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Abstract

It is now widely speculated that life originated at the “Black Smokers” of the undersea
hydrothermal vents, where conditions exist for the formation of the primary ingredients and
their subsequent transformation to higher biotic species such as amino acids, alcohols, etc.
Any possible routes for the prebiotic oligomerization of simple compounds like amino acids,
necessary for cell formation, has so far not been well understood. However, Leman et al.
recently reported that under standard laboratory conditions carbonyl sulfide (COS) can
“mediate” the oligomerization of simple amino acids in moderate yield. COS being a well-
known volcanic gas points to its possible role in prebiotic peptide formation in the
environment of the hydrothermal vents. Based on a previously developed and tested model

for selective (vibrational) energy transfer (SET), we show that a COS-catalyzed condensation



of  -amino-acids can lead to the formation of polypeptides. We also indicate that other
agents can act as catalysts of the amino acid condensation, such as Fe(CN)s*~ and cyanamide
(H2N-CN). This is related to the existence of vibrations with a frequency near to that of the
critical vibration of the reactant, w (NHz). This wagging vibration occurs at 1048 + 10 cm™
(the mean value of Cu and Ni complexes) and, as the vibration of the presumed catalyst lies
at 2079 cm!, one notes that one quantum of the catalyst equals two quanta of the NH»

wagging: 2079 / 2 x 1048 = 0.9919. This is a good indication of a resonance.
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1. Introduction

Among the chemical reactions of direct importance for life is the condensation of amino
acids to give polypeptides or (depending on size) proteins. By “condensation” is meant the
type of reaction where two molecules are joined by the expulsion of a water molecule and the

formation of a peptide bond: R1-NH-C=0-R2.

Such “condensations” are considered as part of the first steps in creating life from organic
material [1-3]. After repetition of condensations between large numbers of amino acids,

polymers such as proteins are formed.

These processes are usually quite slow because of the unfavorable thermodynamic and
kinetic parameters for the reactions [4,5]. Therefore, a catalyst (or an enzyme) is needed to
speed up the reaction. In this paper we will concentrate our attention on one of the first

catalysts that acted under prebiotic conditions—namely, carbonyl sulfide (COS).

This is not an arbitrary choice; rather, we chose COS for two reasons, the first being the very
strong infrared absorption of one of the three fundamental vibrations (Figure 1) [6,7], and the
consequential strong emission [8] of importance for the catalytic process; the other reason is
the appearance of COS in volcanic eruptions [9], which in turn gave the catalyst a load of

energy from the start.
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Figure 1. IR spectrum of carbonyl sulfide (COS) [6]; Reproduced according to http://webbook.nist.gov/chemistry.

Such a reaction must have been conditioned by taking place in confined and restricted
environments (e.g., the hydrothermal vents in mid-ocean ridges discovered in the 1970s)
where selective catalyzed chemical reactions could proceed, forming progressively higher
oligomeric chemicals. This notion is supported by the recent discovery that the earliest life
forms on Earth known so far are putative fossilized micro-organisms [10] found in

hydrothermal vent precipitates in Québec, Canada, dated from 3.77 to 4.28 billion years old.

As is now known, life is functioning through the specialized chemistry of a limited number of
elements, such as hydrogen, carbon, nitrogen, oxygen, sulfur, phosphorous, and a few
transition metals and their compounds. Aside from water, the physicochemical processes of
life are largely based upon five key families of chemicals: lipids (fatty cell walls),
carbohydrates such as sugars and cellulose (energy source structure elements), amino acids

(protein metabolism), nucleic acids (self-replicating DNA and RNA), and some minerals.

In the 1950s it was discovered how one of these “families”, viz. the amino acids, could result
from purely inorganic substances such as water, nitrogen, ammonia, and carbon dioxide. In a
classical experiment by Stanley Miller [11,12] it was shown that amino acids could be
formed from such an inorganic mixture if it was exposed to an electric discharge. This was an
important step towards the understanding of how life came about, but provided no clue as to

how oligomers like polypeptides or proteins could be formed.



No other viable processes for the formation of prebiotic oligomers under ambient natural
conditions are known. Therefore, we now set out to try a new concept of catalysis, developed
by one of us [13]—"selective energy transfer” (SET)—using the catalyst COS, described

above.

