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The dehydration of N-acetylglucosamine (GlcNAc)
to enantiopure dihydroxyethyl acetamidofuran
(Di-HAF)+
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The first multi-gram synthesis of enantiopure dihydroxyethyl acetamidofuran (Di-HAF) is reported. Under
optimized conditions, GlcNAc dehydrates in pyridine in the presence of phenylboronic acid and triflic
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acid to afford Di-HAF in 73% yield and 99.3% ee in just 30 minutes. This protocol opens the door for
further research on this bio-renewable building block which is now available as a chiral pool synthon. A
plausible mechanism of its formation and of the subsequent dehydration of Di-HAF into well-known
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Introduction

Valorisation of biobased raw materials has attracted much
attention in recent years."” In the biorefinery concept,
biomass is converted into fuels, and building blocks for
the chemical industry. Cellulose, nature’s most abundant
biopolymer, has received prime attention from the scientific
community, but chitin, the second most abundant bio-
polymer, is arguably equally interesting.>* The exoskeleton
of crustaceans is a major source of chitin and is copiously
present in waste streams of shellfish processing plants.
Chitin is a polysaccharide with repeating wunits of
N-acetylglucosamine (GlcNAc). The monomer GlcNAc is
readily obtained via acidic, enzymatic or thermal
depolymerization.>® Research has shown that GlcNAc can be
dehydrated into the substituted furan derivates 5-(hydroxy-
methyl)furfural (5-HMF), 3-acetamido-5-acetylfuran (3A5AF)
and dihydroxyethyl acetamidofuran (Di-HAF, Scheme 1) in
65%,” 60%° and 40% yield,” respectively (Scheme 2).

While the preparation and use of the two furan derivatives
5-HMF and 3A5AF has been studied actively in recent
years,>'*'* the furanyl diol dihydroxyethyl acetamidofuran
(Di-HAF) attracted less attention. This bis-dehydration product
of GlcNAc was identified by Kuhn and Kriiger in 1956'° as an
intermediate in the Morgan-Elson method for quantitative
determination of hexosamines'® and was named chromogen
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3-acetamido-5-acetylfuran (3A5AF) is proposed.

IIL."> We believe that the name “chromogen” does not do
justice to the potential applications of this compound and
therefore prefer to use the more general acronym: Di-HAF.

Unlike the other furans derived from GlcNAc, Di-HAF
retains a chiral center, originally at the C5 position of GleNAc.
As chirality plays a crucial role in drug development and vir-
tually all chiral drugs currently are enantiopure,’” Di-HAF is
potentially valuable building block. The other enantiomer of
GIcNAc, and therefore of Di-HAF, is available as well although
its synthesis takes several steps."®

In addition to the chiral center, the acetamido group of
GIcNAc also remains present and therefore Di-HAF is a so-
called Haber-independent nitrogen-containing compound.?
Nitrogen containing compounds are omnipresent in pharma-
ceuticals, textiles, soaps and surfactants,” and the vast
majority of the nitrogen in these compounds comes from
ammonia produced in the Haber-Bosch process.'” This
process is notoriously energy inefficient and utilizing a bio-
renewable source would be a more sustainable and energy
efficient alternative.'”

1) PhB(OH),
OH TfOH HO
2) pinacol o
K,CO3 HO

pyridine / 115A‘:C /30 min NH
molsieves (3 A)
O cy: 73% 1 99% ee B
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Scheme 1 Synthesis of enantiopure dihydroxyethyl acetamidofuran
(Di-HAF) by dehydration of N-acetyl glucosamine (GlcNAc).
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Scheme 2 GlcNAc derived substituted furan building blocks.

