Complexation of Theophylline with
Sodium Benzoate: An NMR Study
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Abstract O The interaction of theophylline with sodium benzoate
was examined by NMR to understand the mode of interaction.
Chemical shifts of theophylline protons were determined as a
function of sodium benzoate concentration in D20 at 30°. Several
different concentrations of theophylline were used. Signals of both
methyl groups undergo significant upfield shifts, indicating verti-
cal or plane-to-plane stacking.
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Although complexes of theophylline, caffeine, and
other xanthines with drug molecules have been stud-
ied extensively, the mode of association for such
complexes has remained largely a matter of specula-
tion. For crystalline complexes, direct information
has been provided regarding the geometry of the
components in complexes of caffeine and theophyl-
line with 5-chlorosalicylic acid (1, 2). On the basis of
a linear correlation between the standard unitary
free energy change and the planar area of neutral as
well as lonic interactants for several xanthine com-
plexes, Connors and coworkers (3, 4) suggested that
the interacting species have a plane-to-plane ar-
rangement. Similar views were advocated by other
workers (5, 6) as well; however, direct experimental
evidence that might aid in understanding the mode
of interaction and the geometry of the interacting
species in aqueous solution has been lacking.

This paper concerns the interaction between theo-
phylline (I) and sodium benzoate (II) in aqueous so-
lution as examined by NMR spectroscopy. This sys-
tem was chosen as a model because of its simplicity
and because of conflicting reports on whether these
two components interact (7, 8).

EXPERIMENTAL

Materials—Theophylline NF, sodium benzoate USP, and deu-
terium oxide (99.7 mole %)! were used as received.

Methods—Several sets of solutions were prepared; within each
set the concentration of theophylline was maintained constant
while that of sodium benzoate was varied from 0 to 1.0 M. The
following concentrations of theophylline were used: 0.004, 0.010,
0.015, and 0.020 M. NMR spectra were recorded? in duplicate at
a probe temperature of 30 £ 1°, External tetramethylsilane was
used as the reference and as the source of a lock signal. Bulk sus-
ceptibility corrections were not made. Approximate calculations
indicated that these corrections are too small in comparison with
the large induced chemical shift changes due to complexation.
Accuracy of the observed chemical shifts is estimated to be better
than +0.005 ppm.

1 Merck Sharp and Dohme of Canada Ltd., Montreal, Canada.
2 Varian HA-100.
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RESULTS AND DISCUSSION

The NMR spectrum of a dilute (0.004 M) D20 solution of theo-
phylline consists of three signals of relative intensities, 1:3:3, at
about 8.46, 4.01, and 3.80 ppm (from external tetramethylsilane)
corresponding to the proton at C-8 and the 3- and 1-methyl pro-
tons, respectively. Signal assignments are based upon a compari-
son with the spectrum of caffeine (9). Theophylline, like caffeine
and other xanthines, undergoes self-association in aqueous solu-
tion, and this behavior is reflected in the NMR spectrum by the
upfield shift of all three signals as the concentration of theophyl-
line is increased (10). In the present study, the concentration of
theophylline was kept rather low to minimize the possibility of
interactions of the self-associated species.

When sodium benzoate is added to a solution of theophylline,
all three signals in the NMR spectrum move upfield. Stamm (11)
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Figure 1—Induced chemical shift changes for the methyl pro-
tons of theophylline as functions of sodium benzoate concen-
tration.

