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Abstract: Having found that carbonyl sulfide (COS), works well as a catalyst in the transformation
of amino acids to polypeptides, we have now tested COS as a catalyst also for the formation of
substances that might be thought of as partners in the building of RNA. The model used was
selective energy transfer (SET). This model implies that a certain number of vibrational quanta are
donated from the catalyst system and a corresponding number of quanta of the reactant accept the
energy thus transferred. In this way, we found that carbonyl sulfide, COS, was a perfect catalyst
for combining, first, five molecules of formaldehyde to form one molecule of ribose, and next,
five molecules of hydrogen cyanide, HCN, to form one molecule of adenine, one of the nucleobases
of RNA. However, beyond this, we found that COS was a perfect catalyst for precisely all reactions,
needed to build the RNA, ribonucleic acid.

Keywords: selective energy transfer (SET); RNA; ribonucleic acid; nucleobases; vibrational resonance;
quanta; catalysis; synthesis

1. Introduction

In our previous paper [1] we have treated reactions involving amino acids and the formation of
peptide bonds by catalysts such as carbonyl sulfide (COS) or others, like Fe(CN)6

4− and cyanamide
(H2N-CN), finding that a resonance effect described by the selective energy transfer (SET) model
works quite satisfactorily. In this paper, we will concentrate on the formation of RNA, ribonucleic acid,
which is built from units such as PO4

3−, ribose and four kinds of nucleobases, i.e., adenine, cytosine,
guanine, and uracil (Figure 1). The nucleotides, thus formed, are combined to a long chain with the
phosphate ions and the sugar ribose, as coupling units. The reactions that result in these polymeric
systems are greatly dependent on effective catalysts and we will also here apply the theory of “selective
energy transfer” (SET), described in previous papers, e.g., [2–4]. The basic concept of SET is that the
catalyst does have a vibration frequency that is equal to—or nearly equal to—that of the vibration in
the reacting molecule that is supposed to lead to reaction. This means that a state of resonance will be
established between the two systems: catalyst and reactant. When the systems are coupled in such a
way, the ’energy transfer’ is carried out by transfer of one or several vibrational quanta, from catalyst
to reactant, and the rate of the reaction is set by the rate of energy transfer [5].
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SET by considering the formation of the primary constituents of RNA, i.e., the formation of ribose 
and the four nucleobases. By the action of the catalyst, the units that are building the various parts of 
RNA are accepting quanta from the COS molecule. In this way they reach – stepwise – their ability 
to react. 

Furthermore, SET will be used to illustrate the binding of these nucleobases, as well as phosphate 
groups, towards the ribose structure In Figure 1, one can see how a chain of ribose molecules is 
formed by binding to two groups of phosphates using two different sites on each ribose molecule. 

 
Figure 1. A fraction of the long chain of RNA, ribonucleic acid, showing the ‘back-bone’ of phosphate 
groups and ribose. The ribose binds to the phosphate in two positions (C (3) and C (5)) and to one out 
of four nucleobases in the C (1) position. 

On the other side of this chain, four different nucleobases are bonded, one for each of the ribose 
molecules. By variation of the internal positions of the nucleobases a long chain is shaped, with a 
multitude of properties defined by this ordering and the physical parameters of the four nucleobases. 

We will in the following exemplify the function of SET by considering the formation of the 
primary constituents of RNA, i.e., the formation of ribose and the four nucleobases. Furthermore, 
SET will be used to illustrate the binding of these nucleobases, as well as phosphate groups, towards 
the ribose structure. 

2. The Formation of the Constituents of RNA 

The existence of the relatively complicated molecules indicated in Figure 1 must not be taken for 
granted. In the conditions of an early atmosphere, one must ask from which simpler molecules they 
were formed. Further, is this formation possible to describe by the SET model? 

In this context, we will introduce carbonyl sulfide, COS, as the catalyst. This gaseous substance 
is characterized by one very strong IR absorption band, at 2079 cm–1, [7], and consequently (e.g., p. 
20, Formula I. 48 in [8]), also by a strong emission band of the same frequency. 

Hence, in order for the SET model to work properly, the frequency of the accepting (reacting) 
vibration should be a factor x of 2079 cm–1. Here x could be 0.5, 1, 2, 3 etc., but also 1.5, 1.3333 or 1.25, 
etc. 

As an example, if x = 2, or in other words, ν (reactant) = 2 × 2079 cm–1, it means that one quantum 
of the reacting molecule needs two quanta from the catalyst to achieve a reaction. 

Figure 1. A fraction of the long chain of RNA, ribonucleic acid, showing the ‘back-bone’ of phosphate
groups and ribose. The ribose binds to the phosphate in two positions (C (3) and C (5)) and to one out
of four nucleobases in the C (1) position.

