
,\lay 196s IHHEVEHSIBLE EXZI'ME INHIBIT OH^. CXX 

Irreversible Enzyme Inhibitors. CXX.1,2 Active- Site-Directed Irreversible 
Inhibitors of Dihydrofolic Reductase Derived from 6- Substituted 

2,4-Diamino-5-phenylpyrimidine~~ with Tissue Specificity 

B. R. BAKER ASD PING CHEOKG HUASG 

Depaittrkcnt oJ Cheiiizstry, Iln7rersity of California at Sanfu Barbara, Santo Uuibuta, L'alifoi r ~ i a  23100' 

Recezted Janziai y ZVJ 1968 

Twelve candidate irreversible inhibitors of dihydrofolic reduct,ase derived from 2,4-diamino-5-(4-chloro- 
pheny1)pyrimidine and its 3'-chloro derivative that are bridged from the 6 position of the pyrimidine to a sulfonyl 
fluoride leaving group have beeii synthesized and evaluated for t,issue specificit,y. The most effective and selec- 
tive of the twelve was 2,4-dianiino-S-(3,4-dichlorophenyl)-6-[p-(m-fluorosulfonylbeuza~midomethyl!phenoxy- 
methyllpyrimidine (15). At 1.2 x 10-7 M ,  15 gave 90% inactivation of the dihydrofolic redilctase from L12101 
FR8 mouse leukemia with a half-life of 6 min; at' 35 X lo-' MJ 15 gave barely perceptible inactivation of the 
mouse liver enzyme. The selective inhibition of the Walker 256 enzyme compared to rat liver by 15 was not as 
selective as in the case of the m o i w  enzymes, but was the most selective of the twelve candidate irreversible 
inhibitors. 

Two important factors have emerged for the design 
of irreversible inhibitors that  have t,he potent'ial to 
inactivate the dihydrofolic reductase of cancer cells 
with less effect on this same enzyme from normal tis- 
s u e ~ . ~  Both of these factors utilize parts of the 
enzyme that  are adjacent to  the active site of the en- 
zyme. A hydrophobic bonding region near where the 
4 0 x 0  group (or S-S) of the substrate, dihydrofolate 
(l), resides on the enzyme has been f ~ u n d . ~ - ' j  For 
example, the phenyl group of 2 and 3 and the adjacent 
two methylenes are complexed to the hydrophobic 
region on the enzyme, but this region then becomes 
more polar where the carboxanilide moiety 
Similarly, the phenoxypropyl group of 7 complexes to 
the hydrophobic region of the enzyme, but the p-  
benzamido moiety resides in a polar region of the 
enzyme.s B third type ( 5 )  has the chlorophenyl 
and phenoxymethyl groups coniplexed t,o the hydro- 
phobic bonding region where the 3-chloro group of 5 
projects toward the active site 011 the right side of the 
inhibitor. 3,9 

Extremely large differences in bonding to the hydro- 
phobic regions of the dihydrofolic reduct'ases from bac- 
teria and mammalian liver have been found;1° these 
50,000-fold differences are adequate for a selective 
chemotherapeutic effect. In contrast, the largest dif- 
ference in binding to  the hydrophobic region of the 
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enzyme from Walker 256 tumor and the liver of the 
rat was only lOO-fold," which is insufficient for chemo- 
therapeutic use. These small differences in the hydro- 
phobic bonding region can be greatly magnified by 
utilization of the bridge principle of specificity with 
irreversible inhibitors.12 particularly if the group on the 
inhibitor forming a covalent bond with the enzyme is 
influenced in its juxtaposition to an attacking enzymic 
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"Y" 2, meta isomer 
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4, R = 0; R'- H 
5, R = 0; R' = C1 
6 ,  R = CH,; R = H 

(11) (a) B. R. Baker, d .  M e d .  Chem., 11, 483 (1968), paper C S V I I  of 
this series: (b) B. R.  Baker and RI. A. Johnson. ibid. ,  11, 486 (1Y68), paper 
CSVIII of this series. 

