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INTRODUCTION 

Nucleophilic aromatic substitution (SNAr) reactions are widely applied in chemical research to build up 

complex molecular structures in aromatic systems.1-3 An investigation reported by Brown and Boström 

confirmed that SNAr is the second most frequently occurring reaction in modern medicinal chemistry.4-6 

Conventionally, the nucleophilic attack/ nucleofuge loss on an electron-poor system is described as a 

two-step mechanism, proceeding via a non-aromatic Meisenheimer complex.1 However, in recent years, 

it has been reported that some SNAr reactions, particularly those involving electron-rich arenes, operate 

through a concerted pathway rather than a stepwise one. This finding not only revolutionized the 

understanding of the mechanistic aspects of these classical reactions but also suggested that, using SNAr 

chemistry, electron-rich arenes might be converted into a much wider range of products than previously 

anticipated.7-15  

Fluorinated arenes, on the other hand, have recently gained prominence in the areas of materials 

science and pharmaceutical chemistry owing to their distinct chemical and physiological properties, e.g., 

enhanced metabolic stability and improved lipophilicity.16-22 However, there is no known natural source 

for fluoroarenes which means that these compounds must be prepared synthetically. The sequential 

introduction of multiple fluorine atoms into an aromatic ring is difficult as such processes usually require 

the aromatic ring toeature very specific functional groups as indicated in Scheme 1A(a). This is further 

complicated by the poor availability of F-reagents.23-25 Currently, the predominant strategy to synthesize 

polyfluorinated arenes relies on the “reverse” reaction, namely, to start from readily available 

perfluoroarenes and selectively convert one or more fluoro groups to other functional groups, as 

illustrated in Scheme 1A(b).26-29  Over the past years, significant efforts have been devoted to the 

development of transition-metal catalysis to selectively activate strong covalent Caryl−F bonds30-32 as well 

as the photocatalytic fragmentation of perfluoroaryl fluorides.33-36 However, both strategies still feature 

crucial limitations: for instance, to activate a Caryl−F bond with a metal catalyst, it is required to have a 

directing group in the ortho-position. In addition, the use of elaborate (photo-)catalysts not only 

increases the cost of the process but may also result in residual metal impurities in the final products.35-

36 Under the aspect of practicality, the ideal transformation would be transition metal-free that allows 

the rapid synthesis of versatile polyfluoroarenes with excellent regioselectivity. 

In particular, the development of methods to introduce sulfur selectively into polyfluoroarenes is of 

growing importance, as polyfluoroaromatic sulfur-containing compounds are often encountered in 



pharmaceuticals (Scheme 1B), agrochemicals, and functional materials.37-40 While recent developments 

have made polyfluoroaryl-sulfides synthetically accessible,41-47 some reported synthetic processes still 

suffer from limitations, including poor regioselectivity.41-44 Other strategies are rather complex and 

require the preparation of hetarenium salts for the synthesis.43-44 There are also other methods that 

have only been used in very focused settings, such as the preparation of polymers45 and peptide 

stapling.46-47 To deal with these issues, we attempted to develop a metal-free defluorosulfurization 

method for the synthesis of perfluoroarenes using SNAr chemistry, with a focus on the following 

considerations: 1) highly selective substitution of C−F bonds by mercaptans or thiolates; and 2) broad 

applicability with high functional group tolerance, making it suitable for the modification of complex 

molecules. In this report, we investigate the SNAr reactions of a broad spectrum of perfluoroarenes with 

mercaptans of varying electronic properties. This work further makes use of quantum-chemical 

simulations to rationalize the bond-forming/cleaving mechanism in the SNAr step. Additionally, we 

demonstrate how organic synthesis can exploit the perfluoroarylsulfides formed in the process 

described above by embarking upon the study of nickel catalyzed reductive Liebeskind−Srogl-type 

arylations, wherein the perfluoroaryl attached to the S atom acts as a redox-active scaffold to activate 

the C-S bond in the initial mercaptan.48-52 

 

Scheme 1. (A) Literature strategies to synthesize polyfluoroarenes compared to the reaction studied in 

the present work. (B) Representative examples of sulfur-bound poly- and per-fluoroarenes used as 

pharmaceutical agents. 

The activation of C−S bonds is a challenging yet important topic in chemical processing. Apart from 

applications in chemical synthesis, it also plays an important role in the context of sulfur removal in 

petrochemical processes, as residual sulfur can lead to the formation of acid rain and other pollutant-

related issues.53 Therefore, the development of new C−S activation approaches is of considerable 

interest for the desulfurization process in petrochemical processes.53-54 It would be desirable to have a 

strategy that does not require stoichiometric amounts of highly sensitive and expensive organometallic 

reagents, as needed for the conventional Liebeskind−Srogl cross-coupling. In this article, we attempt to 

achieve this via a reductive cross-coupling step, a strategy that activates the C−S bond to obtain an 

electrophile, which is then coupled to a second electrophile, replacing the original C−S bond with a C−C 

bond.55-57 One of the early concepts for C−S bond activation is reductive desulfurization, first reported by 



Bougault in 1940, which uses a stoichiometric amount of Raney nickel as a single electron donor.58-59 

This hydrodesulfurization process is proposed to occur via fission of the C−S bond to give radical 

intermediates, followed by a hydrogen atom transfer to forge a new C−H bond. However, that process 

only allowed the removal of mercapto and other sulfur-containing groups. The concept of C−S bond 

activation has also been exploited for the functionalization of C−H /C−X bonds (X = halide). Organosulfur 

reagents like thianthrene sulfoxide,60-63 dibenzothiophene S-oxide,64-65 xanthate66-67, thiocarbamate,68-69 

and tetrafluoropyridinyl disulfide48-52 can be added to arenes or organohalides to obtain sulfonium salts 

or sulfides, which contain a weak C−S bond that can be easily replaced in a reductive C−S bond cleavage 

step. Despite the success of the above methods, which are all based on C−S bond activation, one still 

lacks a generally applicable tool for the efficient conversion of mercapto groups into other 

functionalities. Recently, some elegant synthetic applications of alkyl radicals obtained through the 

desulfurization of mercaptans have been reported. Following their generation, the radicals can be added 

to unsaturated systems to access products of a formal alkylation process.70-72 However, to the best of 

our knowledge, the application of alkyl radicals, generated in this manner, for arylation chemistry has 

not yet been reported. Nevertheless, we hypothesize that the alkyl radical could be intercepted by an 

aryl nickel (II) species to form a reactive NiIII intermediate,73-76 that gives rise to a desulfurized arylation 

product after a facile reductive elimination (Scheme 2). In this study, we confirm our hypothesis and 

describe the first example of nickel-catalyzed reductive desulfurization leading to a direct C(sp2)−C(sp3) 

cross-coupling.77 

 

