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The field of enantioselective C-X bond formation (X = halogen, S, Se) has grown steadily over the past decade. It is particularly true of electrophilic enantioselective fluorination owing to the beneficial effects of fluorination for tuning the biological activity of drug candidates. Other halogenations (X = Cl, Br) remain less developed. Other oxidations of C-H bonds include the sulfenylation, especially the trifluoromethylthiolation, and the selenenylation. Outstanding results are presented on the direct enantioselective C-X bond formation via C-H functionalization by means of electrophilic reagents and powerful asymmetric synthesis methodologies.

Key points:

• The enantioselective electrophilic fluorination with the aid of chiral fluorinating agents, by means of organocatalysis including phase-transfer catalysis, and by means of transitionmetal catalysis is presented.

• Analogous chlorination and bromination exploiting asymmetric synthesis methodologies complement the C-Hal bond formations.

• The enantioselective electrophilic sulfenylation and selenenylation are also presented.

Introduction

This chapter covers the literature from 2012 to end of 2021 that appears after the first edition of Comprehensive Chirality. During this last decade, the field of enantioselective C-X bond formation (X = halogen, S, Se) has grown steadily. It is particularly true of electrophilic enantioselective fluorination owing to the beneficial effects of fluorination for tuning the biological activity of new drug candidates. Other halogenations (X = Cl, Br) remain less developed as a consequence of a lower interest for the corresponding halogenated products. The second most investigated oxidation of C-H bonds is the sulfenylation, specifically the trifluoromethylthiolation for direct introduction of the biologically relevant emerging SCF 3 motif, which, once again, illustrates the high interest for fluorine. Outstanding results were reported on the direct enantioselective C-X bond formation via C-H functionalization by means of electrophilic reagents and powerful asymmetric synthesis methodologies. This chapter is organized by C-X type bond formation and sub-categorized by type of approach: use of stoichiometric chiral agents, organocatalytic reactions with a special focus on phase-transfer catalysis, and transition-metal catalysis. Not covered in this chapter are the diastereoselective reactions that are mentioned in Volumes 1 and 2 nor the olefin difunctionalization that is described in Volume 5.

Enantioselective Electrophilic Fluorination

The C-F bond formation, a fortiori with concomitant creation of a stereogenic center, is of the utmost interest to optimize the performances of pharmaceutical, agrochemical and material products. With that aim in mind, numerous applications of the two most popular electrophilic fluorinating agents, NFSI and Selectfluor, in organocatalytic and metal-catalyzed processes have been intensively investigated. Chiral analogues of NFSI and Selectfluor were also developed.

Chiral Fluorinating Agents

Following the pioneering works conducted independently by Shibata and Cahard groups, a few asymmetric fluorinations have been performed using chiral fluorinating agents obtained by combination of a chiral alkaloid and an electrophilic fluorine source. This strategy was used in the enantioselective fluorination of -aryl-tetralones via a combination of a cinchona alkaloid and Selectfluor (Scheme 1). 1 The results are very sensitive to the structure of the alkaloid, the decoration of the substrate and to the reaction temperature. In particular, the enantioselectivity showed a strong dependence of the -aryl substituent (-alkyl ketones were not studied).

Scheme 1 Enantioselective electrophilic fluorination of α-aryl-tetralones

Using the same strategy, the enantioselective fluorination of -amino keto amides was accomplished in a post-Ugi functionalization. The reactivity and the enantioselectivity strongly depend on the nature of the alkaloid used (13 alkaloids tested) as well as on the nature of the substrate substituents (Scheme 2 ). 2 Scheme 2 Enantioselective electrophilic fluorination of Ugi adducts, -amino keto amides In 2013, two new chiral fluorinating agents were developed. The Gouverneur group prepared a reagent by adding aryl groups to Selectfluor's framework (Figure 1) for use in asymmetric tandem electrophilic fluorination-cyclization reactions (see volume 5). 3 In a joint work, Shibata, Ma and Cahard designed chiral N-fluorodibenzenesulfonimides as chiral analogues of NFSI. The enantioselective fluorination was demonstrated in cyclic β-keto esters and in the synthesis of BMS-204352 with up to 86 % ee (Figure 1). 4 Figure 1 Chiral Selectfluor and NFSI analogues 7.9.2.2 Organocatalytic Fluorination A well-developed approach in reactions of aldehydes to create -stereogenic centers involve aminocatalysis via enamine intermediates. Although the stereodiscriminating step involves a diastereoselective addition on an intermediate to which the catalyst is covalently attached, we think of interest to mention some examples in this chapter in complement to other diastereoselective approaches presented in Volumes 1 and 2. Chiral primary amines have been shown to be very efficient catalysts for reactions with branched aldehydes. For instance, aminobenzamide catalysts derived from chiral 1,2diaminocyclohexane promoted efficient α-fluorination of α,α-disubstituted aldehydes with high enantioselectivities (Scheme 3a). 5 In the same vein, new chiral primary amine catalysts featuring an ester function and aryl substituents at the 3,3'-positions of the binaphthyl backbone were successfully applied in the enantioselective fluorination of branched aldehydes affording high enantioselectivities (Scheme 3b). 6 Interestingly, when simple diamine (primary/tertiary) were employed, it was noted that switching the fluorination reagent from NFSI to N-fluoro pyridiniums gave access to both enantiomers in good yields and high enantioselectivities (Scheme 3c). 7 Scheme 3 Aminocatalysis for asymmetric α-fluorination of branched aldehydes

