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Abstract Formamide (NH2CHO) has been irradiated in condensed phase at 273 K by 11B-
boron beams in the presence of powdered meteorites of the chondrite and stony-iron types.
Relative to the controls (no radiation or no catalysis), a variegate panel of compounds was
observed, including purine and pyrimidine nucleobases (uracil, cytosine, adenine, and gua-
nine), nucleobase analogues, heterocycles, and carboxylic acids involved in metabolic path-
ways. The presence of amino imidazole carbonitrile (AICN), 4,6-diamino purine (4,6-DAP)
and 2,4-diamino pyrimidine (2,4-DAPy) among the observed products suggests the occurrence
of an unified mechanism based on the generation of radical cyanide species (•CN).
These observations contribute to outline plausible prebiotic scenarios involving 11B-
boron as energy source.

Keywords Formamide . Irradiation . High energy particles . Prebiotic synthesis . Nucleobases

Orig Life Evol Biosph (2016) 46:515–521
DOI 10.1007/s11084-016-9495-0

Paper presented at the conference: Habitability in the Universe: From the Early Earth to Exoplanets, 22–27
March 2015, Porto, Portugal.

* Raffaele Saladino
saladino@unitus.it

* Ernesto Di Mauro
ernesto.dimauro@uniroma1.it

1 Dipartimento di Scienze Ecologiche e Biologiche, Università della Tuscia Via San Camillo De Lellis,
01100 Viterbo, Italy

2 Joint Institute for Nuclear Research, JINR’s Laboratory of Radiation Biology, 141980 Dubna, Russia
3 Dipartimento di Biologia e Biotecnologie BCharles Darwin^, University Sapienza, Piazzale Aldo

Moro 5, 00185 Rome, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s11084-016-9495-0&domain=pdf


Introduction

The interstellar abundance of boron is of great interest for the analysis of chemical evolution in
our Galaxy (Jura et al. 1996). Two general mechanisms can account for the formation of boron
following the Big Bang, namely: a) the Bspallation reaction^, consisting in the collision between
high energy Galactic Cosmic Rays (GCR) and heavier elements (such as carbon and oxygen)
(Reeves et al. 1970), or b) the reaction of low energy GCR with interstellar hydrogen and
helium in pre-stellar objects (Federman et al. 1995). The value of the isotopic 11B/10B ratio
observed on Earth (c.a. 4.0) suggests the occurrence of the second mechanism in the Solar
System, confirming the prevalence of 11B-boron in the pre-Solar Nebula. A similar isotopic
ratio was observed in chondrules of meteorites of the chondrite family, such as Allende,
Orgueil, Semarkona and Hedjaz (Chaussidon and Robert 1995). The elemental composition
of Orgueil represents the last chemically fractionated sample relative to Sun; Allende is rich in
supernovae condensates, while the deuterium enrichment in Semarkona is representative of the
transformations taking place in the pristine Solar Nebula. Moreover, boron is present in the
cosmic rays near the Earth (11B/10B ratio c.a 2.6, beam flux of 1.5 10−3ions/cm2/s), even though
it is presumably absent in the source regions (Durgaprasad 1971). Thus, 11B-boron may have
played a significant role in prebiotic processes occurring in the pristine Solar Nebula.

Formamide (NH2CHO), the simplest amide in nature, is becoming one of the most
intensively studied chemical precursor for the prebiotic syntheses of compounds necessary
for the origin of life (Saladino et al. 2012a; Saladino et al. 2012b; Saitta and Saija 2014; Ferus
et al. 2015). Kiloparsecs-wide molecular clouds of NH2CHO were detected in the galactic
habitable zone (Adande et al. 2013) and in several representative pre-stellar objects (Halfen et
al. 2011). Evidence for the catalytic properties of meteorites in the prebiotic chemistry of
NH2CHO was recently provided by thermal processes in condensed phase at 333 K and 413 K
(Saladino et al. 2011; Saladino et al. 2013a), or at the most extreme temperature conditions
modeling impact events in Earth’s atmosphere or surface (c.a. 5000 K) (Ferus et al. 2014).
Recently, we reported that NH2CHO yields an extremely rich, variegate and biologically
relevant panel of compounds, when irradiated by high-energy proton beams (170 MeV,
243 K) in the presence of powdered meteorites, mimicking the effect of cosmic ion irradiation
(Saladino et al. 2015). As a continuation of this study, here we describe the first evidence on
the role of 11B-boron irradiation of meteorites and NH2CHO in the origin of organics of
biological relevance, such as nucleobases and carboxylic acids.

