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Experimental Section®

9-[m-(m-Fluorosulfonylphenylureido)phenyljguanine (5).—To
1 solution of 100 mg (0.41 mmole) of 77 in 5 ml of DMF was
added 92 mg (0.45 mmole) of m-fluorosulfonylpheny! isocyanate.
After heing stirred 1 hr at ambient temperature, the mixture was
added to 50 ml of 0.2 ¥ HCl. The product was collected on a

(15) All analytical samples gave combustion values within .39, of
thieoretical; each movedl as a single spot bn th: with EtOH-CHCIs (3:41
on Brinkmann silica gel GF when detected under uv light and eael hal iv
and uv spectra compatible with their assigned structures. None showel a
melting point helow 300°,
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filter nnd washed with H.O. Two recrystallizations from MeOn-
OH-11.0 gave nearly white erystals with n negative Bratton
Marshall test far aramatic amine:™  yvield 50 mg (25000 M
(m) pH 1, 2610 pll 13, 261, dnad. 1CHEN:O8) €, 1L 1

9-[p-(p-Fluorosulfonylbenzamido )phenyljguanine (21. -Tu o
solution af 8 HCPF (0.3¢ mmole) in d ml of DMPF vontain-
g 3 mg (0.72 nnmaley of BN was added 115 myg 054
mumnole) uf p-thiorosnlfonythenzoy! ehlaride.  After heing stirred
I hre atunhient tempernture, the ot gave a negative Brat-
ton=NMarshall test for aromatic ;unine. ™ The mixtire wis nddeld
to 500l of IL,O cantaining 61 mg (0.72 nunole) of NallCO.. The
produet wis eolleeted and washed wili water, then dissolved
Soml o warm DME. Addition of HO gave 70 mg (450 of
praduct :as a nerely white powder: i) pll £, 2282820 pll
Vs, 2700 cnad, (CLHpFNGOS) G, TN,

9-{m-(p-Fluorosulfonylbenzamido )pheny!]guanine (3) was pre-
pared in 440 viehl as deseribed for 2 . (mg) pIE 1, 230, 280:
pIT 13,271 clnal. CCLHINOS) ) TN,

9-[m-tm-Fluorosulfony lbenzamido jphenylguanine (4) wax

preparved in 2000 vield ax deseribed fur 2 exeept the produet was
recrystallized frame MeORON-11,00 Ay (mg) pIT 1L 267 pll
15,270, Apad. (CLILENOS-0TLOTC) LT, 1

1y 13 R Baker, Do Vo Sandi, J0 Ko Cowned, 11, N0 Shapive, and 1, 11
Jurdaen, J. Heterovuel, Clene,. 3, 425 (19G6).

Active-Site-Directed Irreversible

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

Bearing a Terminal Sulfonyl Fluoride

B. R. BAKER aND Janos A, Kozwa

Department of Chemistry, University of California at Santa Barbara, Santa Bacbara, Californin

H3106

Reeefved February 26, 1068

Twelve candidate irreversible inhibitors of xanthine axidase have been synthesized and evaluated that bear a

terminal sulfonyl flioride for covalent bond formation within the inhibitor-enzyme complex.

Four candidates

were derived from 2-benzylthiohypoxanthine, five from 8-benzylthiohypoxanthine, and threc fram 8-benzyl-
thivadenine where the snlfonyl fluoride was bridged ta the phenyl molety with a benzamido ar phenylureido

moiety.
of xanthine oxidase and five showed nane.

benzamido )benzylthiolhypoxanthine (14) and 8-[m-(m-fluorosulfonylbenzamida)benzylthio]adenine (16).
14 and 16 were reversibly complexed to xanthine oxidase aboit 20-fold better than the substrate.

Of these twelve candidate irreversible inhibitars xeven showed varying degrees of irreversible inhibitian
The two best irreversible inhibitors were 8-[m~(p-fluorosnlfonyl-

Both
At 4 X 1077

M, 16 inactivated 8867 of the enzyme i1 15 min with a half-life of 2 min; at the same concentratian, 14 was fuur-
fald slower since it inactivated xanthine oxidase with a half-life of 7 min.

