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The facility of implementation reached by solid-state nuclear magnetic resonance (sSNMR) spectroscopy
makes this technique increasingly popular in pharmaceutical sciences, and more specifically for the dosage
of active principles in pharmaceutical formulations, since about 80% of the formulations currently avail-
able on the market are present in the solid form. In this case, analysis by MAS NMR allows faster and
simplified protocols, as a solubilization step is not required. However, the specificity of the ssSNMR exper-
iments should be explicitly taken into account when designing an accurate measurement procedure. In
this work we show that, by using a combination of external concentration referencing and a properly
designed sample preparation optimized for quantitative determinations, quantification of active princi-
ples in pharmaceutical formulations can be performed with both speed and precision. The method is
illustrated by reinvestigating the dosage of Meprobamate, an anxiolytic agent typically prescribed in case
of anxiety or muscular soreness, present in a commercial formulation (Equanil®). Specifically, with respect
to previously proposed analytical protocols, the procedure outlined here allows fast quantification with
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excellent precision.
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1. Introduction

Solid-state nuclear magnetic resonance (ssNMR) has recently
attracted growing interest for the characterization of pharmaceu-
tical compounds in the solid state [1,2]. This is primarily due to
considerable improvements in the instrumentation and to the fact
that about 80% of the drugs currently available on the market are
presentin the solid form. ssNMR allows not only the chemical struc-
ture [3] but also the physical properties (polymorphism, multiple
molecules per asymmetric unit cell, disorder) of the pharmaceuti-
cal substances to be investigated [4,5]. These properties are of the
utmost importance because they influence not only the solubility
but also the biocompatibility and physico-chemical stability of the
drugs.

In parallel, many studies have reported on the use of NMR for
quantitative analyses [6,7], showing that NMR is a very linear and
robust technique that allows both for precise and accurate quan-
tifications [7,8]. In this context, the use of ssSNMR for quantification
bears many advantages [9], as the technique is fully non-destructive
and requires no preliminary sample manipulations [10]. In addi-
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tion, the analysis is performed on the bulk on significant amounts
of sample, which allows the effects of possible heterogeneities to
be averaged out.

A few ssNMR quantitative studies have already been reported
[11], devoted for instance to the relative quantification of various
crystalline or amorphous forms [9,12], or to the quantification of
active principles in pharmaceutical formulations [11,13,14]. In this
latter case, the methods described in the literature have almost
exclusively relied on the use of an internal standard.

The use of an internal standard reduces the effects of instru-
mental instabilities and allows direct quantifications to be achieved
[15-17]. The most significant drawbacks are the difficulty of prepar-
ing homogeneous mixtures of sample and standard, an especially
critical step in the solid state, and the reduction in sensitivity
caused by sample dilution. This point is especially important for
NMR because of its relatively low sensitivity with respect to other
analytical techniques.

Recently, we have shown that it is possible to increase the sensi-
tivity, and hence the precision, of ssSNMR quantifications based on
the external standard method, by using a rotor packing optimized
specifically for quantitative determinations [18].

In this work, we will show an application of this method for the
precise quantification of active principles in pharmaceutical for-
mulations. As an illustration, we chose to work on Meprobamate
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Fig. 1. Molecular structure and atom numbering of Meprobamate ([2-
(carbamoyloxymethyl)-2-methyl-pentyl] carbamate).

(Fig. 1), an anxiolytic agent prescribed in case of anxiety or reflexive
muscular contractions, by reinvestigating its dosage in commercial
formulations; in fact, Meprobamate is commercially available as a
solid formulation (Equanil®) containing other excipients such as
starch, talc, magnesium stearate, etc.

While a few distinct analytical protocols have indeed been
proposed for the dosage of Meprobamate, based either on chro-
matographic [19] or spectroscopic techniques [15], a trusted
method has not been singled out. The sole official suggestion is to be
found in the United States Pharmacopeia monograph which recom-
mends the use of reversed phase liquid chromatography at 200 nm
to assay Meprobamate in tablets [20]. As a matter of fact, typical
chromatographic methods cannot be used in this case because this
aliphatic compound does not exhibit any useful UV absorption. On
the other hand, gas chromatographic methods are faced with the
difficulty of thermal degradation as well as other experimental arti-
facts (peak tailing), which dramatically reduce the detection limit
and decrease the analytical reliability.

