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The ninefold increment in binding of 1-i{n-butyhuracil t thymidine phosphorylase over that of I-methyhiracil
wis most probably due to hydrophobie bonding; binding was changed 1.5-fold or less, compared to n-butyl, with

the n-amyl, isoamyl, evelopentyl, or isochexyl groups.

However, better binding wns observed with sonie l1-aralkyl-

uracils, 1-benzyluracil and 1-phenylamyluracil being complexed 33- aud 100-fold better, respectively, thun 1-

niethyluracil.
phenylamyluracil, but still better than 1-butyluracil.

1-Phenethyl-; 1-phenylpropyl-, and I-phenyibutyhiracils were camplexed less effectively than 1-
Substitution of polar groupx such ns carboxyl, carboxamida,

or acetamido on the terminal phenyl of some of the 1-aralkyluracils led to a decrense in binding in each case, indi-
cating that the phenyl binding to thymidine phosphorylase oceurred with a hydraphnbie reginn of the enzynie.

2

I the previous paper of this series.? the mode of
binding of the ribofuranose nioiety of thvimidine to
thymidine phosphorylase was studied; the 5'-hydroxyl
af thymidine did not coutribute to binding. but the
3'-hvdroxyvl group was a binding point. A series of
1-(w-hydroxyalkvhuracils were also investigated to
determine if the ribofuranose binding could be simulated
by a siupler niolety, Although the four compounds
from hydroxyethyl (II) through hydroxypentyl (111)
were complexed better than uracil with a l-niethyl
group, the nearly identical binding by the four liv-
droxyalkyl moieties indieated that the hyvdrocarbon
part of thiese moieties was complexed hydropliobieally
to the enzyuie rather thau the hydroxyl group being
bound 11 a donor-ueceptor complex.? That hydro-
phobie bonding could occur was substantiated by the
ninefold better binding of 1-butyluracil than -methyl-
nracil® (Table 1). I this paper iz desermbed an ex-
tenslon of this obxervation by svuthesis aud ecuzyuiie
rvifuation of additional T-alkyl- and T-aralkyluracils

Higher alkyl groups including n-amyl (V). isonniyd
VI, evelopentyl (VIHD, and isohexyt (VIIT) were com-
plexed about the same as the n-butyvluracil (IV) (Table
Iy, Although about 1.3-fold better binding by n-amyl
Ay than n-butyl (IV) was observed. higher unbranched
homologs were not investigated.  Note that the isu-
amyvl group of VI aud the exclopentyl group ot VII
eive little change i binding to thymidine phosphorylase
compnred  to n-butyl (IV). These results cantrast
<harply with those ohserved on hvdrophobice bouding tn
rilivdrotalie reduetase® where the izoamvl group gave
ti-10-fold inereased binding® and the evelopeutyl gave
an 11-fold decrease in binding.! Siuce the increnent
in binding between methyl aud 1V-VIT i~ about 1.3
keal mole, these vesults could be explained by livdro-
pliobic bonding by only the -2 methylene groups of
IV-VII; that iz, hydrophobic bouding ocenrs through

1) Thix wurk wag generously supportel Ly grants CA-O0845 aml CA-
H8605 from the National Cancer Institute, U. 2. Public Healtl Service.

2) For the previous paper in this zeries, cee B. R. Baker, J. Med. Chem.,
10, 297 {1967).

33 On leave from Tanabe Seiyaku Co., Lul., Tokyo, Japau.

4) Tlie chemotlierapeutic utility for inbibitors of thymidine pliospliory-
are Lus been discussed.?
.1y For a review see B, R, Paker, “Design of Active-Site-Directed Irve-
versible Fnzyme Inlihitors. The Organic Chemistry of tlie Enzymic
Active-Site,” John Wiley and Sons, Ine,, New York, N. Y., 1967.

