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An overview of 4-and 5-halo-

Introduction

The 4, 5-disubstituted 1,2,3-triazoles are important scaffolds which are present in a broad number of applications. One of the most important features has been their ability to mimic the amide bond [START_REF] Mohammed | [END_REF] and to bring particular physico-chemical properties to the molecules in biological activities, peptide chemistry, medicinal chemistry. [2a-c] These motifs have been also investigated in other fields such as polymer chemistry, [3] pigments, dyes [4] and materials science. [5] These functionalized triazoles are derived from important key intermediates the 4 and 5-halo-1,2,3triazoles which have shown great utility in the scientific community. More recently the 1,2,3-triazole-based halogen bond donors, such as 5-iodo-1,2,3-triazoles [6,7] and 5-iodo-1,2,3triazolium, [8] have proved excellent candidates for halogen bond donors and have been widely applied in crystal engineering, supramolecular chemistry, [9] anion recognition, [10a-d] organocatalysis. [11a-c] While there are important reviews in the literature on the synthesis and application of mono and disubstituted triazoles, no review to date has been dedicated to the synthesis of the halogenated triazoles. To make up for this lack, we report here the different accesses to halogenated triazoles, i.e. iodinated, brominated, chlorinated and more recently fluorinated triazoles. This review is focused on the main synthesis of 5-and 4-halo-1,2,3-triazoles from cycloaddition followed or not by halogenation reaction. First a general synthesis of the 5-and then 4-iodo, bromo and chloro-1,2,3-triazoles will be presented. Unlike the previous halogens, 5-and 4-fluoro-1,2,3-triazoles will be presented separately due to its relatively more difficult and still recently challenging synthesis. 

The synthesis of 5 and 4-halo-1,2,3-triazoles by [3+2] cycloaddition

During the Copper catalyzed Azide-Alkyne Cycloaddition (CuAAC) [12,13] the presence of the halogenated triazoles was sometimes observed. These correspond to the copper salts such as CuI, CuBr. In this context, many efforts have been made to form these high potential compounds.

From terminal alkynes, halogenated reagent and R-N3

One approach was the cycloaddition reaction in the presence of one or more equivalents of copper salts. A study of the CuI-promoted cycloaddition between azide 1 and alkyne 2 was carried out to obtain 5-iodo triazole 3 as the sole product. The authors showed that the 4,4-dimethylamine pyridine (DMAP) was the best base to perform the reaction. In addition, the authors mentioned that the concentration of alkynes must be low (3.5 mM). Generally, the reaction times are long, and conditions are efficient especially for arylacetylenes (scheme 1). [14] Scheme 1. cycloaddition reaction with one eq. of CuI.

These conditions were used by Vidal's group to synthesize inhibitors of glycogen phosphorylase. The CuAAC between acetylated -D-glucosyl azides 4 and alkynes with 2 equiv. of CuBr or CuI led to the corresponding 5-bromo and 5-iodo 1glucosyl-1,2,3-triazoles 5 in good yields (scheme 2). However, an amount (12%) of side products, the 5-proton triazoles were detected. [15a-b] It is important to note that in some cases the 5-Htriazoles are present and will be mentioned throughout the review.

Scheme 2. cycloaddition reaction with excess of copper.

In contrast, with 2 equiv. of CuCl and either propargyl acetate or phenyl acetylene, the expected 5-chloro-1,2,3-triazole 6 was obtained in low yield. A mixture of three products was detected : the 5-proton triazole 7, the alkyne coupled triazole 8 and the major product 9 (>56%) having two 5,5'-linked triazole rings resulting from homocoupling of the 1-glucosyl-4-substituted-1,2,3-triazoles (scheme 3) [15a-b] Scheme 3. cycloaddition with copper chloride in excess.

Considering the mechanism of Cu(I)-catalyzed reaction of organo-azides with terminal alkynes, the copper intermediate A was proposed. [16][17] It is reasonable to suggest that the intermediate A could be trapped by electrophiles (scheme 4). Scheme 4. General approach of halogenation of copper triazoles.

In order to synthesize halo triazoles, an alternative was to carry out the reaction with electrophilic halogen reagents such as iodide, ICl, and NXS. In 2005 Wu's group studied for the first time the preparation in situ of 5-iodo triazoles 11 with electrophiles. After optimization, the best conditions were determined as the use of CuI, ICl instead of I2, the THF as solvent and the triethylamine as base. [17] The alkynes may be substituted by aromatic, alkyl, ester, and amide groups. The yields of this transformation are moderate to good (scheme 5).

Scheme 5. Cycloaddition reaction and Iodination in situ.

