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10 mg of beuzoyl peroxide, aiid 10 ml of CCla was refluxed with 
stirring for 19 hr. The cooled solut,ion was filtered through a 
Celite pad which was then washed with CCla. The combined 
filtrate and washings were spin evaporated in vacuo to leave an 
oil which moved as one major spot on tlc with EtOAc-petroleum 
ether (bp 60-110') (1:18) and gave a positive test for active 
halide.14 The oil was used without further purification. 

vi-Phenylpropoxybenzyl Chloride (Method C).-To a stirred 
solution of 0.541 g (10.0 mmol) of SaOMe dissolved in 10 ml 
of absolute EtOH \vas added 1.24 g (10.0 mmol) of 3-hydroxy- 
benzyl alcohol. After 5 min the solvent was spin evaporated 
in o'act(o. The residue was dispersed in 10 ml of DMF, 1.86 g 
(9.3 mmol) of 3-bromopropylbenzeiie was added, and the mix- 
ture was heated oil a steam bath for 1 hr. The cooled mixture 
\vas diluted with 25 ml of HzO and was extracted with t'hree 
25-ml portions of CHC13. The combiiied organic ext,racta were 
washed with t w  25-ml portions of 0.5 S KaOH and 25 ml of 
brine, and then dried (AIgSO,). The solvent was spin evaporated 
in vacuo (finally at, ~1 mm) leaviiig an oil in nearly quantitative 
yield which moved as a single new spot on  t l c  in C&-EtOH 
(a:  1 j. 

The oil was dihsolved in 20 ml of dry CHCl,, warmed slightly 
011 a steam bath and then treated with 2 ml of SOClz. The 
solution was stirred at  ambient temperature for 1 hr during 
which time the evolution of gases ceased. The solvent was spin 
evaporated in vacuo, and the residue was redissolved in -20 ml 
of benzene, then spin evaporated again. This was repeated 
several times to give a semisolid, greenish yellow oil in quantita- 
tive yield which moved as a single spot on tlc in EtOAc-petroleum 
ether (1:2) and gave a positive test for active halide.14 The 
chloride was used without further purification. 

1-(m-Hydroxybenzy1)uracil (29).-A solution of 1.37 g (4.4 
mmol) of 34 and 16 ml of 307; anhydroiis HBr-AcOH was st,irred 
a t  ambient temperature for 19 hr. The solution was diluted with 
100 ml of H20, then extracted Tvith three 25-ml port,ions of CHCl,, 
and spin evaporated in vacuo. The residue was dissolved in 

(14)  B. R. Baker, U. l'. Ranti. J .  K .  Coivard, €1. Y. Sliapiro. and J. H. 
Jordaan. J .  Heterocyc l .  Chem.,  3, 425 (1966). 

50 ml of THF;  the solution was filtered and spill evaporated. 
The residue was dissolved in a few milliliters of EtOAc and diluted 
wit,h petroleum ether. The resultant solid was collected and 
recrystallized from Et,OAc-petroleum ether; yield, 0.499 g 
(51y0), mp 186-189". Recrystallization of a portion from 
Et,OAc-EtOH gave white rosettes, mp 188-191'. Anal. (GI- 

5-Bromo-l-(n-butyl)uracil (41).-This compound was pre- 
pared from 4 9  as previously described* for 6-beiizylaminouracil; 
yield, 0.188 g (77c/c), mp 179-181". The analytical sample was 
recrystallized from CHCls-petroleum ether to give transparent 
plates, mp 181-182". 

l-(n-Butyl)-5-nitrouracil (42).-To a stirred solution of 0.260 
g (1.5 mmol) of 4 and 1 ml of concentrated HzS04 was added 
0.75 ml of red fuming HSO,. After 0.5 hr at' ambient tempera- 
ture t,he reaction was quenched with -10 g of crushed ice. The 
product was collected, washed with H,O, and theii recrystallized 
from H20 ;  yield, 0.140 g (43y0), mp 157-159". The analyt,ical 
sample had mp 138-159". 
l-(n-Butyl)-5-chlorosulfonyluracil (43).-A solution of 0.254 

