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stirrivg 1o 100 ml of A0 at 100-120°.  After the exothermic
reaction subsided, the dark reaction mixture was stitred and
refluxed for 0.5-1.0 hr. EtOH was cantiously added until the
excess Aa() wax converted 1o EtOA¢ and AcOH.  The resultaut
solitions were coned by flash evaporation to dark oils except in
those cases where they weve suspected of being highly volatile.
The reaction mixtnre was then cooled and uentralized with
KHCO; solution.  The organic layer was extracted with CHCIs,
dried (MgS0,), and distd in vacuo. Some of the acetates (111d,
IIe, I1li) crystallized on standing and were recrystd from
petroletun ether or EtOH.

Substituted 2-Pyridylmethanols (IVa-i). A.—~Councd HCI
(50 mul) was added (o 0.1 mole of a substitnted 2-pyridylmethanol
acctate and reflnxed for 1 v The solution was evapd to dryness
i1 racun to give the HClsalt of the substitnted 2-pyridylinethanol.
same o the HCI salts were nentralized with KHCO; solution and
the organie material was extracted with CHCl;, dried (MgSO,),
and distilled.  Tu sotne cases the free buse ¢rystallized on standing
(1Vd aud IVe). Some of the HCT salts were ventralized withont
Owther pnrification and ntilized in the oxidu reaction (C).

B. - NaOH (1.2 equiv wt) and a snbstitnted 2-pyridylmethanol
acetate (1.0 equiv wi) were added to HyO and refluxed for 1 hr.
T'he substituted methanol solidified on coobbg and was filtered
and bied or (if 16 did vot <olidify) extrocted with CICL, dried
M EgSO, mnd distd,
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Substituted 2-Formylpyridines (Va-i). (.  ‘To a substitated
2-pyridylmethanol dissolved in CHCl; was added 2 to 3 times
itz wt of active MOy, The reaction mixture was allowed to stiv
and reflux for 2 ir and then filtered, and the Mo O. cake washed well
with boiling CHCL. The CHCl; extracts were combined, dried
i MgSOy), and distd to fnrnish the aldeliydes. 1y the enses where
the aldehydes were solids after evaporntion of the Cl1CL, they
were crystallized from petroletn ether.  TV] was oxidized with
MuO; in ~PrOH becanse of its poor solubility in CHCI..

D -Pb(OAc) (1.1 egniv wi) was added portiobwize to the
2-pyridylmethaval (1.0 cquiv w) dissolved 1w dvy CHCL. The
vellow salntion was allowed (o stapd 3 days at roont femp,
then (reated with excess KHCO; <olution, and filtered,  I'he
organie layer was sepd Iroun (e aq laver, dreted (MgSOy), qod distd
to give the pare aldelvde.
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Nive active-site directed irreversible nhibitors and seveu potent reversible inhibitors of dihydrofolic reductase
were n=saved against Walker 256 ascites, Duuniung leukemia ascites, and intramuscular Walker 256 in the rat.
Some of the irreversible and reversible imhibitors were remarkably effective in pronioting cures of the 2 ascitic
tnmors; however, there was no corvelation between tissue specificity of trreversible inhibition and in vive activity,

indiciting that other unknown factors were playing tmportant roles in these cnres.

The bexst conipounds agatust

Walker 256 ascites were the I-phenyl-4,6-diamino-1,2-dihydro-2,2-dimethyl-s-triazines substituted on the Ph
group with p-(CHs):CONHCsH3-Me-4-S0:F (1), m-(CHu)yCeHSOF-p, (7), p-(CH.);CONHC:H-3-Me (15),

$3-C1-4-0(CH:);0CeH; (16), 3-Cl-4-(CH.)»CeHs (18), or p-(CH2)CeHs (19) muoieties.

The best componuds

agaiust the Dunning leukemia ascites were 18, 19, and the phenyltrinzine substitnted by the 3-Cl-4-(CHyhCel -

SOuF-p (9) and 3-Cl-4-OCH,CONHC:H; (17) moieties.

The design of enzyme inhibitors as possible chemo-
therapeutic agents has the advantage that direct
answers ou inhibition of the target can be obtained by
assay with the isolated enzyme. With this approach
complications such as transport through membranes
and metabolism are avoided in order to gain insight on
selectivity of attack of the target enzyme.* Concepts
cnmerged over a period of 10 years’ that allowed design
of enzyme inhibitors so highly specific that they could
differentiate between isozymes® or even the same

(1) This work was supported by Grant CA-08695 from the National
Cancer Institute, U, S. Public Health Service.

(2) For the previons paper in this series see R. Cardinand and B. R.
liaker, J. Med. Chem., 18, 467 (1970).

(3) For the previous paper on this enzyme see B. R. Baker, N. M. J.
Vermeulen, and A. J. Ryan, ibid., 18, 281 (1970),

(4) (a) To whom correspondence should be addressed. (b) N. M. J. V.
wishes to thank, thie Council of Scientific and Industrial Research, Republie
of Sonth Africa, for a tuition fellowship.

(3) Onsabbatical leave from the University of Sydney., Australia.

(6) 13. R. Baker, **Design of Active-Site-Directed Irreversible Fnzyme
Inhibitors,” Wiley, New York, N. Y., 1967.

(7) B.R. Baker, Cancer Chemother. Rep., 4, 1 (1930).

(%) 1B, R, Bakerand R. P, Patel, J. I'kurm, Sci., 88, 714 i1UG4).

enzyme (such as dihydrofolic reduetase) from two or
more different tissues in the same animal.”

Once this specificity at the isolated enzyme level hud
been achieved, ! it was time to return to assay of these
inhibitors in whole animals bearing a tumor; if thesc
highly specific enzyme inhibitors failed to work /»
vivo, there was some assurance that the difficulty was
not in failure to attack the target enzyme, but was due
to the other #n vivo factors such as transport and me-
tabolism that had been deliberately avoided to this
point. The first studies on these dihydrofolic re-
ductase inhibitors were done with 1.1210 mouse lcu-
kemia;"' although significant life extensions were

(9) (a) For a suminary of this approach to highly selective inhibitors of
dihydrofolic reductase see B. R. Baker, Accounts Chem. Res., 2, 129 (1869).
(b) The tissue selectivity with these crude enzyme preparations could be
due to selective irreversible inhibition of isozymes or to the rapid destruc-
tion of the irreversible inhibitor in normal tissue or both.

