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RESUME EN FRANCAIS

CHAPITRE I : Intermédiaires carbocationiques en synthèse organique

Comme l'un des intermédiaires réactifs les plus importants de la chimie organique, les carbocations ont été étudiés en profondeur depuis plus d'un siècle. Des observations expérimentales originales, à la cristallographie aux rayons X ultérieure, en passant par les calculs RMN, DFT, etc., les chimistes ont obtenu des informations de plus en plus complètes sur leurs propriétés, et leurs applications évoluent continuellement. La stabilité des carbocations est connue pour impacter directement la réactivité et l'évolution de la réaction. Par conséquent, la formation sélective d'un carbocation suffisamment stable et pourtant réactif est une partie essentielle de la conception de la réaction. Sur la base des principaux facteurs influençant la stabilité des carbocations, tels que leur hybridation, l'effet inductif des groupes fonctionnels environnants, l'effet de résonance ainsi que l'effet répulsif charge-charge, les méthodes de formation et les réactivités de divers carbocations sont décrites dans de manière non exhaustive dans ce chapitre. 

CHAPITRE II : Réaction directe de type S

CHAPITRE III : Fonctionnalisations avancées via des intermédiaires de carbocation hybrides sp

Dans le chapitre précédent, nous avons présenté la synthèse et les applications de composés difluoro alkylés via des intermédiaires vinyl cationiques. Cependant, ceuxci ne sont qu'une branche de la grande famille des structures organiques contenant du fluor, et de nombreux procédés pour construire une variété de ces types de composés attirent toujours l'attention. Dans cette section, deux autres types uniques de composés contenant du fluor, le monofluorure et les triflones connectés au C(sp 2 ) des alcènes et des arènes, sont discutés. En outre, un nouveau protocole encourageant qui utilise des cations vinyliques comme intermédiaires pour obtenir des monofluoroalcènes est décrit. D'autre part, nous savons que les WCA peuvent favoriser la formation de cations vinyliques, qui réagissent alors avec des liaisons inertes sp 3 C-H ou des liaisons aryl C-H. Récemment, l'équipe de Nelson a reporté une polycyclisation dans laquelle un cation allyle portant un WCA réagissait avec des alcènes non activés. Cela nous a également donné une nouvelle direction d'applications sur les carbocations hybrides sp, à savoir l'établissement de structures cycliques par l'utilisation de diverses liaisons comme nucléophiles.

CHAPITRE IV : Applications des complexes d'aluminium en tant que catalyseurs d'acide π-Lewis

Les dérivés de l'aluminium sont largement utilisés en raison d'une grande abondance naturelle, d'un faible coût, d'une large gamme d'activités et d'une toxicité relativement faible. L'aluminium à l'état d'oxydation 3 est la forme la plus stable et la plus couramment utilisé en chimie en raison de sa forte acidité de Lewis et de sa forte oxophilie. Ainsi, de plus en plus de types de complexes Al(III) sont découverts à partir de sels inorganiques, jusqu'à des dérivés organiques plus sophistiqués. Parmi ceux-ci, les nouvelles utilisations pertinentes de sels d'Al(III) attirent de plus en plus l'attention. D'autre part, en tant que complément important de l'acidité dde Lewis σ de Al(III), l'application de son acidité de Lewis π comme substitut des métaux de transition nobles devient connait une regain d'intérêt. Dans cette section, ces deux types d'acidité de Lewis de Al (III) seront présentés en détail. De plus, les stratégies avancées pour améliorer l'activité catalytique des catalyseurs Al(III) en désignant des complexes inorganiques sont discutées. Ces stratégies nous ont motivés à étendre nos recherches précédentes sur la stabilisation des cations vinyle aux métaux tels que l'aluminium, qui n'était pas connu pour être de bons acides de Lewis π.

GENERAL INTRODUCTION

In the field of organic synthesis, carbocation intermediates play an important role in various transformations. An easy carbocation generation is usually the critical step for the success of a reaction. Along with the developments of new organic methods, more carbocations that were believed to be hardly achievable are realized today: sphybridized vinyl cations, aryl cations, etc. These high-energy intermediates pave the way for new efficient synthetic pathways leading to valuable scaffolds, as well as highly selective and creative methodologies.

Among them, the synthesis of fluoro-containing compounds is always a significant part of organic synthesis as fluorides are ubiquitous in pharmaceuticals, agrochemicals, or materials. The selective and efficient incorporation of fluoride atoms into molecular organic structures remains a thriving area of research. In our design, we have been willing to use sp hybridized carbocations as intermediates to realize various syntheses of fluorinated compounds efficiently. This would represent complementary methods in the direct establishment of C(sp 2 )-F bonds and C(sp 2 )-SO2CF3 bonds.

Additionally, the low cost and weakly toxic main group metal catalysis attracts more and more interest. Broadening their application scope, especially in π-electrophilic activation, means that main group metals might become surrogates of noble ones. Aluminum, which is the third most abundant element in Earth's crust, has been rarely used in such kind of carbophilic activation, and yet holds a huge potential. Our aim in this PhD work has been to disclose the carbophilicity of Al(III) complexes, and apply this new catalytic ability into different types of synthetic processes. The balanced combination of oxophlicity and carbophilicity of aluminum would provide unique synthetic value in selective cyclizations or other reactions.

In this thesis, all these aspects will be addressed. Four chapters focus on : 1) some general considerations about carbocation intermediates, 2) the synthesis of gemdifluoro skipped α, β-enones via vinyl cations, 3) attempts to functionalize sphybridized cations, and 4) the use of carbophilic Lewis acids based on Al(III).

Correspondingly, detailed experimental procedures will be found in Chapters 2-4.

CHAPTER I: Carbocation Intermediates in Organic Synthesis

Introduction

As one of the most important reactive intermediates in organic chemistry, carbocations have been thoroughly studied more than one century. From the original experimental observations to later X-ray crystallography, NMR, DFT calculations etc., chemists have obtained more and more comprehensive information about the properties of carbocations, and relevant applications are continuously evolving. The stability of carbocations is known to affect the reactivity and structure of the reaction products directly and critically. Therefore, the selective formation of a sufficiently stable and yet reactive carbocation is an essential part of the reaction design. Based on the main factors influencing the stability of carbocations, such as their hybridization, the inductive effect of the surrounding functional groups, the resonance effect as well as the charge-charge repulsive effect, the formation methods and reactivities of various carbocations will be described in a non-exhaustive way in this chapter, and corresponding synthetic reactions will be described.

General development and significance of carbocations

Carbocations are reactive intermediates that play a prominent role in the development of organic chemistry. Before its occurrence was noticed in the early 20 th century, a large number of organic transformations had already been discovered: in 1860, Fittig firstly reported the pinacol rearrangement; [1] in 1877, Friedel and Crafts described the alkylation of arenes with AlCl3 and alkyl halides, [2] which remains one of the most frequently used method in the functionalization of arenes since then, Wagner discovered the ring rearrangement reaction of camphene hydrochloride [3] in 1899, and it was demonstrated twenty years later by Meerwein that this reaction involves cationic carbon intermediates. [4] It is generally credited that Norris firstly discovered carbocation in 1901, [5] who identified that ionization of triphenylmethanol derivatives forms triphenylmethyl cations in sulfuric acid. Baeyer then showed that these species are salts and coined the term halochromy with regard to their color in 1902; [6] while Gomberg and Walden focused on the structure of stable cationic dyes, for instance malachite green (Scheme 1). [7] But more general significance of carbocation intermediates were recognized two decades later.

Scheme 1. Malachite green as cationic dyes

Meerwein and van Emster gave rise to the modern concept of carbocation intermediates by showing that the rearrangement of cations explain acid-promoted isomerizations (Scheme 2). [8] Subsequently, in the late 1920s, Ingold and Hughes focused on the kinetic and stereochemical study of SN1 and E1 reactions, and found that the formation of carbocations was the rate-determining step. [9] Later, Whitmore transposed these concepts to many other reactions, such as heterolytic bond cleavage at carbon and alkene protonation. [10] All of these have made the carbocation one of most important reactive intermediates in organic chemistry field. Nevertheless, it was still difficult at that time to observe and study carbocations, even for stable and long-lived ones.

Scheme 2. Camphene hydrochloride-isobornyl chloride rearrangement

The period from the 1940s to the mid-1970s has been called by Stang the "the golden age of mechanistic organic chemistry", [11] as extensive investigations of the reaction pathways and identifications of the reactive intermediates led to remarkable achievements by using all accessible methods. These included electrophilic aromatic substitutions, rearrangements of all kinds, heteroatom-stabilized carbocations, solvolytic reactions, etc. In the late 1950s, Olah observed and studied the persistent, long-lived alkyl cations such as isopropyl and tert-amyl cations in SbF5 solution by NMR monitoring (Scheme 3). [12] He was awarded the Nobel Prize in 1994, as he "gave the cations of carbon longer life".

Scheme 3. Preparation of isopropyl and tert-amyl cations

After mid-1970s, the "modern period" of carbocation studies arrived. [11] Much attention was given to the physical organic chemistry of carbocations. For example, Kochi used the methods of X-ray crystallography, NMR, time-resolved UV-vis spectroscopy and kinetics to shed light on the structural details of intermediate cations. [13] These methods offer new possibilities for in-depth investigations on carbocations. Meanwhile, carbocation chemistry has played a more and more important role in the industry. For instance, in industrial synthesis of phenol, the oxidation of cumene is the most commercially significant route, [14] the procedure mainly involves the cationic Hock rearrangement process (Scheme 4).

Scheme 4. Industrial synthesis of phenol

Although carbocations are currently used in a variety of ways in organic chemistry, this field is still being developed in innovative directions. As Stang mentioned at the symposium of "100 years on carbocations", "it is difficult to even begin to guess where the future of carbocations lies". [11a] In recent years, the gentle generation of both stable and unstable carbocations has become an active topic in synthetic methodology, as it brings more possibilities and control when designing and estimating innovative organic transformations. In this chapter, the use and reactivities of different carbocations framework will be summarized. These carbocations will be classified according to their hybridization modes: sp 2 -hybridized carbocation, then the newly developed sphybridized carbocations.

sp 2 -Hybridized carbocations

Olah divided the carbocations into two types: carbenium ions and carbonium ions. [15] The latter is referred as non-classical ion, featuring a pentacoordinate (or higher) carbon with sharing of two-electron in three (or multi)-center bonding (Scheme 5). Here classical carbenium will be mainly discussed and be referred to simply as "carbocation".

Scheme 5. Typical carbonium ions

In particular, the classical carbocation, which is trivalent, will be presented first as it is the focus of most research with an impressive evolution. As shown in Figure 1, the classical trivalent carbocation contains a sp 2 -hybridized carbon atom bearing a positive charge as well as an empty p orbital as the lowest unoccupied molecular orbital (LUMO). It is generally trigonal planar and has a bond angle of 120 o between three substituents without constraining skeletal rigidity or steric interaction. Due to its high electron deficiency (it holds six valence electrons instead of the usual octet), the p orbital can easily accept electron pairs in a reaction process, making carbocations excellent Lewis acids. Because of this electrophilic character, it is considered as one of the most significant reactive intermediates in synthetic chemistry. [16] Figure 1. Side view of sp 2 

hybridized carbocations

Since sp 2 -hybridized carbocations are susceptible to nucleophilic attack, the different substituent patterns will not only affect the intrinsic stability but also its reactivity. Thus, in this section, we will emphasize the reactivities of these carbocations in ascending order of electrophilicity and illustrate their use in organic reactions.

Stability of carbocation intermediates

There are serval factors that could affect the stabilization of carbocations: hyperconjugation, resonance effects, and inductive effects. They follow the same principle in the sense that, the carbocation, for its stabilization, attracts electron density (σ or π bonds) from surrounding electron donor groups to its empty p-orbital, and thus reduces its central positive charge by delocalizing it. [17] For example, parallel overlap between p orbitals with adjacent hybridized orbitals participating in σ bonds leads to hyperconjugation, which can donate electrons to stabilize carbocation (Figure 2).

Figure 2. Extended bonding MO through hyperconjugation

As for the resonance effect, the p orbital interacts with π systems, which results in delocalization. For instance, the smallest arenium ion (aka Wheland intermediate), the benzenium ion, contains the positive charge delocalized over 3 carbon atoms through the π system, representing a relative stability (Scheme 6).

Scheme 6. Resonance structures of the benzenium ion

In inductive effects, any substituent changing the electron density of the carbocation center could influence its character (Figure 3). Thus, the electron donating group (EDG) can donate electron density so that it helps stabilizing it. On the opposite, a carbocation will be destabilized by an electron withdrawing group (EWG).

Figure 3. Electron-donating and -withdrawing groups

Lossing's measurements of gas-phase hydride ion affinities have been used to characterize the stabilities of carbocations. [18] The order from most stable to least stable ones is as follows (Table 1). It can be seen from the table that the higher value of Hydride Ion Affinity (HIA), the more unstable the carbocation is CH3 + , which benefits from none of the above stabilization effects. The additive hyperconjugative effect of alkyl groups is also clear. The most stabilizing effect is obviously the resonance one, even more so as the carbocation is aromatic. Thus, the most stable species is the tropylium cation (cycloheptatrienyl cation), which has the lowest affitinity for a hydride anion. 

Carbocations with resonance effects

As mentioned previously, the triphenylmethyl cation (tritylium ion) was the first reported carbocation, discovered in 1901 by Norris, Kehrman and Wentzel. [5,19] This is obviously due to its particular stability: full resonance form with one phenyl ring as well as the shielding provided by important steric effects (other two rings are twisted out of the plane). The overlap between the empty p orbital and delocalized π electrons allows the positive charge to be enough dispersed. The triphenylmethyl cation can be easily obtained, even in a mild acidic environment, from the ionization of triphenylmethanol or the analogous halide precursors (Scheme 7).

Scheme 7. Ionization of triphenylmethanol in sulfuric acid

Since the methodology of generating relatively stable carbocations under mild conditions is available, we would like to present the applications of these resonance stabilized cations in synthetic reactions. This kind of carbocations can indeed react readily with good π-donor nucleophiles such as silylenol ethers, enamines, olefins and allylsilanes.

Reactions with enols as nucleophile

The enol, which is the tautomer of an alkylcarbonyl group, is the reactive form in reactions such as the α-halogenation of aldehydes, ketones, or esters because of its nucleophilic ability. Under certain conditions, a stabilized carbocation may react with enol intermediates to yield α-functionalized products from carbonyl derivatives.

For instance, Kobayashi's group reported a variety of nucleophilic reactions by using a surfactant-type Brønsted acid catalyst, e.g. dodecylbenzenesulfonic acid (DBSA), in water. [20] Among the reactions involving different carbon-and heteroatom-centered nucleophiles, cyclohexanone could react with diaryl-substituted alcohols to form αalkylated products in good yield (Scheme 8). Although water maybe nucleophilic in this reaction system, a simple enolizable ketone can nevertheless act as a nucleophile, since the intermediate carbocation is sufficiently persistent.

Scheme 8. Synthesis of 2-(bis(4-methoxyphenyl)methyl)cyclohexan-1-one

It is predicted by electrophilicity parameters that many different alcohols bearing metal π complexes could react with nucleophiles. [21] Based on this, Cozzi's group discovered a new direct carbocation substitution reaction "on water" but without additional acidic environment. [22] To avoid the rapid reaction between water and the carbocation, they used substantial long-lived carbocations such as ferrocenylcarbenium ions. The reactants suspend and float on the water emulsion surfaces as their low solubility, which also makes ionization easier because the ability of water to form a hydrogen-bond network. [23] This highly stability of the corresponding ferrocenyl carbocation presenting reactivities with indole, pyrrole, and acetylacetone. For instance, the ferrocenyl alcohol can provide the substitution product in good yield with acetylacetone (Scheme 9).

Scheme 9. Ferrocenylcarbenium ions react with acetylacetone

Reactions with enamines as nucleophiles

Enamines can also easily react with relatively stabilized carbocations. Melchiorre et al reported a challenging strategy for the asymmetric intermolecular α-alkylation of aldehydes with high level of stereoselectivity and good yields, giving a facile alternative to the classical Friedel-Crafts route to these compounds (Scheme 10). [24] 

Scheme 10. α-Alkylation of aldehydes from arylsulfonyl indoles

This reaction requires stabilized carbocations that were generated through KFpromoted elimination and reprotonation by the carboxylic group of the catalyst. [25] Then, the carbocation reacted with the isovaleraldehyde-based enamine to reach the final enantioenriched product. Here, L-proline makes a central contribution to the development of the enantioselective version.

These nucleophilic enamines and related species contribute eminently to asymmetric induction in chiral catalyst systems. In Cozzi's group, they used MacMillan catalyst, which is particularly convenient for advancing the asymmetric alkylation of aldehydes through stabilized carbocations. [26] They achieved the direct enantioselective alkylation of aldehydes with unfunctionalized alcohols in good yields and good enantioselectivities of 70-90% ee (Scheme 11). [27] Scheme 11. Asymmetric alkylation of aldehydes with alcohols

Scheme 12. Formation of E-enamine and enantioselective addition

The acid (CF3CO2H) can help to generate the stabilized carbocation from benzylic alcohols. Then this intermediate reacts with the E-enamine catalyst formed in situ, finally to reach the product through hydrolysis (Scheme 12). The enantioselectivity is explained by the attack of the less hindered face of the E enamine to the carbocation.

Reactions with other nucleophiles

As a route to synthesize β-arylpropionic acids, Martin's group performed the reaction between heterocyclic carbinols and silyl ketene acetals in the presence of TMSOTf, which favors the generation of a stabilized carbocation intermediate. The substituted βheteroaryl propionate products were isolated in yields exceeding 75%. [28] This method could also be performed with high diastereoselectivity when using a chiral auxiliary πnucleophile. Therefore it has an important value in the synthesis of a wide variety of α,β-substituted heterocyclic propionates with defined stereocenters (Scheme 13).

Scheme 13. Stereoselective synthesis of α,β-substituted heterocyclic propionates

Bolshan and coworkers used the benzhydrylium cation as intermediate to synthesize internal alkynes and alkenes with potassium alkynyl-and alkenyltrifluoroborate salts. [29] The Brønsted acid-catalyzed C-C bond formation protocol is also characterized by good atom economy as the amount of two s.m. is in 1:1 ratio. Moreover, it only requires 15 min at rt to fulfill this transformation and provide a wide range of products with good tolerance of unprotected functional groups, such as amides, free hydroxyl groups and so on (Scheme 14).

Scheme 14. Brønsted acid catalyzed formation of internal alkynes and alkenes

Our group reported another approach to realize the alkenylation of alcohols with vinylboronic acids by using the air-stable Ca(NTf2)2 as catalyst. [30] This direct coupling reaction uses reagents that are stable, easy-to-handle and commercially available. It represents a straightforward methodology for forming C-C bonds for the synthesis of various alkenes, dienes as well as enynes under mild conditions (Scheme 15). With such a broad applicability, this alkenylated process may need an ammonium salt nBu4NPF6 as additive in some reluctant cases, with less reactive alcohols or vinylboronic acids. Ammonium salts were proved to generate more Lewis acidic heteroleptic complex Ca(NTf2)2(PF6) through the anion metathesis promoted by their weakly coordinating anions. [31] Scheme 15. Ca(II)-catalyzed alkenylation of alcohols with vinylboronic acids

Carbocations with electron-withdrawing groups

It is known that besides the influence of steric effects, inductive effects play a significant role in the stability of carbocations. However, EWG can enhance reactivities of carbocation at the same time and this type of structure-activity relationship has been extensively studied in physical organic chemistry. [32] For example, in the comparison of solvolysis rate between different substituted allylic mesylates (92% acetone-water), the one with CH3 group is much faster than the one with a strongly electronwithdrawing CF3 group (Scheme 16). [33] This indicates that the CF3-substituted allylic cation has 5 orders of magnitude greater electrophilic activity in the reaction. In this part, the considerable utilization of such activated carbocations with EWG in synthetic methodology will be discussed. 

Scheme 17. α-Carbonyl carbocations

In the catalytic Ritter reaction reported by Zhou, 3-hydroxy oxindoles can be converted to 3-amide-substituted oxindoles with simple alkyl, vinyl, or aryl nitriles, by using HClO4 as catalyst (10-20 mol%) in air (Scheme 18). [34] The α-carbonyl carbocation, which was generated under acidic conditions, undergoes an electrophilic addition to nitrile to form the nitrilium ion. This resulting ion is then hydrolyzed by water to get the final desired product with 94% yield.

Scheme 18. Synthesis of functionalized 2-oxyindoles through Ritter reaction

In another work of Zhou's group, they developed a metal-free tandem Friedel-Crafts/lactonization reaction that was also catalyzed by HClO4. [35] They described an efficient transformation of a variety of tertiary α-hydroxy acid esters with substituted phenols (Scheme 19). The formed all-carbon hindered quaternary centers of the product gave a great structural diversity useful for biological evaluation. NMR studies suggested that the reaction begins with an intermolecular Friedel-Crafts reaction between the formed carbocation and resorcinol, followed by an intramolecular lactonization, instead of ester exchange/Friedel-Crafts reaction cascade.

Scheme 19. Brønsted-acid-catalyzed Friedel-Crafts/Lactonization reaction

Halogen-substituted carbocations

Halides have strong electronegativity as EWG, which could decrease the electron density of the carbocation center, but they mostly function by stabilizing positive charges since their unshared electron pair may be donated to the vacant p orbital of the carbon atom, thus resulting in stabilizing interactions. On the other hand, their high electronegativity makes them potential leaving groups. These unique properties make halo-substituted carbocations act as special reactive intermediates in synthesis. For example, Yoshida and co-workers applied three-fold defluorobromination, thanks to high affinity between boron and fluorine, into the synthesis of diaryl ketones from benzotrifluorides (Scheme 20). [36] 

Scheme 20. Synthesis of diarylketones from benzotrifluorides

In this transformation, boron tribromide promoted the cleavage of C-F bonds to reach benzotribromide, then this intermediate may undergo two pathways to get the final products. One reacts with methanol to form acyl bromide that subsequently go through Friedel-Crafts reaction; the other is activated by FnBBr(3-n) which leads to another cleavage of C-Br bond to get benzodibromide cation that is attacked by mesitylene, and finally reacts with methanol.

Trifluoromethyl-substituted carbocations

The trifluoromethyl (-CF3) group is one of the most powerful EWG because its property can often be demonstrated by increasing reactivities of adjacent acidic or electrophilic functional groups. In fact, carbocations substituted with the trifluoromethyl group have been described as superelectrophiles due to their pronounced charge. In addition, this perfluoroalkyl group can offer well-defined chemo-, regio-, and stereoselectivities in reactions.

For instance, in Klumpp's work, the syn substituted indane was obtained in 83% yield through the reaction between trifluoromethyl substituted 1,3-diketone and benzene in the presence of CF3SO3H, whereas 2,4-pentanedione does not react under the same conditions (Scheme 21). [37] The adjacent CF3 group not only profoundly influences the reactivity here, but also helps to maintain a single conformer of the carbocation as it delocalizes the positive charge into the phenyl group significantly and the resulting cationic π-stacking can stabilize the conformer.

Scheme 21. Syn stereoisomer from trifluoromethyl group influence

Superelectrophilic cations

Superelectrophilic carbocations are highly charged species, which often have multiple cationic centers, and display significantly improved reactivities over typical monocationic electrophiles. [38] In 1964, Staskun reported the acid-promoted cyclization of β-ketoamides, [39] and found that the reaction proceeded much better with more than one equivalent of H2SO4 or AlCl3. He suggested in the mechanism that presumably double protonation or double Lewis acid coordination of β-ketoamides provides a highly electrophilic dication intermediate (Scheme 22).

Scheme 22. Cyclization of β-ketoamides through dication intermediate

In 1970s and 80s, Olah and co-workers further developed this concept. [40] They found that under superacid conditions, the reactivities of onium salts could increase greatly; for example, sufficiently acidic media interact with the unbound electron pairs, which was termed protosolvation of nitronium cation, making the nitronium salt a stronger electrophile (Scheme 23). This type of highly-charged cationic species is called superelectrophiles, which could react with exceptionally weak nucleophiles. [41] For example, in this case, the nitronium salts can react with deactivated arenes and saturated hydrocarbons in superacid solutions.

Scheme 23. Superelectrophilic activation of nitronium ion

A variety of carbocation-based superelectrophiles have been reported, [40,42] and, theoretically, if an ion could interact with excess Lewis acid, it could undergo the same kind of influence. Based on these, in this part, selected applications of superelectrophiles in organic methodology will be discussed. Here are several representative carbocation-based superelectrophiles (Figure 4). 

Properties of superelectrophilic carbocations

As superelectrophiles display multiple cationic centers, their stabilities are often related to the distance between charges. Based on the this distance, Olah firstly proposed two categories: [43] gitionic (close) and distonic (distant) superelectrophiles. The former is characterized by the charge centers being separated by no more than one carbon, while the latter is characterized by structure having charges separated by two or more carbons.

However, as an effect of coulombic interactions, the charge-charge repulsive effect that is due to the interaction of positive charges depends largely on these distances in superelectrophiles: the closer the distance, the greater the electrophilicity but also the lesser stability; while longer distances mean the smaller the interaction, the greater the stability. [44] Thus, in a lot of reactions with superelectrophiles, rearrangement of the cationic center to achieve a more stable structure is often observed (with an increased distance between two charges), which leads to the delocalization of electrons and other effect on reactivities. This kind of "charge migration" can occur across unsaturated or saturated carbon chain.

As shown in Scheme 24, a tricationic superelectrophile undergoes with charge delocalization, thereby achieving "remote functionalization" at the para-position of an arene (Scheme 24, eq 1). [42a] For another superacid-promoted reaction of dicationic electrophiles, [45] whose positive charges can predictably migrate to a more favored 1,6-dication through deprotonation-reprotonation steps (Scheme 24, eq 2), the reation takes place at the terminal carbon.

Scheme 24. Remote functionalization results from charge migration

Superelectrophilic trihalomethyl cations

Trihalomethyl cations CX3 + (X = Cl, Br, I), could be prepared and studied as stable ions under superacidic conditions due to the of n→p donation (Scheme 25). [46] But from Cl to I, this charge-stabilizing effect decreases since the effective overlap between positive carbon and halogen decreases along with increasing atomic orbitals of halogen. [47] 

Scheme 25. Trihalomethyl cations CX 3 + in superacid conditions

Based on resonance effect of the three halogen atom, CX3 + itself is not very reactive, but Batch and Badger found that CCl4/AlCl3 is extremely reactive. [48] Similarly, Sunko discovered that CCl4/HF-SbF5 system (and the associated superacid) can also largely enhance the reactivity of hydride abstraction (Scheme 26). [49] Sommer went on to explain this behavior by protosolvation, which is expected to result in increased superelectrophilic reactivity. [50] Scheme 26. Protosolvation of CCl 4 /HF-SbF 5 system

In Vol'pin's study, they disclosed that trihalomethyl cations with an excess of AlBr3 or AlCl3 can present the character of "aprotic superacid". [51] This formed superelectrophile can even abstract hydride from alkyl groups. Subsenquently, Akhrem used this CBr4•2AlBr3 system for the oxidation of alkyl groups (Scheme 27). [52] In their 

Ammonium-carbenium polycations

Early investigations by Shudo and co-workers proved that under superacidic conditions, substituted or nitro-containing arenes can form multiple protonated superelectrophiles, which are much more reactive than normal arenyl nucleophiles. [53] For example the group of Klumpp used superelectrophiles to perform an acyl transfer reaction with amides (Scheme 28). [54] In this reaction, carbocation intermediates promote both inter-and intramolecular Friedel-Crafts reactions with good yields, whereas the amide itself is relatively unreactive towards weak nucleophiles.

Scheme 28. Inter-and intramolecular Friedel-Crafts reactions through superelectrophiles

Due to their applications in biology and material science, polycyclic aromatic hydrocarbon and related compounds have attracted much attention. Their extended πsystems lead to novel optical characteristics, so the synthesis of these compounds continues to be investigated by new synthetic methods. [55] Among these researches, ammonium-carbenium dications can also be applied effectively. Klumpp's group also reported a new method for synthesizing aza-polycyclic aromatic compounds promoted by superacids, which includes charge repulsive effects in dications and benzene eliminationn (Scheme 29). [56] Scheme 29. Superacid-promoted synthesis of aza-polycyclic aromatic compounds

Next, they re-studied this condensation reaction without N-heterocyclic rings. [57] As before, regioselective protonation of styryl group took place to give the more stable benzylic carbocation, which then undergoes aromatization to achieve cyclization. Here, the generated arenium ion leads to the elimination of benzene as a leaving group (Scheme 30).

Scheme 30. Synthesis of polycyclic aromatic compounds by using benzene as leaving group

Until now, we have introduced three kinds of sp 2 -hybridized carbocations with different stabilities, which are influenced by resonance effects, inductive effects and superelectrophilicity. Their recent corresponding utilizations in organic ractions were also described. It can be seen that more and more novel carbocations that are easily generated are investigated to meet synthesis with high selectivity and efficiency. In this regard, another important carbocationic intermediate, i.e. sp-hybridized carbocations, deserve a special focus.

sp-Hybridized carbocations

As mentioned above, stabilized trivalent sp 2 carbocations that benefit from hyperconjugation and/or π-delocalization are widely exploited due to their accessible formation and persistence in organic reactions. [11b] In comparison, sp-hybridized carbocations has received less attention.

sp-Hybridized carbocations have fewer or even none of these stabilizing interactions because of their structure: a nearly empty p-orbital is indeed perpendicular to π bond orbital. They are therefore usually considered as unstable, higher in energy and hard to generate. The more polarized the π bond orbital, the more unstable the carbocation.

Thus, from vinyl cations to aryl cations and alkynyl cations, stabilities decrease along with increased value of Hydride Ion Affinity (HIA) (Figure 5). [18] Figure 5. Order of stabilities between three sp hybridized cations

Although their challenging features have made sp-hybridized carbocations rarely used for a long time, nowadays, with the advanced experimental technologies and development of novel reactive catalysts, more and more research overcame the challenges of these high-energy carbocations and unveiled their various use as versatile intermediates in organic synthesis. In the next section, the properties, and applications of three sp-hybridized carbocations will be discussed.

Vinyl cations

As the main species of sp-hybridized carbocations, the synthetic application of vinyl cations has only been appreciated in recent years. But as early as 1944, Jacobs and Searles already considered them as postulated reactive intermediates when comparing the reactive rate of acid catalyzed hydration of acetylenic ethers with that of vinyl ethers (Scheme 31). [58] They explained that the former was faster because in the rate determining step, a triple bond could participate more in the stabilization of the nascent carbocation.

Scheme 31. Reactive intermediates in acid catalyzed hydration

However, it was only twenty years later that Grob and his colleagues provided the first evidence of vinyl cations as reaction intermediates in the solvolysis of aryl and vinyl halides. [59] Since then, vinyl cations, the dicoordinated unsaturated analogues of trivalent carbenium ions, have begun their history but always had a tortuous development in their synthetic organic applications. The following detailed descriptions will shed light of these issues.

Structure of vinyl cations

In 1972, Smith first focused on molecular orbital (MO) analysis on the insertion reaction of the smallest vinyl cations C2H3 + to the hydrogen molecule, which would be predictably analogous to the insertion of carbenes. [60] They described that, as illustrated in Figure 6, the vinyl cation has an nearly empty p orbital which is perpendicular to the occupied π orbital of its double bond, allowing it to have a similar electronic structure to that of methylene. In addition, the strongly polarized π orbital makes the vinyl cation like methylene with an adjacent cation. Later in the early 1990s, a series of NMR spectroscopic and computational studies were applied to the electronic structure of vinyl cations. For instance, Siehl first prepared and observed a stable β-silyl-substituted carbocation in HSO3F/SbF5 at -100 o C by 13 C NMR, [61] as the previous attempts in solutions always failed on the cleavage of C-Si bond or the easier formation of five-coordinated silicon intermediates with C-O/halogen bond (Figure 7). Furthermore, this superacid protonated vinyl cation is also the first characterized by NMR without being stabilized by π-conjugating groups. This is all due to the very efficient hyperconjugation of β-silyl groups with vinyl cation. In Based on this research, Reed provided for the first time direct experimental structural details of vinyl cations using X-ray analysis on such β-silyl-substituted carbocation in 2004. [62] The crystal that was composed with the hexabromocarborane [CB11H6Br6] -as counterion shows that the molecule is linear around the dicoordinated carbon atom C α , which bond angle is 178.8 o (Figure 8). This proved that the previous calculated prediction that vinyl cations are sp hybridization was correct. In addition, an unusual C β -Si single bond which is longer than regular ones between sp 2 hybridized carbon atoms and tetracoordinated silicon was observed. This also reveals the hyperconjugation effect of the β-silyl groups. (The right struture is copied from ref [62])

Reactivity of vinyl cations

As mentioned earlier, in the decade following Grob's discovery, the research about vinyl cations has flourished. But these developments mainly focused on transformations that include generation of vinyl cations through solvolysis processes or addition of electrophiles to alkynes or allenes, followed by trapping by nucleophiles (Figure 9). [63] Figure 9. Generation and nucleophilic addition of vinyl cations

For example, Kaufman used ferrocenyl and phenyl as substituents to stabilize the formed vinyl cation (Scheme 32). [64] Hydration reaction gave benzyl ferrocenyl ketone as product, which proved that the α-ferrocenylvinyl cation is much more stable than the α-phenylvinyl cation.

