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Abstract—A series of novel 4-(N-acyl)-2,3-dihydro-1H-isoindol-1-ones have been prepared from methyl-3-nitro-2-methylbenzoate
and linked through various spacers to the adenosine derivatives 11 and 12. We found that potent inhibition of poly(ADP-ribose)-
polymerase-1 (PARP-1) was achieved when isoindolinone was linked to adenosine by a spacer group of a specific length. Intro-
duction of piperazine and succinyl linkers between the isoindolinone and adenosine core structures resulted in highly potent
compounds 8a and 10b, which showed ICs, values of 45 and 100 nM, respectively.

© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(ADP-ribose) polymerase-1 (PARP-1, EC 2.4.2.30)
also known as poly(ADP-ribose) synthetase (PARS)
and poly(ADP-ribose) transferase (PADPRT) is a
nuclear enzyme present in eukaryotes. PARP-1 is the
principal member of a family of poly(ADP-ribosyl)ating
enzymes and functions both as a DNA damage sensor
and as a signalling molecule. Upon binding to damaged
DNA, PARP-1 forms homodimers and catalyzes the
cleavage of NAD™ into nicotinamide and ADP-ribose.
The latter is used to synthesize branched nucleic acid-like
polymers with poly(ADP-ribose) units covalently
attached to nuclear acceptor proteins including histones,
transcription factors and PARP. The poly(ADP-ribosyl)-
ation of these proteins contributes to inflammatory sig-
nal transduction processes. In addition, oxidative stress-
induced over-activation of PARP consumes NAD™
and, consequently, ATP culminating in cell dysfunction
or necrosis. Activation of PARP has been implicated in
the pathogenesis of stroke, myocardial ischemia, dia-
betes, diabetes-associated cardiovascular dysfunction,
shock, traumatic central nervous system injury, arthri-
tis, colitis, allergic encephalomyelitis and various other
forms of inflammation.! Therefore, inhibition of PARP
by pharmacological agents may prove useful for the
treatment of these diseases.
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Various compounds that incorporate a carboxamide
group in an anti- (or cis-) configuration, within a ring
structure (i.e., lactams) were reported? as considerably
more effective at inhibiting PARP than a prototypical
inhibitor, 3-aminobenzamide (3-AB). Of these, the sub-
stituted 3.,4-dihydroisoquinolin-1(2H)-ones and iso-
quinolin-1(2H)-ones, were investigated as potential
enhancers of radiotherapeutic or chemotherapeutic
agents.”>3 The initial impetus for the earlier work was
the concept that inhibitors of PARP would enhance the
cytotoxic effects in the treatment of cancer.* It was
shown that high doses of the compounds were required
for these effects, suggesting that a near-complete inhibi-
tion of PARP-1 was necessary. Thus, the development
of potent PARP inhibitors for this therapeutic area
remains a valid concept.

An original study by Banasik®* compared a large num-
ber of compounds from a variety of structural classes
for their ability to inhibit PARP. The most potent
compounds contain a lactam ring as a part of their cyc-
lic systems. These findings formed the basis for many of
the polycyclic PARP inhibitors subsequently developed.
Recently,® the growing realization that PARP may be
involved in the pathogenesis of many diseases led to the
development of numerous types of novel PARP inhibi-
tors.”® Several classes of PARP inhibitors originally
described by Banasik®* were later optimized in order to
enhance potency, improve pharmacokinetic character-
istics and increase solubility in water. Recently, Costan-
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tino et al.’® reported a quantitative structure-activity
relationship (QSAR) analysis of several PARP inhibitors.

While much emphasis has been placed on extending the
ring systems to include tri-, tetra- and penta-cyclic sys-
tems with all the inherent problems or concerned asso-
ciated with this, we tried to improve the binding
characteristics of modest inhibitors by coupling them to
adenosine, a structural element of NAD, which is recog-
nized by the NAD binding site of PARP. Adenosine by
itself is only a weak inhibitor of PARP activity, but we
postulated that appropriately substituted adenosine
derivatives might show good PARP inhibitory activity.
To expand on this hypothesis, we prepared a series of
4-substituted isoindolinones and linked them through
various spacers to adenosine. We report herein, that
potent inhibition of PARP was achieved with the selec-
tion of appropriate linkers comprising cyclic or alkyl
chains.

2. Results and discussion

The synthetic routes to prepare the adenosine derivatives
8a—¢ and 10a-h, with various combinations of the side
chains at the isoindolinone C-4 position, were designed
to use acid and base coupling reactions (Schemes 1-3).
These couplings were accomplished by introducing acid
or amine functional groups at the 5'-position of 2/,3'-iso-
propylidene protected adenosine derivatives (11 and 12)”
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and coupling them with 4-substituted-isoindolinones
carrying the appropriate linkers bearing an amine or
acid group.

