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The title compound (10a) was =ynthesized by reductive condensation of 5-¢p-chlorophenyl)-2,4-dinmino-
pyrimidine-6-carboxaldehyde (7) with 2-(p-aminophenyl)-2-chloromethyvl-1,3-dinxotane (8a) followed hy hy-

drolysis of the ketal blocking gronp.

2-( p-aminophenylalkyl)-2-chloromethyl-1,3-dioxolane (8).

Three higher homologs (10) were ulso syvnthesized from the appropriste

The title componnd rapidly inactivated the dihydro-

folic reduictase from Walker 256 rat titmor, rat liver, and motse leitkemia L 1210/FR8&; the enzyme from pigeou

liver was inactivated perceptibly slower.

That reversible complex formation between the enzyme and the inhibi-

tor was a 1ecessary prerequisite for inactivation was shown by the failime of p-amino-a-chloroacetophenone »
inactivate dihvdrofolic reditetase nnder conditions that led to rapid inactivation with 10a.

Considerable diffieulty wus encountered in the de-
sigh of the first active-site-directed irreversible m-
hibitor*# ot dihvdrofolic rediietase until the discovery?
of a hydrophobie bonding region adjacent to the active
site was  explored.® The first successful type of
aetive-site-directed irreversible inhibitor for this enzynie
was the 4-pyrimidinol 1, where the 5-phenvlbuty! group
was complexed to the hvdrophobie bonding region and
the G-phenethyl group projected into a polar region
that could then be covalenthy linked to the inhibitor”
this hivdrophobic bonding region is adjacent to either
the 4 or 8 position of dihydrofolate (3), the substrate,
when it 1s complexed to the enzyine”*

Since the rate of inactivation by an aective-site-di-
rected irreversible enzyme inhibitor is dependent upon
the concentration of reversible enzyme-inhibitor com-
plex. which in turn is dependent upon the dissociation
constant (K;) of the complex,'® 1 was considered to be
too poor a reversible inhibitor to be effective in vivoy
a coneentration of 4 X 1079 M 1 is necessary for an
effective rate of mactivation.”  Attention was there-
fore turned to the 24-diaminopyrimidine type of
inhibitor, sinee these are 300-3000 tinies niore potent
reversible inhibitors than the corresponding 2-amino-4-
pyrimidinols® and should be able to inactivate dihy-
drofolate in the 10=° to 10-% M regian. The conver-
sion of an effective active-site-dirccted inhibitor sueh
as 1 1o its diamino counterpart 2 was not expected to
be the answer, based on reversible binding data.™?
Indeed 2 did not inactivate dihydrofolic reductase
from pigeon liver, although it was a good reversible

(1) This work was generously suppurted Ly Grant (CA-08695 from the
National Cancer Institute, U. 8. Pulilic Health Service.

(2) (a) Fur paper CVII uf this series see B. R. Baker and J. A. Hurlbut,
J. Med, Chem., 10, 1129 (19671; (1) for the previous paper on dihydrofolic
reductaze see B. R. Baker and G. J. Lourens, thsd., 10, 1113 (1967); |-aper
OV of tlis series.

0 1. R. Baker, *'Design of Active-Site-Directed lrreversible Enzymne
Inlibitors. The Organie Chemistry of the Enzymic Active-Site,” John Wiley
and Sons, Ine., New York, N. Y., 1967.

() 15 R, Baker, J. Phurm. Sci., 58, 347 (1964), a review.

% 1b. R. Baker, B.-T. Ho, and 1. V. Santi, bid., 54, 1415 (1965).

i6) Fur a review on tlhie mode of binding of inhibitors to dihydrofolie
reductase see ref 3, Chapter N.

i7) B. R. Baker and J. H. Jordaan. ./. Phorm. Sci,, 58, 1417 (1966); paper
LXVI11 uf this series.

(8 1. R. Baker, 1. J. Suhwan, J. Novotny, and B.-T. Ho, 744, 85, 302
1966 ).

1) 5. R. Baker and N. 8. Shapiro, 1hyd., B8, 308 (1966).

