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2-prolon singlet at 3.38 (NCHiCeHj), 8-proton series of multiplets 
at 2.2-3.0 (CH2 adjacent to aromatic nucleus or N), and 6-proton 
series of multiplets at 1.2-2.0 (CH,.). 

Anal. CalcdforC2oH29()2N: C, 77.N; II, Mi: X, 4.1. Found: 
C, 70.1); H, 8.8; N, 3.0. 

B.—The benzazeoine 3 (R = II) (0.12 g) was reiluxed for Hi 
hr with triethylamine (0.3 g) and 3,4-dimethoxybenzyl chloride 
(0.3 g) in CHCI3 (5 ml). Distillation of the product a t 170° 
(bath, 0.1 mm) gave the benzazecine 3 [R = 3,4-(CHaO)2-
OJTOII . ] , mp 03-56°, undepressed by the sample j)repared as 
in A. 

Reductive Fission of Salt 6 (R = CjHrCHo; X = Br). 
Lithium (5ti nig) was added piecemeal with stirring to the salt 
(1.5 g) in liquid NH3 (200 ml) containing l-methoxy-2-propanol 
(0.45 g). After 5 miu the blue color was discharged with a few 

The role of folate coenzymes in biochemical pathways 
has been amply reviewed by many investigators.2 

Several aspects of folate' utilization have been of par
ticular interest in the design of agents effective in the 
treatment of cancer, e.g., aminopterin and amethop-
lerin. Tetrahydrofolic acid was recognized in 19o7 
as an essential metabolite in the synthesis of thymidine 
."/-monophosphate.3 The unique character of the one-
carbon transfer, a reductive methylation, stimulated 
further interest in this pathway. 

If the limiting factor in deoxyribonucleic acid syn
thesis and ultimately cell division is the availability 
of thymidine o '- tr iphosphate, ' then an obvious approach 
to potential anticancer agents is through the inhibition 
of thymidine "/-triphosphate formation. One such 
step in the sequence is the synthesis of thymidine "/-
monophosphate. Several studies on the mechanism 
of the one-carbon transfer to deoxyuridine .j '-mono
phosphate (dUAIP) have demonstrated that tetrahydro-
folic acid, the reducing agent, is converted to dihy-
di'ofolic acid5 ria a hydrogen (hydride?) transfer in 

1 l) Th is work was generous ly s u p p o r t e d by G r a n t CA-7522 of the N a 
tional Cance r I n s t i t u t e , N a t i o n a l I n s t i t u t e s of H e a l t h , U. S. Publ ic Heal th 
Service, Be thosda , Aid., a n d by the G r a d u a t e School, U n i v e r s i t y of K a n s a s . 

(2) fa] T. l i . J u k e s a n d H. P . Boroquis t in " M e t a b o l i c I n h i b i t o r s , " Vol. 
T. R. M . Hoehos te r a n d J. M . Quas te l , Ed . , Academic Press Inc . , N e w York . 
\ . V., 10153, p 4 8 1 ; (b) M . F r i edk in , Ann. Rev. Biochem., 32, 185 (1963); 
(c) ]•'. M. l l u e n n e k e n s , Biochemistry, 2, l o t (1963); (d) .1. S. O 'Br ien , Can
ed- /.Vs., 22, 267 (1962). 

(3) (a) M . Fr iedkin and A. Ivo rnbe rg in ' ' T h e Chemica l Basis of H e r e d i t y , " 
W. 1). M c E l r o y a n d H. B. Glass , Ed. , T h e J o h n s H o p k i n s Press , Ba l t imore , 
Aid., 1957, p 609; (b) SI . F r i edk in a n d D. R o b e r t s , Federation Proc, 14, 215 
(I9f)5); (c) P . Re i cha rd , Acta Chem. Scand., 9, 1275 (1955); (d) E . A. P h e a r 
and 1). M. Greenberg , J. Am. Chem. Soc, 79, 3737 (1957). 

(4) For a d iscuss ion of this po in t see K. G. L a r k in " M o l e c u l a r Genet ics , 
Part 1," J. H. Tay lo r , Ed. , Academic Press Inc . , N e w York , N . Y., 1963, p 
153, 

i5) fa) G. K. H u m p h r e y s and 1). M. Greenberg , Arch. Biochem. Hiaph,i». 
78, 275 (1!I5X): (b) I',. M. M e D o u g a l l a n d R. I., B lak ley , Biochem. Biopln.is. 
Ada. 39, 176 (1960); (cj M . Fr iedkin , Federation Proc. 18, 230 (1959): M. 
Fr iedkin in " T h e Kinet ics of Cel lular Pro l i fe ra t ion ," F . S t o h l m a u , Ed. , 