Scheme 2. Nickel-catalyzed desulfurative cross-coupling of activated thioether with aryl halide 

RESULTS AND DISCUSSION 

Defluorosulfurization on Perfluoroarenes - Optimization 

We started our investigation by selecting pentafluoropyridine 1a as a representative perfluoroarene and 

thiol 2a as model substrates to examine the viability of our metal-free defluorosulfurization strategy 

(Table 1). After a thorough examination of the reaction conditions, we were delighted to find that 

employing triethylamine (0.3 mmol) in acetonitrile afforded 3a as a single regioisomer in 99% GC yield 

(Entry 1). The same reaction was performed on a gram-scale and 3a was isolated in 95% yield, 

demonstrating excellent amenity towards scale-up. In the screening of other bases, pyridine (15% yield, 

Entry 2) and 2,6-lutidine (52% yield, Entry 3) were found to be less effective, which we attributed to 

their lower basicity compared to triethylamine. We also tested Na2CO3 in DMSO78 as an inorganic base; 

however, an inferior result was obtained (73% yield, Entry 4). On the other hand, changing acetonitrile 

to toluene only led to recovery of the starting materials (Entry 5). Employing DMSO, however, also gave 

a commendable yield (97% yield, Entry 6).  



Table 1. Optimization of the reaction conditions 

 

Entrya Variation from optimized condition Yieldb 

1 none 99 (95)c 

2 Pyridine instead of Triethylamine 15 

3 2,6-lutidine instead of Triethylamine 52 

4d Na2CO3 73 

5 Toluene instead of Acetonitrile N.R.e 

6 DMSO instead of Acetonitrile 97 

7 Reaction for 30min 84 

8 2 mmol Triethylamine 90 

9 Without Triethylamine N.R.f 

aReaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), trimethylamine (0.3 mmol), acetonitrile (2.0 mL), room temperature, 1 h. 
bDetermined by GC-MS analysis of the crude reaction mixture using n-decane as an internal standard. c Isolated yield on 10 

mmol scale after purification by column chromatography. d DMSO as solvent. eOnly starting material observed. fStarting 

material and disulfude product observed. See the Supporting Information for more entries in our optimization studies. 

Nonetheless, we opt to use acetonitrile as solvent, which is recommended as a green polar aprotic 

reaction medium.79 Reducing the reaction time to 30 mins (84% yield, Entry 7) and the triethylamine 

amount to 2 mmol (90% yield, Entry 8) also resulted in lower yields. In the absence of triethylamine, no 

desired product was detected, which shows the essential role of a base in this SNAr reaction (Entry 9). It 

is also noteworthy that no other chemical entities such as pentafluoropyridine-based hetarenium salts 

from the para-substitution of the pentafluoroarene with triethylamine, or products from 

dimerization/oligomerization pathways were detected during our optimization studies. We further 

denied the possibility of having a hetarenium intermediate, which could act as an activated substrate 

possessing a good leaving group, and initially hypothesized that our strategy proceeds via direct 

substitution of thiol 2a.43-44 Moreover, a DFT calculation was carried out, and we validated that 

hetarenium intermediate formation is impeded by its higher energy barrier (173.24 kJ/mol) than that for 

the thiolation pathway (67.96 kJ/mol, see section 9.1 in the Supplemental Information). A more detailed 

discussion on the thiolation pathway will be provided later in context of the discussion on Figure 1. 

Defluorosulfurization on Perfluoroarenes – Substrate scope 

With the optimal condition in hand, the scope of substituents for our defluorosulfurization reaction was 

thoroughly investigated (Scheme 3). Pleasingly, excellent yields and only a single regioisomer were 

observed in all cases. We first conducted defluorosulfurization in the presence of electron-rich p-methyl 

(2b) and p-methoxy (2c) benzyl mercaptans to compare their reactivity with the electronically neutral 

benzyl mercaptan 2a; and gratefully, excellent yields were obtained. In the same way, a series of 

electron withdrawing-substituted thiol substrates were examined, such as halogen-substituted benzylic 

mercaptans, which provided outstanding yields (3d-3e) and offer an opportunity for further 



 

Scheme 3. Scope of SNAr defluorosulfurization of mercaptans and perfluoroarenes 

Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), triethylamine (0.3 mmol), acetonitrile (2.0 mL), N2, 1 h. aReaction performed 

for 3 h. b2 (0.3 mmol), triethylamine (0.5 mmol). c2 (0.4 mmol), triethylamine (0.5 mmol). See Supporting Information for full 

experimental details. 

 

derivatization. Additionally, a nitro group was well tolerated and gave the corresponding perfluorothiol 

3f in 95% yield. A secondary mercaptan was also evaluated and delivered product 3g in similarly high 

yield. This result is particularly valuable as the secondary benzylic sulfide motif is often found in 

therapeutic agents like montelukast.80 We further modified the aromatic system from benzene to furan 

(2h), and a good yield was given. Aliphatic systems, such as primary alkyl mercaptans with differing 

chain length (2i-2j) and secondary cycloalkyl mercaptans (2k), were also found to afford 3i-3k in good 

yields. Hence, we could conclude that neither electron density nor aromaticity itself is crucial for the 

reactivity of the benzylic mercaptans. Our Hammett plot depicted in the SI (Section 8.1.1) also 



corroborates this observation. In contrast to other substrates, bulky adamantyl-containing mercaptan 2l, 

which imposes steric hindrance, was found to be congruous to our developed protocol and gave a 

quantitative yield. Finally, mercaptan 2m containing an electron-deficient ester, which could be further 

functionalized, was also found to be tolerated under our reaction conditions. 

