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ABSTRACT Combining NMR, XANES and DFT, we elucidate the structures of tungstate and 

molybdate with sugars of interest in the conversion of biomass to platform chemicals (glucose, 

mannose and erythrose). We highlight a number of complexes, including one nearly isostructural 

structure that is formed with each metal-sugar combination. We also emphasize the singular 

reactivity of erythrose, that undergo retro-aldolisation at room temperature.   
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Introduction 

The transformation of biomass-based carbohydrates into platform chemicals is a topical issue 

for the replacement of petroleum-based resources in the chemical industry.1 Ethylene glycol 

(EG) is one of the main targets for the development of such a process, with a world production of 

around 20 Mty.2 The direct synthesis of ethylene glycol from sugars (mainly glucose) relies on 

the sequence of two main reactions: the retro-aldolization of glucose into a key intermediate, 

glycolaldehyde, and the hydrogenation of this molecule into EG.3 The first reaction is the most 

challenging of the two as it needs to be very selective with respect to other reactions 

(isomerization, degradation reactions etc.). In last decades, homogeneous catalysts based on 

tungsten or molybdate (to a lesser extent) oxyanions in aqueous solutions have proven quite 

effective, affording yields as high as 70-80 % from glucose when used in combination with a 

hydrogenation catalyst (such as Ni/C or Ru/C).4–8 However, the reasons explaining the 

particularity of such catalysts remain to date unclear on a molecular point of view. At the origin 

of the chemical reactivity, tungstate or molybdate ions need to interact with the sugar, forming 

complexes in solution.9–13 Understanding the nature of the species formed, and the conditions in 

which they exist, is a prerequisite for understanding the reactivity of such systems. In a recent 

contribution, we proposed a methodology using a combination of spectroscopies (Nuclear 

Magnetic Resonance NMR, X-Ray Absorption Spectroscopy Near Edge Structure XANES) and 

molecular modelling at the Density Functional Theory level (DFT) to study the speciation of 

complexes of mannose and tungstate ions as a prototypical case and proposed molecular models 

for each species observed.14 Herein, we apply this same methodology to extend the scope of the 

study and include other sugars involved in the conversion of biomass-based sugars (glucose and 

erythrose) into EG  over both sodium tungstate and sodium molybdate in aqueous solution.  
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Methods 

All chemicals are purchased from Sigma-Aldrich and used as received. Each data point 

consists of an independent sample, prepared according to the following method: the desired 

amounts of metallic precursor and sugar are dissolved in water, then the pH is adjusted to the 

desired value by addition of a few drops of aqueous HCl (37 %wt) or NaOH (15 %wt). The pH 

value is controlled using a standard pH-meter. Unless otherwise stated, the NMR spectra are 

taken within two hours after the preparation of the samples. In some experiments 

Dimethylsulfoxide (DMSO) was mixed with D2O (0.5 M) and serves as an internal standard for 

referencing and quantification purposes (δ (1H) = 2.5 ppm, δ (13C) = 39.5 ppm).  NMR spectra 

were recorded on a Bruker Advance III spectrometer (300 MHz) at 300 K. When 

performed, the quantification are done by integration of the signal of the anomeric carbon 

relative to that of the free sugar. XANES spectra were acquired in transmission mode at 

the European Synchrotron Radiation Facility (Grenoble, France) at the CRG-FAME 

BM30 beamline.15,16 Energy calibration was ensured by measuring the XAS signal of a W 

or Mo metallic foil in double transmission, with reference energies set at 10207 eV and 

20000 eV respectively. DFT calculations were performed using the Gaussian09 software 

suite,17 using the B3LYP exchange-correlation functional,18–20 a TZVP basis set for C, H 

and O atoms and def2-TZVP for Mo and W atoms.21–23 Chemical shielding are calculated 

using the Gauge-Independent Atomic Orbitals (GIAO) method as implemented in 

Gaussian, and chemical shifts are calculated with respect to calculated DMSO. The 

energetic data is provided in supporting information along with the full calculation 

methodology. Additional detail is provided in the supporting information.  
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Figure 1. Proton decoupled 13C NMR spectrum of mannose aqueous solution with (a) tungstate (b) molybdate ions at different pH 

ranges. [M] = 2 mol L-1, [sugar] = 1 mol L-1. Unlabelled peaks in each figure correspond to the free sugar remaining in the solution. 

