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6-Chloro-9-(in-nitrophenyl)purine (73) (Method A).—-To a
solntion of 600 mg (2.26 mmoles) of 70 in 15 ml of ethyl ortho-
formate was added 1 ml of 12 ¥ HCL.  Within 1 min a product
began to szeparate. After being stirred 24 hr at ambient tem-
perature, the mixture was filtered and the product was washed
with 5 ml of H,0; yield 500 mg (80¢,), mp 206-209°, that was
suitable for further transformation. See Table II for additional
data and other compounds prepared by this method.

9-(m-Nitrophenyl)hypoxanthine (11) (Method B).--A mixturce
of 170 mg (0.62 mmole) of 78 und 5 ml of 6 N HCI was refluxed
for 3 hr during which time solution occurred, then the prodnct
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separated.  "The cooled mixture wus filtered wuud the product was
wazhed with 5 ml of HyO. Recrvstallization from 75 mlb of
2:1 EtOH-HaO gave 115 mg (7390 of white erystals, mp >300".
See Table IT far additional data and other compounds prepared
by this method.

9-(p-Nitrophenyl)adenine (20) {Method C).-<To 15 ml of
absolute EtOH saturated with NHs at 0° was added 233 mg (0.85
mmnole) of 74, After being heated i1 a steel bomb at 1153° for
24 hr, the cooled misture was concentrated until the prodnet
began to separate; vield 188 mg 1809%), mp 278270, See
Table 11 for additional data.
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p-(2,6-Diamino-1,2-dihydro-2,2-dimethyl-s-triazin-1-yl)phenylpropionylsulfanilyl
Fluoride, an Active-Site-Directed Irreversible Inhibitor of Dihydrofolic Reductase.

I11.

Effects of Modification of the Propionamide Bridge on Isozyme Specificity

B. R. BAKER AND GERHARDUs J. Lovnrkns?

Depactment of Chemistry, Universily of California at Santa Baivbare, Santa Barbara, California 93106
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The title compound (1) is an active-site-directed irreversible inhibitor of the dihydrofolic reduetase from
Walker 256 rat tumor, rat liver, L1210/FR8 mouse leukemia, and mouse liver.® Six variauts of the propionamide
bridge, where the number of bridge atoms was held at four, were synthesized for enzymic evaluation, namely,
acrylamido (6), methyleueureido (8), N-ethylsulfonamido (10), N-ethylcarboxamido (12), oxyacetamido (13),
and oxyethyloxy (15). All but 6 were as good reversible inhibitors of dihydrofolic rednctase as 1 with a K in
the range of 1-6 X 1079 M for Walker 256; 6 was 300-fold less effective. With the Walker 256 enzyme four
showed no irreversible inhibition and two (10, 12) ouly poor irreversible inhibition. Of these six compounds,
none showed irreversible inhibition of the L1210/FR8 enzyme. These results were rationalized on the basis of
allowable ground-state conformations of the compounds vs. the conformation needed for juxtaposition of the sul-
fonyl fluoride to an euzymic nucleophilic group within the enzyme—-inhibitor complex. The metanilyl isomer (3) of
1 can inactivate the dihydrofolic reductase from Walker 256 and rat liver, but not L1210/FR8.7 When the pro-
pionamide bridge of 8 was changed to acrylamido (7), methyleneureido (9), N-ethylsulfonamido (11), or oxyacet-
aniido (14), irreversible inhibition was again lost. These results show the sensitivity of active-site-directed ir-
reversible inhibition to proper positioning of the inhibitor’s leaving group with an enzymie nicleophilic group

within the reversible complex.

The first active-site-directed irreversible inhibitor’ of
the terminal sulfonyl fluoride type found to be effective
on the dihydrofolic reductase from Walker 256 rat
twinor and L1210/FR8 mouse leukemia was the title
compound 1;% the compound could also inactivate the
dihydrofolic reductase from rat liver® and mouse
liver (Table I). The sulfonyl fluoride with a shorter
bridge (2) could also inactivate the tumor cnzymes, but
a much higher concentration of 2 was required since it
was a considerably less effective reversible inhibitor than
1. When the sulfonyl fluoride group of 1 was moved to
the meta position (3), a separation of activity on the
enzymes of the two species was observed;” 3 failed to in-
activate the dihydrofolic reductase from L1210/I'RS
mouse leukemia but ecould still inactivate the two rat
tissue enzymes. Conversely, a cross-over specificity

(1) This work was generously supported Ly Graut (' A-08695 from tlie
Nutioual Cancer Institate, U. S, Pablic Health Service.

(2) For the previous paper in this series see B. R. Baker, W. I, Wooll,
aud J. A, Kozma, J. Med. Chem., 11, 661 (1968).

(3) For the previous paper on inhibitors of diliydrofolic reductase see
B. R. Baker and P. C, Haang, tbid., 11, 495 (1968), paper CXX of thie series.

(4) G. J. 1. wiskes to thank the Council for Scientific and Indastrial Re-
search, Republic of South Africa, for a taitiou fellowship.

() B. R. Baker, "“Design of Active-Site-Directed Irreversible luzyme
lulibitors. The Organic Chemistry of the Fuzymic Active-Rite,'" Jolin
Wiley and Sons, Ine., New York, N. Y., 1967,

(6) B. R. Baker and G. J. Lourens, .J. Med. Chem., 10, 11133 (1967), paja-r
CV of this series.

i7) B. R. Baker aud G. J. Loarens, bi//., 11, 38 (1968), prper CXI1 of
this series,

NH:
N*N—@(CHQ;;COI\'H@\
LVJ SO.F

NH, %) Mes

1,n=2, para isoner

2,n=0, para isonier

3,n=2, metaisomer

4,n =3, para isomer

5,n =0, meta isomer
was noted with § which could inactivate the L1210/1°RS
mouse leukemia enzyme, but not the Walker 256 rat
tumor enzyme. Furthermore, when the bridge length
was increased to give 4, the Walker 256 enzyme was still
iactivated, but the L1210/FRS8 enzyme was not.” A
study was then initiated on the effect that the chauges
in the bridge between the two benzene rings of 1-3
would have on the active-site-directed irreversible

inhibition. Such a study might answer the following
questions. (1) Can other effective bridges be fotmd

that would give additional flexibility in synthesis of
active analogs? (2) What is the relationship of
ground-state conformation of the bridge to effective
irreversible inhibition? (3) Can activity be further
separated® between tumor and liver enzymes? The

(8) The elfective wnhibilial of a tamor euzyue with little or no effect on
1he corresponding liver enzyine has bieen previously reported with 5-plienaxy-
propylpyrimidines? and 6-phenoxymethylpyriinidines? with a terininal llaorie
sulfonylbenzamido group on the benzene ring.