(10) (a) B. R. Baker and R. B, Meyer. Jr.. J. Med. Chem., 11, 489 (1968},
paper CXI1X: () B. R, Baker and P. C. Huang, ibid.. 11, 495 [1968),
paper CXX.

(1f) B. R. Baker, (3. J. Lourens, R. 15, Mever, Jr., and N. M. J. Verme-
Jen, thid., 12, 67 (LUBY), paper CX X XI1TT.
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TaBLre 1
In Vitro INHIBITION® OF DIHYDROFOLIC REDUCTASE WITH
NH,
R
N/
H2NKN (CHy),
Rat Tsob Inhib, Time, % EDsn.¢
No. R tissne wM uwM min inaetvn® udM Rating®
1/ . W256 0.013 0.063 60 100 0.001 8+
HCHACONHCL ) SO, DLF 0.065 20 78
o, Liver 0.012 0.065 60 28
Spleen 0.065 20 27
Kidney 0.063 20) 7
Tutestine 0.065 20 o3
59 :;~(‘1<4-()((‘H)()© SOF W256 0.057 0.18 60 04 0.003 HEN
o : DL* , 0.18 20 08
Liver 0.052 0.18 60 52
Spleen 0.18 20 66
Kidney 0.18 20 38
Intestine 0.18 20 70
6" 3‘C1'4'0(CH2)2NH(|’0 W256 0.012 0.050 60 77 0.003 7+
DL* 0.050 20 36
FOS©NH Liver 0.014 0.050 60 t
Spleen 0.050 20 8
Kidney 0.050 20 16
Intestine 0.050 20 28
7 ﬂ-(CHEj‘@SOZF w256 0.014 0.0':30 60 85 0.0002 84
= DL 0.050 20 21
Liver 0.018 0.050 60 93
Spleen 0.050 20 7
Kiduey 0.050 20 15
Intestiue 0.050 20 0
8 w256 0.025 0.074 60 64 0.4 2+
3'Cl~4-OCHzCONH© SO.F DLF 0074 20 ™
Liver 0.027 0.11 60 50
Spleen 0.11 20 79
Kidney 0.11 20 11
Intestine 0.11 20 65
Qs H»Cl-4-(CH,l:@ SOF W256 0.008 0.050 60 86 0.03 6+
DL* 0.050 20 34
Liver 0.018 0.050 60 86
Spleen 0.050 20 61
Kidney 0.050 20 43
Intestine 0.050 20
100 ) . W256 0.014 0.050 60 62 0.2 4+
‘“““‘@ SOF DL 0.050 20 5
Liver 0.022 0.060 60 12
Spleen 0.060 20 36
Kidney 0.060 20 8
Intestine 0.060 20 5
11¢ W256 0.015 0.050 60 86 0.001 8+
3-C1-4(CH,).CONH @ SOF DLF 0.050 20 70
Liver 0.015 0.050 60 16
Spleen 0.050 20 36
Kidney 0.050 20 23
Intestine 0.050 20 8
1244 3,4-Cl. W256 0.0029 0.0002 0
Liver 0.010

@ The technical assistance of Diane Shea with the enzyme assays is acknowledged. ? 15 = conen for 509, inhibn when assayed with
6 M dihydrofolate in pH 7.4 Tris buffer contg 0.15 M KCl as previously described.!? ¢ A 45-909, (NH,),:S0; fraction of enzyme in-
cubated with inhibitor at 37° in pH 7.4 Tris buffer contg 60 uM TPNH, then the remaining enzyme assayed as previously described ;!
the 20~min runs were done at 24° due to the thermal instab lity of the enzyme. @ Conen for 509, inhibn of growth of L1210 cell cul-
ture. ¢ Arbitrary rating for selectivity of enzyme inhibn. Irreversible inhibn of W256 enzyme: 54-, 85-100; 3+, 70-84; 1+, 60-69.
Specificity: 1+ for each normal tissue showing <309, irreversible inhibn. 7 Synthesis.?®* ¢ Synthesis.2® * Synthesis.!?® ¢ Synthe-
sis.’?e 1 NSC-3077 obtd from CCNSC, National Cancer Institute. * DL = Dunning leukemia was grown as a solid tumor and sup-
plied by Dr. Florence White. A 45-90% (NH, )80, fraction was prepd and assayed by the nsnal methods.tt ¢ Data from B. R. Baker,
J. Med. Chem., 11, 483 (1968).
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Rat

N, R tlasne
15/ CHOC H-m-CH,NI W56
) Liver

‘ Spleen

30, Kidney

[nitestive
14¢ CH;

w~e See corresponding footnotes i Table I.

enzyme,

No. R
4{CH.,CONH SO, F

CH,

? 3.01440(01{2;:.0@ SO,F

6 3-C1-4-O(CH,),NHCO

ros@)n

7 S(CHZ)‘© SO,F

7 Syuthesis. 1

TasLe 11
In Vitro Inttisimion® oF DIHYDROFOLIC REDUCTASE WITH

NH,

0, 08N
0,046

0.010*

Inhib,
Y
0.11
0,11
0.11
0,11
0,11

Time,
11k
(i6)
Gt
20
20
20

0

feacevu

6N
33
46

9
46

e

B9
wM

0.00002

¢ NSC-19494 from CONSC, National Cancer Tustitute,

Tasrr 111

In Vivo Inmpition or WALKER 256 Ascirus BY

NH.
NN
NSy cny,
Test mg/ kg
group?® per day”
Ae 200
A 100
A 50
A 25
Be 12.5
B 6.25
B 3.13
Ce 1.56
C 0.78
- 0.39
¢ 0.19
Ae 50
A 25
(Ge 12.5
G 65.25
DL 3.13
D 1.50
B 0.7K
1) 0.39
I a.19
Ae 100
A 50
A 25
Ge 12.5
G 6.25
Eh 3.13
E 1.56
E 0.78
E 0.39
E 0.19
A 25
Ge 12.5
G 6.25
G 3.13
E* 1.56
. 0.78
E: .39
I 0.19

