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A large series (66 compounds) of indeno[1,2-c]Jpyridazin-5-ones (IPs) were synthesized and tested
on their monoamine oxidase-A (MAO-A) and MAO-B inhibitory activity. All of the tested
compounds acted preferentially on MAO-B displaying weak (nonmeasurable ICs, values) to
high (submicromolar ICs, values) activities. The most active compound was p-CFs-3-phenyl-
IP (IC5, = 90 nM). Multiple linear regression analysis of the substituted 3-phenyl-IPs yielded
good statistical results (g% = 0.74; r2 = 0.86) and showed the importance of lipophilic, electronic,
and steric properties of the substituents in determining inhibitory potency. Various comparative
molecular field analysis studies were performed with different alignments and including the
molecular lipophilicity potential. This led to a model including the steric, electrostatic and
lipophilicity fields and having a good predictive value (g2 = 0.75; r? = 0.93).

Introduction

Monoamine oxidase (MAO, EC 1.4.3.4.) is a flavin
adenine dinucleotide (FAD)-containing flavoenzyme
existing as two isozymes (MAO-A and MAO-B) and
playing a key role in the regulation of various physi-
ological amines. This enzyme is also a target for
therapeutic agents, MAO-A inhibitors being used as
antidepressants, while MAO-B inhibitors like selegiline
coadministered with L-DOPA are of interest in the
treatment of Parkinson’s disease. Irreversible, mech-
anism-based inactivators of MAO are considered obso-
lete due to severe side effects such as hepatotoxicity and
the well-known “cheese effect”. Based on a better
understanding of the biochemical and catalytic proper-
ties of MAO, recent research efforts have focused on
selective and reversible inhibitors of MAO-A or MAO-
B.1-8

Pyridazine derivatives are currently an object of
sustained interest due to the vast range of their
potential activities as chemotherapeutics, antithrom-
botics, cardiovascular agents, antisecretory and antiul-
cer agents, analgetic and antiinflammatory agents, and
central nervous system (CNS) stimulants or depres-
sants.?10 In a previous paper, we reported the synthesis
and activity of a series of novel 5H-indeno[1,2-c]lpy-
ridazin-5-ones (IPs) acting as competitive inhibitors of
MAO and mainly MAQ-B.11-13 Sych IPs have a struc-
tural analogy (the endocyclic N—N functionality) with
2-aryl-1,3,4-oxadiazines and 5-aryl-1,3,4-oxadiazoles
which have been described as selective and competitive
MAO-B inhibitors.1%1415 In order to improve the MAO
inhibitory activity of IPs and gain an understanding of
their structure—activity relationships, we designed,
prepared, and tested a large congeneric series of 3- and
4-substituted indeno[1,2-c]pyridazine derivatives. Their
synthesis, MAQ inhibitory activities, and structure—
activity relationships are described in this paper. The
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Scheme 1. General Synthetic Method Used in This
Work
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very good quantitative structure—activity relationship
(QSAR) and 3D-QSAR models obtained afford interest-
ing insights into the topography of the MAO-B enzy-
matic site.

Results and Discussion

Chemistry. Compounds 1—62 were prepared from
ninhydrin and the adequate ketone according to the
reaction pathway reported in Scheme 1. In most cases
the synthesis was carried out by a one-pot procedure.
In the case of very low yields or when the intermediate
aldol adducts 1a—62a precipitated from the reaction
mixture, a classical two-step synthesis was adopted. The
preparation of the condensed pyridazines 4, 6, 8—10,
12, 15, 17-25, 28—30, 33, 34, 39, 41, 43—45, 47, 53,
and 55—88 has already been described by some of
us.1112, Reaction yields, physicochemical properties,
and spectral data of the newly synthesized condensed
pyridazines are given in the Experimental Section, and
those of the isolated aldol adducts are reported in Table
1.

© 1995 American Chemical Society
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Table 1. Physicochemical and Spectroscopic Data of Intermediate Aldol Adducts

yield  mp (°C)

compd (%) (crystsolv) IR (cm™1) 1H-NMR (90 MHz, DMSO-ds) ¢

22a 42  184-5(A) 3120, 1750, 1725, 8.02 (s, 4H), 3.48 (s, 2H), 2.77 (t, 2H, J = 6.5 Hz),
1710 2.38 (t, 2H, J = 6.5 Hz), COOH not detected?

54a 70 187-9dec(A) 3380, 2240,1755,1715, 8.07 (s, 8H), 6.90 (s, 1H, D20 exchange), 4.01 (s, 2H)
1675

59a 50 160—1 (D) 3400, 1750, 1710, 1680, 8.06 (s, 8H), 6.85 (s, 1H, DyO exchange), 3.98 (s, 2H), 2.60 (s, 3H)
1670

60a 60 211-2(A) 3440, 3340, 1750, 1730, 10.28 (s, 1H, D20 exchange), 8.03 (s, 4H), 7.85 (d, 2H, J = 9 Hz),
1720, 1660, 1655 7.68 (d, 2H, J = 9 Hz), 6.77 (s, 1H, D20 exchange), 3.88 (s, 2H), 2.07 (s, 3H)

6la 65 103—4 (E) 3425, 1750, 1710, 1705, 8.04 (s, 4H), 7.87 (d, 2H, J =9 Hz), 6.98 (d, 2H, J = 9 Hz),
1665 6.78 (s, 1H, D20 exchange), 4.03 (t, 2H, J = 7.5 Hz), 3.88 (s, 2H),

1.2-1.8 (m, 4H), 0.89 (t, 3H, J = 6.5 Hz)
62a 30 181-2 (B) 3430, 1750, 1710, 1660  8.01 (s, 4H), 7.67 (d, 2H, J = 9 Hz), 6.85 (d, 2H, J = 9 Hz),

6.68 (s, 1H, D20 exchange), 3.80 (s, 2H), 3.34 (br, 4H), 1.55 (br, 6H)

@ A: ethyl acetate/hexane. B: ethanol. C: CHClyhexane. D: THF/hexane. E: CCly. ® Recorded in acetone-ds.

The 7-methoxyindeno[1,2-clpyridazine derivative 64
was prepared from 5-methoxyninhydrin, 3-(trifluoro-
methyl)acetophenone, and hydrazine by the one-pot
method. Demethylation of 64 to the phenolic derivative
65 was achieved with HBr in acetic acid. Oxidation of
compound 12 with CrOg and of compound 23 with DDQ
afforded the dioxo derivative 13 and indeno[1,2-c]-
cinnolin-11-one (27), respectively.

MAO-A and MAO-B Inhibition. Sixty-six com-
pounds were tested for their in vitro inhibitory effect
on MAO-A and MAO-B. The competitive, reversible
MAQO inhibitor harman was used as reference for the
two isozymes.!® The compounds are divided into series
A where variations are in positions 3 and 4 of the
indenopyridazine ring, and series B, which contains
mostly 3-(substituted phenyl)indenopyridazines. As
shown in Tables 2 (series A) and 3 (series B), the
majority of the compounds act preferentially as MAO-B
inhibitors with ICsy values in the micro- to submicro-
molar range. The most potent inhibitor was compound
51 (3-p-CFs-phenyl-IP) with an ICso value of 90 nM.

At a substrate concentration of 540 uM instead of 60
uM, markedly reduced inhibitions were seen for all
inhibitors. Preincubating the compounds for 15 or 5
min at the ICs¢ and at the same substrate concentration
made no difference in the degree of inhibition. Thus
all the tested compounds seem to act in a reversible and
time-independent manner (results not shown).

In series A (Table 2), the unsubstituted compound 1
was already active and selective toward MAO-B. Mono-
substitution in position 3 usually led to more active or
equipotent compounds (7, 12—17). Irrespective of the
4-substituent, a 3-phenyl substituent was highly favor-
able to activity (7, 9—11). A surprising result, however,
is the poor activity of compound 8 (3-phenyl-4-methyl-
IP), since the absence of a 4-substituent or a 4-substitu-
ent larger than methyl (benzyl, benzoyl, ethoxycarbonyl;
9—11) increases activity relative to compound 8.