The same observation was done in the organocatalytic asymmetric fluorination of cyclic and acyclic -keto carbonyls. Here again, a simple exchange of the fluorination reagent while keeping the same primary amine as catalyst made it possible to reverse the enantioselectivity. Mechanistic studies revealed H-bonding (with NFSI) and electrostatic repulsions (with N-fluoro pyridiniums) as key interactions in transition-state models for the same chiral primary amine catalyst (Scheme 4a). 8 Primary amines derived from β,β-diaryl serine served in the fluorination of α-substituted β-diketones. The carboxylic group of β,βdiaryl serine plays an important role in enhancing the electrophilicity of the fluorine donor and in positioning the reaction partners in the transition state (Scheme 4b). 9 Scheme 4 Aminocatalysis for asymmetric -fluorination of -keto carbonyls Well-established silylated ,-diaryl prolinol derivatives were found to be efficient enamine organocatalysts in the fluorination of N-Boc-pyrrolidine-3-carboxaldehyde disubstituted at C4 including spirocyclic substituents. A series of eight fluorinated spirocyclic pyrrolidine carbaldehydes were synthesized in high yields and enantioselectivities (Scheme 5a). 10 With the aid of same or antipode of silylated ,-diaryl prolinol derivative, an enantioselective catalytic approach for the synthesis of gem-chlorofluoro compounds was developed from chlorinated aldehydes using NFSI as the source of fluorine. Noteworthy, a cascade one-pot procedure starting from non-halogenated aldehydes allowed to introduce a chlorine and a fluorine atom successively in good yields with high enantioselectivities. In this approach the first created stereogenic center featuring the chlorine is destroyed during the fluorination step and the geometry of the sp2 intermediate species impacts the enantiomeric excess of the final dihalogeno product (Scheme 5b). 11 Scheme 5 Enantioselective fluorination of aldehydes by prolinol-derived enamine catalysis Cinchona alkaloids are privileged catalysts in a wide range of transformations that include electrophilic fluorinations. Native alkaloids, bis-alkaloids, urea-and thiourea-modified alkaloids have been evaluated in the fluorination of various substrate types. A simple process was developed for the asymmetric construction of 4-fluoro-4-substituted pyrazolones using natural quinine as catalyst in good to high yields with moderate to good enantioselectivities (Scheme 6a). 12 Note that in this reaction the bis-cinchona alkaloid catalyst (QN) 2 PYR gave poor enantioselectivity (ee = 8%). In contrast, (QN) 2 PYR revealed to be the most powerful catalyst in the asymmetric fluorination of 4-substituted isoxazolinones (Scheme 6b). 13 Electron-rich urea attached to cinchona catalysts were able to achieve the asymmetric fluorination of 3-functionalized oxindoles with NFSI as the fluorination reagent. Various 3-fluoro-3-substituted-2-oxindoles have been obtained with good yields and good enantioselectivities (Scheme 6c). 14 A mechanism was speculated involving the generation of a [N-F] + chiral reagent (see 7.9.2.1), but no clear evidence was provided. As an alternative, bifunctional chiral thiourea organocatalysts were successfully engaged in the enantioselective fluorination of mainly cyclic -keto esters using NFSI as fluorine source. The fluorinated products were obtained in high yields with moderate to good enantioselectivities. The few tested acyclic -keto esters gave a same level of results. (Scheme 6d). 15 

Scheme 6 Catalytic asymmetric fluorinations by means of cinchona alkaloids and derivatives

A different approach toward 4-fluoro-4-substituted pyrazolones that are highly functionalized was carried out through an enantioselective organocatalytic Mannich reaction / electrophilic fluorination sequence. In this sequence, 1-phenyl-1H-pyrazol-5(4H)-ones reacted with ketimine derivatives derived from isatins and NFSI under catalysis by squaramide catalysts featuring a binaphthyl tertiary amine and a diaminocyclohexane subunit. This reaction provides convenient access to chiral 3-amino-3-(4-fluoropyrazol-4-yl)substituted oxindole derivatives in high yields with moderate to excellent dia-and enantioselectivities (Scheme 7). 16 Scheme 7 Organocatalytic Mannich / fluorination sequence on pyrazolones To complete this subsection on organocatalytic fluorinations, the approach developed by Lectka's group is described. The source of chirality is indeed a cinchona alkaloid organocatalyst but the fluorination requires an additional transition-metal catalyst in a dual activation of the intermediate enolate. The asymmetric fluorination of sensitive carbonyl substrates such as acid chlorides has been achieved in a three-component catalysis in which the three catalysts work cooperatively: a chiral nucleophile (benzoylquinidine) and a transition-metal catalyst (a Pd complex) to generate and to dually activate the enolate, plus an alkali metal Lewis acid (Li salt) to activate the fluorinating agent NFSI. This original strategy gives moderate to good yields and almost perfect enantioselectivity (Scheme 8). 17 In asymmetric phase-transfer catalysis, chiral ammonium and chiral phosphonium cations dominate the field. This strategy has emerged for the electrophilic fluorination of nucleophilic substrates. Several bifunctional (thio)urea-containing quaternary ammonium salts having a chiral diaminocyclohexane backbone were engaged in the enantioselective fluorination of β-keto esters. In particular, the urea derivatives afforded -fluoro--keto esters in high yield and enantioselectivities (Scheme 9a). 18 The ammonium motif was proposed to activate and position the enolate while the urea moiety is supposed to coordinate and activate the NFSI within a highly ordered transition state. The reaction was exemplified only with cyclic -keto esters. A PEG-bound urea-containing ammonium salt was designed to ease recovery and for multiple reuses. It shown similar level of efficiency compared to the free catalyst (Scheme 9b). 19 One acyclic -keto ester reacted but in a 39% yield and with 23% ee. In the aim to find even more efficient catalysts, a new class of chiral phase-transfer catalysts containing a squaramide motif attached to a cinchona alkaloid being quaternarized at the quinuclidine nitrogen was applied to the asymmetric fluorination of βketo esters with NFSI. High yields and moderate to good enantioselectivities were obtained albeit only cyclic -keto esters were used as substrates. In this transformation, it was demonstrated that both the quaternary ammonium center and the squaramide moiety were of crucial importance (Scheme 9c). 20 Scheme 9 Phase-transfer catalyzed fluorination of -keto esters with chiral ammonium salts The exploitation of chiral phosphonium salts as catalyst has been reported once in asymmetric electrophilic fluorination of 3-substituted benzofuran-2(3H)-ones under phasetransfer catalysis to give the fluorinated products in excellent yields yet with low to moderate enantioselectivities up to 56% ee (Scheme 10). 21 Scheme 10 Asymmetric electrophilic fluorination of 3-substituted benzofuran-2(3H)-ones 7.9.2.3.2 with Chiral Anions Chiral anion phase-transfer catalysis, introduced by the Toste group, exploited chiral lipophilic BINOL-derived phosphates to transport dicationic electrophilic Selectfluor from the solid phase to the organic phase. The phase-transfer protocol was coupled with an enamine activation cycle for the α-fluorination of -branched cyclohexanones. The two catalytic cycles operate in concert to deliver α-fluoro ketones successfully. The enantioselectivity of the reaction was strongly influenced by the nature of the amine; matched and mismatched effects based of the chirality of amine-phosphoric acid pair were observed (Scheme 11). 22 The scope was initially limited to 2-aryl cyclohexanones; however, fluorination was extended to 2-alkenyl and 2-alkynyl cyclohexanones with similar efficiency but 2-alkylcyclohexanones failed to react. The concept of chiral anion phase-transfer catalysis was expanded to the fluorination of enamides, allylic alcohols and to the fluorocyclization of olefins (see Volume 5).

