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the IKrebs eyele (Iligure 3B). The stimulation of
Qo. ((v) 1s thus not due to a reversal of the Crabtrec
effect, but 1= presumably associated with the large
stimulation of the HAMP pathway. Previously we
have obzerved that 2,2-dithiodipyridine also stimulates
the HMP pathway ® although to a lesser extent than
VIIT. With both disulfides, the initial stimulation
ix followed by an inhibition.

Disulfides IX and X, at the low concentrations
permitted by their limited solubility (about 10-% /),
mhibit Qq, (only in the absence of added glucose),
and have no effect on glyveolyvsis.

Compound XTI ix u strong inhibitor of Qo, and of
(G, while Qo, () and Q¢5, are relatively unaffected.

I general, the results obtained with disulfides
confirm our previous observations of metabolie effects
with strueturally related analogs.?

Cofactor Inhibitors of Thymidylate Synthetase.

Among the thiones studied 1 this report, J-cvano-
(2-thiopyridone)  (IV), which appears 16 prevint
utilization of exogenous ghicose o/ the Krebs evele
and the HMP pathway, ix unique. This elfeer -
probablv not due to any metabolic conversion 1o iis
corresponding diullide N, or 1o hvdrolvsi~ ol N
to COOH. v cither the thione or the disuliide, since
these have been <shown not to canse =inch elfects#
Thione V., which reverses the Crabtree clicet, pre
stmably acts ax the thione rather than the disulfide,
because the solubtlity of the di=ulfide N1 1~ 100 Jow
ta elieit metabolie elfects.
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The inhibition of the enzynies thymidylate synthetase and dihydrofolute rednciuse was examined witli «

series of pyridine and quinoline compounds and their reduced derivatives.

Condensation of ethyl p-amina-

beunzoate or ethyl p-aminobenzoylglntamate with pyridine-2-carboxaldehyde Iollowed by reduction of ihe

Nchiff base gave the eorresponding secondary amines, 3a and 3b.
p-N-(2-piperidylmethyl)aminobenzoate 4a and the glutamate 4b.
uracil gave 2-p-carbethoxyphenyl-3-(3-macil)octahydroimidazo[l,3-¢]pyridine 5a and the

Catalytie reduction of 3a und 3b yielded ethyl
Condensation of 4a or 4b with 3-formyl-
corresponding

glutamate analog 5b. The synthesix of analogous xeries (11-13) starting {row quinoline-2-carboxyaldehyde

utilized the same procedure.

niethyl)aminobenzoate (7a), the glutumate 7b, and the 3-piperidyl analog 8 weve prepaved.

Similarly, starting with pyridine-3-carboxyaldehyde, ethyl p-N-is-pyridyvi-

Euzyme inhibition

studies revealed the saponification product of 7b to have highest activity against the synthetasze [{7b =alt:
(vL-THFA) = 0.12 for 509 inhibition] while 12 wax most inhibitory against the reductase [(12Y (DHFA» =

for H0¢; inhibition}.

Thymidylate syuthetase catalyzes the reductive
methylation of 2’-deoxvuridine 5’-phosphate using
N Ny-methylenetetrahydrofolic acid as the cofactor in
the 1-C transfer.? This observation hax led to the
investigation of analogs of this cofactor for inhibition
of the enzyme.? %% These studies have examined the

1) This work was suppored by Grant CA 7522 and TRK3-CA-10730 from
tlie National Cancer lnstitutes, National Institutes of Health. Taken in
part from the dissertation presenterd Ly A. J. Lin to the Cirardnate Schoal,
University of Kansas, in pardat fulfillinent of the reqjaireinents far tlie Doecor
of Philosophy Degree.

