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Abstract 0 On the basis of a simple model of 1 : 1 complex forma- 
tion between planar molecules, this equation was derived: A c t  = 
A(G&, - G%s - G%&), where is the standard unitary free 
energy change for complex formation, A is the area of overlap in the 
plane-to-plane interaction between the two molecules, and G& is a 
free energy of interaction per unit area between I and J.  (S, L, and 
M represent substrate, ligand, and medium.) If the parenthesized 
term is roughly constant for a series of substrates and ligands in a 
constant medium, it is suggested that the quantity G i L  does not 
play a major role, and that the complex stability is primarily con- 
trolled by repulsive solvent interaction terms ( G ~ s  and GRL). It 
follows that the system will assume an orientation of S and L 
such as to maximize A. Therefore, maximal overlap areas were 
estimated for 18 neutral and 32 ionic complexes. A substantial 
improvement in the area correlation was obtained, and the 
observation was made that there is no significant difference 
between the average behavior of neutral and charged complexes. 
The maximal overlap concept provides a general "first-order" 
description of molecular complex formation in aqueous solution. 
Deviations from the line are significant and may be associated with 
specific structure-stability relationships. Application of the maximal 
overlap approach leads to average complex structures without 
introducing arbitrary assumptions about specific group interactions. 
The structures thus generated are consistent with the chemical 
reactivity of the complexes. 
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The earlier suggestion (1) that systematic structural 
variations in substrates and ligands might be a success- 
ful approach to the elucidation of the structures of 
molecular complexes in solution formed the basis for 
much of the experimental design, including some of the 
present work. During the course of these structural 
investigations, it became increasingly apparent that the 
authors were studying secondary (specific) effects 
without having first identified the primary general 
effect in determining complex stability. This recognition 
led directly to the conception of the correlation be- 
tween complex stability and planar area of interactants 
as described earlier(2). Complexes of neutral interactants 
gave a rough linear correlation of standard free energy 
change with planar area of the small interactant; 
this was interpreted in terms of a simple model of the 
process. Complexes containing an ionic interactant 
could not be usefully correlated, and it was suggested 
that neutral and ionic complexes behave differently in 
these systems. 

The present work was planned to refine the area 
correlation and to elucidate the differences between 
neutral and ionic molecular complexes in aqueous 
solution. An ultimate goal is the ability to determine 
and to predict complex structures and properties 
(especially chemical reactivity) in solution, and the 
area correlation offers a promising point of attack. 

EXPERIMENTAL 

Materials-Many of the chemicals were prepared or purified 
as described elsewhere (1,2). 3-P-Naphthylacrylic acid was prepared 
from 8-naphthaldehydel by the method of Fulton and Robinson 
(31, and its methyl ester was obtained by treatment with diazo- 
methane. The slightly yellow product was recrystallized twice from 
ethanol-water, m.p. 88-89" [lit. (4) 93-93.5"J. IR and NMR spectra 
were consistent with the expected structure (5 ) .  Methyl 9-anthroate 
was prepared by treating 9-anthracene carboxylic acid chloride' 
with methanol in pyridine; it was recrystallized twice from ethanol- 
water, m.p. l l&lllo [lit. (6) 11 1 "]. 2,6-Naphthalenedicarboxylic 
acid dimethyl ester2 was used directly, m.p. 185' [lit. (7) 186"l. 
Naphthalenes (resublimed) was used directly, m.p. 79" [lit. (8) 
80.3 "I. Phenanthrenel was recrystallized from ethanol, m.p. 99" 
[lit. (9) 101 "1. The acid chloride of p-nitro-transcinnamic acid was 
prepared by refluxing the acid (Eastman White Label) with freshly 
distilled thionyl chloride. The acid chloride was refluxed with 
methanol to give the methyl ester, which was recrystallized twice 
from ethanol, m.p. 163" [lit. (10) 161 "I. 

Benzimidazolel was recrystallized three times from water, m.p. 
172-173" [lit. (1 1) 171-173"]. Benzimidazole 2-acetonitrilelwas used 
directly, m.p. 209-210" [lit. (12) 209.7-210.7'1. 6-Nitrobenzimida- 
zolel was recrystallized three times from methanol, m.p. 207-208" 
[lit. (13) 206'1. Xanthine and hypoxanthinel were used directly. Ade- 
nine' was recrystallized from water and dried at 150" for 8 hr. Non- 
aqueous titration in glacial acetic acid with acetous perchloric 
acid (quinaldine red indicator) showed that it was the anhydrous 
form. 8-Nitrotheophylline2 was used directly, m.p. 282-283 ' dec. 
[lit. (14) 282-283" dec.]. Potentiometric titration with standard base 
indicated that it was the dihydrate. Theophylline4 was recrystallized 
from water, dried at 150" for 4 hr., and then ground to a fine powder 
and dried for 24 hr., m.p. 27g271". Nonaqueous titration in N,N- 
dimethylformamide with standard sodium methoxide in benzene- 
methanol solution (thymol blue indicator) showed it to be. 100% 
anhydrous theophylline. Theobromine' was recrystallized from 
water and its purity checked by nonaqueous titration. 

