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detect the pyrimidine compounds MU and S-acetyl MU (III)
by visnal examination (Chromato-Vue, Ultra-Violet Products,
Inc.); (2) for the detection of the peptides, glutathione, oxidized
glutathione, and S-acetylglutathione, the ninhydrin dipping rea-
gent wa= used as described by Toennies and Kolb;® (3) for the
identification of the thiolester compounds the hydroxamate test
was employed as described by Stadtman.? The R; valnes

(20) E. R. Stadtman, J. Biol. Chem., 196, 535 (1952).
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obtained for glutathione, oxidized glutathione, and S-acetyl-
glutathione agree within 2=0.06 with those reported.2!

Acknowledgment,—The authors are grateful to Mr.
Michael S. Anderson of the Calasanctius Preparatory
School for his technical assistance in this work.

(21) M. Gutcho and L. Laufer in **Glutathione,'* S. Colowick, A. Lazarow,

E. Racker, D. R. Schwarz, E. R. Stadtman, and H. Waelscli, Ed., Academic
Press, New York, N. Y., 1954, p 79.
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Analogs of N%N1-methylenetetrahydrofolic acid were designed and synthesized in an effort to define the

essential features of cofactor binding and inhibition of the enzyme, thymidylate synthetase.

Ethyl 3-methyl-

2-pyrazinecarboxylate (1), prepared by condensation of ethylenediamine and ethyl 2,3-dioxobutyrate, was reduced
(LAH) to the aldehyde 2. Formation of the Schiff base 3 from 2 and ethy! p-aminobenzoate was followed

by NaBH; reduction to give N-(p-carbethoxyphenyl)-3-methyl-2-aminomethylpyrazine (4).

Treatment of 4

with 5-bromomethyluracil gave the N-thyminy! derivative 5; reduction of 4 gave the piperazine derivative 6.
Condensation of 6 with 5-formyluracil gave 2-p-carbethoxyphenyl-3-(5’-uracil)-7-methyloctahydroimidazo-

[1,5-a]pyrazine (7).

By the same procedure used in the 3-methylpyrazine series, quinoxaline (8a-10a), 2-

methylquinoxaline (8b-10b, 22), and 2-methyl-1,2,3,4-tetrahydroquinoxaline (11b, 23) analogs were prepared.
An interesting ring enlargement to the symmetrical seven-membered diaza ketone was observed when 1,2,3,4-
tetrahydro-2-hydroxymethyl-1,4-di-p-toluenesulfonylquinoxaline was oxidized using the DCC-DMSO method.
The results of inhibition of thymidylate synthetase and dihydrofolate reductase are discussed.

Thymidylate synthetase, in the presence of the co-
factor N> N'%-methyvlenetetrahvdrofolic acid, catalyzes
the conversion of 2’-deoxyvuridine 5’-monophosphate
to thymidine 5’-monophosphate.® The mechanism
proposed for the one-carbon transfer is by a reductive
methyvlation to give the product thymidine 5’-mono-
phosphate and 7,8-dihyvdrofolic acid.?

Folate analogs have been studied as inhibitors of
thymidylate synthetase.* In addition to the reduced
aminopterin derivatives, tetrahvdrohomofolate is an
effective inhibitor of this enzyme. The rationale for
this approach to inhibition is derived from kinetic studies

(1) This work was supported by Grant CA 7522 and IK3-CA-10739 from
the National Cancer Institutes, National Institutes of Healtl. Taken in
part from tle dissertation presented by A. J. Lin to the Graduate School,
University of Kansas, in partial fulfilment of the requirements for tlie
Doctor of Plhilosophy Degree.

(2) For previous studies in this series see: (a) M. P, Mertes and N. R.
Patel, J. Med, Chem., 9 868 (1966); (b) M. P. Mertes and Q. Gilman, ibid.,
10, 965 (1967).

(3) For references on this enzyme see: (a) A.J. Wahba and M. Friedkin,
J. Biol. Chem., 287, 3794 (1962): (b) R. Blakley, ¢bid., 238, 2113 (1963);
(e) P. Reves and C. Heidelberger, JMol. Pharmacol., 1, 14 (1965).

4) (a) R. L. Kisliuk, Nature, 188, 584 (1960); (b) M. Friedkin, E. J.
Crawford, and D. Misra, Federation Proc., 21, 176 (1962): (c¢) A.J. Whaba
and M. Friedkin, J. Biol. Chem., 236, PC11 (1961): (d) R. L. Kisliuk and
M. D. Levine, ¢hid., 289, 1901 (1964); (e) L. Goodman, J. 1. 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); (f) G. L. Tong, W. W. Lee, and
L. Goodman, ibid., 86, 5664 (1964): (g) B. R. Baker, B. T. Ho, and T.
Neilson, J. Heterocyclic Chem., 1, 79 (1964); (h) B. R. Baker B. T, Ho, and
G. R. Clheda, 7bid., 1, 88 (1964); (i) J. A. R. Mead. A. Goldin, R. L. Kisliuk,
M. Friedkin, L, Plante, E. J. Crawford, and G. Kwok, Cancer Res., 26, 2374
(1966); (3) L. T. Plante, E. J. Crawford, and M. Friedkin, J. Biol. Chem.,
242, 1466 (1967); (k) V. S. Gupta and F. M. Huennekens, Biochemistry, 6,
2168 (1967); (1) K. Slavik and 8. F. Zakrzewski, Mol. Pharmacol., 8, 370
(1967); (m) D. Livingston, E. J. Crawford, and M. Friedkin, Biochemistry,
7, 2814 (1968): (n) S. B. Horwitz and R. L. Kisliuk, J. Med. Chem., 11,
907 (1968); (o) L. T. Weinstock, D. E. O'Brien, and C. C. Cheng, ibid.,
11, 1238 (1968); (p) D. V. Santi, J. Heterocyclic Chem., 4, 475 (1967).

on the enzyme.?* A sequential order of binding is
noted; the initial complex of enzyme-cofactor is
followed by formation of a ternarv complex with the
substrate. Stepwise dissociation leads to the products.

