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Sixteen candidate active-&e-directed irreversible inhibitors of dihydrofolate reductase were synthesized 
and evaluated for inactivation of the enzyme from L1210 mouse leukemia, Walker 256 rat tumor, rat and mouse 
liver, and in some instances rat spleen, kidney, and intestine. Thirteen of the sixteen compounds were good to 
excellent irreversible inhibitors of the enzyme from either L1210 or Walker 256 or both. Tissue specificity with 
crude enzyme preparations was seen with nine of the compounds; when 6 of these 9 compounds were measured 
with purified enzymes, inactivation was essentially the same as with the tumor enzyme. Thus the observed tissue 
specificity is due to rapid detoxification of the SOzF group of inhibitors to SOIH by the “sulfonyl fluoridase” 
present in normal tissues. 

I n  our search for active-site-directed irreversible in- 
h i b i t o r ~ ~  of dihydrofolate reductase that showed good 
cell wall transport, 1 and 24 emerged as particularly 
potent compoiinds; 1 and 2 had EDjo = 0.01 p M 6  and 

c1 
”2 I 

1 , n = 2  
2 , n = 3  

0.003 ~ L M , ~  respectively, against L1210 mouse leukemic 
cells in culture, a number that gives a first approxima- 
tion with compounds of this type of the rate of passive 
dfiusion through the mammalian cell wall.7 Since 1 and 
2 showed little tissue specificity between tumor cell and 
liver dihydrofolate r e d u c t a ~ e , ~ , ~  but showed good inhibi- 
tion of Walker 256 ascites in vivo (Table I and ref 6), a 
program on synthesis and evaluation of analogs of 1 and 
2 was undertaken to determine if more tumor specific 
irreversible inhibitors of this enzyme could be found. 
Tissue specific inhibition of dihydrofolate reductase was 
examined with both crude and affinity column purified 
dihydrofolate reductase2 in order to determine if the 
tissue specificity was due to rapid hydrolysis of the 
SO,F group of the inhibitor by a “sulfonyl fluoridase” 
or was due to a difference in the structure of the dihydro- 
folate reductases. The results are the subject of this 

Biological Results.-Three series of compounds 
related to 1 and 2 were evaluated. In  the first series 
the number of methylene groups in the bridge was ex- 
tended to 4, 5 and 6; three diether bridges (6-8) were 
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TABLE 1 
I U H I B I T I O N  O F  TUMORS in T’i?O B Y  

CI ”, I 

NSC-123462 
Tumor m d k g  T E  --Survivors- 
system per daya control No. Day 

W2.5fib 200 (Toxic) 
50 128 0/6 60 
25 742 3/6 60 
12.5 8.57 4 /6 60 

DLC,d 2 6 188 0/6 35 
12.5 399 416 35 
6.25 188 2/6 35 
3.13 213 0/6 35 

a Single dose day 1-9. * Walker 256 ascites; controls survived 
7 days. Dunning leukemia ascites; controls survived 9 days. 
d Dihydrofolate reductase from this tumor was inactivated 96% 
when incubated with 0.072 pM inhibitor for 60 min at  37”, then 
assayed as previously described.8 

also evaluated (Table 11). Compounds 1-8 were all 
excellent irreversible inhibitors of dihydrofolate reduc- 
tase from the Walker 256 rat tumor; similarly, all but 
4 were good to excellent irreversible inhibitors of the 
enzyme from L1210 mouse leukemia. 

