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Enzyme Inhibitors XIV 

Syntheses of Some 9- (m-Substituted Benzyl)-6-substituted Purines 
and Their Evaluation as Inhibitors of Adenosine Deaminase 

By HOWARD J. SCHAEFFER and R. N. JOHNSON 

Recent studies have shown that 9- (p-bromoacetamidobenzy1)adenine is an irreversi- 
ble inhibitor of adenosine deaminase. In order to study the effect of isomers on the 
inhibition of adenosine deaminase, a variety of reversible inhibitors of adenosine 
dearniinase have been synthesized which are 9- (m-substituted benzyl)-6-substituted 
purines. In addition, it was found that 9- (m-bromoacetamidobenzy1)adenine is an 
irreversible inhibitor of adenosine deaminase, but the rate of irreversible inactiva- 
tion by the meta derivative was lower than that by the corresponding para isomer. 
This decreased rate of irreversible inhibition by 9- (m-bromoacetamidobenzy1)- 
adenine may be rationalized by assuming that in the reversible E . .  . I  complex the 
alkylating group is not positioned as near a nucleophilic group on the enzyme as it 
is in the case of the corresponding para isomer or that the meta derivative alkylates 
a different amino acid on the enzyme than does 9- (P-bromoacetamidobenzy1)adenine. 

N A recent study, it was found that 9-(p- 
bromoacetamidobenzyljadenine was an ir- 

reversible inhibitor of adenosine deaminase, 
whereas iodoacetamide was not an irreversible 
inhibitor of this enzyme (1, 2). Kinetic analysis 
of the data indicated that the irreversiblc inhihi- 
tion of adenosine deaminase by M-($-bromoacet- 
aniidobenzyL)a.denine occurred only after the 
inhibitor had reversibly complexed with the en- 
zyme. In this complex, then, the bromoacet- 
amido moiety of the inhibitor is held near a 
nucleophilic group on the enzyme, and a reaction 
related to a neighboring-group reaction occurs 
with the formation of a covalent bond. Such 
inhibitors, which Baker has called active-site- 
directed irrewrsible inhibitors ( 3 ) ,  should be 
quite specific in their irreversible inactivation of 
an enzyme. For example, when a comparison is 
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made of isomers of some potential irreversible 
inhibitors, the environment on the enzyme in 
which the alkylating or acylating group of the 
inhibitor is held in the reversible E.  . . I  complex 
(enzyme-inhibitor) could be quite different. 
Thus, it  is possible that the reactive group of one 
isomer could be held near an appropriate nucleo- 
philic group on the enzyme, whereas the reactive 
group of an isomeric inhibitor could be held in 
the reversible E . .  . I  complex in such a position 
that it cannot form a covalent bond with the 
enzyme. In an attempt to determine the speci- 
ficity of %(fi-bromoacetamidobenzyl)adenine 
for adenosinc deaminase, it was decided to in- 
vestigate the possible reversible and irreversible 
inhibition of adenosine deaminase by some 9- 
(m-substituted benzylj-li-substituted purines. 

DISCUSSION 

Chemistry.-Previous studies havc shown that 
adenosine dcamindse (calf intestinal tnucosa) has :i 
hydropliobic rcgion to which the 9-alkyl group of 
some 9-alkylarleninrs can bind (4). Furtherrnorc, it 
has been found t h a t  some R-(p-substituted bcnzyl)-& 
substituted purines were capable of inhibiting 
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adenosine deaminasc ( I ,  2). In order to study the 
effect on inhibition of this enzyme by other 9-(sub- 
stituted benzyl)-6-~ubstituted purines, the prepara- 
tion of some purines which contained at the 9-posi- 
tion a meta-substituted benzyl group was under- 
taken. Thc key compound for such a study is 9- 
(m-nitrobenzyl)-6-chloropurine, since this compound 
could be caused to undergo nucleophilic displace- 
ment a t  the 6-position to give a variety of products. 
In addition, the nitro group of appropriate inhibi- 
tors could be reduced to an amino group which 
could be converted into a potential alkylating or 
acylating group, such as a bromoacetamido or 
phenoxycarbonylarnino group. 

Thr gencral method which was employed for thr 
synthesis of these compounds is a modification of a 
method that has previously been employed (5) 
and is outlined in Scheme I. Condensation of 6- 
chloropurine ( I )  with m-nitrobenzyl chloride (IT) 
gave a mixture of 9- and 7-(m-nitrobcnzyl)-6- 
chloropurines (I11 and IV) which was separated by 
chromatography on alumina. Whcn 111 was 
allowrd to react with ammonia, methylamine, di- 
methylamine, 1 N hydrochloric acid, or thiourea, 
the corresponding 6-substituted derivatives (V-IX) 
were obtained in good yields. Catalytic hydrogena- 
tion of V gave the corresponding m-arninobenzyl 
derivative (X) which on rcaction with hromoacetic 
anhydride, phenyl chloroformate, and acetic anhy- 
dride gave XI, XII ,  and XIII, respectively. The 
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assignment of structure to XI,  XII, and XIII  is 
based on the observation that N6-acylation of ade- 
nine compounds shifts the ultraviolet maxima to 
longer wavclcngths (6). Thus, it has been found 
(6) that N, Oa’-diacetyl deoxyadenylic 5’-acid 
exhihitcd an ultraviolet maximum a t  273 mp a t  pH 8, 
whereas XI, XII ,  and XI11 exhibited ultraviolet 
maxima either a t  shorter wavelengths than X or a t  
essentially the same wavelength as X. 

