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Imidazo[1,2-b]pyridazines: Syntheses and Interaction with Central
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and Peripheral-Type (Mitochondrial) Benzodiazepine Receptors
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The fundamental chemistry of pyridazines, the syntheses of substituted imidazo[1,2-b]pyridazines (1)
(and some related compounds) and the interaction of the products with central benzodiazepine receptors
(CBR) and peripheral-type (mitochondrial) benzodiazepine receptors (PBR) are described.

Some of these imidazo[1,2-b]pyridazines had high selective affinity for the central benzodiazepine
receptors and others had high selectivity for the peripheral-type (mitochondrial) benzodiazepine receptors.
The results of structure-activity studies and molecular modeling will be reported.

In vivo tests of some compounds which interacted strongly with the central benzodiazepine receptors
revealed reasonably potent anticonvulsant/anticonflict activity, and some of those which bind selectively to
the peripheral-type (mitochondrial) benzodiazepine receptors are being examined as possible radiopharma-
ceuticals for imaging of tumors (and other disease states).

J. Heterocyclic Chem., 35, 1205 (1998).

Introduction.

The pharmacological activities of some substituted
pyridazines have been described in an excellent review, in
two parts [1,2] by Professor Heinisch, which covers the
literature for the periods 1975-1988 and 1975-1990.
Vigorous research activity with substituted pyridazines
has continued. Some examples from numerous recent
publications include reports of anticonvulsant properties
amongst benzylpyridazine derivatives [3], peripherally
acting analgesic 3-arylpiperazinyl-5-benzylpyridazines
[4], cardiotonic activity of the optically active pyridazin-
3(2H)-one KF15232 [S], the determination of the struc-
ture of himastatin[6], an antitumor antibiotic which con-
tains a reduced pyridazine ring [6], Y-aminobutyric acid-A
(GABA-A) agonists from the condensation of muscimol
or thiomuscimol with aminopyridazines [7], and antihy-
pertensive and o-adrenoceptor activity of novel 2-amino-
alkylpyridazin-3(2H)-ones [8]. Other recent reports for
imidazo[1,2-blpyridazines include antitumor carbon-
bridged imidazopyridazine carbamates [9], analgesic imi-
dazo[1,2-blpyridazine-2-acetic acid derivatives [10] and a
new class of angiotension II receptor antagonists bearing
a substituted imidazo[1,2-b]pyridazine moiety [11].

This communication summarizes the current situation
relating to the synthesis of some 2,3,6-trisubstituted imid-
azo[1,2-b]pyridazines 1 and studies of their interaction
with central benzodiazepine receptors (isolated from rat
forebrain) and peripheral-type (mitochondrial) benzodi-
azepine receptors (isolated from rat kidney membrane),
and of some in vivo studies in rats and mice. Some com-
parative studies have been made with analogously substi-
tuted imidazo[1,2-alpyridines 2, imidazo[1,2-alpyrim-
idines 3 and imidazo[1,2-a]pyrazines 4.
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Biological activity in imidazo[1,2-blpyridazines was
first reported by Nitta, Yoneda and Otaka [12-15] at the
Chugai Pharmaceutical Company with a series of patent
applications [12-15] in 1963 which claimed analgesic,
sedative and antispasmodic activity, and as an inhibitor of
central nerves. Also Pfizer & Co., in a patent application
[16] in 1966, claimed antihypertensive activity for a series
of substituted imidazo[1,2-b]pyridazines.

We became involved in imidazo[1,2-b]pyridazine
chemistry as a flow on from our study of the fundamental
chemistry of pyridazines and certain ring closure reactions
of aminopyridazines. We observed that when 3-amino-4-
methylaminopyridazine was condensed with pyruvalde-
hyde dimethyl acetal in methanolic hydrogen chloride
[17] it gave 3-methoxy-2-methyl-8-methylaminoimid-
azo[1,2-b]pyridazine as shown by X-ray analysis [17];
and 3-amino-6-chloropyridazine with phenylglyoxal in
ethanol containing hydrochloric acid gave 6-chloro-2-
phenylimidazo[1,2-b]pyridazin-3(5H)-one which was
then methylated (with diazomethane) to 6-chloro-3-meth-
oxy-2-phenylimidazo{1,2-b]pyridazine (1, X =Cl, Y =
OMe, Z = Ph) [18].
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Subsequent biological testing [19] revealed that the last
mentioned compound was capable of displacing
[3H]ldiazepam from rat brain membrane; and hence our
continued interest in substituted imidazo[1,2-b]pyrid-
azines. Our aim was to develop a compound (or com-
pounds) with more selective pharmacological actions than
the benzodiazepines.

In the closely related 1,2,4-triazolo[4,3-b]pyridazine
ring system the compound CL 218872, §, [20] has anti-
conflict and anticonvulsant activities in animals and was
found to produce sedation and myorelaxant effects at
doses much higher than the anxiolytic doses [21,22]. The
interaction of CL 218872 with benzodiazepine receptors
has been examined extensively and it has been shown to
be a partial agonist at individual receptor combinations

[23,24].
CF N
%
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The imidazo[1,2-a]pyridines, alpidem 6 [25] [a ligand
of both the central benzodiazepine receptor and the
peripheral-type (mitochondrial) benzodiazepine receptor]
has sedative and anxiolytic properties, and zolpidem 7
[25] (a selective ligand for the central benzodiazepine
receptor) is marketed as an hypnotic. Both alpidem and
zolpidem have higher affinity for benzodiazepine-1 than
for benzodiazepine-2 receptors [23]; and their interaction
with various receptor types has been reported [26].

L

N7 SN
CH,CONPr,

6 (Alpidem)

Me
CH,CONMe,

7 (Zolpidem)

Vol. 35

Some Properties of Pyridazines and Syntheses of
Imidazo[1,2-b]pyridazines.