Some tissue specificity was observed with 1-8 when 
assayed with the dihydrofolate reductase purified only 
through the 45-90y0 (S&)zS04 stage.8 For example, 
1 and 6 showed less than 22% irreversible inhibition of 
the crude rat liver enzyme; when the enzyme was 
purified through an affinity column,* 1 and 6 showed 
1 0 0 ~ o  inactivation of the rat  liver enzyme. These re- 
sults can be attributed2 to the rapid hydrolysis of the 
SOzF group of 1 and 6 to SO3H by the “sulfonyl fluo- 
ridase” present in the 4&-90y0 (”1)&04 fraction. 
Similarly, 2, 4, 5 ,  and 6 showed 28-42Y0 inactivation of 
the crude enzyme from rat kidney, but 1 0 0 ~ o  inactiva- 
tion of the enzyme purified by the affinity co1umn.2 
In  the case of mouse liver enzyme, 5 and 8 showed only 

(8) B. R. Baker, G. J. I,ourens, R. R. Meyer, .Jr.. and N. h l .  J. Vermeulen, 
ihid., 12, 67 (l969), paper CXXXII I  of this series. 
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TABLE I1 (Continued) 

I 5 o . C  

Enzyme sourceb P .kl 
Rat liver (C) 
Bat intestine (A) 

L1210/DF8 (A) 0 0l;i 

L1210/11F8 (A)  0 011 
W2.56 ( A )  

1,1210, DF8 (A)  0 032 
W256 ( A )  
I:nt liver (A)  

~ 1 2 1 0  i m  ( A )  0 0.i4 
W236 ( A )  
R a t  liver (A) 

W256 (A4) 

L1210/DF8 (A) 0 031 
W256 (A) 
Rat liver (A)  
Rat liver (C) 

L1210/DF8 (A) 0 o m  
Mouse liver (A) 
W256 (A)  
Rat liver (A) 

L1210, DF8 (-4) 0 19 

L1210/DF8 (A) 0 28 

W236 (A) 

W256 (A) 
Rat liver (A) 
Rat liver (C) 

Inhibitor 
p .M 

0.43  
0 . 4 3  

0.050 
0 050 

0. 0*50 
0,  050 

0.064 
0.064 
0.006 

0.11 
0 .11  
0.16 

0,062 
0.062 
0,062 
0.062 

0.14 
0 ,20  
0.14 
0 .20  

0,48 
0 . 4 8  

0.56 
0 I 56 
0.56 
0.56 

Time, 
min 

60 
20 

60 
60 

60 
60 

60 
6 0 
(io 

60 
60 
60 

60 
60 
60 
60 

60 
60 
60 
60 

60 
6 0 

60 
60 
60 
60 

70 
inrtctvnd 

100 
66 

25 
28 

IS 
2s 

48 
71 
60 

2!i 

31 

2G 
.i 0 
9 

20 

5 1 
0 

60 
,5 2 

40 
61 

89 
98 
98 

100 

-. 
.)J 

DD50je 
PAM 

0 .7  

0 18 

0 . 2  

> 2  

1 

0 . 2  

0 . 2  

2 

ED~~!IM 

50 

20 

7 

>40 

30 

3 

1 

7 

a Kumbered from triazinyl position = 1. * A, 45-90yc ammonium sulfate fraction;8 C, purified with affinity column.2 c I:, = con- 
centration for 507c inhibition when assayed with 6 p i l l  dihydrofolate and 0.15 M KC1 in pH 7.4 Tris buffer as previously described.' 
d Enzyme incubated with inhibitor in pH 7.4 Tris buffer containing 60 pJ1 TPNH, then the remaining enzyme assayed as previously 
described;* 60-min runs were at  37" and 20-min rum a 24". f Data from 
ref 4. 0 Data from ref 5.  Data from ref 2 .  Data from ref 6. 

e Concentration for 507, inhibition of L1210 cell culture. 

18% inactivation of the crude enzyme, but 73 and 94y0 
inactivation of the affinity column purified enzyme, 
respectively. 

The ED50 against L1210 in cell culture gives an ap- 
proximation of cell wall transport. When the results 
are normalized as E D ~ O / I ~ ~  ratios, the resultant number 
is then dependent upon cell wall transport plus the 
effectiveness of irreversible inhibition of the dihydro- 
folate reductase inside the cell.7 An ED50/160 ratio 
<0.1 is considered highly effective; 2, 3, and 5-8 were 
in this range, the most potent being 6. 