3,5-Dinitrobenzoic acid (Eastman White Label) was recrystallized 
twice from ethanol-water, m.p. 205-207' [lit. (15) 205-207"l. 

The pKa values were determined spectrophotometrically for 
many of the ligands; these values were found at 25" in water (ionic 
strength 0.3 M): 8-nitrotheophylline, 3.55 f 0.05; hypoxanthine, 
8.50 f 0.06; xanthine, 9.95 f 0.05 (for conversion to the anion); 
benzimidazole 2-acetonitrile, 4.20 f 0.02 and 11.76 f 0.02; and 
6-nitrobenzimidazole, 2.89 f 0.03 and 10.69 f 0.05. 

Apparatus and Procedures-The equipment and methods em- 
ployed for stability constant determinations have been described 
in detail earlier (1, 2, 5, 16). Stability constants were evaluated by 
the solubility, spectral, and kinetic techniques (17) and are ex- 
pressed as apparent 1 : 1 stability constants (Kll') in M-l.  All con- 
stants were determined at 25.0" in aqueous solution of 0.30 M 
ionic strength; in spectral and kinetic studies the solvent usually 
contained 0.83% acetonitrile, added as the substrate stock solu- 
tion, An additional parameter provided by the kinetic method is 
symbolized qll and is interpreted as the fractional decrease in 
chemical reactivity of the complexed substrate relative to  the 
uncomplexed substrate (16). 

RESULTS 

Table I lists the substrate-ligand combinations studied, with 
their stability constants. Systems were investigated by the solubility 

1 Aldrich Chemical Co., Milwaukee, WI 53210 
2 K and K Lahnratnries. _ _  __._ _ _  _ _ _ _  ~ ~.- .  
* J. T. Baker, Phillipsburg, N. J. 
4 NF, Merck & Co., Inc., Rahway. N107065 
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Table I-Apparent Stability Constants at 25" in Aqueous Solution 

&I'(M-'t--- Spectral Substrate Ligand Solubility 

- Methyl trans-cinnamate Theophylline 25.0 24.5 
Methyl trans-cinnamate Theophyllinate" - 13.2 13.5 

11.5 Methyl trans-cinnamate The0 brominateb - 11.6 
Methyl trans-cinnamate 8-Bromotheophyllinate 29 

Benzimidazole - 3.0" Methyl rrans-cinnamate 
Benzimidazole cation 5.7 Methyl frarzs-cinnamate 

Methyl trans-cinnamate Benzimidazole 5 . 5  6.0 

Xanthine anion - 7.5 Methyl trans-cinnamate 
Hypoxanthine anion - 2.0 Methyl /runs-cinnamate 

- 2.5 Adenine cation Methyl trans-cinnamate 

25 Theophyllinate - 

36 
Methyl I-naphthoate 

Theobrominate 
8-Chlorotheophyllinate - - 64 

Methyl 1 -naphthoate 

50 
Methyl 1-naphthoate 

Theop hyllinate 
39 

Methyl 2-naphthoate Theobrominate - 
- 105 

Methyl 2-naphthoate 

41 
8-Nitrotheophyllinate 230 Methyl 2-naphthoate 
Theophyllinate 

30 
Methyl 3-0-naphthylacrylate 

Theobrominate 
58 

Methyl 3-p-naphthylacrylate 
8-Chlorotheophyllinate Methyl 3-0-naphthylacrylate 
Theophyllinate Methyl p-nitrocinnamate 

Methyl 9-anthroate 8-Chlorotheophyllinate 85 
Naphthalene 2,6-dicarboxylic acid, dimethyl ester 8-Chlorotheophyllinate 1 60 
Cinnamamide Theophylline 25 Theobrominate - trans-Cinnamic acid anion 
Naphthalene Theophylline 64 
Naphthalene Theophyllinate 23 

Phenanthrene Theophyllinate 89 
3,5-Dinitrobenzoate Theop hylline - 10.3 

Theophyllinate - 1.5  3,5-Dinitrobenzoate 
3.5-Dinitrobenzoate . 8-Chlorotheophyllinate - 13.4 

- 
- 

2% 
- 
- - Methyl trans-cinnamate 8-Iodotheophyllinate 33 

Methyl trans-cinnamate 8-Nitrotheophyllinate 4 0 d  
- 
- - 
- 

2-acetonitrile cation - 
- 
- 
- - Methyl trans-cinnamate 3,5-Dinitrobenzoatef 9.4 