The SET Model Exemplified

This model of catalysis was originally initiated from observations that the activation energies of
catalytic reactions varied in a stepwise fashion [6]. We will in the following exemplify the function of
SET by considering the formation of the primary constituents of RNA, i.e., the formation of ribose and
the four nucleobases. By the action of the catalyst, the units that are building the various parts of RNA
are accepting quanta from the COS molecule. In this way they reach – stepwise – their ability to react.

Furthermore, SET will be used to illustrate the binding of these nucleobases, as well as phosphate
groups, towards the ribose structure In Figure 1, one can see how a chain of ribose molecules is formed
by binding to two groups of phosphates using two different sites on each ribose molecule.

On the other side of this chain, four different nucleobases are bonded, one for each of the ribose
molecules. By variation of the internal positions of the nucleobases a long chain is shaped, with a
multitude of properties defined by this ordering and the physical parameters of the four nucleobases.

We will in the following exemplify the function of SET by considering the formation of the
primary constituents of RNA, i.e., the formation of ribose and the four nucleobases. Furthermore,
SET will be used to illustrate the binding of these nucleobases, as well as phosphate groups, towards
the ribose structure.

2. The Formation of the Constituents of RNA

The existence of the relatively complicated molecules indicated in Figure 1 must not be taken for
granted. In the conditions of an early atmosphere, one must ask from which simpler molecules they
were formed. Further, is this formation possible to describe by the SET model?

In this context, we will introduce carbonyl sulfide, COS, as the catalyst. This gaseous substance is
characterized by one very strong IR absorption band, at 2079 cm−1, [7], and consequently (e.g., p. 20,
Formula I. 48 in [8]), also by a strong emission band of the same frequency.
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Hence, in order for the SET model to work properly, the frequency of the accepting (reacting)
vibration should be a factor x of 2079 cm−1. Here x could be 0.5, 1, 2, 3 etc., but also 1.5, 1.3333 or
1.25, etc.

As an example, if x = 2, or in other words, ν (reactant) = 2 × 2079 cm−1, it means that one quantum
of the reacting molecule needs two quanta from the catalyst to achieve a reaction.

Similarly, if x = 1.3333, ν (reactant) = 4/3 × 2079 cm−1, or ν reactant/ω catalyst = 4:3. This means
that 4 quanta of the catalyst match 3 quanta that will produce a reaction. To specify the relations
between quanta of catalyst and reactant, one can form the expression 2073/ν (reactant) that we call the
resonance condition (RC). The use of this quantity to describe which vibration of the reactant that is
nearest a resonance situation for a given catalyst is exemplified, e.g., in Chapter 2.1 to follow.

SET has shown itself useful in many other cases. As an example, we can state that it is possible to
calculate the so called “isokinetic temperature” [9].

In a series of hydrodechlorinations of chlorobenzene over Ni but with varying support, we observed
that the Arrhenius lines were crossing each other at one temperature, the isokinetic temperature,
669 ± 2 K. The theory of SET made it possible to calculate the exact value to Tiso = 669.2 K in perfect
agreement with the experimental value, mentioned above [10]. This result strongly points to the
usefulness of SET.

A SET Approach to the Synthesis of Ribose

As shown in Figure 1, the basis of the RNA structure is the ribose link. We will now discuss
the potential route of synthesis of this substance, starting from the simplest example of a compound
containing carbon, oxygen, and hydrogen, namely, HCHO, formaldehyde. This simple molecule
must expose a similarly simple IR spectrum. The Table 1 gives the data from the investigations of
Herzberg, (table 76 in [10]), characterizing the 4 × 3 − 6 = 6 normal vibrations as shown in Figure 2.
Furthermore, it is in (table 42 of [10]), that one finds the exact value, 2079 cm−1, of the ν3 vibration of
the catalyst COS.
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Figure 2. Molecular vibrations of, e.g., H2CO.

The first point of our discussion is to find, if there exists, among the available data, a pronounced
resonance condition, RC, i.e., 2079/ν cm−1. With ‘pronounced’ we mean a ν−value that gives a small
value of ∆ (the difference between 2079 and ν cm−1), such as is explained as follows: full resonance
occurs when the frequencies of catalyst and reactant are exactly equal. The relative difference between
the ratioω/ν and the nearest ratio of small integers, we designate as ∆%. Hereω is the frequency of
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the catalyst and ν is the frequency of the reactant, e.g., in the row for ν 2 of Table 1, the closest ratio of
RC is 1.200 = 6:5.

Of the three items in the Table 1 that show ∆−values less than 1%, ν1 is a fully symmetric
vibration which does not relates to a strong distortion of the molecule, and the existence of the one
named 2 ν 6 has been strongly doubted (foot note 96 in [10]). However, the ν 2 vibration has a very
strong IR absorption/emission and, furthermore, it is mainly a C=O vibration where 5 quanta of the
2079 cm−1 vibration contribute energy to 6 quanta of the 1743.6 cm−1 vibration. This means, that at the
extreme points of the vibration, i.e., when the adsorption of quanta from the catalyst is at its maximum,
the 2p–2p interaction is considerably weakened and the bond between the carbon and the oxygen is
close to a single bond.

