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Abstract

:

This review recapitulates all available literature dealing with the synthesis and reactivity of geminal organic di- and triazides. These compound classes are, to a large extent, unexplored despite their promising chemical properties and their simple preparation. In addition, the chemistry of carbonyl diazide (2) and tetraazidomethane (105) is described in separate sections.
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1. Introduction


In contemporary organic chemistry, the azide group is one of the functional groups that has received the greatest increase in attention over the last decades [1,2]. In particular, the use of its orthogonal reactivity to other functional groups has led to a broad range of applications. Thus, cycloadditions with alkynes are routinely used in chemical biology [3,4,5,6,7] and material sciences [8,9,10]. While, in this context organic molecules with one azide group are widely accepted as standard entities, small molecules with two or more azide groups attached to the same carbon atom are quite uncommon. This lack of interest is at least a bit surprising, given the fact that reports on carbonyl diazide date back to 1894, and ethyl 2,2-diazidoacetate was described first in 1908 (see below). However, the supposedly hazardous and explosive character of geminal diazides might have hampered research efforts in the field, and up to now the chemical scope of geminal di- and triazides has not been studied in full detail.



In the following review, we summarize the reports on the syntheses of organic geminal di- and triazides as well as of carbonyl diazide and tetraazidomethane. We also present an overview on the reactivity of these compounds revealed so far.




2. Carbonyl Diazide


The first record of carbonyl diazide (2) dates back to 1894, when Curtius and Heidenreich reported its synthesis and some reactions performed for analytical purposes [11,12]. By treating an aqueous solution of carbonyl dihydrazide dihydrochloride (1) with two equivalents of sodium nitrite at low temperature the crystalline carbonyl diazide (2) was obtained (Scheme 1). The compound was described as very volatile and highly explosive on impact or when exposed to bright light, and it was noted that carbonyl diazide (2) reacts like phosgene. Since a direct confirmation for its structure was not possible at this time, the diazide 2 was saponificated and an argentometric determination of the azide content was performed. Moreover, treatment with aniline led to the corresponding urea 3, a known compound at this time. Elemental analysis of carbonyl diazide (2) resulted in somewhat imprecise figures, which was believed to be caused by the volatility and the small amounts of substance which were used due to its hazardousness. In 1924, 30 years later, Kesting pointed out, that these inaccuracies may have arisen from impurities such as the symmetrical hydrazine-1,2-dicarbonyl azide, which is formed as a by-product during the generation of carbonyl diazide [13].
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Scheme 1. Synthesis of carbonyl diazide (2) from carbonyl dihydrazide dihydrochloride (1) and transformation to diphenylurea (3). 






Scheme 1. Synthesis of carbonyl diazide (2) from carbonyl dihydrazide dihydrochloride (1) and transformation to diphenylurea (3).
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In a detailed examination, Curtius and Bertho then tried to elucidate the outcome of the thermal reactions between carbonyl diazide (2) and aromatic hydrocarbons [14]. Unfortunately, the result of these investigations is hardly conclusive: the original experiment basically consisted of heating carbonyl diazide (2) (prepared in situ from carbonyl dihydrazide dihydrochloride (1), Scheme 1) in several aromatic hydrocarbons, and the reaction mixtures were finally analyzed for their constituents. Surprisingly, aromatic amines 5 and pyridines 9 were identified as the major non-volatile products in all cases. Due to the concomitant formation of many unidentified products, the loss of several volatile compounds, and the fact that carbonyl diazide (2) was prepared in situ, the authors hesitated to give yields for the formation of 5 and 9. Nevertheless, the simple existence of amines 5 and pyridines 9 in the reaction mixtures requires an interesting reaction mechanism. To this end, Curtius and Bertho proposed two competitive mechanisms (Scheme 2): the formation of aromatic amines (5, path A) is explained by the thermal loss of two molecules of nitrogen from carbonyl diazide (2) forming a dinitrene 4. This very reactive species 4 was believed to undergo an insertion into the carbon-hydrogen bond of the aromatic hydrocarbons. Under high temperatures, and in the presence of water, the resulting urea derivatives 3 are then hydrolyzed to give aromatic amines 5 and carbon dioxide, which was indeed identified when analyzing the volatile products. The formation of pyridines (9, path B) was less clear and requires not only a rearrangement of the aromatic core, but also the cleavage of a methine group. In this case, the dinitrene 4 was believed to form an aziridine 6. After loss of carbon monoxide, which was also detected in the gas phase, this aziridine 6 might rearrange in an unspecified manner to give the pyridine core. The authors speculated on the existence of intermediates 7 and 8. The fate of the lost carbon atom, however, could not be clarified. Nevertheless, this early work is an impressive example for the reactive power of carbonyl diazide (2), a compound that was then forgotten for almost a century.
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Scheme 2. Thermal reactions of carbonyl diazide (2) in aromatic hydrocarbons. 
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The “rediscovery” of carbonyl diazide (2) by Willner et al. in 2010 resulted in a detailed description of its structure and physical properties [15]. By reacting sodium azide with fluoro- carbonyl chloride (10) in a sealed glass ampule, they were able to get pure carbonyl diazide (2) in small quantities as a white solid via fluorocarbonyl azide (11) as intermediate after fractionated condensation (Scheme 3). From this sample the authors obtained infrared, Raman and UV/VIS spectra in the solid state, as well as in the gaseous phase. Furthermore the structure was confirmed by X-ray diffraction. Of note, all experimental data were in good agreement with several independent calculations [15,16,17,18,19]. Very interesting from a preparative point of view, carbonyl diazide (2) is thermally stable with a defined melting point of 16 °C, and it shows a high impact sensitivity. Regarding the reactivity of carbonyl diazide (2), the photolysis [20] and the thermal decomposition [19,21,22] were investigated by means of infrared spectroscopy and theoretical calculations (Scheme 3). The irradiation of matrix-isolated carbonyl diazide (2) with UV-light (255 nm) causes the loss of molecular nitrogen and the formation of azido carbonyl nitrene 12, which rearranges under visible light (455 nm) to give azido isocyanate (13). By further irradiation of azido isocyanate (13) with UV-light (335 nm), carbon monoxide and molecular nitrogen are obtained as final products. The pyrolysis of carbonyl diazide (2) was performed by passing diluted gaseous carbonyl diazide (2) through a glass tube heated to 400 °C and trapping of the products. Via infrared spectroscopy, metastable diazirinone (14) was identified as the major pyrolysis product.
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Scheme 3. Synthesis, photolysis and pyrolysis of carbonyl diazide (2). 






Scheme 3. Synthesis, photolysis and pyrolysis of carbonyl diazide (2).
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An alternative synthesis of carbonyl diazide (2) was presented by Stanton et al. [17]. Starting from triphosgene (15), carbonyl diazide (2) was generated through double substitution with tetrabutylammonium azide (Scheme 4). The substitutions occur on different reaction intermediates (16, 17, 18), which all lead to the same target. The product 2 was isolated by simple filtration of the ammonium salts followed by evaporation of the solvent. The infrared spectra obtained from carbonyl diazide (2), which was prepared this way, were identical to those from the abovementioned method by Willner et al. [15]. The major advantage of the protocol developed by Stanton et al. is the commercial availability of all the starting materials. The use of highly toxic fluorocarbonyl chloride (10) can be avoided, and the reaction can be carried out in solution at room temperature under experimentally simple conditions.



Also noteworthy is the formation of carbonyl diazide (2) via hydrolysis of tetraazidomethane (105) (Scheme 22, below) [23]. As tetraazidomethane (105) is not an easily available starting material, this transformation cannot be considered useful for preparative purposes; the generation of tetraazidomethane (105) will be discussed below in greater detail.
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Scheme 4. Carbonyl diazide (2) synthesis from triphosgene (15). 






Scheme 4. Carbonyl diazide (2) synthesis from triphosgene (15).
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3. Geminal Diazides


3.1. Geminal Aliphatic Diazides


3.1.1. Synthesis


The first method reported for the synthesis of geminal diazides 21 is the direct substitution of geminal dihalides 20 with sodium azide (Scheme 5), and this remains unquestionably one of the most reliable and simplest methods until today. In 1908, Forster et al. succeeded in isolating ethyl 2,2-diazidoacetate [24]. In their seminal report, the authors already mentioned the hazardous character of this compound class, which mainly results from the risk of explosion [25,26]. In the subsequent decades, a series of α,α-diazidoesters [24,27,28], α,α-diazido-β-ketoesters [29,30], α,α-diazidoketones [31], α,α-diazido-β-ketolactams [32], 2,2-diazidomalonates [33], heterocyclic diazides [32,34,35,36] and benzylic diazides [25,37,38,39,40,41] were prepared using standard halide substitution chemistry. As an alternative azide source, an insoluble polymeric ammonium azide resin was also employed [42,43].
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Scheme 5. Classic methods for the preparation of geminal aliphatic diazides 21. 
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Alternatively, diazidomalonates are available via the disproportionation of alkyl 2-bromomalonates 22 (Scheme 5) [44]. This reaction is of less use, since half the amount of the alkyl 2-bromomalonate 22 is lost as alkyl malonate. However, as no monoazide is formed, the reaction gives access to 2,2-diazidomalonates of high purity [45,46].



Electrophilic azide sources can also be used for the diazidation task. For example, phosphorous ylides 19 were shown to give geminal diazides 21 when reacted with tosyl azide (Scheme 4) [27]. Likewise, Evans et al. observed geminal diazides 21 as minor by-products when the azidation of ester enolates with 2,4,6-triisopropylbenzenesulfonyl azide was investigated [47].