2. The Selective Energy Transfer (SET) Theory

During the past few decades, one of the present authors has developed a new model for
catalysis, different from those schemes that have commonly been used to describe the

technological aspects of a catalyst and the mechanism of a catalytic reaction.

The basis of this concept [14,15] is the selective transfer of energy from a molecular vibrator
in the catalyst system towards a vibrating system in the molecule that is involved in the
reaction. Because of this view, the new model has been named “SET” or the selective energy

transfer model.

The main idea of the SET theory is that energy is transferred from a molecular vibration of
the catalyst system to a vibration of similar frequency in the reacting molecule. The condition
for such a transfer of energy is that a state of resonance holds between the two systems. The
rate of energy transfer from one vibrator to another in a damped, coupled oscillating system

was calculated in classical physics [16].
The classical expression for the rate of energy exchange is
P = Pres X (0°/T2)/[ (0* — &*)? + &’/7?], (1)
where P is the energy transfer per unit of time;
Pres1s the power absorption at resonance (i.e., when v = ®);
o is the frequency of the catalyst system;
v is the frequency of the reacting molecule;
1 is the relaxation time; and
QO =t x v 1s the “quality factor”.

We take this rate—after integrating over all possible values of the “quality factor” Q, and
freshening it up to quantum chemistry standards—to equal the rate of the chemical reaction

[13,15]. Further details can be found in [13].



The SET theory has recently been summarized [15]. One fact, illustrated by the investigated
catalytic systems, is that the activation energy (enthalpy) is built up by a certain number of
vibrational quanta related to the v vibration. This can be expressed [15] as a second-order

relation between the activation enthalpy, AH”, and the vibrational quantum number n:
AH? = M0 + M1 n + M2 n?. ()

The second-order term corresponds to the anharmonicity of the system, and shall
consequently have a negative sign. The M1 coefficient describes the wave number of the v
vibration. MO indicates the state of adsorption of the reacting molecule. In most cases
reported before [15], MO is very close to zero, indicating that the activation occurs for only
lightly adsorbed species, but close to the catalyst surface (for reaction with another reactant
available at the surface). This latter statement is a reasonable one, as the molecule can better
keep its state of activation when not in contact with a solid surface. In the concluding
remarks on this model [15], it was reported on the decomposition of formic acid (which can
react along two different lines), but also on some dehydrochlorination reactions. Recently,
the SET model has been applied to the technically important dehydrogenation of propane
[17], as well as to the equally important ammonia synthesis from N> and H> [18]. In all these

cases, one can state that the SET model works well [19].
2.1. Peptide Bond Formation:

As mentioned in the Introduction, we concentrate here on the formation of the polypeptides
and proteins, because of their fundamental importance in life processes. Although the
formation of amino acids under reductive atmosphere has been achieved [11], the second
sequence (i.e., the formation of polypeptides [3]) seems to be a much more formidable task.
The formation of the peptide bond under thermodynamic control is not favorable [4,5],
compared to the free energy of hydrolysis of an internal peptide bond with AG ~ -2 to —6 kJ
mol . The formation of long peptides at realistic concentrations of a-amino acids remains
highly unfavorable [4,5]. It is therefore essential that this overall free energy cost must be
compensated by coupling the formation of each peptide bond by an activating agent to make
the reaction favorable. In addition, a metal ion to “mediate” this process into an integrated
whole would seem ideal for the formation of polypeptides under the hydrothermal condition

of the undersea vents.

In the present proposal, the -NH; group of one amino acid moiety and the -COOH groups of

another one are held in close proximity by, for example, a Ni (II) or a Cu(Il) ion (as shown in



Scheme 1). As discussed above, the COS molecule transfers quanta of vibrational energy to
the coordinated
—NH: group through a matching resonance vibration, leading to the condensation reaction
involving the nearby —OH group, thus forming the peptide link and releasing a molecule of
water. The COS molecule delivers the energy necessary for this reaction, “without itself

being consumed thereby” [20,21].
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One of the acids is coordinated in a true fashion to the metal atom (M)asa
chelate, whereas the other one binds stron gly only via the NH; group. This
implies that the C=O (OH) group is intact so that it can react with the H atom ,
set free by the NH; wagging. As described in the text, the catalyst activates the
out of plane wagging vibration of the NH; group ( of the “R1-compound” ) so
that one hydrogen atom is let free to attack the OH group of the “R2

compound”. These groups, are shown in the figure by a triangle with red, broken
lines.