 

Scheme 4. Late-stage application of SNAr defluorosulfurization 

Reaction conditions: 1 (0.2 mmol), 2 (0.2 mmol), triethylamine (0.3 mmol), acetonitrile (2 mL), 1 h. aPerformed in 10 mmol 

scale.b1 (0.5 mmol), 2 (0.2 mmol), triethylamine (0.7 mmol), acetonitrile (2 mL), 12h. See the Supporting Information for full 

experimental details. 

After demonstrating functional group tolerance of alkyl and benzyl mercaptans, we were keen to 

investigate aryl mercaptans as nucleophiles for defluorosulfurization. Compared to unsubstituted phenyl 

2n and naphthyl 2o mercaptans, electron-donating substituents were beneficial to the nucleophilicity of 

mercaptans and further improved the yield regardless of the position: para (2p-2r), meta (2s-2t), or 

ortho (2u-2v). On the other hand, an electron-withdrawing substituent, such as nitro-containing 

mercaptan 2w, provided the corresponding product in a relatively low yield. As anticipated, these 

results are consonant to substituent effects. Interestingly, the yields for reactions with fluoride-

containing mercaptans were found to be superior to thiophenol 2n at both para (2x) and meta (2y) 

positions. The compatibility of pyridine- (2z), thiazoline- (2aa), and benzothiazoline-containing 



mercaptans (2ab) were also tested, demonstrating tolerance towards heterocyclic scaffolds. We were 

pleased to find that all of them delivered the expected products in high yields. In summary, various 

mercaptans not only underwent our defluorosulfurization reaction in high yields but also presented 

absolute preference to the para-regioisomer. We further performed a simple computational inquiry on 

the perceived regioselectivity of our SNAr reaction and found out that substitution at the para-position is 

energetically favorable compared to the ortho-site. (See SI section 9.3) 

To further demonstrate the flexibility of this methodology, we turned our attention to the scope of the 

perfluoroarene reaction partner. The chemoselectivity of our protocol was further tested by probing a 

series of para-substituted pentafluorobenzene. Nevertheless, electron-withdrawing groups such as 

unsubstituted pentafluorobenzene (1ac), ketone (1ad), aldehyde (1ae), ester (1af), and tertiary amide 

(1ag) were all found to perform well under our reaction conditions. In addition, para-substituted bromo- 

and chloro-substituted pentafluorobenzenes (1ah and 1ai-aj, respectively) were also tolerated, albeit in 

lower yields. The perceived compatibility with halides is due to the fact that substitution of fluoride is 

more kinetically favorable than bromide and chloride. Density Functional Theory (DFT) calculations also 

confirmed that the latter two have energy barriers that are at least 30 kJ/mol higher (SI section 9.2). This 

tolerance towards halide substituents provides the opportunity for further derivatization, for example, 

with traditional cross-coupling chemistry or photocatalysis.81 Additionally, perfluoroarenes bearing 

electron-withdrawing trifluoromethyl and cyanomethyl groups (1ak-1al) performed well, as did π-

electron extended analogues such as phenyl (1am) and methoxyphenyl (1an) derivatives. Moreover, the 

scope of this defluorosulfurization could be broadened to disubstituted species by fine-tuning the 

reaction stoichiometry. Hexafluorobenzene (1ao) and octafluoronaphthalene (1ap) could react with two 

mercaptan groups and give a potential fixed and planar linker (3ao-3ap),45-47 which could be 

furthermore applied to bioconjugation and materials chemistry. 

Prompted by the excellent functional group tolerance of the methodology, the scope was further 

expanded to more complex molecules. We successfully embellished both nucleophilic and electrophilic 

building blocks with high chemoselectivity for further late-stage functionalization (Scheme 4). A glucose 

derivative, modified with a secondary mercaptan, participated in the SNAr reaction with perfluoroarene 

1a and afforded 3aq in excellent yield. Other natural product analogues like peptide 2ar and (-)-menthol 

derivative 2as proved to be competent nucleophiles and delivered the corresponding products 3ar-3as 

in high yield. Similar success was observed with the evaluated electrophiles. All elaborate 

pentafluoropyridine compounds, including (-)-menthol (1at), cholesterol (1au), and diosgenin (1av) 

derivatives have been transformed into the corresponding products in high yields. The power of this 

methodology has also been applied to the synthesis of a dipentafluoropyridinylated anticancer 

compound 3aw in a gratifying yield.84 To summarize, this simple defluorosulfurization strategy was 

compatible with various natural products and pharmaceutical derivatives. 

 

 

 

 

 



Defluorosulfurization on Perfluoroarenes - Mechanistic investigation 

 

Figure 1. Reaction energy profile for the SNAr reaction of pentafluoropyridine 1a in acetonitrile 

computed at B3LYP level.  

An F- of 1a is being substituted by Ph−CH2−S- 2a-. The molecular structures are the optimized TS (○) as well as the IS and 

product (both ×) as obtained from the IRC analysis. The energy of the IS, pentafluoropyridine and Ph− CH2−S- is arbitrarily set to 

0. The color scheme represents the electronic energy without zero-point energy (ZPE) correction. 

 

After having dealt with the application of the SNAr reaction, we now turn to look at the mechanistic 

details. Earlier studies by the group of Jacobsen have introduced a Marcus-type picture to discuss the 

SNAr mechanism.83 They found that the relative stability of the potential energy surfaces (PESs) 

associated with the initial state (IS), the Meisenheimer-type structure (MTS), as well as the product, 

determines whether the MTS represents a minimum (commonly referred to as “Meisenheimer 

complex”) or a transition state (TS). In other words, this decides whether a SNAr pathway proceeds via a 

concerted or a stepwise mechanism. As the MTS features both the nucleophile and the leaving group 

attached to the aromatic ring, it typically is a negatively charged structure. This, in return, means that 

the corresponding PES is expected to shift down in energy, i.e., become more stable, if the aromatic ring 

is substituted with electron-withdrawing groups. As visualized in Figure 2D, a low-lying PES for the MTS 

is typically associated with a stepwise mechanism featuring the Meisenheimer complex as an 

intermediate, while a high lying PES leads to a concerted mechanism (Figure 2C). This idea is also 

reflected in a recent report by the groups of Murphy and Tuttle.84 Their study reported that the electron 

affinity of the aromatic substrate could be used as a simple descriptor to predict whether a specific SNAr 

reaction will proceed via a stepwise or a concerted mechanism. 

