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I. INTRODUCTION

A, Molecular Complexes. Molecular complex formation is

a reversible stoichiometric chemical reaction involving
relatively weak forces of interaction in which the
formation of the cémplex is very rapid. Imn fact, this
process occurs so quickly that very few of these reaction
rates can be measured by ordinary kinetic methods;
therefore, these systems are considered to be at
equilibrium. The general reaction for this equilibrium

may be written
n8 + nl ==t San

where S represents the substrate (the substance whose
apparent properties are measured) and L is the ligand or
complexing agent. The stability of a complex is
specified in terms of its stability (association,

formation) constant and it may be written

% (8,1,
wa © g]@ [p)R

where Kmn is the constant applicable to the solvent
system and temperature employed (1-4). These equations
may also be utilized to describe metal coordination
compounds where S is a metal ion or atom which can unite
with one or more ligands; however, neither these

compounds nor the inclusion compounds, in which one of
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the constituents of the complex is trapped in the crystal
lattice of the other, will be discussed in this paper.
Complex formation will modify the possible energy states
of the component molecules, and therefore can alter
molecular properties. The presence of complexes
sometimes can be inferred from the appearance of
insoluble complexes; more frequently complexes are too
unstable to be isolated in crystalline form, but exist
only in solutions in equilibrium with their components,
and then they can be detected from the nonadditive -
behavior in the chemical and physical properties of
their solutions.

Molecular complexes can be utilized in pharmaceutical
systems for solubilization of drugs or to suppress
unwanted side reactions by decreasing the reactivity of
a drug component (5,6). Caffeine and l-ethyltheobromine
have been shown to decrease the rate of hydrolysis of
benzocaine and tetracaine in agueous solutions (7-9).
Caffeine and 8-chlorotheophy1;ine demonstrate a marked
stabilizing effect on the deqomposition of riboflavin
and isoalloxazines (10,11). These effects have been
attributed to the steric and electronic influence of
the component causing the complexing; such rate
inhibitions are not as readily accountedvfor as have
been the inhibitions and catalyzes observed for the
alpha- and beta-cyclodextrins (12,13, and previous



papers). The cyclodextrins form solid inclusion compounds .
and complexes in solution, with the extent of complexing
of the substrate molecule and the degree of ionization of
the hydroxyl groups on the cyclodextrins determining the
direction and magnitude of the rate effects. Complexes
can influence not only stability and appearance of
pharmaceuticals but also their pharmacological action.
Levy and co-workers have demonstrated a decrease in the
gastric absorption of salicylamide and salicylic acid
upon complex formation with caffeine (14-18). In another
study 8-nitrotheophylline was shown to bind to bovine
serum albumin with considerable specificity. The pH
binding profile indicated the presence of at least three
classes of binding sites; two of the sites were
nonspecific in binding ability and significantly bound
'all of the anions examined, while the third site had an
affinity for the xanthines and the aromatic acids (19).
The preceding paragraph has pointed out some of
the practical ways in which complexes might be utilized
in physical-chemical systems. Undoubtedly the greatest
current interest in complexation is the potential of
complexes to serve as effective models for enzyme
systems. The catalytic effects and specificity of
enzymes are presumably dependent upon the formation of
an enzyme-substrate complex. In this compleied state

the proximity and geometry of the substrate and enzyme



are such that very efficient intramolecular reactions
can occur. In addition, it is possible'that electronic
perturbations can be induced in the substrate in the
complexed state so that it becomes more reactive to
intermolecular reactions. With this in mind, studies

. of the complexation of relatively simple nonenzymatic
materials in aqueous solution have been undertaken to
determine the steric and electronic requirements of
complex formation and reactivity, and some of these
complexed systems now serve as interesting models for

actual enzyme systems (13,20-22).

B. Forces of Interaction. It was proposed in 1929 that

the formation of complexes'was due to covalent bonding
between the two componenté (23); however, abundant
evidence exists to show that the intermolecular
separation is usually greater than 3 A (24) and the
forces of coordination are much weaker than those of
covalent bonds (3). The exact nature and distribution
of the intermolecular forces between the components in a
molecular complex is still a matter of controversy, but
it is generally accepted that the forces involved may
include hydrogen bonding, van der Waals forces, and
charge-transfer. If oneJof the components of a complex
contains a hydrogen atom bonded to oxygen or‘nitroggn

and the other a strongly electronegative atom such as



fluorine, oxygen, or nitrogen, then an electrostatic
type of union known as a hydrogen bond may form and
contribute to the stability of the complex. Van der
Waals forces are due to interactions of three types:
(1) simple electrostatic interactions or dipole-dipole
forces, such as proposed by Higuchi and Lach for
complexes of caffeine with sulfonamides or barbiturates
(24-26); (2) forces due to electrostatic polarization
of a second molecule, or dipole-induced dipole forces,
as seen in the complex between nitrobenzene and
naphthalene (2); and (3) forces due to instantaneous
electrostatic attraction due to electron correlation,
commonly called Heitler-London dispersion forces (27).

The theory of charge-transfer forces is due mainly to

Mulliken (4,28,29), who regards a loosely bound molecular

complex as a resonance hybrid receiving a contribution
from a no-bond structure and a contribution from a
dative structure in which an electron has been
transferred from the donor to the acceptor. Solvent
orientation effects may also be important; dielectric
effects of the solvent and recentlﬁ the competing
equilibria between the solutes and the solvent (30) have

been shown to play a part.

C. Solvent and Structural Effects. Another factor of
some importance in the formation of molecular complexes

is the steric requirements. A charge~-transfer complex



would exhibit maximum stability with maximum overlap of

the M donor-T acceptor orbitals, such as is seen with
chloranil-alkylbenzene complexes (31). The approach and
close association of the donor and acceptor molecule is
governed also by steric factors, i.e., if a substituent
disrupts coplanarity and conjugation, then the ability

to form complexes is more reduced than in the case where

the steric effect just blocks off functional groups (24, 2).
A good case in point is the work of Nakano and Higuchi (32).
They found complexing between benzamide and theophylline,
but remarkably less with N,N-dimethylbenzamide and
theophylline. They postulate that the reduction in
associative ability is due to the nonplanarity of the
N,N-dimethylbenzamide (benzamide and theophylline are both
planar). Connors and co-workers (33) have given a
quantitative demonstration of the relationship between
planar overlap and complex stability. Plotting the
standard unitary free energy change for complex formation
against the estimated planar overlap of the component with
the smaller area, they obtain a linear relationship for
various substrates with theophylline and with some other
substances.

Addition of substituents, besides affecting
coplanarity, can also affect the electron distribution
within the molecule. Methyl trans-cinnamate, a polar
molecule, has its negative pole directed towards the

carboxylate portion of the molecule and its positive pole



in the vicinity of the aromatic ring, with a dipole
moment of 1.95 D (34). If a nitro group is placed in the
para position of the aromatic ring (methyl p-nitro-
cinnamate), its group moment very nearly directly

opposes that of the cinnamate and is approximately twice
as large (35). Thus, upon addition of a p-nitro group

"the sense of the moment is reversed in the p-nitro

ester (relative to the unsubstituted ester)" (36).
Donbrow and Jan (37) have studied the change in complex
stability of caffeine-benzoic acid system upon changing
substituents on the benzoic acid. The binding strength
was found to decrease in the order p-OH > p-OMe > H >
p-NO, and o-OH > o-OlMe > H > o-Ac > o-NO,. 1In
general the introduction of a substituent that increases
the electron density of an aromatic ring will enhance
the stability of the complex provided that the
substituent does not cause unfavorable steric effects
(2, 38). A linear Hammett plot was obtained for the
logarithms of the stability constant ys G of the para
compounds in the study quoted. They postulate the.
carbonyl group of the benzoic acid interacting with a
part of the caffeine molecule by means of van der Waals
forces or by a donor-acceptor mechanism and the éromatic
ring involved in a donor-acceptor interaction 37).

This treatment seems to favor éaffeine as an.electron

acceptor.
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The solvent can influence the stability‘of complexes.
In the p-hydroxybenzoic acid-PVP system, increasing the
phosphate buffer concentration from 0.1 - 0.3 molar
resulted in an'increase in complex stability at low PVP
concentration. An increase in the ionic strength from
0.2 - 0.5 with sodium chloride caused an increase in the
complexing tendency for all concentrations of PVP (39).
In the N'-methylnicotinamide (cation)-8-chloro-
theophylline (anion) system the degree of complexing
varied with the salt used, being much greater when
sodium acetate was used than when sodium perchlorate was
used (40). Two main mechanisms have been proposed to
account for these observations: (1) a "salting out" or
de-solvation of organic groups and molecules (39, 41),
(2) a more or less direct interaction between the ions of
the salt and the compounds of the complex (40, 41).
Another solvent property to be taken into consideration
is the dielectric constant of the medium. Ross and
Labes (42) studied the effect of increased ethanol
concentration on the complexing of naphthalene with
1,3,5-trinitrobenzene in ethanol-chloroform and found
that as the dielectric constant increased, the stability
constanf decreased. They attribute this to preferential
stabilization by solvation of either naphthalene or
1,3,5-trinitrobenzene rather than the complex. Similar
solvent effects were investigated using proton magnetic

resonance (30).




Complex Structure. It has not yet been possible to
ermine the structure of nonisolable complexes such as
xanthine-cinnamate complexes (43, 44, 33). From
vstalline complexes such as s-trinitrobenzene with
‘p-iodoaniline (45, 46) it has been observed that the
fdee of association often is that of vertical stacking
~of the donor-acceptor rings in a partial overlapping
;'tashion favorable to ¢ electron interactions (31).
. Generally the interplanar distances are about 3.4 A (3)
. and thus the interactions must be relatively weak, with
T;little or no disruption of the covalent bonds of the
components. It is unlikely that the crystalline complex
~ differs greatly from the complex in solution with respect
to molecular dimensions (47); however, one cannot assume
that the structure of the complex is the same. For
example, benzene-halogen complexes are known to interact
in a 1:1 stoichiometry in solutions, but a coordination
number of greater than one is implied by the X-ray data
of these same crystalline benzene-halogen complexes (3).
In spite of thése difficulties several attempts
have been made to determine the structure of xanthine
complexes and it is these to ﬁhich we shall confine our
attention. Pullman and Pullman used quantum mechanical
calculations ahd found that caffeine and other xanthines
should act as good electron donors‘(us). Schnarre and

Martin used a similar mathematical approach to calculate



10
. the formal Tr charge for the atoms in caffeine and

i benzocaine (49). They felt that the specific orientation
" of the two molecules is controlled by several electro-
static interactions and possible localized charge-
transfer interactions. On this basis they proposed the
following structure, Figure 1, in which the distances
between the various reactive centers of the two molecules
are consistent with the Stuart-Briegleb models of
benzocaine and caffeine. The structure is quite
different from the one proposed by Eckert (50); however,
Shefter points out that "there has been no experimental
Qvidence reported in the literature to substantiate such
a mechanism" (34).

Besides the mathematical approach, a few structural
studies have been carried out on crystalline xanthine
complexes. The crystalline structure of tetramethyl
uric acid-pyrene has been published (51) and shows only
a small degree of T molecular orbital overlap. Hence
the authors attribute the stability of the complex to
‘van der Waals forces. The 8-ethylhypoxanthine=5-
fluorouracil complex studied by Kim and Rich is held
together by hydrogen bonds in the molecular plane, while
van der Waals forces hold thermolecules of the lattice
together (52). The caffeine-5-chlorosalicylic acid
complex was studied by Shefter, who found that the
caffeine molecule showed significant deviations from

planarity. Intermolecular hydrogen bonds were found to




Figure l.' ‘Orientation of the caffeine-benzocaine
- complex proposed by Schnaare and Martin “9).




hold the molecules of the lattice together with
‘?ilarization bonding also playing a dominant role in the
;*tacking of the molecules (53). The structure is given '
tin Figure 2 (54). Arnone and Marchessault have
‘investigated the crystal structure of the caffeine-
tpyrogallol complex, Figure 3 (55). The major forces of
~ interaction in this crystal are van der Waals forces;
fno significant hydrogen bonding was found between the
" molecules and, as with the caffeine-5-chlorosalicylic
 acid complex (53), charge-transfer forces are very weak
_f,ir present at all (55). It is necessary to emphasize
3: once again that the complex in solution does not
3 necessarily possess the same stoichiometry or structure.
Solution studies of xanthines with cinnamates and
related compounds have providgd us“with several

observations and inferences bearing on the structures

of these complexes:

(1) The area correlation described earlier suggests
that the complex forms with the two molecular

planes parallel, or very nearly so (33).