It is also interesting to note that a heterocycle in
position 3 is unfavorable to activity (18—21). An ad-
ditional ring linked at positions 3 and 4 destroys activity
(24—27), with the interesting exception of compound 23
which was active toward MAO-A. Several other inhibi-
tors in Table 2 displayed weak inhibitory activity toward
MAOQ-A, but no structural requirements are apparent.

A trans-styryl (18) or S-naphthyl (17) substituent in
position 3 increased activity 10-fold compared to the
phenyl substituent. However, neither of these two
derivatives were chosen as a lead compound for further

optimization due to their poor solubility and to promis-
ing preliminary results with para-substituted deriva-
tives of compound 7.17

The derivative 7 was thus taken as a lead compound
and its activity optimized by variously substituting the
3-phenyl ring in the 2’, 3’, and/or 4’ positions (Table 3).
Several among these derivatives indeed proved more
active than compound 7 toward MAO-B, with the
exception of some ortho-substituted compounds (28, 32,
55) and those bearing an amino, acetamido, or carbox-
ylic group (37, 38, 58, 60). Ortho substitution was
regularly an unfavorable feature, as evidence by the fact
that a given substituent was more favorable in the meta
or para than in the ortho position (compare the regio-
isomers 29—31, 32—34, 39—41, 43—45, 4951, 55—57).
With the exception of compounds 33 and 47, para-
substituted derivatives appeared as slightly more active
than the meta-substituted analogs. A p-CF; group
(compound 51) proved the most favorable to activity
(200-fold increase relative to the parent compound).

Such preliminary considerations suggest the involve-
ment of steric and electronic factors in influencing
MAO-B inhibition by IPs. Furthermore, lipophilicity
may also be implicated as deduced from the influence
of the OH, CN, and CF3 substituents.

The compounds in series B are only slightly active
(compounds 39—41, 43—45) or inactive toward MAO-
A. Interestingly, an amino group (compounds 37, 38)
increases MAO-A inhibitory activity.

In regard to substitution of rings A and B, we already
reported!” that reduction of the 5-carbonyl group of 7
to CH; yielded compound 63 which displays comparable
MAQO-B inhibition, and this suggests that the presence
of carbonyl in position 5 (ring B) is not a critical
requisite for MAO-B inhibition.

Moreover, in the present study we synthesized com-
pound 64 (3-(trifluoromethyl)-5H-indeno[1,2-clpyridazin-
5-one) in order to explore direct electronic effects on the
pyridazine ring. The resulting MAO-B inhibitory activ-
ity (20% of inhibition at maximum solubility, 25 uM)
(Table 4) was much lower than that of the corresponding
phenyl homolog 51. Thus, the phenyl ring at position
3 is important in modulating MAQO-B inhibitory activity.

Finally, in order to improve the structural analogy
with naturally occurring biogenic amines, compounds
65 and 66 (Table 4) were synthesized bearing methoxy
and hydroxy substituents, respectively, in position 7 of
the IP nucleus (ring A). Both compounds showed
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Table 2. MAO Inhibition Data and CoMFA Prediction for 5H-Indeno(1,2-clpyridazin-5-ones (Series A)

N\\N
\ c
L
R3
R

o] 4

Kneubiihler et al.

ICs0% (uM) CoMFA model F7
compd Rs R4 MAO-A MAO-B pICso residuals
1 H H 97.6 + 8.9 275 +£5.1 4.56 0.40
2 H phenyl 343+32 93.7 + 6.1 4.03 —0.35

3 H benzyl c c
4 CHj; H >100 (20%) 744 +£ 2.5 4.13 —0.06
5 CH; phenyl c 207+19 4.68 0.23
6 CHs benzyl b 83.5+7.8 4.08 —0.06
7 phenyl H d 21.0+ 0.6 4.68 -0.26
8 phenyl CH; b >100 (21%)
9 phenyl benzyl >10(13%) 9.5+0.3 5.02 0.06
10 phenyl benzoyl e 77+04 5.11 0.02
11 phenyl ethoxycarbonyl >50 (34%) 53+0.2 5.28 0.06
12 benzyl H b 30.6 £ 0.3 4.51 0.01
13 benzoyl H >50 (34%) 16.1 + 0.7 4.80 -0.02
14 phenethyl H c 224+04 4.65 0.09
15 t-CH=CH-phenyl H >1(12%) 1.5+0.1 5.82 0.13
16 a-naphthyl H e >5(26%)
17 B-naphthyl H e 2.18 £ 0.08 5.66 -0.33
18 fur-2’-yl H >50 (27%) 325+34 4.49 -0.14
19 thien-2’-yl H f f
20 pyrid-2’-yl H d >25 (23%)
21 pyrid-3’-yl H >25 (38%) >25 (25%)
22 CH.CH.,COOH H b b
23 O 505 +4.4 b
24 ] c c
25 ng c
26 @ e

f

27 O

@ Or percent inhibition in parentheses at maximum solubility. No inhibition at maximum solubility: ¢ 100 4M, ¢ 50 uM, ¢ 25 uM, ¢ 10

uM, 71 uM.

weaker MAO-B inhibitory activity than the parent
compound 50 (Table 4).

While more structural variations are necessary to
derive reliable SARs accounting for the role of rings A
and B of the IP nucleus in modulating MAO-B inhibitory
activity, substitutents at the pyridazine ring appear, at
the moment, more important in determining both activ-
ity and selectivity.

2D-QSAR Study of MAO-B Inhibition. A classical
2D-QSAR of the 24 3-phenyl-substituted congeners
(series B) was carried out using partial least squares
(PLS) analysis, cluster analysis (CA), and multilinear
regression (MR). In a first step, each substituent was
described by 11 parameters, primarily physicochemical
in nature. Classical Hammet (o, and ;) and Swain—
Lupton (F and R) constants were used as electronic
parameters, and the Hansch constant () was used as
a descriptor of lipophilicity, while bulkiness was pa-
rametrized by the van der Waals volume (Vy,). Param-
eters were taken from standard compilations.1®1° In-
dicator variable (I,41,) was also used to take into account
the detrimental effect observed for ortho substitution
(Iortno = 1 for ortho-substituted derivatives and O for the
others). The 'H-NMR chemical shifts of the aromatic
protons in the pyridazinyl and phenyl rings were also
used. Since the biologically active conformation of the
phenyl ring is unknown, it proved difficult to differenti-

ate between the two ortho or the two meta positions in
the phenyl ring. Thus we defined that ortho and meta
substitution occurs in position 2" and 3’ and then con-
sistently considered the chemical shifts of protons 5" and
6’. A preliminary analysis showed that Adus (Ad is the
difference between the proton chemical shifts of the sub-
stituted and unsubstituted X-phenyl derivatives) was
reasonably correlated with o (#2 = 0.75) but that Adus
and Aduy were not correlated with electronic parameters
due to their strong dependence on conformational ef-
fects. Due to this correlation with g, the chemical shift
Adus was not considered in the statistical analyses.
Using the restricted set of 10 structural descriptors,
a PLS analysis with a leave-one-out cross-validation
procedure afforded a three-component model (n = 24;
g2 = 0.76; r2 = 0.88; s = 0.278; F = 49). A cluster
analysis of the loadings matrix was then performed in
order to identify proximity relations between the 24
compounds in the three-component space. The resulting
dendrogram is presented in Figure 1, revealing four
groups of compounds and isolated points. The first
group (compounds 7, 33, 39—42, 44—48, 50, 51) contains
meta- and para-substituted 3-phenyl-IPs bearing lipo-
philic (x > 0) substituents (halogens, trifluoromethyl,
methoxy), while the second group (compounds 53, 54,
57, 59) contains derivatives with hydrophilic (= < 0) but
strongly electron-withdrawing substituents (cyano, ni-
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Table 3. MAO Inhibition Data, Physicochemical Parameters Used To Derive Classical QSARs, and CoMFA Predictions for

Substituted 3-Phenyl-5H-indeno[1,2-clpyridazin-5-ones (Series B)

ICs50% (uM) 2D-QSAR CoMFA residuals A6
compd X MAO-A MAO-B pICso  residuals model C7 model F7 H5 Heé’ H4
7 H d 21.0 £ 0.6 4.68 -0.62 -0.12 -0.26 0 0 0

