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Enzyme Inhibitors. XIII. The Synthesis of an Active-Site-Directed
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Previaus studies have suggested that there ix a hydrophobic regioun on adeuoxine deantinase which is impartant
for binding the alkyl group of some 9-alkyladenines. Inau attempt ta take advantage af this hydrophobic regian of
adenosine deaminase for the preparation of some inhibitors of this enzyme, a series of 9-( para-substituted benzyl)-
6-substituted purines was prepared. In additian to studying reversible inhibition of adenosine deaminase, it was
found that 9-(p-bromoacetamidobenzyl)adenine (XII) wus an irreversible irthibitar of adenosine deaminase. On
the basis of kinetic studies and because of the lack of inactivation of adenosine deaminase by iodoacetamide, it ix
suggested that the inactivation of the enzyme by XII acenrs throngh au E-T complex and does not proceed througlt

a randhm bimolecular pracess.

Previously it has been suggested that a hydrophobic
region exists on adenosine deaninase in the region where
the 9-substituent of sonie 9-alkyladenines bind.? In
the hope of taking advantage of this hydrophobic
region for the preparation of good reversible inhibitors
of adenosine deaniinase, we decided to prepare sone
9-(para-substituted bengzyl)-6-substituted purines. If
the benzyl moiety of these purine derivatives werc
capable of binding to the hydrophobic region, it should
be possible to utilize a substituent at the para position
which is capable of forniing a covalent bond with the
enzyme.

This paper deseribes the syutheses of sonie 9-(para-
substituted benzyl)-6-substituted purines and their
enzymic evaluation as reversible inliibitors of adenosine
deaminase. In addition, a kinetic evaluation of 9-
(p-bromoacetamidobenzyl)adenine as an irreversible
inhibitor of adenosine deaminase is presented.

IFor the preparation of this series of inhibitors, we
selected  9-(p-nitrobenzyl)-6-¢hloropurine as the key
interniediate. The general niethod of synthesis is
based on a modification of the procedure of Montgoniery
and Temple® and is outlined in Chart I. Condensation
of G-chloropurine (I) with p-nitrobenzyl bromide (II)
gave a mixture of the 9- and 7-p-nitrobenzyl-6-chloro-
purines (III and IV) which was separated by chroma-
tography on alumina. Treatment of ITI with amnionia,
methylamnine, diniethylamine, hydrochloric acid, or
thiourea gave the corresponding G-substituted isomers
(V-IX). Catalytic reduction of V using a palladium-
on-carbon catalyst gave the p-amino derivative (X) in
good yield. When X was allowed to react with phenyl
chloroformate, bromoacetyl browuide, or acetyl chloride
the corresponding para-substituted benzyl derivatives
(XI-XIII) were obtained. The assignnient of structure
to XI, XII, and XIII is based on the observation that
Nf-acylation of adenine derivatives shifts the ultra-
violet maxiina to longer wavelengths.* For example, it
has been found that N,0%-diacetyldeoxyadenylic 5'-
acid exhibited an ultraviolet maximum at 273 mu at

(1) This investigationt was sdpported by a Public Healtly Service research
grant (CA-06388-03) and a researclt careet program award (5-K3-CA-
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555) from the Division of Medical Seciences, U. 8. Public Health Services,
Bethesda, Md., and by a grant (T-337) fromt the American Cancer Society.

(2) H.J. Schaeffer and D. Vogel, J. Med. Ckent., 8, 507 (1965).
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pH 8,* whereas XI, XII, and XTIT all exhibited ultrn-
violet miaxima either at shorter wavelengths than X or
at essentially the sanie wavelength as X. Furthermore,
the ultraviolet spectra of XI, XII, and XIII did not
shift to the spectrum of X when the conipounds were
heated at 80° at pH 13 for 30 min.

Finally, 7-p-uitrobenzyladenine (XIV) was preparcd
by allowing IV to react with liquid annmonia at 50° for
22 hr.

That IIT and IV, and therefore compounds prepared
from them, are the 9- and 7-substituted isomers, re-
spectively, was established in the following manner.
When adenine was allowed to react with p-nitrobenzyl
bromide in the absence of an acid aceepror. a new
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alkylated adenine (XV) was obtained. It has been
reported that a similar alkylation of adenine with benzyl
bromide produced 3-benzyladenine.® A comparison of
the ultraviolet spectra and the pK, data of these
isomerically alkylated adenines with certain related
compounds is given in Table I. From these data it can
be seen that V corresponds to the 9-substituted isomer,
XIV to the 7-substituted isomer, and that XV can be
assigned the structure, 3-(p-nitrobenzyl)adenine. These
results are in agreement with the observation that the
alkylation of 6-chloropurine in the presence of an acid
acceptor produces a mixture of the 9- and 7-substituted
6-chloropurine. 38

TaBLe I

ULTRAVIOLET AND pK,' DATA oF SOME
SUBSTITUTED ADENINES

Compd —~—H*— —O0H-— pKa'
(adenine dertv) Mmax. € X Amax, € X (DMF-H.0,
mu 10-3 mu 10-8 50:50)
1-Methyl® 259 11.7 270 14.4 6.95,11.9
3-Methyl® 274 17.0 273 13.3 5.3
3-(p-Nitrobenzyl) 277 24.3 270 24.2 5.9
(XV)
7-Methyl® 272 15.0 270 10.5 3.6
7-(p-Nitrobenzyl) 273 19.8 269 16.6  4.0°
(XIV)
9-Methyl® 260 14.2 260 14.7 3.25

9-(p-Nitrobenzyl) 264 22.1 264 22.1  4.0°
(v

@ Data taken from N. J. Leonard and J. H. Deyrup, J. Am.
Chem. Soc., 84,2148 (1962). P These data were determined by
Dr. M. A. Schwartz of the State University of New York at
Buffalo. ¢ The ultraviolet maximum of V is at a slightly longer
wavelength than a 9-alkyladenine because the p-nitrobenzyl
moiety of V has an ultraviolet maximum at 273 mu.

