
 

Photocatalytic difluoromethylation and light-induced iron
cross-coupling in flow
Citation for published version (APA):
Wei, X.-J. (2019). Photocatalytic difluoromethylation and light-induced iron cross-coupling in flow. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische Universiteit Eindhoven.

Document status and date:
Published: 05/11/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 08. Feb. 2024

https://research.tue.nl/en/publications/19ccbe82-4d99-4c7e-b80d-8c5356fc7645


 

Photocatalytic Difluoromethylation and 

Light-Induced Iron Cross-Coupling in Flow 

 

 

PROEFSCHRIFT  

 

 

 

ter verkrijging van de graad van doctor aan de Technische  

Universiteit Eindhoven, op gezag van de rector magnificus  

prof.dr.ir. F.P.T. Baaijens, voor een commissie aangewezen door  

het College voor Promoties, in het openbaar te verdedigen op  

dinsdag 5 november 2019 om 11:00 uur 

 

 

 

door 

Xiao-Jing Wei 

geboren te Henan, China 



 

Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de 

promotiecommissie is als volgt:  

 

voorzitter:   prof.dr.ir. J.A.M. Kuipers 

promotor:   dr. T. Noël  

copromotor(en):  prof.dr. F. Gallucci 

leden:   prof.dr. R.P. Sijbesma 

                                    prof.dr. A.J. Minnaard (University of Groningen) 

        dr. J. Codée (Leiden University) 

          prof.dr. F.P.J.T. Rutjes (Radboud University) 

                                    prof.dr. H. Zuilhof (Wageningen University) 

 

 

 

 

 

 

 

 

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in 

overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening 

  



 

 
 

 

 

 

 

 

 

 

"It is during our darkest moments that we must focus to see the light."---Aristotle 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Xiao-Jing Wei 

Photocatalytic Difluoromethylation and Light-Induced Iron Cross-Coupling in 

Flow 

Eindhoven University of Technology, 2019 

 

A catalogue record is available from the Eindhoven University of Technology 

Library 

ISBN: 978-90-386-4878-1 

 

Printed by GVO drukkers & vormgevers B.V. 

Cover design: Cheng Jin and Xiao-Jing Wei 

Copyright © 2019 by Xiao-Jing Wei 

 

  



 

 
 

 

Table of contents 

Chapter 1: Introduction to Photocatalytic Difluoromethylation and Iron 

induced Kumada Cross-Coupling in Continuous Flow 

1 

Chapter 2: Visible-Light Photocatalytic Decarboxylation of α, β-

Unsaturated Carboxylic Acids: Facile access to Stereoselective 

Difluoromethylated Styrenes in Batch and Flow 

33 

Chapter 3: Visible-Light Photocatalytic Difluoroalkylation-induced 1, 2-

Heteroarene Migration of Allylic Alcohols in Batch and Flow 

73 

Chapter 4: Disulfide-Catalyzed Visible-Light Oxidative Cleavage of C=C 

Bonds and Evidence of an Olefin-Disulfide Charge-Transfer 

Complex 

93 

Chapter 5: Visible-Light-Promoted Iron-Catalyzed Csp2-Csp3 Kumada 

Cross-Coupling in Flow 

113 

Chapter 6: Iron-Catalyzed Cross-Coupling of Alkynyl and Styrenyl 

Chlorides with Alkyl Grignard Reagents in Batch and Flow 

163 

Chapter 7: Summary 193 

List of abbreviations 196 

Publication 198 

Acknowledgments 200 

About the author 202 

 

  





Chapter 1  

Introduction to Photocatalytic Difluoromethylation and 

Iron induced Kumada Cross-Coupling in Continuous 

Flow 
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1.1 Photoredox catalysis in Continuous flow 

1.1.1 The renaissance of visible light photocatalysis 

The area of radical chemistry has been flourished in recent decades and various reaction conditions 

have been discovered. The traditional method to produce radical intermediates often involves the use 

of stoichiometric amount of toxic reagents (e.g. Bu3SnH) at high temperature or using (Bu3Sn)2 in 

combination with UV irradiation.1 The use of such harsh reaction conditions always leads to pollution 

of the environment and undesired side reactions. On the pursuit of a more sustainable approach to 

generate radicals, visible light photocatalysis has attracted a lot of attention, as it features with mild 

reaction conditions (room temperature, avoidance of toxic redox reagents, and selective activation of 

the photocatalyst with visible light) and great functional group tolerance. Moreover, as visible light 

is abundantly available in the solar spectrum, solar energy can be used as well to drive photocatalytic 

reactions forward.2 

 

Scheme 1. 1: Traditional and modern approach to radical intermediate 

Since the first application of visible light photocatalysis in organic synthesis in 1978 by Kellogg and 

coworkers,3 this field has not received enough attention. This changed completely when Macmillan 

and Nicewicz reported the direct asymmetric alkylation of aldehydes using a combination of 

organocatalysis and photoredox catalysis in 2008.4 After that, an exponential growth in research was 

witnessed within this field allowing the traditional domain of radical processes to be extended.5 After 

the seminal work of Macmillan,4 photo [2 + 2] cycloaddition6 and dehalogenation reactions7 were 

developed subsequently by the Yoon, and Stephenson groups. A lot of catalytic pathways such as 

decarboxylation,8 radical C-H functionalization of aromatic compounds,9 fluoroalkylation reactions5c 

and so on, were shown to proceed through visible light photocatalysis. Moreover, visible light 

photoredox catalysis has also been used in the total synthesis of complex natural products,10 serving 

as an efficient strategy to access structurally complex molecules.  
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As most organic molecules are transparent for visible light (390-700 nm), visible light can only be 

harnessed by the transition metal or organic photocatalyst. This feature cannot be underestimated as 

it minimizes the amount of byproducts formed through overirradiation. Some of the most commonly 

used photocatalysts in synthetic chemistry are shown in Scheme 1.2. The photocatalysts are mainly 

dominated by highly conjugated systems, which include transition metal complexes with diverse 

ligands that can tune the properties of the catalyst, functionalized organic dyes and inorganic clusters.  

Scheme 1. 2: Examples of commonly used photocatalysts 

In the mechanisms, the photocatalysts absorb photons and convert the energy of the photon to 

chemical potential which can be used in the transformation of the substrates. The interaction between 

the excited photocatalyst and the substrate could lead to the generation of a different array of reactive 

intermediates, by which the photocatalysis can be divided into three types: electron transfer, hydrogen 

atom abstraction and energy transfer, the details are shown in Scheme 1. 3: 
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Scheme 1. 3: Three reaction types using visible light photocatalysis 

1.1.1.1 Electron transfer (photoredox catalysis) 

Much of the recent interest in photocatalysis was focused on photoexcited molecules to participate in 

electron transfer process (photoredox catalysis). Upon excitation, the photocatalyst can be excited 

with visible light, producing a stable, long-living photoexcited species [PCn]*, which can engage in 

electron transfer process with the substrates. The photo-excited molecule is both a stronger reductant 

and oxidant compared to the ground state molecule. Thus, this class of photoredox reactions can be 

involved in single electron oxidation or single electron reduction transformations. The resulting 

reactive radical ion species, e.g. A-• or D+•, can subsequently react further in diverse bond forming 

reactions. The general photoredox processes are shown in Scheme 1. 4: 

 

Scheme 1. 4: General mechanism cycle of photoredox catalysis 
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To verify whether the reaction is proceeding through an oxidative quenching or reductive quenching 

process, the Stern-Volmer quenching experiment is often employed.11 This experiment examines the 

competing two deactivation pathways, quenching via electron transfer or emission. The I0/I =1+ 

kqτ0[Q] is used to explain the relationship between the quencher concentration and emission intensity, 

the I0 and I are the emission intensity in the absences and presence of a quencher, kq is the quenching 

rate constant, τ0 is the excited-state lifetime of the photocatalyst, and [Q] is the concentration of 

quencher. KSV is introduced as Stern-Volmer constant, equal to kqτ0, which was shown in the plot of 

the relationship between I0/I and the concentration of the quencher [Q].  

In 2008, Macmillan and Nicewicz developed a protocol to achieve the asymmetric catalytic α-

alkylation of aldehydes via a dual photocatalytic/organocatalytic protocol. The alkyl radicals 

generated via SET reduction from the corresponding halides coupled in an enantioselective manner 

with intermediate enamines. Yoon and co-workers reported the intramolecular [2+2] enone 

cycloaddition reaction by photocatalysis, in this work, Lewis acid was employed to improve the 

reactivity of the enone substrates.12 In 2009, the Stephenson group reported the reductive 

dehalogenation of benzylic and α-acyl halides under a mild reaction condition13 (Scheme 1. 5). These 

early reports showed the potential of photoredox catalysis in the development of organic reactions, 

since then, a diverse of Ir and Ru polypyridyl complexes and organic dyes were found to be used as 

photocatalyst.  
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Scheme 1.5: Early examples of photoredox catalysis 

1.1.1.2 Energy transfer 

Another important reaction mechanism for photocatalysis is energy transfer. Compared to the well-

developed single electron transfer photocatalysis, energy transfer has remained largely 

underdeveloped. With the prosperous development of photocatalysis, there are still a lot of organic 

substrates which will not engage into the oxidative or reductive processes due to incompatible redox 

potentials; hence, a single electron transfer process cannot occur. However, the excited 

photosensitizer has often a relatively high triplet energy, allowing the activation of a substrate with a 

lower triplet energy (i.e. the energy acceptor; EA) through an energy transfer pathway. Compared 

with electron transfer processes, the energy transfer process depends on the triplet state energies of 

the substrate and the photosensitizer, rather than the redox potential.14 This reaction pathway may 

provide a complementary approach to photoreactions and provide new opportunities for organic 

molecule activation. 

All visible light mediated energy transfer processes follow a reaction pathway which is shown below. 

The ground state (S0) photosensitizer absorbs visible light and reaches a low-lying excited singlet 
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state S1. Then an intersystem crossing (ISC) rapidly happens and produces the photosensitizer in the 

triplet state (T1). The energy is facial to be transferred from the photosensitizer to the substrate (energy 

acceptor, EA), affording the substrate (EA) from the ground singlet state (S0) to the actived triplet 

state (T1). The photocatalyzed energy transfer follows a Dexter-type electron transfer.15 In energy 

transfer reactions, the triplet energy of the photosensitizer (energy donor) must be higher than those 

of the substrates (energy acceptor, EA). At the same time, the intersystem crossing rate of the 

photosensitizer should be high enough to provide an efficient way to obtain the triplet state substrate 

(EA). Various ruthenium- and iridium-based photosensitizers and organic dyes are good candidates 

for energy transfer reactions as they possess a relatively high triplet energy and a long lifetime of 

excited triplet states (Scheme 1.6). 

 

Scheme 1. 6: Reaction process of energy transfer  

The Scheme 1.7 shows the overview of the structure and excited triplet energies of known 

photosensitizers and selected substrates. It is shown in Scheme 1.7 that the triplet energy is not related 

to the structure of the compound, but generally the enlargement of the conjugating system leading to 

a lower triplet energy. The application of energy transfer processes can be divided major into 4 types: 

the [2+2] photocycloadditions reactions,6 the sensitization of azide compounds,16 the isomerization 

of alkenes17 and generation of reactive singlet oxygen18.  
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Scheme 1. 7: Overview of the excited triplet energies of known photosensitizer and selected  

substrates (kcal/mol) 

As an important motif of many natural product, the construction of cyclobutanes always needs to rely 

on the [2+2] photocycloaddition reaction by UV light. However, with the direct excitation of the 

alkenes, the reaction suffers from poor selectivity. In 2012, Yoon and co-workers reported the 

intramolecular [2+2] styrene cycloaddition reaction through use of an Ir-based photocatalyst and 

visible light (Scheme 1. 8). This energy transfer process attracted a lot of interest and many similar 

[2+2] photocycloadditions reactions were developed afterwards.6,19 

  



_______________________________ Introduction _______________________________ 

9 
 

 

Scheme 1. 8: [2+2] styrene cycloaddition reaction by energy transfer 

Azide-containing compounds are commonly used in the synthesis of nitrogen-containing heterocycles. 

However, azides are very sensitive to heat, light and transition metals. In the conventional protocols, 

UV light or high temperature are always used.20 In 2014, Yoon and co-workers discovered the visible 

light sensitization of aryl and vinyl azides to produce nitrenes with Ru(dtbbpy)3(PF6)2.16 In the 

mechanism, the authors proposed that the energy was transferred from the excited-state catalyst to 

the azides to produce the triplet state intermediate. Next, the nitrene intermediate was formed while 

nitrogen is released, which is followed by producing the azirine. Finally, the intramolecular 

cycloaddition results in the formation of the final pyrrole product. 

 

Scheme 1. 9: Synthesis of pyrrole via nitrene intermediate 

Another important application of energy transfer in visible light is alkene isomerization. In early 

studies of photocatalysis, when fac-Ir(ppy)3 was used in the C=C bond formation reactions, the E/Z 

selectivity is always an issue.21 In 2014, Weaver and co-workers found that by irradiation of the more 

thermodynamically stable E-alkene isomer the less stable Z-isomer can be obtained.17 Both an energy 

transfer and a reductive quenching mechanism were proposed. Two years later, they found that by 

tuning the size of the ligands of photocatalyst, selectable E/Z C−F alkenylation products could be 

obtained.22 When a bulky catalyst (i.e. Ir(tBuppy)3) was used, the E-isomer could be obtained, while 

the less sterically hindered catalyst (i.e. Ir(dFppy)3)affords the Z isomer selectively. They proposed 

that this reaction proceeds via an energy transfer process and the use of photocatalyst bearing bulkier 

ligands results into a slower energy transfer. 
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Scheme 1. 10: Reactions of E/Z selectivity of alkenes 

In 2004, a metal-free oxygenation of sulfides to sulfoxides with Rose Bengal as photosensitizer was 

reported.23 The mechanism studies show that the singlet oxygen was formed through energy transfer 

from excited-state of Rose Bengal. This selective aerobic oxidation reaction shows the great promise 

for the oxygenation of sulfides to sulfoxides through visible-light-induced O2 sensitization (Scheme 

1. 11). 

 

Scheme 1. 11: aerobic oxidation of sulfides with Rose Bengal 
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1.1.2 The advantages of continuous-flow photochemistry 

Despite the great interest in photocatalysis as a synthetic tool, the challenges in scaling photochemical 

transformations still hampers its widespread adoption in industry. Typically, longer reaction times 

and low selectivities are observed when scaliong up. As in larger size reactors the radiation 

distribution is not uniform. The absorption of the light can be explained with a simplified version of 

the Bouguer-Lambert-Beer law: 

A = log10 T = log10 
𝐼0
𝐼

 = εcl 

The equation shows that the light absorbance (A) is influenced by the molar extinction coefficient (ε) 

of the absorbing compound, the concentration of the absorbing species (c) and the path length to the 

light source (l). The influence of the dimensions of photoreactors on light absorption is illustrated in 

Figure 1.1.2b,24 As the high molar extinction coefficient (ε) of the [Ru(bpy)3]2+ photocatalyst, in the 

first 500 micrometers, 50% of the light irradiation has already been absorbed when the concentration 

of the photocatalyst is 0.5 mM. But for a traditional batch-type photoreactor, the first fluid layers 

witnessed a strong intensity light, while the center almost none. Thus longer exposure times are 

needed to obtain full conversion, resulting in longer reaction times and possibly leading to side 

reactions due to over-irradiation. This problem can be solved by using microreactors which have 

smaller dimension. The almost perfect illumination homogeneity can be achieved owing to the narrow 

width of the capillary or tubing, providing a more efficient performance of the photoreactions. 

 
Figure 1. 1: Absorbance of incident light as a function of distance in the reaction medium containing 

[Ru(bpy)3]2+ as a photocatalyst 
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Figure 1. 2: Picture of the set-up for photoreactions 

Continuous flow provides a reliable way for the scale up of photoreactions. Moreover, it also provides 

faster mixing than batch.2b The better control on the mixing can result in higher reaction selectivities.25 

Booker-Milburn et al. developed a operationally simple photoreactor consisting of medium pressure 

Hg lamp with a cooling well with perfluoroethylenepropylene (FEP) tubing wrapped around the lamp 

(Figure 1. 2-right) .26 The reactor was able to produce 178 g intermolecular [5+2] photocycloaddition 

product (Scheme 1. 17). This system is highly advantageous compared to the traditional batch set up, 

as it not only ensures a large surface-to volume ratio w, but also avoids over-irradiation by removing 

the product from the reaction system continuously.  

 

Scheme 1. 17: Large scale synthesis via photocatalysis in flow 

Later, our group developed an inexpensive, compact modular photoreactor with commercial available 

parts (Figure 1. 2A).27 The LED strip was used as a light source which provides visible light at short 

wavelength range with high intensity. Perfluoroalkoxyalkane (PFA) capillary was used as the reactor 

material which is transparent for both UV and visible light. This system was successfully used in 

several photocatalytic transformations, showing reduced reaction times, higher selectivities and lower 

catalyst loading.28  

Flow chemistry also provide safe opportunities in case hazardous reagent are used.29 The nature of 

specific hazardous reagent can limit their use, especially for large scale production. However, 
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sometimes the hazardous chemicals show unique reactivity and the alternative routes often need 

longer reaction steps or are expensive. For example the nitrations, halogenation and lithiation 

chemistry can be problematic on scale as these reactions are highly exothermic and extremely fast. 

These reactions tend to accumulate heat and form hot spots, leading to the uncontrollable side product 

formation. The traditional way to handle these issues is to dilute the solution or add the compound in 

small portions or by cooling the reaction.  

Another advantage of having a high surface-to-volume ratio is that it can provide fast heat transfer, 

which is the optimal option for the operation of exothermic reaction conditions. For example, 

organolithium compound have been used in flow by many groups, one pioneering group is the one 

headed by Yoshida who introduced the concept of ‘flash chemistry’.This concept demonstrates the 

fast generation of the unstable intermediates in a microreactor within milliseconds of residence time 

by accurate control of the flow rates and the reactor temperature.30 The application of Grignard 

reagent in flow have also been reported, notably Jesus Alcazar et al. developed an interesting protocol 

to produce Grignard reagents and organozinc reagent in flow with an on-column activation of metal 

powder, thus providing a safe and clean preparation of organometallic reagents in flow.31  

 

 

Scheme 1. 18: The use of organic lithium reagent and Grignard reagent in flow 

1.2 Photocatalytic Difluoroalkylation Reactions 

The introduction of fluorine or fluorinated moieties into organic molecules has attracted lots of 

attention in recent years since fluorine atoms play a crucial role in improving the ADME properties 

of drug molecules.32 As a common fluoroalkyl group, the difluoromethyl group often brings many 

beneficial effects to the aimed molecules, which are found in many pharmaceuticals and 

agrochemicals.33 The hydrogen bond donor properties of the difluoromethyl group increases acidity 
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of its neighboring group, which increases dipole moments and conformational changes in the 

molecules, showing superior lipophilicity, binding selectivity, metabolic stability than 

nonfluoroalkylated analogues.34 Thus difluoroalkyl group can be found in some pharmaceutical 

compounds, which is shown in Scheme 1. 19. 

 

Scheme 1. 19: Examples of difluorinated compounds in drugs 

Many strategies to introduce −CF2H and −CF2Y (Y ≠ H, F) into organic molecules have been 

developed. Among them, photocatalytic difluoromethylation plays a very important role due to mild 

conditions and good functional group tolerance. Traditionally, difluoromethylated compounds were 

prepared with diverse methods, eg. deoxyfluorination of aldehydes with SF4, DAST (N, N-

diethylaminosulfur trifluoride), Deoxo-Fluor (bis(2-methoxyethyl)aminosulfur trifluoride).35 

However, harsh reaction conditions are needed and the group tolerance is very poor. In recent years, 

many protocols on transition metal photocatalytic difluoromethylation have been developed, 

meanwhile many radical precursors were used to introduce −CF2H or −CF2Y (Y ≠ H, F), which were 

shown below in Scheme 1. 20: 

 

Scheme 1. 20: Radical precursors for difluoroalkylation 
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The photocatalytic difluoromethylation reactions has already been widely applied into different 

substrates, like aromatic, alkenes, alkynes and alcohols difluoromethylation.36  

Since 2014, difluoromethylation was introduced to modify unreactive arenes and heteroarenes by 

direct C−H functionalization with visible light with fac-Ir(ppy)3 at room temperature.9 This protocol 

provided a strategy that does not need any prefunctionalization and tolerates a broad substrate scope 

of arenes and heteroarenes with both electron-rich and electron-poor functional groups. The 

mechanism was studied with Stern-Volmer quenching experiment, EPR and kinetic isotope effect 

experiments, which show the photocatalytic pathway proceed via oxidative photocatalytic way and 

the formation of •CF2CO2Et. However, the reaction suffered from poor regionselectivity. After that 

the BrCF2PO(OEt)2 was also applied successfully as a reagent for the modification of unreactive 

arenes and heteroarenes.37 

 

Scheme 1. 21: Difluoroalkyation of unreactive arenes 

The alkene difluoromethylation was achieved by visible light photocatalysis with different radical 

precursors to generate –CF2H and –CF2Y moieties, such as N-tosyl-S-difluoro-methyl-S-

phenylsulfoximine, 38 bromodifluoromethylphosphonium bromide, 39 ethyl bromodifluoroacetate and 

its acetamide derivatives,40 methyl fluorosulfonyldifluoroacetate41.  

 

Scheme 1. 22: Difluoroalkylation of alkenes 

Difluoromethylation of alkynes with visible light photocatalysis was achieved via a four-component 

reaction with DABCO•(SO2)2 and hydrazines catalyzed by 9-mes-10-methyl acridinium perchlorate, 

the (E)-ethyl 2,2-difluoro-4-aryl-4-sulfamoylbut-3-enoates were obtained with the insertion of sulfur 
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dioxide in good yield and stereoselectivity.42 The direct difluoromethylation of alkynes can be 

achieved with Platinum(II) complexes,43 the reaction shows high efficiency and good substrate scope, 

showing the promise of Pt(II) complex in visible light photocatalysis. 

 

Scheme 1. 23: Difluoroalkylation of alkynes 

Among the diverse of fluorinated groups, the fluoroalkoxy group such as −OCF3, −OCF2H, −OCH2F 

are being increasingly used in a variety of applications. In particular, the difluoromethoxy group 

(−OCF2H) attracted a lot of attention, as the difluoromethoxy group (−OCF2H) is strong electron 

withdrawing and able to donate a hydrogen to the target molecule. The latter improves the binding 

selectivity of the aimed molecule. A general method to achieve this goal is to use TMSCF2Br in a 

biphasic system consisting of CH2Cl2 and H2O.44 This method provides not only a solution to the 

synthetic problem of the difluoromethylation of alkyl alcohols, but also provides new mechanistic 

insight to this reaction. Recently, a photocatalytic method of difluoromethylation of phenols and 

thiophenols was developed with difluorobromoacetic acid.45 The Cs2CO3 and catalytic amount of fac-

Ir(ppy)3 were used in this system, a variety of aromatic −OCF2H and −SCF2H compound were 

obtained in high yield and good functional group tolerance. The mechanistic study shows that the 

reaction proceeds through a difluorocarbene generated under visible-light photocatalysis, providing 

an efficient way to construct the −OCF2H and −SCF2H compound. 

 

Scheme 1. 24: Reactions to produce the −OCF2H and −SCF2H containing product 
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1.3 Iron catalyzed Cross-Coupling reactions 

Centered in the d-block, iron is transition metal that belong to the group 8 processing the electron 

configuration [Ar]3d64s2, which allowing iron to support oxidative state ranging from  ̶ II to +VI. 

Thus iron based catalyst is expected to provide reductive as well as oxidative ability, holding the 

promise to be able to achieve the organic synthesis to a large extent. Although the challenges in this 

field still remain, the effort of the metal in application and synthesis has never been stopped. 

 From last century, iron-based catalysts have been employed mainly as heterogeneous catalysts.46 A 

mile stone was reached when the Haber–Bosch process was patented in 1910, which converted 

nitrogen and hydrogen into ammonia by the cleavage of the N≡N triple bond. The ammonia obtained 

from this process plays an important role in the synthesis of fertilizers, building up the chemical basis 

for increasing the food production. Another important application of iron catalysts is the Fischer-

Tropsch process, where a mixture of CO and H2 (“synthesis gas”) is converted to obtain liquid fuel, 

which plays an important role in providing an energy supply that is independent from raw oil. 

In past few years, iron catalyzed homogeneous catalysis also found its application in natural product 

synthesis47 and the pharmaceutical industry.48 In the total synthesis of FTY720 (a promising immune-

modulatory agent), the reaction between reaction intermediate triflate and octylmagnesium bromide 

with catalytic amounts of Fe(acac)3 afforded the key building block in multi gram scale, providing a 

chemo- and regioselective protocol for the later functionalization. In the total synthesis of 

muscopyridine and isooncinotine, iron catalysis has been successfully applied in the selective and 

sequential cross-coupling, affording the key framework in high selectivity and efficiency47b. 

Moreover, a series of medicines were synthesized in the pharmaceutical industry, for example sex 

pheromone Lobesia botrana, antihypertensive medicines, and treatments for multiple sclerosis and 

calcimimetics have been successfully prepared on kilogram-scale. 
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Scheme 1. 25: Examples of application of iron 

1.3.1 Why iron catalysis? 

Over the past three decades, transition metal catalyzed cross coupling reactions have emerged as one 

of the most fundamental synthetic transformations to enable efficient carbon-carbon and carbon-

heteroatom bond formation.49 In 1971, Kumada and Corriu first discovered the iron-catalyzed cross 

coupling of vinyl halides with Grignard reagents.50 After this promising lead, a prosperous 

development of the cross coupling reaction between diverse organometallic nucleophiles and 

organometallic electrophiles was achieved. In addition, a wide variety of transition metals, such as 

palladium, nickel, copper, iron, were employed in combination with suitable ligands. 51 This category 

of C−C cross-couplings found essential application both in academia and industry, and was rewarded 

the Nobel Prize Chemistry in 2010 for Heck, Negishi and Suzuki.  

 

However, it should be noted that iron is nearly not as established as Pd or Ni in the field of cross-

coupling. Nevertheless, the potential to use multiple available oxidative states, ranging from  ̶ II to 

+VI, makes iron a promising metal for the cross-coupling field. Moreover, iron got two other major 

advantages, i.e. its high abundance and relative low toxicity. Besides aluminum (8%), iron is the 
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second most abundant metal in the earth’s crust, comprising around 6% of mass on the surface of the 

earth. The abundance of iron consequently causes its low cost. Compared to other metals on the world 

market, the price of iron is very competitive: in May 2019, one gram of palladium cost $42.73 and 

iridium $47.58, while one ton of iron costs only $86.47.  

In addition, iron is recognized as a non-toxic metal to humans. According to the 2007 report by the 

European Medicines Agency, the residual limit for iron is 1300 ppm in final pharmaceuticals, 

compared to ≤ 10 ppm for most other transition metals like Pd, Pt, Ir, etc.52 Iron is also present in a 

large number of biological systems, for example the iron-dependent enzymes, Hemoglobin and 

Cytochrome P450, which are vital for all forms of life on earth. As an important trace metal for 

humans, lack of iron will lead to anaemia, behavioral and learning disorders for children.53 Based on 

these apparent advantages and due to the increasing demand for sustainable and green chemical 

processes, catalytic processes based on iron hold great promise for chemical synthesis.  

1.3.2 The development of iron catalyzed cross-coupling of Grignard Reagents 

1.3.2 .1 Csp2 electrophiles 

In 1941, Kharasch et al. were the first to report the iron-mediated homo-coupling of aromatic 

Grignard reagents in the presence of catalytic amounts of metallic halides (Scheme 1. 26).54 Metallic 

halides CoCl2, FeCl3, MnCl2 and NiCl2 were proposed to be reduced to a lower oxidation state by the 

Grignard reagent and the organic halide functioned as the ‘oxidant’. 

 

Scheme 1. 26: Kharasch’s coupling reaction 

After 30 years of these pioneering studies, Kochi and Corriu et al. reported the first example of a 

cross-coupling between alkenyl halides and alkyl Grignard reagents with catalytic amounts of 

FeX3.50b,55 Interestingly, the E/Z configuration of the substrate could be kept and (E)-alkenyl bromides 

reacted about 15 times faster than (Z)-configured counterparts (Scheme 1. 27). By lowering the 

reaction temperature and changing the solvent, also aryl Grignard reagents were tolerated. However, 

the alkenyl halides needed to be used in large excess (3 to 5 equiv.) and the yield based on Grignard 

reagent was always moderate.  
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Scheme 1. 27: Kochi and Corriu’s pioneering work on Fe-based cross-coupling 

This limitation was overcome by addition of NMP as a cosolvent by Cahiez et al. in 1998. 56 Under 

the optimized conditions, alkenyl halides (1.0 equiv., X = I, Br, Cl) reacted stereo- and 

chemospecifically with Grignard reagents. NMP proved to have a beneficial influence on the reaction 

especially for substrates that were less reactive (Scheme 1. 28). Furthermore, reactive functional 

groups were better tolerated, such as esters, amides, ketones, alkyl chlorides and phosphates. This 

finding not only provided an alternative to palladium and nickel catalysis but also provided the 

possibility for the iron catalysis to synthesize more complex molecules with useful functional groups 

in the pharmaceutical industry. 48 

 

Scheme 1. 28: Cahiez’s cross-coupling with NMP as additive 

Next, further studies to expand the scope of the alkenyl halides have been carried out.56-57Also, alkenyl 

sulfones, alkenyl bromide, alkenyl phosphate, alkenyl triflate, alkenyl sulfides, alkenyl carboxylates 

proved to be suitable substrates in iron-based cross coupling chemistry (Scheme 1. 29). The fact that 

iron could be used in the cross-coupling of alkenyl sulfides with Grignard reagent is remarkable. 

Cross-coupling takes place exclusively at the alkenyl−S position, which highlights the unique 

selectivity of iron catalysis. Also alkenyl and aryl carboxylates can be activated with FeCl2.  

 
Scheme 1. 29: iron catalysis with various aryl and alkyl halides 

https://en.wikipedia.org/wiki/Triflate
https://en.wikipedia.org/wiki/Triflate
https://en.wikipedia.org/wiki/Triflate
https://en.wikipedia.org/wiki/Triflate
https://en.wikipedia.org/wiki/Triflate
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In 2002, Fürstner and coworkers developed the first coupling of aryl electrophiles with alkyl Grignard 

reagents.58 This report expanded the Csp2 electrophile substrate scope from alkenyl halides to less 

reactive aromatic halides. Electron-deficient aryl- and hetero-aromatic chlorides and tosylates, as well 

as electron rich aryl and hetero aromatic triflates were well tolerated in the protocol developed by 

Fürstner. Tolerated functional groups comprise for example sulfonates, esters, acetals, ethers, nitriles 

sulfonamides, thioethers, alkynes and −CF3 groups. As the activation of the aryl chloride is much 

faster than the attack of Grignard reagent to the polar groups, these functional group remained intact. 

The high functional group tolerance allows this method for further application in total synthesis and 

API synthesis.47a,48 Interestingly, by introducing two different Grignard reagents sequentially, 

difunctionalized products could be obtained in good yield (Scheme 1. 30). The site-selectivity of iron 

catalysis was further demonstrated in the total synthesis of muscopyridine.47b It was found that 

TMEDA or a simple alkoxide magnesium salt (EtOMgCl) could replace NMP, allowing for the gram-

scale synthesis in a cheap and eco-friendly fashion.59 

 

Scheme 1. 30: Difunctionalization with iron catalysis 

The combination of aryl Grignard reagents and MeMgBr shows low reactivity in the reaction 

conditions described above due to the absence of β-hydrogen. This limitation was overcome through 

combination of FeF3 and saturated N-heterocyclic carbene (SIPr-HCl) by the Nakamura group.60 This 

procedure allows for the synthesis of various unsymmetrical biaryl compounds starting from aryl 

chlorides and aryl Grignard reagents in high yield and selectivity. Also, the methylated compound 

could also be obtained. However, electron rich aryl chlorides remained relatively unreactive in 

Kumada-type cross-coupling as they could only be activated at high temperature: the aimed product 

can be obtained at 80 oC after 24 to 84 hours reaction (depending on the reactivity of the Grignard 

reagent). (Scheme 1. 31).60b,61 

 

Scheme 1. 31: Kumada cross-coupling with electron-rich aryl chloride 

With addition of TMEDA, the Grignard reagent can be generated in situ from the corresponding alkyl 

or aryl bromide or chloride.62 The mechanistic study reveals that both aryl and alkyl Grignard reagents 

were formed during the reaction. The selectivity of this reaction increases with higher loading of 
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TMEDA, possibly stabilizing the metal complexes (Fe and Mg). The formation of the Grignard 

reagent is accelerated by FeCl3, which appears to be the rate-determining step. This protocol provides 

a good example of a one-pot Kumada cross-coupling protocol which avoids the use of sensitive 

Grignard reagents (the detail are shown in Scheme 1. 32). 

 

Scheme 1. 32: example of domino reaction with iron catalysis  

1.3.2.2 Csp3 electrophiles 

In 2004, the Csp2- Csp3 cross-coupling between alkyl halides and aryl Grignard reagents was achieved 

with iron catalysis (Scheme 1. 33). With FeCl3 as catalyst, Nakamura63 et al. developed a protocol to 

couple alkyl halides with aryl Grignard coupling partners. In this reaction, TMEDA works as a 

bidentate ligand and suppresses side reactions such as β-hydrogen elimination. Fürstner et al. 64 found 

that when the low valent iron(  ̶ II) complex [Li(TMEDA)]2[Fe(C2H4)4] was employed, a wide variety 

of alkyl bromides and iodides could react smoothly with aryl Grignards. Both studies proposed a 

radical pathway. The Hayashi group found that Fe(acac)3 could also be used in the cross-coupling of 

Csp3 electrophile substrates and aryl Grignard reagents.65 

 

Scheme 1. 33: examples of Csp2- Csp3 cross-coupling 

The Csp3- Csp3 cross-coupling is still challenging and the reaction between alkyl halides and alkyl 

Grignard reagents can be achieved with Fe(OAc)2 and Xantphos (Scheme 1. 34). The difficulty in the 

reaction lies in the competitive homocoupling and β-hydrogen elimination. The addition of Xantphos 

could reduce the formation of the side product. A mechanistic study suggested that an alkyl radical 

was formed from the corresponding alkyl halides. 
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Scheme 1. 34: Examples of Csp3- Csp3 cross-coupling 

1.3.3 The mechanism study of Kumada-Corriu Cross-Couplings 

Up to now, numerous useful methodologies based on iron catalysis have been developed. However, 

the precise mechanism of Fe-based cross coupling remains rather unclear, especially in comparison 

to Pd cross-coupling chemistry. As paramagnetic active species can be formed during the reaction, 

traditional characterization methods, such as NMR, cannot be used. Also the active paramagnetic 

intermediate is highly sensitive and short-lived, making the direct characterization of the actual 

catalytic species a daunting challenge.  

 

Scheme 1. 35: General Mechanism of iron catalysis 

Nevertheless, the understanding of the precise mechanistic details remains a topic of great interest. 66 

Generally, iron catalysis follows the well-known catalytic cycle of oxidative addition, transmetalation, 

and reductive elimination, widely accepted for most metal-catalyzed coupling reactions (Scheme 1. 

35). Both two-electron and single electron transfer (SET) process can occur in iron catalysis. 

Moreover, the oxidation state of the catalytic cycle ranges between Fe( ̶ II)/ Fe(0),67 Fe(0)/ Fe(II),68 

Fe(+I)/ Fe(+III),69 Fe(II)/Fe(III),70 Fe(II)/Fe(IV)71 depending on the reaction conditions. Some 

important mechanistic studies are discussed below. 

In 1976, Kochi and coauthors found that, in the coupling of alkenyl halides with alkyl Grignard 

reagent, reactive Fe(I) species were formed (S = 1/2 ) in situ from the Fe(III) pre-catalyst by addition 

of Grignard reagent. It was speculated that the oxidative addition of the vinyl halides to Fe(I) was the 

rate limiting and stereospecific step. Next, the Fe(III) intermediate then undergoes transmetalation 
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and reductive elimination. A radical pathway is not involved in this Fe(I)/Fe(III) catalytic cycle and 

was supported by EPR.  

In 2008, Fürstner et al. carried out a thorough study of the mechanism, operative under their 

developed protocol,67 through synthesis of a series of well-defined ferrate complexes, e.g. 

[Li(TMEDA)]2[Fe(C2H4)4], [Fe(cod)2][Li(dme)]2 etc. Although the real catalytic cycle is still difficult 

to rationalize, after testing various ferrate complexes with different oxidation states, an Fe( ̶ II)/Fe(0) 

cycle was suggested. Under their reaction conditions, radical intermediates were observed.  

In recent years, physical-inorganic spectroscopy analyses, such as Mӧssbauer, EPR, XAS and MCD 

at low temperature, under inert atmosphere, were carried out in combination with density functional 

theory (DFT) and gas chromatography. This proved to be a powerful approach for the identification 

of in situ formed, reactive iron species.66c,72  

In 2004, based on the interest in looking for the intermediate in Kochi’s study, Neidig’s group isolated 

and characterized an Fe(III) complex, [MgCl(THF)5][Me4Fe]·THF, from the reaction between FeCl3 

and MeMgBr in THF at -80 oC. Upon heating the reaction mixture to room temperature, this S = 3/2 

species converts to an S = 1/2 species , which was observed by Kochi’s group.73 This indicates that this 

structure is probably the intermediate which originates from the reduction of Fe(III) with Grignard 

reagents. Two years later, in a combined EPR and MCD study, they succeeded to isolate and 

characterize the Fe(I) intermediate [MgCl(THF)5][Fe8Me12]–.74 This complex shows low reactivity 

but, upon addition of Grignard reagent, the cross-coupling product is formed smoothly, suggesting 

that this structure is indeed an intermediate. 

In summary, reaction mechanisms for Fe-based cross-coupling can be divided in two major types, i.e. 

radical and non-radical pathways. Fe(+I)/Fe(+III) are normally involved in non-radical pathway. 

Radical-type pathways involve typically Fe( ̶ II), Fe(0), Fe(II) species. When ligands (e.g. TMEDA 

or diphosphine ligand) are needed in the radical-based cross-coupling, a catalytic cycle of 

Fe(+II)/Fe(+III) is proposed.71,75 Evidence for radical pathways could be found mainly through radical 

clock reactions (e.g. halomethylcyclopropane can be used as a substrate or via the ring-closure of 2-

halo acetal derivatives64) and the racemization of enantioenriched substrtaes (Scheme 1. 35). When 

no coordinating ligands are involved, active species containing Fe( ̶ II) or Fe(0) are formed depending 

on the Grignard reagent. With Grignard reagents containing β-hydrogens, an ‘inorganic Grignard 

reagent’ Fe(MgX)2 is formed. In contrast, with Grignard reagents, like MeMgBr or PhMgBr, that do 

not contain β-hydrogens, Fe(0) complex are proposed.58a,67  
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Scheme 1. 36: examples of the radical clock reaction in Kumada cross-coupling 

1.4 Research aim and scope 

This thesis presents the development of new and useful synthetic methodologies in continuous flow 

using visible light photocatalysis. Methods to enable the difluoromethylation of cinnamic acid and 

allylic alcohols were developed. In these reactions, fac-Ir(ppy)3 was used as the photocatalyst. Next, 

we discovered an innovative approach to oxidatively cleave C=C bonds using disulfides as 

photocatalyst. Herein, an olefin-disulfide charge-transfer complex was found capable to absorb 

visible light. Finally, earth-abundant iron was used as a catalyst in the visible light promoted Kumada 

cross-coupling, which allows to overcome the classical limitations of the substrate scope for electron 

rich aryl chlorides.  

The difluoromethylation of cinnamic acids is presented in Chapter 2. It represents the first 

decarboxylative difluoromethylation of cinnamic acids using only visible light photocatalysis without 

any additional additives to facilitate CO2 extrusion. The E/Z selectivity of the difluoromethylated 

product was studied and the factors that influence the selectivity were examined in detail, e.g. the 

electron properties and the position of the substituted group. Microflow reactors were used as well 

and allowed to reduce the reaction time and tune the E/Z selectivity. In Chapter 3, the 

difluoromethylation of allylic alcohols followed by a heterocycle migration is presented. Both the 

synthesis of the starting materials and the transformation itself were carried out in flow.  

As the costs of Ir and Ru based transition-metal photocatalysts are generally very high, which makes 

these catalysts too expensive for industrial application, we next turned our attention to metal-free 

photocatalysts and the use of earth-abundant first-row transition metals as cheap alternatives. This 

specific research is shown in Chapter 4 and Chapter 5. In Chapter 4, electron-rich aromatic 

disulfides were employed as photocatalyst. Upon visible-light irradiation, typical mono- and multi-

substituted aromatic olefins could be converted to ketones and aldehydes at ambient temperature, 

hence providing an alternative for the classical ozonolysis process. DFT calculations and NMR 

analysis were carried out to provide insight in the mechanism. In Chapter 5, we focused on the use 
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of Fe(acac)3 in the Kumada-type cross-coupling for Csp2-Csp3 bond formation. We found that 

unreactive electron-rich aromatic chlorides can be activated using visible light irradiation. A variety 

of aromatic chlorides bearing electron-rich substituents and heterocycles cross-coupled efficiently 

under these conditions. DFT calculations and inline UV-Vis studies provided insight in the 

mechanism, and more specifically in the role of the light activation. 

Finally, in Chapter 6, using the same catalyst Fe(acac)3, we developed a method to enable the 

Kumada-type cross coupling reaction of (2-chlorovinyl)benzenes and (chloroethynyl)benzenes with 

Grignard reagents. The reaction proceeds smoothly under mild reaction conditions with very high 

efficiency (only minutes of reaction time at room temperature). The preparation of the final product 

has also been realized in flow by telescoping both the Grignard reagent preparation and the cross 

coupling reaction.  
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Abstract 

In the following chapter, a continuous-flow protocol for visible-light photocatalytic decarboxylation 

of α, β-unsaturated carboxylic acids: facile access to stereoselective difluoromethylated styrenes in 

batch and flow was described. The development of synthetic methodologies which provide access to 

both stereoisomers of α, β-substituted olefins is a challenging undertaking. Herein, we describe the 

development of an operationally simple and stereoselective synthesis of difluoromethylated styrenes 

via a visible-light photocatalytic decarboxylation strategy using fac-Ir(ppy)3 as the photocatalyst. 

Meta and para- substituted cinnamic acids provide the expected E-isomer. In contrast, ortho-

substituted cinnamic acids yield selectively the less stable Z-product, whereas the E-isomer can be 

obtained via continuous-flow processing through accurate control of the reaction time. Furthermore, 

our protocol is amenable to the decarboxylative difluoromethylation of aryl propiolic acids.   
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Introduction 

The introduction of fluorinated moieties into organic compounds has resulted in a dramatic 

enhancement of their physical, chemical and biological properties, rendering medicinal and 

agrochemical compounds to be more potent.1 Nowadays 20-25% of modern drugs contains at least 

one fluorine atom, consequently, in recent years, a tremendous amount of research effort has been 

devoted to develop new methods to enable the efficient incorporation of fluorinated moieties into 

parent molecules.2 Amongst these, the CF2 motif plays an increasingly important role, since the 

hydrogen bond donor properties of the difluoromethyl group increases acidity of its neighboring 

group, which enhances dipole moments and conformational changes in the molecules.3 In recent 

years, great progress has been made with regard to radical difluoroalkylation reactions, especially via 

visible light photoredox catalysis.4 Visible light photoredox catalysis has become one of the most 

powerful tools in organic synthesis wherein both single electron transfer (SET) and triplet-triplet 

energy transfer (TTET) processes with organic substrates can be facilitated.5  

With biomass feedstocks of vinyl carboxylic acids abundantly available, these inexpensive and stable 

compounds have attracted a great deal of attention as substrates for a wide variety of synthetic 

transformations.6 Perhaps, the most widely used decarboxylative fluoroalkylation strategy involves 

transition metal coordination in combination with high temperatures or strong oxidants to facilitate 

the CO2 extrusion process (Figure 2.1A).7 It is evident that such harsh reaction conditions have their 

repercussions on the substrate scope. Photocatalytic strategies have allowed to perform the 

decarboxylative functionalization process at room temperature but still require stoichiometric 

amounts of strong oxidants or transition metals (Figure 2.1B).8,9 In addition, all these methods give 

access to the thermodynamically more stable E-alkenes,10 while methods delivering selectively the Z-

isomers are far less common.1  
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Figure 2.1. (A) Classical decarboxylative cross-coupling strategies. (B) Recent photocatalytic approaches still 

require the use of metals or hypervalent iodine reagents (HIR) to enable the decarboxylation step. (C) Our 

strategy for the photocatalytic radical difluoromethylation of cinnamic acids. 

Result and discussion 

The strategy we describe here involves a photocatalytic decarboxylation methodology to access 

difluoroalkenes, which is operationally simple, mild and requires no additional transition metals or 

oxidants to enable CO2 extrusion (Figure 2.1C). Moreover, with ortho-substituted cinnamic acid 

substrates, Z-isomers could be obtained in high selectivity. The corresponding E-isomer could be 

accessed as well via continuous-flow processing through accurate control of the reaction time. To the 

best of our knowledge, having access to both stereoisomers simply by changing the reactor has never 
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been reported before and constitutes a powerful approach to tune reaction selectivity for photoredox 

catalysis. 

Building on our recent experience with the direct trifluoromethylation of styrenes,10a we commenced 

our investigations by using fac-Ir(ppy)3 as the photocatalyst (Table 2.1). The targeted product could 

be obtained in a 31% yield with an E/Z ratio of 52:48 using 3 equivalent of ethyl bromodifluoroacetate 

2 and KOAc as a base (Table 2.1, entry 1). Interestingly, no metal cocatalyst or hypervalent iodine 

reagent (HIR) was required to facilitate the CO2 extrusion. The rather poor E/Z can be explained due 

to high triplet energy level of the fac-Ir(ppy)3 photocatalyst (ET = 2.41 eV).12 Consequently, a triplet-

triplet energy transfer occurs leading to an erosion of the stereoselectivity.11 Various solvents and 

bases were subsequently screened(Table 2.1, Entries 1-6); the best results were obtained using 1,4-

dioxane as solvent and NaHCO3 as the base. Addition of water provided an improved yield but a 

decreased selectivity (Table 2.1, Entry 7). Optimal results were obtained when the concentration was 

reduced to 0.1 M leading to a 68% yield and an excellent E/Z selectivity (94:6) (Table 2.1, Entry 8). 

Lastly, control experiments confirmed the photocatalytic nature of our transformation, as no reaction 

was observed in the absence of photocatalyst and/or light (Table 2.1, Entries 9 and 10). 

Table 2.1. Reaction discovery and optimization studies for the photocatalytic difluoromethylation 

of cinnamic acids.a  

 

Entry Base Solvent Yieldb E/Zb 

1 d KOAc 0.2 M CH3CN 31 % 52:48 

2 KOAc 0.2 M EtOH 44 % 57:43 

3 KOAc 0.2 M 1,4-dioxane 60 % 51:49 

4 Cs2CO3 0.2 M 1,4-dioxane 46 % 71:29 

5 2,6-lutidine 0.2 M 1,4-dioxane 70 % 46:54 

6 NaHCO3 0.2 M 1,4-dioxane 75 % 75:25 

7c,d NaHCO3 0.2 M 1,4-dioxane 83 % 50:50 

8d NaHCO3 0.1 M 1,4-dioxane 68 % 94:6 

Entry Change from best conditions (entry 5) Yieldb E/Zb 

9 No light 0 % - 

10 No Photocatalyst 0 % - 

aReaction conditions: fac-Ir(ppy)3 (1 mol%), cinnamic acid 1 (0.2 mmol), NaHCO3 (0.4 mmol), ethyl 

bromodifluoroacetate 2 (0.6 mmol), solvent (2 mL, 0.1 M), blue LEDs (3.12 W), room temperature, argon 

atmosphere, stirred for 24 hours. bYield and E/Z values are determined with 19F-NMR using α,α,α-



_______________________________Chapter 2__________________________________
 

38 

 

trifluorotoluene as internal standard. c10 equivalents H2O were added. d Reported yields are those of isolated 

compounds, E/Z values are determined with 1H-NMR of isolated products. 