‘6) B. R. Baker, B.-T. Ho, and D. V. Santi, J. Pharm. Se1.,
a6y,

71 3. R. Baker and C. J. Lourens, J. Heterocyclic Chem., 2. 344 1 1465).
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Thymidine phasphorvlise was o 45-0047 sanmoniam =nlfale
fracrion fram E, coli B that was prepared nud assaved with 14
M 2'-deoxy=i-flnarouridine (FUDR ) insuecinate-nr<enare butfer
ipH 5.0) 1n the presence of 104, DMSO as previnnsly described.?
The technienl assistance of Barbara Baine, Manreen Buker, Pepper
Cureria, and Guil Ralamon ix acknowledged. * The ratio of
cancenlrition of inhibitor to 0.4 w3 FUDR giving H50¢7 inhibi-
tlan, < Fromoref 20 4 For preparation see B. B, Baker and T. I
schwaw, Jo Hed, Chem., 9, 734 (19061 ¢ For preparatian see
B. K. Bakerand G.B. Chhedn, J. Pharie. Sei., 54, 25 110657, ¢ Sluce
20¢0 inhibitian ix readily detectable, the concemvration far 5077
inhibition ix at least fonr times greater than the concentration
nieasured. ¢ Maxiinl eoncentration allowing readable oprical
density chunge.

about two earbous hut little past, since the maxinnuu
energy of hyvdrophobie bonding and van der Waals
forees for a methyvlene group can be as large as 1.3
keal/muole. ®*  Thus the remaining curbons of TV-
VII past two carbons may not be in contact with
enzyme sinee there appears to be little conformational

8y G. Nemetiiy and . AL Sclievney, . ihys, Cloan., 66, 1173 (10152,
Y 14 Bellean and (3, Lacusse, J, Yed, Chep.. T TGR 11G14).
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TasLE IT
Puysicar CoxsTanTs oF 1-SUBsTITUTED URACILS PREPARED BY REACTION OF RX wiTH URrACIL
0
HN
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R
% Mp, Caled, % Found, % —

Compd® R X vield? °C C H N C H N
Y n-CsHuy Br 24 3-74¢ 59.3 7.74 15.4 59.3 7.86 15.5
VI -C:H Br 3% 148-149¢ 59.3 7.74 15.4 059.2 7.66 15.6
VII Cyclopentyl Br 35 173-174¢ 59.3 7.74 15.4 59.7 6.68 15.4
VIII i-CsH 3 Br 21 114-115¢ 61.2 8.28 14.3 61.4 8.24 14.5
IN C¢H;CH. Cl 54 173-174¢/
X CesH;(CHz)» Br 3 156-158¢ 66.7 5.59 13.0 66.9 5.68 12.9
XII C:H;(CH.), Ci» 41 117-118¢ 68.8 6.60 11.5 69.0 6.81 11.2
NIII CeH;(CH.); Clh 457 117-119¢ 69.7 7.02 10.8 69.9 7.16 10.6
NX m-NO.CsHy- Cl 69/~ 261-263 23.4 3.67 17.0 53.2 3.82 17.1
CH,
XXI 0-NO:CeHy- Cim 331 255-257 53.4 3.67 17.0 53.6 3.80 16.7
CH.,

+ All compounds had infrared spectra compatible with their assigned structures; all had Amax 265-271 mu in 0.1 N NaOH, characteris-
tic of 1=substituted uracils. [3-Alkyluracils show about a 30-my shift to longer wavelength in alkali, but 1-alkyluracils do not; ¢f. D.
Shugar and J. J. Fox, Biochim. Biophys. Acta, 9, 199 (1952).] All compounds were uniform on tlc in benzene-ethy! acetate (5:1) unless
another solvent was indicated. ? Reactions were run with a 3:1 ratio of uracil to alkyl halide in DMSO at 80-90° as previously
deteribed by Baker and Chheda (footnote e, Table I) for 3—4 hr unless otherwise indicated. Yields are for analytically pure product;

1o attempt was made to obtain optimum conditions.
tallized from CHCl;—petroleum ether.

