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Ten low-lying conformers off-alanine have been studied by the hybrid density functional B3LYP/aug-cc-
pVDZ method. Energetic extrapolation calculations at the MP3 and MP4(SDQ) levels of theory and the
theoretical photoelectron spectra simulated with the electron propagation theory demonstrate that there are at
least three gauche conformers (G1, G2, and G3) in gas-phase experiments. The calculated ionization potentials
are in good agreement with the experimental data available in the literature. Natural bond orbital and atoms-
in-molecules analyses exhibit a remarkable influence on the molecular electronic structures by the strong
intramolecular hydrogen bonding—H---N in the neutral conformer G2. Remarkable internal rotations of

the COOH group are found in the cationic € &nd G3+ with respect to the neutral conformers. A distonic
[NH3"—(CH,),—COO»] radical can be formed through the spontaneous intramolecular proton transfetin G2

A novel intramolecular hydrogen bonding;-Ei-:-O, is found in the anti A+ cation.

1. Introduction COOH COOH
. . . . HoN H H H
The ethylamine-like molecules such as serotonin, dopamine,
y-aminobutyric acid (GABA), glycine, and acetylcholine are " H H H
the important mammalian neurotransmitters in the central
. . e . H NH,
nervous system. Their conformation similarities underlie the
molecular recognition by which these neurotransmitters act to G A

affect the ion conductivity associated with particular receptor Figure 1. Newman projections of stable conformersfbélanine.

sites? Distinct receptor sites for glycine and GABA have been

found, while the conformation similarities gfalanine (rather No-... Qi Q

thano-alanine) to each of the former two enable it to bind at 2 Q 1 §

the receptor sites of bothin fact, the concentration gf-alanine & 52 3

in nervous tissue is lowtherefore it is potentially designated

as a neurohormoreOn the other hangg-alanine is successfully Gl G3

used as an actual neurotransmitter in the optic nerve of the

mammalian visual systefi3-alanine is found in animal brain

and liver tissue, plants, fruits, and insect cutithnd it can be W

enzymatically converted inta-alanine® ) t
Recently, the molecular properties ffalanine have been

studied”~1° Two isomers (corresponding to G1 and G2 in this 63 & G5

work; see Figures 1 and 2) were identified by the rotational

spectrum; however, the ab initio calculations at the HF/6-31G** c1 9 ca 02 -
level of theory predicted that there are three low-lying isomers, « c2
G1, G3, and A1l (as shown in Figure 2iieal et al. found that o1

Al A2 A3

-9

the larger basis set used in the calculations altered the stability

order of 20 isomer8,in comparison with their earlier work. Ad
B-alanine zwitterions in aqueous solution were investigated Figure 2. Ten low-lying conformers ofi-alanine. The dashed lines
theoretically because it is widely believed that the solvated "ePresent the possible intramolecular HBs.

zwitterionic form interacts with the neuroreceptor in biological . |
systems. In contrast t-alanine, the photoionization dissocia- onization bands of the outer-valence MOs were found to be

tive mass spectrum of-alanine is more similar to that of further destabilized fof-alaniné* with respect tax-alanine!13
glycine1 which implies the significant conformation depen- Such electronic structure dependence on the molecular confor-

dence. The photoelectron spectrum (PES)aedlanine was ~ Mations can sensitively affect the chemical reactivity of amino

chrotron radiatiort? lonization potentials (IPs) of the outer- ~ Potential and electrophilicity index, which are of utmost
valence molecular orbitals (MOs) were found to slightly importance in the characterization of charge-transfer reactions.

decrease due to the alkyl substitution effect, in a comparison The challenge of assigning the experimental PE$-afa-
between the PES of glycine and that afalanine!? The nine'4is to locate the low-lying stable isomers in the gas phase.
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There are four internal torsion angles;-B®2—-C3—-C2, C1- TABLE 1: Relative Energies (in kJ/mol) Calculated at the
C2(0)—C3-02, N—-C1-C2(a)—C3, and H-N—C1-C2(a), B3LYP (Including the Zero-Point Vibrational Energy
defining the various conformations. Ramek found that there were Sorrections) and the Extrapolated MP3 and MP4(SDQ)