Vol. 63, No. 8, August 1974 / 1319



Table I—Formation Constants (K) and Complexation Shifts (4,) for the Interaction of Theophylline with Sodium Ben-

zoate at 30°

K, M1 Ag, Hz
pgﬁfiorie Method Ie Method 1T Method IIIc Method Is Method II¢ Method ITI¢
M~  1CH, 3-CH, 1-CH; 3-CH, 1-.CH, 3CH, 1.CH, 38-CH, 1.CH, 3CH, 1-CH, 3-CH,
0.004 1.00 1.26 1.00 1.88  1.05 1.44 64 69 63 66 65 92
0.010 1.00 1.07 1.20 1.20 1.34 1.25 60 72 54 68 68 82
0.015 1.00 1.11 1.01 1.18 1,05 1.22 58 68 58 66 59 78
0.020 1.14  1.24 1.35  1.42 1.42  1.47 52 61 48 57 65 81

@ Method of Johnston et al. (12), ¥ Method of Nakano et al. (13). ¢ Method of Foster and Fyfe (14).

observed a similar effect upon the interaction of sodium benzoate
with caffeine. Figure 1 shows the induced chemical shift change
for the two methyl groups of theophylline as a function of sodium
benzoate concentration. A similar plot could not be made for the
C-8 proton because the signal appeared in the same spectral region
as the signals due to the aromatic protons of benzoate and it
could not always be distinguished. As the figure shows, both
methy! signals move appreciably upfield.

The upfield changes in chemical shift suggest that the complex
is formed in such a way that the two methyl groups of theophyl-
line come under the shielding region associated with the aniso-
tropic benzoate moiety. Since the conical shielding regions of the
aromatic ring are perpendicular to and above and below the plane
of the aromatic ring, it follows that the complex is formed by ver-
tical stacking. If the opposite, horizontal (side-by-side or end-to-
end) arrangement were the case, then chemical shift changes in
the opposite direction would have been observed. The larger value
of the upfield shift of the 3-methyl group (0.71 ppm) as compared
with that of the 1-methyl group (0.60 ppm) provides information
about the time-averaged, relative orientation of theophylline and
benzoate; the 3-methyl group spends somewhat more of its time
nearer the axis of the phenyl ring than does the 1-methyl group.

Apparently, three types of interactions are involved in the for-
mation of the theophylline-benzoate complexes. Hydrophobic in-
teractions tend to localize theophylline and benzoate molecules in
the neighborhood of each other in such a manner as to minimize
effectively the surface exposed to water. Maximum overlap of the
two molecules would result in minimum exposure to water. A
plane-to-plane arrangement, as in vertical stacking, would pro-
vide such a condition. Interactions between the r-electron sys-
tems would reinforce the plane-to-plane arrangement.

The hydrophobic and = interactions by themselves would per-
mit free rotation of the two molecules about a common axis. If
such were the case, one would not expect differences in the
shielding experienced by the two methyl groups of theophylline.
Specific interactions between the carboxyl ion of the benzoate
and the imino group of theophylline would tend to hinder rotation
of the molecules. The specific interaction would tend also to re-
duce the parallelism of the two molecules. The observed chemical
shift difference indicates that the time-averaged position of the
3-methyl group is nearer the axis of the phenyl ring than is that of
the 1-methyl group.

The chemical shift data were treated by three different meth-
ods to obtain the apparent formation constant K. All of the
methods assume a 1:1 stoichiometry. Two of the methods, those of
Johnston et al. (12) and Nakano et al. (13), apply over all concen-
tration ranges. The third method, given in different but mathemati-
cally equivalent forms by Foster and Fyfe (14) and by Hanna and
Ashbaugh (15), imposes the restriction that the molar concentra-
tion of one reactant be much larger than that of the reactant giv-
ing rise to the signals.

According to Johnston et al. (12):

A=
1+ AK + ByK] —[(1 + AK + B.K)* — 4K*A,B,]'" (A
2K A,

)
(Eq.1)

where A is the difference between the observed chemical shift,
Sobs, and the chemical shift, 64, of a given signal of A in the ab-
sence of any B; Ap is the chemical shift of that signal in the fully
complexed A; Ag and By are the initial molar concentrations of
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theophylline and sodium benzoate (in this case), respectively;
and K is the equilibrium constant in terms of M1,

A nonlinear least-squares computer program was used to fit the
data (Sons, Ao, and Bp) to Eq. 1 and to compute the values of K
and Ap. The computer? printout included a curve calculated from
the computed values of K and Ao along with the actual experi-
mental values.