(2) The relative insensitivity of complex stability to
changes in X in the series CgHsCH=CH-COX implies
that there is little or no direct interaction with
the X group in the complex (56.u35).

12



' ;'Figure 2.
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Structure of caffeine-5-chlorosalicylic acid
complex as determined by X-ray crystallo=-
~ graphic analysis: Shefter (53, 54).
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'- Figure 3. Structure of caffeine-pyrogallol complex as
3 ~ determined by X-ray crystallographic analysis:
Arnone and Marchessault (55). S
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’.]CsﬂscH-CH-COX in the complexed form displays
: essentially no reactivity to hydroxide attack.
This observation suggests that the xanthine must

be very close to the carbonyl group (44, 56D) .

In a compound C6 50H=GH-COOR sulfite addition to
the double bond was essentially completely 1nhibited
by complex formation, implying that the xanthine is
very close to the double bond (44).

Alteration of the phenyl group in Csﬁscﬂ-CH-COOMe
to methyl causes a marked decrease in complex
stability, suggesting that the ring is directly

involved in complexation (33, 36).

: E. Research Plan. It is possible to utilize quantitative
. measures of solution properties to demonstrate complex
. formation and to study the stabllity and propertles of
complexes. These physical methods have already been
described (38, 2-4), along with the equations for
utilization of the data (57, 1, 44, 58). Besides the
changes in physical properties, the components of a
complex may also show a change in chemical reactivity
due to the close association of a second component.

From the experimental data on the effectsvof
complexation on the alkaline hydrolysis of carboxylic
acid derivatives (see above), it was felt that judicious
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joice of substrate and ligand should allow us to deduce
e general regions of molecular overlap between the
ubstrate and ligand and, perhaps, to elucidate the
ution structure of a molecular complex. Previous

dies (56a, 44, 1) suggested that the kinetic method
analysis would be the most powerful tool as it would
ovide non-equilibrium information about a system that
is at equilibrium with respect to complex formation.
Where desirable the spectral and solubility methods were
also utilized to obtain information on complex stability.
It was desirable to choose substrate and ligand
_jolecules that are essentially planar to facilitaté
maximum overlap, and to select molecules that undergo

1:1 complexation. The initial substrates chosen were

; the acetoxycinnamic acids and their methyl esters.

~ Crystallographic studies have shown that p-hydroxycinnamic
 acid is "almost plamar" (59) énd g—bromocinnamic acid is
3 planar (60). Structure 1 shows a cinnamic acid

~ derivative; the shaded area has been postulated to be

n: involved in the xanthine-cinnamate complex (see solution
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jiﬁces (2) - (5) above). The acetoxycinnamic acids
frbstituted phenyl acetates and the hydrolysis

ction will proceed at a rate convenient to utilize

, kinetic method of analysis. The labile ester group
at the opposite end of the molecule from all

:fhamates previously used. The variation in complexing
ency and in the hydrolytic activity of the complexed
r should show the extent to which the ligand overlaps
phenyl ring in the complex, and perhaps the

eration in the reactivity of the system could be
erpreted in terms of a probable orientation of the
substrate and the ligand.

Theophylline (2) and related xanthines were chosen
as ligands. Theophylline is planar (53, 61) and does not

i

dimerize in solution (61); however, it has been shown
that caffeine (62, 63) and 7-propyltheophylline (61)
are capable of self-aggregation. No partition studies of

the other xanthines utilized here have been carried outb;
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however, due to their large solubility in aqueous
solvents, self-aggregation is considered to be a
possibility. These xanthines were felt to be useful in
observing overall effects, even though it may not be
possible to interpret the results in terms of individual
reactivities for each of the complexes present.

The effect of theophylline on m- and p-substituted
methyl cinnamates was studied. As the substituent is
changed from the electron-donating, -OCHB, to the very
electron-withdrawing, -N02, the ability of the methyl
cinnamate to participate in electronic interaction with
theophylline should be markedly altered. A correlation
of stability constant with thg'Hammett substituent
constant should indicateva wéll-Behaved polar effect.
Marked deviations will suggest a distufbing influence,
either direct interaction between the substituent and
theophylline or a change in the sfrﬁcture of the complex.
Either cése will provide information about the structure

of the complex.

et e e qgher s

In addition to the structure-reactivity studies,
some medium effects were investigated, the effects of
ionic strength, cations and anions, aﬁd.mixed solvents
being studied withvneutrﬁl‘complexes in a preliminary
study. o - L ‘



EXPERIMENTAL

A. Chemicals. o-Acetoxycinnamic acid was prepared by
heating o-hydroxycinnamic acid (K & K Laboratories)
with sodium acetate and acetic anhydride for two hours
on a steam bath. The ester was pufified by recrystalli-
zation from boiling water and then from ethanol; mp 145°
(1it. 1l46° (64)). m-Acetoxycinnamic acid was prepared by
treating m-hydroxycinnamic acid (Aldrich Chemical Co.) in
15 molar sodium hydroxide with acetic anhydride. The
ester was purified by recrystallization from aqueous
ethanol and then from boiling water; mp 151-151.5°
(1it. 151° (65)). p-Acetoxycinnamic acid was prepared by
treating p-hydroxycinnamic acid (K & K Laboratories) in
15 molar sodium hydroxide with acetic anhydride. The
ester was recrystallized from aqueous ethanol; sublimes
195° (1it. sublimes 196° (66)).

Methyl trans-cinnamate (Matheson Coleman and Bell)
;} was distilled under reduced.pressure; bp 91-94°/2-3 mm,
mp 33-34° (lit. mp 33.4-34.5° (67)). Methyl p-acetoxy-
cinnamate was prepared by a two-step process: First
methyl p-hydroxycinnamate was prepared by refluxing
p-hydroxycinnamic acid with methanol for about ten hours
in the presence of a smallvamount of sulfuric acid. The
ester was purified bj recrystallization from boiling
B : no 136.5-1357° (1i%. mp 137° (43)). This monceater,

«19-
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.

in 15 molar sodium hydroxide, was then treated with
acetic anhydride. The product, methyl p-acetoxycinnamate,
was recrystallized from boiling water; mp 82-83°.
Analysis for C,,H,,0,: Caled., C = 65.45%; H = 5.49%.
Observed, C = 65.51%; H = 5.48%. Methyl m-acetoxy-
cinnamate and methyl o-acetoxycinnamate were prepared by
the same procedure as the corresponding para derivative.
Methyl m-acetoxycinnamate was recrystallized from aqueous
ethanol; mp 60-62°. Analysis for CyoH100,: Caled.,
C = 65.45%; H = 5.49%. Observed, C = 65.44%; H = 5.49%,
Methyl o-acetoxycinnamate was recrystallized from aqueous
ethanol; mp 42,0-43.5°, Analysis for CioH150,: Caled.,
C = 65.45%; H = 5.49%, Observed, C = 65.50%; H = 5.50%.

P-Hydroxybenzalacetone was synthesized according to
the procedure of Buck and Heilbron (68) and was
recrystallized from boiling water; mp 102-103° (1lit.,
~ mp 102-103° (69)). E-Acetoxybenzalacetbne was obtained
;' by treating p-hydroxybenzalacetone in 15 molar sodium
l hydroxide with acetic anhydride. The ester was
recrystailized from aqueous methanol; mp 67.5-68.5°,
Analysis for 012H1205: Caled., C - 70.57%; H = 5.92%.
Observed, C = 70.73%; H = 5.91%.

Phenyl acetate (Aldrich Chemical Co.) was purified
by distillation; the fraction with boiling point
194-197° was utilized (1lit., 194° (70)). p-Acetylphenyl
acetate was prepared according to the procedure of

Chattaway (71) (as were the following four substituted
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;vphenyl acetates) and purified by recrystallization from
;4aqueous ethanol; mp 45-46.5° (1lit., mp 54° (72)).

; QQChlorophenyl acetate was purified by distillation;

. bp 122°/3 mm (lit., bp 226-228° (73)). p-Methylphenyl

~ scetate was purified by distillation; bp 60°/1 mm (1it.,
. bp 212-213° (73)). o-Nitrophenyl acetate was
E}recrystallized from ethanol; mp 38-38.5° (lit., mp 36-38°
i (74)). p-Nitrophenyl acetate was recrystallized from
;,Skellysolve B; mp 78° (lit., mp 82° (74)). Methyl

IE p-nitrocinnamate was prepared by Dr. B. J., Kline of this
; laboratory, mp 163°., Methyl p-methoxycinnamate was

i prepared according to the procedure of Vogel for aromatic
. esters (75) and purified by recrystallization from

- aqueous ethanol (ag were the following four substituted

~ methyl cinnamates);}mp 86.5-87.5° (lit., mp 88-89° (76)).
L Methyl p-chlorocinnamate; mp 74°.p Methyl p-methyl-

. cinnamate; mp 56.4° (lit., mp 57-58° (77)). Methyl

i p-hydroxycinnamate; mp 85.0-86.5° (lit., mp 85° (65)).

] Methyl m-bromocinnamate; mp 5é° (lit., mp 55-56°}(59)).

1 Methyl g-methoxydinnaméte ﬁas purified by distillation

' under vacuum; bp 114°/1 mm (1it., bp 305-307°/748 mm
(7).

7-(2,3-Dihydroxypropyl)-theophylline (Aldrich

t Chemical Co.) was recrystallized from ethanolj;
mp 164-165° (1lit., mp 155° (73)). This compound was
- found to be stable for 16 hours in aqueous solution at a

- pH of 10.85. Theophylline (Merck & Co., U.S.P.) was

"/,
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1?recrystallized from water. It was then dried at 150° for
Citwelve hours; mp 271-272°, 8-Bromotheophylline,
iie-chlorotheophylline, and 8-iodotheophylline were purified
{{as described elsewhere (44). Caffeine (U.S.P.) was
ﬁrrecrystallized from water; mp 235-236°., Theophylline
:27-acetic acld, acetonitrile, and isooctane were purified
;Zas described by lMollica and Connors (56 ). Naphthalene,
{fresublimed (J. T. Baker Chemical Co.) was used as received.
‘I 7-(n-Propyl)-theophylline was prepared according to a
iumodified Schwabe (80) process; 0.277 moles of theophylline
iswere added to a flask containing 0.277 moles of potassium
 hydroxide dissolved in 175 ml of ethanol. The flask was

f fitted with a condenser and heated with the addition of
?’a minimal amount of water required to effect solution.
510.30 Moles of n-propyl iodide, which had been decolorized
. by extraction with an aqueous sodium thiosulfate solution,
- was added to the theophyllinate solution and the solution
fiwas refluxed for six hours.  The solution was evaporated
r;to dryness on a rotary evaporator and the residue was
f extracted.with hot chloroform. After evaporating the
1lchloroform, the compound was fecrystallized from boiling

* water; mp 99-102° (1it., mp 99-100° (80)).

:> To prepare 7-(3-hydroxypropyl)-theophylline a

~ mixture of 0.75 mole of theophylline, 375 ml of water,

: and 1,125 moles of B-chloro-l—propﬁnol (Aldrich Chemical

~ Co.) was placed in a round bottom flask fitted with a
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{reflux condenser and heated to boiling. The boiling

- solution was treated with a solution of 1.125 moles of

- sodium hydroxide in 90 ml of water over a period of

- three hours. After the addition of the sodium hydroxide
iiwas completed, the refluxing was continued for one hour.
FiThe mixture was then evaporated to dryness on a rotary
;evaporator. The residue was extracted with 750 ml of
;Tboiling anhydrous ethanol and filtered. The solid that
j’crystallized out was filtered and recrystallized twice

.~ more from anhydrous ethanol; mp 150-151.5° (lit.,

J‘ mp 149-150° (78)).

