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(Abstract)

Prebiotic formation of triazines from urea was studied using density functional theory
methods with the aim of understanding some of the neutral precursors that can lead to a
mixture of triazines. The proposed mechanisms are based on free radical routes without
solvent requirements that are appropriate for prebiotic scenarios occurring under highly
non-equilibrium conditions. These include spark discharge or ultraviolet driven reactions
taking place on or within low temperature ice or reactions simulated by meteoritic impact
on organic surfaces on Titan and possibly early Earth. The ice increases radical lifetimes
while the impact events produce sufficient heat to generate useful free radical densities in
the impact zones. The mechanisms proceed through relatively small energy barriers. The
pathways predict that biuret is a precursor for cyanuric acid, and guanylurea is a
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precursor for both melamine and ammeline. Based on the predicted precursors of the
triazines, the established mechanisms provide a theoretical support for previous thermal

synthesis of the triazines from urea and biuret.
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I. Introduction

Melamine, ammeline, ammelide, and cyanuric acid belong to the 1,3,5-triazine
family of organic compounds. Triazines have been formed in prebiotic simulation
experiments and have been detected within complex mixtures of C- and N-bearing
compounds. These complicated mixtures are often collectively referred to as tholins.'”
Several experiments have suggested that tholins or tholin-like materials are also likely
involved in the formation of organic aerosols in the haze layer in Titan’s atmosphere.
Indeed, tholins possessing similar optical properties to those observed on Titan, Saturn’s

largest moon, have been shown to contain triazines.'”

Also, it appears that Fischer-Tropsch reactions may have been a source of organic
compounds in meteorites.” Melamine, ammeline, and cyanuric acid have been identified
in meteoritic samples. Melamine, cyanuric acid, guanylurea and urea were also identified
in the Murchison C2 chondrite samples after acid hydrolysis.* . There is also evidence
that suggests triazines could be formed by processes that may have occurred in the solar
nebula.”> However, the origin of the organic and nitrogen containing matter in
carbonaceous chondrites and in the solar nebula is still not well established and requires

further mechanistic investigations.

In laboratory experiments, triazines can be formed from a mixture of simple gases
or directly from urea as the only source of C and N. Hayatsu ef al. reported formation of
melamine, ammeline, and cyanuric acid spontaneously from CO, H,, and NHj; mixture.’

Also urea and biuret were detected in these experiments.” Most probably urea and biuret
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are formed first and then consumed as precursors for the triazines.  Formation of
triazines from urea/ice mixture was recently reported® but this required spark discharge
activation. In addition, Briggs et al. reported formation of urea in the photolysis of CO,
NH3, and H,O mixture at a low temperature of 12 K.” These studies further support the
idea that urea could have been an important source of triazines and other organic
compounds. Both urea and biuret have also been suggested as prebiotic purine

precursors. 8

In addition, triazines such as cyanuric acid have unique structural features that
lead to the formation of supramolecular assemblies by non-covalent interactions. These
non-covalent interactions may have played a role in prebiotic chemistry, with unique
physicochemical properties in non-terrestrial environments. The symmetry and the
multiple functional groups of triazines make them good monomer candidates for self-
assemblies. Indeed, Cafferty et al. demonstrated that cyanuric acid together with
functionalized-pyrimidines yields supramolecular polymer assemblies, thus, providing
new ways to make RNA-like polymers.” Such a supramolecular self-assembly has been
previously considered under prebiotic conditions.'’ Melamine was also demonstrated to
form hydrogen-bonded supramolecular structures with N-heterocyles.!' The possible role
of melamine and cyanuric acid in self-assembly processes provides new insight in

prebiotic chemistry.

