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The theory of the potentiometric method for studying
omplexes of ionxzable substrates is developed. and grapha-
ca1 technfques are described for obtain1ng stabi]%ty con-
stant estlmates from the data. The method is descr1bed for

a system 1n thCh the conjugate acid and base forms of the

substrate (S) are capabie of forming 11 (SL) and 1:2 (SLZ)
comp!exes with the Tigand L. It is app1ied to comploxes of
u—cyclodextrin with 4 substituted benzoic acids, phenols,

an111nes and some heterocyclic am1nes. The stab111ty of

the comp!ex formation is des:ribed in terms of the corre-
sponding equiiibrium constants Klla' K1Za' K11b and Kle
It was found that a maximum of three complex equii1bria is
sufficient to describe any of the systems stud1ed

The theory of the methy1 orange compet1t1ve spectro-
photometric method for study1ng 1:7 compIex1ng is axtended
and a graphica¥ technique is deveioped for obta1n1ng the
stability constant.” The method is appT1cab1e and is usefuI
when the comp?exation is accompanTed by no signtficant
substrate spectral change.

" The stoich1ometric model introduced ear11er by this




2
laboratory is applied to describe the extent of binding to

specific sites. Let g& represent the 1,4-disubstituted
benzene derivatives having two binding sites, and hH a
1igand having two sites, in the case of cyclodextrinsg the
two ends of ihe cavity. If no 2:1 complexas are present,

it is inferred that only one end of L car be entered. It

~ follows that there are only two 1:1 complexes {say gH and

. GH) and one 1:2 complex (HgGH) in the system. Then it is
shown that KII # KgH + KGH and K12 = axgHKGH/KII’ where KgH
. and KGH are 1:1 binding constants for sites g and G, and a
is a parameter measuring interaction between the sites in ﬁ
1:2 complex. _' )

k]] and K12 are repofted for many T,é-digubstituted
. benzene derivatives witﬁ a~cyclodextrin at 25.0°C and these
are interpreted in terms of the 2-site binding model. The
depenéance of the experimental stability constants on
substituent sigma constants is'used te establish the
primary site of binding. It is concluded that binding site
electron density is the primary factor contributing to
binding at the site, however, the binding stability is
aided by high site polarizability and opposed by high site
polarity. For the benzoic acid series, it fs determine#
that the carboxylic acid end is the'primary binding site,
but the 4-substituted end is for benzoates; for phenois,

phenolates, anilines and anitinium series, the primary




:}_ band1ng site is the 4 subst1tuted end

' Bind1ng site constants are established by making use

fluof some chemicaIiy reasonab]e assumptions about the _
53fsystems._27hese site binding constants.suggest that oﬁe
-1? 51mp1e.¥:1 comp?éi system tends to be generated when the
 twe binding sites are very much different in size and
electronic properties, but substantial fractions of two

ffiisomerac 1:1 complexes may co-exist when the two sftes have

similar properties
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1. INTRODUCTION

The cycledextrins, sometimes called Schardinger dex-
‘trins or eycloamyloses, are a series of water-soluble, non-
- reducing 6}c11c oligosaccharides produced by the enzymatic

degradation and cyclization of starch by Baciilus macerans.

They were first discovered in 1891 by Villiers {1}, and
their deffnite structural elucidation was accomplished in
194G by Schardinger {2,3).

Cyclodextrins are composed of a number of D(+}-gluco-
pyranose units with a~{l,4i linkages. G&reek lettars are
‘used to denote the ﬁumber of glucose units on the ring: a-
for &, - for 7, y- for 8, and so on. Cyclodextrins caon-
taining 6-12 glucose units have been isolated bj Pulley and
French (4) and they found a-, g~ and v-cyclodextrins were
the main fractiens. Five and lower-membered rings were not
cbserved, probably because of the ring strain {&}.

'The considerable number of publications and patents
deaiing with the investigation of cyb?odextrin chemistry
reveal the widespread interest in the physical and chemical
properties of.these compounds. Cyclodextrins form inclu-
sioﬁ complexes with a variety of molecules and ions (8).
The “host-guest" s£o1chiometric complexes pave the way for

the fundamental research to study molecular interactions

and lead to their use as catalysts in several chemical
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" reactions (7.8).

" A. Physical and Chemical Preperties of Cyclodextrins

~ The cyclodextrins have corical-doughnut shapes. a1l
the glucose units in solution are substantially in the
undistorted C1 chair conformation (9) with «={1,4) acetal
oxygen bridges (Fig. 1), Bender et al. (10,11} describe
the cavities as slightly "V" shaped. The wider rim, as
shown in Fig. 2, is lined with the secondary hydroxyl
groups on the ¢-2 and C-3 atoms of the glucose units. The

¢-3 hydroxyl group of one glucose unit interacts with the

' £-2 hydroxy} group of an adjacent glucose unit by hydrogen

bonding. The secondary hydroxyl groups are, therefore,
relatively rigid. The comparatively low pK, of 12.3 {13)
of the secondary hydrexyl group is due to stabilizatien of
the alkoxide jon by means of these intramolecular hydrogen
bonds, which also have a great effect on the reactivity of
these groups. The narrower rim o? the moltecule is lined
with the primary hydroxyl droups on C-6 atoms, which have
freedom to rotate so as te partially block the cavity.
From a Corey-Pauling-Kottun molecular model, the
tnterior of the cavity appears to consist only of a ring of
C-H groups.'a ring of glucosidic oxygens and another ring

of C-H groups, thus the cavity interior is considered to be

relatively apoiar compared to water. The bridging oxygens







Figure 2. Diagram of cyclodextrins. o: carbon atom; e:
oxygen atom; ——: C-H bond; +.+-: hydrogen
bonding. [Ref. (12).].




'f éré §¥MN§tEfC&11y distributed with tbefr]one paﬂrorbita?s_s

: orthagona? to the cy1indrica1 axis of the molecule {14),
suggesting that the cavity 13 3 reg1on of high electron.

. den51ty and may behave-11ke a Lewis base {6,15,16)}.

B Some phy51cal properties of a=, B~ and y- cyclodextr1ns
are wel? characterized and are collected in Table I..

: Cyciodextr1ns are very stable in alkaline media, but
are hydrolytica?ly cleaved by strong acids (20-23). The
acid hydrolysis by ring openwng follows first order
kinetics.- The half-lives for a- and g~ cyc1odextrins 1n

7.7 N HEY solution at 30°¢C are 7.2 hrs and 4 5 hrs,

respective!y {20) . Qther thermodynamxc parameters of the
reaction were determined by Szejtii and Budai (23)

An 1mportant property of the cyc1odextr1ns is their
ab111ty to form 1nc1usion campiexes, in aqueous solution
and the crystalline state. with smaltler molecu]es which f1t
into their cav1ty {6, 24)  Many kinds of reactions, as
listed in Table 11, have been found to be cata?yzed by
cyclodextrins after the 1nc1usion complexes are formed
The catalyses are divided into. covalent and noncovalent
catalysis depending upon whether ar not a covalently bondad

1ntermediate 1s formed {7) A general scheme for covalent

catalys1s 1s
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Table Ii.

fAccording to (11)]

Reactions Catalyzed by Cyclodextrins

Acceleration Nature of
Reactions Substrates Factord LatalysisP
Ester hydrolysis ATkyl benzoates® 4.8 ¢
' Phenyl esters 300 ¢
R Mandelic esters 1.4 1
 Amide hydrolysis Penicillins 89 ¢
o N-Acylimidazoles 50 c
_ Acetanilides 16 c
C}éavage of phosphoric Pyrophosphaies ;Zﬁb €
and phosphonic ester Diaryl methj} 66, C
. phosphanates
Cleavage.of carbonates  Aryl carbonates 7.5 c
Cleavage of sulfonates  Aryl sulfonates 19 K
Intramolecular acyl 2-Hydroxymethyl-4- 6 K
rmigration nitrophenyl pivalate
Becarboxylétian Cyanoacetate ion 44 N
_ ' Glyoxylate ion 4.0 N
Oxidation a~Hydroxy ketones 3 K

2patio of rate catalyzed by cyclodextrin to the

rate.
) b

uncatalyzed reaction

C, N, and U respectively denote that catalysis proceed via a covalent

bound intermediate, noncovalent catalysis, and unknown.

