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Selective terminal C-C scission of
C5-carbohydratesf

Frits van der Klis,? Linda Gootjes,? Jacco van Haveren,? Daan S. van Es*® and
Johannes H. Bitter*®

The selective catalytic production of C4-tetritols (erythritol and threitol) from C5-sugars is an attractive
route for the conversion of non-digestible sugars to C4-building blocks from agro residues. Here we
show that an unprecedented high selectivity of 20—-25% C4-tertritols can be achieved under mild con-
ditions (138 °C, 6 bar H,, and 24 h) in the aqueous conversion of xylose over a 5 wt% Ru/C catalyst. A
mechanistic study revealed that the dominant reaction mechanism for C5-sugar conversion involves a
formal decarbonylation step leading to the initial formation of the desired C4-tetritols. Subsequently the
formed C4-tetritols undergo further terminal C—-C scissions to glycerol and ethylene glycol. Remarkably,
potentially competing reactions like internal C-C chain scission (fragmentation) or hydrodeoxygenation
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Introduction

Decreasing fossil feedstock reserves and political instability,
combined with an increasing awareness on global climate
change, have sparked a demand for more sustainable alterna-
tives for both energy applications and materials.

Carbohydrates are attractive feedstocks since they have
numerous applications in food, feed and chemicals pro-
duction. A prime example of versatile carbohydrates are the
C4-polyols erythritol and threitol. They are currently commer-
cially produced by glucose fermentation and are well known as
low-calorie sweeteners.' ™

In addition, the C4-polyols can also serve as versatile chemi-
cal building blocks, for e.g. coating applications™® or the pro-
duction of (bio)-butadiene.®™

The production of the C4-polyols from non-edible sugars is
however preferred over the use of edible sugars in order to
prevent interference with food production.

Since C5-sugars (xylose, arabinose) are non-digestible, and
hence do not compete with food, they are interesting alterna-
tive starting materials for producing C4-polyols. C5-sugar con-
taining feedstocks are xylan-rich streams such as straw or
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(HDO) do not occur to any significant extent under the applied conditions.

wood residues, or arabinan-rich streams such as citrus- or
sugar beet pulp'® (Scheme 1).

In order to achieve an efficient route from C5-sugars to
tetritols, selective terminal C-C scission is required. In prin-
ciple there are two ways to achieve this: a decarbonylation reac-
tion (mainly reported for homogeneous catalysts), or terminal
C-C scission in the presence of hydrogen. The latter is also
called a hydrogenolysis reaction, and is mainly reported for
heterogeneous catalysts. However, in general the latter reaction
is not selective for the terminal position.

The only reported catalytic systems with a high selectivity
(70-80% isolated yield) for sugar decarbonylation are based on
homogeneous Ru- and Rh-catalysts.""** Unfortunately, these
homogeneous catalysts require complex (high boiling) solvent
mixtures in order to dissolve both the sugars and the catalysts.
Air and moisture sensitivity are unfavourable when working
with biomass. In addition, product separation from the cata-
lyst is cumbersome and often energy intensive. In order to
overcome these issues, the C5-sugar conversion should prefer-
ably be carried out under aqueous conditions (which is
nature’s carbohydrate solvent) using a heterogeneous catalyst.

The aqueous hydrogenolysis of carbohydrates using hetero-
geneous catalysts is a challenging topic. A wide variety of reac-
tions are possible i.e., (de)hydrogenation, isomerisation, retro-
aldol, retro-Claisen and decarbonylation reactions. In order to
understand the potential influence of these reactions on the
product distribution these reactions will be briefly discussed
first.

As an example of these five different reaction pathways the
conversion of xylose is shown in Scheme S1t ((de)hydrogen-
ation and isomerization) and Scheme 2 (retro-aldol, retro-
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Scheme 1 Desired catalytic route from non-edible agricultural residues towards C4-tetritols, compared to the current commercial route based on

the fermentation of edible sugars.

