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Abstract  

δ-Valerolactone (DVL) is a five-carbon (C5) cyclic ester that can undergo ring-opening polymerization to 

yield high-performance, biocompatible polyesters. But current market prices of C5 chemicals like DVL 

are very high due to poor availability of C5 feedstock in petroleum. Herein, we demonstrate a novel route 

to DVL synthesis via dehydrogenation of biomass-derived 2-hydroxytetrahydropyran (HTHP) over 

Cu/SiO2 without the use of toxic reagents. Since HTHP exists in thermal equilibrium with 3,4-

dihydropyran (DHP) via dehydration, and with 2,2’-oxybis(tetrahydropyran) and 5-(tetrahydropyran-2-

yloxy)pentanal via acetalization, we have also determined the thermochemistry (ΔHrxn and ΔGrxn) of each 

competing reaction using density functional theory (DFT) calculations at the M06-2X/cc-pVTZ level. 

Lastly, by developing a kinetic model of all 8 reactions involved, we have achieved 84% selectivity to 

DVL at 150°C in a packed bed reactor for over 72 hours of time on stream.  

Introduction 

Global demand for high-performance polymers from the biomedical and pharmaceutical 

industries is projected to exceed USD 54 billion by 2027.1 δ-Valerolactone (DVL) is a five-carbon (C5) 

cyclic ester capable of undergoing ring-opening polymerization to poly(δ-valerolactone) (PVL) – a 

biocompatible polyester that exhibits very high tensile strength and fracture strain, markedly 

outperforming commodity plastics like high density polyethylene (HDPE).2 Lactone-based polymers like 

PVL also have the unique property of in vivo biodegradation into nontoxic metabolites (lactic acid, CO2, 

and water) via hydrolysis of their ester backbone,3, 4 enabling their use in bone grafts,5 tissue engineering 

scaffolds,6 and implantable drug delivery systems (IDDS).7 Furthermore, PVL is chemically recyclable – 

depolymerizing PVL with an acid catalyst at 100°C yields DVL in quantitative yields with no loss in the 

properties of recycled PVL after 5 cycles – facilitating closed loop PVL manufacturing.8 Other bio-based 

C5 lactones include γ-valerolactone (GVL) and α-angelica lactone (AGL), which are produced from 

intramolecular esterification of 4-hydroxypentanoic acid and acid-catalyzed dehydration of levulinic acid, 

respectively.9, 10 While GVL is mainly used as a green solvent, AGL is used in fragrances and 

pharmaceuticals. 

Current market prices of C5 monomers like DVL are considerably higher than their C4 or C6 

analogs due to the lack of readily accessible C5 feedstock in petroleum.11 Scheme 1 elucidates the fossil-

based routes for the synthesis of DVL, butyrolactone, and caprolactone. Industrially, most butyrolactone 

is produced from dehydrogenation of 1,4-butanediol,12 which is made from acetylene and formaldehyde 

via the Reppe process.13 Caprolactone and DVL are prepared from the Baeyer-Villiger oxidation of 

cyclohexanone and cyclopentanone, respectively, using peroxides.14 While the market size of 

cyclohexanone in 2022 was a staggering USD 8.3 billion, the market size of cyclopentanone was 

significantly smaller at USD 128 million.15 The difference lies in the number and complexity of reagents 

needed to produce each compound. Cyclohexanone is extracted from the ketone-alcohol oil (KA Oil) 

mixture produced from the oxidation of cyclohexane.16 But cyclopentanone production involves 
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cyclohexanone oxidation with nitric acid in a multi-step reaction with NOx byproducts,17 then ketonic 

decarboxylation of the resulting adipic acid using barium hydroxide, with 42% of the adipic acid lost to 

CO2 and water.18 DVL can also be produced by the dehydrogenation of 1,5-pentanediol,19, 20 which is 

produced from the hydrogenation of glutaric acid, a byproduct of adipic acid manufacturing.21 

Irrespective of the route chosen, DVL production from fossil feedstocks is extremely hazardous and 

expensive. 

 

 
Scheme 1. Lactone production routes and their associated feedstocks: A) Fossil-based routes for the 

production of butyrolactone, caprolactone, and δ-valerolactone (DVL). B) Proposed biomass-derived 

route for the production of DVL (this work). Reagents in red are toxic and/or corrosive.  

 

Herein, we demonstrate a novel route to DVL production via dehydrogenation of biobased 2-

hydroxytetrahydropyran (HTHP) over Earth-abundant Cu catalysts without the use of toxic reagents 

(Scheme 1). Unlike petroleum, lignocellulosic biomass is rich in C5 feedstock like xylose – the second 

most abundant sugar present in nature.22 Xylose dehydration is carried out for the production of furfural, 

with the furfural market projected to exceed 400,000 MT by 2024.23 Our group has previously 

demonstrated a 2-step pathway from furfural-derived THFA to HTHP: i) Dehydration and Wagner-

Meerwein rearrangement of THFA to 3,4-dihydropyran (DHP);24 and ii) Hydration of DHP to HTHP.25 

HTHP is an emerging platform chemical for the production of several C5 polymer precursors, including 

1,5-pentanediol (PDO)26 and 5-amino-1-pentanol.27 Pyran, Inc. has successfully piloted this technology 

and produced ton quantities of polymer grade PDO.28 Our research team has also shown that PDO 

production from hydrogenation of HTHP, as opposed to the fossil route shown in Scheme 1A, leads to 

95% reduction in greenhouse gas (GHG) emissions and 40-50% drop in the minimum selling price of 

PDO.29 However, the thermochemistry of HTHP, and the kinetics of DVL formation and degradation 

remain unknown.  

This work is the first to screen numerous metal oxide and supported-metal catalysts for DVL 

production from HTHP dehydrogenation. Since HTHP is in thermal equilibrium with DHP, 5-

hydroxypentanal (5-HP), 2,2'-oxybis(tetrahydropyran) (Dimer 1; D1), and 5-(tetrahydropyran-2-

yloxy)pentanal (Dimer 2; D2),25 we have also determined the thermochemistry of each competing 

equilibrium using density functional theory (DFT) calculations at the M06-2X/cc-pVTZ level of theory. 

Next, we evaluated the rate constants, apparent activation energies (Ea), and reaction orders using a 
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tubular flow reactor at varying temperatures, contact times, and HTHP partial pressures (PHTHP). 

Furthermore, we developed a kinetic model to predict the selectivity to DVL as a function of both 

temperature and contact time, wherein the forward (kf) and backward (kb) rate constants are scaled with 

respect to temperature using the Arrhenius relation and DFT-calculated equilibrium rate constants (Keq), 

respectively. Lastly, we experimentally verified the model-predicted DVL selectivity by carrying out 

HTHP dehydrogenation to DVL for 72 hours at the optimized reaction conditions. Our findings establish 

the catalytic dehydrogenation of furfural-derived HTHP as a novel route to DVL synthesis, and provide 

directions for reactor design to control the selectivity to DVL by minimizing side reactions.  