28 2’-CHs f 309 +1.8 4.51 0.08 -0.17 -0.19 -0.15 -0.62 -0.28
29 2’-OH g >1(11%) -0.51 -0.32 0.26
30 3’-OH g >1(18%)
31 4’-OH >50 (28%) 9.9+17 5.00 0.18 0 0.06 -0.54 -0.06 -0.04
32 2’-OCHg3 d >50 (21%) -0.42 -0.16 0.16
33 3-OCHj3; d 1.6 +02 5.80 -0.07 0.21 0.24 —0.08 —0.49 0.01
34 4’-OCHj3 f 3.22 +0.04 4.49 —0.06 —-0.01 -0.11 -0.51 —-0.03 —-0.05
35 3’,4’-(OCH3)2 g g
36 3’-0OCH;, 4'-OH f f —-0.05 —-0.58 -0.02
37 3’-NH: 25.9 +3.3 32.3+4.1 4.49 —0.03 —0.04 -0.12 -0.22 -0.71 0.27
38 4’-NH, 36.8 +£29 247+ 2.4 4.61 0.24 —-0.04 0.04 -0.74 -0.13 -0.07
39 2'-F >20(17%) 181+15 4.74 —-0.18 0.07 0.21 -0.31 0.05 0.09
40 3'-F f 42+ 0.2 5.38 -0.23 —-0.06 -0.17 0.04 -024 -0.03
41 4'-F 306 +1.6 0.92 +0.06 5.60 0.09 0.09 —-0.02 -0.30 0.01 -0.03
42 3',4’-Fy g 0.92 +£0.06 6.04 0.18 —-0.07 -0.15 -0.19 -0.29 —-0.03
43 2'-Cl >50 (40%) 159+1.0 4.80 0.18 0.10 0.25 —-0.01 -0.37 -0.01
44 3-Cl >5(17%) 0.90 +£0.08 6.05 0.11 0.20 0.20 -0.04 -0.13 -0.02
45 4'-Cl >5(30%) 0.92 £0.10 6.04 -0.11 0.11 0.20 -0.02 —-0.05 -0.02
46 3",5’-Clz g 0.71 £0.02 6.15 —0.42 -0.02 —0.05 -0.10 —0.04
47 3’-Br g 0.66 + 0.05 6.18 0.15 0.17 0.20 -0.12 —-0.09 -0.02
48 4’-Br g 1.33 £ 0.09 5.88 —0.43 -0.14 -0.02 014 -0.12 -0.02
49 2’-CF4 f f 0.06 -0.28 —0.28
50 3'-CF3 >5 (24%) 0.28 + 0.02 6.55 0.48 —-0.09 —0.08 0.14 0.19 0.04
51 4’-CFy g 0.09 + 0.01 7.05 0.59 -0.17 0.03 0.28 0.13 0.04
52 3',5-(CF3)2 g >2 (15%) 0.49 0.08
53 3-CN >10 (17%) 3.7+0.3 543 0.07 0.13 0.09 0.14 0.22 0.01
54 4’-CN e 22+02 5.66 -0.10 0 0.03 0.31 0.12 0.03
55 2’-NO: c 80.1 +4.4 4.10 -0.18 —0.14 —0.36 0.17 -0.34 —0.30
56 3-NO2 g >0.5 (42%) 0.22 0.40 0.09
57 4’-NOq e 0.50 + 0.02 6.30 0.29 -0.02 0.15 0.79 0.31 0.09
58 4’-COOH ¢ c
59 4’-COCHj3 >10 (22%) 1.78 £ 0.09 5.75 -0.20 0 -0.14 0.60 0.12 0.07
60 4’-NHCOCH;3 >10 (12%) >10 (9%) 0.17 0 -0.01
61 4’-0C4Hs f f -051 -0.05 -—0.06
62 4“NC> g g -052 -0.07 -0.06
63 H (31%) 234 +24 4.63 -0.07

@ Or percent of inhibition in parentheses at maximum solubility. No inhibition at maximum solubility: ¢ 100 uM, ¢ 50 uM, ¢ 25 uM,
710 uM, ¢ 1 uM. ® Different chemical shifts relative to the parent compound 7.

Table 4. MAQO Inhibition Data of Compounds 64—66

Cpd. Structure IC503) uM)
MAQ-A MAO-B
64
a > 25 (20%)
65
b 131=
0.08
66
b 5.10 =
0.23

¢ No inhibition at maximum solubility: 25 uM, ¢ 5 uM.

tro, acetyl). A third group can be observed which
contains hydrophilic hydrogen-bond donor substituents
(compounds 31, 34, 37, 38) in the meta or para position.
The fourth group contains two ortho derivatives (com-

pounds 28, 43). The less active compound 85 (0-NOg)
is separated from the previous clusters presumably
because the electron-withdrawing capacity of the nitro
substituent cannot compensate for the detrimental
steric effect of ortho substitution.

Although the PLS model is characterized by a good
predictive capacity, its interpretation in physicochemical
terms remains difficult. We therefore decided to per-
form a multilinear analysis with the most suitable
parameters. The selection of the pertinent structural
parameters was done by considering the similarity
between parameters and their relative influence on the
PLS model. A cluster analysis on the scores matrix of
the PLS analysis given in Figure 2 indicates that some
structural parameters contain comparable information,
namely ¢ and F or I, and V2. Indeed the contribu-
tion of some parameters such as R and Adu4 to the PLS
model was very low, respectively 1% and 5%. Thus a
stepwise multilinear regression was performed using
only six parameters (g, 7, Adus, V2', Vi»3’, and V,4").
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Figure 1. Cluster analysis of the loading matrix of the 24
MAO-B inhibitors in series B. Four groups of compounds
emerge, as well as some isolated points.
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Figure 2. Cluster analysis of the score matrix of the 24
MAO-B inhibitors in series B, revealing which structural
parameters contain comparable information, e.g., o and F or
Iortho and Vw2’.

The stepwise regression analysis retained only four
variables to produce eq 1 (95% confidence limits in
parentheses):

pICs, = 0.66(£0.36)0 + 0.55(£+0.23)7 —
1.25(:0.40)V,2’ + 0.31(£0.27)V, 4’ + 5.51(+0.23)
(1

n=24;¢>=074;r*=0.86;s = 0.31; F = 29

Kneubiihler et al.

Alignment 2

Alignment 3

Figure 3. Rules for alignments 2 and 3. The torsion angle ¢
between the indenopyridazine ring and the phenyl ring in
position 3 is fixed at 116°. The difference between alignments
2 and 3 lies in the position of the meta substituent; for
alignment 2 the meta substituent was considered in the 3’
position, whereas for alignment 3 it was in the 5’ position.

The above results relate MAO-B inhibitory activity
mainly to lipophilic and electronic properties of substit-
uents and to a steric negative effect of ortho substitu-
ents. A small but significative contribution is also noted
for the volume of para substituents. An extension of
the 2D-QSAR to the 39 compounds measured was not
possible due to a different pattern of substitution on the
3 and 4 positions of the pyridazinyl ring. A 3D-QSAR
study was therefore undertaken.

3D-QSAR Study of MAO-B Inhibition. Since its
introduction in 1988,2° comparative molecular field
analysis (CoMFA) has proven to be a useful tool in 3D-
QSAR studies. In the first step of this study, we used
the same compounds as in the above 2D-QSAR inves-
tigation (i.e., the 24 compounds of series B, see Table
3). This allowed us to derive a 3D-QSAR model which
could readily be compared with eq 1. In a second step,
the compounds in series A (Table 2) and series B were
pooled together (i.e., 39 compounds with well-defined
IC,, values) to gain more insights into the structural
requirements modulating MAQO-B inhibitory activity.
The MAO-A data presented here were not suitable to a
QSAR analysis due to the limited number of ICj5¢s.

