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Ibudilast [1-(2-isopropylpyrazolo[1,5-a]pyridin-3-yl)-2-methylpropan-1-one] is a nonselective phospho-
diesterase inhibitor used clinically to treat asthma. Efforts to selectively develop the PDE3- and PDE4-
inhibitory activity of ibudilast led to replacement of the isopropyl ketone by a pyridazinone heterocycle.
Structure–activity relationship exploration in the resulting 6-(pyrazolo[1,5-a]pyridin-3-yl)pyridazin-
3(2H)-ones revealed that the pyridazinone lactam functionality is a critical determinant for PDE3-inhib-
itory activity, with the nitrogen preferably unsubstituted. PDE4 inhibition is strongly promoted by
introduction of a hydrophobic substituent at the pyridazinone N(2) centre and a methoxy group at
C-70 in the pyrazolopyridine. Migration of the pyridazinone ring connection from the pyrazolopyridine
30-centre to C-40 strongly enhances PDE4 inhibition. These studies establish a basis for development of
potent PDE4-selective and dual PDE3/4-selective inhibitors derived from ibudilast.

� 2011 Elsevier Ltd. All rights reserved.
Figure 1. Structures of selected PDE3- and PDE4-inhibitors.
The cyclic 30,50-nucleotide phosphodiesterases (PDEs) play piv-
otal roles in shaping spatial and temporal gradients of the signal-
ling second messengers, cAMP and cGMP, mediating their
hydrolysis to 50-AMP and 50-GMP, respectively. There are 11 PDE
gene families, with enzymes belonging to the PDE3, PDE4 and
PDE5 families having received greatest attention to date as targets
for chemotherapeutic interventions. Inhibitors of cGMP-specific
PDE5 have been successfully deployed in the treatment of male
erectile dysfunction and pulmonary arterial hypertension.1 Iso-
forms of the PDE3 and PDE4 families regulate cAMP levels, with
the PDE3 inhibitor, milrinone (Fig. 1), used clinically for acute man-
agement of cardiogenic shock that is unresponsive to alternative
treatments.2 Development of PDE3 inhibitors was largely curtailed
in the 1990s when clinical data emerged that linked their long-
term application in heart failure patients to reduced survival
rates.3 Despite these adverse data, recent years have seen a resur-
gence of interest in PDE3 as a target allied to efforts to develop iso-
form-selective PDE inhibitors with improved pharmacological
profiles.4 Efforts to harness the therapeutic potential of PDE4
inhibitors have been substantially focused on anti-inflammatory
applications in asthma, chronic obstructive pulmonary disease
ll rights reserved.

).
(COPD), atopic dermatitis and rheumatoid arthritis,5 but the cogni-
tive enhancing properties of PDE4 inhibitors have also received
attention.5c,6 Roflumilast (Fig. 1) recently became the first PDE4-
selective inhibitor to gain regulatory approval (for use within the
European Union) and is indicated for severe COPD.7 The anti-
inflammatory activity of PDE4 inhibitors as a potential treatment
for asthma is augmented by additional, if modest, bronchodilatory
activity.8 PDE3 inhibitors are reportedly9 superior to PDE4 inhibi-
tors in mediating airways smooth muscle relaxation, however,
leading some groups to explore the therapeutic potential of dual
PDE3/4 inhibitors.10
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Figure 2. Ibudilast and prototypical compounds of a new PDE-inhibitory series of
6-(pyrazolo[1,5-a]pyridin-3-yl)pyridazin-3(2H)-ones.

Table 1
PDE-inhibitory activity of compounds from Figures 2 and 3 and Schemes 1–3

Compound Inhibition IC50 (lM)

PDE3a PDE4a PDE5a

Ibudilast 299 5.0 103
KCA-965 (1) 89 9.0 44
KCA-1312 (1R) 3.8 13 21
KCA-1313 (1S) >400 16 >400
2 110 40 78
3 72 114 79
4 >400 >400 >400
13 7.0 200 145
14 26 11 >400
15 15 30 >400
16 8.9 2.0 >400
17 3.2 73 156
18 69 16 >400
27 210 39 350
28 NIb 2.5 >400
29 NIc 16 >400
30 260 17 225
31 >400 1.7 >400
32 >400 29 65
33 >400 >400 >400
34 >400 115 >400
41 NIb 1.38 NIb