12) For previous stadies in this series see: {a) M. . Mertes and N, R,
Patet. J. Ued. Chem.. 8, 868 {1966). (L M. P. Meries and Q. Gilman.
Padl, 10, 965 (1967). o) AL P, Mertes and AL L Lin, Dad. 18, T7 11970,

+37 For references on this enzyme see: a3 A. .l Wahba and M. Friedkin.
J. Biol. Chem., 287, 3794 (1962). L) R. Blakley, ¢/i./.. 238, 2113 (1463;.
el P. Reyes and C. Heidelherger, .Uol. Pharmeeol., 1, 14, (1965).

1) (a) R. L. Kisliuk, Nufure, 188, I8+ {19G0). i) M. Iriedkin, 1. .1,
Crawford, and D. Misra, Fed. Proe.. 21, 176 (19623, {ef A, J. Wahha and
Al Friedkin, J. Biol. Chem., 236, PC11 (1961, 1) R. L. Kislink and M. 1D,
lievine, thid., 289, 1901 {1964). (e) L. Goodinan, et «l., J. Amer. Chem. Sor.,
86, 308 (1964). (f) Q. L. Long, W, W. Lee, and L. Goodinan, /i, 86,
5664 (1064). (g) 13, R. Baker, 3. T. llo, and T. Neilson, J. Heteroryl.
Chem.. 1, 79 ¢(1964), «h) B. R. Baker, B. 1. Ho, and G. R. Chheda, ..
1, 88 (1964). (i) J. A, R. Mead, A, Goldin, R. L. Kislink, M. Friedkin. 1..
Plante, 15, J. Crawford, and G. Wwok. Cuncer Res., 26, 2374 (1966). <))
L. Plante. E. J. Crawfard, and M. Friedkin, J. Biol, Chem., 242, 1464
$1067). (k) V. 8. Gupta and F. ). Hnennekens, Biockemistry, 6, 21068
Y1967). (1) K. Slavik and 8. I, Zakrzewski, Mol. Phurmacol., 8, 370 (1467 71.
«m) D). Livingston, k. J. Crawford, and Al. Friedkin, Biochemistry, 7. 281+
19683, (nt 8. DL Horwitz and R. L. Kishak, /. Wed, Chem., 11, 907 11968,

struetural features exsential for binding ot tolate analogs
to dihydrofolate reductase and thymidylate svuthetuasc.

Previous studies from these laboratories have shown
that the pyrimidine ring moiety of the pteridine system
ix not essential for binding to thymidyvlate =yvithetase
and in fact mayv contribute little to binding.”™*  The
common features for inhibition were found in models
containing the analogous Ni, Ng, and Ny of the cofactor.

The purpose of this study 13 the design and <yuthesis
of models to examine the requirement~ for both the
analogous N; and Ny in the cofactor. Theretore 2- and
S-xubstituted  pyridines, piperidines. quinobines. and
tetrahydrogquinolines  were prepared  coutainng  the
methylaminobenzoate  or  methylaminobenzovighta-
mate groups. [n addition, the 2-piperidyvl (4; and 2-
tetrahvdroquinolvl (12) derivatives were condensed
to give analogs (5 and 13) of the propo=cd intermediate
i1 the enzymatie reaction.”

The synthesis of compounds in the 2- and 3-piperidine

vob LT Weinstoek, ). . O'Drien, and C. C. Clione, ¢ 11, )258 (10685,
(pd DLV Sanu, J. Hetecoeyel, Chem., 4, 375 (19673

51 B R, DPaker, "Design of Aetive-Site-Dirvected Iermversitele Miczyme
Inhibitors.  The Organic Chemistry of thie Aetive Site,” John Wiley «
Sans, Ine.. New York, N. Y., 1467,

