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An Infrared Study of the Interaction of Caffeine and Theophylline

with 9-Ethyladenine in Chloroform Solution
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sUmImnAitY

Ins t!euterochslorofonmmm solut ioni thseopimylhimme hiydrogenm bonds st ronmgly wit hi 9-ct imyladensimme,

time strength of time a.ssociation being comparable with that of time iuyolrogens bonmdinmg betweens

1 -c�-cloisexyluracil and 9-ethyladenmimme reported prei’iotisly, wimile caffeinme associates reia-

tively weakly ivitim time latter. Ins a imyd!nopiuobic medium caffeinme hurts greaten solubility

mvhile theopimyllinme self-associates extemisively. Time alleged role of caffeimme mu imuterferimmg

witim a DNA repair mechurtnmism is discussed.

1 NTROI)UCTION

It is ivell knmowns timat caffeinse ( 1 , 3 , 7-t n�i-

mnethmylxammtisinme) , timeophylline ( 1 , 3-dimet ii-
vlxamsthsinme), amid timeobromimme (3 , 7-dimetim-

ylxanthmine) shmare several pharmacological

actions of timerapeutic interest (1). Recenstly

it i�a� reported thirst caffeine arid, to some

extent, timeopimyllinie migiut act as inhibitors
of DNA polymerase activity (2). Since DNA

polymerase is part of time enmzyme system
thmat routimmely repairs DNA wimenm it is dam-

aged by various chmenmical amid! pimysicai fac-

tors, time inmphications of tise inisibition of time

enmzvme activity by caffeinme is timat tisis com-

poumsd imiterferes with tue repair mecimanisnm

(2). It was speculated that caffeinme could

inmterfere with nmormal I)NA repair by corn-

bining withm adenine sites on tue unmdamaged

stramsd opposite time danmaged sections of the

other strand of time double imelix, and, because

of timis template interference, repair of time

diamaged section could niot take place (3).

It. is timerefore of considerable interest to

determine by time infrared metimod time abil-
its’ o)f caffeine and tiseophvhhinse to associate

witim momuomeric adenmirme timrougim hydrogen
bommdinmg.

Time hydrogen bomsdimmg associatiomu be-

tiveems adensine an! uracil derivatives im�aS

Sttnd!ied mm cisloroforni-d solutioni in time mi-
frared regions (4). Specific imydrogens bonsc!immg
of barbiturates to adeninme derivatives has
likewise beers studied (5). By nmmeanus of sinii-

lar procedures, time mt eract ions of caffeine

and timeOl)hmVllinse wit is 9-ct hmyladensinme have

beeni determined mmcii lorofornm-d solutions.
Tlseobrominme could riot be studied in timis

way, a.s it is practically inmsoluble ins cimloro-

forni. A noimaqueous solvent was used! in

order to provide a nmedliunm that would! per-

mit a direct infrared spectroscopic studlv of

time molecular inmteractiomus. It also nmimuinmized

tue effect of hsydropiuobic bonmdinmg, as mm-

dividual purinmes anmd pyrimid!inmes mire be-

lieved to associate in aqueous solution

t hirougis imydropimobic bondinsg (6).

mmETIIOOS

‘l’ime metimoel used by Kyogoku, Lord!, and

Ricim (4) to study time seif-dimerizations of

ad!emminie amid! uracil amid of time iseterodinmer

hurts beenm apl)lied to) I lie caffeinme- 9-etimyl-

a(!enmimme timid t hmeopiuvl limme-9-etimylademmimue
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systems. The timeorv of the procedure is dis-
cussed iii ref. 4.

9-Etimyladenine was obtained from Cyclo

Chemical Company, Los Angeles. Chloro-
form-d, obtained from Stohler Isotope

Chemicals, Montreal, was distilled after
beinmg dried with phosphorus pentoxide
overnight. Caffeine, theophylhine, and theo-

bromine were obtained from Sigma Chemi-
cal Company, St. Louis, Mo.

