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Medical Sciences, Grunwaldzka 6, 60-780 Poznań, Poland
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bstract

Photodegradation of three chlorinated derivatives—Compound I (2′-chloro-), Compound II (3′-chloro-) and Compound III (2′,3′-dichloro-)
f methyl 2,6,6-trimethyl-4-phenyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate was studied in the conditions recommended by the Inter-
ational Conference on Harmonization (ICH) in the liquid phase. Photodegradation kinetics of the three compounds in methanolic solutions was
tudied by means of the spectrophotometric method. Reactions followed the first-order kinetic equation. The measured real quantum yields of pho-

odegradation were 1.2 × 10−4, 4.0 × 10−5 and 3.0 × 10−5, respectively. Gas chromatography–mass spectrometry (GC–MS) was used to identify
he photodegradation products, with the main products formed by oxidation of the dihydropyridine ring to pyridine derivatives. Mass fragmentation
athways of the photoproducts were also described.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Calcium channel antagonists from the group of dihydropyri-
ine (DHP) derivatives deserve special attention from a number
f points of view [1–3]. Their widespread successful applica-
ion in therapy has stimulated the search for new derivatives
ith a possibly even better therapeutic effect, with improved

electivity, stability, and perhaps with different modes of action
4–6]. The chemical structure of dihydropyridine derivatives
ermits introduction of various modifications, potentially adding
ew modes of action to the already known useful properties
f DHP [7–9]. The specific goals of such modifications may

e different; still, they are all motivated by an underlying
esire to obtain new compounds with improved therapeutic effi-
iency [10–12]. One of possible modifications to DHP leads to
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dropyridine derivatives

exahydroquinoline (HHQ) derivatives, which are successfully
xplored by the Safak’s group [13–18]. The DHP derivatives
et photodegraded quite easily; therefore, their photochemi-
al decomposition has to be investigated as it may reduce
he therapeutic value of the drugs, and eventually even lead
o the appearance of toxic products [19]. These undesirable
nd unforeseen photochemical products of drugs may induce
ypersensitivity to light, possibly leading to phototoxic and
hotoallergic effects in the patient [20]. Indeed, a long list
f photosensitive drugs includes, e.g. various calcium chan-
el antagonists from the group of DHP derivatives [21]. HHQ
erivatives, closely related to DHP, are also light sensitive [22].
he main objective of this paper is to evaluate photochemical
tability of methyl 2,6,6-trimethyl-4-phenyl-5-oxo-1,4,5,6,7,8-
exahydroquinoline-3-carboxylate. In this study we report the
hotochemical properties of the studied compounds, with the

mphasis on detection and identification of the respective stable
hotoproducts. Fig. 1 shows the structure and Table 1 sum-
arises some of the basic information regarding the studied

ompounds.
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Table 1
Methyl 2,6,6-trimethyl-4-phenyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate derivatives (HHQ)

HHQ derivative Formula R R′ Substituent position M.w. (g mol−1)

Compound I (2-Cl HHQ) C20H22O3NCl –Cl – R = 2′ 359.85
Compound II (3-Cl HHQ) C20H22O3NCl –Cl
Compound III (2-Cl,3-Cl HHQ) C20H21O3NCl2 –Cl
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365 nm).

For GC–MS analysis after specific time intervals, 1.4 ml
aliquots (at a concentration of ca. 10−4 mol/l) were placed into
ig. 1. Structure of methyl 2,6,6-trimethyl-4-phenyl-5-oxo-1,4,5,6,7,8-
exahydroquinoline-3-carboxylate (HHQ).

. Experimental

.1. Materials

Methyl 2,6,6-trimethyl-4-phenyl-5-oxo-1,4,5,6,7,8-hexahy-
roquinoline-3-carboxylate (HHQ), were synthesised using a
odified Hantzsch synthesis by the Safak’s group [16], and

indly donated for our studies. HPLC grade solvents were used.
he pharmacological activity of the hexahydroquinoline deriva-

ives was earlier determined by Aydin and Safak, and their results
re presented in the paper [13].

.2. Sample preparation and photodegradation conditions

The methods applied for assessment of the photochemical
ecomposition of HHQ derivatives were UV spectrophotometry
nd GC–MS.

