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Abstract. Caffeine and analogs that contain ethyl, propyl, allyl, propargyl and other sub-
stituents in place of methyl at 1-, 3- and 7-positions were antagonists at the two major classes
(A; and A;) of adenosine receptors. Potency at both receptors increased as methyls were
replaced with larger substituents. Certain analogs with only one of the three methyl groups of
caffeine replaced by larger substituents were somewhat selective for A, receptors. None of
the analogs were particularly selective for A, receptors. The presence of polar entities in the
substituent at the 1- or 7-position was poorly tolerated at adenosine receptors. Activity of
caffeine analogs at A; and A, adenosine receptors in a variety of systems and cell types is

presented and summarized.

The pharmacological actions of caffeine,
theophylline and other xanthines are conso-
nant with a major contribution from block-
ade of adenosine receptors [1, 2]. However,
inhibition of phosphodiesterase and mobili-
zation of calcium undoubtedly also contrib-
ute to the pharmacological profile of xan-
thines. Caffeine is relatively weak, both as
an adenosine receptor antagonist and as a
phosphodiesterase inhibitor. Efforts have
been made to develop more potent and/or
selective analogs of caffeine by replacement

of the methyls at the 1-, 3- and 7-positions
with other substituents [3, 4]. Certain of
these analogs proved to be more potent
than caffeine, and some are selective for A,
adenosine receptors. However, activity as
phosphodiesterase inhibitors is in many
cases also increased [5]. Behavioral stimula-
tion by xanthines appears to be correlated
with blockade of adenosine receptors [6],
but only for xanthines that are not potent
inhibitors of the calcium-independent phos-
phodiesterase [5]. Such xanthines are be-
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havioral depressants. The potencies of caf-
feine and theophylline analogs as tracheal
relaxants appear to correlate with potency
as inhibitors of calcium-dependent phos-
phodiesterases and not with potency as
adenosine receptor antagonists [7]. Caffeine

analogs have potential as therapeutic agents
as antiasthmatics, antithrombotics and cog-
nitive enhancers. The present report sum-
marizes and extends data on the affinity of
caffeine and analogs for A, and A, adeno-
sine receptors.

Table 1. Synthesis of caffeine analogs: general procedures 1, I1 and 111

Product Starting Halide Time Temper- Solvent
xanthine (X) h ature
°C

2 1,3-DiethylX Ethyl bromide 5 80 DMF
4 13-DiallylX Allyl bromide - 2 40 DMF

6 ~ 1.3-DiallylX Ethyl bromide 24 45 DMF

7. 1 3-D|pr0pyl)( Allyl bromide 4 37 DMF

gb 1,3- -DipropylX B Pmparg_yl bromide 2 40 DMF

9 1,3-DipropylX Benzyl bromide B 12 35 DMF
11 7-MethylX Ethyl bromide 24 45 DMF

12 1,3-DipropylX Methyl iodide 3 35 DMF B
13 1.3-DipropylX ~ Methyliodide 3 35 DMF
15 o3 -MethylX - Ethyl bromide 4 80 DMF

17 3-MethylX Allyl bromide 4 80 DMF B
18 3-MethylX Propargyl bromide 5 80 DMF
21 I-MethylX Propargyl bromide 24 35 DMF
23 3-Isobutyl-l methylx Allyl bromlde 4 35 DMF
24 3-Isobutyl-1-methylX Propargyl brom_ldc 24 35  DMF
28 3.7-DimethylX Allyl bromide 22 80 EtOH-H»0 (2:1)
29 3,7-DimethylX Propargyl bromide 72 80 EtOH-H-0 (2:1)
32 3,7-DimethylX Benzyl bromide 10 80 EtOH-HO (2:1)
34 3,7-DimethylX Bromoacetonitrile 5 60 DMF -
35 3,7-DimethylX Bromomethyl methylether 5 100 DMF
36 3.7-DimethylIX Chloroacetone 10 100 DMF
38 3,7-DimethylX ~ Ethyl iodoacetate 5 100 DMF
40 3-PropylX Mcthyl |0c_l__lge El 35 DMF
42 I__Mﬂgy] -3- |sobutylx Methyl iodide 3 35 DMF
45 1,3- DlmethyIX Allyl bromide 4 35 DMF
46 1 3—Dln3§1hylx _ ~ Propargyl bromide 24 45 _EMF o
47 1,3-DimethylX Benzyl bromide 12 35 DMF
54 _}__@__I?nmcthylx Bromoacetonitrile ) _2__ 60 B ___IS_W -
55 1,3-DimethylX B Bromomethyl methyl ether 24 60 DMF B
56  1.3-DimethylX Chloroacetone 24 60 " DMF
59 1,3-DimethylX Ethyl iodoacetate 12 60 DMF
@ mp6l°C.

