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Formation and evolution of C-C, C-0O, C=0 and
C-N bonds in chemical reactions of prebiotic
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Zarur, © 9 Chiara Cappelli,@b Juliana A. Murillo—Lépez@e and Albeiro Restrepo@*""

A series of prebiotic chemical reactions yielding the precursor building blocks of amino acids, proteins and

carbohydrates, starting solely from HCN and water is studied here. We closely follow the formation and
evolution of the pivotal C-C, C-0O, C=0, and C-N bonds, which dictate the chemistry of the molecules
of life. In many cases, formation of these bonds is set in motion by proton transfers in which individual

water molecules act as catalysts so that water atoms end up in the products. Our results indicate that

the prebiotic formation of carbon dioxide, formaldehyde, formic acid, formaldimine, glycolaldehyde,

glycine, glycolonitrile,

and oxazole derivatives,

among others, are best described as highly

nonsynchronous concerted single step processes. Nonetheless, for all reactions involving double proton

transfer, the formation and breaking of O—H bonds around a particular O atom occur in a synchronous

fashion, apparently independently from other primitive processes. For the most part, the first process to

initiate seems to be the double proton transfer in the reactions where they are present, then bond
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breaking/formation around the reactive carbon in the carbonyl group and finally rupture of the C-N

bonds in the appropriate cases, which are the most reluctant to break. Remarkably, within the limitations

DOI: 10.1039/d2ra06000k

rsc.li/rsc-advances

1 Introduction

Abiogenesis, or the origins of life starting from non living
matter, is a rich, interdisciplinary field of research encom-
passing work from areas as diverse as chemistry, physics,
biology, astronomy, geology, among others;' its ultimate goal
is to determine the conditions and mechanisms that allow life
to emerge. Prebiotic chemistry, specifically, seeks to determine
what type of chemical compounds and chemical reactions are
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T Electronic supplementary information (ESI) available: Cartesian coordinates for
all isolated reactants, long range complexes, transition states, and products.
Gibbs activation and reaction energies in gas phase and in solution for the set
of 23 reactions are provided. Plots of absolute and intrinsic activation energies
for reactions 10, 12, 17 over grids of temperature and pressure. Plots of the
natural charges at all oxygen atoms for followed along the entire IRC of reaction
3. See https://doi.org/10.1039/d2ra06000k
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of our non-dynamical computational model, the wide ranges of temperature and pressure in which
these reactions occur, downplay the problematic determination of the exact constraints on the early Earth.

necessary to produce the constituent components of life, such
as biomolecules, and also studies the set of networks of
chemical reactions capable of sustaining life as we know it,
whether these processes took place on the early Earth, or else-
where in the interstellar medium.*® One progressive reduc-
tionist view (life — biology — chemistry — physics —
mathematics) is that the emergence of life is a deterministic
process, governed by scientific laws, which only needs long
times and appropriate local conditions so that isolated events
with tiny probabilities do eventually occur and by virtue of local
evolution (molecular or otherwise), accumulate and originate
highly improbable systems.

There are several hypotheses on how life originated, priori-
tizing either metabolism, self-replication, or a combination of
both.®** In the RNA world hypothesis, RNA acted as informa-
tion storage, replicator, and as an active catalyst.'*** Other
views argue in favor of RNA cooperating with peptides and other
biomolecules." The metabolism-first hypothesis posits that the
first living organisms appeared as the final steps of the evolu-
tion towards increasing complexity of networks of sequential
chemical reactions aided by simple metal catalysts.'®** The
molecules of life (water, carbohydrates, proteins, nucleic acids,
ATP, etc.) contain only a few types of atoms, most prominently
hydrogen, carbon, oxygen, nitrogen, sulfur, phosphorous.
Consequently, any rationalization of how those large

© 2022 The Author(s). Published by the Royal Society of Chemistry
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biomolecules came to be, at least on Earth, must include
detailed descriptions of the formation of C-C, C=0, C-O and
C-N bonds and of the formation of the small molecules that act
as the initial building blocks in the series of chemical reactions
affording such complicated primary sequences from primitive
environments, presumably rich in one carbon (C1) molecules.”
One of those C1 molecules, abundant in extreme environments
such as the interstellar medium, planetary and lunar atmo-
spheres within our own solar system, comets, and in the
conditions of the primitive Earth is HCN,'*"* which is a favorite
target for the ultimate precursor of biomolecules.>*>* Recently,
Das and coworkers," starting with binary mixtures of water and
HCN, offered via molecular dynamics simulations in ab initio
nanoreactors, a detailed picture of the myriad of chemical
reactions leading to small molecules that are the building
blocks of most large biomolecules, i. e., carbon dioxide CO,,
formaldehyde CH,0O, formic acid H,CO,, formaldimine CH;N,
glycolaldehyde C,H,0,, glycine C,HsNO,, glycolonitrile
C,H;NO, oxazole C;H;NO derivatives, among many others.

