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GRAPHICAL ABSTRACT 

 

 

 

 

 

HIGHLIGHTS 

• Quantitative catalytic hydrogenation of pyrimidines. 

• Nucleosides, nucleotide phosphates, and sugar nucleotides. 

• Ring opening of 5,6-DH-uridyl and 5,6-DH-thymidyl bases. 
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ABSTRACT 

Nucleosides and nucleotides are a group of small molecule effectors and substrates which 

include sugar nucleotides, purine and pyrimidine-based nucleotide phosphates, and diverse 

nucleotide antibiotics.  We previously reported that hydrogenation of the nucleotide antibiotic 

tunicamycin leads to products with reduced toxicity on eukaryotic cells.  We now report the 

hydrogenation of diverse sugar nucleosides, nucleotide phosphates, and pyrimidine nucleotides.  

UDP-sugars and other uridyl and thymidinyl nucleosides are quantitatively reduced to the 

corresponding 5,6-dihydro-nucleosides.  Cytidyl pyrimidines are reduced, but the major products 

are the corresponding 5,6-dihydrouridyl nucleosides resulting from a deamination of the cytosine 

ring. 
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1. Introduction 

Nucleoside antibiotics are a diverse group of small metabolites that include antibacterial, 

antiviral, and antifungal agents [1–3].  Many of these are either antibacterial (e.g., caprazamycin, 

capuramycin, liposidomycin, tunicamycin, muraymycin, and mureidomycin), or antifungal (e.g., 

polyoxins and nikkomycins) [4–7].  Other nucleosides and nucleotides are small molecule 

effectors and substrates such as sugar nucleotides, uridine monophosphate (UMP), adenosine 

monophosphate (AMP), cyclic AMP, S-adenosylmethionine (SAM), and purines involved in 

sulfur metabolism (adenosine phosphosulfates, APS, and (P)APS).  The binding, and hence the 

activity, of several of these inhibitors and substrates is at least partially determined by 

interactions between the target protein and the nucleotide base motif, often via a planar, pseudo-

aromatic π-π stacking complex [8].  Hydrogenation of the carbon-5 – carbon-6 double bond in 

the uridyl motif of tunicamycin, for example, leads to a modified, non-planar 5,6-dihydrouridyl 

substituent, and with a concomitant loss of biological activity and toxicity on eukaryotic cells [9, 

10].  The rhodium-catalyzed hydrogenation of the uridyl base is of interest because the product 

5,6-dihydrouridyl base is non-aromatic and assumes a non-planar chair configuration [8, 9].  This 

is also seen for the streptovirudins, a group of tunicamycin structural variants that have a 

naturally-occurring 5,6-dihydrouracil group replacing the more common uracil moiety [11, 12]. 

In the current paper, we have investigated the breadth of this catalytic reduction as 

applied to three pyrimidine nucleosides (uridine, thymidine, and cytidine), four nucleotide 

phosphates (UMP, UDP, UTP, and CMP), and four sugar nucleotides (UDP-Glc, UDP-Gal, 

UDP-GlcNAc, and UDP-glucuronic acid). Similar approaches have been investigated previously 

[13–16].  Especially of interest is the applicability of the hydrogenation to diverse nucleoside 

bases, the effect of the multiple phosphate groups, and the overall stability, especially with 
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respect to the generally labile sugar nucleotides.  Moreover, this work provides access to a group 

of reduced nucleotides suitable for biological testing as potential antibacterial or antifungal 

agents. 

 

 

2.  Results and Discussion 

 

2.1. Catalytic hydrogenation of sugar nucleotides.  Sugar nucleotides may differ in both the 

nucleotide and monosaccharide motifs and are notoriously susceptible to hydrolysis during 

handling.  Under the conditions described in the Experimental section 3.2., various sugar 

nucleotides were hydrogenated as exemplified by UDP-N-acetylglucosamine (UDP-GlcNAc, 

Fig. 1).  NMR analysis of the 5,6-dihydro-UDP-GlcNAc (5,6-DHU-GlcNAc) showed two 

carbohydrate anomeric signals are apparent for the β-ribosyl H-1̍ (5.84 ppm, 87.3 ppm) and the 

α-N-acetylglucosaminyl H-1̍ (5.44 ppm, 94.8 ppm).  The completeness of the reaction is evident 

from the absence of uridyl alkene signals (Fig. 1.A).  The product 5,6-DHU-GlcNAc was also 

apparent from the 2 Da mass increase in the MALDI/MS spectra ([M+H]+ = m/z 654.5; [M+Na]+ 

= m/z 676.5) (Fig. 1.B and C) due to hydrogenation of the uridyl 5,6-double bond.  The 

analogous uridine MALDI/MS ions were observed at m/z 652.5 and m/z 674.4, respectively (Fig. 