b mp 87°C.
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Methods

Materials

N-Ethylcarboxamidoadenosine (NECA) and R-
Nf-phenylisopropyladenosine (R-PIA) were from Re-
search Biochemicals (Natick, Mass., USA); [*H]R-
PIA (50 Ci/mmol) and [*"H]NECA (18 Ci/mmol) from

Procedure Recrystal- Yield, %
and isolation  lization
method solvent
IB EtoH/Me,CO 46
T IE Me>CO 9
1A DMF/H,0 46
1A EtOH/H,0 55
A EtOH/H-»0 89
1A DMF/H-0 84
“IB DMF/Me,CO 54
B DMF/Me,CO 67
1B DMF/H-0 68
TIC DMF/H.0 43
T IB - EtOH/Me;CO 63
Te DMF/H,0 66
T IB DME/H,0 55
1A ~ EtOH/H,0 72 -
IB MeOH/H,0 78
e DMF/H>0 74
e DMF/MeOH 71
1A N DMF/H,0 80
1IF MeOH/ether 93
TIIE ~ DMF/MeOH 89
COHIE DMF/MeOH 86
~IIE DMF/MeOH 90
IB DMF/H>0 79
1B DMF/H,0 78
B Me,CO/H,0 76
B CHCl3/MeOH 9%
1A DMF/H,0 80
_IF MeOH/Et,0 97
~ IIIE 43
__IIF z 73
ID DMF/EL,O o 90

New England Nuclear (Boston, Mass., USA); and [o-
PPJATP (30 Ci/mmol) from Amersham (Arlington
Heights, I1l., USA). Rolipram was provided by Sche-
ring (Berlin, FRG).

7-(2-Chloroethyl)theophylline (49) and 7-(2-hy-
droxyethyl)theophylline (50) were from Aldrich
Chemical (Milwaukee, Wisc., USA). 1,3,7-Tripropar-
gylxanthine (5), 1,7-dipropargyl-3-methylxanthine
(18) and 3-propargyl-1,7-dimethylxanthine (41) were
kindly provided by Dr. J. Neumeyer of Research Bio-
chemicals and l-ethyl-3,7-dimethylxanthine (26) and
1-butyl-3,7-dimethylxanthine (30) by Dr. R.F. Bruns
(Lilly Research Laboratories, Indianapolis, Ind.,
USA). Syntheses of 3, 7-9, 12, 13, 22-25, 27-29, 40,
42, 44-47 and 51 have been described [3].

General procedures for synthesis of remaining
caffeine analogs are described below. In most cases
these involved alkylation of a mono- or dialkylxan-
thine. Purity of products was ascertained by thin-
layer chromatography and mass spectral analysis.
Mass spectra were determined with a Finnegan 1015
quadrapole (chemical ionization with CH; or NH;)
and with VG 70/70 (electron impact, 70 eV) mass
spectrometers. Melting points (mp) are reported for
compounds (4, 8, 16, 20), where analyses for carbon,
hydrogen and nitrogen provided further evidence for
purity.

Synthesis of Caffeine Analogs

General Procedure I. To a stirred suspension of 4.5
mmol of mono- or dialkylxanthine and 0.7 g of anhy-
drous K>COj; in 8 ml of dimethylformamide (DMF)
was added dropwise 5 mmol of alkyl halide. The reac-
tion temperature and time are indicated in table 1.
Volatile materials were removed in vacuo, and prod-
uct was isolated by one of the following methods.
(A) H-O was added to precipitate the product, fol-
lowed by chilling in ice, filtration and drying, The
product was purified when necessary by recrystalliza-
tion from an appropriate solvent (table 1). (B) H,O
was added and the H-O-DMF mixture was evapo-
rated in vacuo. The residue was extracted with several
portions of EtOAc. The combined extracts were dried
over MgSO,, filtered and solvent evaporated in va-
cuo. Recrystallization with the solvent indicated in
table | provided pure compound. (C) The residue was
dissolved in H>O followed by acidification with con-
centrated HCI to give a precipitate, which was re-
moved by filtration and dried. Recrystallization with
the solvent, indicated in table 1, gave a pure com-
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Table 2. Hydrogenation of xanthines

Product Starting Time Solvent Recrystal- Yield
xanthine (X) lization solvent %

3 7-Propargyl-1,3-dipropylX 25h EtOH EtOH/H,0 58
22 7-Propargyl-1-methyl-3-isobutylX 20 min EtOH EtOH/H,O 83
27 1-Allyl-3,7-dimethylX 20 min DMF-EtOH (1:2) DMF/H-0O 85
44 7-Allyl-1,3-dimethylX 20 min DMF CHCl3/Me,CO 85
52 7-Cyanomethyl-1,3-dimethylX 24 h EtOH-CHCl; (5:1) MeOH/EtOAc 86

pound. (D) After removal of solvent in vacuo, the res-
idue was dissolved in water, followed by extraction
with CHCls. After drying with Na;SO4, CHCl; was
removed to give crude product. Recrystallization with
appropriate solvent provided pure compound. (E) Af-
ter removal of solvent in vacuo, the residue was tritu-
rated with acetone, filtered and solvent removed in
vacuo, and the residue allowed to crystallize in freez-
er. Recrystallization provided pure compound.

