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Ab initio theoretical calculations were carried out to study the hydrolysis of amino acetonitrilgChyEN)

and amino-cyano-acetic acid (MECN)CHCOOH). Each of the proposed schemes was considered to be one
of the possible reaction paths by which the simplest amino acid, glycine, may be synthesized by nature. The
optimized structures of the species on the potential energy surfaces were calculated at both the HF and MP2
levels. We found that the direct hydrolysis of the nitrile group of amino acetonitrile required a higher energy
barrier (52.38 kcal/mol) compared to the barrier for the hydrolysis of amino-cyano-acetic acid (46.11 kcal/
mol). Our calculated potential energy profiles revealed that this glycine evolution would not occur as easily
in an anhydrous atmosphere as in moist surroundings. (The difference in the barriers may be more than 30
kcal/mol.) Molecular orbital interaction between® and the amino acetonitrile was also studied, and we
found that the crucial part of this hydrolysis process was the transfer of the hydrogen atof@ tf the N

atom of the nitrile group rather than the formation of the@ bond between the O atom ot® and the C

atom of the nitrile group. The schematic processes with calculated lower energy barriers in the proposed
schemes might be considered to be possible mechanisms in the prebiotic chemical evolution on the primitive
earth.

Introduction (b) The electric discharges in anhydrous metham@amonia
mixtures cause the formation ataminonitriles?® followed by

In 1850, ano-amino acid formed by the treatment of an ) . .
hydrolysis to form amino acids.

aldehyde with hydrogen cyanide in the presence of agqueous
ammonid made people think seriously about the possibilities H,0
and meanings of chemical evolutidim 1953, Mille® simulated CH, + NH;— H,NCHCN, H,CCH(NH,)CN —

electric discharges in a reducing atmosphere of,®HH3, and

H,O and obtained an aqueous solution of simple carboxylic and HNCH,COH, HCCH(NH)COH
amino acids, which has long been considered to be one of the
pillars of the theory of the heterotrophic origin of life in a
prebiotic broth*t Many people have repeated the Miller experi-
ments with many variations, using thermal energi,ultraviolet
light,*3-2% or ionizing radiatioA* 2 as the energy source instead NCc=CH + NH, —

of an electric spark. The results were always consistent. A HO
variety of methods of synthesizing chiral amino acids have been NCCH=CHNH, HeN NCCH,CH(NH,)CN 2
developed® and many theoretical studi@swere focused on

(c) Sanchez et &P have suggested a possibly important role
for cyanoacetylene (a product of GHN, irradiations) in amino
acid synthesis.

H,0O
the catalyzed mechanisms from methanimine to the amino HOZCCHZCH(NHZ)CONH2—2>
acetonitrile. asparagine
There are several reasons that amino acid syntheses have HO,CCH,CH(NH,)CO,H
become such an attractive area of chemical evolution. First, they aspartic acid

are the constituent units (monomers) of the proteins. Second,

present data indicate that they form more readily (fromyCH  (d) Abelsor?® Matthews, Claggett, and Mos&r,** and Harad®

NHs, and HO mixtures) than any of other biomonomers. have emphasized a possible key role of HCN oligomers,

Finally, very powerful and sensitive techniques exist for amino produced by the base-catalyzed polymerization of HCN. The

acid detection and analysis. HCN trimer—amino acetonitrile-and the HCN tetramer
Several mechanisms have been proposed to account for theliaminomaleonitrile-give, on heating in water for 24 h at

appearance of amino acids in primitive earth experiments. ~ 100°C, as many as 12 of the 2Bamino acids commonly found

(a) The cyanohydrin mechanism was invoked by M#feo in proteins?*% ) .
explain his amino acid products. (e) Akabori proposed a laconic mechanism for glycihe.

Amino acetonitrile would be formed from the beginning with
H,0 amino malononitrile, and it could either hydrolyze to glycine
RCH(NH,)CN— RCH(NH,)CO,H or polymerize to polyglycinimide.
In this study, we extended our past reseétth evaluate the
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10.1021/jp037718w CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/02/2004

NH,, HCN

RCHO




Ab Initio Study of the Formation of Glycine J. Phys. Chem. A, Vol. 108, No. 17, 2003799

CN

I + H20
H,N—CH—CN

glycine

COOH
+H20 I 'COZ
— > H,;N—CH—CN —> NH,—CH,—CN

amino malononitrile  amino-cyano-acetic acid ~ amino acetonitrile

acetic acid to form glycine, which include hydrolysis, decar- Result and Discussion

boxylation, deaminoation, decyanation, and so forth. Knowing
that the water-assisted reaction can lower the barrier in the
proton-transfer process, we further investigated the catalytic
effect by the second # molecule.

