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Abstrakt

TiO2-katalyzovaná syntéza nukleosidů v nevodném prostředí formamidu, probí-
hající přes acyklonukleosidové meziprodukty, představuje alternativní cestu pro
vznik monomerických jednotek nukleových kyselin, která by mohla vyřešit pro-
blém spojený s vytvořením β-glykosidické vazby mezi nukleovou bazí a cukerným
zbytkem. V předložené výpočetní studii je představena možná reakční cesta pro
prebiotickou, TiO2-katalyzovanou syntézu purinových C2- a C3-acyklonukleosidů
v prostředí formamidu, která nevyžaduje fotokatalytický nebo radikálový me-
chanizmus. Maximální vypočtená aktivační energie podél reakční koordináty,
odpovídající přibližně 32 kcal·mol−1, je v experimentálních podmínkách Saladi-
novy syntézy probíhající při teplotě 160 ◦C dostupná. Ukazujeme, že deprotonace
methylenového uhlíku formaldehyd hydrátu, probíhající pravděpodobně na defekt-
ním povrchu anatasu, představuje rychlost určující krok celé reakce. Naše výpočty
jsou tak ve shodě s představou Saladina a jeho kolegů o katalytické funkci TiO2
povrchu při syntéze purinových acyklonukleosidů v horkém roztoku formamidu.
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Abstract

The TiO2-catalyzed synthesis of nucleosides in non-aqueous formamide environ-
ment via so-called acyclonucleoside intermediates represents an alternative way
for the emergence of nucleic acids monomeric units, which could address the
the fundamental problem associated with the formation of a β-glycosidic bond
between a nucleobase and a sugar moiety. In this computational contribution
we present a plausible reaction route for the prebiotic TiO2-catalyzed synthesis
of purine C2- and C3-acyclonucleosides in formamide, which does not require
photocatalytic or radical chain mechanisms. The maximum computed activation
energy along the proposed reaction channel is ∼ 32 kcal·mol−1, which is clearly
feasible under the experimental conditions of the Saladino synthesis. We show that
the rate determining step of the entire reaction path is the deprotonation of the
formaldehyde hydrate methylene carbon occurring likely on defective binding sites
of an anatase surface. Our calculations thus support the view of Saladino et al.
about the catalytic role of the TiO2 surface in the one-pot synthesis of purine
acyclonucleosides in heat formamide solution.
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Chapter 1

Introduction

The one-pot synthesis of nucleic acids poses one of the most challenging tasks
related to the emergence of terrestrial life. In order to form an informational
polymer like a nucleic acid (DNA or RNA) all the necessary monomeric units
must be available, optimally at the same time, in the appropriate amounts,
and thermodynamically sufficiently stable in the given environment.[1]

Especially the stability issue was correctly recognized as a major problem
in origin of life discussions [2–5] due to the absence of contemporary protec-
tive biological structures and presumably severe early-Earth conditions.[6–8]
Besides that thermodynamic instability of nucleic acids constituents in aque-
ous environment has been reported several times.[9–11] Therefore solvent
media other than water has been considered in the abiotic synthesis of the
nucleic acids precursors.

For several decades the most promising prebiotic potential was attributed
to the hydrogen cyanide (hydrocyanic acid; HCN) [12] as highlighted by
the seminal synthesis of adenine nucleobase reported by Oró [13, 14] as a
product of cyanide polymerization. However the limits of HCN chemistry in a
prebiotic perspective have been found in the extreme reactivity of a hydrogen
cyanide and in the lack of an efficient synthesis of pyrimidine nucleobases
from this three-atom compound.

Saladino et al.[1, 15–18] provided evidence that formamide (HCONH2,
Figure 1.1; M1), one of the most abundant chemical species in the Universe,
has the right physicochemical properties for such a role in the emergence
of the terrestrial life. Beyond providing a convenient reaction medium, a
considerable advantage favoring formamide to its dehydrated form (HCN)
resides in the lower reactivity of the former compound. The more simple
hydrogen cyanide is endowed with the same potential as formamide, though,
it requires, if not quenched with H2O, a complex series of additional reactions
to afford all the appropriate nucleic acids precursors. In addition to that
formamide is an excellent dipolar aprotic reaction medium with a boiling
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Figure 1.1: Formation of N9-formylpurine (9H-purine-9-carbaldehyde; M3)
and two acyclonucleosides (2-hydroxy-1-(9H-purine-9-yl)ethanone; M4 and
2,3-dihydroxy-1-(9H-purine-9-yl)propan-1-one; M5) from formamide (M1)
in the presence of TiO2 anatase powder.[1, 15] The joint 9H-purine (M2)
frame of the acyclonucleosides is in red.
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point of 210 ◦C (at standard atmospheric pressure), which helps to overcome
the hydrolytic instability issues. A further advantage of using formamide as
a solvent is that it can be easily concentrated from dilute aqueous solutions
by simple evaporation of water. Finally, it is well known that many reactions
of formamide are catalyzed by metal oxides and other minerals, which have
been likely present on the primitive Earth. Formamide thus might represent
a potentially suitable chemical frame affording, in the presence of appropriate
catalysts, all the necessary components for the formation of nucleic acids like
nucleobases and nucleoside (nucleobase-ribose) and nucleotide (nucleobase-
ribose-phosphate) units.

The synthesis of so-called purine acyclonucleosides (Figure 1.1; M3 -
M5) is of particular prebiotic relevance because of the known difficulty to
form nucleosides directly, i.e. to build up the β-glycosidic linkage between
nucleobases and sugar moieties under primitive conditions.[1, 19, 20] Even
though it would seem natural that the prebiotic formation of nucleosides
proceeded by linking preformed (2′-deoxy)ribose ring and nucleobases, Joyce
[21] and Zubay [22] have independently shown this is not the case as the
synthesis of (2′-deoxy)ribose itself is crammed with difficulties.[23, 24] How-
ever, a plausible alternative way of nucleosides formation leads through the
acyclonucleoside intermediates, which seem to constitute sufficiently stable
alicyclic precursors capable of a follow-up cyclization leading to nucleosides.
Nevertheless the problem of connecting a sugar moiety to a nucleobase has
not been thoroughly solved yet.

Recently a unified formamide-based synthetic route which could have
given rise to the simultaneous formation of DNA/RNA nucleobases and purine
acyclonucleosides has been experimentally elaborated by Saladino.[18, 25]
While the reaction mechanism of the nucleobases synthetic pathway has been

2



Figure 1.2: Formose-like condensation stepwise appending the formaldehyde
hydrate anion (dihydroxymethanide; M8) to N9-formylpurine (M3) and
2-hydroxy-1-(9H-purine-9-yl)ethanone (M4), respectively, and increasing
the complexity of the sugar side chain.[1]
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addressed theoretically via quantum chemical calculations,[26] the mechanism
of the stepwise assembly of acyclonucleoside intermediates in the presence of
titanium dioxide (TiO2) has only been speculated.

Saladino and co-workers have managed to synthesize N9-formylpurine
(Figure 1.1; M3) as well as different purine acyclonucleosides with C2 and
C3 side chains (M4 and M5) from formamide (M1) and TiO2 by a one-pot
domino process [15] including the N-formylation of the 9H-purine (M2) at
the N9-position followed by a formose-like condensation (Figure 1.2). In the
given process the acyclic sugar side chain grew adding single carbon units of
formaldehyde monohydrate (CH2(OH)2, Figure 1.3; M7). It is presumed that
the role of TiO2 is both to ease the formation of the formaldehyde hydrate
anion (M8) with enhanced nucleophilic strength to bond the CHO group
carbon, and to activate the CHO group for the nucleophilic attack.[1] Further
it was suggested that N-formylpurines play a key role in the formation of the
acyclonucleosides because of their preformed glycosidic bond masked in the
reactive endocyclic formyl moiety.[1] In the context of abiogenesis, glycerol-
derived acyclonucleosides characterized by a vicinal diol moiety (M5) have
received exceptional attention mainly due to the possibility to polymerize
after activation as phosphates.[27]

The aim of the present study is to scrutinize the accessibility of the
TiO2-catalyzed synthesis of purine acyclonucleosides scenario suggested by
Saladino et al. using the state-of-the-art quantum chemical (QM) calculations.
While we presume the presence of 9H-purine (M2, Figure 1.1; red) and
formaldehyde species in the reaction mixture, in line with the experimental
results reported in [15], we have focused on the thermodynamical and kinetic
feasibility of the four main prospective reaction steps leading together to the
ultimate acyclonucleoside bearing the C3 side chain with a vicinal diol group,
labeled herein as M5 (Figures 1.1 and 1.2).
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Figure 1.3: Formation of formaldehyde monohydrate (methanediol; M7) and
formaldehyde monohydrate anion (dihydroxymethanide; M8) from formalde-
hyde (M6) in the presence of TiO2 anatase powder. The formaldehyde is
generated in situ by a TiO2-catalyzed degradation of formamide.[1, 28]
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The first two concurrent TiO2-catalyzed and mutually independent reac-
tion steps yield N9-formylpurine (M2) and the negatively charged geminal
diol (M8), i.e. the two input compounds that are believed [1, 15] to be
necessary to initialize the prolongation of the sugar side chain. According
to our calculations both these processes taking place on the catalytic-active
anatase (001) surface, despite being accessible both from thermodynamics
and kinetics perspectives, represent the rate determining steps of the entire
reaction path leading to M5. The next two subsequent reaction steps of the
synthetic pathway formally illustrated in Figure 1.2 affording successively
M4 and M5 purine acyclonucleosides proceed along the similar reaction
coordinate through analogous transition states. Our calculations clearly show
that both reactions leading successively to M4 and M5 acyclonucleosides
occur readily in bulk formamide also in the absence of the TiO2 surface.