Table 1. Treatment of observed vibrations of H2CO.

Assignment ν cm−1 R.C. = 2079/ν ∆% ω/ν

ν 6 1167 1.781 3.1 7:4

ν 5 1280 1.624 4.3 5:3

ν 3 1503 1.383 5.0 4:3

ν 2 1743.6 1.192 0.67 6:5

2 ν 6 2081 - 0.1 1:1

ν 1 2780 0.748 0.27 3: 4

ν 4 2874 0.723 7.2 3:4

2ν 3 2973 0.699 6.9 2:3

We designate this state as C*–O*, in Scheme 1, where the asterisk indicates (almost) half-filled
2p orbitals. In Scheme 1 we now illustrate the reaction steps that will follow from the excitation of
formaldehyde molecules via the catalyst COS.
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Scheme 1. Catalytic synthesis of ribose reaction steps 1–6.

(1) indicates, in relation to what is said above, that energy is transferred from the catalyst COS
to the formaldehyde molecule. At the point of reaction, when enough vibrational quanta have been
accepted by the C=O bond of the H2CO reactant, the double bond between C and O is weakened and
self-supported, half-filled 2p orbitals (designated as *) are formed.

(2) illustrates the meeting of two equally excited molecules. The first happening is that one neutral
hydrogen atom of the right-hand species is transferred to the (almost) half-filled 2p orbital of the
oxygen of the left-hand species. This results, pro primo, in the formation of an OH group (to the left)
and, pro secundo, in the creation of a free valency at the carbon from which the H-atom has been
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snatched away. Thus, we get one C-atom with a half-filled 2p orbital and another C-atom with an
(almost) half-filled 2p orbital. If the molecules concerned are positioned one above the other, this results
in a 2p, C-C bond, binding the two molecules together as indicated also in the left-hand formula of (c).

(3) HO—CH(H)—C*(H)—O* + (H)H>C*—O* => HO—CH(H)—C(OH)H—C*(H)—O* indicates
that the excitation of the right-hand part of the product from (2) has not lost its excitation.
Thus, when meeting anew with a COS-excited H2CO molecule the same procedure, as described above,
can occur. This produces a molecule containing three carbon atoms as shown in (4).

In (4) and (5), two other excited formaldehydes, one in each row, are added in a similar way.
This results in a molecule with five carbon atoms in which the π–orbital of the last added CO group is
still split into C*-O*. This excitation, however, cannot last forever, and the five-carbon molecule relaxes
to an aldehyde as shown in (6).

The linear molecule of Row 1f enters an equilibrium with a five-membered ring (Figure 3) and
this process puts an end to further growth via carbon additions.
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3. The SET Synthesis of Adenine from Hydrogen Cyanide (HCN)

Although adenine can be synthesized under laboratory conditions from HCN, e.g., [11–13],
it might be interesting to the possibilities for a SET synthesis under prebiotic conditions when HCN and
COS came streaming out together from an undersea vent. One notes then that the molecular vibrations
of HCN as given by Herzberg (table 42 and Figure 61 in reference [10]) are: ν1 = 2089 cm−1, ν2 =

712 cm−1 and ν3 = 3312 cm−1. We reproduce here in Figure 4 (the data from Figure 61 of Reference [10]).
As said above, the ν3 vibration of COS is 2079 cm−1 and that will give a good possibility of

resonance between the two vibrations now described (ν3 of COS and ν1 of HCN).
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Therefore, the more energy that is transferred from COS to HCN, the larger will be the C-N
distance in HCN. Because of this, the weaker will be the 2p–2p interaction in the HCN molecule;
Scheme 2.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 18 
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Scheme 2. Excitation of the HCN molecule.

In the Scheme 2. is shown excitation of the HCN molecule: ∆ E is the energy of one vibration
quantum, given from the catalyst COS; n is the number of such quanta to reach reaction. Then the
triple bond between C and N is destroyed and the resulting “free” p orbitals are designated by a point.

On the other hand, there will appear “freer” 2p orbitals ready to join with a 2p orbital of a
neighboring molecule, whereby a single bond will be created between the two molecules. In Scheme 3
we illustrate this event with four of the five HCN molecules that are supposed to build the adenine
molecule. The bond between N and C in the HCN molecule, activated by resonance with COS,
is depicted as a double bond, what might possibly be an overstatement. Anyway, the appearance of a
C-N single bond between two molecules makes it imperative that the two linear molecules attach in an
angle approaching 120 degrees (weakly indicated in Scheme 3).
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Scheme 3. An excited molecule is attacking another exited HC-N or an already formed polymer
unit, HnCnNn.