The synthesis of Di-HAF was reported by Kuhn and Kruger
shortly after its identification.” GleNAc was dehydrated in pyri-
dine at reflux for 48 hours. A mixture of mono-dehydrated, bis-
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dehydrated (Di-HAF), and tris-dehydrated products (3A5AF)
was obtained (Scheme 3). This mixture was separated in an
elaborate purification procedure comprising chromatography
over alumina, crystallization, recrystallization of the mother
liquor, chromatographic purification of the mother liquor and
another recrystallization. Ultimately, Di-HAF was isolated in
40% yield with an enantiopurity of approximately 94% ee.
Probably because of its low yield and tedious purification, it
took more than half a century before the group of Osada
revisited the synthesis and used continuous flow chemistry to
prepare Di-HAF in high temperature water in just 35%
yield.””?° This procedure was run on mg-scale, and the
authors did not elaborate upon the obtained optical purity.
Convinced that a straightforward, scalable preparation of
Di-HAF will lead to its use as a versatile building block in the
fine chemical and pharmaceutical industry, we decided to
study the dehydration of GleNAc to Di-HAF. In the course of
this study, we noticed that the proposed mechanisms of the
dehydration of GleNAc had to be scrutinized and corrected.
Two different mechanisms describing the dehydration have
been reported in literature (Scheme 4).5'°' In solution,
GIcNAc is largely present in its pyranose form (S16, ESIt), and
the first step of both mechanisms involves ring-chain tauto-
merism to arrive at 1. From this point two different pathways
have been proposed. Kerton et al.®>' proposed pathway A,
based on the identification of various dehydration side pro-
ducts and an NMR study of the intermediates. Nucleophilic
attack of the C4 hydroxyl group on the carbonyl group affords
the furanose form (2). The extra-annular ketone functionality

Scheme 3 Dehydration products of GlcNAc as identified by Kuhn and Kruger.
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Scheme 4 Dehydration mechanisms of GlcNAc according to literature. (A) Proposed mechanism to 3A5AF by Kerton et al. (B) Proposed mechanism

to Di-HAF by Osada et al.
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is assumed to be formed by elimination of the primary alcohol
followed by keto-enol tautomerism. Elimination of two mole-
cules of water, in an unspecified order, provides the tris-de-
hydrated product 3A5AF. Some caveats in the published data
were noted, however. The reported *C NMR and 'H NMR
spectra of the reaction intermediates®® show distinct peaks
corresponding to Di-HAF," but this structure is not included in
the mechanism. In addition, boric acid was found to signifi-
cantly improve the yield of the dehydration,® a phenomenon that
was attributed to a boric acid induced equilibrium shift between
the pyranose- and furanose forms. However, elimination of the
primary hydroxy group does not directly benefit from such a
shift. Arguably, these observations are more in support of the
mechanism proposed by Osada et al'®?° (pathway B). In this
proposal, the first step is elimination of the C3 hydroxyl group
that occurs in the ring-opened form. Enolization of the aldehyde
opens the door for an Elcb-type elimination mechanism to
provide o,p-unsaturated aldehyde 6. In principle, the keto-enol
equilibrium between 1 and 5 will also result in epimerization to
give the C2-epimer of GlcNAc: N-acetylmannosamine (ManAc).
To support this part of the mechanism, we dehydrated ManAc
under the reported conditions, which indeed afforded Di-HAF
(S6, ESIt). This confirms enolization is likely the first step in the
mechanism. Aldehyde 6 is the ring-opened form of chromogen I
and, after ring closure, the anomeric hydroxyl group eliminates
to form oxocarbenium ion 7. Deprotonation leads to aromatiza-
tion and Di-HAF is obtained.

Elimination of the primary hydroxy group in Di-HAF would
furnish 3A5AF. However, this step has not been experimentally
verified and it is not easy to envision why this elimination reac-
tion would take place. Elimination of the “furanylic” hydroxy
group seems considerably more likely. This would lead, after
tautomerization, to an aldehyde but neither this aldehyde nor
its reaction products have been identified.

Here we propose an alternative, detailed mechanism of the
dehydration of Di-HAF to 3A5AF and report a scalable method
for multi-gram synthesis of enantiopure Di-HAF in high yield
and with a straightforward purification (Scheme 1).