The nature of the intermediate proposed for the
transfer of the carbon unit from the cofactor to the
substrate necessitates the proper spatial positioning of
these units on the enzyme. Attempts to bridge the
binding sites of the cofactor and substrate in a single
inhibitor have been unsuccessful.>*? To achieve this
additional studies have been undertaken to determine
the essential structural features for cofactor binding to
the enzyme. Previous results have suggested that the
pyrimidine moiety of the pteridine ring of folic acid,
important for dihydrofolate reductase binding, may not
be essential for binding to thymidyvlate synthetase. In
addition, relatively basie nitrogens corresponding to
N® and N? of the folie acid model are essential since the
piperazine ring is more inhibitory than the pyrazine
ring in model compounds.?* Further studies in this
ceries have been made to examine the effects of a CH;in
a position corresponding to C-7 of folic acid since
Zakrzewski® has involved C-7 of tetrahydrofolic acid
as the source of H in the reductive methylation of
deoxvuridine 5’-monophosphate.  Substitution of a
benzene ring for the pyrimidy] moiety of folie acid was
also undertaken to access the effect of the aromatic ring
on the binding affinity of N? and N?® positions of folie
acid analogs.

2,3-Dimethylpyrazine (Scheme I) was synthesized by
condensation of ethylenediamine with 2,3-butanedione
followed by aromatization; selective oxidation (I<-

(3) 8. F. Zakrzewski, J. Biol. Chem., 241, 2962 (1966).
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poor over-all vield.® A better procedure to the desired
ester 1 wus by condensation of ethylenediamine with
ethyl 2, 3-dioxobutyrate;” aromatization of the unstable
intermediate gave (%th_\] 3-nmethyl-2-pyvrazinecarboxyl-
ate (1). Reduction of 1 to 3-methylpyrazine-2-
carboxaldehyde (2) emploved the procedure of Rutier
and Spoerri®  addition of LAH to 1 at —70°.  The
Schiff base 3, prepared by condensation of 2 with ethyl
p~aminobenzoate, was reduced with NaBH,~NMeOH to
the amine 4.%* The N-thyminyl derivative 5 was «yn-
thesized by treating 4 with an equimolar amount of
S-bromomethyvluraeil® and NayCO; in THIT containing
a catalytic amount of Nal.

Reduction of the pyrazine ring in 4 by Pt in HOAe
to ethyl p-N-[2-(3-methylpiperziny l)meth\l]dmmoben-
zoate (6) wis nccompanied by minor hydrogenolysis
to give ethyl p-aminobenzoate as the side product.
Condensation of 6 with S-formyluracil in MeOH gave
2-p-carbethoxyphenyl-3-(H-uracil)-7 - methyloetahydro-
imidazo [1,3-a Jpyrazine (7). 3-Formyluracil®® can be

(6} (a) T. Ishiguro, M. Matsuniura, and . Murai, Yekugaku Zasshi, 80,
349 (1960); (b) T. lshiguro, and M. Matsamura, 7hird., T8, 229 (1938).

(7) W. Dennis, 4m. Chem. J., 88, 587 (1907).

(8) H. Rutner and P. . Spoerri, J. Org. Chem., 28, 1898 (1963).

) J. A, Carlion, tbedl., 28, 1731 (1H80C.

{10) R. M. Wiley aud Y. Yauamoto, thid., 25, 1806 (1960).
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prepared easily by Ce(IV) oxidation af S-hydroxy-
methyvhiraeilt according to a known method. '
Quinoxaline-2-carboxaldehyde (8a)'® (Scheme 11)
was condensed with ethyl p-aminobenzoate to give the
Schiff base 9a previously reported by Achesou;™
reduction over I’t in dioxane gave ethyl p-2-quinoxalin-
vimethylaminobenzoate®* (10a) in 359; vield; the
low vield is due to hydrogenolysis to give ethyl p-
aminobenzoate. Reduetion of the pyrazine ring of the

(110 R. E. Cline, R. M. Fiuk, aud K. Fink, J. Am, Chem. Soc., 81,
2521 (19503,

(12) (a) W. 8. Trakanovsky, l. B. Young, and G. L. Browa, J. Onr.
Chem., 832, 3865 (1967); 1Ly R. Brossmer and D. Ziegler, Tetraleilron Lett..
5253 (1966).

(13) G. L. Leese aiul H. N. Rydon. J. Chem. Soc., ‘303 (19551,

(14) (a) R. M. Aclieson, 1hir/., 4731 (1936); (b) 8. Tawmara, Yakuguh
Znsshi, 80, 559 (1960).
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quinoxaline 10a to the tetrahydro derivative 11a was
attempted by ecatalytic hydrogenation using Pt or
Rh-C in a variety of solvents; however, in all cases
hydrogenolyzsis resulted.

Alternate approaches to 11a were attempted starting
with 1,2,3 4-tetrahydro-2-hydroxymethyl-1,4-di-p-tolu-
enesulfonylquinoxaline (12).'* The tritosvlate 13 was
prepared; however, displacement of the tosyl with
ethy] p-aminobenzoate failed, probably due to the poor
nucleophilicity of the amine. No reaction was ob-
served when oxidation of the hydroxymethyl group of
12 was attempted using Sarett’s reagent. !

