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2-proton singlet at 3.38 (NCH.CsHj;), S-proton series of multiplets
at 2.2-3.0 (CH; adjacent to aromatie nueleus or N), and 6-proton
series of multiplets at 1.2-2.0 (CHy).

cnal. Caled for CoaHugOuN: C, 77.8; H, N.6: N, 4.1,
C, 76,0 H,8.8; N, 3.0.

B.-—The benzazecine 3 (R = 117 {0.12 g) was refluxed for 1t
hr with triethylamine (0.3 g) und 3,4-dimethoxyhenzyl ¢hloride
(0.3 g) in CHCl; (5 ml). Distillatian of the product at 170°
tbath, 0.1 mm) gave the benzazecine 3 [R = 3,4-(CH;0)
CiHCHL), mip 53-36°, nndepressed hy the sample prepured as
in A.

Reductive Fission of Salt 6 (R = C;H:CH.; X = Br).
Lirhinm (56 mg) was ndded piecemenl witlt stiring to the sult
(1.5 g) in liquid NHa (200 ml) eonrnining I-methoxy-2-propanol
(045 g).  After 5 min the hlue eolor was discharged with a lew

Fonnd:

)
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draps of water, and ether and water were added.  The oily
prodiret in ether was (rented with isopropyl aleohol previously
satnrated with HCL at 0°) and the resulting suspension wis
filtered to give the hydrochloride of huse 12, identieal in melting
point infrared absorption speetrnni, and thin Inyver chromaro-
graphic hehavior {on stlien gel using NHg-saturaied henzence:
with an anthentic sample.
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The synthesis of analogs of N3 Nt-methylenetetralwdrofolic acid i described.

These compounds are 2-

subs(itnted 1-p-carbethoxyphenylimidazolidines and 3-substituted 2-p-carbethoxyoctahydroimidazo(l,3-al-
pyrazines, structural modifications of the cofactor involved in the synthesis of thyinidylic acid.  The d’-nracil

derivatives are analogs of the proposed intermediate in the biosynthesis of thymidylic acid.

The inhibitory

elfeets of these compounds an dihydrofolate reductase and thymidylate synthetase nre described.

The rale of folate cocnzymes m biochemical pathways
has been amply reviewed by many  ivestigators.®
Several aspeets of folate ntilization lave been of par-
tienlar mterest in the design of agents cffective in the
frentment of cancer, e.g.. aminopterin and amethop-
terin. Tetrahydrofolic acid was recognized in 19)H7
as an essential metabolite in the synthesis of thymidine
5-monophosphate.®  The unique character of the one-
enrbon transfer, o reductive methylation, stimulated
Inrther interest in this pathway.

If the miting factor in deoxyribonnelete aeid syn-
thests and nltimately cell division i the availability
af thymidine 5'-triphosphate,* then an obvions approach
o potential anticancer agents 18 through the inhibition
of thymidime A'-triphosphate formation. One such
stepon the sequence i the synthesis of thymidine 5'-
nonopliosphate.  Several studies on the mechanismn
of the one-carbon transfer to deoxyuridine 5'-mono-
phosphate (dUMP) have demonstrated that tetrahydro-
folic aerd, the reducing agent, i converted to dihy-
drafolic aeid® rig a hydrogen (hydride?) transfer in

1) This work was generoasly supported by Graut CA-7522 of the Na-
tioral Cancer Institute, National Tnstitictes of Healtk, U, & Public Health
Servive, Bethesda, Md., and by the Graduate Seliool, University of Kansas.
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the intermediate complex to give the prodnet, thyui-
dine  H-monophospliate. The  enzyme  thymidylate
synthetase, isolated from microbial and mammalian
sources, ™ catalyzex the reductive methylation of
deoxyvuridine 5-monophosphate by transfer of 2 methyl
gronp from N7 N'0methylenetetrplivdrofolic acid. The
kineties of the reaction support the view that u binary
complex 1x formed between the enzymie and the co-
factor with snbsequent formation of a ternary inter-
mediate with the substrate (dAUMP).T - After transfer of
the methyl, the hinary enzyme-dihydrofolic acid com-
plex dissociates,  Regeneration of tetrahydrofolie aeid
ix mediated hy neotinamide ~adenine dinucleotide plios-
phate (NADIFH) reducuion of dihydrofolic actd m the
presence of dihyvdrofolic acid reductasc,

[nhibition of the latter step in the sequentce by nani-
nopterin and amethopterin hus been demonstrated ax the
stte of uetion for these drugs® Dirvect mhibition ol
thymidylate synthetase has been reported for S-fluoro-
and  S-triflnoromethyl-2-deoxyuridine  5’-monophos-
phate® T swhich can be termed, respectively, “snbstrate”
ad “produet’” inhibitors.  The proposed formation of
A binary complex and the kineties of the enzymadic
resetian snggest the feastbility af inhibition by analogs
of the cofuctar, N3 NManethylenotetrahydrofolic acid,