The scientific literature cited above has provided detailed
mechanistic pathways identifying reactants, transition states,
intermediates, and products as well as estimating the energetics
of the chemical reactions that result in the formation of the
target molecules building biochemical complexity. Sadly,
crucial knowledge describing the formation of the all important
C-C, C-0, C=0, and C-N bonds from the perspective of
primitive changes is found nowhere. Consequently, in this
work, building on the results of Das,”” we have studied
a network of reaction mechanisms yielding the experimentally
reported precursor molecules of RNA and proteins. To that end,
we closely follow the evolution of bonding interactions leading
to formal bonds along the intrinsic reaction coordinates using
the tools provided by the Quantum Theory of Atoms in Mole-
cules (QTAIM)**?* and the Natural Bond Orbitals (NBO).>">° At
this point, it is important to mention that we use QTAIM and
NBO as formal analysis tools and make no attempt at discussing
their merits and flaws, for which the reader is referred to the
extensive literature. The combination of NBO, QTAIM, and
other descriptors of bonding allows a detailed dissection of
reaction mechanisms and has proven to be an enormously
valuable tool to gain insight into the evolution of chemical
bonds. A variety of reactions has been successfully studied in
the past by our group using this methodology.***”

2 Computational methods

Reaction paths starting with HCN and H,O and linking the set
of molecular precursors of large biomolecules listed above, i. e.,
carbon dioxide, formaldehyde, formic acid, formaldimine, gly-
colaldehyde, glycine, glycolonitrile, and oxazole derivatives,
were determined both in gas phase and in aqueous medium, as
modelled by the Polarizable Continuum Model (PCM)
approach®* vig intrinsic reaction coordinate (IRC) calculations
using second order Moller-Plesset perturbation theory at the
MP2/6-311++G(d, p) level. The latter is chosen so that the
ambiguity and non systematic problems in the treatment of
electron correlation and dispersion proper of Density

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Functional Theory (DFT) methods are eliminated. All stationary
points within a given Potential Energy Surface (PES) were
characterized as true minima or saddle points via harmonic
vibrational analysis at the same level.

We study the energetics of the entire set of 23 reactions listed
in Table 1 and characterized every single reactant, product,
intermediate, and transition state. However, because of the
large number of intermediates and chemical reactions, in order
to study the evolution of chemical bonding, we chose a set of
five reactions that are particularly relevant in the complex
reacting system. These reactions happen to be essential in the
pathway towards the target products, which can not be obtained
unless those reactions are considered. The point is, the
formation of formic acid from HCN and water is the common
root from where chemistry branches out into several other
intermediates and products according to the following
sequence of reactions:

1. HCN + H,0O —---— HCOOH (formic acid). Reaction 3 is
the last step of this series.

2. HCOOH — --- — H,CO (formaldehyde). Reaction 10 is the
last step of this series.

3. H,CO + NH; — CH;NO (methanol amine via reaction 12).

4. CH;NO — ---— C,H;NO, (glycine). Reaction 17 is the last
step of this series.

5. CH,O + HNC — C,H;3NO (glycolonitrile via reaction 11).

Notice that all those intermediates (formic acid (reaction 10),
formaldehyde (reaction 3), glycolonitrile (reaction 11), amino
methanol (reaction 12)) have been experimentally reported to be
precursors en route to the target molecules. Glycine is quite
important because it is the only amino acid obtained in the
entire reacting system. The chosen reactions enable the analysis
of the formation and breaking of the very important C-O, C=0,
C-C and C-N bonds starting from C1 molecules. These bonds
dictate the chemistry in all the molecules of life. Scheme 1
summarizes the reasons for choosing the set of five reactions
listed above as follows: formic acid leads to the formation of
formaldehyde. Formaldehyde triggers competitive reactions
towards glycine (Strecker synthesis of amino acids) in one
channel and glycolonitrile in another. Glycolonitrile yields two
further reaction paths, one leading to the oxazole derivative and
the other to the glycolaldehyde sugar.

IRCs are conveniently dissected by the critical points of the
reaction force, defined, as for any conservative system, as the
points for which the negative derivative of the potential energy
along the reaction coordinate vanishes (F = —dV/d¢ = 0).**** For
a given elementary step, three critical points are obtained,
corresponding to reactants (£g), transition state (£rs), and
products (£p); the critical points of the reaction force yield the
activated reactants (£z+) and activated products (£p+). These five
points along the IRC are the limits of three well defined regions,
namely, the reactants region, associated to the structural
changes needed to bring the reactants into the geometries
needed for the reaction to occur and covering the £ — &g+
interval, the transition state region, the region where most of
the electron activity needed for bond breaking/formation takes
place, covering the £ — £p« interval, and the products region,
where the activated products suffer further structural changes

RSC Adv, 2022, 12, 28804-28817 | 28805


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06000k

Open Access Article. Published on 10 October 2022. Downloaded on 2/22/2026 6:42:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

Table 1 Absolute activation and reaction energies for our 23 elementary steps at 373 K and 1 atm, in kcal mol™ units®

AGl AGin

Label Reaction In gas phase In solution In gas phase In solution
1 HCN + H,O — CH3NO 57.2 63.8 14.3 17.0

