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Fundamental building blocks of life have been detected extrater-
restrially, even in interstellar space, and are known to form
nonenzymatically. Thus, the HCN pentamer, adenine (a base
present in DNA and RNA), was first isolated in abiogenic experi-
ments from an aqueous solution of ammonia and HCN in 1960.
Although many variations of the reaction conditions giving ade-
nine have been reported since then, the mechanistic details remain
unexplored. Our predictions are based on extensive computations
of sequences of reaction steps along several possible mechanistic
routes. H2O- or NH3-catalyzed pathways are more favorable than
uncatalyzed neutral or anionic alternatives, and they may well
have been the major source of adenine on primitive earth. Our
report provides a more detailed understanding of some of the
chemical processes involved in chemical evolution, and a partial
answer to the fundamental question of molecular biogenesis. Our
investigation should trigger similar explorations of the detailed
mechanisms of the abiotic formation of the remaining nucleic acid
bases and other biologically relevant molecules.

reaction mechanism � DNA � RNA � density functional theory �
gas phase model

How did life on earth begin? The presence of biomolecules
was a prerequisite, but the origin of even the simplest of

these remains a fascinating but unsolved puzzle (1, 2). Numerous
experiments have demonstrated that amino acids, nucleotides,
carbohydrates, and other essential compounds form under sim-
ulated primitive earth conditions from simple starting materials,
hydrocarbons, HCN, cyano compounds, aldehydes, and ketones
(3, 4). HCN, a high-energy prebiotic precursor, is produced in
appreciable amounts, for example, by the action of electric
discharges on simulated primitive atmospheres (5). The HCN
pentamer adenine (a constituent of DNA, RNA, and many
coenzymes) is one of the most abundant biochemical molecules.
The abiotic synthesis of adenine from a solution of HCN and
ammonia was first reported by Oró and colleagues in 1960 (6–9).
Although many experimentalists have contributed to our under-
standing of possible prebiotic processes, low yields and mecha-
nistic complexities rule out detailed investigations (7, 10–15).
The key riddle remains: how do five HCN molecules combine to
form adenine under prebiotic conditions? We now propose a
detailed, thermochemically favorable mechanism based on den-
sity functional theory computations.

In Oró’s first experiment (1960), adenine was formed in 0.5%
yield by heating solutions of ammonium cyanide (�1.0 M) at
70°C for several days. Since then, the abiotic synthesis of adenine
from the polymerization of HCN under various conditions has
been achieved many times (7, 10–15). The highest yield of
adenine (20%) resulted from the sealed-tube reaction of HCN
with liquid ammonia (16). In 1978, Ferris et al. (17) detected
0.04% adenine from 0.1 M NH4CN kept in the dark at room
temperature for 4–12 months. In a particularly striking experi-
ment, Levy et al. (18) detected 0.035–0.04% adenine from dilute
solution of ammoniacal HCN, frozen for 25 years at �20°C and
�78°C (simulated prebiotic synthetic process in the Jovian moon
Europa).

Experimental findings have suggested the outlines of possible
prebiotic pathways for the formation of adenine in prebiotic
earth conditions (6, 10–15) (Fig. 1). However, the mechanistic
details have not been explored (apart from an ab initio mecha-
nistic study of the HCN dimerization and adenine protonation)
(19, 20). Experimental investigations would be very difficult
because adenine is not formed cleanly, yields are small, and
many steps are involved. However, clues are provided by four
putative intermediates detected in the product mixtures (Fig. 1):
formamidine, 2,3-diaminomaleonitrile (DAMN), 4-amino-5-
cyanoimidazole (4-aminoimidazole-5-carbonitrile; AICN) (10,
11, 13–15), and 4-aminoimidazole-5-carboxamidine (9, 11).

The pentamerization of HCN to give adenine is very exother-
mic overall (�G298 � �53.7 kcal/mol; Fig. 2). Likewise, each
successive step, HCN dimerization and the sequential HCN
additions to give trimer, tetramer, and pentamer, also is quite
exothermic. But a favorable thermochemistry does not ensure
that reactions actually will proceed, because they may be pre-
vented by insurmountable kinetic impediments.

