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ABSTRACT: Hydrodeoxygenation (HDO) of sugar alcohols could be a valuable reaction for the renewable
production of alkenes. However, reports on deoxygenation of longer polyols (e.g. erythritol, xylitol, sorbitol) to
mono-alkenes are scarce, especially when using H. as reducing agent. Here we design a conceptually different
catalyst system for polyol conversion to olefins, containing a selective Ru hydrogenation function (e.g. RuBr;) in an
ionic liquid that dehydrates alcohols (tetrabutylphosphonium bromide, Bu,PBr). This system performs HDO of
erythritol to butenes in yields up to 69%. Strikingly, overreduction to less valuable butane is effectively suppressed.
We show that in situ formed CO is crucial in the formation and stabilization of the active and selective catalyst. The
actual hydrogenation catalyst is identified as a Ru carbonyl bromide species, as demonstrated by FTIR and XANES.
Finally, we show that this HDO also works for more economically relevant polyols: glycerol, xylitol and sorbitol,
leading to propene, pentenes and hexenes as main products respectively. KEYWORDS: homogeneous catalysis,
hydrodeoxygenation, biomass, Ruthenium, ionic liquids, CO

Introduction:

Sugar alcohols are abundantly accessible bio-based compounds and, as a result, they are very promising as
renewable resources.3 Glycerol is an important (> 10 wt%) side product from biodiesel production,+> while
erythritol can be formed fermentatively from glucose, xylose or glycerol.®® Xylitol and sorbitol are produced by
hydrogenation of xylose and glucose respectively using Ni or Ru catalysts.!3 Furthermore, also the direct production
of these sugar alcohols from (hemi)cellulose is viable.>'* While sugar alcohols themselves have applications, e.g. as
sweeteners,' selective deoxygenation greatly expands their potential. Different deoxygenation methods have been
reported, mainly to alkanes"3 and shorter chain polyols or alcohols*4. Some transformations to olefins (of the same
chain length) have also been reported, especially for the production of propene from glycerol.524 Transformations
of higher polyols to unsaturated hydrocarbons on the other hand are much more rare. One interesting tool for such
deoxygenations is the deoxydehydration (DODH) reaction, typically catalyzed by Re, Mo or V, which removes OH-
groups pairwise from vicinal diols in a reverse cycloaddition. Transformation of erythritol to butadiene over Re- or
Mo-based DODH catalysts has been performed with reducing agents such as hydroaromatics,® alcohols,*¢-2
triphenylphosphine,?7293° or Na2S03.3' Use of H, is possible with a sophisticated ReOx-Au/CeO, catalyst; the DODH
of erythritol with this system forms mainly butadiene, while butenes are formed as a minor side product (3%).3* In
addition, also DODH of xylitol to 1,3-pentadiene3 and of sorbitol to 1,3,5-hexatriene*® have been reported, using
formic acid and 3-pentanol as reducing agent, respectively. Only one non-DODH deoxygenation of higher sugar
alcohols to olefins has been reported: a transformation of sorbitol to hexenes using silanes (R3SiH or R2SiH.,) as
reducing agents, entailing significant cost and waste co-production.3* Summarizing, the number of reports on
deoxygenation of polyols to mono-olefins is limited, especially if H., is to be used, which is the preferred industrial
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reducing agent. Nevertheless, such a process would be very valuable, since biosourced higher olefins are in high
demand as non-fossil drop-in building blocks.

