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8-Phenylpropylguanine (1) wax prepared in ihe sanie nanner
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Experimentally Induced Phenylketonuria. 1.

Inhibitors of Phenylalanine Hydroxylase
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The action an phenvlalanive hydroxyhise of o seriex of o-dihydroxy avanutic eompamds and <awe sahstitnted

phenylalanine derivatives was studied.

Chemical syutheses are reparted Tar 3,4-diflnorn-, 3-chlovo-4-fiuaro-,

A-bromo-4-fluore-, 4-fluora-e-methyl-) and 4-methyl-a-methviphenvialanine. The rexalt= of inhibition stndies of

phenylalanine hydroxyluse confirm that 4-fluorophenyialanine i< a goad tnhibitar,
Lirger than fluorine at the 4 position rednees the inhibition.
be either without significant effect or detrimeutal to nctivity.

Intradnerion of a gronp
sithstitution aboat the aminao acid moiety seems 1o
Several o-dihvdroxy campoands were inhibitors,

but esculetin (6,7-dihydroxyeoumarin) was the strangest inhihitor fonud.

Phenylketonuria (PIKU) is a heritable metabolic dis-
order characterized by high plasma phenylalanie
(IPA), urinary excretion of phenyl ketones, und mental
deficiency.  The basic metabolic aberration lies m the
imability of the diseased individual to oxidize PA to
tyrosine. PA hydroxylase is known to be inhibited by
@ high concentration of PA| its own substrate,! thus the
diseased state may be induced by a PA-enriched diet.
A compound that can act as a specific inhibitor of P\
hydroxylase would be desirable i studyimig expert-
mental PKU. The disease state produced by such a
compouud not only would resemble PKU 1u its etiology,
but would also be free of complications arising from the
presently employed high PA diets.

Two structurally unrelated compounds, 4-fluoro-
pheuylalanine? and esculetin (6,7-dihydroxycoumarm)?
are known to be reversible inhibitors of PA hydroxylase.
The latter, by our observations, was about 20 times as
potent as the former in this regard and was chosen as o
starting point for our work. The 6- and 7-methoxy de-
rivatives and  dihydroesculetin were exammed. In
addition some other o-dihydroxy aroniatic compounds
were evaluated. A second broad class of potential m-
hibitors was comprised of substituted A compounuds.
Various substituents were placed on the aromatic ring
aid some compounds were prepared with alterations
about the amino acld portion of the PA molecule.

Enzyme Inhibition Studies.-Phenylalanine hydroxy{-
ase was prepared from rat liver by the method of
INaufman.t  Purification was carvied out up to step 2
of this method. The incubation mixture counsisted of
100 unioles of sodium phosphate buffer, pH 7.4, 20
pimoles of reduced nicotinamide-adenine dinucleotide,
10 pmoles of nicotinamide, approximately 10 mg of

(1) 3. Udenfriend and JJ. R. Cooper, ./. Biol. Clem., 194, 503 (1952).

2y 1.1 Watt and J. P. Vandervoorde, Federation Prec., 28, 146G (10645,
o2 B Ross amd O, Haljasmaa, Life Sed., 8, 579 (149641,

(1) 2. Koofaran, Methods Frzymnl,, B, 800 (1962,

enzynie protem, 1.0 gmole of phenylafanine, aud appro-
priate anounts of the test compound in a final volume of
2 ml  Incubation was carried out for 20 min at 47° in
alr. Tyrosine was assayed by the method of Uden-
Imend and Cooper.”

Biological Results and Discussion

The compounds tested as mlitbitors of PA hydroxy-
lase are listed in a decreasing order of potency in Table
I, In general, o-dihydroxy-type compounds were po-
tent whibitors in agreement with the findings of Burk-
avd, ¢f al.) and Ross and Haljasmaa.®  As was pointed
out by Iruller” i his inhibition studies on tryptophau
hvdroxylase, whiclh may be identical with PA hydroxyl-
ase.N the mhibitory property of esculetin depended an
the ¢-dihydroxy strueture. It was mferred” that metal
chielation by the s-dihydroxy moiety was responsible for
the inliibition.  In our studies 6-methyl-, G-glucosyl-,
and 7-methylesculetin showed considerably wealer in-
hibitory activity than esculetin, Also. the 3,4 dauhle
bowd of the coumarin micleus of esculetin = apparently
required as evidenced by the greatly reduced potency of
J3A4-dihydroesculetin as an inhibitor.

