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8-Phenylpropylguanine (I1) wax prepared in the same manner
as TV yield 54€7 of produet that moved ax a single spot on tle in
chloroforme-ethanol (5:3).  For analvsis a sample was dissolved
.o N NHOH and reprecipitated with glacial weetie acid:
mp >250°0 Apay (pH 1Y 253, 283 mu: (pH BV 278 mig.

Anal. Caled for CullaNO: 0 6240 I 5610 N, 26.0,
Found: €, 62.2; I, 5.75; N, 26.0.

8-Phenylguanine (I1) was preparved by the literature method»

and G, H Hitehings, S0 Ym, Chom, Soce., T8,

(1) Go Bl Elion, E Buarg
A235 C1uAL).
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by trentment of  S-henzamido-2,6-diamino-d-pyrimidinol with
POCL. The compound has Ao opll 20 2880 2680 305 mig:
cpll 120 2850312 mg, in agreement with those repoted. ™ Ring
clostre with poly phosphorvie acid at 15007 for 1.0 b was aomaore
consistent method than POCL and gave w 607, vield of pure
materinl. The polyphosphorie aeid was nov sncces<ful for prepa-
ratton of T and T

b SO0 Choe B Climopoross and 1 Terezian, S Org. Chon, 30, 1016
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Experimentally Induced Phenylketonuria. 1.

Inhibitors of Phenylalanine Hydroxylase

Josera [. DEGraw, Micaaen Cory, W. AL SKINNER. My~na O Torisex, axo CrHozo Miroaa

Depariments of Pharmacentical Chenistry and Biochemsiry, Stanford Researvch Institute, Menlo Park, California
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The action on phenvlalanine hydroxylase of a =eries of o-dihyvdroxy aromutic compounds and =ome substituted

phenylalanine derivatives was studied.

Chemical syntheses are veported for 3,4-difluoro-, 3-chloro-4-finoro-,

3-bromo-4-fluoro-, 4-fluoro-e-methyl-, and 4-methyl-a-methviphenvlalanine. The results of mhibition studies of

phenylalanine hydroxylase confirm that 4-fluorophenylalanine is a good inhibitor.
larger than fluorine at the 4 porition reduces the inhibition.
be either without significant effect or detrimental to activity.

Introduction of a group
Substitution about the amino acid moiety seemx 1o
Several o-dihydroxy compounds were inhibitors,

but esculetin (8,7-dihydroxyeoumarin) was the strongest inhibitor found.

Phenylketonuria (PIXU) is a heritable metabolic dis-
order characterized by high plasma phenylalanine
(PA), urinary excretion of phenyl ketones, und mental
deficiency. The basic metabolic aberration lies in the
inability of the diseased individual to oxidize PA to
tyrosine. PA hydroxylase is known to be inhibited by
a 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 PA
hydroxylase would be desirable in studying experi-
mental PKU. The disease state produced by such u
compound not only would resemble PKT in its etiology,
but would also be free of complications arising from the
presently employed high PA dietx.

Two structurally unrelated compounds, <4-fluoro-
phenylalanine? and esculetin (6,7-dihydroxycoumarin)?
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 ns o
starting point for our work. The 6- and 7-methoxy de-
rivatives and dihydroesculetin  were examined. In
addition some other o-dihydroxy aromatic compounds
were evaluated. A second broad class of potential in-
hibitors was comprised of substituted PA compounds.
Various substituents were placed on the aromatic ring
and some compounds were prepared with alterations
about the amino acid portion of the PA molecule.

Enzyme Inhibition Studies.—Phenylalanine hydroxyl-
ase was prepared from rat liver by the method of
IKaufman.t Purification was carvied out up to step 2
of this method. The incubation mixture consisted of
100 pwmoles of sodium phosphate buffer, pH 7.4, 20
umoles of reduced nicotinamide-adenine dinucleotide,
10 gmoles of nicotinamide, approximately 10 mg of

(1) 8. Udenfriend and J. R. Cooper, .J. Biol. Chem., 194, 503 (1952).

