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ABSTRACT

Catalytic fast pyrolysis of biomass over zeolite catalysts results primarily in aromatic (e.g. benzene, toluene, xylene) and
olefin products. However, furans are a higher value intermediate for their ability to be readily transformed into gasoline,
diesel, and chemicals. Here we investigate possible mechanisms for the coupling of glycoaldehyde, a common product of
cellulose pyrolysis, over HZSM-5 for the formation of furans. Experimental measurements of neat glycoaldehyde over a
fixed bed of HZSM-5 confirm furans (e.g. furanone) are products of this reaction at temperatures below 300°C with several
aldol condensation products as co-products (e.g. benzoquinone). However, under typical catalytic fast pyrolysis conditions
(>400°C), further reactions occur that lead to the usual aromatic product slate. ONIOM calculations were utilized to identify
the pathway for glycoaldehyde coupling toward furanone and hydroxyfuranone products with dehydration reactions
serving as the rate determining steps with typical intrinsic reaction barriers of 40 kcal mol-1. The reaction mechanisms for
glycoaldehyde will likely be similar to that of other small oxygenates such as acetaldehyde, lactaldehyde, and
hydroxyacetone and this study provides a generalizable mechanism of oxygenate coupling and furan formation over zeolite
catalysts.

Introduction

Furans are attractive and valuable target intermediates that can be formed by catalytic conversion of biomass fast pyrolysis vapors.
Indeed, biochemical routes to produce furans directly from sugars have been an active area of research for quite some time.'”
Furans can be converted into gasoline-range aromatic hydrocarbon and olefins,*® serve as a feedstock for diesel”' or gasoline
fuels,'' or be used to generate higher-value chemicals.'>"’ For example, Sutton et al. recently developed a novel synthesis
methodology to couple furans with other biomass derived chemicals, e.g. ketones, through aldol condensation to selectively
generate higher linear alkanes (bio-diesels) in good yields under mild reaction conditions.'* Unfortunately, traditional catalytic fast
pyrolysis (CFP) results in only small yields of furans. Therefore, catalytic strategies to convert pyrolysis vapors to furans are
currently being investigated."

While strongly acidic zeolites have been used to completely deoxygenate bio-oils and pyrolysis vapors, other less reactive and/or
partially deactivated zeolites have been shown to partially deoxygenate pyrolysis vapors to form furan and alkyl furans.'®*° French
and Czernik evaluated 40 selected catalysts (including HZSM-5) for their hydrocarbon production performance on aspen wood,
cellulose, and straw lignin and demonstrated formation of partially dehydrated oxygenates, such as furan, methyl furan, furfural,
and methyl furfural in the products.'” Mukarakate ez al. studied the conversion of pine pyrolysis vapors over fixed beds of [-zeolite
and HZSM-5 and found the formation of several furan derivatives (furan, methyl furan, dimethyl furan, and trimethyl furan).">*’
Jae et al. identified 4-methyl-2,3-dihydrofuran, furfural, 5S-methyl furfural, 2-furanmethanol, and 5-methyl-2(5H)-furanone in the
products during CFP of glucose over 13 zeolites with a variety of pore size and shape.'® Carlson er al. identified furan, 2-methyl
furan, 4-methyl-furfural, furan-2-methanol as the thermally stable oxygenated intermediates in the production of aromatics from
fast pyrolysis of glucose, cellobiose, cellulose, and xylitol over HZSM-5 and other catalysts.'®*'° While these studies have shown
that furans are formed during CFP over zeolite catalysts, the underlying chemistry has rarely been investigated.