R
Survivor
Day 30 Day 60 Day 80
Toxie
3/67
6/6/
6/67
4/6 3/6 3/6
4/6 46 3/6
4/6 3/6 3/6
1/6 1/6
276 276
176 16
0 /69
Toxic
1/6
376 276 1/6
2/6 270 246
4/0 4,6
40 176
6.0 376
36 1,6
26 06
Toxie
5/67
4/6f
4/6 2/6 2/6
4/6 376 3/6
3/6 3/6
5/6 4/6
4/6 2/6
2/6 1.6
3/6 2.6
Toxic
6/6 5/6 5/6
5/6 5/6 5/6
5/6 5/6 5/6
4/6 4/6
5/6 3/6
6/0 4/6
3/6 276

Baker, e wl.

Radag®

24

)

L Pigeon liver

Chemotber
index® Rating?
16 8+
4 -4
64 7+
32 ]+
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TasrLr I1I (Continued)

Test mg/kg Survivors Chemother
No. R group® per day? Day 30 Day 60 Day 80 index® Rating?
8 A 50 Toxic 16 24
SvCl~4-0CH1CONH@ SO,F A 25 2/6¢
Ge 12,5 5/6 3/6 1/6
G 6.25 3/6 3/6 3/6
Er 3.13 6/6 4/6
E 1.56 5/6 1/6
E 0.78 5/6 3.6
K 0.39 0,6
e Toxic 2 6
9 ﬂ~(',l-4-<(',H2]z©> SOF ‘: 128 3;’(;‘/ ¢ +
A 25 1/67
Ge 12.5 3/6 1/6 1/6
G 6.25 5/6 1/6 1/6
I 3.13 6/6 4/6 4/6
E 1.56 3,6 1/6
E 0.78 2/6 2/6
E 0,39 2/6 2/6
E 0.19 2/6 2/6
10 A 50 Toxic 1 44
4‘(CH2)4© SO.F A 25 3/6/
Ge 12.5 5/6 5/6 5/6
G 6.25 2/6 2/6 2/6
G 3.13 3/6 0/6
Eb 1.56 3/6 1/6
E 0.78 3/6 2/6
E 0.39 4/6 1/6
E 0.19 0/67
1 3C14(CHy) CONH@SO F A 25 Toxic >64 8+
. : Ge 12.5 5/6 4/6 3/6
G 6.25 3/6 2/6 2/6
Fe 3.13 6/6 3/6
F 1.56 5/6 5/6
F 0.78 5/6 4/8
F 0.39 3/6 2/6
F 0.19 4/6 1/6
12 3,4-Cl; Ge 25 0/6 0 0
G 12.5 2/6 0/6
G 6,25 0/6 0/6
G 3.13 2/6 2/6
D* 1.56 3/6 2/6
D 0.78 3/6 3/6
D 0.39 0/6 0/6
D 0,19 2/6 2/6

@ Test group indicates which compds were run simultaneously with the same control group.

jection of 10° ascites cells on day 0.1%
vors.
after 30 days and longer survival data not obtd.
7.5days. * Median survival time was 14 days; 7'/C = 186.

achieved, the results with some of the more selective
compounds indicated that an insufficient amount of the
inhibitor was reaching the target enzyme. Part of the
difficulty was traced to poor transport through the
L1210 cell membrane by use of L1210 cell culture.!!
This difficulty was soon overcome by use of appropriate
structures that allowed good transport.!?

A second complication was found by Folsch and
Bertino.!* They observed that irreversible inhibitors

(12) (a) B. R. Baker and R. B. Meyer, Jr.. ibid., 12, 668 (1969), paper
CL1V, (b) B. R. Baker and E. E. Janson, ibid.. 12, 672 (1969), paper CLV.
(c) B. R. Baker and N, M. J, Vermeulen, ibid., 12, 680, 687 (1969), papers
CLVIL CLVIII. (d) B. R. Baker and W. T. Ashton, tbid.. 12, 894 (1969),
paper CLIX. (e) B. R. Baker. E. E. Janson, and N. M. J. Vermeulen,
ibid., 12, 898 (1969), paper GLX. (f) B. R. Baker and N. M. J. Vermenlen,
1bid., 18, 82 (1970), paper CL.XVI.

(13) E. Folsch and J. R. Bertino, }Mol. Pharmacol., 8, 93 (1970).

¢ Median survival time was 13.5 days; 7'/C = 170.
i Median survival time was 12.5 days; T',/C = 166.

b Single ip doses on days 1-9 after in-

¢ The chemotherapeutic index was arbitrarily selected as the dose range giving 4/6 30-day survi-
4 In vitro rating of selectivity of enzyme inhibn from Table I.

¢ Controls survived a median of 8 days. / Animals sacrificed
& Controls survived median of

of dihydrofolic reductase of the sulfonyl fluoride type,
such as 1 and 3, were rapidly converted by mouse

NH2 CH3
N)\N—@(CHQ)QCONH@ 80,X
NSy (CHy,
LX=F
2,X=0H
NH,
N)j@Hg)go—@NHco
N N,
3,X=F SOX
4,X=0H
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Tapry 1V
In Vivo INHs1TIoN 0F Warkir 250 AsCires By
NH. Cl
Ol =2
SN
HNGZR
est mg 'k Snrvivors, Chemater
New, R srany” e ot Jday 50 7 Linlext Ratined
15 CHOCH -m-CH,NH Ar 200/ a6 ~ 24
| A 100 16
({Opeo A 30 56
. D5 T
1, A 25 ) 2.6
A 12.5 N6
[O% 6.20 06 120
(& I 06 113
14 1 (e 20 0 6 03 ) )
(1 12,5 06 159
[ 6,20 [IN 146
1) B S 06 160
Bl 1.56 06 114
D 0.78 0.6 14
D .39 0 6 106)
1 0.19 06 107

“oeSae as corresponding footnotes in Table TI1.

vived ap averiage of 8 day=0% ¥ [Higher dose levels were not run.