Experimental Section’

6-Chloro-9- and -7-p-nitrobenzylpurines (III and IV)—To a
solution of 3.54 g (35.0 mmoles) of triethylamine in 60 ml of
N,N-dimethylformamide was added 5.00 g (32.4 mmoles) of I
and 7.56 g (35.0 mmoles) of II, and the reaction mixture was
stirred at room temperature for 67 hr. After the mixture was
poured into 180 ml of distilled water at 0°, the insoluble material
was collected by filtration and gave 8.32 g (89.79%) of solid
material. This material was dissolved in chloroform (200 ml)
and introduced on a column (29.5-mm i.d.) of neutral alumina
(230 g) in CHCl;. The column was eluted with chloroform and
54 50-ml fractions were collected, whereupon a 109, solution of
methanol in CHCl; was used to elute the column and 13 50-ml
fractions were collected. Eluent fractions 9-31 were combined
and evaporated ¢n vacuo, which gave 5.80 g (62.5%) of III, mp
195-197°. Recrystallization from methanol gave the analytical
sample: yield, 5.07 g (54.69;); mp 195-197°; » (em~1) (KBr)
1585, 1560 and 1515 (C=C, C=N, and phenyl), 1515 and 1345
(NO2); Amax [mu (e X 107%)] pH 1—268 (18.7), pH 7—268
(20.3), pH 13—268 (20.3).

Anal® Caled for CHsCIN:O2: C, 49.75; H, 2.78; Cl, 12.24;
N, 24.18. Found: C, 49.48; H, 2.59; Cl, 12.50; N, 24.40.

Elient fractions 3467 were combined and evaporated ¢n vacuo,
which gave 1.71 g (18.49,) of IV, mp 182-189°. This material
was dissolved in methanol, decolorized with charcoal, and filtered
through a Celite pad; recrystallization from methanol gave the
analytical sample; vield, 1.15 g (12.49;); mp 194-195°, v (cm 1)

(5) J. A. Montgomery and H. J. Thomas, J. Am. Chem. Soc., 85, 2672
(1963).

(6) H.J.Schaeffer and R. Vince, J. Med. Chem., 8, T10 (1965).

(7) The infrared spectra were determined on a Perkin-Elmer Model 137
spectrophotometer; the ultraviolet spectra were determined on a Perkin-
Elmer Model 4000A spectrophotometer: the enzyme studies were doneona
Gilford Model 2000 spectrophotometer. The melting polnts, unless other-
wise noted, were taken in open capillary tubes on a Mel-Temp and are cor-
rected.

(8) The analyses reported in this paper were performed by Galbraith
Microanalytical Laboratories, Knoxville, Tenn.

ExnzyME INHIBITORS.