Mechanisms of furan formation during catalytic vapor phase conversion have not been well established, but may be surmised from
pyrolysis chemistry and food chemistry. It has been widely accepted that furans can be directly formed via dehydration of cellulose
and hemicellulose to produce anhydrosugar intermediates, such as levoglucosan and levoglucosenone, which in turn are converted
into 5-hydroxymethyl furfural (HMF) and furfural during fast pyrolysis.””* Recent theoretical investigations of the pyrolysis of
cellulose have calculated paths to a variety of oxygenated products, including furan, acetaldehyde, and glycoaldehyde.”*”’
Investigation of their potential energy surface shows that furans are the Gibbs free energy minima for the product mixture.
Therefore, we presume that furans could be produced by the coupling reactions of the oxygenated organic molecules present in the
pyrolysis vapors.
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Interestingly, the formation of furans by the aldol condensation of small aldehydes is also of importance to heat processing of
certain foods.***® Mechanistic studies in that field suggest that certain amino acids can degrade and produce acetaldehyde and
glycoaldehyde, which can further undergo aldol condensation to form 2-deoxyaldotetrose, cyclization to produce 2,4-dihydroxy-
tetrahydrofuran, and finally undergo two dehydration reactions to make furan.’®>* Other furan derivatives can be synthesized in a
similar manner. For instance, the coupling reaction of acetaldehyde and lactaldehyde has been proposed to be able to produce 2-
methyl furan.’” However, the detailed reaction mechanisms by which furan or 2-methyl furan is made from the oxygenated
molecules have not been elucidated. Recently, Garrabou et al. developed a new biocatalytic strategy to use D-fructose-6-phosphate
aldolase to synthesize 2,3,4-trihydroxy-tetrahydrofuran from the self-aldol reaction of glycoaldehyde.”

Since glycoaldehyde has been identified as a component of pyrolysis oils,* we chose glycoaldehyde as the model compound to
investigate the chemistry of formation of furan derivatives during catalytic upgrading of pyrolysis vapors as shown in Scheme 1.
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Scheme 1. Proposed pathway for conversion of carbohydrate-derived products to furans.

In this study, we aim to obtain fundamental insights into reactions of glycoaldehyde over HZSM-5, which we feel will serve as a
fiducial system for the coupling and cross-coupling of other oxygenates such as acetaldehyde, lactaldehyde, and hydroxyacetone.
Semi-batch reactor studies were utilized to confirm furan formation from the glycoaldehyde system and investigate the temperature
dependence of the products formed. ONIOM calculations were conducted to elucidate the mechanism of this reaction at the T12
site of HZSM-5.

Experimental Methods

Materials

Glycolaldehyde dimer was purchased from Sigma-Aldrich as a mixture of stereoisomers (no purity claim). A powdered HZSM-5
catalyst (Nexceris, Si0,/Al,0; = 30) was used in the MBMS experiments. Prior to use, the catalyst was calcined by heating at 3 °C
per minute ramp to 550°C and held for four hours. The catalyst used in the py-GCMS (Autosampler pyrolysis-gas chromatography
mass spectroscopy) were HZSM-5 spheres (Nexceris, 300-500 um, SiO,/Al,05 = 30), which was pre-calcined.

Gas phase chemistry over a packed bed

A horizontal, semi-batch reactor paired with a molecular beam mass spectrometer (MBMS) was used to study the gas phase
reaction products of glycolaldehyde over HZSM-5*" (SiO,/Al,O; = 30). A more detailed description of the system has been
reported in previous studies'>'***** and is only briefly mentioned here. This reactor consists of a horizontal quartz annular flow
tube within a five-zone furnace used to heat the reactor to the desired temperature. Solid glycolaldehyde dimers (~30 mg)
contained in quartz boats are placed in the inner tube where they are vaporized and entrained in a 0.4 slm (standard liters per
minute) flow of helium. The dimer was shown to fully dissociate into two glycoaldehyde monomer units at 100°C. The inner flow
passes through a fixed catalyst bed before mixing with an outer flow of 4 slm helium, which diluted the stream to diminish
secondary reactions before the vapor stream enters the MBMS. A controlled flow of 40 sccm (standard cubic centimeters per
minute) argon is included in the outer flow and used as a tracer gas. The sample boats were clean upon removal and each pulse of
product Vaplors lasted for about 60 seconds (as observed on the MBMS), thus the weight hourly space velocity is estimated to be
about 3.6 h™.
The catalyst bed was prepared by supporting 0.5 g of HZSM-5 catalyst on quartz wool. Pressure drops across the bed at room
temperature (20°C, 9 Torr) and at reaction temperature (150-300°C, 31 Torr) were typical.

