(o]
Cr
[

(0]
N.
HN)E'E >

7, meta
8, para

0O
HN N,
N
NHQKIIQ

5, R=m-NHCH,SO,F-m
9, R=CH,SO,F

NH, NHCOR

Experimental Section'

9-[m-(m-Fluorosulfonylphenylureido)phenyl| guanine (5).—To
a solution of 100 mg (0.41 mmole) of 77 in 5 ml of DMF was
added 92 mg (0.45 mmole) of m-fluorosulfonylphenyl isocyanate,
After being stirred 1 hr at ambient temperature, the mixture was
added to 50 ml of 0.2 N HCL. The product was collected on a

(15) All analytical samples gave combustion wvalues within 0.39% of
theoretical; each moved as a single spot on tle with EtOH~CHCl; (3:5)
on Brinkmann silica gel GF when detected under uv light and each had ir
and uv spectra compatible with their assigned structures. None showed a
melting point below 300°,
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filter and washed with H,O).  Two recrystallizations from MeOlgt-
OH-1.0 gave nearly white ervstals with a negative Bratton
Marshall test for aromatic amine:® vield 30 mg (2801 A
(mu) pH 1, 261 pll 13, 261, Ana/. (CLHLEN,OR) O H R

9-|{p-(p-Fluorosulfonylbenzamido phenyl|guanine (2). I'o
solution of 8 HCEF (0.36 mmole) in 3 ml of DMF contain-
ing 73 mg (0.72 mmole) of BN wax added 115 mg (0.54
mmole) of p-thiorosulfonyibenzovl ehloride.  After being stirred
I hr at ambient temperature, the =olution gave a negutive Brat-
ton=Marshall test for aromatic amine.™  The mixture wax added
to S0 mlof IO containing 61 mg (.72 mmole) of NallCO,. The
product was collected and washed with water, then dissolved iy
S oml of warm DMEF. Addition of TLO gave 70 mg (45,1 of
product as a nearly white powder: A (mpd pH 1, 225, 2820 pH
13,2720 Anal. (CuHFNO88) G Hy N,

9-[m-(p-Fluorosulfenylbenzamido )phenyl]guanine (3) was pre-
pared in 447 vield ax deseribed for 2 N (mp) pH 1, 230, 280:
pIT 13, 271 Anal. (ChHuEFENGOS) C, H, N

9-{m-=-(m-Fluorosulfonylbenzamido )phenyl|guanine (4) wax

prepaved it 29, vield ax deseribed for 2 except the product was
recrystallized from MeOIRtO =107 N (mg) pIT 1, 267 plH
13,270, Anal. (CLHEFENOS-051L0YC) HE

(1) B, R, Baker, . V. Santi, Jo Ko Coward, HL S0 Shapive, and 20 H
Jordaen, J. Heteroeyel, Chenc, 3, 425 (1966).

Active-Site-Directed Irreversible

Inhibitors of Xanthine Oxidase Derived from 2- (and 8-) Benzylthiopurines

Bearing a Terminal Sulfonyl Fluoride

B. R. BAKER axND Javos A, Kozwva

Department of Chemistry, University of California at Santa Barbara, Santa Barbara, California 93106

Received February 26, 1968

Twelve candidate irreversible inhibitors of xanthine oxidase have been synthesized and evaluated that bear a
terminal sulfonyl fluoride for covalent bond formation within the inhibitor-enzyme complex. Four candidates
were derived from 2-benzylthiohypoxanthine, five from 8-benzylthiohypoxanthine, and three from 8-benzyl-
thioadenine where the sulfonyl fluoride was bridged to the phenyl moiety with a benzamido or phenylureido
moiety. Of these twelve candidate irreversible inhibitors seven showed varving degrees of irreversible inhibition
of xanthine oxidase and five showed none. The two best irreversible inhibitors were 8-[m-(p-fluorosudfonyl-
benzamido )benzylthiolhypoxanthine (14) and 8-[m-(m-fluorosulfonylbenzamido)benzylthio]adenine (16). Both
14 and 16 were reversibly complexed to xanthine oxidase about 20-fold better than the substrate. At 4 X 10°7
M, 16 inactivated 8897 of the enzyme in 15 min with a half-life of 2 min; at the same concentration, 14 was four-

fold slower since it inactivated xanthine oxidase with a half-life of 7 min.