Conversion of a polyol to an olefin implies a combination of dehydration and reduction reactions. Dehydration
of a vicinal diol motive leads, via enol-to-keto tautomerism, to carbonyl compounds (Figure 1 b). We hypothesized
that if a fast dehydration were combined with exclusive hydrogenation of C=O bonds, even in the presence of C=C
bonds, the overall sequence may result in the stepwise deoxygenation to an olefin, as a kinetically stable end
product. In designing a catalytic system, we first selected tetraalkylphosphonium halogenides as performant
dehydration media. We previously showed that in particular tetrabutylphosphonium bromide (Bu,PBr), together
with an acid cocatalyst, forms a stable and recyclable catalytic system for dehydrations,33¢ e.g. of 1,4-butanediol to
1,3-butadiene. These reactions proceed via H*-assisted nucleophilic substitution of ~-OH by Br-, followed by HBr
elimination and C=C formation (Figure 1 a). To allow for full deoxygenation of compounds with more than one
hydroxy group per two carbons, as in the desired sugar alcohol to olefin route, Bu,PBr needs to be combined with
a hydrogenation catalyst with very high C=0 over C=C selectivity. Such a hydrodeoxygenation (HDO) would be
formally similar to, but mechanistically completely different from the classical DODH reaction, and would be a
conceptually new complement to DODH.
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Figure 1. Summary of previous work and aim of this report.

Results and discussion
Identification of a catalyst for selective olefin production

Erythritol was chosen as a model sugar alcohol, as we expected it to lead to a moderately complex product
distribution relative to sugar alcohols of shorter and longer chain length. Reactions were performed in conditions
that were previously demonstrated conducive for dehydration (200°C, 3.4 eq. Bu,PBr, 5 mol% HBr, 4h),353¢ in the
presence of 2 mol% metal catalyst, 40 bar H, and a dodecane phase for product extraction. Full conversion of
erythritol is reached in these conditions, like in most reactions of this paper. In the absence of a metal catalyst the
main product is 2,3-butanedione, formed via two successive dehydrations (Figure 2). In line with established
insights in the Bu,PBr-HBr system,3 this confirms that the dehydration typically starts by nucleophilic substitution
with Br- at the sterically more accessible terminal -CH,OH group, followed by HBr loss and ketone formation at Ca.

To further convert these carbonyl compounds, we focused on homogeneous Ru hydrogenation catalysts, since
some examples of selective, Ru-catalyzed hydrogenations of C=0 groups to alcohols are known, for example from
Noyori’s seminal work; note however that these reactions proceed in vastly different conditions.3739 Addition of
several Ru(II) and Ru(Ill) complexes leads to good butene yields (1-butene, cis- and trans-2-butene), while
Ru;(CO),,, with Ru in the zerovalent state, performs poorly. Note that, in contrast to the DODH reaction, butenes
rather than the expected butadiene are formed, resulting in the first high-yielding HDO of erythritol to butenes.
The simple Ru salts RuCl; and RuBr; lead to surprisingly high butene yield and selectivity. Complexes with electron-
rich ligands, like RuClL,(PPhs); and Ru(acac); lead to increased overreduction to butane (acac = 2,4-pentanedionate).
By contrast, [RuCL(CO);], and [RuBr.(CO),],, the latter synthesized following a literature procedure,+ lead to 57
and 67% vyields of butenes respectively, without any overreduction to butane, suggesting a positive effect of the
electron withdrawing ligand CO. In these high-yielding reactions, a good mass balance is achieved, because aldol
condensation of carbonyl intermediates is largely suppressed by faster hydrogenation (Figure S1). A reaction
without substrate for 48 h confirmed that the butenes indeed originate from erythritol, rather than from breakdown
of the tetrabutylphosphonium cation. Furthermore, H, is needed as reducing agent, as butenes or butanone are not
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formed in its absence (Figure 2), ruling out transfer hydrogenation of alcohol substrates or intermediates as main
reduction mechanism. Finally, other homogeneous or heterogeneous noble metal catalysts were tested, e.g. based
on Pt or Pd; most lead to butanone as the main product, and butene yields are very low or null (Figure S2).
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Figure 2. Identification of best metal catalyst for hydrodeoxygenation of erythritol in tetrabutylphosphonium bromide.
Conditions: 0.5 mmol erythritol, 1.7 mmol Bu,PBr, 0.01 mmol Ru (2 mol%), 0.025 mmol HBr, 1 mL dodecane, 200 °C, 40
bar H,, 4 h. Hydroxy compounds = 1,4-anhydroerythritol and 3,4-hydroxybutanone; acac = acetylacetonate; PPh; =
triphenylphosphine. * 40 bar N,.
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Figure 3. Time profile of erythritol reaction with RuBrj; as a catalyst. Conditions: 0.5 mmol erythritol, 1.7 mmol Bu,PBr,
0.005 mmol RuBr; (1 mol%), 0.0125 mmol HBr, 1 ml dodecane, 210°C, 40 bar H..