Autosampler pyrolysis-gas chromatography mass spectroscopy (py-GCMS)

Py-GCMS analysis was carried out to supplement the MBMS by confirming the identification of masses and separating
compounds of the same mass. A tandem micropyrolyzer (Rx-3050TR, Frontier Laboratories, Japan) furnished with an autosampler
(AS-1020E) and microjet cryo-trap (MJT-1030Ex) coupled to a gas chromatograph (7890B, Agilent Technologies, USA) and an
MS (5977A, Agilent Technologies, USA) was used to identify products from conversion of glycoaldehyde over HZSM-5.

The micropyrolyzer consisted of two heating zones; one for vaporizing glycoaldehyde and the other for loading the catalyst.
During the experiment deactivated stainless steel cups containing 500 pg of glycolaldehyde dimer were loaded into an autosampler,
which dropped them into the first furnace operated at 200°C. This furnace vaporized the sample, the sample vapors were then
entrained in a helium carrier gas, and transported through a fixed bed of HZSM-5 catalyst housed in a furnace that was set to the
conversion temperature. The products emanating from the catalyst bed were then captured using a liquid nitrogen trap (held inside
the GC oven) and released into the GCMS for compound separation and detection. The column (Ultra Alloy-5, Frontier
Laboratories, Japan) has a 5% diphenyl and 95% dimethylpolysiloxane stationary phase. The oven temperature was programmed
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as follows: set to hold at 40°C for 4.5 min then heated to 300°C at the ramp rate of 20°C min™'. The separated product vapors were
identified using the NIST GCMS library (http://chemdata.nist.gov).

Computational Methods
Various chemical reactions catalyzed by HZSM-5 have been theoretically studied using quantum mechanical density functional
theory (DFT).***® Since the exact location of catalytic acidic sites in HZSM-5 has not been determined experimentally,‘”’48 many

theoretical studies, conducted using either small cluster models or large ONIOM models, are performed mainly on the T12
catalytic sites in HZSM-5, because it is the most likely site during the aluminum substitution.**° Following this convention, all of
the calculations in the current study were conducted at the T12 site, where the silicon atom was substituted by an aluminum atom
to generate a Bronsted acidic site. The combined theoretical model, ONIOM (M06-2X/6-31G(d):PM6) was applied to predict the
geometries of all intermediates and transition states. Our previous studies showed that the two-layer ONIOM scheme provides a
more accurate representation of charges on the framework oxygen atoms than cluster models.”’

The hybrid meta generalized gradient approximation M06-2X functional’>>® was chosen since it provided better agreement with
experimental results than other functionals.’**® Maihom et al. identified M06-2X functional is well suited for adsorption energies
of dimethyl ether than B3LYP and showed a good agreement with the experimental results.”* The high level DFT layer contains a
12T cluster and the substrate molecule as shown in Figure 1. The framework DFT layer contains 11 silicon atoms, one substituted
by an aluminum atom which is the Brensted acid site. The silicon atoms in the DFT layer include the four coordinated around the
Brensted acid site and a 10-membered ring including the aluminum atom. The semi-empirical layer contains 295 atoms as the low
level (shown in wireframe in Figure 1). To preserve the crystallographic positions of the zeolite structure during the structure
optimizations, all atoms in the high-level layer were relaxed while the atoms in the low-level layer were frozen. The single point
calculations were further evaluated at the level of M06-2X/6-311++G(d,p) in the high-level. All the geometry optimizations and
frequency calculations were performed using the Gaussian 09 package.’’ Only one imaginary frequency was observed for the
transition states while none for the reactants, intermediates and products. Intrinsic reaction coordinate (IRC) calculations were
performed for all transition states to confirm that they connected the corresponding energy minima.

Figure 1. 12T ONIOM model with layers. The ball and stick represents high layer with the M06-2X/6-311++G(d,p)//M06-2X/6-31G(d)
and wireframe represents the low layer calculated with PM6.

