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Chiral Transformation in Protonated and Deprotonated Adipic Acids
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Abstract: Protonated and deprotonated
adipic acids (PAA: HOOC—(CH,),—
COOH," and DAA: HOOC—(CH,)~
COO") have a charged hydrogen bond
under the influence of steric constraint
due to the molecular skeleton of a cir-
cular ring. Despite the similarity be-
tween PAA and DAA, it is surprising
that the lowest energy structure of
PAA is  predicted to have
(H,O-+H-+-OH,)" Zundel-like symmet-
ric hydrogen bonding, whereas that of
DAA has H;O' Eigen-like asymmetric

show that direct proton transfer be-
tween mirror image structures is unfav-
orable. Instead, the chiral transforma-
tion is possible by subsequent back-
bone twistings through stepwise proton
transfer along multistep intermediate
structures, which are Zundel-like ions
for PAA and Eigen-like ions for DAA.

Keywords: ab initio calculations -
adipic acid - chirality - density func-
tional calculations - proton transfer -
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This type of chiral transformation by
multistep intramolecular proton trans-
fers is unprecedented. Several promi-
nent OH:-O short hydrogen-bond
stretching peaks are predicted in the
range of 10001700 cm™' in the Car—
Parrinello molecular dynamics
(CPMD) simulations, which show dis-
tinctive signatures different from ordi-
nary hydrogen-bond peaks. The O—H-
O stretching peaks in the range of
18002700 cm™' become insignificant
above around 150K and are almost

hydrogen bonding. The energy profiles

Introduction

The solvation of protonated molecular species has been a
challenging subject of advanced spectroscopic studies for de-
cades. Recent progress has arisen from the experimentall
and theoretical®¥ investigation of protonated water clusters.
Charged hydrogen bonding prevails preferentially in either
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washed out at about 300 K.

an Eigen or Zundel form." Preferential localization of the
extra proton at only one of the two acceptor sites indicates
an asymmetric hydrogen bond. This situation is reminiscent
of the Eigen cation H;O*.! Delocalization of a proton
across a hydrogen bond occurs in a more symmetric situa-
tion, as in Hs;O,*, known as Zundel cation.”! The gradual
transition between the two archetypes of ions was recently
investigated as a function of relative basicity of the two
proton acceptor sites, and a close relationship was re-
vealed.! However, no studies have dealt with the influence
of steric constraints for such charged hydrogen bonds so far.

The dicarboxylic acids provide two carboxo groups
(acting as possible proton acceptor sites) that are linked by
an alkylic chain. We chose the adipic acid that comprises
chain length n=4 and studied its protonated form C¢H;;O,*
(PAA) and its deprotonated form CgHy,O,~ (DAA). Hydro-
gen bonding between the two carboxylic acids yields cyclic
forms that possess axial chirality along the hydrogen bond.
Direct proton transfer amongst the two carboxylic residues
is highly unfavorable. On the other hand, a chiral isomer of
the cyclic protonated and deprotonated adipic acids can
transform to another chiral isomer by virtue of twisting of
the molecular skeleton, arising from the internal proton
transfer between two terminal carboxylic acids that are
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equally stable. Most often, organic axial chiral isomers do
not convert into each other. Their synthesis often requires
completely different synthetic schemes. Unlike in the case
of previously known axial chiral compounds in which the
axis of chirality could be a single (as in atropisomers) or
double bond (as in certain allene compounds), it is the O—
H---O bond that represents the axis of chirality in the cyclic
protonated and deprotonated adipic acids. It could be noted
here that cyclic protonated and deprotonated adipic acids
do not possess a stereogenic center to treat their topological
isomers as enantiomers. In this context, it is of importance
to investigate the chiral transformation in protonated and
deprotonated adipic acids by internal proton transfer driven
topological changes.