(12) See ref 4, pp 172-184. 



iiucleophilic group by the hydrophobic boridiiig region.I3 
The sulfonyl fluoride group of 3 can form ii covaleiit. 

l)oiid within the enzyme-inhibitor corn1)les with the 
tlihydrofolic reductase from Wn1l;er 25G rat tumor. rat 
liver, I,1210/E'RS inouse leulmiii:i, aiid Iiigcw 1ivc.i.. 
Howcver, when the tiridgirig group is iiiovetl t o  i i ioici  

Imitioii (2) oiily the pigeon liver cnzymc (of this giuiip 
of four) is inactivated; this \vas tlie fii 
selcctivc irreversible inliibitioii of dihydro 
:tnioiig vertebrate species.14,': JTlieii tlie Iwsitioii 
o r / / ~ o  to  the sulfonyl fluoride groul) of 3 i.: .:iil)stitute.tl 
liy methyl, tissue specificity is obscrvetl; t,liis nicthj.1 
derivative still rapidly in:ictiv:tt the erizynict froiii 
lAl2l0/FIi8 mouse leukemia hut 1 1 5  t 1):irel.y l)crcei)tihlr 
effect oil the  niouse liver r'iizyiiie ;\iiothcr esainl)l(~ 
is the  sulfoiiyl fluoride 7, ~vliich ciin r:il)idly inavtivc 
tho tiihydrofolic reductase from \Talker 256 or 1,1210 
P'RS with little effect on the erizjmic from iiioiis(~ or ixt  
li\,clr.2 Similar observations have i i o ~  ticeri iiiutle wit Ii 

4-6 aiid iiinr: of their :~iidogs (7--15) : thcse results  arc^ 

tlic subject of this pq )e r .  
Enzyme Results. ---The iwwsiblc itricl irreversi1)le 

iiihibition of dihydrofolir reductase from ITnlker 250. 
1,1210 l;Ii8. rat liver, ai ic l  niouse liver : t r ~  ro1l:ltctl i i i  

'l'ahle I. The rate of irreversible inhibition (T) 1)y :iii  
act ive-site-directed irreversible i ii hibitc )r  is clepeiideiit 
iil)oii t.he amount of the total enzyiiie (Et) reversibly 
conil)lesed ($9) bj- the inhibitor (I) ,  i . e . ,  lr = li[ET]:" 
thus. the rclative :miowits of [ I 4 2 ] :  rather thaii [ I ] ,  
niust lie coiisidcrecl w l i o i i  coinparing iii:ictivatioii 
ixtes tjy two tliffereiit compouiids or oiie conipouiitl : i t  

t \vo different c'oriceiitrutioiis. Secoiid, t \vo different 
twictioiis bet ~ ~ i i  the e i i z ~ m c  aiitl :I sulfonyl fluoride 
( x i i  occur ivithiii the enzyme--illhihitor reversible coiii- 
~)Ics: covalerit h i i d  formitioil tii:i>. occui' or tlic w z > m c  
( x i i  c:it:tlyzc the hjdrolj-sis of t Iic sulfoiiyl fluoidc to  
t lie icorrespotidiiig sulfoiiic wid  which is no longer 
(~:q):tt)l(~ of irreversible i i i i~it)i t ioii .~~ If oiily covalent 
1)oiitl formation occ~irs, thcn :I plot of time against tlie 
log of rcmaiiiiiig enzyme is linear throughout S 0 - W ' ;  
iii:ictiv:itioii ; in coiitr:ist, if ciizynie-cntal!.zetl 1iy- 
tlrolysis of the sulfoiiyl fluoride occurs siiiiultatieousl~~ 
ihcii  liiie curv:iture will be seen where tlic r:itc of in:ic- 
t ivatioii tlecrtuses with time due  to t Iicl decrwsiiig coii- 

c.eiitr:itioii of the irreversible itihihitor.lb 
Thc resulta \\.it11 the \\~:ill;er 2 X  :tiid rat liver eiizj-nies 