In the present study we provide a energetically plausible reaction mecha-
nism of the purine acyclonucleoside synthetic route originally suggested by
Saladino. We hereby support the view of Saladino and co-workers about
the prebiotic key role of formamide and the catalytic abilities of the TiO2
anatase surface to significantly accelerate the reaction steps leading to the
anticipated alicyclic nucleoside precursors.
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Chapter 2

Theory

2.1 Molecular Electronic Structure Theory
The molecular electronic structure methods represent a powerful tool for
investigating a wide range of previously intractable many-body problems in
chemistry related to molecular structure and reactivity. The superiority of
the quantum chemical (QM) methods stems from the independence from
experimental techniques as no empirical parameters are used and the accuracy
with which the calculations are performed. The rigorous treatment is, on
the other hand, counterpoised by the extensive computational cost markedly
delimiting the size of the studied system.[29, 30]

2.1.1 Second Quantization
Unlike the standard formulation of QM methods where observables are usually
represented by operators and states by multidimensional complex functions,
in the second quantization formalism briefly outlined in the following sections,
the wave functions are also expressed in terms of operators, the creation and
annihilation operators working on the vacuum state. This unified description
elegantly reduces much of the formal manipulation of QM equations to
algebra and inherently ensures the antisymmetry of the electronic wave
function.

Slater Determinant, Fock Space and ON vectors

Let {φP (x)}MP=1 be a basis of M orthonormal spin orbitals φP (x), where x
stands for the space-spin coordinate of an individual electron; x = {r,ms}.
An antisymmetrized product of N spin orbitals fulfilling the Pauli principle,
a so-called Slater determinant |SD〉, may be written as

5



2.1. Molecular Electronic Structure Theory

|SD〉 = 1√
N !

∑
P

(−1)sgn(P̂ )P̂ [φ1(x1), . . . , φN (xN )], (2.1)

where P̂ represents the permutation operator interchanging coordinates
of two electrons and sgn(P̂ ) is a function defining a sign of the product
according to the permutation parity. A single SD, the simplest antisymmetry
principle-satisfying form of wave function, is used as an approximation to the
electronic wave function in Hartree-Fock (HF) theory outlined in Section 2.2.
In more elaborate theories such as configuration interaction (CI) or coupled
clusters (CC) a combination of many SDs is needed to go beyond HF model
towards the exact, non-relativistic electronic wave function.

The Fock space F(M) is a linear, inner-product vector space of occupation
number (ON) vectors |k〉 onto which SDs are unambiguously mapped:

|k〉 = |k1, k2, . . . , kN , . . . , kM 〉, kP =

{
1 if φP (x) is occupied
0 if φP (x) is unoccupied.

(2.2)

The inner-product 〈.|.〉 : F(M) × F(M) → C between two ON vectors |k〉
and |m〉 is defined as follows

〈k|m〉 =
M∏
P=1

δkP ,mP . (2.3)

The ON vectors defined by Equation (2.2) form an orthonormal basis set in
the 2M -dimensional F(M) space, which may be decomposed into a direct
sum of respective F(M, i) “i-electron” subspaces

F(M) =
M⊕
i=0

F(M, i), (2.4)

where the F(M,N) Fock subspace contains all ON vectors obtained by
allocating N electrons among the M spin orbitals. The |k〉 vector with no
electrons forming a basis of the F(M, 0) subspace represents the so-called
vacuum state |vac〉 defined as follows

|vac〉 = |01, 02, . . . , 0N , . . . , 0M 〉; 〈vac|vac〉 = 1. (2.5)

An exact wave function describing N electrons in a field of static nuclei is
thus approximated using the one-electron {φP (x)}MP=1 basis set in terms of
F(M,N) subspace of ON vectors.

6



2.1. Molecular Electronic Structure Theory

Fermion Creation and Annihilation Operators

In the framework of the second quantization formalism QM operators as
well as the state functions can be assembled introducing the creation and
annihilation operators. The former “particle creating” operators are defined
as follows

â†P |k〉 = δkP ,0Γ|k〉P |k1, . . . , 1P , . . . , kM 〉, (2.6)

where the phase factor Γ|k〉P is defined as

Γ|k〉P =
P−1∏
Q=1

(−1)kQ = (−1)
∑P −1

Q=1
kQ
. (2.7)

The Kronecker delta δkP ,0 in Equation (2.6) reflects the requirement that a
SD equals zero if it contains two identical spin orbitals φP . Each ON vector
|k〉 might thus be expressed as a string of appropriate creation operators in
the canonical order working on the vacuum state

|k〉 = (â†1)k1 (â†2)k2 . . . (â†M )kM |vac〉. (2.8)

From Equations (2.6) and (2.7) it can be shown that the anti-commutation
relation [, ]+ holds for any pair of creation operators â†P and â†Q,

â†P â
†
Q + â†Qâ

†
P = [â†P , â

†
Q]+ = 0. (2.9)

Since the annihilation operators âP are Hermitian adjoints of the creation
operators â†P , i.e. âP = (â†P )†, they also obey the anti-commutation relation,

âP âQ + âQâP = [âP , âQ]+ = 0. (2.10)

Using Equations (2.6) and (2.7), and invoking the resolution of identity
condition stating that

∑
k |k〉〈k| = 1̂, it can be concluded that

âP |k〉 = δkP ,1Γ|k〉P |k1, . . . , 0P , . . . , kM 〉. (2.11)

Combining Equations (2.6) and (2.11), it can be derived that the operator
â†P âQ+âQâ†P equals to the identity operator 1̂ if and only if P = Q. Therefore
for all P,Q pairs the following relation holds

â†P âQ + âQâ
†
P = [â†P , âQ]+ = δPQ. (2.12)

7



2.2. Hartree-Fock Model

As both the creation and annihilation operators change the particle number
of a given vector |k〉, they couple ON vectors from distinct F(M, i) subspaces.

2.1.2 Molecular Electronic Hamiltonian
In the absence of external fields, the second quantization non-relativistic
electronic Hamiltonian within the Born-Oppenheimer (BO) approximation
of a many-body system composed of N electrons, residing in M spin orbitals,
and K motionless nuclei is given by

Ĥ = Ô + V̂ + Hnuc, (2.13)

Ô =
M∑
P=1

M∑
Q=1

〈
φP

∣∣∣∣∣−1
2∇

2 −
K∑
A=1

ZA
|r−RA|

∣∣∣∣∣φQ
〉
â†P âQ, (2.14)

V̂ = 1
2

M∑
P=1

M∑
Q=1

M∑
R=1

M∑
S=1

〈
φPφR

∣∣∣∣ 1
|r1 − r2|

∣∣∣∣φQφS〉 â†P â
†
RâS âQ, (2.15)

Hnuc =
K−1∑
A=1

K∑
B>A

ZAZB
|RA −RB |

, (2.16)

where ri are the electron space coordinates and R are the space coordinates
of K nuclei with atomic number of Z. The scalar Hnuc term defined in the
Equation (2.16) standing for the nuclear-nuclear repulsion energy is, within
the BO approximation, simply added to the Hamiltonian. Upon applying
the Hamiltonian operator to an electronic state, a linear combination of the
original state along with states generated by single and double excitations is
produced. There is an associated amplitude, the respective matrix element,
expressing the probability of such excitation.

2.2 Hartree-Fock Model
The Hartree-Fock (HF) method is the simplest ab initio wave function-
based single reference model in molecular electronic structure theory, which
constitutes a convenient starting point for more accurate models. Within
the HF approximation, the electronic wave function |κ〉 is reduced to a single
SD of spin orbitals and may be written in the following form

8



2.2. Hartree-Fock Model

|κ〉 = exp(−κ̂)|0〉 = exp

(
M∑
P=1

M∑
Q=1

κPQâ
†
P âQ

)
|0〉, (2.17)

where |0〉 is some reference configuration, κ̂ is an anti-Hermitian operator,
and exp(−κ̂) is an operator carrying out unitary transformations among the
spin orbitals. The ground state HF wave function is acquired by minimizing
the energy with respect to the orbital-rotation parameters

EHF = 〈HF|Ĥ|HF〉 = min
κ
〈κ|Ĥ|κ〉, (2.18)

where Ĥ is the respective spin-free molecular Hamiltonian and |HF〉 is the
sought single determinant many-electron wave function minimizing the energy
functional. Since the parameters κ occur non-linearly in the energy expression,
an iterative procedure must be invoked to determine the HF state.

As the single antisymmetric product of spin orbitals represents a state
with electrons behaving as independent particles subject to Fermi correlation
resulting form the exchange interaction, the optimal HF configuration may
be found by solving a set of effective one-electron HF equations for the spin
orbitals. The one-electron Fock operator f̂ can be written in the spin orbital
basis as follows

f̂ =
M∑
P=1

M∑
Q=1

fPQâ
†
P âQ = Ô +

M∑
P=1

M∑
Q=1

occ∑
I=1

〈φPφI ||φQφI〉 â†P âQ, (2.19)

where the elements fPQ constitute the Fock matrix. The 〈.||.〉 notation of
the matrix element on the right-hand side of the Equation (2.19) denotes

〈φPφI ||φQφI〉 = 〈φPφI |r−1
12 |φQφI〉 − 〈φPφI |r

−1
12 |φIφQ〉 =

=
¨

d4x1d4x2 φ
∗
P (x1)φ∗I(x2)r−1

12 (1− P̂1,2)φQ(x1)φI(x2).
(2.20)

In the Fock operator, the one-electron component of the exact Hamiltonian
defined in Equation (2.14) is retained, while the two-electron part is replaced
with an effective Fock potential incorporating the averaged Coulomb interac-
tions between the electrons. The HF equations are solved by diagonalization
of the Fock matrix with the resulting eigenvalues and eigenvectors being the
orbital energies and canonical spin orbitals, respectively.

