
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 2
:2

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Radical pathway
Computational Biochemistry Laboratory, D

Advanced Studies in Chemistry, Panjab

E-mail: psharma@pu.ac.in

† Electronic supplementary informa
10.1039/c9ra08001e

Cite this: RSC Adv., 2019, 9, 36530

Received 2nd October 2019
Accepted 4th November 2019

DOI: 10.1039/c9ra08001e

rsc.li/rsc-advances

36530 | RSC Adv., 2019, 9, 36530–365
s for the formation of non-
canonical nucleobases in prebiotic environments†

Sarabjeet Kaur and Purshotam Sharma *

Due to the inability of canonical nucleobases (adenine, uracil, guanine and cytosine) to spontaneously form

ribonucleosides and base pairs in free form in solution, RNA is believed to be preceded by a primitive

information polymer (preRNA). The preRNA is proposed to contain non-canonical, heterocyclic bases

that possess the above-mentioned capabilities. An extensive search for such candidate heterocycles has

recently revealed that barbituric acid (BA), melamine (MM) and 2,4,6-triaminopyrimidine (TAP) have the

capability to spontaneously form ribonucleosides and supramolecular assemblies that are held by

Watson–Crick type hydrogen-bonded base pairs involving BA, MM, TAP and cyanuric acid (CA)

heterocycles. However, despite this evidence, the prebiotic formation pathways of these heterocycles

have not been fully explored. Further, for these heterocycles to interact and assemble into informational

polymers under prebiotic conditions, it is expected that they should have formed in the proximity of

each other. In this context, the present work employs density functional theory to propose the

associated radical based formation pathways starting from cyanamide. Our pathways suggest that

cyanamide, its derivatives (malonic acid and urea) and malononitrile can form BA, MM, CA and TAP in the

presence of ammonia and hydroxyl radicals. In addition to originating from a common precursor,

similarities in the highest reaction barriers (13 to 20 kcal mol�1) obtained for these pathways suggest that

these heterocycles may likely form under similar conditions. Specifically, these pathways are relevant to

high energy events such as meteoritic impact during the late heavy bombardment period on the early

earth, which would have created conditions where radicals might have formed in reasonable

concentrations. Overall, the present study emphasizes the importance of cyanamide in prebiotic

heterocycle formation.
Introduction

Owing to their ability to spontaneously form ribonucleosides
and hydrogen-bonded base pairs (similar to canonical base
pairs in RNA helices) in free form, it has been suggested that
alternate heterocycles (i.e. urazole and cytazole) could have
preceded canonical nucleobases.1 This idea subsequently
developed into a theory, which posits that the extant RNA was
preceded by a primitive RNA (i.e. pre-RNA) that involved alter-
nate heterocycles (prebiotic nucleobases) rather than canonical
nucleobases. Subsequent investigations on a large (around 81)
number of candidate heterocycles revealed that barbituric acid
(BA), melamine (MM), cyanuric acid (CA) and 2,4,6-tri-
aminopyrimidine (TAP) are four such promising prebiotic
nucleobase candidates2 (Scheme 1). Specically, BA, MM and
TAP spontaneously react with ribose or ribose 50-mono-
phosphate (rMP) to form corresponding nucleosides or
epartment of Chemistry and Centre for
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38
nucleotides.3,4 and further form BA:MM3 and BA:TAP5 base pairs
analogous to Watson–Crick (WC)-type pairs (A:U and G:C) in
water. Furthermore, BA, MM and TAP have the ability to form
supramolecular assemblies that include BA:MM,3 BA:TAP,5

CA:MM6,7 and CA:TAP4,8 pairs as constituent motifs.
To understand the origin of rst informational polymer (i.e.

