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Experimental Methods 

 
1. Sources of chemicals  

 

MoO3 (Alfa Aesar, 99.95%), MoO2 (Sigma-Aldrich, 99%), H3PMo12O40·xH2O (Alfa Aesar), MoS2 (Alfa Aesar, 99%), Na2MoO4 (Sigma-

Aldrich, 98%), (NH4)6Mo7O24·4H2O (Alfa Aesar, 99%), NiCl2·6H2O (Sigma-Aldrich, ≥98%), N,N,N',N'-tetramethylethylenediamine, (Alfa 

Aesar, 99%), D-fructose (Sigma-Aldrich, ≥99%), L-sorbose (Sigma-Aldrich, ≥98%), D-tagatose (Sigma-Aldrich, ≥98.5%), D-psicose 

(Sigma-Aldrich, ≥95%), D-hamamelose (Sigma-Aldrich, ≥99.5%), D-Glucose (Sigma-Aldrich, ≥98%), D/L-glyceraldehyde (Sigma-Aldrich, 

≥90%), dihydroxyacetone dimer (Alfa Aesar, ≥70%), lactic acid (Sigma-Aldrich, ≥98%), methyl lactate (Sigma-Aldrich, ≥98%), ethyl lactate 

(Sigma-Aldrich, ≥99%), ethanol (Koptec, anhydrous 200-proof), methanol (Sigma-Aldrich, 99.8%),  naphthalene (Sigma-Aldrich, 99%), 

tetraethylammonium hydroxide solution (Sigma-Aldrich, 35% in water), tetraethylorthosilicate (Sigma-Aldrich, 98% (w/w)), tin (IV) 

chloride pentahydrate (Sigma-Aldrich, 98%), hydrofluoric acid (Sigma Aldrich, 54% (w/w) in water), tetraethylammonium fluoride 

dihydrate (Sigma-Aldrich, 97%), NaNO3 (Sigma Aldrich, ≥99.0%), NaOH (Alfa Aesar 97%)  were purchased and used as received. Chloride 

form of Amberlite IRA-400 (Sigma-Aldrich) resin was used for immobilization of molybdate salts. TiO2–SiO2 co-precipitate (type III, No. 2) 

was obtained from W. R. Grace (Si/Ti = 56) and was calcined in flowing air (100 mL min-1, Air Liquide, breathing grade) at 580 ⁰C (ramped 

up at 1 ⁰C min-1) for 6 h prior to use. 

 

2. Synthesis of materials 

 

Synthesis of Sn-Beta 

Sn-Beta was synthesized according to previously reported procedures (1), as follows: 15.25 g of tetraethylammonium hydroxide solution 

(35% (w/w) in water) were added to 14.02 g of tetraethylorthosilicate, followed by the addition of 0.172 g of tin (IV) chloride pentahydrate. 

The mixture was stirred until tetraethylorthosilicate was completely hydrolyzed and then allowed to reach the targeted H2O:SiO2 ratio by 

complete evaporation of ethanol and partial evaporation of water. Next, 1.53 g of hydrofluoric acid (54% (w/w) in water) were added, 

resulting in the formation of a thick gel. The final molar composition of the gel was 1 SiO2 / 0.0077 SnCl4 / 0.55 TEAOH / 0.54 HF / 7.52 

H2O. As-synthesized Si-Beta (vide infra) was added as seed material (5 wt% of SiO2 in gel) to this gel and mixed. The final gel was 

transferred to a Teflon-lined stainless steel autoclave and heated at 140 ⁰C in a static oven for 25 days. The recovered solids were 

centrifuged, washed extensively with water, and dried at 100 ⁰C overnight. The dried solids were calcined in flowing air (100 mL min-1, Air 

Liquide, breathing grade) at 580 ⁰C (ramped up at 1 ⁰C min-1) for 6 h. 

