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Abstract
Reduced oxidation state phosphorus compounds may have been brought to the early Earth via meteorites or could have 
formed through geologic processes. These compounds could have played a role in the origin of biological phosphorus (P, 
hereafter) compounds. Reduced oxidation state P compounds are generally more soluble in water and are more reactive than 
orthophosphate and its associated minerals. However, to date no facile routes to generate C–O–P type compounds using 
reduced oxidation state P compounds have been reported under prebiotic conditions. In this study, we investigate the reac-
tions between reduced oxidation state P compounds—and their oxidized products generated via Fenton reactions—with the 
nucleosides uridine and adenosine. The inorganic P compounds generated via Fenton chemistry readily react with nucleosides 
to produce organophosphites and organophosphates, including phosphate diesters via one-pot syntheses. The reactions were 
facilitated by NH4

+ ions and urea as a condensation agent. We also present the results of the plausible stability of the organic 
compounds such as adenosine in an environment containing an abundance of H2O2. Such results have direct implications 
on finding organic compounds in Martian environments and other rocky planets (including early Earth) that were richer in 
H2O2 than O2. Finally, we also suggest a route for the sink of these inorganic P compounds, as a part of a plausible natural 
P cycle and show the possible formation of secondary phosphate minerals such as struvite and brushite on the early Earth.
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PAA	� Phosphonoacetic acid
U-P-U and Ad-P-Ad	� Phosphate diester of uridine and 

adenosine
5′-UMP	� Uridine-5-monophosphate
2′-UMP	� Uridine-2-monophosphate
3′-UMP	� Uridine-3-monophosphate
5′-AMP	� Adenosine-5-monophosphate
2′-AMP	� Adenosine-2-monophosphate
3′-AMP	� Adenosine-3-monophosphate

Introduction

RNA-based life likely preceded modern DNA-based life 
(Gilbert 1986; Hud et al. 2013). The formation of RNA 
requires the element P, which makes up the phosphate 
backbone of the nucleic acid. Hence, P chemistry must 
have played a central role in the chemical evolution of RNA 
biochemistry. On the early Earth, P is presumed to have 
occurred mainly as phosphates, most likely as orthophos-
phate minerals (Schwartz 2006). Divalent cations such 
as Mg2+ and Ca2+ were likely ubiquitous in the Hadean 
ocean and caused phosphate to precipitate out in mineral 
form, including as apatites (Ca5(PO4)3(F,Cl,OH)) (Keefe 
and Miller 1995) and other minerals such as whitlockite 
(Ca9(Mg,Fe)(PO4)6PO3OH), and brushite (CaHPO4·2H2O) 
(Arrhenius et al. 1997; Hazen et al. 2008). These phosphate 
minerals are poorly soluble in water and have low reactiv-
ity toward organics, as discussed elsewhere (Pasek and Kee 
2011; Gull 2014; Pasek et al. 2017).

Water is generally accepted as the most prebiotically rel-
evant solvent for chemistry on the early Earth due to its sim-
plicity and abundance in the universe, and we expect aque-
ous prebiotic reactions to dominate, including production 
of prebiotic phosphorylated compounds in water. However, 
phosphorylation reactions are condensation reactions and 
their formation in aqueous environments is problematic as 
phosphorylation thermodynamics in water are endergonic, 
requiring energy for the condensation reaction to proceed 
(Pasek 2008, 2019). Hence, the prebiotic synthesis of bio-
logical compounds containing P has long been a challeng-
ing question in astrobiology (Lohrmann and Orgel 1968). 
An alternative route to address prebiotic reactions with P is 
the use of non-aqueous solvents (Schoffstall 1976; Saladino 
et al. 2012; Gull et al. 2014, 2017; Burcar et al. 2016, 2019), 
but the plausible presence of such systems as solvents on 
the early Earth, much less their widespread occurrence, has 
been questioned. Reactions within these solvents may not be 
a realistic prebiotic scenario, though there may exist routes 
to forming these solvents in the ratios needed to perform the 
chemistry (Lago et al. 2020).

Another proposed route is the use of reduced oxidation 
state P compounds (Gulick 1955). These reduced oxidation 

state P compounds can be 103–106 times more soluble in 
water as compared to orthophosphates in the presence of 
divalent cations (Pasek and Kee 2011; Pasek et al. 2017). 
The possibility that these P compounds may have been rel-
evant to early Earth geology is further supported by discov-
eries such as the occurrence of phosphonic acids in the Mur-
chison meteorite (Cooper et al. 1992) and phosphites in early 
Archean marine carbonates (Pasek et al. 2013). Another 
noteworthy source of reduced oxidation state P compounds 
species could be extraterrestrial impacts that could have trig-
gered the origin of life on the early Earth (Simonson et al. 
1998; Simonson and Glass 2004; Pasek and Lauretta 2005; 
Pasek et al. 2013).

The mineral schreibersite, (Fe,Ni)3P, releases water-solu-
ble P species upon corrosion in water including the ion phos-
phite (Pasek and Lauretta 2005; Pasek et al. 2007). Aqueous 
reactions of schreibersite can yield organophosphates such 
as glycerol phosphate and even nucleotides of adenosine 
and uridine by simple mixing and heating at low tempera-
tures (Pasek et al. 2013; Gull et al. 2015). Such chemical 
reactions are significant as these generate building blocks 
of DNA, RNA (nucleotides), and cell membranes (glycerol 
phosphate), though the reported yields are low (Pasek et al. 
2013; Gull et al. 2015).

Reduced oxidation state P compounds can oxidize in the 
presence of ultraviolet light and H2S/HS−, to form PO4

3− via 
a thiophosphate intermediate (Ritson et al. 2020) or alter-
natively the oxidation of phosphite or hypophosphite with 
peroxides in the presence of a Fe2+ catalyst also generates 
phosphates (Pasek et al. 2008). The latter mimics a plausible 
prebiotic route for the oxidation of phosphite (HPO3)2− or 
hypophosphite (H2PO2)− aqueous solutions by Fenton reac-
tion, which generates reactive free radicals such as.OH 
and.OOH in the presence catalytic iron (Pasek et al. 2008). 
These hydroxyl radicals oxidize reduced P compounds by 
cleaving the H-P bond to form phosphite radicals that can 
recombine to phosphate (PO4

3−) as well as condensed phos-
phates including pyrophosphate (HP2O7)3−, triphosphate 
(H3P3O10)2−, and trimetaphosphate (P3O9

3−). The Fenton 
reaction requires H2O2, which would be a strong oxidant in 
anoxic environments (Liang et al. 2006).