Results and discussion

To allow the synthesis of Di-HAF in an acceptable yield, a
thorough understanding of the dehydration mechanism of
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GlcNAc was required. To study this mechanism, we performed
H/D-exchange experiments on Di-HAF by stirring the latter in
slightly acidic D,O (S8, ESIf). 'H NMR clearly showed
H/D-exchange at the 2-position of the furan ring, likely facili-
tated by electron donation of the neighbouring acetamide.
Based on this observation, we propose the mechanism for de-
hydration of Di-HAF as shown in Scheme 5.

Protonation of the furan ring at the 2-position affords inter-
mediate 8. After deprotonation of the furanylic position, diene
9 is obtained. Deprotonation of the dihydrofuran leads to con-
jugate elimination and expels the third molecule of water.
Subsequent keto-enol tautomerization provides 3A5AF. To
confirm that Di-HAF is indeed the precursor of 3A5AF, we per-
formed the synthesis of 3A5AF starting from Di-HAF. Under
acid catalysis in pyridine, 3A5AF is formed in 64% yield
(S7, ESIT). This confirmed that indeed 3A5AF is formed from
Di-HAF which means that a high yielding synthesis of Di-HAF
is in principle possible, provided that further reaction of
Di-HAF to 3A5AF is avoided.

Our strategy for the optimization of the synthesis of Di-HAF
was to improve the procedure reported by Kuhn and Kruger®
with the goal to increase yield, strongly simplify isolation and
retain the enantiopurity of Di-HAF.

Temperature sensitivity of Di-HAF had been demonstrated
by Osada et al.'® We assumed that the prolonged heating
required for the reaction in the procedure of Kuhn and Kruger
results in the formation of humins, which are undefined poly-
meric by-products formed during the dehydration of
carbohydrates."**> Therefore, we decided to investigate the use
of a catalyst in order to shorten the reaction time. The benefit
of acid catalysis on the dehydration of carbohydrates has been
demonstrated in the furfural synthesis from glucose**** and
the dehydration of GleNAc in refluxing pyridine with hydro-
chloric acid proved to be completed within 24 hours. The reac-
tion, however, did not stop at the desired bis-dehydrated stage
(Di-HAF) but continued to the tris-dehydrated product
(3A5AF). To increase selectivity we used an observation of
Kerton et al.®*"** who discovered an accelerating effect of
boric acid in the synthesis of 3A5AF. It was proposed that via a
boric acid complex the pyranose-furanose equilibrium is
shifted towards the furanose form, after which the primary
alcohol eliminates to form the ketone.®? We showed, however,
that the ketone forms in the final step. Based on our under-
standing of the mechanism, we assume that boric acid forms a
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Scheme 5 Proposed mechanism of the dehydration of Di-HAF to afford 3A5AF.
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cyclic boronate ester with the terminal hydroxyl groups of
GleNAc. This “funnels” the dehydrated intermediate 6
(Scheme 4) into the furanose form and this is followed by the
second dehydration step. Therefore, the reaction intermediates
of the boric acid mediated dehydration of GlcNAc probably
include the boronate ester of chromogen I and the boronate
ester of Di-HAF (Scheme 6). Boronate esters from boric acid
are known to be relatively labile, so in situ hydrolysis liberates
the diol and further conversion to 3A5AF takes place.
Hydrolysis is necessary because boron reduces the electron
density at the oxygen atom that is part of the boronate ester,
which makes protonation less favourable and thereby prevents
elimination. Therefore we imagined, that a boronic acid deri-
vate that forms a more stable boronate ester than boric acid,
would accelerate the formation of the furan ring even more
but prevent the third elimination step to 3A5AF. Hydrolysis of
the boronate ester under mild conditions after the reaction
would then furnish Di-HAF.

Phenylboronic acid is relatively low-cost, and forms stable
esters with carbohydrates.>® Therefore, we screened various
combinations of phenylboronic acid and commonly used
Brgnsted-acids as shown in Scheme 7. To our delight, the for-
mation of ketone 3A5AF was not observed in any of these
experiments, indicating that phenylboronic acid effectively
suppresses the third elimination reaction. Because of incom-
plete conversion after 90 minutes, only low yields were found
with no acid- or weak acid catalysts (Table 1, entries 1-3). With
stronger acids (entries 4-7) the starting material was comple-
tely consumed and the phenylboronate ester of Di-HAF (11)
was formed in good to excellent yield (73%-95%). We were
slightly surprised to find a correlation between acid strength
and reaction rate because in pyridine, dissociation of an acid
is expected, so the pyridinium ion would be the protonating
species in each case. However, as the pK, of the acid decreases,
the coordination between the pyridinium ion and the conju-
gated base becomes weaker.”” The increased concentration of
free pyridinium could be responsible for acceleration of the
reaction.

