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Abstract

:

Radical reactions have found many applications in carbohydrate chemistry, especially in the construction of carbon–carbon bonds. The formation of carbon–heteroatom bonds has been less intensively studied. This mini-review will summarize the efforts to add heteroatom radicals to unsaturated carbohydrates like endo-glycals. Starting from early examples, developed more than 50 years ago, the importance of such reactions for carbohydrate chemistry and recent applications will be discussed. After a short introduction, the mini-review is divided in sub-chapters according to the heteroatoms halogen, nitrogen, phosphorus, and sulfur. The mechanisms of radical generation by chemical or photochemical processes and the subsequent reactions of the radicals at the 1-position will be discussed. This mini-review cannot cover all aspects of heteroatom-centered radicals in carbohydrate chemistry, but should provide an overview of the various strategies and future perspectives.
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1. Introduction


Radical reactions of carbohydrates are important for chemistry, biology, and medicine. For example, free radicals are involved in several biosynthetic pathways or are used for cancer-treatment [1,2,3,4]. On the other hand, radiation can cause DNA strand break by H atom abstraction and radical generation at the sugar backbone [5,6,7]. Bernd Giese’s group proved that radical cations are involved in the mechanism [8] and investigated how the positive charge is transferred through the DNA [9]. For synthetic applications, Bernd Giese’s group also made carbohydrate radicals available for the formation of carbon–carbon bonds under mild conditions [10]. Due to steric interactions, carbohydrates provide high stereoselectivities [11,12], and the importance of such reactions has been reviewed many times [13,14,15,16,17,18]. Furthermore, under appropriate conditions, 2-deoxy sugars can be synthesized from bromo sugars in only one step [19].



To develop efficient radical reactions, it is important to understand the reactivities of the corresponding radicals [12,20,21]. Thus, such reactive species can have a nucleophilic or an electrophilic character [22], which controls their addition to alkenes. Applied to the anomeric center of carbohydrates, the radicals 1 exhibit a nucleophilic character due to the adjacent oxygen atom, and add preferentially to electron poor double bonds with electron withdrawing (EWG) and nondonating (EDG) groups (Scheme 1a). If the carbohydrate is used as radical acceptor, unsaturated carbohydrates like endo-glycals 2 become attractive substrates, which can be easily synthesized on a large scale [23]. However, once the double bond becomes electron rich the reaction proceeds only with electrophilic radicals (Scheme 1b).



During the last 25 years, we developed C-C bond formations by the addition of electrophilic radicals, mainly derived from malonates, to glycals 2 with various further synthetic transformations [24,25,26,27]. However, the addition of heteroatom radicals to glycals is very attractive as well, since such radicals exhibit the required electrophilic character [22,28]. On the other hand, heteroatom radicals are prone to undergo H atom abstraction, which is problematic in carbohydrate chemistry with various functional groups. Thus, although alkoxyl radicals [29] can be generated from carbohydrates and undergo fast fragmentations [30,31], of the way in which such radicals can be added to glycals is unknown. Since halogen atoms, nitrogen-, phosphorus-, and sulfur-centered radicals are less prone to undergo H atom abstraction, this mini-review will focus on the addition of such radicals to endo-glycals.




2. Addition of Halogen Atoms


The halogenation of endo-glycals 2 is one of the oldest transformations of such unsaturated carbohydrates, already described by Lemieux in 1965 [32]. Thus, tri-O-acetyl-d-glucal (2a) or the corresponding isomer tri-O-acetyl-d-galactal (2b) reacted with chlorine or bromine in high yields to the main products 3a and 3b (Scheme 2).



Although the authors proposed an ionic pathway via halonium ions, the 1,2-cis-configurations might be explained by homolysis of the labile halogen bonds and addition of the resulting electrophilic radicals. To distinguish between a radical or an ionic pathway, halogen azides are attractive precursors because they easily undergo homolysis and are used in regio- and stereoselective syntheses [33]. Thus, reaction of tri-O-acetyl-d-glucal (2a) with chlorine azide afforded regioisomers 4 and 5, depending on the reaction conditions (Scheme 3) [34].



In the dark, 2-chloro-2-deoxy sugars 4 were isolated as main products, whereas irradiation gave the 2-azido-2-deoxy isomer 5. Such different regioselectivities were explained by an ionic pathway via chloronium ions 6a in the dark and a radical mechanism during irradiation via radical 7. However, it was not possible to add the generated chlorine atom to the glucal, because the azide radical is more reactive (see Section 3).



More recently, Vankar developed a reagent system based on oxalyl chloride and silver nitrate to activate the carbon-chlorine bond [35]. An intermediate 8 was proposed, which cleaves into nitrate and carbon monoxide and transfers chlorine to the double bond of tri-O-acetyl-d-galactal (2b). The chloronium ion 6b is subsequently trapped by the solvent acetonitrile/water to afford the 2-chloro-2-deoxy sugar 9 in high yield (Scheme 4).