Ref. (25).
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s+L_—1—+SL~3+pT-L+P2—-3-+p’+L+P2
| un

pl & p2

where § and L denote the reaction substrate and cycledex-
trin, respectively; kun is the rate constant for the
_: anataiyzed reaction without cycledextrin, kl is the rate
| of compliex formation, kz describes the formation of cova-
lent intermediate P}~L which is hydrolyzed according to k3
'_td give end products and regenerate cyciodextrin, For non-

. . .
- - gavalent catalysis, there is no intermediate PI

-l formation
but all the other reaction steps proceed. Cramer and
Bender et al. described this noncovalent catalysis as a
resylt of a “microsolvent" effect of the "microhetero-
geneous" cavity and the steric properties within the
cyclodextrin {26,11).

" since the substrate reacts in the form of an inclusion
complex {Sit), it has been observed, as expected, that the
pseydo-first-order rate constants reach & limiting value
with increasing cyciodextrin concentration (27-34}. Fur-
b thermore, inhibitions occur when an inert molecule is added
4o compete with the substrate for the binding site of
 cyclodextrin (7,28,35). These rate effects are qualita-

V tively identical with that in many enzymatic reactions.




Enantiomeric specificity and stereospecificity are also

observed in the cyclodextrin catalyzed hydrolysis of

. mandelic acid esters {16) and phenylacetates (23)}. These
.properties of cyclodextrins have led to intensive study of
_ these compounds as enzyme models.

i However, there are shortcomings preventing cyclodex-
trins from acting as good enzyme models. First, maximum
catalytic effects are observedat pH 13 {11), whereas
enzymatic reactions exhibit maximal rates near neutral pH.
Second, the hydrolysis rates of acyl-cyclodextrins, inter-
mediates in covalent cata1ysi§ of ester hydroljsis, are
very 5iowml.Atteﬁpts have been maée to facilitate cleavage
of the intermediate by substituting the 0 (2) and § (3)

of the cyclodextrin with varipus amine groups as more reac-
tive nucleophiles. Imidazoyl (38), histamine {37), benz-
imidazotle (38), and various acetchydroxamic acid deriva-
tives {39) have been synthesized and results have shown a
~10% fold acceleration, relative to a-cycliodextrin, of some
phenyl acetate hydrolysis reactions {(40).

The cyclodextrins are also modified by "capping"
several N-formyl groups to the primary alcohol, so that the
molecules become more hydrophebic to favor the complexation
with the substrate {41-43}. Substitutions of cyclodextrins

with ),4-diaminoethane (44), polyamines (45), or pyridine-

carbaldehyde oxime {46) furnish derivatives that can.
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- compiex metal fons and which can be considered as models

" for metalloenzymes. B-Cyclodextrins capped with divalent

-+

metal jons Cu’ , n*F and Mg++ are reported to be able to

bind anions with hydrophobic mofeties more strongly than

 the parent cyclodextrin (49}.

In preparative chemistry, a~cyclodextrin catalyzes

- chlorination of anisole exclusively at the para position

- {47). For synthesizing vitamin Ky and Kz derivatives, the

presence of éyclodextrin increases the yield from 22% to
60% in one step {48), The conversion of prostagiandin A}

to its BT isomer is accelérated by a- and g-cyciodextrins
(49,50). '

B. Inclusion Complexation with Cyclodextrin

“ The cyclodextrins have been the subject of two books
(11,26}, eleven review articles {6.8,12,17,24,51-56) and
hundreds of papers. This is because they form inclusion
complexes with a wide variety of compounds ranging. from
polar reagents such as acids, amines, small dons such as

C10,”, SCN™ and halogen anions (57) to highly apolar

. aliphatic and arcmatic hydrocarbons and even rare gases

(58). The studies of inclusion compounds are of interest

" a5 they furnish information about intermolecular forces and

hydrophobic interactions which are important in chemical

and biological systems. 1In the industrial applications,




n
- the "microencapsulation” of guest molecuies within the

'y'incTusion complexes protects the substarce from exposure to
“light and oxygen (59} and improves the storage and handiing
of votatile or toxic substances (17}. Lach and Cohen (60}

-reported the solubility chaﬁges of 19 pharmaceuticals in

:water upon complexation with cyclodextrins.

_' Direct evidence for the apparenit formation of inclu-

- sion compounds has resulted from proton NMR studies of g~

cyclodextrin complexes with substituted benzeoic acids,

phenots, aspirin and tetracycline {(61}. DeMarco and

Thakkar {61} demonstrated that protons H-3 and H-5, Jocated

in ‘the interior of g-cyclodextrin cavity, were shielded by

guest protons upon the formation of an inclusion compound.

The chemical shifts of H-3 and H-5 are directly propor-

tional to the increase in substrate concentration up to

saturation. This study and the sﬁbsequent study (62}

demonstrated that targe molecules can form inclusion com-

plexes if an aromatic moiety or other group of a suitable
size. and shape can fit into the cyclodextrin cavity.

The rate of inclusion complex formation ¥s high. The
temperature jump method (63} has been used for kinetic
studies. The rate of recombination of the bimoiecular
reaction of p-nitrophensl, its anion, azo dyes and a number
of other arganic compounds (64-66) with a-cyciodextrin in

aqueous sotution was found to be about 108 A 309 I'-i'}set:'T

.........'“"-lll'.IllllllIllIlIlllllIllllIIllIlIlIllIIIlIIlllllllIIllllllllllllllllllllllllll
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which is almost diffusion controlled. Cramer et al. (64)

- preposed that the rate of complex formation depends upon:

1)
2)
3}

8

)

step 1.

approach of the guest molecule to the cyclodextrin
molecule;

Toss of water structure within the cyclodextrin
cavity with removal of some water molecules;
breakdown of the water structure araound the por-
tion of the substrate that will be included and
transport of some water molecules into the bulk
sojution;

interactions of substituent groups of the sub;
strate with groups en the rim and inside the
cyclodextrin ring; _

possible formation of hydrogen bonds between the
substrate and the cyclodextring

reconstitution of water structure around the

- exposed parts of the substrate after the inciusion

process.

Uhich of these steps is rate determining depends on the
nature of the enclosed guest molecule. That the diffusion-
controlied 1imit (67) is not quite reached may be due to

the special steric conditions of the inclusion reaction in

Other factors, however, cannat be excluded.