CH;NO — CH;NO 12.9 15.9 —12.0 —14.1
3 CH,;NO + H,0 — NH; + CH,0, 55.9 58.5 2.4 5.3
4% CH,0, + HNC — C,HNO + H,0 69.9 68.2 28.6 27.9
5% C,HNO — CO + HCN 34.6 27.3 —38.0 —38.2
6 CO + H,O0 — CH,0, 75.7 76.2 54.6 53.7
7 HCN — HNC 58.0 48.8 18.4 17.7
8 CH,0, — CO, + H, 52.9 53.1 —21.8 —16.0
9 CH,0, + H, — CH,0, 64.3 61.1 4.9 6.9
10 CH,0, — CH,O + H,0 35.6 37.4 —5.9 —8.5
11%* CH,0 + HNC — GC,H3;NO 31.9 32.4 —20.8 —19.8
12 CH,O + NH; — CH;NO 44.6 39.1 4.4 6.6
13 CH;NO — CH3N + H,O 40.8 39.6 —2.8 —5.4
14* CH;N + HNC — C,H,N, NA 10.6 NA —27.2
14 CH;3N + HCN — C,HyN, 39.8 NA 11.2 NA
15 C,H,N, + H,O — C,HgN,0 57.5 63.8 14.8 19.0
16 C,H¢N,0 — C,HgN,0 11.4 14.5 —12.8 —14.8
17 C,HgN,O + H,0 — C,H;NO, 53.7 57.3 1.4 1.2
18 C,H3NO + CH,0 — C3H;NO, 64.5 60.4 —2.8 -1.5
19* C;H;NO, — C,H,0, +HNC 37.1 31.5 19.6 17.2
20 C,H3NO + CH;NO — C3;HgN,0, 40.4 47.3 20.6 24.8
21 C;HeN,0, +HCN — C,H,N;0, 59.3 58.4 15.2 14.0
22 C,H,N;0, — C,H,N;0, 44.5 40.0 —9.4 —9.0
23 C,H,N;0, — C,H;N,0 + H,0 35.3 37.0 —9.8 —13.1

% See Table S1 in the ESI for the intrinsic barriers. An asterisk attached to a label means that HNC is involved instead of HCN. Notice that reaction 14
leads to different products than those reported by Das and coworkers' in gas phase.

to finally release the products, covering the {, — &p+« interval. calculated as the derivative of the chemical potential along the
The chemical potential along the reaction path is obtained as entire reaction path.***®

half the sum of the energies of the HOMO and LUMO orbitals at The evolution of bonding interactions was followed using
each point of the IRC,**** and the reaction electron flux (REF),is the set of descriptors provided by QTAIM and by NBO and the

HCN +H;0 —0m8» - — 3) Formic acid (C-0) 7—» CO; + Hy
i H20
C.
H OH
11) Glycolonitrile (C-C) . 12) Methanolamine (C-N)
P
HO™ "CN \ | NH,”OH
/ \ HCN 10) Formaldehyde (C=0) NH3 l
; o]
' I
.C. :
/ \ HH :
Glycolaldehyde Oxazole derivative 17) Glycine (C-O)
H
O
1] )\ _~...OH
py-C~OH N” o NH;” ~C
NH; CN

Scheme 1 The set of five reactions (reactions 3, 10, 11, 12, 17) branching out from formic acid, chosen from Table 1, to study the formation and
evolution of the C-C, C-N, C-0O and C=0 bonds.
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recently developed GGR synchronicity index.** In lieu of
a detailed description and to spare the technical details of how
QTAIM and NBO descriptors are related to bonding, the inter-
esting reader is directed to the specialized literature,*** more
explicitly, to the work of Rojas-Valencia et al.*® (their Table 2 and
the ensuing description) and references within. All electronic
structure calculations including optimization, vibrational
frequencies, solvent effects and IRCs were conducted using the
Gaussian09 suite of programs.>® QTAIM quantities were derived
from the AIMAII suite.*® NBO descriptors were obtained from
NBOS6 (ref. 52) as implemented in Gaussian.

3 Results and discussion
3.1 Reaction profiles

Starting from HCN and H,O, production of carbon dioxide,
formaldehyde, formic acid, formaldimine, glycolaldehyde,
glycine, glycolonitrile and oxazole derivatives involves a total of
23 elementary steps detailed in Table 1. Subtle differences
between our results and those reported by Das and coworkers*
emerge in the HCN/HNC exchange in reactions 4, 5, 11, 19 and
14, these, however, have little consequences for the prebiotic
chemistry because both species are thought to have existed in
the primitive Earth reacting environment. Every single step
involving more than one reactant starts with a barrier-less
formation of a long range reactive complex. In this context we
refer to intrinsic (reactive complex — TS) and absolute (isolated
reactants — TS) activation barriers. Discrepancies between gas
phase and continuum solvent activation energies are due to
a stabilizing/destabilizing effect of the solvent without drasti-
cally changing the structure.