A refluxing solution of commercially available ester 2a
and N-bromosuccinimide (NBS) in CH,Cl, was treated
with 2,2'-azobisisobutyronitrile (AIBN) to give bromo
ester 2b in excellent yield, which upon treatment with a
solution of ammonia in methanol at room temperature
furnished 4 - nitro - 2,3 - dihydro - 1 A - isoindolinone 3
(Scheme 1). The nitro compound 3 was reduced to the
intermediate amino compound 4 using ammonium for-
mate and palladium on carbon (10%). Reaction of 4
with various acid chlorides in an aqueous solution of
sodium bicarbonate and ethyl acetate (Schotten Bau-
mann reaction) provided 5a—b. Compounds 9a-h were
prepared from isoindolinone 4 using a similar acylation
reaction approach, followed by hydrolysis of the corre-
sponding esters. Reaction of 5a with 4-'BOC-piperazine
in methanol at 50°C provided 6a in 59% yield. Iso-
indolinone 7 was then prepared by treating 6a with HCI
(4.0 M solution in dioxane) at 0 °C to room temperature
in 98% yield. Similarly, reaction of Sa—b with various
amines in methanol provided compounds 6b-m in good
yields.

The amines 6b— and 7 were subsequently treated with
2/,3'-isopropylideneadenosine-5'-carboxylic acid 11, as
shown in Scheme 2. This was followed by deprotection of
the adenosine-coupled product to give compounds 8a—c.
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Scheme 1. Reagents and conditions: (i) NBS, AIBN, methylene chloride, reflux, 16 h, 98%:; (ii) ammonia—MeOH (7 N), rt, 2 h, 81%; (iii) ammo-
nium formate, Pd/C (10%), DMF, 100°C, 30 min, 83%; (iv) CICO(CH,),Cl, NaHCO3;, EtOAc, rt, 30 min, 80-85%; (v) 4-N-'BOC-piperazine,
MeOH, 50°C, 48 h, 59%:; (vi) HCl-dioxane, MeOH, 0°C to rt, 16 h, 98%; (vii) amine, MeOH, rt, 2-24 h; (viii) CICO(CH,),,COOMe, NaHCO3;,

EtOAc, rt, 30 min; (ix) NaOH, MeOH, rt.
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Scheme 2. Reagents and conditions: (i) DMF-methylene chloride, diisopropylethylamine, EDAC, rt, 24 h; then acid, water, rt, 1-2 h, 49-55%.
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Scheme 3. Reagents and conditions: (i) DMF-methylene chloride, diisopropylethylamine, EDAC, rt, 24 h; then acid, water, rt, 1-2 h.

The synthetic routes for preparing compounds 10a-h
were similar except that 2’,3’-isopropylideneadenosine-
5’-methyleneamine (12) was used for the coupling
reaction (Scheme 3). The products obtained after this
reaction were treated with TFA and water as described
above to yield 10a-h, which contain aliphatic chains
ranging from 1 to 8 methylene units between the adeno-
sine and the isoindolinone.

2,3-Dihydro-1H-isoindol-1-ones incorporate the requi-
site lactam in a five-membered ring. Polycycles contain-
ing the isoindolinone structure have been reported to be
potent PARP inhibitors.® However, isoindolinone 1
showed only 33% inhibition at 10 uM in a cell-based
assay.” The simple 4-substituted isoindolinones also
had poor potency (ICsop >10 pM) in this assay, but
more eclaborate side chains showed improved potency.
The 4-N-substituted isoindolinones have weak to
moderate potency against the isolated enzyme and
offered only moderate protection against cell injury in

the peroxynitrite toxicity assay. The various sub-
stituents at the 4-position had only minor effects activ-
ity. However, significant increases in potency were
achieved when benzimidazole (61) and N°-dimethylade-
nine (6m) were introduced at the 4-position as shown in
Tables 1 and 2, respectively. These compounds (61 and
6m) showed a 10-fold increase in activity.

When adenosine is incorporated into the 4-position of
isoindolinone using various spacers, the nature of the
linker between the isoindolinone core and the adenosine
had a large impact on efficacy. As shown in Schemes 2
and 3, adenosine derivatives 8b—c and 10a-h with var-
ious chain length [(CH»),] (n=1-8) were prepared. The
piperazine and phenyl containing adenosine derivatives
8a and 13 (Fig. 1) represent derivative with cyclic lin-
kers. The potency was best for the succinyl and propa-
noyl linked compounds 10b and 8b (ICs50=0.1 and 0.25
UM, respectively). Compound 8¢, which contains a sec-
ondary amide was less active than the N-methyl amide
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Table 1. PARP-1 Inhibition data of 4-substituted-2,3-dihydro-1H-
isoindol-1-ones

