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Abstract: The discovery of a novel class of nitric oxide
synthase (NOS) inhibitors, 2-substituted 1,2-dihydro-4-quinazo-
linamines, and the related 4'-aminospiro[piperidine-4,2'(1'H)-
quinazolin]-4'-amines is described. Members of both series
exhibit nanomolar potency and high selectivity for the induc-
ible isoform of the enzyme (i-NOS) relative to the constitutive
isoforms in vitro. Efficacy in acute and chronic animal models
of inflammatory disease following oral administration has also
been demonstrated using these compounds.

Introduction. Nitric oxide synthases (NOS) are a
family of closely related heme-based oxygenases, which
synthesize nitric oxide from the natural amino acid
L-arginine.! Three isoforms of the enzyme have been
characterized. Two of these, endothelial NOS (e-NOS)
and neuronal NOS (n-NOS), are constitutive and cal-
cium dependent. The third isoform, inducible NOS (i-
NOS), is formed in response to pathological challenges.
It is not dependent on calcium and produces much
higher concentrations of nitric oxide than the others.
Overexpression of i-NOS has been implicated in a
number of inflammatory diseases,? for example, septic
shock and rheumatoid arthritis. Inhibition of i-NOS
should be a useful approach to treatment of these
conditions. However, reported studies using i-NOS
inhibitors in disease models have not demonstrated
efficacy unequivocally.® This can largely be accounted
for by the fact that the inhibitors studied lack sufficient
selectivity over the other isoforms, particularly e-NOS,
which is essential in maintaining vascular homeostasis,
to produce uncomplicated pharmacology.

The best known inhibitors of NOS are amino acids
related to the substrate arginine, for example L-NMMA
(1),* L-NA (2)5 (or its methyl ester L-NAME, 2'), and
L-NIL (3). However, none of them is particularly potent
or selective, and cardiovascular effects due to e-NOS
inhibition” limit their usefulness in vivo. Aminoguani-
dine (4) selectively inhibits i-NOS relative to e-NOS but
has many additional biological effects that are not
related to NOS inhibition.® More recently, other inhibi-
tors based on guanidines,® isothioureas,© or amidines!
have been reported with various levels of selectivity and
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potency in vitro. However, their use in in vivo models
has generally been limited by poor bioavailability or
toxicity.

We have previously reported the discovery of two new
inhibitor classes, the dihydroisoquinolines (e.g., 5)'2 and
thienopyridines (e.g., 6),1° as part of a program aimed
at the development of potent, truly selective i-NOS
inhibitors for use in the treatment of inflammatory
arthritis, preferably by oral administration. Therefore,
the reported? dihydroquinazoline (7), directly analogous
to (5), was of obvious interest to us.
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While (7) had only modest i-NOS inhibitory activity
(ICso = 2.5 uM against human i-NOS enzyme), this
compared sufficiently favorably with the measured
potency of (5) (ICso = 8.5 uM)'2 to encourage further
investigation. The elaboration of this lead to afford
selective, potent inhibitors of i-NOS that display anti-
inflammatory activity in vivo is described here.

Chemistry. Very few examples of the 1,2-dihydro-4-
guinazolinamine ring-system have been reported in the
literature, and only one practical synthetic approach is
described, the reaction of 2-aminobenzamidine with
benzaldehyde!* or acetone!® (Scheme 1). Fortunately,
this method has proved to be very versatile in our
hands: a variety of amidines (9) react with a wide range
of aldehydes and ketones in refluxing ethanol to produce
the required products (8) in generally excellent yield and
purity.