Computational Details

Low-lying isomers of PAA and DAA were initially located by optimizing
more than 300000 initial configurations based on a density functional
tight binding (DFTB)®! annealing method.”” These low-lying energy
structures were reoptimized by using density functional theory and
Mgller-Plesset second order theory (MP2) with the aug-cc-pVDZ
(aVDZ) basis set. Relative energies of the structures were studied with
MP2 and coupled cluster theory with single, double, and perturbative
triple excitations (CCSD(T)) at the complete basis set (CBS) limit.'”! Ab
initio calculations were carried out by using the Gaussian suite of pro-
grams."! First principles CPMD simulations!'” of PAA and DAA were
carried out for 10 ps at 150 and 300 K with the BLYP functional, a ficti-
tious electron mass of 600 a.u. and an integration step of Ar=0.1 fs. A
Nosé-Hoover thermostat™® ensured proper thermalization and we ap-
plied an isolated cubic box (L=13 A), a Poisson solver by the Tucker-
man method on reciprocal,'” and a norm-conserving Trouller-Martins
pseudopotential.'”! Valence wave functions were expanded by plane
waves with an energy cutoff value of 90 Ry. The potential hypersurface
along the proton transfer was inspected by using the radial distribution
functions (RDF) from CPMD simulations.

Results and Discussion

Structure calculations based on high-level ab initio theory
reveal low-lying isomers pl-p3 for PAA and d1-d3 for

DAA (Figure 1), all of which are cyclic through hydrogen
bonding. Ring opening destabilizes these isomers by more
than 50 kI mol .

d2
Figure 1. Structures of a) protonated adipic acid (PAA, isomers pl-p3)
and b) deprotonated adipic acid (DAA, isomers d1-d3).

Through investigation of a one-dimensional view of the
potential hypersurface along the proton transfer and by in-
spection of the radial distribution functions (RDF) from
CPMD simulations™! (Figure 2), we classify isomers p1 and
d1 (and d3) as “Eigen-type” ions, and isomers p2, p3, and
d2 as “Zundel-type” ions (although p3 and d2 reveal some
characteristics of the Eigen type). Isomer d3 has somewhat
higher energy with a longer hydrogen-bond than d1 and d2,
so we will not discuss it further because it has a clear Eigen-
type hydrogen bond (rgoy: 1.044 A, Toon: 1.492 A at the
MP2/aVDZ. level) (Table S1 in the Supporting Information).
Isomer dl shows a noncentrosymmetric Eigen feature,
whereas d2 shows a partly centrosymmetric Zundel-like fea-
ture (though the Eigen-like feature is slightly retained).
These features contrast that of the protonated water dimer
(Hs;0,") for which the equilibrium ryo is approximately
2.4 A and the equilibrium rgy is approximately 1.2 A at the
center of the 7o, showing the centrosymmetric feature.

When comparing PAA and DAA, we note that the rela-
tive stability of p3 with respect to pl is different from that
of d3 with respect to dl. For PAA, isomer p3 is slightly
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Figure 2. RDFs of goo and gy from the 150 (solid line) and 300 K (dashed line) CPMD simulations of protonated (p1, p2, p3) and deprotonated (d1,

d2) adipic acids.
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more stable than pl, whereas for DAA, isomer dl is much
more stable than d3. Furthermore, the O—H—O stretching
harmonic frequencies for p3 appear around 1000-1100 cm™,
whereas those of dl appear around 2200-2300 cm™'. This
should be correlated with the protonation energy at the spe-
cific O site depending on the H orientations. From a study
on these local minima, we found that, in general, the proton
was not on the midpoint of the O—H—O moiety, but tended
to be bound to a specific O site in a single well-like poten-
tial instead of a double-well potential. As a specific exam-
ple, we investigated the protonation energies of d1.
Separating the molecule into two fragments that contain
four carbon atoms, we calculated the protonation energies
for both fragments (Figure 3). The protonation energy for

Figure 3. Structures of fragments a and b of dl for the protonation
energy calculations. The protonation energy for a is 35.0 kJmol™' larger
than that for b at the MP2/aVDZ level of theory mainly because of steric
hindrance by a neighboring hydrogen atom near the attached proton. In
a, the distance between H(C2) and the attached proton is 3.0 A.

fragment a is 35.0 kJmol™" larger than that for fragment b at
the MP2/aVDZ level. This difference would come partly
from the steric hindrance between adjacent two hydrogen
atoms as well as the skeletal orientation of the carbon
chains. In the case of fragment b, the O—H and C4—C5
bonds are parallel and so the proton motion is hindered by
the hydrogen at C4, whereas the O—H and C2—C3 bonds
are perpendicular to each other, so the steric hindrance be-
tween two hydrogen atoms is minimized in the case of frag-
ment a.

