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A detailed investigation of Valsartan's light-induced degradation is reported. Based on UPLC-HRMS studies
of stressed solutions several degradation pathways are proposed. Some of the proposed structures were
obtained by forced degradation experiments. Examination of analytical data including crystal structures
allowed for structural revision of one literature-known degradant. In addition, irradiation under aero-

bic conditions revealed further degradative pathways leading to two previously unknown decomposition
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products. Mechanistic considerations regarding their origin helped to identify structural weak points of
Valsartan under the influence of light.
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1. Introduction

Degradation of chemical compounds is an omnipresent and fun-
damental process in nature. While degradation of small amounts of
chemical entities is an unproblematic side effect in many chemical
and biological systems, it‘s occurrence in pharmaceutical products
possess the potential to cause serious health risks for patients [1].
Identification, characterization, and mechanistic rationale of possi-
ble degradation products are therefore of particular value for safer
pharmaceutical substances. As part of the risk minimization for pa-
tients, legal authorities demand testing of pharmaceutical products
for potential degradation upon external stress. Testing parameters
include exposure to heat, light, acidic, basic and oxidative condi-
tions and are defined in the ICH Guidelines Q1A (stability testing
of new drug substances and products) [2]. Furthermore, the avail-
ability of isolated impurity samples as reference standards is im-
portant for exclusion of possible contamination in pharmaceutical
products. By testing every batch of API (active pharmaceutical in-
gredient) for potential impurities prior to release the highest pos-
sible safety standards are maintained.

In this account, we wish to report our results from light-
induced degradation studies of Valsartan 1 (Fig. 1). Valsartan is
a Top200 drug that is used as orally administrable angiotensin II
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(AT )-antagonist for treatment of hypertension, diabetic nephropa-
thy, and congestive heart failure [3,4]. For sartans, degrada-
tion pathways are of particular interest due to recent N-nitroso-
dimethylamine impurity-related retractions of large amounts of
formulated products in Europe and the US market [5].

Several other groups have already studied Valsartan degrada-
tion processes under irradiation with overall mixed results. Some
reports described Valsartan as photostable [6-8] under conditions
according to ICH Guidelines Q1B (photostability testing of APIs)
[9]. Others observed degradation without structure determination
of the decomposed compounds [10-12]. Bianchini et al. isolated
decarboxylated Valsartan 2 and diazirine compound 3. Diazirine
3 results from cyclization of the tetrazole moiety and biphenyl
towards phenanthridines with simultaneous ring diminishment
(Fig. 1) [13,14]. Mehta et al. proposed similar diazirine structures
during mass spectrometric studies as part of the fragmentation
pattern of cyclized compound 4. However, no attempts to isolate
such species were undertaken [15]. In addition, phenanthridine
4 was obtained by Kumaraswamy et al. by refluxing of 1 under
basic conditions [16]. Light-induced cyclization of Valsartan 1
towards phenanthridine cores is a plausible degradation pathway
due to the close proximity of tetrazole and biphenyl moiety. In
addition, the conjugated system is significantly increased through
planarization. A ring contraction under release of nitrogen on the
other hand seems unlikely, given the missing precedence in the
literature for this kind of transformation under ambient conditions
[17-19] and the general instability reported for diazirines [20,21].
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Fig. 1. Valsartan and selected literature-known degradation products.

We were therefore particularly interested in the investigation of
diazirine containing structures, because their formation might
cause serious side effects in the pharmaceutical application due to
their anticipated instability.

2. Experimental section
2.1. Chemicals and materials

Valsartan was purchased from Afine Chemicals Limited. MeCN,
H,0, EtOAc, CH,Cl;, n-hexane and MeOH (all HPLC-grade) and
tBuOH (reagent grade) were purchased from VWR International
GmbH and were used without further purification.