1.B).    

Catalytic hydrogenation of three other uridyl sugar nucleotides was also undertaken.  

HSQC NMR analysis showed that the UDP-Glc, UDP-Gal and UDP-GlcA are cleanly reduced to 

5,6-dihydro-UDP-Glc, 5,6-dihydro-UDP-Gal and 5,6-dihydro-UDP-GlcA, respectively (Fig. 2, 

supplementary Table 1).  The β-ribosyl H-1̍ anomeric protons were observed at 5.85, 5.85 and 
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5.84 ppm, respectively, with corresponding 13C-NMR chemical shifts at 86.7, 86.9, and 86.9 

ppm. The α-anomer NMR signals for the corresponding hexose sugars were apparent at 

5.52/94.6, 5.50/94.8, and 5.52/94.8 ppm, respectively.  The hydrogenated C5 and C6 positions in 

the base moieties were apparent at 30.2 and 36.0 ppm, respective, with corresponding H5 and 

H6-a,b 1H-NMR signals at 2.73 ppm (overlapped) and 3.51, 3.61 ppm (Fig. 2).  That the 

hydrogenations had proceeded to completion is evident from the complete disappearance of H5 

and H6 alkene proton signals (7.9 and 5.9 ppm, respectively) or the corresponding C5 and C6 

13C-NMR signals at 142 and 102 ppm.              

 

2.2. Hydrogenation of nucleotide phosphates.  The effect of phosphate groups on the 

hydrogenation reaction was investigated next, as exemplified by the reduction of UMP, UDP, 

and UTP (Fig. 3).  MALDI/MS analysis showed the expected 2 Da mass increase due to 

reduction of the uridyl 5,6-double bonds.  Hence, the [M+H]+, m/z 347.3 and [M+Na]+, m/z 

369.3 ions are increased by 2 Da to m/z 349.3 and 371.3, respectively, for 5,6-DH-UMP.  

Similarly, m/z 427.2, 449.2, 471.2, and 493.1 are increase by 2 Da to m/z 429.2, 451.2, 473.2, 

and 495.1 for 5,6-DH-UDP; and m/z 507.3, 529.2, 551.3, and 573.2 increase by 2 Da to m/z 

509.3, 531.3, 553.3, and 575.3 for 5,6-DH-UTP.  NMR analysis shows an absence of 5,6-alkene 

signals, confirming the complete reduction of these products.  Each has a single ribosyl-1 ̍

anomeric signal in the HSQC spectra at 5.82 ppm, 86.5 – 87.1 ppm, and the uridyl 5 and 6 a,b 

signals are also apparent at 2.72 ppm, 29.9 – 30.6 ppm and 3.52 – 3.61 ppm, 35.8 ppm, 

respectively (Fig. 2, supplementary Table 1). 
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2.3. Catalytic hydrogenation of other pyrimidine nucleosides.  The most common pyrimidine 

nucleosides, uridine, cytidine, and thymidine, differ structurally in the base substituent and the 

pentose sugar motif.  Under the catalytic conditions described uridine is quantitatively 

hydrogenated to 5,6-dihydrouridine (5,6-DHU), as shown by both MALDI/MS and NMR 

analysis (supplementary Fig. S.1).  The MS molecular ions for uridine ([M+H]+ = m/z 245.2, 

[M+Na]+ = m/z 267.2) are converted to 5,6-DHU ([M+H]+ = m/z 247.3, [M+Na]+ = m/z 269.3), 

with the mass increase of 2 Da resulting from reduction of the uridyl double bond.  NMR 

analysis also showed that the reaction is quantitative, the resulting 5,6-DHU lacking any residual 

NMR signals in the alkene region typical of uridine.  A single ribosyl-1̍ anomeric signal is 

apparent at 5.80 ppm/87 ppm, and the reduced uridyl H5 and H6 signals at 3.7 and 3.5 ppm, 

respectively (supplementary Fig. S.1.).  Thymidine is similarly converted to 5,6-

dihydrothymidine (5,6-DHT), with an analogous mass increase of 2 Da, with the characteristic 

anomeric ribosyl-1̍ signals at 6.25 ppm and 82 ppm, respectively (supplementary Fig. S.1, 

supplemental Table 1).  Hence, the hydrogenation is unaffected by the 5-methyl substituent on 

the thymine ring, and both thymidine and uridine are quantitively reduced to the corresponding 

5,6-anhydronucleosides.  Note that the 5,6-DHT is assumed to contain a new chiral carbon-6, 

although this has not been confirmed by the current methods. 