The complex stabilities are guantitatively described

by equilibrium constants. A number of classical methods as
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well as some novel techniques based on the specific proper-
© - ties of the guest molecules have been developed. A 1:]
} stuichiometry is often assumed. Spectrophotometric mea-
suremants {64,68-72) employing the Benesi-Hildebrand method
-'f (73,74} reily on the differing absorptivities of free and
..complexes substrates; a competitive spectrophotometric
method (75,76} measures the spectral change of an indicator,
methyl orange, when competing with a substrate for thé
binding site on the cycliodextrin molecule; a nove) acid-
base spectrophotometric analysis was also developed {77}
“the pH potentiometric method (72,78,79) exploits different
comp?eiat{on strengths of the acid-ﬁase bonjugatés; conduc-
tance determinations {57,80) rely on differing mobilities
of free and complexed ionic substrates; the kinetic method
(81} depends on the catalytic or inhibitory properties in
certain ester hydrolysis reactions; the solubility method
(60,82,83) measures the solubility changes of the substrate
in water. Other methods such as proton and carbon-13
nuclear magnetic resonance spectrescopy {70,72.79,84-86),
fiuorometry (43,87,88), polarography {89,990} and circular
dichroism spectroscopy (70-72,91) have been used. Micro-
caiorimetry.(87,92,93) measures the thermodynamic proper-
ties of complex formation direct1y.' .
The driving force for complex formation remains con-

troversiat. It has been suggested that several farces act
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simulzaneously (11,64,94}. The dependence of compiex sta-
"pility constant on substrate polarizability (7,95} indi-
cates that van der Waals forces play a role. The van der
‘Haals forces jnclude both dipole-induced dipole interac-

tions and London dispersion forces (95,96). Dipoie-dipole

- . interactions are not as important, since guesis without

.  permanent dipoles c¢an form stable complexes with cyciodex-
: trins. On the contrary,'the dipoies of guest molecules
" decrease the stability of the complex {67,98). This is
. cons1stent with the view that the interior of the cyclodex~
 trin cavity s less polar than the surrounding medium, hence'
. tﬁe more po?ar.the substraté. the less is its tendency to
- complex with the host.(other factors being equai).
_ Hydrogen bonding also functions in inclusion compiex
formation. . The formation of hydrogen bonds between the
_gueét and the 0 (6) H group of the cyclodextrin has been
demonstrated crystallographically {99) in the structures of
a-cyclodextrin/p-nitrophenol and a-cyclodextrin/p-hydroxy-
benzoic acid systems.
 Hydrophobic interactions are also involved (64,100,
101). As described by Cramer et al. (64), the water moie-
cules surrounding the guest molecules must be liberated and
.taken up by the bulk before the inclusion compiexation.
Thus, they gain degrees of freedom and contribute fo the

stability of the compiex owing to the resulting increase in
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entropy as well as the gain in potential eneréy. Bender ot
al. (7,8) proposed that the water molecules in the cycio-
dextrin cavity are enthalpy-rich, since they cannot form
their'fuii complement of hydrogen bonds to adjacent water
molecules, This water is in an unfavorable, hydrophobic
environment and is thus “activated". Expulsion of this
enthalpy-rich water dn complexation would be the driving !
force for the process (101,102). |
~ Saenger et al, (103,105) suggested that cyclodextrin
can release the strain'energy of its macrocyciic ring on
jnc]bsion complex formatfbn, gccording to the result of
their X-ray crysth]ography and botentia] energy catcula-
tiens, thus contributing tﬁ the stability of the compliex.
However, this gain in energy can onTy occur with g-

cyclodextring g- and y~cyclodextrins before inclusion com-

Plex formation are not strained {1062,1086).

Bergeron et al. {95,107) evaluated the contribution of
strain anergy relief and the relesse of high energy water
ir inclusion complex formation. They concluded that the _
effects are not the main driving force. Though more recent
experiments'(IOI.loa} and theoretical considerations (109)
have shown that van der Waals forces and the hydrophobic
interactions probably are the main driving forces, the
other forces inherent 4n the cyclodextrin-water complex may

also be involved. In addition, the ring structure of
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 cyclodextrins is decisive as inclusion complexes are only
" formed if there is a good spatial fit between the guest and
. host components.

C.. Sfoichiometry in Cyclodextrin Complexation

A 1:1 stoichfometry between the substrate and the
cycfodextrin molecule is typical‘and is often assumed 4n
evatuating complex stabilities. However, evidence is
accumulating {80,110,111) that in a-cyclodextrin systems
both T:1 and 1:2 {one substrate and two cyclodextrins) com-
plexes must be taken inte account. _ '

Lramer et al. {(&4) dbserved the Toss of isosbestic
peint in the spectra of methyl orange at varying cyclodex-
trin concentrations in alkaline solutions, and inferred the
presence of complexes of higher than 1:] stoichiometry. }
Pault and Lach {112) used the solubility method and calcu-
lated the stoichiometric ratios of 1:1 and 1:2 for com-

plexes of cinnamic acid and a series of phenyli-substituted

carboxylic acids with g-eyclodextrin from the phase

dlagram. n-Heptane and cyciohexane (113) were also

reported to form 1:2 complexes with a-cyclodextrin. Com-
plexes involving three cyclodextrins were suggested for

paimitoyl Co-A (114). However, none of these systems was §
described quantitatively, X

Gelb et al, (80,110) identified 1:2 complexes of
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4-hiphenylcarboxylate and 4-methylcinnamate ions with o-
cyc1odextrih, using & combination of conductometric and
garbon-13 NMR technigues. They were unable to resolve the
cdmp!ex stability constants X,y and K12 for 1:1 and 1:2
compiexes. Connors et al. {97,117) have developed system-
atic methods for study%ng 1:1 and 1:2 complexes of a-
cyclodextrin with trans-cinnamic acid and some related
compounds, using solubility, spectral, kinetic and poten-
tiometric techniques. Their results showed that at the
relatively low total cyclodextrin concentration of 0.01 M,
about 37% of the complexed cinnamic acid is present as thg
1:2 complex fbrm. Therefore, one cannot overlook the
invoivement of multipie complexes in these systems. They
further described a stoichiometric mode! based on the
assumption that the 1:2 complex is farmed by adding ancther
host molecufa to a2 preformed }:1 compiex without perturbing
the structure of the 1:1 complex {(37). The binding con-
stants for the.sites on the substrate that are responsibié

for the complexation fnteraction were thus estimated.

p. PRlan of Research

The potentiometric method as developed by Connors et
al. (78,111,115} for 1:1 + 1:2 stoichiometric systems.
appeared to offer & convenient experimental approach to

obtain all the comp]exaiion stability constants

I : -
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' simultaneousiy for fonizable substrates. However, the
"calculation procedures required a fornm of jterative non-

"Iinear regress1on aralysis and the curve- -fitting approach

{ITS) resulted, for many systems, in an fnfinite number of

dcceptable solutions, ebviously an unsatisfactory situyation.

