 

 

2.1.4.3     Negishi coupling of difluoroenolzinc species 131a and 131b 

Optimisation of the Negishi coupling of 131a 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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Investigation of order of addition 

The order of the addition of the reactants was investigated briefly. Addition of a THF 

solution of ZnCl2 (1.1 equivalents) and LDA (2.5 equivalents) to a solution of 

carbamate 104b (method B), followed by coupling with 132 (1.1 equivalents) and 

Pd(PPh3)4 (2 mol%) resulted in the same (65%) isolated yield as the earlier 

procedure (method A). 

 

 

Scheme 27: Depiction of the order of addition of reagents 

Altering the interval between mixing the ZnCl2 solution 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 chromatography, it is unlikely 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%) yield of 133 was obtained when 

104b was added dropwise to a solution of LDA (2.5 equivalents) and ZnCl2 (1.1 

equivalents) in THF (method C), so the order of addition does appear to have an 

effect.  

If LDA is the active base then organolithium 126b must be zincated extremely 

rapidly or elimination of lithium fluoride to form acetylene 147 would occur 

competitively resulting in a decreased yield (Scheme 28). Such eliminations to form 

acetylenes has previously been described by Normant.135,136 The order of addition 

employed in method A (Scheme 27) would therefore help to ensure rapid zincation 

by keeping the concentration of lithium amide low with respect to ZnCl2. 

 

 

Scheme 28: Proposed competitive elimination under slow zincation conditions  

Alternatively, LDA and ZnCl2 may react instantaneously to form an active mixed 

metal species. Knochel and co-workers reported that  TMPZnCl·LiCl was formed 

within 30 minutes when a solution of ZnCl2 in THF was added to a solution of LTMP 

in THF at -10 °C (Scheme 29)137, but the reaction would have to be much faster than 

that in our system.  

 



61 
 

 

Scheme 29: Knochel generation of TMPZnCl·LiCl 149   

The yield was also lower when the substrate was added to the LDA/ ZnCl2 mixture 

(method C), conditions under which an active mixed metal species would have time 

to form fully. Although not fully understood, it is clear that subjecting carbamate 

104b to a high concentration of LDA at these elevated temperatures is detrimental 

to the yield of the overall reaction. 

Method A (the addition of LDA to a solution of 104b and ZnCl2 in THF) was retained 

as the standard protocol as it was the most straightforward, due to a lower number 

of reagent transfers. 

 

Stability of difluoroenolzinc species 

Coupling reactions were usually performed by preparing a batch of the 

difluoroenolzinc reagents 131a or 131b and transferring the appropriate quantity by 

syringe to reaction tubes containing a palladium catalyst and the appropriate 

coupling partner. Organozinc reagents are sometimes avoided because of their 

sensitivity to moisture and are usually formed in situ for immediate consumption; 

however, Lietner and co-workers discovered that a solution of 2-pyridylzinc 

bromide could be stored for more than 12 months at room temperature without 

any significant decomposition (scheme 30).138 
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Scheme 30: Stability of 2-pyridylzinc chloride 

A solution of reagent 131b was stored in the refrigerator for 7 days prior to Negishi 

coupling with 132 using the standard conditions. A 65% yield of styrene 133 was 

obtained from a coupling carried out at the end of that period, revealing that 131b 

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

 

Overcoming an unexpected side reaction 

During the course of this investigation 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 in some cases. GC-MS 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 with 4-fluorobenzene iodide.108 An 

experiment was devised to ascertain if the n-butoxide was introduced from the 

commercial n-BuLi during LDA formation (Figure 15). n-BuLi (0.5 eq) was added to a 

solution of purified styrene 152 in THF at -78 °C and the reaction stirred for 30 

minutes. The solution was then allowed to warm to -30 °C, re-cooled to -78 °C and 
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stirred for a further 30 minutes. A sample was removed after this time, quenched 

with water and the organic products were extracted into CDCl3 for analysis by 19F 

NMR. 

 

 

 

Figure 15: Identification of butoxide side products using 19F NMR 

The 19F NMR spectrum of the reaction mixture revealed some unreacted starting 

material (2 x d; 2JF-F 49 Hz) and addition/elimination products (major and minor 

isomers) from butyllithium (t, 3JF-H 23 Hz) and lithium butoxide (2 x s) nucleophiles. 

The butoxide side product was isolated by chromatography (30% diethyl ether in 

hexane) and the 1H NMR spectrum obtained (Figure 16) was consistent with the 

proposed structure. These results confirmed the presence of a significant amount of 

lithium butoxide in the commercial source of n-BuLi for LDA formation and due care 

was taken to avoid the use of such contaminated products. 

153; 2 x s 

 

152; d, 2JF-F = 49 Hz 

         d, 2JF-F = 49 Hz 

 

154; t, 3JF-H = 23 Hz 

         t, 3JF-H = 23 Hz 
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Figure 16: 1H NMR of purified butoxide side product 153 

 

Scope of Negishi coupling of difluoroenolzinc species 131a and 131b 

With high conversion conditions in hand for both 131a and 131b, the scope of the 

Negishi coupling could be explored with a palette of aryl bromides and iodides. 

Table 18 summarises the results for acetal 131a. 
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Entry Halide Time (h) Product (yield) 

1 155 
 

16 

 

138 (60%) 

2 156 
 

16 

 

169 (73%) 

3 143 
 

16 

 

170 (53%) 

4 157 
 

16 

 

171 (48%) 

5 158 

 

16 

 

172 (40%) 

6 159 
 

16 

 

173 (54%) 

7a 160 
 

0.5 

 

174 (25%) 

8a 161 
 

16 

 

175 (41%) 

9 162 
 

0.5 

 

176 (20%) 

10 163 
 

0.5 

 

177 (25%) 
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11a 

 

164 
 

0.5 

 

178 (33%) 

12a 141 
 

16 

 

142 (41%) 

13a 165 
 

0.5 

 

179 (31%) 

14 166 
 

16 

 

180 (0%) 

15 167 

 

16 

 

181 (0%) 

16a 168 
 

16 

 

182 (0%) 

 

aCommercial LDA was used 

Table 18: Scope and limitations of the Negishi coupling protocol with acetal 131a 

The MEM species 131a ŎƻǳǇƭŜŘ ǿŜƭƭ ǿƛǘƘ ˉ-electron rich and neutral aryl halides 

(entries 1 - 7). The highest yielding couplings were carried out with 3-(methoxy) 

(156) and 4-(methoxy)bromobenzene (155). This suggests that oxidative addition is 

not the rate-determining step for these Negishi coupling reactions; electron 

deficient aryl halides would then be expected to undergo faster oxidative addition 

and perhaps produce higher yields of coupled product. 

Steric bulk is also tolerated in the Negishi coupling of MEM vinylzinc 131a as 

demonstrated by coupling with 2-bromotoluene (158) in 40% yield. 
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A modest scale-up of the Negishi coupling of 131a was demonstrated using 1-

bromo-4-chlorobenzene 159. A 54% yield was obtained when coupling 1 mmol of 

aryl halide 159. 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 a reduced reaction time to optimise 

the coupling yields (vide infra). Negishi coupling of acyl containing halides 4-

bromobenzaldehyde 166 and 4-bromoacetophenone 167 afforded peculiar results. 

No signals consistent with products 180 or 181 were observed in the 19F NMR 

spectra of a sample removed from the reaction mixtures. On addition of the aryl 

halides to a stirring solution of vinylzinc 131a 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. 19F NMR of the reaction mixture confirmed that protonated 

species 205a was the only product of the reaction. Although there was concern that 

the vinylzinc reagents 131a and 131b would be too basic to tolerate acidic protons, 

there is literature precedent for Negishi coupling of phenol species. Knochel 

demonstrated that phenylzinc halides could, with slow addition, be coupled to aryl 

halides bearing a benzylic alcohol in good yield (Scheme 31).139 
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Scheme 31: Negishi coupling of iodobenzyl alcohol 184 

Knochel also demonstrated the difference in rate of protonation between 

organozinc species (Table 19).140 Addition of i-PrOH to a solution of the organozinc 

species at -10 °C revealed their relative basicities; phenylzinc > alkylzinc > 

benzylzinc. 

 

i-PrOH added (eq) 

Yield of active zinc reagent (%) 

 
  

0 100 100 100 

1 20 80 >97 

2 <3 10 85 

Table 19: Rate of protonation of organozinc species 

Jackson demonstrated that alkylzinc species 186 could be coupled with halides 

bearing a phenolic proton (Scheme 32).141 
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Scheme 32: 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. The sp2 hybridised organozinc 131a would 

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

of protonation of these species demonstrated by Knochel and co-workers would 

explain its intolerance of phenols. 

Next, the scope and limitations of Negishi coupling of carbamate 131b were 

determined. The results are displayed in Table 20. As for the coupling of 131a, the 

DEC analogue 131b ŎƻǳǇƭŜŘ ƛƴ ōŜǘǘŜǊ ȅƛŜƭŘǎ ǿƛǘƘ ˉ-electron rich and neutral aryl 

halides (entries 1 - тύ ǘƘŀƴ ǿƛǘƘ ˉ-electron deficient coupling partners (entries 8 - 

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

initially focused on 1-iodo-4-nitrobenzene 141; the lowest coupling yields of 

.ǳǊǘƻƴΩǎ ǾƛƴȅƭȊƛƴŎ ǊŜŀƎŜƴǘǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ǳǎƛƴƎ ǘƘƛǎ ŀǊȅƭ ƘŀƭƛŘŜΦ108,120 The 19F NMR 

spectrum of the crude reaction mixture from a coupling of halide 141 with vinylzinc 

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

and styrene 198 was isolated in low yield (13%). 
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Entry Halide Time (h) Product (yield) 

1 155 
 

16 

 

133 (65%) 

2 156 
 

16 

 

152 (63%) 

3 143 
 

16 

 

144 (65%) 

4 157 
 

16 

 

190 (57%) 

5 158 

 

16 

 

191 (0%) 

6 159 
 

16 

 

192 (51%) 

7a 160 
 

0.5 

 

193 (60%) 

8a 161 
 

16 

 

194 (53%) 

9 162 
 

16 

 

195 (37%) 

10 163 
 

16 

 

196 (36%) 
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11a 

 

164 
 

16 

 

197 (29%) 

12a 141 
 

0.25 

 

198 (42%) 

13 165 
 

16 

 

199 (18%) 

14 188 
 

3 

 

200 (0%) 

15 189 
 

3 

 

201 (0%) 

 

aCommercial LDA was used 

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

vinylzinc 131b 

A short 19F 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 

catalytic cycle, or from degradation of styrene 198 once it was formed. The reaction 

was undertaken as normal and an aliquot was removed every 15 minutes for 1 

hour. These aliquots were exposed to a crude work-up, then 19F NMR and GC-MS 

analysis was performed. Not all of the species could be identified after the coupling 

of halide 141 but unreacted starting materials 104b and 141, iodide 139b and HF 

addition product 202 were confirmed to be present (Figure 17). After 15 minutes a 

significant quantity of styrene 198 was produced along with small amounts of side 

products. 
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Figure 17: Crude GC-MS (60 mins) and 19F NMR analysis of Negishi coupling of 131b 

with 141 under standard conditions 

15 min 

30 min 

45 min 

60 min 

104b 

 
139b 

 141 

 
202 

 
198 
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The presence of trace amounts of iodide 139b is suggestive of a side reaction of the 

catalytic cycle but generation of HF addition product 202 in increasing significant 

quantities over time indicates that low coupling yields are as a result of degradation 

of styrene 198. The presence of starting material 104b is an interesting observation. 