In addition, it was found that when 7-(m-nitro- 
benzy1)-6-chloropurine (IV) was allowed to react 
with 20% methanolic ammonia, a mixture of the 
6-amino and 6-methoxy dcrivativcs (XIV and XV) 
was obtained. This unusual formation of a 6- 
methoxy derivative from the reaction of methanolic 
ammonia with a 7-substituted-6-chloropurine has 
been observed previously (7). However, treatment 
of IV with liquid ammonia a t  65” gave, in moderate 
yield, 7-(m-nitrobenzyl)adenine (XIV). When IV 
was allowed to react with aqueous formic acid, a 
good yield of XVI was obtained. 

Finally, the fact that I11 and IV, and therefore 
the compounds which were prepared from them, 
are the 9- and 7-substituted purine isomers, resprc- 
tivcly, was established in the following manner. A 
9-substituted adenine has a unique ultraviolet 
spectrum which allows it to be distinguished from n 
1-,3-, or 7-substituted adenine (8,9). Similarly, by 
ultraviolet spcctroscopy a 1-suhstitutcd adenine 
may be distinguished from a 3-,7-, or %substituted 
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adeninc. However, a 3- and a 7-substituted adenine 
have similar ultraviolet spectra but may be dis- 
tiiiguisl?ed by their differences in pKa' values (9 j. 

A new alkylated adenine (XVIJ)  was prepared by 
allowing adenine to react with nt-nitrobcnzyl chloride 
in the absence of an acid acceptor. In a similar 
alkylation of adenine with benzyl bromide, it was 
found that 3-benzyladeninc was formed (10). A 
comparison of the ultraviolet spectra arid pKa' data 
o f  thcsc isomerically alkylatcd adenines with certain 
known co~npounds is given in Table I. From this 
table, it can be seen that V corrcsponds to the 9- 
substituted isomer, XIIT correspvnds to the 7- 
substituted isomer, and that XVJT corresponds to 
the 3-substituted isomer. These data constitute 
another exaniplc that the alkylation of 6-chloro- 
purine in t.ht presence oi an acid acceptor produces 
a mixture o f  the  9- and 7-substituted-ti-cliloropuriiies 
(2,5, 7). 

93 1 

TABLE I.-lJLTRAVIOLET AND pKa' nA'TA OF SOhtE 
SUBSTITUTED A4DENIiYES 

Compd. - --H +-- _. __ 0x1 -- 
(A?enine hmx c x A m x .  c x 

1-Methyl" 259 11.7 270 14 4 
Derivative) mp 10-a rnp 10-3 pKa' 

3-Methyl" 274 l T . O  273 E . 3  .5.3'~." 
3-( m-Xitrobenzyl) 

7-( m-Nitrobenzyl) 

R-Mcthyl" 260 14.3 260 14.7 
9-( m-Nitrohcnzyl ) 
(V) 261 23.3 262 23.0 

(XVII) 274 23 .0  272 19.6 5 . 7 ~  
7-Methyla 272 15.0 '70 10.5 3.61'." 

(XI\') 270 19.5 267 16.0 3.P 

Thcse data were taken ft-om Reference Y. ' I  Determined 
1)etermincd spectro- titrirnetrically in 507" DhIP in HIO. 

photometrically in 4% U M F  in H20. 

EXPERIMENTAL' 

9- and 7-(1m-Nitrobenzyl)-6-chloropurine (I11 and 
IV).-A niixture of 1.53 Gni. (9.95 mmoles) of I, 
1.80 GIII. (10.5 nimolcs) of 11, and 1.46 Gm. (10.5 
rrimolesj of anhydrous potassium carbonate in 20 
ml. of diiiietliylforniamide was stirred for 20 hr. a t  
room temperature. The reaction mixture was 
poured into 150 mi. of ice cold water, which caused 
the precipitation of a yellow solid. This material 
was collected by filtration. A chloroform solution of 
the crude material was chromatographed on a 
column of neutral alumina. (48.0 Gm). g-(nt-Nitro- 
bcnzyl)-6-chl.,~ropurinc (111) was eluted with chloro- 
form (180 inl.); yield, 1.97 Gin. (68.6%), m.p. 
135'. 'rhe 9-isomer was recrystallized from meth- 
anol and gave 1.36 Gni. (47.5%) of the pure mate- 
rial, m p .  141-142'. Amx, in mp ( e  X pI1 1, 
265 (1.66); pI1 7, 265 (1.73); pH 13, 265 (1.67). 
Y incm-'(K.Br): 1580and 1550(C=NandC=C); 
1520 anti 1340 (NO?). 

Anal.2---Cilcd. for ClsHaClN502: C,  49.74; 11, 
2.78; N ,  24.18. Found: C, 49.52; H,  2.81; A', 
24.34. 

