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Supramolecular activation in triggered cascade inversionf
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An unexpected activation effect from combinations of anionic
reagent and amine base resulted in dramatic rate enhancements
in multiple carbohydrate cascade inversion.

Organic synthesis using the principles of supramolecular
chemistry is an important advancement in modern synthetic
chemistry, for example leading to improved process control
and enhanced reaction rates.'> Such supramolecular assis-
tance to synthesis' has been extensively applied to template
synthesis and reactions in container molecules or nanoreac-
tors,” and may also lead to self-replicating systems.* Recogni-
tion-based proximity and restriction of participating reactants
are generally involved in these systems, but supramolecular
regulation of auxiliary reagents can also be used to increase
the control.

A specific challenge in this respect is constituted by cascade
reactions, possessing the advantage of proceeding through
several transformations in a single synthetic operation.® The
synthetic potential of such reactions has been recognized for
advanced organic synthesis, often resulting in compounds of
highly complex structures. The action of trigger groups can
also induce control of the reaction cascade, where the resulting
reaction sequence is initiated by an external agent, often a
biocatalyst.® Control of the trigger mechanism then leads to
control of the entire cascade.

In the present study, we report a triggered asymmetric
cascade reaction leading to multiple inversions of carbohy-
drate stereocenters. The reactions are furthermore initiated
through supramolecular activation, where a triflate group acts
as cascade trigger, released by a nitrite ion in combination with
an amine base (Scheme 1).

The cascade reaction is based on a pyranoside scaffold, for
which epimerization to the corresponding epi-hydroxy isomers
is an important strategy to generate structures that may
otherwise be cumbersome to prepare.” Recently, the effects
of ester activation in the Lattrell-Dax (nitrite-mediated) epi-
merization,® were studied in detail,’ and from these results,
efficient syntheses of B-p-mannosides and -p-talosides could
be developed by employing the reactivity differences between
the 2- and 4-positions.'®!! However, unexpected behavior of
the nucleophilic reagent prompted us to study these reactions
further, resulting in the discovery of unprecedented carbohy-
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Scheme 1 Multiple inversions through triggered cascade control.

drate cascade reactions involving migration, inversion and
epoxidation (Scheme 2).

When B-p-glucoside 1 and B-p-galactoside 2 were subjected
to tetrabutylammonium acetate (TBAOAC) in order to obtain
the corresponding B-pD-mannoside- and B-p-taloside inversion
products, the 2,3-anhydro structures 3 and 4 were however
formed in quantitative yields instead. In contrast, when the
same reactions were performed with nitrite alone, the expected
inversion products were formed in good yields.'!

In order to evaluate these results, NMR analyses were
carried out (¢f. Fig. 1 in ESI for 41), indicating that only the
starting materials and the final products co-exist in the reac-
tion mixture, and no build-up of intermediates could be
recorded. These results suggest a base-dependent cascade
reaction (Scheme 3), where the acetate anion initially acts as
a base in deprotonating the 4-OH group. Dynamic acetyl
migration between the 4- and 3-positions subsequently gen-
erates the 3-position alkoxide that instantly attacks the
2-position, forming the 2,3-anhydro compounds. Clearly, the
stability of the cyclic migration intermediate M is low, as
expected, since no build-up is visible throughout the process.
Because no intermediates were formed, the initial deprotona-
tion step is rate limiting for the entire process.

Base-promoted deprotonation being the proposed trigger
for the reaction cascade, similar results would also be obtained
if the acetate anion is replaced with a different base. With
imidazole no reaction occurred, but when acetate was replaced
with triethylamine (TEA), or ethylenediamine (EDA), the
cascade reaction was also initiated (Table 1). The reaction
proceeded however in these cases slowly (Table 1, entries 2-4),
and a large amount of migration intermediate 5 accumulated
in the reaction mixture (Fig. 1 in ESIY).