preRNA) on earth, it is important to analyze the feasibility of
formation of its primary constituent components, i.e. prebiotic
nucleobases. In this context, incessant input of UV and cosmic
radiation on the early earth,9 coupled with the high-energy
impact of extraterrestrial bodies during the late heavy
bombardment period,10 points towards prebiotic conditions
where free radicals would have played an important role in
facilitating reactions leading to the formation of such hetero-
cycles. Indeed, simulations of the late heavy bombardment
period of early earth involving a laser-induced dielectric
breakdown of formamide produced radicals such as cCN and
cNH, which may have played an important role in the prebiotic
formation of canonical nucleobases.11 Further, canonical
nucleobases were synthesized in high-energy (4500 K) electric
discharge and laser-driven plasma impact simulations of
a reducing atmosphere containing NH3 and CO, where the
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Outline of the formation pathways of TAP, MM, CA and BA heterocycles.
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involvement of cCN was suggested.12 Additional studies have
suggested the role of radical pathways in bringing about
prebiotic transformations, in the presence of urea ice13 or
radiation,14,15 particularly during the late heavy bombard-
ment.11,16 Furthermore, based upon the hypothesis that organic
compounds in meteorites were formed in the solar nebula
through Fischer–Tropsch-type reactions, MM and CA were
synthesized from CO, NH3 and H2 in the presence of powdered
meteorite.17,18 In a subsequent study, urea was subjected to
freeze–thaw cycles, thereby creating microenvironments in the
ice that provided appropriate conditions for the prebiotic
formation of CA, MM and BA.19 Subsequent theoretical inves-
tigations suggest the involvement of radicals in such prebiotic
reactions.20,21

Given the relevance of BA, MM, CA and TAP in context of the
formation of prebiotic supramolecular assemblies,3–8 it is
reasonable to hypothesize that these heterocycles might have
formed and then coexisted in a common prebiotic environ-
ment, which would have ultimately led to their assembly
presumably by non-covalent interactions. Indeed, such
a scenario can be considered as a preliminary step for the
formation of subsequent more-evolved, covalently-linked
prebiotic polymers similar to extant nucleic acids. To evaluate
the hypothesis of coexistence of these prebiotic heterocycles
through their formation from a common precursor under
similar conditions, the present work attempts to explore unied
pathways for their formation in an early earth scenario using
density functional theory (DFT) based quantum chemical
calculations. Specically, we propose and evaluate radical
mechanisms for the plausible formation of BA, CA, MM and
TAP using cyanamide (Scheme 1), which is a prebiotic
This journal is © The Royal Society of Chemistry 2019
condensing agent,22,23 and a suggested precursor for natural
nucleotides.24 The proposed pathways include prebiotic
heterocycle formation through reaction of cyanamide, urea
(prebiotically derived from cyanamide25) or malonic acid (that
can, in turn, be obtained from urea14) with each other or with
other prebiotically-relevant species such as malononitrile,26,27

cNH2 (ref. 11, 12 and 28) cOH,13,20,29,30 and NH3 (ref. 30 and 31)
through the involvement of the catalytic cNH2/NH3 pair.20,29,30

We believe that our proposed pathways will provide funda-
mental insights about underlying mechanisms of formation of
non-canonical nucleobases (components of preRNA) and
hopefully inspire future experimental studies in this direction.
Computational details

Gas-phase geometry optimizations and zero-point vibrational
energy (ZPVE)-corrected electronic energy calculations of the
stationery points (i.e. reactants, transition states, intermediates
or products) along the reaction coordinates associated with the
formation of BA, CA, MM or TAP were carried out using B3LYP/
6-311G(d,p). This method was chosen in synchrony with recent
computational studies on radical pathways of prebiotically-
important reactions.13,20,29–31 Stationary points on the reaction
surfaces were characterized as minima (i.e. reactants, interme-
diates or products) or rst-order saddle points (i.e. transition
states) using vibrational frequency calculations. We note that
relative energies of some of the transition states were negative,
which may occur due to numerical noise or inclusion of zero-
point energy corrections. Similar barriers have been obtained
in previous analogous reaction pathways.20 Such pathways have
been considered as barrierless (i.e. the relative energies of the
RSC Adv., 2019, 9, 36530–36538 | 36531
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Table 1 Gas-phase B3LYP/6-311G(d,p) relative electronic energies of
transition states (TS) and the corresponding products (P) associated
with the proposedmechanisms for the formation of cyanuric acid (CA)
and melamine (MM). Electronic energies are calculated using the gas
phase B3LYP/6-311G(d,p) optimized geometries, and are reported
relative to the energies of the reactantsa