42 2.75 2.58 >100
43 41.5 0.055 6.4
44 39.6 2.61 NIb

45 33.5 0.12 28.9

a Enzyme assays were performed using the core catalytic domains from the
PDE3A, PDE4B and PDE5A isoforms according to previously reported protocols.11b

Data reported are the mean of at least three experiments.26

b No inhibition up to 100 lM.
c No inhibition up to 400 lM.
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Ibudilast (Fig. 2) is a nonselective PDE inhibitor used in Japan to
treat allergies and asthma. The compound inhibits PDE3, PDE4 and
PDE5 isoforms with Ki values ranging from 3.3 to 78 lM, but it also
inhibits most other PDE families in the micromolar range.11 Efforts
to selectively develop the PDE4- or dual PDE3/4-inhibitory activity
of ibudilast, as part of an ongoing respiratory disease programme,
led to replacement of the isopropyl ketone by the pyridazinone
subunit of KCA-965 (1, Fig. 2).12 Introduction of the pyridazinone
was prompted by the observation that this heterocycle features
in a number of PDE3 inhibitors, such as imazodan13 and CI-930,14

as well as the dual PDE3/4 inhibitor, zardaverine15 (Fig. 1). Synthe-
sis of the prototypical pyrazolopyridine–pyridazinone, KCA-965,
and its enantiomers (KCA-1312, KCA-1313) has been reported pre-
viously.12 We have also recently described the development of
concise synthetic routes for the construction of a series of 6-(pyr-
azolo[1,5-a]pyridin-3-yl)pyridazin-3(2H)-ones related to KCA-
965.16 This synthetic programme facilitated a detailed structure–
activity relationship survey for the compound series, and we sum-
marise here the most important findings of that survey in relation
to in vitro PDE3-, PDE4- and PDE5-inhibitory activity (assayed
using the core catalytic domains from the PDE3A, PDE4B and
PDE5A isoforms using previously reported protocols11b). The re-
sults of this survey provide a basis for development of potent
PDE4-selective and dual PDE3/4-selective inhibitors derived from
ibudilast.

The unsubstituted parent dihydropyridazinone and pyridazi-
none core structures 2 and 3 (Fig. 2) exhibited only modest levels
of PDE-inhibitory activity (Table 1). Introduction of the 5-methyl
group in KCA-965 (1) led to a slight enhancement in activity. Inter-
estingly, whereas both 5-methyldihydropyridazinone enantiomers
(1R and 1S) exhibited comparable activity against PDE4, the (S)-
enantiomer was essentially inactive against PDE3 and PDE5. A sec-
ond striking observation was that introduction of the 5-methyl
group in pyridazinone 3, affording 4, severely compromised activ-
ity against all three PDEs (Table 1). This loss of activity caused by
methyl substitution at the sp2-hybridised 5-position in 4 suggested
a probable requirement for a near coplanar ring arrangement in the
inhibitor’s enzyme-bound conformation with each enzyme, and
the presence of the in-plane 5-methyl group would incur a signif-
icant energy penalty for adoption of such a conformation. These
considerations pointed to an enzyme-bound topology for the
dihydropyridazinone in which the 5-methyl group may assume a
pseudoaxial position, orientated approximately orthogonal to the
near coplanar core of the two heterocycles. To test this hypothesis
we prepared and evaluated a number of torsionally-constrained
analogues (Schemes 1 and 2), with coplanarity enforced by intro-
duction of bridging rings from the (dihydro)pyridazinone 5-posi-
tion to the pyrazolopyridine at either C-20 or C-40. In this way we
were able to assess the impact of locking the diazine functionality
orientated proximal to either the pyrido ring (Scheme 1, Series 1,
13–18) or to the pyrazole ring (Scheme 2, Series 2, 27 and 28).