For example, these previous conditions have been modified to prepare steroids containing 5-iodo-1,2,3-triazoles 13 between the azide 12 and different terminal alkynes to investigate their antiproliferative activities. The use of 10 equivalents of CuI and 1.5 equivalents of ICl significantly increased the yields (scheme 6). [18] Scheme 6. Example with steroid 12.

Although these are isolated examples, some specific conditions have shown very satisfactory results in the synthesis of halo triazoles. It is known that reactive iodonium species could be generated by ceric ammonium nitrate (CAN) and iodosobenzene diacetate (IBD) as oxidizing agents. [START_REF] Wirth | Hypervalent Iodine Chemistry: Modern Developments in Organic Synthesis[END_REF] Benhida'group obtained excellent results using the I2/IBD or I2/CAN combination in the cycloaddition between azide 14 and alkyne 15 with CuI and DIPEA. Both systems gave high yields of iodotriazole 16 (scheme 7). [20a-b] A small percentage of about 5-10% of 5-H-1,2,3-triazoles was present at the end of the reaction. Another efficient method, largely known in the scientific community for the preparation of 5-iodo-1,4-disubstituted-1,2,3triazoles was reported by Zhang in 2008 involving CuI and NBS. [21] Authors showed that the oxidation-reduction reaction took place between NBS and I -generating in situ I + trapped by the carbon anion intermediate from the click reaction catalyzed by Cu + . This system is more efficient than the association of CuI-I2 and CuI-NIS and leads to functionalized 5-iodo triazoles 17 with good yields (scheme 8). In this line, the same authors studied the one pot synthesis of 5halo-1,4-disubstituted-1,2,3-triazoles with another copper catalyst combination and an oxidative halogenation reaction. The combination of N-chlorosuccinimide (NCS)-CuI and NCS-CuBr [22] allowed under mild conditions with high tolerance of various sensitive groups, the preparation of various 5-iodo-1,4disubstituted-1,2,3-triazoles 18 and 5-bromo-1,4-disubstituted-1,2,3-triazoles 19 respectively. The authors suggested that CuI-NCS produced ICl which should be the most active I + source, and similarly for the system CuBr-NCS where the BrCl species led to a Br + active source (scheme 9). [23] Scheme 9. Oxido-reduction between NCS and CuI or CuBr.

The synthesis of chlorotriazoles is poorly reported in the literature compared to iodo and bromo triazoles. In 2009 Benhida's group performed in ribose version, the incorporation of the chlorine atom in the 5-position of the triazoles 20 but in mixture with a significant percentage of protonated form (30-50%, scheme 10). [20a] Scheme 10. Oxido-reduction between NCS and CuCl generating Chloro triazoles 20.

In 2013, Zhang G.'s group reported on other conditions involving O2, TBDMSCl (tert-butyldimethylsilyl chloride)-activated aerobic oxidative halogenations. The X2 is produced in situ from CuX (X = Br, I) and TBDMSCl under an oxygen atmosphere at room temperature. In addition, the formation of Cu + promotes the synthesis of 5-iodo-1,4-disubstituted-1,2,3-triazoles 21 and 5bromo-1,4-disubstituted-1,2,3-triazoles 22. [24] These mild conditions are compatible with a wide scope of substrates and sensitive groups which have allowed for example the preparation of nucleosides (scheme 11). In 2012 Zhu's group [25] described new conditions for performing the cycloaddition reaction in a one-pot multicomponent procedure of azides and terminal alkynes resulting in 5-iodo-1,4disubstituted-1,2,3-triazoles 23. Copper(II) perchlorate and sodium iodide system leads to in situ copper(I) species and the electrophilic triiodide ions which are more reactive than the system CuI/I2. The reaction requires 1 equiv. of an amine acting as a nucleophilic catalyst to deliver the iodinating reagents, in addition to deprotonating the alkyne. The bases such as DBU and Et3N are the most efficient (scheme 12). Furthermore, it was observed that the presence of 10 mol% of the Tris(benzyltriazolylmethyl)amine (TBTA) [26] led to complete conversions in some fewer active reagents (scheme 13).

Scheme 13. Cycloaddition reaction effective with TBTA as ligand.

As a follow-up to this work, mechanistic investigations were planned to elucidate the functions of various components. [27] Concerning the mechanism, the reduction of the Cu(ClO4)2.6H2O by lithium iodide affording I2 or I3 -and CuI is the first step. Then from alkyne, electrophilic iodide and triethylamine, the iodoalkyne formes rapidly and participates in the catalytic cycle with CuI to give the iodo-triazole. If the azide has weak chelation with copper, the TBTA ligand is required to accelerate the cycle (scheme 14). Scheme 14. Mechanism postulated.