(2) 1. 1. Watt aund J. P. Vandervoorde, Federation FProc., 23, 146 (1964,
(33 2. B. Ross and O. Haljasmaa, Life Sei., 8, 579 (19641,

(1) <. Kaufman, Methods Enzymol., B, 809 (1962),

cnzyme protein, 1.0 gmole of phenyvlalanine, and appro-
priate amounts of the test compound in a final volume of
2ml. Incubation wax carried out for 20 min at 37° in
air. Tyrosine was assayed by the method of Uden-
friend and Cooper.”

Biological Results and Discussion

The compounds tested as inhibitors of PA hydroxy-
lase are listed in a decreasing ovder of potency in Table
I, In general. o-dihydroxy-type compounds were po-
tent inhibitors in agreement with the findings of Burk-
ard, et @l and Ross and Haljasmaa.?  As was pointed
out by I‘uller” in his inhibition studies on tryptophan
hvdroxyla=e, which may be identical with PA hydroxyl-
ase. the inhibitory property of esculetin depended on
the o-dihydroxy structure. It was inferred? that metal
chelation by the o-dihydroxy moiety wus responsible for
the inhibition.  In our studies 6-methyl-, 6-glucosyl-,
and 7-methylesculetin showed considerably weaker in-
hibitory activity than esculetin,  Also. the 3,4 double
bond of the coumarin nucleus of esculetin s apparently
required as evidenced by the greatly reduced poteney of
34-dihvdroeseuletin as an inhibitor,

Udenfriend. et afl..” showed that 3,4-dihydroxyphenyl-
a-propylacctamide inhibited tyrosine hydroxylase by
competing with the cofactor, tetrahydropteridines,
Since PA hydroxyiase activity also is dependent on re-
duced pteridines.”™ the mechanism by which esculetin
inhibits PA hydroxylase may be similar.

(5 =, Udenfriend and J. R. Cooper, JJ, Biol. Chem., 196, 227 (1952).
6y W, P, Burkard, K, I, Gey, and A, Pletsclier, Life Sei., 8, 27 (
(T ROWL Fuller, ihid,, 4, 1 (1965).

(8 1. Renson., H. Weisshuch., and 3. Udenfriend, Biochem. Biophys. fis.

Commun., 6, 20 (14627,

91 2. Udenfriend, P. Zaltzman-Nirenherg, and 1.

Pharmaeol., 14, 837 (14535,
i10) 8. Waufman, “Oxygenases,” O, Hayvaishi, Fd., Academic Press Toe,,

New York, NoY, 19682, p 129,
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TaBLE I
InuiBrrioNy oF Rar Liver PHENYLALANINE HYDROXYLASE
Ratio of
substrate:inhibitor
to give ca.
Compd?® 50% inhib

Esculetin 200:1

.-DOPA 15:

4-Fluoro-PA 10:

2,3-Dihydroxynaphthalene 10:

1,2-Dihydroxyanthraquinone 10:

Nordihydroguaiaretic acid 10:

Esculetin 7-methy] ether

o ~1

Esculin

Esculetin 6-methyl ether

3,4-Difluoro-PA

4-Fluoro-e-methyl-PA

3-Chloro-4-fluoro-PA 1.

3,4-Dihydroesculetin

pL-a-Methyl-DOPA

3,4-Dihydroxycinnamic acid

3-Bromo-4-fluoro-PA

4-Chloro-PA

2 The following compounds showed less than 509 inhibition

at a ratio of 1:1: 2-bromo-, 2-fluoro-, 3-fluoro-, 3-chlero-, 3-
bromo-, a-methyl-; 4-methyl-a-methyl-, and 4-nitrophenylalan-
ine, o-propylphenylacetamide, 4-fluorophenylacetic acid, 4-
fluorophenylpropionic acid, 4-methyl-, 4-fluoro-, and 4-hydroxy-
ginnamic acid, g-thienylalanine, mimosine, and 2,3-dihydroxy-
cuinoxaline.