The resulting peptide group is indicated by red colors in the lower drawing.

Scheme 1. “Condensation” of two amino acids catalyzed by COS.

In view of these results, one can ask, how did the SET model work when meeting the

demands of life-creating reactions some billions of years past (and possibly continuing even



today)?: It is now generally assumed [10] that the first and most primitive cells (prokaryotes)
were formed in the niche environments of continuous supply of primary chemical compounds.
However, what can we tell about the role of the amino acids when building the biologically

important structures of multi-peptides or possibly proteins?

In the present investigation, we used SET to try to answer these questions and speculate on
the possible formation of simple proteins based on reactions of amino acids under catalytic
conditions. We found it necessary here to include, besides COS, a water-soluble salt of a 27 -
metal ion. However, the burning question is, how did this possibly catalytic reaction manifest
itself? What happened? Was COS a true catalyst, or was it consumed in the reaction as

assumed by Leman et al. [22]? This is good ground to test the SET theory for catalysis.
2.2. COS and Resonance Conditions

As mentioned in the Introduction, the basis of SET [13] is that energy is transferred between
catalyst and reactants when there is a state of resonance between some vibrations of these
species. In turn, this requires that there is a simple relation between the vibrational
frequencies of catalyst and of the reactant-to-be. Thus, ®/v can be 1:1, 2:1, 1:2, 3:1, etc. The
important point is that an equal amount of energy is donated from the catalyst as is accepted

by the reactant molecule.

In Table 1, we have collected vibrational frequencies of the molecule COS [7] as well as of a
small amino acid (glycine) bound to a metal atom (in this case Ni** or Cu?") [23]. At first
glance one does not note any obvious relation between the wave numbers of COS and those
of the metal complexes of the amino acid. However, one clearly notices, vide Table 2, that
two times of the 1058 cm! vibration of the (Cu) amino acid complex agrees well with the v 3

vibration of COS (2079 cm™).

This observation gives 2 x 1058 / 2079 = 1.018, which is as close to a resonance condition as
one might imagine. However, this amino acid vibration at 1058 ¢cm™! is not just any vibration.

It is the out-of-plane wagging of the amino group (cf. Figure 2), and designated as

pw (NHz), [23], Table III -19 (page 236). For the nickel complexes, the similar value for the
NH; wagging is 1038 cm™! [23], which gives 2 x 1038 / 2079 = 0.999. Thus, taking the mean
value of both Cu and Ni data, we get o (COS) / 2 v glycinate = 1.009 = 0.01.

We can thus write: w = 2 v, or

w,v=2:1. 3)



Table 1. Vibrational assignments for Ni and Cu glycinate complexes [23] and for carbonyl sulfide [7].
Assignments are denoted as in these references. Vibration frequencies are given in cm™. Data used
by copyright according to Sections 107 and 108 of the 1976 United States Copyright Act ( relating to

research use / “fair use” )

Assignment Cu (glycinate); Ni (glycinate); Assignment COS

v (NH2) 3320 3340

v (NH2) 3260 3280 v 1 850 m
v (C=0) 1593 1589

o (NH») 1608 1610 V2 527 m
v (C-0) 1392 1411

pt (NH2) 1151 1095 v3 2079 vs
pw (NH2) 1058 1038

pr (NH2) 644 630

0 (C=0) 736 737

[1(C=0) 592 596

v (MN) 439 439

v (MO) 360 290




Table 2. Collection of a series vibrational frequencies (cm™') from both an amino acid chelate

(designated “Cu”) and the COS molecule. The percentage of the differences are calculated based on

the data in column 2.

