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The aim of this study was to investigate the photodegradation of the antiemetic drug metoclopramide.
Metoclopramide aqueous solutions were photoirradiated at 254 nm under argon atmosphere. Irradiated
metoclopramide solutions were analyzed by high performance liquid chromatography-ion trap mass
spectrometry in order to characterize photolysis products. Rapid decrease in metoclopramide purity, fol-
lowing first-order kinetic, was observed following irradiation. The structures of 18 photolysis products
were tentatively identified based on their mass spectra and fragmentation. The main degradation mech-
anism was scission of the chlorine which could be followed by polymerization of the resulting products
since dimeric and trimeric products were observed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A wide number of drugs are susceptible to undergo degradation
when exposed to light. Light induced decomposition of pharma-
ceuticals could result in the loss of potency and to averse effects
due to the formation of toxic photodegradation products [1,2]. Sta-
bility tests on drugs, including light stress tests are now required
by the European Agency for the Evaluation of Medicinal Products
(EMEA) [3] to check the stability of the active substance. How-
ever, the photostability of many existing drug has not been fully
evaluated.

Furthermore, an environmental issue arises from the increasing
presence of pharmaceutical compounds in surface water. Pho-
todegradation of these drugs occurs following exposure to sun light
[4]. In sewage treatment plants, photochemical processes applied
to the degradation of organic compounds in aqueous medium was
suggested [5]. Therefore, it is of fundamental importance to study
the drugs photodegradation products to gain insight on the fate of
pharmaceuticals on the environment.

Metoclopramide (4-amino-5-chloro-N-(2-(diethylamino)-
ethyl)-2-methoxybenzamide), is a benzamide drug that requires
protection from the light during its storage [6]. It is still widely used
to treat nausea and vomiting and for the relief of migraine [7,8].
Despite its known photosensitivity, metoclopramide photodegra-
dation has not been fully studied [9] as neither the structures of
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the photodegradation products and the degradation mechanisms
following light exposure have been elucidated. The investigation
of the photodegradation products of this drug according to the
current status of art is of crucial interest for a better understanding
of the photodegradation mechanisms. Liquid chromatography
tandem mass spectrometry (LC-MS-MS) provides a useful tool for
structure elucidation of photolysis products [10-12].

This study aims toward the photochemistry of metoclopramide,
focusing on the characterization of photodegradation products
from metoclopramide pharmaceutical solutions which could be
useful to gain insight on the photodegradative pathway. More-
over, some photolysis products observed in this study could also
be formed in photoirradiated wastewater. Photolytic degradation
of metoclopramide aqueous solutions was carried out using a pho-
toreactor equipped with 254 nm UV lamps, which is close to the
drug maximal absorption wavelength. The evolution of the drug
concentration and the degradation products as a function of the
irradiation time were studied by HPLC-UV whilst degradation
products were characterized by LC-ion trap MS. The structures of
the photodegradation products were compared to those produced
after gamma and electron-beam radiolysis of metoclopramide
aqueous solutions [13] in order to compare radiolysis and photolysis
mechanisms of this drug.

2. Materials and methods
2.1. Materials

Metoclopramide  hydrochloride  (4-amino-5-chloro-N-(2-
(diethylamino)ethyl)-2-methoxybenzamide) monohydrate (99%)
was purchased from Sigma-Aldrich (St Louis, MO, USA) and was
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stored in the dark. Ammonium acetate was from UCB (Brussels,
Belgium). HPLC supra-gradient acetonitrile was supplied from
Biosolve (Valkenswaard, Netherlands). Deionized water from a
Millipore Milli-Q water purification system was used. Argon was
supplied by Air-Liquide (Liége, Belgium).

2.2. Samples

Three milliliters of metoclopramide 1mgmL-! solutions pre-
pared with deionized water were put in quartz cells (1cm path
length) closed with Teflon caps. Oxygen was removed by bub-
bling argon through the solution. Solutions were irradiated in a
Rayonet photochemical reactor equipped with four UV fluores-
cent lamps RPR 2537 A. Solutions were exposed to UV irradiation
for time intervals of 15, 30, 60 and 180 min. Unirradiated con-
trol samples consisted in metoclopramide solutions filled in quartz
cells wrapped in aluminum foil and therefore, protected from light
exposure. The experiments were performed at room temperature
(293 +4K). After irradiation, all samples were protected from fur-
ther light exposure.