Oxidation of the aleohol 12 using DCC in DMSO
according to Moffatt'® did not give the expected aldehyd
14. Tustead, the produet showed a carbonyl in the ir
spectrum (1740 em~™!) and four equivalent aliphatic
protons in the nmr speetrum (singlet at § 4.05). Ele-
mental analvsis and the nmr and ir data support struc-
ture 16, a seven-membered diaza ketone. Several
mechanism= can be formulated for this rearrangement
(12 — 16); a simple carbonium ion mechanism would
most probably lead to the unsyvmmetrical ketone 17.
The intermediacy of an aziridinium ion (15) readily
accounts for the product 16.

A further attempt failed to give the aldehyde 14
through condensation of N,N’-di-p-toluenesulfonyl-o-
phenylenediamine with 2 3-dibromoacrolein diethyl
acetal using several solvents over a wide temperature
range.

The final approach (Scheme III) to 11a was from the
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aldehyde 8a; formation of the acetal 18 followed by
LAH reductionV gave 1,2,3,4-tetrahydroquinoxaline-2-
carboxaldehyde ethylene acetal (19). Protection of the
amino groups (20b) was achieved by heating 19 with an

(13) (a) G. 1. Poos, G. E. Arth, R. E. Beyler, and L. H. Sarett, J. Am.
Chem. Soc., 758, 422 (1953); (b) J. R. Holum, J. Org. Chem., 36, 4814 (1961);
(¢) R. H. Cornfortl, J. W. Cornforth, and G. Popjak, Tetrahedron, 18, 1351
(1962): (d) R. F. Church, R. E. Ireland, and D. R. 8hridhar, J. Org. Chem.,
27, 707 (1962).

(16) (a) K. E. Pfitzner and J. G. Moffatt, J. Am. Chem. Soc., 86, 3027
(1963): (b) {bid., 87, 5670 (1965); (c) ibid., 88, 1762 (1966).

(17) R. C. Deselms and H. S. Mosher, 7bid., 82, 3762 (1960).
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excess of CgH;COC! in CsH;N-CgHg mixed solvent.
Using lower than reflux temperatures and two equiva-
lents of CeH;COCI gave the monobenzamide 20a; the
site of benzolation N or N* in 20a was not ascertained.
LAH reduction of 20b gave an excellent yield of the
starting acetal 19 through C-N cleavage rather than
the expected product of amide reduection, 21. Di-
borane!® reduction of 20b did vield N!',N*-dibenzyl-
1,2,3 4-tetrahydroquinoxaline-2-carboxaldehyde ethyl-
ene acetal (21). Hydrolysis of 21 to the aldehyde was
unsuccessful using, among others, the following cata-
lysts: BF;, HCIO,, HCI, H,80,, AICL;, and HIO,. It
is reported that the dimethyl acetal of pyrazine-2-
carboxaldehyde is also resistant to hydrolysis.!®

The synthesis of 11a was reported recently by Ben-
kovie and coworkers® through reduction of 10a with
NaBH, in diglyme.

The 3-methylquinoxalines (10b, 22) and the reduced
derivatives (11b, 23) were prepared starting with ethyl
3-methyvlquinoxaline-2-carboxylate.?t Reduction to the
aldehyde 8b (Scheme II) by inverse addition of LAH
at —70°, followed by formation of the Schiff base 9b
and reduction using NaBH,12[eOH, gave 10b. Cata-~
lytic hydrogenation using Pt-HOAc gave a 409 yield
of the tetrahydroquinoxaline analog 11b.

J{?@m

23

Alkylation of the quinoxaline 10b with bromomethyl-
uracil gave the thvminyl derivative 22. Condensation
of the tetrahydroquinoxaline 11b with 5-formyluracil
gave 2-p-carbethoxyphenyl-3-(5’-uracil)-9-methylhexa-
hydroimidazo[1,5- a]qumoxahne (23). The possible
formation of a cyclic six-membered condensation prod-
uct with N4 instead of N! is excluded by the fact that
ethvl p-N-(3-piperidvlmethv])aminobenzoate failed to
give the corresponding cvelic product with 5-formyl-
uracil.??

Biochemical Results,—The compounds in this series
were assayed for inhibition of thymidylate synthetase
and dihydrofolate reductase (Table I) by described
procedures.?2 Both the esters and their saponification
products were examined. The results do not show
exceptional activity in this series when compared to the

(18) H. C. Brown and D. Heim, 1bid., 86, 3566 (1964).

(19) J. D. Dehun and R. Levine, J. Org. Chem., 38, 406 (1958).

(20) (a) S.J. Benkovic, P. A. Benkovic, and D. R. Comfort, J. Am. Chem.
Soc.. 91, 1860 (1969): (b) S. J. Benkovie, private communication.

(21) H. Dahn and H. Hauth, Helv. Chim. Acta, 42, 1214 (1959).
(22) M. P. Mertes and A. J. Lin, in preparation.
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marked inhibition of the respective enzymes by 5-
trifluoromethyl-2’-deoxyuridine 5’-phosphate and ami-
nopterin; however, structure-—-activity correlations can
be drawn from a comparison of the relative activities,

The effect of basieity at the N's corresponding to N?
and NY of tetrahydrofolic aeid is noted when the
pyrazine 4 and the quinoxaline 10b are compared fa
the reduced analogs 6 and 11b.  The latter are more
effective than the aromatic componnds against thymid-
viate syvnthetase, whereas no signifieant difference is
noted with the reductase eunzyme, This agrees with
the reportst =1 that the reduction of auminopterin to the
di- and tetrahydro derivative shows enhancement of
whibition of the syvnthetase enzyme and loxs of fithibi-
tion of the reduetase.