2.2. Instrumentation

Chromatographic separations were performed using Isolera
Four® from Biotage and mixtures of n-hexane/EtOAc for normal
phase chromatography (column material: silica gel) and H,O/MeCN
for reverse phase (column material: YMC ODSAQ C18-S 12 nm).
NMR spectra were measured in CDCl; (for compounds 2, 5 and
6) and DMSO-dg (compound 10) on a Bruker Avance Neo 400.
Tetramethyl silane was used as internal standard. FT-IR measure-
ments were performed using a Jasco FT/IR 4100. Melting points
were measured on a Mettler-Toledo MP90. HRMS measurements
were carried out on a Thermo Scientific Exactive Plus. CHN analy-
sis was performed on a Elementar Vario EL Cube. UPLC-MS mea-
surements were conducted on a Waters UPLC Acquity H Class with
Acquity QDa and Acquity PDA e) detector using a Waters Acquity
UPLC HSS T3 column (1.8pum; 2.1 x 100 mm). H,0 + 0.1% formic
acid (A) and acetonitrile (B) were used as eluents at 40 °C and a
flow rate of 0.5 mL/min. A gradient of 0 min 90% A 10% B, 0.1 min
90% A 10% B, 12 min 20% A 80% B, 13 min 2% A 98% B, 15 min
90% A 10% B, 19 min 90% A 10% B was applied. Mass spectra were
obtained in a range of 100-600 amu, with a cone voltage of 15 V
and a capillary voltage of 0.8 kV at 600 °C. UV-Vis spectra were an-
alyzed based on a wavelength of 200 nm to prevent overestimation
of phenanthridine percentage. A comparison at 225 nm (pharma-
copeial wavelength for 1) gave higher percentages for the phenan-
thridine compounds (see supporting information for comparison).
UPLC-HRMS measurements were performed on a Dionex UltiMate
3000 using a Waters Cortecs UPLC column (1.6pm; 2.1 x 75 mm).
H,0 + 0.1% formic acid (A) and acetonitrile + 0.1% formic acid (B)
were used as eluents at 40 °C and a flow rate of 0.5 mL/min. A
gradient of 0 min 98% A 2% B, 3 min 2% A 98% B, 4 min 2% A
98% B, 5 min 98% A 2% B, 6 min 98% A 2% B was applied. Mass
spectra were obtained in a range of 80.0-1000.0 amu, with cap-
illary voltage of 3.5 kV at 269 °C. For X-ray structure determina-
tion intensities were collected on a BRUKER D8 Venture system
(compound 5) and STOE IPDS II instruments with Mo Ko radia-
tion (compound 6). Space groups were determined by detection of
systematical absences. Structure solution and refinement were per-
formed using the SHELX program package [22,23]. Hydrogen atoms
were treated with the “riding model” option of SHELXL. Molecular

structures were visualized using DIAMOND 4.2.2 [24]. For further
information see supporting information.

2.3. Photostability studies

Method A: Solutions of Valsartan in MeCN (1.0 mg/mL) were ir-
radiated at 20 °C in the presence of oxygen for 4 h using a 150 W
Hg medium pressure UV light source in a photo cabinet purchased
from Peschl Ultraviolet. Pyrex equipment was used in order to
eliminate any irradiation A <320 nm according to conditions de-
scribed in the ICH Q1B guidelines [9]. The UV-A radiant output
was 5.40 mW/cm? at a distance of 8.5 cm. The degradation of Val-
sartan was monitored by UPLC-MS. The identity of the degradation
products was ensured by co-injection with isolated compounds ob-
tained via forced degradation (2.4).

Method B: Solutions of Valsartan in MeCN (1.0 mg/mL) were
left standing in the sun at 25 °C for 1 d (approximately 15 h of
sunlight) in Pyrex vials. The degradation of Valsartan was moni-
tored by UPLC-MS and UPLC-HRMS. The identity of the degradation
products was ensured by co-injection with isolated compounds ob-
tained via forced degradation (2.4).