Metanolic solutions of the HHQ derivatives were tested for

hotodegradation according to the requirements of the first ver-
ion of the document issued by the International Conference
n Harmonization of Technical Requirements for Registration
f Pharmaceuticals for Human Use (ICH), currently in force

able 2
pectral and analytical properties of methyl 2,6,6-trimethyl-4-phenyl-5-oxo-
,4,5,6,7,8-hexahydroquinoline-3-carboxylate (HHQ) in methanol used in
hotodegradation experiments

HQ derivative λmax

(nm)
c
(×105 mol l−1)

ε

(l mol−1 cm−1)

ompound I (2-Cl HHQ) 367 8.96 7730
ompound II (3-Cl HHQ) 362 5.61 7830
ompound III (2-Cl,3-Cl HHQ) 367 3.58 8550

max: analytical wavelength; c: concentration used in the experiments; ε: molar
bsorption coefficient

F
f
s
o
c
i

– R = 3′ 359.85
–Cl R = 2′, R′ = 3′ 393.30

n photochemical studies of drugs and therapeutic substances
23]. The solutions were placed in a quartz cell of 2.8 ml in
apacity, and irradiated with a high-pressure HBO-50 mercury
amp from a distance of 3.5 cm, using a Wood’s filter (λmax =
ig. 2. (a) Spectral changes of Compound I (2-Cl HHQ) in methanol after dif-
erent times of irradiation (0, 30, 60, 120, 200, and 255 min) at 365 nm, (b)
pectral changes of Compound II (3-Cl HHQ) in methanol after different times
f irradiation (0, 120, 230, 270, 330, and 480 min) at 365 nm, and (c) spectral
hanges of Compound III (2-Cl 3-Cl HHQ) in methanol after different times of
rradiation (0, 60, 110, 190, and 200 min) at 365 nm.
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Fig. 3. Mass fragmentation scheme of (a) methyl 2,6,6-trimethyl-4-(2′-
chlorophenyl)-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (Compo-
und I), (b) methyl 2,6,6-trimethyl-4-(3′-chlorophenyl)-5-oxo-1,4,5,6,7,8-he-
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ahydroquinoline-3-carboxylate (Compound II), and (c) methyl 2,6,6-trimethyl-
-(2′,3′-dichlorophenyl)-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate
Compound III).

onical vials, concentrated to dryness in nitrogen atmosphere,
nd dissolved in 10 �l of methanol.

To analyse the process of photodegradation by UV spec-
roscopy, the UV spectra of the compounds (see Table 2 for
he concentrations) were taken at fixed time intervals and their
bsorbance was measured. After a proper exposure time, the UV
pectra were recorded in the range 200–400 nm on an UV-160 A
himadzu spectrophotometer at room temperature.

The irradiation doses were monitored by a Reinecke
alt chemical actinometer, with trans-tetrathiocyandiammine-
hromate(III) potassium obtained from the ammonium salt

24,25]. Actinometer solutions were irradiated using the same
rradiation geometry and Wood filter. The measured number of
uanta absorbed by the actinometer in 85 s was 1.42 × 1017,
orresponding to the light intensity of 2.77 × 10−9 Es s−1.

w
t
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able 3
eal quantum yields of photodegradation (ϕ) of hexahydroquinoline derivatives in
hotodegradation of HHQ derivatives obtained by the spectroscopic method: the r
egradation of 10% of the compound (t0.1)

HQ derivative k ± �k (s−1)

ompound I (2-Cl HHQ) (1.20 ± 0.01) × 10−4

ompound II (3-Cl HHQ) (3.95 ± 0.13) × 10−5

ompound III (2-Cl,3-Cl HHQ) (2.95 ± 0.19) × 10−5
Fig. 3. (Continued ).

.3. Chromatographic analysis of the photodegradation
roducts

A model 5890II gas chromatograph, equipped with a 5971 A
elective mass detector (Hewlett-Packard) was used in this study.
he separation was conducted on a DB-5 silica capillary col-
mn (J&W, USA), of 0.25 mm internal diameter, 30 m length
nd 0.25 �m film thickness. The following temperature program
as used: the injection chamber temperature 250 ◦C, the initial

emperature in the oven 140 ◦C kept for 2 min, 5 ◦C/min temper-
ture ramp up to 200 ◦C, and then 10 ◦C/min up to 300 ◦C, with
he final temperature maintained for 13 min. The carrier gas was
elium, 99.99% purity, 1.0 ml/min flow-rate, 5 bar pressure, and

as divided between the column and the injection chamber at

he 1:2 ratio.
Gas chromatograph was connected to the mass spectrometer

y an AMD402 interface kept at 300 ◦C.

methanolic solutions after irradiation at 365 nm, and kinetic parameters of
ate constant of photodegradation (k), the half-life time (t0.5) and the time of

t0.1 (min) t0.5 (min) ϕ ± �ϕ

14.17 96.17 (1.58 ± 0.02) × 10−4

44.44 292.18 (4.37 ± 0.21) × 10−5

59.55 391.53 (3.95 ± 0.11) × 10−5
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Fig. 3. (Continued ).