The presence of H2O2 in the Martian atmosphere 
(Blankenship and Hartman 1998; Raymond and Blanken-
ship 2008) supports the idea that the oxidation of iron by 
the photochemically generated H2O2 over the past billion 
years could have given rise to the present, likely thin oxi-
dized Martian surface (Olson 1970; Liang et al. 2006). 
Hydrogen peroxide may have been abundant on the early 
rocky planets including Earth, with routes to its possible 
formation including the photolysis of atmospheric water 
(Levine et al. 1979; Ślesak et al. 2012) or ice (Liang et al. 
2006). It is possible that dry, cold, and low-oxygen con-
ditions could have facilitated the generation of H2O2 via 
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chemical processes involving photolytic conversion of H2O 
in Archean atmospheres (Padan 1979; Liang et al. 2006; 
Lalonde and Konhauser 2015). This may have included 
photolysis of water ice, potentially producing copious 
amounts of H2O2 that could have been part of glaciers 
during “Snowball Earth” events (Liang et al. 2006). Alter-
natively, H2O2 has also been postulated to be generated 
through abiotic pathway in the Archean through a process 
involving the abrasion of quartz surfaces, followed by the 
generation of certain surface bound radicals that oxidize 
H2O to H2O2 and O2 (He et al. 2021).

Therefore, the generation of phosphates (including 
polyphosphates) from reduced P compounds on the early 
Earth would likely have occurred if oxidants mixed with 
water bearing both reduced oxidation state P source and 
dissolved iron (Pasek et al. 2008). However, it is unknown 
whether a reaction mixture of reduced P compounds and 
their oxidized P products as a whole could react with organic 
compounds, including nucleosides and organic alcohols, to 
form organic phosphates and phosphites. Additionally, the 
survivability of organic molecules in the presence of excess 
H2O2 on the early Earth is unknown. Could C-O-P bond 
formation possibly have existed in an environment saturated 
with H2O2?

We investigate here the phosphonylation and phospho-
rylation reactions of uridine and adenosine with phosphate, 
phosphite, and polyphosphates generated through Fenton 
chemistry. The overall process is divided into two main 
phases: phase (1) generation of phosphite, phosphate, and 
polyphosphates from the reaction of H2O2 with hypophos-
phite and Fe2+ ions at pH = 4.5, 22 °C–25 °C, followed by 
quenching with a base (either NaOH or NH4OH, which 
liberates P from the iron oxyhydroxides and allows for 
NMR analysis) and phase (2) reaction of inorganic P com-
pounds generated via Fenton chemistry with nucleosides at 
55 °C–68 °C, around pH = 9–9.5, promoted by ammonium 
ions and urea. The former phase mimics the general condi-
tions believed to exist on the early Earth (and is the pH of 
a Fenton solution, controlled by the pH of the weak acids 
FeCl2 and H2O2), while the latter phase mimics a prebiotic 
‘mildly hot drying alkaline spring/pool’. This work is but-
tressed by a study of the stability of adenosine in a solution 
saturated with H2O2, wherein the decomposition rates of 
adenosine in such environments were investigated over time.

Furthermore, considering the prebiotic significance, ubiq-
uity, and relevance of Mg2+ and Ca2+ ions on the early Earth 
(Keefe and Miller 1995; Arrhenius et al. 1997; Hazen et al. 
2008; Holm 2012; Gull et al. 2020) the effects of these ions 
were also studied on the solution chemistry of the Fenton 
reaction. We investigate the addition of Ca2+ or Mg2+ to the 
Fenton reaction solution, focusing on the precipitation of 
phosphate minerals including brushite and struvite (Burcar 
et al. 2016, 2019).

Materials and Methods

Materials for organophosphorus compound production 
experiments included: sodium hypophosphite hydrate 
(NaH2PO2·H2O, 98%), ethylenediaminetetraacetic acid 
powder (EDTA, 99.5%), 2′-deoxyriboadenosine, stand-
ard compounds (uridine-5-monophosphate (5′-UMP), 
adenosine-5-monophosphate (5′-AMP), 2′,3′-cyclic AMP 
and 3′,5′-cyclic AMP were purchased from Sigma Aldrich 
while sodium hydroxide (NaOH, 98.5%), sodium pyroph-
osphate (Na4P2O7, 99%), phosphorous acid (H3PO3, 98%) 
sodium phosphite (Na2HPO3), adenosine (C10H13N5O4, 
98%), and deuterium oxide (D2O, 99.8% atom %D) were 
from Acros Organic. Ammonium hydroxide (NH4OH, 25% 
solution in water), synthetic brushite (CaHPO4·2H2O), cal-
cium chloride (CaCl2, 98%), and ferrous chloride tetrahy-
drate (FeCl2·4H2O, 98%) were purchased from Alfa Aesar. 
Uridine (C9H12N2O6, 98%) was from TCI and hydrogen 
peroxide (H2O2, 30% v/v) was from Fisher Scientific. 
Vivianite (Fe3(PO4)2·8H2O), and apatite (Ca5(PO4)3(F, 
Cl, OH)) were purchased from Amazon.

Deionized water was obtained using a Barnstead (Dubu-
que, IA, USA) NANO pure® Diamond Analytical com-
bined reverse osmosis-deionization system as also previ-
ously reported (Pasek et al. 2013). FeHPO3 was prepared 
by mixing the equimolar solutions of FeCl2·4H2O and 
H3PO3 (0.1 M each) and on mixing brownish precipitates 
were separated which were filtered, dried, and stored for 
future use.

For 31P-NMR analysis, the reaction samples were ana-
lyzed on a 400-MHz Varian Unity Inova NMR operating 
at 161.9 MHz in both H-coupled and H-decoupled modes. 
The width of the spectrum was 200 ppm, and the running 
temperature was 25 °C. Phosphorylation and phospho-
nylation products (which will be collectively referred to 
as C–O–P type compounds, unless mentioned otherwise) 
were quantified by peak integration method as previously 
reported (Pasek et al. 2013; Gull et al. 2014, 2015, 2017) 
and also using an internal standard (see SI). The instru-
mentation details and the parameters for the 31P-NMR have 
been reported in our previous studies (Pasek et al. 2013; 
Gull et al. 2014, 2015, 2017). 13C-NMR was performed in 
H-decoupled mode using D2O as a solvent and with other 
conditions being the same as reported previously.

Mass spectrometry (MS) analyses were done in negative 
ion mode on a 6130 Single Quadrupole Mass Spectrometer 
(Agilent, Santa Clara, CA, USA) attached to an Agilent 
1200 HPLC by direct injection, and deionized water was 
used as a solvent as reported previously (Gull et al. 2020).

Laser Raman spectroscopy analysis were performed 
to study the mineralogy of the reaction. An Enwave Opt. 
Inc. (Model No. EZI-785-A2) Laser Raman Spectroscopy 
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was used to determine the precipitates formed as a result 
of adding CaCl2 or MgCl2 solutions to the quenched 
Fenton solution and as described in Sect.  “Oxidation 
of Reduced P Compounds via Fenton Chemistry”. The 
Raman microscope was a Leica DM 300 microscope 
that was equipped with three objective lenses (× 4/0.1 
NA × 10/0.25 NA and × 40/0.65 NA). Every mineral sam-
ple analysis was performed between 1 min by using a 
785 nm laser (at 300 mW) as reported previously (Pasek 
and Pasek 2018) and Crystal Sleuth software (Laetsch and 
Downs 2006) was used to determine the sample product 
and was compared with the data provided in RRUFF data-
base (Lafuente et al. 2015; Feng et al. 2019).