Scheme 32. Synthesis of benzyl ferrocenyl ketone through a vinyl cation intermediate

Later, Stang's group reported alkylation of aromatic substrates and predicted that vinyl triflates act as precursors to vinyl cations in 1977 (Scheme 33). [65] This reaction provided good yields of several-substituted styrenes, but no direct evidence of the mechanism. Moreover, it was performed under harsh conditions at 120-170 o C.

Scheme 33. Alkylation of aromatic compounds through vinyl cations

These limitations as well as the preconceived idea that vinyl cations are hard to control have greatly diminished the interest and related contributions on them.

However, in 2017, this myth was debunked by Mayr's group, and the renewed interest has continually spurred developments. By comparing the solvolysis of vinyl bromides and benzhydryl bromides, they found that the diarylcarbenium ion has 10 6 higher rate of formation than that of vinyl cation. However, it reacts only 10 2 faster with trifluoroethanol in the second step (Scheme 34). [66] This was surprising since diarylcarbenium ion is one of the most stable cations as mentioned in the above section about sp 2 hybridized cations.

Scheme 34. Solvolysis rates to form vinyl and benzhydryl cations

Computational evaluation of the transition states explained this difference in solvolysis rates. The kinetic data showed that in the first step, the ΔG° of the two reactions are almost identical, illustrating that the main reason for the slow solvolysis of the vinyl cations is the intrinsicaly high ΔG ⧧ barrier that arises from sp 2 sp carbon rehybridization (Figure 10). The opposite conclusion to the previous thought was thus obtained: vinyl cations are as stable as diarylcarbenium ions and could be controlled as useful intermediates in organic synthesis. However, by the principle of reversibility, they will always face a higher barrier when reacting with nucleophiles than sp 2 hydribized carbeniums, because of the difficult spsp 2 carbon rehybridization (i.e. the way back on Figure 10 if the nucleophile is, for instance, Br -). It means than vinyl cation might be considered as sluggish electrophiles, and that the challenge will not be their formation, but their reactivity. Nevertheless, some tricks were developed, leading Niggemann to formulate the question: "Are vinyl cations finally coming of age?". [67] In the following part, recent progress progress will be described.

Recent study of vinyl cations in synthetic organic reactions

As noted in Smith's previous report, [60] vinyl cations might react as carbenes. Therefore, they may play an important role in inert C-H bond functionalization reactions. Thus, based on their main generation methods (Figure 11): ionization, addition of electrophiles to alkynes, tandem cyclization of enynes or diynes and decomposition of β-hydroxy-α-diazo ketones, are summarized here recent applications of vinyl cations in C-H insertions. 

a. Ionization of vinyl triflates

As mentioned previously, heterolytic solvolysis is an important and long-developed method to generate vinyl cations. [59, 63b, 63c, 68] The traditional method involves thermal ionization of vinyl halides or pseudohalides by a polar solvent, but the accordingly vinyl cations formed in this way are invariably intercepted by the solvent, [69] which has severely hampered the application of this strategy in broader areas such as C-C bond formations.

However, as these fields, especially non-activated C-H functionalization, an inevitable trend in organic methodology, attempts to address this challenge have never ceased.

Taking the fact that HOTf is a strong Brønsted acid that is even stronger than HClO4, OTf -is one of the best leaving groups: [70] ROTf solvolyzes 10 8 -10 9 times faster than corresponding halide salts. Therefore it is not surprizing that the pioneering report of non-activated C-H bond functionalization through vinyl cations used vinyl triflates as precursor. [71] In 1972, In 2018, a breakthrough was achieved by Nelson and co-workers. [72] They reported an intermolecular insertion reaction of vinyl cations into simple sp 3 C-H bonds. This work was inspired by their previous results in phenyl cations inserting into sp 3 C-H bonds, [73] which will be introduced in the aryl cations part below. Here, they used a weakly coordinating anion (WCA) [HCB11Cl11] -as catalyst counterion, which would not only enhance the Lewis acidity of the cationic silicon center [Et3Si] + , facilitating the generation of vinyl cations, but also increase the reactivity of these intermediates due to the virtual absence of interactions between the cation and the anion (Scheme 36). [74] Scheme 36. Inert C-H bond functionalization catalyzed by in situ generated silylium ion of a WCA (Figure is copied from ref [72])

This silylium-WCA catalyzed reductive C-H insertion could be applied using simple cyclic and linear vinyl triflates to fulfill inter/intramolecular alkylations with usually unreactive alkanes such as n-pentane, as well as intermolecular arylation with arenes, which is totally in contrast to the previous reports. [69] The mechanism supported by calculations and isotopic labeling studies showed that the formed vinyl cations-WCA engages in 1,1-insertion with alkanes to get a carbocation, which then undergoes 1,2-H shift and is finally reduced by triethylsilane to produce the functionalized hydrocarbon products and regenerates the catalyst (Scheme 37).

Scheme 37. Mechanism of silylium-WCA catalyzed reductive C-H insertion

It should be noted that reactions leading to vinyl cations with larger ring size or acyclic ones are faster, which can be explained by the fact that geometrically accommodated linear sp-hybridized carbocation are formed more readily. [63c] This vinyl cations mechanism is complementary to the classical carbenoid insertion process.

Inspired by this use of vinyl cations-WCA in insertion reactions, Nelson's group expanded the scope of the protocol. Since the high electrophilicity of silylium ion could limit the heteroatom compatibility, they switched to using Li + as a milder Lewis acid to promote the ionization of vinyl triflates based on the work of Michl. [75] Remarkably, the catalytically active Li + /WCA system formed by [Ph3C][B(C6F5)4] and LiHMDS presents a significantly increased scope: not only tolerance on the morpholine groups was observed, but also substituted tricyclic structures that could not be obtained before were obtained (Scheme 38). Furthermore, this is the first example to form carbocations in such a strong basic environment as the previous reports were always under Brønsted and Lewis acidic conditions. However, due to the decrease of Lewis acidity of Li + , this could only be applied on larger ring size or acyclic vinyl cations.

Scheme 38. Intramolecular C-H insertion of benzosuberonyl triflates

On the other hand, they have continuously developed more readily accessible and modular catalysts. For instance, 3,5-bistrifluoromethylphenyl urea combined with LiHMDS can also efficiently catalyze the C-C bond-forming reactions with good functional groups tolerance, such as boronic ester and heterocyclic moieties (Scheme 39). [76] Scheme 39. Deprotonated electron-poor urea as WCA is Li + -promoted C-C bond-forming reactions At the same time, our group also reported a [Li][Al(OC(CF3)3)4] catalyzed direct vinylation of arene. [77] Based on our previous studies on using [Al(OC(CF3)3)4] -as efficient counterion to fulfill intramolecular hydroamination, [78] this WCA shows significant advantages in solubility and stability. Thus, in this work, vinyl cations are generated by [Li][Al(OC(CF3)3)4], are subsequently attacked by arene to form an arenium ion intermediate which is then transferred to a tertiary carbocation via formal 1,3-H shift. The vinylated benzene products are finally obtained after the abstraction of H + by the base. Further DFT calculations, deuterium-labeling and control experiments confirm this mechanism (Scheme 40).

Scheme 40. Bimolecular vinylation of arenes

Compared to the original solvolysis process by Stang, our work made a significant improvement by providing a mild and efficient way to realize the vinylation process with broad applications. The utilization of readily available WCA without transitionmetal is decisive to guarantee the reactivity of the vinyl cation in this transformation.

WCAs in the generations of vinyl cations

As an indispensable part in the development of vinyl cation applications, WCAs must be emphasized here. A good WCA should contain several features such as, obviously, a low ability to be coordinated, and a high stability in oxidizing and/or reducing conditions. Consequently, the design of WCAs requires the following characteristics: large size (decreasing electrostatic interactions and increasing solubility in low polarity solvents); highly delocalized charge without basic or nucleophilic character (avoiding coordination sites); chemically robust and low polarization (withstanding highly active cations or intermediates). [79] It also can be seen in the calculated electrostatic potential in Figure 12 that the larger surface spreads the negative charge more widely, which avoids polarization and causes the anions to be more similar to the noncoordinating anions. 

(CN) 4 ] -, c) [AsF 6 ] -, d) [Sb 2 F 11 ] -, e) [B(C 6 F 5 ) 4 ] -, f) [B(3,5-(CF 3 ) 2 C 6 H 3 ) 4 ] -, g) [HCB 11 Cl 11 ] -, h) [HCB 11 (CF 3 ) 11 ] -, i) [ClAl(OR F ) 3 ] -[OR F = OC(CF 3 ) 3 ], j) [Al(OCH(CF 3 ) 2 ) 4 ] -, k) [Al(OR F ) 4 ] -, l) [( F RO) 3 Al-F-Al(OR F ) 3 ] -(Figure is copied from ref [79a])
The addition of fluorinated moieties to WCAs could perfectly meet all these principles.

Therefore, these moieties are commonly encountered in borates, carboranes, aluminates and bridged WCAs structures, such as BF4

-, [HCB11Cl11] -, [B(C6F5)4] -, [B(Ar CF3 )4] -, [Al(OCH2CF3)4] -, [Al(OR F )4] -, and [( F RO)3Al-F-Al(OR F )3] -[R F = C(CF3)3, CH(CF3)2 or CCH3(CF3)2]
. [80] However, the high electropositivity and strength of the Al-O bond means that aluminates are increasingly being studied. In addition, they are easier to use in the laboratory than the others because they do not release HF upon contact with water. [81] Among monometal aluminates, [Al(OR F )4] -is the most prominent as it contains a large number of peripheral C-F bonds, which was described as "teflon coated" that efficiently keeps the minimum interaction with cations (Figure 13), [82] e.g. [Al(OC(CF3)3)4] -is rated as one of the most weakly coordinating anions. Moreover, this kind of aluminate represents lots of advantages compared to other WCAs: 1) It exhibits excellent stability up to the protonated mesitylene in no matter Brønsted acids (no decomposition of [Al(OC(CF3)3)4] -even in 6M nitric acid), [83] highly electrophilic cation or bulkier silylium ion. This is probably due because of the steric shielding of the Al-O bonds, and the strong electron-withdrawing properties of fluorinated groups. An order of stability of common WCAs can be observed in homogeneous catalytic hydrogenation reactions as follows: [84] Thus, [Al(OR [BI2] + or [PBr4] + ) may decompose it. [85] 2)Its very low coordination ability could directly lead to low degree of ion pairing, which means that more free ions can be used in charge transport, making [Al(OR F )4] - with high ionicity. In the lithium-sulfur battery, the ionicity of [Li][Al(OR HF )4] in DMT solvent is 48% while that of LiNTf2 is 11%. [86] 3) Its synthesis is simple and scalable. As shown in Scheme 41, eq 1, it can be prepared by the direct reaction of LiAlH4 with corresponding commercially available alcohol in low polarized solvent such as toluene, hexane, or heptane. Moreover, its lithium salt easily follows multigram salt metathesis processes to convert into other important derivatives, even previously not available complexes (Scheme 41, eq 2). [87] For example, [Ag][Al(OR F )4] and bis(diethylether) adduct of super-acid H + [Al(OR F )4] -. [88] Scheme 41. Synthesis and conversion of [Li][

[Al(OR F )4] -> [B(Ar CF3 )4] -> [B(C6F5)4] -> [PF6] -≈ [BF4] -> [CF3SO3] -.
Al(OR F ) 4 ]
Based on these properties, [Al(OR F )4] -has many applications in ionic liquids and lithium ion batteries. [START_REF] Strauss | Weakly Coordinating Anions Containing Polyfluoroalkoxide Ligands[END_REF] For the organic synthesis part, it has been applied to increase the electrophilicity of cations. [87] b

. Addition of electrophiles to alkynes

The electrophilic addition to alkynes is another practical protocol to form vinyl cation intermediates. It was found as early as in 1972. Smith and Kollmar discovered by MO calculations that vinyl cations should undergo insertion reactions just as carbene and the simplest example is that H2C=CH + inserts into hydrogen (Scheme 42, eq 1). [60] For the experimental part, Speranza and Fornarini reported that vinyl cations could participate in the insertinon of H2 and CH4 into the corresponding C2H5 + and C3H7 + ions in the gas phase (Scheme 42, eq 2). [START_REF] Fornarini | [END_REF] Scheme 42. Insertion reaction between vinyl cation and H 2

However, previous research has focused mainly on sp 2 C-H insertion such as Friedel-Crafts reactions. For example, Kitamura used trifluoroacetic acid (TFA) to perform the metal-free hydroarylation reaction between aryl-substituted alkynes and electron-rich arenes (Scheme 43). [91] Scheme 43. TFA promoted metal-free hydroarylation reaction

Scheme 44. Synthesis of cyclopentanes through hydroalkylating cyclization

An important advance is the application reported by Metzger and coworkers of their previous strategy, using alkyl choroformates induced by ethylaluminum sesquichloride (Et3Al2Cl) to generate isopropyl cation, [ 92 ] which is then attacked by alkynes. [ 93 ] Instead of the original approach leading to alkene products, the alkyl cations formed add across the C-C triple bond to get vinyl cation intermediates. These intermediates then undergo intramolecular insertion of sp 3 C-H bonds to form new C-C bonds and followed by hydride transfer with Et3SiH to give cyclopentanes (Scheme 44).

Apart from this Lewis acid promoted process, Jin group reported a Brønsted acid catalyzed inert sp 3 C-H bond functionalization (Scheme 45, eq 1). [94] In this reaction, the catalytic anion could interact with the benzylidene cation, and also form a weak hydrogen bond to facilitate the cleavage of C-H bond. On the other hand, Chen's group, synthesized naphthalenyl triflates through 6-endo-dig alkene-alkyne intramolecular annulation of terminal alkyne with vinyl cation generated from TfOH-promoted protonation (Scheme 45, eq 2). [ 95 ] This reaction represents high step and atomic economy, moreover, its naphthalenes products are further modifiable by cross-coupling processes, which provide it synthetic value.

Scheme 45. Brønsted acid catalyzed generation of vinyl cations

However, the stoichiometric amount of the superacid HNTf2 led to poor functional group tolerance as many functions can be easily protonated. Thus, Niggemann investigated a novel strategy of choosing LiNTf2 to assist the formation of vinyl cations and further synthesis of vinyl triflimides via chemo-, regio-, and stereoselective addition of nucleophiles (Scheme 46). [96] It is known that Li salts have the ability to coordinate with 4-6 atoms in non-aqueous solution, [97] and trace water has an significant effect on enhancing the generation and stability of Li complexes. [98] Here the self-assembled Li + -based supramolecular framework coordinated with bistriflimide anion and water could protonate the alkyne and guide N lone pairs into the other position.

Scheme 46. Regioselective hydroaminosulfonation mediated by Li +

Keeping the protocol of adding H + to alkynes and building on their previous work on [3,3]-sulfonium rearrangement, [99] Maulide and co-workers developed another method: the use of silicon-stabilized vinyl cations species to fulfill a metal-free α-arylation of alkyl ketones with high regioselectivity and reactivity (Scheme 47). [100] Scheme 47. Metal-free α-arylation of alkyl ketones

Here the ability of silicon to stabilize a β-positive charge could avoid the presence of heteroatoms or aryls at the alkynes. The arylation product would be synthesized after the O-attack to the carbocation intermediate, [3,3]-sigmatropic rearrangement and final rearomatization. [100] On the other hand, transition-metal-catalyzed reactions could also provide a fantastic platform to applying vinyl cations in C-H functionalization. For example, Gaunt group showed that Cu(I) salts could form an electrophilic Cu(III)-aryl intermediate via oxidative addition of diaryliodonium reagent, which acts as a precursor of aryl cation to further undergo arylation of alkynes and alkenes (Scheme 48). [ 101 ] 

Scheme 48. Cu(I)X catalyzed formation of phenylium cation

In 2014, they applied this strategy into Cu-catalyzed cascade carbocyclic reactions via vinyl cations (Scheme 49). [102] The addition of Cu(III)-aryl species to alkynes generates the carbocation, which then transforms into the C-H functionalization cyclopentene products via a 1,5-H shift/carbocation interception. They considered that DTBP and molecular sieves may act as a buffer for the generated TfOH in the process, or simply as a desiccant.

Scheme 49. Cu-catalyzed cascade carbocyclic reactions via vinyl cations

Notably, instead of hypothetical loss of stereoselectivity, the enantioenriched product was obtained with minimal erosion of ee, meaning that the 1,5-H shift is concerted with the cyclization. The results of their DFT calculations also provided theoretical support for Metzger's suggestion (Scheme 50). [103] Scheme 50. Synthesis of enantioenriched product with minimal erosion of ee

c. Tandem cyclization of enynes or diynes

Carbene and vinylidene intermediates are usually used in transition-metal-catalyzed formation of polycyclic ring skeletons from enynes and diynes. [103] However, the utilization of vinyl cations have been less developed in this field until Yu and coworkers reported a new gold(I)-catalyzed polycyclization of dienediynes to get fused 5,7,6-tricyclic ring systems in 2014. [104] Depending on their recent calculations, [105] the mechanism of this step-economical synthesis features an sp 3 C-H bond functionalization process (Scheme 51). Firstly, the gold(I)-promoted cyclopropanation forms a cis-alkenyl-alkynylcyclopropane, which transforms via Cope rearrangement into a cyclic bent allene that behaves as a vinyl cation. It undergoes aliphatic C-H functionalization to generate a new carbocation, which finally converts into tricyclic products in good yields and high diastereocontrol through 1,2-H shift.

Scheme 51. Gold(I)-catalyzed polycyclization of dienediynes

The group of Zhang reported a series of papers about the formation of highly electrophilic α-oxo gold carbene through gold-catalyzed intermolecular oxidation of terminal alkynes with pyridine/quinoline N-oxides (Scheme 52). [106] This efficiently generated carbene has proved to be as a practical reagent in organic reactions. [107] In 2015, they applied it into sp 3 C-H functionalization in the synthesis of bicyclic/polycyclic 2H-pyran-3(6H)-ones [108] via vinyl cations.

Scheme 52. Intramolecular oxidation of terminal alkynes

In this cascade cyclization, the in situ-formed α-oxo gold carbene can be attacked by C-C triple bonds to realize a relay of electrophilic sites and generate a vinyl cation intermediate, and the subsequent intramolecular insertion to inert C-H bond affords the polycyclic structure (Scheme 53).

Scheme 53. Synthesis of bicyclic/polycyclic 2H-pyran-3(6H)-ones

To confirm the relay process in the reaction instead of gold carbene rearrangement, they also monitored the diastereoselectivity under the optimal conditions. The diastereomer with chiral center (3S,5S) could afford the products efficiently with only 2.3% stereochemical erosion (Scheme 54). The results are consistent with Gaunt's report, [102] which means that the relay process exists and the so generated vinyl cation intermediate participates in the C-H insertion process.

Scheme 54. Diastereoselectivity of bicyclization in optimal conditions

As gold catalysis can be a powerful tool to promote nucleophilic additions with alkynes, a new attention was paid on allenes because they are also versatile building blocks. [109] In 2019, Ohno and co-workers firstly realized the cascade cyclization of allenynes via vinyl cations by using BrettPhosAuNTf2 to synthesize naphthalene-substituted fused cyclopropanes and acenaphthenes (Scheme 55). [110] 

Scheme 55. Cascade cyclization of allenynes via vinyl cations

In this reaction, after the coordination of gold to the allene, the alkyne promotes nucleophilic addition to form a vinyl cation. This intermediate could either evolve through 1,5-H shift, aromatization and protodeauration to provide acenaphthenes, or be attacked by benzofuran to get a new sp 2 -hybridized cation, which further experiences aromatization and protodeauration to afford fused cyclopropanes.

d. Decomposition of β-hydroxy-α-diazo ketones

Other methods for producing vinyl cations have also been developed. The study of decomposition of β-hydroxy-α-diazo ketones as precursors of vinyl cations has been envisaged from the previous work of Padwa and Pellicciari [111] in 1993 and 1996 on the rearrangement of vinyl cations in the reaction of β-hydroxy-α-diazo esters with boron trifluoride etherate (Scheme 56).

Scheme 56. Decomposition of β-hydroxy-α-diazo ketones in C-H bond functionalization

In 2017, Brewer used this innovative strategy in the remote C-H functionalization process to form monocyclic and fused bicyclic cyclopentenones (Scheme 57). [112] Similarly, this transformation resulted in the elimination of the hydroxyl group, favored by the coordination of B(C6F5)3, and the generation of cations from the loss of nitrogen from vinyl diazonium ions.

Scheme 57. B(C 6 F 5 ) 3 promoted remote C-H functionalization to form fused bicyclic cyclopentenones

Due to the electron-withdrawing effect of the carbonyl group, this destabilized carbocation will evolve through 1,2-shift and C-H insertion to the final scaffold, which cannot be obtained by transition-metal catalyzed C-H insertion reaction. Both bicyclic and 2,3-disubstituted monocyclic products can give moderate to good yields, except 5,5-bicyclic compounds obtained as traces.

Then, in 2018, they continued on this path by studying intramolecular electrophilic aromatic substitution by using β-hydroxy-α-diazo ketones. [113] The change in the length of the tether connecting the aryl ring to the cation could form different products such as 2-napthol or inden-2-one (Scheme 58, eq 2), instead of inden-1-one structure (Scheme 58, eq 1).

Scheme 58. intramolecular electrophilic aromatic substitution of β-hydroxy-α-diazo ketones

Based on these results, that diazo structure with ketones and esters could exhibit divergent reactivity, two years later, they explored this method in the synthesis of biologically active scaffolds α, β-unsaturated butenolides and γ-lactams (Scheme 59).

In combination with DFT calculations from Hong's group, they investigated the factors governing this divergence. [114] 

Scheme 59. Synthesis of α, β-unsaturated butenolides and γ-lactams

As shown in the Scheme 59, after the formation of vinyl cation conjugated to a carbonyl, the ketone analog goes through a C-H insertion process, whereas the ester analog drifts to the allyl cation by ring contraction. The amide analog exhibits moderate activity in the rearrangement, it is less likely to insert but more likely to be captured. This is explained by a computational study: both ketone and amide have a methyl group and they can adopt a predisposed conformation for C-H insertion, whereas the ester must undergo a high barrier conformational change before insertion. For the same conformational factor, the ester does not have a short C-H distance like the ketone, so it cannot stabilize the seven-membered ring to prevent the contraction; the electrondonating amino substituent could stabilize the linear vinyl cation and makes it hard to ring expand.

After understanding the factors that influence the selectivity, in order to better control the desired formation of structurally complex cyclopentenones under this methodology, Brewer and Hong again cooperated to investigate the prediction of migratory ability of different substituents in 1,2-shift (Scheme 60). [115] Scheme 60. migratory aptitude in the synthesis of cyclopentenones

The experiment confirmed that the substituent that best stabilizes the vinyl cation formed after 1,2-shift will be more susceptible to migration. The DFT computations also revealed that this selectivity was determined more by the conformational biases of the vinyl cations than by the stabilization of the transition state. Like the electrostatic interaction between the vinyl cation and the neighboring carbonyl oxygen, the selective migration of the face across the alkene could also affect this migration.

Aryl cations

As a high-energy and thus highly reactive species, the aryl cation intermediate has been implied in organic synthesis for over 80 years. Mascarelli firstly reported the thermolysis of aryldiazonium salts in the early 1930s, which then undergo rapid cyclization to form C-C bond between alkyl group and aromatic ring (Scheme 61). [116] This phenomeom is known as Mascarelli's fluorene synthesis and studies decades later suggest that its transformation includes the generation of a phenyl cation intermediate.

Scheme 61. Cyclization through thermolysis of aryldiazonium salts

Recently, aryl cations attracted more attention as useful synthetic intermediates for C-C bond formation. Here, the properties and utilizations of aryl cations will be described in a non-exhaustive manner.

Structure and behavior of aryl cations

Aryl cations are less stable than vinyl cations due to the ring-enhanced distortion to a nonlinear geometry and the near sp 2 -character of the unoccupied orbital. There are two spin states in aryl cations, namely the singlet ( 1 Ar + ) and the triplet ( 3 Ar + ), which have markedly different structures according to DFT calculations (Figure 14). [117] 1 Ar + localized carbocations with a vacant orbital (with π 6  0 orbital occupation), are generally the most stable ones; while in the latter the positive charge is delocalized over the ring and the two unpaired electrons are placed in orthogonal orbitals that lead to a carbene character [118] (with π 5  1 structure) and it only becomes the lowest states when substituted by strong EDG. DFT computations predict that for the 4-methylphenylium ion, the 1 Ar + cations have a pleated structure with a cumulene character at the C3-C4-C5 moiety and both the nature and the position of substituents (especially EDG in meta or para position) could affect the deformation. [119] While the geometry of 3 Ar + cation is flat and hexagonal geometry, regardless of the position of the substituents.

Due to their different electronic distribution, the 1 Ar + cations has a non-selective reactivity and can interact as well with solvents like alcohols, or acetonitrile, but can also be used for the formation of Ar-C bonds. [120] On the other hand, 3 Ar + cations are chemoselective species that react efficiently such as with π-nucleophiles (olefins, alkynes, aromatics) [121] but not with lone pairnucleophiles (water, alcohols), except when they are charged (iodide, cyanide). [122] Thus, although they can both act as intermediates in SN1 reactions, triplet ones are more important in synthetic reactions. How to generate the triplet aryl cations in a smooth and mild way will be treated in the following part.

Aryl cations in S N 1Ar reactions

Arylation reactions involving the formation of Ar-C bonds are very important applications of organic synthesis. [119] In most arylation reactions that synthesize highly functionalized arenes, the cleavage of an aryl-leaving group bond (Ar-LG) is the key step. [123] The following are several methods of forming Ar-C bonds by using Ar-X as precursor.

As shown in Scheme 62, [124] SN2Ar reaction (path a) is limited to derivatives with EWG [125] whereas SRN1 reaction (path b) needs strong electron-donating nucleophiles to transfer electron to aromatics. [126] In a typical process (path c), the transition metal complex undergoes oxidative addition to activate the aromatic compound, and the formed species finally transforms into arylation product. [127] But this approach has its limitations: not only efficiency of catalyst-recovery but also contamination of the products by transition metals, which is an issue in, for instance, pharmaceuticals. [128] In order to realize arylation without transition metals, a high-energy intermediate must be generated to react with its "coupling partner". Thus, aryl cations play an important role in this method involving SN1Ar reactions (path d). [129] Scheme 62. Common routes for the formation of Ar-C bonds

Generation and applications of aryl cations in S N 1Ar reactions

In the SN1 reaction, the rate-determining step is the heterolysis of Ar-LG to generate the aryl cation. [124] Thus, in order to generate cation intermediates mildly and efficiently, the leaving group (LG) plays a key-role. In this part, several main sorts of leaving groups that found application in SN1Ar reaction processes are presented.

a. Arylation via halogen-based LG

Prior to 2005, it was thought that an SN1 process via an aryl cation obtained directly by heterolysis of aryl halides was unfeasible. One of the most important reasons is that these precursors do not have an excellent leaving group, such as diazonium salts, to get the aryl cation intermediate carrying chemoselectivities. However, since then, Fagnoni and Albini changed the situation by reporting the first photocleavage of aryl chlorides and fluorides to generate corresponding cations involving in C-C bond-forming reactions. [121c] The kind of photolysis reaction must arise from triplet state through intersystem crossing (ISC) (Scheme 63). [124] Scheme 63. Photolysis of aryl halides to generate aryl cations in S N 1Ar reactions

As an example, they described the three-component photoinduced synthesis of 3arylacetals and ketals. [130] This reaction uses strong nucleophiles such as vinyl ethers, which can readily trap the generated aryl cation, and then a C-O bond is subsequently formed (Scheme 64). Notably, the aryl fluorides, which were considered unsuitable in crossing-coupling arylations, [131] could be efficiently transformed.

Scheme 64. Photoinduced three-component synthesis of 3-arylacetals

In addition, they emphasized that the silicon-based substituents at the β position of aryl-

LG, such as trimethylsilyl (TMS), have special β-stabilizing effect on the photolysisgenerated aryl cations and could be considered as a directing, photoremovable group. [132] As shown below (Scheme 65, eq 1), this stabilization effect works stronger in the singlet state: the more TMS substituents, the more triplets transfer to singlet. This led to the development of catalytic arylation of hydrocarbons. Notably, the photoinduced partical desilylation happens as a secondary photochemical process in the buffering agent Cs2CO3. This also proved that β-stabilizing effect can stabilize the cyclohexadienyl cation.

Based on Siegel and Reed's previously reported discovery, when combined with weakly coordinating anion [CHB11Cl11] -1 , silylium ions can activate the heterolysis of C(sp 2 )-F bonds and the resulting seemingly highly unstable aryl cation is actually stabilized by the carborane anion through forming a regioisomeric adduct (Figure 15). [74] In 2011, Siegel proposed a silylium-mediated intramolecular Friedel-Crafts coupling of fluoroarenes [133] that is analogous to the Mascarelli reaction (Scheme 66). phosphates. [135] These types of photoactivatable aromatic substrates continue to be applied and developed in organic methodology advances . For example, as versatile intermediates, aryl acetylenes have usually been synthesized through transition metal Pd/Cu catalyzed Sonogashira reaction for many years. [136] But in 2005, the group of Fagnoni and Albini reported the first alkynylation reaction by using aryl mesylate and aryl phosphate, [137] which could be a metal-free alternative to the Sonogashira coupling process (Scheme 69). However, when there is a hydroxyl or amino substituent in ortho-position of the aromatic structure, the vinyl cation intermediate will be trapped intramolecularly (Scheme 70). [138] The synthesized benzofurans or indoles are heterocyclic moieties that widely exist in natural products and pharmaceutically active molecules.

Scheme 70. Photoinduced metal-free synthesis of benzofuran

c. Arylation via nitrogen-based LG

Aryl diazonium salts, which are conveniently synthesized from anilines, are widely used building-blocks in organic synthesis. [ 139 ] As early as 1858, Griefs reported these versatile reagents, [140] a variety of related prominent reactions have been developed, such as Meerwein arylation, [141] aryl radical addition, and other transition-metalcatalyzed cross-coupling reactions.

Based on the intrinsic electrophilicity of diazonium salts and N2 being an excellent leaving group, aryl diazonium salts could also be used to generate aryl cation in SN1Ar reactions. In 2005, Fagnoni and Albini completed a novel aryl SN1 reactions by using diazonium fluoroborates photogenerating aryl cations to react with π nucleophiles (Scheme 71). [142] This methodology could be seen as an ionic analogy to Gombery reaction, as well as a substitute of Pd-catalyzed Suzuki coupling.

Scheme 71. Photoinduced reaction of diazonium fluoroborates and π nucleophiles

Triazene is a kind of reactive compounds that offer lots of possibilities in preparative chemistry as it can transfer to various reactive groups when treated under appropriate conditions. [143] 1-Aryl-3,3-dialkyltriazenes, which are normally considered as aryldiazonium salt equivalents, could be readily synthesized by treatment the diazonium salts with a primary or secondary amine. [143] Furthermore, compared to diazonium salts, this masked diazonium salts show more stability and compatibility so that they can be also used as excellent arylating agents in Brønsted or Lewis acidic environments.