(101 VFor the kinetics of irreversible enzyme inhiliitivn see ref 3, Cliapter
V11

mhibitor ax anticipated.t'  Similarly, the 5-chloro-
phenyipyrimidine (4) was a good reversible inhibitor,
but not an irreversible inhibitor of pigeon liver dihy-
drofolic reductase;'! surprisingly, 4 could slowly in-
activate Lscherichia coli dihydrofolic reduectase, bt
2 did not.'*  Irom reversible binding data it 1= believed
that 2 and 4 project the phenethyl group to the left.
but 1 projects the phenethyl group to the right as in-
dicated.!

Two of several approaches to the solution of this
enigma have proved to be successful. The first ap-
proach was to extend the leaving group through the
hydrophobie bonding region until a polar region was
encountered; the synthesis and evaluation of active-
site-direeted  ivreversible  mhibitors  of  dihydrofolic
rediietase of type 5 have been recently described.*
The sccond approaeh was to use a side chain at the
6 posttion of 4 that had a more flexible ground-state
confornation and was more polar.  Such a side chain
15 present in 6 which might complex i conformation
6b similar to 1 and not conformation 6a similar to 4;
the results of such studies are the subject of this paper.

Chemistry. - The synthesis of 6 and its analogs (10)
by redictive condensation of the 2,4-diaminopyrimi-
dine-G-carboxyaldehyde  (7) and  an  appropriately
subxstituted aniline (8) appeared to be a likely route,
particularlvy since methods for synthesis of 7 and 8
were available from earlier studies in this laboratory
(Schewe 1), 'The aldehvde 7' was condensed with the
autiline containing a blocked chloromethyl ketone side
chain (8)¥ in DMI; then the resultant anil wag reduced
with sodium borohydride in methanol'®!4 to give the
dexived blocked produets 9. The dioxolane blocking
group of 9 was removed by hvdrolysis with dilute hydro-
chlorie acid, affording the candidate active-site-di-
rected irreversible inhibitor 10.

Enzyme Results.—The 6G-anilinomethylpyrimidine
(10a = 6) showed rapid inactivation of the dihydrofolic
reduetase from pigeon liver (Table I).  Determinations
of the Iiw of 10a were erratic due to a mixture of re-
versible and hrreversibte inhibitions; our older method

17y B, R. Pakey and J, 11, Jordaan, J. Heterovgelic Chem., 4, 31 (19471,
paper LXNXI11 of this series,

(12 Bl R Baker wiul J. 11, Jordann, J. Phacm. Sei., 56, 660 (1967); paper
LNXXVII of sbix ceries.

(13 T4 R. Baker and J. WL Jordaan, J, Med. Chem., 8, 35 (1965).

¢11) The feasihility of this reactivn was first sliown by condensation of 7
witit anibne hy Dr. 1. H, Jordaan in this laburatory.
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allowed considerable contact time between the enzyme
and the inhibitor before the substrate was added.!
With the newly devised methods,?® which allows only
a short contact time between enzyme and inhibitor,
consistent Is results were obtained; the true?® I, was
three to ten times higher than that observed by the
old method.” Since the dihydrofolic reductases from
Walker 256 rat tumor and L1210/FRS8 mouse leukemia

(13) B. R. Baker, B.-T. Ho, and T. Neilson, J. Heterocyclic Chem., 1,79
(1964).
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were also Inactivated by 10a, these two enzymes were
studied more extensively than the pigeon liver enzyme.

At a concentration of 10a of 25 a4, which is sufficient
to convert about 969, of the total enzyme to a revers-
ible complex,® 859 of the 1.1210 enzyme was inacti-
vated in 30 min at 37°. Time studies on the half-life
of inactivation of the 1.1210 enzyme were then per-
formed. At 6 and 1.8 x4 10a, sufficient to convert
87 and 659, of the enzyme, respectively, to a reversible
complex, the half-lives of inactivation were about 2
and 5 min, respectively.

That the inactivation of the L1210 enzyme did not
proceed by a random bimolecular process!® was clearly
indicated by the failure of 25 uM p-amino-a-chloro-
acetophenone (11) to inactivate the enzyme (Table
I); therefore, it is highly probable that 10a in-
activates the enzyme by formation of a covalent
bond within the reversible complex between 10a and
the enzyme, the so-called active-site-directed mechanism
of irreversible enzyme inhibition.?