All infrared spectra were obtained with a

Perkin-Elmer model 521 double-beam spec-
tropimotometer. Fused silica cells (American
Instrument Company) were employed, and
time same cell was used for irmtensity measure-

menits of botim solvent arid solutions spectra.

The absorbances of the solutions were calcu-
lated with the ai(1 of the solvent curves as

baselines.

RESULTS AN!) DISCUSSION

Equimolar nnixtu re of caffeine and 9-el/s yl-

adenine. The infrared spectra of dilute solu-
tionus, 75 mmn, of caffeine, 9-ethmyladenmine,

and a mixture of time two in deuterocimloro-
form are showrm in Fig. 1. Time spectrum of

9-ct hyladeninme shows two prominienmt bands,
the symmetrical amid ant isymmet rical NH2

stretchming vibrations at 3416 and 3527 cm-n
respectively, anid weak bands at 3482 and
3312 cm’, wimicim are attributed to hydrogen

bonding involvinmg time NH2 group bet weers
time adenine molecules. Caffeine imas nmo
strong absorption band in this regions. Ins the
spectrum of arm equimolar mixture (75 mu
each) of both compounds, the NH2 stretch-
ing bands of 9-etimyladenminme are decreased
in inmtermsity wimile the weak bands are in-

creased in intensity. This is evidence that
time 9-ethyladenine molecules associate
through time NH2 group with the caffeine
molecules in additions to imydrogen bonding

among t hem.selves. From mt ensity measure-
ments of the antisymnsetrical st ret chinig

band of NH2 at 3527 cmm on a series of

equimolar mixtures iii the concentration
range 15-75 mmr, an equilibrium constant.
K = 1.2 mn’ at 25#{176}is estimated for the
association between caffeine and 9-ethyl-

adenine jim deuterocimloroform solution. Tue
self-associationm of 9-ethvladeniine is K =

3.1 mn� at 25#{176}(4).

Time caffeinie molecule has no proton donor

FIG. 1. Infrared spectra of caffeine, 9-ethylade-

nine, and an equimolar mixture

Upper graph: measurememmts were made in

deuterochioroform from 3200 to 3600 cmm. A fused
silica cell of 1-mm path length was used at 25#{176}.

Curve A, solvent and cell background; B, 75 mrs

caffeine; C, 75 mnsr 9-ethyladenine; D, equimolar

mixture of 75 mis caffeine and 75 mrs 9-ethylade-
nine.

Lower graph: by coniversion of the measure-

merits to optical density and by using solvent

absorption as the baseline, the solute absorption

is seen more clearly. The dashed curve represents
the calculated sum of curves B and C, while the
solid line is for curve D.

site but several proton acceptor sites at the

2- armd 6-carbonyl oxygens and at N-9. Since

the methyl group is a weak electron donor,

time two methyl groups at the N-i arid N-3
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1)OSitiOIiS simould slightly increase time basici-

ties of time carbonuyl oxygeims, nmakinmg timem

good proton acceptors. It is expected that
9-ethyladeniinme forms ans opens or linuear

dimer witim caffeine inmvolvinmg tins N-H . . . ()

hydrogen bonmd between time aminuo group

arid one of time carbonmyl oxygens. It is niot
possible to distinguish betweems the two

oxygenm sites. The caffeinme molecule has nso

suitable site at whelm to form a cyclic dimer
with 9-ethvladenuinue. The low value of the

association constant is conssistenmt witim time

formation of a linear dimer, with time struc-
ture (I). In time dilute solutions used, it is nmot