Although it may be unreacted starting material, an increase 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 blocks 104a and 104b. 

Katz and co-workers also identified HF addition products when generating 

difluorostyrenes that contained a strong EWG (Scheme 32).110 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 of 198, the styrene is exposed to fluoride 

present in the reaction mixture (LiF) and the fluoride adduct is stable until 

protonation during aqueous work-up. 

 

 

Scheme 32: HF addition product observed by Katz and co-workers 

A considerably improved isolated yield of styrene 198 (42%) was achieved when the 

reaction was quenched after just 15 minutes. However, the improvement in yield 

ōǊƻǳƎƘǘ ŀōƻǳǘ ōȅ ǎƘƻǊǘŜƴƛƴƎ ǘƘŜ ǊŜŀŎǘƛƻƴ ǘƛƳŜ ǿŀǎ ƴƻǘ ƎŜƴŜǊŀƭ ŦƻǊ ŀƭƭ ˉ-electron 
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deficient aryl halides. It should be noted that 3-nitrostyrene 199 was also isolated in 

poor yield due to a significant amount of HF addition product, 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 yield. Yields of triflates 174 and 193 were also improved when 

the reaction time was reduced to 30 minutes.  

A notable difference between Negishi coupling of acetal 131a and carbamate 131b 

ƛǎ ǘƘŜ ƭŀǘǘŜǊΩǎ ƛƴǘƻƭŜǊŀƴŎŜ ƻŦ ǎǘŜǊƛŎ ōǳƭƪΦ  {ǘȅǊŜƴŜ 172 was generated in a 40% yield 

from 2-bromotoluene 158; however, attempts to couple carbamate 131b with 158 

were unsuccessful. Only protonated species 205 was observed by 19F NMR when 

the reaction mixture was quenched. This limitation was overcome by interchanging 

the transmetalating and oxidative addition species (vide infra) suggesting that 

transmetalation from 131b to an (o-tolyl)palladium phosphine complex may be 

slow. 

Entries 14 and 15 of Table 20 suggest that heteroaromatic halides are unsuitable 

substrates for this Negishi coupling approach. In the case of entry 15, a 19F NMR 

spectrum of the reaction mixture revealed only a small amount of product 201, 

unreacted starting material 104b, protonated species 205b and homodimer 204 

(Figure 18).  
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Figure 18: 19F NMR of reaction mixture of Negishi coupling between 131b and 189 

A significant amount of starting material is present (only 22% conversion of 104b) 

and may be as a result of poor conversion to vinylzinc species 131b. Poor coupling 

selectivity is also apparent from the 19F NMR spectrum as 201 and 204 were 

observed in a 2: 1 ratio. Formation of the homodimer may be the result of 

competition between a second transmetallation and reductive elimination, a 

mechanism proposed by Casares142 and also by Lei.143 Scheme 33 represents a 

possible catalytic cycle that would result in the generation of homodimer 204. 

 

 

104b;  

t, 3JF-H 9 Hz 

 

204; 2 x m 

 

201;  

d, 2JF-F 46 Hz 

d, 2JF-F 46 Hz 

 

 

205b;  

dd, 2JF-F 73, 

       3JF-H 16 Hz 

 d, 2JF-F 73 Hz 
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Scheme 33: Proposed catalytic cycle for generation of homodimer 204 

Cycle A represents a simple, conventional Negishi coupling of pyridyl bromide 189 

with vinylzinc 131b. Oxidative addition yields palladium complex 206 with 

subsequent transmetallation yielding complex 207. The Negishi coupling cycle is 

completed by reductive elimination to form styrene 201 and regenerate Pd(0). 

However, if reductive elimination is slow from complex 207, then a competitive 

second transmetallation (cycle B) may occur to generate complex 208. Reductive 

elimination from this species would yield homocoupled product and regenerate 

Pd(0) to propagate the coupling cycle. No further optimisation of the coupling of 

vinylzinc 131b with heteroaromatic halides was attempted; however, a judicious 

choice of ligand may have increased the rate of reductive elimination and inhibited 

the proposed double transmetallation.  

The general trends observed in the Negishi coupling of 131a and 131b are similar to 

those obtained by Burton and co-workers108,109 for trifluorostyrene synthesis from 
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HFC-134a, HFC-133a and aryl iodides. The highest yields were obtained using -̄

ŜƭŜŎǘǊƻƴ ǊƛŎƘ ŀǊȅƭ ƛƻŘƛŘŜǎ ŀƴŘ ƭƻǿŜǊ ȅƛŜƭŘǎ ƻōǘŀƛƴŜŘ ǿƘŜƴ ǘƘŜ ŀǊŜƴŜ ǿŀǎ ˉ-electron 

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 iodides (Table 21).  

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 step in the catalytic cycle of species 131a and 131b as aryl iodides 

would be expected to undergo oxidative addition significantly faster than the 

analogous bromides. 

A single attempt at coupling 4-(methoxy)chlorobenzene with vinylzinc 131a was 

unsuccessful under 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 addition.87 Due to time constraints a ligand study was not undertaken and 

so coupling with a range of aryl chlorides was not attempted. 
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Entry Aryl halide 

Product (Yield %) 

  

1 155 
 

138 (60) 133 (65) 

2 132 
 

138 (58) 133 (65) 

3 161 
 

175 (41) 194 (53) 

4 210 
 

175 (29) 194 (53) 

5 163 
 

177 (22) 196 (36) 

6 211 
 

177 (22) 196 (32) 

Table 21: 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 donate a ligand more rapidly 

than diorganozinc species which in turn donate a ligand faster than organozinc 

halides. Organ has proposed that sp3-sp3 Negishi coupling can be promoted in the 

presence of LiBr or LiCl (1 ς 2 eq) by forming an alkylzincate (Scheme 34; a).95 Lei 
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and co-workers observed a rapid increase in reaction rate when MgCl2 was present 

as an additive in the Ni catalysed homocoupling of phenylzinc chloride (Scheme 34; 

b).144 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 determine their effect on the yields of the couplings. 

 

 

Scheme 34Υ hǊƎŀƴ ŀƴŘ [ŜƛΩǎ ŀŎŎŜƭŜǊŀǘƛƻƴ ƻŦ bŜƎƛǎƘƛ ŎƻǳǇƭƛƴƎǎ ǳǎƛƴƎ ŀƭƪŀƭƛ ǎŀƭǘǎ 

The usual zincation of 104a was performed in the presence of 1 or 2 equivalents of 

LiCl, added before the coupling step to generate styrene 138 (scheme 35). Added 

LiCl appeared to have no effect on the yield of the coupling; the yield of 138 was 

63% with 1 added equivalent of LiCl and 59% with 2 added equivalents. However, 2 
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equivalents of lithium salt (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. 

 

 

Scheme 35: Negishi coupling of 131a in the presence of excess LiCl 

There also appeared to be no positive effect on the Negishi couplings of 131b when 

MgCl2 was used as an additive (Table 22). Difluorovinylzinc species 131b was 

generated in the usual manner before being added to a flask containing a 

suspension of MgCl2 in THF at 0 °C. This suspension was allowed to warm to RT 

before a solution of aryl halide and Pd(PPh3)4 in THF was added and the reaction 

mixture was stirred at 65 °C. 
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Entry  Aryl halide 
Time 

(h) 
Product (Yield %) 

1 155 
 

16 

 

133 (39%) 

2 163 
 

16 

 

196 (48%) 

3 141 
 

0.3 

 

198 (50%) 

4 165 
 

0.5 

 

199 (10%) 

Table 22: Negishi coupling of 131b in the presence of MgCl2 

These results demonstrate that the yields of the Negishi couplings remain 

unaffected by LiCl and MgCl2 additives; however, their effect on the rate of the 

reaction is unknown and would require kinetic studies to gain a complete 

understanding. 

 

 

2.1.5 Palladium-catalysed coupling of difluoroenol electrophiles 

2.1.5.1    Suzuki coupling of iodo(difluoroenol) derivatives 139a and 139b 

The main limitations with palladium-catalysed coupling of difluoroenol nucleophiles 

were poor yields when a strong EWG is present on the aryl halide, failure to tolerate 
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heteroaryl halides and steric sensitivity. The Suzuki-Miyaura coupling of iodides 

139a and 139b 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 Suzuki-Miyaura coupling. Trifluoroborates are reported 

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.145-149 These stable salts were generated in moderate to excellent (51-99%) 

yields from the boronic acids following literature procedures of Vedejs and 

Molander (Scheme 36).150,151 A solution of KHF2 in H2O was added to a stirring 

solution of boronic acid in methanol. The resulting 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 diethyl ether. The 

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

 

 

Scheme 36: generation of aryl trifluoroborates 
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Optimisation of the Suzuki coupling reaction 

The coupling conditions were based initially on those reported by Molander.148 

These are: Boron reagent; (Ph3P)2PdCl2 (2 mol%) pre-catalyst and Cs2CO3 in a 

toluene: water mixture (2.7: 1 v/v). Initial investigations indicated that the more 

stable Pd(II) catalyst (Ph3P)2PdCl2 was more effective than Pd(PPh3)4 and that 

toluene was a more effective solvent than THF as indicated by the 19F NMR analysis 

of the coupling between 139b and 223 (Figure 19). 

 

 

 

Figure 19: 19C baw ƻŦ ǘƘŜ ŎǊǳŘŜ waΩǎ ƻŦ ƛƴƛǘƛŀƭ {ǳȊǳƪƛ ŎƻǳǇƭƛƴƎǎ ƻŦ 139b 

Toluene, Pd(PPh3)4 

Toluene, (PPh3)2PdCl2 

THF, Pd(PPh3)4 

THF, (PPh3)2PdCl2 

144;  

d, 2JF-F 49 Hz 

d, 2JF-F 49 Hz 

 

 

139b;  

d, 2JF-F 42 Hz 

d, 2JF-F 42 Hz 
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It was observed that 1.1 eq of borate coupling partner was not sufficient to 

completely consume iodide 139b (Figure 19). Due to difficulty separating unreacted 

iodide from the coupled products a modest excess of boron reagent (1.2 eq) was 

required to fully convert the iodides 139a and 139b. 

Iodide 139b was used to optimise the Suzuki coupling. Full conversion of the iodide 

occurred over 2 hours at 90 oC with a number of electron-rich potassium 

aryltrifluoroborates, producing products in good to excellent yields (Table 24). 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 candidates.152 The (3-nitro)phenyl borate 224 was 

chosen to optimise the reaction conditions as products 179 and 199 are difficult 

compounds to generate in good yield as observed by the efforts of Burton108 and 

Katz.110 Borate 224 (1.2 eq), iodide 139b, Cs2CO3 (3 eq) and (Ph3P)2PdCl2 (2 mol%) 

dissolved fully in an alcohol (n-PrOH, i-PrOH or t-BuOH) : water (2.7:1) mixture and 

the solutions were stirred at 90 °C. Iodide 139b was consumed completely in all 

alcoholic solvent systems but different ratios of side products were observed in 

each case. When n-PrOH was used addition, addition/elimination and reduced 

species 225, 227 and 205b were generated in a 4:1:10 ratio (Figure 20). Changing to 

i-PrOH removed addition and addition/elimination products 225 and 227 but 205b 

was now the major product. Only a small reduction in the amount of 205b produced 

was observed when the i-PrOH was degassed by using the freeze-pump-thaw 

method. The use of t-BuOH as solvent completely inhibited the formation of 205b 
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but HF addition product 226 was then a major constituent of the reaction mixture. 

A reduction in reaction time from 18 h to 4 h limited the amount of 226 formed. 

Figure 20 maps the optimisation of the Suzuki coupling reaction of 139b with 224. 