.4. Low-resolution mass spectra of the photoproducts

The low-resolution mass spectra of the photodegradation
roducts of HHQ derivatives were taken on an AMD 402
wo-sector B/E type mass spectrometer, in the Nier–Johnson
eometry. The unit resolution was R = 1000. The ionisation was
erformed by an electron beam at 70 eV, and 8 kV accelerating
oltage was used. The temperature of the electron source was
00 ◦C; while the evaporation temperature varied from 100 to
50 ◦C. The low-resolution mass spectra in the normalised form
re shown in the range from 50 to 400 m/z.

.5. High-resolution mass spectra of the photoproducts
In order to identify the fragmentation pathway of the pho-
odegradation products the method of peak superposition was
pplied and the elemental compositions of the fragment ions

r
(

t

able 4
hromatographic parameters (tR) and m/z positions of the molecular and fragmentati

HQ derivative Retention time tR (min)

ompound I 22.18
22.41

ompound II 22.40

ompound III 23.43
24.05
27.59
hotobiology A: Chemistry 192 (2007) 197–203

ere determined using perfluoroxene as a standard. The mea-
urements were made on JMS D100a mass spectrometer, with a
esolution of R = 10,000. The error in determination of the ele-
ental composition of the ions did not exceed 0.05 Da, relative

o the results of theoretical calculations.

. Results and discussion

.1. Spectral and photochemical studies

Spectral properties of dihydropyridine derivatives including
HQ derivatives have been the subject of intense studies [22].
he absorption spectra of the presently studied HHQ derivatives

n methanol reveal a characteristic band at longer wavelengths,
ith the maximum at approximately 367 nm (for Compounds I

nd II) and at about 362 nm (for Compound III) and are shown
n Fig. 2. Table 2 presents parameters characterising analytical
roperties of the compounds used in photodegradation experi-
ents. As shown, the spectral properties of all three derivatives

re rather similar; analogously, the spectral changes observed
uring photolysis of HHQ solutions in methanol are also
imilar.

The visually noticeable relatively rapid photodegradation is
lso supported by the experimentally determined quantum yields
or particular irradiation times, as described in paper [25]. To
acilitate comparison, the experimentally determined quantum
ields of photodegradation were extrapolated to the starting
oncentrations (0% conversion), thus producing real quantum
ields. The results for the real quantum yields are given in
able 3 together with the kinetic parameters of photodegrada-

ion of HHQ derivatives as obtained from the UV–vis spectra:
he rate constant of photodegradation (k), the half-life time (t0.5)
nd the time of degradation of 10% of the compound (t0.1).
ll the kinetics parameters were extracted assuming changes in

he concentration of HHQ derivatives during irradiation can be
escribed by the equation of the first-order reaction [24]:

n (At − A∞) = ln (A0 − A∞) − kobst (1)

here A0, At and A∞ stand for the absorbency measured at t = 0,
and t∞; k is the rate constant of photodegradation and t is the

ime of irradiation (min). The Lambert–Beer law was used to

elate concentrations and absorption values. We get from Eq.
1) that t0.1 = ln1.11/k = 0.1054/k, and t0.5 = ln 2/k = 0.693/k.

The values obtained for the real quantum yields of pho-
odegradation are in the 10−4 to 10−5 range, indicating the

on ions of the photoproducts of the HHQ derivatives

Molecular ion (m/z) Fragmentation ions (m/z)