drops of water, and ether and water were added. The oily 
product in ether was treated with isopropyl alcohol previously 
saturated with FIOl at 0°, and the resulting suspension was 
filtered to give the hydrochloride of base 12, identical in melting 
point infrared absorption spectrum, and thin layer chromato
graphic behavior (on silica gel using Nils-saturated benzene) 
with an authentic sample. 
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the intermediate complex to give the product, thymi
dine 5'-monophosphate. The enzyme thymidylale 
synthetase, isolated from microbial and mammalian 
sources,515 catalyzes the reductive methylation of 
deoxyuridine "/-monophosphate by transfer of a methyl 
group from X^X" , 0-methylenetetrahydrofolic acid. The 
kinetics of the reaction support the view tha t it binary 
complex is formed between the enzyme and the co-
factor with subsequent formation of a ternary inter
mediate with the substrate (dUMP). 7 After transfer of 
the methyl, the binary enzyme dihydrofolic acid com
plex dissociates. Regeneration, of tetrahydrofolic acid 
is mediated by nicotinamide-adenine dinuclcot ide phos
phate (XADPH) reduction of dihydrofolic acid in the 
presence of dihydrofolic acid reductase. 

Inhibition of ihe latter step in the sequence by ami
nopterin and amethopter inhas been demonstrated its the 
she of action for these drugs.8 Direct inhibition of 
thyinidylate synthetase has been reported for .l-fiuoro-
and ")-trinuoromethyl-2'-deoxyuridine ."/-monophos
phate611,7'' winch can be termed, respectively, "subs t ra te" 
and "product" inhibitors. The proposed formation of 
a binary complex and the kinetics of the enzymatic 
reaction suggest the feasibility of inhibition by analogs 
of the cofactor, X\X l u-methyleiietetrahydrofolic acid. 

The design of cofactor inhibitors of thymidylatc 
synthetase is not new. Kisliuk9 reported growth 

Grime a n d S t r a t u m . New York, X. V., 1959, p 99: (dj 11. I.. Blakley, li, \ . 
R a m a s a s t r i , and l i . M. M e U o u g a l l , ./. Biol. Chem., 238, 3075 (1963). 

(6) (a) R. N a t h and 1). M . Greenberg , Federation Proc. 20, 227 (19611: 
(b) K. U. H a r t m a n n a n d C. He ide lberger , J. Biol. Chem., 236, 3006 (1961); 
(c) R. Silber, B. W, Grabr io , a n d E. M . H u e n n e k e n s , Federation Proc, 21 , 
241 (1962); (d) V. K. W h i t t a k e r a n d R. L. Blakley , J. Biol. Chem., 236, 838 
(1961). 

(7) (a) A. J. W a h b a and M . F r i edk in , ibid.. 237, 3794 (1962) ; (b) R. L. 
Ulakley, ibid.. 238, 2113 (1963) d P . R e y e s and C. Heide lberger , Vol 
l'l,o rmacol., 1 , 1-1 • 1 9 6 5 ) . 

IS: M. J. Osljorn, M . f r e e m a n , and !•'. \ 1 . l l u e n n e k e n s , I'm,: S„c. Us pit. 
Bird. Med.. 97, 429 (1958). 

.9j I! 1.. Kisliuk. Xaturc. 188, 5X1 (19C.ll!. 
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The synthesis of analogs of N5,X10-methylenetetrahydrofolic acid is described. These compounds arc 2-
substi tuted 1-p-earbethoxyphenylimidazolidines and 3-substituted 2-p-oai'bethoxyoctahydi'oimidazo[l,.">-<i]-
pj-razines, structural modifications of the cofactor involved in the synthesis of thvmidylic acid. The "/-uracil 
derivatives are analogs of the proposed intermediate in the biosynthesis of thvmidylic acid. The inhibitory 
effects of these compounds on dihydrofolafe reductase and thymidvlate synthetase are described. 
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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.10 

A remarkable change in enzyme specificity is noted in 
comparing aminopterin, which is a potent inhibitor 
of dihydrofolate reductase but only weakly inhibits 
thymidylate synthetase, to the reduced forms. Di-
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 
synthetase enzyme. Although Kisliuk did not de
termine whether the 5,10-methylene derivative was 
the actual inhibitor, X5,N10-methylenetetrahydroami-
nopterin was reported by Slavik and Slavikova11 to be 
more effective than either dihydro- or tetrahydro-
aminopterin. 

Further, Goodman, et al.,n 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 Goodman13 reported the synthesis of pyrimidine 
analogs of tetrahydrofolic acid active against thymidyl
ate synthetase. Baker, et al.,14: 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-anilinopropyl) pyrimidines with 
various groups either on the anilino nitrogen (hydrogen, 
acetyl, benzoyl, carbobenzoxy, tosyl) and para sub
stitution on the anilino ring. The most effective 
inhibitor was reported to be 2-amino-4-mereapto-5-
(3-p-chloroanilinopropyl)-6-methylpyrimidine.14b 

The findings of Kisliuk,10 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 N5,N10-methylenetetrahydro folic 
acid. For simplicity, the glutamate portion of the 
molecule was omitted since Baker14b reported that in 
his series of compounds this plays a minor role in 
binding to thymidylate synthetase. More recently 
Friedkin,16 et al., have found that the amino acid 

(10) (a) M. Friedkin, E. J. Crawford, and D, Misra, Federation Proc, 21, 
176 (1962); (b) A. J. Wahba and M. Friedkin, J. Biol. Chem., 236, PC11 
(1961); (c) R. L. Kisliuk and M. D. Levine, ibid., 239, 1901 (1964). 

