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a The technical assistance of Pepper Caseria and Susan Black with these assays is acknowledged. * Assayed with E. coli B enzyme 
c Ratio of con- 

Since 207, inhibition is readily detected, the concentra- 
f Near maximum 

1 See ref 

using 0.1 mM 2'-deoxycytidine in p H  7.4 Tris buffer containing 10% DRISO as described in the Experimental Section. 
centration of inhibitor to 1.6 mM thymidine (TdR) needed for 507, inhibition. 
tion necessary for 507, inhibition is a t  least four times greater than that measured. 
solubility or minimum light transmission. 
32 for synthesis. 

e Nutritional Biochemical Corp. 
See ref 18 for synthesis. See ref 19 for synthesis. 1 See ref 21 for synthesis. 

effectively than the corresponding cytosine nucleo- 
s i d e ~ . ' ~ ~ ~ ~ ~ ' ~  Such classical-type inhibitors could be 
expected to work in  who, but the selective cytotoxicity of 
am-C is apt  to be destroyed due to lack of detoxification 
in normal cells.14 I n  contrast, i t  is theoretically pos- 
sible to enhance the activity of a cytotoxic agent such as 
am-C if a tumor-specific inhibitor of cytosine nucleoside 
deaminase could be found.15 Such selectivity is much 
more apt to be achieved with nonclassical-type in- 
hibitors which utilize a region adjacent to the active 
site, particularly those of the active-site-directed ir- 
reversible type16 that also utilize hydrophobic bonding, 
as has been recently observed with dihydrofolic reduc- 
t a ~ e . ~ J ~  The initial search for a hydrophobic bonding 
region on cytosine nucleoside deaminase from E. coli 
B is the subject of this paper. 

Enzyme Results.-The inhibition of cytosine nucleo- 
side deaminase from E. coli B was measured spectro- 

(13) S. S. Cohen and  H. D. Barner, J .  Bid.  Chem.. 226, 631 (1957). 
(14) T h e  destruction of selectivity with 5-fluoro-Z'-deoxyuridine (FUDR) 

by inhibition of its detoxification enzyme ( F U D R  phosphorylase) has been 
noted with uridine, a classical-type inhibitor: see G. D. Birnie, H. Kroeger, 
and C. Heidelberger, Biochemistru, 2, 566 (1963). 

(15) Selective inhibition of tumor F U D R  phosphorylase for enhancement 
of F U D R  activity has been previously proposed by B. R. Raker. J .  M e d .  
Chem.,  10, 297 (1967), paper L S S V  of this series: similarly, selective in- 
hihition of tumor xanthine oxidase has been proposed for enhancement of 6- 
mercaptopurine activity b y  B. R. Baker a n d  J .  L. Hendrickson, J .  Pharm. 
Sci.. 56, 955 (19671, paper S C I I  of this series. See also B. R. Baker, J .  
M e d .  Chem.,  10, 59 (1967), paper L X X I I I  of this series. 

(16) B. R .  Baker, "Design of Active-Site-Directed Irreversible Enzyme 
Inhibitors. T h e  Organic Chemistry of the  Enzymic Activesite," John 
R'iley and Sons, Inc., New York, N. Y., 1967. 

(17) (a) B. R .  Baker and R .  B. Meyer, Jr., J .  M e d .  Chem.,  11, 489 (1968), 
paper CXIX of this series; (b) B. R. Baker and  P. C. Huang. ib id . ,  11, 495 
(1968) paper CXX of this series. 

photometrically a t  290 mp using 2'-deoxycytidine as 
the ~ u b s t r a t e . ~  That thymidine mas a weak in- 
h i b i t ~ r ' ~ ~ ' ~ ~ ~ ~  was verified ; thymidine was complexed 
16-fold less effectively than the substrate, 2'-deoxy- 
cytidine, in our test system, a value in agreement with 
the 15-fold better binding of am-C than am-U to this 
enzyme from human liver. The availability of a large 
number of hydrophobically substituted uracils from the 
studies on inhibition of thymidine kinase's and FUDR 
p h o s p h ~ r y l a s e ~ ~ - ~ ~  allowed an initial study on hydro- 
phobic bonding to cytosine nucleoside deaminase to be 
performed. The activity of the compounds are com- 
pared to thymidine as a baseline. 