Faced with the failure to incorporate dual-labeling combining a fluorescent group 24 (Rhodamine B) and a radioactive element ( 125 I) by the classical CuAAC, Årstad's group developed new conditions involving CuCl2/NaI. The concept was demonstrated using a highly efficient and rapid Cu II -mediated three-component radiochemical reaction which yields 5-[ 125 I]iodo-1,4,5trisubstituted-1,2,3-triazole 25 directly with aqueous [ 125 I]NaI (scheme 15). [28] Scheme 15. Cycloaddition with CuCl2 and NaI.

These conditions involving NaI ( 125 I and 123 I) and CuCl2 have been intelligently exploited in other medical research for Rhodamine [29] and other bioactive derivatives. [30,31,32,33] Concerning the mechanism, the copper(II) is reduced into Cu + . Iodide (I2) is formed in situ to generate the 1-iodo-alkynes.

In order to prepare bioactive molecules containing an iodotriazole scaffold in an aqueous media, Zhang's team developped a new copper-catalyzed multicomponent aqueous synthetic method involving CuI, NaI, amine and selectfluor. [34] Biologically relevant compounds with nucleoside, sugar, and amino acid moieties are compatible under these mild conditions. Thus, a wide range of 5-iodo triazoles 26 is obtained in good to excellent yields. Further, from a commercially available aqueous solution of sodium 125 iodide, concise and rapid multicomponent radioactive 125 I labeling can be applied to afford 5-125 iodo-triazole 26i incorporated in peptide (scheme 16). From a mechanistic point of view, the authors showed that the I + formed from I -and selectfluor is trapped by the triazolide copper intermediate (scheme 17). Continuing with their work, the authors noticed that the presence of Et4NI instead of NaI made it possible to carry out the cycloaddition reaction in water. [35] Et4NI avoids the formation of potential side reactions in particular the protonation and oxidation of copper triazolides. The 5-iodo-1,2,3-triazoles 27 are obtained in excellent yields from this aqueous iodination system under air. Having high efficiency and excellent chemoselectivity with wide functional group tolerance, the oxidative iodination system is efficient for the modification of biomolecules such as riboses and nucleosides (scheme 18). Scheme 18. 5-iodo triazoles 27 in water with CuI and Et4NI.

From halo-alkynes and R-N3 2.2.1. Copper as catalyst

J. E. Hein, V. V. Fokin et al. developed one of the most important reaction to give the 5-iodo-1,2,3 triazoles 28 involving copper(I) catalysed of organo azides and 1-iodoalkynes cycloaddition (CAAC). [36] The reactions are effective in the presence of 2 equivalents of triethylamine as ligand and 5 mol% of CuI in THF. When screening for the ligand, the authors noted that the reaction is very efficient with only 5 mol% of tris((1-tertbutyl-1H-1,2,3-triazolyl)methyl)amine (TTTA). In addition, the reaction times are extremely short (scheme 19). Not observing the 5-H-triazole at the end of the reaction, the authors proposed a mechanism according to scheme 20. First the association iodoalkyne-copper reacts with the azide to form the A complex. Then after a vinylidene-like cycloaddition, the 5iodo triazoles are obtained and the iodoalkyne-copper complex is generated in the media to start a new cycle. In the literature some groups modified the previous conditions by substituting the CuI catalyst by the Cu[MeCN]4PF6. This catalyst is effective in the cycloaddition reaction for the construction of complex structures such as macrocycles and rotaxane. As an example, for the recognition of anions in water by halogen bonds, P. D. Beer's group [37] designed foldamer receptors 31 by cycloaddition between azides 30 and 1-iodo alkynes 29 (scheme 21). Scheme 21. Conditions for the formation of macromolecules.

In the search for new environmentally friendly and efficient conditions for the synthesis of 5-halo triazoles, a study was carried out without solvents. In 2014, B. Chen's team studied the CuAAC under neat conditions. After several catalyst screens, only 3 mol% of [Cu(phen)(PPh3)2]NO3 led to the best results. Thus several 5-iodo-1,2,3-triazoles 32 could be obtained with good to excellent yields, up to 91% (scheme 22). [38] Scheme 22. Cycloaddition reaction neat.

The same year, S. Díez-González et al. described and studied the cycloaddition of azides and iodoalkynes with both commercially available N-Heterocyclic Carbene and phosphine copper complexes, [CuCl(IPr)] or [CuI(PPh3)3] respectively under air in neat conditions. Only a small amount of metal (1-5 mol%) is needed to perform the reactions (scheme 23). [39] The reaction is effective with 5 mol% of [CuCl(IPr)] catalyst under air atmosphere. Interestingly, the authors observed that only 1 mol% of the [CuI(PPh3)3] accompanied by 4 mol% of 2,6-lutidine are necessary to prepare the 5-iodo triazoles 33 with good yields. However, in these latter conditions, about 5% of 5-H-triazoles are formed. The authors have verified that the 5-H-triazoles are obtained from the terminal alkyne generated in situ by the dehalogenation of the starting iodoalkyne. 

