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Abstract: Recent strides towards greater sustainability in materials
and energy production have led to a resurgence in the study and
utilisation of carbohydrates. Opposite to C6 and C5 carbohydrates,
C4 carbohydrates (tetroses) are much less accessible from
biological sources. A promising approach for the production of C4
carbohydrates is the cracking of C6 carbohydrates to C2 fragments,
and the subsequent combination of two C2 fragments to tetroses.
Here, we show that the suitable choice of reaction conditions can
kinetically stabilize the rare aldotetroses threose (THR) and
erythrose (ERY). The latter approach yields THR and ERY at high
selectivity under benign conditions, using commercial resins with
tertiary amine groups as the catalyst. Isotope incorporation into GA
in D,O solvent is introduced as a reference reaction to probe the
competitive formation of aldotetroses and deuterated GA from a low-
populated, not directly detected enediol intermediate that is formed
in the rate-determining step. Reaction progress tracked in situ by
NMR and ex situ by chromatography validates that the overall
conversion is of first order with respect to GA due to the slow initial
enolization. Cyclization of the aldotetroses slows their further
conversion to thermodynamically more stable erythrulose and C6
sugars.

Introduction

Carbohydrates form the majority of renewable biomass on earth
and can be obtained in pure form as prospective substrates for
the production of hitherto fossil-based or even unavailable
chemicals.""” The majority of naturally occurring carbohydrates
are C6 (hexose) or C5 (pentose) carbohydrates. Different
carbohydrates are distinctly suited for the use in processes
towards different products. Beyond the number of constituent
carbon atoms, the propensity of different carbohydrates to enter
distinct reaction pathways can be rationalized with their different
stereochemistry, energy and propensity to form cyclic or open
structures.

Processes for the conversion of carbohydrates involve
isomerization, dehydration and the formation or breakage of
carbon-carbon bonds.""? Examples include the isomerization of

carbohydrates to rare sugars, the dehydration to furanic
compounds,?® %4 or the conversion to polymer building blocks.?
Increasingly, attention has been devoted to the prospect of
building bio-sourced molecules up from the smallest possible
carbohydrates such as the C2 aldose glycolaldehyde (GA).?*
GA can be derived by thermal conversions of glucose and other
carbohydrates and such processes are currently being
developed, including pyrolysis, gasification, catalytic retroaldol
cleavage, use of supercritical water or thermal cracking in yields
of up to 74%.*® GA itself emerges as a precursor for polymer
or pharmaceuticals production upon conversion to other C2
compounds such as ethylene glycol, ethanolamine, glyoxal,
glycolic acid, or glyoxylic acid." "’

Alternatively, GA can be used to build carbon chains, when
using the aldehyde functionality for aldol additions. Aldol addition
is an appealing approach not only for extending the carbon
chain length, but also for attaining quantitative atom economy,
as no byproduct forms during the reaction. Aldol addition of GA
leads to C4 carbohydrates (tetroses) as intermediates, and
subsequently to longer carbohydrates.”” Tetroses could form a
platform for new bio-sourced compounds, but such activities
have been hindered by the high cost of tetroses. Arguably,
processes for the formation of bio-sourced C4 compounds have
been somewhat neglected due to the scarcity of tetroses in
nature. Promising C4 products derived from tetroses include the
sweetener erythritol, the polymer building blocks methyl vinyl
glycolate and methoxy-2-hydroxy-3-butenoate and the precursor
y-butyrolactone. GA thus is a prospective substrate for the
formation of C4 compounds via tetrose intermediates.