Having identified the optimal reaction conditions for the photocatalytic difluoromethylation of 

cinnamic acid, we aimed to define the reaction scope (Scheme 2.1). Our protocol was found to readily 

accommodate a variety of para- and meta- substituted cinnamic acids, including electron neutral (3a-

3d), electron donating (3e-3g) and electron withdrawing substituents (3h-3n). Overall, the E/Z ratio 

was good to excellent for all these examples. In addition, the presence of halogens was well tolerated 

providing opportunities for further decoration of the molecule, e.g. via cross coupling (3k-3n). In 

addition, heterocyclic substrates, such as pyridine (3o) and thiophene (3p), were found to be 

competent substrates. The pyridine analogue displayed an excellent E/Z selectivity (99:1), while the 

thiophene one was obtained with a lower stereoselectivity (61:39). Extended conjugation, e.g. for (2E, 

4E)-5-phenylpenta-2, 4-dienoic acid, was tolerated as well, delivering the corresponding product (3q) 

in good yield and excellent selectivity (81%, 99:1). Also, β-substituted cinnamic acids, e.g. 1, 1-

diphenylethylene (3r), could be successfully subjected to our reaction conditions resulting in a good 

isolated yield (81% yield). The lower E/Z selectivity in some cases prompted us to evaluate the 

efficacy of fac-Ir(tBuppy)3. This photocatalyst was recently reported by Weaver et al. and was shown 

lower the energy transfer rate due to the increased steric bulk.11a However, while an increase in yield 

was observed, the E/Z selectivity only marginally improved (Scheme 2.1, 3b and 3p).However, when 

ortho-substituted cinnamic acids were evaluated, a selectivity switch was observed towards the Z 

product (Table 2.2, Entry 1). Interestingly, the use of fac-Ir(tBuppy)3 completely altered the 

selectivity (Table 2.2, Entry 2), confirming the observations of Weaver et al.11a We were delighted 

to find that an increase in concentration resulted in improvement in both yield and selectivity(Table 

2, Entry 1 and 3). A further increase in catalyst loading and concentration contributed to an 

enhancement of the selectivity towards the Z-isomer (Table 2.2, Entry 4-6). Kinetic experiments 

revealed that the thermodynamically more stable E-isomer was formed first, after which the Z-isomer 

was obtained via a triplet-triplet energy transfer mechanism (TTET) (Figure 2.6).11b Consequently, it 

should theoretically be possible to stop the reaction before E/Z isomerization occurs. In order to obtain 

high conversions in a short amount of time, we turned our attention to the use of continuous-flow 

microreactors which allow to accelerate photocatalytic reactions due to an improved irradiation 

profile and enhanced mass transfer characteristics (Table 2.3, Entries 1-5).13, 14 
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Scheme 2.1. Scope of meta and para substituted cinnamic Acids. 1) Reaction conditions: cinnamic acid 1 (0.2 

mmol, 1.0 equiv), ethyl bromodifluoroacetate 2 (0.6 mmol, 3.0 equiv), fac-Ir(ppy)3 (1 mol%), NaHCO3 (0.4 

mmol, 2.0 equiv), 1,4-dioxane (2.0 mL), Argon, blue LEDs (3.12 W), 24 h. 2) Reported yields are those of 

isolated compounds. 3) The ratios in parentheses represent E/Z ratios, determined by 1H-NMR of isolated 

products. afac-Ir(tBuppy)3 was used as the photocatalyst. bReaction time, 30 h. 
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Table 2.2. Optimization studies for the photocatalytic difluoromethylation of ortho-substituted 

cinnamic acids in batch a  

 

Entry Conc. fac-Ir(ppy)3 Reaction Time Yieldb E/Zc 

Batch conditionsa 

1 0.1 M 1 mol% 24 h 67 % 21:79 

2c 0.1 M 1 mol% 24 h 60 % 79:21 

3 0.2 M 1 mol% 24 h 86 % 15:85 

4 0.2 M 3 mol% 24 h 88 % 10:90 

5d 0.5 M 3 mol% 24 h 77 % 6:94 

6d 1.0 M 2 mol% 24 h 57 % 5:95 

aReaction conditions in batch: fac-Ir(ppy)3, (E)-3-(o-tolyl)acrylic acid 4a (0.2 mmol), ethyl bromodifluoroacetate 

2 (0.6 mmol), NaHCO3 (0.4 mmol), H2O(3.0 mmol), 1,4-dioxane, blue LEDs (3.12 W), room temperature, argon 

atmosphere, stirred for 24 hours; bYield and E/Z values are determined with 19F-NMR using α,α,α-

trifluorotoluene as internal standard. cfac-Ir(tBuppy)3 was used as the photocatalyst. dIsolated yield and E/Z 

values are determined with 1H-NMR.  
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Scheme 2.2. Scope of ortho and beta substituted cinnamic Acids in batch. 1) Reaction conditions in batch: fac-

Ir(ppy)3 (3 mol%), o-cinnamic acid 4 (0.2 mmol), ethyl bromodifluoroacetate 2 (0.6 mmol), NaHCO3 (0.4 mmol), 

H2O(3.0 mmol), 1,4-dioxane (0.4 mL, 0.5 M), blue LEDs (3.12 W), room temperature, argon atmosphere, stirred 

for 24 hours; 2) Isolated yields. 3) The ratios in parentheses represent E/Z ratios, determined by 1H-NMR of 

isolated products. 

In flow, the reaction time could be reduced significantly resulting in a reverse E/Z selectivity (Table 

2.3, Entry 1). An increase in catalyst loading and concentration could further reduce the reaction time 

to 15 minutes resulting in an excellent E selectivity (62%, 92:8) (Table 2.3, Entry 5).15 Longer 

residence time lead to an increase in yield but an erosion of the selectivity (Table 2.3, Entry 2-3). 

However, it should be noted that it was possible to recover the starting material quantitatively, which 
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can be subsequently reintroduced into the flow reactor obtaining higher overall conversions while 

maintaining a high stereoselectivity (see Scheme 2.2, 5g and 3p).  

Table 2.3. Optimization studies for the photocatalytic difluoromethylation of ortho-substituted 

cinnamic acids continuous-flowa 

 

     Entry         Conc.      fac-Ir(ppy)3          Reaction Time               Yieldb                E/Zb 

Continuous-Flow conditionsa 

1 0.05 M 0.5 mol% 2 h 51 % 75:25 

2 0.1 M 0.5 mol% 2 h 68 % 68:32 

3 0.1 M 1.0 mol% 2 h 46 % 26:74 

4 0.1 M 1.5 mol% 0.5 h 55 % 78:22 

5c 0.15 M 1.0 mol% 0.25 h 62 % 92:8 

aReaction conditions in continuous flow: : fac-Ir(ppy)3 (1 mol%), (E)-3-(o-tolyl)acrylic acid 4a(1.0 mmol), ethyl 

bromodifluoroacetate 2 (3.0 mmol), 2,6-lutidine (2.0 mmol), 1,4-dioxane/EtOH (v/v 5:1, 6.7 mL, 0.15 M), blue 

LEDs (3.12 W), room temperature, argon atmosphere. bYield and E/Z values are determined with 19F-NMR 

using α,α,α-trifluorotoluene as internal standard. cIsolated yield and E/Z values are determined with 1H-NMR.  

Next, a diverse set of ortho-substituted cinnamic acids were examined in batch (Scheme 2.2). 

Cinnamic acids bearing electron-neutral (5a), electron-donating (5b-c) and electron-withdrawing 

substituents (5d-e) could be difluoromethylated in high Z-selectivity in batch, while the corresponding 

E-isomer could be readily accessed via continuous-flow processing (Scheme 2.3). Also, o-

halogenated cinnamic acids were competent substrates (5f-i). Enhanced selectivity for the Z-isomer 

was observed with increasing steric bulk (F < Cl < Br). Interestingly, when both ortho positions are 

occupied with bulky groups (e.g. 5k-5l), a high Z-selectivity was observed which could not be 

revoked via continuous-flow processing. 
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Scheme 2.3. 1) Reaction conditions in continuous flow: fac-Ir(ppy)3 (1 mol%), o-cinnamic acid 4 (1.0 mmol), 

ethyl bromodifluoroacetate 2 (3.0 mmol), 2,6-lutidine (2.0 mmol), 1,4-dioxane/EtOH (v/v 5:1, 6.7 mL, 0.15 M), 

blue LEDs (3.12 W), room temperature, argon atmosphere, residence time: 15 minutes. 2) Isolated yields. 3) The 

ratios in parentheses represent E/Z ratios, determined by 1H-NMR of isolated products. ayield was based on one 

time starting material recycle. b10 minutes residence time. 

This observation highlights the need for sterical bulk in the ortho-position to access the Z-

stereoisomer. Furthermore, in the case of β-methyl substituted cinnamic acids, a similar trend in the 

selectivity was observed due to the steric effect of the β-substitutent (5m-5o). Finally, substrates with 

a low E-selectivity in batch (e.g. substrate 3p) could be obtained in flow with an improved 

stereoselectivity.  
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Scheme 2.4. Decarboxylative difluoromethylation of aryl propiolic acids. 1) Reaction conditions: aryl propiolic 

acid 6 (0.2 mmol, 1.0 equiv), ethyl bromodifluoroacetate 2 (0.6 mmol, 3.0 equiv), fac-Ir(ppy)3 (3 mol%), CsOAc 

(0.4 mmol, 2.0 equiv), H2O (2 mmol, 10 equiv.), 1,4-dioxane (1.0 mL), argon, blue LEDs (3.12 W), 24 h. 2) 

Reported yields are those of isolated compounds. 

To further demonstrate the utility of our protocol, we sought to demonstrate its potential for the 

decarboxylative difluoromethylation of aryl propiolic acids. A small tweak of the reaction conditions 

(i.e. CsOAc as a base) resulted in the formation of the desired compounds in modest but synthetically 

useful yields (Scheme 2.4). Our protocol was successfully applied to ortho-, meta- and para- 

substituted aryl propiolic acids (7a-7l). These findings are noteworthy because, to the best of our 

knowledge, this is the first time that propiolic acids are used as substrates for photocatalytic 

decarboxylation chemistry.6a-b 
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Mechanistic study 

A: UV-Vis absorption spectra: 

 

Figure 2.2: UV-Vis absorption spectra: The UV-Vis absorption spectra of ethyl bromodifluoroacetate and basic 

state of trans-cinnamic acid are below 330 nm in 1,4-dioxane, while fac-Ir(ppy)3 exhibits moderate intense 

MLCT absorption in the range of 320-470 nm. These spectra indicate that the reaction is indeed initiated by 

photoexcitation of the fac-Ir(ppy)3 complex. 

B: Stern-Volmer experiments  

All solutions were prepared in 1, 4-dioxane, the concentration of the fac-Ir(ppy)3 is 7 × 10-6 mol/L, 

the trans-cinnamic acid 0.01 mol/L with 2.0 equivalent of base NaHCO3, the ethyl 

bromodifluoroacetate solution 0.0156 mol/L. All samples were bubbled with a stream of argon for 8 

hours via a syringe needle prior to use. The fac-Ir(ppy)3 solution and the quencher were irradiated 

at λ = 410 nm and the emission intensity was recorded between 540-600 nm in a quartz flow cuvette 

(Hellma analytics, quartz suprasil, art nr. 176-751-85-40). The spectra compose the average data of 

at least 5 times. 

For each quenching experiment, the emission intensity of the solution of fac-Ir(ppy)3 with different 

concentration of quencher, the quencher was: (a) trans-cinnamic acid with 2 equivalent of base 

NaHCO3; (b) ethyl bromodifluoroacetate; (c) trans-cinnamic acid.(I0: the intensity without quencher, 

I: the intensity with quencher, the rate constant was calculated according to KSV = kqτ0, τ0 = 1.9 μs). 
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Table 2.4: the rate constant of the compound. 

Entry Quencher Rate Constant(M-1 s -1) 

a trans-cinnamic acid with 2 equiv. of NaHCO3 1.24 × 108 

b ethyl bromodifluoroacetate 1.84 × 108 

c trans-cinnamic acid 3.37 × 108 

The rate constant of trans-cinnamic acid was much reduced by the addition of base (Entry a and c), 

indicating the necessity of adding base to this reaction. kq(a) is less than kq(b), this indicates that the 

reductive quenching of photoexcited fac-Ir(ppy)3 by ethyl bromodifluoroacetate dominate. As the 

spectral overlap of absorption of ethyl bromodifluoroacetate 2 and photoluminescence of fac-Ir(ppy)3 

is rather small, the energy transfer from the excited fac-Ir(ppy)3 to 2 would be negligible. The 

photoluminescence quenching is therefore attributed to the electron transfer from the excited fac-

Ir(ppy)3 to ethyl bromodifluoroacetate 2.  

 
Figure 2.3: The Stern-Volmer plot with cinnamic acid with base. y = 236.05x+1(R2= 0.999) 

 
Figure 2.4: The Stern-Volmer plot with BrCF2CO2Et. y= 350.05x+1(R2=0.992) 
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Figure 2.5: The Stern-Volmer plot with cinnamic acid. y= 640.47x+1(R2= 0.995) 

C: Radical Trapping Experiment with TEMPO and BHT 

 

An oven‐dried reaction tube (7.5 mL) was charged with cinnamic acid 1a (0.2 mmol, 1.0 equiv.), 

diethyl bromodifluoroacetate (0.6 mmol, 3.0 equiv.), fac‐Ir(ppy)3 (1.3 mg, 1.0 mol%), NaHCO3 (33.6 

mg, 0.4 mmol, 2 equiv.), BHT or TEMPO (0.4 mmol, 2 equiv.) and a magnetic stirring bar in 1,4-

dioxane (2.0 mL), sealed with a rubber septum. The mixture was subsequently degassed 3 times 

(freeze-pump-thaw method: cooled to –78 °C and degassed via vacuum evacuation (5 min), backfilled 

with argon, and warm to room temperature), then irradiated with blue LED (at approximately 1 cm 

distance from the light source). The temperature in the reactor was kept at room temperature. The 

reaction was kept for 24 hours. The target product could not be detected by HRMS. Instead the 

BHT−CF2CO2Et and TEMPO−CF2CO2Et adduct were observed in the HRMS and the 

BHT−CF2CO2Et was also isolated, which gave a direct evidence for the involvement of •CF2CO2Et 

radical in the reaction. 
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D: Time / Isomerization experiments  

In order to determine the erosion of the E/Z-configuration during the decarboxylation reaction, the 

reaction was monitored by 19F-NMR over time. Two mixtures were prepared according to General 

procedure on a 2.0 mmol scale (10 mL) and irradiated with a Blue LED (1.5 × 3.12 W). Samples were 

collected and analyzed for every 30 minutes by 19F-NMR. 

 

Figure 2.6: 19F-NMR of the substrates with 4a and 2, followed in time with Blue-LEDs light source. 

Based on the above results and literature reports, we suggest a plausible mechanism for this visible-

Light photocatalyzed decarboxylative difluoroalkylation reactions, which was depicted in Scheme 

2.5. Photoexcitation of the photocatalyst fac-Ir(ppy)3 with blue LEDs undergoes the metal-to-ligand 

charge transfer (MLCT) excited states of fac-[Ir3+(ppy)3]* Photoluminescence quenching experiments 

shows that the photoexcited fac-[Ir3+(ppy)3]* was quenched by 2 at the rate constant of 1.84 × 108 M-

1 s -1. The luminescence of the photocatalyst can also be quenched by basic state of cinnamic acid A 

with a lower rate constant at 1.24 × 108 M-1 s -1. As the spectral overlap of absorption of ethyl 

bromodifluoroacetate 2 and photoluminescence of fac-Ir(ppy)3 is rather small, the energy transfer 

from the excited fac-Ir(ppy)3 to 2 would be negligible. The photoluminescence quenching is therefore 
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attributed to the electron transfer from the excited fac-Ir(ppy)3 to ethyl bromodifluoroacetate 2. The 

addition of base reduce the quenching rate of cinnamic acid from 3.37 × 108 M-1 s -1 to 1.24 × 108 M-

1 s -1, resulting in the photocatalyst quenching exclusively initiate by 2. The key intermediate 

•CF2CO2Et along with fac-[Ir(ppy)3] + was produced with the SET process.  

The radical was also captured by radical trapping reagent BHT. Then intermolecular π-addition of the 

radical to A produces a benzylic radical B. Further SET from radical B to fac-[Ir(ppy)3]+ affords 

carbocation C and release the CO2 to regenerates the photocatalyst. As long lifetime (τ0=1.9 μs)5a and 

high energy (ET = 2.41 eV)12a,b of triplet states of fac-[Ir3+(ppy)3]*, the olefinic trans product was 

excited to reach the lowest-energy triplet state, which will decay to give the mixture of Z and E alkene. 

(E1/2
red [*Ir3+/Ir4+] = -1.72 V vs SCE), which engages in single-electron reduction with 2 (Ered=-0.57 

V vs SCE)12c to afford the •CF2CO2Et radical.  

 

Scheme 2.5. Proposed Catalytic Cycle 
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Conclusion 

In this work, we have introduced a simple yet effective photocatalytic decarboxylative protocol to 

prepare difluoromethylated styrenes and phenylacetylenes. In contrast to previously described 

methods, this procedure does not require additional metal catalysts nor hypervalent iodine reagents 

to facilitate CO2 extrusion. The generality of our protocol is demonstrated by the broad substrate 

scope (difluoromethylated styrenes: 28 E-selective examples and 15 Z-selective; & 

difluoromethylated phenylacetylenes: 12 examples). Ortho-substituted cinnamic acids give the less 

stable Z-selective products. The thermodynamically favored E-stereoisomer could be readily obtained 

in continuous-flow through accurate control of the reaction time. Having access to both stereoisomers 

simply by changing the reactor is a unique and powerful approach and provides opportunities for 

other photocatalytic transformations. 
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Experimental Section 

General procedures for the photocatalytic decarboxylation in batch  

 

An oven‐dried reaction tube (7.5 mL) was charged with cinnamic acid (0.2 mmol, 1.0 equiv.), ethyl 

bromodifluoroacetate (0.6 mmol, 3.0 equiv.), fac‐Ir(ppy)3 (1.3 mg, 1.0 mol%), NaHCO3 (33.6 mg, 0.4 mmol, 2 

equiv.) and a magnetic stirring bar in 1,4-dioxane (2.0 mL), sealed with a rubber septum and subsequently 

degassed 3 times (freeze-pump-thaw: cooled to –78 °C and degassed via vacuum evacuation (5 min), backfilled 

with argon, and warm to room temperature). Next the reaction mixture was irradiated with blue LEDs (at 

approximately 1 cm distance from the light source). The temperature in the reactor was kept at room temperature. 

After 24 hours, the mixture was transferred to a 50 mL flask with about 20 mL CH2Cl2. The solvent was 

subsequently removed under reduced pressure and the residue was purified by silica gel column chromatography 

using petroleum ether/ethyl acetate to give the desired product. 

 

An oven‐ dried reaction tube (7.5 mL) was charged with o-cinnamic acid (0.2 mmol, 1.0 equiv.), ethyl 

bromodifluoroacetate (0.6 mmol, 3.0 equiv.), fac‐ Ir(ppy)3 (3.9 mg, 3.0 mol%), NaHCO3 (33.6 mg, 0.4 mmol, 2 

equiv.), H2O (3.0 mmol, 15 equiv.) and a magnetic stirring bar in 1,4-dioxane (0.4 mL), sealed with a rubber 

septum and subsequently degassed 3 times (freeze-pump-thaw: cooled to –78 °C and degassed via vacuum 

evacuation (5 min), backfilled with argon, and warm to room temperature). Next the reaction mixture was 

irradiated with blue LEDs (at approximately 1 cm distance from the light source). The temperature in the reactor 

was kept at room temperature. After 24 hours, the mixture was transferred to a 50 mL flask with about 20 mL 

CH2Cl2, then dried over MgSO4. The solvent was subsequently removed under reduced pressure and the residue 

was purified by silica gel column chromatography using petroleum ether/ethyl acetate to give the desired product.  

 

An oven‐dried reaction tube (7.5 mL) was charged with aryl propiolic acids (0.2 mmol, 1.0 equiv.), ethyl 

bromodifluoroacetate (0.6 mmol, 3.0 equiv.), fac‐Ir(ppy)3 (3.9 mg, 3.0 mol%), CsOAc (76.8 mg, 0.4 mmol, 2 

equiv.), H2O (2.0 mmol, 10 equiv.) and a magnetic stirring bar in 1,4-dioxane (1.0 mL), sealed with a rubber 

septum and subsequently degassed 3 times (freeze-pump-thaw: cooled to –78 °C and degassed via vacuum 

evacuation (5 min), backfilled with argon, and warm to room temperature. Next the reaction mixture was 

irradiated with blue LEDs and a balloon with argon was sealed. The temperature in the reactor was kept at room 

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB2238865&postData3=EN&SYMBOL_Type=A');
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temperature. After 24 hours, the mixture was transferred to a 50 mL flask with about 20 mL CH2Cl2. The solvent 

was subsequently removed under reduced pressure and the residue was purified by silica gel column 

chromatography using petroleum ether/ethyl acetate to give the desired product. 

B: a: General procedures for the photocatalytic decarboxylation in flow  

O-Cinnamic acid (1.0 mmol), fac‐Ir(ppy)3 (6.5 mg, 1.0 mol%), BrCF2CO2Et (609.0 mg, 3.0 mmol, 3 equiv.), 

2,6-lutidine (214 mg, 2.0 mmol, 2 equiv.) was dissolved in 1,4-dioxane/EtOH = 5:1 (v/v, 6.7 mL) and 

subsequently degassed 3 times (freeze-pump-thaw: cooled to –78 °C and degassed via vacuum evacuation (5 

min), backfilled with argon, and warm to room temperature). This reaction mixture was then transferred into a 

syringe (10 mL) and loaded onto a syringe pump. The reaction mixture was pumped through the microreactor 

with the desired flow rate (0.053 mL/min). The microreactor assembly was irradiated with a Blue LED array (1.5 

× 3.12 Watts) at room temperature. The continuous reaction was allowed to reach steady state prior to collection 

of the product fractions. A standard residence time of 15 minutes was utilized. The crude product was collected 

at the end of the reactor. Workup and purification were done following the batch procedure. 

 b: Procedures for the recycling the starting material for photocatalytic decarboxylation in flow 

O-Cinnamic acid (1.5 mmol), fac‐Ir(ppy)3 (9.8 mg, 1 mol%), BrCF2CO2Et (609.0 mg, 3.0 mmol, 3 equiv.), 2,6-

lutidine (321 mg, 2.0 mmol, 2 equiv.) was dissolved in 1,4-dioxane/EtOH = 5:1 (v/v, 10.0 mL) and subsequently 

degassed 3 times (freeze-pump-thaw: cooled to –78 °C and degassed via vacuum evacuation (5 min), backfilled 

with argon, and warm to room temperature). This reaction mixture was then transferred into a syringe (10 mL) 

and loaded onto a syringe pump. The reaction mixture was pumped through the microreactor with the desired 

flow rate (0.053 mL/min). All the mixture was collected and 15 mL of HCl (1.0 M) was added, the aqueous 

phase and organic phase are dried separately. The two parts were combined together and purified to get the 

product and the o-cinnamic acid, which was used to be the starting material for the next run of the flow 

experiment. 

C: Set-ups for the flow reactions 

All microfluidic fittings were purchased from IDEX Health and Science. The syringes were connected to the 

capillary using ¼-28 flat-bottom flangeless fittings. A syringe pump (Fusion 200 Classic) equipped with a 10 

mL syringe was used to infuse the liquid reagents into a reactor coil fabricated from a high purity 

perfluoroalkoxyalkane (PFA) capillary tubing (ID = 500 μm). The microreactor assembly was constructed of 

high purity PFA tubing (IDEX health and science, part no. 1622L) (L = 3.9 meters, ID = 500 µm, V = 0.79 mL) 

in combination with 1.5 Blue LEDs (3.12 W). The outlet of the microreactor led to the collection vial which is 

protected by aluminum foil. The reactor was cooled with pressurized air to keep it at room temperature. The 

detail of the assembling the reactor is based on the literature. 
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D: Pictures for the set-up. 

 

Figure 2.7: Left) pieces for the set-ups for both batch and flow reactor; Middle) inside overview of the batch 

reactor; Right) inside overview of the flow reactor. 

 

Figure 2.8: Left): Set-up for the batch reaction; 2) Right): Set-up for the flow reaction. 

 

Figure 2.9: Schematic representations of decarboxylation of ortho-substituted cinnamic acid in flow. 
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Compound Characterization 

Ethyl 2, 2-difluoro-4-phenylbut-3-enoate(3a) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (68% yield). E/Z: 94:6. 

1H NMR (400 MHz, CDCl3): δ 7.48-7.45(m, 2H), {Z: 7.09 (dt, J = 16.0, 4.0 Hz), E:  6.96 (dt, J = 12.0, 4.0 Hz), 

1H},  {E: 6.32 (dt, J = 16.0, 12.0 Hz), Z: 5.77(q, J = 12.0 Hz), 1H}, {E:4.37 (q, J = 8.0 Hz), Z: 4.05(q, J = 8.0 

Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.14 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.9 (t, J = 

35.0 Hz), 136.8(t, J = 9.0 Hz), 134.1, 129.6, 128.8, 128.2, 127.4, 118.8 (t, J = 25.0 Hz), 112.7 (t, J = 247.0 Hz), 

63.1, 14.0. 19F NMR (376 MHz, CDCl3): δ -93.99 (d, J = 13.6 Hz), -103.24 (dd, J = 11.5, 2.7 Hz). IR: υ (cm-1): 

2970, 2927, 1767, 1655, 1454, 1296, 1976, 910, 732.  HRMS (ESI) (m/z): [M+Na]+ calcd. for C12H12F2NaO2: 

249.0703, found: 249.0700. 

Ethyl (E)-2, 2-difluoro-4-(p-tolyl)but-3-enoate(3b) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (75% yield). E/Z: 80:20.  

1H NMR (400 MHz, CDCl3): δ 7.42(d, J = 8.0 Hz, 2H), 7.33(d, J = 8.0 Hz, 2H), 7.25-7.22(m, 1H), 7.62-7.60 

(m, 2H), {E: 7.57(d, J = 8.0 Hz), Z: 7.48(d, J = 12.0 Hz), 2H}, {E: 7.13 (dt, J = 16.0, 4.0 Hz),  Z: 6.98(d, J = 

12.0 Hz), 1H}, {E: 7.13 (dt, J = 16.0, 4.0 Hz),  Z: 6.98(d, J = 12.0 Hz), 1H}, {E: 6.33 (dt, J = 16.0, 12.0 Hz), Z: 

5.90(q, J = 12.0 Hz), 1H}, {E:4.43 (q, J = 8.0 Hz), Z: 4.14(q, J = 8.0 Hz), 2H}, {E:2.45 (s), Z: 2.43(s), 3H}, {E: 

1.44 (t, J = 8.0 Hz), Z: 1.22 (t, J = 8.0 Hz), 3H)}. 13C NMR (100 MHz, CDCl3): δ 164.0 (t, J = 35.0 Hz), 139.9, 

138.7 (t, J = 8.0 Hz), 136.7 (t, J = 10.0 Hz), 131.4, 131.3, 129.5, 129.0(t, J = 3.0 Hz), 128.9, 127.4, 121.0 (t, J = 

28.0 Hz), 117.7 (t, J = 25.0 Hz), 112.9 (t, J = 247.0 Hz), 63.1, 21.3, 14.0, 13.6. 19F NMR (376 MHz, CDCl3): δ 

-94.04, -103.00. IR: υ (cm-1) 2924, 1767, 1508, 1296, 1076, 910, 802, 733. HRMS (ESI) (m/z): [M+Na]+ calcd. 

for C13H14F2NaO2: 263.0860, found: 263.0854. 

Ethyl (E)-2, 2-difluoro-4-(4-isopropylphenyl)but-3-enoate(3c) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (65% yield). E/Z: 84:16.  

1H NMR (400 MHz, CDCl3): δ {Z: 7.73-7.48(m), E: 7.39(d, J = 8.0 Hz), 2H}, 7.25-7.22(m, 2H), {E: 7.57(dt, J 

= 16.0, 4.0 Hz), Z: 6.92(d, J = 12.0 Hz), 1H}, {E: 6.26 (dt, J = 16.0, 12.0 Hz), Z: 5.83(q, J = 12.0 Hz), 1H}, 

{E:4.35(q, J = 8.0 Hz), Z: 4.04(q, J = 8.0 Hz), 2H}, 2.93(heptet, J = 8.0 Hz, 1H), {E: 1.37 (t, J = 8.0 Hz), Z: 1.11 

(t, J = 8.0 Hz), 3H}, {E:1.27(s), Z:1.25(s), 3H}. 13C NMR (100 MHz, CDCl3): δ 150.8, 136.7 (t, J = 9.0 Hz), 

131.7, 127.5, 126.9, 126.3, 117.9(t, J = 15.0 Hz), 112.9, 63.1, 34.0, 29.7, 23.8, 14.0. 19F NMR (376 MHz, 

CDCl3): δ -94.04, -103.00. IR: υ (cm-1) 1697, 1508, 902, 725, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C15H18F2NaO2: 291.1173, found: 291.1167. 

Ethyl (E)-2, 2-difluoro-4-(m-tolyl)but-3-enoate(3d) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (73% yield). E/Z: 88:12. 

1H NMR (400 MHz, CDCl3): δ 7.28-7.25 (m, 3H), 7.21-7.17 (m, 1H), {Z: 7.07 (dt, J = 16.0, 4.0 Hz), E: 6.94 (d, 

J = 12.0 Hz), 1H}, {E: 6.30 (dt, J = 16.0, 12.0 Hz), Z: 5.87 (q, J = 8.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 4.03 

(q, J = 8.0 Hz), 2H}, {E: 2.38 (s), Z: 2.36 (s), 3H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.14 (t, J = 8.0 Hz), 3H}. 13C 

NMR (100 MHz, CDCl3): δ 164.0 (t, J = 35.0 Hz), 138.8(t, J = 9.0 Hz), 138.5, 137.8, 136.9(t, J = 10.0 Hz), 
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134.0, 130.4, 129.4, 128.7, 128.1, 128.0, 125.9, 124.6, 121.8(t, J = 28.0 Hz), 118.6 (t, J = 25.0 Hz), 112.8 (t, J = 

247.0 Hz), 63.1, 21.3, 14.0. 19F NMR (376 MHz, CDCl3): δ -93.64 (dd, J = 11.3, 3.7 Hz), -103.18 (dd, J = 11.3, 

3.7 Hz). IR: υ (cm-1) 2982, 1763, 1655, 1373, 1296, 1219, 1168, 1072, 906, 686. HRMS (ESI) (m/z): [M+Na]+ 

calcd. for C13H14F2NaO2: 263.0860, found: 263.0859. 

Ethyl (E)-4-([1, 1'-biphenyl]-4-yl)-2,2-difluorobut-3-enoate(3e) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (49% yield). E/Z: 81:19. 

1H NMR (400 MHz, CDCl3): δ 7.64-7.58 (m, 5H), 7.56-7.53 (m, 2H), 7.49-7.44 (m, 1H), 7.41-7.36 (m, 1H), 

{E: 7.14 (dt, J = 16.0, 4.0 Hz), Z: 7.00-6.96(m), 1H}, {E: 6.36 (dt, J = 16.0, 12.0 Hz), Z: 5.91 (q, J = 12.0 Hz), 

1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 4.10 (d, J = 8.0 Hz), 2H}, {E: 1.39 (t, J = 8.0 Hz), Z: 1.17 (t, J = 7.1 Hz), 3H}. 

13C NMR (100 MHz, CDCl3): δ 163.9 (t, J = 35.0 Hz), 142.4, 141.5, 140.3, 140.2, 138.3, 136.4 (t, J = 10.0 Hz), 

129.5 (t, J = 3.0 Hz), 128.9, 128.8, 127.9, 127.7, 127.6, 127.5, 127.0, 126.8, 121.7 (t, J = 28.0 Hz), 118.7 (t, J = 

25.0 Hz), 112.8 (t, J = 247.0 Hz), 63.1, 14.0. 19F NMR (376 MHz, CDCl3): δ -94.26 (d, J = 13.2 Hz), -103.12 

(dd, J = 11.4, 2.6 Hz). IR: υ (cm-1) 2978, 2885, 1762, 1384, 1153, 1076, 906, 729. HRMS (ESI) (m/z): [M+Na]+ 

calcd. for C18H16F2NaO2: 325.1016, found: 325.1016.  

Ethyl (E)-2,2-difluoro-4-(naphthalen-1-yl)but-3-enoate(3f) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (37% yield). E/Z: 81:19. 

1H NMR (400 MHz, CDCl3): δ 8.09 (d, J = 8.0 Hz, 1H), 7.93-7.86 (m, 2H), 7.66 (d, J = 8.0 Hz, 1H), 7.60-7.43 

(m, 3H), {E: 6.39 (dt, J = 16.0, 12.0 Hz), Z: 6.21 (q, J = 12.0 Hz), 1H}, {E: 4.40 (q, J = 8.0 Hz), Z: 3.48 (q, J = 

8.0 Hz), 2H}, {E: 1.40 (t, J = 8.0 Hz), Z: 0.74 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.9, 134.3(t, 

J = 10.0 Hz), 131.8, 131.1, 130.9, 129.9, 129.2, 128.7, 128.5, 126.7, 126.2, 125.4, 125.1, 124.7(t, J = 2.0 Hz), 

121.9(t, J = 25.0 Hz), 112.6(t, J = 248.0 Hz), 63.2, 14.0. 19F NMR (376 MHz, CDCl3): δ -92.89(d, J = 11. Hz), 

-103.12, IR: υ (cm-1) 2980, 1800, 1380, 1250, 1080, 906. HRMS (ESI) (m/z): [M+Na]+ calcd. for C16H14F2NaO2: 

299.0860, found: 299.0859. 

Ethyl (E)-2, 2-difluoro-4-(4-methoxyphenyl) but-3-enoate(3g) 

Purification: Column chromatography (PE/Et2O = 8:1) isolated as a colorless oil (89% yield). E/Z: 88:12.  

1H NMR (400 MHz, CDCl3): δ {E: 7.42-7.38 (m), Z: 7.35-7.33(m), 2H}, 7.03 (dt, J = 16.0, 4.0 Hz, 1H),  {Z: 

6.94-6.88 (m), E: 6.87-6.82 (m), 2H}, {E: 6.17 (dt, J = 16.0, 12.0 Hz), Z: 5.77(q, J = 12.0 Hz), 1H}, {E:4.36 (q, 

J = 8.0 Hz), Z: 4.11(q, J = 8.0 Hz), 2H}, {E: 3.84 (s), Z: 3.82 (s), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.17 (t, J = 

8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 164.1 (t, J = 35.0 Hz), 160.8, 160.0, 138.4 (t, J = 9.0 Hz), 136.3(t, 

J = 9.0 Hz), 130.8, 128.9, 126.8 (t, J = 2.0 Hz), 119.80 (t, J = 28.0 Hz), 116.4 (t, J = 24.0 Hz), 114.2, 113.6, 

112.9(t, J = 247.0 Hz), 63.0, 55.4, 14.0, 13.7. 19F NMR (376 MHz, CDCl3): δ -94.12 (d, J = 13.6 Hz), -102.67 

(dd, J = 11.5, 2.7 Hz). IR: υ (cm-1) 2978, 1762, 1512, 1253, 1076, 902, 725, 648. HRMS (ESI) (m/z): [M+Na]+ 

calcd. for C13H14F2NaO3: 279.0809, found: 279.0812. 

Ethyl (E)-2,2-difluoro-4-(4-(trifluoromethoxy)phenyl)but-3-enoate(3h) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (62% yield). E/Z: 94:6. 

1H NMR (400 MHz, CDCl3): δ {E: 7.51-7.47 (m), Z: 7.41 (d, J = 8.0 Hz), 2H}, {E: 7.25-7.22 (m), Z: 7.20 (d, J 

= 8.0 Hz), 2H}, {E: 7.08 (dt, J = 16.0, 4.0 Hz), Z: 6.92 (d, J = 12.0 Hz), 1H}, {E: 6.30 (dt, J = 16.0, 12.0 Hz), Z: 
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5.91 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 4.12 (d, J = 8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.18 

(t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.7 (t, J = 34.0 Hz), 150.0, 135.3(t, J = 10.0 Hz), 132.8, 

128.9, 121.2, 120.4(q, J = 257.0 Hz), 119.9 (t, J = 25.0 Hz), 116.5, 112.4 (t, J = 248.0 Hz), 63.2, 14.0. 19F NMR 

(376 MHz, CDCl3): δ -57.83, -94.99 (d, J = 16.1 Hz), -103.47 (d, J = 14.9 Hz). IR: υ (cm-1) 2978, 1767, 1508, 

1257, 1211, 1168, 1076, 910, 733. HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H11F5NaO3: 333.0526, found: 

333.0521. 

Ethyl (E)-2,2-difluoro-4-(4-nitrophenyl)but-3-enoate(3i) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (73% yield). E/Z: 91:9. 

1H NMR (400 MHz, CDCl3): δ {E: 8.26 (d, J = 12.0 Hz), Z: 8.22 (d, J = 8.0 Hz), 2H}, {E: 7.62 (d, J = 8.0 Hz), 

Z: 7.54 (d, J = 8.0 Hz), 2H}, {E: 7.16 (dt, J = 16.0, 4.0 Hz), Z: 6.99 (d, J = 16.0 Hz), 1H}, {E: 6.48 (dt, J = 20.0, 

8.0 Hz), Z: 6.09-5.99 (m), 1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 4.21 (q, J = 8.0 Hz), 2H}, {E: 1.39 (t, J = 8.0 Hz), 

Z: 1.22 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.4 (t, J = 34.0 Hz), 148.3, 140.2, 134.5 (t, J = 

10.0 Hz), 129.8, 128.2, 124.2, 123.4, 123.3 (t, J = 25.0 Hz), 112.1 (t, J = 248.0 Hz), 63.5, 14.0. 19F NMR (376 

MHz, CDCl3): δ -96.62 (dd, J = 13.8, 2.3 Hz), -103.95 (dd, J = 11.0, 2.6 Hz). IR: υ (cm-1) 1550, 1380, 902, 725, 

648. HRMS (ESI) (m/z): [M+Na]+ calcd. for C12H11F2NNaO4: 294.0554, found: 294.0548. 

Ethyl (E)-2,2-difluoro-4-(4-(trifluoromethyl)phenyl)but-3-enoate(3j) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (61% yield). E/Z: 93:7.  

1H NMR (400 MHz, CDCl3): δ {E: 7.65(d, J = 8.0 Hz), Z: 7.62-7.60 (m), 2H}, {E: 7.57(d, J = 8.0 Hz),  Z: 

7.48(d, J = 12.0 Hz), 2H}, {E: 7.13 (dt, J = 16.0, 4.0 Hz), Z: 6.03-5.93(m), 1H},  {E: 4.38 (q, J = 8.0 Hz), Z: 

4.13(q, J = 8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.20 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 

163.6 (t, J = 34.0 Hz), 137.5, 135.4 (t, J = 9.0 Hz), 131.4 (q, J = 32.0 Hz), 129.2, 127.9, 127.7, 125.8(q, J = 4.0 

Hz), 125.2, 125.1, 122.5, 121.5 (t, J = 25.0 Hz), 112.3 (t, J = 248.0 Hz), 63.3, 13.9. 19F NMR (376 MHz, CDCl3): 

δ -62.84, -95.55, -103.73. IR: υ (cm-1) 2978, 2885, 1770, 1458, 1384, 1327, 1153, 1130, 1064, 952. HRMS 

(ESI) (m/z): [M+Na]+ calcd. for C13H11F5NaO2: 317.0577, found: 317.0573. 

Ethyl (E)-4-(3,4-dichlorophenyl)-2,2-difluorobut-3-enoate(3k) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (56% yield). E/Z: 86:14. 

1H NMR (400 MHz, CDCl3): δ 7.55 (d, J = 2.0 Hz, 1H), {E: 7.47 (d, J = 8.0 Hz), Z: 7.43 (d, J = 8.0 Hz), 1H}, 

{E: 7.30-7.27 (m), Z: 7.22 (dd, J = 12.0, 4.0 Hz), 1H}, {E: 7.00 (dt, J = 16.0, 4.0 Hz), Z: 6.83 (dt, J = 16.0, 4.0 

Hz), 1H}, {E: 6.23 (dt, J = 16.0, 12.0 Hz), Z: 5.93 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 4.20(q, J = 

8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.27 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.6 (t, J = 

35.0 Hz), 136.2, 134.4 (t, J = 10.0 Hz), 134.1, 133.6, 133.2, 130.8, 129.1, 128.3, 126.5, 123.4(t, J = 27.0 Hz), 

120.8 (t, J = 25.0 Hz), 112.2 (t, J = 248.0 Hz), 63.3, 14.0. 19F NMR (376 MHz, CDCl3): δ -95.93 (d, J = 13.7 

Hz), -103.63 (d, J = 2.6 Hz). IR: υ (cm-1) 3649, 2978, 1885, 1766, 1458, 1384, 1149, 1072, 732. HRMS (ESI) 

(m/z): [M+Na]+ calcd. for C12H10Cl2F2NaO2: 316.9924, found: 316.9920. 

Ethyl (E)-4-(3-chlorophenyl)-2,2-difluorobut-3-enoate(3l) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (58% yield). E/Z: 91:9. 
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1H NMR (400 MHz, CDCl3): δ 7.45 (s, 1H), 7.34-7.32 (m, 3H), {E: 7.04 (dt, J = 16.0, 4.0 Hz), Z: 6.89 (d, J = 

12.0 Hz), 1H}, {E: 6.32 (dt, J = 16.0, 12.0 Hz), Z: 5.92 (q, J = 12.0 Hz), 1H}, {Z: 4.37 (q, J = 8.0 Hz), E: 4.13 

(q, J = 8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.22 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.7 

(t, J = 35.0 Hz), 137.2, 135.9, 135.4(t, J = 10.0 Hz), 134.9, 134.1, 130.1, 129.6, 129.5, 128.8, 128.7, 127.3, 125.7, 

123.2(t, J = 28.0 Hz), 120.4(t, J = 25.0 Hz), 112.4 (t, J = 248.0 Hz), 63.2, 14.0. 19F NMR (376 MHz, CDCl3): δ 

-95.00 (d, J = 13.4 Hz), -103.56 (d, J = 8.9 Hz). IR: υ (cm-1) 2978, 2885, 1770, 1384, 1315, 1176, 1141, 1087, 

906, 725, 651. HRMS (ESI) (m/z): [M+Na]+ calcd. for C12H11ClF2NaO2: 283.0313, found: 283.0308. 

Ethyl (E)-4-(3-bromophenyl)-2,2-difluorobut-3-enoate(3m) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (46% yield). E/Z: 82:18. 

1H NMR (400 MHz, CDCl3): δ 7.62 (s, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.32 -7.22 (m, 

1H), {E: 7.04 (dt, J = 16.0, 4.0 Hz), Z: 6.90 (d, J = 12.0 Hz), 1H}, {E: 6.33 (dt, J = 16.0, 12.0 Hz), Z: 5.94 (q, J 

= 12.0 Hz), 1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 4.14 (q, J = 8.0 Hz), 2H}, {E: 1.39 (t, J = 8.0 Hz), Z: 1.23 (t, J = 

8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.7 (t, J = 35.0 Hz), 137.0(t, J = 8.0 Hz), 136.2, 135.3(t, J = 

10.0 Hz), 132.5, 131.7, 131.6, 130.3, 130.2, 129.7, 127.5, 126.1, 123.5, 123.2, 123.0, 122.2, 120.4(t, J = 25.0 

Hz), 112.4 (t, J = 248.0 Hz), 63.2, 14.0. 19F NMR (376 MHz, CDCl3); δ -95.02 (d, J = 13.4 Hz), -103.55 (d, J = 

9.1 Hz). IR: υ (cm-1) 3645, 2978, 2885, 1766, 1384, 1153, 1076, 906, 729. HRMS (ESI) (m/z): [M+Na]+ calcd. 

for C12H11BrF2NaO2: 326.9808, found: 326.9805. 

Ethyl (E)-4-(4-bromophenyl)-2, 2-difluorobut-3-enoate(3n) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (47% yield). E/Z: 84:16.  

1H NMR (400 MHz, CDCl3): δ 7.53-7.47 (m, 2H), {E: 7.33-7.31 (m), Z: 7.25-7.23(m), 2H}, {E: 7.03 (dt, J = 

16.0, 4.0 Hz), Z: 6.88-6.85(m), 1H}, {E: 6.31 (dt, J = 16.0, 8.0 Hz), Z: 5.95-5.85(m), 1H}, {E:4.37 (q, J = 8.0 

Hz), Z: 4.14(q, J = 8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.21 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, 

CDCl3): δ 163.8 (t, J = 35.0 Hz), 137.5, 135.7 (t, J = 10.0 Hz), 133.0, 132.1, 131.4, 130.6(t, J = 3.0 Hz), 123.8, 

119.6 (t, J = 5.0 Hz), 112.5 (t, J = 248.0 Hz), 63.2, 14.0. 19F NMR (376 MHz, CDCl3): δ -95.12 (d, J = 15.0 Hz), 

-103.40 (dd, J = 11.3, 3.8 Hz). IR: υ (cm-1) 2978, 2885, 1762, 1489, 1072, 906, 729, 651. HRMS (ESI) (m/z): 

[M+Na]+ calcd. for C12H11BrF2NaO2: 326.9808, found: 326.9801.  

Ethyl (E)-2, 2-difluoro-4-(pyridin-3-yl)but-3-enoate(3o) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (33% yield). E/Z > 99:1. 

1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 40.0 Hz, 2H), 7.82 (dd, J = 8.0, 4.0 Hz, 1H), 7.37 (s, 1H), 7.11 (dt, 

J = 16.0, 4.0 Hz, 1H),  6.41 (dt, J = 16.0, 12.0 Hz, 1H), 4.38 (q, J = 8.0 Hz, 2H), 1.39 (t, J = 8.0 Hz, 3H). 13C 

NMR (100 MHz, CDCl3): δ 163.6, 150.2, 148.8, 134.1, 133.3, 133.2, 121.4 (t, J = 25.0 Hz), 112.2, 63.4, 14.0. 

19F NMR (376 MHz, CDCl3):  δ -103.74 (d, J = 14.7 Hz). IR: υ (cm-1) 2924, 1767, 1458, 1280, 972, 732. HRMS 

(ESI) (m/z): [M+H]+ calcd. for C11H12F2NO2: 228.0836, found: 228.0845. 

Ethyl 3-(thiophen-2-yl)acrylate(3p) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a pale yellow oil (61% yield). E/Z: 61:39. 

1H NMR (400 MHz, CDCl3): δ {Z: 7.41(d, J = 4.0 Hz), E: 7.32 (d, J = 4.0 Hz), 1H},{Z: 7.31 (m), E: 7.17(m), 

1H}, {E: 7.20(dt, J = 16.0, 4.0 Hz), Z: 6.88(dt, J = 12.0, 4.0 Hz), 1H}, {E: 7.34(d, J = 4.0 Hz), Z:7.31(d, J = 4.0 
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Hz), 1H}, 7.18-7.16(m, 1H), 7.04-7.02(m, 1H), {Z: 7.07 (dt, J = 16.0, 4.0 Hz), E: 6.94 (d, J = 12.0 Hz), 1H}, {E: 

6.12 (dt, J = 16.0, 12.0 Hz), Z: 5.73 (q, J = 8.0 Hz), 1H}, {E: 4.36 (q, J = 8.0 Hz), Z: 4.24 (q, J = 8.0 Hz), 2H}, 

{E: 1.38 (t, J = 8.0 Hz), Z: 1.25 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.8, 163.3, 138.9, 138.5, 

136.3, 131.1(t, J = 4.0 Hz), 130.1(t, J = 9.0 Hz), 129.8(t, J = 10.0 Hz), 129.4, 128.9(t, J = 2.0 Hz), 127.8, 127.6, 

127.3, 118.6(t, J = 28.0 Hz), 117.6 (t, J = 25.0 Hz), 112.3, 112.4(t, J = 247.0 Hz), 63.1, 21.3, 14.0. 19F NMR 

(376 MHz, CDCl3): δ -96.37 (d, J = 15.0 Hz), -102.97 (dd, J = 11.3, 3.7 Hz). IR: υ (cm-1) 2986, 1763, 1647, 

1307, 1199, 1072, 906, 729, 706. HRMS (ESI) (m/z): [M+Na]+ calcd. for C10H10F2NaO2S: 255.0267, found: 

255.0260. 