There is a high degree of uncertainty on the conditions of
Hadean Earth,***” with estimates ranging from very low pres-
sures to well in excess of 20 atm and with equally unconfirmed
temperatures, thus, in this work, the energetic balance of the
reactions as well as the associated full and intrinsic barriers are
reported as changes in the Gibbs free energies within bidi-
mensional grids of pressure and temperature. Accordingly, an
exhaustive study of the dependency of activation energies with
temperatures and pressures over a grid of [293 373] K and
[0.5,20] atm was carried out, the results for elementary steps 3
and 11 leading to formic acid and glycolonitrile (Table 1) are
shown in Fig. 1, additional plots are provided in the in the ESI
(Fig. S1 and S2f). A few important points are immediately
drawn. First, only moderate changes in activation energies as
a function P, T are observed. This is a very important observa-
tion because given the current poor knowledge of primitive
conditions, our calculations indicate that once the thresholds
for these conditions are overcome,® then the chemical reactions
will occur under a wide variety of conditions. Second, activation
energies are relatively high and not too far from the DFT
calculations of Das and coworkers, nonetheless, a few of the
calculated energy barriers are low enough to be encouraging
about the feasibility of these processes to occur.”®*° In any case,
all these processes would greatly benefit from natural catalysts
such as clays and metal surfaces, which have been postulated to
be pivotal components of prebiotic chemistry.®***

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The Gibbs activation barriers listed in Table 1 lead to slow
processes, yet these reactions must be thermodynamic and
kinetically viable to be considered as part of likely mechanisms
for the formation of life building blocks in prebiotic conditions.
These energetic and Kkinetic observations, in addition to the
extreme complexity offered by the ab initio nanoreactor, suggest
a more efficient production of the precursors studied in this
work under catalytic environments, which are not considered in
this work. Notwithstanding, our approach offers valuable
insight to understand the bonding interactions driving the
reaction mechanisms and should be considered a stepping
stone to explicitly deal with the role of catalysts, work that is
already in progress in our group.

Several of the reactions under discussion have been already
studied with various forms of catalysts, which have proven to
significantly reduce activation barriers. For example, Krug et al.
studied the hydrolysis of formamide (reaction 3) under basic
and acidic catalysis, and obtained a 6 kcal mol ™" barrier for the
N-protonated case, 19 kcal mol ™" for the basic promoted case,
and a stepwise mechanism for the O-protonated case, with two
barriers of 24 and 16 kcal mol ™" for the nucleophilic addition to
C and the breaking of the C-N bond respectively.®* Thus,
significant reductions of the barriers were found when
compared to the neutral case, which afforded a 44 kcal mol "
barrier. These environment dependent catalysis are relevant
since the exact pH under prebiotic conditions is unknown, with
estimates pointing to non-neutral scenarios.®® Ice has also been
suggested as a proper catalyst in prebiotic conditions. Despite
the lack of a universally accepted geochemical model for the
primitive earth, well grounded geochemical models that call for
the presence of stable icy environments have been
proposed.®”~” The icy protons allow the so called “proton-relay”
mechanism to take place,”>”> in which a network of hydrogen
bonded water molecules present in the ice surface assist in the
proton transfer required in most of the set of 23 reactions listed
in Table 1. Rimola et al. successfully assessed the catalytic effect
of ice in the well known Strecker synthesis of amino acids,
reporting barriers of 9.6, 21.3, and 8-9 kcal mol " for reactions
12, 13 and 14 respectively.” Our isolated gas phase calculations
are in agreement with their results.

Reaction 3, the neutral hydrolysis of formamide, which we
will use to dissect and highlight mechanistic trends in the set of
studied prebiotic reactions, has been studied before in the gas
phase and in solution with explicit consideration of either one
single water molecule as reactant or assisted by an extra water
molecule as catalyst.®*”*7¢ Stepwise and concerted mechanisms
have been reported. After refinement by the highly correlated
model chemistry used in this work, our mechanism, based on
the initial reactive trajectory obtained from the ab initio nano-
reactor of Das et al. seeking to satisfy a set of likely prebiotic
conditions of temperature, absence of metal catalyst, etc.,"
consists of a concerted water assisted reaction involving two
water molecules in the transition state. For the gas phase,
concerted, water assisted hydrolysis, Antonczak et al.”” reported
a Gibbs free energy of activation of 49.6 kcal mol ' computed at
the MP2/6-31G**//HF/3-21G level at 298 °C and 1 atm, which is
consistent with our computed values, 50.5 kcal mol " (absolute)

RSC Adv, 2022, 12, 28804-28817 | 28807
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Fig. 1 Absolute activation energies for elementary steps 3 and 11 (Table 1), in vacuo (left) and in solution (right), over a grid of temperatures in

[293, 373] K and pressures in [0.5, 20] atm.

and 45.7 kcal mol™" (intrinsic). Later, using an improved
theoretical framework (MP2/6-311+G**//B3LYP/6-31G¥*), Gorb
et al.”® studied the mechanism in solution through different
solvent models considering, in all of them, five explicit water
molecules. They obtained for the assisted concerted reaction,
a Gibbs activation energy of 47.6 kcal mol "' at the same
conditions. Our mechanism in solution, computed with the
substantially improved MP2/6-311++G(d, p) yields activation
free energies of 53.2 kcal mol " (absolute) and 42.8 kcal mol ™"
(intrinsic). The energies computed at 298 °C and 1 atm that we
use to compare against previous studies are covered in the grids
of temperature and pressure presented in Fig. S1 and S27.

3.2 Dissection of the IRC

As stated in the Computational methods section, we chose
reactions 3, 10, 11, 12, 17 from Table 1 to analyze the pivotal
proton transfer processes as well as the breaking/formation of
the all important C-C, C-N, C=0, and C-O bonds. The asso-
ciated intermediates, transition states, and products are
depicted in Fig. 2.