Labeling convention

Throughout this study we describe various geometrical parameters relevant to the chemistry occurring within the zeolite
micropores. The oxygen atoms within the zeolite structure are labeled as zO1, zO2, and zO3 as shown in Figure 1. The C, O, and H
atoms of the furan ring are labeled according to their position on the furan ring for structure 2 as shown in Scheme 2. For example,
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the relevant bond distances in TS3 would be R,0;.15, Rcz.02, and R,y which describe the distances between the zeolite oxygen and
proton, the furan carbon atom with the O atom that is forming the water molecule, and that same O atom with the zeolite proton,
respectively.

Results

To investigate the idea that small carbohydrate-derived oxygenates could produce furan, we choose the self-reaction of
glycoaldehyde. Glycoaldehyde is a known component of biomass pyrolysis oil with a concentration of 1-8% and serves as a
representative of small aldehydes.*®

To confirm our hypothesis, the catalytic glycoaldehyde self-reaction was investigated in a semi-batch reactor setup. Glycoaldehyde
dimer was used as the reactant source and was shown to thermally crack to two monomer units <100°C. In the first set of
experiments a horizontal reactor coupled to an MBMS was used. The advantage of this setup is excellent time resolution and broad
product detection. However, product specificity is limited due to convolution of several fragmentation patterns. In the second set of
experiments, a py-GCMS was utilized which provides better assignment of the products due to combination of chromatography
(e.g. residence times) and mass spectral assignments. In all cases the catalyst:glycoaldehyde ratio was kept to greater than 6:1 and
total conversion was on the order of 1-2%.
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Figure 2. MBMS signal for the self-reaction of glycoaldehyde dimer over HZSM-5. Reference glycoaldehyde dimer at 250°C is shown in
blue.

Using the MBMS setup, Figure 2 shows a variety of product peaks at 300°C including m/z 44, 60, 69, 84, 102, 108, 114, 126, 144
and 150. Unreacted glycoaldehyde is assigned to the peak at m/z 60 and matches well with the standard run on the same reactor
without catalyst. The peaks at m/z 108, 114, 126, 144 and 150 are assigned to subsequent aldol steps (where a third aldol reaction
occurred before cyclization) followed by loss of water and formaldehyde units. The peak at m/z 69 is a fragment of m/z 114. The
proposed mechanism for this reaction is shown in Scheme S1 in the Supplemental Material and does not take part in furan
formation chemistry of interest in this study. Similar results were also observed in the py-GCMS experiments, as described below.
The remaining peaks are assigned to furanone (m/z 84) and dihydro-hydroxy-furanone (m/z 102). At higher temperatures (>350°C),
aromatic products (i.e. benzene, toluene, xylene) are observed as expected for zeolite catalysts at elevated temperatures.
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Figure 3. Chromatograms recorded during conversion of glycoaldehyde using HZSM-5 at 200°C (lower panel) and 250°C (upper panel).
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Identification of the products was aided using a py-GCMS setup. The hold-up of the sample on HZSM-5 catalyst caused the
unreacted glycoaldehyde to condense back to the glycoaldehyde dimer and produce a persistent, broad background signal
throughout the chromatogram. It was necessary to subtract this background signal from the chromatogram to achieve reasonable
assignments of the sharper product peaks. The chromatograms are shown in Figure 3. A peak at residence time 10.7 min was also
observed and assigned to 2-methyl-2-pentenoic acid (m/z 114) which, as discussed earlier, could be formed by aldol condensation
of three monomer units followed by loss of two formaldehyde groups or loss of two water units and a formaldehyde unit. The four
remaining peaks were assigned to 2-(5H)-furanone (m/z 84), furfural (m/z 96), p-benzoquinone (m/z 108), and dihydro-4-hydroxy-
2(3H)furanone (m/z 102) based on comparison to the NIST GCMS library (http://chemdata.nist.gov). 2-(5H)-furanone was further
confirmed by running independent standards to match retention times as well as mass spectral signatures. It should be noted that
while quality factors on the mass spectral library were typically in excess of 70%, they rarely exceeded 90%.
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Scheme 2. Proposed pathway for the production of 3-(2H)-furanone from the coupling of glycoaldehyde by Mechanism 1. Mechanisms 2,
3, and 4 are shown in Scheme 3 and start at structure 2. To help follow the reaction pathway, carbon atoms relevant to the current steps
are labeled according to structure 2.