 

Synthesis of Si-Beta 

Si-Beta was synthesized according to previously reported procedures (1), as follows: 10.01 g of tetraethylammonium fluoride dihydrate was 

added to 10.00 g of water and 4.95 g of tetraethylorthosilicate. The mixture was stirred until tetraethylorthosilicate was completely 

hydrolyzed and then allowed to reach the targeted H2O:SiO2 ratio by complete evaporation of ethanol and partial evaporation of water. The 

final molar composition of the gel was 1 SiO2 / 0.55 TEAF / 7.25 H2O. The gel was transferred to a Teflon-lined stainless steel autoclave and 

heated at 140 ⁰C in a rotation oven (60 rpm) for 7 days. The solids were recovered by filtration, washed extensively with water, and dried at 

100 ⁰C overnight. The dried solids were calcined in flowing air (100 mL min-1, Air Liquide, breathing grade) at 580 ⁰C (ramped up at 1 ⁰C 

min-1) for 6 h. 

 

Synthesis of Sn-MFI 

Sn-MFI was synthesized with slight modifications to method A reported by Mal et al. (2), as follows: 0.92 g of tin (IV) chloride pentahydrate 

in 6.08 g of water added to 28.00 g of tetraethylorthosilicate and stirred (uncovered) for 30 min. Next, 48.21 g of tetrapropylammonium 

hydroxide solution (25% (w/w) in water) was added to the mixture under stirring. After 1 h of additional stirring (uncovered), the remaining 

water was added, to achieve the final molar composition of the gel of 1 SiO2 / 0.02 SnCl4 / 0.45 TPAOH / 35 H2O. The gel was stirred for an 

additional 30 min (covered), evenly split among three Teflon-lined stainless steel autoclaves, and heated at 160 ⁰C in a static oven for 48 h. 

The solids were recovered by filtration, washed extensively with water, and dried at 100 ⁰C overnight. The dried solids were calcined in 

flowing air (100 mL min-1, Air Liquide, breathing grade) at 580 ⁰C (ramped up at 1 ⁰C min-1) for 6 h. 

 

Na-Exchange of Sn-Beta 

Three successive sodium ion exchanges were performed according to previously described procedure (3) as follows: calcined Sn-Beta was 

stirred in a solution of 1 M NaNO3 and 10-4 M NaOH in distilled water. Each ion exchange step was carried out for 24 hours at ambient 

temperature, using 45 mL of exchange or wash solution per 300 mg of starting solids. The material was recovered by centrifugation, and 

washed three times with 1 M NaNO3 in distilled water. The final material was dried at ambient temperature overnight by an impinging flow 

of air.  

 

H3PW12O40 and (NH4)6Mo7O24 exchanged resins 

H3PW12O40 and (NH4)6Mo7O24 were immobilized by ion exchanging the chloride form of Amberlite IRA-400. In each procedure, n meq of 

ion capacity worth of resin was used per 1 meq of anion to be immobilized, where n is the charge of the anion. The resin was suspended in an 

aqueous solution of anion for 24 h, filtered, washed extensively with water, and dried at ambient temperature overnight by an impinging flow 

of air. 

 

 

 

 

 

 



 

3. Reaction analysis 

 

Carbohydrate analysis and fractionation were performed via high performance liquid chromatography on an Agilent 1200 system equipped 

with refractive index and evaporative light scattering detectors. An Agilent Hi-Plex Ca column held at 80 ⁰C was used with ultrapure water 

as the mobile phase (flow rate of 0.6 mL min-1). Quantitative GC/FID analysis of alkyl lactates was performed on an Agilent 7890B GC 

system equipped with a flame ionization detector and an Agilent HP-5 column. Qualitative GC/MS analysis of side-products was performed 

on an Agilent 5890 GC system with an Agilent 5970 mass spectrometer and an Agilent DB-5 column. Liquid 1H and 13C NMR spectra were 

recorded with a Varian INOVA 500 MHz spectrometer equipped with an auto-x pfg broad band probe. All liquid NMR analysis was 

performed in D2O solvent, with 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as an internal standard. 