It is interesting to investigate possible pathways for inter-
nal proton transfer along the ionic hydrogen bond. A single-
step direct proton transfer would need to switch the overall
helical geometry at once. This would require a very high ac-
tivation energy to break covalent bonds. Instead, a conceiva-
ble low-energy proton transfer proceeds through several se-
quential steps. Studying transition states between various
conformers, we found that the optimal pathway of the
proton transfer follows pl/d1—T1—p2/d2—T2—p3/d3—
T3 —pl/dl (which is the mirror image of pl/dl) for PAA/
DAA (Figures 4 and 5). Here, the transition state is denoted
by T. From the initial conformation p1/d1, the C4 group ro-
tates to form an eclipsed form with the C6 group at T1, and
then the C4 group rotates further to form the p2/d2 configu-
ration. From the p2/d2 conformation, the C4 group rotates
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p2

Figure 4. Isomerization pathway of PAA and DAA at the MP2/cVDZ
level of theory. Top: pl is the mirror image of pl. T1, T2, and T3 are
transition states between two adjacent conformers. Three consecutive
Hula-Hoop-like twists of the alkyl backbone enable proton transfer
along the hydrogen bond between the two carboxo groups. Bottom: d1 is
the mirror image of d1. T1, T2, and T3 are transition states between two
adjacent conformers. As in the PAA case, proton transfer is directed by
the angular isomerization of the alkyl chain.

so that the C3 and C4 groups eclipse each other at T2, and
the C4 group keeps rotating in the same direction to form
p3/d3. In this process, the helical direction of the carbon
chain changes. Finally, the C4 and C5 groups rotate along
the C4—C5 axis to form the p1/dl conformation so that the
proton is transferred and the helical direction is changed.
The conformational changes (¢ versus 6 maps) are plotted
in terms of the dihedral angle (¢) of C2-C3-C4-C5 and the
pseudo-dihedral angle (0) between C2—C3 and O1-02,
which were obtained from the geometry optimization steps
starting from more than 300000 initial geometries generated
at 1000-1500 K by the annealing method (Figure 5 and the
Supporting Information). The energetics of these pathways
were further optimized at the MP2/cVDZ level. Stepwise
backbone twists enable proton transfer of pl—pl and d1—
d1 via a series of intermediate isomers. In a way, the Hula-
Hoop-like twisting of the backbone acts as a switch that
steers the location of the bound proton. The maximum tran-
sition barrier from p1 to p2 to p3 to pl ... to pl is less than
40 kJmol™!, and the maximum transition barrier from d1 to

— 10375
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Figure 5. Conformational change (a) and energy profile (b; AE, in black; AG,ux in red) for the internal
proton transfer pathways of PAA and those of DAA (c, d). The relative energies are calculated at the MP2/
cVDZ level of theory. The conformational change is plotted from the DFTB geometry optimization steps
starting with 300000 initial geometries generated by the annealing method. The conformational changes (¢
versus O maps) are plotted in terms of the dihedral angle (¢) of C2-C3-C4-C5 and the pseudo-dihedral angle
(8) between C2—C3 and O1—02. The contour lines linking the stable and transition-state structures were
drawn from the plot of all the trajectories starting from the 300000 initial geometries (see the Supporting In-
formation). The energy profiles in (b, d) clearly reveal the multistep characters of the proton transfer. PAA
shows some of Zundel-like structures (red colors) (except T2, T2) for the conformational changes in the outer

ring (-T1-p2-T2-P3-T3-T1-p2-T2-p3-T3-T1-) in (a), but the Eigen-like struc-
tures inside the ring (blue colors) (P1, P1) in (a). This is because the cation-
ic hydrogen bond has a very short bond length. DAA shows almost Eigen-

like structures for the conformational changes in the outer ring as well

as

inside the ring (blue colors) in (c). This is because the anionic hydrogen

bond has a slightly longer bond length than the cationic hydrogen bond.