The reaction is quite insensitive to solvent, and the
method is easily adapted to parallel synthesis in 96-
well 2 mL microtiter plates by using DMSO solutions
heated to 65 °C. Amidines (9) themselves can be
prepared from 2-aminobenzonitriles (10) by reaction
with hydroxylamine followed by hydrogenation of the
resulting amidoxime over a Raney nickel catalyst.1®

Biology. Inhibition of NOS enzymes was determined
by measuring the formation of L-[3H]citrulline from
L-[®H]arginine using an adaptation of the method of
Forstermann et al.1® Compound libraries in solution
were first tested at a single concentration against an
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°C (ii) R1R2C=0, ethanol, reflux.

Table 1. i-NOS Inhibitor Activity of Representative
Quinazolinamines

HR
N R,
CLx
NH,
compd no. R1 R2 i-NOS ICsg (uM)?2

7 H Ph 25
8a H H 40
8b H CH3 9.8
8c H C2H5 0.9
8d H c-propyl 1.1
8e H c-butyl 11
8f H c-pentyl 4.5
8g H 2-furanyl 0.2
8h H 2-thienyl 0.4
8i CHs CHs 52
8j CH3 CzHs 32

a Inhibition of isolated human enzyme (Mean of at least n = 2).
Data for single, purified compounds.

isolated i-NOS enzyme preparation. Compounds from
wells showing inhibition similar to or greater than the
product from an included control reactant (benzaldehyde
or ethyl chloroformate) were prepared individually for
accurate ICsp and selectivity measurements against
human recombinant enzymes. Test compounds which
showed ICsp < 0.5 uM vs i-NOS were also assayed for
ability to inhibit NO production in human DLD-1 cells
preincubated with a cytokine cocktail.1” Those with I1Csg
<5 uM in the intact cell assay were tested for inhibition
of LPS induced NO production in conscious rats follow-
ing iv and oral administration (see Supporting Informa-
tion).

Discussion. Structure—activity relationships within
the dihydroquinazoline series were very readily explored
by a parallel synthesis approach. A library of dihydro-
quinazolines (8, X = H) was first prepared by reaction
of amidine (9, X = H) with a collection of 400 commercial
aldehydes and ketones.'® Many of the aldehydes gave
active products (8, R; = H), the SAR for these being very
much that expected from the earlier isoquinoline work,12
i.e., compounds with small (particularly five-membered)
aromatics or small alkyl or cycloalkyl groups (2—4 C
atoms) at R, were the most potent (Table 1).

Since most of these compounds contain an asymmetric
carbon atom, we undertook the resolution of several
representative examples by chiral LC. Inhibitory activ-
ity against all three NOS isoforms was found to reside
exclusively in one of the enantiomers.1® Oxidation of all
of these compounds (8; R = H) to the fully aromatic
quinazoline derivatives was associated with total aboli-
tion of activity.

Ketone-derived compounds (e.g., 81, 8j) generally had
very low activity. However, 1-carbethoxy-4-piperidone
uniquely gave a product with surprisingly high i-NOS
inhibitor potency, the spirocycle (11). This had ICso =
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0.7 uM against human i-NOS and most excitingly
proved to have no significant effects on either e-NOS
or n-NOS at concentrations below 100 «M.
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As very few simple, 1-substituted analogues of 4-pi-
peridone are available commercially, we decided to
explore the SAR of this intriguing lead by a second
round of parallel synthesis, based on reaction of the
parent spirocycle (12) (prepared from (9; X = H) and
commercial 4-piperidone hydrate) with a range of elec-
trophilic reagents (Scheme 2).