Acetals and ketones can be easily transformed into geminal aliphatic diazides 21 with trimethylsilyl azide (Scheme 5) [48]. This reaction is typically catalyzed with strong Lewis acids (LA) like tin(IV) chloride. In principle, the transformation can be understood best as a simple transacetalization. Ketones [49,50] or aldehydes [50,51] were also employed as starting materials for the diazide generation; in these cases, tin(II) chloride was used as the preferred catalyst. The method was further expanded to not only aromatic and aliphatic aldehydes, but also to heterocyclic aldehydes [52]. Simple addition of catalytic amounts of sodium azide in combination with a crown ether was shown to further promote this reaction [50]. Another variant showed that, by using aluminium(III) chloride or titanium(IV) chloride as catalysts, aldehydes can directly be converted to geminal diazides 21 with sodium azide instead of trimethylsilyl azide [53,54].



An unexpected formation of a geminal diazide 26 was reported by Swern and O’Hare (Scheme 6) [55]. When the reactivity of 1,2-dimethylcyclobutene (25) was studied, the use of an excess of iodine chloride and sodium azide led to a ring contraction and diazidation of the exocyclic carbon atom. However, only the single example shown in Scheme 6 was presented, and the mechanism and scope of this reaction was not surveyed. Related to the use of iodine chloride and sodium azide, also bromine azide was used to transform, for example, nitroolefins into geminal diazides 28 via an addition-elimination-addition sequence (Scheme 6) [56]. Furthermore, allene (29) was successfully converted to geminal diazide 30 with iodine azide [57].
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Scheme 6. Diazidation with iodine and bromine azide. 






Scheme 6. Diazidation with iodine and bromine azide.
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The most recent diazidation-methods allow for the direct α-diazidation of benzylic alcohols [58], ketones [58,59], internal olefins [59] and alkynes [60] as well as of malonates and β-ketoesters [61] under oxidative conditions. In all cases the products are α,α-diazidocarbonyl compounds. The oxidizing agents of choice are sodium periodate [58], IBX-SO3K (37) [59,61] and N-iodosuccinimide [60]. The first one, sodium periodate, gave α,α-diazidoketones 32 in excellent yields when applied to ketones 31 in combination with sodium azide (Scheme 7) [58]. A proposed mechanism for this transformation includes the one-electron-oxidation of an azide ion, followed by addition to the enol tautomer of a benzylic ketone 31. Further oxidation of the resulting benzylic radical 33 then gives the α-azidoketone 34, which can undergo this cycle one more time to furnish α-diazidoketones 32. The monoazide 34 was never found under the conditions, even when the reaction was carried out with only one equivalent of sodium azide. From this result one can deduce that the second azidation cycle has to be significantly faster than the first one.





[image: Molecules 20 19675 g007 550]





Scheme 7. Oxidative diazidation methods. 






Scheme 7. Oxidative diazidation methods.
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Another very mild and experimentally simple diazidation protocol developed by Kirsch et al. uses IBX-SO3K (37) [62] in combination with catalytic amounts of sodium iodide and an excess of sodium azide at room temperature (Scheme 7) [61]. By using this method, a series of malonates and β-ketoesters 35 were successfully converted into their corresponding diazides 36. The fundamental mechanism is still under investigation, although it is plausible that iodination and subsequent substitution takes place. This method was further expanded not only to ketones, but also to internal olefins as starting materials [59]: Via a one-pot procedure the olefins were first reacted with IBX and N-iodosuccinimide to give α-iodoketones, which then were diazidated using IBX-SO3K (37) and sodium azide.



With internal alkynes 38 as starting materials and trimethylsilyl azide, Yanada et al. developed a highly useful protocol for the synthesis of diazides (Scheme 7) [60]. The presence of moisture and oxygen from the air is necessary for the reaction to proceed smoothly, but the exact role of water and oxygen was not clarified. On the other hand, it was observed that additional water in the reaction mixture led to markedly decreased yields, probably due to the fast hydrolysis of trimethylsilyl azide. The origin of the carbonyl oxygen is also unclear. As a possible mechanism, the twofold addition of iodine azide in a regioselective manner followed by the hydrolysis of the resulting geminal diiodide is assumed.




3.1.2. Reactivity


There is only a limited number of publications that focus on the reactivity of geminal aliphatic diazides 21. In most reports, diazides 21 are only mentioned as by-products or proposed intermediates [31,34,35,47,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79]. A few reports discuss thermodynamic and kinetic influences of the azido group on the stability of carbocations [80,81,82,83] and calculated structures of geminal diazides [84]. In particular, the early reports about these substances and their reactivity are somewhat lacking in data due to the lack of analytical tools. Nevertheless, these early reports contain highly valuable hints about the outstanding reactions of geminal aliphatic diazides 21, even if the reaction products could not be identified without a doubt. For example, Schroeter already postulated in 1909 that the thermal decomposition of diazidodiphenylmethane (40) leads to the tetrazole derivative 41 (Scheme 8) [37], a degradation that was unequivocally confirmed some years later [39]. In contrast, Lindemann and Mühlhaus found isoxazoles 43 and nitriles 45 when they studied the thermal behavior of ortho- (42) and para-hydroxybenzylic diazides 44 [38]. Additionally, they obtained the corresponding benzaldehydes of the diazides 42 and 44, when the thermolysis was performed in ethanol. The latter observation could probably be explained by simple hydrolysis due to water in the solvent. Unfortunately, the available analytical data are not sufficient for an all-encompassing theory on the reaction mechanisms. However, a number of more recent publications also describe protocols for the synthesis of benzonitriles by use of reagents such as sodium azide or trimethylsilyl azide [36,53,54,85,86], and mostly benzylic diazides generated in situ are believed to be intermediates or competitive products.
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Scheme 8. Thermal reactions of benzylic geminal diazides. 






Scheme 8. Thermal reactions of benzylic geminal diazides.
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The reaction of geminal diazides 21 under elevated temperatures has remained a major focus for many years. For example, methyl 2,2-diazidomalonate (46) and derivatives 52 thereof were thermally converted into tetrazoles 51 and 53 (Scheme 9) [87]. The originally proposed mechanism consisted of the insertion of a nitrene into the oxygen-carbon bond followed by expulsion of carbon dioxide. It is noteworthy that this decomposition pathway differs significantly from the photochemical decomposition of geminal diazides as discussed below, and it was possible to achieve a good control over the formation of differently substituted tetrazoles depending on whether the reaction is carried out thermally or under irradiation with light [88]. Several additional examples for tetrazole formation through thermal decomposition of geminal aliphatic diazides provide evidence for the nitrene insertion mechanism [32,89,90]. However, a crossover experiment with isotope-labeled starting materials showed product mixtures [46] indicating that, at some stage, an intermolecular mechanism takes place. Based on these results, the mechanistic picture was refined, and an anionic chain mechanism was suggested as outlined in Scheme 9. It was also found that, instead of elevated temperatures, the use of catalytic amounts of Lewis acids like tin(IV) chloride or zinc(II) chloride can lead to the formation of tetrazoles [48,49,51].
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Scheme 9. Thermal reaction of diazidomalonates 46 and –malonamides 52. 
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When the thermal behavior of 3,3-diazido-2,4-dioxoquinolines 54 was studied, it was originally expected that tetrazole intermediates can be further converted into N-cyano moieties 55 (Scheme 10) [32]. Although this assumption turned out to be wrong, the data suggest that the isomeric diazo compounds 57 can be generated under the conditions [91]. Besides the diazo compound 57, the formation of a tetrazole 58 was also observed. It was proposed that both 57 and 58 were formed through tetrazole 56 as the common intermediate although the mechanistic pathway was not investigated at all. Moreover, other reports also postulate the occurrence of diazo species in the thermal degradation of a geminal diazide [92].



Ogilvie and Rank described the synthesis of 1,3,4-oxadiazoles 60 through heating of α,α-diazido-β-ketoesters 59 (Scheme 11) [30]. The product formation was again explained with a mechanism based on nitrene formation followed by rearrangement. The structure of the 1,3,4-oxadiazoles 60 was unequivocally confirmed by comparison with samples that were synthesized through alternative routes.
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Scheme 10. Thermal reaction of 3,3-diazido-2,4-dioxoquinolines 54. 
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Scheme 11. Synthesis of 1,3,4-oxadiazoles 60 from α,α -diazido-β-ketoesters 59. 






Scheme 11. Synthesis of 1,3,4-oxadiazoles 60 from α,α -diazido-β-ketoesters 59.
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The photolysis of methyl 2,2-diazidomalonate (46) [45], 2,2-diazidomalonamides 52 [87] and diazidodiphenylmethane (40) [93] was studied by Moriarty et al. (Scheme 12). A range of different products were obtained, suggesting that more than one possible reaction pathway is involved. Several mechanistic aspects were presented including the formation of nitrene intermediates, which was also supported by EPR studies [40]. However, a conclusive mechanism explaining all the observations regarding diazide photolysis is still not available. From a synthetic point of view, tetrazole 62 was obtained as the major product upon irradiation of 46. Further irradiation of this intermediate 62 then leads to nitrogen loss, and methyl 5-methoxy-1,2,4-oxadiazole-3-carboxylate (63) is obtained. 2,2-Diazidomalonamides 52 reacted in a similar way leading to tetrazoles 64. Diazidodiphenylmethane (40), on the other hand, shows a fully different product distribution (65, 41 and 66). More recent studies on the photochemistry of geminal benzylic diazides aided by DFT-calculations and isotope-labeling experiments also came to the result that, most likely, multiple reaction pathways are involved [43].