The reaction with RuBr;, as a simple and effective Ru precursor, was subjected to a brief parametric optimization
(temperature, pressure, type and amount of IL and acid) at a lower catalyst loading of 1 mol% (Figure S4-8 and Table
S1). In the conditions identified (3.4 eq. Bu,PBr, 1 mol% RuBr;, 2.5 mol% HBr, 210 °C and 40 bar H.), the formation
of products over time was followed (Figure 3). The initial turnover frequency (TOF) of the Ru catalyst for
hydrogenation/reduction is quite high, at 376 h™ (counting two and three hydrogenations/reductions respectively
per molecule of butanone and butene formed). At first, butanone accumulates, reaching a 48% yield after 1 h, but
it is gradually converted to butenes, leading to a 51% yield after 5 h. This accumulation implies that dicarbonyls,
such as butanedione, and hydroxycarbonyl compounds are hydrogenated quickly, while the hydrogenation of
butanone is a kinetically slow step. Possibly, a second functional group, like in butanedione, is required to bring the
C=0 group close to the Ru centre; a similar substrate directed hydrogenation has been described in other ketone
hydrogenations catalyzed by homogeneous Ru.#

Role of CO

With the hydrogenation of butanone having been identified as the slow step, this reaction was studied separately,
with either [RuBr,(CO),], or RuBr;, in otherwise identical conditions (3.4 eq. Bu,PBr, 1 mol% Ru, 5 mol% HBr, 210
°C, 40 bar H.,). Using [RuBr,(CO)s],, butanone is efficiently transformed to butenes with > go % selectivity, but with
RuBr;, hardly any butenes are formed (Table 1, entries 1,2). The hydrogenation activity nevertheless can be restored
with 0.125 bar of CO in the atmosphere, corresponding to an 20:1 CO to Ru ratio (Table 1, entry 3). Higher CO partial
pressures clearly slow down the reduction of butanone to butenes (Table 1, entries 4,5). This evidences that excessive
coordination of Ru by CO must be avoided in order to obtain the most active hydrogenation catalyst. Since dosing
low partial pressures of CO is non-trivial when H, is simultaneously present at high pressure (40 bar), it was decided
to add small amounts of formaldehyde (20 mol%; 201 HCHO to Ru ratio) as an alternative source of CO.
Formaldehyde can indeed be dehydrogenated in situ to form CO.4* As expected, HCHO, in combination with RuBr;,
generates an active catalyst for butanone to conversion to butenes, while the corresponding alcohol, methanol, is
incapable to do so (Table 1, entries 6,7). Generally, aldehydes are easily decarbonylated, and any aldehyde therefore
is a potential in situ source of CO. Thus, the aldehyde 3-oxobutanal, when used as an additive in the RuBr; catalyzed
reduction of butanone, facilitates butanone reduction to butenes, while 2,3-butanedione does not (Table 1, entries
8-9). When the reaction is started from 2,3-butanedione as the substrate (Table 1, entry 10), in the absence of added
CO, RuBrj; again fails to form selectively butenes. Although full conversion was reached, poor chemoselectivity to
butenes was observed in combination with a poor mass balance resulting from significant aldol condensation. This
proves that also for the easier reduction of 2,3-butanedione, a Ru carbonyl compound, rather than simple RuBr; is
the desired catalyst. Since 3-oxobutanal is a minor product of the acid-catalyzed double dehydration of erythritol,
it becomes clear that the reaction starting from erythritol could produce autogenous CO. This explains why
acceptable hydrogenation activity and butene yields were found even with simple RuBr;, in the absence of any
added CO or HCHO (Figures 2 and 3).

Table 1. Influence of CO, formaldehyde and other additives on reduction of the butanone intermediate.