Scheme 11 Asymmetric fluorination of -branched cyclohexanones 7.9.

Transition-metal Catalysis

The asymmetric fluorination has been widely studied via transition-metal mediated catalytic enantioselective processes. Several works on C-F bond formation with concomitant generation of a stereogenic carbon center have been focused on activated -carbonyl compounds. In continuation of the pioneering work by Togni and co-workers, the titanium-TADDOLate catalyzed fluorination was performed on a wide scope of cyclic and acycliccarbonyl compounds in order to delineate the potential of the method. In a complete study, over 60 substrates were tested that include -keto esters, -keto thioesters, -keto amides, -acyl lactones, and 1,3-diketones in the Selectfluor mediated fluorination in the presence of 5 mol% of TiCl 2 (naphthalen-1-yl)-TADDOLate as catalyst. See one example in Scheme 12a. 23 Others studies were conducted essentially on 1-indanone-and 1-tetralone-2carboxylates as substrates. Mono-oxazoline ligands combined with Ni(ClO 4 ) 2 .H 2 O gave good results only for a narrow substrate scope; indeed, tetralone derivatives, acyclic -keto esters as well as t-Bu ester derivatives gave very low enantioselectivities (Scheme 12b). 24 Chiral pybox-type C 2 -symmetric ligands with lanthanide triflates (La, Eu) and using NFSI gave moderate to good results albeit only indanone carboxylates were presented (Scheme 12c). 25 The Box ligands could also be supported on polystyrene in batch and in flow systems but again the scope was limited to indanone carboxylates (Scheme 12d). 26 

Scheme 12 Metal-catalyzed enantioselective fluorination of -keto (thio)esters

The case of -keto amides has received particular attention in electrophilic fluorination. These substrates were specifically studied in the presence of Ar-BINMOL-derived salan-Copper (II) system and NFSI (scheme 13a). 27 This catalytic system exhibited high enantioselectivities for indanone-derived -keto amides. A non-benzo-fused cyclopentanone derivative as well as a single tetralone-derived -keto amide were tested leading to 80% and 89% ee values, respectively, and in quantitative yields. Good reactivity and excellent enantioselectivities were also obtained in fluorinations mediated by a chiral palladium-based dicationic complex derived from BINAP (Scheme 13b). 28 The same type of catalyst was further employed in the enantioselective electrophilic fluorination of -chloro--keto phosphonates at a lower catalytic loading (0.5 mol%) with excellent enantioselectivities (Scheme 14). 29 Scheme 13 Metal-catalyzed enantioselective fluorination of -keto amides Scheme 14

Palladium-catalyzed enantioselective fluorination of -chloro--keto phosphonates When the amide function is inserted in the substrate as in oxindoles, chiral C 2 symmetrical N-heterocyclic carbene (NHC) palladium diaquo complexes and Selectfluor were found to allow the enantioselective fluorination of oxindoles in high yields and with moderate enantioselectivities (Scheme 15). 30 Scheme 15 Fluorination of oxindoles by Selectfluor and a bis-NHC ligated Pd(II) complex Using -cyano esters as activated substrates in the asymmetric fluorination was quite successful when palladium acetate / SPANphos was employed as catalyst and NFSI as F + donor. Depending on the nature of the substituent on the aryl moiety of the cyano ester, very different levels of enantioselectivities were measured from 9 to 93% ee (Scheme 16). 31 Only -aryl--cyano esters were considered in this study. 2OTf - + Scheme 16 SPANphos ligands in palladium-catalyzed asymmetric fluorination of -cyano esters Among the less encountered substrate types in electrophilic fluorination, one can note 3indolinone-2-carboxylates for which high degree of enantioselectivity was observed using a catalytic amount of a chiral copper (I) bis-oxazoline complex and NFSI (Scheme 17). 32 Scheme 17 Enantioselective fluorination of 3-indolinone-2-carboxylates N-Acyl pyrazoles featuring a -aryl residue are less acidic carboxylic acid derivatives compared to the previously mentioned substrates but still could be engaged in enantioselective fluorinations. Selectfluor in the presence of a non-C 2 -symmetrical chiral-atrhodium catalyst provided the fluorinated product in high ee values (Scheme 18). 33 The catalytic performance of the non-C 2 -symmetrical rhodium catalysts revealed to be superior to the related C 2 -symmetrical rhodium catalysts.

Scheme 18 Enantioselective fluorination of N-acyl pyrazoles

In the same vein, 2-acyl imidazoles were fluorinated enantioselectively with the aid of a chiral iridium catalyst and Selectfluor enabling smooth access to fluorinated 2-acyl imidazoles (Scheme 19). 34 Scheme 19 Iridium complex-catalyzed α-fluorination of 2-acyl imidazoles In order to synthesize chiral fluorinated amino acid derivatives possessing a tetrasubstituted fluorinated stereocenter, an asymmetric fluorination of isoxazolinones was developed for the enantioselective creation of the C-F bond. This transformation was achieved via a catalytic process involving a planar chiral ferrocene bis-palladacycle that provided high enantioselectivities (Scheme 20). 35 The fluorinated isoxazolinones are useful precursors of enantiopure β-amino acid derivatives and 3-fluorinated azetidines.

Scheme 20 Asymmetric fluorination of isoxazolinones

Enantioselective Electrophilic Chlorination

Less developed than the fluorination, the electrophilic enantioselective chlorination is nevertheless an important topic because of the potential applications of the chiral chlorinated molecules as intermediates for the synthesis of natural products and new pharmaceuticals. The field has benefited from catalysts and methods that are successfully used in fluorination reactions. No new chiral non racemic chlorinating agent was developed since 2007.

Organocatalytic Chlorination

Halogenation of monocarbonyl compounds requires activation at the -position, which was realized through the decarboxylation of -keto carboxylic acids. In this approach, the enantioselective decarboxylative chlorination is mediated by a chiral ion-pair organocatalyst made with a 1,1'-binaphthyl-based chiral amino ester and the generated enolate to afford tertiary and secondary chlorides with excellent ee values (Scheme 21). More frequently encountered are the -keto esters and the oxindoles as substrates for the chlorination. For example, the chlorination of -keto esters derived from indanone under base-free phase-transfer catalysis by means of quaternary phosphonium bromides featuring a benzenesulfonamide moiety was highly efficient (for use of similar catalysts in sulfenylation see section 7.9.6.1.1) (Scheme 22a). 37 Chiral imidophosphoric acids could also be employed as efficient catalysts for the chlorination of cyclic -keto esters and -keto amides derived from indanones (Scheme 22b). 38 Note that a single case of tetralone derivative gave 0% ee.

