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Summary - Monoamine oxidase (MAO) assay specificity based on substrate specificity was investigated by substrate 
competition experiments. 10 PM serotonin (5-HT) and 5 ,uM /%phenylethylamine (PEA) were found to ensure total substrate 
specificity for, respectively, MAO types A and B. 

Twenty-five 2-aryl-4H-1,3,4-oxadiazin-5(6H)-one derivatives were synthesized and tested in vitro for their inhibitory 
effects on MAO A and B. Most of them inhibited preferentially MAO B. The 2-(4-biphenylyl)-4-(2-cyanoethyl)-4H-1,3,4- 
oxadiazin-5(6H)-one 32 was the most efficient MAO B inhibitor and acted as a competitive inhibitor on the two enzymes. 
Its Ki values for MAO A and B were 11 and 0.15 PM, respectively. 

Structure-activity relationships suggest that these oxadiazinones should interact with a hydrophobic site and a nucleo- 
philic site on MAO B for binding, while the functional group of the N-4 substituent should compete with the substrate 
for the active site of the enzyme. 

RCsumC - Inhibition des monoamine oxydases A et B par des dCrivCs d’aryl-2 4%oxadiazine-1,3,4 (6H) ones-5. 
La spe’cljicite’ du dosage de la monoamine oxydase (MAO) a e’te’ e’tudie’e par des exp&riences de compe’tition. Les concentrations 
de 10 puMpour la 5-HT et de 5 PMpour la PEA assurent une spe’c$cite’ totale du dosage respectivement pour les MAO A et B. 

Vingt cinq d&iv& d’aryl-2 4H-oxadiazine-1,3,4(6H)ones-5 ont e’te’ synthe’tisks et test& in vitro pour leur activite’ inhibitrice 
sur les MAO A et B. La plupart de ces composks inhibent pr@rentiellement la MAO B. La (biphtkylyl-C)-2 (cyano-2 e’thyl)-4 
4H-oxadiazine-1,3,4(6H)one-5 32 est l’inhibiteur le plus efJicace de la skrie sur la MAO B et agit de fagon compe’titive sur 
les deux types d’enzyme. Les valeurs des Ki pour ce compose’ 32 vis-d-vis des MAO A et B sont &gales respectivement ci 11 
et 0,15 PM. 

Les relations structure-activite’ suggdrent que des interactions avec un site hydrophobe et un site nuclkophile de la MAO B 
interviendraient dans lafixation de l’inhibiteur alors que le groupefonctionnel du substituant en position 4 entrerait en compe’tition 
avec le substrat pour le site actif de I’enzyme. 

reversible monoamine oxidase inhibitors / 4H-1,3,4-oxadiazin-5(6H)-ones 

Introduction 

Monoamine oxidase (MAO, EC 1.4.3.4) is the enzyme 
responsible, in the central nervous system, for the meta- 
bolic inactivation of amine neurotransmitters, serotonin 
(5-HT), noradrenaline (NA) and dopamine (DA), which 
are implicated in many neurological and psychiatric disor- 
ders [l]. Since Johnston’s discovery in 1968 of two types 
of MAO, called MAO A and MAO B [2], a resurgence 
in interest has occurred in all aspects of MAO and, especially, 
in MAO inhibitors as potential therapeutic agents in depres- 
sive illnesses or Parkinson’s disease. More particularly, 

a new approach has been devised in the last past decade 
and consists of developing a new generation of MAO 
inhibitors mostly selective as well as reversible or short- 
acting [3]. 

Following these criteria, many MAO A inhibitors have 
been obtained: toloxatone [4, 51, MD 780515 (cimoxatone) 
[6-91, FLA 336+ and its derivatives [lo, 111, Ro 11-1163 
(moclobemide) [12, 131, CGP 11305 A (bromofaremine) 
[14, 151, 5-FMT [16], SR 95191 [17, 181, RS-2232 [19, 201, 
bifemelane [21]. However, only a few reversible or short- 
acting MAO B inhibitors have been described: the racemic 
MD 780236 and its two enantiomers [22, 231, p-CMP 

*Author to whom correspondence should be addressed. 
Abbreviations : MAO: monoamine oxidase; 5-HT: serotonin; DA: dopamine; NA: noradrenaline; PEA: ,CLphenylethylamine. 



442 

[ 161, Ro 16-6491 [24], the later being the most selective. 
Such inhibitors are believed to be safer in therapy than 

the first known ones, acyclic hydrazine derivatives, which 
were discarded because of their hepatic toxicity and mainly 
because of their blood pressure potentiating effect of 
indirectly activating sympathomimetic amines, e.g., tyr- 
amine on the sympathetic nervous system leading to severe 
hypertensive crisis, namely the ‘cheese effect’ [25]. This 
last side effect seemed directly related to the non-selectivity 
of these inhibitors and, to a lesser degree, to their irreversi- 
bility towards the two enzymes [26]. 

Furthermore, from preliminary clinical results, it now 
seems well established that selective MAO A inhibitors 
are effective drugs for the treatment of 5-HT and NA 
deficits observed in depressive illnesses [l, 271, whereas 
selective MAO B inhibitors, when combined with the DA 
precursor r.-dopa, are useful for the management of DA 
depletion in Parkinson’s, disease [ 1, 28-311. 

Considering that the N-N group was implicated in 
the activity of the hydrazinic MAO inhibitors, it seemed 
interesting to examine whether heterocycles containing the 
N-N group and related to the following general structure 
could afford new classes of MAO inhibitors. 

lR’ 
//N-N 

R-C 
3 

We report, in this first paper, the inhibitory activity 
in vitro of new 4H-1,3,4-oxadiazin-5(6H)-one derivatives 
on the two types of MAO and the structural requirements 
in this series for maximal inhibition and selectivity towards 
MAO B. 

Chemistry 

Van Alphen’s method [32, 331 was used to synthesize 
4H-1,3,4-oxadiazin-5(6H)-ones. According to this method, 
I-acyl-2-(a-chloroacyl)hydrazines were cyclized in alkaline 
solution (Scheme 1). 