I nopitra rating of selectivity ol erzyvine inhihn (rom Table 1.
o Controls snrvived on average of 7.5 days.

e Contrals =nr-
(1)

Tavre V

In Viro INntarion of Watknr 256 Ascrres ny Derayed TrEATMENT Wl

NH,

N/
H*NKNJ(CH;,;,

Test
gronp”

1 g
MHCH)CONH @sm‘ |
J

11,

N R

12 3,4-Cly [
1

« Text gronp indicates which componnds were v simultaneonsly with the sante control group.
injection with 100 ascites cells ap day 0; dose selected as optimmnt range from Table TT1.

4 Coptrols snrvived o median of 8 days, o

serum into metabolic produets which were most prob-
ably the corresponding sulfonie acids, 2 and 4, re-
spectively; this metabolic conversion wias much less
in rat serum and unobservable with human serum.
Sinece it was clear from their results that the mouse was
an unsatisfactory test animal, we turned to the rat
bearing Walker 256 in the ascites form in the peritoneal
cavity.  Eight irreversible inhibitors of dihyvdrofolic
reduetase of the dihydro-s-triazine type such as 1 were
selected for test onuly on the basis that they showed good
to fair transport characteristics; one 2,4-diamino-
pyrimidine was also selected even though transport was
less effeetive.  The results are the subject of this paper.

I'n Vitro Assays.—Assay of the 8 dihydro-s-triazines
with the dihydrofolic reductase from Walker 256 rat
tumor and 4 normal tissues are collated iu Table 1.
The TDs in 1210 cell culture' represents a first ap-
proximation of the ability of the compound to penetrate

14) We wish (s (hank Dr, Florence Whice of the CONSC for chese daia
obGaived By Dies, ), S, Thayver and 1P, HNlinmmelfach of Artlna DL Licde, Lae.,

R
my kg L s e e e = STV Y OT e
per day” Oay 30 Ly A0 Day 8¢
0 2. 2.6 Rt
25 46 46 6
12,4 06
A 20 26
25 56 S0

12,5 St 36

B2 1.6 I 6

1.56 06

b Single ip dose on days 5~ 13 after
» Controls snrvived o median of 7 days ™

the 11210 cell membrane; o more exact approximmation
can be obtained by taking into account both the re-
versible and ivreversible effect of the compounds on the
target inside the cell, namely, dihydrofolic reductase.’*
The reversible Isy’s of the 8 compounds with the Walker
256 enzyme differed only sevenfold from 9 to 5.  Most
of these inhibitors showed little difference in reversible
inhibition of Walker 256 vs. liver enzyme, the inaximum
rpread for a single compound being twofold. Ir-
seversible inhibition of the tumor enzyme varied from
1009, for 1 down to 629 for 10. A potent reversikle
inhibitor (12) is included for comparison; 12 is the mest
poteut compound in Table I as a reversible inhibitor
of the Walker 256 ¢nzyme and as an inhibitor of L1201
cell culture.

In order to try to correlate enzyme activity in Table
[ with the effect of the compounds on Walker 256
aseites 1 vivg (Table TIT), each compound was ns-
signed a rating o1 scleetivity by their effectiveness of
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TasLe VI
In Vivo INHIBITION OF WALKER 256 ASCITES BY REVERSIBLE INHIBITORS
o
HZNKNJ(CH:QZ
-I'n vitro In vivo
Rat TIs0.® EDso Test mg/kg Sarvivors
No. R tissue wM uM grovp® per day® Day 30 Day 50
15 4-(CH),CONHCH.CHs-m W256 0.022 0.01 Ke 30 6/6
T.iver 0.039 K 25 6,6
K 12.5 3/6
K 6.25 6/6
K 3.12 4/6
16 3-C1-4-0(CH,);0C6H, W256 0.048 0.0004 K- 50 2/6
Liver 0.043 K 25 5/6
K 12.5 6/6
K 6.25 4/6
K 3.12 4/6
17 3-Cl4-OCH,CONHCI1,, W256 0.026 0.6 Fe 100 Toxic
Liver 0.048 F 50 4/6 2/6
F 25 5/6 2/6
F 12.5 5/6 1/6
F 6.25 4/6 1/6
L/ 3.12 4/6
L 1.56 1/6
L 0.78 0/6
18 3-C14-(CH:),CsH; W256 0.0086 0.003 Fe 25 Toxie
Liver 0.021 F 12.5 4/6 4/6
F 6.25 5/6 4/6
F 3.12 3/6 3/6
F 1.56 4/6 2/6
L/ 6.25 3/6 3/6
L 3.12 4/6 3/6
L 1.56 3/6 3/6
L 0.78 4/6 4/6
L 0.39 1/6 0/6
19 4-(CH,),CsH> W256 0.0078 0.01 Fe 25 Toxic
Liver 0.0086 F 12.5 4/6 1/6
F 6.25 6/6 6/6
F 3.13 5/6 3/6
F 1.56 5/6 4/6
L/ 6.25 2/6 2/6
L 3.12 2/6 1/6
L 1.56 2/6 2/6
L 0.78 2/6 1/6
L 0.39 2/6 2/6

* The technical assistance of Diane Shea with the enzyme assays is acknowledged.
dnctase when assayed with 6 uM dihydrofolate in pH 7.4 Tris buffer contg 0.15 M KCl as previously described.!!

inhibn of growth of 1.1210 cell culture.

of controls = 8 days. >

irreversible inhibition on the tumor enzyme and lack of
effectiveness on the enzyme from 4 normal tissues.
This rating system varied from 0 to 9+ as described
in footnote ¢ of Table I. The compounds with the
highest rating (8+) were 1, 7, and 11; the irreversible
inhibitors with lowest rating were 8 (2+) and 10 (44).
Of course, a reversible inhibitor such as 12 would have a
rating of zero since 12 has no selectivity in inhibition
at the target level.

Corresponding data with a reversible and an ir-
reversible inhibitor of the 2,4-diaminopyrimidine type
are shownin Table IT.