On the grounds of purely electronic energies, the profiles
shown in Fig. 3 indicate that reactions 3, 10 and 17 consume
energy while reactions 11 and 12 release energy, however, Gibbs
energies predict reaction 10 to be exergonic and reaction 12 to
be endergonic. Notice that purely electronic energies describe
only intrinsic processes (intermediate:--products) while

28808 | RSC Adv, 2022, 12, 28804-28817

changes in Gibbs energies are calculated with the isolated
reactants as reference. Thus, it is clear that in reaction 10,
accounting for entropy and internal degrees of freedom results
in a strongly stabilized intermediate while in reaction 12 the
intermediate is strongly destabilized. Table 1 reveals only slight
changes in activation energies in going from gas phase to
solution.

Most reactions involve large regions of structural changes
before reaching the activated reactants, that is, &, are far away
from the reactants and comparatively closer to the transition
states. The consequences for the reactions in the primitive
Earth are that the environment needs to provide the means for
the reactions to occur, in other words, that somewhat extreme
conditions of temperature and pressure (especially tempera-
ture) are needed for the molecules to undergo the required
structural changes leading to positive collision events. Transi-
tion states are neither earlier nor late, rather, transition state
regions are well separated from reactants and products via large
regions of a priori structural changes. Thus, as a general trend
(there are exceptions), |AGT| > |AGyn.

The reaction force, defined as the negative derivative of the
potential energy with respect to the reaction coordinate along
the reaction path provides a useful dissection of the entire
mechanism: negative regions are associated with retarding
forces while positive regions are associated with driving forces,
thus, the local extrema of the force, corresponding to the second
derivative of the IRC, or in other words, the inflection points of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Target elementary steps leading to the formation of formic acid (3), formaldehyde (10), glycolonitrile (11), methanolamine (12) and glycine

(17). Intermolecular interactions are represented by dotted lines.

the IRC determine the progress of the chemical reaction as
comprising a region of structural changes g — &r+ opposing
the chemical transformation, a region of mostly electronic
rearrangements, £g« — &ps — £p+ in which the force sharply
switches from retarding (before TS) to driving (after TS), and
a final structural relaxation £p — £p« region that finally yields
the corresponding products. There is an apparent inverse
correlation between the length of the transition state region &g+
— &g — £p+ and activation energies, namely, the smaller the TS
region, the larger the activation energy. This observation is
consistent with saying that larger activation energies are asso-
ciated to larger TS regions, thus, most of the energy from the
environment is transferred to the reacting system to overcome
structural changes.

Steps 3 and 17 - both hydrolysis reactions - deviate from the
typical behavior of the reaction force for an elementary step,
characterized by a global maximum and global minimum con-
nected through the transition state at £ = 0. For these two
reactions we observe two additional stationary points in the
force plot, a local maximum and local minimum. This obser-
vation suggests that both reactions occur via a single, complex,

© 2022 The Author(s). Published by the Royal Society of Chemistry

concerted, borderline two-step mechanism, i.e., there are two
well differentiated regions along the IRC path where electronic
activity predominates, and it also serves as an early indication of
a formation/breaking of bonds taking place in a non-synchro-
nous fashion. Further evidence for borderline two-step charac-
terization of reactions 3, 17 comes from the maximum of the
chemical potential for both reactions in the region products,
way past the transition state region. The electron flux plots
accentuate the visualization of heavy electron activity outside
the transition state region for reactions 3, 17, thus providing
additional support for all the previous observations.

4 Evolution of bonding
4.1 Wiberg bond index, its derivative and synchronicity

The collection of plots in Fig. 4 reveals a picture of highly non
synchronous concerted reactions. This is a striking observation
because, except for reaction 12, all other reactions involve
double proton transfers, processes that are notoriously
synchronous when they are the only chemical trans-
formations.”” However, that is not the case here since the
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state §g — £px, and products £p — £p= regions. The position of the TS is

double proton transfers are accompanied, within the same
concerted step, by breaking and formation of other largely
covalent bonds. Remarkably, for all reactions involving double
proton transfer, the formation and breaking of O-H bonds
around a particular O atom occur in a synchronous fashion,
apparently independently from other primitive processes (a
small discrepancy occurs in reaction 11).

For the set of five reactions shown in Fig. 2 a general
mechanistic trend may be established from the plots in Fig. 4 in
the context of a single step concerted reaction in each case. For
the most part, the first process to initiate seems to be the double
proton transfer in the reactions where they are present, then
bond breaking/formation around the reactive carbon in the
carbonyl group and finally rupture of the C-N bonds in the
appropriate cases, which are the most reluctant to break. The
reluctance of the C-N bond to break is clear from the fact that
this rupture occurs far behind all other primitive processes,
which have significantly progressed at the late stages of the
reaction (this is true if reaction 12 is inverted). This is a pivotal
point that highlights the importance of water not only as the
medium in which all these reactions occur but also as a non
innocent spectator catalyzing and actively taking part in most
reactions (hydrogen atoms in water molecules end up in the
products). In all cases, the double proton transfer process
occurs mostly within the boundaries of the given TS region.
Conversely, it is not uncommon for the breaking/formation of
C-N, C-O, C=0 and N-H bonds to anticipate or to extend

28810 | RSC Adv, 2022, 12, 28804-28817

marked by a dashed vertical line.

beyond the TS region. In other words, besides the structural
changes needed to bring reactants to the activated form and to
deactivate the activated products, a sensible degree of electronic
activity is still needed in the reactants and products regions.