Relative energies for CA
formation (in kcal mol�1)

Relative energies for MM
formation (in kcal mol�1)

Conversion TS P Conversion TS P

1 + cOH / 2 0 �31.8 1 + cNH2 / 18 1.2 �23.4
2 / 3 7.8 7.5 18 / 19 9.5 9.3
3 / 4 4.1 �2.4 19 / 20a 3.4 �2.4
4 / 5 11.6 �0.5 20a + 19 / 21 12.0 1.0
5 / 6 7.6 3.7 21 / 22 10.4 �1.5
6 + 4 / 7 10.8 6.4 22 / 23 2.8 1.2
7 / 8 6.7 3.8 23 / 24 2.1 �13.8
8 / 9 2.0 �5.2 24 / 25 8.5 8.2
9 / 10 17.4 5.9 25 / 26 1.0 �4.1
10 / 11 0 3.6 26 / 27 14.7 �6.0
11 / 12 0 �8.5 27 / 28 12.8 1.2
12 / 13 19.9 �14.2
13 / 14 0 �9.8
14 / 15 16.6 �10.2
15 / 16 0 �10.7
16 / 17 3.1 �11.8

a Each reactant is considered in its free optimized state while
calculating the electronic energies.
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associated transitions states have been considered as
0 kcal mol�1) in the present work. Further, intrinsic reaction
coordinate scans were carried out to conrm the pathways
connecting the transition states to reactants and products of
each step. Despite careful evaluation of the pathways through
gas-phase quantum chemical calculations, we did not perform
solvent phase calculations, mainly because the concentration of
radical initiators such as cOH and cNH2 may not be sufficient in
the aqueous phase, due to predominance of radical quenching
with water molecules or recombination reactions leading to the
formation of neutral species.

To test the method dependence of the derived results and
conrm the feasibility of the proposed pathways, optimiza-
tions were re-performed using three additional functionals
(i.e. uB97XD,32 M06–2X,33 and B2PLYP34). These calculations
reveal deviations of 0–7 kcal mol�1 compared to all calcu-
lated energy barriers, and up to 5.0 kcal mol�1 reduction in
the highest barrier calculated using B3LYP (Table S1†).
Further, the mean and maximum absolute deviation of
B3LYP energies with respect to the M06-2X energies is
2.6 kcal mol�1 and 7.2 kcal mol�1, respectively (Table S2†).
Regardless, recalculation at other DFT functionals does not
signicantly affect the conclusions derived from the present
work. As a result, B3LYP/6-311G(d,p) calculations have been
discussed in this work, in order to allow meaningful
comparisons with previous studies.21,24,29,31 All quantum
chemical calculations were carried out using the Gaussian
09 suite of programs.35

Results
Formation of CA

The initial step for CA formation involves the barrierless
attack of cOH on the cyano group of cyanamide (1) to give 2
(Table 1, Scheme 2, Fig. 1 and S1†). This step is followed by
hydrogen abstraction from NH3 by 2 through a barrier of
7.8 kcal mol�1. The resulting neutral intermediate 3 crosses
a barrier of 4.1 kcal mol�1 through the attack of cNH2 to form
species 4 with the radical centre at the terminal amino group.
A subsequent attack of 4 on the imine group of another
molecule of 3 across a barrier of 11.6 kcal mol�1 generates the
radical intermediate 5.

The next step involves the formation of 6, through the
abstraction of hydrogen from NH3 by 5 across a barrier of
7.6 kcal mol�1. Subsequent formation of species 8 is accom-
plished by 10.8 kcal mol�1 attack of 4 on 6 to form 7, followed
by hydrogen abstraction from NH3 by 7 through 6.7 kcal mol�1

barrier. Further, a low (2.0 kcal mol�1) barrier formation of
radical centre at the terminal amino group of 8 gives 9, which
then undergoes high (17.4 kcal mol�1) barrier cyclization. The
resulting cyclized intermediate 10 converts into neutral
intermediate 11 by the barrierless attack of NH3. A subsequent
barrierless abstraction of hydrogen from one of the –OH
groups of 11 by cNH2, followed by high (19.9 kcal mol�1)
barrier release of cNH2, results in the introduction of
a carbonyl group in 13. In a similar manner, the other two
carbonyl groups of CA (17) are formed by hydrogen abstraction
36532 | RSC Adv., 2019, 9, 36530–36538
from the remaining two –OH groups of 13, followed by the
release of two additional cNH2. Overall, the formation of CA is
accomplished in 16 steps and consumes three molecules of
cyanamide, three cOH and one NH3.
Formation of MM