The second series of compounds were bridged from 
the meta position of the 1-phenyltriazine (9-11). 
These were good reversible inhibitors, but poor irrevers- 
ible inhibitors on the two tumor enzymes with the 
exception of 11 on the Walker 256 enzyme; 9-11 were 
poor against L1210 cell culture. Insertion of a Cl on 
the para position of the 1-phenyltriazine (12-15) to 
restrict the possible conformations failed to increase the 
effectiveness against L1210 in cell culture; furthermore 
these compounds were only fair irreversible inhibitors 
of the enzyme from Walker 256 and poor irreversible 
inhibitors of the enzyme from L1210. 

A notable difference in the irreversible inhibition of 
dihydrofolate reductase from L1210 and Walker 256 is 
observed with 4; only 25% irreversible inhibition of 
the L1210 enzyme is seen under conditions where the 
Walker 2.56 enzyme is inact,ivated 95%. Since these 

two sources of enzyme do not appear to contain the 
"sulfonyl fluoridase," the difference can likely be due to 
a difference in enzyme structure.* Similarly, 4 was a 
more effective irreversible inhibitor of the purified rat 
liver enzyme than the purified mouse liver enzyme, 
indicating a difference in the structure of the dihydro- 
folate reductases from these two rodents. 

Finally, the leaving group of 3 was changed from F to 
p-chlorophenoxy (16) ; 16 was an excellent irreversible 
inhibitor of the enzyme from L1210, Walker 256, and 
rat and mouse liver. Unfortunately 16 was 100-fold 
less effective than 3 against L1210 cell culture indicating 
that transport was impaired with 16; nevertheless, 
further studies on phenolate leaving groups would be 
worthwhile to see if isozyme specificity and good trans- 
port can be achieved. 

Further searches for isozyme specific irreversible 
inhibitors of dihydrofolate reductase are continuing. 

Chemistry.-The key intermediates (18) in the syn- 
thesis of 1 and 2 has been prepared4 by the chlorosulfo- 
nation of an a-(nitrophenoxy-w-phenoxyalkane (17) 
(Scheme I ) .  The chloro- or fluorosulfonation of 17 
with n > 3 proceeded very poorly, however, and a more 
generally useful route was undertaken to prepare the 
compounds in this series (Scheme 11). 

Alkylation of the appropriate nitrophenol (19-21) 
with excess a,w-dibromoalkane (22a-e) yielded the 
nitrophenoxyalkyl bromide (23-25). The modified 



a Analyzed for C, H, X. Crude product crystallized from petroleum ether (bp 30-60") after removal of insoluble mat'erial. 

f Crude product purified by silica gel column chromatography. 

Re- 
e B. K. Baker and E. 11. Erickson [ J .  Xed .  Chem., 12, 

0 Re- 
i A. Weddige [J .  I'rakt. Chem., [ 2 ]  24, 

Bp 149-152' (0.8 mm); W. C. Wilson and 1L 
L J. P. Mason, H. L. Henneasy, n ~ ~ d  K. G. hIcInriis IC,.. S. 

Lit.id xnp 77-78". 'I Rt3-  
q Recrystallized from 

Analytical sample, mp !Y2--94", prepared in this laborat,ory by Eiini(*e 1.;. 

crystdlized from petroleum ether (bp 30-ti0"). 
112 (1969), paper CXLIV of this zeries] reported mp 41-43'. 
action run at  room temperature. 
241 (1881)] reported mp 39'. 
hdanis [ J .  A i n e r .  Chem. SOC., 45, 528 (1923j1 reported by 186-188" (7 mmj. 
Dep. Co~n.,  O$ce Tech. Sew., A D  268214 (1961); Chem. Abstr., 59, 3803 (1963)] reported nip 34-35'. 
crystallized from Et,OH. 
CIICl3-MeOH. 
,T:inson, 31. S. Thesis, 190s. 

d Recrystallized from MeOH. 

