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Levetiracetam, a novel antiepileptic drug, is administered as the S-enantiomer of etiracetam according to the pre-
dominant pharmacodynamic advantage compared to its R-enantiomer. Thus, the content of enantiomer is re-
stricted explicitly, which creates a hotspot focused on the stereochemistry of levetiracetam during synthesis.
However, unexpected racemization was observed during our practice. It's important to understand the racemi-
zation mechanism for levetiracetam. In this article, the racemization process for levetiracetam is comprehen-
sively explored by means of widely used density functional theory. Firstly, basic structural movements were
determined for further description of racemization process. Then, five plausible pathways for isolated levetirac-
etam were identified with detailed elucidation of structural movements during racemization. Significant energy
barriers were observed corresponding to the proton transfer process, which demonstrated the chiral stability of
levetiracetam in neutral environment. Further, hydroxide ion was introduced to elucidate the character of it in
racemization process. The result indicated that hydroxide ion could facilitate the racemization by dramatically re-
ducing the barriers for proton transfer, which was further confirmed by the experiment. Additionally, several
suggestions were proposed according to the theoretical mechanism and experimental observation, resulting in
the efficient control of racemization extent during synthesis. Finally, qualified levetiracetam could be prepared
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in kg-scale.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Chirality is commonly found in launched and developing drugs
[1-3]. Since the organism is constructed by chiral substrates, chiral
amino acids for example, it could take different responses to the drugs
with different chirality. The different stereochemistry of drug may
lead to enormous contrast in pharmacodynamics and pharmacokinet-
ics. When one enantiomer declaims main action for therapeutics, the
other enantiomer may be inactive, reveals less medical potency, even
has antagonistic effect against the active one or be responsible for the
side effect when taking racemate [1,4]. Hence, several chiral drugs,
which are previously administered as racemic, have been replaced
with the most active stereoisomer recently. And the preference for sin-
gle enantiomer is increasing when a new drug are under development
or approaching to the market [3,5,6].

Levetiracetam, (S)-a-ethyl-2-oxo-pyrrolidine acetamide, is prac-
ticed as a novel broad-spectrum antiepileptic drug for both adult and
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paediatric patients clinically [7]. It has been administered as the S-
enantiomer of etiracetam due to the superior pharmacodynamic advan-
tage compared to the R-enantiomer [8]. Consequently, in order to elim-
inate the burden caused by impotent enantiomer, the limitation of its R-
enantiomer is explicitly stipulated, which establishes a hotspot focused
on maintaining stereochemistry or developing asymmetric synthetic
strategy during synthesis [9-11]. Previously in our internal practice,
an improved one-pot method was performed for preparation of leveti-
racetam according to the reported method [12,13], starting with com-
mercialized (S)-2-aminobutanamide hydrochloride and 4-
chlorobutyryl chloride. However, excessive enantiomer was observed
in final product (more than 9.11%). In this method, levetiracetam was
prepared from qualified chiral source, suggesting an unexpected race-
mization process taken place plausibly during synthesis. Nevertheless,
this synthetic method we performed is preferred in the industrialized
preparation of levetiracetam due to its convenience and conciseness.
Moreover, this strategy is also involved as intermediate steps in other
reported methods which are proceeded in similar reaction conditions
[14,15]. Therefore, the racemization and the solution for reducing race-
mization should be highly regarded during synthesis, leading to the re-
quirement for process optimization. As a matter of fact, the
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investigation of reaction mechanism could provide valuable informa-
tion about structural and electrical properties, which is conducive to un-
derstand structural movements in the reaction process and provide
guidelines for reaction optimization. Hence, the mystery of racemiza-
tion could be decrypted with the help of thorough understanding of ra-
cemization mechanism and chiral stability of levetiracetam. However,
no racemization mechanism for levetiracetam has been presented so
far.

Benefitted from the development of computational chemistry, vari-
ous reaction mechanisms could be precisely simulated to give special
insights for estimating the practicability of reaction [16-18]. In this arti-
cle, the racemization mechanism for levetiracetam is firstly illustrated
by theoretical calculation. Density functional theory (DFT) [19], a widely
utilized method for simulating reaction mechanism, was implemented
to elucidate the racemization process of levetiracetam. Firstly, basic
structural movements were determined in order to describe the racemi-
zation process on continuous potential energy surface. Then, the race-
mization for isolated levetiracetam was carried out as fundamental
mechanism to understand the structural movements during racemiza-
tion process. Further, according to the observation of racemization in
base condition, hydroxide ion was introduced to understand the charac-
ter of it in racemization. Moreover, frontier molecular orbitals (FMOs)
were carried out to describe the transfer of electron density in complex
structure during racemization [20]. Additionally, the importance of hy-
droxide ion was further characterized by kinetic experiment. Subse-
quently, the influence factors for racemization were elucidated
according to the theoretical mechanism and experimental observation.
The racemization was efficiently controlled after modifying the syn-
thetic procedure based on the suggestions. The aim of this article is
not only to establish the theoretical models in racemization process
for levetiracetam in isolated form and associated with hydroxide ion,
but also provide guidelines for reducing racemization in synthesis of le-
vetiracetam and its derivatives.