These hydrazines were prepared by reaction of acyl- 
hydrazines with an a-chloroacyl chloride. This reaction 
was applied to aroylhydrazines and afforded hydrazines 
l-5 (Table I). It was also applied to 1-aroyl-2-(2-cyano- 
ethyl)hydrazines G-9 (Table I) which were first prepared 
by Michael reactiop of acrylonitrile with aroylhydrazines. 

A few examples’of! this type of Michael reaction have 
been reported [37] but the simultaneous formation of 
secondary products was not mentioned. These products, 
detected by analytical chromatography, were isolated and 
identified as 1-aroyl-2,2-bis(2-cyanoethyl)hydrazines lo-13 
(Table I). They resulted, in fact, from the addition of a 
second molecule of acrylonitrile to hydrazines 6-9. In 
particular, when acrylonitrile was in excess, only compounds 
lo-13 were isolated. 

2-Aryl-4H-1,3,4-oxadiazin-5(6H)-ones 14-18 (Table I) 
were synthesized by cyclization of hydrazines l-5 on 
treatment with sodium bicarbonate in dry dimethylforma- 
mide (DMF). In this case, tarry products were formed 
from secondary reactions and low yields were obtained. 
However, when 2-substituted 1-acylhydrazines were cyclized 
to the corresponding 2,4-disubstituted oxadiazinones, better 
yields were observed. 

4-Substituted 2-aryl-4H-1,3,4-oxadiazin-5(6H)-ones 19- 
39 (Tables II) were generated either by classical N-alkyl- 
ation of oxadiazinones 14-18 or by Van Alphen’s reaction 
applied to substituted hydrazines 6-9 when the N-4 sub- 
stituent was a 2-cyanoethyl group. N-Alkylation was 
achieved by the successive reaction of 14-18 with sodium 
hydride and a halogen derivative. When the latter was 
3-chloropropionitrile, an acrylonitrile elimination occured 
and yields were very low. 

Physicochemical data were in agreement with the proposed 
structures (Tables I, II and III). 

Results and Discussion 

MAO assay specljicity 

The MAO assay specificity, based on 5-HT specificity 
for MAO A and PEA specificity for MAO B, was investigat- 

R’ /--\ ,.N - NH - R\ / -o- CO-NH-NH, iR CO-NH-NH-CO-&“-cl ii 

1-5 

CO-NH-NH-CHz-CHrC~ i 
vii 

R CO-NH-N(CHTCHz-CN)z 6-9 19-39 k 
(R’LCH~CH~CN: 19,21,23,24,32) 

1013 

Scheme 1. Reagents: i: Cl-CO-CH(R’)-Cl; ii: NaH CO2; iii: NaH, DMF; iv: K’X; v: 2CH2 = CH-CN; vi: CH2 = CH-CN; vii: KzC03‘ 
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Table I. 

I-Aroyl-2-(a-chloroacyl)hydrazines l-5 R&O-NH-NH-CO-CH(R')-Cl 

No R R' mp Rec. Yield Formula PMR 6 

rc) s.a (%P (pm) 

1 H H 16F A 85 CgHgClN202 4.2 (s, 2H), 7.4-7.9 (m, 5H), 10.3 and 10.4 (2s, 2H) 
2 4-Me0 H 188d B 90 ClDH11ClN203 3.8 (s, 3H), 4.3 k, 2H), 7.9-9.6 (m, 4H),10.4-11 (m, 2H) 

3 &ND2 H 204 C 82 CgHBClN304 4.3 (s, 2H), 8.1 and 6.4 (2d, 4H), 10.6 and 11 (Zs, 2H) 
4 &ND2 Me 212 B 84 ClDHlDClN304 1.6 (d, 3H), 4.75 (q, lH), 8.1 and 8.4 (Zd, 4H), 10.3-10.8 (m, 2H) 
5 4-Ph H 244 C/D 76 C16H13ClN202 4.2 (s, 2H), 7.3-8.1 (m, 9H),10.2-10.6 (m, 2H) 

1-Aroyl-2-(2-cyanoethyl)hydrazines 6-9 R@CO-NH-NH-CH2-CHrCN 

N" R v Rec. Yield Formula PMR 6 

("c) ~.a (%P hvd 

6 H 121e A 65 Clo"1l'W' 2.7 (t, 2H), 3 (q, 2H), 5.5 (q, lH), 7.4-8.1 (in, 5H), 10.2 (d, 1H) 
7 4-Me0 137 C 27 C11H13N3D2 2.7 (t, 2H), 3.1 (9, 2H), 3.9 (s, 3H), 5.5 (bs, lH), 7.1 and 7.9 (2d, 4H), 10 (bs, 1H) 
8 &ND2 162f E 72 ClDHlDN403 2.7 (t, 2H), 3.2 (q, 2H), 5.7 (q, lH), 7.7-8.6 (m, 4H), 10.6 (d, 1H) 
9 4-Ph 174 C/F 51 C16Hl5'90 2.7 (t, 2H), 3 (q, 2H), 5.5 (q, IH), 7.3-8.1 (m, 9H), 10.2 (d, 1H) 

I-Aroyl-2,2-bis(2-cyanoethyl)hydrazines IO-13 R(o)-CO-NH-N(CH2-CH~CN)2 

No R v Rec. Yield Formula 

(x) $.a (%)b 
PMR 6 

(r-w) 
10 H 145.5 A 88 WWW 2.7 (t, 4H), 3.3 (t, 4H), 7.6-8.1 (m, 5H), 9.8 0, IH) 
11 4-Me0 141 A 53 C14H16N402 2.7 (t, 4H), 3.3 (t, 4H), 3.9 (s, 3H), 7 and 7.8 (2d, 4H), 9.5 (s, 1H) 
12 &ND2 146-7 C 72 C13H13N503 2.7 (t, 4H), 3.3 (t, 4H), 8.1 and 8.4 (Zd, 4H), 10 k, IH) 
13 4-Ph 192.5 A/G 58 C&-'l8N@ 2.7 (t, 4H), 3.3 (t, 4H), 7.3-8 (m, SH), 9.7 k, 1H) 

H 

2-Aryl-1.3,4-oxadiaziw5(4H)-ones 14-18 R@C:;,;;C=O 

'R' 