XIII ari

(KBr) 1590, 1535, and 1510 (C=C, C=N, and phenyl), 1510
and 1340 (NOz); Amax [mu (e X 1073)] ethanol-1 N HCI—268
(16.8), ethanol—268 (16.8), ethanol-1 & NaOH—263 (17.4).
Anal. Caled for CoHsCIN:;O.: C,49.75; H,2.78; Cl, 12.24;
N, 24.18. Found: C, 50.00; H, 2.89; C], 12.46; N, 24.42.
6-Amino-9-p-nitrobenzylpurine (V).—A mixture of 600 mg
(2.07 mmoles) of IIT in 50 ml of 209, methanolic NH; was heated
in a stainless steel bomb at 73° for 45 hr., The material which
precipitated was collected by filtration; recrystallization of the
crude product from methanol gave the pure sample: yield, 396
mg (70.89,) of V; mp 256-257°; » (em~1) (KBr) 3300 (NH.),
1660 (NHz), 1590, 1563, and 1500 (C=C, C=N, and phenyl),
1500 and 1335 (NO3); Amax [mpu (e X 1078)] pH 1—264 (22.1),
pH 7—265 (21.1), pH 13—264 (22.1).
Anal. Caled for Ci.HieNeOs: C, 53.33; H, 3.73; N, 31.10.
Found: C, 53.42; H, 3.68; N, 31.29.
6-Methylamino-9-p-nitrobenzylpurine (VI).—A solution of 200
mg (0.690 mmole) of IIT in 12 ml of ethanol and 10 m! of methyl-
amine in water (409, ) was heated in a stainless steel bomb at 85°
for 24 hr. The solid which precipitated was collected by filtration,
and the filtrate was reduced to 5 ml in vacuo. The solid which
precipitated was collected by filtration; the two crops were
combined (135 mg, mp 248°) and recrystallized from methanol
to give the pure sample (VI): yield, 102 mg (52.1%); mp 248°;
v (em~1) (KBr) 3380 (NH), 1640 (NH), 1620, 1590, and 1520
(C=C, C=N, and phenyl), 1520 and 1345 (NO2); Amex [mp
(e X 107%)] pH 1—268 (22.9), pH 7—271 (21.9), pH 13—271
(21.3).
Anal. Caled for CisHi:NeO2: C, 54.92; H, 4.26; N, 29.57.
Found: C, 54.65; H, 4.50; N, 29.26.
6-Dimethylamino-9-p-nitrobenzylpurine (VII).—A solution of
40 mg (0.14 mmole) of I1T in 10 ml of ethanol and 2 m! of aqueous
dimethylamine (259,) was heated in a stainless steel bomb at
78° for 21 hr. The solid material which precipitated was collected
by filtration; recrystallization of the crude material from
methanol gave the analytical sample (VII): yield, 27 mg (65.99,);
mp 211°; »(em~!) (KBr) 1585, 1565, and 1515 (C=C, C=N and
phenyl), 1515 and 1340 (NOs); Apax [mp (e X 107%)] pH 1—271
(27.9), pH 7T—277 (27.9), pH 13—276 (28.2).
Anal. Caled for CuHuNeO2:  C, 56.37;
Found: C, 56.14; H, 4.80; N, 28.23.
6-Hydroxy-9-p-nitrobenzylpurine (VIII).—A mixture of 210 mg
(0.72 mmole) of 11T in 30 ml of 1 A" HC] was heated under reflux
for 22 hr, and then evaporated in vacuo to dryness. Two re-
crystallizations from ethanol gave 94.0 mg (48.2%,), mp 284-286°
dec, of desired product. The third recrystallization from ethanol
gave the analytical sample (VIII): yield, 83.4 mg (42.89);
mp 285-287° dec; » (em™!) (KBr) 3470 (OH), 1715 (C=0,
enol), 1590, 1545, and 1520 (C=C, C=N, and phenyl), 1520 and
1345 (NOg); Amax [mp (¢ X 107%)] ethanol-1 N HCI—252
(16.9), ethanol—252 (17.2), ethanol-1 N NaOH—260 (16.9).
Anal. Caled for CHeN;Os: C, 53.13; H, 3.34; N, 25.83,
Found: C, 53.30; H, 3.45; N, 26.02.
6-Mercapto-9-p-nitrobenzylpurine (IX)—A solution of 200
mg (0.690 mmole) of III and 57 mg (0.75 mmole) of thiourea in
10 m! of n-propyl alecohol was heated under reflux for 45 min.
After the reaction mixture was cooled in an ice bath, the precipi-
tate which formed was collected by filtration. The crude product
(166 mg, mp 288-292° dec) was dissolved in dilute NaOH,
decolorized with charcoal, and filtered through a Celite pad
Acidification of the filtrate at 0° with concentrated HC! gave the
analytical sample (IX): yield, 121 mg (61.19,); mp 279-281°
dec; » (em~1) (KBr) 2800-2300 (acidic hydrogen), 1610, 1580,
and 1520 (C=C, C=N, and phenyl), 1520 and 1343 (NO.);
Amax My (e X 1078)] ethanol-1 N HCI—327 (18.6), ethanol—
327 (18.4), ethanol-1 N NaOH—323 (17.7).
Anal. Caled for CpHeN;0.8: C, 50.18; H, 3.16; N, 24.39.
Found: C, 49.96; H, 3.10; N, 24.51.
6-Amino-9-p-aminobenzylpurine (X).—A solution of 1.56 g
(5.80 mmoles) of V in 200 ml of glacial acetic acid was added to
400 mg of Pd-C powder (5%), and the mixture was hydrogenated
at room temperature in a Parr hydrogenator at an initial pressure
of 4 kg/em?  After 25 min the catalyst was removed by filtration
through a Celite pad, and the solvent was evaporated in vacuo.
The residual solid was then dried in vacuo at 100° for 3 hr.
Recrystallization of the crude material from methanol gave the
analytical sample (X): yield, 1.05 g (75.39,); mp 273-275° dec;
» (em™1) (KBr) 3350 (NH,), 1675 (NH,), 1590. 1570, and 1510
(C=C, C=N, and phenyl); Amsx [mg (¢ X 107%)] pH 1—259
(14.2), pH 7—258 (16.2), pH 13—259 (16.0).

H, 4.73; N, 28.18.
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Anal. Caled for CeHeNg: €, 39.08; H, 5.03; N, 349,
Fouund: C, 60.08; H, 5.10; N, 34.72.

6-Amino-9-p-phenoxycarbonylaminobenzylpurine ( XI).--A cold
solntion af 72 mg (0.30 wunole) of X i 30 g (0.30 wuole) of
triethylnnite and 75 1wl of p-diaxaee was added slowly with
canstant stireing to 50 pl (0.39 mmale) of pheuyl ctdoroformate
it an tee bath,  After 15 i the ice hath was remaved,; and the
reactioa niixture was stirved for aie additions] 73 hr at roow
temperature. The 1ixture was fltered, and the salvent wis
reduced ta d wd yn e, Cald water (10D wlt was added to die
chilled filtrute with formation of « preeipirate which was collected
by filtration; recrystallization of the ernde product fram p-
dioxate and water gave the puee sample (X1i: yvield, 364 1y
(5300 mp 318-392° dee: v Cem ™t (KDBr) 3350 {(NHu), 1721
(Cr==0)), 1670 (NHL), 1600, 137, and 1540 (C===(C, (==N

N, wd
plierst) s M [t (e X 1079 ethanol-1 N HCE-246 {1035,
cthanol—1341 (25.3), cthanol-1 .V NaOH-—243 (26.6 1.

Anad. Caled far CpeHeNeOw: C, 63325 H, 448, N, 1352
Faund: C, 63.15; H, 4.38; N, 23.14.