Ethyl (3E,5E)-2,2-difluoro-6-phenylhexa-3,5-dienoate(3q) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (81% yield). E/Z > 99:1. 

1H NMR (400 MHz, CDCl3): δ 7.46-7.43 (m, 2H), 7.38-7.34 (m, 2H), 7.32-7.28 (m, 1H), 6.90-6.82 (m, 1H), 

6.81-6.78 (m, 2H),  5.91 (dt, J = 16.0, 12.0 Hz, 1H),  4.36 (q, J = 8.0 Hz), 2H}, 1.38 (t, J = 8.0 Hz, 3H). 13C 

NMR (100 MHz, CDCl3): δ 163.9 (t, J = 35.0 Hz), 138.4 (t, J = 3.0 Hz), 136.8 (t, J = 10.0 Hz), 136.0, 128.8, 

128.7, 126.9, 125.7(t, J = 2.0 Hz), 121.6(t, J = 25.0 Hz), 112.5 (t, J = 246.0 Hz), 63.1, 14.0. 19F NMR (376 MHz, 

CDCl3): δ -98.32(s), -102.94(s). IR: υ (cm-1) 3649, 2978, 1766, 1647, 1473, 1384, 1249, 1153, 1072, 952. HRMS 

(ESI) (m/z): [M+Na]+ calcd. for C14H14F2NaO2: 275.0860, found: 275.0858. 

Ethyl 2,2-difluoro-4,4-diphenylbut-3-enoate(3r) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (81% yield).  

1H NMR (400 MHz, CDCl3): δ 7.30 - 7.27 (m, 3H), 7.26 - 7.22 (m, 3H), 7.20 - 7.17 (m, 2H), 7.14-7.12 (m, 2H), 

6.20 (t, J = 12.0 Hz, 1H), 3.84 (q, J = 8.0 Hz, 2H), 1.10 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 

163.4 (t, J = 34.0 Hz), 151.0 (t, J = 10.0 Hz), 140.5, 137.1, 129.8(t, J = 2.0 Hz), 129.1, 128.6, 128.4, 128.0, 127.9, 

119.5(t, J = 28.0 Hz), 112.5 (t, J = 243.0 Hz), 62.7, 13.7. 19F NMR (376 MHz, CDCl3): δ -90.99. IR: υ (cm-1) 

2978, 1766, 1103, 1068, 902, 725, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for C18H16F2NaO2: 325.1016, 

found: 325.1008.  

Ethyl (Z)-2,2-difluoro-4-(o-tolyl)but-3-enoate(5a)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (77% yield). E/Z: 6: 94. 

1H NMR (400 MHz, CDCl3): δ {E: 7.48(d, J = 8.0 Hz), Z:7.02 (d, J = 8.0 Hz), 1H}, {E: 7.38-7.34(m), Z:  7.26-

7.14 (m), 4H}, 7.06 (d, J = 12.0 Hz, 2H),  6.99-6.85(m, 2H), {E: 6.22 (dt, J = 16.0, 12.0 Hz), Z: 5.98 (q, J = 12.0 

Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 3.88 (q, J = 8.0 Hz), 2H}, {E: 2.40(s), Z: 2.27(s), 3H}, {E: 1.38 (t, J = 8.0 

Hz), E: 1.13 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.3 (t, J = 33.0 Hz), 138.1, 136.0 (t, J = 2.0 

Hz), 134.7 (t, J = 10.0 Hz), 133.8, 130.7, 129.4(t, J = 5.0 Hz), 129.2(t, J = 3.0 Hz), 128.7, 126.3, 125.5, 123.0 (t, 

J = 28.0 Hz), 112.3(t, J = 244.0 Hz), 62.8, 19.9, 13.6. 19F NMR (376 MHz, CDCl3): δ -93.78 (d, J = 11.5 Hz), -

103.05 (dd, J = 11.5, 2.8 Hz). IR: υ (cm-1) 2982, 1766, 1311, 1153, 1095, 1072, 910, 767, 732. HRMS (ESI) 

(m/z): [M+Na]+ calcd. for C13H14F2NaO2: 263.0860, found: 263.0861. 

Ethyl (E)-2,2-difluoro-4-(o-tolyl)but-3-enoate(5a)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (62% yield). E/Z: 92:8. 
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1H NMR (400 MHz, CDCl3): δ 7.48(d, J = 8.0 Hz, 1H), 7.35(dt, J = 16.0, 4.0 Hz, 1H}, 7.29-7.19 (m, 3H),  {E: 

6.22 (dt, J = 16.0, 12.0 Hz), Z: 5.98 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 3.88 (q, J = 8.0 Hz), 2H}, 

{E: 2.40(s), Z: 2.27(s), 3H}, {E: 1.38 (t, J = 8.0 Hz), E: 1.13 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): 

δ 164.0 (t, J = 35.0 Hz), 136.8, 134.7 (t, J = 10.0 Hz), 133.2, 130.6, 129.4, 128.7, 126.3, 126.1(t, J = 2.0 Hz), 

125.5, 120.1(t, J = 25.0 Hz), 112.7(t, J = 253.0 Hz), 63.1, 19.6, 14.0. 19F NMR (376 MHz, CDCl3): δ -93.80 (d, 

J = 11.5 Hz), -103.05(s). IR: υ (cm-1) 1751, 1076, 902, 725, 648. 

Ethyl (Z)-2,2-difluoro-4-(2-methoxyphenyl)but-3-enoate(5b)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (69% yield). E/Z: 9: 91. 

1H NMR (400 MHz, CDCl3): δ{E: 7.45-7.35 (m), Z: 7.33-7.29 (m), 2H}, 7.06 (d, J = 12.0 Hz, 2H),  6.99-6.85(m, 

2H), {E: 6.42 (dt, J = 16.0, 12.0 Hz), Z: 6.02 (q, J = 12.0 Hz), 1H}, {E: 4.36 (q, J = 8.0 Hz), Z: 4.01 (q, J = 8.0 

Hz), 2H}, {E: 3.88(s), Z: 3.83(s), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.15 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, 

CDCl3): δ 163.4 (t, J = 34.0 Hz), 157.8, 156.9, 134.7 (t, J = 9.0 Hz), 132.2 (t, J = 9.0 Hz), 130.5(t, J = 4.0 Hz), 

130.3, 128.4, 123.5, 122.0 (t, J = 28.0 Hz), 120.7, 120.2, 119.4 (t, J = 25.0 Hz), 112.5(t, J = 244.0 Hz), 111.0,  

63.0, 62.74, 55.40, 13.6. 19F NMR (376 MHz, CDCl3): δ -94.33 (d, J = 12.9 Hz), -102.74 (dd, J = 11.3, 3.8 Hz). 

IR: υ (cm-1) 2978, 1767, 1462, 1292, 1249, 1072, 906, 725, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C13H14F2NaO3: 279.0809, found: 279.0808.  

Ethyl (E)-2,2-difluoro-4-(2-methoxyphenyl)but-3-enoate(5b)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (63% yield). E/Z: 87:13. 

1H NMR (400 MHz, CDCl3): δ 7.45-7.26 (m, 3H), 7.08-6.85(m, 2H). 6.99-6.85(m, 2H), {E: 6.42 (dt, J = 16.0, 

12.0 Hz), Z: 5.90 (q, J = 12.0 Hz), 1H}, {E: 4.36 (q, J = 8.0 Hz), Z: 4.00 (q, J = 8.0 Hz), 2H}, {E: 3.88(s), Z: 

3.84(s), 3H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.15 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 164.1 (t, J = 

35.0 Hz), 157.7, 134.6, 132.2 (t, J = 10.0 Hz), 130.8, 130.5(t, J = 4.0 Hz), 130.3, 128.3, 123.0, 121.9 (t, J = 28.0 

Hz), 120.6, 119.6 (t, J = 56.0 Hz), 119.3, 113.1 (t, J = 247.0 Hz), 111.1, 110.0, 63.0, 55.40, 13.9. 19F NMR (376 

MHz, CDCl3): δ -94.32 (d, J = 12.9 Hz), -102.90 (dd, J = 11.3, 3.8 Hz). IR: υ (cm-1) 1763, 1651, 1489, 1458, 

1296, 1249, 1076, 903, 725, 648. 

Ethyl (Z)-4-(2-(benzyloxy)phenyl)-2,2-difluorobut-3-enoate(5c)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (81% yield). E/Z: 18: 82. 

1H NMR (400 MHz, CDCl3): δ 7.50-7.28(m, 7H), 7.16(dd, J = 16.0, 4.0 Hz, 1H), 6.99-6.91(m, 2H), {E: 6.46 

(dt, J = 16.0, 12.0 Hz), Z: 5.92 (q, J = 12.0 Hz), 1H}, {E: 5.15(s), Z: 5.12(s), 2H}, {E: 4.33 (q, J = 8.0 Hz), Z: 

4.01 (q, J = 8.0 Hz), 2H}, {Z: 1.33 (t, J = 8.0 Hz), E: 1.14 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 

163.5 (t, J = 34.0 Hz), 156.9, 156.2, 136.8, 136.6, 134.9 (t, J = 9.0 Hz), 132.2 (t, J = 10.0 Hz), 130.8, 130.7(t, J 

= 4.0 Hz), 130.3, 128.7, 128.6, 128.1, 128.0, 127.3, 127.2, 124.0, 121.8 (t, J = 28.0 Hz), 121.1, 120.5, 119.6(t, J 

= 25.0 Hz), 115.0, 112.7, 112.6 (t, J = 244.0 Hz), 70.4, 70.2, 63.0, 62.8, 14.0, 13.6. 19F NMR (376 MHz, CDCl3):  

δ -94.12 (d, J = 12.9 Hz), -102.63 (dd, J = 11.4, 2.8 Hz). IR: υ (cm-1) 2245, 1770, 1273, 1145, 1080, 906, 729, 

651. HRMS (ESI) (m/z): [M+Na]+ calcd. for C19H18F2NaO3: 355.1122, found: 355.1125.  

Ethyl (E)-4-(2-(benzyloxy)phenyl)-2,2-difluorobut-3-enoate(5c)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (55% yield). E/Z: 90:10. 
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1H NMR (400 MHz, CDCl3): δ 7.49-7.29(m, 8H), 7.01-6.97(m, 2H), {E: 6.45 (dt, J = 16.0, 12.0 Hz), Z: 5.91 (q, 

J = 12.0 Hz), 1H}, {E: 5.15(s), Z:5.11(s), 2H}, {E: 4.32 (q, J = 8.0 Hz), Z: 4.00 (q, J = 8.0 Hz), 2H}, {Z: 1.32 

(t, J = 8.0 Hz), E: 1.14 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 164.0 (t, J = 35.0 Hz), 156.8, 134.8, 

132.2 (t, J = 10.0 Hz), 130.6, 130.2, 128.7, 128.6, 128,5, 128.4, 128.0, 127.9, 127.2, 127.1, 123.4, 121.8, 121.0, 

120.4, 119.5(t, J = 25.0 Hz), 113.0 (t, J = 247.0 Hz), 112.6, 111.6, 70.4, 62.9, 13.9. 19F NMR (376 MHz, CDCl3):  

δ -94.15 (d, J = 12.9 Hz), -102.65 (dd, J = 11.4, 2.8 Hz). IR: υ (cm-1) 1763, 1296, 1246, 1076, 902, 725, 648. 

Ethyl (Z)-4-(2-acetoxyphenyl)-2,2-difluorobut-3-enoate(5d)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (73% yield). E/Z: 14: 86. 

1H NMR (400 MHz, CDCl3): δ {E: 7.57 (dd, J = 12.0, 4.0 Hz), Z: 7.40-7.34(m), 2H}, {E: 7.23 (dt, J = 8.0, 4.0 

Hz), Z: 7.37 (t, J = 4.0 Hz), 1H}, 7.13-7.08 (m, 1H), 6.86 (d, J = 12.0, 1H), {E: 6.34 (dt, J = 16.0, 12.0 Hz), Z: 

6.00 (q, J = 12.0 Hz), 1H}, {E: 4.36 (q, J = 8.0 Hz), Z: 4.06 (q, J = 8.0 Hz), 2H}, {E: 2.36 (s), Z: 2.30 (s), 3H}, 

{E: 1.37 (t, J = 8.0 Hz), Z: 1.19 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 168.7, 163.2 (t, J = 34.0 

Hz), 148.2 (d, J = 2.0 Hz), 133.2 (t, J = 9.0 Hz), 130.6, 130.4 (t, J = 3.0 Hz), 129.9, 127.4, 126.4, 125.7, 124.0 

(t, J = 28.0 Hz), 123.1, 122.0, 121.2 (t, J = 25.0 Hz), 112.0 (t, J = 247.0 Hz), 63.1, 20.9, 14.0. 19F NMR (376 

MHz, CDCl3): δ -95.46 (d, J = 12.8 Hz), -103.71 (dd, J = 11.2, 2.9 Hz). IR: υ (cm-1) 1763, 1485, 1450, 1369, 

1303, 1203, 1176, 1095, 1072, 1010, 910, 763, 733, 648, 517. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C14H14F2NaO4: 307.0758, found: 307.0757.  

Ethyl (E)-4-(2-acetoxyphenyl)-2,2-difluorobut-3-enoate(5d)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (45% yield). E/Z: 94:6. 

1H NMR (400 MHz, CDCl3): δ  7.57 (dd, J = 8.0, 4.0 Hz),  7.39(t, J = 8.0 Hz, 1H), 7.27(t, J = 8.0 Hz, 1H), 7.17-

7.11 (m, 2H), {E: 6.34 (dt, J = 16.0, 12.0 Hz), Z: 5.97 (q, J = 12.0 Hz), 1H}, {E: 4.36 (q, J = 8.0 Hz), Z: 4.07 (q, 

J = 8.0 Hz), 2H}, {E: 2.36 (s), Z: 2.30 (s), 3H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.19 (t, J = 8.0 Hz), 3H}. 13C NMR 

(100 MHz, CDCl3): δ 169.0, 163.7 (t, J = 34.0 Hz), 148.8, 130.5 (t, J = 10.0 Hz), 129.9, 127.4, 126.8, 126.3, 

123.0, 121.2(t, J = 24.0 Hz), 112.4 (t, J = 247.0 Hz), 63.2, 20.9, 13.9. 19F NMR (376 MHz, CDCl3): δ -95.47 (d, 

J = 12.8 Hz), -103.70. IR: υ (cm-1) 1763, 1199, 1180, 1076, 906, 729, 648.  

 Ethyl (Z)-4-(2,4-bis(trifluoromethyl)phenyl)-2,2-difluorobut-3-enoate(5e)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (68% yield). E/Z: 9:91. 

1H NMR (400 MHz, CDCl3): δ 7.86-7.80(m, 1H), 7.72-7.70(m, 2H), 7.15(dd, J = 12.0, 4.0 Hz, 1H), {E: 6.39 

(dt, J = 16.0, 12.0 Hz), Z: 6.09 (q, J = 12.0 Hz), 1H}, {E: 4.39 (q, J = 8.0 Hz), Z: 4.22 (q, J = 8.0 Hz), 2H}, {E: 

1.39 (t, J = 8.0 Hz), Z: 1.29 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.0 (t, J = 34.0 Hz), 134.5, 

133.7-133.4(m), 131.3, 131.2, 127.9 (q, J = 4.0 Hz), 126.3 (q, J = 5.0 Hz), 125.6, 125.4(t, J = 26.0 Hz), 124.5(d, 

J = 6.0 Hz), 121.8(d, J = 4.0 Hz), 119.1, 111.9 (t, J = 250.0 Hz), 63.3, 13.7. 19F NMR (376 MHz, CDCl3): δ -

93.78 (d, J = 11.5 Hz), -103.05 (dd, J = 11.5, 2.8 Hz). IR: υ (cm-1) 2253, 1766, 1315, 1138, 1088, 906, 652. 

HRMS (ESI) (m/z): [M+Na]+ calcd. for C14H10F8NaO2: 385.0451, found: 385.0456.  

Ethyl (E)-4-(2,4-bis(trifluoromethyl)phenyl)-2,2-difluorobut-3-enoate(5e)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (42% yield). E/Z: 91:9. 
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1H NMR (400 MHz, CDCl3): δ 7.96(s, 1H), 7.86-7.83(m, 2H), 7.51-7.46(m, 1H), {E: 6.38 (dt, J = 16.0, 12.0 

Hz), Z: 6.10 (q, J = 12.0 Hz), 1H}, {E: 4.39 (q, J = 8.0 Hz), Z: 4.20 (q, J = 12.0 Hz), 2H}, {Z: 1.39 (t, J = 8.0 

Hz), E: 0.78 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.2 (t, J = 34.0 Hz), 136.9, 131.9, 131.6, 

131.2, 130.9, 129.4, 129.0, 128.7, 125.7 (t, J = 25.0 Hz), 124.5, 123.4, 121.7, 111.8 (t, J = 248.0 Hz), 63.5, 13.9. 

19F NMR (376 MHz, CDCl3):  δ -94.15 (d, J = 12.9 Hz), -102.65 (dd, J = 11.4, 2.8 Hz). IR: υ (cm-1) 2978, 1766, 

1346, 1277, 1141, 906, 733. 

Ethyl (Z)-3-(2,6-difluorophenyl)acrylate(5f)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (80% yield). E/Z: 10: 90. 

1H NMR (400 MHz, CDCl3): δ {E: 7.65-7.45 (m), Z: 6.68-6.78 (m), 2H}, 7.23-7.16(m, 1H), {E: 7.09 (dt, J = 

16.0, 4.0 Hz), Z: 6.08 (q, J = 12.0 Hz), 1H}, {E: 4.29 (d, J = 8.0 Hz), Z: 4.20 (q, J = 8.0 Hz), 2H}, {E: 1.29 (t, J 

= 8.0 Hz), Z: 1.25 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.0 (t, J = 34.0 Hz), 161.0 (dt, J = 7.0, 

2.0 Hz), 158.50 (dt, J = 7.0, 2.0 Hz), 130.9, 130.6 (t, J = 11.0 Hz), 130.1 (t, J = 10.0 Hz), 127.0 (t, J = 26.0 Hz), 

123.6 (tt, J = 7.0, 2.0 Hz), 112.2, 112.0 (t, J = 244.0 Hz), 111.9 (d, J = 5.0 Hz), 111.7 (d, J = 6.0 Hz), 111.2 (d, 

J = 6.0 Hz), 111.0 (d, J = 6.0 Hz), 63.0, 13.8. 19F NMR (376 MHz, CDCl3): δ -102.5, -104.5, -111.1. -111.6. IR: 

υ (cm-1) 2978, 1770, 1466, 1307, 1273, 1157, 1076, 906, 729, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C12H10F4NaO2: 285.0515, found: 285.0510. 

Ethyl (E)-4-(2,6-difluorophenyl)-2,2-difluorobut-3-enoate(5f)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (37% yield). E/Z: 99:1. 

1H NMR (400 MHz, CDCl3): δ 7.34-7.29 (m, 1H), 7.19 (dt, J = 16.0, 4.0 Hz, 1H), 6.99-6.92(m, 2H), 6.69 (dt, J 

= 16.0, 4.0 Hz, 1H), 4.39 (q, J = 8.0 Hz), 1.39 (t, J = 8.0 Hz), Z: 1.25 (t, J = 8.0 Hz), 3H}.  13C NMR (100 MHz, 

CDCl3): δ 163.7 (t, J = 34.0 Hz), 162.6(d, J = 7.0 Hz), 160.1 (d, J = 7.0 Hz), 130.6 (t, J = 11.0 Hz), 125.0 (tt, J 

= 24.0, 9.0 Hz), 123.3 (tt, J = 11.0, 3.0 Hz), 112.4 (t, J = 248.0 Hz), 112.0, 111.9, 111.8, 111.7, 111.6, 63.2, 13.9. 

19F NMR (376 MHz, CDCl3): δ -104.55(dd, J = 11.3, 3.8 Hz), -111.60(t, J = 7.5 Hz). IR: υ (cm-1) 1767, 1469, 

1300, 1269, 1238, 1199, 1076, 1003, 976, 906, 783, 729, 648. 

Ethyl (E)-2,2-difluoro-4-(2-fluorophenyl)but-3-enoate(5g)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (62% yield). E/Z: 14: 86. 

1H NMR (400 MHz, CDCl3): δ {E: 7.55-7.46 (m), Z: 7.42-7.29 (m), 2H}, {E: 7.22 (dt, J = 16.0, 4.0 Hz), Z: 

7.18-6.96(m), 3H}, {E: 6.45 (dt, J = 16.0, 12.0 Hz), Z: 6.01 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 

4.12 (q, J = 8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.21 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 

163.3 (t, J = 34.0 Hz), 159.9 (d, J = 249.0 Hz), 131.4 (td, J = 8.0, 4.0 Hz), 131.1 (d, J = 9.0 Hz), 130.8 (q, J = 

4.0 Hz), 130.7 (d, J = 8.0 Hz), 124.0 (dt, J = 28.0, 1.0 Hz), 123.8 (d, J = 4.0 Hz), 122.3 (d, J = 14.0 Hz), 116.1 

(d, J = 22.0 Hz), 115.1 (d, J = 21.0 Hz), 112.13 (t, J = 247,0 Hz), 63.0, 13.6. 19F NMR (376 MHz, CDCl3): δ -

93.78 (d, J = 11.5 Hz), -103.05 (dd, J = 11.5, 2.8 Hz). IR: υ (cm-1) 3649, 2978, 1770, 1458, 1384, 1249, 1072, 

952, 732. HRMS (ESI) (m/z): [M+Na]+ calcd. for C12H11F3NaO2: 267.0609, found: 267.0609.  

Ethyl (E)-2,2-difluoro-4-(2-fluorophenyl)but-3-enoate(5g)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (38% yield). E/Z: 92:8. 
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1H NMR (400 MHz, CDCl3): δ 7.48 (t, J = 8.0 Hz, 1H),  7.37-7.30(m, 1H), 7.22(dt, J = 16.0, 4.0 Hz, 1H), 7.18-

6.97(m, 2H), {E: 6.44 (dt, J = 16.0, 12.0 Hz), Z: 6.01 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 4.12 (q, 

J = 8.0 Hz), 2H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.21 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.8 (t, 

J = 34.0 Hz), 160.9 (d, J = 252.0 Hz), 131.1(d, J = 7.0 Hz),  129.7(td, J = 8.0, 4.0 Hz), 128.6(d, J = 2.0 Hz), 

124.4 (d, J = 3.0 Hz), 123.8(d, J = 4.0 Hz), 122.0 (d, J = 12.0 Hz), 121.7 (d, J = 7.0 Hz), 121.4 (d, J = 7.0 Hz), 

121.2(t, J = 7.0 Hz),  116.1 (d, J = 22.0 Hz), 115.0, 112.5, 110.1,  112.5 (t, J = 247.0 Hz), 63.2, 13.9. 19F NMR 

(376 MHz, CDCl3): δ -96.15(d, J = 11.5 Hz), -103.68 (dd, J = 11.5, 2.8 Hz), -114.0, -115.67-115.78(m). IR: υ 

(cm-1) 1767, 1489, 1458, 1076, 903, 725, 648.  

Ethyl (Z)-4-(2-chlorophenyl)-2,2-difluorobut-3-enoate(5h)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (81% yield). E/Z: 8:92. 

1H NMR (400 MHz, CDCl3): δ {E: 7.58-7.48 (m), Z: 7.43-7.35 (m), 2H}, 7.32-7.23 (m, 2H), 7.04 (d, J = 12.0, 

1H), {E: 6.33 (dt, J = 16.0, 12.0 Hz), Z: 6.02 (q, J = 12.0 Hz), 1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 4.03 (q, J = 8.0 

Hz), 2H}, {E: 1.39 (t, J = 8.0 Hz), Z: 1.19 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.1 (t, J = 

34.0 Hz), 135.8 (t, J = 9.0 Hz), 134.3, 133.3, 133.2 (t, J = 2.0 Hz), 133.0, 131.0(t, J = 4.0 Hz), 130.6, 130.0, 

129.0, 127.4, 127.1, 126.5, 123.7 (t, J = 28.0 Hz), 121.6 (t, J = 25.0 Hz), 112.1 (t, J = 247.0 Hz), 63.0, 13.6. 19F 

NMR (376 MHz, CDCl3): δ -94.76 (d, J = 12.3 Hz), -103.15 (dd, J = 11.3, 3.8 Hz). IR: υ (cm-1) 1766, 1473, 

1438, 1311, 1157, 1099, 1072, 906, 729, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for C12H11ClF2NaO2: 

283.0313, found: 283.0314.  

Ethyl (E)-4-(2-chlorophenyl)-2,2-difluorobut-3-enoate(5h)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (61% yield). E/Z: 90:10. 

1H NMR (400 MHz, CDCl3): δ 7.58-7.48(m, 2H), 7.43-7.37 (m, 1H), {E: 7.32-7.23(m), Z: 7.05 (d, J = 12.0), 

2H}, {E: 6.33 (dt, J = 16.0, 12.0 Hz), Z: 6.02 (q, J = 12.0 Hz), 1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 4.03 (q, J = 8.0 

Hz), 2H}, {E: 1.39 (t, J = 8.0 Hz), Z: 1.19 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.7 (t, J = 

35.0 Hz), 135.8 (t, J = 9.0 Hz), 134.3, 133.2 (t, J = 10.0 Hz), 132.4, 131.0(t, J = 4.0 Hz), 130.5, 130.0, 129.0, 

127.4, 127.3, 126.4, 123.7 (t, J = 27.0 Hz), 121.6 (t, J = 25.0 Hz), 112.5 (t, J = 247.0 Hz), 63.2, 14.0. 19F NMR 

(376 MHz, CDCl3): δ -94.77 (d, J = 12.3 Hz), -103.16 (dd, J = 11.3, 3.8 Hz). IR: υ (cm-1) 1771, 1697, 1508, 903, 

725, 648. 

Ethyl (Z)-4-(2-bromophenyl)-2,2-difluorobut-3-enoate(5i)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (85% yield). E/Z: 6:94. 

1H NMR (400 MHz, CDCl3): δ 7.58 (dd, J = 8.0, 1.2 Hz, 1H), {E: 7.47 (dt, J = 16.0, 4.0 Hz), Z: 7.37 (dd, J = 

8.0, 4.0 Hz), 1H}, 7.30 (td, J = 8.0, 4.0 Hz, 1H), 7.20 (t, J = 8.0, 1H), 6.98 (d, J = 12.0 Hz, 1H), {E: 6.28 (dt, J 

= 16.0, 12.0 Hz), Z: 6.00 (q, J = 12.0 Hz), 1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 4.02 (q, J = 8.0 Hz), 2H}, {E: 1.39 

(t, J = 8.0 Hz), Z: 1.19 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.1 (t, J = 34.0 Hz), 137.8 (t, J = 

9.0 Hz), 134.8, 132.1, 131.0(t, J = 3.0 Hz), 130.1, 127.1, 123.4 (t, J = 28.0 Hz), 123.0 (t, J = 2.0 Hz), 112.0(t, J 

= 245.0 Hz), 63.0, 13.6. 19F NMR (376 MHz, CDCl3): δ -94.60 (d, J = 12.2 Hz), -103.08 (d, J = 8.3 Hz). IR: υ 

(cm-1) 3649, 2978, 1767, 1392, 1157, 1072, 906, 729, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C12H11BrF2NaO2: 326.9808, found: 326.9803. 
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Ethyl (E)-4-(2-bromophenyl)-2,2-difluorobut-3-enoate(5i)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (52% yield). E/Z: 91:9. 

1H NMR (400 MHz, CDCl3): δ {Z: 7.74-7.71(m), E: 7.47 (dt, J = 16.0, 4.0 Hz), 1H}, 7.62-7.53(m, 2H), {E: 

7.22(t, J = 8.0 Hz), Z: 6.98(d, J = 12.0 Hz), 1H}, {E: 6.28 (dt, J = 16.0, 12.0 Hz), Z: 6.00 (q, J = 12.0 Hz), 1H}, 

{E: 4.38 (q, J = 8.0 Hz), Z: 4.02 (q, J = 8.0 Hz), 2H}, {E: 1.39 (t, J = 8.0 Hz), Z: 1.19 (t, J = 8.0 Hz), 3H}. 13C 

NMR (100 MHz, CDCl3): δ 163.1 (t, J = 34.0 Hz), 137.8 (t, J = 9.0 Hz), 134.8, 132.1, 131.0(t, J = 3.0 Hz), 130.1, 

127.1, 123.4 (t, J = 28.0 Hz), 123.0 (t, J = 2.0 Hz), 112.0(t, J = 245.0 Hz), 63.0, 13.6. 19F NMR (376 MHz, 

CDCl3): δ -94.60 (d, J = 12.2 Hz), -103.10 (d, J = 8.3 Hz). IR: υ (cm-1) 2978, 1766, 1292, 1076, 968, 906, 729. 

 Ethyl (Z)-2,2-difluoro-4-(4-fluoro-2-methylphenyl)but-3-enoate(5J)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (76% yield). E/Z: 14: 86. 

1H NMR (400 MHz, CDCl3): δ {E: 7.47-7.43 (m), Z: 6.94-6.83 (m), 3H}, {E: 7.27(dt, J = 12.0, 4.0 Hz), Z: 7.21-

7.17(m), 1H}, {E: 6.16 (dt, J = 16.0, 12.0 Hz), Z: 5.97 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 3.97 

(q, J = 8.0 Hz), 2H}, {E: 2.38(s), Z: 2.26(s), 3H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.17 (t, J = 8.0 Hz), 3H}.  13C NMR 

(100 MHz, CDCl3): δ 163.2 (t, J = 34.0 Hz), 162.8(d, J = 247.0 Hz), 138.7(d, J = 8.0 Hz), 137.0 (t, J = 9.0 Hz), 

130.9 (dt, J = 8.0, 3.0 Hz), 123.4 (t, J = 28.0 Hz), 117.3(d, J = 21.0 Hz), 116.4 (d, J = 21.0 Hz), 113.4 (d, J = 

22.0 Hz), 112.3 (d, J = 21.0 Hz), 112.2(t, J = 245.0 Hz), 62.9, 20.0, 13.6. 19F NMR (376 MHz, CDCl3): δ -

94.29(d, J = 11.4 Hz), -103.03(dd, J =11.4, 3.8 Hz), -111.22 -112.15(m), -113.53- -113.44(m). IR: υ (cm-1) 2927, 

1770, 1492, 1072, 906, 733. HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H13F3NaO2: 281.0765, found: 281.0760.  

Ethyl (E)-2,2-difluoro-4-(4-fluoro-2-methylphenyl)but-3-enoate(5J)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (52% yield). E/Z: 97:3. 

1H NMR (400 MHz, CDCl3): δ 7.47-7.43 (m, 1H),  7.28(dt, J = 12.0, 4.0 Hz, 1H), 6.94-6.89(m, 2H), {E: 6.16 

(dt, J = 16.0, 12.0 Hz), Z: 5.97 (q, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 3.97 (q, J = 8.0 Hz), 2H}, {E: 

2.38(s), Z: 2.26(s), 3H}, {E: 1.38 (t, J = 8.0 Hz), Z: 1.17 (t, J = 8.0 Hz), 3H}.  13C NMR (100 MHz, CDCl3): δ 

163.9 (t, J = 34.0 Hz), 163.2(d, J = 249.0 Hz), 139.3(d, J = 8.0 Hz), 133.6 (t, J = 9.0 Hz), 129.4(t, J = 2.0 Hz), 

128.0 (dt, J = 9.0, 2.0 Hz), 119.8 (dt, J = 25.0, 2.0 Hz), 117.2(d, J = 21.0 Hz), 113.4 (d, J = 22.0 Hz), 112.2, 

112.6(t, J = 248.0 Hz), 63.1, 19.7, 14.0. 19F NMR (376 MHz, CDCl3): δ -94.29(d, J = 11.4 Hz), -103.01(dd, J 

=11.4, 3.8 Hz), -111.21 -112.14(m). IR: υ (cm-1) 2978, 1767, 1651, 1519, 1076, 902, 725, 648.  

Ethyl (Z)-2,2-difluoro-4-(2,3,4,5,6-pentamethylphenyl)but-3-enoate(5k)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (55% yield). E/Z: 1: 99. 

1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 16.0, 4.0 Hz, 1H), 5.75 (dt, J = 16.0, 12.0 Hz, 1H), 4.40 (q, J = 8.0 

Hz, 2H), 2.27 (s, 3H), 2.24 (s, 6H), 2.21 (s, 6H), 1.39 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 164.0 

(t, J = 35.0 Hz), 138.02 (t, J = 10.0 Hz), 134.9, 132.7, 132.3, 131.0 (d, J = 1.0 Hz), 124.9 (t, J = 25.0 Hz), 112.4 

(t, J = 248.0 Hz), 63.0, 17.6, 16.8, 16.5, 14.0. 19F NMR (376 MHz, CDCl3): δ -94.73 (d, J = 12.3 Hz), -103.79 

(dd, J = 11.3, 3.8 Hz). IR: υ (cm-1) 2978, 2885, 1766, 1384, 1087, 906, 729, 648. HRMS (ESI) (m/z): [M+Na]+ 

calcd. for C17H22F2NaO2: 319.1486, found: 319.1475. 

Ethyl (Z)-4-(2-chloro-6-methylphenyl)-2,2-difluorobut-3-enoate(5l)-Z 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (87% yield). E/Z: 1: 99. 
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1H NMR (400 MHz, CDCl3): δ 7.28-7.26 (m, 1H), 7.19-7.12 (m, 3H), 6.14 (dt, J = 16.0, 12.0 Hz, 1H), 4.39 (q, 

J = 8.0 Hz, 2H), 2.37 (s, 3H), 1.38 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 163.7 (t, J = 35.0 Hz), 

138.2, 133.6, 132.9(t, J = 10.0 Hz), 129.0, 127.5, 126.2 (t, J = 25.0 Hz), 112.3 (t, J = 248.0 Hz), 63.1, 21.0, 14.0. 

19F NMR (376 MHz, CDCl3): δ -104.38 (dd, J = 11.4, 3.8 Hz). IR: υ (cm-1) 2982, 1767, 1261, 1076, 906, 733. 

HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H13ClF2NaO2: 297.0470, found: 297.0460.  

Ethyl (Z)-2,2-difluoro-4-phenylpent-3-enoate (5m)-Z 

Purification: Column chromatography (Cyclohexane/EtOAc = 40:1) isolated as a colorless oil (71% yield). E/Z: 

10:90. 

1H NMR (400 MHz, CDCl3): δ {E: 7.42-7.41(m), Z: 7.21-7.18(m), 2H}, 7.38-7.30(m, 3H), {E: 5.92 (t, J = 12.0 

Hz), Z: 5.81 (t, J = 12.0 Hz), 1H}, {E: 4.38 (q, J = 8.0 Hz), Z: 3.88 (q, J = 8.0 Hz), 2H}, {E: 2.28-2.27(m), Z: 

2.18-2.16(m), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.20 (t, J = 8.0 Hz), 3H}. 3C NMR (100 MHz, CDCl3): δ 163.6 

(t, J = 34.0 Hz), 148.7(t, J = 9.0 Hz), 139.1, 128.1, 128.0, 127.5(t, J = 2.0 Hz), 119.2 (t, J = 28.0 Hz), 112.3(t, J 

= 244.0 Hz), 62.6, 27.1, 13.6.19F NMR (376 MHz, CDCl3): δ -91.9 (d, J = 11.3 Hz), -97.7 (d, J = 11.3 Hz). 

HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H14F2NaO2: 263.0860, found: 263.0857. 

Ethyl (E)-2,2-difluoro-4-phenylpent-3-enoate(5m)-E 

Purification: Column chromatography (Cyclohexane/EtOAc = 40:1) isolated as a colorless oil (51% yield). E/Z: 

90: 10. 

1H NMR (400 MHz, CDCl3): δ {E: 7.45-7.41(m), Z: 7.21-7.19(m), 2H}, 7.40-7.32(m, 3H), {E: 5.93 (dt, J = 

12.0, 4.0 Hz), Z: 5.81 (t, J = 12.0, 4.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 3.88(q, J = 8.0 Hz), 2H}, {E: 2.29-

2.27(m), Z: 2.18-2.16(m), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.16 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, 

CDCl3): δ 164.3 (t, J = 35.0 Hz), 147.7(t, J = 7.0 Hz), 141.6, 128.7, 128.6, 128.0, 127.5(t, J = 2.0 Hz), 126.0, 

118.7 (t, J = 27.0 Hz), 113.0(t, J = 247.0 Hz), 63.0, 17.4, 14.0. 19F NMR (376 MHz, CDCl3): δ -91.9 (d, J = 11.3 

Hz), -97.7 (d, J = 11.3 Hz). 

Ethyl (Z)-4-(4-bromophenyl)-2,2-difluoropent-3-enoate (5n)-Z 

Purification: Column chromatography (Cyclohexane/EtOAc = 40:1) isolated as a colorless oil (88% yield). E/Z: 

18: 82. 

1H NMR (400 MHz, CDCl3): δ 7.51-7.49(m, 2H), {E: 7.30-7.28(m), Z: 7.09-7.06 (m), 2H}, {E: 5.92 (t, J = 12.0 

Hz), Z: 5.81 (t, J = 12.0 Hz), 1H}, {E: 4.37 (q, J = 8.0 Hz), Z: 3.99 (q, J = 8.0 Hz), 2H}, {E: 2.26-2.24(m), Z: 

2.15-2.13(m), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.20 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.6 

(t, J = 34.0 Hz), 147.4(t, J = 8.0 Hz), 138.0, 131.6, 131.4, 131.2, 129.4, 129.1, 127.7, 122.9, 122.2, 119.6 (t, J = 

27.0 Hz), 119.2, 112.0(t, J = 246.0 Hz), 62.8, 27.0, 13.7. 19F NMR (376 MHz, CDCl3): δ -92.9 (d, J = 11.3 Hz), 

-97.8 (d, J = 11.3 Hz). HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H13BrF2NaO2: 340.9965, found: 340.9970. 

Ethyl (E)-4-(4-bromophenyl)-2,2-difluoropent-3-enoate(5n)-E 

Purification: Column chromatography (Cyclohexane/EtOAc = 40:1) isolated as a colorless oil (43% yield). E/Z: 

90: 10. 

1H NMR (400 MHz, CDCl3): δ 7.51-7.46(m, 2H), {E: 7.31-7.27 (m), Z: 7.09-7.07 (m), 2H}, {E: 5.92(t, J = 12.0 

Hz), Z: 5.81(t, J = 12.0 Hz), 1H} {E: 4.37 (q, J = 8.0 Hz), Z: 3.99(q, J = 8.0 Hz), 2H}, {E: 2.26-2.24(m), Z: 2.15-
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2.13(m), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.16 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 164.1 (t, J 

= 35.0 Hz), 146.6(t, J = 7.0 Hz), 140.4, 131.6, 131.2, 129.1(t, J = 2.0 Hz), 127.7, 122.8, 122.2, 119.2 (t, J = 27.0 

Hz), 112.8(t, J = 248.0 Hz), 63.1, 17.3, 13.9. 19F NMR (376 MHz, CDCl3): δ -92.9 (d, J = 11.3 Hz), -97.8 (d, J 

= 11.3 Hz). 

Ethyl (Z)-2,2-difluoro-4-(4-(methylthio)phenyl)pent-3-enoate(5o)-Z 

Purification: Column chromatography (Cyclohexane/EtOAc = 40:1) isolated as a colorless oil (77% yield). E/Z: 

1: 99. 

1H NMR (400 MHz, CDCl3): δ 7.22-7.20(m, 2H), 7.14-7.11(m, 2H), Z: 5.78 (dt, J = 12.0, 4.0 Hz), 1H}, 3.93 (q, 

J = 8.0 Hz), 2H, 2.49(s, 3H), 2.15-2.13(m, 3H), 1.37 (t, J = 8.0 Hz). 13C NMR (100 MHz, CDCl3): δ 163.7 (t, J 

= 34.0 Hz), 148.1(t, J = 10.0 Hz), 138.8, 135.6, 128.0(t, J = 2.0 Hz), 125.8, 119.2 (t, J = 27.0 Hz), 112.3(t, J = 

244.0 Hz), 62.87, 26.9, 115.5, 13.6. 19F NMR (376 MHz, CDCl3): δ -91.9 (d, J = 11.3 Hz), -97.4 (d, J = 11.3 

Hz). HRMS (ESI) (m/z): [M+Na]+ calcd. for C14H16F2NaO2S: 309.0737, found: 309.0737. 

Ethyl (E)-2,2-difluoro-4-(4-(methylthio)phenyl)pent-3-enoate (5o)-E 

Purification: Column chromatography (Cyclohexane/EtOAc = 40:1) isolated as a colorless oil (53% yield). E/Z: 

80: 20. 

1H NMR (400 MHz, CDCl3): δ {E: 7.37-7.34(m), Z: 7.14-7.12(m), 2H}, 7.25-7.20(m, 2H), {E: 5.96(t, J = 12.0 

Hz), Z: 5.79(t, J = 12.0 Hz), 1H} {E: 4.36 (q, J = 8.0 Hz), Z: 3.92(q, J = 8.0 Hz), 2H}, {E:2.50(s), Z: 2.49(s), 

3H}, {E: 2.26-2.24(m), Z: 2.15-2.13(m), 3H}, {E: 1.37 (t, J = 8.0 Hz), Z: 1.17 (t, J = 8.0 Hz), 3H}. 13C NMR 

(100 MHz, CDCl3): δ 164.3 (t, J = 35.0 Hz), 148.1, 146.9(t, J = 7.0 Hz), 139.6, 138.8, 138.0, 135.6, 128.0(t, J = 

2.0 Hz), 126.4, 126.1, 125.7, 119.2 (t, J = 28.0 Hz), 118.0(t, J = 26.0 Hz), 113.0(t, J = 246.0 Hz), 63.0, 17.1, 

13.6. 19F NMR (376 MHz, CDCl3): δ -91.9 (d, J = 11.3 Hz), -97.4 (d, J = 11.3 Hz). 

Ethyl (E)-2,2-difluoro-4-(thiophen-2-yl)but-3-enoate(3p)-E 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a pale yellow oil (36% yield). E/Z: 91:9. 

1H NMR (400 MHz, CDCl3): δ 7.39-7.21(m, 3H), {E: 7.09-7.07 (m), Z: 6.94(d, J = 12.0 Hz), 1H} {E: 6.17 (dt, 

J = 16.0, 12.0 Hz), Z: 5.78 (q, J = 8.0 Hz), 1H}, {E: 4.41 (q, J = 8.0 Hz), Z: 4.29 (q, J = 8.0 Hz), 2H}, {E: 1.43 

(t, J = 8.0 Hz), Z: 1.30 (t, J = 8.0 Hz), 3H}. 13C NMR (100 MHz, CDCl3): δ 163.8(t, J = 34.0 Hz), 129.8(t, J = 

11.0 Hz), 129.4, 127.3, 117.6(t, J = 25.0 Hz), 112.4(t, J = 248.0 Hz), 63.1, 13.9. 19F NMR (376 MHz, CDCl3): 

δ -96.37 (d, J = 15.0 Hz), -102.97 (d, J = 11.3 Hz). IR: υ (cm-1) 2986, 1763, 1647, 1307, 1199, 1072, 906, 729. 

Ethyl 2,2-difluoro-4-phenylbut-3-ynoate(7a) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as colorless oil (60% yield).  

1H NMR (400 MHz, CDCl3): δ 7.55 (d, J = 8.0 Hz, 2H), 7.48-7.44(m, 1H), 7.41-7.36(m, 2H), 4.42 (q, J = 8.0 

Hz, 2H), 1.41 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 161.6(t, J = 35.0 Hz), 132.4(t, J = 2.0 Hz), 

130.5, 128.5, 119.3(t, J = 3.0 Hz), 104.9(t, J = 241.0 Hz), 100.0, 89.6(t, J = 241.0 Hz), 78.4(t, J = 38.0 Hz), 63.8, 

13.9.  19F NMR (376 MHz, CDCl3):  δ -89.96. IR(neat): υ (cm-1) 2245, 1770, 1273, 1145, 1080, 906, 729, 652. 

HRMS (ESI) (m/z): [M+Na]+ calcd. for C12H10F2NaO2: 247.0547, found: 247.0541. 
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Ethyl 4-(2-ethylphenyl)-2,2-difluorobut-3-ynoate(7b) 

Purification: Column chromatography (PE/Et2O = 100:1) isolated as a colorless oil (35% yield).  

1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.0 Hz, 1H), 7.41-7.36 (m, 1H), 7.28-7.26(m, 1H), 4.42 (q, J = 8.0 

Hz, 2H), 2.82 (q, J = 8.0 Hz, 2H), 1.41 (t, J = 8.0 Hz, 3H), 1.26 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): 

δ 161.6(t, J = 35.0 Hz), 147.8(J = 2.0 Hz), 133.0(J = 2.0 Hz), 130.7, 128.3, 125.8, 118.4, 105.0(t, J = 241.0 Hz), 

88.8(t, J = 7.0 Hz), 81.6(t, J = 38.0 Hz), 63.8, 27.5, 14.8, 13.9.  19F NMR (376 MHz, CDCl3):  δ -89.79. HRMS 

(ESI) (m/z): [M+Na]+ calcd. for C14H14F2NaO2: 275.0860, found: 275.0850.  

Ethyl 2,2-difluoro-4-(o-tolyl)but-3-ynoate(7c) 

Purification: Column chromatography (PE/Et2O = 50:1) isolated as a colorless oil (48% yield).  

1H NMR (400 MHz, CDCl3): δ 7.52-7.49 (m, 1H), 7.37-7.33 (m, 1H), 7.26-7.18(m, 2H), 4.42 (q, J = 8.0 Hz, 

2H), 2.47(s, 3H), 1.41 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 161.6(t, J = 35.0 Hz), 141.7, 132.7(t, 

J = 2.0 Hz), 130.5, 129.7, 125.8, 119.1(t, J = 3.0 Hz), 105.0(t, J = 242.0 Hz), 88.8(t, J = 7.0 Hz), 82.1(t, J = 38.0 

Hz), 63.8, 20.4, 13.9.  19F NMR (376 MHz, CDCl3):  δ -89.70. IR(neat): υ (cm-1) 2978, 2241, 1770, 1385, 1269, 

1149, 1076, 902, 725. HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H12F2NaO2: 261.0703, found: 261.0706.  

Ethyl 2,2-difluoro-4-(m-tolyl)but-3-ynoate(7d) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as colorless oil (54% yield).  

1H NMR (400 MHz, CDCl3): δ 7.37-7.34(m, 2H), 7.27-7.26(m, 2H), 4.42 (q, J = 8.0 Hz, 2H), 2.36(s, 3H), 1.41 

(t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 161.6(t, J = 34.0 Hz), 138.4, 132.9, 131.4, 129.5(t, J = 2.0 

Hz), 128.4, 119.1, 104.9(t, J = 241.0 Hz), 63.8, 21.1, 13.9.  19F NMR (376 MHz, CDCl3):  δ -89.84. IR(neat): υ 

(cm-1) 2245, 1770, 1508, 1284, 1199, 1134, 1080, 906, 729, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C13H12F2NaO2: 261.0703, found: 261.0700. 

Ethyl 2,2-difluoro-4-(o-tolyl)but-3-ynoate (7e) 

Purification: Column chromatography (PE/Et2O = 50:1) isolated as a colorless oil (34% yield).  

1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 4.42 (q, J = 8.0 Hz, 2H), 

2.39(s, 3H), 1.41 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 141.0, 132.3, 129.3, 116.2, 90.0, 63.8, 29.7, 

13.9.19F NMR (376 MHz, CDCl3):  δ -89.68. IR(neat): υ (cm-1) 2978, 1770, 1381, 1145, 1080, 903, 725. HRMS 

(ESI) (m/z): [M+Na]+ calcd. for C13H12F2NaO2: 261.0703, found: 261.0704. 

Ethyl 2,2-difluoro-4-(4-methoxyphenyl)but-3-ynoate(7f) 

Purification: Column chromatography (cyclohexane/EtOAc = 30:1) isolated as colorless oil (47% yield).  