Reaction mechanisms involving several intermediate and
transition states (which are difficult to detect and identify
experimentally) can be studied effectively computationally.
These allow selection among various possibilities. Our investi-
gations have identified a plausible detailed step-by-step mech-
anism for the formation of adenine based on density functional
theory computations (21) (described in Methods).

We focus on the last, crucial stage, the reaction of the HCN
tetramer, AICN, with a fifth HCN to give adenine. This is the
key, rate-limiting step in the general adenine formation pathway
starting from HCN (see Fig. 1). Although DAMN and AICN are
both C4H4N4 isomers, AICN was selected as the adenine pre-
cursor because of its much lower energy (19.3 kcal/mol according
to our computations) and greater structural similarity to adenine
(Fig. 2). Like adenine, AICN has a C–C–C–N sequence, whereas
DAMN has a C–C–C–C backbone not present in adenine (Fig.
1). DAMN may form experimentally as a kinetically controlled
side product. Although DAMN cannot be involved directly in the
pathway, it may serve as a ‘‘material reservoir.’’ Indeed, many
details of photoisomerization of DAMN to AICN in water are
established (13, 15). In contrast, the nonphotolytic conversion of
DAMN to AICN or to adenine has not been observed (11).
Here, we describe our investigation of the mechanism for
adenine formation from AICN under nonphotochemical con-
ditions (reactions in the dark); consideration of DAMN as
adenine precursor will be reported subsequently.
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An anionic mechanism for the abiotic formation of adenine
seems plausible from a physical organic chemist’s point of view.
HCN is a weak acid and adenine forms in ammoniacal solution,
but mechanisms involving unsolvated anionic species proved not
to be feasible computationally. Ring closure (Fig. 3 ii 3 iii) is
precluded because the putative anionic intermediates ii and iii
are not minima, and iii reverts to the ring-opened isomers on
optimization. Mechanisms involving free radical intermediates
also were unpromising. In contrast, optimizations of the reac-
tant, product, and transition states for the neutral closed-shell
mechanism were successful.

We first point out explicitly that two AICN tautomeric forms,
AICN(a) and AICN(b) (Fig. 1), can exist and that AICN(b) is
favored strongly at equilibrium (by �G298 � 3.73 kcal/mol in the
gas phase and 1.73 kcal/mol with bulk solvation, according to our
computations). [Bulk solvation (22) is described in Methods.]
The pathway to adenine from the less stable AICN(a) is
precluded by the second high reaction barrier associated with the
six-membered ring closure step. The reaction profile is depicted
in Fig. 4.

We report the favorable mechanism of adenine formation
starting from the thermodynamically more stable AICN(b)
tautomer. However, the first step from AICN(b), the addition of
HCN to the NH2 group, cannot proceed directly through a

four-center transition state: the reaction barrier (60.4 kcal/mol in
the gas phase relative to the energy of the 1:1 HCN–AICN
complex; Figs. 3 and 5) is much too high. Moreover, a prohibitive
reaction barrier (53 kcal/mol) also precludes a subsequent step
in the neutral uncatalyzed pathway (involving the concerted
six-membered ring closure and H transfer; Fig. 3). Therefore, the
neutral, uncatalyzed mechanism for adenine formation also is
unlikely. The involvement of additional molecules serving as
catalysts is required to lower the high barriers.

The unfavorable four-center transition structure (TS0) asso-
ciated with the first step from AICN(b) is shown in Fig. 5. The
catalytic participation of a water molecule in the six-center
alternative (TS1) reduces the barrier considerably (ammonia or
similar molecules can function similarly). The importance of
water-assisted proton transfer is well known in keto–enol tau-
tomerization (23, 24). The water bridge connects the donor and
acceptor sites and stabilizes the transition structure. The classical
proton transfer barrier is lowered substantially. The energetically
most favorable six-center cyclic transition structure leading to
the HCN–AICN(b) addition product (TS1) (Fig. 5) is very
different from TS0 for the neutral uncatalyzed mechanism. The
water molecule in TS1 transfers its hydrogen-bonded proton to
the HCN nitrogen concertedly with the formation of the new
bond between the AICN amine nitrogen and the electron-
deficient HCN carbon.