(11) K. Slavik and V. Slavikova, Proceedings of the 5th International 
Congress of Biochemistry, Moscow, Aug 10-16, 1961, Vol. 9, The Macmillan 
Co., New York, N. Y., 1963, p 139. 

(12) (a) L. Goodman, J. I. DeGraw, R. L. Kisliuk, M. Friedkin, E. J. 
Pastore, E. J. Crawford, L. T. Plante, A. Al-Nahas, J. F. Morningstar, Jr., 
G. Kwok, L. Wilson, E. F. Donovan, and J. Ratzan, J. Am. Chem. Soc, 86, 
308 (1964); (b) J. I. DeGraw, J. P. Marsh, E. M. Action, O. P. Crews, C. W. 
Mosher, A. N. Fujiwara, and L. Goodman, J. Org. Chem., 30, 3404 (1965). 

(13) CJ. I.. Tong, W. W. Fee, and F. Goodman, ./. Am. Chem. Soc, 86, 
5664 (1964). 

(14) (a) B. R. Baker, B.-T. Ho, and T. Neilson, J. Heterocyclic Chem., 1, 
79 (1964); (b) B. R. Baker, B.-T. Ho, and G. B. Chheda, ibid., 1, 88 (1964); 
(c) B. R. Baker and B.-T. Ho, J. Pharm. Sci., 54, 1187 (1905); (d) H. K. 
Baker and J. K. Coward, ibid., 64, 714 (1965). 

(15) M. Friedkin, L. T. Plante, and E. J. Crawford, Federation Proc, 24, 
541 (1965). 

portion of tetrahydrohomofolic acid derivatives is a 
critical factor in inhibition. 

Furthermore, since Friedkin50 proposed a mechanism 
for the biosynthesis of thymidine 5'-monophosphate 
involving an intermediate complex (3) bridging both 
the cofactor and the substrate, compounds lc, 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 
the inhibitory effect on the enzyme. A series of com
pounds resembling the proposed intermediate 3 have 
recently been reported by Gupta and Huennekens.16 

H N / \ — C — glutamate 

"03P0H,C 

The synthesis (Chart I) of the imidazoline series 
(1) was accomplished by condensation of the diamine 
9 with the appropriate aldehyde. Ethyl p-benzyl-

CHART I 

C0,Et 
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ECHO 

o^ // \ 
HO H-\ N - ^ ^-

•CO,Et 

la, R=H 
b, R = Oft 

O 

c,R-HN 

O^N' 
H 

(16) V. S. Gupta and F. M. Huennekens, ibid., 24, 541 (1965). 
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aminobenzoate (5), prepared by reduction of the 
Schiff base and esterification,17 was treated with ethyl
ene oxide to give ethyl p-X-benzyl-X-(2-hydroxyethyl)-
aminobenzoate (6). Treatment with p-toluenesul-
fonylchloride gave the tosylate 7 isolated in two dif
ferent crystalline forms. 

The second two-carbon fragment was introduced by 
displacement of the tosylate group with ethanolamine. 
Trea tment of the tosylate 7 with ethanolamine.18 

followed by the addition of ether saturated with dry 
hydrogen chloride yielded X-berizyl-X-p-carbethoxv-
phenyl-X"'-(2-hydroxyethyl)ethylenediamine hydro
chloride (8). The removal of the protective benzyl 
group was accomplished by hydrogenolysis of the di
amine hydrochloride 8 to the desired product, X-p-
carbethoxy rphenvl-X''-(2-hych'oxvethvl)ethvIeiiediamine 

(9). 
The diamine 9 was condensed with formaldehyde and 

benzaldehyde yielding l-p-carbethoxyphenyl-3-(2'-hy-
(Iroxyethyl)imidazolidine (la) and 1-p-carbefhoxy-
plK>nyl-2-pheny 1-3-(2'-hydroxy ethyl) imidazolidine ( lb) , 
respectively. However, this procedure did not afford 
the desired product with 5-formyluracil possibly because 
of the. insolubility of the aldehyde in benzene. The 
diamine 9 and o-formyluracil19 were refiuxed in ethanol. 
giving 1-p-carbet hoxyphenyl-2-(o '-uracil )-3-(2 '-hy-
droxyethyl) imidazolidine ( lc) . 