7-(m - Nitrobenzyl) - 6 - chloropurine (IV).-This 
was eluted from the aluniina column with chloro- 
form containing 1% methanol (150 nil.). After re- 
riioval of the solvent in uaczio, 529 mg. of thc ';-substi- 
tuted product was obtained; yield, 18.4y0. The 311- 

alytical sample was obtained by two recrystallizations 
of the crude material frorri ethanol. I t  melt.ed at 191- 
192". Am:bx. iii nip ( e  X pH, 1,267 (1.53); pH 
7, 267(1.53); pH 13, 267 (1.53). vin cm.-'(KBr): 
l60Oand 1570 (shj (C=Narid C=C); 1330 and 1350 

And-Calcd .  for C1zH&INaOn: C, 49.74; H, 
2.78; I$, 24..18. Found: C, 49.42; H ,  2.88; N ,  
24.a ). 

9-(m-Nitrobenzyl)adenine (V).-~~A mixturc of 
1.00 (3.46 mrnoles) o l  111 and 50 nil. o f  20';5, metha- 

(NO*). 

~ -~ 
1 The infrared spectra were determined on a Pet-kin-Elmer 

model 137 spactr~)photometer; the ultraviolet spectra were 
determined on a Perkin-Elmer model 4000 A spectrophw 
tometer, the crizyme studies were done on a Gilford instru- 
ment, model 2000 speclrophotonietei-. The melting points. 
unless otherwise noted, were taken in open capillary tubes on 
a Mel-Temp .apparatus and arc corrected. All analytiral 
samples exhibited only one spot on thin-layer chrormatogi a- 
PhY. 

2 The analyses repot-ted in this paper were performed by 
Galbt-aith hlicroanalvlical Laboratories. Knoxville, Tenn. 

iiolic ammonia was heated in a steel bomb at  90" + 
2' for 20 hr. The white solid was collected by filtra- 
tion, washed with water, and dried. One recrystal- 
lization of the crude material from methyl cellosolve 
gave 716 mg. (76.57L) of the pure product (V), m.p. 
276-278" dec. A,,,. in nip ( E  X pH I ,  
261 (2.33); pH 7, 262 (2.30); pH 13, 262 (2.30). 
Y in crn.-' (KBr):  3320, 3150, arid 1660 (NH);  
1590 and 1.570 (C=N and C=C); 1530 and 1350 
(NO?). 

Anal.--Calcd. for C V ~ H L O N ~ ~ ? :  C, 53.33; H, 
3.73; N ,  31.10. F o ~ i ~ i d :  C, 53.13; H ,  3.83; N, 
30.94, 
9-(rn-Nitrobenzyl)-6-methylaminopurine (VI).- 

A solution of 145 mg. (0.50 mmole) of I11 in 5 mi. of 
ethanol and 8 ml. or aqueous methylamine (40c0) 
was heated in a steel bomb at 98" 3~ 3" for 23 hr. 
The yellow product which precipitated was collected 
by filtration and washed with water. Addition of 20 
ml. of water to the filtrate caused the precipitation 
of an additional amount of purine. Total yield, 101 
mg. (71.17i). Two recrystallizations of the crude 
product from I-propanol gave the analytical sample 
(\'I); yield, 75 mg. (53%), m.p. 210-212". X,,,. 
in mp ( C  X lo-.$): pH 1, 265 (2.68); pH 7, 268 
(2.55); pH 13, 268 (2.49). Y in C I I L . - ~  (KBr):  
3300 ( N H ) ;  1635 and 1570 (C=yN and C=C); 
1.520 and 1340 (NO?). 

Anal.-Calcd. for Cl3H~lK&%: C, 54.92; H, 
4.26; N, 29.57. Found: C, 55.03; H, 4.40; N ,  
29.73. 
9-(m-Nitrobenzyl)-6-dimethylarninopurine (VII). 

-A solutioii of 96 mg. (0.33 mmole) of 111 in 5 ml. 
of ethanol and 5 nil. of aqueous dimethylamine 
(25L;;j was heated in a steel bomb a t  96' i 1" for 16 
hr. The yclloiv solid which precipitated from the 
reaction mixture was collected by filtration and 
washcd with water. To the filtrate was added an 
additional 20 nil. of water which caused the precipi- 
tation of a second crop of product. 'I'otal yield, 86 
mg. (88%).  One recrystallization of the crude 
material from ethanol-water gave the pure product 
(VrI) ;  yield, 64 rng. (637;), m.p. 136-157". A,,,,,. 
in m p  ( E  X lo-'): pH 1 ,  209 (2.55); pH 7, 27.5 
(2.51); pH 13, 275 (2.47). Y in cm. (KBr):  
1590 and 1560 (sh) ( C = = N  and C-C); 1520 ant1 

A n d - C a l c d .  for C14HIIP\I~O~: C, 56.36; H ,  4.7:3; 
1340 ( NOy). 

N ,  28.18. F ' ~ 1 1 t l  : C, Sti.lO; I f ,  4.90; N, 28.01. 
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9-(m-Nitrobenzyl)-6-hydroxypurine (VIII).-A 
solution of I11 (873 nig.; 3.08 inmoles) in 90 ml. of 
1 N hydrochloric acid was refluxed for 1 hr. Evapo- 
ration of the volatile materials in vacuo and two re- 
crystallizatiolls of the crude matcrial from ethanol 
gave thepurc product (VIII); yield, 587 ing. (72.57,), 
m.p. 271-2715", Amna.i1i111p(~ X pH 1, 252 
(1.72); pH 7, 251 (1.85); pH 13, 257 (1.92). v in 
cm.-' (KBr): 3500 (OH); 2800-2300 (acidic 
hydrogen); 1690 (C=O); 1590 and 1550 (sh) 
(C=N and C=C); 1530 and 1340 (NO?). 

