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macromolecules. Attached V79 cells were cultured in 60-mm
plastic culture dishes, to a density of about 1 X 10° cells/cm? at
which time the cells were undergoing a logarithmic rate of growth.
Growth medium was then replaced with fresh medium containing
[*H]TdR ([methyl,1’,2’-*H]thymidine: 95 Ci/mmol, 2 xCi/mL,
New England Nuclear, Boston, MA), and incubation at 37 °C was
resumed for 10 min. DNA synthesis inhibitors were then added
from freshly prepared stock solutions: hydroxyurea was dissolved
in balanced salt solution, and NBT or its iron chelate was dissolved
and diluted in dimethyl sulfoxide (DMSO). Control samples
included untreated cells and cells treated with appropriate con-
centrations of the vehicle alone.

After incubation in the presence of chelators for 0-120 min,
the dishes were removed from the incubator and placed on ice,
and ice-cold 70% percholoric acid (PCA) was added to a final
concentration of 0.5 N in the previously incubated balanced salt
solution. After 60 min, the precipitated cellular macromolecules
were transferred to a Gelman type A/E glass fiber filter, which
was washed twice with 5 mL of cold PCA. The radioactivity on
the filters was then counted and converted to *°H dpm using a
Beckman LS-9800 liquid scintillation spectrometer.

Alkaline Elution of DNA. DNA damage was measured by
the alkaline elution technique,? as modified by Moss et al. and
described elsewhere.!824%5 Briefly, control V79 lung fibroblast

(23) Kohn, K. W.; Grimek-Ewig, R. A. Cancer Res. 1973, 33, 1849.

(24) Moss, A. J.; Nagle, W. A,; Henle, K. J.; Prior, R. M. Abstracts
of Papers, 32nd Annual Meeting of the Radiation Research
Society, 1984; p 91.

(25) Soloff, B. L.; Nagle, W. A.; Moss, A. J.,, Jr.; Henle, K. J.;
Crawford, J. T. Biochem. Biophys. Res. Communi. 1987, 145,
876.

cells labeled with [*H]TdR and experimental cells labeled with
[“C]TdR (New England Nuclear, Boston, MA) each were added
to a lysing solution in a filter assembly containing cellulose tri-
acetate filter membranes. The two DNA populations were then
coeluted with tetrapropylammonium hydroxide. The filter eluate
was collected with 1-mL fractions, and the radioactivity per
fraction was measured and expressed as °H and *C dpm. Under
these conditions, about 85% of the DNA from untreated cells
eluted from the filters; thus, there was no need to use irradiated
cells as a source of reference DNA for coelution.

DNA damage was measured as the mass of DNA from treated
cells (proportional to the C dpm) eluting prior to the DNA from
untreated control cells (proportional to the °H dpm). The damage
is expressed as the “elution parameter”, which is directly pro-
portional to the number of DNA lesions expressed as strand breaks
in alkali, i.e., DNA strand scissions plus alkali-labile sites.?
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Electrophilic Derivatives of Purines as Irreversible Inhibitors of A; Adenosine

Receptors
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Functionalized congeners derived from 1,3-dipropyl-8-phenylxanthine and from N¢-phenyladenosine were derivatized
to contain electrophilic groups (isothiocyanate, N-hydroxysuccinimide ester, maleimide, sulfonyl chloride, or a-haloacyl
group) capable of reaction with nucleophiles on biopolymers. The goal was to inhibit chemically the A; adenosine
receptor by using reactive agonist and antagonist ligands. Some of the electrophilic derivatives were synthesized
through acylation of amine-functionalized congeners using hetero- or homobifunctional reagents available for protein
cross-linking. The affinity for A; adenosine receptors was evaluated in competitive binding assays by using rat and
bovine brain membranes. Several xanthine and adenosine thiourea derivatives prepared from 1,3- and 1,4-phenylene
diisothiocyanate (DITC) were potent irreversible inhibitors of adenosine receptors. Derivatives of m-DITC, at
concentrations between 10 and 500 nM, irreversibly eliminated binding at 90% of the A;-receptor sites. Receptor
affinity of both xanthine and adenosine derivatives containing distal phenylthiourea substituents was diminished

by electron-donating groups on the ring.

Adenosine modulates a variety of physiological func-
tions.! It acts as an inhibitor of neuronal firing and the
release of neurotransmitters,!® an inhibitor of platelet
aggregation,'® a cardiac depressant and a vasodilator,'¢ a
vasoconstrictor!® (e.g., in the renal afferent arterioles and
in the skin), and an immunosuppressant.’f Most of the
physiological effects of adenosine result from binding to
discrete membrane-bound adenosine receptors of the A,
or A, subtypes.’® The xanthine drugs caffeine and theo-
phylline, and many synthetic analogues,? act as competitive
antagonists at adenosine receptors.

*To whom correspondence should be addressed at Building
8A, Room B1A-17, National Institutes of Health, Bethesda, MD
20892.

f National Institutes of Health.

*Duke University School of Medicine.
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Alkylating or acylating ligands that form a stable co-
valent bond with a receptor have been synthesized for a
number of receptors, including opiate,>* phencyclidine,?

(1) (a) White, T. Pharmacol. Rev. 1988, 38, 129-168. (b) Dun-
widdie, T. V. Int. Rev. Neurobiol, 1985, 27, 63. (c) Born, G.
V. R.; Cross, M. J. J. Physiol. (London) 1963, 168, 178. (d)
Fredholm, B. B. et al. J. Cardiovasc. Pharmacol. 1987, 9, 396.
(e) Osswald, H. In Regulatory Function of Adenosine; Berne,
R. M, Rall, T. W,, R. Rubio, R., Eds.; Nijhoff: Boston, 1983;
pp 399-415. (f) Cronstein, B. N.; et al. In Topics and Per-
spectives in Adenosine Research; Gerlach, E., Becker, B. F.,
Eds.; Springer-Verlag: Berlin, 1987; pp 299-308. (g) Stiles, G.
L. Trends Pharmacol. Sci. 1986, 7, 486-490.

(2) Jacobson, K. A. In Receptor Biochemistry and Methodology;
Cooper, D. M, F., Londos, C., Eds.; Alan R. Liss, Inc.: New
York, 1988; Vol. 11, pp 1-26 and references therein.

(3) Rice, K. C.; Jacobson, A. E; Burke, T. R., Jr.; Baajwa, B. S.;
Streaty, R. A.; Klee, W. A. Science 1983, 220, 314-316.
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o}

CHSCHZCHZ\\N i

Jacobson et al.

4;\ | 2»—4<:::>——OCH2CONHCH2CH2NH2 + sc~——<z::>——wcs —_—
o” ~NT N

CH2CH,CH3
4 (XAC)
0]
CH3CH2CH2\N

CHaCHoCH3

6 (DITC-XAC)

5 (DITC)

S

H
N ' e
A | 2>—“<:::>~—OCHQCONHCHgCHZNHLNH——<i:j>——NCS Bt
07 N7 TN =

i I
XAC—CNH—Q_NHé—Nu——R

7, R-Nu-H = a nucleophilic amine (RNH;,) or thiol (RSH) group on a biopolymer
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adrenergic,® and benzodiazepine receptors.” The utility
of such chemically irreversibly bound ligands for charac-
terizing receptors in membranes and in physiological
systems,*® and in receptor identification,? has been dem-
onstrated. For adenosine receptors, only photoaffinity
labels!#® have hitherto been described. We now report a
set of reactive adenosine receptor ligands, derived from
agonist!® and antagonist!! functionalized congeners. These
ligands contain electrophilic acylating and alkylating
groups capable of reaction with nucleophilic residues in
proximity to the adenosine receptor binding site.

