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Abstract

The (regio)selective manipulation of hydroxyl groups in carbohydrates has been a long standing challenge in (bio)organic chemistry and continues to trigger the creative minds of many chemists. Among the various strategies that have been developed to address these issues, mostly relying on multistep procedures involving the use of protecting groups, the regioselective ring opening of 1,3-dioxane-type acetals has emerged as a powerful tool. Since the first papers on this subject appeared in the 1960’s, a large variety in both acetal types and reagents for their partial cleavage has come to the fore.

This review aims to give an overview of the different carbohydrate-derived ring systems, ranging from four- to seven-membered rings, on which regioselective ring-openings have been performed, along with the appropriate reagents and combinations thereof. The transformations on 1,3-dioxane acetals fit in a larger group of ring opening reactions of structurally related cyclic functional groups, including 1,3-dioxolanes, 1,3-oxathianes, orthoesters, cyclic carbonates and silylene acetals, which will not be discussed in this review.
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1. Introduction

The chemical polyfunctionality associated with carbohydrates and carbohydrate-based scaffolds quasi-inevitably requires the use of protecting groups. Although protecting group free methods have been published on a limited number of substrates and for selected types of highly chemoselective transformations, such as click reactions, they are not commonplace in the field of carbohydrate chemistry.1-3 From a synthetic strategy point of view, protecting groups should be avoided as much as possible, given that they add two additional steps to the synthetic route and do not contribute to the actual structural core of a given target molecule.4 Moreover, synthetic steps involving protecting group manipulations are to be considered as non-atom economic concession steps.5 

In carbohydrate chemistry, however, protecting groups play a more sophisticated and subtle role that is not limited to the protection of chemically vulnerable hydroxyl, amino and carbonyl moieties from non-chemoselective transformations. A well-considered choice of protecting groups can steer the stereoselectivity during glycosylations,6-10 allow for regioselective manipulations,11-14 control the stereochemistry during chiral derivatization reactions,15,16 or facilitate purification and identification.17-20 Furthermore, some protecting groups may serve as visualization handles,21,22 while the use of isotopically labelled protecting groups allows the monitoring of the progress of glycosylations on solid support.23 These aspects are of major importance in oligosaccharide, glycoconjugate, glycomimetic and natural product synthesis.
Besides controlling the anomeric configuration during glycosylation, the site-selective derivatization of hydroxyl groups on the sugar ring constitutes a key challenge in carbohydrate synthesis.24-26 Over the past decades, several methods have been introduced to generate subtle differences in reactivity of the hydroxyl groups, such as the use of organotin derivatives,27,28 the generation of arylboronic acid complexes,29-32 the use of cyclic organosilicon derivatives,33 variation of the counterion of the acylating agent under nucleophilic catalysis,34 and control of the intramolecular hydrogen bonding network.35,36 Additional strategies are based on the use of enzymes,37-40 palladium(0) nanoparticles,41 and sterically hindered reagents.42 The ring opening of acetals on carbohydrates offers a broadly applicable and step-economic alternative for these methods, and has therefore been extensively applied as a strategic auxiliary transformation in carbohydrate synthesis. In general, cyclic acetals are readily accessible: their introduction on sugars through direct acetalization or transacetalization is relatively simple and typically proceeds with a high degree of stereo- and regioselectivity, due to conformational restrictions associated with cyclization reactions.43

Especially for diol systems consisting of a primary and secondary alcohol, which are ubiquitously found in carbohydrates, the ring opening of acetals is a highly step-economic method for protecting the secondary alcohol. The alternative multistep sequence, starting from the acetal, would involve complete removal of the acetal, selective reprotection of the primary alcohol with a bulky protecting group (R1), protection of the secondary alcohol with a different protecting group (R2) and finally orthogonal deprotection of the primary alcohol (Scheme 1).
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Scheme 1. Comparison between the direct regioselective opening of a 1,3-dioxane-type acetal and a tedious multistep sequence involving different protecting groups for selective protection of the secondary alcohol.

Currently, many methods and reagents are available for the partial cleavage of acetals. These methods can roughly be divided into two large groups: reductive and oxidative ring openings. A reductive ring opening mainly gives an alcohol and an ether, whereas products obtained from an oxidative ring opening are structurally more diverse and therefore open up more synthetic opportunities in later stages of the route (Scheme 2). In the literature, however, examples of reductive methods occur more often than oxidative methods.

Reductive cleavages are induced by either Lewis or Brønsted acidic activation of one of the two acetal oxygen atoms, conceptually giving rise to an oxocarbenium ion, followed by reduction to the corresponding ether. Consequently, two possible regioisomers can be formed. As for the oxidative ring openings, in most cases only one regioisomer is formed, with the ester ending up at the most substituted carbon atom.
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Scheme 2. Conceptual course of the reductive ring opening of a 1,3-dioxane-type acetal (A) and structural diversity obtained with oxidative ring openings (B).

Although it has not yet been systematically investigated, it appears that the anomeric configuration has a negligible effect on the regioselectivity of the ring opening. The type of anomeric substituent depends on the specific conditions, but is in most cases based on chemical compatibility with the reagents used. As such, all types of acetals (–OMe, –OPh, –OBn, –OPMB, –OPMP), thioacetals (–SEt, –SPh, –STolyl), anomeric esters (–OAc, –OBz), azides (–N3) and C-glycosides occur in literature. Because of their lability and reactivity, anomeric hemiacetals cannot be used. Glycals – 1,2-unsaturated sugars – have been reported to survive some ring opening conditions.

Typically, acetal ring openings are executed on protected sugars. As with the anomeric substituents, the type of protecting group depends on the conditions used during the ring opening. For standard carbohydrates, these include ethers (–OMe, –OBn, –OPMB, –O-allyl, –OMOM, –O-silyl), esters (–OAc, –OBz, –OPiv, –OLev) or protected amines (–NAc, –NBn, –NCbz, –NPhthal, –N3). Furthermore, deoxy pyranoses can be substrates as well.44,45 The element sulfur is only rarely observed in substrates for acetal openings, except for the anomeric center (thioglycosides).46

A broad variety of alkyl, cycloalkyl, alkenyl and aryl groups may be used as acetal substituent (R). The choice for either one or another acetal depends on various factors, including the intended derivatization of the pyranose, orthogonality aspects during further protective group manipulations, the envisaged regioselectivity upon ring opening and chemical stability towards subsequent reaction conditions. Since benzyl-type groups are the archetypical protecting groups in carbohydrate chemistry, the majority of the acetals are benzylidene or substituted benzylidene acetals. A specific review on the regioselective reductive ring opening of 4,6-O-benzylidene acetals in pyranoses has been published in 2011.47
2. Oxetanes

The smallest cyclic carbohydrates are the polyoxygenated oxetanes. Oxetane-derived 1,3-dioxane acetals basically consist of a 2,4,7-trioxabicyclo[4.2.0]octane motif (Figure 1).
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Figure 1. Structure of the 2,4,7-trioxabicyclo[4.2.0]octane motif.

Only a few examples involving manipulations on oxetane-derived bicyclic structures have been published over the years, all of them hailing from the group of George Fleet at Oxford University (Scheme 3).48-50
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Scheme 3. Reductive and oxidative manipulations on the 2,4,7-trioxabicyclo[4.2.0]octane motif, as described by the Fleet group.

Although the intrinsic nucleophilicity of trialkylsilanes, such as triethylsilane (Et3SiH), is only limited, it is sufficient to establish reductive ring opening, albeit in conjunction with TFA as a Brønsted acid. The use of silanes as a hydride source is particularly attractive since it allows the use of ester functionalities in the substrate which are typically reduced by more reactive metal hydride reagents. The regioselectivity for this transformation is dictated by the substrate architecture and furnishes – in the case of oxetanes – the benzyl ether on the primary alcohol.

The NBS-mediated oxidative transformation, more commonly referred to as the Hanessian-Hullar reaction, was first described in 1,3-dioxanopyran systems in 1966, almost simultaneously by Stephen Hanessian51and Theodore Lee Hullar.52 Remarkably, both researchers proposed another mechanistic pathway to account for the observed reaction products: Hanessian promoted the ionic route, in which an intermediate oxocarbenium ion is formed, whereas Hullar favoured the radical pathway. In 2004, McNulty et al. conducted some control experiments, indicating that the fragmentation most likely proceeds through an ionic mechanism (Scheme 4).53 Since NBS can generate bromine (Br2) in situ by reaction with HBr, which is present in low concentrations, the first step includes the abstraction of a radical hydrogen from the arylidene acetal carbon atom by a bromine radical to give acetal radical 8. This is followed by a propagation step, during which bromination of the acetal radical takes place (Wohl-Ziegler bromination). The bromoacetal (9) readily fragmentizes through an ionic pathway, leaving a stable cyclic carbocation (10), which is opened by nucleophilic attack at C6 by the bromide ion. The SN2-pathway of the last step is clearly exemplified by the inversion of stereochemistry at C4 in compound 4. Despite its high cost and associated health hazards, BaCO3 is typically added as an acid scavenger. A survey of different bases has shown that stoichiometric CaCO3 can be added instead.54
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Scheme 4. Mechanism of the Hanessian-Hullar reaction.