. Results for the Neutral Conformers
38 stable conformers on the neutral potential surfacken

conformers studied in this work are classified according to the B3LYP MP3 MP4(SDQ) ref 7
Newman projections shown in Figure 1. X-ray crystallographic ~ G1 0.00 0.00 0.00 0.0
studies showed that the zwitterionic form @falanine in the G2 121 2.19 231 9.8
solid state adopts a gauche (G) conformation about the@2L G3 2.35 3.58 3.62 3.1
bond?!® Both the G and anti (A) conformers coexisted in the Ga 6.96 8.45 8.12 1L
G5 7.56 8.26 7.50 7.5
aqueous solution with a molar ratio of Z&Recently, the anti G6 7.84 8.80 7.88 10.2
zwitterionic conformer was predicted to be favored by3kcal/ Al 3.95 6.61 6.80 5.6
mol in aqueous solution at high-level ab initio calculatidhs. ﬁg ?-gg 13-22 1%13% 181&1
However, the zwitterions in the gas phase favor the G conformer v a4 1003 P 117

by ~20 kcal/mol*”*® G1 and G2 were predicted to be
predominant in the gas-phase experiment, in contrast to the @At the HF/6-31G** level.

conclusion derived at the HF/6-31G** level calculationab

initio electronic structure calculations on the ground-state 10 the Dyson orbitals squared, indicating an improvement to
minima of -alanine, their relative energies, and their vertical Koopmans’ theorem. Photoionization cross sections are pro-
and adiabatic IPs (IPand IR, respectively) are reported in this  portional to the absolute squares of an integral between the
work. The theoretical IPs, together with their differences among Dyson orbital and the continuum background, and they are
the conformers, may aid in the assignment of the gas-phasephoton-energy dependent. Here, the pole strengths were ap-
spectra with higher resolution. Cationic conformers of the low- proximated to be the ionization transition probabilities. The
lying species are searched, and the distinct geometrical differ-theoretical PES, on the basis of the P3 calculations, was
ences between the neutral and cation conformers are essentigimulated to compare with the experimental specttéimhe

for insight into the ionization irradiation damage of biological reliability of the P3 method has been demonstrated in the studies
molecules. Moreover, the intramolecular hydrogen bonds (HBs) of a lot of inorganié® and organic molecule®;?8in particular,

and their effects on the electronic structures are analyzed. Thethe successful interpretation of the PES of glyéhand
intramolecular HB effects on the stabilities of glycine conform- a-alanine'?

ers have been studied previousiHowever, no information Natural bond orbital (NBO) theo?y has been successfully

on the influences on the molecular electronic structures has beerused to analyze both inté#-and intramolecular interactiod$2®
available until now. Conformationally induced shifts of thg IP  The NBO analysis transfers the delocalized MOs into the
values were explained in terms of electrostatic and phaselocalized ones that are closely tied to chemical bond conéépts.
relationships in the Dyson orbitals for glycine conform®&s. The interaction between filled (e.g., the lone-pair) and anti-
Recently, we found that the intramolecular HBs lead to the bonding orbitals represents the deviation of the molecule from
higher IR, values of the lone-paimj orbitals (usually as the  the Lewis structure and can be used as a measure of the
highest occupied MOs, HOMO3) The present extension study  delocalization due to the intramolecular HBs studied in this
is full of meaning for insight into the HB effects on the work. The delocalized interactions can be treated by the second

electrophilic reactions of biological systems. perturbation energie&(2) = _nI;FijZ/AG, where n, is the
population of the lone-paimj orbital, Fjj is the Fock matrix
2. Computational Methods element between the NBO®) andj(c*), and Ae¢ is the energy-