The inclusion of one specific water molecule decreases the
reaction barrier drastically, from 60.4 kcal/mol (without water) to
38.0 kcal/mol (with a single H2O) (Fig. 4). Consequently, we also
explored the effect of more than one solvent molecule in the
mechanism. A second H2O does not participate in the proton relay
effectively, but can form relatively strong hydrogen bonds stabiliz-
ing the reactant, product, and transition state complexes. The
energetically most favorable transition structure with two water
molecules (TS2) also is depicted in Fig. 5. However, inclusion of two
explicit H2O molecules decreases the reaction barrier by only an
additional 0.4 kcal/mol (to 37.6 kcal/mol). It does not seem likely
that additional explicit H2O molecules would have much of a
further effect. However, a complete solvation shell does have a
significant influence (see below). Almost all of the reported abiotic

Fig. 1. Proposed steps for the formation of adenine in aqueous ammonium
cyanide solution (7, 10–15). Experimentally detected putative intermediates
in the abiotic formation of adenine are enclosed in boxes. Two tautomers of
AICN can exist; AICN(b) is the more stable. Note that a photoisomerization step
is proposed for the formation of AICN from DAMN. DAMN has not been
demonstrated to be an adenine intermediate in a nonphotolytic reaction.

Fig. 2. Thermochemistry of pentamerization of HCN. The relative energies
in gas phase are in kilocalories per mole computed at B3LYP/6 –
311�G**�ZPVE. Entropy is unfavorable but is not included in each step.
Overall energy for pentamerization of adenine (5 HCN 3 C5H5N5) is �93.8
kcal/mol (�G298 � �53.7 kcal/mol). Note that the last crucial step for formation
of pentamer (adenine) from tetramer [AICN(b)] is highly exothermic.

Fig. 3. Anionic mechanisms are unfeasible in isolation. On optimization,
both ii and iii revert back to i (reactants). Free radical and neutral uncatalyzed
mechanisms are also not viable because of the very large reaction barriers for
the two steps shown.
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syntheses of adenine were carried out with HCN dissolved in
water–ammonia solutions. Besides maintaining the pH of the
medium, ammonia might also participate mechanistically. Indeed,
an explicit NH3 molecule is as good a catalyst as an explicit H2O
molecule. The reaction barrier for the first step, the NH3-catalyzed

addition of HCN to AICN(b) (with one explicit NH3), is 37.1
kcal/mol, as compared with 38.0 kcal/mol with an explicit H2O.
Although computations based on species in isolation (gas phase)
may simulate extraterrestrial conditions, they do not suffice to
predict prebiotic processes on the primitive earth, where reactions

Fig. 4. Gas-phase reaction profile [B3LYP/6-31G*] for adenine formation from the less stable AICN(a) isomer, when one explicit H2O molecule is included as
catalyst. This pathway is precluded by a second high reaction barrier.

Fig. 5. Gas-phase potential energy profiles (in kilocalories per mole) for the first key addition step of HCN to AICN(b) (B3LYP/6-311�G** � ZPVE). The
uncatalyzed reaction, shown by the dashed line at the top, has a prohibitively high 60.4 kcal/mol barrier. Optimized geometries (in angstroms) are given for
reactant complexes (RC), transition structures (TS), and product complexes (PC) having one or two explicit catalytic H2O molecules. Note that these are active
participants and reduce the barrier to 38.0 and 37.6 kcal/mol, respectively (entropy was not considered).
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might have taken place in solution. In addition to the explicit solvent
modeling (see above), we simulated the bulk solvation effect by
employing the polarizable continuum model (PCM) (22), which
considers the solvent as a macroscopic continuum of dielectric
constant. Bulk solvation stabilizes structures involving greater
charge separation (e.g., transition states) preferentially. [This is a
simple alternative to explicit solvation modeling (involving a box of
water molecules) by using computationally demanding ab initio
molecular dynamics methods (25).] Indeed, bulk solvation reduces
the reaction barriers for the rate-determining step to 33.9 kcal/mol
(from 37.6 kcal/mol) and to 35.2 kcal/mol (from 37.6 kcal/mol) for
specific H2O/NH3-catalyzed mechanisms, respectively. These bar-
riers are low enough to be consistent with the experimental
observations as well as conjectures regarding the abiotic genesis of
adenine. The subsequent steps from the HCN–AICN adduct are
depicted in Fig. 6a (for catalysis by two H2O molecules) and Fig. 6b