For instance, alkyl triazenes can be a functional precursor in the synthesis of polycyclic aromatic hydrocarbons (PAHs). Ren's group achieved this transformation by a mild metal-free Friedel-Crafts intramolecular arylation. [144] They used BF3• OEt2 as Lewis acid to promote the elimination of the leaving group and obtain a highly reactive aryl cation intermediate, which is then attacked by meta-substituted aryl group (Scheme 72).

CC-T (Tritium).

The thence formed [R-C=C 3 He] + undergoes cleavage of the C-3 He bond by using 3 He as leaving group (Scheme 74).

Scheme 74. ß -decay of R-CC-T to form alkynyl cations

Thus, for the moment, there is no application of alkynyl cations in organic methodology.

But just as Glaser posed the question: "After vinyl and aryl cation, alkynyl cations: mythos or reality?", [148] the future development of science will give the answer.

Conclusion

Carbocations are arguably fundamental organic intermediates, the continuous development of which widens the space for synthetic methodologies. In addition, carbocation-based reactions are connected more and more tightly to reemerging techniques such as photochemistry, electrochemistry and so on. It is certain that, as before, there will be many unpredicted discoveries and surprises in the further challenges that include investigation of more robust catalysts, development of more environmentally friendly conditions for carbocation-based reactions.

In Thus, selective fluorination attracts lots of synthetic interest. Among them, introduction of CF2 moiety is highly desirable and yet not as developed as the incorporation of CF3 units. In that respect, and the direct synthesis of valuable α,α-difluoroketones is still limited, due to the quite low reactivity of difluorinated enolates in electrophilic trapping processes. In this section, the organofluorine chemistry will be introduced from the characteristics of the element fluorine, the properties brought from fluorination, the properties of C-F bond to the applications of fluoroalkylation in synthetic methodology.

The presentation of the milestone of the investigation in the field of organofluorine chemistry will help defining the more direct and efficient ways to access diverses structures.

Fluorine and fluoro-containing organic structures

As an element widely used in industry and medicine in its molecular form, fluorine was firstly named in 1812 by the French physicist André-Marie Ampère, suggesting that an element analogous to chlorine may exist.

Since that time, attempts to isolate fluorine have not ceased despite the difficulties encountered and the dangers involved. It is only in 1886 that Henri Moissan succeeded in isolating elemental fluorine by electrolysis under low temperature, and this historic effort earned him the Noble Prize. [1] The following parts will introduce briefly the properties of the derivatives of this element, which is ubiquitous in our lives, from toothpaste to aerospace materials.

General properties of fluorine

Fluorine is chemical element with symbol F and atomic number 9. Due to its high reactivity with water in the atmosphere, elemental fluorine can only be found in an occluded form, mostly in antozonite. Fluorine actually mainly exists as fluoridecontaining minerals, such as fluorspar (CaF2). [2] It ranks 13 th in the most abundant elements of Earth's crust, at 600-700 ppm (parts per million) by mass (Figure 16). Fluorine atom has an electron configuration 1s 2 2s 2 2p 5 , meaning that the outer electrons have a high effective nuclear charge of 7, which affects its properties deeply. [3] It has the highest electronegativity, and the value of the F-F bond energy is quite low (158.3 kJ/mol), leading to the high reactivity of molecular fluorine. Accounting for its compact nature and high electron density, fluorine's electron affinity is as high as 328.17 kJ/mol.

Additionally, fluoride ion is the smallest anion (crystal ionic radius of 119 pm) and fluorine is the smallest halogen (covalent radius of 71 pm). These factors promote the formation of hydrogen bonds in compounds that contain fluorine atom or F -ion. [4] The stable isotope 19 F is the only one that exists naturally and can be used in NMR since its high gyromagnetic ratio and sensitivity to magnetic fields. [5] Under standard conditions, fluorine is a pale yellow gas with a tingling odor, while at extremely low temperatures, below the boiling point of -188.11 o C, it could change to a bright yellow liquid (Figure 17). [6] Figure 17. Liquid fluorine (at extremely low temperatures)

Industry keeps Henri Moissan's method as one of the routes to produce fluorine (Scheme 75) : the electrolysis of the KF⋅2HF mixture through reduction and oxidization processes to form H2 and F2 at the cathode and the anode respectively, under 2.901 V at 85 o C. This is minimum decomposition voltage of HF that follows the calculated reversible potential of the standard fluorine electrode, 2.85 ± 0.04 V. [7] Scheme 75. Reduction and oxidization processes to form H 2 and F 2 separately

Fluorine in organic chemistry

Although fluorine exists in abundance in the Earth's crust, there are no more than 20 known naturally occurring organofluorine compounds and all are limited to monofluorinated compounds. [8] One of the main reasons is that the C-F bond is so strong that only extremely reactive reagents, which are difficult to generate biologically, can promote its formation. Compared to this rarity, a wide man-made organofluorine compounds are available and have many applications as agrochemicals, pharmaceuticals, and in material science.

The fluorination chemistry started in the second half of 19 th century. [9] Since then, the significant and unique effects that come from the judicious incorporation of fluorine or fluorinated moieties on the physical, chemical, biological properties of organic molecules, aka "fluorine effects" or "fluorine magic", have been gradually noticed. This is because of the high electronegativity, small size like hydrogen and oxygen, attractive lipophilicity and electrostatic interactions of fluorine that could lead to changes of the pKaH value, conformations and so on.

Thus, after the earliest synthetic drugs synthesized in 1950s, [10] including antineoplastic agent 5-fluorouracil, the efficient and selective fluorination or fluoroalkylation to modulate the metabolic stability, lipophilicity, permeability of bio-active organic molecules became a practical and powerful way in drug design. Nowadays, about 20 % of marketed drugs and 30 % of agrochemicals contain at least one fluorine atom (Figure 18). [11] Figure 18. Fluorinated functional groups present in pharmaceuticals

Properties of C-F bond

As the basic unit of organofluorine chemistry, the C-F bond plays an important role as its properties and formation directly determine the synthesis of fluorine-containing compounds. Knowing the properties of the C-F bond offer a deeper understanding on the origin of these unusual reactivities.

High polarization of the C-F bond

Fluorine being the most electronegative element in the periodic table, its C-F is highly polarized and has a more electrostatic character than a purely covalent one, resulting in a large dipole moment. [12] The electrostatic/dipole interactions mainly constitutes the interaction between fluorine in C-F bond and its surroundings, while less resonance or hydrogen-bond formation occur due to the ability of fluorine to retain lone pairs. This high polarization character could be represented on many aspects and used in research or practical applications. For example, the high strength of the C-F bond (105.4

kcal mol -1 ) could be explained by Pauling's expression: E means dissociation energy while  represents the difference in electronegativity between A and B, and a larger value of  leads to higher energy to dissociate A-B bond (Scheme 76). [13] On the other hand, the fluoride ion is a poor leaving group that is hard to separate from polarization, which results in sufficient electrostatic stabilization of the C-F bond. [14] 

Scheme 76. Dissociation energy of A-B bond

The large dipole of the C-F bond is an important factor that determines the conformation of organofluorine structures. As shown in Scheme 77, the trans α-fluoroamides are strongly conformationally preferred as trans since the amide and the C-F bond are dipoles opposed each other. [15] 

Scheme 77. Preferred conformation of α-fluoroamides under the affection of dipole

The study on coordinating C-F bond and metal ions shows that charge-dipole electrostatic interaction based coordination are more likely when the metal center is highly polarized and/or has highly electronegative ligands. [16] This provides a useful thought when designing catalysts and ligand additives in metal-catalyzed organic reactions. For instance, Grubbs found that the coordination of F and Ru accelerates the metathesis catalysis, which was proved by comparing the free energy of activation of two complexes in Scheme 78, finding that the latter is ca. 2.6 kcal . mol -1 lower and correspondingly 2 orders of magnitude more active. [17] Scheme 78. Coordination of F and Ru in accelerating the metathesis catalysis

Hyperconjugation with C-F bond

Apart from the dipoles and electrostatic interactions, same as C-O bond, * antibonding orbital of C-F bond that results from high polarization could accommodate the electron density to stabilize the conformations, intermediates, or transition states. This hyperconjugative interaction is small and mostly affects the stereoelectronic feature of fluorine-containing structures, such as anomeric effect and gauche effect.

It can be seen from DFT molecular orbital calculations that the energy of axial conformer of 2-fluoropyran is lower than that of equatorial one ( Eeq-ax  2.89 kcal . mol -1 ), which means an axial preference exists even though the equatorial one is preferred based on conformational effects. [18] Natural bond orbital (NBO) perturbation theory analysis explains this anomeric stabilization by orbital interaction in that the oxygen lone pair (HOMO) donate into * orbital (LUMO) of C-F bond, which could also be verified from the comparison of O-C-F bond lengths and angles (Scheme 79).

Scheme 79. Hyperconjugation effect on O-C-F bond lengths and angles

This hyperconjugation also illustrates why the gauche conformation is preferred in 1,2difluoroethane: the anti-one cannot be stabilized via hyperconjugation because * antibonding orbital of C-F bond is opposed to C-H bond (Scheme 80). Even though usually dipolar repulsion contributes more than gauche effect, here both contribute in the same preference: anticonformer has a poorer C-C bond overlap as electron density from each carbon in C-C bond is tilted toward the fluorines in different directions. [19] Scheme 80. Hyperconjugation effect on conformation of difluoroethane

Cleavage of C-F bonds

Although the carbon-fluorine (C-F) bond is widely recognized as one of the strongest covalent bonds, many approaches have been developed to cleave it (Figure 19). The transition-metal-mediated C-F bond cleavage has received considerable attention, as it can realize the activation in a reduction process on alkyl fluorides through oxidative addition or single-electron transfer process. [20] While Lewis acid-mediated fluoride abstraction is well-developed as an efficient way to cleave the sp 3 C-F bonds, [21] Brønsted acid-mediated C-F bond activation to offer fluorine-stabilized carbocations drew more attention recently. It is now established that the replacement of a hydrogen by a fluorine atom has a little steric impact but will significantly alter the properties of the organic compound.

Therefore, it is not reasonable to directly use knowledge of general alkylation in the prediction and development of fluoroalkylation. A more thorough understanding of the unique effect in organic reactions is essential. Here is provided a brief introduction but all of these concepts can be interpreted throughout the examples displayed in this chapter. [22] 1.

Effects in nucleophilic fluoroalkylation

The transformation which includes a fluorinated substituent on the nucleophile shows many differences compared to its non-fluorinated counterparts on thermodynamics and kinetics.

These effects are usually combined. For example, one or more fluorines on the nucleophile could increase the occurrence of competitive pathways; on the other hand, these fluorine substituents sometimes promote the generation and stabilization of the required reaction intermediate. [23] Thus, adjustment of neighboring groups, solvents, establishement of hydrogen bonds, etc, may help to achieve the desired reactivity.

One example is the work of Zhou's group, which achieved nucleophilic addition of difluoroenoxysilane (FSEE) to aldehydes without using catalysts just "on-water" with a dramatic fluorine effect, which could not be achieved using mono-or non-fluorinated compounds (Scheme 81). [24] The FSEE is advantageous because it has one CF2 group that presents reduced and suitable hydrophobicity compared to highly fluorinated Fluorinated substituents could influence the chemoselectivity and the mechanism of reactions. For example, Shibata and co-workers found that a complete control of C/O regioselectivity can occur in the fluoromethylation reaction (Scheme 82). [25] Tri-, di-, monofluorinated methylsulfoximinium salts are used as electrophilic reagent to react with β-ketoesters, but as the number of fluorine atoms decreases, the reaction results in different ratio of Cor O-fluoromethylation products. They explained from control experiments and computations that the trifluorinated reagent may form a more carbophilic CF3 + that selectively get C-alkylated compounds without decrease of yields in the presence of nitrobenzene (well-known to inhibit radical pathway); the monofluorinated reagent with selectivity for oxygen likely offers a more radical-like CFH2•; whereas the difluorinated analogue generates both species thus a mixture of isomers. This result is also consistent with the former observation that O-alkylation is preferred with harder electrophiles and C-alkylation is preferred with softer ones. [26] Scheme 82. C-/O-selectivity of fluoromethylations of β-ketoesters

Effects in free-radical fluoroalkylation

α-Fluorinated radicals exhibit differences in structure, stability and reactivities compared to their non-fluorinated analogues. Compared to planar construction of methyl radical, trifluoromethyl radical is tetrahedral while di-or monofluoromethyl radicals are pyramidal. [25] The thermodynamic stability order of fluoromethyl radicals is clearly by C-H bond dissociation energy calculations as follows: CH2F•  HCF2•  CH3•  CF3•. [14] It is already known that fluorine could slightly stabilize the α-radical via resonance even though the reductive effect may lead to destabilization, but CF3• is the most unstable because the geometry prevents the resonance at the minimum.

Therefore, it is easy to understand the coexisting nucleophilicity and electrophilicity of fluoroalkyl radicals in reactions. The lone-pair electrons of fluorine could provide an electron-donating resonance effect, which results in a lower ionization potential than CH3•, while the electronegativity of fluorine brings a strong inductive effect, which means a higher electrophilicity than CH3•. [27] The unique effect of fluorine in radical reactions could be also observed in the last example in Scheme 82.

Effects in transition metal-mediated fluoroalkylation

The stability and reactivity of fluoroalkyl metal species plays a crucial role in transition metal-mediated fluoroalkylation, as the hardness or softness, oxidation state and ligand effect of transition metal can obviously affect the transformation. Therefore, the appropriate choice of metal species and ligands becomes the main protocol in the fluoroalkylation reactions.

It is known that with common phosphine ligands, Ph-Pd(II)-CF3 complex is not prone to form Ph-CF3 by reductive elimination, in contrats with its nonfluorinated analogue.

The CF3 group significantly enhances the Lewis acidity of palladium, resulting in a much higher activation barrier for reductive elimination. [28] However, the Buchwald group solved this problem by employing an electron-rich, sterically hindered phosphine ligand called BrettPhos, thereby achieving the mild trifluoromethylation of aryl chlorides with a wide substrate scope (Scheme 83). [29] The experiment shows that the reductive elimination of isolated [BrettPhos•Pd(Ar)(CF3)] complex was easy to fulfill with nearly quantitative yield in dioxane at 80 °C. DFT 

Difluoromethylation in organic synthesis

In the field of fluoroalkylation chemistry, although trifluoromethylation has been widely studied for modulating molecules over 50 years, [30] the selective incorporation of difluoromethyl (CF2H) or difluoromethylene (CF2) group just emerged since 2007. [31] The CF2 group, which has an isosteric relationship with ethereal oxygen, [32] is highly desirable in drug discovery, such as the well-known eye drops to reduce intraocular oressure, Tafluprost. The CF2H group has a weaker electron withdrawing effect compared to the CF3 group but can establish strong lipophilic hydrogen-bonding interactions. It can replace hydroxy groups and is widely used to modulate the binding selectivity of bioactive molecules. [32][33] For example, the ornithine decarboxylase inhibitor, Eflornithine (DFMO), and -secretase 1 inhibitor, BACE inhibitor in pharmaceuticals (Figure 20).

Figure 20. Eflornithine (DFMO) and BACE inhibitor

Similarly to the classification in the last section, different approaches to difluoromethylation will be discussed according to the following four type of reactivites: nucleophilic, electrophilic, free-radical and transition metal-mediated processes. [34] 1.

Nucleophilic difluoromethylation

In the nucleophilic difluoromethylation process, a CF2/CF2H group will be transferred to an electrophile to establish a new difluorinated structure. Serval types of nucleophiles have already been developed, which act as an equivalent of the CF2H carbanion, e.g.

(difluoromethyl)silanes, and can be activated by Lewis base to transfer CF2 moiety to aldehydes, ketone etc. [35] Pace's group reported a high-yield homologation of Weinreb amides using potassium tert-amylate to activate silicon center (Scheme 84). [36] Scheme 84. Potassium tert-amylate mediated homologation of Weinreb amides

Weinreb's amides exhibit chemoselectivity if they have an alternative enolization site;

in particular, given its good reaction performance with α-functionalized carbanions, this reaction has an excellent tolerance towards sensitive functional groups (ketone, ester, amide, nitro etc.). THF acts as an ideal solvent here because of the stability of the TMS group on furan.

Difluoromethyl phenyl sulfone is another convenient and powerful reagent, but this usually requires additional reductive desulfonylation commonly using sodium/mercury amalgam and magnesium to get the target products. [37] In comparison to the previous use of sodium hydroxide, Olah and Prakash made a modification by employing lithium hexamethyldisilazanide as the base and adding hexamethylphosphoramide (HMPA) as solvent to help reduce the reaction time and improve the yields (Scheme 85). Thus a broadening of the scope to enolizable and non-enolizable aldehydes and ketones with a large compatibility of functionalities was found. [38] Furthermore, the diastereoselectivity can be observed in the process as steroids compound is transformed into the corresponding difluoromethyl alcohols with > 99 % of dr.

Scheme 85. Difluoromethyl phenyl sulfone as difluorinated reagent in diastereoselective synthesis difluoromethyl alcohols

Electrophilic difluoromethylation

Electrophilic difluoromethylation is featured by transferring a difluorocarbene to the nucleophile, and chloro(difluoro)methane is employed as difluorocarbene source in the process of incorporating to nucleophiles. [39] From the following comparison of different substituted acid derivatives reacted with chloro(difluoro)methane (Table 2), it is notable that the acidity of H in the  position is of importance since a decreased acidity usually required a higher temperature and a stronger base. [40] Table 2.

Reaction conditions of different substituted carbon acids with chloro(difluoro)methane

The non-ozone-layer-depleting, nontoxic gas, fluoroform (CHF3) could also be used as difluorocarbene precursor to react with ketones, esters , amides as well as phenols or thiophenols derivates. [41] For instance, with CHF3, Dolbier's group realized the synthesis of difluoromethoxy and difluorothiomethoxy derivatives by adding potassium hydroxide under atmospheric pressure in a two-phase mixture: water/dioxane or water/acetonitrile (Scheme 86). [42] Deuterium-labelling experiments confirmed the proposed mechanism that deprotonated CHF3 subsequently loosing a fluorine ion to generate the difluorocarbene intermediate, which further reacts with phenoxide and the resulting carbanion undergoes protonation to reach the product. A large amount is needed here since the generated difluorocarbene can react with hydroxide ions to form the byproduct. [43] Scheme 86. Synthesis of difluoromethoxy promoted by potassium hydroxide

Free-radical difluoromethylation

Free-radical difluoromethylation usually ends with the transfer of fluoroalkyl radical to π-system, e.g., alkynes, alkenes or (hetero)aromatics. In such cases, Baran group developed a novel reagent, zinc(II) difluoromethanesulfinate (Zn(SO2CF2H)2, DFMS), to promote the generation of CHF2 radical under the action of the oxidant tert-butyl hydroperoxide. [44] By modulating the organic cosolvent, the regioselectivity can be modified. As shown in Scheme 87, it is significant that a typically inaccessible C3/aryl-CF2H product was obtained in 1.0:1.5 ratio under the DMSO/H2O conditions.

Scheme 87. Regioselective difluoromethylation in different organic cosolvent

A site-selectivity experiment also illustrates that the CF2H radical generated here exhibits nucleophilic properties. Comparing the adduct to varenicline, it was found that radical trifluoromethylation occurs at the most electron-rich site C5, whereas difluoromethylation occurs only at the electron-deficient position that is connected to the nitrogen (Scheme 88). This provides a practical idea for selecting the fluoroalkylated product structure based on its electronic nature.

Scheme 88. Site-selectivity experiments for nucleophilic properties of CF 2 H radical

Transition metal-mediated difluoromethylation

Almost all the reported transition metal-mediated difluoromethylation are promoted by copper(I) iodide. In this kind of reactions, α-silyldifluoroacetates act as donor of the difluoromethylene component. For example, Amii and co-workers reported a Cumediated aromatic difluoromethylation reaction to synthesize aryldifluoroacetates (Scheme 89). [45] It consists of a cross-coupling reaction between aryl iodides, αsilyldifluoroacetates, and a hydrolysis-decarboxylation process of the so-formed aryldifluoroacetates. This methodology shows a high level of functional group tolerance, but the final step KF-promoted decarboxylation is only effective for electrondeficient aryl or heteroaryl iodides. of the ketone, the structure of which could be employed as active functional building block for accessing fluorinated molecules. Fluorines, as mentioned before, surely bring unique properties to this kind of substrates and give them important utilization in biology. [46] 1.

Properties and applications of α,α-difluoroketones

The main influence of the fluorinated substituent is the increased electrophilicity of the carbonyl carbon. The high electronegative fluorine atom reduces the electron density at the carbonyl group, and this effect is cumulative. [47] On the other hand, difluoroketones convert to stable tetrahedral adducts more easily, such as hydrates, hemiacetals or acetals, than non-fluorinated analogues, because there is a stabilization effect due to hyperconjugation between the carbonyl group and the connected alkyl group in the latter (Figure 21). [48] It is this hydration makes difluorinated ketone widely applicated as enzyme inhibitors.

Figure 21. Fluorine effect on the electrophilicity of connected carbonyl carbon

However, the chemistry of fluorinated enolates become more difficult. Indeed, the low nucleophilicity of the formed enolate and the higher electronegativity of the fluorinated sp 2 carbon both make it poorly reactive. [49] Furthermore, the C-H bond in the difluoromethyl (CF2H) group of difluorinated ketone is considered as a potential bioisostere for the hydroxyl group, as well as used as a hydrogen bond donor that could be observed through the increased IR stretching frequency of oxygen-containing structure and applied in conformational control (Figures 22 and23). [50] Based on these unique properties, combined with the general modulated capabilities of fluorine such as lipophilicity and polarity, difluorinated ketones play an important role among numerous pharmaceutical agents. As effective inhibitors of enzymes, such as HIV-Protease inhibitor and antimalarial plasmepsin inhibitor (Figure 24), they can either form ketone hydrates that bind to corresponding enzyme active site competitively as mentioned, or be attacked by the nucleophilic residues of the active site to form covalent adducts. [51] Notably, difluoromethyl ketones are more potent than their trifluoro-analogues as the adjacent alkyl chain can help to enhance binding by moving in deeper hydrophobic pocket in the enzyme active site. [52] Figure 24. HIV-Protease inhibitor and antimalarial plasmepsin inhibitor building-block through C-C bond formation. [53] 1.

Synthetic approach via C-F bond formation

Non-fluorinated precursors usually undergo either electrophilic or nucleophilic processes to fulfill fluorination. Like other halogenations, an electrophilic fluorinating reagent can react with enolates or equivalents to furnish α,α-difluoroketones. Among them, the fluorination of imines and enamines is mainly focused on, as imines have a greater tendency to tautomerize to enamines, but hydrolysis is usually required to reach the ketone product. For example, the Shreeve group has developed a straight synthetic method by using Selectfluor to react with readily available enamines, the process does not require strong base to form an anion intermediate (Scheme 90). [54] Scheme 90. Synthesis of α,α-difluoroketones from Selectfluor and enamines

Based on the previous reports, they provided a mechanism that contains two fluorination steps (Scheme 91). The monofluorinated enamine is the key intermediate that generates from monofluorinated pyrrolidinium salt, it then readily reacts with another equivalent of Selecfluor to get the difluorinated product. The weak base such as triethylamine (TEA) or 4 Å MS can both promote the regeneration of enamine, and the latter helps preventing premature hydrolysis. However, an electron-rich substituent could decrease the chemoselectivity by reducing the acidity of the α-carbon, thus preventing the second fluorination.

fluorinated silyl enol ethers (FSEEs) are reagents that are easy to prepare and handle, and have become popular for selectively incorporating mono-or difluoroalkylated ketone, because the α-hydrogen of the corresponding ketones has lower acidity and is difficult to activate by deprotonation, as mentioned previously. [49a] In fact, FSEEs exhibit significant features that are unprecedented compared to other fluorinating reagents. [56] Firstly, chiral amine could activate FSEEs efficiently via n-σ* interactions, which promotes an organocatalytic enantioselective synthesis of difluorinated compounds (Figure 25). Moreover, FSEEs can interact with catalysts or solvents to influence the reactivity and selectivity of transformations through C-F … H-X interactions, as illustrated by the work of Zhou's group (Figure 26). [24,57] 

Figure 26. C-F … H-X interaction involving FSEEs

The diversity-oriented applications of FSEEs in the establishment of difluorinated ketone structures continue to grow to date, which includes aldol/Mannich, [58] crosscoupling, [59] allylation, [60] conjugate addition, [61] etc. The most recent protocol is the 98 direct nucleophilic attack of FSEEs to various sp 2 -based electrophilic carbocations, which is performed efficiently under mild conditions and is important for the late-stage functionalization of potentially bioactive molecules (Scheme 93).

Scheme 93. Diversity-oriented applications of FSEEs in the synthesis of difluorinated ketones

Zhou and co-workers further developed a series of chiral secondary aminephosphoramides as catalysts for conjugate addition to electron-deficient alkenes to form tetrasubstituted olefins with high enantioselectivities (Scheme 94). [61] The delicate balance between benzyl amine and phosphoramide in this bifunctional amine catalyst is the crucial point for the reactivity and selectivity: the former activates the desilylation under reduced steric requirement, while the latter additionally promotes a favorable transition state through hydrogen bond activation from other direction to enhance enantiofacial control. [62] opens a new chemical space. It keeps a broad scope of simple alkenes from mono-to tetrasubstituents, and the late-stage diverse functionalization of its versatile difluorinated ketone products also prove that this strategy has a large practical value in the synthesis of natural products and drug derivatives (Scheme 96).

Scheme 96. Diverse functionalization of the versatile difluorinated ketones products

Conclusion

The mysterious world of fluorine has attracted lots of chemists' interest since two hundred years. As an inextricable part of our daily life, fluorine element is found everywhere. Especially, organofluorine compounds have widespread applications in pharmaceuticals, agrochemicals and in material science. A deeper understanding of fluorine effects in modulation processes is crucial for selectivity and predictability in synthetic methodology.

In this introduction, we described the unique properties of the fluorine element that exists in Nature, of C-F bonds in organic compounds and in fluoroalkylation reactions.

The synthesis of difluorinated compounds, especially the challenging difluorinated ketones, were discussed. In the latter part, a versatile fluorinated silyl enol ethers (FSEEs), which is of importance for the diversity-oriented synthesis, was introduced.

As a popular reagent to establish difluoroketone scaffolds, this reagent was found in recent decades to undergo an efficient route through nucleophilic attack to the sp 2 hybridized carbocation intermediates.

This advanced strategy contains the direct forming of C(α)-C(sp 3 ) bonds between nucleophilic α,α-difluoroketone enolates and C(sp 3 ) electrophiles, which was thought difficult since the strong inductive effect of fluorine decreases the nucleophilicity of FSEEs. However, this method is limited to only form C(α) with sp 3 hybridized substituent, even though gem-difluoro skipped α,β-enones that contains C(α)-C(sp 2 ) bond is also an important precursor in the synthesis of natural products.

Based on our group's previous studies on the generation of vinyl cations by using weakly coordinating anions, it is logical to consider employing our strategy for forming gem-difluoro skipped α,β-enones compounds via vinyl cation intermediates under the unique properties of FSEEs, with which a C(α)-C(sp 2 ) bond would be established firstly.

To achieve this goal, several additives have been tested, and the relevant mechanism study is essential. All this will be discussed in the following part.

Results and discussion

Gem-difluoro skipped β,γ-enones are useful precursors of fluorinated alcohols, sugars and fragments of natural products. [64] Only a few methods allow the one-step synthesis of such molecules. One way is to condense 1,1-difluoroallyllithium, obtained from 3,3difluoro-3-bromopropene and n-BuLi, on an ester at -100 °C (Scheme 97, eq 1). [64a, 65] Three transition-metal catalyzed reactions have also been described, all starting from iododifluoroketones (Scheme 97, eqs 2-4). [66] Scheme 97. One-step synthesis of gem-difluoro skipped β,γ-enones

We describe in this chapter the lithium-catalyzed direct coupling of arylvinyltriflates with aryldifluoroenoxysilanes (Scheme 98). The idea behind this strategy is to generate a vinyl carbocation by abstraction of the triflate anion promoted by the lithium salt and trapping of the latter by the fluorinated enol ether. The main reactivity challenge with this approach is that vinyl carbocations are sluggish electrophiles because of the high intrinsic barrier for sp↔sp 2 rehybridization (see Chapter I, 1.3.1.2). [67] Moreover, because of the strong electron-withdrawing ability of two fluorine atoms, difluoroenoxysilanes are relatively weak nucleophiles. [68] In recent years, synthetic methodologies exploiting the enhanced reactivity of vinyl carbocations paired with weakly coordinating anions have emerged (see Chapter I, 1.3.1.3 and 1.3.1.4). [69] For instance, using the Li + salt of the perfluorinated alkoxyaluminate [Al(OC(CF3)3)4] - ([Al(pftb)4] -), [70] we could efficiently generate vinyl carbocations from vinyl triflates and react them with arenes. [69c, 71] We were thus curious to know if vinyl carbocations could be tamed in such a way that they could react with difluoroenoxysilanes. This would represent the first Lewis acid catalyzed direct synthesis of gem-difluoro skipped β, γ-enones.

Scheme 98. Li-catalyzed direct coupling of arylvinyltriflates with aryldifluoroenoxysilanes

Optimization of reactions conditions

Initial reactivity tests were firstly performed. After confirming the original hypothesis, suitable conditions were sought after through the selection of additives and modulation of the experimental parameters.

a. Initial reactivity tests

Our investigation began with the use of substrates 1a and 2a to synthesize difluoroenone 3a (Table 3). Firstly, the same conditions as those used in the bimolecular vinylation of arenes work were tested (Chapter I, 1.3.1.3): [Li][Al(pftb)4] (5%) and LiHMDS (1.0 eq.) in pentane at 25 o C (Table 3, entry 1), [69c] but only 5% of the desired product was obtained. Changing LiHMDS to a smoother base as NaHCO3 led to no reaction (Entry 2), which may mean that the basic environment is not suitable here.

When trying to use the same additive Et3SiH as in Nelson's work, for the generation of vinyl cation (Chapter I, 1.3.1.3), [72] almost all 1a decomposed (Entry 3). Keeping the lithium-perfluorinated alkoxyaluminate [Li][Al(pftb)4] (5%) as catalyst, the effect of the temperature was studied (Entries 4-6) and 40 o C was found as the best (10% yield of 3a). DFB and toluene were used as solvent instead of pentane (Entries 7-8), the former offered a slight improvement in yield to 11%, while the latter led mainly to the reported bimolecular vinylation product. In comparison, no reaction was observed in the absence of catalyst, which implies its importance and from there the determining role of the WCA. As the best yield was only 11% (Entry 7), this prompted us to consider finding suitable additives, indicating that a novel catalytic system should be established in this reaction process. 

b. Selection of additives and optimization of conditions

As mentioned previously (Chapter I, 1.3.1.3), deprotonated electron-poor ureas have been used previously as weakly coordinating counterions to vinyl carbocations in Licatalyzed C-H bond functionalization. [73] Although the present case is different since no base is required in this work, we nevertheless observed a positive effect with some of these additives. Therefore we synthesized several ureas and squaramides A-F (Figure 27), and firstly introduced 1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea C into the reaction mixture, and tried to find out the best proportions between [Li][Al(pftb)4] and additives.

Figure 27. Several ureas and squaramides as additives Table 4. Decreasing the amount of catalyst and additive

Surprisingly, keeping [Li][Al(pftb)4] at a proportion of 20 mol%, after addition of urea C (1.0 eq.) the yield of 3a increased remarkably to 60% (Table 4, entry 1). Further attempts to decrease the loading of the catalytic system (Entries 3, 5 and 7) resulted in the ideal amount of [Li][Al(pftb)4] and urea C are 5 mol% and 10 mol% separately.

Changing the solvent to DCE also proved beneficial (Entries 4 and 6).

Keeping DCE as solvent, the other additives were all tested. The use of 1,3diphenylurea A and 1,3-bis(3-(trifluoromethyl)phenyl) urea B didn't help (12% and 30%, Table 5, entries 1 and 2), and the corresponding thiourea D proved much less efficient compared to C too(Entry 4). Employing the pentafluorophenyl-substituted squaramide E allowed to reach 59% yield (Entry 5). Remarkably, squaramide F exhibiting 3,5-bis(trifluoromethyl)phenyl groups led to an encouraging 63% yield (Entry 6). Of note, F alone was not able to catalyze the formation of the product (Entry 7).