The design of cofactor inhibitors of thymidylate
svithietase  ix nat new,  Kishiuk? reported  growth
Girane amd Strattor. New York, N Y., 1959, p 09: ¢y R, L, Blakley, BV
Rawqasastri, and B. M. MeDougall, J. Biol. (Them., 288, 3075 (1963).
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(1961).
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inhibition in microorganisms with tetrahydroaminop-
terin; further investigation revealed that the com-
pletely reduced forms of aminopterin and amethopterin
were effective inhibitors of thymidylate synthetase.!?
A remarkable change in enzyme specificity is noted in
comparing aminopterin, which iz a potent inhibitor
of dihydrofolate reductaste but only weakly inhibits
thymidylate synthetase, to the reduced forms. DIr-
hydroaminopterin is as potent as aminopterin against
the reductase enzyme but is twenty times more in-
hibitory against thymidylate synthetase. Tetrahy-
droaminopterin, a weak inhibitor of the reductase, is
ten times as effective as aminopterin against the
gynthetase enzyme. Although XKisliuk did not de-
termine whether the 5,10-methylene derivative was
the actual inhibitor, N N®-methylenetetrahydroami-
nopterin was reported by Slavik and Slavikoval! to be
more effective than either dihydro- or tetrahydro-
aminopterin.

TFurther, Goodman, et al.,'? reported that a methyl-
ene homolog of dihydrofolic acid was reduced by the
reductase enzyme to tetrahydrohomofolic acid, a
potent thymidylate synthetase inhibitor. Tong, Lee,
and Goodman!® reported the synthesis of pyrimidine
analogs of tetrahydrofolic acid active against thymidyl-
ate synthetase. Baker, et al.,'* also have studied
substituted pyrimidines and the relative effects of
substituents in the 2, 4, and 5 positions of 6-methyl-
pyrimidines on binding to dihydrofolic acid reductase
and thymidylate synthetase. The most effective
inhibitors of the latter enzyme were 2-amino-4-mer-
capto-6-methyl-5-(3-antlinopropyl) pyrimidines with
various groups either on the anilino nitrogen (hydrogen,
acetyl, benzoyl carbobenzoxy, tosyl) and parg sub-
stitution on the anilino ring. The most effective
mhibitor was reported to be 2-amino-4-mercapto-5-
(3-p-chloroanilinopropyl)-6-methylpyrimidine, 14®

The findings of Kisliuk, ! that thymidylate synthetase
binding was enhanced in the reduced pyrazine ring
derivatives of folate analogs, prompted a study of
the necessary binding sites for thymidylate synthetase
inhibition in cofactor analogs that lack the pyrimidine
portion of the molecule. In the series examined, com-
pounds la and b and 2a and b were synthesized as
structural analogs of N%N!%-methylenetetrahydrofolic
acid. For simplicity, the glutamate portion of the
molecule was omitted since Baker'*® reported that in
his series of compounds this plays a minor role in
binding to thymidylate synthetase. More recently
I'riedkin,'® et al., have found that the amino acid
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(12) (a) L. Goodman, J. I. DeGraw, R. L. Kisliuk, M. Friedkin, E. J.
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Y9 (1964); (b) B. R. Baker, B.-T. Ho, and (i. B. ('lileda, iid., 1, 88 (1964);
(c) B. R. Baker and B.-T. Ho, J. Pharm. Sci., 54, 1187 (1u65); (1) B. R.
Baker and J. K. Coward, ibid., 64, 714 (1965).
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portion of tetrahydrohomofolic acid derivatives iz a
eritical factor in inhibition.

Furthermore, since Friedkin® proposed a mechanism
for the biosynthesis of thymidine 5’-monophosphate
mnvolving an intermediate complex (3) bridging both
the cofactor and the substrate, compounds le¢, 2c,
and 4, substituting uracil on the methylene carbon,
were synthesized in an effort to bridge binding sites on
both the cofactor and the substrate and thereby study
tle inhibitory effect on the enzyme. A series of con-
pounds resembling the proposed intermediate 3 have
recently been reported by Gupta and Huennekens.!®

H
H,N /N N
T
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oOH HN@-—C—glutamate
O)\N
§ 0

HO

*~0,POH,

3

The synthesis (Chart I) of the imidazoline series
(1) was accomplished by condensation of the diamine
9 with the appropriate aldehyde. FEthyl p-benzyl-
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(16) V. S. Gupta aud F. M, Huenuckeuns, (bid., 24, 541 (1965).
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annobenzoate  (8), prepared by reduetion of the
Schiff base and estertfication,'™ was treated with cthyl-
ene oxide to give ethyl p-N-benzyl-N-(2-hydroxyethyl)-
aminobenzoate (6). Treatment with p-toluenesnl-
fonylehloride gave the tosylate 7 isolated in two dif-
ferent crystalline fornis.

The sccond two-carbon fragment was mtroduced hy
dizplacenment of the tosylate group with ethanolamine.
Treatment of the tosylate 7 with ethanolamine, '
followed by the addition of ether saturated with dry
hydrogen chloride yielded N-benzyl-N-p-carbethoxy-
phenyl-N'-(2-hydroxyethyl ethylenediamine hvdro-
chloride (8). The removal of the protective benzyl
group was aeconplished by hydrogenolysiz of the di-
amine hydrochloride 8 to the desired product, N-p-
carbethoxyphenyl-N'-(2-hydroxvethyl)ethylenediamine
(9).
The diamine 9 was condensed with formaldcehyde and
henzaldehyde yielding 1-p-carbethoxyphenyl-3-(2'-hy-
droxyvethyl)imidazohdine  (la) and 1-p-varbethoxy-
phenyl-2-phenyl-3-(2'-hydroxvethyl) imidazolidine (1b),
respectively.  However, this procedure did not afford
the desired product with 5-formyluracil possibly becanse
of the msolubtlity of the aldehyde in benzene,  The
diamine 9 and 3-formyluracil!® were refluxed m ethanol.
giving I-p-carbethoxyphenyl-2-(5-uracil)-3-(2'-hy-
droxyethyl)midazolidine (1e).