(9) B. R. Baker and R. B, Meyer, Jr., J. Med. Chem., 11, 489 11uti5),
praper CXIX of this series.
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TasLE I
INHIBITION® 0F DIHYDROFOLIC REDUCTASE BY
NH,
()R
NH)\N)MeZ
——————— Irreversibled———————
————Reversible®———— Inhib
Enzyme s, Kif concen, % Tiine, %
No, R source? wM wM wM 1Y min inactvn
1 (CH,)2CONHCH,SOF-p W256*+ 0.020 0.003 0.050 95 <1,10 90, 90¢
Rat liver? 0.0060 0.001 0.050 98 <2,60 70, 70
L1210/FR8&* 0.080 0.01 0.070 84 <2,10 84, 84i
Mouse liver 0.070 2, 60 38, 38°
0.4 2, 60 59, 59¢
2h CONHC:HSO,F-p W256 21 4 25 88 <1 100
L1210/FR8 600 100 25 20 60 45
3 (CH,),CONHCH.SO:F-m W256 0.0080° 0.001 0.060 08 5 100/
0.010 88 60 0
Rat liver 0.012 0.002 0.060 97 2,20 72,72
L1210/FR8 0.044 0.007 0.20 96 60 0’
6 CH=CHCONHC:H.SO.F-p W256 6.5 1.0 25 96 0 0
L1210/FR8 2.8 0.5 14 97 60 0
7 CH=CHCONHCH,SO.F-m W256 1.3 0.2 8 98 60 55
8 CH,NHCONHCH.SO.F-p W256 0.010 0.002 0.050 97 60 0
L1210/FR8 0.075 0.01 0.38 97 60 0
9 CH,.NHCONHC:H,SO,F-m W256 0.0092 0.002 0.046 97 60 0
L1210/FR8 0.028 0.005 0.14 97 60 0*
10 (CH,).NHSO,C¢HSO,F-p W256 0.039 0.006 0.20 97 30, 60 38, 381
L1210/FR8 0.092 0.02 0.46 97 60 0
11 (CH,),NHSO,C:H,80.F-m W256 0.023 0.004 0.12 97 60 0
L1210/FRR8 0.15 0.02 0.75 97 60 0
12 (CH,),NHCOCH, SO, F-p W256 0.0078 0.001 0.039 97 60 27
0.0078 87 5,60 10, 10¢
L1210/FR8 0.036 0.006 0.18 o7 60 0
13 OCH.CONHCH.S0,F-p W256 0.015 0.003 0.060 95 60 0
L1210/FRS 0.048 0.008 0.24 97 60 0
14 OCH,CONHCH,SO,F-m W256 0.010 0.002 0.050 97 60 0
L1210/FR8 0.069 0.01 0.22 93 60 0
15 O(CH,);0CeH&0,F-p W256 0.016 0.003 0.079 97 60 0
L1210/FR8 0.052 0.01 0.26 97 60 0
16 (CHy)CeHSO.F-p W256 0.016 0.003 0.080 97 60 0
L1210/FRR8 0.039 0.006 0.19 97 60 0
17 C.H, L1210/FR8 0.53 0.09
18 OCH; L1210/FRS 0.68 0.1
19 (CH,),CONH, L1210/FR8 0.28 0.05
20 H L1210/FR8 0.21 0.04
@ The technical assistance of Jean Reeder, Diane Shea, and Sharon Lafler is acknowledged. ® W256 = Walker 256 rat tumor. ¢ As-

sayed with 6 ) dihydrofolate and 30 pM TPNH in pH 7.4 Tris buffer as previously described.®
¢Is = concentration for 309, inhibition.

buffer in the presence of 60 xM TPNH as previously described.®

4Incubated at 37° in pH 7.4 Tris
f Estimated from K; =

K115/ (8] which is valid since [S] = 6Kn = 6 M dihydrofolate; see ref 3, p 202. ¢ Caled from [EI} = [E]/(1 + K;/[I]) where [EI]

is the amount of total enzyme (E;) reversibly complexed.!3

first two questions were answered by this study which is
the subject of this paper. The third goal was not
achieved by bridge modification, but was achieved with
a different type of modification of 1,1

Enzyme Results.—In an earlier paper it was reported®
that the parent 1 could inactivate dihydrofolic reductase
from Walker 256 about eightfold more rapidly than the
enzyme from rat liver. Furthermore, at 0.05 uM of
1 the inactivation stopped at 909}, with the rat tumor
enzyme and 70% with the rat liver enzyme; it was noted
that the different dihydrofolic reductase preparations
could decompose the inhibitor, but since these were not
pure enzyme preparations it could not be stated with

(10) B. R. Baker and G. J. Lourens, J. Med. Chem., 11, 677 (1968), paper
CXXIX of this series.