i6) M. Friedkin, Feu. 2roc,, 18, 230 (1059>: M. Friedkin in " The Kinedes
of Cellntar Proliferation.” . Stebhnan, #d., Grane and Sicaron. New
Yaork, NoOY. 1939, p b4,
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series 1s straightforward starting with the pyridine
carboxaldehydes. Compound 1 (Scheme I and Table I)
condensed smoothly to give 2a in good yield. Reduction
of 2a with NaBH, according to the procedure reported
by Billman and Diesing” gave the corresponding second-
ary amine 3a. Catalytic reduction of 3a yielded the
piperidine derivative 4a. Similarly, treatment of
pyridine 2-carboxaldehyde (1) with diethyl p-amino-
benzoylglutamate gave the corresponding Schiff base
2b. However, NaBH; reduction of 2b under the same
conditions used for the reduction 2a gave a noncrystal-
line gum. Compound 3b was eventually obtained by
catalytie reduction of 2b, using 59, Pd-C as catalyst at
room temperature and atmospheric pressure. Further
catalytic reduction of 3b gave the piperidine analog 4b.
Treatment of 4a or 4b with 5-formyluracil® gave the
respective condensation products 5a or 2-(p-ethyl
benzoylglutamate)-3-(5-uracil)octahydroimidazo[1,5a]-
pyridine (5b).

The synthesis in the 3-substituted piperidine series
followed the same procedure from pyridine-3-carbox-
aldehyde. Condensation with the amine to the Schiff
bases, ethyl p-N-(3-pyridylmethylene)aminobenzoate
(6a), and the glutamate 6b was followed by NaBH,
reduction to the substituted 3-aminomethylpyridines
7a and 7b. Reduction of 7a to ethy! p-N-(3-piperidyl-
methyl)aminobenzoate (8a) was accomplished in low
vield; however, the glutamate 7b failed to give 8b
because of hydrogenolysis. Condensation of 8a with
5-formyluraciP to give the desired bicyclic system was
not suceessful,

The methods used for the synthesis of the pyridine
and piperidine derivatives, 3 and 4, were successfully

(7) J. Billman and A. C. Diesing, J. Org. Chem., 232, 1068 (1957).

(8) {a) W. & Trahanovsky, L. B. Young, and G. L. Brown. tbid.,

82, 3865 (1967). (h) R. Brossmer and C. Ziegler, Tetrahedron Lett., 5253
(1966).
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applied to the synthesis of the quinolines. The starting
materials, quinoline-2-aldehyde® (9) and quinoline-3-
aldehyde! (14), were obtained by SeO, oxidation of 2-
and 3-methylquinoline which in turn were prepared by
modified Skraup quinoline synthesis.!! a-Methyl-
acrolein diacetate used for the synthesis of 3-methyl-
quinoline was synthesized according to the method used
by Tamura.!?

Condensation of the aldehyde 9 with ethy! p-amino-
benzoate gave ethyl p-N-(2-quinolinylmethylene)ami-
nobenzoate (10) in good yield (Scheme II and Table
IT). Reduection of 10 with NaBH, to the secondary
amine 11 followed by catalytic reduction (PtO,) of 11 in
AcOH gave ethyl p-N-[2-(1,2,3 4-tetrahydroquinolinyl-
methyl)laminobenzoate (12). Treatment of the tetra-
hydroquinoline 12 with 5-formyluracil gave 2-p-

(9) H. Kaplan, J. Amer. Chem. Soc., 68, 2654 (1941).

(10) B. R. Brown, D. L. Hammick, and B. H. Thewlis, J. Chem. Soc.,
1145 (1951).

(11) W, P. Utermohlen, Jr., J. Org. Chem., 8. 544 (1943).
(12) 8. Tamura, Yakugaku Zasshi, 80, 559 (1960).
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No. Isomer I Method Recrystn solveni ';, A, C Termain
2a 2 0 C,H, A Hexane ST G7-68 Cralla N
3u 2 OC,;H, B LLtOH-11,0 i 6Y-70 ChaHieNLO,
1y 2] COH, ¢ LtOAc ™ 139-161 Nt
S O, H; D CsHN-11,0 40 247048 ap Hag Ny
2b 2 N-Ghitamate A LEtOA¢ ) 124125 ol N5
3b 2 NaGlutamate E L0 ™ 11112 Caa ey N O
1D 2 N -Crlutanate C Lit,0) 10 5483 CuHyyNLO,
ab N-Glmamate D MeOH-H,0 24 135140 CarHau N, O
ba 5 OCsH. A Hexane S0 66-68 NSO,
7a 3 0OCH; B MeOH-H.0 i1 1041115 L HeNL O,
sab 3 0OC,H; C ™ 150 1x2 CuHaeNL (R
6 3 N-Clhitamate A Hexane—EtOA¢ 2 40-41 CuFlagNat )y
7h 3 N-Ghitamate B Et,0-CHCL 14 102 107 N0

« Characterized ax the mavacetate.

