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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 B-alanine ions ([B-Ala—H]") at B3LYP/6-311++G(2df,2pd) level. The potential energy
profiles of the [B-Ala—H] in isomerization, H,O- and NHs-loss reaction pathways were plotted using relative to
analyze preferred dissociation pathways and the structure of the resulting molecular ion products. In addition, the
effect of temperature on reaction pathways and dissociative products were also investigated. The results show that a2
structure is the most stable configuration of [3-Ala—H]", and the reaction barrier required for hydrogen transfer (47.76
~ 54,02 kcal-mol™) is higher during isomerization. Path 10 (AG” = 50.77 kcal-mol™) is the dominant pathway of all
the NHs-loss reaction, and the corresponding product p3 is also the dominant product in the deamination products.
Path 1 is the dominant pathway in H,O-loss reaction. Meanwhile, temperature has no effect on dehydration and

deamination reaction mechanism.
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1. INTRODUCTION

B-alanine is the simplest f-amino acid which
plays an important role in a variety of biological
processes. It is found in the brain and liver tissues of
animals, as well as in the cuticle of plants, fruits and
insects [1]. B-alanine is also a non-essential amino acid
[2, 3] which is present in low concentrations in neural
tissue [4, 5] and visual system [6]. There are two
industrial methods for preparing B-alanine: the one is
acrylonitrile-amino-acetic acid synthesis [7], and the
other is fatty acid tricarboxylic acid cycle synthesis [8].
Since 2008, P-alanine has been widely used as a
supplement in energy drinks [2, 9-11]. In addition, B-
alanine also have great significance in molecular design
[12, 13], drug synthesis [14-17], medical detection [18]
and interstellar exploration [19, 20].

The crystal of B-alanine is orthorhombic with
the space group Pbca, the unit cell of dimensions is a =
9.822, b =13.807, c = 6.086 A [21, 22]. B-alanine exists
as zwitter-ion form in both crystal [23, 24] and aqueous
solutions [25]. In 1995, McGlone studied the rotational
spectra of the gas phase structure of [-alanine by
experimental and theoretical calculations [26]. For
some time afterwards, beta-alanine fell out of the

spotlight. Until 2006, Sanz made B-alanine suitable for
gas phase structure studies by combining Fourier
transform microwave spectroscopy in pulsed supersonic
jets with laser ablation, and they also discovered the
first conformation stabilized by N—n* hyperconjugation
between the amino nucleophile N: and the n* orbital on
the carbonyl group [27].

Eckersley [28] obtained [Ala-H-H,O] and
[Ala—H-NH,3]™ proton-alanine fragments by fast atomic
bombardment mass spectrometry (FAB-MS/MS),
which Choi [29] did not obtain corresponding
fragments by atmospheric pressure chemical ionization
mass spectrometry (APCI-MS). Two of them only
performed mass dissociation of a-amino acids, and the
fragmentation mechanism is unknown.

The geometric configurations of the reactants,
intermediates, transition states, product ions and neutral
molecules of deprotic [B-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 [B-Ala—H]™ were
constructed respectively, and then judge the dominant
pathway and the dominant product. In addition, the
influence of temperature on H,O- and NHs;-loss
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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

Imparity with B-alanine, B-alanineis not chiral.
Therefore, [B-Ala—H] is constructed directly as the
investigated target in this study. The geometric
configurations of all reactants, intermediates, transition
states, products and dissociated neutral molecules were
obtained by using B3LYP method [30-32] combined
with 6-311++G(2df,2pd) base set [33] in corporated in
the Gaussian09 program system [34]. After geometric
optimization, frequency vibration calculation is carried
out to determine the geometrical position is the
minimum value (no virtual frequency) or 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 [35].

3. RESULT AND DISCUSSION
3.1 Isomerization of [B-Ala—H]~

In this study, 33 isomers of [B-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. All the isomers of [B-Ala—
H]™ are shown in Figure 1. The and relative Gibbs-free
energies (R.G., kcal-mol™) are all took a2, the lowest
energy isomer, as reference point.
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Figure 1: Thirty-three isomers of [B-Ala—H]™ computed at the B3LYP/6-311++G(2df,2pd) level of theory with the temperature of 473.15 K