Mechanistic

studies were undertaken by an experimental/computational-DFT approach which demonstrated that dehalogenation of some iodoalkynes could occur under copper catalysis conditions. Likewise, two mechanistic pathways are possible, either through a copper (III) metallacycle or via direct π-activation of the starting iodoalkyne (figure 1). The same group undertook the cycloaddition with other copper complexes, in particular copper(I)-phosphinite complexes. After optimization of conditions, one catalyst C showed its effectiveness in the cycloaddition reaction to afford the 5-iodo triazoles 33 in good to excellent yields (62-92%) without trace of dehalogenated triazoles. However the reaction requires heating to 40°C for complete conversion (scheme 24). [40] Scheme 24. Cycloaddition reaction with a copper(I)-phosphinite complexe C.

In 2010, Joaquin Garcia-Alvarez et al. designed a water soluble Cu(I) stable complex which is very efficient in the Huisgen cycloadditions. The catalyst is based on the 1,3,5triaza-7-phosphaadamantane -iminophosphorane Cu(I) complex (PTA = 1,3,5-triaza-7-phosphaadamantane) (Figure 2). [41,42] The 5-iodo-1,2,3-triazoles 34 are obtained in water under aerobic conditions quantitatively and chemoselectively in excellent yields (91-98%) with only 2 mol% of catalyst (scheme 25). No trace of dehalogenated triazoles is detected at the end of the reaction. Working in the field of green chemistry, Joaquin Garcia-Alvarez et al. [43] studied the Huisgen cycloaddition of azides and terminal or 1-iodoalkynes combining CuI and Glycerol in air and in the absence of a base. The reaction tolerates a low amount of catalyst (5 mol% of CuI). The authors have carried out these conditions from two iodoalkynes 35a-b and the benzylazide 36. The corresponding 5-iodotriazoles 37a-b are obtained in excellent yields without the presence of 5-H triazoles. The Glycerol green and biorenewable solvent could be recovered, up to 6 runs (scheme 26). In 2017, R. Shankar and coworker reported an environment benign process performing the regioselective synthesis of 5iodo-1,4-disubstituted-1,2,3-triazoles 38 catalyzed by CuI/cyclodextrin (-CD) in water with high regioselectivity. The authors demonstrated by molecular docking and [START_REF] Mohammed | [END_REF] H NMR studies that the azide was encapsulated in the -CD cavity reacted 1-iodo alkyne by activating several hydrogen bonds. The 1-iodoalkynes are formed situ the reaction between the terminal alkyne-copper and I2. It should be noted that the iodized compound is accompanied by the protonated product at around 10% (scheme 27). [44] Scheme 27. 5-iodo-triazoles 38 formed in one pot in water with -CD.

Interestingly, with the advent of flow chemistry, researchers have developed the synthesis of 5-iodo triazoles. A. R. Bogdan and K. James reported the synthesis of the 5-iodo-1,2,3-triazole containing macrocycles in a flow reactor using copper tubes as the catalyst source. [45] The best conditions for the macrocyclization were the use of 10 mol % TTTA and 2.0 eq. of DIPEA for 10 min at 100 °C in acetonitrile in a copper tube. The 12-to 31-membered 5-iodo-1,2,3-triazole-containing macrocycles 39 were obtained with good yields under environmentally friendly conditions (scheme 28). Likewise, S. K. Collins et al. transposed a synthesis of 5-iodo triazole macrocycles via copper-catalyzed azide-alkyne cycloaddition [46] into the continuous-flow synthesis. [47] The formation of a series of 11-to 26-membered 5-iodo triazolecontaining macrocycles 40 is obtained in good to excellent yields (65-90%). The reactions are carried out by a simple and efficient method at relatively high concentration (30-50 mM) using a phase separation strategy (solvent mixture of poly(ethylene)glycol (PEG) and MeOH) (scheme 29). The preceding examples essentially lead to the synthesis of 5iodo triazoles due to the high activity of iodoalkynes. Here are the main approaches to the synthesis of 5-bromo-1,2,3-triazoles with the bromoalkynes. The reactions are not efficient enough compared to iodo-alkynes. In 2005, Rutjes's group studied the reactivity of bromalkynes to access to 5-bromo triazoles 41. To summarize, the best conditions for carrying out the dipolar reaction are the use of CuBr and CuOAc2 at 50°C (scheme 30). The use of CuI as catalyst increased the yield but gave a mixture of 5-iodo and 5-bromo triazoles. The conditions are compatible with amino-acids, glycosyls, alcohols, esters. [48] Scheme 30. Preparation of 5-bromo-triazoles from bromoalkynes.