Compounds 13–18 were prepared as summarised in Scheme 1.
The known tricycle 9 has been prepared by condensation of 1-
aminopyridinium iodide with cyclohexane-1,3-dione.17 In our
hands this reaction was low-yielding (6–12%) and failed altogether
for some N-aminopyridinium salts substituted at the C-2 position
(e.g., 1-amino-2-methoxypyridinium mesitylenesulfonate). We
developed an alternative route to 9 using the cycloaddition
reaction between alkynoate 6 and pyridine N-imine, the latter gen-
erated in situ by treatment of 1-aminopyridinium mesitylenesulf-
onate with K2CO3 in DMF. Dieckmann ring closure of cycloadduct 7
afforded tricyclic ketoester 8 which was subsequently hydrolysed
with concomitant decarboxylation to give 9.18 At this point the
route branched in order to access torsionally-constrained ana-
logues of the parent 5-methyldihydropyridazinone (1) and the
unsubstituted analogue (2). Thus, treatment of ketone 9 with base
followed by bromoacetate afforded ester 11. Closure of the dihyd-
ropyridazinone ring was accomplished by reaction with hydrazine
to give 13. Dihydropyridazinone 13 was converted into pyridazi-
none 17 by a standard bromination–dehydrobromination proce-
dure. Insertion of an additional alkylation step into the route (9
to 10) prior to the bromoacetate reaction allowed installation of
a methyl group at the 5-position of the dihydropyridazinone ring
subsequently formed in 15. The impact of pyridazinone ring
N(2)-alkylation was assessed by preparing the N-benzyl analogues
(14, 16 and 18).

Compounds 27 and 28, with the pyridazinone ring torsionally-
constrained by a tether to the pyrazolopyridine C-40 centre (Series



Scheme 1. Reagents and conditions: (a) n-BuLi (2.4 equiv), THF, �78 �C, then ClCO2Me; (b) MeOH, HCl (cat.) (68% two steps); (c) 1-aminopyridinium mesitylenesulfonate,
K2CO3, DMF, 0 �C (49%); (d) LiHMDS, THF, �78 �C, (8, 70% from 7); (e) LiOH, THF, H2O (9, 40% from 8); (f) LiHMDS, THF, �78 �C, then MeI (10, 78% from 9); (g) LiHMDS, THF,
�78 �C, then BrCH2CO2Me (11, 80% from 9; 12, 74% from 10); (h) H2N–NH2, AcOH, EtOH, H2O, reflux (13, 80% from 11; 15, 51% from 12); (i) BnBr, Cs2CO3, DMF (14, 24% from
13; 18, 53% from 17); (j) BnBr, NaH, THF (16, 90% from 15); (k) Br2, HBr, AcOH, H2O, reflux (17, 92% from 13).

Scheme 2. Reagents and conditions: (a) O-mesitylenesulfonyl hydroxylamine, CH2Cl2 (62%); (b) methyl 4-methylpent-2-ynoate, K2CO3, DMF, 0 �C (66% as 3:2 mixture of 6-
hydroxymethyl and 4-hydroxymethyl isomers, the latter (21) was separated chromatographically); (c) MeSO2Cl, Et3N, CH2Cl2, then NaI/acetone (80%); (d) MeCO2But, LiHMDS,
THF, �78 �C, then addition of 22 (89%); (e) LiHMDS, THF, �78 �C (93%); (f) CF3CO2H, CH2Cl2 then PhMe/reflux (74%); (g) LiHMDS, THF, �78 �C, then BrCH2CO2Me (57%); (h)
H2N–NH2, AcOH, EtOH, H2O, reflux (77%); (i) BnBr, NaH, THF (57%).
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2), were synthesised via tricyclic ketoester 24, Scheme 2. The latter
was prepared, as shown, by adaptation of a previously reported
route to a similar compound starting from pyridine-3-methanol
(19).19 The pyridazinone ring in 27 was then constructed in much
the same way as for the Series 1 analogues shown in Scheme 1.
Thus, cleavage of the ester in 24 with decarboxylation afforded ke-
tone 25. Reaction of the enolate derived from the latter with bro-
moacetate led to ketoester 26. The dihydropyridazinone ring in
27 was completed by reaction with hydrazine. Alkylation of 27
was also applied to afford the N-benzyl derivative (28).