Scheme 22 Organocatalyzed enantioselective chlorination of -keto esters

A variety of effective organocatalysts were employed for the enantioselective chlorination of 3-substituted oxindoles, mainly 3-aryl-but also a few cases of 3-alkyl oxindoles. After a systematic screening of the chlorine source, it appeared that N-chlorosuccinimide (NCS) was the most appropriate donor. With regard to the catalysts, O-benzoylquinidine (Scheme 23a), 39 chiral iminophosphoranes (Scheme 23b) 40 and chiral calcium VAPOL phosphates (Scheme 23c) 41 all delivered high levels of enantioselectivity. The chiral iminophosphoranes performed well on 3-Me-and 3-Bn-oxindoles (90% ees) and were easily recycled. Other Nprotecting group than Boc led to lower ee values.

Scheme 23 Organocatalyzed enantioselective chlorination of oxindoles

In addition, one example of chlorination of silyl ketene acetals with the aid of chiral arylpyrrolidino squaramide catalysts and NCS was reported to afford tertiary -chloro esters with decent ee values (Scheme 24). 42 Scheme 24 Organocatalyzed enantioselective chlorination of silyl ketene acetals 7.9.

Transition-metal Catalysis

The concomitant formation of a C-Cl bond and stereoselective generation of a new stereogenic carbon center have also received attention through the use of chiral organometallic catalysts in the presence of diverse sources of electrophilic chlorine. Acyclic and cyclic -keto esters were chlorinated highly enantioselectively with NCS using chiral Lewis acid catalysts composed of Cu(OTf) 2 and spirooxazoline ligands (SPYMOX) (Scheme 25a). 43 Some limitations appeared for the chlorination of -cyano acetates (0% ee) while keto phosphonates gave 18-37% ee values. For cyclic -keto esters only, the spiro-2,2'bichroman-based chiral bisoxazoline ligands (SPANbox) combined with either Cu(OTf) 2 or Zn(OTf) 2 gave moderate to high enantioselectivities (Scheme 25b). 44 Alternatively, the electrophilic chlorination was conducted in the presence of a dicationic palladium BINAPbased complex in up to 94% ee (Scheme 25c). 45 In this latter case, the hexachlorocyclohex-2,4-dienone was employed as chlorine source and a single example of acyclic -keto ester led to a poor 21% ee.

Scheme 25 Metal-catalyzed enantioselective chlorination of -keto esters

Apart from -keto esters, two reports were dedicated to the metal-catalyzed chlorination of N-acyl pyrazoles. These less acidic carboxylic acid derivatives, compared to the above mentioned substrates, were engaged in the enantioselective chlorination using trifluoromethanesulfonyl chloride as chlorine source and a non-C 2 -symmetrical chiral-atrhodium catalyst (Scheme 26a). 33 This piece of work followed the -fluorination reported in section 7.9.2.4. N-acyl pyrazoles featuring a -(het)aryl residue provided the chlorinated products in high ee values while the -propyl substrates could not be converted. A N-acyl pyrazole with a -ester function was also evaluated but both the yield and the enantioselectivity were moderate. For the purpose of expanding the substrate scope, a novel -Cu(II)- complex made of Cu(OTf) 2 and 3-(2-naphthyl)-L-alanine-derived amide was designed to catalyze the enantioselective -chlorination of N-acyl-3,5-dimethylpyrazoles (Scheme 26b). 46 With such a complex, the enolate was generated without an external base and reacted with NCS, which was preferred to the corrosive trifluoromethanesulfonyl chloride. High enantioselectivities were recorded for both aryl and alkyl N-acyl pyrazoles. Extension to -bromination was also reported (see section 7.9.4).

Scheme 26 Metal-catalyzed enantioselective chlorination of N-acyl pyrazoles

Enantioselective Electrophilic Bromination

α-Bromination of aldehydes under covalent organocatalysis (see Volumes 1 and 2) and the bromoaminocyclization of alkenes (see Volume 5) are rare cases of asymmetric electrophilic bromination. Related to this section, a single case of copper-catalyzed -bromination of Nacyl-3,5-dimethylpyrazoles was reported (Scheme 27). 46 The bromination by means of Meldrum's 5,5-dibromo acid was as efficient as the chlorination (see Scheme 26b).

Scheme 27 Metal-catalyzed enantioselective bromination of N-acyl pyrazoles

Enantioselective Electrophilic Sulfenylation

Chiral sulfur-containing compounds obtained by direct C-S bond formation with concomitant creation of a stereogenic carbon center have grown significantly over the past decade in particular with the blossoming of enantioselective electrophilic trifluoromethylthiolation. Indeed, the direct introduction of the SCF 3 motif is widely represented compared to the sulfenylation by non-fluorinated sulfenyl groups and also to the thiocyanation. Optically pure electrophilic SCF 3 and SCF 2 H donors have been designed and demonstrated high levels of enantioinduction. Otherwise, no new chiral sulfenylating agent (SR with R  Rf) appears since the first edition of Comprehensive Chirality. Various approaches using organocatalysts were developed while a single transition-metal catalyzed sulfenylation was reported. Note that several asymmetric sulfenylations of alkenes have been reported as first step in cascade reactions involving a subsequent intramolecular cyclization through C-O or C-N bond formation; these reactions are detailed in Volume 5.

7.9.5.1 Sulfenylation (SAr, SAlk)

In the past decade, the transition-metal-free sufenylation was preferentially investigated to the detriment of the organometallic approach. One reason for this is that sulfur-containing reagents could combine with the metal in undesired interactions. Consequently, organocatalytic enantioselective sulfenylation reactions largely dominate.

7.9.5.1.1 Organocatalytic Sulfenylation

In this section, we describe the noncovalent organocatalysis with a wide variety of organocatalysts including phase-transfer catalysts. The covalent organocatalysis with chiral amines is mentioned in Volumes 1 and 2. 47,48 Substrate types are multiple as are the sulfur sources. The enantioselective sulfenylations presented hereafter are classified by type of organocatalysts: cinchona alkaloid derivatives, guanidines, iminophosphoranes, and phasetranfert catalysts.