g (1.5 mmol) of 4 in 2 ml of HOSO2C1 was refluxed with st,irring 
for 7 hr, cooled and then carefully added to about 40 g of crushed 
ice. The product was collected, washed with HZ0, then dried 
over PzOj. Recrystallization from CHClJ gave 0.198 g (49%,) 
of white flakes, mp 176-184", which was uniform on tlc with 
C6H6-EtOH (3: 1). The analytical sample had mp 186-188" 
(if block preheated to 180'). 
l-(Butyl)-5-[S-(n-butyl)sulfamoyl]uracil (44).-To a stirred 

mixture of 81 mg (1.1 mmol) of n-BuSHz, 110 mg (1.1 mmol) of 
Et& and 0.5 ml Lf IILIF, cooled in an ice bath was added a solu- 
t,ion of 0.267 g (1.0 mmol) of 43  in 0.5 ml of DMF. After 3 hr 
the resultant mixture was diluted with 5 ml of ice water and 
acidified to pH 1 with 1 S HC1. The product was collected, 
washed (H20), and t,hen recrystallized from EtOH-HZO; yield, 

HioXzOi) C, H, Ir;. 

Anal. (CgHllBr1;202) C, H, 1;. 

Anal. (CsH11NsOa) C, H, N. 

Anal. (C8H,,C1N204S) C, H, K. 

7 3  mg (24%) of soft white threads, mp 175-176". Anal.-(C~,- 
HziSzO4S) C, H, Ii. 
l-(n-Butyl)uracil-5-sulfonanilide (45).-This compoiuid ivab 

prepared by the same method as 44 using aniline; yield, 97 mg 
( 3 ' 2 5 )  of yellow rosettes from i-PrOH, mp 192-196". Anal. 
(Ci4Hi7NjOaS) C, H, X. 
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The itihibitioii of ui,idine phosphorylase from Walker 256 rat tumor, which call also cleave 5-fluoro-2'-deoxy- 
uridine (FUDR) to FU,  by 36 &substituted uracils has been invest,igated. Strong hydrocarbon interaction with 
5-benzyl (9) and 5-phenylbutyl (12) substituents was observed. Inhibition could be further enhanced by subst,i- 
tutiori of alkoxy groups on the ineta-position of the benzyl moiety; the strongest inhibitors had in-CH30 (33), 
m-CzH;O (35), or m-CsHjCH20 (37) groups and complexed to the enzyme 200-800 times more efi'ectively than 
the substrate. FUDR. 

There are two enzymes that start' the det'oxification 
of 5-fluoro-2'-deoxyuridine (FUDR) by cleavage t'o 
5-fluorouracil (FC), namely, thymidine phosphorylase 
(EC 2.4.2.4) 3--5 and uridine phosphorylase (EC 2.4.- 
'2.3).4-6 Walker 256 rat tumor contains an FUDK 
cleaving enzyme that apparent'ly is only uridine phos- 

(1) This work was supported by Grant  S o .  CA-08695 from the Sat ional  

(2) For the  previous paper of this series see B. R .  Baker and J. L. Kelley, 

(3) B. R. Baker, { b i d . ,  10, 297 (1967), paper L S S V  of this series. 
(4) R.  Preussel. G.  Etzold, D. Aiirn.olff, and P. Lanqen, Biorlrem. Phnrmn- 

f o l . ,  18, 2035 (1969) and references therein. 
( 5 )  P. Langen, G. Eteold. D. I 3 l r n d f f ,  and 13. Preussel, i i i i d . ,  16, 1833 

(lY67). 
(ti) P. Langenand 0. Etzold, Biocirem, Z., 3S9, 1 Y O  (1963). 

Cancer Inst i tute ,  U. S. Public Health Service. 

J .  M e d .  Chem., 13,458 (1970). 

phory la~e .~  The latter can be inhibitred by B-aralkyl- 
aminouracils which could complex as much as 4-fold 
better t,hari the substrat'e FUDR;8 t'he aralkyl group 
apparerit'ly int,eracted with this uridine phosphorylase 
by hydrophobic bonding.s X much stronger hydro- 
phobic interaction was observed with 1-aralkyl de- 
rivatives of uracil; the latter could complex as much as 
180-fold better than the subst'rate, FUDR.Z I n  the 
previous paper2 we also observed that a hydrophobic 

( 7 )  (a) AI. Zimmerman, Biochem. B i o p h y f i .  Req. Commun.. 16, 600 
(1964); (11) see T. .I. Rrenihky,  .J. W. Mellors, and R .  Ii. Rarclay, .I. Biol. 
Chem.. 240, 1281 (1965), for a more Draper interpretation of Zimmerman's 
results. 