Results
Synthesis. We have synthesized a variety of high-af-

finity ligands, based on 8-aryl-substituted xanthines (Table
I) and on N8-substituted adenosine (Table II), potentially

(4) Takemori, A. E,; Portoghese, P. S. Annu. Rev. Pharmacol.
Toxicol. 1985, 25, 193-223.

(5) (a) Rafferty, M. F.; Mattson, M.; Jacobson, A. E.; Rice, K. C.
FEBS Lett. 1985, 181, 318-322. (b) Koek, W.; Head, R.;
Holsztynska, E. J.; Woods, J. H.; Domino, E. F.; Jacobson, A.
E.; Rafferty, M. F.; Rice, K. C,; Lessor, R. A. J. Pharm. Exp.
Ther. 1986, 234, 648-653. (c) Wang, Y.; Palmer, M.; Freed-
man, R.; Hoffer, B.; Mattson, M. V,; Lessor, R. A.; Rice, K. C.;
Jacobson, A. E. Proc. Natl. Acad. Sci. U.S.A. 1986, 83,
2724-2727. (d) Contreras, P. C.; Johnson, S.; Freedman, R.;
Hoffer, B.; Olsen, K.; Rafferty, M. F.; Lessor, R. A.; Rice, K.
C.; Jacobson, A. E.; O’'Donochue, T. L. J. Pharm. Exp. Ther.
1986, 238, 1101-1107. (e) Berger, P.; Jacobson, A. E.; Rice, K.
C.; Lessor, R. A,; Reith, M. E. A. Neuropharmacology 1986, 25,
931-933. (f) Koek, W.; Woods, J. H.; Jacobson, A. E.; Rice, K.
C. Psychopharmacology 1987, 93, 437-442. (g) Sershen, H.;
Berger, P.; Jacobson, A. E.; Rice, K. C.; Reith, M. E. A. Neu-
ropharmacology 1988, 27, 23-30.

(6) Pitha, J.; Buchowiecki, W.; Milecki, J.; Kusiak, J. W.; J. Med.
Chem. 1987, 30, 612-615.

(7) Newman, A. H.; Lueddens, H. W. M.; Skolnick, P.; Rice, K. C.
J. Med. Chem. 1987, 30, 1901.

(8) Klee, W. A; Simonds, W. F.; Sweat, F. W,; Burke, T. R., Jr.;
Jacobson, A. E.; Rice, K. C. FEBS Lett. 1982, 150, 125-128.

(9) (a) Stiles, G. L., Daly, D. T.; Olsson, R. A. J. Biol. Chem. 1985,
260, 10806. (b) Stiles, G. L.; Jacobson, K. A. Mol. Pharmacol.
1987, 32, 184.

(10) (a) Jacobson, K. A,; Kirk, K. L.; Padgett, W. L.; Daly, J. W.
J. Med. Chem. 1985, 28, 1341. (b) Jacobson, K. A.; Ukena, D,;
Padgett, W.; Kirk, K. L.; Daly, J. W. Biochem. Pharmacol.
1987, 10, 1697-1706.

(11) (a) Jacobson, K. A.; Ukena, D.; Kirk, K. L.; Daly, J. W. Proc.
Natl. Acad. Sci. U.S.A. 1986, 83, 4089. (b) Jacobson, K. A;
Kirk, K. L.; Padgett, W. L.; Daly, J. W. J. Med. Chem. 1985,
28, 1334.

capable of irreversible reaction with adenosine receptors.
The ligands contain electrophilic groups such as (1) iso-
thiocyanate (6, 10, 26, 29, 44-46) or bromoacetyl (31 and
56), both of which are reactive with either amines or thiols;
(2) pyridyl disulfide (37) and maleimide (38 and 39), re-
active with thiols; or (3) N-hydroxysuccinimide esters (1,
34-36, 40, 41), reactive with amines. Aldehyde (3) and
ketone (30) derivatives are potentially reactive with amines
via the formation of Schiff bases.

The compounds are related to previously reported pu-
rine “functionalized congeners”. These chain-derivatized
drug analogues act as adenosine agonists (N®-phenyl-
adenosine derivatives) or antagonists (1,3-dipropyl-8-
phenylxanthine derivatives).!®1?  8-[4-[[[[(2-Amino-
ethyl)amino]carbonyl]methyljoxy]phenylj-1,3-dipropyl-
xanthine (4; XAC) has been characterized as A, selective
in reversing cardiac depressant effects of adenosine
agonists'd and in renin release!3 and as a radioligand having
nanomolar affinity.!!  N®-[4-[[[4-[[[(2-Aminoethyl])-
amino]carbonyl]methyl]anilino}jcarbonylimethyl]-
phenyl]adenosine (43; ADAC) has also been characterized
as a high-affinity ligand for adenosine receptors and syn-
thetic intermediate for molecular probes.!?

Some of the compounds (6, 31, 35-38, 45, and 56) were
synthesized from the amine congeners, compounds 4 and
43, with commercially available hetero- and homobifunc-
tional cross-linking reagents (Table III). For example, a
phenylthiourea derivative bearing an isothiocyanate group,
compound 6 (p-DITC-XAC), was prepared (Scheme I)
through acylation of compound 4!! in the presence of a
large molar excess of the homobifunctional cross-linking
reagent 1,4-phenylene diisothiocyanate (5; DITC). The
isothiocyanate group is intended for reaction with a hy-
pothetical nucleophilic residue, i.e., an amine or thiol, of
the A; adenosine receptor to form a thiourea or dithio-
urethane, respectively (7). Compound 5 has been used
previously for (1) cross-linking of the myosin subfragment
1,1 (2) cross-linking proteins and phosphatidylethanol-
amine in membranes,’® and (3) attaching peptides to resins

(12) Jacobson, K. A.; de la Cruz, R.; Schulick, R.; Kiriasis, L.;
Padgett, W.; Pfleiderer, W.; Kirk, K. L.; Neumeyer, J. L.; Daly,
J. W, Biochem. Pharmacocl. 1988, 37, 3653.

(13) Churchill, P. C.; Jacobson, K. A.; Churchill, M. C. Arch. Int.
Pharmacodyn. Ther. 1987, 290, 293.

(14) Wells, J. A.; Knoeber, C.; Sheldon, M. C.; Werber, M.; Yount,
R. G. J. Biol. Chem. 1980, 255, 11135-11140.



Purine Inhibitors of A; Adenosine Receptors Journal of Medicinal Chemistry, 1989, Vol. 32, No. 5 1045