- 
- - 

- - 
- 

- - 
Methyl Znaphthoate 8-Chlorot heophyllinate 1 20 

- - 
- - 
- - 

- 13.5 - 
- - 

- - 
- - 

- 
- 

5 - 
- 

- - 
- - 

Naphthalene 8-Chlorotheophyllinate 49 

- 
- 
- 

= I.e.,  theophylline anion. * Theobromine anion. c B. J. Kline, Ph,,D. dissertation, Univ. of Wisconsin, Madison, Wis., 1968. d 1 : 1 stoichiometry ob- 
served e Same value found at two wavelengths. f 3,5-Dlnitrobenzo1c acid anion. 

method (18) when substrate stability and ligand solubility permitted. 
Spectral determinations were made on those systems in which a 
measurable spectral shift occurred upon complexation. The kinetic 
technique was applied to most of the ester substrates. The reproduci- 
bility of most stability constants is about +lo% (the cinnamic acid 
anion-theobrominate constant is only reliable to j=25 because 
it was estimated in "infinity" solutions from a kinetic study of 
methyl cinnamate-theobrominate). 

Nearly all of the systems studied include one heterocyclic inter- 
actant (methyl cinnamate-3,5-dinitrobenzoate is the only excep- 
tion), so this limitation must be recognized. As noted earlier, most 
of the substrates and ligands were selected to provide information 
on the specific structural requirements for complexing and on the 
nature of ionic complexes. Another possible feature that was con- 
sidered was the statistical effect on apparent complex stability 
(18). Thus, methyl 2-naphthoate (I) and 8-chlorotheophyllinate 
form a complex with Kil' = 120 M-I. If 8-chlorotheophyllinate 
interacts in a specific orientation with methyl 2-naphthoate, and if 
in a 1:l complex of 8-chlorotheophyllinate with the dimethyl 
ester of naphthalene 2,6-dicarboxylic acid (11) this orientation is 
preserved, then Kll' for the complex with I1 should be twice 120. 
The observed value is 160 M-1, possibly indicating either that there 

COOCH, 
CH,OOC 

~ c o o c H J  I I1 

is no specific orientation of the ligand common with I and with 11, 
or that the binding energy of the ligand with I1 is influenced by 
the second ester group. Again, comparing the complex naphthalene- 
theophyllinate (Ku' = 23 M-I) with phenanthrene-theophyllinate 
( 4 1 '  = 89 M-I) shows that a simple statistical effect is not the only 
factor controlling the constant with the larger substrate. (An- 
thracene could not be studied because of its very low solubility.) 

fJJ- CH=CH- COOCH~ 

I11 

Methyl 3-@-naphthylacrylate (111) can be viewed either as a 
2-naphthoate with a conjugated side chain or as a methyl cinnamate 
derivative with a m,p-fused aromatic ring. A ligand has a "choice" 
of positions, one of them characteristic of a naphthoate sub- 
strate and one resembling a cinnamate. Comparison of the 
stability constants for 111, for methyl cinnamate, and for methyl 
2-naphthoate with common ligands suggests that the ligand pref- 
erentially resides at the naphthyl portion of 111. This conclusion is 
strengthened by the qll values, which will be considered later 
Also consistent with this interpretation is the absence of a useful 
spectral shift upon complexation, which is typical of benzoate and 
naphthoate complexes but not of cinnamate complexes. 

Some of these data suggest that charge-transfer and simple 
electrostatic forces are not of major importance in determining 
complex stability in aqueous solution. The anions of theophylline 
(IV) and theobromine (V) have very different electronic distribu- 
tions, but they yield similar Kll"s with the common substrate 
methyl trans-cinnamate. 

CH, 
Iv 

CH, 
v 

Cinnamic acid anion complexes appreciably with the anions 
theophyllinate (4) and theobrominate. Methyl p-nitrocinnamate 
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Table II-qII Values for Alkaline Hydrolysis of Ester Complexes" 

Substrate 

Methyl trans-cinnamate 
Methyl trans-cinnamate 
Methyl 1-naphthoate 
Methyl 1-naphthoate 
Methyl 1-naphthoate 
Methyl Znaphthoate 
Methyl 2-naphthoate 
Methyl 2-naphthoate 
Methyl 3-P-naphthylacrylate 
Methyl 3-P-naphthylacrylate 
Methyl 3-P-naphthylacrylate 
Methyl p-nitrocinnamate 

Ligand 411 

T heophyllinate 0.90 
Theobrominate 1 .o 
Theophyllinate 0.97 
Theobrominate 0.90 
8-Chlorotheophyllinate 1 . 0 
Theophyllinate 0.91 
Theobrominate 0.93 
8-Chlorotheophyllinate 0.99 
Theophyllinate 0.71 
Theobrominate 0.82 
8-Chlorotheophyllinate 0.89 
Theophyllinate 0.82 