(8 )  B. R.  Baker and J. L. Iielley, J .  M e d .  Chem., 13, 456 (lY7O), paper 
CLXIX of this serieb. 



interaction could occur 1% itli t ivo 3-su bbtituted uracilb. 
‘l’hereforc iiii  extensive study has I ~ O W  bcrri ni:itlc wit 1.1 

hubs t i t u t ed  uracil:, :tiid the red t : ,  itre th(1 -ut)jcct 
of this paper; the hcst inhibitor \ n ~ s  complcaed to  
this uridine phosphor) l i w  trom Walker ’I3(i ahoi i t  
800 times better than I:CU€Z. 

Enzyme Results. The cff t>ct I J ~  miall 5 sub-tituerit- 
\ \as investigated firht (Table I) .  3-F (2) and 5-Br 
(3) enhanced the binding of uracil (1) by 4- arid 12- 
told, respectively; thebe result3 could be due to i i i i  

inci*eitsc~ of the :tcidit\ of u r d q  and po+sible hjdiu- 
phohic hiidiiig t)) the Br atom.’ Further ellhatice- 
tnciit of acidityg 11) iritroductioii of :t 3-SOL (4) iii- 
creased binding 200-fold ovw u r d ,  that the nitro 
group of 4 did riot enhance binding d e l ?  t.1) its clec- 
t roii-n i t  lidranirig power TI it- iridicatetl 1))~ thc poor 
hindiiig (comp:ird with 4) by uracil- substituted n i t l i  
t h r  c~lt~ctronegativr COOEt (6) : u~d  Y02Cl (7) groul).. 

The  itihibitioii of tlic ciiz) inc 1 ) )  ui.:icils sub-titutetl 
M i t  ti X ‘ 6 H b ( C ” 2 ) n  groups, T\ liicli wci*r :tv,ulable from 
:tl lot  her itlid) .Ii) were thell I l l \  c.t1gated. T h c ~  111- 

1)lalie 3-pheii) 1 group ~i 8 gavv 110 t.iih:iiicciiiciit oi 
hiiiditig. It1 contra-t, the 3-beiiz) 1 (9) :uid Z-pkieii~ 1- 

itiimth gave : L I I  excellcliit 600- to 700-fold 
d ing ;  thc iritcrniediate -1zcc1 pheiieth) 1 

(10) aiid phcii)rlpropj 1 (11) huhstitiieiit* T\ ei’e coil- 

-ider:ibl? lehs eflectivc. 
Iiisertioii of  ( X ’ I ’ 3  (13) 011 uracil gave iio chitiigc 

iri hitidiiig; i i i  coiitrabt iritroductioii of Cl:J group 
oii 9 or 12 to give 14 and 15 rebulted in :L >loo- 
fold lohs i n  biidiiig. Thehe re-ults caht light on the 
best confornxitiori for biiidiiig of the 3 substitueiit oi 9 
arid 12 to the eiizj me. Onl\ coiriorniatioii 9a with tlic 

0 

HNkcHB H 

9a K = H  
14a. K = C‘F 

benq  1 group being riearl> cophiinr it 11 the uracil riiig 
arid pointing towards the 6 position (9a) \vould bc 
hindered by the (I-CFI in conformittion 14a. Similar 
steric reasons caii explairi the poor biridiiig of 16. 
h series of 3-C6H6(CH2),SH substituents were thrn 

iiivcstigated. The 3-C6H6KH group of 17 was 160-fold 
lebs effective than the 3-C6H5CHl group of 9; similarly, 
the 5-C6H5(CH2),NH group of 20 T\ as 50-fold less eff ec- 
tive than the 5-C6H5(CH2)~ group of 12. Little change 
in binding occurred with the other members of this series 

A similar loss in binding compared with 9 occurred 
with the 3-C6H,0 group of 23, although 23 was a 4-fold 
better iiihibitor than 17. However, the nonpolar 
C6H5S group of 24 \\;as ,just as effective a s  the C6H5CH, 
group of 9. The differences in biiidirig among 9, 17,23, 
and 24 are best correlated bj‘ their relative hydropho- 
bicity;” that  is, the Hansch s conitaiitsll for CH2, S, 
0, and 1;H are +0 5 ,  +0.1, -0.3, arid -1.2, respec- 

(18-21). 

c H 
(’,” 

\ 

26a 26b 

26c 

the11 26 could he iotatcd froin co1ifor11iatiori 26a to 26b 
or 26c in order to rnnxiniize binding; of these t i v o  1:ttter 
conformationb, 26c would be preferred since tlic ‘I-oxo 
substituent of 26b would interfere with the proper coii- 

formation necessary for the binding of the benz) 1 grou1) 
to the em)  me (5ee 9a us. 14a conformationr). 