I 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 inhibitors* (3, 7, 9, 13),
bearing n hromoacetamido group that were prepared in
a subsequent study,® only 13 showed irreversible
mhibition of xanthine oxidase; at a concentration of
1.5 uM (2I), 13 inactivated xanthine oxidase with n
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 bromo:ceta-

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

(2) For the previons paper of this series see 13. R. Baker aml W, F. Wuall,
J. Med. Chem., 11, 650 (1068).

(3) B. R. Baker and J. L. Hemlrickson, J. “hacm. Seci., 86, 955 (1967),
paper XCI1 of (Lis series. In this paper is also discussed the clhienotherapeu-
tie utility for tissue-specific inhibitors of xanthine oxidase.

(41 B. R. Baker, "Design of Active-Rite-Directed Irreversihle Enzyme
Inhibitors, The Organic Chemistry of the Enzymie Active-Rite,”' Juhn
Wiley anil Rons, Ine.,, New York, N. Y., 1967.

(5) B. R. Bakerand .l. Kozma, J. Med. Chem., 10, 682 (1467), raper NCV
of this series.

0 0
AN N
HN HN
. > . Ssc,
CHSSNAN SNAON
H H
R R
1, k=11 2, R =1l
3. R = o-NIICOCIT B 9,1 = o-NHCOCILBr
7'R = m-NHCOCH,Br 13) R = m-NHCOCIBr
8, 1k = mNHCOGHSOF-p 14, R = mNICOC RO

mido group for effcetive active-site-directed irreversible
inhibitors operating by the exo mechanism." For
example, 4,6-diamino-1,2-dihydro-1-phenyl-s-trinzines
bridged from the phenyl to n terminal sulfonyl fluoride

(6) The exiy mechanism is lefined as formation of a cavaleut homl within
an inhlibitor-enzyme complex (hat oecurs outsifde tlre active site; in von-
trast, tlie emly meechnnism is defined as envalent hond formation within the
active site.’ The active site, in lurn, ix Jdefineld as containing those nniinu
acid resiilnes responsible fur complex formation with the substrate aml those
amino acid residnes respunsilide for the eatalytie conversion of sulstrate to
provnec.®

{7T) Heeref 3, Clapter 1.

(8) Reervf 5, p 188,
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INuIBITION® OF XANTHINE OXIDASE BY
R,
IR
N
N § R.
——Reversibleb—— er—————TIrreversible——————
Lo, @ Inlib Time, [
No. R R ulM ([SI/[IDhne® concn, pM min inactn
1/ O 2-SCH,CgH; 0.75 11
2/ OH 8-SCH,C¢H- 2.8 2.9
3¢ OH 2-SCH.C:H,NHCOCH,Br-o 0.024 340 0.025 120 0
4 OH 2-SCH,CsH(NHCOC:H,SO,F-p)-o0 30 0.27 46 60 27
5 OH 2-SCH,CsH(NHCOCH,SO,F-m )-0 77 0.11 80 60 30
6 OH 2-SCH,CsH(NHCONHCHSO0:F-m)-0 16 0.51 16 60 0
79 OH 2-SCH,C:H.NHCOCH;Br-m 0.68 12 1.0 120 0
8 OH 2-SCH,CsH,(NHCOCH.SO:F-p)-m 0.092 88 0.46 20 83
0.092 5, 8, 60 50, 58, 58"
9e OH 8-SCH,C:H,NHCOCH,Br-o 0.11 74 0.10 120 0
10 OH 8-SCH,CsH(NHCOCHSO.F-p)-o 40 0.20 80 60 0
11 OH 8-SCH,C:H,(NHCOCH SO F-m)-0 50 0.16 160 20, 60 50, 84*
12 OH 8-SCH,CsH(NHCONHCH,SO.F-m )-o0 16 0.51 16 60 0
13¢ OH 8-SCH,C:H,NHCOCH Br-m 0.77 11 1.5 50, 120 50, 90~
14 OH 8-SCH.CsH (NHCOC:H.SOF-p)-m 0.46 18 0.92 60 90
0.46 7,16, 30 50, 68, 81+
15 OH 8-SCH,C:Hy(NHCOCH SO, F-m)-m 0.16 51 0.70 60 100
0.16 8, 30 25, 274
0.42 2,15, 35 50, 88, 88*
17 NH, 8-SCH.CsH,(NHCONHCH SO F-m)-m 0.79 10 4.0 60 0
18 NI‘IQ 8-SCH2CGH4(NHCOCGH4SOQF-]) )—m 0. 75 11 3.8 60 0
19¢ AcNHCHSO:F-p 70 60 0