TanLk 1
IiNzysy INHIBITION SrUbiese
1111/18 os Tor
~thyutidylate synthetaser'n—
Caur- Salt of

QLA1R Do.s (or
~~dihydroiolate reductase’™ -
Ralt of

vl Ester? ie acil® F.ster? the acid¥
{ 5.4 5.2 31 43
b b} 41 17 325
8 .9 5.0 10 Al
7 3 9 33 T4
101 lusoluble 4.2 Isoluble N
11D 3 (.9 20 6.4
22 3 52 {1
25 1.5 52 7 120

“ IPor a description of the enzyine =ources, isolation procednre,
mad assay, see rvef 2a. 2 ({1] [S])y.; refers to the ratio of the
molar concentrations of the inhibitor and substrate (cofactor)
mensured ax dl-tetrahvdrofolic acid, necessary for 5067 mhibition.
The assay solntion was 2.8 X 107 M di-tetrahydrofolic acid aud
4.2 X 1075 M deoxynuridine 5’-phosphate. ¢ ([1]/{8]).5 refers to
the ratio of the molar concentrarions of (he inhibitor and sub-
strate, dihyvdrofolie acid, necessary for 5077 inhibition. The
substinte was present mn 3.3 X 1073 M in the assay solutigu.
* The esters were assayed as 1D MSO solutions nsing an equivalent
anratmt of DAMSO as the control rate. ¢ The esters were saponi-
fied by heating for several hours in 0.1 3/ KOH and assayiug the
st of the acid as an aqueons solution,

With some exceptions the presence of the additional
aromatic moiety (quinoxaline series compared to the
pyrazine series) enhances the binding to the reductase
{6, 7, 11b, and 23). Such an increase, however, is not
obscrved for the synthetase enzyme. The addition of
the pyrimidine ring to give thyminyl analogs 5 and 22
aud the uracil analogs 7 and 23 again did not show en-
hancement of binding that would be expected from
bridging of the enzymatic binding sites for substrate
and eofactor, However, the fact that there was no
significant change in inhibition (compared to 4, 10b, 6,
and 11b, respectively) suggests bulk tolerance for the
pyrimidine ring in this region of the enzyme.?® It ap-
pears from the results in this series that piperazine and
tetrahyvdroguinoxaline analogs should be explored for
bulk tolerance and additional modes of binding to
thymidylate synthetase, perhaps through hydrophobic
binding regions.

This series of compounds was also examined for
inhibition of growth of Bacillus cereus, Bacillus subtilis,
Staphylococcus aureus, and Escherichia coli.  Tilter
paper disks were saturated with a 0.1 A7 solution of the

237 B, R. Baker, "'Design of Active-Site-Directed Trreversible Kuzyine
Luliibitors. Tlie Organic Chemistry of thie Active-Site,” Johu Wilsy &
Sons, Ime., New York, N. Y., 1967,
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compound, dried, and pliced on inoculated agar plates,
Contpotind 6 showed a slight inhibition of all cultires
{~1mn). Compound 10b inhibited growth of B. cercns
and Boosubtidlis (~1T mmy).  None of the other compounds
were inhibitory.

Experimental Section?!

Ethy! 3-Methylpyrazine-2-carboxylate (1).-~Lilnd 2,5-dioxo-
batyrate® (10 g, 0.07 mole)} 11 200 ml of CeHg wax added drapwise
witlt vigorons strrhig to a solmtion of ethylenediamine (4.2 g,
0.07 mole) in boilig CalTs (250 ml) with a Dean-Stark trap to
remove the 11,0 formed.  Afier the addition was complete, the
soluitore was refluxed artil the theoretical amomnt of 1140 was
collecied.  The solution wax coaled ard 1077 Pd-C (1.5 g) was
added. The mixture was refluxed for I8 hr with stirring, md
filtered. The filtrate was evaporated 10 dryuess under redaced
pressure and the dark red residue was extracred several times
with 100-nil porttors ol hot peirolenm ether (bp 60-70°). The
extracts were comtbhed, conled to 5° for 1-2 hr, and filtered.
The filirate was corcentrated 1o 100 ml ard cooled avernigin v,
give pale vellow necdles. More crvstals were obtatued by again
corceerdrating the filustte (o give a total weight of 3.7 g 3077,
ltecrystallizatorc froia petrolemn ether (bp 60-70°1 gave vellow
needles, rap 49.5-51.5° For elemental analysis, the comprmal
wias sablinted (0.5 nm: 1o give very pale yvellow microervsialy,
wp 31.5-32.5°0 Anal. (ClloNoOy) € T, N

3-Methylpyrazine-2-carboxaldehyde (2}.--Eihvl S-rocilovl-
pyrazine-2-carboxylate (1) (4.3 g, 0.0261 mole) was discolved in
100 ml ol dried THE. Tle solution was cooled to —70° witl a
Dry Tee-MeOTl Lath. To the solntion, LA (0514 g, 0.0221
mole) e SU nth of dry THT was added slowly over a pertod ol 30
mii. The reactioo was stopped by addition of 4 ml of HOAe,
The light brown mixinre was evaporated {o dryuess under re-
dirced pressure, and the restdie was dizsolved in 30 ml ol 2.5 .V
HCI and extracted eight times with 50-ml portions of CHCl.
These were stirred with 100 ml of 11,0 and NaHCO: powder was
added it snadl porttons mail the evolimion of CO, ceased. The
CHCL laver was separated, dried (MgSO, ¢ aad evaporated o
divuess. 'The pigerd oil was purified by solutione i siqall
volimae of petrolemmn ether (bp 60-70°3 at room temperatiae,
filtration, md ovendgld coolhig (o give the colorless needles which
melted at roour temperature; these were =eparated by decinta-
tion of the mother liquid while cold. The =ame procednre was
repeated iwtee: traee unomds of petroleam ether were retaoved
ander reduced pressure. The purified ol weighed 1.0 ¢ 1475,
Lp 184-185° (742 mms: the 2,4-DNP prepared by the geneeal
eethod melied av 220-221°0 Aaal, (CulleNoDy CO 110N