In a previous paper of this series, 2-benzylthiohypo-
xanthine (1) and its 8 isomer (2) were shown to be good
reversible inhibitors of xanthine oxidase, being com-
plexed tenfold and eightfold better, respectively, than
the substrate, hypoxanthine.? Of the four candidate
active-site-directed irreversible inhibitorst (3, 7, 9, 13),
bearing a bromoacetamido group that were prepared in
a  subsequent study,” only 13 showed irreversible
inhibition of xanthine oxidase; at a concentration of
1.5 udd (2ls), 13 inactivated xanthine oxidase with a
half-life of 50 min. With a related problem in this
laboratory, it was discovered that the terminal sulfonyl
fluoride group was much superior to the bromoaceta-

(1) This work was genercusly supported by Grant CA-08695 from the
National Cancer Institute, U. 8. Public Health Service.

(2) For the previous paper of this series see 3. R. Baker and W. F¥. Woad,
J. Med. Chem., 11, 650 (1968).

(3) B. R. Baker and J. I.. Hendrickson, J. PPharm. Sci., §6, 955 (1967),
paper XCII of this series. In this paper is also discussed the chemotherapen-
tie utility for tissue-specific inhibitors of xanthine oxidase.

(4) B. R. Baker, "Design of Active-Rite-Directed Irreversible Enzyme
Inhibitors. The Organic Chemistry of the Enzymie Active-Nite,”' John
Wiley and Sons, Ine.,, New York, N. Y., 1967,

(5) B. R. Bakerand J. Kozma, J. Med. Chem., 10, 682 (1967), paper XCV
of this series.

0 0
AN N
HN HN
WL LD
CHLSSNA N SNON
H H
R R
1,1 = i 2,1 = Il
3, R = 0-NHCOCILBr 9, Il = o-NHCOCH.Br
7R = m-NHCOCH,Br 13. R = m:NHCOCH,Br
8, R = m-NHCOC:HSO.F-p 14, R = m-NHCOCI1L50.E-p

mido group for effective active-site-directed irreversible
inhibitors operating by the exo mechanism.® Ior
example, 4,6-diamino-1,2-dihydro-1-phenyl-s-triazines
bridged from the phenyl to a terminal sulfonyv] fluoride

(6) The exo mechanism is defined as formation of a ecovalent hond within
an inhibitor-enzyme complex that oecurs outside the active site; in con-
trast, the endo mechanism is defined as covalent bond formation within the
active site.” The active site, in turn, is defined as containing those amino
acid residues responsible for complex formation with the substrate and those
amino acid residues responsible for the catalytic conversion of substrate to
produet.®

{7) Reeref 5, Chapter L.

(8) Neeref 5, p 188,



IRREVERSIBLE LNZYME INHIBITORS.

CXXTV 653

TasLg 1
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No. R: R:
1/ 011 2-SCH,C,H;
2/ OH 8-SCH,CH;
3¢ OH 2-SCH,CsH,NHCOCH;Br-o
4 OH 2-SCH,CsH4{(NHCOC:HSO,F-p)-o
5 OH 2-SCH,CHy(NHCOCHLSOF-m )-o0
6 OH Q'SCH2C6H4(NHCONHCGH4SOQF‘m)'0
79 OH 2-8CH,CH,NHCOCH,Br-m
8 OH 2-SCH205H4(NHCOCBH4SOzF—p )—771
9e OI’I 8-SCH205H4NHCOCH2BI‘-O
10 OH 8-SCH,CsH4(NHCOCH, SO, F-p)-o
11 OH 8-SCH,CeH(NHCOCH,SOF-m)-0
12 OH 8-SCH,CsHy(NHCONHCsHSO F-m )-0
13¢ OH 8-SCH,CsH,NHCOCH,Br-m
14 OI{ S-SCHZCaH4<NHCOC5H4SOzF-p )-77L
15 OH 8-SCH2C6H4(NHCOCGH4SOzF—m )-771
16 NHZ 8-SCH2CGH4(NHCOCsH‘;SOgF—m)-’mr
17 NH. 8-SCH,CHy(NHCONHCH,SO,F-m)-m
18 NH, 8-SCH,CsHy(NHCOC:HSO:F-p)-m
19¢ ACNHC3H4SOQF-Z)

@ The technical assistance of Pepper Caseria and Maureen Baker with these assays is acknowledged.