1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 8.0 Hz, 2H), 6.89 (d, J = 8.0 Hz, 2H), 4.42 (q, J = 8.0 Hz, 2H), 1.41 

(t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 161.7(t, J = 35.0 Hz), 161.3, 134.1, 130.9, 128.8, 114.2, 

111.2, 105.1(t, J = 241.0 Hz), 90.1, 63.7, 55.4, 13.9.  19F NMR (376 MHz, CDCl3):  δ -89.40. HRMS (ESI) 

(m/z): [M+Na]+ calcd. for C13H12F2NaO3: 277.0652, found: 277.0647. 

Ethyl 2,2-difluoro-4-(4-(methylthio)phenyl)but-3-ynoate(7g) 

Purification: Column chromatography (n-hexane/EtOAc = 50:1) isolated as colorless oil (62% yield).  
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1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 4.42 (q, J = 8.0 Hz, 2H), 1.41 

(t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 161.6, 142.7, 135.5, 125.4, 115.2(t, J = 3.0 Hz), 109.9, 107.2, 

105.0(t, J = 242.0 Hz), 89.7, 63.8, 31.9, 15.0.  19F NMR (376 MHz, CDCl3):  δ -89.71. IR(neat): υ (cm-1) 2253, 

902, 721, 648. HRMS (ESI) (m/z): [M+Na]+ calcd. for C13H12F2NaO2S: 293.0424, found: 293.0414.  

Ethyl 2,2-difluoro-4-(naphthalen-1-yl)but-3-ynoate(7h) 

Purification: Column chromatography (n-hexane/EtOAc = 50:1) isolated as colorless oil(39% yield).  

1H NMR (400 MHz, CDCl3): δ 8.26 (dd, J = 12.0, 4.0 Hz, 1H), 7.96(d, J = 8.0 Hz, 1H), 7.90(d, J = 8.0 Hz, 1H), 

7.81(d, J = 8.0 Hz, 1H), 7.66-7.56(m, 2H), 7.50-7.46(m, 1H), 4.47 (q, J = 8.0 Hz, 2H), 1.45 (t, J = 8.0 Hz, 3H). 

13C NMR (100 MHz, CDCl3): δ 133.0, 132.2, 131.2, 128.5, 127.6, 126.9, 125.5, 123.3, 63.9, 13.9.  19F NMR 

(376 MHz, CDCl3):  δ -89.65. IR(neat): υ (cm-1) 2978, 2885, 2233, 1770, 1384, 1149, 906, 732. HRMS (ESI) 

(m/z): [M+Na]+ calcd. for C16H12F2NaO2: 297.0703, found: 297.0713. 

Ethyl 4-(3,5-dimethylphenyl)-2,2-difluorobut-3-ynoate(7i) 

Purification: Column chromatography (cyclohexane/EtOAc = 50:1) isolated as colorless oil (46% yield).  

1H NMR (400 MHz, CDCl3): δ 7.18 (s, 2H), 7.08(s, 1H), 4.42(q, J = 8.0 Hz, 2H), 2.32(s, 6H), 1.41 (t, J = 8.0 

Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 161.6, 138.2, 132.4, 130.9, 130.0, 128.8, 118.9, 104.9, 90.2, 63.8, 21.0, 

13.9.  19F NMR (376 MHz, CDCl3):  δ -89.73. HRMS (ESI) (m/z): [M+Na]+ calcd. for C14H14F2NaO2: 275.0860, 

found: 275.0850. 

Ethyl 4-(3,5-dichlorophenyl)-2,2-difluorobut-3-ynoate(7j) 

Purification: Column chromatography (cyclohexane /EtOAc = 100:1) isolated as colorless oil (28% yield).  

1H NMR (400 MHz, CDCl3): δ 7.46-7.44 (m, 3H), 4.43(q, J = 8.0 Hz, 2H), 1.42 (t, J = 8.0 Hz, 3H). 13C NMR 

(100 MHz, CDCl3): δ 161.0(t, J = 34.0 Hz), 135.4, 131.0, 130.5(t, J = 2.0 Hz), 122.1, 104.5(t, J = 243.0 Hz), 

86.3, 80.2, 64.1, 13.9.  19F NMR (376 MHz, CDCl3):  δ -90.75. HRMS (ESI) (m/z): [M+Na]+calcd. for 

C12H8Cl2F2NaO2: 314.9767, found: 314.9757. 

Ethyl 4-(4-ethoxy-3,3-difluoro-4-oxobut-1-yn-1-yl)benzoate (7k) 

Purification: Column chromatography (cyclohexane /EtOAc = 50:1) isolated as colorless oil (27% yield).  

1H NMR (400 MHz, CDCl3): δ 8.06 (d, J = 8.0 Hz, 2H), 7.62(d, J = 8.0 Hz, 2H), 4.42(q, J = 8.0 Hz, 2H), 4.41 

(q, J = 8.0 Hz, 2H), 1.45 (t, J = 8.0 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ 165.6, 161.3(t, J = 34.0 Hz), 132.3(t, 

J = 3.0 Hz), 132.1, 129.6, 123.6, 104.7(t, J = 242.0 Hz), 88.4(t, J = 7.0 Hz), 80.5(t, J = 38.0 Hz), 64.0, 61.5, 14.3, 

13.9.  19F NMR (376 MHz, CDCl3):  δ -90.41. HRMS (ESI) (m/z): [M+Na]+calcd. for C15H14F2NaO4: 319.0758, 

found: 319.0754.  

Ethyl 4-(4-acetylphenyl)-2,2-difluorobut-3-ynoate(7l) 

Purification: Column chromatography (cyclohexane/EtOAc = 50:1) isolated as colorless oil (17% yield).  

1H NMR (400 MHz, CDCl3): δ 7.97 (d, J = 8.0 Hz, 2H), 7.65(d, J = 8.0 Hz, 2H), 4.43(q, J = 8.0 Hz, 2H), 2.63(s, 

3H), 1.42 (t, J = 8.0 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ 197.0, 161.3, 138.1, 132.6(t, J = 2.0 Hz), 130.9, 

104.7(t, J = 242.0 Hz), 88.2(t, J = 7.0 Hz), 80.8, 64.0, 26.7, 13.9. 19F NMR (376 MHz, CDCl3):  δ -90.45. HRMS 

(ESI) (m/z): [M+Na]+calcd. for C14H12F2NaO3: 289.0652, found: 289.0649. 
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Ethyl 2-(2,6-di-tert-butyl-4-methylphenoxy)-2,2-difluoroacetate (BHT-CF2CO2Et) 

Purification: Column chromatography (PE/Et2O = 30:1) isolated as a colorless oil (35% yield).  

1H NMR (400 MHz, CDCl3): δ 6.55 (s, 2H), 4.16 (q, J = 8.0 Hz, 2H), 1.41 (s, 3H), 1.27 (t, J = 4.0 Hz, 3H), 1.23 

(s, 18H). 13C NMR (100 MHz, CDCl3): δ 185.3, 162.6, 149.1, 137.6, 130.9, 128.8, 116.0.  19F NMR (376 MHz, 

CDCl3):  δ -113.01. IR: υ (cm-1) 2963, 1763, 1647, 1458, 1373, 1307, 1180, 1126, 1030, 906, 733. HRMS (ESI) 

(m/z): [M+Na]+calcd. for C19H28F2NaO3: 365.1904, found: 365.1904. 

Associated Content: 

The Supporting Information for this article is available on the ACS publication website at DOI: 

10.1021/acscatal.7b03019. 
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Abstract   

A convenient method for the preparation of sp3-rich heterocycles is reported. The method comprises 

a photocatalytic difluoroalkylation-induced 1, 2-heteroarene migration of allylic alcohols. Here we 

describe for the first time the benefits of using flow to facilitate such migration reactions, including 

shorter reaction times, higher selectivity and opportunities to scale the chemistry.   
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Introduction 

Heteroarenes are widespread in pharmaceuticals, agrochemicals and other bioactive molecules. 

Hence, the functionalization of heteroarenes remains a contemporary goal within synthetic organic 

chemistry.1 In recent years, there is a trend in medicinal chemistry to prepare more sp3-rich fragments 

(so-called “escape-from-flatland strategy”) to reduce the attrition rate in drug discovery.2 To achieve 

this, the sp3-character of heteroarenes can be enhanced through alkylation via e.g. radical 

intermediates.3,4  

An intriguing approach to access synthetically-useful sp3-rich heteroarenes is the difunctionalization 

of alkenes initiated by a radical addition followed by a heteroaryl migration.5,6 Herein, we describe a 

novel 1,2-heteroarene migration induced by a photocatalytic radical difluoroalkylation. To prepare 

the target compounds, we developed a two-step protocol which starts from the corresponding 

heteroaryl ketones and includes a Grignard reaction and subsequent difluoroalkyl radical-induced 

migration reaction. As shown in this work, both reactions benefited substantially from continuous-

flow processing. 

Result and Discussion 

Allylic alcohols are typically synthesized via a Grignard reaction between a heteroaryl ketone and 

vinyl magnesium halide. The reaction is exothermic in nature and requires strict cooling to avoid 

thermal runaway. Here, we have developed a continuous-flow protocol which allowed us to 

simultaneously handle the exotherm safely and prepare sufficient starting material for the subsequent 

photocatalytic migration reaction.7 The heteroaryl ketone was merged with vinylmagnesium bromide 

in a T-mixer and subsequently introduced in a capillary microreactor (ID 1.65 mm; 700 μL). To avoid 

microreactor clogging, the mixer and microreactor were submerged into a sonicated ice bath.8 A broad 

variety of heteroaryl allylic alcohols could be prepared in only 5 minutes residence time on a 5-10 

mmol scale as shown in Scheme 3.1; this includes 4-pyridinyl, 3-pyridinyl, 2-pyridinyl, pyrazinyl, 

benzothiophenyl, benzofuranyl and thiophenyl bearing allylic alcohols. Notably, the reaction could 

be carried out at a higher temperature in flow (0 °C vs -78 °C in batch) which resulted in a reduced 

reaction time (5 min vs 2 h in batch).9  
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Scheme 3.1: Scope of the continuous-flow Grignard synthesis of allylic alcohols. aReaction conditions: Feed 1 

contains 1 (5.0 mmol) in 10 mL THF; Feed 2 contains 10 mL vinylmagnesium bromide (1.67 M in THF). 5 min 

residence time, 0°C, ultrasound. The reaction is quenched by saturated NH4Cl at the outlet of the reactor. 

Reported yields are those obtained after column chromatography. bCarried out on a 10 mmol scale, cresidence 

time: 2.5 min.  

With a diverse set of allylic alcohols in hand, we commenced our investigations toward a broadly 

applicable difluoroalkylation-induced 1, 2-heteroarene migration with 2-(pyridin-4-yl)but-3-en-2-ol 

2a as the benchmark substrate. Using ethyl bromodifluoroacetate 3a and Ru(bpy)3Cl2·6H2O as the 

photocatalyst in the presence of a nitrogen base (Table 3.1, Entries 1-3), the target product could be 

obtained in encouraging yields (15-55%) when the reaction mixture was subjected to blue irradiation. 

Switching to fac-Ir(ppy)3 as the photocatalyst improved the yield further to 67% (Table 3.1, Entry 4). 

Screening other soluble bases revealed that optimal results could be obtained with imidazole (Table 

3.1, Entry 6). Several control experiments demonstrate the need for a base, photocatalyst and light 

(Table 3.1, Entries 7-9). 
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Table 3.1. Optimization of the reaction conditionsa 

 
Entry Base Photocatalyst Yieldb 

1 NEt3 Ru(bpy)3Cl2.6H2O 31 % 

2 iPr2NEt Ru(bpy)3Cl2.6H2O 15 % 

3 TMEDA Ru(bpy)3Cl2.6H2O 55 % 

4 TMEDA fac-Ir(ppy)3 67 % 

5 DBU fac-Ir(ppy)3 45 % 

6 imidazole fac-Ir(ppy)3 83 % 

7 -- fac-Ir(ppy)3 57 % 

8c imidazole -- N.D. 

9d imidazole fac-Ir(ppy)3 N.D. 

aReaction Conditions: 2a (0.2 mmol, 1 equiv.), 3a (o.6 mmol, 3 equiv.), base (0.4 mmol, 2 equiv.), photocatalyst 

(1 mol%), dichloromethane(1.0 mL), 12 W blue LEDs (λ = 450 nm), room temperature, 6 hours. b Isolated  yield. 

c No photocatalyst. d No light. 

Having established the optimal reaction conditions, we set out to examine the substrate scope of the 

developed transformation (Scheme 3.2). 4-Pyridine-substituted allylic alcohols bearing various R-

groups were subjected to the reaction conditions resulting in the targeted compounds in good yields 

(R = Me, Et, Ph, 2a-c). Interestingly, performing the reaction in flow resulted in a substantial 

reduction (10 min in flow vs. 6 hours in batch) in reaction time and an increase in yield.10,11 As a 

consequence of the reduced exposure to light, the reaction mixture was typically cleaner resulting in 

a more facile purification by column chromatography. Halides on the pyridine moiety were well 

tolerated providing opportunities for further functionalization via e.g. cross coupling (4d, 4f, 4g). 

Surprisingly, 3-substituted pyridine allylic alcohols (4e-h) could also give the aimed product 

smoothly. However, the yield is probably lower as a result of their lower reactivity in radical 

processeses.12 2-Substituted pyridine allylic alcohol (4i) and 2-pyrazine-substituted allylic alcohols 

(4j-k) underwent efficient migration under these photocatalytic conditions. Benzothiophene (4l) 

migrates smoothly as well under our reaction conditons. However, other electron-rich heterocycles, 

such as benzofuran (4m-n) and thiophene (4o) are susceptible for a double radical attack yielding the 

corresponding bifunctionalized compounds in good yield. Also other difluoroalkyl radicals were able 

to induce the heteroaryl migrations (Scheme 3.3) using an analogous reaction protocol where ethyl 
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bromodifluoroacetate (3a) was replaced with bromodifluorophosphonate (yielding compound 5a), or 

various bromodifluoroacetamides (yielding compounds 5b-d). 

 

Scheme 3.2: Substrate scope of the photocatalytic radical-induced heterocycle migration – variation of the allylic 

alcohol substrate. aReaction conditions in batch: 2a (0.2 mmol), 3a(o.6 mmol), imidazole (0.4 mmol), Ir(ppy)3 

(1 mol%), CH2Cl2 (1.0 mL), 12 W blue LEDs (λ = 450 nm), room temperature, 6 hours. Reaction conditions in 

flow: 2a (0.5 mmol), 3a (1.5 mmol), imidazole (1.0 mmol), Ir(ppy)3 (1 mol%), CH2Cl2 (5.0 mL), 12 W blue 
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LEDs (λ = 450 nm), room temperature, residence time: 10 minutes. Reported yields are those obtained after 

column chromatography. bResidence time: 15 minutes. cResidence time: 20 minutes. dResidence time: 5 minutes. 

 

Scheme 3.3: Substrate scope of the photocatalytic radical-induced heterocycle migration – variation of the 

difluoroalkyl radical precursor. aReaction conditions: 2a (1.0 mmol), 3a(3.0 mmol), Ir(ppy)3 (1 mol%), imidazole 

(2.0 mmol), CH2Cl2 (1.0 mL), 12 W blue LEDs (λ = 450 nm), room temperature, residence time: 10 minutes. 

Reported yields are those obtained after column chromatography. 

Based on the experimental data, a plausible mechanism is suggested in Figure 3.1. Upon light 

excitation, fac-[Ir(ppy)3]* can be oxidatively quenched by ethyl bromodifluoroacetate, generating the 

corresponding difluoroalkyl radical species.13 Indeed, radical trapping experiments with BHT (2,6-

di-tert-butyl-4-methylphenol) showed that this species could be effectively captured (See Supporting 

Information). The radical subsequently adds to the olefin generating intermediate A, which undergoes 

1, 2-heterocycle migration via a key spiro radical intermediate B to produce C. Finally, the 

intermediate C was oxidized to obtain the aimed product 4a. 
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Figure 3.1. Proposed mechanism for the photocatalytic radical-induced heterocycle migration. 

 

Conclusions 

In summary, we have developed a novel photocatalytic 1, 2-heterocycle migration method which 

allows to prepare heterocycles with a sp3-enriched character. A variety of synthetically useful β-

difluorinated α-aryl heterocyclic ketones can be easily prepared under mild reaction conditions with 

excellent regioselectivity. The application of continuous flow allows to reduce the reaction time (from 

6 hours to 10 minutes), provides higher reaction selectivity and potential for scaling the chemistry. 

Interesting also the allylic alcohol substrates were prepared in flow via a classical Grignard reaction. 

The flow method enables safe handling of the reaction exotherm and allows to prepare sufficient 

quantities of starting material for the consecutive migration chemistry. 
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Experimental Section 

General procedure for the preparation of the 2-Heterocycle-but-3-en-2-ol substrates in flow: Heterocyclic 

ketone (5.0 mmol, 1.0 equiv.) was dissolved in 10 mL THF, which was subsequently degassed 3 times (freeze-

pump-thaw: cooled to –78 °C and degassed via vacuum evacuation (5 min), backfilled with argon, and warm to 

room temperature) and taken up in a first syringe. Next, 6 mL vinylmagnesium bromide (1 M in THF) was 

dissolved in 4 mL THF and taken up in a second syringe. These two syringes (10 mL) were mounted onto a 

single syringe pump. The reaction mixture was pumped through the PFA capillary microreactor (ID = 1.65 mm, 

65 cm), which was submerged in an ice water bath, which was sonicated to prevent microreactor clogging. The 

flowrate is 0.14 mL/min, which corresponds to a residence time of 5 min. The quenching solvent is saturated 

NH4Cl water solution (Flow rate = 0.21 mL/min). The quenched solution was collected at the end of the reactor 

and was subsequently extracted by diethyl ether (3 × 30 mL). The combined organic layers were washed with 

brine and dried with MgSO4. The product was purified via flash column chromatography using DCM/Acetone 

or cyclehexane/ EtOAc as eluent. 

General procedure for the photocatalytic 1,2-heterocycle migration in batch: An oven‐ dried reaction tube 

(7.5 mL) was charged with 2-heterocycle-but-3-en-2-ol 2 (0.2 mmol, 1.0 equiv.), ethyl bromodifluoroacetate (0.6 

mmol, 3.0 equiv.), fac‐ Ir(ppy)3 (1.3 mg, 1.0 mol%), imidazole (27.3 mg, 0.4 mmol, 2 equiv.) and a magnetic 

stirring bar in dichloromethane (1.0 mL), was sealed with a rubber septum and subsequently degassed 3 times 

(freeze-pump-thaw: cooled to -78 °C and degassed via vacuum evacuation (5 min), backfilled with argon, and 

warm to room temperature). Next the reaction mixture was irradiated with blue LEDs (at approximately 1 cm 

distance from the light source). The temperature in the reactor was kept at room temperature using pressurized 

air. After 6 hours, the reaction mixture was transferred to a 50 mL flask with about 20 mL CH2Cl2. The solvent 

was subsequently removed under reduced pressure and the residue was purified by silica gel column 

chromatography using dichloromethane/acetone to give the desired product.  

General procedure for the photocatalytic 1, 2-heterocycle migration in flow: 2-Heterocycle-but-3-en-2-ol 2 

(1.0 mmol, 1.0 equiv.), ethyl bromodifluoroacetate (3.0 mmol, 3.0 equiv.), fac‐ Ir(ppy)3 (6.5 mg, 1.0 mol%), 

imidazole (136.2 mg, 2.0 mmol, 2 equiv.) and a magnetic stirring bar in dichloromethane (10.0 mL), and was 

subsequently degassed 3 times (freeze-pump-thaw: cooled to –78 °C and degassed via vacuum evacuation (5 

min), backfilled with argon, and warm to room temperature). This reaction mixture was then transferred into a 

syringe (10 mL) and mounted onto a syringe pump. The reaction mixture was pumped through the microreactor 

with the desired flow rate (0.053 mL/min). The microreactor assembly was irradiated with a Blue LED array (1.5 

× 3.12 Watts) at room temperature. The continuous reaction was allowed to reach steady state prior to collection 

of the product fractions. A standard residence time of 10 minutes was utilized. The crude product was collected 

at the end of the reactor. Workup and purification were done following the batch procedure.  

  

javascript:showMsgDetail('ProductSynonyms.aspx?CBNumber=CB2238865&postData3=EN&SYMBOL_Type=A');
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Compound Characterization 

2-(pyridin-4-yl)but-3-en-2-ol (2a).  

The flow experiment was carried out on a 10.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 30:1), 1.3 g product was isolated as white solid (87% yield). 1H NMR (400 MHz, CDCl3): δ 

8.57 (d, J = 4.0 Hz, 2H), 7.41 (d, J = 4.0 Hz, 2H), 6.17-6.10 (m, 1H), 5.33 (d, J = 16.0 Hz, 1H), 5.22 (d, J = 12.0 

Hz, 1H), 2.36 (brs, 1H), 1.65 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 155.6, 149.5, 149.4, 143.4, 120.4, 113.7, 

74.1, 29.1. HRMS (ESI) m/z: [M+H]+ Calcd for C9H12NO: 150.0919; Found: 150.0921. 

3-(pyridin-4-yl)pent-1-en-3-ol (2b).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 30:1), 749.8 mg product was isolated as white solid (92% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.49 (d, J = 4.0 Hz, 2H), 7.37 (d, J = 4.0 Hz, 2H), 6.13 (dd, J = 16.0 Hz, 8.0 Hz, 2H), 5.32 (d, J = 16.0 

Hz, 1H), 5.20 (d, J = 12.0 Hz, 1H), 2.36 (brs, 1H), 1.92-1.87 (m, 2H), 0.83 (t, J = 8.0 Hz, 3H). 13C NMR (100 

MHz, CDCl3): δ 155.0, 150.7, 149.2, 143.0, 120.8, 113.8, 34.4, 7.6. HRMS (ESI) m/z: [M+H]+ Calcd for 

C10H14NO: 164.1075; Found: 164.1074. 

1-phenyl-1-(pyridin-4-yl)prop-2-en-1-ol (2c).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 16:1), 759.5 mg product was isolated as white solid (72% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.49 (t, J = 4.0 Hz, 2H), 7.36-7.34 (m, 7H), 6.51-6.44 (m, 1H), 5.41-5.34 (m, 2H), 3.10 (brs, 1H). 13C 

NMR (100 MHz, CDCl3): δ 155.0, 149.1, 144.5, 142.1, 128.5, 127.9, 126.9, 121.8, 115.5, 78.6. HRMS (ESI) 

m/z: [M+H]+ Calcd for C14H14NO: 212.1075; Found: 212.1075. 

2-(2-chloropyridin-4-yl)but-3-en-2-ol (2d).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 20:1), 494.1 mg product was isolated as white solid (54% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.15(d, J = 4.0 Hz, 1H), 7.39-7.38(m, 1H), 7.23(dd, J = 8.0, 4.0 Hz, 1H), 6.00(m, 1H), 5.24(dd, J = 

16.0 Hz, 1H), 5.12(d, J = 12.0 Hz, 1H), 3.64(s, 1H), 1.54(s, 3H). 13C NMR (100 MHz, CDCl3): δ 159.4, 151.4, 

149.0, 142.8, 121.1, 119.4, 114.0, 73.8, 28.8. HRMS (ESI) m/z: [M+H]+ Calcd for C9H11ClNO: 184.0529; 

Found: 184.0530. 

2-(pyridin-3-yl)but-3-en-2-ol (2e). 

 The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 8:1 to 2:1), 662.8 mg product was isolated as white solid (89% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.63 (s, 1H), 8.41-8.39 (m, 1H), 7.76 (dd, J = 16.0, 4.0 Hz, 1H), 7.29-7.26 (m, 1H), 6.20-6.13 (m, 1H), 

5.32 (d, J = 16.0 Hz, 1H), 5.20 (d, J = 12.0 Hz, 1H), 2.85 (brs, 1H), 1.68 (s, 3H). 13C NMR (100 MHz, CDCl3): 

δ 147.8, 147.0, 144.1, 144.0, 142.0, 133.4, 123.2, 113.4, 113.3, 73.5, 29.4. HRMS (ESI) m/z: [M+H]+ Calcd for 

C9H12NO: 150.0919; Found: 150.0918. 
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2-(6-bromopyridin-3-yl)but-3-en-2-ol (2f).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 20:1), 669.5 mg product was isolated as yellow oil (59% yield). 1H NMR (400 MHz, CDCl3): 

δ 8.55 (s, 1H), 8.50 (s, 1H), 7.99-7.98 (m, 1H), 6.15-6.08 (m, 1H), 5.35-5.20 (m, 2H), 3.21(brs, 1H), 1.66 (s, 3H). 

13C NMR (100 MHz, CDCl3): δ 148.8, 145.2, 144.0, 143.4, 136.1, 120.6, 113.9, 73.0, 29.3. HRMS (ESI) m/z: 

[M+H]+ Calcd for C9H11BrNO: 228.0024; Found: 228.0025. 

2-(5-bromopyridin-3-yl)but-3-en-2-ol (2g).  

The batch experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(DCM/Acetone = 20:1), 374.0 mg product was isolated as brown oil (33% yield). 1H NMR (400 MHz, CDCl3): 

δ 8.44 (s, 1H), 7.67 (dd, J = 8.0, 4.0 Hz, 1H), 7.44 (J = 8.0, 1H), 6.12 (dd, J = 16.0, 8.0 Hz, 1H), 5.33-5.21 (m, 

2H), 2.18 (m, 1H), 1.66 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 147.7, 143.4, 141.2, 140.5, 136.1, 127.5, 113.9, 

73.3, 29.4. HRMS (ESI) m/z: [M+H]+ Calcd for C9H11BrNO: 228.0024; Found: 228.0025. 

3-(pyridin-3-yl)pent-1-en-3-ol (2h).  

The flow experiment was carried out on a 5.0 mmol scale, residence time: 10 minutes. Purification: Column 

chromatography (CH2Cl2/acetone = 8:1 to 2:1), 676.4 mg product was isolated as yellow oil (83% yield). 1H 

NMR (400 MHz, CDCl3): δ 8.62(s, 1H), 8.42-8.39(m, 1H), 7.78(dd, J = 8.0, 4.0 Hz, 1H), 7.26-7.22 (m, 1H), 

6.19-6.12 (m, 1H), 5.32 (d, J = 16.0 Hz, 1H), 5.20 (d, J = 8.0 Hz, 1H), 3.48 (brs, 1H),1.96-1.89 (m, 2H), 0.84 (t, 

J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 147.8, 147.2, 143.3, 141.1, 133.7, 123.0, 113.5, 75.7, 34.6, 7.7. 

HRMS (ESI) m/z: [M+H]+ Calcd for C10H14NO: 164.1075; Found: 164.1078. 

1-(pyridin-2-yl)hexan-1-one (1i).  

The compound was made according to a literature procedure.15 1H NMR (400 MHz, CDCl3): δ 8.68 (d, J = 4.0 

Hz, 1H), 8.04 (d, J = 4.0 Hz, 1H), 7.82 (t, J = 8.0 Hz, 1H), 7.46 (dd, J = 8.0, 4.0 Hz, 1H), 3.22 (t, J = 8.0 Hz, 

2H), 1.73 (t, J = 8.0 Hz, 2H), 1.40-1.36 (m, 4H), 0.92-0.88 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 202.1, 

153.5, 148.8, 136.9, 126.9, 121.8, 37.7, 31.5, 23.6, 22.5, 13.9.  

3-(pyridin-4-yl)oct-1-en-3-ol (2i).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 8:1 to 2:1), 1.0 g mixture of product and starting material (5:1 based on 1HNMR) was obtained 

as yellow oil (80% yield). 1H NMR (400 MHz, CDCl3): δ 8.55-8.52 (m, 1H), 7.76-7.73 (m, 1H), 7.39-7.36 (m, 

1H), 7.26-7.23 (m, 1H), 6.12 (dd, J = 16.0, 8.0 Hz, 1H), 5.42 (d, J = 16.0 Hz, 1H), 5.34 (brs, 1H),  5.13 (d, J = 

16.0 Hz, 1H), 1.92-1.87 (m, 2H), 1.46-1.37 (m, 2H), 1.28-1.20 (m, 4H), 0.84 (t, J = 4.0 Hz, 3H). 13C NMR (100 

MHz, CDCl3): δ 162.5, 148.9, 143.0, 136.8, 126.9, 122.3, 121.7, 120.5, 113.8, 76.3, 41.2, 32.0, 22.9, 14.0. 

HRMS (ESI) m/z: [M+H]+ Calcd for C13H20NO: 206.1545; Found: 206.1542. 

2-(pyrazin-2-yl)but-3-en-2-ol (2j).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 20:1), 390.0 mg product was isolated as colorless oil (52% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.77 (s, 1H), 8.51-8.50 (m, 2H), 6.20-6.12 (m, 1H), 5.42-5.38 (m, 1H), 5.21-5.18 (m, 1H), 3.95 (brs, 
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1H), 1.69 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 159.3, 143.0, 142.9, 142.4, 142.3, 113.8, 73.7, 28.1. HRMS 

(ESI) m/z: [M+H]+ Calcd for C8H11N2O: 151.0871; Found: 151.0872. 

2-(3-methylpyrazin-2-yl)but-3-en-2-ol (2k).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(CH2Cl2/acetone = 30:1), 500.0 mg product was isolated as colorless oil (61% yield). 1H NMR (400 MHz, 

CDCl3): δ 8.41-8.30 (m, 2H), 6.09-6.01 (m, 1H), 5.66 (brs, 1H), 5.36-5.20 (m, 2H), 2.65-2.64 (m, 3H), 1.67 (s, 

3H). 13C NMR (100 MHz, CDCl3): δ 155.9, 152.1, 142.5, 141.3, 138.8, 114.7, 73.3, 25.7, 25.5. HRMS (ESI) 

m/z: [M+H]+ Calcd for C9H13N2O: 165.1028; Found: 165.1029. 

2-(benzo[b]thiophen-2-yl)but-3-en-2-ol (2l).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(Cyclohexane/EtOAc = 20:1), 867.0 mg product was isolated as white solid (85% yield). 1H NMR (400 MHz, 

CDCl3): δ 7.81-7.69 (m, 2H), 7.35-7.29 (m, 2H), 7.18 (s, 1H), 6.27 (dd, J = 17.2, 10.6 Hz, 1H), 5.42 (dd, J = 

17.2, 0.9 Hz, 1H), 5.22 (dd, J = 10.6, 0.9 Hz, 1H), 1.80 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 152.2, 143.5, 

139.7, 139.5, 124.3, 124.1, 123.5, 122.3, 119.7, 113.1, 73.7, 30.0. HRMS (ESI) m/z: [M+H]+ Calcd for 

C12H13SO: 205.0687; Found: 205.0686. 

2-(benzofuran-2-yl)but-3-en-2-ol (2m). 

 The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(Cyclohexane/EtOAc = 4:1), 723.8 mg product was isolated as colorless oil (77% yield). 1H NMR (400 MHz, 

CDCl3): δ 7.56-7.46 (m, 2H), 7.28-7.22 (m, 2H), 6.63(s, 1H), 6.25 (dd, J = 17.3, 10.6 Hz, 1H), 5.41 (dd, J = 17.3, 

0.8 Hz, 1H), 5.25 (dd, J = 10.6, 0.9 Hz, 1H), 2.38 (brs, 1H), 1.76 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 161.0, 

145.3, 144.0, 141.7, 129.8, 123.4, 113.8, 113.4, 106.3, 102.2, 71.8, 55.9, 26.9. HRMS (ESI) m/z: [M+H]+ Calcd 

for C12H13O2: 189.0916; Found: 189.0916. 

2-(7-methoxybenzofuran-2-yl)but-3-en-2-ol (2n).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(Cyclohexane/EtOAc = 4:1), 870 mg product was isolated as colorless oil (80% yield). 1H NMR (400 MHz, 

CDCl3): δ 7.15-7.14 (m, 2H), 6.79 (dd, J = 5.1, 4.0 Hz, 1H), 6.62 (s, 1H), 6.26 (dd, J = 16.0, 8.0 Hz, 1H), 5.40(d, 

J = 20.0 Hz, 1H), 5.23(d, J =  8.0 Hz, 1H)), 4.00 (s, 3H), 2.50 (brs, 1H), 1.76 (s, 3H). 13C NMR (100 MHz, 

CDCl3): δ 161.0, 145.3, 144.0, 141.7, 129.8, 123.4, 113.8, 113.4, 106.3, 102.2, 71.8, 55.9, 26 .9. HRMS (ESI) 

m/z: [M+H]+ Calcd for C13H15O3: 219.1021; Found: 219.1021. 

2-(thiophen-2-yl)but-3-en-2-ol (2o).  

The flow experiment was carried out on a 5.0 mmol scale. Purification: Column chromatography 

(Cyclohexane/EtOAc = 4:1), 270.0 mg product was isolated as colorless oil (35% yield). 1H NMR (400 MHz, 

CDCl3): δ 7.24 (dd, J = 4.0, 2.3 Hz, 2H), 6.97-6.96 (m, 2H), 6.23 (d, J = 16.0, 8.0 Hz, 1H), 5.40-5.16 (m, 2H), 

2.18 (brs, 1H), 1.75 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 151.6, 144.0, 126.7, 124.6, 123.2, 112.5, 73.3, 30.2. 

HRMS (ESI) m/z: [M+H]+ Calcd for C8H11OS: 155.0531; Found: 155.0529. 
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Ethyl 2,2-difluoro-5-oxo-4-(pyridin-4-yl)hexanoate (4a).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (2.5 mL liquid was taken), 44.9 mg and 61.7 mg was obtained in batch and flow, the yield is 83%, 91%, 

the product was yellow oil. Purification: Column chromatography (CH2Cl2/Acetone = 30:1). 1H NMR (400 MHz, 

CDCl3): δ 8.53 (t, J = 4.0 Hz, 2H), 7.11-7.09 (m, 2H), 4.13 (dq, J = 8.0, 4.0 Hz, 2H), 3,97 (dd, J = 8.0, 4.0 Hz, 

1H), 3.03 (dtd, J = 17.2, 15.3, 5.6 Hz, 1H), 2.27 (dtd, J = 17.2, 15.3, 5.6 Hz, 1H), 2.05 (s, 3H), 1.24 (t, J = 8.0 

Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 203.9, 163.5 (t, J = 33.0 Hz), 150.6, 146.1, 123.3, 114.8 (t, J = 250.0 

Hz), 63.1, 51.7 (t, J = 3.0 Hz), 36.2 (t, J = 23.0 Hz), 29.0, 13.7. 19F NMR (376 MHz, CDCl3): δ -104.67- -

104.80(m). HRMS (EI) m/z: [M+H]+ Calcd for C13H16F2NO3: 272.1098; Found: 272.1080.  

Ethyl 2,2-difluoro-5-oxo-4-(pyridin-4-yl)heptanoate (4b).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (3.2 mL liquid was taken), 50.7 mg, 88.0 mg of product was obtained in batch and flow as a pale yellow 

oil, the yield is 89%, 97%. Purification: Column chromatography (CH2Cl2/Acetone = 30:1 to 10:1). 1H NMR 

(400 MHz, CDCl3): 8.60 (d, J = 4.0 Hz, 2H), 7.20 (d, J = 4.0 Hz, 2H), 4.38-4.15 (m, 2H), 4.06 (dd, J = 7.7, 5.3 

Hz, 1H), 3.19-3.05 (m, 1H), 2.61-2.36 (m, 2H), 2.40-2.20 (m, 1H), 1.32 (t, J = 8.0 Hz, 3H), 1.00 (t, J = 8.0 Hz, 

3H). 13C NMR (100 MHz, CDCl3): δ 206.8, 163.5 (t, J = 32.0 Hz), 150.1, 146.9, 123.4, 114.8 (t, J = 250.0 Hz), 

63.2, 50.8 (t, J = 3.0 Hz), 36.6 (t, J = 23.0 Hz), 35.3, 13.8. 19F NMR (376 MHz, CDCl3): δ -104.79(m). HRMS 

(ESI) m/z: [M+Na]+ Calcd for C14H17F2NO3Na: 308.1074; Found: 308.1076. 

Ethyl 2,2-difluoro-5-oxo-5-phenyl-4-(pyridin-4-yl)pentanoate (4c).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (3.0 mL liquid was taken), 54.7 mg, 97.7 mg of product was obtained in batch and flow as a yellow oil, the 

yield is 82%, 98%. Purification: Column chromatography (CH2Cl2/Acetone = 20:1). 1H NMR (400 MHz, 

CDCl3): δ 8.55 (brs, 2H), 7.94 (dd, J = 8.0, 4.0 Hz, 2H), 7.55 (t, J = 8.0 Hz, 1H), 7.43 (t, J = 8.0 Hz, 2H), 7.26 

(d, J = 8.0 Hz, 2H), 4.98 (t, J = 8.0 Hz, 2H), 4.27-4.10 (m, 2H), 3.28 (dtd, J = 18.2, 15.3, 7.8 Hz), 2.52 (dtd, J = 

18.0, 14.9, 5.1 Hz), 1.26 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 196.1, 163.5 (t, J = 33.0 Hz), 150.2, 

147.1, 135.2, 133.8, 128.8, 128.7, 123.4, 114.9 (t, J = 250.0 Hz), 63.1, 46.0, 37.8 (t, J = 23.0 Hz), 13.7. 19F NMR 

(376 MHz, CDCl3): δ -104.43 (ddd, J = 57.3, 18.0, 15.1 Hz). HRMS (ESI) m/z: [M+Na]+  Calcd for 

C18H17F2NO3Na: 356.1074; Found: 356.1078. 

Ethyl 4-(2-chloropyridin-4-yl)-2,2-difluoro-5-oxohexanoate (4d).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (2.5 mL liquid was taken), 53.0 mg was obtained in batch with the yield of 87%, 74.6 mg was obtained in 

flow with the yield of 93%, product was pale yellow oil. Purification: Column chromatography (CH2Cl2/Acetone 

= 20:1). 1H NMR (400 MHz, CDCl3): δ 8.31-8.30 (m, 1H), 7.17 (d, J = 1.5 Hz, 1H), 7.04 (dd, J = 5.1, 1.6 Hz, 

1H), 4.17 (dq, J = 7.2, 4.2 Hz, 2H), 3.98 (dd, J = 7.3, 5.7 Hz, 1H), 3.01 (dtd, J = 18.5, 15.2, 7.4 Hz, 1H), 2.26 

(dtd, J = 18.1, 14.9, 5.6 Hz, 1H), 2.08 (s, 3H), 1.26 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 203.2, 

163.4 (t, J = 32.0 Hz), 152.4, 150.4, 149.2, 123.8, 121.9, 114.7 (t, J = 250.0 Hz), 63.3, 51.3 (t, J = 3.0 Hz), 36.2 



_______________________________Chapter 3__________________________________
 

86 

 

(t, J = 23.0 Hz), 29.2, 13.8. 19F NMR (376 MHz, CDCl3): δ -104.70 (dd, J = 47.0, 4.3 Hz). HRMS (ESI) m/z: 

[M+Na]+ Calcd for C13H14ClF2NO3Na: 328.0528; Found: 328.0520. 

Ethyl 2,2-difluoro-5-oxo-4-(pyridin-3-yl)hexanoate (4e).  

The batch experiment was carried out on a 0.2 mmol scale. Purification: Column chromatography 

(CH2Cl2/Acetone = 20:1), 24.4 mg product was isolated as yellow oil (45% yield). 1H NMR (400 MHz, CDCl3): 

δ 8.58 (d, J = 8.0 Hz, 2H), 7.57 (td, J = 8.0, 1.9 Hz, 1H), 7.35-7.32 (m, 1H), 4.21 (dq, J = 7.2, 5.4 Hz, 2H), 4.09 

(t, J = 4.0 Hz, 1H), 3.11 (dtd, J = 16.7, 15.1, 7.3 Hz, 1H), 2.37 (dtd, J = 16.4, 15.0, 5.9 Hz, 1H), 2.14 (s, 3H), 

1.32 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 204.5, 163.6 (t, J = 32.0 Hz), 149.4, 149.0, 135.7, 133.3, 

124.2, 114.9 (t, J = 250.0 Hz), 63.2, 49.7 (t, J = 4.0 Hz), 36.5 (t, J = 24.0 Hz), 29.0, 13.8. 19F NMR (376 MHz, 

CDCl3): δ -104.67(s). HRMS (ESI) m/z: [M+Na]+ Calcd for C13H15F2NO3Na: 294.0918; Found: 294.0918. 

Ethyl 4-(6-bromopyridin-3-yl)-2,2-difluoro-5-oxohexanoate (4f).  

The batch reaction was carried out on a 0.2 mmol scale, 42.6 mg of product was obtained as a pale yellow oil, 

the yield is 61%. Purification: Column chromatography (CH2Cl2/Acetone = 30:1). 1H NMR (400 MHz, CDCl3): 

δ 8.31 (s, 1H), 7.50 (d, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0, 1H), 4.24 (dq, J = 8.0, 4.0 Hz, 2H), 4.06 (t, J = 8.0 Hz, 

1H), 3.08 (dtd, J = 17.6, 15.5, 7.3 Hz, 1H), 2.34 (dtd, J = 17.2, 15.3, 5.9 Hz, 1H), 2.15 (s, 3H), 1.33 (t, J = 8.0 

Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 204.1, 163.4 (t, J = 32.0 Hz), 150.0, 141.9, 137.7, 132.4, 128.7, 114.8 

(t, J = 250.0 Hz), 63.3, 48.9(t, J = 4.0 Hz), 36.5 (t, J = 24.0 Hz), 29.1, 13.8. 19F NMR (376 MHz, CDCl3): δ -

104.68 (s). HRMS (ESI) m/z: [M+Na]+ Calcd for C13H14BrF2NO3Na: 372.0023; Found: 372.0026. 

Ethyl 4-(5-bromopyridin-3-yl)-2,2-difluoro-5-oxohexanoate (4g).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (2.7 mL liquid was taken), 41.1 mg, 62.2 mg of product was obtained in batch and flow as a pale yellow 

oil, the yield is 59%, 66%. Purification: Column chromatography (CH2Cl2/Acetone = 30:1). 1H NMR (400 MHz, 

CDCl3): δ 8.63 (s, 1H), 8.45 (s, 1H), 7.69 (s, 1H), 4.16 (dq, J = 8.0, 4.0 Hz, 2H), 4.00 (t, J = 4.0 Hz, 1H), 3.05-

2.97 (m, 1H), 2.28 (dtd, J = 17.2, 15.4, 5.8 Hz, 1H), 2.09 (s, 3H), 1.25 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ 203.9, 163.4 (t, J = 32.0 Hz), 150.5, 147.7, 137.8, 134.7, 121.1, 114.7 (t, J = 250.0 Hz), 63.2, 49.1 (t, 

J = 4.0 Hz), 36.5 (t, J = 24.0 Hz), 29.1, 13.8. 19F NMR (376 MHz, CDCl3): δ -104.70(s). HRMS (ESI) m/z: 

[M+Na]+ Calcd for C13H14BrF2NO3Na: 372.0023; Found: 372.0026. 

Ethyl 2,2-difluoro-5-oxo-4-(pyridin-3-yl)heptanoate (4h).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (3.0 mL liquid was taken), 32.5 mg, 52.1 mg of product was obtained in batch and flow as a pale yellow 

oil, the yield is 57%, 61%. Purification: Column chromatography (CH2Cl2/Acetone = 20:1). 1H NMR (400 MHz, 

CDCl3): δ 8.58 (d, J = 4.0 Hz, 2H), 7.56 (m, 1H), 7.35-7.32 (m, 1H), 4.20 (dq, J = 7.2, 4.6 Hz, 2H), 4.08 (dd, J 

= 7.6, 5.6 Hz, 1H), 3.19-3.05 (m, 1H), 2.54-2.37 (m, 1H), 2.36-2.30 (m, 1H), 1.32 (t, J = 7.2 Hz, 3H), 0.99 (t, J 

= 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 207.5, 163.6 (t, J = 32.0 Hz), 149.5, 149.1, 135.4, 133.5, 124.0, 

114.9 (t, J = 250.0 Hz), 63.1, 49.6, 36.8 (t, J = 24.0 Hz), 35.1, 13.8. 19F NMR (376 MHz, CDCl3): δ -104.76 (s). 

HRMS (ESI) m/z: [M+Na]+ Calcd for C14H17F2NO3Na: 308.1074; Found: 308.1079. 
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Ethyl 2,2-difluoro-5-oxo-4-(pyridin-2-yl)decanoate (4i).  

The batch reaction was carried out on a 0.2 mmol scale, 40.5 mg of product was obtained as a pale yellow oil, 

the yield is 62%. Purification: Column chromatography (CH2Cl2/Acetone = 16:1). 1H NMR (400 MHz, CDCl3): 

δ 8.56 (d, J = 4.0 Hz, 1H), 7.67 (td, J = 8.0, 4.0 Hz, 1H), 7.25 (s, 1H), 7.20 (ddd, J = 8.0, 4.0, 1.1 Hz, 1H), 4.26-

4.16 (m, 3H), 3.21-3.03 (m, 1H), 2.57 (dtd, J = 18.4, 15.3, 6.1 Hz, 1H), 2.47-2.24 (m, 2H), 1.48 (dtd, J = 14.9, 

8.2, 6.7 Hz, 2H), 1.30 (t, J = 8.0 Hz, 3H), 1.24-1.08 (m, 4H), 0.80 (t, J = 7.1 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ 206.5, 163.8 (t, J = 33.0 Hz), 157.2, 149.6, 137.4, 123.5, 122.6, 115.4 (t, J = 249.0 Hz), 63.0, 53.9, 

41.5, 35.6 (t, J = 23.0 Hz), 23.2, 22.3, 13.8. 19F NMR (376 MHz, CDCl3): δ -104.72 (s). HRMS (ESI) m/z: 

[M+Na]+ Calcd for C17H23F2NO3Na: 350.1544; Found: 350.1548. 

Ethyl 2,2-difluoro-5-oxo-4-(pyrazin-2-yl)hexanoate (4j).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (2.8 mL liquid was taken), 42.5 mg, 69.3 mg of product was obtained in batch and flow as a pale yellow 

oil, the yield is 78%, 91%. Purification: Column chromatography CH2Cl2/Acetone = 20:1). 1H NMR (400 MHz, 

CDCl3): δ 8.63 (s, 1H), 8.57-8.54 (m, 2H), 4.30-4.23 (m, 3H), 3.22-3.08 (m, 1H), 2.71-2.57 (m, 1H), 2.13 (s, 

3H), 1.33 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 202.9, 163.6 (t, J = 22.0 Hz), 153.1, 144.9, 144.6, 

143.7, 115.2 (t, J = 250.0 Hz), 63.2, 52.2, 35.0 (t, J = 23.0 Hz), 28.9, 13.9. 19F NMR (376 MHz, CDCl3): δ -

104.33- -105.72 (m). HRMS (ESI) m/z: [M+Na]+ Calcd for C12H14F2N2O3Na: 295.0870; Found: 295.0875. 

Ethyl 2,2-difluoro-4-(3-methylpyrazin-2-yl)-5-oxohexanoate (4k).  

The batch experiment was carried out on a 0.2 mmol scale. Purification: Column chromatography 

(CH2Cl2/Acetone = 16:1), 40.5 mg product was isolated as yellow oil (71% yield). 1H NMR (400 MHz, CDCl3): 

8.62-8.27 (m, 2H), 4.37 (t, J = 8.0 Hz, 1H), 4.23 (dq, J = 7.2, 3.0 Hz, 2H), 3.11 (dtd, J = 20.7, 15.5, 5.3 Hz, 1H), 

2.72 (s, 3H), 2.69-2.54 (m, 1H), 2.03 (s, 3H), 1.32 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 202.5, 

163.6 (t, J = 32.0 Hz), 152.9, 151.8, 142.7, 142.1, 115.3 (t, J = 250.0 Hz), 63.1, 50.5 (t, J = 2.0 Hz), 34.8 (t, J = 

23.0 Hz), 29.7, 28.4, 21.7, 13.8. 19F NMR (376 MHz, CDCl3): δ -104.97 (ddd, J = 64.6, 20.0, 14.9 Hz). HRMS 

(ESI) m/z: [M+Na]+ Calcd for C13H16F2N2O3Na: 309.1027; Found: 309.1034. 

Ethyl 4-(benzo[b]thiophen-2-yl)-2,2-difluoro-5-oxohexanoate (4l).  