2.4. Forced degradation for structure determination

Forced degradation studies were performed in the presence and
absence of oxygen using a 150 W Hg medium pressure UV light
source in a photo cabinet purchased from Peschl Ultraviolet. Ac-
cording to the procedure of Bianchini et al. [13,14], Valsartan 1
(3.0 g, 6.9 mmol) was dissolved in tBuOH/H,0 (600 mL, 1:2) and
was irradiated at rt for up to 2 d. Alternatively, MeCN was used as
solvent. Both Pyrex and quartz glass equipment was tested, with
the latter giving generally faster conversion. After irradiation, prod-
uct mixtures were concentrated under reduced pressure and puri-
fied by normal phase chromatography (n-hexan/EtOAc, 18 column
volumes (CV) 5-100% B, 2 CV 100% B). Product fractions with a pu-
rity (by UPLC) of >90% were pooled and purified by reverse phase
chromatography (H,O/MeCN, 1 CV 0% B, 10 CV 0-100% B, 4 CV
100% B). If neccessary, these operations were repeated until suf-
ficiently pure material for structure elucidation of compounds 2,
5, 6 and 10 was obtained. Then, products were crystallized from
n-hexane (2, purity by UPLC: 99.80%), CH,Cl, (5 and 6, purity:
98.82% and 96.62%) or MeOH (10, purity: 97.38%).

3. Results and discussion
3.1. Photostability studies

As already observed by Bianchini et al. [13,14], Mehta et al.
[15] and Kumaraswamy et al. [16], stressing Valsartan under ex-
clusion of irradiation A <320 nm using conditions in line with
ICH Q1B [9] (method A) gave several degradation products within
4 h in relevant levels (>0.1%, see supporting information for de-
tails). When Valsartan was left standing in the sun in solution
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Fig. 2. UPLC chromatogram of Valsartan in MeCN (0.1 mg/mL) left in the sun for 1 d (Method B, see supporting information for full chromatogram).

Table 1

Retention time, HRMS and Area% of impurities formed during stability studies.

rt [min] compound  composition calc. [M+H]*  found [M+H]* A [ppm]  Area%® Method A  Area%® Method B
1 792 1 (API) Co4H30Ns03  436.23432 436.23470 0.9 88.91 90.03
2 9.04 2 C,3H30N50 392.24449 392.24463 0.4 4.92 2.49
3 - 3 Cy3HsN30 362.22269 — - Not observed Not observed
4 8.84 4 Co4HasNsO3  434.21867 434.21901 0.8 0.28 1.57
5 1045 5 Cy3H25Ns0 390.22884 390.22859 0.6 0.40 0.44
6 912 6 CyoHzoNs0,  362.16115 362.16114 0.0 0.13 0.23
7 783 7 CyoH22Ns0,  364.17680 364.17681 0.0 3.31 2.13
8 638 8 Ci9H22Ns0 336.18189 336.18171 0.5 Not observed” 0.35
9 6.02 9 Ci3Hy1Ny 223.09782 223.09789 0.3 Not observed” 0.77
Total decomposition (including unidentified degradants): 11.10 9.97

@ Average of two runs with two independently stressed samples.
b Formation of compounds 8 and 9 was only observed in sunlight-stressed samples (Method B). Overall, decarboxylation of 1 seems to
proceed faster under artificial light conditions (Method A) than under the influence of sunlight (Method B).
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Scheme 1. Structural proposals for cyclization derived degradation products based on UPLC-HRMS results.

for 1 d, comparable amounts of the same degradants were ob-
served (method B, Fig. 2, Table 1). Based on UPLC-MS and UPLC-
HRMS data (see supporting information for details) some degrada-
tive pathways and resulting structures can be proposed (Schemes
1 and 2). A decarboxylation of Valsartan 1 furnishes literature
known compound 2 [13,14] (Scheme 1). A cyclization event results
in phenanthridine 4, as described by Mehta et al. [15] and Ku-
maraswamy et al. [16], a subsequent decarboxylation gives phenan-
thridine 5. A diazirine formation under exclusion of N, would re-
sult in degradation product 3, however, no matching mass was ob-
served. An oxidative formamide formation under degradation of

the valine subunit gives compound 6. For proposed structures 2
and 4 matching masses were also observed in negative electro-
spray ionization (ESI) mode. For proposed cyclized structures 4, 5
and 6 a characteristic shift of the UV maxima was observed. This
is plausible due to the significant extension of the chromophore‘s
conjugation.