In Vivo Inhibition of Walker 256 Ascites.—When the

I = conen for 509 inhibn of dihydrofolic re-
» Conen for 509,

¢ Test group indicates which compds were run simultaneously with the same control group.
4 Single ip dose on days 1-9 after injection of 105 ascites cells on day 0.

¢ Median survival of controls = 8 days.’ / Median survival

compounds in Tables I and II were assayed against
peritoneal Walker 256 ascites in the rat ip,'s all showed
some cures except the potent reversible inhibitor 14
(Tables III and IV).%2 The irreversible inhibitors
were clearly more effective in vivo than the reversible
inhibitors, 12 and 14, even though the latter 2 com-
pounds were more potent in vitro against L1210 cell
culture. The further superiority of one irreversible
inhibitor (1) over the excellent reversible inhibitor (12)

(15) CCNSC, Cancer Chemother. Rep.. 28, 1 (1962).

(16) We wish to thank Dr. Florence White of the CCNSC for these data
obtained by (a) I. Wodingsky of Arthur D. Little, Inc. (b) Ann Smith of
Sonchern Research Institute, (¢) Hazelton Iaboratories,
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Bakuy, of af.

TasLe VII
In Vivo INmI1BITION OF WALKER 256 Ascrres BY [DitaveED TREATMUNT wiTh

NH,
R
NZ N
H-"NKN (CH.).
Test g/ kg e RNV Y Or S
No. R geonH per dav” No. liay T C
5 AN E 25 16 60 265
3L OCH,), saLF .
‘“”“0@ Al 12.5 06 60 211
M (.20 1.6 60 224
g ;140}{2,‘@ 8O,F N+ 12.5 26 30 300
N 6.2 .6 A 164
N 312 0t il 128
a LCOLCH OF N4 .25 26 A 289
' (a ”‘@‘ N 3.12 16 a0 181
N 1.56 16 ) IS7
N4 12,5 176 50 215
10 44CH,, @SO.F X
) ! N .25 1/6 50 153
N 1.56 16 ) 202
15 4-(CHOCONTICHLCHy=m Me 100 06 50 147
M ) 3.6 60) 407
M 25 26 60 a2
M 2.5 16 fit) 215
16 3=Cl4-0(CH O CeH; Me 25 30 60 484
M 12.5 206 60 383
Ay 6.20 0.6 60 182
18 3-Cl-4-(CH. ), CeH. N 12.5 3.6 50 418
N .25 3G a0 382
N 3.12 1,6 50 201
19 4-(CH.).CH; N 12.5 256 50 264
N 6.25 36 50 346
N 312 36 50 335

v See Table V. ¢ Coutrols survived median of 8 days. 16"

was clearly demonstrated by delay of treatment until 2
days before denth (Table V) ;%2> 4 number of cures by
1 were still obtained, demonstrating the remarkable
activity of 1in this test system.

Attempts to correlate the chemotherapeutic indices
with the ¢n vitro ratings of the irreversible inhibitors in
Table 111 were poor; other arbitrary assignments for
the chemotherapeutic index and n vilro rating gave
cven poorer correlation.  This lack of correlation in-
dicated that one or more other unknown factors than
those presented in Tables I and IIT were playing a role
in the seleetivity.

This lack of correlation between the irreversible in-
hibitors also cast some doubt on the conclusion that ir-
reversible inhibitors such as 1 were more effective than
any reversible inhibitor; for example, it was possible—
though seemingly improbable—that the irreversible
inhibitors, 1 and 5-11, were more effective than the
reversible inhibitor 12 due to the more complex side
chains of the irreversible inhibitors. Therefore, 3
reversible inhibitors (15-19) having the structure of 1,
5. 8, 9, and 10 (Table III), respectively, where only
the SO} group was removed, were synthesized for iu
vivo evaluation.  Both ¢n vitro and in vive data are pre-
sented in Table VI.*% Comparisons of some of the
reversible and irreversible inhibitors in delayed treat-
ment are collated in Table VII;®® a number of the
compounds were remarkably effective, particularly the

4 Covtrols survived median of 9 days 16

reversible inhibitors.  As could be expected, the com-
pounds were less effective by ip injection against Walker
256 1u the leg musele, but still showed a positive re-
sponse (Table VIIT).

The Dunning leukemia in ascites form 1s responsive
to amethopterin treatinent, 60-709; extension of life
being observed. but there were no 30-day survivors
(Table IX). Several of the reversible and irreversible
inhibitors were far more effective than amethopterin.
the most effective being the reversible inhibitors 17-19.

Discussion

A weries of 9 active-site-directed irreversible
inhibitors  of dihydrofolic reductase were selected
for extensive evaluation iu the rat against Walker
256 ascites. This selection was based mainly oun the
ability of the compounds to be transported through
a mammalian cell wall as approximated by inhibi-
tion of L1210 cell culture, regardless of whether a
compound showed good tissue specificity in inhibition
of dihydrofolic reductase (Tables I and II). Some of
these irreversible inhibitors were remarkably effective
in curing the Walker 256 ascites (Table III) even when
treatment was delayed to 2 days before death (Table
).

