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Experimental Section*

The physical properties, vields, and analyses are listed in
Table I.

2-Carboxy-6,8-dichloro-y-chromone (I).—A mixture of 11.8 g
(0.080 mole) of ethyl oxalate and 15.0 g (0.075 mole) of 3,5-
dichloro-2-hydroxyacetophenone® i1 200 ml of aunhydrous Et.O
was added, over a period of 30 min, to a vigorously stirred
sispension of NaOEt (13.6 g, 0.2 mole) in 100 ml of anhydrous
Et;0. The mixture was kept at 20-25° for 0.5 hr, heated under
reflux for 2 hr, cooled, and filtered. The sodium salt was sus-
peuided in 360 ml of a mixture of AcOH-concentrated HCI
(5:1) aud heated under reflux for 2 hr. The reaction mixture
was cooled and the insoluble solid was collected. Recrystalliza-
tion from AcOH gave 10.5 g (369) of white needles.

Esters. General Method.—Concentrated H,SO4 (2 ml) was
added slowly to a suspension of I (2 g) in 20 ml of the appropriate
alcohol. The mixture was refluxed for 4 hr. The ester, which
precipitated on cooling, was collected and washed (NaHCO;,
FLO).

6,8- Dichloro-v-chromone-2-carbonyl Chloride (VII).——Tle
acid I was suspended in a mixture of 5 g of SOCl; and 6.0 ml of
1,2-dichloroethane and heated with occasional shakiung under
reflux for 7-8 hr. The hot mixture was filtered and the residue was
extracted twice with hot petroleum ether (60-80°). The filtrate
and the ethereal extracts were pooled and evaporated in vacuo.
The residue was recrystallized from petroleum ether; yield 240
mg (69,) of pale yellow prisms.

2-(N,N-Diethylcarbonamide )-6,8-dichloro-v-chromone (VI).—
Diethylamine (0.5 ml, excess) was added to a cold suspension
of 140 mg of VII in 3 ml of anhydrous C¢He. The mixture was
kept at room temperature for 30 min and then refluxed for 30
min. The solvent was removed, and the residue was treated
with H.0, filtered, and washed (H:0). The solid, recrystallized
from EtOH, gave 100 mg (64%,) of white needles.
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Where analyses are indicated only by symbois of the elements, analytical
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values.

(5) A. B.Sen and P. M. Bhargara, J. Indian Chem. Soc., 26, 366 (1949).

Experimentally Induced Phenylketonuria. IIIL

Inhibitors of Phenylalanine Hydroxylase
Related to Esculetin

Joserd I. DEGraw, MicuaeL Cory, W. A. SKINNER,
Myw~a C. THEISEN, aND CHOzO MiToMa

Life Sciences Research, Stanford Research Institute,
Menlo Park, California 94025

Received November 17, 1967

In the first paper of this series! we reported some
observations coneerning the in vitro inhibitory action of
several o-dihydroxy compounds and various simiple
phenylalanine derivatives on the enzyme, phenylalanine
hydroxylase. Esculetin (6,7-dihydroxycoumarin) and
4-fluorophenylalanine were found to be the most ef-
fective inhibitors, confirming the work of other
investigators.?? Phenylalanine-derived  alkylating
agents, designed to be irreversible inhibitors, were
further explored without success as reported in a second

(1) J.I. DeGraw, M. Cory, W. A. Skinner, M. C. Tlheisen, and C, Mitoma,
J. Med. Chem.. 10, 6% (1967).

(2) 8. B. Ross and O. Haljasmaa, Life Sci.. 8, 579 (1964).
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commuunication. The subject of this paper is a further
investigation, both ¢ vitro and in vivo, of hydroxylated
coumarin compounds related to esculetin.

We began our structure—activity investigation by
preparing various 3- and 4-substituted 6,7-dihydroxy-
coumarins. We found that, in vitro, the 4-methyl, 4-
n-butyl, and 4-phenyl analogs were more potent in-
hibitors of phenylalanine hydroxylase than esculetin.
The 4-ethyl-, n-propyl-, and isopropyl-substituted com-
pounds were about as active as esculetin, while the
activity was considerably diminished for the 3-methyl
and 3,4-dimethyl analogs (Table I).