2. Materials and methods
2.1. Computational method

Firstly, conformational distribution analysis for levetiracetam and its
R-enantiomer was conducted by Spartan 14 program using molecular
mechanics force field (MMFF94) [21,22]. Considerable conformers for
each enantiomer were obtained within 10 k] mol™". These conformers
were further optimized using Gaussian 09 program package [23]. DFT
method, especially the Becke 3-Lee-Yang-Parr (B3LYP) exchange-
correlation functional [19,24], is commonly implemented for elucidat-
ing structural properties and reaction mechanism. Thus, the structural
optimization was performed at B3LYP/6-311 G (d, p) level. And the ge-
ometries of transition states were obtained by means of the Synchro-
nous Transit-guided Quasi-Newton (STQN) method. The
thermodynamics parameters were obtained by vibrational frequencies
calculation which was conducted at the same level. The nature of corre-
sponding stationary points (minima or transition state) was confirmed
according to the number of imaginary frequency (0 or 1). Furthermore,
the intrinsic reaction coordinate (IRC) path was performed to verify that
the transition states connect to the reactant and product of the proposed
mechanism [25]. Additionally, for the consideration of solvent effect,
polarized continuum model (PCM) method was utilized with the as-
signment of dichloromethane as solvent [26].

2.2. Preparation of levetiracetam

(S)-2-aminobutanamide hydrochloride (30.0 g) was mixed with di-
chloromethane (300 mL), and tetra-butyl ammonium bromide (3.5 g)
was added. Then, the reaction mixture was cooled to -15 °C. The further
addition of potassium hydroxide and 4-chlorobutyryl chloride was di-
vided into three batches. For each round, potassium hydroxide

(20.2 g) was added first with vigorous stirring for 10 min. After that,
the solution of 4-chlorobutyryl chloride (12.2 g) in dichloromethane
(45 mL) was slowly added to maintain the temperature under -10 °C.
The reaction was stirred vigorously at =10 °C for further 45 min before
adding another batch of potassium hydroxide and 4-chlorobutyryl chlo-
ride. After adding total three batches, the reaction mixture was stirred at
-10 °C for over 2 h. Additional potassium hydroxide (6.6 g) was added
into the reaction mixture followed by stirring for 4 h. Then, the insoluble
substance was filtered and washed by dichloromethane (10 x 3 mL).
The organic layer was combined and neutralized by acetic acid. The un-
wanted salt was filtered and washed by dichloromethane (10 x 3 mL).
The combined organic layer was dried by anhydrous sodium sulfate
and then filtered. Dichloromethane was evaporated under reduced
pressure followed by the addition of ethyl acetate (150 mL). The solu-
tion was concentrated to over 75 mL to afford slurry. The slurry was
stirred at -5 °C for an hour. The precipitate was filtered and washed
by cold ethyl acetate (10 x 3 mL), and then dried under a vacuum at
30 °C to give 27.5 g of crude product. The crude product was recrystal-
lized in isopropanol (40 mL) to afford refined product of levetiracetam
as white solid (22.3 g, yield 60.5%). purity: 99.67%; ee: 99.94%; m.p.:
116.0 °C-118.0 °C; [a]g’: -90.0° (c = 1, EtOH); HRESIMS m/z:
193.0948 [M Na] (calcd. for CgH140,N;Na, 193.0947); 'H NMR
(600 MHz, CDCl3): 6 6.98 (s, 1H), 6.61 (s, 1H), 4.52 (t,J = 5 Hz, 1H),
3.51-3.55 (m, 1H), 3.37-3.41 (m, 1H), 2.43 (t, J] = 8.5 Hz, 2H),
2.02-2.07 (m, 2H), 1.93-1.98 (m, 1H), 1.65-1.70 (m, 1H), 0.89 (t,] =
7.5 Hz, 3H); '*C NMR (CDCl;, 150 MHz): 6 175.7, 172.6, 55.5, 43.4,
30.7,21.0, 17.8, 10.2; ECD revealed a negative cotton effect at around
223 nm, which was consisted with reported ECD behavior of
levetiracetam.

3. Results and discussion
3.1. Analysis of basic structural movements in racemization process

In order to facilitate the description, the 2D structure of levetirace-
tam is presented in Fig. 1 with selected atoms numbered. Reaction pro-
cess could be described as the continuous movements on potential
energy surface. Therefore, it's important to determine the structural
movements which are essential in elucidating the process. In this case,
the most stable conformer for levetiracetam and its R-enantiomer was
obtained as the initial and final structure in the racemization process,
shown in Fig. 2 (conformer S1 and R1). The racemization process from
S1 to R1 requires two kinds of structural movements: 1) the proton
H19 should transfer from one side of chiral carbon C7 to the other,
which refers to a proton abstraction followed by a readdition process;
and 2) the conformational isomerization should occur to achieve the
stable conformer of the other enantiomer after racemization.