[(I VI NS RRVe)
e T = T e e

o = Tt

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 -phenylpropionic
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 ac-
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 «-
methyltyrosine analogs were I > Br > C1> H > F.

In attempting to design a potential ¢n vévo 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 oe 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 vitre 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 II.

Substituted 5-Benzyl-5-methylhydantoins.—p-Tolylacetone, bp
80-81.5° (2.7 mm), lit.1* bp 92-94° (3 mm), and p-flucrophenyl-
acetone, bp 54-57° (0.5 mm), lit.15 bp 120-130° (30 mm), were
prepared according to the procedure of Cason and Prout.’® 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.,’" to afford the hydantoin.

«=Methylphenylalanines.—A solution of 0.01 mole of the hy-
dantoin and 0.10 mole of Ba(OH),-8H.0 in 75 ml of water was
stirred at reflux for 72 hr, chilled to 0°, and treated with COs..
The BaCO; was filtered and the aqueous =olution was evaporated
in vacuo to near dryness. The solution was acidified to pH 1
with concentrated HCl and chilled. The resulting products were
collected and recrystallized.

3-Chloro-4-fluorotoluene.—To a hot solution of 10.6 g (43.4
mmoles) of CuS0,-5H,0 in 35 ml of hot water was added 3.5 g
(60.3 mmoles) 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 eold water
and dissolved in 13.1 ml of concentrated HC1. To this was added
an ice-cold solution of the diazonium salt from 4.9 g (39.1 mmoles)
of 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 59, NaOH, three 30-ml portions of water,
dried over MgSO,, and evaporated in vacuo. Distillation of the
residue yielded 2.39 g (439, ) of a colorless liquid, bp 85° (54 mm).

Anal. Caled for C;H.CIF: C, 58.2; H, 4.18; CI, 24.6.
Found: C, 58.3; H, 4.36; Cl, 24.7.

Substituted Benzyl Bromides.—A mixture of 0.01 mole of the
toluene, 0.01 mole of N-bromosuccinimide, 0.001 mole of benzoyl
peroxide, and 30 ml of CCl; was stirred under 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 petroleum 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 mole of the benzyl
bromide in 10 mi of ethanol was added to a solution of 0.01 g-
atom of sodium and 0.01 mole of diethyl acetamidomalonate 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 HCl and 5 ml of HOAc for 16
hr. The hot solution was filtered, adjusted to pH 6, and chilled.
The resulting product was collected and recrystallized. Com-

(12) B. K. Koe and A. Weissman, Federation Proc., 26, 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, Yukt Gosei Kagaku Kyokat Shi, T77 (1959); Chem. Abstr.,
54, 49925 (1960).

(16) J. Cason and F. 8. Prout, “Organic Syntheses,"” Coll. Vol. III, John
Wiley 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., 35, 1920 (1960).