The current project describes mechanisms for the formation of melamine,
ammeline, ammelide, and cyanuric acid from urea. The mechanisms are consistent with a
recent study for the synthesis of the triazines when urea was subjected to freeze-thaw

cycles and spark discharges under CH4/No/H, or argon atmosphere.® The mechanisms are

4
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based on the fact that both biuret (NH,CONHCONH,) and guanylurea
(NH,CONHCNHNH,) are condensation products of two urea molecules and are
precursors of cyanuric acid and melamine/ammeline, respectively. The use of spark
discharges for the formation of triazines suggests that free radicals may be involved in the
processes. Electron spin resonance spectroscopy analysis of tholins produced by spark
discharges showed both carbon-centered and nitrogen-centered free radicals'> and
carbon-carbon bond forming free radical reactions were previously suggested to take
place at low temperature. Bernstein et al. proposed that these carbon-carbon bonds may
be formed by the reaction of either “hot” radicals generated by photolysis at 12 K or
“cold” radicals mobilized by an increase in temperature.”> Therefore, the current study
focuses on the density functional theory calculations for the formation of triazines by free
radical pathways. We previously reported free radical pathways to describe the potential
prebiotic synthesis of a mixture of nucleobases from formamide.'* '° Our strategy has
been finding of mechanisms that lead to a mixture of a group of related compounds. Such
strategies are consistent with experimental observations of formation of a mixture of
products. The current study focuses on the formation of triazines from urea by free
radical pathways making use of quantum chemical computations with density functional
theory (DFT). These reactions can occur both in the gas-phase and condensed-phase

providing non-thermal excitation sources are available.
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II. Computational Methods

All standard calculations using density functional theory (DFT) were performed
with the aid of the Gaussian 09 suite of programs.'®_ The hybrid B3LYP functional,'” '®
in conjunction with the 6-311G(d,p) basis set'’ was used for all calculations. Harmonic
vibrational frequency calculations were carried out at the same level in order to confirm
the nature of stationary points, and to obtain zero-point vibrational energies. Each
transition structure was characterized by having one imaginary vibrational frequency for
the normal mode corresponding to the correct reaction coordinate. Geometrical
parameters of the relevant stationary points are listed in the Supplementary Information

(ESD) file. Our recent theoretical studies®*?'

pointed out that the B3LYP functional is
suitable for investigating reaction pathways involving formamide. The use of this DFT
method, in the unrestricted formalism (UB3LYP), allows us to study open-shell

radicals.?*?*

III. Results and Discussions

In order to facilitate the reading, Figure 1 shows the structures of the triazines
investigated here. Both theoretical and experimental work over the past decades on
triazines led to the development of scenarios that could lead to the formation of triazines
in prebiotic plausible conditions. Because of the structural similarities of the selected four
triazines (Figure 1), experiments have shown that urea could be the main source of C and
N. The mechanisms described here are based on the formation of the triazines in spark
discharge experiments when urea: water ice mixtures was subjected to freeze-thaw cycles

under argon.® Under such experimental conditions, free radical mechanisms are likely to
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occur. In fact, ice has been suggested as a good gettering source of free radicals for
heterocycles.”” Experimental evidence indicating biuret as a precursor for triazines can
also now be addressed using the free radical mechanism. Table 1 shows the changes in

energies of the pathways leading to the formation of triazines from urea.

. Validation of the DFT methods

To test the effect of basis set on the energetics along the routes, the structures
optimized at B3LYP/6-311G(d,p) level of theory in Scheme 1 were thus subjected to
geometry re-optimizations using a large basis set 6-311++(3df, 3pd). Figure 2 shows that
the results from the larger B3LYP/6-311++(3df, 3pd) +ZPE energies are comparable to
those obtained using the smaller 6-311G(d,p) basis set. The overall pattern of the barrier
heights is not changed. These results suggest that the transition state is not substantially
affected by the size of the basis set, and similarly the minimum energy paths.