3.1.1. Proton transfer

The proton from chiral center transferring from one side to the other
is crucial process in the chiral conversion, which usually associates with
breaking and reforming of C—H bond. As the first step, breaking of
chemical bond requires massive energy, resulting in a relatively unsta-
ble system. In order to stabilize the system after proton leaving, an
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Fig. 1. 2D structure of levetiracetam with numbers of selected atoms.
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Fig. 2. Conformers of levetiracetam and its R-enantiomer involving in the racemization pathways.

acceptor with high electron density is needed to seize the electroposi-
tive proton. Furthermore, in order to accomplish chiral conversion, the
proton should return to the carbon at the other side. Therefore, an ap-
propriate proton acceptor is required to not only seize the proton during
abstraction, but also transferring the proton to the other side like a
carrier.

3.1.2. Conformational isomerization

The chiral conversion is a continuous process, which could not be
fully understood without appropriate conformational changes. More-
over, the different conformations could reveal the different steric hin-
drance and electrical properties around reactive site, leading to the
difference on reactive potential. And, it has been indicated that the con-
formational changes play an important role in racemization process
[27]. Therefore, the investigation of conformational isomerization is
conducive to understand the conformation effect during mechanism
simulation.

The conformational changes usually associate with rotation of single
bonds and ring torsion. In this case, during the isomerization from S1 to
R1, the ethyl, amide and pyrrolidone moieties should rotate nearly 180°
through the rotation of corresponding single bonds adjacent to chiral
center. And the torsion of pyrrolidone ring could be accomplished by
flipping the C2 from one side of pyrrolidone ring to the other. Appar-
ently, it is complex and exhausting to consider all four types of confor-
mational changes along with proton transfer process. To simplify the
process, it's essential to determine the type of changes that has more
important influence on the conformational stability. Then, relaxed
scan calculation was carried out as preliminary evidence to evaluate
the energy barrier of conformational change and the influence on con-
formational stability. The result of energy change was shown in
Supporting information.

The torsion scan of pyrrolidone ring was performed by rotating the
dihedral angle of C2—C3—N4—C5 from -22.66° to 27.34°. A stationary
point is found when the dihedral rotated to 11.34°. Compared to initial
conformer, only a little higher total energy (0.40 kcal mol ™) is observed,
which indicates the torsion of pyrrolidone ring has no significant impact
on the stability of whole molecule. The energy barrier of torsion is
0.88 kcal mol !, suggesting this type of conformation change is easy to
accomplish.

The rotation scan of ethyl group is represented by the angle change
0f N4—C7—C11—C12. The highest energy barrier is 7.38 kcal mol ! and
a stationary point is observed after rotating over -130° from the original
position. The total energy of this conformer is found 4.94 kcal mol™!
higher than initial conformer.

For amide group, the relative energy is continuously increasing with
the change of dihedral angle 010—C8—C7—N4 from -99.89° to
130.11°, indicating the rotation of amide group is adverse to the confor-
mational stability. The decrease of conformational stability is attributed
to the breaking of intramolecular hydrogen bond formed between
N9—H21 from amide and C5=06 from pyrrolidone ring, which demon-
strates that this hydrogen bond has unnegligible influence on confor-
mational stability. And an indistinctive stationary point was obtained
after rotating over 160° from the original position with the increased
total energy of 6.87 kcal mol™". Based on these, the rotation of amide
group has great correlation to the conformational stability. Moreover,
the rotation of amide group is further found as a critical premise for pro-
ton transfer process of isolated levetiracetam, which will be discussed
later in this article.

The rotation scan of pyrrolidone ring is performed by the rotation of
dihedral angle C5—N4—C7—C8, whereas the highest energy barrier
(9.88 kcal mol™) is found higher than other types of conformational
changes. And it's observed that the amide group is significantly rotated
along with the rotation of pyrrolidone ring during the scan calculation.
Such behavior indicates that the rotation of pyrrolidone ring is plausibly
hindered and the subsequent rotation of relative flexible amide group
could lower the tension. This explanation could be supported by the ro-
tation scan of pyrrolidone ring with additional freezing the rotation of
amide group, whereas the total energy is continuously increasing with-
out rotation of amide group. Moreover, a sudden decrease of total en-
ergy is observed when the dihedral angle changes from 150° to 160°.
According to the corresponding structures, the sudden change is plausi-
bly attributed to the reformation of hydrogen bond between amide
(N9—H21) and carbonyl (C5=06) on the different side from the origi-
nal position. Based on these, the relative position between pyrrolidone
and amide moiety has strong impact on the stability of conformation,
which should be taken into account in the conformational isomerization
process.

3.2. Mechanism for racemization of isolated levetiracetam

Fundamentally, in order to understand the structural movements
during racemization process, the mechanism is primarily elucidated in
the simplest situation by using the isolated levetiracetam as theoretical
model.

3.2.1. Proposal of racemization pathways
For isolated levetiracetam, the vicinal carbonyl group (C8=010)
from amide group could be regarded as an appropriate acceptor to
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capture reactive proton, leading to the formation of an enol-like inter-
mediate. Similar conversion is often found in the racemization process
of amino acids [28-30]. Therefore, it's plausible to propose that a keto-
enol tautomerization takes place during racemization. In the structure
of conformer S1, the vicinal carbonyl is located at the anti-position of
C—H with the distance of 3.23 A, which is adverse for proton transfer.
In order to facilitate proton transfer, the vicinal carbonyl is better to be
positioned at the same side with C7-H19 (syn-position), which could
decrease the distance between H19 and 010. Therefore, the appropriate
rotation of amide group is required before proton abstraction.