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

b Commercial xanthine oxidase

from bovine milk was assayed with 8.1 uM hypoxanthine in Tris buffer (pH 7.4) containing 1097 DMSO as previously described.?
¢ Inactivation of xanthine oxidase was performed at 37° in pH 7.4 Tris buffer containing 5% 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 5097 inhibition.

see ref 5 and 9. 7 Data from ref 2.

rapidly inactivate dihydrofolic reductase;*¥ by proper
positioning of the sulfonyl fluoride, species specifie®!!
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 sulfonyl 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
introduction 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 (1867), paper
CYV of this series,

(10) D. E. Fahrney and A. M. Gold, J. Am. Chem, Soc., 88, 997 (1963),
liad observed earlier that phenylmethanesulfonyl fluoride was an excellent
irreversible inhibitor of eliymotrypsin 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., ibid., 11, 489 (1968), paper CXIX
of this series.

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

(14) B. R. Baker and W, F. Wood, 1bid., 10, 1106 (1967), paper CIII of
this series.

¢ Concentration necessary for 509, inhibi-
/ Data fromref 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 beuzyl 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 ounly 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 Iz requires too high a concentration to give
an effective amount of [E---I].%¥ Furthermore, note
that 70 pd 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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intermedinte to inactivation and that mactivation by
the compounds i Table I did not proceed by a random
bimolecular process, ™ the Iatter having no specifieity,

Three sulfonyl fluorides (8, 14, 15) were then investi-
pated which were mela-substituted derivatives ol 2-
henzylthio- (1) and  S-henzylthiohypoxanthine  (2).
All were good reversible inhibitors of xanthine oxidase
being complexed I8-SS-fold better than the substrate,
hypoxanthine.  Furthermore all three showed 83
10097 inacetivation of xanthine oxidase when the com-
pounds at a concentration of 2--5I5 were incubated with
the enzyvme.  When the imeubation coneentration was
reduced 1o Li, 8, 14, and 15 showed less total inaetiva-
tion m 60 min. A time study <howed that 8 gnve 535
inhibition in 5 min, then hittle Marther maetivation in
60 min. - At an T concentration, 15 was even less
ineffeetive, showing o maximuin of 25%¢ inactivation in
S min, then no further mactivation. The best com-
pownd of the three wns 14 which stilt showed 8197 inace-
tivation in 30 min at the Ly coneentration with a half-
life of 7 min.

Such nonhnear innetivations when log [12] ix plotted
against time had been previouslty observed with diliv-
drofolie reductase,” trypsin,'* and  chymotrypsin o
That such curvature was due to the enzyme-catalyzed
hydrolysix of the suonyt fluoride to the sulfonic neid
wis proven i the ense of ehymotrypsing® thus within
the cnzyme-inhibitor complex, cither the enzyme ean
become inactivated due to covalent bond formation or
the cuizyme ean eatalvze hydrolysis of the imhibitor to
the sulfonie acid or both.  When both renctions oceur,
total innectivation can be achieved by using higher
concentrations of inhibitor or treating with severnl Iy,
portions of mhibitor.'%1

Since adenine binds to xanthine oxidase? slightly
better than the substrate, hyvpoxanthine, three sulfonyl]
fluoride derivatives derived hy meta substitution on
S-benzyithiondenine were synthesized for enzymie evalu-
ation.  Of these three, only 16 showed irreversible
inhibition, but it was the best Irreversible inhibitor in
Table I 16 complexed to the enzyine 19 timoes better
than the substrate and at an Iy concentration gave
SN inactivation of the enzyie with a half-life of 2 min
and at 5l gave total innetivation. When the m-
sulfonyl fluoride group of 16 was moved to the para
position  (18), reversible inhibition  changed  only
twofold, but irreversible inhibition was completely lost;
a shmilar loss of mreversible inhibition was noted when
the e:rboxaumido bridge of 16 was incrensed 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 diliyvdrofolie reductasc.