The flow experiment was carried out on a 0.5 mmol scale, 2.2 mL of liquid was collected. Purification: Column 

chromatography (Cyclohexane/EtOAc = 50:1 to 40:1), 60.2 mg product was isolated as a pale yellow oil (84% 

yield). 1H NMR (400 MHz, CDCl3): δ 7.81-7.71 (m, 2H), 7.38-7.31 (m, 2H), 7.17 (s, 1H), 4.37 (dd, J = 7.7, 5.3 

Hz, 1H), 4.18 (qq, J = 10.8, 7.2 Hz, 2H), 3.19 (dtd, J = 17.2, 15.4, 7.8 Hz, 1H), 2.55-2.49 (m, 1H), 2.24 (s, 3H), 

1.29 (t, J = 8.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 203.6, 163.6 (t, J = 32.0 Hz), 139.7 (t, J = 23.0 Hz), 

124.7, 123.5, 122.3, 114.9 (t, J = 250.0 Hz), 63.1, 47.8, 37.0 (t, J = 24.0 Hz), 28.6, 13.8. 19F NMR (376 MHz, 

CDCl3): δ -104.77 (d, J = 40.4 Hz). HRMS (ESI) m/z: [M+Na]+ Calcd for C16H16F2O3SNa: 349.0686; Found: 

349.0674. 

Ethyl 4-(7-(2-ethoxy-1,1-difluoro-2-oxoethyl)benzofuran-2-yl)-2,2-difluoro-5-oxohexanoate (4m).  

The batch reaction was carried out on a 0.2 mmol scale and the flow experiment was carried out on a 0.5 mmol 

scale (2.2 mL liquid was taken), 18.2 mg, 33.0 mg of product was obtained in batch and flow as a pale yellow 
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oil, the yield is 21%, 34%. Purification: Column chromatography with (Cyclohexane/EtOAc = 30:1). 1H NMR 

(400 MHz, CDCl3): δ 7.58 (d, J = 4.0 Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.39-7.35(m, 1H), 6.92 (s, 1H), 4.33-

4.27 (m, 3H), 4.26-4.14 (m, 2H), 3.26-3.07 (m, 1H), 2.67-2.55 (m, 1H), 2.24 (s, 3H), 1.31-1.29 (m, 6H). 13C 

NMR (100 MHz, CDCl3): δ 201.8, 163.5, 155.2, 154.4, 125.5, 124.4, 120.7(t, J = 7.0 Hz), 114.0, 104.9, 62.3, 

62.2, 46.4, 34.0, 33.8, 28.6, 22.3, 13.9, 13.8. 19F NMR (376 MHz, CDCl3): δ -102.95 (d, J = 41.1 Hz), -105.06 

(s). HRMS (ESI) m/z: [M+Na]+ Calcd for C20H20F4O6Na: 455.1094; Found: 455.1094. 

Ethyl 4-(4-(2-ethoxy-1,1-difluoro-2-oxoethyl)-7-methoxybenzofuran-2-yl)-2,2-difluoro-5-oxohexanoate 

(4n).  

The batch reaction was carried out on a 0.2 mmol scale, 59.0 mg of product was obtained in batch and flow as a 

pale yellow oil, the yield is 64%. Purification: Column chromatography (Cyclohexane/EtOAc = 30:1). 1H NMR 

(400 MHz, CDCl3): δ 7.42 (d, J = 8.0 Hz, 1H), 6.88 (s, 1H), 6.83 (d, J = 8.4 Hz, 1H), 4.32-4.26 (m, 3H), 4.25-

4.16 (m, 2H), 4.03 (s, 3H), 3.22-3.08 (m, 1H), 2.69-2.55 (m, 1H), 2.24 (s, 3H), 1.32-1.67 (m, 6H). 13C NMR 

(100 MHz, CDCl3): δ 201.7, 164.0 (t, J = 36.0 Hz), 163.5 (t, J = 32.0 Hz), 154.5, 147.2, 144.3, 127.2, 122.1, 

117.3 (t, J = 27.0 Hz), 116.2, 114.9 (t, J = 250.0 Hz), 113.7 (t, J = 251.0 Hz), 106.1, 105.2, 70.6, 63.1, 56.2, 46.3 

(t, J = 3.0 Hz), 34.0 (t, J = 24.0 Hz), 28.6, 26.5, 23.2, 22.3, 13.9, 13.8. 19F NMR (376 MHz, CDCl3): δ -102.07 

(d, J = 41.1 Hz), -105.06 (s). HRMS (ESI) m/z: [M+Na]+ Calcd for C21H22F4O7Na: 485.1199; Found: 485.1194. 

Ethyl 4-(3-(2-ethoxy-1,1-difluoro-2-oxoethyl)thiophen-2-yl)-2,2-difluoro-5-oxohexanoate (4o). 

 The batch experiment was carried out on a 0.2 mmol scale. Purification: Column chromatography 

(Cyclohexane/EtOAc = 20:1 to 8:1), 56.5 mg product was isolated as yellow oil (71% yield). 1H NMR (400 

MHz, CDCl3): δ 7.26-7.25 (m, 1H), 6.89-6.87 (m, 1H), 4.37 (q, J = 7.1 Hz, 2H), 4.33-4.30 (m, 1H), 4.27-4.19 

(m, 2H), 3.11 (dtd, J = 17.5, 15.2, 8.0 Hz, 1H), 2.51-2.29 (m, 1H), 2.21 (s, 3H), 1.38-1.31 (m, 6H). 13C NMR 

(100 MHz, CDCl3): δ 203.3, 163.4 (t, J = 32.0 Hz), 163.0 (t, J = 35.0 Hz), 143.3 (t, J = 2.0 Hz), 134.1 (t, J = 30.0 

Hz), 128.7 (t, J = 5.0 Hz), 126.4, 114.6 (t, J = 250.0 Hz), 111.2 (t, J = 250.0 Hz), 63.6, 63.2, 47.0, 37.5 (t, J = 

24.0 Hz), 28.6, 13.9, 13.8. 19F NMR (376 MHz, CDCl3): δ -93.05- -93.13 (m), -104.81- -105.0 (m). HRMS 

(ESI) m/z: [M+Na]+ Calcd for C16H18F4O5SNa: 421.0709; Found: 421.0713. 

Diethyl (3-(benzo[b]thiophen-2-yl)-1,1-difluoro-4-oxopentyl)phosphonate (5a).  

The flow experiment was carried out on a 0.5 mmol scale, 2.5 mL of liquid was collected. Purification: Column 

chromatography (Cyclohexane/EtOAc = 8:1 to 2:1), 81.2 mg product was isolated as a colorless oil (84% yield). 

1H NMR (400 MHz, CDCl3): δ 7.76 (dd, J = 20.0, 8.0 Hz, 2H), 7.37-7.30 (m, 2H), 7.18 (s, 1H), 4.54 (q, J = 4.0 

Hz, 1H), 4.32-4.24 (m, 4H), 3.37-3.20 (m, 1H), 2.53-2.40 (m, 1H), 2.27 (s, 3H), 1.39 (q, J = 8.0 Hz, 6H). 13C 

NMR (100 MHz, CDCl3): δ 203.8, 140.8, 139.6, 139.5, 124.6, 124.5, 123.4, 122.9, 122.3, 120.7 (t, J = 259.0 

Hz), 118.6 (t, J = 260.0 Hz), 64.7 (t, J = 6.0 Hz), 47.0 (q, J = 5.0 Hz), 36.6 (td, J = 20.0, 5.0 Hz), 28.7, 16.4, 16.3. 

19F NMR (376 MHz, CDCl3): δ -111.81-109.54 (m). HRMS (ESI) m/z: [M+H]+ Calcd for C17H21F2O4PS: 

391.0944; Found: 391.0945. 

4-(benzo[b]thiophen-2-yl)-2,2-difluoro-1-morpholinohexane-1,5-dione (5b).  

The flow experiment was carried out on a 0.5 mmol scale, 2.6 mL of liquid was collected. Purification: Column 

chromatography (Cyclohexane/EtOAc = 30:1 to 16:1), 83.0 mg product was isolated as a colorless oil (88% 
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yield). 1H NMR (400 MHz, CDCl3): δ 7.81-7.71 (m, 2H), 7.38-7.30 (m, 2H), 7.17 (s, 1H), 4.45 (q, J = 4.0 Hz, 

1H), 3.74-3.61 (m, 8H), 3.31 (dddd, J = 18.3, 16.8, 15.1, 8.1 Hz, 1H), 2.64-2.50 (m, 1H), 2.25 (s, 3H).13C NMR 

(100 MHz, CDCl3): δ 204.0, 161.5 (t, J = 28.0 Hz), 140.8, 139.6, 139.5, 124.6, 124.5, 123.5, 122.9, 122.3, 118.2 

(t, J = 253.0 Hz), 100.0, 66.6, 48.0, 46.5, 43.3, 37.4 (t, J = 22.0 Hz), 28.7, 26.9. 19F NMR (376 MHz, CDCl3): δ 

-98.02(s). HRMS (ESI) m/z: [M+Na]+ Calcd for C18H19F2NO3SNa: 390.0951; Found: 390.0945. 

4-(benzo[b]thiophen-2-yl)-2,2-difluoro-1-(piperidin-1-yl)hexane-1,5-dione (5c). 

 The flow experiment was carried out on a 0.5 mmol scale, 2.8 mL of liquid was collected. Purification: Column 

chromatography (Cyclohexane/EtOAc = 30:1 to 16:1), 89.4 mg product was isolated as a colorless oil (94% 

yield). 1H NMR (400 MHz, CDCl3): δ 7.79-7.70 (m, 2H), 7.36-7.27 (m, 2H), 7.17 (s, 1H), 4.46 (dd, J = 8.0, 4.0 

Hz, 1H), 3.57 (td, J = 20.0, 4.0 Hz, 4H), 3.31 (dddd, J = 18.3, 16.8, 15.1, 8.1 Hz, 1H), 2.56 (dddd, J = 18.3, 16.8, 

15.1, 8.1 Hz, 1H), 2.24 (s, 3H), 1.65 – 1.56 (m, 6H).13C NMR (100 MHz, CDCl3): δ 204.2, 161.1 (t, J = 28.0 

Hz), 141.0, 139.6, 139.5, 124.5, 124.3, 123.4, 122.7, 122.2, 118.4 (t, J = 253.0 Hz), 48.1 (t, J = 4.0 Hz), 46.7 (t, 

J = 6.0 Hz), 44.3, 37.6 (t, J = 23.0 Hz), 28.6, 26.3, 25.5, 24.3. 19F NMR (376 MHz, CDCl3): δ -98.0(s). HRMS 

(ESI) m/z: [M+Na]+ Calcd for C19H21F2NO2SNa: 388.1159; Found: 388.1155. 

4-(benzo[b]thiophen-2-yl)-2,2-difluoro-1-(pyrrolidin-1-yl)hexane-1,5-dione (5d).  

The flow experiment was carried out on a 0.5 mmol scale, 2.2 mL of liquid was collected. Purification: Column 

chromatography (Cyclohexane/EtOAc = 30:1 to 16:1), 65.4 mg product was isolated as a colorless oil (85% 

yield). 1H NMR (400 MHz, CDCl3): δ 7.79-7.70 (dd, J = 28.0, 8.0 Hz, 2H), 7.36-7.29 (m, 2H), 7.16 (s, 1H), 

4.48 (q, J = 4.0 Hz, 1H), 3.64 (q, J = 4.0 Hz, 2H), 3.46 (q, J = 6.8 Hz, 2H), 3.26 (tdd, J = 17.4, 14.9, 8.3 Hz, 1H), 

2.55 (qd, J = 16.3, 4.3 Hz, 1H), 2.24(s, 3H), 1.97-1.91 (m, 2H), 1.86-1.78(m, 2H). 13C NMR (100 MHz, CDCl3): 

δ 204.2, 161.6 (t, J = 29.0 Hz), 140.8, 139.6, 139.5, 124.5, 124.4, 123.4, 122.8, 122.2, 117.6 (t, J = 252.0 Hz), 

48.0 (t, J = 4.0 Hz), 47.4, 46.6 (t, J = 23.0 Hz), 37.0 (t, J = 24.0 Hz), 28.6, 26.9, 26.4, 23.2. 19F NMR (376 MHz, 

CDCl3): δ -101.50(s). HRMS (ESI) m/z: [M+Na]+ Calcd for C18H19F2NO2SNa: 374.1002; Found: 374.1003.  

Associated Content 

The Supporting Information for this article is available free of charge on the ACS Publications website 

at DOI: 10.1021/acs.joc.8b01624 
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Abstract 

A photocatalytic method for the aerobic oxidative cleavage of C=C bonds has been developed. 

Electron-rich aromatic disulfides were employed as photocatalyst. Upon visible-light irradiation, 

typical mono- and multi-substituted aromatic olefins could be converted to ketones and aldehydes at 

ambient temperature. Experimental and computational studies suggest that a disulfide-olefin charge-

transfer complex is possibly responsible for the unconventional dissociation of S–S bond under 

visible-light.  
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Introduction 

The oxidative cleavage of olefins (OCO) is a widely applied transformation in organic synthesis, since 

it introduces oxygen-containing functional groups such as ketones and aldehydes from inexpensive 

olefinic feedstock.1 Despite the simplicity of the reaction, a practical and mild OCO method is still 

one of the long-sought goals in the development of modern chemical methodologies. One of the most 

popular methods for this transformation is still the old-fashioned ozonolysis,2 which requires an ozone 

generator and displays serious safety issues due to the toxicity of O3. Modern OCO reactions include 

methods employing stoichiometric metal or non-metal reagents that are either toxic or strongly 

oxidizing,1 or methods that utilizing molecular oxygen as a safer and cleaner oxidant in combination 

of catalytic amount of transition-metal complexes3–5 or heat-initiated radical precursors (NHPI,6 

AIBN,7 etc.). Recently, photochemical OCO methods have been reported with the photon as a 

traceless reagent and a green source of energy.8–12 In general, these methods required UV-light, or 

catalysts that are toxic8 or metal-based,9 or a demandingly oxidative photoredox catalyst to be SET-

reduced by the olefin.10–12 Alternatively, it would be attractive to seek a non-metal photocatalyst that 

functions via a non-redox/sensitization mechanism, and preferably with a reduced cost than most 

photocatalysts. Herein, we report a visible-light aerobic OCO method that utilizes inexpensive 

aromatic disulfide as photocatalyst (Scheme 4.1).  

 

Scheme 4.1. Summary of previous OCO methods 

Several previously reported radical-catalyzed OCO reactions involved the formation of a dioxetane 

that decomposes to give the product aldehyde or ketone.3,6,7 In seeking a photo-initiated radical that 

could reversibly add to the C=C bond, we envisioned that the thiyl radical generated by the photolysis 

of disulfide could serve as an ideal catalyst.13,14 Recently, examples of disulfide-catalyzed 

photoreactions were reported, in which disulfide undergoes photolysis to catalyze the diboration of 

terminal alkynes,15a or the reduction of a carbon–halide bond with NHC-borane,15b or the [3+2] 
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cycloaddition.15c They required light from the UV-region because the dissociation of typical aromatic 

S–S bond cannot occur under visible-light.16 

In the hope of establishing a photocatalytic OCO method with visible-light instead of the harmful and 

equipment-demanding UV light, we were intrigued by the acceleration effect in the thiol-olefin co-

oxidation (TOCO) reported and studied in-depth decades ago.17–21 In the presence of an olefin, the 

overall rate for the oxidation-addition sequence is significantly faster than the SET oxidation of thiol 

alone, due to the formation of an olefin-thiol charge-transfer complex (CTC) (Scheme 4.2).17,18 To 

the best of our knowledge, the same effect between olefin and disulfide has not been reported to date. 

Recently, photochemical activity of in situ formed electron donor-acceptor complex (EDA complex 

22–24) has been reported by Melchiorre,25 in which two photo-inactive species transiently associate 

together to form a complex that is photo-active. Therefore, we envisioned that an analogous effect of 

TOCO/CTC might exist between disulfide and olefin, which could lead to a more feasible S–S bond 

photolysis by visible-light in the presence of an olefin (Scheme 4.2).  

 

Scheme 4.2. Thiol-olefin co-oxidation (TOCO) and possible analogous effect between olefin and 

disulfide 

Result and Discussion 

We initiated our study with a simple experiment, in which the MeCN solution of α-methylstyrene 

(1a) and bis(4-methoxyphenyl) disulfide (S1, 5 mol%) was placed under light generated from a white 

LED lamp and stirred for 16 h with the reaction vial open to air. Gratifyingly, some of the C=C bond 

was found to be cleaved, and acetophenone (2a) was obtained in 18% isolated yield (Scheme 4.3). 
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Like in other radical-mediated OCO methods, we also believed that the key intermediate was the 

dioxetane (6), which was formed from intermediate 5 by the abstraction26 and substitution of the thiyl 

radical. Although dioxetane 6 could not be directly observed since it spontaneously decomposed upon 

formation6,7 to give product 2a, several observations were informative to confirm the proposed 

pathway: 1) The tertiary radical 3 from the thiyl addition underwent α-hydrogen abstraction to give 

trace amount of compound 4, which was observed by GC-MS; 2) When the reaction was performed 

in the presence of methionine (1 equiv.) and water as the trapping reagents for dioxetane,27 the 

formation of diol 8 was detected. 

 

Scheme 4.3. Visible-light oxidative C=C bond cleavage catalyzed by bis(4-methoxyphenyl) disulfide  

A set of experiments was performed to confirm the efficacy of disulfides as photo-precatalysts. In the 

absence of disulfide S1, no ketone product was observed (Table 4.1, entry 1). The dark reaction in 

the presence of S1, either at ambient temperature (entry 2) or heated to 45 ºC (entry 3), afforded no 

observable product. The reaction in the presence of molecular oxygen (1 bar) gave an elevated yield 

of 83% (Table 4.1, entry 4) compared to the reaction under air. We also examined other disulfides 

such as bis(phenyl), bis(p-tolyl), bis(p-chlorophenyl),28 and bis(2-thiophenyl) disulfides (S2–S5, 

entries 5–8), which all gave lower yields than S1. Inorganic compounds with S–S bond such as sodium 

metabisulfite (S6) were also examined, however, no ketone 2 was formed in 16 hours (entry 9).  
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Table 4.1. Exploring reaction conditions. 

 

Table 4.2. Optimization of the reaction conditionsa 

Entry Catalyst Oxidant Light T/ºC Yield%a 

1 none air white LED 25 0 

2 S1 air dark 25 0 

3 S1 air dark 45 0 

4 S1 O2 white LED 25 83 

5 S2 O2 white LED 25 53 

6 S3 O2 white LED 25 72 

7 S4 O2 white LED 25 70 

8 S5 O2 white LED 25 29 

9 S6 O2 white LED 25 0 

a Based on isolated product. 

With the optimal disulfide confirmed as S1, we set out to explore more olefinic substrates.  At room 

temperature, a diverse set of aromatic olefins could be converted to corresponding ketones and 

aldehydes with 1 bar of O2 and catalytic amount of S1 (Table 4.2). The reaction with α-methylstyrene 

analogs (1b–1d) all afforded excellent yields of the ketone products (2b–2d). Benzophenone (2e) 

could be prepared from 1,1-diphenylethylene (1e) in 76% yield, which however required more 

catalyst (10 mol%). Styrene and its derivatives with ortho-, meta- and para-substituents (1f–1i) could 

all be converted into the aldehyde products in 70–80% yield. In general, the oxidation of 1,2-

disubstituted olefins (1j–1m) also went smoothly and moderate to good yields were obtained, with 
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the only exception of the reaction of (Z)-β-methylstyrene (1k), in which a part of the starting material 

either isomerized to the (E)-alkene (1j) or was epoxidized.  

Table 4.3. Disulfide-catalyzed photo-oxidation of aromatic olefins. 
 

 

Olefin Product and Yield a. Olefin Product and Yield a. 

    

    

    

    

    

    

a Based on yields of isolated product. b With 10 mol% catalyst. c Acetone as solvent. d 1,4-Dioxane as solvent. e 

Methanol as solvent.  
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 It is commonly believed that the photolysis of most aromatic disulfides requires UV irradiation.13,15,16 

In order to prove that the light from the LED light source was not able to generate the thiyl radical 

from the disulfide, we carried out two control experiments. Under white LED light, the disulfide-

disulfide exchange between bis(4-methoxyphenyl) disulfide (S1) and dimethyl disulfide (S7) did not 

take place (Scheme 4.4). In contrast, the mixture disulfide formed with 9% yield in 1 hour with 

irradiation from a medium-pressure Hg lamp. The reason a dialkyl disulfide was chosen for the cross-

over experiment was that the exchange between two aromatic disulfides can occur via a concerted 

mechanism without light.29–31 The photo-addition of disulfide to terminal alkyne under UV was first 

observed for dialkyl disulfide by Heiba and Dessau in 1960s.32 A recent example was reported by 

Ogawa,14 in which diphenyl disulfide could be trapped by 1-octyne with light from a medium-pressure 

Hg lamp. However, under LED irradiation, an equimolar mixture of 1-heptyne and diphenyl disulfide 

(S2) did not undergo any addition reaction. These results suggested that the S–S bond of common 

aromatic disulfides cannot be cleaved to give thiyl radicals with light from an LED lamp (Scheme 

4.4). 

 

Scheme 4.4. The control experiments 

Thus, it is reasonable to assume that the olefin and disulfide have interactions that facilitate the S–S 

bond photolysis, with the olefin acting as a sensitizer. Following Szmant’s procedure to confirm the 

thiol-olefin charge-transfer complex in the 1980s,21a we carried out a set of NMR experiments to seek 

evidence of the disulfide-olefin complex. By analyzing a series of 1H NMR of a fixed amount of 

disulfide S1 mixed with increasing amounts of α-methylstyrene (1a), we found that the chemical shift 

of the disulfide’s methoxy group distinctly drifted towards upfield, which indicated that the electron 

density on the disulfide had increased. This observation could be explained by the electron-donation 

from the olefin’s conjugated π-system to the sulfur atom, based on the same observation and 

rationalization for the thiol-olefin system.18–21 The chemical shifts for the olefin remained largely 
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unchanged. The slope of the curve decreased with the increasing relative concentration of olefin, 

indicating that the charge-transfer complex was forming towards saturation (Figure 4.1). 

 

Figure 4.1. Correlation between the chemical shift of –OMe of S1 and the relative olefin concentration. 

In addition to experimental results, computational studies were also performed for the disulfide-olefin 

charge-transfer complex. The UV-Vis spectra 33,34 of S1 and the complex S1-1a were simulated by 

DFT calculation at the ωB97x-D/6-31G* level of theory, which was previously used for theoretical 

studies of the spectroscopic behavior of various disulfides.35 The energy and UV-Vis spectrum of S1 

were first calculated to confirm the accuracy of the method. The energy gap between HOMO (–7.83 

eV) and LUMO (+0.59 eV) was calculated to be 8.42 eV (Figure 4.2). The calculated absorption of 

S1 fell within the UV region (< 400 nm, Figure 4.3) and was in accord with the experimental spectrum. 

The structure of the disulfide-olefin complex (S1-1a) was proposed based on the results of NMR 

experiments that the electron density at the disulfide was increased, and also based on Fava18 and 

Szmant’s20–21 models that the HOMO of the olefin preferably interacts with the LUMO of the thiol 

(here it is the LUMO of the disulfide). The complex’s geometry was optimized based on the same 

DFT method (ωB97x-D/6-31G*) for calculating the energy of S1. The disulfide-olefin complex (S1-

1a) displayed a reduced HOMO–LUMO gap of 7.31 eV (HOMO = –6.89 eV, LUMO = +0.42 eV) as 

compared to that of the free disulfide S1 (Figure 4.2). The reduced HOMO–LUMO gap might be 

attributed to the elevation of HOMO caused by the electron-donation from the C=C π-orbital to the 

sulfur (as graphically shown in Figure 4.2).21a The calculated UV-Vis spectrum of the complex (S1-

1a) showed that the range of absorption had extended to the visible region (400–440 nm) (Figure 

4.3). Therefore, the olefin-activated disulfide would lead to a more feasible homolytic S–S bond 

dissociation under visible-light, and a subsequent thiyl addition to the C=C bond. 
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HOMO (S1) = –7.83 eV LUMO (S1) = +0.59 eV 

  

HOMO (S1-1a) = –6.89 eV LUMO (S1-1a) = +0.42 eV 

Figure 4.2. Modeling of the disulfide-olefin complex and energy levels by DFT calculation 

 

 

 

Figure 4.3. The simulated UV-Vis spectra of S1 and the disulfide-olefin complex (S1-1a) 
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Conclusions 

In conclusion, we have developed a mild and non-metal catalyzed method for the aerobic oxidative 

cleavage the C=C bond under visible-light at room temperature. Bis(4-methoxyphenyl) disulfide was 

employed as photocatalyst, and typical monosubstituted as well as 1,1- and 1,2-disubstituted aromatic 

alkenes could be converted to corresponding aldehydes and ketones. Interestingly, we have 

discovered that the coordinating effect between thiols and olefins might also exist between certain 

disulfides and olefins. The unconventional homolysis of the aromatic S–S bond by visible-light was 

rationalized by the olefin-disulfide charge-transfer complex. Mechanistic details of this effect and 

more synthetic applications are currently being investigated in our lab. 
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Experimental Section 

Procedure for the screening of reaction conditions and catalysts. 

In a 7 mL clear glass vial with an O2 balloon, disulfide catalyst (0.050 mmol) was added to the solution of α-

methylstyrene (1.0 mmol) in MeCN (0.3 mL) at room temperature. Under visible-light generated from a white 

LED lamp (for dark reaction, the vial was wrapped carefully with aluminum foil), the reaction mixture was stirred 

at indicated temperature for 16 hours. The reaction was monitored by TLC or GC-MS. The product was isolated 

by flash chromatography eluting with pentane/Et2O (30:1) as a yellowish oil. 

General procedure for disulfide-catalyzed photo oxidative cleavage of olefins. 

In a 7 mL clear glass vial with an O2 balloon, bis(4-methoxyphenyl) disulfide (0.025–0.050 mmol) was added to 

the solution of olefin (0.5–1.0 mmol) in MeCN (in some specific cases, 1,4-dioxane, methanol, or acetone was 

used). Under visible-light generated from a white LED lamp, the reaction mixture was stirred at 25 °C for 16 

hours. The reaction was monitored by TLC or GC-MS. The product was isolated by flash chromatography. 

Procedure for the disulfide-disulfide exchange reaction. 

In a clear glass vial, bis(4-methoxyphenyl) disulfide (28.9 mg, 0.10 mmol) and dimethyl disulfide (9.5 mg, 0.10 

mmol) were dissolved in MeCN (1.0 mL) under nitrogen. Under visible-light generated from a white LED lamp, 

the mixture was stirred at 25 °C for 1 hour. 1H NMR analysis showed no formation of the mixed disulfide. The 

above procedure was repeated with UV light from a medium-pressure Hg lamp for 1 hour. 1H NMR analysis 

showed a set of new peak for the formation of mixed disulfide in 9% NMR yield: 1H NMR (500 MHz, CDCl3) 

δ 7.42 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.76 (s, 3H), 2.38 (s, 3H). MS (EI) m/z [M]+ calcd for 

C8H10OS2: 186.0, found 186.0. 

 

The above procedure was repeated with UV light from a medium-pressure Hg lamp for 1 hour. 1H NMR analysis 

showed a set of new peak for the formation of mixed disulfide in 9% NMR yield: 1H NMR (500 MHz, CDCl3) 

δ 7.42 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.76 (s, 3H), 2.38 (s, 3H). MS (EI) m/z [M]+ calcd for 

C8H10OS2: 186.0, found 186.0. 
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Procedure of mechanistic experiments of the disulfide-catalyzed OCO reaction. 

1) TEMPO inhibition experiment: 

 

In a 7 mL clear glass vial with an O2 balloon, bis(4-methoxyphenyl) disulfide (7.3 mg, 0.026 mmol) was added 

to the solution of α-methylstyrene (61 mg, 0.52 mmol), TEMPO (81 mg, 0.52 mmol) in MeCN (0.3 mL). Under 

visible-light generated from a white LED lamp, the reaction mixture was stirred at 25 °C for 16 hours. Analysis 

by NMR and GC-MS showed no product was formed. 

2) Dioxetane trapping by methionine: 

 

In a 7 mL clear glass vial with an O2 balloon, bis(4-methoxyphenyl) disulfide (7.3 mg, 0.026 mmol) was added 

to the solution of α-methylstyrene (61 mg, 0.52 mmol), L-methionine (77 mg, 0.52 mmol) in a mixed solvent of 

MeCN (0.30 mL) and H2O (0.15 mL). Under visible-light generated from a white LED lamp, the reaction mixture 

was stirred at 25 °C for 16 hours. Analysis by NMR and GC-MS showed the formation of 2-phenylpropane-1,2-

diol (11% yield). 1H NMR (500 MHz, CDCl3) δ 7.47–7.18 (m, 5H), 3.79 (d, J = 11.1 Hz, 1H), 3.64 (d, J = 11.1 

Hz, 1H), 1.53 (s, 3H). MS (EI): fragmentation pattern was in accord with the one in database for 2-

phenylpropane-1, 2-diol. 

3) Photosensitizer experiment: 

 

In a 7 mL clear glass vial, bis(4-methoxyphenyl) disulfide (5.0 mg, 0.018 mmol) was added to the solution of α-

methylstyrene (52 mg, 0.44 mmol), Rose Bengal (3.0 mg, 0.0029 mmol), K2CO3 (12 mg, 0.087 mmol) in a mixed 
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solvent of MeCN (0.80 mL) and H2O (0.10 mL). The vial was opened to air with a needle on the septum. Under 

visible-light generated from a white LED lamp, the reaction mixture was stirred at 25 °C for 16 hours. The 

formation of 2-phenylprop-2-en-1-ol was detected by NMR and GC-MS (with 5% yield by NMR): 1H NMR 

(500 MHz, DMSO-d6) δ: 7.50–7.30 (m, 5H), 5.47 (q, J = 1.3 Hz, 1H), 5.35 (q, J = 1.7 Hz, 1H), 4.27 (t, J = 1.4 

Hz, 2H), 2.62 (s, 1H). MS (ESI) m/z [M+H]+ calcd for C9H11O: 135.1, found 135.1. If the above experiment was 

carried out without Rose Bengal, no formation of 2-phenylprop-2-en-1-ol (or its hydroperoxide form) was 

detected, and the only product observed was acetophenone (28% yield). 

From the above experiments, we believe that the disulfide-catalyzed photo OCO reaction probably proceeds via 

the dioxetane as the reactive intermediate. A singlet oxygen pathway is less likely. 

4) Procedure for the NMR analysis of disulfide-olefin mixtures. 

In a set of NMR tubes, a fixed amount of bis(4-methoxyphenyl) disulfide (S1) was mixed with varying amount 

of α-methylstyrene (1a) in different ratios. CDCl3 was added as solvent. 1H NMR was taken for each mixture 

and the chemical shifts were measured relative to the signals for TMS (0.00 ppm). The amounts of S1 and 1a in 

each mixture are listed in the following table. 

1a/S1 1a (mg) S1 (mg) 1a/S1 1a (mg) S1 (mg) 

1 3.8 7.2 40 119.5 7.3 

3 9.3 7.3 50 150.4 7.4 

5 15.2 7.3 60 180.7 7.2 

7 21.6 7.1 80 238.8 7.4 

9 27.3 7.3 90 266.9 7.4 

15 45.4 7.5 100 294.1 7.3 

20 59.8 7.1 110 326.8 7.2 

30 88.9 7.2 200 590.9 7.2 
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Compound Characterization 

Acetophenone (2a):  

The general procedure was followed by employing α-methylstyrene (119.3 mg, 1.01 mmol) and bis(4-

methoxyphenyl) disulfide (14.4 mg, 0.052 mmol, 5.1 mol%) and MeCN (0.3 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (30:1) afforded the title 

compound as a yellowish oil (100.8 mg, 83.2%): 1H NMR (500 MHz, CDCl3) δ 7.98 - 7.94 (m, 2H), 7.58 - 7.54 

(m, 1H), 7.48 - 7.44 (m, 2H), 2.60 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 198.10, 137.08, 133.06, 128.52, 

128.25, 26.56; MS (EI) m/z [M]+ calcd for C8H8O: 120.15, found 120.0. 

1-p-Tolylethanone (2b): 

The general procedure was followed by employing p,α-dimethylstyrene (68.0 mg, 0.51 mmol) and bis(4-

methoxyphenyl) disulfide (7.1 mg, 0.026 mmol, 5.1 mol%) and MeCN (0.3 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (10:1) afforded the title 

compound as a colorless oil (62.6 mg, 90.7%): 1H NMR (500 MHz, CDCl3) δ 7.86 (dt, J = 8.3, 1.7 Hz, 2H), 7.28 

- 7.23 (m, 2H), 2.57 (s, 3H), 2.41 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 197.83, 143.84, 134.69, 129.21, 128.41, 

26.50, 21.60; MS (EI) m/z [M]+ calcd for C9H10O: 134.18, found 134.0. 

1-(4-Fluorophenyl)ethanone (2c): 

The general procedure was followed by employing 1-fluoro-4-(prop-1-en-2-yl)benzene (78.3 mg, 0.57 

mmol) and bis(4-methoxyphenyl) disulfide (7.5 mg, 0.027 mmol, 4.7 mol%) and acetone (0.4 mL). Reaction was 

stopped after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (20:1) afforded the title 

compound as a yellowish oil (73.1 mg, 91.9%): 1H NMR (500 MHz, CDCl3) δ 7.99 - 7.94 (m, 2H), 7.11 (tt, J = 

8.7, 2.0 Hz, 2H), 2.57 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 196.42, 165.7 (d, J = 255.0 Hz), 133.5 (d, J = 3.0 

Hz), 130.9 (d, J = 9.4 Hz), 115.6 (d, J = 21.9 Hz), 26.4; MS (EI) m/z [M]+ calcd for C8H7FO: 138.1, found 138.0. 

1-(4-Chlorophenyl)ethanone (2d): 

The general procedure was followed by employing 4-chloro-α -methylstyrene (77.3 mg, 0.51 mmol) and bis(4-

methoxyphenyl) disulfide (7.1 mg, 0.026 mmol, 5.1 mol%). The reaction was stopped after 16 hours. Purification 

by flash chromatography eluting with Pentane/Et2O (20:1) afforded the title compound as a colorless oil (67.9 

mg, 86.7%): 1H NMR (500 MHz, CDCl3) δ 7.89(dt, J = 8.6, 1.9 Hz, 2H), 7.44 (dt, J = 8.6, 1.9 Hz, 2H), 2.59 (s, 

3H); 13C NMR (126 MHz, CDCl3) δ 196.8, 139.6, 135.4, 129.7, 128.9, 26.5; MS (EI) m/z [M]+ calcd for 

C8H7ClO: 154.0, found 154.0. 

Benzophenone (2e): 

The general procedure was followed by employing 1,1-diphenylethylene (95.6 mg, 0.53 mmol) and bis(4-

methoxyphenyl) disulfide (14.5 mg, 0.052 mmol, 9.8 mol%) and MeCN (0.4 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (20:1) afforded the title 

compound as a yellowish oil (73.3 mg, 75.8%): 1H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 7.7 Hz, 4H), 7.59 (t, 
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J = 7.4 Hz, 2H), 7.48 (t, J = 7.7 Hz, 4H); 13C NMR (126 MHz, CDCl3) δ 196.7, 137.5, 132.4, 130.0, 128.2; MS 

(EI) m/z [M]+ calcd for C13H10O: 182.1, found 182.1. 

Benzaldehyde (2f): 

The general procedure was followed by employing styrene (104.9 mg, 1.01 mmol) and bis(4-methoxyphenyl) 

disulfide (14.3 mg, 0.051 mmol, 5.0 mol%). The reaction was stopped after 16 hours. Purification by flash 

chromatography eluting with Pentane/Et2O (40:1) afforded the title compound as a colorless oil (78.3 mg, 

73.2%): 1H NMR (500 MHz, CDCl3) δ 10.01 (s, 1H), 7.87 (d, J = 7.3 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.52 (t, 

J = 7.6 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 192.4, 136.3, 134.4, 129.7, 128.9; MS (EI) m/z [M]+ calcd for 

C7H6O: 106.12, found 106.0. 

2-Chlorobenzaldehyde (2g): 

The general procedure was followed by employing 2-chlorostyrene (68.9 mg, 0.50 mmol) and bis(4-

methoxyphenyl) disulfide (7.0 mg, 0.025 mmol, 5.0 mol%) and MeCN (0.3 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (30:1) afforded the title 

compound as a yellowish oil (52.5 mg, 75.1%): 1H NMR (500 MHz, CDCl3) δ 10.50 (s, 1H), 7.93 (dd, J = 7.7, 

1.5 Hz, 1H), 7.57 - 7.51 (m, 1H), 7.46 (d, J = 7.9 Hz, 1H), 7.40 (t, J = 7.5 Hz, 1H); 13C NMR (126 MHz, CDCl3) 

δ 189.9, 138.0, 135.1, 132.4, 130.6, 129.4, 127.3; MS (EI) m/z [M]+ calcd for C7H5ClO: 140.56, found 140.0. 

3-Chlorobenzaldehyde (2h): 

The general procedure was followed by employing 3-chlorostyrene (70.1 mg, 0.51 mmol) and bis(4-

methoxyphenyl) disulfide (7.0 mg, 0.025 mmol, 4.9 mol%) and MeCN (0.3 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (30:1) afforded the title 

compound as a yellowish oil (53.1 mg, 74.7%): 1H NMR (500 MHz, CDCl3) δ 9.98 (s, 1H), 7.86 (t, J = 1.7 Hz, 

1H), 7.77 (dt, J = 7.6, 1.1 Hz, 1H), 7.61 (ddd, J = 8.0, 2.1, 1.1 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H); 13C NMR (126 

MHz, CDCl3) δ 190.9, 137.8, 135.5, 134.4, 130.4, 129.3, 128.0; MS (EI) m/z [M]+ calcd for C7H5ClO: 140.0, 

found 140.0. 

4-Methoxybenzaldehyde (2i): 

The general procedure was followed by employing 4-methoxystyrene (67.7 mg, 0.50 mmol) and bis(4-

methoxyphenyl) disulfide (7.0 mg, 0.025 mmol, 5.0 mol%) and MeCN (0.3 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (20:1) afforded the title 

compound as a yellowish oil (52.6 mg, 76.6%): 1H NMR (500 MHz, CDCl3) δ 9.89 (s, 1H), 7.84 (dt, J = 8.8, 

2.0 Hz, 2H), 7.01 (dt, J = 8.7, 1.8 Hz, 2H), 3.89 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 190.8, 164.6, 132.0, 

130.0, 114.3, 55.6; MS (EI) m/z [M]+ calcd for C8H8O2: 136.1, found 136.0. 

Benzaldehyde (2j): 

The general procedure was followed by employing trans-propenylbenzene (69.1mg, 0.50 mmol) and bis(4-

methoxyphenyl) disulfide (7.2 mg, 0.026 mmol, 5.2 mol%). The reaction was stopped after 16 hours. Purification 

by flash chromatography eluting with Pentane/Et2O (50:1) afforded the title compound as a colorless oil (43.2 

mg, 78.8%): 1H NMR (500 MHz, CDCl3) δ 10.02 (s, 1H), 7.87 (d, J = 7.7 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.53 
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(t, J = 7.5 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 192.4, 136.3, 134.4, 129.7, 128.9; MS (EI) m/z [M]+ calcd 

for C7H6O: 106.0, found 106.0. 

Benzaldehyde (2k): 

The general procedure was followed by employing cis-propenylbenzene (60.5 mg, 0.51 mmol) and bis(4-

methoxyphenyl) disulfide (7.0 mg, 0.025 mmol, 4.9 mol%) and methanol (0.4 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/Et2O (50:1) afforded the title 

compound as a colorless oil (23.7 mg, 43.6%): 1H NMR (500 MHz, CDCl3) δ 10.03 (s, 1H), 7.89 (d, J = 7.8 Hz, 

2H), 7.64 (t, J = 7.3 Hz, 1H), 7.54 (t, J = 7.5 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 192.4, 136.4, 134.5, 129.7, 

129.0; MS (EI) m/z [M]+ calcd for C7H6O: 106.0, found 106.0. 

4-methoxybenzaldehyde (2l): 

The general procedure was followed by employing anethole (76.0 mg, 0.51 mmol) and bis(4-methoxyphenyl) 

disulfide (7.2 mg, 0.026 mmol, 5.1 mol%). The reaction was stopped after 16 hours. Purification by flash 

chromatography eluting with Pentane/Et2O (20:1) afforded the title compound as a yellowish oil (53.4 mg, 

76.4%): 1H NMR (500 MHz, CDCl3) δ 9.88 (s, 1H), 7.84 (td, J = 8.8, 2.0 Hz, 2H), 7.00 (m, J = 8.8, 1.9 Hz, 2H 

2H), 3.89 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 190.8, 164.6, 132.0, 129.9, 114.3, 55.6; MS (EI) m/z [M]+ 

calcd for C8H8O2: 136.1, found 136.0. 

3,4-Dimethoxybenzaldehyde (2m): 

The general procedure was followed by employing isoeugenol methyl ether (88.2 mg, 0.49 mmol) and bis(4-

methoxyphenyl) disulfide (7.0 mg, 0.025 mmol, 5.1 mol%) and MeCN (0.3 mL). The reaction was stopped 

after 16 hours. Purification by flash chromatography eluting with Pentane/CH3CO2Et (1:1) afforded the title 

compound as a yellowish oil (49.6 mg, 60.3%): 1H NMR (500 MHz, CDCl3) δ 9.85 (s, 1H), 7.47 (d, J = 1.9 Hz, 

1H), 7.45 (d, J = 1.9 Hz, 1H), 7.41 (d, J = 1.8 Hz, 1H), 3.96 (s, 3H), 3.94 (s, 3H); 13C NMR (126 MHz, CDCl3) 

δ 190.9, 154.4, 149.6, 130.1, 126.9, 110.3, 108.8, 56.2, 56.0; MS (EI) m/z [M]+ calcd for C9H10O3: 166.1, found 

166.1. 

Associated Content 

The Supporting Information for this article is available free of charge on the Wiley Publications 

website at DOI: 10.1002/anie.201607948. 
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Abstract 

A continuous-flow, visible light-promoted method has been developed to overcome the limitations of 

Fe-catalyzed Kumada-Corriu cross-couplings. A variety of strongly electron-rich aryl chlorides, 

previously hardly reactive, could be efficiently coupled with aliphatic Grignard reagents at room 

temperature, in high yields and within a few minutes residence time, considerably enhancing the 

applicability of this Fe-catalyzed reaction. The robustness of this protocol was demonstrated on the 

multi-gram scale, providing the potential for future pharmaceutical application. 
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Introduction 

Over the past three decades, transition metal-catalyzed cross-coupling reactions have emerged as one 

of the most important classes of C-C bond-forming reactions.1 One of the oldest and most important 

transformations is the coupling of aryl halides with Grignard reagents. This chemistry has been 

extensively studied using Pd2 and Ni3 catalysis since its first discovery by Kumada and Corriu in 

1972.4  

 

Scheme 5. 1. Csp2-Csp3 bond formation via Kumada-Corriu cross-couplings 

Despite the efficiency of these reactions, these metals are toxic and expensive, and more and more 

research has been devoted to the development of efficient catalytic methods using cheap, earth-

abundant and non-toxic alternative catalysts.5 In this regard, iron catalysis has been extensively 

investigated.6,7 In 2002, based on pioneering studies by, among others, Kharasch,8 Kochi,9 and 

Cahiez,10 Fürstner developed the first efficient Fe-catalyzed Kumada-Corriu coupling between aryl 

chlorides and alkyl Grignard reagents.11 Key to this advancement was the use of N-methyl-2-

pyrrolidone (NMP) as a co-solvent in the reaction. This method provided a very attractive alternative 

to the Pd/Ni-catalyzed reaction, as aryl chlorides could be more efficiently employed as starting 

materials instead of aryl bromides and iodides (Scheme 5.1).12 Nonetheless, this protocol and 

subsequent ones,13 are limited to electron-deficient aryl chlorides, triflates, and tosylates, and to 

primary aliphatic Grignard reagents. Electron-neutral (e.g. chlorobenzene) and electron-rich aryl 

chlorides could only later be successfully employed in the reaction when N-heterocyclic carbene 
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(NHC) ligands were used, but still required high temperatures and/or long reaction times.14 Despite 

further notable advancements in the field of Fe-catalyzed cross- couplings,15 to date the coupling of 

electron-rich aryl chlorides with aliphatic Grignard reagents remains challenging and the number of 

reports is still considerably limited. 

Very recently, Alcázar and co-workers developed visible light-promoted Pd/Ni-catalyzed Negishi 

cross-couplings, demonstrating the advantage of irradiation on this type of cross-coupling reaction.16 

Inspired by these results, and following our continuous interest in metal-catalyzed couplings in flow,17 

herein we report a light-promoted Fe-catalyzed Kumada-Corriu coupling for Csp2-Csp3 bond-

formation in continuous-flow.18 Considering the present limitations on the scope of aryl chlorides 

reaction partners typical for this reaction, this method allows the broadening of the substrate scope 

under very mild and scalable conditions. 

Result and Discussion 

At the beginning of our study, we treated model substrates chlorobenzene (1a) and n-

propylmagnesium bromide (2a) with 1 mol% FeCl2∙4H2O and 2 mol% 3-bis(2,6-diisopropyl-

phenyl)imidazolinium chloride (SIPr∙HCl) as ligand under irradiation of blue LED (450 nm) at 20 oC. 

To our delight, n-propylbenzene 3aa was obtained in 76% yield using a residence time of 20 minutes, 

while the reaction without light only furnished 5% of 3aa (Table 5.1, entries 1-2). This shows that 

visible light indeed significantly accelerates the Kumada cross-coupling. At 25 oC the reaction 

proceeded more efficiently, giving 84% yield (entry 3). Different iron halides such as FeF3 or FeCl3 

gave moderate to good yield, while the use of Fe(acac)3 (acac = acetylacetonate) resulted in an 

excellent 89% yield of 3aa (entries 4-6). Increasing the catalyst loading (2%) and concentration 

resulted in 98% yield within only 15 minutes residence time (entry 7). Control experiments in the 

absence of Fe or NHC gave no product, while the reaction in the dark under these conditions only 

produced 11% of 3aa (entries 8-10). Interestingly, when cyclohexylmagnesium chloride (CyMgCl) 

2b was employed in the reaction, full conversion was achieved within only 5 minutes residence time 

(entry 11). This reagent was thus selected for further studies. 
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Table 5.1. Optimization of reaction conditions.[a] 

 

Entry Cat. R RT (min) Yield (%) 

1[b,c] FeCl2.4H2O n-Propyl (2a) 20 76 (3aa) 

2[b,c,d] FeCl2.4H2O n-Propyl (2a) 20 5 (3aa) 

3[b] FeCl2.4H2O n-Propyl (2a) 20 84 (3aa) 

4[b] FeF3 n-Propyl (2a) 20 45 (3aa) 

5[b] FeCl3 n-Propyl (2a) 20 73 (3aa) 

6[b] Fe(acac)3 n-Propyl (2a) 20 89 (3aa) 

7 Fe(acac)3 n-Propyl (2a) 15 98 (3aa) 

8 / n-Propyl (2a) 15 0 (3aa) 

9[e] Fe(acac)3 n-Propyl (2a) 15 0 (3aa) 

10[d] Fe(acac)3 n-Propyl (2a) 15 11 (3aa) 

11 Fe(acac)3 Cyclohexyl (2b) 5 96 (3ab) 

[a]Reaction conditions: Feed 1: Chlorobenzene 1a (2 mmol), Fe(acac)3 (0.04 mmol), tetrahydrofuran (THF, 5 mL). 

Feed 2: Grignard reagent (3 mmol), SIPr∙HCl (0.08 mmol), THF, 25 °C, 24 W blue LED. RT = residence time. 

GC yields are reported. [b] Fe(acac)3 (0.02 mmol), SIPr∙HCl (0.04 mmol), [c]T = 20 oC. [d] No light; [e] No ligand. 

With the optimal conditions in hand, the scope of this trans-formation was investigated (Scheme 5.2). 