A variety of cinchona alkaloid-based catalysts were investigated in the sulfenylation of 3substituted oxindoles as the most frequently encountered substrate type. Indeed, oxindoles featuring a quaternary carbon center at C3 are important pharmaceutically active molecules that justify the enantioselective synthesis of sulfur-containing derivatives. The sulfenylation of N-Boc 3-substituted oxindoles with N-(phenylthio)phthalimide catalyzed by quinidine offered excellent yields and enantioselectivities for 3-aryl substrates and to a lesser extent for 3-alkyl substrates (Scheme 28a). 49 Other N-substituents (Me, Ph, Bn, H) led to ee values below 39%. Other examined cinchona alkaloids that included bis-cinchona derivatives demonstrated high catalytic activities but significantly lower enantioselectivities. Concurrently, it was found that combining bis-cinchona alkaloid (DHQD) 2 PHAL with N-(sulfanyl)succinimides (SBn, SAr, SAlk) allowed the high enantioselective sulfenylation of Nbenzyl 3-aryl oxindoles in 86-95% ee at 30 °C (Scheme 28b). 50 Switching from (DHQD) 2 PHAL to its pseudo-enantiomeric (DHQ) 2 PHAL allowed to access the two antipodes of the sulfenylated products. Variations at C3 were undertaken using 3-CF 3 oxindoles (Scheme 28c) 51 and 3-pyrrolyl oxindoles (Scheme 28d) 52 , which in the presence of 6'-OiPr quinidine or cinchonidine, respectively, were successfully sulfenylated. However, some limitations appeared with 3-CF 3 oxindoles bearing electron-withdrawing groups on the benzo-fused ring that reacted poorly under the otherwise optimized conditions.

Scheme 28 Organocatalyzed enantioselective sulfenylation of 3-substituted oxindoles Dithioketals chiral at the quaternary carbon featuring two different sulfur motifs were prepared with high enantioselectivity starting from α-thio oxindoles. The combination of dihydroquinine and N-SCF 3 succinimide required a long reaction time at -70 °C to provide good results (Scheme 29). 53 Other dithioketals derived from 2-and 3-benzofuranones, 1-and 2-indanones, tetralone, cyclopentanone and even from a phosphonoacetate were prepared using the same reaction conditions in high yields with good to high enantioselectivities (Scheme 29).

Scheme 29 Organocatalyzed enantioselective construction of dithioketals

Apart from oxindole substrates, on can note a single example of sulfenylation of a butenolide albeit with a low enantioselectivity in absence of optimization (Scheme 30a). 54 Conversely, a thorough investigation of the sulfenylation of deconjugated butyrolactams afforded a wide range of highly decorated -lactams (Scheme 30b). 55 Various N-(sulfanyl)succinimides (SBn, SAr, SHetAr, SAlk) were engaged with the bis cinchona alkaloid (QD) 2 PHAL as the most enantioselective catalyst in a solvent mixture consisting of tbutylbenzene and water. Water permitted a significant rate acceleration caused by a hydrophobic hydration effect. Under these conditions, moderate to high yields and enantioselectivities were recorded. Extension to -selenylation was also reported (see section 7.9.6.1).

Scheme 30 Organocatalyzed enantioselective sulfenylation of a butenolide (a) and deconjugated butyrolactams (b)

In most of these works, catalyst structure-activity relationship studies were performed in order to identify the most efficient catalyst in a peculiar reaction. Off them are the cinchonaalkaloid-derived squaramides, capable of hydrogen-bonding activation mode, as demonstrated in the sulfenylation of azlactones by means of various N-(sulfanyl)succinimides (SBn, SAr, SAlk). The optically enriched sulfenylated products were obtained at 30 °C with 5 mol% of squaramide in up to 94% ee (Scheme 31a). 56 Further ringopening allowed to access interesting -sulfenyl -amino acid derivatives. The same research group extended this sulfenylation method to 5H-oxazol-4-ones with equally high yields and enantioselectivities. Here again, several aryl-, benzyl-and alkylthio groups were transferred in the presence of cinchona-alkaloid-derived squaramides (Scheme 31b). 57 Scheme 31 Squaramide-catalyzed enantioselective sulfenylation of azlactones (a) and 5Hoxazol-4-ones (b)

To be complete with the squaramide family, one example was reported showcasing the superiority of a squaramide bearing a diaminocyclohexane subunit instead of a cinchona alkaloid. The sulfenylation of N-Boc oxindoles with N-thioaryl phthalimides was performed at rt in chloroform in the presence of 5 mol% of the bifunctional squaramide (Scheme 32). 58 Scheme 32 Squaramide-catalyzed enantioselective sulfenylation of N-Boc oxindoles Chiral C 2 -symmetric bicyclic guanidines exhibit high level of enantioselectivity is a wide range of reactions including the sulfenylation of oxindoles and benzofuran-2(3H)-ones (Scheme 33). 59 A large series of 3-sulfenylated (SR = SBn, Salkyl) products were synthesized in high yields with enantioselectivities up to 98%. Five guanidines featuring different side chains were tested and the quantity of catalyst was adjusted depending on the type of substrate. In that respect, 20 mol% of iPr guanidine was optimal for the sulfenylation of N-Me oxindoles whereas 10 mol% of t-Bu guanidine performed best with benzofuran-2(3H)-ones.

Scheme 33 Guanidine-catalyzed enantioselective sulfenylation of N-Me oxindoles and benzofuran-2(3H)-ones

Iminophosphoranes derived from tartaric acid, previously used in the asymmetric chlorination of oxindoles (see section 7.9.3.1), also catalyzed efficiently the sulfenylation of 3-substituted N-Boc oxindoles (Scheme 34a). 60 The most remarkable fact was to observe a reversal of the main enantiomer as the function of the nature of the 3-substituent. Indeed, 3-Ar and 3-Me substituted oxindoles delivered S-configured products while 3-Bn and 3-iPr substituted oxindoles ended up with R-configured products. The same group also exploited these chiral iminophosphoranes for the sulfenylation of 4-substituted pyrazolones (4-alkyl and 4-benzyl) bearing C5-Me or C5-Ar substituents with excellent enantioselectivities (Scheme 34b). 61 Finally, 2-substituted alkylcyanoacetates were also engaged in the sulfenylation reaction under similar reaction conditions to afford quaternary stereogenic centers in up to 88% ee (Scheme 34c). 62 Scheme 34 Iminophosphorane-catalyzed enantioselective sulfenylation of N-Boc oxindoles (a), 4-substituted pyrazolones (b) and 2-substituted alkylcyanoacetates (c)