In the summary of structural movements, proton transfer should
take place twice at least during racemization, corresponding to the pro-
ton abstraction and readdition respectively. And for conformational
isomerization, it has been demonstrated that an appropriate rotation
of amide is necessary before proton abstraction. According to previous
discussion, the rotation of pyrrolidone ring also should be considered,
which could take place between any aforementioned steps. Therefore,
five plausible racemization pathways for isolated levetiracetam are
depicted in Fig. 3. In pathway a (S1 — S4 — S2 — Enoll - R3 - R1)
and b (S1 — S3 — S2 - Enoll — R3 — R1), the rotation of pyrrolidone
ring takes place before the proton abstraction. The difference between
these two pathways is the rotation of pyrrolidone ring occurring before
or after the required rotation of amide group. In pathway ¢ (S1 — S3
— Enol2 — Enol3 - R3 — R1), the rotation of pyrrolidone ring take
place between the proton abstraction and readdition process. In path-
way d (S1 — S3 - Enol2 - R2 - R3 —» R1) and e (S1 — S3 — Enol2
— R2 — R4 — R1), the rotation of pyrrolidone ring occurs after proton
readdition. And the difference between these two pathways is also at-
tributed to the ring rotation occurring before or after the rotation of
amide group. The structural movements in pathway a are described in
following discussion. The details of the rest pathways are depicted in
Supporting information. And the structures of intermediates and transi-
tion states are illustrated in Fig. 4, whereas the corresponding geomet-
rical and thermodynamics parameters are listed in Table 1.

3.2.2. Study of structural movements in pathway a
In step 1, the pyrrolidone ring of S1 rotates first with the change of
dihedral angle C5—N4—C7—C8 («) from -83.63° to 98.72°, leading to

the generation of S4 via the transition state TS1. And moderate change
of the dihedral angle 010—C8—C7—N4 (3) (from -99.89° to —34.04°)
is observed corresponding to the rotation of amide group, which also
has been demonstrated in scan calculation. The vibrational mode of
imaginary frequency of TS1 confirms rotating potential of amide
group during the ring rotation. The energy barrier of this change is
10.44 kcal mol™, which is similar to the energy barrier observed in
scan calculation. Such energy barrier is mostly attributed to the break-
ing of hydrogen bond between amide (N9—H21) and carbonyl
(C5=06). The free energy of $4 is 7.31 kcal mol™! higher than S1 com-
paratively, which also suggests the formation of hydrogen bond is the
main reason causing the stabilization of conformation.

Step 2 involves the rotation of amide group, corresponding to the
isomerization from S4 to S2 via TS2. The rotating tendency of amide is
verified by the vibrational mode of imaginary frequency of TS2. The
angle 3 changes to 118.77° with slight change of pyrrolidone ring
(from 98.72° to 74.93°). In the structure of S2, the hydrogen bond is re-
formed at the other side, resulting in the decreased relative energy from
7.31 kcal mol™! (S4) to 1.39 kcal mol ™! (S2). The energy barrier of this
step is 1.23 kcal mol ™', indicating that the rotation of amide is easy to ac-
complish after ring rotation. More importantly, after amide rotation, the
carbonyl C8=010 from amide group rotates to the same side with
C7—H19, leading to decreasing the distance (2.42 A) between 010
and H19. With the more appropriate angle of C7—H19—010 (76.31°),
the proton transfer could take place on S2 more easily than initial con-
former S1.

In step 3, proton abstraction occurs causing the structure change
from the S-enantiomer (S2) to the achiral enol-like intermediate
(Enol1). In the structure of transition state TS3, the proton H19 transfer
from C7 to 010 from vicinal carbonyl, which is confirmed by the imag-
inary frequency. During the proton transfer, the extra negative charge
from C7 is delocalized via the resonance between carbon and vicinal
amide group, resulting in a conjugated system and establishing the achi-
ral planar structure. The angle 3 notably changes from 118.77° to -2.77°
associated with moderate change of angle o from 74.93° to 55.90°. In
order to conduct this step, a significant barrier of 59.39 kcal mol™!
should be overcome, which is mainly caused by breaking chemical
bond. And compared to initial structure, this intermediate Enol1 is

Ring
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S1 > S4
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(10.44)
Amide TS6 TS2 Amide
Rotation| (7.24) (1.23) | Rotation
Y TS7 \ TS3 TS4 TS5
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S3 G709 . 52 9 . Enont & .~ R3 @19 . Rr1
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Ring Proton Rotation| (7.15) (3.12) | Rotation
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TS8 TS11 TS13
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Fig. 3.

Plausible racemization pathways for isolated levetiracetam with corresponding Gibbs free energy barriers of each step at 298 K (in kcal mol?, shown in brackets).
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Fig. 4. Optimized structures of intermediates and transition states involving in the racemization mechanism for isolated levetiracetam.

relatively unstable with high energy (25.45 kcal mol™" higher than S1),
suggesting this structure is reactive and easy to conduct further
conversion.