To shed light on the mechanisms of the defluorosulfurization SNAr reaction considered in this work, a 

Hammett plot was constructed by considering the reactions of three different para-substituted 

polyfluoroarenes (C6F5−R, with R=H, Ph, and CH2CN, see SI, Section 8.1). Instead of obtaining a linear 

correlation, the plot resembled a v-shaped curve. It has been previously established that a curved 



Hammett plot might suggest that not all reactions are following the same mechanism.85-86 Murphy and 

Tuttle also noted in their work that a Hammett plot might not be a suitable method for probing the 

mechanistic details of some SNAr reactions.84 Since the Hammett plot leaves some open questions, we 

have followed the idea of Murphy and Tuttle to use the electron affinity to find out more information 

about the reaction mechanism. We used DFT calculations to determine the electron affinities for 12 

different perfluoroaryl substrates that were utilized in the experiments discussed as mentioned 

previously. However, nine out of the twelve examples feature electron affinities that are located in the 

“boundary region,” where it is not possible to make a clear statement whether a SNAr reaction follows a 

stepwise or concerted mechanism. 

 

Figure 2. The reaction energy profiles as obtained from an IRC analysis for the SNAr reaction of 

fluorine-substituted aromatics.  

The different colors are associated with the aromatic structure shown at the bottom of the figure. The F- in para-position to the 

pyridine–N/to the methoxy group is substituted by (A) another F- and (B) a Cl-- ion, see the reactions in the green boxes. Figures 

(C), (D), and (E) provide a schematic representation of the Marcus-type pictures that can be used to rationalize the shape of the 

energy profiles. Note the small shoulder in the plot for the Cl- substitution of the electron poorest system 2,4-Dicyano-1,3,5-

trifluoro-pyridine in (B). For this system, the IRC analysis stops at this “flat” area of the reaction pathway. The shown reaction 

pathway contains the data from two separated calculations. 

 

The calculated data here are supplied in the SI, Section 9.4. It seems that there is no easy way to 

determine the reaction mechanism for the studied reactions. Thus, we have decided to explore 

reactions pathways computationally by explicitly searching for the TSs and intermediates of the 

reactions. For our prototypical reaction, the defluorosulfurization of pentafluoropyridine 1a with 

benzylthiolate (here abbreviated as 2a-, the deprotonated form of 2a), the calculated reaction energy 

profile is displayed in Figure 1. As visible, only one TS structure has been identified. In the TS structure, 



both the C−F and the C−S distances are, with values of 1.37 Å and 2.47 Å, slightly longer than the 

equilibrium distances found in the IS and the product. The reaction pathway obtained from the IRC 

analysis in Figure 1 confirms that this SNAr reaction follows a concerted mechanism. In other words, 

there is only one TS and no Meisenheimer complex intermediate. 

Figure 1 provides some additional information about the mechanism of this SNAr reaction. Although the 

reaction follows a concerted mechanism, the C−F bond cleavage and the C−S bond formation are 

somewhat asynchronous. The reaction starts with the approach of the Ph−S- nucleophile, while the C−F 

bond length is only weakly affected. Even at the TS, the C−F bond is only 3% longer than the equilibrium 

bond length. The elongation of the C−F essentially occurs after the C−S bond has been formed, which 

can be deduced from the bent shape of the graph. This means that the reaction features an early TS, as 

expected for the strongly exothermic reaction, with a Gibbs free energy of reaction of ΔGr = −68.1 

kJ/mol. Following the concepts of earlier studies,83-84 we were surprised by the computed mechanism for 

this reaction. The calculated electron affinity for 1a is −39 kJ/mol. This value falls in a range where a 

simple prediction of the reaction mechanism is not possible, according to Murphy and Tuttle.84 However, 

we have expected that the fluoro groups of the perfluorinated arene should be sufficiently electron-

withdrawing to yield a system that proceeds via the formation of a Meisenheimer complex. 

To rationalize this unexpected result, we decided to extend the Marcus-type picture used by Jacobsen 

and colleagues and combine it with the Brønsted−Evans−Polanyi (BEP) principle that is often 

encountered in the context of heterogeneous catalysis.87 The BEP principle states that, for similar 

reactions, there is a linear dependency between the activation barrier and the reaction energy; the 

more exothermic a reaction is, the smaller the associated activation barrier. As the reaction of 1a and 

2a- is exothermic (−68.1 kJ/mol), it is safe to assume that the associated MTS is significantly less stable 

than the product species. The lack of a TS structure connecting the MTS and the product species can be 

interpreted in the following way: Reaction from the MTS to the product is exothermic to the extent that 

the activation barrier approaches zero. In this picture, the considered reaction can therefore be 

understood as a “stepwise” SNAr mechanism where the formation of the MTS from the IS is a reaction 

with a barrier, while the subsequent rearomatization of the MTS is barrierless. Describing the reaction 

this way has the advantage that it explains the results of Figure 1; the elongation of the C−F bond 

leading to the bond cleavage begins after the C−S bond has been formed.  

Alternatively, the presence of only one transition state in the reaction can also be rationalized using just 

the Marcus-type picture, similar to the situation shown in Figure 2E. As the product is significantly more 

stable than the MTS, the potential energy surface of the former is energetically low-lying. If the energy 

difference between the MTS and the product state becomes sufficiently large, the potential energy 

surfaces of the two structures cross before the minima on the potential energy surface of the MTS is 

reached. In this case, one would only observe one TS along the reaction pathway. However, the 

potential energy surface of the MTS is also involved in the reaction, unlike the situation sketched in 

Figure 2C. Note that the above model used to explain the lack of a second TS in the SNAr process follows 

the same logic used to describe the “inverted region” in the context of the Marcus theory.88 To support 

the explanation above, we designed a set of model reactions. We considered various fluorine-

substituted benzene and pyridine derivatives and investigated the substitution of the fluoro group by a 

fluoride and by a chloride ion, respectively. The considered substrates reach from 1-fluoro-4-

methoxybenzene (4a) that contains electron-donating substituents, to 2,4,6-trifluoro-3,5-

dicyanopyridine (4e), which possesses several electron-withdrawing substituents. Note that the 



substitution by a fluoride ion, as illustrated in Figure 2A, can be understood as a thermo-neutral self-

exchange reaction. At variance, the substitution reactions by a chloride ion in Figure 2B represent 

exothermic processes with reaction energies derived from the IRC analysis between −50 and −100 

kJ/mol. For the self-exchange reactions, one sees that the SNAr processes at the electron-rich aromatics 

feature the MTS as a TS. As the aromatic substrates become less electron-rich, the MTS-PES shifts down 

in energy, so the MTS becomes a minima state yielding a stepwise SNAr mechanism. The charge-

stabilizing effect of the electron-withdrawing groups becomes so pronounced that the MTS of the 2,4,6-

trifluoro-3,5-dicyanopyridine (4e) system becomes even more stable than the reactant and product. 