i n  'T:tl)lo I nil1 bc discuss rst. With suficieiit 4 t o  
givc: !I.??/;, [ I 3  1, curv:tturc o1)servcd in the iiiactiw- 
tioii r:it(i; :il)ove 40 iiiiii IY cciuired for 3076 iiiactiva- 
iioii :mtl the iii:tctivatioii stol)l)ed :it about 7 O C i .  
Eveii more curvature u-as shon-ii with the rat liver 
ciuzynie : ~ i i d  sufficient 4 to g I 95'3; [EI], the inactiva- 
tion siolipirig :It ahout 40 t hiis, even though the  

in:ictiv:ttcd to 21 greater csteiit tliuii 

i1.L 13. I ? ,  Haker  a i i i l  .I. 11. .JoriIaaii. . I .  l ' t f n r m ,  S r i , ,  55, l k l 7  i I U t i i i i ,  

e rand  (;. .I. 1,uiireiia. . I .  . l l i i I .  C ' h t v . ,  10, i l l : {  (l<+ti?!, iiaiit'r 
p>hIier L S Y I I  oi  t I i i 3  serieq. 

rxa!nl,te of bperiei 5lteeiticity in ii re 
tile dilisdrofolic reductase from pixeon Iil-er and I:. co 
H. I t ,  Baker and J ,  11. .Jordaan, .I. Ptiarrn.  Sci.. 56, 660 ( 
TI11 (i f  l l i i p  series 

(16)  13. R.  Raker  arid (;, .J. Lourens, maniizcri]it in preparatiun. 
i 1;) l'or t l i c .  kinetic parainr terr  o f  irre\.er*ililt= iriliil>itioii see (R) ref  1, PI '  

l22-l2! l ;  , I , )  1 3 .  I ? .  I i : ~ k e r ,  \ \ .  \\.. 1 . r ~ .  nncl 1. .. Tong.  . I .  '/'heor. R i d . ,  3, &:!I 

[ I !JG? 1 .  
rll,iit d .  .If?,/. ( ' / ,? fn . ,  11, 2 3 3  I l!168). iiapi'r 
Baker nnd t,;. H. Kriakaoii, !/,id., 11, 242 
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TABLE I:  INHIBITIOW OF DIHYDROFOLIC REDUCT.WE BY 

No. 1x1 R2 

5 c1 

ti I% -CUQ P S 0 . F  

NHCOSH 

8 c1 I)@HCONHQ 

E m v m e  
source 

Walker 256' 

Kat liver 
L1210/FR8' 

Nouse liver 
Walker 256' 
llat liver 
L1210/F128/ 

M o i w  liver 

R'alker 256' 
llat liver 
L1210/FlW 
Alouse liver 

\\'alker 256 
Rat liver 
L1210/FI28 

Mouse liver 

Walker 256 

8 . 8  1 . 4  
3 . 3  0 . 33 

0.56  0.093 
0.70 0.12 
1 . 4  0 . 2 3  

0 .77  0 .13  
0 .33  0.060 
1 . 6  0.27 

1 . 2  0.20 
1 . 6  0.26 
6 . 0  1 .0  

0.15 0.025 

Inhib 
concn,  p 3 f  

16 
16 
25 
16 
3.3 
3.3 
2 . 8  
3 .3  
1.4 

0.23 
1 4  
7 . 0  
3 . 8  
1 . 7  
1 6  
1 . 6  
8 0  
5 . 8  
8 . 2  
6 . 0  
1 . 0  
6 . 0  