Udenfriend. ef ¢f..” showed that 3.4-dihydroxyplienyl-
e-propylacetamide inhibited tyrosine hydroxylase hy
competing  with the cofactor. tetrahydropteridines,
Siee PA hydroxylase activity also is dependent on re-
duced pteridines,™ the mechanism by which csculetin
nhibits PA hydroxylase may be similar,
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InHBITION 0F RAT LIVER PHENYLALANINE HYDROXYLASE
Rutio of
sibstrate:inhibilnr
to give ca.
Compd?® 50% inhib
Esculetin 200:1
.-DOPA 15:
4-Fluoro-PA 10:
2,3-Dihydroxynaphthaleue 10:
1,2-Dihvdroxyanthraquinone 10:
Nordihydroguaiaretic acid 10:
Esculetin 7-methyl ether 7:

oo

Esenlin
Esculetin 6-methyl ether
3,4-Difluaro-PA
4-Flhioro-a-methyl-PA
3-Chloro-4-fluoro-PA 1.
3,4-Dihydroesculetin
pL-a-Methyl-DOPA
3,4-Dihydroxyeinnamic acid
3-Bromo-4-fluoro-PA
4-Chloro-PA :
@ The following compounds showed less than 509 inhibition
at a ratio of 1:1: 2-bromo-, 2-fluora-, 3-flioro-, 3-chlero-, 3-
broma-, e-methyl-, 4-methyl-a-methyl-, and 4-nitrophenylalan-
ine, a-propylphenylacetamide, 4-fluorophenylacetic acid, 4-
fluorophenylpropionic acid, 4-methyl-, 4-fluoro-, and 4-hydroxy-
ginnamic acid, g-thienylalanine, mimosine, and 2,3-dihydroxy-
¢iinoxaline.
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Among the non-o-dihydroxy compounds tested, 4-
fluorophenylalanine was the most potent inhibitor. 4-
Fluorophenylalanine was reported to act as a substrate
for PA hydroxylase!® and to inhibit the hydroxylation
of phenylalanine competitively.? Our studies showed
that a-methyl derivatives of DOPA and 4-fluorophenyl-
alanine were considerably less active as inhibitors than
their respective parent compounds. Furthermore, 4-
fluorocinnamie, -phenylacetic, and -phenylpropionie
acids showed essentially no inhibitory activity against
PA hydroxylase. Indications are that disturbance of
the amino acid side chain reduces the inhibition. In-
vestigation of 3-substituted phenylalanine derivatives
in the hope of obtaining an inhibitor based on
hindrance of the 4 position were not fruitful. Substitu-
tion of fluorine, chlorine, or bromine in the 3 position
of 4-fluorophenylalanine lowered the inhibitory ae-
tivity progressively in the order listed. Phenylalanine
derivatives without substituents in the 4 position were
poor inhibitors as were derivatives substituted in the 4
position with groups other than fluorine, e.g., chloro,
bromo, nitro, or methyl.

These findings on the properties of PA hydroxylase
inhibitors are in sharp contrast to those of tyrosine
hydroxylase inhibitors.>!! Among the latter, the di-
halogenated tyrosines were more potent inhibitors than
monohalogenated tyrosines and a-methyl-halogenated
tyrosines were more potent than the nonmethyl analogs.
Finally, the relative activities of the 3-substituted o-
methyltyrosine analogs wereI > Br > Cl > H > F.

In attempting to design a potential ¢n vivo inhibitor of
an enzyme such as in the present study, one factor
which must be reckoned with is the possibility that a
candidate compound may be relatively inactive in an
in vitro assay system but may be transformed into a
potent inhibitor in an intact animal. The reverse could

(11) M. Goldstein and Z. Weiss, Life Sci.. 4, 261 (1965).
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also happen. For example, 4-chlorophenylalanine was
found to be a poor inhibitor of phenylalanine hy-
droxylase in vitro. However, in confirmation of the
findings of Ioe and Weissman,'? the hydroxylase ac-
tivity of a rat was found to be extensively inhibited 3
days after a single injection of the compound. The
mechanism for this phenomenon is not understood.
Esculin  (6-glucosylesculetin), although considerably
less potent than esculetin in an #n vitro system, was
found to be as active an inhibitor as esculetin when in-
jected into rats.!* The findings on intact animal
studies will be a subject of another communication.