 

Experimental Section 

Materials: 3,4-Dihydropyran (Fisher Scientific, 99%), 2-hydroxytetrahydropyran (Acros Organics, 97%), 

δ-valerolactone (VWR International, 99%), 1,5-pentanediol (Thermo Scientific, 98%), tetrahydropyran 

(Sigma-Aldrich, 99%), Argon (Airgas, UHP grade), H2 (Airgas, UHP grade), Cu(NO3)2·3H2O (Sigma 

Aldrich), Ni(NO3)2·6H2O (Fisher Scientific), SiO2 (Sigma Aldrich, 4-20 mesh), Al2O3 (Santa Cruz 

Biotechnology), MgO (Santa Cruz Biotechnology), 5 wt% Pd/SiO2 (VWR International), and 5 wt% 

Pt/SiO2 (Sigma Aldrich) were used as received.  

Catalyst synthesis and characterization: SiO2, Al2O3 and MgO were dried at 110°C overnight in an air 

oven. Cu and Ni-containing catalysts with 10 wt% metal loadings were synthesized using incipient 

wetness impregnation, wherein the desired metal nitrate salt is added drop-wise to the support and the 

resulting paste is mixed well, dried at 110°C overnight in an air oven, then calcined at 460°C in a muffle 

furnace (Thermo Fisher Thermolyne). BET surface area, pore volume, and pore width of the catalysts was 

measured using N2 physisorption in a Micromeritics ASAP 2020 instrument. Temperature-programmed 

reduction (TPR) of the catalysts was carried out using a Micromeritics Autochem II instrument. Metal 

dispersion of Cu catalysts was measured in the Autochem by first reducing the catalyst at 450°C in H2 

flow, then oxidizing the Cu sites using N2O pulse chemisorption at 90°C where the following reaction 

occurs: 2Cu0 + N2O → Cu2O + N2. Acid site density was measured using NH3 temperature-programmed 

desorption (TPD), while base site density was measured using CO2 TPD in the Autochem. 

Thermogravimetric analysis (TGA) was carried out in a TA Instruments TGA Q500 V6 instrument, 

wherein 10 mg of the catalyst was placed into a platinum pan, inserted into the instrument, then analyzed 

with 50 mL/min of the sample gas (N2 or O2) while heating from 25 to 600°C at 10°C/min. Elemental 

analysis was carried out using inductively coupled plasma-optical emission spectroscopy (Varian ICP-

OES Vista Pro).  

Batch reactor studies: Batch experiments were carried out in 45 mL Hastelloy C-276 reactor vessels 

(Parr Instrument Company), with each reactor head equipped with a PTFE flat gasket, K-type 

thermocouple, pressure transducer, safety rupture disk, manual inlet valve, exhaust valve, and dip tube. 

For experiments with catalysts containing transition metals: catalysts were loaded into tubular reactors 

and reduced in situ at the required temperature in 50 mL/min of H2 flow, then flushed and sealed under Ar 

atmosphere, transferred to a glovebox, and 0.1 g of each catalyst was added to the batch reactor vessel 

without exposure to air. Pt and Pd catalysts were reduced at 100°C, while Cu and Ni catalysts were 

reduced at 350 and 450°C, respectively. All reductions were carried out at a heating rate of 5°C/min with 

a 4 h hold at the reduction temperature. After addition of the desired liquid feed and a magnetic stir bar 

(Fisherbrand Octagon Spinbar, PTFE-coated), the reactors were sealed with 6 compression bolts, 

weighed, purged with Ar 3 times, then pressurized to 200 psi with Ar. Stirring was set to 800 RPM, and 

the reactor temperature was raised to the desired temperature under PID control. Liquid-phase products 

were collected in situ through the dip tube, then filtered through 0.2 µm syringe filters (Thermo 
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Scientific) before analysis. At the end of each experiment, the reactors were quenched in ice baths, 

depressurized, and re-weighed.  

Continuous flow reactor studies: HTHP dehydrogenation to DVL was carried out in a fixed bed reactor 

consisting of stainless steel tubing (15” length, ¼” O.D.)  placed inside an aluminum heating block, which 

was then inserted into a programmable clamshell furnace (Thermo Fisher Lindberg Blue M). Reactor 

tubes were packed with the desired mass of catalyst, with the catalyst bed in the center of the tube (<0.5” 

catalyst bed height) held in place using glass beads and quartz wool on both ends. Supported-metal 

catalysts were reduced in situ in 100 mL/min H2 at the desired temperature (specified above) for 4 hours, 

then flushed with Ar and heated/cooled to the reaction temperature before each experiment. Liquid feed 

was pumped in using an HPLC pump (Eldex Optos Series) and Ar was co-fed using a mass flow 

controller (Brooks 5850E Series). Reactor pressure was maintained at 200 psi using a spring-loaded back 

pressure regulator (Swagelok). Products were collected in a chilled cylindrical vessel maintained at 0°C 

with a circulating water/ethylene glycol bath. Liquid products were sampled from the bottom of the 

collection vessel. 

Product analysis: Liquid products were identified using a quadrupole gas chromatograph-mass 

spectrometer (Shimadzu GCMS-QP2010) and quantified using a Shimadzu GC-2010 equipped with a 

flame ionization detector (FID). Both GCs are fitted with RTX-VMS columns (Restek, 30 m long, 0.25 

mm I.D., 1.4 µm film thickness). External calibrations with known standards were carried out to quantify 

HTHP, DVL, DHP, and PDO. D1 and D2 were calibrated using a GC response factor half that of HTHP. 

D1 exists as two stereoisomers (R,R and R,S) which are seen as two distinct peaks with GC-FID, hence 

D1 concentrations have been reported as the sum of both peak areas. 5-HP is not seen as a separate peak 

with GC-FID as it is rapidly equilibrated with HTHP over the GC column; instead, HTHP/5-HP is 

quantified as as a single species. Equations (1) – (3) are used to calculate the product rate, turnover 

frequency (TOF), and product selectivity, respectively, for DVL, DHP, D1, and D2. The amount of Cu in 

the catalyst used in TOF calculations was determined using N2O pulse chemisorption. Equations (4) – (7) 

are used to calculate HTHP conversion, carbon balance, contact time, and apparent activation energy. 

Humins have been quantified from the carbon balance as the difference between the moles of carbon in 

the feed and product. 

Product rate (min−1) =
mmolproduct

Lsolution ∙ min
                 (1) 

Turnover frequency (min−1) =
mmolproduct

mLsolution
∙

mLfeed

min
∙

1

mmolCu
                        (2) 

Product selectivity = 
mmolproduct

∑ mmolproduct
× 100%                  (3) 

Conversion of HTHP (%) =
mmolHTHP,inlet – mmolHTHP,outlet

mmolHTHP,inlet
× 100%                          (4) 

Carbon balance (%) = (
mmolCarbon,outlet  

mmolCarbon,inlet
) × 100%                         (5)                                     

Contact time (min) =
gcatalyst

gfeed/min
                   (6) 

Apparent activation energy, Ea (kJ mol−1) = (ln A − ln k) ∙ RT                     (7)  

 

Electronic Structure Calculations and Conformation Search: The step-wise work flow for density 

functional theory (DFT) calculations has been shown in Figure S1. Initial optimizations for the 

conformers of each molecule were first performed at the 𝜔B97x-D30/6-31G* level of theory.31, 32 For 

cyclic molecules (HTHP, DHP, DVL, and D1), internal torsions within the rings were explored manually. 