Method of Calculation

The ab initio calculation was performed for complete
geometry optimization at both the Hartreock (HF) and
second-order MgllerPlesset (MP2) levels by using the Gauss-
ian 989 suite of programs. Optimizations of minima as well as
transition structures were carried out with triglgéype basis
sets including polarization functions (TZP), 6-311G (d,p). At
the same level of theory, frequency calculations were performed
to identify the stationary points as local minima, transition
structures, or higher-order saddle points on the PES. Intrinsic
reaction coordinate (IRC) calculatidfisvere also performed

A. Glycine Formation via Amino Acetonitrile, NH ;CH,CN.

The proposed reaction mechanism for the formation of glycine
via amino acetonitrile was drawn in Scheme 1.

A number is assigned underneath each structure as a notation
of the species. Speci&s-7 construct the main mechanism of
glycine formation via amino acetonitrile, aBe-11 are species
from branched processes in the first hydrolysis step. There are
two potential reaction sites (CN and the central carbon atom)
in amino acetonitrile where the added water molecule could
attack. If the added ¥ attacks the central carbon atom of
by the O atom and shifts a proton to the amino group, then it
may form eitherd or 11 depending on the insertion angle of
H0. If the angle of incoming kD with respect to the CN group
is significantly smaller than 18Qsuch ad104C,C3 = 151.9
in 8), then it would cause the leaving amino group to f®m
plus NH; (see the following drawings). On the contrary, if the
angle is close to 180(such ad104C;C3 = 173.T in 10), then

to ensure that all of the transition states had the desired reaction, o cp group could leave (similar to anBreaction) and form
coordinates at HF/6-311G (d,p) and some at MP2/6-311G (d,p). 11 plus HCN.

The HF method was performed at first, and the accuracy of the
data was expected to be promoted at the MP2 level with the
consideration of electron correlation in the calculation. The
calculated energies were corrected for zero-point vibrational
energy (ZPVE) with the scaling factor of HF being 0.9248 and
that of MP2 being 0.9748 We also performed a natural
population analysis (NPA) of charge by using the NBO
progrant?43at the MP2 level. Because the activation energies
for the rotational conformations are always not high, we will
present only the most stable conformation of MP2 calculations

173.1°

10
S o

Our calculation showed no energy barrier for the migration

8 &
<7 519

oL

here. All atomic charges and standard orientation coordinatesof a proton from NH* to CN~. However, the energy barriers

for some transition structures are summarized in Table Sl for these two substitution reactions are considerably high: 86.27
(Supporting Information). Molecular orbital interactions along kcal/mol for the former g + NH3) and 84.11 kcal/mol for the

the potential energy surfaces were also investigated, and thelatter. The calculated potential energy profile is presented in
shape of the molecular orbital obtained from the MP2/6-31G** Figure 1. In contrast, the energy barrier for the hydrolysis on
result was plotted using the Molden v3.6 program written by the CN group is much smaller, only 52.38 kcal/mol. Therefore,

G. Schaftenaat*

the added KO prefers to undergo a hydrolysis reaction with
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Figure 1. Potential energy diagram for the formation of glycine from amino acetonitrile, calculated at the MP2(FC)/6-311G** level of theory.

the nitrile group of amino acetonitrile thermodynamically. In
addition, the hydrolysis of the CN group is exothermic by 3.07

assisted effect, we added an additionaDHmolecule to the
system, and the resultant transition structiresand6w were

kcal/mol (from1 to 3), but the other two substitution reactions drawn as
are endothermic by 4.93 and 10.34 kcal/mol for the formation

of 9and11, respectively. Thus, the addition of the®imolecule /H /H
onto the CN group to produce the hydroxyl imine was a major

pathway to be considered. Because there was a lone-pair electron H\o/ H H\o/ \H
in the imine group, it was possible to proceed via intramolecular H, H,
hydrogen transfer. Transition sta8e-3' was obtained (with an H\\/\C—‘CEN’ H\\/\C—‘C—NIHZ
energy barrier of 26.75 kcal/mol) by rotating the lone-pair HaN HaN J

2w 6w

electrons facing the hydrogen grou, followed by hydrogen
transfer passing transition stateThe energy barrier was 24.12
kcal/mol, and then it slid into a quite stable amide structére,

Surprisingly, the net barriers were 21.74 and 19.50 kcal/mol,

From the NBO calculation, we found that there was a strong respectively, which were much smaller than those in the previous
back-donation interaction between the lone-pair p orbital of the NOn-water-assisted case (52.38 and 37.16 kcal/mol). Therefore,

N atom and the antibonding-o orbital (LP N— 7* c—o). These
two orbitals are parallel to each other (as shown in the following
drawing)

o)
HzNHQC—O{@H
H0

and the hydride character of the N atom is close toiisgtead
of sp’. The effect of this strong interaction made structére

the catalytic effect of the additional,® molecule in the system
is enormous, and this may facilitate the rate of reaction
considerably.