Recrystallized from CGHG-petroleum ether (bp 60-110"). 
j Crude product partially purified by distillation. 

0 Crude product used without further purification. p Recrystallized from i-PrOH. 
llecrystallized from 3feOEtOH-HnO. 

1 I~errystallizeti from petroleum ether (hp 6(f-l In0\. 71,4nnlyyt ival sample had mp 73--7.5'. 

g, K = C H I  0 CH. 
h. I< = CHL @ CH- 

trirns 

I 

F 

26 

17 
CI 
I 

18 

analogs (23f-h) were obtained in a similar manner. 
By use of the method of Meldola,g 2-chloro-5-nitro- 
phenol (21) was obtained from 2-amino-5-nitrophenol 
via the Sandmeyer reaction. Treatment of diethylene 
glycol with PBr3 afforded a high yield of 2,2'-dibromo- 
diethyl etherlo (220. Similar treatment of trans-1,4- 

30 27. A-OK-. X = 3-C1 
28, 3.OR--. X = H 
29. :+OR-. X = 4-CI 

3-15 



TABLE: 1v 
PHYSICAL CONSTANTS UP 

HX-NH, 

H ~ N L ~ ~ M ~ ,  N J - N ~ R ~  

Yieid,a 
No. R I RE HX % hlp, "C dec Formulab 
3 Cl O( CHz)rOCsHrSOzF-p EtS03H 52c 2 13-2 15 Cz3HaiClFNs07S~ 
4 c1 O(CHZ)SOCBH~SOZF-~ EtSOaH 40d 190-191 C Z ~ H ~ ~ C ~ F N S O ~ S ~  
5 c1 O ( CHZ)BOC~H~SOZF-~ EtS03H 48c 205-206 C Z ~ H ~ ~ C ~ F N S O T S ,  
6 c1 0 (CH? LO (CHz)zOCe,HrSOzF-p EtS03H 5gC 200-201 CzaH31ClFNsOsS2 
7 c1 OCHzCsHr-4-CHzOCsHdSOzF-p EtS03H 49"e  229 Cz7HaiClFNs07Sz 
8 c1 OCHzCeHio-4-CHzOCaH4SOzF-p EtSOaH 56O 223-225 CziHs7ClFNs07Sz 

9 O ( C H ~ ) Z O C ~ H ~ S O Z F - ~  H HC1 35, 206-207 CigHzaClFN~04S 
10 O(CHz)aOCeH&3OzF-p H HC1 60" 190-192g CzoHz,ClFN504S 

trans 

11 O(CHz)rOCeH&OzF-p H TsOH 19h 180-182 CzaHarFNsO7Sz 
12 o(cHz)zoc~H~SozF-p c 1  EtS03H 34c 204-205 C2iHz7ClFNsO~SL 
13 O(CH:!)~OC~HISOZF-~ C1 HC1 19" 202-203 CzoHzrClzFNs04S 
14 O(CHZ)~OCBHISO~F-~ C1 HC1 3lC 2 11-2 12 C Z ~ H Z ~ C ~ Z F N S O ~ S  
15 O(CHz)jOC6&SOzF-p C1 HC1 209-210 C Z ~ H Z ~ C ~ Z F N S O ~ S  
16 c1 O ( C H ~ ) ~ O C B H ~ - ~ - Y O ~ C B H I C ~ - ~  EtS03H 7OC 210-212 CmHasClJXsOsSz' 

a Prepared by Pt-catalyzed hydrogenation of nitro intermediate followed by condensation of amine salt with cyanoguanidine in 
d Recrystallized from 

f Reprecipitated from EtOH at  room temperature 
* Reprecipitated from i-PrOH a t  room temperature with petroleum ether. 

acetone;4 yield of analytically pure material. 
i-PrOH. 0 Nitro intermediate hydrogenated with Raney nickel catalyst in THF. 
with petroleum ether. 
1 Analyzed for C, H, N. 