——Reversibleb—— —~—————TIrreversible’———————
Ts0,% Inhib Time, G
uM ([S1/{ID)es® conen, pM min inactn
0.75 11
2.8 2.9
0.024 340 0.025 120 0
30 0.27 46 60 27
77 0.11 80 60 30
16 0.51 16 60 0
0.68 12 1.0 120 4]
0.092 88 0.46 20 83
0.002 5,860 50,58, 58"
0.11 74 0.10 120 0
40 0.20 80 60 0
50 0.16 160 20, 60 50, 84"
16 0.51 16 60 0
0.77 11 1.5 50, 120 50, 90
0.46 18 0.92 60 90
0.46 7,16,30 50, 68, 81*
0.16 51 0.70 60 100
0.16 8, 30 25, 274
0.42 19 2.1 60 100
0.42 2,15,35 50, 88, 88*
0.79 10 4.0 60 0
0.75 11 3.8 60 0
70 60 0

» Commercial xanthine oxidase

from bovine milk was assayed with 8.1 uM hypoxanthine in Tris buffer (pI 7.4) containing 109, DMSO as previously described.?
¢ Inactivation of xanthine oxidase was performed at 37° in pH 7.4 Tris buffer containing 597 DMSO as previously described,’ except

the zero point was determined by removal of an aliquot prior to addition of the inhibitor.?
tion. ¢ Ratio of concentration of substrate to inhibitor for 507 inhibition.

see ref 5 and 9. ¢ Data from ref 2.

rapidly inactivate dihydrofolic reductase;*® by proper
positioning of the sulfonyl fluoride, species specific®!?
and tissue specific!®!? irreversible inhibitors of dihydro-
folic reductase were found. Therefore, nine benzylthio-
hypoxanthines, such as 8 and 14, and three benzylthio-
adenines bearing a terminal sulfony! fluoride were
synthesized and evaluated as irreversible inhibitors of
xanthine oxidase; the results are the subject of this
paper.

Enzyme Results.—It was previously observed that
introduetion of an o-bromoacetamido group (3) on 2-
benzylthiohypoxanthine (1) gave a 30-fold increment in
reversible binding; however, 3 failed to show irre-
versible inhibition’ (Table I). This increment in
reversible binding by 3 was subsequently suggested to
be due to hydrophobic bonding by the bromomethyl
group to xanthine oxidase.!* When the larger benza-
mido (4, 5) or phenylureido (6) groups bearing a sulfonyl

(9) B. R. Baker and G. J. Lourens, J. Med. Chem., 10, 1113 (1967), paper
CV of this series.

(10) D. E. Fahrney and A. M. Gold, J. Am. Chem. Soc., 88, 997 (1963),
had observed earlier that phenylmethanesulfonyl fluoride was an excellent
irreversible inhibitor of chymotrypsin that operated by the endo mechanism.

(11) B. R. Baker and G. J. Lourens, J. Med. Chem., 11, 39 (1968), paper
CXII of this series.

(12) B. R. Baker and R. B. Meyer, Jr., 1bid., 11, 489 (1968}, paper CXIX
of this series.

(13) B. R. Baker and P. C. Huang, bid., 11, 495 (1968), paper CXX of
this series.

(14) B. R. Baker and W. F. Wood, ibid., 10, 1106 (1967), paper CIII of
this series.

4 Coneentration necessary for 509 inhibi-
/ Data from ref 3. ¢ Data fromref 5. * From time plot;

fluoride were introduced, a 700-3000-fold loss in reversi-
ble binding occurred compared to 3, indicating that
these larger groups were not tolerated by the contour of
the enzyme surface within the enzyme-inhibitor
reversible complex. A similar loss in binding was ob-
served with these ortho substituents (10-12) on 8-
benzylthiohypoxanthine compared to the o-bromoacet-
amido group of 9.