J. Chang's group prepared azanebularine . analogues as antiviral, antitumor and biochemical activities from the known 1β-azido sugar moiety 42 and the ethyl 3-bromopropiolate 43. The corresponding 5-bromo-1,2,3-triazole 44 is obtained with a reasonable yield (60%) (scheme 31). [49] Scheme 31. example of 5-bromo-triazole azanebularine derivative.

Rutjes's conditions have recently been used in order to synthesize new 5-bromo 4-phosphorytriazoles 45 by cycloaddition of bromo(phosphoryl)-ethyne 46 and azides with CuI/Cu(OAc)2 as catalysts. The corresponding triazoles were obtained in very high regioselectivities, up to 99% (scheme 32). [50] Scheme 32. Cycloaddition reaction with bromo(phosphoryl)-ethyne and azides.

Ruthenium as catalyst

Another efficient metal to catalyze the [3+2] cycloaddition is the ruthenium complex. In 2014, Fokin et al. reported that the (cyclopentadienyl)(cyclooctadiene) ruthenium(II) chloride [CpRuCl(cod)] catalyzed the 1,3-dipole reaction resulting regioselectively in 5-halo-1,2,3-triazoles 47 between 1-chloro-, 1-bromo-, and 1-iodoalkynes and alkyl azides. The reaction can be carried out in air at room temperature with reactive haloalkynes possessing propiolic amides, esters, ketones, and phosphonates (scheme 33). [51] Scheme 33. Synthesis of 5-halo-triazoles catalyzed with Ru complex.

From the point of view of the mechanism, the authors showed that [CpRuCl(cod)] was the most active catalyst in contrast to the catalyst [Cp*RuCl(cod)] which is efficient for the classical cycloaddition reaction (RuAAC). Indeed, after a study of different Cp ligands, the authors showed that the reaction was sensitive to the steric hindrance of the ligands. Based on DFT studies, the proposed intermediates between the Ru catalyst, the organo azide and the haloalkyne are presented in the figure 2. 

Iridium as catalyst

Taran's group developed for the first time a direct and regioselective route to 4-bromo-1,5-disubstituted-1,2,3-triazoles catalyzed by Iridium dimer complexes in [3+2] cycloaddition of bromoalkynes with azides. The 1,5-disubstituted 4-bromo-1,2,3triazoles 84 were isolated in reasonable to excellent yields under mild conditions. [52] In their study, it should be noted that iodoalkynes did not work and chloroalkynes had very low reactivity in these conditions. Furthermore, the best results were obtained from bromoalkynes containing a π-donating substituent (scheme 34). Using density functional theory (DFT) calculations at the M06 level of theory, the mechanism of the regioselective Iridiumcatalyzed cycloaddition of bromoalkynes with azides was investigated. [53] First the reaction mechanism involves the formation of a six-membered-ring metallacycle intermediate A in the oxidative coupling step. Then, this intermediate undergoes isomerization via the migration of the terminal azide nitrogen from the β carbon to the α carbon leading to a much less stable metallabicyclic Ir-carbene specie B. Finally, after a reductive elimination, the latter leads to the 4-bromotriazole (scheme 35). 

Halogenation of 4 and 5-metal triazoles

As previously mentioned in the mechanism studies of the [3+2] cycloaddition reaction, the intermediate involved is the copper triazole which subsequently traps the electrophile. This approach of preparing other metal-triazole intermediates has been undertaken with various metals. Here are the reactions reported leading to 4 and 5-metal triazoles followed by a halogenation reaction.

In 2013, Y. Hu's group undertook the cycloaddition reaction from azides and easily prepared 1-copper alkynes. [54] They first carried out the cycloaddition between 1-copper alkynes and organoazides, then the addition of an electrophile such as NXS (X = Cl, I, Br). The best results were obtained with NCS which led to the 5-chloro triazoles 48 in good yields. With NBS, dimerization of the alkyne was observed and the 1-iodo alkyne was formed with NIS (scheme 36). Micouin's group [57] described the regioselective formation of aluminotriazoles 54 from organic azides with dialkyl aluminium acetylides with good to excellent yields. The complete conversion was obtained using the N,N,N′,N′′,N′′pentamethyldiethylenetriamine (PMDTA) as ligand. Then the reactivity was studied with different electrophiles such as NIS, NBS, NCS to afford the corresponding 5-halo triazoles 55-57 in moderate to good yields (scheme 39). Scheme 39. 5-halo-triazoles from 5-alumino-triazole halogenation.