For linear molecules (5-HP and PDO), torsions were investigated in the VEGA ZZ software33 through 

systematic rotations of 120°, yielding a total of 3𝑛 potential conformers for each case, where n is the 
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number of dihedral angles in the linear chain. For D2, a screening of the lowest energy conformations was 

carried out in Avogadro,34, 35 then optimized with the MMFF94 force field (FF) due to the FF’s ability to 

predict hydrogen bonds.36 For every successfully converged configuration, further calculations  at the 

M06-2X/cc-pVTZ37, 38 level of theory were performed with an ultrafine grid to optimize and characterize 

the stationary points of the potential energy surface (PES) using the Gaussian09 software.39 Vibrational 

frequencies were corrected by using a scale factor of 0.955 to account for anharmonicity in torsional 

modes.40 Subsequently, Zero Point Energy (ZPE) corrected energies were calculated for each conformer 

before doing thermochemistry calculations for enthalpy and Gibb’s free energy. Optimized geometries of 

each compound are provided as a ‘.txt’ file in the Supporting Information. The thermal distribution of 

the conformers was computed through the Boltzmann distribution as presented in Equation (7), where pi 

is the probability of the system being in state i, 𝑔𝑖 is the degeneracy of energy level i, J is the total number 

of distinguishable conformers, 𝛽 = 1/𝑘𝐵𝑇, and 𝑘𝐵 is the Boltzmann constant. 

𝑝𝑖 =
𝑔𝑖𝑒−𝛽𝐺𝑖

∑ 𝑔𝑗𝑒
𝑗

−𝛽𝐺𝑗𝐽
𝑗=1

 
                                

(7) 

The average enthalpy and Gibbs free energy for each compound were then calculated through weighted 

averages as shown in Equations (8) and (9), respectively. Gibbs free energy has an extra term known as 

the ‘Gibbs entropy formulation’ to account for the entropy increase derived from the presence of multiple 

conformations in the molecules.41, 42 

𝐻 = ∑ 𝑝𝑖𝐻𝑖

𝐽

𝑖

 
(8) 

𝐺 = ∑ 𝑝𝑖𝐺𝑖

𝐽

𝑖

+ 𝑘𝐵𝑇 ∑ 𝑝𝑖𝑙𝑛 (𝑝𝑖)

𝐽

𝑖

 
(9) 

Next, a set of isodesmic reactions was developed to derive the Δ𝐻𝑓
𝑜 and Δ𝐺𝑓

𝑜 of each compound, and to 

minimize the systematic error inherent to electronic structure calculations (Table S1). Validation of the 

level of theory employed in the calculations was done through comparison with experimental data when 

available. Heat capacities (CP) of all the molecules in the reaction network were then computed with the 

‘Thermo.py’ code from the NIST website by using only the global minimum energy conformation of each 

molecule. The predicted values of CP were fitted to Equation (10), where a and b are constants and T is 

in K. Subsequently, the heat of formation of each molecule at any temperature T, Δ𝐻𝑓(𝑇), was computed 

with Equation (11), where 𝑇𝑟𝑒𝑓 is the reference temperature of 298.15 K and Δ𝐻𝑓
𝑜 represents the standard 

heat of formation computed in the earlier steps. Free energies of formation at any temperature T, Δ𝐺𝑓(𝑇), 

were then calculated from the Gibbs-Helmholtz relation in Equation (12), where Δ𝐺𝑓
𝑜 is the standard free 

energy of formation and Δ𝐻𝑓(𝑇) is obtained from Equation (11). Lastly, the equilibrium rate constants, 

Keq, were calculated from Equation (13), where ΔGrxn is the difference in the free energies of the products 

and reactants of a given reaction at any temperature T, and R is the ideal gas constant. 

 𝐶𝑝(𝑇) = 𝑎 + 𝑏𝑇                                                (10) 

𝛥𝐻𝑓(𝑇) = 𝛥𝐻𝑓
𝑜 + ∫ 𝐶𝑝 𝑑𝑇

𝑇

𝑇𝑟𝑒𝑓

  (11) 

 

𝛥𝐺𝑓(𝑇)

𝑇
=

𝛥𝐺𝑓°

𝑇𝑟
− ∫

𝛥𝐻𝑓(𝑇)

𝑇2
𝑑𝑇

𝑇

𝑇𝑟𝑒𝑓

 
 (12) 
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 𝐾𝑒𝑞(𝑇) = 𝑒−
𝛥𝐺𝑟𝑥𝑛(𝑇)

𝑅𝑇                                     (13) 

 

Kinetic modeling: For batch reactions, rate constants were determined by solving ordinary differential 

equations (ODEs) in MATLAB (Version R2019B) using the ‘nlinfit’ function and the corresponding 95% 

confidence intervals were obtained using the ‘nparci’ function. For continuous flow reactions, rate 

constants were determined by the method of initial rates in the kinetic regime (<20% HTHP conversion). 

The heatmap of DVL selectivity as a function of temperature and contact time was obtained from Python 

(Version 3.10), wherein the forward and backward rate constants were scaled with temperature using the 

Arrhenius equation, and equilibrium rate constants (Keq) were determined from DFT-calculated Keq. 

Results 

1. Catalyst screening for HTHP dehydrogenation to DVL   

HTHP is an emerging platform chemical to produce C5 chemicals, but little is known about its 

reactivity under inert atmosphere. Previously, operando temperature-variable 13C NMR experiments 

revealed that HTHP exhibits ring-chain tautomerism to 5-hydroxypentanal (5-HP), contributing to its high 

reactivity.26 In this work, HTHP conversion was analyzed in batch reactors at 150°C over various metal 

oxides (SiO2, Al2O3, and MgO) and supported-transition metal catalysts (Cu, Ni, Pt, and Pd). The BET 

surface area, BJH pore volume, average pore width, metal loading, and acid/base site density of all 

catalysts is summarized in Table S2. The corresponding reaction network is shown in Scheme 2 and the 

experimental results are shown in Figure 1. This study revealed that even in the absence of any catalysts 

(blank reactor), HTHP undergoes 4 reactions: i) Dehydration to 3,4-dihydropyran (DHP), ii) Acetalization 

to 2,2'-oxybis(tetrahydropyran) (Dimer 1; D1), iii) Acetalization to 5-(tetrahydropyran-2-yloxy)pentanal 

(Dimer 2; D2), and iv) Degradation to dark-colored solids (humins). Cyclic alcohols like cyclohexanol are 

also known to undergo dehydration to their corresponding cycloalkenes but the reaction does not proceed 

without catalysts, unlike HTHP dehydration to DHP.43 The thermal reactions of HTHP were observed in 

stainless steel, Hastelloy, and glass reactors at nearly identical rates, indicating that the materials of 

construction are not catalyzing any product formation. The product rates were also unchanged as the 

reactor pressure was varied from 0 – 300 psi and the stirring speed was varied from 200 – 800 RPM, 

ruling out any mass transfer limitations.  
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Scheme 2. Reaction network for thermocatalytic conversion of HTHP to DHP, 5-HP, DVL, PDO, D1 and 

D2 via dehydration, ring-chain tautomerism, dehydrogenation, hydrogenation, and acetalization reactions, 

respectively.  