In over 40 incubation runs with 10a and the four
sources of enzymes, the total inactivation did not ex-
ceed 80-859%; thus it is possible that when reaction
between the enzyme and the inhibitor is complete, the
resultant modified enzyme still has 15-209, residual
activity. Such a phenomenon has previously been
observed with chymotrypsin.!®»® In order to estab-
lish whether or not a modified enzyme is obtained,
further studies with more purified enzyme would be
warranted.

At the low concentration of 0.3 ul, 10a showed
little inactivation of the L1210 enzyme (Table I);
this concentration of inhibitor is sufficient to convert
259, of the total enzyme to a reversible complex!® and
should therefore inactivate the enzyme at about one-
third the rate seen with 6 uM 10a, providing the com-
pound does not decompose in the incubation mixture.

(18) W. B. Lawson and H. Schramm, Biochemistry, 4, 377 (1965).
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« The technical assistance of Barbara Baine and Jeaun Reeder is ncknowledged.
¢ Inhibitor concentration neeessary for 50€¢ inlibition of the enzyme in the presence of 0 g dihydrofolate and

kemia L1210/FRS.

30 M TPNH (12 p3M with pigeon liver) at pH 7.4 when measured as previonsly described.??
K, =1X 1078} and [S] = 6 X 1078 M, this equation is valid when K, > 4[S].7
£t = time for half-inactivation at 37° determined ax previously described.?®

lated from [EIl = [Ed/1 + K /[I]L

That such a decomposition is detectable with 1.8 pif
10a was seen; the total inactivation was wvariable,
being between 50 and 859,. When the inactivation
stopped at 509, addition of 1.8 wmoles/l. more of 10a
dropped the enzyme content to 149.. Turthermore,
when the crude dihydrofolic reductase preparation was
incubated with 1.8 ud/ 10a for 30 min, which inacti-
vated the dihydrofolate, then additional enzyme was
added, no inactivation of the second aliquot of enzyme
occurred. Thatthis decomposition of 10awas notdue to
buffer or foreign protein was shown by preincubating
102 with 3.5 mg/ml of bovine serum albumin in buffer:
after 30 min, the preincubation mixture still showed
509, inactivation of L1210 dihydrofolic reductase at
1.8 uM 10a. Thus, this decomposition of 10a is due
to some other material in the crude enzyme, or is duc
to a dihydrofolic reductase catalyzed decomposition
of 10a; studies with purified enzyme could differentiate
between these two possibilities.

Whether or not inactivation of the 1.1210 enzyme
ocelrs in the absence of TPNH cannot be determined
due to the instability of this enzyvme in the absence of
TPNH.

A similar rapid inactivation of dihydrofolic reductase
from Walker 256 enzyme with 10a was observed

* W26 = Walker rat tumnor; L1210 = monxe len-

“ Calculated from Ki = K ($s/[S]) where
¢« Per eent of enzyme reversibly complexed; culci-

{Table I); the half-life was about 3 min in the presence
of TPNH, but less than 2 min in the absence of
TPNH. It is probable that the difference in thesc
rates with and without TPNH is significant, although
with an earlier compoimnd showing slower inactivation,
definite protection against inactivation by TPNH was
seen.”  Also notable with the Walker 256 was that 25
w11 failed to show any inactivation of the enzyme,
again eliminating the possibility of inactivation by a
random bimolecular process, but supporting the active-
site-directed mechanism.