Table 5. Testing of different ureas and squaramides

Increasing the proportion of 2a from 1.5 eq. to 3.0 eq. under the utilization of F, an excellent NMR yield of 98% was obtained (isolated yield 85%, Table 6, entry 1). To ensure that these were the best conditions, we then attempted lowering the temperature to room temperature as well as increasing it to 80 o C (Entries 2-3), but both resulted in decreased yields. An even lower amount of F was found to be insignificant (Entry 4).

For comparison, the reaction without F gave the product in 44% yield (Entry 5). With the [Li][Al(pftb)4] and F catalytic mixture, no other solvents (hexane, DFB, toluene, THF and MeCN) proved competitive compared to DCE (Table 7). Thus, we confirmed that using [Li][Al(pftb)4] (5%) and squaramide F (10%), 1a (1.0 eq.) and 2a

(3.0 eq.), the 2,2-difluoro-1,3-diphenylbut-3-en-1-one product 3a was reached, with the highest 98% NMR yield (85% isolated yield) in DCE at 40 o C for 24 h.

c. Attempts with other Lewis acids

To investigate how [Li][Al(pftb)4] is important in this reaction, other Lewis acids were also tested during this optimization. Firstly, with [Al(pftb)4] -as counterion, we changed the metal cation to Ag + and In + , but both showed much lower catalytic activity (Table 8, entries 1-2). Then, the addition of several common Lewis acids such as AlCl3, FeBr2, InBr3, GaCl3 were also found to give much lower yields (Entries 3-6).

Table 8. Testing other Lewis acids

With F (20 mol%) in DFB as solvent (this part was performed before optimization on solvents), other lithium salts bearing weakly coordination anions such as LiPF6, LiSbF6, LiOTf and LiBF4, were tested separately (Table 9, entries 1-4). Around 20% yield were obtained, which indicated that both the cation Li + and the WCA [Al(pftb)4] -provided unique catalytically activities in the establishment of gem-difluoro skipped β,γ-enones.

The scope showed that the presence of electron-donating (-Me, OMe) or -withdrawing groups (-F, Cl, Br, I) at the ortho-(Scheme 99, 3g-3i), meta-(3f, 3m-3o) or parapositions (3b-3e, 3j-3l) of the aryl groups was tolerated, and the corresponding products were obtained in good to excellent isolated yields (31%-87%). Among them, halogen atoms in para-position of aryl group usually showed better reactivity than their orthoanalogues; while in the same position, aryl rings with withdrawing groups (3l, 3n and 3o) offered much higher yields than the ones with electron-donating factors. This may be influenced by the stability of 1 and 2, since the electron-donating groups could decrease the stability of vinyl triflates and FSEE, thus facilitating their decomposition.

Limitations

However, there were also some limitations in the scope of this reaction. As shown in Scheme 100, when using trisubstituted vinyl triflates, regardless of straight chain or cyclic structure, no conversion was observed even with increasing temperature.

Aliphatic alkyl substituents could not deliver the desired product either. More surprisingly, the introduction of bromide at the meta-position of the aryl group resulted in much lower yields (20% yield) than their analogues in orthoand parapositions.

Aryls with electron-withdrawing groups such as nitro, trifluoromethyl, cyano and ester groups didn't react at all. Substitution of triflate for bromide or hydrogen led to no product, which means 1,1-bisubstituted vinyl triflate structure is essential in this reaction.

In FSEE-part, the change of the aryl ring to thiophene and naphthalene ring had considerable impact on the yields (13% and 12% yields). The monofluorinated indanone and nonfluorinated product cannot be obtained either. These results indicate that difluorinated structure is also essential in this formation of gem-difluoro skipped β,γ-enones.

Scheme 101. Transformations and larger scale synthesis of gem-difluoro skipped β,γ-enones

Mechanism investigations

Mechanism studies are divided into three parts: NMR investigations, control experiments and DFT calculations.

NMR study a. NMR observations

We hypothesized that the addition of squaramide F to the mixture could increase the solubility of [Li][Al(pftb)4]. Thus, to confirm it a control experiment between [Li][Al(pftb)4] in CD2Cl2 and [Li][Al(pftb)4] + F in CD2Cl2 was performed (Figure 28).

However, it was hard to observe whether the addition of F helped [Li][Al(pftb)4] dissolve better or not as they were both slightly soluble here. The NMR observations nevertheless provided information.

Figure 28. Control experiment for F in increasing the solubility of [Li][Al(pftb) 4 ]

114 However, as shown in Figure 29, after the addition of [Li][Al(pftb)4] (0.02 M) on squaramide F (0.02 M), more peaks belonging to F were observed in aromatic region but the proton from N-H could not be seen. This indicates that [Li][Al(pftb)4] and F

influence each other and lead to better solubilities. This confirms our hypothesis that squaramide acts as a ligand to improve the solubility of the lithium salt, since [Li][Al(pftb)4] is only slightly soluble in DCE, [74] and squaramide F is also poorly soluble in this solvent. 

b. NMR monitoring

From crude 1 H NMR of two standard reactions, three byproducts 8, 9 and 10 with typical triplet and J coupling were usually detected, but the proportion of these byproducts was always different even though repeating the same reaction (Figure 30).

Based on the spectrum, we hypothesized the formation processes of 2,2difluoroacetophenone (byproduct 8), byproduct 9 and unknown byproduct 10 (it should have a CF2 moiety because the same triplet) (Scheme 102). Monitoring reaction using 1 H NMR provided more information (Figure 31). It was clear that vinyl triflate was consumed along with the formation of product 3a. In this reaction, byproducts 8 and 9 were formed at the beginning, but after around 1 h they disappeared and byproduct 10 was generated. The amount of byproduct 10 did not change after 3 h, and so it remained until the end of the reaction. The corresponding data of Figure 31 showed that byproducts were formed at the beginning, but after no more than 100 minutes, their amount remained stable without obvious change (Figure 32). The concentration of product 3a always increased upon consumption of the substrate 1a until 1000 minutes. Thus, all these observations inspired us to consider if there is an important intermediate formed during the process, such as 2,2-difluoroacetophenone, in the mechanism. 

Control experiments

Yamamoto's group found that N,N-bis(perfluoroalkanesulfonyl)squaramides can act as new Brønsted acids and be well applied in organic reactions, such as Mukaiyama aldol reactions (Scheme 103, eq 1). [75] In order to make sure that it is Brønsted acid itself that activates the carbonyl compound directly instead of silylated Brønsted acid (Lewis acid catalysis), they easily synthesized silylated Brønsted acids a-TMS and a-(TMS) 2

through protodesilylation (Scheme 103, eq 2). But both these two catalysts led to much lower yields, which means that the Brønsted acid itself is more reactive.

Scheme 103. N,N-bis(perfluoroalkanesulfonyl)squaramides act as new Brønsted acids

Intrigued by the role of the squaramide in the dramatic increase of the reaction efficiency of our work, it should be considered that whether F goes through the same protodesilylation here. To confirm that, we firstly monitored the reaction of F with 2 equivalents of enoxysilane by NMR (Scheme 104, eq 1). We observed the rapid disappearance at room temperature of the NH protons of F and the appearance of the typical signals of 2,2-difluoroacetophenone. This agrees with the reported protodesilylation of enoxysilanes promoted by squaramides in Yamamoto's group, [75] which results in N-silylated species such as G. While this species could not be isolated in pure form, using it as an additive instead of F provided 3a in virtually the same yield (82% vs 85% with F) (Scheme 104, eq 2). As mentioned, we believe the squaramide plays the role of a ligand to improve the solubility of the lithium salt. However, adding F to a mixture of [Li][Al(OC(CF3)3)4] and enoxysilanes 2a clearly helps dissolving the materials. This is likely due to the in-situ transformation of F into G, which is much more soluble due to the TMS groups.

Scheme 104. Investigation of adding squaramide F to the reaction

As shown in Scheme 105, eq 1, 2,2-difluoroacetophenone 8 is not a likely reaction intermediate as it does not provide 3a when reacted with 1a. Acetophenone itself, which might arise from the adventitious hydrolysis of 1a, was also not a likely precursor. Its reaction with 2a led to aldol 4 in 43% yield (Scheme 105, eq 2). [76] The yield was increased to 90% when squaramide F was the only catalyst. This test also demonstrated that an aldol such as 4 was not an intermediate towards 3a by elimination.

In fact, E1 eliminations of alcohols exhibiting a vicinal gem-difluoro group are difficult to achieve since the corresponding carbocations would be destabilized by the electronwithdrawing ability of the fluorine atoms. [77] E2 approaches are also known to be difficult, [78] which give credit to the present methodology compared to classical aldol/dehydration approaches. Finally, we tested the reaction of phenylacetylene, which could form after elimination of TfOH from 1a (Scheme 105, eq 3). However, the yield of 3a in this case was very modest (36%). Thus, the above experiments support a direct reaction between 1a and 2a, which could be explained by the formation of a vinyl of Li + by G was estimated to -6.4 kcal/mol (Scheme 106, eq 3).

Scheme 106. Computed free energies of selected reactions

Putative intermediates and transition states were computed (Figures 33 and34). The silylated squaramide and Li + converged as complex H as the most stable species. In H, the lithium ion form is chelated by the two carbonyl oxygen atoms. The vinyl triflate 1a is bound to A via a sulfonyl oxygen to give I, which lies at -0.8 kcal/mol on the free energy surface. Cleavage of the C-O bond to give the vinyl cation J (11.9 kcal/mol) requires 15.9 kcal/mol of free energy of activation to reach TS IJ (15.1 kcal/mol). This step is endergonic by 12.7 kcal/mol. 

Conclusion

In this project, we have developped an efficient lithium-catalyzed coupling protocol towards gem-difluoro skipped β,γ-enones. The virtually naked vinyl cation generated from an arylvinyltriflate and a lithium salt of a weakly coordinating perfluorinated alkoxyaluminate is reactive enough to undergo the addition of weak nucleophiles such as difluoroenoxysilanes.

The success of this strategy is based on the use of a squaramide ligand, which greatly improves the solubility of the lithium salt after in situ trimethysilylation of the nitrogen atoms. This strategy makes possible the reaction of a typically weak electrophile with a weak nucleophile. Control experiments and DFT computations shed light on the mechanism of this transformation.

Experimental

General information

Unless otherwise noted, all reactions were performed under argon. All the glassware and stir bars were dried in a 120 o C oven for at least 24 h before use. Reactions were monitored using thin-layer chromatography (TLC) on silica gel plates (0.25 mm). The spots were visualized with ultraviolet light and/or potassium permanganate stain with heat as developing agent. Purification of reaction products was carried out by flash column chromatography on silica gel.

NMR characterization data was collected at 296 K on AM 250, AV 300, AV 360 or DRX 400 Bruker spectrometers operating at 250, 300, 360 or 400 MHz for 1 H NMR, 13 C NMR and 19 F NMR. 1 H NMR chemical shifts are reported in ppm using residual solvent peak as reference (CHCl3: δ = 7.26 ppm). Data for 1 H NMR are presented as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad), coupling constant J (Hz) and integration; 13 C NMR spectra were recorded at 90 MHz using broadband proton decoupling and chemical shifts are reported in ppm using residual solvent peaks as reference (CHCl3: δ = 77.16 ppm). MS were recorded on DSQ Thermo Fisher instrument by electronic impact. HRMS was performed on a MicrOTOF Bruker spectrometer.

Materials.

Reagents were purchased from commercial suppliers (Fluorochem, TCI, Acros, BLDpharm, Alfa Aesar, or Sigma Aldrich) and used without further purifications.

The solvents were distilled, degassed (freeze-pump-thaw technique) and then stored inside the glove box over 4 Å molecular sieves. Vinyl triflates 1 [83] and difluoroenoxysilanes 2 [84] were synthesized following published procedures. The urea and squaramide analogs B, C, D, E, F were prepared according to the literature reports. [85] The synthesis of compounds 5, 7, 6 was performed following reported procedures. [63,86] 125 3.2 Synthetic procedure

Synthetic procedure for vinyl triflates 1a-i

The vinyl triflates 1 employed in this reaction are known compounds, which could be prepared according to the literature reports shown in the general information. As an example, 1a was synthesized as the following procedure: acetophenone (1.2 g, 1.17 mL, 10 mol) was dissolved in anhydrous DCM (15.5 mL) to make a 0.65 M solution. 2chloropyridine (1.37 g, 1.14 mL, 12.1 mol) was added and the solution was cooled to 0 °C. To this was added triflic anhydride (3.67 g, 2.16 mL, 13 mol) as a 1.7 M solution in DCM (7.6 mL). The resulting solution was allowed to warm up to room temperature and stir until all starting material was consumed as determined by GC or NMR (sometimes the product decomposes to the starting material on TLC). After reaction was finished, the reaction was concentrated, and the crude sludge was suspended in hexanes. This was sonicated and stirred and then filtered. This process was repeated three more times and the combined hexanes supernatant was concentrated to give product 1-phenylvinyl trifluoromethanesulfonate 1a as colorless oil (1.59 g, 63%). This was heated under reduced pressure to remove residual 2-chloropyridine. 1 F). Spectroscopic data match those previously reported in literature. [83] 1-(4-chlorophenyl)vinyl trifluoromethanesulfonate 1c

Following the general procedure, product 1c was obtained as colorless oil after purification. 3 F). Spectroscopic data match those previously reported in literature. [83] 1-(4-bromophenyl)vinyl trifluoromethanesulfonate 1d

Following the general procedure, product 1d was obtained as colorless oil after purification. 3 F). Spectroscopic data match those previously reported in literature. [83] 1-(4-iodophenyl)vinyl trifluoromethanesulfonate 1e

Following the general procedure, product 1e was obtained as colorless oil after purification. 3 F). Spectroscopic data match those previously reported in literature. [83] 1-(m-tolyl)vinyl trifluoromethanesulfonate 1f

Following the general procedure, product 1f was obtained as colorless oil after purification. Spectroscopic data match those previously reported in literature. [83] 1-(2-fluorophenyl)vinyl trifluoromethanesulfonate 1g

Following the general procedure, product 1g was obtained as colorless oil after purification. (s, 3F), -112.28--112.38 (m, 1 F). Spectroscopic data match those previously reported in literature. [83] 1-(2-chlorophenyl)vinyl trifluoromethanesulfonate 1h

Following the general procedure, product 1h was obtained as colorless oil after purification. 3 F). Spectroscopic data match those previously reported in literature. [83] 1

-(2-bromophenyl)vinyl trifluoromethanesulfonate 1i

Following the general procedure, product 1i was obtained as colorless oil after purification. 3 F). Spectroscopic data match those previously reported in literature. [83] 

Synthetic procedure for difluoroenoxysilanes 2j-o

The difluoroenoxysilanes 2 employed in this reaction are known compounds, which could be prepared according to the literature reports shown in the general information.

As an example, 2a was synthesized as the following procedure: to a mixture of chlorotrimethylsilane (4. to the same procedure. [84] ((2,2-difluoro-1-(4-fluorophenyl)vinyl)oxy)trimethylsilane 2j

Following the general procedure, product 2j was obtained as colorless oil after purification. 1 H NMR (300 MHz, CDCl 3 ): δ 7.48-7.43 (m, 2 H), 7.10-7.02 (m, 2 H), 0.18 (d, J = 0.9 Hz, 9 H). Spectroscopic data match those previously reported in literature. [84] ((1-(4-chlorophenyl)-2,2-difluorovinyl)oxy)trimethylsilane 2k

Following the general procedure, product 2k was obtained as colorless oil after purification. 1 F). Spectroscopic data match those previously reported in literature. [84] ((2,2-difluoro-1-(p-tolyl)vinyl)oxy)trimethylsilane 2l

Following the general procedure, product 2l was obtained as colorless oil after purification. = 71.7 Hz, 1 F), -112.17 (d, J = 70.5 Hz, 1 F). Spectroscopic data match those previously reported in literature. [84] ((1-(3-chlorophenyl)-2,2-difluorovinyl)oxy)trimethylsilane 2m

Following the general procedure, product 2m was obtained as colorless oil after purification. Spectroscopic data match those previously reported in literature. [84] ((2,2-difluoro-1-(m-tolyl)vinyl)oxy)trimethylsilane 2n

Following the general procedure, product 2n was obtained as colorless oil after purification. previously reported in literature. [84] ((2,2-difluoro-1-(3-methoxyphenyl)vinyl)oxy)trimethylsilane 2o

Following the general procedure, product 2o was obtained as colorless oil after purification. ). These data correspond to those previously reported in the literature. [85] 

General procedures for synthesis of difluoroenones

In the glovebox, a dram vial was charged with a magnetic stir bar, [Li][Al(OC(CF3)3)4] (0.05 equiv, 4.87 mg, 0.005 mmol) and squaramide F (0.1 equiv, 5.36 mg, 0.01 mmol).

These salts were suspended in the anhydrous DCE (1 mL). The heterogeneous mixture was stirred for 5 min to improve dispersion of the lithium salts. The vial was then brought outside of the glovebox, followed by the sequential addition of the chosen vinyl triflate 1 (1 equiv, 0.1 mmol) and difluoroenoxysilane 2 (3 equiv, 0.3 mmol). The resulting mixture was stirred at 40 °C (oil bath) for 24 h. After completion (TLC monitoring), the reaction mixture was cooled to room temperature and quenched by addition of technical diethyl ether, passed through a short plug of silica and concentrated. The crude was purified by flash chromatography on silica gel (PE/EtOAc = 10:1, v/v) to afford the desired product 3.

2,2-difluoro-1,3-diphenylbut-3-en-1-one 3a

Following the general procedure, product was obtained as a colorless oil in 85% yield (22 mg) after purification. [86] 2,2-difluoro-3-(4-fluorophenyl)-1-phenylbut-3-en-1-one 3b

3-(2-chlorophenyl)-2,2-difluoro-1-phenylbut-3-en-1-one 3h
Following the general procedure, product was obtained as a colorless oil in 72% ( 21mg) yield after purification. reported in the literature. [87] 3-(2-bromophenyl)-2,2-difluoro-1-(p-tolyl)but-3-en-1-one 3q

Following the general procedure, product was obtained as a colorless oil in 56% yield (20 mg) after purification. 2 F). Spectroscopic data for 4 match those previously reported in literature. [88] 3.5 Larger-scale synthesis and transformations

Larger-scale synthesis of 3a

In the glovebox, to a 25 mL vial was added [Li][Al(OC(CF3)3)4] (0.05 equiv, 48.7 mg, 0.05 mmol) and squaramide F (0.1 equiv, 53.63 mg, 0.1 mmol) and anhydrous DCE (10 mL). The heterogeneous mixture was stirred for 5 min then was brought outside of the glovebox, followed by the sequential addition of vinyl triflate 1a (1 equiv, 252.2 mg, 1 mmol) and difluoroenoxysilane 2a (3 equiv, 684.9 mg, 3 mmol). The resulting mixture was stirred at 40 °C (oil bath) for 24 h. After confirmation of completion (TLC monitoring), the reaction mixture was cooled to room temperature and quenched by addition of technical diethyl ether, passed through a short plug of silica and concentrated. The crude was purified by flash chromatography on silica gel (PE/EtOAc = 10:1, v/v) to afford product 3a in 86% yield (222 mg) as colorless oil.

Transformations

Under air, to a 5.0 mL vial were added 3a (25.83 mg, 0.1mmol) and anhydrous EtOH (1.3 mL), followed by the addition of NaBH4 (3 equiv, 11.35 mg, 0.3 mmol) in one portion at room temperature. The resulting mixture was stirred at the same temperature until the complete consumption of 3a as indicated by TLC analysis (about 2 h). After quenching with saturated aqueous NH4Cl (5 mL), the solution was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were washed with brine, dried over Na2SO4 and concentrated under reduced pressure. Followed by work-up procedure, and column chromatography (PE/EtOAc = 10/1, v/v) afforded product 2,2-difluoro-1,3diphenylbut-3-en-1-ol 5 as colorless oil (24.2 mg, 93%). Hz, 2 F). The data match those previously reported in the literature. [86] To a 25 mL round-bottom flask was successively added compound 3a (25.83 mg, 0.1 mmol) and Pd/C (20% w/w, 10 wt%, 6.6 mg). The flask was evacuated under vacuum.

It then was back-filled with H2 (1 atm) and anhydrous toluene was added (1 mL). The reaction mixture was stirred vigorously at room temperature until almost full consumption of 3a was confirmed by TLC analysis (about 12 h). The mixture was concentrated and directly subjected to silica gel column chromatography (PE/EtOAc = 10/1, v/v) to afford the 2,2-difluoro-1,3-diphenylbutan-1-ol 6 (24.7 mg, 94% yield) as colorless oil. 1 H NMR of the crude mixture revealed that the dr value is 1.6:1. reported in the literature. [86] To a 25 mL oven-dried Schlenk tube were added trimethylsilylacetylene (71.2 μL, 0.5 mmol) and anhydrous THF (1 mL), followed by the addition of EtMgBr (166.7 μL, 0.5 mmol, 3.0 M in THF) at room temperature. The reaction was stirred at room temperature for 3 h. After compound 3a (25.83 mg, 0.1 mmol) was added at 0 o C in one portion, the resulting mixture was stirred at room temperature untill full consumption of 3a as per TLC analysis (about 12 h). The reaction was quenched with saturated aqueous NH4Cl (5 mL) and extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were washed with brine, dried over Na2SO4 and concentrated under reduced pressure. The obtained crude tertiary alcohol was used directly in the next step without further purification.

To the crude tertiary alcohol was added K2CO3 (13.8 mg, 0.1 mmol) and MeOH (1.0 mL). The mixture was stirred at room temperature until full conversion as per TLC analysis (about 12 h). The mixture was concentrated under vacuum, followed by the addition of saturated aqueous NH4Cl (5 mL). The solution was extracted with EtOAc (3 x 10 mL). The combined organic layers were washed with brine, dried over Na2SO4 and concentrated under reduced pressure. After work-up procedure and column chromatography (PE/EtOAc = 10:1, v/v), 4,4-difluoro-3,5-diphenylhex-5-en-1-yn-3-ol 7 was obtained as a colorless oil (16 mg, 56% yield). m/z: [M+Na] + calcd. for C18H14F2NaO 307.0905, found 307.0900. The data match those previously reported in the literature. [63] CHAPTER III: Advanced Functionalizations via sp-Hybridized Carbocation Intermediates

Introduction

In the previous chapter, we have introduced the synthesis and applications of difluoroalkylated compounds via vinyl cation intermediates. However, those are only a branch of the large family of fluoro-containing organic structures, and numerous methods for constructing a variety of such kinds of compounds still attract attention. In this section, two other unique types of fluoro-containing compounds, monofluoride and triflones connected to C(sp 2 ) of alkenes and arenes, will be discussed. In addition, an encouraging new protocol that uses vinyl cations as intermediates to get monofluoroalkenes is described.

On the other hand, according to the introduction of the first chapter, we know that WCAs may promote the formation of vinyl cations, which then react with inert sp analogues, [1] some of which being metabolically and chemically stable bioisosteres of amides and enols (Scheme 108), [2] or function as irreversible enzyme inhibitors, etc. [3] Because vinyl fluorides are able to mimic these functional groups charge distribution and dipole moments, these compounds show a wide range of pharmacological properties, including the disruption of processes generating new proteins.

Scheme 108. Representative bioactive scaffolds containing vinyl fluorides

For example, the protein synthesis inhibitors can be used as antimicrobial agents; the formed darunavir analogues is a high affinity protease inhibitor with an activity on wildtype HIV; [4] while an optimized 5-hydroxytryptamine (5-HT) receptor agonist with fluorine is found has potential antipsychotic agent (Figure 35). [5] 

Figure 35. Representative bioactive organic molecules containing C(sp 2 )-F bond

Since multiple traditional strategies have already been investigated for the synthesis of aryl-and vinyl-fluoride over the past 20 twenty years or so, and the available methods continue to grow, we briefly and categorically present them non-exhaustively.

Synthetic methods towards aryl fluorides

Methods for the synthesis of aryl fluorides have been reported since 2005; here we would like to briefly present two main strategies: nucleophilic and electrophilic arene fluorination.

a. Nucleophilic arene fluorination

The Balz-Schiemann reaction is one of the most conventional strategy (Scheme 109). [6] The typical process includes the diazotization of aniline and decomposition of aryl diazonium salts under HF-based medium or intense heating/irradiation conditions. It does not tolerate acid-sensitive compounds, moreover, the essential operation of isolating and drying of diazonium tetrafluoroborates to avoid by-products is dangerous because these hazardous intermediates have low thermal stability and are harmful.

Scheme 109. Synthesis of aryl fluoride through Balz-Schiemann reaction

The Saint-James group made some progress [7] in directly converting anilines to Ar-F by an in situ fluoro-de-diazotization process (Scheme 110). They added the nitrozating agent, namely stable tert-butylnitrite, slowly to the mixture of aniline and boron trifluoride in the organic solvent at the decomposition temperature of the diazonium salt. Because of the short time of diazotization of anilines, the reaction keeps modest yields with few byproducts. The non-acidic conditions and the isolation-free process offer this reaction wide applications.

Buchwald and co-workers have made a breakthrough in the preparation of aryl fluorides, using the cesium fluoride salts as nucleophilic fluorine source, stable [(cinnamyl)PdCl]2

as Pd precatalyst and tBuBrettPhos as a ligand (Scheme 111). [8] Compared to previous synthetic methods that require harsh conditions and highly specialized reagents, this reaction shows a potential application to efficiently add a fluorine atom into highly functional organic molecules under mild conditions. The author considered the use of sterically demanding, electron-rich biaryl monophosphine tBuBrettPhos as the essential factor, as it could accelerate the reductive elimination of ArF as well as avoid the formation of dimeric [LPdAr(F)]2 complex. In addition, the experimental observations indicated that the solvent polarity strongly influences regioisomer formation, namely apolar environment favors the high proportion of desired product.

Scheme 111. Pd-catalyzed crossing-coupling of aryl triflates with CsF

b. Electrophilic arene fluorination

Alternatively, electrophilic fluorination of arenes can prevent the basicity-triggered side reactions caused by the fluoride and tolerates protic functional groups, but it low tolerance towards nucleophilic functional groups and atom economy. [9] The most widely used electrophilic fluorinating reagents are derived from fluorine gas. [10] Although xenon difluoride is relatively stable, its high reductive properties and difficult handling prevent its widespread use. [11] Thus, crystalline and bench-stable fluorinated reagents have been developed and used for efficient fluorination with nice tolerance of functional groups.

For example, Ritter and co-workers developed a series of fluorinating transformations of arylboronic acids, arylsilanes and arylstannanes by using Selectfluor derivatives (F-TEDA-BF4 or F-TEDA-PF6) as fluorine source (Scheme 112). [12] These reactions all tolerate a wide range of substrates in good yields and can even be applied to the synthesis of compounds derived from natural products.

Scheme 112. Fluorination of arylboronic acids, arylsilanes and arylstannanes

An excess of Ag2O was required in this system, and the base was used in the reaction of arylsilanes to isolate silicon-based Lewis acids formed to limit byproduct formation. The addition of Mn powder could improve the efficiency of the reactions with less reactive esters or secondary alcohols and decrease the amount of costly CrCl2. Because

Mn is weak Lewis acid, non-toxic, and can reduce Cr(V). [15] Scheme 116. Cr/Mn-mediated elimination/rearrangement of 2,2-di-bromo-2-fluoroethyl esters

Triflylation of C(sp 2 ): vinyl triflones and aryl triflones

The trifluoromethanesulfonyl (Tf, SO2CF3) group is one of the strongest electronwithdrawing of the numerous fluorine-containing groups. [16] In combinaison with its high lipophilicity, CF3SO2-containing compounds could be used as structural units for potential treatment of cancer in pharmaceutical investigations, [17] design of catalysts or ligands in synthetic methodology [18] as well as building blocks of advanced functional materials in the industry. [19] For example, in the enantioselective In-meditated imine allylation reaction reported by Cook and co-workers, a novel modular BINOL 3,3'-perfluoroalkylsulfones was synthesized (Scheme 117). [18c] This enantioenriched catalyst afforded the final product with up to 99% ee, which is the highest selectivity in similar reactions. Compared to the previous structure, they found that presence of SO2CF3 played a crucial role in improving the enantioselectivity.

Scheme 117. Enantioselective In-meditated imine allylation reaction

Synthetic methods of aryl triflones

The traditional methods for the synthesis of aryltriflones are Friedel-Crafts triflylation reactions, nucleophilic trifluoromethylation reactions, Grignard additions of arylmagnesium compounds to (CF3SO2)2O, anionic thia-Fries rearrangements, oxidation of aryltrifluoromethyl sulfides, etc. However, among these transformations, there are still some limitations for the wide applications, such as low yields, poor substituents compatibility, harsh or expensive conditions, etc.

In 2016, Shekhar reported an innovative approach that achieves Pd-catalyzed formation of aryl-SO2CF3 bond from aryl triflates under neutral conditions by directly using inexpensive and available NaSO2CF3, which has never been used before, as nucleophilic coupling partner (Scheme 118). [20] The phrase-transfer catalyst, tris(3,6dioxaheptyl)amine (TDA), could accelerate the reaction, while the sterically bulky phosphine ligand RockPhos is used to address the difficulties in transmetalation and C-S reductive elimination from Pd(II) intermediate, [21] all of which account for poor nucleophilicity of NaSO2CF3. [22] They also proposed that transmetalation between NaSO2CF3 and (RockPhos)•Pd(aryl) (triflate) complex is the rate-limiting step.

Synthetic methods of vinyl triflones

As another attractive and useful structure, vinyl triflone, there are far fewer reports on its synthesis. The usual approaches are the reduction of acetylenic sulfones [23] and transformation of alkyl triflones, [24] or intramolecular triflyl migration (Scheme 119). [25] Scheme 119. Main methods for synthesizing vinyl triflones

Similarly, another innovation in 2016, a direct iodine-mediated regioselective C-H triflylation of alkenes was provided for the first time by Xu and Huang (Scheme 120). [26] From the proposed mechanism, they showed that iodine or CF3SO2I formed in situ acts as electrophile to obtain cyclic iodonium ion intermediate with styrene, and NaSO2CF3 salt acts as nucleophile to attack the formed ion in the Markovnikov manner. For NaHCO3, its alkalinity favored the removal of HI, while the role of CuCN here is uncertain.

Scheme 120. Iodine-mediated regioselective direct C-H triflylation of alkenes

Advanced monofluorination reactions via vinyl cations

As mentioned in Chapter Ⅰ (1.3.1.3), Niggemann used LiNTf2 as an electrophile to synthesize vinyl triflimides via vinyl cations. [27] This strategy of directly substituing heteroatoms with sp hybridized carbocations is gradually becoming a new research trend due to its mild conditions and efficient transformation. Three recent studies will be presented here.

In 2020, Wang and Liu developed a simple and practical metal-free approach to achieve stereodivergent monohydrofluorination of alkynes through the generated vinyl cations (Scheme 121). [28] They innovatively used the ready to handle and available 2,6-dichloropyridinium tetrafluoroborate as fluorine source, whose low nucleophilicity as hindered its use in sp 2 C-F bonds formation previously, to promote syn-protonation process and trap the intermediate cation. A good tolerance to functional groups has allowed to explore its application in further modulation and synthesis of fluorinated drug analogues.

The same year, they used this protocol for the stereoselective formation of (Z)-βentrifluoroacetenamido fluorides using BF3 as Lewis acid (Scheme 123). [30] A unique process here is that after the transfer of fluoride from N-coordinated BF3, an elimination of fluoride anion offers an imidoyl fluoride, which is then hydrolyzed to obtain the final structure. Their mechanism studies not only clearly explained the stereospecificity of the reaction, but also corrected the previous erroneous E isomers [31] by 2D ROESY NMR experiment and X-ray crystal structure analyses.