Since the Fock matrix is defined in terms of its own eigenvectors, an
iterative procedure known as the self-consistent field (SCF) method must
be invoked in order to solve the coupled integro-differential equations. The
resulting single-SD wave function is called the HF or SCF wave function.

9



2.3. Density Functional Theory

The HF method scales nominally as M4, but in practise close to N3 as
the algorithm can identify zero and extremely small integrals and neglect
them. Evaluation of the 〈HF|Ĥ|HF〉 term for a closed-shell electronic state
(restricted case, RHF) yields the total energy in terms of spatial orbital basis:

EHF = 2
M/2∑
i=1

〈
φi

∣∣∣∣∣−1
2∇

2 −
K∑
A=1

ZA
|r−RA|

∣∣∣∣∣φi
〉

+ (2.21)

+
M/2∑
i=1

M/2∑
j=1

〈φiφj ||φiφj〉+
M/2∑
i=1

M/2∑
j=1

〈φiφj |r−1
12 |φiφj〉+

K−1∑
A=1

K∑
B>A

ZAZB
|RA −RB |

.

Correlation Energy

The electron correlation effects are associated with wave functions, which
go beyond the single configuration approximation adopted within the HF
theory. The correlation energy Ecorr is defined as the difference between
the exact non-relativistic energy, i.e. the full configuration interaction (FCI)
energy, and the HF energy of the electronic system, both calculated in the
complete basis set spanning the whole one-electron space

Ecorr = EFCI − EHF. (2.22)

This definition comprises both the dynamical and the non-dynamical
(static) correlation effects except the Fermi exchange correlation already
involved in the HF energy term. The correlation energy usually increases
in magnitude with the size of the orbital basis, since small basis sets do
not have sufficient flexibility required for an accurate representation of the
correlation effects.

The dynamical correlation energy can be obtained using either more
elaborate single-reference post-HF methods like CI/CC or density functional
theory briefly outlined in the following section. It should be noted that
predominantly the dynamical component of the correlation energy is of
interest in the present study as the ground states of the closed shell singlet
compounds being analyzed do not suffer from low-lying excited states or near
degeneracies. Otherwise multi-reference methods like MCSCF, CASSCF, or
CASPT should have been applied.

2.3 Density Functional Theory
The density functional theory (DFT) is a versatile computational approach
to investigate the ground state electronic structure of many body quantum
systems. The whole theory is based on the two provable Hohenberg-Kohn
(HK) theorems.[31]

10



2.3. Density Functional Theory

I. HK Theorem For a system of N interacting electrons in a binding
external field v(r), there is always a bijective projection of the binding
potential to a non-degenerate ground state probability density ρ0(r). In
other words, the ground state density ρ(r) determines the external potential
except for an additive constant. The electronic density is defined as the
following integral over all but one spatial coordinates ri and over all spin
variables ms,i

ρ(r) =

〈
Ψ

∣∣∣∣∣
N∑
i=1

α,β∑
σ

δ(ri − r)

∣∣∣∣∣Ψ
〉

= N

ˆ
dms,1

ˆ
· · ·
ˆ N∏

i=2

d4xiΨ∗Ψ,

(2.23)

where Ψ(xi) represents the wave function of the system, which is defined
using the spin-position representation |x1, . . . ,xN 〉 as

|Ψ〉 =
ˆ
· · ·
ˆ N∏

i=1

d4xi Ψ(x1, . . . ,xN )|x1, . . . ,xN 〉. (2.24)

The summation in the Equation (2.23) runs over the Dirac δ-operators for
individual electrons. A direct consequence of the one-to-one correspondence
between the ground state density and the external potential v(r)→ ρ(r) is
that all physical variables are uniquely determined by the density distribution
and can be expressed as a functional of the density. As the number of electrons
N is invariant, the following relation must be fulfilled

ˆ
d3r ρ(r) = N. (2.25)

II. HK Theorem The second HK theorem is analogous to the variational
principle as it states that for an arbitrary trial density function ρ̃(r), which
is non-negative for all r and satisfies the condition (2.25), the following
inequality holds

E0 = E[ρ0(r)] ≤ E[ρ̃(r)]. (2.26)

The ground state density ρ0(r) thus minimizes the energy functional E[ρ(r)].
It can be shown that the energy functional might be expressed as follows

E[ρ(r)] =
ˆ

d3r ρ(r)v(r) + F [ρ(r)] (2.27)

v(r) = −
K∑
A=1

ZA
|r−RA|

, (2.28)
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2.3. Density Functional Theory

where the unknown functional F [ρ(r)] is universal due to its independence
of the external binding potential v(r). Within the BO approximation it
is defined as a sum of a kinetic energy functional T [ρ(r)] and an electron-
electron interaction functional Vee[ρ(r)] containing all quantum effects like
correlation and exchange interactios

F [ρ(r)] ≡ T [ρ(r)] + Vee[ρ(r)]. (2.29)

2.3.1 The Kohn-Sham Formulation of DFT
Albeit the first HK theorem proves the existence of the functional dependence
of the energy on the ground state electronic density, it does not provide
us with the exact form of the universal functional. In 1965 W. Kohn and
L. J. Sham have variationally derived a set of one-electron equations from
which ρ(r) can be effectively obtained.

In their formulation of DFT,[32] the system of N interacting electrons
under the influence of an external field v(r) is mapped through an artificial
effective potential to a fictitious non-interacting N electron system. This
imaginary system of the same ground state energy and density is expressed
using a single SD similarly to the HF theory. The kinetic energy functional
Ts[ρ(r)] for the fictitious non-interacting system is defined as

Ts[ρ(r)] = min
ρ,
´

d3rρ(r)=N

{
min
Φ→ρ

N∑
i=1

〈
φi

∣∣∣−1
2∇

2
∣∣∣φi〉} , (2.30)

where {φi(r)}Ni=1 represents a set of orthonormal one-electron Kohn-Sham
(KS) orbitals, “DFT version” of the canonical orbitals, which are related to
the electronic density by the following relation

ρ(r) =
N∑
i=1

φ∗i (r)φi(r). (2.31)

Using the Coulomb repulsion functional J [ρ(r)] defined as

J [ρ(r)] = 1
2

¨
d3r1d3r2 ρ(r1)r−1

12 ρ(r2), (2.32)

we can recast the universal functional F [ρ(r)] from the Equation (2.29) into
the following decomposed form

F [ρ(r)] = Ts[ρ(r)] + J [ρ(r)] + Exc[ρ(r)], (2.33)
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2.3. Density Functional Theory

where the term Exc[ρ(r)] on the right side of equation represents the exchange-
correlation energy functional of an unknown analytical form. Combining
the Equations (2.27), (2.30), (2.32) and (2.33), the full expression of the
molecular electronic energy within the KS framework can be written as

E[ρ] = −1
2

N∑
i=1

ˆ
dr φ∗i∇2φi −

K∑
A=1

ZA

ˆ
dr ρ(r)
|r−RA|

+ J [ρ(r)] + Exc[ρ(r)].

(2.34)

Examining the linear response of the E[ρ(r)] term to the variation of the KS
orbitals, φi(r)→ φi(r) + δφi(r), one-electron KS equations can be derived

Γ̂φi(r) = εiφi(r) (2.35)

Γ̂ =

{
−1

2∇
2 −

K∑
A=1

ZA
|r−RA|

+
ˆ

dr′ ρ(r′)
|r− r′| + δExc[ρ(r)]

δρ(r)

}
,

where Γ̂ is a “DFT version” of the Fock operator. All terms of the Fock-like Γ̂
one-electron operator excluding the kinetic energy term represent an effective
potential, which depends on the initially unknown charge density. For this
reason the KS equations must be solved, in line with HF equations, via an
iterative SCF procedure until self-consistency is reached.

The fitting approximation of the exchange-correlation functional Exc[ρ(r)]
is of central importance to the accuracy of a particular DFT method and
consequently several approximation schemes have been derived so far.

Local Density Approximation The simplest approximation assuming
electron density can be treated locally as a homogenous electron gas, is
called the local density approximation (LDA). This simplification originally
introduced by W. Kohn and L. J. Sham [32] holds for slowly varying electronic
densities only and is given by the following relation

ELDA
xc [ρ(r)] = ELDA

x [ρ(r)] + ELDA
c [ρ(r)] =

ˆ
d3r ρ(r)εxc(ρ(r)), (2.36)

where the exchange-correlation energy density εxc(ρ) depends only on the elec-
tronic density. As the exchange-correlation energy can be decomposed linearly,
separate expressions for the exchange ELDA

x [ρ(r)] and correlation ELDA
c [ρ(r)]

terms are sought independently. The combination of the Slater/Dirac (S)
exchange [33] and Vosko-Wilk-Nussair (VWN) [34] correlation functionals
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2.3. Density Functional Theory

provides the most accurate results in DFT calculations at the LDA level of
approximation. The Slater/Dirac exchange has the following analytical form

ELDA
x [ρ(r)] = −3

4

( 3
π

)1/3 ˆ
d3r ρ4/3(r). (2.37)

Generalized Gradient Approximation The LDA approximation fails
to correctly describe situations, where the density undergoes rapid changes.
A significant improvement is made, however, by considering a gradient of the
density ∇ρ(r). This is the main idea of the so-called generalized gradient
approximation (GGA).[35] Symbolically this can be written as

EGGA
xc [ρ(r),∇ρ(r)] =

ˆ
d3r ρ(r)εxc(ρ(r),∇ρ(r)). (2.38)

Although current GGA functionals seem to give reliable results for all main
types of chemical bonds, they usually fail to describe weakly bound systems
driven by vdW interactions.