2.3. HPLC-DAD system

A Merck-Hitachi HPLC system composed of a L-6200 Intelligent
Pump, an AS-2000 autosampler with a 20 L sample loop, and a
L-4500 diode array detector was used. Data acquisition was per-
formed using the Merck-Hitachi HSM 2000 software.

Chromatographic separation was achieved on a 250 x 4 mm
Merck LiChrospher® 60 RP Select B column 5 wm particle size. The
mobile phase consisted of a mixture of 14% acetonitrile and 86%
ammonium acetate 10 mM aqueous solution adjusted to pH 5 with
glacial acetic acid at a flow rate of 1 mLmin~'. The analyses were
performed in triplicate at room temperature. The absorbance was
measured between 200 and 700 nm. The quantification wavelength
was 273 nm.

For the assessment of the drug purity following UV exposure,
the percentage of drug recovery was calculated from the ratio of
the areas under the curve of the drug peak between irradiated and
control samples [6,14,15].

The photolysis products were quantified as a percentage of the
initial drug concentration. As no standards were available, they
were quantified as metoclopramide, assuming they have similar
response factors as the parent drug [15]. Metoclopramide solu-
tions in concentrations ranging from 2 to 50 WM were injected in
order to establish the calibration curve (six calibration points). The
calibration curve was validated by a statistical analysis (JMP, SAS
software). For peak area (measured in nominal units), the regres-
sion equation was y=971.15x — 322.15, the value for R? was 0.998.
Standard deviation of the slope was 5.5 whilst standard deviation
of the intercept was 13. Solutions with decreasing concentrations
in metoclopramide were injected in order to determine the limits
of detection (LOD) and quantification (LOQ) which were consid-
ered as 3 and 10 times the signal-to-noise ratio, respectively [6].
LOQ was 2 wM. The repeatability of the method was determined by
measuring intraday variation for determination of metoclopramide
at 5 M (n=3). The observed RSD for intraday variation was about
2%. Intermediate precision was determined by measuring inter-day
variation for the same sample. The inter-day RSD was about 2.5%.

2.4. LC-ion trap MS system

The LC system consisted in a Waters Alliance model 2695 separa-
tion module. The chromatographic conditions were the same as for
the HPLC-DAD analysis. A Thermo-Electron LCQ Advantage ion trap
mass spectrometer equipped with an atmospheric pressure chem-
ical ionization (APCI) source was used. The parameters were set as
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Fig. 1. Semi-logarithmic plot of relative metoclopramide concentration (C/Cp) ver-
sus UV-irradiation time (min).

follows: APCI heater temperature, 500 °C; capillary voltage, 26 V;
capillary temperature, 200°C; sheath gas flow, 70A.U.; auxiliary
gas flow, 30 A.U.; discharge current, 5 wA. The mass determinations
were performed in the positive mode in the range 50-1000 m/z.
Collision-induced dissociation spectra of the main photolysis prod-
ucts were acquired using 35% normalized fragmentation energy.
Data were acquired and processed by use of Xcalibur 1.3 software
(Thermo).

3. Results and discussion
3.1. Changes in drug purity

Fig. 1 represents the logarithm of the relative metoclo-
pramide concentration as a function of the irradiation duration.
No significant difference was observed between control samples
(P=0.68). For UV-irradiated samples, metoclopramide concentra-
tiondecreased as a function of the irradiation time. Fast degradation
of metoclopramide is observed upon 254 nm UV irradiation since
after 15min, 15% of the initial metoclopramide concentration is
already consumed. Semi-log plot of the remaining metoclopramide
concentration is linear at the early stage of the process (up to
60 min), indicating first-order kinetics. For the longest irradiation
time, the degradation was lower than expected (only 64% of the
initial concentration is degraded) since the amount of photolysis
products becomes non-negligible compared to the concentration
of the parent drug.