We had found earlier that the reaction with hydrochloric
acid (in the absence of phenylboronic acid) required 24 hours
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Scheme 7 Phenylboronate mediated dehydration of GlcNAc.

Table 1 Screening of acids for the dehydration of GlcNAc in combi-
nation with phenylboronic acid. A correlation was found between the
relative acid strength and the yield

# Acid (1 eq.)? Yield of 11°
1 — 1%

2 Acetic acid 1%

3 Trifluoroacetic acid 33%

4 Hydrochloric acid 78%

5 Sulfuric acid 72%

6 p-Toluenesulfonic acid 82%

7 Triflic acid 95%

“ Conditions: pyridine (0.1 M), PhB(OH), (1.5 eq.), 90 min, 115°. ?Yield
determined by qNMR.

to go to completion. Phenylboronic acid alone (entry 1)
showed only a few percent conversion after 90 minutes.
Interestingly, apparently due to a synergistic effect between
phenylboronic acid and the acid catalyst, a significant increase
in reaction rate and yield was observed. We assume this is
because the two additives accelerate different stages of the de-
hydration mechanism. Phenylboronic acid directs the starting
material into the favourable furanose form, and the acid cata-
lyses the actual dehydration steps. This complimentary effect
is especially pronounced with the combination of phenyl-
boronic acid and triflic acid which furnished boronate ester 11
in high yield (95%, entry 7). Further investigations of these
conditions revealed that the reaction was complete within
30 minutes, corresponding to a 10 fold rate increase relative
to the original procedure.

HO\
79 o
8 o -B(OH); o
l H,0 \
NH NH
Oﬂ\ o:<
Di-HAF
Boronate 3ASAF

Scheme 6 Proposed boronate ester intermediates in the boric acid mediated dehydration of GlcNAc to 3A5AF.
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With the optimum reaction conditions identified, we
focused on the partial racemization, initially observed by Kuhn
and Kruger. Chiral HPLC analysis showed that the new
method with phenylboronic acid and triflic acid furnished Di-
HAF with 95% ee, similar to that reported by Kuhn and Kruger
(94% ee).’ However, racemization increased upon scale-up and
on larger scale (50 g, vide infra) the ee dropped to 86%. It
turned out that at least two recrystallizations were required to
increase the enantiopurity to >99% ee, obviously at the
expense of the overall yield. To gain a better understanding of
the racemization mechanism involved, a screening was per-
formed. A solution of Di-HAF in pyridine was stirred for 1 hour
at 115 °C in the presence of water (10 v/v%) and in dry solvent
(molecular sieves, 10 w/v%) with acid (HCI, pTsOH, 1.0 eq.) or
base (NaHCOj3, 1.0 eq.). Although racemization was in all cases
modest, it was more pronounced under wet acidic conditions
(HCl, —4.7% ee) while dry acidic conditions also showed a
smaller decrease in enantiomeric excess (HCl, —2.1% ee). It is
worth mentioning that completely water-free conditions
cannot be obtained as under acidic conditions water is formed
in situ by dehydration of Di-HAF.