Besides intramolecular reactions of geminal aliphatic diazides, only a few intermolecular reactions are known. The first one is the formation of 2,2-diazidomalonamide (68) (Scheme 13) [33]: In the presence of ammonia, ethyl 2,2-diazidomalonate (67) is easily transformed into its amide 68. The azido groups are not directly involved in this reaction, but they seem to have a strong activating effect since with simple ethyl malonate the amide formation is significantly slower. Another intriguing reaction is the conversion of diazidodiphenylmethane (40) into N-phenylbenzamide (69) under the influence of strong acids [39]. This reaction is explained best by a sequence consisting of hydrolysis of the diazide 40, the formation of a nitrene-intermediate due to the loss of molecular nitrogen and subsequent rearrangement.



In an impressive report, the potential of geminal diazides as nitrene precursors was highlighted [94]: C60-Fullerene (70) was heated together with ethyl 2,2-diazidomalonate (67) (Scheme 14). The main product of this fullerene functionalization was a doubly bridged fulleroid 71.
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Scheme 12. Photochemical decomposition of methyl 2,2-diazidomalonate (46), 2,2-diazidomalonamides 52 and diazidodiphenylmethane (40). 
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Scheme 13. Simple intermolecular reactions of geminal diazides. 






Scheme 13. Simple intermolecular reactions of geminal diazides.



[image: Molecules 20 19675 g013]







[image: Molecules 20 19675 g014 550]





Scheme 14. Functionalisation of C60-fullerene (70) with ethyl 2,2-diazidomalonate (67). 






Scheme 14. Functionalisation of C60-fullerene (70) with ethyl 2,2-diazidomalonate (67).
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3.2. Geminal Vinyl Diazides


The number of reports describing geminal vinyl diazides is, as one might expect, very small. In fact, only three molecules of this class (compounds 73–75) were synthesized until today (Scheme 15) [95,96,97,98]. It should be noted that the isolation of cyanocarbonimidoyl diazide (77) was also reported by Darzens in 1912 from the reaction of bromine cyanide (76) with sodium azide; however, the structure turned out to be wrong and was corrected by Hart in 1928 [99,100,101]. The geminal vinyl diazides 73–75 appeared in the literature between 1982 and 1991. Their synthesis was possible via simple substitution of a chloride with sodium azide in a mixture of acetone and water at temperatures between −20 °C and −15 °C. The diazide products were isolated by filtration (73 and 74) or direct separation of the water-insoluble liquid (for 75). Methyl 3,3-diazido-2-cyanoacrylate (73) and ethyl 3,3-diazido-2-cyanoacrylate (74) were reported to be pale yellow to yellow-green crystalline solids, which are stable in solution at −15 °C for days, but decompose slowly at room temperature. At 70 °C and 50 °C, respectively, 73 and 74 explode spontaneously. Analytical confirmation of the structures was obtained from their infrared and NMR spectra as well as from mass spectrometry in the case of methyl 3,3-diazido-2-cyanoacrylate (73) [95,96,98,102]. 2-(Diazidomethylene)malononitrile (75) is described as an orange liquid. Infrared spectroscopy shows the azide stretching band at 2160 cm−1 [97]. Further analytical data for this compound are not available.
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Scheme 15. Synthesis of all known geminal vinyl diazides. 






Scheme 15. Synthesis of all known geminal vinyl diazides.
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The reactivity of the geminal vinyl diazides appears to be pretty versatile [103]. Unfortunately, several reports are, at least partially, contradictory, and we feel that some results are not free of doubt since analytical evidence is missing. Nevertheless, there are two fundamental reactivities of geminal vinyl diazides. The first one is the unimolecular thermal or photochemical decomposition. As shown in Scheme 16, irradiation of a methanolic solution of methyl 3,3-diazido-2-cyanoacrylate (73) gives a a low yield of methyl 2-cyano-3-methoxyacrylate (78) as a by-product (besides the thermal product 88 described below) [95,96,103]. Possible intermediates for this transformation are the free carbene 79, the diazirine 80, the diazoacrylate 81 or the tetrazole 82.
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Scheme 16. Photochemical reaction of methyl 3,3-diazido-2-cyanoacrylate (73). 






Scheme 16. Photochemical reaction of methyl 3,3-diazido-2-cyanoacrylate (73).
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While the photochemical decomposition was not examined in further detail, the thermal reaction of geminal vinyl diazides is well-studied (Scheme 17) [95,96,97,98,103,104,105,106,107,108]. The key intermediate is the very electrophilic [109] double acceptor-substituted N-cyanoimine 86. At temperatures over 20 °C, geminal vinyl diazides loose one molecule of nitrogen forming an azidoazirine 84, which spontaneously cyclizes to the tetrazole 85 [108]. After loss of a second molecule of nitrogen and subsequent rearrangement, the N-cyanoimine 86 is generated. The N-cyanoimine 86 has been characterized in solution [97,108]; all isolation attempts led to polymerization [108,109]. The existence of this intermediate 86 was also proven by cycloaddition with 2,3-dimethylbuta-1,3-diene leading to the Diels-Alder product 87 [95,96,97,108,109]. In the presence of alcohols [95,96,108,109] or amines [104,105,106,107,108], the N-cyanoimine 86 is immediately attacked at the electrophilic carbon and, after elimination of hydrogen cyanide, isolable structures 88 and 89 are obtained in good yields. Reaction of the N-cyanoimine 86 with hydrazines leads to 90 in an analogous fashion. Further cyclisation of 90 then generates 1,2,4-triazoles 91 [98].
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Scheme 17. Thermal reactions of geminal vinyl diazides. 






Scheme 17. Thermal reactions of geminal vinyl diazides.
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The other fundamental reactivity of geminal vinyl diazides 83 is the nucleophilic substitution of an azide group. Formally, this must be seen as a 1,4-addition followed by elimination of hydrazoic acid. The resulting vinyl azides 92 can, in most cases, be isolated in good yields as crystalline solids [98,102,104,105,106,107,108,110,111]. Because of the thermal instability of geminal vinyl azides 83, this reaction has to be performed at temperatures below −20 °C. Otherwise, the N-cyanoimine 86 (Scheme 17) would be generated before an intermolecular reaction can take place. As nucleophiles, primary [98,102,104,105,107,108,110,111] and secondary [102,107,111] amines, diamines [106,108,111] and hydrazines [98] were tested. With diamines, the substitution occurs either on two different molecules of the diazide 73 generating vinyl azides 93 [106,108,111] or on the same molecule delivering cyclic products 94 [106]. The reaction of simple amines with geminal vinyl diazides results in the substitution of one azide group, eventually affording vinyl azide 92 (Scheme 18). This vinyl azide species 92 was shown to undergo many different consecutive reactions giving access to a broad spectrum of nitrogen-containing heterocycles like tetrazolylidenes [98,106,108,110,111], imidazolylidenes [110,111], oxazoles [106,107,108,110], 1,2,3-triazoles [102,111], azirines [102], 2-methylidene-3,4,5,6-tetrahydropyrimidines [106] and 2-methylidene-2,3-dihydroperimidines [106]. The definite outcome of the reaction strongly depends on the substitution pattern of the vinyl azide 92 and the precise reaction conditions [98,102,103,106,107,108,110,111]. Nevertheless, geminal vinyl diazides are neglected but valuable starting materials for the synthesis of heterocycles with uncommon substitution patterns.
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Scheme 18. Nucleophilic substitution on geminal vinyl diazides. 






Scheme 18. Nucleophilic substitution on geminal vinyl diazides.
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4. Geminal Triazides


Triazidomethane (95), which was reported by Hassner et al. in 1990, is the archetype molecule of the triazido compound class [42]. Although it was never isolated in pure form due to its predicted volatility and hazardousness, the NMR-data and the cycloaddition reaction with dimethyl acetylenedicarboxylate giving the tristriazole product 96 confirm its structure. The synthesis of triazidomethane (95) was accomplished by mixing bromoform with a polymeric ammonium azide reagent, followed by washing of the resin with diethylether and concentration of the filtrate (Scheme 19). Triazidomethane (95) was obtained as a mixture together with diethylether and unreacted bromoform. So far, the physical properties of triazidomethane (95) are completely unknown. However, the authors indicated, that the transfer of this mixture into a NMR tube led to an explosion. Surprisingly, the cycloaddition with dimethyl acetylenedicarboxylate did not yield the expected tris(1-triazolyl) compound having three identical triazole moieties. Instead, the depicted tristriazole 96 with only two 1-triazolyl rings and one 2-triazolyl system was generated as evidenced by X-ray diffraction. It was assumed that, for steric reasons, the initially formed tris(1-triazolyl) compound rearranged to give 96.
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Scheme 19. Synthesis of triazidomethane (95). 






Scheme 19. Synthesis of triazidomethane (95).
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In 2014, another class of geminal triazides, the α,α,α-triazidocarbonyls 98, was published by Kirsch et al. [59]. During the search for synthetic methods toward α-azidoesters, the α,α,α-triazidocarbonyls 98 were found as the main product in the azidation of 3-oxocarboxylic acids 100. In related protocols, iodomethylketones 97 and terminal olefins 99 were employed as starting materials that were easier to handle (Scheme 20). All protocols have in common that IBX-SO3K (37) [62], the potassium salt of sulfonated 2-iodoxybenzoic acid (IBX), was used as oxidant and sodium azide as the azide source. The structure of the triazido products 98 was verified by 15N-NMR experiments and by triple cycloaddition with cyclooctyne. Based on preliminary experiments, the mechanism of the conversion of 3-oxocarboxylic acid 100 was assumed to start with the iodination of the enolizable position followed by decarboxylation. The resulting iodomethylketone 103 then undergoes substitution to furnish an azidomethylketone 104. This cycle consisting of iodination and substitution is passed two more times to end up with the triazides 101.
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Scheme 20. Triazide 98 synthesis with IBX-SO3K (37). 