The most common catalysts used in aldol addition of GA
have included bases,® © minerals,”) amino acids and
peptides,”™ as well as homogeneous and heterogeneous Lewis
acidic catalysts.” 2> ! Conditions that stabilize valuable tetroses
in the aldol addition of GA have attracted interest. Thus, shape-
selectivity in Lewis acidic zeolites has been exploited to
suppress the continued aldol addition of tetrose intermediates
with GA to hexoses. " % To this end, microporous zeolite
catalysts with suitable pore dimensions and mild reaction
conditions of below 373 K were used in organic solvents and
water. This approach yielded a mixture of the aldotetroses
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Scheme 1. (a) GA has been described as a promising substrate for the
formation of tetroses, especially ERU, and of C4 polymer building blocks that
are formed from tetrose intermediates generated in situ. (b) The current study
investigates the viability and mechanistic basis for the conversion of GA to the
rare aldotetroses ERY and THR with cheap reactants and catalysts.

threose (THR) and erythrose (ERY), and predominantly the
more stable ketotetrose erythrulose (ERU) with reported yields
of up to 74%.”" % The [2+2] aldol addition of two GA units to
tetroses can also be catalysed by cheap basic resins (such as
the weak base resin Amberlyst® A21, containing tertiary amine
groups) in water, albeit the stability of the resins and the further
reaction of tetroses to few percent of hexoses have remained a
concern.?" % Beyond the formation of bio-sourced chemicals,
the facile aldol reaction of GA to longer sugars under mild
conditions has also attracted interest due to its implications for
the beginning-of-life chemistry. *® "% Among those studies, Kim
et al.”” employed minerals as homogeneous base catalysts to
convert GA to aldotetroses in yields reaching 86%.

Here, we sought insight into the reaction mechanism and
into the prospect for selective production, especially of THR and
ERY, with cheap and accessible reagents. We hypothesized that
using base- rather than Lewis acid catalysis in conjunction with
very mild reaction conditions would kinetically stabilize THR and
ERY, thus permitting their selective production. To this end,
time-resolved ex situ and in situ tracking of reaction progress
was conducted (Scheme 1).

Results and Discussion
Substrate forms, temperature dependence

The aldol addition of GA under basic conditions involves an
enolization to 1,2-ethenediol (possibly in its anionic form) upon
a-proton abstraction, which enables the nucleophilic addition of
the 1,2-ethenediol to the carbonyl group of another GA
molecule.”® " The equilibrium between GA and 1,2-ethenediol
is strongly shifted towards the aldehyde form.'? In an aqueous
solution, GA is further predominantly hydrated at C1. We
conducted our studies under concentrations of GA that are
relevant for intensification of the process and employed GA at
mass fractions above 5%. Under these conditions, GA also
forms oligomers in aqueous solution. Hence, the GA substrate
forms a complex ensemble of mostly
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Figure 1. Distribution of main forms of GA at 298 K, 50 mg GA, 450 ul H,O/50
ul D2O.

dimeric and monomeric aldehyde and hydrate forms in aqueous
solution."”? 'H and "*C chemical shift assignments for some of
the forms present in the aqueous solution are given in Figure S1.
Overall, the minority of GA exists in free monomeric aldehyde
form at the outset of the reaction. The equilibrium between the
aldehyde and the hydrate forms of GA was characterized by
determining the equilibrium distribution at varying temperatures.
In this manner, the standard enthalpies and entropies of
dehydration were determined, showing that dehydration is
endothermic and entropically driven. The experimental
equilibrium constant increased from 0.05 to 0.14 between 303
and 333 K, thus showing that the population of the free aldehyde
increases rather significantly with temperature, at relevant mild
reaction temperatures (Figure S2). The presence of the free
aldehyde is required for enolization and for aldol addition.
Notably, the population of free aldehyde forms of aldotetroses at
333 K has been determined to be only 3%, due to the ability of
aldotetroses (and longer aldoses) to form low-energy rings."

Tracking enolization via isotope exchange

Many mechanisms of carbohydrate conversion (including e.g.
ketose-to-aldose interconversion and Lewis-acid catalysed
dehydrations) are thought to entail initial enolization steps that
activate the carbohydrate for subsequent reactions.”* ' The low
population of enol forms complicates the kinetic and mechanistic
study of all the emerging processes that convert carbohydrates
to bio-sourced substrates. We hypothesized that deuterium
isotope incorporation into GA could be used as a reporter
reaction that indirectly probes enolization kinetics in D,O solvent.
The vast predominance of GA relative to 1,2-ethenediol implies
that the rate constant for GA formation is orders of magnitude
larger than the rate constant for the formation of 1,2-ethenediol
(k1<<k in Scheme 1). Hence, the deuteration of GA by the
commercial basic catalyst Amberlyst® A21 (AA21) was followed
and was compared to the kinetics of the [2+2] aldol addition
resulting in tetroses. In situ "*C NMR spectroscopy was used to
compare the emergence of tetroses and the formation of the
deuterated isotopic isomer of GA by a time series of one-
dimensional "*C NMR spectra (Figure 2).