Step 4 involves the proton readdition from 010 to C7 through differ-
ent track against step 3, leading to the formation of R-enantiomer. In
this step, the proton turns to the other side of the carbon with the
help of appropriate rotation of amide group, which is confirmed by
the change of angle 3 changes from -2.77° (Enol1) to -139.88° (TS4).
The energy barrier of this step is 43.52 kcal mol™'. After that, the
established conformer (R3) of R-enantiomer is relatively unstable com-
pared to R1, which requires further conformational isomerization.

In step 5, an additional rotation of amide group takes place, resulting
in the conformational change from R3 to most stable conformer R1. The
dihedral angle 3 changes from -56.31° to 99.89° accompanied with
moderate change of angle o from 120.76° to 83.63°. The rotation
needs to overcome a small barrier of 2.10 kcal mol .

3.2.3. Comparison of structural movements in pathways

According to previous analysis, appropriate rotation of amide group
is required before proton abstraction. In pathway a and b, the rotation of
pyrrolidone ring also occurs before proton abstraction. Based on the en-
ergy barriers in these two pathways, the rotation of amide is more
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Table 1
Geometric parameters and corresponding relative energies of the structures involving in
the racemization mechanism for isolated levetiracetam.

D1? D2? o° of B AEzpsd  AGE
S1 109 323 3646 -83.63 -99.89 0.00 0.00
S2 109 242 7631 74.93 118.77 151 1.39
S3 110 267 6449 -11836  51.26 6.03 478
S4 110 323 3625 98.72 -34.04 8.38 7.31
Enoll 246 096 7471 55.90 -2.77 25.30 25.45
Enol2 251 099 7195 -47.95 451 21.83 2211
Enol3 252 099 7174 46.88 -4.44 21.95 22.35
R1 109 323 3646 83.63 99.89 0.00 0.00
R2 109 242 7628 -75.05 -119.03 147 1.34
R3 110 264 6590 120.76 -56.31 6.11 524
R4 110 324 3584 -99.03 35.65 8.39 7.29
TS1 110 321  36.84 -3.94 -96.41 9.41 10.44
TS2 110 309 4478 81.88 -5.07 8.38 8.54
TS3 159 119 10602 5833 136.75 60.51 60.78
TS4 158 121 10567  52.87 -139.88  69.14 68.97
TS5 109 246 7477 101.38 -12922 722 7.34
TS6 109 246 7477 -101.19 12961 7.20 724
TS7 110 246 7468 179.78 113.28 7.86 8.54
TS8 157 124 10488  -97.05 76.02 69.91 69.57
TS9 255 100 7276 5.67 -4.15 26.63 28.17

TS10 1.62 1.18 104.68 31.09 -137.09 69.50 69.09

TS11 1.59 1.19 106.02 -58.43 -136.69 60.49 60.73
TS12 1.10 2.46 74.66 178.42 -111.60 7.85 8.49
TS13 1.10 3.10 44.02 -75.51 6.91 7.29 7.72
TS14 1.10 3.21 36.89 322 96.65 9.39 10.40

2 D1 and D2 denotes the distance of C7--H19 and 010--H19 in A respectively.

b g denotes the angle of C7—H19—010 in degrees.

¢ aand B denotes the dihedral angle of C5—N4—C7—C8 and 010—C8—C7—N4 in de-
grees respectively.

4" AEp represents the relative energy including the zero-point energy (ZPE) correlation
in kcal mol ™.

¢ AG represents the relative Gibbs free energy at 298 K in kcal mol™.

favorable than rotating pyrrolidone ring at first. Furthermore, after rota-
tion of amide, the energy barrier of rotating pyrrolidone ring is reduced
due to the potential of reforming the hydrogen bond between N9—H21
and C5=06. As a consequence, conformer S2 is generated with a little
higher energy compared to S1.

In pathway a and b, the proton abstraction could take place on con-
former S2 due to the reduced distance between 010 and H19 (2.42 A).
The corresponding energy barrier is 59.39 kcal mol™!. For the rest of
pathways, rotation of pyrrolidone ring takes place after proton abstrac-
tion, resulting in the proton abstraction taking place on conformer S3.
The distance between 010 and H19 is 2.67 A in conformer S3, which
could be responsible for the higher energy barrier (64.79 kcal mol™')
for proton abstraction than S2.

After the proton abstraction, the achiral planar structure Enol1 and
Enol2 is established respectively due to the electronic delocalization
through resonance effect. And in pathway c, the rotation of pyrrolidone
ring occurs on Enol2, which leads to the formation of Enol3. All three
enol-like structures are relatively unstable compared to initial structure,
suggesting these structures are reactive and easy to conduct further
conversion.

The proton could approach to the other side of the carbon with the
help of appropriate rotation of amide group. And the proton transfers
from 010 to C7 through different track against the abstraction process
to complete the chiral conversion. The energy barrier of this step is
around 40 kcal mol™!. And after proton readdition, the structure could
change to the most stable conformer R1 with appropriate rotation of
amide group in pathway a, b and ¢, while the rotation of pyrrolidone
ring occurs after chiral conversion in pathway d and f. And due to the
steric hindrance, the rotation of amide group is preferred to occur at
first in these two pathways.