The Hanessian-Hullar reaction is limited to arylidene acetals. The dependence of this transformation on an initial benzylic bromination precludes the use of benzylic and allylic protective groups elsewhere in the starting material. Finally, it is instructive to notice that both reductive and oxidative ring opening of the benzylidene acetal is possible in a selective fashion, notwithstanding the propensity of oxetanes to undergo nucleophilic ring opening.55

3. Furans

Compared to their oxetane counterparts, transformations on the 2,4,7-trioxabicyclo[4.3.0]nonane or 1,3-dioxanofuran motif (Figure 2) appear much more abundantly in literature. Indeed, furanoses or 5-membered carbohydrates are ubiquitously found in nature and constitute an important group of biologically active sugars, most notably as being part of nucleosides and nucleotides.
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Figure 2. Structure of the 2,4,7-trioxabicyclo[4.3.0]nonane motif.

3.1 Reductive methods

The use of various conditions for the reductive opening of furan-based 1,3-dioxanes provides a good insight from a mechanistic perspective. As a rule of thumb one could state that the resultant ether moiety ends up on the oxygen from the 1,3-dioxane ring that is not coordinating to the principle Lewis acid in the transition state. In the case of nucleophilic hydride reductants, such as lithium aluminium hydride (LiAlH4), sodium cyanoborohydride (NaBH3CN) or trialkylsilanes (R3SiH), the additive acts as the principle Lewis acid. In the case of an electrophilic hydride reductant, such as diisobutylaluminium hydride (DIBALH) or borane (BH3), the reducing agent itself can act as a Lewis acid. With regard to the furanose-based acetals, this explains the opposite regioselectivity observed with both classes of reagents.

Among the various reagents that have been probed for regioselective ring opening of acetals, the aluminium hydride family can be considered archetypical. The action of LiAlH4 on acetals and ketals was first investigated in 1951, when the regioselective ring opening of the acetal in diosgenin, a phytosteroid, was reported by Doukas and Fontaine.56 Inspired by this novel transformation, several other chemists investigated the reductive cleavage of acetals and ketals with LiAlH4 in combination with AlCl3 as a Lewis acid.57-60 Although the use of these reagents gives rise to harsh reaction conditions and is incompatible with a variety of moieties that are reduction sensitive, for instance esters, nitro groups, epoxides and azides, this methodology has found its fair amount of use.

An extensive study on the use of this reagent couple for the reduction of 1,3-dioxanofurans was carried out by Hsu et al.61 By performing this reaction on a concise set of 3,5-O-arylidene-d-xyloses (12) several clear insights were obtained (Table 1). For this set of substrates, the reaction conditions consistently gave the 5-O-benzyl ethers (13) as the major product.
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	Table 1. Systematic studies on the LiAlH4-AlCl3-mediated opening of 3,5-arylidene- d-xylofuranoses.

	Entry
	Ar
	Anomer
	Yield (%)
	Product ratio (2°OH : 1°OH)

	1
	Ph
	α
	69
	26:1

	2
	Ph
	β
	70
	38:1

	3
	PMP
	α
	83
	6:1

	4
	PMP
	β
	91
	5:1

	5
	2,4-DMP
	α
	73
	3:1

	6
	2,4-DMP
	β
	70
	2:1


It seems that the anomeric configuration has little impact on both yield and regioselectivity of the reaction. The nature of the arylidene, however, does seem to be of great importance for the regioselectivity. The researchers rationalized the high regioselectivity of this transformation towards the 5-O-benzyl products through strong bidentate chelation of AlCl3 between the O2 and O3 of the xylose system (Figure 3). However, this chelation model raises issues, because due to the trans-fusion with the furanose ring the formation of a five-membered metal chelate is disfavored. The introduction of one or more chelating alkoxy groups on the aryl group is likely to impair the extent of this proposed 2,3-bidentate chelation thereby lowering the regioselectivity.
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Figure 3. Bidentate chelation of the Lewis acid in furanose rings, as postulated by Hsu and coworkers.

Upon reacting a 3,5-O-benzylidene analogue in which the 2-alkoxy group is replaced by a methyl group (14, Scheme 5), thereby impeding the proposed bidentate chelation, all regioselectivity with regard to the opening of the benzylidene is lost. Additionally, the prolonged reaction conditions open the anomeric center with concomitant formation of a methyl ether.
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Scheme 5. Reductive ring opening with LiAlH4-AlCl3 of several 1,3-dioxanofurans.

Reductive ring openings on substrates that bear a 1,2-isopropylidene protective group, as in compound 17, can only be performed in modest yields, albeit fully regiospecific.62 Szabó et al. have disclosed some transformations on l-xylose (19).63 Similar to their d-sugar counterparts, the anomeric configuration has only a minor influence on the overall yield and regioselectivity. An interesting example, published by Chakraborty et al., illustrates that it is possible to perform a double ring opening on a furanose system bearing two benzylidene moieties (21).64
Although sharing aluminium as its core element with LiAlH4, ring openings using DIBALH follow an entirely different mechanism and give opposite regioselectivity, typically affording the 3-O-benzyl ether as the major product. The mechanism involves coordination of DIBALH to one of the two oxygen atoms in the 1,3-dioxanofuran system (Scheme 6). Because of the bulky isobutyl groups, this occurs at the least hindered side. Chelation of DIBALH to the oxygen atom generates a tetravalent aluminium species, switching the hydride character from electrophilic to nucleophilic. Concurrently the crucial oxocarbenium species is formed, which, upon attack by the hydride, yields the benzyl ether on the more hindered position.
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Scheme 6. DIBALH-mediated reductive ring openings predominantly yield the benzyl ether on the more hindered position.

We only found one literature example (23) in which a 1,3-dioxanofuran, treated with DIBALH, yielded the secondary p-methoxybenzyl (PMB) ether 24 (Scheme 7).65 The observed regioselectivity agrees with the mechanism depicted in Scheme 6.
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Scheme 7. Reductive opening of a p-methoxybenzylidene acetal using DIBALH.

Reductive ring openings on 1,3-dioxanofurans using NaBH3CN are typically performed in conjunction with the Lewis acid boron trifluoride diethyl etherate (BF3∙OEt2). As can be expected from the nucleophilic nature of this reagent the predominant product has the benzyl ether on the least hindered oxygen.

Concurrent with his studies on the LiAlH4-AlCl3 reagent pair, Hsu made a systematic study on the effect of anomeric configuration and degree of substitution on the benzylidene acetal in 12 for the NaBH3CN-BF3∙OEt2 reagent pair. The obtained results are highly analogous (Table 2).61
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	Table 2. Systematic studies on the NaBH3CN-mediated opening of 3,5-O-arylidene-d-xylofuranoses.

	Entry
	Ar
	Anomer
	Yield (%)
	Product ratio (2°OH : 1°OH)

	1
	Ph
	α
	86
	41:1

	2
	Ph
	β
	88
	31:1

	3
	PMP
	α
	80
	4:1

	4
	PMP
	β
	78
	3:1

	5
	2,4-DMP
	α
	78
	4:3

	6
	2,4-DMP
	β
	83
	7:6


Once again, the effect of the anomeric configuration was proven to be of minor importance for the yield and regioselectivity of the reaction. The nature of the arylidene, however, is of even greater importance as compared to the LiAlH4-AlCl3 method. Going from an unsubstituted benzylidene to a 2,4-dimethoxybenzylidene acetal lowers the regioselectivity, in the case of the α-anomer, from an excellent 41:1 to a poor 4:3 ratio. This can once again be attributed to a disturbance of the crucial 2,3-bidentate coordination of the Lewis acid to the substrate. Moreover, increasing the stability of the Lewis acid complex by going towards a tridentate coordination through the use of a methanesulfonate (OMs) ester at the 2-position (25) gives a high yielding and fully regiospecific transformation (Scheme 8).
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Scheme 8. Regioselective reductive ring opening of benzylidene acetals with NaBH3CN.

Substituting HCl for BF3∙OEt2 is possible without significant detriment to both yield and regioselectivity. However, it is of vital importance to consider that the use of Brønsted acids in conjunction with NaBH3CN can release the volatile and highly toxic hydrogen cyanide (HCN), which poses a major health hazard and requires rigorous safety measures to be taken. Comparable to the LiAlH4-AlCl3 reagent couple, these reaction conditions are also compatible with 1,2-O-isopropylidene acetals. Even a reducible azide functionality (27) was able to survive the transformation, whereas the fluoroacetal was reduced.66
Borane has also been used by Hsu et al. to regioselectively open 3,5-O-benzylidene-1,2-O-isopropylidene-α-d-xylofuranose (17, Scheme 9).62 As can be expected from an electrophilic hydride, the secondary benzyl ether (29) is the major product.
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Scheme 9. Borane-mediated ring opening towards the 3-O-benzyl ether.

The regioselective opening of 1,3-dioxane rings using trialkylsilanes and a Lewis or Brønsted acid is a very mild yet robust method. In 2011, the group of Sartillo-Piscil demonstrated that this methodology is also very suitable for the regioselective opening of 1,3-dioxanofuran systems (Scheme 10).67 As can be expected from the mildly nucleophilic nature of Et3SiH, this transformation follows the mechanism for nucleophilic reagents and thus yields the benzyl ether on the least hindered oxygen atom (18). Of the several methods with nucleophilic hydride reagents that have been applied to this particular substrate, this method gives the product in the highest yield (60%).
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Scheme 10. Et3SiH-mediated ring opening towards the 5-O-benzyl ether.