There are many examples of GGA exchange functionals, for example
Becke’s from 1988 (B/B88),[36] or the exchange functional devised by Perdew
and Wang in 1986 (P/PW86).[37] Among the most commonly used GGA
correlation functionals are the ones proposed by Lee, Yang, and Parr in 1988
(LYP),[38] Perdew in 1986 (P/P86),[39, 40] and Perdew and Wang in 1991
(PW91).[41] Very popular is also the composite PBE functional derived by
Perdew, Burke and Ernzerhof,[42] which contains both the exchange and
correlation components.

Meta-Generalized Gradient Approximation The meta-GGA is essen-
tially an extension of GGA functionals, in which the non-interacting kinetic
energy density τ(r) ∼ ∇2φi(r) is used within the functional in addition to
the electron density and its gradient. The generic spin-independent form of
a meta-GGA functional is defined as

EMGGA
xc [ρ(r),∇ρ(r), τ(r)] =

ˆ
d3r ρ(r)εxc(ρ(r),∇ρ(r), τ(r)), (2.39)

where the τ(r) term reads

τ(r) = 1
2

N∑
i=1

|∇φi(r)|2. (2.40)

Even though meta-GGA density functionals usually provide superior results
compared to GGAs, the full potential of this approximation level is beginning
to be systematically explored. Examples of meta-GGA functionals are TPSS
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2.4. Atomic Basis Functions

of Tao, Perdew, Staroverov, and Scuseria,[43] and Truhlar and Zhao’s local
M06-L.[44]

Hybrid Functional Approximation Hybrid density functionals intro-
duced by Becke [45] mix a fraction of the exact HF exchange interaction
with an exchange and correlation contribution from other sources. Con-
struction of hybrid functionals involves a certain amount of empiricism in
the optimization of the HF exchange and DFT term scale factors as well
as in the choice of functionals that are incorporated. Probably the most
successful among hybrid functionals is B3LYP, which has proven to be one
of the the most accurate functionals for energetic calculations within the KS
framework. The B3LYP combines Dirac,[33] exact Hartree-Fock, and Becke
exchange functionals with VWN [34] and LYP [38] correlation functionals in
the following form

EB3LYP
xc = axcE

LDA
x + (1− axc)EHF

x + axE
B
x + EVWN

c + acE
LYP
c , (2.41)

where axc, ax, and ac are the empirical constants determined by Becke via
fitting to the G1 molecule set. Another popular non-local density functionals
are PBE0 [46, 47] derived from the PBE functional, and Truhlar’s suite of
M06 functionals.[48]

2.4 Atomic Basis Functions
A Slater determinant is usually expressed as an antisymmetric product of
spatial molecular orbitals (MOs). In most applications the MOs φp(r) are
expanded in a finite set of predefined simple one-electron analytical functions
called atomic basis functions or atomic orbitals (AO) labeled herein as χµ(r):

φp(r) =
K∑
µ=1

Cµpχµ(r); {χµ}Kµ=1, χµ : R3 → R. (2.42)

The accuracy of the electronic structure calculation and the quality of the
wave function or electronic density strongly depends on the type and number
of the basis functions used to span the one-electron space.

The basis set is said to be complete if, for any given ε > 0, the following
conditions is fulfilled for all coordinates r:∥∥∥∥f(r)−

K∑
µ=1

cµχµ(r)
∥∥∥∥ < ε, (2.43)

where the square-integrable function f(r) of the one-electron Hilbert space
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2.4. Atomic Basis Functions

L2(R3) is approximated by a linear expansion in the basis set {χµ(r)}kµ=1.
The use of the complete basis set ensures that any N -electron wave function
can be approximated to an arbitrary accuracy.

In QM calculations of finite, non-periodic systems, exponentially decaying
nuclei-centered basis functions are commonly used. Roothaan and Bagus
[49] introduced the functions

χSTO
µ (r) = rn−1Y ml (θ, φ) exp(−ζr), (2.44)

where n, l, m are the principal, azimuthal and magnetic quantum numbers,
respectively, and ζ is the orbital exponent. Y ml (θ, φ) is the spherical harmonic
corresponding to l and m, defined as

Y ml (θ, φ) =
√

2l + 1
4π

(l −m)!
(l +m)!P

m
l (cos θ) exp(ımφ), (2.45)

where Pml (cos θ) is an associated Legendre polynomial, the canonical solution
of the general Legendre equation. Associated Legendre polynomials of degree
l and order m ≥ 0 may be defined as the m-th derivative of Pl(cos θ), the
azimuthally symmetric Legendre polynomials:

Pml (cos θ) = (−1)m(sin θ)m dm

d(cos θ)mPl(cos θ). (2.46)

The tabulated ζ parameters in Equation (2.44) were optimized variationally
with respect to each total atomic energy.

In general, these functions are named Slater type orbitals (STO) or
Slater type functions (STF). The STOs are similar to the eigenfunctions of a
hydrogen atom Hamiltonian and have correct asymptotic behavior both near
(r → 0) the nucleus and away from it (r →∞), though, the required overlap
and interaction integrals between STOs must be calculated using numerical
methods, which drastically decreases the computational efficiency.[50]

The Gaussian functions, generally named Gaussian type orbitals (GTO)
or Gaussian type functions (GTF), are the usual alternative functions to the
STOs in the molecular electronic calculations. The spherical GTOs were
proposed for the first time by Boys [51] and McWeeny [52]. These functions
are defined by

χGTO
µ (r) = rn−1Y ml (θ, φ) exp(−αr2), (2.47)

where α is the GTO exponent controlling the rate of decay, l and m are the
azimuthal and magnetic quantum numbers, respectively. Unlike the more
physically-based STOs, where n represents the principal quantum number,
here n is related to l number as follows:
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2.5. Effective Core Potentials

n = l + 1, l + 3, l + 5, . . . (2.48)

Cartesian GTOs are used in molecular calculations, because the multicenter
integrals are easily evaluated due to the Gaussian theorem that allows to
express the product of two Gaussian functions centered in two different points
of the space as another Gaussian function centered in a third point located
on the line that joins the two initial points. These Cartesian GTOs are
defined by the following equation

χGTO
µ (r) = xiyjzk exp(−αr2). (2.49)

GTOs represent the charge distribution of molecular systems less closely
compared to STOs and thus larger number of Gaussians are needed for
accurate description of the electronic system. The slower convergence of
GTOs is, however, more than compensated due to a faster evaluation of the
molecular integrals. For this reason, modern electronic structure calculation
codes usually employ, except for accurate atomic calculations, Gaussian-type
basis sets.

2.5 Effective Core Potentials
Effective core potentials (ECPs) are a convenient means of replacing the core
electrons in a calculation with an effective potential, thereby eliminating
the need for the core basis functions. In addition to replacing the core
and reducing the computational cost, they might be applied to represent
relativistic effects, which are largely confined to the core electrons.[53]

Both the scalar (spin-free) and spin-orbit (spin-dependent) relativistic
effects may be included in effective potentials.[54] The development of rela-
tivistic ECPs can be viewed as starting from an atomic Dirac-Hartree-Fock
calculation, done in JJ-coupling, and producing relativistic effective poten-
tials (REPs) for each value of l and j, UREP

lj . In the following step, a local
potential is extracted. The local potential contains for example the Coulomb
potential of the core electrons balanced by the part of the nuclear attraction,
which cancels the core electron charge. The residue might be expressed [54]
in a semi-local form

UREP = UREP
LJ +

L−1∑
l=0

l+ 1
2∑

j=l− 1
2

(
UREP
ij (r)− UREP

LJ (r)
)∑

m

|ljm〉〈ljm|, (2.50)

where L is one larger than the maximum angular momentum in the atom.
The scalar potential is then obtained by averaging the REPs for each j for a
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given l to provide an averaged relativistic effective potential (AREP), which
can be written as

UAREP
l (r) = 1

2l + 1

[
lUREP
l− 1

2
(r) + (l + 1)UREP

l+ 1
2

(r)
]
. (2.51)

The AREPs are then summed into the full potential. Both the scalar and
spin-orbit effective potentials are usually fitted to Gaussians with the form

r2Ul(r) =
∑
k

Alkr
nlke−Blkr

2
, (2.52)

where Alk is the contraction coefficient, nlk is the r term exponent, and Blk is
the Gaussian exponent. Note that there are several other schemes of effective
potentials fitting [53, 54] bypassing construction of AREPs, enumeration of
which is beyond scope of the thesis.

2.6 Polarizable Continuum Model
The applicability of QM calculations has been radically extended to treat
(supra)molecular systems embedded in complex environments by the fast
development of the solvation models, which can be combined with the QM
description of the system to account for the effects of the environment on its
reactivity and properties.

The solvation models use a continuum-like approximation according
to which the microscopic nature of the environment disappears and it is
substituted by a dielectric.[55] Among the solvation continuum models, the
so-called polarizable continuum model (PCM) represents one of the most
successful approaches to be combined with a QM description of the molecular
solute. Since then the original model has been deeply modified both in its
theoretical formulation and in its numerical implementation.[55–59]

The formulation of continuum solvation models requires the solution of a
Poisson problem

−∇× (ε(r)∇V (r)) = 4πρm(r), (2.53)

where ε(r) is the general position-dependent permittivity and ρm(r) is the
solute charge density. If the solute and its charge density ρm(r) lies inside a
molecular cavity Γ built within an isotropic and homogeneous environment,
ε(r) assumes the following form

ε(r) =

{
1 if r ∈ Γ
ε if r /∈ Γ,

(2.54)
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where ε is the solvent dielectric constant. Using the Equation (2.54) the Pois-
son Equation (2.53) can be solved with the appropriate boundary conditions
in terms of a potential V , which is comprised of the solute potential plus the
contribution due to an apparent planar charge density on the cavity surface

V (r) = Vm(r) +
‹
∂Γ

d2s σ(s)
|r− s| . (2.55)

Even though the source of the solvent reaction potential is limited to the solute
charge density within the cavity, which leads to a remarkable simplification,
the integration of Equation (2.55) over a complicatedly shaped surface ∂Γ
remains computationally challenging.