Claisen and decarbonylation). The reactions of Scheme S11 do
not result in chain scission, but the reactions described in
Scheme 2 all do.

The retro-aldol reaction (RA) requires a carbonyl functional-
ity on one of the carbons in the carbohydrate chain since the
reaction proceeds via enolates. The use of base enhances the
enolisation, and therefore bases like Ca(OH), are often applied
in retro-aldol reactions. The other typical reaction parameters
are temperatures between 200-240 °C and hydrogen pressures
around 60-100 bar."*'® Since the parent xylose already has an
aldehyde functionality, it can give the retro-aldol products gly-
colaldehyde and dihydroxyacetone according to route RA;.
These products, under the applied hydrogenation conditions,
will give ethylene glycol (C2) and glycerol (C3) as the final pro-
ducts. Carbonyl groups can also be generated on all other
carbons in the chain: dehydrogenation at carbons 1, 2, 4 and 5
of xylose can lead to the formation of C2 and C3 products via
retro-aldol reactions RA; and RA, and (de)hydrogenation.

Only dehydrogenation at C3 leads to the desired tetritol pro-
ducts via RA;."* The RA-pathway to C4 involves erytrulose as
an intermediate, a compound with a pro-chiral carbonyl on
C2. Therefore two products can be formed after hydrogenation
i.e., erythritol and threitol.

The retro-Claisen (RC) pathway involves the formation of a
beta-keto aldehyde (i.e. p-erythro-[3]pentulose), via dehydro-
genation of the aldose at position 3, followed by hydration of
the aldehyde and subsequent loss of formic acid via a six
membered ring transition state."” This mechanism also leads
to the desired tetritols and formic acid as a side product.

The last pathway described in Scheme 2 is the direct decar-
bonylation (DD) of xylose, leading to the formation of carbon
monoxide and threitol. This mechanism is dominant in the
previously mentioned homogeneous catalyst systems (reflux at

This journal is © The Royal Society of Chemistry 2015

130-162 °C under inert atmosphere).''> However, this reac-
tion is not well studied for heterogeneous catalysts, and con-
ditions under which this reaction can occur are therefore the
subject of this investigation. A summary of typical reaction
conditions for the 3 different pathways is given in Table S1.}

For the selective production of C4-tetritols from C5-sugars,
it is clear that of all these reactions, at least retro-aldol reac-
tions should be avoided: they give rise to the formation of C2
and C3 fragments via four different pathways, while only one
pathway leads to the desired C4-products. The formation C2
and C3 products is not only a matter of statistics: quantum
chemical calculations clearly show a preference for other pro-
ducts than C4."®' Thus, conditions favouring retro-aldol reac-
tions are applied when ethylene glycol and propylene glycol
are the desired products. The formation of these products is
non-selective and occurs at high temperatures (200-240 °C),
H,-pressures (60-100 bar H,) and alkaline conditions.'”***!
Similar conditions can also be applied to substrates like
cellulose,** glucose® or sorbitol,"*'* which again mainly
results in internal C-C scission.

Despite the large number of reports on carbohydrate C-C
scission chemistry using heterogeneous catalysts for hydroge-
nolysis, little attention has been paid to selective terminal C-C
scission. In one of the few reports, Deutsch et al.?® studied the
conversion of various carbohydrates over (sulphur modified)
ruthenium on carbon catalysts. By investigating the order of
appearance of the products, these authors demonstrated that
terminal C-C scission is dominated by a decarbonylation
mechanism. They also found that retro-aldol reactions were
not significantly contributing to terminal C-C scission.
However, in their study typical retro-aldol conditions were
applied: high temperatures (205-240 ©°C) and hydrogen
pressure (100 bar), in combination with alkaline conditions.

Green Chem., 2015, 17, 3900-3909 | 3901
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Scheme 2 Possible chain scission mechanisms of xylose initiated by hydrogenation and dehydrogenation reactions: Retro-Aldol (RA) reactions,

Retro-Claisen (RC) reactions and Direct Decarbonylation (DD).