Diliwvdrofolic reduectase from rat liver was rapidly
mactivated by 1.8 uM 10a in the presence or absence
of TPNH; in less than 2 min, the enzyme was S09;
inactivated. The dihydrofolic reductase from pigeon
liver was also mactivated by 10a, but perceptibly
slower than the rat liver enzyme. With 25 3/ 10a,
the pigeon liver enzyme in the presence of TPNH was
inactivated with a half-life of about 6 min. At the
lower concentration of 1.8 uM, the difference in in-
activation of the liver enzvme was more noticeable;
the pigeon hiver cuzyme only oceasionally showed
slight inactivation, whereas the rat liver was maximally
inactivated in less than 2 min.  The failure of 1.8 ud/
10a to inactivate the pigeon liver enzyme is probably
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TasLE I
PHYSICAL CONST:\NTS OF
NH,
N Cl
W0
CH,NH R
% AMp, °C Caled, 9 ———VYound, §————r ————Amax, IIg———
No. R Method yield dec C H N C H N pH 1 pH 13
NQa - - = ¢ = = = = DR
Oa SN CH,CI A 38 178179  54.2¢ 4.74 15.1 54.4 4.35 15.1 280 256, 293
0__0
9b CH=CH—>-CH,(! A 37 183-184 58.4 4.90 14.8 58.2  5.02 14.7 280 203
9c iy 2 on . A 30+ 140-142 57.3° 5.44 145 57.6 5.62 14.2 276 201
0_0 _ _ _ _

9d (CHy)q CHLC A 302 146-148 59.6 5.81 13.9 59.9 5.86 13.8 276 291

10s COCH,C1-HCl B 80¢ 180-182 49.7¢ 4.40 15.0 49.5 4.61 14.7 325 340

10b CH=CHCOCH,CI B 857 >300 56.8° 4.76 15.7 57.1 5.10 16.0 276,372 293, 398
10c¢ (CH;),COCH,C1 -HCl B 857 150-152 53.1¢ 4.83 14.7 53.4 5.08 14.5 275 290

10d (CH,).COCH,Cl-HClI B 86/ 175-177  55.7 5.25 14.2 35.6 5.20 14.0 275 200

e Recrystallized from EtOH-H,0.
0.1 ¥ HCIL. ¢ Monochydrate.

due to a combination of decomposition of the 10a
coupled with its slower rate of inactivation of the
enzyme.

When the distance between the chloromethyl ketone
group and the pyrimidine ring was increased, as in 10c
and 10d, reversible inhibition was changed little with
the 11210 enzyme; in contrast, the two compounds
failed to irreversibly inhibit the 11210 enzyme. Simi-
larly, 10¢ and 10d failed to inactivate the Walker 256
enzyme, but reversible inhibition was somewhat bet-
ter than with 10a. Insertion of the vinyl group into
10a to give 10b resulted in little change in reversible
inhibition, but irreversible inhibition was considerably
less effective with 10b.

Discussion

6-(p-Chloroacetylanilinomethyl)-5- (p-chlorophenyl)-
2,4-diaminopyrimidine (10a) is an irreversible inhib-
itor of dihydrofolic reductase that does not inactivate
the enzyme by a random bimolecular process, else p-
amino-a-chloroacetophenone (11) should have also
inactivated the enzyme. Therefore, a complex be-
tween 10a and the enzyme is necessary for inactivation.
There are at least two ways in which an enzyme can
become inactivated within the enzyme-inhibitor com-
plex: (a) a neighboring-group reaction can occur
within the complex,” or (b) the complex causes a
conformational change that exposes a group on the
enzyme to bimolecular attack.®” These two mech-
anismis  can  usually be distinguished kinetically,
but since 10a inactivates the enzyme with such ra-
pidity, this is difficult to do experimentally in this case.

Although absolute rate ratios have not been ob-
tained, it is clear (Table I) that the order of decreasing
rate of inactivation is rat Hver > Walker 256 > 11210
>> pigeon liver. That differences in the rates of
inactivation by 10a should exist is predictable by the
bridge principle of specificity.#%1% Ay irreversible
inhibitor that is a close analog of the substrate and

(17) T. Inagami, J. Biol. Chem., 240, 3453 (1965).
(18) See ref 3, Chapter I1X.

b Recrystallized from EtOH.
/ Recrystallized from methoxyvethanol-H,0.

¢ Hemihydrate. ¢ Recrystallized from EtOH by addition of

covalently links to the enzyme within the active site
(endo mechanism) would not be expected to show
isozyme specificity.’®* However, an irreversible in-
hibitor that either covalently links the enzyme outside
of the active site (exo mechanism) or partially com-
plexes outside the active site and covalently links in-
side the active site could show isozyme specificity.!®
Evolutionary changes in an enzyme are much more
apt to have occurred outside the active site than inside
the active site;® therefore, an inhibitor such as 10a
that does utilize a part of the enzyme outside the
active site could show isozyme specificity.