0 25", 0.3 M ionic strength, phosphate or hydroxide buffers, 0.83 % 
acetonitrile. 

interacts with theophyllinate to about the same extent as does 
methyl cinnamate. The anion of 3,5-dinitrobenzoic acid, which 
Menger and Bender (19) expected to function as an electron accep- 
tor, complexes significantly with several anions (Table I). Thus, with 
theophylline, a KII' of 10 M-1 is observed. Yet a stability constant 
of 9 M-1 is found for the 3,5-dinitrobenzoate-methyl cinnamate 
complex, and methyl cinnamate complexes with theophylline with 
KII' equal to 25 M-I. Simple donor-acceptor relationships do not 
provide a convincing picture of this cycle of numbers. 

3,5-Dinitrobenzoate gave Kll' = 13 M-' with 8-chlorotheo- 
phyllinate, whereas Guttman and Brooke (20) found a stability 
constant of 4.7 M-' between 8-chlorotheophyllinate and 3-carbo- 
methoxy-1-methylpyridinium cation ; that is, the 8-chlorotheophyl- 
line anion interacts more strongly with another anion that it does 
with a cation. 

Earlier results (16) led to an estimate of the uncertainty in qll 
of about 0.1 unit (qI1 is constrained, for 1 :1 complexes exhibiting 
inhibition relative to the uncomplexed substrate, to lie in the in- 
terval (rl). In the present study the reactions were simple ester 
hydrolyses in easily analyzed and controlled systems, and it is 
estimated that most of the qll values have an uncertainty of about 
0.05 unit. These qI1 values are collected in Table 11. Figure 1 shows a 
plot illustrating the determination of these quantities (16, 17); 
qll is equal to the reciprocal of the intercept on the ordinate axis. 

DISCUSSION 

Maximal Overlap Area Correlation-The model of complex 
formation presented earlier (2) assumes plane-to-plane interaction 
of substrate S and ligand L in medium M. Equation 1 can be 
developed from this model: 

AG: = A(G&, - GO,, - G",) (Eq. 1) 

where AGi is the standard unitary free energy change for complex 
formation (21), G?J is a free energy of interaction per unit area 
between "surfaces" Z and J at the equilibrium separation distance, 
and A is the area of contact between S and L. The first use of this 
model took A to be the estimated planar area of the smaller of the 
two interactants (2). A plot of standard unitary free energy change 
against planar area of the smaller interactant gave a fair linear 
correlation for complexes in which both S and L were neutral, but 
the attempted correlation was not successful when either, or both, 
of the interactants was an anion. An obvious fault of the treatment 
is that numerous points corresponded to the same area (because 
they involved one of the same interactants) yet represented different 
complex stabilities. This generated vertical lines in the plot. If the 
model is a good one for complex formation, part of the lack of 
success apparently was caused by a poor estimate of the overlap 
area A. A cannot be greater than the planar area of the smaller 
interactant, but it may be smaller than this quantity. A refined esti- 
mate of the overlap area was made as follows. 

A free energy term of the type GIJ assumes an increasingly nega- 
tive value as attraction between Z and J increases. (When Z and J 
are separated to infinity, GIJ equals zero.) In a first approximation, 
the surfaces are considered homogeneous; that is, no preferred 
specific (group) interactions are considered. Then A will assume a 
value such as to maximize -AGO subject to these conditions: (a) 

q,, = 0 71 

/ Y 
0- 

0 10 20 30 40 50 
1 / L t  

Figure 1-Kinetic 
plot showing several 
complex systems 
(Lt is total ligand 
concentration). Key : 
0, methyl trans-cin- 
namate-theobrom- 
inate; 8 , methyl p- 
nitrocinnamate -the- 
ophyllinate; and *, 
methyl 3-0-naph- 
thylacrylat e- t heo-  
ph  yllinate. 

the more negative the value of G&, the greater A will be; (b) the 
more positive the value of GMS, the greater A will be; and (c)  the 
more positive the value of GML, the greater A will be. In chemical 
terms, attraction between S and L will lead to a maximization of 
overlap area, whereas repulsion would tend to minimize the area. 
Attraction between M and S will minimize overlap area, whereas 
M-S repulsion will maximize it, and similarly for M and L. The final 
structure is then a compromise position depending upon (possibly) 
opposing factors. 

Since most of these compounds are relatively hydrophobic, 
it is reasonable to suppose that Gbs and @ML are fairly large repul- 
sive quantities. That @sL does not play an overwhelmingly im- 
portant role is indicated by the marked reduction in KII for the 
methyl cinnamate-theophylline complex as the water concentration 
is decreased in water-methanol mixtures (22). It seems possible, 
therefore, that in many of these complexes a structure is assumed in 
which the overlap area between substrate and ligand is maximized. 
Therefore, a plot was made of standard unitary free energy change, 
A@, against maximal overlap area. 