In addition, our DFT methods were compared with CCSD(T) computations. The
computations using CCSD(T) methods require enormous computer time with our current
computer hardware for the species involved along the pathways, therefore, only the first
step of the mechanism was tested. The computation of the first step of the mechanism (1
— 2) using CCSD(T)/6-311G(d,p) gave a change of energy of 2.1 kcal/mol that is
comparable to the value of -0.3 kcal/mol (Table 1) calculated at B3LYP/6-311G(d,p).
Similar differences in energy of less than 2.5 kcal/mol between the two methods was
previously reported.”” This validation suggests that the calculations performed at

B3LYP/6-311G(d,p) in the present study are reasonably accurate.
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2. Mechanisms for the Formation of Melamine

Formation of melamine likely requires three molecules of urea (Scheme 1). The
energy profile schematically illustrating the process is summarized in Figure 2. Only the
lowest-lying pathway is shown. Let us now describe the steps in some detail. The first
step is an activation of urea to generate the radical intermediate 2. The energy barrier for
urea activation is relatively small and is calculated to be 4.8 kcal/mol (Figure 2). In the
current mechanism, three sequential steps have been further identified to lead to the
formation of guanylurea (5).The first step is the radical addition of 2 to the carbonyl
group of urea that proceeds through an energy barrier of 19.0 kcal/mol. This is followed
by a 1,3-H-rearrangement from N to O (3 — 4). This 1,3-H rearrangement proceeds
through a four-membered ring transition state with an energy barrier of 22.4 kcal/mol
(Figure 2). The energy profile suggests that this reaction is reversible with relatively no
change in net energy (Table 1). The reversibility of this type of reaction is important
because the oxygen radical in 3 may lead to an elimination of a *NHjradical as an
alternate route. We will see later that the elimination of *NH,; is important for the route
leading to cyanuric acid. The 1,3-H rearrangement is then followed by a radical induced
elimination of an *OH leading eventually to the formation of guanylurea (5). Of note,
guanylurea (5) in Scheme 1 has been previously described as the condensation product of
urea. Thus, because steps 3 and 4 may lead to the formation of *NH, or *OH, one may
also consider that they could be involved in a H-abstraction reaction from urea to

generate more of 2.

The carbonyl group in guanylurea (5) is susceptible to a radical attack by 2.

Addition of 2 to guanylurea (5) provides the last C needed for melamine. The energy
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barrier for 5 — 6 step is evaluated to be 20.6 kcal/mol (Figure 2). As expected, this
energy barrier is very similar to that of 19.0 kcal/mol for the process 2 — 3. The route to
a second elimination of the OH radical consists of two main steps, rearrangement and
radical induced elimination. In the first step, a H-rearrangement from the NH group to the
O radical (6 — 7) proceeds through a four-membered ring transition state with an energy
barrier of 30.5 kcal/mol. This energy barrier is higher than the migration of H from *NH;
to O radical calculated for the 3 to 4 step. The reason for the proposed 6 — 7 step
followed by 7 — 8 is that this sequence provides a plausible way of making the

N=C(NH;) synthon in melamine.

The precursor 8 is a neutral species and is the primary intermediate required for
the formation of the cyclic framework in melamine. A H abstraction from 8 by *NH;
proceeds without an energy barrier to give 9 (Figure 2). The cyclization step 8 — 9
proceeds through a relatively low energy barrier of 18.5 kcal/mol. Related cyclization

steps have previously been reported as high as 58.3 kcal/mol.”’

Again, the second
N=C(NH;) synthon in melamine is formed by the two steps used for 6 — 7 — 8, namely,
H-rearrangement and radical induced elimination of the OH radical. Similar to the 6 — 7
— 8 sequence, Figure 2 shows that the H-rearrangement step 10 — 11 is characterized
by a relatively higher energy barrier that the elimination step 11 — 12. The structure of
12 is a tautomer of melamine. The free radical formation of 12 may take place in the gas
phase, or in ice at very low temperature. On the other hand, the tautomerization can take
place when 12 gets into an aqueous media in the presence of a base. However, a short

sequence of two steps can be used to show that conversion of 12 to melamine can take

place via free radical mechanism. A H-abstraction from 12 —13 is barrierless and
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exergonic (Table 1). Excluding the ZPE did not affect the energy calculation of the
transition state for the step 12 — 13. In this case, 14 which is the resonance structure of
13, abstracts a H from NHj to give melamine 15. The sequence from 12 to 15 can be
regarded as the radical equivalent of the base-catalyzed enol-keto tautomerization; note

that the *NH,/NH3; in step 12 — 13 is regenerated in step 14 — 15.