* Reaction run with 1:1 ratio of Nal:RX.

formamide. ! Uniform on ticin ethyl acetate-benzene (2:3).
restriction on binding, a sharp contrast to the con-
formational restrictions to hydrophobic bonding to di-
hydrofolic reductase.>~7

Since 1-benzyluracil (IX) was complexed to thymi-
dine phosphorylase about fourfold tighter than 1-
butyluracil (IV), the higher aralkyl uracils were
synthesized and investigated as inhibitors (Table I).
Phenethyl- (X) and phenylbutyluracils (XII) were com-
plexed about equally to l-benzyluracil (IX), but the
phenylpropyluracil (XI) was complexed only about
one-half as well as 1-benzyluracil (IX); in contrast,
1-phenyvlamyluracil (XIII) was complexed about three-
fold better than 1-benzyluracil (IX) and about sixfold
better than 1-phenylpropyluracil (XI). Thus there
are some conhformational restrictions on the ability
nf a terminal phenyl group of a phenylalkyl moiety to
bind to thymidine phosphorylase.

That the phenyl group of 1-benzyluracil (IX) was
niost probably complexed to a hydrocarbon area on the
enzynie was confirmed by assay of 1-benzyluracils
having a polar substituent on the phenyl! ring, namely
XIV-XVI. Substitution of the highly polar p-
carboxylate group (as in XIV) led to a greater than
tenfold loss in binding. When the polarity was de-
creased by conversion to the less polar carboxamide
(r = —1.5)%° (as in XV), the amount of repulsion from
the hydrocarbon area was reduced.”t Similarly, the
polar acetamido group (v = —0.97)%° (as in XVI) gave
a greater than threefold loss in binding. In the same
manner, insertion of a p-carboxy group (as in XVII)
on l-phenylpropyluracil (XI) gave nearly a fivefold
loss in binding. The best compound listed in Table I

(10) The Hansch 7 constant is a measure of relative polarity on a log
s cale, a negative value being more polar than hydrogen; ¢f. T. Fujita, J.
I wasa, and C. Hansch, J. Am. Ckem. Soc., 86, 5175 (1964).

¢ Recrystallized from CHClz-ether-petroleum ether (bp 30-60°).
¢ Recrystallized from CHCl;—ethyl acetate,
Chem., 1, 260 (1964 ), have recorded mp 173-174° for this compound prepared by a different route.
i Reaction time 5 hr,
leached with 30 ml of boiling water/mmole of starting uracil to remove uracil, then recrystallized.
m Reaction time was 2 hr,

4 Recrys-
7 C. C. Cheng and L. R. Lewis, J. Heterocyclic
¢ Recrystallized from ethyl acetate.
i The crude product crystallized on addition of water; it was
k Recrystallized from dimethyl-

is 1-(5-phenylamyluracil (XIII) which complexes
about 100-fold more strongly than l-methyluracil (I);
since the phenylamyl group is probably complexed to
a hydrophobie region, the 100-fold increment in binding
compared to l-methyluracil represents about 2.6
keal/mole in free energy of binding by the phenyibutyl
part of the phenylamyl group,

Insertion of a bromoacetamido group on the phenyl
moiety of 1-benzyluracil (IX), as in XVIII and XIX
(Table I), gave the candidate active-site-directed
irreversible inhibitors>!? of thymidine phosphorylase.
This relatively polar bromoacetamido group gave a
threefold loss in reversible complexing in the wmela
position and of a fivefold loss in the ortho position. The
rate of inactivation by the active-site-directed mecha-
nism is dependent upon the concentration of reversible
enzyme—inhibitor complex;*!? therefore, the concentra-
tion necessary for 509, reversible complexing with the
enzyme was considered too high (6-11 m3/) to be useful
tn vivo and XVIII and XIX were not investigated as
irreversible inhibitors. Since much better reversible
inhibitors than those in Table I have been found,!* the
use of a l-aralkyl group for a earrier of the covalent-

(11) Although the un-ionized carboxylhas = = 0.28,10 tlie ionized carlioxyl
is much more polar. Tlie ionization of p-toluic acid is apparently influenced
by its environment such as solvent, H. L. Goering, T. Rubin, and M. S.
Newman, J. Am. Chem. Soc., 76, 787 (1934), lLiave reported that p-toluic
acid has pK, = 4.8 in 209, dioxane and pK, = 5.9 in 509, ethanol. The
solvent effects of DMSO, the effect of a possible interaction of the two rings
on the strength of the carboxyl of XIV, and the influence of the environment
of the enzyme are unknown; although the first two effects could be measured,
the third is difficult, if not impossible, to measure at the present time. Thus
at the pH 5.9 of the assay, the carboxyl group of XIV could be 509 ionized
if its pKa = 5.9 or 959 ionized if its pKy is 4.8.

