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Fig. 1. Metadynamics-based analysis of the formation of formamide. (A) Representation of the chemical possible paths and intermediate/transition states. C-N,
+H(C), and -H(N) indicate the formation of a CN bond, the formation of a CH bond, or the break of a NH bond, respectively. Secondary intermediate states are
referred to in the text as SIS1, SIS2, and SIS3 from the top to the bottom, respectively. (B) Metadynamics-based free-energy landscape as function of the C-N
distance reaction coordinate. (C) Statistical occurrence of the potential transition states (TS) with and without an external field, following the same color code as
in A, and nomalized with respect to the total occurrences in the fieldless case. (D) Energetics of the reaction with (blue line) and without (red line) the electric
field, evaluated by identifying the “purple” (TS2) step as the reaction transition state as E(TS2)=Eg-Hn(P(TS2)/8, where Ej; is the MetD barrier, P(TS,) is the nor-
malized statistical occurrence of a given TS, state, and B is the thermal term. Energy values are expressed in kilocalories per mole throughout the whole image.
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Observations of Interstellar Formamide: Availability of a Prebiotic Precursor in the
Galactic Habitable Zone

To cite this article:
Gilles R. Adande, Neville J. Woolf, and Lucy M. Ziurys. Astrobiology. May 2013, 13(5): 439-453.
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Schematic representation of the Milky Way Galaxy. The Sun is indicated by the cross.
The galactic habitable zone is indicated by the dashed, gray circles, based on work
of Gowanlock et al. (2011). The approximate galactic positions of the molecular clouds
where formamide has been detected are indicated by filled circles. The circle size indicates
the relative amount of formamide. The figure summarizes the current work and past
observations.
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Shedding light on the formation of the pre-biotic molecule
formamide with ASAI

A. Lépez-Sepulere’23*, Ali A. Jaber'?4, E. Mendoza®, B. Lefloch!?, C. Ceccarelli'?,
C. Vastel®?, R. Bachiller®, J. Cernicharo?, C. Codella'’, C. Kahane', M. Kama'!,
M. Tafalla® §

Table 2. Number of NHoCHO and HNCO detected lines

NH2CHO HNCO
Source # Equ(K) # E4(K)
L15442 0 — 2 10-16
TMC1 0 — 3 10-16
B1 0 — 4 10-30
L1527 0 — 4 10-30
L1157-mm 0 — 4 10-30
IRAS 4A 7 15-70 10  10-130
SVS13A 13 15-130 19  10-130
OMC-2FIR4 21 10-130 9  10-100
Cep E 5 10-22 5 10-85
116293 12 10-160 16  10-95

20nly 3-mm data available.




Elemental Formamide Chemistry

Terrestrial
conditions
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Degradation

Formamide is easily produced by both space and planetary processes starting from mixtures of simple compounds. Once formed
it can directly polymerize to biomolecules or it can in part degraded to other low molecular weight derivatives useful intermediates
For the synthesis of biomolecules.
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Formamide prebiotic chemistry under thermal conditions. Pioneering studies.
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Formamide and minerals
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Prebiotic synthesis of biomolecules from formamide under thermal
Conditions. Degree of confidence
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Synthests of nucleobases from formamide metal oxides and minerals. An overview.
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Prebiotic formyltransferase and IMP-cyclohydrolase
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General criteria for validating a prebiotic process

Criterion of simplicity
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“certain biosynthetic pathways can be considered as chemiomimetic of early prebiotic chemistry’
Eschenmoser, A.; Loewenthal, E. Chem. Soc. Rev. 1992, 1.
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Condensing agents and others Heterocyoles (nuol eobases)
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High-energy chemistry of formamide: A unified
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Fig. 2. (A) Experimental set-up used for the formamide irradiation. (B) Laser
hall with the sample placed at the end of the beam line.
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Photochemical Synthesis of Citric Acid Cycle Intermediates Based on Titanium
Dioxide
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Reductive citric acid cycle
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MO-r Electronic Stuctures and excited states profiles
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After the interaction with radiation, the formamide can be excited to high energy levels from which the molecule can be dissociated
Yielding radical species, mainly centered at the N or C atoms. In figure we describes the energy profile for these processes. This is the
Core of reactivity of formamide.



Formamide dissociation processes

BIOMOLECULES
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First level of reactivity

If radicals are quenched inside the first coordination sphere, as for example by hydrogen atom abstraction processes, they will produce
simple compounds such as carbon monoxide (CO), hydrogen cyanide (HCN) and ammonia (NH3) which are not directly involved in the
life of the cell. We can call this phenomena as the first level of reactivity of formamide.
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In this context it is worth to note that minerals can change the energy profiles for the formamide dissociation thus tuning the
Reactivity and the selectivity of the transformations. This is the third level of reactivity for formamide, the most useful for the
Formation of biomolecules.



