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Quantification of bambuterol hydrochloride in a formulated
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Abstract

Carbon-13 NMR spectra of the stable polymorphs of solid bambuterol hydrochloride (BHC) and terbutaline sulfate (TBS) are reported and
the resonances assigned with the aid of solution-state spectra. A protocol is presented for quantification of BHC in a formulation in lactose,
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ogether with TBS, relative to a reference peak from magnesium stearate. This protocol compares the intensity of an aromatic sig
ith that of the main-chain methylene carbons of the stearate. It is shown that the limit of detection (LOD) of BHC in this system
onditions described is 0.5% with an effective limit of quantification (LOQ) of 1.0%. A calibration plot for the quantification is presen
he various factors affecting the accuracy of the measurements are described. No discernible differences are found in the spectr
ixtures of the components, whole tablets, and crushed or ground tablets.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Solid-state NMR has several advantages over other tech-
iques[1–4] for the study of molecular-level structure and
ynamics for compounds of pharmaceutical interest. It is
on-destructive and highly versatile, since a variety of nu-
lides can be used and different pulse sequences employed to
chieve different results. Moreover, information can be ob-

ained for heterogeneous and amorphous materials as well
s for homogeneous crystalline phases. Though solid-state
MR is in routine use for structure elucidation and character-

zation, only a few quantification studies have been reported
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in the literature[5–8]. There is, in particular, considerable
terest in pharmaceutical industry in quantifying situation
volving polymorphism in drug substances and for formula
products.

The pharmaceutical compounds examined in
present research are bambuterol hydrochloride, 5(2
butylamino)-1-hydroxyethyl)-m-phenylene-bis(dimethylca
rbamate) hydrochloride (BHC,I ) and terbutaline sulfat
1-(3,3-dihydroxyphenyl)-2-t-butylaminoethanol sulfate (
BS, II ). BHC is a pro-drug to the�2-adrenoreceptor agon
terbutaline and both are used in asthma therapy. T
anhydrous polymorphs (I, II and III) have been identi
so far [9], but no crystal structures for any of these fo
of BHC have been reported in the Cambridge Struc
Database (CSD). Three crystalline anhydrates (A, B
C′) of TBS have been identified so far[9]. Only the B
form of TBS has had its crystal structure reported to
[10].
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As part of our study, we report the13C MAS NMR spectra
of the polymorphs of BHC and TBS which are stable under
ambient conditions, namely form I of BHC and form B of
TBS. Samples including these forms of BHC and TBS for-
mulated together in�-lactose monohydrate, as a filler, and
magnesium stearate, as a lubricant, have also been studied
with a view to obtaining a robust protocol for quantifying
the amount of BHC and determining both the limit of de-
tection (LOD) and the limit of quantification (LOQ) under
conditions of acceptable spectrometer usage. Quantification
has been done in four situations: (1) a physical mixture of
the above components; (2) whole tablets; (3) mildly-crushed
tablets and (4) finely-ground tablets.

Quantification may be carried out either by replacing the
sample by a standard of known composition or by choosing
a reference peak for a compound included in the sample in
question. The latter procedure eliminates or minimises the
effects of many spectrometer variables on the quantification
measurement. For this reason, we have chosen to adopt a sig
nal from one of the components of our simulated formulation,
i.e. magnesium stearate.

There are various definitions of LOD and LOQ[11–13].
Among the possibilities listed for LOD[11], we choose to use
a value based on a signal-to-noise ratio (S/N) of 3:1, with the
noise level defined in terms of the root-mean-square standard
deviation, though an alternative definition of LOD[14] refers
t may
b le

with a variation coefficient not higher than 10%[12]. Our
usage corresponds to the latter.

2. Experimental

2.1. Samples

The samples involved in this study have been provided
by AstraZeneca R&D, Lund, Sweden. The physical mixtures
of the formulated systems were prepared in the laboratory
while the tablets were produced at AstraZeneca R&D, Charn-
wood, UK. To obtain homogeneous physical mixtures, the
components were mixed well for∼10 min using an electric
mixer. The mildly and finely ground samples were prepared
by crushing the tablets and grinding into fine powder, respec-
tively. The composition of BHC was varied from 0 to 15%
(w/w, %), by changing the BHC and relative�-lactose mono-
hydrate composition while keeping the magnesium stearate
(1%) and the TBS (5%) concentrations constant.