- The objectives of this research were (1) to improve
the systematic treatment of the theory of the potentio~
metric method, and tb develop simpie and reliable tech-
nigues to extract the stability constants for routine

apptications; énd {2} to apply this technique to many sub-

. strates, seeking trends and explanations of complex

stabitity. _ _
bara-Substituted benzoic acids, Phenols, anilines and
some heterocyclic amines were studied as substrates, One
reason for using these compounds is that some of them have
been studied by other techniques {76-78,118), Therefore
the validity of the newly developed method can be tested by
comparison of the results. Second, the apolar nature of
thg cavity has hbeen demonstrated by the stronger complexa-
tion of benzoie acids over the negatively charged berzoate
anion (78), For Phenols, the phenslate anion complexes
mere strengly than the corresponding phenol (64,78, 95).
This anomalous phenomenon is of interest, Third, only few

amines have been studied (116}. The compiexation of

aniline with a-cyclodextrin was too weak to be determined

R

R
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by the calorimetric method. Therefore, some amines were
studied as a class. _

" For simple 1:1 compiex systems, spectrophotometric
measurement ﬁs developed by Benesi and Hildebrand (73) is
one of the most convenient methods to determine the sta-
bility constant. However, an alternative approach was
explored for studying compounds fn a 1:1 system unaccom-
panied by sfgnificant spectral change upon complexatfon.
The methyl orange competitive spectrophotometric ﬁethod,
which was first introduced by Broser et al. (75) and then
was applied to study benzoic acid complex systems {76), is
the method of interest. The.theory of the competitive
specirophotometry is examined in depth so as to develop an
applicable methed.’

The acquisitien of stability constants for systems of
established stoichiometry leads to an tnterpretation in
terms of models to describe the extent of binding to

specific binding sites.




20
I1. THEORY OF METHODS FOR COMPLEXATION STUDIES

A. Potentiometric Method

1. The Basic Medel Equations

._ If the conjugate acid and base forms of a weak
acid!base substrate form cyclodextrin complexes of dif-
ferent strengths, then addition of cyclodextrin to a solu-
tion of the substrate will result in a pH change. The
basfc equations to describe the poteatiometric studies of a
1:1 and 1:2 complexation have been developed by Connors’
group {111,115). :
‘ Let L, HA and A" erresent cycTodextrin,'a neutral
weak acid substrate and the conjugate hase, respectivety,
For 1:1 + 1:2 stoichiometry, the four complexation

equilidbria are presented as

HA 4 L —— HAL : (1-1)
A" 4 L e ALT {1-2}
—
HAL + L w—y HAL, (1-3)
YR I— AL,” . {1-4) 5

with their corresponding stabitity constants

. _[HALT
K2 THATTLY (2)
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K16 * TROTTET (3)
{HALZ} )

K12a = TRACTILT (4)
[AL,”]

Kizp = TACTTITY (5)

where.brackets signify molar concentrations, and activity
coefficients are assumed to be constant {79); thus the
stabitity constants may be interpreted as thermodynamic
quantities having the experimental solvent as the reference
state.

- There are three acid-base equilibria

CHA ——— BT 4 AT : ' (6-1)
HAL —— H* + AL” (6-2)
-HAL — kY s AL, {(6-3)

g =R * Al '

with their corresponding acid-base dissociation constants

PR + -
ORI
Ka HA (7)
. + -
o [ETIraL
Ka11 L[l[THAL . (8)
fHt3aL,”]
K., = Z {9}
a2 * TTRAC,T _

However, not all of the constants defined are independent;

the following relationships are found:




22 -

Kitafart = X% {(10)
' KlzaKalz * xaHK12b (1)

"Letting St and Lt be the total molar concentrations of
substrate and ltigand, respeciively, the mass-balance

eguations are:

S, = [HA] + [A"] + [HALY + [AL™] + [HAL,Z +
AL, (12)

Ly =_{L] + [HAL] + ALY + Z[HALZ} + 2[AL2'} {13)

Substitution wfth the equilibrium expressions in Egs. (2)-
(5) and {7) yields functions of Sy and L, in terms of the
variables [L} [HA], [H 1 and the stability constants,

5 ; [ A][A[H 1+ 8K J a6

t [R } _ }
MEH ] + NK
L, = {L] " [HA][———--~—M—] (15)
| ]

where A = 1 + x”am + KypaKyg4lt1? (16)
B =1+ F%1n£L] + Ky ppKygplt]? (17)
o= Kppltd + 2K1 ) oKy gq LT (18)
K= KypltT + 2K, Ky, (L1 | (19)

Eliminating [HAY from Eqs. {74) and (15) gives & general
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relationship between [L] and L,
+
M[H ] + NK
Ly = [L] + St[———zmmu—**g (29}
A[HT] + BK,
The electroneutrality aquation for this system is:
(42" + [H'] = [oW™] + [A™1 + [AL"] + [AL,"] (21)

where ft is supposed that sodium is the counter-ion to the
conjugate base form of the substrate, Combining Eq. (21)
with Egs. (3), {5}, {7) and {14) gives
{ﬂa ] + 8t 1-[047] = __"EHEE__W, . - {22)
- A[HTY 4 BK, ,
The quantity [Na* ]/S is the analytica! Fractton of
substrate in the conjugate base form.
(22) is the general equation relating [H+} tg free
iigand concentration [L]. By means of Egs. {20) and {22),
[H+3 is related to total ligand concentration Lt' In these
equations {Na+], Sy and L, are 1ndepéndent variables; [H+}
and [1] are dependent variables.
Eq. {22) can be cast in a more useful form. In case
(8] >> ([n*] - [OK™ 1), Eq. (22) becomes
. S ,BK, _
[Ha'] = -—wnmu——wmu— " (23)
A[H ] + BK
For & sglution in wh1ch Ly = 0, 1t follows that [L] = 0,
A=1,8 =1 and Eq. (23) becames
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5,.K
._..I.Lﬁ..._ (24)
[ 1 + K,

A series of measurements of £H+] as a function of Lt is

[we'lg

made at constant 5, and [Na+}, hence [Na+} = [Na+]0. and
- thase equations give
+
o i)
[R1]
where € is the ratio of A/8. Defining & quantity

“ApH = pH - pHO:

apH = log C _ {28) _ ?

fq. {26) describes the thange in pH of the sejution as a
function of free ligand concentration, for fixéd [Na+]/St.
If the substrate §s half-peutratized, i.e., [Na+} » St/2,
tﬁen pH can be interpretéd as pKa‘ {apparent dissociation
constant), and £q. {26) becomes ApK,' = iog C or
1+ Kygltd + K11aK7 2201
1+ Kyqpfll + Kl1bK12b{L}2]

- which is the equation used earltier (171) to interpret the

(27}

Vo m
apka 109[

’
i

cinmamic acid:e-cyclodextrin system. The presant derivation

i instructive in showing the level of approximation

IR T T

involved in interpreting aApH as apxa‘.
More generally, the exact Eq. (22) must be used.

Defining the operational dissociation constant Ka‘ by £q.

{28):

B




iy
S
LI

o= DO1NaTT + ity - fonT])

2
sy - et WYY - oty (2

Substitution into Eq. (28) from Eq. (22) Teads to K /K, =

A/B = C or apK,' = log C. That fs, Eq. (27} is general, \\\\.
provided the dissociation constants are evaluated by Eq.
(28}, which takes into account the dissociation of the
sotvent. ‘
An important feature of this equation is that € is a

ratio of polynomiails, If ApKa‘ = 0 at al} Lt’ then K}]a =

“11p 2" Kyga = Kygp- |
On chemical grounds, and also by means of Eq. {20), it

can be seem that the limits of [L] are fL] = L, and [L] =
Lt - Zst;--ln the potentiometric method St must be appre-
ciable in order to provide buffer capacity. hence it is
seldom permissible to set L] "Lt’ as may often be done in
other experimental techniques (such as spectroscopy).