» Cliarac(erized ax the mountoxvlate.

Al coneporads were analvzed for € LN,

Tanre IT
Privatcan CoNSTANTS FOR QUINOLINE AND TETRAHYDROQUINOLINE DERIVATIVES

> CH e
NN
N-p-CH, COOC H- " HN-p-C.H,CO0CH
10,15 11,16
Componnd Isomer Metlod Recrystn solvenc
10 2 A Hexme-EtOAc
11 2 B Hexane
12 2 ' Hexane~Et.)
13 D C:HN-H.0
15 B A Hexane-EtOAc¢
16 3 B EtOH-H,0

“See footnote ¢, Table T,

carbethoxypheny! 3-(3-uracib hexahyvdroimidazo[1,5-a }-
quinoline (13) in good vield.

The C-3 derivative. 16. was obtained by the same
route; quinoline-3-uldehyvde (14) was treated with
ethyl p-aminobenzoate in hot PhH to give the Schiff
base 15 which wuax reduced hy NaBH, to ethyl p-N-
(3-quinolinylmethyliaminobenzoate  (16).  Unfortu-
nately. the eatalvtie hydrogenation of 16 under the
conditions used previously gave only hydrogenolysix
products instead of the desired tetrahydroquinoline.
Similar results were observed when 109, Pd-C or 5%
Rh—-C was used as catalv~t and HOAc used as the =ol-
vernt.

Biological Results.—The compounds in this seriex
were examined for inhibition of thymidylate synthetase
and dihyvdrofolate reductas:;*® both the ester and the
saponification product were assaved. The results in
Table TII show the inhibitor:substrate (pL-tetra-
hydrofolic acid or dihvdrofolie acid) ratio required for
50, inhibition of the rate of the enzymatic reaction.

The effect of a glutamate residue on binding is shown

> HX N-p-CH U0
>
H L
HN-p.C H.CO0CH O
12 13

Yieid,
i Alp. °¢ Tarmula”
™ $4-%5 CouH N0,
S5 TH-S0 L HLWON O,
a0 04--96 e Haw N,
7l 2TH-277 Cu g NGO,
Nl 101-102 (A,‘.Ilu,‘.\':UA
T 1532134 CaHL N0,

m comparing 3a, 4a, and 5a, the 2-pyridine analogs
having a p-carboxyl fuuetion. with 3b. 4b. and 3b
where the p-N-{earboxyglutamate) group is used.
The glutamate does not enhaunce thyvmidyvlate ~yn-
thetase binding significantly in the 2-pyridine analogs
3a aud 3b and appears to be five-tenfold less active
i the piperidine series 4 and 5. A significant (200-1old)
erease in aetivity in the 3-pyridine series is noted iu
the moxt active compound in the =eriex, the glutamatie
<alt 7b [(1) /(8)*+=0.12]. compared with the carboxylate
salt, 7a.

The effeet of reduction of the heteroeyvelie riug on
enzymatic inhibition is difficult to evaluate; however.
it appears that reduction of the 2-substituted pyridine,
3a to the piperidine 4a leads 1o tenfold increase in
inhibition against thymidylate synthetase with little
effect on dihvdrofolate reductase. The opposite cffect
is noted iu the quinoline 11 where the tetrahydroquino-
line 12 is much less active against the synthetase and
more active against the reductase.