Compared to 2-chloro derivatives, the corresponding iodides are even more attractive because the carbon-iodine bond can be easily reduced to 2-deoxy sugars, important building blocks for carbohydrate chemistry. Thus, various strategies have been developed by oxidation of iodides by hypervalent iodine(iii) [36,37] or sodium periodate [38] in the presence of endo-glycals 2, affording 2-iodo-2-deoxy sugars 10 in very good yields (Scheme 5). The mechanism proceeds by oxidation of iodide to iodine in the first step, formation of an iodonium ion similar to intermediate 6a (Scheme 3), and trapping of the 1-position with the carboxylate with high 1,2-trans selectivity. In summary, halogen atoms can be easily introduced at the 2-position of glycals. However, the reactions proceed mainly by ionic pathways, and irradiation of halogen azides results in the formation of C-N bonds in the 2-position.




3. Addition of Nitrogen-Centered Radicals


In contrast to halogenations (chapter 2), the oxidative addition of azides to endo-glycals clearly proceeds by a radical pathway. The azidohalogenation was one example (Scheme 3); however, it is more attractive to generate the radicals by electron transfer. Cerium(iv) ammonium nitrate (CAN) is a very versatile single-electron oxidant, which can oxidize anions efficiently and has found many applications in organic synthesis [39]. We used this reagent for the generation of malonyl radicals and investigated the mechanism of their reactions with glycals 2 [25,26,40]. The pioneer Lemieux described the first application of azide oxidation in carbohydrate chemistry by addition of sodium azide to tri-O-acetyl-d-galactal (2b) in the presence of CAN (Scheme 6) [41].



In the first step, CAN oxidizes the azide anion to the corresponding radical, which has electrophilic character and adds to the double bond exclusively at the 2-position. The preferential formation of the equatorial product (only 8% of the talo isomer is formed as well) can be explained by the steric demands of the substituents in the 3- and 4-position. The resulting C-1 radical 11 is further oxidized by CAN to the carbenium ion 12, which is finally trapped by the nitrate ligand from both faces to afford the 2-azido-2-deoxy sugar 13 in 75% yield. Thus, this addition is not a typical radical chain-reaction [13] because more than two equivalents of CAN are required.



The azidonitration of glycals was later extended to tri-O-acetyl-d-glucal (2a), but with lower stereoselectivity because not all substituents shield the same face. Furthermore, Paulsen [42] and Schmidt [43] found with this glucal 2a different selectivities depending on the reaction conditions and temperature. However, up to now the azidonitration of glycals has been the best method to synthesize 2-amino sugars by simple reduction of the azide group, and has found many applications in carbohydrate chemistry, like in a very recent synthesis of a bisphosphorylated trisaccharide [44].



However, a disadvantage of the azidonitration of glycals is the lability of the nitrate group at the anomeric center, which can be easily hydrolyzed. Although it is possible to use glycosyl nitrates directly for glycosidations [45], they usually have to be transformed into suitable glycosyl donors. To overcome this problem, an interesting azidophenylselenylation has been developed [46,47,48]. Now, sodium azide is oxidized by (diacetoxyiodo)benzene to the corresponding radical, which adds regioselectively to glycals like tri-O-acetyl-d-galactal (2b) (Scheme 7). In the presence of diphenyldiselenide, the C-1 radical is trapped to afford directly selenoglycoside 14 in high yield and steroeselectivity [47].



An interesting intramolecular version of a radical C-N bond formation was developed by Rojas (Scheme 8) [49] In the first step, azidoformate 2c reacts with FeCl2 under extrusion of nitrogen to intermediate 15, which can be discussed as a Fe-complexed nitrogen-centered radical. Addition to the double bond affords C-1 radical 16, which is trapped by chlorine to the labile complex 17; after work-up, tricycle 18 is formed in moderate yield.



A similar intermolecular addition of hydroxylamines as radical precursors to glycals was described recently as well [50] In summary, the formation of C-N bonds in the 2-position of carbohydrates can be easily accomplished by the addition of nitrogen-centered radicals to glycals. The best method is azidonitration in the presence of cerium(iv) ammonium nitrate, or azidophenylselenylation, which has found many applications in carbohydrate chemistry.




4. Addition of Phosphorus-Centered Radicals


The reaction of phosphorus-centered radicals is well-established and has many synthetic applications, summarized in several reviews [28,51,52]. Because phosphorus can exist in different oxidation states, it is possible to generate phosphinyl, phosphinoyl, or phosphonyl radicals. Furthermore, the lability of the phosphorus-hydrogen bond allows for efficient chain-reactions with only catalytic amounts of radical initiator or under photochemical conditions. However, in contrast to nitrogen, only a few examples of the addition of phosphorus-centered radicals to glycals have been described in literature. Already in 1969, Inokawa demonstrated that diethyl thiophosphite reacts with unprotected glucal 2d under UV irradiation with a high-pressure mercury lamp to the 2-deoxy-2-phosphorus analogue 21 in high yield and stereoselectivity (Scheme 9) [53].