This article is protected by copyright. All rights reserved.
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Figure 2. Real-time in situ °C NMR observation of the decay of protonated
GA (hydrate form) and emergence of deuterated GA as a reporter of
enolization (see also Figure 6a). The deuterated '°C site is split into a triplet by
deuterium, as no *H decoupling was applied for clarity. Reaction conditions: 50
mg GA, 500 ul D0, 20 mg AA21, 333 K.
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Figure 3. Fraction of unreacted GA, hydrate form and dimer forms over time.
Conversion of GA-hydrate is fitted to a first-order kinetics. Reaction conditions:
50 mg GA, 500 pl D,0O, 20 mg AA21, 333 K.

Rate-determining enolization is followed by competing
aldol addition or isotope exchange

The kinetics of all forms of GA conversion closely followed an
exponential decay with time, thus indicating a rate-determining
step that is of first order with respect to GA concentration (Figure
3)." The time course of the GA concentration decay resembles
the time course for its hydrate form, thus indicating that these
forms equilibrate fast relative to reaction progress. Dimer forms
decay faster than monomer forms due to the decrease in overall
GA concentration over time, leading to a shift towards
monomeric forms upon GA conversion (Figure 3 and S3). In the
absence of catalyst, the different GA forms remained constant
over time (Figure S4). Opposite to the equilibration of GA forms
under reaction conditions, deuteration of GA did not occur
quickly, but proceeded on the time-scale of hours in parallel to
reaction progress Figure 2, 3).

The reaction order was validated by the use of initial rate
measurements under varying substrate concentrations. These
measurements corroborated that the conversion of GA by AA21
was of first order with respect to the GA concentration (Table
S1) at the substrate concentrations of >56% w/v used herein. Box

3
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plots for the determination of first- and second-order rate
constants under four conditions with varying reactant
concentrations are shown in Figure 4 and likewise show that the
kinetic results are consistent with a reaction that is of first order
with respect to GA concentration.

The first-order kinetics of GA conversion can be rationalized
by treating the reaction kinetics with the steady state
approximation, entailing that the enol form reacts rapidly upon its
formation. Analytical treatment with the steady state
approximation yields a rate law for the loss of GA concentration
equal to

d[GA] _ -2kq-k,[GA)?
dt ko lGAl+k.q’
with the rate constants k1, k.; and k; as defined in Scheme 1
and a derivation as detailed in the Supporting Information.
Hence, the observed first-order reaction rate is consistent with
k, - [GA] > k., i.e. fast aldol addition relative to tautomerism for
sufficiently high GA concentrations, while the reaction will
approach second-order kinetics, if GA concentration is
sufficiently low that k, - [GA] < k.,.

The kinetics of aldotetrose formation is shown in Figures 5
and 6. THR and ERY are the predominant products formed with
high selectivity. These tetroses are the expected immediate
products of the aldol addition of GA and its enediol form.
Approximately three times more THR was formed as compared
to ERY, and the THR to ERY ratio was independent of time. This
parallel formation of THR and ERY is expected for competitive
reactions, where the population of products reflects the rate
constant of their formation at any time. Control experiments

1st order rate constant (h™')
2nd order rate constant (M'h"')

1

1st order

2nd order

Figure 4. Box plots of the distributions of rate constants derived from four
initial rate measurements and assuming first and second order kinetics with
respect to GA. Reaction conditions: 100 mL H,O, GA ranging from 50-200 g/L
and AA21 ranging from 10-40 g/L; 313 K. Rates were normalized relative to
the number of catalyst active sites as determined by titration.