d2 to d3 to dl ... to dl is less than 35kJmol™! (Figure 5).
Though the transformation from one structure to another is
not easy, it is still possible to obtain the equilibrium popula-
tion within seconds. Thus, the spectra of these ions would re-
flect the relative stability of each conformer. In this regard,
at room temperature we expect that p3 would be the domi-
nant species in PAA with some portion of pl, whereas d1
would be the dominant species in DAA with a small fraction
of d2 (cf. Table 1).

The computed energy profiles clearly show that the direct
proton transfer between pl«<pl or between p2<p2 is unfav-
orable. Instead, subsequent backbone twistings enable step-
wise proton transfer along multistep intermediate structures,
most of which are Zundel-like ions for PAA, but Eigen-like
ions for DAA. It could imply interconversion of Eigen- and
Zundel-type isomers in PAA and DAA. The charges of the
O atoms (go) in the cationic hydrogen bond, compared with
those in the anionic hydrogen bond, are much less negative
(e.g., go=-0.90/—0.90 a.u. in H;O,", go=—-1.11/-1.25 a.u.
in H;0,7); hence, there is much less repulsion between the
two O atoms, resulting in shorter hydrogen-bond lengths.
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twisting through multistep in-
tramolecular proton transfers
shows an intriguing novel phe-
nomenon in stereochemistry.
By using first principles
CPMD simulations based on
density functional theory
(DFT) with the Becke-Lee—

Table 1. Relative energies [kJmol'] of PAA (p1-3) and DAA (d1-3) at
the CCSD(T) and MP2 level of theory using the aug-cc-pVDZ (aVDZ)
and CBS basis sets.!"!

Method Structure AE, AE, AG,
[kImol'] [kImol'] [kImol']
CCSD(T)/avVDZ pl 0.00 0.00 0.00
p2 11.5 5.99 5.40
p3 0.67 -2.05 —1.09
d1 0.00 0.00 0.00
dz 10.4 7.20 6.45
d3 14.1 12.1 12.3
MP2/CBS pl 0.00 0.00 0.00
p3 —0.28 —-3.00 —2.04
d1 0.00 0.00 0.00
d2 9.39 6.17 5.42
CCSD(T)/CBS pl 0.00 0.00 0.00
p3 —0.40 -3.13 -2.17
d1 0.00 0.00 0.00
d2 9.45 6.25 5.53

[a] AE/AE, is the zero-point-energy (ZPE)-uncorrected/corrected inter-
nal energy and AG, is the free energy at room temperature and 1 atm.
The CCSD(T)/aVDZI//MP2/aVDZ energies are very close to the MP2/
aVDZ energies. For the CCSD(T)/aVDZ results, the ZPE and thermal
energies are used with the MP2/aVDZ values. The MP2/CBS energies
were obtained with the extrapolation scheme by using the MP2/aVDZ
and MP2/aVTZ values and the fact that the electron correlation is pro-
portional to N~° for the aug-cc-pVNZ basis sets.'”) Then, the CCSD(T)/
CBS energies are estimated by assuming that E(CCSD(T)/CBS)~ E-
(MP2/CBS) +[E(CCSD(T)/aVDZ)—E(MP2/avDZ)] "
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Figure 6. MP2/aVDZ (dotted lines) and B3LYP/aVDZ (black lines) scaled harmonic frequencies (in a Lorentzian distribution with a broadening factor

of 10 cm™; scale factor: 0.957 and 0.963, respectively), CPMD(FT-VACF)/(150 and 300 K) spectra and spectrum analysis based on the O—H—O vibration-
al motion at 150 K (scale factor: 1.04) for both PAA (p1 (a), p2 (b), and p3 (c)) and DAA (d1 (d) and d2 (e)) (see the Supporting Information).