Note that S-benzylthiondenine with a p-fluorosul-
fouytbenzamido group on the mela position (18) fails to
inactivate xanthine oxidase, but that the identienlly
substituted  hypoxanthine (14) does nactivate the
enzyne,  Thisdifference elearly shows that the sulfonyl
fluoride group of 14 and 18 are not identically positioned
withiy the enzyme—/nhibitor compler; this in turn indi-
entes that adenine and hypoxanthine may not complex

C1G) 13 R Laker aml 12, 11, Erieksan, J,
CXV uf Lhis serivs.

A7) 1L R, Baker awsl . .
(his serivs,

(18) K. R.
this series.

Aled. Chew.. 11, 245 {1U68), papstr

A TTurlbat, ¢hd., 11, 233 (1BARL, papee CNXI1H o

Baker sl J0 AL Narllbaag, obid,, 11, 201 11B0S), paper CNIV o

D Baxer axp Jasos A

. Wozaa Val. 11

to the netive site of xanthine oxidase in the snime nan-
ner, further snpporting onr earlier stateient® that
"what =pecifie granps ol the inhibitor (purine types are
complexed to the enzyme i fraught with neertainiy.”
Furthermore, xanthine oxidase indtially oxidizes hypo-
xanthine at the 2 position, but iniially oxidizes adenine
at the N position.™ thus idieating that these two

NH, N1L

NN
SR —
Ly

N
N \\\SCII
gxlﬁ/ ~O

NHCOR

20, B =11 16. b = Cal LSO -

21, It = CILCJLNO-m 17, B = NHCHSLE -y

22, I = CILCyI .\H s 1hi 18, I = WILROLF-p
OH OH

L
CH2S\N N
H

R
R
23, I = o-N1l. 25, i = o-N1l.
24, I3 = m-NIL, 26, 11 = ne-N1l.

purines are complexed in different rotomeric conflignra-
tions.?  With the additional parameter of irreversible
inhibition of xanthine oxidase by property substituted
hypoxinthines and adenines in this paper as well as by
guanines, > pyrazolopyrimidines,® and other hypo-
xanthines,* 1 new attewpt to rationalize binding of
purines to xanthine oxidase will be ade.®t Further
modifiention of the meta-substituted benzvithiopurines
for tissue speeificity, as achieved with dihvdrofolie re-
duetase,!1% is heing pursucd.

Chemistry.---8-(m-Aminabenzyithio)adenine (22) was
syuthesized from the 8-merenptaadenine (20) by the
route previeusly used for the benzyithiohypoxanthine
derivatives (23-26).  Alkviation of 20 with m-nitro-
bcnzv chloride in 1 N NaOH proceeded smoothly to 21
i 729 yield. "The nitro }J,‘l‘()ll}) of 21 was eatalytieally
reduced to the amine (22) in the presence of a Pd-C
eatalyst.  Reaction of the amine (22) with m- or p-
fluorosulfonyibenzoyl chloride in DAMFE at 0 in the
presence of BN gave the cwudidate Drreversible
inhibitors, 16 and 18, respectively.  Condensntion of 22
with m-fluorosulfonyiphenyl isocvanate in DNMT at
room temperature afforded 17, The remaining candi-
date rreversible 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 (IS
mnioles) of 20, 3.08 ¢ (18 mmales) af a-chloro-3-nitrotolacne, mnd

1Y) F. Bergmann, G. Levin, 11 Xwivenr-Goaein, g W U, Bieehdne
Biophy~. Acta, 47, 1 (19515,

(20) B. R. Baker and 1. A
CXXYV of this series.

(2I) I R. Baker. W. 1.
paper CXXVT uf this series.