(12) B. R. Baker, J. Pharm. Sct., 53, 347 (1964).

(13) B. R. Baker, W. W, Lee, and T. Tong, J. Theoret. Biol., 3, 439 (1962),

(14) B. R. Baker and M. Kawazu, J. Med. Chem., 10, 316 (1967); paper
LXXX of this series,
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forming group for irreversible inhibition®!? was not
investigated further.

The required 1-substituted uracils in Table 1 were
svithesized by alkylation of uracil in DAMSO 1w the
presence of potassium carbonate’ (Table 1I). Iu the
case of XVIII and XIX, the appropriate nitrobenzyvl
ehloride was used, followed by reduetion, then bromo-
acetvlation.?

Experimental Section'"

1-(o-Aminoebenzyljuracil.—A solution of 1.20 g (5 mmoles) of
XXI (Table IT) in 40 ml of 19, aqueous NaOH was shakeu with
hydrogen at 2-3 atni in the presence of 1 ml of Raney nickel for
1 hr when reduction was complete. The filtered solution was
acidified to pH 3, then the separated product was collected on 2
filter and wuashed with water. Recrystallization from ethanal
gave (.68 g (54¢,) of pure product as vellow prisms: mp 1835-
187° wpaax 3350 (NH), 1700-1600 (multiple, broad uracil
bands), 745 em™! (0-CsHa);  Anax (EtOH), 235 mu (e 8500),
268 my (e 9500); (pH 13), 266 mu (¢ 7200). The material moved
as one spot ou tle in ethyl acetate-henzene (2::1).

(15 13, R. Baker, D. V. fanti, J. K. Coward, 4. 3. Shapire, and J. H.
Jordaan, J. Heterocyclic Chem., 8, 420 (1966).

(18) Melting points were taken in capillary tubes on a Mel-Temp block
aud thate Lelaw 230° are corrected. Infrared spectra were determined in
I[KBr pellet witlh a Perkin-Elmer 173 spectropliotometer.  Ultraviolet
spec(ra were fetermined in 109 ethanol witli & Perkin-Elmer 202 spectra-
plhiotoreier unless otherwise indicated. Thin layer cliromatogrames (tlel
were ran on Brinkimann silica gel GI” amil spots were detected hiv visual ex-
stinarion nmler ulrravialec light.

Irreversible Enzyme Inhibitors.

Thymidine Phosphorylase. 1I1.”

Santi, axp T J. ScEwax Vol. 10

Anal. Caled for C,I1NOs: €, 605 H, 5.10;
Found: C, 60.7; H, 4.92; N, 10.1.

1-(m-Aminobenzyljuracil was prepared similarly from XX in
43777 yield after recrystallization from ethaunl; mp 170-1717:
Noax (EtOH ), 245, 268, ni; (pH 131, 243, 266 ni.

Anal, Caled for C HNQO.: C, 608 H, 5.10: N,
Fouud: €, 609: H, 5.25: N, 14.1.

The compoand meved as a =ingle <pot an tle in ethyl acetate-
benzene (2::11.