Over acidic metal oxide catalysts like SiO2 and Al2O3, HTHP conversion was around 35%, with 

slightly higher rates of D2 and DHP formation than the blank reactor. Over a basic metal oxide catalyst 

like MgO, HTHP conversion dropped to 30% and humins were formed 4× faster than in the absence of 

catalysts. This indicates that in addition to the thermal conversion of HTHP, acid sites are catalyzing the 

dehydration and acetalization reactions of HTHP to produce DHP, D1, and D2, while basic sites are 

contributing to HTHP degradation. When a transition metal (Cu, Ni, Pt or Pd) was present in the catalyst, 

HTHP dehydrogenation to DVL was observed. Over CuO/SiO2, HTHP conversion increased to 75% and 

DVL was produced at 0.007 mmol L-1 min-1, albeit at lower rates than DHP (0.008 mmol L-1 min-1) and 

D2 (0.01 mmol L-1 min-1). When the catalyst was reduced in situ to yield Cu/SiO2, DVL rates increased 

by 4× to 0.03 mmol L-1 min-1 and only a negligible amount of humins were observed. Due to the higher 

rate of DVL formation and lower rates of HTHP degradation to humins, all other transition metal 

catalysts were reduced in situ to yield metallic active sites. DVL production rates were observed to vary 

in the following order: Cu/SiO2 > Cu/Al2O3 > Pt/SiO2 > Pd/SiO2 > CuO/SiO2 > Ni/SiO2 > Cu/MgO. 

Cu/SiO2 has also been shown to be an excellent catalyst for cyclohexanol dehydrogenation to 

cyclohexanone.44 While HTHP conversion over Pt/SiO2 and Pd/SiO2 was >86%, the highest out of all the 

catalysts studied, the DVL selectivity was lower than that over Cu/SiO2 due to higher rates of DHP, D2, 

and humin formation on Pt/SiO2 and Pd/SiO2. HTHP hydrogenation to 1,5-pentanediol (PDO) from H2 

produced during HTHP dehydrogenation to DVL was also observed over Ni/SiO2, Cu/Al2O3, Pt/SiO2, and 

Pd/SiO2, but was negligible over Cu/SiO2. Due to its higher activity and selectivity for DVL production 

and suppression of humin formation, Cu/SiO2 was used for the kinetic studies later in this work. 
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Figure 1. Product rates and HTHP conversion from thermocatalytic reactions of HTHP over various 

catalysts. Reaction conditions: 150°C, 2 mM HTHP in THP (feed), 100 psi Ar, 0.1 g of catalyst (if any), 

45 mL Parr reactor, 800 rpm stirring, 30 min.  

2. Thermal equilibrium between HTHP, DHP, D1, and D2 

Experiments at varying reaction temperatures and feed compositions in the absence of any 

heterogeneous catalysts were carried out in batch reactors to measure the forward (kf) and equilibrium 

rate constants (Keq) of HTHP conversion to DHP, D1, and D2. The fitted values of kf and Keq for the six 

observed reactions are listed in Table 1. Figure 2 shows the effect of temperature on the concentration 

profiles of HTHP, DHP, D1, and D2 in the absence of any heterogeneous catalysts. As the temperature 

was increased from 100 – 150°C, the Keq for HTHP dehydration to DHP (reaction R1) increased nearly an 

order of magnitude from 1.6 to 15.8, while the Keq for HTHP dimerization to D2 (reaction R3) increased 

slightly from 72.1 to 80.1. On the other hand, Keq for all other reactions (R2, R4, and R5) decreased with 

increasing temperature. The carbon balance was ~99% at 100°C, but the formation of humins (reaction 

R6) was observed at T >125°C. The rate of humin formation increased monotonically with temperature, 

with 0.12 mM of humins produced at 150°C. While Barnett et al. have demonstrated that HTHP can be 

produced from autocatalytic hydration of DHP,25 this study reveals that DHP, HTHP, D1, D2, and water 

are all in thermal equilibrium. As a result, the product mixture from HTHP dehydrogenation to DVL at 

150°C also contains DHP, D1, and D2 from homogeneous reactions. As discussed in later sections, the 

experimentally-observed Keq was compared with DFT-calculated Keq and found to be in good agreement. 

 

Table 1. Experimentally-fitted forward rate constants (kf) and equilibrium constants (Keq) of the thermal 

reactions between HTHP, DHP, D1, D2, and humins. Reaction conditions: 100-150°C reaction 

temperature, 45 mL Parr reactor, 800 rpm stirring, 100 psi Ar inert. 

Reaction 
kf (×10-3) a Keq = kf/kb 

100°C 125°C 135°C 150°C 100°C 125°C 135°C 150°C 

R1: HTHP → DHP + H2O 1.2 3.6 5.6 9.3 1.6 7.1 10.5 15.8 

R2: 2HTHP → D1 + H2O 0.9 2.9 4.1 8.2 10.3 6.2 3.9 4.8 

R3: 2HTHP → D2 + H2O 2.3 7.9 11.8 23.1 72.1 78 78.2 80.1 

R4: HTHP + DHP → D1 0.9 2.2 3.4 4.9 4.8 1.1 0.5 0.2 

R5: HTHP + DHP → D2 1.6 4.3 5.9 10.3 45.5 12.1 6.8 4.1 

R6: HTHP → Humins 0.1 0.6 1.2 2.5 - - - - 

a: The u nits of kf are: min-1 for R1, L mmol-1 min-1 for R2, R3, and R6, and L2 mmol-2 min-1 for R4 – R5. 
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Figure 2. Effect of temperature on the thermal equilibrium between HTHP, DHP, D1, and D2 at: A) 

100°C, B) 125°C, C) 135°C, and D) 150°C. Reaction conditions: varying temperatures, 1 mM HTHP in 

THP (feed), 100 psi Ar, 45 mL Parr reactor, 800 rpm stirring, 500 min. Solid lines are model-predicted 

values.  

Next, experiments with variable feed compositions of HTHP and DHP were carried out to 

determine if D1 and D2 are formed from two molecules of HTHP dimerizing (reactions R2 and R3) or 

from DHP acetalizing with HTHP (reactions R4 and R5), or a combination of both. The results of the co-

feed experiments are shown in Figure 3. No products were observed when the feed was pure DHP in the 

absence of HTHP or water. When the feed consisted of 0.1 mM HTHP, DHP was the major product (0.06 

mM) after 500 minutes. As the feed concentration was increased to 2 mM HTHP, D2 was the major 

product (0.6 mM) within 350 minutes. Co-feed experiments with varying amounts of HTHP and DHP in 

the feed resulted in DHP being the major component in the product mixture, followed by D2 then D1. The 

fitted model based on varying HTHP concentrations reveals that HTHP dehydration and humin formation 

are both 1st order in HTHP concentration, while HTHP acetalization to D1 and D2 is 2nd order. This study 

further reveals that D1 and D2 are produced from four different reactions: HTHP dimerization (R2 and 

R3) and DHP acetalizing with HTHP (R4 and R5), with HTHP dimerization contributing at higher rates.  
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Figure 3. Effect of feed composition on the thermal equilibrium between HTHP, DHP, D1 and D2 for the 

following feeds: A) 0.1 mM HTHP, B) 2 mM HTHP, C) 2 mM HTHP + 1 mM DHP, and D) 1 mM 

HTHP + 1 mM DHP. Reaction conditions: 125 °C, 45 mL Parr reactor, varying concentrations of 

HTHP/DHP in THP (feed), 800 rpm stirring, 100 psi Ar. Solid lines are model-predicted values. 