Scheme 20. Triazide 98 synthesis with IBX-SO3K (37).
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5. Tetraazidomethane


With a weight ratio of 93% nitrogen to 7% carbon, tetraazidomethane (105) may be the nitrogen-richest organic compound one could think of. The only report on this molecule was published in 2007 by Banert et al. [23]. In contrast to triazidomethane (95) [42], tetraazidomethane (105) is not available via direct substitution of carbon halides like tetrabromomethane. Instead, trichloroacetonitrile or alternatively triazidocarbenium hexachloroantimonate (106) were chosen as starting materials (Scheme 21). In the first case, treatment of trichloroacetonitrile with sodium azide in acetonitrile at 50 °C for 18 h yielded, after aqueous work up, tetraazidomethane (105), which was directly further converted with cyclooctyne. The cycloaddition product 107 was confirmed by X-ray diffraction. A pure sample of tetraazidomethane (105) could be isolated as a colorless liquid by preparative gas chromatography. It was fully characterized via IR, NMR, GCMS and HRMS.



Tetraazidomethane (105) shows some expected and several unexpected reactivities besides the cycloaddition of cyclooctyne (Scheme 22). With Lewis acids like antimony pentachloride the triazidocarbenium salt 108 is formed. Under aqueous conditions carbonyl diazide (2) and two equivalents of hydrazoic acid are generated. More unexpected, the reaction of tetraazidomethane (105) with phosphines leads to the loss of ten nitrogen atoms, and the unusual cyanamide 109 is obtained as the product. With norbornene or norbornadiene, tetraazidomethane (105) does not undergo a simple cycloaddition. Instead, mixtures of aminotetrazoles 110–113 were isolated; these tetrazoles 110–113 are most likely generated in a multistep sequence. In view of these results, tetraazidomethane (105) is a very interesting compound with much research work left to explore the unique reactivity of this molecule.
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Scheme 21. Synthesis of tetraazidomethane (105). 






Scheme 21. Synthesis of tetraazidomethane (105).
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Scheme 22. Reactivity of tetraazidomethane (105). 






Scheme 22. Reactivity of tetraazidomethane (105).



[image: Molecules 20 19675 g022]






6. Outlook


This review summarized the mentions of geminal di- and triazides in the literature. While easy methods for their preparation are available, not many researchers have had the courage to do chemistry with these compounds. Alternative methods for their synthesis and the elucidation of their reactivities are not nearly as established as one would expect for a compound class the early members of which have been known for more than 100 years. Hence, geminal organic diazides are, in principle, still a “young” class of molecules, and the lack of interest may have simply arisen from their possibly hazardous character, which cannot be denied. In particular, knowledge on their reactivities and synthetic potential seem to be notoriously underdeveloped. Despite a few reports, promising approaches to illuminate the chemical possibilities of geminal diazides have not been further pursued, in many cases. The same is true for geminal triazides, which have only been known for a short period of time, but are easily available, too. Besides the reported basic reactivities, the use of those compounds in high-energetic materials or for heterocycle synthesis remains to be further studied. We encourage researchers to step into this promising and stimulating field where is open space for new discoveries.







Acknowledgments


S.F.K. thanks all the enthusiastic co-workers who participated in projects on geminal dia- and triazides over the last couple of years.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bräse, S.; Banert, K. Organic azides: Syntheses and Applications; John Wiley: Chichester, West Sussex, UK, 2010. [Google Scholar]

	



Bräse, S.; Gil, C.; Knepper, K.; Zimmermann, V. Organic Azides: An Exploding Diversity of a Unique Class of Compounds. Angew. Chem. Int. Ed. 2005, 44, 5188–5240. [Google Scholar] [CrossRef] [PubMed]

	



Schilling, C.I.; Jung, N.; Biskup, M.; Schepers, U.; Bräse, S. Bioconjugation via azide–Staudinger ligation: An overview. Chem. Soc. Rev. 2011, 40, 4840–4871. [Google Scholar] [CrossRef] [PubMed]

	



Mamidyala, S.K.; Finn, M.G. In situ click chemistry: Probing the binding landscapes of biological molecules. Chem. Soc. Rev. 2010, 39, 1252–1261. [Google Scholar] [CrossRef] [PubMed]

	



Hackenberger, C.P.R.; Schwarzer, D. Chemoselective Ligation and Modification Strategies for Peptides and Proteins. Angew. Chem. Int. Ed. 2008, 47, 10030–10074. [Google Scholar] [CrossRef] [PubMed]

	



Kolb, H.C.; Finn, M.G.; Sharpless, K.B. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew. Chem. Int. Ed. 2001, 40, 2004–2021. [Google Scholar] [CrossRef]

	



Spiteri, C.; Moses, J.E. Copper-Catalyzed Azide-Alkyne Cycloaddition: Regioselective Synthesis of 1,4,5-Trisubstituted 1,2,3-Triazoles. Angew. Chem. Int. Ed. 2010, 49, 31–33. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.A.; Finn, M.G.; Koberstein, J.T.; Turro, N.J. Construction of Linear Polymers, Dendrimers, Networks, and Other Polymeric Architectures by Copper-Catalyzed Azide-Alkyne Cycloaddition “Click” Chemistry. Macromol. Rapid Commun. 2008, 29, 1052–1072. [Google Scholar] [CrossRef]

	



Franc, G.; Kakkar, A.K. “Click” methodologies: Efficient, simple and greener routes to design dendrimers. Chem. Soc. Rev. 2010, 39, 1536–1544. [Google Scholar] [CrossRef] [PubMed]

	



Iha, R.K.; Wooley, K.L.; Nyström, A.M.; Burke, D.J.; Kade, M.J.; Hawker, C.J. Applications of orthogonal “click” chemistries in the synthesis of functional soft materials. Chem. Rev. 2009, 109, 5620–5686. [Google Scholar] [CrossRef] [PubMed]

	



Curtius, T.; Heidenreich, K. Stickstoffkohlenoxyd und Diharnstoff. Ber. Dtsch. Chem. Ges. 1894, 27, 2684–2685. [Google Scholar] [CrossRef]

	



Curtius, T.; Heidenreich, K. Die Hydrazide und Azide der Kohlensäure. J. Prakt. Chem. 1895, 52, 454–489. [Google Scholar] [CrossRef]

	



Kesting, W. Über das Hydrazidicarbonazid und seine Entstehung als Nebenprodukt bei der Diazotierung von Carbohydrazid. Ber. Dtsch. Chem. Ges. A/B 1924, 57, 1321–1324. [Google Scholar] [CrossRef]

	



Curtius, T.; Bertho, A. Die Einwirkung von Carbonylazid, CON6, auf aromatische Kohlenwasserstoffe. Ber. Dtsch. Chem. Ges. A/B 1926, 59, 565–589. [Google Scholar] [CrossRef]

	



Zeng, X.; Gerken, M.; Beckers, H.; Willner, H. Synthesis and Characterization of Carbonyl Diazide, OC(N3)2. Inorg. Chem. 2010, 49, 9694–9699. [Google Scholar] [CrossRef] [PubMed]

	



Ball, D.W. Carbonyl diazide, OC(N3)2: Calculated thermodynamic properties. Comput. Theor. Chem. 2011, 965, 176–179. [Google Scholar] [CrossRef]

	



Nolan, A.M.; Amberger, B.K.; Esselman, B.J.; Thimmakondu, V.S.; Stanton, J.F.; Woods, R.C.; McMahon, R.J. Carbonyl Diazide, OC(N3)2: Synthesis, Purification, and IR Spectrum. Inorg. Chem. 2012, 51, 9846–9851. [Google Scholar] [CrossRef] [PubMed]

	



Napolion, B.; Watts, J.D.; Huang, M.-J.; McFarland, F.M.; McClendon, E.E.; Walters, W.L.; Williams, Q.L. Accurate theoretical predictions for carbonyl diazide molecules: A coupled-cluster study of the potential energy surface and thermochemical properties. Chem. Phys. Lett. 2013, 559, 18–25. [Google Scholar] [CrossRef]

	



Li, H.; Li, D.; Zeng, X.; Liu, K.; Beckers, H.; Schaefer, H.F.; Esselman, B.J.; McMahon, R.J. Toward Understanding the Decomposition of Carbonyl Diazide (N3)2C–O and Formation of Diazirinone cycl-N2CO: Experiment and Computations. J. Phys. Chem. A 2015, 119, 8903–8911. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, X.; Beckers, H.; Willner, H. Matrix Isolation of Two Isomers of N4CO. Angew. Chem. Int. Ed. 2011, 50, 482–485. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, X.; Beckers, H.; Willner, H.; Stanton, J.F. Elusive Diazirinone, N2CO. Angew. Chem. Int. Ed. 2011, 50, 1720–1723. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, X.; Beckers, H.; Willner, H.; Stanton, J.F. Fascinating Diazirinone: A Violet Gas. Eur. J. Inorg. Chem. 2012, 2012, 3403–3409. [Google Scholar] [CrossRef]

	



Banert, K.; Joo, Y.-H.; Rüffer, T.; Walfort, B.; Lang, H. The Exciting Chemistry of Tetraazidomethane. Angew. Chem. Int. Ed. 2007, 46, 1168–1171. [Google Scholar] [CrossRef] [PubMed]

	