After the radical initiation step, the thiophosphonyl radical 19 adds regioselectively to the 2-position of the carbohydrate, due to its electrophilic character. The resulting C-1 radical 20 abstracts a hydrogen atom from diethyl thiophosphite, regenerating the phosphorus-centered radical 19, closing the chain.



A very similar approach with protected tri-O-acetyl-d-glucal (2a) was published more recently (Scheme 10) [54]. This time, the radical chain was initiated by triethylborane/air, which generates ethyl radicals, and the additions of diethyl thiophosphite and diethyl phosphite were realized. However, the reactions afforded products 22a and 22b in somewhat lower yields compared to the photochemical process.



Recently, phosphinoyl radicals were added to tri-O-acetyl-d-glucal (2a) by a similar mechanism. The radicals were generated from diphenylphosphine oxide and manganese(ii) acetate and air, affording the 2-deoxy-2-phosphorus analogue 23 in high yield and stereoselectivity (Scheme 11). The authors could extend this reaction to various other endo-glycals 2 as well [55].



However, all methods have the disadvantage that the 1-position is reduced under the reaction conditions. Therefore, we investigated the addition of dimethyl phosphite to various benzyl-protected glycals 2e in the presence of cerium(iv) ammonium nitrate (CAN) (Scheme 11) [56]. Now, the C-1 radical is further oxidized to a carbenium ion (see Scheme 6), which is trapped by the solvent methanol, generating the anomeric center of carbohydrates. The yields of the 2-deoxy-2-phosphorus analogues 24 are good, but stereoisomers had to be separated. Subsequent Horner–Emmons reaction with benzaldehyde afforded unsaturated carbohydrates 25 as E/Z isomers in only one step (Scheme 12) [56].




5. Addition of Sulfur-Centered Radicals


Sulfur-centered radicals can be easily generated from thiols by chemical or photochemical processes, because the S-H bond is much weaker than the corresponding O-H bond [28]. Subsequent addition to alkenes can initiate efficient chain reactions by hydrogen atom abstraction (thiol-ene reaction) or polymerizations. Indeed, the application of thiyl radicals in organic synthesis [52,57] or polymer chemistry [58] has been reviewed extensively. Even thio sugars are suitable radical precursors, and have been used for cyclizations and additions to other unsaturated carbohydrates at various positions [59,60] Therefore, this mini-review will focus only on the additions of sulfur-centered radicals to endo-glycals.



The first example of a C-S bond formation by radical addition to glycals was published in 1970 [61]. Thus, the chain-reaction was initiated by cumene hydroperoxide (CHP) with thioacetic acid as radical precursor. The 2-thiocarbohydrates 26 were isolated in high yields with the manno isomer 26a as main product (Scheme 13).



The addition of alkyl thiols to tri-O-acetyl-d-glucal (2a) was realized by photochemical initiation with acetone as sensitizer [62]. The 2-S analogues 27a and 27b were isolated in even higher yields but with lower stereoselectivities (Scheme 14).



More recently, 2,2-dimethoxy-2-phenylacetophenone (DPAP 28) became more attractive as radical initiator, which was developed for polymerizations and fragments under UV irradiation by an interesting mechanism (Scheme 15) [58]. Thus, in the first step a carbon–carbon bond is cleaved to generate a benzoyl radical 29, which can abstract hydrogen atoms from thiols to initiate the chain reaction. The second dimethoxybenzyl radical 30 can fragment into benzoate 31 and methyl radicals 32, which act as initiators as well.



Dondoni applied this initiator for the synthesis of S-disaccharides 33 [63]. Starting from thiosugar 34 and tri-O-acetyl-d-glucal (2a), the products 33 were isolated in high yield as a 1:1 mixture of epimers (Scheme 16).



In all reactions described above (Scheme 13, Scheme 14, Scheme 15 and Scheme 16), the C-S bond is formed selectively at the 2-position of the carbohydrates, due to the enol structure of the glycals. To obtain this bond at the 1-position of sugars, another strategy was developed by Borbas [64,65]. Thus, 2-acetoxy-3,4,6-tri-O-acetyl-d-glucal (2f) was used as radical acceptor, which reacted with various thiols in the presence of DPAP. Because of the additional oxygen substituent in the 2-position, orbital interactions allow the attack of electrophilic radicals from the 1- and 2-position. However, steric interactions result in the sole formation of 1-thiosugars 35 (Scheme 17, only one example with thiosugar 34 is shown).