 

 

 

Figure 20: Optimisation of the Suzuki coupling of 139b with 224 

 

Investigation into the generation of deiodinated 205b 

The observation that t-BuOH completely suppressed the formation of deiodinated 

species 205b was key to understanding its origin. It was clear that 205b was being 

t-BuOH (4 h) 

t-BuOH (18 h) 

i-PrOH (FPT, 18 h) 

i-PrOH (18 h) 

n-PrOH ( 18 h) 
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2
JF-F 141, 

4
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2
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4
JF-H 9 Hz 

 

 

205b;  
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2
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3
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 d, 
2
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2
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2
JF-F 42 Hz 

 

 

226;  

d, 
3
JF-H 7 Hz 

 

227; 2 x s 
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generated when oxidisable alcohols were used as solvent. The formation of 205b 

could arise from reductive elimination from a palladium hydride complex such as 

235, itself produced from ̡-hydride elimination of palladium alkoxide 234 (Scheme 

37). The key intermediate 228 is shown, which partitions between the Suzuki-

Miyaura coupling pathway and the reductive pathway. In the former, iodide is 

displaced by generic boronic acid 232, formed in situ from the trifluoroborate153 

before transmetallation in a monophosphine cycle.154 In the latter, alcohol 

coordination is followed by elimination155 ƻŦ IL ŦƻƭƭƻǿŜŘ ōȅ ʲ-hydride elimination156 

to form an hydridopalladium complex; reductive elimination then releases 205b. 

Similar reactions were reported by Helquist during the palladium-catalysed 

dehalogenation of arenes,157 and Buchwald and co-workers158 in palladium-

catalysed ether formation. 

 

Scheme 37: Proposed Catalytic Cycle for Generation of 206b 



87 
 

¢ƘŜ ʲςhydride pathway to 205b was confirmed by carrying out the coupling of 139b 

and borate 224 in 1-deuterio-1-cyclohexanol 236 (Scheme 38). The deuterated 

alcohol was prepared by reducing cyclohexanone with LiAlD4 using the procedure of 

Olah.159 

 

 

Scheme 38: Probing the origin of product 205b 

Product 199 and deuterated species 237 were produced in a ~3:1 ratio; the 19F NMR 

chemical shifts of 237 were distinct from those of 205b, and one of the fluorine 

nuclei showed a splitting pattern consistent with the spin quantum number of 

deuterium (I = 1) (Figure 21). The same reaction performed in cyclohexanol 

produced 199 and reduced species 205b ƛƴ ŀ ϤпΥм ǊŀǘƛƻΦ bŜƛǘƘŜǊ ʲςhydride 

elimination nor reductive elimination is likely to be the rate-determining step for 

the side reaction. The different proportions of 205b and 237 may arise from the 

partitioning of 228 between the two ligand exchange steps in Scheme 37. 
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Figure 21: 19F NMR of reaction mixture containing 205b and 237 

 

 

Figure 22: Expanded 19F NMR of reaction mixture containing 205b and 237 

Finally, in order to confirm the identity of deuterated species 237, it was 

synthesised and isolated independently (Scheme 39). 

205b; ɻ F -97.2 and -117.6 ppm 

dd, 2JF-F 73, 3JF-H 16 Hz 

 d, 2JF-F 73 Hz 

 

 

237; ɻ F -97.4 and -117.8 ppm 

dt, 2JF-F 73, 3JF-D 2 Hz 

 d, 2JF-F 73 Hz 
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Scheme 39: Generation of deuterated species 237 

n-BuLi was added dropwise to a stirring solution of stannane 127b in THF at -78 °C 

to form lithium species 126b. 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) derivatives 139a and 139b 

With the optimisation of the Suzuki coupling of 139a and 139b complete, the scope 

of the coupling was investigated, beginning with 139a (Table 23). 
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Entry Borate Method 
Time 

(h) 
Product (yield) 

1 238 
 

3 18 

 

138 

(87%) 

2 239 
 

3 18 

 

169 

(95%) 

3 240 

 

1 2 

 

254 

(93%) 

4 241 
 

3 18 

 

255 

(62%) 

5 242 

 

3 18 

 

172 

(95%) 

6 243 
 

3 18 

 

256 

(99%) 

7 244 
 

1 2 

 

173 

(72%) 

8 245 

 

1 18 

 

175 

(88%) 

9 246 
 

3 18 

 

176 

(78%) 

10 247 
 

3 18 

 

177 

(59%) 
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11 

 

247 
 

3 18 

 

178 

(55%) 

12 248 
 

2 2 

 

257 

(67%) 

13 224 
 

3 4 

 

179 

(61%) 

14 249 
 

3 18 

 

258 

(54%) 

15 250 

 

3 18 

 

259 

(32%) 

16 251 
 

3 18 

 

260 

(32%) 

17 252 

 

3 18 

 

261 

(57%) 

18 253  3 18 

 

262 

(27%) 

 

1: (Ph3P)2PdCl2 (2 mol%), Cs2CO3 (3 eq), potassium trifluoroborate (1.2 eq), toluene/H2O 

(2.7 : 1), 90 °C; 2: (Ph3P)2PdCl2 (2 mol%), Cs2CO3 (3 eq), potassium trifluoroborate (1.2 

eq), iPrOH/H2O (freeze-pump-thaw) (2.7 : 1) 90 °C; 3: (Ph3P)2PdCl2 (2 mol%), Cs2CO3 (3 

eq), potassium trifluoroborate (1.2 eq), tBuOH/H2O (2.7 : 1), 90 °C. 

aEstimated yield: product contaminated with ~ 1% of 205a and ~ 1% of 139a 

Table 23: Scope and limitations of the Suzuki coupling of iodo(difluoroenol) 139a 

As in the case for Negishi coupling, 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 bearing a strong EWG, being less 

nucleophilic would undergo slower transmetallation. The lower yields in this case 



92 
 

would be more likely to arise from degradation of the styrenes as the reaction time 

was extended to allow the reactions of the electron deficient borate coupling 

partners to reach completion. Styrene 257 was generated in 67% yield; this is a 

good result as no formyl bearing styrenes could be generated using the Negishi 

protocol. Another successful outcome arose from the coupling of 139a with 

electron deficient borates; the problematic nitro styrene 179 was obtained in 61% 

yield. 

Next, the Suzuki coupling of iodo(difluoroenol) 139b was performed with a range of 

trifluoroborates (Table 24). 
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Entry Halide Method 
Time 

(h) 
Product (yield) 

1 238 
 

1 1 

 

133 

(80%) 

2 239 
 

2 2 

 

152 

(59%) 

3 240 

 

2 2 

 

264 

(59%) 

4 241 
 

1 2 

 

265 

(93%) 

5 242 

 

1 2 

 

191 

(93%) 

6 243 
 

1 2 

 

266 

(66%) 

7 244 
 

1 2 

 

192 

(88%) 

8 245 

 

1 18 

 

194 

(88%) 

9 246 
 

2 2 

 

195 

(60%) 

10 247 
 

1 18 

 

196 

(62%) 
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11 

 

247 
 

1 2 

 

197 

(61%) 

12 248 
 

2 2 

 

267 

(90%) 

13 224 
 

3 4 

 

199 

(75%) 

14 249 
 

2 3 

 

201 

(61%) 

15 250 

 

2 2 

 

268 

(44%) 

16 251 
 

3 3 

 

269 

(52%) 

17 263 

 

3 18 

 

270 

(70%) 

18 252 

 

1 2 

 

271 

(57%) 

19 253  3 18 
 

272 

(30%)a 

 

1: (Ph3P)2PdCl2 (2 mol%), Cs2CO3 (3 eq), potassium trifluoroborate (1.2 eq), toluene/H2O 

(2.7 : 1), 90 °C; 2: (Ph3P)2PdCl2 (2 mol%), Cs2CO3 (3 eq), potassium trifluoroborate (1.2 eq), 

iPrOH/H2O (freeze-pump-thaw) (2.7 : 1) 90 °C; 3: (Ph3P)2PdCl2 (2 mol%), Cs2CO3 (3 eq), 

potassium trifluoroborate (1.2 eq), tBuOH/H2O (2.7 : 1), 90 °C. aEstimated yield: product 

contaminated with ~ 5% of 205b and ~ 4% of 139b 

Table 24: Scope and limitations of the Suzuki coupling of iodo(difluoroenol) 139b 

The general coupling trends for carbamate coupling partner 139b were similar to 

those observed for 139a. 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 contrast, the carbamate coupling partner 131b used in the 

Negishi protocol described earlier could not couple with 2-tolylbromide. Coupling of 

Iodide 139b afforded styrenes 191 and 264 in moderate to excellent yield.   

Heteroaromatic species were also coupled in moderate yields using the Suzuki 

coupling strategy (Entries 14-17); 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 rapid deborylation and couple in poor 

yields.160,161 6-Substituted 2-pyridylborates like 263 have been shown to participate 

efficiently in Suzuki coupling reactions by Zou and co-workers,162 and styrene 270 

was generated in 70% yield when 263 was coupled with 139b. Attempts to generate 

potassium 2-pyridyltrifluoroborate 273 from 2-bromopyridine161,162 and 

trimethylborate proved unsuccessful (Scheme 40), demonstrating the sensitive 

nature of borate 273 as previously highlighted by Molander.160 

 

 

Scheme 40: Attempted syntheses of potassium 2-pyridyltrifluoroborate 273 

An alternative coupling partner is .ǳǊƪŜΩǎ н-pyridyl N-methyliminodiacetic acid 

(MIDA) boronate 275.161,163 It has been shown to have long term stability in storage, 

and to participate in Suzuki coupling reactions under highly optimised conditions.163 

Synthesis of 2-pyridyl MIDA boronate using the literature method was unsuccessful; 
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however, a small amount of commercially available material was procured in order 

to attempt Suzuki coupling with iodide 139b (Scheme 41). 

 

 

Scheme 41: Attempted Suzuki coupling of 275 with iodide 139b 

Both the Burke optimised coupling conditions (2) and the standard Suzuki coupling 

conditions of this work (1) failed to generate any styrene 200. 19F NMR analysis of 

the coupling reaction under the standard Suzuki conditions revealed unreacted 

iodide 139b and some de-iodinated species 205b after 4 h, but no styrene. The 

ǎŀƳŜ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ǳƴŘŜǊ .ǳǊƪŜΩǎ ŎƻƴŘƛǘƛƻƴǎ ǊŜǾŜŀƭŜŘ ŎƻƳǇƭŜǘŜ 

consumption of iodide 139b, but only de-iodinated species 205b was observed. This 

was a surprising result and indicated that iodide 239b ǿŀǎ ƴƻǘ ǎǘŀōƭŜ ǳƴŘŜǊ .ǳǊƪŜΩǎ 

conditions. It is possible that 239b had undergone oxidative addition to a Cu(I) or 

Cu(0) species in the reaction mixture analogous to an Ullmann reaction. The 

subsequent aqueous quench of a sample for NMR analysis would release de-

iodinated species 205b. No homodimer 204 was 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(I). It is also 



97 
 

possible that DEA behaves like the ethanol molecules in Scheme 37 and generates 

de-iodinated 205b as previously described. Ohta has used this methodology to 

prepare a series of pyrroles from hydroxy-enamines (Scheme 42).164 

 

 

Scheme 42: Palladium-catalysed oxidation of hydroxyl-enamines 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 acids;149 they 

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 this was observed when generating 3-pyridyl borate 249 from 

commercial boronic acid that had been stored for ca. 12 months (Scheme 43). 
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Scheme 43: Expanded 1H NMR of (a) commercial 3-pyridyl boronic acid 283 and (b) 

3-pyridyltrifluoroborate 249 

3-Pyridylborate 249 was prepared from the commercial boronic acid using the 

standard procedure described previously with KHF2 (Scheme 36). 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 

ƳŜǘƘƻŘ ƻŦ ΨŎƭŜŀƴƛƴƎ-ǳǇΩ ōƻǊƻƴƛŎ ŀŎƛŘǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛŦ ǘƘŜȅ ŀǊŜ ƻŦ ƘƛƎƘŜǊ ǘƘŀƴ ǳsual 

value.  

