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Abstract: Experimental studies of degradation of two ribonucleosides (guanosine and uridine) were carried 

out by making use of mechanochemistry. Mechanochemical experiments reveal the decomposition of 

guanosine and uridine promoted by nickel(II) and carbonate ions into guanine and uracil, respectively which 

were identified by HPLC and 1H NMR spectroscopy (this applied only to uracil). Additionally, DFT 

methodologies were used to probe the energetic viability of several degradation pathways, including in the 

presence of the same ions. Three mechanisms were analysed via ribose ring-opening: dry, single molecule 

water- and metal-assisted, which confirmed the mechanochemical degradation of ribonucleosides, with 

nucleobase preservation. These results can be applied to interpret the organic content of terrestrial and extra-

terrestrial samples after mechanochemical treatment.  
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1. Introduction 

Mechanochemistry makes uses of mechanochemical energy to promote chemical reactions 

(André et al., 2021). Despite its applicability in a variety of fields, as for greener synthetic approaches 

(Liu et al., 2022), mechanochemistry could be also applied to the degradation of organic molecules 

(Kaupp, 2009; Zhou et al., 2023). Many compounds contain a mechanophore, which is a portion of a 

molecule that follows a known degradation pattern (Li et al., 2015), which could aid in the elucidation 

of degradation mechanisms, e.g. applied to biomolecules.  
In modern biology, ribonucleosides are the building blocks of several biomolecules, as for 

ribonucleic acid (RNA) present in all living organisms and their stability is directly related to the N-

glycosidic bond. Acid/base-catalysed hydrolysis, thermal, and photodegradation of ribonucleosides, 

with nucleobase preservation, exemplify N-glycosidic bond reactivity (Cataldo, 2018; Rios et al., 2015; 

Wang and You, 2015; Wang et al., 2015). Some inorganic ions could also promote the degradation of 

ribose, as carbonate, while other ions, such as borate, could protect it (Amaral et al., 2008; Franco and 

da Silva, 2021; Ricardo et al., 2004). It’s known that D-ribose interacts with many different metal 

ions (Bandwar and Rao, 1997; Yang et al., 2002), which could induce ribose, and consequently, 

ribonucleoside degradation, although there is not a direct evidence for this statement. 

Herein, we propose a novel approach for the degradation of biomolecules, such as 

ribonucleosides, into their respective more stable entities (for this case, nucleobases), based on 

mechanochemical induced reactions by metals and inorganic ions (nickel and carbonate ions for this 

particularly studies). This can be applied as model to analyse content of extra-terrestrial samples with 

organic molecules, as well as to eliminate some compounds in terrestrial material.  

2. Materials and Methods 

In this experimental work, all the reagents were handled without further purification: guanosine 

(Sigma-Aldrich, 98%), uridine (Alfa Aesar, 99%), guanine (Sigma-Aldrich, 98%), uracil (Alfa Aesar, 
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99%), sodium carbonate (J. T. Baker, 99.7%), nickel chloride hexahidrate (Sigma-Aldrich, 98%) and 

sodium chloride (NaCl, Panreac, 99.5%) 

2.1. Milling Process 

Reactants were pre-ground using mortar and pestle, dried and then ground in a Retsch MM400 

ball mill, operated at 29 Hz, for a total time of 6 h (four cycles of 1.5 h). Two 7 mm balls were added 

to each 10 mL stainless steel reactor. The neat-grinding studies were conducted with: 1) mixture of 

ribonucleoside (guanosine or uridine) nickel chloride, NiCl2.6H2O and sodium carbonate, Na2CO3, in 

a 1:4:4 proportion, respectively (samples were dried prior to mechanochemical treatment); 2) mixture 

of ribonucleoside (guanosine or uridine) and sodium chloride, NaCl, in a 1:4 proportion to verify the 

contribution of this salt for the degradation of ribonucleosides.  

2.2. HPLC analysis 

The samples were also analysed on a UltiMate™ 3000 Standard (SD) HPLC, composed of a 

quaternary pump LPG-3400SD, an autosampler WPS-300SL and a column oven TCC-3000SD coupled 

in-line to diode-array detector, DAD-3000. Aliquots were injected into the column via a Rheodyne 

injector with a 100 μL loop, in the in-line split-loop mode. Separations were conducted with a Luna 

C18 100 Ǻ (250 x 4.6 mm, 5.0 μm) at 40 ºC, using a flow rate of 0.3 mL.min-1, a mobile phase of formic 

acid 0.1% at pH 4.00 (eluent A) and acetonitrile (eluent B), using two different conditions: Run 1 – 99% 

A and 1% B (0-25 min), 95% A and 5% B (25-55 min), 99% A and 1% B (55-60 min); Run 2 - 100% A (0-

10 min), 99% A and 1% B (10-20 min), 98% A and 2% B (20-30 min), 95% A and 5% B (30-50 min) and 

100% A (50-60 min). The previous conditions are optimised for all canonical nucleobase and 

nucleoside separation. 

