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ABSTRACT: *C NMR longitudinal relaxation times and nuclear Overhauser enhancements were measured for
two diastereomers of the 1-acetoxyethyl ester of cefuroxime at two magnetic fields. The relaxation parameters of
13C nuclei located in the rigid core of the cefuroxime ester showed inconsistency within the frame of the relaxation
model assuming axially symmetric overall reorientation and C—H bond lengths derived from the PM3 method.
The consistency of relaxation data was restored allowing for the increase in C—H bond lengths reflecting the
influence of vibrational corrections. The diastereomers, exhibiting differences in biological activity, differ in the '3C
relaxation parameters of the side ester moiety. This difference was analysed with the aid of the model-free approach.
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INTRODUCTION

The 1-acetoxyethyl ester of cefuroxime (ACC), a
prodrug of the antibiotic cefuroxime,'~® is shown in
Scheme 1. ACC occurs in the form of two diastereo-
mers, denoted in this paper as R and S. This kind of
isomerism is caused by the presence of an asymmetric
carbon atom with R or S configuration at position 15 in
the ester group in the molecule containing several asym-
metric centres. The diastereomers exhibit substantial
differences in chemical and biological activities.*

The different activities of these diastereomers may be
related to conformational differences in solution. The
nuclear Overhauser effect observed in 'H NMR spectra
is well suited to solving structural and/or conforma-
tional problems.®” In the case of the ACC diastereo-
mers, however, no interactions among 'H nuclei located
in different side groups have been observed in both the
laboratory and rotating frame at 9.4 and 14.1 T. Also,
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diastereomeric chemical shift differences in the !3C
NMR spectra for the majority of carbons are smaller
than 0.1 ppm. Only carbons in proximity to the chiral
C-15 atom display larger differences (see Table 1). They
can be, however, attributed to the inherent sensitivity of
13C chemical shifts to the local structure differences.®-°

Other NMR parameters which depend strongly on
the molecular structure and dynamics have proved to
be the longitudinal relaxation times of !3C nuclei,
T,(**C), usually supplemented by nuclear Overhauser
enhancements, fcg,.”'° In this work, '*C relaxation
techniques were applied in the comparative study of the
R and S isomers.

RESULTS AND DISCUSSION

Experimental T; and 5 values obtained for both ACC
diastereomers at 9.4 and 14.1 T are given in Table 1.
Since the cross peaks in NOESY spectra at both mag-
netic fields showed the same polarity as diagonal peaks
(negative NOE regime, ie. wyt, > 1.12),” it can be
assumed that all experiments were carried out outside
the extreme narrowing region.!! This is confirmed by
the T,(!3C) wvs. B, dependence for carbon nuclei
expected to relax exclusively via a dipolar mechanism
(e.g. C-2, C-6, C-7) and # values markedly smaller than
Hmax = yH/zyC = 1'988'12

Relaxation of ring carbons

If one wishes to interpret the relaxation data quantitat-
ively, a realistic model of molecular motion has to be

CCC 0749-1581/98/080559—-06 $17.50



560 A. EJCHART ET AL.

Table 1. "3C chemical shifts, longitudinal relaxation times (accuracy <3%) and NOE factors
(accuracy 10%) in R and S diastereomers of the 1-acetoxyethyl ester of cefuroxime