* Analyzed for C, H, F. Recrystallized from i-PrOH-HzO. 

Q Became amorphous 143-144". 

cyclohexanedimethanol gave 22h, which had previously 
been prepared" by a different procedure. 

The key step in Scheme I1 is the alkylation of p- 
hydroxybenzenesulfonyl fluoride (26) with the nitro- 
phenoxyalkyl bromides (23-25). Compound 26 was 
obtained by the fluorosulfonation of phenol as described 
by Steinkopf.lZa The fact that this phenol could be 
alkylated under relatively vigorous conditionslZb once 
again affirms the remarkable stability of the SO$ 
group. Actually, some apparent polymerization did 
take place, giving rise to a train of spots which moved 
more slowly on tlc than the product. The spacings and 
relative intensities suggested that these spots cor- 
respond to derivatives of type 31. These side products 
were usually destroyed to a large extent (without undue 
decomposition of the product) by running the reaction 
a t  relatively high temperature (90-110') for 1 to 3 days, 

31 

Intermediate 32 for the synthesis of 16 was prepared 
by treating the corresponding sulfonyl fluoride (27c) 
with sodium p-chlorophenoxide (Scheme 111). 

The nitro intermediates (27-29, 32) were then re- 
duced with H, and PtO, to the corresponding amines 
(30,33), which were not isolated. Condensation of the 
amines with cyanoguanidine and acetone in the presence 
of acidI3 furnished the dihydrotriazines (3-16) as de- 
scribed previ~us ly .~  When a crystalline ethanesul- 
fonate salt could not be obtained, the triazine was iso- 

(11) R. Malachowski, J. J. Wasowska, and S. Jozkiewicz. Chem. Ber., 71, 
759 (1Y38). 

(12) (a) W. Steinkopf, J .  Prakt. Chem., 117, 1 (1927); (b) B. R .  Baker 
and N. hl. J. Vermeulen, J. Med.  Chem., 12, 82 (1970), paper CLXVI of 
this series. 

(13) E. J. Modest, J. Org.  Chem., 21, 1 (1956). 
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L1 
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I 

32, R = NO, 
33, R = NH2 

lated as tlie hydrochloride. In the case of 11, only tlie 
p-toluenesulfonate salt could be prepared in crystalline 
form. 

Experimental Section 
Melting points were taken in capillary tubes on a Mel-Temp 

block and are uncorrected. All analytical samples had ir and uv 
spectra in accord with their assigned structures; each gave com- 
bustion analyses for C, H, and N or F within 0.4% of theory. 
Analytical intermediates were checked for purity on tlc with 
Brinkman silica gel GF; polyamide MPI; was used for triazines. 
l-Bromo-2-(2-chloro-5-nitrophenoxy)ethane (25a) (Method 

A).-A mixture of 4.07 g (25 mmoles) of 2-chloro-5-nitrophenol 
(21), 21 ml (about 250 mmoles) of l,a-dibromoethane, 3.45 g 
(25 mmoles) of KzCOI, and 25 ml of DMF was stirred at 95-100' 
for 2.5 hr, then cooled, and added to 250 ml of HzO. The organic 
materials were extracted into 100 ml of CHC13 and washed with 
two 150-ml portions of 10% ?Ja:!COz, then 200 ml of H20. The 
CHC1, solution %'as dried (MgSo,), decolorized with charcoal, 
and evaporated in mcuo to remove solvent and unreacted di- 
bromide. Upon cooling and standing, the residual oil solidified. 
Recrystallization from MeOH (after removal of some insoluble 
white solid) gave 3.04 g (437,) of light yellow-orange crystals, 
mp 73-75' (tlc in 1:  1 C6H6-petroleum ether), lit.I4 mp 77-78'. 

For additional compounds prepared by this method see Table 
111. 

(14) Kaile L - G . ,  French Patent 1,375,314 (1964); Chem. dbal r . .  61, 
8372 (1965). 