Fits to other isomers, for instance 2-(3H)-furanone, tended to have quality factors less than 50%. Thus, while there is high
confidence in the assignments, peaks could not be unambiguously attributed to one isomer or another.

p-Benzoquinone is believed to be formed from aldol condensation of three monomer units followed by loss of four units of water
as shown in Scheme S1 of the Supplemental Material. Only a very small peak at the parent ion for p-benzoquinone was observed in
the gas phase detection using the horizontal reactor. Similarly furfural is a secondary or condensed phase product, formed within
the cryogenic trap during heat up due to aldol condensation of three monomer units followed by loss of 3 units of water and a
formaldehyde unit as shown in Scheme S1. Furfural was not observed using the horizontal reactor setup, which only enables
detection of gas-phase products. 2-(5H)-furanone and dihydro-4-hydroxy-2(3H)furanone are the dominant gas-phase furan
products and the focus of the theoretical investigation. Selectivity to all furan products was approximately 60%, where selectivity
to 2(5H)-furanone decreased with time on stream and dihydro-4-hydroxy-2(3H)-furanone increased with time on stream (Figure
S1).

Theoretical Investigation

The proposed mechanisms for the formation of furan products proceed through four steps: keto/enol initiation of the glycoaldehyde,
aldol condensation/ cyclization, dehydration, and a final keto-enol isomerization (Schemes 2-4).

For aldol condensation to occur, first both the keto (glycoaldehyde) and enol (1,2-ethylenediol) must be present. Under standard
condltlons the keto form is grossly preferred with AGiesction(y = 12 keal mol ™! and 16.7 kecal mol! where Keaction(1), 500K = 107 and
10, as calculated at the M06-2X/6-311++G(d,p) level of theory in the absence of H-ZSM-5 and using ONIOM (M06-2X/6-
311++G(d,p):PM6//M06-2X/6-31G(d):PM6) with H-ZSM-5, respectively.
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While the barrier for the keto-enol transformation in the gas phase is calculated to be large (69 kcal mol™), the acid site of the
zeolite can catalytically reduce this to 19.1 kcal mol™. Alternatively, glycoaldehyde could undergo dehydration to ketene. However,
assuming a similar barrier height to ethanol (45-50 kcal mol™),”" direct dehydration is unlikely to be competitive. Once the
enol/keto isomers are formed, carbon-carbon (C-C) coupling via aldol condensation from 4 to 5 through TS1 readily occurs via a 6
kecal mol™ barrier as shown in Figure 4. The coupling product in the case of glycoaldehyde is (D)-treose, which is well known to
prefer the cyclic-furan form in aqueous solutions. Indeed, the barrier for cyclization, TS2, is only 1 kcal mol™. This keto-enol
coupling has also been predicted for acetaldehyde coupling to form crotonaldehyde.” However, in that case cyclization is not

possible due to the location of the oxygen functionalities.

10
344

Figure 4. Free energy diagram for Mechanism 1. Gibbs free energies were calculated using M06-2X/6-311++G(d,p):PM6//M06-2X/6-
31G(d):PM6 and are shown in kcal mol™ relative to structure 4. See Scheme 2 for structures.

After the cyclization reaction, tetrahydro-2,3,4-furantriol, 2, is formed, which is the key intermediate for the following dehydration
reactions (see Scheme 2-4 for structure).