(for catalysis by two NH3 molecules). The effects of bulk solvation
are included in both plots. Except for the syn–anti hydrogen transfer
and the C–N bond rotation in the second and third steps, all of the
stages require the catalytic participation of at least one H2O or NH3

molecule. The proton relays across six- and five-membered rings are
interesting mechanistic features, because two H2O or NH3 mole-
cules are needed to complete the H-bonded ‘‘circuit.’’ One mole-
cule participates in the proton transfer directly as a catalyst, while
the second H2O or NH3 assists by hydrogen bonding. The detailed
step-by-step mechanism for the formation of [adenine�(H2O)2]
starting from AICN(b) � HCN � 2 H2O is depicted in Fig. 6a. This
reaction profile includes the relative energies of each stationary
point (with respect to AICN � HCN � 2 H2O 1:1:2 reactant
complex) without and with bulk solvation. The first step is rate-
determining (as stated in our earlier discussion). The subsequent
steps have lower reaction barriers.

Fig. 6. Reaction profiles for the formation of adenine starting from AICN(b) and HCN in the gas phase and with simulated bulk water solvation by means of
explicit solvent-catalyzed mechanisms (two solvent molecules). (a) Reaction profile with water as explicit catalytic molecule (gas phase vs. simulated bulk water
solvation). (b) Reaction profile with ammonia as explicit catalytic molecule (gas phase vs. simulated bulk water solvation). The two H2O or NH3 molecules facilitate
a ‘‘proton relay’’ by forming an H-bonded ‘‘circuit’’ for the proton transfer in a six-membered transition state. All species shown are stable minima. (Dotted lines
depict partial bonds in complexes or transition states.) The comparisons with the gas-phase profiles show the large extent to which simulated water solvation
reduces the barrier electrostatically. The first step is rate-determining in all cases. The basis set dependency of the barrier heights is shown by the comparison
data at 6-31G* and at 6-311�G** (in parentheses).
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All of the mechanistic features of the NH3- (Fig. 6b) and the
H2O-catalyzed (Fig. 6a) pathways are not alike, because ammo-
nia and water have different Lewis base properties. Although the
first three steps, that is, addition of HCN to AICN catalyzed by
ammonia, syn–anti hydrogen transfer, and rotation around C–N,
are similar, concerted six-membered ring closure and 1,4 H
transfer take place in the NH3-catalyzed mechanism before 1,3
H transfer.

Our computed reaction profile with low energy barriers
reveals the feasibility of adenine formation from AICN under
abiotic conditions. But are the computed reaction barriers
reliable? The B3LYP density functional theory method we used
is known to give relatively accurate structures and spectroscopic
properties of first-row molecules, but activation barriers may be
more problematical (26, 27). Our computed reaction barriers at
B3LYP/6–31G* are �3–4 kcal/mol lower than at B3LYP/6-
311�G**. The key rate-determining step was recomputed at the
MP2/6-311�G** and the gas-phase reaction barrier with zero-
point vibrational energy (ZPVE) correction is 43.9 kcal/mol,
which is higher than that at B3LYP/6-311�G**. It has been
reported that although MP2 in general gives accurate geometries
for reaction complexes, it also overestimates barrier heights (28,
29). Thus for calibration, we performed higher-level CCSD(T)/
cc-pVTZ single-point computations on the simpler HCN � NH3
� H2O system on MP2 geometries optimized at 6-311�G**
level. This models the key AICN(b) � HCN � H2O rate-
determining step, because it also involves the addition of a NH
bond to HCN. (The geometries of the reactants, transition
structures, products, and barriers, computed at various levels of
theory, are given in supporting information (SI) Fig. 7). The
CCSD(T)/aug-cc-pVTZ single-point reaction barrier is only 3
kcal/mol higher than the B3LYP/6–311�G** result.