Pyridazine (pK, 2.33) [27] is a weaker base than pyri-
dine (pK, 5.23) [27] because of the adjacent competing
basic nitrogen atoms in the former and 3-amino- and
4-amino-pyridazine (pK,s 5.19 [27] and 6.69 [28] respec-
tively) are weaker bases than the corresponding amino-
pyridine (2-amino-, pK, 6.86 [27]; 3-amino, pK, 5.98
[27]; 4-amino-, pK, 9.17 [27] in which the enhanced
basicity of the 2- and 4-aminopyridines is due to reso-
nance stabilization of the cation e.g. 8 +> 9, and 10 < 11
respectively). Imidazo[1,2-b]lpyridazine would also be
expected to be a weaker base than imidazo[1,2-a]pyri-
dine.
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Quaternization of 4-aminopyridazine with methyl
iodide has been shown to give the 1- and 2-methiodides in
the ratio 6:1 [28]; the higher proportion of the 1-methyl
isomer is probably associated with the enhanced basicity
of N-1 (relative to N-2). No methylation was detected at
the extranuclear amino group. The identity of the 1-methyl
compound was determined by its ready hydrolyses with
hydroxide ion to 1-methylpyridazin-4(1H)-one.

Methylation of 3-aminopyridazine with methyl iodide
however gave 3-amino-1-methylpyridazium iodide and its
2-methyl isomer in the ratio 4:1 [28]. No methylation was
observed at the 3-amino group. The lower proportion of
the 2-methyl compound is probably due to some steric
hindrance at N-2 which favors methylation at N-1 rather
than the more basic N-2. Hydrolysis of 3-amino-2-meth-
ylpyridazinium iodide with hydroxide ions readily gave
2-methylpyridazin-3(2H)-one [28]. The ease of the
hydrolyses described above is consistent with kinetic data
for hydrolyses of aminopyridine methiodides [29]. Some
kinetic data are available concerning the nucleophilic
replacement of substituents in the pyridazine ring. Hill
and Krause [30] investigated the reactivity of 3-chloro-
and 3,6-dichloropyridazines towards methoxide ions in
methanol at 25.4° and obtained rate constants of 5.4 x 10-5
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and 2.8 x 10-3 1 mol-! sec! respectively, which clearly
established the superior reactivity of the 3,6-dichloro
compound. Under similar conditions 2-chloropyridine did
not react appreciably [30].

Barlin and co-workers [31] have shown that the methyl-
sulphonyl group in the 3- and 4-position of pyridazine is
readily replaced by methoxide ions in methanol. The rele-
vant rate constants (k;) are as follows: 3-SO,Me, 9.71 x
10-3 1 mol-1 sec! (30.2°); 4-SO,Me, 121 x 103 1 mol-!
sec’1 (30.3%). In comparison to the reactivity of 3-chloro-
pyridazine with methoxide ions in methanol [30], the
3-methylsulphonyl compound was ca 90 times more reac-
tive, principally due to the lower energy of activation. The
methylsulphinyl-compounds (MeSO-) showed reactivity
similar to the methylsulphonyl compounds, whereas the
methylthio compounds were significantly less reactive
[32]. The comparative reactivity data for reactions with
methoxide ions at 30° were: 3-SO,Me/3-SMe = 3.71 x
105 and 4-SO,Me/4-SMe = 4,76 x 104,

It has also been established [33], in other ring systems,
that the trimethylammonio group is readily replaced by
nucleophiles [33]. For example, pyrimidin-2-yltrimethyl-
ammonium chloride in reactions with hydroxide ions in
water at 20° has been found to be ca 700 times more reac-
tive than 2-chloropyrimidine and ca 5 times less reactive
than 2-methylsulphonylpyrimidine [33].

In n-deficient nitrogen heterocycles the general order
for nucleophilic replacement of leaving groups is as fol-
lows:

SMe < Cl < N*Me; < SOMe = SO,Me

The ease of replacement of substituents from w-defi-
cient nitrogen heterocycles is also significantly influenced
by quaternization (and protonation) (see the methylation
of aminopyridazines and hydrolysis of the products dis-
cussed above), and by N-oxide formation. For example,
4-methylsulphonylpyridine methiodide is 7.3 x 108-fold
more reactive than 4-methylsulphonylpyridine in reac-
tions with hydroxide ions (in water) at 20° [34]; and in the
pyridine [29] and the quinoline series [35] the enhance-
ment of reactivity on quaternization in reactions with
hydroxide ions is significantly greater for substituents at
the o-position than for those at the y-position [29,35]). The
effect of the N-oxide group is shown in the rate of reac-
tion of 2-chloropyridine N-oxide with piperidine in
methanol (at 80°) [36] which is ca 103 times greater than
that for 2-chloropyridine with piperidine in ethanol
[37,38].

The methods for syntheses of the compounds required
in this study were significantly influenced by our observa-
tions that 6-chloro-3-methoxy-2-phenylimidazo[1,2-b]-
pyridazine with a) methoxide ions [39] in refluxing meth-
anol for 5 hours gave 8% of the corresponding 6-methoxy
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compound, b) aqueous sodium methanethiolate [40] at
130-140° for 5 hours gave 6% of the 6-methylthio com-
pound and c) aqueous sodium benzyloxide at 140° for
14 hours gave no 6-benzyloxy compound. Also the 6-chloro-
substituent in 3-amino-6-chloropyridazine was not easily
replaced by unchanged nucleophiles.

Our methods of syntheses generally commenced from
3,6-dichloropyridazine (obtained by chlorination [41] of
3,6-dihydroxypyridazine) through 3-amino-6-chloropyrid-
azine [42] and 3-amino-6-chloropyridazine 2-oxide [43],
and the substituent ultimately required at the 6-position of
the imidazo[1,2-b]pyridazine was inserted into the 6-posi-
tion of the pyridazine before cyclization to the bicyclic
system. Some such transformations are set out in Schemes
1 and 2. Substituted 3-alkoxyimidazo[1,2-b]pyridazines

Scheme 1
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were prepared by two methods; from 3-aminopyridazines
and from 3-aminopyridazine 2-oxides. Thus ring closures
of the 3-amino-6-substituted pyridazines with glyoxals in
ethanol containing aqueous hydrochloric acid gave the
imidazo[1,2-b]pyridazine 12 (Scheme 3) which was
methylated with diazomethane to the 3-methoxyimidazo-
[1,2-b]pyridazine 13. The same intermediate compound
12 could also be prepared from the corresponding 3-amino-
6-substituted pyridazine 2-oxide with the appropriate
bromoacetyl compound as shown in Scheme 3. No iso-
meric products were isolated from these diazomethane meth-

Scheme 3
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ylations except in the special case of 3-amino-6-hydroxy-
pyridazine with p-tolylglyoxal followed by methylation of
the product with diazomethane which gave both 3,6-di-
methoxy-2-p-tolylimidazo[1,2-b]lpyridazine and 3-meth-
oxy-5-methyl-2-p-tolylimidazo[1,2-b]pyridazin-6(5H)-one.