The first qtudl to support the concept that the 1- 
benzyl of 26 was complexed in conformation 26b or 2 6 ~  
to the same area occupied by the j-benz) 1 of 9 wits the 
effect of bubbtitutioii oii the benzyl moiety; the effect,. 
were essentially parullel. The order of increased bind- 
ing of meta subttituentsl 011 26 was H = ‘I,3-benzo 

(36). The same order wab followed for these meta sub- 
stituents 011 5-berizylur:wil with the exception of one 

(38) < ~ z - C H ~ O  (32) < 1~C2H50(34) ~ I L - C ~ H ~ C H ~ O  
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No. 

1 
2 
3 
4 

6 
78 
8' 
9A 

10'. 
11' 
12' 
131 
141 
15J 
16 
1 7h 
18 
19 
20 
21 
22 
231 
24m 
25 
26 
27 
28 
29 
30' 
311 
32 
33 
34 
35 
36 
37 
38 
39 
40' 
41 
42 
43 
441L 
4 3 
46 
470 
480 

1 

R 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
II 
6-CF3 
6-CF3 
6-CFj 
6-CbHa 
H 
H 
H 
H 
H 
H 
H 
H 
1-CH3 
1-CsHsCHz 
1-CHt 
l-CsH,CHz 
l-CsHsO(CH2)a 
l-CsHbO (CH& 
1-CeHsO(CHz)3 
l-(m-CH30C6H4CH~) 
H 
1-(m-C2HdOCsH4CHs) 
I-I 
~ - ( v z - C ~ H , C H ~ O C ~ H I C H ~ )  
H 
1-( (u-CIOH~CHI) 
H 
2-thlo 
4-thlo 
l-C6H5CHr4-lhlo 
1- ( ~-CIH,OC&CH~ )-4- thio 
3-CH3 
3-CH3 
1,3- (CHI )2 

1-c& 
3-CH3 

150, PRI 

290OC 
770d 
230d 

1 5 d  
>6000d 

l500f 
4800h 

>2000e 

140 
49 

3300 
660 

>4OOe 
> 8008 

800 
270 
,540 

-2001 
-400, 

150 
190 

3600h 
150h 

.i 3 

4 0  

5 2  

6 2  
2 6  

3 7 
300h 

- -  
,>!I 
18h 
1 9  
7 7h 
1 4  

0 30 

7 0  

9 0  

1 l h  

120h 

200 

>800J 
97 

>90OOf 
290 

> 100oe 
>4000° 

40001 
The technical assistance of Maureen Baker, Julie Leseman, and Janet Wood is acknowledged. * 160 = concentration for 50% in- 

e No inhibition a t  the maximum solubility which is one- 
/ Estimated from the inhibition observed at the maximum solubility or maximum concentra- 

0 Synthesis: R. R. Herr, T. Enkoji, and T. J. Bardo?, J .  Amer. Chem. SOC., 78,401 
Synthesis: B. R. Baker and J. L. Kelley, J .  X e d .  Chem., 11,686 (1968), paper CXXXI of this series. 

Synthesis: F. R. Gerns, A. Perrotta, 
Synthesis: C. N. Chang, S. A. Yang, T. T. Wang, and Y. Hu, Yao Hsueh Hsueh 

m synthesis: B. Roth and J. F. Bunnett, J. Amer. Chem. SOC., 87, 340 (1965). 
0 Synthesis: D. J. Brown, E. Hoerger and S. F. Mason, J .  Chem. SOC., 211 

hibition when assayed with 400 pizf FUDIi in pH 5.9 arsenate-succinate buffer containing 107' DMSO as previously de~cr ibed .~  

fourth of the concentration indicated. 
tion allowing light transmission, whichever is lower. 
(1956). 
1 Synthesis: B. R. Baker, SI. Kawazu, and J. D. XIcClure, J .  Pharm. Sci., 56, 1081 (1967). 
and G. H. Hitchings, J .  Med. Chem., 9, 108 (1966). 
Poa, 10, 600 (1963); Chem. Abstr., 60, 14504 (1964). 
%Synthesis: C. W. Whitehead, zbid., 74, 4267 (1952). 
(1955). 