0 .73 
0.15 

25 

-- li-reversilile-- 
E. * S I , ~  Time, 

5% min 

95 120 
9 5  408 
9.5 3, 60g 
96 13, 60v 
87 20, 600 

608 
97 a0 
97 60 
87 6, 308 
50 30, 608 

60 
3, 608 

97 3 ,  600 
97 60 
87 4, 308 

8, 608 
<1, 600 

97 5, 608 
97 9, 308 

50 18, 60 
600 
3, 600 

97 7 ,  608 
87 9, 608 

87 7 ,  308 

Inactn,e 
% 

68 
.j 0 
34, 39 
30, 90 
50, 71 
< 10 
30 
0 
50, 80 
50, 60 
0 
52, ,52 
30, 95 
67 
!YO, 92 
1.5, 15 
60, 60 
30, 60 
.io, 86 
50, 84 
50, 75 
0 
33, 33 
;io, 86 
33, 33 

Rat liver 0.16 0.025 0.80 97 5 ,  600 28, 28 
L1210/FR8 1 . 0  0.16 1 . o  87 6, 308 50, 83 

I 
S0.F 

- -  0.20 aa 13, 18, 608 50,61,61 
Mouse liver 1 .o  6, 608 43,43 

9 H  < H . Q \ H C I I Y H ~  Walker 256 0.24 0.040 1 . 2  97 9, 60g 50, 90 
0.24 87 20, 600 40, 40 

S0.F Itat liver 0 .36 0.060 1 . 8  97 60 33 
L1210/FR8 0 .71  0.12 0.71 87 24, 600 50, 82 

Mouse liver 0 . 7 1  60 0 
3 . 5  5 ,  600 50, 50 

Walker 256 32 5 . 3 25 83 60 0 

0.12 50 22, 608 50, 65 

L1210/FR8 >50 >8 25 <76 60 36 

Walker 256 4 . 7  0.80 25 97 308 .i 0 

L1210/FR8 50 8 .3  25 / a  2 ,  308 

10 H 

NHCOC&301Fm 

Rat  liver 4 . 1  0.70 25 97 9, 600 50, 93 

Mouse liver 25 600 0 
Walker 256 0.26 0 ,043  1 . 2  97 10, 608 50, 50 

1 . 0  93 16, 608 50, 78 

5 .0  608 < 10 

50, 91 r -  

11 I3 

SO,F 

SOpF Mouse liver 1 . 0  600 0 
+H 'eq  L1210/FI18 0.87 0.14 

*cHzNHcq 
Rat liver 

12 CI 

Walker 256 0.38 0.063 2 . 0  97 4, 600 30, 30 
0.34 0.057 1 . 8  97 60g 0 

Walker 236 1 . 3  0 . 2 2  6 . 4  97 60 0 

Walker 256 0 .18  0.03 0.18 87 6, 60u 30, 87 
0.030 50 10, 608 34, 35 

L1210/Flt8 0.70 0.12 0.70 87 2,  6011 50, 97 
0.12 50 8, 60Q 50,90 

Mouse liver 0.70 600 0 
3 . 5  2,  608 12, 12 

97 5, 600 42, 42 

13 I€ 

SO,F Ll2lO/FR8 0.58 0.097 2 . 9  

L1210/F118 5 . 4  0.90 5 . 4  87 25, 608 50, 68 
hloiise liver 5 . 4  2, 60Q 17, 17 

14 €1 -C%> 

15 c1 
NHCOC,H,SO,F-p 

SO,F Rat liver 0 .18 4, 600 21, 41 

The technical assistance of Barbara h i i r e ,  Jeau Reeder, and Diane Shea is ackiiowledged. r, 150  = corlcentratioll necessary for 50% 
inhibition when assayed with 6 @Af dihydrofolate and 30 @ A I  TPYH at pH 7.4 as previously de~cribed.1~ c Calcd from k ' i  = K , .  
[ Id/[Sl  where [SI = 6 X [EI] = the per cent of total enzyme, [E,], complesed by [I] : calcu- 
lated from [E11 = [EtI/(l f Ki/[11).17 e Enzyme remainiug after incubation at 37" with [I] and 60 fiM TPXH a t  pH 7.4; illactiva- 
tioii performed as previously described. 