Number Cu Ways of Forming cos Diff (Cu - Diff Absolute
(glycinate)  Differences COS) ecm™! Numbers %

1 1593 v C - v1(COS) 850 743 46.6

2 vCu - 2 xpl(COS) —107 6.7

3 1608 vCu - v1(COS) 850 758 47.1

4 vCu - 2 xp1(COS) —92 5.7

5 1392 vCu - v1(COS) 850 542 38.9

6 vCu - 2x01(COS) —308 22.1

7 oCu - 2x02(COS) 527 338 243

8 oCu - 3 xp2(COS) 1581 -—189 13.6

9 1058 vCu - 2 x 2 (COS) 527 4 0.4

10 1058 2xpCu - 0 3(COS) 2079 37 3.5

Wagging

L,

Twisting

Out-of-plane deformations

Figure 2. Schematic representation of the out-of-plane vibrations in relation to the plane formed by

three atoms.



Relation (3) implies that two vibrational quanta of the pw (NH2) vibration of the amino acid
can accept energy from one quantum of the COS molecule. As Table 2 indicates, another
combination of vibrations is close to a state of resonance, viz., 2 x v2 of COS agrees quite
well with 1058 cm™ of the Cu chelate (i.e., 2 x 527 / 1058 = 0.996). However, we prefer to
concentrate the discussion to the above treatment of v 3 of COS because this vibration shows
a very strong absorption of IR radiation [6], (vide Figure 1), and thus gives a much higher
emission than what the v 2 of the same molecule. In other words, the flow of quanta from
2079  cm™! is  much  stronger than the flow of quanta  from

527 cm™L,

The designation of this vibration as pw(NH2) means that it is an out-of-plane “wagging”
movement, in which both H atoms bend away from the plane that they form with nitrogen (cf.

Figure 2) [24].

It follows from SET that the vibration found in this supposed molecular reaction is the one
that actually activates the reaction [13—15]. If activation energies had been measured, we
would have seen (Equation (1)) that they all had been a sum of the energy of a vibration with
a frequency of 1058-1038 cm™'. Of course, this is an approximate statement, as one must

take the anharmonicity into consideration (Equation (2)).

In the present case, the NH> group is part of an amino acid chelate around the metal ion M.
To emphasize the role of the NH» group, we display a schematic picture of the nearest atom

groups around the tetrahedrally bonded central nitrogen atom (Figure 3).

The tetrahedral configuration around the nitrogen atom can be described so that each of the
four groups at the corners of the tetrahedron engages with one sp3 orbital, each one
originating from the nitrogen atom. However, when the two hydrogen atoms move together,
in the pw(NH2) vibration, perpendicularly against the N-H-H plane, the type of bonding tends
more and more towards an sp2 configuration. In the extreme, the system forms three sp2
orbitals from the central nitrogen atom towards each of three remaining atoms or atomic
groups (cf. Figure 4). This implies that one of the two hydrogen atoms must leave the scene.
Or rather (vide Scheme 1), this H atom is free to attack the OH- group of the neighboring
amino acid, forming water and making possible a combination of the two amino acids to

form a peptide bond.

10
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Figure 3. Environment of the nitrogen atom with sp3 orbital hybridization (cf. Scheme 1). M
represents the metal ion that keeps the two amino acid molecules together, C depicts the carbon

atom nearest the carboxylate group of the acid under consideration.
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Figure 4.

Figure 4(a) The plane of wagging. The three atoms, N, H, and H, define a plane in space. When the
two hydrogen atoms move perpendicularly against this plane, the vibration is called “wagging”, cf.

Figure 2.

Figure 4 (b) The more complete structure around the sp3 nitrogen. The tetrahedral structure of the

nitrogen (indicated in Schemes 1 and 2) is made up by one meatal atom (M) and one carbon atom

11



(C), next neighbor to the carboxylate group (cf. Figure 5). In order to indicate the spatial
(tetrahedral) arrangement, a plus sign indicates that the atom group is positioned above the NHH

plane. Likewise, a minus sign indicates a position below that plane.

Figure 4 (c) The wagging effect. The figure illustrates how the two H atoms rise above the NHH
plane (also here indicated by plus-sign and in red color) at a highly activated wagging vibration. One
can also easily distinguish that the left-side hydrogen atom can form part of a tilting CHM plane into
which the nitrogen atom can intrude. (This plane is indicated by double-drawn red lines between the
atoms concerned.) The other H atom is distinctly placed outside the tilting CHM plane. As described
in the text, this means that the N atom develops three sp2 orbitals that keeps the CHM plane
together.