T, (s) n
o (ppm) 94T 141 T 94T 141°T
Carbon R S R S R S R S R S
C-19 19.24 19.11 0.415 0.486 0.468 0.541 1.64 1.61 1.62 1.59
C-18 20.66 20.68 1.28 1.44 145 1.60 0.96 1.10 0.79 0.84
C-2 26.21 26.10 0.128 0.132 0.180 0.171 0.84 0.94 0.68 0.59
C-6 57.69 57.63 0.219 0.222 0.303 0.300 0.83 0.89 0.64 0.55
C-7 58.94 59.03 0.214 0.222 0.300 0.297 0.79 0.89 0.60 0.53
C-9 62.09 62.06 0.150 0.153 0.205 0.197 1.05 1.15 0.89 0.84
C-25 62.47 62.49 0.89 0.95 0.99 0.99 0.81 0.90 0.68 0.63
C-15 88.30 89.26 0.338 0.359 0.448 0.461 1.05 1.13 0.80 091
C-4 112.18 112.21 0.246 0.242 0.292 0.289 0.73 0.84 0.58 0.54
C-¥ 113.03 113.07 0.232 0.233 0.290 0.288 0.65 0.72 0.47 0.44
C-4 124.37 124.27 1.55 1.58 0.98 0.95 0.06 0.09 0.03 0.03
C-3 127.94 127.51 0.894 0.910 0.606 0.613 0.26 0.24 0.07 0.01
C-22 144.99 145.02 1.32 1.34 0.80 0.79 0.08 0.05 0.00 0.00
C-2 145.47 145.47 2.81 291 1.89 1.85 0.20 0.18 0.06 0.07
C-5 145.56 145.59 0.237 0.233 0.293 0.272 0.66 0.75 0.49 0.42
C-11 156.42 156.44 225 223 1.70 1.69 0.54 0.49 0.24 0.15
C-13 159.28 159.50 1.63 1.73 1.01 1.02 0.13 0.13 0.02 0.02
C-21 161.72 161.75 1.38 1.38 0.92 0.90 0.16 0.16 0.06 0.03
C-8 163.61 163.97 1.23 1.27 0.80 0.83 0.12 0.12 0.05 0.02
C-17 168.70 168.80 2.16 2.57 1.47 1.77 0.21 0.21 0.07 0.07

assumed. It should take into account that elongated
ACC molecules are expected to reorient anisotropically
and the dipolar contribution to the total relaxation
cannot be simply calculated with the aid of an # value
away from the extreme narrowing limit without prior
knowledge of the correlation time.

Despite these problems, carbons C-2, C-6 and C-7
located within the rigid core of the ACC molecule are
expected to relax exclusively via a dipolar mechanism to
directly attached protons (T; = T; pp) With a corre-
lation time characterizing the overall tumbling. The
dipolar longitudinal relaxation times T; p, and nuclear
Overhauser enhancements # for carbon nuclei are given
by the equations!3:14

T{bp=0.1D%y
x [3J(wc) + J(wyg — wc) + 6J(wy + )] (1)
n= ('VH/VC)(O']-DéH Ty)
x [6J(wy + wc) — J(wy — ©d)] 2
The spectral density functions, J(w,), depend on the
assumed model of motion. Woessner!> developed a
theory to describe the case of anisotropic reorientation
of a rigid molecule. For axial symmetry appropriate
spectral density functions are given by Eqns (42)—(44) in

Ref. 15. The dipolar coupling constant, Dy, is
expressed by

Dcy (rad s~ 1) = —HoVYuVc h/(SanéH) 3)

where roy denotes the effective, vibrationally averaged
C—H distance,'® defined according to rey = <{rcgy '3,
and the other symbols have their usual meanings.

© 1998 John Wiley & Sons, Ltd.

A detailed knowledge of the molecular geometry is
necessary before performing calculations on the relax-
ation parameters of anisotropically reorienting mol-
ecules. The geometries used in this paper were obtained
with the PM3 method (details are given in the Experi-
mental section). Optimized conformations of both dia-
stereomers may be well approximated by a prolate
axially symmetric ellipsoid. According to the Woessner
theory, molecular tumbling of the axially symmetric top
is described by two rotational diffusion constants, D
and D, .'> Two additional parameters to be determined
are polar coordinates, § and ¢, which define the relative
orientation of the diffusion and moment of inertia
tensors. These four parameters are obtained in the mini-
mization procedure of the target function F:

F = Z {[Tl,exp - ’1-'1,<:alc)/A’1-'1]2

+ [(nexp - ncalc)/A":lz} (4)

where summation is over different carbon sites and
magnetic fields. AT; and An are the accuracies of the
experimentally determined relaxation parameters. The
C—H bond lengths appearing in the expression describ-
ing Tj ., Were taken from the PM3 geometry and were
close to 0.111 nm (Table 2).