Maximal overlap areas were estimated as shown by Fig. 2. The 
planar area of the smaller molecule is traced from a Corey-Pauling- 
Koltun molecular model (23) on translucent tracing paper and is 
darkened. The planar area of the larger molecule is traced on a 
transparent plastic sheet. These are superimposed and oriented 
until the area of overlap is visually maximized, with nothing else 
being taken into consideration. A photocopy of this orientation is 
made, and the overlap area (hatched area in Fig. 2) is measured by 
a planimeter. This gives the maximal overlap area for plane-to-plane 
interaction between the two molecules. Table 111 gives maximal 
overlap areas estimated in this way. 

Figure 3 shows the correlation of AG; with maximal overlap 
area for neutral complexes (dark circles). The correlation seems to 
be slightly better than the original plot against the planar area of 
the smaller interactant (2). The open circles in Fig. 3 represent com- 
plexes in which one or both interactants are ionic. A marked im- 
provement in the correlation of ionic complexes has been achieved 
with the maximal overlap area concept. 

The 50 complexes plotted in Fig. 3 represent about 70 systems, 
because, for clarity, one point may represent more than one com- 
plex. For example, the methyl trans-cinnamate-theophylline com- 
plex has the same stability constant and overlap area as do several 
other cinnamatetheophylline complexes, so these additional points 
were not plotted. A least-squares line calculated for the 50 points 
gave an ordinate intercept of 0.1 (in units of -loz1 AGIN), in- 
dicating that the line passes essentially through the origin, in agree- 
ment with the model equation. Separate least-squares lines for the 
neutral and ionic complexes gave the same slope values, with the 
standard deviation for neutral complexes being 0.58 and for ionic 
complexes 0.64, in units of - 1021 AG;/N. This treatment has, there 

Figure 2-Maximal over- 
lap area (hatched area) 
in the methyl trans-cin- 
namate-theophylline com- 
plex. Methyl cinnamate 
is outlined with the heavier 
line, with the ester group 
lying to the right. 
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Table IU-Estimated Maximal Overlap Areas for Complexes 

System 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
jo 

Substrate 

Methyl 2,ddichloro trans-cinnamate 
Acetophenone 
Methyl trans-cinnamate 
Naphthalene 
Methyl I-naphthoate 
trans-Cinnamaldeh yde 
Benzalacetone 
Methyl trans-cinnamate 
Benzamide 
Naphthalene 
Methyl crotonate 
Methyl benzoate 
Methyl hydrocinnamate 
trans-Cinnamyl acetate 
Methyl 2-naphthoate 
Methyl trans-cinnamate 
Methyl trans-cinnamate 
trans-Cinnamamide 
Methyl trans-cinnamate 
Theophylline 
Methyl trans-cinnamate 
Methyl trans-cinnamate 
Methyl trans-cinnamate 
Cinnamoylsalicylate 
Theophylline 
Theophylline 
Methyl cis-cinnamate 
Methyl trans-cinnamate 
Methyl 2-naphthoate 
Methyl trans-cinnamate 
Methyl 2-naphthoate 
Methyl 1-naphthoate 
Naphthalene 
Phenanthrene 
9-Methyl anthroate 
Naphthalene 2,6-dicarboxylic acid, dimethyl ester 
Methyl 3-fl-naphthylacrylate 
Methyl crotonate 
p-Nitrophenyl benzoate 
Methyl cis-cinnamate 
Methyl 2-naphthoate 
Methyl I-naphthoate 
Methyl fruns-cinnamate 
Methyl 3-P-naphthylacrylate 
Methyl p-nitrocinnamate 
Naphthalene 
Methyl trum-cinnamate 
Methyl 3-j3-naphthylacrylate 
Methyl I-naphthoate 
Methyl 2-naphthoate 

Ligand 

Theophylline 
Theophy lline 
Benzimidazole 
Benzimidazole 
Theophylline 
Theop hylline 
Theophylline 
2-Methyl imidazole 
Theophylline 
Theophylline 
Theophylline 
Theophylline 
Theophylline 
Theop hylline 
Theophylline 
Theophylline 
Caffeine 
Theop hylline 
Purine anion 
Salicylate 
Hypoxanthine anion 
8-Bromotheophyllinate 
3,5-Dinitrobenzoate 
Theophylline 
trans-Cinnamate 
3,5-Dinitrobenzoate 
8-Nitrotheophyllinate 
8-Nitrotheophyllinate 
8-Nitrotheop hyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
8-Chlorotheophyllinate 
Theophyllinate 
Theop hylline 
Theophyllinate 
Theophyllinate 
Theophylinate 
Theophyllinate 
Theop hyllinate 
Theophyllinate 
Theophyllinate 
Theobrominate 
Theobrominate 
Theobrominate 
Theobrominate 