» Data from ref 6.
k A low I, point indicated that there may have been some irreversible inhibitor occurring in the first few seconds.

i Data from ref 7.
! Data from ref 16.

i From time study plot; see ref 6.

any certainty that the enzyme per se was catalyzing
the hydrolysis of the sulfonyl fluoride group. Since
the same decomposition of appropriate sulfonyl fluo-
rides was observed with pure a-chymotrypsin'' and
pure trypsin,'? it was established that two reactions
occurred within the enzyme-inhibitor complex; the
first was covalent linkage to the enzyme with inactiva-
tion and the second was indeed enzyme-catalyzed
hydrolysis of the sulfonyl fluoride. The relative rates
of these two reactions could be dependent upon the
relative positioning and an enzymic hydroxyl group to
the sulfonyl fluoride; thus, if the complex juxtaposed

(11) B. R. Baker and J. A. Hurlbut, ibid., 11, 233 (1968), paper CXIII
of this series.

(12) B. R. Baker and E. H. Erickson, ibid., 11, 245 (1968), paper CXV
of this series.
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Figure 1.—Conformations of candidate irreversible inhibitors
of dihydrofolic reductase. In addition to the preferred stag-
gered eonformation of the ethane moiety, the dotted areas in-
dicate a preferred conformation in the ground state where any
rotation requires energy. The arrows indicate which bonds have
some freedom of rotation. Tr = 4,6-diamino-1,2-dihydro-2,2-
dimethyl-s-triazin-1-yl,

the sulforyl fluoride as in A, covalent bond formation
oceurred, but if juxtaposed as in B, hydrolysis oc-
curred.' The two extremes in positioning differed
by ouly about 3 A.

L
HO-H
1_SOZJP :—HOH /SOzﬁi‘:\
) ! A
E-0
"N E—00
A B

A similar observation has now been made with 1 on
inactivation of the dihydrofolic reductases from 1.1210,
FRS and mouse liver (Table I).  The leukemia enzyme
was 849% inactivated in <2 min by 0.07 p of 1, but
a similar concentration of 1 gave only 389, inactivation
of the mouse liver enzyme; when 1 was increased to
0.4 uM, the total inactivation of the mouse liver enzyme
was raised to 599,

Since a structural change in an irreversible inhibitor
can change either the reversible binding or the rate of
inactivation or both, two compounds should not be
compared at equal I concentrations but at near equal
concentrations of reversible comnplex, EI; such a com-
parison considers only the ability to inactivate within
the EI complex.'* When the propionamide bridge of
1 was changed to the acrylamido bridge of 6, not only
was reversible binding greatly decreased, but 6 failed
to inactivate either of the tumor enzymes. In con-
trast, when the propionamido bridge of 1 was changed
to the methyleneureido bridge of 8, reversible binding

(13) For a discassion of the kiuelics of active-site-directed irreversible
c¢ngyue inhibition see ref 5, Clhiapter VIIL.

Vol. 11

did not chiange, but irreversible Inhibition was still lost,
These results can be rationalized by considerution of
the allowable ground-state confonnations of 1, 6, and
8 us shown 1 IMige 1,

The conjugated ehmanmzunide system of 6a lins no
rotatlon about any of its bouds in its ground-state
conformation that does not require euergy; the benzene-
sulfonyl moiety is in a plaue 38° {from the plaue of the
carboxamide and Iittle energy-free rotation e ocecur.
Thus, the loss in reversible binding by 6 is due to the
presence of a coplanar substituent ou the para position
of the 1-phenyl-s-triazine, a situation kuown not to be
well tolerated by the surface of vertebrate diliydimfolic
redinetase.™ ! In contrast, 1la has two degrees of tree
rotation not requiring energy as indicated in Fignre 1
thus la does not take conformation 6a for either reversi-
Dle or lrreversible nhibition of the diliydrofolic redie-
The turea (8a) 1s intermediate between 6a and 1a
i that 8a has only one degree of free rotation; this one
degree of free rotation apparently allows a conformation
=ultable for good reversible binding, but does ot allow
suitable juxtaposition of the sulfonyl fluoride for cova-
fent bond formation. It follows that 1a assumies one of
its possible ground-state conformations where rotation
about hotli degrees of freedom have ocetirred (compared
to 6 and 8) i order to properly juxtapose the snlfouyl
fluoride group to an enzyniic nueleophilic group, pre-
suimably a hivdroxyl of zerie or threonine.

When the carboxanide group of 1 was reversed to
give 12, Iittle change i reversible binding to the two
euzyuies occurred; however, 12 showed no irreversible
nihibition of the [LI210/I'RS enzyme and only a sinall
amount of irreversible nhibition of the Walker 256
enzyvime before the inhibitor was hydrolyzed by enzyme
catalysis.  Thus, the positioning of the sulfonyl fluo-
ride of 12 is slightly different in the enzyine-inhibitor
complex than with 1, but is probably changed less than
3.\, or clse the Walker 256 enzyme could not catalyze
hydrolysis of the sulfonyl fluoride of 12, Two expluna-
tions were cousidered for this difference.  If the
carboxamide oxygen of 1 is complexed to the cuzyme,
then 12 woulil have to assume conformation 12b to
give the sane carbonyl interaction with the enzyme;
sucl @ change from 12a would move the S0.1" group
about 2.7 .\, That the amotiit of binding by the
carboxamide moicty of 1 was only about twofold was
shown by thie comparison of the binding of the p-ethyl
group of 17 withh the p-propionwide group of 19;
thus, couformationn 12b would not be a likely explua-
tion for the differeuce between 12 and 1, since con-
formation 12a could be assuned with little loss of
binding cnergy. The sccond explanation involved the
difference i1 angles between the pheuyl plane and the
carboxamide plane of 12 and 1. In the ease of 12a the
amide and beuzene moieties arve coplanar, but in the
case of 1, the two planes are at an angle of 387 as
previously noted.™  This 38° angle could have one of
two effeets; it could change the position of the snlfonyl
fluoride gronp by 0.8 A between 12 and 1 or it could
change the augle of the sulfonyl fluoride to the attacking
group, perhaps negnting a transition state for reaction.

fases,

1 BV, Pedersen pwl B3, Pedersen, Tetzahvdvon Letters, 2005 (14631,

(131 ) B. R. Buker aud B.-T. Mo, /. Phave. Sei,, B8, 470 (1966):  ile
1B. R. Baker. /. Mud. Chevi, 10, D12 (1967), paper NCVII of this series,

t16) B. R. Baker, ibud., 11, 483 (1968), paper CX V11 of this scries.



