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Abstract

It is reported that S-glycosyl O-methyl phenylcarbamothioates (SNea carbamothioates) have a
fully orthogonal character in comparison to S-benzoxazolyl (SBox) glycosides. This complete
orthogonality was revealed by performing competitive glycosylation experiments in the presence
of various promoters. The results obtained indicate that SNea carbamothioates have a very similar
reactivity profile to that of glycosyl thiocyanates, yet are significantly more stable and tolerate
selected protecting group manipulations. These features make the SNea carbamothioates new
promising building blocks for further utilization in oligosaccharide synthesis.

The stereocontrolled introduction of glycosidic linkages1,2 is arguably the most challenging
aspect in the synthesis of oligosaccharides3-9 and glycoconjugates.10-12 A broad variety of
factors is known to have a profound effect on the stereoselectivity outcome of the chemical
glycosylation.13 Although a typical glycosylation reaction follows the unimolecular
mechanism with the rate-determining step being the attack of the glycosyl acceptor on the
intermediate formed as a result of the leaving group departure;14,15 the effect of a leaving
group is important. The belief that the nature of the leaving group itself may also have an
influence on the anomeric stereoselectivity led to the development of a myriad of glycosyl
donors.2 However, it is not always clear whether this effect is a result of a bimolecular,
close-ion-pair displacement mechanism, or others. For instance, glycosyl thiocyanates were
introduced two decades ago as very effective glycosyl donors for 1,2-cis glycosylations.
16,17 Various hexose and pentose 1,2-trans thiocyanate glycosyl donors were found to
provide challenging 1,2-cis glycosides18 with complete stereoselectivity. While tritylated
acceptors were used in most of the reported transformations, a procedure involving
unprotected hydroxyl was also developed.19 These two typical examples of glycosylation
using the thiocyanate methodology are illustrated in Scheme 1. A major drawback of this
technique is modest yields obtained during both the synthesis of glycosyl thiocyanates and
their glycosidations. The modest yields are typically due to the propensity of thiocyanates to
isomerize into the corresponding stable isothiocyanates.
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Our laboratory has been investigating glycosyl thioimidates, and the synthesis of the S-
benzoxazolyl (SBox)20-22 and S-thiazolinyl (STaz)23,24 derivatives and their application
as glycosyl donors has been reported. Undoubtedly, thioimidates have some structural
similarity with thiocyanates. However, how these two methodologies compare in
glycosylations remained unclear. Therefore, we decided to investigate these two structurally
related classes of glycosyl donor by performing comparative side-by-side investigations. For
this purpose, we obtained glycosyl donors 1a (SCN) and 1b25 (SBox) and performed direct
comparative couplings with glycosyl acceptor 2.26

Silver(I)triflate (AgOTf) that was found to be a very efficient promoter for activating a
variety of thioimidates studied in our laboratory,28,29 was similarly effective with both
thiocyanate 1a and SBox 1b glycosyl donors. The disaccharide 3 was isolated in around
80% (entries 1 and 2, Table 1). Relatively low stereoselectivity obtained in the glycosidation
of thiocyanate 1a was not surprising in light of our recent observation that the
stereoselectivity may greatly depend on the nature of the protecting groups used for masking
hydroxyl groups of the glycosyl acceptor.30

Methyl triflate, very commonly used for the activation of thioglycosides31 and
thioimidates32 was virtually ineffective in the case of thiocyanate 1a, whereas glycosidation
of SBox donor 1b was much more efficient (entries 3 and 4). Conversely, copper(II) triflate,
which is too mild an activator to activate SBox glycoside 1b with the 2-Bn-tri-Bz super-
disarming protective group pattern,25 was rather effective with glycosyl thiocyanate. Thus,
Cu(OTf)2-promoted glycosidation of 1a afforded disaccharide 3 in 95% yield and good
stereoselectivity α/β = 9/1 (entry 5). The results summarized in Table 1 indicate potential
orthogonality of these two classes of glycosyl donors, however, we anticipate that the
application of thiocyanates in orthogonal-like oligosaccharide synthesis33 will be
cumbersome due to their general instability.

These interesting results stimulated us to pursue more extended comparative studies. Similar
comparative reactions have been conducted with glycosyl donors of the disarmed (per-
benzoylated) series and glycosyl thiocyanate 4a34,35 and SBox derivative 4b22 have been
obtained. To gain a better insight in the nature of effects that prompt similar leaving groups
to react so differently, we obtained S-glycosyl O-methyl phenylcarbamothioate 4c (SNea
carbamothioate, shown in Table 2).36 The SNea leaving group has been specifically
designed to represent a hybrid structure bridging between simple acyclic thiocyanate 4a and
cyclic SBox glycoside 4b. In addition, comparison of the SBox and SNea leaving groups
could serve as a useful toolkit for studying whether the cyclic structure of thioimidates
previously investigated in our laboratory29 and by others32 is truly crucial for the successful
activation/application of this class of glycosyl donors.