.For Vi1 + 1:2 complexation of a neutral weak base
substrate {8} with a~cyclodextrin, the four complexation

equilibria are simiTarly presented as:

B + | — 81 {29-1)
+ . +

H8™ + L ~—— HBL : (29-2})

R BL, (29-3)

HBLY # L we HBLZ“ (29-4)
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_defined as those in Egs. {(2)-{5}.
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- Theiyr corresponding stability constants can be similarly

The general relationship
between'{L] and L, as shown in Eq. {20) will be derived.

The electroneutrality eguation becomes
CHetT + [ust'l o+ [HBL,T ¢ [WT] = [€17] ¢ [O¥T]  (30)

where [C17] is the concentration of the acidic neutraiizing
agent (hydrochloric solution, for example) which is the
counter ion to the conjugate acid form of the substrate.

The apparent acid dissoctation constant is then defined as

vw DETIET] ¢ [ - [oaT])
S sy - (L0171 + W'D - [OHTD)

The further development leading to (26} and its inter-

(31)

pretation-is identical wifh the earlier treatment.

2. Graphical Technigues for Evaluating Complexation

Constants

In order to extract stability constants from the
npKa‘ and Lt data, the free ligand concentration [L] in Eq.

(27) must be known. Eq. {20} is the equation to solve for

TL], but this vequires the stability constants. A non-
linear regression analysis was developed by Wong (115),
treating the stability constants as adjustabie parameters
to curve-fit the data uysing Eqs. (20) and {27}. Although

it 1s possibie to achieve good fits to the experimental

l




©. points, this technique does not always yield a unique soiu~
.. tion, in part because apKa' is a ratio of two polynomials

~ - of tike degree, and therafors is rot highly sensitive to
the absotute values of the parameters. The curve- -fitting
approach has therefore been abandoned and graphical tech-

.  niques leading to unique solutions are developed here.

a The experimental "data consist of apKa' values measured
‘as a function of Ly+ at constant St and reaction condi-
tions. Since apKa' = £, the quantity € is available. This
is retated ta the 5tability constants by Eg. (32)

o T+ Ky, [L] + K
Vr Kyqpltd + ¢

a2
11aK12, L]

3
| 115512501
It has been observed that for such systems it i3 very

.c=

seldom necessary to retain all four of the constants for a
satisfactory descripticn of .the Potentiometric data, and
some 1mportant Special cases of Egq. (32) suffice to account
for most of these systems. These special cases are
described in the fo]fcwing section,

2 setve for {L], the following approach is effective,
In this work, the substrate is exéctTy half-neutralizad,
therefore {Na+3 = St/Z, if the substrate is a weak gcid,
Then {H+] * K;'s to a level of accuracy acceptable for the
present purpose. Sinée { = Ka/Ka','this gives {H+] = K /¢

which s equivalent to

27

:
D4
B
E

(32}_
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OALR'Y = Bk, _ (33)
. Substituting this into £q. (20) gives
Ly = [ e s v g (34)
SRS t'2& * 78

The value of [L] is estimated by combining £q. (34) with
the apprepr%ate special case of Eq. (32). The important
feétures of this approach are: first, sfnce the experi=
mental quantity € is incorporated into the expression for
fLl, tﬁe correct stability constants are used in Eg. (34)
te estimate {LJ]; second, sdlution of the equation for [L]
is usually simptified, since much of the a]gabraic com-
piexity fs possessed by the numerical C values, and ‘the
special case can be identified by the form of the depend-
ence on £L}'i The particular equations for [L] are given in
the individual special cases when discussed, and their
derivations are shown in Appendix A.

The following treatment considers systems im which C >
1 or Apka‘ is positive. If € < 1 or ApKa' is ﬁegative,
define C' = 1/C; then the same equations apply with the
Subscripts a and b interchanged.

Case I. KiZa = 0, Kle = 0, Then Eq. (32) becomes

T+ K L :

¢ T K:::{L] . , (35)

A plot of C vs. [L] 6r-Lt will approach a Timiting value at

high ligand Eoncentration. Diagrosis of Case ! behavier is

e e B
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tentative, because £q. (32) also resuits in this type of

curve, The value [L] is found from Eg. (36},

Q- Ly = F o (36)

where - X = %
and F = KT]a/KI]b. R is estimated by extrapolation to
ULt = 0 on a piot of log C vs. 1!Lt, since { approaches R
as Lt appreaches infinity. The stability constants are
obtained from a linear form of £q. (35): .
Cord o k. - ck : (37)
1T tla 7 “Mip , _
The calculated R is compared with the initial estimate; if
they differ significantiy, the process is repeated.
dspally Z_iterations are_sufficient.

Case II. KI!b = 0, K]Zb = 0, K]Za # 3. Then, from
Eg. (32} '

=1+ KI]aEL] {38)
C 1s a Jinear fumction of tigand concentration. Obviousty,
any system will approach linearity at sufficiently low
ligand concentration, therefore a wide range in Lt should

be studied to detect curvature if it exists. The LT is

obtained with Eq. (39). No estimation is made in this

case, therefore [L] and K]Ta are obtained directly.
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_fe -1,
Ll =, 5z Se - {39)
- Case III. Kilb =0, K?Zb = 0. Eg. (32) becomes
" 2
AL PP R NP (40}
.i,'zThis case is diagnosed by the positive curvature in
the C vs. Ly plot. [L] is calculated with Eq. {41).
i - 20(;§ - :ti s, )
L t7lla
The Yinear form of E£q. (40} is
R R N : (42)
C e TIT] Tla- tla™iza

A pre]imipary estimate of Kija Is calculated from the
intercept of the pliot of (C - I)/Lt ¥s. L, according to
€q. {42}, 1Iteration is carried out unti} Ki1a does not
change.

The plot of Eq. (42) is useful for confirming Case 11

systems, which should yield a stope equal to zero.

Case IY. - KIZb = 0, Then Eq. {32) becomes

2
T+ Ky lhd + Ky g Ky, L] (43)
ST Kyl

L=

The plot of C vs. Ly will approach a linear segment of

pesitive slope at high Lt' The equation of this Jine is

P C* R+ RKy, [L] (44)




-1

31

where R = K1la/KlTb and can be estimated from the intercept
- of the line. Kyp, Can also be estimated by Eq. {44). The

concentration [L] is given by

o 2 3 R _
B I TYAR MR LIRS STING Bl 12 BRSO RTS 1 C B

: St{c - 13
_ELt - «ummqu~——} = (45)
To find KITa and K1?b several techniques have been devised.

It s a general result, from £q. (32), that

. _dC_ _ MB - AN
AT~ "gZr 7

(46)
Where A, B, M, and N are defined in Eq. (15). Thus the
slope at {L] = 0 is equal to X178 - Kyjp Since A = 1, B =

1, and

( dc ) = M- N] = Ky, - K (47)
d] | [ | )

L L6 L fL1=0 t1a itb
This result together with the value of R from £q. (44}

gives K]]a'and K]1b values., Another method constructs, on

the curved C vs. [L] plot, Yines such that quantity {L]x is
found as the value of [L] when € = R. Substitution into
£q. {43} gives
' R- 3
Keyp = - {48)
H T 2 :
RKypall1y

Howaver, both of these approaches rely on data at Jow Lt,

where the relative error in {L} is large. A better
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procedure is to measure Ki?b by a different, independent,
experimental method. Thfs usually is straightforuard, 
since the Case IV diagnosis shows that K]Zb = . The
simple 1:1 cemplex stability constant I(Hb {wher C > 1) or
x??a fwhen € < 1) can be determined by spectrophotometrie
methaods which will be described in Jater sections.

