JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s): .II_-eino, Teppo O.; Sieger, Peter; Yli-Kauhaluoma, Jari; Wallén, Erik A.A.; Kley, Jorg

Title: The azulene scaffold from a medicinal chemist's perspective : Physicochemical and
" in vitro parameters relevant for drug discovery

Year: 2022

Version: pyblished version

Copyright: © 2022 the Authors

Rights: ccya.0
Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Leino, T. O., Sieger, P., Yli-Kauhaluoma, J., Wallén, E. A., & Kley, J. T. (2022). The azulene scaffold
from a medicinal chemist's perspective : Physicochemical and in vitro parameters relevant for
drug discovery. European Journal of Medicinal Chemistry, 237, Article 114374.
https://doi.org/10.1016/j.ejmech.2022.114374



European Journal of Medicinal Chemistry 237 (2022) 114374

journal homepage: http://www.elsevier.com/locate/ejmech

Contents lists available at ScienceDirect

European Journal of Medicinal Chemistry

The azulene scaffold from a medicinal chemist's perspective:
Physicochemical and in vitro parameters relevant for drug discovery

Check for
updates

Teppo O. Leino *°, Peter Sieger ¢, Jari Yli-Kauhaluoma ¢, Erik A.A. Wallén ?, Jorg T. Kley ¢~

2 Drug Research Program, Division of Pharmaceutical Chemistry and Technology, Faculty of Pharmacy, University of Helsinki, P.O. Box 56, FI-00014, Finland
b Department of Chemistry and NanoScience Center, University of Jyviskyld, P.O. Box 35, FI-40014, Jyvéskyld, Finland

€ Boehringer Ingelheim Pharma GmbH & Co. KG, Drug Discovery Sciences Germany, Birkendorfer Strafse 65, 88397, Biberach an der RifS, Germany

d Boehringer Ingelheim Pharma GmbH & Co. KG, Medicinal Chemistry Germany, Birkendorfer Strafe 65, 88397, Biberach an der Rif3, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 11 March 2022
Received in revised form

5 April 2022

Accepted 7 April 2022
Available online 12 April 2022

Azulene is a bicyclic scaffold rarely applied in medicinal chemistry. Here we report physicochemical and
in vitro parameters relevant for drug discovery for a series of diversely substituted azulenes. We syn-
thesized and characterized several scaffold hopping series of analogously substituted azulenes, indoles
and naphthalenes. This enabled a comparison of azulene with the more common scaffolds indole and
naphthalene. Our data indicates that undesirably low photostability of azulenes is restricted to certain

substitution patterns. Generally, we conclude that azulene is an underused lipophilic bicycle and should
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be considered as a valuable complement to the collection of medicinal chemistry scaffolds.
© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Azulene (1) is a bicyclic non-benzenoid aromatic hydrocarbon, a
structural isomer of naphthalene (2). Despite the structural
resemblance, the physicochemical properties of these compounds
differ considerably from each other. Azulene has a dipole moment
between the electron-rich five-membered ring and the electron-
deficient seven-membered ring [1], and it exhibits a characteristic
deep blue color [2], whereas naphthalene is colorless and does not
possess dipole moment between the rings. The aromatic hetero-
cycles indole and azulene both consist of an electron-rich five-
membered ring fused to a larger ring. From this angle, azulene can
be considered to be an isostere of indole (3).
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Azulene derivatives have attracted only scant attention in me-
dicinal chemistry research [3], unlike the aforementioned scaffolds
naphthalene and indole [4]. Antiulcer drugs egualen sodium (4)
and sodium gualenate (5) are the only azulene-based drugs on the
market so far [5]. Other reported bioactivities of azulene derivatives
include anticancer [6—8], anti-inflammatory [9], antidiabetic [10],
antimicrobial [11,12], and antifungal [13] effects, orexin receptor
activation and potentiation of orexin-A [14,15], thromboxane A;
(TXA;) antagonism [16—18], and dopamine D4 activation [19,20]. In
addition, both azulene and its alkyl substituted derivative guaia-
zulene have been investigated for use in photodynamic therapy
[21-23].