The minimization results were unsatisfactory. The
calculated n values were systematically ca. 50% larger
than the experimental values to an extent much exceed-
ing the experimental accuracy [Fig. 1(B)]. Diffusion
constants and effective correlation times calculated
according to Eqn (5)'>'7 are given in Table 2. It is
noteworthy that similar problems with the repro-
ducibility of NOE results for 13C and !°N nuclei away
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Table 2. Parameters for the overall tumbling of R and S diastereo-
mers of the 1-acetoxyethyl ester of cefuroxime obtained in the opti-
mization procedures with fixed and fitted C—H bond lengths

ey from PM3 Ty fitted
Parameter R S R S

D, (108 rad s 1Y) 6.9 + 0.7 6.1+ 0.7 37+03 38+03
D, (108 rad s 1) 4.6 + 0.6 41+ 0.6 2.6+ 0.2 27+0.2
0, o (°) —65, —6 80, 81 -29, —-21 -39, 36
d(C-2, H) (nm) 0.1109 0.1160 0.1157

0.1110 0.1161 0.1159
d(C-6, H) (nm) 0.1112 0.1131 0.1130
d(C-7, H) (nm) 0.1116 0.1135 0.1134
Tegr (PS) 320 + 30 360 + 40 570 + 30 560 + 30

from the extreme narrowing regime have been reported
previously.!®-21

T = 3/(5D + 13D)) )

Inconsistency in the longitudinal relaxation times and
NOE factors for '3C nuclei within the assumed relax-
ation model may be efficiently removed allowing for
variation of the C—H bond lengths as presented sche-
matically in Fig. 2. The dipolar relaxation mechanism
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Figure 1. Comparison of experimental and calculated
values of (A) '3C longitudinal relaxation times and (B)
NOEs for the R diastereomer of 1-acetoxyethyl ester of
cefuroxime. Calculations were performed using appro-
priate parameters given in Table 2. O, Fixed C—H bond
lengths; 7, fitted C—H bond lengths.

© 1998 John Wiley & Sons, Ltd.

depends strongly on the distance between relaxing
nuclei, as follows from Eqns (1) and (3). Therefore, the
dipolar relaxation of non-quaternary carbons is domi-
nated by the interactions with directly attached protons.
A smaller ry value corresponds to a shorter correlation
time 7, for a given 7T; value [horizontal line in Fig.
2(A)]. In turn, a shorter correlation time 7, corresponds
to a larger # value provided that the molecular tum-
bling is outside the extreme narrowing limit (vertical
lines in Fig. 2).

It is widely accepted in relaxation calculations that
one can assume a C—H bond length for aliphatic
carbons of 0.109 nm, as obtained from diffraction data.
Emsley and Lindon?? noted, however, that each method
of determining molecular structure gave a different
average of the internuclear distances. Moreover, Diehl
and Niederberger?® proved that for direct C—H bonds
the vibrational corrections are extremely important.
The average {rc >~ '/® may be a few per cent greater
than rqy values based on rotational spectra or electron
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Figure 2. Dipolar longitudinal relaxation times T,('3C)
and nuclear Overhauser enhancements ¢, calculated
for a C—H pair at B, = 14.1 T. Isotropic reorientation of
the C—H vector was assumed.
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diffraction data.?* Therefore, it is well justified to vary a
C—H bond length in order to restore consistency of T;
and NOE data. One should stress that this effect
remains unnoticed in the extreme narrowing limit, often
resulting in the determination of false values of corre-
lation times.

A second optimization was performed, fitting four dif-
fusion parameters and two factors representing elon-
gation of rcy in methylene (C-2) and methine (C-6, C-7)
groups. In order to obtain a very good fit for all relax-
ation parameters, it was sufficient to increase rqy by
2-4%. At the same time, diffusion constants and 7.
changed by more than 60% (Table 2). The quality of
this fit in comparison with the fit obtained without
C—H bond elongation is presented in Fig. 1.

No meaningful difference in the overall tumbling of
ACC diastereomers was observed, but a difference in
their biological activities was expected to be manifested
in motions of side groups, particularly the 1-
acetoxyethyl ester substituent.

