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ABSTRACT: This study employs advanced solid-state NMR techniques to
investigate the atomic-level structure and dynamics of two enantiomers:
ofloxacin and levofloxacin. The investigation focuses on critical attributes,
such as the principal components of the chemical shift anisotropy (CSA)
tensor, the spatial proximity of '"H and "*C nuclei, and site-specific '*C

spin—lattice relaxation time, to reveal the local electronic environment [, .%o o (= oo BCC';:;XZZS;X-;:»UMmw
surrounding specific nuclei. Levofloxacin, the levo-isomer of ofloxacin, |Z =~ = ey

exhibits higher antibiotic efficacy than its counterpart, and the dissimilarities \ : S ,w\ _

in the CSA parameters indicate significant differences in the local electronic |z ™} 7 Y Vi i ;

configuration and nuclear spin dynamics between the two enantiomers. 2o
Additionally, the study employs the 'H—"°C frequency-switched Lee—
Goldburg heteronuclear correlation (FSLGHETCOR) experiment to
identify the presence of heteronuclear correlations between specific nuclei
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(C1S and H7 nuclei and C13 and H12 nuclei) in ofloxacin but not in levofloxacin. These observations offer insights into the link
between bioavailability and nuclear spin dynamics, underscoring the significance of NMR crystallography approaches in advanced

drug design.

1. INTRODUCTION

The antibacterial class known as broad-spectrum fluoroquino-
lones functions by inhibiting two enzymes that are vital to
bacterial DNA synthesis: topoisomerase and DNA gyrase."”
Among the various fluoroquinolones, ofloxacin demonstrates
the most robust activity owing to its oxazinoquinoline core
consisting of three fused rings, including a fluoroquinolone ring
and an oxazine ring. This ring has a methyl group that can exist
in two optically active forms: L-isomer and R-isomer.
Levofloxacin is the L-isomer, which is a chiral version of
ofloxacin, and its antibacterial activity is higher than that of
ofloxacin.’~® Despite the similarity in structure between the
enantiomers, the arrangement of atoms, packing fraction, and
R-factor percentages differ due to the distinct space groups and
lattice points.” The aromatic and piperazine rings in both
compounds are primarily planar and chair-conformational,
respectively.””” The structure of ofloxacin and levofloxacin is
shown in Figure 1. The primary objective of this study is to
develop and present a comprehensive and comparative NMR
crystallography database for the fluoroquinolone antibiotics,
ofloxacin and levofloxacin, with a particular focus on their
atomic-level structures and dynamics. By providing a thorough
understanding of the differences in the chemical environments
and nuclear spin dynamics between these two isomers, this
database will serve as a valuable resource for researchers and
pharmaceutical scientists involved in the design and develop-

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

ment of novel, more effective antibiotics. Through the use of
advanced solid-state (SS) NMR techniques, this work aims to
contribute to the advancement of drug design and facilitate the
discovery of new antibiotics with improved eflicacy and
reduced toxicity.

SSNMR is an essential tool for determining the detailed
structure and dynamics of drug molecules'’™"” and correlating
motional dynamics with biological activity.”””" Studies have
shown that "*C nuclear spin dynamics are significantly affected
by the substitution of various functional groups with the
backbone of glucocorticoids.”’ Recent advancements in probe
technology have revolutionized NMR spectroscopy of solids,
enabling fast mechanical rotation of samples at frequencies
exceeding 100 kHz. This breakthrough has unlocked a
multitude of possibilities for the exploration of novel NMR
techniques and their application in the study of various solid
materials. These materials include globular and membrane-
associated proteins, self-assembled protein aggregates like
amyloid fibers, RNA, viral assemblies, polymorphic pharma-
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Figure 1. Structure of (a) ofloxacin and (b) levofloxacin.
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ceuticals, metal—organic frameworks, bone materials, and
inorganic substances. While the development of ultrafast-
MAS (magic angle spinning) techniques is ongoing, several
noteworthy advantages have emerged, such as the ability to
handle minute sample quantities, reduced radio frequency
requirements, shorter recycle delays for faster data acquisition,
the feasibility of proton detection, improved proton spectral
resolution, enhanced polarization transfer eficiency, and
heightened sensitivity per unit sample. As ultrafast-MAS
NMR techniques gain popularity in diverse research fields,
efforts are being made concurrently to advance instrumenta-
tion, probes, and methodologies.””** The spin—lattice
relaxation time serves as a potent tool to investigate the
spin-dynamics at each chemically unique nucleus site. In the
case of C nuclei, the spin—lattice relaxation process is
predominantly influenced by chemical shift anisotropy (CSA)
interactions and heteronuclear dipole—dipole interactions at
high magnetic field values.”*™>” Consequently, CSA parame-
ters furnish vital details regarding both the local electronic
symmetry and the motional dynamics of the molecule. NMR