2.2. NMR

Solution-state spectra of BHC and TBS (in D2O) were
acquired on a Varian Inova 500 spectrometer (operating at
499.91 MHz for1H and 125.70 MHz for13C) to assist as-
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o S/N of 2:1, with noise measured peak-to-peak. LOQ
e viewed as a S/N of 10[11] or as the amount quantifiab
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ignment of the solid-state spectra (seeTables 1 and 2). For
ll spectra a pulse angle of 45◦ was used with a recycle del
f 3 s for13C but no delay for1H. An HSQC experiment wit

able 1
olution- and solid-state chemical shifts of BHC

3C atom Solution-state chemical
shift (ppm)

Solid-state chemical
shift (ppm)

, 5, 3 116.3, 117.3 117.4, 118.8
, 4 151.9 152.5, 153.6

143.1 146.8
68.7 69.7
47.6 47.7
57.7 58.2

0, 11, 12 24.9 23.3, 27.7
3, 14, 15, 16 36.4, 36.3 36.7, 38.3
7, 18 156.3 156.1, 158.4

able 2
olution- and solid-state chemical shifts of TBS

3C atom Solution-state chemical
shift (ppm)

Solid-state chemical
shift (ppm)

, 5, 3 102.6, 105.0 104.2, 105.4, 106.4
107.8, 108.6, 109.7

, 4 157.1, 157.2 156.6, 157.9
143.0, 143.1 141.5, 143.4
69.0, 69.1 70.7, 72.0
47.5 47.1, 50.0
57.4 58.5
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Fig. 1. View of the tablets and the rotor used.

gated decoupling and 1 s recycle delay was implemented on
the Inova 500 to link the1H and13C resonances.

Carbon-13 CPMAS experiments were performed at
50 MHz on a Varian/Chemagnetics CMX200 spectrometer
(unless otherwise mentioned) using a 7.5 mm probe with the
following acquisition and processing parameters: spinning
speed 5 kHz, number of acquisitions 2048, recycle delay 5 s
and contact time 5 ms. All these parameters were optimised
from experiments with pure BHC because it is the compound
of interest. The rotor holds approximately 210 mg of sample
or seven tablets (which had been specially prepared to match
the inside diameter of the rotors, seeFig. 1). Selective spec-
tra of the quaternary and methyl carbons were obtained using
the dipolar dephasing (“non-quaternary suppression”) pulse
sequence[15].

3. Protocol for quantification

The following protocol has been devised for measure-
ments of formulated systems, referring to the quantification
of BHC in a formulated product for concrete examples.
As with any protocol, it should be transferable to other
spectrometers.

3.1. Spectrometer settings

1 ing
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n
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low magnetic field), 7.5 mm o.d. rotors were used (sample
volume 450�l). Intermediate sized rotors (e.g. 4–5 mm)
may be more appropriate at higher fields. The acquisition
times need to balance signal-to-noise (and hence accu-
racy) against the time for which a valuable resource is
in use. Here we used total accumulation times of 3 h per
sample.

2. The magic angle setting must be verified. This is conve-
niently done using the79Br resonance of KBr, since the
13C and79Br NMR frequencies are close. The setting is
good if the rotational echo train extends to∼10 ms. De-
pending on the probe design, the magic angle setting is
generally stable over extended periods. It should, however,
be checked whenever physical movement is possible, e.g.
after variable-temperature experiments.

3. The probe must be correctly tuned for each sample studied,
including the sample used to set up the cross-polarisation.
The power reflected from the probe should be <5% of the
input power on each rf channel. Poor or inconsistent tuning
will reduce sensitivity and largely invalidate calibration
experiments. If, however, tuning losses are consistently
kept to negligible levels, minor variations in tuning will
have no measurable impact on quantification.