3. DVL stability study 

The thermal reactivity of DVL in an inert atmosphere was studied in batch reactors to determine 

if DVL undergoes degradation and/or is in equilibrium with any compounds. When DVL was heated up 

from 125 – 175°C, dark-colored solids were observed at the bottom of the reactor from humin formation 

(Figure 4). No other compounds were observed with GC-MS. DVL degraded to humins at a first-order 

degradation rate (kd) of 0.0001 mmol L-1 min-1 at 125°C, which increased to 0.0004 mmol L-1 min-1 at 

150°C, and 0.0014 mmol L-1 min-1 at 175°C. The apparent activation energy of DVL degradation is found 

to be 78.9 ± 0.2 kJ mol-1.  
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Figure 4. Effect of reaction temperature on DVL degradation to humins. Reaction conditions: 2 mM 

DVL in THP, 45 mL Parr reactor, 800 rpm stirring, 100 psi Ar. Solid lines are model-predicted values. 

4. Reaction mechanism for the thermal equilibrium between HTHP, DHP, D1 and D2 

Based on the kinetic studies carried out, the proposed reaction mechanism for the thermal 

equilibrium between HTHP, 5-HP, DHP, D1, and D2 is shown in Scheme 3. Ring-chain tautomerism of 

HTHP leads to 5-HP formation via intramolecular proton transfer between the ether and hydroxyl oxygen 

atoms. The rapid interconversion between the ring-open and ring-closed tautomers contributes to the high 

reactivity of the [HTHP/5-HP] feed. HTHP can also undergo protonation at the hydroxyl oxygen followed 

by dehydration to form a carbocation intermediate, which is resonance-stabilized by the ether oxygen 

donating one of its lone pair of electrons to form a C=O bond within the ring. The proposed carbocation 

intermediate can then undergo 2 competing pathways: i) Deprotonation and C=C bond formation to 

produce DHP, or ii) Acetalization to D1 (or D2) by addition of HTHP (or 5-HP) and deprotonation at the 

central oxygen atom. When carrying out DHP hydration with water to produce HTHP (or when HTHP is 

co-fed with DHP), the vinyl carbon of DHP can abstract a proton from the feed mixture and re-form the 

carbocation intermediate, leading to the establishment of an equilibrium between DHP, HTHP, D1 and 

D2 once again. However, pure DHP in the absence of a proton source does not react to form any products 

thermally. 

Scheme 3. Proposed reaction mechanism for thermal equilibrium between HTHP, DHP, D1 and D2, 

including ring-chain tautomerism to 5-HP (orange), formation of a common carbocation intermediate 

(yellow), deprotonation to DHP (red), acetalization of the carbocation intermediate with HTHP or 5-HP 

(green), and subsequent formation of D1 (blue) or D2 (purple).  
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3) Thermochemistry from DFT calculations 

To better understand the equilibrium pathway for HTHP conversion to DHP, D1, and D2 

products, we performed a systematic ab initio thermodynamic study of the reactions shown in Scheme 1, 

while the  calculation workflow can be found in Figure S1. First, the lowest energy conformers of HTHP, 

5-HP, DHP, DVL, PDO, D1, and D2 were obtained (Table 2). The conformational search for HTHP was 

guided by modifying the well-known cyclohexanol conformers,45 owing to the structural similarity of 

both cyclic alcohols. The results show that the chair configuration of HTHP with the -OH group in the 

axial position is the potential energy global minimum (Table 2A). Two other chair configurations of 

HTHP with the -OH group in equatorial positions were located at 3.7 and 6.2 kJ mol-1 with respect to its 

global minimum. Our finding is in good agreement with Tvaroska et al., where the other two chair 

configurations of HTHP with equatorial-OH were also reported to be energetically metastable with 3.3 

and 5.8 kJ mol-1 larger than the axial-OH configuration from ACM/tzvp46 calculations.  

Next, the conformers of 5-HP were investigated and its global minimum potential energy 

conformer was observed due to the internal hydrogen bonds (Table 2B). At least 19 other conformations 

were found with stability for the relative energy less than 8.3 kJ mol-1 compared with the global minimum 

at room temperature. Notably, DHP was found to have only two isoenergetic conformations (specular 

images), adopting the half-chair configuration (Table 2C). The presence of the oxygen atom and double 

bond in position 2-3 offers stiffness and hinders the formation of other conformers, contrary to the case of 

its analogous hydrocarbon, cyclohexene. Previous theoretical work by Ghosh et al. yielded the same 

conformer.47 

The ground state configuratation of DVL was found to adopt the half-chair configuration (Table 

2D). Raman spectroscopy has showed that the half-chair and boat conformations are separated by 2.5 kJ 

mol-1 at room temperature,48 which is in agreement with this work (2.55 kJ mol-1). Conformational 

analysis over each torsion of PDO yields 729 structures, from which Chen et al. reported that only 109 

structures are feasible conformers at the MP2/6-311++G(3df,3pd) level of theory.49 These structures were 

further optimized at the M06-2X/cc-pVTZ level of theory in this work, reducing the number of 

conformations to 99. Table 2E presents the most stable conformation for PDO, stabilized by internal 

hydrogen bonds. Such intramolecular interactions have also been found in other diols like 1,3-

propanediol50 and 1,6-hexanediol49.  

The conformers of D1 were sought based on the results for HTHP. D1 consists of two 

stereoisomers: R,S and R,R. Both were explored and the lowest energy conformer was found to adopt the 

R,R configuration (Table 2F). The first higher energy conformer of D1 was observed with a 27.1 kJ mol-1 

free energy higher than its global minimum, which does not contribute significantly in the overall 

computation of the thermodynamic properties of D1 at 298.15 K. Given that the boat conformations of 

HTHP did not play an important role in the contribution to the overall partition function, the 

conformations of D1 in which the rings adopt the boat configuration were assumed to not be favored and 

were therefore not included in this analysis.  

A systematic search for conformers of large molecules like D2 with quantum-mechanical 

methods would result in 37 potential configurations, which is prohibitive.51 Yalamanchi et al. overcame 

this challenge for other molecules by only considering the conformers whose potential energies (Δϵ) lie 

within 9.6 kJ mol-1 of the global minimum conformer.52 In order to improve the chances of finding most 

of the minimum energy conformations of D2, the cut off in this work was expanded to Δϵ = 23 kJ mol-1. 