Of these six sulfonyl fluorides derived from ortho
substitution on the benzyl group of 1 and 2, three
(6, 10, 12) showed no irreversible inhibition when
incubated at a concentration of I;~3I5 with the
enzyme; two (4, 5) showed only a poor amount of
irreversible inhibition and one (11) was good, showing
a half-life of inactivation of 20 min and 849 inactiva-
tion in 60 min. These three sulfonyl fluorides showing
irreversible inhibition were considered to be too poor
as reversible inhibitors to be worthy of further study.
It should be noted that the rate of active-site-directed
irreversible inhibition is directly dependent upon the
amount of enzyme reversibly complexed, [E--.I],
which in turn is related to K, and Is; thus a compound
with a poor I requires too high a concentration to give
an effective amount of [E-.-1].% Furthermore, note
that 70 ud p-acetamidobenzenesulfonyl fluoride (19)
does not inactivate xanthine oxidase, indicating that a
reversible enzyme-inhibitor complex is an essential

(15) For a discussion of the kineties of irreversible inhibition, see ref 4,
Chapter VIII,
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intermediate to inactivation and that inactivation hy
the compounds in Table I did not proceed by o random
bimolecular process,” the latter having no speeificity.

Three sulfonyl fluorides (8, 14, 15) were then investi-
gated which were wiela-substituted derivatives of 2-
benzyvlthio- (1) and  S-benzylthiohyvpoxanthine  (2).
All were good reversible inhibitors of xanthine oxidase
being complexed 18-88-fold better than the substrate,
hypoxt mt}une. Furthermore all three showed N3
1009 mactivation of xanthine oxidase when the eom-
pounds at a coneentration of 2--3I5, were ineubated with
the enzvme.  When the incubation concentration was
reduced to Iy, 8, 14, and 15 showed less total in-lct’i\”l—
tion in 60 min, A time study <showed that 8 gave 53¢
inhibition In 5 min, then little further inactivation in
60 min. At an I concentration, 15 was even less
meffective, showing o maximum of 2597 inactivation in
S mit, then no further inactivation. The best com-
pound of the three was 14 which still showed 8197 inac-
tivation in 30 min at the Iy, concentration with a half-
life of 7 min.

Such nonlinear inactivations when log [15] is plotted
against time had been previously observed \\1t1 dihy-
drofolic reduetase,” trypsin,' and chymotrypsin. 7=
That suech curvature was due to the enzyme-catalyzed
hvdrolysix of the sulfonyl fluoride to the sulfonie weid
was proven in the ease of ehymotrypsing thus within
the enzyme-inhibitor complex, cither the enzyme can
become inactivated due to covalent bond formation or
the enzyme can catalyze hydrolvsis of the inhibitor tao
the sulfonie acid or both.  When both reactions occur,
total inactivation can be achieved by using higher
coneentrations of inhibitor or treating with =everal Iy,
portions of inhibitor.'®1

Sinee adenine binds to xanthine oxidase® slightly
better than the substrate, hypoxanthine, three sulfony]
fluoride derivatives derived by meta =ubstitution on
S-bhenzylthioadenine were synthesized for enzymic evalu-
ation.  Of these three, only 16 showed irreversible
inhibition, but it was the best irreversible inhibitor in
Table T; 16 complexed to tho enzyvme 19 times better
than the substmt(* and at an Iy concentration gave
SNOg inactivation of the enzyme with a half-life of 2 min
and at Ay gave total inactivation.  When the -
sulfonyl fluoride group of 16 was moved to the para
position  (18), reversible inhibition changed only
twofold, but Irreversible inhibition was completely lost;
a similar loss of irreversible inhibition was noted when
the ecarboxamido bridge of 16 wax inereased to ureido
(17).  This sensitivity to change in the position® of the
sulfonyl fluoride group or change of bridge' was pre-
viously noted with inhibitors of dihydrofolie reductase.

Note that S-benzylthioadenine with o p-fluorosul-
fonylbenzamido group on the meta position (18) fails to
mactivate xanthine oxidase, but that the identically
substituted  hypoxanthine (14) does inactivate the
enzyme.  This difference elearly shows that the sutfonyl
fluoride group of 14 and 18 are not identically positioned
within the enzyme—inhibilor complex; this in turn indi-
cates that adenine and hypoxanthine may not complex

(16) B R Bakerand L, L Erickson, J. Med, Chem.. 11, 245 (1068), paper
CXV of this series.