Screening the resulting libraries showed that mem-
bers of only two compound classes possess i-NOS
inhibitor potency comparable to that of the product from
ethyl chloroformate (i.e., 11): other alkyl carbamates
(13, R = O-alkyl) and aryl amides (13, R = Aryl). Alkyl
amides (13, R = Alkyl) and ureas (14) are significantly
weaker, while aryl carbamates (13, R = OAr) and
sulfonamides (15, R = Me, Ph) show little or no activity
in the assay. (Compound 12 itself shows only very weak
i-NOS inhibitor activity (ICsp ~ 50 uM). For the car-
bamates, alkyl groups derived from primary alcohols
(except benzyl) are best. For the aryl amides, a wide
range of meta- or para-substituted phenyl or heteroaryl
rings appear to be acceptable. Finally the effect of
quinazoline benzo ring substitution was investigated by
reaction of selected aldehydes, piperidone aryl amides,
and piperidone alkyl carbamates with a number of
substituted analogues of (9). Once again, the results
were qualitatively similar to those seen previously in
the isoquinoline series;1? substitution in position 5 of
the aromatic ring (i.e., ortho to the cyclic amidine
functionality) by halogens (particularly F) increases
potency considerably, whereas other substitutions have
either no effect or are detrimental to activity.2°

Although the detailed SAR in these series is quite
complex (and will be discussed in full elsewhere), these
experiments readily identified compounds having opti-
mal potency and selectivity in each of three compound
classes (Table 2):

(a) 2-Monosubstituted Dihydroquinazolinamines
(16—18). This series contains the most potent com-
pounds in vitro some having ICso as low as approxi-
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Table 2. Biological Activity of Selected 2-Monsubstituted Quinazolinamines and Spirocyclic Compounds

1 i

R R

> HH o 2 H\O R N NJ\OEX
\" a
N _N s—~zN

R, NH, R, NH, NH,

16-18 19-25 26
i-NOSP ICsp e-NOSsP n-NOSP i-NOS cellc IDsp po in ratd
compd? R R R2 (uM) 1Cs0 (M) 1Cs0 (uM) 1Cs0 (uM) (4 h postdose) (umol/kg)
16 cyclobutyl F H 0.02 4.6 1 1.2 >30
17 2-furanyl F F 0.002 0.18 0.06 0.2 16
18 4-FPh F H 0.05 n.s. @ 100¢ 35 4.0 >30
19 OEt F H 0.035 100 40 9.6 n.d.
20 OEt Cl H 0.047 >100¢ >100¢ 9.2 n.d.
21 O(CH>),SMe F H 0.039 >100¢ >100¢ 11 n.d.
22 3-thienyl F H 0.067 n.s. @ 100¢ 70 12 n.d.
23 4-CNPh F H 0.027 >100¢ 12 45 14
24 4-CNPh F F 0.048 >100¢ 3.3 1.6 3
25 6-CN-3-pyridyl F F 0.037 >100¢ 1 0.9 3
26 0.3 100 50 >500 n.d.
1 (L-NMMA) 0.34 0.33 0.09 21 700
2' (L-NAME) 14 2.7 0.15 >300 >300
3 (L-NIL) 0.1 2.6 15 2.8 9
4 (AG) 3.9 100 5.9 >1000 n.d.

a All compounds gave satisfactory spectral and analytical data. ° Inhibition of recombinant human enzyme at 37 °C. ¢ Inhibition of NO
production by intact human DLD-1 cells. ¢ Inhibition of LPS induced nitrite production in rat following oral administration. ¢ >100 indicates
between 25% and 50% inhibition observed by 100 M compound. n.s. = <25% inhibition at 100 xM. n.d. = not determined. All ICsos are
means of at least two separate measurements. For details, see Supporting Information.

mately 2 nM. Fair selectivity was also seen in some
cases (e.g., 18). However, as was seen previously in the
thienopyridine series,'® the most potent compounds are
generally least selective and oral bioavailability of
compounds of this type is generally very low. Addition-
ally, the separated enantiomers of compounds with an
aromatic 2-substituent, such as 17 and 18, were found
to be configurationally unstable, with partial racemiza-
tion being detectable after a few hours in both aqueous
and alcoholic solution (in contrast, 2-alkyl compounds
(e.g., 16) seem not to epimerize).

(b) Spirocyclic Carbamates (19—21). These are
less potent but very selective. Some of these compounds
(e.g., 20, 21) with inhibitory potency for i-NOS more
than 2000-fold greater than for either of the other
isoforms are among the most “pure” inhibitors of i-NOS
in vitro that we have tested. Regrettably most show
relatively low potency in intact cells.