With 10a there is insufficient difference between the
rate of inactivation of the Walker 256 rat tumor
enzyme and the rat liver enzyme to be of chemothera-
peutic use. However, it should be possible to build
into the molecule further specificity by utilization of
the bridge principle of specificity*!® as has been pre-
viously done with the lactic dehydrogenase isozymes.!*
Such an isozyme specificity study with 10a may be on
the borderline of usefulness since a concentration of
2-25 X 10-% A would be required; it would be niore
desirable to have inhibition related to 10a which
could operate at 10~ to 10— M by being better re-
versible inhibitors. Studies of both types are cur-
rently being pursued.

Experimental Section2!

6-[p=(2-Chloromethyl-1,3-dioxolan-2-yl)anilinomethyl}-5-p-
(chlorophenyl)-2,4-diaminopyrimidine (9a). Method A.—A
sohiution of 500 mg (2 mmoles) of 712 and 430 mg (2 mmoles) of
8a!® in 5 ml of DMF was stirred for 30 min, then diluted with

(19) (a) B. R. Baker, J. Med. Pharm. Chem., B, 654 (1962): Biochem.
Pharmacol., 11, 1155 (1962); (b) B. R. Baker and R. P. Patel, J. Pharm.
Sci., 68, 714 (1964).

(20) Melting points were taken in capillary tubes on a Mel-Temp block
and are uncorrected., Tle was performed on Brinkmann silica gel GF and
spots were detected DLy visual examination under ultraviolet light. All
apalytical samples had ir and uyv spectra commpatible witll tleir assigned
structures and each moved as a single spot on tle. Compounds of structure
10 gave a positive 4-(p-nitrobenzyl)pyridine test for active halogen.?!

(21) B. R. Baker, D. V. Santi, J. K. Coward, H. 8. Shapiro, and J. H.
Jordaan, J. Heterocyclic Chem., 8, 425 (1966).
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50 ml ol MeOTE NaBLL 120 g) was added over a period af 45
mwia; then the mixture was stirred a1 ambient (emperature for
15 b, The vearly clear soliution was elarified by filtrativm, then
spin-evaporated ioracao o about 11 ml, and dilnted with 70 ml of
1.0, The produet was collected on a filter and washed with
water. Two recrystallizations from ngneous E1OH gave 340 mg
R ol light vellaw crvstals, mp 178-174° dec,  See Table T1
{or additional diata.

Vol 10

6-( p-Chloroacetylanilinomethyl )-5-( p-chloropheny!)-2,4-di
aminopyrimidine (10a) Hydrochloride. Method B.  -A mixtire
af 180 mg (0.4 mmole) of 9a and 10 ml of (L1 .V HCL was refluxoed
with =trring Tor 1 hr, then cooled 1o 11° {0y several hr, The
product was enllected on a filter and washe:dl with 2 m) ol e
water.  Reerystalbzation fvom K10 by additha of .1 N HO
gave 146 mg ([0 ol white phites, mp 1801827 ddecs See
Table 1T {or additional data.
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A series of 1,2-diaeyl-1,2-bis(d-nitro-2-thiazolyl)hydrazines wnd several his{3-uitro-2-thinzolyl) derivatives

ltave heen prepared and rested for antiprotozoal activity.

bt no dn vive netivity.

The heteroeyelic nitro compounds belong to one of
the most thoroughly mvestigated, versatile, and useful
systens in the services of chemotherapy of infectious
discases.  The best examples are the nitrofurans, ex-
hibiting pronounced trypanocidal, coceidistatic, and
very strong antibacterial activity.®  Metronidazole [1-
(2-hvdroxyethyl)-2-methyl-H-nitroimidazole] is today
the drug of choice in the systemic treatment of tri-
chomontasis.®  This fact has led to the preparation of
a preat nuuber of substituted S-nitroimidazoles as
potential chemotherapeutic agents.* 2-Amino-3-nitro-
pyridine,*8 2-amino-S-mtropyrimidine,® and a number
of d-nitropyrazoles” and nitropyrroles® show muarked
trichomonacidal activity,  The 2-amino-5-nitrothiazole
nuclens xeems to possess one of the broadest profiles of
antiparasitic aetivity, ranging from trichomonal and
helminthie infections, especially  schistosomiasis, to
histomontasis and  ameblasis®  2-Acetamido-H-nitro-
thiazole has also a suppressive action on Infeetions with
Trypanosoma cruzd m mice.' These results encouraged