Unfunctionalized aryl chlorides in the coupling with Grignard 2b already show large differences in 

yields between irradiation and non-irradiation conditions (3ab-3cb, 83-91% vs 27-51%). Substrates 

containing a fluorine or methyl moiety also reacted smoothly, giving 88-99% yield under irradiation 

(3db-3eb). Furthermore, functionalization with one or two strongly electron-donating methoxy groups, 

including at very challenging ortho positions, also resulted in high isolated yields of compounds 3fb-

3jb (61-93%). It has to be noted that for compounds 3ib and 3jb, 5% Fe(acac)3 and 10% NHC were 

required to reach full conversion within 20 minutes residence time. The strong electron-donating 

groups –NMe2 and –NHMe were also tolerated in the reaction and furnished 3kb and 3lb in high yields 

(82-96%). The presence of a free NH moiety in 3lb is particularly noteworthy, as it avoids the 

introduction of protecting groups. Unprotected NH functionalities in medicinally relevant7c indoles and 

pyrrolopyridines were also successfully tolerated (3mb-3nb, 91%). Other functionalized heterocyclic 

chlorides, such as 2-methylquinoline, 2-methoxypyridine, 2-methyltiopyrimidine, and benzofuran 

chlorides were reacted with 2b in modest to good yields (3ob-3rb, 45-84%). 
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Scheme 5.2. Substrate scope. Reaction conditions: Feed 1: 1 (2 mmol, 1.0 equiv.), Fe(acac)3 (0.04 mmol), THF 

5 mL. Feed 2: 2b (1.5 equiv.), SIPr∙HCl (0.08 mmol), 25 oC, RT: 5 minutes, 24 W blue LED. GC/LC yield. 

Isolated yield reported in brackets. [a] RT = 2 min; [b] Fe(acac)3 (5 mol%), SIPr∙HCl (10 mol%); [c] Grignard 

reagent (2.5 equiv.); [d] RT = 15 min; [e] RT = 1 min; [f] RT = 20 min. Scope of Grignard reagents, reaction 

conditions: Feed 1: 1 (2 mmol, 1.0 equiv.), Fe(acac)3 (5 mol%). Feed 2: 3 (1.5 equiv.), SIPr∙HCl (15 mol%), 25 

oC, RT: 20 minutes, [g]Fe(acac)3 (2 mol%), SIPr∙HCl (4 mol%), [h] Fe(acac)3 (10 mol%), SIPr∙HCl (30 mol%) 

in batch with 34 W blue LED irradiation at 45 oC for 4 hours; [i]40 oC. [j] 0.3 equiv. of iPrMgBr was added as 

additive in Feed 2 in advance. [k] 2d (2.0 equiv). 

Next, we studied the reactivity of different Grignard reagents. A few generally less reactive alkyl 

Grignard reagents, such as n-propylmagnesium and (trimethylsily)methylmagnesium chlorides,19 

were successfully employed in the coupling with electron-rich or heterocyclic aryl chlorides, 

affording good isolated yields of the coupling products 3ha-3nc (55-95%). Encouraged by these 

results, some new Grignard reagents decorated with medicinally important moieties, such as 

tetrahydropyrane and N-methylpiperidine20 were prepared21 and tested in the reaction. Compounds 

3hd-3he, featuring electron-rich or heteroaromatic moieties, were obtained under mild reaction 

conditions in 70-95% yield.22 As expected, most of these compounds were only obtained in trace 

amounts in the absence of light. Finally, the scalability of this protocol was demonstrated on a multi-

gram scale synthesis of unprotected indole 3mb (Scheme 5.3). With only 5 minutes residence time, 

after running continuously for 2.5 hours, 11.36 gram of 3mb were isolated (95%), with the space-

time yield reaching 454 mg/h·mL. 
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Scheme 5.3. Reaction scale-up. Feed 1: 1m (9.06 g, 60 mmol), Fe(acac)3 (423.6 mg, 2 mol%), THF (150 mL); 

Feed 2: 2b (150 mL, 1.0 M in THF, 2.5 equiv.), SIPr∙HCl, (1.02 g, 4 mol%); 25 oC, residence time = 5 minutes.. 

Mechanistic study 

Despite the recent interest in Fe-catalyzed cross-couplings, the elucidation of their mechanism is not 

straightforward.23 The current mechanistic understanding of Fe-catalyzed Kumada coupling using -

hydrogen-containing Grignard reagents24 supports an initial reduction of Fe(III) to a lower oxidation 

states species [Fered] by the Grignard, leading to FeXn or Fe(MgX)n intermediates. Different oxidation 

states for [Fered] have been suggested, ranging from Fe(-II) to Fe(+I).15d,24-25 This initial necessary 

step is followed by a rate-determining oxidative addition of the aryl chloride, and a transmetalation 

with further Grignard reagent, or vice versa. The final reductive elimination is suggested to be fast 

and restore the [Fered] species.11b,25 

We performed some experiments to understand the effect of irradiation in this reaction. Kinetic 

profiles for the coupling of chlorobenzene 1a and p-chloroanisole 1h with CyMgCl 2b with and 

without irradiation showed a clear beneficial effect of light on the rate of the reaction. In particular, 

the effect of irradiation is much more pronounced for the coupling of electron-rich 1h than for 

chlorobenzene 1a (Figure 5.1 a-b).This might suggest an effect of light in facilitating the oxidative 

addition, although other effects cannot as yet be excluded. A strong effect of light was also observed 

for the coupling with chloroindole 1m, which results in almost no reaction in the absence of light. 

Light on/off experiments on this reaction show that light is needed during the whole process (Figure 

5.1c), so its role in the mere generation of an active catalytic species (off-cycle) can be excluded.  
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Figure 5.1. a) Batch reaction profiles for the coupling of CyMgCl 2b with chlorobenzene 1a and b) p-

chloroanisole 1h with or without blue light irradiation; c) reaction profiles for the coupling with chloroindole 

1m with or without light, and in light on/off experiment 

 

Figure 5.2: In-line UV-Vis analysis of the reaction between CyMgCl 2b and chloroindole 1m; Top: 0.01 M in 

THF, Bottom: 0.1 M. 
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In-line UV-Vis analysis of the reaction between CyMgCl 2b and chloroindole 1m (under irradiation) 

was performed at low concentration (0.01 M) to study the first step of the reaction (Figure 5.2, top). 

Upon addition of 2b and 1m to a solution of Fe/NHC in THF, the characteristic absorption band of 

Fe(acac)3 (ca. 450 nm) immediately disappeared, and a broad, stable band in the visible range (450-

600 nm) appears after ca. 30 min. This band remained almost unchanged for the following 100 min. 

Similar results were obtained without irradiation. 

The same experiment under more concentrated conditions (0.1 M, Figure 5.2, bottom) also showed 

the disappearance of Fe(acac)3 and the formation of the large band at 450-600 nm upon addition of 

Grignard and chloroindole. Under such conditions, this band appeared and disappeared quickly, and 

a new weak band at  450 nm briefly appeared after a short time. After turning the light on, the same 

band appeared with a much higher intensity. Full conversion was observed within several minutes 

from this event.  

Density functional theory (DFT) calculations suggest the broad band at 450-600 nm might be related 

to a Fe(I) species, while the one at 450 to a Fe(III) species. Therefore, we propose a catalytic cycle 

where an Fe(I) intermediate is formed upon reduction of the precatalyst by the Grignard reagents at 

the beginning of the reaction, followed by a slow oxidative addition to give a Fe(III) species (Scheme 

5.4). The higher intensity of the sudden peak at 450 nm upon irradiation suggest an effect of light in 

promoting an aerobic oxidation process (or analogous) yielding the Fe(III) species. This would be in 

agreement with the kinetic measurements shown in Figure 5.1. As almost no difference was observed 

in the dark and light experiments at low concentration, it seems the initial formation of the reduced 

Fe(I) species (off-cycle process) is not particularly influenced by light, which is instead essential 

during the real catalytic process (Figure 5.1c). 

 

Scheme 5.4: Proposed mechanism. 
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Conclusion 

We have reported a scalable, visible light-accelerated coupling of unactivated and electron-rich aryl 

chlorides with alkylmagnesium compounds in continuous-flow conditions. The use of blue light was 

demonstrated to considerably accelerate the coupling reaction, and allowed the use of mild conditions 

and very short reaction times even for previously very stubborn substrates, and makes a competitive 

alternative to the commonly used Pd or Ni catalysts for this transformation. Preliminary mechanistic 

studies suggested an Fe(I)/Fe(III) catalytic cycle.[26] Further mechanistic studies are being undertaken 

in our laboratory. 
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Experiment section 

Kinetic measurements, general procedure 

Measurements of reaction profiles were performed in batch in 7 ml vials under irradiation of blue LED light (4.5 

W), using the setup shown in Figure 5.3. Reactions with or without light were performed at the same time to 

ensure reproducibility. One of the vial was exposed to light during the reaction, while the second was covered 

with aluminum foil for the whole time. 

  

Figure 5.3: Batch setup used for kinetic measurements 

SIPr∙HCl (17 mg, 0.04 mmol) was charged into each of the two vials, the vials were flushed with Ar, 

and closed with a screw-cap with an Ar balloon attached. A stock solution of Fe(acac)3 (14 mg, 0.04 

mmol), aryl chloride (2.0 mmol), and decane (internal standard, 80 L, 0.4 mmol) in 6 mL dry THF 

was prepared, and half of this was added, under Ar, into each of the vials. Cyclohexylmagnesium 

chloride (1.5 mL of a 1.0 M solution in 2-MeTHF, 1.5 mmol) was then added into each vial, and the 

vials were placed into the reactor and stirred (1000 rpm) at room temperature. Samples of 0.2 mL 

were then taken at different times from each vial and transferred into a 1.5 mL GC vial, the excess 

Grignard reagent was quenched with acetone, and the solid formed was filtered over celite before 

injecting the samples into GC-FID. 
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Light on/off reaction 

 

Scheme 5.5: Light on/off experiments with 5-Clindole and CyMgCl in batch 

SIPr∙HCl (17 mg, 0.04 mmol) was charged into three vials, the vials were flushed with Ar, and closed with a 

screw-cap with an Ar balloon. Cyclohexyl magnesium chloride (2.5 mL of a 1.0 M solution in 2-MeTHF, 2.5 

mmol) was then added into each vial, and the vials were placed into the reactor and stirred at room temperature 

for 10 minutes. A stock solution of Fe(acac)3 (21.2 mg, 0.06 mmol), 5-chloroindole (3.0 mmol), and decane 

(internal standard, 256 mg) in 7.5 mL THF was prepared. 2.5 mL of the stock solution was added under Ar into 

each of the three vials. Samples of 0.1 mL were taken at different times from each vial and transferred into a 1.5 

mL GC vial, the excess Grignard reagent was quenched with acetone, and the solid formed was filtered over 

celite before injecting the samples into GC-FID. The result was shown in Figure 5.1 c). 

Radical clock experiments 

The reaction between o-butenylchlorobenzene and cyclohexylmagnesium chloride mainly resulted in the 

formation of the expected coupling product, but a broad array of side products was observed, including some 

possibly deriving from a radical pathways. GC-MS data for the identified compounds are shown below. 

 

Scheme 5.6: Intramolecular radical clock experiment 

Apart from dehalogenation of the aryl chloride, isomerization (loss of -CH3 fragments in some of the peaks, only 

possible from isomerized alkenyl chains) and hydrogenation of the alkenyl chain (both in the aryl chloride and 

the dehalogenated derivative) was observed. Reductive dehalogenation and hydrogenation might come from a 

Fe hydride intermediate formed upon β-hydrogen elimination of the Fe-alkyl species. The formation of 

bi(cyclohexane) from homocoupling of the Grignard reagent was also observed here, as in other examples in the 

scope. 

Besides the formation of the expected coupling product (RT 10.81min), other products are observed with the 

same m/z values (RT 10.93, 11.20), but considerably different fragmentation patterns. The expected coupling 

product is recognizable by the loss of a –CH2CH=CH2 fragment (m/z 173, M-41, similar fragmentation in the 

starting aryl chloride), and a cyclohexyl (m/z 131). These peaks are not observed in the other products, which 

instead show the peak at m/z 117 (M-43, -CH2CH2CH3). This suggests that the butenyl chain in no longer present 

in the product and the fragmentation might be due to the (fused) alkylic residue (radical clock products). As these 
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are minor compounds, we do not believe a free radical mechanism to be predominant under the reaction 

conditions. 
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Figure 5.4: Fragments of the peaks on GC-MS spectra 
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In-line UV-Vis measurements 

UV-Vis spectra for the reaction components are shown in Figure 5.5: 

 

Figure 5.5: UV-Vis spectra for the reaction components in THF 

General procedure of in-line UV-Vis analysis to test the importance of ligand: A solution of Fe(acac)3 (5 

mg, 0.014 mmol) [and SIPr-HCl (12 mg, 0.028 mmol)] in dry THF (20 mL) was charged into a round-bottom 

flask and stirred under Ar. The solution was continuously analyzed by in-line UV-Vis spectrophotometry (300-

600 nm range) using the apparatus shown in Figure 5.6, collecting one measurement per second. After 

approximately 2 minutes, slow additions of chlorobenzene (PhCl, 1a) (250 µL of a 1.0 M solution in THF, 0.25 

mmol) and/or cyclohexylmagnesium chloride (CyMgCl, 2b) (250 µL of a 1.0 M solution in 2-MeTHF, 0.25 

mmol) were performed via a syringe pump (20 µL/min for 2b and 28 µL/min for 1a). These experiments were 

performed in the absence of blue light irradiation. 
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Figure 5.6: In-line UV-Vis setup 

Results: THF solutions of either Fe(acac)3 or Fe(acac)3/SIPr-HCl show absorption maxima at around 350 and 

445 nm.  

In the absence of the NHC ligand, the absorption in the area between 400 and 500 nm decreases upon addition 

of Grignard reagent (Figure 5.7). In contrast, in the presence of the ligand, the addition of Grignard results only 

in a slight initial decrease in absorption in this area, which increases again upon further addition of Grignard 

(Figure 5.8). The slight decrease observed might be related to the role of the initial aliquots of Grignard as a 

base for the NHC precursor.  

The difference between the two cases suggests that the NHC-coordinated reduced iron species [Fered] formed 

upon reaction with Grignard is more strongly absorbing in the blue light region than the non-coordinated one. 

This might explain the crucial role of the ligand in the reaction.  

A similar behavior is observed when PhCl is added to the solution before the Grignard reagent (Figures 5.9-

5.10). The addition of the aryl chloride has no effect on the absorption spectra, suggesting that no interaction 

between the Fe(III) catalyst and the aryl chloride takes place. Subsequent addition of Grignard reagent induces 

the same effects as described above for Figures 5.7-5.8. This behavior suggests that Fe(III) species alone cannot 

interact with the aryl chloride in the absence of Grignard. The Grignard reagent then has a role in generating the 

active species [Fered] before the catalytic cycle begins. 
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Figure 5.7: In-line UV-Vis measurements for the addition of cyclohexylmagnesium chloride 2b to Fe(acac)3 

 

Figure 5.8: In-line UV-Vis measurements for the addition of cyclohexylmagnesium chloride 2b to 

Fe(acac)3/SIPr∙HCl 
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Figure 5.9: In-line UV-Vis measurements for the addition of chlorobenzene 1a and cyclohexylmagnesium 

chloride 2b to Fe(acac)3 

 

Figure 5.10: In-line UV-Vis measurements for the addition of chlorobenzene 1a and cyclohexylmagnesium 

chloride 2b to Fe(acac)3/SIPr∙HCl 

General procedure for the inline UV analysis to test the first step of the catalytic reaction: 

These experiments were performed to try to elucidate the role of light in the reaction. Due to its almost complete 

inertness in the absence of light (see manuscript), 5-chlorindole 1m was used as reactant for these experiments. 

It is important to note that the concentration used for these experiments is much lower than the one used for the 

substrate scope or the kinetic profiles. 

A solution of Fe(acac)3 (3.5 mg, 0.01 mmol) and SIPr∙HCl (8.5 mg, 0.02 mmol) in dry THF (20 mL) was charged 

into a reaction tube and stirred under Ar. The solution was continuously analyzed by in-line UV-Vis 

spectrophotometry (300-600 nm range), collecting one measurement per second. After about 5 minutes, 

cyclohexylmagnesium chloride 2b (0.5 mL of 1.0 M solution in 2-MeTHF, 0.5 mmol) was added by syringe. 
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After other 5 minutes, 5-chloroindole 1m (30.4 mg, 0.2 mmol in 0.5 mL THF) was added by syringe. This process 

was carried out in the preseance and in the absence of irradiation (18 W blue LED) for comparison. 

Results: 

THF solutions of Fe(acac)3/SIPr∙HCl show absorption maxima at around 350 and 450 nm. The absorption in the 

area between 400 and 500 nm decreases upon addition of cyclohexylmagnesium chloride and chloroindole. The 

decrease in absorbance in this range is almost instantaneous upon addition of the Grignard, and a little slower 

upon addition of the chloroindole. After a certain time (around 40 min) under stirring and irradiation, a broad 

band between 450 and 600 nm appears, and remains almost unaltered for the next 100 min. After this time, this 

band start disappearing.  

During this whole time, no conversion was observed in GC-FID. We assume the excessive dilution of the reaction 

to be responsible for this. Based on this observation, we propose this absorption band to be related to an 

intermediate necessary before the catalytic cycle begins. DFT calculations suggest this band might be related to 

a Fe(I) intermediate, formed upon reduction of Fe(III) by the Grignard reagent. 

 

Figure 5.11: In-line UV-Vis with blue LED irradiation of the mixture 
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Figure 5.12: In-line UV-Vis without blue LED irradiation of the mixture 

The process under irradiation (Figure 5.11) or in the dark (Figure 5.12) show only small differences (different 

timings for the appearance and disappearance of the broad band at 450-600 nm). The similarity of the two is 

clearly observed in the graphs reported in Figures 5.11-5.12, and suggests that the effect of light is not strong at 

this point of the reaction. 
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General procedure for the inline UV analysis with higher concentration: 

UV-Vis analysis for more concentrated solutions were performed to gain insights under more realistic conditions.  

SIPr∙HCl (34.2 mg, 0.08 mmol, 4 mol%), cyclohexylmagnesium chloride 2b (1.0 M in 2-MeTHF, 5.0 mL, 2.5 

equiv.) and 10.0 mL dry THF were charged into a vial and stirred for 10 minutes under Ar. This solution was 

then added into a solution of Fe(acac)3 (14.0 mg, 0.04 mmol, 2 mol%) and 5-chloroindole 1m (303.8 mg, 2.0 

mmol, 1 equiv) in 10.0 mL dry THF.  

A modified flow sutup was designed to dilute the solution before analysis (Figure 5.13). The reaction mixture 

was pumped at 0.5 mL/min and diluted with dry THF (2.0 mL/min) via a T-mixer before UV-Vis flow cell. For 

the first 15 minutes, the reaction was performed without light irradiation, then the light was turned on. 

 

 

Figure 5.13: Modified flow setup for the analysis of concentrated reaction mixtures 

Results: 

Upon addition of the Grignard/NHC solution, the absorption band of Fe(acac)3 at around 450 nm disappears 

quickly, and the concomitant appearance of the band at 450-600 nm is observed. This is similar with what we 

observed from the diluted solution. Under these concentrated conditions, however, this broad band disappears 

after about 2 minutes, after which almost no absorption in the range 350-600 is observed. At 7.5-8 minutes of 

reaction, a shoulder peak at 430-450 nm suddenly appears for a very short time. When the light was turned on at 

15 minutes, the same peak, but much more intense, appeared and disappear immediately again (Figure 5.14). 

GC-FID measurements show almost complete conversion shortly after this point. 

Based on DFT calculations and the fact that the UV absorption of the iron containing species is mainly influenced 

by the oxidative state of iron, we suggest the sudden shoulder peak appearing at 430-450 nm to be an Fe(III) 

species. The sudden formation and disappearance of this shoulder might be related to the formation of an Fe(III) 

species formed by oxidative addition of the aryl chloride. As the intensity of the peak was much higher under 

irradiation, we propose that irradiation strongly promotes the formation of this species. The acceleration of an 

oxidative addition step is in agreement with the strong effect of light on the coupling with electron-rich substrates, 

as demonstrated in the manuscript. 
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Figure 5.14: In-line UV-Vis at high concentration 
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Computational details 

All calculations were performed with the Gaussian09, revision D.01 suite27 employing the DFT method, the 

Becke three-parameter hybrid functional28, and Lee-Yang-Parr’s gradient-corrected correlation functional 

(B3LYP29) used in conjunction with Grimme's dispersion correction with Becke-Johnson damping30. The 

ground-state geometries of the complexes were first optimized in the gas-phase. Frequency calculations were 

performed to ensure that the optimized structures were true minima on the potential energy surface (PES). 

Singlet ground state geometry optimizations for Fe(0)(acac)3 and Fe(II)(acac)3 were carried out at the 

restricted spin condition, while the triplet and quintet ground state geometry optimizations for Fe(0)(acac)3 

and Fe(II)(acac)3 and the doublet, quartet and sextet ground state geometry optimizations for Fe(I)(acac)3  

and Fe(III)(acac)3 were carried out at the unrestricted spin condition. All elements except Iron were assigned 

the 6-311G(d, p) basis set31. The double-ζ quality SBKJC VDZ32 ECP basis set with an effective core 

potential was employed for the Iron metal ion. 

Vertical electronic excitations based on optimized geometries were computed for the lowest energy spin 

state of the 4 complexes using the TD-DFT33 formalism in THF using the polarizable continuum model 

(PCM)34. Gausssum 2.235 was employed to visualize the absorption spectra (simulated with Gaussian 

distribution with a full-width at half maximum (fwhm) set to 3000 cm−1. 

Method: Ub3lyp-GD3BJ 

Basis set: CHO 6-311G(d,p) Fe SBKJC VDZ ECP 

Solvation: PCM=THF  
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Fe(III)(acac)3 

 

Fe(II)(acac)3 
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Fe(I)(acac)3 

 

 

Fe(0)(acac)3 

 

Figure 5.15: Predicted UV-Vis spectra of iron with different iron oxidative state, Oscillator strength and the 

molecular molecule images of selected electronic transitions 
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Figure 5.16: The calculated UV-Vis spectra and the experimental spectra of Fe(acac)3 

Table 5.2: Selected Transitions from TD-DFT calculations of Fe(acac)3 in the Ground State (b3lyp/SBKJC-

VDZ[Fe]6-311G**[C,H,O], PCM (THF)). 

Oxidation 

state 
Spin State /nm f Major transition(s) Character 

 

III 6 

7  0.0321 

H-2(B)->L+2(B) (37%) 

H-1(B)->L+1(B) (51%) 

LMCT/LLCT 

 

21  0.0035 

H-2(A)->L+2(A) (17%) 

H-1(A)->L+1(A) (14%) 

H(A)->L(A) (19%) 

LMCT/LLCT 

 

II 5 

6  0.0319 

H (B)->L (B) (81%) 

H (B)->L+4(B) (16%) 

LMCT 

 

7  0.0294 

H (B)->L+1(B) (65%) 

H (B)->L+2(B) (19%) 

LMCT 

 

I 4 

16  0.0048 H (B)->L+8(B) (86%) MC/LLCT  

23  0.0064 H (B)->L+14(B) (93%) MLCT  

0 3 28  0.0321 
H-1(B)->L+9(B) (14%) 

H-1(B)->L+13(B) (18%) 
MLCT/LC 

 

Red-shifted by ~60 nm 
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H (B)->L+17(B) (13%) 

73  0.0193 

H-2(B)->L+10(B) (16%) 

 H (B)->L+28(B) (46%) 

H (B)->L+29(B) (15%) 

MLCT 

 

 

 

Figure 5.17: MOs related to the major electronic transitions of the related absorption bands. 

Under the optimal reaction conditions, there are several possibilities of the  combination of the 

intermediate Fe(X)redLn, (X = 0, I or II), L could be SIPr, acac, R and MgCl. Since many of the 

bands which gave the absorption at the visible region of iron centered complexes are d-d transition, 
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using an electronically similar ligand will gave the similar absorption when the number of 

electrons within d orbital is the same.[36] That means the UV-Vis absorption of the iron containing 

compound is mainly determined by the oxidative state of iron.  

Figure 5.17 shows the comparison between the TD-DFT calculated UV-Vis spectra and the 

experimental one of Fe(acac)3. The shape of the experimental spectra is similar with the calculated 

one but with a red shift of around 60 nm which is due to the error of TD-DFT calculations. Figure 

5.17 shows the TD-DFT predicted UV-Vis spectra of the Fe(0)(acac)3, Fe(I)(acac)3, Fe(II)(acac)3, 

Fe(III)(acac)3, the major transitions of related absorption bands is compiled in Table 5.3.  

Both Fe(III)(acac)3 and Fe(II)(acac)3 show an similar intense charge transfer band at ~ 500 nm, 

which is assigned primarily to ligand-to-metal charge transfer (LMCT) and ligand-to-ligand 

charge transfer (LLCT), while the Fe(III)(acac)3 has an absorption at ~ 370 nm also due to the 

LMCT/LLCT. The low energy CT bands of Fe(I)(acac)3 and Fe(0)(acac)3 red-shifted by ~80 and 

~200 nm compared to Fe(III)(acac)3, respectively, and the nature of the charge transfer excited 

states are metal-to-ligand charge transfer (MLCT), this is due to the electron richer low valent 

iron metal ion. 

As shown in Figure 5.14, after the activation stage of the reaction, the 430 nm LMCT band of 

Fe(III) species disappeared and a broad absorption band (red-shifted by ~90 nm) showed 

increasing intensity. This is proposed to be the MLCT band of Fe(I) species.  

Table 5.3: DFT optimized atomic coordinates of Fe(III)(acac)3 

------------------------------------------------------------------- 

 Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6           0.000003976   -0.000001021    0.000003496 

      2        6          -0.000003224   -0.000000242   -0.000010716 

      3        6           0.000002078   -0.000001796   -0.000002993 

      4        6          -0.000004354    0.000005470    0.000010828 

      5        8          -0.000001851   -0.000003277   -0.000009861 

      6        6           0.000002240    0.000000144   -0.000007810 

      7        8           0.000002525    0.000004558    0.000003059 

      8        6          -0.000002217   -0.000005821   -0.000000190 



_______________ Iron-Catalyzed Csp2-Csp3 Kumada Cross-Coupling ________________ 

143 
 

      9        6           0.000002325    0.000002164    0.000009872 

     10        6          -0.000003077   -0.000001578    0.000002042 

     11        6           0.000009115    0.000001488    0.000000567 

     12        8          -0.000003786    0.000000490    0.000004579 

     13        6          -0.000003557    0.000002605    0.000006685 

     14        8          -0.000003195   -0.000000928    0.000004233 

     15        6          -0.000007603    0.000000368   -0.000002145 

     16        6          -0.000000595   -0.000008010    0.000004914 

     17        6          -0.000000222    0.000002812    0.000000724 

     18        6           0.000002542   -0.000000281   -0.000008369 

     19        8          -0.000011048   -0.000003893    0.000004004 

     20        6           0.000007804    0.000005264   -0.000002064 

     21        8           0.000003487    0.000004979   -0.000003193 

     22       26           0.000010689   -0.000002876   -0.000004661 

     23        1           0.000002231    0.000001516   -0.000002552 

     24        1           0.000002741    0.000001974   -0.000000926 

     25        1           0.000001728    0.000001235   -0.000001368 

     26        1           0.000000563   -0.000000213   -0.000003378 

     27        1          -0.000001501   -0.000001590   -0.000003999 

     28        1          -0.000002256   -0.000002772   -0.000004379 

     29        1          -0.000003338   -0.000001625   -0.000003782 

     30        1          -0.000003197   -0.000001890    0.000002984 

     31        1          -0.000001407   -0.000001169    0.000003717 

     32        1          -0.000002186   -0.000001158    0.000005486 

     33        1          -0.000000745   -0.000000386    0.000004502 

     34        1           0.000001537    0.000001010    0.000004783 

     35        1           0.000001589    0.000002128    0.000003906 

     36        1           0.000003423    0.000001881    0.000003573 

     37        1          -0.000001814   -0.000000935   -0.000000253 

     38        1          -0.000002282   -0.000001998   -0.000000644 

     39        1          -0.000002293   -0.000002189    0.000001223 
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     40        1          -0.000000316    0.000000714   -0.000002197 

     41        1           0.000001650    0.000002259   -0.000002199 

     42        1           0.000002319    0.000000783   -0.000003667 

     43        1           0.000001500    0.000001806   -0.000003831 

 ------------------------------------------------------------------- 

Table 5.4: DFT optimized atomic coordinates of Fe(II)(acac)3 

------------------------------------------------------------------- 

 Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6          -0.000000745   -0.000000635    0.000000793 

      2        6          -0.000000154    0.000000142   -0.000003847 

      3        6           0.000002043   -0.000000121   -0.000000957 

      4        6          -0.000002398    0.000001621    0.000004532 

      5        8          -0.000004281   -0.000006246   -0.000005781 

      6        6          -0.000000662    0.000000694   -0.000000761 

      7        8          -0.000007276    0.000002657    0.000007756 

      8        6          -0.000000427    0.000001894   -0.000001056 

      9        6          -0.000007161   -0.000007441   -0.000000867 

     10        6           0.000001049    0.000000252    0.000005639 

     11        6           0.000013274   -0.000002712    0.000002861 

     12        8          -0.000005990    0.000002121   -0.000015026 

     13        6          -0.000002483   -0.000000652    0.000000167 

     14        8           0.000007666    0.000006177    0.000000867 

     15        6           0.000000594    0.000001775    0.000002747 

     16        6           0.000000626   -0.000001915   -0.000012176 

     17        6           0.000002875   -0.000000220   -0.000003068 

     18        6          -0.000003976    0.000012450    0.000003394 

     19        8           0.000005727   -0.000009777   -0.000000760 

     20        6          -0.000000736   -0.000004450    0.000000015 

     21        8          -0.000000250   -0.000002047    0.000014662 

     22       26           0.000004417    0.000003103   -0.000000031 
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     23        1           0.000000075    0.000000121    0.000000267 

     24        1           0.000000406    0.000000280    0.000000020 

     25        1          -0.000000284    0.000000194   -0.000000313 

     26        1          -0.000000080    0.000000127   -0.000000002 

     27        1           0.000000016    0.000000180   -0.000000267 

     28        1          -0.000000056    0.000000351   -0.000000276 

     29        1           0.000000077    0.000000497    0.000000103 

     30        1           0.000000767    0.000000250   -0.000000642 

     31        1           0.000000287   -0.000000049    0.000000433 

     32        1          -0.000000939    0.000000865   -0.000001221 

     33        1          -0.000000402   -0.000000097    0.000000511 

     34        1          -0.000001623   -0.000000245   -0.000000336 

     35        1           0.000000406    0.000000421    0.000001410 

     36        1           0.000000013    0.000000089   -0.000000388 

     37        1          -0.000000784   -0.000000657    0.000000288 

     38        1          -0.000000143    0.000000467   -0.000000788 

     39        1          -0.000000667   -0.000000545    0.000001661 

     40        1           0.000000494    0.000000385   -0.000000343 

     41        1          -0.000000105    0.000000089    0.000000336 

     42        1          -0.000000058    0.000000310   -0.000000051 

     43        1           0.000000872    0.000000301    0.000000495 

 ------------------------------------------------------------------- 

Table 5.5: DFT optimized atomic coordinates of Fe(I)(acac)3 

------------------------------------------------------------------- 

 Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6           0.000001521    0.000001563   -0.000001009 

      2        6          -0.000007289    0.000000762    0.000006616 

      3        6          -0.000001402    0.000002219    0.000001969 

      4        6           0.000001386    0.000000214   -0.000005318 

      5        8          -0.000002585   -0.000004706    0.000007731 
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      6        6           0.000000141    0.000000423    0.000001763 

      7        8           0.000007678   -0.000002453   -0.000011605 

      8        6           0.000002898    0.000000018   -0.000004440 

      9        6          -0.000001727   -0.000004570   -0.000002665 

     10        6          -0.000001650   -0.000000271    0.000004224 

     11        6           0.000005025    0.000006500   -0.000006930 

     12        8          -0.000004762   -0.000003123    0.000006544 

     13        6           0.000000316   -0.000000479   -0.000002904 

     14        8           0.000005523    0.000001729   -0.000005567 

     15        6           0.000001859   -0.000001092    0.000000660 

     16        6          -0.000005266    0.000001219    0.000003984 

     17        6           0.000000216   -0.000002397   -0.000000080 

     18        6          -0.000004176   -0.000001288    0.000005593 

     19        8           0.000009162    0.000002602   -0.000005821 

     20        6          -0.000000621   -0.000000541    0.000003553 

     21        8           0.000008901   -0.000001631   -0.000003740 

     22       26          -0.000013022    0.000004749    0.000009013 

     23        1          -0.000000010    0.000002500    0.000000014 

     24        1          -0.000000249    0.000003576    0.000000119 

     25        1          -0.000000613    0.000002675   -0.000000782 

     26        1          -0.000000093    0.000000826    0.000000166 

     27        1          -0.000000152   -0.000000900    0.000001255 

     28        1           0.000000178   -0.000002052    0.000000503 

     29        1          -0.000000579   -0.000001718    0.000002073 

     30        1          -0.000000309   -0.000002460   -0.000001579 

     31        1           0.000000180    0.000000023   -0.000002813 

     32        1           0.000001065   -0.000000260   -0.000002295 

     33        1           0.000000495    0.000001017   -0.000002302 

     34        1          -0.000000005    0.000000031   -0.000001202 

     35        1           0.000000437    0.000001618   -0.000001387 

     36        1           0.000000005   -0.000002024    0.000000680 
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     37        1           0.000000719   -0.000003497   -0.000000285 

     38        1          -0.000000801   -0.000002011   -0.000000615 

     39        1          -0.000000145   -0.000000483    0.000001648 

     40        1          -0.000000602    0.000002377    0.000002201 

     41        1          -0.000001003    0.000001610    0.000003231 

     42        1          -0.000000631    0.000000953    0.000002732 

     43        1          -0.000000011   -0.000001247   -0.000002934 

 ------------------------------------------------------------------- 

Table 5.6: DFT optimized atomic coordinates of Fe(0)(acac)3 

------------------------------------------------------------------- 

 Center     Atomic                   Forces (Hartrees/Bohr) 

 Number     Number              X              Y              Z 

 ------------------------------------------------------------------- 

      1        6           0.000001254   -0.000000455   -0.000001402 

      2        6           0.000001688   -0.000002726    0.000004795 

      3        6           0.000000053    0.000001549   -0.000002791 

      4        6          -0.000003386    0.000002284    0.000007280 

      5        8           0.000005183    0.000001335   -0.000005545 

      6        6          -0.000001388    0.000000186    0.000000394 

      7        8           0.000005041    0.000006651   -0.000000523 

      8        6           0.000001464   -0.000000488   -0.000002284 

      9        6           0.000002541   -0.000005162   -0.000001258 

     10        6          -0.000001144    0.000003260   -0.000000519 

     11        6           0.000001975   -0.000005940    0.000004245 

     12        8           0.000001414    0.000004621   -0.000002831 

     13        6          -0.000001682    0.000000655   -0.000000767 

     14        8          -0.000001957    0.000000442    0.000002236 

     15        6          -0.000003807   -0.000003432   -0.000000600 

     16        6          -0.000000566    0.000005413   -0.000005273 

     17        6          -0.000002560   -0.000002647    0.000004311 

     18        6           0.000004164    0.000003501   -0.000006527 
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     19        8          -0.000004612   -0.000001274    0.000002899 

     20        6          -0.000000672   -0.000001897    0.000001942 

     21        8           0.000002788   -0.000003107    0.000002155 

     22       26          -0.000007570   -0.000004066   -0.000000966 

     23        1           0.000001014    0.000001300    0.000001630 

     24        1           0.000000881    0.000000900    0.000001465 

     25        1           0.000000591    0.000000930    0.000001857 

     26        1           0.000000197    0.000000973    0.000001413 

     27        1          -0.000000588    0.000000905    0.000001271 

     28        1          -0.000000414    0.000000745    0.000001437 

     29        1          -0.000001407    0.000000581    0.000001144 

     30        1          -0.000000900   -0.000000319    0.000000510 

     31        1           0.000000643    0.000001351    0.000000557 

     32        1           0.000000298   -0.000000270   -0.000000824 

     33        1           0.000001145   -0.000001169   -0.000000963 

     34        1           0.000001205   -0.000001112   -0.000001517 

     35        1           0.000001423   -0.000001583   -0.000001038 

     36        1          -0.000000564   -0.000000210   -0.000001253 

     37        1          -0.000000391    0.000000528   -0.000000724 

     38        1           0.000000584   -0.000000476   -0.000000598 

     39        1          -0.000000901   -0.000000581   -0.000000989 

     40        1          -0.000000529   -0.000000254   -0.000000570 

     41        1          -0.000000606   -0.000000190   -0.000000917 

     42        1          -0.000000354   -0.000000792   -0.000000662 

     43        1           0.000000447    0.000000037   -0.000000199 

------------------------------------------------------------------- 

General procedure for the synthesis of Grignard reagents in flow (GP1)  

Preparation of Mg column: a SolventPlusTM column (bore: 10 mm, length: 100 mm, AF; Omnifit, cat. no. 

006EZS-10-10-AF) is filled with 4 g of magnesium (20-230 mesh, Sigma Aldrich Cat. NO.: 254126) weight in 

a beaker using a filter funnel. General flow procedure for magnesium activation and organomagnesium synthesis: 

5 mL of DIBALH 1M in THF was passed through a 10 mm internal diameter Omni-fit column containing Mg 

(4 g) at 1 mL/min at room temperature. After that, a solution of TMSCl 2.0 M and 1-bromo-2-chloroethane 0.24 
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M in 10 mL THF was passed through the column at 1 mL/min at room temperature. After the activation, a 

solution of aliphatic bromide in THF was passed through the column at 0.5 mL/min and at 40 oC. The solution 

was collected in a sealed vial under nitrogen. 

(tetrahydro-2H-pyran-4-yl)magnesium bromide: Prepared according to GP1 starting from 1.21 

mL (10.8 mmol) of 4-bromotetrahydro-2H-pyran in 12 mL THF (0.83 M). Titration: An 

accurately weighed sample of benzoic acid and some crystal of 4-(phenylazo)diphenylamina are 

dissolved in 1 mL THF and stirred at rt under nitrogen while the Grignard reagent was added 

slowly. A yellow color formed initially, the end point being indicated by a change of this color to dark red. 

Concentration = 0.6 M. 

(1-methylpiperidin-4-yl)magnesium bromide: Prepared according to GP1 starting from 1.25 g 

(7 mmol) of 4-bromo-1-methylpiperidine in 8 mL THF (0.88 M). Titration: An accurately 

weighed sample of benzoic acid and some crystal of 4-(phenylazo)diphenylamina are dissolved 

in 1 mL THF and stirred at rt under nitrogen while the Grignard reagent was added slowly. A 

yellow color formed initially, the end point being indicated by a change of this color to dark red. Concentration 

= 0.7 M. 

General procedure for the iron-catalyzed Kumada cross-coupling 

General procedure for the Kumada cross-coupling reactions in flow (GP2) 

SIPr-HCl (34.2 mg, 4 mol%), dry THF (2 mL), and 3 mL of Grignard reagent (1.5 equiv.) were charged into vial 

1 under N2. The solution was stirred for 10 minutes at rt. Fe(acac)3 (14.1 mg, 2 mol%), chloroarene (2 mmol, 1 

equiv), and dry THF (5 mL) were charged into vial 2 under N2. The two solution were transferred into syringes 

(5 mL) and loaded onto a syringe pump. The reaction temperature was maintained at 25 oC by the gas flowing 

through a jar filling with dry ice with the control of the Vapourtec machine. After the reaction was completed 

(residence time = 5 min), the reaction mixture was collected, quenched with 20 mL 1.0 M HCl solution (for NH-

containing substrates, basic NH4/NH3 aqueous solution was used to ensure efficient extraction), and extracted 

with pentane or DCM (3x20 mL), the organic fraction was washed with brine and evaporated. The crude residue 

was purified by silica gel column chromatography on Biotage with pentane/EtOAc to afford the pure product. 

For reactions under irradiation Gen 1 type blue LED (450 nm, 24 W) were used; reactions without light were 

performed following the same procedure, and analyzed via GC or LC.  

General procedure for the Kumada cross-coupling reactions in flow with iPrMgCl as additive (GP3) 

SIPr-HCl (128.1 mg, 15 mol%), dry THF, and 0.3 mL isopropylmagnesium chloride (1.0 M in THF, 0.3 equiv.) 

were charged into vial 1 under N2. The mixture was stirred until complete dissolution of the solid, then the 

Grignard reagent (1.5 or 2.5 equiv) was added. The solution was stirred for 10 minutes at rt. Fe(acac)3 (35.3 mg, 

5 mol%), chloroarene (2 mmol, 1 equiv), and dry THF (5 mL) were charged into vial 2 under N2. The two 

solutions were transferred into syringes (5 mL) and loaded onto a syringe pump. The reaction temperature was 

maintained at 25 oC by the gas flowing through a jar filling with dry ice with the control of the Vapourtec 
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machine. After the reaction was completed (residence time = 20 min), the reaction mixture was collected, 

quenched with 20 mL 1.0 M HCl solution (for NH-containing substrates, basic NH4/NH3 aqueous solution was 

used to ensure efficient extraction), and extracted with pentane (3 x 20 mL), the organic fraction was washed 

with brine and evaporated. The crude residue was purified by silica gel column chromatography on Biotage with 

pentane/EtOAc to afford the pure product. 

For reactions under irradiation Gen 1 type blue LED (450 nm, 24 W) were used; reactions without light were 

performed following the same procedure, and analyzed via LC.  

General procedure for the Kumada cross-coupling reactions in batch (GP4) 

SIPr-HCl (128.1 mg, 30 mol%), dry THF (2.5 mL), and 2.5 mL (trimethylsilyl)methylmagnesium chloride (1.0 

M in diethyl ether, 2.5 equiv.) were charged into vial 1 under N2. After stirring for several minutes, a lot of white 

solid was formed. Fe(acac)3 (35.3 mg, 10 mol%), 1-chloro-4-methoxybenzene or 5-chloro-1H-indole (2 mmol, 

1 equiv), and 5 mL THF were charged into vial 2 under N2. As the mixture in vial 1 gave a lot of white solid 

upon stirring, flow experiments were not possible in these cases. The solution in vial 2 was therefore added into 

vial 1, which was placed in front of two 34 W blue LED. After 4 h irradiation, the reaction mixture was quenched 

with 20 mL 1.0 M HCl solution (for 1-chloro-4-methoxybenzene) or basic NH4Cl/NH3.H2O aqueous solution 

(for 5-chloro-1H-indole), and extracted with pentane or DCM (3x20 mL), the organic fraction was washed with 

brine and evaporated. The crude residue was purified by silica gel column chromatography on Biotage with 

pentane/EtOAc to afford the pure product. 

For reactions under irradiation blue LED (450 nm, 34 W) were used; reactions without light were performed 

following the same procedure, and analyzed via GC or LC.  
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Characterization of the compounds 

Cyclohexylbenzene (3ab):  

The title compound was prepared according to general procedure GP2. Solution 1: chlorobenzene (225.1 mg, 

2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 mg, 4 

mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3ab as colorless oil 

in 91% yield (291.7 mg). 1H NMR (400 MHz, CDCl3): δ (ppm) = δ 7.35-7.31(m, 2H), 7.26-7.21(m, 3H), 2.57-

2.51(m, 1H), 1.95-1.85(m, 4H), 1.82-1.77(m, 1H), 1.54-1.28(m, 5H). 13C NMR (101 MHz, CDCl3): δ148.06, 

128.24, 126.79, 125.73, 44.59, 34.36, 26.92, 26.17. 

1-Cyclohexylnaphthalene (3bb): 

 The title compound was prepared according to general procedure GP2. Solution 1: 1-chloronaphthalene (324.0 

mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 mg, 4 

mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3bb as colorless oil 

in 83% yield (348.8 mg). 1 H NMR (400 MHz, CDCl3): δ 8.19(d, J = 4.0 Hz, 1H), 7.91(d, J = 8.0 Hz, 1H), 7.76-

7.74(m, 1H), 7.58-7.44 (m, 4H), 3.40-3.39(m, 1H), 2.12-2.09 (m, 2H), 2.01-1.97 (m, 2H), 1.93-1.89 (m, 1H), 

1.63 (dd, J = 11.4, 8.4 Hz, 4H), 1.41 (tdt, J = 12.8, 9.2, 3.6 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ143.78, 

133.92, 131.34, 128.91, 128.89, 126.19, 125.63, 125.55, 123.18, 122.24, 39.28, 34.22, 27.29, 26.55. 

4-Cyclohexyl-1,1'-biphenyl (3cb):  

The title compound was prepared according to general procedure GP2. Solution 1: 4-chloro-1,1'-biphenyl (376.1 

mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 mg, 4 

mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3cb as white solid in 

90% yield (425.1 mg). Melting point: 75.3 oC. 1 H NMR (400 MHz, CDCl3): δ 7.61-7.58 (m, 2H), 7.55-7.53(m, 

2H), 7.46-7.42(m, 2H), 7.35-7.31(m, 1H), 7.30-7.29(m, 2H), 2.59-2.53(m, 1H), 1.96-1.86(m, 4H), 1.81-1.76(m, 

1H), 1.53-1.25 (m, 5H). 13C NMR (101 MHz, CDCl3): δ147.22, 141.18, 138.71, 128.66, 127.21, 127.02, 127.00, 

126.91, 44.24, 34.47, 26.92, 26.17. 

1-Cyclohexyl-3-fluorobenzene (3db): 

 The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-3-fluorobenzene 

(260.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3db as colorless oil 

in 88% yield (313.5 mg). 1 H NMR (400 MHz, CDCl3): δ 7.32-7.29 (m, 1H), 7.04 (d, J = 4.0 Hz, 1H), 6.99-6.90 

(m, 2H), 2.61-2.53 (m, 1H), 1.98-1.92 (m, 4H), 1.85- 1.78 (m, 1H), 1.49-1.27(m, 5H). 13C NMR (101 MHz, 

CDCl3): δ162.97 (d, J = 244.6 Hz), 150.74 (d, J = 6.7 Hz), 129.56 (d, J = 8.3 Hz), 122.48 (d, J = 2.6 Hz), 113.57 
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(d, J = 20.9 Hz), 112.49 (d, J = 21.0 Hz), 44.34 (d, J = 1.7 Hz), 34.29, 26.77, 26.07. 19F NMR (126 MHz, CDCl3): 

-113.91. 

1-Cyclohexyl-4-methylbenzene (3eb):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-4-methylbenzene 

(252.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3eb as colorless oil 

in 99% yield (344.8 mg). 1H NMR (400 MHz, CDCl3, 300 K): δ 7.14 (s, 4H), 2.53 – 2.46 (m, 1H), 2.35(s, 3H), 

1.94 – 1.84 (m, 4H), 1.79 – 1.75 (m, 1H), 1.54 – 0.89 (m, 5H). 13C NMR (101 MHz, CDCl3): δ 145.13, 135.14, 

128.94, 126.66, 44.16, 34.58, 26.95, 26.19, 20.96. 

1-Cyclohexyl-2-methoxybenzene (3fb):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-2-methoxybenzene 

(285.2 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3fb as colorless oil in 

89% yield (338.4 mg). 1 H NMR (400 MHz, CDCl3): δ 7.22-7.15 (m, 2H), 6.94(t, J = 8.0 Hz, 1H), 6.87(d, J = 

8.0 Hz, 1H), 3.84(s, 3H), 3.01-2.95(m, 1H), 1.86-1.75(m, 5H), 1.47-1.25(m, 5H). 13C NMR (100 MHz, CDCl3): 

δ 156.70, 136.25, 126.51, 126.42, 120.53, 110.35, 100.36, 55.37, 36.76, 33.22, 27.11, 26.45.  

1-Cyclohexyl-3-methoxybenzene (3gb):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-3-methoxybenzene 

(285.2 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3gb as colorless oil 

in 85% yield (323.2 mg). 1 H NMR (400 MHz, CDCl3): δ 7.22 (t, J = 8.0 Hz, 1H), 6.84 – 6.73 (m, 3H), 3.82 (s, 

3H), 2.53 – 2.46 (m, 1H), 1.92 – 1.83 (m, 4H), 1.78 – 1.74 (m, 1H), 1.45 – 1.24 (m, 5H). 13C NMR (101 MHz, 

CDCl3): δ159.58, 149.84, 129.16, 129.29, 112.79, 110.82, 55.11, 44.67, 34.41, 26.89, 26.17. 