When we consider the substitution of a fluoro group by a chloride ion, we see how the energy 

difference between the product and the initial states affects the energy profile of the reaction. For 

nearly all considered systems, except 2,4,6- trifluoro-3,5-dicyanopyridine (4e), one sees a reaction 

profile with only one TS. We interpret this as the situation illustrated in Figure 2B, where the PES of the 

MTS is too high in energy to play a role. For 2,4,6-trifluoro-3,5-dicyanopyridine (4e), a very electron-poor 

compound, the MTS is stable enough to be reflected as a small shoulder in the reaction energy profile 

close to the TS. As displayed in Figure 2E, the situation for this substrate is essentially the same as in the 

reaction of 1a with 2a- discussed earlier in this Article. To fully support our model explaining the 

mechanistic details of the investigated SNAr reactions, it would have been ideal to present a system with 

an even stronger electron deficiency. In this case, the substitution of the fluoro group by a chloride 

should become a stepwise process with two clear TSs. Thus, we also considered the substitution 

reaction of 4-fluoro-2,3,5,6-tetracyanopyridine. However, it seems that in this case, the potential energy 

surface of the MTS becomes so stable that no TS along the reaction pathway could be located. In other 

words, the entire SNAr reaction of that electron-poor compound can be thought of as a barrierless 

process.  

Defluorosulfurization on Perfluoroarenes - Applications 

Apart from investigating the substrate scope and the mechanistic details, we also wanted to make use of 

the defluorosulfurization and develop programmed selective C−F bond activation strategies to access 

complex fluorinated aromatics with diverse functional groups. To transfer this concept into practice, we 

began with readily available perfluorinated arenes and subjected them sequentially to our SNAr reaction 

followed by transition metal-catalyzed and photocatalytic transformations. 

The first example for our programmed selective C−F bond activation strategies is a linear synthesis 

shown in Scheme 5a. It begins with a nickel-catalyzed cross-coupling between pentafluoropyridine 1a 

and phenylboronic acid under an aerobic atmosphere to afford the para-substituted product 5.89 5 

underwent hydrodefluorination under photocatalytic conditions to remove a fluorine atom at the meta 

position, yielding product 6.81 Applying our SNAr method to replace the ortho fluorine group of 6 

resulted in the thioalkylated product 7 in 85% yield. This result illustrates that in the absence of a 

suitable leaving group at the para position, the SNAr reaction tends to occur at the ortho position, which 

is consistent with classical SNAr reactivity. Notably, the overall yield for the three-step linear synthesis 

was 74%. The programmed selective C−F bond activation can also be extended to other perfluoroarenes 

such as polyfluorophenyl oxazoline 8. The oxazoline group in 8 serves as a directing group to facilitate 

the ortho C−F bond activation via a palladium-catalyzed Suzuki−Miyaura coupling.90 Subsequent 

defluorosulfurization by our SNAr reaction delivered 10 in 55% yield. Lastly, we also examined imine-

directed nickel-catalyzed double C−F bond functionalizations (Scheme 5c), yielding product 11.91 To our 

delight, 11, despite its electron-donating aromatic substituents, participated in our SNAr reaction 



selectively at the position para to the aldehyde group and difluoroaryl product 12 was accessed in 85% 

yield.  

 

Scheme 5. Programmed selective C−F bond activation of perfluoroarenes 

Reaction conditions: 

a1a (5 mmol), phenylboronic acid (10 mmol), Ni(acac)2 (0.25 mmol), K3PO4 (10 mmol), THF, O2 balloon, reflux, 12 h, 87%; b5 (0.2 

mmol), Ir(ppy)3 (0.001 mmol), DIPEA (2 mmol), MeCN, Blue LEDs (456 nm), RT, 24 h, 99%; c6 (0.1 mmol), benzyl mercaptan (0.1 

mmol), triethylamine (0.15 mmol), MeCN, N2, RT, 12 h, 85%; d8 (0.2 mmol), (4-methoxyphenyl)boronic acid (0.24 mmol), 

Pd(MeCN)Cl2 (0.020 mmol), DPPF (0.020 mmol), Cs2CO3 (0.4 mmol), toluene, 130 ˚C, 3 h, 87%; e9 (0.1 mmol), benzyl mercaptan 

(0.1 mmol), triethylamine (0.15 mmol), MeCN, N2, 60 ˚C, 12 h, 55%; f1ae (0.5 mmol), BnNH2 (0.5 mmol), MgSO4 (3.5 mmol), 

DCM, RT, 1 day, in one pot condition add (4-methoxyphenyl)boronic acid (1.5 mmol), Ni(cod)2 (0.05 mmol), PPh3 (0.1 mmol), 

K2CO3 (1.5 mmol), THF, N2, 65 ˚C, 48 h, then 3 M HCl(aq), RT, 30 min, 20% for three steps; g11 (0.05 mmol), benzyl mercaptan 

(0.075 mmol), triethylamine (0.125 mmol), MeCN, 60 ˚C, 24 h, 85%. 

 

To further demonstrate the practicality of this SNAr reaction, we attempted to perform the reaction 

under mechanochemical and solvent-free conditions.92-93 Here, 2-mercaptobenzothiazole 2ab, 2,3,4,5,6-

pentafluorobenzaldehyde (1ae), and a base are introduced into a milling jar and ground at 30 Hz with 

ZrO2 milling balls (Table 2). Compared to the reaction in the solvent phase, the ball milling process 

provided a higher reaction rate (97% yield in 10 min vs. 90% yield in 1 h). 