As a result, severe hydrogenolysis did occur all over the chain
(instead of selectively at the terminal position) and the
reported tetritol selectivities (at 20-60% conversion) were
therefore rather low (1-4%).

Fabre et al.>”*® investigated a completely different reaction,
namely the reduction of arabinonic acid to arabitol. For that
purpose, they screened a set of carbon supported catalysts (Pt,
Pd, Rh and Ru) and ruthenium on other supports (TiO, and

3902 | Green Chem., 2015, 17, 3900-3909

HY). Although production of tetritols was not the aim of
the investigation, it was observed in small amounts ie., 3%
for Rh/C and over 4% for Ru/C. The authors showed that
all ruthenium catalysts did form small amounts of tetritols
(ca. 1%) while other metals did not. The experiments were con-
ducted between 80-140 °C and 100 bar H,, with the highest
tetritol formation at 140 °C. Since C2 and C3 products were
not observed, it was concluded that retro-aldol reactions did

This journal is © The Royal Society of Chemistry 2015
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not occur. This low reaction
temperatures.

In a paper by Sun et al.,*® the hydrogenolysis of xylitol was
optimized for the production of ethylene glycol and propylene
glycol (conditions: 160-240 °C, 0-100 bar H,). Similar to
the work of Fabre,*”*® they studied various carbon supported
catalysts (Pt, Pd, Rh and Ru) and ruthenium on other
supports (in this study TiO,, Al,O3, ZrO, and Mg,AlO,). Out of
a broad scope of catalysts, only the ruthenium catalysts
showed tetritol formation (up to 7% at 200 °C and 40 bar H,
for Ru/Mg,AlO,).

Based on the results of Deutsch,?® Fabre?”*® and Sun,? it
was decided to use Ru/C (5 wt% Ru/C, Escat 4401) for our
study. Here the aim is to investigate the conditions under
which selective terminal C-C scission (decarbonylation) can
occur and to maximize the formation of tetritols.

As described earlier it can be considered that selective C-C
scission at the terminal position can only be achieved when
retro-aldol reactions are suppressed. This requires low reaction
temperatures (<180 °C), hydrogen pressures (<60 bar H,) and
avoiding the use of a base.

Independent of the mechanism (either direct decarbonyla-
tion or retro-Claisen), the formal decarbonylation has to occur
at the terminal aldehyde. It is therefore preferred to start
directly from the aldose sugars (xylose and arabinose as com-
mercial available feedstock), instead of using the corres-
ponding alditols.

is probably due to the

Results and discussion
Design of experiment (DOE)

A Design of Experiment (DOE) was performed in order to find
the conditions at which terminal C-C scission occurs. As dis-
cussed earlier, temperature and hydrogen pressure are
expected to be key for steering the selectivity, and therefore
these variables were investigated.”” > Details on the study can
be found in the ESL

It was found that the reaction mixtures contained only
C5-C2 polyols and no other deoxygenated species were
formed (see Fig. S1t). The DOE showed that, in agreement
with our hypothesis, higher C4 yields can indeed be achieved
when applying lower hydrogen pressures and temperatures
(optimal conditions: 138 °C and 6 bar H,). The maximum cal-
culated yield (24% C4) is, to the best of our knowledge, the
highest reported tetritol yield using a heterogeneous catalyst
system.

Product formation over time

The experiments in the DOE were performed for 24 h and full
conversion of the starting xylose was observed. To gain more
insight in the reaction path, product formation was followed
over time.

Fig. 1 shows the mole fraction of the identified compounds
as a function of time during the conversion of xylose. The total
mass balance is also shown in the graph. Table 1 gives an over-

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 p-Xylose conversion over time; & xylose, B C5 alditols, A C4
alditols, ® C3 (glycerol), +total mass balance. Reaction conditions.:
p-Xylose (1.00 g), 5 wt% Ru/C (2.2 mol% Ru relative to xylose), deoxyge-
nated demineralized water (25 mL), 10 bar initial H, pressure, 140 °C.