In Scheme 4 the gap that results between the first and the fourth HCN molecule is illustrated.
This gap will be filled by the carbon atom from the fifth HCN molecule. It is difficult to tell in what
form the HCN molecule molecule appears, but most probably it is the isomeric form HNC, with two
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half-used p-orbitals available on the carbon atom (Scheme 4). The important point is that the carbon
atom will find itself surrounded by three neighbouring atoms, more than willing to form new bonds
with the intruder. This results, for one sake, in a weakening of the original CN triple bond so that the
nitrogen atom is expelled and can bind to the carbon atom of the starting HCN unit. The two H atoms,
that are set free in this maneuver, add to the N atom forming the top NH2 group.

Secondly, the result of the penetration of the last HCN molecule (or possibly CN− ion or CNH) is,
of course, that three new bonds are established what gives a closed structure; (Scheme 4 and Figure 5).

It is interesting to note that Jung and Choe [13] find, by CBS-QB3 calculations, that the formation
in gas phase of oligomers (HCN)n where n = 2 up to n = 5 (adenine) requires very high activation
energies. For each step of that reaction “a few hundred kJ“ are used [13] and consequently a catalyst
is strongly needed. These authors used a proton as a catalyst, that strongly decreased the activation
energy. Nevertheless only “some oligomerization stages” were predicted [13] to occur in an atmosphere
like that around the moon Titan (of the planet Saturn). No formation of adenine could, however,
be foreseen. Near the surface of the planet Earth things might have been better. From hot volcano
eruptions lots of hydrogen cyanide streamed out, but also lots of warm, already vibrationally excited
carbonyl sulfide (COS). As this substance has shown good capacity as a catalyst [1], we allow ourselves
to consider it as such also in this context.
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If it has entered this structure like a cork to a bottle or it is squeezed between the outer parts of
that structure like a nail in the gap of a pair of tongs is difficult to tell. The creation of a C-C connection
establishes the two ring structures coupled together as is also shown in Figure 5.
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Figure 5. Structure of adenine. The numbering code is as follows: the N atom to the left of the
NH2 carrying C-atom is no 1, and following, anti clockwise around the six-membered ring so that
the above-mentioned C-atom takes position no 6. Thereafter, from positions 5 and 4, around the
five-membered ring one gets positions 7, 8, and 9. This means that the N-H group is number 9.
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3.1. Splitting One Oxygen Atom From CO2

RNA is constituted from four different nitrogen bases, Figure 1. Besides Adenine, which is treated
above, they are uracil (U), guanine (G), and cytosine (C). All of the latter three molecules have one
common trait that is lacking for adenine: they all contain oxygen. As the reactions discussed here
were taking place under non-oxidative conditions, one might ask about the origin of that oxygen.
Two possibilities can be considered: CO and CO2, both of volcanic origin. In this paper we concentrate
on CO2.

Thus, given the existence of CO2 in the prebiotic atmosphere, how can it split off one separate
oxygen atom, to take part in the construction of the nitrogen bases?

Nitrogen atoms appear, of course, also in the substances under study. Thus, one can assume that
the atmosphere contained at least CO, CO2 and ammonia. There were also other simple substances,
e.g., HCN that could have acted to build the nitrogen bases.

3.1.1. Carbon Dioxide Degradation

Now, one can observe that there appears in the CO2 infrared spectrum a non-fundamental vibration
composed by one ν 6 (stretching) and one ν 10 (bending of the three-atom line) [10]. This composite
vibration appears at 2076.5 cm−1 and is designated as a medium strong IR absorber, (Table 56 in
Reference [10]).

The frequency of this composite vibration is very close to that of the gaseous catalyst COS
(2079 cm−1), with a very strong emission intensity. This equality of frequencies implies that a
pronounced state of resonance could appear, resulting in an activation of the oxygen atoms. This atom
can probably combine with the two hydrogens equally activated vibrating with e-symmetry in an
ammonia molecule, resulting in the formation of water and a peptide group, discussion below.

3.1.2. Ammonia Vibration Modes

The catalyst for the reaction between NH3 and CO2 has been suggested to be gaseous COS as the
critical vibrations are agreeing with the concept of SET. Among the vibrations of N-H stretch reported
by Herzberg [10] we find one species at 4176 cm−1, meaning that it can obtain reaction energy from two
quanta of COS (2 × 2079 = 4158 cm−1). This composite vibration is assigned as ν2 (a) + 2 ν4 (e), [10],
i.e., the degenerate vibration appears twice that one with singular character. It seems to us that this
composite vibration causes the expulsion of two hydrogen atoms, Figure 6, that reacts with the oxygen
atom, activated as indicated above. One might say that both the H as well as the O atoms are in a statu
nascendi, and hence have the capacity of reacting with each other.
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3.2. The Formation of the Oxygen-Containing Nucleobases Uracil, Guanine, and Cytosine from a SET Point of View

Starting from the peptide group formed as described in Figure 6, (or, in one case, the two peptide
groups) and the empirical formula for the molecule in question we try to understand the building of
the nitrogen bases.