Maximization of the chemical potential (Fig. 3) occurs ahead
of the TS region for reaction 12 and beyond the TS region for
reactions 3, 17. This is consistent with all descriptors in Fig. 4
which show high electron activity involved in the early forma-
tion of the C-N bond (reaction 12) and in the late breaking of
the C-N bond in reactions 3, 17. Reaction 10 is a well known
dehydration reaction involving the transformation of meth-
anediol into formaldehyde under the catalytic action of one
water molecule that enables double proton transfer in our
mechanism. This reaction deviates from other perfectly
synchronous double proton transfers (i.e. in the dimer of formic
acid”) because the two protons transferred in reaction 10
originate from different O-H bonds, C-O-H from methanediol
and O-H from water.

4.2 Electron densities, virial ratios and NBO orbital
interactions

The collection of plots in Fig. 5 provide a comprehensive picture
of the evolution of the nature of bonding interactions for the set
of reactions in Fig. 2, which is not only fully consistent with the
conclusions drawn from the above analysis of the plots in Fig. 4
but also offers additional evidence and insight. All descriptors

© 2022 The Author(s). Published by the Royal Society of Chemistry
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are derived from the topological properties of the electron
densities at bond critical points as afforded by QTAIM and by
the shapes, overlap, and interaction energies in the donor —
acceptor orbital paradigm as afforded by NBO.

Without a single exception, all broken/formed bonds are
formally covalent, as characterized by virial ratios larger than 2
and large accumulations of electron density at bond critical
points and by well defined o, 7 bonds. This means that there
are no ionic reactions and that all reactants and products have
well defined bonds. As suggested above, hydrogen transfer
seems to kick off the reacting system in the appropriate cases,
that is, changes in electron density and virial ratios for the
associated bonds seem to initiate ahead of all other primitive
changes followed by the breaking/formation of C=0, C-O, and
C-C bonds and mostly independent of the chemical trans-
formation of C-N bonds.

In Fig. 5, bottom panel, all curves correspond to donor —
acceptor interactions within the NBO paradigm. For those
special cases in which a third lone pair on a given O atom arises,
the corresponding interactions are followed via dotted lines. In
general, breaking and formation of sigma bonds is due to
a maximization in charge transfer following the no — ¢*,no —
7*, ny — oF ny — 7* rule. In agreement with all other
descriptors, in the NBO context, both proton transfers occur
very early during the reaction while the bonds associated with

© 2022 The Author(s). Published by the Royal Society of Chemistry

heavy atoms are transformed later within the same concerted
step. Notice that for each one of the proton transfers, the
formation of one 6oy orbital occurs simultaneously with the
breaking of a second ooy orbital associated with the trans-
ferred proton. Opposite to the double proton transfer, the
bonds involving heavy atoms, i.e., formation of C1-O2 and
breaking of C1-N3, do not occur simultaneously. In fact, the
formation of the o¢;-o, is completed at the activated products
coordinate and precedes the breaking of 6¢;_n3, Which is not
finalized until the very end of the reaction, at the coordinate of
the products. Although after the reaction has taken place the
Tlc1—o4 Orbital remains intact, it is by no means (just like the
catalytic water) an innocent spectator for the reaction to occur:
reorganizing its electron density is essential during the {3 —
£p« interval in which a © — o transformation occurs, inducing
the subsequent breaking of the C1-N3 orbital followed by the
restoring of the 1wg—o4 orbital in the formic acid of the final
products.

5 General description of the
mechanism of reaction 3

It is worth emphasizing two important factors at this point of
our discussion. First, each one of the 23 reactions in Table 1
(including those in Fig. 2), occurs via a one step concerted

RSC Adv, 2022, 12, 28804-28817 | 28811
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Fig. 5 Descriptors of the evolution of bonding as a function of the reaction coordinate for the one step concerted reactions leading to the
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process, that is, all the primitive changes we are about to
discuss occur during the same step. Second, although the
previous QTAIM, NBO analyses detail the mechanism for reac-
tions 3, 10, 11, 12, 17, all the features and conclusions are
mostly transferable to all other reactions because they involve
the formation and breaking of the same types of bonds under
the same conditions. Accordingly, we provide next a detailed
mechanistic sequence of the events leading to the formation of
formaldehyde and ammonia from formamide and two water
molecules along the lines of reaction 3 (Fig. 2). In addition to
the descriptors of the evolution of bonding interactions
provided in Fig. 4, 5, further evidence to support our claims is
found in Fig. 6, which follows the specific orbitals involved in
the intermolecular interactions resulting in the breaking/
formation of bonds during the course of reaction 3. As a refer-
ence to compare the strength of intermolecular interactions, we
recall the values for the archetypal H-O---H-O hydrogen bond
in the water dimer:** E¢) = —7.09 kcal mol~*, p(r.) = 2.3 x
1072 a.u., |v(r.)|/%(r.) = 0.89, where r. stands for the bond
critical point. The general features for the formation of formic
acid (FA) and ammonia (A) from formamide (F1) and two water
molecules (W1, W2) are summarized in Scheme 2.