Table 1 Dp-xylose conversion over time?

Time Conv.” MB.? C4 Sel.®
Entry (h) (mol%) C5° C€4° €3° C2° (mol%) (%)
1 0 33 30 1 0 0 98 98
2 0.5 97 102 3 0 0 108 108
3 1 100 84 5 1 0 90 79
4 3 100 74 14 5 0 92 70
5 4 100 53 11 2 0 66 54
6 6 100 43 14 4 0 61 48
7 8 100 31 18 7 0 56 40
8 24 100 18 20 11 3 52 31

“Reaction conditions (75 mL pressure reactor): p-Xylose (1.00 g,
6.7 mmol), 5% Ru/C (2.2 mol% metal relative to xylose), deoxygenated
demineralized water (25 mL), 10 bar initial H, pressure, 140 °C.
b Conversion of starting material determined by GC-FID after
acetylation. “ Total amount of product fraction in mol%, C5 and C4
products are the sum of stereoisomers. “Mass balance, sum of
starting material and C5-C2 polyols (mass balance exceeding 100% is
due to experimental error). ¢ C4 fraction/sum of C4-C2 polyols x mass
balance (%) (selectivity exceeding 100% is due to experimental error).

view of all components, mass balance and C4 selectivity as
function of time.

Already at ¢t = 0 part of the xylose was converted to C5-
alditol. This indicates that hydrogenation already occurred
during the initial heating of the reactor. Within 1 h all xylose
was converted and the C5-alditols reached a maximum yield.
Subsequently the C4 concentration increased while the C5 con-
centration decreased over time. However, from 8-24 h, no sig-
nificant changes in total C4 yield were observed whereas the
C5 selectivity steadily decreased. C3 formation was not
observed at the start of the reaction (<1 h), but slowly increased
from 1% after 1 h reaction time to 11% after 24 h. At this time
also a small amount (2%) ethylene glycol was observed.

These results indicate a continuous selective chain scission
process, going from pentitols, to tetritols, glycerol and ethy-
lene glycol. Such a stepwise mechanism (sequential reaction)
results in the slow conversion of all alditols into the next lower
homologues. As long as C5 is present, the desired C4-products
can be formed (rate determining step). However, since the
initially formed C4 are further converted into C3 and C2, it is

Green Chem., 2015, 17, 3900-3909 | 3903
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difficult to improve the C4 yield at high substrate conversion,
hence the moderate “optimal” yields in our DOE.

From Table 1 is can be seen that high selectivities
towards C4-products can be obtained at low conversion, while
obtaining an almost complete mass balance. This offers
opportunities to perform the reaction at low conversion
and separate the C5 and C4 components by means of indus-
trial chromatographic methods.**>* The remaining C5-
fraction can be re-used as a starting material for the pro-
duction of C4.

These results support the hypothesis that very selective
terminal C-C scission can indeed occur under mild con-
ditions, when unselective retro-aldol reactions are minimized.
Furthermore the absence of significant amounts of hydro-
deoxygenation (HDO) products such as C5-tetra/tri/diols
or C4-tri/diols is another reason for the high selectivity
(see ESIt).

Influence of H, pressure and gas phase analysis

A decrease in the H, pressure over time was observed during
the reaction, and especially in the beginning of the reaction.
The activity measurements as function of time (Fig. 1) showed
initially a fast conversion of xylose to xylitol, which explains
the fast initial hydrogen consumption. However, also after this
initial step, still some hydrogen consumption was observed,
although to a much lesser extent (see discussion on gas phase
products vide infra).

From the results of the DOE it is clear that the hydrogen
pressure is of great influence on the reaction steps. Based on
the hydrogen consumption and subsequent pressure drop, a
change in the kinetics of the reaction steps was expected.
Therefore a reaction under constant pressure was performed
in order to compare these results to the previous results under
non-continuous pressure. The product distribution was moni-
tored over time (Fig. 2), corresponding with the data shown in
Table 2, entries 11-17.