3 7-(2-Hydroxypropyl)-theophylline was synthesized

f according to the procedure of Zelnick, et al. (81);
ﬁ;O.B mole of theophylline was dissolved in 175 ml of water
ﬁlcontaining 0.3 molé:qf sodiun hydroxide. 23 Ml of

f l-chloro-z-prbpanoi* wefe addéd to the reaction vessel

B it ves Bl tead 2o weven Bbiss, The wixbare was
f’evaporated to dryness on a rotary evaporator and the

. residue was extracted with hot absolute alcohol. The

~ compound crystallized out upon standing and required a

*The only l-chloro-2-propanol (Eastman Organic Chemicals)
available is contaminated with 25% 2-chloro-l-propanol.
Purification requires two distillations through a
110 cm column filled with glass helices and then
distillation through a Vigreux column (82, 83). Due
to a limited supply of the alcohol, it was decided to
purify the solid product rather than the volatile

- starting material.
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irminimum of twelve recrystallizations from hot absolute
}:ethanol to obtain a satisfactory product; mp 132.5-133.5°
. (lit., mp 135-136° (81)).

i To assess the purity of the 7-substituted

t theophyllines, thin-layer chromatography was carried out
{:between the crystallizations until only one spot was
;;obtﬁined. Commercial thin-layer silica gel plates
ﬁ'(Brinkman Instruments, Inc.) were utilized. The solvent
i»was approximately 10% methanol - 90% chloroform. The

1 Ry values obtained are given in Table I and compare

? favorably with literature values (84, 85).

1 NMR spectra (Figures 4, 5, and 6) were obtained for
.; the synthesized theophyllines'in DZO and assignments

1i were made in Table II; seévaiéqueferéncé (86). (See

;fstructure B, )

e - - CuCsCy

Me
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TABLE I
Thin-Layer Chromatography of Some Xanthines

Com.pounda be

7-(2,3=-Dihydroxypropyl)-theophylline 0.15
7-(5-Hy§roxypropyl)-theophylline 0.27
7-(2-Eydroxypropyl)-theophylline 0.35
Theophylline 0.3%6
Caffeine . - 0.48
7-(n-Propyl)-theophylline 0.53

7-Subst1tuent numbering (see 3) is 1= ot
bSlllca Gel F-254 plates; precoated, abrasion
resistant; 0.25 mm layer thickness distributed

by Brinkman Instruments, Inc. The solvent was
approximately 10:90: :MeOH: CHCl3
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_ Reagent-grade inorganic chemicals were used without
{Ihrther purification. Standard buffers were prepared
%according to Bates (87); other buffers were prepared
“according to Bates and Bower (88) or Boyd (89). All
—?solutions were prepared using freshly boiled redistilled
;(from alkaline permanganate in an all glass system)
3€water.

, The spectral data for the compounds described in
fthis,section are given in Tables III and IV with the

?'atructures given in Table V,

f B. Apparatus. A constant temperature of 25.0°C for
flspectral and kinetic studies was maintained with water
:;baths controlled to a precision of *0.01°C. by Sargent
A;Thermonitor Relays.  Solubility studies were made in a
?:bath controlled to 0. 05°C by a mercury column

- thermoregulator (Brownwill Scientific Co.).

PH measurements and adjustments were at 25.0°C on

{ a Sargent model DR pH meter equipped with a Sargent
i.universal range glass-calomel comblnation electrode,
?78-30072-15 or on a Cornlng model 12 pH meter with an

| expanded scale using a Beckman Type E-3 wide range glass
~ electrode. For measurements below pH 7 the meters were
standardized between pH 4,008 and 7.413; for the alkaline
region the meters were standardized between pH 7.413 and

9.180 using the standard‘buffers previously described.
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- Spectral Data of Substrates and Hydrolysis Products

f: Compound A max (0m) loge

max So;yenta

- 9-Acetoxycinnamic acid
Qngydroxycinnamic acid
m-Acetoxycinnamic acid

- m-Hydroxycinnamic acid

- p-Acetoxycinnamic acid

- p-Hiydroxycinnamic acid

.~ Phenol

- p-Acetylphenol

- p~-Chlorophenol

- p-lMethylphenol
rfgyNitrophenol

- p-Nitrophenol .

. p-Acetoxybenzalacetone

- p-Hydroxybenzalacetone

- Methyl p-acetoxycinnamate
- Methyl p-hydroxycinnamate
;3Methy1 p-chlorocinnamate
- Methyl p-methylcinnamate
- Methyl p-methoxycinnamate
- Methyl m-bromocinnamate

- NMethyl m-methoxycinnamate
- Naphthalene o

'1Methyl'gyhydroxycinnamate-

267 4,35
233 3.36
274 4,27
340 3.52
279 4,41
333 4,36
262 2.42
324 4,30
316.5  2.80
295 3.50
416 3.65
400 4,26
292 4.36
380 4,57
281 4,37

308 4,34
285 4,39
288 4,36
308 4,36
275 - K32
278 4,28
278 4,32
275 3.7

pH
pH
pH
pH
pH
pH

pH

1.0 HC1
13.0 NaCH
1.0 HC1
13.0 NaOH
1.0 HC1
13.0 NaCH

isooctane

13.0 NaOH
13,0 NaOH
15.0 NaOH
13,0 NaOH
15.0 NaCH
6.0 phosphate
13.0 NaCH
6.0 phosphate
6.0 phosphate
6.0 phosphate
6.0 phosphate
6.0 phosphate
6.0 phosphate
6.0 phosphate
6.0 phosphate

isooctane

~ %pqueous solvents: ionic
~ solvent: 25,0°,

stfength 0.3; 25.0°. Organic



TABLE IV

Spectral Data of Ligands

Compound Amax {2B) 1OBE oy Solvent

Theophylline 872 4,01 pH 5.6
;- , acetate
Caffeine ’ . 273 4,00  water
j?zﬁgégﬂgiggggoxypr°pyl)' 273 3.96 water
57-(2-Hydroxypropyl)-theophylline 273 3.97 water
17-(B-Hydroxypropyl)-theophylline 273 3.97 water
ﬁ7-(g-Propy1)-theophylline 273 3.98 pH 6.0

phosphate




TABLE V

Structures of Substrates and Ligands

Substrates?®
R ‘ H-Gﬂ-g-x
R X

] CH3000- HO- Acetoxycinnamic acid
CHBCOO- e CH30- Methyl acetoxycinnamate .
CHBGOO- CHB— Acetoxybenzalacetone
HO- CH3- Hydroxybenzalacetone
02N- CHBO- Methyl nitrocinnamate
GH5- CH30- ~ Methyl meﬁhylcinnamate
CHBO- CHBO- Methyl methoxycinnamate
HO- CH30- Methyl hydroxycinnamate
Br- CH3O- Methyl bromocinnamate
Cl- GHBO- Mgthyl chlorocinnamate

8,11 have the trans geometry about the
olefinic double bond. i

33
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TABLE V - Cont.

Me

Ry By
e H-
H- Ol 5~
H- CHCH,CH o~
H- OF 5 CHOHCH 5=
H- CH,OHCH,CH =
H- CH,OHCHCHOH 5=
Cl- H-
Br- A i
o H-
CHy0- CH5-
H- CH,C1CH o
H- HOOCCH =

Theophylline
Caffeine

7-(n-Propyl)-theophylline

7-(2-Hydroxypropyl)=-

theophylline

7-(3-Hydroxypropyl)-
theophylline

7-(2, 3-Dihydroxwpr0py1)-
theophylline

8-Chlorotheophylline

-8-Bromotheophylline

8-Iodotheophylline
8-Methoxycaffeine

7-(2-Chloroethyl)-
theophylline

Theophylline 7-acetic
acid
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Syectrophotometric measurements were made on a Cary
: ophotometer, model 14, 15, or 16; models 14 and 15
v !ecording spectrophotometers. Each instrument was
uipped with a thermostated cell compartment and a
irculating water bath which was maintained at
;{O°30.1°C. Nuclear magnetic resonance spectra were
btained with a Varian Model A60-A High Resolution
nalytical Spectrometer.

Melting points were determined on a Thomas-Hoover

Capillary Melting Point apparatus. A 2.00 ml microburet

Procedures.

_ 1. Solubility lMeasurements. Specific details for

1 carrying out solubility determinations were reported by

. earlier workers and can be found elsewhere (561) 3
however, the general method is outlined here. Substrate
in excess of its solubility was added to 10.0 ml of
puffer solution containing varying concentrations of
ligand, which were obtained Dby serial dilution of a

stock solution of the ligand. The vials were sealed with
Parafilmcg in addition to the screw-cap, and were then
tumbled in a constant temperature water bath until

equilibrium was reached; usually 24 hours was sufficient.
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IlAliquots of the supernatant were withdrawn by a
ette, the tip of which had been wrapped in glass wool.

lysis of the sample was done by one of two methods,

d the ligand. When the substrate absorbed light at a
velength different from the ligand, the aliquot of the

fﬁsn the substrate and ligand both absorbed at the
analytical wavelength, the substrate was extracted witﬂ;
é%ooctane and the isooctane phase was then measured
spectrophotometrically, or, when necessary, diluted and

then measured.

2. Spectral Measurements. The use of spectroscopic
@msasurements to evaluate complexation equilibrium

~ constants for systems similar to those encountered here

{ has been described by Mollica and Connors (56b). Their
<methods were utilized here, with the addition of the

? substrate being made either with the microburet

: previously described or with self-leveling lambda
pipettes. !

In selecting the wavelength for this determination,
it was preferable to have substrate of the same
concentration in the reference cell and %o read the
change in absorbance directly (this condition also
simplifies the subsequent spectral measurements). By
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ng the solution of the highest ligand-substrate
ncentration vs ligand, one can determine the wavelength
' maximum change in absorbance. This optimal wavelength
. often lower than would be chosen if the highest
igand-substrate were scanned against the buffer without
n equivalent amount of substrate in the reference cell.
'he technique is shown by the example in Figure 7, with
anStrate data obtained given in Table VI.

3, Kinetic Measurements. The details of the \
gpectrophotometric procedures used for kinetic :
measurements of reactions with various half-lives have
‘been described (56b) and were followed in this study.
'Reactions were followed at 25.0° for about three
fhalf—lives unless the method of Guggenheim (90) was
,_employed, in which case data were obtained over at least
f’four half-lives. "Infinity" values were taken after ten
; half-lives. The second-order rate constants for alkaline

hydrolysis of these esters are given in Table VII.

D, Treatment of Data. A theoretical comparison of the
mathematical methods, assumptions, and approximations
for the evaluation of stability constants by the three
experimental methods has been made by Connors and
Mollica (1). In addition, a new kinetic approach was
tried (vide infra). The equations‘and plotting

procedures are presented here. All calculations assumed



Figure 7.