3.2. Analysis of degradation products

An overlay of chromatograms of metoclopramide solutions unir-
radiated and UV irradiated for increasing times is displayed in
Fig. 2. The peaks were numbered according to their retention times
in HPLC. The concentrations of the different degradation peaks
expressed as percentages of the initial drug concentration are dis-
played in Table 1.

Only one impurity peak was present in the unirradiated control
samples. The amount of this product did not increase following UV
irradiation. Chromatograms of UV-irradiated solutions exhibited
numerous degradation peaks. The concentrations of the degrada-
tion peaks increased as a function of the UV exposure duration,
although after prolonged UV exposure (for 180 min), a decrease in
their concentration was observed, with the exception of some peaks
that continued to increase, such as 5 and 8. The decrease in the con-
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Fig. 2. HPLC-UV chromatograms of metoclopramide solutions unirradiated and UV
irradiated for 15, 30, 60 and 180 min.

centration of these protolysis products over time might be due to
their photolysis, which generates secondary photolysis products.

3.3. Characterization of degradation products

In the positive mode with an atmospheric pressure chemi-
cal ionization source (APCI), protonated molecules ([M+H]*) are
obtained for each product. The mass to charge ratios of the products
along with the corresponding collision-induced dissociation (CID)
fragments are listed in Table 2. Insights on the structures of photol-
ysis products are provided by the mass spectrometer. The presence
of the chlorine is indicated in the MS spectrum as well as the num-
ber (odd or even) of nitrogen atom. The comparison between the
MS-MS spectrum of the degradation product with that of the parent
drug allows to locate the modification. The MS spectrum of meto-
clopramide and the structure of its major fragments are presented
in Fig. 3. Metoclopramide, with a mass to charge ratio (m/z) of 300
fragments into a m/z 227 product, obtained after the loss of diethy-
lamine from the lateral chain (—73), am/z 184 fragment results from
the cleavage of the amide bond. The structure of metoclopramide
and those proposed for the photolysis products are in Fig. 4.

The mass spectrometer revealed that several chromatographic
peaks resulted from a coelution of different degradation products.
For example, two products are detected within peak 9 with mass to
charge ratios of 529 and 563, respectively.

Although products with lower m/z than metoclopramide such as
266 and 282 predominate after short irradiation periods, prolonged
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Fig. 3. Mass spectrum and structure of major MS-MS fragments of metoclopramide.

irradiation results in increased amounts of higher molecular weight
products such as m/z 563,529, and even the appearance of products
withm/zof792,790 and 808 after a 3 h UV exposure, demonstrating
the formation of polymerization products.

A m/z 217 product was only detected by the mass spectrometer
as it shows no absorbance in the UV range. CID of this prod-
uct leads to fragments corresponding to the loss of methanol
(m/z 185) whilst the presence of the other fragments such as 144
(=73 =diethylamine) and 117 (=(CH3-CH> ),-NH*-CH,-CH,-NH,)
shows that this molecule possessed a similar lateral chain as meto-
clopramide. Therefore the modification has occurred on the ring.
The odd mass suggests the loss of the nitrogen from the ring. This
molecule might correspond to product (1), resulting from the cleav-
age of the ring.

The m/z 266 product has an unmodified lateral chain and results
from the loss of the chlorine. This product has been identified pre-
viously in gamma and electron-beam irradiated metoclopramide
[13]. Product (7) might be obtained after homolytic scission of the
C-Cl bond following by dismutation of the resulting radical.

Product m/z 282 has no chlorine and its CID spectrum shows no
modification on the lateral chain. Therefore, it might be due to the
loss of the chlorine by homolytic scission followed by the attack of
the resulting radical on adjacent water molecule to yield an hydrox-
ylated product (5a). As irradiations were carried out in the absence
of oxygen, this product was most likely generated by the attack of
the carbocation obtained after heterolytic scission of the C-Cl bond
on adjacent water molecules [17].