crystallography can provide comprehensive structural and
dynamic information about each crystallographically distinct
nuclei site of polycrystalline and amorphous compounds,
making it more sophisticated than X-ray crystallography. The
CSA tensor is a crucial parameter for determining the local
structure and conformation of a molecule, with the principal
components of CSA parameters providing information about
the local electronic structure, chemical bonding, and dynamics.
The direction of the induced local magnetic field at a particular
nuclear site depends on the symmetry of the electron
distribution surrounding the nuclei and the spatial orientation
of the molecule with respect to the external magnetic
field.*** Hence, determining the CSA tensor through high-
resolution SSNMR experiments can generate comprehensive
structural information about a molecule. Various SSNMR
methodologies, such as two-dimensional MAS/CSA NMR
experiment,’’ SUPER(separation of undistorted powder
patterns by effortless recoupling),”’ ROCSA (recoupling of
CSA),” RNCSA (y-encoded R N¥-symmetry based CSA),*
2DMAF (two-dimensional magic angle ﬂipping),M_46
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Figure 2. (a) Chemical structure of ofloxacin. *C CP-MAS spectrum of (b) ofloxacin and (c) levofloxacin at a MAS frequency of 10 kHz. The
experiments were performed using a 500 MHz JEOL spectrometer with a contact time of 2 ms and a recycle delay of 15 s, and the number of scans

was 2048.

2DMAT (two-dimensional magic angle turning),”” and
2DPASS MAS (two-dimensional phase-adjusted spinning
sideband magic angle spinning) SSNMR experiment,”*’ can
measure the CSA tensor and monitor changes in the local
electronic distribution surrounding each chemically distinct
carbon nucleus between ofloxacin and levofloxacin.

The *C 2DPASS CP-MAS SSNMR technique has been
successfully applied to determine the principal components of
CSA parameters in biopolymers,”*™>° drug molecules,'*™*'
and co-crystals.>®

2. EXPERIMENTAL SECTION

For this study, the active pharmaceutical ingredients (APIs) of
both ofloxacin and levofloxacin were procured from Sigma-
Aldrich. The experimental procedures involved the use of
advanced NMR techniques such as *C CP-MAS SSNMR,
'H-"C FSLGHETCOR, and "F MAS SSNMR, which were
performed using a Bruker Avance Neo 600 MHz NMR
spectrometer equipped with a 3.2 mm double-resonance MAS
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probe. The MAS frequency used for *C CP-MAS SSNMR and
'H-BC FSLGHETCOR experiments was 10 kHz, while for
F MAS SSNMR, it was 24 kHz. Additionally, the '*C spin—
lattice relaxation time was measured using the method outlined
by Torchia®” on a JEOL ECX 500 MHz NMR spectrometer
fitted with a 3.2 mm JEOL double-resonance MAS probe at a
MAS frequency of 10 kHz. The specific conditions for the *C
CP-MAS SSNMR experiment and spin—lattice relaxation
experiment were previously discussed in a published
article.'"!

'"H-"3C frequency-switched Lee—Goldburg heteronuclear
correlation (FSLGHETCOR) experiment’® is performed at a
MAS frequency of 10 kHz. It is carried out with a 3.2 mm
double-resonance probe with the 600 MHz Bruker Avance
Neo instrument. The CP contact time was 200 gs. The FSLG
homo-nuclear decoupling was used in the proton channel
during t1 increments, and the block size of the FSLG pulse was
10 ps which is very small compared to the MAS period. During
acquisition, TPPM hetero-nuclear decoupling was used. The

https://doi.org/10.1021/acsomega.3c03406
ACS Omega 2023, 8, 24093—-24105
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Figure 3. "’F MAS SSNMR spectrum of (a) ofloxacin and (b) levofloxacin. The experiments were performed using a 600 MHz Bruker Avance Neo
spectrometer with a recycle delay of 10 s, and the number of scans was 32. The MAS frequency was 24 kHz.