Ultraviolet preliminary scans for a spectral
study: (A) Theophylline ys.buffer;

(B) Methyl p-hydroxycinnamate vs. buffer;
(C) Theophylline plus methyl p-hydroxy=-
cinnamate vs. buffer; (D) Theophylline plus
methyl p-hydroxycinnamate V8. methyl
p-hydroxycinnamate. T = 25.,0°; phosphate
buffer; ionic strength 0.3; 1.6% CH3CN.
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TABLE VI
ytical Wavelengths and Concentrations for Spectral
Study®
7
st tuted os  Sotubitigy (0 A(om) 10* 5, (1)
= 320 2.7
1.0 315 .7
2.0 342 1.6
4.8 325 1.9
16.2 347 4.0 '
19.5 320 9.2 1
3 315 -
52.6 338 14.8
1.6 320 1.2
10.3 342 l.4
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ﬁ-oond-Order Rate Constants for Alkaline Hydrolysis
of Some Esters

Koy (M’lsec"l)a

ste Mean _ 5.D.° 4—§g£g;i_—
)-Acetoxycinnamic acid 1.64 0.07 13
1-Acetoxycinnamic acid 2.33 0.17 15
p-Acetoxycinnamic acid 2.60 0.11 8

fﬁenyl acetate 175 0.02 2 i
p-Acetylphenyl acetate 5,46 0.03 2
‘p-Chlorophenyl acetate 2.38 0.03 2
prﬂethylphenyl acetate 0.90 0.02 e
- o-Nitrophenyl acetate 9,69 0.10 2
vayNitrophenyl acetate 12.32 0.03 2
Methyl trans-cinnamate 0.08 0.003 10
; p-Acetoxybenzalacetone 3,71 0.08 9
Methyl g-acetoxycinnamatec 3,90 0.05 9

Pgtandard deviation.

3
7

puffer; 25.0°; ionic strengt
potentiometric measurements

aExperiments were carried out in carbonate or hydroxide
h 0.%; based on
of hydroxide activity.

°kon is fdr hydrolysis of the acetoxy groupe.
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L complex stoichiometry with an apparent equilibrium

astant Kll'; all concentrations are on a molar basis.

;: a) Solubility method.

: Raa8Lh
1l o't
By = THEE, * 5o (5. 1)

So = solubility of substrate in absence of
ligand

g~ total sdlubility of substrate in presence
of ligand

= +total molar ligand concentration
apparent 1:1 stability constant.

?lot S, ¥vs. Ly then,

slope
..;11' & IEterceptEI—sIopeS (Eq. 2)

b) Spectral method.
ZbT = mtla -+ E—Ttla' (Eq. 3)

b = cell path length

AA = difference in absorbances of substrate in
the absence and presence of (L) moles/L of
ligand ;

= total substrate concentration
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difference in molar absorptivity between
the complex and the substrate and ligand;

Aa = a)) - ag - &
(L) = concentration of uncomplexed ligand.

ot b/A & ys. 1/L, (where the assumption is made that
= Lt); then,

Ky, = Y-igtg;:e £ . - (X-intercept)

(Eq. 4)
¢) Kinetic method. i
—i—r o —Y:_L—tr)- i e (Eq. 5)
kg + kg 9;1%711 a1

ks = rate constant for reaction of substrate
in the absence of ligand

ks' = rate constant for reaction of substrate
in the presence of ligand

q; = fractional decrease in reactivity of the
complexed substrate (q11 =1 = kll/ks

f (L) = concentration of uncomplexed ligand.
. Plot k /(k - k') ¥s. 1/Lgs then,

P G

Upon rearrangement of the equation for the kinetic

method we obtain
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K, (L
- P ) (Eq. 7)
13

very low (L), when K, (L) <<1, this is linear in (L)

k ]
= = 1= qllKll(L) (Eq. 8)

A criterion for the use of this method is that
f}l(L) £:.0.1; thus, k'/kg will always be in the range
1,00 to 0.90 and these values should be determinable with
the same precision as kg, j.e., 1-3%. With equation (8),
one plots ks'/kB vs. (L); the slope is -qy1Kq97¢ Or one
may rearrange the equation to obtain k
;t =k, - kg q;,K l1(L) A plot of k' ¥us. (L) gives a
~ slope of 'qllKllks' Typical plots are shown in Figures 8
- and 9. Either’plot is suitable and will give the desired
é:qliKll‘ it is preferable, however, to use the first plot,
? which is in a normalized form and allows immediate
comparison between studies at different pH's.

The sdventages of this method are: (1) for ligends
whose solubility is very low, it allows determination of
q),K 115 (2) it eliminates the need to take reciprocals

of very small differences as may arise in the usual
kinetic method (Eq. 5)— also all values are of equal
weights (3) if the ligand is capable of self-association,
then the lower the ligand concentration, the less the

association; (4) working at low concentration of ligand
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 cinnamate-theophyllinate system: pH 12.85:
_ hydroxide buffer; 25,09; ionic strength 0.3;
0.8% GH50N. i bl : s

/"
Figure 8. Plot of kinetic data for the methyl
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Figure 9. Plot of kinetic data for the methyl -
cinnamate-theophyllinate system: pH 12.85

. hydroxide buffer; 25,00; ionic strength 0¢33
///  0.8% CH5CN.
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ninizes solvent effects. There are several limitations

| the method; (1) the condition K, (L) < 0.1, limits
fyka to values between 1.00 and 0.90, which is a small
hange; (2) the final result (qllKll) has about the same
{7 jsion as in the other method; and (3) it is impossible
0 separate qllxll into its individual quantities. In
sonclusion, this method would be utilized when the
dvantages are greater than for the other method, but we
ﬂﬁ-bdbly would not use this method in preference to the
standard method due to the inability to separate 931 frbm
11°
The usual method of least squares was applied to the
Esolubility data, while a weighted least squares analysis
was applied to all double reciprocal (kinetic and spectral)
plots. These plots were made with the aid of a digital
-Vcomputer‘ which computed the slope and the Y-interdept.
From experience with the experimental system the value of

- the weighting factor was computed by the formula:

. w = da/zidz, where 4 is the denominator of the fraction

plotted on the Y-axis (91, 44);

*The program for this numerical analysis was written by
J. L. Cohen and P, A, Kramer of this laboratory and
performed by a Gontrol Data Corporation 1604 digital

computer.



RESULTS

: Complex Reactivity in Relation to Substrate Structure

1. o-, m-, and p-Acetoxycinnamic Acids.

Most of the cinnamate-xanthine complexes
p) seviously studied (56b, 44, 33) appear to be unreactiver
iw ard hydroxide ion attack. Thus, for these complexes,
?Vmplex reactivity as determined by the kinetic technique
cannot be used as a probe for making structural \
inferences and consequently it has not been possible to
postulate detailed complex structures for these
‘nonisolable complexes. Acetoxycinnamic acid was chosen
5 as a potential substrate on the basis that the acetoxy
group may be positioned sufficiently far away from the
~ area of complexation (area of overlap of the ligand) so
that nucleophilic attack by hydroxide ion on the complexed
structure is not fully inhibited and thus some measure of
the complex reactivity will be retained. The acebtoxy-
cinnamic acids' utility as a probe’for complex structure
may permit establishment of a limit on the overlap region.
Previous complexation studies on cinnamate anions
have shown that coplanarity of the unsaturated side chain
with the phenyl ring is an important criterion in

determlning the extent of complexation (see discussion

on page 12 and references therein).

48—
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¢.P.K. models (92) of acetoxycinnamic acid show that
;;olefinic side chain is indeed coplanar with the phenyl
ng; however, the acetoxy group is almost perpendicular
o the remainder of the molecule. It is expected that

he acetoxy group igs sufficiently far removed from the
area of complexation so that it will not disrupt the
complex by its lack of coplanarity. Thus we expect the
9-, m-, and p-acetoxycinnamic acid anions to behave
essentially the same as the cinnamate anion with respect
to their complexing tendencies with theophyllinate (2).
Initial kinetic studies on the acetoxycinnamic acids
‘were carried out in phosphate buffer, which showed
'accelerated rates over those obtained in hydroxide
t.huffer. Since it was assumed that phosphate catalyzes

; the hydrolysis, all subsequent kinetic studies were

: carried out in either ﬁydroxide or carbonate buffers.

- The rates of alkaline hydrolysis of the acetoxy-

. cinnamic acids* in the presence of theophyllinate were
determined under pseudo-first order conditions directly
in the spectrophotometer/cell; Examples of the kinetic

*Some substituted cinnamic acids have been shown to
undergo pH-dependent decarboxylation. The half-life
of p-hydroxycinnamic acid at 100°C, and pH 11.8, was
found to be about 173 hours (93); hence, the
decarboxylation of the hydrolysis product,
g-hydroxycinnamic acid, does not occur to a- significant
extent at 25°C during the length of time we followed

ester hydrolysis. -



ants for p-acetoxycinnamic acid and o-acetoxy-

mic acid are given in Figures 10 and 11, respectively.
E,,' calculated from a cumilative plot is 7.5 M1 gor
the p-acetoxycinnamic acid anion-theophyllinate system

; 0 M -1 for the o-acetoxycinnamic acid anion-
Eﬁ:ophyllinate system. The experimental uncertainty is
{b-ut 10-15%. For the m-acetoxycinnamic acid anion, the
experimental uncertainty was greater (25—30%),

gumnlative Kll' of 10, 5 Ml was obtained. .
From the intercept of the kinetic reciprocal plot
we can compute the value of Q7 the fractional decrease

" in reactivity of the complexed substrate. It is defined

~ mathematically,

a; = 1 -k /&

~ where kqq is the rate constant for the reaction of
complex with the reagent (in this case, hydroxide ion),
and kg is the rate constant for the reaction of substrate
with the reagent. The respective values of Q1
(1/Y-intercept) for the o-, m-, and p-acetoxycinnamic
acids afe 0.41, O.44, and 0.423 within the accuracy of
the data, we conclude that these are all O.4. This Q7
value suggests that the complexed ester retains about
60% of its reactivity towards hydroxide attack. The low
q31 values obtained also suggest that complexing is not
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e to a direct interaction of the ligand with the

setoxy group and that, in fact, the o-, m-, and

Vﬁositions must be essentially free of steric hindrance
rom the ligand.

A significant catalysis of the hydrolysis of

Afnitrophenyl acetate by theophylline anion was observed

oy Kramer (94). This caused some concern as the acetoxy-

cinnamic acids are themselves monosubstituted phenyl

acetates (the substituent being -CH=CH-COOH) and the low

97 values which were obtained could have been a

composite effect of high 437 values plus some concurrent

‘catalysis. Since we were interested in making an

Ieatimate of the catalytic rate constant for the acetoxy-

icinnamic acids to obtain corrected K,, and Q7 values,

~ we chose some other monosubstituted phenyl acetates as

; reasonable models. The nucleophilic reactivity of

} various bases towards sﬁbstituted phenyl”acetates has

already been studied as a function>of the pKa of the

. leaving group (95, 9%, 22); tﬁeréfofe we tried to
Vcorrelate our data with the pKa of the leaving group.

E The appareht second-order rate constants for the

3 hydrolysié of the various phenyl acetates in the absence

- and presence 6f 0.1 M theophylline anion are given in
Table VIII, along‘with the pKg of the parent phenols.

‘Fisure 12 demonstfates the‘relationship bétiéen the kog
and the pKg of the 1ea§ing group; éhowi;é that the



TABLE VIII
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pparent Second-Order Rate Constants of Some Esters in the
. Absence and Presence of 0.1 Theophylline Anions®

kog 108 kog k' PK®
p-Nitrophenyl scetate : 12.32 1.10  45.10 7.10
Q_Nitrophenyl acetate 9.68 0.99 46,90 7.25
épkcetylphenyl acetate 5.45 0. 74 9,68 8.10
g-chlorophenyl acetate 2.38 0.3%8 1.77 & 9.40
p-Acetoxycinnamic acid 2.60  0.42 2,11 9.4l
' p-Acetoxycinnamic acid 2,33  0.37  1.82 9.9
o-Acetoxycinnamic acid 1.64 0.22 1.20  9.89
- Phenyl acetater 1.75 0.24 i - 9.95
. p-llethylphenyl acetate 0.90 =0.05 0.50 10.25

3 apE 11.8 hydroxide buffer; jonic strength 0.3; 1.6%
CH3CN; T = 25,0°; rate constants in M-1 sec—i.