L ) ) ) _level differences between these two orbit§l3he topological
Ab initio calculations were carried out using the Gaussian featyres as far as the electron dengignd its Laplace transform
98 progrant? The 10 low-lying conformers shown in Figure 2 2, at the HB critical points were calculated with Bader's theory
were fully optimized at the hybrid density functional B3LYP/ o atoms-in-molecules (AIMYP
aug-cc-pvDZ level. No imaginary harmonic vibrational frequen- Molecular conformers and the MO electron density maps
cies were found, indicating that they correspond to stable minimaWere produced by the MOLDEN graphic programThe

on the ground-state potential energy surface. The B":"ITYP/FJ“_JQ'contour values represented in the orbital plots were equal to
cc-pvDZ level of theory has been proven to be reliable in +0.05.

predicting the equilibrium structures and IR frequencies of
amino acids having intramolecular HBSFour lowest-lying
conformers, G1, G2, G3, and Al, were used as the initial
structures in the optimizations of the geometrical parameters  3.1. Stability Order. In Figure 1,5-alanine conformers can
of the cationic states. Energetic calculations regarding the be classified into G and A types according to Nithd COOH
relative energies and thedRalues were performed at both the  rotations, with respect to the €2 bond. The first 12
B3LYP/aug-cc-pvDZ and the extrapolated MP3 and MP4(SDQ) conformers in ref 7 were tested, and finally the 10 low-lying
levels of theory. ones shown in Figure 2 were located. In Table 1, it is surprising
Over the B3LYP optimized geometries, the IRlues of each that the stability order predicted in this work is distinctly
conformer were calculated using the electron propagator theorydifferent from the previous oné& because the electron cor-
in the partial third-order approximation (P%)Electron cor- relation effect is included and the larger basis set is used in the
relation and orbital relaxation effects are included in the P3 present calculations. In particular, the electron correlation effect
approximation. Each theoretical Jlorresponds to a Dyson  at the higher level MP4(SDQ) significantly alters the stabilities
orbital in the electron propagator theory, and the Dyson orbital of G4, G5, G6, A2, and A3. However, these three methods
can be further simplified to be proportional to canonical, predict a consistent stability order, G1G2 > G3 > Al. The
Hartree-Fock orbitals in the P3 approximation. Pole strengths previous studies gave the order as €1G3 > Al > G5 >
are equal to the integral over all space of the absolute values ofG28 but the rotation spectrum demonstrated the possibility of

3. Results and Discussion
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that these conformers with the-@---N HB can be observed
in the microwave spectfas not only due to their large dipole
moments, but also their high stabilities.

3.2. Vertical IPs. According to the calculated |Ralues and
the MO electron density plots shown in Figure 3, final-state
energies are assigned in the following orde&i—co, ca=o1,
nNo1, Ny for G1. In Figure 3b, the strongly mixingn—no1
characteristics are shown for the HOMO and the next HOMO
(HOMO-1) of G2. Such mixture may be due to ttleough-
spaceinteractions betweemy and no1 in HOMO and the
through-hydrogen-bondnteractions betweemy and noz in
HOMO-1. They are based on the following features shown in
Figure 3b: the coplanar distributions of the lone-pair electrons
of N and O1 atoms, and the sign$,(-) labeled for electron
HOMO-2 (rc=0) HOMO-3 (cc1-c2) clouds?® Similar characteristics for glycine andalanine can
(A) also be found, but without any explanatidfig®
Twelve IR, values of the valence MOs for each conformer
are listed in Table 2 and compared with the experimental¢ata.
The pole strength for each ionic state is larger than 0.89,
indicating the validity of the P3 approximatiafr.26 Supposing
the conformers with the energies not higher that-5 kJ/mol
from the lowest energy one, only G1, G2, G3, and Al predicted
at the B3LYP level (excluding Al at the MP3 or MP4(SDQ)
level) may be present in gas-phase experiments. It is noted that
HOMO (no+nN) HOMO-1 (nN+nQ) the lowest IR values are 9.39 and 9.32 eV for G1 and G3,
(B) respectively. However, the first peak in the experimental PES
Figure 3. Molecular electron density maps of the HOMO, HOMO-1 's at 9.7 eV The Iovyest lE-I) V§|U§S of G2 arld Al are 9.99
HOMO-2, and HOMO-3 of G1 (A) and the HOMO and HOMO-1 of and 9.58 eV, respectlyely, |nd|cat!ng the eX|§tence of both of
G2 (B). these two conformers in the experiment. In Figure 4 (the upper
PES), the low-energy shoulder of the peak observed at 12.7 eV
the existence of G2 in the gas phds@he experimental IS mainly due to ionizations of G3 and Al; the shoulder at 14
conclusion of the coexistence of G1, G2, and @Gsupported €V is due to ionizations of G2 and Al; theIP 14.78 eV of