Among them, species a has the lowest energy
whose negative charge is located on CO, (0.00 ~ 5.95
kcal-mol™); species b has a relatively high energy and
the negative charge at o-C (20.86 ~ 27.06 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 (50.85 ~ 62.94 kcal-mol™). The energy drops
dramatically from c to a. It can be seen from Figure 1,
the negative charge of species a is in the carboxyl
group, the negative charge of species b is on a-C, the
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negative charge of species ¢ is on -C, and the negative
charge of species d and e is on oxygen atom. Thus,
from species a to c, the energy of [B-Ala-H] ions
increases and becomes unstable as the charge is
transferred from the carboxyl group to B-C. From
species ¢ to d or B-C, although the charge is transferred
back to the oxygen atom from B-C, the ion changes
from chain structure to term-ring, which is greatly
affected by Baeyer tension. Therefore, when the two
factors reach equilibrium, the energy of species d and e
structures is similar to that of species c.

Table 1 shows the isomerization process
among 33 isomers of [B-Ala—H]". IsomerA and IsomerB
represent the two ions before and after isomerization,
TS represents the transition state, R.G. represents the

relative Gibbs-free energies of the isomers and the
transition states corresponding to a2 as a reference
point, C,—Cg represents the ¢ bond rotation between a-C
and B-C, NH,-rot represents the amidogen rotation,
Cear—OH represents the o bond rotation between a
carboxyl carbon atom and its bonded hydroxyl oxygen
atom, C.,—C, represents the ¢ bond rotation between a
carboxyl carbon atom and a o-C atom, H-vibration
means the vibration of a hydrogen atom, cyclization
means the cyclic formation of species ¢ into species d
or e, H-shift represents the process of hydrogen
transferation, and the relative barrier given by AG™ is
the difference between the energy of the transition state
and the average energy of the two isomers connected to
the transition state. All energy units are kcal-mol™.

Table 1: Isomerization of 33 isomers of proton [B-Ala—H]"