322 307, 266
353 339, 338, 323, 322

357 342, 328, 314, 301, 269

391 356
387 372, 356, 340, 331, 316, 301, 207
341 313, 298, 285, 256
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ig. 4. Scheme of mass fragmentation of the photoproducts (a) tR = 22.18 min fo
t 365 nm; this photoproduct was identified as methyl 2,6,6-trimethyl-4-(2′-chl
his photoproduct was identified as methyl 2,6,6-trimethyl-4-(2′-methoxypheny

resence of some differences depending on the position of the
hloro substituent. Results of our earlier studies and literature
ata have revealed that similar trends have been observed for
alcium antagonists from the group of 1,4-dihydropyridine [26].
umming up the results of studies on the photochemical stabil-

ty of the DHP derivatives, we conclude that the rate of their
egradation depends on the type and position of substituents in
he phenyl ring. Previously obtained results suggest that DHP
erivatives containing a substituent group in the ortho-position
f the phenyl ring are particularly photolabile. Under the same
rradiation conditions, the meta-isomer appears to be more sta-
le. This is in agreement with our present results, where the real
uantum yields of photodegradation are the lowest for Com-
ound II, the highest for Compound I, whereas Compound III
roduced an intermediate value.

.2. Identification of the photoproducts

Identification of photoproducts was done using GC–MS
ethod [27,28]. In the first step, the method of gas chromatog-

aphy was employed, which after an appropriate optimisation
ermitted to separate the products of photochemical degrada-

ion.

The results of the GC–MS analysis are displayed in Table 4
howing retention times of Compounds I, II, and III and their
hotoproducts subjected to total photodegradation.

r
2
d
C

during photodegradation Compound I (2-Cl HHQ) after 120 min of irradiation
enyl)-5-oxo-5,6,7,8-tetrahydroquinoline-3-carboxylate and (b) tR = 22.41 min,
xo-5,6,7,8-tetrahydroquinoline-3-carboxylate.

Analysis of the values obtained indicates that exposition
f different HHQ derivatives to light leads to formation of
different number of photoproducts. As shown in Table 4,

he chromatogram of Compound I indicates the presence
f two photoproducts characterised by the retention times:

R = 22.18 min (m/z = 357) and 22.41 min (m/z = 353). Pho-
odegradation of Compound II leads to formation of only one
hotoproduct characterised by the retention time, tR = 22.40 min
m/z = 357). The photoproducts appearing as a result of pho-
odegradation of Compound III are characterised by the retention
ime, tR = 23.43 min (m/z = 356), tR = 24.05 min (m/z = 387),
R = 27.59 min (m/z = 341).

The separated photoproducts were identified with the use of
MS detector, on ionisation by electron impact (EI). The low-

nd high-resolution mass spectra permitted determination of
he m/z values and of the elemental composition of molecular
nd fragmentation ions. A comparison of the data presented in
igs. 3 and 4 and Table 4 has shown that the photodegradation of
ll HHQ derivatives analysed leads to the formation of pyridine
erivatives as the main products. In particular, for Compound
the two photoproducts were identified as (tR = 22.41 min)
ethyl 2,6,6-trimethyl-4-(2′-chlorophenyl)-5-oxo-5,6,7,8-tet-
ahydroquinoline-3carboxylate and (tR = 22.41 min) methyl
,6,6-trimethyl-4-(2′-methoxyphenyl)-5-oxo-5,6,7,8-tetrahy-
roquinoline-3-carboxylate. In the case of photodegradation of
ompound II, only one photoproduct was found (tR = 22.40 min)
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Fig. 4. (

nd identified as methyl 2,6,6-trimethyl-(3′-chlorophenyl)-5-
xo-5,6,7,8-tetrahydroquinoline-3-carboxylate.

Mass fragmentation patterns of the photoproducts of all the
HQ derivatives studied show that their fragmentation involves

limination of the chlorine. This is a novel fragmentation path,
hich has not been previously observed for molecules con-

aining a chlorine atom at the para-position of the phenyl ring
26]. On the basis of the fragmentation pathways analysis, mass
ragmentation schemes were proposed as shown in Fig. 3a–c.
ragmentation of HHQ derivatives leads to formation of a dif-
erent number of products; however, all of them have shown
romatic properties. The mass fragmentation patterns of all pho-
oproducts formed did not show a peak at m/z = 248.

It should be emphasized that as follows from Fig. 4, the

avoured direction of mass fragmentation of all HHQ deriva-
ives (I–III) involves breaking up of the C C bond between the
henyl ring and the hexahydroquinoline ring, leading to ions at
/z = 248. According to the m/z positions of the molecular and
inued ).

ragmentation ions and the mode of mass fragmentation these
ompounds are formed as a result of dehydrogenation of the
ihydropyridine ring yielding an aromatic pyridine ring.
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