6-Amino-9-p-bromoacetamidobenzylpurine Hydrobromide

(XIT)-A solution of 72 mg (0.30 mnole) of X e 125 wl of 1,2-
dinethoxyethane wux added slowly with constanet stirring to
35 ul (0.40 minale) of brarnoscetyl bramide 1 aw ice bath,  After
I hir, the tee batle was removed, and the reaction wmixture wis
stirred far an additional 2 hr at raam temperature, and finally
for are additional 3 hr i an ice butle. The precipitate which
furwed was collected by filtrantion witd dissolved i warn metha-
nol, filtered, and precipitated witle ethyl ethier.  ‘This pracess
gave =olid waterial which weighed 81.0) mg {(75.0¢,) md shawed
ot =pat on thin hayver chromatography.  The melting paint
could wot be detertined <iuce the material hegan to decompose
at 243° hut still had 1ot melted at 380°. A secand precipitation
from metlanol and ethyl ether guve the aledyviical prodiet as
the hydrobrowide salt; yield, 66.4 mg ((11.6%2); » (™ (KBr)
3340 (NH,), 2¥50 (NHy ), 1690 (Ce=N"H), 1670 (Ca==0), 1611),
1545, and 1520 (C=C, C=N, aud pheuyl); Mo [tu (e X 1073
¢thanol-1 ¥ HCI—26D (1531 ethanol-—2600 (14.8), ethanol-]
N NaOH-—261 (27.7).

Anal. Caled for CuH,BroNO: ) 3505, H, 3.19; Br, 5il.15;
N, 19.01. Faand: C, 37v.82; H, 3.04; Br, 36.23; N, 18.74.

6-Amino-9-p-acetamidobenzylpurine Hydrochloride (XIII)-—A
sahution of 72 g (0.30 1nmole) of 6-amino-9-p-uminobeuzylpurine
i 125 ml af 1,2-diimethoxyethane was added slowly with coustant
stirring ta 27 wl (0.38 mmole) of wcety] ehloride e an ice hath,
After 1 hr the ice bath waz remaved, aud the reaction nixtare
was stirred for an additional 2 hr at room teinperature. The
tine white precipitate which formed was callected by filtration,
dizsolved it warm methanol, decolorized with charcoal, filtered
throngh a Celite pad, aud precipitated with ether. This pracess
gave solid mnaterial which weighed 36 mg (39.04¢). Recrystalliza-
tian of thix material from isopropyl aleohol, methanol, aiul
hexaie gave the analylical sample as the hydrachloride salt;
vield, 42.8 mg (43.19%): mp decownposition starts at 23D°, tnrns
dark red at 263-265°, and evolves gas at 279-280°; » (et
(KBr) 3330 (NHa), 2550 (NH, ), 1693 (C==N "H), 16fid (C=0),
1595, 1530, and 1310 (CG==C, C==N, aud pheuylt; Npx [
(e X 1073} ethanal-1 ¥ HCl—234 (25.7), ethanol--254 (24.9),
ethanal-1 . NaQH—-254 (29.4).

Anal. Caled for CuHCINGO: C, a2.74; H, 4.74; Cl, 11.12;
N, 26.37. Faund: C, 51.95; H, 4.91; Cl, 10.90; N, 26.42.

6-Amino-7-p-nitrobenzylpurine Hydrochloride (XIV).—-A nix-
ture of 200 g (1D.690 ramate) of G-chlaro-7-p-nitrohenzylporine
i 15 1l of liquid NHs was heated i a staiuless steel bowb at
d0° for 22 hr. The ainmonin wax wllawed to evaparate, und the
dry residue wax diszolved i 1007 HCHwith the subisequent cvajo-
rtion of the volutile materials in vacwo. Recrystallizatiaun of
the dry residne frome wethanal and ether gave the analytieal
satnple = the hydractdoride salt; yield, ¥3 mg (34.69%); mp
157-209° dee; v (em™1) (KBr) 3330 (NH,), 2800-2200 (NH ),
1600 (NH.), 1580 (C==C aud C=N), 1520 and 1345 (NOs);
Aomae [ (e X 10 79)] ethanol-1 A HCL—273 (19.8), ethauol-—269
(15.5), etlhianol-1 ¥ NaOH—29 (11.6).

Anal. Caled for CoHuCINGD,: €, 46.95; H, 3.62; CI, 1L.4a4;
N, 27.40. Found: C, 47.08; H, 3.61; Cl, 11.47; N, 27.02,

3-(p-Nitrobenzyl)adenine Hydrobromide (XV).-—A mixture af
1.71 g (10.0 mmoles) H adeuine dihydrate and 6.81 g (31.5
murolex) of 1T in 35 ml of dimethylacetimuide was heuted ut 113°
for 21 hr at which tiime the salveid was evaporated in vaeion
The erude residie was washed with 40 ml af boiling ethauol nud
thete dissolved i boiling imethanal, decolarized with clurecond,
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filcered theough o Celite pad, and allowed 16 ervstallize.  Anotber
recrysiallizntian of this meterinl from methanol and ether guve
the madytical sample: yield, 1.38 g (39370} mip IR2-283° des:
yiee ™ (KBr) 3300 (NHa), 1565 (NHal, 1620, 1490 (shonledter),
ward 1310 (Caa() Cs=N, and phenyly 1310 el 1540 (N
N [t (e X 10 7%) ethanol-1 & HCL 277 (3435, etluaol 274
(184, ethanol-1 NV NaDH--270 (24,12,

dnal. Caled for CuHyBrNgO.: €, 4L.10; H, 3.14; Br, 2280
N340, Fouwd: €, 41.15; H, 3.30; Br, 21.05: N, 25.06.