Isomer | R.G. | TS R.E. Isomer | R.G. | Isomerizati | AG” Isomer | R.G. | TS R.E. Isomer | R.G. | Isomerizati | AG”
A B on A B on
al 236 | TS1 | 7.77 | a3 595 | CCs 361 | c4 60.3 | TS2 | 66.0 | c6 60.4 | CeC, 5.64
3 5 5 8
a4 095 | TS2 | 595 | al 236 | C,—Cy 430 | cll 59.1 | TS2 | 654 | c4 60.3 | NH,-rot 5.67
8 6 3 3
a5 178 | TS3 | 401 | al 2.36 | NH2-rot 194 | ¢5 61.8 | TS2 | 66.7 | c7 61.9 | CuC, 4.87
5 7 6 4
a2 0.00 | TS4 | 3.27 | a4 0.95 | NH2-rot 280 | cl1 59.1 | TS2 | 65.3 | ¢5 61.8 | CCp 4.80
8 8 1 5
a2 0.00 | TS5 | 5.23 | a5 1.78 | C,—Cp 434 | c6 60.4 | TS2 | 69.2 | c8 629 | CCs 7.59
8 9 9 0
b6 27.0 | TS6 | 33.1 | b8 270 | C,Cy 6.08 | cl4 585 | TS3 | 65.0 | c6 60.4 | NH,-rot 5.58
5 4 6 1 0 7 8
bl 222 | TS7 | 29.2 | b2 249 | C,OH 5.64 | cl4 58,5 | TS3 | 66.3 | cl1 59.1 | CeaC, 7.47
7 4 3 1 1 1 8
b7 236 | TS8 | 25.8 | b2 24.9 | NH2-rot 151 | c14 58,5 | TS3 | 65.5 | ¢c7 619 | C+Cp 5.30
8 2 3 1 2 3 4
b5 208 | TS9 | 23.2 | bl 22.2 | NH2-rot 164 | cl4 585 | TS3 | 68.1 | c13 60.6 | CCg 8.59
6 1 7 1 3 9 9
b2 249 | TS1 | 49.0 | b8 27.0 | CearC, 23.0 | c13 60.6 | TS3 | 67.3 | c8 62.9 | NH,-rot 5.53
3 0 6 6 6 9 4 3 0
b3 234 | TS1 | 30.8 | b8 27.0 | CearOH 5.62 | c10 53.0 | TS3 | 62.2 | c12 59.2 | NH,-rot 6.11
5 1 8 6 6 5 4 0
b9 220 | TS1 | 243 | b3 23.4 | NH2-rot 162 | c9 50.8 | TS3 | 58.7 | c10 53.0 | H-vibration | 6.76
5 2 7 5 5 6 1 6
b4 26.2 | TS1 | 28.0 | b6 27.0 | NH2-rot 136 | d2 541 | TS3 | 56.4 | d1 55.4 | NH,-rot 1.65
9 3 3 5 7 7 4 0
b7 236 | TS1 | 47.7 | b4 26.2 | Cear—C, 227 | e2 56.4 | TS3 | 57.9 | el 56.8 | NH,-rot 1.33
8 4 6 9 8 7 8 9 5
b5 20.8 | TS1 | 54.0 | b9 220 | CarC, 325 | el 56.8 | TS3 | 64.6 | e3 62.6 | Ce—OH, 4.87
6 5 2 5 6 5 9 4 8 NH,-rot
b9 22.0 | TS1 | 29.8 | b4 26.2 | CeoOH 5.66 | a2 0.00 | TS4 | 50.7 | b7 23.6 | H-shift 38.9
5 6 3 9 0 7 8 3
b5 20.8 | TS1 | 28.0 | b7 23.6 | CeaOH 579 | a4 095 | TS4 | 51.8 | b2 24.9 | H-shift 38.9
6 7 6 8 1 9 3 5
cl 624 | TS1 | 65.2 | c3 62.9 | C.Cp 258 | b6 27.0 | TS4 | 83.9 | c10 53.0 | H-shift 43.9
5 8 7 4 5 2 7 6 1
c4 60.3 | TS1 | 65.8 | c1 624 | C.Cp 4.44 | b8 27.0 | TS4 | 84.1 | c12 59.2 | H-shift 41.0
3 9 3 5 6 3 9 0 5
cl 624 | TS2 | 67.1 | c2 62.4 | CearC, 468 | d2 541 | TS4 | 67.1 | c6 60.4 | cyclization 9.79
5 0 4 7 7 4 2 8
c6 604 | TS2 | 66.1 | c2 62.4 | C,Cy 465 | d1 554 | TS4 | 634 | cl4 58.5 | cyclization 6.46
8 1 3 7 0 5 1 1
cll 59.1 | TS2 | 64.9 | cl2 59.2 | Cea—OH 574 | c9 50.8 | TS4 | 67.0 | e3 62.6 | cyclization | 10.2
8 2 3 0 5 6 0 8 3
c4 60.3 | TS2 | 69.6 | c3 62.9 | C.Cp 8.05 | c13 60.6 | TS4 | 644 | e2 56.4 | cyclization 5.86
3 3 8 4 9 7 4 7
c8 62.9 | TS2 | 66.7 | c3 62.9 | CearC, 3.87
0 4 9 4
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As can be seen from this table, the
isomerization of [B-Ala—H]™ underwent 4 hydrogen
transfers. In the first two steps, a2 goes through the
transition state TS40 to b7, and a4 goes through the
transition state TS41 to b2, respectively. These two
steps are accompanied by the transfer of negative
charge from CO, to a-C. In the last two steps, b6 goes
through the transition state TS42 to c10, and b8 goes
through the transition state TS43 to c12, respectively.
These two steps are accompanied by the transfer of
negative charge from o-C to B-C. After that, the
isomerization process from species ¢ to d and e is that
c6 goes through the transition state TS44 to d2, cl4
goes through the transition state TS45 to d1, and c9
goes through the transition state TS46 to e3. In all these
three stages of isomerization, a new ¢ bond is formed
between the carboxyl group carbon atom and B-C, and a
negative charge is transferred from f-C to the oxygen
atom bonded only to the chiral carbon atom.

Combined with the data given in the table, it
can be found as the following. First, the reaction barrier
(AG") required for isomerization within each type of
ions is mostly maintained within 9 kcal-mol™. Only 3
steps of isomerization of species b ions which is
carboxyl rotation have a higher AG® (22.5 ~ 32.6

kcal-mol™). This is because the double bond oxygen
atom, the carboxyl carbon atom and the negatively
charged a-C form the conjugation structure, so that the
bonding between C.,—C, is not simple ¢ bond and =
bond, but between single and double conjugation
structure, and the ¢ bond contained in C.,—C, requires
more energy from the system during rotation. Second,
the AG” required for isomerization between different
species is higher, especially for hydrogen transfer from
species a to b and from b to ¢ (38.93 ~43.91 kcal-mol’
5. It is investigated that the barrier required for
isomerization between species ¢ and d as well as
between species ¢ and e is not high, this is owing to the
process from species ¢ to d or e is a loop forming
process accompanied by charge transfer from B-C to
oxygen atom. Under the interaction of charge transfer
and loop forming tension, the barrier required for
isomerization is not high.