Table I. Xanthine Derivatives o]
H
CHgCH,CH,
b2 R N
)\ | 4 OCHZCOR
o T N
(CH2)2CH3
K; at central A receptors, nM
compd no. and structure rat® calf® % inhibn (concn)®
/°°°“2 9.0 £ 0.7¢ e 10 (50)
1, R = ON
COCH,
3, R = NHCH,CHO 266 + 40¢ 3.17 £ 0.4 0 (500)
R = NH(CH,),NHR’
4, R"=H 1.1 £ 0.05 0.3 £ 0.05 e
X
R = CSNH—-@
6, X = 4-NCS 6.60 = 1.31 1.3 £ 0.2 29 (50)
63 (100)
, 73 (500)
10, X = 3-NCS 2.39 + 0.35 e 49 (5)
67 (50)
94 (500)
11, X = 4-CH, 16.0 £ 2.9 e e
12, X = 4-OCHj,4 33.2 = 3.47 e e
13, X = 4-F 155 £ 1.68 e e
14, X = 2,3,4,5,6-F; 9.07 £ 0.90 e e
15, X = 4-C 16.6 = 1.69 e e
16, X = 4-Br 7.26 £ 0.90 e e
17, X = 4-NO, 15.9 + 2.36 e e
18, X = 4-SO,Na 367 + 73.4 e e
S0:CI 2.5 + 0.47 e 23 (50)
o, = s
, < > 72 + 7.2¢ e e
20, R’ = 30¢ CH3
24 R = cocuz—©~~r1cooc‘cm>3 53 £ 12 € €
25, R = cocm—@—rmz 40 4 e
26 R = COCHQO—NHCSNH—Q——NCS 250+ 6.6 € 20 (50)
29, R’ = COCHaNHCSNH < > NCS 6.85 + 1.14 e 50 (50)
30, R’ = CO(CH,),COCH, 44 £+ 9 6.2 + 0.7 0 (500)
31, R = COCH,Br 17.6 £ 1.5¢ e 16 (50)
d
3. A = CO‘@_%& 115+ 1.5 101 % 1.2 15 (50)
COCH, 20.0 = 4.5 e 0 (500)
34, R’ = CO(CH,),COON
COCH2
. COCHy 3.69 £ 0.71 23.0 £ 2.0 32 (50)
35, R° = 20(CH;)gCOON,
COCH2
COCH, 54.9 = 8.6 e 0 (50)
36. R’ = CO(CH; 12 SS(CHy ), COON
TOCHz
N 23.8 £ 3.51 e 3 (50)
37, R’ = CO(CHy),SS | N
/cocn 37.8 + 4.38 e 15 (50)
38 R’ = cocHysN ”
OCH
/COCH 23.2 £ 2.14 e 9 (50)
39, R’ = COCH,NHCO(CH )N ”
\COCH

¢ Against [*H]PIA, £SEM; for compounds that inhibit irreversibly, the value represents an apparent K;, since a fraction of the sites are
inactivated. ®Against #*[-APNEA, £SEM. ¢Percent inhibition following a 45-min incubation with the compound at the concentration given
in parentheses (nM) and washout, in rat brain membranes, against %5I-APNEA. ¢Values taken from references 11b and 12. ¢Not deter-
mined.
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Table II. Adenosine Derivatives

HNA@vCHZCOR

Jacobson et al.

NN
1 ) J
HO 0
HO OH
K; at central A; receptors, nM
compd no. and structure rat® calf® % inhibn (concn)®
/COCHZ 8.37 £ 0.73 d 21 (50)
40, R =N ‘
COCH;
( > d d d
41, R = NH CH2CO0H
COCH, 9.60 + 1.44 d 44 (50)
42, R = NHO—CHZCOON\
COCH,
43, R = NH@—CH:CONH(GHz)gNHz 1.3£03 d d
4.5 4.2 % 0.5 d
44 R = NH—< >—cnzcoumcnz)2~cs
Y
R = NH‘O—CHQCONH(CHZ)QNHCSNH@
45, Y = 4-NCS 0.469 £ 0.13 d 39 (1)
>80 (10)
46, Y = 3-NCS 0.867 + 0.114 d 62 (1)
>90 (10)
47,Y = 4-CH, 3.72 % 0.44 d d
48, Y = 4- OCH3 8.52 £ 0.85 d d
49, Y = 4-F 8.71 £ 1.66 d d
50,Y = 2-F 6.75 £ 1.97 d d
51,Y = 2,3,4,5,6-F 1.64 + 0.47 d d
52,Y = 4-CN 2.66 £ 0.22 d d
53, Y = 4-Br 1.19 £ 0.14 d d
54, Y = 4-NO, 1.97 % 0.50 d d
55, Y = 4-SO4Na 51.1 £ 7.81 d d
8.30 £ 0.45 d 38 (50)

58, R = NH~©-CH,CONH(CHMNHcocnzsr

¢ Against [*H]PIA, £SEM; for compounds that inhibit irreversibly, the value represents an apparent K,, since a fraction of the sites are
inactivated. ®Against ¥I-APNEA, =SEM. ¢Percent inhibition following a 45-min incubation with the compound at the concentration given
in parentheses (nM) and washout, in rat brain membranes, against ¥I-APNEA. ¢ Not determined.

for stepwise degradations.!® Similarly, the meta isomer
10 was prepared from 1,3-phenylenediisothiocyanate (9).
Thus, m- and p-isothiocyanate xanthine derivatives are
related to a class of potent and moderately A; selec-
tive!d1113 gdenosine antagonists derived from compound
4.

Two variations of compound 6, contairiing additional
spacer groups, e.g., 26 [(p-aminophenyl)acetyl] and 29
(glycyl), were prepared. In each case the final synthetic
step (Scheme II) consisted of treatment of an amine-
functionalized xanthine with excess 1,4-phenylene diiso-
thiocyanate (5). A precursor of 26, (tert-butyloxy-
carbonyl)-p-aminophenylacetic acid (22) was first con-
verted to the N-hydroxysuccinimide ester 23, which re-
acted with the amine 4. The aryl amine 25 (PAPA-XAC)
has been reported previously as a precursor for iodination
in the preparation of a radioligand.® The synthetic route
for compound 25 used here gave better results than the

(15) Bittmanm, R.; Clejan, S.; Robinson, B. P.; Witzke, N. M.
Biochemistry 1985, 24, 1403-1409.
(16) Horn, M. J.; Bonner, A. G. FEBS Lett. 1972, 21, 67-70.

previously reported method,® which involved catalytic
reduction of an aryl nitro group as the final step.

Sulfonyl halides are also reactive toward nucleophilic
amino acid residues. Compound 19, a derivative of
benzene-1,3-disulfonyl chloride, monosubstituted with the
amine of compound 4, was prepared.

Several N-hydroxysuccinimide esters, e.g., 34 and 40,
have been prepared from purine carboxylic acid deriva-
tives, compound 33 (the N-succinoyl derivative of com-
pound 4) and N®-[(carboxymethyl)phenyl]adenosine,®
respectively, by using a water-soluble carbodiimide and
N-hydroxysuccinimide. In an alternate synthetic ap-
proach, compound 35 was prepared by treating the xan-
thine amine congener 4 with excess disuccinimidyl suberate
(DSS), a protein cross-linker. An alkyl isothiocyanate
derivative of adenosine, 44, has been prepared by the re-
action of thiophosgene with the amine 43. Bromoacetyl
derivatives, 31 and 56, were prepared conveniently by the
reaction of amine 4 or 43 with excess bromoacetic anhy-
dride.