Once the surface charge distribution σ(s) is calculated, the electrostatic
component of the solvation free energy Gel reads as follows

Gel = 1
2

‹
∂Γ
σ(s)

[˚
V

d3r ρm(r)
|r− s|

]
d2s. (2.56)

Within the PCM framework there are various alternative formulations of the
fictitious surface charge σ(s) labeled with different acronyms like DPCM,
CPCM, IEFPCM, etc. Unlike the former two, the IEFPCM definition has
been derived within a more mathematically founded framework than the
DPCM and CPCM variants, which represents subcases of the more general
IEFCPM model.

There are two main advantages of IEFPCM with respect to the other
PCM formulations.[55] First, while keeping the same theoretical apparatus
of the isotropic solvent, IEFPCM can be extended to very different types of
environment like ionic solutions or anisotropic dielectrics characterized by
a tensorial permittivity.[60] Second, unlike the original DPCM formulation
the IEFPCM model implicitly takes into account the effects of the outlying
charge (i.e. due to the electronic density extending beyond the cavity surface)
and thus provides with a correct reaction potential inside the cavity.[61–63]

2.6.1 Non-Electrostatic Interactions
Even though the electrostatic interactions generally dominate, especially
in polar solvents, they do not fully exhaust the solvent-solute interactions,
which include also dispersion and repulsion effects. Over the years the PCM
models have been extended to cover also the non-electrostatic interactions.

There are many different strategies to treat the non-electrostatic effects,
though all formulations are founded basically on the same partition of the
solvation free energy into four, in principle coupled, terms

Gsol = Gel +Gnon−el = Gel +Grep +Gdis +Gcav, (2.57)
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where the electrostatic term Gel has been defined in Equation (2.56), and
Grep and Gdis stand for the repulsion and dispersion interactions, respectively.
The last cavitation energy term Gcav represents the work necessary to create
a void cavity within the dielectrics to host the solute.[55]

There are many various strategies that have been proposed to calculate
the non-electrostatic terms. The approach that has been used within the
SMD[64, 65] extension of PCM assumes that the three contributions to
the non-electrostatic term Gnon−el can be unified in a single one linearly
dependent on the solvent-accessible surface, namely

Gnon−el =
∑
i

ξiAi, (2.58)

where ξi is the atomic surface tension of atom i and Ai denotes the contribu-
tion of atom i to the cavity surface.[55]
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Chapter 3

Computational Details

The QM calculations were carried out at the DFT/B3LYP level of theory
[38, 45] using tight SCF convergence criteria, the large 6-311++G(2d,2p)
basis set augmented with diffuse atomic orbitals, and the Gaussian09.D01
suite of programs.[66] The exchange-correlation contribution was integrated
using the dense UltraFine numerical quadrature grid. The same approach
was successfully used in our recent theoretical study to describe some of the
key steps of the formamide-based prebiotic synthesis of nucleobases.[26]

In case a titanium atom was included in the calculation the fully rel-
ativistic MDF-10 pseudopotential from Stuttgart-Dresden laboratory was
employed in order to enhance accuracy by covering relativistic effects of the
core electrons and to decrease computational cost.[67]

Gradient optimizations were used to obtain both the minimized geome-
tries and vibrational frequencies. Local energy minima and transition states
(TS) were verified with frequency calculations.

The presence of polar solvent (ε = 108.94 for formamide [68]) was mim-
icked using the IEFPCM model with radii and non-electrostatic terms for
Truhlar’s SMD solvation model [64, 65] in the default parametrization sup-
ported by the Gaussian09 code. Free energies of the studied compounds
in solution (G, kcal·mol−1) were calculated using the predicted electronic
energies incorporating all PCM corrections (Gsol) defined in Equation (2.57)
supplemented with the thermal and entropic correction terms to the Gibbs
free energy computed in solvent (δGsol) via harmonic approximation from
frequency calculations, namely G = Gsol + δGsol. The δGsol correction term
was computed at the temperature of 433.15 K (160 ◦C), in accord with the
experimental conditions of the Saladino synthesis.[1, 15, 16]
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Chapter 4

Results & Discussion

The Figure 4.1 summarizes intermediate compounds herein tagged as MX,
where X ∈ {1, 2, 3, ...}. The complete reaction complexes often consisting
of several interacting species are tagged as CX to distinguished them from
individual compounds. The names of MX compounds are given in Table 4.1.

4.1 TiO2 Model System
TiO2 powders are prebiotic materials that are widely used as catalysts [69]
in hydrocarbon-selective oxidations,[70] in solar energy conversion,[71] as
well as in other processes.[15, 72] Among photocatalysts, TiO2 is well-known
for its stability and remarkably high photoreactivity.[73, 74] It has also been
reported that formaldehyde (M6), a key compound of the acyclonucleoside
synthetic route, is generated in situ by a TiO2-catalyzed degradation of
formamide (M1; Figure 1.3).[28] However, apart from research on the radio-
chemical synthesis of nucleoside anologues,[75] no further data are available
on the role of TiO2 in the prebiotic synthesis of nucleic acids.[15]

The purine acyclonucleoside synthesis carried out by Saladino et al.[15]
was performed in a flask containing neat formamide (5.7 g, 5 mL, 0.12 mol)
at 160 ◦C for 48 hours in the presence of titanium(IV) oxide (TiO2, micro-
crystalline anatase powder). For anatase structure, see Figure 4.2, left.

In order to mimic the anatase (001) surface catalyzing the reactions lead-
ing to acyclonucleosides formation a neutral pentacoordinated [Ti(OH)4(H2O)]
(tetrahydroxytitanium monohydrate) complex of approximate octahedral
geometry (with one vacant axial coordination position) has been employed
in the present study (Figure 4.2; right). Note that anatase (001) facets
are rather reactive as majority of the titanium atoms on that surface are
unsaturated and have pentacoordinated bonding configuration, in accord
with the proposed one-Ti model.
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4.1. TiO2 Model System

Figure 4.1: Summary of intermediate compounds tagged as MX. The red
asterisk marks chiral centers; blue symbols label Cα, Cβ , and Cγ carbons.
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4.1. TiO2 Model System

Table 4.1: Names of intermediate compounds tagged as MX according to
the IUPAC nomenclature. Chrg. and Chrl. denote the total charge of the
given compound and the presence of chiral center, respectively.

Label Chrg. Chrl. Name

M1 0 formamide
M2 0 9H-purine
M3 0 N9-formylpurine; 9H-purine-9-carbaldehyde
M4 0 2-hydroxy-1-(9H-purine-9-yl)ethanone
M5 0 X (R)-2,3-dihydroxy-1-(9H-purin-9-yl)propan-1-one
M6 0 formaldehyde
M7 0 formaldehyde hydrate; methanediol
M8 -1 formaldehyde hydrate anion; dihydroxymethanide
M9 0 (9H-purine-9-yl)methanol
M10 -1 X (S)-2,2-dihydroxy-1-(9H-purin-9-yl)ethanolate
M11 -1 X (S)-2-oxo-1-(9H-purin-9-yl)ethanolate
M12 -1 1-hydroxy-2-oxo-2-(9H-purin-9-yl)ethan-1-ide
M13 -1 X (S)-1,1,3-trihydroxy-2-(9H-purin-9-yl)propan-2-olate
M14 -1 X (S)-1-hydroxy-3-oxo-2-(9H-purin-9-yl)propan-2-olate
M15 -1 X (R)-3-hydroxy-1-oxo-1-(9H-purin-9-yl)propan-2-olate
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4.2. Formation of N9-Formylpurine

Figure 4.2: Crystal structure of anatase (001) surface (TiO2; left) and the
neutral pentacoordinated [Ti(OH)4(H2O)] model system (right) used in the
present study to mimic the anatase (001) surface. Titanium atoms: light
grey, oxygen atoms: red, hydrogen atoms: white, remaining anatase atoms
not included in the model: dim gray.

Despite being significantly simplified we believe that the titanium(IV)
atom within the model system has similar physicochemical properties as
compared to the actual surface Ti atoms, hence the [Ti(OH)4(H2O)] model
retains most of the catalytic potential ascribed to the anatase (001) surface.

4.2 Formation of N9-Formylpurine
Under the default reaction conditions (∼ 160 ◦C, 1 atm., and presence of TiO2
catalyst) of the Saladino synthesis,[15] formaldehyde is abundantly present
in the reaction mixture, being the degradation product of formamide.[28]
Besides that 9H-purine (M2) and other purine/pyrimidine-based compounds
have also been detected in the heat formamide solution.

In order to initialize the formation and prolongation of the acyclonucleo-
side side chain, N9-formylpurine (Figure 1.1; M3) and formaldehyde hydrate
anion (Figure 1.3; M8) must be available in the reaction mixture at the same
time and in the sufficient amounts. The former compound can be synthesized
from 9H-purine and formaldehyde in two subsequent reactions catalyzed on
the vacant axial coordination side of the [Ti(OH)4(H2O)] complex.