Surprisingly, the C4 selectivities at short reaction times
(0-3 h) were in accordance with the previous results. The C4
yield reached a maximum around 20%. The final mass
balance was however better. A possible explanation might be

Product yield (mol%)

Time (h)

Fig. 2 Dp-Xylose conversion over time: & xylose, B C5 alditols, A C4
alditols, ® C3 (glycerol), +total mass balance. Conditions: p-Xylose
(16.0 g), 5% Ru/C (2.2 mol% Ru relative to xylose), deoxygenated de-
mineralized water (400 mL), 10 bar continuous H, pressure, 140 °C.
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that the higher H, concentration leads to a lower concen-
tration of aldehyde functionalities and therefore lower decar-
bonylation rates.

Fig. 2 shows that the mass balance steadily decreased over
time. In an attempt to close the mass balance and to deter-
mine the final products formed from the C3 and C2 fraction,
the water phase was analyzed by GC (before evaporation of the
water) in order to check for the presence of small (volatile)
compounds (e.g. formic acid, methanol, ethanol, acetic acid,
1-propanol and 2-propanol). This was done for the experiment
shown in Table 2, entry 8; (xylose, 10 bar H,, 140 °C, 24 h).
Although MeOH, EtOH, 1-PrOH and 2-PrOH were present, the
amounts were too low («1%) to have a significant contri-
bution on the mass balance.

Gas phase analysis showed the presence of the gasses CO,,
CH,, C,Hg and C3Hg in a relative ratio of 1:79:14:6. Carbon
monoxide was not detected. The pH of the reaction mixture
dropped from pH 7 before reaction to pH 3 after reaction,
which might be explained by dissolved CO, in the aqueous
phase. Furthermore, the relatively large concentration of
methane is not uncommon for Ru-catalyzed hydrogenolysis
reactions. Maris et al.*® showed that this can result from the
hydrogenation of formaldehyde and methanol.

Although for the xylose conversion over Ru/C oxidized pro-
ducts (ketones) and HDO products were only observed in trace
amounts, apparently the smaller C3 and C2 molecules
undergo these types of transformations, resulting in the for-
mation of short hydrocarbons."”

Reaction mechanism

The data shown above are a strong indication that, under
these specific mild conditions (Ru/C, 140 °C, 10 bar H,), the
reaction follows a terminal C-C scission pathway. Analogous to
the work of Deutsch®® it was decided to further investigate the
order of formation of the various epimers, since this will
provide valuable information for possible reaction
mechanisms.

For this purpose, 10 different starting materials and inter-
mediates were exposed to the standard reaction conditions
(initial H, pressure 10 bar, 140 °C), and the product distri-
bution and mass balance after 24 h were analysed (Table 2).
Furthermore, product formation over time for the conversion
of both xylose (reaction from Fig. 2) and arabinose under con-
stant pressure (10 bar H,) at 140 °C were compared.

Isomerisation reactions

A comparison of xylose (Table 2, entries 11-17) and arabinose
(Table 2, entries 18-23) showed that in both cases initially the
respective alditol was formed via hydrogenation of the aldose.
Over the course of the reaction all other epimers were
observed, indicating isomerisation reactions as discussed in
Scheme S1 (ESIf).

A difference in the order of appearance of the epimerisation
products was observed for both pentoses. Xylitol was first
mainly converted into arabitol (Table 2, entry 12) and sub-
sequently into adonitol (Table 2, entries 14-17). This can

This journal is © The Royal Society of Chemistry 2015
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on one hand be simply rationalised based on statistics;
epimerisation at both C2 and C4 of xylitol yields arabitol,
while only epimerisation at C3 can yield adonitol. However,
hydroxyl group orientation also plays a role in the reaction
rate, as is known from literature, e.g. in dehydrogenation
reactions.>

The latter is apparent from the behaviour of arabitol, which
was first converted into adonitol (C2 inversion, Table 2, entries
19-20) and subsequently into xylitol (C4 inversion, Table 2,
entries 21-22). Independent of the stereochemistry of the start-
ing C5-aldose or alditol, the final relative ratio of C5-pentitols
and C4-tetritols remained the same: about 17% xylitol, 52%
arabitol and 31% adonitol was found in all cases after 24 h
(Table 2, entries 1-5) and the ratio of erythritol to threitol was
always approx. 1: 1.