However, the combination of anions with amine base
resulted in very large rate accelerations (Table 1, entries 7, 9
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Scheme 2 Carbohydrate cascade inversion controlled by acetate.
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Scheme 3 Proposed cascade reaction mechanism for B-n-galactoside 2.

and 10). For example, the combination of acetate and ethyle-
nediamine yielded full cascade conversion in one hour (Table 1,
entry 7). In contrast, acetate or EDA alone resulted in only 50%
conversion after 8 and 40 h, respectively (Table 1, entries 5 and
3). For nitrite, the results were even more conspicuous; although
nitrite anion alone was unable to induce the cascade reaction
(Table 1, entry 8), its combination with EDA resulted in
quantitative rapid cascade inversion (Table 1, entries 9 and 10).

Interestingly, the large amount of intermediate 5 that accu-
mulated with amine base alone, rapidly disappeared when
adding acetate or nitrite. This suggests that the anions are
able to activate the epoxide formation from the 3-OH inter-
mediate. In this case, the acetate anion acts not only as a base,
but also as an activator of the whole cascade reaction. The
nitrite anion, on the other hand, exclusively acts as a cascade
activator.

According to these results, it could also be anticipated that
amino acids should display strong activation abilities for the
cascade reaction, carrying both an amine and an acetate
group. Indeed, this proposition proved to be valid. Starting
from compound 2, and adding only two equivalents of the
TBA salt of either a-L-alanine or B-alanine in benzene, the 2,3-
anhydro product 4 was obtained in quantitative yield within
one hour (Scheme 4).

Based on these results, improved triggered cascade reactions
starting directly from compounds 6 and 7 could be designed
(Scheme 5), where the cascade sequence involved two inver-
sions, migration and epoxidation. By combination of tetra-
butylammonium nitrite with ethylenediamine, the cascade
reactions proceeded smoothly and compounds 3 and 4 were
directly produced in up to 90% yield. Under these conditions,
ethylenediamine alone was unable to substitute either triflate
group, and only maintained a basic condition. The nitrite ion
not only triggered the entire cascade reactions by substitution
and inversion of the 4-position, but furthermore activated the
epoxidation steps.

Under mild acidic work-up conditions, compounds 3 and 4
could subsequently be transformed to the corresponding 3-D-
altrosides,'? and B-p-idosides,'? respectively, in near quantita-
tive yields (c¢f- Scheme 1). This provides a very efficient route to
these unusual carbohydrate structures,'* accessible in high
overall yields (up to 80%) in very few steps from the parent
unprotected glucosides/galactosides.!! The 2,3-anhydro com-
pounds are furthermore potentially useful building blocks for
alternative carbohydrate substitution patterns, using a variety
of suitable reagents.15 In addition, the cascade reactions are
not confined to carbohydrates, but in principle applicable to
any structure carrying the common three-carbon motif as
exemplified by positions 2-3—4 in compounds 6 and 7.

Table 1 Cascade reaction of compound 2 with anionic reagents and/
or amine base

Entry Reagent (eq.) Base (eq.) Time/h  Yield (%)
1 — Imidazole (50) 72 —
24 — TEA (15) 96 —b
34 — EDA (10) 40 —
4¢ — EDA (30) 7 b
5 TBAOAc (1) — 8 —b
6 TBAOAc (5)  — 2 Quant.
7 TBAOAc (1) EDA (10) 1 Quant.
8 TBANO, (10) — 120 —
9 TBANO, (10)  EDA (30) 0.1 Quant.
10 TBANO, (1) EDA (10) 4 Quant.

“ Intermediate 5 formed. ® 50% conversion. ¢ Inversion obtained.
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Scheme 4 Carbohydrate cascade epimerization activated by amino
acid anions.