Spectra are recorded 1 hour after preparation. Note that though the signals assigned to Complex C are not clearly visible on this 

picture, they are identified on the 2D spectra reported on Figure S1-S2.14 All spectra are scaled and referenced to the peak of DMSO 

(at 39.5 ppm, not shown) added in D2O at a concentration of 0.5 M. Total concentration of sugars and complex determined through 

internal standard technique is in each case of 1.0 ± 0.1 mol L-1. For the evolutions over 240 h see Figure S4-S5 in Supporting 

Information. 
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Figure 2. Proton decoupled 13C NMR spectrum of glucose aqueous solution with (a) tungstate (b) molybdate ions at different pH 

ranges. [M] = 2 mol L-1, [sugar] = 1 mol L-1. Unlabelled peaks in each figure correspond to the free sugar remaining in the solution. 

Spectra are recorded 1 hour after preparation. Note that though the signals assigned to Complex G are not clearly visible on this 

picture, they are identified on the 2D spectra reported on Figure S8. For the evolution after 5 days of the Na2WO4 solution at pH 6, see 

Figure S9.  
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Figure 3. Proton decoupled 13C NMR spectrum of erythrose aqueous solution with (a) tungstate (b) molybdate ions at different pH 

ranges. [M] = 2 mol L-1, [sugar] = 1 mol L-1. Unlabelled peaks in each figure correspond to the free sugar remaining in the solution. In 

the case of erythrose mixed with the metals in basic solutions, some of these peaks might be attributed to side products (such as 

humins). Spectra are recorded 1 hour after preparation. Note that the presence of glycolaldehyde is attested by additional 1H and 

correlation spectra presented in Figure S10-S13 in the case of Mo mixtures and only suggested by analogy in the case of W mixtures. 

For the evolutions over time see Figure S14. 
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Results and Discussion 

Figures 1-3 show the 13C NMR spectra of aqueous solutions of each sugar under study 

(mannose, glucose or erythrose) with either sodium tungstate or sodium molybdate. Metal and 

sugars are introduced in a molar ratio of 2, and we adjust the pH value by addition of small 

quantities of either HCl or NaOH solutions (see 2D spectra in Figures S1-S2). Figure 1a 

reproduces the behavior of W-mannose solutions as described in our previous study.14 In short, 

three new species A, B and C appear in the acidic-to-neutral pH range, with a maximum in 

concentration at pH = 7.1, while a fourth species D exists exclusively in basic pH (above 9). In 

the presence of molybdate instead of tungstate, mannose forms only two complexes (Figure 1b), 

labelled Complex E (major species) and Complex F (minor species). Both are at most abundant 

in neutral solution, exist at acidic pH although in much lower abundance, and are absent in basic 

solutions, where no complex is observed, contrary to their behavior with tungstate (see Figure S3 

reporting concentration vs. pH of these complexes). The concentration of both species reaches a 

maximum at pH around 6.5, at which the total amount of complexed sugar is of 58 %. 

Considering the metal-to-sugar ratio, the maximum nuclearity of these complexes should be of at 

most 3.4. Akin to the case of tungstate ions, note that similar results are obtained when using 

ammonium heptamolybdate (AHM) provided that the pH value is similar, thus the pH is the most 

determining parameter in the speciation. We evaluated the stability of these species by 

monitoring the evolution of the spectra over time (up to 240 h) with respect to an internal 

standard (DMSO, see Figures S4-S5). In most cases, the mixtures are quite stable over two 

weeks, and the different species do not interconvert or form other species. In two cases, however, 

namely mannose + Na2MoO4 pH 3.5 and mannose + Na2WO4 pH 10, we see a significant 

decrease in the intensity of the signals, relative to the standard DMSO. No significant other 

species are observed, so that we assign this to decomposition of the sugar into unidentified 
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degradation products, such as humins. However, the rate of the decrease is quite slow, and after 

24 h less than 20 % of the signals have disappeared. We may then conclude the mannose 

solutions are at equilibrium in the time frame at which the spectra were recorded (within the first 

couple of hours after their preparation). 

In the case of glucose (Figure 2), we observe no evidence for the formation of new species 

with tungstate, regardless of the pH of the solution (Figure 2a). Spectra recorded at pH 7 using 1-

13C glucose and 3-13C glucose (Figures S6 and S7) show two sets of peaks, showing that at least 

two species are formed in this pH range, labelled complexes P1 and P2, albeit their abundance is 

extremely low (below detection limit with unlabelled glucose). With molybdate, glucose affords 

one new species in neutral solutions (pH 6.1), (in a small amount) designated as complex G 

(Figure 2b – see also Figure S8 for assignment through 2D spectra). In the case of glucose again, 

the solutions are quite stable over time (see for instance Figure S9, where only minor amount of 

an undetermined additional species is formed in the case of glucose-tungstate at pH 7 after 5 

days).  