. Mechanisms for the Formation of Ammeline (22)

The mechanism in Scheme 2 starts from the neutral intermediate 8 that is formed
from either urea or guanylurea. This establishes guanylurea as a precursor for ammeline
(22). The sequence of steps is similar to that used for the production of melamine. The
difference is in the way the radical *NH, reacts with 8. If H abstraction by *NH, takes
place from the H of H,N next to C=N or C=O then the sequence proceeds through the

melamine (15, Scheme 1) or ammeline (22, Scheme 1), respectively.

Figure 3 shows that a H-abstraction from 8 giving 16 occurs without an energy
barrier. The cyclization step 16 — 17 has a low activation energy of 9.2 kcal/mol. Similar
to melamine, the N=C(NH,) synthon in ammeline is made in a sequence of two steps,
namely H-rearrangement followed by elimination. A primary difference from melamine
is that the H-rearrangement step takes place from the ring NH to NH radical (17 — 18).
The barrier for this step of 31.5 kcal/mol is similar to that for 6 — 7 corresponding to the
migration of H to an O radical. Radical induced elimination of *NH, leading to a radical
molecule complex 19. A H-abstraction by *NH, within the complex 19 yields 20 with a

relatively small energy barrier (Figure 3). Ammeline (22) is obtained from 21 which is a
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Page 10 of 28



Page 11 of 28

RSC Advances

resonance structure of 20. Here, a major difference from melamine mechanisms lies in
the presence of radical-molecule complex 19. In principle, the mechanistic route found

for melamine can be adapted in this case as well and vice versa.

. Mechanism for the Formation of Ammelide (33)

The formation of ammelide (33) starts from the radical 4 (Scheme 3). Loss of an
*NH, from 4 is barrierless (Figure 4) and gives the neutral species 23. Similar to
melamine, the barrier for the addition of 2 to the carbonyl group of 23 is 20.3 kcal/mol
(Figures 2 and 4). Again, the formation of N=C(NH,) synthon proceeds through a two-
step sequence of 1,3-H rearrangement (24 — 25) and elimination of *OH (25 — 26). This

is the same sequence of steps used for the melamine pathway (3 — 4 — 5) in Scheme 1.

The reaction of *NH, with the neutral 26 leads to the formation of27 followed by
a cyclization to 28 with an energy barrier of 24.3 kcal/mol. The formation of the second
N=C(NH;) synthon required for the ammelide proceeds through a radical molecule
complex 30 that is similar to the sequence of steps for ammeline. Formation of ammelide
from 30 is barrierless through 32.Figure 4 shows a transition state connecting 30 to the
low energy structure of 31;excluding the ZPE from the energy calculations, a small

barrier of 1.0 kcal/mol is calculated for step 30 — 31.

5. Mechanism for the Formation of Cyanuric Acid (39)

The mechanism for the formation of cyanuric acid (39) is distinct from all other
triazines because the sequence of steps does not require H-rearrangement steps (Scheme
4). Also, formation of cyanuric acid (39) is the shortest mechanism of the triazines. The

first step of the mechanism, elimination of *NH, from 3 to give biuret 34, is exergonic

11
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(Table 1) and has a low energy barrier of 9.0 kcal/mol (Figure 5). Addition of 2 to 34
completes the number of C atoms required for cyanuric acid 39. Elimination of a second
*NH; in this pathway leads to 36. This elimination proceeds through a small energy
barrier of 2.1 kcal/mol. Note that 36 is symmetric and a hydrogen abstraction using *NH,
is barrierless and can take place at either end of the molecule. Cyclization of 37 gives 38
with an energy barrier of 10.7 kcal/mol. The final step is the elimination of the third *NH,

along the route to the formation of the keto tautomer of cyanuric acid 39.