The characteristic electron distribution of azulene has a signifi-
cant impact on its reactivity. The reactivity, in turn, greatly con-
tributes to the synthetically accessible functionalization pattern of
azulene. The most nucleophilic positions of the ring system are 1 and
3, which can be easily functionalized applying electrophilic aromatic
substitution reactions [24,25]. In case these positions are already
substituted, the weakly nucleophilic 5- and 7-positions may react
with electrophiles [26,27]. On the contrary, the 4-, 6- and 8-positions
of azulene have been reported to react with nucleophiles [28,29].
The 2-position may be selectively functionalized through transition
metal-catalysed C—H activation methods [30—32].
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The electron distribution also affects the metabolism of azulene,
as cytochrome P450 (CYP) enzymes typically oxidize electron-rich
positions of aromatic rings [33]. The sulphate conjugate of 1-
hydroxyazulene has been identified as the main metabolite of azu-
lene in rats [34], confirming that oxidation of azulene mainly occurs
at its most electron-rich position. However, 1-hydroxyazulene itself
has been reported to be too unstable to be isolated [35].

Sufficient metabolic stability is a prerequisite for achieving
sufficient exposure in target organs upon administration of a drug
molecule. Therefore, reducing electron density especially at the
five-membered ring is an obvious strategy to improve the meta-
bolic stability of azulenes, which can be approached by introducing
an electron-withdrawing group (EWG). Functionalization of the 1-
and 3-position with EWGs can be carried out by aromatic electro-
philic substitution reactions: Vilsmeier-Haack reaction gives a
formyl substituent and the modified Vilsmeier-Haack or Friedel-
Crafts acylation affords ketone derivatives (Scheme 1) [25,36].
The carboxyl group and the respective esters and amides can be
obtained via acid chloride using phosgene [15]. Alternatively, the
carboxylic acid can be reached using trifluoroacetic anhydride fol-
lowed by basic hydrolysis [37]. Compared to the 1- and 3-positions,
synthetic methods to substitute the 2-position of azulene with
EWGs have been less explored. One approach is the functionaliza-
tion via boronic acid pinacol ester [30], which can be further con-
verted to carbonyl derivatives [38].

The introduction of an EWG on the seven-membered ring could
also result in reducing potential metabolic liabilities, as it lowers
the overall electron density of the aromatic system. However, the
functionalization of the seven-membered ring with EWGs is less
straightforward than the five-membered ring, as the reports of
substitution methods are scarce. Often the most convenient
approach to functionalize the seven-membered ring is to synthe-
size the azulene ring from simple starting materials with methods,
which selectively direct the desired substituents or precursors to
the seven-membered ring in the azulene ring construction step
[39—44]. A methyl group in the 4-, 6- or 8-position is an example of
a versatile precursor in the synthesis of EWGs, as it can be easily
converted to the carbonyl derivative via enamine intermediate
(Scheme 1) [14,45,46].
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In this study we explored the general potential of azulene as a
scaffold in medicinal chemistry by determining the physicochemical
and in vitro parameters relevant for drug discovery for a series of
azulene derivatives. Additionally, we compared the azulene de-
rivatives to their corresponding indole and naphthalene analogs in
order to reveal differences between these analogous bicyclic scaffolds.

2. Results and discussion
2.1. Selection and design of compound series

The compound properties relevant for drug discovery result
from the combination of the scaffold and its substituents. In order
to allow a meaningful assessment of azulene as a scaffold for me-
dicinal chemistry, we studied a series of azulenes bearing elec-
tronically diverse substituents at different positions of the ring. To
this end, compounds with demonstrated biological activity
described in the literature [14,15] were complemented by azulene
derivatives newly synthesized through known methodologies (for a
complete list see Table S1 and section 2 in Supporting Information).

To compare the azulene scaffold with naphthalene and indole,
we established and tested a total of 15 scaffold hopping series, each
characterized by a specific substituent pattern (section 2.4, Table 5).
N-Alkylated indoles are considerably more lipophilic than their
counterparts displaying the NH proton. For the comparison of
scaffolds, we therefore kept these two types of indoles separate.