No R R' mp Rec. Yield Formula PMR 6 
(T) s.a (%P (rw) 

14 Ii H 1609 B 35 W&O2 4.8 (s, 2H), 7.2-8 (m, 5H), 11.2 (s, IH) 
15 &Me0 H 158h C/F 31 ClDHlDN203 3.8 k, 3H), 4.1 (s, 2H), 6.9 and 7.6 (2d, 4H), 10.7 (s, 1H) 
16 b-ND2 H 23oi H 65 WV304 4.9 k, 2H), 8 and 8.3 (2d, 4H), 11.2 (s, 1H) 
17 4-NO2 Me 170 C 63 Clobb’h 1.6 (d, 3H), 5 (q, lH), 8 and 8.3 (2d, 4H), 11.1 (s, 1H) 
18 4-Ph H 216 B 53 C15H12N202 4.8 (s, 2H), 7.4-8.1 (m, 9H), 11.2 (s, 1H) 

"Recrystallization solvent: A = water; B = ethanol; C = ethyl acetate; D = petroleum ether 40-60; 
E /I methanol; F = diethyl ether; G = I-propanol; H = 1-butanol. 
bYields were not optimized. 
CLit. [33], mp: 165OC. 
dLit. 1341, mp :185-18PC. 
eLit. [35], mp: 122-124OC. 
fLit. 1361, mp: 164.5-166OC. 
gLit. [33], mp: 161°C. 
hLit. 1341, mp: 161-163°C. 
iLit. [38], mp: 220-222OC. 
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Table II. 4-Substituted Zaryl-1,3,4-oxadiazin-5(4H)-ones 19-39. 
R” 

No R R’ R” mP Rec. Yield Formula 

(=a s.a (%)b 

PMR 6 

bvd 

. . 

19 H H (CHd2CN 112-4 A 57 C12”11WJz 2.9 (t, 2H), 3.9 (t, 2H), 4.8 (s, 2H), 7.4-7.9 (m, 5H) 

20 H H (W)&N 66-7 B/C 57 C1d’15’Wz 1.6-2 (m, 4x41, 2.7 (t, 2Ii), 3.8 (t, 2H), 4.9 (s, 2Ii), 7.4-8.1 (m, SH) 

21 4-Me0 H (CH2)2CN 167-8 C/D 77 W’nW’3 3 (t, 2H), 3.9 (s, 3H), 4 (t, 2H), 4.9 (s, 2H), 7.1 and 7.8 (2d, 4H) 

22 4-Me0 H (CH2)4CN 86 E 83 ‘&“17W’3 1.5-1.9 (m, 4H), 2.6 (t, 2H), 3.7 (t, 2H), 3.8 (s, 3H), 4.8 (s, 2H), 7.1 and 7.8 (2d, 4H) 

23 &NO2 H (CH2)2CN 161.5 C/D 73 ClzHl~N404 3 (t, 2H), 4 (t, 210, 5 k, 2H), 8.1 and 8.4 (2d, 411) 

24 4-NO2 Me (CH2)2CN 123 F/G 76 C13Hl2W4 1.5 (d, 3H), 3 (t, 2H), 4 (t, 2H), 5 (q, lH), 7.8-8.4 h, 4H) 

25 &NO2 H (CH2)4CN 74 A 86 CI~WW 1.5-1.9 (m, 4H), 2.6 (t, 2H), 3.8 (t, 210, 4.9 (s, 210, 8 and 8.3 (2d, 411) 

26 4-NO2 Me (CH2)4CN 64 F/G 74 ‘W’16N404 1.5 Cd, 310, 1.6-2 (m, 4H), 2.6 (t, 2H), 3.9 (t, 210, 5 (q, lH), 7.8-8.4 (m, 4H) 

27 &NO2 H (CH2)4Br 88 E gl CljHl4BrN304 1.6-2.1 (m, 4H), 3.4-4.1 (m, 4H), 5 (s, 2H), 8.1 and 8.4 (2d, 4H) 

28 4-ND2 H (CH2)4COOMe 104 E 74 C15”17W’6 1.4-1.8 (m, 4H), 2.4 (t, 2H), 3.6 (s, 3H), 3.7 (t, 210, 4.9 k, 2H), 8 and 8.3 (2d, 4H) 

29 4-Ph H Et 125 H 71 C17”16N202 1.15 (t, 3H), 3.7 (q, 2H), 4.9 (s, 2H), 7.4-8 .(m, 9H) 

30 4-Ph H “-Pr 93-4 H 51 C18”18N202 0.9 (t, 3H), 1.3-1.8 (m, 2H), 3.7 (t, 2H), 4.9 k, 211), 7.4-8 (m, 9H) 

31 4-Ph H CH2CN 124-5 I 60 Cl7WW2 4.9 (s, 2H), 5 k, 2H), 7.4-8 (m, 9H) 

32 4-Ph H (CH2)2CN 146-7 H/J 66 Cl8Hl&“2 3 (t, 2H), 4 (t, 2H), 4.9 (s, 2H), 7.3-8.1 (m, 9H) 

33 4-Ph H (CH2)3CN 115-6 I 88 Cd’l7’W’2 1.9-2.2 Cm, 2H), 2.6 (t, 2H), 3.9 (t, 210, 4.9 (s, 2H), 7.4-7.9 Cm, 9H) 

34 4-Ph H (CH2)4CN 91-2 I/K 93 C2o”lgbO2 1.5-2 (m, 4H), 2.6 (t, 2H), 3.8 (t, 2H), 4.9 (s, 2H), 7.3-8 (m, 9H) 

35 4&h H (CH2)$3r 127 H 63 Cl7Hl5BrN202 3.8 (t, 2H), 4.15 (t, 210, 4.9 k, 2H), 7.5-8.1 (m, 9H) 

36 4-Ph H (CH2)38r 114 G/K 22 ClBHl7BrN202 2-2.3 (m, 2H), 3.6 (t, 2H), 3.8 (t, 2H), 4.8 (s, ZH), 7.3-7.9 (m, 913) 

37 4-Ph H (CH2)4Br 98 I/K 84 ClgHlgErN202 1.7-2 (m, 4H), 3.4-3.9 (m, 4H), 4.9 (S, 2H), 7.3-8.1 (m, 9H) 

38 4-Ph H (CH&$OOMe 123 H 53 C19”1&“4 2.7 (t, 2H), 3.6 (s, JH), 4 (t, 2H), 4.9 k, 2H), 7.4-8 (m, 9H) 

39 4-Ph H (CH2)20H 154 G/K 46 C17”16N& 3.3 (t, 2H), 3.7 (t, 2H), 4.5-5 (bs, 110, 4.8 (s, ZH), 7.3-7.9 (m, 911) 

aRecrystallization solvent: A = methanol; B = 1-propanol; C = water; D = acetonitrile; E = 1-butanol; F = diethyl 
ether; G = petroleum ether 40-60; H = cyclohexane; I = ethanol; J = xylene; K = ethyl acetate. 
bYields were not optimized. 