 



Table 2. Mechanochemical SNAr defluorosulfurization in a ball mill setup 

 

Entry Scale Time Solvent Method Yield 

1a 0.2 mmol 60 min ACN (0.1M) Stirring 90% 

2b 0.5 mmol 10 min NEAT Ball milling (30 Hz) 97% 

aReaction in batch up setup. 2ab (0.2 mmol), 1ae (0.2 mmol), triethylamine (0.3 mmol), acetonitrile (2.0 mL), 60 min. bReaction 

in a ball milling setup. 2ab (0.5 mmol), 1ae (0.5 mmol), triethylamine (0.75 mmol), ball milling, 30 Hz, 10 min. See the 

Supporting Information for full experimental details. 

Nickel-catalyzed desulfurative arylation 

Recently, considerable efforts have been devoted to developing radical pathways to replace traditional 

reaction processes based on transition metals. To further demonstrate the synthetic utility of our newly 

developed SNAr method, we envisioned that the defluorosulfurinated products could act as electron 

acceptors in single-electron transfer processes. This could open up new opportunities for C(sp3)−S bond 

activation that offer an alternative to the traditional strategy involving oxidative addition of the  C−S 

bond to a metal center. This is attractive as oxidative addition of mercaptan derivatives is often 

challenging owing to the strength of many C(sp3)−S bonds. Hence, we considered an alternative 

strategy48-50 beginning with the conversion of aliphatic mercaptans into redox-active thioethers51-52 

through our aforementioned SNAr protocol. 

We anticipated that the LUMO of the perfluoroarene-containing thioether is lower in energy than alkyl 

mercaptans alone, which in turn makes them excellent single electron acceptors.94 Upon accepting an 

electron, the thioether becomes a transient radical anion that quickly undergoes heterolytic bond 

cleavage of its C(sp3)−S bond to yield a perfluoroaryl thiolate anion and an alkyl radical (Scheme 2). With 

this concept, various perfluoroarylated substrates can be used to generate an alkyl radical upon 

undergoing single electron transfer. However, based on different arguments outlined in the SI (Section 

7), e.g., cost, yield, and the electron-accepting character as quantified by the reduction potential of the 

thioether, 2,3,5,6-tetrafluoro-pyridine sulfide 3a seems to be the optimal substrate for this purpose. As 

the enhanced electron-accepting character of the thioether is expected to be more beneficial for the 

anticipated C−S activation process, we have also considered the possibility of adding MgBr2, a Lewis 

acid, to interact with the N atom at the perfluoro-pyridinyl group to increase the propensity for its 

reduction. Cyclic voltammetry measurements show that the reduction potential of 3a is −1.26 V (vs. SCE 

in DMA, Fig S8.2.2e). However, in the presence of MgBr2, the reduction potential increases to −1.20 V, 

confirming that the addition of MgBr2 indeed does enhance the electron-accepting character of the 

thioether. 19F−NMR measurements of 3a are also in line with this finding, as the presence of MgBr2 

induces a 0.09 ppm low-field shift of 3a (Fig. S8.2.1). 

Nickel-catalyzed desulfurative arylation - Optimization 



With these findings in hand, we explored the utility of perfluoro-thioether 3a as a substrate in the cross-

electrophile reductive cross-coupling reaction with 4-bromoacetophenone (13a) (Table 3). We 

envisioned that nickel, with appropriate choice of ligand, could furnish the desired cross-coupling 

product 14a. Winnowing out incompetent reaction conditions, we discovered that NiCl2(BCP) (10 mol%) 

with Mn (0.2 mmol) and MgBr2 could provide 14a in 99% GC yield after stirring at 60 oC for 16 hours 

(Entry 1). Further purification of the crude mixture gave product 14a in a remarkable 97% isolated yield. 

Other nickel catalysts, such as Ni(cod)2 (83% yield, Entry 2), NiCl2·glyme (83% yield, Entry 3), and 

NiCl2(dppp) (95% yield, Entry 4) were also examined and delivered product 14a in relatively good, yet 

inferior yields. Similarly, other bipyridine ligands were screened; however, L2 (34% yield, Entry 5) and L3 

(68% yield, Entry 6) showed a deleterious effect on the reaction yield. Interestingly, the absence of 

MgBr2 (88% yield, Entry 7) and its substitution with MgCl2 (80% yield, Entry 8) decreases the yield. In 

addition, replacing Mn with other metallic reducing agents, such as Zn powder (Entry 9) and Mg powder 

(Entry 10), resulted in no observable reaction. Lastly, using DMA in lieu of DMF resulted in a modest 

decrease in the reaction (90% yield, Entry 11). 

Table 3. Optimization of nickel-catalyzed desulfurative arylations  

 

Entry Variation from optimized condition Yieldb 

1 none 99 (97)c 

2a Ni(cod)2 and L1 83 

3a NiCl2•glyme and L1 83 

4a NiCl2(dppp) and L1 95 

5a NiCl2(dppp) and L2  34 

6a NiCl2(dppp) and L3  68 

7 Without MgBr2 88 

8 MgCl2 instead of MgBr2 80 

9 Zn powder instead of Mn powder N.R. 

10 Mg powder instead of Mn powder N.R. 

11 DMF instead of DMA 90 

 

aAdded nickel catalyst (10 mol%) and ligand (10 mol%) in 0.8 mL dry DMA and pre-stirring at room temperature for 30 min then subsequently 

added 3a (0.1 mmol), 13a (0.1 mmol), MgBr2 (1.2 mmol), Mn (2.0 mmol) and 1.0 mL dry DMA. bDetermined by GC-MS of the crude reaction 

mixture using n-decane as internal standard. cIsolated yield after purification by column chromatography. See the Supporting Information for 

more entries in our optimization studies. 



Nickel-catalyzed desulfurative arylation - Substrate scope 

After establishing the optimal reaction condition, we explored the scope of our nickel-catalyzed 

desulfurative arylation (Scheme 6). The functional group tolerance of the aryl halide partner was first 

examined. As expected, a wide range of carbonyl group such as ketone, aldehyde, ester, and thioester 

are all tolerated and delivered the corresponding products 14a-14g in 70-97% yield. Particularly, 14d 

and 14e with different substitution positions of the ester group merely presented minor differences in 

reactivity, even though the ester at the ortho position in 14d imposes steric hindrance in the oxidative 

addition step with the nickel catalyst. We also found that using 13g, which has a thioester moiety, could 

be coupled effectivity. Additionally, benzonitrile 13h delivered the corresponding product in 92% (14h), 

and the trifluoromethyl-containing product 14i could be prepared in 55% yield. It is remarkable that 

pharmacophores, such as sulfone and sulfonamide, endured the optimal reaction condition and 

afforded the corresponding diarylmethanes (14j-14k) in good to excellent yields (67-80%). Moreover, we 

examined several aromatic systems commonly found in pharmaceutical agents, including naphthalene 

(13l) and quinoline (13m-13n). These substrates afforded desulfurization products 14l-14n in moderate 

to good yields (55-80%). The reaction conditions were also applied to trifluorinated pyridine 13o, which 

afforded the desired product 14o in 65% yield. 