4. Pulse durations and, if required, the Hartmann–Hahn con-
dition for cross-polarisation need to be carefully calibrated
to ensure maximum sensitivity. In this case,1H → 13C
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. Choice of an appropriate probe is critical to obtain
satisfactory results in a reasonable period of time.
periments on sensitive nuclei such as1H and 19F, etc.
can be performed using small (�l) sample quantities o
probes taking small diameter rotors (e.g. 2.5 mm
side diameter). Quantification using13C (receptivity of
∼10−4 relative to1H) will require much larger samp
volumes. On the 200 MHz system used here (relat
cross-polarisation was set up using a sample of ada
tane spinning relatively slowly (∼2 kHz). This is a conve
nient compound to use at lower magnetic fields bec
cross-polarisation set-up, checking field homogeneity
chemical shift referencing can be set using this single
ple. Once the cross-polarisation condition has bee
(varying either the13C or 1H rf intensity during the con
tact time to achieve maximum signal), the duration of
1H 90◦ pulse should be optimised (∼5�s for the probe
used).

. The linewidths and signal-to-noise ratio from the se
spectrum should be checked to ensure that resolutio
sensitivity would be adequate for the sample of inte
Carbon-13 linewidths should be <10 Hz on mobile s
ples such as adamantane; larger linewidths imply
shimming or some other experimental deficiency wh
should be corrected.

. The sample should be packed into a rotor, which sh
be spun at a sufficiently high speed to avoid any spin
sidebands overlapping with peaks of interest (in this
∼5 kHz was used).

. Starting with the calibrated rf parameters, optimal va
for the cross-polarisation contact time and recycle d
are determined in order to maximize sensitivity. In
case, we are quantifying the BHC signal and so t
times were optimised for a pure BHC sample (5 s rec
delay and 5 ms contact time). The relatively short dela
useful, since it results in some discrimination agains
dominant lactose signals, which have significantly lon
relaxation times.
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8. The NMR signal is then recorded with a sufficient acquisi-
tion time and number of transients to give both acceptable
resolution and S/N in a reasonable total spectrometer time
(2048 acquisitions taking∼3 h in this case).

3.2. Processing data

The data are zero-filled to at least twice the acquisition
length and mildly apodized to improve the spectral appear-
ance, prior to Fourier transformation. Here we zero-filled to
eight times the acquisition length, to give a spectrum with
good digital resolution, and applied a 10 Hz Lorentzian line
broadening.

The spectrum is “phased” to ensure that all the peaks ap-
pear as purely positive absorption signals, using a pair of
intense peaks well-separated in the spectrum as guides (here
the most intense lactose peak and methyl peak of the APIs).
This is the only step of the processing and quantification that
requires operator judgement.

The peaks of interest must be sitting on a flat baseline
prior to quantification. Polynomial correction can be used to
remove any baseline roll (provided there is sufficient clear
baseline).

3.3. Measuring the peak area

onvo-
l r a
fi oor
m eak
o ppm
( n for
d nsity
r

rely
s ixed
L s for
a e at
h n our
c hape
p tted
t

3

s
m BHC
a a
p ple
o that
o

rder
t se we
c tion,
s

Fig. 2. Carbon-13 CPMAS spectra of BHC (form I). The lower spectrum
was obtained with the dipolar dephasing (“non-quaternary suppression”)
experiment to suppress signals from CH and CH2 sites.

4. Results and discussion

4.1. Carbon-13 spectra of BHC and TBS

Figs. 2 and 3show the 13C CPMAS spectra of mi-
crocrystalline BHC and TBS, respectively. The chemical
shifts together with those obtained for solutions are listed
in Tables 1 and 2. Assignments were assisted by use of1H
solution-state spectra together with HSQC experiments and
by using the dipolar dephasing experiment for the solid sam-
ples to suppress signals from CH and CH2 sites. They were
checked against semi-empirical predictions from ‘Specinfo’
[16].

Several features of the solid-state spectra are worthy of
comment. For BHC, the splitting of the signal for C-2 and
C-4, together with the lack of any splitting for C-6 and C-7
strongly suggests that the crystallographic asymmetric unit
is one molecule, i.e. that the amide side-chains are non-
equivalent. (Note that the crystal structure of BHC has not
been reported.) The appearance of the resonance band for
C-17 and C-18, together with the broadening observed for
the C-6 signal, probably arises from second-order effects of
the residual dipolar coupling to the14N nuclei[17]. The fact
that the C-9 peak is relatively sharp suggests that the angle
between the C-9 to nitrogen distance and the principal axis
Peaks areas can be obtained by integration or dec
ution (i.e. fitting to a model lineshape). Integration ove
xed range avoids systematic errors from fitting to a p
odel function, but deconvolution is necessary if the p
f interest is overlapped, as in this case. Peaks at 147.3
BHC) and 34.2 ppm (magnesium stearate) were chose
econvolution, the latter supplying the necessary inte
eference.