Ethy! p-(3-Methyl-2-pyrazalamino)benzoate (3).--The :dde-
hyde 2 (1.20 g 0.01 ole) and ethyl p-muinobenzoate 1160 g,
0.01 niale) were reflnxed 1o 30 ml of Cells overnight with rentaval
ol HaO), The solvera wus evaporated (o drvuess, the residoe was
dis=olved hna =mall amomn of 2(OAe, pesrolenmm ether was wdded
to tarbidity, and the solution was clarified by addiiac of two
drop~ of 10Ae. The solatiow was allowed 1o =ettle vvenaght
ard ihe precipitates were eollected ad washed twice with CHCL
to give arc unknown compound aup 121-123°% The CHCL
washing solntiorcand the filirate were evaporated 1o drviess sl
the restdne was reervstallized Trora MO Ac-petroleaia ether
solvent ta give 3 as pale vellow miccoervsials (1.2, 48000 ap
99-101°. el (CulTuNae) C, 11, N,

N-( p-Carbethoxypheny!)-3-methyl-2-aminomethylpyrazine : 4).
-The Schitf base 3 (0.5 g, 0.003 mole) wax dissolved w B0 ad of
anliydrons MeOIT, the sulatione was covled 10 0%, and Nal3ll,
(0.25 g, 0.006 mole} was wdded tn small portions dnring 10 aia
with stirring.  The =alntion was stirred for arother 30 mc and
then refluxed for 50 na. After cooling to room temperature, 30
m! of H,O was added mid the peoduet was colleeted and washed
with HeO to give 0.7 g 190, ) of 4 ax white eryvstals mp 114-116°,

(247 AN prelting pointr were taken aun a calibrateld Thowmas~1loover
capillary melting point apparatus.  Auaiyses were performed by NMidwest
Microlab, Inc.. lndianapolis, Tud., sl pnan F & M Model 185, The Uid-
versity of Kansas, Spectral ilaca were obained using Beckman IR-8 aud
IR-10 Varian A-60 and A-603 speciromelers,  The latter used MesSi as un
internal swandard exeept in DO where 3-trimethylpropanesalfonic uvid
sodivm salt was cwploved.  The winr and ir spectra were as cexpec(eld.
Where analyses are inlicated ouly by sviubols of the elements analyviical
resithrs obtained for thiose elements are within 0.49, of tlie theoretival valiies,



January 1970

Recrystallization from MeOH-H:O solvent raised the melting
point to 115-116°. Anal. (C:HipN:0.) C, H, N.

Ethyl p-N-{2-(3-Methylpyrazinyl)methy!]-N-thyminylamino-
benzoate (5).—The amine 4 (1.0 g, 3.7 mmoles), 5-bromomethyl~
uracil (0.8 g, 3.7 mmoles), anhydrons Na,CO; (0.44 g, 3.7 mmoles),
and a catalytic amount of Nal were refluxed in 100 ml of dry
THF for 14 hr (drying tube). The solution was filtered while hot,
the residue was washed with hot THF, aud the filtrates were
combined and evaporated to dryness nnder reduced pressure.
The residne was refluxed in 50 ml of absolute MeOH and filtered.
The filtrate was cooled at 5° overnight to give pale yellow crvstals
(0.64 g, 409.). Recrystallization from MeOH gave white needle
cryvstals, mp 206-207°. Anal. (CoHuN:O4) C, H, N.

Ethyl p-N-[2-(3-Methylpiperaziny!)methyl]aminobenzoate (6).
—The secondary amine 4 (0.5 g, 1.85 mmoles) in 20 ml of HOAc
was hydrogenated in a microhydrogenation nnit which contained
30 ml of HOAc and 0.5 g of prereduced PtO;. The hydrogenation
was stopped when 3 mole equiv of H; had been absorbed. The
filtrate from the catalyst was lyophilized. The oily residue was
dissolved i1 30 ml of H;O and extracted with Et,O (20 ml) three
timies. The H;O layer was adjusted to pH 10 with 109; NaOH,
saturated with NaCl, and extracted several times with CHCl;
(20 ml). The CHCl, extracts were combined, dried (NaSOy),
and evaporated to dryness under reduced pressure to give 0.4 g
(804¢) of pale vellow oil. The oil was used for further reaction
without purification: nmr (CDCL) 8§ 1.10 (d, 3, J = 7 Hz,
NCCHy), 1.37 (¢, 3, J = 7.5 Hz, OCH,CH3), 1.70 (s, 2, piperazine
NH), 2.3-3.5 (b, 8 NCH), 4.40 (q, 2, J = 7.5, OCH,), 5.12 (b,
1, Ar-NH), 6.66 (d, 2, J = 9 Hz, phenyl 3,5-H), 8.00 (d, 2,
J = 9 Hz, pheny! 2,6-H).