The octahydroimldazo[l.~>-a]pyrazine compounds (2) 
were synthesized by the route shown in Char t I I . 
Methyl 2-pyrazinoate, prepared from pyrazine-2-
earboxylic acid and dry methanol saturated with hy
drogen chloride, was selectively reduced to the cor
responding aldehyde 10 with lithium aluminum hy
dride, using the procedure of Rutner and Spoerri.-" 
Ethyl p-X-(2-pyrazal)aminobenzoate (11) character
ized by imir was obtained by condensing the pyrazine-
aldehyde (10) with ethyl p-aminobenzoate. Recrystal-
lination of 11 from absolute methanol gave the adduct 
of methanol, compound 12. Alcohol addition products 
of Schiff bases have been reported.21 The reduction 
of the Schiff base 11 to ethyl p-X-(2-piperazinylmethyl)-
aminobenzoate (14) was at tempted with hydrogen and 
platinum oxide in acetic acid, but the only product 
identified from the reaction mixture was ethyl p-
aminobenzoato. Thus, it was necessary to reduce 11 
with sodium borohydride in methanol to ethyl p-
(2-pyrazinylmethyl)aminobenzoate (13) which was 
separated from ethyl p-aminobenzoate by column 
chromatography. 

The reduction of 13 to 14 was fried in several way.-
(tin and hydrochloric acid, platinum oxide in ethanol) 
and eventually was accomplished by platinum oxide in 
acetic acid to give 14b. 

The desired compounds, 2-p-carbethoxyphenylocta-
liydroimidazo[l,o-«Jpyrazine (2a), 2-p-carbethoxyphen-
yl-.'')-phen.vloctahydroimidazo[l,o-a]pyrazine (2b), and 
2- p-carbethoxy pheny 1-3 -(.">' -uracil) oct ahydroimidazo-

|17) (a) W. M a n d i o t and .1. 11. Fu r ious , Ber., 42, 4389 (1909); (I)) G. 
Reddel ien a n d H. Dannilof, ibid., 54, 3132 (1921)-. A. R o e a n d J. A. M o n t 
gomery . J. Am. Chem. Sor.. 75 , 910 (1953); (c) A. Sk i t a a n d W. S t n h m e r , 
G e r m a n P a t e n t 716,668 (Dec 24, 1941); Chem. Abstr., 38 , 2345 (1944). 

(18) D. Tr i K K l e and B. Helleau, Can. J. Chem., 40, 1201 (1962). 
(19) R. U. Wiley and Y. Y a m a m o t o , J. Org. Chem., 28 , 1906 (1960). 
(20) (a) S. A. Hall and P. E . Spoerr i , ,/. Am. Chem. Soe., 62, 664 (1940); 

0 0 H. R u t n e r and P. E. Spoerr i , J. Org. Chem., 28 , 1898 (1963). 
(21) fa) G. Cava l l an i , E . Massa r an i , and D. N a r d i , ./. Med. Pharm. Chem., 

2, 99 (1960,1; (b) E . L. Anderson . J. E . Casey, Jr . , XI. E tnas , K. E. Force, 
!•;. M. Jensen , K. H. M a t z , ami D. E . Uiva rd , ilnd., 6, 787 (1963). 
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jl,f)-ajpyrazino (2c) were prepared by condensing the 
amine 14a with formaldehyde, benzaldehyde, and ">-
formyluraeil, respect ively. 

Ethyl p-X-(2-pyrazinyhiiefhyl)-X-thymin\ rlamino-
benzoate (4) was obtained by treating the amine (13) 
with o-bromomethyluracil.-'-

If is jiossible that the condensation of 14 with the 
aldehydes may proceed to give the following types of 
compounds: the desired product. 2, compound 15 in
volving condensation with X4 of the piperazine ring, 
and abridged compound (16). 

The iinir spectrum of the amine 14a gives the aro
matic amine proton signal at <5 4.87 (1 proton) and ali
phatic amine proton signal at 5 1.9 (2 protons). How
ever, in the nmr spectrum of the condensation product 
2b the aromatic amine proton signal disappears and the 
signal at <5 1.02 reduces to one proton. This indicates 
tha t 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 models it appears 
sterically unfavorable since it requires formation of a 
1,3-diaxial system. 

(22) .1. A. C a r U ./. Org. Chem., 25 , 173 1 (19(H)). 
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TABLE I 

ENZYME STUDIES 

' Ratio of inhibitor/substrate concn for 50% inhibition • 
Thymidylate synthetase Dihydrofolate reductase 

Compd0 Solvent [I]/[THFA] [I]/[dUMP] [I]/[DHFA] [I]/[NADPH] 

Ethyl p-amino-
benzoate 9 5 % EtOH No inhib at 1.7 X 10~3 M No inhib at 3.3 X lO"3 M 

l a 95% EtOH 0.6 2.6 15.5 7.7 
l b 95% EtOH 0.4 1.9 23. 11. 
lc 0 . 0 2 A f N a O H 0.4 1.7 5.2 2.5 
13 0.02 A / N a O H 2.5 10.5 14.0 6.9 
4 95% EtOH 0.4 1.8 1.9 0.9 
14b H 2 0 0.4 1.7 17. 8.5 
2a 95% EtOH 0.4 1.8 4.9 2 .4 
2b 95% EtOH 0.5 2.3 19. 9.4 
2c 0.02 Af NaOH 0.6 2 .8 6.0 3.0 
Aminopteriu 0 . 0 2 A / N a O H 0.2(0 .33 6 ) 0.8(2.5*) 0.0009(0.0008°) 0.0004 (0.0008c) 

" 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 lc, 13, and 2c were dissolved in 0.02 M NaOH and assayed within 60 min after solution. The results, therefore, are con
sidered to indicate inhibition by the ester, not the saponification product. h Reported in ref 10c. c Reported in ref 24. 