 

Reactions were performed in 10 mL thick-walled crimp-sealed glass reactors (VWR) that were heated in a temperature-controlled oil bath. A 

typical reaction procedure involved: addition of desired amount of catalysts (i.e. MoO3, Sn-MFI, etc.), carbohydrate substrate (i.e. D-fructose, 

DHA, etc.), and solvent (i.e. EtOH, MeOH, etc. with pre-dissolved naphthalene as internal standard) to reactor, sealing of reactor with crimp-

top, agitation of reactor at ambient temperature until dissolution of substrate, and placement of reactor in the oil bath at desired temperature. 

Aliquots (~100 μL) were extracted at indicated times, filtered with a 0.2 μm PTFE syringe filter, and analyzed by GC/FID. For reactions with 

[Ni(N,N,N’,N’-Me4en)2]Cl2, aliquots were agitated with 20 mg of Dowex 50WX2 (hydrogen form) resin to remove nickel (II) species prior 

to filtration. For product identification by HPLC, liquid NMR, or GC/MS, internal standard was excluded and the entire reactor content was 

used. Rotary evaporation was used to remove solvent when needed.  

 

4. 1,2-intramolecular carbon shift in aldoses and ketoses  

 

Scheme S1. Schematic representation of a 1,2-CS (R2=H for aldoses or R2=CH2OH for ketoses, and R1 represents the remainder of the 

saccharide) that involves simultaneous breaking and forming of C-C bonds. 

5. Product identification by fractionation and NMR 

 

 
Fig. S1. 1H NMR spectra of D-fructose standard solution (bottom) and of the fructose-containing fraction (top) isolated after reaction of D-

fructose with MoO3 in water at 100 ⁰C for 4 h. Sorbose is present in the collected fraction. 

 

 

 

 

 



 
Fig. S2. 1H NMR spectra of L-sorbose standard solution (bottom) and of the sorbose-containing fraction (top) isolated after reaction of D-

fructose with MoO3 in water at 100 ⁰C for 4 h. 

 
Fig. S3. 13C NMR spectra of L-sorbose standard solution (bottom) and of the sorbose-containing fraction (top) isolated after reaction of D-

fructose with MoO3 in water at 100 ⁰C for 4 h. 

 

 

 

 

 

 



 
Fig. S4. 1H NMR spectra of D-psicose standard solution (bottom) and of the psicose-containing fraction (top) isolated after reaction of D-

fructose with MoO3 in water at 100 ⁰C for 4 h. DHA and a 2-C-(hydroxymethyl)-aldopentose are present in the collected fraction. HDO peak 

ca. 4.8 ppm is digitally suppressed for clarity. 

 
Fig. S5. 1H NMR spectra of D-tagatose and GLA standard solutions (bottom and middle, respectively) and of the tagatose-containing 

fraction (top) isolated after reaction of D-fructose with MoO3 in water at 100 ⁰C for 4 h. Glyceraldehyde is present in the collected fraction. 

 

 

 

 

 

 



 

 

 
Fig. S6. 1H NMR spectra of D-Hamamelose standard solution (bottom)  and of the hamamelose-containing fraction (top) isolated after 

reaction of D-fructose with MoO3 in water at 100 ⁰C for 4 h. DHA and an unknown are present in the collected fraction. 

 

 
 

6. Molybdate complexes with sugars 

 

 
Scheme S1.    Fructose, sorbose, tagatose, and psicose tetradentate molybdate complex of fructose hypothesized to be involved in 

rearrangement to corresponding 2-C-(hydroxymethyl)-aldopentoses 

 

 

 

 

 

 

 

 

 

 

 

 



 

7. 1H NMR evidence of lactate production by combination of MoO3 and Sn-MFI 

 

 

 
Fig. S7. 1H NMR spectra of methyl group in molybdate-lactate  complex formed in the reaction of D-fructose with MoO3 and Sn-MFI in 

water at  100 ⁰C for 16 h (ca. 25% yield). Top spectrum (pH =2.5) is of a reaction aliquot prior to pH adjustment to 7.5 (bottom spectrum) by 

addition of sodium  bicarbonate. 

 

 
Fig. S8. 1H NMR spectra of reaction solution of D-fructose with MoO3 and Sn-MFI in MeOH at 100 ⁰C for 30 h (ca. 68% methyl lactate 

yield) showing the three intense resonances of methyl lactate (ca. 1.25, 3.60, and 4.25 ppm) and small peaks associated with by-products. 