We considered only those diastereomers with a 3,4-trans relationship — the relative stereochemistry (cis/trans) is set in the aldol
addition step at the start and the trans adduct was found to be formed preferentially. In catalytic self-aldol reactions of
glycoaldehyde, the trans-adduct is typically formed exclusively®” or in excess.’** The 2-position easily undergoes epimerization
via the ring-opened form, and so the stereochemistry at this position undergoes inversion rapidly. We considered both epimers of 2
(2 and 2') in Scheme 3. After the first dehydration step these two intermediates converge to a common set of intermediates and so
the only difference in the very first step. Since the zeolite environment is achiral, enantiomeric species will be degenerate —

therefore the absolute stereochemistry of the intermediates is irrelevant to the reaction energetics.
mechanism 1
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Scheme 3. All possible diastereomers of tetrahydro-2,3,4-furantriol, 2, in the first dehydration reactions for mechanism 1 — 4. The OH
group undergoing dehydration is highlighted in red.
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The first dehydration step can occur at either the C2 (Mechanism 1) or C4 (Mechanisms 2-4) positions in 2. For epimer 2’, it is the
C3 position for Mechanisms 2-4 that is important.

Dehydration at the C2 position (Mechanism 1) should be preferred due to formation of the resonantly stable furanic oxonium ion, 6.
While dehydration at the C3 position was considered for 2 (C4 for 2'), it is highly unlikely to be competitive with a barrier > 60
keal mol™, 15-25 keal mol™ higher than dehydration at the other positions. The transition state for dehydration at the C3 position is
shown in the Supplemental Material and this pathway will not be discussed further.

Mechanism 1

In Mechanism 1, dehydration occurs at the C2 position to form a furandiol intermediate, 7, by either a concerted, single-step
pathway through TS-C1 or a stepwise pathway 2—TS3—>6—TS4—7. The concerted pathway has a barrier of 40.9 kcal mol™,
while the total energy barrier for the step-wise pathway is 38.3 kcal mol. These energies were not changed significantly due to the
epimer of 2 used in the calculations. The difference in energy between the concerted and step-wise barriers is small enough to be

within the uncertainty for the method. Relevant bond lengths for the concerted and stepwise transition states are shown in Figure 5.
HO, OH

20
OH ba
Hp--Q’ ok,
i MoH LAY

HoH

TS-C1 TS3 TS4

Figure 5. Geometry comparisons of concerted and stepwise transition states for the first dehydration step in Mechanism 1. Carbon atoms
in black and oxygen atoms in red. Bond lengths are in Angstroms.

In the concerted transition state (TS-C1), the bond length between the zeolite oxygen and the proton is R,y = 2.05 A, the oxygen
on 2 and the proton is Ro,.y = 0.97 A, and the C-O bond length in tetrahydro-2,3,4-furantriol is Rco.0, = 2.60 A. These bond
lengths show that an independent water molecule has formed at the transition state. The bond length between a second framework
oxygen, zO2, and the proton from C3 of 2 is R,0p.y3 = 1.21 A and the C3—proton distance is Ress = 1.40 A, showing the proton
has partially transferred from the furan ring to the zeolite framework to regenerate the zeolite acid site. The concerted mechanism
for the first dehydration reaction indicates the transition state is “late” or close to the product structure, similar to our previous
study on ethanol dehydration.’’

The transition states (TS3 and TS4) for the stepwise mechanism also exhibit characteristics of late transition states as shown in
Figure 5. In TS3, the bond length from framework oxygen to the proton is R,o;.y = 2.12 A, while the distance between 02 of
tetrahydro-2,3,4-furantriol (2) and the proton is Roy.y = 0.98 A and the C2-02 bond is essentially broken in TS3 at R¢,.0p = 2.80 A.
The bond lengths indicate the conformation of TS3 is close to the product structure with distinct water and furanol species. The
product of TS3 is structure 6, which is a furanic oxonium species. These cyclic cations are generally considered stable within
zeolite structures.”>** The second transition state, TS4, of the stepwise mechanism involves a hydrogen transfer back to the zeolite
framework and release of the dehydrated product, 7. The bond lengths between the framework oxygen and the proton of furandiol
cation substrate, 6, is Ryoo.us = 1.25 A and C-H bond length of 6 is Ress = 1.51 A, which is close to the bond lengths in the
product structure, 7.