Figure S2 displays the Δϵ of the selected conformers of D2, PDO, 5-HP, HTHP, and D1 computed with 

the MMFF94 force field, along with their free energies (ΔG) at the M06-2X/cc-pVTZ level of theory. A 

linear trend is observed to exist between the Δϵ and ΔG values, enabling the use of Δϵ values as a 

descriptor to predict a set of meaningful conformers for D2. From the conformational search results for 

HTHP, 5-HP, and PDO herein, another observation was made – conformers with ΔG > 8.4 kJ mol-1 above   
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the global minimum contribute insignificantly to their free energy of formation, ΔGf
0 (Figure S3). Unlike 

linear molecules like 5-HP or PDO, as shown in Figure S2, D2 only has a few conformations that lie 

within the first 8.4 kJ mol-1. Table 2G displays the minimum energy conformer of D2 optimized thorugh 

ab initio calculations, and is observed to exhibit a shape in which the chain forms a coil that reduces its 

potential energy.  

 

Table 2. Skeletal structures and global minimum potential energy conformers calculated at the M06-

2X/cc-pVTZ level of theory for: A) HTHP, B) 5-HP, C) DHP, D) DVL, E) PDO, F) D1, and G) D2. 

Compound Skeletal structure Lowest energy conformer 

A) 2-Hydroxy 

tetrahydropyran (HTHP) 
 

 

B) 5-Hydroxypentanal (5-HP) 

a 

 

C) 3,4-Dihydropyran (DHP) 

a 

 

D) δ-Valerolactone (DVL) 

a 

 

 E) 1,5-Pentanediol (PDO) 

 a 

 

F) 2,2'-Oxybis(tetrahydropyran) 

(Dimer 1; D1) 

 
a 

 

G) 5-(Tetrahydropyran-2-

yloxy)pentanal (Dimer 2; D2) 

 
a 

 

 

 

Table 3 lists the DFT-calculated standard enthalpy of formation (∆𝐻𝑓
°), standard Gibbs free 

energy of formation (∆𝐺𝑓
°), and constants ‘a’ and ‘b’ for calculation of the heat capacity (Cp). For 

comparison, thermochemistry data for DHP, PDO and 5-HP has been contrasted in Figure S4 with data 

extracted from Aspen, as a way of validating the calculations in this work for molecules whose 

thermodynamic properties are unpublished. There is excellent agreement between the DFT-computed 



14 
 

properties of DHP, 5-HP, and PDO with the experimental data. Interestingly, the DFT-calculated values 

for DVL are in agreement with the experimentally reported NIST data but do not match the values 

predicted in Aspen for both ∆𝐻𝑓
° and ∆𝐺𝑓

°.53 This is due to a discrepancy of -40.6 kJ mol-1 between the 

NIST data and the Aspen database, which is also nearly the same difference between the DFT-calculated 

results and the Aspen database. We conclude that the thermodynamic properties of DVL calculated herein 

from DFT (and verified experimentally by NIST) are more accurate than the Aspen database. 

 

Table 3. DFT-calculated standard enthalpy of formation (∆𝐻𝑓
°), standard Gibbs free energy of formation 

(∆𝐺𝑓
°), and constants a and b to calculate heat capacities (Cp) for each compound in the reaction network.  

 

 

 

 

 

 

Figure 5 displays the DFT-calculated thermochemistry (ΔHrxn and ΔGrxn) from 50–300 °C using 

Equations (12) and (13), and the values listed in Table 3. The corresponding DFT-calculated equilibrium 

rate constants (Keq) are shown in Figure S5, along with the experimentally determined Keq listed in Table 

1. The values are observed to be in good agreement for the temperature range studied, verifying the DFT 

calculations in this work. The unimolecular reactions of HTHP are endothermic in this temperature range 

(Figure 5A), with HTHP dehydration to DHP being the most endothermic (ΔHrxn ~ 50 kJ mol-1), followed 

by ring-opening of HTHP to 5-HP (ΔHrxn ~ 32 kJ mol-1) and HTHP dehydrogenation to DVL (ΔHrxn ~ 29 

kJ mol-1). All bimolecular reactions involving HTHP, DHP and/or H2 are observed to be exothermic, 

including HTHP dimerization to D2 (ΔHrxn ~ -26 kJ mol-1), HTHP hydrogenation to PDO (ΔHrxn ~ -40 kJ 

mol-1), and acetalization of DHP with HTHP to D2 (ΔHrxn ~ -52 kJ mol-1) and D1 (ΔHrxn ~ -78 kJ mol-1). 

HTHP dimerization to D2 is slightly endothermic (ΔHrxn ~ 1kJ mol-1) at T<125°C but becomes 

exothermic at higher temperatures (ΔHrxn = -6 kJ mol-1 at 300°C). From the plot of ΔGrxn over 50–300 °C 

(Figure 5B), two trends are observed: 1) HTHP dehydrogenation to DVL, ring-opening to 5-HP, 

dehydration to DHP, and dimerization to D2, are all increasingly exergonic with increasing temperatures; 

2) HTHP hydrogenation to PDO, HTHP dimerization to D1, and DHP acetalization with HTHP to D1 and 

D2 follow the opposite trend – becoming more endergonic at higher temperatures. At T>130°C, HTHP 

dehydrogenation to DVL is the most exergonic reaction, with ΔGrxn decreasing from -24 kJ mol-1 at 

130°C to -46 kJ mol-1 at 300°C. HTHP hydrogenation to PDO becomes the most exergonic reaction at 

T<130°C but is limited by the availability of H2 when the reaction is carried out in an inert atmosphere. 

At 82°C, HTHP hydration to DHP is at equilibrium (ΔGrxn = 0 kJ mol-1), but becomes spontaneous (ΔGrxn 

= -32 kJ mol-1) by 300°C. Within the 100 – 250°C temperature range, 3 other reactions also attain 

equilibrium at certain temperatures: DHP and HTHP acetalization to D1 (120°C), DHP and HTHP 

acetalization to D2 (195°C), and HTHP dimerization to D1 (230°C). Although the complexity of the 

experimentally-observed reaction network can be understood by all the reactions being exergonic at 85–

120°C (Figure 5B), the dominance of DVL formation in the temperature range of T>130°C rationalizes 

its successful synthesis from HTHP in our experiments.  

Compound ∆𝑯𝒇
°  (kJ mol-1) ∆𝑮𝒇

°  (kJ mol-1) a (J mol-1
 K-1) b (J mol-1 K-2) 

2-HTHP -412.33 -238.66 18.04 0.34 

5-HP -381.33 -240.20 36.89 0.32 

DHP -113.56 -1.09 12.05 0.28 

DVL -382.33 -249.07 21.40 0.30 

1,5-PDO -449.53 -266.73 36.79 0.35 

D1 -603.88 -258.66 20.98 0.65 

D2 -580.74 -259.32 44.13 0.62 



15 
 

Figure 5. DFT-calculated thermochemistry for A) ΔHrxn and B) ΔGrxn at the M06-2X/cc-pVTZ level of 

theory for the thermocatalytic reactions between HTHP, DHP, 5-HP, DVL, D1, D2, and PDO. Dashed 

lines at 0 kJ mol-1 are visual aids.  