2.2. Stability

Decomposition of azulenes has been reported to occur at high
temperature and upon irradiation [47—49]. Furthermore, the mar-
keted drug sodium gualenate (5) is known to decompose upon
storage at ambient temperature even as solid [50]. We investigated
whether instability of azulenes is general or depending on substi-
tution. To this end, we tested sets of representative azulene de-
rivatives in assays routinely applied at Boehringer Ingelheim for the
characterization of leads and during lead optimization. This
allowed us to assess the degree of instability under conditions
relevant for medicinal chemistry and drug development.
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Scheme 1. Functionalization the azulene scaffold with an electron-withdrawing group (EWG).



TO. Leino, P. Sieger, J. Yli-Kauhaluoma et al.

2.2.1. Hydprolytic stability

Taking into account that substituent effects might influence
hydrolytic stability, we tested a set of four azulenes bearing sub-
stituents with different electronic properties at different positions
(Table 1). None of the compounds showed signs of instability under
pH 7.4 conditions (3 days at 40 °C). Decomposition was detected for
three out of the four compounds when strongly acidic conditions
were applied (a 0.1 M solution of HCI in Hy0, 3 days at 40 °C).
However, even the least stable compound 14 with an electron
donating acylamino substituent in 2-position, remained 96.5%
unchanged. These data indicate more than sufficient hydrolytic
stability for solid form development (e.g., tablet, capsule) with no
need for protection against the acidic gastric environment.

2.2.2. Photostability

Rapid degradation of azulene and guaiazulene under harsh UV
light conditions has been reported [48,49]. We observed that also
an azulene with an electron withdrawing substituent (carboxamide
13) is highly unstable under Suntester conditions (see section 3.2 in
Supporting Information). Analogs of 13 with an indole or naph-
thalene scaffold (compounds 17, 18, 19) were stable under these
conditions, indicating that the observed instability is associated
with the azulene scaffold itself (Table 2).

Whether the absorption of light in the UV—vis region and the
concomitant generation of degradation products from the parent
compound azulene [48] is associated with photomutagenicity,
photogenotoxicity or phototoxicity has been investigated by Struwe
et al. From a cell-based assessment they conclude that azulene is
neither photomutagenic nor photogenotoxic, and it shows only
weak photo(cyto)toxicity [51]. The mechanism underlying the

Table 1
Hydrolytic stability of the selected compounds.
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phototoxic effects of azulene and guaiazulene is most likely the
generation of reactive oxygen species (ROS) upon irradiation with
UVA light [52]. A number of successfully marketed drug molecules
are sensitive to UV light [53] and testing under milder irradiation
conditions is required to judge whether the degree of photolability of
a compound is acceptable for drug development or not. Using the
light sensitive drug nifedipine (20) as a reference, compounds (either
as solid or in solution) were exposed to sunlight for 7 days on a
windowsill in uncolored glass vials. We emphasize that this method
is not standardized, and results will vary to a certain extent, mainly
depending on the intensity of sunlight during the period of exposure.
Nevertheless, this approach should allow a meaningful ranking of
compounds even when tested on different weeks, provided half-
lives differ by more than one or two orders of magnitude.

We tested a set of 8 sufficiently soluble substituted azulenes
bearing electron withdrawing, electron donating or electronically
neutral substituents at different positions of the core and the
comparator nifedipine (Table 3). No photodegradation from solid
was detected for any of the compounds tested (<0.5% degradation).
When tested in solution, photodegradation above the detection limit
(0.5% degradation) was seen for 5 of the azulene derivatives and for
nifedipine. Interestingly, the most electron-rich azulene (14) bearing
an acylamino moiety in 2-position proved to be the least stable one
showing 85% degradation after 7 days, corresponding to a half-life in
the range of 2—3 days (ca. 60 h). The half-life of the reference
compound nifedipine was determined to be approximately 4 min
(ca. 1/15 h), almost three orders of magnitude shorter.