The only known examples of single electron transfer (SET) mediated transformations involve the opening of 2-phenylsulfonylethylidene (PSE) acetals.68 PSE acetals were introduced by Chéry et al. in 2000, and have proven to be useful protecting groups in carbohydrate chemistry.69,70 Their ring opening largely proceeds via a radical mechanism and starts with the formation of a primary radical under the elimination of a phenylsulfinate salt. Depending on the exact pathway and moment of scavenging of the radical, three products can be expected (Scheme 11). Two of these are the two regioisomeric vinyl ethers (path A and B), whereas the third is the corresponding undesired ethylidene acetal (path C).
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Scheme 11. Conversion of PSE acetals via a SET mechanism to one of the three possible products.

In the context of 1,3-dioxanofurans, this set of conditions was applied to 1,2-O-isopropylidene-3,5-O-(2’-phenylsulfonylethylidene)-d-xylofuranose 30 (Table 3).
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	Table 3. Systematic studies in SET-mediated openings of 3,5-PSE-d-xylofuranoses.

	Entry
	SET reagent
	31 (%)
	32 (%)
	33 (%)
	Overall yield (%)

	1
	Na/Hg
	26
	32
	35
	93

	2
	SmI2
	0
	30
	30
	60


Comparing the two SET reagents, sodium amalgam (Na/Hg) and samarium(II) iodide (SmI2), the latter reagent seems to be better, given the absence of the primary vinyl ether (31) in the product mixture. The overall yield, however, is proportionally lower and the specific yields of the other two products is comparable.

PSE acetals are not only susceptible to SET mediated transformations, but can also be opened using organometallic bases. In 2012, the group of Patrick Rollin demonstrated that PSE acetals can be opened using n-butyllithium (nBuLi) through a retro-Michael reaction, which may lead to two regioisomeric vinylsulfonyl ethers (Scheme 12).71 There is no apparent rationale for the observed regioselectivity of the reaction, but it is thought to be fully dependent on the substrate. When 1,2-O-isopropylidene-3,5-O-(2’-phenylsulfonylethylidene)-α-d-xylofuranoside (30) is treated with nBuLi in THF, the 5-alkoxyvinylsulfonyl ether (34) is obtained in an excellent 88% yield, with only minor amounts (7%) of the 3-congener being formed. The high regioselectivity is rather atypical for this type of transformation, since the corresponding pyranoses tend to give mixtures of regioisomers.
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Scheme 12. nBuLi-mediated retro-Michael opening of PSE acetals on a furanose and mechanistic pathway.

3.2 Oxidative methods

The acetal moiety in a 1,3-dioxanofuran system can also be transformed under oxidative conditions, thereby converting the acetal moiety into an ester. As a rule of thumb this ester typically ends up attached to the more hindered oxygen atom of the original 1,3-dioxane system.

The oxidative strategy that is most abundantly present throughout literature is the Hanessian- Hullar reaction. Scheme 13 depicts some selected examples. Given that this reaction is chemoselective for benzylidene acetals, the presence of other acetals or ketals (17) in the substrate is well tolerated.72 The presence of free hydroxyl groups on the sugar ring (36) is also of little concern for this reaction.73 Azides, as in 38, are also compatible with Hanessian-Hullar conditions.74
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Scheme 13. Various examples of Hannesian-Hullar transformations on 1,3-dioxanofuran systems.

An interesting subset of Hannesian-Hullar reactions are those that involve neighbouring group participation (NGP). This phenomenon occurs in the case of the presence of an ester moiety in a vicinal position with respect to the least hindered side of the benzylidene ring in the substrate, as in furanose 40. After the initial formation of the six-membered cyclic oxocarbenium species (42), an intramolecular rearrangement occurs, where the vicinal ester moiety opens the oxocarbenium ion, with the formation of a dioxolonium ion (43). This ion is then opened through a nucleophilic attack by a bromide ion (Scheme 14).75
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Scheme 14. Neighbouring group participation in the Hanessian-Hullar reaction.

A rather extreme case of this phenomenon was published by Song and Hollingsworth.76 In their attempt to conduct a Hannesian-Hullar reaction on the tri-O-pivaloyl-heptose-γ-lactone 44, the product with a terminal bromide (45) was obtained (Scheme 15). Upon closer inspection of the absolute configurations and taking mechanistic considerations into account, the results could only be rationalized through two successive acyl-mediated neighbouring group participations. Both of these neighbouring group participations involve an SN2-attack on C5, resulting in an overall retention of the configuration on this site.
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Scheme 15. Hannesian-Hullar reaction on a tri-O-pivaloyl-heptose-γ-lactone through two consecutive acyl-mediated neighbouring group participations.

Hanessian and Plessas encountered a similar phenomenon in the late 1960’s.77 Although in most cases the presence of a free hydroxyl group is of little concern during Hannessian-Hullar reactions, in the case of 3,5-O-benzylidene-1,2-O-isopropylidene-α-d-glucofuranoside 46 (Scheme 16), the free 6-OH has a profound influence on the reaction course. After the initial formation of the 6-membered cyclic oxocarbenium ion (48), intramolecular attack of the hydroxyl group, followed by elimination, yields a dioxolonium ion (49), which is opened at the less hindered position by a nucleophilic bromide ion. This yields a product where both the bromide and the benzoate group end up on counterintuitive positions. The initial intramolecular attach of the hydroxyl group is enabled by the axial orientation of the CH2OH-unit on the dioxane ring.
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Scheme 16. Hydroxyl-mediated neighbouring group participation in the Hanessian-Hullar reaction on 3,5-O-benzylidene-1,2-O-isopropylidene-α-d-glucofuranoside.

In 2016, the lab of Baskaran at IIT-Madras published a method that uses the well-known RuCl3-NaIO4 system to achieve a one-pot conversion of benzylidene protected furanoses (50) into benzoyl protected uronic acids (Table 4).78
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	Table 4. RuCl3-NaIO4-mediated oxidation of 3,5-O-arylidene-d-xylofuranoses to benzoyl uronic acids.

	Entry
	Anomer
	R1
	R2
	Yield (%)

	1
	α
	1,2-O-isopropylidene
	60

	2
	α
	Me
	Ac
	63

	3
	α
	Me
	TBDMS
	65

	4
	β
	Me
	Ts
	62

	5
	β
	Me
	Ms
	60


The yields are consistently around 60%, irrespective of the nature of the protective groups or the anomeric configuration. The actual active reagent in this transformation in the perruthenate ion, which is generated in situ through periodate-mediated oxidation of a Ru3+ salt. The mechanism, which is catalytic with respect to the perruthenate ion, is depicted in Scheme 17.79
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Scheme 17. Mechanistic cycle for the direct oxidation of benzylidene acetals to benzoyl carboxylic acids, according to Banerjee et al.

4. Pyrans

Six-membered carbohydrates or pyranoses are among the most common ring systems. Therefore, many methods have been disclosed concerning ring opening of acetals on pyranoses. With regard to regioselectivity, as compared to furanose scaffolds, less trends are discernible, rendering the manipulations on pyranoses less predictable.

Based on conformational restrictions associated with their formation, 1,3-dioxane-type acetals typically link the 4- and 6-OH of a pyranose, essentially a 2,4,7-trioxabicyclo[4.4.0]decane motif (Figure 4), although sporadic examples of acetals at other positions have been reported.
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Figure 4. Structure of the 2,4,7-trioxabicyclo[4.4.0]decane motif.

4.1 Reductive methods

Although general trends are absent, the regioselectivity of the reductive cleavage is primarily determined by experimental factors, such as the reagents, the temperature and the solvent polarity. The relative orientation of the carbohydrate and acetal rings is an inherent structural factor that can influence the regioselectivity in some cases. For 4,6-O-acetals on pyranoses, two major ring systems can be distinguished: cis- and trans-1,3-dioxanopyran systems, in which the former adapt a cis-decalin-like and the latter a trans-decalin-like conformation, depending on the relative configuration at C4 and C5 of the pyranose ring (Figure 5).
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Figure 5. Two main ring systems in pyranose-fused 1,3-dioxane-acetals. The acetal substituent (R) is drawn in its most stable – i.e. equatorial – orientation, thereby minimizing syn-diaxial interactions.

Bhattacharjee and Gorin were the first to describe a reductive ring opening on a carbohydrate, using the LiAlH4-AlCl3 reagent pair in a 1:1 molar ratio (in situ formation of AlH2Cl)80 to partially cleave different acetals, including O-methylidene, O-ethylidene, O-n-propylidene, O-cyclohexylidene and O-benzylidene acetals.81 From a synthetic point of view, the O-benzylidene acetal is of highest relevance, since it is cleaved to give a benzyl ether, a very common protecting group in carbohydrate chemistry. With regard to regioselectivity, a moderate conformational dependence was observed. The free α-OMe-glucopyranoside 52 and α-OMe-mannopyranoside 55 (trans-decalin systems) delivered the 4-O-benzyl derivatives 53 and 56 respectively, however, in low regioselectivities, whereas the unprotected α-OMe-galactopyranoside 58 (cis-decalin system) gave the corresponding 6-O-benzyl ether 59 as a single product (Scheme 18). All products were isolated in low yields.
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Scheme 18. Reductive cleavage of benzylidene acetals with LiAlH4-AlCl3 in partially protected carbohydrates.

A more in-depth study by Lipták and coworkers gives more insight in the process, by exploring the ring opening with LiAlH4-AlCl3 on a more diverse set of fully protected carbohydrates.82 For the trans-decalin systems, the corresponding 4-O-benzyl compounds were obtained. The regioselectivity is not determined by the anomeric configuration, the configuration at C2, the substituent at O2, nor the nature of the aglycon. This is illustrated in Scheme 19. 
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Scheme 19. Regioselective ring opening of benzylidene acetals with LiAlH4-AlCl3 in fully protected gluco- and mannopyranosides.