relaxation delay of this experiment was 15 s. The details of the
3C CP-MAS 2DPASS SSNMR experiment are also discussed
in previously published articles.""~*'

The 2D PASS CP-MAS SSNMR experiment employs a
pulse sequence that involves five 7 pulses with fixed total
duration and time intervals determined by PASS-equations, as
reported by Antzutkin et al."” The '>C nucleus is subjected to a
90° pulse of length 3.3 us, followed by a relaxation delay of 15
s. Thirteen steps of cogwheel phase cycling COG13 (0, 1, 0, 1,
0, 1, 6) were applied, resulting in a total of 4030 scans (an
integral multiple of 13).°>°" The coherence transfer pathway
for this experiment was previously reported by Ghosh et al.>’
In the indirect dimension, acquisition of sixteen data points is
required as the number of sidebands is less than sixteen. The
CSA tensor was determined using the intensity of the
sidebands with the aid of the graphical method.”> The *C
2DPASS CP-MAS SSNMR experiments were conducted at
two different MAS frequencies, specifically 600 Hz and 2 kHz.
The JEOL commercial MAS controller was utilized to stabilize
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the MAS frequency at (600 + 4) and (2000 + 4) Hz. The
principal components of CSA parameters are determined by
utilizing HBA (http ://anorganik.uni-tuebingen.de/klaus/soft/
index.php?p=hba/hba) and RMN (https://www.physyapps.
com/rmn-intuitive-signal-processing-physical-sciences) soft-
ware.

CSA interaction provides valuable insights into the
molecular structure and dynamics. In static powder samples,
CSA can be directly measured by recording powder patterns.
However, these experiments suffer from limitations such as
poor sensitivity and spectral overlap. To address these
challenges, various methods have been developed.**™* Most
of these recoupling methods rely on analyzing spinning-
sideband or powder patterns to extract the CSA parameters.
The 2DPASS experiments are not well-suited for CSA
measurements in strongly coupled systems since they are
unable to efliciently suppress homonuclear dipolar interactions.
In our case, we are specifically measuring CSA parameters of
13C carbon nuclei with natural abundance, hence the

https://doi.org/10.1021/acsomega.3c03406
ACS Omega 2023, 8, 24093—-24105
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Figure 4. Two-dimensional "H—">*C HETCOR SSNMR spectra of (a) ofloxacin and (b) levofloxacin. The experiments were performed using a 600
MHz Bruker Avance Neo spectrometer with a contact time of 200 us and a recycle delay of 15 s, and the number of scans was 64. The MAS

frequency was 10 kHz.

homonuclear dipole—dipole interaction has no role in the
observed spinning sideband pattern. However, heteronuclear
dipole—dipole interactions, specifically the "H—'3C hetero-
nuclear dipolar coupling, need to be decoupled. This can be
achieved by utilizing the SPINAL 64 decoupling sequence.

The 2DPASS sequence is employed for CSA parameter
measurements, but it is important to note some potential
sources of error. One such source is the unoptimized
heteronuclear decoupling sequence during t2 evolution,
which can introduce inaccuracies. Additionally, the unstable
spinning frequency can also impact the reliability of 2DPASS
experiments. Lastly, fluctuations in temperature can also affect
the measurement of CSA parameters using the 2DPASS
experiment.

24097

3. RESULTS AND DISCUSSION

3.1. 3C CP-MAS SSNMR Spectrum of Ofloxacin and
Levofloxacin. Figure 2 portrays the *C CP-MAS SSNMR
spectrum of ofloxacin and levofloxacin, wherein the resonance
lines are assigned by following the article published by Al-
Omar.”’ The intensity of '3C CP-MAS resonance lines
associated with different carbon nuclei in a compound is
influenced by several factors. The variation in the number of
protons surrounding each carbon nucleus and different line
widths influence the intensity of '*C CP-MAS resonance lines.
Additionally, the mobility of these carbon nuclei, as reflected
by their spin—lattice relaxation time, further contributes to the
differences observed in resonance line intensity. The mobility
of carbon nuclei is particularly significant in the context of
cross-polarization efliciency as it affects the strength of the
"H—-"3C heteronuclear dipolar coupling.

https://doi.org/10.1021/acsomega.3c03406
ACS Omega 2023, 8, 24093—-24105
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Figure S. 2DPASS CP-MAS SSNMR spectrum of (a) ofloxacin and (b) levofloxacin. The experiments were performed using a S00 MHz JEOL
spectrometer with a contact time of 2 ms and a recycle delay of 15 s, and the number of scans was 4030 (an integral multiple of 13 as 13-step
cogwheel-phase cycling was used to perform the 2DPASS experiment). The MAS frequencies were 2 kHz and 600 Hz.