Based on assay conditions relevant for drug development, our
results show that photostability of azulenes strongly depends on
the substituent pattern with half-lives spanning several orders of

Entry Compound Structure Hydrolytic stability
Decomposition after 3 d at 40 °C in 0.1 M aq. HCI* Decomposition after 3 d at 40 °C in aq. buffer pH 7.4*
1 13 \ <0.5% <0.5%
o ~
2 14 " o 3.5% <0.5%
N
Q TN ]
SEEEN
3 15 2.0% <0.5%
o =
N
|
4 16 Q 1.5% <0.5%
°
HO
" Visual inspection indicated complete dissolution under the applied conditions.
Table 2
Photostability (suntester conditions) of the selected compounds.
Compound \ | o/ o/
0 N< O N N N
O ; ¢
N N
D 18 H 19 \

Nifefipine (20)

Photostability (suntester) 100% <0.5%

% degradation 24 h at UV stress

<0.5% <0.5% 100%
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Table 3
Photostability (mild conditions) of the selected compounds.
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Entry Compound Structure Photostability
% degradation from solid 7 d “mild” % degradation in solution"! 7 d “mild” (intrinsic pH of solution)
1 13 \ <0.5% 3% (pH 8.6)
O N~
2 14 N o <0.5% 85%"? (pH 7.1)
N
Ty
SRR
3 15 <0.5% 12% (pH 5.3)
o =J P
h
4 16 Q <0.5% <0.5% (pH 4.0)
e
HO
5 21 <0.5% 3.5% (pH 8.7)
oNas
6 22 Q <0.5% <0.5% (pH 4.1)
NetVy
HO °©
7 23 Q <0.5% <0.5% (pH 5.8)
o OO
/I/NH o
HO
3 24 Q <0.5% <0.5% (pH 7.2)
OO
S
‘NJ
9 Nifedipine (20) 0us.0° n.d. 100% (tY2~4min)
o b
S
O A NH

n.d. = not determined.
1" Acetonitrile/water 40:60.

2 Analysis by HPLC detecting absorption at 375 nM (main absorption peak of azulene). The decay of the compound peak upon irradiation is not accompanied by the
occurrence of new peaks with absorbance at 375 nM, indicating that the azulene moiety of the molecule is decomposed rather than the pyridone moiety.

magnitude. Noteworthy, even our least stable azulene derivative
proved more stable than the marketed drug nifedipine.

2.3. Safety

In order to detect potential safety issues inherently associated
with the azulene core, we tested representative compounds for
cytotoxicity, inhibition of CYP enzymes and reactivity towards
glutathione.

2.3.1. Cytotoxicity

The three compounds (13, 27, 28) tested in an MTT cytotoxicity
assay using HepG2 cells showed no signs of cytotoxicity up to
400 pM, the highest concentration tested (Table 4).

2.3.2. Inhibition of CYP enzymes

Aiming at minimizing the risk of clinical drug-drug interactions,
inhibition of CYP enzymes is an unwanted feature of potential drug
candidates [54]. Accordingly, the need for abolishing CYP inhibition

— where required — adds an additional layer of complexity to lead
optimization programs. Lead molecules devoid of this liability are
therefore preferred. We tested a diverse set of 11 azulenes for in-
hibition of the CYP isoenzymes 2C9, 2C8, 2D6, 2C19, and 3A4. Apart
from two single-digit uM ICsg values (21 against CYP2C19 and 29
against CYP2C8), all IC5y values were above 10 pM with no
detectable inhibition in most cases (Table 4).

2.3.3. GSH stability

Determination of compound stability in the presence of the
biologically relevant nucleophile glutathione (GSH) is an estab-
lished method to determine the reactivity of covalent reactive
groups [55]. In order to rule out unwanted covalent reactivity, we
tested a set of azulene derivatives with different substitution pat-
terns in a GSH assay (13, 14, 15, 16, 22, 30; structures are shown in
Supporting Information Table S1). All compounds were stable in the
presence of glutathione (half-life >1000 h). For comparison, the
half-life of ritlecitinib (31), a weakly reactive covalent JAK3 inhib-
itor, was 32 h under our assay conditions.
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Table 4
Cytotoxicity and inhibition of CYP enzymes of the selected compounds.
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Entry Compound Structure Cytotoxicity (LM) Inhibition of CYP enzymes, ICso (LM)
2C9 2C8 2D6 2C19 3A4
1 13 \ >400 >50 >50 >50 >50 >50
O N~
2 21 n.d. >50 >50 17 23 >50
QP
3 22 n.d. >50 >50 >50 >50 >50
TR0
HO o
4 23 Q n.d. >50 >50 >50 >50 >50
OO
/l/NH °
HO
5 24 Q n.d. 39 >50 >50 >50 >50
A0
O
N
|
6 25 Q n.d. >50 22 >50 >50 >50
NatVy
HO ° o~
7 26 n.d. >50 13 >50 >50 >50
Ao
o
HO °
8 27 o >400 >50 >50 >50 >50 >50
Q)LNHZ
0N
9 28 H >400 >50 >50 >50 22 >50
S
o e
10 29 12 1.5 >50 >50 >50
o

O n.d.

n.d. = not determined.