The 3-unsubstituted imidazo[1,2-blpyridazines 1 (Y =
H) required (as intermediates) in this work were prepared
from the relevant 3-amino-6-substituted pyridazine with
bromoacetyl compounds as shown in Scheme 4. No 2-unsub-
stituted compounds could be detected in any of these
preparations (Quaternization of 3-aminopyridazine with
methyl iodide {28] did not proceed at the amino group;
and steric hindrance by a 6-substituent will favor quater-
nization at N-2). The structures of some 3-unsubstituted
(and 3-benzamidomethyl and 3-methoxy)imidazo[1,2-b]-
pyridazines have been established by X-ray analyses
[17,44,45]. The proton at position 3 (!H nmir, & 7.80-8.20)
could be replaced under the conditions of the Mannich
reaction to give 3-dimethylaminomethyl compounds [46]
and by N-hydroxymethylamides [46] to give 3-acylamino-
methyl compounds [46]. Some 3-unsubstituted imidazo-
[1,2-b]pyridazines with ethyl glyoxylate gave the ethyl
(imidazo[1,2-b]pyridazin-3-yl)-2-hydroxyacetate [47],
and with ethyl 2-acetoxy-N-acetylglycinate gave the ethyl
2-acetamido(imidazo{1,2-b]pyridazin-3-yl)acetate [47]
Scheme 4.

X
CH,O / HNMe, IJ =
———————————
.

N N” SN

Z M%Ngz Z

RCONHCHCO,Et
Ac

N NNy

RCONHCH, Z EtOzcé Z RCONH«.% Z

CO,zEt



Sep-Oct 1998

The preparation of substituted imidazo[1,2-a]pyridines
2 [45,48-51] imidazo[1,2-a]pyrimidines 3 [48] and imid-
azo[1,2-a)pyrazines 4 [48] for direct comparison with the
substituted imidazo[1,2-b]pyridazines prepared above;
and of the 7-methyl derivative 14 [19] and the 7,8-ben-
zene annelated derivative 15 (221) (6-chloro-3-methoxy-
2-phenylimidazof1,2-a]phthalazine) [19] of 23 have been
described.

Me
Cl ]J T Cl 6I N
N
SNTEN “NTSN
Me0” “ph Med” 3 Py
14 15

The reactions of 3-amino-6-chloro(or methoxy)pyrid-
azine with 3-bromo-1-phenylpropane-1,2-dione differed
from the reactions with simple a-bromoacetyl compounds
discussed above in that it gave two products, the expected
2-benzoyl-6-chloro(or methoxy)imidazo[1,2-b]pyridazine
[44,47] together with 7-chloro(or 7-methoxy)-2-phenyl-
pyrimido[1,2-b]pyridazine-5-ium-3-olate 16 (Scheme 5)
[47]. 3-Amino-6-phenylthiopyridazine under similar con-

X\“/\l
C

Scheme 5

OPh
+ BrCH,COCOPh ——3

X =Cl, OMe

.
X\h\N
N+
i l 1
%Ph
g
16

ditions [47] gave no 2-benzoyl-6-phenylthioimidazo[1,2-b]-
pyridazine but only 2-phenyl-7-phenylthiopyrimido[1,2-b]-
pyridazin-5-ium-3-olate {47].

Whereas 3-amino-6-chloropyridazine 2-oxide with
3,4-methylenedioxybenzylamine at 145° for 12 hours
gave 3-amino-6-(3,4-methylenedioxybenzylamino)pyrid-
azine 2-oxide [52], a similar reaction at 160° for 16 hours
also gave a significant quantity of 3-amino-6-(3,4-methyl-
enedioxybenzylamino)pyridazine by removal of the N-oxide
group [52].
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Our attempts to prepare the imidazo[1,2-b]pyridazine
analogues of zolpidem and alpidem were not successful.
6-Methyl-2-(p-tolyl)-3-trimethylammoniomethylimidazo-
[1,2-blpyridazine iodide 17, 6-methyl-3-methylsulphonyl-
methyl-2-(p-tolyl)imidazo[1,2-b]pyridazine and 6-chloro-
2-(p-chlorophenyl)-3-trimethylammoniomethylimidazo-
[1,2-b]pyridazine iodide 18 could not be converted with
potassium cyanide to the corresponding 3-cyanomethyl
compounds [47].

N7 N
J_I_Q_Me
CH,N*Me; 1~

17

cl
IJ‘N SN

CH;N*Mes 1™

18

N

Biological Activity.

Binding to Central and Mitochondrial Benzodiazepine
Receptors.