Alignment. The superposition of all compounds is
a critical step in any CoMFA study. As a first anchor
point the very rigid indeno[1,2-cIpyridazine rings were
superimposed atom by atom. Then, we derived different
alignments for several substituent orientations. No
further alignment was necessary if the conformation of
minimal energy was used, otherwise the substituents
were aligned according to (a) the angle 7 between the
indenopyridazine ring and the phenyl ring in position
3, (b) the topology of the substituents on the phenyl ring,
and (c) the orientation of these substituents. For the
torsion angle 7 between the indenopyridazine ring and
the 3 substituent, a conformational analysis showed the
existence of two zones (75°—140°, 260°—320°) of low
energy within which the angle could be modified without
significant difference in energy.

Three alignments were retained (because of their
maximal predictive power) among the many ones tested.
For alignment 1, the indeno[1,2-c]pyridazine rings were
superimposed with their substituents in the minimum-
energy conformation. The alignment rules for align-
ments 2 and 3, which take into account the unknown
orientation of ortho and meta substituents, are pre-
sented in Figure 3. The torsion angle 7 between the
indenopyridazine ring and the phenyl ring in position
3 was kept at the average minimum value of 116°
calculated for all the ortho-substituted compounds. We
also derived a model based on alignment 3 and defined
by the field fit option, but its quality was low (results
not shown).
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Table 5. Statistical Results of CoOMFA Analyses of 24
Indeno[1,2-¢|pyridazines (Series B)

relative
contribution

model g2t Ne¢ 2 ste ele lipo

alignment 1¢

Al steric field (ste) 026 1

A2  electrostatic field (ele) 0.26 1

A3 lipophilic field (lipo) 0.30 4

A4 ste and ele 042 2 0.67 0.38 062

A5 ste and lipo 0.69 3 090 0.62 0.38

A6 ele and lipo 057 1 0.78 0.64 0.37
7 ele, ste and lipo 0.83 4 098 036 037 0.27

alignment 2¢

B1 ste 0.27 2

B2 ele 0.40 4

B3  lipo 0.20 2

B4  ste and ele 048 2 077 044 0.56

B5  ste and lipo 064 2 087 065 0.35

B6  ele and lipo 0.78 4 094 0.62 0.38

B7  ele, ste, and lipo 0.84 4 099 0.37 035 028

alignment 3¢

C1 ste 023 2

C2  ele 0.30 3

C3  lipo 035 3

C4  ste and ele 050 2 078 045 0565

C5  ste and lipo 0.64 3 092 0.61 0.39

C6  ele and lipo 0.63 4 0092 0.68 0.32

C7  ele, ste, and lipo 0.84 3 098 036 036 0.28

“ The indenopyridazine rings were superimposed with their
substituents in the minimum energy conformation. ® Cross-
validated correlation coefficient. © Optimal number of principal
components used for the final analysis. ¢ See Figure 3.

3D-QSAR of Series B (24 Compounds). The
statistical results obtained with the three alignments
are presented in Table 5. With each field separately,
no good statistical results were obtained (g% = 0.4). In
contrast, models incorporating two fields showed a
significant improvement, with the lipophilicity field
making an important contribution (models A5, A6, B5,
B6, C5, CB) relative to the combined electrostatic and
steric fields (models A4, B4, C4). However, the best
models were obtained by combining the three fields
(electrostatic, steric, lipophilic) (A7, B7, C7), with g2
increasing by about 0.2. It should also be noted that
the three alignments gave almost the same model with
a identical predictive quality (g% = 0.83, 0.84, and 0.84
for models A7, B7 and C7, respectively). From a
statistical viewpoint, model C7 is slightly better than
the other two since it is based on a smaller number of
components. Thus the different alignments influenced
only slightly the statistical results but obviously had a
large influence on the graphical results, perhaps sug-
gesting a certain flexibility of the active site.

Indeed the graphical representations of model C7
(Figure 4a) show that substitution in the meta or para
position produces a sterically favorable (green) contribu-
tion, whereas substitution in the ortho position is
sterically unfavorable (red) probably due to steric
hindrance. The electrostatic contributions consist mainly
(a) in an important magenta zone near the meta and
para positions of the 3-pheny! ring where high electron
density is favorable to activity and (b) an important
white zone near the bond between the aromatic carbon
and the para substituent where electron deficiency is
favorable to activity (Figure 4a). The statistical results
of the lipophilic field reveal only lipophilic (yellow) zones
favorable for MAO-B inhibitory activity near the meta
and para substituents.
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Figure 4. Pictorial representation of 3D-QSAR models. The
color code is as follows: sterically favorable and unfavorable
influences, green and red zones, respectively; favorable influ-
ence of high electron density and deficiency, magenta and
white zones, respectively; favorable influence of lipophilic and
hydrophilic (polar) groups, yellow and cyan zones, respectively.
{a) Model C7 for the 24 MAO-B inhibitors of series B.
Substitution in the meta and/or para position has a favorable
steric contribution, whereas substitution in the orthe position
is sterically unfavorable. The important magenta zone near
the meta and para positions indicates that a high electron
density is favorable for activity, whereas electron deficiency
is favorable between the aromatic carbon atom in the 4
position and the para substituent. Moreover lipophilic sub-
stituents in the mete and para positions are favorable for
activity. Contour levels: steric field, 20% red, 75% green;
electrostatic field, 20% magenta, 85% white; lipophilic field,
0% cyan, 85% yellow. (b) Model F7 for the 39 MAO-B inhibitors
in series A plus B. A bulky substituent in the para and/or meta
position can make a favorable contribution, whereas ortho
substitution is unfavorable. Electron-withdrawing substituents
in the para and/or meta position produce favorable electron-
rich and electron-poor zones. Hydrophilic substituents in
position 4 appear to be favorable for activity. Contour levels:
steric field, 20% red, 80% green; electrostatic field, 15%
magenta, 85% white; lipophilic field, 5% cyan, 85% yellow.

As explained in the Experimental Section, compounds
16 and 56 were taken as the test set. Using model C7,
the IC5; predictions for compound 16 (pICspesiim = 4.85/
pICs0pred = 4.87) and compound 56 (pICspestim = 6.16/
pICs0prea = 5.88) were quite satisfactory.

Comparison of QSAR and CoMFA Models for
Series B (24 Compounds). This comparison leads to
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Table 6. Statistical Results of COMFA Analyses of 39
Indenol1,2-clpyridazines (series A and B)

relative
contribution
model g2t N r2  ste ele lipo

alignment 1°

D1  steric field (ste) 0.49 3 0.72

D2  electrostatic field (ele) 0.37 6

D3  lipophilic field (lipo) 050 1 0.61

D4 ele and ste 059 2 0.78 048 0.52 -

D5  ste and lipo 0.67 2 0.82 0.56 - 0.44

D6 ele and lipo ‘ 065 1 0.78 - 0.53 0.47

D7 ele, ste, and lipo 0.78 3 094 028 037 0.35
alignment 2¢

El ste 045 7 0.86

E2 ele 0.35 2

E3 lipo 043 3 0.77

E4  ele and ste 0.55 2 0.76 040 0.60

E5 steand lipo 0.71 3 0.92 046 0.54

E6 ele and lipo 049 4 0.86 0.54 0.46

E7 ele, ste, and lipo 070 3 091 0.22 043 0.35
alignment 3¢

F1 ste 0.39 2

F2 ele 0.36 3

F3 lipo 0.46 1 057

F4 ele and ste 060 3 084 046 054

F5 ste and lipo 055 2 0.75 057 0.43

Fé6 ele and lipo 065 2 0.87 0.49 0.51

F7 ele, ste, and lipo 0.75 3 093 027 0.41 0.32

a—d See Table 5.

the following conclusions. (1) Ortho effect: The detri-
mental effect of ortho substitution found in the classical
QSAR study and expressed by the structural parameter
V.2’ is clearly attributed in the CoMFA study to a corre-
sponding region of steric hindrance. (2) Steric and lipo-
philicity parameters: The favorable influence on activity
noted in the QSAR study for the hydrophobic constant
7 and the volume of para substituents is also found in
the CoMFA models. Indeed, increased activity is as-
sociated with a favorable steric zone (green in the figure)
near the para position and with a favorable liphopilic
zone (yellow). (3) Electronic parameters: The presence
of a white region near the bond between the 3-phenyl
ring and its para substituent is compatible with the
favorable influence of ¢ identified in the 2D-QSAR
model. The greater the value of ¢ for a para substituent,
the higher the positive atomic charge on the para
aromatic carbon (C4’). Thus the increase of this atomic
charge is reflected by a positive (white) zone in the
CoMFA models. The magenta zone is probably associ-
ated with an additional anchor point within the MAO-B
active site. However, its exact nature (electrostatic
interaction or hydrogen bond) is not yet established.