Previous studies utilized pyrazine and quinoxaline
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analogs and the reduced derivatives, piperazines and
tetrahydroquinoxalines.?2¢  The present series ex-
amines the differences in binding of analog models con-
taining N corresponding to N5 or Ni of the cofactor.
The N5 analogs (2-substituted models 3-5 and 11-13)
were slightly more inhibitory against thymidylate
synthetase than the Ng analogs (3-substituted models,
7, 8, and 16) with the exception of 7b; inconsistent
changes were noted against the reductase system.
Overall comparison to the pyrazines and quinoxalines
containing both the analogous N; and Nj reveals the
latter series to be more inhibitory against both en-
zymes® than either the 2- or 3-substituted pyridine-
quinoline series of this study. These results suggest
that both the N and N are important binding sites to
thymidylate synthetase and of the two, the Ny may be
more essential. Further studies on the nature of the in-
hibition are in progress.

This series of compounds was also examined for inhibi-
tion of growth of Bacillus cereus. B. subtilis, Staphylo-
coccus aureus, and Escherichia coli. Filter paper disks
were saturated with a 0.1 3/ solution of the compound,
dried, and placed on innoculated agar plates. Com-
pound 8 showed a slight inhibition of all cultures
(~1 mm). Compound 4b inhibited growth of B.
subtilis, S. aureus, and E. coli (~1 mm). None of the
other compounds were inhibitory.

Experimental Section!®

Ethyl p-\-(2-Pyridylmethylene Jaminobenzoate (2a). Method
A.—Pyridine 2-carboxaldehyde (5 g, 0.046 mol) and ethyl p-
aminobenzoate (7.70 g, 0.046 mol) were refluxed in 30 ml of
CsH¢ overnight, with a Dean-Stark H-O trap to remove the H,O
formed. The solution was evaporated to dryuess under reduced
pressure and the residue was recrystallized from petroleum ether
(bp 60-70°) to give 2a as vellow ueedle crystals (10 g, S7%);
mp 67-68°. A4nal. (C;HuN:0,) C, H, N.

Ethyl p-N-(2-Pyridylmethyl)aminobenzoate (3a:. Method B.
—The Schiff base 2a (1.0 g, 4 mmol) was dissolved in 30 ml of
MeOH and cooled in an ice bath. NaBH;:0.3 g, % mmol) was
added in small portions with stirring within 15-30 min. The
solution was allowed to stir at room temperature for another hour
aud refluxed for 20 min. The solvent wax evaporated to dryness
and the residue was dissolved in CHCl; (60 il t which was washed
twice with 30 ml of HyO. The CHCl; layer was separated, dried
(NaS0;), and evaporated to dryness to give 3a as pale vellow
crystals (0.9 g, 909%). Recrystallizatiore from EtOH-HO
mixed solvent gave white platelet crystals: nip 69-70°. Anal.
(Cis:Hi6N20:) C, H, N.

Ethyl p-N-(2-Piperidylmethyl)aminobenzoate (4a). Method C.
—The amine 3a (0.5 g, 2 mmol) was dis=olved in 30 ml of HOAc
and hydrogenated at room temperature aud atmaespheric pressure
with 0.4 g of prereduiced PtO, in 25 ml of HOA¢. The reduction
was stopped when 3 mol equiv of Ha: (¢ca. 135 ml) was absorbed.
The catalyst was removed by filtration and the filtrate was
lyophilized to give an oil which was dissalved in 20 ml of dry
Et;0. After standing at room temperature, white crvstals of
monoacetate (0.6 g, 939%) were formed. Recrystallization

(I3) All melting points were taken on a calibrated Thomas-Hoover
capillary melting point apparatus. Analyses were performed by Midwest
Microlab, Ine.. Indianapolis, Ind., and on an F & M Model 185, University
of Kansas. Spectral data were obtained using Beckman IR-8, IR-10,
Varian A-60, and A-60A spectrometers, The latter used MesSi as an internal
standard except in D20 where 3-trimethylpropanesulfonic acid sodium salt
was employed. The nmr and ir spectra were as expected. Where analyses
are indicated only by symbols of the elements analytical results obtained for
those elements are within 0.49 of the theoretical values.
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TasLe 111
Exzyme INHIBITION STUDIES®
(I)/(8)e.s thymidylate (I) /(8)e,5 dihydrofolate