Materials and Methods

Formamide (Fluka, > 99 %) was used without further purification. Dhofar 959 was obtained from
Cometshopnew, CastroValley, California, USA; NWA 1465 and NWA 4482 from Sahara-nayzak,
Asnieres sur Seine, France; GoldBasin fromAZmeteorites, Tombstone, Arizona, USA.An original
sample of Chelyabinsk came from the collection of prof. A. Rozanov. Gas-chromatography mass-
spectrometry (GC-MS) analyses were performedwith a LC/GGMSComboAgilent and Shimadzu
GC-MS QP5050A with a Variant CP8944 column (WCOT fused silica, film thickness 0.25 μm,
stationary phase VF-5 ms, Øί 0.25 mm, lenght 30 m). Dust samples of the appropriate meteorite
(approximately 100 mg) were extracted by a two-steps procedure to remove organics as previously
reported (Saladino et al. 2011). Briefly, the sample was treated with NaOH (0.1 N, 1.0 mL) and
CHCl3-CH3OH (ratio v/v 2:1, 5.0 mL), followed by a second extraction step with sulphuric acid
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(0.1 N, 1.0 mL) and CHCl3-CH3OH (ratio v/v 2:1, 5.0 mL). Anyway, the amount of compounds
obtained after irradiation was several orders of magnitude higher than reported endogenous organics
in original meteorite samples. The powder was recovered by centrifugation (6000 rpm, 10 min) and
the supernatant phase was decanted. NH2CHO (2.5 mL) and catalytic amount of the meteorite
powder (1.0 % in weight; similar grain size distribution of particles in the range of 0–125 μm) were
irradiated in a closed (not in vacuum) Eppendorf at 273 K with a 33 MeV per nucleon (33 MeV/n)
11B-boron beam (beam flux of 3.6 105 ions/cm2/s) generated by Cyclotron facility at the Joint
International Nuclear Institute (JINR; Dubna, Russia) for 3 min. The averaged linear energy transfer
(LET) was about 57.3 keV/μm and the calculated absorbed dose was 6.0 Gy. At the end of the
irradiation the mineral was recovered by centrifugation (6000 rpm, 10 min, Haereus Biofuge), and
the excess NH2CHO removed by distillation (40 °C, 4 × 10−4 bar). The crude product was analyzed
by gas chromatography andmass spectrometry (GC-MS) after treatment withN,N-bis-trimethylsilyl
trifluoroacetamide in pyridine (620 μL) at 60 °C for 4 h in the presence of betulinol (CAS number
473–98-3) as internal standard (0.2 mg). Mass spectrometry was performed by the following
program: injection temperature 280 °C, detector temperature 280 °C, gradient 100 °C × 2 min,
10 °C/min for 60 min. Two strategies were applied for the identification of the structure of the
products. First, the spectra were compared with commercially available electron mass spectrum
libraries such as NIST (Fison, Manchester, UK). Second, GC-MS analysis was repeated with
standard compounds. All products have been recognized upon a similarity index (S.I.) greater than
98 % compared to the reference standards.

Results

NH2CHO was irradiated with 11B-boron in the presence of catalytic amount of chondrites
(Dhofar 959, Gold Basin, Chelyabinsk, and NWA 1465) and stony-iron (NWA 4482) mete-
orites (composition, historical and terrestrial provenience, and cosmo-origin of meteorites are
in SI # 1). In particular, neat formamide (2.5 mL) mixed with the appropriate meteorite powder
(1.0 % in weight) was irradiated at 273 K with a 33 MeV per nucleon (33 MeV/n) 11B beam
for 3 min (Fig. 1). The averaged linear energy transfer (LET) was about 57.3 keV/μm and the
calculated absorbed dose was 6.0 Gy. The values of temperature and dose were selected on the
basis of what actually experienced by samples during the abiotic phosphorylation and peptide
bond formation in conditions of space flight on the Biosputnik BBION-11^ satellite
(Kuzicheva and Simakov 1999; Kuzicheva and Gontareva 1999), and subsequently used in
ground-based experiments to model chemical transformations on asteroid surfaces (Simakov
2008). The meteorite powder was previously treated to remove possible traces of organics in
the original sample (observed only in the ppb range) (Cooper et al. 2011; Callahan et al. 2011).
The products were analyzed by gas-chromatography mass-spectrometry (GC-MS) after for-
mation of the corresponding trimethylsilyl ethers (TMS). The analysis was limited to products
≥1 ng/mL and the yield calculated as mg (or μg) of product per mL of starting NH2CHO. The
irradiation of NH2CHO without addition of meteorite powder afforded few products in
amounts lower than 0.05 μg/mL, including N,N-diethyl formamide, N,N-diethyl acetamide,
3-hydroxy pyridine, and pyruvic acid, in addition to unidentified peaks.