For powder XRD analysis, a BTX-402 benchtop XRD 
was also utilized to study the formation of products also 
analyzed by laser Raman spectroscopy. A calibrated ion 
chamber, Ludium Model 9–3 Radiation Ion Chamber, was 
received for the measurements which measured radiation 
level counting range of 0 to 2000 uSv/Hr. The scan rate 
was 0.054 (°/s) under 30.5 kV voltage and 0.33 mA cur-
rent intensity.

LCMS analyses were carried out on an Agilent 6540 
QTOF LC/MS equipped with a Kinetex Polar C18 col-
umn (2.6 μm, 100 Å, 100 × 4.6 mm; 0.5 mL/min). For 
adenosine quantification, the mobile phase was 100% 
H2O (0.1% formic acid) for 2 min, followed by a linear 
gradient to 20% acetonitrile/H2O (0.1% formic acid) over 
3 min and then an isocratic hold for 4 min, to give adeno-
sine retention (RT = 6.75 min). The protonated molecule 
at m/z 268.1053 was then extracted and integrated using 
the Agilent MassHunter Qualitative Analysis program to 
give the relative area which was then compared to a stand-
ard curve to calculate the relative quantity of adenosine 
in the solution.

Reactions (detailed below) were carried out in the 
following sequence (1) forming a Fenton solution with 
reduced P compounds as described previously (Pasek 
et  al. 2008), (2) neutralizing solutions with OH− to 
quench further oxidation and precipitate iron compounds 
and filtration of the reaction mixture and storing for fur-
ther use, (3) adding organic substrates to examine phos-
phonylation/phosphorylation extent, (4) analyzing the 
C–O–P type compounds by 31P nuclear magnetic reso-
nance (31P- NMR) spectroscopy and mass spectrometry 
(MS), (5) using X-ray diffractometry (XRD) and Raman 
spectroscopy for studying the inorganic Fe–P products 
with additions of Ca2+ and Mg2+ solutions of the Fenton 
mixture were and finally, (6) monitoring by 13C-NMR and 
quantified by LCMS the decomposition rates of adenosine 
in water with H2O2 and Fe2+, as an investigation of the 
durability of organic compounds in the Fenton reaction.

Oxidation of Reduced P Compounds Via Fenton 
Chemistry

The starting material for Fenton reaction chemistry 
of reduced P compounds was sodium hypophosphite 
(NaH2PO2) and its 31P-NMR analysis revealed no other P 
peaks as impurities (SI Fig. S-1a). The Fenton reactions 
were generated by the method previously reported (Pasek 
et al. 2008): aqueous solutions were prepared by mixing 
0.2 M of both hypophosphite (H2PO2

−) and FeCl2
.4H2O 

(equal volumes, 0.1 M total of each). The total volume of 
the solution was 20 mL (i.e., 10 mL for each of the above-
mentioned solution). To this mixture, 15 mL of 0.50 M 
H2O2 was added dropwise, although various concentrations 
of H2O2 were employed to observe the extent of conversion 
of the reduced oxidation state P compounds by the Fenton 
reactor as previously (Pasek et al. 2008). The pH of the reac-
tion mixture was 4.5. The reaction vial was covered and was 
allowed to stir at room temperature for 10–24 h and was sub-
sequently quenched and titrated by 20% ammonium hydrox-
ide (NH4OH) or 0.1 M NaOH solution (about 15 mL) to a 
pH of 9.5. Thick orange-brown precipitates were formed, 
likely insoluble Fe3+ precipitating as Fe(III)(O,OH)X com-
pounds. The resulting solution mixture was filtered and 
stored for further use. This filtrate of the above-mentioned 
Fenton reaction was labeled as inorganic P Fenton solu-
tion (IPF solution hereafter). Various concentrations of the 
sample solutions are given in detail (SI, Table S-1). Fenton 
reactions of the reduced oxidation state P compounds were 
also carried out under anaerobic conditions (SI, Fig. S-1b). 
The details of the various solution concentrations, reaction 
conditions are discussed in the SI (Tables S-1–3).

Phosphonylation and Phosphorylation Reactions

Phosphonylation and phosphorylation reactions with the 
Fenton solution proceeded by taking 7 mL of IPF solution 
in a clean and unsealed glass vial, to which 0.65 g of nucleo-
side and 0.50 g of urea were added. In some experiments, 
0.50 g of urea or an additional 2 mL of concentrated NH4OH 
solution (or both) were added, as possible condensation 
agents. The unsealed reaction vial was then allowed to heat 
at 55 °C–68 °C from 5 h to 6 days (see SI, Tables S-1–3). 
The reaction mixture was kept unsealed to promote subse-
quent evaporation of the water from the solution.

After 5 h to 6 days, the dried sample was cooled down 
to room temperature and was rehydrated with 5 mL DI 
water. The dried reaction sample was mixed and stirred 
until a clear solution was formed, which was filtered and 
then transferred to a watch glass followed by air-drying at 
room temperature. The air-dried room temperature sample 
was then rehydrated with a 2 mL D2O (75%) and DI water 
(25%) solution (or only DI water in the case of analysis for 
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MS) and was centrifuged. The total volume of the solution 
was 2 mL. About 400 µL of the sample solution was trans-
ferred to a clean NMR tube and analyzed by 31P-NMR.

A few experiments were also attempted with 
unquenched Fenton solutions in which uridine was directly 
heated with the Fenton solution without quenching with a 
base. Similar protocols were used to generate the Fenton 
solution (Sect. “Oxidation of Reduced P Compounds via 
Fenton Chemistry”), but quenching was not followed with 
any base (NaOH or NH4OH). About 7 mL of the Fenton 
solution (pH = 4.5) was taken into a clean glass vial and 
the same weighed amounts of organics (0.65 g nucleo-
side and 0.50 g of urea) were added as mentioned above. 
The reaction sample was heated to dryness at 65 °C for 
2–3 days. After the completion of the reaction, the dried 
mixture was treated with 0.1 M NaOH solution to pre-
cipitate out Fe3+ for better analysis through 31P-NMR. The 
mixture then followed the same protocol and was analyzed 
by 31P-NMR.

A set of blank reactions was also carried out, in which 
the IPF solution along with urea was heated at the same 
temperature as that was used for nucleosides phosphoryla-
tion and phosphonylation reactions (55 °C–68 °C). After 
the completion, a similar quenching protocol was followed 
and samples were analyzed by 31P-NMR (SI Fig. S-10).

Reaction mixtures were quantified using an internal 
standard (0.1 M phosphonoacetic acid or PAA, hereaf-
ter). PAA was identified in the reaction sample as a triplet 
(H-coupled mode of 31P-NMR) between 14 and 16 ppm 
with peaks that may shift due to changes in the pH (SI).