The compounds prepared in this work were tested for
their ability, or otherwise, to displace [H]diazepam from
central benzodiazepine receptors (isolated from rat fore-
brain membrane) in the presence of y-aminobutyric acid,
and some were tested for their ability to displace
[3H]diazepam from peripheral-type (mitochondrial)
benzodiazepine receptors (isolated from rat kidney mem-
brane) in the absence of y-aminobutyric acid. Details of
the test procedures for the determination of binding have
been published for the central benzodiazepine receptors
[19] and for the peripheral-type (mitochondrial) benzodi-
azepine receptors [45,53]. Some of these results are listed,
with references [19,44-52,54-66] in Table 1 as ICsq values
(the concentration required to inhibit standard binding by
50%) (nM) or as the percentage inhibition of binding at
1000 nM (in parentheses). Formula numbers 19-223 are
given for ease of comparison in the text and substituents
are defined in Table 1. The initial aim of the work was to
establish the structural parameters which influence
increased binding ability within series of compounds and
then to prepare molecules with the highest selective affin-
ity for the central benzodiazepine receptors or peripheral-
type benzodiazepine receptors.
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Table 1

Vol. 35

Results for the Displacement of [3H]diazepam from the Central Benzodiazepine Receptors and Peripheral-Type Benzodiazepine Receptors by
some Substituted Imidazo[1,2-b]pyridazines 1, Imidazo[1,2-alpyridines 2, Imidazo[1,2-a]pyrimidines 3 and Imidazo[l,2-a]pyrazines 4

Assays for displacement from the central benzodiazepine receptors were conducted in the presence of 100 pM y-aminobutyric acid under the standard

assay conditions described in reference [19].

Assays for displacements from the peripheral-type benzodiazepine receptors were conducted in the absence of Y-aminobutyric acid as described in ref-
erence [45]. The results are given as ICs values (nM) or as percentage inhibitions of control binding at 1000 nM (in parentheses).

Compound Number

X

(position 6)

Imidazo[1,2-b]pyridazine (1)

19
20
21
22
23
A4
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

(continued)

ofejojolojopoRelofololoNofoRoRo ool L N oo o R -F.-

SMe
SO,Me
SEt
SPr
SCeH;3
SCeHy,
SPh
SCgH4OMe-o
SC6H4OMe-m
SC6H4OMe-m
SC6H4F-p
SC6H4NM(‘Q'p
OMe
OPh
OCgH,OMe-o0
OCgH,4OEt-0
OC¢H,OMe-0
OC6H4OMG-0
OC6H4OM6-0
OC¢H,OMe-0
SCH,Ph

SCH2C6H4OMC-0
SCH,CgH,OMe-m

Substituents
Y
(position 3)

OMe
OMe
H
OMe
OMe
OMe
OMe
OMe
OEt
OPr
OCH,CH,0H
OCH,CH,O0Et
OCH,Ph
OCgHyy
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe
OMe

VA
(position 2)

Ph
C6H 4Me- 4
C6H4Me-m
C6H 4Me-p

C¢H3(3,4-0CH,0)

CgH4OMe-m
CgH4OMe-p
C6H4C]-p
C6H4F-p
C6H4NH2-m
C6H4NH2-P
C 10H7-a
CyoH7B
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph

CH,(3,4-0CH,0)

Ph

Ph
C6H 4Me-p

Ph

Ph

Ph
CgH Me-p

C6H 4F-p

CgH3(3,4-0OCH,0)

C6H4N02-m
Ph

Ph
Ph

Central
Benzodiazepine
Receptors

3380
>10000
>3000
>>1000
775
320
17.9
3168
508
380
626
164
352
>>1000
(8.9%)
1284
148

267

ICs (nM) (or % displacement) [a]

Peripheral-Type

Benzodiazepine
Receptors

(15%)

(26%)

[References]

55,60
60
61
59
59
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Table 1 (continued)
ICsq (nM) (or % displacement) [a]

Substituents Central Peripheral-Type
X Y VA Benzodiazepine = Benzodiazepine
Compound Number (position 6) (position 3) (position 2) Receptors Receptors [References}
Imidazo1,2-b]pyridazine (1)
68 SCH,CgH4OMe-m OMe CgH4F-p 5 >1000 55,59
69 SCH,CgH,OMe-p OMe Ph 55 - 59
70 SCH,C¢H,Cl-0 OMe C¢HyMe-p 54 - 61
71 SCH,CgH4NMe,-p OMe CeH Me-p 603 - 61
72 SCH,C¢H4OMe-m OMe CgH4Me-p 17 - 59
73 SCH2C6H4OMe-m OMe C6H4NH2-m 5 = 59
74 SCH,CgH,OMe-m OMe CsH4N-B 5 - 59
75 SCH,CgH,OMe-m OMe CsHy4N-y 37 - 59
76 OCH,Ph OMe Ph 20 - 62
7 OCH,C¢H4OMe-m OMe Ph 6 >1000 55,62
78 OCH,CgH4OMe-m OMe CgH F-p 1.5 - 62
79 NHPh OMe CgH4Me-p >>1000 (43%) 55,63
80 NHCH,Ph OMe Ph 9 - 63
81 NHCH,CH,Ph OMe Ph 800 25%) 55,63
82 NHCH,CgH4OMe-0 OMe Ph 1.8 - 63
83 NHCH,CsH,OMe-o OMe CeH Me-p 5.5 - 63
84 NHCH,CgH40Me-o0 OMe CsH3(3,4-CH,0) 0.3 (40%) 64
85 NHCH,CgH40Me-0 OMe CsH4Cl-p 16 - 63
86 NHCH,CgH40OMe-0 OMe CgH4F-p 2.2 - 63
87 NHCH,CgH4OMe-o OMe CsH4N-8 3 - 63
88 NHCH,CgH,OMe-m OMe Ph 29 >1000 55,63
89 NHCH,CgH4OMe-m OMe CgHMe-p 3.2 - 63
90 NHCH,C¢H,OMe-m OMe C4H,(3,4-0CH,0) 1.5 (45%) 52,55
91 NHCH,CgH4OMe-m OMe CeH, F-p 1.5 - 63
92 NHCH,CgH4OMe-m OMe CsHyN-B 21 - 63
93 NHCH,C¢H,OMe-m OMe CgH4NHy-m 1.8 - 63
94 NHCH2C6H4OM6' m OMe C6H4NH2-p 1 O 63
95 NHCH,C¢H,OMe-m  OCH,CH,OEt Ph 1 - 52
96 NHCH,C¢H;3(OMe),-ny,p OMe CgH4(3,40CH;0) 2 (40%) 52,55
97 NHCH,C¢H3(OMe),-m, p OMe CgH4NHy-p 3.2 - 52
98 NHCH,CgH;(3,4-OCH,0) OMe CsH3(3,4-OCH,0) 1 - 52
99 SCH,CsH4N-a OMe Ph 4.3 (12%) 64
100 SCH,CsH,N-o OMe CgH1(3,4-0CH,0) 1.7 (39%) 64
101 SCH,CsH4/N-B OMe Ph 7 - 64
102 SCH,CsH,N-B OMe CsH3(3,4-0CH,0) 2.1 (82%) 64
103 SCH,CsH4N-y OMe Ph 6.1 (21%) 64
104 SCH,CsH/N-y OMe CgH3(3,4-OCH,0) 4.7 (24%) 64
105 NHCH,CsH,/N-B OMe Ph 6.9 (40%) 64
106 NHCH,CsH,N-B OMe CsHN-B 36 - 64
107 Ci OMe CH,Ph >>10000 - 65
108 Cl OMe CH=CHPh (38%) (3%) 4,55
109 Cl OMe CgHsCeHs-p %) - 55,65
110 OCzHyOMe-0 OMe CeHyy (8%) - 55
11 SCH,Ph OMe +-Bu (5%) - 55
112 SCH,CgH,OMe-m OMe CH,Ph 114 - - 55,65
113 SCH,CgH4,OMe-m OMe CH,CH,Ph >>1000 - 55,65
114 H CH,NHCOPh Ph 214 >1000 51,54
115 Me H Ph (24%) (0%) 55
116 al H Ph >3000 (0%) 45,46
117 Cl H CgH Me-p 527 - 46
118 Ci H CsH1(3,4-0CH,0) 1427 (23%) 46,55
119 Cl CH,NHCCH Ph 847 (65%) 45
120 o} CH,;NHCOMe Ph 474 177 45,46
121 Cl CH,NHCOEt Ph 198 32 45
122 (&} CH,NHCOPr Ph 56 36 45
123 Ci CH,NHCOPh Ph 140 114 45,46
124 a CH,NHCOPh COPh (40%) 257 4,45
125 Cl CH,NHCOPh CeHMe-p 18 - 46