Maximal 
Overlap Area 
(A a/molecule) 

55.6 
44.4 
39.5 
41.2 
54.7 
49.4 
49.8 
28.4 
39.5 
49.8 
27.2 
39.9 
34.2 
37.9 
53.1 
49.0 
46.9 
45.3 
33.3 
39.1 
35.4 
48.1 
39.9 
44.9 
42.4 
51.9 
44.0 
53.9 
55.6 
47.8 
55.6 
51 .O 
46.5 
56.0 
56.8 
54.3 
54.3 
27.2 
38.7 
42.0 
53.9 
53.5 
50.2 
51.4 
50.2 
49.0 
47.3 
49.8 
51 . O  
51.0 

fore, revealed the result that, in the first-order approximation, all 
systems behave similarly and, on the average, there is no difference 
between neutral and ionic complexes. This was not obvious on the 
basis of data for systematically selected substrates and ligands, and 
it only became clear when so many systems had been studied that 
the selection was practically random. 

The equation of the line in Fig. 3 is 

-AGE/N = 0.149 X lo-*' (cal./A2) X 
maximal overlap area (A*/molecule) (Eq. 2) 

This slope value is equivalent to 64 dynelcm. If, as suggested, 
the S-L interaction is of minor importance in determining complex 
stability, then the average value of the G ~ s  and G%L terms is 32 
dyne/cm. This is approximately the value of interfacial tensions 
between water and some typical hydrophobic organic compounds 

The statistical nature of this first-order approximation is apparent 
from Fig. 3. If another large group of structurally similar substrates 
and ligands was studied, the points would be expected to define a 
line close to the one in the figure. However, no single stability con- 
stant value could be predicted to within better than a factor of two. 
The dispersion seen in Fig. 3 may be considered a second-order 
effect, probably correlatable with specific structural features in the 
substrate and ligand. (Most of the deviations from the line are too 

(24). 

large to be ascribed to misestimates of maximal overlap areas.) 
In terms of the model and Eq. 1, the quantity (G& - €&s - 
&,) varies appreciably within the series of complexes repre- 
sented. This scatter of points does not invalidate the model, which 
does not include the constraint that the parenthesized quantity 
should remain constant as Sand L are changed. 

Few general inferences can be made at this time concerning the 
second-order effect (the deviations from the area correlation line) 
in describing complex stability. One interesting set of data is the 
stability constants for theophylline and theophyllinate complexes 
with seven common substrates; the constant for the neutral ligand 
is nearly always larger than that with the anion, the mean value of 
the ratio being 2.35 Z!Z 0.73. This is explicable if it is considered 
that the anion is less hydrophobic than is the neutral ligand, result- 
ing in a more negative G ~ L  term and, hence, decreased complex 
stability. (Since theophylline was the only ligand that could easily 
be studied in its neutral and anionic forms, these data earlier led 
to the too general belief that ionic complexes always behave differ- 
ently from neutral ones.) That this solvation effect is not the only 
factor is indicated by stability constants for six common substrates 
with theophyllinate and 8-chlorotheophyllinate; the ratio of these 
constants (8-chlorotheophyllinate-theophyllinate) is 2.01 f 0.33. 
The larger area of the halogenated xanthine does not account for 
the effect. These examples indicate a complicated variation in the 
energy terms even for closely related compounds. 
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Figure %Plot of standard unitary free energy change for complex formation at 25 O in aqueous solution against estimated maximal overlap area. 
Key: 0, imic complexes; and *, neutral complexes. See Table 111 for complex identities. 

Structure and Reactivity of Complexes-Previous reports have 
stated 411 values for ester hydrolysis to be either about unity (imply- 
ing direct contact of the ligand with the ester group and, therefore, 
substantial inhibition of the reaction) (1, 2, 16) or less than 0.5 
(with no direct steric interference but a small polar effect on the 
rate). In this study, ester substrates have been selected to  allow 
a distinction to be made between qll values in the range 0.7-1 
(Table I1 and Fig. 1). 

Repetition of the methyl trans-cinnamate-theophyllinate study 
(1) yielded q11 = 0.90, which is now thought to  be significantly 
different from unity. The methyl trans-cinnamatetheobrominate 
complex, however, gave a qI1 value of essentially unity. The stability 
constants and maximal overlap areas for the two complexes are 
about the same. The maximal overlap area profiles, developed as 
described earlier, suggest a possible reversal of the xanthine- 
cinnamate orientation, with the xanthine occupying a position 
closer to the ester carbonyl when the ligand is theobrominate; 
this is consistent with the higher qI1 value. 