In summary, the highest energy barrier is attributed to the proton
transfer from C7 to 010, corresponding to the conversion from S-
enantiomer to enol-like intermediate. Such high energy barrier suggests

that levetiracetam is relatively stable in neutral condition. This result is
consistent with the experimental reports that the chiral conversion of
levetiracetam is difficult to take place in solid state and even in vivo en-
vironment [31]. Comparing the energy barriers of all pathways, it is re-
vealed that a conformational preference occurring on S2
(59.39 kcal mol ™) than S3 (64.79 kcal mol™!) during proton abstraction.
Therefore, this theoretical model not only indicates the chiral stability of
levetiracetam, but also demonstrating different capacity of proton
transfer on different conformers and providing detailed structural
movements which is helpful for further exploration of mechanism.

3.3. Mechanism for hydroxide ion catalyzed racemization of levetiracetam

In the previous discussion, the racemization of isolated levetirace-
tam is restricted by the high energy barriers attributed to the proton
transfer between C7 and 010. However, unnegligible excess of R-
enantiomer was observed by the chiral HPLC analysis, indicating the ra-
cemization of levetiracetam occurred indeed during synthetic process.
When reviewing the procedure, the use of potassium hydroxide draws
our attention. And it has been demonstrated that base-catalyzed race-
mization is common among amino acids [30]. During the synthesis, po-
tassium hydroxide is assigned with multiple missions including
neutralization of (S)-2-aminobutanamide hydrochloride and free acid
generated during acylation and cyclization. As the outcome, water is
generated after the neutralization, which could facilitate the ionization
of potassium hydroxide. The hydroxide ion provided by potassium hy-
droxide could replace the carbonyl from amide acting as a proton carrier
during proton transfer. And the process of proton abstraction from C7
could be accelerated due to the strong negative electricity of hydroxide
ion. Therefore, hydroxide ion is introduced to understand the character
of it in the racemization of levetiracetam.

Since the proton carrier is replaced by the hydroxide ion, the pre-
mise, rotation of amide group before proton abstraction in the isolated
levetiracetam, is no longer required in the hydroxide ion catalyzed race-
mization process. Therefore, the hydroxide ion could be directly
interacted with the most stable conformer (S1). And according to previ-
ous investigation, the difference of energy barriers for proton transfer
has been observed on different conformers. Hence, other stable con-
former (S2) is also investigated. Based on these, two racemization path-
ways are carried out starting with the complex structure formed by
hydroxide ion interacting with conformer S1 and S2 respectively. The
optimized complex structures are illustrated in Figs. 5 and 7 respec-
tively, whereas the introduced hydroxide ion is numbered as 027 and
H28. And the corresponding geometrical and thermodynamics parame-
ters are presented in Table 2.

3.3.1. Pathway A: OH -S1 — H,0-SC'1 — H,0-RC'1 — OH -R2

In the structure of OH™-S1, there is an additional hydrogen bond
established between the hydrogen H28 from OH™ and the carbonyl
06=C5 from pyrrolidone ring, which locates the OH™ right on the top
of chiral center. The distance (D2) between oxygen 027 from OH™ and
proton H19 from chiral center is 2.94 A. In step 1, the proton H19 trans-
fers from C7 to 027, which is demonstrated by the increased distance of
D1 and decreased distance of D2 in transition state TS’1. This proton
transfer potential is also verified by the vibration mode of imaginary fre-
quency of TS'1. The energy barrier for proton abstraction is calculated as
4.87 kcal mol™!, which is much lower than that in isolated levetiracetam
(=60 kcal mol™). It suggests that hydroxide ion could facilitate the pro-
ton abstraction by significantly reducing the energy barrier. The com-
plex structure of a carbanion and water molecule (H,0-SC'1) is
established after proton abstraction. The dihedral angle 3 changes to
167.14°, indicating the formation of conjugated planar structure. The
extra electron is delocalized via the resonance between carbanion and
vicinal amide group. The relative free energy of complex H,0-SC1 is
obtained as 3.19 kcal mol™' lower than initial complex OH™-S1.
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Fig. 5. Optimized structures and corresponding relative Gibbs free energies at 298 K (in kcal mol™) involving in the hydroxide ion catalyzed racemization pathway A.

Therefore, the proton abstraction associated by hydroxide ion is an exo-
thermic process and could take place easily.