2.3. NMR spectroscopy analysis 

1H nuclear magnetic resonance spectroscopy spectra were acquired in a 400 MHz Avance III 

Bruker Ultra Shield spectrometer, equipped with a 5 mm BBO probe, at room temperature, by using 

a mixture of water and deuterium oxide (D2O, Eurisotop, 99.9%, δ = 4.79) or dimethyl sulfoxide-d6 

(DMSO-d6, Eurisotop, 99.8%, δ = 2.5) as solvents. The spectra were analysed on TopSpin 3.6.4 software 

(academic license). In all samples, sonochemistry with Transsonic T460 Elma ultrasound equipment 

was used due to solubilisation constrains. 

2.4. Theoretical Calculations 

All theoretical calculations were of the density functional theory (DFT) type, carried out using 

GAMESS-US version R3. B3LYP (Schmidt et al., 1993) functional was used in ground state 

calculations, while the range separated CAMB3LYP was used in the excited state TDDFT calculations. 

A 6-31G** basis set was used in either DFT or TDDFT calculations. The saddle points for transition 

states were optimised using Hessians calculated by the Couple Perturbed Hartree Fock Method and 

the negative eigenvalue following algorithm. The optimised geometries were checked for the 

appropriate number of zero/negative eigen values. 

3. Results 

3.1. Mechanochemical degradation studies of guanosine and uridine 

In this work, purine (guanosine) and pyrimidine (uridine) canonical ribonucleosides were 

studied. After mechanochemical treatment, the samples containing nickel(II) and carbonate changed 

from a light green colour to a very dark brown, (S1) and from HPLC and NMR data, there was direct 

evidence of ribonucleoside degradation with nucleobase preservation (Figures 1 and 2) 
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Figure 1. HPLC chromatogram from guanosine (above) and uridine (below) after mechanochemical 

treatment (29 Hz, 6 h) with Na2CO3 and NiCl2.6H2O, on a ribonucleoside - Na2CO3 - NiCl2.6H2O (1:4:4). 

HPLC Run 1 and Run 2 conditions were applied for guanosine and uridine treated samples, 

respectively. Previously, standard nucleobase/nucleoside solutions were run to identify their 

retention time. 
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Figure 2. 1H NMR from uridine, in H2O/D2O (9:1) after mechanochemical treatment (29 Hz, 6 h) with 

Na2CO3 and NiCl2.6H2O, on a ribonucleoside - Na2CO3 - NiCl2.6H2O (1:4:4). Yellow arrows represent 

uracil presence in mechanochemical treated sample. 

A low resolution spectrum of the guanosine sample containing nickel(II) and carbonate was 

acquired by 13C NMR using DMSO-d6 as solvent, due, probably to the slight solubility of guanine. 

Nevertheless, a small signal seems to indicate the presence of nucleobase. This spectrum is not show 

due to its low quality.  

3.2. Ribonucleoside reactivity and degradation mechanism by DFT calculations. 

In all ribonucleosides analysed ribose fragments were chosen to have a β conformation, which 

is the present in biomolecules. The glycosyl linkage introduces conformational complexity due to the 

possibility of tortional rotation between ribose and the nitrogenous base. For single molecule starting 

geometries, the X-ray structure of a π-π-stacked guanosine dimer was used as reference (S4) (Thewalt 

et al., 1970). In the solid state each half of the dimer depicts a different twist angle and after DFT 

optimisation the two stable conformers are within a 10 kJ/mol energy range (Figure 3, upper structures). 

The most interesting feature of the lower energy conformers is the existence of a hydrogen bond 

between a hydroxyl group and the imine nitrogen atom of the nucleobase. However, in the presence 

of inorganic ions such as carbonate or borate, ribose loses its syn-hydroxyl groups, breaking the 

hydrogen bond, which leaves only the methoxy group available to H-bind the imine nitrogen atom 

(Figure 3, upper right). 

 

Figure 3. DFT calculations of guanosine most stable conformers. A twist angle of 71º enables 2′-
hydroxil and N3 H-bonding, while a twist angle of 183º enables 5′-hydroxyl and N3 H-bonding. In 

the presence of carbonate/borate, the 2′-hydroxil H-bond is eliminated (upper-left). Grey and orange 

moiety represent carbonate and borate moiety, respectively. 

The stereochemistry of the only conformer in borate/carbonate compounds (Figure 3, bottom 

structures) favours β-elimination of the purine base and the formation of a double bond in the ribose 
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5-membered ring (E2 type reaction). The mechanism proceeds through a saddle point in the Potential 

Energy Surface (PES) resulting from a proton transfer. However, the DFT energetics shows that this 

kind of mechanism is not favourable both kinetically and thermodynamically (Figure 4). 

 

Figure 4. Proposed β elimination mechanism with proton transfer saddle point optimized at Hartree-

Fock level. 