While the first two-step reaction affording (9H-purin-9-yl)methanol (M9)
is clearly exergonic and proceeds with a moderate energy barrier (Figures 4.3
and 4.4), the following one-step oxidation of M9 (Figure 4.5) leading to
the final product, N9-formylpurine, has been found to require a rather non-
negligible activation energy and thus represents the rate determining step
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4.2. Formation of N9-Formylpurine

Figure 4.3: The first step of the formation of (9H-purine-9-yl)methanol
(M9) from formaldehyde (M6) and 9H-purine (M2) catalyzed on the vacant
axial side of the [Ti(OH)4(H2O)] complex. The transferred proton (H9) is
in red. The initial complex C1 is composed of [Ti(OH)4(H2O)], M6, and
M2 compounds. C2 and C3 represent the transition state and the reaction
product, respectively.
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in the given reaction channel. The Figure 4.6 illustrates the computed free
energy profiles for both the above-mentioned reactions.

4.2.1 Reaction Pathway: (9H-purine-9-yl)methanol
The first two-step reaction involves electrophilic substitution in which the H9
hydrogen of M2 is replaced by the formyl group, while the respective proton
is transferred to the nearby hydroxyl ligand of the coordination sphere
(Figure 4.3). Our calculations show that the clearly exergonic reaction
proceeds with a rather negligible activation energy of 3.4 kcal·mol−1 in bulk
formamide (Figure 4.6; red). In the resulting intermediate C3, which is
approximately 20.5 kcal·mol−1 below the initial state complex C1, the 9-
(methoxymethyl)-9H-purine moiety is linked through the bridging oxygen to
the central titanium atom.

The following step (Figure 4.4) requiring an activation energy of about
19.5 kcal·mol−1 comprises of the simultaneous deprotonation of the coordi-
nated water molecule and the formation of the reaction product C5, which
is ∼ 6.5 kcal·mol−1 more stable than the respective initial state C1.

The overall kinetically accessible two-step reaction affording the reduced
form of N9-formylpurine is thus thermodynamically favored with ∆rG being
-6.5 kcal·mol−1. If no catalysts are used, the exergonic reaction with ∆rG of
approximately -4.3 kcal·mol−1 would require a rather substantial activation
energy of ∼ 44.4 kcal·mol−1 in bulk formamide (Figure 4.6; blue).
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4.2. Formation of N9-Formylpurine

Figure 4.4: The second step of the formation of (9H-purine-9-yl)methanol
(M9) from formaldehyde (M6) and 9H-purine (M2) catalyzed on the vacant
axial side of the [Ti(OH)4(H2O)] complex. The transferred proton (H9) is in
red. C3 and C4 represent the initial complex and the transition state. The
reaction product C5 consists of M9 compound weakly interacting with the
[Ti(OH)4(H2O)] model.
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model. C5 and C6 represent the initial state complex and the transition
state, respectively. The final reaction product, C7, consists of M3 and
[Ti(OH)3(H2O)2H] complex with the hydride attached to the titanium atom.
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4.2. Formation of N9-Formylpurine

Figure 4.6: Free energy profile for the formation of N9-formylpurine (M3)
from formaldehyde (M6) and 9H-purine (M2) precursors. Red: reaction
catalyzed by the [Ti(OH)4(H2O)] complex; blue: non-catalyzed scenario.
The red and blue numbers refer to the free energy changes calculated relative
to the initial state complex C1 (catalyzed reaction route) and M2 + M6
(non-catalyzed reaction route), respectively.
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4.3. Formation of Formaldehyde Hydrate Anion

4.2.2 Reaction Pathway: N9-Formylpurine
In the next step the (9H-purine-9-yl)methanol (M9) interacting non-covalently
with the surface-exposed Ti atoms via its hydroxyl group (Figure 4.5; C5) is
oxidized by withdrawing a hydride from the methylene carbon attached to
N9. Concurrently the adjacent hydroxyl group proton is transferred to one
of the equatorial plane hydroxyl ligands. Our computations show that the
activation energy of the endergonic (∆rG ∼ 24.1 kcal·mol−1) TiO2-catalyzed
oxidation in formamide is 32.2 kcal·mol−1(Figure 4.6), rendering this reaction
the rate determining step in the whole process of N9-formylpurine formation.

The relatively high activation energy calculated in bulk formamide war-
rant that the oxidation of M9 requires pretty harsh conditions, which might
explain the experimentally observed low reaction yield in the temperature
range where water is present in liquid phase. This underlines the importance
of formamide as a reaction medium in the Saladino synthesis.

Moreover it is reasonable to anticipate that the higher pKa of the actual
anatase TiO2 surface two-fold coordinated bridging oxygens (O2c) and the
enhanced electrophilic strength of the surface-exposed Ti atoms co-operatively
facilitate the deprotonation of the M9 hydroxyl group and the hydride
abstraction, respectively. Therefore the calculated energy barrier of the
process likely represents the upper limit of the actual activation energy.

4.3 Formation of Formaldehyde Hydrate Anion
According to the Saladino concept of acyclonucleoside formation the acyclic
germ of the sugar ring results from consecutive attacks of the formaldehyde
monohydrate anion M8 on the carbonyl group of M3 and M4. While the
suggested reaction route affording M3 has been outlined in the previous
Section 4.2, the reaction channel of how the nuclephilic M8 carbanions are
generated in the reaction mixture has not been discussed.

In the present study we provide a kinetically plausible TiO2-catalyzed
two-step reaction mechanism, which yields successively formaldehyde mono-
hydrate M7 along with its deprotonized and more reactive anionic form
M8, validating the Saladino’s hypothesis.[1] Albeit we do not rule out other
alternative and energetically feasible reaction channels, e.g. in which the
anatase surface accelerates the formation of M8 via photocatalysis or by
generating free radicals,[76] our calculations show that the formation of M8
anions may occur also in the absence of light irradiation or open-shell species
with unpaired electrons.

4.3.1 Hydration of Formaldehyde
The first step of the M8 carbanion formation process is the hydration of
formaldehyde, which is know to be abundant in the formamide solution.[1]
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4.3. Formation of Formaldehyde Hydrate Anion

Figure 4.7: Three possible reaction routes leading to formaldehyde mono-
hydrate M7 or the respective C11 complex: a) direct hydration, b) water-
assisted hydration, and c) TiO2-catalyzed hydration of formaldehyde. The
newly emerging covalent bonds and the non-covalent interactions are depicted
by dashed red and blue lines, respectively.
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The addition of water to formaldehyde resulting in formaldehyde monohy-
drate M7 may proceed along the following reaction pathways illustrated in
Figure 4.7. The respective free energy profiles of the formaldehyde hydration
are summarized in Figure 4.8.

The direct, non-catalyzed addition of water to formaldehyde is the least
kinetically feasible route of hydration with a substantial energy barrier of
39.7 kcal·mol−1 in formamide environment (Figure 4.7; a). Our calculations
show that the direct water addition is a nearly isoenergetic in bulk formamide
with ∆rG of approximately -1.1 kcal·mol−1.

However, Saladino et al. reported [1] that trace amounts of water, which
might exert a robust catalytic effect, have been detected in the reaction
mixture. We thus investigated whether inclusion of a water molecule into
the computational model may influence the kinetics of this reaction step
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4.3. Formation of Formaldehyde Hydrate Anion

(Figure 4.7; b). Indeed we have found that insertion of a single water
molecule diminishes the hydration activation energy by ∼ 18 kcal·mol−1 to
approximately 21.6 kcal·mol−1 via formation of a energetically more favorable,
less strained 6-membered ring transition state (Figure 4.7; C9) as compared
to the non-catalyzed case. Note that addition of a cluster containing two
or more water molecules would enhance the effect and further lower the
energy barrier for the water addition to approximately 16 kcal·mol−1,[77]
as estimated from the experimentally observed rate constant. The water-
mediated addition of water molecule to formaldehyde is thermodynamically
downhill with ∆rG as low as -15.2 kcal·mol−1.

A further decrease of the non-catalyzed reaction activation energy by
9-10 kcal·mol−1 to approximately 30.5 kcal·mol−1 (without catalytic water
molecules) can be observed in case the hydration takes place on the anatase
(001) facet (Figure 4.7; c). In the reaction initial complex, the M6 carbonyl
oxygen is oriented to the closest titanium ion and forms a weak, electronic
density polarizing interaction of partial covalent nature. Since a fraction of
the carbonyl group π-electrons are shifted towards the central Ti atom away
from the carbon, the partial charge and thus the electrophilic character of the
carbonyl group is increased, making it more accessible for a nucleophilic attack
by water. The TiO2 surface thus has the potential to enhance the the rate of
the formaldehyde hydration via polarization effect of the exposed titanium
ion. Although less exergonic as compared to the water-assisted mechanism,
the TiO2-catalyzed hydration of formaldehyde still occurs spontaneously in
heat bulk formamide with ∆rG of -4.7 kcal·mol−1.

Obviously the efficiency of the above-mentioned water-assisted mechanism
can be further amplified when combined with the catalytic effect of the
polarizing TiO2 (001) surface. However, due to the already low activation
barrier of the water-mediated hydration of the carbonyl group, which has
been well described and confirmed both theoretically [77] and experimentally
[78], we did not further investigate the prospective catalytic role of the TiO2
surface in this particular reaction.
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4.3. Formation of Formaldehyde Hydrate Anion

Figure 4.8: Free energy profile for the formaldehyde hydration reaction.
Blue: non-catalyzed hydration pathway (a); red: water-assisted reaction
pathway (b); green: TiO2-catalyzed reaction pathway. The blue, green, and
red numbers refer respectively to the free energy changes calculated relative
to the initial state complex, i.e. M6 + H2O, M6 + H2O + [Ti(OH)4(H2O)],
and M6 + 2H2O.