The mixture of isomers indicates that the catalyst is highly
active in the isomerisation of the sugar alcohols. This is also
observed by the fact that C4 selectivities are highly comparable
for arabinose and xylose (16-21 mol% yield) and therefore
independent of the initial stereochemistry.

The equilibrium depends however on the applied con-
ditions, as we have observed different ratio’s at various tem-
peratures and pressures (data of experimental design not
presented, but also clear from the results of the xylose conver-
sion, constant pressure vs. initial (variable) pressure: Table 2,
entries 1 and 17, and for arabinose: entries 3 and 23).

Erythrulose and erythritol underwent isomerisation to
threitol (Table 2, entries 6-8) while this was observed only to a
small extent for (recrystallized) threitol (Table 2, entries 6-8).
The lack of conversion of threitol was probably caused by
deactivation of the catalyst due to impurities present in the
starting material, since the commercial sample (before
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recrystallization) showed no conversion at all. However,
Deutsch et al.®® also found that in their system, the reaction
rate of threitol was lower compared to erythreitol. Since we
applied much milder conditions in order to achieve selectivity
for terminal C-C scission, our reaction rates in general are
much lower, explaining the bigger difference in our system
between erythritol and threitol.

Chain scission reactions

The initial selectivity towards the two C4-tetritols was
different for xylose (~100%, Table 2, entries 11 and 12) and
arabinose (~50%, Table 2, entries 18 and 19). In the case of
xylose, first threitol was observed as secondary product
(Table 2, entries 11 and 12), followed eventually by erythritol
(Table 2, entries 16 and 17). Erythritol can however also be
formed from arabitol and adonitol, which were formed via epi-
merisation of the initially formed xylitol over the course of the
reaction, or via isomerisation of the initially formed threitol.
In the case of arabinose the initial C4-product was erythritol
(Table 2, entries 18 and 19), followed by threitol (Table 2,
entries 21-23).

Also the lower polyols undergo further conversion to the
shorter chain products. Since all reactions in Table 2, entries
1-10 were performed with 1 g substrate, the catalyst to sub-
strate ratio decreased with the molecular weight of the sub-
strates, yet the conversion was much higher. The apparently
higher reaction rate of the C2 and C3 components compared
to the C4 and C5-polyols explains why the amount of C3 and
C2 remained relatively low over the course of the reaction
(Fig. 2 and Table 2, entries 11-23). Based on these obser-
vations the reaction pathway of Scheme 3 is proposed.

Scheme 3 Proposed reaction pathways for the conversion of aldoses into alditols.
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From the proposed reaction pathway it is suggested that
predominantly consecutive formal decarbonylation occurs.
According to the previously discussed literature (at least) three
fragmentation mechanisms are suggested to occur with carbo-
hydrates; ie. the retro-aldol mechanism, the retro-Claisen
mechanism and a direct decarbonylation mechanism
(Scheme 2).

Based on the initial exclusive formation of C4 products
(and the absence of C3 and C2-products in the beginning of
the reaction), we can in agreement with Deutsch®® exclude the
retro-aldol reaction. As described earlier, this mechanism will
not have a preference for the terminal positions."®'® Most
importantly, a retro-aldol mechanism fails to explain why start-
ing from xylose, threitol is the first product to appear (Table 2,
entries 11 and 12) and starting from arabinose, erythritol is
the initial product (Table 2, entries 18 and 19). The intermedi-
ate tetrulose products have a carbonyl group at the C2 posi-
tion, which after hydrogenation should give both erythritol
and threitol independent of the starting aldose (see RA mech-
anism in Scheme 2).