One notes that in all cases, Schemes 3 and 4 and Tables 2–4, catalysis is a strongly working factor.
In adenine, as described above, the entire structure is built up from five HCN molecules, where the
vibration of the carbon-nitrogen bond is activated by the gaseous catalyst COS.

For the three remaining nitrogen bases, the structure is started by the formation of a peptide
group created by the action of the same catalyst, COS, on the splitting of a CO2 molecule mixed with
ammonia as described above, Figure 6. The results are collected in Tables 2–4.

As the peptide unit covers two positions in the ring system of guanine (Table 3), only four HCN
molecules are needed to complete the structure. As in the case of adenine, the last HCN molecule
(or rather the isomer form CNH) is split into a carbon, entering a double bond, and the remaining N-H
unit that takes part in the formation of an amino group. In both cases (adenine and guanine) the amino
group is positioned on the larger ring of the molecule. In addition, in both cases, the carbon atom is
squeezed by the outer part of the structure.

The remaining two nitrogen bases form only one ring, but differs between themselves in that
uracil contains two peptide groups. From the empirical formula of uracil it follows that an additional
C2H2 group is needed to complete the structure (Table 3). We suggest that this group originates
from an ethene molecule. In addition, in this case catalysis is of decisive importance. One finds that
(in Herzberg’s Table 92; Reference [10]) there is tabulated a strong fundamental vibration, ν9

CH(b2u),
at 3105.5 cm−1. The (inverted) resonance condition is therefore 3105.5/2079 = 1.4937; this means that
the difference from 1.5000 is 0.0063 or 4.2 permillage. This is a very reasonable value for resonance.

This means that two quanta of ν9 accepts energy from three quanta of the catalyst. Now it
turns out [10], that ν9 has a form as shown in Figure 7, that implies that at high excitation of their
vibration, the two "upper" H-atoms are distancing themselves (and together) from the compact rest of
the molecule, i.e., C2H2. This results, after bond breaking at a suitable excitation level, in a H2 molecule
and a remaining rest of H-C*=C*-H, with two free valencies, that can form bonds with other -excited-
atoms (Tables 2 and 4).
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Figure 7. The ν9 vibration pattern of an X2Y4 planar molecule—let it be C2H4 with the hydrogen
atoms in periphery —from part of a scheme by Herzberg (figure 57 in [10] here ν9 is one out of twelwe
symmetry coordinates.).

Cytosine has the most complex structure of the four substances discussed here. We suggest
(Table 4), that HCN, NH3 and C2H4 are involved, in a 1:1:1 ratio and that all three substances are
activated by the catalyst COS as described above.

Most reasonably ammonia, NH3, will decompose into =NH and H2 (compare Figure 6) and C2H4

will decompose into C2H2 and H2 (compare Tables 2 and 4).
Figure 8 shows the structure of uracil, and in Table 2 is shown its gradual growth.



Appl. Sci. 2020, 10, 4712 10 of 18

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

Most reasonably ammonia, NH3, will decompose into =NH and H2 (compare Figure 6) and C2H4 
will decompose into C2H2 and H2 (compare Tables 2 and 4). 

Figure 8 shows the structure of uracil, and in Table 2 is shown its gradual growth. 

 

Figure 8. The structure of uracil. 

Table 2. The gradual growth of uracil. 

Uracil Empirical formula C4H4N2O2 

Substance added Resulting Structure 
Resulting empirical 

formula 
Remaining 

formula 

Two peptide groups 

 

C2H2N2O2 C2H2 

 
 

C4H4N2O2 H2 

  

Figure 8. The structure of uracil.

Table 2. The gradual growth of uracil.

Uracil Empirical Formula C4H4N2O2

Substance added Resulting Structure Resulting empirical
formula Remaining formula

Two peptide groups

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

Most reasonably ammonia, NH3, will decompose into =NH and H2 (compare Figure 6) and C2H4 
will decompose into C2H2 and H2 (compare Tables 2 and 4). 

Figure 8 shows the structure of uracil, and in Table 2 is shown its gradual growth. 

 

Figure 8. The structure of uracil. 

Table 2. The gradual growth of uracil. 

Uracil Empirical formula C4H4N2O2 

Substance added Resulting Structure 
Resulting empirical 

formula 
Remaining 

formula 

Two peptide groups 

 

C2H2N2O2 C2H2 

 
 

C4H4N2O2 H2 

  

C2H2N2O2 C2H2

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

Most reasonably ammonia, NH3, will decompose into =NH and H2 (compare Figure 6) and C2H4 
will decompose into C2H2 and H2 (compare Tables 2 and 4). 

Figure 8 shows the structure of uracil, and in Table 2 is shown its gradual growth. 

 

Figure 8. The structure of uracil. 

Table 2. The gradual growth of uracil. 