AR 

15 

* ^—-NHAR 

16 

Enzyme Inhibition Studies.—Inhibitors were studied 
at several concentrations that gave values ranging from 
80 to 20% inhibition of the rate. By plotting the 
ratio of the velocity of the uninhibited reaction to the 
velocity of the inhibited reaction (Vo/Vi) vs. inhibitor 
concentration, the concentration of inhibitor necessary 
for 50% inhibition was estimated. Baker14 has used 
this method to relate the ratio of inhibitor to substrate 
necessary for 50% inhibition in an evaluation of the 
inhibitor strength. The inhibitor-substrate or co-
factor ratios for 50% 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 lb), rela
tively weak inhibition is noted, 10 - 4 M being required 
for 50% 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 2c), 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

ported by Friedkin.78, For comparison, the effect of 
aminopterin on the enzyme was studied. Kisliuk and 
Levine100 reported that aminopterin gave 50% inhibi
tion of Friedkin's enzyme preparation at a concentra
tion of 1 X 10-4 M. The calculated ratio for 50% 
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. 

Xone of the inhibitors (Table I) 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 XB 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 
is 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 series 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, IR8, and IR10 spectrophotometers. Nmr data 
were recorded on a Varian Associates Model A-60 spectrophotom
eter. Ultraviolet data w'ere recorded on a Cary 14 and Beckman 
DB spectrophotometers. Microanalyses were carried out by 
Drs. G. Weiler and F . B. Strauss, Oxford, England. 



872 MATTHIAS P. M E I I T E S AND X A I T H I I A I H. 1'ATEL Vol.!) 

Ethyl p-N-Benzyl-N-(2-hydroxyethyl)aminobenzoate (6).--A 
solution of 240 ml of 80% acetic acid and 5.1 g (0.02 mole) of 
ethyl p-benzylaminobenzoate17 (5) was chilled to 0°. and 26 ml 
of ethylene oxide was added slowly with vigorous siirring at 0°. 
The mixture was stirred for 3 hr at 0° and allowed 1o si and at room 
temperature for 24 hr. The clear solution was added with con
tinuous stirring to 600 ml of ice-cold water. The white substance 
which precipitated was filtered, washed with cold water, and 
dried to give, after drying in vacuo at 25° for 6 hr, 5.8 g i 100' ; i, 
mp 50-51°. 

Ethyl p-(N-Benzyl-N-2-tosylethyl)aminobenzoate (7). -Dry 
pyridine (60 ml) and 7.0 g (0.022 mole) of 6 were mixed and cooled 
to —4° in an ice-salt bath. /j-Toluenesulfonyl chloride (8.9 g, 
0.45 mole) was added and mixed thoroughly. After 15 hr at 
room temperature, the reaction mixture was added with stirring 
to 1000 ml of ice-cold water. The white precipitate (9.9 g) was 
filtered, dried, and recrvstallized from absolute ethanol as white 
(lakes: 7.9 g (75 rJ ): m p 9 1 ° : A™'1" 305 tnM t t 17,900), 290 niM 

(e 16,440). 
Anal. Calcd for (:.,,.•, I J27NO;K: C, 66.20: II, 6.00: X, 3.OS: S, 

7.06. Found: C, 66.15; 11,6.04; X, 3.OS; S, 7.42. 
N-Benzyl-N-p-carbethoxyphenyl-N'-(2-hydroxyethyI)ethyl-

enediamine Hydrochloride (8).--2-Amiuoethanol (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 benzene layer was separated and washed three 
times with 25-ml portions of water until the washings were 
neutral. The benzene solution was dried (AlgSOj) and evapo
rated to dryness yielding a thick syrup. Absolute ethanol (10 nil) 
was added and the solution was cooled overnight in a refrigerator, 
whereby unreacted 7 separated as a white powder. It was 
removed by filtration, and ethereal H O was added to the filtrate. 
The hydrochloride thus obtained was recrvstallized from ethanol-
ether:' white flakes, 2.5 g (65 r

f ) , mp 143-145°. 
Anal. Calcd for C 2 „ H , 6 N A ) 3 : C, 63.40; H, 7.IS; N, 7.39: O : 

