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Review Article

In this paper, density functional theory (DFT) was applied to study the isomerization process and fragmentation
mechanism of deprotonated a-alanine ions ([a-Ala—H]") at B3LYP/6-311++G(2df,2pd) level. Taking a2, the lowest
energy of the [a-Ala—H]™ isomers as the zero point, the potential energy profiles of the [a-Ala—H]™ in isomerization,
H,0O- and NHs-loss reaction pathways were plotted using Relative Gibbs free Energies (R.G.) relative to a2 as the
reference point. In the isomerization process, the reaction barrier (AG”) required for hydrogen transfer is higher than
other ones. From the perspective of chemical reaction thermodynamics, Path 11 of deamination to p3 is the only
positive spontaneous pathway among all H,O- and NHs-loss pathways; and from the perspective of reaction kinetics,

the dominant path is Path 2 of H,O-loss pathways (AG;;Sg = 53.65 kcal-mol™). In addition, the effect of temperature
on reaction pathways and dissociative products were also investigated. The results show that temperature has little

effect on H,O- and NHs-loss pathways.
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1. INTRODUCTION

Alpha-amino acids are one of nature's most
important building blocks and are also thought to play a
key role in interstellar chemistry and the origin of life
on Earth [1, 2]. a-alanine is one of the simplest amino
acids, which can be obtained by the removal of CO,
from aspartic acid catalyzed by enzyme [3]. a-alanine is
a non-essential amino acid in human body, but it has
significant significance in asymmetric synthesis [6],
functional material synthesis [7], pharmaceutical
science [8-10] and interstellar exploration [11].

In 1993, Godfrey [12] and Attila et al., [13]
determined the gas phase structure of o-alanine
experimentally [12] and theoretically [13] respectively.
Subsequently, lijima [14, 15] and Attila [16]
determined the position of heavy atoms in the most
stable structure of a-alanine gas phase from experiment
[14, 15] and theory [16] respectively. The structure of
a-alanine in aqueous solution is zwitterionic [17, 18],

the crystal space group is P2,2,2,, and the unit-cell
dimensions are a = 6.032, b = 12.343, ¢ = 5.784 A [19].

Eckersley [20] obtained dehydrated and
deaminated proton-alanine fragments by fast atomic
bombardment mass spectrometry (FAB-MS/MS), but
Choi [21] did not obtain corresponding fragments by
atmospheric  pressure chemical ionization mass
spectrometry (APCI-MS), and the fragmentation
mechanism is unknown.

Based on the investigation of the
fragmentation mechanism of deprotonated asparagine
[22], the geometric configurations of the reactants,
intermediates, transition states, product ions and neutral
molecules of deprotic [a-Ala—H]™ were optimized, the
thermodynamic data were obtained by frequency
analysis. The potential energy profiles of isomerization,
H,O- and NHs-loss pathways of [a-Ala—H]™ were
constructed respectively, and then judge the dominant
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pathway and the dominant product. In addition, the
influence of temperature on H,O- and NHs-loss
pathways, and dominant product were also analyzed in
this study. The results will provide some model support
for clarifying the fragmentation mechanism of
deprotonated amino acid ions.

2. COMPUTATIONAL DETAILS

Since the S- and R- structures of a-alanine are
mirror symmetric, only the S- chirality of a-alanine is
selected as the investegated target in this study. The
geometric configurations of all reactants, intermediates,
transition states, products and dissociated neutral
molecules were obtained by using B3LYP method [23-
25] combined with 6-311++G(2df,2pd) base set [26] in
corporated in the Gaussian09 program system [27].
After geometric optimization, frequency vibration
calculation is carried out to determine the geometrical

transition state (only one virtual frequency). In addition,
we also calculate the thermal correction of the key
stability points at the same level in geometric
optimization, and obtain their relative enthalpy of
reaction and Gibbs free energy of relative reaction with
temperature.

3. RESULT AND DISCUSSION
3.1 Isomerization of [a-Ala—H]"

In this study, 23 isomers of [a-Ala—H]™ were
calculated, which could be divided into 5 groups
according to the position of negative charge, whether
the molecule formed a ring, and the cis-trans isomerism
of the ring formed molecule. The relative electron total
energies (R.E.), relative enthalpies (R.H.) and relative
Gibbs-free energies (R.G.) are all took a2, the lowest
energy isomer, as reference point, and the relevant data
are listed in Table 1.

position is the minimum value (no virtual frequency) or

Table 1: Total Energies (TE, a.u.), Zero-point Energies (ZPE, a.u.), Relative Total Energies (R.E., kcal-mol™),
Enthalpies (H, a.u.), Relative Enthalpies (R.H., kcal-mol™), Gibbs-free Energies (G, a.u.) and Relative Gibbs-free
Enthalpies (R.G., kcal-mol™) of [a-Ala—H]