General Procedure II. A mixture of 20 mmol of
mono- or dialkylxanthine, 20 ml of 10% NaOH, 50
ml of H,O and 100 ml of EtOH was refluxed for 15
min. The solution was cooled to room temperature,
and 40 mmol of alkyl halide were added dropwise
with stirring. Reaction temperature and time are indi-
cated in table 1. The solvent was removed in vacuo
and the product was purified by one of the isolation
methods described in General Procedure 1.

General Procedure III. A mixture of 2.5 mmol of
dialkylxanthine, 2.5 mmol of NaOH, 15 ml H,O and
25 ml EtOH was refluxed for 25 min. The solvent was
removed in vacuo and the residue dried at 80°C. To
the resulting sodium salt of the dialkylxanthine in 15
ml DMF was added a 5-fold excess of the appropriate
halide, and the reaction mixture was heated for the
time and temperature indicated in table I. Solvent
was removed in vacuo and the product was isolated
by one of the following isolation methods. (F) The
residue was dissolved in saturated NaHCOs;, ex-
tracted with CHCl,, dried with Na,SO, and solvent
removed to yield a crude product. Recrystallization
with the appropriate solvent provided pure com-
pound (table 1). (G) The residue was dissolved in
small quantity of MeOH and Et,O was added to pre-
cipitate the product, which was filtered and dried.
Recrystallization with the appropriate solvent pro-
vided pure compound (table 1).

Hydrogenation of Xanthines

General Procedure. A mixture of xanthine, sol-
vent, and 10% Pd on C was hydrogenated at 40
pounds per square inch Hs for the time indicated in
table 2. The catalyst was removed by filtration and
the filtrate was concentrated in vacuo. H-O was
added and the precipitate was filtered and dried.
Recrystallization with the appropriate solvent pro-
vided pure compound (table 2).

Hydrolysis of Esters

Compounds 39 and 60 were obtained by hydroly-
sis as follows: a mixture of 0.3 mmol of 1-(ethylcar-
boxymethyl)-3,7-dimethylxanthine (38), 2 ml [0%
NaOH and 3 ml DMF was refluxed for 20 min. The
solvent was removed in vacuo and the residue was
dissolved in H,O. The aqueous solution was acidified
and extracted with CHCl;, the organic layer was dried
with Na;SO., and the CHCl; was removed to give
crude product. Recrystallization with MeOH/ether
provided pure |-(carboxymethyl)-3,7-dimethylxan-
thine (39) in 82 % yield. In a similar procedure, a mix-
ture of 0.3 mmol of 7-(ethylcarboxymethyl)-1,3-di-
methylxanthine (59), 2 ml of 10% NaOH and 3 ml
DMF was refluxed for 30 min. The solvent was
removed in vacuo and the residue was dissolved in
H-0. The aqueous solution upon acidification and
cooling gave needle-like crystals which were filtered
and dried to provide pure 7-(carboxymethyl)-1,3-
dimethylxanthine (60) in 85% yield.

1, 7-Dipropyl-3-Methylxanthine (16)

1-Methyl-3-propyl-6-aminouracil was prepared
according to Papesch and Schroeder [8] by condensa-
tion of methylurea with cyanoacetic acid followed by
alkylation with propyl bromide. The precipitated
product was dissolved in 40% acetic acid, the solution
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was warmed to 80°C and an excess of NaNO;, was
added. The mixture was stirred for | h at room tem-
perature, and the precipitated purple crystals were
collected by filtration and air-dried. The l-methyl-3-
propyl-5-nitroso-6-aminouracil was dissolved in ab-
solute methanol and catalytically reduced with Ha/Pt.
After removal of the catalyst by filtration and evapo-
ration. the diaminouracil was refluxed with 98 % for-
mic acid for 1 h. The excess of acid was removed,
10% NaOH solution was added and the mixture was
refluxed for 15 min, followed by neutralization with
concentrated HCL. Solvent was evaporated in vacuo,
and residue triturated in hot acetone. After removal
of the acetone, the oily product 3-methyl-1-propyl-
xanthine crystallized in the freezer in 64% yield. A
portion (0.150 g, 0.72 mmol) of the 3-methyl-1-pro-
pylxanthine was dissolved in 3 ml DMF. Equivalent
amounts of K»CO; and propyl bromide were added.
The mixture was kept at 40 °C for 2 h and then stirred
overnight. The solvent was evaporated and water was
added. The oily product crystallized upon cooling,
was collected by filtration and recrystallization from
DMF/H,0. Yield: 54%, mp 71 °C.