Structure proposals for non-cyclized degradation products are
given in Scheme 2. In analogy to formation of formamide 6, an ox-
idative degradation of the valine subunit would give degradation
product 7. A disconnection within the valine results in amide 8, as
described by Mehta et al. [15]. The mass of a diphenyl tetrazole
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Scheme 2. Structural proposals for non-cyclized photodegradation products based on UPLC-HRMS results.
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Fig. 3. Decarboxylated Valsartan 2, proposed structure 3, corrected structure 5 and its X-ray.

fragment 9 was also detected, although details about its forma-
tion remain unclear. For proposed structures 7, 8 and 9 matching
masses were also observed in negative ESI mode. The percentage of
each impurity formed, the calculated and observed HRMS and total
degradation of 1 during photostability study is given in Table 1.

3.2. Forced degradation under oxygen exclusion

In order to produce substantial amounts of these degradation
products for structure elucidation, photodegradation of Valsartan
was studied under more forcing conditions. During these degra-
dation studies, partially decomposed Valsartan structures 2 and 5
were isolated and identified under anaerobic conditions (Fig. 3).
Compound 2 results from decarboxylation of the API and has al-
ready been reported by Bianchini et al. [13,14]. Phenanthridine
5 was found to give analytical data which matched diazirine 3
[13,14] in all aspects excluding mass spectrometry (see Table 2 for
comparison of NMR data and supporting information for detailed
analytical data). Diazirine 3 and tetrazole 5 cannot be distinguished
solely based on IR and NMR data interpretation. Further investi-
gation by elemental analysis, HRMS and crystal structure (Fig. 3)
confirmed the intact tetrazole unit rather than the previously de-
scribed diazirine 3. In addition, UPLC-MS measurements revealed a
partial formation of 3 under ESI-MS conditions from pure 5 with
increased ionization voltage (see supporting information for de-
tails). This observation could explain the assignment of diazirine 3
as structure for 5 by ionization-induced in situ ring diminishment
during HRMS measurements. Although tetrazole 5 as structure of
our cyclization product is sufficiently proven, we cannot fully ex-
clude formation of 3 as reported in the literature. Both products
2 and 5 were confirmed as degradation products by spiking ex-
periments with sunlight-stressed samples (see supporting informa-

Fig. 4. Structure of degradants 6 and 10 formed in the presence of oxygen and X-
ray of 6.

tion for details). Phenanthridine 4 could not be obtained under
these conditions since decarboxylation of Valsartan 1 appears to
proceed faster than cyclization. However, under basic stress condi-
tions a decarboxylation might be suppressed, as demonstrated by
Kumaraswamy et al. under thermic stress [16].