Suzuki-Miyaura coupling of iododifluoroenol 139b was performed with a range of 

freshly-purchased boronic acids under the standard conditions (Table 25). Entries 1-
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5 demonstrate that boronic acids are effective coupling partners. Styrene 199 could 

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 borate 224 was completely suppressed 

with a shorter reaction time. As expected, the heteroaromatic boronic acids 

coupled less efficiently than their borate counterparts. 3-Pyridyl species 283 did not 

couple at all and only unreacted iodide 139b was observed by 19F NMR analysis of 

the reaction mixture after 2 h. Isoquinolyl boronic acid 289 only produced 268 in 

10% yield and 6-bromo-3-pyridyl boronic acid only generated 269 in 25% yield. 
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Entry Halide Product (yield) 

1 284 
 

 

133 (83%) 

2 285 
 

 

194 (92%) 

3 286 
  

197 (74%) 

4 287 
 

 

267 (60%) 

5 288 
 

 

199 (75%) 

6 283 
 

 

201 (0%) 

7 289 

  

268 (10%) 

8 290 
 

 

269(25%) 

Table 25: Suzuki-Miyaura coupling of 139b with a range of boronic acids 
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Catalyst loading study 

Catalyst loading is of great importance 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 amount of catalyst. Extrapolating for a moderate 

scaling of the reaction to generate 5 Kg of styrene 133 for example, would require 

238 - 357 g of (PPh3)2PdCl2. At the time of writing the cost for this amount of 

(PPh3)2PdCl2 from a commercial supplier is ~£3000. 

 

 

Concentration of 

(Ph3P)2PdCl2 (mol%) 

Volume of stock solutiona 

(µL) 

Conversionb  (%) 

192 195 201 

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 (PPh3)2PdCl2 in t-BuOH; Stock solution B: 3.3 mM 

solution of (PPh3)2PdCl2 in t-BuOH; b)eg  [192/(192 + 139b)] 

Table 26: (PPh3)2PdCl2 loading study on the effect of Suzuki coupling of 139b with 

borates 244, 246 and 249 
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A short study was performed, probing the scope for reducing the loading of 

palladium catalyst in the coupling of iodide 139b with potassium 

aryltrifluoroborates. The study was performed by adding a volume of a stock 

solution of (PPh3)2PdCl2 (table 26) to a mixture of potassium trifluoroborate e.g. 192 

(43 mg, 0.2 mmol), iodide 139b (50 mg, 0.17 mmol) and caesium carbonate (161 

mg, 0.5 mmol). A volume of t-BuOH (to bring total volume of alcohol to 1.15 mL) 

and H2O (0.425 mL) were added and the reaction mixture was stirred at 90 °C for 18 

hours. After this time the reaction mixture was cooled to room temperature and 

partitioned between DCM (5 mL) and H2O (5 mL). The organic phase was separated 

and dried by passing through a hydrophobic frit. The reaction conversion was then 

calculated from 19F NMR spectroscopy of the crude samples (Table 26). 

  

Figure 23: Results of the (PPh3)2PdCl2 loading study visualised by 19F NMR  

192 

 

139b 
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Figure 23 illustrates the spectral results obtained by 19F NMR for the coupling of 

borate 244. A catalyst loading as low as 0.05 mol% is tolerated in the Suzuki 

coupling of iodide 139b 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 40-fold saving on the cost of the expensive 

transition metal catalyst. 

The results from the loading study of the coupling of 195 and 201 demonstrate that 

minimum catalyst loadings are borate specific; 3-CF3 borate 195 required 0.1 mol% 

of catalyst for complete conversion of iodide 139b while pyridyl borate 201 required 

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 

generated in situ could occur. Pyridyl species 201 could undergo facile deborylation 

leading to incomplete conversion of iodide 139b. 

 

 

Coupling of potassium alkyltrifluoroborates 

Alkyl coupling partners are amongst the most challenging partners in palladium 

catalysed coupling reactions;165 -̡hydride elimination from an alkyl-Pd complex can 

severely reduce the yield of coupling. Attempts to couple potassium 

alkyltrifluoroborates to iodide 139b are detailed in Table 27. 
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R Catalyst Solvent Base Productsa 

1 n-Butyl  (PPh3)2PdCl2 (2 mol%) t-BuOH/H2O Cs2CO3 139b, 205b 

2 Isobutyl  (PPh3)2PdCl2 (2 mol%) t-BuOH/H2O Cs2CO3 
139b, 205b, 

204 

3 Isobutyl  Pd(OAc)2 (5 mol%)/DPPP toluene/H2O Cs2CO3 139b, 205b 

4 Isobutyl  Pd(OAc)2 (5 mol%)/DPPF toluene/H2O Cs2CO3 139b, 205b 

5 Cyclopropyl  (PPh3)2PdCl2 (2 mol%) t-BuOH/H2O Cs2CO3 139b 

6 Cyclopropyl  PEPPSI-iPr (2 mol%) i-PrOH/H2O Cs2CO3 139b, 205b 

7 Cyclopropyl  PEPPSI-iPr (2 mol%) t-BuOH/H2O Cs2CO3 139b 

8 Cyclopropyl  Pd(PPh3)4 (2 mol%) toluene/H2O K3PO4 
139b, 292, 

205b, 204 

a) Analysis by 19F NMR of reaction mixture 

Table 27: Suzuki coupling of potassium alkyltrifluoroborates with iodide 139b 

Initially Suzuki coupling of iodide 139b was attempted with n-butyl trifluoroborate. 

This coupling partner was generated by quenching n-BuLi with tri-isopropylborate. 

The boron ester intermediate was then hydrolysed and the salt was formed by 

addition of KHF2 solution. The standard coupling conditions (entry 1) were 

unsuccessful. The only fluorinated species present after stirring at 90 °C for 18 h 

were unreacted iodide 139b and de-iodinated species 205b in a 1: 0.1 ratio.  

NMR analysis of the reaction of isobutyl borate under the standard coupling 

conditions (entry 2) reveals unreacted iodide 139b, de-iodinated species 205b and 

homodimer 204 in a ratio of 1: 0.2: 0.1.  

The proposed mechanism for the generation of 205b and 204 is detailed in Scheme 

44. The recovery of a substantial amount of unreacted starting material 139b, and 
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the formation of de-iodinated species 205b suggests that Suzuki coupling of 

ŀƭƪȅƭǘǊƛŦƭǳƻǊƻōƻǊŀǘŜǎ ƛǎ ǎƭƻǿΣ ŀƴŘ ǘƘŀǘ ǘƘŜ ƪƴƻǿƴ ŎƻƳǇŜǘƛǘƛǾŜ ʲ-hydride 

elimination156 from an alkyl-Pd complex 294 is probably occurring (Scheme 44, path 

B). Coupling with isobutyltrifluoroborate 296 also generates an appreciable amount 

of homodimer 204. It is possible that a second oxidative addition to Pd complex 293 

could occur generating Pd(IV) complex 298.166,167 Subsequent reductive elimination 

would afford homodimer 204 and palladium iodide 299. Regeneration of Pd(0) 

could then be effected by reaction with PPh3 present from the precatalyst (path C). 

 

 

Scheme 44: Proposed catalytic cycles for the generation of 205b and 204 

Lƴ ǎƻƳŜ ŎŀǎŜǎΣ ǊŜǘŀǊŘŀǘƛƻƴ ƻŦ ʲ-hydride elimination pathway B has been 

accomplished using chelating phosphine ligands.168,169 

1,3-Bis(diphenylphosphino)propane 301 όŘǇǇǇύ ŀƴŘ мΣмΩ-bis(diphenylphosphino) 

ferrocene 302 (dppf) ligands were utilised in conjunction with Pd(OAc)2 to try to 
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inhibit the formation of 205band encourage the desired catalytic cycle to form 292 

(entries 3 & 4). Both catalyst/ ligand systems failed to generate any desired product 

and 19F NMR analysis of the reaction mixture revealed iodide 139b and de-iodinated 

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 Pd-complex after the first oxidative addition. The second 

oxidative addition to complex 293 would then be difficult. 

Coupling between potassium cyclopropyltrifluoroborate and 139b was then 

ŀǘǘŜƳǇǘŜŘ ŀǎ ǘƘŜ ʲ-hydride elimination pathway to de-iodinated 205b should be 

significantly retarded170 as a result of the greater sp2 character.171 The standard 

Suzuki conditions (entry 5) did not yield any coupled product; only unreacted iodide 

was present in the reaction mixture after 18 h. An alternative Pd-N-heterocyclic 

carbene (Pd-NHC) catalyst (PEPPSI-iPr 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 lifetime.92 This catalyst 

has been used successfully in a range of C-C bond forming reactions and has been 

used effectively by Organ and co-workers in the Negishi92 and Suzuki94 coupling of 

alkyl species. A reaction under the conditions employed by Organ93 failed to 

generate any desired product (entry 6). Complete consumption of iodide 139b 

occurred and exclusive formation of de-iodinated 205b resulted due to use of i-

PrOH as solvent; the alcohol is oxidised to acetone in the formation of a 

hydridopalladium complex which undergoes reductive elimination to generate 205b 

as described earlier (Scheme 37). Exchanging the solvent to t-BuOH completely 
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suppressed the de-iodination side reaction as expected but only iodide 139b was 

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

 

 

Deng and co-workers were able to perform Suzuki coupling on a range of potassium 

cyclopropyltrifluoroborates with aryl halides using Pd(PPh3)4 as catalyst, K3PO4.3H2O 

as base and toluene as solvent.172 Applying these conditions to the coupling of 139b 

with cyclopropyl trifluoroborate afforded a range of fluorinated species as observed 

by 19F NMR of the reaction mixture (entry 8). Iodide 139b, product, homodimer 204 

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 (Scheme 44). 

De-iodinated 205b was generated in a small quantity under these coupling 

conditions, demonstrating tƘŀǘ ʲ-hydride elimination from a Pd-cyclopropyl 

complex is not inhibited completely. The identity of product 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 between 139b 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 iodide 139b represents a 

particularly challenging problem. The attempted couplings described in Table 27 do 

not represent an exhaustive screening of conditions but do represent a robust initial 

foray into sp2-sp3 coupling of iodide 139b. 

 

 

2.1.6    Effect of ̡-fluorination on palladium coupling efficiency 

A competition reaction between trifluoroborates 306 and 106b 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,173 

followed by the standard low temperature metalation and trifluoroborate salt 

formation (Scheme 45). 

 

 

Scheme 45: generation of enoltrifluoroborate 306 

Silylamine 304 was added to a stirring solution of vinylchloroformate 303 in DCM at 

0 °C. The reaction was complete after 1 hour and the crude oil isolated after work-

up was taken through to trifluoroborate 306 in 25% yield (0.04 mol scale) from 305 

using the same procedure described for 106b. 
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A competition reaction between 306 and 106b could determine which substrate 

underwent palladium catalysed coupling more readily. The Suzuki coupling protocol 

was chosen for the investigation as it was envisaged that 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 of 306 was attempted in order to confirm its competence in the 

palladium catalysed coupling reaction (Scheme 46). 