. Then the linear plot according to Eq. {49) is made.
SR * SKygp * Kppg * Kppakpgalt] {43)
This piot is also useful for confirming Case I systems,

_whi;hvshould yield a slope of ;ero:

‘ "These graphical ﬁethods are simple in appTicafion, tha
1inear plotting forms allowing routine statistical treat-
ments. If the general case [Eq. (32)] should be regquired,
as with cinmnamic acid (79}, the preferread apprdach is to
combine thé potentiometric data with irformation from inde-

pendent experimental techniques such as solubility and

spectral methods.

B. Methyl Crange Competitive Spectrophetometric Method

For Case IV systems, it was suggested earlier that
K}]a (for amines or phenols) or K]Ib {for carboxylic acids)
be determined independently to provide best accuracy. The
conventional Benesi-Hildebrand method (73,117), measuring

the absorbance changes at a fixed wavelength as & function
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of 1igand coﬁcentration, is one of the methods of choice.
However, some substrates may not show significant spectra}
change upon complexation., Broser et al. {(75) developed a
methyl orange {M0) competitive spectrephotometric method to
determine Klia of adrenalin:a-cycliodextrin complexation.
The theory was based on the competition of the substrate
(adrena11n) and the indicator {(MO) fer the binding sites on
s-cyclodextrin, and 1:1 stoichiometry was assumed in each
complex formation. Casu and Rava applied this method to
the study of the complexation stability of benzeic acids
with a~cyclodextrin (76}. In this section, the theory of
tha compet1t1ve method is extended and a graph7ca1 tech~
nique te determine KIIa is developed.

Broser (118} in 7953 described the 1:1 inclusion com-

blex of methyl orange (1} and a-cyclodextrin {L) in acid

solutions as tﬁe folTowing:

et o ) H3C i l )
N-@-N=N-@SO3 S u@ =N@so3

hc” o+ g.c”t ‘
I- + L e i (50)

The correspcading.stabi?ity constant is

. I :
Kie ® TIOET : (51)

The absorptivities of the free and complexed forms of the
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_:iﬁdicator in 0.08 K HC1 sclution at 508 nm are €y = 4,82 x

10t (14, 5.7 x 10%) and ey = 8.72 x 107 (1it. 4 x 10%%),

" therefore it is easy 0 measure K11I from the Benesi-

Hildebrand double-reciprocal b1ot. (betailed derivatives
are described in Appendix B.) If a substrate {$)}, which is
known to form 1:1 complex with cyclodextrin, is added to a
solution of a-cyclodextrin and methyl orange, the formation
of substrate-1igand complex (SL) will displace .some

indicator {1} from the compiex form, thus increasing the

_abserbance. 8y measuring the absorbance changes at fixed

wavelengfh, the complex formation constant for the sub-
strate K?ls (K¥Ia) can be calculated accordiﬁg fo the
following derivation.

For 1:1 stoichiometry

s L ;gg;:_SL | (52)
and the §t$bi1§ty constant is

Kjis * TSTFLT ; (53)
The competitive coﬁplexation equi1{brium is

L 4§ o SL # 1 (58)

with the corresponding equilibrium constant

k4

*Exact concentration was not given in literature; these
are graphical estimates.
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s TR
- SL)1 115
K. {_w}fm} = 118 . (55)
e

Mass balance eguations on the substrate, Tigand and

tndicator are

- Sy = [ST + [sL] (56)
Lyt LT [SLY 4 (o] (57)
1 s [+ o T

The [IL] term in Equation {57) is taken into consider«
- ation to.be gemeral; it can be neglected only when Lt >>

Iy. ‘Let:_

Rz

I {59
E9. {51) then becomes
Kipp = ) - (60)
1Tl R|L!
lembining Eq. (56) and Eq. {53) gives
Sp = [S1+ Kyp5lSTiLT | (61)
or o
{51 1 (62)

St T K]

therefore




| ngf '[§L} __Kpslt]

= {63)
TSy TF Kyqelld _
'Sim11afiy,
A :
T TRy (64)
D
and _
o Kyqg[L]
D[] . _o11f (65)

: .
oLy 1T STFIC |
Combining Egs. (57). (63) and (65):

kypsftISy . Xngftlly (66)
T+ Kpgltd T T Ryygltd | |

'L£ ¥ [L] +

Suhstituting'into Eg. (66) from Eg. (60) for [LI

' $. K 1
1 £°118 t
L_ = + +* (6?)
MU RKyy O RKyqp s R ! -
befine P = L, - go—— - it Then
t " ®Kyp R T
S ,K
£ 118
P oa ot (68)
RKyy1 * Kyts
Rearrangement of Eq. (68) gives
S Kigq
: $£ A & 9 SR ©(69)

K11s

where St 45 an independent variabie, K131 can be determined
separately, and P and R can be measured {which wiil be dis-
cussed in the following}, therefore K115 ig determinable
graphicaily from Egq. (69).

R is defined in E£q. (59), and can be cajcuiated from 2
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series of absorbance measyrements: Suppose the substrate
does not absarb at 508 nm, then the absorbance of a sample
solution containing cyclodextrin,'the acid form of methyl
orange, and the substrate is contributed by the free and

¢complexed forms of the indicator.

DA m e lI] g LT (1-cm celis) (70)
combining Eq. {70} ard Eg. (58} gives:
_5.".5““1{' = (51 - 9“_}{1] (71}

and setting Ay = e lee which is the absorbance when all

: the indicator is in the complexed form, gives

A=Ay = (g -.1-:“_){1] {72)
Stmilarly,
Ay - A *.(EI - sIL)[IL] (73)

where AI = Eilt is the absorbance of indicater, with no

tyclodextrin present. From Egs. {5§8), (72} and (73),
A - A

where A s the apparent absorbance of the sample sotution;

ﬁ; can be determined easily. AIL i5 pbtained from an

extrapalation of a plot of 1/7aA vs. 1/IL], where aA i1s the

ahsorbance changé due to the presence of cycladextrin, At

T




38
1/fL] = 0 (the derivation to calculate [L] is in Appendix

'_ B), i.e., when free Tigand concentration s infinite, it is
assumed that the indicator is fn the compliexed form.

Therefore

AIL = AI +. (QA)}K[L]=D . (75)

R is ekperimental!y determinable according te Eg. (74). It
ts important in using Eq. (74} that I, be the same in al)
the so1utions; 1f If 15 not exactly the same in solutions
to determine A, AIL' and Az, this approach can correct for

this.._The_observed absorbance is given by
Ry * Ap * Ap = e[1] + ey [IL]  (1-cm cells) (76)

where AI and AIL merely refer to the absorbance contributed
by these forms in the mixture. Define the apparent

absorptivity €obs by

Aot.:s.” cops(L11 + [1L]) {77)

Setting Eq. {76) and Eq. (77} egual, then

(egps = £p ) LILT = (eg = gy )L1] (78)
and :

£ - £
= _obs LE
R = - (78)

H obs
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Following Eq. (69} to determine Kijg» we can measure P

and R ejther at constant St with varying Lt’ or at constant

Lt with varying St‘ K]]S can be calculated from the slope
of the plot of St/P vs. R.