Compound 36, derived from disuccinimidyl dithiobis-
(propionate), was designed as a thiol-cleavable ligand
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Table III. Analytical Data
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no. method® % yield mp, °C formula anal.
2 A 57 238-239 Cy3Hy, HyOg C,H N
3 B 76 203_206 C21H25N505 d
6 C 58 140¢ CgH3Ng0,8,-H,0 C,H N
9 D 81 50.56-51 CgHN,S, C,HN
10 C 62 186-188 CyoH3N50,48.0.5H,0 C,H N
ll C 87 205“208 029H35N704S C, H, N
12 C 89 170-174 CpoH3:N;058-H,0 C,H,N
13 C 89 163-165 CZSH32N704FS C; H, Ne
14 C 58 257-265 CosHyN;O,F0.5H;0 C,H,N
15 C 84 249-251 CgH32N30,S C,H,N
16 C 70 205-208 CysH3,N;0,BrS C,H N
17 C 93 248-250 CaeH3,N3065-0.5H,0 C.HN
18° Cc 64 275d C23H32N707SQN3'2H20 H; C, Ne
19 E 57 256-260 CQ7H31NGOBSgc1 e
20 E 90 211-216 CosH34Ne0S-0.5H,0 C,H,N
22 F 40 141.5-142.5 C3H;yNO, C,HN
23 A 69 169-170 Cy7HyN20q C,H,N
24 G 75 215‘220 C34H43N707'0.5H20 C, H, N
25 B 89 204-208 029H35N705'2H20 C, H, N
26" C 50 194_204 C37H39N905SQ'H20 C, H, N
27 A 81 210-212 CosH3gN,0,-H,0 C,H N
28 B 100 200-210 C2sH3,N;0,F;- DMF H, N; C*
29 C 90 173-175 CalH35NgO5SQ‘H20 C, H; Ne
30 A 33 236‘239 C28H3BN606 CY H, N
31 F 93 275-279 C23H29N505BT'H20 C, H, N
32b G 78 277-280 CZQH33N305BI f
33 F 80 210-212 CysH3:N:07:1.5H,0 C,H,N
34 A 83 161_162 C29H35N709’H20 C, H, N
35 G 92 189-197 Ca3H3N;05-DMF C,HN
36 G 48 219-224 Cy1HgoN;0,S,-2DMF H, N; C*
37 G 83 212-219 C29H35N70552 C, H, N
38 G 74 203-206 CyeH3N707-0.5H,0 C H N
39 G 70 192"195 C31H38N803'0.5H20 C, H, N
40 A 41 132_135 C22H22N605‘1.5H20 C, H, N
41 H 86 182‘184 C26H26N607'1'5H20 C, H, N
42 A 74 175¢ CaoHaN;0, d
44 D 48 CasHaoNs0gS d
45 C 77 179_181 CaGHastOGSz‘Hzo C, H, N
46 C 78 182-183 CoeH3eN1006S; C, H N
47 C 90 178_182 CanggNgOsS'O.ngo C, H, N
48 C 95 171‘174 036H39N907S'H20 C, H, N
49 C 91 171-174 Cy:HygN3OsFS-2H,0 C,H,N
50 C 63 169_174 C35H36N906FS'2H20'2DMF C, H, N
51° c 40 CysHayNgO F58:0.5H,0 C,H, N
52 c 96 171-173 CasHasN1006S C.H,N
53 c 87 178-182 CysHaeNgOgBIS C,H, N
54 C 99 172"175 C35H35N10088-0.5H20 C, H, N
550 c 51 219-229 CyeH6N;30,S,Na-H,0 C,H,N
56b F 91 dec 220 C30H33N807BT‘H20 Cy H, N
57 D 93 118-120 CgH,N,S C,H, N
2Key to synthetic methods: (A) carbodiimide coupling; (B) acid cleavage; (C) thiourea from amine and isothiocyanate; (D) isothiocyanate

from amine and thiophosgene; (E) sulfonamide from amine and sulfonyl chloride; (F) acylation of amine; (G) amide from amine and N-
hydroxysuccinimide ester; (H) ester saponification. ?Identified by californium plasma desorption mass spectroscopy,? intense M + Na* ion
observed for compounds 26, 32, 44, 51, and 56. Peaks corresponding to loss of HyS observed for compounds 18 and 55. ¢ For compound 13:
(H) caled, 5.55; found, 5.04; (N) caled, 16.86; found, 14.46. For compound 18: (C) caled, 50.52; found, 44.45; (N) calcd, 14.73; found, 12.59.
For compound 18: (C) caled, 50.00; found, 50.84. For compound 29: (N) caled, 18.12; found, 17.49. For compound 36: (C) caled, 51.44;
found, 52.88. 4Characterization under Materials and Methods. ¢Characteristic NMR resonances at 8.30 (t, 1 H, NH), 7.90 (t, 1 H, C,Ar, J
= 1.6 Hz), 7.72 (br, 2 H), 7.52 (d, 1 H, J = 7.7 He, ortho to S), 7.26 (t, 1 H, J = 7.4 Hz, meta to S) ppm. /Characteristic NMR resonances

at 7.80 (8.3 Hz), 7.48 (8.0 Hz), 4.77 (s, 2 H, CH,Ar) ppm.

analogue of 35. Any degree of irreversible inhibition of the
receptor through incorporation of 36 would be reversible
in a subsequent reductive chemical step to cleave the di-
sulfide linkage.

The reaction of compound 4 with the homobifunctional
reagents disuccinimidyl tartrate and m-maleimidobenzoyl
N-hydroxysuccinimide ester yielded predominantly side
products, and the desired conjugates were not isolated.

Biology. The xanthine and adenosine derivatives were
assayed for affinity at A; adenosine receptors in rat brain
membranes (Tables I and II), by use of [*H]-N®-(phenyl-
isopropyl)adenosine [(R)-[3H]PIA] as a radioligand, and
were found to have high affinity for this class of receptors.
The affinity for A; adenosine receptors in bovine brain was

also determined in competitive binding assays. As ob-
served previously,!” many derivatives of NS-phenyl-
adenosine and of 1,3-dialkyl-8-phenylxanthine were more
potent in bovine brain than in rat brain.

The most potent of the potentially irreversibly binding
xanthines were 10 ~ 19 > 35 > 6 =~ 29. Compound 19 was
29-fold more potent than the closely related p-toluene-
sulfonamide 20. The suberoyl active ester 35 was 5.4-fold
more potent than the smaller, corresponding succinoyl
derivative 34.

(17) Ukena, D.; Jacobson, K. A.; Padgett, W.; Ayala, C.; Shamim,
M. T.; Kirk, K. L,; Daly, J. W. FEBS Lett. 1986, 209, 122.
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Scheme II°
H2N~®‘CHQCOOH AN
21
(CH3>3COCONH4®‘CH2COOH !
22
0
BocNHGCH2002N
s
23
i iv v
PRI Boc-NH-A- X D HN-Ax -

25
24, A= —Q—CHZCO 28 (TFA salt)
27, A = CH3CO
SCN ONHCSNH-A-X

26
29

o]
X = CchHchg\

H

N N
)\ | @—OCHZCONHCH2CH2NH

o] hll N

CH2CH2CH3
sReagents: (i) di-tert-butyl dicarbonate; (ii) EDAC, N-
hydroxysuccinimide; (iii) either Boc-Gly-OH/EDAC/HOB¢t (for
27) or 23 (for 24); (iv) trifluoroacetic acid (TFA); (v) 1,4-phenylene
diisothiocyanate.

The most potent of the electrophilic adenosine deriva-
tives was compound 45 (p-DITC-ADAC), which was
greater than 2-fold more potent than the parent amine 43.
Compound 46 (m-DITC-ADAC) was equipotent with 43.
The N-hydroxysuccinimide esters 40 and 42 were of equal
potency, in spite of the added bulk of the longer chain
derivative.

In previous studies,!®!! parallels in SAR between agon-
ists and antagonists (the distal amine sites of compounds
4 and 43) have been noted. Phenylenediisothiocyanate
derivatives of compounds 4 and 43 were highly potent in
competitive binding experiments relative to most other
neutral, acylated analogues. To investigate the struc-
ture—activity relationships for thiourea derivatives, two
series of ring-substituted phenylthiourea derivatives
(compounds 6 and 10-18 and compounds 45-55) were
prepared. For example, the (4-cyanophenyl)thiourea 15
and 52 were prepared from 4-cyanophenyl isothiocyanate
(57). Both adenosine and xanthine thiourea derivatives
containing 4-methyl (11 and 47) and 4-methoxy groups (12
and 48), and other electron-withdrawing substituents,
tended to have diminished receptor affinity. The (4-
bromophenyl)thiourea derivatives 16 and 53 were partic-
ularly potent at A; adenosine receptors.