— synthetase — reductase®
Com- Salt of Salt of
pound Ester? the acid® Ester? the acid®
3a 26 >75 35 130
4a 2.8 28 72 182
4 2.0 12.5 18 61
3b 8 120 49
4b 23 105
3b 12 6
7a 6 27 120 210
8a B 15 3l 290
7b 12 0.12 18 75
11 1.5 30
12 50 8
13 1.8 14 165
16 1.8 b) 15 130

@ For a description of the enzyme sources, isolation procedure,
and assay, see ref 2a. ? (I)/(8)p.s refers to the ratio of the molar
concentrations of the inhibitor and substrate (cofactor) mea~
sured as DL-tetrahydrofolic acid, necessary for 509, inhibition.
The assay solution was 2.8 X 107* M dl-L-tetrahydrofolic acid
and 4.2 X 107* M deoxyuridine 5’-phosphate. The enzyme
source was E. coli B. ¢ (1)/(8).; refers to the ratio of the molar
concentrations of the inhibitor and substrate, dihydrofolic acid,
necessary for 509 inhibilon. The substrate was present in
3.3 X 10=* M in the assay solution. The enzyme source was
chicken livers. 9The esters were assayed as DMSO solutions
using an equivalent amonnt of DMSO as the control rate.
¢ The esters were saponified by heating for several hours in 0.1
M KOH and assaying the salt of the acid as an aqueous solution.

(EtOAc) gave 4a as fine white crystals; mp 159-161°.
(CiH2eN-04) C, H, N.

The free base which is an oil was obtained by dissolving the
monoacetate in H,O, neutralization with concentrated NaOH
solution, and extraction with CHCl;. The CHCI; extracts were
combined, dried (NaSQOy), and evaporated to dryness under re-
duced pressure; nmr (CDCl;)61.32 (t, 3, J = 7.5 Hz, OCH.CHy),
1.85 (s, 1, R-NH), 1.10-2.0 (m, 6, aliphatic proton), 2.35-3.30
(m, 3, N-CH), 430 (q, 2, J = 7.5 Hz), 475 (t, 1, J = 7 Hz,
Ar-NH), 6.53 (d, 2, J = & Hz, phenyl 3,5-H), 785 (d, 2, J = 8
Hz, phenyl 2,6-H).

2-p-Carbethoxyphenyl-3-(5-uracil)octahydroimidazo[1,5-a]-
pyridine (5a). Method D.—The amine 4a (0.75 g, 2.9 mmol) and
5-formyluracil (0.4 g, 2.9 mmol) were refluxed in 30 ml of MeOH
overnight. The produet precipitated as the reaction proceeded.
The reaction mixture was cooled and the white precipitate was
collected. Recrystallization from pyridine-H.O mixed solvent
gave 5a as white cryvstals (0.5 g, 45¢;); mp 247-248° dee.
Anal. (C20H24X4O4) C, H, N.

Ethyl p-V-(2-Pyridylmethyl)aminobenzoylglutamate (3b).
Method E.—The Schiff base (2b) (0.5 g, 1.2 mmol) was dissolved
in EtOH (50 ml), 5¢¢ Pd-C (0.1 g) was added, and the mixture was
hydrogenated at room temperature and atmospheric pressure
until 1 mol equiv of H; had been absorbed. The catalyst was
removed by filtration and the filtrate evaporated to dryness under
rediiced pressure. The oily residue was dissolved in Et.O (40
ml), filtered, and concentrated to 20 ml. After standing at room
temperature, 0.35 g (759 ) of 3b as white crystals was obtained;
mp 111-112°. Anal. (C22H2',N305) C, H, N.

Anal.
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