. Eq. (69) is a more exact description of the system
than that derived by Casu and Rava (76}, who omitted the

s» I

[IL] term in £q. (579. This can be done only when Ly t

and R »> 3.:

. Further analysis ¢f the system by taking inte account
the possible formation of substrate-indicator complex,
which m&y.occur for rigfd, p¥anar fnteractants (119-124,81,

83), supposes substrate and 1ndicatﬁr form a 1:1 complex.
S+ [ —— §] {s8m)

The stabitity constant is

L Is: .

Ks1 * TSTTT (81)
Let Rc be the measured ratio as defined in Eq. (74}

A A

A | (82}
and the trué R is defined in Eq. (59). Consider the effect
of the presence of {SI) on R.- We define ec, as the molar
abserptivity of (SI) complex. In any solution of this

system, the apparent absgrbance A is



'] . A = eplI] % e [1L] + eg [S1] (83)
and mass balance on I gives
CLy = [T1 4 L1 4 [s12 (84)

" For a special case that € = €$I’ t.e., 31 forms but there

is no' change in spectrum when § is added to I, Eq. {83)

becomes.
A= ep (1] + [51]) 4 ey LIL] {85}
Sabstiiﬁtiﬂg Tntb_qu (85} from qu {84) gives
_-a~=_;£1t - Lep = e 20183 (86-1)
or A Q A,s.[a! - e JIIL (86-2)

Similarly, substituting [IL] in Eq. (84) into Eq. {85)
gives ' ' '
Am Ry = fep = e M1 + [SID) ' {87)

Combining Egs. (82), (86-2} and (87},

Re = : I;LiSI : (88)

) SI : '
oF R =R+ fﬁ} _ (89)
Eq. (B9) shows that even in the special case, Rc is not

equal to R:
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L, = ] - It =
t RKI]Z 1 + R{1 + KSI{I]}
; b (97)
Set left hand side = P, Then £q. {97) becomes
8 RKy 4 (1 #+ Ko {ID)
- F% e 1 111 . 51 (98)
. 138
In order to determine Kyyg in Eq. {98), R, Ki11 %s1°
{Z] and P’ must be solved. XK;y, can be determined easily; R
can be related to the experimental Rc by combining Egs.
{89), (93) and (95), ' ‘
' 8, Keq [11
R = R+ 5ol . {99}
t™M11lI

[

Substituting for R in theP' expression and neglecting the
{I]2 term, which is extremely small as cowpared with other
terms, P’ can be described in Eg. (IOU)
. . :
1
P! = Lt - StKS.I[Ij -
R TIT

Iy

8 {100}
e85t
1+R (1 + Kg,[I3) - ‘;‘{;}IET

Actuaily the entire last term in P! probably is negligible.
Describe Eg., (98) in terms of R, instead of R by substi-

tution and rearrangement, the {I]2 term again being
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neglected,

g SRt RKyp (T ¥+ keI

s . | o)
LA PLE R K11s .

{191}, as compared with Eq. {63), shows that a piot of

S,/8 vs. R. s nat exactly linear if (SI) 1s present, and
Ky (1] and [L] in Eq. {100) must be known beforehand to
generdte a Tinear plot,

- Cohen and Connors (120) studied a series of organic
complexes in adueous solution and found that the stabitity
of the compiex is roughly dependent on the maximal overilap
area, which is an estimate of the surface area change upon_
complexation. The comp]exes wera treated as stacked com-
plexes. KSI’ therefore, can be roughly estimated from that
correlation, |

~ To estimate [L] and [I},.severa1 reasonable approxima-
tiuaé wers made. Assume the KSI[I] term in Eqs. f??)'and
{95) is small enough to be neglected. Combining Egs. (92),
{95} and {57) gives

fL] k IiL}
K11554 1118
by = ELT + = KyyslT ¥ T+ K 10T (102)

Usually I, is small as compared with $, and Lt’ therefaore

the I, term in Eq. {102} can be neglected and the equation

becomes

R
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Ly SRR T‘él%%§§tt1’ | (103)
Lt.and St aré independent variables. A preliminary deter-
mination will give an approximation of K11S' Then L] can
be calcuylated from the quadratic solution of Eq. (103}, and
[1] with Eg. (104)

- It .

.{I} = T—:_E;?;ffI (104)
Therefofe,P‘ in Eq. {100} can be calculated. nccording to
Eq. (101}, K11S can be estimated from the slope of a plot
of the left hand side of Eg. (101) vs. (1 + Ke [IHIR, .
[teration 1s'carried out ti1l KI]S does not change.

The calculations including the substrate-indicator
complexation (St} are rather complicated. Hawever, the )
(S1) complex can be minimized if, according to Eg. (99}, S¢
and [I] are kept small. There are two ways to make [1]
smali: {1) use a tower It or make Lt farge so that most of
the indicator is in the (IL} form; {2) use the Tower R,
values which are obtained éxperimentaI]y bj using lower St
while Lf is kept constant or using higher Lt while St is
kept constant. Then R, can be an approximation of R. Eq.
(69) can bhe apélied to determine K1TS'

Recently, DeVylder and co-worker observed selfw
association of methyl orange in pH 2.2 agueous solution at

a concentration higher than 1074 B (125). 1Ir our research,
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the concentiration of methyl orange used was 1.67 x 10'5 M

and the absorbances of several indicator solutions of dif-

ferent concentrations on the order of 107° ¥ fellowed
Beer’'s lLaw perfectiy. Therefore, self-aggregation of
methyt orange in the systems studied here was justifiably

rnegiected.
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IIT. EXPERIMENTAL

A.. Materials

- Benzoic acid and its para-substityted derivatives were
recrysta??rzed from water and dried under reduced pressuyre
over P 05 at room temperature for 12 hours. The relting
" points were: 4-methylaminobenzeic acid (Aldrich}, 162.8°
[vit, (126): 163°]5 4-methoxybenzoic acid (Aldrich), 184°
{1it. (127, 184°]; 4-acetyibenzoic acid (Aldrich), 209.5¢
[1it. {128): 210°1. The following compounds were purified
by Meng {115); 4-aminobenzoic acid, 4- ~hydroxybenzoic acid,
4-toluic acid, benzeic acid 4-fluorobenzoic acid, 4 -Cyano-
benzoic acid, and 4-nitrobenzoic acid.