Forster, M.O.; Fierz, H.E.; Joshua, W.P. Bistriazoderivatives of Ethane and Acetic Ester. J. Chem. Soc. Trans. 1908, 93, 1070–1074. [Google Scholar] [CrossRef]

	



Gilbert, E.E. A novel energetic polyazide: 1,2,4,5-Tetrakis (diazidomethyl) benzene. J. Energ. Mater. 1987, 5, 77–81. [Google Scholar] [CrossRef]

	



Conrow, R.E.; Dean, W.D. Diazidomethane Explosion. Org. Process Res. Dev. 2008, 12, 1285–1286. [Google Scholar] [CrossRef]

	



Sohn, M.B.; Jones, M., Jr.; Hendrick, M.E.; Rando, R.R.; Doerin, W.V.E. On Syntheses of Alkyl Diazopropionates. Tetrahedron Lett. 1972, 13, 53–56. [Google Scholar] [CrossRef]

	



Takeuchi, Y.; Takagi, K.; Yamaba, T.; Nabetani, M.; Koizumi, T. Synthetic studies for novel structure of α-nitrogenously functionalized α-fluorocarboxylic acids. Part III. Some reactions of α-bromo-α-fluorocarboxylic acids and their ethyl esters with sodium azide. J. Fluorine Chem. 1994, 68, 149–154. [Google Scholar] [CrossRef]

	



Forster, M.O.; Newman, S.H. Azoimides of the Acetoacetic Series. J. Chem. Soc., Trans. 1910, 97, 1360–1368. [Google Scholar] [CrossRef]

	



Ogilvie, W.; Rank, W. Thermolysis of geminal diazides: A novel route to 1,3,4-oxadiazoles. Can. J. Chem. 1987, 65, 166–169. [Google Scholar] [CrossRef]

	



Zapol’skii, V.A.; Namyslo, J.C.; Gjikaj, M.; Kaufmann, D.E. Chemistry of Polyhalogenated Nitrobutadienes, Part 5: Synthesis and Reactions of Dichloromethyl Nitrovinylidene Ketones of Heterocycles. Synlett 2007, 1507–1512. [Google Scholar] [CrossRef]

	



Landen, G.; Moore, H.W. Chemistry of Geminal Diazides. Rearrangements to N-Cyano Compounds. Tetrahedron Lett. 1976, 17, 2513–2516. [Google Scholar] [CrossRef]

	



Forster, M.O.; Müller, R. Substituted Triazomalonic and Phenyltriazoacetic Acids. J. Chem. Soc., Trans. 1910, 97, 126–142. [Google Scholar] [CrossRef]

	



Badawey, E.-S.A.M.; Rida, S.M.; Soliman, F.S.G.; Kappe, T. Benzimidazole Condensed Ring Systems, VI: Organic Azides in Heterocyclic Synthesis, X: Synthesis of Some Substituted Pyrimido[1,6-a]-benzimidazoles as Potential Antimicrobial Agents. Monatsh. Chem. 1989, 120, 1159–1164. [Google Scholar] [CrossRef]

	



Malle, E.; Stadlbauer, W.; Ostermann, G.; Hofmann, B.; Leis, H.J.; Kostner, G.M. Synthesis of new 2-, 3-, and 4-substituted azidoquinolines: Inhibitors of human blood platelet aggregation in vitro. Eur. J. Med. Chem. 1990, 25, 137–142. [Google Scholar] [CrossRef]

	



Kappe, C.O. Unexpected Formation of Nitriles from Reactions of 6-(Dibromomethyl)-1,2,3,4-tetrahydro-2-oxo-5-pyrimidinecarboxylates with Sodium Azide. Liebigs Ann. Chem. 1990, 5, 505–507. [Google Scholar] [CrossRef]

	



Schroeter, G. Über die Hofmann-Curtiussche, die Beckmannsche und die Benzilsäure-Umlagerung. Ber. Dtsch. Chem. Ges. 1909, 42, 2336–2349. [Google Scholar] [CrossRef]

	



Lindemann, H.; Mühlhaus, A. Oxy-benzal-azide und Indoxazene. Justus Liebigs Ann. Chem. 1926, 446, 1–13. [Google Scholar] [CrossRef]

	



Götzky, S. Über das Benzophenon-diazid. Ber. Dtsch. Chem. Ges. A/B 1931, 64, 1555–1560. [Google Scholar] [CrossRef]

	



Barash, L.; Wasserman, E.; Yager, W.A. Generation of Methylenes from Germinal Diazides via Excited Nitrenes. J. Am. Chem. Soc. 1967, 89, 3931–3932. [Google Scholar] [CrossRef]

	



Wieland, M.; Su, K.; Wagner, G.; Brinker, U.H.; Arion, V.B. 1,2,4,5-Tetrakis(diazidomethyl)benzene. Acta Crystallogr. Sect. C Struct. Chem. 2009, 65, o240–o242. [Google Scholar] [CrossRef] [PubMed]

	



Hassner, A.; Stern, M.; Gottlieb, H.E.; Frolow, F. Utility of a Polymeric Azide Reagent in the Formation of Di- and Triazidomethane. Their NMR Spectra and the X-ray Structure of Derived Triazoles. J. Org. Chem. 1990, 55, 2304–2306. [Google Scholar] [CrossRef]

	



Ranaweera, R.A.A.U.; Sankaranarayanan, J.; Casey, L.; Ault, B.S.; Gudmundsdottir, A.D. Triplet-Sensitized Photoreactivity of a Geminal Diazidoalkane. J. Org. Chem. 2011, 76, 8177–8188. [Google Scholar] [CrossRef] [PubMed]

	



Bretschneider, H.; Karpitschka, N. Bildung von Diazidomalonester aus Monobrommalonester mit Natriumazid, eine neue Disproportionierungsreaktion. Monatsh. Chem. 1953, 84, 1091–1096. [Google Scholar] [CrossRef]

	



Moriarty, K.M.; Kliegman, J.M.; Shovlin, C. The Photochemical Decomposition of Geminal Diazides. I. Dimethyl Diazidomalonate. J. Am. Chem. Soc. 1967, 89, 5958–5959. [Google Scholar] [CrossRef]

	



Moriarty, R.M.; Bailey, B.R., III; Prakash, I.; Miller, R.S. Thermal Decomposition of Geminal Diazidomalonic Acid Derivatives. An Intermolecular Process. J. Org. Chem. 1985, 50, 3710–3713. [Google Scholar] [CrossRef]

	



Evans, D.A.; Britton, T.C.; Ellman, J.A.; Dorow, R.L. The Asymmetric Synthesis of α-amino acids. Electrophilic Azidation of Chiral Imide Enolates, a Practical Approach to the Synthesis of (R)- and (S)-α-Azido Carboxylic Acids. J. Am. Chem. Soc. 1990, 112, 4011–4030. [Google Scholar] [CrossRef]

	



Kirchmeyer, S.; Mertens, A.; Olah, G.A. Synthetic Methods and Reactions; 115. Conversion of Acetals and Ketone Acetals into Azido Compounds using Trimethylsilyl Azide. Synthesis 1983, 1983, 500–502. [Google Scholar] [CrossRef]

	



Nishiyama, K.; Watanabe, A. Addition Reaction of Trimethylsilyl Azide towards Ketones and Facile Formation of Tetrazole Derivatives. Chem. Lett. 1984, 13, 455–458. [Google Scholar] [CrossRef]

	



Nishiyama, K.; Yamaguchi, T. Selective Formation of Alkyl Azides Using Trimethylsilyl Azide and Carbonyl Compounds. Synthesis 1988, 1988, 106–108. [Google Scholar] [CrossRef]

	



Nishiyama, K.; Oba, M.; Watanabe, A. Reactions of Trimethylsilyl Azide with Aldehydes: Facile and Convenient Syntheses of Diazides, Tetrazoles, and Nitriles. Tetrahedron 1987, 43, 693–700. [Google Scholar] [CrossRef]

	



Ye, C.; Gao, H.; Boatz, J.A.; Drake, G.W.; Twamley, B.; Shreeve, J.M. Polyazidopyrimidines: High-Energy Compounds and Precursors to Carbon Nanotubes. Angew. Chem. Int. Ed. 2006, 45, 7262–7265. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, H.; Nakaya, C. A Convenient One-Step Method of Converting Electron-Rich Aromatic Aldehydes into Nitriles. Synthesis 1992, 1992, 641–642. [Google Scholar] [CrossRef]

	



Suzuki, H.; Hwang, Y.S.; Nakaya, C.; Matano, Y. Improved Schmidt Synthesis of 1,5-Disubstituted 1H-Tetrazoles from Ketones. Synthesis 1993, 1993, 1218–1220. [Google Scholar] [CrossRef]

	



O’Hare, M.J.; Swern, D. Novel Ring Contractions induced by LAH Reduction of Addition Products of Iodine Azide to Alkyl substituted Cyclobutenes. Tetrahedron Lett. 1973, 14, 1607–1610. [Google Scholar] [CrossRef]

	



Shin, C.-G.; Yonezawa, Y.; Suzuki, K.; Yoshimura, J. α,β-Unsaturated Carboxylic Acid Derivatives. XV. The Reaction of Ethyl 3-Nitro-2-alkenoate with Bromine Azide or Bromine, and Transformations of the Products. Bull. Chem. Soc. Jpn. 1978, 51, 2614–2617. [Google Scholar] [CrossRef]

	



Hassner, A.; Keogh, J. Regiochemistry of Halogen Azide Addition to Allenes. J. Org. Chem. 1986, 51, 2767–2770. [Google Scholar] [CrossRef]

	