Scheme 123. Stereoselective formation of (Z)-β-entrifluoroacetenamido fluorides

The last Nelson's work on the fluorination of vinyl boronates was presented in 2022. [32] They switched to electrochemical generation of vinyl cations (Scheme 124). This fast reaction is carried out in the cation pool and involves two single-electron oxidations and the elimination of BF3 in the process. The simple fluoride salts TBAF act as the halide source, while TBABF4 is the electrolyte. New method of forming the sp hybridized cation would provide a complimentary and potentially divergent protocol in the synthesis of various olefinic compounds.

Conclusion

In this section we firstly discussed the functionalization of C(sp 2 )-X bonds: synthesis of aryl-, vinyl-monofluorides and triflones. As remarkable fluorine-containing structures are widely used in organic chemistry, medicinal chemistry and materials science, their synthetic methods have been already reported extensively. However, the use of vinyl cations as intermediate in the monofluorinated substitution process to establish C(sp 2 )-F bond only recently emerged. This direct and efficient nucleophilic substitution has prompted us to extend it to another important type of sp hybridized carbocations, i.e. aryl cations, and other significant fluoro-containing functional groups, triflones. In addition, the use of simple, less expensive, and more environmentally friendly inorganic salts as fluoride source is highlighted in this study. Thus, based on our previous work on vinyl cations, the first attempts at direct monofluorination and triflylation of vinyl cations as well as aryl cations with corresponding fluorine salts will be shown in the next section.

In a second part, the work of the Nelson group has been described. Using their typical Li + /WCAs catalytic system, they completed a TH polycyclizations through the attack of unreactive alkenes to generated allyl cations. As introduced in Chapter II, we already performed the reaction between functional C-C double bond of FSEEs and vinyl cations.

It is therefore reasonable, yet innovative, to imagine a nucleophilic attack of a nonreactive C-C double bond to vinyl cations using our catalytically active Li + /WCAs system. The preliminary outcomes of this project will also be represented in the following.

Results and discussion

Vinyl cations have recently emerged as useful intermediates in direct establishment of C(sp 2 )-F bonds. According to the above advanced research and based on our experience of vinyl cations chemistry, the direct monofluorination and triflylation of alkenes and arenes became the new goal in our group. In addition, the nucleophilic attack by olefins to vinyl cations is another meaningful challenge.

Compounds containing C(sp 2 )-F bonds

Monofluorination of arylvinyltriflates and aryltriflates

Compared to 2,6-dichloropyridinium tetrafluoroborate and TBAF as a source of nucleophilic fluorine, our proposal was to use simple inorganic salts, fulfilling this fluorinated process in a direct, less expensive, and more environmentally friendly manner. The typical arylvinyltriflate 1 was chosen as sp hybridized vinyl cation precursor to react with CsF, a common fluoride salt in initial tests (Table 10). And

LiHMDS was used to help the formation of CsOTf, which maybe not as stable as LiOTf.

However, keeping the same conditions as Li's work in our group, [36] we cannot find any desired vinyl fluoride product 2 despite all starting material was consumed.

Table 10. Initial tests of fluorination of vinyltriflates

The formation of aryl fluorides was also tested under the same strategy, but no reaction showed us that improved reaction conditions and selected triflinated salts are essential for further investigations.

For the synthesis of aryl triflones, similar conditions with Table 12 were tested. The addition of LiHMDS (helps forming LiOTf) or tris(2-(2-methoxyethoxy)ethyl)amine leaded to the consumption of starting material but no formation of product (Table 12, entries 1 and 2). However, all starting material was kept when using DCE as solvent at 40 o C (Entry 3). This part of attempt needs continuous study of conditions. 

Electrophilic cyclization reaction involving a C-C double bond

In this part, we want to perform the challenging intramolecular nucleophilic attack of an unactivated alkene to a vinyl cation to the unactivated olefin, thus forming a cyclization product. Firstly, compound 7 was synthesized as starting material and [Li][Al(pftb)4] was used as catalyst (Table 13). Encouragingly, the use of LiHMDS (1.0 eq.) as base in DFB at 80 o C afforded the five-membered ring compound 8 in 19% yield and the four-membered ring compound 9 in 12% yield (Table 13, entry 1). These two structures are considered to arise from two different nucleophilic attacks to the vinyl cation intermediate: the former is speculated as the product of olefin attack while the latter maybe from the attack by a C(sp 3 )-H bond (Scheme 127). Another hypothesis would be the migration of the double bond prior to cyclization, but the resulting 4-endodig cyclization is not likely. Replacing the solvent by pentane led to a slight improvement of the yields for both 8 and 9 (25% and 14% respectively, Table 13, entry 2). Utilizing [Li] Decreasing the temperature to 60 °C did not influence the results (Entry 6, 24% yield).

Other bases such as KHMDS and lithium diisopropylamide (LDA) were tested at 60 o C. It was found that adding KHMDS, resulted in an obvious decreased 11% yield (Entry 7), but the addition of LDA had virtually no effect on the yield of 8 (Entry 8, 25% yield). This result suggests that K + is a weaker Lewis acid and Li + is better in this transformation. Increasing the amount of [Li][Al(pftb)4] to 1 equiv. without base gave 9 in better yield (Table 13, entry 10, 27% yield), and the lower temperature made no change (Entry 9). This confirmed the unique role of WCAs in the formation of 9 which involves a true vinyl cation intermediate.

Adding a second Lewis acid with weakly coordinating anions and no base was detrimental to the formation of 8 (Table 14, entries 1-5). Notably, the addition of LiSbF6, which improved the content of Li + in reaction system, can give 9 in 21% yields (Entry 2). It inspired us that the enough existence of WCAs and addition of Li + maybe a good strategy to improve the transformation to 9.

essential in the formation of both two products, while suitable basic environment and WCAs affect the synthesis of 8 and 9 separately. This preliminary work needs further investigation, including optimizations and mechanism study.

Based on getting product 9, compound 10 with alkyl chain was synthesized to try activating inert C(sp 3 )-H bond by vinyl cation in this reaction system too (Scheme 129).

Scheme 129. Proposed formation of cyclic product 11

As shown in Table 16, no desired cyclization product 11 was obtained, but only the triflate decomposition compound 12 (Table 16, entries 1 and 2) when keeping the same condition as the former electrophilic cyclization. Changing solvent from pentane to DFB at 80 o C even decomposed all the starting material (Entry 3). Using toluene at 80 o C can maintain 65% of starting material but did not offer product 11 either (Entry 4).

It indicates that a simple C(sp 3 )-H bond is much harder to activate by vinyl cation compared to an allylic C(sp 3 )-H bond as in 7.

Conclusion

The first part of the attempts is based on recent developed strategies using sp hybridized cations to synthesize fluorinated compounds directly. Our aim is to keep [Al(pftb)4] -as weakly coordination anion to promote these processes. But the initial results by using common inorganic salts CsF and NaSO2CF3 were not in favor of the formation of the corresponding fluoro-containing structures. Thus, further attention will be paid on choosing additives in this catalytic system as well as other simple inorganic fluorocontaining sources.

For the nucleophilic attack by C-C double bond to vinyl cation, we got two new products that presumably come from olefin and C(sp 3 )-H bond acting as nucleophiles separately. The results indicate that the content of Li + , the nature of the counterion and the base affect the ratio of both products, but the formation of the five-membered ring product requires a certain alkaline environment, while the four-membered ring product more depends on WCAs. Future work will focus on investigating how these two factors lead to different structures and finding the optimal conditions to balance them so that this product reaction will be tunable.

Experimental

General Information

Unless otherwise noted, all reactions were performed in a glovebox under argon atmosphere with O2 and H2O levels < 0.5 ppm. All the glassware and stir bars were dried in a 120 o C oven for at least 24 h before use. Reactions were monitored using thin-layer chromatography (TLC) on silica gel plates (0.25 mm). The spots were visualized with ultraviolet light and/or potassium permanganate stain with heat as developing agent. Purification of reaction products was carried out by flash column chromatography on silica gel.

NMR characterization data was collected at 296 K on AM 250, AV 300 or AV 360

Bruker spectrometers operating at 250, 300 or 360 MHz for 1 H NMR, 13 C NMR and 19 F NMR. 

Synthetic procedure for vinyl triflates

To a stirred suspension of NaH (1.8 equiv, 0.72 g, 18.0 mmol) in dry toluene (50.0 mL) at rt was added a solution of ethyl 2-benzoyl-6-methylhept-5-enoate (1 equiv, 2.74 g, 10.0 mmol), which was synthesized following a previously reported procedure, [37] in dry toluene (10.0 mL) via cannula. The mixture was stirred at 85 °C for 1. 5 

CHAPTER IV: Applications of Aluminum Complexes as π-Lewis

Acid Catalysts

Introduction

Aluminum derivatives are widely used due a high natural abundance, low cost, wide activity range and relatively low toxicity. Aluminum in oxidation state 3 is the most stable form and is commonly used in chemistry owing to its strong Lewis acidity and high oxophilicity. Thus, more and more types of Al(III) complexes are being discovered from inorganic salts, to more sophisticated organic derivatives. Among these, the relevant new utilization of Al(III) halides or aluminate-based WCAs attract increasing attention. On the other hand, as an important complement to the σ-Lewis acidity of Al(III), the application of its π-Lewis acidity as a surrogate for noble transition metals is gradually becoming a research hot point. In this section, both these two kinds of Lewis acidity of Al(III) will be introduced in details. Additionally, the advanced strategies for improving the catalytic activity of Al(III) catalysts by designing inorganic complexes will be discussed. These strategies motivated us to extend our previous investigations on stabilization of vinyl cations to the metals such as aluminum, which

was not known to be a good π Lewis acid. Aluminum, which chemical symbol is Al and has an atomic number of 13, is a posttransition metal in Group 13 of the periodic table. It is a soft, non-magnetic, ductile metal that ranges in appearance from silvery white to dull gray (Figure 36). As the third most abundant element in the Earth's crust (after oxygen and silicon) and the most abundant metal (8.23% by mass), Al in nature has a strong affinity for oxygen to form Al-O bond, thus it is always found in oxides or silicates that becomes bound into rocks.

General properties of Al compounds

It is extremely rare as native free metal and exists as a minor phase in low oxygen fugacity environments. [1] At present, bauxite ore (AlOx(OH)3-2x) is the main metallic aluminum source and is mostly mined in Australia, China, Guinea and India. [2] The history of aluminum started as early as the 5 th century B.C. when alum was used as a mordant for dyeing. However, the first successful production of aluminum metal from the reaction of anhydrous aluminum chloride and potassium amalgam by Ørsted dates from the mid-1820s, and Wöhler, the credited discoverer of aluminum, was able to produce small pieces of this metal in 1845. [3] In 1886, Héroult and Hall discovered a process, named "Hall-Héroult process" that converts alumina Al2O3 into Al, which later combining with Bayer process that purify bauxite to get alumina, became the industrial large-scale production method that is in use worldwide up to now. [4] The first attempt to synthesize organoaluminum(III) complexes was made in 1859 by Hallwachs and Schafarik, who combined ethyliodide with aluminum metal to obtain ethylaluminum sesquioxide (EtAlI2-Et2AlI). [5] After that, until 1950s, Ziegler, along with Natta, initiated modern organometallic aluminum chemistry by first synthesizing alkylaluminum compounds from metallic aluminum, olefins and hydrogen (Scheme 130, eq 1). They then discovered that the active catalyst lithium tetraethylaluminate could activate titanium for the polymerization of olefins (Scheme 130, eq 2), which revolutionized polymer chemistry, and earned them the Noble Prize in 1963. [6] As the important uses of aluminum reagents as catalysts and as solid-state materials, this metal chemistry attracted huge interests since then. Therefore, the production of aluminum increased rapidly throughout the 20 th century and aluminum became a relatively cheap commodity ($2,440 per ton, while the price of zinc is$3,471 per ton, and gallium is $469,521 per ton).

Scheme 130. ( 1) First synthesis of alkylaluminum compounds;

(2) Linear polyethylene obtained by Ziegler's catalytic system

Physical properties of aluminum

Aluminum is a good reflector, its mirrors are the most reflective for the near ultraviolet and far infrared (up to 98%), and one of the most reflective in the visible spectrum (around 92%). Its solid-state density is 2.70 g/cm 3 , which means it is much lighter than other common metals and makes it identifiable. Aluminum is soft, ductile, and not very resistant: its limit of elasticity is from 7 to 11 MPa (that of aluminum alloys, which aluminum is the predominant metal, is as much as 600 MPa) and its elongation is from 50 to 70 %. As an excellent thermal and electrical conductor, it is superconducting and has a high thermal conductivity of 237 W/(m . k) (that of water is 0.598 W/(m . k)).

Its electron configuration is [Ne]3s 2 3p 1 , so aluminum can easy give up the three valence electrons. [7] 27 Al is the only primordial isotope of aluminum on Earth and almost all aluminum is present in this form. It is therefore a mononuclear element, useful in NMR spectroscopy because of its high sensitivity as a single stable isotope. [8] For comparison, all other aluminum isotopes are radioactive and 26 Al is the most stable among them.

Chemical properties of aluminum

Aluminum has both pre-and post-transition metal characteristics. It could react with most nonmetal under heating conditions and form intermetallic compounds with metals of almost any groups. Its principal thermodynamic oxidation state is +3 since the inner electrons shield almost completely the valence electrons. [9] The Al(III) cation has a small radius but is highly charged with strong polarization, which means that it is a good hard Lewis acid which prefers hard donors such as oxygen (O), fluoride (F) and nitrogen (N). Therefore, Al(III) cation has a high oxophilicity and tend to form a covalency. As a result, Al(III) can form a variety of complexes with monodentate and multidentate ligands, and the coordinating number of Al(III) is usually from four to six, changing the structures to tetrahedral, pyramidal or octahedral (Figure 38). [10] Although increasing the number of coordinations can decrease the Lewis acidity of Al(III), the use of electron-withdrawing ligands or the formation of a cation can change this situation.

Figure 38. Representative examples of aluminum compounds

Compared to several compounds that contain Al(II), such as [(Me3Si)2HC]2Al-Al[CH(SiMe3)2]2, the first characterized tetraalkyldialane reported in 1988, [11] the isolation of Al(I) has remained challenging because of its thermodynamic instability.

However, stable aluminum compounds with low oxidation state have been synthesized

based on the strategy that used sterically demanding and/or highly σ-and π-donor systems (Figure 39). [12] The first stable Al(I) complex, the tetrameric complex monomeric, solid state Al 1+ complex by using Dipp β-diketiminate ligand (BDI). [13] All these are neutral but recently, isolable aluminate anions have been developed, and these new species could behave alternatively as nucleophiles. [14] Figure 39. Representative examples of stable Al(I) complexes

Effects on biology and environment

Aluminum has no known biological uses and remains classified as a non-carcinogenic.

However, it is the main factor that reduces plant growth in acidic soils, as toxic Al(III) concentrates further disrupt root growth. On the other hand, the process of producing aluminum could emit greenhouse gas, such as sulfur dioxide, also a precursor of acid rain.

Applications of aluminum metal and compounds

Since the physical, chemical, and low-toxicity characteristics presented above, aluminum is generally used in alloys to greatly improve mechanical properties. Thus, aluminum exists around us in the daily life: from transportation and construction to aluminum foils and beverage cans. Aluminum oxide and sulfates are two mainly applicated compounds, the former can be widely used as an abrasive due to its high hardness and support industrial catalysts because of its extraordinary chemical inertness, while the latter is mainly used in water treatment and paper making.

Al(III) Lewis acids in organic synthesis

As mentioned previously, Al(III) constitutes the vast majority of aluminum chemistry.

The exploration of various types of Al(III) compounds with higher thermodynamic stability and increased reactivity continues to be a research hot spot. The breadth of work on aluminum is such that there are approximately 78000 relevant citations in 2021 alone. Thus, this section will only focus on a main sort of the Al(III)-based Lewis acids:

Al(III) halides complexes, and their corresponding reactivities.

Catalytical behaviors of AlX 3 Lewis acids

Before discussing the main Al(III) Lewis acid catalysts, we will firstly introduce the two roles that organometallic Lewis acid catalysts often play in selective transformations. Based on the different activation methods, the one prefer to coordinate with heteroatoms is called σ-Lewis acid; while another represents stronger strength to coordinate with carbon-carbon multiple bonds also called π-Lewis acid (Scheme 131). [15] Scheme 131. Activation by σ-and π-Lewis acids

The former is a classic Lewis acid that forms strong σ-complexes with carbonyl or imines, usually belonging to main group elements (such as AlCl3, BCl3), and lots of well-known reactions start in this manner (Friedel-Crafts, Diels-Alder, etc.). [16] Whereas late transition metal catalysts (e.g. AuCl3, PtCl2) often exhibit bifunctional ability, namely they are able to coordinate with both heteroatoms and carbon-carbon multiple bonds. [17] This can be explained by Hard and Soft Acids and Bases (HSAB) theory that the hard Lewis acids such as Al3 + prefer bonding to the hard bases such as O, while soft acids prefer bonding to the soft bases. [18] Our group is interested in Group 13 metals for their π-Lewis acidity, and has reported that a series of metal complexes, such as InCl3, GaCl3, [IPr . InBr2][SbF6],

[IMes•GaCl2][SbF6] etc., can catalyze hydroarylation of arenynes through activation of C-C triple bond, similar to late-transition-metal catalysts (Scheme 132). [19] However, boron and aluminum are too hard to activate a π-system, at least in theory. Nevertheless, harnessing the carbophilicity of aluminum compounds attracted our attention and motivated us towards further investigations.

Scheme 132. Group 13 metal salts catalyzed hydroarylation of arenynes as π Lewis acid

Of note, in a theoretical study reported by or group, [19a] it was found that the entire group 13 metal salts of type MX3 (M = In, Ga, Al, B; X = Cl, OTf) are carbophilic enough in the gas phase (Scheme 133). The difference of activity in coordinating with C-C unsaturated bonds comes from their solubility in apolar solvents: compared to InCl3 and GaCl3, AlCl3 is only soluble in heteroatom-containing polar solvents, which can trap it. Thus, the designed π-electrophilic Al(III) compounds should be more activated and react with more activated starting materials. However, given their important role in organic synthesis, π-electrophilic Al(III) Lewis acids attract more and more attention.

Scheme 134. Formation of stable AlCl 4 -ions in Friedel-Crafts type reactions

Friedel-Crafts reactions

As mentioned above, Friedel-Crafts reactions are divided in electrophilic acylation and alkylation of aromatic nucleophiles. It has a broad scope that is often summarized by a wide range of aromatic C-H substitutions and the AlCl3 promoted reactions. Thus, Friedel-Crafts reaction, especially the alkylation type, remains a very powerful tool for C-C bond formation. As the most important catalyst in this transformation, AlCl3 was used in major industrial catalytic process since the late 19 th century. [25] Until now, the use of AlCl3 still keeps being the subject of continued investigation in this acylation and alkylation processes of arenes and heteroarenes.

For instance, Day and Kangani developed a cyanuric chloride and AlCl3 promoted

Friedel-Crafts acylation of carboxylic acids under mild and simple conditions. [26] Both inter-and intramolecular acylation processes that used aromatic and aliphatic carboxylic acids as acylating reagents can be achieved in high yields in short times (Scheme 135). Carboxylic acids are usually a better choice than acyl chlorides because they lead to water as byproduct instead of HCl. [27] Cyanuric chloride was added for activating the acids as well as increasing the efficiency of AlCl3. [28] yields. [30] In addition, the authors suggested that this process may generate AlBr3 activated carbon dioxide, which acts as an electrophile which is attacked by the aromatic nucleophile.

Scheme 137. Carboxylation of arenes

Diels-Alder reaction

Since 1960, AlCl3 was found as an efficient catalyst in Diels-Alder reactions. [31] As the mainstay of forming two new σ bonds from intermolecular combination of diene and dienophile, tandem reactions that include a Diels-Alder step are an important part in establishing various cycloaddition structures. For instance, Davies group realized the formation of [4+3] cycloadducts from using an AlCl3 promoted tandem Diels-Alder cycloaddition/ring expansion process (Scheme 138). [32] In this transformation, cyclopentadiene and methacrolein can react to furnish the cycloaddition product with excellent diastereocontrol, of which the 3-endo diastereomer is the major one. They found that 2-substituent of acrolein was necessary to maintain the tendency of subsequent ring expansion and the ring strain also plays a significant role, as crotonaldehyde or cyclohexadiene cannot provide the final products.

Scheme 138. AlCl 3 promoted tandem Diels-Alder cycloaddition/ring expansion reaction

However, the Diels-Alder reaction usually has limitations among highly substituted compounds due to the steric hindrance. In Jung's group, they changed the situation by developing a new mixed Lewis acid system AlBr3/AlMe3 catalyst in the general

The so generated coordination complex could control the regio-and stereoselectivity of products. Among them, aluminum halides act as important catalysts in such transformations. For example, Miyahara and coworker reported a AlCl3 mediated aldol cyclocondensation reaction of 1,6-diones, forming cyclopentene compounds in high yields (Scheme 141). [36] The reaction was driven irreversibly by removing the formed HCl and Al(OH)3, therefore AlCl3 acts as both Lewis acid and dehydrating reagent. As in MacMillan's group, AlCl3 was used to catalyze the reaction between crotyl morpholine and propionyl chloride, which through a [3,3]-sigmatropic rearrangement of a zwitterionic allyl-vinylammonium complex under the appropriate charge oritentation forms the final 1,2-disubstituted adduct (Scheme 143). [37] Tertiary amine i-Pr2NEt as a role to promote the dehydrohalogenation of acid halides, [38] then the in situ formed ketene could be activated by AlCl3. Compared to the previous thermal control or charge-accelerated process, this Claisen variant that includes activation/addition/rearrangement sequence can be performed with catalytic quantities of Lewis acid and showed an excellent level of diastereoselectivity. More importantly, it offered an appealing platform for the enantioselective study of Claisen rearrangement.

Scheme 143. AlCl 3 -catalyzed Claisen rearrangement

Advanced applications of Al(III) Lewis acid in synthetic reactions

In the following part, the recent Al(III)-catalyzed reactions of polar groups and unsaturated C-C bonds will be discussed. However, from the activation procedures in both these two aspects, it can be seen that the reports on utilizing Al(III) catalysts as carbophilic Lewis acids are still few so far.

Al(III) Lewis acid catalyzed reactions of polar groups

This part of reactions starts from the coordinating of Al(III) with heteroatoms, such as oxygen. It is known that converting CO2 into environmentally friendly organic compounds with economic value is a crucial way for green and sustainable chemistry to withstand the current severe climate change. [39] Here, we introduce two main transformation methods of turning carbon dioxide into organic compounds: copolymerization and CO2 insertion.

Hasegawa's group reported the copolymerization of cyclohexene oxide (CHO) and CO2 catalyzed by 0.001 mol% bifunctional Al(III) porphyrins with quaternary ammonium chloride or bromide under conditions of 120 o C, 10000 h -1 of turnover frequency (TOF) and 55000 of turnover number (TON) (Scheme 144). [40] The straightforward synthesized poly(cyclohexenecarbonates) (PCHC) have a molecular weight up to 281,000, which is sustainable and biodegradable material with favorable properties on glass transition temperature and tensile strength. which is dominated by hydrosilylation of unsaturated compounds. Notably, the new work on electrophilic activation of alkynes will also be discussed here as it emerges in carbophilic Al(III) Lewis acid.

Al(III) Lewis acid in hydrosilylation of alkynes

Hydrosilylation of alkynes means the addition of Si-H bond across unsaturated C-C bonds, which is a convenient method of synthesizing organosilanes, but usually induced by radical initiators or by transition metal catalysts. Here another important part about hydrosilylation of alkynes will be discussed through relevant works.

Yamamoto was one of the earliest chemists to use AlCl3 to catalyze hydrosilylation of alkynes. [42] In 1996, his group discovered that, compared to the mixture of cisand trans-alkenylsilanes that the radical-induced procedure often yields as well as the highly stereoselective cis-hydrosilylation products with low regioselectivity from transition metal catalysts. With AlCl3 as Lewis acid, the formation of cis-alkenylsilanes with high stereoselectivity and excellent yields is favored. They hypothesized that this trans-hydrosilylation proceeds via the coordination of AlCl3 with the acetylenic bond, the resulting π-complex generated is then attacked by the silane hydride on the opposite side of AlCl3, generating a vinyl-aluminum complex and silylium ion (Scheme 147).

Scheme 147. Proposed mechanism of trans-hydrosilylation catalyzed by AlCl 3

It appears that AlCl3 acts as carbophilic catalyst here, but work by Jung's group challenged this by the deuterated experimental results of hydrosilylation of 1,6heptadiyne. [43] They found the deuterium is delivered at C3 of the ring, meaning that the intermediate is strongly positive and abstracts the deuteride. Based on this, they suggested a more reasonable mechanism whereby Al(III) activates the silane to generate trialkylsilyl cation, which then adds to diyne, forming a β-carbocation to the silyl group, which cyclizes to finally yield the desired product with excellent regio-and stereoselectivity (Scheme 148).

Scheme 148. Mechanism of hydrosilylation of 1,6-heptadiyne catalyzed by AlCl 3

For the moment, the second mechanism is more favorable according to many experimental works and it is strongly indicated that the adduct [RnAl … H … SiR'3] can be formed due to the Lewis acid aluminum center. [44] Thus, this hydroheteroatom addition cannot be defined as a Lewis Al(III) carbophilic acid catalysis process.

Al(III) Lewis acids in electrophilic activation of alkynes

Gu and Guo recently reported a Friedel-Crafts cyclisation promoted by a catalytic amount of AlCl3, affording moderate to excellent yields of phenanthrene derivatives. [45] This intramolecular hydroarylation of alkynes with arenes tolerates functionalities such as halide, alkoxy, alkyl, hydroxyl, carbonyl, methoxycarbonyl, nitro and cyano. The strong electron-donating groups methoxy and ethoxy in R 1 position can retain the corresponding products in yields greater than 88%. For a detailed mechanism, they conducted isotope-labeling experiments, getting a value of KH/D of 0.7. [46] This indicates that in the reaction procedure a sp 2 reaction center became sp 3 -type transition state. Therefore, they propose a mechanism based on this: the alkyne activated by coordination with AlCl3 is attacked by arene moiety as a nucleophile, getting the Wheland intermediate, [47] which then goes through deprotonation and protolysis process to afford hydroarylation product (Scheme 149). Akhmetov and Amsharov provided another example by using activated alumina to activate enynes, diynes and arene-ynes to form cycloisomerization products with good yields in temperature from -78 o C to 190 o C under vacuum (Scheme 150). [48] They explained this, by offering a DCD model in similar mechanism that mimics transitionmetal-behavior through DFT calculations, which is a step forward in the study of elements without d-orbitals act as carbophilic π-Lewis acid.

olefin ring-closing metathesis process (Scheme 152). [51] This protocol was particularly effective in forming 6-and 7-membered ring structures whose yields were low in former reports, but with yields decreasing obviously when moving to 5-membered cycles. [52] The structure of [AlCl2][SbF6] is supported by control experiments in which it is formed directly from the mixture of AlCl3 and AgSbF6 and a white solid corresponding to AgCl was identified by X-ray powder diffraction.

Scheme 152. Formation of medium-sized rings from carbonyl-olefin ring-closing metathesis

This bimetallic ion pairs act as a stronger Lewis acid with increased electrophilicity of Al center. [53] This is what our group has also applied for more than a decade in the chemistry of gallium. [54] The Lewis acidity of Al(III) is determined by the nature of the ligands, the dissociation equilibrium between (AlX3)2 dimers and AlX3 monomers, and the nature of the pair of L . AlX3 adducts. It is known that AlX3 tends to strongly associate via halide bridges in nonpolar solvents and can be activated by dimeric association with the same or different electrophiles. Thus, as shown in Figure 42 The applications of such bimetallic ion pairs have also been discovered in other Group 13 metals. In the work of Corey's group, InI3 was cationized by halide abstraction with AgSbF6, which resulted in the formation highly catalytically active complex [InI2] [SbF6] (Scheme 154). [55] This ligandless cation [InI2] + has two vacant low-lying p-orbitals and shows specially high affinity for the two orthogonal π-bonds of C-C triple bonds. This catalytic system can thus act as an efficient complex for the selective activation of C-C triple bonds to initiate cationic cyclizations.

Scheme 154. Generation and application of InI 2 + in cationic cyclization

Then, our group also discovered this enhanced catalytic ability of cationized [InBr2] [SbF6] in initiating the cyclization process (Scheme 155). [19d] In the dihydroarylation of arenyne with anisole, the joint use of InBr3/AgSbF6 showed much higher reactivity (isolated yield 65%) than addition of soluble InBr3 alone (isolated yield 12%).

Conclusion

As a widely used main group metal, aluminum plays a significant role in catalysis. In this introduction, we discussed the general properties of aluminum compounds, emphasizing its hard oxophilic Lewis acidity. Recent Al(III) catalytic applications were discussed, but reactions with polar groups or with unsaturated compounds are mainly focused on the σ-electrophilic Lewis acidity of aluminum in homogeneous catalysis. Likewise, we reported that the reaction of 7-alkynylcycloheptatrienes 11 with gold, platinum, mercury, gallium and indium catalysts leads to its skeletal reorganization into the regioisomeric indenes Ⅰ and Ⅱ in 1,2-dichloroethane (DCE) or toluene (Scheme 159-A). [67] With harder Lewis acids like silver, gallium, copper, and calcium series, or even a Brønsted acid such as HOTf, the bicyclic product Ⅲ is obtained (Scheme 159-B). This occurs through the rearrangement of the 7-alkynylcycloheptatriene moiety into a phenylallene, [68] which undergoes rapid hydroarylation by the pendant phenyl group.

Moreover, in DCE, a solvent that can give protons, in the presence of AgSbF6 or SbF5, [69] or by using HNTf2, the conversion of Ⅲ into the tricyclic compound Ⅳ is observed with time, which corresponds to the hydroarylation of the styrene moiety through a benzylic carbocation (Scheme 159-C).

Therefore, in this work, we were able to use the "cycloheptatriene test" for the first time to analyze the catalytic behavior of Al(III) salts, which is the beginning of expanding the scope of π-acid catalysis to aluminum.

(Entry 5), 57% yield of products can be obtained. It means that IMes . AlBr3 adduct does not have the similar catalytic activity as Ga or In analogues. In addition, we tried to obtain crystal from the mixture of IMes . AlBr3 and AgSbF6 and monitor by NMR the putative anion metathesis process, yet without success. From the results in Table 18, we were pleased to see that although AlBr3 alone cannot promote the cycloisomerization (Table 18, entries 1-2), the addition of AgSbF6 remarkably improved the yield of 12a-c to 66% (Table 18, entry 3). Changing the solvent to toluene was found to be deleterious (Table 18, entry 4). In addition, the use of AlCl3 resulted in decreased yields in DCE and toluene (Table 18, entries 5 and 6). A trial to reduce the catalyst loading from 20 mol% to 10 mol% was performed in both solvents (Table 18, entries 7 and 8), but led to a decrease in yield. According to the structures of these cycloisomerization products, 12a and 12b belong to bicyclic product III in Scheme 159, while 12c belongs to tricyclic compound IV in Scheme 159, these results are consistent with the well-known hard Lewis acidity of Al(III). This transformation may prove the π-electrophilic Lewis acidity of the putative [AlBr2] [SbF6]. [70] This promising result inspired more utilizations to be investigated. This transformation is a good proof that the carbophilic Lewis acidity of Group 13 metal is useful in catalyzing elaborated reactions. We have therefore applied for the first time the putative [AlBr2] [SbF6] complex in this cyclization process.