Af niid Knl = 1 X ill.4 

f Data previously reported.3 From a six-point tinle study.14 



R 

CH,O 
NO 16 

17, meta 
18, para 

R 
1 

IjH: I 
R yH2 I 

19, meta 
20, para 

1 SO,F 
10,  meta,  R = H 
11, para, R =  H 
12, para, R = C1 

0 
NH, 4, meta, R = H 

5, meta, R = C1 
7, para, R = H 
8, para, R = C1 

21, meta 
22, para 

I 
S O 8  I 

6 ,  meta 
9, para 

13, R = pNHCOCCH4S02F-m 
14, R = mNHCOC6H4S02F-p 

a , R = H  
b , R = C l  

u 

23 

SOIF 

15 
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T.ABLE I1 

PHYSICAL PROPERTIES OF 

Yield, M p ,  OC 
No. Ri R2 R3 Method % dec Formula .Inal>ses 

i I1 0 
8 C1 0 
9 H CH, 

10 H 0 
11 H 0 
11 H 0 
12 c1 0 
13 €I CH2 
14 H CH, 
15 C1 0 

A 
B 
B 
C 
C 
C 
C 
C 
C 
Cf 

130-1 62 

2 13-2 13 

220-225 
220-22.5 

2 17-2 19 

184-188 

199-202 
196-200 
233-238 
17.5-178 

C, H ;  i S b  

C, H, 
C, H, S 
C, H, S 
C, H, ?; 
C, H,  S 
C, H: S d  

C, H, N 
11, N; Co 
c, H, F 

Recrystallized from EtOH-H20. N :  calcd, 13.2; fouiid, 14.7. Itecrystallized from lIe0EtOH-H2O. d S :  calcd, 10.9; 
found, 10.2. e C: calcd, 52 .2 :  foiiiid, 52.8. f T n o  eqriivslerits of Etas was added to  iieiitralize the dihydroehloride salt of 24. 

is almost as effective a reversible inhibitor of the 
L1210/FRS enzyme as 15 but is not as selective as 15. 
Conversely, 7 is as selective as  15, but requires a 
fivefold higher concentration than 15 to give the same 
amount of [EI]. 

Chemistry.-The synthesis of three (4-6) of the 
twelve compounds in Table I have been previously 
d e s ~ r i b e d . ~  For synthesis of the remaining nine com- 
pounds (7-15), six intermediate amines (19a, 20a, 20b, 
21, 22, 24) were required; of these, the synthesis of 
19a and 20a from 16,3 arid 213 and 229 from 5- (p -  
chlorophenyl) -2,4-diaminopyrimidine-6-carboxaldehyde 
ha5 been previously described. The two remaining 
amines mere synthesized as follows. 

Condensation of the 6-bromomethylpyrimidine (16b) 
with sodium p-nitrophenolate in Dl IF  afforded the p -  
nitrophenyl ether (18b), which was catalytically re- 
duced with a IJtOr cataly3t to  20b (SchemeI). Simi- 
larly, alkylation of p-cyanophenol with 16b afforded the 
p-cyanophenyl ether (23) which was catalytically 
reduced in acid solution to the benzylamine derivative 
(24) (Scheme 11). 

The nine sulfonyl fluorides can be divided into two 
clasles. The 112-fluorosulfonylphenylureido types (7-9) 
were prepared by reaction of the appropriate arylamine 
with m-fluorosulfonylpheriyl isocyanate in DMF. The 
fluorosulfonylberizamido types (10-14) mere prepared 
by reaction of the appropriate amine with m- or p -  
fluorosulfonylbenzoyl chloride in DALF with HOAc to 
weakly protonate the pyrimidine system*" using the 
pyrimidine as the HC1 acceptor; 15 was prepared 
similarly with EtJ as ail acid acceptor. 

Experimental Section * 1 

Z,l-Diamino-Fi-( 3,4-dichlorophenyl)-6-( p-nitrophenoxymeth- 
y1)pyrimidine (18b).--A mixtuie of 700 mg ( 2  mmoles) of 16b,3 

(20) B. R. Baher, L). V. Manti, J. K. Couard. H. S. Yliapiro, and J. H. 
.Jordaan. .1. H e t e , o e y d .  Chem.,  3 ,  -125 (lY66). 