Uracil Empirical formula C4H4N2O2 

Substance added Resulting Structure 
Resulting empirical 

formula 
Remaining 

formula 

Two peptide groups 

 

C2H2N2O2 C2H2 

 
 

C4H4N2O2 H2 

  

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

Most reasonably ammonia, NH3, will decompose into =NH and H2 (compare Figure 6) and C2H4 
will decompose into C2H2 and H2 (compare Tables 2 and 4). 

Figure 8 shows the structure of uracil, and in Table 2 is shown its gradual growth. 

 

Figure 8. The structure of uracil. 

Table 2. The gradual growth of uracil. 

Uracil Empirical formula C4H4N2O2 

Substance added Resulting Structure 
Resulting empirical 

formula 
Remaining 

formula 

Two peptide groups 

 

C2H2N2O2 C2H2 

 
 

C4H4N2O2 H2 

  

C4H4N2O2 H2

Figure 9 shows the structure of guanine, in Table 3 is shown its gradual growth.
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Table 3. The gradual growth of guanine.

Guanine Empirical Formula C5H5N5O

Added substance Resulting Structure Resulting empirical
formula Remaining formula

One peptide group
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Table 4. The gradual growth of cytosine.

Cytosine Empirical Formula C4H5N3O

Added substance Resulting Structure Resulting empirical
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One peptide group
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4. Additions to the Ribose Structure

As seen from Figure 1, ribose is the carrying tool for different molecules, nucleobases, where the
combining part of the ribose molecules are phosphate groups.

These chains, presenting a collection of biophysical properties are, as is well known, of great
biological importance. Therefore, it is of essential importance to know how the mechanics of keeping
such a chain together works.

In addition, here, we find that carbonyl sulfide catalysis works to establish good bonding
conditions, whether it is the ribose-phosphate bonding, or it is the ribose nucleobase combination that
is concerned.

In the following, we will discuss testing methods that might indicate how this chain formation
takes place.

4.1. Phosphorylation of Carbohydrates, e.g., Glucose and Ribose

To evaluate the phosphorylation of carbohydrates, e.g., glucose or ribose, in the presence of COS,
we have collected some relevant IR-data. We have concentrated here on the ν 3 vibration of COS,
testing if ring vibrations of ribose are as stimulated by the catalyst as the vibrations (e.g., ρw (NH2))
described in the previous investigation [1].

This activity might to a part depend on the strong IR absorption, and consequently very strong IR
emission band of COS at 2079 cm−1 [9] and on the relatively intense P-O stretching vibrations of the
phosphate groups at about 1045 cm−1. As cited in Reference [4], these data will give a 2:1 ratio for the
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COS/PO4 vibrational quanta, 2079/1045 = 1.9895 which is as close to resonance as one can demand.
Here 1045 cm−1 is the mean of 1044 cm−1 [14] and 1046 cm−1 [15], compare Table 5.

Table 5. IR data (cm−1) for glucose C(6)O-H and solid-state phosphates [4]. The quoted assignments
are from respective authors.

Assignment Glucose Phosphate References

PO4
3−/HPO4

2− asymmetric stretching - 1044 [14]

PO4
3−asymmetric stretching. - 1046 [15]

C-O-H 1047 - [16]

ν CO + ν CC 1050 - [17]

CO (79%) + CC (19%) PED 1047 - [18]

Mean value 1048 1045 -

PED = Percentage Electron Density.

4.1.1. Glucose

The above-mentioned observation is of great interest as the vibrationally excited PO4
3− is a key

substance for the phosphorylation of, e.g., glucose [4]. One notes that the reaction, just mentioned,
also involves an activation—via the COS vibration—of the C(6)-OH vibration of glucose at about
1048 cm−1, [4], with an equally good resonance state as obtained for the above-mentioned activation of
the PO4 group. The relevant vibrational data [4] are presented once more here in Table 5, where [16–18]
refer to data for glucose and [14,15] refer to data for phosphate.

Thus, e.g., an activated PO4H2− might approach an equally activated C(6)-OH group, resulting in
the formation of a H2O molecule and the binding of a phosphate group to the sugar molecule.

4.1.2. Ribose

If the above reasonings hold also for a pentose substance they will indicate the starting point
for the formation of the ATP molecule (adenosine triphosphate). Actually, one finds (Table 6,
References [19–21]) a corresponding C(5)-OH vibration of ribose, with a mean value, ca 1040 cm−1 that
fits rather well for an interaction with the phosphate system (1045 cm−1) shown in Table 6.

Table 6. Vibrational data for phosphates and ribose.