The addition of thiols by radical chain reactions to the 2-position of glycals has only one disadvantage: that the 1-position is reduced under the reaction conditions. Therefore, we investigated the oxidation of ammonium thiocyanate by cerium(iv) ammonium nitrate (CAN) and addition of the generated sulfur-centered radicals to various benzyl-protected glycals 2e (Scheme 18) [66]. Similarly to the reaction of dimethyl phosphite (Scheme 12), the C-1 radical is further oxidized to a carbenium ion, which is trapped by the solvent methanol, generating the anomeric center of carbohydrates. The yields of the 2-deoxy-2-sulfur analogues 36 are moderate to good, but stereoisomers have to be separated. The thiocyanate groups can be cleaved to the corresponding thiols, which can bind to concanavalin A [66] or gold nanoparticles [67].




6. Summary and Perspectives


The addition of heteroatom radicals to glycals has been known for more than 50 years and has found various applications. The aim of this mini-review was to highlight early examples and discuss recent developments. Heteroatom radicals can be easily generated by initiators, photochemical processes, or by electron transfer. They exhibit electrophilic character and add regioselectively to the 2-position of the electron-rich double bond of endo-glycals. On the other hand, they are prone to H atom abstraction, which limits, especially for alkoxyl radicals, their applications in carbohydrate chemistry. The simple reaction of unsaturated sugars with halogens is possible, but proceeds mainly by ionic pathways. Nitrogen-centered radicals can be generated by oxidation of azides with cerium(iv) ammonium nitrate and add readily to glycals, which is still the best method to synthesize glycosamines. Phosphorus-centered radicals have been less intensively studied in carbohydrate chemistry, but addition products can be used for further transformations. On the other hand, the addition of sulfur-centered radicals to glycals has become very attractive for the synthesis of thio-disaccharides [68,69,70,71,72]. Photochemical initiators based on ketones have been developed for thiol-ene-reactions with unsaturated sugars, affording products in high yields. Finally, simple 2-thio sugars were synthesized by oxidation of thiocyanate and addition to glycals.



In conclusion, many methods for the introduction of heteroatoms in the 2-position of carbohydrates by radical processes exist in the literature. However, the addition to endo-glycals has been limited to nitrogen-, phosphorus-, or sulfur-centered radicals until now. Therefore, there is still space for new developments for other heteroatom additions, like boryl radicals, which can be easily generated [73,74,75], or future applications of such radical reactions in carbohydrate chemistry.
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Scheme 1. Examples for radical reactions in carbohydrate chemistry: (a) starting from a carbohydrate radical 1 and (b) radical additions to glycals 2. 
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Scheme 2. Halogenation of glycals 2a and 2b. 
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Scheme 3. Reaction of tri-O-acetyl-d-glucal (2a) with chlorine azide. 
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Scheme 4. Reaction of tri-O-acetyl-d-galactal (2b) with oxalyl choride/silver nitrate. 
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Scheme 5. Synthesis of 2-iodo-2-deoxy sugars 10 from endo-glycals 2. 
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Scheme 6. Addition of sodium azide to tri-O-acetyl-d-galactal (2b) in the presence of cerium(iv) ammonium nitrate (CAN). 
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Scheme 7. Azidophenylselenylation of tri-O-acetyl-d-galactal (2b). 
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Scheme 8. Intramolecular addition of a nitrogen-centered radical 15. 
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Scheme 9. Addition of diethyl thiophosphite to d-glucal (2d) under irradiation. 
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Scheme 10. Addition of diethyl phosphites to tri-O-acetyl-d-glucal (2a) initiated by BEt3/air. 






Scheme 10. Addition of diethyl phosphites to tri-O-acetyl-d-glucal (2a) initiated by BEt3/air.



[image: Chemistry 02 00008 sch010]







[image: Chemistry 02 00008 sch011 550] 





Scheme 11. Addition of diphenylphosphine oxide to tri-O-acetyl-d-glucal (2a) in the presence of manganese(ii) acetate and air. 
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Scheme 12. Addition of dimethyl phosphite to benzyl-protected glycals 2e in the presence of CAN and subsequent Horner–Emmons reaction. 
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Scheme 13. Addition of thioacetic acid to tri-O-acetyl-d-glucal (2a), initiated by CHP. 
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Scheme 14. Photochemical addition of alkyl thiols to tri-O-acetyl-d-glucal (2a). 
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Scheme 15. Mechanism of the decomposition of 2,2-dimethoxy-2-phenylacetophenone (DPAP 28). 
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Scheme 16. Addition of thiosugar 34 to tri-O-acetyl-d-glucal (2a), initiated by DPAP 28. 
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Scheme 17. Addition of thiosugar 34 to 2-acetoxy-3,4,6- tri-O-acetyl-d-glucal (2f). 
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Scheme 18. Addition of thiocyanate to benzyl-protected glycals 2e in the presence of CAN. 
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