0 OH

HO-N )uO�H H

N�,N - OH3 N��-�\

(I)

expected thmat two 9-ct iuyladenuimme molecules

would associate with a caffeine molecule
to form a trimer, since emitropic effects witis

small molecules make it very unlikely that

the stabilizimmg energy of time imydrogens-
bonded trimer would be large enuougim to
permit formation of time trimer mm detectable

amounts.
Theophylline. The solubility of timeopimyl-

line in deuterochuloroform is about 14 mmn.
Theophylline is a stronger acid (pK� 8.8)
than uracil (pK 9.4). In deuterociuloroform

solution the infrared spectrum of timeophyl-
line (Fig. 2) shows a strong band at 3435
cm’ and broad bands ins the 3400-3200

cm’ region. Uporm deuterationi at the N-7
positions, all these banuds disappear; time

strong band at 3435 cm_n is therefore as-
signed to the N-H stretch, anid time broad

bands in the 3400-3200 cmm regions are due
to the bonded N-H vibrations. As time
intensity of these banids chmanges drastically
uponi dilution (see Fig. 2), it is concluded

that theophyllinue molecules associate ext en-
sively througim hydrogen bonding involving
the N-H group. The relative low pK0 of
the N-H group enables it to form very

strong hydrogen bonds with a suitable

3300
FREQUENCY (cM’)

FIG. 2. Infrared spectrum of theophylline

Measmmrenmemmts were made 1mm deuterochioro -

formus from 3200 to 3500 cnm1. A fused silica cell of

10-mmmm path lemugth was used at 25#{176}.Curve A,

solvemit amid cell background; B, 1.8 mrs theophyl-
limme; C, 14 fliM theophyllirme.

protons acceptor. As ins time case of caffeine,
time 2- ansd fi-carbonsyl oxygenus of thmeophuyl-
linme are good proton acceptor sites. Time

6-carbonmyl oxygen anid time 7-aminmo group

form suitable sites for cyclic dimer format ions

with anotiuer thmeophyhlinse molecule or with

arm adensinme molecule. Timermodyniamic cons-
siderationus indicate thuat formation of time

cyclic dimer is mucim more likely thanu time
limmear dimer.

Inutenusity measurements on time N-H

stretching band at 3435 cm’ iii time conscens-
trations ranige 0.9-14 mmn in deuterochmloro-
form solution yield a self-a.ssociationm conm-

stanmt K = 313 mn_n at 25#{176}for thmeophsyllimie.
An equilibrium conistanut of this magnitude
indicates very stronig hydrogen bonding ins a

H\ �

O�-CH

(It) CH3 0
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FnG. 3. Infrared spectrum of an equimolar mixture of 9-ethyladenine and theophylline

Measuremenmts were made in deuterochloroform from 3150 to 3600 cmm. A fused silica cell of 5-mm

path length was used at 25#{176}.Curve A, solvent and cell background. The total concentratioas of the two
components were either 7.5 mit (curve B) or 30 mit (curve C).

cyclic dimer with Structure II. Timis struc-
ture is consistent with the crystal structure
of theophyllinme, wimichm shows that molecules

are linked by two hydrogen bonds of length
2.76 A between the 6-carbormyl oxygen and
N-7 of related molecules (7). These bonds

are somewhat shorter timan the usual
N-HO . .0 hydrogenm bond distanice, and
timis of course reflects time great strenmgtim of
the hydrogen bonds ins time theophylhnme

dimer.
Equiinolar mixture of theophylline and

9-ethyladenine. Time infrared spectrum of a
mixture of timeophylline anid ethyladenine

in deuterociuloroform (Fig. 3) resembles that

of a mixture of 1-cyclolmexyluracil and
9-ethyladenmine (4). Besides tue NH2 vibra-
tions at 3416 anid 3527 cm-’ of monomeric
9-ethyladeninme and time N-H stretch at
3435 cmm of monomeric tiseophylline, timere

are relatively stronsg bands at 3485 and 3313
cm’. The latter bands rapidly diminish in
intensity with dilution of time solutionm. This
is evidence for hydrogen bonding bet weenm

thueophyllinue amid 9-ethyladenminme. Time band

at 3485 cm1 is the association banmd of time

amino group, and arises from the NH band

that remainss free when the other NH is
bonded to the 6-carbonyl oxygen of theo-
phylliise, forming the N-H . . . 0 hydrogen

bond having the vibrational frequency
centered at 3313 cm_n. From intensity

measuremenmts on the 3527 cmm band of

monomeric 9-ethyladenmine in time concen-
tration rarmge 2-S mmr in deuterochloroform

solution, arm association constant K = 90

mm’ at 25#{176}is estimated for the interaction

between timeophylline and 9-ethyladenine.