2.4. Comparison of the azulene scaffold with indole and
naphthalene

The aromatic hydrocarbon azulene is a valence isomer of
naphthalene. Compared to naphthalene, the lower symmetry of
azulene (both geometrically and electronically) gives rise to a rich
diversity of potential molecules that can be accessed via chemis-
tries partly not applicable to the naphthalene core. As a bicyclic
aromatic system with an electron-rich five-membered ring, azu-
lene can also be considered as an isostere of indole. Here we
compare azulene with naphthalene and indole scaffolds, consid-
ering the properties relevant for medicinal chemistry. To allow a
meaningful comparison of azulenes, we prepared scaffold hopping
series each comprising direct analogs with naphthalene and/or
indole core decorated with the same functionalities. Our

comparison considers both N-methylated indoles (which share the
same number of non-hydrogen atoms and the absence of a donor
hydrogen with their azulene analogs) and the respective non-
methylated analogs. The compounds were grouped in 15 series
based on the substitution patterns and the experimental values of
each compound series are shown in Table 5.

2.4.1. Polarity

The existence of its dipole moment (1.08 D in benzene) [1]
suggests that azulene is more polar than naphthalene. However, in
terms of LogP the difference is only 0.2 log units (median based on
our data from 4 pairs of direct analogs: series A, B, C, E; range:
0.0—0.2 log units, Table 5). In contrast, azulenes are considerably
less polar than the corresponding N-methylindoles. Our data from
12 compound pairs make a median difference of 0.8 log units
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Table 5

European Journal of Medicinal Chemistry 237 (2022) 114374

The results of polarity, permeability, solubility, and metabolic stability with human liver microsomes determination experiments of compound series A—0."

Series Compound Structure logP> PAMPA Permeability ( x 107% cm/s)  Solubility (ug/ml) Metabolic stability with HLM (% QH)
pH22 pH45 pH6.8
A 13 \ 1.6 7.6 >43 >44 >40 67
o;i"‘\
17 | 1.8 8.3 >47 >50 >43 <23
oi N
18 o/ 0.4 22 >47 >47 >44 25
N\
A
N
H
19 o/ 13 6.7 >51 >51 >51 55
N\
A
N
\
B 27 o 0.6 0.5 >71 >57 >58 <23
O)LNHZ
F
32 o 0.8 0.2 >70 >71 >71 <23
NH,
oi N
33 o -02 <0.01 n.d. n.d. n.d. <23
o
@g
N
H
34 o 0.4 0.2 >71 44 >64 <23
° N/D)ﬂu-i2
N
N
\
C 15 22 8.7 >44 >45 >43 27
o (=
N
|
35 ° OO 2.4 4.7 41 39 40 40
>N
I
36 w 1.0 13 >51 >51 >51 <23
37 w 1.7 7.6 >54 >53 >53 <23
" \
D 21 >55 34 >56 41 31 75
QCF
38 >55 46 34 30 27 72
G 0
E 39 24 4.8 43 3 2 71
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Table 5 (continued )

Series Compound Structure logP> PAMPA Permeability ( x 10°% cm/s)  Solubility (ug/ml) Metabolic stability with HLM (% QH)
pH22 pH45 pH6.8
40 N 24 5.5 >50 6 4 67
}
41 mNH . 13 49 >59 n.d. n.d. 23
F 14 1.7 3.7 4 2 2 <23

H o
N
Ty
SRS
42 04 0.1 >60 >67 >67 <23
N ) 0

H

o N
\_/
43 1.1 33 n.d. n.d. 3 <23
N ) 0
Vo N
\_/
G 30 \ 2.1 74 >64 50 >64 n.d.
0 N~
e
e}
44 o/ 14 4.2 50 >52 49 82
NG
A\
/O N
S \
H 45 3.8 04 <1 <1 <1 n.d.