Species | TE ZPE TE+ZPE RE. |H RH. |G R.G.
al -323.320856 | 0.094320 | -323.226536 | 0.04 | -323.210710 | 0.02 | -323.281392 | 0.25

a2 -323.320718 | 0.094119 | -323.226599 | 0.00 | -323.210739 | 0.00 | -323.281785 | 0.00

bl -323.276896 | 0.092121 | -323.184775 | 26.24 | -323.167927 | 26.86 | -323.239945 | 26.25
b2 -323.268887 | 0.091499 | -323.177388 | 30.88 | -323.160228 | 31.70 | -323.233867 | 30.07
b3 -323.275272 | 0.091880 | -323.183392 | 27.11 | -323.166351 | 27.85 | -323.239320 | 26.65
b4 -323.269382 | 0.091520 | -323.177862 | 30.58 | -323.160960 | 31.24 | -323.233128 | 30.53
b5 -323.276316 | 0.092224 | -323.184092 | 26.67 | -323.167776 | 26.96 | -323.238726 | 27.02
b6 -323.260121 | 0.090703 | -323.169418 | 35.88 | -323.152111 | 36.79 | -323.226570 | 34.65
b7 -323.268890 | 0.091363 | -323.177527 | 30.79 | -323.160555 | 31.49 | -323.232857 | 30.70
b8 -323.271165 | 0.091753 | -323.179412 | 29.61 | -323.162660 | 30.17 | -323.234350 | 29.77
cl -323.232988 | 0.091981 | -323.141007 | 53.71 | -323.124391 | 54.18 | -323.195378 | 54.22
c2 -323.231857 | 0.091776 | -323.140081 | 54.29 | -323.123339 | 54.84 | -323.194645 | 54.68
c3 -323.227501 | 0.091373 | -323.136128 | 56.77 | -323.119319 | 57.37 | -323.190950 | 57.00
c4 -323.227188 | 0.090737 | -323.136451 | 56.57 | -323.119285 | 57.39 | -323.191647 | 56.56
c5 -323.240135 | 0.092278 | -323.147857 | 49.41 | -323.131765 | 49.56 | -323.201540 | 50.35
c6 -323.226990 | 0.090703 | -323.136287 | 56.67 | -323.119144 | 57.48 | -323.191329 | 56.76
c/ -323.224230 | 0.091177 | -323.133053 | 58.70 | -323.116361 | 59.22 | -323.187995 | 58.85
c8 -323.228883 | 0.091569 | -323.137314 | 56.03 | -323.120595 | 56.57 | -323.191933 | 56.38
dil -323.229516 | 0.092084 | -323.137432 | 55.95 | -323.121146 | 56.22 | -323.190969 | 56.99
d2 -323.232361 | 0.092322 | -323.140039 | 54.32 | -323.124002 | 54.43 | -323.192922 | 55.76
el -323.226467 | 0.091917 | -323.134550 | 57.76 | -323.118034 | 58.17 | -323.188653 | 58.44
e2 -323.228696 | 0.092222 | -323.136474 | 56.55 | -323.120384 | 56.70 | -323.189262 | 58.06
e3 -323.218768 | 0.091985 | -323.126783 | 62.64 | -323.110821 | 62.70 | -323.179362 | 64.27

Among them, species a has the lowest energy Figure 1 shows the isomerization potential

whose negative charge is located on CO, (R.G. ranges
from 0.00 ~ 0.25 kcal-mol™); species b has a relatively
high energy and the negative charge at a-C (26.25 ~
34.65 kcal-mol™); and the energies of ¢, d and e anions
are the highest, and the energies of these three anions
are similar to each other (50.35 ~ 64.27 kcal-mol™). The
difference between c, d and e lies in that the negative
charge of ¢ anion is on B-C, while the negative charge
of d and e anion is on O atom, but d and e are cis-trans
isomerism.

energy profiles between the 23 isomers. As can be seen
from the figure, the isomerization of [a-Ala—H]
underwent three hydrogen transfers. The first of which
was a2 passing through the transition state TS22 to b2,
while the negative charge was transferred from CO, to
a-C. In the second and third steps, b1 goes through the
transition state TS24 to ¢6, and b3 goes through the
transition state TS23 to c2, respectively. In these two
steps, the negative charge is transferred from a-C to -
C. After that, the isomerization from speciesc to d and e
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is that c6 goes through the transition state TS25 to el,
and c4 goes through the transition state TS17 to di,
respectively. In both cases, there has a new ¢ bond
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Figure 1: Isomerization potential energy profile of [a-Ala—H]™ computed at the B3LYP/6-311++G(2df,2pd) level of theory with the temperature
of 473.15 K

Figure 1 shows that the isomerization barriers
(AG”) required for o bond rotation between similar
molecules is less than 8 kcal-mol™, while the barriers
(AG") required for hydrogen transfer is more than 50
kcal-mol™. Among them, there are three special
isomerization steps between the same molecule required
reaction potential barriers (AG”) between 19 ~ 35
kcal-mol™, which is due to the negative charge of b
anion in a-C, which makes the oxygen atom combined
with carboxyl carbon by double bond, carboxyl carbon
atom and a-C anion form conjugated structure. As a

result, a chemical bond between the carboxyl carbon
and a-C is formed, which is between single and double
bonds.