3.3. Photodegradation in the presence of oxygen

In addition, forced Valsartan degradation in the presence of
oxygen was investigated to evaluate the influence of oxygen on the
API's degradative pathways. Together with the already observed
degradation products 2 and 5, we isolated and characterized for-
mamide 6 and amide 10 (Fig. 4, see supporting information for 2D-
NMR data, structure elucidation and analytical details). The struc-
ture of formamide 6 was confirmed via X-ray structure determi-
nation. The origin of both compounds lies in the degradation of
Valsartan‘s former valine unit. Oxidative C-C bond cleavage under
irradiation at «-position in amines is a common degradation pro-
cess, which has been extensively studied and supported by theo-
retical calculations for a variety of substrates [25-27]. Besides, sev-
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Table 2
NMR comparison of 3 [13,14] and 5.
NMR-data for 5 in CDCl3 NMR-data reported for 3 [13,14] in CDCl3
HMBC
Multiplicity Cosy correla- H Multiplicity  3C assigned
TH [ppm] [Hz] Integral APT [ppm] correlations tions [ppm] Deviation [Hz] [ppm] Deviation as
1 0.89%, 0.98 t, 74 3 14.0, 13.9* 1-2 1-2, 0.97 0.01 t, 7.1 139 0 1
1-3
2 1.44, 1.34* tq, 7.5, 74 2 22.7, 22.5* 2-1,2-3 21, 143 0.01 sextet, 7.7 22.6 0.1 2
2—3,
2—4
3 1.68*, 1.74 tt, 7.5, 7.5 2 27.65, 3-2,3-4 3-1, 173 0.01 quint, 7.5, 27.6 0 3
27.56* 3-2, 75
34,
3-5
4 2.48, 2.39* t, 75 2 33.3%,33.0 4-3 4-2, 2.48 0 bdd, 7.6, 7.6 33.0 0 4
43,
4—5
5 X X X 1741, 173.8* X 3-5, X X X 1741 0 5
45,
11-5
6 3.34, 3.21% d, 7.5 2 55.2, 53.5* 6—7, 611 6—5, 3.20 0.01 d, 7.5 55.3 0.1 6
6—7,
6—38,
6—9
7 2.04, 2.06* qq, 6.7, 6.7 1 279, 27.1* 7—8, 79, 7—6, 1.96- 0 m 279 0 7
7—6 78, 2.07
7-9
8 0.95*, 0.98 d, 6.7 3 20.2%, 20.1 87 8—6, 0.97 0.01 d, 6.7 20.1 0.1 8
8—7,
8—-9
9 0.95%, 0.98 d, 6.7 3 20.2%, 20.1 97 9—6, 0.97 0.01 d, 6.7 20.1 0.1 9
9-7,
9-8
10 - - - - - - - - - - - -
1 4.87, 4.84* S 2 51.4%, 48.8 11-6, 11-5, 4.86 0.01 s 48.8 0 1
1113, 11-6,
11-17 1112,
1113,
1117
12 X X X 141.3, X 1412 X X X 1413 0 12
140.5*
13 7.64, 7.53* dd, 8.5, 1.7 1 127.8, 13-11, 13-11, 7.68 0.04 d, 7.8 127.8 0 19
125.8* 1314, 1314,
1317 13—-15,
1317
14  8.52-843 m 1 124.8+, 14—13 14—12, 8.54- 0 m 1243 0.1 21
1244 14—15, 8.40
14—16
15 X X X 121.7%, X 1315, X X X 118.5% 0 15
1213 14—15,
17—-15
16 x X X 129.8 X 14— 16, X X X 129.8° 0 23
17—16
17 8.52-8.43 m 1 116.0, 17-11 17-11, 8.54- 0 m 123.0° - 17
115.3* 17-13, 8.40
17—-18
18 X X X 1294 X 1918, X X X 125.8* - 18
2018,
2218
19 8.52-8.43 m 1 123.03%, 1920, 19-18, 8.45 0 d, 1.5 123.0¢ 0 17
122.95 19-21 1920,
1921,
19-23
20 791% 788 td, 7.4, 0.7 1 132.1%, 20—19, 2018, 7.88 0 d, 7.2 131.9° 0.1 22
132.0 20—20, 2021,
2022 2022
21 7.80%, 7.78 dt, 7.1, 1.0 1 129.5%, 2119, 2119, 777 0.01 d, 7.8 129.2¢ 0 13
129.2 2120, 2122,
21522 2123
22 8.5, 8.77* dd, 79,084 1 126.2%, 2220, 2221, 8.75 0 dd, 7.8, 1.5 126.1° 0 14
126.1 2221 2223,
2224
23 X X X 118.6%, X 1923, X X X 118.5¢ 0 15
118.5 2123
24 X X X 1474, X 2224 X X X 1473 0 24
147.3

3:1 mixture of rotamers, * marks signals of the minor rotamer. For 3, a similar mixture was described, but only signals of the major rotamer were reported. The published
NMR data includes some incorrect assignments (13-H, 14-H, 19-H, 20-H, 21-H, 22-H, C13-C23). The corrected NMR data for 5 was assigned based on 2D NMR data ('H, APT,
COSY, HSQC, HMBC) and comparison with 6 and 10, for which no mixture of rotamers was observed.