The fact that irreversible inhibitors such as 1 and
5-11 were much more effective ¢n viro than the potent
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TasLe VIII
In Vivo INH1BITION OF INTRAMUSCULAR WALKER 256 BY
NH,
A !
NZ N
M
Animnal
Test mg/kg wt —~—————Tumor wt—————
No. R group?® day” Survivors® clhiange® Test Control T/C
1 P 100 3/6 —-23 0.9 8.5 10
4{CH,),CONH SO.F P 50 5/6 —29 0.5 8.5 3
Ly P 25 6/6 —22 1.6 8.5 18
’ Q 25 6/6 -2 4.4 7.2 61
Q 12.5 6/6 -1 5.6 7.2 77
Q 6.25 6/6 +5 7.1 7.2 98
5 3-01.4-O(CH2)30©s02F R 100 0/6
R 50 6/6 —26 1.2 3.9 30
R 25 6/6 —10 2.0 3.9 51
S 25 6,6 -9 2.6 4.9 33
S 12.5 6/6 -3 3.7 4.9 75
S 6.25 6/6 -1 4.7 4.9 95
6 3-C1-4-O(CH,),NHCO R 100 6/6 —19 0.9 3.9 23
| R 50 6/6 -6 1.6 3.9 41
FOﬁ@‘NH 8 50 6/6 -9 1.3 4.9 26
S 25 6/6 -8 2.5 4.9 51
S 12.5 6/ +2 3.5 4.9 71
. - @SOF R 30 4/6 -19 0.7 3.9 17
HCH, : R 25 6/6 -3 1.4 3.9 35
S 25 6,6 -3 1.7 4.9 34
S 12.5 6/6 0 2.9 4.9 59
S 6.25 6/6 +2 3.5 4.9 71
3 2014 OCH.CONH @som R 100 6/6 —30 1.2 3.9 30
’ R 50 6/6 -15 2.1 3.9 53
R 25 6/6 —2 2.5 3.9 64
S 25 6/6 0 3.2 4.9 65
S 12.5 6/6 +3 2.8 4.9 57
S 6.25 6/6 +1 3.1 4.9 63
9 BCLA(CHY, @SO‘F S 50 6/6 —16 0.4 4.9 S
’ * ] 25 6/6 —4 0.9 4.9 18
S 12.5 6/6 -1 2.8 4.9 57
S 25 6/6 -3 1.0 4.9 20
10 {CH, N3
! ‘CH"‘©S°‘P s 12.5 6/6 1 1.9 4.9 38
N 6.25 6/6 0 3.2 4.9 65
11 3.CL4{CH,),CONH @ SO.F S 12.5 6,/6 —19 0.6 4.9 12
S 6.25 6/6 -7 1.9 4.9 38
S 3.13 6/ -2 2.1 4.9 42
15 4-(CH,),CONHC:H,CH;-m S 100 6/6 -2 0.1 4.9 2
S 350 6/6 —4 1.7 4.9 34
S 25 6/6 —4 2.6 4.9 33
19 4-(CH,)CsHs R 25 6,/6 —14 1.1 3.9 28
R 12.5 6/6 -3 3.3 3.9 84
S 12.5 6/6 -7 1.3 4.9 26
N 6.25 6/6 +1 2.9 4.9 H9
S 3.13 6/6 +4 4.8 4.9 97
¢ Test group 1ndicates which compds were run simultaneously with the same control group.t® b Single ip dose ¢ days 3-6. © From

controls. 4 Day?7.

reversible inhibitors (Tables III and IV) with a 3,4-
dichlorophenyl side chain (12, 14) was initially ex-
citing sinee it supported our concept that good ir-
reversible inhibitors should be better agents than re-
versible inhibitors;” this coneept was later formalized
in the bridge principle of specificity.®’? However, it

(17) Reference 6, pp 173-184.

was disturbing that good correlation of in witro ir-
reversible specificity (Table I) with ¢n vivo cures was
not seen; therefore a series of reversible inhibitors
(15-19) differing only from the irreversible inhibitors
by replacement of the SO.F group with H were syn-
thesized for comparison.

The reversible inhibitors (15-19) with more complex
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NH,
L &
Taprw IX:  In Vieo INRisiTioN OF DUNNING LEUKEMIS AsCrres py NZ N—@

HNS N (CH,),

Test g/ kg Survivnrs,
No, R group® per day? Jday 35 1/
1 T 25 0.6 162
{4CH,LCONH 50,F e -
o SO 1 12.5 0.0 1956
o l 6.25 06 118
I 3.1 0.6 131
T [.56 0,6 125
T 0,75 06 125
D . T 20 1,6 175
3C1-4 LfH,Jo@bo,F , /
OCHL r 12,5 26 250
T 6.25 16 175
T 513 0,6 170
T 1.5 0/6 162
T 0.7% 0.6 137
6 3.L‘1.4<Lxcn_,)_M1(|'u T 25 0,6 162
T 12,9 0,6 137
FO.S N o . k
I'@*' 1 6.2 06 137
T 313 0/6 137
1 1,56 0,06 125
T 0.7% 0.6 15
7 t;-((‘,ll_‘)‘<:>b'0‘,.l" v 12.5 206 206
O \4 5,20 40 300
\Y 3.1 0,6 144
s 3<Cl-»l-0(?ll,,C()Nll@SOZF U 12,5 246 237
U (.25 0,6 15D
U 313 06 172
W 1.56 06 127
0 - U 50 0/6 127
3C14CH,), @ SO, g
U 25 3/6 262
U 12,5 26 172
U 0.2 16 399
W .13 076 200
- 97 26 B
10 Al-wu_,)‘@ SO, U o 36 R
S 12,5 26 S02
U .29 0,6 177
W 315 36 383
W 1.56 0.6 205
H 3-CLCUILONN @ $0.F v 12.5 0.6 a1
\ 6.25 1.6 216
W 3.13 370 307
W 1.36 276 REE
W 0.7% 0,6 200
17 3-Cl4-OCH.CONHCH; 0) M) /6 300
U 25 476 399
U 12.5 3.6 200)
U 6.25 376 273
W 313 01 177
180 3-Cled=(CHe)oC s, U 12.5 4.6 3949
1 6.2 246 REK
v 3.13 56 304
W 1.6 2.6 254
w 0.7% 0/6 205
194 4-(CHy)iCsHs U 12.5 4/6 399
U 6.25 5/6 399
U 3.13 3.6 324
20 [Amethopterin] T 1.5 0,6 170
T 0.75 0/6 163
T 0.3% 0/6 163
T 0.19 0/6 137
[Cytoxan] w b 2/6 247

@ Test gronp indicates which compds were run simultaneously with the sane control groap.®  “Single ip doses on days 149, 1, -
0.0076 pM with Dunuing leukemia diliydrofolie reductase.  * Ly = 0.0066 p M with Duuning leukemia dibvdrofolic reductusc,
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side chains were much more effective in vivo (Table VI)
than the 3,4-dichlorophenyl analog 12, even though the
latter was more effective as a reversible enzyme in-
hibitor and in inhibition of L1210 cell culture (Table I).
When the reversible inhibitor—irreversible inhibitor
pairs (1 vs. 15, 5 vs. 16, 8 vs. 17, 9 vs. 18, and 10 vs. 19)
were compared in viwvo against Walker 256 ascites
(Tables I11, VI, VII) the reversible inhibitors were not
only as effective cures, but in some cases were better
than the corresponding irreversible inhibitors.