MM formation proceeds through the attack of cNH2 on
cyanamide 1 to generate 18, which possesses the radical
centre at nitrogen (Table 1, Scheme 3, Fig. 1 and S2†). 18 is
then attacked by NH3 through 9.5 kcal mol�1 barrier to give
19, which is converted into its radical form (20) by passing
a low (3.4 kcal mol�1) barrier. 20 can adopt two conforma-
tions (i.e. 20a and 20b, Fig. S5†) depending upon the location
of the attack of cNH2 on 19. Nevertheless, due to high energy
associated with the impact events, rapid rotation across the
bond renders a mixture of two conformers (20a and 20b).
However, only 20a can proceed towards MM formation.
Specically, the attack of 20a on another molecule of 19
across a barrier of 12 kcal mol�1 forms the radical dimer 21,
which releases cNH2 by crossing 10.4 kcal mol�1 barrier to
form 22. cNH2 then attacks the terminal amino group of 22
through 2.8 kcal mol�1 barrier to form 23, which is then
attacked at its cyano position by a second cyanamide mole-
cule to produce 24 with the radical centre at nitrogen. The
formation of 25 (trimer of 19), is then accomplished by the
abstraction of hydrogen from NH3 by the radical centre of 24
across a barrier of 8.5 kcal mol�1. Subsequently, 25 undergoes
a low (1 kcal mol�1) barrier attack of cNH2 at the terminal
This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Proposed radical mechanism along with the corresponding transition states (TSs) for the formation of cyanuric acid (17) from
cyanamide (1).
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amino group and generates 26, which cyclizes into 27 by the
high (14.7 kcal mol�1) barrier attack of terminal cNH– group
on the sp2 carbon. Finally, the release of cNH2 from 27 across
a barrier of 12.8 kcal mol�1 forms MM (28). Overall, the
formation of MM is accomplished in 11 steps and consumes
three cyanamide molecules and one cNH2. Further, one NH3

is released and two cNH2/NH3 pairs play catalytic roles.
Formation of BA

The rst step for BA formation involves the production of urea
radical (30) from urea 29 by the attack of cNH2 radical (Table 2,
Scheme 4, Fig. 2 and S3†). 30 then attacks the carbonyl carbon
of malonic acid (31) across 8.9 kcal mol�1 barrier to form the
radical intermediate 32. Release of cOH from 32 across a barrier
of 12.1 kcal mol�1 retrieves the third carbonyl group of BA,
thereby forming 33. A low (5.5 kcal mol�1) barrier attack of cNH2

on the terminal amino group of 33 generates intermediate 34
having the radical center at nitrogen. 34 involves
13.1 kcal mol�1 intramolecular attack on its electron-decient
carbonyl carbon to form cyclic intermediate 35. Release of
cOH from 35 across a barrier of 11.1 kcal mol�1 gives BA (36) as
the end product. Overall, the conversion of urea and malonic
acid into BA is achieved in 6 steps and involves the consump-
tion of two cNH2 and the generation of two NH3 molecules and
two cOH.
This journal is © The Royal Society of Chemistry 2019
Formation of TAP