by the present theoretical calculations. G3 corresponds to the big shoulder between the 14.3 and 15.1
On the other hand, the conformation effects on the stability €V Peaks; two IR values (16.67 eV for G1 and 16.44 eV for
order are summarized here for glycife&®32o-alaninel333and G3) correspond to two small peaks around 16.5 eV observed

B-alanine. In general, the stability orders strongly depend on N the PES*

the intramolecular HBs. Namely, the conformer in which the  Using the exponential function abundariéehe conformer

01 atom is the bifurcated acceptor of the HB is the most stable abundance ratios are simply estimated to be G1/G2G®:

for glycine anda-alanine; the O1 atom if-alanine is not the 29:22% from the MP4(SDQ) results, and G1/G2/G3RAB7:
bifurcated acceptor, but the corresponding conformers, G1, G3,27:21:15% from the B3LYP results. The theoretical PESs with
and G4, also have high stabilities. The conformers with the an energy resolution of about 80 meV are simulated and shown
O—H---N HB are less stable, but stay lower than those with as the bottom spectra in Figure 4. The experimental data
the N—H---O2(—H) HB. Moreover, the gauche conformers are correspond to the peak positions observed in the PES in which
more stable than the anti ones. The experimental value of thethe ionized bands are seriously overlapped in the energy region
relative energy between the\eH---O(=C) and the G-H---N of 12-18 eV Two peaks at 12.7 and 13.3 eV in the
hydrogen bonding conformers of glycine is 5.861.79 kJ/ experimental PES correspond to the peak at 13.1 eV, while a
mol.3* The corresponding energetic differencedsalanine was peak at 16.5 eV does not emerge in the theoretical spectra.
calculated to be 2.913.57 kJ/moB3 The relative energy, 2.31  Although the experimental PES cannot be well reproduced by
kJ/mol, of G2 with respect to G1 falls in this scope. The fact the present calculations because of the lack of information of

TABLE 2: Vertical IPs (in eV) in Comparison with the Experimental Data

Gl G2 G3 G4 G5 G6 Al A2 A3 A4 exptl
9.39 9.99 9.32 9.43 9.60 9.56 9.58 9.50 9.55 9.55 8Ny (
10.68 10.54 10.77 10.68 10.41 10.55 10.64 10.74 10.75 10.57 114).7 (
11.96 11.07 12.06 11.93 11.68 11.84 11.95 12.01 11.92 11.88 AGP (
12.87 13.03 12.74 12.89 12.80 13.19 12.62 12.52 12.79 12.87 da)? (
13.21 13.24 13.18 13.48 13.13 13.29 13.14 13.43 13.41 13.13 13.3

13.33 13.93 14.19 14.06 13.72 13.93 13.76 14.25 14.24 13.85

14.40 14.33 14.46 14.41 14.93 14.43 14.49 14.36 14.80 14.90 14.3
15.15 15.23 14.78 15.19 15.00 15.20 15.12 14.79 14.67 15.23 15.1
16.09 15.79 16.16 15.79 15.47 16.33 16.03 16.04 15.92 15.53 16.0
16.67 16.01 16.44 16.40 16.92 16.36 16.85 17.32 16.80 16.89 16.5
16.98 17.59 17.23 17.29 16.84 16.82 17.06 16.77 16.99 17.00 17.0
17.22 18.05 17.30 17.21 16.85 17.22 17.09 17.13 17.29 17.08

aFrom ref 14.° 7c—o given in this work.c oc_c given in this work.
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Figure 4. Comparison between the experimental photoionization
electron spectrum cited from ref 14 (reproduced with permission,
copyright: Elsevier Science B.V.) (top, together with the calculated
IPs for the possible conformers existing in the experiment) and the
simulated spectra with the different conformer abundances (bottom).