3 pr of the parent phenols (97). The hydroxycinnamic
- agcid pK's were determined spectrophotometrically at
25°, The pKi's for these compounds ares; 0= = 4,463
!- = 4’.34!3 end 2" = ‘F-}so
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Figure 12. Apparent second—-order rate constants of some
3 substituted phenyl acetates as a function of
r the pKg of the leaving group, gH 10.50; iomnic
7  strength 0.3; 1.6% CH3zCN; 25,00, 1) p-nitro-
- phenyl acetate; 2) o-hitrophenyl acetate;
%) p-acetylphenyl acetate; 4) p-acetoxy-
cinnamic acid anionj 5 p_—chlorophenyl acetate;
6) phenyl acetabte; 7 Q_—aceto:qcinnamic acid
. anionj 8) g-methylphenyl acetate; 9) m-acetoxy=-
cinnamic acid anion. ; iy




- substrates and reactions are well-behaved. The plot of
~ log (ks'/kOH) with ligand concentration of 0.1 M

~ theophylline vs. pKg, Figure 13, shows a decrease in
:relative rate with an increase in the pK, of the leaving
. group. Inhibition is seen for all substrates with a PKg
greater than 9; hence, we concluded that theophyllinate
f;is not significantly catalyzing the hydrolysis of the
‘tacetoxycinnamic acid anions, since the phenolic pKg's of
ithese parent phenols are 9.4-9.9 (Table VIII).

‘ An unanticipated associated problem was revealed

by these data: Why should we observe any inhibition for
the phenyl acetates without a cinnamate structure? To
Ianswer this question, a kinetic study of p-chlorophenyl
~acetate with theophylline anion was performed; the
_results are shown in Figure 1l4. Values of Kiq' of

4,7 Ml and Q;; = 1 were obtained. Hence the phenyl
acetates appear to complex to some extent with
'theophyllinate. Theophyllinate also complexes with the
gcetoxycinnamic acid anionj; however, the relative
position of substrate to ligand in the complex must be
different in the two molecules because we obtained a

%11 of 1 for p-chlorophenyl acetate, indicating a'nearly
SOmpleté loss in reactivify of the complex, while we

:5 tained a q;; of 0.4 for the acetoxycinnemic acid anion.

56
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Figure 13. The relative rate of hydrolysis of some
_ substituted phenyl acetates in the absence
- and presence of 0.1 M theophyllinate as a
28 function of the pKy of the leaving group,
~# - pH 10,503 ionic strength 0.3; 1.6/ CHzCN;
A 2?.00. 1) p-nitrophenyl acetate;
+ 2) g=-nitrophenyl acetate; 3) ;g-acetylphenyl
' acetate; ) p-acetoxycinnamic acid anion;
¢+ '6) m-acetoxycinnamic acid anionj
: '?i o-acetoxycinnamic acid anion;
. 8) p-methylphenyl acetate.
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2. Methyl p-Acetoxycinnamate and p—Acetoxybenzal—

acetone.

. By analogy with the cinnamic acid anion=-
theophylline, K ,' = 12 M1, and methyl cinnamate-
iveophylline, Kll' e 25 M'l, systems (33), we felt that
scid anion (see structure 2) we might increase K,, without
appreciably affecting Q1 Kinetic studies of
'gracetoxybenzalacetone with theophyllinate gave a Kll'

7 M'l with a q;4 of 0.4 and methyl p-acetoxycinnamate with
with a qq of 0.5.

of

~ theophyllinate gave a Kll' of 8 M~
. The change in substrate to a neutral molecule did not
j‘significantly alter either q,, oT Kll'

3 A spectral study of the methyl B-acetoxycinnamate-
f theophylline system was carried out and yielded a Kll'
) value of 14 H’l. This result is not unexpected as
previous studies gave larger stability constaents with

theophylline than with theophyllinate (561, 3).

Because 1arger values of Kll were not obtained with

p these substrates, and hence we were unable to increase

- the reliability of the inhibition measurements, we
decidedAfo screen some’other substituted xanthinés in

an attempt to locate A better’systém for study (see Table
IX). The maximum inhibitions observed for the
substituted xanthines were not significantly greater than

those for the theophylline anion, even when the xanthine
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- was uncharged. One curious result did emerge, however;

f a relatively large catalysis was observed for the

. theophylline. This effect was investigated and the

?results are described in the next section.

Complex Reactivity in Relation to Ligand Structure
1. 7-(2,3-Dihydroxypropyl)-theophylline.

As shown in Table IX, an unexpected catalysis
was observed with 7-(2,3-dihydroxypropyl)-theophylline
éand the p-, m-, and p-acetoxycinnamic acid anions and
p-acetoxybenzalacetone. This catalysis was explored with
'a-acetoxybenzalacetone to see whether the catalysis
occurred via complexation or by direct nucleophilic
attack by the ligand on the substrate. A plot of the
relative rates for the alkaline hydrolysis of

D acetoxybenzalacetoné with thig iigaﬁd is shown in

Figure 15. Sbectfal'studieé were carried out on

2.//Re1ated ligands.

After this initial experimentation, ﬁhe
investigation took two directions: (1) variations in the
ligand to determine’whﬁt‘commonent(s) of the
f;2,B-dihydroxyprépyl)-fheophylliﬁe’struoture were
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required for catalysis, and (2) variations in the ring
position (o, m, and R) of a substituent on the substrate
B0 £ind out if this has a significant effect on the
catalysis. We hoped that the combined results from

- (1) and (2) would determine if the catalysis occurred
;through complex formation or by simple nucleophilic
attack. Therefore, the methyl o-, m- and P-acetoxy-
cinnamates were chosen as substrates. See Table V

- for structures. It was expected that the K,, values
iuould be similar to previously obtained data. A
:one-point screening study was carried out with these
Bubstituted methyl cinnamates and various xanthines as
ligands. The results of this screening are given in
Table X.

After inspection of the data, we concluded that the
result with theophyllinate is definitely anomalous, at
least with the ggtgg and meta compounds. Therefore, we
decided to‘neglect the theoPh&llinste”systems in trying
ab account for the rest of %ﬁé‘ééguitsi' It was also
iecided to neglect caffeine malnly on the ‘basis of its
mited solubility.

Since we are concerned with determinlng the
}imponent(s) of the 7-(2, 3-dihydroxypropyl)-theophylline
tﬁlecule responsible ‘for the catalysis, ?7-(n-propyl)-

fleophylline was chosen as the reference ligand. Table

{I-A was constructed to show the difrerences in
4 Y3 R R e



TABLE X

. Percentage Change in Rate of the Methyl Acetoxycinnamate
' Hydrolysis with Various Ligands®

Methyl Methyl Methyl

‘ ; p-acetoxy m-acetoxy o-acetoxy
- Ligand cinnamate cinnamate cinnamate
' Theophyllinate -25 -15 +60
Caffeine =25 -22 -9
7-(n-Propyl)-theophyllinate =40 =47 =37
- 9-(2-Hydroxypropyl)- 2
.~ theophyllinate : -22 10 £t 6
- 7-(3-Hydroxypropyl)- i

theophyllinate ey =23 2
- 7-(2,3-Dihydroxypropyl)-
) theaphyllinate b 27 +He
iPropylene glycol : + 8 +10 +10

'pH 10.8 carbonate buffer; ionic strength 0.3; 1. 6%
CN; T = 25,0°3 all ligands are 0.2 M except as noted:
‘ o.? M’ theophyllinate; 0.073 M caffeine.

PR VR
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rcentage change for a common substrate with different
igands. Similar operations can be performed for common
igands with different substrates, and these results are
n Table XI-B. The magnitude of the differences are such
that, within the limits of this study, we concluded that
the behavior of all the substrates are similar and

l-ose the methyl p-acetoxycinnamate to investigate more
thoroughly.

] In order to facilitate handling of the catalytic
‘data, we have utilized the equation ;

k' -kg = f39(kq = k) (Eq. 9)

. where the k's have the usual meaning, recognizing
k' > k,and kj; > kg for this system. fj; is the

. fraction of the substrate present as complex (56a) or

3 K., (L)
11
.5 UGS, e v 5 AN (Eq. 10)

and combining equations (9) and (;Q},gnd inverting gives

¥ 1 gl =
peiapiSamapgeny /LW » = oo A
k' - kg (kyy = kg)Kq,(L) (kyy - k)

s
(Eq. 11)

Multiplying this equation through by ks' rearranging, and
introducing the definition



TABLE XTI

Differences in % Change of Rate of Hydrolysis of a
Common Methyl Acetoxycinnamate with Different

Ligands
; Substrate
Ligand compound® 2 z B
2,3H0Pr-nPr +83 +84 +80
2HOPr-nPr +15 +22 +18
3HOPr-nPr +46 +37 +15

Differences in % Change of Rate of Hydrolysis of a
Common Ligand with Various Substrates

Substrate Net %

compound Ligand difference
2,3HOPr + 1
2HOPr ~ +10

-o- - 2 Val, BHOPI‘ N b \4a +34
oPr + 3
2,3HOPr _ + 9
2HOPr B

2-1 3HOPr +19
nPr +10

*For convenience, symbols will be assigned to the 1i§ands:
7-(n-propyl)-theophylline = nPr; 7-(3-hydroxypropyl)=
theophylline = 3HOPr; 7-( 2-hydroxypropyl)=-theophylline =
2HOPr; 7-(2,3-dihydroxypropyl)-theophylline = 2,3HOPr.
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x
g (Eq. 12)

f obtain the normalized form of the equation

5oF oA (Ba )
In a system in which catalysis occurs upon complexing,
:?11 can take any positive value. K11 and Py &re, of
:course, experimentally determined in the usual manner.

" A typical catalysis plot is seen in Figure 16.

} The relative rate of hydrolysis of methyl p-acetoxy=-
cinnamate in the presence of 7-(g-propyl)-theophylline is
- seen in Figure 17. Some data used to determine apparent

- 1:1 complexation equilibrium constants are shown in

Table XII and Figures 18-20 and a summary of the constants
J is presented in Table XIII. Discussion of the results

from this section will be presented more fully later.

C. Structure-Stability Relationships in Substituted
Methyl Cinnamates.

_ A powerful apprdach to the determination of reaction
‘E_ mechanism is the utilization of structural variations in
the reactants, followed by observation of the effects of
these structural changes on the experimental quantity
measured, in our case equilibrium or rate constants.

This approach has been applied to complex formation
between xanthines and cinnamate esters (33). Structural
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)

! 1 !
2 ~ 0.09 Clo Q.15
Gl - 7-(N-PR QPYL)-THEOPHYLLINE : (M)

// 2
/7
Figure 17. Relative rate of hydrolysis of methyl
; —acetoxycinnamate in the presence 0¥ G
~(n-propyl)-theophylline }()data. from
Table XIT). . S i



70

TABLE XII

‘Apparent Second-Order Rate Constants for the Alkaline
Hydrolysis of Methyl p-Acetoxycinnamate in the Presence
;f Varying Concentrations of 7-(n-Propyl)—theophyllinate

~7-(n-Propyl)=- = G ¥
theophylline (M) kog (M "sec™) k_'/k

.0000 3.72

.0625 2.72 .73
.0677 2.54 .68
0714 2.60 .70
.0758 2.53 .68
.0833 2.42 .65
.0853 2.44 .66
.0961 2.42 .65
.1000 2.3 .63
1124 2.32 .64
.1282 2.22 .59
L1354 2,805 .59

.1563 2.05 «55

825,0°; 1.6% CHzCN; ionic strength 0.33; composite
of two studiea at pH 10.84 and pH 11.23.
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rariations both in the acyl portion of the carboxylic
;»id ester (R in R-COOCHB) and in the alkyl portion of
;@e ester (R in 0635-CH=CH-COOR) have already been
studied (33); however, no orderly study had heretofore
been undertaken to study the effect of substituents at
vnrious positions on the phenyl ring of methyl cinnamate.
We chose a series of meta and para substituents,
'éuided by Hammett's sigma values, to cover the entire

" range of electronic effects, from the electron-donating

: methoxy and hydroxy groupsto the very electron-

. withdrawing nitro group. We were interested in whether

. the complex stability constants might: (1) vary in a

; well-behaved order with the change in electronic
properties of the substituents; or (2) display a change
suggestive of a change in mechanism. It was desirable
that the ligand interact with an apparent 1l:1
stoichiometry, not forming multiple complexes; hence,
theophylline was the ligand selected for this’study (62).
The solubilities of the substituted methyl cinnamates and
the analytical wavelengths chosen fer the spectral
studies are given in Table VI.