Threose®fr

2 Erythrosefr

103 102 101

104
Chemical Shift ("*C, ppm)

Figure 5. Real-time in situ *C NMR observation of THR and ERY formation.
Dimeric GA forms are indicated by an asterisk. Reaction conditions: 50 mg GA,
500 pl D,O, 20 mg AA21, 333 K.
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Figure 6. (a) In situ NMR-derived kinetic profiles for the formation of THR,
ERY and deuterated GA over time. Reaction conditions: 50 mg GA, 500 pl
D,0, 20 mg AA21, 333 K. (b) Kinetic profiles under stirring in a batch reactor,
displaying ERU and hexose formation. Reaction conditions: 10 g GA, 100 mL
H,0, 4 g AA21, 333 K.

showed that the conversion of GA to tetroses was nearly
irreversible under the mild temperatures that were employed
(<3583 K).

Beyond following each other’s kinetic profiles, the formation
of ERY and THR also followed the same kinetic profile as the
incorporation of deuterium from solvent into GA (Figure 6a),
which was employed as a reference reaction for GA enolization
as detailed above (Figure 2). This reference reaction thus
indicates that the formation of deuterated GA, THR and ERY
proceed from competing reactions of a low-populated 1,2-
ethenediol intermediate, which is formed in a rate-determining
first-order reaction step. Reaction rates towards THR and ERY
in the aldol addition were comparable to the tautomerization of
1,2-ethenediol to deuterated GA. THR, ERY and (deuterated)
GA thus emerged in relative ratios of approximately 3.0:1.0:1.6,
when reacting GA in D,O at 333 K.

Apart from the competing reversible tautomerization of 1,2-
ethenediol to GA substrate, the selectivity of the reaction system
towards THR and ERY products can be remarkably high. In
protonated solvent, conversion of GA to THR and ERY
proceeded with a selectivity of approximately 80% at a level of
conversion of up to 65% (Table S2). In these reactions,
maximum yields above 53% aldotetrose were obtained at 353 K,
while maximum yields of aldotetroses were 35% and 46% at 313
K and 333 K, respectively. Maximum yields of aldotetroses were
obtained at conversions of 42%, 56% and 74% at reaction
temperatures of 313 K, 333 K and 353 K, respectively. A
detailed overview of yields and selectivities at various levels of
conversion and conditions is given in Figure 7. An analysis of
the reaction rates at these temperatures using the Eyring
equation of the transition state theory yields enthalpies and
entropies of activation of AH* =70 kJ/mol and AS* = -86
J/(mol-K) respectively for the aldol reaction with AA21.
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Figure 7. Selectivity in the formation of tetroses (a) and yield of aldotetroses
(b) as a function of conversion in a batch reactor, showing higher selectivity
and higher maximum yields at higher temperature. Reaction conditions: 10 g
GA, 100 mL H,0, 4 g AA21, and indicated temperature.

Rationales for kinetic stabilization of aldotetroses

THR and ERY were not the thermodynamic reaction products of
GA conversion by AA21, as expected. After extended reaction
times (Figure 6b), or in the presence of high loadings of AA21
(Figure S5), ERU and (to a lesser degree) hexoses emerged at
the expense of THR and ERY (Figure 7b). The hexoses were
previously shown to entail all eight aldohexoses, and ERU and
hexoses had previously been described as the
thermodynamically more stable products as compared to the
aldotetroses (see Figure S5 for a visualization using an excess
of basic resin).”" '® Hence, the question arises, why and under
which conditions THR and ERY are kinetically stabilized
products that react more slowly with the enediol form of GA than
GA itself does.