Data from ref 8. Dissolved in H 2 0  containing 1 equiv of KOH for assay. 

A Data from ref 2. 

A second line of evidence to support the rotomer con- 
cept that  26 did riot bind in conformation 26a, but  in 
conformation 26b or 26c was investigated. If only one 

of the two oxo groups on 5-benzyluracil (9) were neces- 
sary for binding, then i t  should be possible to eliminate 
binding conformation 26a for 26. That only the %oxo 





st,rate, PUDR. Similar st8udies are needed on  mamma- 
lian thymidine phosphoryla,se (EC 2.4.2.4). 

Chemistry.-Sucleophilic substitution on 5-halour.a- 
cilv has been shown to be a useful met'hod for introduc- 
tion of alkylamino, l7 milino, l a  or phe~iyl thio '~ moieties 
int,o the uracil nucleus. We have similarly found that 
t,reatmeiit of 5-bromoura,cil with -10 equiv of t'he ap- 
propriat,e aralliylamine at 100" readily affords the de- 
sired 18-21 in high yield. Aniline does riot react under 
these co1idit#ions;~7 however, 17 was prepared in this 
way at  200" in refluxing ethylene glycol according to 
Gerns, et u1.l8 

-4lthough 24 has been synthesized from 5-chlorouracil 
arid t,hiopheriol by Kotmh and Bunnet't,lgc efforts t'o effect 
a similar displacement on ,j-bromouracil with pheiiol 
under a variet,y of experimental coiiditioris were uii- 
successful. The desired 23 was obtained cia the priri- 
ciple pyrimidine synt'hesis from ethyl phenoxyacetat'e.2" 

The 3-benzyl-2-thiouracils (33a, 35a, 37a, 39a) were 
synthesized using a modification of the general litera- 
t,ure procedure.21 The starting hydrocinnamic esters 
were in turn prepared according to lit'erature procedures 
or modifications thereof. Hydroljsis of t'he 2-thiour- 
acils with aqueous C1AcOHiU afforded the desired uracils 
(33,35,37,39) in excellent yield. 

and of 3-substit8uted 
uracils 10,221, rea,dily affords l-a,lliylat,ed products, a %fold 
excess of the ura,cil is required t,o avoid 1,3-disubstit,u- 
tion; moreover the reaction is best suited to large prep- 
arations. Consequently, the recentsly developed tri- 
methylsilylation met,hod of nucleoside synt8hesisZ3 has 
been extended to the preparat,iori of 5-substituted 1- 
niet8h~-lz4 arid 1-alliyluracils. 25 This procedure allows 
use of an excess of t,he halogen yet, gives 0111)- l-alkyla- 
t'ion. The procedure of Saliai, et was applied t80 
5-berizyluracil (9) arid readily afforded 27 in excellent 
yield. This reactmion has also been used wit,h eubsti- 
tuted benzyl bromides wit'h simihr results.26 

towards selective 
blocliage of the S-3 posit'ion of uracil, possibly allowing 
select'ive alliylat8ion at, S-1, failed in development of a 
weful blocliing group. Jlore recently, Sovacek and 
Lissn~erova'~ have shown that. acrylonitrile can be 
utilized to block selectively the S-l,27a S-3,2711 or both27a 
positions of uracil. The cyanoethyl moiety can be 
ea.sily removed with alcoholic SaOEt  after the desired 
modification of t'he molecule. 

hlt,hough alkylation of 

Early eff ort,s in this 

(17) -1. P. Pliillips, J .  dmer.  Chem. Soc.,  73, 1061 (1951). 
(18) F. R .  Gerns, A. Perrotta,  and  G. H. Hitchings, J .  M e d .  Chem., 9, 

108 (1966). 
(19) (a) B. Roth  and G .  H. Hitchings, J .  Org. Chem., 26, 2 i i 0  (1961); 

(11) B. Roth  and L. A. Scliloemer, ? b i d . ,  28, 2659 (1963); (c) B. Roth  and 
J. F. Bunnett ,  J .  Amer. Chem. Soc. ,  37, 3-10 (1965). 