The case of erythrose is significantly more complex (Figure 3, see also 2D spectra in Figures 

S10-S13). Unlike the cases of glucose and mannose, the solutions tend to be quite unstable with 

time, and degradation is observed in most cases (except for erythrose-molybdate at pH 6.0, in 

which case the solution is somewhat stable – see Figure S14). We nevertheless attempted to 

provide a molecular description of the few species we could detect, which is still a relevant 

information regarding the reactivity, though maybe not sufficient. One complex is formed with 

molybdate and one with tungstate (labelled complex H and complex I with tungstate and 

molybdate respectively), existing in neutral and acidic solutions (the former is more abundant, 

similarly to complexes A, B, E, F and G with glucose and mannose). Note that complex I is the 
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only species observed in neutral solutions, with no free sugar left, which indicates the large 

stability of this complex. Additionally, considering that the metal-to-sugar ratio is of 2, this 

clearly indicates that the nuclearity of this complex is either 2 or 1.  In basic solutions, though, a 

clearly distinct behavior occurs. With both metals, we observed a significant loss of the overall 

NMR signal accompanied by the appearance of a large series of low intensity signals within a 

couple of hours after the preparation. Among these signals, we identified traces of 

glycolaldehyde (by comparison with a standard), which is the product of erythrose retro-aldol 

condensation by cleaving the C-C bond of erythrose (see Figure S13).  

This observation is singular to the case of erythrose since no such behavior was observed with 

mannose nor glucose although their retro-aldolisation should also yield glycolaldehyde. this 

reveals that erythrose is reactive at ambient temperature with tungstate and molybdate to form 

cleavage products, that may then lead to the formation of degradation products, hence the loss of 

the intensity of the NMR signal. We verified that the presence of glycolaldehyde is due to the 

catalysis of metals and not to the hydroxide ions present in basic solution by showing that no 

traces of glycolaldehyde are found when the sugar was mixed only with sodium hydroxide in the 

same pH range (Figure S15 in the Supporting Information). The presence of a complex under 

such conditions cannot be unambiguously attested by observation of the NMR signals, although 

it is a prerequisite for the retro-aldolisation reaction. 

 95Mo NMR spectra of the molybdate-sugars aqueous solutions have been recorded to get 

additional information on the complexes formed. Figure 4 shows the data obtained at a pH of 

about 6 for each sugar under study, compared to that of ammonium heptamolybdate at a similar 

pH. This latter species entails mostly octahedral polymolybdate species according to the 

speciation diagram of molybdate species in aqueous solutions (see Figure S16-S17 – mainly 
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HMo7O24
5- ions). Our spectrum indeed shows a main, broad signal at 38.5 ppm, characteristic of 

such species with molybdenum in a octahedral geometry.24 A residual signal at 0 ppm accounts 

for the coexistence of a fraction of tetrahedral MoO4
2- ions in this pH range at equilibrium. The 

glucose-molybdate solution shows qualitatively the same signals, which is consistent with the 

fact that no complex is observed by 13C NMR, and the molybdate speciation is not perturbed to a 

significant extent by the presence of glucose. On the opposite, with erythrose and mannose, the 

signal assigned to octahedral species is strongly perturbed, with the appearance of signals at 33.1 

and 27.1 ppm in the case of erythrose, and 42.8 and 30.9 ppm in the case of mannose. This is 

again consistent with the formation of complexes in these mixtures. Besides, the very different 

signals obtained for erythrose and mannose suggests structurally different complexes. We report 

in Figure S18 the evolution of the mannose-molybdate and glucose molybdate signals with pH. 

In the case of glucose, where no complex is formed, it follows the aqueous-phase speciation of 

molybdate, with monomeric, tetrahedral species dominant at pH > 6 (sharp peak at 0 ppm) and a 

broad signal at 38.5 ppm dominant at pH between 4 and 6. In the case of mannose, the signal 

characteristic of the complex is only observed at pH below 6, in agreement with the 13C NMR 

experiments and quantification reported on Figure S3. 
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Figure 4. 95Mo spectra recorded 1 hour after preparation at pH ≈ 6 of Na2MoO4 solutions 

with erythrose, glucose and mannose ([M] = 2 mol L-1, [sugar] = 1 mol L-1) compared to that 

of an aqueous ammonium heptamolybdate (AHM) solution of same metal ions concentration.   