 

 

Scheme 46: Suzuki coupling of trifluoroborate 306 

Non-fluorinated styrene 307 was isolated in 58% yield. This compares well with the 

Suzuki coupling of 106b 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 trifluoroborates 106b and 306, 1 eq of 

bromobenzene 143, 3 eq of Cs2CO3 and 2 mol% Cl2Pd(PPh3)2 at 90 °C in a tert-

butanol:water (2.7:1) solvent system. The reaction was monitored by GC-MS 

analysis of samples removed at different time points. The spectra revealed a 

complex mixture of starting materials, products and side products. (Figure 24). 
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Figure 24: Typical GC-MS trace observed for competition reaction between 106b 

and 306 (90 mins) 

Most of the species identified by the GC-MS analysis had been observed previously 

by 19F NMR but it was surprising to see difluoroborate species 308 and 310. These 

borate species exist in equilibrium with the trifluoroborates and the active boronic 

acids (Scheme 47).153,174 

 

 

Scheme 47: Equilibrium between trifluoroborate 106b and trihydroxyborate 313 

(O)PPh3 
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The results of the GC-MS study suggest that transmetallation of 106b is 

considerably slower than that of 306. A selection of the data is plotted in Figure 25; 

the profiles for the consumption of 143 and generation of 144 and 307, 

demonstrates that formation of 144 does not occur until formation of 307 has 

stopped. This would indicate that the terminal fluorines do 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 coupling partners. 

 

Figure 25: Plot of % area vs time for competition reaction between 106b and 306 

Further observations from the GC-MS 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 boronic acid. Observation of difluoroboron species 308 and 310 (Figure 

26) exposes a potentially rapid equilibration between borates 106b and 306 with 

the active boronic acid species. Competitive base catalysed deborylation175 could 
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then occur and may be the cause of the poor conversion of bromide 143. The 

presence of a significant quantity of deborylated 205b at the first data point in 

Figure 26 suggests that hydrolysis of fluorinated alkenyl borate 106b and 

subsequent deborylation is considerably faster than for the analogous 306. 

 

Figure 26: Plot of % area vs time of select species from the competition reaction 

between 106b and 306 

GC-MS analysis (Figure 24) also revealed formation of homodimers 309 and 204. 

This suggests that borates 306 and 106b are involved in a sacrificial double 

transmetallation and reductive elimination cycle to reduce the Pd(II) precatalyst to 

an active Pd(0) species (Scheme 48).175 The formation of dimer 309 before any 

formation of coupled 307 is consistent with this proposal. Triphenylphosphine oxide 
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(OPPh3) was also observed by GC-MS and suggests a competitive PPh3 reduction of 

the precatalyst. 

 

 

Scheme 48: Proposed mechanism for generation of active catalyst 

A significant amount of difluoroboron species 308 was formed immediately. 

Consumption of this species coincides with the generation of a significant amount 

of deborylated 305, all before Suzuki coupling to form 307 occurs. This would 

explain the moderate yield (58%) for the coupling reaction described previously. A 

similar trend is observed for the difluoroenol analogue 106b; a significant quantity 

of deborylated product 205b is observed after only 2 minutes.  

Supressing the rate of formation of the difluoroboron species 308 and 310 may 

reduce the rate of deborylation and formation of 305 and 205b, ultimately leading 

to a better yield. 

A fuller picture of the effect of the fluorine atom substituents on the coupling 

reaction would be obtained if a similar competition reaction was performed with 

(iodo)difluoroenol species 139b. 
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2.1.7   Summary of palladium coupling of difluoroenol derivatives 

Preparations of difluoroenol derivatives have been performed and their subsequent 

palladium-catalysed 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 near-ambient 

preparations of difluoroenolzinc species 131a and 131b and their subsequent in situ 

Negishi coupling, avoiding isolation and costly cryogenic preparation conditions. 

(Iodo)difluoroenols 139a and 139b were also prepared utilising the near-ambient 

methodology. Suzuki coupling of these species circumvented the substrate scope 

limitation of the Negishi coupling. A comparison of the various coupling 

methodologies performed on fluorinated building block 104a is detailed in Table 28. 
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Product 
Coupling method (% isolated overall yield from 104a) 

Negishi Suzukia Stille Suzukib 

      
138 

60 50 50 44 

      
169 

73 55 (-)c 48 

              
172 

40 48 (-)c 48 

       
175 

41 53 (-)c 36 

        
177 

25 (-)c 46 30 

       
142 

41 (-)c 61 (-)C 

       
179 

31 0 (-)c 31 

 
aRef. 27;bFrom iodide 139a; cReaction not carried out 

Table 28: Selected comparisons of coupling strategies  

Armed with an array of difluoroenol substrates and palladium-catalysed coupling 

conditions, and underpinned by a knowledge of their limitations, the preparation of 

fluoroarenes could be addressed. 

 



116 
 

2.2 Preparation of Fluoroarenes 

Three strategies to generate electrocyclisation precursors using the palladium-

catalysed coupling chemistry described earlier were envisaged. 

 

Scheme 49:  Strategy 1: phenyl-1,3-diene approach 

Strategy 1 (Scheme 49) would take advantage of simple, established chemistry to 

generate (Z)- -̡bromostyrenes rapidly.56 Palladium-catalysed coupling to form 

phenyldienes 320 and subsequent electrocyclisation could then be explored. 

!ƭǘŜǊƴŀǘƛǾŜ ǎǘǊŀǘŜƎƛŜǎ ǿƛǘƘ ǘƘŜ ƛƴǘŜǊƴŀƭ ˉ-bond of the electrocyclic triene locked in a 

Z-configuration were also envisaged. 

 

Scheme 50: Strategy 2: Divinylbenzene approach 
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Strategy 2a) (Scheme 50) would require preparation of phenylacrylates 322 using 

known literature methods.176 Palladium-catalysed coupling would deliver 

divinylbenzenes 323 and electrocyclisation would then afford fluoroarenes 324.  

Alternatively, an iterative coupling approach (2b) would afford divinylbenzenes 325 

before palladium-catalysed coupling and subsequent electrocyclisation could be 

probed. Due care should be taken using this approach as there is potential for 

symmetrical bis-coupled side products to form after the first coupling step (vide 

infra).  

 

Scheme 51: Strategy 3: 1,2-divinylcyclohexene approach 

Strategy 3 (Scheme 51) would once again make use of known chemistry to form 

bromodienes 328.57 The key coupling and electrocyclisation steps could then be 

explored. 

 

2.2.1 Strategy 1: phenyldiene approach 

2.2.1.1 Preparation of (Z)- -̡bromostyrenes 

The generation of (Z)- -̡bromostyrenes (79a-d) was achieved using literature 

procedures.56,177 Small adjustments to the literature methods were necessary to 

obtain satisfactory results. 
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 78 331 332 79 

a Benzaldehyde 70% 84% 88% 

b 4-Methoxybenzaldehyde 68% 81%a 83%d 

c 4-Nitrobenzaldehyde 96% 60%b 93% 

d 3-Pyridinecarboxaldehyde 87% 74%c 41% 

a) 5: 1 ratio of anti: syn; b) Conditions: Br2, AcOH, reflux; c) heated to 60 °C; d) 89: 11 

ratio of Z:E 

Table 29: Generation of (Z)- -̡bromostyrenes 

Cinnamic acids 331a-d were generated in good yield using the Knoevenagel 

condensation with the Doebner modification (refluxing in pyridine to effect 

decarboxylation in situ). The acids were isolated from the reaction solution by 

precipitation upon the addition of aqueous HCl and subsequent filtration. Re-

crystallisation from ethanol was necessary to isolate 331a-d as pure, dry crystalline 

solids. Precipitation from acidic media was ineffective in isolating pyridylcinnamic 

acid 131d as protonation occurred, trapping the product in the aqueous 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 acids 331a, 331b and 331d were brominated by adding a solution of Br2 in 

CHCl3 to a suspension of the acids in CHCl3 at 0 °C. The acids usually dissolved within 

~5 mins after complete addition of the Br2 solution. The reaction solutions were 

stirred at RT (60 °C for pyridyl 331d) and after 1 h a precipitate had formed. The 

precipitate was collected by filtration and air dried to afford 332a, 332b and 332d in 

good yield. An alternative method was sought for the nitro analogue 332c as no 

bromination occurred due to its insolubility in CHCl3. The reaction procedure 

remained the same for 332c 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 filtration and 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 acids 332a, 332c and 332d were produced as the anti-adducts 

with no syn-adducts observed. Methoxy analogue 332b was produced in a 5:1 

anti:syn ratio, possibly as a result of stabilisation of a benzylic carbocation (Scheme 

52).178 Bromide trapping of 335 would erode the stereochemical anti-preference. 



120 
 

 

Scheme 52: Proposed generation of syn addition product 337  

Microwave-mediated decarboxylation/dehydrobromination was then performed 

using the method of Kuang.56 This involved irradiation of the dibromoacids in DMF 

containing TEA at 200 W for 30-60 seconds. Initially the reaction was performed on 

dibromoacid 332a in a sealed microwave vessel but low conversion and poor E/Z 

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

resulted in full conversion and complete selectivity for (Z)- -̡bromostyrene 79a 

(Figure 27). The isomers could be identified by the coupling constants of the vicinal 

protons. The E isomer has a significantly larger coupling constant (J = 16.1 Hz) than 

the Z isomer (J = 8.1 Hz) as predicted by the Karplus equation.179,180 
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Figure 27: 1H NMR of open and closed vessel microwave-induced generation of 79a  

The yield of 79a was improved further (88%) by irradiating at 140 °C for three 

minutes while stirring; the DMF solvent discoloured and refluxed violently when 

controlling the reaction by maximum power (200 W). Styrenes 79b, 79c and 79d 

were obtained in good yield using this method. It should also be noted that 79b was 

generated in 80% yield by stirring a solution of dibromoacid 332b and TEA in DMF at 

RT for 96 h. This method would be of considerable value if scale-up was required; 

the amount of 79b produced by microwave irradiation is limited by the size of the 

reactor cavity. 

Z-isomer; d, 3JH-H = 8 Hz 

E-isomer; d, 3JH-H = 16 Hz 

Closed vessel 

Open vessel 
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With (Z)- -̡bromostyrenes in hand the developed palladium-catalysed coupling 

methodology could be applied to generate electrocyclisation precursors. 

 

2.2.1.2 Preparation of 1,3-phenyldienes 

Key to the success of this strategy was the ability of the palladium-catalysed 

coupling to generate phenyldienes with retention of the internal Z-alkene 

configuration, which was essential for the subsequent electrocyclisation step. Stille 

coupling of stannane 127a with bromostyrene 79a using the Stille conditions 

described earlier, afforded phenyldiene 340 in 76% yield after chromatography 

(Scheme 53). 

   

 

Scheme 53: Stille coupling to afford phenyldiene 340 

In order to gain confidence that the generated diene was of Z-configuration, some 

commercial E-όʲύ-bromostyrene was purchased and coupled with stannane 127a 

and the resulting 1H NMR was compared with that of 340 (Figure 28). The 

purchased E-όʲύ-bromostyrene was supplied as a 85:15 (E:Z) isomeric ratio 

(confirmed by 1H NMR). Stille coupling with 127a under the standard conditions 

afforded a mixture of 340 and 341 in a 88:12 ratio. 



123 
 

 

 

Figure 28: Expanded 1H NMR after coupling of 127a with Z-bromostyrene (A) and E-

bromostyrene (B) 

The alkene coupling constant (J) observed for phenyldiene 340 (generated under 

conditions A) was 12.4 Hz while the coupling constant observed for phenyldiene 

341 (generated under conditions B) was found to be 16.1 Hz. The observed coupling 

constants, in conjunction with the retained isomeric ratio of starting materials and 

products using conditions B, confirmed that coupling of 127a and Z-όʲύ-

bromostyrenes occurs with fidelity. 