Applications of [AlBr

Scheme 162. important role of ester group in gallium catalysis mechanism

Optimizations for dihydroarylation of arenynes a. Initial tests

The reaction was firstly carried out under the same conditions as before, with 20 mol% of AlBr3 and 20 mol% of AgSbF6 acting as precatalysts in DCE at 80 o C (Table 19, entry 1). Very satisfyingly, an 80% yield of the dihydroarylation product 3a and 15% yield of the cyclization product 4a were obtained in the initial attempts. Therefore, we wished to continue to improve the ratio of 3a and 4a in the further optimization. As mentioned before, other Al(III) halides were tested at the same time (Table 19, entries 2-3). However, both AlCl3 and AlI3 showed less catalytic activities (63% and 77% respectively). A further attempt to decrease the loading of the catalytic system was made, but it proved deleterious (33% yield, entry 4). Lowering the temperature to 50 As mentioned earlier, our group was able to obtain the dihydroarylation product 3a by using GaCl3 alone as catalysts (10 mol%, DCE, 80 o C, 10 h). [64a] Thus, keeping the 1,6-Arenynes with a 3,5-dimethyl-and 3,5-dimethoxy-substituted aromatic ring 1b and 1c showed good reactivities with anisole to provide 3b and 3c in 71% and 41% yields respectively. Despite 3c gave a lower yield than 3b, which may result from a chelation effect of two methoxy groups with the catalyst, [AlBr2] [SbF6] appears to be efficient.

b. Tests of other Group 13 elements

Ortho-substituted anisole derivatives could be used successfully to form 3d and 3e in moderate yields (49% to 29% respectively). The use of anisole derivatives with electron-rich groups, e.g 1-methoxy-2-methylbenzene and dimethoxybenzene, led to products 3f and 3g in very good isolated yields of 74% and 70%. These are consistent with our dihydroarylation results catalyzed by [Ga] or [In] in that electron-rich substituted phenyls show more reactivity in the second step of Friedel-Crafts type process, but the potential chelation inhibition effect from dimethoxybenzene leads to weak reactivity. [64c] In addition, 3d, 3e, 3f gave rise to single crystals and their structure was confirmed by X-ray diffraction (as shown in the experimental part). Protected indole 1-(phenylsulfonyl)-1H-indole allowed the formation of product 3h, which was isolated in 73% yield.

b. Limitations

There are also some incompatible substrates that cannot react with the cyclization intermediate. For example, 1,3,5-trimethoxybenzene and allyltrimethylsilane were tested as nucleophiles, but the desired products were not obtained (Table 23, entries 1-2). For the 1,6-arenyne part, nitrogen-tethered terminal 1,6-arenynes (3) did not furnish the desired product. Attempts then focused on extending the applications to normal 1,6enynes in the cyclization process, however no reaction was happened either (Entry 4-

5).

Table 23. Limitations of the scope of bimolecular dihydroarylation Notably, only 1,6-enyne 13a via skeletal rearrangement is converted to 14a in 29% yield in toluene by increasing temperature and time (Scheme 163, eq 1). According to the literature, this is the first time that aluminum has been used for skeletal rearrangement. As for 1,6-arenyne 1i with 3,4,6-trimethyl aryl, two types of cycloisomerization products 4i and 17i with a partial shift of the double bond were obtained in much lower yields (24% for 4i, 5% for 17i respectively) (Scheme 163, eq

Scope of hydrogenative cyclization of 1,6-arenynes

This cyclization/hydrogenation process was then extended to three other substrates 5a, 5b and 5i (Table 25). The desired products were isolated in good to excellent yields: 1b and 1i gave rise to corresponding 5b and 5i in 79% and 72% yield separately. Compared to our previous work that used [IPr . GaCl2] + as catalyst in such hydrogenative cyclization process, here [AlBr2] + represents unique value that it is much cheaper and does not need NHC to stabilize it at all. 

[AlBr 2 ][SbF 6 ] catalyzed ring closing carbonyl-olefin metathesis

It is known that activation of the carbonyl group by σ-Lewis acid can lead to a carbonylolefin metathesis process, which is an expedient way to get cyclic alkenes structures.

Schindler et al have shown that FeCl3 and GaCl3 are particularly efficient mediators of such transformations. [72] In 2019, our group also reported a cationic NHC-stabilized gallium dichloride [IPr•GaCl2][SbF6] (generated in situ from IPr•GaCl3 and AgSbF6) catalyzed tandem carbonyl-olefin metathesis/transfer hydrogenation to synthesize medium-sized carbocycles (Scheme 165). [54e] This kind of 1,2-cis-disubstituted cyclopentanes products displays scaffolds that can be found in a variety of biologically active compounds.

Conclusion

In this section, we have explored the behavior of a superelectophilic Al(III) ion pair, Following the general procedure, product 3a was obtained as white solid in 80% yield after purification. Following the general procedure, product 3f was obtained as white solid (m.p. = 145-147 o C) in 74% yield after purification. Following the general procedure, product 3g was obtained as white solid in 70% yield after purification. 

General procedure for hydrogenative cyclization of 1,6-arenyne

AlBr3 (20 mol%, 10.67 mg) and AgSbF6 (20 mol%, 13.74 mg) were charged in a 10.0 mL tube equipped with a Teflon-coated magnetic stir bar in the glovebox. Dry DCE (1.0 mL) was added, and the mixture was stirred at rt for 5 min, then arenyne 3 (1.0 eq., 0.2 mmol) was introduced. The tube was capped with a rubber septum. 1,4-CHD (3.0 eq., 0.6 mmol, 57.0 L) was added through the septum with a Hamilton® syringe. The mixture was then heated at 110 °C and the reaction progress was monitored by TCL.

After completion, the reaction mixture was filtered over a pad of celite which was rinsed with ethyl ether. Volatiles were removed by rotary evaporation under vacuum. The crude was purified by FC (SiO2, Cy/EtOAc, 95/5) afforded corresponding hydrogenative cyclization products 5.

Dimethyl 4-methyl-3,4-dihydronaphthalene-2,2(1H)-dicarboxylate 5a

Following the general procedure, product 5a was obtained as colorless oil in 65% yield after purification. 

Procedure for transfer hydrogenation of alkenes

AlBr3 (20 mol%, 10.67 mg) and AgSbF6 (20 mol%, 13.74 mg) were charged in a 10.0 mL tube equipped with a Teflon-coated magnetic stir bar in the glovebox. Dry DCE (1.0 mL) was added, and the mixture was stirred at rt for 5 min, then 2,3,4,5-tetrahydro-1,1'-biphenyl (1.0 eq., 0.2 mmol, 32.0 L) was introduced. The tube was capped with a rubber septum. 1,4-CHD (3.0 eq., 0.6 mmol, 57.0 L) was added through the septum with a Hamilton® syringe. The mixture was then reacted at rt, and the reaction progress was monitored by TCL. After completion (around 4 h), the reaction mixture was filtered over a pad of celite which was rinsed with ethyl ether. Volatiles were removed by rotary evaporation under vacuum. The crude was purified by FC (SiO2, Cy 100%) afforded corresponding transfer hydrogenative products 6 as colorless oil (31.36 mg, 98%). 

1 ACKNOWLEDGEMENT

 1 This PhD thesis work was performed from October 2018 to November 2022, in Université Paris-Saclay, at the lab of ICMMO (Institut de Chimie Moléculaire et des Matériaux d'Orsay), in the research group of ECM (Equipe Catalyse Moléculaire), in

  Thanks to the teachers in technique platforms of XRD, NMR and Mass: Dr. Régis GUILLOT, Jean-Pierre BALTAZE, Amandine Dos SANTOS, Tanya INCEOGLU and Hélène MAISONNEUVE. They played high quality roles in leading and providing us a super nice atmosphere in research work. It's impossible to fulfill my research and publications without their superb technology and strong support. The special thanks could be expressed to Jean-Pierre BALTAZE, his kindness and selfless help encouraged me a lot when I encountered technique problems. Great thanks could be donated to my super nice working partners, the professors, and colleagues in ECM group. Thank Dr. Emmanuelle SCHULZ and Emilie KOLODZIEJ, who gave me family-like care and help, Dr. Aurélien ALIX, who spoken French to me patiently and gave me practical advice. And thank Pr. Giang Vo-THANH, Dr. Jerôme HANNEDOUCHE, Dr. Martial TOFFANO, Dr. Mohamed MELLAH, Dr. Richard GIL, Dr. Sophie BEZZENINE and Dr. Chloée BOURNAUD for their warm help whenever I need. Thank all the nice members that I've interacted with, including postdocs, PhD students and internship students in ECM: Dr. Solène MIASKIEWICZ, Dr. Stéphane WITTMANN, Dr. Yuchao YUAN, Dr. ShengdongWANG, Dr. Chenxiao QI, Dr. Quentin Gaignard-GAILLARD, Dr. Alexandre DJUROVIC, Dr. Dongliang WANG, Dr. Zhilong LI, Dr. Guillaume FORCE, Dr. Marie VAYER, Dr. Sakna BAZZI, Dr. Louis CHASSILLAN, Dr. Mariam Abd El SATER, Dr. Sandra ABIFAYSSAL, Dr. Shengwen YANG, Dr. Jiaxin TIAN, Dr. Zhiwei JIANG, Sophie RODRIGUES, Adrien STADLER, Charlie LACROIX, Donghuang CHEN, Hailong ZHANG, Julie KONG, Esther CHATEIGNE, Liangjian HU, Wenhua LIN, Xiangmeng CHEN, Hui DONG, Djamila AZROU, Arnaud ESPIED, Abdul-halim OBEID. It's gratitude of working with them, their warm encourage and communications not only supported me in studies but also in my daily life in France. Their accompany provided me four years of happiness and enrichment: picnic, barbecue, fondue, karaoke and so on. I'm so lucky to meet such wise and interesting colleagues. I also acknowledge the funding of CSC (China Scholar Council) to support my PhD study and research work. The unforgettable experience in France gave me a valuable academic study and broaden horizons.

  synthèse organique, les intermédiaires carbocationinques jouent un rôle essentiel et de nombreuses transformations en découlent. Leur formation est généralement l'étape clé pour le succès d'une réaction. Certaines avancées dans ce domaine ont même permis d'accéder à des carbocations que l'on croyait difficilement réalisables comme les carbocations vinyliques ou aryliques. L'accès à ces intermédiaires de haute énergie ouvre la voie à de nouvelles méthodologies hautement sélectives. Parmi eux, la synthèse de composés fluorés est toujours une partie importante de la synthèse organique car les fluorures sont omniprésents dans les produits pharmaceutiques, agrochimiques ou dans les matériaux. L'incorporation sélective et efficace d'atomes de fluorure dans des structures organiques moléculaires reste un domaine de recherche florissant. Notre stratégie a consisté autiliser des carbocations hybridés sp comme intermédiaires pour réaliser efficacement diverses synthèses de composés fluorés. Cela représenteun alternative aux méthodes complémentaires en établissement directement des liaisons C(sp 2 )-F et des liaisons C(sp 2 )-SO2CF3. De plus, la catalyse homogène avec un métal du groupe principal à faible coût et faiblement toxique suscite de plus en plus d'intérêt. L'élargissement de leurs champs d'applications, en particulier dans l'activation π-électrophile, signifie que les métaux du groupe principal pourraient devenir des substituts des métaux nobles. L'aluminium, qui est le troisième élément le plus abondant de la croûte terrestre, a été rarement utilisé dans ce type d'activation carbophile, et pourtant est un acide de Lewis usuel. Notre objectif dans ce travail de thèse a été d'exalterla carbophilie des complexes Al(III) et d'appliquer cette nouvelle capacité catalytique à différents types de processus de synthèse. La synergie en son oxophilieet sa carbophilie fournirait à l'aluminium une valeur synthétique unique dans les cyclisations sélectives ou d'autres réactions.

  N 1 catalysée par squaramide/Li + de triflates de vinyle avec des difluoroénoxysilanes via des cations de vinyle L'élément fluor est abondant sur terre et de nombreuses molécules bioactives en contiennent. Il a été découvert que l'incorporation d'un ou plusieurs atomes de fluor dans des structures organiques pouvait modifier considérablement leurs propriétés physiques, chimiques et biologiques. Ainsi, la fluoration sélective estun 'intérêt synthétique majeur. Parmi eux, l'introduction de la fraction CF2 est hautement souhaitable et beaucoup moins renseigné que l'incorporation d'unités CF3. À cet égard, la synthèse directe d'α,α-difluorocétones fonctionalisées est encore limitée, en raison de la réactivité assez faible des énolates fluorés dans les procédés de piégeage électrophile. Dans cette section, la chimie organofluorée sera introduite à partir des caractéristiques de l'élément fluor, des propriétés apportées par la fluoration, des propriétés de la liaison C-F aux applications de la fluoroalkylation en méthodologie synthétique.
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 6 Figure 6. Electronic structure of methylene and vinyl cation

  this situation, the chemical shifts are  C β = 71.4 ppm,  C α = 208.7 ppm, and two signals of four trimethylsilyl groups at  = 0.14 and 1.59 ppm respectively.
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 7 Figure 7. β-silyl-substituted vinyl carbocation
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 8 Figure 8. X-ray structure of β-silyl-substituted vinyl cation (counterion omitted for clarity)
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 10 Figure 10. Schematic Gibbs energy profiles (kcal/mol) for the ionization of vinyl bromides and benzhydryl bromides (Figure is copied from ref [66])
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 4 -becomes an alternative to the more traditional borate-based WCAs. But the oxophilic electrophiles (eg.: [P2Br5] -or Ag -/PCl3 mixtures) or more fluorophilic electrophiles (eg.: [SiMe3] + ,
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 14 Figure 14. Bond lengths (Å), angles (∠, in degrees) and dihedral angles (∠, in degrees) for the (a) singlet and (b) triplet 4-methylphenylium ion
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 15 Figure 15. Phenyl carborane adducts 7-Ph-CHB 11 Cl 11 and 12-Ph-CHB 11 Cl 11 (Figure is copied from ref [74])
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 69 Scheme 69. Photoinduced metal-free formation of aryl alkynes

  CHAPTER II: Squaramide/Li + -Catalyzed Direct S N 1-Type Reaction of Vinyl Triflates with Difluoroenoxysilanes through Vinyl Cations1. IntroductionThe element fluorine is abundant on earth and many bioactive molecules contain it. It has been found that the incorporation of one or more fluorine atoms into organic structures could dramatically change their physical, chemical, and biological properties.
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 16 Figure 16. Abundance of elements in Earth's crust (Picture from U.S. Geological Survey) Fluorite: Pink globular mass with crystal facets
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 1912121 Figure 19. Main approaches in cleavage of C-F bond

  Scheme 81. "On-water" difluoroalkylation with silyl difluoroenol ethers (Image is copied from ref[24])

  calculations showed that, compared to the ground states of [BrettPhos•Pd(Ar)(CF3)], in transition state the Pd-CF3 distance is substantially elongated while the Pd-Ar distance remains essentially unchanged, meaning that BrettPhos assists the cleavage of the Pd-CF3 bond and lowers the activation energy.
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 83 Scheme 83. Trifluoromethylation of aryl chlorides
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 8913 Scheme 89. Synthesis of aryldifluoroacetates through Cu-mediated aromatic difluoromethylation reaction
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 2223 Figure 22. Difluoromethylketones: key structural features
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 32 Synthetic approaches to α,α-difluoroketones Despite the importance of difluoromethyl ketones, their synthesis remains a challenge compared to the well-developed trifluoroalkylation. The general logical ways to synthesize α,α-difluoroketones can be separated into two parts based on the different source of fluorines: one is fluorination with external fluorine-containing reagent through C-F bond formation, while another is functionalization of pre-fluorinated

Figure 25 .

 25 Figure 25. Novel activation model of FSEEs by chiral amines

Figure 29 .

 29 Figure 29. NMR observation for [Li][Al(pftb) 4 ] in increasing solubility of F

Figure 30 .

 30 Figure 30. Observation of byproducts in crude 1 H NMR of standard reaction

Figure 31 . 1 H

 311 Figure 31. 1 H NMR monitored the procedure of reaction (Topspin spectrum)

Figure 32 . 1 H

 321 Figure 32. 1 H NMR monitoring of the reaction

Figure 33 .Figure 34 .

 3334 Figure 33. Transition states TS IJ and TS LM

1 H 2 = 8 . 3

 1283 NMR (360 MHz, CDCl 3 ): δ 7.52 (td, J 1 = 7.6 Hz, J 2 = 1.4 Hz, H), 7.44-7.38 (m, 1 H), 7.22 (td, J 1 = 7.6 Hz, J 2 = 1.1 Hz, 1 H), 7.15 (ddd, J 1 = 11.5 Hz, J Hz, J 3 = 1.1 Hz, 1 H), 5.76 (d, J = 3.6 Hz, 1 H), 5.62 (dd, J 1 = 4.0 Hz, J 2 = 1.8 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 159.8 (d, J = 252.1 Hz), 147.9 (d, J = 3.5 Hz), 132.0 (d, J = 8.7 Hz), 128.4, 124.6 (d, J = 3.7 Hz), 120.5, 118.63 (q, J = 318.3 Hz), 116.7 (d, J = 22.1 Hz), 110.2 (d, J = 10.1 Hz); 19 F NMR (235 MHz, CDCl 3 ): δ -73.81

  35 g, 5.11 mL, 40 mmol) and Mg (1.053 g, 40 mmol) in THF (30 mL) at 0 o C under an argon atmosphere, trifluoroacetophenone (1.74 g, 1.4 mL, 10 mmol) was added dropwise and then the reaction mixture was stirred at room temperature. After full conversion of ketone by TLC analysis (about 6 h), the reaction mixture was concentrated under reduced pressure to afford the residue, which was then washed with anhydrous hexane (60 mL). After filtering the resulting salt, the filtrate was concentrated to give crude [(2,2-difluoro-1-phenylethenyl)oxy]trimethylsilane, which was further distilled under reduced pressure to afford the pure product ((2,2difluoro-1-phenylvinyl)oxy)trimethylsilane 2a as colorless oil (1.48 mL, 65%). 1 H NMR (300 MHz, CDCl 3 ): δ 7.44-7.39 (m, 2 H), 7.33-7.27 (m, 2 H), 7.24-7.18 (m, 1 H), 0.12 (d, J = 0.9 Hz, 9 H); 19 F NMR (376 MHz, CD 2 Cl 2 ): δ -100.75 (d, J = 68.8 Hz, 1 F), -112.50 (d, J = 68.4 Hz, 1 F). Other difluoroenoxysilanes was prepared according

  , CDCl 3 ): δ 7.41-7.20 (m, 10 H), 4.75-4.48 (m, 1H), 3.65-3.04 (m, 1H), 1.94 (brs, 1H), 1.48-1.41 (m, 3H); 13 C NMR (100 MHz, CDCl 3 ): δ 139.9 (d, J = 7.0 Hz), 139.6 (d, J = 4.0 Hz), 137.0, 136.6 (d, J = 3.0 Hz), 129.1, 129.0, 129.0, 128.7, 128.6, 128.4, 128.3, 128.0, 127.6, 127.5, 123.5 (t, J = 249.0 Hz), 123.0 (t, J = 248 Hz), 74.7 (t, J = 26 Hz), 73.4 (dd, J 1 = 32.0 Hz, J 2 = 25.0 Hz), 43.7 (t, J = 23.0 Hz), 43.22 (t, J = 24.0 Hz), 15.7 (t, J = 5.0 Hz), 14.5 (t, J = 4.5 Hz); 19 F NMR (235 MHz, CDCl 3 ): δ -115.6--115.83 (m, 1 F), -117.07--117.42(m, 1 F). The data match those previously

1 . 1 1 . 1 . 1

 11111 3 C-H bonds or aryl C-H bonds. This year, Nelson disclosed a polycyclization in which an allyl cation bearing a WCA reacts with unactivated alkenes. This has also given us a new direction of applications on sp-hybridized carbocations, namely establishing cyclic structures by utilization of various bonds as nucleophiles. Compounds containing C(sp 2 )-F bonds Fluorination at C(sp 2 ): aryl fluorides and vinyl fluorides As introduced in the previous chapter, the fluorine atom plays an important role in all aspects of chemistry. Since the installation of fluorine in organic molecules could change their physical, chemical, and bioactive properties dramatically, much attention has been paid to the construction of various C-F bonds. Among them, compounds containing C(sp 2 )-F bonds represent a significant part, notably aryl and vinyl fluorides, both of which showing unique applications in medicinal and bioorganic chemistry. In particular, one can think of fluoro-olefin peptide isosters and nucleic acid fluoroarene

Scheme 114 .

 114 Scheme 114. Olefination of paraformaldehyde with fluorinated BT sulfones

1 H

 1 NMR chemical shifts are reported in ppm using residual solvent peak as reference (CHCl3: δ = 7.26 ppm). Data for 1 H NMR are presented as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad), coupling constant J (Hz) and integration; 13 C NMR spectra were recorded at 90 MHz using broadband proton decoupling and chemical shifts are reported in ppm using residual solvent peaks as reference (CHCl3: δ = 77.16 ppm). MS were recorded on DSQ Thermo Fisher instrument by electronic impact. HRMS was performed on a MicrOTOF Bruker spectrometer.Materials.Reagents were purchased from commercial suppliers (Fluorochem, TCI, Acros, BLD pharm, Alfa Aesar, or Sigma Aldrich) and used without further purifications. The solvents were distilled, degassed (freeze-pump-thaw technique) and then stored inside the glove box over 4 Å molecular sieves.

Figure 36 .

 36 Figure 36. Abundance of elements in Earth's crust (Picture from U.S. Geological Survey) and appearance of aluminum. (Images from Wikipedia)

Figure 37 .

 37 Figure 37. Al(III) and Al(I)

[

  (Cp*Al)4] was formed by Schnockel in 1991 from the reduction of [Cp*AlCl2] and a redox reaction of [Cp*2AlH]. Later in 2000, Roesky developed the first synthesis of

Scheme 141 . 1 . 2 . 2 . 4

 1411224 Scheme 141. Aldol condensation of dibenzoylbutane

Scheme 149 .

 149 Scheme 149. Synthesis of phenanthrene derivatives through AlCl 3 catalyzedFriedel-Crafts cyclization

  , the relative Lewis acidity of Al-X follows the order D > C> B > A: the ion pair D is with full ionization, which results from the polarization of the Al-X bond, represents the highest acidity among the doubly bridged saturated dimer A, the noncoordinated monomer B and the singly-bridged dissociated complex C.

Figure 42 .

 42 Figure 42. Relationship between Lewis acidity and state of association of Al-X

2 ][SbF 6 ] in catalytic carbophilic transformations 2 . 2 . 1 [

 26221 AlBr 2 ][SbF 6 ] catalyzed dihydroarylation of arenynes As mentioned in the last section (Chapter IV, 1.4.1), our group has worked on the catalytic activity of Ga and In on the cyclization of arenyne 1 to form the dihydronaphthalene derivative product 4. During this process, it was found by DFT calculations and experimental results that the ester group in the backbone of 1 plays an important role in gallium catalysis mechanism (Scheme 162): [64c] by lowering the activation barrier of key step in cyclization; by deprotonating the Wheland intermediate and avoiding more energetically demanding [1,3]-or [1,2]/[1,2]-H shifts in hydroarylations; by undergoing unusual concerted SEAr mechanism in Friedel-Crafts alkylation.

  o C was efficient to get an excellent yield of 3a of 96% (Entry 5). Further decreasing to room temperature resulted in a low yield of 38% (Entry 6), addition of a much larger amount of anisole 2a could compensate this trend (74% yield,Entry 7). The mixture of different Al(III) halides (AlCl3/AlBr3 at 1/1 equiv) were tested but AlBr3 remained the best choice (Entries 8-9). Finally, the use of Al(III) halides alone showed no catalytic behavior, confirming the high catalytic ability of [AlBr2][SbF6] in this reaction (Entry 10), and the addition of AgSbF6 alone did not work either (Entry 11).

[ 3 . 3 . 1 3 .

 3313 AlBr2][SbF6], in homogeneous catalysis to promote organic transformations: cycloisomerization of cycloheptatriene, dihydroarylation of arenynes, tandem hydrogenative cyclization of arenynes, cyclic carbonyl-olefin metathesis, hydrogenative metathesis, and transfer hydrogenation of alkenes. All these reactions presented good reactivities through the catalysis of [AlBr2][SbF6], and the accordingly scope study showed moderate to excellent yields. These applications clearly indicate the strong catalytic activity of [AlBr2][SbF6]. Notably, the π-electrophilic character of Al(III) Lewis acid, which was rarely documented in homogeneous catalysis before, was proven in this work. This promising bifunctional character offers with, a non-toxic and inexpensive metal aluminum, a new development area in organic synthesis. It can be surely predicted that the combined applications of carbophilic and oxophilic abilities of Al(III) Lewis acid at the same time could bring more creative synthetic pathway in methodology studies. Our group will continue to focus on this part of research. Procedure for hydroarylation of 1,6-arenynes AlBr3 (20 mol%, 10.67 mg) and AgSbF6 (20 mol%, 13.74 mg) were mixed in a screwcap vial in the glovebox. Dry degassed DCE (1.0 mL) was added, and the mixture was stirred at rt for 5 min. Arenyne 1 (1.0 eq., 0.2 mmol) and the aromatic nucleophile 2 (3.0 eq., 0.6 mmol) were added subsequently. The tube was capped with a rubber septum and the mixture was stirred at the stated temperature (50 o C or 80 o C) and monitored by TCL (about 4 h). After all the s.m. was consumed, the reaction was aliquots quenched by technical grade ethyl ether (2.0 mL). Then the mixture was filtered over a pad of celite which was rinsed with ethyl ether. Volatiles were removed by rotary evaporation under vacuum. The crude was purified by FC (SiO2, Cy/EtOAc, 95/5) afforded corresponding hydroarylation products Dimethyl 4-(4-methoxyphenyl)-4-methyl-3,4-dihydronaphthalene-2,2(1H) dicarboxylate 3a

Dimethyl 5 , 7 -

 57 dimethoxy-4-(4-methoxyphenyl)-4-methyl-3,4-dihydronaphthalene-2,2(1H)-dicarboxylate 3cFollowing the general procedure, product 3c was obtained as white solid in 41% yield after purification. 1 H NMR (360 MHz, CDCl 3 ): δ 6.92 (d, J = 9 Hz, 2 H), 6.72(d, J = 

Figure 45 .

 45 Figure 45. ORTEP diagram of 3d shows only one molecule of the three in the asymmetric unit. Thermal ellipsoids are shown at the 30% level.

Figure 46 .

 46 Figure 46. ORTEP diagram of 3e shows only one molecule of the three in the asymmetric unit. Thermal ellipsoids are shown at the 30% level.

Figure 47 .

 47 Figure 47. ORTEP diagram of 3f shows only one molecule of the three in the asymmetric unit. Thermal ellipsoids are shown at the 30% level.
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 3 Initial tests of synthesizing gem-difluoro skipped β,γ-enones

Table 6 .

 6 Temperature optimization
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 7 Optimization of the solvent

  under the coordination with triflate. After cleavage of C-O bond, the generated vinyl cation is stabilized by squaramide through hydrogen bonding. Then FSEE attacks vinyl cation to give the product and lithium/silicon exchange regenerates the Li + to fulfill the catalytic cycle.

	Scheme 107. Proposed catalytic cycle featuring the computed free energies of the	
	intermediates and transition states	9.5
	kcal/mol of free energy (-34.4 kcal/mol). Overall, the free energy profile corroborates
	the catalytic activity of the Li + /squaramide complex H. The computed rate determining
	step, which corresponds to TSKL, is consistent with a reaction requiring 24 h at 40 °C.
		123

The vinyl cation fragment is connected to the squaramide by hydrogen bonding (O … H 1.96 Å). However, dissociation of the vinyl cation L from the squaramide•LiOTf complex K releases 5.3 kcal/mol. Formation of the C-C bond between the vinyl cation and enoxysilane 2a takes place at TSLM (16.6 kcal/mol). The resulting silylium adduct M is more stable than the reference system by 29.6 kcal/mol. Lithium/silicon exchange to deliver enone 3a, TMSOTf as side product and regenerate H further liberates The rendition of the proposed catalytic cycle is shown in Scheme 107. Briefly, this reaction begins with the formation of most stable complex H, which transforms into I

1 H NMR (360 MHz, CDCl 3

  

	Following the general procedure, product 1b was obtained as colorless oil after
	purification. 1 H NMR (300 MHz, CDCl 3 ): δ 7.56-7.51 (m, 2 H), 7.15-7.07 (m, 2 H),
	5.54 (d, J = 3.9 Hz, 1 H), 5.37 (d, J = 4.2 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ
	163.9 (d, J = 249.9 Hz), 152.7, 128.4 (d, J = 3.3 Hz), 127.7 (d, J = 8.6 Hz), 118.6 (q, J
	= 318.3 Hz), 116.2 (d, J = 22.1 Hz), 104.3; 19 F NMR (235 MHz, CDCl 3 ): δ -73.76 (s,
	3 F), -109.62 (s,

): δ 7.56-7.54 (m, 2 H), 7.45-7.41 (m, 3 H), 5.61 (d, J = 4.0 Hz, 1 H), 5.38 (d, J = 4.0 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 152.6, 131.1, 129.5, 128.0, 124.5, 117.7 (q, J = 319.5 Hz), 103.4; 19 F NMR (235 MHz, CDCl 3 ): δ -73.78 (s, 3 F). 1-(4-fluorophenyl)vinyl trifluoromethanesulfonate 1b

NMR (90 MHz, CDCl 3

  

1 H NMR (300 MHz, CDCl 3 ): δ 7.38-7.35 (m, 2 H), 7.34-7.29 (m, H), 7.26-7.23 (m, 1 H), 5.60 (d, J = 3.9 Hz, 1 H), 5.36 (d, J = 3.9 Hz, 1 H), 2.40 (s, H); 13 C ): δ 153.8, 138.8, 132.1, 131.2, 128.9, 126.0, 122.6, 118.7 (q, J = 318.2 Hz), 104.1, 21.5;

19 F NMR (235 MHz, CDCl 3

  

): δ -73.84 (s, F).

19 F NMR (235 MHz, CDCl 3

  

	13 C NMR (90 MHz, CDCl 3 ): δ 152.0, 133.8, 133.7, 131.8, 131.5, 127.6, 122.3, 118.5
	(q, J = 318.5 Hz), 110.8;
	129

1 

H NMR (360 MHz, CDCl 3 ): δ 7.65 (dd, J 1 = 7.9 Hz, J 2 = 1.1 Hz, 1 H), 7.47 (dd, J 1 = 7.6 Hz, J 2 = 1.8 Hz, 1 H), 7.37 (td, J 1 = 7.2 Hz, J 2 = 1.1 Hz, 1 H), 7.29 (td, J 1 = 7.9 Hz, J 2 = 1.8 Hz, 1 H), 5.63 (d, J = 3.6 Hz, 1 H), 5.46 (d, J = 3.6 Hz, 1 H); ): δ -73.95 (s,

19 F NMR (235 MHz, CDCl 3

  

1 H NMR (360 MHz, CDCl 3 ): δ 7.35-7.28 (m, 3 H), 7.15-7.13 (m, 1 H), 2.42 (s, 3 H), 0.24 (s, 9 H); ): δ -99.99 (d, J = 67.4 Hz, 1 F), -111.59 (dd, J 1 = 67.4 Hz, J 2 = 6.3 Hz, 1 F). Spectroscopic data match those

132 19 F NMR (235 MHz, CDCl 3 ): δ

  -99.35 (d, J = 66.0 Hz, 1 F), -111.59 (d, J = 65.6 Hz,1 F). Spectroscopic data match those previously reported in literature.[84] 

	3.2.3 Synthetic procedure for squaramide F
	The squaramide F was synthesized following a published procedure indicated in the
	general information. To a stirred solution of diethyl squarate (1.0 equiv, 2.55 g, 2.22
	mL, 15 mmol) and zinc trifluoromethanesulfonate (0.2 equiv, 1.09 g, 3.0 mmol) in
	toluene/NMP 19:1 (22 mL) was added 3,5-bis(trifluoromethyl)aniline (2.1 equiv, 7.22
	g, 4.9 mL, 31.5 mmol). The solution was heated at 100

1 H NMR (360 MHz, CDCl 3 ): δ 7.33 (t, J = 16.2 Hz, 1 H), 7.15-7.10 (m, 2 H), 6.88 (dd, J 1 = 8.3 Hz, J 2 = 2.5 Hz, 1 H), 3.86 (s, 3 H), 0.25 (d, J = 0.7 Hz, 9 H); o C and stirred for 12 h. Upon cooling to room temperature, pale yellow crystals were obtained, which further isolated by filtration, and washed with toluene to give bis ([3,5-bis (trifluoromethyl) phenyl] amino) cyclobut-3-ene-1,2-dione F (12.0 mmol, 6.43 g, 80%). 1 H NMR (400 MHz, d-DMSO): δ 10.59 (s, 2 H), 7.89 (s, 4 H), 7.70 (s, 2 H

19 F NMR (235 MHz, CDCl 3

  

1 H NMR (300 MHz, CDCl 3 ): δ 8.00 (d, J = 7.5 Hz, 2 H), 7.62-7.56 (m, 1 H), 7.46-7.44 (m, 2 H), 7.41-7.38 (m, 2 H), 7.35-7.32 (m, 3 H), 5.88 (t, J = 1.8 Hz, 1 H), 5.77 (t, J = 1.4 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 188.6 (t, J = 30.0 Hz), 142.8 (t, J = 22.4 Hz), 135.0, 134.4, 132.3, 130.3 (t, J = 2.8 Hz), 128.8, 128.7, 128.6, 128.2, 121.0 (t, J = 8.5 Hz), 116.3 (t, J = 251.9 Hz); ): δ -96.72 (s, 1 F); IR (ATR, cm -1 )  max 3062, 1707, 1580, 1496, 1449, 1270, 1151, 1100, 1056, 898, 776, 692; HRMS (ESI) m/z: [M+Na] + calcd. for C16H12F2NaO 281.0748, found 281.0745. The data match those previously reported in the literature.