Reactivity Comparison of the Reduced Oxidation 
State P Compounds with Prebiotically Relevant 
Phosphate Minerals and Related Phosphites

Phosphate minerals such as apatites, vivianite, and brush-
ite are likely to have existed in the Hadean and may be 
the most abundantly occurring prebiotic phosphate miner-
als (Keefe and Miller 1995; Schwartz 2006; Hazen et al. 
2008; Burcar et al. 2019). In order to better understand the 
mechanism of the phosphorylation, the release of P from 
prebiotically relevant minerals including apatite, vivianite, 
and brushite and their relative reactivities with uridine 
were also studied. In addition, similar studies were also 
carried out with another P system comprising of a reduced 
oxidation state P compound; e.g., synthesized FeHPO3 
which represented a simple mineral phase of phosphite 
(HPO3)2−, which could be present on the early Earth. The 
synthesized FeHPO3 was also catalyzed with H2O2 under 
similar conditions as (Pasek et al. 2008) to see whether the 
reaction is feasible with reduced oxidation state P minerals 
(i.e., synthesized FeHPO3).

Mineralogy in Fenton Solutions

A 0.1 M solution of CaCl2 was added dropwise to a glass 
beaker containing 7 mL of IPF solution at room temperature. 
White precipitates immediately formed, which were filtered, 
dried, and stored for laser Raman spectroscopic analysis. In a 
separate experiment, similar steps were repeated to study the 
effect of Mg2+ ions by adding 0.05–0.1 M anhydrous MgCl2 
solution dropwise to 7 mL of IPF solution. Once again thick 
white precipitates were observed which were filtered, dried 
at room temperature, and saved to be analyzed by Raman 
and XRD.

The precipitates started to form with concentrations as 
low as 0.05 M solution of the respective Ca2+ or Mg2+ ions, 
but the process was relatively slow and needed 24 h to 2 days 
of consistent stirring at room temperature. However, when 
0.1 M solutions of the above-mentioned ions were used, 
white precipitates formed almost immediately.

Results

Prebiotic phosphorylation and phosphonylation reactions 
of the nucleosides were carried out by heating the organ-
ics with the inorganic P compounds generated via Fenton 
chemistry. The reactions produced organophosphites and 
organophosphates, including phosphate diesters via one-pot 
syntheses. Furthermore, the plausible stability of adenosine 
nucleoside in an environment saturated with H2O2 was also 
investigated. In addition, the mineralogy of inorganic P com-
pounds generated via Fenton chemistry was also studied.

The Fenton reaction of the reduced oxidation state P com-
pounds (NaH2PO2 H2O) and FeHPO3 produced orthophos-
phate and condensed P species when H2O2 was used in 
the molar concentration ranges of 0.1–0.5 M. Heating (at 
55 °C–68 °C) in the presence of urea specifically seemed to 
generate various inorganic condensed P species (SI, table 
S-2, Fig. S-10a and b). The species identified included 
pyrophosphate (identified as a singlet peak in the negative 
region, e.g., − 5.5 to − 6.0 PPM of H-coupled 31P-NMR) 
and pyrophosphite (splitting into two triplets in the negative 
region, e.g., -3.5 to -6.5 PPM of H-coupled 31P-NMR). In 
our studies, Fenton reaction of hypophosphite at the room 
temperature generated phosphite, orthophosphate, pyroph-
osphate and heating in the presence of urea also produced 
pyrophosphite.

Heating uridine, adenosine and 2′-deoxyadenosine with 
the IPF solution produced organophosphites and organo-
phosphates (Table 1 and Figs. 1, 2, 3, and 4; SI Tables S-1–3 
and Figs. S-2–9). The phosphorylated products of the reac-
tions (i.e., uridine monophosphates, adenosine monophos-
phates) were identified by spiking with authentic standards 
(green arrowheads in each figure show the location of the 
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spiked peak), and looking at the nature and types of the 
peak splitting in the H-coupled NMR (e.g., singlet, triplet, 
and multiplets) and peak location (ppm). The formation of 
diesters consisting of uridine-phosphate-uridine and aden-
osine-phosphate-adenosine was identified in both 31P-NMR 
and MS analyses. All the organic-P compounds bore only 
one P atom and no di- or tri-phosphates or phosphites were 
observed.

Figure 1 shows various inorganic P species discussed in 
the text while Fig. 2 shows the uridine reaction with the 
Fenton solution (also see SI Figs. S-2–7). Similar reac-
tion trends were also seen with the nucleoside adenosine 
(SI Figs. S-8 and 9). Heating adenosine with the IPF solu-
tion and urea produced various adenosine phosphates and 
phosphites (Fig. 3). The major compounds were identified 
by spiking with standard compounds (SI Fig. S-9a and b). 
Figure 3 shows the various P species without any spiking 
with standard compounds while Fig. S-9a and b (SI) show 
the reaction solution spiked with authentic compounds 
including 2ʹ,3ʹ-cyclic AMP, 3ʹ,5ʹ-cyclic AMP (SI Fig. S-9a) 
and 5ʹ-AMP (SI Fig. S-9b), respectively. The peak around 
− 2 ppm represents the standard compound 3ʹ,5ʹ-cyclic AMP 
(SI Fig. S-9a). This peak is absent in the Fig. 3 (31P-NMR 
without any spiking with authentic compound) indicating 
that this compound is not present in the reaction mixture. 
The peak around 20 ppm matches with the standard 2ʹ,3ʹ-
cyclic AMP (peak i) (SI Fig. S-9b) indicating the presence 
of this compound in the reaction solution. Figure S-9a (SI) 
shows the same reaction solution spiked with 5′-AMP (peak 
e). Figure 3 also shows a triplet (peak l) between 14 and 
16 ppm for the internal standard (0.1 M phosphonoacetic 
acid or PAA). The peak l in Fig. S-9a and b (SI), is slightly 
shifted due to changes in the pH of the solutions.

Ta
bl

e 
1  

31
P-

N
M

R
 re

la
tiv

e 
ab

un
da

nc
es

 (%
) o

f t
he

 p
ho

sp
ho

ru
s c

om
po

un
ds

 d
et

ec
te

d 
in

 th
e 

re
ac

tio
n 

m
ix

tu
re

 o
f u

rid
in

e 
an

d 
re

du
ce

d 
ox

id
at

io
n 

ph
os

ph
or

us
 c

om
po

un
ds

1  Th
e 

re
la

tiv
e 

ab
un

da
nc

es
 (%

) o
f t

he
 p

ho
sp

ho
ry

la
te

d 
pr

od
uc

ts
 a

s 
w

el
l a

s 
ot

he
r i

no
rg

an
ic

 p
ho

sp
ha

te
s 

w
er

e 
ca

lc
ul

at
ed

 o
n 

th
e 

ba
si

s 
of

 th
e 

to
ta

l p
ho

sp
ho

ru
s 

di
ss

ol
ve

d 
an

d 
by

 th
e 

pe
ak

 in
te

gr
at

io
n 

m
et

ho
d 

as
 p

re
vi

ou
sly

 r
ep

or
te

d 
(G

ul
l e

t a
l. 