(20) C. K. Clianp, S. A .  l a n p .  T .  T.  \Vang, and  Y .  Hu, Yiio Hsueh H.ueh 
1'00, 10, 600 ( 1 9 6 3 ) ;  Chem. .Ihstr.. 60, I4504 (196-1). 

(21)  T. E. Johnson and  J. C. .1mbelang, J .  Amer. Chem. Soc. ,  6 0 ,  2Y4l 
(1938). 

(22) (a) 13. R. Baker and  G. 13. Chheda, .I. Ptmrm. Sci.,  64, 25 (1965);  
(13) 13. R. Baker, h i .  Kawazu, D. V. Santi ,  and  T. J. Schwan, J .  Med. Chem; 
10, 304 (1967). 

(23)  T. Xisliimura a n d  I. Imai, Chem. Pharm. Bull. (Tokyo). 12, 357 
(1964). 

(24) (a) T. T. Sakai. .\. L. Pogoiotti, ,Jr., and  D. V. Santi ,  J .  Heteroryc l .  
Clirm. 6 ,  8-19 (1968): ( 1 1 )  12. IVittenbiirg, Chem. Ber., 99, 2380 (1966). 

(251 I). T. I3ro\vnr. .J.  Eininper. and S .  .I. I d e o n a d ,  .J .  Amer. Cham. S o c . ,  
90, 730:: (1969). 

(26) Unpulilislied experiments. 
( 2 7 )  ( a )  -1. Novacek  and .\I. 1.iwnerova. C o l l e d  Creiti.  C h e m .  Commun. ,  

33, 604 (1968).  ( 1 1 )  i h i d . .  33, 1003 (1Y68). 

SCHEME 1 

H 
35 

~ H / C H , C N  
49 

I I 1  

CH,CH,CN 
50 

45 

The synthesis of S-met~h~~1-5-(~n-et~hoxybenzyl)uracil 
(45) (Scheme I) mts accomplished by this met'hod. 
Whe11 35 was t'reated with an excess of acrylonitrile in 
Et& and H20 in the presence of 1 equiv of SaOH, the 
1-substit'uted uracil (49) (Scheme I) was formed in good 
yield. hlkylation of the anion of 49 with 31eI gave 50 
which was then t'reat'ed with an equivalent, of XaOEt in 
refluxing Et'OH t80 afford 45 in 78% yield. 

The 4-thiouracils (41-43) were available from 9, 26, 
mid 34 using the previously described'* PzSj method for 
selective t'hiation of substitmuted uracils. The reaction 
gave quite variable results; in one iristtance retreatment 
wit.h P& was required before t'he reaction could be 
driven to completion. 

Experimental Section2g 
5-Benzylaminouracil (18) (Method A).--A mixt,ure of 0.953 g 

(5.0 mmol) of 5-bromouracil and 6.0 ml (5:  mmol) of benzylamine 
was heated on a steam bath for 2 hr. The cooled mixture was 
diluted with 10 ml of H20, and the pH was adjusted to 5-6 with 
12 A' HC1. The product was collected, washed with H20,  and 
recrystallized from IleOEtOH; yield, 0.628 g (58%), mp 279- 
284" dec. An additional recrystallization gave the analytical 
rample as white flakes of unchanged melting point. See Table 
I1 for additional data and other compounds prepared by this 
method. 
5-(a-Naphthyl)-2-thiouracil (39a) (Method D).-To a dis- 

persion of 0.802 g (20 mmol) of KaH (59.8% in mineral oil) in 
25 nil of T H F  was added a nolut'ion of 4.57 g (20 mmol) of ethyl 
3-(a-iiaphthyl) propionate30 and 1.63 g ( 2 2  mmol) of ethyl formate 
in 23 ml of THF. The mixture was stirred at ambient tempera- 
ture for 22 hr and then spin evaporated in vacuo. 