9.35. Found: C, 63.32; H, 7.IS; N, 7.41: 0 , 0 . 3 * . 
N-p-CarbethoxyphenyI-N'-(2-hydroxyethyl)ethylenediamine 

(9). The hydrochloride 8 (2.2 g, 0.006 mole) was dissolved in 
125 ml of absolute ethanol with heating. The solution was cooled 
and 0.5 g of ~i'', palladium on carbon was added. The mixture 
was hydrogenated at 2 atm for 25 min in a Parr apparatus, 
whereby the theoretical amount, of hydrogen was absorbed. 
The alcoholic solution was filtered and evaporated to dryness 
giving a residue that: was dissolved in 5 ml of absolute ethanol 
and precipitated with ether. Recrystallization from alcohol-
ether gave the hydrochloride as white flakes, 1.5S g (95 r , ' ) , 
mp 1.12-113°. 

A solution of 1.25 g (0.004 mole) of the hydrochloride in 25 ml 
of water was made alkaline with saturated XaHC0 3 and saturated 
with N a d . The resulting solution was extracted six times with 
50-ml portions of ether. The ether extracts were combined and 
washed with 15 ml of water. Drying (MgSCq) and concentrating 
to a small volume gave a white solid which was recrvstallized 
from elher-Skellv B (bp 60-70°) to give 9 as white flakes, 
0.9 g (S2':,.), mp 96-96.5°, \l'.°u 304 mM (e 22,130). 

Anal. Calcd for C13H,,iN.,03: C, 61.SS: H, 7.9S; X, 11.10. 
Found: C, 61.51; II, 8.15; X, 11.3S. 

1 -p-CarbethoxyphenyI-3-(2'-hydroxyethyl)imidazolidine (laJ. 
- T h e diamine 9 (0.504 g, 0.002 mole) was dissolved in 25 ml 
of dry benzene, and 0.21 ml (0.002 moles) of 37'7 formaldehyde 
solution was added. The mixture was refluxed, for 2 hr, and 
water was collected in a Dean-Stark trap. After the reaction 
mixture was evaporated to dryness the white solid (0.52 g, 
quantitative vield) melted at 76.5°, x5°H 307 niu (e 14,800). 

Anal. Calcd for C1J1..,,X,03: C, 63.31 : H, 7.62; X, 10.59. 
Found: C, 63.52; H, 7.45; X, 10.61. 

l-j>-CarbethoxyphenyI-2-phenyl-3-(2'-hydroxyethyl)imidazoli-
dine (lb).—Benzaldehyde (0.106 g, 0.001 mole) and 0.236 g 
(0.0009 mole) of 9 were refluxed in 30 ml of dry benzene for 2 hr; 
water was collected in a Dean-Stark trap. The reaction mixture 
was evaporated to dryness, giving a yellow, syrupy residue. 
The residue was taken up in absolute ethanol and treated with 
activated charcoal, and the solvent was removed. The residue 
was crystallized from anhydrous ether -skelly B, as white crystals, 
0.175 g (55' ( ) , mp 92.5°,'x!;,',1'" 30s mM (e 22,930). 

Anal. Calcd for CdF-iXjl ):1: ('. 70.56: II, 7.10: X, s.22. 
Found: C, 70.64; II. 7.01; X, s.i:;. 

l-/3-Carbethoxyphenyl-2-(5'-uracil)-3-(2'-hydroxyethyl)imi-
dazolidine (Ic).- -5-Formyluracil19 (0.117 g, 0.0008 mole) was 
dissolved in 90','j. ethanol by refluxing for 6 hr. To this solution. 

0.228 g (.0.0000 mole) of 9 was added and the lead ion mixture 
refluxed for 24 hr. The yellowish mixture was Heated with 
activated charcoal and evaporated to dryness. The. unreacted 
diamine was removed by extracting with ether, and the residue 
was recrvstallized from ethanol, affording 0.1 g(32 ' , ) of yellowish 
white crystals, mp 220- 221°, X*'™ 303 una i e f4,640). 

A mil.' Calcd for Ci,II,,X,():,: O 57.74: II. 5.92; \ ' , 14.90 
Found: C, 57.79: II. 5.96; X, 14.72. 

Ethyl p-(2-Pyrazal)aminobenzoate (11.).--Dry benzene 35 
ml). 1.08 g (0.01 mole; of aldehyde ! 10),2(l and 1.65g(0.01 mole) 
of ethyl /j-amiiiobetizuate were refluxed overnight to give I he theo
retical amount of water collected in a Dean -Stark trap. The 
solution was evaporated to dryness in vacuo to give a yellow resi
due. Tic on silica gel i Xo. (IF 254, ]•'.. Merck A C , Darmstadt ) 
showed two spots under ultraviolet light after developing in 4' , 
methanol in CIIC13. One of the spots was found to be ethyl 
p-aminobenznate by comparison with the authentic sample. 
Fractional crystallization from ether, ether-Skelly B, benzene 
Skelly B. or ethanol was not successful. The compound 11 
was used in the next step without further purification. 