And-Calcd. for CIZHgN503: C, 53.13; H, 3.34; 
N,25.=. 
9-(m-Nitrobenzyl)-6-mercaptopurine (IX).-A 

mixture of 146 nig. (0.504 mmolc) of 111, 41 mg. 
(0.54 mmole) of thiourea in 3.0 I d .  of 1-propanol 
was refluxed for 0.75 hr. The product which prc- 
cipitated from the reaction mixture was collected by 
filtration and dried; yield, 140 mg. The analytical 
sample was obtained by dissolving the purine in 
aqucous sodium hydroxide and precipitating it by 
addition of 5y0 aqueous hydrochloric acid; yield, 
126 mg. (81.3%), m.p. 294-294.5' dec. A,,,. in 
mp ( E  X 0.1 N HC1/15% DMSO 325 (2.45); 
H?0/1570 DMSO 322 (2.20); 0.1 N NaOH/15% 
DMSO 314 (2.26). Y in cm.-' (KBr): 2800-2650 
(acidic hydrogen); 1590 and 1570 (sh) (C=N and 
C=C) : 1530 and 1340 ( iV0~) .  

And-Calcd. for C12H9N60aS: C, 50.18; H, 
3.16; N, 24.39. Found: C, 50.35; H, 3.30; N, 
24.32. 
9-(m-Aminobenzyl)adenine (X).-A solution of 

210 mg. (0.778 mmole) of V in 50 ml. of acetic acid 
containing 66 mg. of 576 palladium-on-charcwal 
catalyst was hydrogenated for 1.75 hr. under an 
initial pressure of 60 p s i .  The catalyst was re- 
moved by filtration and the filtrate was evaporated 
in vacuo. An ethatiolic solution of the residual solid 
was heated with decolorizing carbon, filtered, and 
allowed to crystallize. The product was collected by 
filtration and after drying gave 111 mg. (59.77,) of 
the desired product (X), m.p. 230-231'. A,,,. in 
mp (E X lop4): pH 1, 259 (1.53); pH 7, 262 (1.65); 
pH 13, 262 (1.66). Y in cm.-'(KBr): 3300, 3150, 
and 1660 (NH);  1600 and 1550 (sh) (C=N and 

And-Calcd. for ClnHlzK6: C, 59.99; H, 5.04; 
N,34.98. 
9-(m-Bromoacetamidobenzyl)adenine (=).-To 

a cold solution of 200 mg. (0.832 mmolc) of X in 5 
ml. of tetrahydrofuran and 0.8 ml. of 10% aqueous 
acetic acid was added a solution of 351 mg. (1.97 
mmoles) of bronioacetic anhydride in 2 nil. of trtra- 
hydrofuran. The solution was stirred for 1.5 hr. at 
0", then for 0.5 hr. at room temperature. Arter 
filtration, 15 ml. of chloroform was added to the 
filtrate to cause precipitation of the crude product 
which was collectcd by filtration; yield, 271 mg. 
(81.57,). Two precipitations from tetrahydro- 
furan-hexane gave 118 mg. (39.47,) of the analytical 
sample (XI), which did not melt below 400". 
Amax. in inp ( E  X 0.1 N HClIlOGJ, EtOH, 
257 (2.28); HzO/lU7o EtOH, 259 (2 .30 ) ;  0.1 ili 
iYaOH/lOyo EtOH, 259 (2.24). v in cm:.' (KBr): 
3310, 3160 (NH);  1700 (amidc I ) ;  1655 (KH) 
and 1530 (amide 11); 1590 and 1570 (C=N arid 

And-Calcd. for C14HlaBrNoO: C, 46.55; H ,  

Found: C,53.12; H ,  3.31; N,25.63. 

C=C). 

Found: C,59.73; H ,  4.83; N,34.76. 

c-C). 
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3.62; Br, 22.12; K, 23.26. Found: C, 46.57; 
H, 3.81: Br, 21.91; K, 23.52. 
9 - (m - Phenoxycarbonylaminobenzy1)adenine 

(XII).-To a solution of 95 mg. (0.40 mmole) of X 
and 50 mg. (0.50 mmole) of triethylnmine in 25 ml. 
of p-dioxane was added 62 mg. (0.40 mmole) of 
phenyl chloroformate. The mixture was stirred a t  
room temperature for 45 min., filtered, and the fil- 
trate evaporated in VUGUO at room temperature. 
One recrystallization of the crude material from 
methanol-water gave 60 mg. (42%) of pure material 
(XII), decomposition point about 310". A,,,. in 
mp ( E  X 0.1 N HCl/l07, EtOH, 239 (2.08); 
259 (1.58); H2O/lO7, EtOH, 240 (2.04); 259 
(1.58); 0.1 N 'NaOH/lO% EtOH 239 (2.54); 259 
(1.70). v in em.-' (KBr): 3310 and 3140 (KH);  
1700 (C=O and KH);  1530 (amide 11); 1610, 
1590, and 1570 (C=N and C-C); 1200 (C-0-C, 
ester). 