6. Formation Triazines under Thermal Reactions from Urea

Production of the triazines by heating urea is a well-established process. Large
scale production of melamine and biuret has been done by thermal treatment of urea.”®
The product distribution for the thermal reactions is quite similar to prebiotic simulation
reactions performed in ice/urea. Heating biuret at temperatures of more than 190° C leads
to cyanuric acid, ammelide, and ammeline, but melamine was not produced.27 The
mechanisms proposed here do predict biuret as a precursor of cyanuric acid (Scheme 4)
and are consistent with the fact that melamine was not obtained as a product when biuret
was heated. Since biuret does not have a C=NH group, it cannot be a precursor for
melamine. In fact, the current mechanism shows that biuret does not lead to intermediate
9 (Scheme 1) that is required for the formation of melamine. Using the proposed
approaches, formation of both ammeline and ammelide can be predicted from biuret.
Future studies of prebiotic reactions similar to these thermal reactions will enhance

understanding of reaction selectivity and product distribution.’®

12
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7. Keto-EnolTautomerization of Cyanuric Acid

Formation of the more stable tautomer of an enolizable carbonyl is important in
reactions taking place in solution. Cyanuric acid tautomers have been shown to be
dependent on pH. Absorption spectra of cyanuric acid are pH dependent. Cyanuric acid
adopts the keto form 39 in acid solution.”® Gas phase basicity of cyanuric acid examined
by both mass spectrometry and density functional theory at B3LYP/6-31G(d) level of
theory suggested that the lowest energy structure of cyanuric acid is the keto tautomer.*’
Scheme 4 predicts the formation of the keto-tautomer of cyanuric acid. An advantage of
the free radical pathways is the fact that it predicts the appearance of the more stable keto
tautomer without pH dependent mechanisms. Tautomerization of the keto-form of
cyanuric acid to the enol-form requires a base in a multistep reaction sequence to give the
enol-form with aromatic stability; therefore, a possible prebiotic scenario is the
conversion of the keto-form of cyanuric acid to the enol-form when it enters in an
aqueous media in the presence of a base. The formation of cyanuric acid as well as the
other triazinesis possible in a non-aqueous environment, and the mechanisms suggest that
the triazines observed in meteorites may also originate from non-terrestrial and non-

aqueous sources.

Prebiotic Implications of the Proposed Mechanisms
Because prebiotic systems are dynamic and speculative, the prebiotic events
complicate the prediction of the expected products from reactions. The computed DFT

results show that urea can form a mixture of products in a non-aqueous environment.

13
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Formation of a mixture of products under less stringent conditions makes these reactions

more feasible for prebiotic conditions.

Lack of sufficient information on types, rates, and extent of the prebiotic reactions
makes it even more difficult to make a quantitative estimate of the products. Also,
previous studies of other biomolecules such as nucleobases have been shown to give low
yield of products.’® Experiments have shown that urea is a good precursor for making
high yield products of triazines under thermal conditions.26 High yield reactions are
prebiotically important and are desired to show accumulation of biomolecules. High
energy impact event scenarios that generate a large amount of heat may prove to be
important for prebiotic routes for the production of triazines with high yield. Indeed the
availability of large amounts of triazines further supports the hypothesis that triazines
may have been involved in self-assembly processes.’” Since there is no solvent and
chemical reagent requirement for the pathways, the proposed reactions are appropriate for
the formation of triazines that may contribute to the haze observed in the atmosphere of

Titan and most likely on its surface.

IV. Concluding remarks

Using Scheme 1, the main steps of the radical mechanisms can be summarized as

follows:
(a) activation of neutral species (1—2,8 — 9, and 12 — 13),

(b) radical attack at carbonyl (2 — 3,5 — 6, and 9 — 10),

14
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(c) H-radical intramolecular rearrangement (3 — 4, 6 — 7, and 11 — 12),

(d) radical induced elimination (4 — 5, and 11 — 12) and

(e) H-abstraction (14 — 15).