I-Methyl-3,7-Dipropylxanthine (20)

1-Propyl-3-methyl-6-aminouracil was prepared
according to Papesch and Schroeder [8] by condensa-
tion of propylurea with cyanoacetic acid followed by
alkylation with methyl iodide. The synthesis of 1-
methyl-3-propylxanthine in 72% yicld by nitrosation,
reduction and cyclization with formic acid was as
described above for 3-methyl-1-propylxanthine. Al-
kylation with propyl bromide was as described above
for synthesis of 16 h. Yield: 83%, mp 88 °C.

Biological Assays

(i) Inhibition of binding of [*H]N®-cyclohexyl-
adenosine or [*H]R-PIA to A; adenosine receptors in
rat brain membranes was assayed as described [9, 10].
Results with either of these ligands in rat brain mem-
branes have been nearly identical. The assay with
[*H]R-PIA now is used routinely in our laboratory.
(ii) Antagonism of R-PIA-elicited inhibition of ade-
nylate cyclase via an A, adenosine receptor in rat fat
cell membranes was assaved as described [11].
(iii) Inhibition of binding of [P H]NECA to A, adeno-
sine receptors in rat striatal membranes was assayed
as described [12] with 50 nmol/l Nf-cyclopentyl-
adenosine present to block A, adenosine receptors.
(iv) Antagonism of 2-chloroadenosine-elicited stimu-

lation of adenylate cyclase via an A, adenosine recep-
tor in rat striatal membranes was assayed essentially
as described [13]. Further details will be published
elsewhere. (v) Antagonism of NECA-elicited stimula-
tion of adenylate cyclase via an A; adenosine receptor
in rat pheochromocytoma PC12 membranes was as-
sayed as described [11]. (vi) Antagonism of NECA-
elicited stimulation of adenylate cyclase via an A,
adenosine receptor in human platelets was assayed as
described [11, 14], (vii) Data for inhibition of 2-chlo-
roadenosine-elicited accumulation of cyclic AMP in
guinea pig cerebral cortical slices are from Daly et al.
[3]. (viii) Data for inhibition of adenosine-elicited
accumulation of cyclic AMP in human fibroblasts are
from Bruns [15].

Data Analysis

ECs or 1Csq values were obtained from concen-
tration-response curves. K; values for binding were
obtained from ICsp values by the Cheng-Prusoff equa-
tion [16] using a Kp, for [*H]R-PIA of 1.0 nmol/l and a
Kp for PHJNECA of 8.5 nmol/l. Ky values for adenyl-
ate cyclase were calculated using the Schild equation
[17], and the ratio of ECsy values for NECA-activa-
tion or the ratio of I1Csq values for R-PIA inhibition in
the presence and absence of antagonist.

Results and Discussion

Caffeine is a relatively weak and nonse-
lective adenosine receptor antagonist show-
ing an apparent K; value of about 30-50
umol/l in a variety of assay systems (table 3).
These include the following.

(i) Inhibition of binding of an agonist
([*H]N*¢-cyclohexyladenosine or R-[*H]N®-
phenylisopropyladenosine) to A; receptors
in rat brain membranes.

(ii) Antagonism of R-PIA-elicited inhibi-
tion of adenylate cyclase via an A receptor
in rat fat cell membranes. Results from these
two A, receptor assays have shown a strong
correlation for many compounds [4, 11,
18].
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(ii1) Inhibition of binding of an agonist,
[*HINECA, to A, receptors in rat striatal
membranes. This assay affords results with
many, but not all, compounds that are con-
sonant with values obtained in assays based
on adenylate cyclase with rat PC12 cell
membranes (assay v). However, some com-
pounds show a poor correlation between K;
values for this binding assay and K; values
for inhibition of A,-receptor-mediated acti-
vation of rat adenylate cyclase (table 3). The
correlation of K; values for the binding assay
in rat striatal membranes with K; values for
inhibition of A,-receptor-mediated activa-
tion of rat striatal adenylate cyclase (assay
iv) is much better, suggesting that the high-
affinity A, receptor in striatum is a subtype
different from the high-affinity A, receptors
in other tissues. The A, adenosine receptor
of striatal membranes has been previously
proposed to be a high-affinity (A,,) subtype
[12, 13] to contrast it with the low-affinity
(Agp) receptors present in brain slices [13]
and in fibroblasts [15].

(iv) Antagonism of NECA-elicited stimu-
lation of adenylate cyclase via an A, receptor
in rat striatal membranes. A limited number
of caffeine analogs, mainly those whose K;
values in striatal binding assays (assay iii)
did not correlate well with K; values in PC12
adenylate cyclase assays (assay v), were as-
sessed in this assay.

(v) Antagonism of NECA-elicited stimu-
lation of adenylate cyclase via an A; receptor
in rat PC12 membranes. Results from this
assay have shown a correlation with results
on stimulation of coronary blood flow with
adenosine agonists [19].