Activity data for torsionally-constrained analogues 13–18, 27
and 28, which (for the structures possessing a stereogenic centre)
were assessed in racemic form, are summarised in Table 1. PDE5-
inhibitory activity was weak in all analogues. The Series 2 parent
structure (27) exhibited comparable PDE4-inhibitory activity to
the unconstrained parent structure (2). In contrast, the Series 1
parent structure (13) performed less well as a PDE4 inhibitor.
The oxidised, Series 1 pyridazinone analogue (17) exhibited com-
parable activity as a PDE4 inhibitor to the corresponding uncon-
strained structure (3). Introduction of the dihydropyridazinone
ring 5-methyl group (15) and N-benzylation of the (dihydro)pyrid-
azinone (14, 16, 18) markedly improved PDE4-inhibitory potency
in Series 1 analogues. However, the N-benzyl Series 2 compound
(28) also exhibited improved performance in the PDE4 assay, sug-
gesting that the unconstrained pyrazolopyridine–pyridazinones
may potentially bind the PDE4 catalytic pocket with a near copla-
nar topology to the ring systems but where the enzyme may toler-
ate either of the two possible relative orientations for the rings. In
contrast to the results with PDE4, the Series 2 torsionally-con-
strained analogues (27 and 28) performed poorly as inhibitors of
PDE3, whereas, the Series 1 analogues (13, 15, 17) showed respect-
able activity. These data suggest a PDE3-bound conformation in
which the pyridazinone ring diazine functionality preferentially
lies ‘syn’ to the pyrazolopyridine pyrido ring.

In addition to our efforts to probe the enzyme-bound topology
of the pyrazolopyridine–pyridazinone inhibitors, we also under-
took a SAR survey, focusing mainly on pyridine ring substitutions
and modifications to the pyridazinone ring lactam functionality.
The most important findings from this work are concisely summa-
rised with reference to the compounds shown in Figure 3, which
were prepared using the synthetic routes recently described by
us.16 Substitutions at the N(2)- and 70-positions were found to offer



Figure 3. Representative 6-(pyrazolo[1,5-a]pyridin-3-yl)pyridazin-3(2H)-ones and
related compounds that provided informative SAR data.
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greatest potential for enhancement of PDE4 inhibitory activity, and
a combination of 70-methoxy with N(2)-benzyl (29–31) was partic-
ularly effective (Table 1). The enhancement of PDE4-inhibitory
activity achieved with N-benzylation (29 and 31) mirrors the effect
seen in the N-benzyl torsionally-constrained analogues (14, 16,
18, 28) when compared with their respective parent structures
(13, 15, 17, 27). For PDE3 inhibition N-benzylation reduced activity
in the torsionally-constrained series (with the exception of com-
pound 16, where a slight improvement of activity was seen over
parent 15). In the unconstrained compounds (29 and 31) the
reduction in PDE3-inhibitory activity with N-benzylation was more
pronounced. This effect was also reproduced with a range of sub-
stituents (data not shown), and N(2)-alkylation consistently com-
promised inhibition of PDE3 (and PDE5) but enhanced inhibition
of PDE4. Chlorination of the pyridazinone ring (32) or transforma-
tion to the methoxypyridazine (34) also caused a collapse in PDE3
inhibition whilst allowing retention or improvement in the modest
PDE4-inhibitory activity of parent 3. The presence of the in-plane
5-methyl group in pyridazine 33 caused loss of activity across
the panel, mirroring the effect seen with pyridazinone 4. The key
finding here was that PDE3-inhibitory activity in the pyrazolopyri-
dine–pyridazinone series is critically dependent on the lactam
functionality of the (dihydro)pyridazinone ring. This is consistent
with a binding mode in which the pyridazinone engages the
purine-scanning Gln and distal His of the catalytic pocket, as seen
in the X-ray co-crystal structure of the PDE3B core catalytic do-
main in complex with another 5-methyldihydropyridazinone-con-
taining ligand.20 Such a binding mode accounts for the topological
preferences for inhibitor binding to PDE3 deduced from our tor-
sionally-constrained series. Thus, only the Series 1 structures can
Figure 4. (A) Model of 15 (S-ent) (orange stick) docked into the catalytic pocket of PDE3B
bonds to the purine-scannning Gln (rather than the distal His) may operate for some comp
and 42 (yellow stick) docked into the catalytic pocket of PDE4D (PDB: 1XOR21). Hydrop
contact with residues around the catalytic pocket rim.
fit the PDE3 catalytic pocket in this mode, as shown for compound
15 (S-ent) docked into the PDE3B structure, Figure 4A. Signifi-
cantly, this binding mode also accounts for the stereochemical dis-
crimination between 1R and 1S exhibited by PDE3. Thus, a 5-
methyl group occupying the pseudoaxial position, and orientated
approximately orthogonal to the near coplanar core heterocycle
arrangement, can only be accommodated on one face of the ligand.
In the case of 1R and 15 (S-ent) the methyl group is predicted to fit
a small subpocket adjacent to the purine-stacking Phe residue. The
methyl group of 1S and 15 (R-ent) cannot be accommodated in
such a binding mode, thus the activity of 15 is predicted to reside
with the (S)-enantiomer, although we did not confirm this by sep-
arate evaluation of the two enantiomers for 15.