20
20

), 
T C

–O
–P

 m
ea

ns
 to

ta
l C

–O
–P

 (
ca

rb
on

–o
xy

ge
n-

ph
os

ph
or

us
) 

ty
pe

 o
rg

an
ic

-P
 c

om
po

un
ds

, e
.g

., 
su

m
 o

f 
or

ga
ni

c 
ph

os
ph

at
es

 a
nd

 p
ho

sp
hi

te
s 

fo
r 

th
at

 p
ar

tic
ul

ar
 re

ac
tio

n 
(a

nd
 m

ay
 n

ot
 b

e 
th

e 
ex

ac
t s

um
 d

ue
 to

 ro
un

di
ng

). 
Va

rio
us

 p
ro

du
ct

s 
an

d 
th

ei
r r

es
pe

ct
iv

e 
str

uc
tu

re
s 

ar
e 

id
en

tifi
ed

 a
s 

fo
llo

w
s;

 a
: h

yp
op

ho
sp

hi
te

, b
: i

no
rg

an
ic

 p
ho

sp
hi

te
, c

: 
in

or
ga

ni
c 

ph
os

ph
at

e,
 d

: 5
′-o

rg
an

ic
 p

ho
sp

hi
te

, e
: 5
′-o

rg
an

ic
 p

ho
sp

ha
te

, f
: 2
′o

r 
3′

-o
rg

an
ic

 p
ho

sp
hi

te
, g

: 2
′ o

r 
3′

-o
rg

an
ic

 p
ho

sp
ha

te
, h

: o
rg

an
ic

 d
im

er
 s

pe
ci

es
 (

U
-P

-U
 o

r 
A

d-
P-

A
d)

, i
: 2
′,3
′-c

yc
lic

 
m

on
op

ho
sp

ha
te

, (
k)

: i
no

rg
an

ic
 P

 sp
ec

ie
s i

nc
lu

di
ng

 c
on

de
ns

ed
 p

ho
sp

ha
te

s o
r p

ho
sp

hi
te

s. 
N

D
 m

ea
ns

 n
ot

 d
et

ec
te

d

Sa
m

pl
e 

na
m

e
hy

po
ph

os
ph

ite
ph

os
ph

ite
or

th
op

ho
s-

ph
at

e
5′

-m
on

o-
PO

3
5′

-m
on

o-
PO

4
2′

-o
r 

3′
- m

on
o-

PO
3

2′
- o

r 
3′

- m
on

o-
PO

4

or
ga

ni
c 

di
m

er
2′

,3
′-c

yc
lic

 
m

on
o-

PO
4

Py
ro

ph
os

ph
at

e 
an

d 
Py

ro
ph

os
-

ph
ite

To
ta

l 
O

rg
. 

PO
4

To
ta

l O
rg

. P
O

3
T C

-O
-P

a
b

c
d

e
f

g
h

i
k

Y
2

27
14

17
17

3
13

1
2

5
2

11
31

42
23

8
16

10
1

24
15

24
5

N
D

2
3

22
47

69
U

r2
20

N
D

2
17

8
25

12
2

14
N

D
36

42
78

A
d1

13
37

19
7

5
3

N
D

N
D

4
N

D
9

10
19

A
d2

13
9

2
22

6
17

4
5

22
N

D
37

39
76

U
r4

21
10

1
8

13
17

5
5

20
N

D
43

25
68

D
-a

d
23

38
10

6
7

1
8

N
D

N
D

7
15

7
22

23
9

12
51

29
3

2
2

1
N

D
N

D
N

D
3

5
8

H
E3

–
9

58
N

D
13

N
D

4
N

D
N

D
16

17
N

D
17

P

O

H

O-

H P

O

-O

O-

O-

P

O

-O

O-

O P

O

O-

O-

P

O

H

O-

O-

P

O

H

O-

O P

O

O-

H

a-hypophosphite b-phosphite c-orthophosphate

k-pyrophosphate k-pyrophosphite

Fig. 1   Structures of inorganic P compounds discussed in the text: 
a-hypophosphite, b-phosphite, c-orthophosphate, k-condensed phos-
phates including both pyrophosphate and pyrophosphite, respectively. 
Labeling is consistent with the text and the 31P-NMR figures



66	 Journal of Molecular Evolution (2023) 91:60–75

1 3

The NMR peak identifications were also confirmed 
by MS by the direct injection method as previously (Gull 
et al. 2020) (SI Figs. S-11–13). For the solutions with uri-
dine we observed: [C9N2O6H11-H] at m/z 243 correspond-
ing to uridine nucleoside, [C9N2O9PH13-H] at m/z 323.04 
corresponding to uridine-monophosphate (2′, 3′ as well as 
5′-UMP, respectively), [C9H11N2O8P-H] at m/z 305.0 cor-
responding to 2ʹ,3ʹ-cyclic UMP, [C9N2O8PH12-H] at m/z 
307 corresponding to uridine-monophosphite and finally, 
[C18N4O14PH23-H] at m/z 549 represented the dimer spe-
cies uridine-phosphate-uridine (U-P-U). The diester U-P-U 
was likely formed when uridine-monophosphate was con-
densed with another uridine unit with the loss of one water 
molecule. The diester molecule was identified by its location 
around − 1 ppm region of 31P-NMR spectrum and also by 

the multiplicity (i.e., a multiplet of the peaks when H-cou-
pled (Gull et al. 2020).

Similarly, the key peaks via MS were identified for the 
adenosine reaction in the Fenton solution. For the solutions 
with adenosine we observed: [C10H13N5O4-H] at m/z 266 
corresponding to adenosine nucleoside, [C10H13N5O7P-H] 
at m/z 346 corresponding to monophosphate (2′, 3′ as well 
as 5′-AMP respectively), [C10H14N5O6P-H] at m/z 330 
corresponding to adenosine-monophosphite and finally, 
[C20H25N10O10P-H] at m/z 595 represented the dimer spe-
cies adenosine-phosphate-adenosine (Ad-P-Ad) (SI Figs. 
S-14–16). The diester was observed by 31P-NMR, based 
on the location of the characteristic peak around − 1 ppm 
and the pattern of the spin multiplicity in the H-coupled 

Fig. 2   H-coupled.31P-NMR of 
Phosphorylation and phospho-
nylation reactions of uridine 
(sample Ur2). The labeled 
peaks correspond to the fol-
lowing compounds; a: sodium 
hypophosphite, b: inorganic 
phosphite, c: inorganic 
orthophosphate, d: 5′-uridine 
phosphite, e: 5′-UMP, f: 2′- and 
3′-uridine phosphites, g: 2′- 
and 3′-UMP, h: organic dimer 
species (U-P-U), i: 2',3'-cyclic 
UMP, peaks k (inorganic con-
densed P compounds although 
not detected here) and peak l: 
internal standard phosphono-
acetic acid (PAA)
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mode. However, the exact structure of the isomer was not 
determined.

The optimum pH range suitable for one-pot phospho-
nylation and phosphorylation was found to be 7–9, and the 
most suitable temperature range was 55 °C–68 °C, although 
C–O–P products could also be seen around 68 °C–70 °C.