3D-QSAR Study with the Combined Series A
and B. Compiling series A and B (39 compounds with
useable activities), three models based on the align-
ments described above, were derived. As reported in
Table 6, a single field alone yields a satisfactory g2in a
number of cases (models D1, D3, E1, E3, F3). Again
the contribution of the lipophilicity field proved impor-
tant in all models with two fields (models D5, D6, E5,
E6, F5, F6). The best models were obtained with align-
ments 1 or 3 using the three fields (models D7, F7), with
model D7 having the best predictive quality of all (g2 =
0.78). However, model F7 which is almost as good was
chosen as the final one since the orientation of ortho

Kneubiihler et al.

and meta of minimized compounds (alignment 1) was
almost random, which renders the results of D7 less
clear.

The graphical representation of model F7 (Figure 4b)
shows that all the favorable and unfavorable zones of
the three fields occupy well-distinct sectors in space and
are therefore not intercorrelated. As with model C7, a
bulky lipophilic substituent in the para or meta position
of the 3-phenyl ring can make a favorable steric
contribution (green zone), whereas an ortho substituent
decreases MAQO-B inhibitory activity (red zone). Electron-
withdrawing substituents in para and meta positions
are doubly favorable for activity, since they induce a
favorable region of high electron density close to the
substituents themselves (magenta zone) and a favorable
region of electron deficiency close to the 4’-carbon (white
zone). A region of favorable hydrophilic contribution is
seen above and below ring C of the indenopyridazine
system (cyan zone) presumably expressing the influence
of substituents in the 4 position. Indeed, lipophilic
4-substituents decrease MAO-B inhibitory activity,
whereas polar 4-substituents increase it. Model F7 is
quite satisfactory in predicting the ICso of compound 16
(pICs0estim = 4.85/pICs0pred = 4.69) and compound 56
(pICs0estim = 6.16/pICs0prea = 5.80).

The statistical results and the combined steric, elec-
trostatic, and lipophilic contributions in models D7, E7,
and F7 are in agreement with the CoMFA study of
series B. Indeed, models D7, E7, and F7 do not contain
important additional information relative to models A7,
B7, and C7 for the 3-phenyl ring and its substituents,
but they alone explore variations around ring C of the
indenopyridazine ring. In contrast, this study did not
generate any information regarding substitution of rings
A and B.

Conclusion

5H-Indeno[1,2-c]pyridazin-5-ones are shown here to
be competitive, reversible MAO inhibitors with a rela-
tively high selectivity for MAO-B. The most potent
compound (51) is comparable to some of the best
inhibitors known to date, e.g., lazabemide (IC5q = 30
nM)2! and some time-dependent inhibitors of the oxa-
diazol series (where the most active compound has an
IC,, of 1.4 nM after 60 min).!® Congruent 2D- and 3D-
QSAR analyses allowed to gain insight into the key
structural features governing MAO-B inhibitory activity
of indenopyridazines.

Experimental Section

Chemistry. Melting points were determined by the capil-
lary method on a Gallekamp MFB 595 010M electrothermal
apparatus and are uncorrected. Elemental analyses were
performed on a Carlo Erba 1106 analyzer; for C, H, and N the
results agreed to within £0.40% of the theoretical values. IR
spectra were recorded using potassium bromide disks on a
Perkin-Elmer 283 spectrophotometer. Only the most signifi-
cant IR absorption bands are listed. 'H-NMR spectra were
recorded at 300 MHz on a Bruker 300 instrument for the
indeno[1,2-c]pyridazin-5-one derivatives and at 90 MHz on a
390 Varian spectrometer for intermediate aldol adducts (Scheme
1). Chemical shifts are expressed in 6 (ppm) and the coupling
constants J in hertz (Hz). The following abbreviations are
used, s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet;
dd, double doublet; dt, double triplet; td, triple doublet; qd,
quadruple doublet; tdd, triple double doublet; br, broad signal.
Signals due to OH and NH protons were located by deuterium
exchange with D2O.
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IR and 'H-NMR spectra were fully consistent with the
proposed structures. The synthesis of compounds 1, 4, 7, 12,
25, 34, 57; 8, 9, 15, 18, 19, 21, 23, 24, 28—30, 41, 4345, 47,
50, 56, 58; and 2, 3, 5, 6, 10, 14, 16, 17, 20, 31, 39, 53, 55 has
been described by Kneubiihler et al.!” and Carotti et al.!!

Synthesis of 5H-Indeno[1,2-c]pyridazin-5-ones 33, 36,
40, 42, 46, 49, 51, 52, and 65. General One-Pot Procedure
(Methods A and B). A solution of ninhydrin (1.78 g, 10
mmol) and a suitable ketone (10 mmol) in 50 mL of glacial
AcOH was heated to reflux until a check by TLC showed the
complete disappearance of the starting materials (normally
1-3 h). The reaction mixture was allowed to cool to room
temperature, and then 0.74 mL (15 mmol) of hydrazine
hydrate (98%) was slowly added under magnetic stirring
(method A). Such an addition could also be done after a 1-to-4
dilution with acetonitrile (method B). The completion of the
reaction was normally obtained within 2—4 h. Title com-
pounds were separated as solids from the reaction mixture,
either directly or, if necessary, upon addition of few drops of
water.

3-(83’-Methoxyphenyl)-5H-indeno[1,2-¢]pyridazin-5-
one (33): method B; yield 41%; mp 159—60 °C, from ethanol;
1H-NMR (CDCl3) 6 8.19 (qd, 1H,J = 7.5, 1.0, 0.8), 7.99 (s, 1H),
7.87(qd, 1H,J=17.5,1.2,0.8), 7.78 (dd, 1H, J = 2.6, 2.0), 7.75
(td, 1H, J = 7.5, 1.2), 7.63 (qd, 1H, J = 8.0, 2.0, 0.9), 7.57 (td,
1H, J = 7.5, 1.0), 7.45 (t, 1H, J = 8.0), 7.08 (qd, 1H, J = 8.0,
2.6,0.9),3.91 (s, 3H); IR (em™!) 1730, 1415. Anal. (C1sH12N2Os)
C,H,N.