The isotropic as well as anisotropic chemical shift (which
will be discussed in the next section) is observed to be the
highest for carbonyl group carbons C1S and C16 due to the
presence of polar bonds and the magnetic shielding/
deshielding effect. The lack of symmetry in the carbonyl
group leads to large anisotropic chemical shifts which are
manifested due to the presence of three distinct magnetic
susceptibilities along the three directions of the principal axis
system (PAS). This is also the origin of the two anisotropic
susceptibilities, one being parallel and the other being
perpendicular to the magnetic field. Another contributing
factor to the large value of the chemical shift is the induced
polarization of the electron charge distribution surrounding
C15 and C16 nuclei owing to the polar bond. The strength of
the secondary magnetic field is modified depending on the
direction of the induced polarization. The isotropic-chemical
shift of C6 nuclei is also found to be large owing to its bonding

with the electro-negative fluorine atom. The electron cloud
surrounding the C6 carbon nuclei is attracted by the electro-
negative atom, which leads to deshielding. The resonance line
of C6 nuclei splits owing to the J-coupling. The isotropic
chemical shift is observed to be the lowest for carbon nuclei
residing on the piperazine ring, oxazine ring, and methyl group
carbon. Conversely, isotropic chemical shifts are found to be
substantially large for carbon nuclei residing on the quinolone
ring. Typically, carbon nuclei situated on the aromatic ring
exhibit significant isotropic and anisotropic chemical shifts due
to the magnetic shielding and deshielding effects stemming
from the ring current. As the 7 electrons of the aromatic ring
orbit around the nucleus in a clockwise direction, a secondary
magnetic field is generated along the external magnetic field’s
direction, while the rotation of the 7 electrons in the counter-
clockwise direction causes the secondary magnetic field to be
induced in the opposite direction of the external magnetic

https://doi.org/10.1021/acsomega.3c03406
ACS Omega 2023, 8, 24093—-24105
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Figure 6. Spinning CSA sideband pattern of crystallographically different carbon nuclei sites of ofloxacin. The span (Q = §;; — 833) of the CSA
pattern of C6 nuclei (the C6 atom is attached with the fluorine atom) is small due to negative hyperconjugation.

field. The effects of these local magnetic fields are known as
magnetic shielding and deshielding effects, respectively.

Figure 3 shows the "F MAS NMR spectrum of both
ofloxacin and levofloxacin. Interestingly, despite having only
one fluorine atom, levofloxacin displayed two distinct peaks in
the F spectrum of hemihydrates, as previously noted by
Gorman et al.®® Levofloxacin, being the levo-isomer of
ofloxacin, has the ability to crystallize into two different
hydrate forms: the monohydrate and the hemihydrate. The '°F
MAS SSNMR spectrum reveals that the hemihydrate form of
levofloxacin was utilized for the experiments. The presence of
two distinct resonance lines in the spectrum can be attributed
to the existence of two distinct molecular conformations within
the crystal structure, which arises from the occurrence of two
molecules in the asymmetric unit cell, as previously observed
by Gorman et al.”® Although ofloxacin has only one fluorine
atom, the presence of polymorphism leads to the appearance of
small resonance lines alongside the main resonance line in the
F MAS spectrum (as shown in Figure 3a).°*®

3.2. 3C—"H FSLGHETCOR Spectrum of Ofloxacin and
Levofloxacin. The molecular motional dynamics strongly
impact the "H—"C heteronuclear dipolar coupling, which can
be examined using the 2D 'H—'C proton-detected
FSLGHETCOR spectrum, as depicted in Figure 4. The
assignment of 'H and "3C resonance lines is done by following
the article by Al-Omar.>” A relatively strong "H—"*C dipolar
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coupling indicates slower molecular dynamics. In ofloxacin,
heteronuclear correlations between C15 and H7 nuclei and
C13 and H12 nuclei are observable (as depicted in Figure 4),
yet these are absent in levofloxacin. The close spatial proximity
between C4 and H12, and between C4 and H17, suggests the
proximate location of the piperazine and oxazine rings.