The alternative retro-Claisen mechanism could however
explain the selectivity for terminal C-C scission (see RC mech-
anism in Scheme 2). The retro-Claisen mechanism requires
the presence of 2 carbonyl groups, and one would expect tetri-
tol formation to occur immediately from ¢ = 0, when the pres-
ence of aldoses is still high. Since a fast reduction of the
aldoses to the corresponding alditols was observed before C4
formation started, this is in contrast to the experimental
results. The observed order of formation of the C4-products
(first threitol from xylose, Table 2, entries 11 and 12 and ery-
thritol from arabinose, Table 2, entries 18 and 19) is also not
in line with this mechanism: since in the retro-Claisen reac-
tion tetrulose is formed as an intermediate, this does not
provide an explanation for the initial retention of the aldose
configuration.

A simpler explanation for the observed step-wise dehomolo-
gation mechanism is the direct decarbonylation of aldoses,
comparable to routes known for homogeneous Ru- and Rh-
catalysts.">**” More detailed research is necessary to eluci-
date the exact reaction mechanism, which will be the subject
of future work.

To stimulate this follow-up, we have added the results of a
small screening of common hydrogenolysis catalysts (sup-
ported Ru-, Rh-, Ir-, Au-, Pt-, Pd- and Ni-catalysts) to the ESL.T
This very limited test shows that various Ru-catalysts were
active (10-20% tetritols), while the other metals were not
(0-2% tetritols). It would be interesting to investigate what
makes the Ru-catalysts special, and what is the role of their
active sites. The long term stability of new developed catalysts
should also be taken into account.

Conclusions

This work has shown that selective terminal C-C scission of
C5-sugars (xylose and arabinose) to C4-tetritols (erythritol and

This journal is © The Royal Society of Chemistry 2015
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threitol) can be achieved using a commercial 5 wt% Ru/C cata-
lyst. High selectivity (>90%) for the terminal position was
achieved at low conversions (<20%). The conversion of C5-
sugars under the optimized conditions (138 °C, 6 bar H,)
occurs via a direct decarbonylation mechanism. At higher con-
versions, the initially formed C4-tetritols undergo further de-
carbonylation to glycerol and eventually ethylene glycol. Due to
this continuous chain scission mechanism, the selectivity for
C4-products drops at higher conversion. As a result, the
highest achieved yield of C4-tetritols in a batch system was
20-25% which is to the best of our knowledge the highest
yield reported thus far.

Experimental
Materials

The following chemicals and solvents were used as received:
pxylose (minimum 99%, Sigma Aldrich), t-arabinose
(minimum 99%, Sigma Aldrich), p-xylitol (minimum 99%,
Sigma Aldrich), r-arabitol (>99% Fluka), p-adonitol (99+%,
Acros Organics), p,r-threitol (97%, Aldrich), Erythritol (Cere-
star), r-erythrulose (>85% HPLC, Sigma Aldrich), glycerol
(reagent plus, >99.0% Aldrich), ethylene glycol (anhydrous,
99.8%, Sigma Aldrich), pyridine (for analysis, Merck), ethanol
(for analysis, Merck), n-hexane (99+%, for analysis, Merck),
Sicapent (phosphorus pentoxide with indicator, Merck), acti-
vated charcoal (NORIT A SUPRA), acetic anhydride (>99%,
Sigma Aldrich) and diphenylmethane (>99%, Fluka).

Experiments with commercial p,i-threitol showed no con-
version, which was expected to be caused by impurities in the
starting material. The commercial product was therefore
recrystallized via the following procedure: b,i-threitol (4.0 g,
33 mmol) was dissolved in 75 mL ethanol to give a clear yellow
solution. Activated carbon (400 mg) was added and the sus-
pension was stirred for 1 h. The activated carbon was removed
by filtration to give a clear colourless solution. Hexane was
added until the solution became slightly turbid. The solution
was placed in the refrigerator for 19 h. The white crystals that
formed over this period were collected by filtration and dried
in a vacuum oven, 40 °C, over Sicapent to give 3.0 g (75%) of
p,L-threitol as white crystals.