Entry Catalyst Additive mol percentage (%) Conversion
Butane @ Butenes Butanone (%)
1 [RuBr,(CO);], None o 76 16 84
2 RuBr; None 1 1 56 44
3 RuBr, 0.125 bar CO o 50 44 56
4 RuBr; 0.5 bar CO o 29 63 37
5 RuBr; 1bar CO o 26 64 36
6 RuBr; Formaldehyde 3 72 13 87
7 RuBr; Methanol 1 2 66 34
8 RuBr; 3-Oxobutanal2b 2 57 30 70
9 RuBr; Butanedione? 3 4 70 30
10¢ RuBr; None 7 14 13 99




Conditions: 0.5 mmol butanone, 1.7 mmol Bu4PBr, 0.005 mmol Ru (1 mol%), 0.025 mmol HBr, 0.1 mmol additive, 1 mL
dodecane, 40 bar Hz, 2 h, 210°C. 2 Since these additives also form products such as butenes and butanone in these
conditions, the expected yield of these products from 0.1 mmol additive is subtracted; ® Aldehyde in dimethyl acetal form;
¢ reaction with 0.5 mmol 2,3-butanedione.

Besides promoting the Ru-catalyzed hydrogenation of ketone intermediates, the presence of CO also appears to
suppress the overreduction of butenes to butane. This is illustrated by data for the RuBr;-catalyzed conversion of
erythritol (Table 2). Addition of HCHO (as a CO precursor) to reactions with 2 or 5 mol% RuBr; fully suppresses
overreduction of butenes to butane (Table 2, entries 4 vs. 3, and 6 vs. 5). With 5 mol% Ru, the butene yield even
increases to 66-69% (Table 2, entries 6,7). Strikingly, a clear visual difference is observed between reactions with
overreduction and those without; a grey IL is formed in the former case, suggesting metallic Ru, while in the latter
case a yellow IL is obtained (Figure S1). FTIR analysis of the reactor headspace confirmed formation of CO, part of
which most likely ligates to the Ru catalyst, thus stabilizing it towards reduction and aggregation as zerovalent
metal. Importantly, FTIR analysis also detected CO in the reactions without added formaldehyde. This confirms
that CO is also formed from a reaction intermediate, most likely an aldehyde like 3-oxobutanal, as Ru catalysts are
well-known for decarbonylation of aldehydes.#3-45 The formation of propene as a side product (Figure 2) is consistent
with in situ decarbonylation of 3-oxobutanal to form acetone, followed by HDO of acetone by ketone reduction and
dehydration.

Table 2. Influence of formaldehyde on the RuBr;-catalyzed HDO of erythritol.

Yield (%)
Entry | mol% Ru HCHO
Butane | Butenes @ Butanone
1 1 - o 43 18
2 1 + ) 27 25
3 2 - 3 46 17
4 2 + Y 55 14
5 5 - 4 52 3
6 5 + o 66 1
7 5% + o 69 1

Conditions: 0.5 mmol erythritol, 1.7 mmol Bu4PBr, 0.025 mmol HBr, 1 mL dodecane, 40 bar Hz2, 2 h, 210°C. When HCHO
was added, it was added at a constant HCHO : Ru ratio of 16. *reaction with 0.05 mmol HBr.
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Figure 4. HDO of erythritol at 180°C, after catalyst pretreatment with formaldehyde at 210°C. General conditions: 0.5
mmol erythritol, 1.7 mmol Bu,PBr, 0.025 mmol HBr, 1 mL dodecane, 40 bar H,. * = reaction without pretreatment.