Chemical Reactivity of the Alkylating Agents. These ox-
pertinents were performed hy the procedore deseribed v 1he
Hertture® withe the wodifiention than 1 wd of tricihivlowine wies
tsed 1n plice of 1the KOH soliiton (o gererare the dyve aod tlen
the optical densities were deternined at 573 .

Reagents and Assay Procedure. Adeuoxine and denosite:
derrinse dype Ty were purelised frow the Sigie Cliewient Co.
The wssay procediee for the reversible inhibitors hus beew de-
~etibed previowsth? wud xoasodifieation of die general preoceduee
desertbed by Kiqiliee”? The measurements of the vates of the
cuzyinie renctions were porformed at 25° w005 1 phosphate
batfer at pH 7.6, The stock solutian of the cuzyvine, salxGue,
wd inhihicors were prepared e .03 37 plosphate butfer at pH
7.0, Those nhthitors wlieh were andy stightly ~olulite in phos-
phate butfer were dissolved in phosphate butfer containing 107,
dunethyl sufoxide.  The additiow of diteethyl sulfoxide crased
w=light decrease i the inttial rate of the cuzyine venction. Cou-
sequently, in thoxe experiinents where it wis necessary to eluploy
dineethiyl subfoxide vy dissolve the whibitor in phasphate Datfer,
the stock =olutinis of enzyme, sulistente, and inhibitors wore ol
prepared in phospihite buffer covtaining 107 dimethy] <ulfoxide.
P this way, @ constaut 1077 coveertraiion of ditnethyt snffaxide
wos waintaiued during the determination of the veloeitios of
the cuzyude eenctions. T order ta deteruine that the dimnetlvl
sulfaxide did ot canse variation v the twdex of inhibition, the
following experiinent was perforvwed,  For ap inhibitor which
wis redily soluble, the index of inhibition was derermnined iu
one set of experiments where ull rengents were dissobved i 1105
W phosphate hoffer wud in another <et of experinients where due
enzyie, substrnre, and inthibitor were dissolved in 0.05 W phos-
phate buffer cantaming 10C, dimethvl =ulfaxide. e thix way,
it was found that the index of thildtion did not vary o the twn
different deterndnadons.

The wleyn<itte demmbmse iwactivation pracedure is o mndifien-
1ol of wi elegin ¢ wethod deserihed i the literature.t* A soln-
ton af the cuzyme wax prepared sich that a 50-ul aliquot when
diluted in phosphute huffer to 3.1 ml which was 0065wl i
adenasine guve the desived indtial velocity «f cnzymic reaction.
Equal voltnues of thix cuzyme =olntion were their ruixed with
equal volupes of phosphate butfer cantaining 10€7 dinethyl
sufoside ov solutions of the frreversihle inhihitor e phosphate
buffer coutaiuing 10057 dimethyl sulfoxide.  These solutions were
tvetthuted at 37% aud at vartons intervals 0.5-td sawmples were
remaved and tnnediately cooled to 0°. The amowat of cuzybwe
retiaining in cach aliquot was determined at 23° tu triplicate
experiteltts by sing o 100-pl sample of crcle aliquoat, Tt was
<howu that the irveversible uthihitor did ot inactivate the
evzyine during the tune it was kept at 0°0 Faeh poiot ou the
plots is an avernge of three deteridnatvns;  caelt aetivation
experitnent wos veprented at least twiee,

Results and Discussion

A the first phase of this study, 11 was necessary ta
determine which, if any, of the G-substitured purines that
cotttained a 9-(para-substituted beuzyl) group werc
capable of forming reversible complexes with adenosine
deaminase. Ap examination of Table IT reveals thai
a number of these compounds were capable of forming
reversible complexes with the cnzyme. Those cowm-
pounds which were substituted at the 6 position of the
purine nucleuns by an anino or methylamino group were
inhibitors of adensosine deaminase.  In agreement with
our previous findine, those compounds which were

G B R Baker abe 0 1L dosddnatt, o Heecocyrlic Chena, 2,21 (1065,

i LT Sebaelfer ool 10 S0 Bhurgava, Bochkenys(en, 4, 71 (19657,

11} N O. Kapla, eQuals fnzymol. 2, 173 (14351,
F121 1. Bakier, Biweheny, harmaeol,, 11, 1155 (14621,


lonlau.ii

July 1966 Exzyme Inmisrrors. XIII 579
TaBLE 11
INHIBITION INDEX OF SOME 6-SUBSTITUTED 9-(para-SUBSTITUTED BENZYL)PURINES WITH ADENOSINE DEAMINASE
R
N
N#& ' >
by
CH.—p—CH;R,
md conen for
Compd® Ri Ru 50% inhib? (11 {Slos Ky X 105 M
Y NH: NO. 0.24 £ 0.01¢ 3.6 £ 0.1¢
VI NHMe NO, 0.27 £ 0.01 4.1 £0.2
X NH, NH, 0.14 = 0.01 2.2+0.1
XI NH, NHCOOCH; 0.3 &= 0.003 0.45 = 0.04 2.7 +0.3
X1 NH. NHCOCH,Br 0.018 & 0.003 0.27 &= 0.05 1.3+0.1
X111 NH, NHCOCH; 0.031 £ 0.001 0.47 & 0.003
XVI NH, H 0.10 &= 0.01 1.54+0.2

2 None of these compounds served as sitbstrates of adenasine deaminase.

0.066 maf.

In 110 experiment did the concentration of inhibitor exceed 0.12 mf.