TABLE 3: Intramolecular HB Lengths, the Topological
Properties at the Critical Points, and NBO Analyses of the
HBs of the Neutral Conformers

topological
bond properties NBO analyses
length p V% oc Fj E(2)
A (au) (au) (au) (au) (kcal/mol)
G1 N—H---O1 2.456 0.010 0.04bo1—o0*n-n 1.19 0.026  0.68
G2 O2-H-*N 1.794 0.041 0.13%N — 0*02-+ 1.19 0.168 29.26

G3 N—H---O1 2.535 0.009 0.03801 — 0*n-H?
G4 N—H---O1 2.619 0.008 0.03401 — 0*n-H®
G6 N—H---02 2.514 0.009 0.03902 — 0*n-H?

aLower than the threshold=(2) =0.50 kcal/mol).

the Franck-Condon width for each ionic state, the peak

Tian

TABLE 4: Geometrical Parameters (Bond Length in A,
Angle in Degree) of the Neutral and Cationic Conformers

Gl GH G2 G2 G3 G3t
R(NC1) 1467 1425 1479 1518 1461 1.446
R(C1C2) 1528 1530 1535 1532 1537 1535
R(C2C3) 1510 1519 1531 1518 1511 1.513
R(C301) 1.213 1226 1210 1235 1213 1.231
R(C302) 1.359 1322 1347 1297 1360 1.318
R(NH) 1.018 1.043 1.016 1.046 1017 1.017
1.017  1.022 1018 1.024 1018 1.018
R(O2H) 0971  0.975 0.994 0.971 0976
A(NC1C2) 1107 1136 1105 1109 1165 110.1
D(NC1C2C3) 66.50 43.06 61.09 5504 64.65 43.01
AL AL+P
R(NC1) 1469  1.395
R(C1C2) 1527  1.534
R(C2C3) 1509 1518
R(C301) 1212 1.225
R(C302) 1.361  1.320
A(NCIC2) 1095  116.0
D(NC1C2C3) —175.6 137.4

a|nvolving the intramolecular HBL. R(C1H)= 1.163 A in the C+
H:-:01; R(C1H)= 1.099 A,

after the interaction. The energy shift by this interactioB(®)

~ 1.3 eV; namely, the HOMO (mainly withy character) of
G2 is lower than that without the HB interaction. Thereby, the
corresponding 1P(9.99 eV) of G2 is much higher than that of
G1 (9.39 eV) or G2 (9.32 eV). This approach is successfully
used to interpret the PES of proline in which a remarkably strong
O—H---N is observed!? In general, the stronger intramolecular
HB interactions lead to the higher,Ralues. Since the IP values
are closely related to the electrophilicity index and chemical
potential, it is interesting that the molecular electrophilic
reactions may be tuned by the HB interaction. The IP
differences of HOMO-1 for various conformers are less than
0.4 eV, which is mainly due to the electrostatic interactions
betweemy andng electrons and the phase relationships in the
Dyson orbitals that have been discussed befdre.

3.4. Radical Cations.The geometrical parameters of four
lowest-lying conformers, G1, G2, G3, and Al, have been
optimized at the cationic state (corresponding totG G2+,
G3+, and ALt) and given in Table 4 in comparison with the
neutral. Remarkable structural relaxations after ionization are
found: as for G1(G%) and G3(G3%), the bond lengths of
N—C1 are shortened with 0.04 and 0.02 A, respectively; the
C3—02 lengths are shortened with 0.04A, while the=a31
lengths are elongated with 0.60.02 A; the most significant
change is the rotation of the COOH group with respect to the
NHa group in the cationic conformers; a large decrease in the
dihedral angle D(NC1C2C3) is more than°24ter ionization.