The previous reactions demonstrated that a limited amount of CO is needed to create the active hydrogenation
catalyst, to prevent reduction of the catalyst to metal, and thus to decrease the overreduction to butane. However,
if too much CO is present, either formed autogenously from erythritol, or from added HCHO, it has a negative
impact on the reaction, especially at low RuBr; contents. This is clear from the HDO of erythritol with 1 mol% RuBr;,
with or without added HCHO (Table 2, entries 1 and 2). Therefore, it would be advantageous to perform the
hydrodeoxygenation at an optimal, constant concentration of CO, without generating too much CO by
decarbonylation of 3-oxobutanal. The latter is enabled by performing reactions at 180°C, where decarbonylation is
very slow, as evidenced by a negligible yield of propene (Figure S5). In an even more advantageous procedure, a
catalyst pretreatment step is performed, in which the RuBrj; catalyst is activated at 210°C in Bu,PBr in the presence
of formaldehyde but in the absence of erythritol; next reaction is started at 180 °C, with addition of erythritol. The
yield of butenes clearly increased by including a catalyst pretreatment step, to 55% with 2 mol% RuBr; and even to
65% with 3 mol% RuBr;, while still completely avoiding any overreduction to butane (Figure 4). Furthermore, the
constant (minimal) concentration of CO in the reaction medium results in catalyst stability, as evidenced by
successful catalyst recycling tests (Figure Si4). The catalyst could be recycled up to 5 times before the butene yield
decreased, presumably due to slower dehydration. The initial activity and selectivity of the system were regained
after drying under vacuum.

Catalyst characterization

The catalytic results indicate that CO, either formed from a reaction intermediate or added externally, plays an
important role in the system. Most likely, CO binds to Ru and influences the catalyst as a ligand. We investigated
this hypothesis by analyzing the Ru-containing IL after reaction starting from 1 mol% RuBr; by FTIR spectroscopy.
The IL solidifies quickly upon cooling (melting point around 100°C) allowing to trap catalytically relevant species
in the IL. The carbonyl stretching region of the FTIR spectrum (Figure 5) shows two medium-strength vibrations at
2112 and 2028 cm™ and one weaker band at 1951 cm™, characteristic of axial and radial CO vibrations in Ru-carbonyl
compounds.4® This is highly similar to the bands obtained for [RuBr,(CO);], dissolved in Bu,PBr, indicating the
formation of a similar Ru species. In addition, also the Ru catalyst pretreated with HCHO in Bu,PBr correlates well



with [RuBr,(CO);].. Hence, the catalyst pretreatment is a fast and facile step to circumvent the disadvantages of
[RuBr,(CO)s], synthesis.
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Figure 5. Characterization of Ru in tetrabutylphosphonium bromide (Bu,PBr). a) Fourier transform infrared (FTIR)
spectrum; b) Zoom on carbonyl region of FTIR spectrum; c¢) X-ray absorption near edge structure (XANES) spectra of high
concentration commercial Ru complexes: RuBr; in Bu,PBr (red) and [RuCl,(CO);], in Bu,PBr (green) and the low
concentration Ru catalyst in Bu,PBr after reaction (blue); d) Fourier-transformed phase-uncorrected EXAFS spectra.

In addition, X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)
data were collected on a sample obtained in the same conditions for the catalyst and commercially available Ru
complexes ([RuCL(CO);]. and RuBr; dissolved in Bu,PBr). XANES spectra (Figure 5c) evidence that the catalyst
obtained after reaction is clearly distinct from the parent RuBr;, sharing similar spectral features with Ru halide
carbonyl complexes. Furthermore, the FT-EXAFS of the catalyst is characterized by three peaks as in the Ru halide
carbonyl complex (Figure 5d), which indicates a similar local surrounding of Ru ions in both samples. Due to low
Ru concentration in the catalyst Figure 5d shows only a qualitative comparison using k'-weighted spectra in 1.7-9.0
A-' region. Quantitative fitting of the commercial sample in extended k-region confirms the expected Ru
coordination (Figure S10-12). Summarizing, FTIR and EXAFS characterization demonstrate that the RuBr; precursor
is transformed to a Ru(II) bromide carbonyl species in the reaction conditions.