46 o X 29 22 <1 <1 <1 n.d.
S O
0 N
\
1 47 O 3.0 24 70 <1 <1 46
o
N
SVNos
o
48 o 14 0.1 >79 1 <1 56
] O
SRR
Nig ”
49 o 2.1 1.7 81 3 <1 <23
3 O
N N\
] 23 O 2.2 1.8 14 6 4 <23
o
W (D
HO NN
o

(continued on next page)
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Table 5 (continued )
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Series Compound Structure logP> PAMPA Permeability ( x 10°% cm/s)  Solubility (ug/ml) Metabolic stability with HLM (% QH)
pH22 pH45 pHGE.8
50 o O 0.6 0.01 39 18 15 53
o
HOL~y O {
H
N
H
51 o O 13 0.5 53 66 45 <23
o
HO_~
UL
N
\
K 24 O 3.0 8.4 >90 67 >73 48
o
N J
20
o]
52 o O 1.3 0.2 >74 >75 69 <23
o
N N\
N O N
N
53 o 2.0 1.9 78 76 68 <23
i O
(o D
/N\) O N
L 54 O 2.3 03 >77 57 <1 41
o
N
NS O
55 o 0.8 <0.01 >81 >78 66 <23
9 g O
a8
<N]\/\N A
H H
N
H
56 o 1.5 0.1 84 107 72 <23
9§ O
|
. 8
H H
N
\
M 57 O 43 0.03 <1 <1 <1 69
o
(P
N
j
HN 0
58 2.8 <0.01 <1 <1 1 84
HN_
N
H
59 3.5 0.04 <1 <1 <1 79
HN
N
H
N 60 4.7 0.1 <1 <1 <1 n.d.
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Table 5 (continued )
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Series Compound Structure logP> PAMPA Permeability ( x 10°% cm/s)  Solubility (ug/ml) Metabolic stability with HLM (% QH)
pH22 pH45 pHGE.8
61 o 2.5 2.8 <1 <1 <1 n.d.
i O
s
N
H
62 ° O 2.7 1.5 <1 <1 <1 n.d.
N
0 N
H
o]
63 o 4.4 0.5 <1 <1 <1 n.d.
\O)K©E\>
N
v,
64 N 43 0.5 <1 <1 <1 n.d.
/O\'(©fl\>
o O%@
0] 65 O 55 03 <1 <1 <1 n.d.
o
o OO
S o
66 ° O 52 13 <1 <1 <1 n.d.
o]
A Ss
N
o
67 52 2.1 <1 <1 <1 n.d.

¢

-

O
%Z/

T Respective experimental data for further compounds beyond the scaffold hopping series from this table are given in the Supporting Information (Table S6).
2 Calculated from experimental HPLC retention times (see section 3.6 in Supporting Information). n.d. = not determined.

(series A,B,C,E, F G, H,1,], K, L, M; range 0.2—1.1 log units, Table 5).
As expected, the indole scaffold with unsubstituted NH is the most
polar among our reference scaffolds: the logP difference to azulenes
is 1.5 (median from 11 compound pairs; series A, B,C, F, I, ], K, L, M,
N, N; range: 0.8—2.2 log units, Table 5). The change of median
lipophilicity upon replacing the azulene scaffold with N-methyl-
indole or naphthalene is visualized in Fig. 1.

2.4.2. Permeability

PAMPA permeability within the scaffold hopping series is
largely governed by logP. As a rule, azulenes permeate faster than
the respective indoles and show similar permeability as their
naphthalene analogs (Fig. 2).

2 R2 1
RI\ B \/R1 AlogP ~ 0.8 R2>/ N \/R1 AlogP ~ 0.2 |\\ \/\R
A\’ A
¥ N) = NS
\

Fig. 1. Median lipophilicity differences between N-methylindole, azulene and naph-
thalene derivatives. Lipophilicity increases from left to right.

2.4.3. Solubility

Within several of our scaffold hopping series, solubility is either
generally above the highest concentration tested (i.e., >250 uM;
series A and B in Table 5) or generally below the detection limit of
the high throughput assay applied (series H, M, N, O in Table 5). The
limited amount of data from the other scaffold hopping series do
not indicate a clear trend for superior or inferior solubility of the
respective azulene derivatives.