Table III. IR frequencies (cm-l). 

No. N--H C-N c=o C=N cyclic 

l-5 3250-3200 - 1690-1680 - 
1650-1615 

6-P 3380-3270 2260-2220 1640-1620 - 
3280-3240 

10-13 3280-3200 2240 1650-1620 - 
14-18 3280-3200 - 1690-1675 1660-1620 
19-39 - - 1680-1640 1660-1620 

ed since substrate specificity for one type of MAO depends 
upon the substrate concentration when the two enzymes 
are present [39]. Substrate competition experiments were 
performed in order to estimate the non-specific interactions 
(Table IV). 

In MAO A assays with 10 ,uM 5-HT*, 100% activity 
was observed in the presence of 5 ,uM unlabeled PEA 
(line 2 compared to line 1) indicating the absence of MAO 
A-5 ,uM PEA and MAO B-10 ,uM 5-HT* interactions. 
In other words, neither 5 ,uM PEA competes with 10 ,uM 
5-HT* for MAO A nor 10 ,uM 5-HT* with 5 ,uM PEA 

Table IV. Substrate competition experiments. 

MAO A (labeled 5-HT* deamination) 

5-HT* PEA MAO activity 
(PM) (/M (%) 

MAO B (labeled PEA* deamination) 

PEA* 5-HT MAO activity 
(PM) (PM) (%) 

10 0 100 5 100 
10 5 100 5 

1: 
100 

10 50 66 : 100 95 
10 500 13 1000 70 

100 100 
100 i 95 

MAO activity was measured under standard conditions (Experimental protocols) 
in the absence or presence of different concentrations of the unspecific unlabeled- 
substrate. Unspecific unlabeled-substrate and specific labeled-substrate were added 
simultaneously. Specific activity of 100 PM 5-HT* was 0.48 ,&i/firnol. MAO activity 
was expressed as ‘A of the control. 
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for MAO B. This result was confirmed in MAO B assays 
(line 2 compared to line 1). 

In the absence of MAO A-5 ,uM PEA* interactions 
in MAO B assays, the decrease of MAO B activity, with 
the increase of unlabeled 5-HT will reflect only the MAO B- 
5-HT interactions, suggesting more likely an MAO B 
contribution in the 5-HT deamination rather than a MAO B 
inhibition by 5-HT, at least for 5-HT concentrations lower 
than K,5-HT (MAO B) = 1170 ,LJM [40]. Thus, with 100 ,uM 
5-HT (W KmSmHT (MAO A), line 3) the contribution of 
MAO B was 5%. This result was confirmed in MAO A 
assays with 100 ,uM 5-HT” (line 2 compared to line 1). 

Moreover, deprenyl (selective MAO B inactivator [41]) 
inhibited 100 ,uM 5-HT deamination in a biphasic manner, 
suggesting the participation of the 2 enzymes, whereas 
a single sigmoid was obtained with 10 ,uM 5-HT, indicating 
that only MAO A was implicated (Fig. 1B). Analysis 

3 4 5 6 7 8 9 10 11 12 

-log [clorgyline] (M) 

-log [deprenyl] (M) 

Fig. 1. Inhibition of rat brain MAO by clorgyline and deprenyl. 
MAO activity was measured under standard conditions (Experimental 
protocols) with using 10 (@) or 100 PM 5-HT (0) or 5 PM PEA (W) 
as substrates in the absence or presence of different concentrations 
of clorgyline (A) or deprenyl (B). Specific activity of 100 yM 5-HT 
was 0.48 pCi/~mol. MAO activity was expressed as % of the control. 

of these MAO inhibition curves suggested that MAO B 
participation in the 100 PM 5-HT deamination was 3--4x, 
which is almost in accordance with the above value of 
5%. However, for unknown reasons, less concluding 
results were obtained with clorgyline (selective MAO A 
inactivator [2]) inhibition curves (Fig. IA). In this case, 
the MAO B contribution was found to be only 2%. 

In conclusion, substrate competition experiments seem 
to be more appropriate than MAO inhibition curve studies 
for the evaluation of enzyme selectivity in the MAO assays, 
since experimental values were more reproducible. In 
addition, complete specificity of MAO assays was ensured 
in our system when using 10 ,uM 5-HT” for MAO A or 
5 ,uM PEA* for MAO B. Other authors have reported 
the specificity of these substrate concentrations 1421. 

On the other hand, a higher decrease of activity occurred 
with unlabeled PEA than with 5-HT in these MAO assays 
(Table IV, lines 3 and 4 in MAO A assays compared to 
the corresponding lines in MAO B assays) revealing a 
higher interference of MAO A in PEA deamination than 
of MAO B in 5-HT deamination. This is in accordance 
with the low specificity of 5-HT towards MAO A (KmSdHT 
(MAO B)/K,,,5-HT (MAO A) w 11) compared to the greater 
specificity of PEA towards MAO B (KFIIPEA (MAO A)/ 
KmPEA (MAO B) = 40) (Table V). 

Table V. Substrate specificity towards MAO types A and B. 