1 H NMR (360 MHz, CDCl 3 ): δ

  

	2,2-difluoro-3-phenyl-1-(m-tolyl)but-3-en-1-one 3n
	2,2-difluoro-1-(4-fluorophenyl)-3-phenylbut-3-en-1-one 3j
	Following the general procedure, product was obtained as a colorless oil in 31% yield
	1 H NMR (300 MHz, CDCl 3 ): δ 8.10 (d, J = 7.5 Hz, 2 H), Following the general procedure, product was obtained as a colorless oil in 87% yield (19 mg) after purification. 1 H NMR (360 MHz, CDCl 3 ): δ 7.81-7.79 (m, 2 H), 7.41-
	7.63-7.57 (m, 1 H), 7.47-7.42 (m, 2 H), 7.41-7.34 (m, 2 H), 7.31-7.21 (m, 2 H), 6.06 (t, (24 mg) after purification. 1 H NMR (300 MHz, CDCl 3 ): δ 8.06-8.02 (m, 2 H), 7.40-7.37 (m, 3 H), 7.35-7.30 (m, 4 H), 5.86 (t, J = 2.0 Hz, 1 H), 5.76 (t, J = 1.3 Hz, 1 H),
	J = 2.1 Hz, 1 H), 5.69 (s, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 188.8 (t, J = 29.9 Hz), 7.31 (m, 5 H), 7.15-7.07 (m, 2 H), 5.88 (t, J = 2.0 Hz, 1 H), 5.77 (t, J = 1.5 Hz, 1 H); 2.37 (s, 3 H); 13 C NMR (90 MHz, CDCl 3 ): δ 188.7 (t, J = 31.2 Hz), 142.8 (t, J = 22.3
	Hz), 138.5, 135.1, 135.0, 132.2, 130.6, 128.7, 128.4, 128.1, 127.4 (t, J = 3.0 Hz), 120.9
	1-(4-chlorophenyl)-2,2-difluoro-3-phenylbut-3-en-1-one 3k
	8.07 (d, J = 7.2 Hz, 2 H), 7.63-7.59 Following the general procedure, product was obtained as a colorless oil in 85% yield
	(m, 2 H), 7.48-7.43 (m, 2 H), 7.37-7.35 (m, 1 H), 7.32-7.28 (m, 1 H), 7.22-7.17 (m, 1 (25 mg) after purification. 1 H NMR (300 MHz, CDCl 3 ): δ 7.94 (d, J = 8.7 Hz, 2 H),
	H), 6.07 (t, J = 2.0 Hz, 1 H), 5.69 (d, J = 1.1 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 7.44-7.42 (m, 1 H), 7.41-7.39 (m, 1 H), 7.39-7.31 (m, 5 H), 5.88 (t, J = 2.0 Hz, 1 H),
	188.9 (t, J = 29.7 Hz), 140.7 (t, J = 24.2 Hz), 133.8, 134.5, 133.3, 132.7, 131.5, 130.6 5.78 (t, J = 1.4 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 187.5 (t, J = 30.2 Hz), 142.6
	(t, J = 6.2 Hz), 130.1, 128.7, 127.2, 125.5 (t, J = 7.7 Hz), 124.1, 116.2 (t, J = 252.1 Hz); (t, J = 22.1 Hz), 141.1, 134.8, 131.6, 130.6, 129.1, 128.9, 128.6, 128.1, 121.1 (t, J = 8.4
	19 F NMR (235 MHz, CDCl 3 ): δ -97.72 (s, 2 F); IR (ATR, cm -1 )  max 3072, 1704, 1598, Hz), 116.2 (t, J = 252.1 Hz); 19 F NMR (235 MHz, CDCl 3 ): δ -96.89 (s, 2 F); IR (ATR,
	1450, 1432, 1273, 1147, 1103, 1064, 1027, 949, 914, 763, 736, 686; HRMS (ESI) m/z:
	[M+Na] + calcd. for C16H11BrF2NaO 358.9854, found 358.9850.

139.3 (t, J = 24.2 Hz), 134.4, 133.9, 133.8, 132.5, 131.5, 130.5

(

t, J = 3.1 Hz), 130.1, 130.0, 128.7, 126.6, 125.3 (t, J = 7.7 Hz), 116.2 (t, J = 252.0 Hz); 19 F NMR (235 MHz, CDCl 3 ): δ -97.80 (s, 2 F); IR (ATR, cm -1 )  max 3074, 1704, 1581, 1477, 1450, 1436, 1273, 1156, 1103, 1067, 1042, 915, 740, 715, 686; HRMS (ESI) m/z: [M+Na] + calcd. for C16H11ClF2NaO 315.0359, found 315.0363.

3-(2-bromophenyl)-2,2-difluoro-1-phenylbut-3-en-1-one 3i

Following the general procedure, product was obtained as a colorless oil in 77% yield after purification. 13 C NMR (90 MHz, CDCl 3 ): δ 187.1 (t, J = 30.0 Hz), 166.4 (d, J = 256.1Hz); 142.7 (t, J = 22.1 Hz), 134.9, 132.2 (t, J = 3.0 Hz), 133.1 (t, J = 3.0 Hz), 128.9, 128.6, 128.1, 121.1 (t, J = 8.5 Hz), 116.2 (t, J = 252.1 Hz), 116.1 (d, J = 21.8 Hz); 19 F NMR (235 MHz, CDCl 3 ): δ -96.75 (s, 2 F), -102.15 (s, 1 F); IR (ATR, cm -1 )  max 3086, 1707, 1600, 1507, 1413, 1270, 1243, 1152, 1103, 1056, 918, 850, 766, 699; HRMS (ESI) m/z: [M+Na] + calcd. for C16H11F3NaO 299.0654, found 299.0646. cm -1 )  max 3060, 1709, 1589, 1490, 1404, 1310, 1153, 1096, 1092, 915, 897, 759, 698; HRMS (ESI) m/z: [M+Na] + calcd. for C16H11ClF2NaO 315.0359, found 315.0351. (t, J = 8.5 Hz), 116.3 (t, J = 252.0 Hz), 21.3 (s); 19 F NMR (235 MHz, CDCl 3 ): δ -96.63 (s, 2 F); IR (ATR, cm -1 )  max 3059, 1707, 1585, 1496, 1277, 1146, 1099, 1057, 946, 777, 747, 697; HRMS (ESI) m/z: [M+Na] + calcd. for C17H14F2NaO 295.0905, found 295.0896.

2,2-difluoro-1-(3-methoxyphenyl)-3-phenylbut-3-en-1-one 3o

Following the general procedure, product was obtained as a colorless oil in 31% yield (9 mg) after purification.

1 H NMR (300 MHz, CDCl 3

  J = 25.2 Hz), 138.2, 135.0, 130.5 (t, J = 2.7 Hz), 129.9, 129.6, 129.4, 128.8, 128.4, 125.3, 120.8 (t, J = 8.4 Hz), 116.4 (t, J = 251.6 Hz), 21.9, 21.6;

	2,2-difluoro-3-(m-tolyl)-1-(p-tolyl)but-3-en-1-one 3p
	Following the general procedure, product was obtained as a colorless oil in 69% yield
	(20 mg) after purification. 1 H NMR (360 MHz, CDCl 3 ): δ 7.91 (d, J = 8.3 Hz, 2 H),
	7.25-7.20 (m, 5 H), 7.18-7.13 (m, 1 H), 5.82 (t, J = 2.0 Hz, 1 H), 5.73 (t, J = 1.4 Hz, 1
	H), 2.41 (s, 3 H), 2.34 (s, 3 H); 13 C NMR (90 MHz, CDCl 3 ): δ 188.3 (t, J = 31.4 Hz),
	145.5, 143.1 (t,
	7.49 (s, 1 H), 7.41-7.37 (m, 2 H), 7.35-7.32 (m, 4 H), 7.16-7.12 (m, 1 H), 5.88 (t, J =
	2.0 Hz, 1 H), 5.76 (t, J = 1.2 Hz, 1 H), 3.81 (s, 3 H); 13 C NMR (90 MHz, CDCl 3 ): δ
	188.4 (t, J = 28.8 Hz), 159.7, 142.9 (t, J = 23.0 Hz), 135.0, 133.5, 129.7, 128.8, 128.6,
	128.2, 123.0 (t, J = 3.2 Hz), 121.1, 121.0 (t, J = 8.6 Hz), 116.3 (t, J = 250.8 Hz), 131.5,
	55.6; 19 F NMR (235 MHz, CDCl 3 ): δ -96.56 (s, 2 F); IR (ATR, cm -1 )  max 3005, 1707,
	1598, 1581, 1489, 1465, 1432, 1277, 1230, 1147, 1101, 1056, 942, 778, 755, 698;

): δ 7.60 (d, J = 7.8 Hz, 1 H),

HRMS (ESI) m/z:

[M+Na] 

+ calcd. for C17H14F2NaO2 311.0854, found 311.0845.

19 F NMR (235 MHz, CDCl 3

  

): δ -96.46 (s, 2 F); IR (ATR, cm -1 )  max 3038, 1701, 1608, 1584, 1457, 1412, 1273, 1145, 1096, 1096, 920, 794, 751, 747; HRMS (ESI) m/z: [M+Na] + calcd. for C18H16F2NaO 309.1061, found 309.1059. The data match those previously

19 F NMR (235 MHz, CDCl 3

  Hz), 140.40, 134.44, 133.25, 130.39 (t, J = 3.4 Hz), 128.56, 128.25, 128.18, 126.48, 116.59 (t, J = 262.2 Hz), 76.70 (t, J = 25.3 Hz), 24.16 (t, J = 3.2 Hz);

	1 H NMR (360 MHz, CDCl 3 ): δ 7.98 (d, J = 7.9 Hz, 2 H), 7.61 (dd, J 1 = 1.4 Hz, J 2 = 7.9 Hz, 1 H), 7.37-7.35 (m, 1 H), 7.30 (td, J 1 = 7.6 Hz, J 2 = 1.4 Hz, 1 H), 7.27-7.24 (m, 2 H), 7.20 (td, J 1 = 7.6 Hz, J2 = 1.8 Hz, 1 H), 6.04 (t, J = 2.0 Hz, 1 H), 5.67 (t, J = 1.1 Hz, 1 H), 2.42 (s, 3 H); 13 C NMR (90 MHz, CDCl 3 ): δ 188.4 (t, J = 29.3 Hz), 145.7, 140.8 (t, J = 24.4 Hz), 135.8, 133.3, 131.5, 130.8 (t, J = 3.1 Hz), 130.1, 130.0, 129.4, 127.1, 125.4 (t, J = 7.7 Hz), 124.1, 116.3 (t, J = 251.9 Hz), 1-(3-chlorophenyl)-2,2-difluoro-3-(m-tolyl)but-3-en-1-one 3r Following the general procedure, product was obtained as a colorless oil in 67% yield (20.5 mg) after purification. 1 H NMR (360 MHz, CDCl 3 ): δ 7.96 (s, 1 H), 7.87 (d, J = 7.9 Hz, 1 H), 7.58-7.55 (m, 1 H), 7.39 (t, J = 7.9 Hz, 1 H), 7.24-7.15 (m, 4 H), 5.86 (t, 0515, found 329.0509. 1-(3-chlorophenyl)-2,2-difluoro-3-(2-fluorophenyl)but-3-en-1-one 3s Following the general procedure, product was obtained as a colorless oil in 87% yield (27 mg) after purification. 1 H NMR (360 MHz, CDCl 3 ): δ 7.99 (s, 1 H), 7.91 (d, J = 7.9 Hz, 1 H), 7.59-7.56 (m, 1 H), 7.41 (t, J = 8.1 Hz, 1 H), 7.37-7.31 (m, 2 H), 7.14 (td, J 1 = 15.1 Hz, J 2 = 1.1 Hz, 1 H), 7.09-7.03 (m, 1 H), 6.04 (t, J = 3.6 Hz, 1 H), 5.81 (d, J 22.0; [M+Na] + calcd. for C17H13BrF2NaO 373.0010, found 373.0000. = 0.7 Hz, 1 H); 13 C NMR (90 MHz, CDCl 3 ): δ 187.4 (t, J = 30.7 Hz), 160.0 (d, J =

19 

F NMR (235 MHz, CDCl 3 ): δ -97.59 (s, 2 F); IR (ATR, cm -1 )  max

3074, 1700, 1608, 1473, 1456, 1145, 1100, 1064, 1027, 949, 915, 763, 743

. HRMS (ESI) m/z: J = 3.6 Hz, 1 H), 5.77 (t, J = 1.3 Hz, 1 H), 2.34 (s, 3 H); 13 C NMR (90 MHz, CDCl 3 ): δ 187.6 (t, J = 30.5 Hz), 142.6 (t, J = 22.1 Hz), 138.3, 135.0, 134.7, 134.3, 133.8, 130.1 (t, J = 5.4 Hz), 130.0, 129.7, 128.8, 128.5, 128.3 (t, J = 3.0 Hz), 125.2, 121.1 (t, J = 8.4 Hz), 116.2 (t, J = 252.2 Hz), 21.6; 19 F NMR (235 MHz, CDCl 3 ): δ -96.86 (s, 2 F); IR (ATR, cm -1 )  max 3073, 1715, 1570, 1474, 1425, 1312, 1282, 1148, 1126, 1058, 937, 793, 751, 674; HRMS (ESI) m/z: [M+Na] + calcd. for C17H13ClF2NaO 329.247.1 Hz), 136.4 (t, J = 24.1 Hz), 135.0, 134.3, 133.8, 131.1 (d, J = 2.6 Hz), 130.8 (d, J = 8.3 Hz), 130.2 (t, J = 2.8 Hz), 130.0, 128.4 (t, J = 3.0 Hz), 125.0 (t, J = 7.1 ): δ -107.54 (s,

1 H NMR (360 MHz, CDCl 3 ):

  

	δ 7.40-7.33 (m, 10 H), 5.67 (s, 1 H), 5.50 (s, 1 H), 4.87 (t, J = 11.7 Hz, 1 H), 2.42 (brs,
	1 H);

13 

C NMR (90 MHz, CDCl 3 ): δ 142.7 (t, J = 22.1 Hz), 136.8, 136.0, 128.9, 128.5, 128.5, 128.2, 128.1, 121.1 (t, J = 8.8 Hz), 120.5 (t, J = 247.7 Hz), 74.9 (t, J = 27.9 Hz);

19 

F NMR (235 MHz, CDCl 3 ): δ -107.54 (ddd, J 1 = 10.8 Hz, J 2 = 248.9 Hz, J 2 = 383.8

13 C NMR (90 MHz, CDCl 3 ): δ

  141.8 (t, J = 23.2 Hz),137.9, 136.6, 129.0, 128.9, 128.0, 127.8, 127.6, 123.7 (t, J = 8.5 Hz), 119.8 (t, J = 254.4 Hz), 82.2, 76.3,

	7.66-7.63 (m, 2 H), 7.34-7.24 (m, 8 H), 5.51 (s, 1 H), 5.47 (s, 1 H), 2.74 (brs, 1 H), 2.63
	(s, 1 H); 76.1; 19 F NMR (235 MHz, CDCl 3 ): δ -103.73 (s, 2 F); IR (ATR, cm -1 )  max 3298,
	3065, 2865, 1705, 1601, 1498, 1450, 1260, 1070, 1012, 842, 762, 695; HRMS (ESI)

1 H NMR (360 MHz, CDCl 3 ): δ

Table 12 .

 12 Initial tests of triflylation of aryltriflates

Table 13 .

 13 Initial test of electrophilic cyclization reaction

	Scheme 127. Proposed formation of cyclic products 8 and 9

  [Al(pftb)4] without base resulted, as one could expect, to no reaction (Entry 3), while only keeping 1.0 equiv. of LiHMDS can still provide 8 in 18% yield and 0.2 equiv. of LiHMDS did not work (Entries 4 and 5). This probably indicates that the coordination of Li + to OTf triggers a concerted cyclization in the formation of 8 without going through a vinyl carbocation intermediate but via a vinyl cation transition state (Scheme 128).

	Scheme 128. Transition state of concerted cyclization

13 C NMR (90 MHz, CDCl 3 ): δ

  

	h, cooled
	to 0 °C and triflic anhydride (1.5 equiv, 2.49 mL, 15.0 mmol) was added dropwise. The
	mixture was stirred at 0 °C for 2 h. The reaction was carefully quenched with water and
	the aqueous layer was extracted with ethyl acetate (3 times). The combined organic
	layer was washed with water, brine and dried over Na2SO4. Evaporation and column
	chromatography (silica gel, 10% ethyl acetate/hexane) gave the desired product 7 ethyl
	(2Z)-6-methyl-2-[phenyl(trifluoromethanesulfonyloxy)methylidene]hept-5-enoate as
	the (Z)-isomer only (2.38 g, 5.85 mmol, 59%). 1 H NMR (360 MHz, CDCl 3 ): δ 7.45-
	7.40 (m, 5H), 4.99 (tt, J1 = 7.38 Hz, J2 = 1.44 Hz, 1H), 4.35 (q, J = 7.2 Hz, 2H), 2.36-
	2.32 (m, 2H), 2.17-2.11 (m, 2H), 1.65 (s, 3H), 1.52 (s, 3H), 1.38 (t, J = 7.2 Hz, 3H); 165.6, 147.7, 133.6, 131.4, 130.8, 129.4, 128.7, 122.2, 62.0,
	30.3, 27.1, 25.7, 17.5, 14.1; IR (ATR, cm -1 )  max 3072.71, 2975.20, 1724.87, 1511.77,
	1423.07, 1303.54, 1210.24, 1139.60, 1058.97, 973.49, 910.19, 832.98, 737.77, 635.39;
	HRMS (ESI) m/z: [M+Na] + calcd. for 429.0954, found 429.0939.

  Thus, the carbophilicity of Al(III) species, NHC . AlX2 + and heterobimetallic ion pairs [AlX2] + [SbF6] -(X = Cl or Br), will be tested in sereval kinds of reactions in the next section.

	Scheme 158. Nonclassical carbocation intermediates in π-acid-catalysis
	However, π-electrophilic Al(III) Lewis acids, which can directly activate unsaturated
	C-C bonds, is important for establishing various organic structures. Moreover, it can be
	seen that the strategy of advancing aluminum reagents with increased reactivity include
	two aspects: Lewis acidic cationisation [AlCl2][SbF6] complex and NHC . Al(III)
	adducts.

Based on our group's research experiences on π-electrophilic Lewis acidity of Group 13 metal Ga and In, we are very interested in developing this property of aluminum. As in Chapters II and III, increased reactivity of vinyl cations and aryl cations by using weakly coordinating anions have been studied by us. Here, we wonder that if such sp hybridized carbocation containing reactions may also be done with the Al(III) complexes that have enhanced Lewis acidity through cationization or stabilization with NHC.

Table 17 .

 17 Cycloisomerization of 7-alkynyl cycloheptatriene catalyzed by IMes .

AlBr 3 2.1.2 Tests on catalytic behavior of AlX 3 /AgSbF 6

  Since the NHC . AlBr3/AgSbF6 approach did not work in the above cycloisomerization, we tried to use AlX3 salts directly. As introduced the in Chapter IV, 1.4.2, [InX2][SbF6] (X = Br, I) can catalyzed the cyclization process. Therefore, it was reasonable to consider that cationized aluminum halides [AlX2][SbF6] type complex could also be synthesized (Scheme 161).

Scheme 161. Design of forming cationic Al(III) species: [AlBr 2 ][SbF 6 ]

Table 18 .

 18 Cycloisomerization of 7-alkynyl cycloheptatriene catalyzed by AlBr 3 and the putative [AlBr 2 ][SbF 6 ]

Table 19 .

 19 Optimization for [AlX 2 ][SbF 6 ]catalyzed dihydroarylation of 1,6-Arenyne 1a

Table 20 .

 20 Tests on the catalytic activity of Group 13 elements in [MBr 2 ][SbF 6 ]-catalyzed

	dihydroarylation of 1a

Table 22 .

 22 Scope of bimolecular dihydroarylation of arenynes

Table 25 .

 25 Scope of hydrogenative cyclization of arenynes

13 C NMR (90 MHz, CDCl 3 ): δ

  Hz, 1 H), 1.68 (s, 3 H);13 C NMR (90 MHz, CDCl 3 ): δ 172.4, 171.0, 157.6, 141.7, 141.1, 134.0, 129.0, 128.7, 128.4, 126.6, 126.5, 113.1, 55.3, 52.8, 52.3, 43.6, 41.6, 35.1, 32.3. Spectroscopic data match those previously reported in literature. [54d, 64a] Dimethyl 4-(4-methoxyphenyl)-4,5,7-trimethyl-3,4-dihydronaphthalene-2,2(1H)dicarboxylate 3b Following the general procedure, product 3b was obtained as white solid in 71% yield after purification. 172.3, 171.3, 157.5, 142.1, 137.4, 136.7, 135.8, 134.2, 132.1, 128.0, 127.8, 113.4, 60.5, 55.3, 52.6, 52.4, 51.8, 48.1, 41.8, 36.7, 28.6, 22.6, 20.8. Spectroscopic data match those previously reported in literature.[54d, 64a] 

1 H NMR (360 MHz, CDCl 3 ): δ 7.24 -7.14 (m, 4 H), 6.93 (d, J = 9 Hz, 2 H), 6.74 (d, J = 8.6 Hz, 2 H), 3.75 (s, 3 H), 3.70 (s, 3 H), 3.36 (d, J = 16.6 Hz, 1 H), 3.19 (s, 3 H), 3.11 (d, J = 16.2 Hz, 1 H), 2.89 (d, J = 14.4 Hz, 1 H), 2.48 (d, J = 14.0 1 H NMR (300 MHz, CDCl 3 ): δ 6.99 (d, J = 8.7 Hz, 2 H), 6.90 (s, 1 H), 6.80 (s, 1 H), 6.76 (d, J = 9 Hz, 2 H), 3.76 (s, 3 H), 3.71 (s, 3 H), 3.33 (s, 3 H), 3.27 (s, 2 H), 2.55 (q, J1 = 28.8 Hz, J2 = 14.7 Hz, 2 H), 3.28 (s, 3 H), 1.81 (s, 3 H), 1.70 (s, 3 H);

  3, 171.1, 154.0, 142.8, 141.1, 134.1, 132.3, 129.2, 128.3, 128.0, 126.9, 126.7, 111.2, 111.0, 56.4, 52.9, 52.5, 52.4, 43.5, 41.7, 35.1, 32.2; IR (ATR, cm -1 )  max 2928.69, 1730.73, 1635.18, 1600.12, 1491.54, 1444.98, 1336.82, 1263.19, 1241.65, 1177.95, 1126.89, 1100.53, 1055.54, 1021.75, 970.12, 911.76, 840.11, 816.46, 773.94, 749.62, 725.00; HRMS (ESI) m/z: [M+Na] + calcd. for 469.0621, found 469.0596. Crystallographic data can be obtained free of charge from the Cambridge Crystallographic Data Centre under the CCDC number: 2178117.

1 H NMR (300 MHz, CDCl 3 ): δ

  7.23-7.13 (m, 4H), 6.88 (d, J = 2.4 Hz, 1H), 6.70-6.60 (m, 2H), 3.76 (s, 3H), 3.70 (s, 3H), 3.34 (d, J = 16.2 Hz, 1H), 3.21 (s, 3H), 3.12 (d, J = 16.2 Hz, 1H), 2.88 (d, J = 14.4 Hz, 1H), 2.46 (d, J = 14.4 Hz, 1H), 2.14 (s, 3H), 1.66 (s, 3H); 13 C NMR (75 MHz, CDCl 3 ): δ 172.5, 171.2, 155.9, 142.0, 140.7, 134.0, 129.8, 129.0, 128.5, 126.6, 126.5, 126.1, 125.8, 109.0, 55.4, 52.8, 52.5, 52.3, 43.7, 41.7, 35.2, 32.2, 16.5; IR (ATR, cm -1 )  max 2929.73, 1728.93, 1609.66, 1505.34, 1446.58, 1335.80, 1311.82, 1264.54, 1245.31, 1169.00, 1143.90, 1122.89, 1100.64, 1057.33, 1036.23, 908.64, 819.42, 772.23, 760.08, 745.50,

706.43; HRMS (ESI) m/z:

[M+Na] 

+ calcd. for 405.1672, found 405.1668. Crystallographic data can be obtained free of charge from the Cambridge Crystallographic Data Centre under the CCDC number: 2178116.

1 H NMR (300 MHz, CDCl 3 ): δ

  7.23 -7.14 (m, 4 H), 6.67 (d, J = 8.4 Hz, 1 H), 6.59 (d, J = 2.4 Hz, 1 H), 6.47 (dd, J1 = 8.4 Hz, J1 = 2.1 Hz, 1 H), 3.80 (s, 3 H), 3.74 (s, 3 H), 3.69 (s, 3 H), 3.32 (d, J = 16.5 Hz, 1 H), 3.21 (s, 3 H), 3.10 (d, J = 16.2 Hz, 1 H), 2.91 (d, J = 14.4 Hz, 1 H), 2.45 (d, J = 14.1 Hz, 1 H), 1.68 (s, 3 H);

13 C NMR (63 MHz, CDCl 3 ): δ

  172.4, 171.1, 148.2, 147.1, 141.7, 141.7, 134.1, 129.0, 128.3, 126.7, 126.4, 119.7, 111.5, 110.4, 55.9, 55.8, 52.8, 52.5, 52.3, 43.5, 42.1, 35.1, 32.2. Spectroscopic data match those previously reported in literature.[54d, 64a] 

1 H NMR (360 MHz, CDCl 3 ): δ

  7.26-7.11 (m, 4 H), 3.75 (s, 3 H), 3.67 (s, 3 H), 3.41 (m, 1 H), 3.17 (d, J = 16.2 Hz, 1 H), 2.98-2.87 (m, 1 H), 2.59 (m, 1 H), 1.83 (dd, J1 = 13.7 Hz, J2 = 11.5 Hz, 1 H), 1.36 (d, J = 6.8 Hz, 3 H);

13 C NMR (90 MHz, CDCl 3 ): δ

  172.5, 171.5, 139.8, 133.4, 128.6, 126.6, 126.1, 53.9, 52.9, 52.8, 37.6, 35.5, 30.1, 21.4. Spectroscopic data match those previously reported in literature.[54d] after purification and dr = 1:1. 1 H NMR (360 MHz, CDCl 3 ): (major isomer) δ 7.23 (d, J = 8.5 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 3.81-3.62 (m, 2H), 3.37 (dd, J = 17.0, 8.6 Hz, 1H), 3.17-3.11 (m, 1H), 2.19-1.91 (m, 5H), 1.76-1.63 (m, 1H) 0.87 (t, J = 7.1 Hz, 3H); (minor isomer) δ 7.22 (d, J = 8.5 Hz, 2H), 7.13 (d, J = 8.5 Hz, 2H), 4.15-4.05 (m, 2H), 3.32-3.24 (m, 1H), 2.85-2.70 (m, 1H), 2.19-1.91 (m, 5H), 1.76-1.63 (m, 1H), 1.16 (t, J = 7.2 Hz, 3H). Spectroscopic data match those previously reported in literature.[54e] 

1 H NMR (300 MHz, CDCl 3 ): δ

  7.34-7.16 (m, 5 H), 2.54-2.47 (m, 1 H), 1.93-1.61 (m, 5 H), 1.61-1.11 (m, 5 H); 13 C NMR (90 MHz, CDCl 3 ): δ 148.2, 128.4, 126.9, 125.9, 44.7, 34.57, 27.0, 26.3. Spectroscopic data match those previously reported in literature.[54d] 

Scheme 66. Intramolecular Friedel-Crafts coupling of fluoroarenes

The reaction is initiated by silyl cation (firstly from medium then from catalyst), then the exchange from C-F bond to Si-F bond leading to the formation of arenium cation.

Here the proton transformation in final aromatization leading to protodesilylation which could regenerate the active silyl intermediate from medium in the catalytic cycle (Scheme 67). Furthermore, this novel strategy could be applicated in synthesis of various polycyclic aromatic hydrocarbon and graphene framework in material science. [134] Scheme 67. Mechanism of intramolecular Friedel-Crafts coupling Nelson then reported the catalytic intermolecular C-H insertion reaction via aryl cations, by taking advantage of the well-established β-silicon effect: [73] o-silyl group helps to lower the barrier for fluoride abstraction by stabilizing the formed aryl cation, acts as a Scheme 72. BF 3 

promoted annulation of aryl triazenes

Accordingly, as the work above realize the sp 2 C-H functionalization in arylation, Ren and co-workers then focused on sp 3 C-H bond arylation. [145] Here, they chose CF3COOH as Brønsted acid to fulfill this carbocation-induced cyclization reaction (Scheme 73). However, the deuterated experiments showed that the H-abstraction goes through the formation of a pentacoordinate carbocation intermediate instead of the alkyl carbocation. Compared to usual Pd-catalyzed process, these methodology avoids harsh conditions, poor functional group tolerance and lack of regioselectivity. [146] Scheme 73. Brønsted acid promoted sp 3 C-H bond arylation

Alkynyl cations

Alkynyl cations are extremely unstable, even much less stable than CH3 + (HIA of 386 kcal/mol). Unlike the long discovery history of vinyl and aryl cations, the first generation of alkynyl cations in solution was reported in 1988 by Angelini. [147] He firstly tried solvolytic processes, but even when using a very good leaving group (N2), the desired alkynyl cation could not be formed. Finally, these cations could be proved as transient species in both gas and solution phases through the ß -decay of R-

Scheme 91. Mechanism of two steps fluorination to synthesize α,α-difluoroketones

There is another much less reported route that involves exchanging halogen to the carbonyl compound that connected with α-leaving groups or α,α-dihalogen group.

Kappe and Stadlbauer reported one transformation in this kind of displacement that from geminal dichlorocarbonyl compound to difluoroquinolinedione using KF as fluorine source in the presence of 18-crown-6 (Scheme 92), [55] This halogen exchange is promoted by the activation effect of the 1,3-dicarbonyl system, so the quinolinedione compound with CHCl2 moieties cannot be achieved in the same way. 

Synthetic approach via of C-C bond formation

Modification of suitable fluorinated building-blocks is the main route to synthesize α,αdifluoroketones as this successful approach offers great flexibility and molecular diversity. Thus, highly sophisticated reagents are still essential, such as fluorinated ketones, esters, amides, difluorinated organometallics or silanes, etc. Among these,

Scheme 94. Chiral secondary amine-phosphoramide catalyzed conjugate addition reaction

In 2020, the same group reported another work that uses Mg(ClO4)2•6H2O as a hidden Brønsted acid to promote hydrodifluoroalkylation of alkenes with FSEEs under Markovnikov regioselectivity (Scheme 95). [63] The gradually released HClO4 from the precatalyst helps slowing down the rate, furtherly decreasing the hydrolysis of FSEEs as well as dimerization of alkenes. The deuterated experiment shows that only a trace amount of water (less than 2.0 eq.) or water from the crystal is compatible to promote the generation of sp 2 hybridized carbocation for further addition, more water could trap the intermediate or enhance the hydrolysis of FSEEs. In this reaction, a non-fluorinated silyl enol ethers cannot react at all even if it has a more nucleophilicity.