 

2.4. Cytidine nucleosides.  It was noted that the hydrogenation of the cytidine-based nucleoside 

and nucleotides (cytidine, CMP, CDP, and CTP) did not proceed as for the respective uridyl or 

thymidyl analogs.  Catalytic reduction of cytidine, for example, resulted in an almost complete 

de-amination of the cytidyl ring, with the major product characterized by 1H-NMR and 

MALDI/MS as 5,6-dihydrouridine (Fig. 4). The anticipated product, 5,6-dihydrocytidine, was 
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only produced at about 10% yield during this reaction (Fig. 4).  In analogous reactions with 

CMP, CDP, and CTP de-amination also occurred, and the major products obtained were the 

analogous 5,6-dihydrouridyl phosphate nucleotides (data not shown).  The deamination of 

cytidine and cytosine at acidic pH is well known [17, 18], and indeed also occurs enzymatically 

by cytidine deaminase during pyrimidine salvaging [19].  However, the observed de-amination 

of the cytidine nucleotides during catalytic hydrogenation was unexpected, and this therefore 

precludes the production of 5,6-dihydrocytidine nucleosides by this route. 

 

2.5. Base-catalyzed hydrolytic ring opening. 

 Base-catalyzed hydrolytic ring opening of the 5,6-dihydrouridyl ring of hydrogenated 

tunicamycins, and some other nucleotides, is known [9, 10], but not for other pyrimidine 

nucleosides, nucleotide phosphates, or nucleotide sugars.  Hence, the hydrogenation products 

obtained from above were hydrolyzed with aqueous sodium hydroxide under conditions 

described previously [10]. The products were analyzed by MALDI/MS, 1H-NMR, 13C-NMR and 

HSQC-NMR (supplementary Table 1, supplementary Fig. S.2).  Under these mild conditions 

(0.25 M aqueous sodium hydroxide for 18 h at ambient temperature) the uridyl and thymidyl 

nucleosides were quantitatively hydrolyzed, resulting in opening of the base ring without 

cleavage of the ribosyl or 2-deoxyribosyl N-glycosidic bonds (Scheme 1).  This was evident 

from MALDI/MS due to the 18 Da mass increase which occurs during the hydrolysis of the 

amide bond in the reduced nucleotide base ring, and from the NMR analysis of the nucleoside 1ʹ, 

5, and 6 protons (supplementary Fig. S.2., supplementary Table 1). Noticeably, the often labile 

sugar nucleotides were hydrolytically base opened but the rest of the molecule was unaffected, 

with no hydrolysis of the glycosidic or phosphate bonds (e.g. 5,6-DHU-GlcNAc, supplementary 
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Fig. S.2.C).  The corresponding non-hydrogenated nucleosides were resistant to base hydrolyzed, 

and were completely stable under these alkaline conditions (data not shown). 

 

 

3. Experimental Section 

3.1. Materials and Instrumentation 

All chemicals and solvents, except for the catalyst (5 wt% Rh/Al2O3 from BASF 

Engelhard, Iselin, NJ) were obtained from Sigma-Aldrich Inc., St Louis, MO, USA.  NMR 

spectra were run in D2O at 27 ºC using a Bruker Avance III instrument (Bruker BioSpin, 

Billerica, MA, USA). MALDI-TOF mass spectra were recorded using a Bruker-Daltonics 

Microflex instrument (Bruker-Daltonics, Billerica, MA, USA) in reflectron mode. The matrix 

used was 2,5-dihydrobenzoic acid. 

 

3.2. Hydrogenation conditions  

The hydrogenations were undertaken as described previously [10].  Briefly, the 

nucleoside starting material (30 mg) in aqueous solution (3 mL) were reacted for 3 hours at room 

temperature (21 ͦ C).  Catalyst (5 wt% Rh/Al2O3; 20 mg) was introduced at the start of the 

reactions, and hydrogen gas was bubbled through at atmospheric pressure. The products were 

recovered by filtration to remove the catalyst, followed by lyophilization to remove the water.  

MALDI/MS spectra were recorded on the aqueous solutions immediately after removal of the 

catalyst.  The lyophilized product residues were re-dissolved in deuterated water for analysis by 

NMR (1H-NMR, 13C-NMR, HSQC) without further purification.  For the base-catalyzed ring 

opening reactions, the hydrogenated nucleosides were treated at room temperature for 18 h using 
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aqueous sodium hydroxide (0.25 M).  After neutralization with HCl (0.25M) the samples were 

analyzed by NMR and MALDI/MS. 
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List of Table, Figures, and Schemes 

Figure 1.  HSQC-NMR spectrum of 5,6-dihydro-UDP-N-acetylglucosamine (A), and 

MALDI/MS spectra of UDP-N-acetylglucosamine before (B) and after hydrogenation (C).  The 

molecular adduct ions [M+H]+, m/z 652 and [M+Na]+, m/z 674 are increase by 2 mass units due 

to quantitative hydrogenation of the 5,6-uridyl double bond.      