Although conformation 20a (Fig. S5†) of intermediate 20
proceeds toward MM formation (vide supra), the alternate
conformation (20b) is involved in TAP formation. However, at
high temperatures (characteristic of impact events), the two
rotamers (20a and 20b) can switch into each other. Therefore,
a mixture of both melamine and 2,4,6-triaminopyrimidine will
be formed under these conditions. Specically, 20b attacks the
cyano carbon of malononitrile (37) through 10.0 kcal mol�1

barrier to form intermediate 38 (Table 2, Scheme 5, Fig. 2 and
S4†), which barrierlessly abstracts a hydrogen from NH3 and
converts into neutral intermediate 39. The terminal amino
group of 39 then undergoes low (3.3 kcal mol�1) barrier attack
by cNH2. The resulting radical intermediate 40 further cyclizes
by crossing a modest (8.2 kcal mol�1) barrier to form 41, which
bears radical at nitrogen. Intermediate 41 abstracts a hydrogen
from NH3 through a 10.3 kcal mol�1 barrier to form a neutral,
imine-containing analogue of 2,4,6-triaminopyrimidine (42).
Three subsequent ammonia-assisted imine-enamine tautome-
rizations of 42 through 3.4, 2.4 and 13.6 kcal mol�1 barriers give
TAP (45). Overall, starting from cyanamide, TAP formation is
achieved in a total of 11 steps. Further, the formation of TAP
frommalononitrile involves consumption of one NH3. However,
three NH3 molecules (that assist in imine-enamine tautom-
erism) and two cNH2/NH3 pairs act as catalysts.
RSC Adv., 2019, 9, 36530–36538 | 36533

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08001e


Fig. 1 Potential energy curves depicting the B3LYP/6-311G(d,p) (blue),
uB97XD/6-311G(d,p) (black), M06-2X/6-311G(d,p) (red), and B2PLYP/
6-311G(d,p) (green) level relative electronic energies (kcal mol�1) of the
various species associated with proposed mechanism of (a) CA and (b)
MM. Energies of transition states and products are reported relative to
the energies of the reactants of each step using free reactant state as
the reference state.

Table 2 Gas phase B3LYP/6-311G(d,p) relative electronic energies of
transition states (TS) and the corresponding products (P) associated
with the proposed mechanisms for the formation of barbituric acid
(BA) and 2,4,6-triaminopyrimidine (TAP). Electronic energies are
calculated using the gas phase B3LYP/6-311G(d,p) optimized geom-
etries, and are reported relative to the energies of the reactantsa

Relative energies for BA
formation (in kcal mol�1)

Relative energies for TAP formation
(in kcal mol�1)

Conversion TS P Conversion TS P

29 / 30 4.8 2.4 37 + 20b / 38 10.0 �9.6
30 + 31 / 32 8.9 5.8 38 / 39 0 10.8
32 / 33 12.1 7.7 39 / 40 3.3 �8.3
33 / 34 5.5 2.1 40 / 41 8.2 �13.3
34 / 35 13.1 1.5 41 / 42 10.3 9.5
35 / 36 11.1 5.2 42 / 43 3.4 �2.7

43 / 44 2.4 �6.2
44 / 45 13.6 �20.2

a Each reactant is considered in its free optimized state while
calculating the electronic energies.
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Discussion

The present work focuses on the formation pathways for four
prebiotic heterocycles, i.e. BA, MM, CA and TAP in an early earth
Scheme 3 Proposed radical mechanism along with the corresponding tran

36534 | RSC Adv., 2019, 9, 36530–36538
environment from a common precursor, i.e. cyanamide
(Scheme 1). Cyanamide, is a suggested precursor to natural
nucleotides,24 and plays an important role in prebiotic reac-
tions.22,23,36,37 Although cyanamide can directly convert to CA or
MM through the involvement of cOH (CA) and cNH2/NH3 pair
(CA and MM), BA formation requires urea,38 which can be pre-
biotically derived from hydrolysis of cyanamide25,39 or can be
directly derived from other prebiotic sources such as irradiation
of prebiotic ammonium cyanide.40 In addition, BA formation
requires malonic acid, which can be prebiotically formed by the
sition states (TSs) for the formation of melamine (28) from cyanamide (1).

This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Proposed radical mechanism along with corresponding transition states (TSs) for the formation of barbituric acid (30) from urea (23)
and malonic acid (25).