In any case, the main drawback of most previously reported
methods is the required sample manipulations (e.g. solubilization,
extraction, derivatization, etc.) which, in addition to being both
time- and reagent-consuming, may potentially introduce addi-
tional sources of errors.

In contrast, the method proposed here does not require any
sample treatment. Overall, the proposed method may routinely
yield relatively fast measurements (from 20 to 60 min depending
upon the available NMR instrumentation) with a precision higher
than 1%.

2. Experimental
2.1. Samples

High-purity = Meprobamate  (|2-(carbamoyloxymethyl)-2-
methyl-pentyl] carbamate) was provided by the Council of Europe
as a Chemical Reference Substance (CRS). Its molecular structure
together with the corresponding atom numbering used in this
study, are shown in Fig. 1. Equanil® 400 mg and 250 mg were
obtained from SANOFI-AVENTIS. While Meprobamate is commer-
cially available as a fine powder, Equanil® is provided in the form of
tablets, which were finely grounded with a mortar and pestle prior
to analysis. For the ssNMR analysis, 10 tablets were used giving an
averaged weight of 615.9 and 398.5 mg per tablet for Equanil® 400
and 250, respectively.

Two synthetic mixtures of Meprobamate with starch (Sigma-
Aldrich, starch from potato suitable for electrophoresis) were also
prepared by grounding precisely known amounts of both sub-
stances (determined by weight) with a mortar and pestle. Mixture
A was obtained by mixing 300.0 mg of Meprobamate and 150.3 mg
of starch, whereas mixture B was obtained by mixing 60.0 mg
of Meprobamate and 40.2 mg of starch. The proportion of these
mixture components were chosen to respect those found in the
commercial formulations. In addition, to perform the liquid-state
NMR assignment, Meprobamate was dissolved in deuterated ace-
tone purchased from Eurisotop. All materials were used as received.

2.2. Liquid-state NMR

All liquid-state NMR experiments were conducted at 300K on
a BRUKER AVANCE400 DPX spectrometer operating at 400 MHz
for the 'H Larmor frequency, and equipped with a BRUKER 5 mm
liquid-state 'H/X BBI probe. The liquid-state NMR assignment was
performed in acetone-dg using a combination of conventional 1D
('H, Bc{'H}) and 2D ('H-3C HSQC and HMBC) experiments, for
which typical acquisition parameters were used as summarized in
Ref. [21].

2.3. Solid-state NMR

All ssNMR experiments were conducted at 300K on a BRUKER
AVANCE400 DSX spectrometer operating at 400MHz for the
TH Larmor frequency, and equipped with a BRUKER 4 mm 'H/X
solid-state CP MAS probe. The spinning rate was set to 10 kHz. For
the 13C CP MAS experiments, a ramped 'H pulse starting at 100%
power and decreasing until 50% was used during the contact time
(4ms) in order to circumvent Hartman-Hahn mismatch [22,23].
TH decoupling during signal acquisition was ensured by the GT8
scheme [24]. The recycle delay was set to 13 s, five times the largest
T1. The number of scans was adjusted to ensure a signal-to-noise
ratio of at least 150 [8].

In addition, to facilitate the assignment of the solid-state 13C
chemical shifts of Meprobamate, a CPPI (cross-polarization polar-
ization inversion) experiment [25] was performed with a pulse
inversion length of 40 ws. With this pulse length, CH3 and qua-
ternary carbons appear positive, CH, negative, and CH signals are
nearly zero.

As evidenced later on in the text (Section 3.2), when using
the external reference method, the quantitative coil volume of the
probe must be known. The probe used here was equipped with a
12-turn coil and its quantitative volume was 30 pl. Accordingly, all
ssNMR quantitative measurements were performed using a 4 mm
rotor prototype provided by ROTOTEC-SPINTEC [18]. Importantly,
because the quantitative coil volume is only probe-dependent, it
can be used for the quantification of all types of solid samples
provided that the same probehead is used. Finally, note that the
integrals were measured and compared from one spectrum to
another by using the INTERSCALE function of the XwinNMR 3.5
software from Bruker. This function allows the value of a signal
integral in a given spectrum to be used as an intensity reference for
all the other spectra.