In order to reverse configuration, the proton from water molecule
should be re-seized by carbanion from the other side of conjugated
plane. Therefore, water migration is required to turn the proton to the
other side, corresponding to the conformational change from complex
H,0-SC™1 to H,0-RC 1. After migration, the relative free energy of com-
plex structure changes to -7.62 kcal mol ™, which is probably attributed
to the formation of two hydrogen bonds in H,O0-RC™1 (06:--H21—N9
and 010---H28—027) rather than one in H,0-SC™1 (06:---H28—027).
After that, the proton returns to C7 at the different side from the proton
abstraction via transition state TS’2. And the proton readdition needs to
overcome an energy barrier of 10.75 kcal mol™!, which is higher than the
barrier of proton abstraction. After the proton readdition, the conforma-
tion of R-enantiomer is formed with the geometrical parameters close
to R2. Therefore, appropriate conformational isomerization is necessary
for converting conformer R2 to R1 stepwise, which is previously de-
scribed in the racemization of isolated levetiracetam. The highest en-
ergy barrier of conformational isomerization is predicted as

Table 2
Geometric parameters and corresponding relative energies of the structures involving in
the hydroxide ion catalyzed racemization mechanism.

D1? D2¢  6° of B AEzpd  AGE
OH™-S1 1.09 294 17192 -8498  -96.62 0.00 0.00
OH™-S2 109 248 17376 7418 123.60 0.20 0.57
OH™-R1 109 300 16928 8598 96.14 0.13 0.50
OH™-R2 1.09 259 16952  -7465 -12356 028 0.84
H,0-SC'1 300 098 11103 -7046 167.14 -4.53 -3.19
H,0-SC2 388 096 9219 59.27 174.38 -7.04  -7.07

H,0-RC"1 4.01 0.96 85.57 -58.90 -174.67 -7.14 -7.62
H,0-RC2 2.99 0.97 111.69 70.38 -168.38 -5.28 -4.19
TS1 1.33 1.32 176.82 -79.97 -148.22 2.78 4.87
TS2 1.36 1.28 175.62 -54.57 160.27 2.01 3.13
TS'3 1.36 1.28 175.38 54.70 -160.82 2.18 3.43
TS'4 1.33 1.32 176.53 79.14 148.29 2.83 4.71

2 D1 and D2 denotes the distance of C7-*H19 and 027---H19 in A respectively.

b 9 denotes the angle of C7—H19—027 in degrees.

¢ aand 3 denotes the dihedral angle of C5—N4—C7—C8 and 010—C8—C7—N4 in de-
grees respectively.

4 AEzp represents the relative energy including the zero-point energy (ZPE) correlation
in kcal mol ™.

¢ AG represents the relative Gibbs free energy at 298 K in kcal mol™.

6.43 kcal mol™!, which is unnegligible compared to the energy barrier
of proton transfer.

The highest occupied molecular orbital (HOMO) represents the elec-
tron that has the highest potential to delocalize in the reaction [20]. The
HOMOs of the complex structures in this pathway are illustrated in
Fig. 6. In the HOMO of complex OH™-S1, the electron is mostly localized
on the 027 from hydroxide ion, indicating the potential of electron
transfer is correlated to the reactivity of hydroxide ion. And after the
proton abstraction, the electron density relocates on the carbanion
and also vicinal groups, which verifies that the stabilization of carbanion
structure is attributed to the electronic delocalization through the reso-
nance with vicinal groups. Combined the electron distribution in the
HOMO of all complex involved in this pathway, the electron transfer
tendency could be clearly described with the orientation opposite to
the proton transfer.

3.3.2. Pathway B: OH -S2 — H,0-SC 2 — H,0-RC2 — OH -R1

In this pathway, the initial complex is formed by hydroxide ion
interacted with conformer S2 (shown in Fig. 7). The conformational
isomerization from S1 to S2 is discussed before in pathway a and b
with the appropriate rotation of amide and pyrrolidone ring, and the
highest energy barrier is 10.44 kcal mol™". Since the carbonyl of amide
is close to C7—H19 in S2, the carbonyl C9=010 could replace the car-
bonyl C5=06 from pyrrolidone ring in S1 to establish a hydrogen
bond with OH". As a result, the OH™ is placed on the top of C7-H19 to
form the complex structure OH™-S2. The distance D2 is obtained as
2.48 A after optimization, suggesting the formation of more intimate
complex and stronger potential for proton abstraction compared to
OH™-S1 (D2 = 2.94 A). The proton abstraction is conducted via transi-
tion state TS’3. The vibrational mode of imaginary frequency describes
the proton transfer between C7 and 028. And the formation of planar
carbanion is revealed by the change of angle 3 from 123.60° to
174.38°. The energy barrier for proton abstraction is predicted as
2.86 kcal mol ™!, which is even lower than that in pathway A. This result
also verified that a more intimate complex is formed between OH™ and
S2, which further facilitate the proton abstraction.

As pathway A, water migration should also take place before proton
readdition in this pathway, leading to the conformational change from
H,0-SC 2 to H,0-RC2. Then, the proton H19 is re-seized by carbanion
C7 through the transition state TS’4, resulting in the formation of R-
enantiomer. The conformation of formed R-enantiomer shows similar
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Fig. 6. The HOMO of corresponding structures involving in the hydroxide ion catalyzed racemization pathway A.

geometrical parameters (shown in Table 2) to conformer R1. And the
energy barrier of proton readdition is calculated as 8.90 kcal mol ™.

Additionally, the HOMOs of these structures reveal the similar elec-
tron transfer potential in this pathway referred to pathway A, which has
been shown in Fig. 8.