4) Effect of temperature on HTHP dehydrogenation over Cu/SiO2 

In the next few sections, HTHP dehydrogenation over Cu/SiO2 was studied using a packed bed 

reactor to acquire kinetic data since this catalyst has the highest rates and selectivities to DVL. The effect 

of temperature on the turnover frequency (TOF) and selectivity of each product over Cu/SiO2 is shown in 

Figure 6. TOF was calculated using the Cu site density of Cu/SiO2, as listed in Table S2. Reactions were 

carried out for 24 hours to obtain steady-state samples, and a fresh bed of Cu/SiO2 was used for each 

temperature to rule out catalyst deactivation. Minimal HTHP conversion was observed at T<100°C, and 

the carbon balance was ~98% for all experiments carried out at 125–250°C. The major product observed 

from HTHP over Cu/SiO2 at all temperatures was DVL. At 125°C, HTHP conversion was only 7.5% with 

DVL produced at a TOF of 0.07 min-1, corresponding to a selectivity of 61%. As the temperature was 

raised to 150°C, HTHP conversion increased to 19% while DVL formation jumped to 0.25 min-1, 

reaching a peak DVL selectivity of 75.5%. Between 125–150°C, the selectivity to DHP and D1 remained 

nearly constant at 6.1 and 5.5%, respectively, while the selectivity to D2 dropped from 26.3 to 13.6%. 

With further increase in temperature to 250°C, HTHP conversion reached 77% but the selectivity to DVL 

dropped to 39% as the TOF of DHP production increased 10× from 0.02 min-1 to 0.22 min-1, and D2 

increased 6× from 0.05 min-1 to 0.3 min-1. The apparent activation energies (Ea) and pre-exponential 

factors (A) for DVL, DHP, D1, and D2 formation were determined from data collected at 125–175°C 

within the kinetic regime (HTHP conversion < 20%). As shown in Table 4, the Ea for each product 

decreases in the following order: DVL (36.9 ± 1.3 kJ mol-1) ˂ D1 (50.7 ± 0.5 kJ mol-1) ≈ D2 (51.5 ± 0.7 

kJ mol-1) ≈  DHP (53.9 ± 1.1 kJ mol-1). The Ea for HTHP hydration to DHP is observed to be 25 kJ mol-1 

lower than the Ea for DHP hydration to HTHP (78.8 ± 1.5 kJ mol-1),25 albeit the latter was determined at 

25 – 62.5°C using 20 wt% DHP in water. The similarity in apparent activation energies for D1, D2, and 

DHP formation further corroborates the formation of a common carbocation intermediate from HTHP, as 

shown in Scheme 3.  
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Figure 6. Effect of reaction temperature on: A) turnover frequency (TOF), and B) selectivity and HTHP 

conversion. Reaction conditions: 125–250°C, 1 min-1 WHSV, 0.1 mL/min 10 wt% HTHP in THP, 0.1 g 

Cu/SiO2, 50 mL/min Ar, 200 psi, 24 h at each contact time. 

5) Effect of contact time on HTHP dehydrogenation over Cu/SiO2 

The effect of contact time on TOF and selectivities was studied by varying the contact time from 

0.5 to 31.5 min at a fixed reaction temperature of 150°C (Figure 7). At 0.5 min, DVL was produced at a 

TOF of 0.25 min-1. As the contact time was increased from 1.1 to 14.3 min, the TOF of DVL production 

quadrupled from 0.25 to 1 min-1 while the selectivity to DVL increased from 68 to 75%. HTHP 

conversion increased from 9 to 86% as the contact time was increased from 0.5 – 31.5 min. With further 

increases in contact time to 31.5 min, the TOF of DVL production dropped to 0.8 min-1 and DVL 

selectivity reached a minimum of 58%. The temperature and contact time experiments herein reveal that 

intermediate contact times of ~14.3 min at 150 °C are needed to maximize selectivity to DVL. 

Figure 7. Effect of contact time on: A) turnover frequency (TOF), and B) selectivity and HTHP 

conversion. Reaction conditions: 150 °C, 0.86–0.01 min-1 WHSV, 50 mL/min Ar, 200 psi, 24 h at each 

WHSV, Cu/SiO2. 

6) Determining reaction orders from partial pressure experiments    

Reaction orders with respect to HTHP were determined by varying the HTHP partial pressure 

(PHTHP) from 1.7 to 4.7 psi, while keeping the temperature, contact time, and total pressure constant at 

150°C, 1 min, and 200 psi, respectively. Figure 8 shows the log-log plot of TOF versus PHTHP along with 
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the reaction orders (n) determined from the slope of each curve. As PHTHP was increased from 1.7 to 4.7 

psi, the TOF of DVL formation tripled from 0.14 to 0.42 min-1, while DHP quadrupled from 0.01 to 0.04 

min-1. As seen from the slope of the DVL and DHP curves, HTHP dehydrogenation to DVL and HTHP 

dehydration to DHP are both nearly 1st order in HTHP partial pressure. On the other hand, D1 and D2 

rates increased 7× from 0.01 to 0.07 min-1, and 0.04 to 0.28 min-1, respectively, when PHTHP was increased 

from 1.7 to 4.7 psi. Correspondingly, HTHP acetalization to D1 and D2 are both observed to be 2nd order 

with respect to PHTHP. 

 

Figure 8. Log-log plots of product turnover frequencies (TOF) versus HTHP partial pressure (PHTHP) for 

determination of reaction orders (n) from the slope of each curve. Reaction conditions: 150 °C, 1 min 

contact time, 0.1 mL/min HTHP in THP, 0.1 g Cu/SiO2, 200 psi, 24 h at each partial pressure. Solid lines 

are visual aids.  
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8) Development of a reaction kinetics model 

Based on the experiments carried out at varying reaction temperatures, contact times, and HTHP 

partial pressures, a kinetic model was developed. The 8 reactions used in the model are shown in Scheme 

4.  

 

Scheme 4. Reaction network for the dehydrogenation of HTHP to DVL (i), thermal equilibrium between 

HTHP, DHP, D1, and D2 (ii – vi), and formation of degradation products (vii & viii).  

The corresponding ordinary differential equations (ODEs) used in the kinetic model are listed in 

Eqn 14–19.  
d[DVL]

dτ
= k1[HTHP] − k8[DVL]                                                                                                                                 (14) 

d[HTHP]

dτ
= −k1[HTHP] − k2,f[HTHP] + k2,b[DHP][H2O] − 2k3,f[HTHP]2 + 2k3,b[D1][H2O] −  2k4,f[HTHP]2 +

                   2k4,b[D2][H2O] − k5,f[HTHP][DHP] + k5,b[D1] − k6,f[HTHP][DHP] + k6,b[D2] − k7[HTHP]          (15)                             

d[DHP]

dτ
= k2,f[HTHP] − k2,b[DHP][H2O] − k5,f[HTHP][DHP] + k5,b[D1] − k6,f[HTHP][DHP] + k6,b[D2]          (16) 
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d[D1]

dτ
= k3,f[HTHP]2 − k3,b[D1][H2O] + k5,f[HTHP][DHP] − k5,b[D1]                          (17) 

d[D2]

dτ
= k4,f[HTHP]2 − k4,b[D2][H2O] + k6,f[HTHP][DHP] − k6,b[D2]                (18) 

d[Humins]

dτ
= k7[HTHP] + k8[DVL]                (19) 

The forward rate constants as a function of temperature, kf (T), were determined using the 

Arrhenius relationship in Eq 20, wherein 𝑘𝑓
𝑟𝑒𝑓

 is the experimentally determined forward rate constant at 

Tref = 423.15 K with apparent activation energy Ea (as listed in Table 4). The backward rate constants, kb 

(T), were determined from Eq 21, wherein Keq (T) is the DFT-calculated equilibrium rate constant from 

Equation (13).  

kf (T) = kf
ref exp [−

Ea

R
 (

1

T
−

1

Tref
)]                                 (20) 

kb(T) =
kf (T)

Keq(T)
                                  (21) 

Table 4. Model-predicted forward rate constants (kf) and apparent activation energies (Ea), with 

associated 95% confidence intervals, for the thermocatalytic reactions between HTHP, DVL, DHP, D1, 

D2, and humins in a packed bed reactor over Cu/SiO2 under Ar atmosphere.  