Yang—Parr (BLYP) functionals, we investigated the dynam- represented by analytical functions. In these first principles
ics of PAA and DAA on their highly complicated multidi- simulations, the anharmonicity of the potential surface is
mensional potential hypersurfaces, which cannot properly be properly taken into account. Fourier-transformed velocity
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autocorrelation function (FT-VACF) spectra resemble IR
absorption spectra closely, except for some deviations in rel-
ative intensity between different modes. However, the mode
analysis corresponding to each mode including the O--H:-O
stretching/bending mode can be done from the FI-VACF
spectra. The power spectra from the Fourier transform of
dipole-moment autocorrelation functions (FT-DACF) is pro-
vided in the Supporting Information. In contrast to the
DAA structures, the PAA structures have the free OH fre-
quencies because of the O—H in the carboxylic acid group.
According to the spectral component analysis of the FT-
VACEF spectra,™ the frequencies of pl/p3 (Figure 6) are as-
signed as v,=1836/957, v,;=1388/1483, and v,,=1207/1204,
and vco=1592/1650 cm™! We note that the v, peaks in
room-temperature CPMD simulations are smaller and more
broadened than those in ab initio spectra. Even though p1
can be substantially populated, as the temperature changes
from 150 to 300K, the v, peak of pl around 1800 cm™
would disappear due to the dynamic thermal broadening
effect. This confirms that the spectra of short hydrogen
bonds can be characterized only at very low temperatures,
as discussed in previous works.®! All isomers reveal no IR
intensities beyond 1800 cm™! above 150 K.

The O—H--O stretching frequencies for PAA and DAA
are in remarkable contrast to those of H;O," and H;0,".
Compared with the normal O—H--O bending frequency in
the protonated water dimer (~1750cm™'),"™ the corre-
sponding bands in DAA and PAA (around ~1500 cm ') are
very weak. The calculated values of the O—H—O stretching
modes in PAA and DAA (~1850/2200 cm™') point to a stiff
potential that is highly restrained. The ring-shaped structure
makes the vibration take place between hard walls com-
posed of the molecular skeleton, resulting in higher stretch-
ing vibrational frequencies. This is in contrast with the pro-
tonated/deprotonated water dimer for which the proton vi-
bration takes place between very soft walls since the O
atoms can move almost freely without serious blocking by
other neighboring atoms or molecular skeleton, resulting in
lower vibrational frequencies.

Conclusion

For the case of PAA, two conformers (p3 and p1) are partic-
ularly stable, while for DAA one conformer (d1) is particu-
larly stable. We note from CPMD simulations that the O—
H-O stretching frequencies around 18002700 cm™' almost
disappear due to the dynamic thermal broadening effect
above 150 K.

The O atoms in O—H—O of the adipic acids experience
steric constraints from the molecular skeleton, so that the H
atom is highly bound to hard walls by a high barrier along
the stretching mode. Thus, the O—H—O stretching frequency
is high without showing the Zundel-like form. On the other
hand, for the O—H—O mode of the protonated water dimer
the H atom may be weakly bound to very soft walls in a
very flat potential surface along the stretch mode and shows
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the Zundel-like low frequency. An activated proton transfer
along the hydrogen bond would be feasible only along a
high energy pathway that comprises a set of three Hula-
Hoop backbone twists that interconvert otherwise well-sepa-
rated conformers. This type of chiral transformations
through multistep Zundel- and Eigen-like intramolecular
proton transfers for PAA and DAA, respectively, is unpre-
cedented and has not been predicted or observed before,
showing an intriguing novel phenomenon in stereochemistry.
Experiments on, for example, the IR spectroscopy of isolat-
ed cold PAA and DAA ions would be worthwhile to com-
plement the present findings.
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