July 1968

Changing the propionamido group of 1 to sulfon-
amidoethyl (10, 11) gave similar effects that can be
accounted for by the bond angles; reversible inhibition
was the same, but irreversible inhibition varied between
poor aud none,

Considerably more difficult to rationalize is the
change of the propionamido bridge of 1 to oxyacetamido
bridge (13). Reversible inhibition was similar, but
irreversible inhibition was lost. The bridge of 13a now
has three degrees of free rotation compared to two
degrees for la (Figure 1). Thus 13a can assume any
conformation that la can and would therefore be ex-
pected to position favorably for irreversible inhibition;
the -O- and -CH,- bond angles are almost identical
and could not account for this difference. Since it was
experimentally observed that 13 and 1 do not position
the sulfonyl fluoride in the same way within the
enzyme-inhibitor complex, one possible explanation is
that the third degree of rotation of 13 allows a confor-
mation more favorable for reversible binding, but
does not juxtapose the sulfonyl fluoride moiety prop-
erly; however, such a suggestion was not strongly sup-
ported by comparing the binding increments between
18 and 13 (14-fold) and 17 and 1 (sevenfold).

A similar loss of irreversible inhibition was observed
in the m-sulfonyl fluoride series (3 vs. 13).

Replacement of the propionamido bridge of 1 with
ethylenedioxy to give 15 resulted in little change in
reversible binding, but again irreversible inhibition was
lost. The bridge of 15a now has four degrees of free-
dom of rotation, each -O-C bond being able to rotate
(Figure 1). Again the only apparent rationalization is
that the four degrees of rotation allow 15 to take a con-
formation most favorable for reversible binding, which
does not properly juxtapose the sulfonyl fluoride for
covalent bond formation with the enzyme.

That a more favorable conformation for reversible
binding can lead to loss of juxtaposition of the sulfonyl
fluoride moiety for covalent bond formation was more
clearly shown with the comparison of the carboxamide-
bridged (2) with the ethane-bridged (16) sulfonyl
fluoride. Since 2 has a large linear side chain at the
para position, it is a poor reversible inhibitor as ex-
pected;®*® that it could irreversibly inhibit both tumor
enzymes was previously reported.® The ethane-bridge
(16) could then take a noncoplanar conformation lead-
ing to a good reversible inhibitor,'® but apparently this
better conformation for reversible binding no longer
allows juxtaposition of the sulfonyl fluoride with the en-
zymic nucleophilic group within the reversible complex.

Although rationalization of the lack of irreversible
inhibition by some of the bridge changes in 1-16 is
difficult, the fact remains that the proper positioning of
the sulfonyl fluoride to an enzymic nucleophilic group
within the enzyme-inhibitor complex is extremely
sensitive to small eonformational changes in the in-
hibitor. Such sensitivity is desirable for tissue-specific
active-site-directed irreversible enzyme inhibitors as
has been shown with three classes®?#1 of candidate ir-
reversible inhibitors of dihydrofolic reductase, but the
bridge changes in 1 (Table I) are too drastic. More
subtle changes in 1 that allow retention of irreversible
inhibition of the L1210/FRS8 enzyme, with a lesser
effect on the mouse liver enzyme, is deseribed in an ac-
companying paper.!0

IrrEVERSIBLE ENZYME INHIBITORS.
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Chemistry.—All of the dihydro-s-triazines in this
study were made by the three-component method of
Modest,” that is, the condensation of the appropriate
arylamine salt with eyanoguanidine and acetone; the
appropriate arylamines were made as follows.

p-Nitrocinnamoylsulfanily! fluoride (21)¢ was selec-
tively reduced to the amine (23) with I'e powder in a

@CH——CHCOI\ H@\ —
SO.F
21, para
NHz@CHzOHCONH@\
SO, F

22, mela
23, para
24, meta

mixture of MeCN and HOAc;® the mela isomer (24)
was made similarly from 22.7  Aecylation of sulfanilyl
fluoride with p-nitrophenoxyacetyl chloride in boiling
toluene afforded 25 in 829, yield. Catalytic reduction
of the nitro group with a Raney Ni catalyst afforded
the desired amine (27); 28 was prepared similarly from
metanilyl fluoride.

NOz@OCHzCONH@ —
SO.F
25, para
NH2©OCH2CONH@\
SO,F

26, meta
27, para
28, mela

Condensation of p-nitrobenzylamine hydrochloride
(29)* with commercial m-fluorosulfonylphenyl iso-
cyanate (30) proceeded smoothly in CHCl; at 0° when
neutralized with triethylamine; the mixed urea (31)
was obtained analytically pure in 499, vield (Scheme
I). The nitro group was then catalytically reduced to

Scueme I

NOz@CHiN H.HCl +

29

SO, F

NCO
' 30

N02©CH1NHCONH@\ ~— CeHs OCOVH@SO F
SO.F

31, meta
32, para I

HZ@CHZNHCONH@ Hz@SOzF
SO.F
36

34, meta
35, para

34 with Raney Ni catalyst. The para isomer (32)
could not be made the same way from the para isomer
of 30 since sulfanilyl fluoride failed to react smoothly
with phosgene presumably due to the deactivation of

(17) E. J. Modest, J, Org. Chem., 21, 1 (1958),

(18) J. Jaeken and R. L. Jansseune, British I'atent 857,028 (1960); Chem.
Abstr., 62, P682a (1965).