The degree of irreversible binding was determined after
a 45-min incubation of membranes with the putative ir-
reversible ligand, at the indicated concentration. Subse-
quently, the membranes were exposed to a reversible an-
tagonist, 3-isobutyl-1-methylxanthine, for 16-18 h, which
was found to be necessary to remove the unincorporated,
high-affinity ligand. Following this prolonged incubation
the membranes were washed again and subjected to ra-
dioligand [IN®-[(3-['®*I]iodo-4-aminophenyl)ethylladenosine
(1%I-APNEA)] binding. Membranes to which no irre-
versibly bound ligand was added were carried through the
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whole procedure to serve as appropriate controls. The
wash and incubation procedure was shown not to be de-
trimental to receptor binding. Xanthine isothiocyanate
derivatives, compounds 6 and 10 (para- and meta-sub-
stituted isomers, respectively), irreversibly inhibited A,
adenosine receptors in membranes from calf brain and
from rat brain in a dose-dependent manner. In calf brain
membranes, compound 6 at a concentration of 500 nM
(approximately 400-fold greater than the K| value under
these conditions) irreversibly inhibited 90% of the aden-
osine receptor binding sites, defined by binding of [*H]-
XAC. In rat brain at the same concentration, in three
separate experiments, the degree of irreversible inactiva-
tion of A, adenosine receptors was between 62% and 69%.
The degree of inactivation of A, adenosine receptors by
compound 6 was concentration-dependent for both bovine
and rat brain (Table I). In five separate experiments, the
remaining receptor sites after treatment with p-DITC-
XAC at 107 M (84% of initial density) displayed the same
affinity for the radioligand as native receptors (Kp value
of 0.5 nM for 1I-APNEA). Thus, the apparent loss of
sites is explicable by a complete inactivation of a fraction
of the population of receptors. When potent but non-
chemically reactive ligands such as compound 4 were used
for comparison, the degree of recovery of '¥I-APNEA
binding sites was nearly total (>90%).

Blocking experiments, in which compound 6 was chem-
ically inactivated prior to receptor binding, were carried
out. Compound 6 was dissolved in a minimum of di-
methylformamide and treated with a 10-fold excess of
ethylenediamine. This isothiocyanate was shown by
thin-layer chromatography to be converted completely to
the ethylenediamine adduct (8, Scheme I) under these
conditions. The K; values against binding of [*H]XAC to
rat brain membranes for compounds 6 and 8 were 22 nM
and 18 nM, respectively. Although close in affinity to 6,
compound 8 displayed totally reversible binding to A,
adenosine receptors in rat brain.

The most effective irreversible inhibitors of A; adenosine
receptors were compounds 10, 45, and 46. The excep-
tionally potent adenosine aryl isothiocyanate derivatives
45 and 46, para and meta isomers, respectively, at nano-
molar concentration inactivated roughly half of the A,
receptors. Other purines of intermediate effectiveness as
irreversible inhibitors (>20% inhibition at a concentration
of 50 nM) were 6, 19, 29, 35, 40, 42, and 56. Compounds
1, 26, 31, 32, 38, and 39 were less potent as irreversible
inhibitors. Compounds 34, 36, and 37 contained poten-
tially reactive groups, but nevertheless failed to inhibit
irreversibly.

K, values at striatal A, adenosine receptors were de-
termined through the inhibition of binding of [*H]-N-
ethyladenosine-5"-uronamide ([SH]NECA) according to the
method of Bruns et al.®® Those xanthine derivatives
evaluated (Table IV) were generally A;-selective, in the
range of 30- to 150-fold. Aryl isothiocyanate derivatives
of adenosine, 45 and 46, were 200- to 600-fold A,-selective.
The suberic acid derivative 35 lost considerable potency
at both A; and A, receptors when two distal methylene
groups were substituted by a disulfide linkage (compound
36). The water-soluble sulfonate derivatives 18 and 55
were nonselective.

Discussion

The choice of chemical groups present in the purine
derivatives was made for determination of which nucleo-

(18) Bruns, R. F.; Lu, G. H.; Pugsley, T. A. Mol. Pharmacol. 1986,
29, 331-346.
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Table IV. Affinity at Striatal A, Adenosine Receptors
Determined through [*H]NECA Binding Experiments,'® for
Selected Compounds

K;at A, A selectivity ratio
no. receptors, nM [Ki(at Ay)/Ki(at Ay)]
6 321 79 48.6
10 343 £ 74 144
18 1450 = 92 3.95
19 105 £ 24 42
26 655 £ 1.7 26.2
29 472 + 66.6 69
35 207 £ 57 56
36 1050 = 105 19.1
45 191 £ 54 407
46 176 + 18.5 203
55 70 £ 6.3 1.37
56 202 76

philic group(s) of the adenosine receptor protein partici-
pate(s) in the inhibition reaction. In addition, chain
lengths were varied to probe the architecture of the binding
site. Lysyl residues, histidyl residues, «-amino groups, and
sulfhydryl groups are known to be present in the primary
sequence of other membrane-bound receptors (for exam-
ple, 8,-adrenergic receptors'®) in the vicinity of the ex-
tracellular binding site. Evidence suggestive of a free thiol
group present on the A, receptor has been reported.?

The isothiocyanate group is known to be preferentially
reactive with primary and secondary amino groups and
thiol groups.?* Other isothiocyanate-derivatized ligands
have been found to be irreversible inhibitors of binding
to receptors.>” These probes have found wide application
in studying the pharmacology and physiology of opiate and
other receptors.

Isothiocyanate derivatives of 1,3-dialkylxanthines (com-
pounds 6, 10, and 29) and of adenosine (compounds 45 and
46) behave pharmacologically as irreversible inhibitors of
central A, adenosine receptors. Moreover, adenosine iso-
thiocyanates 45 and 46 are highly selective for A; receptors.
Xanthine isothiocyanates 6 and 10 are moderately selective
for A, receptors.

In the xanthine series the position of the isothiocyanate
group on the phenyl ring made a substantial difference in
the potency of inhibition, with the meta position favored
(10) over the para position (6). In the adenosine series,
the meta isomer 46 was a slightly more potent irreversible
inhibitor than the p-isothiocyanate derivative 45.
Lengthening the chain between the xanthine pharmaco-
phore and the electrophilic group either diminished [(p-
aminophenyl)acetyl spacer, 26] or did not affect (glycine
spacer, 29) inhibitory potency.

In a series of amine-reactive N-hydroxysuccinimide es-
ters (1, 34, and 35), only the longest member of the series,
compound 35, substantially inhibited ¥[-APNEA binding
irreversibly. This is likely due to the relative geometry of
the nucleophilic group (likely an amine) relative to the
xanthine binding site. Whether the xanthine active ester
(35), xanthine isothiocyanates (compounds 6, 10, and 29),
and adenosine isothiocyanates (compounds 45 and 46)
react with a single nucleophilic residue is unknown. The

(19) Kobilka, B. K.; Dixon, R. A. F.; Frielle, T.; Dohlman, H. G,;
Bolanowski, M. A,; Sigal, I. S.; Yang-Feng, T. L.; Francke, U.;
Caron, M. G.; Lefkowitz, R. J. Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 46-50.

(20) Yeung, S. H,; Green, R. D. J. Biol. Chem. 1983, 253, 2234.

(21) (a) Jacobson, K. A.; Patchornik, A. J. Biochem. Biophys.
Methods 1983, 8, 213-222. (b) Burke, T. R, Jr.; Batwa, B. S.;
Jacobson, A. E.; Rice, K. C. J. Med. Chem. 1984, 27,
1570-1574.
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weak incorporation of thiol reagent 38, an N-alkylmale-
imide derivative, is suggestive of a cysteinyl residue in the
xanthine binding region.

The identification of irreversible inhibitors of adenosine
receptors suggests studies in a number of physiological
systems. For example, in the kidney both A, and A, re-
ceptors are present, and these receptors are not readily
characterized in competitive binding studies, but might
be differentiated with a ligand such as compound 10.