Scheme 95. Hydrodifluoroalkylation of alkenes with FSEEs under

Markovnikov regioselectivity

Compared to the previous linear-type products that were synthesized through radical process under anti-Markovnikov rules, this protocol form branch adducts and thus 

Scope and limitation

Scope study

The optimized reaction conditions proved efficient in the synthesis a variety of gemdifluoro skipped β,γ-enones from arylvinyltriflates and aryldifluoroenoxysilanes (Scheme 99).

Scheme 100. Limitations of vinyl triflates

Transformations and larger scale synthesis

We were pleased to note that the reaction retains an isolated yield of 86% (97% NMR yield, Scheme 101) even when the amount of starting material was ten times larger (0.5 mol), provising 3a in 222 mg. The selected reduction processes through NaBH4 and H2, Pd/C afforded the corresponding postfunctionnalization products 5 (96%) and 6 in excellent yields (94%, dr = 2:1). Nuclephilic addition using Grignard reagent gave 7 in moderate yield (56%). carbocation. To support this proposal, DFT calculations study were performed.

Scheme 105. Investigations of possible intermediates

DFT calculations study

To get an insight into the reaction mechanism, DFT computations were carried out by Prof. Vincent Gandon using the Gaussian 16 software package. [79] Geometries of minima and transition states were optimized using the B97-XD functional [80] using the int=ultrafine keyword. The 6-31+G(d,p) basis set for selected all atoms. [81] The values presented are G in kcal/mol at 298.15 K. They include solvation correction for 1,2 dichloroethane, obtained using the SMD method. [82] The free energy of the experimentally observed reaction was computationally estimated to -34.4 kcal/mol (Scheme 106, eq 1). The protodesilylation of 2a by squaramide F was found exergonic by 10.1 kcal/mol (Scheme 106, eq 2). The free energy of the chelation Following the general procedure, product was obtained as a colorless oil in 86% yield (24 mg) after purification. 

3-(

Following the general procedure, product was obtained as a colorless oil in 83% yield (24.5 mg) after purification. 

3-(4-bromophenyl)-2,2-difluoro-1-phenylbut-3-en-1-one 3d

Following the general procedure, product was obtained as a colorless oil in 83% yield (28 mg) after purification. 

Following the general procedure, product was obtained as a colorless oil in 75% yield (29 mg) after purification. The proposed bimetallic mechanism is as follows (Scheme 113): a transmetallation forms a multinuclear arylsilver reagent which become high-valent via oxidation, which then through reductive elimination form the C-F bond. This redox synergy was considered to probably decrease the high kinetic barrier in C-F formation. The silver salts finally formed can be recycled by filtration.

Scheme 113. Proposed bimetallic mechanism for Ag-mediated electrophilic fluorination

Synthetic methods towards vinyl fluorides

As an important target of chemical synthesis, vinyl fluorides remain a challenge. Here we have selected two main synthetic approaches: olefination and elimination, to illustrate the establishment of disubstituted α-monofluoroalkenes.

a. Olefination reactions

Julia-Kocienski olefination is one of the most prospective methods in the constructing various functionalized fluoroalkenes. Zajc's group was the first to use this strategy for forming 1-aryl-1-fluoroethenes using Cs2CO3 or DBU as a base under mild conditions (Scheme 114). [13] Benzothiazolyl (aryl) fluoromethyl sulfones and large excess of paraformaldehyde reacted to afford the terminal fluoroalkenes in good yields. In comparison, the Horner-Wadsworth-Emmons olefination with an aryl αfluorophosphonate cannot be favored under the same mild conditions (Scheme 115). [14] The authors suggested that the higher reactivities of the Julia reagent arise from the smaller pKa of the α-proton than that of phosphonates in the HWE analog.

Scheme 121. Metal-free stereodivergent monohydrofluorination of alkynes

This reaction keeps excellent control of regio-, stereoselectivity, and high E/Z ratio can be obtained by changing the structure of the starting material and reaction conditions.

DFT calculations revealed that after the generation of closed ions pair intermediates I and II, the E-isomer is obtained by kinetic process while the Z isomer is affected by thermodynamic control: higher temperature, increased solvent polarity and a less hindered substituent can decrease the steric repulsions with BF4 -, leading to the Z isomer, while opposite conditions will provide the E isomer.

In 2021, Beier discovered a new type of reactive species, N-fluoroalkyl-1,2,3-triazoles, which could be transferred to diazonium salts by protonation or coordination and then eliminated as vinyl cations (Scheme 122). The final substituted alkenes mostly keep Z stereoisomer since the heteroatom attack is always on the same side as the fluoroalkylbound nitrogen in both strong Brønsted or Lewis acids conditions. [29] Scheme 122. Acid-mediated transformation of N-fluoroalkyl triazoles Scheme 124. fluorination of vinyl boronates via electrochemical generation of vinyl cations

Electrophilic cyclization reaction of C-C double bonds by Li + /WCAs

In the chapter on carbocation intermediates in organic synthesis (Chapter 1.3.1.3), we introduced Nelson's work who creatively developed a Li + /WCAs catalytic system to achieve the functionalization of non-activated C-H bonds via vinyl cations and aryl cations. [33] Recently, this group applied the same catalytic system [Li] + [B(C6F5) 4] -into the tail-tohead (TH) polycyclization of linaloyl fluoride in biomimetic total synthesis based on the attack of a C-C double bond to the intermediate allyl cation that generates from fluoride abstraction (Scheme 125). [34] The utilization of Li + /WCAs is considered to generate long-lived carbocations that have sufficient lifetime to fulfill the polycyclization processes. And the preformed catalyst is essential in this process because in situ catalysis with LiHMDS and [Ph3C] + [B(C6F5)4] -can lead to premature deprotonation of carbocation intermediate. This first small molecule catalyzed TH polycyclizations gives a high-yield mixture of several polycyclic terpene natural products. [35] It can certainly be predicted that this powerful strategy of C-C bond formation by using carbenium ions associated with WCAs will have wide applications, and even bring great innovations in organic synthesis.

Scheme 125. Tail-to-head (TH) polycyclization of linaloyl fluoride

was occurred, with an unconsummed starting material 3 (Scheme 126). These failed initial tests suggest that the simple utilization of an inorganic salt as fluoride source in previous conditions may not be relevant.

Scheme 126. Initial test of fluorination of aryltriflates

Triflylation of arylvinyltriflates and aryltriflates

The formation of vinyl triflones was attempted by using NaSO2CF3 (Table 11).

However, the previous conditions in toluene cannot furnish the desired product 5 (Table 11, entry 1). To prove if the strong alkaline environment destroys the starting material, we only added tris(2-(2-methoxyethoxy)ethyl)amine as additive, which can act as phase-transfer catalyst to improve the solubility of NaSO2CF3 in organic solvent, but no triflones derivatives was detected and no starting material was left too (Entry 2).

Table 11. Initial tests of triflylation of vinyltriflates

Changing solvent and temperature were considered, but conditions neither in pentane at 30 o C nor in DCE at 40 o C were helpful (Entries 3-5). All these initial attempts

Table 14. Optimization of electrophilic cyclization reaction of C-C double bond

Other catalysts with different cations or anions were also tested (Table 15). Keeping [Al(pftb)4] -as WCAs, In + , Ag + and PH3C + were added separately (Entries 1-4). All these cannot provide an obvious improvement in catalytic reactivity. The same situation occurred in utilization of LiBArf (Entry 5).

Table 15. Changing the catalysts to optimize the cyclization reaction

From all these optimizations, we initially concluded that the enough content of Li + is 

Synthetic procedure for cyclization reaction

In the glovebox, a dram vial was charged with [Li] 

Classical applications of Al(III) halides as Lewis acid

Among commercially available aluminum reagents, Al(III) halides are probably the most widely used, as they are characterized by high hygroscopicity and strong Lewis acidity. As the electronegativity of the halogen decreases, the Al-halogen covalent bond energy follows the order Al-F > Al-Cl > Al-Br > Al-I, [20] which means Al(III) halides change from ionic to covalent character. AlF3, in particular, is described as the strongest solid Lewis acid. [21] Compared to the layered structure of AlCl3, molecular dimer structure of AlBr3 and AlI3, AlF3 has three-dimensional polymeric structure in the solid state, which gives it a higher melting point (1290 °C ). As amorphous solid with an extraordinary high Lewis acidity, AlF3 has wider applications in heterogeneous catalysis.

AlCl3 is well-known for its catalytic ability in Friedel-Crafts type reactions for both acylation and alkylation, which are favored by the tendency to form AlCl4 -that is stable according to octet rule, inducing a partial or eventually total positive charge on the adjacent carbon center (Scheme 134). [22] As to AlBr3, it shows more solubility in many organic solvents than AlCl3 because of its covalent nature and could also be used in Friedel-Crafts processes, even though its catalytic ability is moderate. [23] Moreover, both AlCl3 and AlBr3 can form conjugate Brønsted-Lewis superacid HCl-AlCl3 and HBr-AlBr3 with enhanced acidities. [24] In this part, we could like to introduce the common applications of AlCl3 and AlBr3 as Lewis acid in classical organic reactions.

Scheme 135. Inter-and intramolecular Friedel-Crafts acylations of carboxylic acids

They provided a plausible mechanism for this efficient one-pot, two-step method of synthesizing various aliphatic and aromatic ketones (Scheme 136): the mixture of carboxylic acid, cyanuric chloride, and pyridine at room temperature leads to the generation of acid chlorides, which then react with toluene under the catalysis of AlCl3 to get the final products with high regioselectivity.

Scheme 136. Mechanism of intermolecular Friedel-Crafts acylations of arenes using carboxylic acids

In Miyano's group, they achieved an AlBr3 promoted carboxylation of fused aromatic compounds with carbon dioxide under high regioselectivity (Scheme 137). [29] The best performance of AlBr3 among AlCl3 and other Lewis acid such as GaCl3 and SnCl4 was considered resulting from a combination of highest Lewis acid and good solubility in benzene. The 2-phenylnaphthalene in byproducts reveal that the competition of dehydrocoupling (Scholl-type reaction) and the carboxylation lead to moderate synthesis of highly hindered cyclohexene compounds through Diels-Alder reaction process (Scheme 139). [33] The quite sterically hindered silyloxy dienes and dienophiles could provide the corresponding cycloadducts in good yield rapidly.

Scheme 139. AlBr 3 /AlMe 3 catalyzed Diels-Alder reactions of highly substituted dienes and dienophiles They suggested that the small amount of AlMe3 can eliminate any trace of HX in the medium, [34] which extends the stability of the silyloxy diene. AlBr3 is preferable than AlCl3 here because of its good solubility in DCM. Moreover, a stepwise process instead of simultaneous formation of two bonds was considered since the substantial secondary orbital overlap is lacked and normal Alder endo transition state rule cannot work. Thus, a tandem mechanism of Mukaiyama-Michael followed by intramolecular Michael-like process was proposed. For the favored exo-stereoisomer, they explained it by steric hindrance as methyl and acetyl groups on dienophile is more sterically hindered (Scheme 140).

Scheme 140. stereochemistry controlled by steric hindrance

Aldolization

As one of the fundamental organic reactions of C-C bond formation, aldol reaction can be promoted by Lewis acids through electrophilic activation of a carbonyl group. [35] 

Scheme 145. Cooperation between Al(III) center bearing quaternary ammonium cations

Wehmschulte performed the reduction of CO2 with Et3SiH into methane. Their reduction was catalyzed by [(2,6-Mes2C6H3O)2Al][CHB11Cl11], a strong cationic Al(III) Lewis acid with bulky neutral phenoxyalanes (Scheme 146). [41] They proposed the mechanism that the active intermediate, ( From their DCD model that described the binding of acetylene with the O-Al-O frustrated Lewis triad (FLT), they understood that this process could have the same coordination with alkynes as transition metals. Subsequent periodic-DFT calculations affirm that this can indeed happen: the HOMO of acetylene is given to the empty aluminum orbital and two oxygens with lone pairs in different sites are given back to the LUMO of alkyne under intricate hybridization (Figure 40). Furthermore, their analysis of the calculated DFT energy profiles explained the choice of the 6-endo pathway instead of 5-exo pathway: the former is exothermic in the synthesis of Wheland-type intermediate (through slipped η 1 -coordination), making it goes through lower energetic barriers in typical two consecutive [1,2]-H shifts processes.

Figure 40. Coordination process between γ-alumina and alkynes

Combining with the previous work, [49] they used such dual Lewis acidity of alumina into activating two functionalities: terminal alkynes forming 6-endo-dig intermediate and C-F bond forming the acenaphthene fragment at the same time (Scheme 151). [50] This acenaphthenoannulation plays an important role in establishing polycyclic aromatic hydrocarbons (PAHs) as it is easy to synthesize π-extended buckybowls and helicenes. Figure 41 is the top and side views of crystal structure of three-point annulation product. 

New methods for improving the reactivity of Al(III) complex

In this part, two new kinds of Al(III) Lewis acid complexes that exhibit significantly enhanced catalytic reactivity through cationization will be presented: the superelectrophile [AlCl2] [SbF6], and cationic NHC-Al(III) halide adducts.

How to increase Al(III) halides reactivity

It is interesting that recently a Lewis acidic superelectrophile, [AlCl2] [SbF6], was investigated and applied in organic synthesis as superior catalyst: here, a chloride atom was instead abstracted from AlCl3. The group of Schindler applied this aluminum-based heterobimetallic ion pairs into the formation of medium-sized rings from carbonyl-Scheme 155. In(III)-catalyzed dihydroarylation of arenyne with anisole

Cationic NHC-Al(III) halide adducts may act as Lewis acids

Cationic Al(III) species are characterized by their enhanced Lewis acidity and high reactivity in the activation of various unsaturated/polar compounds but their instability in polar environment has limited their use. [56] While N-heterocyclic carbenes (NHCs) are found to be superior ligands with exceptional ability to stabilize oxophilic and acidic metal centers, due to their strong σ-donation (highly basic and nucleophilic characters), weak π-acceptor property and steric protection from N-substituents (which also impacts the solubility of the compounds). [57] Therefore, the first NHC aluminum compound, (NHC)•AlH3, was synthesized in 1992 by Arduengo and shows better stability (melting point of 246-247 °C without decomposition) than Me3N•AlH3 (which decomposes above 100 °C). [58] Later, Roesky reported (IMe4)•AlCl3 as the first NHC-supported aluminum(III) halide complexes from the direct reaction of free IMe4 with AlCl3 in toluene in 2004, [59] of which Al center kept a slightly distorted tetrahedral geometry and its C-Al bond length (2.009(5) Å) is much shorter than that in NHC-AlR3 analogues (Figure 43). Subsequently, other (NHC)•AlCl3 were synthesized, but AlBr3 and AlI3 adducts with the least hindered NHCs were not reported due to their relatively lower stability and side formation of ionic adducts. While (NHC)•AlI3 adducts, bearing bulkier NHCs such as IMes or IDipp, could be obtained. [60] However, such more bulky ligands mean more severe steric hindrance and the more length of C-Al bond. In addition, the analogue (Me2CAAC)•AlX3 adducts (X = Cl or Br) can be prepared under the same protocol (Scheme 156). [61] 

Scheme 156. Common (NHC)•AlX 3 complexes and (Me 2 CAAC)•AlX 3 adducts

This strong coordination structure is very useful in bond-activating in catalysis process, [62] such as the (NHC)•AlX3 complex acting as a good precatalyst in polyurethane (PUR) synthesis. [63] Based on their enhanced thermal stability, it is certainly foreseeable that various unique applications of (NHC)•AlX3 complexes under different activated methods will be discovered in catalytic organic synthesis in the future.

For example, in the previous work of our group, we found that in situ generated [NHC . MX2][SbF6] (M = Ga, In; X = Cl, Br) has highly active π-Lewis acidity (Scheme 157). [19] As the same group metal, (NHC)•AlX3 complexes are reasonable to follow such strategy of halide scavenging by a silver salt, this may have potential applications in catalytic reactions.

Scheme 157. In situ generation of Ga and In highly catalytic system [IDipp

Results and discussion

As outlined above, Al(III)-based Lewis acids are widely used in organic synthetic reactions due to Al abundance, low cost and low-toxicity. However, their applications as π-electrophilic Lewis acid catalysts are much less reported, even though there are very powerful and convenient methods to transform alkyne, alkene or allene derivatives into valuable structures.

In this section, in line with our group's research on two Group 13 Al neighbors, e.g. Ga and In, the catalytic behavior of the carbophilic Al(III) Lewis acid in the cycloisomerization of 7-alkynylcycloheptatrienes, bimolecular dihydroarylation and hydrogenative cyclization of 1,6-arenynes, (hydrogenative) ring closing carbonylolefin metathesis, transfer hydrogenation of alkenes will all be investigated. Our goal was to reveal the catalytic activity of Al(III)complexes at the border between π-and σ-Lewis acid characters.

Al(III)-catalyzed cycloisomerization of 7-alkynylcycloheptatrienes

In our previous work, we described that gallium and indium complexes are π-activators due to their ability to mediate the addition of a C=C bond to a CC bond through a nonclassical carbocation likewise noble transition metals. [19e, 54a, 54c, 64] The cycloisomerization of enynes is a prototypical example of such a reactivity (Scheme 158, eq 1). [65] The classification of Lewis acids between the softer ones, which will be good for mediating enyne cycloisomerizations, and the harder ones, which will be more potent for functionalization of the π bond through conventional carbocations, can be easily made by using the cycloheptatriene test. As described by Echavarren et al., 7alkynylcycloheptatrienes are treated like enynes by soft π-Lewis -acids such as gold(I) complexes (Scheme 158, eq 2). [66] Scheme 159. Isomerization pathways of the 7-alkynylcycloheptatriene compound 11 (E = CO 2 Me; LA = Lewis Acid; DCE = 1,2-dichloroethane)

Tests on the catalytic behavior of NHC . AlX 3 /AgSbF 6

The thermal stability of cationic NHC . AlX3 adducts and the strategy of halide scavenging in our group have been introduced in the last section (Chapter IV, 1.4.2).

The plan was to follow the same strategy by applying AgSbF6 as halide abstractor to generate in situ a new cationic catalytic system [NHC . AlX2][SbF6] (Scheme 160).

Scheme 160. Design of forming highly catalytic system [NHC . AlX 2 ][SbF 6 ]

Firstly, we chose to synthesize IMes . AlBr3 adduct, which was not reported in the literature. [60] Then, IMes . AlBr3 was tested in the cycloisomerization of 7-alkynyl cycloheptatriene 11 under standard conditions (Table 17), but no reactions took place: either with or without AgSbF6, in DCE or in toluene. When used AgSbF6 alone in DCE same halide, the comparison with others Group 13 (boron, gallium and indium) were tested with or without AgSbF6 as halide abstractor. As anticipated, BBr3 cannot provide any products (Table 20, entries 1-2), whereas the addition of AgSbF6 brought no influence on the results of GaBr3 (Entries 3-4). However, AgSbF6 worked effectively in the catalysis with InBr3: its presence remarkably improved the yield from 11% to 88%. This follows the same trend in our previous work: [InBr2] [SbF6] is much more electrophilic than the corresponding InBr3. [19d] 

c. Tests of other additives

Apart from AgSbF6, we wondered whether other additives may also act as halide abstractor efficiently in this protocol. Firstly, another silver salt, AgBF4, was tested but no product was obtained (Table 21, entry 1). Keeping SbF6 -as anion and changing the silver by a sodium did not work either (Entry 2). Several other Brønsted acids, TFA, HOTf and HNTf2, as well as Lewis acids, TMSOTf and Ga(OTf)3 were tested subsequently but no reaction was achieved at all (Entries 3-7). In(OTf)3 was an exception as it led to only 20% yield of 3a (Entry 8).

InBr3 and BBr3 as salts of the same group were tried as additives, since in the previous work, we could generate cationic species by adding a second metal salt (Entries 9-10). [71] However, it was proved useless. Complexes exhibiting weakly coordinating anions, such as [Li][Al(OR F )4] and [CPh3][Al(OR F )4], did not give the same results as with SbF6 -since no product was observed (Entries 11-12). At last, the efficient additive urea in the synthesis of gem-difluoro skipped β,γ-enones was added, without any benefit (Entry 13). All these failures emphasized the unique role of AgSbF6 in this catalytic system. 

Scope study of dihydroarylation of 1,6-arenynes a. Scope of the reaction

After achieving the optimal reactivity of the catalytic system on 1,6-arenyne 1a with AlBr3 (20 mol%), AgSbF6 (20 mol%) in DCE at 50 o C for 4 h, the corresponding scope of the reaction was subsequently studied. The desired bicyclic products were isolated in good to excellent yields (Table 22).

Scheme 164. Proposed mechanism of hydrogenative cyclization of arenynes with 1,4-CHD

Optimizations of hydrogenative cyclization of arenynes

As shown in Table 24, in the first attempt, 1.2 eq. of 1,4-CHD was added to the reaction system while other conditions were maintained as before (Table 24). This resulted in a good yield of the hydrogenative product 5a but with 31% yield of cyclization product 4a (Table 24, eq 1). After increasing the amount of 1,4-CHD to 3.0 eq. as well as changing temperature to 110 o C, a good result that retained 5a as main product in 73% yield was obtained (Table 24, eq 2).

Table 24. Conditions of hydrogenative cyclization of arenynes Scheme 165. [Ga] + catalyzed tandem carbonyl-olefin metathesis/transfer hydrogenation

Therefore, the catalytic ability of AlBr3 and AgSbF6 was tested firstly in the simple carbonyl-ene metathesis (Table 26). Under the standard conditions (20 mol% of AlBr3, 20 mol% of AgSbF6 in DCE at 50 o C for 4 h), [AlBr2] [SbF6] provided a mixture of cyclic isomers 8a and 9a in good yields. Starting materials with fluoride and chloride substituted aryl groups 7b and 7c were converted in good yields as well (67% and 84% separately). [60] 

Table 26. Scope of ring closing carbonyl-olefin metathesis

In the course of our research, Schindler's group reported the superelectrophilic Lewis acidic [AlCl2] [SbF6], and described that these Al-based heterobimetallic ion pairs have a strong Lewis acidity and higher electrophilicity of Al(III). [51] This was presented in the last section (Chapter IV, 1.2.2.2) and can be a strong support for our proposed [AlBr2][SbF6]complex.

[AlBr 2 ][SbF 6 ] catalyzed hydrogenative carbonyl-olefin metathesis

We continued to extend the application of [AlBr2] [SbF6] into the tandem process to form 1,2-cis-disubstituted cyclopentane structures. Initially, 3.0 eq. of 1,4-CHD were added as hydride source but after 4 h, 16% of cyclization products without reduction was obtained (Table 27, entry1). However, after increasing the amount of 1,4-CHD to 10.0 eq. (Table 27, entry 2) and extending the reaction time to 24 h, compound 7a was fully converted to the desired hydrogenative carbonyl-olefin metathesis product 10a with dr = 2.5:1 (Table 27, entry 3).

Table 27. Optimizations of hydrogenative carbonyl-olefin metathesis

Moderate to good reactivities were observed in the scope study (Table 28). The fluorosubstituted compound 10b was formed in 65% isolated yield with dr = 1.5:1 and the chloro-substituted one 10c in 47% yield dr = 1:1. All these results as similar as those obtained under [Ga] catalysis, but the stereoselectivities are much lower. 

Transfer hydrogenation of alkenes

As the hydrogenative cyclization worked with cationic aluminum, we extended the study to the reduction of alkenes by hydrogen transfer. It is known that transfer hydrogenation of alkenes using 1,4-CHD as H2 surrogate is a very convenient process that can be catalyzed by gallium or boron complexes. [54d, 73] Therefore, we examined whether catalytic transfer hydrogenative of alkenes was possible with the [AlBr2] [SbF6] catalytic system.

We firstly carried out the transformation starting from cyclohexenylbenzene 18 (Scheme 166, eq 1), as it is usually used to probe reaction conditions applicable to simple alkenes. Delightedly, a reduction product was obtained efficiently with 98% isolated yield. However, no reaction occurred when 1,2-disubstituted alkene 19 was tested even increased the temperature to 80 o C (Scheme 166, eq 2). This indicates a limitation of [AlBr2] [SbF6] in transfer hydrogenation of alkenes, whereas [Ga] and [In] represents good catalytic activity in such kind of transformations.

Scheme 166. Transfer hydrogenation of alkenes catalyzed by [AlBr 2 ][SbF 6 ]

Experimental

General information

All reactions were performed in oven-dried flasks under argon. Reactions in overheated solvent were performed in 10 mL reaction tubes sealed with a Teflon-coated Rodaviss stopper and immersed in a pre-heated oil bath. Reactions were monitored using thinlayer chromatography (TLC) on silica gel plates (0.25 mm) precoated with a fluorescent indicator. The spots were visualized with ultraviolet light and/or potassium permanganate stain with heat as developing agents. Unless otherwise stated, products were purified by chromatography on silica gel with mixtures of ethyl acetate (EtOAc), diethyl ether (Et2O), cyclohexane (Cy), pentane or petroleum ether (PE). NMR characterization data was collected at 296 K on AM 250, AV 300 or AV 360 Bruker spectrometers operating at 250, 300 or 360 MHz for 1 H NMR. 1 H NMR chemical shifts are reported in ppm using residual solvent peak as reference (CDCl3: δ = 7.26 ppm).

Data for 1 H NMR are presented as follows: chemical shift δ (ppm), multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet, br = broad), coupling constant J (Hz) and integration; 13 C NMR spectra were recorded at 63, 75, 91 or 100 MHz using broadband proton decoupling and chemical shifts are reported in ppm using residual solvent peaks as reference (CDCl3: δ = 77.16 ppm). AlCl3, AlBr3 were obtained from TCI and used as received. IMes . AlBr3 was synthesized following a reported procedure. [63] The following compounds 1a-c and 1i, 7a-c were previously described. [54d, 54e, 64a] 

Materials

Synthetic procedure for 1,6-arenynes 1a-c and1i

The 1,6-arenynes 1 employed in this reaction are known compounds, which could be prepared according to the literature reports shown in the general information. 1 was synthesized as the following procedure: under N2 dimethyl 2-(prop-2-yn-1-yl)malonate (1.0 eq., 20.0 mmol) was added to a suspension of NaH (1.2 eq., 0.96 g, 24.0 mmol) in THF (20.0 mL) at 0 o C. The resulting mixture was stirred at rt until the evolution of hydrogen gas subsided. BnBr (1.2 eq., 24.0 mmol) was then added at 0 o C. After stirring the mixture at rt for further 24 h, the reaction was quenched with 20.0 mL of water. The two layers were separated, and the aqueous layer was extracted with CH2Cl2  3. The combined organic extracts were washed with brine, dried over anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure. The crude reaction mixture was purified by column chromatography on silica gel (Cy/EtOAc 4/1) providing product 1.

1,3-dimethyl 2-benzyl-2-(prop-2-yn-1-yl)propanedioate 1a

Following the general procedure, product 1a was obtained as white solid after purification. 

Synthetic procedure for the synthesis of ethyl 2-benzoyl-6-methylhept-5enoate 7a-c

The ethyl 2-benzoyl-6-methylhept-5-enoate 7 employed in this reaction are known compounds, which could be prepared according to the literature reports shown in the general information. 7 was synthesized as the following procedure: a 250 mL round bottom flask equipped with a magnetic stir bar was charged with K2CO3 (1.2 eq., 1.66 g, 12.0 mmol) and KI (1.2 eq., 1.99 g, 12.0 mmol). Dry acetone (40.0 M) was then added, followed by the ethyl 3-oxo-3-phenylpropanoate (1.0 eq., 10.0 mmol) and 5bromo-2-methylpent-2-ene (1.2 eq., 1.96 g, 12.0 mmol). The resulting mixture was heated at reflux with a condenser and stirred overnight. The reaction was then cooled to rt, quenched with H2O, and extracted twice with Et2O. The combined organic extracts were washed with H2O and brine, dried over MgSO4, filtered, and concentrated under reduced pressure by rotary evaporation. Purification by FC (SiO2, Cy/EtOAc, 95/5) afforded 7 as clear oil.

2-(4-methylpent-3-en-1-yl)-1-phenylhexane-1,3-dione 7a

Following the general procedure, product 7a was obtained as clear oil after purification. 1.67 (s, 3 H), 1.51 (d, J = 0.9 Hz, 3 H), 1.17 (t, J = 6.9 Hz, 3 H). Spectroscopic data match those previously reported in literature. [54e] 1-(4-fluorophenyl)-2-(4-methylpent-3-en-1-yl)hexane-1,3-dione 7b

Following the general procedure, product 7b was obtained as clear oil after purification.

1 H NMR (250 MHz, CDCl 3 ): δ 8.04-7.95 (m, 2H), 7.17-7.07 (m, 2H), 5.11-5.03 (m, 1H), 4.28-4.21 (m, 1H), 4.12 (q, J = 7.0 Hz, 2H), 2.06-2.00 (m, 4H), 1.64 (s, 3H), 1.48 (s, 3H), 1.15 (t, J = 7.0 Hz, 3H). Spectroscopic data match those previously reported in literature. [54e] 1-(4-chlorophenyl)-2-(4-methylpent-3-en-1-yl)hexane-1,3-dione 7c Following the general procedure, product 7c was obtained as clear oil after purification. 

Catalytic reactions

Following the general procedure, product 3h was obtained as white solid in 73% yield after purification. 

Procedure for hydrogenative carbonyl-olefin metathesis

AlBr3 (20 mol%, 10.67 mg) and AgSbF6 (20 mol%, 13.74 mg) were charged in a 10.0 mL tube equipped with a Teflon-coated magnetic stir bar in the glovebox. Dry DCE (1.0 mL) was added, and the mixture was stirred at rt for 5 min. Then was added ethyl 2-benzoyl-6-methylhept-5-enoate 7 (1.0 eq., 0.1 mmol). The 1,4-CHD (10.0 eq., 1.0 mmol, 95.0 L) was finally added and the resulting mixture was stirred for 24 h in a preheated oil bath at 50 °C, unless otherwise specified. The reaction mixture was diluted with ethyl ether, filtered through a pad of celite (thoroughly rinsed with ethyl ether) and concentrated under reduced pressure by rotary evaporation. The crude was purified by FC (SiO2, Cy/EtOAc, 95/5) afforded corresponding hydrogenative carbonyl-olefin metathesis products 10.

Ethyl 2-phenylcyclopentane-1-carboxylate 10a

Following the general procedure, product 10a was obtained as colorless oil in 70% yield

GENERAL CONCLUSION

In this thesis, we started by introducing of carbocations, which act as one of the most important intermediates in organic synthesis (Chapter I). The main stability factors, as well as the reactivities of two kinds of cations with different hybridizations: sp 2 and sp, were all described. Based on these reaction pathways that contain various carbocation intermediates, the further research such as nucleophilic substitutions and cyclizations were thus well-developed.

In Chapter Ⅱ, we realized the synthesis of gem-difluoro skipped β,γ-enones directly from vinyl triflates and difluoroenoxysilanes. These products are useful precursors of fluorinated alcohols, sugars and fragments of natural products, but one-step reactions to form them are rare. The catalyst [Li][Al(pftb)4], exhibiting a weakly coordinating anion, offered a good reactivity to the generated sp hybridized vinyl cation intermediate in this transformation. The utilization of a squaramide ligand proved essential to improve the solubility of the catalyst and make possible the reaction of a typically weak electrophile with a weak nucleophile.

Further attempts to form fluoro-containing compounds from sp hybridized cations are presented in Chapter Ⅲ, using the same kind of catalyst. But the initial results were not ideal, further investigations would be paid on this study. On the other hand, a challenging test of reacting unactivated alkenes with vinyl cations was performed.

Encouraging initial results were obtained and optimization as well as mechanism study will be done in the following work. This reaction between C-C double bonds and vinyl cations would be a complement to the various vinyl cation-involving transformations and could play an important role in the synthesis of natural product scaffolds.

In Chapter Ⅳ, π-electrophilic ability of Al(III) Lewis acids that was rarely reported before was disclosed by the investigations of their catalytic behavior. According to our previous work on other Group 13 metal catalysts, Ga and In, various transformations were tested and fulfilled successfully by using the in situ formed catalyst [AlBr2] [SbF6].

The carbophilic and oxophilic ability of Al(III) Lewis acid were both well illustrated in these reactions and the relevant applications would be our new aim in the further synthetic studies.