(17) B. R. Bakerand J. AL
thix series.

(18) K. R, Baker and J. AL
this series,

Hurlbat, ibrd.. 11, 233 (1968), paper CNIIL of

harthut, ihid,, 11, 241 (1968), paper CNTV of

Baker AxD Janos A
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to the active site of xanthine oxidase in the same man-
ner, further supporting our carlier statement® that
“what speeific groups of the inhibitor (purine (ypoe) wre
complexed 1o the enzvime i= fraught with uneertainty.”
Furthermore, xanthine oxidase initially oxidizes hypo-
xanthite at the 2 position, but initiatly oxidizes adenine
at the N position™ thus indicating that these two

NH, NIL
N
INNEN
\ [ SR — k | /SC}L O
NN
H NHCOR
20, R = 11 16, R = CyH RO F-m
21, R = CHCoILNOsm 17, B = NHCTTRO -,
22, = CILCHLN o 18, I = ClILROLk-p

OH

CHZSKN |

OH
N . N

> i)I s
N SNSN
H H

25, R = o-N11L

23, B = o-NlH: B
26, R = m-N1l.,

24, I3 = m-NI1,

purines are complexed i different rotomerie conligur:i-
tions.*  With the additional pummowr of irreversible
inhibition of xanthine oxidase by properly substituted
hypoxanthines and adenines in this paper as well as by
guanines, > pyrazolopyrimidines,® and other hypo-
xanthines,” @ new attempt to rationalize binding of
purines to xanthine oxidase will be made.®*  Further
modification of the meta-substituted benzylthiopurines
for tissue specificity, as achieved with dihydrofolic re-
ductase,’?3 is being pursued.

Chemistry.---8-(m-Aminobenzyithio)adenine (22) Wwax
synthesized from the 8-mercaptoadenine (20) by the
route previously used for the benzy lthloh_\p()mmhm('
derivatives (23-26).° Alkvlation of 20 with me-nitro-
benzyl chloride in 1 N NaOH proceeded smoothly to 21
in 729 vield. The nitro group of 21 was eatalvtically
reduced to the amine (22) in the presence of a Pd-C
atalvst. Reaction of the amine (22) with m- or p-
fluorosulfonyibenzoyvl chloride in DME at 0 in the
presence of 4N gave the candidate irreversible
inhibitors, 16 and 18, respectively.  Condensation of 22
with m-fluorosulfonviphenyl isocyanate in DM
room temperature afforded 17, The remaining candi-
date irreversible inhibitors derived from hypoxanthine
were prepared by similar methods {from 23-26.

Experimental Section?®

8-(m-Nitrobenzylthio)adenine (21).——A mixture of 3.00 g (18
mmoles) of 20, 3.08 ¢ (18 mmoles) of a-chloro-3-nitrotoluene, and

(19) F. Bergmann, G. Levin, H. Kwietny-Govrin, and H. Ungar, Biockin.
Biophys. Acta, 47, 1 (1961).

(20) B. R. Baker and J. AL
C XXV of this series.

(21) B. R, Baker. W. . Wood, and J. A, Kozma, id., 11 661 (10068,
paper CXXVT of this series.

(22) Each analytical sample gave combustion values within (L44, of
theoretical, moved as a single spot on tle on Brinkmann silica gel GV in
EtOAce=-NMeOH, and gave ir spectra compatible with their assigned struc-
rures, Melting points were taken in capillary tubes on a Mel-Temp block
and those below 230% are corrected.  Rince many of the compounds had
no definite melting point, vhey are best characterized by their uv speetra
i Table 1T} which varied considerably,

Kozma. J. Med, Chem., 11, 656 (1068}, paper
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PraysicAL PROPERTIES OF