TapLe I

In Vitro InH1BITION OF RAT LIVER
PHENYLALANINE HYDROXYLASE®

Ratio of

substrate:

Substituted coumarin ¢ inliib inhibitor
6,7-Dihydroxy- (esculetin) ! 100:1
Esculin 16 1:1
4-Methyl-6,7-dihydroxy- 77 200:1
34 1000:1
4-Ethyl-6,7-dihydroxy- D 100:1
4-n-Propyl-6,7-dthydroxy- 38 100:1
4-Isopropyl-6,7-dihydroxy- 53 100:1
4-n-Butyl-6,7-dihydroxy- 64 200:1
4-Phenyl-6,7-dihydroxy- 54 200:1
3-Methyl-6,7-dihydroxy- 41 5H0:1
3,4-Dimethyl-6,7-dihydroxy- 14 50:1
5,6-Dihydroxy- 52 10:1
7,8-Dihydroxy-4-methyl- 44 10:1
6,7,8-Trihydroxy-4-methyl- 39 100:1
5,6,7-Trthydroxy- 50 Al
5-Hydroxy-4-methyl- 16 1:1

2 See ref 1 for biological procedures.

We also investigated the effects of varying the posi-
tion and number of hydroxyl groups while retaining
either hydrogen or methyl at the 4 position. Both 5,6-
dihydroxycoumarin and 7,8-dihydroxy-4-methyleou-
niarit were poor inhibitors as was 5,6,7-trihydroxy-
coumarin. 6,7,8-Trihvdroxy-4-niethyleoumarin was as
potent as esculetin, but considerably less than 4-
methylesculetin.  5-Hydroxy-4-methyleoumarin  was
a very poor inhibitor.

Two of the more active compounds, namely, 4-
niethyl- and 4-phenylesculetin, were selected for in
vivo studies (Table II). Since esculin (the 6-glycoside

TapLe II

In Vivo INH1BITION OF Rar LAVER
PHENYLALANINE HYDROXYLASE®

Time of

sacrifice

after oral

administration,
Compd o inlily Iir

Esculin 82 0.5-1
4-Methylesculetin 70 3
4-Phenylesculetin 68 A

e Three 42-50-g Sprague-Dawley rats were used for each com-
pound. Compounds were given orally as aqueous suspensions
(pH 8-9) at 2 mmoles/kg. Animals were sacrificed at various
intervals. The specific activity of the control liver phenylalanine
hydroxylase in several experiments ranged from 0.113 to 0.193
wmole of tyrosine formed/hr per mg of protein.

(4) J.I. DeGraw, M. Cory, W. A. Skinner, M. C. Theisen, and C. Mitomna,
J. Med. Chem,, 11, 225 (1968).
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Taprw 111
SUBSTITUTED COUMARINS

RO
HO
Reaction
time, Recrystn
Je3| R R hr solvent
ClI, CyHs H 16 1G0T
CH; n-C;H; I 3] 16tOAce
CllI; -C;H- H 72 O1l
Cli; n-C,llg H 72 Ol
CH, CeHj 11 24 EtOAe
ClI, 11 CII | Toluene
Cll, Clly ClL N O Ac
Il Colls 11 | IO A
11 n-Cylly 11 2 ItOA¢
H 2-Cy1I; 1t 1 1LLOAc
I n-Cillg 10 2 LEtOAc
11 Cel1; 11 2 IntOAc
11 5 CI; 2 12tOH
11 CH, Cl; 2 Lol

« 1. G. Crosby and R. V. Berthold, J. Org. Chem., 27, 3083 (1962), report 151-152°,
¢V, K. Ahluwalia and T. R. Seshadri, J. Chem. Soc., 970 (1957), report 267-268°.

J-liydroxy-4-methoxyphenyl formate used at start.

Vol. 11
R,
Ry
0”0
Yield,

Myp, °C e Formula Analyses
185-180 g CoalliOy ¢ H
144--140 55 CiHpat C, 11
195. 3197 in CralliaQy ¢, 1
147151 45
11193 B [ RITION C,
diN 221 IS Crylliot)y C, b
200213 | CrlluO !
227 5429 G 1" CrallisOy C, 1
199--201 h.0b CipllOy 1
274276 16 CisllpQs C, 1
252-205 I8 Colls0, o, 1
2672684 59

» Yield for two reactions based npon amount af

¢ 8. Tamura, K. Ohkuma, and T. Hayashi, J. Agr. Chem. Soc. Japan, 26, 410 (1952) [Chem. Abstr., 48, 2004k (1954)], report 280°.

of eseuletin) was previously fouud to inhibit phenyl-
alanine hydroxylage activity in the intact rat to about
the same extent as esculetin on an equimolar basis,!
it was used as a reference compound. Each compound
(2 mmoles/kg) was administered orally to Sprague-
Dawley rats (40-30 g) which were sacrificed at various
intervals. The niaximal inhibition of phenylalanine
hydroxylase attained by tliese compounds was ap-
proximately the same. However, with esculin the
maximum inlibition of the enzyme was observed at
0.5-1 hr; with 4-methylesculetin, 3 hr; and with 4-
phenylesculetin, the maximum may not have been
reached by 5 hr.  Oue probable explanation for this ob-
servation is that the more lipid-soluble 4-phenyl analog
is deposited in fatty depots and is released slowly from
the depot, thus exerting a prolonged biological effect,
while esculetin reaches the liver in greater quautity
soouner and is excreted faster than the more lipid-
soluble analogs. Aore detailed in vivo studies with
the 4-phenyl analog are i progress.