(vi) Antagonism of NECA-elicited stimu-
lation of adenylate cyclase in human platelet
membranes. It has been previously noted
[11, 18] that the A, receptors in PC12 and

Table 3. Caffeine analogs (1,3, 7-trisubstituted xan-
thines): activity at A; and A, adenosine receptors

Product  Xanthine (X)
1 1,3,7-TrimethylX (caffeine)
2 1,3,7-TriethylX
3 1,3,7-TripropylX
4 1,3,7-TriallylX
5 1,3,7-Tripropargyl X
6 1,3-Diallyl-7-ethylX
7 1,3-Dipropyl-7-allylX
8 1,3-Dipropyl-7-propargylX
9 1,3-Dipropyl-7-benzylX
10 1,3-Dibutyl-7-(2-oxopropyl) X
11 1,3-Diethyl-7-methylX
12 1,3-Dipropyl-7-methylX
13 1,3-Diallyl-7-methylX
14 1,3-Dipropargyl-7-methylX
15 1,7-Diethyl-3-methyl X
16 1,7-Dipropyl-3-methyl X
17 1,7-Diallyl-3-methylX
18 1,7-Dipropargyl-3-methylX
19 3,7-Diethyl-1-methylX
20 3,7-Dipropyl-1-methylX
21 3,7-Dipropargyl-1-methylX
22 7-Propyl-3-isobutyl-1-methylX
23 7-Allyl-3-isobutyl-1-methyl X
24 7-Propargyl-3-isobutyl-1-methylX
25 7-Benzyl-3-isobutyl-1-methyl X
26 1-Ethyl-3,7-dimethylX
27 1-Propyl-3,7-dimethylX
28 1-Allyl-3,7-dimethylX
29 I-Propargyl-3,7-dimethylX
30 1-Butyl-3,7-dimethylX
31 1-Hexyl-3,7-dimethylX
32 1-Benzyl-3,7-dimethylX
33 1-(5-Oxohexyl)-3,7-dimethylX
34 1-Cyanomethyl-3,7-dimethyl X
35 1-Methoxymethyl-3,7-dimethyl X
36 1-(2-Oxopropyl)-3,7-dimethyl X
178 1-(2-Hydroxypropyl)-3,7dimethyl X
38 1-(Ethylcarboxymethyl)-3,7-dimethylX
39 1-(Carboxymethyl)-3,7-dimethylX
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A, receptor, K;, pmol/l A, receptor, K;, pmol/l
i i il iv v vi vii viii
binding cyclase binding rat cyclase rat cyclase rat cyclase human  cAMP guinea cAMP human
rat brain rat fat cell striatum striatum PCI12 cell platelet pig brain fibroblasts
44 (31-63) 59 (40-86) 45+7 707 36+4 30 (16-54) 50£5 132
45(2-11) - 23+0.7 272 4.8+1.2 4.0+09 1.2+0.2 2.5
2.6+04 9.3 (8-11) 13+0.4 11+£0.7 40+1.0 2.3+03 1.4+0.3 -
11.9+0.6 - 22+2 - 89+0.8 - - -
3.0+0.3 2.0+04 4.5+0.7 1.4+0.3 1.6+£0.03 0.7+£0.2 - =
103+1.0 - 27+4 = 7.8 (6-10) - il .
1.940.1 - 87403 - 21+05 - 07400 -
0.6+02 - 1.1+0.3  2.6+0.7 0.63+0.05 - 04+02 -
1.0£0.2 - 59+03 - 0.88+0.14 - 1.5+£0.3 -
208 = 468 = - - = &
7.5£0.6 - 46+3 - 13 (8-22) - - -
7+3 12 (7-22) 10+0.4 18+2 5.3 (4-7) 2.8(1.4-5.7) 1.2+0.2 -
18+8 - 31+3 - 69+1.3 - 4+1] -
8.3+1.7 4.9+0.7 9.1+1.0 B8.6%2 6.2 (4-10) 2402 - -
29 (21-41) - 1161 - 50 (40-63) - - -
8.0£0.3 - 18+2 14+2 9.5+£1.9 - - -
25(15-43) - 48+3 - 31 (10-100) - - -
5.8 (4-9) 5.2+1.1 8.1+1.0 - 9.8 (1.6-59) - - -
— = = =5 i = = 28:
10.1£1.5 26+3 - 6.3+0.7 - - -
44+1.0 - I+l - 5.0 (1-26) - - -
13+£2 - 28+2 - 3.7+0.5 - 115 -
13+2 - 19+4 - 29+0.8 - 85+1.4 -
3.1+0.1 - 39+08 - 1.5+0.2 2.3+0.2 2.8+0.2 -
9+2 - 32+4 - 7.5+0.6 - 11£5 -
26+2 - 46+ 4 - - - - 4.12
3849 57 (39-82) 4844 - 28 (22-35) 16 (9-30) 541 .
47411 i 73+3 58412 9.9+1.6 - 6.5+0.7 -
45+4 94 (68-130)  16+4 12+4 8.6+0.4 4 (3-6) 6.1%1 %
161 - 48+4 - - - - 2.8
- = = = = - - 28a
17(13-23) - 4742 - 24 (15-40) - - -
> 100¢ 330¢ > 1002 - - 5100 = 4002
> 100 - - B - =100 - -
> 100 = 270420 - = 71 (63-82) - -
> 100 - - - - =100 - -
4102 7702 - - - 1,8008 - -
24 (12-48) - 380+20 - - 87 (47-160) - -
=100 - 103+3 - - = 100 - -