And-Calcd. for C1YH16N602: C, 63.32; H, 4.48; 
N,23.32. 
9-(m-Acetamidobenzyl)adenine (XIII).-To a 

cold solution of 150 mg. (0.652 mmole) of X in 5 nil. 
of tetrahydrofuran and 0.60 ml. of 10% aqueous 
acetic acid was addcd 154 mg. (1.51 mnioles) of 
acetic anhydride in 2 ml. of tetrahydrofuran over a 
period of 7 min. The solution was stirred a t  0" for 
2 hr., and the resulting precipitate was collected by 
filtration to give 108 mg. (58.6%) of product melting 
a t  234-238'. Recrystallization from ethanol-water 
gavc 77 mg. (42Yi) of the analytical sample (XIII) ,  
m.p. 237-239". Amax. in mp ( E  X lo-*): 0.1 N 
HC1/10% EtOH, 255 (1.84); HtO/lO% EtOH, 
254 (1.90); 0.1 N IYaOH/lOC/, EtOH, 254 (1.99). 
Y in cm.-' (KBr): 3340, 3180 (IYH); 1670 (amide 
I ) ;  1650 (sh) (NH) and 1540 (amide 11); 1600 and 
1570 (C=N and C=C). 

And-Calcd. for CIIH1.lN~O: C, 59.56; H, 5.00; 
N,29.77. 

7-(m-Nitrobenzyl)adenine (XIV) and 7-(m-Nitro- 
benzyl)-6-methoxypurine (XV).-A mixture of 0.29 
Gm. (1.0 mmolc) of IV and 21 i d .  of 20%> methanolic 
ammonia was heated in a steel bomb at 106' f 3" 
for 3 hr. The solution was filtered to give 36 mg. 
( 13Y0) of the 6-methoxypurine derivative (XV), m.p. 
19%193.5". One recrystallization from water gave 
23 mg. (8"r,) of the analytical matcrial, m.p. 195- 
196". A,,,. in IIIP ( E  X lop4): pH 1, 260 (1.66); 
pH 7, 261 (1.49); pH 13, 262 (1.45). Y in an- '  
(KBr): 1610 and 1550 (C=N and C=C); 1520 
and 1350 (NOz); 1250 and 1070 (=C-O-CH3). 

And-Calcd. for ClrHllN60a: C, 54.73; II, 
3.89; N, 24.55. Found: C ,  55.00; H, 4.03; N, 
24.75. 

Evaporation of the methanolic ammonia solution 
from which the 6-methoxypurinc was obtained, 
produced a yellow solid which was extracted with 
hot methanol3 (2 X 1 ml.). The residue (57 mg., 
21%) which did not dissolve melted a t  254-259'. 

One recrystallization from methanol gave 35 mg. 
(13yi) of the pure 7-(m-nitrobenzyl)adenine (XIV), 
m.p. 265-267' dec. Amax. in mp ( E  X 
pH 1, 270 (1.96); pH 7, 268 (1.67); pH 13, 267 
(1.66). Y in cm.-l (KBr): 3380, 3150, and 1660 

Found: C, 63.17; H, 4.74; A-, 23.51. 

Found: C, 59.67; H, 5.01; N,29.95. 

4 By thin-layer chromatography this extract was shown 
to  be a mixture of 7-(m-nitroben~yl)-6-methoxypurine aud 
7-(m-niLrobenzyl)adenine. Since the desired 6-aminopurine 
was prepared hy an alternate method, no attempts were made 
to further separate this mixture. 
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(NH) ;  1600 and I540 (C=N arid C=C); 1520 
and 1340 (NOs). 

Annl.---Calctl. for C,ZH~ONGO?: C, 53.33; H, 
3.73; N, 3.1.10. Found: C, 53.26; H, 3.90; N,  
30.90. 
7-(m-Nitrobenzyl)adenine (XIV).-A mixture of 

290 mg. (1.00 mmole) of I V  in about 20 nil. of liquid 
animoriia was heated in a steel bomb a t  65" =t 5" for 
19 hr. Aftcr rvaporation of the ammonia, the crude 
product was recrystallized from water; yield, 169 
mg. (62.60/,), m.p. 255-259' dec. An additional 
recrystallization from nietbanol gave 130 mg. 
(48.1%) of thc pure product (XIV), m.p. 264-265" 
dec. P in cm-l  (KBr): 3390, 3150, and 1660 
(KH);  1600 arid 1540 (C =N and C=C); 1520 and 

7-(m-Nitrobenzyl)-6-hydroxypurine (XVI).-A 
solution of 205 mg. (0.710 mmole) of 1V in 10 nil. ot 
88% aqueous formic acid was heated under reflux 
for 20 miti. T h e  yellow solution was evaporated in 
vacuo, and the rcsidue was recrystallized from water 
to yield 142 mg. (73.276) of the product, m.p. 254- 
256". An additional rccrystallization from water 
gave thc analytical sample, 110 mg. (56.7c/o), m.p. 
255-256". Am&,. i n  tnp ( c  X pH 1, 257 
(1.48); pH 7, 260 (1.62); pH 13, 265 (1.63). Y in 
cm.+ (KBr): 1690 (C=O); 1630 and 1580 (C=N 
arid C=C); 1630 and 1340 (NO?). 