o}

NH

NHCO(CHp)n-R

Compd n R ICsg, pM*®
6d 1 ~NHMe >30

6e 1 —~NHEt 18

of 7 —NHMe 30

6g 1 “NEt, 30
6h 1 —4-N-Me-piperazine >30

6i 2 —4-N-Me-piperazine >30

6j 1 ~Morpholine >30

6k 1 —1,2,3,4-Tetrahydroisoquinoline 30

6l 1 —Benzimidazole 3

7 1 —Piperazine-2HCI 18
8b 2 NMe-5'-CO-adenosine 0.25
8c 2 NH-5-CO-adenosine 0.7
10a 1 CO-5'-NH-CH,-adenosine 1.9
10b 2 CO-5-NH-CH,-adenosine 0.1
10c 3 CO-5'-NH-CH>-adenosine 0.45
10d 4 CO-5-NH-CH,-adenosine 0.9
10e 5 CO-5-NH-CH,-adenosine 3
10f 6 CO-5'-NH-CH,-adenosine 0.7
10g 7 CO-5'-NH-CH,-adenosine 2
10h 8 CO-5'-NH-CH>-adenosine 3

21Csp values have been determined by using a commercially available
in vitro PARP-1 inhibition assay kit (Trevigen, Gaithersburg, MD,
USA) following manufacturer’s recommendations.

Table 2. PARP-1 Inhibition data of isoindolinones 4, 6m and 8a

Compd R ICso, pM?
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4 @@H 30
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6m I\V\ 3
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2See Table 1.

derivative 8b. Compounds 10e-h, showed deleterious
effects on activity. Compound 13, with a styrene group
incorporated into the linker, had reduced potency.
However, the piperazine analogue EB-47 (8a) showed
100% inhibition at 200 nM and exhibited the lowest
I1Csg (0.045 uM). The inosine-linked compound 14 (Fig.
1) was 10-fold less potent than the adenosine analogue
10f.
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Scheme 4. Reagents and conditions: (i) succinic anhydride, chloro-
form, reflux, 2.5 h; (ii) DMF-CH,Cl,, diisopropylethylamine, EDAC,
12, rt, 24 h; then TFA, water, rt, 1-2 h.

Table 3. PARP-1 Inhibition data of compounds 1 and 13-18

Compd % PARP-1 inhibition® at 10 pM ICso, pM*
1 33 >30
13 51 10
14 68 30
15 n.d. at 10 uM >300
16a 28 n.d.
17a 52 75
17b 5 >300

2See Table 1. n.d., not determined.

3-Aminobenzamide (16a) is a commercially available
PARP inhibitor that has an ICs, in the range of 30 uM
in the isolated PARP-1 enzyme assay.!? To see the effect
of an adenosine linked 3-aminobenzamide analogue on
PARP-1 inhibition, a succinyl linker was coupled to
3-AB through the 3-position to adenosine as shown in
Scheme 4. In the cell based assay,’ 3-AB (16a) showed
28% inhibition of PARP-1 at 10 uM, whereas adenosine
linked 3-AB derivative 17a showed 52% inhibition at 10
uM (Table 3). In the same assays, the 5'-piperazine
amide 15, adenosine, inosine and the biphenyl derivative
17b had only weak effects on PARP activity.

The difference in potency between the weakly active
compounds 1 and 6d—m, and the potent compounds 10f
(98% inhibition at 1 pM) and its inosine analogue (14,
Y =O0H, n=6; 68% inhibition at 10 pM), suggests that
the adenosine is recognized by a pocket within the active
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site, as may be expected to exist for the binding of
NAD™. Rolli and colleagues!' postulated that two
hydrogen-bonding interactions between the adenosine
of NAD* and the NAD™ binding site of PARP in
their recent report. These are via the primary amino
group and the adjacent ring nitrogen (N!) of adenosine.
This is consistent with the weak PARP activity of ade-
nosine and the weak activity of the other nucleosides
hypoxanthine and inosine, which lack the 6-amino
functionality.!?

3. Conclusion

A series of novel adenosine-linked analogues of iso-
indolinone have been synthesized and evaluated in an in
vitro PARP-1 inhibition assays. The cyclic derivative of
3-aminobenzamide 4, and many smaller 4-substituted
isoindolinones (6d-k) demonstrated weak PARP-1
inhibition. Introducing benzimidazole and N°-dimethyl-
adenine to the isoindolinone core resulted in a 10-fold
increase in potency. However, adenosine linked via suc-
cinyl and propanyl spacers (10b and 8b) yielded highly
potent compounds. In addition, the piperazine linked
adenosine analogue 8a exhibited the greatest potency
with an ICsy value of 45 nM, which is 650-fold more
potent than the parent isoindolinone core.'? The current
work illustrates the synergism of having two discreet
binding functions on the same molecule.
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