(19) Prepared by alkylation of potassium phthalimide with p-nitrobenzyl
bromide in DMF by the method of H. R. Ing and R. Robinson, J. Chem.
Soc., 1663 (1926), followed by cleavage with N:H4+ H:0 according to H. 3,
Ing and R. H. F. Manske, tbid., 2350 (1936).
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the p-amino group by the clectron-withdrawing p-
sulfonyl fluoride group. However, the Croshy method®
for mixed urea formation was successful. Reaction
of 36 with phenyl ehloroformate in boiling C¢Hs afforded
erystalliie 33 in 529 vield; the phenoxy group of 33
was readily displaced by p-nitrobeuzylamine (29)
DMI' at room temperature. The nitro group was
agaiil reduced catalytically with a Raney Ni catalvst
to give 35.

Since the aliphatic amino group of the commercially
available p-aminophenethylamine (37) should be eon-
giderably more reactive than the aromatic amino group
and the sulfony! chloride group is considerably more
reactive thai a sulfonyl fluoride group,*' the selective
acylation of 37 with 38 wuas Investigated; when the
reaction was performed in THI at 0° with Kt N as an
aeid acceptor, the desired aminophenylsulfouy! fluoride
(41) was obtained in H49 yield of analytically pure
material (Scheme 1) ; that acylation had proceeeded on

Scugye 11

NHe@(CHz)zNHg + ('1502@ —
SO.F
37

38, meta
39,para

NH2©(CH2)2NHSOZ@\
SO,F
41, meta
42, para
NHz@(GHZ)zNHCO@SOZF
40
OJN@(CHZ)ZNHCO©SOgF -— CICO@SOQF
43 44

the aliphatic amino group was showiu by the positive
Bratton--Marshall test for aromatic amine* aud the
presence of SOyIY by an ir band at 1400 em~'.  Simi-
larly, the para isomer (42) was prepared in 379 vield
from 39. Reaction of the ecorresponding benzoyl
chloride (44) with 37 was not sufficiently selective even
at relatively high dilution at —70°; considerable re-
action also occurred on the aromatic amine as indicted
by isolation of o high-melting product with a negative
Bratton-Marshall test.?? Therefore p-nitrophenethyl-
amine was acylated with 44 to give 43, which was
catalytically reduced to the desired 40.

Reaction of p-tolylsulfony! fluoride (45) with NBS
in C'CL; i the presence of benzoyl peroxide aud uv light
atforded the bromomethyl derivative (46).  This com-
ponnd (46) =hould be handled with eare since it is a
severe skin irvitant; it is best treated directly with tii-
phenylphosphine to give the Wittig reagent 47.  Wittig
condensation of 47 with p-nitrobenzaldehyde performed
1 MeOH at 0° in the presenee of Et;N, conditions
which eaused the product to separate from solution
before it could overreact, gave 48 in 559 yield

{20) (a) . G. Croshy and C, Niemann, J. Awn. Chem. Soc., 76, 4458
avah: 1o B R, Baker and R. P. Ratel, J. Pharm. 8c7., 52, 927 (1963).

(21) For « review of the cliemseal reactsvity of ¢lie sulfony! fluoride group
se el (.

22) B. R. Baker, D. V. Sauti, J. K. Coward, 1I. S, Shapiro, aud J. 1.
dordaaun, J. Heterocycl, Chem., 8,425 (1966).

Scuwsme 111
R(fH;@SO:l" — N()z@CH:CH(O \S0,F°
45 R=H 48

46.R - Br [
47, R = (CeHaP B

v
NH:@(C Hg)z@SOzF
49

(Scheme 11); the more standard conditions of IXO)Bu-
in DA gave lower yields of less pure product.

Two routes were iuvestigated for svuthesis of 53.
The first, diazotization of the known 50° followed Dy
treatment with SOs by the Meerwein procedure,® was
wisueeessful due  to  insolubility.  Direet  chlorosnl-
fouation of 51* proceeded to the sulfonyl chloride 52
which was not purified but was converted to the more
stable sulfonyl fluoride with IXI in DME.®  The re-

N02@0(0H2>20@R -
50, R=NH,-HCl
@) (CH2)20©802R

51.R=H
52, R=Cl
53,R=F

quired aromatic amine was prepared from 53 by Raney
Ni catalvzed hydrogenation, then coverted to the di-
hydro-s-triazine (15).

Experimental Section

p-Aminocinnamoylsulfanilyl Fluoride (23).—To a stirred
stispension of 1.75 g (5 mmoles) of 218 in 50 ml of MeCN, 20 ml
of HOA¢, and 5 ml of H,O was added 2 g of Fe powder i1 por(ions
over 20 min,  After beiug stirred an additional 20 min at ambiens
temperature, the mixture was refluxed for 1 hr. The mixture
was filtered and the cake was washed with 50 ml of Me.CO.
The combined filtrate and washings were ponred in 500 ml of
stirred HaO conraimug 15 g of NaHCOs. The product was col-
fected on a filter, washed with 1.0, und recrystallized from -
PrOH; yield, 0.72 g (457) of yellow solid which gradually
decomiposed over 195° and which moved as a single spot on tle
with 2:1 EtOAc--petroleum ether (bp 30-60°). Anal. (Cisths
FNLOS8) C, H, X

Similarly, p-aminocinnamoylmetanilyl fluoride (24) was pre-
parved from 22, in 3197 vield, dec pt >190°  Anal. (Cisl-
FN.0:8) C, H, N.

p-Nitrophenoxyacetylsulfanilyl Fluoride (25)~-A mixtnre of
2.96 g (15 mmoles) of p-nitrophenoxyacetic acid, 5 mil of ROChL,
and 15 mlb of C¢Hg was refluxed with magnetie stirring for 2 hr,
then the solution was spin evaporated in vacrno. To the residual
acid chloride were added 85 ml of CsH:CHyand 2.62 g (15 mmioles)
ot snifanilyl flnoride.  After being refluxed with siirring for 4.5
hr, the mixture was conled to room temperature. The produes
wax collected on a filer and washed with Cells.  Recrystalliza-
tion from MeOItOH -0 gave 4.38 g (8267) of white cryxtals,
mp 186-188°,  _inal. (CullnFN.03) C, H, N.