Anal.---C;rlcd. for C12H2J~O3: C, 53.13; H, 3.34; 
N, 25.83. 
7-(rn-Nitrobenzyl)-6-hydroxypurine (XVI).-Dry 

hydrogen chloiride was passed into a solution of 3.2 
mg. (0.011 mmole) of XV in 1.5 ml. of methanol. 
The solution was evaporated in vacuo, and thc 
residue recrystallized from water to givc 2.6 mg. 
(727;) of the hydroxypuriiie (XVI), m.p. 255- 
255.5". Am,,x.: pH 1, 257; pH 7, 260; pH 13, 265. 
P in (KBr): 1690 (C=O); 1630 (sh) and 
1580 (C==N mid C=~-C); 1530 arid 1340 (NO*). 
This sample: was ideritical with a sample prepared 
by the previom procedure. 

3-(m-Nitrobenzyl)adenine Hydrochloride (XVII). 
--A mixture of 6.33 Gm. (37.0 rnmoles) of adenine 
dihydrate and 19.0 (111 mmoles) of I1 in 100 ml. of 
iV,N-dirnethglacetamide was heated a t  115" for 20 
iir. The solution was evaporated in iacm to a yel- 
low solid which was triturated with water and then 
with ethanol. The residue, 9.16 Gm. (80.5%), m.p. 
2ti4-26T0 dec., was recrystallized from water to givc 
6.79 Gm. (59.5%) of the analytical material, m.p. 
264-266' dec. A,,,. in mp ( 6  X 0.1 N 

(1.82); 0.1 N NdOH/4yo EtOH, 272 (1.96). P in 
cm.-' (KAr): 3090 (NH);  1670 (C:=KH+); 1610, 
1580, and 1520 (C=-C and C=N); 1.540 and 1350 

Anal.-Calcd. for C12HIlClN~02: C, 46.98; H ,  
3.62; C1, 11.5fj; N, 27.40. Found: C, 46.86; H,  
3.64; C1, 11.45; N ,  27.26. 

1340 (NOz). 

Found: C, 53.11; 11,335; N, 26.07. 

HC1/4% EtOH, 274 (2.30); Hz0/4% EtOH, 272 

(NO?). 
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then (c) 0.81 rnM solution of the alkylatirig agent in 
2-methoxyet hanol. 

The reaction mixture was incubated at 37" and 
at appropriate time intervals, a 3-nil. aliquot was 
removed and cooled hricfly in an icc bath. Then 
1 ml. of triethylaniine was added to ~ciierate the 
colored quinoid-like free base, and the absorbance 
was immediately determined a t  373 mp against a 
blank which had been treated in an identical manner 
arid contained all of the reagents except thc alkylat- 
ing agent. A comparison of the initial rates of 
reaction is given in Fig. 2. 

REAGENTS AND ASSAY PROCEDURE 

Adenosine and adenosine deamiiiase (type I j 
[rum calf intestinal tnucosa were purchascd from 
the Sigma Chemical Co. The assay procedure for 
the rcvcrsible inhibitors has been described by Kap- 
lan (14). The measurements of the rates of the 
enzymic reactions were performed at  25' in 0.05 dd 
phosphate buffer a t  pH 7.6. The stock solutions 
of the enzyme, substrate, and inhibitors were prc- 
pared in 0.05 Mphosphate buffer at pH 7.6. Those 
inhibitors which were oiily slightly soluble in phos- 
phate buffer were dissolved in phosphate buffer 
containing 10% dimethylsulfoxide. The addition 
of dimetliylsulfoxidc caused a slight decrease in the 
initial rate of the enzyme reaction. Consequently, 
in those experiments where it  was necessary to 
employ dimethylsulfoxidc to dissolve the inhibitor 
in phosphate buffer, the stock solutions of enzyme, 
substrate, and inhibitors werc all prepared in phos- 
phate buffer containing lOy0 dimethylsulfoxide. 
In this way, a coristaiit l0yo conccntratiori of 
dimcthylsulfoxide is maintained during the deter- 
mination of the velocities of the enzymic reactions. 
In ordcr to determine that the diIriethylsulfoxidc 
did not cause variation in the index of inhibition, 
the following experiment was performed. For an 
inhibitor which was readily solublc, the index of 
inhibition was determincd in one set of experiments 
where all reagents were dissolved in 0.05 M phos- 
phate buffer and in another set of experiments 
where the enzyme, substrate, and inhibitor were 
dissolved in 0.05 M phosphate buffer containing 
10yo dimethylsulfoxide. In this way, it was found 
that the iiidex of inhibition did not vary in the two 
different determinations. 

The method employed to study thc irreversible 
inactivation a t  37" of adenosine deamiriase has been 
described previously (2) and is i~ modification of a 
published procedure (15). 