Internal rotation of side groups

Qualitative interpretation of the diastereomeric differ-
ences in T;s and NOEs for carbons C-15, C-17, C-18
and C-19 in the ester moieties is fairly straightforward.
The smaller T; and NOE (only for C-15 and C-18)
values observed for R diastereomer indicate longer
effective correlation times at a given site as compared
with the S diastereomer. Since the correlation times for
tumbling of the rigid central part of the ACC molecule
in both diastereomers are equal, one can conclude that
internal motions of the ester moiety in the R diastereo-
mer are slower and/or more restricted than those in the
S diastereomer, presumably owing to the intramolecular
steric interactions.

A quantitative description of these relaxation data
calls for a model of motion in which multiple internal
rotations are superposed on the anisotropic overall
molecular tumbling. Theoretically available,?>-2¢ this
approach requires far too many parameters to be prac-
tically feasible. Alternatively, the model-free approach
(MFA) of Lipari and Szabo,?” not so demanding in the

number of parameters, may be applied. Formally, the
MFA accounting for anisotropic overall motion should
be used. Nevertheless, it was shown recently?® that the
MFA formalism for isotropic motion well described the
cases of moderate anisotropy up to r =D /D, = 2.0.
Since the r values for the R and S diastereomers are
both equal to 1.4, it is assumed that isotropic overall
tumbling well represents the overall motion of ACC
molecules in the MFA.
In the MFA formalism, the spectral density function
is
J(w) = $%t,/(1 + 0*t.2) + (1 — S?)t/(1 + w?t?) (6)

with t=! =t + 7. !. The overall motion is described

by a correlation time 7, and internal motion(s) by a gen-
eralized order parameter S which is a measure of the
degree of spatial restriction of the motion and an effec-
tive correlation time t,,, corresponding to the rate of
these motions.?”

In the optimization procedure, which gives the MFA
parameters, the 7, values characterizing the overall
motion were taken from the results of the motional
analysis of ring carbons (t.; in Table 2) and the two
remaining parameters, S2 and t,,,, were fitted. The S?
value for C-15 in the R diastereomer is slightly larger
than that in the S diastereomer (Table 3), possibly indi-
cating a smaller motional freedom of the C-15—H-15
vector. The inaccuracies of 7, values for C-15 are rela-
tively large and drawing conclusions from their differ-
ence does not seem to be well justified. In contrast, the
MFA parameters for the C-19 methyl carbon differ in
T Tather than in S?, suggesting slower internal motions
in the R diastereomer. The MFA-derived results for
C-15 and C-19 might indicate that internal motions of
the central part of the ester moiety in the R diastereo-
mer are slower and more restricted.

The spin rotation mechanism'! may play a role in the
total relaxation of the two methyl carbons C-18 and
C-19. Therefore, the equation describing T, requires
modification:

Ti'=Tibp+ Tk ™

Appropriate changes should appear also in Eqns (2) and
(4).

Table 3. Model-free approach parameters for carbon nuclei located in
side groups of R and S diastereomers of the 1-acetoxyethyl ester of cefu-

roxime
Carbon Diastereomer Tine (DS) R Tisr 7Y
C-15 R 48 + 12 0.54 + 0.03
S 64 + 10 047 + 0.02
C-19 R 29 +2 0.05 + 0.01
S 23+2 0.05 + 0.01
C-18 R 34+ 06 0.02 + 0.01 0.22 + 0.06
S 3.7+05 0.02 + 0.01 0.17 + 0.05
C-9 R 68 + 11 0.54 + 0.03
S 79 + 10 0.53 +0.03
C-25 R 43+0.8 0.03 + 0.01 0.44 + 0.09
S 51+07 0.02 + 0.01 0.50 + 0.07

© 1998 John Wiley & Sons, Ltd.

MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 559-564 (1998)



13C RELAXATION STUDY OF CEFUROXIME ESTERS 563

It has been found that T, sz contributes significantly
(ca. 30%) to the total relaxation of the terminal C-18
carbon but is negligible in the total relaxation of the
C-19 nucleus. Although diastereomeric differences in
experimental relaxation times for C-18 are meaningful,
their MFA parameters do not differ. In our opinion,
this is an example of the low sensitivity of the MFA
formalism to certain sets of experimental relaxation
parameters. Similar findings have already been report-
ed.29’3°

Experimental relaxation parameters for C-9 and
C-25, carbon nuclei situated in two remaining side
groups, exhibit no diastereomeric differences. Therefore,
it is obvious that their MFA parameters are the same
within the accuracy limits (Table 3). It is noteworthy
that the methylene carbon C-9 shows a generalized
order parameter value close to that of the C-15 nucleus
and no measurable spin rotation, whereas this mecha-
nism constitutes more than 40% of the total relaxation
of the terminal methyl carbon C-25.

CONCLUSIONS

For heteronuclei, whose relaxation is dominated by
dipolar interactions with directly attached proton(s), the
appropriate vibrationally averaged bond lengths,
usually a few per cent greater than widely used values,
should be applied in order to remove discrepancies
between relaxation times and NOEs appearing away
from the extreme narrowing region.

Our results show that !3C relaxation measurements
differentiate R and S diastereomers of the 1-
acetoxyethyl ester of cefuroxime in which 'H nuclear
Overhauser effect experiments failed and chemical shift
differences were difficult to interpret. It is known that
these esters differ in their in biological activity, i.e. the
rate of the enzymatic hydrolysis and bioavailability;*>
however, these facts cannot be directly correlated. The
MFA seems not to be sensitive enough to interpret fully
all experimentally observed diastereomeric differences in
T s and NOEs resulting from multiple internal motions
superposed on the overall reorientation of the molecule.

EXPERIMENTAL

The synthesis and separation of the 1-acetoxyethyl ester
of cefuroxime isomers has been described elsewhere.®!
Two separate samples of R and S diastereomers were
prepared in Me,SO-dg (euriso-top); concentrations
were 200 mM. All NMR measurements were carried out
on Bruker AMX 400 (B, = 9.4 T) and AMX 600 (B, =
14.1 T) spectrometers and 'H and **C chemical shifts
were referenced to TMS. The temperature was mea-
sured before and after each measurement with an ethyl-
ene glycol sample and was 292.9 K.

DQF-COSY,*? NOESY??® and ROESY?**3% time-
domain data (4096 x 512) were obtained with use of the
TPPI method®® to provide frequency sign discrimi-

© 1998 John Wiley & Sons, Ltd.

nation in the F; dimension. Sixteen scans for each FID
and a relaxation delay of 4 s were used. Mixing times
for NOESY and ROESY spectra at both magnetic fields
were 400 ms; the field strength for spin lock applied
within the ROESY mixing time was 2.6 kHz.

The complementary data from COSY and NOESY
spectra were used to assign all 'H resonances. The
HMBC?7 sequence rather than HMQC or HSQC was
used to correlate 'H and !3C resonances owing to the
large number of quaternary carbon atoms in the ACC
molecule. C-22 and C-2' resonances were discriminated
with their T; and 5 values. The HMBC spectrum was
measured at 9.4 T in the magnitude mode using a time-
domain data size of 2048 x 512, a relaxation delay of
2.2 s and 64 transients per FID.

13C longitudinal relaxation times T, were measured
with the fast inversion-recovery method*® (relaxation
delays 6.5 and 3.6 s at 9.4 and 14.1 T, respectively). Ten
different evolution times from 0.001 to 5.5 s (9.4 T) or 4
s (14.1 T) were employed and T; values were calculated
using a three-parameter non-linear least-squares fit.>°
The nuclear Overhauser enhancements 7y, were mea-
sured by a standard method.*® Three or more indepen-
dent measurements were carried out for all relaxation
parameters.

The geometries of the R and S isomers used in this
paper were obtained with the semi-empirical PM3
method.*!#? After energy minimization of the standard
PM3 geometry, the ester group was rotated around the
COO—R bond in steps of 20°. No significant difference
was observed in the rotation barriers on comparing the
R and S isomers the values being 35 kJ mol ™! for both.
In general, the calculated bond lengths were consistent
with the literature x-ray data for cephalosporins.*3—*°
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