 

Scheme 6. Scope evaluation of nickel-catalyzed desulfurative arylation of aryl halide and mercaptans 

Reaction conditions: 3 (0.1 mmol), 13a (0.12 mmol), NiCl2(BCP) (10 mol%), Mn powder (0.2 mmol), MgBr2 (0.12 mmol), dry 

DMA (1.8 mL). aFrom aryl iodide. 



Next, we turned our attention to the investigation of the coupling reaction between 13a and different 

mercaptan analogues. Due to the stabilization of the radical generated from secondary benzylic 

mercaptan 3p, homocoupling side products were expected, which contributed to the lower yield (14p, 

40%) compared to the primary system 3a (14a, 97% - vide supra). If the benzene ring was replaced by 

either a bulky or small aliphatic ester scaffold (3as and 3m), nickel-catalyzed reductive cross-coupling 

was found to proceed and give reasonable yields (52-59%). The superlative tolerance of various 

functionalities of this reductive cross-coupling scheme, especially for esters, has been demonstrated on 

the late-stage functionalization of natural products such as cholesterol (14s) and menthol (14t). As for 

further application, this nickel-mediated aryl C−S bond formation might provide a promising chemical 

approach for cholesterol-based drug carriers.95 

Nickel-catalyzed desulfurative arylation - Mechanistic studies 

A series of radical trapping experiments were performed to elucidate the underlying mechanism of our 

nickel-catalyzed desulfurative arylation (Table 4). Two major conclusions can be drawn from the results; 

first, the benzylic radical, derived from 13a, could be trapped under our standard conditions using 

TEMPO. This led to the formation of 15 in 12% NMR yield, while the cross-coupling product 14a was not 

detected (Entry 1). This confirms that the reaction is likely to progress via a radical pathway. Secondly, 

neither NiII nor Mn0 alone can generate the benzyl radical (Entries 2-3).  Hence, we hypothesized that NiII 

is a precatalyst that is reduced in situ to generate a catalytic active nickel species. NiII is reduced by Mn 

powder owing to the lower reduction potential of the latter, with a value of −1.14V versus SCE in DMA 

according to our own cyclic voltammetry experiments (Section 8.2.2 of the SI). It is entirely feasible that  

Table 4. Mechanism studies of nickel-catalyzed desulfurative arylation 

 

Entry TEMPO electron trapping experiment 14ab 15c 

1 NiCl2(BCP) (10 mol%) 0% 12% 

2 NiCl2(BCP) (10 mol%) without Mn powder 0% 0% 

3 Without nickel catalyst and ligand 0% 0% 

 Additional confirmatory experiment 

4a Ni(cod)2 (10 mol%), L1 (10 mol%)  0% 13% 

5a Ni(cod)2 (10 mol%), L1 (10 mol%) without 13a 0% 26% 

6a Ni(cod)2 (10 mol%), L1 (10 mol%) without TEMPO 67% 0% 

Reaction conditions:  3a (0.1 mmol), 13a (0.12 mmol), NiCl2(BCP) (10 mol%), Mn powder (0.2 mmol), MgBr2 (0.12 mmol) and 

TEMPO (0.5 mmol) in dry DMA (1.8 mL). aAdded nickel catalyst (10 mol%) and ligand (10 mol%) in 0.8mL DMA and pre-stirring 

at room temperature for 30 min then subsequently added 3a (0.1 mmol), 13a (0.1 mmol), MgBr2 (1.2 mmol), Mn (2.0 mmol) 

and TEMPO (0.5 mmol) in dry DMA (1.0 mL). bDetermined by GC-MS of the crude reaction mixture using n-decane as internal 

standard. cDetermined by NMR of the crude reaction mixture using tetrachloroethane as internal standard. 



the mechanism begins from a Ni0 oxidation state (Table 3, Entry 2). Moreover, we employed Ni(cod)2 as 

a model for the active catalyst in the absence of 13a and detected 15 in 26% yield from our GCMS assay 

(Entry 4). However, adding 13a to the reaction reduced the yield of 15 to 13% (Entry 5). This observation 

alludes that Ni0 behaves as a bifunctional catalyst that undergoes oxidative addition with 13a in parallel 

to the single-electron transfer process to generate the benzyl radical.  

To confirm this, we performed the reaction with a stoichiometric amount of Ni0 species but no Mn 

powder and TEMPO (Entry 6). Under the assumption that only Ni0 can contribute to the radical 

formation and the oxidative addition step, the maximum yield for the cross-coupling product 14a should 

only be at 50%.96 Interestingly, we observed in Entry 6 that 14a was obtained in 67% yield, which clearly 

exceeds 50%. This suggests that other Ni species like NiI might also influence the reaction. In other 

words, NiI might also participate in producing alkyl radicals and in the oxidative addition with 13a as a 

coexisting alternative pathway. 

Based on the preliminary experimental evidence gathered, we propose the mechanism outlined in 

Figure 3. But for simplicity, we only illustrated the catalytic cycle focusing on Ni0 as the active catalyst. 