3-(3’-Methoxy-4'-hydroxyphenyl)-5H-indeno[ 1,2-c]py-
ridazin-5-one (36): method B; yield 24%; mp 253—4 °C dec,
from ethanol; 'H-NMR (CDCl;) 6 8.16 (dd, 1H, J = 7.7, 1.0),
7.96 (s, 1H), 7.92 (d, 1H, J = 2.0), 7.85 (dd, 1H, J = 7.7, 1.0),
7.74 (td, 1H, J = 7.7, 1.0), 7.55 (td, 1H, J = 7.7, 1.0), 7.54 (dd,
1H, J = 8.3, 2.0), 748 (d, 1H, J = 8.3), 591 (s, 1H, D,O
exchange), 4.01 (s, 3H); IR (cm™!) 3180 (br), 1725, 1415. Anal.
(C1sH12N203) C, H, N.
3-(3’-Fluorophenyl)-5H-indeno[1,2-¢]pyridazin-5-one
(40): method A; yield 64%; mp 215—6 °C, from ethanol/dioxane
(95:5); 'H-NMR (CDCl;) 6 8.17 (dd, 1H, J = 7.1, 1.0), 7.95 (s,
1H), 7.88 (¢qd, 1H, J = 8.3, 2.5, 1.8), 7.91-7.81 (m, 2H), 7.73
(td, 1H, J = 7.1, 1.0), 7.56 (td, 1H, J = 7.4, 1.0), 7.49 (td, 1H,
J =83, 6.2),7.21(tdd, 1H, J = 8.3, 2.5, 1.0); IR {(em™1) 1720,
1430, 1410. Anal. (C,;HoFN,0) C, H, N.
3-(3',4’-Difluorophenyl)-5H-indeno[1,2-¢]pyridazin-5-
one (42): method A; yield 63%; mp 260—1 °C, from ethanol/
dioxane (90:10); TH-NMR (CDCls) 6 8.19 (dd, 1H, J = 7.6, 0.9),
8.05 (qd, 1H, J = 11.2, 7.5, 2.2), 7.95 (s, 1H), 7.87 (dd, 1H, J
=17.6,0.9), 7.84 (m, 1H), 7.76 (td, 1H, J = 7.6, 0.9), 7.58 (td,
1H, J = 7.6, 0.9), 7.34 (dt, 1H, J = 9.8, 8.5); IR (cm™) 1730,
1430, 1415. Anal. (C,7HsF2N,0) C, H, N.
3-(3,5’-Dichlorophenyl)-5H-indeno[ 1,2-¢]pyridazin-5-
one (46): method A; yield 76%; mp 2912 °C, from ethanol;
IH-NMR (CDCl;) 6 8.21 (qd, 1H, J = 7.5, 1.1, 0.8), 8.02 (d,
2H,J =1.9),7.94 (s, 1H), 7.87 (qd, 1H, J = 7.5, 1.2, 0.8), 7.76
(td, 1H,J = 7.5, 1.2), 7.58 (td, 1H, J = 7.5, 1.1), 7.51 (t, 1H, J
= 1.9); IR (em™!) 1705, 1400. Anal. (C;;HsCl2N:0) C, H, N.
3-[2'-(Trifluoromethyl)phenyl]-5H-indeno[1,2-c]py-
ridazin-5-one (49): method B; yield 23%; mp 180—1 °C, from
ethanol; 'H-NMR (CDCls) 6 8.22 (dd, 1H, J = 7.7, 1.0), 7.87
(dd, 1H,J = 7.7, 1.0), 7.84 (dd, 1H, J = 8.4, 1.1), 7.76 (td, 1H,
J =17.7,10), 7.70 (s, 1H), 7.67 (dd, 1H, J = 6.5, 1.4), 7.63—
7.55 (m, 3H); IR (em™1) 1710, 1410, 1310. Anal. (CisHgF3N,0)
C,H,N.
3-[4’-(Trifluoromethyl)phenyl]-5H-indeno[1,2-c]py-
ridazin-5-one (51): method A; yield 79%; mp 270—1 °C, from
ethanol/dioxane (90:10); 'TH-NMR (CDCl3) 6 8.25 (d, 2H, J =
8.1), 8.21 (dt, 1H, J = 7.5, 1.0), 8.02 (s, 1H), 7.88 (dt, 1H, J =
7.5,1.0),7.81(d, 2H, J = 8.1), 7.76 (td, 1H, J = 7.5, 1.0), 7.59
(td, 1H, J = 7.5, J = 1.0); IR (em™!) 1725, 1420, 1330. Anal.
(Ci1sHgF3N2O) C, H, N.
3-[3',5’-Bis(trifluoromethyl)phenyl]-5H-indeno[1,2-c]-
pyridazin-5-one (52): method B; yield 39%; mp 2145 °C,
from ethanol; 'H-NMR (CDCl;) 6 8.61 (s, 2H), 8.22 (dd, 1H, J
= 7.7, 0.8), 8.06 (s, 1H), 8.03 (s, 1H), 7.90 (dd, 1H, J = 7.7,
0.9),7.79 (td, 1H, J = 7.7, 0.9), 7.61 (td, 1H, J = 7.7, 0.8); IR
(em™1) 1720, 1390, 1280. Anal. (C1sHsFsN20) C, H, N.
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3-[3'-(Trifluoromethy)phenyl]-7-methoxy-5H-indeno-
[1,2-clpyridazin-5-one (65): method A; yield 60%; mp 214—5
°C, from ethanol; TH-NMR (CDCl;) 6 8.40 (s, 1H), 8.30 (d, 1H,
J=17),798(s, 1H), 7.81(d, 1H,J = 8.4),7.78 (d, 1H, J =
7.7),7.69 (t, 1H, J = 7.7), 7.67 (d, 1H, J = 2.3), 7.03 (dd, 1H,
J =84, 2.3),4.01 (s, 3H); IR (cm™!) 1720, 1405, 1330. Anal.
(C19H11F3N20) C, H, N. The 8-methoxy positional isomer was
detected by HPLC-MS (5%).

Synthesis of Aldol Adducts 22a, 35a, 48a, 54a, 59a, 60a,
61la, and 62a. The preparation of the title compounds followed
the described one-pot procedure up to the disappearance of
starting reagents ninhydrin and ketones (TLC check). The
workup method was as follows. (i) Adduct 22a: the solid
product, which precipitated from the reaction mixture upon
cooling, was collected by filtration and recrystallized. (i)
Adducts 35a, 48a, 54a, 59a, 60a, 61a, and 62a: the reaction
mixture was evaporated to dryness under vacuum, and the
solid residue was purified by crystallization (35a, 48a, 54a,
61la, 62a) or flash chromatography on silica gel using CHCl;
(59a, 60a) as eluent. Reaction yields and physicochemical and
spectroscopic data of the isolated aldol adducts are listed in
Table 6.

Synthesis of 5H-Indeno[1,2-c]pyridazin-5-ones 22, 35,
48, 54, 59, 60, 61, and 62 (Method C). Hydrazine hydrate
98% (0.50 mL, 10 mmol) was added under magnetic stirring
to the solution of an aldol adduct (10 mmol) in anhydrous
EtOH (100-200 mL) containing 0.1 mL of CFsCOOH. The
yellow solid which was formed within 1-3 h was collected by
filtration and recrystallized.

3-(2’-Carboxyethyl)-5H-indeno[1,2-clpyridazin-5-one
(22): yield 72%; mp 200—-1 °C dec, from ethanol; 'H-NMR
(acetone-ds) 6 12.25 (br, 1H, D20 exchange), 8.05 (dd, 1H, J =
8.3,1.0), 7.82(dd, 1H, J = 8.3, 1.0), 7.80 (td, 1H, J = 8.3, J =
1.0), 7.78 (s, 1H), 7.63 (td, 1H, J = 8.3, J = 1.0), 3.21 (t, 2H,
J=17.5),280(t,2H, J = 7.5); IR (em™!) 3020 (br), 1730, 1710,
1425, 1415. Anal. (Cl4H10N203) C, H, N.

3-(3',4’-Dimethoxyphenyl)-5H-indeno[1,2-c]pyridazin-
5-one (35): yield 82%; mp 257—8 °C, from THF/ethanol (50:
50); 'H-NMR (DMSO-dg) 6 8.42 (s, 1H), 8.11 (dt, 1H, J = 7.4,
1.0), 7.92-7.80 (m, 4H), 7.66 (td, 1H, J = 7.4, 1.0), 7.12 (d,
1H, J = 8.4), 3.88 (s, 3H), 3.84 (s, 3H); IR (cm™!) 1720, 1420.
Anal. (C19H14N203) C, H, N.

3-(4"-Bromophenyl)-5H-indeno[1,2-c]pyridazin-5-one
(48): yield 90%; mp 261-2 °C, from ethanol; 'H-NMR (CDCl3)
0 8.18 (dt, 1H, J = 7.5, 1.0, 1.0), 8.00 (m, 2H), 7.96 (s, 1H),
7.86(qd, 1H,J=17.5,1.2,1.0),7.75 (td, 1H, J = 7.5, 1.2), 7.67
(m, 2H), 7.56 (td, 1H, J = 7.5, 1.0); IR (cm™!) 1725, 1415. Anal.
(C17HeBrN:20) C, H, N.

3-(4’-Cyanophenyl)-5H-indeno[ 1,2-¢c]pyridazin-5-one
(54): yield 93%; mp 298—9 °C, from ethanol; 'H-NMR (CDCls)
0 8.24 (m, 2H), 8.20 (dt, 1H, J = 7.5, 1.1), 8,01 (s, 1H), 7.88
(dt, 1H,J =7.5,1.1), 7.84 (m, 2H), 7.77 (td, 1H,J = 7.5, 1.1),
7.59 (td, 1H, J = 7.5, 1.1); IR (em™1) 2220, 1720, 1415. Anal.
(C1sHgN30) C, H, N.