In the case of galactopyranosides, the reaction typically gives rise to mixtures of the 4- and 6-O-benzyl ethers, the former being the major isomer (Scheme 20). As with the gluco- and mannopyranosides, neither influence of the anomeric configuration, nor of the type of anomeric substituent is observed on the regioselectivity. Interestingly, when decreasing the steric bulk at O2 and O3, the regioselectivity is severely compromised and a 4:6 mixture of 4-O-benzyl (75) and 6-O-benzyl (76) derivatives is formed.
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Scheme 20. Regioselective ring opening of benzylidene acetals with LiAlH4-AlCl3 in fully protected galactopyranosides.

In 1982, Lipták and coworkers published a study on the relation between the regioselectivity of the ring opening and the steric bulk at C3, since this influences the accessibility of the acetal oxygen atom to the coordinating aluminium reagent.83 In a series of 2,3-di-O-alkyl-4,6-O-benzylideneglucopyranosides, the steric bulk at C3 was increased according to Scheme 21. An increase of steric bulk resulted in an increased product ratio in favor of the 4-OBn regioisomer and, thus, an increased regioselectivity. However, the difference between an n-propyl (86) and benzyl (60) substituent is marginal and no further increase in regioselectivity was observed.
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Scheme 21. Influence of the steric bulk at C3 on the regioselectivity of the ring opening of benzylidene acetals with LiAlH4-AlCl3.

A simple mechanistic model was suggested to account for the outcome of the experiments (Scheme 22). Both oxygen atoms in the 4,6-O-benzylidene acetal are available for coordination with AlH2Cl, a strong Lewis acid. In the case where no (77) or a small substituent (80) is present at C3, the availability of these oxygens for coordination is about equal. Both pathway A and B are accessible, which results in a low regioselectivity profile. When the bulk of the substituent at C3 is increased, steric interactions prevent the aluminium reagent from coordinating with O4. Reaction pathway B is thus favored, eventually leading to the formation of the 4-O-benzyl isomer.
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Scheme 22. Mechanistic model for the influence of the steric bulk of R2 on the regioselectivity of the benzylidene ring opening with LiAlH4-AlCl3, as proposed by Lipták et al.
To gain more insight into the exact mechanism of hydride delivery by the LiAlH4-AlCl3 couple onto the benzylidene acetal, Lee et al. conducted a study involving the use of deuterated alane (AlD3).84 Based on the stereochemical outcome of the reaction, which was gauged by careful 1H NMR analysis and the synthesis of several enantiopure reference compounds, the researchers proposed an internal nucleophilic substitution (SNi) mechanism, whereby AlD3 weakly coordinates to the less sterically hindered O6, transferring the deuteride in an intramolecular and unusual stereoretentive fashion to the acetal carbon atom (Scheme 23). Most likely, the transition state involves the formation of an intimate ion pair (90).
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Scheme 23. Mechanistic study on the hydride delivery by LiAlH4-AlCl3, conducted using AlD3.

The reductive opening with LiAlH4-AlCl3 has also been performed on disaccharides. A similar regioselectivity pattern is observed as with their monosaccharide counterparts.85
Besides standard benzylidene acetals, other structurally related acetals have also been subjected to the LiAlH4-AlCl3 method. In 2000, a preliminary report on the reductive cleavage of (2-naphthyl)methylidene acetals was published by Lipták and coworkers.86 Treatment of α-OMe-glucopyranoside 91 with LiAlH4-AlCl3 in a 3:1 molar ratio, a reaction known as the Schlesinger reaction, which generates AlH3 in situ,80 gave rise to a mixture of (2-naphthyl)methyl ether derivatives, with a high degree of selectivity for the 4-O-ether 92 (Scheme 24). Similar results were obtained for α-OMe-galactopyranoside 93. An attractive feature of (2-naphthyl)methyl ethers is that they can be cleaved under either oxidative (with DDQ), acidic (with TFA or HF-pyridine) or hydrogenolytic (with H2 and Pd/C) conditions, thereby providing a good degree of orthogonality.
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Scheme 24. Ring opening of (2-naphthyl)methylidene and (9’-anthracenyl)methylidene acetals with LiAlH4-AlCl3.

The (9’-anthracenyl)methylidene acetal was introduced in 2003 by Ellervik as a new protecting group, which contributes to the crystalline properties of the protected carbohydrates and exhibits strong absorbance and fluorescence.87 Analogous to the naphthyl derivatives, the (9’-anthracenyl)methylidene acetal in 95 is partially reduced by LiAlH4-AlCl3 to selectively yield the 4-O-(9’-anthracenyl)methyl ether 96 (Scheme 24).88
The use of DIBALH as a cleaving reagent for ketals has been known as of the 1950’s.89 Since DIBALH and related alkylaluminium hydrides are Lewis acidic and thus electrophilic reductants, they easily form donor-acceptor complexes with ethers, acetals and ketals. Moreover, DIBALH is a milder reductant as compared to LiAlH4, which makes it more suitable to use in a carbohydrate context. Although the reductive ring opening of benzylidene acetals by DIBALH was already reported in 1983 by Takano et al.,90 its application in carbohydrate systems was only disclosed four years later by Mitsunobu and coworkers.91 Their work on gluco- and altropyranosides is summarized in Scheme 25.
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Scheme 25. Regioselective ring opening of arylidene acetals with DIBALH in gluco- (64 and 97) and altropyranosides (100).

In accordance with the results of the ring opening with LiAlH4-AlCl3 obtained by Lipták and coworkers, glucopyranosides 64 and 97 regioselectively gave the 4-O-arylmethyl ether derivatives. Changing the configuration at C2 and C3 gave opposite regioselectivity profiles. Indeed, treatment of 4,6-O-benzylidene altropyranoside 100 with DIBALH delivered a mixture of regioisomers, with a preference for the 6-O-arylmethyl ether.

A noteworthy feature of DIBALH-mediated ring openings was noticed by Nokami and coworkers.92 They found that the regioselectivity of the ring opening of glucosides and mannosides is dependent on the reaction solvent. Thus, 64 and 102 mainly gave the 4-O-benzyl derivatives 65 and 103 respectively, when using a stock solution of DIBALH in toluene (Scheme 26). In dichloromethane, the regioselectivity was reversed and the 6-O-benzyl derivatives 101 and 104 were obtained as main products. This appears to be in contradiction with the work of Mikami et al.,91 who obtained the 4-O-benzyl derivatives in the same solvent. However, the conditions differ in their reaction temperature, which might account for the observed regioselectivity differences. In the case of galactosides, such as 105, no solvent dependence was observed: reactions in either dichloromethane or toluene both yielded the 6-O-benzyl isomer (106) selectively. No further explanation was given to account for this phenomenon, nor was the temperature-dependence investigated.
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Scheme 26. Solvent dependence of the ring opening of arylidene acetals with DIBALH.

The relatively mild nature of the DIBALH is exemplified by the work of Dudley et al. on the opening of p-siletanylbenzylidene (PSB) acetals.93,94 Glucose-derived PSB acetal 107 (Scheme 27) easily survived the reductive conditions, which yielded a mixture of regioisomers, with a preference for the 4-O-arylmethyl derivative (108).
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Scheme 27. Reductive ring opening of a p-siletanylbenzylidene acetal with DIBALH.

The reductive action of sodium cyanoborohydride (NaBH3CN) with HCl in methanol on ketals has been known as of 1978.95 In 1981, this method was transferred to pyranoses by Garegg and coworkers. The results of their preliminary experiments on trans- and cis-decalin systems bearing a benzylidene acetal is shown in Scheme 28.96-97 In contrast to the reductive opening with LiAlH4-AlCl3, this method selectively yields the 6-O-benzyl derivatives. These conditions are compatible with the presence of ester and amide functionalities elsewhere in the substrate, such as in compounds 109 and 111 respectively, given the mild reducing nature of NaBH3CN.
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Scheme 28. Regioselective ring opening of benzylidene acetals with NaBH3CN.

This preliminary work on borane-based reductive ring openings triggered more research on this interesting class of reagents for their use in a carbohydrate setting. Prop-2-enylidene (allylidene) acetals are also regioselectively cleaved, to yield the 6-O-allyl compounds (Scheme 29).98 Although allyl ethers are less commonly used in carbohydrate chemistry, they can be orthogonally cleaved, thereby offering possible advantages with regard to step economy.
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Scheme 29. Reductive ring opening of prop-2-enylidene acetals with NaBH3CN.

During their efforts to synthesize non-natural carbohydrate-based macrolides, Ruttens et al. used the cleavage of a prop-2-enylidene acetal with NaBH3CN-TfOH to give the corresponding 6-O-allyl ether, which was strategically used in a later stage of the synthesis to close the macrocyclic ring via ring-closing metathesis.99 This example represents a case in which the allyl group not only serves as a protecting group, but also as a synthetic handle for future modification.