Most of the compounds chosen exhibited light
sensitivity. this was evidenced by a decrease in
absorbance with time both in aqueous and organic solvents.
This phenomenon was rirstvobserved with methil

p-nitrocinnamate and later found for the other substrates,
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f«ept for methyl cinnamate itself. Thus, preparation

it the stock solution of ester was followed immediately
by dilution and equilibration at 25.0°. About 45 minutes
as required for a complete spectral study.

With methyl p-nitrocinnamate the magnitude of the
absorbance change caused by the spectral shift was ©oo
small to be measured accurately (36); hence the stability
-constant was obtained by solubility analysis (this was

" carried out in brown vials to protect the substrate from
' light). The spectral technique of determining the
;analytical wavelength and measuring the change in

. absorbance directly (discussed in the experimental

. gection) was utilized for the remainder of the substrates.
. Direct measurements of the difference spectrum allowed
us to read the change in absorbance at the maximum change
for methyl m- and p-hydroxycinnamate and for methyl m-
and p-methoxycinnamate. Thus, for these substrates and
for methyl E-methylcinnamate ﬁo correctibn was necessary
for the absorbance of theophylline.“ Representétive data
are given in Table XIV and Figures 21-23 with a summary
of all the data given in Tgble XV. A simple statistical
analysis of the substituted methyl cinnamate data
yielded a nean Kll' of 22 M'l with a standard deviation
of only 4.6. Thus we can conclude that there are no
significant differences in Kll' over this wide range of
structural alteration.



TABLE XIV

;ictral Analysis Data for Substituted Methyl Cinnamates

with Varying Concentrations of Theophyllinea

A A for Substituted Methyl Cinnamates®

Ly (M) m-MeO p-Cl m-Br p-Me

33434 «538 .583 - 1.050
38,78 494 «503 «340 <959
43,88 453 477 «320 .890
49,04 417 450 .286 .818
53.79 .388 417 «275 777
59.56 «380 «382 249 «730

8,H 6.0 phosphate buffer; ionic
1% CHzCN; 25.0°.

strength 0.3}

bg—MeO, p-Cl, and p-lMe read in 5 cm cells;
m-Br read in 10 cm cells.



Ll L] L]
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Figure 21. Plot of spectral data for methyl p-hydroxy-
sur cinnamate-theophylline system: gﬁ 6.0 phogphate
. buffer; ionic strength 0.3; 1% C 5CN; 25.0°,

Fas S
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Figure 22. Plot of spectral data for methyl -methoxy-
L " - cinnamate-theophylline system: p§ 6.0 |
i phosphate buffer; ionic strength 0.3;
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TABLE XV

' Apparent Stability Constants of Some Substituted Methyl
d Cinnamates with Theophylline®

;:iugbgtjéggggates Hommett's@™® _ S11° (e
p-Hydroxy =0.37 22
p-Methoxy -0.27 19
p-Methyl =0.17 30
p-Hydrogen 0.00 25
n-Hydroxy 0.312 17
n-lMethoxy 10,12 25
p-Chloro 0.2% 20
p-Acetoxy - - 0.31 14
m-Bromo 0.39 21
p-Nitro 0.78 25

ap-Nitro determined by solubility analysis; all
others by spectral analysis; pH 6.00 phosphate
puffer; ionic strength 0.3 1% CH5CN; 25.0%.

DPpeference 98.

CAverage value of 2-3 determinations at
different substrate concentrations.
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)e Medium Effects on Some Neutral Complexes

The literature contains scattered reports of studies
n medium effects on molecular complexes. Davis and
Symons studied the iodine-naphthalene complex (99) and
Emslie and Foster studied the tetrachlorophthalic
'anhydride-hexamethylbenzene complex (100) in various
organic solvents. In both cases the observed changes in
complex stability appear to be due to an interaction of
 the solvent with the donor. These and many other studies
' (101-104) deal with fully nonaqueous systems, especially
':those in which hydrogen bonding is a major type of
interaction (30, 105, 106); these do not concern us here.
~ Nakano studied the effect of aqueous methanol on the
stability of the riboflavin-salicylate ion complex and
found a decrease in stability with an increase in
methanol concentration; he also studied the menadione-
caffeine complex in 10% solutions of glycerin, methanol,
acetonitrile, and acetone in water, and in all cases
observed a decrease in stability relative to that
observed‘in pure waterr(106); No medium effect studies
had been instituted in these laboratories primarily
because ‘the results, whatever they might turn out to be,
seemed of relatively 1ow utility in accounting for the
phenomena of ;nterest. This is because no general model
of molecular complex formation in solution was available

(though meny theories of molecﬁlaf4interactions have of
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course been developed, and these can provide a guide for
the interpretation of solvent effects). Recently a very
nple thermodynamic model was suggested for the kinds
of complex formation under consideration here (33), and
as a consequence it was considered timely to initiate an
investigation of some medium effects. This section
‘describes these preliminary results. It is emphasized
jthat these results are fragmentary and merely sketch out
the nature of the effects.

1. Effect of Ionic Strength and Salts.

To evaluate the effects of ionic strength and
i specific ions on the stability of complexes the
{ naphthalene-theophylline and methyl cinnamate-theophylline
systems were studied. A% pH 5.60 both ligand and
substrate are electrically neutral, and are believed to
form 1:1 complexes. The naphthalene-theophylline system
has a large Kll value, which is helpful in providing
sensitivity in detecting small changes.

The solubilities of naphthalene and of theophylline
were studied in acetate buffers of varying ionic
gstrengths., The data are plotted in Figure 24; as the
concentration of ions in solution increases, the
solubility decreaseg; The extrapoléted value for
naphthaléne gives a solubility of 2.63% x 10'4'M, in
water, and similarly the wa@er solubility of theophylline



1 1 []
1.0 2.0 30
IONIC STRENGTH

Plot of -log of solubility as a function of

jonic strength. (A) Naphthalene;

/. - '(B) Theophylline. 25.00; pH 5.60 sodium

5 ; vﬁcggate buffer; ionic strength adjusted with
al e " f A

N
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is 3.2% x 1072 M; these values compare favorably with
literature values (2.40 x 10~% M for naphthalene (107);
'3.58 x 1072 I in pH 6.75 phosphate buffer containing one
per cent acetonitrile for theophylline (56b)). Beer's
law plots of theophylline gave a molar absorptivity at
272 nm of 1,02 x 104 for solutions of varying ionic
_ gtrength (0.088 to 3.000 M), hence its molar
absorptivity is essentially independent of ionic
strength.

The interaction of naphthalene with theophylline
was studied at several ionic strengths by the solubility
method. The effect of specific ions was investigated
at the same time; examples of the data obtained are
given in Table XVI and Figure 25. The apparent stability
constants are tabulated in Table XVII. The average of
the stability constants for naphthalene-theophylline in
sodium acetate buffer is K ' = 63.6 ™' (standard
deviation = 7.4). The reproducibility is poorer than the
10 - 15% that has been estimated from previous solubility
studies (56b); the average, however, compares well with
that obtained for phosphate buffer, K ' = 63.4 M~ e
Changing from a monovalent to a divalent cation decreased
the average K,,' %o 52.6 M'l (standard deviation = 0.7).
In the methyl cinnamate—theophylllne system, prev1ous
data gave a Kll' of 25 M~ -1 for phosphate buffer (56b) ,
while a K,,' of 28.1 M'l (standard deviation = 3.0) was
obtained for the acetate bnffer. This value is slightly



TABLE XVI

Apparent Solubility of Naphthalene at Various Theophylline
' Concentrations as a Function of Ionic Strengtha

Theophylline ‘ A 4
. Naphthalene solubilit M x 10
concentra;ion V{J-Txy—r:—y'——gﬂ::@nm Sbrengt
(M x 107) .08 .81 5

0 2.64 1.70 1.43
2 2.91 2.09 1.58
4 3.09 2.12 1.69
6 343 2.37 1.90
8 3.68 - 2.11
10 4,01 2.71 2.13
12 4.29 3.00 2.43
14 4,56 3.29 2.65
16 4,67 ; 3.49 2.83
18 5.36 3.93 3.05
20 5.45 4,03 3.09

855,0°; pH 5.60 acetate buffer; ionic strength
adjusted with NaCl.
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iy ; : ;
Figure 25. The apparent solubility of methyl cinnamate
4 E as a function of theophylline concentration
at 25.00; O ionic strength 0.088; '
"~ A ionic strength 0.816; O ionic strength
1.500; pH 5.60 sodium -acetate buffer; iomic
-+ . gtrength adjusted with NaCle .. - |



TABLE XVII

Naphthalene

Apparent Stability Constants with Theophylline at 25.0°

-1
Anion pH p (1) Ky ' ()
Acetate 5.60 0.088 5506’ 5702
Acetate 5.60 0.816 68.6, 72.9
Acetate 5.60 1.500 63.6
Phosphate 6.50 0.300 63.4*
Acetate 5.60 0.148 52.9
Acetate 5.60 0.262 51.9
Acetate 5.60 0.816 55.1
Methyl cinnamate
K..' (M0
Anion pH n (M) 11
Na Acetate 5.60 0.088 26.4
Na Acetate 5.60 0.816 517
Na Acetate 5.60 1.500 26.3
Na Phosphate 6.57 0.300 25,0 (56Db)

*Personal communication, J. L. Cohen of this laboratory.
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ater than that obtained with phosphate buffer;

l'owever, the difference is within the reproducibility

f the method. Within the precision of the data, there
appears to be no marked effect of ionic strength on the

gtability of these complexes.

2, Mixed Solvents.

The methyl cinnamate-theophylline system was
studied by the spectral technique in methanol-water
 mixtures. The data obtained are shown in Figure 26;

. they show a decrease in complex stability constant with
. a decrease in the weight % water. As the concentra‘qion
. of methanol increases the Kll drops sharply, and the
spectral change becomes too small for useful measurements.
Connors, et al. (33), on the basis of a simplified
model, derived an equation %o relate complex stability

to area of molecular overlap.

{ (¢ iRy Q. (o] % . 0 i
AGY = A(GSL - GMS - GI‘IL ) (Eq. 14)
where
AG® = the standard free energy change
for the process
6..0.G.02,G, 2 = the standard free energies of
. 8L *°M8 .0 ML - 4interaction per unit area between

the "surfaces" designated by the
subscripts

A = the area of overlap betweén
substrate and ligand.
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They plotted “AGounitary/N ¥s area of the smaller
interactant for neutral complexes and found a slope value
equivalent to 23.9 dynes/cm, which is the approximate
magnitude of interfacial tensions between water and
organic compounds.  This observation suggests that the
slope quantity may have some useful physical significance.
The data obtained in this study show that changing
solvent has an effect on the stability of the complex.

: Assuming the area of overlap does not change upon change
G in solvent (and adopting the model), the difference must
be due to an alteration in one or both of the free energy
' ternms, GSMO and GLMO' For these two complexes, the de-

f crease in the complex stability constant with an increase

. in methanol concentration suggests that the substrate-

: medium and ligand-medium interactions are more important
'than the substrate-ligand interaction in controlling
:complex stability. That is, if GSLO were the controlling
,raétor, complex stability should not be markedly affected
by changes in the medium. ¢ '

It must be noted that these observations should not
be extrapolated to complexes that are much different from
‘the case studied. For example, charged complex species
may resﬁond to solvent changes quite differently. Inter-
pretation of solvent effects probably will require a
combination of a physical-chemical approach (iﬁ terms of
solvent properties and forces of interaction) and an
1};anic chemical viewpoint (in terms of specific atomic
and group interactions). : o




DISCUSSION

A. Structural Implications of the Reactivity of

Xanthine-Acetogxcinnamic Acid Anion Complexes.