Nakano et al. (13) derived a general expression in which the
equilibrium concentration of the complex, C, appears as a param-
eter:

&=(L) - L
A= (z)@+B-0+ gy

This expression can be solved graphically by successive approxi-
mations, plotting BoA~2 versus Ag + By, the first slope being ap-
proximately Ag~1. This value for Ag is utilized in:

A
c=(3,)

to gain successive, convergent values for C. When the Nakano ex-
pression is solved with a computer, Eqs. 2 and 3 are solved simul-
taneously, and the method is essentially equivalent to the John-
ston approach.

When By > Ao, Eq. 2 reduces to Hanna and Ashbaugh’s (15)
equation:

(Eq.2)

(Eq.3)

By _ By 1
A~ 3 T xA, (Eq. 4)
or to Foster and Fyfe’s (14) equivalent form:
£ - _AK + AK (Eq.5)
0

In concentration regions where By 3> Ao, plots of ABy~1 versus A
should be linear with a slope of —K and an intercept of AgK. In
each experiment reported here, By >> Aq.

The values of K and Ay, calculated by the three methods, are
shown in Table 1. The average value of K, 1.20 + 0.13 M -1, dem-
onstrates that a significant interaction does take place between
theophylline and sodium benzoate. The absolute value of K
should be regarded with reservation, however, since the ionic
strength was not maintained constant in each determination. The
formation constant is only approximate. The reproducibility in
the Ag values indicates the validity and reliability of the NMR
method.

REFERENCES

(1) E. Shefter,J. Pharm. Sci., 57, 1163(1968).

(2) Ibid., 58, 710(1969).

(3) K. A. Connors, M. H. Infeld, and B. J. Kline, J. Amer.
Chem. Soc., 91, 3597(1969).

(4) J. L. Cohen and K. A. Connors, J. Pharm. Sci., 59,
1271(1970).

(5) N. L
577(1970).

(6) T. Higuchi and H. Kristiansen, J. Pharm. Sci., 59,
1601(1970).

Nakano and 8. J. Igarashi, Biochemistry, 9,

31IBM-360.



(7) M. Blake and L. E. Harris, J. Amer. Pharm. Ass., Sci.
Ed., 41, 527(1952).
(8) T. Higuchi and A. Drubulis, J. Pharm. Sci., 50, 905(1961).
(9) A. L. Thakkar, L. G. Tensmeyer, R. B. Hermann, and W.
L. Wilham, J. Chem. Soc. D, 1970, 524, and references cited
therein.
(10) A. L. Thakkar, L. G. Tensmeyer, and W. L. Wilham, J.
Pharm. Sci., 60, 1267(1971).
(11) H. Stamm, Arch. Pharm., 302, 174(1969).
(12) M. D. Johnston, Jr., F. P. Gasparro, and I. D. Kuntz, Jr.,
J. Amer. Chem. Soc., 91, 5715(1969).
(13) M. Nakano, N. 1. Nakano, and T. Higuchi, J. Phys.
Chem., 71, 3954(1967).
(14) R. Foster and C. A. Fyfe, in “Progress in Nuclear Magnet-

Tumor-Inhibitory Agent from
Zaluzania robinsonii (Compositae)

ic Resonance Spectroscopy,” J. W. Emsley, J. Feeney, and L. H.
Sutcliffe, Eds., Pergamon, New York, N.Y., 1969, pp. 1-89.

(15) M. W. Hanna and A. L. Ashbaugh, J. Phys. Chem., 68,
811(1964).

ACKNOWLEDGMENTS AND ADDRESSES

Received January 17, 1974, from the Lilly Research Laborato-
ries, Eli Lilly and Company, Indianapolis, IN 46206

Accepted for publication March 27, 1974.

The authors thank Mr. W. L. Wilham for technical assistance
and Mr. L. L. Simms for help in computerization of the mathe-
matical treatments.

x To whom inquiries should be directed.