The central effects of adenosine (evidenced in locomotor
depression, analgesia, protection against convulsions) have
not been ascribed cleary to either A;- or Aj-receptor sub-
types. Addition of compound 10 as a specific inhibitor in
isolated brain preparations or in vivo may prove to be a
powerful tool for the study of regulatory effects of en-
dogenous adenosine and delineation of the role of A;- and
A,-receptor subtypes. It is possible that the metabolism
of isothiocyanates in the liver and elsewhere will preclude
the entry of purine isothiocyanate derivatives into the
brain. If so, it will be necessary to administer the drug
intracerebroventricularly for studies of the CNS. The
behaviorial effects of metaphit,>?? an irreversible isothio-
cyanate derivative of PCP, have been studied.

The irreversible inhibitors of adenosine receptors have
a therapeutic potential. In peripheral sites, a long-acting
adenosine antagonist (by virtue of covalent bond formation
with the receptor) is of interest as a diuretic or kidney-
protective agent, cardiotonic, or stimulator of the immune
system. An irreversible adenosine agonist is of interest as
a vasodilator, antidiuretic agent, or immunosuppressant.

Materials and Methods

The reported synthesis!'® of compound 1 has been improved.
Disuccinimidyl tartrate (DTT), disuccinimidiyl suberate (DSS),
disuccinimidyl dithiobis(propionate) (DSP), and m-maleimido-
benzoyl N-hydroxysuccinimide ester (MBS) were purchased from
Pierce Chemical Co., Rockford, IL. 1,4-Phenylene diisothiocyanate
(DITC) and N-succinimidyl 4-maleimidobutyrate (GMBS) were
from Fluka, Ronkonoma, NY. 8-[4-[(Carboxymethyl)oxy]-
phenyl]-1,3-dipropylxanthine (XCC), 8-[4-[[[[(2-aminoethyl])-
amino]carbonyl)methyl]oxylphenyl]-1,3-dipropylxanthine (XAC,
compound 4), and N®-[4-[[[4-[[[{2-aminoethyl])amino]carbonyl]-
methyl]anilino}carbonyljmethyl]phenyl]adenosine (ADAC, com-
pound 43) were synthesized as described*®1® or obtained from
Research Biochemicals, Inc., Natick, MA. Bromoacetic anhydride
was obtained from Pfaltz and Bauer (Waterbury, CT). Com-
pounds 6, 10-20, 24, and 33-39 were synthesized by acylation of
compound 4.1! Compounds 45-56 were synthesized by acylation
of compound 43.° Amino acid derivatives of compound 4 were
synthesized in the manner described previously,'? by using the
water-soluble 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride (EDAC) in dimethylformamide.

New compounds were characterized by 300-MHz proton NMR
(unless noted, chemical shifts are in DMSO-d; in ppm from TMS),
chemical ionization mass spectroscopy (CIMS, NHj,, Finnigan 1015
spectrometer), and C, H, and N analysis of (£0.4% acceptable).

Certain compounds were characterized by plasma desorption
mass spectroscopy® and were identified by the presence of positive
ion peaks observed at mass = M + 23.

8-[4-[[[(N-Succinimidyloxy)carbonyl]lmethyl]oxy]-
phenyl]-1,3-dipropylxanthine (1). 8-[4-[(Carboxymethyl)-
oxy]phenyl}-1,3-dipropylxanthine (45 mg, 0.12 mmol), N-
hydroxysuccinimide (37 mg, 0.32 mmol), and EDAC (64 mg, 0.32
mmol) were combined in 2 mL of DMF. After the mixture had
been stirred for 5 min, a solution formed. The solution was cooled
in an ice bath, and cold water was added. The resulting precipitate
was collected and dried in vacuo: yield 48 mg (86%); characteristic
NMR resonances at 8.18 (t, 1 H, NH), 4.42 (t, 1 H, CH, 5.4 Hz),