Two routes are possible once 2,3-dihydrofuran-3,4-diol, 7, is formed. First, a keto/enol isomerization can occur forming
dihydrofuran-3(2H)-one,4-o0l, 7-keto. While the keto-isomer is the more stable of the two isomers, the barrier to isomerization is
28.7 keal mol”', which is relatively high compared to direct dehydration via TSS (11 kcal mol™), as shown in Figure S2 in the
Supplemental Material. The second dehydration reaction occurs at the C4 position to form a carbocation intermediate, 8, releasing
a second water molecule via TSS5. The catalyst is regenerated via TS6 where a proton transfer at the C5 position to form 3-furanol,
9. 3-Furanol can undergo a final keto/enol isomerization to the more stable 3-(2H)-furanone structure, 10, as shown in Scheme 2,
via TS7. The barrier for this final isomerization is 15 kcal mol™.

Mechanisms 2-4
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Scheme 4. Proposed pathway for Mechanisms 2-4. Mechanism 2 deviates from Mechanism 1 at structure 2, Mechanism 3 deviates from
Mechanism 2 at structure 13. Mechanism 4 begins at structure 11. To help follow the reaction pathway, carbon atoms relevant to the
current steps are labeled according to structure 2.

Mechanisms 2-4 (Scheme 4) also start from tetrahydro-2,3,4-furantriol, 2, and initiate through dehydration at position C4 (or C3 if
epimer 2’ is the starting point), but deviate at different points after that. Transition states for the first dehydration step in
Mechanism 2 and 3 are shown in Figure 6.

Mechanisms 2 and 3 proceed via dehydration through TS9 (or TS-C2) to structure 13. The two mechanisms deviate at that point,
where Mechanism 2 undergoes further dehydration at the C2 position, while Mechanism 3 dehydrates at the C3 position. A final
keto/enol isomerization results in 3-(2H)-furanone, 3, and 2-(3H)-furanone, 10, respectively. Mechanism 4 splits at structure 11
and proceeds through TS9b to eventually form dihydro-4-hydroxy-2(3H)furanone, structure 19. The potential energy surface is
illustrated in Figure 7, where the highest barrier is the first dehydration step, TS8.

The first dehydration at the C4 position of structure 2 was investigated by both the stepwise and concerted pathways similar to
what was discussed for Mechanism 1 above. The stepwise pathway is preferred by approximately 2.6 kcal mol™. Similar to
Mechanism 1, the difference between the concerted and stepwise barrier heights is within the uncertainty of the computational
method and it would be unwise to ascribe significance to such a small difference. However, this concerted pathway bypasses the
ability to form 11 necessary for Mechanism 4. If dehydration is considered at the C3 position of epimer 2', the stepwise barrier
reduces by 6.3 kcal mol™ and will therefore preferentially proceed through the stepwise mechanism to form 11.

TS-C2

Figure 7. Free energy diagram for Mechanisms 2 (black), 3 (blue), and 4 (red). Gibbs free energies were calculated using M06-2X/6-
311++G(d,p):PM6//M06-2X/6-31G(d):PM6 and are shown in kcal mol™ relative to structure 4. See Scheme 4 for structures.

For the concerted pathway, we again see that the transition state is ‘late’ with a fully formed water molecule present. The various
bond lengths are also somewhat similar between TS-C1 and TS-C2. For instance, the R, bond is 2.05 and 2.02 A, for the two
transition states respectively. While the R,o,. 13 in TS-C1 is 1.21 A, the analogous bond length in TS-C2, R,0,.ys is 1.37 A.

Unlike Mechanism 1, the current stepwise pathway, 2 (or 2')—>TS8—>—13, involves a proton transfer to the zeolite to form 11.
Due to the symmetry of the oxirane intermediate, 11, two products can be expected: the pathway following TS9 leads to a diol
species, 13, where the OH groups are ortho to each other. Alternatively, TS9b, leads to the oxygen groups being further apart, 3.77
A, and is the same product as dehydration at the C3 position of structure 2. Production of 13 is slightly favored with a barrier height
(TS9) that is approximately 4 kcal mol™ lower than TS9b. The result of following TS9b is discussed later as Mechanism 4.