Alternatively, it was considered protonation (supplied by water) and metal assisted mechanism 

involving positively charged ribonucleoside. The traditional proton/metal interaction in the furanose 

oxygen atom followed by ring opening was found (by DFT) to be highly unfavourable when 

compared to identical binding at guanosine N7 position. Some selected optimised bond lengths are 

shown in Table 1, to provide evidence of labialisation of the glycosylic linkage in carbonate, opposed 

to borate. The observed shortening and lengthening’s of bonds are compatible with the 

labialisation/strengthening evolution depicted Figure 5 and summarised in Table 1. 

 

Figure 5. Proposed mechanisms for guanosine degradation and stabilisation, promoted by carbonate 

and borate ions, respectively. 
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Table 1. Selected bond lengths (pm) around the glycosylic bond in guanosine and bond 

reorganisation upon protonation at N7 and comparison between carbonate and borate moiety. 

Bond 
Carbonate (CO32-) Borate (BO33-) 

Neutral Protonate Neutral Protonate 

C8-N9 138.1 135.0 138.1 134.9 

N9-C1′ 147.2 148.4 147.2 146.5 

C1′-O 141.5 139.0 141.5 139.7 

Since the degradation reaction containing borate bound to the sugar moiety should not happen, 

metal complexation with guanosine was only calculated for carbonate moiety (Figure 6), and 

summarised in Table 2. 

 

Figure 6. Proposed mechanism for mechanochemical degradation of guanosine, promoted by 

nickel(II). 

Table 2. Selected bond lengths (pm) around the glycosylic bond in guanosine and bond 

reorganisation upon metalation at N7. 

Bond 
Carbonate (CO32-) 

Neutral Metal 

C8-N9 138.1 136.1 

N9-C1′ 147.2 148.1 

C1′-O 141.5 139.2 
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To study the observed behaviour with pyrimidine analogues, calculations for uridine were 

conducted. Assuming the “protective” behaviour of borate, uridine calculations were developed 

considering carbonate moiety. In this case, the most stable conformer is also defined by an H-bond 

to the sugar hydroxyl (S5).  

Table 3. Selected bond lengths (pm) around the glycosylic bond in uridine and bond reorganisation 

upon protonation and metalation at N3. 

 

Bond 
Carbonate (CO32-) 

Neutral Protonation Metal 

C6-N1 138.6 135.1 135.3 

N1-C1′ 146.4 149.9 149.8 

C1′-O 140.6 138.5 138.5 

4. Discussion 

Guanosine and uridine mechanochemical degradation, in the presence of nickel chloride and 

sodium carbonate was achieved. Attempts with nickel carbonate, NiCO3 were performed, however, 

without significant results, mainly because the availability of both nickel and carbonate ions were not 

enough under our mechanochemical experimental conditions. Sodium chloride, NaCl, was also 

tested to evaluate the contribution of chloride, but a substantial degradation was not observed to both 

ribonucleosides (S2).  

DFT predictions demonstrate that single species hydrogen (which comes from water, widely 

present in terrestrial and extra-terrestrial samples) or metal ion assisted degradation of 

ribonucleosides with nucleobase preservation is plausible, which goes along with the obtained results 

from mechanochemical studies. Carbonate can be considered as an “activator”, while proton 

(provided by water)/ nickel as ”mediators” for ribonucleoside degradation. 

5. Conclusions 

In this study, ribonucleoside degradation with nucleobase preservation was observed with low 

shock/collision energy, in the presence of nickel(II) and carbonate ions. This implies that 
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environments with high mechanochemical activity might contribute for the degradation of organic 

content, where metals and inorganic ions could also have a role. Nevertheless, the applied 

mechanochemical energy in these experiments is nowhere near real shock/collision scenarios. We 

identify nickel as mediator of degradation reaction by mechanochemistry and this capacity is releated 

with nickel being a good Lewis acid. The other contributor is carbonate, a derivative of carbon dioxide, 

a molecule whose amount should decreased in order to avoid massive environment problems. Either 

way, the degradation of biomolecules is directly related to the complexity of the sample, therefore, 

many chemical entities may contribute for its degradation.  

Mechanochemical degradation of polymers and pollutants is already studied (Cagnetta et al., 

2016), however, further applications in the areas of chemistry and geochemistry might be worth 

exploring. For instance, the formation of asteroids, meteoroids and meteorites are one good example 

of extreme mechanochemical activity (Bischoff et al., 2006; Ryan, 2000; Silber et al., 2018), which, allied 

with the high chemical complexity of samples, could promote the degradation of several organic 

molecules. Minerals containing both nickel and carbonate have been detected among meteorites, 

although being direct products of sample weathering (Rubin, 1997). Nevertheless, minerals 

containing cationic nickel have also been detected (Goryunov et al., 2023; Rubin and Ma, 2017). This 

unexplored pathway could give us some insight into the astrobiology of meteorites and returned 

samples, as for the prebiological evolution. Since the direct condensation of ribose and nucleobase 

has not been yet obtained from a prebiotic standpoint, hence, this might suggest that nucleobases 

with extra-terrestrial origin can be the degradation product, instead of the starting material for 

ribonucleoside prebiological synthesis. 
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