To conclude this section, we now turn to organocatalysis under phase-transfer conditions by means of quaternary phosphonium and ammonium salts. For the sulfenylation of -keto esters derived from indanone and cyclopentanone, a series of axially chiral bifunctional quaternary phosphonium bromides were designed (for use of the same catalysts in chlorination see section 7.9.3.1). Tuning the amide moiety on the catalyst allowed to achieve high yields and enantioselectivities in the sulfenylation by means of N-(phenylthio)phthalimide under base-free conditions (Scheme 35). 37 Scheme 35 Phosphonium-catalyzed asymmetric sulfenylation of -keto esters Chiral ammonium salt ion pairing catalysts were more frequently used probably due to their easier access, in particular those derived from cinchona alkaloids. In the sulfenylation of 3substituted-2-oxindoles, a cinchoninium bromide performed better than spirobinaphthyl ammonium or tartrate derived bis-ammonium salts. This example is a rare case employing diphenyl disulfide as sulfur source and the reaction was suggested to proceed through a radical mechanism (Scheme 36a). 63 A quirky cinchona ammonium with an eight-membered cycle was designed for the sulfenylation of a glycine Schiff base. The enantioselectivity was moderate but this is the unique example of a sulfenylated product featuring a tertiary carbon center (Scheme 36b). 64 In the sulfenylation of isoindolinones, a morpholineconnected Maruoka's bifunctional ammonium salt proved to be superior to other ammonium salts. Excellent yields and enantioselectivities were recorded for a wide range of substrates and sulfur group transferred (Scheme 36c) (see section 7.9.5.3.2 for application in trifluoromethylthiolation). 65 Finally, the -sulfanylation of isoxazolidin-5-ones was conducted with Maruoka's N-spiro quaternary ammonium catalysts to furnish an entry to  2,2 -amino acid derivatives with high enantioselectivities (Scheme 36d). 66 Scheme 36 Phase-transfer catalyzed asymmetric sulfenylation of various substrates 7.9.5.1.2 Transition-metal Catalyzed Sulfenylation

In a rare example of sulfenylation mediated by an organometallic species, the cooperative catalysis of a chiral N,N'-dioxide-Sc(OTf) 3 complex and a brønsted base was effective for the highly enantioselective α-sulfenylation of unprotected 3-substituted oxindoles with N-(phenylthio)phthalimide. High yields and gram-scale experiments further demonstrated the synthetic utility of the catalyst system (Scheme 37). 67 Scheme 37 Metal-catalyzed asymmetric sulfenylation of 3-substituted oxindoles 7.9.5.2 Thiocyanation (SCN)

The organocatalytic enantioselective α-thiocyanation of cyclic β-keto esters was reported only once by using cinchona alkaloid-modified catalysts and N-thiocyanatophthalimide as the electrophilic thiocyanating agent (Scheme 38a). 68 Of the most effective catalysts, C9benzylic ether and C6'-OH quinidine derivatives provided excellent yields and high enantioselectivities for various cyclic α-thiocyanato β-keto esters. One acyclic β-keto ester failed to react under the same protocol. Rather logically, the antipode was obtained with a very similar ee value by switching from a quinidine-to a quinine-based catalyst. The same authors further extended the enantioselective α-thiocyanation to 3-aryl oxindoles (Scheme 38b). 69 The reactions were performed in the presence of 2-naphthol as a proton relay additive forming hydrogen-bond interactions. Excellent yields and moderate to high enantioselectivities were reported. Apart from 3-aryl oxindoles, limitations appeared from a 3-benzyl oxindole that gave only 20% ee value and N-Boc 3-iPr oxindole for which only trace amount of product was detected.

Scheme 38 Organocatalyzed enantioselective α-thiocyanation of cyclic β-keto esters (a) and oxindoles (b) 7.9.5.3 Trifluoromethylthiolation (SCF 3 )

Direct introduction of the SCF 3 motif at C(sp3) centers with emphasis for chirality control has developed rapidly from 2013. This is due to the fact that the trifluoromethylthio group is one of the most lipophilic substituents and a privileged metabolically stable motif to provide excellent physicochemical and pharmacokinetic properties to drug candidate molecules. Several electrophilic reagents featuring a N-SCF 3 or a O-SCF 3 bond were designed, which in combination with chiral organic or transition-metal catalysts produce chiral C-SCF 3 products. Furthermore, a few chiral N-SCF 3 agents were designed and used under stoichiometric conditions.

Chiral Trifluoromethylthiolating Agents

The enantioselective trifluoromethylthiolation with the aid of preformed optically pure trifluoromethylthiolating agents was based on nitrogen containing camphorsultam and oxazolidinone derivatives. These agents are obtained in a two-step sequence that involve the reaction of the starting chiral N-H compound with tert-butyl hypochlorite in methanol followed by treatment with AgSCF 3 in acetonitrile (Scheme 39). 70 The camphorsultam derivatives demonstrated much higher enantioselectivities than oxazolidinone derivatives in the reaction with prochiral β-keto esters, oxindoles and benzofuranones.

Scheme 39 Chiral trifluoromethylthiolating agents

The optimized conditions were found for the gem-dimethoxycamphorsultam derivative in the asymmetric α-trifluoromethylthiolation of cyclic β-keto esters. A panel of indanone and tetralone β-keto esters produced the corresponding α-trifluoromethylthiolated derivatives in excellent yields and enantioselectivities up to 98% ee (Scheme 40). 70 Electron-donating substituents on the aromatic ring could be tolerated and the enantioselectivity was not dependent on the size of the ester moiety. Nevertheless, increased temperature was necessary to achieve high conversion of substrates featuring electron-withdrawing substituents.

Scheme 40 Trifluoromethylthiolation of β-keto esters

Similar conditions could be employed to trifluoromethylate 3-aryloxindoles in high yields and enantioselectivities (Scheme 41). 70 Whatever the electronic properties of the aryl substituents at C3, the reaction was efficient using either the gem-dimethoxy-or the gemdichlorocamphorsultam N-SCF 3 agents. The latter agent allowed to get slightly improved ee values and gave a moderate enantioselective reaction with 3-methyl oxindoles (76%; ee = 79%).

Scheme 41 Trifluoromethylthiolation of 3-aryloxindoles

Finally, optically enriched 2-trifluoromethylthio-2-aryl benzofuran-2(3H)-ones could also be prepared with the camphorsultam trifluoromethylthiolating agent in good yields and moderate enantioselectivities (Scheme 42). 70 Scheme 42 Trifluoromethylthiolation of 2-benzofuran-2(3H)-ones 7.9.5.