Ethyl ^-(2-Pyrazinyl)methoxymethylaminobenzoate (12). 
The Schiff base 11, 0.5 g, was dissolved in 10 ml of absolute meth
anol at room temperature and kept al 0° for 2 days. The 
white solid that separated in the methanolic solution was filtered, 
recrvstallized from absolute methanol, and dried under vacuum 
at room temperature: nip 100.5 101.5°. 

Anal. Calcd for (V,I1,TX3< >:,: O 62.70; II, 5.06: X, 14.62. 
Found: ( ' ,62.37: 11,6.18; X, 14.92. 

Ethyl /H2-Pyrazinylmethyl)aminobenzoate (13). The SchitT 
base 11 (2.55 g. 0.01 mole) was dissolved in 35 ml of methanol and 
cooled to 0°, and 0.S g of sodium borohydride was added in 
portions during 10 min. The temperature of the mixture was 
raised lo 00-70° for 45 min with continuous siirring. The 
reaction mixture was cooled to room temperature, acidified with 
acetic acid, diluted with 60 ml of water, made alkaline wit h XaOl 1 
solution, and extracted four limes with 50-ml portions of ether. 
The ether extracts were combined, dried over MgSOi, and evapo
rated to dryness giving a yellow powder, 2.4 g. The substance 
was found by lie on silica gel to be a mixture of the desired 13 
and ethyl p-aiiiinobenzoate. The mixture was separated on a 
silica gel column ( K. Merck A C . Darmstadt, 0.05-0.20 nun. 
130 g). The substances were eluled wit h ethyl acetate, and I5-ml 
fractions were collected. Ethyl p-aminobenzoate (0.03 gi was 
found in fractions 1 19; the product (l.S gj was collected in 
fractions 11 25 with an additional 0.2 g found in tubes 26-40. 
The yellowish white compound, 2.0 g !7S'') ), was recrvstallized 
from ether as white needles: mp 117 118.5°; X ,̂'."" 299 niju 
(f 22,380), shoulder at 275 inM (c 1 1,990). 

Anal. Calcd for C,.,M,.-,X303: C, 05.35: II. 5..S7; X, 16.33. 
Found: C, 64.96: 11,5.65; X, 16.21. 

Ethyl /j-(2-Piperazinylmethyl)aminobenzoate (14a). Plat
inum oxide (1.0 g) was suspended in 5 ml of glacial acetic acid 
and reduced for 50 min at atmospheric pressure in a inicro-
hydrogenation unit. To this suspension, a solution of 1.0 g 
(0.004 mole) of ethyl /j-(2-pyrazinylmethyl)aminobenzoate (13) 
in 5 ml of glacial acetic acid was added and the solution was 
hydrogenated for 65 min. The theoretical amount of hydrogen 
was absorbed, and the reduction was slopped. After removal of 
the catalyst, evaporation of the filtrate gave a thick syrup which 
was taken up in 15 ml of water and extracted five times with 
30 ml of ether. The ether extracts were combined, washed with 
10 ml of water, dried over MgSO,, and evaporated to dryness, 
giving 0.13 g of ethyl />aminobenzoa1e. The aqueous solution 
was adjusted to pll 10 with 5 ' , XaOH. saturated with XaCl. 
and extracted with eight. 30-ml portions of CHC13. The CIICl, 
extracts were combined, washed with 10 ml of water, tillered, 
dried over MgSOi, and evaporated to dryness, giving a yellow, 
syrupy liquid, (1.78 g ('70'',' !. The diacetate (14b) was a white 
powder: mp 94.5 95.5°: niol wl, 371, 382, and 389 I calcd 
383.4): A!;)™ 303 mM it 22,190). 

2-/j-Carbethoxyphenyloctahydroimidazoil,5-ujpyrazine (2a). 
The amine 14a (0.311 g, 0.001 mole) was dissolved in 5 ml of 
absolute methanol and a solution of 0.10 g (0.001 mole) of 37' , 
formaldehyde in 10 ml of absolute methanol was added. The 
reaction mixture was refluxed ford hr, cooled, and evaporated to 
dryness. The yellow, semisolid residue was dissolved in 5 ml of 
dry benzene, evaporated to dryness, and dried under vacuum 
overnight. The yellow powder was extracted four lime- with 
30 ml of hot ether. The ether solution, upon cooling, gave a 
white powder, 0.187 g (.58', i, which was dissolved in methanol, 
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treated with activated charcoal, and evaporated to dryness. 
Recrystallization from ether gave white crystals, mp 174-175.5°, 
X*'.°H 307 mM(e 30,830). 

Anal. Calcd for C15H2iX302: C, 65.48; H, 7.68; X, 15.26. 
Found; C, 65.74; H, 7.50; X, 15.45. 