In 1984, it was discovered that the regioselectivity of the ring opening of p-methoxybenzylidene acetals with NaBH3CN can be tuned by appropriate choice of electrophile and solvent (Scheme 30).100 Thus, cleavage of the acetal in 97 with NaBH3CN in the presence of TFA in DMF gave the 6-O-arylmethyl derivative 117, whereas the use of NaBH3CN in combination with trimethylsilyl chloride (TMSCl) in acetonitrile delivered the other regioisomer (98). The researchers attributed this reactivity pattern to the difference in steric bulk of the electrophile: a proton is small and preferentially binds O4 to give the 6-ether. Due to its relative bulkiness, the TMS-group activates O6, resulting in the formation of the 4-ether.
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Scheme 30. Ring opening of a p-methoxybenzylidene acetal with NaBH3CN under different activating conditions, giving opposite regioisomers.

In order to perform a thorough structure-activity relationship study on the antibacterial glycopeptide mannopeptimycin-α, a series of ether derivatives was synthesized by means of partial cleavage of the corresponding acetals using NaBH3CN-TFA in DMF.101 This is a rare example where the ether ends up as being part of the final product structure and does not serve as a protecting group.

An interesting side reaction of the action of NaBH3CN on 4,6-O-benzylidene-2-deoxypyranosides was reported by Chapleur et al.102 Besides the common ring opening of the acetal, deoxygenation of the anomeric center was observed, yielding the corresponding 1,5-anhydroalditols 120 and 123 (Scheme 31).
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Scheme 31. Formation of 1,5-anhydroalditols as side products by action of NaBH3CN on 2-deoxypyranosides.

The NaBH3CN-HCl method was also employed to cleave a p-fluorobenzylidene acetal on solid support.103,104
Although HCl in Et2O is the most popular acid for activation of acetals in the NaBH3CN-mediated ring opening, other electrophiles have been explored as well, such as methanesulfonic acid,105 triflic acid,106 molecular iodine107 and cyanuric chloride.108
About at the same time the NaBH3CN method was disclosed, experiments using borane complexes, such as borane-trimethylamine (BH3∙NMe3), borane-dimethylsulfide (BH3∙SMe2) and borane-tetrahydrofuran (BH3∙THF), were being published. The first reductive opening in pyranose systems with BH3∙NMe3 was reported in 1983 by Garegg and coworkers.109 Comparable to DIBALH-mediated ring openings, the regioselectivity was found to be highly solvent dependent (Scheme 32). Thus, treatment of 64 and 105 with BH3∙NMe3 and AlCl3 as electrophilic promoter in toluene gave the corresponding 6-O-benzyl derivatives. In THF, a more polar and coordinating solvent, the opposite regioisomers were obtained.
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Scheme 32. Solvent dependence of the ring opening of benzylidene acetals with BH3∙NMe3.

Besides the combination of BH3∙NMe3 with AlCl3, other promoters were explored, among which p-toluenesulfonic acid110 and BF3∙OEt2.111 The use of BF3∙OEt2 was found to be solvent dependent as well: in dichloromethane the 4-O-benzyl derivatives were formed, while in acetonitrile the 6-O-benzyl derivatives were provided.

The application of BH3∙THF in the reductive opening of carbohydrate-derived acetals was first reported in 1990 by Guindon et al.112 In combination with diphenylboron bromide (Ph2BBr) as a Lewis acidic promoter, the reductive opening of methylpyranoside 125 resulted in the selective formation of 4-O-benzyl derivative 126 (Scheme 33). The bulky diphenylboron reagent first coordinates to the least hindered oxygen (O6) of the acetal. The reaction is then presumed to proceed through the formation of a labile bromoacetal intermediate (127). Less bulky boron reagents, such as dimethylboron bromide (Me2BBr) result in the formation of mixtures.
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Scheme 33. Reductive ring opening of benzylidene acetals with Ph2BBr and BH3∙THF, and the putative intermediate bromoacetal formation.

Although this reaction needs BH3∙THF for the final reduction stage of the bromide, the actual ring opening is accomplished by the bromide ion. Therefore, this is not a classical reductive ring opening mediated by the borohydride reagent itself. In 1998, Jiang et al. reported the reductive ring opening with BH3∙THF and di-n-butylboron triflate (nBu2BOTf) as activating Lewis acid, providing a mild methodology that can be applied to a broad variety of protected carbohydrates and which regioselectively yields the 4-O-benzyl derivatives (Scheme 34).113 Several functional groups, such as silyl ethers (128), esters, phthalimides (130) and anomeric thioethers, withstand these reaction conditions. Furthermore, this method can be applied on partially protected carbohydrates (52). Allyl ethers, however, were found to be incompatible with this methodology at 0 °C or above.114
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Scheme 34. Reductive ring opening of benzylidene acetals with BH3∙THF and nBu2BOTf.

Wei and coworkers demonstrated that the regioselectivity of the reductive cleavage of p-methoxybenzylidene acetals with BH3∙THF-nBu2BOTf is heavily temperature- and concentration-dependent (Scheme 35).115 When a concentrated solution (1.0 m in THF) of α-thioglucoside 132 was treated at 0 °C with excess BH3∙THF (10 equiv.), followed by addition of nBu2BOTf (2 equiv.), the corresponding 4-O-PMB ether (134) was formed. Treatment with excess BH3∙THF (5 equiv.) and nBu2BOTf (2.5 equiv.) under dilute conditions (0.2 m in THF) at low temperature (-78 °C) gave the 6-O-PMB ether (133) as the sole reaction product. The observed regioselectivity can be explained by thermodynamic versus kinetic control. The lower steric hindrance of O6 renders it readily accessible for coordination with nBu2BOTf, leading to formation of the 4-O-PMB ether at 0 °C. However, suspicions arose that the Lewis acidic nBu2BOTf was not solely responsible for the observed regioselectivity observed at -78 °C. Due to partial hydrolysis of nBu2BOTf with traces of water, minimal amounts of H+ are generated in situ, thereby creating a second acidic catalyst. This hypothesis was confirmed by a control experiment, whereby adding di-tert-butyl-4-methylpyridine as an acid scavenger did not lead to any observable ring opening at -78 °C. According to the researchers, this second acidic catalyst thermodynamically protonates the more basic O4 at lower temperatures, selectively leading to formation of the 6-O-PMB ether. The origin of the basicity difference between O4 and O6 is however unclear and doubtful. Probably the process simply involves non-regioselective protonation of both oxygen atoms. Because the subsequent nucleophilic attack on the acetal carbon atom proceeds through an SN2-pathway, the nucleophile is less hindered when the C-O-bond to O4 breaks. Furthermore, the researchers found that, when keeping the reaction temperature low enough (-78 °C), this method is compatible with allyl ethers, phthalimides, azides, acetonides and enol ethers.
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Scheme 35. Ring opening of a p-methoxybenzylidene acetal under thermodynamic and kinetic control.

Methods involving BH3∙THF in combination with other Lewis acids as activators have been disclosed, among which metal triflates,116,117 CoCl2118 and trimethylsilyl triflate (TMSOTf).119 All of these methods, when applied to 4,6-O-benzylidene protected pyranoses, regioselectively yield the 4-O-benzyl derivatives.

Mainly with regard to boranes, a couple of mechanistic studies have been conducted, all of them originating from the lab of Ulf Ellervik (Lund University).120-122 A comprehensive model was published in 2010.123 Based on experiments using a deuterated benzylidene acetal (135) as a model compound to determine the stereo- and regioselectivity course of the ring opening, three mechanistic pathways were proposed (Scheme 36). The opening to liberate the 6-OH function is governed by two pathways (A and B), mainly depending on the solvent polarity. Pathway A represents the opening in a non-coordinating solvent, such as toluene. The acetal is activated by the Lewis acid (AlCl3) to give an initial adduct 136, which opens up to a fully developed oxocarbenium ion (138). Following hydride delivery by the borane reagent, the final 4-O-arylmethyl derivative (141) is obtained, albeit with stereoscrambling at the original acetal carbon atom, suggesting an SN1-like reaction and providing evidence for the intermediate oxocarbenium ion. In reactions in the polar coordinating solvent THF, the initial complex with AlCl3 – essentially present as the adduct AlCl3∙THF – only partially dissociates, creating an intimate ion pair (139). Stereocontrolled hydride reduction leads to the 4-O-arylmethyl derivative with high degree of stereoselectivity at the original acetal carbon atom (142). The regioselectivity of pathways A and B stems from the direct interaction of the Lewis acid with the most nucleophilic and electron rich oxygen of the acetal, which is O6. This is true only for unactivated boranes and alanes, such as BH3∙THF or LiAlH4. In polar solvents and with activated boranes, such as BH3∙NMe3, BH3∙SMe2 and NaBH3CN, the borane species is the most electrophilic reagent, forming the initial complex (137) with the more nucleophilic O6 (path C). Following activation of O4 by the Lewis or Brønsted acid, the regioselectivity inverts and the corresponding 6-O-arylmethyl derivative is formed. As with the reaction in an apolar solvent, the intermediate oxocarbenium ion (140) can be attacked from both diastereotopic faces (SN1-like), leading to stereoscrambling at the original acetal carbon atom (143).
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Scheme 36. General mechanistic model for reductive opening of benzylidene acetals under different reaction conditions, as proposed by Ellervik and coworkers. Path A: reaction in apolar solvents, regioselectivity directed by complexation with Lewis acids, use of unactivated boranes and alanes. Path B: reaction in polar solvents, regioselectivity directed by complexation with Lewis acids, use of unactivated boranes and alanes. Path C: reaction in polar solvents, regioselectivity directed by complexation with activated boranes, use of Lewis or Brønsted acids as secondary activating reagents.