Organocatalytic Trifluoromethylthiolation

The catalytic asymmetric α-trifluoromethylthiolation of cyclic β-keto esters was reported for the first time by using cinchona alkaloid catalysts and either Shen's trifluoromethylsulfenate reagent (Shen's approach) 71 or N-(trifluoromethylthio)phthalimide (Rueping's approach) 72 as the electrophilic trifluoromethylthiolating agents. By means of Shen's trifluoromethylsulfenate reagent, quinine demonstrated high efficiency to catalyze the trifluoromethylthiolation of indanone-type adamantyl β-keto esters (Scheme 43). Variously decorated aromatic rings on the substrates were tolerated but the reaction was quite sensitive to the steric hindrance of the ester moiety. Adamantyl esters gave high yields and enantiomeric excesses while methyl and ethyl esters gave 42 and 49% ee, respectively. When applied to the cyclopentanone β-keto ester, the reaction conditions gave 95% yield and 94% ee value; however, a very low conversion was observed in the case of tetralone and 1-benzosuberone derivatives pointing out the compatibility issue with regard to ring size (see later in the text for the solving of this problem under phase-transfer conditions). 71 Scheme 43 Organocatalyzed trifluoromethylthiolation of β-keto esters Simultaneously and independently, Rueping's group described a similar methodology based on the chirality of the cinchona alkaloids among which quinidine was shown to be the most efficient catalyst in combination with N-(trifluoromethylthio)phthalimide as the electrophilic SCF 3 donor (Scheme 44). 72 In contrast to Shen's results, the size of the ester group had very little influence on the enantioselectivity of the reaction since Me, Et, Bn esters were well tolerated (Scheme 44a). Moreover, a tetralone β-keto ester was trifluoromethylated with this catalytic system in 46% yield and 99% ee. Elucidation of the reaction mechanism was performed computationally and the Wynberg ion pair-hydrogen bonding model was assigned. 73 Additionally, cyclopentenone-based β-keto esters were trifluoromethylated in moderate yields and good enantioselectivities (Scheme 44b).

Scheme 44

Organocatalyzed trifluoromethylthiolation of β-keto esters (a) and cyclopentenone-based β-keto esters (b).

Squaramides derived from hydroquinine and D-glucopyranose were reported as another organocatalytic variant of the trifluoromethylthiolation of cycloalkenone β-keto esters with the aid of N-trifluoromethylthiosuccinimide (Scheme 45a,b). 74 When a 2mercaptobenzaldehyde derivative was added as a third reactant, these one-pot conditions allowed a cascade conjugate addition / aldolization to produce interesting SCF 3 -bearing spiro-cyclopentanone thiochromanes (Scheme 45c). 74 Scheme 45 Organocatalyzed trifluoromethylthiolation of cycloalkenones by means of a squaramide catalyst.

Capitalizing on the results obtained with β-keto esters (see earlier in the text), Rueping et al. applied the trifluoromethylthiolation to oxindoles. Analogous reaction conditions, but exploiting the bis-cinchona alkaloid (DHQD) 2 Pyr to achieve high enantioselectivity, afforded the desired 3-SCF 3 -3-aryl N-Boc-oxindoles (Scheme 46a). 75 Alternatively, an oxidative trifluoromethylthiolation was developed from AgSCF 3 and trichloroisocyanuric acid (TCCA), a system that generates an electrophilic SCF 3 donor species (not fully elucidated, one possibility could be F 3 CSSCF 3 ). Here again, 3-aryl N-Boc-oxindoles were trifluoromethylthiolated successfully (Scheme 46b). 76 Finally, conditions were found for the trifluoromethylthiolation of 3-alkyl oxindoles with the aid of Shen's trifluoromethylthioperoxide and a catalytic amount of quinine (Scheme 46c). 77 This specific SCF 3 donor was crucial to reach high enantioselectivities for 3-SCF 3 -3-alkyl oxindoles whereas N-(trifluoromethylthio)phthalimide gave significantly lower ee values. A complementarity in scope was thus demonstrated.

Scheme 46 Organocatalyzed enantioselective α-trifluoromethylthiolation of oxindoles

The -trifluoromethylthiolation of aldehydes was also attempted but only very modest results and a narrow scope were reported. Either using the Hayashi-Jørgensen catalyst (Scheme 47a) 78 or a phase-transfer catalyst (Scheme 47b), 79 no efficient enantioselective version was reported. Scheme 47 Organocatalyzed enantioselective α-trifluoromethylthiolation of aldehydes Dithioketals chiral at the quaternary carbon featuring a SCF 3 motif were prepared with high enantioselectivity starting from α-thio ketones as in indanone thioesters. The combination of dihydroquinine and N-SCF 3 succinimide required a long reaction time at -20 °C to reach satisfactory results (Scheme 48). 53 Three other dithioketals derived from an oxindole, a 2indanone, and a 3-benzofuranone were prepared using the same reaction conditions in moderate yields with good to high enantioselectivities (Scheme 48).

Scheme 48 Organocatalyzed enantioselective construction of dithioketals

Asymmetric phase-transfer catalysis (PTC) by means of chiral quaternary ammonium salt ion pairing catalysts is a strategy widely applied for selective -functionalization reactions. Such organocatalytic PTC approach is complementary to the above-mentioned strategies in the field of organocatalysis. Using neutral cinchona alkaloid-based catalysts, Shen observed a large reactivity difference when switching from cyclopentanone β-keto ester to larger size cycles as in tetralone and 1-benzosuberone derivatives. By replacing quinine with the Nbenzyl quininium bromide, tetralone β-keto esters could react with the trifluoromethylsulfenate reagent in high yields and moderate enantioselectivities (Scheme 49). 71 Seven-membered ring in 1-benzofuranone derivatives and cyclohexanone derivatives free of the fused aromatic ring also gave satisfactory results. However, no improvement was noted in the case of acyclic substrates. Scheme 49 Organocatalyzed trifluoromethylthiolation of tetralone-based adamantly -keto esters under PTC More recently, PTC conditions were reinvestigated on a wider substrate scope that include azlactones, 4-substituted isoxazolidin-5-ones, and 3-substituted isoindolinones for their high interest as biologically relevant frameworks. The enantioselective trifluoromethylthiolation at the C4 position of azlactones was performed in the presence of a quidinine-base ammonium catalyst. Better results were obtained with electron-rich 2-aryl groups such as 4-MeOPh (PMP) as 4-CNPh and 4-CF 3 Ph gave no reaction. A variety of aryl and alkyl substituents at C4 are compatible with the reaction conditions; nonetheless, limitations appeared with Me, Ph, and t-Bu groups that led to the decomposition of the starting material (Scheme 50a). 80 Maruoka's N-spiro ammonium phase-transfer catalysts were employed in the synthesis of -SCF 3 - 2,2 -amino acids by electrophilic trifluoromethylthiolation of 4-substituted isoxazolidin-5-ones and subsequent N-O bond cleavage (Scheme 50b). 81 Substrates featuring an benzyl pendant afforded good to moderate yields and high enantioselectivities while -aryl analogues performed less selectively (ee = 68-76%). For these latter substrates, similar but more selective reaction conditions were developed with the N-SCF 3 succinimide reagent and the same Maruoka's catalyst (Scheme 50c). 82 For the trifluoromethylthiolation of 3-substituted isoindolinones, the search for an optimal catalyst revealed the morpholine-connected Maruoka's bifunctional ammonium salt as catalyst of choice to reach high levels of enantioinduction. Both cyano and ester groups at C3 together with variously decorated aromatics and N-substituents afforded a wide range of enantioenriched 3-SCF 3 isoindolinones (Scheme 50d). 65 Scheme 50 Phase-transfer catalyzed trifluoromethylthiolation of azlactones (a), 4substituted isoxazolidin-5-ones (b and c), and 3-substituted isoindolinones (d) 7.9.5.