(1) ia) To wlosa inguiries should be addressed. 1) Deceased.

i) (a) 1. Hawking in “Ixperimental (Chemwutherapy,” Vol 1, R, J.
Schinitzer and 0 Hawking, Lid., Academie Press Ine., New Yurk, N. Y.,
1963, 1 197: 1y Lo PoJoyvner, 3. .M, Davies, and 8. B. Kendal, isnl,, p 460;
ey 11 10 Paal and ML Y. Paal, vbyd., Vol. 11, 1964, p 307,

viy 1ML Rollp in ““The Plharmacological Basis of Therapentics,”” L., &,
Guadiuan and A, Gitmau, Bd., 3rd eld, The Macmillan Co,, New Yurk, N. Y.,
D03,y 1155,

viota) Rhone-Poulene 3.A., Frencli Parencs 1,379,787 (1064), N 3270
106H), A 3342 (1U67); (b Netlierlaruls Pateut 8,411,717 (1965); (¢) Merck
and Cu., Netherlands Patents 6,400,117 {1963, 6,409,120 (1965), 6,413,815
1055y aly Delgian Patents 660 3 (1065, 661,262 (1965); (e) May and
Raker L1, Bulgian Patents 639,372 (1Y64), 630,460 (1464); (f) U. 8. Patent
1,236,856 11966); (2) Carly Erba S.p.AL, Delgian Patent 667,262 (19653).

3 N. DL NXuwong and NP Dane-llon Compie, Besd., 2688, 3115 (1961).

(6) (ay 1. M. Miclaels aud R. E. Strulse, J. Phore. Phormacol., 18, 601
vty (o R M, Michaels, J. 'rofozool.. 9, 478 (1862),

7y Gy 1D WO Wright, UL 8. Patent 3,014,916 (1961); (b) May and Raker
Lul,, Britislh Patent 938,726 (1063).

(8 (al G. Narmas, U, 8. Patents 3,136,690 (19641, 3,244,726 (1966).
R210624 195Gy, 2256270 (1936 R 250800 0oyl ) Rleae-Poolese
oA Prexele Pay caos 33090 (165, CAND0 (10653 (vd Soeie(a Yacmaeeai-
el Talin, ielgian Patent 666,612 (1D65),

9y (a) R.J. Sehnitzer, ref 2a, p 298: (L AL O, Cucklee, A, 3. Kopferbery,
wnl No Midlman, Antshiot., Chemotherapy, 5, 340 (1935); (¢} ref 21y, p 341,

(10 Referenve 2a, p 204,

Some of the componnds show a very strong in edro

the study of o further munber of S-nitrothinzoles with
different =ubstituients at the 2-amino group. !

One comumon feature found in many chemothera-
peutic agents s their synunetrical structure. These
molecules have been deseribed ax “dumb-bell” shaped
or as “butterfly structures.”"** Typical examples arce
the avomatie diamidines used in the treatment of tyyp-
anosomiasi="™ and leishmaniasis™ and the derivatives
of 4+4-diaminodiphenyl sulfoune, used in the therapy
of all forms of leprosy.'™  Bis(4,6-dianinoqguinaldine)
derivatives show a very marked antitrypanosomal®® and
antibacterial activity.! polvmethylenebisquinolinium
and  -lsoquinolinium =alts possess a wide hacterio-
statie? and  tfungistatic  profile.®  while  diaminodi-
phenoxyalkanes arve considered potentinl  sclistoso-
micidex.*!

The combimation of these two mportant features,
nitro heterocyelic compownds and symunetrical mole-
cules, led us to consider the investigation of a new type

i11y 1-13-Nitro-2-cliazoiyi-2-imidazolidinone @ considered twday e Lest
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