Fig. 2 Potential energy curves depicting the B3LYP/6-311G(d,p) (blue),
uB97XD/6-311G(d,p) (black), M06-2X/6-311G(d,p) (red), and B2PLYP/
6-311G(d,p) (green) level relative electronic energies (kcal mol�1) of the
various species associated with proposed mechanism of (a) BA and (b)
TAP. Energies of transition states and products are reported relative to
the energies of the reactants of each step using free reactant state as
the reference state.
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g irradiation of urea involving water radiolysis.14 In contrast, the
formation of TAP requires the reaction of cyanamide with
malononitrile and involves the cNH2/NH3 pair. Malononitrile
used in this pathway is a prebiotically important molecule26 and
its derivative (aminomalononitrile) is a trimer of HCN,41 a likely
photochemical product of primitive atmosphere.42 NH3,
a component of early earth atmosphere,43 cNH2/NH3 pair
(derived from NH3), and cOH (photochemically formed from the
dissociation of water vapors44) used in these pathways have
been previously suggested to play important role in prebiotic
reactions.13,20,29–31 For example, cOH is observed in triazine
synthesis where urea:water ice mixtures act as its source.13

Similarly, cNH2 is a photolysis product of early earth NH3.45

The sixteen-step pathway for CA formation requires three
molecules of cyanamide, three cOH, one NH3 and three catalytic
cNH2/NH3 pairs (Scheme 2 and Fig. S1†). Despite barrierless
formation of ve intermediates, the remaining eleven steps
involve 2–20 kcal mol�1 reaction barriers. Specically, the
highest barrier (19.9 kcal mol�1) step pertains to the formation
of rst carbonyl group, which is comparable to the highest
barrier (20.6 kcal mol�1) obtained for previously proposed
pathways involving urea and cNH2.21 Further, our proposed
pathway involves trimerization of intermediate 3, which is
analogous to the experimentally-proposed trimerization of
cyanic acid to CA.46 In contrast, MM formation consumes three
molecules of cyanamide (required for the formation of three
molecules of intermediate 19 that forms MM, Scheme 3 and
Fig. S2†) and one cNH2, and involves two catalytic cNH2/NH3

pairs. This route involves eleven steps with barrier heights
ranging from 1–15 kcal mol�1. Further, the highest (i.e. cycli-
zation) barrier of 15 kcal mol�1 is signicantly smaller than the
cNH2 assisted MM formation from urea (26 kcal mol�1).21

On the other hand, BA formation involves one molecule each
of urea and malonic acid, two cNH2 radicals and release of two
cOH and two NH3 (Scheme 4 and Fig. S3†). This six-step pathway
is characterized by the highest (i.e. cyclization) barrier of
13.1 kcal mol�1, which is signicantly lower than the highest
This journal is © The Royal Society of Chemistry 2019
barrier (40.0 kcal mol�1) involved in previously-proposed
radical pathway for BA formation from formamide and acety-
lene.29 However, the mechanism for the prebiotic TAP forma-
tion involves cyanamide (the precursor of intermediate 19),
malononitrile, one NH3 and two catalytic cNH2/NH3 pairs
(Scheme 5 and Fig. S4†). This eleven-step pathway involves the
highest barrier of 13.6 kcal mol�1. Although various substituted
2,4,6-triaminopyrimidines have been obtained in literature by
reuxing malonic nitriles with guanidine in alcohol,47,48 TAP
RSC Adv., 2019, 9, 36530–36538 | 36535
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Scheme 5 Proposed radical mechanism along with corresponding transition states (TSs) for the formation of 2,4,6-triaminopyrimidine (45) from
malononitrile (37) and 20b.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 2
:2

7:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
formation under prebiotic (radical) conditions is not reported
in the literature. The present work thus tries to ll this gap by
suggesting a route appropriate to the early-earth scenario.