(Table continued next page.)
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platelet membranes do not afford identical
K, values with many compounds, suggest-
ing that they represent different subtypes of
the high-affinity (A,;) A, adenosine recep-
tors.

(vii) Antagonism of 2-chloroadenosine-
elicited accumulations of cyclic AMP in
guinea pig cerebral cortical slices [3]. This
response appears to involve a low-affinity
(A,p subtype of adenosine receptor [12]. This
assay is with guinea pig tissue rather than
rat, and several studies have shown that both
A, and A; receptors vary from species to spe-
cies [20-22], providing another complica-
tion in comparison of results from different
assay systems.

(viii) Antagonism of adenosine-elicited
accumulations of cyclic AMP in human fi-
broblast cells [15]. This is a low-affinity (Aap)
A, adenosine receptor. It is only in this as-
say that caffeine is relatively potent (K;
13 pmol/l, table 1). But theophylline is also
more potent (K;, 5 pmol/l) in this assay sys-
tem than in most other A, assays (K; values:
iii, 17; iv, 20; v, 17; vi, 14, and vii, 14 pmol/l
3,4, 12, 23]

An increase in the size of the substituents
at the 1-, 3- and 7-positions from methyl in
caffeine (1) to ethyl in 2 increased potency at
both A and A, receptors with the sole excep-
tion of the A» receptor in striatum where the
effect of the increase in the size of the sub-
stituent on activity was minimal (table 3). A
further increase in size to propyl in 3 had
little further effect, except for the A5 receptor
in striatum where activity was slightly in-
creased. The 1,3,7-tripropargyl analog 5
tended to be more potent than the corre-
sponding 1.3,7-tripropyl analog 3 at A, re-
ceptors and at the fat cell A; receptor, but the
two analogs were equipotent at the brain A
receptor.

Table 3 (continued)

Product Xanthine (X)

40 3-Propyl-1,7-dimethylX

41 3-Propargyl-1,7-dimethylX

42 3-Isobutyl-1,7-dimethylX

43 7-Ethyl-1,3-dimethylX

44 7-Propyl-1,3-dimethylX

45 7-Allyl-1,3-dimethylX

46 7-Propargyl-1,3-dimethylX

47 7-Benzyl-1,3-dimethylX

48 7-Phenyl-1,3-dimethylX

49 7-(2-Chloroethyl)-1,3-dimethylX

50 7-(2-Hydroxyethyl)-1,3-dimethylX

51 7-(2-Acetoxyethyl)-1,3-dimethylX

52 7-(2-Aminoethyl)-1,3-dimethylX

53 7-(2-Diethylaminoethyl)-1,3-dimethylX
54 7-Cyanomethyl-1,3-dimethylX

55 7-Methoxymethyl-1,3-dimethylX

56 7-(2-Oxopropyl)-1,3-dimethyl X

57 7-(2-Hydroxypropyl)-1,3-dimethylX
58 7-(2,3-Dihydroxypropyl)-1,3-dimethylX
59 7-(Ethylcarboxymethyl)-1,3-dimethylX
60 7-(Carboxymethyl)-1,3-dimethylX

2 Values presented as single numbers are from other
laboratories as reported [12, 15, 24, 25].

Variation of the 7-substituent from pro-
pyl to allyl, in 1,3-dipropyl series (com-
pounds 3, 7) had little effect on activity (ta-
ble 3). However, the 7-propargyl analog (8)
was more potent than the propyl analog [3]
in all systems. The 7-benzyl analog [9] was
more potent than 3 in all systems except
guinea pig brain slices. The 1,3-dipropyl-7-
methylxanthine (11) was equivalent in po-
tency or slightly less potent than 3 in all
assay systems. Denbufylline, a 1,3-dibutyl
analog (10) with a polar carbonyl group in
the 7-substituent had relatively low affinity
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A, receptor, K;, pmol/l