Figure 2. 1H-NMR, 13C-NMR, and HSQC spectra of other hydrogenated sugar nucleotides.  (A) 

5,6-DHU-Glc; (B) 5,6-DHU-Gal; and (C) 5,6-DHU-glucuronic acid. 

Figure 3.  Effects of phosphate groups.  HSQC-NMR spectra of (A) 5,6-dihydrouridine 

monophosphate; (B) 5,6-dihydrouridine diphosphate; and (C) 5,6-dihydrouridine triphosphate. 

Corresponding MALDI/MS spectra before (D, E, F) or after (G, H, I) hydrogenation.  Molecular 

adduct ions ([M+H]+ and [M+Na]n
+) are increase by 2 Da after hydrogenation. 

Figure 4.  De-amination of 5,6-dihydrocytidine nucleosides during hydrogenation.  1H-NMR 

spectra of (A). 5,6-dihydrouridine from hydrogenation of uridine; (B). hydrogenated cytidine.  

Both samples are predominantly converted to 5,6-dihydrouridine.  The anticipated 5,6-

dihydrocytidine is shown as a minor product indicated by the black arrows. 

Scheme 1.  Catalytic hydrogenation and alkaline-catalyzed ring opening of pyrimidine sugar 

nucleosides, nucleotide phosphates, and nucleosides. 
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Supplementary Table 1.  NMR Chemical Shifts for the Characteristic Ribosyl-1ʹ and 

Nucleotide Base-5,6 Positions. 

Supplementary Figure S.1.  Catalytic hydrogenation products 5,6-dihydrouridine (top) and 5,6-

dihydrothymidine (lower).  Shown are HSQC-NMR spectra (A, B), and MALDI/MS spectra 

either before (C, D) or after (E, F) hydrogenation.  Molecular ions ([M + H]+ and [M + Na]+) are 

increased by 2 Da after hydrogenation due to reduction of the 5,6-double bond in the base. 

Supplementary Figure S.2.  HSQC-NMR spectra of the alkaline hydrolyzed ring-opened 

pyrimidine nucleotides. (A) 5,6-dihydrouridine diphosphate; (B) 5,6-dihydro-thymidine; and (C) 

5,6-dihydrouridine-UDP-N-acetylglucosamine. 
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Figure 1.  HSQC-NMR spectrum of 5,6-dihydro-UDP-N-acetylglucosamine (A), and 

MALDI/MS spectra of UDP-N-acetylglucosamine before (B) and after hydrogenation (C).  The 

molecular adduct ions [M+H]+, m/z 652 and [M+Na]+, m/z 674 are increase by 2 mass units due 

to quantitative hydrogenation of the 5,6-uridyl double bond.      
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Figure 2. 1H-NMR, 13C-NMR, and HSQC spectra of other hydrogenated sugar nucleotides.  (A) 
5,6-DHU-Glc; (B) 5,6-DHU-Gal; and (C) 5,6-DHU-glucuronic acid. 
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Figure 3. Effects of phosphate groups.  HSQC-NMR spectra of (A) 5,6-dihydrouridine 
monophosphate; (B) 5,6-dihydrouridine diphosphate; and (C) 5,6-dihydrouridine triphosphate. 
Corresponding MALDI/MS spectra before (D, E, F) or after (G, H, I) hydrogenation.  Molecular 
adduct ions ([M+H]+ and [M+Na]n

+) are increase by 2 Da after hydrogenation.      
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Figure 4.  De-amination of 5,6-dihydrocytidine nucleosides during hydrogenation.  1H-NMR 

spectra of (A) hydrogenated uridine, and (B) hydrogenated cytidine. Both samples are 

predominantly converted in 5,6-dihydrouridine.  The anticipated 5,6-dihydrocytidine is shown as 

a minor product indicate by the black arrows.     
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Scheme 1: Catalytic hydrogenation and alkaline-catalyzed ring opening of pyrimidine sugar 

nucleosides, nucleotide phosphates, and nucleosides. R1 is H or CH3, R2 is H or OH, R3 is H, 

phosphate, pyrophosphate, or a monosaccharide-1-pyrophosphate. 
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