The overall highest barrier observed in the synthesis of four
heterocycles (BA, MM, CA and TAP) is 20 kcal mol�1 (Fig. 1 and
2), which is signicantly smaller than the barriers to similar
prebiotic reactions, such as formation of pyrimidines
(40 kcal mol�1)29 and purines (43 kcal mol�1)31 from formamide
and formation of purines (36 kcal mol�1) from cyanamide.24

This suggests that the formation of prebiotic heterocycles
(thereby, preRNA) might have been more feasible than canon-
ical nucleobases on the early earth. Further, out of all four
heterocycles, BA formation is most favored, since it takes place
in relatively smaller (six) number of steps and involves modest
energy barriers (5–13 kcal mol�1) compared to CA, MM or TAP
formation having higher (eleven or sixteen) number of steps
and higher energy barriers (0 to 20 kcal mol�1, Fig. 1 and 2).
Regardless, the barrier associated with the energetically most
demanding formation step of all four prebiotic heterocycles is
very similar (13 to 20 kcal mol�1, Fig. 1 and 2). This, in addition
to the common origin of their starting precursors, indicates that
BA, MM, CA and TAP might have formed under similar prebi-
otic conditions through the suggested pathways.

The structural similarities of the considered prebiotic
heterocycles with their precursors further lend support to the
plausibility of our suggested formation pathways. Specically,
urea and malonic acid contain all the skeletal components
required for BA formation. For instance, the –NH2–CO–NH2–

segment of urea and –CO–CH2–CO– segment of malonic acid
can be directly incorporated into the BA skeleton. Similarly, the
–(NH)2C]NH– segment of MM is obtained from guanidine
(intermediate 19), which is in turn formed from cyanamide.
Further, the constituent components of CA (i.e. –NH–CO–NH–

segment) can be obtained from cyanamide (N^C–NH2) and
36536 | RSC Adv., 2019, 9, 36530–36538
cOH, whereas the –(NH2)C]CH–C(NH2) and –(NH)2C]NH–

segments of TAP can be obtained from malononitrile and
guanidine, respectively. Thus, the proposed pathways auto-
matically optimize the atom economy, since all the components
of the heterocycles can be obtained from one or two precursors
and radicals (cOH and/or cNH2).

Overall, our results suggest that the common precursor to
the formation of prebiotic heterocycles (BA, MM, CA and TAP)
under similar environmental conditions will bring them close
to form prebiotic supramolecular assemblies held by non-
covalent interactions,3–8 which would have ultimately paved
way to the formation of more complex prebiotic information
polymers. Nevertheless, side reactions associated with radical
pathways cannot be neglected and by-products formation is
ensued. However, any sufficiently high energy event such as
impacts of extraterrestrial bodies can produce enough radicals
(initiators and radical intermediates) for such pathways to give
product heterocycles and compensate side reactions such as
radical quenching by recombination. Regardless, elucidation of
the routes that led to the formation of prebiotic heterocycles in
a similar environment can strengthen our understanding of
primitive genetics.
Conclusions

In the present study, we propose that the precursor cyanamide
and its derivatives, urea and malonic acid can react with other
relevant precursors such as malononitrile, cNH2 and cOH radi-
cals (products of reactions in early earth atmosphere) to give
MM, TAP, CA and BA under prebiotic conditions. The proposed
pathways are characterized by smaller (upto 20 kcal mol�1)
barriers to the energetically most demanding reaction step
compared to other similar prebiotic reactions (26–
43 kcal mol�1).21,24,29,31 Further, in the suggested pathways, one
This journal is © The Royal Society of Chemistry 2019
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or two types of precursors and radicals (cOH and/or cNH2) can
form all the skeletal components of the heterocycles, thereby
optimizing the atom economy.

Most importantly, we posit that for the prebiotic heterocycles
to form supramolecular assemblies that later evolved into the
rst information polymer, their proximity in a prebiotic envi-
ronment is crucial. In this context, our proposed pathways,
which are characterized by a common, starting precursor
(cyanamide) and similar, low barriers, might help these
heterocycles to form at the same place and under similar
environmental conditions. This will, in turn, ensure their
proximity to form prebiotic supramolecular assemblies held by
non-covalent interactions. Altogether, such a scenario would
have ultimately paved way to their evolution into more complex
information-bearing polymers.

The present work will thus hopefully contribute to some
extent in getting a clearer idea of the origin of the rst infor-
mational polymer. However, future experimental studies based
on the idea of the common origin of heterocycles and the
involvement of suggested precursors (cyanamide and urea)
might give more insights.
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