3.2 H,O-loss reaction of [B-Ala-H]~

The potential energy profile of H,O-loss
pathways of [B-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.
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Figure 2: Potential energy profile of H,0O-loss fragmentation reaction computed at the B3LYP/6-311++G(2df,2pd) level of
theory with the temperature of 473.15 K

As can be seen from Figure 2, the initial
reactant a2 wundergoes a series of isomerization
processes to the isomers b9, c2, ¢3, c11, c13, di, d2
and el that can directly undergo pyrolysis reaction. The
resulting products after dehydration are pl1, p2, p5 and
p6, respectively. Path 1 and Path 6 correspond to the
same product p6, Path 2 and Path 3 correspond to the

same product p2, Path 4, Path 5 and Path 9 correspond
to the same product p5, and Path 7 and Path 8
correspond to the same product pl. The reactant d2 is
dehydrated in two different fragmentation pathways,
resulting in two different products p5 and p6,
respectively. According to reaction thermodynamics,
the reaction Gibbs-free energies (A,G) of Paths 1 ~ 9
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are all greater than 0 kcal-mol™, indicating that all the 9 Path 1 was the dominant pathway in the H,O-loss
reaction pathways are forward non-spontaneous reaction of [B-Ala-H]™ ions, and the corresponding
reactions. Among the four products, pl has the highest product p6 was also the dominant product in all the
energy and is the most unstable, p2 and p5 have similar dehydration products.

energy, and p6 has the lowest energy and is the most

dominant product. According to reaction kinetics, the 3.3 NH3-loss reaction of [B-Ala—-H]"

reaction barriers of Path 2 and Path 3 were the two The potential energy profile of NHs-loss
highest among the nine reaction pathways, and the rate- pathways of [B-Ala—H]™ were shown in Figure 3. All the
determine steps of Paths 4 ~ 9 were all determined by energies given in the figure are relative Gibbs free
TS42. Path 1 had a relatively low reaction barrier ( energies (R.G., kcal-mol™) obtained with a2 as
AGr, = 6265 kcal-mol™), which was more reference point.

advantageous than other H,O-loss pathways. Therefore,
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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 three response determining steps in the reaction pathways and
pathways that the decisive steps of Paths 10 ~ 13 are transition states that are close to the energy of the rate-
TS48, TS59 and TS58 respectively. According to the determining steps, the products after dehydration and
reaction thermodynamics, only reaction Gibbs-free deamination, and two neutral molecules, NH; and H,O,
energy (A.G) of Path 10 is less than 0 kcal-mol™ among were selected for frequency analysis and calculated the
the three reaction pathways, the other reactions are all thermodynamic data. The selected temperature range is
positive non-spontaneous reactions, and the product p3 273.15 ~ 853.15K, and the interval temperature is 20 K.
is also the dominant product among all the deamination The results are shown in Figure 4.
products. According to the reaction kinetics, Paths 11 ~
12 have the highest reaction barriers (AG”) which value As can be seen from Figure 4, the influence of
are above 125 kcal-mol™. However, the potential barrier temperature on dehydration and deamination of [B-Ala—
of the rate-determine step (TS40) of Path 10 is only H]~ ions is basically controlled within 4 kcal-mol™.
50.77 kcal-mol™. Therefore, Path 10 is the most Figure 4 shows the curves of energy variation with
dominant pathway among the three NHs-loss pathways temperature of all possible rate-determination steps (the
of [B-Ala-H]". transition state in which the difference of Gibbs-free

energy is less than 2 kcal-mol™) of H,0- and NH;-loss
3.4 Temperature dependence of the H,O- and NHs- pathways. Figure 4(a) shows the curves of rate-
loss reaction determination steps of H,O-loss pathways with