3-(4-Acetylphenyl)-5H-indeno[1,2-¢]pyridazin-5-one
(89): yield 95%; mp 256—7 °C, from ethanol; 'H-NMR (CDCl;)
0 8.24 (m, 2H), 8.21 (m, 1H), 8.13 (m, 2H), 8.05 (s, 1H), 7.88
(m, 1H), 7.77 (td, 1H, J = 7.6, 1.2), 7.59 (td, 1H, J = 7.6, 1.2),
2.68 (s, 3H); IR (cm™1) 1730, 1670, 1415. Anal. (C;9H2N2O2)
C,H,N.

3-(4’-Acetamidophenyl)-5H-indeno[1,2-c]pyridazin-5-
one (60): yield 76%; mp 338—9 °C, from THF; 'H-NMR
(CDCl3) 0 10.25 (br, 1H, D50 exchange), 8.18 (dt, 1H, J = 7.6,
1.0), 8.12 (m, 2H), 7.97 (s, 1H), 7.85 (dt, 1H, J = 7.6, 1.0), 7.74
(td, 1H, J = 7.6, J = 1.0), 7.70 (m, 2H), 7.55 (td, 1H, J = 7.6,
1.0),2.13 (s, 3H); IR (em™!) 3380, 1720, 1690, 1595, 1415. Anal.
(C1sH1aN302) C, H, N.

3-(4’-Butoxyphenyl)-5H-indeno[1,2-c]pyridazin-5-one
(61): yield 72%; mp 178—9 °C, from ethanol; 'H-NMR (CDCl3)
0 8.15 (dt, 1H, J = 7.5, 1.1), 8.07 (m, 2H), 7.92 (s, 1H), 7.83
(dt, 1H, J = 7.5, 1.1), 7.72 (td, 1H, J = 7.5, 1.1), 7.53 (td, 1H,
J=175,1.1),7.02 (m, 2H), 4.03 (t, 2H, J = 6.5), 1.79 (m, 2H),
1.49 (m, 2H), 0.98 (t, 3H, J = 6.5); IR (em™!) 1730, 1410. Anal.
(C21H1sN209) C, H, N.

3-(4-Piperidinylphenyl)-5H-indeno[1,2-¢]pyridazin-5-
one (62): yield 20%; mp 224 - 5 °C, from ethanol; 'H-NMR
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(CDCly) 6 8.15 (dt, 1H, J = 7.6, 1.1), 8.05 (m, 2H), 7.92 (s,
1H), 7.83 (qd, 1H, J = 7.6, 1.2, 1.1), 7.72 (td, 1H, J = 7.6, 1.2),
7.52(td, 1H,J = 7.6, 1.1), 7.01 (m, 2H), 3.33 (m, 4H), 1.69 (m,
6H); IR (cm™!) 1720, 1410. Anal. (Cy2H1oN;0) C, H, N.
3-Phenyl-4-(ethoxycarbonyl)-5H-indenol1,2-c]pyridazin-
5-one (11). To a solution of ninhydrin (1.78 g, 10 mmol) in
dimethoxyethane (25 mL) on molecular sieves (3 A), kept at
room temperature over 1 day, was added an equimolar amount
of ethyl benzoylacetate. The resulting mixture was left to
stand at room temperature for 3 days and then filtered and
diluted to ca. 0.025 M concentration with anhydrous ethanol
(375 mL). An equimolar amount of hydrazine monohydrate
was added, under magnetic stirring, and after 3 h, the solution
obtained was evaporated to dryness under vacuum and the
residue purified by flash chromatography using hexane/ethyl
acetate (80:20) as eluent: yield 20%; mp 113—4 °C, from
ethanol; 'H-NMR (90 MHz, CDCl3) 6 8.23(d, 1H,J = 17), 7.93—
7.33 (m, 8H), 4.41(q, 2H,J = 17), 1.27 (t,3H, J = 7); IR (ecm™})
1740, 1730, 1395. Anal. (CsH,4N203) C, H, N.
3-Benzoyl-5H-indeno[ 1,2-c]pyridazin-5-one (13). 3-Ben-
zyl-5H-indeno[1,2-c]pyridazin-5-one (HCA) (272 mg, 1 mmol)
in acetic acid (2 mL) was refluxed with 130 mg (1.3 mmol) of
chromium(VI) oxide for 2 h. After cooling the mixture was
diluted with water (8 mL), extracted with CHCl;, and evapo-
rated under vacuum. The residue was purified by flash
chromatography using CHCl; as eluent: yield 94%; mp 168—9
°C dec, from ethanol; 'H-NMR (CDCl3) 6 8.27 (s, 1H), 8.27—
8.21 (m, 3H), 7.91 (td, 1H, J = 7.5, 1.1), 7.79 (td, 1H, J = 7.5,
1.1), 7.80—7.60 (m, 2H), 7.56—7.48 (m, 2H); IR (em™1) 1720,
1660, 1410. Anal. (C1sH;0N20:) C, H, N.
13H-Benz[h]indeno[1,2-clcinnolin-13-one (26). 11,12-
Dihydro-13H-benz[hlindeno[1,2-c]cinnolin-13-one (HCA) (284
mg, 1 mmol) in dioxane (5 mL) was refluxed with 227 mg (1.3
mmol) of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone over 1.5 h.
After cooling the solvent was evaporated, and the residue was
purified by flash chromatography on silica gel using CHCly/
ethyl acetate (90:10) as eluent: yield 90%; mp 2612 °C, from
ethanol; ITH-NMR (CDCl3) 6 9.38 (m, 1H), 8.41 (d, 1H, J = 9.0),
8.14(dt, 1H,J =17.3,1.2),7.95(d, 1H, J = 9.0), 7.86—7.67 (m,
4H), 7.65 (td, 1H, J = 7.5, 1.2), 7.45 (td, 1H, J = 7.5, 1.1); IR
(em~1) 1720, 1400. Anal. (C;sH;0N:0) C, H, N.
11H-Indeno[1,2-c]cinnolin-11-one (27). 1,2,3,4-Tetrahy-
dro-11H-indeno[1,2-clcinnolin-11-one!! (236 mg, 1 mmol) in
dioxane (10 mL) was refluxed with 522 mg (2.3 mmol) of 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone for 2.5 h. After cooling,
the mixture was concentrated, and the residue was purified
by flash chromatography on silica gel using CHCly/ethyl
acetate (90:10) as eluent: yield 12%; mp 285-6 °C dec, from
ethanol; 'H-NMR (CDCl;) 6 8.65 (m, 1H), 8,50 (m, 1H), 8.17
(dt, 1H, J = 7.6, 1.0), 7.88—7.76 (m, 2H), 7.75 (qd, 1H, J =
7.6,1.1,1.0),7.65(td, 1H, J = 7.6, 1.2), 7.45 (td, 1H, J = 7.6,
1.0); IR (em™1) 1720, 1390. Anal. (C;sHgN20) C, H, N.
3-(2’-Methoxyphenyl)-5H-indeno[ 1,2-clpyridazin-5-
one (32). 2’-Methoxyacetophenone (300 mg, 2 mmol) and 356
mg (2 mmol) of ninhydrin were refluxed in acetic acid (4 mL)
for 2 h. The solution was cooled, and the solid obtained was
collected and washed with diethyl ether. This crude aldol
adduct was dissolved in THF (40 mL), and 0.1 mL (2 mmol) of
hydrazine monohydrate was added under magnetic stirring.
After 2 h the mixture was evaporated under vacuum and the
residue was purified by flash chromatography on silica gel
using CHCI; as eluent: yield 24%; mp 162—3 °C, from CHCly
hexane; 'TH-NMR (CDCls) 6 8.16 (dt, 1H, J = 7.6, 0.9), 8.14 (s,
1H), 7.96 (dd4, 1H, J = 7.6, 1.8), 7.83 (qd, 1H, J = 7.6, 1.2,
0.9),7.71(d,1H,J=17.6,1.2), 7.53 (td, 1H,J = 7.6, 0.9), 7.46
(qd, 1H, J = 8.3, 7.6, 1.8), 7.11 (td, 1H, J = 7.6, 1.0), 7.02 (dd,
1H,J =8.3,J = 1.0), 3.88 (s, 3H); IR (¢cm™!) 1730, 1410. Anal.
(C1sH12N209) C, H, N.
3-(3’-Aminophenyl)-5H-indeno[1,2-c]pyridazin-5-one
(37). A solution of crude 3-[3’-(N-carbobenzoxyamino)phenyl]-
5H-indeno[1,2-c]pyridazin-5-one (814 mg, 2 mmol), prepared
according to method B from N-carbobenzoxy-3'-aminoacetophe-
none, was refluxed over 1.5 h in 20 mL of aqueous HBr/acetic
acid (50:50). The mixture was cooled at room temperature and
made basic with KOH, and the red solid obtained was
separated by filtration and purified by flash chromatography
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on silica gel using ethyl acetate/hexane (50:50) as eluent: yield
61%; mp 237—8 °C, from ethanol; 1H-NMR (CDCl;) 6 8.18 (m,
1H), 7.95 (s, 1H), 7.85 (m, 1H), 7.73 (td, 1H,J = 7.2, 1.0), 7.55
(m, 1H), 7.54 (m, 1H), 7.41 (dt, 1H,J = 7.7, 1.1), 7.31 (¢, 1H,
J =17, 683 (qd, 1H, J = 7.7, 2.7, 1.1), 3.87 (br, 2H, D20
exchange); IR (cm™) 3305, 3210, 1730 1635, 1415. Anal.
(C7H1N;O) C, H, N.
3-(4-Aminophenyl)-5H-indeno[1,2-¢]pyridazin-5-one
(38). Compound 38 was synthesized as the isomeric compound
37 from 3-4’-(N-carbobenzoxyamino)phenyl]-5H-indeno[1,2-
clpyridazin-5-one. The red solid obtained was purified by
crystallization: yield 58%; mp 295-6 °C, from butanol; 'H-
NMR (CDCly) 6 8.15(d, 1H, J = 7.7), 7.98 (m, 2H), 7.91 (s,
1H), 7.83 (d, 1H,J = 7.7),7.72 (t, 1H, J = 7.7), 7.53 (t, 1H, J
= 7.7), 6.79 (m, 2H), 3.99 (br, 2H, D20 exchange); IR (ecm™1)
3410, 3390, 1730, 1630 1610, 1425. Anal. (C,sH11N30) C, H,
N.
3-(Trifluoromethyl)-5H-indeno[1,2-c]lpyridazin-5-one
(64). Ethyl 4,4,4-trifluoroacetoacetate (0.24 mL, 2 mmol) and
356 mg (2 mmol) of ninhydrin were refluxed in acetic acid (4
mL). After 1.5 h the solution was diluted with acetonitrile
(12 mL) and 0.15 mL (3 mmol) of hydrazine monohydrate was
added. The yellow solid formed was filtered and dissolved in
4 mL of trifluoroacetic acid. After stirring at room tempera-
ture for 4 h, the solution was evaporated under vacuum, and
the solid residue was purified by crystallization: yield 20%;
mp 157—-8 °C, from CHClyhexane; IH-NMR (CDCl;) 6 8.24
(m, 1H), 7.92 (m, 1H), 7.89 (s, 1H), 7.79 (td, 1H, J = 7.0, 1.0),
7.64 (td, 1H, J = 7.0, 1.0); IR (em~1) 1720, 1360, 1290. Anal.
(C12HsF3N20) C, H, N.
3-[3'-(Trifluoromethyl)phenyl]-7-hydroxy-5H-indeno-
[1,2-c]pyridazin-5-one (66). 65 (712 mg, 2 mmol) was
refluxed in 10 mL of aqueous HBr (47%)/acetic acid (50:50)
for 2 h. The mixture was filtered and extracted with CHCls.
The organic layer was evaporated under vacuum, and the
residue was purified by flash chromatography on silica gel
using CHCly/methanol (95:5) as eluent: yield 25%; mp 351—2
°C, from ethanol; 'H-NMR (DMSO-ds) 6 11.34 (br, 1H, DO
exchange), 8.59 (s, 1H), 8.57 (d, 1H, J = 8.0), 8.50 (s, 1H), 7.92
(d, 1H, J = 8.0), 7.81 (t, 1H, J = 8.0), 7.77 (d, 1H, J = 8.5),
7.44 (d, 1H, J = 2.2), 6.99 (dd, 1H, J = 8.5, 2.2); IR (cm™)
3200 (br), 1705, 1475, 1340. Anal. (C;sHgF3N2O2) C, H, N.