Study of putative intermediates and reaction network

Next, we mapped the reaction network (Figure 6), by reacting a series of putative intermediates on the route from
erythritol to butenes, with addition of formaldehyde for non-aldehyde substrates. Two products of double
dehydration of erythritol, butanedione and 3-oxobutanal, the former being the main product in the absence of
hydrogenation, lead to good yields of butenes, while the other C4 dicarbonyl, succinaldehyde, does not (Table 3,
entries 2-4). In addition, the enhanced C3 yields from 3-oxobutanal confirm its susceptibility to decarbonylation.
The hydrogenation products of butanedione and 3-oxobutanal are two hydroxyketones (4-hydroxybutanone, 3-
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hydroxybutanone; Table 3, entries 5-6), which in turn react smoothly to butenes in up to 65 % yield. From these
compounds, butanediols can be formed, which lead to even higher butene yields (> 85%; entries 7-8). Alternatively,
the hydroxyketones can be dehydrated to methyl vinyl ketone (MVK, entry 9), which leads to somewhat lower
butene yields and mass balance, possibly because of polymerization. Next to butanone, 1-buten-3-ol and 2-buten-1-
ol (entries 11-12) are the most likely dehydration products of the diols. Remarkably, these allylic alcohols react
selectively to butenes as well, without butane or butadiene formation. This implies that besides carbonyl
hydrogenation, also hydrogenolysis of allylic alcohols or bromides is effected by the Ru catalyst. In particular allylic
bromides are highly susceptible to hydrogenolysis (Figure S13).47 Finally, it should be noted that butanone is the
main side product from most substrates in Figure 6, again confirming that butanone hydrogenation is the slowest
step, possibly because it cannot operate via substrate-directed hydrogenation.

Table 3. Reactions of potential intermediates in the hydrodeoxygenation of erythritol to butenes.

Yield (%)
Entry Substrate
Butane . Butenes | Butanone | Propene Furan THF

1 Erythritol? 0 43 18 3 6 0
2 Butanedione 0 58 n 1 0 0
3 3-Oxobutanalab 5 37 20 7 o o
4 Succinaldehydeab 2 4 ) 3 0 59
5 3-Hydroxy-2-butanone 1 55 17 o 0 0
6 4-Hydroxy-2-butanone 0 65 14 o o o
7 1,3-Butanediol 0 97 1 1 0 0
8 2,3-Butanediol 0 85 10 o 0 0
9 Methylvinylketone 0 43 18 o o o
10 Butanone 3 72 13 o o o
1 1-Buten-3-ol 0 83 4 o 0 0
12 2-Buten-1-ol 0 90 ) 1 0 0
13 2-Butanol 4 89 o o o o

Conditions: 0.5 mmol substrate, 0.1 mmol formaldehyde, 1.7 mmol Bu,PBr, 0.025 mmol HBr, 0.005 mmol RuBr; (1 mol%),
1 mL dodecane, 210 °C, 40 bar H,, 2 h. 2 No formaldehyde added, > Aldehyde in dimethyl acetal form.
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Figure 6. Reaction network for hydrodeoxygenation of erythritol to butenes. For clarity, the bromide substituted and enol
intermediates are not shown.

Based on these results, the reaction network in Figure 6 is proposed, showing the most likely pathways. Since
dehydration is fast, dicarbonyls are the first products. Butanedione and 3-oxobutanal rather than succinaldehyde
are formed, because the bromide substitution occurs preferably on the less sterically hindered outer hydroxy
groups. Despite the various reaction types comprised in the network, all reactions eventually converge towards
highly selective butene formation. Butenes rather than butadiene are formed for two reasons: first, dehydration of
2,3-butanediol does not lead to butadiene, but rather to butanone, and hence to butenes; secondly, allylic
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alcohols/bromides are hydrogenolyzed rather than dehydrated or dehydrobrominated. The formed butenes
isomerize, through hydrobromination and dehydrobromination until the thermodynamic equilibrium is reached.
A more detailed explanation on the proposed reactions network is available in the Supporting Information.