Row Assignment Ribose Phosphate R.C. ∆ %� Reference

1 PO4
3−/HPO4

2− asymmetric stretching - 1044 1.991 4.5 [14]

2 PO4
3− asymmetric stretching - 1046 1.988 6.0 [15]

3 νC-O + ν(C–C),etc. 1044 * - 1.982 9.0 [19]

4 δ(O-C-H) 1035 - 2.009 4.5 [20]

5 Not assigned 1041 - 1.997 1.5 [21]

Mean value 1040 1045 - - -

All data in cm−1. All assignments relate to the respective authors. R.C. = “resonance condition” means the ratio
between the COS catalyst frequency (2079 cm 1) and the tabulated frequency. ∆ = difference (in per-millage) to
nearest even digits. Mean value of ∆ %� = 5 per-millage. * Mean value of ν CO + ν CC (1078 cm−1) and νC(1)O
+ νC(1)C (1010 cm−1) = 1044 cm−1. [Reference 20; Table 2 of that reference]. Because of structural information,
we have omitted data related to C(2).

4.2. The Attachment of Adenine to Ribose

Adenine (Figure 5) is one of the important building blocks of ATP or adenosine triphosphate.
We use here ATP as a small-scale example of adenine bonding. If we accept that the C(5) position of
the ribose is the one first occupied by the PO4 group it is tempting to assign the opposite position
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of the ribose molecule, C(1), for anchoring the adenine molecule. This view is supported by well
known structure data, Figure 11. We will use ATP as a model example for describing the bonding of
nucleobases, all with an N-H group, towards the C(1) position of ribose.
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Figure 11. Adenosine triphosphate (ATP) is a combination of one adenine, one ribose and three
phosphate groups.

As the picture of ATP shows (Figure 11), the connection between the adenine N(9)-H and the
ribose C(1)-OH keeps the different groups together. How does this extremely important bond come
about? It is known that the C-O + C-C vibration is found at about 1040 cm−1 (table 6, in [19–21]).

But what is known about vibrations of the N(9)-H group that might be in close resonance with the
vibrations of the C(1)-OH moiety? To follow the treatment discussed above we plot a series of FTIR
data [22] as shown in Table 7.

Table 7. Series of FTIR data on anhydrous adenine, numbers 1–5, from an investigation with detailed
analysis of the spectral assignments. The “resonance condition” is calculated as was done in Table 1.

Number Assignment *
IR Vibration
Frequency,

cm−1

Resonance
Condition

(R. C.)

Ideal
Value

Deviation ∆

(o/oo)

1 ν (N9-H) 3016 0.689 - -

2 δ (N9-H) + 7 extra terms 1603 1.297 1.333 27

3 δ (N9-H) + 10 extra terms 1508 1.379 1.333 35

4 δ (N9-H) + 8 extra terms 1450 1.434 1.500 44

5 δ (N9-H) + 9 extra terms 1367 1.521 1.500 14

* The “extra terms” in column 2 (mostly stretching vibration but also some bending ones) are given [23], but with no
quantitative estimations.

Table 7 shows a series of FTIR data on anhydrous adenine.
From the data given in Table 7, we can safely assume that Row 5 represents a condition where

the ‘extra terms’ give the least disturbance when calculating the vibration frequency of δ(N9-H).
We, therefore, set forth to find a correction that will give us a ‘true’ value of this parameter, and thereby
understand the transfer of energy from catalyst to the intended reactant.

As above (Table 7; Row 5) we can state that (1.521–1.500)/1.5 = 14 o/oo.
Hence, to reach an expected, somewhat smaller, value of the resonance condition, one has to

increase the denominator with a term that we call ∆”.
∆” = 0.014 × 1367 cm−1 = 19 cm−1.
Thus, the true value of δ (N9-H) = 1367 + 19 = 1386 cm−1.
We can now check the calculations by forming the expression for resonance condition, R.C. =

2079/1386 = 1.500 = 3:2. This gives full support to our treatment.
If we express the value of a vibrational quantum in cm−1 units, this means that two catalyst quanta

= 2 × 2079 cm−1 = 4158 cm−1, and three reactant quanta = 3 × 1386 cm−1 = 4158 cm−1.
Thus, two vibrational quanta from the catalyst are donated and three quanta are accepted by the

reactant for the reaction to go.
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Furthermore, one can now check if the conditions for resonance-and consequently energy
exchange-between the adenine molecule and ribose is at hand. Using the mean value of the C-OH
vibration of ribose as 1040 cm−1 (Table 6), we can detect that the ratio between adenine and ribose
vibrational quanta is 1386 cm−1/1040 cm−1 = 1.3327, i.e., 4:3.

This means, that for the reaction of binding adenine to ribose to occur, the energy of excitation of
the reaction partners should be equal: 3 × 1386 cm−1 = 4158 cm−1, and 4 × 1040 cm−1 = 4160 cm−1.

This result suggests that this type of bonding should hold also for the other three nucleobases.
Thus, the deductions made above strengthen our reasoning in the introduction. It is also of interest to
note that δ(N9-H) = 1386 cm−1 is in good correspondence to the same data (1382 cm−1), measured by
the Inelastic Neutron Scattering (INS) method [22].