Substrate 

5-HT 
PEA 

Km(MAO A) Km(MA0 B) 
0-W (PM) 

105 1170” 
15gb 4 

Specificity 

11 
41 

Km(MAO A) and K&MAO B) were calculated graphically, respectively, 
from Figs. 3A and 4A. 5-HT specificity towards MAO A and PEA 
specificity towards MAO B were estimated, respectively, from the 
ratio Km5-HT (MAO B)/KmSmHT (MAO A) and the ratio KmPEA (MAO A)/ 
K,s,PE* (MAO B). 
“Literature value [40]. 
“Literature value [8]. 

Selectivity of the inhibitors 

Twenty-five 2-aryl-4H-1,3,4-oxadiazin-5(6H)-one derivatives 
were tested for their abilities to inhibit MAO A and B, 
using the MAO standard assays (Experimental protocols). 

I, 0 (MAO A) and I5 0 (MAO B) values of these compounds 
(Table VI) were determined graphically from the correspond- 
ing MAO inhibition curves (Experimental protocols). IS,, 
values of clorgyline and deprenyl were given solely for 
information and not for comparison purposes, as clorgyline 
and deprenyl are inactivators, whereas several oxadiazi- 
nones are thought to act as reversible inhibitors (see below). 
Inhibitor selectivity for MAO B was estimated from the 
ratio [IS,, (MAO A)/I,, (MAO B)] (Table VI). 

It should be, observed that for competitive inhibitors, 
ISo was correlated with Ki, according to the rearranged 
Henri-Michaelis-Menten equation : 

Vm = (1 + [W&n> xK1 
where S is the substrate. From this relationship and the 
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Table VI. Activity and selectivity of oxadiazinones 14-16, 
18-39 towards MAO A and B. 

N" R R' R" I5O(MAO A) 15O(MAO B) IsO(MAO A) 

(PM) (PM) I5oWAO B) 

14 H H 

15 4-Me0 H 

16 4-NO2 Ii 

18 4-Ph H 

19 H H 

28H H 

21 Q-Me0 H 

22 4-Me0 Ii 

23 4-NO2 H 

24 4-NO2 Me 

25 4-NO2 H 

26 4-NO2 Me 

27 4-NO2 H 

28 ‘!-No2 H 

29 4-Ph H 

30 4-Ph H 

31 4-Ph H 

32 4-Ph H 

33 4-Ph H 

34 4-Ph H 

35 4-Ph H 

36 4-Ph H 

37 4-Ph H 

38 4-Ph H 

39 4-Ph H 

deprenyl 

clorgyline 

H 

H 

H 

H 

(CHd$N 

(CH2)c$N 

(CHd$N 

(CH2)4CN 

(CH$$N 

(CH2)$N 

(CH&N 

(CH2)4CN 

(CHd@r 
(CH2)4COOMe 

Et 

n-Pr 

CH2CN 

(CHi)$N 

(CHd$N 

(CHd&N 

(CH2)zBr 

(CH2)3Br 

(CH2)4Br 

(CH2)2COOMe 

(W&OH 

17 47 0.36 

31 70 0.44 

140 130 1.1 

94 6.7 14 

6.6 56 0.12 

36 67 0.54 

50 250 0.20 

0.92 17 0.05 

230 4.5 51 

1800 2500 0.72 

18 16 1.1 

380 100 3.8 

50 38 1.3 

90 23 3.9 

14 3.9 3.6 

66 12 5.5 

1.1 0.21 5.2 

32 0.63 51 

14 5 2.8 

19 18 1.1 

38 24 1.6 

7.6 3.4 2.2 

15 3.1 4.8 

90 29 3.1 

10 0.83 12 

0.79 0.0079 100 

0.0012 1.9 0.0006 

150, inhibitor concentration that produces 50% inhibition of 
enzyme activity. 

experimental conditions, the following equation may be 
derived : 
Ki(MAO A)/K,(MAO B) M 2 x [15,,(MA0 A)/I,,(MAO B)]. 
Thus, selectivity of competitive inhibitors towards MAO B 
was underestimated by a factor of about 2 when ISo ratios 
were taken into account instead of Ki ratios. 

The results showed that most of the compounds acted 
preferentially as MAO B inhibitors (except 14, 15, 19, 
20, 21, 22 and 24) and maximal efficiency was obtained 
with compound 32 (Fig. 2). 

Inhibition mechanism 

Because of the medium activity and selectivity of the in- 
hibitors in this series, the nature of the inhibition was 
investigated only for 32. 

Different methods were used to check the inhibition 
mechanism. The mitochondrial suspension was preincubated 

P I  I  I  I  I ,  

3456766 

-log 1321 (M) 

Fig. 2. Inhibition of rat brqjn MAO by compound 32. MAO A (0) 
and MAO B (0) activities were measured under the standard conditions 
(Experimental protocols) in the absence or presence of different 
concentrations of 32. MAO activity was expressed as % of the control. 

in the absence or presence of 32 at a concentration which 
inhibited partially MAO A and B. 100% MAO A and B 
activities were recovered after either dialysis, washing or 
dilution of the mitochondria (Experimental protocols), 
revealing that 32 acted as a reversible inhibitor. 

Also, the time dependency of MAO inhibition by 32 
was evaluated. Prolonged preincubation of 32 with mito- 
chondria up to 30 min (Experimental protocols) did not 
potentiate MAO inhibition. This confirmed the preceding 
results and indicated that reversible inhibition by 32 did 
not require prior metabolization of the inhibitor or a 
slow-binding process, 

It was concluded from all these results that 32 acted 
as a classical reversible inhibitor. 

Inhibition type 

L&weaver-Burk and Dixon plots, used for analysis of 
kinetic inhibition of MAO A and B by compound 32, 
showed that the latter was a competitive inhibitor. Its 
Ki values for MAO A and B were, respectively, 11 and 
0.15 ,uM (Figs. 3 and 4). 

Structure-activity approach 

Analysis of the inhibition results was complex but some 
observations can be reported. The R substituent of the 
2-aryl group seemed to direct the inhibitor selectivity. 
When it was a hydrogen atom (14, 19, 20) or an electron- 
releasing methoxy group (15, 21, 22), the inhibitors were 
more active on MAO A. On the contrary, when the R 
substituent was either an electron-withdrawing nitro group 
(16, 23-28 except 24) or a phenyl group (18, 29-39), 
selectivity was directed towards MAO B. Consequently, 
for the purpose of finding especially MAO B inhibitors, 
several nitrophenyl and biphenylyl derivatives were syn- 
thesized. 