A> receptor, K;, umol/l

i it il v
binding

v vi vii viii

cyclase binding rat  cyclase rat cyclase rat cyclase human  cAMP guinea cAMP human
rat brain rat fat cell striatum striatum PC12 cell platelet pig brain fibroblasts
246 24 (12-48) 40+2 29+5 15(13-16)  8.1(5-13) 9+3 -
16+1.6 = 46+4 507 21 (9.4-45) 14%3 - -
19+8 - 283 = 3.2+£04 = T+l -
- - = - = - = 20
21£6 109(63-190) 74+6 55%12 8.2(3.6-19) 9.3(7.6-11) 11+£3 -
33+2 = 39+05 - 7.7+1.6 10£2 -
12£3 1242 23+0.1 23+3 3.4+0.6 5.4x0.9 4.1+0.2 -

6+1 - 46+4 - 5.6+1.0 ~ 14+4 -
14+1 - 20+4 - - - = 39a

2k = 355 17+3 6.3 (3.5-11) - 45+1.2 0.98

10515 1954 = = 37+£5.5 1802 135+8 1602
407 - 56x1 - 30£6.5 - 683 -
> 100 - 110+4 - - =100 - -
- 690# = = - 5202 - =
52 (40-66) - 825 = - 46x16 - -
> 100 - 7816 - = > 100 - -
=>100 - 88+4 - - > 100 = -

992 2800 - - = 8502 - 1307
2802 8102 - = - 4,600° - > 1,0002
24 (12-48) - > 250 - = > 100 - = 1,0002

=100 - 110+2 - - =100 - 2508

Values presented as means = SEM or with 95% confidence limits are for 3 or more determinations from
our laboratory. Certain data are from prior publications from our laboratory [3, 4].

for A; and A, receptors [24] consonant with
the lack of tolerance for hydrophilic groups
in the binding site for 7-substituents. Doxo-
fylline (7-(1,3-dioxalone)-1,3-dimethyl-xan-
thine) also has low affinity for adenosine
receptors [25].

In the series where the 1,3-substituents
were varied, while the 7-methyl group was
constant (compounds 11-14), the 1,3-diethyl
compound 11 was the least potent at the A,
receptor of rat PC12 cells, while being the
most potent at the A, receptor of rat brain
(table 3).

In the series where the 1,7-substituents
were varied, while the 3-methyl group was
held constant (compounds 15-18), 1,7-di-
propyl-3-methylxanthine (16) and 1,7-di-
propargyl-3-methylxanthine (18) were more
potent than the 1,7-diethyl (15) and 1,7-dial-
1yl (17) analogs. Analogs 15 and 17 were only
slightly more potent than caffeine (3).

Two compounds were available for the
present study in which only the 3,7-substitu-
ents were increased in size relative to caf-
feine (20, 21) and both were markedly more
active than caffeine (table 3). 3,7-Diethyl-1-
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methylxanthine (19) has been reported to be
less active than caffeine at the A, receptor of
human fibroblasts [15].

Several 7-substituted derivatives (com-
pounds 22-25, 42) of the potent phospho-
diesterase inhibitor 3-isobutyl-1-methylxan-
thine [23] were assayed (table3). The
7-propargyl derivative (24) was the most ac-
tive of the series for both A, and A, recep-
tors. 3-Isobutyl-1-methylxanthine is itself a
potent, but relatively nonselective adenosine
receptor antagonist (K; values: i, 7 £ 2; ii,
3.2;1ii, 14; v, 2.8; vi, 1.1; vii, 7, and viii, 3.5
umol/l) [3, 12, 15, 23, 24].

A wide range of caffeine analogs have
been prepared in which the 1-substituent
was varied, while the 3- and 7-methyl groups
were held constant (compounds 26-39). Sev-
eral of these (26-29) were more potent than
caffeine at A, receptors and represent some-
what selective antagonists for A, receptors
(table 3). Indeed, 3,7-dimethyl-1-propargyl-
xanthine (29) appeared to have A,-selective
actions in vivo [26]. A number of this group
of analogs had polar groups (CO, CN, OCH3,
OH, COOH, COOQEt) in the l-substituent.
Nearly all of the xanthines with a polar
group in the I-substituent, including 33
(pentoxifylline) and 37 (protheobromine),
had low or no activity as adenosine receptor
antagonists with the possible exception of
the I-ethylcarboxymethyl analog (38), which
was more potent than caffeine at the brain
A, receptor (table 3). Thus, the adenosine
receptors do not accept polar entities in the
apparent hydrophobic region of the receptor
that interacts with the l-substituent.

Only three caffeine analogs were available
for the present study in which the 3-position
was varied, while the 1- and 7-methyl groups
were held constant (40-42). None were
markedly more potent than caffeine (1) at A,

receptors, nor at the A, receptors of striatum
(table 3). The 3-propyl (40) and 3-propargyl
(41) analogs were somewhat more potent
than caffeine at the A, receptor of PCI2
cells, while the 3-isobutyl (42) analog was 12-
fold more potent than caffeine (3). Both the
3-propyl (40) and 3-isobutyl (42) analogs
were more potent than caffeine at the adeno-
sine receptor of guinea pig brain. The 3-pro-
pyl (40) analog was 3-fold more potent than
caffeine at the A, receptor of human plate-
lets. No analogs were available with a polar
group in the 3-substituent, and it is unknown
whether that part of the xanthine binding
site on adenosine receptors will accept a hy-
drophilic group.