2 For details concerning the corrected structure assignment of NMR data see supporting information.
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Scheme 3. Mechanistic hypothesis for formation of formamide 6 and amide 10.

eral chemical methods for this kind of transformation have been
reported which use transition metal catalysts in combination with
oxidants [28-32] or metal free conditions [33-34]. Mechanistically
formamide formation is described as radical-based process in most
of these cases, which is also likely to be the modus operandi for
Valsartan photodegradation. We propose the following degradative
pathways (Scheme 3a) in analogy to literature known methodol-
ogy [25]. Due to the already mentioned shift in the phenanthridine
moiety’s UV spectra (see supporting information for full spectra),

w L LT
NS0 NN
Q0

1

Decarboxylation l

phenanthridine 5 should be able to act as a photosensitizer, which
upon relaxation converts 30, to 10, via intersystem crossing. This
highly reactive species is believed to oxidize 5 to the radical cation
A via single electron transfer (SET) under formation of O,~. Radical
cation A could then undergo a proton transfer, which generates a
radical in alpha position to the amine (B). A recombination with a
hydroperoxyl radical would then deliver the enamine C after elim-
ination of H,0,. A formal 1,2-addition/oxidative cleavage sequence
with 10, would furnish formamide 6 and acetone. The presence

\
HN_ N

C\N \O =

anaerobic
conditions

\
HN_ N
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t
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N /N + N /N
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Scheme 4. Proposed light-induced degradation pathways of Valsartan under forced degradation conditions.
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of H,0, or other peroxo-species in the stressed Valsartan solution
was documented by peroxide tests (Merckoquant®, KI starch pa-
per). On the other hand, the oxidized radical cation A could form
an iminium ion D via hydrogen atom transfer (HAT). The addition
of HyO would result in hemiaminal E formation, which furnishes
amide 10 and isobutyl aldehyde after deprotonation (Scheme 3a).
We speculate that for Valsartan, oxidative valine degradation is fa-
cilitated by radical formation adjacent to the amine (B) during de-
carboxylation of 1 (Scheme 3b). While quenching the radical un-
der anaerobic conditions leads to decarboxylated products 2 and
5, formamide 6 is predominantly formed in the presence of oxy-
gen. Formamide 6 was secured as degradation product by spiking
experiments with the sunlight-stressed sample (see supporting in-
formation for details). Non-cyclized products 7 and 8 could not be
obtained since cyclization seems to proceed faster than oxidative
valine degradation under forced degradation conditions. Neverthe-
less, isolation of amide 10 hints at formation of amide 8 to repre-
sent a serious degradation pathway for Valsartan.

4. Conclusion

Based on our results, we propose the following degradative
processes (Scheme 4). Decarboxylation of Valsartan is the fastest
degradative process under forced light induced degradation condi-
tions, followed by cyclization. The nature of the valine fragment's
degradation pathway is highly dependent on the presence of oxy-
gen. While under exclusion of oxygen products containing isobutyl
residues are obtained, under aerobic conditions further isobutyl
chain degradation was observed to deliver formamide 6 and amide
10. Ring diminishment of the tetrazole unit was not observed in
any case as judged by UPLC-HRMS results and analytical data of
isolated material.

In summary, we report the isolation and characterization of
three previously unknown Valsartan degradation products 5, 6 and
10. Structural elucidation based on 2D-NMR, UPLC-MS, elemental
analysis, and X-ray analysis suggests the misassignment of 3 in
the literature. Mechanistic explanation for the formation of two
previously unknown irradiation-derived products 6 and 10 is pro-
posed. In combination, these results give a better insight into light-
induced degradation pathways of Valsartan.

During our degradation studies, we identified the valine subunit
and the combination of the biphenyl/tetrazole ring system as Val-
sartan's structural weak points under the influence of light. In par-
ticular, degradation of the valine by decarboxylation and oxidative
C-C cleavage was observed to furnish several impurities, together
with cyclization towards phenanthridines. Given the sartans’ struc-
tural similarities, the formation of equivalent phenanthridine im-
purities for other compounds of this class is likely and will be the
subject of future investigation.
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