These comparative studies began with the investigation of per-benzoylated thiocyanate 4a.
We found that this derivative can be smoothly activated under a variety of reaction
conditions also common for the activation of thioimidates (Table 2). With the exception of
the MeOTf-promoted glycosidation that required 22 h to complete (entry 1), reactions with
all other activators investigated were completed in less than 10 min (entries 2-4). The
disaccharide 8 was obtained with consistently very good to excellent yields (82-95%), hence
offering a variety of new effective pathways for the activation of glycosyl thiocyanates,
which is significant since previously developed protocols suffered from very modest yields.
The fact that perbenzoylated thiocyanate 4a actually reacts in the presence of MeOTf can be
explained by its significantly more reactive nature in comparison to that of its superdisarmed
counterpart 1a.
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The SBox glycoside 4b performed very similarly (entries 5-8), although most reactions,
except those promoted with MeOTf (entry 5), were notably slower than the respective
reactions with thiocyanate 4a. Cu(OTf)2-promoted reaction required 3 equiv. of the
promoter to proceed with acceptable rate and good yield (entry 8). Strikingly, SNea
carbamothioate 4c reacted somewhat differently than either thiocyanate 4a or SBox
glycoside 4b. First, glycosidations of 4c in the presence of either MeOTf or AgOTf as
promoters were virtually ineffective (entries 9 and 10), whereas both 4a and 4b reacted
readily. Second, although the reaction of 4c required 3 equiv. of AgBF4, it completed in 15
min (entry 11), similarly to that of thiocyanate 4a, whereas glycosidation of SBox 4b
required 3.5 h. Third, Cu(OTf)2 was particularly effective allowing the disaccharide 8 in
90% yield in 1 h (entry 12) even in the presence of a very slight excess of the promoter.
These studies were extended to the evaluation of secondary glycosyl acceptors 5-7.37-39 All
glycosylations readily afforded the target disaccharides 9-1124,40 in good yields (see entries
13-15 and the SI for characterization data).

Overall, the reactivity pattern of benzoylated carbamothioate 4c is very similar to that of the
superdisarmed thiocyanate 1a observed earlier (Table 1). This led us to postulate that SNea
leaving group reacts similarly to that of the SCN, but it is somewhat less reactive and its
activation requires more powerful conditions and/or longer reaction time (compare for
example results depicted in entries 4 and 12, Table 2). It is possible that SNea moiety
follows a remote activation pathway,41 similar to that of thiocyanates (via the nitrogen
atom),27 while SBox glycosides were found to be activated directly via the sulfur atom22,42
similarly to that of the conventional alkyl/aryl thioglycosides (Figure 1).

In comparison to the SBox glycosyl donor 4b, SNea derivative 4c may be considered fully
orthogonal: the SBox leaving group was promoted much faster in the presence of MeOTf,
whereas Cu(OTf)2 was found to be significantly more effective for the activation of SNea
carbamothioate. The anticipated orthogonality of the SBox vs. SNea derivatives has been
evaluated in the direct competition experiments depicted in Scheme 2. In these reactions,
two glycosyl donors 4b and 4c were allowed to compete for one glycosyl acceptor 2. Upon
consumption of the acceptor, the products were separated, and the unreacted glycosyl donor
was recovered. The differentiation of the SBox and SNea building blocks was found to be
very effective in both directions. First, MeOTf-promoted competition experiment led to the
formation of disaccharide 8 in 88%. In this case, 98% of SNea glycosyl donor 4c could be
recovered while only traces of SBox glycoside 4b were remaining. Second, Cu(OTf)2-
promoted competition experiment led to the formation of disaccharide 8 in 97% yield. In
this case 96% of SBox glycosyl donor 4b could be recovered while only traces of SNea
carbamothioate 4a were present. These results clearly serve as an indication for the highly
selective nature of these orthogonal activations.

In conclusion, as a part of a study of glycosyl donors with S-C-N generic leaving group
structure we described the comparative studies of glycosyl thiocyanates vs. S-benzoxazolyl
glycosides. To gain a better insight into the reactivity mode of these structurally similar
glycosyl donors react, we designed a bridging structure, SNea carbamothioate, which were
found to react similarly to the SCN derivatives. Higher stability of SNea carbamothioate
allowed for the investigation of their proposed orthogonality with the SBox glycosides.
Further studies of these promising new glycosyl donors in the context of expeditious
oligosaccharide synthesis via effective selective or orthogonal activation strategies are
currently underway in our laboratory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Reaction of a glycosyl thiocyanate with 4-O-trityl and 3-hydroxyl glycosyl acceptors.19,27
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Scheme 2.
Competitive glycosylations involving differentiation of two glycosyl donors, SBox 4b vs.
SNea 4c.
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Figure 1.
Direct vs. remote activation pathways
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Table 1

Comparative studies of glycosyl thiocyanate 1a and S-benzoxazolyl glycoside 1b.

entry donor promoter (equiv)a time yield of 3 (α/β ratio)

1 1a AgOTf (1.2) 48 h 80% (3/1)

2 1b AgOTf (1.2)b 48 h 79% (3.4/1)

3 1a MeOTf (1.2) 48 h Traces

4 1b MeOTf (1.2) 48 h 76% (3.2/1)

5 1a Cu(OTf)2 (1.2) 1 h 95% (9.0/1)

6 1b Cu(OTf)2 (1.2) 48 h Traces

a
intentionally, only slight excess of promoter has been used in these reactions to gain a better control of the reaction rate

b
completed in 15 min (86%) with 3 equiv.
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