As discussed before, every single reaction begins by forming
a stabilized long range complex, £z in Scheme 2. £y is the
starting point of the one step concerted reaction. In the case of
reaction 3, this complex involves two specific intermolecular

28812 | RSC Adv, 2022, 12, 28804-28817

hydrogen bonds of strengths comparable to the isolated water
dimer: H-N---H-0 E§) = —4.75 keal mol %, p(r.) = 1.7 x 10 2 a
u, [u(re)|/%(x.) = 0.88 in F1---W1, and H-O---H-0 E{) = —6.51
keal mol ™7, p(r.) = 2.4 x 10 % a. u, |v(r.)|/ %(r.) = 0.90 in W1--
W2. The formation of these complexes leads to somewhat
shallow, purely electronic energy wells which may be overcome
simply by correcting for the ZPE energies or by accounting for
temperature, entropy, and internal degrees of freedom (i.e.,
using Gibbs energies) as concluded above during the discussion
of the energetics of the reaction profiles. The formation of these
complexes requires minimal distortion of the electron densities
from the isolated reactants, and thus the shallow wells. The
regions within the IRC are conveniently analyzed in a separate
fashion as follows:

£r — &g+ region: two important developments characterize
this region: first, somewhere within this interval (at £ = —14.97
a, a.m.u"/?), a critical point for the C1---O2 interaction appears,
this interaction strengthens steadily up to the coordinate of the
activated reactants, however, not at the same rate as the inter-
actions involved in the double proton transfer as consistently
shown by all synchronicity, QTAIM, and NBO descriptors in
Fig. 4, 5 and 6, respectively. Second, all orbital interactions
associated to intermolecular contacts increase by large factors
(from 4.75 to 185.35 kcal mol ', etc., Fig. 6). These observations
are consistent with the sensible structural changes needed to
accommodate all reacting fragments in the positions required

© 2022 The Author(s). Published by the Royal Society of Chemistry
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driving the production of formic acid and ammonia from formamide and

two water molecules along the lines of the one step, concerted mechanism of reaction 3 (Fig. 2). All donor — acceptor interaction energies in

kcal mol™.

for the reaction to occur. Notice that although structural
changes dominate this region of the IRC, it is not void of elec-
tronic activity.

¢r+ —&1s region: the double proton transfer is so early for
this reaction that both protons have completely migrated at &rg.
Multiple evidence supports this claim: virial ratios larger than 2
thus indicating covalent bonding (|v(r.)|/ %(r.) = 5.84 for ons-
ng and |v(r.)|/ %(x.) = 2.92 for 6s_m12), large bond orders, and
the clear presence of well defined on_y, 0o-p Orbitals for the
newly formed bonds (Fig. 6). This reorganization of the electron
density yields formal negative and positive charges at 02 and N3
respectively (Scheme 2), which are major players driving the
progress of the reaction beyond the TS. The asynchronous
character of this reaction is clearly seen in the fact that up to &rs,
two O-H bonds have been broken, one O-H and one N-H bond

© 2022 The Author(s). Published by the Royal Society of Chemistry

have been formed, while C1---O2 remains a long range contact
and C1-N3 remains a well defined ¢ bond (for additional
support, see the evolution of all bonds in the GGR synchronicity
index, bottom panel in Fig. 4).

£rs —&p« region: this region is mostly devoted to the
formation of the 6¢;-0, bond via a classic nucleophilic attack
from the negatively charged H-O:— to the carbon atom in the
carbonyl group. The formation of the 6¢;-0, bond results in
a reorganization of the electron density of the C=0O bond to
produce a formally charged C-O— fragment (Scheme 2), beau-
tifully supported by the emergence of a third lone pair on the
carbonyl oxygen (04) right at (£p«). There is a progressive
weakening of the soon to be broken C-N bond in going from &g
to (£p+) as seen in the steady decrease of the bond order, electron
density, and virial ratio.

RSC Adv, 2022, 12, 28804-28817 | 28813
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the ESIT to follow the natural charges at all oxygen atoms justifying the assignment of formal negative charges at specific points.

¢p+ —&p Region: this step involves separation of the frag-
ments, restoring of the wc—o bond, and final rupture of the C1-
N3 bond to liberate ammonia and formic acid. Evidence for the
rupture of the C1-N3 bond: the virial ratio goes from 2.92
(covalent bond) to 0.82 (long range interaction); the bond order
goes from 0.73 to 0.03; the derivative of the bond order
decreases substantially; the cc;_n3; Orbital ceases to exist; a lone
pair is formed in N3. The driving force for the breaking of the
C1-N3 bond is unveiled by NBO in the form of nos— Gy xs
destabilizing charge transfer from the formally charged C-O~
fragment freshly formed at (£p+), as clearly shown by the dotted
purple line at the leftmost bottom panel in Fig. 6. Notice that
the breaking of the C1-N3 bond occurs very late in the reaction,
way past the activated products, just beyond the point in which
the C1=04 carbonyl is restored and the third lone pair is no
longer available after doing its job of weakening C1-N3.