It is interesting to note that 32, the most potent among 
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l/V MAO A 

(nmol! min. mg prot.) 

Fig. 3. Inhibition of rat brain MAO A by compound 32. 
MAO A activity was measured under standard conditions 
(Experimental protocols) and expressed in nmol~minl~mg-1 
of protein. A. Lineweaver-Burk plot: MAO A activity 
was measured with 8, 12, 16 and 20 PM [14C] 5-HT (4.8 ,Ki/ 
pmol) in the absence (0) or presence of 5 (0), 10 (W), 15 (Cl) 
or 20 ,uM (v) of 32. Control kinetic constants: K,,, = 105 ;tM, 
Vm = 1.8 nmol*min-l*mg-l of protein. B. Dixon plot : MAO A 
activity was measured with 8 (O), 12 (R), 16 (0) and 20 (0) ,uM 
[r4C] 5-HT in the absence or presence of 5, 10, 15 or 20 PM 
of 32. Ki = 11.5 ,uM. 

l/5-HT (mM-‘) 

l/V MAO A 

(nmol-: min. mg prot.) 

-l/Km 50 62.5 83 125 

-Ki 5 10 15 20 

[32l (PM) 

the most selective B inhibitors (18, 23, 32, 39) bears, in 
its structure, a 4-biphenylyl group which is very lipophilic 
(hydrophobic constant f = 3.842 [43]). Thus, it seemed 
that inhibitor potency on MAO B was more particularly 
provoked by a hydrophobic than an electron-withdrawing 
character of the R substituent (32 compared to 23). 

The introduction of a 6-methyl substituent caused a 
significant decrease of the inhibitor potency on MAO B 
(24 and 26 compared, respectively, to 23 and 25). 

Generally, the oxadiazinone preference for MAO A or 
B did not seem to be affected by N-4 substitution. 

The length of the N-4 substituent appeared to influence 
MAO B inhibition which was maximal with an aliphatic 
chain of 1 carbon unit (31) while best selectivity and thus 
best efficiency was observed with 2 carbon units (32 compared 
to 31, 33 and 34). The values obtained with the bromo 
derivatives (35, 36, 37) were less significant. The replacement 
of the cyano group in 32 by a hydroxyl group (39), a methyl 
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l/V MAO 0 

l/PEA (mM-‘) 

l/V MAO B 

(nmol? min . mg prot.) 

2 
-Ki .2 .4 .8 1.2 

[32l (~4 

Fig. 4. Inhibition of rat brain MAO B by compound 32. MAO B activity was measured under the standard conditions (Experimental protocols) 
and expressed in nmolemin-lamg-1 of protein. A. Lineweaver-Burk plot : MAO B activity was measured with 2.5, 5, 8, 12, 16 and 20 PM [l”C] 
PEA (26.6 pCi/,umol) in the absence (0) or presence of 0.1 (0), 0.2 (w), 0.3 (O), 0.4 (v), 0.8 (8) or 1.2 ,uM (6) of 32. Control kinetic constants : 
Km = 4 ,uM, V, = 2.7 nmol.min-l*rng-l of protein. B. Dixon plot: MAO B activity was measured with 2.5 (v), 5 (y), 8 (U), 12 (H), 16 (0) 
and 20 (0) PM [14C] PEA in the absence or presence of 0.1, 0.2, 0.3, 0.4, 0.8 or 1.2 PM of32. Ki = 0.15 ,uM. 
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group (30), a hydrogen atom (29), a methoxycarbonyl group 
(38) or a bromine atom (35) caused a significant decrease 
of activity and selectivity on MAO B. This indicated that 
the N-4 substituent requires a 2-cyanoethyl group for 
maximal efficiency in this series. 

The above results showed that oxadiazinone abilities 
to inhibit MAO B seemed to be most conclusive when 
the R substituent was a hydrophobic group, such as a 
phenyl, when the N-4 substituent was a 2-cyanoethyl and 
when there was no C-6 substituent. 

The 1 or 2 carbon unit requirement for the aliphatic 
chain of the N-4 substituent agreed with the aliphatic 
chain length of benzylamine (1 carbon unit) and PEA 
(2 carbon units), both specific substrates for MAO B. 
Furthermore, other authors have observed reversible MAO 
inhibition by various cyanide [44, 451 or alcohol [46] deriv- 
atives. In particular, like the cyanide derivative 32, the 
substrate analogue benzyl cyanide [44] and several cyano- 
benzenoids [44, 451 have been shown to be competitive 
MAO B inhibitors. Therefore, it was postulated that the 
cyano group should compete with the amino group of 
the substrate for the active site and 4-(cyanoalkyl) oxa- 
diazinones (19-26, 31-34) should act as competitive 
MAO B inhibitors. 

In order to investigate the electronic contribution of 
the R substituent, the MAO B inhibitory potencies of 
4-(2-cyanoethyl)-oxadiazinones (19, 2P, 23, 32) were related 
to the corresponding Hammett G values [47] (Fig. 5). A 
positive correlation was observed, showing that the MAO B 
inhibitor potency increased with the electron-withdrawing 
character. The abnormal behavior of compound 32, which 
showed more enhanced potency than expected by the 
corresponding G value, could be explained by the lipophilic 
contribution of the phenyl group as mentioned above. 
Similar observations have been reported with other MAO B 
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Fig. 5. Correlation between rat brain MAO B inhibition by 4-(2- 
cyanoethyl)oxadiazinones 19 (R = H), 21 (R = 4-MeO), 23 (R = 4- 
NOa), 3i (R = 4-Ph) and the corresponding Hammett o values of 
the R substituent of the 2-aryl group. 

inhibitors [45]. These observations suggest that 2 types 
of interactions might be involved in the binding of the 
inhibitor to the enzyme: electronic interactions with a 
nucleophilic site and especially hydrophobic interactions 
with a hydrophobic site of the enzyme, while the cyano 
group interacted with the catalytic site of the enzyme. 
However, since little is known about the amino acid sequence 
and the topography of the MAO B active site, it is difficult 
to speculate on the essential groups of the enzyme which 
could be implicated in these interactions. 