4.3.2 Deprotonation of Formaldehyde Hydrate
In order to produce M8 carbanions via deprotonation of the M7 methylene
bridge carbon, a rather substantial activation energy is required due to the
expected high value of pKa resulting from the inability of the methylene
carbon to stabilize the negative charge. It is thus evident that a sufficiently
strong nucleophilic agent capable of breaking away the non-acidic hydrogen
has to be operative in the reaction mixture.

We modeled the situation in which M7 interacts via one of its hydroxyl
groups with the titanium ion embedded in the neutral [Ti(OH)4(H2O)] com-
plex (Figure 4.9; a). We have managed to locate a transition state (C12)
where the hydroxymethyl (CH2OH) group is slightly tilted towards the equa-
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4.3. Formation of Formaldehyde Hydrate Anion

torial plane of the metal complex and the methylene group is deprotonized by
the neighboring hydroxyl ligand within the inner coordination sphere. Even
though the titanium ion assists in the stabilization of the the emerging M8
carbanion, the catalyzed endergonic (∆rG ∼ 25.4 kcal·mol−1) deprotonation
proceeds with a considerable activation energy of 49.0 kcal·mol−1(Figure 4.10,
blue). Note that the present reaction channel is too energy demanding to
yield detectable amounts of M8 anions on the timescale of the Saladino
synthesis and therefore it is likely the actual reaction proceeds along an
alternative reaction coordinate.

Figure 4.9: Deprotonation of formaldehyde monohydrate M7 catalyzed by
the a) neutral [Ti(OH)4(H2O)] model complex and b) anionic [TiO3]2−
complex representative of a defective anatase (001) binding site. Blue dashed
lines symbolize non-covalent interactions.
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We have further examined the feasibility of M7 deprotonation catalyzed
by the titanium(IV) complex with unsaturated coordination sphere, which
effectively mimics a defective binding site on the anatase (001) surface. The
fact that the surface of the anatase powder used in the Saladino’s experiment
[15] is far from being mirror-polished and so majority of the binding sites
on the surface are likely to be structurally imperfect with various types of
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Figure 4.10: Free energy profile for the formaldehyde monohydrate depro-
tonation reaction. Blue: reaction catalyzed by the neutral [Ti(OH)4(H2O)]
complex (a); red: reaction catalyzed by the anionic [TiO3]2− complex repre-
sentative of a defective anatase (001) binding site. The blue and red numbers
refer respectively to the free energy changes calculated relative to the initial
state complex C11, and C14.

O-vacancies, justifies the employment of the present model system. In this
model the titanium ion coordinated with three oxygens forms an anionic
[TiO3]2− complex of approximate tetrahedral geometry (Figure 4.9; b). The
fourth vacant position is occupied by one of the M7 hydroxyl group oxygens
attracted to the metal ion (C14). In line with the above-mentioned neutral
model scenario, one of the methylene group hydrogens is directed to the
nearby negatively charged oxygen, which has the ability to withdraw the
proton from the methylene carbon. Indeed, due to the distinctive nucleophilic
character of the anionic oxygen ligands, we observed a rather substantial
decrease of the proton transfer activation energy by ∼ 17 kcal·mol−1, to
acceptable 32.4 kcal·mol−1(Figure 4.10, red). Geometry of the late transition
state C15 is nearly identical to the high energy-lying metastable product
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C16 (32.2 kcal·mol−1), in which the M8 carbanion remains coordinated to
the titanium ion via its hydroxyl group. The metastable alignment rapidly
undergoes a barrier-less structural rearrangement by shifting the carbon,
on which the negative charge is predominantly located, over the central
titanium ion to form the final product (C17; 9.6 kcal·mol−1) with the C-Ti
coordination bond. The final anionic product M8 of the endergonic [TiO3]2−-
catalyzed deprotonation is released from the electronic density-oversaturated
defective TiO2 surface by a standard ligand exchange reaction.

Together with the hydride abstraction step of the N9-formylpurine forma-
tion (Figure 4.5), which proceeds with an activation energy of 32.2 kcal·mol−1,
the deprotonation of the formaldehyde hydrate taking place on a defective
TiO2 surface with oxygen vacancies represent the entire rate determining step
on the acyclonucleoside formation pathway. The relatively high activation
energies computed in bulk formamide vindicate that the respective reaction
steps require severe conditions like substantially elevated temperature of the
reaction medium as reported by Saladino et al.[1, 15] Note that according to
the Eyring equation, which reads

k = kBT

h
exp
(
−∆G‡

RT

)
, (4.1)

where k is the reaction rate constant, kB is the Boltzmann constant, T is
the absolute temperature, h is the Planck’s constant, ∆G‡ is the Gibbs
energy of activation, and R is the gas constant, the activation energy of
approximately 32 kcal·mol−1 corresponds to 1.42 · 10−13 and 6.46 · 10−4 s−1

for the temperatures of 273.15 and 433.15 K, respectively. It is thus obvious
that the role of the elevated temperature enabled by the high-lying boiling
point of formamide is key to increase the reaction rate by almost ∼ 9-10
orders of magnitude.

4.4 Route to Acyclonucleosides
According to Saladino et al.[1] the formation of the M4 and M5 purine
acyclonucleosides in detectable amounts can be rationalized by a formose-like
reaction pathway, in which the formaldehyde hydrate anion adds to the
electrophilic CHO moiety, increasing step by step the complexity of the
acyclic sugar side chain. It has been considered that the role of the TiO2
surface was (i) to make the formaldehyde hydrate anion formation easier,
and (ii) to activate the CHO moiety for a nucleophile attack.

In the following paragraphs we show, in line with the Saladino scheme,
that the nucleophilic addition of the carbanion to the carbonyl group along
with the successive reaction steps, i.e. water-assisted dehydration, isomeriza-
tion, and neutralization of the resulting intermediate, may indeed proceed at
a reasonable rate with the maximum activation energy of ∼ 25 kcal·mol−1.
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Even though our calculations support the view of Saladino and co-workers
that the TiO2 surface plays a major role in the formation of N9-formylpurine
(see Section 4.2) and formaldehyde hydrate anion (see Section 4.3) compounds,
the TiO2 activation of the CHO moiety, making it even more electrophilic,
appears to be fully redundant since the nucleophile attack of M8 anion at
the carbon center of the carbonyl group proceeds spontaneously without an
energy barrier in bulk formamide.

4.4.1 Acyclonucleosides with C2 Side Chain
The proposed reaction mechanism of acyclonucleosides with C2 side chain
formation (M4) is illustrated in Figure 4.11. The computed free energy
profile for the respective reaction steps is given in Figure 4.12.

The formation of the M4 acyclonucleoside is initialized by the nucleophile
attack of M8 carbanion on the carbonyl group of N9-formylpurine (M3).
As stated above, the non-catalyzed addition process proceeds spontaneously
in the formamide environment without an activation barrier. The reaction
∆rG of -41.3 kcal·mol−1 indicates that the electron-withdrawing substituents
of the resulting compound M10 in (S)-configuration help to inductively
stabilize the negative charge.

It should be noted that due to symmetry reasons there is no preferred side
on which the nucleophile attack occurs, hence a racemic mixture containing
equal amounts of the S/R-enantiomers is produced. Although we chose to
follow the reaction channel affording the (S)-stereoisomer, the complementary
reaction yielding M10 in (R)-configuration proceeds analogously with the
identical free energy profile.

In the next step the negatively charged M10 ethanolate loses water in a
thermodynamically favored (∆rG of -6.0 kcal·mol−1) water-mediated dehy-
dration requiring a moderate activation energy of about ∼ 24.2 kcal·mol−1.
In accord with the formaldehyde hydration outlined in the Section 4.3.1, the
catalytic effect can be further amplified via formation of a less-strained and
energy lower-lying transition state in case more water molecules are involved
in the proton transfer. The calculated activation energy of the dehydration
in which single catalytic water molecule is taken into account thus likely
represents the upper limit of the actual energy barrier.

The loss of water affording M11 is followed by an isomerization reaction
which proceeds via a hydride shift mechanism with an activation energy of
19.5 kcal·mol−1. The anionic character of the molecule clearly making the
hydride transfer easier is reflected in the relatively low energy barrier. As
a result the center of the negative charge is shifted away from the purine
nucleobase to the terminal oxygen. The isomerization reaction step yielding
M12 is slightly exergonic with the ∆rG of -1.1 kcal·mol−1.

In the final stage of the reaction chain leading to M4 acyclonucleoside,
the strong nucleophilic M12 ethanolate anion is neutralized by withdrawing
a proton from hydrogen cyanide, one of the most abundant molecules in the
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reaction mixture. According to our calculations carried out in bulk formamide
the transfer of the proton from HCN to the negatively charged terminal
oxygen of M12 is thermodynamically favored with ∆rG of approximately
-12.2 kcal·mol−1. Since all our attempts failed to locate a plausible transition
state along the reaction coordinate, we assumed that the protonation of
M12 proceeds spontaneously without an activation energy (a barrier-less
process) in the presence of HCN.

Even though the neutralization of M12 can in principle precede the
dehydration and isomerization steps, the main advantage of being it the
last reaction on the route to M4 lies in treating with negatively charged
and more reactive species along the reaction pathway. In other words the
transition states corresponding to anionic compounds (in this particular
case, though) are energetically more accessible as compared to the equivalent
transition states on the potential energy surface of respective neutral and
thermodynamically more stable compounds.