Methyl 3-@-naphthylacrylate (IIIJ is a larger molecule than 
methyl trans-cinnamate, and it seemed that a kinetic study with 
theophyllinate might define the area of interaction between 111 
and this ligand. The qll of 0.71 implies only a small steric involve- 
ment with the ester function (a q11 of 0.71 corresponds to 0.73 
kcal./mole differenoe in free energy of activation between the com- 
plexed and uncomplexed substrate), suggesting that the xanthine 
lies further away from the ester group than it does in the methyl 
cinnamate complex. Further, the qll of 0.89 for the I-chlorotheo- 
phyllinate complex of 111 is consistent with the greater bulk of this 
xanthine and the possibility that greater steric interference occurs 
by the ligand in the reaction of the ester function. 

It is curious, considering the scatter observed in the area correla- 
tion (Fig. 3), that the maximal overlap concept should consistently 
lead to a picture of the substrate-ligand orientation (that is, the 
complex structure) that is reasonable in terms of measurable 
complex reactivity. This leads to the tentative view that the maximal 
overlap area approach provides a realistic estimate of complex 
structures in aqueous solution, including an estimate of average 
complex stability. The actual stability of a particular complex is 
determined, within this average configuration, by local atomic 
and group interactions. 

REFERENCES 

(1) J. A. Mollica, Jr., and K. A. Connors, J. Amer. Chem. SOC., 

(2) K. A. Connors, M. H. Infeld, and B. J. Kline, ibid., 91, 

(3) J. D. Fulton and R. Robinson, J. Chem. SOC., 1939,200. 
(4) V. M. Rodionov and B. J. Kurjev, Iz. Akad. Nauk, SSSR, 

Otd. Khim. Nauk, 1952, 113; through Chem. Abstr., 47, 2157h 
(1953). 

( 5 )  J. L. Cohen, Ph.D. dissertation, University of Wisconsin, 
Madison, Wis., 1969. 

(6) R. Karrer, HeIv. Chim. Aeta, 2,482(1919). 
(7) J. Bradbook and R. M. Linstead, J. Chem. Soc., 1936, 

(8) R. A. Ward,J. Phys. Chem., 38,161(1934). 
(9) G. Clav, Chem. Ber., 65,846(1932). 

89,308(1967). 

3597,5697(1969). 

1739. 

(10) R. Pfeiffer and J. Haefelin, ibid., 55,1771(1922). 
(11) T. C. Bruice and G. L. Schmir, J. Amer. Chem. SOC., 79, 

(12) R. A. €3. Copeland and A. R. Day, ibid., 65,1072(1943). 
(13) H. L. Bamberger and S. Berle, Ann. Chem., 1893,340. 
(14) B. F. Deusel, H. Berman, and R. J. Schacter, J. Amer. 

(15) R. Q. Brewster and B. Williams, Org. Syn., 22,48(1942). 
(16) P. A. Kramer and K. A, Connors, J. Amer. Chem. Soc., 91, 

2600(1969). 
(17) K. A. Connors and J. A. Mollica, Jr., J. Pharm. Sci., 55, 

7731966). 
(18) T. Higuchi and K. A. Connors, in “Advances in Analytical 

Chemistry and Instrumentation,” vol. 4, C. N. Reilley, Ed., Inter- 
science, New York, N. Y., 1965, pp. 117-212. 

(19) F. M. Menger and M. L. Bender, J. Amer. Chem. Soc., 88, 
131( 1966). 

(20) D. E. Guttman and D. Brooke, J. Pharm. Sci., 57, 1677 
(1968). 

(21) R. W. Gurney, “Ionic Processes in Solution,” McGraw- 
Hill, New York, N. Y., 1953, chap. 6 (Dover Publications edition, 
1962). 

1663( 1957). 

Pharm. Ass., Sci. Ed.,43,619(1954). 

Vol. 59, No. 9, September I970 0 1275 



(22) H. Stelmach. Ph.D. dissertation. University of Wisconsin, Accepted for vublication March 27.1970. 
MadLon, Wis., 1969; P. 0. P. TS’O, N. s. Kondd, R. K. Robins; 
and A. D. Broom, J. Amer. Chem. SOC., 91,5625(1969). 

The authors thank Dr. Pasupati Mukerjee, who called to their at- 
tention the importance of unitary quantities in systems such as these. 
Computing facilities were provided by the University of Wisconsin 
Computer Center and the University Research Committee. 

Part VI in the series “Modification of Reaction Rates by Com- 

(23) The Ealing Corp., Cambridge, Mass. 
(24) A. A. Adamson, “Physical Chemistry of Surfaces,” 2nd ed., 

Interscience, New York, N. Y., 1967, p. 45. 

plex Formation.” For Part V, see H. Stelmach and K. A. Connors, 
J. Amer. Chem. SOC., 92, 863(1970). ACKNOWLEDGMENTS AND ADDRESSES 

Received December 31, 1969, from the School of Pharmacy, * Trainee of the National Institute of Dental Research Training 
University of Wisconsin, Madison, WI 53706 Grant, DE-171. 