(22) Contreras, P. C.; Rafferty, M. F.; Lessor, R. A.; Rice, K. C;;
Jacobson, A. E.; O’'Donohue, T. L. Eur. J. Pharmacol. 1985,
111, 405-406.
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3.3 (2 H, CH;N), 3.26 (s, 6 H, CH;0) ppm.
8-[4-[[[[(Formylmethyl)amino]carbonyljmethylJoxy]-
phenyl]-1,3-dipropylxanthine (3). 8-[4-[(Carboxymethyl)-
oxy]phenyl]-1,3-dipropylxanthine (1.37 g, 3.6 mmol) was con-
densed with aminoacetaldehyde dimethyl acetal (Aldrich, 0.39
mL, 3.6 mmol) by using dicyclohexylcarbodiimide (0.9 g, 4.4 mmol)
in the presence of 1-hydroxybenzotriazole (HOBt; 0.4 g, 3 mmol)
to give 8-[4-[[[[[(dimethoxymethyl)methyl]amino]carbonyl]-
methyl]oxylphenyl]-1,3-dipropylxanthine (2). The acetal was then
heated at 40 °C with a mixture of 1 N HC], trifluoroacetic acid,
and DMF in a ratio of 1:1:2 to give 3 in 76% yield: characteristic
NMR resonances at 9.48 (s, 1 H, CHO), 8.54 (t, 1 H, N H), 4.0
(m, 2 H, CHy) ppm.
1,3-Dipropyl-8-[4-[[[[[2-[[[(4-isothiocyanatopheny])-
amino]thiocarbonyl]aminolethyl]Jamino]carbonyl]-
methyl]oxy]phenyl]xanthine (6). 1,4-Phenylene diisothio-
cyanate (5; 200 mg, 1.0 mmol) was dissolved in a 3 mL of di-
methylformamide in a glass container. Compound 4*! (100 mg,
0.23 mmol) was added in portions with stirring. After 1 h a
solution had formed. Dry ether (30 mL) and petroleum ether (30
mL) were added followed by scratching with a glass rod. After
overnight incubation in the cold a precipitate formed. The solid
was filtered, washed with ether, and dried in vacuo, providing
84 mg (58% yield) of product (6). The solid decomposed at 140
°C, forming another solid which then melts at 220 °C: NMR
(DMSO0-dg) 6 9.79 (NH), 8.31 (t, 1 H, NH), 8.07 (d, 2 H, 8-Ar, C-2
and C-6, J = 8.8 Hz), 7.95 (1 H, NH), 7.50 (d, 2 H, NH-Ar, C-3
and C-5,J = 8.8 Hz), 7.33 (d, 2 H, NH-Ar, C-2 and C-6, J = 8.7
Hz), 7.10 (d, 2 H, 8-Ar, C-3 and C-5, = 8.8 Hz), 4.57 (s, 2 H, CH,0),
4.02 and 3.87 (each t, C-1 Pr), 3.62 (m, 2 H, C-2 Et), 3.4 (2H, C-1
Et), 1.74 and 1.58 (each m, 2 H, C-2 Pr), 0.89 (q, 6 H, C-3 Pr).
Compound 6 was shown by thin-layer chromatography (silica,
chloroform/methanol/acetic acid, 85:10:5) to be quantitatively
reactive toward primary amines, such as ethylenediamine, in molar
excess, forming 8 (for which were obtained R, values of 0.87 and
0.33 for 6 and 8, respectively). Compound 6 is stable to storage
at -20 °C.
1,3-Phenylene Diisothiocyanate (9). A modification of the
procedure of Newman et al.” was used. 1,3-Phenylenediamine
(Fluka, 0.211 g, 1.95 mmol) was dissolved in 80 mL of chloroform.
Water (30 mL) and sodium bicarbonate (0.38 g, 4.5 mmol) were
added, and the mixture was stirred vigorously. After 10 min, 0.4
mL (5.2 mmol) of freshly distilled thiophosgene was added. After
1 h the phases were separated, and the organic layer was dried
(NayS0,) and evaporated. The residue was triturated with eth-
er/petroleum ether (1:1) and filtered. The filtrate was evaporated,
leaving the product, 9, as a white solid (0.30 g, 81 % yield), melting
at 50.5-51 °C. The NMR spectrum was consistent with the
assigned structure. Compound 9 was stable to storage at room
temperature for at least several weeks.
1,3-Dipropyl-8-[4-[[[[[2-[[[(4-sulfophenyl)amino]thio-
carbonyl]amino]ethyl]amino]carbonyllmethyl]oxy]-
phenyl]xanthine Sodium Salt (18). Compound 4 (53.8 mg,
0.126 mmol) was suspended in 2 mL of DMF and treated with
4-sulfophenyl isothiocyanate sodium salt (Fluka, 35 mg, 0.137
mmol). After the mixture was stirred for 2 h, water (4 mL) was
added, and the insolubles were filtered and discarded. The filtrate
was evaporated on a steam bath. The residue was treated with
ether, and the resulting solid was isolated by filtration and re-
crystallized from DMF/ethyl acetate and then from DMF/
methanol/ether. The product, 18, was obtained in 64% yield (53.7
mg): characteristic NMR resonances at 9.68 (s, 1H, ArNHCS),
7.52 (d, 2 H, 8.4 Hz, ortho to S), 7.32 (8.5 Hz, meta to S) ppm.
4-[(tert-Butyloxycarbonyl)amino]phenylacetic Acid (22).
p-Aminophenylacetic acid 21 (1.83 g, 12 mmol) and dibasic sodium
phosphate (1.72 g, 12 mmol) were dissolved in 40 mL of H,0.
Methanol (30 mL) and di-tert-butyl dicarbonate (2.74 g, 12 mmol)
were added. After 2 h, the solution was extracted with ether, which
was discarded. The aqueous layer was acidified with 6 N citric
acid and extracted three times with ethyl acetate. The organic
extracts were combined, dried (Na,SO,), and evaporated. The
residue was recrystallized from ethyl acetate/petroleum ether to
give 1.60 g of the product, 22, mp 141.5-142.5 °C, in 40% yield.
N-Succinimidy! 4-[(tert-Butyloxycarbonyl)amino]-
phenylacetate (23). Compound 22 (0.42 g, 1.67 mmol) was
dissolved in 20 mL of DMF and treated with EDAC (0.6 g, 2
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mmol) and N-hydroxysuccinimide (0.35 g, 3 mmol). After 2 h
ice water was added, resulting in the precipitation of a solid. The
product, 23 (yield 0.40 g, 69%, mp 169-170 °C), was dried in vacuo
over KOH: characteristic NMR resonances at 9.36 (s, 1 H, NH),
7.42 (d, 2 H, 8.4 Hz), 7.21 (d, 2 H, 8.4 Hz), 2.80 (s, 4 H, succin),
1.47 (s, 9 H, t-Bu) ppm.
8-[4-[[[[[2-[[(4-Aminophenyl)acetyl]amino]ethyl]-
aminojcarbonyl]methyljoxo]phenyl]-1,3-dipropylxanthine
(25). Compound 4 (185 mg, 0.43 mmol) and compound 23 (151
mg, 0.43 mmol) were added to 4 mL of DMF and stirred for 2
h. The mixture was treated with ether to precipitate 8-[4-
[[[[[2-[[[4-[(tert-butyloxycarbonyl)amino]phenyllacetyl]-
amino]ethyl]amino]carbonyllmethyl]oxy]phenyl}-1,3-dipropyl-
xanthine (24). A 75% yield (0.37 g, mp 215-220 °C) was obtained.
Compound 24 was converted quantitatively to compound 25
upon treatment with neat trifluoroacetic acid for 1 h. The acid
was evaporated under a stream of nitrogen and the residue
crystallized upon addition of ether. Compound 25 was recrys-
tallized from DMF /methanol/ether and melted at 204-208 °C:
characteristic NMR resonances at 6.88 (d, 2 H, 8.1 Hz), 6.47 (d,
2 H, 8.3 Hz), 3.18 (s, 2 H, CH,Ar) ppm.
8-[4-[[[[[2-[(Bromoacetyl)amino]ethyl Jamino]carbonyl]-
methylJoxy]phenyl]-1,3-dipropylxanthine (31). Compound
4 (0.13 g, 0.30 mmol) was suspended in 4 mL of dimethylform-
amide and treated with bromoacetic anhydride (90 mg, 0.35
mmol). N-Methylmorpholine (30 xL, 0.29 mmol) was added
slowly. The product, 31, was isolated in 93% yield, mp 275-279
°C.
8-[4-[[[[[2-[[[6-[(N-Succinimidyloxy)carbonyl]-n -
hexyl]carbonyl]laminojethyl]lJaminojcarbonyl]methyl]-
oxy]phenyl}-1,3-dipropylxanthine (35). Compound 4 (58 mg,
0.135 mmol) was suspended in DMF and treated with disuccin-
imidyl suberate (100 mg, 0.27 mmol). After 1 h the product was
isolated as a precipitate in 92% yield upon addition of ether and
petroleum ether. The product, 35, a white solid melting at 189-197
°C, was recrystallized from DMF /water.
NS6-[4-[[[[4-(Carboxymethyl)phenyl]amino]carbonyl]-
methyllphenyl]adenosine (41). N&-[4-[[[[4-[[(Methyloxy)-
carbonyl]methyljphenyl]amino]carbonyl]methyl]phenyl}-
adenosine!® (1.48 g, 2.7 mmol) was dissolved in 10 mL of di-
methylformamide and treated with 1 mL of 4 M NaOH. After
24 h, the solution was acidified with 5 mL of 2 M citric acid and
then treated with saturated sodium chloride (5 mL) and water
(10 mL). The precipitate was collected by centrifugation and
washed with water (3X), a small amount of cold methanol (2X),
and ether: yield 1.24 g (42 %); mp 182-184 °C.
NE-[4-[[[[4-[[(N-Succinimidyloxy)carbonyljmethyl]-
phenyllamino]ecarbonyl]methyljphenyl]adenosine (42).
Compound 41 (1.08 g, 2.0 mmol) was dissolved in 10 mL of di-
methylformamide and treated with EDAC (2.5 g) and N-
hydroxysuccinimide (2.4 g). After 1 h, the reaction was complete
as judged by using thin-layer chromatography (silica, chloro-
form/methanol/acetic acid, 85:10:5). The product (R; values for
acid and ester, 0.32 and 0.40, respectively) precipitated slowly
following cooling in an ice bath and addition of saturated sodium
chloride. The product was isolated by centrifugation and washed
with water, methanol, and ether. The product did not melt
sharply, but decomposed at 175 °C; yield 0.95 g (74%). The IR
spectrum shows an intense ester carbonyl peak at 1740 cm™.
NB.[4-[[[4-[[[(2-Isothiocyanateethyl)amino]carbonyl]-
methyl]anilino]Jcarbonyllmethyl]phenyl]Jadenosine (44).
Compound 43 (25 mg, 43 umol) and triethylamine (6 uL) were
dissolved in 1 mL of DMF with warming. After cooling in an ice
bath, distilled thiophosgene (3.9 uL, 51 umol) was added with
stirring. Water and saturated NaCl were added to obtain a white
precipitate, which was dried in vacuo over NaOH; yield 13 mg
(48%) of product, 44. IR peaks appeared at 3460, 2120, 1640,
1600, 1515, 1480, 1420, 1100, 1060, and 1030 cm™. Thin-layer
chromatography and the Cf plasma desorption spectrum? was
consistent with the assigned structure (95% maximum peak at
mass 641 corresponding to M + Na®*) and showed no evidence
of residual 43.