4.4.2 Acyclonucleosides with C3 Side Chain
The complete reaction pathway affording the final product, i.e. the vicinal
diol M5 acyclonucleoside with the C3 side chain, is analogous to the above
described reaction leading to M4 with only one substantial difference, namely
within the isomerization step in which the hydroxymethyl group (-CH2OH)
instead of hydride is shifted from the Cα to the adjacent Cβ carbon. The
proposed reaction mechanism of M5 acyclonucleoside formation is illustrated
in Figure 4.13. The computed free energy profile for the respective reaction
steps is given in Figure 4.14.

In accord with the initial step of the M4 formation route, the nucleophilic
addition of M8 carbanion to the carbonyl group of M4 yielding M13
proceeds spontaneously without a measurable activation barrier. In other
words the attachment relies on the capture of the electron rich M8 in the
potential well at the electrophilic formyl carbon of M4. The reaction ∆rG
of the clearly exergonic nucleophilic attack amounts to -36.3 kcal·mol−1,
consistent with the corresponding attachment of M8 to M3 outlined in
Section 4.4.1 (-41.3 kcal·mol−1). As stated above the attack of the M8
on the sp2 formyl carbon of M4 may occur on either side with identical
probability, producing a racemic mixture of both M13 stereoisomers. In the
present study we restricted ourselves to the formation of the (S)-enantiomer.

The exergonic (∆rG = -6.0 kcal·mol−1) water-assisted dehydration of
M13 affording M14 compound proceeds with an activation energy of approx-
imately 25.8 kcal·mol−1, in agreement with the analogous water elimination
of M10 requiring a similar energy (24.2 kcal·mol−1). As mentioned in the
respective paragraph the actual energy barrier of the dehydration process is
expected to be slightly lower (≤ 20 kcal·mol−1) due to the involvement of
more catalytic water molecules in the reaction.
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Unlike the isomerization step rearranging M11 in which a hydride is
formally shifted from the Cα to the end carbonyl group Cβ , M14 undergoes
an equivalent isomerization transfer of the hydroxymethyl (-CH2OH) group
between the vicinal side chain carbons. The nearly isoenergetic intramolecular
shift of the hydroxymethyl group with the reaction ∆rG of -1.7 kcal·mol−1

requires an activation energy of 19.4 kcal·mol−1, consistent with the barrier of
the corresponding M11 isomerization (19.5 kcal·mol−1). Note, however that
the isomerization of M14 shifts, along with the -CH2OH moiety, also the
chiral center to the adjacent side chain Cβ carbon. Due to the stereospecificity
of the reaction mechanism the new chiral center of the isomerization product
M15 has inverse stereo-configuration as compared to the initial state complex
M14. Therefore the (S)-M14 transforms inevitably to (R)-M15, and vice
versa.

The neutralization of the M15 follows the very same pathway as in
the case of M12, i.e. the electron-rich oxygen attached to the chiral Cβ
carbon spontaneously (∆rG ∼ -11.6 kcal·mol−1) picks up a proton from
HCN molecule. In line with the neutralization of the M12 compound we
failed to locate a plausible transition state indicating energetically downhill
barrier-less protonation.
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Figure 4.11: The proposed reaction mechanism leading to acyclonucleosides
with C2 side chain (M4). The reaction pathway consists of the following steps:
a) nucleophile attack of M8 on the carbonyl group of M3; b) water-assisted
dehydration; c) isomerization; and d) protonation by HCN.
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Figure 4.12: Free energy profile for the formation of M4 C2-acyclonucleoside
from N9-formylpurine (M3) and formaldehyde hydrate anion (M8). Purple:
barrier-less attachment of M8 to M3; blue: water-mediated dehydration of
M10; green: isomerization of M11; orange: barrier-less protonation of M12
by HCN affording M4. The red numbers refer to the free energy changes
calculated relative to the initial state complex (M3 + M8). C18 and C20
correspond, respectively, to the M10 + H2O, and M11 + 2H2O complexes.
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Figure 4.13: The proposed reaction mechanism leading to acyclonucleosides
with C3 side chain (M5). The reaction pathway consists of the following steps:
a) nucleophile attack of M8 on the carbonyl group of M4; b) water-assisted
dehydration; c) isomerization; d) protonation by HCN.
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Figure 4.14: Free energy profile for the formation of M5 C3-acyclonucleoside
from M4 and formaldehyde hydrate anion (M8). Purple: barrier-less at-
tachment of M8 to M4; blue: water-mediated dehydration of M13; green:
isomerization of M14; orange: barrier-less protonation of M15 by HCN
affording M5. The red numbers refer to the free energy changes calculated
relative to the initial state complex (M4 + M8). C22 and C24 correspond,
respectively, to the M13 + H2O, and M14 + 2H2O complexes.
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Chapter 5

Conclusions

Emergence of the contemporary informational molecules like DNA or RNA
constitutes one of the most challenging enigmas for the “Origin of Life”
research, still awaiting to be resolved. Even though there are several theories
of how monomeric units have been formed and subsequently assembled to
give birth to nucleic acids under extremely harsh conditions on early-Earth,
majority of them turned out to fail to clarify an existence of either key compo-
nents. For example, while a number of purine derivatives have been detected
as products of prebiotic synthesis from HCN, the most abundant three-atom
organic compound in interstellar environment, the HCN chemistry is clearly
deficient in synthesis of pyrimidine nucleobases or purine acyclonucleosides,
which are believed to be the direct intermediate compounds in the nucleosides
formation pathway.

Saladino and Di Mauro, claiming that formamide provides the sought
unified chemical frame affording all the necessary monomeric units for the
formation of nucleic polymers, have demonstrated that the purine acyclonu-
cleosides are indeed formed in a single step and in acceptable yields from
formamide in the presence of TiO2 anatase powder. The one-pot abiotic
TiO2-catalyzed synthesis of purine acyclonucleosides in a heat formamide
solution, based on the growth of (2′-deoxy)ribose moiety directly on the
purine nucleobases, opens a novel scenario for the emergence of the first in-
formational polymers, as the formamide chemistry does not require separate
synthetic routes to sugars and nucleobases.

In the present contribution we use state-of-the-art quantum chemical
calculations to describe an energetically plausible reaction mechanism of the
formation of purine acyclonucleosides from formamide in the presence of a
TiO2, in accord with the scenario suggested by Saladino et al.[1, 15] The
non-aqueous synthetic path we report on is energetically rather demanding,
nevertheless entirely feasible in the temperature range where formamide is
present in liquid phase.
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The overall reaction chain affording the ultimate vicinal diol acyclonu-
cleoside with C3 moiety can be dissected into four stages in which 1) N9-
formylpurines (the simplest C1-acyclonucleosides), 2) formaldehyde hydrate
anions, 3) C2-acyclonucleosides, and 4) C3-acyclonucleosides are formed from
9H-purine, formaldehyde, water, and hydrogen cyanide. Note that all of the
listed input compounds are known to be present in the reaction mixture in
sufficient amounts.

The former two reaction steps (1-2) affording the educts for subsequent
side chain prolongation phases (3-4) proceed independently and require the
TiO2 catalytic-active surface, modeled herein by the neutral pentacoordi-
nated [Ti(OH)4(H2O)] and the anionic, defective binding site-mimicking
[TiO3]2− complexes. Although the presence of the TiO2 surface substantially
enhances the reaction rates and in fact enables the reactions to occur on
the experimentally accessible timescales, activation barriers of 32.2 and 32.4
kcal·mol−1 for oxidation of (9H-purine-9-yl)methanol and deprotonation of
the non-acidic formaldehyde hydrate, respectively, render the respective steps
to be the kinetic bottleneck of the reaction sequence. However, the highly
elevated temperature of the formamide-based reaction mixture (160 ◦C),
which rules out the use of aqueous environment, increases the respective rate
constants by ∼ 9-10 orders of magnitude to approximately 4.1 · 10−4 s−1

providing measurable yields of the products. Our computations also suggest
that while the dehydrogenation of (9H-purine-9-yl)methanol may readily
proceed on the catalytic-active intact (001) anatase surface, the formation
of the formaldehyde hydrate carbanions more likely occurs on more nucle-
ophilic defective binding sites. Although we do not preclude other alternative
reaction channels making use of photocatalytic or radical mechanisms, our
calculations show that the formation of carbanions may readily occur also in
the absence of light illumination or highly reactive radical species.

The subsequent reaction steps of both 3) and 4) phases prolonging the
sugar side chain and leading to the C2- and C3-acyclonucleosides, respec-
tively, proceed along the analogous reaction coordinate and consist of the
following processes: a) attachment of the formaldehyde hydrate anion to
the formyl Cα carbon of the Cn−1-acyclonucleoside, b) water-assisted de-
hydration, c) isomerization, and d) neutralization by HCN affording the
Cn-acyclonucleoside, where n = 2 and n = 3 for phase 3) and 4), respectively.
All the four reaction steps a)–d) are energetically downhill and proceed with
the maximum activation barrier ≤ 25.8 kcal·mol−1 corresponding to the
dehydration process (b). It should be noted, however, that the water-assisted
dehydration being the rate determining step along the synthesis pathway is
expected to proceed with lower activation energy due to the involvement of
a cluster of catalytic waters in the respective transition state. According to
calculations carried out on similar reactions we estimate the actual energy
barrier for the water-mediated dehydration to be ≤ 20 kcal·mol−1. Further
our computations show that both the attachment of carbanion to the Cn−1-
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acyclonucleoside (a) and the protonation by HCN (d) are, in both 3) and 4)
stages, barrier-less and clearly exergonic reactions in bulk formamide. Finally
we ascribe the kinetic feasibility of the listed prolongation steps a)–d) to
the anionic character of the intermediates enhancing their reactivity, which
gives a rationale of why the neutralization (d) is expected to terminate the
reaction chain.
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