Central Hypotensive Activity of dZ- and d-Propranolol 

GERALD J. KELTJHER* and JOSEPH P. BUCKLEY 

Abstract 0 The intraventricular administration of d-propranolol 
to a-chloralose-anesthetized cats was followed by a decrease in 
blood pressure and was devoid of an associated tachycardia. d- 
Propranolol in an equivalent dose produced a hypotensive re- 
sponse which was not statistically different from dl-propranolol. 
These data suggest that there is a central component in the hypo- 
tensive response to propranolol and that it is independent of the 
8-adrenergic blocking activity. The intraventricular administration 
of 500 mcg. of reserpine base produced greater than a 90% de- 
pletion of norepinephrine in all brain regions analyzed within 24 
hr. This pretreatment with reserpine also reversed the hypotensive 
response to both d- and dl-propranolol as well as converted the 
decrease in heart rate to an increase in heart rate. Thus, at least one 
of the amines must be required to produce the hypotensive re- 
sponse. Perfusion of the ventricular system with dl-propranolol 
generally produced an increase in epinephrine along with a de- 
crease in norepinephrine in the brain region analyzed. Under the 
same conditions, d-propranolol also increased epinephrine but led 
to a decrease in norepinephrine in only 50% of the tissues assayed. 
These changes in amine levels occurred during the perfusion, which 
also produced a sustained hypotensive effect lasting the duration 
of the perfusion. The hypotension associated with propranolol 
therapy may have a central component that is not dependent on the 
p-adrenergic blocking property of propranolol, which requires one 
or more of the brain amines, and leads to an increase in the epi- 
nephrine level along with a general decrease in the norepinephrine 
level of the brain. 

Keyphrases 0 dl-, d-Propranolol-central hypotensive activity 
0 Hypotensive action, dl-, d-propranolol-intraventricular in- 
jection 0 8-Adrenergic blocking activity-propranolol 0 Cate- 
cholamines, brain-propranolol effect 

Propranolol antagonizes the cardiovascular effects of 
P-adrenergic receptor stimulation produced by either 
stimulation of effector fibers or by sympathomimetic 
amines. The intravenous administration of propranolol 
produces a decrease in the sympathetic component to 
the heart and blocks the chronotropic effects of iso- 
proterenol and epinephrine and the peripheral vaso- 
dilatory effects of isoproterenol (1-3). The acute re- 
sponse to  propranolol is a decrease in cardiac output, 
whereas prolonged administration fails to  produce this 
effect (4). Several reports have shown that the intra- 
venous administration of propranolol to normotensive 

or hypertensive individuals decreased heart rate and 
cardiac output along with a concomitant decrease in 
systemic blood pressure but exhibited no significant 
effects on systemic peripheral resistance (4-6). Epstein 
et al. (5) and Shinebourne et al. ( 6 )  reported that the 
increase in arterial pressure that is associated with 
exercise was abolished by propranolol uia reduction in 
cardiac output. 

The central nervous system (CNS) manifestations 
attributed to propranolol classify it as a sedative and 
general CNS depressant (7-9). Since both propranolol 
and pronethalol possess these properties while dichloro- 
isoproterenol (DCI) produces CNS stimulation, these 
authors have concluded that it is the presence of the 
naphthyl group rather than the P-adrenergic blockade 
that is responsible for the CNS effects. The depression 
or tranquilization in humans associated with prop- 
ranolol administration is invariably apparent only at 
dosage levels that are many times greater than those 
necessary to  produce P-adrenergic blockade (10-12). 
Masuoka and Hansson showed that intravenous ad- 
ministration of 14C-labeled propranolol is rapidly taken 
up by the rat brain and concentrated 50 times greater 
in the brain than in the blood (13). 

The hypotensive effect induced by the administration 
of P-adrenergic blocking agents in man has been well 
documented (14-22). This response is not exclusive to 
humans, because other investigators also have noted 
depressor effects in animals (23-26). The oral adminis- 
tration of propranolol for several weeks has been re- 
ported to result in a gradual and significant decrease in 
systemic arterial pressure in hypertensive patients 
(10, 16, 22). In  all cases, regardless of the time of onset, 
the dose of the (3-adrenergic blocker was many times 
that required for the blockade of the P-receptors, thus 
leading to  the hypothesis that this response may not be 
due to antagonism of these receptors. This hypotensive 
response was unexpected, since the blocking of a neural 
mechanism that produces vasodilation in the absence 
of a significant reduction in cardiac output might be 
expected to  result in a rise in systemic blood pressure 
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