3. Results and discussion
3.1. Assignment of the 13C NMR spectra of Meprobamate

To the best of our knowledge, although Meprobamate is a rather
well known active principle, the assignment of its 13C NMR spec-
trum has not been reported yet. Therefore, to ease the assignment
of the solid-state NMR spectrum, we first assigned the liquid-state
13C spectrum (Table 1).

Specifically, the latter assignment was performed in acetone-dg
using conventional experiments (see experimental section). This
assignment served as a basis to interpret the 3C CP MAS spec-
trum of the solid form of Meprobamate, shown in Fig. 2a. The
solid-state NMR assignment was further confirmed using a CPPI
experiment recorded on pure Meprobamate (Fig. 2b). Note that,
in this spectrum, signals due to CH3 and quaternary carbons are
positive whereas CH, signals appear negative.

Overall, the CPPI experiment allows the solid-state assignment
derived from liquid-state data to be confirmed, with the notable
exception of the C-1 and C-3 groups, whose 13C chemical shifts
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Table 1
Solution and solid-states '3C chemical shifts obtained for pure Meprobamate

13C atom? Solution state 3C, § (ppm)® Solid-state 3C, § (ppm)©
1 C 38.27 374

2 CHs 19.26 224

3 CH, 37.63 389

4 CH; 17.08 15.8

5 CHs 15.25 15.5

6 CH, 68.454 65.3¢

6’ CH 68.454 71.1¢

7 Cco 157.74 158.9¢

7 co 157.74 159.3f

2 Atom numbering refer to Fig. 1.

b Obtained in acetone-ds and referenced with respect to the residual proton of
the deuterated solvent at 2.03 ppm downfield of TMS.

¢ Obtained for pure Meprobamate and referenced with respect to the carbonyl
signal of glycine, used externally, set at 176.5 ppm downfield of TMS.

4 In the liquid state, 6 and 6, and 7 and 7', are chemically equivalent.
efThese assignments could be interchanged with one another.

are inverted in the solid state with respect to the liquid state. This
is evidenced in the CPPI spectrum by the small negative signal at
38.9 ppm, downfield of the large signal at 37.4 ppm. These are hence
assigned to C-3 and C-1, respectively.

Finally, note that the signal due to C-4 is not detected in the
CPPI spectrum, as evidenced by the inset shown in Fig. 2(bottom).
This is one shortcoming of this pulse sequence, because signals of
opposite phase may cancel whenever the difference in Hz between
their chemical shifts is comparable to their linewidths.

3.2. Protocol for the quantification of Meprobamate

An exhaustive protocol has been recently published by Harris et
al. [13] describing all relevant acquisition and processing parame-
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Fig. 2. (a) CP MAS and (b) CPPI spectra recorded for pure Meprobamate on a 'H/X
CP MAS probe at 10 kHz. In the CPPI spectrum, the signals due to CH, groups are
negatively phased. The inset in (b) shows an expanded view of the C-4 and C-5
region of the CPPI (grey) and CP MAS (black) spectra, showing the absence of the
C-4 signal at 15.8 ppm (see text).

ters required to achieve optimal results in ssNMR. Here, we shall
merely focus on the experimental parameters relevant to the pro-
posed method.

3.2.1. Sample preparation

The signal intensity in NMR is a direct count of the number of
nuclei excited by the radiofrequency scheme, multiplied by a fac-
tor measuring the effectiveness of the excitation. This latter factor
is equal to one for a perfect 90° excitation pulse. The radiofrequency
field produced by a typical coil ina NMR probe is only homogeneous
on a fraction of its volume. Thus, if the analyzed sample extends
over this specific volume, the NMR response will not be homoge-
neous for all molecules. When analyzing a solution, this effect is
not a nuisance, as the perfectly homogeneous state of the sample
and the internal dynamics allow the use of an average effectiveness
factor for the radiofrequency excitation. In contrast, when analyz-
ing a solid, molecules inside or outside the homogenous excitation
volume, will contribute differently to the build up of the signal, thus
degrading the quantitative response. We shall thus refer in the fol-
lowing to the volume of homogeneous response of the coil as to its
“quantitative volume”. While all of the above has been known for
long time, a procedure to fully exploit the quantitative volume was
proposed only recently [18], which showed, with respect to most
common preexisting laboratory practices, an excellent improve-
ment in accuracy at no significant cost in sensitivity. Details of the
method are described in reference [18]. In short, the quantitative
volume which is a function of a given probe/coil assembly, must be
determined once by using adapted rotors and precisely designed
inserts. In this work, the quantitative volume was of 30 .1, which
corresponded to 30% of the full rotor volume.