HPLC-DAD quantification of degradation peaks from UV-irradiated metoclopramide solutions. The concentrations of degradation peaks are expressed as percentages of the

initial drug concentration.

Peaks Mean percentages of impurity peaks relative to the initial drug concentration (%) (n=3)
0min 15 min 30 min 60 min 180 min
2 <LOD <LOQ <LOQ 0.73 0.56
3 <LOD <LOQ <LOQ <LOQ <LOQ
4 <LOD 0.21 0.23 0.28 0.29
5 <LOD 0.80 1.60 1.96 2.20
6 <LOD <LOQ LOQ 0.26 0.33
7 <LOD 0.45 0.77 2.07 2.29
8 <LOD 0.45 0.78 1.92 3.24
9 <LOD 0.27 0.38 0.45 <LOD
10 <LOD 131 2.02 3.11 1.63
11 <LOQ <LOQ <LOQ <LOQ <LOQ
12 <LOD 0.31 0.56 1.67 1.22
13 <LOD 0.51 0.74 1.81 1.80
14 <LOD <LOQ 0.27 118 0.50
15 <LOD 1.97 416 7.27 3.51
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Table 2
m/z values and fragments of major photolysis products of metoclopramide.
Peak number according to elution order Retention time (min) Products mfz Major fragment ions
1 3.5 (1) 217 185 144 117 100
2 4.6 (2) 546 528 473 430 402 359 329 288
3 54 3) 790 717 674 648 601 560 532
4 6.8 (4a) 546 528 473 430 402 359 329 288
4 6.8 (4b) 792 719 676 603 562 489 446
5 7.5 (5a) 282 209 166 143 117 100
5 7.5 (5b) 530 457 414 343 272
6 8.1 (6) 808 735 692 666 619 578 505 462
7 10.3 (7) 266 193 150 100
8 12.6 (8) 545 472 429 399 358 356 315
9 15.0 9) 5642 491 448 418 377 349 313 306 270
10 15.8 (10a) 529 456 413 383 340 299
10 15.8 (10b) 5632 490 447 417 376 348 333
11 18.6 (11) 2723 227 184 156
12 221 (12) 527 454 11 381 338 297
13 24.0 (13) 529 456 413 383 340 299
14 31.0 (14) 3162 243 200 143 117 100
39.1 Metoclopramide 300? 227 184 156 143
15 53.8 (15) 5633 490 447 417 376 333

o
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Fig. 4. Chemical structures (protonated) of metoclopramide and its degradation products.
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m/z 272 product was previously identified as resulting from the
loss of the ethyl on the diethylamino group from the lateral chain
[16]. Product (11), already present in unirradiated metoclopramide,
is not a photodegradation product as its concentration is not influ-
enced by UV irradiation.

The m/z 316 product corresponded to a hydroxylated version
of metoclopramide which was also observed after gamma and
electron-beam irradiation of metoclopramide solutions [16]. The
addition of the hydroxyl most probably occurred on the ring since
fragments 143, 117 and 100 demonstrated that the lateral chain
was intact. The exact location of the hydroxyl on the ring cannot be
determined by the mass spectrometer and the most probable struc-
ture according to organic chemistry rules is displayed for product
(14).

Several isobaric products with m/z 529 were detected. These
products had no chlorine and exhibited similar CID spectra with
fragments m/z 456 (—73), m/z 413 (—116), m/z 383 (—146 =1loss of
2 diethylamine), revealing the presence of two lateral chains simi-
lar to that of metoclopramide. Therefore, these products might be
obtained from coupling of two metoclopramide molecules follow-
ing chlorine losses, corresponding either to product (10a) or (13).
Product (5b) with m/z 530 had two intact lateral chain although its
even mass indicated further modification on the nitrogen located
on the ring. It might result from products (10a) or (13), following
the substitution of one of the aniline NH;, groups by a hydroxyl.

The fragmentation characteristic of the presence of two intact
lateral chains is exhibited by product (12) with m/z 527. The differ-
ence of two mass units compared to the m/z 529 products, (10a)
and (13), indicated the loss of hydrogen on the ring part.