At high excitation, the nitrogen atom will be unable to bind four atoms. The consequence

of this will be that one hydrogen atom (marked in yellow) is set free.

Thus, the interference of the catalyst (COS) and the amino acids results in a peptide bond
between the two molecules and the formulation of a water molecule. The catalyst COS
remains intact, but for a loss of some energy and ready for the next cycle of activation and
energy transfer under the hydrothermal vent condition (along with fresh supply of COS
coming from the effluent of the vents); before being lost due to dissipation or through

hydrolysis or other types of reactions.

Scheme 1 illustrates that the role of the metal ion—besides achieving the best possible
resonance conditions—is to create order between the two amino acid molecules; we name
them as amino acid No. 1 and amino acid No. 2, respectively. The importance of metal atoms
being present has been emphasized experimentally by Huber, Wichtershéduser, Eisenreich,
and Hecht [25,26]. One might note that the incoming amino acid (No. 2) has supposedly not
formed a regular chelate, but hinges on the strong M—N bond, thus exposing its OH group for
attack from the H atom of the “No. 1” NH, group. As it is supposed that this reaction was
happening at the verge of a volcanic vent, where metal sulfides (FeS or NiS [26]) had been
precipitated over time, it is no surprise that the possibility of bonding ligands to a free metal
ion was severely sterically limited. Therefore, the unbonded C—OH group swings open to an

attack from a free H atom (Figure 5).

When all this has happened, two alternative reactions might further take place: either the
metal—carboxylate bond can split and a dimer, mono-peptide will form (Scheme 1), or the

system keeps the original metal-carboxylate bond intact and form a new chelate—this time

12



with the recently formed M—NH: group as the bonding partner (vide Scheme 2). The
approach of a third amino acid makes possible the creation of a second peptide group. In
principle, this procedure can go on in many steps, thus forming polypeptides. Such molecules

are considered to be important building blocks for the emergence of life (e.g., [5]).

One crucial question remains to be commented upon: Why is it only one of the two amino
groups in Scheme 1 that responds to the infrared radiation that emits from the COS catalyst?
Obviously, it is the one —NH> group that first responds to this radiation that we observe, but
why is there a difference? We suggest that the amino acid that reacts is the one that has a —
COOH group firmly bonded to the metal atom as COO™. It is the -NH2 group of the strong
chelate that responds to the IR radiation and consequently releases one hydrogen atom. It is
this free hydrogen atom that attacks the —OH group of the other amino acid. This is lightly
indicated in the drawings of Scheme 1, and made more visible in Figure 5. Thus, it seems that

a metal atom is crucial in this context [25], giving a strong resonance between the vibrational

frequencies.
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Figure 5. The situation of binding between one copper ion and two amino acids just before the

reaction to form a peptide bond. The strong bonds are designated in green color.
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Scheme 2. Continued “condensation” of another amino acid (R3) with the product, the formation of
which was described in Scheme 1. The resulting peptide is marked in red and one notes that the
substituents are found in the R;, R, R3 order. Furthermore, the carboxylate end of the chain belongs

to the first amino acid (R;) and the amino end belongs to the last amino (R3).

3. Further Tests of SET Catalysis

The presentation above, centering on the activating effect of COS, has shown that the
important piece of the reaction is the vibrational excitation of the pw (NH2) vibrational mode
of an amino acid, bonded to a metal ion. To find other activating agents with the same ability,
one must then look for substances with some group of atoms that can vibrate with
frequencies approaching resonance with the pw (NH2) vibration. In the following, we discuss

two such systems.
3.1. Iron(1l/I1l) Hexacyano Complexes

The investigation of Leman et al. [22] gives further information that might guide us in our
search towards other examples of SET. One first notes that for most of the investigated
systems, the time to achieve results is measured in hours if not in tens of hours. (Cf. Table 1

of Ref. [22]). The only drastic exceptions are those experiments where hexacyanoferrate(II)

14



is used as a reactant. For these systems, conversions of about 75% were obtained in 5 min, 20

min, and 1.5 h.

The authors quoted suggest [22] that the iron (IIT) oxidizes the a-amino acid thiocarbamate,
considered to be an intermediate in the formation of dipeptides. Of course, in this process, the

iron (III) is reduced to iron (II).