That a potent reversible inhibitor of dihydrofolic
reductase could be effective against Walker 256 was
anticipated;'®* Walker 256 cells are dependent upon folic
acid—folic reductase for growth, but are deficient in the
active transport of folic acid!® and therefore would be
inhibited by a reversible inhibitor that enters the cell by
passive diffusion.’® However, this borderline folic
acid deficiency would not explain the difference in
in vivo actlvity between the simpler reversible in-
hibitors (12, 14) and the more complex reversible
inhibitors (15-19).

Some of the compounds were then assayed by ip in-
jection against Walker 256 in the leg muscle (Table
VIII). A number showed inhibition, but were much
less effective than ip treatment of peritoneal Walker
256 ascites as might be expected; first, the local ip con-
centration would be much higher initially than the con-
centration achievable in the leg by ip injection and,
second, a compound would have to go through the blood
stream from the ip cavity to the leg with the possibility
for destruction of the compound. Again the reversible
inhibitors were as good as the corresponding irreversible
inhibitors.

Since Walker 256 cells are on the verge of folic acid
deficiency due to impaired transport a folic acid, Walker
256 does not respond to amethopterin which presumably
must enter a cell by the folic acid transport mecha-
nism.!'$:1* Therefore a rat tumor with an adequate
active transport system for folic acid that was respon-
sive to amethopterin—namely the Dunning leukemia
ascites—was selected for evaluation of the folic reduc-
tase inhibitors (Table IX). There was no correlation
between irreversible inhibition of the Dunning leukemia
dihydrofolic reductase (Table I) aud #n vivo activity;in
fact some of the poorest irreversible inhibitors (9, 10)
were the most effective. Surprisingly, reversible inhib-
itors were definitely more effective than the corre-
sponding irreversible inhibitors.

Even though some of these inhibitors are sufficiently
active in viro to warrant pharmacologic studies prior to
study in man, the lack of correlation of in vivo and in
vitro data is indeed disconcerting for a so-called program
in rational design of enzyme inhibitors for cancer chemo-
therapy. Therefore, an ancillary study on the meta-
bolic fate of 1 was undertaken.? The only metabolic
product detectable in the urine and feces was the sul-
fonic acid 2 which accounted for 779 of the radioac-
tivity injected; no sulfonyl fluoride (1) was excreted.
Since rabbit liver, kidney, intestine, and plasma contain

(18) B. R. Baker, D. V., Santi, P. 1. Almaula, and W. C. Werkheiser,
J. Med. Chem.. T, 24 (1964).

(19) (a) W. C. Werkheiser, Proc. Amer. Ass. Cancer Res., 8, 371 (1962).
(b) W, C. Werkheiser, L. W. Law, R. A. Roosa, and C. A, Nichol, ibid., 4,
71 (1963).

(205 A. J. Ryan, N. M. J. Veruieuleu, and B. R. Baker, J. Med, Chem..
18, 1140 (1670). paper CLXXI1V.
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an enzyme that can hydrolyze DYP to diisopropyl hy-
drogen phosphate? and since mouse serum contains an
enzyme that can hydrolyze 1 to the sulfonic acid 2,!*
rat liver and serum were investigated for hydrolysis of
1 to 2. Hydrolysis by rat serum was slow,!® requiring
3 hr for 659, completion. Hydrolysis by a rat liver ex-
tract (either 0-459, or 45-909%, (NH,),80, fractions)
was nearly completein 1 hr; it was clear that 1 was being
rapidly detoxified to 2.2 Although 2 was a good reversi-
ble inhibitor, this zwitterion penetrated the membrane
cell wall very poorly (ED;, = 18 udf; compare 1) and
was therefore a detoxification product.

The occurrence of this “fluoridase” in liver brought
up the possibility that the tissue specificity of inactiva-
tion of dihydrofoliec reductase by a number of inhibitors
was not due to differences in enzyme structure from tis-
sue to tissue, but was due to the relative rate of hvdrol-
ysis of sulfonyl fluorides by this “fluoridase.” In an-
other ancillary study, dihydrofolic reductase from
mouse and rat liver was purified by an affinity column,
then the irreversible inhibition remvestigated.?® All of
the tumor specific dihydrofolic reductase inhibitors now
showed good irreversible inhibition of the purified liver
enzyme.

Even though these sulfonyl fluorides effective on
1.1210 or Walker 256 dihydrofolic reductase were inef-
fective on the liver enzyme due to the presence of the
“fluoridase’ in liver, the tissue specificity is still real and
still should be usable in chemotherapy in the same man-
ner as isozyme specificity, a possibility previously dem-
onstrated.® With this new insight on a major biochem-
ical difference between at least some tumors and a nor-
mal tissue such as liver—namely, the presence of the
detoxifying ‘‘fluoridase” in liver and its absence in
several tumors—further investigations on irreversible
enzyme inhibitors of the sulfonyl fluoride type will be on
a firmer basis. It is now less likely that tumor and liver
dihydrofolic reductase are isozymes, since no isozyme
specificity has been seen with at least 100 active-site-
directed irreversible inhibitors of the sulfonyl fluoride
type. However, it is still possible that other enzymes
will have isozyme forms—particularly those of large
molecular weight that are dissociable into subunits; se-
lective irreversible inhibition of lactic dehydrogenase,
which has 2 different subunits, was achieved early in
this program.® With enzymes of lower molecular
weight such as dihydrofolic reductase (20,000), or even
dissociable enzymes of higher molecular weight, the
desired tumor specificity for chemotherapy still may be
achievable by use of selective detoxification of sulfonyl
fluorides by “sulfonyl fluoridase” in normal tissue.

Finally, the question can be asked why are the more
complex reversible inhibitors (15-19) more effective
against Walker 256 ¢n vivo than the simpler reversible
inhibitor 12; if and when this question is answered, per-
haps another new and usable concept for specificity will
arise.