In the same line, Fokin et al. [58] performed the selective copper(I)-catalyzed synthesis of bismuth(III) triazolides 58 from 1-bismuth(III) acetylides and organic azides. The bismuth(III) triazolides reacted with thionyl chloride and bromine leading to the 5-chloro and 5-bromo triazoles in 88 (59) and 93% (60) respectively (scheme 40). S. Yasuike's group reported the Cu-catalyzed [3+2] cycloaddition of phenyl ethynylstibane with organic azides in the presence of CuBr (5 mol%) under aerobic conditions leading to trisubstituted 5-stibano 1,2,3-triazoles 61. The treatment of I2 with the 5-stibanotriazole reacted smoothly to afford the 1benzyl-5-iodo-4-pheny-ltriazole 62 with a moderate yield. [59] In addition, the same group performed the formation of the 5-iodotriazole by antimony (Sb) -lithium (Li) exchange reaction. The addition of phenyllithium to the stibano triazole led to the lithium derivative which reacted with diiodoethane to give the 5-iodo triazole 62 (scheme 41). While the cycloaddition reaction between bromomagnesium acetylides and azides was already reported by Akimova [60,61] , in 2004 Sharpless revisited the previous work and performed the quenching with different electrophiles of the 4-chloromagnesio-1,5-diphenyl-1,2,3-triazole. After treatment with I2, the corresponding 4-iodo-1-benzyl-5-phenyl-1,2,3 triazole 63 was obtained in 84% (scheme 42). [62] 42. Synthesis of 4-iodo-triazoles from 4-chloromagnesio-triazoles and iodide. This one pot way was extended by Smirnov et al. in 2018. The 4-chloro, 4-bromo and 4-iodo triazoles were prepared from chloromagnesium acetylides, organic azides and NXS reagents. [63] The different halogenated triazoles 64-66 were isolated in excellent regioselectivities and with good yields (scheme 43). In 2013, D. Smith and M. F. Greaney reported the cycloaddition reaction with the zinc acetylides generated in situ reacting with organic azides to afford the 4-zincic triazole which can be further functionalized by reaction with electrophile. One example led to the 4-bromo 1,5-substituted 1,2,3-triazole 67 in 76% after reaction with bromide (scheme 44). [64] Scheme 44. 4-halo-triazoles from 4-zincic-triazole halogenation.

Through a regioselective one-pot Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reaction between organohalides and potassium ethynyltrifluoroborate, novel 4-potassium trifluoroborate 1,2,3-triazoles were prepared with good to excellent yields. Although these compounds were subsequently studied in a palladium coupling reaction, an example of bromination was successfully carried out in the presence of TBABr3 to lead to the 5-bromo triazole 68 (scheme 45). [65] Scheme 45. 4-bromo-triazoles from 5-Ktrifluoroborate-triazole halogenation.

The reactivity of silanes with halide is well known and has provided access of the halogenated derivatives. After the 1,3 dipolar reaction between azides and trimethylsilyl acetylene, the halo-desilylation can be carried out to afford the corresponding 4-halo triazoles 69-74. Here are some examples using CF3CO2Ag/I2, ICl, NXS as halogenated reagents (scheme 46). [66,67,68,69,70] Scheme 46. 4-halo-triazoles from 4-silyl-triazole halogenation.

Z. Xu et al. reported the first copper(I)-catalyzed, threecomponent reaction producing 5-tin triazoles 75 from readily available terminal alkynes by Cu/Sn transmetalation. Then the 5tin triazoles can react with different families of electrophiles and have smoothly undergone chlorination, bromination, or iodination, affording the corresponding halogenated triazoles 76-78 in high yields (scheme 47). [71] Scheme 47. 5-halo-triazoles from 5-tin-triazole halogenation.

One way to halogenate triazoles is the transformation of 4alkylstin triazoles 79 which are obtained regioselectively by 1,3dipolar cycloaddition reaction of alkylstannyl alkynes and organo azides at reflux of toluene. In particular the major halogenated triazoles reported in the literature are the 4-iodo triazoles 80 synthesized from iodide (scheme 48). [72,73] Scheme 48. 4-halo-triazoles from 4-tin-triazole halogenation.

Furthermore this approach is generally used for the incorporation of the radioiodine-based molecular imaging and therapy agents. The conditions are the treatment of sodium iodide 123 with peracetic acid as an oxidant. For instance, Vaillant's group reported the synthesis of a library of candidate cathepsin B probes [74] or the synthesis of an inhibitor of prostatespecific membrane antigen which are iodinated with iodide or with radiolabelled 123 I to lead to the corresponding 4-iodo triazoles 81 (scheme 49). [75] Scheme 49. Incorporation of radioiodine from 4-tin-triazoles.