400 mg of sodium p-iiitropheiiolate.2H20, and 5 in1 of I>JIF 
was stirred for 1 hr at ambient temperature, then at 60" for d 
hr. The cooled mixture was diluted with 15 ml of H20.  The 
product was collected 011 a filter arid washed with HZO. Recryatal- 
lization from EtOH-HtO gave 620 mg (77%) of nearly white 
crystals, mp 213-214'. dnai.  (Cl;Hl~ClpT~OB)N. 

6-( p-Aminophenoxymethyl)-2,4-diamino-5-(3,4-dichlorophe- 
ny1)pyrimidine (20b) Dihydroch1oride.--A solution of 550 mg 
(1.4 mmoles) of 18b in 100 ml of l I eOEt0H was shaken with 
H2 at 2-3 atm in the presence of 50 mg of PtO2 for 2 hr when 
reductio11 was complete. The filtered solutio11 was evaporated 
in tucuo arid the residue was recrystallized from EtOH-petrolerim 
ether (bp 30-60'); yield 450 mg (85%) of 20b, mp 216-218" dec, 
that was suitable for further trmsformatioiis. For analysis a 
sample was converted to the dihydrochloride by solutiou ill EtOH 
and addition of 1 -Y HC1; white crystals, mp 28i-289" dec. 

6-( p-Cyanophenoxymethyl)-2,4-diamino-5-( 3,4-dichlorophe- 
ny1)pyrimidine (23).-To a soliition of 240 mg (2  mmoles) of p -  
cyaiiophenol and 110 mg (2  mmoles) of NaOMe in 3 ml of DJIF 
was added '700 mg ( 2  mmoles) of 16b.3 The mistm-e was stirred 
in  a bath at 60" for 6 hr, then cooled aiid diluted with 13 ml of 
H20. The product' was collected on a filter, t'heii washed with 
H2O. Itecrystallizatioii from JIeOEtOH-EtOH gave 620 mg 
(goyc)  of white needles, mp 221-222'. dnal.  (C11HlaC12Sj0. 
0.i5H20) C, H, N. 

6-( p-Aminomethylphenoxymethyl)-2,4-diamino-5-( 3,4-dichloro- 
pheny1)pyrimidine Dihydrochloride (24).-To a soliit~ioii of 
640 mg (1.6 mmoles) of 23 iii 100 ml of AIeOEtOH were added 
0.60 ml of 6 S HC1 and 50 mg of PtOa. The mixture was shaken 
with H2 at. 2-3 aim for 10 hr when reduction was complete. 
The filtered solution was evaporated in uacuo and the residue was 
crystallized from EtOH. Iiecrystallizat~io~i from EtOH gave .i90 

Anal. (Ci;H,~ClrN~O.2HC1.2H,O) C, H,  iS. 

mg (795;) of white ciptalz,  mp 230-233 dec. .Ins/ - ( C ~ ~ l f ~ i -  
CLNiO 2HCl.H.D) C. H. N. 
5-(p-Chlorophenyl)-2,4:diamino-6- [ p - (  ?,2-fluorosulfonylphenyl- 

ureido)phenoxymethyl] pyrimidine (7) (Method A).-To a 
stirred soliitioii of I i l  mg (0 .5  mmole) of 20a3 in  0.8 ml of dioxane 
cooled in an ice bath was added dropwise a solutio11 of 101 mg 
((I..? mmok) of ?pi-fliiorosulfonylphenyl isocyanate i l l  0.5 nil of 

(21) . i l l  analytical samples moved as a single spot on tlc, had ir and uv 
spectra in agreement with tlieir assigned structures, and gave combustion 
values within 0.4yc of theoretical unless othern-ise indicated. Aleltinp puints 
were taken in capillary tubes on a hIel-Temp block and those below 230' 
are corrected. 