It became quickly apparent that phenyldiene 340 was not stable either as a solution 

in CDCl3 or stored neat under refrigeration (~5 °C). Within hours in both cases a 

A 

B 

Z-isomer; d, 3JH-H = 12 Hz 

     dd, 3JH-H = 12, 4JH-F = 4 Hz 

E-isomer; d, 3JH-H = 16 Hz 

     ddd, 3JH-H = 16 Hz, 4JH-F = 3 Hz, 4JH-F = 1 Hz 
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significant quantity of E-isomer was observed (1H NMR; Figure 29). Rapid 

degradation of the E-isomer was also observed. 

 

  

 

Figure 29: Expanded 1H NMR spectra showing the degradation of phenyldiene 340 

Grubbs181 and Pine182 have prepared similar (Z)-phenyl dienes by olefination of 

cinnamic esters with retention of stereochemistry. Neither described the lifetime of 

the dienes or the isomeric ratios over time. 

The isomerisation/degradation behaviour was repeated for other (Z)-phenyldienes 

(Table 30). 

 

0 hours 

24 hours 

48 hours 

96 hours 

1:1  Z:E 

3:1  Z:E 
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Structure Y X Yield 

340 H CH 76% 

342 OMe CH -a 

343 NO2 CH 82% 

344 H N 52% 

a) Not recorded 

Table 30: Summary of the preparation of (Z)-phenyl dienes 

The 4-methoxy analogue 342 was not isolated but a mixture of the Z- and E-isomers 

was observed by 1H and 19F NMR of the crude reaction mixture. The nitro and 

pyridyl analogues 343 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 meant they were unsuitable as 

electrocyclisation precursors. An alternative electrocylisation approach was 

investigated. 

 

 

2.2.2 Strategy 2: Divinylbenzene approach 

2.2.2.1 3-Phenylacrylate  species 

The divinylbenzene approach appeared to be a more robust option as there was no 

opportunity for isomerisation of a double bond to occur. The first divinylbenzene 
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motif was generated by a Knoevenagel condensation on bromobenzaldehyde 80. 

The resulting cinnamic acid was converted to the methyl ester which was then 

coupled with trifluoroborate 106a (Scheme 54). The previously developed Suzuki 

conditions (vida supra) resulted in only traces of 345 (observed by GC-MS); it is 

possible that greater steric demand imposed by the ortho-substituent resulted in 

poor conversion to 345. Using the same base and reaction solvents but exchanging 

the catalyst for Pd(OAc)2/RuPhos catalyst/ligand system afforded 345 and 346 in 

41% and 91% isolated yields respectively. 

 

Scheme 54: Preparation of divinylbenzenes 345 and 346 

It is unclear why the yield of 345 was lower than that of the DEC analogue 346; 

however, electrocyclisation precursors were in hand for the first time and 

electrocyclisation was attempted. 

The first electrocyclisation was attempted on divinylbenzene 345 (Scheme 55). A 

solution of 345 in xylene was stirred at 130 °C in a sealed tube for 18 h. The starting 

material had been completely consumed by this time (19F NMR) and signals for 

three major fluorinated compounds were observed (Figure 30). The different 
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species were isolated by chromatography and NMR and GC-MS analysis was 

performed to identify the compounds. 

 

 

Scheme 55: First electrocylisation attempt of 345 

The relatively labile MEM group was cleaved under the conditions used to afford 

difluoroketone 347, which has a characteristic doublet in the 19F NMR spectrum, 

and a corresponding triplet in the 1H NMR spectrum. Difluoroindanone 348 was 

identified by a characteristic geminal fluorine coupling in the 19F NMR spectrum 

consistent with the presence of non-equivalent fluorines on an sp3 centre; the GC-

MS analysis was also consistent with the structure of 348. The third major species 

observed in the crude 19F 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 the 1H NMR (t, J = 12 Hz) corresponding to the triplet in the 

19F NMR (J = 17 Hz) appeared to be the only significant difference in the 

spectroscopic data from that of starting material 345. The three species were 

generated in a 1:1:1 ratio. 
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Figure 30: 19F NMR of the crude RM of the electrocyclisation of 345  

Identification of intramolecular conjugate addition product difluoroindanone 348 

required some investigation as the observed NMR spectra and GC-MS data were 

also consistent with the endo-cyclised species 350, which would be generated via 

electrocyclisation. 

 

 

 

HMBC NMR analysis revealed correlations consistent with species 348, but not with 

350. It was expected that proton Hb would correlate with C1 of 348 but not with C1 

of 350.   

347; d, 2JF-H = 53 Hz 

348; dd, 2JF-F = 283 Hz, 3JF-H = 17 Hz 

349; t, J = 12 Hz 

348; dd, 2JF-F = 283, 3JF-H = 6 Hz 
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The 13C NMR signal for C1 was identified easily, as it had a larger C-F coupling 

constant than C2, due to being closer to the difluorinated carbon (Figure 31). 

 

 

Figure 31: Expanded HMBC of indanone 348 showing 1H-13C correlations of Hc ,Hd 

and He 

As expected, protons Ha and Hb appear as a pair of doublets by 1H NMR. Ha was 

identified easily as it correlated with the distinctive carbonyl carbon while Hb did 

not (Figure 32).  

13C; app. d, 3JC-F = 9 Hz 

 

1H; app. dq, 3JH-F = 17, 6 Hz 

1H; ddd, 3JH-H = 17 Hz, 2JH-H = 7 Hz, 4JH-F = 2 Hz 

1H; ddd, 3JH-H = 17 Hz, 2JH-H = 7 Hz, 4JH-F = 1 Hz 

13C; dd, 2JC-F = 26, 21 Hz 
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Figure 32: Expanded HMBC of indanone 348 showing 1H-13C correlations of Ha 

Once the 13C and 1H NMR signals for C1 and Hb were identified, it was a simple task 

to search for a correlation between the two signals. Such a correlation was 

observed (Figure 33) proving the formation of indanone 348.  

1H; d, 3JH-H = 8 Hz 

13C; s 

13C; app. t, 2JC-F = 26 Hz 

 

13C; dd, 3JC-F = 7, 4 Hz 
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Figure 33: Expanded HMBC of indanone 348 showing 1H - 13C correlations of Hb 

Electrocyclisation of DEC divinylbenzene 346 was attempted using the conditions 

described for 345, but no conversion was observed. Conversion of starting material 

was observed only above 170 °C (Table 31). At 180 °C in diphenylether, indanone 

348 and electrocyclisation product 351 were identified by 19F NMR analysis of the 

crude reaction mixture (entry 3). Formation of indanone 348 was surprising as the 

DEC group is considerably less labile than the MEM protecting group; however, 

fluoroarene 351 was generated for the first time indicating that electrocyclisation of 

1H; d, 3JH-H = 8 Hz 

13C; dd, 2JC-F = 26, 21 Hz 

13C; app. t, 3JC-F = 3 Hz 

 

13C; s 
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divinylbenzene motifs is possible. The ratio of 348:351 remained virtually 

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

 

 

Entry Solvent T ( °C) Conversiona XX:XX 

1 Xylene 130 0% - 

2 Xylene 170 0% - 

3 Ph2O 180 85% 2:3 

4 Ph2O 200 100% 1:1 

5 Ph2O 220 100% 1:1b 

 

a) ([348+351]/[ 346+348+351]) x 100;  b) 9 mg (38%) isolated by chromatography as a 

3:2 ratio   

Table 31: Development of the electrocyclisation of 346 

Electrocyclisation of 346 by UV irradiation was performed in an attempt to increase 

the selectivity for either indanone 348 or fluoroarene 351. In the first instance a 

solution of 346 in heptane in a sealed vessel was irradiated continuously for 48 h 

with a full spectrum lamp (220-700 nM). LC-MS analysis of the crude reaction 

mixture revealed complete conversion of 346, and generation of fluoroarene 351 

and a new species. The new compound was isolated by chromatography as the 

major species in a 3:2 mixture with 351 and analysed by NMR (Figure 34). The 19F 

NMR signals contained a geminal coupling constant of 148.7 Hz, suggestive of non-
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equivalent fluorine atoms on an sp3 hybridised carbon. 1H NMR analysis also 

revealed that the DEC group had remained intact. 

 

 

 

Figure 34: 19F NMR of a mixture of fluoroarene 351 and suspected species 352 

A significant amount of heat was generated by the lamp which may have 

contributed to the formation of the fluoroarene. Irradiation of 346 under flow 

conditions was performed in an attempt to generate suspected bridged species 352 

selectively; flow chemistry would minimise any reaction by thermal activation. 

Using flow conditions established by Booker-Milburn183 and developed by 

Harrowven,184 a solution of 346 in acetonitrile was irradiated with a 9 W UV (254 

nM) bulb. After a reaction time of 1 h, 19F NMR analysis revealed suspected bridged 

species 352 and fluoroarene 351 in a 5:2 ratio. Preparative HPLC of the crude oil 

352; app. dt, 2JF-F = 149 Hz, 3JF-H = 2 Hz 

 

352; ddd, 2JF-F = 149 Hz, 3JF-H = 16 Hz, 

                  4JF-H = 2 Hz 

351; d, 4JF-H = 7 Hz 
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isolated after work-up afforded 12 mg (35%) of 352 and 5 mg of 351. The 1H and 13C 

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

352 (Figure 35). 

 

 

Figure 35: 13C NMR spectrum of bridged species 352 after preparative HPLC 

Dolbier and co-workers have previously performed electrocyclisations of similar 

fluorinated divinylphenanthrenes 353 to form biaryl species 356 (Scheme 56).114 A 

radical cyclisation was suggested as the mechanism of the reaction. The main 

species observed by Dolbier was rationalised by suggesting a radical isomerisation 

from 355 to 356. 

 

dd, 1JC-F = 306, 294 Hz 

dd, 2JC-F = 22, 17 Hz 

dd, 2JC-F = 20, 17 Hz 

 

dd, 3JC-F = 12, 5 Hz 
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Scheme 56: Suggested radical cyclisation of divinylphenanthrene 353 

!ǇǇƭȅƛƴƎ 5ƻƭōƛŜǊΩǎ ƳŜŎƘŀƴƛǎƳ ǘƻ ǘƘŜ ŎȅŎƭƛǎŀǘƛƻƴ ƻŦ ŘƛǾƛƴȅƭōŜƴȊŜƴŜ 346 would give 

rise to two possible species, the bridged species 352 and a new bridged species 359 

(Scheme 57). Both compounds would be very difficult to differentiate by spectral 

analysis. 

 

 

Scheme 57: Possible radical cyclisation mechanism for the formation of 352 and 359 

The isolated product of the photochemical electrocyclisation was heated at 200 °C 

in diphenylether in a sealed vessel to simulate the electrocyclisation conditions, and 

resulted in exclusive formation of difluoroindanone 348. The signals in the 19F 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 isomeric difluoroindanone 

361 and therefore also ruling out the isomerisation mechanism suggested by 

Dolbier. 

To rule out the possibility of ambient light triggering a photocyclisation, 346 was 

subjected to the thermal electrocyclisation conditions (Xylene, 200 °C) in darkness 

(tin foil covered vessel). The same ratio of indanone 348 and fluoroarene 351 was 

observed by analysis of the crude reaction mixture by 19F NMR. 