» The cancentration of adenosine in all experiments was
In those cases where a higher concentration is shown

for 509 inhibition, the valie was obtained by extrapolation of a plot of Vo/V ¢s. [I], where ¥, = initial velocity of the uninhibited
enzymatic reaction, ¥V = initial velocity of the inhibited enzymatic reaction at various inhibitor conceuntrations, and [I] = the various

concentrations of inhibitor. ¢ Average deviation.

substituted at the 6 position of the purine nucleus by a
chloro, dimethylaniino, hydroxy, or mercapto group
(I1I, V11, VIII, or IX) were either noninhibitory or at
best, very weakly inhibitory relative to the correspond-
ing adenine derivative. In addition, 7-p-nitrobenzyl-
adenine (XIV) was esentially noninhibitory, whereas
XYV exhibited an [I]/[S]ys of 5.3 %= 0.1,

Regarding the para substituent on the 9-benzyl group
of the 6-aminopurines, it was found that the inhibitory
power of these compounds decreases in the following
order: NHCOCH.Br (XII) > NHCOOC¢H; (XI) >
NHCOCH,(XIII) > H (XVI) > NH, (X) > NO, (V).
The K; of the two potential irreversible inhibitors (XI
and XII) was deterniined by the double reciprocal plot
niethod.’  These compounds were competitive in-
hibitors of adenosine deaminase with K; values that
differed by a factor of approximately 2. At the present
time, it is not possible to rationalize the order of in-
hibition which is influenced by the para substituent of
the benzyl group but further studies are planned from
which it is hoped an understanding of this phenonienon
will be obtained.

When the two potential irreversible inhibitors (XI
and XII) were incubated with adenosine deaminase at
37° it was found that the phenoxycarbonylamino
derivative (XI) was not an irreversible inhibitor,
whereas the bronioacetaniido derivative (XII) was an
irreversible inhibitor. The inactivation of the enzyme
by XII could not be reversed by dialysis; since the
bromoacetamido moiety of XII is a good alkylating
agent for uucleophilic groups, we believe that the ir-
reversible inactivation of adenosine deaminase is caused
by the formation of a covalent bond between XII and a
nucleophilic group on the enzynie. Similar observations
have recently been made on chyniotrypsin!'41% and lactic
and glutamic dehydrogenase.'®'” An examination of
Figure 1 shows the apparent first-order loss of enzyme

(13) H. Lineweaver and D. Burk, J. Am. Chem. Soc., 56, 658 (1934).

(14) (a) W. B. Lawson and H. J. Schramm, ¢bid.. 84, 2017 (1962); (b)
W. B. Lawson and H. J. Schramm, Biochemisiry, 4, 377 (1965).

(15) (a) G. Schtoellmann and E. Shaw, Biochem. Biophys. Res. Commur , T,
36 (1962); (b) G. Schoelmann and E. Shaw, Biochemisiry, 2, 252 (1963).

(16) B. R. Baker, J. Phkarm. Sci., 63, 347 (1964).

(17) B. R. Baker, W. W, Lee, and E. Tong, J. Theoret. Biol, 8, 159 (1962).
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Figiire 1.—Comparisou of the irreversible iuhibition of adetio-
siite deaminase by 9-p-bromoacetamidobenzyladenine: O, enizyme
control; [, 0.015 mM; A 0.030 mM.

during incubation with two different concentrations of
XII.'® 1In addition, it has also been found that iodo-
acetamide did not cause inactivation of the enzyme, even
at concentrations much higher than that of XII.
Comparative chemical reactivities of iodoacetamide and
XII were determined using 4-(p-nitrobenzyl)pyridine
as the nucleophilic reagent,®!%2 and it was found that
XII is almost three times niore reactive than iodo-
acetamide (see Figure 2). Since iodoacetamide was
eniployed in tlie enzynie inactivation study at concen-
trations 6-12 times greater than XII and still did not
cause inactivation, it follows that the irreversible in-
hibition of adenosine deaminase by XII is not caused
by a random bimolecular process. Indeed, we believe
that this experiment offers strong evidence that the
irreversible inhibition of adenosine deaminase by XII

(18) It has been found that XII s relatively stable when incubated in
pltosphate buffer, 4.¢., less than 109 of X11 is lost during & 4-hr incubation
with phosphate buffer.

(19) J. Epstein, R. W. Rosenthal, and R. J. Ess, Anal. Chem., 27, 1435
(1955).

(20) 7T.J. Bardos, N. Datta-Gupta, P. Hebborn, and D. J. Triggle, J.
Med. Chem., 8, 167 (1963).



580 Howanrp J. SCHAEFFER AND FuGgENK OpIN

0.8-

ABSORBANCE
(@]
o
|

0.4
0.2
T f I T | T
10 20 30 40 50 60
TIME (min)

Figare 2.-—Canarative cheniical renctivities of sare alkylating
agents with 4-(p-nitrobenzyl)pyridine at pH 4.2: [J, 0.27 ;M
lodoacetamide; A, 0.27 mM XII: O, .27 mM XII and 2.7
m3f 9-(3-hydroxypropyl)adeuire.
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Figure 3.—Protection of adenosine deaminase from trreversible
inhibition: O, enzyme coutrol; @,0.12 mM 9-(3-hydroxypropyl)-
adenine; (7, 0.12 mdf 9-(3-hydroxyprapyl))adenine and 0.015 m.W/
9-(p-bromoacetamidobenzyljadenite; 2, 0.015 mM 9-(p-brotro-
acetamidobenzyl)adenine.

proceeds as shown i ¢q 1. Thus, the inhibitor and
enzyme form a reversible complex, aud it 1s through
this comiplex that the irreversible inactivation occurs.