The octahydroimidazo[1.5-a [pyrazine compounds (2)
were synthesized by the route shown in Chart 1L
Methyl  2-pyrazinoate, prepared from  pyrazine-2-
carboxylic acid and dry methanol saturated with hy-
drogen chloride, wax selectively reduced to the cor-
responding aldehyde 10 with lithium aluminum hy-
dride, using the procedure of Rutner and Spocrri
ithyl p-N-(2-pyrazal)aminobenzoate (11) character-
ized by mur was obtained by condensing the pyvrazine-
aldehyde (10) with ethyl p-animobenzoate,  Recervstal-
lization of 11 from absolute methanol gave the adduct
of miethanol, compound 12, Alcohol additian produets
of Sehiff bases have heen reported.?'  The reduction
of the Schiff base 11 to ethyl p-N-(2-piperazimyhinethyl)-
aminobenzoate (14) was attemipted with hydrogen and
platinum oxide m acetic acid, but the only product
identified from the reaction mixture was ethyl p-
aminobenzoate.  Thux, it was necessary to reduee 11
with =odinm  borohvdride it methanal to ethyl p-
C2-pyrazinylniethyhaminobenzoate  (13)  which  was
scparated  from  ethyl p-aminobenzoate by cohnnmn
chromatography.

The reduction of 13 to 14 was tricd in several ways
(tin and hydrochlorie acid, plathimun axide 1 ethanol)
and eventnally was accomplished by platiinm oxide 1o
ncetie aeld to give 14b.

The desired componnds, 2-p-carbethoxyphenylocta-
hvdromidazo|1,5-a ]pyrazine (2a), 2-p-carbethoxyphen-
vi-3-phenyloctabydromidazo[1,5-a |pyrazine (2b), and
2-p-carbethoxyphenyl-3- (57 -mractloctahvdroimiduzo-

(157 Ty W. Mancbot awd J. R, Varlong, Ber., 42, 4389 (1909): (I .
A, Roe and J. A, Mot

: (¢c) A. 8kita and W. Staknter,
German Patent 716,668 (Dec 24, 1941): Chem. Abstr., 88, 2345 (1944).

(18) 1. Mrigegle and B. Belleau, Ca»n. J. Chem., 40, 1201 (1962).

(19) R. . Wiley and Y. Yamamoto, J. Grg. Chem., 28, 1906 (1960).

(201 (ay 8. A, Hall and P. I Spoerri, J. Am. Chem. Soc., 62, 664 (1940):
(Iy) H. Ratuer and V. E. Spoerri, J. Org. Chem., 28, 1898 (1963).

(213 (a) G. Cavallani, E. Massaraui, and D, Nardi, J. Med. Phkarm. Chem.,

2, U9 (1960); 1h) M. L. Anderson, J. 1. Casey, Jr., M. Emas, L. I Foree,
1 M. dewsen, R, 8 Matz, and D Fo Rivard, 1bid., 6, 787 (1063),
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[1.5-a]pyrazine (2¢) were prepaved by coudensing the
amine I14a with formaldchyde, benzaldehyde, and -
formy luracil, respectively.,

Lthyl  p-N-(2-pyrazinyhnethyD)-N-thyminylanino-
benzoate (4) was obtained by treating the nmine (13)
with H-bromomethyluracil. ?

It ix possible thut the condensation of 14 with (he
aldehydes may proceed ta give the following types of
compounds: the desived product 2, componnd 15 -
volving condensation with N'* of the piperazine ring,
andl a bridged compound (16).

The nmr spectrun of (he anine 14a gives (e aro-
natic amine proton signal at § 4.87 (1 protan) and ali-
phatic amine protou signal at 6 1.9 (2 protons). How-
ever, in the nmr speetrum of the condensation product
2b the aromatic anine proton signal disappears aud the
signal at 6 1.62 reduces to one proton.  Thix indicates
that the condensation involves the aromatic amine
and one of the aliphatic amines, eliminating 16 as the
product.  Although structure 15 has not been dis-
proved, from inspection of Dreiding niodels it appears
sterically unfavorable since it requires formation of u
1,3-dinxial system.