As the lineshapes in solid-state NMR are ra
imple Lorentzians, the peaks are fitted to a m
orentzian/Gaussian shape. The appropriate proportion
given signal are determined from fitting the lineshap

igh concentrations when the peaks are best defined. I
ase, we found a 50% Gaussian/50% Lorentzian lines
rovided a good fit. The peaks of interest are iteratively fi

o this lineshape function to determine peak intensity.

.4. Plot of composition versus peak area

A plot with molar composition (x-axis) of BHC versu
easured ratio of peak areas for the chosen peaks of
nd magnesium stearate (y-axis) is made. Such a plot is
re-requisite for applying the protocol to a relevant sam
f unknown BHC content. It is expected to be linear, so
nly the slope is required accurately.

An error analysis should be carried out for the plot in o
o understand the precision of the procedures. In our ca
alculated the uncertainty arising from sample prepara
pectrometer conditions and processing the FID.
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Fig. 3. Conventional (upper) and dipolar-dephased (lower) carbon-13 spec-
tra of TBS (form B).

of the electric field gradient at nitrogen is close to the magic
angle. Perhaps, the most remarkable feature is the splitting
for the methyl signals of thet-butyl group. Clearly, rotation
about the CN bond is strongly inhibited in the solid and one
methyl is in a significantly different environment to the other
two.

The solid-state spectrum of TBS (form B), shown inFig. 3,
is also of interest. The pair of lines seen for C-6 and also for
C-7 shows unequivocally that the asymmetric unit comprises
two molecules (as confirmed by the crystal structure[11]).

4.2. Spectra of the formulations

Fig. 4 shows the13C spectrum of tablets containing 5%
BHC together with 5% TBS and 1% magnesium stearate,
the remaining component being�-lactose monohydrate. The
peaks of the drug constituents are indicated by different sym-
bols with the resonances used for determining the concentra-
tion of BHC (namely that for C-6 of BHC at 147.3 ppm and
that for magnesium stearate at 34.2 ppm) shown by arrows
(seeFig. 5). The magnesium stearate peak is used as an in-
ternal reference to reduce the numerous systematic factors
which would impact absolute quantification.

Fig. 5gives the spectra (obtained under the standard condi-
tions listed in the protocol above) for a range of BHC concen-
t kept
c onvo-
l eaks

Fig. 4. Carbon-13 CPMAS spectrum of (top) the drug formulation (5% BHC
tablets). The signals from the different drug components are marked by
different symbols. Spectra of (middle)�-lactose monohydrate and (bottom)
magnesium stearate are also shown.

Fig. 5. Spectra of BHC tablets with various compositions. The percentages
of BHC are given at the left-hand side of the figure. The peaks used for
quantitation measurements are indicated by arrows.
rations with the amount of TBS and magnesium stearate
onstant. Ratios between the areas (as obtained by dec
ution) of the chosen BHC and magnesium stearate p
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Fig. 6. Quantification calibration plot for BHC. The ordinate is the ratio
(from deconvoluted peak areas), multiplied by 100, of the specified BHC and
magnesium stearate signals. The concentrations are presented as mole%.

were used to establish the calibration plot ofFig. 6. The S/N
of the selected BHC peak (defined as the rms deviation) for
the 1% concentration was 4.2 and repetition (i.e. from spec-
tra of separately prepared samples, seeFig. 7) gives values
of 5.2 and 4.6. This shows the reproducibility that is achiev-
able. Repeat measurements under different conditions (see
below) provide evidence that 1% represents the LOQ under
the conditions employed. Naturally this may be exceeded if
a higher-field spectrometer or a significantly longer accumu-
lation time is used. However, it is still possible to observe a
peak at 147.3 ppm (with a S/N of ca. 2–3, seeFig. 5) for a
0.5% concentration, so this can be regarded as the LOD for
these conditions. These values are, as far as we can deter-

F e 1%
B
0

Fig. 8. Plot to show the effect of departure from the H–H matching condition
on quantification. The lower curve is for the chosen BHC peak whereas the
upper curve is for the reference magnesium stearate peak. The vertical axis is
integrated intensity in arbitrary units. The horizontal axis represents the pro-
ton rf power (uncalibrated) relative to that required for the Hartmann–Hahn
condition.

mine, consistent with the definitions of LOD and LOQ in the
literature[13,14].