CHEMICAL REACTIVITY OF THE 
ALKYLATING AGENTS 

Thesc cxperiinents were performed by a modifi- 
cation of a procedure described in the literature 
(11-13). Equal volumes (10 m1.j of the following 
prchcated (37") solutions were mixed: (a) 5% 
4-( pnitrobenzy1)pyridine in 2-methoxyethanol, ( b )  
0.05 ilf phthalate buffer (pH 4.2) in water, and 

RESULTS A N D  DISCUSSION 

The results of the enzymic evaluation of these 
compounds are given in Table 11. For those com- 
pounds which were substituted at  the 9-position 
of the purine nucleus by a m-nitrobenzyl group, 
i t  was found that the 6-amino atid 6-methylamino 
analogs ( V  and VI) were significantly inhibitory ; 
the 6-amino compound (V) being approximately 
three times more effectivc than the &methylamino 
derivative (YI). Those compounds which were 
substituted a t  thc 6-position of the purine nucleus 
by a chloro, dimethylamino, hydroxy, or mercapto 
group (111, V I I ,  VIII, or I>() whcn tested a t  0.12 
milf concentratioli werc either noninhibitory or a t  
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ADENOSIXE DEAMISASE 
TABLE II.-~NHIBITION INDEX O F  SOME 9-( m-SCBSTITUTED BENZYL)-~-SUBSTITIJTED PURINES WITH 

V NHz KO2 
VI NHMe NO* 

0.016 f 0.004c 0.30  f 0.03c 
0.063 f 0.001 0.96 f 0.02 

X NHz NH2 0 .20  f 0 . 0 2  3 . 0  f0.3 

XI1 NH2 NHCOOC6Hs 0 . 0 3 8 f 0 . 0 0 4  0.58 f 0.05 
XI11 NHz NHCOCH3 0.095 f 0 . 0 0 4  1 . 4  f O . l  

XVI I NHz H 0.10 f O . O 1  1 . 5  4 ~ 0 . 2 ~  

XI NHz XHCOCHaBr 0.0% f 0.003 0.85 f 0.05  3 . 6  =I= 0 . 9  

a None of these compounds served as substrates of adenosine deaminase. ‘ The concentration of adenosine in all experiments 
was 0.066 mM. In that case 
where a higher concentration is shown for 507, inhibition, the value was obtained by extrapolation of a plot of VO/  V vs. I 
where Va = initial velocity of the uninhibited reaction, V = initial velocity of the inhibited reaction at various inhibitor con: 
centrations, and I = the various concentrations of inhibitors. [I/S]o.a = the ratio of the mM concentration of the inhibitor 
for 50% inhibition to the mM concentration of the substrate. 

In no experiment of reversible inhibition did the concentration of inhibitor exceed 0.12 mM. 

Average deviation. Data taken from Reference 2. 

best, very weakly inhibitory relative to the corre- 
sponding adenine derivative (V). Thus, it would 
appear that the 6-amino group of V makes a con- 
tribution, either directly or indirectly through the 
purine nuclcus, to the binding of the inhibitor to 
adenosine deaininase. In addition, when the 7- 
substituted isomers (IV, XIV, XV, and XVI) were 
evaluated as inhibitors of adenosine deaminase a t  
0.12 m M  concentrations, they were essentially 
noninhibitory or a t  best, very weakly inhibitory 
relative to V. In the case of XIV, one could ration- 
alizc this result by assuming that the enzyme has 
little bulk tolerance for a group a t  the 7-position 
of the purine nucleus of an inhibitor or that an im- 
portant binding group at the 9-position of the inhibi- 
tor is absent. Similar results have been obtained 
earlier ( 7). 

With regard to the metu substituent on the 9- 
benzyl group of the 6-arninopurines, it was found 
that the reversible inhibitory power of the com- 
pounds decreases in the following order: -NOz 
(V)> -NHCOOCGH~(XII)> -NHCOCHzBr 

It was observed by the double reciprocal plot method 
(16) that XI is a competitive inhibitor of adenosine 
deaminase with a K; of 3.6 X M .  This order 
of decreasing inhibition is different from that ob- 
tained with the corresponding para derivatives (2  j. 
As one example, the [1/.S]n.6 for the nz-nitro deriva- 
tive ( V )  is 0.3, whereas the [I/.‘?],., of g-(p-iiitro- 
benzy1)adenine is 3.6 (2).  Thus, of the adcninr 
derivatives prepared in the meta series, the m- 
nitro derivative ( V j  is the most potent reversible 
inhibitor of adenosine deaminase whcrcas in the 
corresponding 9-( +-substituted benzyl)adenines, the 
p-nitro derivative is the weakest reversible inhibitor 
of the serics. The reasons for the differences in 

(XI)> -NHCOCHa(XIII)> H (XVII)> NHz(X). 

the order of reversible inhibition in the two series 
is not yet clcar. Further studies on this problem 
are planned and will be thc subject of a future 
paper. 