 

Figure 5a shows the W L3-edge X-ray Absorption Spectroscopy in the near-edge region 

(XANES) of tungstate-sugars aqueous solutions, compared to the reference compounds 

ammonium metatungstate (AMT) and disodium tungstate (Na2WO4), prototypical compounds 

involving respectively octahedral and tetrahedral metallic centres. Glucose was not examined 
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herein as it does not form significant amounts of complexes detectable by NMR spectroscopy 

(Figure 2). The spectra recorded for mannose or erythrose with tungstate at pH 7 display the 

characteristic features of a W octahedral environment, namely by exhibiting a white line with a 

split top, with an energy gap between the two transitions of 3.3 and 3.5 eV, respectively (see 

second derivative plot on Figure S19) along with absence of the bump around 10224 eV 

(characteristic of W tetrahedral species).25,26 However,  these spectra remain significantly distinct 

from the spectrum of AMT (broader spectrum, splitting of 3.6 eV), showing the presence of 

different molecular structures. The edge energy referenced by the energy of the maximum of the 

first derivative is of 10210.3 and 10210.1 eV for mannose and erythrose-tungstate mixtures, 

respectively, which is fully in line with W6+ species, knowing that the edge energy of the fully 

oxidized Na2WO4 and AMT precursors ranges from 10209.9 to 10210.8 eV from our data. 

Figure 3b shows the Mo K-edge XANES spectra of molybdate-sugars solutions, together with 

the spectra of reference precursors ammonium heptamolybdate (AHM, octahedral species) and 

disodium molybdate (Na2MoO4, tetrahedral species). Here again, the spectra of sugar-molybdate 

mixtures at pH 6 are very similar to that of the reference AHM compound, with noticeably a 

weak pre-edge feature which is characteristic of the nearly centrosymmetric octahedral 

environment of molybdenum.27,28 The edge energy is of 20015.0 and 20014.5 eV for molybdate-

mannose and molybdate-erythrose mixtures, respectively, which falls in the typical range of 

Mo6+ species (20014.9 and 20016.4 eV for the precursors).27,28  
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Figure 5. (a) W L3-edge XANES normalized spectra of reference tungstate precursors and 

tungstate-sugars aqueous solutions, (b) Mo K-edge XANES normalized spectra of reference 

molybdate and molybdate-sugars aqueous solutions. [M] = 0.1 mol L-1, [sugar] = 0.05 mol L-1. 
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(erythrose), i.e. significantly lower than that of the main inorganic species of the corresponding 

oxyanions in aqueous solution in such conditions (W12O40
8- or HMo7O24

5-, see Figures S6-

S7),25,29 in line with earlier proposals with a nuclearity of two.13,30,31 We constructed and 

optimized by means of DFT calculations a series of possible molecular models for each 

combination of metal and sugar under investigation, compelling to these latter observations. 

Similar models were proposed for glucose by analogy, although less data is available due to the 

low abundance of complexes. In order to assign a structure to each species, we adopted a similar 

procedure to that employed and detailed in our previous work for  mannose-tungstate system,14 

namely (i) full characterization of the spectra of each species by combination of two dimensional 

1H-13C heteronuclear and 1H homonuclear NMR experiments (see Figures S8-13 and Table S1) 

(ii) calculation of the Coordination Induced Shift (CIS)30 under the hypothesis of several 

tautomers (α and β pyranose and furanose, hydrate acyclic form) (iii) elimination of several 

possibilities based on geometric considerations depending on the tautomeric form (e.g. if some 

of the hydroxyl groups have an anti-configuration with respect to the cycle plan) (iv) structure 

optimization by DFT of the remaining possibilities and (v) comparison of the calculated 

chemical shift with the experimental values. Several types of complexes have been considered, 

including mononuclear and binuclear species, with several modes of denticity (Figure S20). The 

various data are provided in supporting information, along with the full reasoning for each 

complex (Tables S2-S6 for CIS analysis, Tables S7-S9 for theoretical vs. experimental values, 

Figures S21-S25 for the corresponding complex models). Note that we only report mono- and 

binuclear complexes, although higher nuclearity may be present. However, as we mentioned in 

our previous contribution,14 every attempt to model a coordination to a higher oligomers 

involving more than two metal failed, only the models coordinating two M atoms succeeded, in 
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which case, as reported previously,14 the NMR chemical shifts are similar to that calculated with 

a dinuclear complex with the same tautomer of the sugar and the same coordination sites. This 

shows that the dinuclear model is a suitable model for a coordination site of sugar on potentially 

higher metal oligomers. Energy data and procedure is documented in supporting 

information (Table S10). 