{22y o AL Carbor, J. Org. Chee, 38, 1531 (1061,
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TasLe 1
EnzymEe STUDIES

Thymidylate synthetase

Compd*® Solvent 11]/1THFA]
Ethyl p-amino-
benzoate 959, EtOH
la 959, EtOH 0.6
1 959, EtOH 0.4
it 0.02 M NaOH 0.4
13 0.02 M NaOH 2.5
4 95% EtOH 0.4
14b H:0 0.4
2a 959, EtOH 0.4
2b 959 EtOH 0.5
2¢ 0.02 M NaOH 0.6
Aminopterin 0.02 M NaOH 0.2 (0.33%)

© A study of the rate of saponification of ethyl p-aminobenzoate in 0.02 M NaOH showed a half-life of approximately 160 min.
inhibitors le, 13, and 2¢ were dissolved in 0.02 M NaOH and assayed within 60 min after solution.
sidered to indicate inhibition by the ester, not the saponification product.

HN\4H\\ AR
v
%\N/Y\N

R

2

N
RJ\
o
AR
15
e
N N
7
NHAR
16

Enzyme Inhibition Studies.—Inhibitors were studied
at several concentrations that gave values ranging from
80 to 209, inhibition of the rate. By plotting the
ratio of the velocity of the uninhibited reaction to the
velocity of the inhibited reaction (Vo/V;) vs. inhibitor
concentration, the concentration of inhibitor necessary
for 509, inhibition was estimated. Baker!* has used
this method to relate the ratio of inhibitor to substrate
necessary for 5097 inhibition in an evaluation of the
inhibitor strength. The inhibitor-substrate or co-
factor ratios for 509, inhibition are given in Table I for
both thymidylate synthetase and dihydrofolate re-
ductase.

The results of inhibition of dihydrofolate reductase
demonstrate that the pyrimidine portion of the mole-
cule is necessary in these compounds for binding to the
enzyme. In the imidazoline series (la or 1b), rela-
tively weak inhibition is noted, 107 M being required
for 509, inhibition. The pyrazine analog 13, the
piperazine analog 14, and the benzaldehyde derivative
{2b) of 14 also are weak inhibitors of the enzyme.
The most effective inhibitors, the thymidyl analog 4
and the 5-formyluracil derivatives of the amines (lc
and 2¢), have as additional binding sites the pyrimi-
dine ring which probably accounts for the weakly
enhanced binding to the reductase enzyme. The
activity of 2a cannot be justified on the basis that the
precursor diamine 14 has one-third the activity of
the formaldehyde derivative 2a,

The thymidylate synthetase preparation appears
to be slightly more sensitive to inhibition than that re-

No inhib at 1,7 X 1073 M

Ratio of inhibitor/substrate conen for 50%, inhibition
Dihydrofolate reductase
IIl/IDHFA] 111/(NADPH]

111/1dUMP]
No inhib at 3.3 X 103 M
15.5
23, 1
5.2
14.0
1.9
17.
4.9
19.
6.0
0.0009 (0.0008°%)

-

—
[N SR N el
W W w=100t=~1DOm®
W WO N~
O O Ut O O W

0.8 (2.5% 0.0004 (0.0008°)

The
The results, therefore, are con-
¢ Reported in ref 24,

® Reported in ref 10c,
ported by Friedkin."™ For comparison, the effect of
aminopterin on the enzyme was studied. Kisliuk and
Levine'®™ reported that aminopterin gave 509, inhibi-
tion of Friedkin’s enzyme preparation at a concentra-
tion of 1 X 10—* A, The calculated ratio for 509,
inhibition was 0.33 for aminopterin/tetrahydrofolic
acid (THFA), In Table I it can be noted that 50%
inhibition of thymidylate synthetase was achieved
with a ratio of 0.2 for aminopterin/THFA, This slight
difference in sensitivity could be due to the fact that
Kisliuk and Levine used purified aminopterin whereas
the commercially available material was used in these
studies.

None of the inhibitors (Table 1) are as effective as
aminopterin. The slight variation between the in-
hibitors suggests that little change has been made in
the binding affinity of the inhibitors by substituting
phenyl or uracil on the methylene carbon. Thus,
bridging of the binding sites of the enzyme for the sub-
strate and cofactor was not achieved. The weak in-
hibition noted for the pyrazine 13 compared to 14
suggests the necessity of a basic nitrogen corresponding
to the N of tetrahydrofolic acid which is the common
feature of all of the inhibitors in this study except 13
and 4, the thymidyl analog of the pyrazine derivative.
The most obvious finding from the enzyme studies is
that the pyrimidine ring moiety of the pteridine system
1s not essential for binding to thymidylate synthetase
and in fact may contribute little to the binding. The
common features of the inhibitory compounds in this
series are the p-aminobenzoate ester and the basic
nitrogen joined to the anilino group by a two-carbon
chain, Compound 4, having comparable inhibition and
lacking the basic nitrogen, presumably has an addi-
tional binding site, the uracil ring. If bridging of the
two binding sites occurs in 4, it was not observed in the
other sertes and hence requires further study.