Kamble, D.A.; Karabal, P.U.; Chouthaiwale, P.V.; Sudalai, A. NaIO4–NaN3-mediated diazidation of styrenes, alkenes, benzylic alcohols, and aryl ketones. Tetrahedron Lett. 2012, 53, 4195–4198. [Google Scholar] [CrossRef]

	



Klahn, P.; Erhardt, H.; Kotthaus, A.; Kirsch, S.F. The Synthesis of α-Azidoesters and Geminal Triazides. Angew. Chem. Int. Ed. 2014, 53, 7913–7917. [Google Scholar] [CrossRef] [PubMed]

	



Okamoto, N.; Sueda, T.; Minami, H.; Miwa, Y.; Yanada, R. Regioselective Iodoazidation of Alkynes: Synthesis of α,α-Diazidoketones. Org. Lett. 2015, 17, 1336–1339. [Google Scholar] [CrossRef] [PubMed]

	



Harschneck, T.; Hummel, S.; Kirsch, S.F.; Klahn, P. Practical Azidation of 1,3-Dicarbonyls. Chem. Eur. J. 2012, 18, 1187–1193. [Google Scholar] [CrossRef] [PubMed]

	



Bredenkamp, A.; Mohr, F.; Kirsch, S.F. Synthesis of Isatins through Direct Oxidation of Indols with IBX-SO3K/NaI. Synthesis 2015, 47, 1937–1943. [Google Scholar] [CrossRef]

	



McGirk, R.H.; Cyr, C.R.; Ellis, W.D.; White, E.H. Application of the Nitrosoamide Reaction to Hydrazones. J. Org. Chem. 1974, 39, 3851–3855. [Google Scholar] [CrossRef]

	



Temple, C., Jr.; Kussner, C.L.; Montgomery, J.A. Pyrimido[5,4-e]-as-triazines. VIII. Synthesis of 7-Azaaminopterin. J. Org. Chem. 1975, 40, 2205–2208. [Google Scholar] [CrossRef] [PubMed]

	



Szeimies, G.; Mannhardt, K.; Mickler, W. Synthese und thermisches Verhalten einiger 3-Aryl-3-azidoaziridin-2-carbonsäure-ethylester. Chem. Ber. 1977, 110, 2922–2938. [Google Scholar] [CrossRef]

	



Al-Khalil, S.I.; Bowman, W. Radical-Nucleophilic Substitution (SRN1) Reactions: Preparation and Reactions of Aliphatic α-Nitro-Azides. Tetrahedron Lett. 1982, 23, 4513–4516. [Google Scholar] [CrossRef]

	



Al-Khalil, S.I.; Bowman, W.R.; Symons, M.C.R. Radical-nucleophilic (SRN1) reactions. Part 4. Preparation, Reactions, and Electron Spin Resonance studies of α-Nitro Azides. J. Chem. Soc. Perkin Trans. 1 1986, 555–565. [Google Scholar] [CrossRef]

	



Arimoto, M.; Yamaguchi, H.; Fujita, E.; Ochiai, M.; Nagao, Y. Iodosylbenzene-Trimethylsilyl Azide-Boron Trifluoride Etherate: A Highly Efficient System for Direct Synthesis of Allyl Azides from Allylsilanes. Tetrahedron Lett. 1987, 28, 6289–6292. [Google Scholar] [CrossRef]

	



Hassner, A.; Fibiger, R.; Amarasekara, A.S. TiCl4-Catalyzed Addition of HN3 to Aldehydes and Ketones. Thermolysis and Photolysis of α-Azido Ethers. J. Org. Chem. 1988, 53, 22–27. [Google Scholar] [CrossRef]

	



Grayson, E.J.; Whitham, G.H. Addition of Iodine-Based Electrophilic Reagents to Some Vinylsilanes. Tetrahedron 1988, 44, 4087–4094. [Google Scholar] [CrossRef]

	



Maag, H.; Rydzewski, R.M. An Allylic Azide Route to 4′-Azido Carbocyclic Nucleosides. Synthesis of (+−)-(1′α,2′α,3′β)- and (+−)-(1′α,2′β,3′β)-1-[1-Azido-2-hydroxy-1-(hydroxymethyl)-3-cyclopentyl]thymine. J. Org. Chem. 1992, 57, 5823–5831. [Google Scholar] [CrossRef]

	



Nagy, J.; Nyitrai, J.; Kajtár-Peredy, M. Monobactams Acylated with Isoxazoleacetic and Isoxazolecarboxylic Acids. Liebigs Ann. Chem. 1993, 8, 815–821. [Google Scholar] [CrossRef]

	



Kapeller, H.; Griengl, H. Synthesis of Methyl 5-azido-5-deoxy-2,3-O-isopropylidenecarba-α-d-allo-hexafuranuronate, the Sugar Part of Carbapolyoxins and Carbanikkomycins. Tetrahedron 1997, 53, 14635–14644. [Google Scholar] [CrossRef]

	



Hein, J.E.; Tripp, J.C.; Krasnova, L.B.; Sharpless, K.B.; Fokin, V.V. Copper(I)-Catalyzed Cycloaddition of Organic Azides and 1-Iodoalkynes. Angew. Chem. Int. Ed. 2009, 48, 8018–8021. [Google Scholar] [CrossRef] [PubMed]

	



Singh, V.; Hutait, S.; Biswas, S.; Batra, S. Versatility of Substituted 1-Formyl-9H-β-carbolines for the Synthesis of New Fused β-Carbolines via Intramolecular 1,3-Dipolar Cycloaddition. Eur. J. Org. Chem. 2010, 2010, 531–539. [Google Scholar] [CrossRef]

	



Kuang, G.-C.; Michaels, H.A.; Simmons, J.T.; Clark, R.J.; Zhu, L. Chelation-Assisted, Copper(II)-Acetate-Accelerated Azide-Alkyne Cycloaddition. J. Org. Chem. 2010, 75, 6540–6548. [Google Scholar] [CrossRef] [PubMed]

	



Banert, K.; Joo, Y.-H.; Rüffer, T.; Walfort, B.; Lang, H. Synthesis of azidochloromethane and azidobromomethane. Tetrahedron Lett. 2010, 51, 2880–2882. [Google Scholar] [CrossRef]

	



Pramanik, S.; Ghorai, P. Chemoselective three-component synthesis of homoallylic azides using an FeCl3 catalyst. RSC Adv. 2013, 3, 23157–23165. [Google Scholar] [CrossRef]

	



Pramanik, S.; Ghorai, P. Trapping of Azidocarbenium Ion: A Unique Route for Azide Synthesis. Org. Lett. 2014, 16, 2104–2107. [Google Scholar] [CrossRef] [PubMed]

	



Amyes, T.L.; Richard, J.P. Kinetic and Thermodynamic Stability of α-Azidobenzyl Carbocations: Putative Intermediates in the Schmidt Reaction. J. Am. Chem. Soc. 1991, 113, 1867–1869. [Google Scholar] [CrossRef]

	



Amyes, T.L.; Stevens, I.W.; Richard, J.P. The Effects of α-Substituents on the Kinetic and Thermodynamic stability of 4-Methoxybenzyl Carbocations: Carbocation Lifetimes That Are Independent of Their Thermodynamic Stability. J. Org. Chem. 1993, 58, 6057–6066. [Google Scholar] [CrossRef]

	



Richard, J.P.; Amyes, T.L.; Lee, Y.-G.; Jagannadham, V. Demonstration of the Chemical Competence of an Iminodiazonium Ion to Serve as the Reactive Intermediate of a Schmidt Reaction. J. Am. Chem. Soc. 1994, 116, 10833–10834. [Google Scholar] [CrossRef]

	



Richard, J.P.; Amyes, T.L.; Jagannadham, V.; Lee, Y.-G.; Rice, D.J. Spontaneous Cleavage of gem-Diazides: A Comparison of the Effects of α-Azido and Other Electron-Donating Groups on the Kinetic and Thermodynamic Stability of Benzyl and Alkyl Carbocations in Aqueous Solution. J. Am. Chem. Soc. 1995, 117, 5198–5205. [Google Scholar] [CrossRef]

	



Liang, Y.; Li, N. Chain or Ring: Which One is Favorable in Nitrogen-Rich Molecules N6XHm, N8XHm, and N10XHm (X = B, Al, Ga, m = 1 and X = C, Si, Ge, m = 2)? J. Phys. Chem. A 2014, 118, 248–259. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, W.; Zhang, L.; Jiao, N. Direct Transformation of Methyl Arenes to Aryl Nitriles at Room Temperature. Angew. Chem. Int. Ed. 2009, 48, 7094–7097. [Google Scholar] [CrossRef] [PubMed]

	



Sandberg, M.; Sydnes, L.K. The Chemistry of Acylals. Part II. Formation of Nitriles by Treatment of Acylals with Trimethylsilyl Azide in the Presence of a Lewis Acid. Tetrahedron Lett. 1998, 39, 6361–6364. [Google Scholar] [CrossRef]

	



Moriarty, R.M.; Serridge, P. Thermal Decomposition of Geminal Diazides. J. Am. Chem. Soc. 1971, 93, 1534–1535. [Google Scholar] [CrossRef]

	



Yokoyama, M.; Hirano, S.; Matsushita, M.; Hachiya, T.; Kobayashi, N.; Kubo, M.; Togo, H.; Seki, H. Synthesis of tetrazoles bearing a sugar moiety (sugar tetrazoles). X-Ray molecular structure of “(7R,8R,9S,10R)-8,9,10-tribenzyloxy-7-benzyloxymethyl-6-oxa-1,5-pentamethylenetetrazole”. J. Chem. Soc. Perkin Trans. 1 1995, 13, 1747–1753. [Google Scholar] [CrossRef]