Experimental Section

The physical properties of the compounds are listed in Table IT.

Substituted 5-Benzyl-5-methylhydantoins.—p-Tolylacetone, bp
80-81.5° (2.7 mm), lit."* bp 92-94° (3 mm), and p-fluorophenyl-
acetone, bp 54-57° (0.5 mm), lit.™ bp 120-130° (30 mm), were
prepared accaording to the procedure of Cason and Prout.lé The
appropriate ketone was allowed to react with (NH,),CO; and
NaCN in 609% ethanol at 60° according to the procedure of
(ioodson, et al.,\" ta afford the hydantoin.

a-Methylphenylalanines.—A solution of 0.01 mole of the hy-
dantoiu and 0.10 male of Ba(OH ). -8H.0 in 75 ml of water was
stirred at reflux for 72 hr, chilled to 0°, and treated with CO..
The BaCO; was filtered and the aqueous salution was evaporated
in vacuo to near dryness. The solution was acidified to pH 1
with concentrated HCI and chilled. The resnlting products were
collected and recrystallized.

3-Chloro-4-fluorotoluene.—To a hot solution of 10.6 g (43.4
nimoles) of CuS0,-5H,0 in 35 ml of hot water was added 3.5 g
(60.3 mmoales) of NaCl and 3.1 g (24.8 mmoles) of Na,S0; in
25 ml of warm water. After chilling, the supernatant was de-
canted and the white solid was washed with 25 ml of cold water
and dissolved i1 13.1 ml of cancentrated HCl. Ta this was added
an ice-cold solution of the diazoninm salt from 4.9 g (39.1 mmoles)
af 2-fluoro-3-methylaniline in 75 ml of 3 .V HCI and 2.8 g (41.3
mmoles) of NaNO. in 25 ml of water. The mixture was steam
distilled and the distillate was extracted with three 50-ml por-
tions of ether. The combined ether extracts were washed with
three 30-ml portions of 55, NaOH, three 30-ml portions of water,
dried over MgRQy, and evaporated in vacuo. Distillation of the
residue yvielded 2.39 g (43%) of a colorless liquid, bp 85° (54 mm).

Anal. Caled for C:H(CIF: C, 58.2; H, 4.18; Cl, 24.6.
Found: C, 538.3; H, 4.36; Cl, 24.7.

Substituted Benzyl Bromides.—A mixture of 0.01 mole of the
toluene, 0.01 mole of N-bromosueccinimide, 0.001 mole of benzoyl
peroxide, and 30 ml of CCl; was stirred 1nder reflux for 16 hr
in the presence of a flood lamp. Succinimide was removed by
filtration, and the solvent was evaporated in vacuo. The re-
sidual oils were extracted into petrolenm ether (bp 60-120°)
and the petroleum ether was evaporated in vacuo. The crude
oil was distilled in vacuo.

Substituted Benzylacetamidomalonates.—Following the general
procedure of Burckhalter and Stephens' 0.01 male of the benzyl
bromide in 10 ml of ethanol was added to a solution of 0.01 g-
atom of sodium and 0.01 mole of diethyl acetamidomalouate in
60 ml of ethanol. The resulting solution was heated at reflux
for 3 hr. The hot mixture was filtered and chilled to afford the
product which was collected and recrystallized.

Phenylalanines.—One gram of the acetamidomalonate was
boiled with 15 ml of concentrated HCI and 5 ml of HOAc for 16
hr. The hot solution was filtered, adjnsted to pH 6, and chilled.
The resulting product was collected and recrystallized. Com-

(12) B. K. Koe and A. Weissman, Federation Proc., 36, 452 (1966).

(13) M. C. Theisen and C. Mitoma, unpublished observation.

(14) T. I. Temnikova and V. I. Veksler, Zh, Obshch, Khim., 19, 1318
(1949).