3.2 H,O-loss reaction of [a-Ala—H]"

The potential energy profile of H,O-loss
pathways of [a-Ala—H]™ were shown in figure 2. All the
energies given in the figure are relative Gibbs free
energies (R.G., kcal-mol™) obtained with a2 as
reference point.

90 |

80 |
1 TS16 TS25

64.20 2.9

-
[«
1

60 |
50
40
30

Relative Gibbs-free Energies (kcal- mol™)

- Path 3
- Path 4

= Path 5
- Path 6

Figure 2: Potential energy profile of H,O-loss fragmentation reaction computed at the B3LYP/6-311++G(2df,2pd) level of theory with the
temperature of 473.15 K
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As can be seen from Figure 2, the initial
reactant a2 wundergoes a series of isomerization
processes to the isomers b1, b3, d1, d2 and el that can
directly undergo pyrolysis reaction. The resulting
products after dehydration are p5, p6, p7 and p8,
respectively. Path 1, Path 3 and Path 5 were
corresponding to the same product, and the reactant d2
was dehydrated in two different ways, resulting in two
different products p5 and p8 respectively. From the
perspective of reaction thermodynamics, the reaction
Gibbs-free energies (A;G) of Path 1 to Path 6 is greater
than 0, indicating that the six reaction paths are all
forward non-spontaneous reactions. Among the four
products, p6 has the lowest energy and is the dominant
product. From the perspective of reaction kinetics, Path

%
2 has a relatively low barrier (AGTSQ = 53.65 kcal-mol
1, which is more advantageous than other H,O-loss
pathways. Therefore, Path 2 is the dominant pathway in
the H,O-loss reaction of [a-Ala-H], and the
corresponding product p6 was also the dominant
product in the dehydration products.

3.3 NHs-loss reaction of [a-Ala-H]~

The potential energy profile of NHs-loss
pathways of [a-Ala—H]™ were shown in Figure 3. All
the energies given in the figure are relative Gibbs free
energies (R.G., kcal-mol™) obtained with a2 as
reference point.
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Figure 3: Potential energy profile of NH3-loss fragmentation reaction computed at the B3LYP/6-311++G(2df,2pd) level of
theory with the temperature of 473.15 K

It can be seen from the five response pathways
that the decisive steps of Paths 7 ~ 11 are TS29, TS30,
TS37, TS35 and TS23 respectively. From the
perspective of reaction thermodynamics, only reaction
Gibbs-free energy (AG) of Path 11 is less than 0
among the five reaction paths, and the other reactions
are all positive non-spontaneous reactions, and product
p3 is also the dominant product among all the
deamination products. From the perspective of reaction
kinetics, Paths 9 ~ 10 have the highest reaction barriers
(AG"), Path 7, Path 8 and Path 11 have lower reaction

#
barriers and were close to each other (AGTszg = 88.84

# #
kcal-mol™, AGisx = gg 27 kcal-mol™, AGtss = g7.04
kcal-mol™). Path 11 was the most dominant pathway
among the five NH3O-loss pathways of [a-Ala—H]".

3.4 Temperature dependence of the H,O- and NHs-
loss reaction

In order to investigate the influence of
temperature on the reaction pathways and products, the
reference point a2, the transition states of the rate-
determining steps in the reaction pathways and
transition states that are close to the energy of the rate-
determining steps, the products after dehydration and
deamination, and two neutral molecules, NH; and H,0,
were selected for frequency analysis and calculated the
thermodynamic data. The selected temperature range is
273.15 ~ 853.15K, and the interval temperature is 20 K.
The results are shown in Figure 4.

Figure 4 shows the curves of energy variation
with temperature (the temperature ranges is 273.15 ~
853.15 K, with an interval of 20 K) of all possible rate-
determination steps (the transition state in which the
difference of Gibbs-free energy is less than 2 kcal-mol
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1) of H,O- and NHj-loss pathways. Figure 4(a) shows
the curves of rate-determination steps of H,O-loss
pathways with temperature change, and Figure 4(b)
shows the curves of rate-determination steps of NHs-

loss pathways with temperature change. As can be seen
from the figure, the influence of temperature on each
H,0- and NHz-loss pathways of [a-Ala—H] is basically
controlled within 5 kcal-mol™.
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Figure 4: Temperature dependence of the rate-determining steps for the H,O- (a) and NHs-loss (b) reactions
computed at the B3LYP/6-311++G(2df,2pd) level of theory