The brown viscous residue was dispersed in 50 ml of absolute 
EtOH, treated with 1.32 g (20 mmol) of thiourea, and then re- 
fluxed with stirring for 6 hr. The cooled solution was spin 
evaporated in U U C I ~ ,  and the residue was dissolved in 150 nil of 
HyO. This solution was washed with six SO-ml portions of CHC1,. 
The aqueous solution was heated to about 90" on a steam bath, 
cooled, and then clarified by filtration. Acidification to pH 5-6 
with AcOH gave a solid which was recrystallized from a minimum 
of EtOH; yield, 0.701 g (13cG), mp 266-268" dec. An addi- 
tional recryst,allization afiorded the analytical sample as white 
threads of unchanged meltiiig point. See Table I1 for additional 
dat>a and other compounds prepared by this method. 

(28) (a) B. R.  Baker and J. L. Kelley. J .  .wed .  Chem., 12, 1039 ( l96Y);  
(11) J .  J. Fox.  et al., J .  Amer. Chem. Aoc., 81, IT8 (1959). 

(29) Melting points were taken in capillary tubes on  a 3Iel-Temp hlock 
and are uncorrected. Each analytical sample had ir  and u v  spectra com- 
patible with their assigned structures and each moved as a single spot on tlc 
on I3rinkman silica gel GF. The  analytical samples gave comhustion 
valuer for C ,  I f ,  and N within 0.3Yo of theory. 

Elina, J .  Gen.  Ciiem. C .  S .  S. R., 13, 864 (1943); Chem. dbatr., 39, 926 (1945); 
(11) the necessary cinnamate was prepared according t o  S. I. Seryievskaya. 
I<. V. Levshina. and E. N. Petrova. Zh. O id i ch .  Khi?n.. 20 ,  1478 (1Y50); 
Chem. Abatr., 46,  2458 ( I Y 5 1 ) .  

(:30) (a) For the start ing 11)-drocinnamate see 8. I. Serpievskaya and 
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with three IO-ml portions of 0.5 N NaOH, once with 10 ml of 
brine, arid then dried (MgS04). Spin evaporation in vacuo left 
a syrup which showed no uv change from pH 1 to 13. 

described above) in 25 ml of absolute EtOH arid refluxed with 
stirring for 4 hr. The cooled solution was acidified to pH 5 

with AcOH, then spin evaporated in vacuo. The residue was 
triturated with several milliliters of i-PrOH, cooled, the product 
collected and then washed with i-PrOH; yield, 0.680 g (787,), 

This syrup was treated with 3.5 mmol of NaOEt (formed as mp 146149". Recrystallization from i-PrOH-EtOH gave 
clones of white pins, mp 153-1514'. Anal. (CMHI~NZO~)  C ,  H, 
N. 
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Three active-site directed irreversible inhibitors with a teiminal SOIF group (1-3) of a-chymotrypsin have 
been shown to covalently link a serine OH group by two independent methods. The sulfonate group on a- 
chymotrypsin in each case was displaced by mercaptoethylamine and resultant 8-aminoethyl->cysteine identi- 
fied after hydrolysis; the second method converted each sulfonate of serine into pyruvic acid which was identified 
enzymatically and by conversion into its 2,4-dinitrophenylhydrazorie. Reaction of 2 with a-chymotrypsin was 
unequivocally shown not to occur on the active-site serine-195, but a serine outside the site tentatively identified 
as serine-223; these results establish the hypothesis that properly designed active-site directed irreversible 
inhibitors can covalently link an amino acid residue outside the active site by the e m  mechanism. 

Active-site directed irreversible inhibitors of enzymes 
operate by two 5teps.j A reversible complex is first 
formed between t,he enzyme and inhibitor; if a proper 
leaving group on the inhibitor is juxtaposed to a nu- 
cleophilic group on the enzyme, then a rapid and 
selective neighboring group reaction occurs with forma- 
tion of a covalent, bond that inactivates the enzyme.j 
There are two classes of active-site directed irreversible 
inhibtors, the endo type that forms a covalent bond 
inside the active-site and the ex0 type that forms a 
covalent bond outside the active-site.j 

The endo type of irreversible inhibit'or is of int'erest 
in protein structure sbudies for "labeling" amino acids 
inside the active-site; a now classical example is 
l-chloro-4-phenyl-3-tosylamido-2-butanone (TPCIQ6 
which specifically forms a covalent bond with histidine- 
57 in the active site of a-~hymotrypsin.~ 

The ex0 type of irreversible inhibitor has a consider- 
ably wider utility in drug design than the endo type.8 
The best leaving group yet foundg for the exo type 
of covalent bond is the F of the SOzF m0iet.y; such a 
moiety has the electrophilic capacity to  react rapidly 
with a serine OH of an enzyme,I0 but direct chemical 
proof of covalent bond formation with a serine out'side 
the active site had yet to be achieved. The SOzF 

(1) This work was supported in part by Grant CA-08695 from the Na- 
tional Cancer Institute, U. S. Public Health Service. 