2.4.4. Metabolic stability

A comparison of compound stability upon incubation with hu-
man liver microsomes (HLM) reveals cases of marked difference
within the series, e.g., in series A and series ] (Table 5). There is,
however, no general trend indicating superior or inferior metabolic
stability of the azulene series over the respective indoles or
naphthalenes.

2.4.5. Pharmacokinetic properties of carboxylates of azulene,
naphthalene and indole

Pharmacokinetic properties of acidic drug molecules are
strongly influenced by the pKj, value of the acidic group present in
the molecule [56]. Generally, strongly acidic molecules tend to be
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Fig. 2. logP vs. permeability. In each scaffold hopping series the indole derivative is
located on bottom-left (lower permeability and higher polarity) and its azulene and
naphthalene analogs are close to each other in top-right (higher permeability and
lower polarity). Each symbol represents one scaffold: asterisk = indole, cross = N-
methylindole, triangle = azulene, circle = naphthalene. Compounds in the same series
connected with line and each series have own color: cyan = series A, orange = series B,
purple = series C, brown = series E, pink = series F, green = series G, dark grey = series
I, yellow = series ]. Series D, H, K, L, M, N, O have been excluded from the figure:
Compounds in series D, K, L may have a different degree of protonation at the pH of
PAMPA measurement (pH 7.4). Permeability data of series H, M, N, O may contain
artefacts as solubilities of compounds from these series are below the detection limit.

poorly absorbed, as the fraction of the more permeable uncharged
species becomes negligible at intestinal pH. Interestingly, there is
no oral drug molecule with a naphthalenecarboxylate scaffold re-
ported to have entered clinical development (adapalene, a retinoic
acid receptor agonist with naphthalene-2-carboxylate core, has
been developed for topical application) [57]. In contrast, three oral
drugs based on the less acidic indole-3-carboxylate scaffold have
entered clinical development (PF-06409577 (AMPK stimulator,
terminated after clinical phase 1); LY-2562175 (FXR agonist,
terminated after clinical phase 1); TM-30510 (GPR-44 antagonist;
PGD2 antagonist, terminated after clinical phase 1). Indole-3-
carboxylic acid (69) and azulene-1-carboxylic acid (68) have their
carboxylate moieties positioned at the electron-rich five-
membered ring resulting in very similar and relatively high pK;
values, 5.29 and 5.1, respectively (Supporting Information,
Table S4). This suggests that azulene-1-carboxylic acid (just as
indole-3-carboxylic acid) should be a scaffold suited for oral acidic
drug molecules. In contrast and not unexpectedly, azulene-6-
carboxylic acid (16) with its carboxylate positioned at the
electron-deficient 7-membered ring, is even more acidic than the
two naphthoic acid isomers (pK; = 3.5; Supporting Information,
Table S4).

2.4.6. Intellectual property considerations

Compared to indoles and naphthalenes, azulene derivatives are
much less prominent in chemical literature, including patent
literature. For both indoles and naphthalenes the number of pub-
lished compounds is more than 100-fold the number of azulenes
(see Supporting Information, Table S5). The numerical ratio of
patent applications covering example compounds with the
respective cores is in the same range. Novelty should therefore be
much easier to achieve with azulenes than with compounds based
on an indole or a naphthalene core.
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3. Conclusions

Stability and safety related data generated from our set of
variously substituted azulenes contradict general liabilities of the
azulene scaffold. Photostability of azulenes with novel substitution
patterns, however, should be monitored early on, especially when
electron donating substituents are applied.

Despite the dipole moment present, substituted azulenes are
only marginally more polar than their naphthalene analogs.
Accordingly, naphthalenes and azulenes show comparable
permeability, while their significantly more polar indole analogs
are consistently less permeable. Discrepancies within the scaffold
hopping series concerning aqueous solubility and stability in hu-
man liver microsomes do not follow general trends.

Altogether, we consider azulene as an underexplored lipophilic
scaffold without general relevant liability, and our experimental
data argue against excluding the azulene moiety from the treasure
chest of medicinal chemistry scaffolds. The scarce presence of
azulene-based compounds in literature, including patent literature,
even increases the attractiveness of azulene as a scaffold in me-
dicinal chemistry.
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