	



Moore, H.W.; Pearce, D.S. Pyrolysis of 2-Azido-1,3-indanediones. Azanaphthoquinone Synthesis. Tetrahedron Lett. 1971, 12, 1621–1624. [Google Scholar] [CrossRef]

	



Pearce, D.S.; Locke, M.J.; Moore, H.W. Rearrangements of Azidoquinones. XV. Thermal Rearrangement of 2,3-Diazido-1,4-quinones to 2-Aza-3-cyano-1,4-quinones. J. Am. Chem. Soc. 1975, 97, 6181–6186. [Google Scholar] [CrossRef]

	



Kappe, T.; Lang, G.; Pongratz, E. Thermolysis of Geminal Diazido Compounds. J. Chem. Soc. Chem. Commun. 1984, 338–339. [Google Scholar] [CrossRef]

	



Kappe, C.O.; Färber, G. Thermolysis and Photolysis of 6-Diazidomethyl-1,2,3,4-tetrahydro-2-oxopyrimidine-5-carboxylates. J. Chem. Soc. Perkin Trans. 1 1991, 5, 1342–1344. [Google Scholar] [CrossRef]

	



Moriarty, R.M.; Kliegman, J.M. The Photochemical Decomposition of Geminal Diazides. II. The Solution Photolysis of Benzophenone Diazide. J. Am. Chem. Soc. 1967, 89, 5959–5960. [Google Scholar] [CrossRef]

	



Dong, G.-X.; Li, J.-S.; Chan, T.-H. Reaction of [60]Fullerene with Diethyl Diazidomalonate: A Doubly Bridged Fulleroid. J. Chem. Soc. Chem. Commun. 1995, 1725–1726. [Google Scholar] [CrossRef]

	



Carrié, R.; Danion, D.; Ackermann, E.; Saalfrank, R.W. Geminal Vinyl Diazides: Potential Precursors of Functionalized Alkylidenecarbenes; Synthesis and Reactions of 3,3-Diazido-2-cyanoacrylic Acid Methyl Ester. Angew. Chem. Int. Ed. 1982, 21, 287. [Google Scholar] [CrossRef]

	



Carrié, R.; Danion, D.; Ackermann, E.; Saalfrank, R.W. Geminale Vinyldiazide: Potentielle Vorstufen funktionalisierter Alkylidencarbene Synthese und Umsetzungen von 3,3-Diazido-2-cyan-acrylsäuremethylester. Angew. Chem. Suppl. 1982, 21, 660–667. [Google Scholar] [CrossRef]

	



Hall, H.K., Jr.; Ramezanian, M.; Saeva, F.D. A New Azacyanocarbon, C4N4: Tricyanomethanimine. Tetrahedron Lett. 1988, 29, 1235–1238. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Wirth, U. 4,5-Dihydro-1H-tetrazol-5-ylidene aus 3,3-Diazido-2-cyanacrylsäureestern und Hydrazinen, Hydraziden sowie O-substituierten Hydroxylaminen. Chem. Ber. 1989, 122, 519–522. [Google Scholar] [CrossRef]

	



Darzens, M.G. Sur un perazoture de carbone. C. R. Hebd. Séances Acad. Sci. 1912, 154, 1232–1234. [Google Scholar]

	



Hart, C.V. Carbonic Acid Azides. J. Am. Chem. Soc. 1928, 50, 1922–1930. [Google Scholar] [CrossRef]

	



Ott, E.; Weißenburger, H. Über das Dibrom-malonitril und seine Umwandlung in Natrium-azidomalonitril und in ein dimolekulares Cyan-azid C2N8. Ber. Dtsch. Chem. Ges. A/B 1937, 70, 1829–1834. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Ackermann, E.; Fischer, M.; Wirth, U. Substituentenabhängige Konkurrenz zwischen 1,5- und 3,5-Cyclisierung bei Vinylaziden; 1,2,3-Triazole und 2H-Azirine aus 3,3-Diazido-2-cyanacrylsäure-methylester und Aminen. Chem. Ber. 1987, 120, 2003–2006. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Maid, H. Roots: From carbenes to allenes and coordination polymers. Ever present never twice the same. Chem. Commun. 2005, 5953–5967. [Google Scholar] [CrossRef] [PubMed]

	



Carrié, R.; Danion, D.; Ackermann, E.; Saalfrank, R.W. Substituent-Dependent Competition between 1,5- and 3,5-Cyclization in Vinly Azides; 4H-Triazoles from 3,3-Diazido-2-cyanoacrylic Acid Methyl Ester and Primary Amines. Angew. Chem. Int. Ed. 1982, 21, 288. [Google Scholar] [CrossRef]

	



Carrié, R.; Danion, D.; Ackermann, E.; Saalfrank, R.W. Substituentenabhängige Konkurrenz zwischen 1,5-und 3,5-Cyclisierung bei Vinylaziden 4H-Triazole aus 3,3-Diazido-2-cyan-acrylsäuremethylester und primären Aminen. Angew. Chem. Suppl. 1982, 21, 668–674. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Wirth, U. Bis(oxazole) und Tetrazolylammonium-Betaine aus Bis(vinylaziden). Chem. Ber. 1989, 122, 969–973. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Ackermann, E.; Fischer, M.; Wirth, U.; Zimmermann, H. Oxazole aus 3,3-Diazido-2-cyanacrylsäure-methylester und Aminen. Chem. Ber. 1990, 123, 115–120. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Lurz, C.-J.; Hassa, J.; Danion, D.; Toupet, L. 3,3-Diazido-2-cyanacrylsäure-methylester: Synthese von Vinylaziden, 4,5-Dihydro-1H-tetrazol-5-ylidenen, Oxazolen und N-Cyaniminen. Chem. Ber. 1991, 124, 595–608. [Google Scholar] [CrossRef]

	



Ramezanian, M.; Padias, A.B.; Saeva, F.D.; Hall, H.K., Jr. Synthesis and Reactions of Highly Electrophilic Imines Containing the N-Cyano group. J. Org. Chem. 1990, 55, 1768–1771. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Fischer, M.; Wirth, U.; Zimmermann, H. Methyl (E)-2-(1-Aryl-4,5-dihydro-1H-tetrazol-5-ylidene)-2-cyanoacetate from Methyl 3,3-Diazido-2-cyanoacrylate and Primary Aromatic Amines. Angew. Chem. Int. Ed. 1987, 26, 1160–1161. [Google Scholar] [CrossRef]

	



Saalfrank, R.W.; Wirth, U.; Lurz, C.-J. Substituent-Dependent Competition between 1,5- and 1,5′-Cyclization of Vinyl Azides. 1,2,3-Triazoles and 4,5-Dihydro-1H-tetrazol-5-ylidenes from Methyl 3,3-Diazido-2-cyanoacrylate with Amines. J. Org. Chem. 1989, 54, 4356–4359. [Google Scholar] [CrossRef]





© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license ( http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
PPhy

COR
19
TSN,
Na,
X AgNa N3 N NaN, X
M 8L
R’ R’ R" R
20 21 22
R =H, CO.E, alkyl, aryl, R = CO,Et, COMe
acyl, CN R' = CO,Et COMe
R' = COMe, COEY, aryl, CN X=Br
X=Cl Br T'ﬁiﬁ“
e
R7OR
24
H, alkyl
= alkyl, aryl

heteroaryl





media/file27.png





media/file43.png
105

SbCls

Ph,PR

Ph,
Ph—P=N—C=N
R

109
R = Ph, H,CCH,PPh,

kil
Z
~Z

112

~Z
[l
Z





media/file12.jpg
Nalo,

Natey
e
ovsomon %%,
" ]
Soames
R
)
ot

1BXS0K
Nan
0 o 20 mol Nal g%
’
(OuSOm;0) N
s -
5 examples
R=ally, an. hetaroayl, Ol
'R =O0o, OEL
0%-83%
NS
TSN, i
(ReNDCE) s
3
15 sxanples
R=any
alyl, OAcyl, carbonate,
ako, siyory

R =H alyl
7% 75%





media/file14.jpg
Pho_Ph
%

Na Ng.