(18) J. H. Burckhalter and V. C. Stephens, J. Am. Chem. Soc., 18, 56
(1951).
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CH({
(A PR || CH“#LV—L:U 0 222-293 607 1IOH CrlTa N4 660 G712y 658 GBUIN 12T
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CH;
CHy ~F=0
2 1 i I N 12 212-213 4 GO FTOTE CaThnFENGO. St aw 12 3.0 a0 125
s
o
3 e B CILBr 57 HO-61 (3.5) 5
4 i 1l CH:Br 73 63-65 (0.55 h
3 1 Br  CH:br 50 130 (0.5) i Bri N Oy 36,00 2. 34,20 B0 34
[§ 1§ Br  CHC(NHA(COOLEY: 66 U749 1tOn CisHuBrNOs 14.8 5 3,613 3 3
T 10 i CH2C(NHAe)(COOEL): 41 145-146 EtOH Ci1oFeNOs 56.0 H 1.08 H.67 133
b I 'l CH2C(NHAe)(COOEL): 38 128 LtOH CieHyCIEN O, 53.4 5.8 390 _34 .04
4 I Br CHONHA)(COOET): 30 118-1 1(4 5 FtOH CufLaBrirN Oy 475 LT 34T AT 45t
10 s H CH.C(CH3) (NH: 1) COO T 41 A00 BEuOIT CnlsNOs HOT ST 702 610 16 .22
11 I H CH2CiCH) (N H) COOTL 43 Water ool NO- 60,9 0614 .20 720
12 5! Br CHCH(NHaCOOH 61 226-228 500 B0l CuHgBeNO SR T i 5,64
13 ¢ I CHCH(NHz *CI ) COOTI 7Y 211-212 CaHelPaNO:- HCL 455 b2y Bl 5 RS
14 I 1 CHCH(NH;-CL-y (OO H 85 202-204 .5 CaHueCIFNO: I 42,5 B.G7 12 5 oB0
15 I Br CH.CHINH)COOH 42 164.5-165 5 Water CullyBr N O 1ty 2 3 s 47 Fapul]

“ Prepared from 3,4-difluorotoluene:
used immediately in the next veaction.  ~ Bromine analysis.
pounds 13 and 14 were obtained ax the hydrochlorvide directly
from the chilled acid =olutions and did not require recrystalliza-
tion,

3,4-Dihydro-6,7-dihydroxycoumarin (3,4-Dihydroesculetin .-
To a suspension of 100 mg of PO, in 10 ml of absolute ethanol wax
added 691 mg (3.98 mmoles) of esculetin.  The mixture wax
hydrogenated at room temperature \”°, and atmospheric pres-
sure, taking up 1 equiv of hyvdrogen in 4 hr.  The catalyst wasx
filtered off and the filtrate was evaporated /n racuo to drvness,

Pyrazine Diuretics.

1J. Robertson, J. Org. Chem.,

24,2051 (19595, " Compounds were found to be unstable and were

tecrystallization of the residue from ethanol vielded 353 mg
BOC ) of white ervstals, mp 204-206°. A second crop of 140 mg

(
{2007 was obtained from the mother liquors: mp 200-203°:
)\}-rUH 5}

EOU 09 m (e 12,0000, 257 (3300), 300 (5300), 350 (9700,
Anal. Caled for CyHQOp0 ¢ 6000 H, 448, Found:
5080 H, 4.49,
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The synthesis of a series of N-amidino-3-

amino-d-substituted 6-halopyrazinecarboxamides is described.

In

rats and dogs, these compounds cause diuresis and saluresis while potassium excretion is unaffected or repressed.

Compounds with a variety of 5 substituents inceluding
substituted amino were prepared.
routes for the synthesix of methyl 3

The unique effect of the N-amidino-3-amino-6-halo-
pyrazinecarboxamides! on renal electrolyte 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-3-
amino-6-halopyrazinecarboxamides (II) bearing var-
ious substituents at the 5 position and on one nitrogen
of the amidino group.

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

(1) Paper I in this series: J. B. Bicking, J. W. Mason, O. W, Woltersdorf,

Jr., J. H. Jones, 8. ¥'. Kwong, C. M. Robh, and F. J. Cragoe, Jr., .J. Med.
Chem., 8, 638 (1965).

The latter two typex embrace compounds with the highest activity.
-amino-5,6-dichloropyrazinoate, a kev intermediate, are presented.

hydroxy, alkoxy, mercapto, alkylmercapto, amino, and
Severul

-_—\r J\-‘COOCH (HNIC=NH
Y
-_—[ E(IONHC(‘*NH)NRJR'
NH.

ester (1) with a guanidine.  The reaction wus usually
carried out by heating the ester with a methanolic solu-
tion of the guanidine. Satisfactory results were
achieved with guanidine itse H' and a variety of esters in-