In PDE4 Tyr takes the place of the distal His of PDE3 and the
conformational preferences of the purine-scanning Gln differ
somewhat between PDE3 and PDE4, thereby contributing to the
cAMP-binding specificity exhibited by PDE4 isoforms.22 The reten-
tion of PDE4-inhibitory activity in chloropyridazine 32 as well as
the insensitivity of PDE4 to the stereochemistry of 1R/1S and the
activity enhancement associated with introduction of the 70-meth-
oxy group (30 and 31) are all indicative of a ligand binding mode in
PDE4 which is fundamentally different from that which operates
for PDE3. Hydrogen-bonded engagement of the purine-scanning
glutamine is a universal feature seen in co-crystal structures of
inhibitors bound to PDE4, and the SAR data presented here suggest
that it is the pyrazolopyridine subunit (not the pyridazinone) that
fulfils this role in our compound series. This implies that the com-
pounds bind in reverse orientation in PDE4 (relative to PDE3), such
that the pyridazinone ring occupies the region proximal to the cat-
alytic metal centres in PDE4. The binding mode for 30 and 31
would then be reminiscent of that established for catechol ether
PDE4 inhibitors such as zadaverine21,23 and roflumilast,21,24 with
the pyrazolopyridine N(10) and 70-OMe groups hydrogen bonding
to the purine-scanning Gln (Fig. 4B).

Consideration of the PDE4 binding model for compounds such
as 30 (Fig. 4B) suggested that interaction of the (dihydro)pyridaz-
inone ring within the catalytic pocket may be suboptimal. This
led us to investigate the impact of repositioning its site of attach-
ment from C-30 to C-40 of the pyrazolopyridine in order to set the
ring more deeply within the catalytic pocket and improve surface
contact with the protein. We therefore prepared a test set of ‘40-
linked’ analogues (41–45) for evaluation, Scheme 3. The synthetic
strategy employed a Suzuki coupling of 3,6-dichloropyridazine
with a pyrazolopyridine-4-boronic acid derived from bromide 39,
(PDB: 1SO220). An alternative binding mode in which the inhibitor oxygen hydrogen
ounds alkylated on the pyridazinone N(2) (e.g., 14, 16). (B) Models of 30 (cyan stick)

hobic pyridazinone N(2)-substituents (e.g., Bn in 43, 45) favourably extend surface



Scheme 3. Reagents and conditions: (a) NBS, MeCN, 90 �C (53%); (b) 3-methyl-1-butyne, Pd(TPP)4, CuI, THF, Pri
2NH, 70 �C (sealed tube) (97%); (c) O-mesitylenesulfonyl