Br

Br

Br

oH

& =z

Br





media/file35.png
R'R"NH R -R”

T<-20°C
N )ﬁ/R > x..R —> heterocycles (e.g. oxazoles, triazoles)
3 R =CO,Me N3

CN CO,Et CN

83 92
R' = aryl, alkyl,
alkoxy, arylamide
alkylamide
R" = H, alkyl

H,NR'NH, _NH
T<-20 °C NCLé/K _R'. R'—
| )\(COZMe _ 7 NT N HN&CN
3

+
MeC)zC NN COzMe
CN N3 MeO,C

73

93 94
R' = alkanediyl R' = alkanediyl





media/file20.jpg
o O

R)%OEt — Y/>—002Et

N3 N3 60
5 R = Me 75%

R =Ph 83%





media/file5.png
0O NaN; O NaN;

F~ Cl fast F Nj slow
10 11
Photolysis:
)OJ\ A =255 nm )Ci
N5~ "Nj -N; N5~ °N
2 12
l A = 455 nm
N3_N:C:O
13
Pyrolysis:
i 400 °C j)L
N3~ N3 N=N





media/file19.png
54

N3
R _CN
N3 —,%/—> N
0 N/go
H
55
N=N 0
N A R N2
N —_—
@) N @)
_ H
57
R=H17%
R =Cl 48%

N
HN~N'

58
R=H 83%
R=Cl52%





nav.xhtml


  molecules-20-19675


  
    		
      molecules-20-19675
    


  




  





media/file11.png
M~

25

NO, O

RMOEt

27
R = alkyl, aryl

:C:
29

ICI

NaN3
= N
Ny °
26
65%
NO, O
BrN3 Br
o R
N3 Ns
28
IN4 N | |
N3 N3
30

60%

OEt





media/file41.png
NaN3
or

| N
Cl NaN; 3 LiN N
/}CI > N3 | N3 - SbC|6_
Z (MeCN) N, (MeCN) Ns)@;\ N
50 °C
105 106






media/file37.png
Y

Br\(Br O‘(;\?R3 N? N3YN3

Br N3
95
N=N N=N
MeO2C/S\/,l] N \%\COZMe
MeO,C—=—CO,Me h
> MeO,C N’N\N COsMe





media/file10.jpg
N3
25 2
65%
NO,
NO, O BrN3 Br:
=8
X R OEt
R OEt AT
27
R = alkyl, aryl 28

—e— M

N3 N3

30
60%





media/file40.jpg
NaN3
or

N3
NaN. LiN. N3

2 . Ny 2 L sbClg
(MeCN) N (MeCNy N3&Ny
50°C 106






media/file16.jpg
99
s [mossccome]
Me0” X ome ~y- NN s
NaNg La.d -€O,

" a1
. \)N\‘N..
Me0,C” "Ny MeO,LC SN

RHN NHR
NN RHNOC

52

H

MeO;C, COsMe
N
NN

a

a9





media/file3.png
N3

N3

A

(solvent)

Y

-CO

—=  Phy AN -Ph -
H H L0,

3 5

solvent = benzene, toluene, p-xylene, p-cymene

iy — [
8

9






media/file22.jpg
e O
Na Ny

© 66
65 o 10%

\ AN
N+ phcNen
N






media/file25.png
EtOMOEt

N3 N3
67

Ph Ph
N3 N3

40

O O
NH4
~ HyN NH,
(H20) N3 N;
1h 68
O
H>,SO
22 - Ph)J\N,Ph
(H20) H

98% 69





media/file0.jpg
o
cmamN)kN.Nn;cr
L
1

NaNO,
(H.0EL,0)

N

X

2

Ny

aniline
(€toH)





media/file26.jpg
-
&s

0
>





media/file34.jpg
RR"NH

o T<20°C
R — heterocycles (e. oxazoles, triazoles)
"KH/ OMe Na)\"
CN COZEL CN
& 2
R =aryl, alkyl,
alkoxy, aryiamide
akyiamide
R"= H, alkyl
HANRNH
No T<20°¢ R
N CoMe =20 e HN)ﬁ,rcN
Ny’
& Me0,C
= oN
% %

alkanediyl

alkanediyl





media/file13.png
NaIO4

O NaN3 7 R
R’ ~ R
R)J\/ (DMSO/AcOH)
N3 N3
31
32
5 examples
R = aryl
R' = alkyl
. 93% - 96%
Ns T
Y T T
- OH _ NalO 0 _
: ally :
R o R
Ny - |y
N3 N3
33 34
IBX-SO3K (
NaN3 [@]
O O 20 mol% Nal M /@i 2
R R'
5 examples IBX-SO3K
R = alkyl, aryl, heteroayl, OMe \ J
R' = OMe, OEt

50% - 83%

NIS O R

R TMSN;
Rn > R)S(k RH
/\ (ACN/DCE)

N3 Nj3

38 39
15 examples
R = aryl
R' = alkyl, OAcyl, carbonate,
alkoxy, silyloxy
R" = H, alkyl, aryl
17% - 73%

R





media/file31.png
/)QT/COQWe
N3

CO,Me |
.

79

N3

hv _ Me O.ﬂ\rCOZMe

(MeOH)
CN
78
73
_ ,IN - _NZ\ _ N,N:[\\]
N‘\\(Cone \CYCOZMe S _Cx_CO,Me
Y
CN CN CN
80 81 82






media/file39.png
1. 1BX, NIS (DMSO)

NaN3 o) 2. H,O
O IBX-SO3K N 3. IBX-SOsK, NaN3
| - R& 3 -t R/\
RJ\/ (DMSO/H,0) N3
N3 99
97
98
12 examples
R = aryl, heteroaryl, alkyl
30%-77%
NaN3
0O o) IBX-SO3K O
50 mol% Nal
OH >~ N3
DMSO/H N
(DMSO/H,0) N 3 (
100 101
70% /@:'OZ
IBX-SO3K IBX-SO3K |KO3S CO5H
Nal Nal
NaN3 37
B 0 o) 7 IBX-SO3K

Y

-

o ] NaN;

PhMOH “co,

102

0O
Ph)K/Ns

103 104






media/file18.jpg





media/file9.png
R' CO,R
19
TsN,
NaN, v
or
X X AgNj; N3 N3 NaN3 /)t
R R R R R' R
20 21 22
R = H, CO,Et, alkyl, aryl, \ R = CO,Et, CO,Me
acyl, CN R'=CO,Et, CO,Me
R'= COzMe, COzEt, aryl, CN X =Br
X = Cl, Br T'E/ll_i']\'?’
A
r N
e 1
R R R R
23 24

R =aryl R =H, alkyl
R'=akyl R'=alkyl, aryl
heteroaryl





media/file42.jpg
SbCls

0

PR,PR

Ns





media/file23.png
O O hv MeOZC\l/N MeOZCYN\ hy |V|602Cw4N\
MeO OMe No. N * 'N‘NN Ni{
N3 N3 v N M602C OMe
46 610 62 63
5-7% 48% 32%
o 0 hv RHNOCYN\
RHN NHR — N
N3 N RHNoC™ N
52 64
R=H 53%
R=Me
N Ph
Ph~_Ph hv X ~u-N. )
N7(N — N>_Ph + VON o« Ph\N/,C’N‘Ph
373 H Ph” N 6
40
65 41 10%

529% 14%





media/file36.jpg
Me0,C—=—CO;Me





media/file15.png
R=H, Me

Ph Ph
N3 N3
40

Br

Br

Br

OH

45





media/file28.jpg
Cl N3

g R M e
3
cN (acetone/H,0) cN
72 R=CO,Me 73 86%
R=CO2Et 74 70%
R=CN 75
_ NaN; N3
N=—Br —— > X~ .CN
s #H0) NN

b i





media/file2.jpg
[1]—x_.

e <0,

3

>
/ Solvent = benzene, toluene, p-xylene, p-<ymene

| = [0l ["@é?D] K





media/file32.jpg
ROH
alkyl
T>200C RR'NH
R=COMe = aryl
COEt R*=H. alkyl
oN

RNHNH,
R =aryl, alkyl






media/file6.jpg
R A Lo
cI” 70" 0" "l (Etz0 or Mez0)
4

¢ 9 (nBugN)N:
Cl 4N)N3
C\>.\DJL N, -ClCO NJ)LN;
(nBugN)N3

£

17

o e

1,

18





media/file24.jpg
Ph Ph
N3 N3

40

H2S04
(H20)

98%





media/file29.png
)\(R NaN, : N )ﬁ/R
(acetone/H-50) 3

N3

CN

R=CO,Me 73 86%
R=COxEt 74 709,

R=CN 75
NaN3 )N\fj
= B g X, -CN

177





media/file1.png
O . ®)
NaNO aniline
citsN.. L NHSter 2 -~ /ﬁ\ -~ ©\ L /©
N~ N (H,O/Et,0) (EtOH)

H H Ng™  Ns
1 2

P~
P~





media/file7.png
Cl O o)
Cli j)J\ ECI (nBu4N)N3 . Clj\ )J\ (nBu4N)N3 . )J\
ClI” "0 0" “cI (Et20 or Me;0) ClI” 0" 'N; N;~ "Nj

- ClsCO
15 - Cl3CO" 16 ,
Noly (NBugN)N3 | - CI-
)OJ\ (nBugN)N5 - /?L
clI” ~cl CI” "N

17 18





media/file33.png
N~
- ‘s N R
> N‘N%CN
85
=
T>20°C NC-L,N:<R
R = COzl\/'e CN
CO,Et
CN 86

R'OH NC, R
> N=
R' = alkyl _<OR|
88
RlRHNH NC‘Z, R
; N_
R' = aryl .
R"=H, alkyl NR'R
89
R'NHNH, NC, R
» N=
R' = aryl, alkyl _<NH
RHN
90





media/file38.jpg
1.1BX,
210
3. IBX-SO5K, Nal;

NIS (DMSO)
NaN;
IBX-SOK

)

o7

RN
9%

12 examples
R=anyl, heteroaryl, alkyl
30%-77%
NaN;
o o 1BX-SO4K
50 mol% Nal
oH ——————————————
(OMSOIH;0)
100 C["’?
1BXSOK cosH|
Nal
37

IBX-SO3K

oS Hon| —o5 P")K/]—»

i
. 103






media/file17.png
' MeO,C, COzMe ' 28 MeO,C~, COzMe
g N, N | AN N
N—N - N N—N
- _C02 L
47 48
N
N NN
G EE
MeOZC N3 MeOzC
50 51
O 0 \
A HN/ W
RHNM NHR g I
N5 Nj RHNOC
53
2
> R =H 94%

R = Me 90%






media/file4.jpg
NaNy ? NaN; 9
X, = A, e X

F el fast F7ON;  siow N5 Ny
10 " z
Photolyss:
j\ A= 255nm
N NS
+ 2N,
Pyrolysis:





media/file30.jpg





media/file21.png
R

0
?\ll/\ )—CO,Et
N
60
R = Me 75%
R = Ph 83%