The uridine nucleoside reactions were found to be tem-
perature- and time-sensitive, implying that prolonged heat-
ing would also cause rapid decomposition of uridine (seen as 
brownish to dark tar). In the case of uridine, the best reaction 
(Fig. 2; Table 1: sample Ur2) was observed when the reac-
tion was carried out at the lower temperature of 55–60 °C 
for 2 days. Also, this reaction was further facilitated by 
NH4OH and urea, resulting in a total relative abundance of 

the C–O–P type compounds to be around 78% compared 
to other reactions (Table 1, Tables S-1–3). The yields (%) 
for this reaction, based on the internal standard and with 
respect to the quantity of phosphorus compounds used (i.e., 
the limiting reagent), were as follows: 2′-UMP and 3′-UMP 
combined yields (5%), 5′-UMP (3%), 2′,3′-cyclic UMP (6%), 
uridine-phosphate-uridine (U-P-U) (1%), 2′ and 3′-uridine-
monophosphite (10%), 5′-uridine-monophosphite (7%), 
with a total yield of uridine phosphites and phosphates to 
be around 32%, respectively.

The adenosine nucleoside provided the highest rela-
tive abundance of the C–O–P type compounds (77%) 
when heated at the relatively higher temperature window 
(60–68 °C) for 3 days (Fig. 3, Table 1: sample Ad2). As also 

Fig. 3   H-coupled 31P-NMR 
of phosphorylation and 
phosphonylation reactions of 
adenosine (sample Ad2): Fig. 3 
represents the reaction solution 
with added internal standard 
(0.1 M phosphonoacetic acid). 
The labeled peaks represent 
the following compounds; a: 
sodium hypophosphite, b: inor-
ganic phosphite, c: inorganic 
orthophosphate, d: 5′-adenosine 
phosphite, e: 5′-AMP, f: 2′and 
3′-adenosine phosphites, g: 
2′and 3′-UMP, h: organic dimer 
species (A-P-A), i: 2',3'-cyclic 
AMP, k: inorganic condensed P 
compounds (not detected here), 
l: internal standard phosphono-
acetic acid
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seen in the uridine phosphonylation and phosphorylation 
reactions, the reactions were catalyzed by NH4OH and urea. 
The yields (%) for this reaction, based on the internal stand-
ard, were as follows: 2′-AMP and 3′-AMP combined yields 
(1.5%), 5′-AMP (2%), 2′,3′-cyclic AMP (11.5%), adenosine-
phosphate-adenosine (A-P-A) (2.50%), 2′and 3′-adenosine-
monophosphite (8%), 5′-adenosine-monophosphite (6%), 
with a total yield of adenosine phosphites and phosphates 
to be around 31.5%, respectively. Again, these yields are 
with respect to the total phosphorus added to the solution, 
which was the limiting reagent compared to the nucleoside 
substrate.

We also attempted the phosphorylation and phosphonyla-
tion of 2′-deoxyadenosine nucleoside (Fig. 4). Although the 
relative abundances were low compared to adenosine, the 
reactions did produce the respective nucleotide phosphite 
and phosphate esters. The reaction was temperature sensi-
tive and was successful only in the temperature window of 
55 °C–60 °C for two days heating. In this case no cyclic 
organic P nor P diesters were formed, implying: (1) diester 
formation is related to the formation of the cyclic organic 
monophosphates or (2) in our syntheses the consistent cyclic 
organic monophosphates were usually of the 2′, 3′- type.

Because 2′,3′-cyclic organophosphate compounds are not 
structurally possible in the case of 2′-deoxyadenosine, we 
conclude that formation of the dimer (both in case of uri-
dine and adenosine) may require the 2′3′-cyclic nucleotide 
(Fig. 3).

In the comparative experimental study of the reactivities 
and P release by various prebiotically relevant minerals (e.g., 

brushite, vivianite, and apatite) with a Fenton system con-
sisting of FeHPO3/H2O2 (SI Table S-3 (reaction sample HE3, 
(Fig. 5, SI S-6, S-17), it was found that the aqueous solu-
tion containing vivianite or apatite mineral did not release 
any phosphate, implying that the only P source would come 
from iron phosphite solution added to the round bottom flask 
along with uridine. As expected, the 31P-NMR suggested 
the presence of orthophosphate (relative abundance: 58%), 
which was the oxidation product of iron phosphite FeHPO3, 
catalyzed by H2O2, and the total % of the relative abundance 
of uridine-monophosphates were observed to be around 17% 
with no detectable amount of uridine monophosphites, con-
sistent with the 31P-NMR results (Fig. 5, SI S-6, S-17). This 
suite of experiments suggested that the various P species 
generated by the Fenton reaction could incorporate into the 
organic compounds and produce a variety of various related 
phosphorylated and phosphonylated derivatives.

Furthermore, when uridine was directly heated with the 
unquenched Fenton reaction solution, the major products 
detected were uridine phosphites (with low yields, e.g., less 
than 1%). Although, the uridine phosphates were below 
detection limits, nevertheless, the presence of uridine phos-
phites indicated the feasibility and ease of formation of 
organic P esters via Fenton chemistry. However, such reac-
tions were not efficient at these lower pH (around 4.5).

The decomposition reactions of adenosine nucleoside 
in a Fenton environment were also carried out in order to 
better understand the feasibility of phosphorylation and 
phosphonylation in the environments containing H2O2 (SI). 
The decomposition rates of a 0.18 M aqueous solution of 

Fig. 4   H-coupled 31P-NMR of 
Phosphorylation and phospho-
nylation reactions of deoxy-
adenosine (sample D-Ad). 
The labeled peaks represent 
the following compounds; 
a: sodium hypophosphite, 
b: inorganic phosphite, c: 
inorganic orthophosphate, d: 
5′-deoxyadenosine phosphite, e: 
5′- deoxyadenosine monophos-
phate, f: 3′- deoxyadenosine 
phosphites, g: 3′- deoxy-
adenosine monophosphate, k: 
condensed inorganic P species, 
with some structures provided 
in the inset
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adenosine (also containing an aqueous solution of 0.05 M 
FeCl2.4H2O) were studied over the course of four days. Sam-
ples were regularly withdrawn to study the decomposition 
of adenosine in the presence of H2O2 (see SI for details). 
It was observed that at 22 °C–25 °C, the nucleoside was 
somewhat stable in the Fenton environment for up to two 
days and on the third day it started decomposing. 13C-NMR 
was used for the qualitative studies of the decomposition of 
adenosine nucleoside (SI Figures S-18a–d). Figure S-18a 
shows the 13C-NMR of the pure adenosine which can be 
compared with the chemical database (John Wiley & Sons, 
Inc. SpectraBase). LCMS studies that were employed for 
the quantitative analyses, revealed that the amount of adeno-
sine in an environment containing H2O2 decreases over time 
(Fig. 6). Even though the decomposition rates were fast, this 
time window (2–4 days) may still be sufficient for phospho-
rylation and phosphonylation to occur.