In G1+, an intramolecular NH---O1 HB may be formed or
be stronger than that in G1. The distance between)tN--O1
is 1.778 A in GH, which is much shorter than 2.456 A in G1.

positions in the simulated PES generally match the observedConsequently, the NH bond involving the HB interaction is
ones!* The above analyses indicate the existence possibilities elongated by 0.024 A in G It is surprising that a spontaneous

of G1, G2, and G3 (even together with Al) in the experiment.
3.3. Intramolecular HBs in the Neutral Conformers. The

topological properties and NBO analyses for all possible

intramolecular HBs are summarized in Table 3. TheHDd--N

is obviously the strongest HB. Pacios et al. suggé&tedt only

the O—H---N is thereal HB in glycine conformers on the basis

of eight criteria proposed by Propeli€rlf there are noreal

HBs in g-alanine conformers except for G2, the,(ROMO)

intramolecular proton transfer is found during the optimization
of G2+. As shown in Figure 5, a distonic radical [NH-
(CH),—COO»] is formed for G2+-. A similar radical was even
studied for glycine cations, but the spontaneous proton transfer
was predicted at the higher cationic state, and there was an
energy barrier at the ground cationic stételhis different
behavior may be due to the strongerB-+:N HB (1.794 A)

in B-alanine (G2) with respect to the-eM---N HB (~2.0 A)

differences between G2 and G1 (or G3) can be interpreted asin glycine. The dynamics of the intramolecular proton transfer

the following: In the NBO theorem, thew — 0*0>—n
interaction leads to the lower energy level of the occupied orbital

in these cations is being investigated in our group. Another
interesting finding is the formation of GIH:--O1 (1.841 A)
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H L}
G3+ Al+

Figure 5. Radical cations of four lowest-lying conformers. The dashed

lines represent the possible intramolecular HBs.

TABLE 5: Intramolecular HB Lengths, Topological
Properties at the Critical Points, and NBO Analyses of the
HBs of the Cationic Conformers

topological
properties NBO analyses
bond E(2)
length p V2o oe Fj (kcall
A (au) (au) (au) (au) mol)

Gl+ N—H---0O1 1.778 0.039 0.14To1— o*n-n 1.07 0.122 16.27
G2+ N—H---02 1.798 0.037 0.13Tp,— o*n-n 1.07 0.125 17.68
Al+ C1—H---O1 1.841 0.039 0.14%01— 0*c1-n 1.48 0.070 4.11

TABLE 6: Relative Energies (in kJ/mol) Calculated from
the B3LYP (Including the Zero-Point Vibrational Energy

Corrections) and the Extrapolated MP3 and MP4(SDQ)

Results for the Cationic Conformers

B3LYP MP3 MP4(SDQ)
Gl+ 0.00 0.00 0.00
G2+ 43.5 24.8 26.0
G3+ —7.50 5.19 1.02
Al+ 17.2 43.6 40.8

TABLE 7: Adiabatic IPs (in eV) in Comparison with the
Experimental Datum

B3LYP MP3 MP4(SDQ) exptl
G1+ 8.52 8.67 8.67 8.8 0.1
G2+ 8.96 8.91 8.91
G3+ 8.42 8.69 8.64
Al+ 8.66 9.06 9.02

aFrom ref 10.

in Al+. As shown in Table 5, the HBs in the cations are

J. Phys. Chem. A, Vol. 110, No. 11, 2008065

4., Conclusion

Ten low-lying conformers of3-alanine are studied by the
B3LYP/aug-cc-pVDZ method. Energetic extrapolation calcula-
tions at the MP3 and MP4(SDQ) levels of theory and the
theoretical PES simulated with the P3 calculated results
demonstrate that there are at least three gauche conformers, G1,
G2, and G3, in gas-phase experiments. The calculatedilBes
are in good agreement with the experimental datdBO and
AIM analyses exhibit a remarkable influence on the molecular
electronic structures by the strong intramolecular HBHD--

N in the neutral conformer G2. Remarkable internal rotations
of the COOH group are found in the cationic €&nd G3+
conformers with respect to the neutral conformers. A distonic
[NH3™—(CH,),—CO®O»] radical is formed through the spontane-
ous intramolecular proton transfer in &2A novel intramo-
lecular hydrogen bonding,€H---0, is found in the anti A%+
cation.
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