Lo+ 1kl — El (1t
It is postulated that when the inhibitor is complexed
with the enzynie, the bromoacetamido group of XII is
then held near a nucleophilic group on the enzyme, and
a reaction related to a neighboring-group reaction occurs
with the fornmiation of a covalent bond. The lack of
imactivation of adenosine deaminase hy iodoacetamide
is, then, readily explained since lodoacetamide does 1ot
forin a complex with this enzywe, and consequently,
is 110t held in the proper position for reaction with the
nucleophilic group on the enzyme.

Additional evidence thar the frveversible mhibition
of adenosine deaminase proceeds through a reversible
[i-1 complex can be obtained by a comparison of the
rates of inactivation caused by two different conceutra-
tions of XII. Baker has derived and employed eq 2 to
caleulate a theoretical ratio of the rate of inactivatian
of an enzymce by two differend concentrations of an ir-

Vol 9

reversible inhibivor.? Tneg 2, [15T ] 1s the concentration
of the reversible -1 complex, [E] is the total enzyme
conceniration, A i the enzyme-inhibitor dissaciafion
canstant, and 1] s rthe conceniration of the mhibitor
cmployed e the crzyme inactivation  experiments.
.Hl:" 24

K |

[l =

1t

When {I] = 0.015 mM, [X1] = 0.54[L], and when
[I] = 0.030 w, |[IXI] = 0.70{I5.]. Thus, increuasing
the concentration of XIT from 0.015 madf to 0.030 mi/
results in an increase of [EI] by 0.70/0.54 or 1.30
times. If the rate of inactivation of the enzynie pro-
ceeds through an E-1 complex, it follows that the ratio
af the apparent first-order rates of inactivation by two
different.  concentrations of XII should equal the
caleulated ratio of the concentration of the E-I cone-
plex. It has been found that increasing the concentra-
tion of XII from 0.015 mdf to 0.030 mM inereased the
rate of inactivation by a factor of 1.27 (see Figure 1},
- excellent agreement. with the caleulated value af
1.30.

Oue might argue that X1I is an irreversible inhibitor
of adenosine deaminase, whereas iodoacetamide 1s not
it one assumes that the benzyladenine moiety of XI11
causes a conformational chiange of the enzyme exposing
a nucleophilic group. It this were true, it should be
possible to irreversibly ihibit the enzyme with a mix-
ture of iodoucetamide and 9-benzyladenine.?! However,
when an equimolar mixture of 1odoacetanide and
O-benzyladenine was incubated with adenosine de-
aminage, it did not cause an irreversible inhibition of
the enzyme.  Consequently, the irreversible inhibition
of the enzymie by XII appears to be specifically related
10 the I5-1 complex, with or without a conformational
change of the enzyvme, m which the irreversible process
oeeurs.

When adenosine deaminase wasg incubated with a
nixture of XII and 9-(3-hydroxypropyliadenine, o
reversible inhibitor of the enzyme, the rate of irreversi-
ble inactivarion was lower (Figure 3). Such protection
from irreversible inhibition by a reversible inhibitor
has been taken as evidence that the irreversible mhibi-
tiou involves the active site.'**  T1 might be suggested
that the protection of the enzyme by 9-(3-hydroxy-
propybhadenine might he die 1o a chemieal interaction
between the reversible inhibitar and XII. However, b
s doubtful that such au interactiou occurs because i
has been found that the rates of alkylation of +4-(p-
nitrobenzyl)pyridine by XII and by a mixture of XII
and 9-(3-hydroxypropylyadenine were essentially cqul
(sce Iigure 2). These data, in conjuuction with rhe
enzylne inxcrivarion experitnents, support the concept
thar XII inacrivates the enzyme by wcaus of an 191
complex,

Finally, 1t has been found that Y-(p-ucctamido-
benzyladenine (XIII) is a reversible, but not an -
reversible inthibitor of adeuosine deaminase. Since the
stiretures of XTI and XIIT are very closely related, the
major difference is thar XI11 1s an alkylating agent, it
15 reasouable 1o assume that the irreversible inactiva-
rion of the enzyme hy XIT oceurs by alkylation and nat

214 This cotmppand was prepared o doe procedore of Jo AL Mortteotyera
wael 1L Tootnas, J. Heteraepelic Chenc, 10 0ED {10641
221 L AT boma wbd 11 oshlabd, de S0 Mol Bio(., 20 164 116Dy
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by some nonspecific poisoning effect of its gross struc-
ture.

In summary, we believe that these data indicate that
the irreversible inhibition of adenosine deaminase by
XII is not a random bimolecular process but proceeds
through an Initial reversible E-I complex which is
dependent on the gross structure of the inhibitor. The
enzyme is then irreversibly inhibited by alkylation
within the E-I complex by the bromoacetamido moiety
of XII with the resultant formation of a relatively
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stable covalent bond between the enzyme and inhibitor.
The inhibitor which is covalently bound to the enzyme
may then exert its inhibitory effect on the enzymic
reaction by any one of a number of processes, e.g., the
enzyme-bound inhibitor may prevent, for steric reasons,
the approach of the substrate to the enzyme, or the
enzyme-bound inhibitor may cause a conformational
change in the enzyme with the result that there no
longer exists an attraction of the substrate to the
enzyme,

Boron Hydride Anions.

I. Nitrogen Mustards'?

F. HaspinGger, A. H. Soroway, axp D. N, BuTLER

Newrosurgical Service, Massachusetts General Hospital, Boston, Massachusells 02114

Received November 5, 1965

Reactions of carbonyl-containing boron hydrides, 1,12-B2Ho(CO), and 1,6-(CH;)28B,,HsCO, with amines, in
work directed toward the synthesis of boron cage compounds containing a nitrogen mustard moiety, have shown
the high polarizability of the carbonyl group. This is demonstrated by infrared spectra, the nucleophilicity of

the carbonyl oxygen, and the facile hydrolysis of amides and esters.