These types of reactions are used for the formation of all triazines (22, 33, and
39). It appears that there is a synthetic pattern and logic that is consistent in the
mechanisms. For example, formation of the N=C(NH,) synthon in triazines in all
mechanisms are unified in two-step sequence of 1,3-H-rearrangement followed by an
elimination step. The keto-form of cyanuric acid is formed and requires the smallest
number of steps. On the other hand, the transition states for 20 — 22 and 31 — 33 are
lower in energy than the product because the reactants in these steps have a better
resonance stabilization of the free radical site than the free radical in the product (*NH,);
as expected, the transition state has a structure that is slightly at lower energy than the
product. Finally, the most important conclusion of the proposed mechanisms is the
prediction that biuret is a precursor of cyanuric acid, and guanylurea is a precursor for

both melamine and ammeline.
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Table 1.Change in Energies for Prebiotic Formation of Triazines

Reactions AFE Reactions AE
(kcal/mol) (kcal/mol)
1-2 -0.3 21 > 22 -3.1
253 13.9 4—23 14.1
34 0.0 23 > 24 3.2
4—5 25.8 24 25 2.7
556 1.8 25— 26 24
6—7 2.6 26 — 27 9.3
7—8 0.6 27 — 28 1.7
89 9.6 28 — 29 53
910 14.4 29 — 30 0.2
10 —» 11 -4.0 30 — 31 -8.2
11— 12 7.0 32 >33 -4.7
12 - 13 -17.1 3—->34 -16.1
14 — 15 -1.5 34 — 35 20.6
8§ —16 20.4 35— 36 -4.2
16 —> 17 -5.0 36 — 37 0.0
17— 18 0.9 37 — 38 1.3
18— 19 -5.1 38 — 39 -11.8
19— 20 -8.2
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Legends for Figures and Schemes
Figure 1. Structures of the selected triazines

Figure 2. Potential energy profile for formation of melamine (15). The profile represents
the relative potential energies of a sequence of reactions. Relative energy is the zero-point

energy corrected relative energy. Color representation for atoms are: white for H, grey for
C, blue for N, and red for O.

Figure 3. Potential energy profile for formation of ammeline (22). The profile represents
the relative potential energies of a sequence of reactions. Relative energy is the zero-point

energy corrected relative energy. Color representation for atoms are: white for H, grey for
C, blue for N, and red for O.

Figure 4. Potential energy profile for formation of ammelide (33). The profile represents
the relative potential energies of a sequence of reactions. Relative energy is the zero-point

energy corrected relative energy. Color representation for atoms are: white for H, grey for
C, blue for N, and red for O.

Figure 5. Potential energy profile for formation of cyanuric acid (39). The profile
represents the relative potential energies of a sequence of reactions. Relative energy is the
zero-point energy corrected relative energy. Color representation for atoms are: white for
H, grey for C, blue for N, and red for O.

Scheme 1. Mechanisms for formation of melamine (15)
Scheme 2. Mechanisms for formation of ammeline (22)
Scheme 3. Mechanisms for formation of ammelide (33)

Scheme 4. Mechanisms for formation of cyanuric acid (39)
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Scheme 3. Mechanisms for formation of ammelide (33)
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Figure 2. Potential energy profile for formation of melamine (15). The profile represents the relative
potential energies of a sequence of reactions. Relative energy is the zero-point energy corrected relative
energy. Color representation for atoms are: white for H, grey for C, blue for N, and red for O
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Figure 3. Potential energy profile for formation of ammeline (22). The profile represents the relative
potential energies of a sequence of reactions. Relative energy is the zero-point energy corrected relative
energy. Color representation for atoms are: white for H, grey for C, blue for N, and red for O.
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Figure 4. Potential energy profile for formation of ammelide (33). The profile represents the relative
potential energies of a sequence of reactions. Relative energy is the zero-point energy corrected relative
energy. Color representation for atoms are: white for H, grey for C, blue for N, and red for O.
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Figure 5. Potential energy profile for formation of cyanuric acid (39). The profile represents the relative
potential energies of a sequence of reactions. Relative energy is the zero-point energy corrected relative
energy. Color representation for atoms are: white for H, grey for C, blue for N, and red for O.
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