Earlier work (1, 36, 44) with cinnamate-xanthine
complexes had defined in part the areas of the molecule

that are required for this complex formation., In these
studies it was found that complexation, by such ligands
as theophyllinate, can essentially completely inhibit

- nucleophilic attack at the cinnamate ester group by

? hydroxide ion. This kinetic method of studying

? complexation equilibria involves a non-thermodynami&

~ 8tudy of a system in which the complexation process is at
- equilibrium. The method can be utilized to provide
~information on the Juxtaposition of groupings in the

‘oomplex and to give insight into the electronic changes
-cansed by interaction.

We studied the effect of theophyllinate on the

ho-, meta- and para-acetoxycinnamic acid anions
(substituted phenyl acetates). In this substrate the
é?bile ester group is at the opposite end of the molecule
véom all substrates in prior experiments that utilized
Qa-amafe esters. Within this series we anticipated no
ariation in complexing tendency, but we did expect that
;1'comp1exed esters would retain some of their reactivity

ds hydroxide ion attack. The‘goal was to establish

=g
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- the overlap 1imits of the ligand at the phenyl ring
'portion of cinnamate substrates.

| Ve found K,; values (7.5, 10.5, 14 M~1) similar to
! those anticipated. However, the reactivity of these

. esters was not completely lost upon complexation (as
predicted), which is in marked contrast to the case
where the carboxylic end of the molecule is esterified,
and we obtained a1 values of O.4. This suggests that
the theophyllinate molecule is bound to the

—-CH=CH-COOR portion of the cinnamate molecule, but does
not envelope the phenyl ring. The implications of the
results in this paragraph will be developed in the y
following sections.

1. The nature of q31°

The qlJ.ﬁy 1 values for the cinnamate esters
were interpreted to mean that the ligand was directly
involved in interaction at the ester site (44). Both of
the molecules are planar and evidence has been‘presented
to show that they interact in a plane-to-plane manner (33).
If the ligand lies immediately opposite the functional
group undergoing reaction on the substrate, evidently
steric factors can largely control q3q° Thus an attacking
hydroxide ion approaches an ester group perpgndicular tq
the plane of the carboxyl group (108). If one side of
the group is "protected" by a complexed ligand, Qqj3; must
be not smaller than 0.5 ﬁy a purely steric effect, which



can be interpreted on a statistical basis. In fact,
observed a1 values are always larger than 0.5 for these
gystems, suggesting additional rate retarding effects
(as).

; The Q1 values of 0.4 for the acetoxycinnamic acids
" are therefore rationalized as polar effects, the
assumption being made that almost all cinnamates form
roughly the same type of complex with the same ligand.

. Thus, in this type of complex, we consider that the

. ligand lies far enough from the reaction site so that
steric effects are substantially absent.

We can represent the acetoxycinnamic acid anioni (S)-
theophyllinate (L) system as

8 + 1L _Ell> SL (Eq. 15)

=
L
s + 908 —=>  products (Eq. 16)
X b
st +© om —13 products (Eqe 17)

where Kll is the complex stability constant and ks and
k., are the second-order rate constants for the reaction
of free substrate and complexed substrate, respectively.
From thq experiments in which the apparent rate constant
ks' was measured as a function of ligand concentration
we obtained the gquoted Kl1 and q37 values, where

Q7 = 1l - klllks’ We may ask: What does a Qj4 value

of O.4 correspond to in terms of increase in activation
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1 energy? From transition-state theory we write for the
. two rate comstants:

*
(reeyy /BT

x (Eq. 18)

1k

k- <§T->e'°‘*f did (Eq. 19)
where h is Planck's constant, k is Boltzmann's constant,
AGll* is the free energy of activation for reaction of
the complexed substrate, A G:: is the free energy of
activation of the substrate, R is the gas constant, and

T is the absolute temperature. Upon substitution of
equations (18) and (19) into the definition of q;; we
obtain

¥

§RAG = .-2,303RT log (1 - apq)- (Eq. 20)

where SRAG=l= =A Glf - A Gj:. Calculations of
§,AGE for T = 298.16° K ave given in Teble XVIII and
the nature of thisﬂi'\mctioh is shown graphically in :
Figure 27.

From Figure 27 it is importbant‘ to note the very

small differences in free energy of activation between SL
and S that can lead to appreciable 41 values; in fact,
Q1 values of up to 0.6 can be produced by changes in



TABLE XVITI
Relationship of JRA e* to q;; at 25.0°C

a1 g8 6* (kcal/mole)?
0.0 (0]

0.1 0.0625
0.2 0,132
Q0e3 "0 0.212
O.4 0.303
0.5 0.411
0.6 0.543
0.7 ; 0.715
0.8 0.755
049 4 1.3265
0.95 1.777
0.97 2,080
0.99 2.729
0.999 4,094

8Calculated with equation (20).




b gure 27. Relationship of § RA 6* to qu. where
e e kn/k SRAG‘!: A G“l‘ -Ae*
e T - 25.00 S 3 \ 3



98

SgA Gg‘: smaller than RT. Thus we can understand that g,

- values of 0.4 could be caused by an extremely minor
energy perturbation. If such minor energy effects may
have major consequences on the a7 values, the accuracy
of experimental estimates of q;; may be related to the
value of Q1 and it probably is best to quote a1 for the
acetoxycinnamic acid anion-theophyllinate system as
0.3-0.5.

These q1 values of less than 0.6 for intermolecular
nucleophilic attack on a complexed molecule are the first
to be recorded. Kramer and Connors (44) have obserqu
Q7 values of 0.6-0.9 for the p-nitrophenyl benzoate-
theophylline system with various attacking nucleophiles.
(hydroxylamine, hydrazine, hydrogen peroxide anion, and
sulfite dianion). They speculate that complexation of a
~ substrate may stabilize the initial state of the system
and may also raise the transition state energy. In
addition, intermolecular interactions between the
substrate and ligand may produce electronic perturbations
that could extend to the unblocked site of the ester
group and this effect could result in further initial-
state a}terations (fbr a more compléte discussion see

reference 44).

Note also, in Figure 27, that the energy difference
 rises abruptly as Q1 approachesvunity. In earlier work
F Q39 values of “essentialljxunity" have been recorded.



The experimental uncertainty in Q;7 of 0.1 unit (44)
corresponds, at q37 values above 0.9, to very large
energies. Figure 27 makes very apparent the need for,
and probable utility of, more accurate q1 determinations
in the high Q4 range.

2. Structure-ligand relationship in the complexes.

For the ortho-, meta-, and para-acetoxycinnamic
acid anions with theophyllinate, we have obtained Q37
values of 0.4, indicating that the acetoxy group must |
not be sterically hindered and does not participate in i
direct interaction with the ligand, as either of the
possibilities would result in high 931 values., A high
Q1 value, approximately equal to one, was observed for
the p-chlorophenyl acetate without a cinnamate structure
where the ligand interacts directly with the labile ester
group. .

The common overlap areaalof substrate and ligand
~ should be considered‘first. Several ﬁéints béaring on
this have previously been demonstrated (33, 44, 56b),

and the present work adds another:

| (1) A correlation between the free energy change for

- complex formation and the planar area of the
smaller of the two interactants has been demonstrated
(33). This implies that these 1l:1 complexes have

a plane-to-plane orientation.



(3)

(4)

(5)
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Kinetic studies on the complexed benzoate and
cinnamate substrates subjected to attack by
hydroxide ion give Qj4 values close to unity (44,
56b). This is interpreted to mean that in the

complex the ligand must be very near the ester group.

Attack of the double bond of a cinnamate complex by
sulfite is essentially completely inhibited (44)
therefore the ligand must lie near this portion of

the substrate molecule.

Variations in X in a series of cinnamic acid
derivatives, CGH5CH=CHCOX, result in only minor
changes in Kll with theophylline; it is inferred
that X is not strongly involved in the inter-

molecular interaction (33).

Replacement of the phenyl group by a methyl group
in 06E50H=CHCOOCH3 leads to a marked decrease in
complexing tendency; this implicates the ring in

the complex interaction.

Finally, from the present works:

(6)

Theophylline complexes with ortho-, meta-, and

,para-acetoxydinnamic acid anions to give Kll'

values of 7.5, 10.5 and 14 M’l,'respectively, and
g, values of about O.4. (Similar results are
obtained with related substrates, such as

p-acetoxybenzalacetone.)
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It seems likely that some involvement of the
o-acetoxy group with the ligand in the complex formation
may lead to the somewhab higher Kll' value. The values
of 7.5 -1 and 10.5 ™! for the para and meta substrates
are not significantly different, and compare well with
the 7.2 M1 found for unsubstituted cinnamate ion (109).
On the other hand, the low q 4 values suggest
essentially no steric hindrance to attack at any
position. lMolecular models indicate that these
conclusions are reasonable. The acetoxy substituent
cannot be coplanar with the phenyl ring, and in the
ortho compound this group is practically perpendicular
to the plane of the ring. Interaction between the oxygen
bonded to the ortho ring position and the ligand is
possible while leaving the carbonyl group (which is on
the other side of the molecule) available to be attacked.

The total picture of a cinnamate-xanthine complex,
drawn on the basis of the above points, looks like
structure 4, where the ligand molecule is represented by

the shaded area.

i



- contribution because oxygen and nitrogen are more

This is the first-order result for the present

approach to the elucidation of complex structures in
solution. It is important to note that substantial

- modifications in the basic cinnamate structure
(ionization, esterification, ring substitution) have
introduced no inconsistent patterns in the complexing
evidence. That is, the present work tends to substantiate
the working assumption that it is reasonable to think of
a complex structure when comparing similar substrates and
ligands. (Minor differences must of course be present,
but these are not serious enough to introduce
inconsistencies in the first-order picture).

The next level of understanding in the present study
involves the relative orientations of the "ends" of the
molecules. One may ask: Is the S5-membered ring or the
6-membered ring of the xanthine lying closer to the @
phenyl ring of the cinnamate? This question cannot yet
be answered, but some of the pertinent points can be
described. Consider the electronic distribution in
theophyllinate. o '

Structures 5, 6 and 7 should ﬁake the greatest

electronegative than cerbon.. Thua, it appears that the
negative charge is distributed over the 5-membered ring
plus the adjacent oxygen. ‘

It seems therefore that in the'complex,r, the

S-membered ring may lie furthest from'the ionized COO ©
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group of the ester. This places the S5-membered ring in
the vicinity of the phenyl ring with the 6-membered ring
of the theophyllinate near the C00 © group. In this
configuration both the para and the meta, and perhaps
the ortho, positions are essentially free of steric
hindrance by the ligend (consistent with the low Q7
values).

Possible complex structures utilizing these
requirements are shown in Figure 28. While the proposed
model is consistent with all of the data obtained, it
must be kept in mind that minor energy perturbations or
relative minor changes of an interactant might 1ead‘to
substantially different complex structures.

B. Catalytic Effects of Some Xanthine-Methyl
Acetoxycinnamate Systems.

1. BSelection of ligands.

Initially a significent hydrolysis of
p-acetoxybenzalacetone by 7-(2,3-dihydroxypropyl)-
theophylline was observed; we felt that it was possible
that 7-(2,3-dihydroxypropyl)-theophylline could catalyze
the hydiolysis of methyl p-acetoxycinnamate by the same
mechanism as with p-acetoxybenzalacetone. Examination
of C,P.K. models showed that the 3-hydroxy grbup could
be in a position to function catalytically or by
slightly altering the complex structure, the 2-hydroxy




Fisure/'/28. Some proposed structures for the methyl
bR i cign%?ate-theophyllinate complex in aqueous
solution.
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group could be brought into a position for attack.
Furthgr examination of the models suggested that if the
catalysis involved complex formation, with intra-complex
attack by one of the hydroxyl groups, then it was
probable that 7-(2,3-dihydroxypropyl)=-theophylline would
not catalyze the hydrolysis of methyl o-acetoxycinnamate
or methyl m-acetoxycinnamate. This supposition, however,
was not borne out by experimental studies.