The incorporation of the radioiodine 125 was also performed from the 4-trialkyltin triazole with another oxidant, such as iodogen, chloramine T [76,77] and a fluorous analogue of chloramine-T. [78] Here is an isolated example of the conversion of the 4-tin triazole to 4-chloro triazole 82 with the use of excess CuCl2 for the synthesis of pyridinone and pyrimidone derivatives as factor Xia inhibitors in the treatment and/or prevention of a thromboembolic disease (scheme 50). [79] Scheme 50. Example of 4-chloro-triazole from 4-tin-triazole with CuCl2.

The synthesis of 4-and 5-fluoro-1,2,3triazoles

Among all the methodologies available for synthesizing halogeno-1,2,3-triazoles, the fluorinated ones are the least represented. In fact, the very low stability of fluoroalkynes considerably penalizes the synthesis of fluorotriazoles. So, the search for other approaches for their access has only recently started. Here we present the main pathways to the 4-and 5fluoro 1,2,3-triazoles. To our knowledge the first methodology that reports the synthesis of 4-fluoro-1,5-disubstituted-1,2,3-triazole was described in 1966 by Moore et al. [80] The condensation of benzyl azide with perfluoropropene at 150 °C gives the 1,2,3-triazoline, which in the presence of tetrakis(dimethylamino)ethylene (TDAE), is converted to the 4-fluoro-1,2,3-triazole 83 (Scheme 51). Scheme 51. Conditions for the synthesis of the 4-fluoro-1,5disubstituted-1,2,3-triazole Sixteen years later D. R. Taylor et al. [81] described the synthesis of N-substituted 4-or 5-fluoro-1,2,3-triazoles by cycloaddition between perfluoropropadiene or perfluoropropyne and phenylazide. The reaction times are long and low yields of fluoro-triazoles are obtained (Scheme 52). In 2005, Gravestock et al. described the synthesis of 4-and 5fluoro 1,2,3-triazoles to provide novel oxazolidinones as antibacterial agents. [82] The reaction was carried out by thermal cycloaddition between an azide and a fluoro-vinyl sulfonyl and gave a mixture of the 4-and 5-fluorotriazoles in 28 % yield (scheme 61). In 2017, V. G. Nenajdenko et al. [83] described a methodology to regioselectively N-2 functionalized 1,2,3-NH-triazoles 86 starting from α-fluoro-nitroalkenes sodium azide. The optimized conditions were described as slow addition (over 30 min) of nitroalkene to a solution of 2 equiv. sodium azide and equiv. of HSO3NH2 in DMSO. In addition, the 4-fluoro-5-aryl-1,2,3-NH-triazoles can be easily alkylated at the N-2 position (scheme 54). Recently, another group has described the same approach using α-fluoro-nitroalkenes with azides to give 4-fluoro-1,5disubstituted-1,2,3-triazoles 87. The reaction is carried out in toluene and requires a catalytic amount of trifluoroacetic acid to have a complete regioselectivity (scheme 55). [84] Scheme 55. Synthesis of 4-fluoro-1,5 disubstituted-1,2,3-triazoles using α-fluoro-nitroalkenes.

The authors proposed a mechanism starting with a regioselective [3+2] cycloaddition step. The trifluoroacetic acid (TFA) responsible for the regioselectivity, activates the nitro group. The 1,3-dipolar organic azide attacks the positively charged β-carbon of the α-fluoro-nitroalkene to form the triazoline intermediate. Then the elimination of HNO2 results in the regioselective formation of the 4-fluoro-1,5-disubstituted-1,2,3-triazoles (Scheme 56).

Proposed [3+2] cycloaddition mechanism

In 2020, Ichikawa et al. described a new way to access to 4fluoro-1,2,3-triazoles using copper-catalyzed [3+2] annulation of azides with (difluorovinyl)zinc complex as precursor of fluoroacetylene (Scheme 57). [85] To avoid the difficult conditions for obtaining fluoroacetylene, [86,87] the authors used 2,2-(difluorovinyl) zinc-TMEDA chloride which reacts with azides to provide by [3+2] annulation a series of 4fluorotriazoles with good yields (58-87%). The best conditions are the use of CuCl with 1,10-phenanthroline as ligand in 1,4dioxane at room temperature.