3.3. Determination of Principal Components of CSA
Parameters of Ofloxacin and Levofloxacin. The present
study showcases Figure S, which exhibits the 2DPASS CP-
MAS SSNMR spectrum of (a) ofloxacin and (b) levofloxacin.
This spectrum demonstrates the correlation between the
isotropic and anisotropic chemical shifts of the two
enantiomers. The direct dimension portrays the purely
isotropic spectrum, also known as the “infinite spinning
frequency spectrum”, whereas the indirect dimension repre-
sents the anisotropic spectrum. The CSA measurements on
ofloxacin and levofloxacin, presented in Figures 6 and 7,
display the “negative hyperconjugation” effect for C6 nuclei
sites. Both of these fluoroquinolones possess fluorine attached
to their C6 carbon nuclei. The CSA sideband pattern of C6
nuclei, as shown in Table 1, displays substantially lower “span”
and “anisotropy” values than other carbon nuclei residing on
the quinolone ring. In the phenomenon known as “negative
hyperconjugation”, the electron density is transferred from
carbon—carbon (C—C) or carbon—hydrogen (C-H) o
orbitals to the carbon—fluorine (C—F) antibonding ¢* orbital.
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Figure 7. Spinning CSA sideband pattern of crystallographically different carbon nuclei sites of levofloxacin. The span (Q = §,, — &;;) of the CSA
pattern of C6 nuclei (the C6 atom is attached with the fluorine atom) is small due to negative hyperconjugation.

This transfer occurs because the C—F antibonding orbital acts
as an electron acceptor, while the C—C or C—H bonding
orbital acts as an electron donor. As a result of this electron
transfer, the electron density surrounding C6 is localized,
which accounts for the nuclear shielding effect. This local-
ization of electron density leads to a reduction in the effective
magnetic field experienced by C6 nuclei, resulting in lower
values of the principal components of CSA parameters. The
presence of a fluorine atom at the C6 position enhances the
gyrase inhibition and cell penetration abilities of quinolones,
making them effective against microorganisms that are resistant
to other antibacterial agents.' > The spinning CSA sideband
pattern on C6 nuclei of ofloxacin is nearly axially symmetric,
while it is highly asymmetric for levofloxacin, indicating the
dissimilarity in the electronic distribution surrounding C6
nuclei in ofloxacin and levofloxacin.

The spinning CSA sideband pattern furnishes critical
insights into the electron density distribution enveloping the
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nucleus, molecular motion, and the orientation of the molecule
in relation to the local magnetic field. A substantial disparity in
the “span (Q = §;; — &8;3)” of the spinning CSA sideband
pattern was observed for C15, C10, and C7 nuclei between
ofloxacin and levofloxacin. While the spinning CSA sideband
pattern of C4 nuclei was axially symmetric (with the anisotropy
parameter § = (65 — 6,,)/(653 — &) being zero) for
ofloxacin, it exhibited a high degree of asymmetry for the same
nuclei in levofloxacin. A remarkable difference in the
anisotropy parameter (A8 = 833 — (8;; + 65,)/2) of C7 nuclei
was also noted between ofloxacin and levofloxacin. Ofloxacin
has an anisotropy parameter of 139.9 ppm, while levofloxacin
has —200.4 ppm, signifying that the maximum separation
distance lies on the opposite sides of the center of gravity of C7
nuclei for these enantiomers. It is also worth mentioning that
the value of ,, of C135 is shifted toward the higher frequency
side in ofloxacin compared to that in levofloxacin. The &,
value of the keto group carbon reflects the hydrogen bonding
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Figure 8. *C magnetization decay curve of ofloxacin and levofloxacin at (a) C11 and (b) C16 carbon nuclei sites. (c) It is clear from the bar
diagram that except at C8 carbon nuclei sites, the spin—lattice relaxation rate is increased in levofloxacin compared to that in ofloxacin. The
experiments were performed using a 500 MHz JEOL spectrometer with a contact time of 2 ms and a recycle delay of 15 s, and the number of scans

was 2048. The MAS frequency was 10 kHz.

strength associated with the group, which decreases when it
shifts toward the higher frequency side.”>**

3.4. Determination of the Site-Specific Spin—Lattice
Relaxation Time of Ofloxacin and Levofloxacin. The *C
spin—Ilattice relaxation time, as depicted in Figure 8 and Table
2, reveals that the motional dynamics is larger for all the nuclei
sites of levofloxacin, except for C8, in comparison to that of
ofloxacin. Notably, the spin—lattice relaxation time of carbon
nuclei residing on the piperazine and oxazine rings of
levofloxacin is significantly reduced compared to that of
ofloxacin, which may account for the higher bioavailability of
levofloxacin. This phenomenon is reminiscent of the
correlation between the potency of steroids and the spin—
lattice relaxation time, as previously established by SSNMR
measurements on glucocorticoids.”’ The glucocorticoids with
increased potency due to the substitution of various functional
groups exhibited shorter spin—lattice relaxation times,
indicating that there may exist a correlation between the
potency of the drug and nuclear spin dynamics.'