(23) B. R. Baker wul G. J. Loureus, J. Med. Ckem., 11, 26 (1468).

(24) 1a) M. Meerwein, (. Dittinar, R. Goéllner, K. Hafner, . Menscli, and
0. Steinfort, Chem. Ber., 90, 841 (1957); (b) B. R. Baker and J. K. Coward,
J. Heterocycl. Chem., 4, 195 (1967).

(25) H. Ryvan and T. Kennv, Sci. ’roc. Roy. Dublin Soc., 17, 305 (1924),

(26) D. E. Falirney aud A, M. Gold, J. Am. Chem. Soc., 88, 997 (1963).

127) Al analytical samples gave combhiastion values within 0.4 of theo-
retical; each had uv anl ir spectra compatilile with their assigned strae-
lures. FEach intermnediate to the diliyidro-s-triazines inoved as a single spot
i tle on Brinkinann silica gel GI wlhen detected ander uv light. Melting
points were laken in capillary tulies an a MelTemnp hlock and are ancur-
rected.
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TasBLE II
PuysicAL PROPERTIES OF
NH,EtSOH
ANO)r
NHZ’\NJMez
%

No. R yield Mp, °C dec Formula Analyses
6 CH=CHCONHCH8O0.F-p 61 220-222 CaHuyuFN:O;S - C.H:S0; H C,H N
7 CH=CHCONHC6H4802F-77L 56 225—227 CzaHnFNeOaS'CszSOaH C, H, F
8 CH,NHCONHC:H80,F-p 459 215-218 CigH,:FN-0,58 - C.H;S0,H C,H, N
9 CH,NHCONHCH,S0;F-m 39ab >130¢ CiyH,:FN-O,8 - C,HsSO; H C, H, N

10 (CH,),NHS0.CsH S0, F-p 52a 214-216 CiyH,; FN0.8-C,H:SO;H C,H N

11 (CH,),NHSO0,CsH SO F-m 49a 189-191 CisHpFNO,S - CH:80;H C,H N

12 (CH;):NHCOCHSO.F-p 33e4 196-197 C1yHpFNGO,S - C,H SO H - 0.5C,H O C, H,F

13 OCH,;CONHCH,SO,F-p 60¢ 219-220 Ci1yHuFNO,S - C.H:SO,H C,H,N

14 OCH,CONHCH SO, F-m 49ab 214-215 C1oHaFNO,S - C.H:S0,H C,H, N

15 O(CH;);0CsH30.F-p 459 b 221-222 CisH2FN:O08 - C.H,SO:H C,HF

16 (CH,),C¢H SO F-p 52ab 211-213 CisH2.FN;0.8 - C.H;80,H C,H F

17 Csz 53a.d 210-212 ClaHmNa'Hcl C, II, N

18 OCH; 667.¢ 206-209/

19 (CH,),CONH, 16b.e0 216-217 Ci4H N0 - C;HsSO;H C, H, N

@ Recrystallized from ¢-PrOH-H,O.

composes higher than this temperature. ¢ HCI salt.

b Over-all yield from the nitro compound since the amine was not isolated.
¢ Recrystallized from EtOH-H-O.
Chem. Pharm. Bull. (Tokyo), 9, 914 (1961), have recorded mp 204-205°.

¢ Gradually de-
/M. Furukawa, Y. Seto, and 8. Toyoshima,
¢ For starting p-nitrocinnamamide see G. Carrara, R. Ettore,

F. Fava, R. Rolland, E. Testa, and A. Vecchi, J. Am. Chem. Soc., 76, 4391 (1954).

p-Nitrophenoxyacetylmetanilyl fluoride (26) was prepared as
described for 25 in 779, yield, mp 172-173°. Anal. (CiHp-
FN,0:8) C, H, \.

N-Carbophenoxysulfanilyl Fluoride (33).—A mixture of 1.536 g
(10 mmoles) of phenyl chloroformate, 1.31 g (7.5 mmoles) of
suwlfanilyl fluoride (86), and 20 ml of C¢He was refluxed with mag-
netic stirring for 2 hr during which time the product began to
separate. The cooled mixture was filtered and the product was
washed with C¢Hg.  Recrystallization from Ce¢He gave 1.15 g
(72% ) of white crystals, mp 166-167°. .Anal, (C;sHiFNOS)
C, H, N.

N-(m-Fluorosulfonylpheny!)-N'-(p-nitrobenzyl)urea (31).—To
a stirred mixture of 1.41 g (7.5 mmoles) of 29! and 0.77 g (7.5
mmoles) of EtsN in 10 ml of CHCl; cooled in an ice bath was added
a solution of 1.61 g (8 mmoles) of 30 in 5 ml of CHCl;. After
being stirred in the ice bath for 30 min, the mixture was filtered
and the product was washed with CHCl;. Recrystallization from

EtOH gave 1.31 g (499 ) of white crystals, mp 214-215°. Anal.
(CuH1.FN;058) C, H, N.
N-(p-Fluorosulfonylphenyl)-N’-(p-nitrobenzyl)urea (32).—A