4.3. Sources of error on intensity measurement

Clearly, many factors which influence absolute intensities
(such as variable sample volumes, spectrometer performance
and B1 inhomogeneity over the sample) will be compensated
for by the use of relative quantification (e.g. with a magne-
sium stearate peak as an internal intensity reference, as in
the present case), and so will only affect results to second
order. Similarly, whilst the MAS rate will certainly influence
the relative intensities of the chosen BHC and marker peaks,
since their shielding anisotropies will differ, and hence the
spinning sideband intensities will be differentially affected,
use of a fixed spin rate will ensure that end results are not
significantly influenced. The proton decoupler power will act
analogously. To a considerable extent, any error in setting the
Hartmann–Hahn condition will also be of low significance,
as illustrated inFig. 8, because of compensation arising from
the use of an internal reference peak.

The limiting factor for quantification using13C at natu-
ral abundance is ultimately the noise level, which will alter
the spectra, and hence integrals, in the region of measure-
ment. We have evaluated this factor by repeated experiments
for a single sample of 1% concentration, both in successive
t rvals
( BHC
S
4 cer-
t also
c alcu-
l ntage
u cali-
b nt
( than
ig. 7. Spectra showing the reproducibility in sample preparation for th
HC case (see the text). The relevant peak area ratios are (top to bottom)
.138, 0.142 and 0.142. t
ime periods (six measurements) and at random later inte
seven measurements). The results for the mean of the
/N plus/minus one standard deviation are 4.16± 0.12 and
.41± 0.27 for these experiments, respectively. The un

ainty from the spectral measuring procedures alone is
alculated by processing a single FID several times and c
ating the peak areas and mean, etc. The resulting perce
ncertainty produces error bars in the abscissa of the
ration curve (Fig. 6) for this effect, which are insignifica
with a standard deviation of 0.002–0.003, i.e. smaller
he size of the points as plotted).
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Fig. 9. Spectra of the 5% BHC composition obtained from samples in (top
to bottom) tablet, physical mixture, mildly crushed tablet and finely ground
tablet forms. The relevant peak intensity ratios are 0.546, 0.582, 0.560 and
0.581, respectively.

4.4. Errors dependent on sample preparation

Errors in the ordinates of the points on the calibration
graph will arise from inaccuracies in the preparation of the
samples, but these will be largely obviated if enough points
are used in the plot. A more serious practical problem would
be if the spectra were significantly dependent on the nature
of the sample preparation[18]. To judge whether grinding or
compaction affects quantification, we have made measure-
ments (seeFig. 9) on samples at the 5% concentration ratio
obtained using (a) whole tablets produced as described in
Section2, (b) a simple physical mixture of the ingredients,
(c) whole tablets mildly crushed and (d) whole tablets finely
ground. The spectra are indistinguishable and the variations
in the measured intensity (area) ratios of the two peaks (0.546,
0.582, 0.560 and 0.581, respectively) are within the expected
experimental errors. Clearly, the measurements are not sen-
sitive to the mode of sample preparation.

Whilst in the present sample we have chosen to use one
of the common excipients to provide an internal reference
standard, in many cases such a component might be expected
to vary in intensity in different samples, so a known mass
percentage of an additive would be recommended for this
purpose.

5. Conclusions

Carbon-13 CPMAS spectra of BHC and TBS have been
assigned and the crystallographic asymmetric units deter-
mined. A calibration plot for quantification of BHC in a for-
mulated system has been produced, along with a protocol,
which addresses the issues which can affect such measure-
ments of quantification in solid-state NMR. The limits of de-
tection and quantification of BHC under the given probe and
acquisition conditions are 0.5 and 1%, respectively. Repro-
ducibility in sample preparation and in quantification is good.
There is no significant effect from tabulation or grinding in
this particular case.
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