3.2.2. Intensity referencing

An internal or external concentration standard is required
to translate NMR signal intensities into actual number of
molecules detected. While internal referencing provides the clos-
est homogeneity of response with the observed sample, its
introduction/removal in the sample can be problematic, for the
homogeneity issues described above or when the sample is pre-
cious, or just because its diluting the sample reduces the intensity
of the interesting signal. The external reference method can provide
excellent accuracy and precision, if the sample volume is restricted
to the quantitative volume and if the spectrometer stability is not
an issue. A viable choice as external reference is the product under
analysis itself, used for a calibration curve.

It should be noted that a mixed internal/external reference tech-
nique, the so-called ERETIC™ pulse, is finding a growing interest
[26-28]. Since the external and the ERETIC™ method provide com-
parableresults in ssSNMR, we opted in this study for the former using
high-purity Meprobamate provided by the Council of Europe.

3.2.3. Optimized 'H-13C cross-polarization experiments

In this work, 13C CP MAS experiments were used in place of sin-
gle pulse excitation (SPE) MAS experiments in order to maximize
experimental sensitivity. As a matter of fact, because of the polar-
ization transfer through the dipolar interaction from the abundant
spins (1H) to the rare spins ('3C), the signal intensity of the rare
spins in CP experiments is enhanced with respect to SPE. Moreover,
because relaxation in CP MAS experiments is primarily dictated by
TH instead of 13C, much faster repetition rates can be used, as the
former relaxes more efficiently than the latter. This leads to overall
improvement in signal-to-noise ratio per unit of time.

On the other hand, the signal intensity in a CP MAS experi-
ment stems from the combination of several parameters, related
to all species relaxation times and to the size of the proton-carbon
dipolar couplings [29]. Among the relaxation parameters, only the
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Table 2
TH spin-lattice relaxation times (T;) of the '*C CP MAS signals measured for pure
Meprobamate and Meprobamate in Equanil®

13C atom Pure Meprobamate Meprobamate in
'H,Ti (s) Equanil® 'H, Ty (s)
1 C 2.4 2.6
2 CH3 2.3 24
3 CH, 2.4 2.6
4 CH, 23 2.4
5 CHs3 2.6 2.4
6 CH, 2.4 2.5
6 CH, 2.5 2.2
7 co 2.5 2.4
7 co 2.5 2.4

values of the longitudinal relaxation time constants, Ty, of the
protons feeding polarization to the carbons are required for quan-
titative analysis, since these dictate the time that must be left
between each scan. This measurement was performed directly on
the carbon CP MAS spectrum, thus using the carbon signal as a
spy of the relaxation of the protons from which they are receiving
polarization.

To assess possible effects of the environment on relaxation,
these measurements were performed both on pure Meprobamate
and on Meprobamate in the Equanil® formulation. The results, also
reported in Table 2, show that similar T; values were obtained in
both cases. It is worthwhile noting that all signals have roughly the
same relaxation characteristics, typical of a system dominated by a
single source of relaxation [29].

To establish the calibration curve, a signal must be selected in
the CP MAS spectrum, whose intensity will hence be related to the
amount of Meprobamate present in the rotor. The CP MAS spectrum
of Meprobamate in Equanil® is shown in Fig. 3. As can be seen, all
expected resonances due to Meprobamate are present, plus a series
of broad resonances due most probably to the excipients.

In order for the integral of the selected signal not to be biased
by the presence of these extra resonances, we selected the C-7,7/
signals, which resonate in a spectral region (about 159 ppm) where
no peak due to the excipients is expected. Subsequently, the CP
build up curve for this specific signal must be established, in order
to optimize the experimental contact time, namely the time during
which the magnetization is transferred from 'H to 13C.