Regardless, we find from Table II1.34 of Ref. [23] that the strongest of the C—N stretching
modes of the Fe(Ill)complex (Fi.) appears at 2118 cm™!, whereas the same for the
Fe(Il)complex is 2044 cm™!. Division of these values by two yields 1059 cm™" for Fe(III) and
1022 cm™' for Fe(I). These values are critically close to those of the amino acid complexes
[23] discussed above, viz. 1058 cm™ (for Cu) and 1038 cm™! (for Ni). “Close” in the sense
that in this case the catalyst splits its vibrational quantum into two equally large bits, equal to

1059 cm™! for Fe(III) resp. 1022 cm ™ for Fe(I).

Whether reduced or not, it seems from the results of Orgel et al. (Table 1 of Ref. [22]) that it
is the hexacyanoferrate(Il) or (III) that form the best catalysts [22]. If we apply the SET
model, the time that is needed to stimulate the pw (NH:) vibration of the amino acid is
important. As stated above, the previous authors [22] argued that the role of Fe(CN)s*~ was to
oxidize sulfur-containing species and in this way come forward to the amino acid N-carboxy
anhydride (NAC) that was considered as the route towards peptide formation. However, in
regard to the very close to equal agreement for the vibrational data given above (i.e., 1058
(amino acid complex) and 1059 cm™' (hexacyanoferrate), respectively), we are tempted to
state that the active catalyst is hexacyanoferrate(Ill) interacting with a copper(Il) chelate that

in one or possibly two steps makes the reaction possible.
3.2. Cyanamide Test

Stanley Miller left behind not only his famous report [11,12] on the formation of amino acids
by the exposure of simpler substances (e.g., CH4, NHj3, etc.) to electric discharges. He also
left many vials containing the results of other investigations. Most of these samples were not
analyzed until the first decades of the 21st century. Then, some of his previous collaborators

found the remains and started to publish the content of Miller’s notebooks [27].

The strategy of Miller as well as his followers was to combine the well-established amino
acid synthesis by electric discharge with a parallel exposure of the reaction mixture to
cyanamide, HoN—CN [27]. This substance was added intermittently to the reacting gas

mixture [27]. The result was that many amino acids were formed (probably by the electric

15



discharge effect), along with dipeptide combinations of many of these acids (e.g., gly—gly,
gly—ala, glu—gly).

We will now test if the SET model works for these reactions equally well as in the previously
discussed cases. For this purpose, we use glycine as the model substance. Our starting view is
that the reaction proceeds in two stages: the first reaction is the formation of amino acids as
found by Miller [11], the second reaction is the formation of dipeptides—very much like
what is described above in Section 2. In order to follow this plan, we first need to know
infrared data for cyanamide [28], and secondly infrared data for (free) glycine [29]. Thus
equipped, we suggest following the path of the procedure applied in the above chapters. This
means that we give the major role to the pw(NH3z) vibration of the glycine molecule, and start
looking for a counterpart in the spectrum of the cyanamide molecule. Such comparisons are

made in Table 3.

The winner in this contest is the 3261 c¢m™' vibration of cyanamide. As all other of the
tabulated vibrations are denoted as weak or possibly medium, this very strong absorber—and
consequently, very strong emitter—will do a good job of supplying the glycine vibrator with
many quanta that will stimulate the NH> wagging and consequently work for the expulsion of

one of the two hydrogen atoms, as described in Section 2.

Following the treatment of the previous systems, COS and ferricyanide complexes, we find
that one quantum of the excited “activating agent”, 3261 cm™!, can be compared with three

quanta of the NH, wagging of glycine (1069 cm™!; cf. Table 3)

Table 3. Comparison between vibration frequencies of pw(NH:) of glycine [29] and those cyanamide
vibrations [28] that best agree with the glycine vibration. The difference between columns 5 and 4, in
absolute numbers (Diff), is expressed as per cent of the “resulting product”.

Copyrights for these data relate to those Of Ref [28 and Ref [29].