As shown in Figure 4(a), the rate-determining
steps of H,O-loss pathways Paths 3 ~ 6 is TS24, whose
energy is basically unchanged with the increase of
temperature. Rate-determining step of Path 1 is TS33,
whose energy changes 7.06 kcal-mol® with the
temperature ranges from 273.15 K to 853.15 K, which
is the largest energy change among the six H,O-loss
pathways and the sole rate-determining step whose
energy changes exceed 5 kcal-mol™? among all the
reaction pathways. TS9 and TS22 are two possible rate-
determination steps for Path 2 because they have very
similar energies. As can be seen from the figure, when
the temperature is lower than 434.81 K, TS22 is the
rate-determining step of Path 2; when the temperature
is higher than 434.81 K, TS29 becomes the rate-
determining step; and the reaction barrier (AG”) of
H,O-loss reaction is 53.46 kcal-mol? at 434.81 K.
Therefore, Path 2 is always the optimal path for H,O-

loss pathways when the temperature is controlled within
273.15 ~853.15 K.

Figure 4(b) shows the curve of the rate-
determining step of the NHs-loss pathways changing
with temperature. As can be seen from this figure,
Paths 9 ~ 10 are the two reaction pathways with the
highest reaction barriers among all the NHs-loss
pathways. Among the five NHs-loss pathways, only the
reaction barrier of Path 11 rate-determining step
decreased with the increasing temperature, while the
reaction barriers of the other four NHs-loss pathways
increased with the increasing temperature. The reaction
barriers of Paths 9 ~ 10 are increased significantly than
that of Paths 7 ~ 8, but the barriers variation range was
controlled within 3 kcal-mol™. It can be seen that Path
11 is always the optimal pathway in all the NH3-loss
pathways with the temperature ranged from 273.15 to
853.15K.
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Figure 5: Temperature dependence of the reaction enthalpies (A H) (a), reaction entropies ((A,S)) (b), T-A,S (c),
and reaction Gibbs free energies (A,G) (d) for the fragmentation reactions starting from reactant a2 computed at
the B3LYP/6-311++G(2df,2pd) level of theory

Figure 5 shows the thermodynamic data
variation curves of four H,O-loss products and four
NH;-loss products with the increasing temperature. It
can be seen from Figure 5(a) that the reaction enthalpies
(AH) of the NH3-loss products is lower than that of the
H,O-loss products, while p3 is the most dominant
product among all the H,O-loss and NHs-loss products,
and the AH of all products changes very little with the
increasing temperature. As shown in Figure 5(b), their
appears energy interleaving with the increasing
temperature among the reaction entropy (A,S) of
different reactants, however, all AS vary within 2
cal-mol™-K™? in the temperature range of 273.15 ~
853.15 K. Figure 5(c) shows a significant linear
increase in T-A,S for different reactants, which is
affected by temperature rather than A;S. It can be seen
from Figure 5(d) that A,G of all reactants decreases
linearly with the increasing temperature. Relative
Gibbs-free energies of H,0O-loss products are higher
than that of NHs-loss products, and NHs-loss product

p3 is still the most dominant

thermodynamics.

product in

4. CONCLUSION
The reaction mechanism of [a-Ala-H] at

B3LYP/6-311++G(2df,2pd) level with the temperature

of 473.15 K shows that H,O- and NHs-loss reaction

could be realized when the energy provided by the
environment was higher than 87.24 kcal-mol™. The
details are listed below.

1. In the process of isomerization of [a-Ala—H]", the
reaction barriers (AG”) required for hydrogen
transfer is the highest; and the carboxyl rotation of
b is affected by conjugation, whose AG” is higher
than that of other o bond rotations. The AG” is
basically within 3 kcal-mol™ for ¢ bond rotation
and isomerization among ¢, d and e.

2. The dominant H,O-loss pathway of [a-Ala-H] is
Path 2, and the corresponding product p6 is also
the dominant product. The dominant NHs-loss
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pathway of [a-Ala—H] is Path 11, and the
corresponding product p3 is also the dominant
product. From the perspective of thermodynamics,
the reaction pathway Path 11 corresponding to
NHa-loss product p3 is the unique reaction pathway
that can proceed spontaneously in the forward
direction, and p3 is also the most dominant product
in all the H,O- and H,0O-loss pathways. However,
from the perspective of reaction kinetics, the AG”
of H,O-loss pathway Path 2 is the lowest, which is
the most dominant reaction pathway among all the
reaction pathways.

It is investigated that only the rate-determine step
of Path 2 changed with the temperature increasing
(273.15 K ~ 573.15 K), while the dominant
pathway of all H,O- and NH3-loss reaction did not
change, and the corresponding dominant products
did not change either.
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