Replacement of the 2'-deoxyribose moiety of thymi- 
dine by methyl (5 )  (Table I) gave a greater than four- 
fold loss in binding. No appreciable hydrophobic 
bonding could be detected when the methyl group was 
increased to n-butyl (6), n-amyl (7), isoamyl (8), or 
isohexyl (10) ; however, a greater than fivefold incre- 
ment in binding was observed with the cyclopentyl 
group (9) compared to methyl (5 ) ,  showing that there 
was a hydrophobic region on the enzyme adjacent to the 
active site. 

Better inhibition was observed with the phenylalkyl 
group (12-16), the maximum inhibition being seen 
with the phenylbutyl (15) and phenylamyl groups (16). 

(18) B. R Baker and  r. J Schnan ,  zbzd., 9, 73 (1966) 
(19) B. R Baker and .\I. K a a a z u ,  tbad , 10, 302 (1967), paper L P S V I  of 

this series 
(20) B R. Baker and  M. Kawazu, ahzd , 10, 311 (1967), paper L S S V I I I  

of this series. 
(21) B. R. Baker, hf.  Kanasu ,  D. V. Santi, and  T. J Schnan, zOtd, 

10, 304 (1967) paper LXXVII  of this series. 
(22) B. R Baker and W. Rzessotarski tbzd 10, 1109 (1961) paper C I V  

of tbis series. 



Tlicrcforc tlic l)liciiox\-etli\. 1 (17) atid plielio\\ I ) W I ) \  1 
(18) groiipi were iriveztigated; 18 
liihitor a i  i)heii,~ Ibut) 1 (15). The pheiiosyl)roi)> 1 grouli 
i -  coiiqiderably more :dv:znt:igeoui th:m the I)heii> 1- 
t)utj  1 groul) from the Yvnthctic staiidlmiiit, where in- 
vcitigntiori of -uh,titueut effects on  thc biiidiiig of thc 
i ihoi i )  1 ring i i  aided ti> c:i>e of -1 litlie 

111 order to comi)lctc the C,H,(CHJ, seriei, the 
1triou.n 1-iihcnyluracil (11) n a i  i\ ntheqized h!. :i n e l r  
method; 11 was lesi effective than the i)licii> Il)rop> 1 
(14) :md i)heiiosyi)roi,;\ 1 (18) deri~at ivc-  of ~ i rwi l .  

So cii1i:~ncemeiit in binding wn- ohcrved  when the> 
h i i z \  I group of 12 wa\ substituted with the 1)ol;ir 
c a r h o x ~  h t c  groul) (19). However. :L threefold en- 
1z:iiiccnierit in binding w a i  o h w v d  nlieii the benz) I 
groul) (12) wn': ,uhititutcd hy tjromo:~cctnmido (20, 
21) ; the unture of thi.: interaction caiitiot \]e :i.ccrtaiiied 
without additional coiiil)oiuid\, brit it 1- clear that there 
i. :L bulk tolerancez3 for theye g r o u p  within the e n z ~  mc- 
itiliihitor com1)les. Siniilarl> , therc I 
for thv p-c:irhethosy group (22) wheii 
l i l i c w )  11)roi)yl moiety of  14; thew bulk tolerance :\rea\ 
:ire u d ' u l  for coiistructioii of  nctive-,itc-directed ir- 