2-p-Carbethoxyphenyl-3-(5’-uracil)-7-methyloctahydroimid-

azo[1,5-a]pyrazine (7).—The amine 6 (0.5 g, 1.7 mmoles) and
5-formyluraecil (0.25 g, 1.7 mmoles) were refluxed in absolute
MeOH (25 ml) overuight. The solution was filtered and the
filtrate was evaporated to dryness under reduced pressure. The
residiie was recrystallized from 10, MeOH-H,O solvent, with
charcoal to remove the colored substances, to give 0.25 g (409)
of white powder, nip 240° dec. Anal. (CxHa:N:04) C, H, N,

1,2,3,4-Tetrahydro-2-hydroxymethyl-1,4-di-p-toluenesuifonyl-
guinoxaline (12).—A mixture of p-toluenesulfonyl chloride (59 g,
0.31 mole), o-phenylenediamine (15 g, 0.14 mole), and pyridine
(75 moles) was heated to 100° for 1 hr, and poured iunto 1 1. of
H,0. The precipitate was collected and recrystallized from EtOH
to give 27 g of N, N’-di-p-tosylphenylenediamine (48%%), mp 204°
(lit.1#v 204°). The entire 27 g (0.064 mole) and 2,3-dibromo-
propanol (14.1 g, 0.065 mole) in EtOH (75 ml) were added to a
solution of Na (3.3 g, 0.143 g-atom) in EtOH (300 ml). After
refluxing for 6 hr, the solvent was removed and the residual
sticky solid was washed with HyO and dried. It was then refluxed
with CsHs (40 ml) and after cooling the residue was collected.
Recrystallization from EtOH gave white prisms, mp 190-192°
(it 103°),

1,4-Ditosyl-1,2,3,4-tetrahydro-2-quinoxalinylmethyl Tosylate
(13).—Compound 12 (11.3 g, 0.024 mole) was dissolved in C;H;N
(50 ml). The solution was cooled to 10° with stirring and TsCl
(0.24 mole) was added gradually to the solution at such a rate
that the temperature of the reaction mixture was not over 20°.
The mixtnre was stirred at room temperature for 12 hr. The
reaction mixture was then poured into HCl (300 m! of H;O + 100
ml of coucentrated HC1) and the precipitate was collected; re-
crystallization from EtOH-Ac)e gave prisms (10 g, 70%,), mp
186—1880. Anal. (CsoHsoNz()7Sg) C, H, N, S.

N1,N*-Di-p-toluenesulfonyl-3-0x0-2,3,4,5-tetrahydro-1,5-benzo-
diazepine (16).—Compound 12 (2 g, 4.2 mmoles) and DCC (3.1 g,
16.8 mmoles) were dissolved in anhydrous DMSO (10 ml).
Phosphorons acid (0.18 g, 2.2 mmoles) in 3 ml of anhydrous
DAMSO was then added and the mixture was stirred overnight at
room temperature. The precipitate was removed by filtration
and satnrated oxalic acid-MeOH solution was added to the
filtrate. The solution was allowed to stand for 1 hr and the
precipitated urea was removed by filtration. The collected
precipitates were washed with 20 ml of C¢Hs. The filtrate and
the CsH, solution were combined, washed (59 aqueous NaHCOQ;,
H,0), dried (MgSO4), and evaporated to dryness. Recrystal-
lization of the residue from EtOAc gave 0.5 g (25%) of colorless
prisms: mp 176-178°; ir (Wujol) 1740 em~! (C=0); nmr
(CDCly) 8 2.45 (s, 6, CH3), 4.05 (s, 4, CH,), 7.50 (m, 12, aromatic
H) Anal. (CZSH‘ZQNQO.’,SQ) C, H, N, S