Synthesis of a nitrogen mustard containing

boron hydride was accomplished by acylation of the decahydrodecaborate anion.

Use of boron-10 neutron-capture therapy in the treat-
ment of brain tumors has been unsuccessful to date.?
Failure to a great extent has resulted from an inability
to incorporate a boron compound into the tumor with-
out concomitantly high levels in the surrounding tis-
sues, such as normal brain, muscle, and more especially
blood. To overcome these difficulties, the concept of
developing compounds which have two moieties: one,
a “handle” for incorporation into tumors, and two, a
neutron absorber, was tried,* but was without success.?
This approach has become more pertinent with the re-
cently described synthesis of stable boron hydride an-
ions, BioH22~ and BigH¢2—,f and the carboranes.” These
structures possess high boron percentages and, in view
of their chemical stability, it is highly possible that they
will not be extensively destroyed by the normal bio-
logical processes.?

Nitrogen mustards, RN(CH,CH,Cl),, have a pro-
found effect on tumors and there is evidence of incor-
poration of certain mustards into brain tuniors.® On

(1) Tlis work was supported by the U. S. Atomic Energy Commission
(AT(30-1)-3267), U. 8. Public Health Service (CA-07368 from the National
Cancer Institute), and the John A. Hartford Foundation, Ine.

(2) The authors are greatly indebted to Drs. E. L. Muetterties and W, H.
Knoth of the E. I. DuPont de Nemours and Co. for kindly supplying the
1,12-Bt2Hte(CO)z and 1,6-(CH3):8B1cHsCO which were used for the prepara-
tion of the described compounds.

(3) A. H. Soloway, in "'Progress in Boron Chemistry,'* A, L, McCloskey
and H. Steinberg, Ed., Pergamon Press Inc., New York, N. Y., 1964, pp
203-234.

(4) (a) H. R. Snyder and C. Weaver, J. Am. Chem. Soc., 70, 232 (1948):
(b) H. R. Snyder and S. L. Meisel, ibid., 70, 774 (1948).

(5) N. A. Frigerio and N. Bink, Argonne National Laboratory Report
ANL-6200, June 1959, p 60.

(6) (a) M.F.Hawthorne and A. R, Pitochelll, J. Am. Chem. Soc., 81, 5519
(1959): (b) A. R. Pitochelli and M. F. Hawthorne, ibid., 82, 3228 (1960);
(e) H. C. Mlller, N. E. Miller, and E. L. Muetterties, Inorg. Chem., 8, 1456
(1964),

(7) (a) T. D. Onak, R. E. Williams, and H. G. Weiss, J. Am. Chem. Soc.,
84, 2830 (1962): (b) T. L. Heying, J. W. Ager, Jr., 8. L. Clark, D. J. Man-
gold, H. L. Goldstein, M. Hillman, R. J. Polak, and J. W. Szymanskl,
Inorg. Chem., 2, 1089 (1963); (c) M. M. Fein, J. Bobinskl, N. Mayes, N.
Schwartz, and M. S, Colten, ibid., 2, 1111 (1963).

(8) W, H. Sweet, A, H. Soloway, and R. L. Wrightt, J. Pkarmacol. Exptl.
Therap., 187, 263 (1962).

this basis the synthesis of a nitrogen mustard containing
boron hydride anion was undertaken with the idea that
such a conipound might concentrate preferentially in
brain tumor relative to other adjacent tissues. The re-
action'® of the carbonyl derivatives of these boron hy-
dride cage compounds with primary and secondary
amines and with ammonia itself occurs with the forma-
tion of ammoniuni salts of the corresponding carboxa-
mide derivatives of the cage anions, e.g., (NH,):B2Ho
(CONH,),. We have sought to apply this reaction to
bis(2-chloroethyl)amine with the thought of incorporat-
ing the mustard moiety into a boron hydride cage com-
pound.

Results and Discussion

B,;-Cage Compounds.—As a model for this reac-
tion, 1,12-B.H;(CO).!° was treated with diethylamine
in an acetonitrile solution. The expected amide deriva-
tiVe, [(C2H5)2NH2]2B12H10[CON(C2H5)2]2 (I), was ob-
tained. Such structures appeared to have a low order
of stability as shown by the cleavage of the amide link-
age by both cold aqueous sodium hydroxide and re-
fluxing ethanol. In the former case the sodium salt of
the carboxylic acid derivative of the cage anion was ob-
tained, and this was characterized as the triethylam-
monium, tetramethylammonium, and methyltriethyl-
phosphonium salts of the BpH,(COOH),2~ anion
(ITa—c). In the latter case the carbethoxy derivative
of the cage anion was obtained, BjsH,,(COOC.H;),%—,
characterized as the diethylammonium, triethylani-
monium, and tetramethylammonium salts (IIIa—c).

In contrast with the extreme lability of the amide
linkage, the product obtained by the reaction of BioHye-
(CO), with excess bis(2-chloroethyl)aniine was sur-
prisingly stable. Instead of the expected 4 moles of

(9) A. H. Soloway. E. Nyilas, R. N. Kjellberg, and V. H. Mark, J. Med.
Pharm. Chem., 5, 1371 (1962),

(10) W, H, Kootlt, J. C. Sauer, H, . Miller and E. L. Muetterties, J.
Am, Chem. Soc., 86, 115 (1964).