B. Glycine Formation via Amino-cyano-acetic Acid,
NH>CH(CN)COOH. In our previous study® amino-cyano-
acetic acid (labeled2 in Scheme 2) was an intermediate in the
production of amino acetonitrile from amino malononitrile NH
CH(CN),. The energy barrier of decarboxylation frob2 to
produce amino acetonitrile was 61.08 kcal/mol, high enough
to become a rate-determining step in the whole prebiotic
synthesis. This barrier did not decrease too much even with the
additional HO molecule added as a catalyst (42.86 kcal/mol,
water-assisted decarboxylation). Therefore, we were curious to

the most stable species on the potential profiles (19.67 kcal/ determine whether glycine could be formed via amino-cyano-

mol lower than amino acetonitrile). Anothep® molecule was

acetic acid directly, so we considered the reaction in Scheme 2

added to continue the glycine-formation process. It was also by using12 as a starting material. If the added® molecule
possible to have some branching reactions not leading to glycineattacks the central carbon atom of structi@eit then may pass

formation if H,O attacked on positions other than the carbonyl

through either transition structu8 or 25, depending on the

carbon atom. However, here we focused only on the processinsertion angle of the §0, and then each producéd or 26,

leading to glycine formation. A substitution reaction took place,
and glycine was found via transition struct@with an energy
barrier of 37.16 kcal/mol. From Figure 1, it is clear that the
overall energy barrier for the addition of one® molecule
onto the CN group of amino acetonitrile to form glycine is 52.38
kcal/mol, which is rather high compared to the hydrolysis of

respectively. If the added 4@ attacks the CN groupl), it
may produce intermediate structutd. The latter process is
more preferable energetically, with a barrier of only 46.11 kcal/
mol, which is much smaller than the direct decarboxylation
(61.08 kcal/mol) to form amino acetonitrile. In addition, it is
more exothermicAH = —20.60 kcal/mol) than decarboxylation

the nitrile group in the aqueous solvent. To understand the water-(AH = —14.24 kcal/mol). Obviously, structude? is more likely
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to carry out the addition reaction of,® onto the nitrile group 16 simultaneously possesses amino, amide, and carboxyl
instead of the decarboxylation reaction to form amino aceto- functional groups, which may easily carry out the intramolecular
nitrile. This conclusion is quite different from Calvid™§ hydrogen transfer (via a six-membered constructibr, to
predictions in the process of chemical evolution; he stated that decarboxylate and deaminate to form an amino ket&8e The
a direct decarboxylation to form amino acetonitrile was con- ketene is very reactive and can easily form carboxylic acid by

sidered first. The formation of the hydroxyl iminé4, was the addition of an KO molecule. From the NPA calculation,
followed by intramolecular hydrogen transfer lid — 14" — the atomic charge of carbon atom, @ the amino ketene is
15— 16 (drawn in Scheme 2) to form an amide intermediate, +0.84, and those of £and O atoms are-0.35 and—0.55,
with the transition energies being 29.75 kcal/mblt (— 14 respectively.

and 23.28 kcal/mol 14" — 15), respectively. The potential Therefore, it is more likely that the {Catom receives the O

energy profiles for this scheme are drawn in Figure 2. Structure atom of HO via transition structur&9to form glycine directly,

81.69 ]
Energy H
(kcal/mol) 71.13 :!(4611)
I

15 (/4.65)
23.28

12

NH,CH(CN)(COOH)