Quinoxaline-2-carboxaldehyde Ethylene Acetal (18).—Quinoxa-
line-2-carboxaldehyde (8a) (5 g, 0.031 mole), ethylene glycol (10
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ml, excess), and p-toluenesulfonic acid (0.1 g) were added to Ce¢Hs
(60 ml). The mixture was refluxed for 4 hr with stirriug and
removal of H;O. The solution was cooled to room temperature
and poured into aqueous Et;0-NaHCO; The Et,O layer was
separated, washed (H,0), dried (Na,SO,), and evaporated to
dryness under reduced pressure to give au oily residue which
solidified after standing at room temperature. Recrystallization
from petroleum ether (60-70°) gave 5 g (83¢¢) of white prisms,
mp 69—700. Anal (CuHmNzOz) C, H, N
1,2,3,4-Tetrahydroquinoxaline-2-carboxyaldehyde Ethylene
Acetal (19).—To a stirred solution of 18 (1 g, 0.015 mole) i1 100
ml of drv Et;O was added a solution of LAH (0.36 g, 0.015 mole)
in 30 ml of dry Et;0. The mixture was stirred for 6 hr under an
inert atmosphere at room temperature and then decomposed
by ecantions addition of 5 ml of 109, NaOH solution. The
precipitate was removed by filtration and washed twice with 50
ml of Et;0. The filtrate and washings were combined and dried
(NasS0,). Evaporation of the solvent gave an oily residue which
was dissolved in 50 ml of C¢Hs. Petrolenm ether was then added
until the solution became turbid and the solution was cooled for
0.5 hr. The gummy precipitate was removed by decantation.
After cooling overmight, 0.6 g (609;) of white crystals were
collected, mp 61-63°, Anal. (C1:H1uN:0;) C, H, N.
1,2,3,4-Tetrahydroquinoxaline-2-carboxaldehyde Ethylene
Acetal Monobenzamide (20a).—Componnd 19(0.5 g, 0.0024 mole)
was dissolved in 5 ml of dry C;HsN and 20 ml of dry CeHe.
CeH:COC! (0.64 g, 0.004% mole) was added dropwize with con-
tinuons shaking; pyridine HCl formed immediately as the re-
action proceeded. The snspension was heated at 50-60° for 30
min. H,O0 (100 ml) was added after the reaction mixture was
cooled to room temperature. The C¢Hg laver was separated aud
the H,O laver was extracted with 20 ml of C¢He. The Ce¢Hs
extracts were combined and washed (1 N HCI, 59; NaHCQO;,,
H,0). After drying (MgS0,), CeHe was removed under reduced
pressure and the residue was recrystallized from petrolenm ether
(bp 60-70°)-C¢H, solvent yielding 0.5 g (667;) of needles, mp)
135°. Anal. (CisHieN,03) (H, N; C: caled, 69.67; fonnd, 70.08).
1,2,3,4-Tetrahydroquinoxaline-2-carboxaldehyde Ethylene
Acetal 1,4-Dibenzamide (20b).—Componud 19 (0.5 g, 0.0024
mole) was dissolved in 20 ml of dry C¢Hg which contaiied 5 ml
of drv C;H:N. CiH;COCI (1 g, excess) was added dropwise with
shaking. The pyridine hydrochloride which precipitated was
collected and the clear solution was heated nnder reflux for 5-8
hr. After cooling to room temperatire, HyO (100 ml) was added.
The C¢Hs layer was separated and the aqueons layer was washed
once with 20 ml of C¢He. The combined C¢Hs solutions were then
washed (1 N HCl, 5 NaHCO;, H:0) aud dried (MgS0,), the
solvent was evaporated under reduiced pressure, and the residue
was recrystallized from petrolenm ether-C:He to give 0.9 g
(909.) of white crystals, mp 166-167°. Anal. (Cy;HypN.0y)
C, H, N.
N,N+-Dibenzy!-1,2,3,4-tetrahydroquinoxaline-2-carboxalde-
hyde Ethylene Acetal (21).—Compound 20b (1.5 g, 0.0036 mole)
it 25 ml of THF was added slowly under inert atmosphere with
stirring to 14.4 ml of 1 37 B,H,s it THF solution which was main-
taired at 0° during the addition. The colorless solution was
then refluxed for 1 hr. The flask was allowed to cool to roon:
temperature and an adequate amount of 3 3/ HCI was added to
decompose the excess B;Hs. The solvent was removed by vacunnt
distillation. NaOH pellets were added to saturate the aqueous
solution and extracted three times with 10-ml portions of Et,O.
The Et,0 extracts were combined and dried (Mg80,). Evapora-
tion of the Et;O gave au oil; attempts to niake the picrate salt
failed. The solution turned black after the addition of saturated
picric acid solution. The ir C=0 of 20b disappeared after the
reduction. The product was used for further reactions without
purification.
3-Methylquinoxaline-2-carboxaldehyde (8b).—Lthy! 3-methyl-
quinoxaline-2-carboxylate?! (20 g, 0.096 mote) in dry THF (500
ml) was cooled to —70° in a MeOH-Dry Ice bath. To the solu-
ttonr, LAH (2.00 g, 0.05 mole) in THF (150 ml) was added with
stirring over 30 min under N,. The solntion was stirred for
another 15 min at —70° and then was decomposed by dropwise
addition of HOAc (13 ml). The solvent was evaporated to dry-
ness nnder rednced pressure and the residue was dissolved in 90
ml of 2.5 & HCl and 60 ml of CHCl;. The H;O layer was ex-
tracted eight times with 60-ml portions of CHCl; and these were
washed with NaHCOj; solution until nentral. The CHCI; layer
was separated, dried (Nas,SO,), and evaporated to dryness.
The residue was recrystallized from C¢Hs to give 7.5 g (459%) of
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vellow needle crystals, mp 142-143°. A nal. (CioHgN,0) C, H, N.
Ethyl p-N-[2-(3-Methylquinoxalinyl)methylene]aminobenzoate
(9b).—~The aldehyde 8b (3.0 g, 0.017 mole) aud ethy! p-amino-
benzoate (3.0 g, 0.018 mole) were refluxed 1 Ce¢Hea (50 ml) for
15 hr, using a Dean-Stark H,0 trap to remove the H,O formed.
The solntior was evaporated to dryness under rednced pressnre.
The residne was dissolved, using a small amount of EtOAc¢, and
cooled to give fine vellow crystalswhichwere collected (0.7 g, 50¢;)
and recrystallized from EtOAc to give vellow needle cryvstals,
mp 123-124°,  Anal. (CisHuN:O0y) C, H, N
Ethyl p-N-[2-(3-Methylquinoxaliny!)methyl]aminobenzoate
(10b).~—The Schiff base 9b (0.35 g, 1.1 mmoles) was =nspended
in absolute MeOH (20 ml) and cooled i an ice bath. To the
suspeuston, NaBH; (0.083 g, 2.2 nunoles) was added in =mall
portions within 30 min with =tirring. The =olntion became clear
after half of the NaBH, had been added and the destred prodict
started to precipitate toward the eud of the addition. The
mixture was xtitred at room temperature for another 3-4 hr.
H,0 (10 ml) was added and the crystals were collected (1.32 g,
91¢.). For analysis the samiple was recrystallized from MeOT!
to give white needle crystals, mp 143-144°.  Anel. (CyHiwN2Op
C 1, N.