(continued)
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Compound Number
Imidazo[1,2-b]pyridazine (1)

126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
m
172
173
174
175
176
177
178
179
180
181
182
183
184

(continued)

X

(position 6)

—— == QA0 Q8A0A0NA0AQ88000030000800020000

SMe
SMe
SMe
SMe
SPh
SPh
SPh
SCgH4OMe-o0
S C6H4OMC- o
OMe
OMe
OMe
OMe
OMe
OMe
OEt
OEt
SCH,Ph
SCH,Ph
SCH,Ph
Me
Me
Me

Table 1 (continued)

Substituents
Y

(position 3)

CH(COOEf)OH
CH,NHCOMe
CH,NHCOPh

CH,NMe,
H
CH,NHCOH
CH,NHCOMe
CH,NHCOEt
CH,NHCOPr
CH,NHCOPh
H
CH,NHCOMc

CHzNHCOC6H4C1-O
CH,NHCOCgH,Cl-p
H

CH,NHCOMe
CH,NHCOE!
CH,NHCOPr
CH,NHCOPh
CHzNHCOC6H4F-0

CH,NHCOCGH,F-m

CH,NHCOCGHF-p
H

CH,NHCOMe
H
CH,NHCOPh

H
CH,NHCOPh
CH(COOE{OH
H
CH,NHCOPh
CH,NHCOPh
H
CH,NHCOMe
CH,NHCOPh
CH(COOEOH
H
H
CH,NHCOPh
CH,NHCOPh
H
CH,NHCOMe
CH,NHCOPh
H
CH,NHCOPh
H
CH,NHCOPh
H
CH,NHCOPh
H
CH,NHCOPh
H
CH,NHCOPh
H
CH,NHCOMe
CH,NHCOPh
CH,OMe
CH,SMc
CH2502M6

Z
(position 2)

C6H4MG-P
C4H4(3,4-OCH,0)
CgHa(3,4-0OCH,0)
CgH4(3,4-0CH,0)

C6H4Cl-p

C6H4C1-p

C6H4C1-P

C6H4C1-p

C6H4C]-p

C6H4C1-p

CeH,I-p
C6H4I-p
C6H4I'p
CeH I-p
CgHy-t-Bu-p
C6H4-t-B u-p
C6H4-3-Bll-p
C5H4'I-Bll-’p
C6H 4-t-Bl.l-p
CgHy-t-Bu-p
CgHy-t-Bu-p
CgHy-t-Bu-p
CesH4CeHs-p
CeH4CeHs-p
CH=CHPh
CH=CHPh
CsH4CeHyy-p
CeH4CeHyy-p

CgHgMe-p

CgH4Me-p

CgHyMe-p

Ph
C6H4't'BU'P
CgHy--Bu-p
C6H4-I-Bu-p
C6H4-t-Bu-p

C6H4Me-p
CgH;(3,4-0CH,0)

C6H4Me-p
CH,(3,4-OCH,0)

Ph

Ph
Ph
Ph
Ph
CgHyMe-p
CgHyMe-p
CsH3(3,4-OCH,0)
CsH3(3,4-OCH,0)
C6H 4't‘ B u-p
C6H 4t Bu-p
CgH3(3,4-OCH,0)
CgH3(3,4-OCH,0)

IC50 (M) (or % displacement) [a)

Central
Benzodiazepine
Receptors

24
152
25
2043
(46%)
(71%)
92

Peripheral-Type
Benzodiazepine
Receptors

1%)

(22-%)
(14%)
59

6.2
(69%)
(52%)

<1
(19%)

2.8
(26%)

5
(3%)

23
91%)
(13%)

168

(90%)[b]
(8%)

11

42

84
(11%)
(29%)
(72%)

(~60%)
(31%)
(48%)
(65%)

!
21%)
(71%)

(22%)
32

51%)
A7%)

1082
92
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Table 1 (continued)