Reaction 
Forward rate constants, 𝒌𝒇

𝒓𝒆𝒇
, 

 at Tref = 150°C 

Apparent activation 

energies, Ea (kJ mol-1) 

R1: HTHP → DVL + H2 0.11 ± 0.02 min-1 36.9 ± 1.3 

R2: HTHP → DHP + H2O 0.014 ± 0.002 min-1 48.5 ± 0.5 

R3: 2HTHP → D1 + H2O 0.005 ± 0.001 mM-1 min-1 50.2 ± 0.7 

R4: 2HTHP → D2 + H2O 0.015 ± 0.006  mM-1 min-1 51.7 ± 1.1 

R5: HTHP + DHP → D1 0.002 ± 0.0008  mM-1 min-1 63.5 ± 1.3 

R6: HTHP + DHP → D2 0.003 ± 0.0005  mM-1 min-1 68.9 ± 1.5 

R7: HTHP → Humins 0.004 ± 0.001  min-1 40.2 ± 0.9 

R8: DVL → Humins 0.02 ± 0.003 1 min-1 30.5 ± 0.4 

 

The resulting model-predicted selectivity to DVL as a function of temperature (145 – 155°C) and 

contact time (0 – 20 minutes) is shown as a heatmap in Figure 9. At low temperatures, the rate of DVL 

production is too low, leading to lower selectivities. At long contact times, humin production increases, 

also leading to lower DVL selectivities. DVL selectivity can be maximized at 78% by carrying out HTHP 

dehydrogenation at a temperature of 145°C and contact time of 12.8 minutes.  
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Figure 9. Heatmap of model-predicted selectivity to DVL from dehydrogenation of HTHP over Cu/SiO2 

as a function of temperature and contact time. DVL selectivity is maximized at 78% at 145°C and 12.8 

minutes.  

7) Catalyst stability as a function of time on stream (TOS) 

HTHP dehydrogenation over Cu/SiO2 at the reaction conditions that maximized DVL selectivity 

(~150°C and 13 minutes of contact time) was carried out in a flow reactor for 72 h time on stream (TOS) 

to determine catalyst deactivation rates (Figure 10). The TOF of DVL formation increased slightly from 

49 to 52 min-1 in the first 8 h then remained constant at ~52 min-1 until 32 h, indicating that steady state 

was achieved. The corresponding selectivity to DVL reached a maximum of 84% at 12 hours, in 

agreement with the model-predicted DVL selectivity at these conditions. By 72 h, the TOF of DVL 

dropped to 42 min-1 and the selectivity to DVL decreased to 74%. Similarly, HTHP conversion was ~90% 

for 48 h but dropped to 81% by 72 h, indicating loss of catalyst activity. The TOF of D2, DHP, and D1 

formation was always <5 min-1. But the selectivity to D1 and D2 increase to 8% and 19%, respectively, 

around 60 h. The loss in HTHP conversion and DVL rates, accompanied by the increase in rates of D1 

and D2, indicate that the formation of C10+ species on the catalyst surface is likely contributing to catalyst 

deactivation via coking. Thermogravimetric analysis (TGA) of the fresh and spent Cu/SiO2 confirmed that 

coking contributed to 14% of the mass of the spent catalyst (Figure S5). A small loss in BET surface area 

of the Cu/SiO2 catalyst was also observed (Table S2), indicating that pore blocking is minimaly 

contributing to the loss of catalyst activity over time. ICP-OES results indicate little to no metal leaching. 

We also measured the Cu site density and dispersion of the Cu/SiO2 catalysts before and after reaction 

(Table S2) and observed minimal changes in both properties, indicating that sintering or loss of Cu 

dispersion is not contributing to catalyst deactivation in this work. After 72 h, the catalyst was regenerated 

by calcining in 2% O2/Ar at 400°C, followed by re-reduction in H2 flow at 350°C. The reaction was 

resumed and carried out for another 48 h.  At 80 h, much of the catalyst activity and selectivity to DVL 

was recovered and comparable to that of the fresh catalyst. By 120 h, the TOF and selectivity to DVL had 

dropped to 42 min-1 and 82%, respectively.  Hence, we have demonstrated that DVL can be produced at 

>75% selectivity for over 72 h with minor losses in catalyst activity from coking and pore blocking.   
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Figure 10. Effect of time on stream (TOS) on: A) turnover frequency (TOF) and carbon balance, and B) 

product selectivity and HTHP conversion. Reaction conditions: 150°C, 13 min contact time, 0.1 g 20wt% 

Cu/SiO2, 50 mL/min Ar, 200 psi. After 72 h, catalyst is regenerated via calcination and re-reduction, then 

reaction is carried out till 120 h. Lines through data points are visual aids. 

Conclusions 

Biomass-derived 2-hydroxytetrahydropyran (HTHP) is an emerging platform chemical for the renewable 

production of five-carbon (C5) compounds, which are otherwise very hazardous and expensive to produce 

from petroleum. Herein, a novel catalytic route to δ-valerolactone (DVL) has been reported at 84% 

selectivity from dehydrogenation of HTHP in a packed bed reactor over Cu/SiO2 at 150°C and 13 minutes 

of contact time. Cu/SiO2 has the highest rate and selectivity to DVL production out of all the catalysts 

screened. We have also discovered that HTHP exists in thermal equilibrium with 3 other compounds: 3,4-

dihydropyran (DHP), 2,2'-oxybis(tetrahydropyran) (Dimer 1; D1), and 5-(tetrahydropyran-2-

yloxy)pentanal (Dimer 2; D2), due to the formation of a common carbocation intermediate. Since the 

thermochemical data for HTHP, D1, and D2 cannot be found in existing databases, DFT calculations at 

the M06-2X/cc-pVTZ level of theory were carried out to reveal that HTHP dehydrogenation to DVL is 

the most exergonic reaction (ΔGrxn<0) at T>125°C. Using kinetic studies, we also determined that DVL 

formation has an apparent activation energy (Ea) of 36.9 ± 1.3 kJ mol-1 and is first-order with respect to 

HTHP partial pressure (PHTHP). Lastly, we developed a kinetic model consisting of eight ordinary 

differential equations (ODEs) to predict DVL selectivity as a function of both reaction temperature and 

contact time, and experimentally verified the model-predicted values with a 72-hour reaction.   
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