A wide range of caffeine analogs were
available in which the 7-substituent was var-
ied and the 1- and 3-methyl groups were held
constant (compounds 43-60). This is due to
the ease with which theophylline can be alky-
lated at the 7-nitrogen. The 7-propyl (44) and
7-allyl (45) analogs were markedly more po-
tent than caffeine at A, receptors, except for
the A, receptor of striatum, while being only
slightly more potent than caffeine at the A,
receptors of brain (table 3). Both appeared to
be somewhat Aj selective. The 7-propargyl
analog 46 was more potent than caffeine at all
adenosine receptors, and like 43 and 44, re-
mained somewhat A; selective. None of these
analogs are A, selective when the A; receptor
of striatum was considered. 7-Ethyl-1,3-di-
methylxanthine (43) has been reported to be
less potent than caffeine at the A; receptor of
fibroblasts [15]. It may be that 7-ethyl substi-
tution lowers affinity at fibroblast A, recep-
tors compared to methyl (see also 19 vs 1). As
was the case for the 1-substituent, most of the
analogs of caffeine with polar groups in the
7-substituent (compounds 49-60) had very
low or no activity at adenosine receptors.
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Thus, the xanthine binding site of the adeno-
sine receptors appears to accommodate hy-
drophilic groups rather poorly in the 7-sub-
stituent. Certain of these analogs, such as 10
(denbufylline), 50 (etofylline), 53 (etamiphyl-
line), 57 (proxyfylline) and 58 (dipropylline)
have potential as therapeutic agents [24, 25,
27, 28]. The 7-(2-acetoxyethyl) analog 52, the
7-cyanomethyl analog 54 and the 7-ethyl car-
boxymethyl analog 55 were as potent as caf-
feine at certain adenosine receptors. The 7-
(2-chloroethyl) analog 49 is noteworthy in
being markedly more potent than caffeine at
all adenosine receptors except the A, receptor
of striatum (table 3).

The present summary provides some in-
sights into structure activity of caffeine ana-
logs at adenosine receptors and should serve
as a guide to future studies either aimed at
more potent or selective analogs or at ana-
logs with little or no activity at adenosine
receptors. The results reinforce earlier evi-
dence [11-13, 18, 22] for various subtypes of
A, adenosine receptors. In this regard, most
of the xanthines are more potent in blocking
NECA-stimulated adenylate cyclase in PC12
cell membranes than in striatal membranes.
The potency and, in some cases, selectivity
of the propargyl analogs (5, 8, 18, 19, 24, 29,
41, 46) suggest that this or similar electron-
deficient moieties are worthy of further in-
vestigation as xanthine substituents.

Certain of these caffeine analogs have
been studied in vivo for behavioral effects
and for reversal of adenosine-analog-elicited
behavioral depression and hypothermia [5,
26]. Compounds 5, 29 and 41 with propargyl
substituents are marked behavioral stimu-
lants, while compounds 3, 12, 38 and 44
with n-propyl substituents are behavioral de-
pressants, apparently because they, and not
the propargyl analogs, are potent inhibitors

of a brain calcium-independent phospho-
diesterase [5] (for further data on inhibition
of brain phosphodiesterases by xanthines see
Smellie et al. [23]). Compound 25, 7-benzyl-
3-isobutyl-1-methylxanthine is a weak be-
havioral stimulant and is only moderately
active as an inhibitor of the calcium-inde-
pendent phosphodiesterase [5]. An earlier
study had stressed a correlation of behav-
ioral stimulant activity of a series of xan-
thines with affinity for a brain A, receptor
[6]. It is clear that such correlations will be
complicated not only by pharmacokinetics,
but by effects on brain phosphodiesterases.
One of the inactive xanthines in that study
[6], namely 8-p-sulfophenyltheophylline, is a
potent adenosine receptor antagonist, but
does not penetrate into brain [26] or cells
[29]. Another inactive xanthine is isocaf-
feine (1.3,9-trimethylxanthine), which, un-
like caffeine, has nearly no affinity for aden-
osine receptors (Kj: 1, 1,500; viii, 3,000
pmol/l). It, unlike caffeine, does not pene-
trate well into brain [6]. Certain of the caf-
feine analogs have also been investigated as
tracheal relaxants [7]. In this case potency
appeared to correlate not with potency as
adenosine receptor antagonists, but with po-
tency as inhibitors of a calcium-dependent
phosphodiesterase. The 1,3,7-tripropyl ana-
log 3 and the 1,3,7-tripropargyl analog 5
were the most potent tracheal relaxants of
the thirteen caffeine analogs tested, with 3
being more potent than enprofylline and 5
being equipotent with enprofylline.
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