The isomerization reactions of ERY and THR to ERU
proceed via an enediol intermediate at the used reaction
conditions, as witnessed by the fact that the C1 position of ERU
predominantly was deuterated, if the reaction was conducted in
D,O (Figure S6). The slower enolization of aldotetroses in the
formation of ERU, relative to the enolization of GA in the
formation of aldotetroses, can be rationalized with the low
population of non-cyclic aldehyde forms for aldotetroses (3% for
aldotetroses vs 14% for GA at 333 K). On the other hand, the
conversion of aldotetroses to hexoses is limited by the
decreasing availability of GA upon reaction progress, and by low
populations of aldotetrose in its aldehyde form. Due to the higher
fraction of GA than tetrose in free aldehyde form, 1,2-ethenediol
encounters more C4 aldehyde species than C2 aldehyde
species only above 80% conversion of GA to tetroses. Hence,
the selectivity towards [2+2] aldol addition appears to sharply
decrease above 80% conversion (Figure 7). Overall, cyclization

This article is protected by copyright. All rights reserved.
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Scheme 2. Schematic overview over reaction mechanisms and kinetics
rationalizing the selective formation of kinetically stabilized aldtotetroses. Both
enolization of the aldotetrose towards ERU, and the competition for aldol
addition with the GA enediol are disfavoured by the cyclization of the
aldotetroses.

of ERY and THR thus plays a key role in limiting the availability
of free aldehyde groups for aldose-ketose-isomerization and for
further aldol addition towards C6 sugars.

Conclusion

NMR spectroscopic reaction tracking in conjunction with detailed
ex situ analyses shed light on substrate complexity, intermediate
formation, and selectivity in the aldol addition of GA over weakly

basic AA21 resin. Using deuteration of GA as a reporter reaction,

the formation of the 1,2-enediol could be tracked. Formation of
the 1,2-enediol in a rate-determining first-order reaction was
likely rate-limiting for aldotetrose formation from GA at the
concentrations relevant for intensification (mass fractions above
5%), as evident from the parallel emergence of deuterated GA
and aldotetroses in NMR reaction tracking. Aldotetroses are
kinetically stabilized through cyclization, slowing the conversion
to thermodynamically preferred products (ketotetrose and
hexoses; Scheme 2). The product distribution reported herein
resembles homogeneous basic systems described in the
literature. However, heterogeneous systems are typically easier
to scale up with simpler separation and purification of products.
Finally, we note that Lewis-acid catalysed conversion of GA to
tetroses has previously shown a more efficient conversion of GA
to the aldotetrose ERU.! Lewis acids are suspected to favour
ring opening!'” and cascade reactions (often including hydride
shifts)!"® upon coordination to lone pairs at the aldehyde
carbonyl group and nearby alcohols. Lewis acids even render
carbohydrate enol species detectable by optimized NMR
methods!"*® ' and elicit a more concerted sequence of aldol
addition and isomerization steps to the thermodynamically
preferred tetrose ERU." We therefore propose that a promising
strategy for the production of rare aldotetroses would focus on
the use and development of thermally stable basic resins, whose
active site structures may be varied to fine-tune the relative
preference towards ERY or THR formation.
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Experimental Section

Ex situ kinetics

Amberlyst® A21 and D,O were obtained from Sigma Aldrich, while
glycolaldehyde was produced, purified and provided by Haldor
Topsge AS. Batch experiments were conducted in 250 mL glass
flasks containing 100 mL demineralized water and specified
amounts of glycolaldehyde which was added in its dimer form (per
default at 10% w/v) under stirring. Pre-treated Amberlyst® A21 was
last added at the desired mass fraction. Batch reactions were
incubated in a pre-heated water bath for desired reaction times. Prior
to the addition of catalyst and after desired variable reaction times,
samples of 1.5 mL volume were collected, sterile-filtered through a
45 pl syringe filter and subjected to analytical HPLC runs.

Product analysis

Analytical HPLC measurements were performed on a Waters 1260
Infinity 1l LC system equipped with a Biorad Aminex® HPX-87H
column and an RI detector. A column temperature of 338 K and
0.004 M H,SO, eluent was used in runs employing a flow rate of 0.6
mL/min and an injection volume of 1 plL. Signal assignments and the
respective response factors for quantitative determinations were
derived by comparison and calibration relative to analytical HPLC
runs on defined masses of commercial reference compounds.
Quantitative determinations were compared to gNMR determinations
due to the possible presence of impurities in the commercial
reference compounds (Figure S7). Determination with HPLC and
gNMR quantifications had a coefficient of determination R* above
0.9994 for all tetroses. Representative HPLC traces alongside
retention times are provided in Figure S8. Yields for tetroses were

determined from these quantifications as
yield=mass(tetrose)/(mass(GAunita))- The conversion of
glycolaldehyde was determined from the quantifications as
conversion=[mass(GAiniia)-Mass(GAremaining))/(Mass(GAinitar))- The

selectivity for tetroses was determined from the quantifications as
selectivity=mass(tetrose)/[mass(GAiia)-mass(GAremaining)]-