Compared to both products (10a) and (13), product (8), with
m/z 545, had a mass difference of 16 units which is due to the
addition of a hydroxyl. According to the fragmentation pattern, the
addition was on the ring part. This product was most probably a
secondary photolysis product as it continued to increase for longest
UV-irradiation time. Products (2) and (4a) that differed from prod-
uct (8) and by one mass unit and had similar fragmentation patterns
might result from further photolysis of this products, following sub-
stitution of the aniline NH; by a hydroxyl group.

Both products (10b) and (15) with m/z 563 showed similar
MS-MS fragmentation. The presence of one chlorine was shown
by the 37Cl peak in the mass spectrum. MS-MS fragmentation pat-
tern revealed the presence of two unmodified lateral chain. One
of this product (corresponding to peak 10) was also formed after
radiolysis [13].

Product (9) with m/z 564 exhibited a very similar fragmentation
pattern as products (10b) and (15), with a difference of one mass
unit. Its even mass is due to a difference in the number of nitrogen
atoms located on the ring part. This product could result from the
substitution of a nitrogen by an hydroxyl radical.

The fragmentation patterns of products (3), (4b) and (6),
indicated the presence of three lateral chains as fragments corre-
sponding to the loss of either 346 or 303 mass units are observed.
Therefore, these products might result from the coupling of a
dechlorinated metoclopramide molecule with one of the existing
photoproducts. Product (8) might be generated from product (6),
whilst product (12) might be obtained from product (10a), and
product (13) might result from product (4b) photolysis.

3.4. Summary of photodegradation processes

Most photoproducts share similar structure as the parent drug.
The major photolyis reaction occurring for metoclopramide is the
loss of the chlorine. Breakage of this bond might either occur
through homolysis, providing two radicals or heterolysis that leads
to a carbocation and a chloride [18]. The formation of the hydrox-
ylated products most likely occurred through nucleophilic attack

of adjacent water molecules on the carbocation. The formation
of hydroxylated photoproducts after photolysis in the absence of
oxygen has already been described for several halogen substituted
drugs such as fluoroquinolones [18,19]. Dimerization products are
obtained from the reaction of the radical obtained after homolytic
scission with other metoclopramide molecules. The substitution of
the NH; from the aniline ring might be due to the homolysis of the
C-N bond that results in the formation of an amino radical and a car-
bon centered radical which can react with adjacent water molecules
to give a hydroxylated product. The ejection of an electron from
the excited molecule, has been observed following photolysis of 2-
chloro aniline [20]. Such mechanism might explain the formation
of the photoproducts (12) and (3).

Many products seem to be secondary photoproducts resulting
from further photolysis of primary photoproducts.

The formation of product (1) shows that fragmentation of the
metoclopramide ring is possible following UV irradiation.

3.5. Comparison between photolysis and radiolysis processes

The radiolysis pathway of metoclopramide may be found in Ref.
[13]. Although photolysis and radiolysis mechanisms are different,
some products generated after radiolysis were also formed follow-
ing photolysis. For example, product (5a), which was formed by
nucleophilic substitution of a hydroxyl radical on the chlorine dur-
ing the radiolysis process, is generated following homolytic scission
and attack on water in the photolysis process. However, after pho-
toirradiation, larger amounts of higher molecular weight products
were formed compared to radiolysis where only the m/z 563 prod-
uct was observed.

4. Conclusion

Metoclopramide is highly photolabile in solution. A rapid
decrease in metoclopramide purity is observed after UV irradiation.
Structural characterization of the photolysis products of metoclo-
pramide indicated that degradation occurred through scission of
the carbon-chlorine bond. Some degradation products are simi-
lar between photolysis and radiolysis. However, different formation
routes are followed to generate them. Dissociation of the chlorine
is the major photodegradation pathway of metoclopramide and is
generally followed by coupling of the products to generate high
molecular weight products. Alternatively, hydroxylated products
could also be generated.
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