Formamide dissociation processes
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Antol I. et al. QM/MM non-adiabatic decay dynamics of formamide in polar and non-polar solvents. Phys. Chem. Chem. Phys., 2012,14,
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Nucleobases and heterocycles
Carboxylic acids
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Prebiotic synthesis of nucleosides
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With respect to other synthesis reported in the literature, this is the most simple and direct synthesis of a nucleoside under
Prebiotic conditions.
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” Astrophysics

Boron as component of primary Cosmic Ray Radiation af;d.SPace
cience

Astrophysics and Space Science 12 (1971) 98-103, All Rights Reserved
Copyright © 1971 by D. Reidel Publishing Company, Dordrecht- Holland

THE RELATIVE ABUNDANCES OF THE ISOTOPES OF LITHIUM,
BERYLLIUM AND BORON
IN THE PRIMARY COSMIC RADIATION

N.DURGAPRASAD

Tata Institute of Fundamental Research, Bombay, India
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Cosmic Abundance of Boron

A G.W.CAMERON", S. A COLGATET & L. GROSSMAN®

‘Belter Graduate School of Scance, Yeshiva University, New York, and Goddard Instaum for Space Sudes, NASA, New York
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The interstellar abudance of boron is of relevant interest for the analysis of chemical

evolution in our Galaxy

A) Spallation (fission) reaction: High energy Galactic Cosmic Rays break
apart heavier massive nuclei

B) Fusion reaction: Low energy cosmic rays interaction with interstellar hydrogen

and helium in presolar clouds

) neutron
fission
@ product
/ neutron
9 — 9
neutron
target ~ i
nucleus fission
product
) neutron

confirming the higher prevalence of "B in the pre-Solar Nebula

Chaussidon M, Robert F Nature 1995, 374, 337-339

Value found
In the Solar System
and meteorites



Formamide irradiation at U400M cyclotron

JINR-Cyclotron

1.4 mm of plastic

In each tube: S S 8.5 mm

Bragg's peak
glass 1 mm
p=2,5 glem? -
: " B I-E.rmin=
33 MeV/n 57.3 keVipm
w L i
A 'I'\I;me[al Class Type
P=0.8 gr/em” |1y meteorite
L
formamide ' "_ ' -
Meteorites: Dohfar 959 1 NWA4482 Stony iron  Pallasite Anomalous
Gold Basin
NWA14§5 '2 KWA1465 'Chondrite ”m'inary
Chelyabinsk 3 Gold basin Chondrite Ordinary
NWA 4482 6 Dhofar Chondrite Ordinary
y Chelyabinsk Chondrite Ordinary




In each tube:

Formamide irradiation at U400M cyclotron
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Chelyabinsk-Comparison between !B and Proton irradiation

ug/mL

1,8

1,6

1,4

1,2

0,8

00 V. 4 Ay Proton
0,4

0,2 - - Boron

Uracil Cytosine Adenine Guanine

[

W Boron M Proton




ug/mL
1,2

0,8
0,6
0,4

0,2

Uracil

Dhofar-Comparison between !B and Proton irradiation

A ’ ' ' Proton
- Boron

Cytosine

Adenine

W Boron M Proton

Guanine




ug/mL
0,5

0,4
0,3
0,2

0,1

Gold Basin-Comparison between 11B and Proton irradiation
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NWA 1465-Comparison between !B and Proton irradiation
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NH, 0 Glycotysis and gluconeogenesis
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nucleobases -— - OH pids ) Citric acd cycle
CHO o [} Glyoxylic acid cycle
H——OH B alanine [ Synthesis of amino acids
(u— —OH) % OH .
H——OH [ ] Synthesis of nuclex acid bases
H——OH Synthesis of phospholipxds
CH,O0H H % [e]
MCI* N
CI* sugars ,CI* DHA Me
/ Acetyl-CoA
NH; tf B pyruvic ac

X i
. Me
B,M,P gy citric ac. —=  cis-aconitic ac.
// % BZM |actic ac HOW

porphyrins M oxaloacetic ac. o
- A H HJTDH {3  isocitric ac.
NH; o o
N OH
Sy SLE. XY T R
Z N NH, '
M malic ac. 0 (o}

2 ’;deﬂme guanine " oxalosuccinic ac.
(k 5 J\g,o Ho)kg,ou

»'1 BZCr BZF.Cl' o -

thymine ﬁ H { ‘

B glyoxylic ac

cy‘lomr‘e Uram] phospholipids
X
B 0 0 2 '
B.ZM/F,TPCCLSCI* WOH )\/\I(OH HO H keto
HO émm Ho -— glutaric ac.
(o} o PT
Z fumaric ac. Z succinic ac.

B= Borate minerals; Z= Zirconium minerals; M= Murchison minerals; F= Iron sulfur minerals; T= Titanium dioxide;
P= Phosphate minerals; C= Cosmic dust analogues; Cl= Clays; S= Silica; CI'= Clays/formaldehyde; PT= Photochemistry with TiO,
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