Substituents
X Y Z
Compound Number (position 6) (position 3) (position 2)
Imidazo[1,2-a]pyrimidine (3)
185 Cl OMe CgHyMe-p
186 Cl H C6H4Me-p
187 Cl CH,NHCOPh CgHyMe-p
Imidazo{1,2-a]pyrazine (4)
188 Cl OMe CeHMe-p
189 Cl H CeHsMe-p
190 Cl CH,NHCOPh Ce¢H Me-p
Imidazo[1,2-a]pyridine (2)
191 Cl OMe Ph
192 Cl OMe C6H4Me-p
193 SPh OMe CgHygMe-p
194 H H Ph
195 Cl H Ph
196 Cl CH,NHCOPh Ph .
197 Cl CH,NHCOPh COPh
198 Cl H CsHyCl-p
199 Cl CH,NHCOPh CsHyCl-p
200 Cl CH(COOEt)NHCOPh CsHyCl-p
201 Cl H CegH4--Bu-p
202 Cl CH,NHCOPh CgHy-t-Bu-p
203 I H Ph
204 I CH,NHCOPh Ph
205 SMe H CgH Me-p
206 SMe CH,NHCOPh CegHsMe-p
207 SPh H Ph
208 SPh CH,NHCOMe Ph
209 SPh CH,NHCOPh Ph
210 OMe H CgHyqMe-p
211 OMe CH,NHCOPh CegHsMe-p
212 (6) Cl CH,CONPr, CgHyCl-p
(alpidem)
213(7) Me CH,CONMe, CeHyMe-p
(zolpidem)
Trisubstituted Imidazo[l,2-a]pyridines
214 7-Cl1-3-CH,NHCOPh-2-Ph
215 7-Cl1-3-CHyNHCOPh-2-CgH Me-p
216 8-C1-3-CH,NHCOPh-2-Ph
217 8-C1-3-CH,NHCOPh-2-CgH Me-p
218 8-OMe-3-CH,NHCOPh-2-Ph
Tetrasubstituted Imidazo[1,2-b]pyridazines
219 6=0-5-Me-3-OMe-2-CgH Me-p

220 (14) 7-Me-6-C1-3-OMe-2-Ph
Imidazo{2,1-a]phthalazine
221 (15) 6-C1-3-OMe-2-Ph

Pyrimido[1,2-b]pyridazin-5-ium-3-olate (16)

222 7-Cl-2-Ph
Reference Compound
223 Diazepam

[a] at 1000 nM; [b] 50% at 100 nM.

1C59 (nM) (or % displacement) [a]

Central
Benzodiazepine
Receptors

>>3000
0%)

(10%)
(3%)
(6%)

(61%)
146
11%)
(6%)
(26%)

(15%)
(42%)

(13%)
@47%)
(%)
11%)
(19%)
(22%)

2%)
455
(37%)
%)

3

(58%)
(68%)
(12%)
(16%)
(32%)

26
(24%)

>10,000

(5%)

4.3

Peripheral-Type
Benzodiazepine
Receptors

(45-%)
(39%)

(3‘;%)

(24%)
(60%)

(17%)
(64%)
(65%)
(46%)
(84%)
(86%)
13
134
487
(62%)
(711%)
(17%)

(26%)
(46%)
(92%)
41%)
(42%)
43

387

(48%)
(58%)
(17%)
131
(13%)

(18%)

(14%)

73
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55,57
19
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An examination of the data in Table 1 for binding to the
central benzodiazepine receptors by the 3-methoxy com-
pounds revealed that whereas compound 23 (6-chloro-3-
methoxy-2-phenylimidazof{1,2-b]lpyridazine) displaced
[*H]diazepam from the central benzodiazepine receptors
(ICsq 775 nM, our initial discovery of binding in this
series of compounds), compounds 19 and 21 (which
lacked the 6-chloro- and 3-methoxy-substituents respec-
tively) and compound 22 (which lacked an aromatic sub-
stituent at the 2-position) were much less effective in dis-
placing [3H]diazepam from the central benzodiazepine
receptors. Also compound 20 (with a 6-phenyl sub-
stituent) was much less efficient in binding than was the
6-chloro analogue 23. The 7-methyl derivative 14 (220)
[19] and the 7,8-benzene annelated derivative 15 (221)
{19] were markedly less active than compound 23, proba-
bly for reasons of steric hindrance at the receptor site.

Of the simple 6-halogeno compounds 23, 24 and 26
examined, the 6-fluoro compound 24 bound most
strongly; but exploratory work, for reasons of ease of syn-
theses, was effected with 6-chloro compounds. Amongst
the various 3-alkoxy compounds, compound 30 (ICs, 164
nM) with the 3-(2-ethoxyethoxy) group bound most
strongly and the 3-cyclohexyloxy compound 32 (ICsq >>
1000 nM) bound least strongly. Some 6-chloro-2-(substi-
tuted phenyl)-compounds also exhibited enhanced bind-
ing ability compared to their 2-phenyl analogue. This was
most noticeable in the 2-p-tolyl-, 2-(3,4-methylene-
dioxyphenyl) and 2-p-chlorophenyl-compounds 35, 36
and 39 respectively. The 2-B-naphthyl compound 44 was
markedly more active than its a-isomer 43.

Amongst the 6-alkylthio compounds, the 6-methylthio
compound 45 had approximately the same affinity as its
6-chloro analogue 23, and of the compounds examined
the 6-propylthio compound 48 bound most strongly.
When the 6-methylthio compound was oxidized, the
resulting 6-methylsulphonyl compound 46 did not bind
significantly.