Experimental Section

Melting points were obtained on a calibrated Thomas-Hoover
Unimelt and are corrected. Infrared data were recorded on
Beckman IR5, IRS, and IR10 spectrophotometers. Nmr data
were recorded on a Varian Associates Model A-60 spectrophotom-
eter. Ultraviolet data were recorded on a Cary 14 and Beckman
DB spectrophotometers. Microanalyses were carried out by
Drs. G, Weiler and F, B, Strauss, Oxford, England.
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Ethyl p-N-Benzyl-N-(2-hydroxyethyl)aminobenzoate (6).--A
solution of 240 ml of 807 acetic acid and 5.1 g (0.02 mole) of
ethyl p-benzyluminobenzoate’ (5) was ehilled to 0°, aud 26 ml
of ethylene oxide wax added <lowly with vigorons siirring at 0°.
The mixture wus stivred for 3 hrat 0° nud allowed to stand at rooin
temperature for 24 hr.  The clear solution wus added with con-
timious stirring 1o 600 ml of ice-cold water.  The white <ubstance
which pletipitdled was filtered, wushed wiih ml(l \\‘1191', -.11111
dried to give, after deving i racuo nt 25° for 6 he, 5.8 g ¢ 100
mp Ht-51°.

Ethyl p-(N-Benzyl-N-2-tosylethyl)aminobenzoate (7).-—Drv
pyridine (60 ml) and 7.0 g (0.022 mole) of 6 were mixed and cooled
to —4° I an ice—salt bath.  p-Toluenesulfonyl chlovide (5.9 g,
0.45 mole) was added and mixed thoroughly. Alter 15 lir m
room temperature, the reaction mixture was added with stiring
to 1000 ml of ice-cold warer.  The white precipitnte (9.9 g) wax
filtered, dried, and reerystallized from abisolute ethuanol ax white
flakes: 7.9 g (TAC0): mp 91°: AR 303 w1 e 17,000), 290 my
(e 16,440).

nal, Caled for CullsNOsS: ) 66,200 H, 6.00;
TG Found: 66.15; I, 6.04; N, 3.08; R, 7.42
N-Benzyl-N-p-carbethoxyphenyl-N’-(2-hydroxyethyl)ethyl-
enediamine Hydrochloride (8).--2-Aminoethanol (2.44 g, 0.04
mole) in 100 ml of dry benzene was treated with 4.53 g (0.01
mole) of the tosylate 7, and the mixture refluxed for 40 hr.
After cooling, the henzene lnyer was separated and washed three
times with 25-ml portions of water until the wushings were
neatral.  The beuzene solution was dried (MgR0Os) and evapo-
riated to dryness yielding a thick syrup.  Absolnte ethanol (10 ml;
was added and the solution wax cooled overnight in u refrigerator,
whereby unreacted 7 separated as n white powder. It wax
removed by filtration, and ethereal HCI wus added to the filtrate.
The hydrochloride thux obtained wax recrystallized from ethanol-
cther: white flakes, 2.5 g (657, ), mp 143-145°.

Anal. Caled for CoHueN:05: C, 63.40: H, 71N N, 759 (L
935, Found: C, 63.32; M, 7.18; N, 7.4L: Cl, 0.3%,

N- p-(‘arbethoxyphenyl N (2 hydroxyethyl)ethylenedlamme
(9) ~The hydrochloride 8 (2.2 g, 1,006 mole) was dixzolved in

25 ml of absolite ethanol w lth heaiing. The solution was cooled
‘1‘11(1 0.5 g of 7Y palladium on carbon was added.  The mixture
wax hydrogenated at 2 antm for 25 min in a Parr apparatus,
whereby the theoretical amouni of hydrogen was absorbed.
The alcoholie solntion was filtered and evaporated to dryness
giving u residue that was dizzolved i1 9 ml of absolute ethauol
and precipitated with ether. Recrvstallization from aleghal-
ether gave 1110 hydrochloride ax white flakes, L.ON g (U570,
1111) 11’ 115°.

A zolalion of 1.25 g (0.004 mole) of the hydrochloride tn 25 ml
of water was made alkaline with saturated NaHCO, and xatirated
with NaClL  The resulting solation was extraeted six times with
H0-1l portions of ether. The ethier ex(racts were combined and
waxhed with 15 ml of water.  Drving (MgSO,) and concentrating
to n =mall volume gave w white =olid which was recryvstallized
from ether-Skelly B (bp 6H0-70°) 1o give 9 us white flukes,
0.0 g (8200), mp 96-96.5°, A\S2 304 1 € 22,130).

Anal.  Coled for Ci3HeoNGOg: G, G188, 1, 798
Found: C, 61.51; 11, 8.15: N, 1138

1-p-Carbethoxyphenyl-3-(2 -hydroxyethyl)imidazolidine (la).
-—-The diamine 9 (0.504 g, 0.002 mole) was dissolved in 25 ml
of dry benzene, and 0.21 ml (0.002 moles) of 37¢; formaldehyde
solirtion was added.  The mixture was refluxed, for 2 hr, and
water was eollected i a Denn-Stark trap. After the reaction
niixture was evaporated to dl\”llO\\ the white solid (0.532 g,
aquantitative vield) melted at 76.5°, NE2H 307 mu (e 14,800).