mixture of 1.89 g (10 mmoles) of 29,!® 2.95 g (10 mmoles) of 33,
8 ml of DMF, and 1.02 g (10 mmoles) of Et;N was stirred at
ambient temperature for 7 hr. Addition of 5 ml of C¢Hs and
30 ml of H.O gave a gummy solid which was triturated with 15
ml of 2:1 CsHg—petroleum ether (bp 30-60°). The product was
collected on a filter and washed with C¢Hs. Recrystallization
from EtOH with the aid of charcoal gave 2.75 g (80%) of white
crystals, mp 200-201°.  Anal. (Ci.H1.FN;0:8) C, H, N.
N-(p-Aminophenethyl)-p-fluorosulfonylbenzenesulfonamide
(42)~—To a stirred solution of 1.36 g (10 mmoles) of 837 and 1.11 g
(11 mmoles) of Et;N in 7.5 ml of THF cooled in an ice bath was
added dropwise a solution of 2.58 g (10 mmoles) of 39 in 7.5 ml
of THF over a period of 8 niin. The mixture was stirred in the
ice bath for an additional 1 hr, then filtered, and the Et;N-HCI
was washed with 20 ml of THF. The combined filtrate and
washings were evaporated in wvacuo. Trituration of the oily
residue with a mixture of 5 ml of C¢Hg and 25 ml of H,O gave a
solid which was collected on a filter and washed with 20 ml of
1:1 C¢Hg-petroleum ether (bp 30-60°). Two recrystallizations
from EtOH-H,O gave 1.34 g (379%) of light yellow crystals,
mp 134-136°, that showed a positive Bratton—-Marshall test for
aromatic amine.2! Anal. (Ci:Hi:FN:0.8;) C, H, N.
N-(p-Aminophenethyl)-m-fluorosulfonylbenzenesulfonamide
(41) was prepared from 37 and 38 as described for 42. Re-
crystallization from EtOMN-C¢H¢ gave 1.92 g (549) of light
vellow crystals, mp 128-130°.  Anal. (C1.Hi:FN,O4S;) C, H, N.
p-Fluorosulfonuyl-N-(p-nitrophenethyl )benzamide (43).—To
a stirred mixture of 1.531 g (7.5 mmoles) of p-nitrophenethyl-

amine hydrochloride,?® 2 ml of DMF, and 2.27 g (22.5 mmoles)
of Et;N cooled in ice bath was added dropwise a solution of 1.99
g (8.5 mmoles) of p-fluorosulfonylbenzoyl chloride (44) in 3 ml of
DMF. After 40 min at 0° and 1 hr at ambient temperature,
the mixture was diluted with 10 ml of petroleum ether (bp 60—
110°) and 50 ml of H,O. The product was collected on a filter,
washed with 309; EtOH-H,O, then twice recrystallized from
EtOH with the aid of charcoal in the first recrystallization; yield
1.20 g (47%), mp 108-109°. A4nal. (Ci;:H13FN,0:8) C, H.
a=-Bromo-p-tolylsulfonyl Fluoride (46).—A mixture of 0.87 g (5
mmoles) of 45, 0.89 g (5 mmoles) of NBS, 10 mg of benzoyl
peroxide, and 5 ml of CCly was refluxed with stirring and irradia-
tion by a uv lamp for 2 hr. The mixture was cooled in an ice
bath, then filtered. The combined filtrate and washings were
evaporated in wvacuo. Recrystallization of the residue from
petroleum ether (bp 30-60°) gave 0.56 g (449,) of white crystals,
mp 73-74°, that gave a positive 4-(p-nitrobenzyl)pyridine test for
activated halogen.?? Anal. (C:HBrFO.S) C, H.
This compound s a severe skin irritant and should be handled
with care; it is best converted to 47 without isolation as follows.
p-Fluorosulfonylbenzyl Triphenylphosphonium Bromide (47).
—A mixture of 17.4 g (0.1 mole) of 45, 17.8 g (0.1 mole) of NBS,
250 mg of benzoyl peroxide, and 100 ml of CCl, was refluxed with
stirring and uv radiation for 2 hr. The cooled mixture was
filtered, the succinimide was washed with CCly, then the com-
bined filtrate and washings were evaporated in vacuo. The
residual crude 46 was dissolved in 200 ml of C¢H and treated with
26.2 g (0.1 mole) of triphenylphosphine. A gummy precipitate
that separated was removed by filtration. The solution was
then stirred at ambient temperature for 48 hr. The product was
collected on a filter and washed with CsHs. Recrystallization
from MeOH-Et,O gave 17.7 g (349,) of white crystals, mp
251-252° dec. Anal. (C;:HyBrFO,PS) C, H.
4-Fluorosulfonyl-4'-nitrostilbene (48),—To a mixture of 1.59 g
(10 mmoles) of p-nitrobenzaldehyde, 5.16 g (10 mmoles) of 47,
and 3 ml of MeOH stirred in an ice bath and protected from
moisture was added dropwise 1.22 g (10 mmoles) of Et;N over a
period of 5 min. After being stirred 1 hr at 0° and 3.5 hr at
ambient temperature during which time the product separated,
the mixture was kept overnight at —15°. The product was
collected on a filter and washed with cold EtOH. The solid was
stirred with 10 ml of warm 509, EtOH, then collected on a filter
and washed successively with 509, EtOH and H,0; yield 1.68 g
(559) of a yellow solid, mp 110-160°, that moved as a single
spot on tle in CéHs and was used for further transformation.
For analysiy, a portion of this presumed mixture of eis and trans

(28) F. R. Goss, W. Hanhart, and C. K. Ingold, J. Chem. Soc., 250 (1927).
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isomers was recrystallized from EtOH 1o give yellow crystals,
mp 216-218°. Anal. (C:H\ FNOS) C, H, N.
1-(p-Fluorosulfonylphenoxy )-2-( p-nitrophenoxy )ethane (53;.
-'To a stirred solution of 10 g of 5127 (39 mmoles) in 60 ml «of
CHClg cooled in ice bath was added dropwise 40 ml of CISO,11
over u period of 30 min. After being stirred an additional 50
min in the ice bath, the solntion was poured into a stirred mixture
of 500 g of crushed ice and 140 ml of CHCL. The separated
organic layer was washed twice with cold 110, then dried with
MgS0;, and evaporated in 2acno. The residual ernde 52 was
stirred with 4.0 g of KF aud 25 mt of DMF at 100° for 45 min.
The cooled mixtire was diluted with 200 ml of cold 11,0, The
prodnet was collected on a filter, washed with 11,0, then re-
crystallized from EtOH with the aid of charcoal. A second
reerystallization from IStOI gave 3.8 g (299¢) of white crystals,
mp 117-118°, that moved as a single spot on the tle {in GgHs).
snal. (CuHRFNOGS) C, T, N,
p-Aminophenoxyacetylsulfanilyl Fluoride (27).--A mixtiwe of
0.88 g (2.5 mmoles) of 25, 100 mi of MeOQItOH, and 5 ml of
Raney Ni was shaken with T1, at 2-3 atm for 45 min when re-
dietion was complete, The mixtnure was filtered through a