Siiicc hydro1)hobic t)onding could be detected wit 11 
thr  1-i~hcri~~lnlltyliir:~cil.: i i i  T:iblc I ,  :I iearch ~ w i  in:ide 
for 11) droljhohic horidiiig n itli (i-iuh-tituted uracili 
(T:hle I I). The t1:~5eline for siicli :t itud) i- uracil 
(4) ; unfortun:itely. :I concentration of 4 iuficieiit to 
4ion inliibitiori could riot be reached due to lack of light 
traiiinii~~ioii. Severtlielei., i t  11 ah clear that the 6- 
( ~ t n i i  1) group of 23 gave h\ drophohic boiidiiig; even 
tjcttcir hvdro1)hobic bonding n 1 with the 6-benzyl 
(25) :itid (i-plien? 11)rop~ 1 (26 titueiits on  uracil. 
\Vlicthrr o r  riot O-i)lieii> 1 ( -phenos\, (27), 0- 
l ) h ( , i i \  Ithio (28), C,-:diiio (29), o r  6-cyclohexvlamiiio 
(30) c~)uld evhibit 11) drolihobic boiidiiig 
I < L ( Z I ,  of' light triiiiiinii~ioii abovc 0.3 -0.; ni,ll. H ~ K -  
c i  ( T ,  111 t1rol)lioI)ic tmiidiiig could lw dctected with tlics 
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xanthine oxidase,2a guanine deaminase,28 and 
adenine deaminase,29 all of which have hydrophobic 
bonding regions adjacent to the active site; furthermore, 
adenosine deaminase has been shown by Schaeff er30 to 
have a hydrophobic bonding region adjacent to the 
active site. The pattern of these hydrophobic bonding 
regions are such that an enzyme using a nucleoside will 
repulse the polar phosphate of a nucleotide, and an eri- 
zyme converting a base to  a base (such as guanine 
deaminase) will repulse a ribose moiety. Thus the 
nucleotides will be neither substrates nor inhibitors for 
an enzyme using nucleosidic substrates; also nucleosides 
will be neither substrates nor inhibitors for an enzyme 
using a base as a substrate. I n  contrast, no hydro- 
phobic bonding region has yet been found adjacent to 
the active site of thymidine kinase. l 8 i 2 j  an enzyme cori- 
vertirig a nucleoside to a nucleotide. 

Chemistry.-Synthesis of all of the compounds in 
Tables 1-111 have been previously described except 11 
and 17. Alkylation of uracil (4) with phenoxyethyl 
bromide in DJISO by the previously deccribed general 
niethod19131 afforded 17. 

The synthesis of 1-i)he:iyluracil (11) from ethyl pro- 
piolate has been described previously ;32 small amounts 
of 11 were prepared by this method, but the over-all 
yield was poor. The elegant method of Cherig atid 
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(27) B. R. Bpker and J. C. Schaeffer, unpuhlished data. 
(28) (a) B. R.  Baker and W. F. Wood, .I. W e d .  Chem., 10, 1101 (1967), 

(11)  B. R. Baker and  \V. F. Wood, abad., 11, 644 paper CII of this series: 
(196S), paper C X S I I  of this series. 

(29) B. R. Baker, unpul)lislied data.  
(30) For a review see ref 16, Chapter SI I .  
(31) B. R.  Baker and G. B. Chheda, J .  Pharm. Sea., 64, 25 (1965). 
(32) M. R. Atkinson, hI. €1. hlaguire, R. I<. Ralph, G .  Shaw, and R.  N .  

Warrener, J. Chem. Soc., 2363 (1957). 

Lewis33 for synthesis of 1-alkyluracils from @-alkyl- 
aminopropionitriles seemed more attractive if it could 
be adapted to 1-aryluracils such as 11 (see Scheme I). 
Commercial anilinopropionitrile (39) was converted 
in 787, yield to 40 with XaCXS in dilute HCl; a similar 
reaction with KCNO failed. Cyclization and hydroly- 
sis to 42 was accomplislied with dilute HC1 in only 14% 
yield, but methnnolic a l k ~ x i d e ~ ~  gave a mixture from 
which the corresponding dihydrocytosine could not be 
isolated. Attempts to dehydrogenate 42 to 41 with Br2 
were unsuccessful;33 however, dehydrogenation with S 
a t  210" gave 41 in 54YG yield.34 The usual hydrolysis 
with aqueous chloroacetic acid afforded the desired 1- 
phenyluracil. This sequence is relatively easy to per- 
form and would make a suitable alternate to the Shaw 
method32 if additional study on the conversion of 40 to 
42 could raise the yield of this step. 