2-p-Carbethoxyphenyl-3-phenyIoctahydroirnidazo[l,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 benzaldehvde was added and the mixture refluxed for 
24 hr. The mixture was cooled and evaporated to dryness to 
give a brown syrup. The product was purified on a neutral 
alumina column (Woelm, grade III, 75 g), using ethyl acetate to 
give, after a forerun containing benzaldehyde, a white compound, 
0.34 g (39%), which was dissolved in ethyl acetate, treated with 
activated charcoal and recrystallized from ethyl acetate; white 
crvstals, mp 165-166.5°, \EJ.°K 307 m̂ u (« 31,300). 

"Anal. Calcd for C2iH25X303: C, 71.76; H, 7.17; N, 11.95. 
Found; C.71.44; H, 6.99; X, 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 5-formyluracil19 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 (51%), dissolved in hot ethanol, 
treated with activated charcoal, and recrystallized from ethanol-
methanol to give white crystals, mp 219-220°, A™°H 304 mM 

(e 29,300). 
The analytical sample prepared by drying over P205 under 

vacuum at room temperature showed the following analvsis. 
Anal. Calcd for Ci9H23X505-C2H50H: C, 58.45; H, 6.77; 

X, 16.23. Found; C, 58.21: H, 6.73; X, 16.49. 
After drying the above crystals at 100° under vacuum the 

analvsis showed loss of the molecule of ethanol. 
Anal Calcd for Ci9H,3X504; C, 59.20; H, 6.01. Found: 

C, 59.54; H, 6.07. 
Ethyl p-N-(2-PyrazinylmethyI)-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,22 0.053 g of Xa2C03 , and a catalytic amount of 
Xal . The mixture was cooled and filtered, and the residue was 
washed with a few milliliters of tetrahydrofuran (solution 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 solution A was evaporated to dryness to give 
0.257 g of yellow powder A. Tic with alumina (OF 254, E. 
Merck AG., Darmsdt) using CHCl3-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 
material. A and B were chromatographed separately as fol
lows and as shown in Table I I to obtain the product. Fractions 

TABLE II 

A, ON XEUTHAL ALUMINA (WOELM, GRADE I, 20 g) 

Fraction 

1 and 2 
3 
4 and 4 
6 and 7 

8 and 9 

Effluent, vol (ml) 

Chloroform, 25 
Chloroform, 50 
Chloroform, 60 
Chloroform-met hanol 

(9:1), 100 
Chloroform-metha: nol 

Description 
of material 

Amine 13 
Amine 13 

Product 4 

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 CHCl3-methanol to give 0.097 g 
of the desired product 4. The products from A and B were 
combined to give 0.22 g (58%). Recrystallization from an
hydrous methanol-ether gave white flakes: mp 193.5-194.5°; 
X*»°H 303 mM (e 25,000), 271 mM (e 18,000). 

Anal. Calcd for Ci9H,9X504: C, 59.83; H, 5.02; X, 18.36. 
Found: C, 59.52; H, 5.04; X, 18.41. 

Enzyme Purification Studies. Thymidylate Synthetase.— 
Thymidylate synthetase was purified according to the procedure 

of Wahba and Friedkin7" from E. coli B.23 The assay solution 
contained 0.05 jumole of deoxyuridine 5'-monophosphate (Sigma 
Chemical Corp.), 0.22 /imole of tetrahydrofolic acid (General 
Biochemicals Corp.), 15 //moles of formaldehyde, 25 /mtoles of 
MgCl2, 130 //moles of mercaptoethanol, 0.9 ^moles 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 ^moles/ml, was divided into small 
fractions and frozen. Deoxyuridine 5'-monophosphate was 
dissolved in water to give a stock solution containing approxi
mately 1 /imole/ml and stored frozen. The assay stock solution 
(minus mix) contained 12 mmoles of mercaptoethanol, 27 jumoles 
of tetrahydrofolic acid, 1.8 mmoles of formaldehyde, and 3 mmoles 
of MgCl2 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 niju 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 m/* 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 Huennekens24 from chicken livers. The enzyme preparation 
had a specific activity of 0.36 /xmole/hr per mg of protein. This 
was divided into small fractions and frozen. 

The stock solution of X A D P H was prepared by dissolving 
XADPH (Sigma Chemical Corp.) in 0.02 M Tris buffer at a 
pH of 8.5 to give a final concentration of 0.5 /xmole/ml. Dihydro
folic acid, prepared by dithionite reduction of folic acid according 
to Futterman,25 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 /timole/ml. The assay was that of Friedkin 
and co-workers26 and contained 0.2 ml of the XADPH 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 rmx 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, 52% of the change in absorbance represents the utilization 
of dihydrofolic acid, and this change was used in determining 
the specific activity of the enzyme. 

Inhibitors were dissolved in water, alcohol, or 0.02 M XaOH 
to give stock solutions containing 1 ^mole/0.1 ml. When base or 
alcohol 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 XaOH showed a half-life of approximately 160 min. 
The inhibitors lc, 13, and 2c were dissolved in 0.02 M XaOH 
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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