Experimental protocols 

Chemistry 

Melting points (uncorrected) were determined with using a Btichi 
oil-heated apparatus. IR spectra were recorded as KBr disks with 
a Perkin-Elmer 1310 spectrophotometer. PMR spectra were recorded 
for solutions in DMSQ-d6 on a Brucker WP 80 spectrometer. They 
are reported as 6 values (ppm) relative to tetramethylsilane as an 
internal standard. Analytical results obtained for C, H, N of new 
compounds were within &0.4’% of the calculated values. 

I-Aroyl-2-(a-chloroacyl)hydrazines l-5 
To a stirred refluxing solution of aroylhydrazine (10 mmol) in dry 
ethyl acetate (200 ml) was added dropwise a solution of u-chloroacyl 
chloride (12 mmol) in dry ethyl acetate (15 ml). After a few minutes, 
a strong evolution of gaseous hydrogen chloride started. The mixture 
was refluxed for 30 min then cooled. The solid was filtered and the 
solvent evaporated in vacua. All solid residues were recrystallized 
from the appropriate solvent (Table I). 

I-Aroyl-2- (2-cyanoethyl) hydra&es 6-9 
A solution of aroylhydrazine (20 mmol) and of freshly distilled acrylo- 
nitrile (1.32 g, 25 mmol) in ethanol (V ml) was refluxed for t h. After 
removal of the solvent in vacua, hydrazines were recrystallized from 
the appropriate solvent (Table I) except 7 and 9 which were first purified 
by column chromatography on Macherey-Nagel silica gel 60 (0.05- 
0.2 mm) using ethyl acetate-petroleum ether, respectively, 3 :2 and 
19 :1 as the eluent. For each compound, V and t were : 6: 40 ml, 15 h: 
7: 20 ml, 5 h; 8: 40 ml, 72 h; 9: 30 ml, 22 h. 

I-Aroyl-2,2-bis(2-cyanoethyl) hydrazines lo-13 
A solution of aroylhydrazine (20 mmol) and of freshly distilled acrylo- 
nitrile (2.65 g, 50 mmol) in water or in an aqueous organic solvent 
(Vml) was ref’mxed for t h. After removal of the solvent, the resulting 
hydrazine was recrystallized from the appropriate solvent (Table I). 
For each compound, reaction solvent, V and t were : 10 : 40 ml water, 
23 h; 11: 50 ml water-DMF (l:l), 12 h; 12: 40 ml water, 2.5 h; 
13: 75 ml water, 12 h. 

2-Aryl-4H-1,3,4-oxadiazin-5(6H)-ones 14-18 
To a solution of hvdrazine l-5 (30 mmol) in drv DMF (60 ml) was 
added anhydrous sodium bicarbonate (2.94’g, 35 mmol). The resulting 
suspension of 14, IS, 16, 17 or 18 was stirred at 60°C for, respectively, 
5, 20, 4, 6 or 36 h. After filtration and removal of the solvent, the 
resulting residue was recrystallized from the appropriate solvent 
(Table I) except for compound 15 which was first chromatographed 
on alumina using ethyl acetate-petroleum ether (19 :l) as the eluent. 

I-Substituted 2-aryl-4H-1,3,4-oxadiazin-S(bH)-ones 19-39 
Preparation of compounds 19, 21, 23, 24 and 32. Chloroacetyl chloride 
(or Z-chloropropionyl chloride for 24) (2 mmol) was added dropwise 
at room temperature, to a solution of hydrazine 6-9 (2 mmol) in 
dry acetonitrile (15 ml). The mixture was refluxed for t h. After cooling, 
anhydrous potassium carbonate (0.5 g, 3.6 mmol) was added and the 
suspension was refluxed for further t’ h. The hot mixture was filtered 
and the solvent evaporated in vacua to give an oil, which, on cooling, 
solidified slowly and was recrystallized from the appropriate solvent 
(Table II). For each compound, t and t’ were: 19: 2 h, lh; 21: 0.75 h, 
3 h; 23: lh, 2h; 24: 1 h, 2 h; 32: 0.5 h, 2 h. 
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2-aryl-4H-I ,3,4-oxadiazin-5 (6H) -ones 14-18 
(50% in oil) (1.20 g, 25 mmol) was added in portions 

at OOC toa stirred solution of 14-18 (10 mmol) in dry DMF (40 ml). 
When gaseous hvdroaen evolution became verv slow. the reaction 

N-Alkylation of 
Sodium hvdride 

mixture was heated at 40°C until the hydrogen evolution ceased. 
Then the halogen derivative (25 mmol) was added dropwise to the 
suspension of the oxadiazinone sodium derivative. The mixture was 
stirred for 3 h at 4OoC. After filtration and removal of the solvent, 
the oily residue was chromatographed on silica gel using ethyl acetate- 
petroleum ether (19:l) as the eluent. 

Biochemistry 

Chemicals 
Radioactive substrates, 5-hydroxytryptamine-[side chain-2-14C]creati- 
nine sulfate (56 mCi/mmol) and B-uhenvlethvlamine-lethvl-l-14C1- 
hydrochloride ‘(60 mCijmmo1) were purchased from Amersham Labd- 
ratories, Amersham, England. Clorgyline hydrochloride was pur- 
chased from May and Baker, Dagenham, England. L-Deprenyl hydro- 
chloride was kindly provided by the ‘Centre de Recherche Delalande’. 
Rueil-Malmaison, France, Oxadiazinones to be tested were dissolved 
in dimethyl sulfoxide (DMSO) to 100 mM. The weaker inhibitors 
were diluted in DMSO-water (3:1, v/v). The more potent inhibitors 
were diluted in DMSO-water (3: 1, v/v). The more potent inhibitors 
were diluted in 4% aqueous DMSO, which caused no MAO inhibition. 
Clorgyline and L-deprenyl were dissolved in water. 