The treatment of NH2CHO with meteorite powder in the absence of 11B-boron irradiation
did not afford products in appreciable yield, even upon prolonged reaction times (24 h). Instead,
purine and pyrimidine nucleobases, some of their isomers and analogues, heterocycles, car-
boxylic acids, and intermediates required for the formation of biomolecules, were synthesized
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in the presence of meteorites (Fig. 2). Table 1 shows the most abundant products (m/z values
and peak abundances are in SI # 2). Selected chromatograms and original m/z fragmentation
spectra are in SI # 3. The complete set of nucleobases of RNA [uracil (1), cytosine (2), adenine
(3) and guanine (4)] was obtained in different yield and selectivity depending on the meteorite
used in the irradiation (Table 1). Among the chondrite meteorites, the overall nucleobases
abundances were higher with Chelyabinsk and Dhofar 959 compared to Gold Basin and
NWA1465. A differential distribution of indigenous nucleobases in chondrites was previously
observed during extraction experiments (Burton et al. 2012). Also in this analysis, Chelyabinsk
and Dhofar 959 were more active than stony-iron NWA 4482. Nucleobases were isolated in the
range of 0.11 (NWA 1465, only guanine detected) to 3.21 (Chelyabinsk, complete set of RNA
nucleobases) μg/mL (total amount of nucleobases), respectively.

Along with nucleobases, related analogues and isomers, including isocytosine (5), hypo-
xanthine (6), 2,6-diamino purine (2-DAP) (7), 2,4-diamino pyrimidine (2,4-DAPy) (8), 4,6-
dihydroxy pyrimidine (4,6-DHPy) (9), and orotic acid (10), were obtained in appreciable yield.

D959, GB, C, N1465, N4482

Fig. 1 The irradiation of NH2CHO and meteorites with 11B beam. Meteorites used in the experiment: Dhofar
959 (D959), Gold Basin (GB), Chelyabinsk (C), NWA 1465 (N1465), and NWA 4482 (N4482). For details, see
Experimental Section

Fig. 2 Products of 11B-boron irradiation of NH2CHO in the presence of meteorites
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Traces of 4-amino imidazole carbonitrile (4-AICA) were detected in the case of Chelyabinsk.
The biological relevance of compounds 5–6, 9 and 10, in the context of the origin of life and of
chemiomimesis has been previously reviewed (Saladino et al. 2008; Saladino et al. 2013b;
Hirao et al. 2012). 2-DAP (7), considered as possible extraterrestrial marker since not typically
found in terrestrial biochemistry (Callahan et al. 2011), 2,4-DAPy (8) and 4-AICA (11) are key
intermediates in the unified mechanism of nucleobase formation based on the multi-step
addition of the cyanide radical (•CN) on NH2CHO (Ferus et al. 2014). In this process,
meteorites can tune the selectivity of the condensation (Ferus et al. 2012). 4-AICA (11) is
the common intermediate for adenine and guanine, while 2,4-DAPy (8) is that of cytosine and
uracil (in this reaction pathway, 2-DAP (7) follows 4-AICA in the formation of guanine).