Thus value may be compared with that of

K = 100 mn’ reported for the interaction

between 1-cyclohexyluracil and 9-ethyl-
adenine (4). Two structures (lila and b)

are readily drawn for the ethyladenine-

theophyllinue cyclic dimer.
Time main conclusion of this study is that

ins chloroform solution caffeine associates
witim 9-ethyladenine relatively weakly while

timeophylline, in spite of its strong tendency

to self-associate, associates strongly with

9-ethmyladeninie. As judged from the associa-
tions constants, the strength of the theo-
pimyllinme-ethyladermine interaction is com-

parable with thuat of the uracil-ethyladenine
initeractionm (4). However, the total insolu-
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bility of theobrominse in chloroform makes a
correspondinug determination of its inmterac-

tion wit ii 9-ct hyladenminue impossible. Timeo-

bromine has an -NH-CO-NH- site

like that in uracil, wimichm canu I)OtenmtiaiiY

form strong cyclic dinmers with adensinse.
The relevance of time results of time presenut

study to the phiysiological activities of these
substances huts vet to be estabhishmed. The

derivatives of adenuimme are found inn a large
number of biocimemically important mole-
cules, inmcluding coenuzymes anud ATP. It
may riot be possible to relate d!irectly time

studies in nonaqueous solution to time inter-

actions ins aqueous solutions. However, if
these substances are active iii nonpolar
regionss, as in membranses, thuens studies ins

chloroform solutions may not be entirely

unrelated to their physiological activity.
From this point of view it is riot unmreasonable

to a.ssume that should time timeopimylhnme
molecule gain access to time initerior of the

DNA molecule, it would interact strongly

ivitim the DNA adensinse base througim imydro-

gen bonding. The interior of time DNA

molecule is believed to be largely imydrophmo-

bic. In contrast, the caffeine molecule is

expected to interact onuly weakly with time

adenminme ba.se unsder similar conditions. 0mm

time other imansd, caffeine is considerably more

soluble timams tiseopiuvllinme in a hydrophobic
medium, anmd is not expected to self-associate
ext enssively , as does timeopimyl linue. Furt her-

more, there is a possibility tiuat time caffeinme

molecule suffers demetimylationu in rico, beinsg
converted to eitimer a timeopimyilinse OF timeo-

bromimie molecule. This rtssumptionm is (lrawnm
from time fact timat time N-metimvlated bar-

biturates are demetimylrmtedl in m’in’o arid thirst
thmeir effectiveness is probably relate! to

this process (8). Therefore time l)otenmCy of

caffeimse may riot be o)bvious from its nuter-

act ions mi-it i m monmomeric 9-ct imyladenuinme as

revealed! mu this studlv ; its effect ivenuess

might lie ins its greater solubihity and time

possibility of demethsylations ins time body. It
simould be pointed out tisrit if time nmethmylated

xanmtimimues can bind to time ademsimue sites ins
adenminme derivatives in viva, barbiturates

may be bound eveni more effectively to
timese adeniine sites (5).

Sinsce caffeine canmnmot form a stronug cyclic
dimer ivitim a DNA base, it is very do)ubtful

thuat ins aqueous solutionu a sinmgle hydrogen
bonmd is sufficienmtly stro)nmg to) nmaintains the
associations of caffeine with time base. Suchm a

lack of pairinug ability was tacitly j)restrmed

ins studies o)f time binsdinmg o)f caffeinse to)

nsucleic acidl.s in aqueous solutions (9, 10). It
iuas been shown thuat ins aqueous solutionm

time bindinsg of caffeinme to nucleic aci(!s

probably imsvolves mt ercalat ions via imydro-

pimobic stacking insteract ion (9, 11).
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