Consideration of the 6-arylthio(or 6-aryloxy) com-
pounds revealed that methoxy groups as in 6-(o- or m-meth-
oxyphenylthio)- or 6-(0-methoxyphenoxy) substituents as
in compounds 52, 53 and 59 significantly enhanced
binding; and further enhancement was observed when a
2-(3,4-methylenedioxyphenyl) group was present as in
compound 63. The beneficial effects of methoxy substitu-
ents in the 6-(0- or m-methoxybenzylthio) and 6-(m-meth-
oxybenzyloxy) compounds 66, 67 and 77 relative to the
6-benzylthio- and 6-benzyloxy compounds 65 and 76
respectively were clearly revealed. Further enhancement
of activity is apparent in compounds 73 with a 2-(m-ami-
nophenyl) group, 74 with a 2-(pyridin-3-yl) group, and 78
with a 2-(p-fluorophenyl) group. Remarkable differences
in binding affinity were observed in the 6-anilino and
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6-aralkylaminoimidazo[1,2-b]pyridazines: the 6-benzyl-
amino compound 80 had high activity whereas the 6-ani-
lino 79 and 6-(2-phenethylamino) compounds 81 were
relatively inactive. (The differences in affinity between
compounds 80 and 79 was greater than between the 6-ben-
zyloxy- and 6-phenoxy compounds 76 and 58 respec-
tively. A large number of 6-(methoxybenzylamino)-3-
methoxy-2-arylimidazo[1,2-b]pyridazines 82-97 contain-
ing beneficial 2-aryl groups discussed above, with high
affinity for the central benzodiazepine receptors have
been prepared and are listed in Table 1. The most active
compound was 2-(3,4-methylenedioxyphenyl)-3-
methoxy-6-(¢-methoxybenzylamino)imidazo[1,2-b]pyri-
dazine 84 (ICsy 0.3 nM). This should be compared with
diazepam 223 (ICs, 4.3 nM).

Similarly a significant number of 3-methoxy-6-(c- B-
and y-picolylthio- and B-picolylamino)-2-(phenyl and
3,4-methylenedioxyphenyl)imidazo[1,2-b]pyridazines
99-105 have been shown to have ICsq values in the range
1.7-7.0 nM for the displacement of [3H]diazepam from
the central benzodiazepine receptors.

A large number of 3-methoxy-2,6-disubstituted imid-
azo[1,2-b]pyridazines have been prepared [65] which
contain 2-(benzyl, phenethyl, styryl, 4-biphenylyl, -butyl,
or cyclohexyl) groups and the test data of a selection 107-113
listed in Table 1 show that, in comparison to their 2-phenyl
analogues 23, 59, 65 and 67, all showed low affinity for
the central benzodiazepine receptors.

Tests to measure the displacement of [H]diazepam
from the peripheral-type benzodiazepine receptors by
some of the 3-methoxy compounds revealed displace-
ments of <50% at 1000 nM for all except compound 102
(82% at 1000 nM). Thus the 3-methoxy compounds are
selective for the central benzodiazepine receptors.

The imidazo[1,2-b]lpyridazin-6(SH)-one 219 had a
much higher affinity for the central benzodiazepine recep-
tors than its 6-methoxy isomer §7; and 7-chloro-2-phenyl-
pyrimido[1,2-blpyridazin-5-ium-3-olate 222 was practi-
cally devoid of affinity for the central benzodiazepine
receptors or peripheral-type benzodiazepine receptors.

Examination of a range of 3-(acylaminomethyl, dimeth-
ylaminomethyl and unsubstituted)imidazo{1,2-b]-
pyridazines revealed a quite different situation. Whereas
the 3-(dimethylaminomethyl and unsubstituted) com-
pounds showed little affinity for the central benzodi-
azepine receptors or peripheral-type benzodiazepine
receptors, some 3-acylaminomethyl compounds were
highly selective for the peripheral-type benzodiazepine
receptors (but others bound strongly to the central benzo-
diazepine receptors).

Amongst the 6-chloroimidazof1,2-b]pyridazines, com-
pound 116 showed little affinity for the central benzodi-
azepine receptors or peripheral-type benzodiazepine
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receptors but the 3-acylaminomethyl derivatives 119-123
showed markedly increased affinity for both receptors.
The 2-(p-chlorophenyl) compounds 131-135 exhibited an
even higher affinity (than their 2-phenyl analogues) for
both receptors but with a preferential affinity for the
peripheral-type benzodiazepine receptors. Further
enhancement in selectivity for the peripheral-type benzo-
diazepine receptors was found for the 2-(p-iodophenyl)
compounds (e.g. 137) and the 2-(4-z-butylphenyl) com-
pounds (e.g. 141). The 2-(4-biphenylyl, styryl and 4-
cyclohexylphenyl) groups in such systems (e.g. 149, 151
and 153) also produced preferential binding to the periph-
eral-type benzodiazepine receptors.

The 6-fluoro compound 156 showed greater selectivity
and greater affinity for the central benzodiazepine recep-
tors (relative to the peripheral-type benzodiazepine recep-
tors) than the 6-chloro- or 6-iodo-compounds 123 or 157
respectively which exhibited slight preferential affinity
for the peripheral-type benzodiazepine receptors. 3-Benz-
amidomethyl-2-(4-t-butylphenyl)-6-iodoimidazo[1,2-b]-
pyridazine 160 had very strong preferential affinity for the
peripheral-type benzodiazepine receptors.

6-(Methylthio and phenylthio) groups as in compounds
164, 165 and 168 were beneficial for stronger preferential
affinity for the central benzodiazepine receptors relative
to their 6-chloro analogues 125, 128 and 123 whereas the
6-(o-methoxyphenylthio) compound 170 was a much
weaker ligand for the central benzodiazepine receptors.
The 6-benzylthio compounds 180, 181 had lower affinity
for the central benzodiazepine receptors than their 6-phen-
ylthio analogues 167, 168; this contrasts with the
observed affinities of the 3-methoxy compounds 65 and
51.

The 3-methoxymethyl compound 182 (prepared during
attempted syntheses of the imidazo[1,2-b]pyridazine ana-
logue of zolpidem) was selective for the central benzodi-
azepine receptors, and its 3-methylthiomethyl analogue
183 was less selective, but the 3-methylsulphonylmethyl
compound 184 exhibited a preferential affinity for the
peripheral-type benzodiazepine receptors.

Some comparisons of the biological activity of substi-
tuted imidazo[1,2-b]pyridazines are possible with data
presented in Table 1 for substituted imidazo[1,2-aJpyrim-
idines 3, imidazo[1,2-a]pyrazines 4 and imidazo[1,2-al-
pyridines 2. The imidazo[1,2-a]pyrimidines 185-187 and
imidazo[1,2-alpyrazines 188-190 were much weaker lig-
ands for binding to central benzodiazepine receptors than
their imidazo[1,2-blpyridazine analogues 35, 117 and 125
respectively and will not be discussed further.