Transition-metal Catalyzed Trifluoromethylthiolation

Building on the efficiency of the Boxmi chiral pincer ligands in electrophilic asymmetric fluorination (see section 7.9.2.4), Gade et al. extended the application scope to the trifluoromethylthiolation of -keto esters with the aid of Shen's trifluoromethylsulfenate (Scheme 51). 83 High yields and enantioselectivities were reported irrespective of ring size and the nature of the ester group. This generality contrasts with some methods using organocatalysis. Indeed, indanone, tetralone, cyclopentenone, and cyclohexanone scaffolds as well as various substitution patterns were tolerated and did not significantly affect the enantioselectivity.

Scheme 51 Copper-catalyzed trifluoromethylthiolation of -keto esters 7.9.5.4 Disulfur transfer (SSCF 3 )

In connection with the synthesis of polythiomethyl ethers as relevant structural motifs in biologically active natural products, dithiotrifluoromethylated -keto esters were prepared by means of the electrophilic N-dithiotrifluoromethyl phthalimide. Good to excellent enantioselectivities were obtained for various -keto esters (essentially indanone derivatives) in reactions catalyzed by the bis-cinchona alkaloid (DHQD) 2 PHAL (Scheme 52). 84 Scheme 52 Organocatalyzed asymmetric dithiotrifluoromethylation of -keto esters 7.9.5.5 Difluoromethylthiolation (SCF 2 H) and monofluoromethylthiolation (SCFH 2 )

A logical extension of the N-SCF 3 camphorsultam trifluoromethylthiolating agents (section 7.9.5.3.1) was the preparation of electrophilic difluoromethylthiolating agents featuring this priviledged camphorsultam scaffold and a N-SCF 2 H motif. 85 Their preparation required the in situ conversion of difluoromethylbenzylthioether into difluoromethanesulfenyl chloride with a solution of chlorine in chloroform followed by the addition of the camphorsultam sodium salt. Of particular investigation was the gem-dichlorocamphorsultam N-SCF 2 H reagent in reaction with a variety of soft carbon nucleophiles such as oxazolones, oxindoles, benzofuranones and β-keto esters. Good to excellent yields and enantioselectivities were obtained in all cases (Scheme 53). Of particular interest, the SCF2H oxazolones could be ringopened to produce difluoromethylthiolated amino acid derivatives potentially eligible for peptide synthesis. Similarly, a monofluoromethylthiolating agent was designed. 86 Scheme 53 Chiral di-and monofluoromethylthiolating agents and applications

Enantioselective Electrophilic Selenenylation

To the best of our knowledge, no new chiral selenenylating reagents was reported since the pioneering works in the eighties. Asymmetric selenylations under covalent organocatalysis for which the stereodiscriminating step is diastereoselective are described in Volumes 1 and 2. The selenofunctionalization of C=C bonds is reported in Volume 5.

Organocatalytic Selenenylation

The selenenylation reactions described in this section are extensions of the sulfenylation reactions presented in section 7.9.5.1.1. The selenenylation of 3-pyrrolyl oxindoles by N-(phenylseleno) succinimide in the presence of 10 mol% of cinchonidine gave the C3-N,Secontaining oxindoles in good enantioselectivities provided that N1 is protected (Scheme 54a). 52 Similarly, the selenenylation of one deconjugated butyrolactam was reported with the aid of the bis cinchona alkaloid (QD) 2 PHAL with 89% ee (Scheme 54b). 55 Towards selenium-containing amino acids, the enantioselective electrophilic -selenenylation of azlactones and isoazolidin-5-ones mediated by cinchona alkaloids as simple organocatalysts gave the -Se--amino acid and -Se--amino acid derivatives, respectively (Scheme 54c,d). 87 Scheme 54 Organocatalyzed asymmetric selenenylation of 3-pyrrolyl oxindoles (a), one deconjugated butyrolactam (b), azlactones (c), and isoazolidin-5-ones (d) 7.9.6.2 Transition-metal Catalysis

The Lewis acid-catalyzed asymmetric selenocyanation of -keto ester derived from tetralones was conducted in the presence of Ni(OTf) 2 and (R,R)-DBFOX/Ph employing the novel N-(selenocyanato) saccharin as SeCN source (Scheme 55). 88 Some limitations appeared with indanone-based substrates (0% ee) and with deviation of the adamantyl ester (ee = 13 and 45% for Me and i-Bu esters, respectively). Scheme 55 Ni-Catalyzed asymmetric selenocyanation of -keto esters

Conclusion and Outlook

The enantioselective C-X bond formation reactions (halogenation, sulfenylation, and selenylation) have steadily risen over the reference period from 2012. The number of references has doubled in the last ten years! A great number of electrophilic reagents appeared particularly for the sulfenylation with emphasis for the electrophilic fluoromethylthiolation. Several new and efficient protocols for catalytic enantioselective reactions mediated by de novo designed chiral organocatalysts and ligands for metalcatalyzed reactions illustrate the high interest for this research field. Future advances are expected toward the broadening of the substrate scope as well as applications of protocols to more complex molecules, for instance in the late-stage C-X bond formation on pharmaceutical molecules for new drug discovery.

Scheme 8

 8 Scheme 8 Catalytic enantioselective -fluorination of acid chlorides
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