4.3. Total Synthesis

When all four nucleobases are present, they can form RNA by combining with ribose molecules which,
in their turn, are kept together by PO4

3− units as described in detail for adenine in Sections 3.1 and 3.2.
A fraction of the result is shown in Figure 1. It must be emphasized that the coupling between the
remaining three nucleobases and ribose is like that described for adenine and ribose (Section 4.2):

Uracil, with two N-H groups (Figure 8) uses that group that gives the largest steric availability.
Figure 1 shows that the choice of bonding site fulfills the requirements.

For guanine, with a structure like adenine, it is the N9-H group (compare Figures 1 and 9) that
reacts with the C1-OH group.

Cytosine with only one N-H group reacts with that one, cf. Figures 1 and 10.
One may note that in many, not to say most, of the reactions described here, there occurs the

formation and removal of one molecule of H2O, i.e., a “condensation”. The fact that COS is the catalyst
in all these reactions is remarkable (see below).

5. Conclusions

We have found that it seems possible to build (or suggest a scheme for building) all the nucleobases
that make up the RNA chain from a few simple molecules, such as HCN, CO2, NH3, C2H4, providing
that a certain order between the reactants is kept up, and that one uses the concept of SET (selective
energy transfer) for catalysis of the reaction steps involved.

We have also found that for all reactions considered there is a ratio in small numbers; 1:2, 1:1, 3:2,
4:3, etc. between the vibration quanta of catalyst and reactant, well in accordance with the rules of the
SET model.

What is extraordinary and definitely interesting from the view-point of “the origin of life”, is that
in all cases the catalyst is one and the same substance, the carbonyl sulfide, COS; or rather SCO to
emphasize its relation to carbon dioxide (Table 8). One finds reason to use COS as a catalyst not only for
the synthesis of the ribose and the four nucleobases, not only for the splitting of carbon dioxide and the
splitting of ammonia and ethene, but also for the conversion of amino acids to chains of peptide groups
as described in Reference [1]. Further, this gas, COS, came from the—at the time—not so uncommon
volcanic eruptions! We are tempted to cite the expression [23], coined by the Nobel Laureate Christian
de Duve: COS must be “the dust of life”. (This, of course, is our later-days interpretation).



Appl. Sci. 2020, 10, 4712 16 of 18

Table 8. The influence of the catalyst COS (ω = 2079 cm−1) on the reactions mentioned here, indicating
the type of interaction.

Reactant
Critical

Vibration
cm−1

Route of
Attack ω/ν

Deviation
o/oo Product Reference

H2CO ν2 = 1743.6 Double bond
splitting 6:5 6 Ribose

C5H5O5

[10]
Table 2

HCN ν1 = 2089 Triple bond
splitting 1:1 5 Adenine Schemes 3

and 4

CO2 ν 6 + ν 10 = 2076.5
Vibration

energy
transfer

1:1 1 CO + O [10]
Figure 6

NH3 ν 2(a) + 2 ν 4(e) = 4176
Vibration

energy
transfer

1:2 4 NH + H2
[10]

Figure 6

C2H4 ν 9
CH(b2u) = 3105.5

Double bond
splitting 2:3 4 C2H2 + H2

Table 2
(in [10])

PO4
3−

glucose
1045
1048

Molecular
Interaction

2:1
2:1

1048/1045 = 1.0048
5 o/oo Phospho-glucose- [4]

Table 5

PO4
3−

ribose
1045
1040

Molecular
interaction

2:1
2 = 1

1045/1040 = 1.0048
5 o/oo Phospho-ribose [19,20]

Table 6

Ribose
adenine

1040
1386

Molecular
interaction

2:1
3:2

2/1.5 = 4:3

1386/1040 = 1.327
5 o/oo Adenine-ribose [22]

Table 7

Amino-
acetate
(Cu2+)
COS

1058
2079

Molecular
interaction

1:2
1:1

2 × 1058 = 2116
2116/2079 = 1.0178

9 o/oo

-NH-CO-
(Condensation of

amino acids)
[1]

But that phrase, “the dust of life”, also stresses the weak point of our results; a gaseous substance
would have difficulties to stay inside the walls of a living cell. It is now well known, however, that
small, solid particles of montmorillonite (a type of petrified clay) might be trapped in such protocells
in which RNA might operate [24,25]. Especially interesting for us is the concept “everything first”,
coined in this context by Sutherland [26,27], indicating that if all the reactions, needed to build the cell
and its contents, were served by one and the same catalyst, the various components must be formed
simultaneously, side by side irrespective of the catalyst being a gas or a petrified clay. Sutherland’s
concept also implied that no special part of the total cell was assigned to lead the run, having to see the
others slowly following up.

Therefore, hopefully, we will be able to discuss similarities and differences between gas systems
and solid-state catalysts in the next part of this breath-taking tale on the power of SET.
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