074 7 (glycine)
Figure 2. Potential energy diagram for the formation of glycine via amino-cyano-acetic acid, calculated at theMP2(FC)/6-311G** level of theory.
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with an energy barrier of 32.42 kcal/mol. The® molecule
may alternatively react with the /&0 portion of the amino
ketene (via transition structugg) to form an enediolZ1, energy

barrier = 33.64 kcal/mol) and then vi22 to form glycine
(energy barrier= 49.24 kcal/mol). Obviously, this process is

less probable. At this point, we were curious about how well

Zhu and Ho
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There is an alternative pathway to form the amino ketene,

the water-assisted catalytic effect could bring down the energy designed in Scheme 3.
barriers in the proposed reaction scheme (Scheme 2). As shown Because the hydrogen atom of€H in structure 16 is

in the following drawings
transition structure43w, 19w, 20w, and22w all have one

flanked by amide and carboxyl groups, its acidity is enhanced
even more. The breakage of thg-€H bond would be simpler,

more HO molecule added to assist the process of the reactions.and the following intramolecular proton transfer could lead to
Surprisingly, the energy barriers are largely reduced to 10.65, amino ketene18) formation. However, the calculated energy
6.76, 5.43, and 16.23 kcal/mol, and the decreased amounts ardarrier for procesd6 — 27 was extremely high, 64.02 kcal/
35.5, 25.7, 28.2, and 41.5 kcal/mol, respectively, compared to mol, indicating that this process was not significant. Also, it
non-water-assisted counterparts. This catalytic effect is greatlywas endothermic by 14.06 kcal/mol. The other two energy
enhanced in amino ketene systems, showing the intense reactiomarriers (deamination and decarboxylation) in this amino ketene-

of ketene toward bD. Our calculation reveals that when there
is water assistance it is favorable for the;(), to add onto
the G,=0 portion of the ketene, which agrees well with others’
results?® Nevertheless, in the non-water-assisted cas€) H
prefers to add onto the & Cg portion of the ketene.

SCHEME 3

formation scheme were not low: 53.07 kcal/mol 8 — 29

and 51.87 kcal/mol foBO — 31, respectively, as compared to
that of16 — 17— 18in Scheme 2. Incidentally, the otheg€H
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barrier, 71.39 kcal/mol. There is another possibility that structure
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Figure 3. Shape of frontier orbitals (HOMO, HOMO-1, HOMO-2, and HOMO-3) of reactants (amino acetonitrile, complexOcittl amino
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Figure 4. (upper graph) Potential energy surface of transition stru@wréh respect to the change in reaction coordinates. (lower graph) Orbital

energies of HOMO, HOMO-1, HOMO-2, and HOMO-3 of the precursor (reaction complex) at different approaching distances between amino

acetonitrile and KHO. As can be seen from the diagram, the trend in HOMO-2 orbital energy is similar to the curve of the potential energy surface

of transition structur@ on the approach of the reactants, indicating the crucial relationship between orbital interaction in HOMO-2 of the precursor

and the energy of transition structu?eon the approach of the reactants.

16 may react with HO to deaminate first (through transition decarboxylation of amino-cyano-acetic acid, which may not be
state34) to form 35 (a dicarboxylate intermediate with a barrier practical. In addition, the energy barrier in each step of amino-
of 35.54 kcal/mol), designed in Scheme 4, and then decarboxy-cyano-acetic acid directly forming glycine is smaller than that
late via36 to form an enediol Z1) with an energy barrier of  for the decarboxylation step of forming amino acetonitrile.
20.14 kcal/mol, which could be further isomerized to form Therefore, it would be more effective to follow another
glycine. alternative, that is, amino-malononitrile to amino-cyano-acetic
C. Mechanisms to Form Glycine.The mechanism to form  acid, 12, and then to glycine, as described in Scheme 2. If an
glycine via amino acetonitrile is quite simple via the direct additional HO molecule were added as a catalyst, then the
hydrolysis of the nitrile group into carboxylic acid, in which ~reaction pathway would change when it reachedl.® The
the energy barrier is not low (52.38 kcal/mol without water pathway would bel6 — 34w — 35— 36 — 21 — 22w —
assistance), and it decreases to 21.74 kcal/mol with oneglycine, as described in Scheme 5, with the highest net energy
additional water molecule added as a catalyst. However, thebarrier being less than 15 kcal/mol (counted from the base point
energy barrier of the decarboxylation of amino-cyano-acetic acid Of structurel2 to the transition stat&5), as compared to 46.11
(NH,CH(CN)COOH) to form amino acetonitrile was much kcal/mol in the previous noncatalytic scheme.
higher (61.08 kcal/mol) than that for the production of amino  This low-energy barrier could facilitate the pathway with the
acetonitrile from amino malononitrile (NAM€H(CNY),) via the feature of no amino ketene formation. Therefore, whether the
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formation of amino ketene was detected in the true reaction H,O to the N atom of the nitrile group but not the formation of
could help to determine the real reaction pathway. Our calculatedthe C-O bond between D and the nitrile group.

potential energy profiles revealed that this glycine evolution
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