These two pathways demonstrate that the proton transfer, which is
the most difficult process for isolated levetiracetam, could be efficiently
facilitated by hydroxide ion with significantly reducing the energy bar-
rier. The highest energy barrier is predicted as 10.75 kcal mol™" and
8.90 kcal mol ™! respectively in pathway A and B, suggesting the racemi-
zation of levetiracetam could take place easily under base condition.
And pathway B is little more favorable than pathway A because of the
relative lower barriers for both proton abstraction and readdition pro-
cess. It indicates that the conformational isomerization from S1 to S2
is favorable for the OH™ catalyzed racemization.

9
5 9
| e—
E OH-s2 - TS3
057 .’ 3.43

Relative energy (kcal mol™)
o

-10 -

15

"H,08C2 |
L 7.07 -

3.4. Studies of influence factors for racemization

Previously, theoretical study demonstrates the catalysis of hydrox-
ide ion in the racemization process. Then, the kinetics study is carried
out to evaluate the racemization rate of levetiracetam experimentally
(shown in Supporting information). Dichloromethane and potassium
hydroxide, which are used in synthetic procedure, is utilized as solvent
and base to create an experimental environment approximated to syn-
thesis process. The result reveals the racemization of levetiracetam pro-
ceeds rapidly at room temperature. The rate constant is determined as
0.00034 s~' and the energy barrier is calculated as 20.09 kcal mol™".
The experimental barrier is close to the theoretical barrier found in hy-
droxide ion catalyzed mechanism, compared to that in racemization for
isolated levetiracetam. The deviation is plausibly attributed to the in-
complete ionization of potassium hydroxide in apolar solvent, whereas

-"H,0°RC™2
-4.19

Fig. 7. Optimized structures and corresponding relative Gibbs free energies at 298 K (in kcal mol™) involving in the hydroxide ion catalyzed racemization pathway B.
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Fig. 8. The HOMO of corresponding structures involving in the hydroxide ion catalyzed racemization pathway B.

the theoretical calculation is based on the completely ionized hydroxide
ion.

In control experiment, optically pure levetiracetam is dissolved in
the potassium hydroxide absented dichloromethane, whereas the race-
mization is not observed (shown in Supporting information). This result
verifies the theoretical investigation that levetiracetam is optically sta-
ble in neutral condition. However, potassium hydroxide is assigned for
multiple missions including neutralization of (S)-2-aminobutanamide
hydrochloride and free acid generated during acylation and cyclization.
Therefore, the use of potassium hydroxide is critical for proceeding reac-
tion. It has been revealed that the racemization rate is correlated to pH
of the solution [32,33], corresponding to the content of potassium hy-
droxide in this case. Although the utilization of base is ineluctable, the
addition of potassium hydroxide could be divided in several batches.
As a consequence, the content of base could be controlled in a relative
lower level, which could reduce the racemization.

Except the use of base, it has been demonstrated that temperature
has significant influence on rate constant in base catalyzed racemization
[33]. Therefore, the extent of racemization is estimated in five different
temperatures. As a result, the rate of racemization is slowed down re-
markably when temperature is below zero (shown in Supporting infor-
mation). Thus, lowering temperature is a feasible option for reaction
optimization.

Then, according to the suggestions, the addition of potassium hy-
droxide and 4-chlorobutyryl chloride is divided into three batches and
the reaction temperature is controlled under =10 °C. As a result, the ra-
cemization extent is controlled in 0.03%, whereas the synthesis process
of levetiracetam still proceeds smoothly. Further, qualified levetirace-
tam was prepared in kg-scale using the modified procedure (shown in
Supporting information).

4. Conclusion

In this article, DFT method was implemented to illustrate the mech-
anism for racemization of levetiracetam and characterize the impor-
tance of hydroxide ion during the chiral conversion. Firstly, two kinds
of basic structural movements were determined, corresponding to the
proton transfer and conformational isomerization process. Then, the ra-
cemization for isolated levetiracetam was carried out as fundamental

mechanism, whereas five plausible pathways were proposed with de-
tailed structural movements. Two significant energy barriers were
found in each pathway, corresponding to the proton abstraction
(=60 kcal mol™!) and readdition (=40 kcal mol™!) process. Such high bar-
riers indicated levetiracetam is relative stable in neutral condition,
which agreed with reported stereochemical stability profile of levetirac-
etam. Further, we demonstrated hydroxide ion could accelerate the ra-
cemization process by acting as a proton carrier in proton transfer,
leading to the dramatically reduction of the energy barrier. The highest
barrier was found around 10 kcal mol™! during the proton readdition.
Additionally, the experimental barrier was obtained as
20.09 kcal mol™! by kinetic study, which was approximate to the theo-
retical barrier found in hydroxide ion associated racemization. The ef-
fect of content of hydroxide and temperature was elucidated
according to the theoretical mechanism and experimental observation,
which also provided guidelines for control of racemization during syn-
thesis. After adding potassium hydroxide in three batches and carefully
controlling temperature under -10 °C, the racemization was efficiently
reduced. After appropriate modification of the synthetic procedure,
kg-scale levetiracetam could be prepared in good quality.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2019.111055.
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