A small amount of fluoroarene was observed after attempted electrocyclisation of 

3-phenylacrylate 346; however, formation of difluoroindanone side-products 

ǎǳƎƎŜǎǘ ǘƘŀǘ ǎǇŜŎƛŜǎ ǿƛǘƘ ŀ ƳŜǘƘƻȄȅŎŀǊōƻƴȅƭ ƎǊƻǳǇ ŀǘ ǘƘŜ ʲ-position are unsuitable 

for this transformation.  

 

2.2.2.2 2-Phenylacrylate species 

Lƴ ƻǊŘŜǊ ǘƻ ŘŜǘŜǊƳƛƴŜ ƛŦ ǘƘŜ ƳŜǘƘƻȄȅŎŀǊōƻƴȅƭ ƎǊƻǳǇ ŀǘ ǘƘŜ ʲ-position was inhibiting 

the electrocyclisation reaction, divinylbenzene 364 was generated (Scheme 58) and 

electrocyclisation attempted. 

Scheme 58: Preparation of divinylbenzene 364 
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Acid 362 was esterified under acidic conditions on a 52 mmol scale to afford the 

methyl ester in 99% yield. The ester was then olefinated using paraformaldehyde to 

afford 2-όнΩ-bromophenyl)-acrylate 363 in 58% yield. Suzuki coupling of 363 with 

106b generated divinylbenzene 364 in 46% yield after chromatography. The 

coupling yield was significantly lower than for the corresponding coupling of 3-

phenylacrylate 346 with 106b (91%). The low yield may be due to the steric bulk of 

the electrophile; slow oxidative addition of 363 would result in an increased amount 

of deborylation side product 205b and hence a lower conversion of acrylate 363 

(incomplete conversion of 363 was observed by GC-MS). Since the rate of oxidative 

addition has already been 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. Lloyd-Jones and co-workers suggest that 

one of the key factors governing the rate of release of the active boronic acids from 

trifluoroborate salts is control of the pH.153,174 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 Lloyd-Jones is a THF:H2O (10:1) 

mix that results in a biphase when Cs2CO3 (3 eq) is used as base, 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 phases 

and by addition of more base. Two phases are not present in the Suzuki conditions 

used to prepare 364 and so an effort was made to attenuate the rapid hydrolysis of 

106b by increasing the concentration of Cs2CO3. Mixtures of 106b with 2, 3, 4 and 



138 
 

10 equivalents of Cs2CO3 in t-BuOH/H2O (2.7:1) were stirred at 90 °C for 18 h. A 

sample of each reaction mixture was removed and analysed by 19F NMR (Figure 36). 

 

 

   

 

Figure 36: 19F NMR analysis of crude reaction mixtures from base study (0 ς 10 eq) 

A significant amount of trifluoroborate 106b was present after 18 h when 10 eq of 

base was used. Borate was still present after 48 h (Figure 37), demonstrating that 

increased Cs2CO3 concentrations significantly retarded the rate of hydrolysis of 

106b (t1/2 = ~48 h). 

 

0 eq 

2 eq 

3 eq 

4 eq 

10 eq 

0 : 1 - 106b : 205b 

0.1 : 1 -  106b : 205b 

0.4 : 1 - 106b : 205b 

0.8 : 1 - 106b : 205b 

1 : 0.3 - 106b : 205b 

205b: dd, 2JF-F = 73 Hz, 3JF-H = 16 Hz;  
           d, 2JF-F = 73 Hz 

106b: d, 2JF-F = 64 Hz;  
           dq, 2JF-F = 64 Hz, 4JF-F = 9 Hz; 
           br. s 
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Figure 37: 19F NMR analysis of crude reaction mixtures from base study (10 eq) 

Suzuki coupling of trifluoroborate 106b and acrylate 363 was attempted with an 

increased concentration of Cs2CO3 to try to take advantage of the slower rate of 

hydrolysis of 106b. Suzuki couplings with various concentrations of Cs2CO3 were run 

in parallel (Table 32).  

 

 

3 h 

48 h 

1 : 0.1 - 106b : 205b 

1 : 0.3 -  106b : 205b 

1 : 0.8 - 106b : 205b 

18 h 

205b: dd, 2JF-F = 73 Hz, 2JF-H = 16 Hz;  
            d, 2JF-F = 73 Hz 

106b: d, 2JF-F = 64 Hz;  
         dq, 2JF-F = 64 Hz, 4JF-F = 9 Hz  
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Entry Cs2CO3 (eq) 106b : 205ba Yield of 364b 

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) 19F NMR analysis of RM after 18 h;  b) After chromatography 

Table 32: Suzuki coupling of 106b with 363 using various concentrations of Cs2CO3 

Increasing the base concentration made little difference to the isolated yield of 

divinylbenzene 364. A modest reduction in deborylated species 205b resulted in a 

marginal gain in yield. 

With some divinylbenzene 364 in hand, electrocyclisation was attempted; a solution 

of 364 in diphenylether was stirred at 180 °C in a sealed vessel for 24 h. 19F NMR 

analysis of the reaction mixture revealed complete conversion to a single 

fluorinated product. The new fluorinated compound had a distinctive 19F NMR 

ǎƛƎƴŀƭ όʵ молΦуΣ ŘΣ J = 11 Hz) indicative of fluoroarene formation. Flash 

chromatography (20% diethyl ether in cyclohexane) afforded fluoroarene 365 in 

78% yield.  

Exclusive formation of fluoroarene 365 from divinylbenzene 364 with loss of HF 

represents the first successful electrocyclisation reaction of this type. The scope of 

the methodology was then investigated. 
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Figure 38: 19F NMR spectrum of fluoroarene 365 

 

2.2.2.3 Iterative coupling approach 

Order of coupling 

To increase the scope of the electrocyclisation strategy a double palladium-

catalysed coupling approach was undertaken using 1-iodo-2-bromobenzene 366. To 

determine the most efficient preparation of electrocyclisation precursors, the order 

of vinyl coupling was investigated (Table 33). Divinylbenzene 369 was used as the 

test substrate as it is the simplest divinylbenzene species available by this route.  
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Entry 
Coupling 

Partner 1 
Conditions 

Product 

(yield) 

Coupling 

Partner 2 
Conditions 

Product 

(yield) 

1 
367 

A 

368:(94%) 106b 

B 

369:(59%) 

2 

106b 

B 

370:(46%) 
367 

B 

369:(84%) 

 

A: (PPh3)2PdCl2 (5 mol%), Cs2CO3 (3 eq), t-BuOH/H2O (2.7:1); B: Pd(OAc)2 (5 mol%), Cs2CO3 (3 

eq), RuPhos (10 mol%), t-BuOH/H2O (2.7:1). 

Table 33: Order of coupling in preparation of divinylbenzene 369 

Ψ[ƛƎŀƴŘ-ŦǊŜŜΩ {ǳȊǳƪƛ ŎƻǳǇƭƛƴƎ ƻŦ ǾƛƴȅƭǘǊƛŦƭǳƻǊƻōƻǊŀǘŜ 367 with 366 afforded 2-

bromostyrene 368 in high yield (94%) after chromatography (entry 1). No bis-

coupled side product 371 was observed by GC-MS analysis of the reaction mixture. 

However, traces of a stillbene-type species 372 were observed. Side product 372, 

generated by Heck coupling of styrene 368 and 366, is a common product when 

generating species with a free vinyl moiety under palladium-catalysed 

conditions.146,185,186 The second Suzuki coupling with 106b afforded divinylbenzene 

369 in 59% yield after chromatography and 55% overall yield from 366. 

The alternative coupling order (entry 2) generated 369 in an inferior 39% overall 

yield. The first Suzuki coupling of 106b and 366 resulted in a significant quantity of 
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bis-coupled side product 373. Presumably the electron withdrawing difluorovinyl 

moiety on 370 results in activation of the C-Br bond for a second oxidative addition.  

 

 

 

This bis-coupling issue was observed by Meijere and co-workers when coupling 1-

trifloxy-2-bromocyclohexene with tributylstannyl acrylate (Scheme 59).187 The C-Br 

bond of the first-formed 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. 

 

 

Scheme 59Υ aŜƛƧŜǊŜΩǎ ǳƴŎƻƴǘǊƻƭƭŜŘ bis-coupling of trifloxy-2-bromocyclohexene 374 

with stannane 375 

   

The second Suzuki coupling of 370 with vinyltrifluoroborate 367 afforded the 

desired divinylbenzene 369 in good (84%) yield after chromatography. 



144 
 

The order of palladium-catalysed coupling outlined in entry 1 (Table 33) was 

adopted as the standard method for preparation of electrocyclisation precursors 

under the iterative coupling methodology. 

 

Electrocyclisation: scope and limitations 

Due to time constraints the iterative coupling methodology was not optimised 

further, although it was observed that coupling of 106b with styrenes generated 

from the first coupling did not require the Ruphos ligand to afford product in 

moderate yield. The un-optimised Suzuki couplings to afford electrocyclisation 

precursors are summarised in Table 34. Boronic acids as well as trifluoroborates 

were used in the Suzuki couplings to good effect (entries 5, 7 and 10). 
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Entry Y 
Product ii  

(yield) 

Product iii 

(yield) 

1 

            
367 

 
368:(94%) 

 
369:(59%)a 

2 

         
367 

 
384:(26%) 

 
393:(18%) 

3 

     
249 

 
385:(38%) 

 
394:(60%) 

4 

245 
 

386:(23%) 395:(48%) 

5 

378b 
 

387:(51%) 396:(60%) 
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6 

      
379 

 
388:(16%) 

 
397:(44%) 

7 

      
380 

  
389:(28%) 

   
398:(26%) 

8 

     
381 

  
390:(53%) 

 
399:(28%) 

9 

  
382c 

  
391:(79%) 

  
400:(24%) 

10 

383 
  

392:(27%) 
 

401:(66%) 

 

a) Coupling conditions: (PPh3)2PdCl2 (5 mol%), Cs2CO3 (3 eq), RuPhos (10 mol%), 

t-BuOH/H2O (2.7:1); b)  36% yield when trifluoroborate used; c)  68% yield when boronic 

acid used. 

Table 34: Scope of the iterative coupling methodology  

With several bis-coupled species in hand, electrocyclisation was attempted (Table 

35) using the same procedure as for divinylbenzene 364. There was a marked 

difference in temperature required to effect electrocyclisation of divinylbenzene 

369 and the biaryl species (entries 3-10), 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 species (entries 6-10). 

 

 

Entry Starting material T (°C) t (h) Product (yield) 

1 

 
369 

180 24 

 
402:(84%) 

2 

 
393 

240 48 

 
403:(54%) 

3 

 
394 

240 72 -a 

4 

395 

240 72 

 
404:(4%) 

5 

396 

240 144 

 
405:(5%) 
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6 

 
397 

240 48 

 
406:(31%) 

7 

 
398 

240 48 

 
407:(28%) 

8 

 
399 

240 48 

 
408:(59%) 

9 

 
400 

240 72 

 
409:(42%) 

10 

 
401 

240 48 

 
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 Table 35. There 

have previously been several attempts to establish general scales of aromaticity.188-

190 The most common methods include calculation of aromatic stabilisation energies 
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(ASE) through heats of reaction (combustion and hydrogenation)189 and calculations 

of changes to the magnetic parameters of a compound; magnetic susceptibility 

όɽύ191 and nucleus independent chemical shifts (NICS).192,193 Some values obtained 

for each of these methods are displayed in Table 36. Although the values from each 

method cannot be compared directly, a trend in the measured aromaticities of 

some selected compounds can be made. 