1-Cyclohexyl-4-methoxybenzene (3hb):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-4-methoxybenzene 

(285.2 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane, 100%) gave the desired product 3hb as white solid in 

93% yield (353.7 mg). Melting point: 58.5 oC. 1 H NMR (400 MHz, CDCl3): δ 7.14 (d, J = 8.0 Hz, 2H), 6.85 (d, 

J = 8.0 Hz, 2H), 3.80 (s, 3H), 2.50 – 2.42 (m, 1H), 1.89 – 1.83 (m, 4H), 1.78 – 1.72 (m, 1H), 1.46 – 1.22 (m, 5H). 

13C NMR (101 MHz, CDCl3): δ157.63, 140.37, 127.60, 113.64, 103.38, 55.23, 43.68, 34.72, 26.96, 26.18.  
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1-Cyclohexyl-3,5-dimethoxybenzene (3ib):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-3,5-

dimethoxybenzene (344.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 

2: SIPr-HCl (85.4 mg, 10 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 

25 °C with 20 minutes residence time. Purification via chromatography (pentane, 100%) gave the desired product 

3ib as colorless oil in 71% yield (312.2 mg). 1 H NMR (400 MHz, CDCl3): δ 6.44 (d, J = 2.3 Hz, 2H), 6.35 (d, 

J = 2.3 Hz, 1H), 3.82 (s, 6H), 2.49(m, 1H), 1.95-1.87(m, 4H), 1.82-1.76(m, 1H), 1.51-1.27 (m, 5H). 13C NMR 

(101 MHz, CDCl3): δ 160.63, 150.57, 104.94, 97.57, 55.08, 44.93, 34.30, 26.82, 26.11. HRMS (ESI) (m/z): 

[M+Na]+ calcd. for C14H20NaO2: 243.1361, found: 243.1365. 

4-Cyclohexyl-1,2-dimethoxybenzene(3jb):  

The title compound was prepared according to general procedure GP2. Solution 1: 4-chloro-1,2-

dimethoxybenzene (344.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 

2: SIPr-HCl (85.4 mg, 10 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 

25 °C with 20 minutes residence time. Purification via chromatography (pentane, 100%) gave the desired product 

3jb as colorless oil in 61% yield (268.5 mg). 1 H NMR (400 MHz, CDCl3): δ 6.83-6.81 (m, 1H), 6.77-6.76 (m, 

2H), 3.90 (s, 3H), 3.87 (s, 3H), 2.50-2.43(m, 1H), 1.91-1.84 (m, 4H), 1.79-1.74(m, 1H), 1.47-1.25 (m, 5H). 13C 

NMR (101 MHz, CDCl3): δ 148.56, 146.90, 140.77, 118.17, 111.03, 110.22, 55.70, 55.59, 44.02, 34.56, 26.78, 

26.01. 

3-Cyclohexyl-N,N-dimethylaniline (3kb):  

The title compound was prepared according to general procedure GP2. Solution 1: 3-chloro-N,N-dimethylaniline 

(310.1 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in dry THF (2.0 mL) at 25 °C with 5 minutes 

residence time. Purification via chromatography (pentane/EtOAc 2-5%) gave the desired product 3kb as 

colorless oil in 96% yield (390.1 mg). 1 H NMR (400 MHz, CDCl3): δ 7.22 (t, J = 7.9 Hz, 1H), 6.67 – 6.62 (m, 

3H), 2.99 (s, 6H), 2.54 – 2.47 (m, 1H), 1.97 – 1.92 (m, 4H), 1.82 – 1.77 (m, 1H), 1.55 – 1.38 (m, 5H). 13C NMR 

(101 MHz, CDCl3): δ150.71, 149.02, 128.89, 115.33, 111.50, 110.38, 45.19, 40.72, 34.53, 29.02, 27.01, 26.25. 

4-Cyclohexyl-N-methylaniline (3lb):  

The title compound was prepared according to general procedure GP2. Solution 1: 4-chloro-N-methylaniline 

(282.1 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (85.4 

mg, 10 mol%), cyclohexylmagnesium chloride (5.0 mL, 2.5 equiv.) at 25 °C with 20 minutes residence time. 

Purification via chromatography (pentane, 100%) gave the desired product 3lb as colorless oil in 82% yield 

(310.1 mg). 1 H NMR (400 MHz, CDCl3): δ 7.08 (d, J = 8.0 Hz, 2H), 6.60 (d, J = 8.0 Hz, 2H), 3.60 (brs, 1H), 

2.85(s, 3H), 2.46 – 2.39 (m, 1H), 1.90 – 1.83 (m, 4H), 1.78 – 1.73 (m, 1H),  1.46 – 1.24 (m, 5H). 13C NMR (101 

MHz, CDCl3): δ147.39, 137.16, 127.39, 112.45, 43.60, 34.76, 30.98, 27.01, 26.22. 

5-Cyclohexyl-1H-indole (3mb):  

The title compound was prepared according to general procedure GP2. Solution 1: 5-chloro-1H-indole (302.0 

mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (7.1 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (17.1 mg, 4 
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mol%), cyclohexylmagnesium chloride (5.0 mL, 2.5 equiv.) at 25 °C with 5 minutes residence time. Purification 

via chromatography (pentane/EtOAc, 90%) gave the desired product 3mb as white solid with 91% yield 

(362.4mg). Melting point: 91.1 oC. 1 H NMR (400 MHz, CDCl3): δ 8.05(brs, 1H), 7.50-7.49(m, 1H), 7.33 (d, J 

= 8.0 Hz, 1H), 7.19-7.18(m, 1H), 7.10(dd, J = 8.0, 4.0 Hz, 1H), 6.53-6.51(m, 1H), 2.65-2.57(m, 1H), 1.98-

1.84(m, 4H), 1.81-1.75(m, 1H), 1.56-1.25(m, 5H). 13C NMR (101 MHz, CDCl3): δ 139.81, 134.37, 127.96, 

124.17, 121.73, 117.97, 110.64, 102.41, 44.69, 35.19, 27.15, 26.32. 

5-Cyclohexyl-1H-pyrrolo[2,3-b]pyridine (3nb):  

The title compound was prepared according to general procedure GP2. Solution 1: 5-chloro-1H-pyrrolo[2,3-

b]pyridine (304.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-

HCl (34.2 mg, 4 mol%), cyclohexylmagnesium chloride (5.0 mL, 2.5 equiv.) at 25 °C with 5 minutes residence 

time. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 3nb as white solid in 

91% yield (362.4mg). 1 H NMR (400 MHz, CDCl3): δ 11.81(s, 1H), 8.28-8.27(m, 1H), 7.84(s, 1H), 7.41(s, 1H), 

6.49(s, 1H), 2.71-2.64(m, 1H), 2.00-1.89(m, 4H), 1.84-1.79(m, 1H), 1.60-1.31(m, 5H). 13C NMR (101 MHz, 

CDCl3): δ147.83, 142.10, 135.09, 126.58, 125.41, 120.35, 100.03, 42.25, 35.07, 26.98, 26.11. 

6-Cyclohexyl-2-methylquinoline (3ob): 

 The title compound was prepared according to general procedure GP2 with solution 1: 6-chloro-2-

methylquinoline (354.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 

2: SIPr-HCl (34.2 mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in 2.0 mL THF at 25 °C 

with 5 minutes residence time. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 

3ob as colorless oil in 68% yield (306.2 mg). 1 H NMR (400 MHz, CDCl3): δ 7.95 (dd, J = 8.4, 3.9 Hz, 2H), 

7.58 - 7.50 (m, 2H), 7.21 (d, J = 8.4 Hz, 1 H), 2.71(s, 3H), 2.66 - 2.61(m, 1H), 1.97 - 1.84(m, 4H), 1.79 - 1.75(m, 

1H), 1.54 - 1.25(m, 5H). 13C NMR (101 MHz, CDCl3): δ157.88, 146.64, 145.32, 135.79, 129.58, 128.22, 126.41, 

123.91, 121.72, 44.28, 34.31, 26.78, 25.12. 

3-Cyclohexyl-2-methoxypyridine (3pb):   

The title compound was prepared according to general procedure GP2. Solution 1: 3-chloro-2-

methoxypyridine(286.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (7.1 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: 

SIPr-HCl (17.1 mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in 2.0 mL THF at 25 °C with 

15 minutes residence time. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 3pb 

as colorless oil in 45% yield (172.0 mg). 1 H NMR (400 MHz, CDCl3): δ 7.99 (dd, J = 5.0, 1.9 Hz, 1H), 7.41 

(dd, J = 7.3, 1.9 Hz, 1H), 6.83 (dd, J = 7.3, 5.0 Hz, 1H), 3.95 (s, 3H), 2.81(tt, J = 11.6, 3.1 Hz, 1H), 1.89 - 1.81 

(m, 4H), 1.79 - 1.73 (m, 1H), 1.49-1.20(m, 5H). 13C NMR (100 MHz, CDCl3): δ 161.47, 143.52, 134.49, 130.15, 

116.76, 53.16, 36.92, 32.57, 26.85, 26.29. HRMS (ESI) (m/z): [M+H]+ calcd. for C12H18NO: 192.1388, found: 

192.1393. 

5-Cyclohexyl-2-(methylthio)pyrimidine (3qb):  

The title compound was prepared according to general procedure GP2. Solution 1: 5-chloro-2-

(methylthio)pyrimidine (320.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (7.1 mg, 2 mol%) in dry THF (5.0 mL); 

Solution 2: SIPr-HCl (17.1 mg, 4 mol%), cyclohexylmagnesium chloride (3.0 mL, 1.5 equiv.) in 2.0 mL THF at 
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25 °C with 1 minutes residence time. Purification via chromatography (pentane/EtOAc, 90%) gave the desired 

product 3qb as colorless oil in 84% yield (349.6 mg). 1 H NMR (400 MHz, CDCl3): δ 8.38(s, 2H), 2.55(s, 3H), 

2.49-2.41(m, 1H), 1.89-1.82(m, 4H), 1.79-1.73(m, 1H), 1.45-1.22(m, 5H). 13C NMR (101 MHz, CDCl3): 

δ169.85, 155.96, 134.91, 39.27, 33.76, 26.46, 25.67, 14.03. HRMS (ESI) (m/z): [M+Na]+ calcd. for 

C11H16N2NaS: 231.0932, found: 231.0940. 

2-Cyclohexylbenzofuran (3rb):  

The title compound was prepared according to general procedure GP2. Solution 1: 2-chlorobenzofuran (152.0 

mg, 1.0 mmol, 1.0 equiv), Fe(acac)3 (17.7 mg, 5 mol%) in dry THF (2.5 mL); Solution 2: cyclohexylmagnesium 

chloride (1.5 mL, 1.5 equiv.), SIPr-HCl (42.7mg, 10 mol%), in dry THF (1.0 mL) at 25 °C with the residence 

time of 20 minutes. Purification via chromatography (pentane, 100%) gave the desired product 3rb as colorless 

oil in 75% yield (150.0 mg). 1H NMR (400 MHz, Chloroform-d) δ δ 7.51-7.42(m, 2H), 7.20(td, J = 6.8, 1.6 Hz), 

6.36(s, 1H), 2.78 (tt, J = 11.2, 3.6 Hz, 1H), 2.17 – 2.07 (m, 2H), 1.86 (dt, J = 12.3, 3.5 Hz, 2H), 1.79-1.73(m, 

1H), 1.56 – 1.33 (m, 4H), 1.32 (ddt, J = 15.6, 12.1, 5.6 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 164.05, 154.37, 

128.87, 122.96, 122.26, 120.24, 110.70, 99.75, 37.58, 31.32, 26.08, 25.92. 

1-Methoxy-4-propylbenzene (3ha):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-4-methoxybenzene 

(285.2 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (14.2 mg, 2 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (34.2 

mg, 4 mol%), propylmagnesium bromide (2.0 M in Et2O solution), (1.5 mL, 1.5 equiv.) in 3.5 mL THF at 25 °C 

with 20 minutes residence time. Purification via chromatography (pentane, 100%) gave the desired product 3ha 

as colorless oil in 95% yield (285.0 mg). 1 H NMR (400 MHz, CDCl3): δ 7.12 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 

8.0 Hz, 2H), 3.81 (s, 3H), 2.56 (t, J = 8.0 Hz, 2H), 1.67-1.58 (m, 2H), 0.98-0.90 (m, 3H). 13C NMR (101 MHz, 

CDCl3): δ157.63, 134.79, 129.28, 113.61, 55.21, 37.14, 24.78, 13.76. 

2-Propylbenzo[d]thiazole (3ra):  

The title compound was prepared according to general procedure GP2. Solution 1: 2-chlorobenzo[d]thiazole 

(378.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 2: SIPr-HCl (128.1 

mg, 15 mol%), propylmagnesium bromide (2.0 M in Et2O solution) (1.5 mL, 1.5 equiv.) in 3.5 mL THF at 25 °C 

with 20 minutes residence time. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 

3ra as colorless oil in 55% yield (194.8mg). 1 H NMR (400 MHz, CDCl3): δ 7.98 (d, J = 8.0 Hz, 1H), 7.85 (d, J 

= 8.0, Hz, 1H), 7.46 (ddd, J = 8.2, 7.2, 1.3 Hz, 1H), 7.35 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 3.11 (dd, J = 8.0, 7.2 

Hz, 2H), 1.93 (h, J = 7.4 Hz, 2H), 1.07 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ172.16, 153.25, 

135.14, 125.83, 124.59, 122.49, 121.45, 36.24, 23.08, 13.70. 

(4-Methoxybenzyl)trimethylsilane (3hc):  

The title compound was prepared according to general procedure GP4. 1-Chloro-4-methoxybenzene (142.6 mg, 

1.0 mmol, 1.0 equiv), (Trimethylsilyl)methylmagnesium chloride solution (1.0 M in diethyl ether)(1.5 mL, 1.5 

equiv.), SIPr-HCl (128.1mg, 30 mol%), Fe(acac)3 (35.3mg, 10 mol%) in dry THF (5 mL) at the irradiation of 

blue LED in batch for 4 hours. Purification via chromatography (pentane, 100%) gave the desired product 3hc 

as colorless oil in 73% yield (142.0 mg). 1 H NMR (400 MHz, CDCl3): δ 6.93 (d, J = 4.0 Hz, 2H), 6.79 (d, J = 
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8.0 Hz, 2H), 3.79 (s, 3H), 2.02(s, 2H), 0.01 (s, 9H). 13C NMR (101 MHz, CDCl3): δ156.49, 132.33, 128.78, 

113.64, 55.23, 25.49, -1.94. 

5-((Trimethylsilyl)methyl)-1H-indole (3nc): 

 The title compound was prepared according to general procedure GP4. 5-Chloro-1H-indole (151.0 mg, 1.0 

mmol, 1.0 equiv), (trimethylsilyl)methylmagnesium chloride solution (1.0 M in diethyl ether) (2.5 mL, 2.5 

equiv.), SIPr-HCl (128.1mg, 30 mol%), Fe(acac)3 (35.3mg, 10 mol%) in dry THF (2.5 mL) at the irradiation of 

blue LED in batch for 4 hours. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 

3nc as colorless oil in 75% yield (152.3 mg). 1 H NMR (400 MHz, CDCl3): δ 7.88 (brs, 1H), 7.26-7.23 (m, 1H), 

7.20 (d, J = 8.0 Hz, 1H), 7.08 (s, 1H), 6.87-6.84 (m, 1H), 6.44-6.42 (m, 1H), 2.16 (d, J = 4.0 Hz, 2H), 0.00 (s, 

9H). 13C NMR (101 MHz, CDCl3): δ 133.43, 131.41, 128. 17, 123.96, 123.93, 123.19, 119.01, 110.50, 110.47, 

101.88, 26.54, -1.81. 

4-(4-Methoxyphenyl)tetrahydro-2H-pyran (3hd):  

The title compound was prepared according to general procedure GP2. Solution 1: 1-chloro-4-methoxybenzene 

(284.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 2: (tetrahydro-2H-

pyran-4-yl)magnesium bromide (5.0 mL, 1.5 equiv.), SIPr-HCl (128.1 mg, 15 mol%) at 25 °C at the residence 

time of 20 minutes. Purification via chromatography (pentane, 100%) gave the desired product 3hd as colorless 

oil in 70% yield (268.9 mg). 1H NMR (400 MHz, CDCl3): δ 7.18-7.14 (m, 2H), 6.90-6.86(m, 2H), 4.11-4.06 (m, 

2H), 3.09 (s, 3H), 3.57-3.50 (m, 2H), 2.72 (tt, J = 10.9, 4.9 Hz, 1H), 1.83–1.74 (m, 4H). 13C NMR (101 MHz, 

CDCl3): δ158.00, 138.07, 127.54, 113.84, 68.40, 55.21, 40.66, 34.17. 

5-(Tetrahydro-2H-pyran-4-yl)-1H-indole (3nd):  

The title compound was prepared according to general procedure GP2. Solution 1: 5-chloro-1H-indole (151.0 

mg, 1.0 mmol, 1.0 equiv), Fe(acac)3 (17.7 mg, 5 mol%) in dry THF (3.4 mL); Solution 2: (tetrahydro-2H-pyran-

4-yl)magnesium bromide (3.4 mL, 2.0 equiv.), SIPr-HCl (64.0 mg, 15 mol%), at 40 °C at the residence time of 

20 minutes. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 3nd as white solid 

in 70% yield (141.0 mg). Melting point: 122.0 oC. 1H NMR (400 MHz, CDCl3): δ 8.17 (brs, 1H), 7.52 (d, J = 

1.6 Hz, 1H), 7.36 (d, J = 8.4 Hz, 1H), 7.21 (t, J = 2.8 Hz, 1H), 7.11 (dd, J = 8.4, 1.7 Hz, 1H), 6.56 – 6.50 (m, 

1H), 4.18 – 4.09 (m, 2H), 3.59 (td, J = 11.6, 2.4 Hz, 2H), 2.92 – 2.76 (m, 1H), 2.06 – 1.76 (m, 4H). 13C NMR 

(101 MHz, CDCl3): δ137.52, 134.58, 128.03, 124.47, 121.37, 118.07, 110.94, 102.40, 68.63, 41.68, 34.68. 

5-(Tetrahydro-2H-pyran-4-yl)-1H-indole (4od):  

The title compound was prepared according to general procedure GP3. Solution 1: 5-chloro-1H-pyrrolo[2,3-

b]pyridine (152.0 mg, 1.0 mmol, 1.0 equiv), Fe(acac)3 (17.7 mg, 5 mol%) in dry THF (4.2 mL); Solution 2: 

(tetrahydro-2H-pyran-4-yl)magnesium bromide(4.2 mL, 2.5 equiv.), isopropylmagnesium chloride (1.0 M in 

THF) (0.3 mL, 0.3 equiv.), SIPr-HCl (128.1 mg, 15 mol%), at 25 °C at the residence time of 20 minutes. 

Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 4od as colorless oil in 78% 

yield (315.3 mg). 1H NMR (500 MHz, CDCl3) δ 10.93 (s, 1H), 8.26 (d, J = 2.1 Hz, 1H), 7.83 (d, J = 2.0 Hz, 1H), 

7.38 (dd, J = 3.6, 1.4 Hz, 1H), 6.49 (dd, J = 3.5, 0.9 Hz, 1H), 4.13 (dd, J = 11.6, 4.4, Hz, 2H), 3.59 (td, J = 11.8, 
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2.2 Hz, 2H), 2.91 (tt, J = 12.0, 4.0 Hz, 1H), 1.97-1.91 (m, 2H), 1.86 – 1.82 (m, 2H). 13C NMR (126 MHz, CDCl3) 

δ 147.90, 142.22, 133.21, 126.57, 125.52, 120.29, 100.40, 68.44, 39.36, 34.53, 34.51. 

3-(Tetrahydro-2H-pyran-4-yl)pyridine (3sd): 

 The title compound was prepared according to general procedure GP3. Solution 1: 5-chloro-1H-pyrrolo[2,3-

b]pyridine (226.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 2: 

(tetrahydro-2H-pyran-4-yl)magnesium bromide (0.6 M in THF) (5.0 mL, 1.5 equiv.), SIPr-HCl (128.1 mg, 15 

mol%) at 25 °C at the residence time of 20 minutes. Purification via chromatography (DCM) gave the desired 

product 3sd as colorless oil in 95% yield (309.9 mg). 1H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 2.3 Hz, 1H), 

8.48 (dd, J = 4.8, 1.6 Hz, 1H), 7.54 (dt, J = 7.9, 2.0 Hz, 1H), 7.27 – 7.19 (m, 1H), 4.14 – 4.07 (m, 2H), 3.55 (td, 

J = 11.5, 2.8 Hz, 2H), 2.85 – 2.74 (m, 1H), 1.97 – 1.72 (m, 4H) .13C NMR (101 MHz, CDCl3): δ148.87, 147.90, 

133.98, 123.47, 68.15, 39.12, 33.54. 

4-(4-Methoxyphenyl)-1-methylpiperidine (3he):  

The title compound was prepared according to general procedure GP3. Solution 1: 1-chloro-4methoxybenzene 

(284.0 mg, 2.0 mmol, 1.0 equiv), Fe(acac)3 (35.3 mg, 5 mol%) in dry THF (5.0 mL); Solution 2: (1-

methylpiperidin-4-yl)magnesium bromide (4.3 mL, 1.5 equiv.), isopropylmagnesium chloride (1.0 M in THF) 

(0.3 mL, 0.3 equiv.), SIPr-HCl (128.1 mg, 15 mol%), in dry THF (0.7 mL) at 25 °C with the residence time of 

20 minutes. Purification via chromatography (pentane/EtOAc, 90%) gave the desired product 3he as colorless 

oil in 85% yield (348.8 mg). 1H NMR (400 MHz, CDCl3) δ 7.15 (d, J = 7.1 Hz, 2H), 6.85(d, J = 7.1 Hz, 2H), 

3.79 (s, 3H), 2.99-2.96 (m, 2H), 2.46-2.39 (m, 1H), 2.33 (d, J = 1.9 Hz, 3H), 2.05 (td, J = 12.2, 3.1 Hz, 2H), 

1.84–1.76 (m, 4H). 13C NMR (101 MHz, CDCl3): δ157.87, 138.44, 127.65, 113.76, 56.39, 55.20, 46.44, 41.13, 

33.69. 

Associated Content 

The Supporting Information for this article is available free of charge on the Willey Publications 

website at https://doi.org/10.1002/anie.201906462 
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Abstract 

Transition-metal-catalyzed cross-coupling chemistry can be regarded as one of the most powerful 

protocols to construct carbon-carbon bonds. While the field is still dominated by palladium catalysis, 

there is an increasing interest to develop protocols which utilize cheaper and more sustainable metal 

sources. Herein, we report a selective, practical and fast iron-based cross-coupling reaction which 

enables the formation of Csp–Csp3 and Csp2–Csp3 bonds. In a telescoped flow process, the reaction 

can be combined with the Grignard reagent synthesis. Moreover, flow allows to avoid the use of a 

supporting ligand without eroding the reaction selectivity. 

  



_____ Cross-Coupling of Alkynyl and Styrenyl Chlorides with Grignard Reagents ______ 

165 
 

Introduction 

Transition-metal-catalyzed cross-coupling reactions serve as one of the most powerful protocols to 

construct carbon-carbon and carbon-heteroatom bonds in a variety of biologically active molecules,1 

natural products2 and functional materials.3 To date, the workhorse of cross-coupling chemistry has 

been palladium, which in combination with suitable ligands allowed to enact high catalytic efficiency 

for a wide variety of electrophile-nucleophile combinations.4 However, due to the scarcity and 

increasing cost of palladium and the stringent heavy metal regulations in the pharmaceutical industry, 

alternatives for palladium are currently of high interest.5 Amongst potential candidates, earth-

abundant first row transition metals provide arguably the highest likelihood to replace palladium due 

to their reduced cost and low toxicity.6 In this regard, iron has received substantial attention as it is a 

metal with minimum safety concern and it provides many catalytic options as its oxidation states 

range from –II to +VI.7 However, despite the great potential to cover essentially all relevant catalytic 

transformations in organic synthesis, reality is different and iron proves to be notorious to tame, 

hindering its widespread adoption.8 

While the classical Sonogashira reaction enables the efficient coupling between aryl halides and 

terminal alkynes,9 metal-catalyzed Csp–Csp3 couplings are very rare (Scheme 6.1). Cahiez et al. 

found that alkyl-alkynyl cross-coupling can be achieved using copper catalysis and slow addition of 

the Grignard coupling partner.10 A cobalt-enabled coupling between bromoalkynes and organozinc 

halide nucleophiles was described by Gosmini and coworkers. The groups of Nakamura11 and Hu12 

developed iron-catalyzed protocols to couple alkyl bromides and iodides with alkynyl Grignard 

reagents.13 In search of synthetically useful Fe-catalyzed cross-coupling reactions,14 we describe 

herein our efforts to develop a robust protocol to cross-couple both styrenyl and alkynyl chlorides 

with alkyl Grignard reagents using an Fe catalyst and an NHC ligand.15 This method provides a set 

of conditions which are both practical and widely applicable in Csp–Csp3 and Csp2–Csp3 bond 

forming reactions. Interestingly, the Fe-based coupling reaction could be translated to flow and was 

combined with an inline generation of Grignard reagents. Furthermore, the flow strategy allowed to 

carry out the reaction at mild conditions and to avoid the use of an NHC ligand, thus simplifying the 

overall process. 
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Scheme 6.1. Established metal-catalyzed Csp–Csp3 coupling reactions and reaction design of an Fe-based 

protocol to enable the Csp–Csp3 and Csp2–Csp3 coupling.  

Experimental Section 

Initial cross-coupling experiments started with 1-chloro-2-phenylacetylene as a benchmark substrate 

and cyclohexyl-magnesium chloride in ethereal solvents at 0°C (Table 6.1). With FeCl3∙6H2O as the 

iron source, the use of THF as a solvent was preferred over Et2O (Table 6.1, Entries 1 and 2). In both 

cases, substantial amounts of byproducts were observed resulting from homocoupling (2a’) and 

reduction (2a’’). Switching to an FeCl2.4H2O catalyst resulted in a diminished reactivity (Table 6.1, 

Entry 3). A higher selectivity and reactivity for the desired cross-coupled product (2a) was observed 

using Fe(acac)3 (Table 6.1, Entry 4). However, the highest selectivities were obtained when catalyst 

complexes arising from Fe(acac)3 and NHC ligands were used, with the SIPr ligand providing the best 

results in terms of reaction efficiency and selectivity. (Table 6.1, Entries 5-6). A lower selectivity 

was observed when the reaction temperature was raised to room temperature (Table 6.1, Entry 7). 

https://www.google.com/search?rlz=1C1CHBF_enNL821NL821&q=cyclohexylmagnesium+chloride&spell=1&sa=X&ved=0ahUKEwjwhbmk85rjAhVP26QKHWFkApcQkeECCC0oAA
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Table 6.1. Optimization of the reaction conditions for the iron-catalyzed cross-coupling between alkynyl 

chlorides and alkyl Grignard reagents. Standard reaction condition: 1 (0.5 mmol), cyclohexylmagnesium chloride 

(1.0 M in THF, 0.6 mmol), THF (1.9 mL, 0.2 M), Fe catalyst (1 mol%) and SIPr-HCl (2 mol%). aEt2O instead 

of THF.  

With optimal conditions in hand, we probed the generality of his protocol for the coupling of 

alkynyl chlorides with Grignard reagents (Figure 6.1). Various alkynyl chlorides with electron-

neutral (2a, 2c, 2d), electron-withdrawing (2b) and electron-donating (2e) underwent efficient cross 

coupling with cyclohexylmagnesium chloride (89-96% yield). 1-chloro-2-phenylacetylene could be 

efficiently coupled with a diverse set of aliphatic Grignard reagents, including phenylmagnesium 

chloride (2f), propylmagnesium chloride (2g), methylmagnesium chloride (2h), 

(trimethylsilyl)methylmagnesium chloride (2i), cyclopentyl magnesium chloride (2j) (81-93% yield). 

Also Grignard reagents decorated with medicinally important scaffolds, such as N-methylpiperidine 
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(2k), can be tolerated (99% yield). Finally, also aromatic Grignard reagents (2l) can be engaged in 

this protocol furnishing the targeted product in 87% isolated yield. 

 

Figure 6.1. Scope of the iron-catalyzed cross-coupling between alkynyl chlorides and alkyl Grignard reagents. 

Reaction conditions: 0.5 mmol 1, 0.6 mmol R’MgCl, 1 mol%  Fe(acac)3, 2 mol% SIPr-HCl in 2.5 mL THF at 0 

oC; b 2 mol%  Fe(acac)3 and 4 mol%  SIPr-HCl. 

Expanding the substrate scope to involve styrenyl chlorides in this Fe-catalyzed cross-coupling 

protocol permitted us to forge Csp2–Csp3 bonds as well (Figure 6.2). Interestingly, for most 

substrates, the reaction could be completed at room temperature without adding any supporting 

ligand. β-Chlorostyrene can be rapidly and efficiently coupled with assorted aliphatic (4a-g, 90-96% 

yield) and aromatic (4h) (97% yield) Grignard nucleophiles. The protocol is easily scalable without 

reduced efficiency (4f, 8 mmol, 90% yield). β-Chlorostyrenes bearing electron-neutral (4i-l), electron-

donating (4m-q) and electron-withdrawing (4r) at the ortho, meta and para positions are readily 

tolerated (89-97% yield). The reaction does not display a great sensitivity to sterical hindrance, as 

both naphthyl substrates (4s-t, 91-94% yield) and α-substituted β-chlorostyrenes (4u-v, 94% yield) 

were efficiently coupled with cyclohexylmagnesium chloride. Double functionalization was also 

possible, albeit at a slightly diminished yield (4w, 57% yield). The reaction was stereoselective in all 



_____ Cross-Coupling of Alkynyl and Styrenyl Chlorides with Grignard Reagents ______ 

169 
 

cases and even (Z)-β-Chlorostyrene was obtained in good yield and with retained stereoselectivity 

(4x, 93% yield). 
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Figure 6.2. Scope of the iron-catalyzed cross-coupling between styrenyl chlorides and alkyl Grignard reagents. 

Reaction conditions: 0.5 mmol 3, 0.6 mmol R’MgCl, 1 mol%  Fe(acac)3, in 2.5 mL THF at Room Temperature; 

a3 mol%  Fe(acac)3 and 6 mol%  SIPr-HCl was added. bScale-up experiment on an 8 mmol scale. cScale-up 

experiment on an 4.7 mmol scale. dThe Z/E ratio of starting material 3x was 91:9 and of product 4x was 88:12. 

Next, we investigated the possibility to telescope both the Grignard reagent synthesis and the iron-

catalyzed cross-coupling transformation in a single, streamlined continuous-flow process. The 

combination of these two individual steps allows to safely control the exotherm of the Grignard 

reagent synthesis,16 to keep the total inventory of potentially hazardous Grignard reagents low and to 

use cheap organohalides as starting materials.17 For the preparation of the Grignard reagent, we filled 

an open column with magnesium according to the procedure reported by Alcazar et al18. Over this 

magnesium packed-bed reactor, a solution of alkyl bromide was directed and the generated Grignard 

reagent was merged with the reagents required for the Fe-catalyzed cross coupling transformation 

(Table 6.2).19 The combined reaction mixture was fed to a capillary microreactor (perfluoroalkoxy 

alkane, PFA; 750 μm ID). The coupling between β-chlorostyrene and n-pentylmagnesium bromide 

resulted in the formation of the corresponding cross-coupled product in 95% isolated yield, requiring 

only 30 s residence time (Table 6.2, Entry 1). Next, β-chlorostyrene and 1-chloro-2-phenylacetylene 

can be reacted with in situ-generated 3-butenylmagnesium bromide (Table 6.2, Entries 2-3). 

Interestingly, the yield and selectivity in flow was systematically higher due a better dissipation of 

the reaction exotherm, which can be attributed to the increased surface-to-volume ratio, and to the 

enhanced mixing efficiency in the microreactor setup (Table 6.2, Entry 3-5).20 Furthermore, this 

feature allowed to avoid the addition of a supporting NHC ligand without deterioration of the 

selectivity of the transformation. 
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Table 6.2. Telescoped organomagnesium bromide synthesis and iron-catalyzed cross-coupling in flow. 

aFe(acac)3 (1 mol%), electrophile (0.31 M), room temperature. bFe(acac)3 (2 mol%), electrophile (0.33 M), room 

temperature. cFe(acac)3 (2 mol%), electrophile (0.33 M), 0 oC. dFe(acac)3 (1 mol%), electrophile (1 equiv., based 

on the concentration of the Grignard reagent ), 0 oC. eResidence time denotes the time spent in the capillary 

microreactor. fHomocoupling compound was determined by GCMS analysis. 

Conclusion 

We have developed a practical and mild iron-catalyzed cross-coupling method to establish Csp–Csp3 

and Csp2–Csp3 linkages. The protocol utilizes an NHC ligand to efficiently couple alkynyl chlorides 

and alkyl Grignard reagents, while no supporting ligand is needed for the functionalization of styrenyl 

chlorides. Interestingly, the Fe-based cross-coupling reaction can be translated to flow and be 

combined with the synthesis of Grignard reagents in a single, uninterrupted continuous process. 

Salient feature of the flow protocol is that the use of an NHC ligand can be avoided for the Csp–Csp3 

coupling without compromising the reaction selectivity, which is attributed to the improved 

temperature control in a microreactor.  
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Experimental section 

General procedure for the synthesis of 1-chloroalkynes GP1 

In a dry flask, K2CO3 (1 mmol), N-Chlorosuccinimide (4 mmol) and Ag2CO3 (0.2 mmol) was added under argon 

atmosphere. Then 4 mL n-propanol and 2 mmol terminal alkyne was added to the reaction system, and the reaction 

mixture was stirred at 50 °C for 5 hours. After that, the mixture was allowed to cool to room temperature, 10 mL 

of brine was added to the mixture at 0 °C. The resulting mixture was extracted by ethyl ether for three times (20 

mL × 3), the combined organic phase was washed with water (150 mL × 3) to remove the n-propanol, then dried 

over sodium sulfate. The solvent was removed by rotary evaporation and purified by column chromatography on 

silica gel to give the final product. 

 

Scheme 6.2 Synthesis of 1-chloroalkynes. 

2.2 General procedure for the synthesis of styrenyl chlorides GP2 

Li2CO3 (1.25 mmol) was added to a mixture of cinnamic acid (5 mmol) and N-Chlorosuccinimide (10 mmol) in 

30 mL acetonitrile/water (7:1 v/v) solution under argon. After stirring for 6 h at 60 oC, the mixture was cool to 

room temperature, 5 mL of water was added, the aqueous phase was extracted with ethyl acetate (20 mL × 3), 

and the combined organic layer was washed with brine (50 mL). The organic part was combined and dried over 

anhydrous MgSO4. After evaporation, the mixture was subjected to column chromatography (silica gel, ethyl 

acetate/cyclohexane) to afford the desired product. 

In the synthesis of the styryl chlorides, the reaction conditions was optimized with different lithium salt as 

additive, compared with LiOAc, LiCl, LiBF4, LiCO3 shows good yield in MeCN/H2O solution, when the 

temperature was increased to 60 oC, 99% of compound was obtained.  
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Then the reaction scope was expanded under the standard reaction conditions, various styryl chlorides were 

prepared from the corresponding cinnamic acid. The yield gave in the parentheses was isolated yield. 

 

Scheme 6.3 Synthesis of styryl halides. aYield determined by GCMS analysis. 
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Scheme 6.4 Synthesis of styryl halides. a LiOAc was used instead of Li2CO3. 

General procedure for the synthesis of (Z)-(2-chlorovinyl)benzene GP3 

(2, 2, 2-Trichloroethyl)benzene (1.0 mmol) was dissolved in THF (4 mL) and H2O (1.0 mmol), which was added 

to a stirring suspension of anhyd CrCl2 (1.0 mmol, 1 equiv; Sigma-Aldrich 99.9%) and Fe(0) powder (3.0 mmol, 

3 equiv; Sigma-Aldrich 97%, 325 mesh) in THF (15 mL) under argon atmosphere. The reaction mixture was 

stirred at 50 oC for 18 h, then cooled to room temperature. Then the suspension was filtered through a short pad 

of silica gel, the filter cake was washed with ethyl ether. The combined filtrates were evaporated in vacuo and 

the residue was purified by column chromatography on silica gel to give the (Z)-(2-chlorovinyl)benzene (cis:tans 

= 91:9, 201 mg, 73 % yield). 
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General procedure for the coupling of alkynyl chlorides with Grignard reagent in batch (GP4) 

SIPr-HCl (4.3 mg, 2 mol%) was added to vial 1 containing a stirring bar, which is filled with argon and fitted 

with a septum. 0.6 mL of dry THF was added to the vial, organomagnesium reagent solution (1.2 equiv.) was 

added to this vial. Vial 1 was left for stirring for 10 minutes. Fe(acac)3 (1.7 mg, 1 mol%) and 1-chloroalkynes or 

styryl chlorides (0.5 mmol, 1 equiv) was added in vial 2. The vial was filled with N2 and fitted with septum, 

afterwards 1.2 mL of THF was added. The solution in vial 2 was transferred to vial 1 at 0 oC and the mixed 

solution in vial 1 turned black. After stirring for 3 minutes at 0 oC, the mixture was was quenched with a 1.0 M 

aqueous HCl solution and extracted with ethyl acetate. The organic layer was separated, washed with water and 

dried over anhydrous MgSO4. After evaporation of solvent, the mixture was subjected to column chromatography 

(silica gel, ethyl acetate/cyclohexane) to afford pure product. 

General procedure the coupling of alkenyl chlorides with Grignard reagent in batch (GP5). 

Fe(acac)3 (1.7 mg, 1 mol%) and styryl chlorides (0.5 mmol, 1 equiv) was added to vial containing a stirring bar. 

The vial was filled with argon and fitted with septum, afterwards 2.0 mL of THF was added. The 

organomagnesium reagent solution (1.2 equiv.) was added to this vial and the mixed solution turned black and 

the reaction mixture get warm immediately. After stirring for 3 minutes at room temperature, the mixture was 

was quenched with a 1.0 M aqueous HCl solution and extracted with ethyl acetate. The organic layer was 

separated, washed with water and dried over anhydrous MgSO4. After evaporation of solvent, the mixture was 

subjected to column chromatography (silica gel, ethyl acetate/cyclohexane) to afford pure product. 

General procedure for the synthesis of organomagnesium reagent in flow (GP6). 

Preparation of Mg column: a SolventPlusTM column (bore: 10 mm, length: 100 mm, AF; Omnifit, cat. 

no.006EZS-10-10-AF) is filled with 4g of magnesium (20-230 mesh, Sigma Aldrich Cat. No.: 254126) weight 

in a beaker using a filter funnel. General flow procedure for magnesium activation and organomagnesium 

synthesis: 5 mL of DIBAL-H 1M in THF was passed through a 10 mm internal diameter Omni-fit column 

containing Mg (4 g) at 1 mL/min. After that, 5 mL solution of TMSCl 2.0 M and 1-bromo-2-chloroethane 0.24 

M in 10 mL THF was passed through the column at 1 mL/min at room temperature. After the activation, a 

solution of aliphatic bromide in THF was passed through the column at 0.5 mL/min and at 40 oC. The solution 

was collected in a sealed vial under argon. Titration: An accurately weighed sample of 2-Hydroxybenzaldehyde 

phenylhydrazone (around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the Grignard reagent is 

added drop by drop until the color of the solution turned dark red from pale yellow. 

Pentylmagnesium bromide: Prepared according to GP6 starting from 0.93 mL (7.5 mmol) of 1-bromopentane 

in 15 mL THF (0.47 M). The calculated concentration of the organomagnesium reagent was 0.37 M. 

Benzylmagnesium bromide: Prepared according to GP6 starting from 0.6 mL (5 mmol) of benzyl bromide in 

10 mL THF (0.47 M). The calculated concentration of the organomagnesium reagent was 0.40 M. 

(but-3-en-1-yl)magnesium bromide: Prepared according to GP6 starting from 0.7 mL (7 mmol) of 4-bromobut-

1-ene in 10 mL THF (0.65 M). The calculated concentration of the organomagnesium reagent was 0.42 M. 
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(1-methylpiperidin-4-yl)magnesium chloride: Prepared according to GP6 starting from 1.0 mL (8 mmol) of 4-

chloro-1-methylpiperidine in 10 mL THF (0.73 M). The calculated concentration of the organomagnesium 

reagent was 0.50 M. 

Cyclohexylmagnesium chloride: Prepared according to GP6 starting from 0.9 mL (7.5 mmol) of 

chlorocyclohexane in 15 mL THF (0.5 M). The calculated concentration of the organomagnesium reagent was 

0.45 M. 

Propylmagnesium bromide: Prepared according to GP6 starting from 0.68 mL (7.5 mmol) of 1-bromopropane 

in 15 mL THF (0.48 M). Titration: An accurately weighed sample of 2-Hydroxybenzaldehyde phenylhydrazone 

(around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the Grignard reagent is added drop by drop 

until the color of the solution turned dark red from pale yellow. The calculated concentration of the 

organomagnesium reagent was 0.39 M. 

Isopropylmagnesium bromide: Prepared according to GP6 starting from 0.70 mL (7.5 mmol) of 2-

bromopropane in 15 mL THF (0.48 M). Titration: An accurately weighed sample of 2-Hydroxybenzaldehyde 

phenylhydrazone (around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the Grignard reagent is 

added drop by drop until the color of the solution turned dark red from pale yellow. The calculated concentration 

of the organomagnesium reagent was 0.36 M. 

Butylmagnesium iodide: Prepared according to GP6 starting from 0.85 mL (7.5 mmol) of 1-iodobutane in 15 

mL THF (0.47 M). Titration: An accurately weighed sample of 2-Hydroxybenzaldehyde phenylhydrazone 

(around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the Grignard reagent is added drop by drop 

until the color of the solution turned dark red from pale yellow. The calculated concentration of the 

organomagnesium reagent was 0.46 M. 

(3,3,3-trifluoropropyl)magnesium iodide: Prepared according to GP6 starting from 0.85 mL (7.5 mmol) of 

1,1,1-trifluoro-3-iodopropane in 15 mL THF (0.47 M). Titration: An accurately weighed sample of 2-

Hydroxybenzaldehyde phenylhydrazone (around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the 

Grignard reagent is added drop by drop until the color of the solution turned dark red from pale yellow. The 

calculated concentration of the organomagnesium reagent was 0.44 M. 

(3-phenylpropyl)magnesium bromide: Prepared according to GP6 starting from 1.1 mL (7.5 mmol) of (3-

bromopropyl)benzene in 15 mL THF (0.47 M). Titration: An accurately weighed sample of 2-

Hydroxybenzaldehyde phenylhydrazone (around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the 

Grignard reagent is added drop by drop until the color of the solution turned dark red from pale yellow. The 

calculated concentration of the organomagnesium reagent was 0.29 M. 

m-tolylmagnesium bromide: Prepared according to GP6 starting from 0.91 mL (7.5 mmol) of 1-bromo-3-

methylbenzene in 15 mL THF (0.47 M). Titration: An accurately weighed sample of 2-Hydroxybenzaldehyde 

phenylhydrazone (around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the Grignard reagent is 

added drop by drop until the color of the solution turned dark red from pale yellow. The calculated concentration 

of the organomagnesium reagent was 0.39 M. 
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(3-(trifluoromethyl)phenyl)magnesium bromide: Prepared according to GP6 starting from 1.0 mL (7.5 mmol) 

of 1-bromo-3-(trifluoromethyl)benzene in 15 mL THF (0.47 M). Titration: An accurately weighed sample of 2-

Hydroxybenzaldehyde phenylhydrazone (around 25 mg) is dissolved in 0.5 mL of THF under nitrogen, then the 

Grignard reagent is added drop by drop until the color of the solution turned dark red from pale yellow. The 

calculated concentration of the organomagnesium reagent was 0.41 M. 

General procedure for telescope reactions  

The Grignard reagent was prepared following GP6, 5 mL of DIBAL-H 1M in THF was passed through a 10 mm 

internal diameter Omni-fit column containing Mg (4 g) at 1 mL/min at 40 oC. After that, 5 mL solution of TMSCl 

2.0 M and 1-bromo-2-chloroethane 0.24 M in THF was passed through the column at 1 mL/min. After the 

activation step, a solution of aliphatic bromide/chloride in THF was passed through the column at 0.5 mL/min. 

A solution of the alkyl bromide/chloride (7.5 mmol) in 15 mL THF (0.5 M) was passed through the column at 

40 oC at the flowrate of 0.5 mL/min. The first 3 mL of Grignard reagent was collected and titrate with 2-

Hydroxybenzaldehyde phenylhydrazone. Based on the concentration of the Grignard reagent, THF was added to 

the vial of vinyl or alkynl chloride (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (1.7 mg, 1 mol%). The solution of 

the substrate and Fe(acac)3 was charged to a syringe pump and mixed with Grignard reagent with T-mixture, the 

combined solution was passed through a PFA (I.D. 0.75 mm) reactor at room temperature or ice-water bath. The 

outcome mixture was quenched with 3.0 mL 1.0 M HCl solution and extracted with ethyl acetate (10 mL × 3). 

The organic layer was combined, washed with brine (30 mL) and dried over anhydrous MgSO4. After 

evaporation, the crude was isolated with chromatography (silica gel, 100 % cyclohexane) to afford the desired 

product.  

Set up for the telescope reactions 

Flow reactions were carried out in an Omnifit column fixed on a R2/R4 Vapourtec equipment. All microfluidic 

fittings were purchased from IDEX Health and Science. The syringes were connected to the capillary using 1/16 

flat-bottom flangeless fittings. Syringe pump (Fusion 200 Classic) equipped with a 10 or 5 mL syringe was used 

to infuse the liquid reagents into a reactor coil fabricated from a high purity perfluoroalkoxyalkane (PFA) 

capillary tubing (1.0 mL, ID = 750 μm). The outlet of the microreactor led to the collection vial under argon. The 

detail of the assembling the reactor is shown in Figure 6.3-6.4. 
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Figure 6.3: The overview of the set-up for telescope 

 

Figure 6.4: The details of the telescope reaction 
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Preliminary mechanistic study 

To test whether this iron-catalyzed cross-coupling reaction is proceeding through a radical pathway, some 

preliminary mechanism was studied and all the data was collected by GC-MS. Firstly, 1 equivalent of TEMPO 

was added to the reaction mixture of (2-chlorovinyl)benzene and cyclohexylmagnisum chloride under standard 

reaction condition, the product was observed with 18% of yield from GC. When the amount of TEMPO was 

decreased to 0.2 equivalent, the product was detected with 71% yield. In both cases, the adduct of TEMPO-

Cyhexyl was detected with GC-MS. However, when we tried the reaction of TEMPO with the (2-

chlorovinyl)benzene and cyclohexylmagnisum chloride separately. It shows that the substrate can not react with 

TEMPO, but Grignard reagent and TEMPO could be coupled directly without iron catalyst. These results didn’t 

necessarily indicated the radical pathway is involved in the reaction. The addition of TEMPO to the reaction of 

(chloroethynyl)benzene shows the same result. 

 
Scheme 6.5 Control experiments with TEMPO. 

We observed that the Z-configuration substrate (Z)-(2-chlorovinyl)benzene (cis:trans = 91:9) could remain the 

configuration when conducted under the standard reaction condition, the ratio of the isomer is cis:trans = 88:12 

compared with 91:9 (Scheme 6.6). This evidence demonstrated that radical pathways were not likely involved in 

the main pathway of the reaction.  
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Scheme 6.6 Reaction of Z-configuration substrate. 

Characterization of the compounds 

(cyclohexylethynyl)benzene (2a): 0.5 mmol (68 mg) 1a was employed with general procedure GP4 and 88 mg 

(96 % yield) 2a was obtained as pale yellow oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.42 – 7.39 (m, 2H), 7.31 – 7.27 (m, 3H), 2.63 – 2.57 (m, 1H), 1.91 – 1.88 (m, 2H), 

1.79 – 1.74 (m, 2H), 1.59 – 1.51 (m, 3H), 1.39 –1.39 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 131.55, 128.12, 

127.37, 124.12, 94.45, 80.48, 32.71, 29.66, 25.93, 24.91. 