With the in situ formed active catalysts, Ni0 I, the generation of the alkyl radical from 3 as well as the 

oxidative addition with 13 can occur in parallel. Insertion of the alkyl radical then generates NiIII complex 

IV that undergoes reductive elimination to the NiI species V, forging the desired C(sp3)−C(sp2) bond and 

delivering the cross-coupled product 14. Finally, the active nickel catalyst is regenerated via a single 

electron transfer from Mn0 to NiI.97 

 

Figure 3. Proposed mechanism of nickel-catalyzed desulfurative arylation 

 

Summary and Conclusions 

In conclusion, we have developed a catalyst-free, operationally simple defluorosulfurization protocol for 

per-/polyfluoroaromatic systems via a nucleophilic aromatic substitution (SNAr) step. The mild condition 

allows a wide range of readily available alkyl- and aryl-mercaptans as well as natural product derivatives 

containing thiol groups to be efficiently converted into valuable per-/polyfluoroaryl sulfides with near-

complete regioselectivity. With the help of quantum chemical calculations, we have been able to 



address some questions about the mechanism of this interesting SNAr reaction. We could rationalize 

why only one TS could be located for several SNAr reactions with perfluoroaromatics, typically in 

electron-poor systems for which a stepwise mechanism is expected. A key to understanding this 

behavior is to use a Marcus-type picture and to interpret the studied reactions as two-step processes, 

consisting of an initial “normal” step and a second barrierless step. The value of our newly developed 

strategy to yield defluorosulfurinated compounds was demonstrated by using the products as partners 

in nickel-catalyzed reductive desulfurization reactions. The combination of this process with the 

aforementioned SNAr step has proven to be a powerful tool that enables the transformation of native 

thiol groups into a diverse range of arenes. In the context of the desulfurization step, we have been able 

to provide some new insights into the mechanistic details. We demonstrate that the breakage of the C

－S bond proceeds via a radical transfer event and showed that the Ni catalyst concurrently reduces the 

perfluoroaryl-containing thioether to generate an alkyl radical and undergoes oxidative addition with 

the aryl halides. 
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80. Halama, A., Jirman, J., Bousǩova,́ O., Gibala, P., and Jarrah, K. (2010). Improved process for the 

preparation of montelukast: Development of an efficient synthesis, identification of critical 

impurities and degradants. Org. Process Res. Dev. 14, 425–431. 

81. Senaweera, S.M., Singh, A., and Weaver, J.D. (2014). Photocatalytic hydrodefluorination: facile 

access to partially fluorinated aromatics. J. Am. Chem. Soc. 136, 3002–3005. 

82. Bhambra, A.S., Edgar, M., Elsegood, M.R.J., Horsburgh, L., Kryštof, V., Lucas, P.D., Mojally, M., 

Teat, S.J., Warwick, T.G., and Weaver, G.W. (2016). Novel fluorinated benzimidazole-based 

scaffolds and their anticancer activity in vitro. J. Fluor. Chem. 188, 99–109. 

83. Kwan, E.E., Zeng, Y., Besser, H.A., and Jacobsen, E.N. (2018). Concerted nucleophilic aromatic 

substitutions. Nat. Chem. 10, 917–923. 

84. Rohrbach, S., Murphy, J.A., and Tuttle, T. (2020). Computational study on the boundary between 

the concerted and stepwise mechanism of bimolecular SNAr reactions. J. Am. Chem. Soc. 142, 

14871–14876. 

85. Zdilla, M.J., Dexheimer, J.L., and Abu-Omar, M.M. (2007). Hydrogen atom transfer reactions of 

imido manganese (V) corrole: one reaction with two mechanistic pathways. J. Am. Chem. Soc. 

129, 11505–11511. 

86. Swansburg, S., Buncel, E., and Lemieux, R.P. (2000). Thermal racemization of substituted 

indolinobenzospiropyrans: Evidence of competing polar and nonpolar mechanisms. J. Am. 

Chem. Soc. 122, 6594–6600. 

87. Ferrin, P., Simonetti, D., Kandoi, S., Kunkes, E., Dumesic, J.A., Nørskov, J.K., and Mavrikakis, M. 

(2009). Modeling ethanol decomposition on transition metals: a combined application of scaling 

and Brønsted− Evans− Polanyi relations. J. Am. Chem. Soc. 131, 5809–5815. 

88. Grampp, G. (1993). The Marcus inverted region from theory to experiment. Angew. Chemie Int. 

Ed. English 32, 691–693. 

89. Zhang, J., Wu, J., Xiong, Y., and Cao, S. (2012). Synthesis of unsymmetrical biaryl ethers through 

nickel-promoted coupling of polyfluoroarenes with arylboronic acids and oxygen. Chem. 

Commun. 48, 8553–8555. 



90. Yu, D., Shen, Q., and Lu, L. (2012). Selective palladium-catalyzed C–F activation/carbon–carbon 

bond formation of polyfluoroaryl oxazolines. J. Org. Chem. 77, 1798–1804. 

91. Sun, A.D., and Love, J.A. (2011). Nickel-catalyzed selective defluorination to generate partially 

fluorinated biaryls. Org. Lett. 13, 2750–2753. 

92. Porcheddu, A., Colacino, E., De Luca, L., and Delogu, F. (2020). Metal-mediated and metal-

catalyzed reactions under mechanochemical conditions. ACS Catal. 10, 8344–8394. 

93. Wang, G.-W. (2013). Mechanochemical organic synthesis. Chem. Soc. Rev. 42, 7668–7700. 

94. Alkorta, I., Rozas, I., and Elguero, J. (1997). An attractive interaction between the π-cloud of 

C6F6 and electron-donor atoms. J. Org. Chem. 62, 4687–4691. 

95. Ruwizhi, N., and Aderibigbe, B.A. (2020). The efficacy of cholesterol-based carriers in drug 

delivery. Molecules 25, 4330–4369. 

96. Under the assumption that only Ni0 species can contribute to the benzyl radical formation and 

the oxidative-addition process, we have determined the maximum yield for the overall reaction. 

It was calculated from a simple notion that regardless of the distribution ratio of Ni0 for the 

oxidative addition and radical generation processes, the yield cannot exceed 50% since both 

processes would limit each other. For example, when 70% of Ni0 is used up for the oxidative 

addition and 30% for the benzyl radical preparation, the cross-coupling product can only be 

obtained with 30% yield. The same analogy can be applied vice versa. In any case, the yield is 

capped to 50%, which corresponds to the situation when each 50% of Ni0 is consumed in the 

radical formation step and the oxidative addition step. 

97. A similar reduction potential (EP = −1.17 V vs. SCE) of Nickel complex was measured by Doyle 

group as well, which indicate that NiI intermediate can generate Ni0 through Mn as reducing 

species (Ered = −1.35V vs. SCE). See: Shields, B.J., and Doyle, A.G. (2016). Direct C (sp3)–H cross 

coupling enabled by catalytic generation of chlorine radicals. J. Am. Chem. Soc. 138, 12719–

12722 

 

 