(23) Jacobson, K. A,; Pannell, L. K.; Fales, H. M.; Sokoloski, E. A.;
Kirk, K. L. J. Chem. Soc., Perkin Trans. 1 1986, 2143-2149.
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NS-[4-[[[4-[[[[2-[[[(3-Isothiocyanatophenyl)amino]thio-
carbonyl]amino]ethyl]amino]carbonyllmethyllanilino]-
carbonylJmethyl]phenyl]adenosine (45). Compound 43 (19.3
mg, 34 umol) was suspended in 1 mL of DMF with stirring and
treated with 1,3-phenylene diisothiocyanate (9; 14 mg, 71 umol).
After 1 h the solution was treated with dry ether to precipitate
the product (20 mg, 78% yield, mp 182-182 °C), 45 NMR
(Me,SO-dg) 8 9.80 (s, 1 H, ArNHCS), 10.08 and 9.92 (each s), 8.54
and 8.39 (each s, adenine), 7.84 (d, 2 H, J = 8.3 Hz, ortho to
adenine NH), 7.59 (s, 1 H, ortho to ArNCS), 7.50(d, 2 H, J =
7.6 Hz, ortho to NHCO), 7.34 (m, 2 H, ArNCS), 7.28 (d,2 H, J
= 8.3 Hz, meta to adenine NH), 7.17 (d, 2 H, J = 7.7 Hz, meta
to NHCO), 7.1 (1 H, ArNCS), 5.94 (d, 1 H, ribose C,, J = 5.9 Hz),
5.47 (d, 1 H, OH, J = 6.0 Hz), 5.28 (t, 1 H, OH, J = 5 Hz), 5.21
(d, 1 H, OH, J = 3.6 Hz), 4.63, 4.17, and 3.97 (each m, 1 H, ribose
CHOQ), 3.67 and 3.54 (m, 2 H, CH,0H), 3.59 (s, 4 H, CH,Ar),
3.2-3.4 (m, 4 H, NCH,CH;N).

NS[4-[[[4-[[[[2-[[[(4-Sulfophenyl)amino]thiocarbonyl]-
amino]ethyllamino]carbonyllmethyl]}anilino]carbonyl]-
methyl]phenyl}adenosine Sodium Salt (55). Compound 43
(17.5 mg, 30 umol) was suspended in 1 mL of DMF with stirring
and treated with 4-sulfophenyl isothiocyanate sodium salt (10 mg,
40 umol). After overnight incubation with stirring a solution
formed. The reaction was filtered and treated with dry ether to
precipitate an oil. The oil was treated with methanol to obtain
the product (13 mg, 51% yield, mp 219-229 °C), 55: characteristic
NMR resonances at 9.65 (s, 1 H, ArNHCS), 7.49 (d, 2 H, 8.3 Hz,
ortho to S), 7.29 (d, 2 H, 8 Hz, meta to S).

NS.[4-[[[4-[[[[2-[(Bromoacetyl)amino]ethyl]amino]-
carbonyllmethyllanilino]}carbonyljmethyl]phenyl]ladenosine
(56). Compound 43 (16 mg, 28 umol) was suspended in 1 mL of
DMF with stirring. Bromoacetic anhydride (50 mg) was added
as a solid, and the mixture was stirred for 5 min. Ether (4 mL)
was added to precipitate the product, 36, which was collected by
filtration and dried in vacuo over KOH. Yield was 17.6 mg
(90.9%) of 56, a white solid that decomposed at 220 °C without
melting: characteristic NMR resonance at 3.82 (s, 2 H, CH,Br)
ppm. The Cf plasma desorption MS? showed peaks corre-
sponding to M + H¥, M + Na™, and loss of ribose.

Biochemical Assays. Stock solutions of xanthines in the
millimolar concentration range in dimethyl sulfoxide were pre-
pared for binding assays and stored frozen. Solutions were
warmed to 50 °C prior to successive dilution in DMSO (ap-
proximately 50-fold) and then in aqueous medium. Solutions of
compound 10 at <4 mg/mL could be obtained by dissolving in
DMSO (40 mg/mL) and adding a 40% aqueous solution of +-
(hydroxypropyl)cyclodextrin® with warming. Aryl isothiocyanates
were unstable at pH >10.

Competitive Binding Assay Using [PH]PIA. Inhibition of
binding of 1 nM [3H]-N®-(phenylisopropyl)adenosine (Du Pont
New England Nuclear, Boston, MA) to A; adenosine receptors

(24) Pitha, J.; Szente, L.; Szejtli, J. In Controlled Drug Delivery;
Bruck, S. D., Ed.; CRC Press: Boca Raton, FL., 1983; Vol. 1,
pp 125-148.
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in rat cerebral cortex membranes was assayed as described.!!
Inhibition of binding by a range of concentrations of a xanthine
or adenosine derivative was assessed in triplicate in at least three
separate experiments. ICs, values were converted to K; values
by using a Kp, value for [*H]PIA of 1.0 nM and the Cheng-Prusoff
equation.?

Competitive Binding Assay and Incorporation Studies
Using '¥I-APNEA. Binding assays in bovine brain and in rat
brain to examine irreversible incorporation utilized *1-APNEA,
which was synthesized as described previously.®® Sodium
[*#T}iodide was obtained from Amersham (Arlington Heights, IL).

Rat cerebral cortex and bovine cerebral cortex membranes were
prepared as described previously.® Membranes were treated with
adenosine deaminase (0.5 unit/mL) for 20 min at 37 °C prior to
radioligand binding studies or incorporation studies.

Membranes (40 ug, 150 uL) were incubated for 1 h at 37 °C
in a total volume of 250 uL, containing 50 uL of radioligand of
the indicated concentration and 50 uL of the competing ligand.
Isothiocyanates and other chemically reactive derivatives were
weighed out prior to use and dissolved in DMSO. The DMSO
solutions were diluted to a concentration of less than 0.1 mM prior
to adding to aqueous medium. Bound and free radioligand was
separated by addition of 4 mL of a solution containing 50 mM
Tris-HCl, 10 mM magnesium chloride, and 1 mM EDTA at pH
8.26 (buffer A) with 0.02% 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate (Chaps) at 5 °C followed by vacuum
filtration on glass filters with additional washes totaling 12 mL
of buffer. Filters were counted in a v counter at an efficiency
of 75%. Percent inhibition of binding was determined through
the use of full saturation curves using 1%1-APNEA with concen-
trations ranging from 0.1 to 2.5 nM. Nonspecific binding was
determined with 103 M (R)-PIA.

Saturation was analyzed by use of computer modeling programs
as described previously.?’

For studies of irreversible incorporation, membranes were
prepared as described above and then incubated with the indicated
(Tables I and II) concentration of ligand for 45 min at 37 °C.
Initial experiments demonstrated that complete incorporation
had occurred by 30 min (data not shown). Membranes were then
washed three times by sequential resuspension and centrifugations
with buffer A containing 0.02% Chaps. Membranes were then
suspended in buffer A containing 10 M 3-isobutyl-1-methyl-
xanthine (IBMX) and incubated at 25 °C for 18 h with shaking.
Membranes were then washed twice with buffer A, treated with
adenosine deaminase as described above, and used in radioligand
binding studies as described above.

The long treatment with IBMX was found necessary to remove
all of the nonincorporated ligands from membranes. Multiple
washes (up to eight) with buffer alone were insufficient to remove
all the reversibly bound ligands.

(25) Cheng, Y.-C.; Prusoff, W. H. Biochem. Pharmacol. 1973, 22,
3099.

(26) Stiles, G. L. J. Biol. Chem. 1985, 260, 6728-6732.

(27) DeLean, A.; Hancock, A.; Lefkowitz, R. J. Mol. Pharmacol.
1982, 21, 5-13.