1-(cyclohexylethynyl)-2-fluorobenzene (2b): 0.5 mmol (77 mg) 1b was employed with general procedure GP4 

and 90 mg (89 % yield) 2b was obtained as pale yellow oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.39 (td, J = 7.6, 1.8 Hz, 1H), 7.24 – 7.24 (m, 1H), 7.08 – 7.00 (m, 

2H), 2.68 – 2.61 (m, 1H), 1.91 – 1.86 (m, 2H), 1.82 – 1.71 (m, 2H), 1.61 – 1.54 (m, 3H), 1.38 – 1.32 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 162.74 (d, J C-F = 251.0 Hz), 133.52 (d, J C-F = 1.5 Hz), 129.97 (d, J C-F = 7.9 Hz), 

123.69 (d, J C-F = 3.8 Hz), 115.28 (d, J C-F = 21.3 Hz), 112.57 (d, J C-F = 15.9 Hz), 99.90 (d, J C-F = 3.2 Hz), 73.82, 

32.52, 29.79, 25.91, 24.78.  19F NMR (376 MHz, CDCl3) δ -111.78 (q, J = 7.7, 7.2 Hz). 

1-(cyclohexylethynyl)-3-methylbenzene (2c): 0.5 mmol (75 mg) 1c was employed with general procedure GP4 

and 93 mg (94 % yield) 2c was obtained as pale yellow oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.14 (m, 3H), 7.07 (d, J = 7.4 Hz, 1H), 2.58 (tt, J = 9.0, 3.6 

Hz, 1H), 2.31 (s, 3H), 1.88 – 1.84 (m, 2H), 1.78 – 1.73 (m, 2H), 1.58 – 1.49 (m, 3H), 1.38 – 1.32 (m, 3H). 13C 

NMR (101 MHz, CDCl3) δ 137.74, 132.18, 128.58, 128.26, 128.02, 123.89, 94.06, 80.60, 32.74, 30.92, 29.64, 

25.94, 24.90, 21.18. 

1-butyl-4-(cyclohexylethynyl)benzene (2d): 0.5 mmol (96 mg) 1d was employed with general procedure GP4 

and 112 mg (93 % yield) 2d was obtained as pale yellow oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.30 (d, J = 8.1 Hz, 2H), 7.08 (d, J = 8.2 Hz, 2H), 2.64 – 2.55 (m, 

3H), 1.89 – 1.85 (m, 2H), 1.77 – 1.72 (m, 2H), 1.61 – 1.51 (m, 5H), 1.36 – 1.30 (m, 5H), 0.91 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 142.34, 131.41, 128.24, 121.20, 93.64, 80.52, 35.48, 33.43, 32.77, 30.92, 29.66, 

25.94, 24.90, 22.25, 13.91. 

1-(cyclohexylethynyl)-4-methoxybenzene (2e): 0.5 mmol (83 mg) 1e was employed with general procedure 

GP4 and 103 mg (96 % yield) 2e was obtained as pale yellow oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.35 – 7.30 (m, 2H), 6.83 – 6.78 (m, 2H), 3.80 (s, 3H), 2.59 – 2.53 
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(m, 1H), 1.92 – 1.83 (m, 2H), 1.78 – 1.73 (m, 2H), 1.58 – 1.49 (m, 3H), 1.37 – 1.31 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 158.91, 132.85, 116.28, 113.73, 92.83, 80.12, 55.23, 32.83, 30.91, 29.68, 25.94, 24.95. 

1,2-diphenylethyne (2f): 0.5 mmol (68 mg) 1a was employed with general procedure GP4 and 77 mg (87 % 

yield) 2l was obtained as white solid  using column chromatography (eluent: 100% cyclohexane). Melting point: 

53.9 oC.  1H NMR (400 MHz, CDCl3) δ 7.57 – 7.51 (m, 4H), 7.38 – 7.31 (m, 6H). 13C NMR (101 MHz, CDCl3) 

δ 131.59, 128.32, 128.23, 123.26, 89.35. 

pent-1-yn-1-ylbenzene (2g): 0.5 mmol (68 mg) 1a was employed with general procedure GP4 and 67 mg (93 % 

yield) 2g was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR 

(400 MHz, CDCl3) δ 7.43 – 7.38 (m, 2H), 7.30 – 7.25 (m, 3H), 2.40 (t, J = 7.0 Hz, 2H), 1.65 (h, J = 7.3 Hz, 3H), 

1.06 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 131.52, 128.15, 127.44, 124.07, 90.24, 80.68, 22.22, 

21.39, 13.54. 

prop-1-yn-1-ylbenzene (2h): 0.5 mmol (68 mg) 1a was employed with general procedure GP4 and 54 mg (93 

% yield) 2h was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR 

(400 MHz, CDCl3) δ 7.42 – 7.39 (m, 2H), 7.31 – 7.26 (m, 3H), 2.06 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 

131.46, 128.17, 127.48, 124.00, 85.77, 79.70, 4.29. 

trimethyl(3-phenylprop-2-yn-1-yl)silane (2i): 0.5 mmol (68 mg) 1a was employed with general procedure GP4 

and 76 mg (81 % yield) 2i was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.03 (m, 5H), 1.61 (s, 2H), 0.08 (s, 9H). 13C NMR (101 

MHz, CDCl3) δ 131.40, 128.12, 126.99, 124.83, 88.44, 79.58, 7.96, -1.96. 

(cyclopentylethynyl)benzene (2j): 0.5 mmol (68 mg) 1a was employed with general procedure GP4 and 73 mg 

(86 % yield) 2j was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.40 – 7.37 (m, 2H), 7.27 – 7.24 (m, 3H), 2.82 (p, J = 7.5 Hz, 1H), 2.04 – 1.96 (m, 

2H), 1.80 – 1.67 (m, 4H), 1.62 – 1.57 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 131.51, 128.12, 127.35, 124.14, 

94.59, 80.03, 33.92, 30.78, 25.05. 

1-methyl-4-(phenylethynyl)piperidine (2k): 0.5 mmol (69 mg) 1a was employed with general procedure GP4. 

The reaction mixture was quenched with 3.0 mL 1.0 M aqueous HCl solution. The acidic aqueous layer was 

basified with saturated K2CO3 aqueous solution and extracted with diethyl ether, and the combined organic layers 

were dried (anhydrous MgSO4). After filtration, the solvent was evaporated in vacuo and 99 mg (99 % yield) 2k 

was obtained as orange oil. 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.38 (m, 2H), 7.31 – 7.24 (m, 3H), 2.79 – 2.66 

(m, 2H), 2.66 – 2.54 (m, 1H), 2.29 (s, 3H), 2.25 – 2.14 (m, 2H), 1.99 – 1.89 (m, 2H), 1.83 – 1.72 (m, 2H). 13C 

NMR (101 MHz, CDCl3) δ 131.55, 128.16, 127.59, 123.78, 92.74, 81.42, 81.35, 54.21, 46.52, 31.81, 27.03. 

HRMS (ESI) calcd for C14H17NH [M]+: 200.1434; found: 200.1447.  

oct-1-yn-1-ylbenzene (2l): 0.5 mmol (72 mg) 1f was employed with general procedure GP4 and 84 mg (90 % 

yield) 2f was obtained as pale yellow oil using column chromatography (eluent: 100% cyclohexane). 1H NMR 

(400 MHz, CDCl3) δ 7.42 – 7.36 (m, 2H), 7.31 – 7.26 (m, 3H), 2.40 (t, J = 7.1 Hz, 2H), 1.64 – 1.57 (m, 2H), 
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1.49 – 1.42 (m, 2H), 1.34 – 1.30 (m, 4H), 0.91 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 131.52, 

128.15, 127.42, 124.09, 90.47, 80.52, 31.37, 28.73, 28.60, 22.57, 19.41, 14.06, 1.02. 

(E)-prop-1-en-1-ylbenzene (4a): 0.5 mmol (69 mg) 3a was employed with general procedure GP5 and 53 mg 

(90 % yield) 4a was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.34 – 7.27 (m, 4H), 7.22 – 7.16 (m, 1H), 6.42 (dd, J = 15.7, 1.4 Hz, 1H), 6.24 (dq, 

J = 15.7, 6.5 Hz, 1H), 1.89 (dd, J = 6.5, 1.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 137.92, 131.00, 128.45, 

126.71, 125.79, 125.68, 18.48. 

(E)-pent-1-en-1-ylbenzene (4b): 0.5 mmol (69 mg) 3a was employed with general procedure GP5 and 71 mg 

(97 % yield) 4b was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.39 – 7.30 (m, 4H), 7.24 – 7.20 (m, 1H), 6.42 (d, J = 15.8 Hz, 1H), 6.26 (dt, J = 

15.8, 6.9 Hz, 1H), 2.25 – 2.20 (m, 2H), 1.58 – 1.47 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 137.92, 130.94, 129.87, 128.43, 126.72, 125.89, 35.11, 22.54, 13.73. 

(E)-prop-1-ene-1,3-diyldibenzene (4c): 0.5 mmol (69 mg) 3a was employed with general procedure GP5 and 

93 mg (96 % yield) 4c was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane).  

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.26 (m, 7H), 7.25 – 7.19 (m, 3H), 6.47 (d, J = 15.8 Hz, 1H), 6.37 (dt, J 

= 15.7, 6.6 Hz, 1H), 3.57 (d, J = 6.6 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 140.15, 137.46, 131.05, 129.21, 

128.65, 128.48, 127.08, 126.16, 126.10, 39.34. 

(E)-(3-methylbut-1-en-1-yl)benzene (4d): 0.5 mmol (69 mg) 3a was employed with general procedure GP5 

and 68 mg (b:l = 94:6, 93 % yield) 4d was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 7.3 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.2 

Hz, 1H), 6.35 (d, J = 16.1 Hz, 1H), 6.20 (dd, J = 15.9, 6.7 Hz, 1H), 2.52 – 2.43 (m, 1H), 1.10 (d, J = 6.7 Hz, 

6H). 13C NMR (101 MHz, CDCl3) δ 138.00, 137.94, 128.44, 126.80, 126.73, 125.94, 31.52, 22.44. 

(E)-(2-cyclopentylvinyl)benzene (4e): 0.5 mmol (69 mg) 3a was employed with general procedure GP4 and 77 

mg (90 % yield) 4e was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.36 (d, J = 7.3 Hz, 2H), 7.29 (t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.2 Hz, 1H), 6.38 (d, 

J = 15.8 Hz, 1H), 6.22 (dd, J = 15.8, 7.7 Hz, 1H), 2.56 – 2.66 (m, 1H), 1.91 – 1.84 (m, 2H), 1.76 – 1.61 (m, 4H), 

1.45 – 1.37 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 137.92, 135.69, 128.43, 127.82, 126.68, 125.89, 43.80, 

33.21, 25.23. 

(E)-(2-cyclohexylvinyl)benzene (4f): 0.5 mmol (69 mg) 3a was employed with general procedure GP5 and 84 

mg (90 % yield) 4f was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.34 (d, J = 7.2 Hz, 2H), 7.29 (d, J = 7.4 Hz, 2H), 7.18 (t, J = 7.2, 1H), 6.35 (d, J = 

16.0 Hz, 1H), 6.18 (dd, J = 16.0, 6.9 Hz, 1H), 2.16 – 2.10 (m, 1H), 1.83 – 1.67 (m, 5H), 1.37 – 1.14 (m, 5H). 13C 

NMR (101 MHz, CDCl3) δ 138.11, 136.87, 128.49, 127.29, 126.77, 125.99, 41.23, 33.03, 26.25, 26.13. 

(E)-1-methyl-4-styrylpiperidine (4g): 0.5 mmol (69 mg) 3a was employed with general procedure GP5. The 

reaction mixture was quenched with 3.0 mL 1.0 M aqueous HCl solution. The acidic aqueous layer was basified 

with saturated K2CO3 aqueous solution and extracted with diethyl ether, and the combined organic layers were 
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dried (anhydrous MgSO4). After filtration, the solvent was evaporated in vacuo and 97 mg (96 % yield) 4g was 

obtained as orange oil. 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.32 (m, 2H), 7.31 – 7.26 (m, 2H), 7.16 – 7.22 (m, 

1H), 6.38 (d, J = 16.0 Hz, 1H), 6.17 (dd, J = 16.0, 6.9 Hz, 1H), 2.95 – 2.86 (m, 1H), 2.31 (s, 3H), 2.14 – 2.07 

(m, 1H), 2.07 – 1.97 (m, 2H), 1.82 – 1.74 (m, 2H), 1.57 (qd, J = 12.9, 12.4, 3.7 Hz, 2H). 13C NMR (101 MHz, 

CDCl3) δ 137.64, 134.95, 128.47, 128.23, 126.96, 125.98, 55.57, 46.40, 38.66, 32.02. 

(E)-1,2-diphenylethene (4h): 0.5 mmol (69 mg) 3a was employed with general procedure GP5 and 87 mg (97 

% yield) 4h was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR 

(400 MHz, CDCl3) δ 7.57 – 7.55 (m, 4H), 7.42 – 7.39 (m, 4H), 7.34 – 7.27 (m, 2H), 7.16 (s, 2H). 13C NMR (101 

MHz, CDCl3) δ 137.29, 128.66, 128.64, 127.58, 126.48. 

(E)-1-(2-cyclohexylvinyl)-2-methylbenzene (4i): 0.5 mmol (76 mg) 3i was employed with general procedure 

GP5 and 97 mg (97 % yield) 4i was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 7.0 Hz, 1H), 7.21 – 7.13 (m, 3H), 6.59 (d, J = 15.8 

Hz, 1H), 6.09 (dd, J = 15.8, 7.0 Hz, 1H), 2.38 (s, 3H), 2.24 – 2.17 (m, 1H), 1.89 – 1.72 (m, 5H), 1.43 – 1.20 (m, 

5H). 13C NMR (101 MHz, CDCl3) δ 138.22, 137.12, 134.91, 130.09, 126.65, 125.95, 125.31, 125.01, 41.45, 

33.09, 26.18, 26.05, 19.80. 

(E)-1-(2-cyclohexylvinyl)-4-isopropylbenzene (4j): 0.5 mmol (90 mg) 3j was employed with general procedure 

GP5 and 106 mg (93 % yield) 4j was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H), 6.38 (d, J = 

16.0 Hz, 1H), 6.19 (dd, J = 16.0, 7.0 Hz, 1H), 2.97 – 2.90 (m, 1H), 2.21 – 2.14 (m, 1H), 1.87 – 1.72 (m, 5H), 

1.36 – 1.24 (m, 11H). 13C NMR (101 MHz, CDCl3) δ 147.49, 135.99, 135.69, 127.00, 126.49, 125.86, 41.16, 

33.81, 33.03, 26.19, 26.06, 23.98. 

 (E)-4-(2-cyclohexylvinyl)-1,2-dimethylbenzene (4k): 0.5 mmol (83 mg) 3k was employed with general 

procedure GP5 and 104 mg (97 % yield) 4k was obtained as colorless oil using column chromatography (eluent: 

100% cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.20 (s, 1H), 7.13 (q, J = 7.8 Hz, 2H), 6.36 (d, J = 16.0 Hz, 

1H), 6.18 (dd, J = 16.0, 6.9 Hz, 1H), 2.31 (s, 3H), 2.30 (s, 3H), 2.21 – 2.14 (m, 1H), 1.88 – 1.73 (m, 5H), 1.44 – 

1.20 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 136.39, 135.70, 135.62, 135.01, 129.69, 127.15, 127.08, 123.39, 

41.13, 33.03, 26.20, 26.07, 19.74, 19.40. MS (EI, 70 ev): m/z (relative intensity) = 214 (M+•, 81), 199 (28), 171 

(14), 157 (35), 143 (24), 132 (100), 119 (38), 108 (13), 91 (12), 41 (6). 

(E)-1-(2-cyclohexylvinyl)-2,3,4,5,6-pentamethylbenzene (4l): 0.5 mmol (104 mg) 3l was employed with 

general procedure GP5 and 122 mg (95 % yield) 4l was obtained as white solid using column chromatography 

(eluent: 100% cyclohexane). Melting point: 89.6 oC. 1H NMR (400 MHz, CDCl3) δ 6.31 (d, J = 16.3 Hz, 1H), 

5.43 (dd, J = 16.3, 6.9 Hz, 1H), 2.25 – 2.17 (m, 15H), 1.87 – 1.67 (m, 5H), 1.40 – 1.17 (m, 5H). 13C NMR (101 

MHz, CDCl3) δ 141.14, 136.15, 133.04, 132.19, 131.50, 126.72, 41.38, 33.02, 26.25, 26.04, 17.83, 16.71, 16.59. 

MS (EI, 70 ev): m/z (relative intensity) = 256 (M+•, 93), 241 (100), 185 (25), 173 (38), 160 (54), 148 (56), 133 

(17), 107 (10), 79 (8), 55 (6), 41 (7). 
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(E)-1-(benzyloxy)-2-(2-cyclohexylvinyl)benzene (4m): 0.5 mmol (122 mg) 3m was employed with general 

procedure GP5 and 137 mg (94 % yield) 4m was obtained as pale yellow oil using column chromatography 

(eluent: 100% cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.53 – 7.49 (m, 3H), 7.44 (t, J = 7.4 Hz, 2H), 7.37 

(t, J = 7.2 Hz, 1H), 7.21 – 7.17 (m, 1H), 6.99 – 6.93 (m, 2H), 6.83 (d, J = 16.1 Hz, 1H), 6.25 (dd, J = 16.1, 7.1 

Hz, 1H), 5.14 (s, 2H), 2.24 – 2.17 (m, 1H), 1.88 – 1.71 (m, 5H), 1.42 – 1.20 (m, 5H). 13C NMR (101 MHz, 

CDCl3) δ 155.46, 137.53, 137.35, 128.45, 127.69, 127.62, 127.54, 127.15, 126.30, 121.82, 120.97, 112.59, 70.28, 

41.54, 33.05, 26.18, 26.02. HRMS (ESI) calcd for C21H24ONa [M]+: 315.1719; found: 315.1718.  

(E)-1-(2-cyclohexylvinyl)-4-methoxybenzene (4n): 0.5 mmol (84 mg) 3n was employed with general procedure 

GP5 and 98 mg (91 % yield) 4n was obtained as pale yellow oil using column chromatography (eluent: ethyl 

acetate/cyclohexane = 1:20). 1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 

6.29 (d, J = 16.0 Hz, 1H), 6.04 (dd, J = 16.0, 7.0 Hz, 1H), 3.80 (s, 3H), 2.14 – 2.06 (m, 1H), 1.81 – 1.66 (m, 

5H), 1.36 – 1.12 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 158.57, 134.78, 130.87, 126.96, 126.50, 113.87, 55.28, 

41.11, 33.08, 26.19, 26.08. 

(E)-4-(2-cyclohexylvinyl)-1,2-dimethoxybenzene (4o): 0.5 mmol (99 mg) 3o was employed with general 

procedure GP5 and 116 mg (94 % yield) 4o was obtained as pale yellow oil using column chromatography 

(eluent: ethyl acetate/cyclohexane = 1:20). 1H NMR (400 MHz, CDCl3) δ 6.92 – 6.78 (m, 3H), 6.28 (d, J = 15.9 

Hz, 1H), 6.04 (dd, J = 15.9, 6.9 Hz, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 2.14-2.07 (m, 1H), 1.86 – 1.67 (m, 5H), 1.37 

– 1.14 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 148.92, 148.11, 134.93, 131.14, 126.78, 118.78, 111.11, 108.40, 

55.86, 55.72, 41.06, 33.03, 26.14, 26.03. 

(E)-5-(2-cyclohexylvinyl)benzo[d][1,3]dioxole (4p): 0.5 mmol (91 mg) 3p was employed with general 

procedure GP5 and 102 mg (89 % yield) 4p was obtained as pale yellow oil using column chromatography 

(eluent: ethyl acetate/cyclohexane = 1:20). 1H NMR (400 MHz, CDCl3) δ 6.95 – 6.90 (m, 1H), 6.81 – 6.72 (m, 

2H), 6.27 (d, J = 15.9 Hz, 1H), 6.02 (dd, J = 15.9, 7.0 Hz, 1H), 5.93 (s, 2H), 2.15 – 2.07 (m, 1H), 1.82 – 1.68 

(m, 5H), 1.38 – 1.14 (m, 5H).  13C NMR (101 MHz, CDCl3) δ 147.87, 146.45, 135.10, 132.56, 126.74, 120.19, 

108.13, 105.34, 100.83, 41.01, 33.00, 26.14, 26.03. 

 (E)-2-(2-cyclohexylvinyl)-1,4-dimethoxybenzene (4q): 0.5 mmol (99 mg) 3q was employed with general 

procedure GP5 and 111 mg (90 % yield) 4q was obtained as pale yellow oil using column chromatography 

(eluent: ethyl acetate/cyclohexane = 1:20). 1H NMR (400 MHz, CDCl3) δ 7.01 (d, J = 2.9 Hz, 1H), 6.79 (d, J = 

8.9 Hz, 1H), 6.73 (dd, J = 8.9, 2.9 Hz, 1H), 6.67 (d, J = 16.1 Hz, 1H), 6.16 (dd, J = 16.1, 7.0 Hz, 1H), 3.80 (s, 

3H), 3.79 (s, 3H), 2.16 (m, 1H), 1.85 – 1.70 (m, 5H), 1.38 – 1.16 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 153.71, 

150.81, 137.69, 127.98, 121.55, 112.61, 112.19, 111.61, 56.22, 55.70, 41.49, 33.00, 26.17, 26.05. HRMS (ESI) 

calcd for C16H22O2Na [M]+: 269.1512; found: 269.1529.  

(E)-1-(2-cyclohexylvinyl)-2-fluorobenzene (4r): 0.5 mmol (78 mg) 3r was employed with general procedure 

GP5 and 93 mg (91 % yield) 4r was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.44 (td, J = 7.7, 1.7 Hz, 1H), 7.19 – 7.11 (m, 1H), 7.10 – 6.96 (m, 

2H), 6.51 (d, J = 16.2 Hz, 1H), 6.25 (dd, J = 16.1, 7.0 Hz, 1H), 2.20 – 2.12 (m, 1H), 1.87 – 1.64 (m, 5H), 1.39 – 
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1.13 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 169.96 (d, JC-F = 248.8 Hz), 139.34 (d, JC-F = 4.1 Hz), 127.85 (d, 

J C-F = 8.3 Hz), 126.84 (d, J C-F = 4.1 Hz), 125.74 (d, J C-F = 12.4 Hz), 123.90 (d, J C-F = 3.5 Hz), 119.54 (d, J C-F 

= 3.9 Hz), 115.55 (d, J C-F = 22.3 Hz), 41.53, 32.84, 26.14, 26.00. 19F NMR (376 MHz, CDCl3) δ -119.08 (ddd, 

J = 10.9, 7.7, 5.2 Hz). 

(E)-1-(2-cyclohexylvinyl)-2-methylnaphthalene (4s): 0.5 mmol (101 mg) 3s was employed with general 

procedure GP5 and 114 mg (91 % yield) 4s was obtained as colorless oil using column chromatography (eluent: 

100% cyclohexane). 1H NMR (400 MHz, CDCl3) δ 8.11 – 8.09 (m, 1H), 7.80 – 7.77 (m, 1H), 7.64 (d, J = 8.4 

Hz, 1H), 7.45 – 7.37 (m, 2H), 7.32 (d, J = 8.4 Hz, 1H), 6.61 (d, J = 16.3 Hz, 1H), 5.79 (dd, J = 16.3, 6.9 Hz, 

1H), 2.46 (s, 3H), 2.36 – 2.28 (m, 1H), 1.97 – 1.93 (m, 2H), 1.85 – 1.80 (m, 2H), 1.75– 1.70 (m, 1H), 1.45 – 1.26 

(m, 5H). 13C NMR (101 MHz, CDCl3) δ 143.35, 134.53, 132.66, 132.25, 132.17, 128.81, 127.97, 126.28, 125.54, 

125.35, 124.57, 123.51, 41.68, 33.12, 26.23, 26.07, 20.87. MS (EI, 70 ev): m/z (relative intensity) = 250 (M+•, 

82), 235 (23), 207 (18), 193 (19), 179 (54), 167 (100), 153 (40), 143 (18), 115 (6), 89 (5), 55 (4), 41 (5). 

(E)-1-(2-cyclohexylvinyl)naphthalene (4t): 0.5 mmol (94 mg) 3t was employed with general procedure GP5 

and 111 mg (94 % yield) 4t was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.7 Hz, 1H), 7.80 – 7.77 (m, 1H), 7.68 (d, J = 8.1 Hz, 

1H), 7.51 – 7.36 (m, 4H), 7.21 (s, 1H), 7.03 (d, J = 15.7 Hz, 1H), 6.15 (dd, J = 15.7, 6.9 Hz, 1H), 2.25 – 2.18 

(m, 1H), 1.88 – 1.65 (m, 5H), 1.38 – 1.21 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 140.21, 135.89, 133.61, 

131.19, 128.43, 127.11, 125.69, 125.64, 125.56, 124.34, 123.94, 123.40, 41.53, 33.05, 26.21, 26.07. 

(E)-(1-cyclohexylprop-1-en-2-yl)benzene (4u): 0.5 mmol (76 mg) 3u was employed with general procedure 

GP5 and 94 mg (94 % yield) 4u was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 7.7 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.21 (t, J = 7.2 

Hz, 1H), 5.64 (d, J = 8.9 Hz, 1H), 2.41 – 2.31  (m, 1H), 2.05 (d, J = 1.0 Hz, 3H), 1.77 – 1.67 (m, 5H), 1.39 – 

1.12 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 144.03, 134.57, 132.72, 128.08, 126.39, 125.60, 37.75, 33.06, 

26.12, 26.01, 15.80. 

(2-cyclohexylethene-1,1-diyl)dibenzene (4v): 0.5 mmol (107 mg) 3v was employed with general procedure 

GP5 and 128 mg (98 % yield) 4v was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.35 – 7.26 (m, 3H), 7.25 – 7.14 (m, 7H), 5.87 (d, J = 10.0 Hz, 

1H), 2.13 – 2.06 (m, 1H), 1.66 – 1.56 (m, 5H), 1.21 – 1.10 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 142.91, 

140.56, 139.57, 135.94, 129.76, 128.10, 128.00, 127.17, 126.74, 126.68, 38.29, 33.32, 25.98, 25.58. 

1,4-bis((E)-2-cyclohexylvinyl)benzene (4w): 4.7 mmol (930 mg) 3w was employed with general procedure GP5 

and 1389 mg (49 % yield) 4w was obtained as white solid using column chromatography (eluent: 100% 

cyclohexane). Melting point: 93.1 oC. 1H NMR (400 MHz, CDCl3) δ 7.29 (s, 4H), 6.33 (dd, J = 16.0, 1.0 Hz, 

2H), 6.17 (dd, J = 16.0, 6.9 Hz, 2H), 2.14 (ddp, J = 10.2, 6.7, 3.6, 3.1 Hz, 2H), 1.88 – 1.66 (m, 10H), 1.41 – 1.28 

(m, 5H), 1.26 – 1.15 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 136.56, 136.28, 126.97, 126.02, 41.18, 32.97, 

26.18, 26.06. 
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(Z)-(2-cyclohexylvinyl)benzene (4x): 0.5 mmol (69 mg) 3x was employed with general procedure GP5 and 86 

mg (cis: trans = 88:12, 93 % yield) 4x was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.22 (m, 5H), 6.33 (d, J = 11.7 Hz, 1H), 5.51 (dd, J = 11.6, 

10.2 Hz, 1H), 2.65 – 2.56 (m, 1H), 1.82 – 1.67 (m, 5H), 1.38 – 1.27 (m, 3H), 1.22 – 1.13 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 138.99, 137.95, 128.58, 128.15, 126.80, 126.39, 36.89, 33.26, 26.03, 25.67. 

(E)-hept-1-en-1-ylbenzene (5a): The Grignard reagent was prepared according to GP6 starting from 0.93 mL 

(7.5 mmol) of 1-bromopentane in 15 mL THF (0.47 M). Titration: C = 0.37 M. Based on the concentration of 

the Grignard reagent, 6.5 mL THF was added to the vial of (E)-(2-chlorovinyl)benzene (3a, 2 mmol, 276 mg, 

0.31 M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (7.0 mg, 1 mol%). Prepared according to general procedure 

GP7, the solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with 

T-mixture, the combined solution was passed through a 0.5 mL PFA (I.D. 0.75 mm) reactor at room temperature 

(Rt = 30 s). 165 mg (95 % yield, took 6.5 mL mixture after reaction containing 1.0 mmol (E)-(2-

chlorovinyl)benzene for isolation) 5a was obtained as colorless oil using column chromatography (eluent: 100% 

cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.33 (m, 2H), 7.32 – 7.28 (m, 2H), 7.22 – 7.18 (m, 1H), 

6.39 (d, J = 15.8 Hz, 1H), 6.24 (dt, J = 15.8, 6.8 Hz, 1H), 2.25 – 2.19 (m, 2H), 1.53 – 1.45 (m, 2H), 1.38 – 1.30 

(m, 4H), 0.92 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 137.94, 131.24, 129.66, 128.44, 126.71, 125.88, 

33.01, 31.44, 29.06, 22.56, 14.06. 

(E)-hexa-1,5-dien-1-ylbenzene (5b): The Grignard reagent was prepared according to GP6 starting from 0.7 mL 

(7 mmol) of 4-bromobut-1-ene in 10 mL THF (0.65 M). Titration: C = 0.42 M. Based on the concentration of 

the Grignard reagent, 3 mL THF was added to the vial of (E)-(2-chlorovinyl)benzene (3a, 1 mmol, 138 mg, 0.33 

M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (7.0 mg, 2 mol%). Prepared according to general procedure GP7, 

the solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with T-

mixture, the combined solution was passed through a 1.5 mL PFA (I.D. 0.75 mm) reactor at room temperature 

(Rt = 90 s). 144 mg (91 % yield, took all mixture after reaction containing 1.0 mmol (E)-(2-chlorovinyl)benzene 

for isolation) 5b was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.37 – 7.27 (m, 4H), 7.22 – 7.17 (m, 1H), 6.41 (d, J = 15.9 Hz, 1H), 6.23 (dt, J = 

15.8, 6.6 Hz, 1H), 5.87 (ddt, J = 16.7, 10.2, 6.4 Hz, 1H), 5.11 – 4.96 (m, 2H), 2.36 – 2.30 (m, 2H), 2.28 – 2.21 

(m, 2H). 13C NMR (101 MHz, CDCl3) δ 138.09, 137.74, 130.17, 130.11, 128.46, 126.86, 125.94, 114.90, 33.54, 

32.42. 

hex-5-en-1-yn-1-ylbenzene (5c): The Grignard reagent was prepared according to GP7 starting from 0.7 mL (7 

mmol) of 4-bromobut-1-ene in 10 mL THF (0.65 M).  Titration: C = 0.42 M. Based on the concentration of the 

Grignard reagent, 3 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 136 mg, 0.33 M) 

(CGrignard reagent = 1.2 CSub) with Fe(acac)3 (7.0 mg, 2 mol%). Prepared according to general procedure GP7, the 

solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with T-

mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 oC (Rt = 60 s). 

145 mg (93 % yield, took all mixture after reaction containing 1.0 mmol (chloroethynyl)benzene for isolation) 

5c was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR (400 MHz, 
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CDCl3) δ 7.43 – 7.38 (m, 2H), 7.32 – 7.24 (m, 3H), 5.94 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.14 (dq, J = 17.1, 1.6 

Hz, 1H), 5.07 (dd, J = 10.2, 1.6 Hz, 1H), 2.51 (t, J = 7.3 Hz, 2H), 2.40 – 2.30 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 136.94, 131.54, 128.16, 128.08, 127.55, 123.89, 115.68, 89.48, 81.00, 32.95, 19.26. 

(cyclohexylethynyl)benzene (5d): The Grignard reagent was prepared according to GP7 starting from 0.9 mL 

(7.5 mmol) of chlorocyclohexane in 15 mL THF (0.47 M). Titration: C = 0.45 M. Based on the concentration of 

the Grignard reagent, 2.7 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 136 mg, 0.37 

M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according to general procedure GP7, 

the solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with T-

mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 oC (Rt = 60 s). 

110 mg (96 % yield, took 3 mL mixture after reaction containing 0.625 mmol (chloroethynyl)benzene for 

isolation) 5d was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR 

(400 MHz, CDCl3) δ 7.42 – 7.39 (m, 2H), 7.31 – 7.27 (m, 3H), 2.63 – 2.57 (m, 1H), 1.91 – 1.88 (m, 2H), 1.79 – 

1.74 (m, 2H), 1.59 – 1.51 (m, 3H), 1.39 –1.39 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 131.55, 128.12, 127.37, 

124.12, 94.45, 80.48, 32.71, 29.66, 25.93, 24.91. 

pent-1-yn-1-ylbenzene (5e): The Grignard reagent was prepared according to GP7 starting from 0.68 mL (7.5 

mmol) of 1-bromopropane in 15 mL THF (0.48 M).  Titration: C = 0.39 M. Based on the concentration of the 

Grignard reagent, 3.1 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 136 mg, 0.32 M) 

(CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according to general procedure GP7, the 

solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with T-

mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 oC (Rt = 60 s). 

136 mg (94 % yield, took all mixture after reaction containing 1.0 mmol (chloroethynyl)benzene for isolation) 

5e was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane).  1H NMR (400 

MHz, CDCl3) δ 7.43 – 7.38 (m, 2H), 7.30 – 7.25 (m, 3H), 2.40 (t, J = 7.0 Hz, 2H), 1.65 (h, J = 7.3 Hz, 3H), 1.06 

(t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 131.52, 128.15, 127.44, 124.07, 90.24, 80.68, 22.22, 21.39, 

13.54. 

(3-methylbut-1-yn-1-yl)benzene (5f): The Grignard reagent was prepared according to GP7 starting from 0.70 

mL (7.5 mmol) of 2-bromopropane in 15 mL THF (0.48 M).  Titration: C = 0.36 M. Based on the concentration 

of the Grignard reagent, 3.3 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 136 mg, 0.30 

M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according to general procedure GP7, 

the solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with T-

mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 oC (Rt = 60 s). 68 

mg (94 % yield, took 3.3 mL mixture after reaction containing 0.5 mmol (chloroethynyl)benzene for isolation) 

5f was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR (400 MHz, 

CDCl3) δ 7.42 – 7.36 (m, 2H), 7.30 – 7.26 (m, 3H), 2.78 (hept, J = 6.9 Hz, 1H), 1.28 (s, 3H), 1.26 (s, 3H). 13C 

NMR (101 MHz, CDCl3) δ 131.52, 128.12, 127.42, 124.00, 95.75, 79.69, 23.03, 21.11. 

hex-1-yn-1-ylbenzene (5g): The Grignard reagent was prepared according to GP7 starting from 0.85 mL (7.5 

mmol) of 1-iodobutane in 15 mL THF (0.47 M).  Titration: C = 0.46 M. Based on the concentration of the 
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Grignard reagent, 2.6 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 136 mg, 0.37 M) 

(CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according to general procedure GP7, the 

solution of the substrate was charged to a syringe pump and mixed with Grignard reagent pumped with T-

mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 oC (Rt = 60 s). 

155 mg (98 % yield, took all mixture after reaction containing 0.5 mmol (chloroethynyl)benzene for isolation) 

5g was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H NMR (400 MHz, 

CDCl3) δ 7.43 – 7.36 (m, 2H), 7.31 – 7.26 (m, 3H), 2.41 (t, J = 7.0 Hz, 2H), 1.65 – 1.56 (m, 2H), 1.52 – 1.43 

(m, 2H), 0.96 (t, J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 131.51, 128.15, 127.42, 124.08, 90.40, 80.52, 

30.84, 22.01, 19.09, 13.64. 

(5,5,5-trifluoropent-1-yn-1-yl)benzene (5h): The Grignard reagent was prepared according to GP7 starting 

from 0.85 mL (7.5 mmol) of 1,1,1-trifluoro-3-iodopropane in 15 mL THF (0.47 M).  Titration: C = 0.44 M. 

Based on the concentration of the Grignard reagent, 2.7 mL THF was added to the vial of (chloroethynyl)benzene 

(1a, 1 mmol, 136 mg, 0.37 M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according 

to general procedure GP7, the solution of the substrate was charged to a syringe pump and mixed with Grignard 

reagent pumped with T-mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor 

at 0 oC (Rt = 60 s). 96 mg (97 % yield, took 2.7 mL mixture after reaction containing 0.5 mmol 

(chloroethynyl)benzene for isolation) 5h was obtained as colorless oil using column chromatography (eluent: 

100% cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.37 (m, 2H), 7.35 – 7.27 (m, 3H), 2.78 – 2.63 (m, 

2H), 2.53 – 2.36 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 131.56, 128.26, 128.04, 123.13, 86.07, 81.64, 33.44 

(q, J C-F = 29.1 Hz), 13.06 (q, J C-F = 4.2 Hz). 19F NMR (376 MHz, CDCl3) δ -66.97 (t, J = 10.4 Hz). 

pent-1-yne-1,5-diyldibenzene (5i): The Grignard reagent was prepared according to GP7 starting from 1.1 mL 

(7.5 mmol) of (3-bromopropyl)benzene in 15 mL THF (0.47 M).  Titration: C = 0.29 M. Based on the 

concentration of the Grignard reagent, 4.1 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 

136 mg, 0.24 M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according to general 

procedure GP7, the solution of the substrate was charged to a syringe pump and mixed with Grignard reagent 

pumped with T-mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 

oC (Rt = 60 s). 207 mg (94 % yield, took all mixture after reaction containing 1.0 mmol (chloroethynyl)benzene 

for isolation) 5i was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.46 – 7.39 (m, 2H), 7.35 – 7.27 (m, 5H), 7.22 (dd, J = 15.4, 7.1 Hz, 3H), 2.88 – 

2.74 (m, 2H), 2.44 (t, J = 7.0 Hz, 2H), 1.94 (p, J = 7.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 141.62, 131.54, 

128.55, 128.35, 128.19, 127.54, 125.88, 123.96, 89.81, 81.13, 34.83, 30.31, 18.82. 

1-methyl-3-(phenylethynyl)benzene (5j): The Grignard reagent was prepared according to GP7 starting from 

0.91 mL (7.5 mmol) of 1-bromo-3-methylbenzene in 15 mL THF (0.47 M).  Titration: C = 0.39 M. Based on the 

concentration of the Grignard reagent, 3.1 mL THF was added to the vial of (chloroethynyl)benzene (1a, 1 mmol, 

136 mg, 0.32 M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 mol%). Prepared according to general 

procedure GP7, the solution of the substrate was charged to a syringe pump and mixed with Grignard reagent 

pumped with T-mixture, the combined solution was passed through a 1.0 mL PFA (I.D. 0.75 mm) reactor at 0 
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oC (Rt = 60 s). 183 mg (95 % yield, took all mixture after reaction containing 1.0 mmol (chloroethynyl)benzene 

for isolation) 5j was obtained as colorless oil using column chromatography (eluent: 100% cyclohexane). 1H 

NMR (400 MHz, CDCl3) δ 7.56 – 7.49 (m, 2H), 7.39 – 7.31 (m, 5H), 7.27 – 7.21 (m, 1H), 7.17 – 7.12 (m, 1H), 

2.36 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 137.99, 132.17, 131.58, 129.14, 128.67, 128.30, 128.22, 

128.15, 123.36, 123.05, 89.54, 89.01, 21.23. 

1-(phenylethynyl)-3-(trifluoromethyl)benzene (5k): The Grignard reagent was prepared according to GP7 

starting from 1.0 mL (7.5 mmol) of 1-bromo-3-(trifluoromethyl)benzene in 15 mL THF (0.47 M).  Titration: C 

= 0.41 M. Based on the concentration of the Grignard reagent, 2.9 mL THF was added to the vial of 

(chloroethynyl)benzene (1a, 1 mmol, 136 mg, 0.34 M) (CGrignard reagent = 1.2 CSub) with Fe(acac)3 (3.5 mg, 1 

mol%). Prepared according to general procedure GP7, the solution of the substrate was charged to a syringe 

pump and mixed with Grignard reagent pumped with T-mixture, the combined solution was passed through a 

1.0 mL PFA (I.D. 0.75 mm) reactor at 0 oC (Rt = 60 s). 239 mg (97 % yield, took all mixture after reaction 

containing 1.0 mmol (chloroethynyl)benzene for isolation) 5k was obtained as colorless oil using column 

chromatography (eluent: 100% cyclohexane). 1H NMR (400 MHz, CDCl3) δ 7.81 (s, 1H), 7.70 (d, J = 7.7 Hz, 

1H), 7.61 – 7.53 (m, 3H), 7.48 (t, J = 7.8 Hz, 1H), 7.41 – 7.35 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 134.63, 

131.69, 130.81 (q, J C-F = 32.8 Hz), 128.85, 128.74, 128.43, 128.36 (q, J C-F = 3.9 Hz), 124.73 (q, J C-F = 3.8 Hz), 

124.25, 123.9 (q, J C-F = 272.7 Hz), 122.59, 90.89, 87.77. 19F NMR (376 MHz, CDCl3) δ -62.94. 
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In this thesis, the development of new methodologies in continuous flow using visible light 

photocatalysis were presented, including the use of a traditional iridium catalyst, an olefin-disulfide 

charge-transfer complex and earth-abundant metal iron catalysis.  

In Chapter 2, a simple yet effective photocatalytic stereoselective decarboxylative protocol to 

prepare difluoromethylated styrenes and phenylacetylenes was presented. In contrast to previously 

described methods, this procedure does not require additional metal catalysts or hypervalent iodine 

reagents to facilitate CO2 extrusion. The generality of this protocol is demonstrated by the broad 

substrate scope. Meta and para- substituted cinnamic acids provide the expected E-isomer. In 

contrast, ortho-substituted cinnamic acids yield selectively less stable Z-product, whereas the E-

isomer can be obtained via continuous-flow processing through accurate control of the reaction time. 

The different stereoselectivity of ortho-substituted cinnamic acids can be attributed to the high triplet 

energy of the catalyst. In batch, with prolonged visible light irradiation (14 hours), the E-isomer can 

be obtained in high selectivity. In flow, within 15 minutes residence time, the E-isomer can be 

obtained selectively. This phenomenon was due to the energy transfer of fac-Ir(ppy)3, as the triplet 

energy of the catalyst is higher than the E-isomer of the product. In batch, the catalyst had sufficient 

time to convert the resulting E-isomer into the Z configuration, while in flow, the E-isomer is the only 

isomer formed due to the short reaction time. In this case, continuous-flow technology has proven to 

be powerful not only in improving the reaction efficiency, but also tuning the stereoselectivity. 

In Chapter 3, the development of a novel photocatalytic 1, 2-heterocycle migration method was 

presented. This protocol allows the preparation of heterocycles with a sp3-enriched character. A 

variety of synthetically useful β-difluorinated α-aryl heterocyclic ketones can be easily prepared under 

mild reaction conditions with excellent regioselectivity. The application of continuous flow allows to 

reduce the reaction time (from 6 hours to 10 minutes), provides higher reaction selectivity and 

displays potential for scaling the chemistry. Interesting also the allylic alcohol substrates were 

prepared in flow via a classical Grignard reaction. The flow method enables safe handling of the 

reaction exotherm and allows to prepare sufficient quantities of starting material for the consecutive 

migration chemistry. 

With the successful implemention of a difluoromethylated group into organic molecules with 

photocatalyst fac-Ir(ppy)3, we turned our attention to other organic complexes that can absorb light, 

which is more cost efficient. The olefin-disulfide charge-transfer complex was developed for the 

aerobic oxidative cleavage the C=C bond under visible-light at room temperature, this project was 

presented in Chapter 4. Bis(4-methoxyphenyl) disulfide was employed and typical monosubstituted 

as well as 1,1- and 1,2-disubstituted aromatic alkenes could be converted to corresponding aldehydes 

and ketones. Interestingly, the mechanistic study using NMR and DFT calculations shows that the 
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coordinating effect between thiols and olefins might also exist between certain disulfides and olefins. 

The unconventional homolysis of the aromatic S–S bond by visible-light was rationalized by the 

olefin-disulfide charge-transfer complex.  

Next, the cost-efficient earth abundant transition metal iron was successfully employed in visible light 

photocatalytic process, which is presented in Chapter 5. The visible light promoted iron catalyzed 

continuous-flow protocol was designed to overcome the limitations of Kumada-Corriu cross-

couplings. The use of blue light was demonstrated to considerably accelerate the coupling reaction, 

and allowed the use of mild conditions at very short reaction times even for previously very stubborn 

substrates, which makes it a competitive alternative to the commonly used Pd or Ni catalysts for this 

transformation. Under visible light irradiation, unreactive aryl chlorides including electron-rich aryl 

chlorides and unreactive heterocycles including pyridine and benzofuran, can be coupled with 

alkylmagnesium compounds successfully. Moreover, the scale up of the reaction was conducted on 

an unprotected indole: within 2.5 hours, 11.4 grams of product could be obtained in 95% isolated 

yield. Preliminary mechanistic studies were done including inline UV analysis and DFT calculation. 

The intramolecular radical clock reaction indicated both cross coupling and radical process could be 

involved in this process. Light on/off reaction shos light is needed in the entire catalytic process. 

Inline UV-VIS analysis and DFT calculations suggested an Fe(I)/Fe(III) catalytic cycle. The 

precatalyst Fe(acac)3 is first reduced by Grignard reagent to produce the Fe(I) intermediate, following 

a classical cross coupling cycle with the oxidative addition of the aryl chloride forming the Fe(III) 

species, then transmetalation and reductive elimination to regenerate the Fe(I) species and to yield to 

targeted product. 

During those investigation, we also found that iron catalysis can be useful in the coupling of α, β-

unsaturated aromatic chlorides with Grignard reagents, which is presented in Chapter 6. The 

aromatic alkyne chlorides and aromatic vinyl chlorides proved to be reactive within this reaction 

system: a variety of internal alkynes and alkenes were prepared with this practical and efficient 

method, providing a procedure that was never realized before. The chemistry could also be translated 

to flow. The telescoped process was developed which combines both Grignard reagent synthesis and 

the Fe-based cross coupling reaction, in this proess the use of NHC ligand can be avoided for the Csp-

Csp3 coupling without compromising the reaction selectiviy. The chemistry displayed a broad 

substrate scope (> 35 examples) and scale up experiments show the potential for applications in both 

medicinal chemistry as synthetic organic chemistry in general.
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List of abbreviations 

2-MeTHF 2-Methyltetrahydrofuran 

Ac Acetyl 

AIBN Azobisisobutyronitrile 

BHT 2,6-Di-tert-butyl-4-methylphenol 

Bn Benzyl 

Bu3SnH Tributylammonium iodide 

Cy Cyclohexyl 

DABCO 1,4-Diazabicyclo[2.2.2]octane 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

EPR Electron paramagnetic resonance 

ESI-MS Electrospray ionization mass spectrometry 

Et3N Triethylamine 

fac-Ir(ppy)3 Tris[2-phenylpyridinato-C2,N]iridium(III) 

Fe(acac)3 Tris(acetylacetonato) iron(III) 

FDA Food and drug administration 

GC-FID Gas Chromatography with flame-ionization 

detection 

GC-MS Gas chromatography–mass spectrometry 

HOMO Highest occupied molecule orbital 

HRMS High-resolution mass spectrometry 

iPr2NEt N, N-Diisopropylethylamine 

ID Internal diameter 

IR Infrared 

ISC Inter system crossing 
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LED Light emitting diode 

LOMO Lowest unoccupied molecular orbital 

MCD Magnetic circular dichroism 

m-CPBA meta-Chloroperoxybenzoic acid 

MeCN Acetonitrile 

MLCT Metal to ligand charge transfer 

NEt3 Triethylamine 

N.D. Not detected 

NHPI N-Hydroxyphthalimide 

NMP N-Methyl-2-pyrrolidone  

NMR Nuclear magnetic resonance 

OTf Trifluoromethanesulfonate 

PC photocatalyst 

PFA Perfluoroalkoxy alkanes 

R.T. Residence time 

Ru(bpy)3Cl2 Tris(bipyridine)ruthenium(II)chloride 

SI Supporting Information 

TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy 

THF Tetrahydrofuran 

TLC Thin layer chromatography 

UV Ultraviolet 
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