R,
N
NEI»X
NN
NHR2

No. R R2
4 OH 2-8CH.C:H4(NHCOCHSOF-p)-0 Ab
5 OH  2-SCH,CeHy(NHCOCHSOF-m)-o A
6 OH 2-SCH,C:H(NHCONHCHSO,F-m)-o Be
8 OH 2-8CHCHy(NHCOCHSO:F-p)-m A
10 OH  8SCH,CsH(NHCOCHSOF-p)-0 A
11 O 8SCH,CHy(NHCOHSOF-m)-0 Ae
12 OH  8-SCH,CeHi(NHCONHCH,SOF-m)-0 Be
14 OH 8-SCH.C:HyNHCOC:HSO.F-p)-m Ace
15 OH S—SCHQCSH.;(NHCOCGH4SOQF-W)'”1 Ac
16 NH, 8-SCH,CiH:(NHCOC:HSOF-m)-m Ae
17 NH, 8-SCH,C:H,(NHCONHCHSO,F-m)-m Be
18 N}Iz S'SCH-_)_CGHq(NHCOCGH4SOQF'p)-rn ‘Ab
«In 10¢; EtOH. * Recrystallized from DMF-H,0.

EtOII-I,O. 7 N: caled, 17.0; found, 16.4.

36 ml of 1 N NaOH was stirred for 2 hr at ambient temperature.
The filtered solution was acidified with HOAe. The product was
collected on a filter, washed with H.O, and recrystallized from
DMF-H,0; vyield 3.92 g (72%), mp 288-290° dec. Anal.
(CH,N:0:S) C, H, N.
8-(m-Aminobenzylthio)adenine (22).—A solution of 2.00 g
(6.7 mmoles) of 21 in 200 ml of MeOEtOH was shaken with H,
at 2-3 atm in the presence of 1.0 g of 109 Pd—C for 12 hr when
reduction was complete. The filtered solution was evaporated
{n vacuo and the residue was recrystallized from MeOEtOH-H:0;
vield 1.05 g (58G), mp 268-270° dec. Anal. (CuHuNgS) C, H,
8-[n«(m-Fluorosulfonylbenzamido )benzylthio]adenine (16)
(Method A).—To a magnetically stirred mixture of 200 mg
(0.73 mmole) of 22, 3 m! of DMF, and 73 mg (0.73 mmole)
of Et;N cooled in an ice bath was added 163 mg (0.73 mmole) of

Te
Method  yield

27
67
56

43
80
45
53

74
37
74
78

51

¢ Recrystallized from MeOEtOH-H,0.
¢ N: caled, 15.2; found, 14.5.

CXXIV 655
—=Mmax, Mut——
Mp, °C Formula Analyses pH1 pH 13
Indef 019H14FN504SQ'0.5H20 C, H, N 266 275
190-193 C; HuFN;0:8,-0.5H.0 C, H; F 266 274
281-283  CioHi:FNOsS, C, H; N/ 254, 261
2814
222-224 CH1 FN:08:-0.5H,0 C, H, N 271 275
210-213 CisHi FNO,S, C, H; Ne 277 281
140-143  C;oH1sFN:08; C,H,N 276 281
184-185 CpyHiFNO,S; - H,0 C,H, N 255 257,
2834 2814
238-242 O HLFN;0.8, C,H,N 280 282
Indef C1gH14FN504Sz'O.5H20 C, H, N 280 284
Indef C19H15FN503SQ C, H, F 288 288
165-167 CyoHisFN05S, C,H,F 21, 253
287 287
Indef C]ngaFNeO;;Sg C, H, F 289 289

4 Inflection. ¢ Recrystallized from

m~fluorosulfonylbenzoyl chloride in 1 ml of DMF. After 20 min,
the mixture was diluted with several volumes of H,O. The
product was collected on a filter and washed with H;O. Recrystal-
lization from EtOH~H,0 gave 250 mg (749,) of white powder with
no definite melting point. See Table II for additional data and
other compounds prepared by this method.

8-[m-(m-Fluorosulfonylphenylureide)benzylthioladenine (17)
(Method B).—To a stirred suspension of 200 mg (0.73 mmole) of
22 in 3 ml of DMF protected from moisture was added a solution
of 161 mg (0.80 mmole) of m-fluorosulfonylphenyl isocyanate in
1 mlof DMF. After 12 hr tle in EtOAc showed the reaction was
complete. The solution was diluted with several volumes of H,0.
The product was collected on a filter, washed with H,0, then
recrystallized from EtOH-H,0; yield 270 mg (789), mp 165-
167°. See Table II for additional data and other compounds
prepared by this method.