In order to determine what component of the
7-(2,3-dihydroxypropyl)-theophylline structure was
required for catalysis, several other 7-substituted
theophyllines were prepared. The Kll' values obtaiﬁed
for methyl p-acetoxycinnamate were 10 M1 with
7-(n-propyl)-theophylline, 5 M™% with the 7-(2-hydroxy-
propyl)-theophylline, and 5 M1 with the 7-(3=-hydroxy-
propyl)-theophylline. In these cases the 7-substituted
theophyllines inhibited alkaline hjdrolysis and gave q11
values of less than 0.7.“ No'significant difference was
seen for the inhibition by the 7-(2-hydroxypropyl)-
theophylline or the 7-(B-hydroxwpréﬁyl)-theophylline; a
greater inhibition was observed for the 7-(a-propyl)-
theophylline compound. It is not possible to make any
definité statements relating to the Kllrvalues for these
ligands separately as it is quite probable that multiple
complexes can be formed. This has"aiready been shown
for the 7—(g;propy1)-theophyiline ligand (62). Kramer
has shown that 7-(2,B-dihydrlc.nqpr‘opyl)‘-theophylline with




trans-cinnamoylsalicylic acid does not form multiple

complexes (44). Hence the inhibition data are
consistent, but do not substantiate the original
speculation that one or the other hydroxyl group may be
responsible for the catalysis. Approximately eight
per cent catalysis of hydrolysis of methyl p-acetoxy-
cinnamate was observed in 0.2 M propylene glycol;
however, this could be attributed to a solvent effect.
Hence the catalysis appears to be unique to
7-(2,3=-dihydroxypropyl)~-theophylline. The above results
are summarized in Figure 29.

Comparison of the kinetically obtained Klll of
2 M'l with that obtained for a spectral study of methyl
p-acetoxycinnamate with 7-(2,3-dihydroxypropyl)-
theophylline, K;;' = 11 M, indicates that the simple
scheme that we proposed for analysis of the system cannot
be correct as an equivalent complex stability constant
should be obtained by the spectral and kinetic
techniques, since if an analogy between the cinnamoyl-
salicylic acid system and this one can be drawn, no
multiple complexing occurs. A more complicated scheme

will be considered in the following section.
. 2. Some possible interpretations.

Since all previous coﬁplexes of methyl
cinnamates with xanthines have shown inhibition of

/
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Figure 29. Percent change in hydrolysis of methyl
R i piacetoxycinnamate with 0.2 M 7-substituted
. theophyllines and 0.2 M propylene glycols;
RS e PH 1008; ionic Btreng‘bh 0.3; 250000
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reactions, it is probable that the catalysis observed for
7-(2,3-dihydroxypropyl)-theophylline is a composite of
concurrent catalysis and inhibition.

A possible scheme may be outlined as follows:
(1) complexation;
(2) alkaline hydrolysis of uncomplexed substratej;
(3) alkaline hydrolysis of complexed substrate;

(4) intramolecular catalysis by the ligand in
the complex,

The rate expressions may be written

- £ .k (8)(OHT) + ky;(SL)(OHT) + k (SL)(0HT)  (Eq. 21)
-8 - xS, (Eq. 22)

We define fll as the fraction of the substrate present as

complex or

£y (L) » Yl ,
STk e mman SRR SbE LT *
(Eq. 23)
and
kY = Sobs (Eq. 24)
v o OH™
Combining with the above rate expressions
(k' = k) = £19(ky9 + kg = k) - (Eq. 25)

ATt S

We can define
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11
80 -E;— = 1 - Q7 (Eq. 26)
k -k
b wiieinh (Eq. 27)
A 8
= fll(l =l + pll) (Eq- 28)

Replacing fll and inverting,

( kS ) - X + i
kg" = kg'obs T="q; + p)6 (W) 7 (T =qyy + pyy)

(Eq. 29)

According to equation (29) the original data should
give a plot with the Y-intercept equal to 1/(1 - Qi * pll)
and the X-intercept -Kll. The data are presented in
Figure 16 and unfortunately do not bear this out, since
K,, from this plot (2 M'l).is markedly different from
the 11 M~! found spectrally.

Ag,alternate scheme may be outlined:

(1) complexation;

(2) alkaline hydrolysis of uncomplexed substrate;
(3) alkaline hydrolysis of complexed substrate;
(4) intermolecular catalysis by the

7-(2,3-dihydroxypropyl)-theophylline anion
of the uncomplexed substratej;
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(5) intermolecular catalysis by the
7-(2,3-dihydroxypropyl)=theophylline of the
complex.

We can write the rate expression:
-85 L (8)(OHT) + kg (BL)(OHD) + kg M(8)(L)(OH)

+ Xk, (SL) (L) (0HT) (Eq. 30)

& %% = Kops S (Eq. 31)

and define the q values

k k, -k -
it gl
q'll = 1 - ks = ks (Eq. 32)
S T k" - k" - " (Eq. 33)
qll = - k—r __kT—— Je
8 8

Continuing the definition for fll and ks', we obtain
Ul by ai e it B gy e el (Eq. 34)
s 8”8 1111 8 °8 11 &3 s

Substitution and rearrangement yields
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X
8
=gyl + kg Ky (D01 = a3 0 (D)

k
8
(= bee” T

WPL 7
L L
kg - qpikgKqyq + ksLKll(L)[l - qyp )

(Eq. 35)

In the above equation the slope and intercept are both
functions of (L), and therefore equation (35) is not the
equation of a straight line.

However, in the spécial case that qllL = 1, then
equation (35) becomes

kg

(ksL 7 qllksxll)(L)

o
E;r—:TE; obs

k_K
o () (Eq. 36)
S TG gy ‘

Under these conditions we have a straight line.
But since qp; is probably 0.3=0.5, it is unlikely that
qllL = 1, Thus if rate equation (50)7defines the system,
it follows that equation (35) is applicable. Therefore
the anoﬁalous Kll of 2 that was evaluated kinetically
is conceivable; in fact we capnot‘gakg this plot.
Perhaps we can even ?egard the disagreement between

2 (kinetic)»and_11_(quctral)_ag‘eyédencg that this
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scheme (or another one similar to it) is operative.

Additional evidence for inter molecular direct attack is

the lack of ortho, meta, para specificity in the
7-(2,3-dihydroxypropy1)-theophylline catalyses of the
methyl acetoxycinnamates, see Table X.

If the catalytic effect were due to free
7-(2,B—dihydroxypropyl)-theophylline, then this catalysis
would be effective at any pH. Thus by lowering the pH
we would reduce the extent of hydroxide ion catalyzed
hydrolysis without reducing the 7—(2,5-dihydroxypropyl)-
theophylline catalysis or a complex mediated reaction.

In a separate study the rate of hydrolysis at pH 8.5

was investigated and only inhibition was observed at this
pH. This is consistent with a catalytic rate term
involving 7-(2,3-dihydroxypropyl)-theophylline anion or
a kinetically equivalent term (as in equation (30)).

The literature did not contain the pKg falues for
the hydroxypropyl theophyllines. The approximate pK's
for model alcohols (110, 111) are 16.8 for 2-propanol,
16.3 for l-propanol and 14.7 for propylene glycol
(1,2—dihydroxypropane). There are two orders of
magnitude difference between these numbers, and if our
assumption that the theophyliine portion in the
n-( 2-hydroxypropyl)-theophylline, 7=( 3-hydroxypropyl)-
theophylline, and the 7-(2,B-dihydroxypropyl)btheophylline
exerts the same effect, it méy be ﬁoséible to'explain the




114

similarity of inhibition by the 7-(2-hydroxypropyl)-
theophylline and 7-(3-hydroxypropyl)-theophylline and
the catalysis observed by 7-(2,3-dihydroxypropyl)-
theophylline., That is, at a given pH a substantially
larger fraction of the 7—(2,3-dihydroxypropyl)-
theophylline is in the oxyanion form relative to either
of the monohydric compounds. The anion is the attacking
nucleophile., This may also be substantiated by the
observation that the anion of theophylline-l-acetic acid
exhibited inhibition of the acetoxycinnamic acids
because of its lower nucleophilicity.
From all previous studies, we observe that
inhibition effects are more general than catalytic
effects via complexing, but the latter are potentially ‘
more powerful in locating juxtaposed features on the |
‘substrate and ligand.

C. Substituent Effects in Theophzlline-Metgxl
Cinnamate Complexes.

Work on the theophylline complexes of meta- and
para-substituted methyl cinnamates reveals that K9 is
not significantly different for these ten substrates.

The attempted correlation of Hammett's substituent
constants Qith the complex stability constant failed, as
did an attempted correlation with_dipole_moménts. Small
structural modifications do not have an appreciable effect
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on Kll for this system. Such effects as are observed are
small second-order effects and their interpretation is not
presently possible.*

If our assumptions about complex structure from
part A above are correct, these results provide further
examples in which the ligand apparently does not
extensively overlap the phenyl ring of the cinnamate
complex.

One interpretation of the ingensitivity of complex
stability to ring substitution is based upon the
correlation described earlier between complex stability
and overlap area. Based on a simple model this equation

was derived:
0 o o 0
A G = A(GSL - GMS - GML )

As the solvent effect study implied, the medium plays an
important role in detefmining>complex stability. If the
two medium interaction terms, GMSO and GMLO’ are much more
important than the substrate-ligand term GSLO’ then even
substantial changes in substrate structure might have
1little overall effect on AG®, as in fact we observe, in

the present series of suﬁétrétes.

*When a substituent on a molecule fails to change the
equilibrium constant for a reaction, at least two
conclusions can be drawn: (1) the equilibrium has been
studied at the isoequilibrium temperature (112); and
(2) the equilibrium does not involve an interaction
between the equilibrium site and substituent site.

[
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D, Summary.

Utilizing kinetic inhibitions, earlier work with
cinnamate-xanthine complexes: (33, 44, 56b) had defined
in part the areas of the molecule that are required for
complex formation. .It remained however, to examine the
role in complexation of substituents on the phenyl ring
of cinnamates. The principal investigation was of the
reactivities of ring-substituted acetoxy derivatives of
cinnamic acid. This study has been extended by
investigation of the effects of electron-donating and
electron-withdrawing substituents on the complexing
tendency of carboxylic acid derivatives with theophylline
and its snion. The study was further extended by
investigating the effect of variation of the 7-substituent
of substituted theophyllines on complexation and reactivity
with a single substrate.

The ortho-, meta-, and para-acetoxycinnamic acid
anions were studied in the presence of theophylline anion.
Unlike previous cinnamate-theophylline anion complexes,
the complexed esters retained some of their reactivity
towards hydroxide ion attack. This, along with previous
knowledge of these systems, suggested that the theophylline
anion was intimately bound to the -CH=CH-COOR portion of
the cinnamate molecule and did not envelop the phenyl
ring. :
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Studies with a series of para and meta substituted
(-NO,, -OH, -OCHB, ~CHz, -Cl1, -Br, -OOCCHB) methyl
cinnamates with theophylline were carried out by spectral
analysis. These small structural modifications did not
lead to marked changes in the complex stability constant
for these systems. This work further substantiates the
above conclusion that the ligand does not extensively
overlap the phenyl ring of the cinnamate in the complex.

With methyl p-acefoxycinnamate as substrate, the
R7 group on theophylline was varied: R7 = n-propyl,
2-hydroxypropyl, 3-hydroxypropyl, and 2,3-dihydroxy-
propyl. For all ligands except 7-(2,3—dihydroxypropyl)-
theophylline inhibition of the acetoxy group reactivity
was observed upon complexation. These complexes also
retained some of their reactivity towards hydroxide
attack. The catalysis observed with the 2,3=dihydroxy-
propyl compound was attributed to direct intermolecular
attack, and some possible interpretations have been given.

On the strength of the above findings séme possible
structures for the complex between cinnamates and

theophylline were proposed.
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