6 Connection to prebiotic chemistry

We now venture an analysis of our results in the context of
prebiotic chemistry. Albert Szent-Gyorgi famously stated that
“Life is nothing but an electron looking for a place to rest”. This
argument may be readily applied to essential processes for the
sustainability of life, such as oxidative metabolism. What we
can see from our work and from the scientific literature'** is
that this argument may be extended to prebiotic chemistry as
well. Indeed, the set of 23 reactions studied here was not
designed with any purpose in mind, rather, they were obtained
from ab initio nanoreactors fed with HCN and water by Das and
coworkers," nonetheless, they constitute a progressive network
of oxidation reactions from the beginning to the actual
production of carbon dioxide, formaldehyde, formic acid, for-
maldimine, glycolaldehyde, glycine, glycolonitrile, oxazole
derivatives, etc., and could be seen as a set of “electron accu-
mulator processes”. Another important aspect in our calcula-
tions is that water does not simply act as the medium in which
all reactions occur, but in many instances, besides working as
a catalyst and a non-innocent spectator, it is actually involved in
the chemical reactions to the point that water atoms end up in
the products. HCN is thought to have existed both in the oceans
and in the atmosphere, which also contained water vapor,
gratifyingly, the reactions studied here have shown to be plau-
sible in both phases.

28814 | RSC Adv, 2022, 12, 28804-28817

Until the discovery of the actual causes and mechanisms of
the origin of life, we may assert in a pragmatic although spec-
ulative way, that a set of conditions are necessary. Namely,
a network of chemical reactions capable of producing the
building blocks of the molecules of life (such as the ones
studied in this work) in local environments that further facili-
tate their combination to produce large molecules of such
astonishing diversity and complexity as proteins and DNA. Our
calculations unveil only moderate changes in activation ener-
gies as a function of pressure and temperature for the set of
reactions studied here (Fig. 1, S1 and S27), this observation
supports the perspective of life just exposed because given the
current poor understanding of the conditions of the Hadean
earth, these small changes in reaction barriers indicate that
above those thresholds, the chemical reactions producing the
building blocks for the molecules of life will occur under a wide
variety of conditions. The local favorable environments are the
product of large scale cumulative changes in the course of
billions of years brought about by deterministic molecular
processes, that is, chemical reactions, and the consequential
physical and chemical changes of the environment (slow
building of a tolerable atmosphere, regulation of temperatures
and acidic conditions, etc.) that allow the emergence and
evolution of life under a particular set of local environmental
evolution pressures.

The ever increasing entropy of the universe, as stated by the
second law of thermodynamics, is the ultimate reason behind
the molecular scale evolution (deterministic, not random,
because of the need to satisfy the equilibration of chemical
potentials in reacting systems) that changes the chemical
landscape and then the environment itself. A second factor
contributing to the increase in entropy of the universe in the
process of originating life is the complexity of the multitude of
reaction channels accessible to produce the small molecules
needed to make large biomolecules, as is clearly the case in the
present work. Furthermore, proteins are built upon primary
sequences of just 20 amino acids, thus, there are on the order of
2.4 x 10'® possible different primary sequences for even the
smallest proteins.*® Under this perspective, any local environ-
ment (a planet, a moon, or regions within) capable of under-
going the necessary changes under periods of time long enough
to avoid major catastrophes caused by external agents, is poised
to originate and sustain life. There is a high probability that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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once set in motion, many of these evolution patterns may not
succeed in creating life, but by virtue of the immense dimen-
sions of our observable universe, the emergence of life is not
only deterministic, but should be a rather common place.

7 Conclusions

The reaction mechanisms for a set of 23 reactions leading to the
formation of carbon dioxide, formaldehyde, formic acid, for-
maldimine, glycolaldehyde, glycine, glycolonitrile, and oxazole
derivatives, among other precursors of large biomolecules in
gas phase and in solution are presented in this work. All reac-
tions occur via single step highly non synchronous processes.
Given the presence of the substrates and of large amounts of
water in the early Earth oceans and atmosphere,** it is highly
likely that this set of prebiotic reactions took place in the
primitive Earth and should have been rather common. Indeed,
relatively high energy barriers are obtained in each case,
however, the role of catalysts (clays, icy surfaces, etc.), the
different sources of energy associated with the likely prebiotic
conditions of the primitive earth, such as oceans with temper-
atures between 80-100 °C,"*® shock heating,*” vulcanism,
electric discharges, impacts of extraterrestrial objects,*® among
others, cannot be ignored as potential triggers for these
networks of reactions and may account for the need for signif-
icant concentrations of these building blocks for the subse-
quent formation of larger biomolecules to be effective. The set
of 23 reactions studied here constitutes a progressive network of
oxidation reactions from the beginning to the actual production
of the precursors of large biomolecules. Our results are
consistent with the finding of Das et al.*® in that in many cases,
water does not act simply as the medium in which all reactions
occur, working not just as a catalyst or as an innocent spectator,
but it is actually involved in the chemical reactions to the point
that water atoms end up in the products.
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