When the IPF Solution (around pH 9–10) was treated 
with a 0.05–0.1 M anhydrous CaCl2 solution, a white pre-
cipitate formed immediately. This precipitate was identi-
fied through Raman spectroscopic analysis to be brushite 
(CaHPO4 2H2O) (Fig. 7). The peaks at 1000 cm−1 and 
1066 cm−1 indicated the presence of phosphite and, in the 
presence of Ca2+, would be CaHPO3 (Fig. 7). Furthermore, 
XRD studies also confirmed that the white precipitate is 
brushite (Fig. 8). The sample (represented in black color) 
XRD pattern has a major peak at 12°(2θ) and a small peak 
at 20.5°(2θ), which is in agreement with pure brushite 
minerals (sample diffractogram Fig. 8).

When aqueous solution of MgCl2 was slowly added to 
IPF Solution (already saturated with NH4OH) at pH = 9, 
white precipitates were observed once again. The Raman 
spectrum of the white precipitates show two major peaks 
(947 cm−1 and 1000 cm−1, blue line), which are consistent 
with struvite (NH4MgPO4·6H2O) (947 cm−1, black line) 
and heterosite (FePO4) (1001 cm−1, red line) (Fig. 9). The 

presence of struvite in this white precipitate was also con-
firmed by powder XRD analysis (Fig. 10).

An H–O–P Pourbaix diagram (Fig. 11) (Eh–pH, here-
after) was constructed to check the feasibility of the 
formation of struvite and brushite at pH = 9–10 from a 
solution possibly containing various inorganic P species 
(i.e., (H2PO2)−, (PO4)3−, (HPO3)2−). The Eh–pH diagram 
predicts the occurrence of hydrogen phosphate ions at the 
given pH (Pasek 2008). This suggests that when Ca2+ ions 
are added into the Fenton solution at pH 9–10, the most 
plausible calcium-phosphorus compounds are expected 
to be CaHPO3, and CaHPO4, respectively, supporting the 
idea that the white precipitates are indeed a mixture of 
CaHPO3, and CaHPO4, while remains CaH2PO2 water 
soluble (Pasek 2008).
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Discussion

The reaction of inorganic-P molecules generated via Fen-
ton chemistry with uridine and adenosine demonstrates that 
reduced P compounds bear an increased reactivity compared 
to phosphates and may have enabled biomolecule formation 
on the early Earth (Fig. 12). Modern life requires RNA, built 
from activated nucleotides and a P source and performing 
key roles in the metabolic processes of modern life. Phos-
phorylation on the early Earth would have played a pivotal 
role in the chemical milieu, generating organophosphate bio-
molecules essential to life through the oxidation of reduced 
P compounds. The proposed reaction series would require 
an environment that produces both soluble iron and reduced 
P compounds as a first step. Given that iron (Fe2+) is capa-
ble of producing reduced P from phosphate (Herschy et al. 
2018), a pool bearing both reduced P and Fe2+ should be 
feasible.

A plausible site for the proposed phosphorylation and 
phosphonylations would be a mildly hot drying alkaline 
pond. The hot temperatures and alkaline pH are seen in the 
present day at the Lost City hydrothermal fields in the mid-
Atlantic Ocean with pH = 9–10 and temperatures ranging 
from 40 °C to 75 °C (Kelley et al. 2001, 2005; Früh-Green 
et al. 2003). A small associated pond linked up with such 
environments could have concentrated organics and the 
necessary P compounds to kickstart such reactions. Fur-
thermore, this Fenton chemistry is likely to have existed on 
rocky planets including the early Earth (Pasek et al. 2008).

It is possible that during the early Earth’s history, a 
Snowball Earth event would have produced enough H2O2 
to leave a global fingerprint. Furthermore, during a Snow-
ball event, the circulation of the ocean waters through the 
hydrothermal systems would have built up higher con-
centration of metals such as Fe2+ and Mn2+ (Liang et al. 
2006). Although the severity of such historical events is 

Fig. 7   Raman spectroscopic data of the sample (white precipi-
tates formed by adding anhydrous CaCl2 solution to IPF solution) 
compared with the synthesized calcium phosphite and RRUFF’s 
data. Starting from bottom to top: black colored spectrum is that of 
the sample (white precipitates) while the red colored spectrum is 
that of standard brushite mineral as derived from RRUFF database 
(R070554; RRUFF database) and blue spectrum is that of pure syn-
thesized calcium phosphite (Color figure online)

Fig. 8   Powder X-Ray Diffraction patterns of the white precipitates 
obtained by adding aqueous solution of anhydrous CaCl2 to IPF solu-
tion (black colored diffractogram) compared with the standard dif-
fractometry patterns taken from RRUFF database (red line, brushite, 
RRUFF ID:R070554) (Color figure online)

Fig. 9   Raman analysis for sample product (white precipitates formed 
by adding MgCl2 solution (blue line) to IPF solution) with compari-
son to the spectroscopic standards from the RRUFF database (black 
line, struvite, RRUFF ID: R050511; red line, heterosite, RRUFF ID: 
050,165) (Color figure online)
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still questioned, such “hard Snowball” events would have 
resulted in a weak hydrological cycle that would have pro-
vided a sustained production of H2O2 when coupled with 
the photochemical reactions involving water vapor (Liang 
et al. 2006).

Hence, it is plausible that under such geological condi-
tions, a variety of inorganic P compounds would have gener-
ated via Fenton chemistry in the presence of H2O2 and Fe2+ 
(Pasek et al. 2008) that later on would have been able to 
phosphorylate (and phosphonylate) the organics under mild 
heating conditions. While assuming all these reactions could 

be happening in a single pond might seem contrived, the 
idea of separate ponds interlinked by streams or heavy rain-
falls to help in the mixing of multi-pot processes has been 
suggested by Clarke and Kolb (2020); Sutherland (2016); 
Ritson and collogues (2018); and Damer and Deamer (2018, 
2020).

We found that vivianite, brushite, and apatite did not 
release any detectable amount of P into in water (Burcar 
et al. 2019). Apatite has also shown to phosphorylate thy-
midine with considerable yields but only under harsh condi-
tions requiring cyanides, ammonium compounds and heating 
at 90 °C, for extended periods of time (Schwartz et al. 1975).

In this study, the presence of ammonium compounds 
seemed to enhance the overall production of the phos-
phite and phosphate esters of nucleosides. The best yields 
in our setup were seen when the Fenton reaction mixture 
was quenched with NH4OH in conjunction with urea as a 
condensation agent. The organic-P products could easily be 
detected after heating the reaction mixture at 65 °C–68 °C 
for time periods as short as 1 day. The yields of organic 
phosphite and phosphate esters drastically declined when 
no ammonium source was added, and the Fenton reaction 
was quenched with NaOH solution but organic phosphites 
and phosphates remained detectable under all circumstances. 
This observation is in contrast to earlier findings in which 
the meteorite mineral schreibersite was used as a P source 
and could give detectable yields of nucleotides only in the 
presence of compounds including urea, K2CO3 or NH4OH 
(Gull et al. 2015). The reactions presented here are compa-
rable with previously reported ones (Handschuh et al. 1973; 
Pasek and Lauretta 2005; Pasek et al. 2007, 2013; Gull et al. 
2015). Furthermore, the results are also comparable with the 
other previously reported work in which ammonium phos-
phite or (NH4)2HPO3 was reacted with uridine at 60 °C and 
within 24 h around 20% yield of uridine-5′-phosphite was 

Fig. 10   Powder X-Ray Diffraction patterns for sample product for 
Fenton solution reaction with ammonia and MgCl2 (black line) with 
comparison to the diffractometry standards from RRUFF database 
(red line, struvite, RRUFF ID:R050511) (Color figure online)

Fig. 11   H–O–P Pourbaix diagram showing the feasibility of the for-
mation of struvite and brushite at pH = 9.5–10 from a solution pos-
sibly containing various inorganic P species, i.e., (H2PO2)−, (PO4)3−, 
(HPO3)2−, respectively

Fig. 12   Schematic illustration showing various prebiotic scenarios 
suggested in the text
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obtained. When a similar reaction was repeated in the pres-
ence of urea as a condensation agent, the yield was remark-
ably improved to be around 44% in 24 h (Graaf and Schwartz 
2005).