To further explore how the anionic reagents activate the
cascade reaction, a range of anions was studied. Thus, benzo-
ate, chloride, bromide and thiocyanate were tested in addition
to acetate and nitrite. When these anions were tested together
with compound 2, NMR analyses indicated the formation of
hydrogen bonds between the anions and the hydroxyl group in
the 4-position (¢f. Fig. 2 in ESIt). The chemical shifts of the 4-
OH proton changed from 1.8 for compound 2 alone to up to
9.0 for NO, . With AcO™ and BzO™, the 4-OH resonances
were indiscernible, but the downfield change in chemical shift
of the 4-H protons indicates formation of hydrogen bonds.
The 4-H resonances thus changed from 3.7 (compound 2
alone) up to 4.8 (NO,~, AcO™ and BzO").

In analogy with the results for acetate, the benzoate anion
alone could also trigger the cascade reaction (Table 2, entry 2).
In this case, however, the reaction proceeded at a considerably
lower rate. The chloride, bromide, and thiocyanate anions, on
the other hand, showed the same behavior as nitrite, and were
unable to initiate the reaction by themselves. However, in
combination with amine base, all tested anions proved able to
activate the cascade reaction (Table 2). This activation ability
followed the corresponding H-bond formation tendencies,
where anions displaying higher H-bonding also showed stron-
ger activation ability. In combination with EDA the activation
follows the order: AcO™ > BzO~™ > NO,™ > CI” > Br™ >
SCN™ in benzene.
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Scheme 5 Carbohydrate cascade epimerization starting from com-
pounds 6 and 7.
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Table 2 Cascade reaction for compound 2 in combinations of anions
and 5 eq. of EDA in benzene

Entry Reagent (eq.) d40n”/ppm d4x“/ppm Time/h Yield (%)
1 TBAOAc (5) — 48 0.5  Quant
2 TBAOBz (5) — 4.8 1 Quant.
3 TBANO, (5) 9.0 48 2 Quant.
4 TBACI(5) 7.7 47 6 Quant.
5 TBABr (5 6.7 4.7 7 Quant.
6 TBASCN (5) 6.6 4.4 28 Quant.

“ The d4.0p and d4.y of 2 are 1.8 and 3.7 ppm, respectively.

These results indicate anion-assisted deprotonation through
hydrogen bonding as a rationale for the activation effect.'®
Reactions with amine base alone lead to accumulation of the
migration product intermediate (5), but when the anionic
reagent is present from the start, or added after build-up of
the intermediate, this is rapidly consumed and the 2,3-anhydro
product formed. With acetate or benzoate alone, hydrogen
bond complexes between the carbohydrate and the carbox-
ylate anions can activate the deprotonation process, likely
forming a [RCOO---H---O0OR]™ complex.'”'® Support for
this conclusion was also seen when one equivalent of acetate
was used in the reaction, resulting in final 50% conversion. On
the other hand, with nitrite and the other anions alone, the
hydrogen bond complex is weaker, and the possible
[X---H---X]~ complex is equally weak.'® As a result, depro-
tonation is less efficient. Dramatic rate enhancements were
furthermore recorded with combinations of anion and amine
base. In analogy with the formation of [RCOO-:--H---0O0-
R]™, this effect suggests possible complex formation between
the amine and the anion [RNH,---H---X], leading to more
efficient formation of product 4, and no accumulation of
intermediate 5 (Scheme 6).
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Scheme 6 Enhanced deprotonation through anion—amine interac-
tion.

In conclusion, a convenient and highly efficient method for
multiple carbohydrate epimerization through triggered cas-
cade reactions is introduced. It was found that reactions that
normally involve many steps could be completed in one step in
quantitative yields. An intriguing activation effect was further-
more discovered, where combinations of anionic reagent and
amine base resulted in dramatic rate enhancements. The
mechanism by which anionic reagents activate the cascade
reaction was initially explored, suggesting a supramolecular
process emanating from the enhanced deprotonation due to
plausible amine—anion complexation. This supramolecular
effect would not only be specific for pyranoside inversion,
but of general use for a wide range of base-dependent reac-
tions. It was also demonstrated that amino acid anions alone

show strong activation effects for the triggered cascade
reaction.
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