The industrial catalyst used in the investigation was 5%
Ru/C (5% Ruthenium on activated carbon, reduced, 50% water
wet paste, Escat 4401, %H,0 53.96, STREM). Analysis of this
catalyst can be found in the ESI.}

Activated carbon (corresponding to the support used in
commercially available 5% Pd/C catalyst) was kindly supplied
by BASF.

General reaction procedure

The following procedure was used for the experiments shown
in Table 1, Table S2,T Table 2 (entries 1-10) and Fig. 1: In a
typical experiment, p-xylose (1.0 g), 5 wt% Ru/C (0.663 g) and
deoxygenated demineralised water (25 mL) were charged into a
75 mL Hastelloy reactor (Parr MRS 5000 system). A magnetic
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stirring bar was added and the reactor was closed and flushed
3x with N,, followed by flushing 3x with H,. After applying the
desired H, pressure, stirring was started (600 rpm) and the
reactor was heated to the desired temperature. The starting
time of the reaction was determined as the point where the
reactor reached the desired temperature (approx. 30 min.). To
stop the reactions, the reactors were allowed to cool to room
temperature (approx. 90 min.) after which they were depressur-
ized, flushed 3x with N, and opened. The catalyst was removed
by filtration over filter paper and washed with distilled water.
The combined aqueous phases were concentrated on a rotary
evaporator at 40 °C under reduced pressure and the remaining
product was further dried in a vacuum oven, 40 °C, over
Sicapent. The obtained samples were weighed and analysed
by GC-FID.

Reactions under constant pressure

Reactions under constant H, pressure (experiments of Fig. 2
and Table 2, entries 11-23) were performed in 600 mL Hastel-
loy reactor (Parr 4560). In a typical experiment, p-xylose
(16.0 g), 5 wt% Ru/C (10.575 g) and deoxygenated deminera-
lised water (400 mL) were charged to the reactor. The reactor
was closed and flushed 3x with N,, followed by flushing 3x
with H,. After applying the desired H, pressure, stirring was
started (600 rpm) and the reactor was heated to the desired
temperature in approx. 30 min. The starting time of the reac-
tion was determined as the point where the reactor reached
the desired temperature. Over the course of the reaction, the
H, pressure was kept constant by manual re-pressurisation. At
regular time intervals small samples (5 mL) were taken via the
dip-tube, which were filtered, concentrated and dried as
described above. The obtained samples were weighed and ana-
lysed by GC-FID.

Analytical methods

GC-FID samples were prepared by dissolving the dried reaction
mixtures in pyridine, followed by acetylation with acetic anhy-
dride for 20 min. at 70 °C and the addition of a known concen-
tration of internal standard (diphenylmethane). GC-FID
analyses were performed on an Interscience Focus GC with a
AS 3000 series auto sampler (He carrier gas, flow 50 mL min ™,
split ratio 1: 33; Restek GC column Rxi-5 ms 30 m x 0.25 mm X
0.25 um; GC program hold 2 min at 70 °C, ramp 10 K min™" to
300 °C, hold 2 min. Quantification of the products (expressed
in mol%) was based on weight of the isolated product, and the
peak areas of the GC samples (corrected for the response
factors as obtained by comparison of commercial references to
the internal standard).

Gas phase analysis was performed on a dual channel Inter-
sience Compact GC with TCD detectors using He as the carrier
gas. Carbon dioxide and hydrocarbons were separated on Pora-
plot Q, while CH, and CO were separated on a Molsieve 5A.
Samples for gas phase analysis were collected in a gas bag, by
releasing the residual pressure of the reactors at room tem-
perature. Results were compensated for relative response
factors.
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