Glycine
Resulting Cyanamide

Factor Diff%
Product cm™ Vibration cm™ [28]

Conditions Vibration cm™

[29]
Acid Not present
Neutral 882 (m) 1 882 937 (vw) 6.2
2 1764 1576 (m) 10.7
3 2646 2731 (vw) 32

16



Alkaline 1069 (w) 1 1069 1094 (w) 23
2 2138 2199 (v w) 2.9

3 3207 3261 (v s) 1.7

As 3 x 1069 = 3207, we get a measure of a possible resonance as 3261 / 3207 = 1.017, which
is as good as the corresponding ratios reported above. Thus, we can confirm the reasoning of

Stanley Miller, given that the prebiotic atmosphere contained HoN-CN.

One can further note that, as Parker et al. [27] pointed out, the reactive amino acid species is
H3;N'"C(RR’) COO™. This means that, in the present case, a proton is substituting the metal
ion in the reactions of Schemes 1 and 2 in our discussion above. Thus, the transformation sp3
> sp2 is still the central one in the catalytic reactions. On the other hand, in all the cases
where H>O is formed from the interaction of H and C—OH, it is necessary that the pH is well
below the isoelectric value so that there are undisturbed OH-groups present that can

participate in the reaction stoichiometrically.

4. Conclusions

In the above chapters we described routes towards the formation of biomolecules using the

SET model for catalysis.

As stated in the Introduction, there are quite a few examples of the successful use of SET
under present-day laboratory conditions. On the other hand, we do not know exactly what
happened many billions of years ago. Hence, we now propose that the formation of long
chains of polypeptide molecules can be explained by the application of SET to available

catalysts and activating materials.

The gaseous substance of COS works very well and in accordance with the definitions by
Berzelius and Ostwald: it is involved in the previously mentioned part of the reaction chain,
but it is not consumed during the reaction [19,20]. One can note that—also in this case—the
catalytic reaction mechanism works directly towards the desired product with limited
amounts of intermediates. In contrast, the reaction scheme suggested by the previously
mentioned authors [22] presupposes many intermediates, and consequently, a series of
coupled reaction steps. These workers used large molar excess (8—16 times) of COS

compared to amino acid concentration, which is an unrealistic circumstance near the
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hydrothermal vents. In our view, the use of large excess of the catalyst actually impeded the
oligomerization process, giving poor yield and only giving low-chain oligomers because of
the waste of the catalyst (COS) through stoichiometric reaction to form dead-end
intermediates with the available amino acids or by forming H>S through hydrolysis that may

have negated the desired oligomerization reaction.

The reaction series as depicted in Scheme 2 can thus be taken as a rapid route for molecular
combinations that leads to stable states, suitable for processes that we recognize from present

day’s biochemistry.

Author Contributions

Conceptualization, R.L. and A.M.; Literature search and evaluation, A.M.; Calculations, R.L.;
Methodology, R.L.; Writing—original draft, A.M. and R.L.; Data collection and evaluation,
A.M. and R.L.

Funding: This work, including the Open Access, was funded by the University of Lund

Acknowledgments

The authors are very grateful for the support for this work provided by the University of
Lund and the Department of Chemical Engineering of LU. This support was aimed at
covering the costs of publishing the results of the study in full Open Access style. One of us
(Ragnar Larsson) strongly thanks his daughter, Karin Lilja, for good guidance in computer
use. Likewise, we, the authors, want to express our gratitude to Mr. Farhan Zaman of Ottawa,

Canada, for his computer-related help.

References

(11 De Duve, C. Vital Dust: Life as a Cosmic Imperative; Basic Books: New York, NY, USA,
1995.

[2] Oparin, A.L. Origin of Life; Morgolis, T.S., Ed.; Dover Publications, Inc.: New York, NY,
USA, 1953.

(31 Bernal, J.D. The Physical Basis of Life; Routledge & Kegan Paul: London, UK, 1951.

4] Danger, G.; Plasson, R.; Pascal, R. Pathways for the formation and evolution of peptides

18



in prebiotic environments. Chem. Soc. Rev. 2012, 41, 5416.

Holm, N.G.; Andersson, E. Hydrothermal Simulation Experiments as a Tool for Studies
of the Origin of Life on Earth and Other Terrestrial Planets: A Review. Astrobiology
2005, 5, 444-460.

NIST Chemistry WebBook. Available online: http://webbook.nist.gov/chemistry
(accessed on 14-11-2014).