(2) For the previous paper in this series see B. R. Baker, and J. L. Kelley, 
J. M e d .  Chem., 13, 461 (1970). 

(3) For  the previous paper on proteolytic enzymes see B. R.  Baker and 
.\.I. Cory, ih id . ,  12, 1053 (1969). 

(4) Visiting research professor from the Department of Biology, Atomic 
Energy Commission, France, 1968-1969. 

( 5 )  B.  R. Baker, "Design of Active-SiteDirected Irreversible Enzyme 
Inhibitors," John Wiley & Sons, New York, N. Y., 1967, pp 17-21. 

(6) G. Scboellmann and E. Shaw, Biochemistry, 2, 252 (1963). 
(7) E. B. Ong, E. Shaw, and G. Schoellmann, J. Biol. Chem., 240, 694 

(1965). 
(8) B. R. Baker, Biochern. Pharmacol., 11, 1155 (1962). 
(9) B. R. Baker and G. J. Lourens, J .  hfed. Chem., 10, 1113 (19671, paper 

(10) For discussion of tile Chemistry of the SOzF group, see ref Y. 
CV of this series. 

moiety properly positioned on an appropriate revers- 
ible inhibitor could inactivate a variety of enzymes, 
presumably by the ex0 type of active-site directed 
irreversible inhibition. Examples are dihydrofolic re- 
ductaselg xanthine oxidase," guanine deaminase,12 tryp- 
sin,I3 a -~hymot ryps in , '~ -~~  the C' la  component of com- 
plement, l7 and cytosine nucleoside deaminase.l8 With 
dihydrofolic reductase, SOzF-type inhibitors have been 
found that can inactivate an L1210 mouse leukemia 
enzyme with no appreciable inactivation of the enzyme 
in normal liver, spleen, and intestine of the mouse. l9 

Three successive questions can be asked about an 
active-site directed irreversible enzyme inhibitor of 
the SOzF type that presumably operates by the ex0 
mechanism. (1) Does the SOzF form a covalent bond 
with a serine? (2) If the enzyme has a serine in the 
active-site, as in the case of a-chymotrypsin, has the 
covalent bond formed with the active-site serine (endo) 
or has the covalent bond been formed with a serine 
outside the active site (ezo)? (3) If the covalently 

(11) (a) l3. R. Baker and W. F. Wood. J. M e d .  Chem., 11, 660 (1968), 
paper CXXIII of this series: (b) B. R. Baker and J. A. Kosma. i h i d . .  11, 
652 (1968), paper CXXIV of this series: (e) B. R. Baker and J. A .  Kosma, 
ibid., 11, 656 (1968). paper CXXV of this series: (d) B. R. Baker and W. F 
Wood, ibid. ,  12, 211 (19691, paper CSLVI  of this series. 

(12) B. R. Baker and W. F. Wood, ihid. ,  12, 214 (1969), paper CXLVII 
of this series. 

(13) (a) B. R. Baker and E. H. Erickson, ibid.. 11, 245 (1968), paper 
CSV of this series: (b) B. R. Baker and E. H. Erickson, ih id . ,  12, 112 
(19691, paper CXLIV of this series. 

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

(15) B. R. Baker and J. A. Hurlbut, ihid., 12, 118 (1969), paper CXLV 
of this series. 

(16) B.  R. Baker and J. A.  Hurlbut, i h i d . ,  12, 221 (1969), paper CL of 
this series. 

(17) B. R. Baker and J. A. Hurlbut, i h i d . ,  12, 902 (1969), paper CLXI 
of this series. 

(18) B.  R. Baker and J. L. Kelley, i h id . ,  12, 1046 (1969), paper CLXIII 
of this series. 

(19) (a) B. R. Baker, G. J. Lourens, R. B. Meyer, Jr., and N. bf. J. 
Vermeulen, i b i d . ,  12, 67 (196Y), paper CXXXIII of this series; (b) for a 
recent review see B .  R. Baker, Accounts Chem. Res. ,  2, 120 (1069). 