The first and – until now – only example of a reductive ring opening using sodium borohydride (NaBH4) was published in 2013.124 In combination with cyanuric chloride pyranose-based arylidene acetals can be selectively cleaved to yield the 4-O-arylmethyl derivatives. This reagent pair tolerates the presence of esters, silyl ethers, phthalimides, azides and thioglycosides, rendering it a very mild and potentially widely applicable method.

From the large and diverse hydride family, the silicon hydrides or silanes (formally containing at least one Si–H bond) constitute a group of very mild reagents, capable of tolerating a wide range of functional groups. The employment of Et3SiH in conjunction with TFA for the reduction of simple acetals and ketals has been known since the 1970s,125 but this methodology was not transferred to carbohydrate chemistry until 1995.126 Scheme 37 depicts some examples of 4,6-O-benzylidene-protected pyranoses, which upon treatment with Et3SiH-TFA in dichloromethane selectively afforded the 6-O-benzyl derivatives 145 and 147. Interestingly, no reaction was observed with galactopyranoses.
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Scheme 37. Reductive ring opening of benzylidene acetals with Et3SiH and TFA.

The research group of Geert-Jan Boons used the acidic conditions of the Et3SiH-mediated ring opening to perform one-pot oligosaccharide synthesis.127 Several protocols were explored; a selected pair is depicted in Scheme 38. Treatment of a mixture of trichloroacetimidate donor 148 and benzylidene protected acceptor 149 with triflic acid (TfOH) in catalytic amounts at 0 °C achieved glycosylation. After cooling to -78 °C, Et3SiH and excess TfOH are added, allowing regioselective reductive ring opening of the acetal to deliver 150. This sequence could also be reversed: ring opening of the benzylidene acetal in 64 at -78 °C was followed by addition of glycosyl donor 148, eventually leading to disaccharide 151. Both sequences could also be combined to synthesize trisaccharides in one pot. Similar results were obtained by Tran et al., using Cu(OTf)2 as a Lewis acid.128
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Scheme 38. Synthesis of oligosaccharides using the reductive ring opening with Et3SiH and TfOH (dFBz = 2,5-difluorobenzoyl).

The combination of Et3SiH and BF3∙OEt2 was explored by Debenham et al., selectively liberating the 4-OH.129 With this method, no degradation of the glycosidic bond was observed. Watanabe and coworkers used Et3SiH-BF3∙OEt2 for the cleavage of o-nitrobenzylidene acetals (Scheme 39) to selectively give 6-O-o-nitrobenzyl derivatives 153 and 155, allowing orthogonal photochemical deprotection.130
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Scheme 39. Reductive ring opening of o-nitrobenzylidene acetals with Et3SiH and BF3∙OEt2.

Analogous results were obtained when Et3SiH was combined with ethylaluminium dichloride (EtAlCl2),131 molecular iodine132 or with HClO4-SiO2.133 The latter conditions were used for a tandem benzylidene opening and Schmidt glycosylation with trichloroacetimidate donors in one pot.

According to a 2015 study, the Et3SiH-BF3∙OEt2 reagent pair was found to be incompatible with Ley’s butane diacetal (BDA) protecting group (Scheme 40): besides the anticipated 6-O-benzyl product (157), the ring opening of the benzylidene acetal in 156 also gave equal amounts of the reduced BDA product (158).134
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Scheme 40. Reductive ring opening a benzylidene acetal with Et3SiH and BF3∙OEt2, in the presence of a butane diacetal.

In 2000, Sakagami et al. demonstrated that the regioselectivity of the ring opening of 4,6-O-benzylidene-protected pyranoses can be altered by an appropriate choice of the activating reagent (Scheme 41).135 A combination of Et3SiH with a Brønsted acid, such as TfOH, selectively gave the 6-O-benzyl derivatives (160 and 163), while the use of dichlorophenylborane (PhBCl2) as a Lewis acid delivered the 4-O-benzyl derivatives (161 and 164). Besides Et3SiH, PS-DES (polystyrene-bound butyldiethylsilane) and iPr3SiH (triisopropylsilane) were tested as well, giving similar results. Practical applications of this principle can be found in the work of Kojima et al. on the cleavage of fluorous benzylidene acetals136 and the work of Zhu et al. on the cleavage of o-nitrobenzylidene acetals for the synthesis of photolabile glycosides.137
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Scheme 41. Regioselectivity biasing in the reductive ring opening of benzylidene acetals with Et3SiH and TfOH or PhBCl2.

A rare example of the cleavage of an l-idose-derived acetal was reported by Dilhas et al. in 2004 (Scheme 42).138 Treatment of disaccharide 165 with Et3SiH-PhBCl2 afforded 166 with full regiospecificity.
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Scheme 42. Reductive ring opening of an l-idose-derived p-methoxybenzylidene acetal with Et3SiH and PhBCl2.

The reductive opening with Et3SiH and 5 mol% hafnium(IV) triflate (Hf(OTf)4) was accompanied by partial silylation of the liberated 4-OH (Scheme 43).139 Reducible functionalities such as esters (167), phthalimides (173), azides and thioglycosides were found to be stable under these conditions.
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Scheme 43. Reductive ring opening of benzylidene acetals with Et3SiH and catalytic Hf(OTf)4.

With regard to the reaction mechanism, only one study has been conducted so far, by Lee et al. (Scheme 44).84 Using the deuterated silane Et3SiD and several activating acids (Cu(OTf)2, BF3∙OEt2 and TFA), the researchers found that complete stereorandomization at the original acetal carbon atom occurred (as judged by 1H NMR analysis), implying the formation of an oxocarbenium intermediate (176).
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Scheme 44. Mechanistic model for the hydride delivery by Et3SiD to a benzylidene acetal.

Siloxanes, reagents containing at least one Si–O bond, have been used for reductive ring openings, but seem to be less popular than the classical silanes. 1,1,3,3-tetramethyldisiloxane (TMDS) has been applied to the regioselective ring opening of several pyranosyl acetals, including benzylidene and n-alkylidene acetals, in combination with either catalytic amounts of copper(II) triflate (Cu(OTf)2) or 1.5 equivalents of AlCl3 (Scheme 45).140 In the case of fully protected arylidene glycosides (64), the 4-OH was liberated with Cu(OTf)2, regardless of the type of protecting groups. With AlCl3, the 6-OH was liberated, only if ether protecting groups were used. In the case of esters (109), the regioselectivity shifted. A plausible explanation for this outcome could be complexation of the Lewis acid with O4 and the carbonyl oxygen of the adjacent ester moiety on O3.

When this methodology was applied on partially unprotected sugars (52), the regioselectivity reversed: with Cu(OTf)2 the 6-OH was liberated (53) and with AlCl3 the 6-O-benzyl derivative (54) was formed. The presence of free OH-groups probably leads to formation of minor amounts of HOTf and HCl, both Brønsted acids, dictating an opposite regioselectivity with respect to the Lewis acids.
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Scheme 45. Reductive ring opening of pyranosyl acetals with TMDS and Cu(OTf)2 or AlCl3.

The use of poly(methylhydrosiloxane) (PMHS) in conjunction with AlCl3 has been reported as well, giving the 4-O-benzyl derivatives of fully protected glucopyranoses.141
Reductive ring opening with organometallic compounds is an unorthodox method, since these compounds are very reactive and their action on acetals typically leads to derivatization or structural alteration of the resulting ether. Hitherto, only a couple of methods have been disclosed in literature. Upon treatment of the acetonide in 177 with MeMgI, the corresponding 6-tert-butyl ether (178) was obtained as the only regioisomer (Scheme 46).142 A structural prerequisite for this transformation is the presence of a neighbouring hydroxy or alkoxy group, which can chelate to the Grignard reagent, allowing full regioselectivity.143,144
The usefulness of this transformation in a carbohydrate setting is restricted due to the use of the nucleophilic Grignard reagent, excluding the presence of several functional groups, such as carbonyl derivatives, nitriles, epoxides and azides. Furthermore, tert-butyl ethers are highly uncommon protecting groups in carbohydrate chemistry, since they are only cleaved under harsh reaction conditions.
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Scheme 46. Reductive opening of an acetonide using a Grignard reagent.

PSE acetals on pyranoses can be partially cleaved by strong bases, such as nBuLi.71 A series of PSE acetals (179 and 182) was examined in the base-induced cleavage and revealed low regioselectivity profiles, with a slight preference for the 6-O-derivatives (Scheme 47). No differences were observed between cis- and trans-1,3-dioxanopyran systems.
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Scheme 47. nBuLi-mediated retro-Michael opening of PSE acetals in pyranoses.

Although reactions with tri-n-butyltinhydride (nBu3SnH) – in the presence of a radical initiator such as AIBN – are known to typically proceed via radical intermediates, reductions in combination with Lewis acids are presumed to involve an anionic hydride transfer.145,146 Thus, treatment of benzylidene acetal protected sugars 159 and 186 with nBu3SnH-BF3∙OEt2 in dichloromethane predominantly delivered the corresponding 6-O-benzyl derivatives (Scheme 48).147 Only in case of the highly reactive 3,4-dimethoxybenzylidene (3,4-DMB) acetal (188), a mixture of regioisomeric benzyl ethers was obtained. In all cases, complete cleavage of the acetal was observed as well.
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Scheme 48. Reductive cleavage of benzylidene acetals with nBu3SnH and BF3∙OEt2.