In order to investigate the influence of temperature change, and Figure 4(b) shows the curves
temperature on the reaction pathways and products, the of rate-determination steps of NHs-loss pathways with
reference point a2, the transition states of the rate- temperature change.
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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,0-loss pathways Paths 4 ~ 9 is TS42 and
TS43, whose energy is changed less than 1 kcal-mol™
with the temperature increasing. Among them, TS42
increases slowly with the increase of temperature, while
TS43 is the opposite. The energy of TS42 and TS43 is
equal at 637.87K (AG” = 84.32 kcal-mol™). The rate-
determining step of Path 1 is TS53, whose energy
changes with temperature increasing is 6.89 kcal-mol™,
which is the largest energy change among the 6 H,O-
loss reaction pathways and the only rate-determining
step whose energy changes exceed Skcal-mol™ among
all reaction pathways. What is unique is that the
reaction barrier of the rate-determining step of Path 1 is
the one with the lowest energy in all the dehydration
reactions, and the barrier decreases obviously with the
increasing temperature. Therefore, Path 1 was always
the optimal path in H,O-loss reaction when the
temperature was controlled at 273.15 ~ 853.15 K.

Figure 4(b) shows the curve of the rate-
determining step of the NHz-loss pathways changing
with temperature. Among them, TS58 and TS59 were
the decisive steps of Path 12 and Path 11 respectively,

and TS10, TS14, TS40 and TS41 were the possible
decisive steps of Path 10. The energy variation of all
the determined or possible deamination steps is within 2
kcal-mol™, and all of them increased with the
temperature increasing. As can be seen from this figure,
Paths 11 ~ 12 are the two reaction paths with the
highest energy among the three deamination reaction
paths. Combined with the deamination reaction analysis
in Figure 3, the deamination reaction of Path 10 with
TS48 as the deamination symbol can be divided into
two paths starting from a2 to b6 that can directly
deaminate. The possible speed limiting steps of the first
branch path are TS10 and TS41, and the possible speed
limiting steps of the second branch path are TS14 and
TS40. Obviously, TS40 is a relatively low speed
determination step in the two paths. Therefore, in
combination with Figure 3 and Figure 4(b), it is not
difficult to conclude that in the temperature range of
273.15 ~ 853.15K, the optimal choice of Path 10 is
from a2 to b6 through TS40, and then directly
deaminate product p3 through TS48. In addition, Path
10 is always the optimal path in the deamination
reaction.
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Figure 5: Temperature dependence of the reaction enthalpies (A H) (a), reaction entropies ((AS)) (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
NHs-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,0O-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), the
reaction entropy (A,S) of different reactants shows
energy staggered with the temperature increasing, but
all the entropy increases greatly with the temperature
increase at the beginning, and decreases slowly with the
temperature change after reaching a critical point. All
AS vary within 4 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 AS. The
deamination products p3 and p4 showed T-AS
interleaving at 399.86 K, and the deamination products
p5 and p6 showed T-A,S interleaving at 333.18 K. It
can be seen from Figure 5(d) that A;G of all reactants
decreases linearly with the increase of temperature. The
energies of deamination products are higher than that of
deamination products. When the temperature is lower
than 614.51 K, deamination product p2 is more
dominant than p5, and when the temperature is higher
than this, p5 is more dominant than p2, but deamination
product p3 is still the most dominant product in
thermodynamics. Based on Figure 5, it is not difficult to
see that the deamination product p3 is the most
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advantageous product of [B-Ala—H] ion fragmentation
mechanism in thermodynamics.

4, CONCLUSION
The reaction mechanism of [B-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 62.65 kcal-mol™. The
details are listed below.

1. In the process of isomerization of [B-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 ¢ bond rotations. The AG” is
basically within 10 kcal-mol™ for ¢ bond rotation
internal and isomerize among ¢, d and e.

2. The dominant H,O-loss pathway of [B-Ala—H] is
Path 1, and the corresponding product p6 is also
the dominant product. The dominant NHs-loss
pathway of [B-Ala-H]  is Path 10, and the
corresponding product p3 is also the dominant
product. From the perspective of thermodynamics,
the reaction pathway Path 10 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 NHs-loss pathways. However,
from the perspective of reaction kinetics, the AG”
of NHs-loss pathway Path 10 is also the lowest,
which is the most dominant reaction pathway
among all the reaction pathways.

3. It is investigated that only the rate-determine step
of Paths4 ~ 9 changed with the temperature
increasing (273.15 K ~ 573.15 K), while the
dominant pathway of all H,O- and NHs-loss
reaction did not change, and the corresponding
dominant products did not change either.
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