Experimental Section35 
1-Phenoxyethyluracil (17).-A mixture of 2.01 g (10 mmoles) 

of p-bromophenetole, 3.36 g (30 mmoles) of uracil, 4.15 g (30 
mmoles) of anhydrous K2C03, 1.50 g (10 mmoles) of NaI, and 
70 ml of D3ISO was stirred in a bath a t  90" for 3 hr. The cooled 
mixture  as poured into 100 ml of HzO, then acidified to about pH 
2 with 5% HCl and extracted with five 100-ml portions of CHCla. 
The combined extracts were dried (3IgSO4), then spin evaporated 
zn aaczco; the residual I111ISO was removed in high vacuum. The 
residrie was dissolved in hot EtOAc and filtered free of uracil, 
then concentrated zn z " x o  to about 30 ml and stored a t  - 10". 
The product was collected on a filter and washed with cold 
EtOAc; yield 1.03 g (44%), mp IZ-157'. Recrystallization from 
EtOAc gave 0.91 g of white crystals, mp 156-157'. Anal. 
(CieHnNLh) C, H, N. 

N-( 0-Cyanoethy1)-N-phenylthiourea (40).-To a stirred solu- 
tion of 0.57 g (7  mmoles) of NaSCN in 1.0 ml of H20 was added 
dropwise a sollition of 0.73 g ( 5  mmoles) of 39 in 2.5 ml of 6 12' 
HC1. After being stirred for 5 min, the solution began to de- 
posit pink crystals which were collected on a filter; yield 0.80 g 
(78%), mp 103-10i0, that was suitable for further transforma- 
tion. Recrystallization from CsH6 gave white crystals, mp 
105-109". Anal. (C10H11X3S) C, H, X. 
5,6-Dihydro-l-phenyl-2-thiouracil (42).--h solution of 32.0 g 

(0.156 mole) of 40 in 250 ml of 10% HC1 and 100 ml of 3IeOH 
was refluxed with stirring for 24 hr, then cooled in an ice bath. 
The product was collected on a filter and washed with cold 
EtOH; yield 4.5 g (14%), mp 177-184", that  was suitable for 
further transformation. Recrystallization of a sample from 
EtOH gave white crystals, mp 187-189". Anal. (CIOHION~OS) 
C, H, N. 

1-Phenyl-2-thiouracil (41).-An intimate mixture of 1.75 g 
(8.5 mmoles) of 42 and 3.5 g of sulfur was heated in a bath a t  210" 
for 6 hr.34 The cooled melt was extracted with several portions 
of 10% NaOH. The extracts were clarified by filtration, then 
acidified with dilute HC1. The product was collected on a filter 
and washed with H20; yield 0.94 g (54q0), mp 231-235", that  
was suitable for the next step. Recrystallization of a sample from 
PrOH (charcoal) gave yellow crystals, mp 235-237". .4nal. 

1-Phenyluracil (ll).-A mixture of 400 mg (1.9 mmoles) of 41, 
10 ml of HOAc, and 10 ml of loco aqueous chloroacetic acid was 
refluxed with stirring for 6 hr. The cooled solution deposited 
300 mg ( 8 1 5 )  of product, mp 237-239". Recrystallization from 
EtOII gave white crystals, mp 239-241", lit.31 mp 240' 

Enzyme Assay Method.-The assay method was a modifica- 
tion of that  of Pizer and Cohen.3 Cytosine nucleoside deaminase 
was present in the 45-9070 (NH4),SO4 fraction from E. coli  B 

(CIOH~NZOS) C, H, N. 

(33) C. C. Cheng and L. R. Lewis, J .  Helerocycl.  Chem., 1, 260 (1961). 
(34) For a similar dehydrogenation of a dihydropyrimidine see B. R .  

Baker, G. J. Lourens, and J. H. Jordaan, J .  Heterocycl.  Chem., 4, 39 (1967), 
paper L S S S V  of this series. 

(35) hlelting points were taken in capillary tubes on a 12Iel-Temp block 
and  are uncorrected. Each analytical sample had uv and  ir spectra compati- 
ble with its assigned structure and each moved as  a single spo t  on tlc with 
3: 1 CaHs-EtOH. The  analytical samples pave comhustion r a l u e s  for C ,  
11, X within 0.3yo of theoretical. 