Finally, when the two potential irreversible inhibi- 
tors (XI and XII )  wcrc incubated with adenosine 
deaminase, it was found that the m-phcnoxycdr- 
bonylamirio derivative (XII) did not cause irrever- 
sible inactivation of the enzyme whereas the m- 
bromoacetamido derivative (XI)  irreversibly inhibi- 
ted the cnzyme but a t  a rate which was very low 
relative to 9-( p-bromoacetamidobenzy1)adenine. It 
was found, however, that both XI and S-(p-bromo- 
acetamidobenzy1)adenitie were capable of causing 
more than 90y0 irreversible inhibition of adenosine 
deamiiiase. The inactivation of the enzyme by 
these compounds was not reversed by dialysis. A 
comparison of the apparent first-order loss of enzyme 
activity caused by X I  and 9-(p-bromoacetamido- 
benzy1)adenine is givcn in Fig. 1. Because the 
reaction of XI with adenosine deaminase is slow, 
these cnzyme inactivation experiments have larger 
experimental errors than in the case of 9-( p-bromo- 
acetamidobenzy1)adenine. Since thc irreversible 
inhibitors have limited solubility in phosphate 
buffer, the reactions were performed in phosphate 
buffer containing 10% dimethylsulfoxide but even 
with the addition of dimethylsulfoxide, a concen- 
tration of 0.20 miVl was near the upper range of 
solubility of XI. However, an examination of Fig. 
1 revcals that XI irreversibly inhibited adenosine 
dearninase a t  concentrations of 0.10 and 0.20 miW 
a t  a much lower rate than did 9-(p-bromoacetatnido- 
benzy1)adenine at a concentration of 0.03 mM. 
This significant difference in the rate of irreversible 
inactivation of thc cnzyme is not caused by a lack 
of chemical reactivity of the mela isomer since the 
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TIME lmlnl 

Fig. 1 .-Irreversible inactivation of adcnosinc 
dwminase. Key: @, enzytne control; 0, iodo- 
acetamidc (1.0 mM); +, 9-nz-bromoacetamido- 
bcnzyladenine (0.10 mM);  A, 9-m-bromoacet- 
arriidobenzyladenine (0.20 mM); 0, 9-p-bromo- 
acetamidobtnz.yladenine (0.030 mM). 

TIMEimml 

Fig. 2 ---Comparative chemical reactivities of 
some alkylating agents with 4-(p-nitrubexizyl)- 
pyridine a t  pl l  4 2 Key: 0, iodoacetamide (0 27 
mM); 9-(p-bromoacetainidobenzyl)adenine 
10.27 m M ) ;  A, 9-(rn-bromoacetaniidobenzyl)- 
adenine (0.27 mM). 

meta isomer (XI) is actually more reactive than the 
para isomer when 4-(p-nitrobcnzyl)pyridine (11-13) 
was used as thc nucleophilic reagent (Fig. 2). In 
atlditioti, the differences in the rates of irreversible 
inactivation ol adenosine deaminasc by XI and 9- 
(p-brornoncrtainidobcnzyl)adenine cannot bc ex- 
plained by the suggestion that XI is rapidly des- 
troyed by the phosphatc buffer solution. This sug- 
gcstion was excluded when it was found that less 
than 107:, of the alkylating ability of XI is lost 
duriug a 4-hr. incubation of XI with phosphate 
buffer contaiiiling 107,; dimethylsulfoxide at 37". 
Because iodoacetamide does not significantly irrever- 
sibly inhibit adenosine deaminase even at concen- 
tration of 1.6 mM, the authors believe that the 
irreversible inactivation which is caused by XI 
occurs mainly through a reversible E . . . I complex 
and riot sigiiificantly by a raticlotn binmokcu~ar 
proccss. In  addition, XI11 did not cause an 
irreversible itiactivation of the enzyme. Thus, 
the irreversible inactivation of the enzyme hy XI 
appears to be specifically related to its alkylatiiig 
ability through an E . . , I complex. 

When a comparison of the irreversible inactiva- 

t h i  of tlil. mzymr is rriadc 011 the bask of tlir 
amouiit o f  tlic enzyme in the rcvcrsible E . . . I 
complex, it is found that 9-(p-bromoacetarnido- 
benzy1)aderke is still much more reactive than the 
corresponding meta derivative (XI). Baker (17) 
has derived Eq. 1 for the calculation of the fraction 
of the total cnzyme that is in the E . . . I cumplex. 

I n  the case whcrc a 0.10 mM solution of XI is 
incubated with the enzyme, the amount of the total 
enzyme (E,) in the reversible E . . . I complex is 
0.73 El, and the half-life of the inactivation is 
> 600 min. When a 0.030 mM solution of 9-(p- 
bromoacetarnidobenzy1)adenine is employed under 
identical conditions with identical total eiizytne 
concentration, the amount of the total enzyme in 
the reversible E . . , I complcx is 0.70 El,  and the 
half-life for the inactivation is 94 min. Thus, even 
when the concentration of thc rcvcrsible E . . . I 
complex for the two inhibitors is nearly equal, the 
rate of inactivation by the meta dcrivative is much 
lower than that of thc para isomer. The authors 
belicvc that these results offer evidence that in the 
initial reversible E . . . I complex between X I  and 
adenosine deaminase, the alkylating agent of XI is 
not positioned as close to a nucleophilic group on 
the enzyme as occurs when g-(p-bromoacetdmido- 
benzy1)adenine is employed ; consequently, the 
rate of alkyldtion by XI in the E . . . I complex is 
lnwcr. However, it is possible that when the 
alkylating group is in thc mela position of 9-benzyl- 
adenine as in XI, it is alkylating a different amino 
acid of the enzyme than when the alkylating group 
is in the paru position of 9-benzyladenine. Further 
studies are necessary to differentiate these two 
suggestions. 
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