MeOH peak ca. 3.19 ppm is digitally suppressed for clarity.  



8. Reaction profiles 

 

 
Fig. S9. Ethyl lactate yield as a function of time for varying MoO3 catalyst amounts (indicated in legend). Reaction conditions:    100 ⁰C; 

100 mg Sn-MFI; 50 mg D-fructose; 4.9 g EtOH; 50 mg naphthalene as internal standard. 

 
Fig. S10. Ethyl lactate yield as a function of time for varying Sn-MFI catalyst amounts (indicated in legend). Reaction conditions: 100 ⁰C; 80 

mg MoO3; 50 mg D-fructose; 4.9 g EtOH; 50 mg naphthalene as internal standard. 

 



 

 

 
Fig. S11. Ethyl lactate yield as a function of time for varying concentrations of fructose (indicated in legend). Reaction conditions: 100 ⁰C; 

80 mg MoO3; 100 mg Sn-MFI; 4.9 g EtOH; 50 mg naphthalene as internal standard. 

 
Fig. S12.  Ethyl lactate yield as a function of time for control runs illustrating the necessity of catalyst. Reaction conditions: 100 ⁰C; catalyst 

amounts specified in legend; 50 mg of D-fructose (F) or mixture of 25 mg of GLA and 25 mg DHA (GLA/DHA)  4.9 g EtOH; 50 mg 

naphthalene as internal standard. 



 
Fig. S13. Ethyl lactate yield as a function of time for varying Mo-containing retro-aldol catalysts (indicated in legend). Reaction conditions: 

100 ⁰C; 100 mg Sn-MFI; 50 mg D-fructose; 4.9 g EtOH; 50 mg naphthalene as internal standard. 

 
Fig. S14. Methyl lactate yield as a function of time for MoO3 and [Ni(N,N,N’,N’-Me4en)2]Cl2 catalysts (amounts indicated in legend). 

Reaction conditions: 100 ⁰C; 100 mg Sn-MFI; 50 mg D-fructose; 4.9 g MeOH; 50 mg naphthalene as internal standard. 



 
Fig. S15. Ethyl lactate yield as a function of time for Sn-Beta/Sn-MFI comparison. Reaction conditions: 100 ⁰C; 80 mg MoO3; Sn-Beta or 

Sn-MFI amount specified in legend; 50 mg of D-fructose (F), D-Glucose (G), or DHA; 4.9 g EtOH; 50 mg naphthalene as internal standard. 

 
Fig. S16. Ethyl lactate yield as a function of time for different ketohexoses and a 2-C-(hydroxymethyl)-aldopentoses (hamamelose) as 

substrates. Reaction conditions: 100 ⁰C; 80 mg MoO3; 100 mg Sn-MFI; 50 mg of D-fructose, D-psicose, D-hamamelose, L-sorbose, or D-

tagatose; 4.9 g EtOH; 50 mg naphthalene as internal standard. 



 
Fig. S17. Lactate yield as a function of time for different solvents (specified in legend). Reaction conditions: 100 ⁰C; 80 mg MoO3; 100 mg 

Sn-MFI, 50 mg of D-fructose; 4.9 g solvent; 50 mg naphthalene as internal standard. In case of water, external standard (DSS) was used for 
1H NMR quantification instead of naphthalene. 

 
Fig. S18. Ethyl lactate weight fraction as a function of time for batch and semibatch reactions. Reaction conditions: 100 ⁰C; 80 mg MoO3; 

100 mg Sn-MFI; 4.9 g EtOH; 50 mg naphthalene as internal standard. For batch operation, 50 mg of D-fructose was added at t = 0h. For 

semibatch operation, 50 mg of D-fructose was added at t = 0 h. After 20 h of reaction, the reactor was rapidly quenched with ice and opened. 

At this point, the first aliquot was taken and another 50mg of D-fructose was added to the reactor. After re-sealing the reactor, regular 

operation and sampling procedure was resumed. 
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