Figure 6 shows the best matches in terms of 13C chemical shifts for complexes E, F, G, H and 

I along with the corresponding structures. Complexes A, B, C and D were treated elsewhere14 

and not included on Figure 6a for the sake of clarity. The agreement between calculated and 

experimental value shows individual errors lower than 5 ppm and an average error of about 

3 ppm for each complex (see Tables S2-S6, except G for which the error is 4 ppm due to a 

somewhat larger individual error of 9 ppm on C5). 

According to the results of this multistep approach, complex E is a binuclear molybdate 

species coordinating β-mannofuranose at its O1,2,3,5 site with O2,5 bridging atoms (Figure 6, 

oxygen atoms are labelled according to the carbon atom bound to them); complex F features a 

binuclear molybdate site as well, bound to acyclic hydrated mannose form through its first four 

deprotonated hydroxyl groups (O1,2,3,4) in a “sickle” arrangement. Complexes E and F match 

with L and A type molybdate species of mannose previously described in the literature.32 Species 

G involves a binuclear molybdate complex in which acyclic hydrated glucose is bound to the 

metallic center through a tetradentate O1,2,3,4 site in a “zigzag” arrangement with O2,3 as 

bridging oxygen atoms, analogous to the A type complex proposed in the literature for 

molybdate-glucose complexes.32 Complex H and I formed by erythrose with tungstate and 

molybdate, respectively, are found to be isostructural. A dimeric metallic core is coordinated to 

the sugar through the first four vicinal deprotonated hydroxyl group O1,2,3,4 with O1,3 as 
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bridging atoms in a “sickle” arrangement. Note that the most abundant complexes determined 

with erythrose- and mannose-molybdate mixtures at pH 6 (Complexes I and E, respectively) are 

structurally different, which is consistent with the 95Mo NMR showing quite different signals 

(see Figure 4).  

 

 
 

Figure 6. (a) Parity plot of experimental and DFT calculated 13C NMR chemical shifts for the 

identified species E, F, G, H and I, the solid black line is the y = x plot as a guide to the eye; (b) 

Proposed structures for tungstate and molybdate complexes of C6 and C4 aldoses. M = W or 

Mo, R = CH2OH or H, depending on the complex, see text and Figure 1. 
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namely the A/E, B/F and H/I couples. An interesting observation here is that in such case, the 

experimental chemical shift patterns are similar for the tungstate and molybdate version of the 
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tungstate version (Figure S27). We observe a very good correlation between the two sets of data, 

which confirms the general character of this observation. Hence, the CIS value is essentially a 

result of the structure adopted by the sugar, and the nature of the metal holds little influence on 

the chemical shielding. We use this property to tentatively assign a structure for complex P1, 

suggesting then a similar structure to that of complex G from the values of the chemical shifts of 

C1 and C3 measured thanks to the labelled glucose experiments, although more definitive 

assignment is not possible due to the incomplete spectrum obtained. However, no assignment 

could be made for P2 despite thorough comparison to the calculated values. 

 

Conclusion 

Throughout this study, we could picture a detailed overview of the formation of complexes of 

several sugars of mechanistic interest in the production of ethylene glycol from biomass-based 

sugars (glucose, mannose and erythrose) with molybdate and tungstate oxyanions. Using a 

combination of spectroscopy (NMR and XANES) with DFT calculations, we distinguish a total 

of 10 identified species with very distinct speciation and pH dependence and could model a 

molecular structure for each of them, with calculated spectroscopic signatures matching the 

experimental one. We also highlight the intriguing behaviour of tungstate and molybdate 

oxyanions in catalyzing erythrose retro-aldol condensation in basic solution (pH around 10) at 

ambient temperature, and the formation of degradation products, which is of high catalytical 

importance as it reveals that tungstate and molybdate species of +VI oxidation state are active for 

this reaction, and also show the particularly high reactivity of erythrose, which might be a key 

parameter for the understanding of overall reactivity, and the detrimental formation of humins in 

particular. This opens door to the examination of the relationships between the speciation of such 

systems with their chemical reactivity.  
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Synopsis 

The aqueous speciation of tungstates and molybdates oxoanions with glucose, mannose erythrose 

is examined by combined NMR spectroscopy, XAS spectroscopy and DFT. Eleven complexes 

are identified depending on the metal, sugar and pH conditions, with very good agreement 

between experimental and calculated 13C chemical shifts.  
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