Based on these observations, different racemization path-
ways were envisioned (Scheme 8). The H/D exchange experi-
ment, carried out earlier, showed that protonation takes place
at the 2-position of the furan ring leading to 8 (pathway A).
According to the mechanism proposed in Scheme 5, a deproto-
nation-protonation sequence of the furanylic position leads to
racemisation (3-Rac). Subsequent deprotonation affords
racemic Di-HAF (Di-HAF-Rac). A second position available for
protonation, resulting in overall racemization, is the furanylic
hydroxyl group (pathway B). Under wet conditions, the first
steps follow the known mechanism of the Piancantelli
rearrangement.”® In this case, nucleophilic attack of water at
the 2-position of the furan ring (12) and conjugated substi-
tution expels the protonated hydroxyl group (13). Subsequent
nucleophilic attack of water on the allylic double bond (“Sx2'-
type”) results in the formation of Di-HAF-Rac. In addition to

___________________ , ®

5 H0~,
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HO\)\Q - HO\)M

H,0
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these mechanisms, variants of these cannot be excluded. For
example, attack of the primary hydroxy group in 12 leading to
the epoxide and subsequent ring opening with water also fur-
nishes Di-HAF-Rac.

The mechanisms deduced from the racemization study
revealed that acid catalysis is key in the racemization. Acid,
however, also significantly increases the rate and yield of the
dehydration of GleNAc and therefore cannot be easily omitted.

The presence of water proved to be of significance as well.
We decided to focus first on the efficient removal of the water
that is formed during the reaction. Four equivalents of water
are generated; two during the formation of the boronate ester
and two during the elimination reactions. The released water
was scavenged with powdered molecular sieves (3 A) and this
significantly supressed racemization. The drop in enantiopur-
ity was limited to 1-2% versus 16% observed without water
scavenging. We were satisfied with this result as, if required,
even higher ee can be reached in a single crystallization. Based
on the significant suppression of racemization observed in the
presence of powdered molecular sieves, it is likely that water
induced racemization is the dominant racemization mecha-
nism, so pathway B of Scheme 8.

With the synthetic problems solved, we set out to address
the issue of isolation. The original purification protocol con-
sists of multiple chromatographic purifications and recrystalli-
zations, which hampers larger scale synthesis. The procedure
should be time-efficient and allow for multigram scale syn-
thesis. Dehydration of GleNAc with phenylboronic acid affords
the boronate ester of Di-HAF, and to liberate the diol function-
ality we needed mild conditions to cleave the boronate ester.
We found that if the reaction mixture is treated with a small
excess of pinacol, Di-HAF is produced via transesterification
leading to a readily separated mixture of Di-HAF and phenyl-
boronic acid pinacol ester.

Initially, removal of the solvent (pyridine) under reduced
pressure led to noticeable degradation. This was attributed to
the limited stability of Di-HAF in the presence of the reaction

o :\/\NH Path B (wet) o 4” "Sn2-type” o :\/\NH X """"""""""""" 5
Di-HAF 12 13 Sn2-type E HO o 5
+ o~y
H* | Path A (dry) : -
HO : N
HQ L H m HO T % o 5
HO 9 HO— "¢ H* O H /: :
H O\ Y = 1 _ HO \ D ; Di-HAF-Rac |
A\ (.,NH I
SN 0"’& C\,N
o
8 O 9 8-Rac

Scheme 8 Proposed racemization pathways of Di-HAF. Path A: under dry conditions; Path B: under wet conditions.
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Scheme 9 Potentially interesting reactions with Di-HAF.

byproducts. To avoid this, the reaction mixture was treated
with both solid potassium carbonate and pinacol. This neu-
tralized acids and liberated the product. Di-HAF was sub-
sequently precipitated by the addition of heptane as anti-
solvent and collected by filtration over a patch of silica. The
solid residue on the silica was washed with ethyl acetate and
subsequently flushed through the silica with a mixture of di-
chloromethane and methanol (9:1). The solvent could sub-
sequently be removed in vacuo without decomposition of the
product. A straightforward crystallization from acetonitrile
afforded Di-HAF in 73% yield and excellent enantio- and
chemical purity (99.3% ee, >99%). To demonstrate the scalabil-
ity of the method, the reaction was performed on 50 g scale
and afforded to our satisfaction 30.5 g Di-HAF, corresponding
to ayield of 73%, with an optical purity of 99.1% ee (S5, ESIT).