Experimental Section

The reversible inhibitors (15-19) in Table VI were syuthe-
sized by the same routes used for the corresponding irreversible

(21) A. Mazur, J. Biol. Chem., 164, 271 (1946).
(22) B. R. Baker and N, M. J. Verineulen, J. Med. Clem., 18, 1143 (1670).
paper CLXXYV,
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Puysicar Prorigries ok

NH,

NZTN

H;.NKN)‘CH’)H K
Yield,” Mp, 0

No.® R ‘5 dec Forpula®
I 5 4-((.:H2 )QCON}ICGHg()H;;-IIL -1 “d 210—21 I (,79911321\76045
16¢ 3-Cl-4-O(CH,; );0CsH, 204 200-204 CaaHaoCINO55
17 3-Cl-4-OCH,CONHCH; RE 200-203 CaHgCIN O3S
1% 3-Cl-4-(CH:):CeH;; 20 205-207 CauHaCIN: O35
197 4:-(CH2 )4CGH5 440 199200 CgsHssNaOsS

@ Syuthesized by method D.28% ¢ Yield of anal. pure material from nitro intermediate.
~-PrOH-H:0. ¢ See ref 23b for NO; intermediate.
Ho, and G. J. Loureus, J. Pharm. Sei., 56, 737 (1967 ).

< Analyzed for C, H, N. 9 Recrystd from
/ The synthesis of the HCI salt was previously deseribed by B. RR. Baker, B. T.
7 Recrystd from -PrOH.

Tanre X1
PHY81CAL PROPERTINS OF INTERMEDIATES

No. Clomponnd Yield,* €. Myp, °C Fornanla®
21¢ [J-NO2(_;51{4CH—‘=CHCONHCGH4CL{3-’IM 61 1701737 (.‘leli“N:UJ
22 4-N 0y-2-CIC¢H;0CH,CONHC¢Hs 4307 157-158 CuHuCIN, O,
23 4-NOg-2—ClCeHscH=CHCGH5 7284 105-10K"

@ Yield of ansl. pure material. ® dnal. C, Hy N. ¢See merhod A in B. R. Baker and G. J. Lourens, J. Md. Chew,y 11, 672 (1065,
4 Recrystd from EtOH-THEF. ¢ Reerystd from CHCL-EIOH. ‘ Prepd from a-chloroacetanilide according to method A i ref 23h.
¢« Prepd from 2-chloro-4-nitrobenzaldehyde according 1o method A v ref 12¢.  * Recrystd {rom KtOH-H.0.  * Lit. mp [1H1-112° pre-
pared by an alternate route; see L. Chardonnens and P. Heinrvich, Helv. Chim. A cla, 23, 292 (1040).

inhibitors;12-28 properties are listed in T'able X aud intermediates

Mel-Temp block and are uncorrected.  All analytical smnples
in Table XI. Melting points were takeu in capillary tubes on a

had proper uv and ir spectra and moved as a single spot ov tle
with Brinkman silica gel GF; each gave combustion values for
C, I, and N within 0.49% of theoretical.

i23) (a) B. R. Baker and G. J. Lourens, J. Med. Chem., 11, 677 (1968):
(b) B. R. Bakerand G.J, Lourens, 1hid., 12, 95 (1969).

CLXXIV."” Metabolism of
4-[p-(4,6-Diamino-1,2-dihydro-2,2-dimethyl-s-triazin-1-yl)hydrocinnamido]-o-
toluenesulfonyl Fluoride (NSC-113423), an Active-Silte-Directed
Irreversible Inhibitor of Dihydrofolic Reduclase

Irreversible Enzyme Inhibitors.
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Departiment of Chenvistry, University of California af Swaila BBarbaca, Sanba Barbara, California 13106
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The *C-labeled title compound (1) was synthesized from [M¢]eyanoguanidine, acetone, and p-(p-aminohydro-
cinnamido }-o-toluenesulfonyl fluoride (4). The sulfonic acid 2 corresponding to hydrolysis of the SO.F group was
the only radioactive excretion product, 2097 of the radioactivity appearing in the urine and 589 in the feces. In-
vestigation of serum and liver extract of the rat showed that the liver contained a “sulfonyl fluoridase” that
rapidly converted 1 into 2; hydrolysis by serum was mnch slower, but complete in 20 hr at 37°.

In the previous paper of this series,? 9 active-site-di-
rected irreversible inhibitors of dihydrofolie reductase of
the SO.F type were tested against Walker 256 ascites
and Dunning leukemia ascites in the rat; although cures

hy H-—were as effective in vivo as the irreversible inhib-
itors, These results indicated that other factors such
as transport and metabolism might be playing a role
which negated correlation. Therefore one of the com-

could be achieved, no correlation between tissue speci-
ficity of irreversible inhibition of the enzyme and in vivo
effectiveness was apparent. Iurthermore, 5 reversible
inhibitors—where the SO, group had been replaced

(1) This work was generously supported by Grant No, CA-08695 from
the National Cancer Institute, U. S. Public Health Service.

(2) For the previous paper in this series see B. R. Baker, N. M. J. Ver-
enlen, W. A. Ashton,and A.J. Ryan, J. Med. Chem., 18, 1130 (1970).

i3) Onsabbatical leave from the University of Sydney. Australia.

i4) (a) N. M. J. Vermenlen wishes to thank the Council of Scientific and
ludustrial Researcli, Republic of Soutly Africa, for a tanition fellowsbip,
;) T'» whoai correspondence should be addressed.

pounds (1) was labeled with *C in the triazine ring and
subjected to a metabolie study in the rat. The results
are the subject of this paper.

Chemistry.—The "C-labeled 1 was synthesized by
condensation of ['*Cleyanoguanidine, the arylamine
precursor 4,> and acetone according to the general
method of Modest.®! Two obvious possibilities for met-
abolic change of the side chain of 1 were hydrolysis of

(3) 13. R. Bakec and G. 1. Lonrens, J. Med, Chem., 11, 677 71968). paney
CNXNIX.
16) k. J. Moldeso, J, Org, Cliem, 21, 1 <1401