Several studies have reported that the antibacterial activity of
levofloxacin is significantly higher than that of ofloxacin.” In
this study, we measured the spin—lattice relaxation time at
each crystallographically distinct carbon nuclei site of both
ofloxacin and levofloxacin and found that the spin—lattice
relaxation time is shorter in ofloxacin compared to that in
levofloxacin, except for the C8 nuclei. The spin—lattice
relaxation time is highly correlated with the motional dynamics
of the molecule, and it has been shown by the SSNMR
measurement that molecular degrees of freedom are strongly
303335 a5 well as bioavailability.”!

linked to solubility
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Table 2. Spin—Lattice Relaxation Time and Local
Correlation Time of Ofloxacin and Levofloxacin at
Crystallographically Different Carbon Sites

ofloxacin levofloxacin
carbon spin—lattice relaxation carbon spin—lattice relaxation
nuclei time (s) nuclei time (s)
C1s 331 + 10 C1S 288 + 10
Cl16 353 + 10 Cl16 290 + 10
Ceé 350 + 10 Cé 320 £ 10
C13 210 £ 5 C13 162 + 5
C10 330 £ 10 C10 280 = 10
Cs 291 + 10 Cs 286 + 10
Cc9 294 + 10 C9 262 + 10
C8 302 + 10 C8 370 = 10
Cl4 358 + 10 C14 345 + 10
Cc7 358 £ 10 Cc7 345 £ 10
Cl1 264 + 10 C11 41 +£3
C2,C3 273 £ 10 C2,C3 94 £S5
C12 273 + 10 C12 20 £2
C4 60 + S C4 26 £2
C1 225 £ 10 C1 134 =5
C17, C18 160 + 10 C18 131 +£5
C17 139 5

Moreover, bioavailability is also closely tied to the bioactivity
of the drug molecule. Therefore, it is reasonable to suggest that
there may be a correlation between the nuclear spin—lattice
relaxation time and the bioactivity of the drug and that the
gradual decrement of the spin—lattice relaxation time of
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levofloxacin compared to that of ofloxacin may be one of the
molecular origins of the higher antibacterial activity of
levofloxacin. These findings have important implications for
the design and development of new antibiotics with improved
efficacy.

4. CONCLUSIONS

The NMR relaxometry revealed that the spin—lattice relaxation
time is shorter in ofloxacin compared to that in levofloxacin,
except for the C8 nuclei. The spin—lattice relaxation time,
which is strongly linked to molecular motion, has been shown
to be highly correlated with solubility and bioavailabil-
ity.”"*%%>> Furthermore, bioavailability is closely associated
with the bioactivity of the drug molecule. Based on these
findings, it is reasonable to suggest that there may be a
correlation between nuclear spin—lattice relaxation time and
the bioactivity of the drug and that the gradual decrement of
the spin—lattice relaxation time of levofloxacin compared to
that of ofloxacin may be one of the molecular origins of the
higher antibacterial activity of levofloxacin.

The variations in the CSA parameters for certain carbon
nuclei sites like C4, C7, C10, and C1S suggest that the local
electronic environment surrounding certain nuclei of the two
enantiomers is different. The heteronuclear correlation
between C15 and H7 nuclei and C13 and HI12 nuclei is
observed in ofloxacin, but the 'H—!3C correlation among those
nuclei is absent in levofloxacin.

These types of variations in the local electronic configuration
and the nuclear spin dynamics between the two enantiomers
have been thoroughly studied for the first time by applying
SSNMR methodologies. The correlation between the bioavail-
ability and nuclear spin dynamics can also be established by
NMR relaxometry. Such an in-depth analysis of the structure
and dynamics of antibiotics at the atomic-scale resolution using
NMR crystallographic approaches will prove beneficial for
advanced drug design.
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