Some substituted imidazo[1,2-blpyridines, however,
had strong affinity for the central benzodiazepine recep-
tors. Whereas the 6-chloro-3-methoxy compounds 191
and 192 had approximately the same affinity for the cen-
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tral benzodiazepine receptors as compounds 23 and 35,
respectively; the 3-benzamidomethyl-6-chloro compound
196 had ca 3 times the affinity for the central benzodi-
azepine receptors as compound 123 but compound 196
also bound much less strongly to the peripheral-type ben-
zodiazepine receptors. This general pattern was also
shown by compounds 199 and 202 relative to compounds
135 and 144, respectively, but the 6-methoxy compounds
211 and 172 had comparable affinities as ligands to both
central benzodiazepine receptors and peripheral-type ben-
zodiazepine receptors.

A comparison of test data for the isomeric imidazo[1,2-a]-
pyridines revealed that the 6-chloro compound 196 had
significantly higher affinity for the central benzodiazepine
receptors than its 7- or 8-chloro isomers 214, 216; and
that 3-benzamidomethyl-8-chloro-2-p-tolylimidazo[1,2-al-
pyridine 217, unlike its isomers, had relatively high affin-
ity (ICso 131 nM) for the peripheral-type benzodiazepine
receptors.

In summary, the limited results for the 6-substituted
imidazo[1,2-alpyridines and those of the imidazo[1,2-b]-
pyridazines indicate that the latter are more selective lig-
ands for the peripheral-type benzodiazepine receptors
than the former.

As several tumors (including gliomas) and certain neu-
rodegenerative disorders (such as Huntingtons disease)
have displayed enhanced peripheral-type benzodiazepine
receptors densities, some of our compounds with high
selective affinity for the peripheral-type benzodiazepine
receptors are currently being examined [67] as potential
radiopharmaceuticals for imaging these disease states by
Positron Emission Tomography or Single Photon
Emission Computed Tomography.

Y-Aminobutyric Acid Shift In Vitro.

It is well known that receptor affinity for central benzo-
diazepine receptors agonists but not antagonists is
increased in the presence of y-aminobutyric acid [68-70].
We measured the inhibition of [3H]flumazinil binding
in vitro in the presence (100 mM) and absence of y-ami-
nobutyric acid for some compounds and the results are set
out in Table 2 together with those for the reference com-
pounds.

Four of the imidazopyridazines gave y-aminobutyric
acid shifts of the order observed for the agonists diazepam
and oxazepam, whereas four others gave smaller y-amino-
butyric acid shifts like CL 218872 which is known to be a
partial agonist [23, 24].

Test Results In Vivo.
Some of our compounds have been subjected to biolog-
ical testing in vivo. F. Hoffmann La Roche & Co., Basle,

in tests for the prevention of pentylenetetrazole-induced
convulsions in mice and rats obtained the following
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Table 2
Inhibition of [3H]flumazenil binding:
y¥-Aminobutyric Acid shift in vitro
' ICs (nM)
IC5 (M) Test with
Control ¥-Amino-
(No y-Amino- butyric Acid
Compound butyric Acid) (100 uM) Ratio
Agonists
Diazepam (233) [a] 8.5 3.7 2.3 [b]
Oxazepam [a] 46.8 19.7 2.4 [b]
CL 218872 (5) [b] 230 140 1.6 [b}
Antagonists
Ro 15-1788 1.0 [b]
Propyl B-carboline-3-carboxylate 3.4 34 0.99 [b]
Methyl 8-carboline-3-carboxylate 3.8 52 0.73 [b]
Test Compounds
68 42 17 2.5[b]
156 42 19 2.2 [b]
88 6.7 3.2 2.1 [b]
25 89 44 2.0[b]
219 58 359 1.62 [c]
167 23 15 1.56 [d]
168 19 12 1.54 [d]
114 919 711 1.29 [d]

[a] Reference [68]; [b] Reference [71]; [c] Reference [57]; [d] Refer-
ence [55].

results (unpublished) (EDsy mg/kg unless stated other-
wise): 89 (mice, 17.9; rats 16.9); 93 (12.8, 11.1); 94 (7.1,
5/8 rats protected at 100 mg/kg); 92 (7/8 mice protected at
100 mg/kg; 3.2) respectively. Some species specificity
was observed. Compound 88 was orally active in the
Geller-Seifert type conflict test in rats at a does of 0.5
mg/kg but was inactive in mice at a dose of 30 mg/kg.

Measurements of the binding of [3H]flumazinil to
mouse brain in vivo have been carried out on compounds
89, 93, 94 and, like the results for flumazinil and clon-
azepam, there was no correlation between sedation and
displacement under the test conditions.

Structure-Affinity Relationship Studies and Molecular
Modeling.

The major structural requirements for imidazo[1,2-b]-
pyridazines with high binding affinities for the central
benzodiazepine receptors have been proposed from struc-
ture-activity analyses and molecular modeling [57,72].

These studies show generally that the nitrogen at posi-
tion 1 and an oxygen present in the 3-substituent are
required as hydrogen-binding sites, and that the 2-phenyl
ring (together with substituent) is required as a lipophilic

Vol. 35

site(s) which participate(s) in the interaction with the
receptor. The binding sites identified for these compounds
are consistent with known benzodiazepine receptor-ligand
interaction models. It has also been established for the
most active compounds that the aromatic moiety at the 6-
or 3-position and the heteroatom present in the 6-sub-
stituent represent additional binding sites.

The data given in Table 1 for some imidazo[1,2-b]-
pyridazines with large substituents such as a 2-(4-t-
butylphenyl, 4-cyclohexylphenyl and biphenyl-4-yl)
groups which have low affinity for the central benzodi-
azepine receptors, but high affinity for the peripheral-type
benzodiazepine receptors, indicates that steric effects are
more restrictive in the interaction of these ligands with the
central benzodiazepine receptors rather than with periph-
eral-type benzodiazepine receptors.
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