Herzberg, G. Molecular Spectra and Molecular Structure, II. Infrared and Raman Spectra
of Polyatomic Molecules; D van Nostrand Company, Inc.: Princeton, NY, USA, 1962.
Herzberg, G. Spectra of Diatomic Molecules, 2nd ed.; Van Norstrand Co., Inc.: New
York, NY, USA, 1950.

Colin-Garcia, M.; Heredia, A.; Cordero, G.; Camprubi, A.; Negron-Mendoza, A.; Ortega-
Gutiérrez, F.; Beraldi, H.; Ramos-Bernal, S. Hydrothermal vents and prebiotic chemistry:
A review. Boletin Soc. Geol. Mex. 2016, 68, 599-620.

Dodd, M.S.; Papineau, D.; Grenne, T.; Slack, J.F.; Rittner, M.; Pirajno, F.; O’Neil, J.;
Little, C.T.S. Evidence for early life in Earth’s oldest hydrothermal vent precipitates.
Nature 2017, 543, 60—64.

Miller, S.L. A Production of Amino Acids Under Possible Primitive Earth Conditions.
Science 1953, 117, 528-529.

Miller, S.L.; Urey, H.C. Organic compound synthesis on the primitive earth. Science
1959, 130, 245-251.

Larsson, R. A model of selective energy transfer at the active site of the catalyst. J. Mol.
Catal. 1989, 55, 70-83.

Larsson, R. A SET Approach to the Interplay of Catalysts and Reactants. Catalysts 2018,
8, 97.

Larsson, R. Concluding remarks on the theory of selective energy transfer and
exemplification on a zeolite kinetics study. Monatsh. Chem. 2013, 144, 21-28.

Kittel, C.; Knight, W.D.; Ruderman, M.A. Mechanics, Berkeley Physics Course;
McGraw-Hill: New York, NY, USA, 1965; Volume 1, Chapter 7.

Larsson, R. Propane Dehydrogenation Catalyzed by ZSM-5 Zeolites. A Mechanistic
Study Based on the Selective Energy Transfer (SET) Theory. Molecules 2015, 20, 2529—
2535.

Larsson, R. An analysis of ammonia synthesis by the model of Selective Energy Transfer
(SET). RSC Adv. 2019, in preparation.

James, W. Pragmatism; Longmans, Green and Co.: New York, NY, USA, 1955.
Berzelius, J. Arsberittelse om Framstegen i Physik och Chemie; Royal Swedish
Academy of Sciences: Stockholm, Sweden, 1835.

Ostwald, W. Nobel Lecture; The Royal Swedish Academy of Sciences, Stockholm,
Sweden, 1909.

Leman, L.; Orgel, L.; Ghadiri, M.R. Carbonyl Sulfide-Mediated Prebiotic Formation of
Peptides. Science 2004, 306, 283-286.

Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coordination Compounds,
4th ed.; John Wiley & Sons: New York, NY, USA, 1986; p. 236.

19



(24]

(23]

[26]

(27]

Wikipedia, https://en.wikipedia.org/wiki/Molecular vibrationout-of-plane
vibrations/Case study/partly. ( accessed. on 23-04-2016 ).

Huber, C.; Eisenreich, W.; Hecht, S.; Wachtershiuser, G. A Possible Primordial Peptide
Cycle. Science 2003, 301, 938-940.

Huber, C. Peptides by Activation of Amino Acids with CO on (NiFe)S Surfaces:
Implications for the Origin of Life. Science 1998, 281, 670—672.

Parker, E.T.; Zhou, M.; Burton, A.S.; Glavin, D.P.; Dworkin, J.P.; Krishnamurthy, R.;
Fernandez, F.M.; Bada, J.L. A Plausible Simultaneous Synthesis of Amino Acids and
Simple Peptides on the Primordial Earth. Angew. Chem. 2014, 126, 8270-8274.

Davies, M.; Jones, W.J. The Infrared Spectrum and Structure of Cyanamide and
Dimethyl cyanamide. Trans. Farad. Soc. 1958, 54, 1454—-1463.

Rosado, M.T.; Duarte, M.L.T.; Fausto, R. Vibrational spectra of acid and alkaline glycine
salts. Vib. Spectrosc. 1998, 16, 35-54.

20