Preparation of Rat Brain Mitochondria. Rat brain
mitochondria were isolated according to the method of Clark??
modified by Walther et al.2® For further details, see Thull et
al.?* The protein content of the washed mitochondrial fraction
was determined according to the procedure of Lowry? with
bovine serum albumin as a standard.

MAO Inhibition. The method of Weissbach?® was modified
in order to measure inhibitory activities.?* ICj, values were
calculated from a hyperbolic equation described elsewhere.?*
Time dependence was tested by preincubating for 5 and 15
min at 37 °C and at a single concentration of the inhibitor.
Reversibility was demonstrated by measuring the degree of
inhibition in the presence of a higher substrate concentration
(540 1 M).

Incubations were carried out at pH = 7.4 (Na,HPO/KH,-
PO, isotonized with KCl) at 37 °C. The mitochondrial suspen-
sion was set to a final protein concentration of 1.0 mg/mL. The
mitochondria were preincubated at 37 °C for 5 min with
clorgyline (250 nM) or selegeline (250 nM) to test MAO-B or
MAO-A activity, respectively. The inhibitor under study was
solubilized in DMSO, added to give a final DMSO concentra-
tion of 5% (v/v), and further incubated for 5 min. Preliminary
experiments had verified that DMSO at this concentration
does not affect MAO activity. The nonselective substrate
kynuramine is deaminated by MAO to an aldehyde that
spontaneously cyclizes to 4-hydroxyquinoline. Formation of
the latter was monitored continuously at 314 nm using a
Kontron UVIKON 941 spectrophotometer (Kontron AG, Basel,
Switzerland). Incubations were then carried out with a
substrate concentration of Ky (Km = 90 uM for MAO-A, 60 M
for MAO-B) without inhibitor or with different inhibitor
concentrations.

QSAR Study. Multilinear regression and cluster analysis
were carried out with TSAR 2.1 software (Oxford Molecular,
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Oxford, U.K.), and PLS analysis was performed using the
QSAR module in SYBYL 6.04 software (Tripos Assoc., St.
Louis, MO). Both program were run on Silicon Graphics
Personal Iris 4D-35 and Silicon Graphics Indigo R4000 work-
stations. The o values were collected from standard compila-
tions.1227 Ifnot available, the F, R, and ¢ parameters for ortho
substituents were calculated according to Williams and Nor-
rington.28

CoMFA (3D-QSAR) Study. Molecular models of the IP
analogs listed in Tables 2 and 3 were constructed using SYBYL
6.04 software (Tripos Assoc., St. Louis, MO) running on Silicon
Graphics Personal Iris 4D-35 and Silicon Graphics Indigo
R4000 workstations. The geometry of each molecule was
minimized using the standard Tripos force field?® including
the electrostatic energy term calculated with the Gasteiger—
Marsili atomic charges.®®* From a conformational analysis
performed with the systematic search option, the lowest energy
minimum was selected for each compound and minimized.

The CoMFA studies were carried out by using the QSAR
module of SYBYL version 6.04. Default settings?® were used
in the analyses, except for the option “drop-electrostatic” which
was set to “no”. The grid size had a resolution of 1.5 A. Asa
third field, the Molecular Lipophilicity Potential (MLP) was
used.3! Only those compounds for which an IC;, value could
be determined (i.e., 39 compounds in Tables 2 and 3) were used
in the analyses. Only models with g2 > 0.4 were considered
as significant. To avoid reducing the training set, we took as
test set the two compounds (16 and 56) which had a degree of
inhibition larger than 25% at their maximum solubility, thus
allowing their ICsq values to be calculated with reasonable
confidence by hyperbolic extrapolation.
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