To rule out the presence of matrix effects on the CP transfer all
together, the full CP buildup curve was constructed for Meproba-
mate pure and in the Equanil® formulation. The results are reported
in Fig. 4 for the C-7,7’ signals. As can be seen in Fig. 4, pure Meproba-
mate and Equanil® curves are almost perfectly identical, suggesting
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Fig. 3. 3C CP MAS spectrum of Equanil®. All the resonances due to Meprobamate
are present, plus a series of broad resonances of low intensity, probably due to the
excipients.
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Fig.4. 13CCPMAS buildup curves obtained for the C-7,7’ signal in pure Meprobamate
(®) and Meprobamate in Equanil® (W). Both curves are rigorously identical, which
proves the absence of any matrix effect. From these curves, a contact time of 4 ms
was selected.

very similar CP dynamics in both cases. Finally, from these data, an
optimal contact time of 4 ms was chosen.

3.2.4. Calibration curve and quantitative measurements

Once all relevant experimental parameters have been opti-
mized, including the contact and T; relaxation times, and the
quantitative coil volume of the probe has been determined, the
calibration curve can be established. This can be simply done by
recording the CP MAS spectrum of a precisely known amount of
Meprobamate, and reporting the signal integral of the CO signals as
a function of the introduced amount of sample. This is illustrated in
Fig. 5, which shows the excellent linearity of the technique over the
range of weights considered in this study (from 0 to 20 mg). Clearly,
the largest amount of pure Meprobamate analyzed is limited by the
quantitative volume of the rotor in use (here 20 mg).

To estimate the accuracy of this curve, two synthetic mixtures,
hereafter referred to as A and B, were prepared by grounding
together known amounts of pure Meprobamate with starch (see
Section 2). Then, for both mixtures, five distinct rotors each con-
taining 20.0 mg of one the corresponding mixture were analyzed by
ssNMR. The calibration curve reported in Fig. 5 allowed us to deter-
mine an average Meprobamate amount for these five rotors, and
hence derive estimations for the corresponding amounts contained
in the whole mixtures. The results reported in Table 3 suggest that

Y=B*X
100 parameter Value Error
204 B 5,03318 0,02747
%] R SDN P
@ 70] 0,99983 0,815 6 <0.0001
2 60}
2 50
0 30
O 20
10
0 - T T T T T T T
0 4 8 12 16 20

Meprobamate (mg)

Fig.5. Calibration curve obtained using '3C CP MAS and a quantitative rotor packing
showing the relationship between the amount of Meprobamate (weight, mg) and
the corresponding intensity (area, arbitrary units) of the C-7,7' resonance signal. The
value of the regression R? parameter (0.9998) shows the excellent linearity of the
obtained calibration curve. The standard deviations are included within the symbols
size.
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Table 3

Determination of the amount of Meprobamate in synthetic (mixtures A and B) and commercial samples (Equanil® 400 and Equanil® 250)

Meprobamate theoretical weight (mg)

Meprobamate experimental weight (mg) Deviation (%)?

Mixture A 300.0°
Mixture B 60.0°
Equanil® 400 4004
Equanil® 250 2504

297.6 (2.2)° -038

60.4 (0.6)° +0.7
384.6 (4.5)° -38
2402 (2.4) -39

2 Relative deviation between the theoretical and experimental Meprobamate amounts, expressed with respect to the theoretical amount.

b As expected from our sample preparation.
¢ Standard deviation.
4" As expected from the values indicated by the manufacturer.

the method is accurate, as the deviation between the theoretical
and experimental Meprobamate amounts is lower than 1%.

The same procedure was then applied to quantify the amount of
Meprobamate in Equanil® 250 and Equanil® 400. Here, for each for-
mulation, 10 tablets were ground together and the same procedure
as the one used for the synthetic mixtures was applied. The results,
also shown in Table 3, illustrate the good agreement between the
experimental data and the value reported by the manufacturer.
These data confirm the reliability of the proposed method, and
show that ssNMR yield quantitative results with a good precision.

4. Conclusion

We showed that a recently proposed ssNMR protocol for
quantitative measurements could be fruitfully applied to the quan-
tification of active principles in pharmaceutical formulations. The
procedure provides optimal sensitivity and thus, combined with
the external intensity reference method, allows fast analysis with
excellent precision and accuracy.
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