Reductive radical fragmentation of acetals is a rather rare and unusual process, and only few specific examples have been disclosed in literature. Crich et al. developed a method to bring about radical cleavage of a 2’-(2-iodophenyl)ethylthiocarbonyl benzylidene acetal (191, Scheme 49), a so-called first generation benzylidene acetal surrogate, by using nBu3SnH in refluxing toluene.148,149 The reaction starts with the generation of an aryl radical (194), which quickly fragmentizes to expel carbon monoxide and 2,3-dihydrobenzothiophene. The resulting acetal radical 195 rearranges to give the primary radical and a 4-O-benzoate (196). Quenching of this radical with a second equivalent of nBu3SnH then gives the 6-deoxy sugar (197). Premature quenching of the acetal radical leads to significant formation of reduced benzylidene acetal byproducts (198).
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Scheme 49. Reductive radical cleavage of a 2’-(2-iodophenyl)ethylthiocarbonyl benzylidene acetal.

The same research group further explored the potential of these new benzylidene-type acetals and came up with a variation, the 1-cyano-2-(2’-iodophenyl)ethylidene (CIPE) acetal, which is more convenient in use because of its straightforward introduction, wide functional group compatibility and its reduced propensity to generate reduction by-products.150,151 Introduction of the CIPE acetal can be accomplished by a transacetalisation with triethyl (2-iodophenyl)orthoacetate and catalytic camphorsulfonic acid (CSA), followed by treatment with trimethylsilyl cyanide (TMSCN) and BF3∙OEt2. The reductive radical ring opening of 199 was established with nBu3SnH, regioselectively giving rhamnopyranoside 200 (Scheme 50). The fragmentation proceeds through a nitrile transfer mechanism, where the aromatic radical (202) cyclizes onto the nitrile to give iminyl radical 203, which then leads to formation of an acetal radical (204). Rearrangement of this radical species gives an ester and a primary radical (205), that is quenched with a second equivalent of nBu3SnH. Premature quenching of the radical 204 also seems unavoidable, but is limited (15% of 207 formed).
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Scheme 50. Reductive radical cleavage of a 1-cyano-2-(2’-iodophenyl)ethylidene acetal.

Dang et al. have reported a thiol-catalyzed radical-chain redox rearrangement of benzylidene acetals, resulting in deoxygenation at one of the diol termini and formation of a benzoate ester at the other side.152 By using a combination of di-tert-butyl peroxide (DTBP) as a radical initiator and triisopropylsilanethiol (TIPST) as a polarity-reversal catalyst,153 glucoside 159 was regioselectively converted into the 6-deoxy-4-O-benzoyl derivative 192 (Scheme 51). The galactopyranoside 208 gave a mixture of regioisomers, with the predominant formation of the 4-deoxy-6-O-benzoyl derivative (210). Functional groups like tosylates, epoxides, ketones and acetonides were found to be compatible with the reaction conditions.
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Scheme 51. Radical cleavage of benzylidene acetals through thiol-catalyzed radical-chain redox rearrangement.

The catalytic cycle (Scheme 52) starts with the thermolysis of DTBP to generate a tert-butoxyl radical, which in turn converts TIPST into a silathiyl radical. The acetal hydrogen is homolytically abstracted, leaving a stable acetal radical (211), that rearranges via a β-scission to the corresponding methyl radical (212). Finally, quenching of this radical leads to the regeneration of the TIPST radical. Although the primary radical seems unstable, calculations have shown that this scission can occur due to a combination of differences in thermodynamic driving forces and charge-transfer stabilization in the transition state.154 For a trans-decalin-conformation, such as glucoside 159, an additional determining factor is its rigid bicyclic conformation. The cis-decalin-conformation in galactose 208, on the other hand, is more flexible and undergoes β-scission to both the primary and secondary radical, hence giving mixtures of regioisomers.
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Scheme 52. Mechanism of the thiol-catalyzed radical-chain redox rearrangement of benzylidene acetals: reductive opening to a secondary benzoate (as observed for a trans-fused 4,6-O-benzylidene acetal).

The SET mediated fragmentation of PSE acetals on pyranoses has been explored by Chéry and coworkers.68 Following earlier studies on simple PSE acetals,155 the researchers employed either sodium amalgam (Na/Hg), magnesium in methanol or samarium(II) iodide (SmI2) for methylglucoside 179 to accomplish fragmentation (Table 5). The first two methods afforded mixtures of the regioisomeric vinyl ethers (213 and 214) and the corresponding ethylidene acetal (215). Only with SmI2 the 4-O-vinyl ether was formed as the sole regioisomer, however with concurrent desulfonylation to the ethylidene acetal. These results are comparable to those obtained with furanoses.
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	Table 5. Systematic studies in SET-mediated openings of a 4,6-PSE-glucopyranoside.

	Entry
	SET reagent
	213 (%)
	214 (%)
	215 (%)
	Overall yield (%)

	1
	Na/Hg
	32
	27
	35
	94

	2
	Mg in MeOH
	25
	25
	29
	79

	3
	SmI2
	0
	35
	35
	70


To the best of our knowledge, only one paper has reported on the reductive cleavage of carbohydrate-based acetals using hydrogen gas as a reductant. In 2014, Lemaire and co-workers proposed a palladium-catalyzed reductive cleavage of alkylidene acetals of methylglucosides.156 The cleavage is performed at 120 °C in dry cyclopentyl methyl ether (CPME) to give the corresponding mono-alkylethers in rather low yields (Scheme 53). Although mixtures were obtained, a preference for the 6-mono-alkylether (217) was observed. The applicability of this method is limited, because it excludes the use of benzyl-type ethers and benzylidene-type acetals as protecting groups, as well as other reducible functionalities, such as alkenes, alkynes, azides, thio-ethers, epoxides, nitriles and cyclopropanes.
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Scheme 53. Reductive opening of an n-pentylidene acetal using hydrogen gas as a clean reductant.

4.2 Oxidative and photochemical methods

Although the oxidative ring opening of acetals by NBS, typically with BaCO3 in CCl4, has been applied to many carbohydrate ring systems, most examples of the Hanessian-Hullar reaction are found within the pyranose family. The reaction delivers bromo-benzoates (Figure 6), which are interesting precursors for further elaboration of the carbohydrate core.
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Figure 6. General representation of the oxidative NBS-mediated ring opening (Hanessian-Hullar reaction) of a pyranose-based 4,6-O-benzylidene acetal, giving regioisomeric bromo-esters.

In a series of papers, Hanessian and coworkers investigated the scope of the method and its applicability to the synthesis of several biologically active aminodeoxy and deoxy pyranoses.157,158 It was found that the oxidative fragmentation is compatible with esters, mesylates, tosylates (220), epoxides and free hydroxyl moieties (52). In almost all cases both cis- and trans-1,3-dioxanopyran systems regiospecifically give the corresponding 6-deoxy-6-bromo-4-benzoates (Scheme 54).


[image: image66.emf]O

O

O

OH

OH

OMe

Br

BzO

O

OH

OH

OMe

219 52

Ph

O

O

O

OTs

OTs

OMe

Br

BzO

O

OTs

OTs

OMe

221 220

Ph

H

H

H

H

NBS, BaCO

3

CCl

4

, 



60%

NBS, BaCO

3

CCl

4

, 



88%


Scheme 54. Hanessian-Hullar reaction on pyranose-based benzylidene acetals.

A peculiar side product was formed when Hanessian and coworkers submitted β-OMe-galactopyranoside 222 to the standard conditions. Besides the anticipated 6-bromo-4-benzoate 223, the 3-deoxy-3-bromogulopyranoside 224a was isolated as well. Studies by Crich et al. led to a structural revision of this product to 224b, a regioisomer with the benzoate at O4 instead of O6 (Scheme 55).159 The transformation is believed to proceed via the formation of a strained anhydro sugar (226), allowing the rearrangement of 225 to 227 through a kinetic trap mechanism. Once the bromide ion has attacked C3 in the strained intermediate 226 and ring opening to 227 has taken place, ring closure back to 225 via a chair conformation is impossible because of the equatorial position of bromine in 227.
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Scheme 55. Formation of 3-deoxy-3-bromogulopyranoside 224b as a side product in the Hanessian-Hullar reaction of β-OMe-galactopyranoside 222.

The propensity of the acetal carbon atom to form a radical intermediate, mesomerically stabilized by the neighbouring oxygen atom lone pairs, has provided opportunities to achieve partial cleavage via photochemistry. In 1972, Collins et al. reported on the photochemical rearrangement of o-nitrobenzylidene protected carbohydrates.160 This was inspired by previous observations made on photochemical rearrangement of o-nitrobenzoic acid derivatives, including aldehydes and acetals. However, their work on carbohydrate substrates was poorly described and lacked in-depth structural analyses of the intermediates, which were presumed to be nitroso compounds. This inconvenience was overcome by subsequent mild oxidation of the nitroso intermediate to the corresponding nitro derivative, using trifluoroperacetic acid. Thus, methylglucoside 152 was converted into a mixture of 4- and 6-o-nitrobenzoates (228 and 229) in a 3:7 ratio (Scheme 56). Because this transformation could not be induced in m-nitro or p-nitrobenzylidene derivatives, the mechanism is believed to proceed via an intramolecular hydrogen radical abstraction by the nitro group, giving 231, which then yields the nitroso intermediate (234), presumably through a cyclization-ring opening sequence (232-233).
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Scheme 56. Photochemical opening of o-nitrobenzylidene acetals.