hydroxylamine, CH2Cl2, (d) K2CO3, DMF (39, 28% two steps from 37); (e) (1) n-BuLi, THF, �78 �C, (2) B(OMe)3, �78 �C to 20 �C, (3) SiO2 chromatography (34%); (f) 3,6-
dichloropyridazine, Pd(PPh3)4, Na2CO3 (aq), THF, reflux (72%); (g) AcOH, reflux (42, 59% from 41); (h) BnBr, NaH, THF; (i) Zn, AcOH, 110 �C, 10 min (44, 35% from 42; 45, 83%
from 43). [X-ray crystal structures of 43 and 45 are shown.]30
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the latter prepared from pyridine 35. Thus, bromination of 35
with NBS in hot MeCN afforded 2,3-dibromo-6-methoxypyridine
in 53% isolated yield after an easy separation from the minor 2,5-
dibromide product by crystallization. Sonogashira coupling with
3-methyl-1-butyne efficiently produced alkynylpyridine 36. Amina-
tion of 36 with O-mesitylenesulfonyl hydroxylamine followed by
cyclisation of the resulting N-aminopyridinium salt (37) under ba-
sic conditions via the pyridine N-imine (38) produced bicycle 39 in
28% yield. Simple 1-amino-2-(alk-1-ynyl)pyridinium salts undergo
reasonably efficient cyclisation to pyrazolo[1,5-a]pyridines.25 In
the reaction leading to 39, however, competing deamination of
N-aminopyridinium salt 37 and intermediate pyridine N-imine
38 was observed, which returned alkynylpyridine 36 together with
the reduced alkenylpyridine derivative (40). Copious quantities of
N2 gas were generated during the base treatment of the salt 37
and this suggests a decomposition mechanism in which the pyri-
dine N-imine deaminates the salt to generate diimine. The produc-
tion of diimine then accounts for both the reduction of the alkyne
side chain, affording the cis-alkene (40), and for the observed evo-
lution of N2. Pyrazolopyridine 39 was boronated under standard
conditions by lithium–bromine exchange followed by reaction
with trimethylborate. The intermediate boronic acid was then used
in the Suzuki coupling with 3,6-dichloropyridazine to afford 41.
Solvolysis of 41 with hot acetic acid gave pyridazinone 42 and
thence dihydropyridazinone 44 after reduction with zinc dust in
acetic acid. Pyridazinone 42 was also N-benzylated to give 43,
which was subsequently reduced to 45.

Pleasingly, activity data for 41–45 confirmed out hypothesis
that repositioning of the (dihydro)pyridazinone would enhance
PDE4-inhibitory potency. Thus, compounds 44 and 45 exhibited
6.5- and 14-fold enhancements of PDE4-inhibitory activity over
their isomeric 30-linked counterparts (30 and 31, respectively).
The improvement in PDE4 inhibition was particularly striking with
N-benzylpyridazinone 43 (IC50 55 nM). Significantly, pyridazinone
42 and chloropyridazine 41 possessed comparable activity as
PDE4 inhibitors, consistent with the proposed PDE4 binding mode
(Fig. 4B) in which the pyridazinone does not contribute key hydro-
gen bond sites. In contrast, the low micromolar PDE3-inhibitory
activity of 42 was completely lost in chloropyridazine 41. As with
the 30-linked pyrazolopyridine–pyridazinones, this suggests that
the preferred binding mode for 40-linked compounds involves the
pyridazinone ring in hydrogen bonded engagement of residues in
the distal region of the PDE3 catalytic pocket. The near coplanar
enzyme-bound core structure arrangement of the inhibitors is
likely to be preserved in the 40-linked compound series, and indeed
this conformation is also observed in the solid state single crystal
X-ray structures of the two most potent PDE4-inhibitory com-
pounds in the series (43 and 45), Scheme 3.

The results presented here suggest that the nonselective PDE-
inhibitory activity of ibudilast likely arises from the capacity of this
small structure to fit the catalytic pockets of all the PDE families,
with a hydrogen bond established from the pyrazolopyridine
N(1) centre to the conserved purine-scanning glutamine residue
of these enzymes. The structural modifications that we have de-
scribed establish a firm basis for development of both potent
PDE4-selective and dual PDE3/4-selective inhibitors derived from
ibudilast. Compound 42, in particular, possesses well-balanced
PDE3- and PDE4-inhibitory activity with considerable selectivity
over PDE5. In contrast, N-benzyl pyridazinone 43 exhibits potent
activity against PDE4 with 2–3 magnitude orders of selectivity over
PDE5 and PDE3.
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