(221 Each aualytical saniple wave conndbsastion ralues within 0044 ol
theoretical, niyved as a single spot o1 1le vu Vrinkimipn giliea gel GI7 in
ErOAe—MeOl, and save ir spectra compatible with their assigned strue-
tures, Melting peints were taken in vapillavy (ubes an i Mel-Timp hlock
and those Lelow 2307 aye vpyrreeted.  Sinee any uf the compounds had
un deftnice melting peing, they are best charnvtvrized L dhivir uy apeetra
iTabde 11 which varied vonsiderabily,

L WNozaa. J. Med, Cheme, 11, GH6 (1UG8], paper

Woud, awd 1.0 AL Kezima, (od., 11 661 (148,
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PuysicAL PROPERTIES OF
R,
TJIN%
N
N~ N
H R
Te —Amax, Mp*——r
No. R R Method yield Mp, °C Formula Analyses pH 1 pH 13
4 OH 2-SCH.CHy(NHCOCH.SO.F-p)-o Ab 27 Indef CiHi FN:08:-06H,0 C, H, N 266 275
5 OH  2-SCHCsHy(NHCOC:HSO.F-m)-o Ar 67  190-193 CsH1 FN:08:,-0.5H.0 C, H; F 266 274
6 OH 28CH.CJI(NITCONHCHSO,F-m)-o Be 56 281-283 CyHFNOS, C, H; N/ 254, 261
2814
8 OH 2-SCH.CsH (NHCOC:HSO,F-p)-m Ac 43 222-224 C H;,;)FN:0:;-0.5H,0 C,H, N 271 275
10 OH  8-SCH,CeH(NHCOCH,SO.F-p)-o Ac 80  210-213 C)H FN;0.8, C, H; Ne 277 281
11 OH R’-SCH,C:H(NHCOHSOF-m)-o0 Ac 45 140-143 CysH FNO.8; C,H N 276 281
12 O 8-SCH2C6H4(NHCONHCGH4S02F-771)-O Be 53 184-185 C19H15FNGO4SQ'I{20 C, H, N 255, 257,
2834 2814
14 OH 8&-SCH.C:H(NHCOC:HSO.F-p)-m Ac 74 238-242 C,H,,FN;0.S; C,H, N 280 282
15 OH 8-%CH206H4(NHCOCGH4SOQF-W)-7n 1\C 37 Indef C19H14FN504SQ'0.5H20 C, H, N 280 284
10 NHZ S-SICHQCGH.;(NHCOCGH4SOQF-7’)’L)-7n Ae 74 Indef ClngsFN603SQ C, H, F 288 288
17 NH; 8&-SCH,C:H(NHCONHC:HSO.F-m)-m  Be 78 165-167 CioH;sFN:0sS: C,H, F 261, 253,
287 287
18 NH, 8-SCH.C:H(NHCOC:HSO:F-p)-m At 51  Indef C1sH;FN¢O3S, CHTF 28 289
«In 109, EtOH. * Recrystallized from DMF-H,0. ¢ Recrystallized from MeOEtOH-H,0. 9 Inflection. ¢ Recrystallized from
EtOII-H.0. / N: caled, 17.0; found, 16.4. ¢ N: caled, 15.2; found, 14.5.

36 ml of 1 ¥ 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; yield 3.92 g (729%), mp 288-290° dec. Anal
(CH,N:0,8) 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
in vacreo and the residue was recrystallized from MeOEtOH-H,0;
vield 1.05 g (38%%), mp 268-270° dec. Anal. (CiH;NeS) C, H,
8-[m~-(m-Fluorosulfonylbenzamido)benzylithio]adenine (16)
(Method A)—To a magnetically stirred mixture of 200 mg
(0.73 mmole) of 22, 3 ml of DMF, and 73 mg (0.73 mmole)
of EtN cooled in an ice bath was added 163 mg (0.73 mmole) of

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 (74 9,) of white powder with
no definite melting point. See Table II for additional data and
other compounds prepared by this method.

8-[m-~(m-Fluorosulfonylphenylureido)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:O, 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.
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