The free radical bromination of benzylic positions with bromotrichloromethane (CBrCl3) upon irradiation with ultraviolet (UV) light has been known as of the 1960s.161 Under these conditions, CBrCl3 is homolytically split in a bromine and a trichloromethyl radical. The methodology was not applied to carbohydrates until the 1980s, when Peacock and coworkers treated simple 4,6-O-benzylidene methylpyranosides with CBrCl3 under photolytic conditions to partially cleave the acetal.162 Similar to the Hanessian-Hullar reaction, the corresponding 6-bromo-6-deoxy-4-O-benzoyl derivatives (236 and 237) were obtained (Scheme 57). Although this method is operationally simple and does not require expensive reagents, it is not compatible with allyl- or benzyl-type protecting groups due to concurrent bromination. Tosylates, mesylates, esters and epoxides, however, are compatible with these conditions.
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Scheme 57. Regioselective opening of benzylidene acetals under photochemical conditions.

Besides the Hanessian-Hullar reaction, most other oxidative ring opening reactions of pyranose acetals yield the corresponding hydroxy-esters (Figure 7). Usually, mixtures of isomers are obtained, and most methods suffer from poor regioselectivity. Reported reagents and reagent combinations include ozone,163 tBuOOH with CuCl2,164 2,2’-dipyridinium chlorochromate with m-chloroperbenzoic acid (mCPBA),165 NaBrO3 or KBrO3 with Na2S2O4,166-168 N-hydroxyphthalimide with Co(OAc)2,169 dimethyldioxirane (DMDO),170 and orthoperiodic acid (H5IO6) with tetra-n-butylammonium bromide (TBAB).171
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Figure 7. General representation of the oxidative ring opening on a pyranose-based 4,6-O-arylidene-acetal, giving regioisomeric hydroxy-esters.

An interesting oxidative transformation on p-methoxybenzylidene acetals was reported in 1996.172 Essentially, DDQ was used to cleave the acetal, affording the corresponding 6- and 4-O-p-methoxybenzoates in a 4:1 ratio and good yields (Scheme 58). The method requires slight excesses of water and acetic acid, both preadsorbed onto 4Ǻ molecular sieves. It was found that adding a high excess of water led to unwanted hydrolysis of the acetal. The scope of this transformation was expanded by adding combinations of copper(II) and tetra-n-butylammonium salts (CuCl2-TBAC and CuBr2-TBAB), giving the corresponding 6-deoxy-6-halo-4-O-p-methoxybenzoates (240 and 241).

To account for these results, a cationic mechanism was suggested, in which the p-methoxybenzylidene acetal is oxidized by DDQ to the corresponding stabilized carbocation (242), which reacts with water to form a hemi-orthoester (244), that quickly eliminates to the corresponding hydroxy-ester derivatives as regioisomers 245 and 246 (path A or B). Alternatively, C6 can be attacked by water to give the 4-O-p-methoxybenzoate. Addition of halide sources, however, leads to nucleophilic attack at C6 exclusively (path C), eventually yielding the corresponding halide-esters (243). The C4 position is too sterically crowded to allow for attack, and therefore, the corresponding 4-deoxy-4-halo derivatives were not observed. Furthermore, attack of the halide on the acetal carbocation is a reversible process, because the resulting halogenated acetal is not stable.
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Scheme 58. Oxidative opening of p-methoxybenzylidene acetals with DDQ.

Similar to the furanoses, the one-pot transformation of benzylidene-protected pyranoses to the corresponding 4-O-benzoyl uronic acids was established by oxidation with RuCl3-NaIO4 (Scheme 59).78 The method was found to be compatible with several functional groups, including esters (159), silyl ethers (248), tosylates, phthalimides and azides.
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Scheme 59. Conversion of benzylidene acetals to the corresponding O-benzoyl uronic acids.

5. Septanosides

Only a limited number of manipulations of the 1,3-dioxano-oxepane or 2,4,7-trioxabicyclo[4.5.0]undecane motif (Figure 8) has been described in literature, all of them reductive in nature. These publications can roughly be divided into two fields of research. On the one hand, there is the work from the group of Peczuh at the University of Connecticut. They were the first and only lab so far to describe reductive benzylidene ring openings on septanosides. Another field of research that has made use of reductive ring openings of 1,3-dioxano-oxepane systems is the total synthesis of marine polyether toxins. Comprehensive structural studies on septanoside-derived acetal ring openings, however, are lacking in literature.
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Figure 8. Structure of the 2,4,7-trioxabicyclo[4.5.0]undecane motif.

5.1 Manipulations of benzylidene protected septanosides

As a part of their studies on glycosylation reactions with septanosyl carbohydrates, Castro et al. performed a small but concise series of reductive ring openings on the 5,7-O-benzylidene protected septanoside 250 (Table 6).173
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	Table 6. Reductive ring openings on a 5,7-benzylidene protected septanoside.

	Entry
	Reagents
	Solvent
	251 (%)
	252 (%)
	Product ratio (251:252)

	1
	LiAlH4, AlCl3
	CH2Cl2, Et2O
	42
	13
	3:1

	2
	BH3·HNMe2, BF3·OEt2
	CH2Cl2, Et2O
	54
	13
	4:1

	3
	BH3·HNMe2, BF3·OEt2
	MeCN
	-
	61
	0:1


Although the low number of documented conditions prevents us from making a comprehensive model for regioselectivity based on the conditions, it is justified to state that the nature of the solvent is a strong influencing factor. This is illustrated by the drastic change in regioselectivity between entries 2 and 3.

5.2 Ring openings in the total synthesis of marine polyether toxins

The Japanese research groups of Tachibana and Sasaki have published several papers on the synthesis of marine polyether toxins utilizing, among others, a DIBALH-mediated opening of a benzylidene-protected septanoside (253).174-178 As previously described for 1,3-dioxanofurans, coordination of DIBALH to the least hindered oxygen atom of the 1,3-dioxane system eventually leads to the product that has a free primary hydroxyl group and bears the benzyl ether on the more hindered site (Tables 7 and 8).
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	Table 7. DIBALH-mediated ring openings in the synthesis of marine polyether toxins.

	Entry
	R1
	R2
	R3
	R4
	Yield (%)
	Reference

	1
	H
	vinyl
	TES
	H
	67
	177

	2
	H
	Bn
	H
	H
	73
	174

	3
	Me
	large pyranomethyl system
	Bn
	OMe
	78
	178
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	Table 8. DIBALH-mediated ring openings in the synthesis of marine polyether toxins.

	Entry
	R1
	R2
	R3
	Yield (%)
	Reference

	1
	H
	H
	OMe
	85
	176

	2
	Me
	Me
	H
	76
	177


Several conclusions can be drawn from these results. This transformation is compatible with isolated terminal alkenes, benzyl ethers and a variety of silyl ethers. The introduction of additional steric bulk on the bridgeheads of the ring fusion, such as in entry 3 in Table 7 or entry 2 in Table 8, has no detrimental effect on the product yield of this transformation. Both benzylidene and p-methoxybenzylidene acetals seem to react well under these conditions, with the latter giving slightly higher yields.

6. Conclusions and outlook

The 1,3-dioxane motif in carbohydrates is not a passive by-stander: it can actively participate in stereo- and regiocontrolled manipulations of the sugar core, and it can be transformed into a variety of useful functionalities, such as halogenated, deoxygenated and carboxylic acid or ester derivatives. The application of the acetal ring opening can therefore be considered as a strategic auxiliary transformation, allowing swift protecting group interconversion.

With regard to the regioselectivity, literature examples for 4- and 7-membered carbohydrate rings are too scarce to allow establishing of foolproof predictive models, this in contrast to the furanoses, for which more unambiguous rules can be drafted. The pyranose family can be considered archetypical. Nonetheless, the regioselectivity pattern for this family of compounds often appears erratic. Generally, two types of factors influencing the regioselectivity can be distinguished. External or experimental factors include the solvent polarity, the temperature, the nature of the activating acid and the order of addition. Internal factors, such as the nature of the ring fusion and the presence or absence of neighbouring participating groups, do affect the regioselectivity, but these are inherent to the substrate and consequently limit the degrees of freedom for experimentation. Often external and internal factors influence each other, creating a multivariate system that can either facilitate or thwart effective optimization of the reaction. Additionally, the unpredictability of the regioselectivity pattern in pyranoses can also be attributed to a lack of comprehensive systematic studies that screen multiple conditions on different substrates.

A lot of the reductive and oxidative strategies that can be applied to regioselectively open the 1,3-dioxane acetal were first described on simple acetals or ketals, and only applied in carbohydrate chemistry at a much later point in time. This may be attributed to the fact that classical methods often depended on non-chemoselective reagents, such as LiAlH4, thereby severely limiting the substrate scope. This scope could only be significantly expanded upon the development of conditions based on milder reagents in more recent times. Currently, the methodology toolbox is compatible with (oligo)saccharides decorated with a broad range of functional and often reactive groups, such as azides, epoxides, sulfonates, imines and nitro groups. Methodologies that, as of today, appear underexplored, but which might offer clear advantages with regard to atom economy, redox economy, scalability and sustainability, include photoredox catalysis and organic electrochemistry.
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Text for table of contents:

The regioselective modification of carbohydrates is a vital research topic in carbohydrate chemistry and often entails careful protecting group manipulation. This review demonstrates the power of the selective opening of 1,3-dioxane-type acetals in a carbohydrate setting under various conditions.
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