Ethy! p-N-{2-(3-Methyl-1,2,3,4-tetrahydroquinoxalinyl jmeth-
yl]aminobenzoate (11b).—PtO, (0.5 g) was prereduced in HOAe
(20 ml) in a mierohydrogenation nnit and a solution of 10b (0.5
g, 1.H7 nmunoles) in HOAc (10 ml) was added. The solution was
hydrogenated until 2 equiv of H, had been absorbed (ea. 20 niro.
The catalvst was removed by filtration and the solvent wax
removed by lvophilization. The oily resxidue was dissolved i
K0 (15 1nl), washed with 59 NaOH agneous solution and 11,0,
and dried (Na,50,). The solution was evaporated to 5 ml and
was fornd to contain three major comporent= by tle. The separa-
tion was carried ot i a preparative tle plate (AlyOy, Brinkmai,
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20 X 20 eny, 1.5 mun thick, petroleum ether-}1OAe 511 by
nultiple-development technique to give 0.2 g (4137, ; of the de-
sired product as pale vellow flakes after vacuum dryiig at roma
temperature. 1t conld not be purified by recrvstallizntion and
softered wherc heated to 50-52°. The ditosyliaie was prepared
according to the gereral method, mp 1961977, Do, (Cal 1y N s
()5(\‘7) (‘, 11. :\'

Ethyl p-N-|2-(3-Methyl)quinoxalinyl)methylj-N-thyminyl-
aminobenzoate {22).—The secondary amme 10b (0.57 g, 1.57
muwoles), d-bronmmethyluracil (0.32 g, 1.57 molex), Na,('O)y
(0.16 g, 1.57 mmoles), and a catalytic amount of Nal were re-
fluxed i dry THF (50 ml) for 14 hr. The solutiotc was filiered
ated the filtrate was evaporated o dryness under rednced pres-
sure.  The restdne was dissolved tn 20 ml of hvt MeOTL The
white precipitate was collected after cooling aad reervstallized
from MeOIl to gtve 0.3 g (43%) of white fine ervsials<, mp 216
217 dec. Anal. ((:‘-;411-)3.\':,(,)‘) (J, ll, N.

2.p-Carbethoxypheny!-3-(5'-uracil)- 9 - methylhexahydroimid-
azo|1,5-a |quinoxaline (23).-—The amine 11b (0.1~ g. 0.5) nunole)
atd S-formyvinraal (0.07 g, 0.55 mmole) were retlaxed tn 30 ml
ol absolnte MeOl mder Np for 27 hr. The solutian wis evapo-
rated to small volaue ard cooled overnighi.  The precipitae
was collected (1116 g, 7000 and recrystallized from MeO11-151011
solvent 10 give pale vellow fine ervstals, mp 247 255°0 Al
(CoFLe N0 ¢ LN

Acknowledgment.-—The authors wish to acknowledge
the assistance of Professor James D. MeChesuey during
the absence of M. P. M., Mrs. Wen Hou. Mrs. Richard
Wiersema, and Mrs. Phyllis Shaffer for the biological
studies, and Mr. James Haug for technieal assistance.

CLXVI.'?

Active-Site-Directed

Irreversible Inhibitors of Dihydrofolic Reductase Derived from
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Fourteerc G-mubstituted derivatives of 2,4-diamino-3-(3,4-dichlorophenyl)pyrimidine were synthesized for
comparizon with the 6-methyl derivative (1d) (11sed as a standard) as reversible inhibitors of L1210 dihydrofolic
reductase aud for kill of L1210 cell culture; the best componnds were the 6-phenylbutyl (5) and 6-(a-naphthyl-

ethyl) (6 derivatives.
(1d) against L1210 cell culture.
tives.
verted to irreversible inhibitors.

However, 5 and 6 were siill 100~ and 300-fold lesx effective then the 6-methyl derivative
Even less effective were the 6-phenoxymethyl (2) and 6-phenethy! (3) dertva-
In order to determine the effect of an SO,F moiety, three of these 6-substituted pyrimidines were cou-
The 6-(p-fluorosulfonyl)phenethyl (17) derivative was an excellent irreversible

inhibitor of L1210 dihydrofolic reductase which also showed good =peecificity with no irreversible iuhibition
of the euzyine from mouse liver; however, 17 was 1o more effective than the parent 3 against L1210 cell enlture.
Ax previonsly noted in another series of compounds, the SO.F motety slows tle rate of cell wall penetratio«, but
increases the effect on the target enzyme when the molecule is an active-site-directed irreversible inhibitor.

Among the numerous active-site-directed irreversible
inhibitors* of dihydrofolic reductase from 11210 mouse
leukemia, a few showed specificity with a low amount
of inactivation of the enzyme from normal liver, spleen,
and intestine of the mouse; among these selective
compounds was 1a.5%  Although la was a reasonably

11) This work was generously supported by Grant CA-08695 from tle
National Cancer Institute, U, & Publicli Health Service.

(2} (a) For tlie previous paper of this series see B. R. Baker and M. Cory,
J. Med. Chem., 18, 1053 (1969). 1b) For tlie previous paper on tliis enzyme
see B, R. Baker. I2. E. Janson, arrl N. M. J, Vermeulen, ¢bid., 12, 898 (1969).

specific irreversible inhibitor for the L1210 enzyme,
its reversible inhibition of the 1.1210/DF8 enzyme of
I;0 = 6K; = 0.82 ud was considered to be too high to
be useful 7n vivo.> Therefore a series of compounds re-

(37 N. M. .. V. wishes to thank tlie Council of Scientific and Industrial
Researcli, Republic of Soutl Africa, for a tuition fellowship.

14) I3, R. Baker. “Design of Active-Site-Directed lrreversible linzyiue
Inhibitors,”” Joiin Wiley and Sons, Inc., New York, N. Y., 1967.

(5) B. R. Baker, G. J. Loureus, R. B. Meyer, Jr., and N. M. J. Veruculeu,
J. Med. Chem., 12, 67 (1969), paper CXXXIII of this series.

(6} B. R. Baker and P. C. Huang, ¢bid., 11, 639 (1968), paper C XX of tliis

series,