Carboxylic acids, with increasing levels of structural complexity have been identified in
meteorites (Pizzarello et al. 2006). The irradiation of NH2CHO with 11B-boron and meteorites
afforded pyruvic (12), lactic (13), maleic (14), oxaloacetic (15), citric (16), and parabanic (17)
acids, whose yield was higher than that reported for indigenous organics in carbonaceous
chondrites (Fig. 2, Table 1) (Cooper et al. 2011). In terms of biological relevance, compounds
12, 15, and 16 are intermediates of the reversed version of the citric acid cycle (Kreb cycle),
one of the most ancient process in metabolism (Nelson and Cox 2000), while 13 is involved in
the Cori cycle and gluconeogenesis (McArdle et al. 2010). Carboxylic acids were isolated in
the range of 0.37 (Dhofar 959, only cyctric acid) to 1.11 (NWA 1465, pyruvic, oxaloacetic,

Table 1 Products obtained after the irradiation of NH2CHO and meteorites with the 11B-boron beam

Product/Meteorite C D959 GB N1465 N4482

Uracil (1)b 1.74c,d (0.17)e 0.13(−) 0.01 traces 0.14(0.10)

Cytosine (2) 1.21 (−) 0.76(−) traces - 0.14(0.23)

Adenine (3) 0.15(0.05) 0.63(0.13) 0.16 - 0.27(0.20)

Guanine (4) 0.11(−) 0.01(1.10) traces 0.11 Traces(−)
Isocytosine (5) 0.09 - - - 0.27

Hypoxanthine (6) traces 0.18 0.21 0.01 -

2,6-DAP (7) traces 0.75 0.25 0.17 0.57

2,4-DAPy (8) 0.16 0.43 - - -

4,6-DHPy (9) 0.07 0.18 - - -

Orotic acid (10) 0.10 0.08 - - -

4-AICA (11) traces - - - -

Pyruvic acid (12) 0.13 - 0.15 0.25 0.03

Lactic acid (13) - - 0.51 0.22 -

Maleic acid (14) 0.06 - - - -

Oxaloacetic acid (15) - - - - 0.56

Citric acid (16) 0.11 0.37 0.09 0.35 0.02

Parabanic (17) 0.41 - - 0.39 0.23

a Neat NH2CHO mixed with meteorite powder was irradiated at 243 K with a 33 MeV 11 B beam for 3 min. The
averaged linear energy transfer (LET) was about 57.3 keV/μm and the calculated absorbed dose was 6 Gy. Five
meteorites of the chondrite and stony-iron families were used: Dhofar 959 (D959), Gold Basin (GB), Chelya-
binsk (C), NWA 1465 (N1465), and NWA 4482 (N4482). b 4,6-Diamonipurine (2,6-DAP), 2,4-
diamonopyrimidine (2,4-DAPy), 4-amino imidazole carbonitrile (4-AICA), 2,4-dihydroxy pyrimidine (2,4-
DHPy). c The yield of products is given in μg per 1 mL of NH2CHO.

d The data are the mean values of three
experiments with standard deviation less than 0.1 %.e Data obtained during proton irradiation as reported in
reference Saladino et al. 2015
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citric and parabanic acids) μg/mL, respectively (total amount of carboxylic acids). As reported
by Eschenmoser, the synthesis of carboxylic acids may be explained by the formation of
diamino malonitrile DAMN (Eschenmoser 2007), through a process that in space condition
proceeds by a radical mechanism involving nitrogen and carbon-centered species (Meinert et
al. 2010). Since DAMN is also the key intermediate for the formation of nucleobases (Ferus et
al. 2014), a general and unified mechanism for the origin of both nucleobases and carboxylic
acids, based on the cyanide radical (•CN) formation by NH2CHO degradation, can be
reasonably hypothesized.

Conclusions

11B-boron irradiation of NH2CHO and meteorites afford to produce nucleobases and carbox-
ylic acids in appreciable amounts. A unified mechanism based on the addition of cyanide
radical (•CN) on NH2CHO can account for the formation of both families of compounds. As a
general trend, chondrite meteorites were more reactive than stony-iron NWA 4482. In com-
parison to previously reported data on the irradiation of NH2CHO and meteorites with high-
energy (170 MeV) protons at the same dose (6.0 Gy) (Saladino et al. 2015), a lower variety of
products was detected, nucleosides and amino acids being not observed in the reaction
mixtures. Probably, the larger panel of products observed during proton irradiation relative
to boron may be in part due to the different penetration depth of the ions. On the other hand,
Chelyabinsk and Dhofar 959 produced higher amounts of nucleobases upon 11B-boron
irradiation than after proton irradiation, probably due to the higher linear energy transfer
(LET) value (that is: 53.7 keV for 11B boron versus 0.57 keV for protons). Taken together,
these data further suggest that high energy particles in CR can in general effectively and non-
fastidiously act as efficient energy source for the meteorites-catalysed prebiotic synthesis of
organics instrumental in origin of life processes.
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