Anal. Caled for CuHaeN.Oy: C 6331 H, 7.62: N, 10.39.
IFound: C, 63.52; H, 7.45: N, llb.l)l,

1-p-Carbethoxyphenyl-2-phenyl-3-(2'-hydroxyethyl)imidazoli-
dine (lb).—Benzaldehyde (0.106 g, 0.001 mole) and 0.236 ¢
(0.0008 mole) of 9 were refluxed m 3t ml of dry benzene for 2 hr;
water was collected in n Dean-Stark trap.  The reaction mixture
wis evaporated to drvness, giving a vellow, syrupy residue.
The residne wus taken up in nhsolnte ethanol and treated with
activated charcoal, and the solverd wux removed. The rexidue
was crystallized from anhydrons ether-skelly B, ns white erys=tals,
0.175 g (55'), mp (D" 52, AT HON Iy (e 22,00t),

Anal, Caled for CullaNaUDy: O T006: 11, 10

Found: ) 70.64; 11, 7.0 N, S
1-p-Carbethoxyphenyl-2-(5‘-uracil)-3-( 2 -hydroxyethyl)imi-

dazolidine (le).-a-Formyluracil'® (0,117 g, 0.0008 mole) wux

dissolved in 904 ethunol by refluxing for 6 hr. To this sohrtion,

N, BON; S,

N, LL.10,

N, R
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0.228 g 10.000) moles of 9 wax added and the reaviion nmxire
refluxed for 24l The vellowish mixture wus trented with
activated chareoal and evaporated to dryness. The avrencted
diamine wax yemoved by extracting with ether, and the residne
was recrystallized Dronr ethanol, altording 0.1 g (3203 of vellowish
white ¢ 1\\1 Us, mip 2202210 BT 00 g e 14,6400

Awad, Caled Tor ()gH“\ O 07074 1L 502 N, 1400
Fonnd: ¢, 57.74: 11, 5.06; N, 14.72.

Fthyl p=(2-Pyrazaljaminobenzoate «11).--1)1v bLewzene 1335
mby, LOS g 1008 mole of aldehyvde ! 10‘ 2 and Ed g (0.01 mole)
of 0111) 1 p-nminobedzoate were relluxed overnight wo give the theo-
reticnl amonnt ol water collected in o Dean Stk trap. The
solation was evapornted 1o diyness /o racoo to give a vellow resi-
due. Tle on silica gel s Noo GF 254, L Merek At Darmstadis
showed two <pats under aliravioler light atter developing hie 47,
metlmnol in CHCL One of the spots was fonnd 10 be erhyl
p-ninohenzoate by comparison with the suthertic sianple.
Iraciional erv=<iallization from ether, ether -Rkelly B3, berzene
Skellv B, or ethinol waz ot <uecessinl, - The eompound 11
wias used inthe next <tep withont huther pavitication.

Ethyl p-(2-Pyrazinyl)methoxymethylaminobenzoate 112:.
The Schifl base 11, 0.5 g, wus dissalved in 10 ml of absolnir merh-
anol at room temperaiure and kept ar 0° Tor 2 davs. The
white solid thar separated in the methanolie solunione was filtered,
recrvstallized Trom absolure methonol, and dried under vacmm
nt oo lemperainre: mp [0S 101.5°

el Caled Tor Calle NGO ) 62.70;
Found: ¢, 0257 11 GUI8 N, 1692,

Ethyl p-i2-Pyrazinylmethyl)aminobenzoate (13). -['he =elnll
huse 11 (2.55 g, 0.01 moles was dissolved 135 ml of methanol and
cooled to °, and 1N g ol sodiam borohyvdride wus added in
portions during 1D min. The temperature of the mixture was
raised 1o GO-T0% Tor 45 min with comimoas <tirring. The
resiction mixlire was cooled o room temperatnre, acidified with
acetic acid, diluted with 60 ml of water, made alkaline wirly Nat11
=olution, and extricred Forr ihies with Ap-ml portions o) ether.
The ether extrets were coanbined, dried over MgR0),, and evapo-
rated to drviness giving a vellow powder, 2.4 g The ~nbximce
wax Tound by ile on silien gel 1o be w mixtare al the desived 13
and ethyl p-niminobenzoate. The mixire was =eparated on o
silien gel eolnnm 1120 Merck Ats., Darmstadi, D.03-0.20 m.
st g The snbsiances were ehnited witle ethyl acetate, aid Fr-ml
fractions were eollecred.  thyl p-aminobenzoate 1005 g was
[ound 1o Tractions 110, 1the prodiner (1.8 g was collected in
Iractions 1123 with an additional 0.2 ¢ tonnd 1 mbes 26-40.
The yellowish whire componnd, 2.0 g ¥R, was recrystallized
hnlll ether R

H, 5060 N, HL.62

as white needles: mp TIT-TINS®, AL 2090 g
e 22,380, shoulder a1 275 mu e 1HLOOD).

Anal. Caled for CodloN;O00 O BA30 0 T AT N, 16030,
Fonud: €, 6496 11, 2,65 N, 1621