In order to further understand the mechanism of the 
reaction, when the Fenton solution (IPF) was heated in the 
presence of urea (and with no other organic added), the 31P-
NMR studies revealed that it produced various inorganic P 
condensed species of phosphates and phosphites (SI Fig. 
S-10). These condensed species seemed to disappear in the 
absence of urea, suggesting that urea promotes such con-
densed P species which actively participated in the forma-
tion of phosphates and phosphites of nucleosides under 
such mild temperatures. This is suggestive that condensed 
phosphates such as pyrophosphate generated via Fenton 
chemistry may react with ammonium compounds and pro-
duce high-energy phosphates such as amidophosphates in 
solution that then phosphorylate organics, as demonstrated 
previously (Gibard et al. 2019). Both urea and NH4OH are 
considered prebiotically relevant compounds (Lohrmann 
and Orgel 1968; Schwartz et al. 1975; Burcar et al. 2016, 
2019; Gibard et al. 2019). Importantly, the P rich solution 
generated via the Fenton route yielded phosphodiesters 
of uridine and adenosine that were likely formed via the 
opening of 2ʹ,3ʹ-cyclic monophosphate. Phosphate diesters 
play a critical role in nature by acting as a molecular ‘tape’ 
that connects the individual nucleotides in DNA and RNA 
through a sugar-phosphate backbone. The present study also 
highlights a plausible route for the prebiotic syntheses of 
diester type derivatives of the nucleosides. However, the full 
characterization of the exact structure, and the stability of 
these diester derivatives of the nucleosides under (aqueous) 
Hadean conditions is unclear. The results in this paper are 
comparable with our previously reported studies (Gull et al. 
2020) in which uridine reacted with pyrophosphate in the 
presence of Mg2+ and urea and yielded monoesters of uri-
dine as well as a consistent presence of the U-P-U diester 
under all circumstances.

The discovery of H2O2 in the Martian environment (Clancy 
et al. 2004; Encrenaz et al. 2005; Ito et al. 2020) strongly 
suggested it to be one of the leading oxidizers on the Martian 
surface. This idea is strongly supported by the GC–MS stud-
ies on the Viking 1976 Mars missions that could not detect 
any organic compound on the Martian surface, even those 
expected from meteorite bombardment (Benner et al. 2000). 
Benner and colleagues have suggested certain metastable 
intermediates of meteoritic organics under such oxidizing 
conditions, e.g., nonvolatile salts of benzenecarboxylic acids, 
oxalic and acetic acid (Benner et al. 2000). They also sug-
gested the plausibility of Fenton chemistry on the Martian 
surface (Benner et al. 2000). Organics have been detected on 
the Martian surface by the Mars rovers (Szopa et al. 2020; 
Millan et al 2022; Steele et al. 2022). These organics could 

still plausibly be the outcome of certain decomposition as 
suggested before (Benner et al. 2000).

Our study on the exposure of adenosine to harsh environ-
ments (Fenton solution and H2O2) question the longevity 
and stability of such organic compounds as also suggested 
by Benner and colleagues (2000). Further studies would 
require investigating the decomposition rates and the ulti-
mate products of the organics exposed to such harsh condi-
tions containing H2O2. H2O2 has also been found on the 
surface of Europa (the icy moon of Jupiter) and phenomenon 
such as radiolysis and photolysis of its icy surface leads to 
the formation of oxygen and ROS (reactive oxygen species) 
(Ślesak et al. 2012). It is therefore highly likely that the early 
Earth as well as other rocky planets including Mars would 
have to face the harsh conditions including the presence of 
H2O2. However, our results showing the successful phospho-
rylation and phosphonylation reactions of the nucleosides in 
the presence of Fenton solution suggest that under heating 
conditions H2O2 decomposes to H2O and O2 thus making 
these reactions feasible.

At ambient temperatures, on adding Ca2+ to the quenched 
Fenton solution (in the absence of nucleosides and heat), there 
was a rapid conversion of phosphite and phosphate into calcium 
phosphite (CaHPO3) and brushite (CaHPO4 2H2O). Geochemi-
cal models predicted that calcium precipitation reactions would 
be pH dependent and favored at high pH (Pasek 2020). Our 
observations support these models, showing that the leaching 
of CaHPO3 from solution occurs at pH 9–10. This also demon-
strates the conversion of less mobile phosphates (from Fenton 
solution) to the lower solubility phosphates (brushite) in the 
presence of Ca2+ ions. Moreover, these reduced oxidation state 
P compounds (including from other sources such as meteoritic 
mineral schreibersite) would have settled in the Hadean oceans 
and would have been caught in ‘sinks’ of calcium phosphates. 
Similar precipitation occurs when Mg2+ ions were added in 
a separate IPF solution under similar conditions. The Raman 
spectroscopy of the dried sample matched with that of the 
mineral struvite. These findings also support the formation of 
struvite mineral on the early Earth (Handschuh and Orgel 1973; 
Feng et al. 2021). Struvite is considered ephemeral on the ear-
lier Earth environments (Feng et al. 2021) and its plausibility 
on the early Earth is questionable (Gull and Pasek 2013). The 
proposed suite of experiments highlights a plausible mechanism 
of formation of this mineral on the early Earth.

The present work shows the significance of the reduced P 
compounds (especially phosphite) and their ubiquity on the 
early Earth. The reduced oxidation state P compounds have 
been detected in meteoritic minerals (Pasek and Lauretta 2005; 
Pasek et al. 2007), in the Archean carbonates (Pasek et al. 
2013), in fulgurites (Pasek and Block 2009), in hydrothermal 
systems (Pech et al. 2009), in natural water systems (Pasek 
et al. 2014; Van Mooy et al. 2015), and also by geochemical 
reduction of phosphate into phosphite (Herschy et al. 2018; 
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Ritson et al. 2020). These results are significant as P mainly 
occurs in the form of phosphates on the modern Earth, most 
abundantly and commonly as apatites. The reaction of these 
reduced compounds with strong but prebiotically plausible oxi-
dants results in solutions “primed” for phosphorylation. Such 
conditions may be plausible beyond the earth as well, given 
the prevalence of H2O2 beyond the earth, and the several routes 
that have been identified to generating reduced P compounds.
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