Conclusions

A thorough study of the one-step synthesis of dihydroxyethyl
acetamidofuran (Di-HAF) from N-acetylglucosamine resulted
in a versatile and scalable procedure. A combination of phenyl-
boronic acid and triflic acid offers a synergistic effect that
almost doubled the highest reported yield (40% — 73%).
Phenylboronic acid improved chemoselectivity, while triflic
acid drastically increased the reaction rate. The reaction time
was decreased from days to minutes (48 h — 30 min). A mild
work-up procedure, combined with a straightforward crystalli-
zation provides Di-HAF in 73% yield and excellent chemical-
and optical purity (>99%, 99.3% ee). A preparative reaction on
50 g scale confirms that the process is scalable, effecting
neither yield nor purity.

In the course of the study it became clear that the reported
mechanism of the dehydration of GleNAc proposed in litera-
ture was incomplete. Therefore this mechanism was scruti-
nized and supplemented with the dehydration of Di-HAF to
the tris-dehydrated product 3A5AF. This mechanism offers a
plausible explanation for the formation of the ketone function-
ality that is found in 3A5AF.

The availability of multi-gram quantities of enantio-pure
Di-HAF opens the door for further research on this versatile
building block as starting material for several reactions. In
Scheme 9 a selection of potentially interesting reactions is
shown. Furfuryl alcohols are known to readily undergo
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rearrangements such as the Piancatelli- and Achmatowicz
rearrangement. The acid mediated Piancatelli rearrangement
produces cyclopentenone derivates (15). Piancatelli products are
important motifs in natural- and pharmaceutical products®*?>°
and have been used for the synthesis of diversity oriented com-
pound libraries.>® The oxidative Achmatowicz rearrangement
turns the furan ring back into the six membered pyran ring
(16). Many bioactive natural products contain such a unit** and
the value of these structures has also been shown in the work of
O’Doherty who converted furfuryl alcohols into unnatural
carbohydrates via their Achmatowicz products.®

In addition to rearrangement products, Di-HAF contains
handles that allow for further modifications. The vicinal diol-
moiety can probably be converted into an aldehyde by period-
ate treatment (the Malaprade reaction), which affords the
3-acetamide-furfural analogue 14. Furfural, the corresponding
dehydration product of xylose, has a plethora of applications
in industry, from flavouring agent to lubricant and building
block of pharmaceuticals.’® The 3-acetamide analogue of fur-
fural could provide complementary applications. Recently,
Bruijninex et al.*>**> showed that furfural derivatives can be
employed in Diels-Alder cyclo-additions with methyl male-
imide. Currently, our group is investigating the possibilities of
accessing substituted 7-oxa-norbornenes (17) via Diels-Alder
cycloadditions with Di-HAF.

Experimental

General procedure for the preparation of (R)-N-(5-(1,2-
Dihydroxyethyl)furan-3-yl)acetamide (Di-HAF)

Triflic acid (1 eq.) was added suspension  of
N-acetylglucosamine (GleNAc) (1 eq.), phenylboronic acid (1.5
eq.) and molecular sieves (3 A, powdered 5 mass eq.) in pyri-
dine (0.2 M). The flask was flushed with nitrogen and heated
to reflux temperature (116 °C). After 30 min the mixture was
cooled down to room temperature. Pinacol (2 eq.) and potass-
ium carbonate (2 eq.) were added and stirring was continued
for 30 min. The mixture was poured into a stirred suspension
of silica (3 mass eq.) in heptane (10 vol.) and the suspension
was filtered over a patch of silica (4 cm layer). The residue was
washed with heptane (10 vol.), ethyl acetate (10 vol.) and sub-
sequently with dichloromethane-methanol (9:1, 20 vol). The
dichloromethane-methanol solution was concentrated in vacuo
(45 °C) to afford a brown oil. The crude was crystallized from
acetonitrile (4 vol.) to afford Di-HAF as a light brown solid
(yield: 73%, >99% ee). 'H NMR (400 MHz, D,0) 6 7.74 (s, 1H),
6.31 (s, 1H), 4.65 (t, / = 6.0 Hz, 1H), 3.80-3.68 (m, 2H), 2.02 (s,
3H). C NMR (100 MHz, D,0) § 171.93, 152.55, 132.64,
124.27, 102.97, 67.36, 63.27, 21.95.
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