The 3- and 4-substituted 6,7-diliydroxyeoumarins
were prepared by the general method of Crosby,
whereby it appropriate 8-keto ester is condensed with
3-hydroxy-4-methoxyphenyl formate in H;PO, The
resultant 6-methoxy-7-hydroxyeoumaring were cleaved
with hot HBr to the 6,7-dihydroxvecoumarins (Table
I1I). 6-Hydroxylation® of 5,7-dimethoxyeoumarin by
Ko8:0s followed by ether hydrolysis afforded 5,6,7-tri-
hydroxyeounarin,

Experimental Section

Melting pohits were abtained with a Fischer-Johus apparatis
and are corrected. Where analyses are indicated only by sym-
bols of the elements, analytical results obtained for those elements
were within =0.497 of the theoretical values.

(5) . G. Crosby, J. Org. Chem.. 26, 1215 (1961).
() 1. 1. Sawlney, T. R. Seshadri, and T. R. Tliruvengadam, I“roc.
Indjan Acad. Sci., 38, 11 (1951).

5,6-Dihydroxy- and 6,7,58-trthyvdroxy-4-methylconmarins were
prepared by the method of Naik and Thakor.® 6,7-Dihydroxy-
4-methyl-, 7,8-dihydroxy-4-methyl-, and H-hydroxy-4-methyl-
coumarint were obtained from Aldrich Chemical Co.

5,7-Dimethoxy-6-hydroxycoumarin.—7To 2.06 g (It} mmoles)
of 5,7-dimethoxycoumarin (Aldrich Chemical Ca.) was added
40 mi of 109, KOH and 5 drops of pyridine. The solition was
chilled 11 an ice bath and 5.12 g (19 mmoles) of K804 in 250 ml
of H,O was slowly added. The resulting solntion was stirred far
16 hr at room temperature, acidified (I1Cl) to pH 3, and washed
(three H0-ml portions of E;)) to remove starting material.
Coveentrated HCI (15 ml) and 1.0 g of NaHS0; was added and
the resulting mixture was heated on a steam bath for 1 hr, chilled,
and extracted (three 50-ml portions) with Et.O. The extract was
dried and evaporated in vacuo to yield a brown semisolid.  Two
recrystallizations (F1OAc) gave 0.112 g (5.160), mp 172-175°.
b nal. (:C“Hlo()()) C, H.

5,6,7-Trihydroxycoumarin—A mixtine af t.134 g {0.60)
mmole) of §,7-dimethoxy-6-hydroxyconmarin and 5.0 ml of
eoneentrated HBr was stirred at reflux for 2 hr, cooled, and di-
luted with HoO (15 ml). The agqueous mixture was extracted with
EtOAc¢ {(three 20-ml portions) and dried (MgSO4) and the
EtOAc¢ was evaporated in racuo, the praduet was recrystallized
(EtOAc), yield 0.067 g (387,), mp 259-262°.  Anal. (Cille0s
0.5H:0) C, H.

3-Hydroxy-4-methoxyphenyl Formate.- -1'v a solntion of 2000
g (0.131 mole) of isovanillin in 230 ml of EtOAc at 35° was added
a =olution of 31.3 g (0.183 mole) of m-chloraperbenzotr acid
350 ml of ItOAc. The resulting =olntion wax stirred at 35°
for 3 days. The reaction mixture was washed with 1577 Na-
HS0; (three 100-ml portians), saturated NaHCOj (three 100-1l
portions), and HyO (three 100-ml portions). The EtOAc was dried
(MgS0,) and evaporated in vacuo to yield a yellow oil, which
crystallized upon chilling; it was recrystallized (-Pr:0), yield
15.0 g (68¢7), mp 53-58°, Lit.? mp H7-38°.

4-Ethyl-6-methoxy-7-hydroxycoumarin. —A solution of 10.0
mnoles of ethyl propionylacetate and 8.9 mmoles of 3-hydroxy-4-
methoxyphenyl formate in 15 ml of 856, H;PO4 was stirred at
raom temperature for 16 hr and diluted with 20 ml of 11,0. The
solid was collected and recrystallized. The physical properties
of the 6-methoxy-7-hydraxyeoumarins are listed in Table ITI.
The dihydroxy coumarins were prepared by the procedure used
for 5,6,7-trihydroxycoumarin.
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