Scheme 57. Copper-Catalyzed [3+2] Annulation of Azides

To our knowledge, the main methodology which gives the 5fluorotriazoles is the halogen exchange reaction (Halex) between 5-iodotriazoles and fluoride sources. The Halex reaction first described by Fokin et al. in 2012 [88] is carried out in a biphasic acetonitrile /water medium with potassium fluoride (KF) or potassium bifluoride (KHF2) under microwave in short time (10 min) at 180°C (scheme 58). Potassium fluoride demonstrated good functional group compatibility with heterocycles, chloride, acetal, N1-aryl and alcohol. Potassium bifluoride (KHF2) allowed to expand compatibility with other functional groups like free amides, nitriles, ketones, N-toluene sulfonyl and bis(bromo)triazoles. Concerning the mechanism, the authors proposed two possible pathways. The first one was considered after carriyng out studies on different isomers of triazoles. The reactivity is only observed on 1,4-disubstituted-5-iodotriazoles which can undergo ring opening cycle leading to the formation of a diazo/imidoyl iodides. Imidoyl halides are well known to undergo halogen exchange reactions under similar experimental conditions. [89] The diazo/imidoyl iodide undergoes nucleophilic attack by the fluoride ion to lead to the diazo/imidoyl fluorides which isomerizes into 5-fluorotriazoles (scheme 60a). The other alternative route is the more classical SNAr mechanism (scheme 60b). More recently, 5-halo-1,2,3-triazoles have been synthesized and evaluated as inhibitors of biotin protein ligase from Staphylococcus aureus using this methodology. [90] The 5-fluoro-1,2,3-triazole 87 displays antibacterial activity against S. aureus (scheme 61). Scheme 60. Antibacterial compound against S. aureus including 5fluoro-1,2,3-triazole In 2015, Chu et al. [91] described another approach for the synthesis of 1-benzyl-5-fluoro-4-phenyl-1,2,3-triazole from 1benzyl-5-iodo-4-phenyl-1,2,3-triazole. The authors showed that by combining the silver fluoride (salts AgF) with tetramethylethylenediamine (TMEDA), the solubility of AgF was increased in toluene at 120°C and allowed a total conversion. Silver fluorination conditions are applicable in a wide range of 5iodotriazoles bearing electron-rich and electron-poor substituents, including substituted aromatics, heteroaromatics, alkyls, esters with mostly moderate to good yield. The authors have proposed a mechanism involving first the oxidative addition of silver with the C-I bond and therefore the formation of a bimetallic aryl-silver intermediate. This complex then undergoes reductive elimination to give the desired 5-fluorotriazoles (Scheme 62). 

4.Conclusion

We have summarized the main ways to obtain 4 and 5-halo 1,2,3-triazoles from cycloaddition reactions. All the reactions presented in this review have showed the high diversity of access of these derivatives. These halo-triazoles can be efficiently accessed with high chemo-and regio-selectivity. Despite substantial progress in this area in recent years, many challenges and gaps remain to be addressed. For example, approaches to the synthesis of 4-halo triazoles lag behind 5halo-triazoles. In addition, we have seen that the 4 and 5-iodotriazoles are the most present in the literature. There is a need to develop selective approaches to bromo and chloro-triazoles which are less exploited in different fields. However, what is most obvious concerns the synthesis of 4-and 5-fluoro-1,2,3triazoles which remains a significant challenge, and whose physico-chemical properties remain to be discovered. We hope this review will help stimulate further advances in halotriazole research.
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Scheme 36. 5-chloro-triazoles synthesis from 5-copper-triazoles.

The same group in 2015 reported the access of 5-iodo triazoles 49 in one pot by combination of 1-copper(I) alkyne, azide and molecular iodine in DMF. [55] The reaction time can be enhanced with 0.3 equivalent of triethylamine as ligand. Furthermore authors found that the 1-iodoalkyne was formed in situ and that the released CuI catalyzed the reaction. Thus the process avoids the prior preparation of the 1-iodoalkynes (scheme 37). Scheme 37. 5-iodo-triazoles synthesis from 5-copper-triazoles.

In 2017, M. S. Nechaev's team achieved the above conditions in two steps. The 5-copper triazoles were first formed in situ from 1-copper alkynes and organoazides, then the electrophiles such as N-chlorosuccinimide, N-bromosuccinimide, or I2 were added. The corresponding 1,4-disubstituted 5-halo-1,2,3-triazoles 51-53 (Cl, Br and I) were obtained with good to excellent yields. The conditions were optimized using (aNHC)CuCl as catalyst, a complex bearing an N-heterocyclic carbene ligand effective in the CuAAC (scheme 38). [56] 
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This minireview reported the synthesis of the 5 and 4-halo-1,2,3-triazoles which are very important key intermediates to the synthesis of 4, 5-disustituted -1,2,3-triazoles. The major derivatives are the iodo-triazoles following of the bromide and chloride triazoles. The fluoro-triazoles appeared more recently and are prepared from different ways.