Mitochondrial preparation 
A crude mitochonhrial fraction was prepared according to the procedure 
of Eichberg et al. 1481 slightly modified. All operations were carried 
at 4OC. Male and female Sprague-Dawley rats (Iffa Credo, L’Arbresle, 
France), weighing 100-120 g were decapitated. The brains were 
removed rapidly and homogenized (15 :l, v/w) in medium A (0.32 M 
sucrose, 10 mM Tris, pH 7.4) with an Ultra-Turrax homogenizer. 
The homogenates were centrifuged at 1OOOxg twice for 5 min at 
4OC. The resulting supernatant was centrifuged at 20 OOOxg for 
20 min. The mitochondrial pellet was suspended (6 : 1, v/w) in medium B 
(0.32 M sucrose, 10 mM Tris-HCl, 8 % Ficoll, pH 7.4) and centrifuged 
at 20 000 xg for 20 min. The mitochondrial fraction was finally washed 
with medium A (4 :l, v/w) and centrifuged at 20 000 xg. The washed 
mitochondria were resuspended (4:1, v/w) in 100 mM potassium 
phosphate buffer, pH 7.4, fractionated and stored at -8OoC. Before 
use, mitochondria were diluted with phosphate buffer to 0.79 mg 
of protein/ml. 

MAO standard assays 
MAO activities were determined using a slight modification of Baker’s 
method [49]. The total volume mixture was 200 ~1. An aliquot of 
50 ~1 of mitochondrial suspension (0.79 mg of protein/ml), 90 pl 
of 100 mM phosphate buffer, pH 7.4 and 20 ,ul of solubilizing solution 
(control) or inhibitor solution were preincubated for 20 min at 37oC. 
The reaction was started by adding 40 ,ul of either 50 ,uM [14C] 5-HT 
(4.8 ,uCi/pmol) for MAO A assays or 25 ,aM [14C] PEA (26.6 &i/ 
pmol) for MAO B assays. The final concentrations were 10 PM 5-HT 
(m 0.1 Km (MAO A)) or 5 pM PEA (M K, (MAO B)). After incuba- 
tion at 37OC for 40 min (5-HT) or for 10 min (PEA), the reaction 
was stopped by adding 200 ~1 of cooled 2 N HCl. The metabolites 
were extracted by adding 1 ml of toluene-ethyl acetate (v/v), vortexing 
for 10 s and centrifugation at 5000 xg for 2 min. Aliquots of 500 pl 
were withdrawn from the organic phases and counted in toluene 
containing 0.4% (w/v) 2,5-diphenyloxazole (PPO) in a SL20 Inter- 
techniaue scintillation counter. The assavs were routinelv dunlicated. 
A blank (where the mitochondria were inactivated by-adding 2 N 
HCl before the substrate) and a control were run for each test series. 
The MAO activity was corrected from the blank. MAO activities 
used in the standard assays were 2.09 pmobmin-l*mg-l of protein 
for MAO A and 1.52 pmobmin-l*mg-l of protein for MAO B. 

Under these standard conditions, MAO A and B activities were 
linear with time and enzyme concentrations and there was no inter- 
ference between the two activities (see Results and Discussion). 

Protein determination 
Protein concentration of the mitochondrial preparation was deter- 
mined by the Biuret method as described by Layne [50] with bovine 
serum albumin as the standard. 

150 determination 
MAO activitv was measured under standard conditions in the absence 
or presence bf different inhibitor concentrations and expressed as ‘A 
of the control. 1.50 (MAO A) and ZSO (MAO B) values for each inhibitor 
were determined graphically from-the corresponding MAO inhibition 
curves. For each determination, at least 4-5 different inhibitor concen- 
trations were ranged in the linear part of the inhibition curve. 

Dialysis experiments 
1 ml of mitochondrial suspension (0.79 mg of protein/ml) was incubated 
at 37OCfor 20 min in the absence or presence of 10 pM 32 (concen- 
tration which inhibits 90% MAO B and 30% MAO A, Fig. 2). Mito- 
chondria were dialyzed for 24 h at 4OC against 1 1 of 100 mM phosphate 
buffer, nH 7.4. MAO A and B activities of the samnles were then 
measured under standard conditions (without preincubation) and 
expressed as ‘A of the respective control. 

Wash&w exveriments 
5 ml of mitochondrial suspension (0.79 mg of protein/ml) were incu- 
bated at 37OC for 20 min in the absence or presence of 10 pM 32 
(concentration which inhibits 90% MAO B and 30% MAO A). The 
mitochondria were then diluted in 50 ml of 100 mM nhosohate buffer, 
pH 7.4, and centrifuged at 20 000 xg for 20 min. Mitochondria were 
washed 3 times bv the same procedure, resuspended in 5 ml of the 
same phosphate buffer and tested for their MAO A and B activities 
under standard conditions (without nreincubation). MAO A and B 
activities were expressed as % of the respective control. 

Dilution experiments 
10 ml of mitochondrial suspension (0.79 mg of protein/ml) were 
concentrated by centrifugation at 20 000 xg for 20 min (concentration 
factor = 100) and incubated at 37oC for 20 min in the absence or 
presence of 32 at 1 ,uM (concentration which inhibits 56% MAO B) 
or 300 PM (concentration which inhibits 50X MAO A). An aliouot 
of 10 ,ul was then withdrawn and added to a mixture containing 79b ~1 
of 100 mM phosphate buffer, pH 7.4, and 200 ~1 of [14C] 5-HT or 
[14C] PEA at the standard concentration to give a total final volume 
of 1 ml. The reaction was stopped by adding 1 ml of 2 N HCl and 
metabolites were extracted with 5 ml of toluene-ethyl acetate (v/v). 
MAO A and B activities were then determined as under standard 
conditions and expressed as ‘A of the respective control. 

Time-courses of MAO inhibition by 32 
MAO A and B activities of the mitochondrial suspension (0.79 mg 
of nroteiniml) were measured under standard conditions in the absence 
or presence of 10 ,uM 32 (concentration which inhibits 90% MAO B 
and 30% MAO A) for various periods of preincubation (0, 1, 2, 3, 
4, 5, 6, 10, 15, 20, 25 and 30 min). MAO activities were expressed 
as ‘A of the controls. 
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