Expanding the scope: glycerol, xylitol and sorbitol

As a proof of concept, we investigated hydrodeoxygenation of glycerol, xylitol and sorbitol. The
hydrodeoxygenation of glycerol to propene is a particularly interesting reaction, since (crude) glycerol can be
cheaply obtained from biomass, and propene is a highly important industrial chemical. Without catalyst
pretreatment with HCHO, only a 22% yield of propene is formed, and significant overreduction to propane occurs
(< 50% selectivity)(Figure 7 a). After pretreatment, the yield strongly increased leading to 57% propene yield after 1
h and 66 % after 2 h at 210°C.
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Figure 7. Yield of products in hydrodeoxygenation of different sugar alcohols with RuBr; in Bu,PBr. a) HDO of glycerol;
b) HDO of xylitol (180°C); c) Plausible mechanism for formation of cyclopentene; d) HDO of sorbitol (3 mol% RuBr;, 0.24
mmol formaldehyde). Pretreatment conditions: 0.01 mmol RuBr; (2 mol%), 0.16 mmol formaldehyde (37 wt% in water),
1.7 mmol Bu,PBr, 0.025 mmol HBr, 210°C, 40 bar H,, 30 minutes. Reaction conditions: pretreated catalyst in ionic liquid,
0.5 mmol substrate, 1 mL dodecane, 40 bar H.,, indicated temperatures and reaction times. Xylitol and sorbitol conversion
is full in all reactions. * Reaction without pretreatment using 1 mol% RuBr;; ** 0.015 mmol RuBr; (3 mol%) pretreated with
0.24 mmol formaldehyde; *** reaction without pretreatment at 200°C. DimethylTHF = 2,5-dimethyltetrahydrofuran.

Also for xylitol and sorbitol, reactions without pretreatment led to poor results even after long reaction times. In
the reaction of xylitol, only 5% pentenes were formed after 16 h, significant overreduction occurred, and large
amounts of side products were formed (Figure 7 b). After pretreatment, linear pentenes are the main product from
xylitol, but also some cyclopentene is formed. This product could be formed through a series of reactions in which
the carbocycle is either formed through intramolecular aldol condensation, or through rearrangement of furfuryl
alcohol (Figure 7 ¢).4® After 16 h, 37% linear pentenes and 3% cyclopentene are formed, without overreduction to
pentane. Increasing the amount of RuBr; to 3 mol% further improves the yield to 44% linear pentenes and 3%
cyclopentene. Carboxylic acids and butenes are also produced (Figure Si5). While there is still room for
improvement, good yields of pentenes are obtained, in a reaction that has not been reported heretofore.

Finally, we performed the challenging reaction of sorbitol using 3 mol% RuBr;, and at longer reaction times. A
new feature of this reaction is the formation of a recalcitrant cyclic ether, isosorbide (Figure 7 d). Increasing the
reaction time and/or temperature allows to overcome this issue, leading to higher hexene yields. Both linear and
cyclic hexenes, mainly 1-methylcyclopentene, are formed. A total hexene yield of 25% is reached at 200°C after 8 h.
Further increasing the temperature does not result in higher yields. The formation of 1-methylcyclopentene
probably occurs similarly as described for xylitol to cyclopentene.4 Interestingly, this is the first reported formation
of cyclic hexenes from sorbitol. Linear hexenes on the other hand have been formed from sorbitol, but only using
expensive silanes as the reducing agent.3* Again, no overreduction to hexane was observed indicating the high
selectivity of the catalytic system. Furthermore, like in the reaction of xylitol, hexanoic acid and hexeneoic acids are
formed from sorbitol.

Conclusions

In conclusion, we have shown that the catalytic dehydration system HBr/Bu,PBr can be combined with a Ru
hydrogenation catalyst to perform selective hydrodeoxygenation of erythritol to butenes, avoiding formation of
butane. Several homogeneous Ru catalysts lead to good butene yields, but, surprisingly, the best results are obtained
with the simple salt RuBr;. CO, which can be added at the start, or formed during reaction, plays a crucial role in
formation of the active and selective species. We successfully circumvented the use of this toxic gas, as well as the
cumbersome synthesis of the [RuBr,CO;],, by implementing a more elegant pretreatment step using HCHO as
indirect CO-source. The catalytic species was proven to be a homogeneous Ru(II) carbonyl bromide species by FTIR
and EXAFS. In addition, this catalyst also catalyzes hydrodeoxygenation of glycerol to propene in good yields, and
the first hydrodeoxygenation of xylitol to pentenes and of sorbitol to hexenes.
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