Thermodynamic equilibrium of aldoses

Reaction mixtures containing erythrose or erythrulose instead of
glycolaldehyde substrate were incubated at 323 K for 7 days in the
presence of Amberlyst® A21 and post-reaction material was
analysed with analytical HPLC determines as described above. The
product mixtures derived from erythrose or erythrulose showed a
nearly identical distribution of aldoses, with the latter forming the
thermodynamically preferred product in thermal equilibrium
(approximately 23% threose, 9% erythrose and 68% erythrulose,
consistent with distributions determined in literature).

Determination of reaction order with the initial rate method and ex
situ analysis

Reaction mixtures were prepared with varying glycolaldehyde and
catalyst content, in order to determine the reaction order from ex situ
determinations of initial rates with analytical HPLC. Ex situ
measurements strongly indicated a first order reaction with respect
to both the glycolaldehyde and the catalyst concentration. The first
order kinetics with respect to glycolaldehyde was consistent with a
rate-determining unimolecular enolization in the rate-determining
step.

NMR spectroscopy

All NMR spectra were acquired at 298 K on am 800 MHz Bruker
instrument equipped with a TCI CryoProbe. 'H and "°C assignments
for glycolaldehyde species were derived by dissolving 50 mg
glycolaldehyde in 500 pl D,O prior to the acquisition of 'H-"*C HSQC,
HMBC and H2BC spectra. The sample was thermally equilibrated at
303 K, 313 K, 323 K and 333 K until signal areas were stable in 'H
NMR spectroscopy, and quantitative '"H NMR spectra were acquired
by summing 16 transients with an inter-scan relaxation delay of 10 s.
Mixture analysis and quantitative NMR on the reaction mixture were

This article is protected by copyright. All rights reserved.
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conducted by employing 1D "°C NMR with an inter-scan relaxation
delay of 30 s for the analysis of protonated *C sites at natural
abundance of "C relative to DMSO; as the internal standard.””
Highly-resolved 'H-"*C HSQC spectra® were used for the
identification and relative quantification of minor species, specifically
minor glycolaldehyde and aldotetrose forms as well as hexoses.
Populations of threose determined in this way were approximately
37% o-furanose, 54% p-furanose and 9% acyclic species
(predominantly hydrate), while populations of erythrose forms were
64% a-furanose, 25% o-furanose and 11% acyclic species.
Amberlyst® A21 catalyzed reactions were followed in situ for
approximately 24 hours by dissolving 50 mg glycolaldehyde in 500 pl
D,0, adding 20 mg (or 125 mg) Amberlyst® A21 and following the
reaction by a pseudo-2D spectrum representing a time series of one-
dimensional ®*C NMR spectra at 333 K and a time resolution
(duration per BC NMR spectrum) of 7.5 minutes. A reference
experiment in the absence of catalyst showed that the
glycolaldehyde solution was thermally stable at 333 K (Fig. S4a). A
reference experiment in the presence of erythrose and of catalyst
showed that erythrose slowly isomerized to erythrulose as the main
product at 333 K (Fig. S4b). A reference experiment of a synthetic
mixture of erythrose, glycolaldehyde and catalyst showed that
erythrose is more slowly converted than the acyclic glycolaldehyde
(Fig. S9). All NMR spectra were acquired, processed and integrated
with Bruker TopSpin 3.5 or 4.0.6 software. All spectra were
processed with ample zero filling in all dimensions. Glycolaldehyde
conversion was fitted to first order kinetics in QuantumSoft proFit7.
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