(15) T. Ando, Yuki Gosei Kagaku Kyokat Shi, 777 (1959): Chem. Absir.,
54, 49925 (1960).

(16) J. Cason and F. 3. Prout, “Organic Syntheses,"’ Coll. Vol. III, John
Wilev and Sons, Ine., New York, N. Y., 1955, p 601.

(17) L. H. Goodson, I. L. Honegberg, J. J. Lehman, and W. H. Burton,
J. Org. Chem., 28, 1920 (1960).

(18) J. H. Burckhalter and V. C. Stephens, J. Am. Chem. Soc., 78, 56
(1951).
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« Preparved from 3,4-dithiorotaluene:
nsed immediately in the next veacGon. < Brawbie amalysis.
ponnds 13 and 14 were obtaiued ax the hydrochloride directly
from (he chilled acid salations and did nat regnive recrystalliza-
o,

3,4-Dihydro-6,7-dihydroxycoumarin (3,4-Dihydroesculetin .-
Taasnspension of 100 mg of PtOs i1 10 ml of absolute ethunol wax
added 691 mg (3.98 mmalex) of exculetin,  The mixiure was
hydragenated at raown temperatare (22°} and atmaspheric pres-
sure, mkin«r up 1 eqaiv of hydrogen in 4 hr.  The cataly=t wax
filtered off and the filirate wax evaparated /n racio ta (11\119~~

Pyrazine Diuretics.

D). Rabertsan, J. Org. Chie.,

24,2051 1 1954).

b Conpounds were fornd 1o be anstable and were

Reervsiallization of the residue Irom ethanal vielded 333 mg
(G077 ) of white crvs(als, mp 204-2006°. A secand erap of 140 my
20€, 3 was abtained from the mather liquars:  mp 200-20:4°;

N-Amidino-3-amino=-3-substituted 6-Halopyrazinecarboxamides

Tiowarp J. Cracor, Jr., Orro W. WoLTERSDORF, Ju., Joux B, Bierinag, Sara I

Mrevel Shp & Dohie Rescarch Lnbarvalaries, Division of Moeele & Co., Tur,,

ASEAS mg (e 12,0000, 237 (33007, 300 (3300), 350 (9700).
Anal. Caled for CyHO G G000 H, 448 Foand:
3950 H, 4.49,
Acknowledgment.—This work was supported hy
Public Health Serviee Grant S 501-1"R-5322-03
I1.
Kwoxag, axp Jamus H. Jones

West Paint, Pennsylranin

Recrived Jiudy 15, 14966

The synthesis of a serles of N-amidino-3-

aninae-o-substitnted 6-halopyrazineearhoxanides is described.

In

rats und dags, these compaunds caase dilresis and sabiresis while potassinun exeretion is nnaffected or repressed.
Compounds with a variety of 5 snhstitnents ineluding hydroxy, slkaxy, mercaptn, alkylmercapto, amino, and

<ubstituted amino were prepared. The latter twa typex emhrace componnds wich the highest activity.
rontes for the synthesix of methyl 3-amino-5,6-dichlavapyrazinnate,

The unique effect of the N-amidino-3-amino-6-halo-
pyrazinecarboxamides' on renal clectrolyte exeretion
prompted a thorough structure~activity study of this
series and its congeners. It iz the purpose of this
paper to report the investigation of N-amidino-i-
amino-6-halopyrazinecarboxamides (II) bearing var-
lous substituents at the 5 position aud on oue nitrogen
of the amidino group.

Chemistry.—In general, the target compounds (1)
were prepared by the interaction of the appropriate

(1) Paperlinthisseries: J, 3. Bicking, J. W. Muaspo, O. W, Waltersdorf,

Jr.. J. M. Jones, 8. 1. Wwnng, C. M. Robb, and . J. Cragoe, Jr., .J. 1Dl
Chem., 8, 638 (1065).

Neverid
a kev lntermediate, ure presented.

-_—\r J\-‘COOCH (HNIC=NH
Y
'_—\r I’CONHC(—NH)NRJR“
N N

ester (1) with o guanidine.  The reaction was usually

carried out by heating the ester with a methanolic solu-
tiou of the guanidine. Satisfactory results  were
achieved with guanidine itself and a variety of esters in-