Ethyl p-2-Piperazinylmethyl)aminobenzoate (14a). - 1’lat-
i oxide (1.0 g) was suspeuded i 4 ml of glacial acetic aeid
and reduced for 50 mio ot atmospheric pressiave in o miero-
hyvdrogenation mnr, To this suspension, a =olttion «f LU g
(0.004 mole) of ethyl p-{2-pyrazinyimethyhnmiuobenzoate (13)
in 5 ml ol glicinl acetic neid wax added and the sohuion was
hydrogenated Tor 63 min.  The theoreticsd amoanit of hiydrogen
wus absorbed, and the reduction was stopped.  After remaval of
the catalys1, evaporation «f 1he filirate gave a thick syrup which
wis taken up in 15 ml ol water md extracted five tiimes with
30 ml of ether. The ethier extracts were combired, washed witls
Y ml of wer, diied aver Mgs0;, and evaporated to drvness,
giving 0.13 g of ethyl p-wninobenzoate.  The aquenas solntion
was adjusted 10 pIT 10 with 37, NaOH, soturated with Nl
and extracted with eight 3t-ml portions of CHCL. The C1HCL
extracts were combined, washed with 10 ml of waier, tiliered,
dried over MgRQO,, and evaporated to dreviess, giving a vellow,
yrupy lgaid, (1L78 g "T(i‘ ;L The dinceraie (14b) was a white
powder: mp 045 105.5%0 el wr, ST, 382, and 30 ealed
N34 \:,M; SO 10w e ._._,I"U)

2-p- (arbethoxyphenyloctahydrolmxdazo|1 5-a] )raﬂne (2a.
The amine 14a (0.311 g, 0.001 mole) was (11»«)1\'('11 m 5ol oy
absolute metlimol aad o solntion of 0.10 g (001 mole) ol 377,
formaldehyde e 10 ] of absolare methanol was added. The
renetion mixinre was relhixed Tor 6 hr, cooled, and evaporated 1o
divies<. The vellow, semizolid residhie was dissedved in 5wl of
Ay benzeoe, evapornted 1o diviess, and dried ander vienam
overniglhn,  Tle yvellow powder was exiracred Tonr thmes witle
3ml o ot ether. The ether =olation, npoe conling, gove
white powder, 0087 ¢ 0587, which wax dissolved i methaoel,
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treated with activated charcoal, and evaporated to dryness.
Recrystallization from ether gave white crystals, mp 174-175.5°,
AR 307 mu (e 30,830).

dnal. Caled for C;HaXN;0.: C, 65.48; H, 7.68; N, 15.26.
Found: C, 65.74; H, 7.50; N, 15.45.

2-p-Carbethoxyphenyl-3-phenyloctahydroimidazo(1,5-a]pyra-
zine (2b).—In a round-bottom flask attached to a Dean-Stark
trap and a reflux condensor, 0.65 g (0.002 mole) of 14a was dis-
solved in 35 ml of dry benzene. To this solution, 0.26 g (0.002
mole) of benzaldehyde was added and the mixture refluxed for
24 hr. The mixture was caoled and evaporated to dryness to
give a brown syrup. The produet was purified on a neutral
alumina column (Woelm, grade I1I, 75 g), using ethyl acetate to
give, after a forerun containing benzaldehyde, a white compound,
0.34 g (399,), which was dissolved in ethyl acetate, treated with
activated charcoal and recrystallized from ethyl acetate; white
erystals, mp 165-166.5°, Aei” 307 mu (e 31,300).

Anal. Caled for CaHyN;O5: C, 71.76; H, 7.17; N, 11.95.
Found: C, 71.44; H, 6.99; N, 12.22,

2-p-Carbethoxyphenyl-3-(5’-uracil)octahydroimidazo(1,5-a]-
pyrazine (2c¢).—The amine 14a (0.35 g, 0.001 mole) and 0.19 g
(0.001 mole) of 3-formyluracil’® were added to 40 ml of anhydrous
methanol.  The reaction mixture was refluxed for 27 hr, cooled
to room temperature, concentrated to a small volume under
vacuum, and stored at 10° overnight. The yellow, crystalline
product was collected, 0.24 g (519), dissolved in hot ethanol,
treated with activated charcoal, and recrystallized from ethanol-
methanol to give white crystals, mp 219-220°, AE¥ 304 my
(€29,300).

The analytical sample prepared by drying over P,O; under
vacuum at room temperature showed the following analysis.

Anal.  Caled for CigHosN;O3-C.H;0H: C, 38.45; H, 6.77;
N, 16.23. Found: C, 38.21; H, 6.73; N, 16.49.

After drying the above crystals at 100° under vacunm the
analysix showed loss of the molecule of ethanal.

Anal. Cal('d fOl‘ C19H33N:,04: C, 59.20, I’I, 6.01.
C,59.54; H, 6.07.

Ethy! p-N-(2-Pyrazinylmethy!)-N-thyminylaminobenzoate (4).
—To a solution of 0.257 g (0.001 mole) of 13 in 20 ml of dry
tetrahydrofuran was added 0.228 g (0.001 mole) of 5-bromo-
methyluraeil,2? 0.053 g of Na.CO;, and a catalytic amount of
Nal. The mixture was cooled and filtered, and the residue was
washed with a few milliliters of tetrahydrofuran (golution A).
The gummy residue was washed with two 15-ml portions of
water to remove water-soluble, inorganic materials leaving 0.2 g
of powder B. The =olution A was evaporated to dryness to give
0.257 g of yellow powder A. Tl¢ with alumina (GF 254, E.
Merck AG., Darmsdt) using CHCl;-methanol (9:1) showed A
to be a mixture of the product 4, the amine 13, and unidentified
material, and B to be a mixture of the product 4 and unidentified
materiul, A and B were chromatographed separately as fol-
lows and as shown in Table IT to obtain the produet.  Fractious

Found:

TasLe I
A, oN NEUTRAL ArvMINa (WoeLy, Grape I, 20 g)

Description

Fraction Effluent, vol (ml) of material

1and 2 Chloroform, 25 Amine 13

3 Chloraform, 50 Amine 13

4 and 4 Chloroform, 61) -

6 and 7 Chloroform-methanol Product 4
(9:1), 100

8and 9 Chloroform-methanol Product 4

(8.5:1.5), 200

6-9 gave 0.109 g of the desired product. Similarly B was purified
on an alumina column with CHCl;—methanol to give 0.097 g
of the desired produet 4. The products from A and B were
combined to give 0.22 g (538%). Recrystallization from an-
hydrous methanol-ether gave white flakes: mp 193.5-194.5°;
AEE 303 mu (e 25,000), 271 mu (e 18,000).

Anal. Caled for CmeNaOﬁ C, 5983, H, 502, N, 18.36.
Found: C, 59.52; H, 5.04; N, 18.41.

Enzyme Purification Studies. Thymidylate Synthetase.—
Thymidylate synthetase was purified aecording to the procedure
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of Wahba and Friedkin™ from E. coli B.2* The assay solution
contained 0.05 umole of deoxyuridine 5’-monophosphate (Sigma
Chemical Corp.), 0.22 umole of tetrahydrofolic acid (General
Biochemicals Corp.), 15 umoles of formaldehyde, 25 umoles of
MgCl,, 130 pmoles of mercaptoethanol, 0.9 umoles of ethylene-
diaminetetraacetic acid, 45 umoles of Tris, pH 7.4, and enzyme in
a total volume of 1.2 ml. Tetrahydrofolic acid was added to
1 M mercaptoethanol and adjusted to pH 7.4. This solution,
containing approximately 20 umoles/ml, was divided into small
fractions and frozen. Deoxyuridine 5’-monophosphate was
dissolved in water to give a stock solution containiug approxi-
mately 1 pmole/ml and stored frozen. The assay stock solution
(minus mix) contained 12 mmoles of mercaptoethanol, 27 ymoles
of tetrahydrofolic acid, 1.8 mmoles of formaldehyde, and 3 mmoles
of MgCl: in a total volume of 30 ml. The sample cell contained
0.25 ml of the minus mix; 0.05 ml of the deoxuridine 5’-mono-
phosphate stock solution; enzyme, inhibitor solution, or in-
hibitor solvent; and buffer A to a total of 1.2 ml in the assay
mixture. Deoxyuridine 5’-monophosphate was replaced by
water in the reference cell.

The change in absorbance at 340 mu was read at 30° in a
Beckman DB spectrophotometer, recorded with 10 X expansion
of the transmission scale, and converted to absorbance. Under
these conditions the change in absorbance was linear for the
first 10 min, Due to occasionally inconsistent rate changes
with thymidylate synthetase, several of the compounds were pre-
incubated at 30° with the minus mixture and buffer until the
absorbance at 340 mu stabilized. The addition of the enzyme
and substrate then gave linear rates.

Dihydrofolates Reductase.—Dihydrofolic acid reductase was
purified by a slight modification of the method of Mathews
and Huennekens?* from chicken livers. The enzyme preparation
had a specific activity of 0.36 umole/hr per mg of protein. This
was divided into small fractions and frozen.

The stock solution of NADPH was prepared by dissolving
NADPH (Sigma Chemical Corp.) in 0.02 M Tris buffer at a
PH of 8.5 to give a final concentration of 0.5 pmole/ml. Dihydro-
folic acid, prepared by dithionite reduction of folic acid according
to Futterman,? was dissolved in 0.005 M acetate buffer contain-
ing 0.01 M mercaptoethanol at a pH of 4.5 to give a final con-
centration of 0.5 umole/ml. The assay was that of Friedkin
and co-workers® and contained 0.2 ml of the NADPH stock
solution, 0.1 ml of the dihydrofolic acid stock solution, 0.75 ml
of 0.02 M mercaptoethanol in 0.1 M phosphate buffer, pH 7.5, and
enzyme, inhibitor, inhibitor solvent, or water to a total of 1.5 ml.
Dihydrofolic acid was replaced by 0.005 M acetate buffer con-
taining 0.01 M mercaptoethanol at pH 4.5 in the reference cell.

The change in absorbance at 340 mu was recorded at 32°
in a Beckman DB with a 10 X expansion of the transmission
scale and was linear for 10 min. After conversion to absorbance
units, 529 of the change in absorbauce represents the utilization
of dihydrofolic acid, and this change was used in determining
the specific activity of the enzyme.

Inhibitors were dissolved in water, alecohol, or 0.02 M NaOH
to give stock solutions containing 1 umole/0.1 ml. When base or
aleohol was used as the solvent, the effect of the solvent on the
uninhibited reaction was examined and these rates compared to
the inhibited reaction,

A study of the rate of saponification of ethyl p-aminobenzoate
in 0.02 M NaOH showed a half-life of approximately 160 min,
The inhibitors 1e¢, 13, and 2¢ were dissolved in 0.02 M NaOH
and assayed within 60 min after solution. The results, there-
fore, are considered to indicate inhibition by the ester, not the
saponification product.
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