S. D. JOLAD, R. M. WIEDHOPF, and J. R. COLE *

Abstract O The chloroform extract of Zaluzania robinsonii
Sharp has shown activity against the P-388 lymphocytic leukemia
test system. The constituent responsible for this activity was a
guaianolide, identified as zaluzanin C (C15H1503). The identity
was proven by melting point, mixed melting point, elemental anal-
ysis, IR, PMR, mass spectroscopy, and preparation of derivatives.

Keyphrases O Zaluzania robinsonii (Compositae)—isolation
and identification of zaluzanin C as tumor-inhibiting agent O
Zaluzanin C—isolation and identification from Z. robinsonii, test-
ed for tumor-inhibitory activity O Antitumor agents, potential—
isolation, identification, and screening of zaluzanin C from Z. ro-
binsonii

As a result of the continuing search for plants hav-
ing tumor-inhibiting constituents, the ethanol ex-
tract of the leaves, stems, flowers, and roots of Zalu-
zania robinsonii Sharp (Compositae)! was found to
have inhibitory activity toward the P-388 lymphocy-
tic leukemia test system (3PS)2.

DISCUSSION

The chloroform extract, obtained from an ethanol extract by
partition between chloroform and water, was subjected to system-
atic fractionation employing partition and solvent extraction fol-
lowed by column chromatography on silica gel. The sequence of
steps in the fractionation procedure leading to the isolation of the
guaianolide is outlined in Scheme I. The guaianolide was identified
as zaluzanin C (I) by means of its melting point, elemental analy-
sis, mass spectroscopy, and comparison of IR and PMR spectra
with authentic sample spectra. In addition, no depression in a
mixed melting point and a superimposable IR spectrum of the ace-

! Identification was confirmed by Dr. Robert E. Perdue, Medicinal Plant
Resources Laboratory, Plant Genetics and Germ Plasm Institute, Beltsville,
Md. A reference specimen was deposited in that herbarium. The plant was
collected in San Luis Potosi, Mexico, in August 1970.

2 Of the Division of Cancer Treatment, National Cancer Institute, Nation-
al Institutes of Health, Bethesda, Md.

tyl derivative with an authentic sample and identical physical data
of the dehydro derivative further proved the identification of the
guaianolide as zaluzanin C. The compound had been previously
isolated from two closely related species, Z. augusta (lag) Schultz,
Bip. (1) and Z. triloba Pers. (2).

This compound demonstrated an activity of 161% test/control
(T/C) at 150 mg/kg in the 3PS test system. Activity in the 3PS sys-
tem is defined as an increase in the survival of treated animals over
that of controls resulting in a T/C = 125% (3).

EXPERIMENTAL?

Isolation Procedure—The roots, stems, leaves, and flowers
(8.5 kg) of Z. robinsonii were ground and extracted exhaustively in
a Lloyd-type extractor with ethanol. After removal of the solvent
in air, the residue was subjected to three-funnel partition in three
lots between benzene-methanol-water (8:5:1) using 1700 ml of
each phase. All upper phases were combined, the solvent was re-
moved in air, and the residue was stirred mechanically twice with
ethyl acetate and filtered. The combined ethyl acetate-soluble
fraction yielded a residue weighing 46 g. The lower phases (second
and third) obtained from these partitions were similarly combined
and the solvent was removed. The residue was stirred twice with
n-hexane and filtered. The hexane-insoluble residue, weighing 8.5
g, was then mixed with the ethyl acetate-soluble residue (46 g). A
portion of this mixture (39 g) was subjected to silica gel (1700 g)
column (10 X 152 ¢cm) chromatography. The column was eluted

HO

e

¢]

3Carbon and hydrogen analyses were performed by Chemalytics, Inc.,
Tempe, Ariz. PMR, IR, and mass spectra were determined using a Varian
T-60 spectrometer, a Beckman IR-33, and a Hitachi Perkin-Elmer double-
focusing spectrometer (model RMU-6E), respectively. The melting points
were determined on a Kofler hot-stage apparatus and are uncorrected.
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