(c) Spirocyclic Amides (22—25). These are inter-
mediate between the first two types both in potency and
selectivity. Excellent selectivity (commonly 2000—5000-
fold) over e-NOS is seen for the best compounds, but
potency of inhibition of N-NOS is usually higher than
for the carbamates. The 5,8-difluoro substitution pattern
usually increases relative potency in intact cells, pos-
sibly as a result of increased permeability resulting from
the lower pK, of the amidine group (e.g., 23 has pKa
9.1, 24 has pK, 8.4). This is usually at the cost of a
further slight decrease in selectivity vs n-NOS, however.

In our earlier investigations!® we had observed large
increases in i-NOS inhibitor potency (typically from 10
to over 100-fold) when compounds from the thieno[2,3-
c]pyridine series were compared with analogous deriva-
tives of the isoquinoline type. In marked contrast,
however, in this series i-NOS inhibitor potencies and
selectivities against e-NOS and n-NOS of dihydrothieno-

pyrimidines (e.g., 26) did not differ significantly from
those of their simple dihydrogquinazoline analogues.
Activity in Vivo. Although a wide range of 1-aroyl
groups appear acceptable for good in vitro potency in
the spirocyclic amide series, cyano-substituted benzoyl
and nicotinoyl analogues, were found consistently to
confer exceptionally high potency in vivo following both
iv and oral administration. Thus compounds 23—25
given orally to conscious rats produced a dose-dependent
inhibition of NO production induced by lipopolysaccha-
ride (LPS), their relative potency mirroring that seen
in the whole cell assay (Table 2). This inhibition
persisted for at least 6 h postdose in the case of 23 and
25; however, the duration of action of the most lipophilic
compound (24) was somewhat shorter, its effects de-
creasing after 4 h. No adverse effects on blood pressure
or heart rate were observed during these experiments.
In this model these compounds are up to 200 times more
potent than the nonselective standard inhibitor L-
NMMA and are both more selective and more potent
than the standard selective i-NOS inhibitor L-NIL.

Compounds (23, AR-C85016) and (25, AR-C102222)
were chosen for further investigation in acute and
chronic models of inflammatory arthritis. Both com-
pounds produce clear and reproducible protective effects
in several of these models (full details will be published
elsewhere). Typical effects are those seen in adjuvant-
induced arthritis?! in rat. In this model challenge with
Freund’s complete adjuvant produces, after an induction
period of approximately 10 days, a severe polyarthritis
leading to inflammation, edema, and joint destruction.
Administration of 23 or 25 (30—300 xmol/kg or 10—100
umol/kg po, respectively, twice daily) commencing on the
day of challenge both delayed the onset of observable
symptoms and reduced their severity in a dose-depend-
ent manner (estimated EDso of 25 at the 20 day
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timepoint was ~10 umol/kg). At the highest dose tested
(200 umol/kg) (25) completely abolished all indications
of developing arthritis for the full 20 day duration of
the experiment. At the end of this period joints from
animals that had received the highest dose of 25 were
histologically indistinguishable from those of sham-
treated controls, suggesting that 25 may have disease-
modifying effects in addition to its antiinflammatory
actions in this model. It is noteworthy that this degree
of protection was not achieved by a maximally effective
dose of the standard antiinflammatory agent indometha-
cin. AR-C102222 was also effective when used in a more
therapeutic context: significant suppression of arthritis
was observed when dosing of 25 was started only when
symptoms of the developing arthritis were first detected
(10 days after adjuvant challenge).
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Supporting Information Available: Synthetic methods
and biological screen protocols. Microanalytical data and
representative spectra for compounds 11 and 16—26. Details
of parallel synthesis experiments. This material is available
free of charge via the Internet at http:/pubs.acs.org.
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