 

 
ɲIcombustion 

(Kcal/ mol) 

ɲIhydrogenation 

(Kcal/ mol) 

NICS(I)a 

(ppm) 

ɽ  

(10-6cm3mol-1) 

Benzene 36-37 36 -10.8 -14.5 

Pyridine 23-43 - -11.1 -13.5 

Thiophene 24-31 29 -10.3 -13.0 

Furan 16-23 22 -9.2 -8.9 

a) GIAO-HF/ 6-311+G* 

Table 36: Literature values for aromaticity using different methods of measurement  

The greater the heat of combustion 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 aromaticity ranking 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 parameters of the aromatic species in table 

36 cannot be used to compare aromaticities of compounds of different ring size.189 

.ƻǘƘ bL/{ ŀƴŘ ɽ ǇǊŜŘƛŎǘ ǘƘŀǘ ǘƘƛƻǇƘŜƴŜ ƛs more aromatic than furan, consistent 

with the heat of reaction results. The strength of aromaticity of benzene and 

ǇȅǊƛŘƛƴŜ ƛǎ ǇǊŜŘƛŎǘŜŘ ǘƻ ōŜ ǎƛƳƛƭŀǊ ōȅ bL/{ ŀƴŘ ɽΤ ƘƻǿŜǾŜǊΣ ǇȅǊƛŘƛƴŜ ƛǎ ƳƻǊŜ 

aromatic in the former and vice versa in the latter.  

These strength of aromaticity trends help rationalise the reaction conditions 

required for the electrocyclisation of the species in table 35. The temperature for 

the cyclisation of divinylbenzenes 346, 364 and 369 (180 °C) is lower than that 

required for the cyclisation 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 divinylpyridine 393, and the poor conversion and long 

reaction time required for pyridine-containing biaryl 394 suggests that pyridine has 

a greater ASE than benzene. After heating pyridyl 394 at 240 °C for 72 h, only a 

small amount of fluoroarene was generated. 19F NMR analysis of the crude reaction 

mixture revealed ~9% conversion of the starting 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 (Scheme 60). No further investigation into the 

electrocyclisation of 394 was undertaken because of this disappointing result. 
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Scheme 60: Attempted electrocyclisation of pyridyl biaryl 394 

Low yields were obtained for fluorophenanthrenes 404 and 405. Electrocyclisation 

of cyano species 396 was monitored by 19F NMR analysis of the reaction mixture 

(Figure 39). A small amount of phenanthrene 405 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% conversion of the starting material. 

Some interesting new signals in the 19F NMR spectrum were observed; these were a 

doublet (2JF-H = 54 Hz), assumed to have arisen from difluoroketone 414 formed by 

cleavage of the DEC group via an acylium ion aided by nascent HF, and a set of 

doublet of doublets ([2JF-F = 259 Hz, 4JF-H = 5 Hz] and [2JF-F = 259 Hz, 4JF-H = 14 Hz]) 

similar to those observed for indanone species 348 (vide supra), assumed in this 

case to be from difluoro- intermediate 413. This species was not expected to be 

observed as it was thought that re-aromatisation by dehydrofluorination would be 

too rapid. Nevertheless, the signal observed is consistent with 413. Generation of 

413 by fluoride addition via an SNAr type reaction to form an equilibrium with 405 

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 phenanthrene 405. The low yield of 405 may be due to loss of 
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material during purification and isolation (chromatography and recrystallisation) as 

the 19F NMR spectrum suggests that the product is almost exclusively desired 

material after a reaction time of 144 h. 

 

 

 

Figure 39: 19F NMR analysis of the generation of phenanthrene 405 

The lower reaction times and moderate yields obtained for heteroaromatic species 

(entries 6-10) suggest that they undergo electrocyclisation more easily than the 

biaryl species 404 and 405; these results correlate well with the strength of 

aromaticity scale inferred from Table 36.  

405; s 

144 h 

72 h 

18 h 

414; d, 2JF-H = 54 Hz 

 

396; d, 2JF-F = 49 Hz 

 
         d, 2JF-F = 49 Hz 

 

413; dd, 2JF-F = 259 Hz, 4JF-H = 5 

Hz 

 

         dd, 2JF-F = 259 Hz, 4JF-H = 14 Hz 
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Table 35 represents the first, unoptimised attempts at electrocyclisation of the 

species and so the moderate to low yields obtained may not be a true 

representation of the utility of the reaction. A range of species have, however, 

ǳƴŘŜǊƎƻƴŜ ŜƭŜŎǘǊƻŎȅŎƭƛǎŀǘƛƻƴ ǿƛǘƘ ǾŀǊƛƻǳǎ ΨŀǊƻƳŀǘƛǎŀǘƛƻƴ ǇŜƴŀƭǘƛŜǎΩ ƻǾŜǊŎƻƳŜ 

(divinylbenzene vs biaryl). Next, preparation and electrocyclisation of non-aromatic 

precursors was investigated.    

 

2.2.3 Strategy 3: triene approach 

2.2.3.1 Preparation of cyclic bromodienes 

Cyclic bromodienes bearing a 5-, 6- and 7-membered ring were prepared in good 

yield using the procedure of Larock and co-workers (Table 37). A Vilsmeier 

formylation generated bromo-aldehydes 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 obtained when 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 degradation pathway 

(Scheme 61) is consistent with these observations. 
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Scheme 61: Proposed degradation pathway of Vilsmeier formylation products 

Immediate consumption of the intermediates in the preparation of the 

electrocyclisation precursors was essential in order to minimise material loss. 

 

 

Entry 
Starting 

material i 

Product ii  

(yield) 

Product iii 

(yield) 

1 
               

418 
 

420:(55%) 
 

423:(72%) 

2          
84 

 
421:(75%) 

 
85:(70%) 

3 
     

419 
 

422:(28%) 
 

424:(63%) 

    

Table 37: preparation of cyclic bromodienes of various ring size 
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2.2.3.2 Preparation of trienes 

The usual Suzuki coupling conditions generated fluoroarene 426 instead of the 

expected triene 425 (Scheme 62). The arene was isolated in 32% yield after 

chromatography.  

 

 

Scheme 62: Unexpected generation of fluoroarene 426 under Suzuki coupling 

conditions 

This result demonstrates that triene species 425 has a considerably lower activation 

barrier to electrocyclisation than the divinylbenzene and biaryl species investigated 

earlier, as no penalty for the disturbance of aromaticity was incurred.  

The coupling reaction of bromodiene 85 with borate 106b was performed at a 

lower temperature and monitored by LC-MS to try to observe the predicted triene 

425 in situ (Figure 40). After a reaction time of 18 h at 70 °C a significant quantity of 

bromodiene 85 remained. A peak with a mass consistent with triene 425 was 

observed, as was a trace amount of fluoroarene 426. Stirring the reaction mixture 

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

amount of fluoroarene 426. The reaction temperature was then increased to 90 °C 
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and a sample was removed for analysis after 3 h; further consumption of 425 and 

generation of 426 was observed. After a further 18 h at 90 °C complete 

consumption of triene 425 was observed. 

 

Figure 40: LC-MS study of the Suzuki coupling of br-diene 85 with borate 106b 

A considerable amount of bromodiene was still present after this time, indicating 

that the coupling reaction to form triene 425 was inefficient and was responsible 

for limiting the yield of fluoroarene 426. 

An attempt to isolate triene 425 by performing the Suzuki coupling at a still lower 

temperature was successful (Scheme 63). Triene 425 was isolated in 32% yield after 

chromatography. 

70 °C, 18 h 

70 °C, 42 h 

 

90 °C, 45 h 

 

90 °C, 63 h 

 

85; Br-diene 

426; F-arene 

PPh3(O) 

425; triene 
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Scheme 63: Preparation of triene 425 at lower temperature 

Fluoroarenes 428 and 430 were generated from their bromodienes in 39% and 48% 

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

coupling at 90 °C (Scheme 64). 

 

  

Scheme 64: Preparation of fluoroarenes 428 and 430. 

A series of fluoroarenes have been prepared with a developed palladium-catalysed 

coupling step at the heart of the methodology. The range in temperatures required 

to prepare the fluoroarenes suggests significant differences in activation energies 

associated with 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 

2.2.4.1 Energies of activation of electrocyclisation 

The energy of activation for the electrocyclisation process of some of the generated 

species was calculated with Spartan software194 at the B3LYP/6-31G**195,196 and 

M06-2X/6-31+G*197 levels of theory (Table 38). Geometry optimisation 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 boat-like geometry.198  

A previous calculation of the energy of activation of 1,3,5-hexatriene by Rodríguez-

Otero199 using the B3LYP/6-омDϝϝ ƭŜǾŜƭ ƻŦ ǘƘŜƻǊȅ όɲ9ϟ = 29.8 Kcal/mol at 400 K) was 

in good correlation with the experimentally determined value of Steiner200 (Ea = 

29.9 Kcal/mol at 390-434 K). To determine if this value could be reproduced the 

calculation was performed using the method of Rodríguez-Otero and also using a 

different method with a higher level of theory (M06-2X/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 1,3,5-

hexatriene electrocyclisation TS generated by M06-2X/6-31+G* was compared with 

the TS previously generated by Otero199 (B3LYP/6-31G**) and Houk198,201 (MP2/6-
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31G*) (Figure 41). A boat-like geometry was predicted by all three levels of theory. 

The M06-2X generated C1-C6 interatomic distance of 2.15 Å compares well with the 

previously reported figures of 2.28 Å and 2.24 Å respectively. The C2-C1-C6 angle of 

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

 

 

 

 

 

 

 

Figure 41: Comparison of M06-2X/6-31+G* generated 1,3,5-hexatriene TS with 

literature data 

The closely related energies of electrocyclisation of 1,3,5-hexatriene calculated at 

the M06-2X/6-31+G* and B3LYP/6-31G** levels of theory with those published in 

the literature, and the favourable comparison of the TS, validated the method to 

investigate energies of electrocyclisation. A dimethylcarbamoyloxy group was used 

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

and therefore simplified the calculations. 

 

 

 

 

 This worka Oterob Houkc 

ɲ9ϟ (Kcal/mol) 29.6 29.8 26.1 

X-Y (a) (Å) 1.87 -d 1.86 

C1-C6 (b) (Å) 2.15 2.28 2.24 

C2-C1-C6 Angle (°) 104.2 -d 104.6 

i˄  (cm-1) 579 573 909 

a) M06-2X/6-31+G*; b) B3LYP/6-31G**; c) MP2/6-31G*; d) Not 

recorded 

 

a 

b 

X Y 
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Electrocyclisationa 

precursor 

ɲ9ϟ (Kcal/mol) 

 

Electrocyclisationa 

precursor 

ɲ9ϟ (Kcal/mol) 

B3LYP/ 

6-31G** 

M06-2X/ 

6-31+G* 

B3LYP/ 

6-31G** 

M06-2X/ 

6-31+G* 

 
431 

30.2 

(578) 

29.6 

(579) 
 

397 

37.4 

(428) 

41.4 

(508) 

 
425 

25.1 

(509) 

27.2 

(539) 
 

398 

36.8 

(426) 

40.6 

(508) 

 
369 

31.6 

(552) 

35.3 

(600) 
 

399 

47.3 

(312) 

53.3 

(406) 

 
393 

33.0 

(549) 

36.4 

(600) 

401 

34.4 

(417) 

37.7 

(489) 

 
364 

30.4 

(509) 

33.4 

(586) 

396 

40.3 

(423) 

46.8 

(491) 

 

a)  DMCO = Dimethylcarbamoyloxy [C(O)NMe2]; imaginary frequencies in parentheses (cm-1) 

Table 38: Calculated energies of activation of electrocyclisation  

The M06-2X/6-31+G* calculations delivered activation energies that were higher 

than the corresponding B3LYP/6-31 G** calculations in every case, with the 

exception of 1,3,5-hexatriene. The trends in energies between each precursor were 


















































































































































































































































