Conclusion
Our detailed computational investigations of step-by-step for-
mation pathways from AICN(b) show how adenine can arise
abiotically. Although the formation of adenine by the pentam-
erization of HCN is very exothermic, this process is quite unlikely
in isolation (gas phase). Not only must five HCN molecules come
together, but also the reaction barriers are very high. The
intimate participation of an additional molecule, such as H2O or
NH3 (or perhaps HCN) is needed to lower the barriers consid-
erably to realistic energies. Moreover, an aqueous medium
facilitates the reaction, because both specific and bulk solvation
lowers the barrier of the rate-determining step further. The
reaction energetics are mostly governed by the enthalpy change
(see Fig. 2 legend) especially at the low temperatures of some of
the experiments.

Finding a viable, thermodynamically feasible, step-by-step
mechanism that can account for the formation of adenine did
not prove to be easy. Our approach has a model character to it.
The ‘‘first model’’ is without water or ammonia, the second
model is with explicit participation of ammonia (along with
water) in gas phase, and the third model adds bulk solvation.
Because there are no quantitative experimental data to match,
a highly refined study, for example, by using the approach
described by Jorgensen and his coworkers (30) to model the

medium effects, is not called for at this initial stage. The
computed activation energy is reasonable considering the long
time scale of chemical evolution toward complex organic systems
on primitive earth. An alternate pathway based on the experi-
mental isolation of 2- and 8-cyanoadenine or adenine 8-carbox-
amide as adenine precursor suggests a further complex mecha-
nism involving hexamer and heptamers of HCN (31). The
feasibility of that alternate pathway requires further investiga-
tion. The subject is of continuing interest, and detailed calcula-
tions on reactions of this kind are needed before a full picture
emerges. Our investigation should trigger similar explorations of
the detailed mechanisms of the abiotic formation of the remain-
ing nucleic acid bases and other biologically relevant molecules.

Methods
The computations were performed at the B3LYP density func-
tional theory level with the 6-31G* and the 6-311�G** basis
sets. In addition, CCSD(T)/aug-ccpVTZ ab initio computations
simulated the first HCN � RNH2 addition step with the highest
barrier. All computed harmonic frequencies of fully optimized
minima were real, whereas transition structures (states) had a
single imaginary frequency. Intrinsic reaction coordinate anal-
yses of the minimum-energy pathways confirmed that the tran-
sition states led to the reactants and products shown in the
figures. All of the relative energies are corrected by the ZPVE
and correspond to the classical reaction barriers (i.e., without
proton tunneling). The reaction barriers are defined as the
difference in sum of electronic and zero-point energies (�0 �
�ZPE) of the reactant complex and transition state. �G is defined
as difference between the sum of electronic and thermal free
energies (�0 � Gcorr) of reactant and product.

Instead of modeling bulk solvation by an explicit shell involv-
ing many solvent molecules surrounding the solute (25), we used
the PCM implemented in the Gaussian 98 program (21). The
PCM ‘‘bulk solvent medium’’ is simulated as a continuum of
dielectric constant �. This surrounds a solute cavity, which is
defined by the union of a series of interlocking spheres centered
on the atoms. Our computed single-point PCM bulk solvent
simulations used the optimized equilibrium geometries. We have
added an estimated �2.5 kcal/mol ZPVE correction to the
single-point PCM energy. The derivation of this corrected
energy value is discussed in detail in the SI Dataset. More
sophisticated solvation treatments are not called for in the
absence of experimental data.

During the review of this article, Glaser et al. (32) proposed
and analyzed mechanisms of pyrimidine-ring formation of iso-
meric monocyclic HCN pentamers. Pyrimidine-ring formation
from a monocyclic HCN pentamer, either by proton-catalyzed or
by uncatalyzed cyclization, was found not to be viable thermo-
chemically. However, they propose that photoactivation of either
of these cyclization paths might lead eventually to the imino form
of adenine.
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