Vol. 11

Celite pad, then the filtrate was evaparaied /novucra, Re-
erystallization of the residue from FE1OH guve 0.27 g ¢3350) of
nearly white erystids, pip 161-163° devo el (CuHpENLO NS
C, 1N,

N-(p-Aminobenzyl;-N’-1 p-fluorosulfonylpheny!lurea 135} was
prepared fromm 32 in [StOH as described for 27, Recrystalliza-
tion fram absolnte IO gave 0.81 g (50'¢) of nearly white
erystals, mp 191-193%, e, (Cal TP NO8) Gy HLONL

4-Amino-4'-fluorosulfonyldiphenylethane t49) wis prepared
from 43 as described for 35,1 Recrystallization from FrOI-11.0
gave M0 mg (617 mp 109-111°0 buel. (CyHTPNOGS)
C, 1, N,

N-1p-{4,6-Diamino-1,2-dihydro-2,2-dimethyl-s-triazin-1-yl -
cinnamoyl]sulfanilyl Fluoride Ethanesulfonate (6).-—A mixture
of 400 mg (1.25 mmoles) of 24, 140 mg (1.25 nunoles) of EtSU,IT,
110 mg (1.3 mmoles) of cyanognanidine, and 20 ml of reagent
Me:(CO was refluxed with stirring for 20 hr, rhen cooled.  The
prodict wias collected on a filter, washed with Me,CCO, und re-
crystallized from /~PrOIT-11,0; yield 420 g (G1' (), mp 220
202° (e, See Tuble T {or additional data and other camponnds
prepared by this method.

Irreversible Enzyme Inhibitors.

CXXVIIL.1*

p-(4,6-Diamino-1,2-dihydro-2,2-dimethyl-s-triazin-1-yl)phenylpropionylsulfanilyl
Fluoride, an Active-Site-Directed Irreversible Inhibitor of Dihydrofolic Reductase.

Iv.:

Effects of Substitution on the Propionamide Bridge on Isozyme Specificity

B. R. Baxker anp GErHaRDUS J. Lourens®
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Received March 9, 1968

Substitution on the propionamido group of the title compound (1) by g-methyl (4), e-mnethyl (6), or N-methyl
{12) gave little change in reversible binding to the dihydrofolic reductase from Walker 256 rat tumor or L1210/
FRS mouse leukemia, but irreversible inhibition was lost; this loss with 4 was attributed to the change in the
staggered ground-state conformation of the ethane moiety to a skew conformation. Substitution of a g-phenyl
(5) or a-phenethyl (7) led to a large loss in reversible binding due to a steric interaction within the enzyme-inhibi-
tor complex which also could shift the position of the sulfonyl fluoride to aceount for the loss of irreversible
inhibition. Substitution of an a-phenyl group (8) still allows the ethane moiety to have a staggered ground-
state conformation and gives little change in reversible binding; thus 8 could still inactivate the Walker 256
enzyme and, less effectively, the L1210/FRR8 enzyme. In contrast to 1, 8 was a more effective irreversible in-
hibitor of the rat liver enzyme than the Walker 256 enzynmie. Replacement of the a-phenyl group of 8 by o- (9),
m- (10), or p-tolyl (11) gave little change in reversible binding to the Walker 236 enzyme, but irreversible inhibi-
tion by the p-tolyl derivative (11) was lost. The o- (9) aud m-tolyl (10) derivatives inactivated the Walker 236

enzyme somewhat more effectively than the rat liver enzyme, a crossover from the a-phenyl derivative (8).

The discovery that 1-phenyl-s-triazines bridged to a
terminal sulfouyl fluoride such as 1 are active-site-
dirceted irreversible inhibitors* of dihydrofolic re-
ductuse® has led to an intensive study on modification
of 1 to give species- and tissue-specific irreversible in-
hibitors of this enzyme; 1 at a concentration of 0.05-
0.1 udf was an extremely rapidly acting irreversible
inhibitor of dihydrofolic reductase from Walker 256 rat
tumor, rat liver, L1210/FR8 mouse leukemia, mouse
liver, and pigeon liver.2* When the propionamide
chain was moved to the meta position as in 3, the latter
could still rapidly inactivate pigeon liver dihydrofolie

(1) This work was gencrously sapportel by Crant CA-08%6G95 fruwm the
National Caucer Institate, U. 8. Public Healtli Service.

(2) For the previnas paper of this series see B. R, Baker aud G. J. Lourens,
Jo Med, Chem., 11, 666 (1968).

(3) G.J. L. wishes to thank the Counel tor Seieutific and Tndasirial Re-
search, Repallic of Soutly Africa, for a tuition fellowship.

(4) B. R. Baker, "'Design of Agtive-Site-Directed Irreversiljle linzyime
Inlililors. The Orgzanic Chemistry of the Enzymic Active-Site,” Jolin
Wiley anil Song, Ine., New York, N. Y., 1967.

(5) B. R, Baker and G, J. Lourens, J. Med. Chem., 10, 1113 (1967), paper
CV of tlie series and paper I of the subseries.

NH,
NN (CH,),CONH
Ny A
e SO,F
1, para
2, meta
NH,
NN
NS A
Me, (CH:)ZCONH@SOQF
3

reductase, but not the dihydrofolic reductases from the
other sources,® the first example of a species-specific
irreversible inhibitor of dihydrofolic reductase among
vertebrate sources.®  When the sulfonyl fluoride group

{6} The selective irreversible inlibition of E. coli B dibydrofolic re-
laelase with no inactivation of the pigeon liver enzyme was observed
carlier; see B. R. Baker and J. tl. Jordaan, .J. *harm. Sci., 56, 660 (1VG7),
paper LXXXVI1I of this series.