Once intermediate 13 is formed either of the remaining OH groups can undergo dehydration and this is where Mechanisms 2 and 3
deviate. Mechanism 2 follows dehydration at the C2 position, whereas Mechanism 3 undergoes dehydration at the C3 position. The
barrier for dehydration at the C3 position via TS13 (Mechanism 3) is lower by 10.9 kcal mol” and forms 2-furanol. The final
product of mechanisms 2 and 3 can undergo a final keto/enol isomerization to form 3-(2H)-furanone, 10, and 2-(3H)-furanone, 3,
respectively. Furthermore, 2-(3H)-furanone, structure 3, can isomerize quickly over acidic catalysts to the more stable 2-(5H)-
furanone as shown in Scheme 5. 2-(5H)-furanone is one of major products in our py-GCMS experiments shown in Figure 3.

( 7/0"' keto-enol go structural isomer OO

2-Furanol 2-(3H)-furanone (3) 2-(5H)-furanone
AGggs-qps 0.0 -11.0 -13.3

Scheme 5. Enol-keto isomerization and structural isomer from 2- furanol to 2-furanone with relative free energies (kcal mol™).
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Mechanism 4 is shown in Scheme 4 and follows the pathway through TS9b leading to structure 18, which can undergo a keto-enol
isomerization to the stable dihydro-4-hydroxy-2(3H)furanone, 19. We also confirmed product 19 from py-GCMS experiments
(Figure 3) that shows good agreement between theory and experiment. Further dehydration of this structure is hindered due to large
barriers (49.5 kcal mol™") which were omitted from Figure 7 for visual clarity. The final dehydration product could be either 2-
(3H)- or 2-(5H)-furanone depending on which H is involved in the dehydration step. As shown in Scheme 5, either product will
quickly isomerize to the more stable 2-(SH)-furanone over acidic zeolites.

When comparing Mechanisms 1-4, it is clear that the highest barriers are the first dehydration event starting at structure 2. Based
on the level of theory used, dehydration at C2 (Mechanism 1) should be preferred with an overall intrinsic barrier of 38.3 kcal mol™,
3.1 keal mol™ lower in energy than dehydration at position C4 (or C3 for 2") (Mechanisms 2-4).

The detection of dihydro-4-hydroxy-2(3H)furanone, 19, provides indirect evidence that the stepwise pathway is preferred over the
concerted dehydration as we could find no plausible pathway to 19 without the stepwise intermediate, structure 11. This is in good
agreement with the barriers shown in Figure 7, and suggests that 2' is a key intermediate on the potential energy surface. Detection
of 2-(5H)-furanone supports both Mechanisms 3 and 4, as it is the final dehydration product for both. This is in agreement with the
calculations that Mechanism 2 is less likely to occur over Mechanism 3. However, it was surprising that 3-(2H)-furanone was not
observed experimentally as these calculations predict that Mechanism 1 should be competitive. This could be suggestive that the
product distribution is controlled by thermodynamics instead of kinetics.

While this work shows the coupling of glycoaldehyde to form furanones and hydroxyfuranones, it should be noted that in CFP of
whole biomass (e.g. pine) coupling reactions would occur between glycoaldehyde and a variety of other small oxygenated species
both produced from pyrolysis and from catalytic cracking of the carbohydrate derived products. For instance, assuming the
chemistry outlined in this study, glycoaldehyde and acetaldehyde would likely produce furan. During CFP methylation reactions
are rampant and therefore methyl furans would also be expected. Ultimately, this work provides insight into one aspect of the
broader zeolite chemistry slate and serves a basis for future catalyst design necessary to make furan formation a favored
pathway even at higher temperatures.

Supporting Information
Supporting information includes experimental selectivity results, additional mechanisms toward alternative products, and
complete list of all Cartesian Coordinates used for the computational modeling within this manuscript.
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