1-(n-Bromoacetamidobenzyljuracil (XVIII),—11 1 sohition of
434 mig (2 mmoles) of 1-{m-aminobenzyijracil in 3 mib of DISO
at about 50° was added 7 ml of CHClL followed by 340 g
12,0 mmoles) af bromoacetic anhydride. The solution was
refluxed for 10 min daring which time the prodact separated.
After 2 hr at roown temperature, the mixture was filtered and the
product was washed (CHClL;1: vield 520 mg (77/7) of pnre
produet as light piuk ervstals, mp 248-230°; the prodaet was
honogeneous an tle in ethyl acetate~benzene (2:1) and gave a
positive 4 p-nitrohenzylpyridine test for active haloagen.t’
The compound had wu.y 3330 (NH), 1700-1680 (broad}, 1560
(C==0, C=C, NH 770 em =t (m-CilLd: Ny (12tOH), 265 mig;
(pH 143 264 mp.

Anal. Caled for CpllpBrNOc €0 46.0 0 H, 4N6: N,
P20 Br, 246, Found: C, 46.3; H, 479 N, 124 Br, 235,

1-(o-Bromoacetamido juracil (XIX) wix prepared as deseribed
for XVIIL: after recrystallization from DASO, the yvield of prod-
uet, mp 226-227° wax 36771 peas 4300 INH), 1710, 1690,
1650 1C=0, C==C, NH), 7690 cm=1 (o-Cill;1: Ny (1StOH
264 w: (pH 135, 264 n.

duwd. Caled for CpHBBrNQy: C, 46.0; 11 5.86; N 1200
Br, 24.6.  Fuuud: C, 46.0: H, 3.62: N, 12.2; Br, 24.4.

The compound moved ns a single spot an tle in ethyl weetate
beuzene 12:31 aud  gave s pesitive 4= penitrohenzyhpyridine
tesy far active hidogen .t

N, RLG.
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1-Phenylpropyluracils substitnted by alkyl, arvl, or aralkyl groups at the 5 or 6 position we: e studied as inhibi-

tors of thymidine phosphorylase.

In addition to the 15-fold increment in binding by 1-phenylpropyluracil com-

pared to 1-methyluracil, further bonding by the 3-allyl, 5-phenyl, 6-propyl, 6-pentyl, 6-phenyl, and 6-benzyl suh-
stituents were noted. Up to a sixfold further increment in bindiing could be nhtaiued that was most probably due

to hydrophobic bonding.

The mode of binding of the ribofuranose moiety of
thyniidine to thymidine phosphorvlase has been pre-
sented in an earlier paper of this series.* The ribo-
furanose moiety could be replaced by the 1-phenylamyvi
group with less than a twofold loss in binding;* since
it was probable that the phenylaniyl group. as well ax
its lower phenylalkyl homologs, were coniplexed to a
hydrophobice region on the enzynie, it is likely that this
hydrophobic region is in a different direction with
respect to the 1 position of uracil than the area of the
enzyme that complexes the 3’-hydroxyl! or thymidine.?
Therefore, a study was made to determine if additional
hydrophobic bonding could occur with 5 or 6 sub-

(1) T'his work was generously supported hy Grants CA-05845 and CA-
08695 from tlie National Cancer Institute, U. 8, Public Health Service.

(2) Tor the previous paper of this series, see B. R. Baker and M. Kawazu,
J. Med. Chem., 10, 302 (1967).

(3) B. R. Baker, 1bid., 10, 297 (1867): paper LXXV of this zeriex.

stituentts or both on a l-arallkvhiracil; the results ave
the subject of this paper.*

1-Phenylpropyluracil (I) wuas arbitrarily chosen as
a base line for most of this study.  That a hydrophobic
region might be near the 5 position of uracil when I was
complexed to the enzyme was indicated by the nearly
twofold loss in binding obtained by substitution with
the polar H-hydroxyniethyl group (IV) (Table I):
this logs was regaiuned by substitution with the less
polar ethoxyniethyl group of V, but additional hy-
drophobic bondhig was not obtained with the 35-
isoamyloxy group of VII. These results were confirmed
i the 1-(n-butyDuracil (IT) series where the H-ethoxy-
methyl derivative (VI) gave the same binding as IL

By substituting a 5-phenyl (IX) or d-allyl (VILI)
group on 1-phenvlpropyluracil (I) only about a twofold

14) The cliemotherapeutic utility for inhibitors of thyvinidine phosphory-
lase has been previously discussed.!