4-Methoxyphenol {Aldrich) was distilled under reduced
pressufe, b.p. 111°/2mm; m.p. 55° [1it. (129): §4-55°7].
4-Methylphenal, pheﬁol, 4-fluoropheno?, d4-iodophenol, 4-
ch?oropheno],'4-bromopheno!, 4-cyanophenol and 4-nitro-
phenol were previcusly purified by Wang {115),

4-Phenylenediamine (Aldrich) was recrystailized from
benzene and dried under reduced pressure over 9205’ m.p.
141° [19t. (129):" 140°7; 4-anisidine {(Atdrich} was dis-
tilled under reduced pressure, b. p. 98°/2mm, m.p. 56.5-57°

{1it. (129}, 57°]; 4-tolutdine {Aldrich) was distiiled
under redyced pPressure, b.p. 61.5°/2 MUy m.p, 44,.5-45°

(Vit. {130): 44.8°%; anitine (Mallinckrodt) was purified
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py fractional distillatien, b.p. 181 [Tit. {131): 184°1;
4-chloroaniline {Aldrich), 4~cyandani!1ne (Aldrich), and
4d-nitroaniline {Eastman) were recrystallized from water and'
dried under reduced pressure over P205. The melting points
were: 72° [1it. (132): 72.5°%, 86-86,5° [1it. (129): 856~
87°%, and 148-149° [1it. (129): 148-148.5°], respectively.
" The purification of benzylamine, phenethylamine,
imidazele, N-methylimidazoie, 4-pnitroimidazole, quinoline,
jsoguinoline, and t-butylaniline were alse described by
Wong (115)

a-Cyclodextrin {Sigma Lot 29C-0425 was used in benzoic
acids and pheno!s.studies; Lot 20F-0507 was used.in'amine
studies} was dr{ed at 95° for 48 hours. Samples from dif-
ferent Lots gave the same pH changes upon compiexation when
4-cyanophenol was used as substrate. A sample of a-cyclo-
dextrin recrystallized from water and dried under reduced
pressure over PZOS at room temperature for 12 hrs {70) had
identical pH changes with that of freshly dried a-cyclodex-
§r1n without further purification; d-methylbenzoic acid was
used as substrate in this test.

Methy! orange (Eastman) was recrystallized from water,
then washed with a 1ittle ethanol followed by ethyl ether
(129). The molar absorptivity {e) in 0.08 N HET1 solution
at 508 nm was 4.821 x 16%.

A1l the solutions were prepared with jon-exchanged
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water redistilled from alkaline permanganate.

 Bl_ Equipment

. potentiometric studies were carried out in a Haake E52
-constant temperature water bath. pH measurements were made
with an Orion 701A pH meter in conjunction with a Sargent-
Welch $30072-15 combination electrode. Spectrophotometric
measurements were made on Cary 14, Cary 16 and Perkin-Elmer
Model 589 UV-VIS spectrophotometers fitted with jacketted
cell compartments for temperature control at 25.0 #+ 0.%°C,
TI-59% {Texas !nstrumgnt} programmable calculator was used
te caleulate free Jigand cgncentrafion [L];-_The digitaf
computer, Minitab Ver. 3.2, at the Academic Computing

- Lenter of Madison was used for linear regression and error

analysis.

€. FProcedures

1. Potentiometric Studies

A stock solution of the substrate was prepared such
that its final concentration would be 0.004-0.005 M.
First, the compound was accurately weighed cut and then
halfeneutraltized with a standard 0.1 N MaDH solution or a
0.1 N HE1 salution., A G.1 N MaC) solution was used to
bring the solution te the mark.

Increasing amounts of a-cyclodextrin were accurately
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vweighed into a series of 5-ml volumetric flasks such that
the resuliing solutions would cover the full range of the
sotubitity of a-cycltodextrin, (Maximum solubility is about
0.14 H4.) 4.0-m1 portions of the substrate stock solutien
were pipetted into each fiask. Gentle heating on a water
bath was reguired to dissolve all the a-cyclodextrin. The
sofutions were aliowed to cool to 25°C and the 0.1 N NaC)
solution was used to bring.the solution to volume (sub-
strate concentration 9.003 ~ 0.004 M*), Then they were
equilibrated at 25.0°C for'at least 18 minutes; to esnsure
adequate mixing, a 10-mm_stirr1ng bar was-addéd and was
driven by & shbmerged water-driven magnetic stirrer. The
solutions were then transferred te 5-ml test tubes together
with the stirring bar, and the combination pH electrode was
Jowered into the solution, which was covered by a rubber
stoepper to protect it from contact with the atmosphere.
Discoloration accurred in solutions of 4-methoxyphenol,
aniline and p-phenylenediamine upon standing. Aluminum
foil wa§ used to cover each flask to improve the stability
of the sampie solutfon. The solutions were prepared just

before measurement and no discoloratien was observed during

*Studies of the effect of various substrate concentrations
(S4) on pH measurements showed that Sy should be at least
0.502 ® to give reproducible results. At lower concentra-
tions the reproducibiiity was poor because of the low
buffer capacity.

P
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the studies. Reproducibility of the duplicate solutions

was 0,003 pH unit or better.

2. UV-VIS Spectrophotometric Studies

Increasing amounts of s-cyclodextrin were weighed
into a series of 5-ml volumetric flasks. For K]}b deter-
minations of benzoate aniuns; 4-cyancanitine and 4-nitro-
aniline, the substrate was dissolved in pE 9.18
tris(hydroxymethyl)-aminomethane (TRIS} buffer. Sedium
thioride was added to adjust ionic strength to 0.1 ¥. This
PE ensured that the subsirate was in the base form and the
u-cyt]odeitrin was not appreciéb]y ionized EpK# =.12.3
(13}]. A potentiometric experimenf showed that TRIS does
not significantly compliex ﬁith a-cyciodextrin (1158), 4.0-
#l portions of the substrate stock solution were pipetted
into each flask. Gentle warming to dissolve the a-cycio-
dextrin was required. The TRIS buffer was then added to
the mark. Reference solutions wére prepared for each

sampie solution with identical a-cyclodextrin in TRIS

buffer but no substrate. Spectra of complexed and uncom-

pPlexed substrate were obtained in order to select a wave-
length at which the substrate absorptivity changes
-substantially upon complexation. Absorbance measurements
were made at those selected wavelengths using Cary 16 spec-

trophotameter with 1.0-cm quartz cells. AI1 the sampie




solutions were equilibrated at 25.0°C for at ieast 15
minutes before the measurements. Reproducibility of the
duplicate soTutions was 0.003 absorbance unit.

' Klza'of 4-nitrophenol was studied in the same manner,
except that the substrate was dissolved in a solution of

0.01 K KCY with fonic strength 0.1 H.

3. Methyl Orange Competitive Spectrophotometric
Studies '
4.0-m! peortions of a stock solutfon containing
4.185 x 1077 M methyl orange (MO) in 0.2 N HC] were
pipetted iétc 16.0-m1 volumetric fﬁasks containing 2.6 mls
of 0.01 M a~cyclodextrin aqueous solution. The substrate
solution at variable concentrations such that the final
diluted concentrations were from 2.0 x 70'3 M to 1.38 x
1072 ¥ was then added to each flask. Water was used to
bring the solution to volume. The raeference solution was
prepared by using'the same concentration of wa-cyclodextrin
as the sample measured in 0.08 N HCI solution. The final
solutions were equilibrated at 25.0°C for at least 15
minytes and the absorbance was read at 508 nm in l-cm
cells, l
Kypp was determined in this same manner except that

the concentration of &-cyclodextrin in the firnal solutions

varied from 4.78 x 107% M to 2.0 x 1072 Y and no substrate
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was present. Reference solutions wers prepared for each

sampie solution having equal amounts of w-cyclodextrin in
0.08 N HC1 solutions.

A1l stability constants reported here at 25°C and
ionic strength 0.719 H.




IV, TREATMENT OF EXPERIMENTAL DATA

A;: Potentiometric Data

= For each potentigmetric run, the pH was measured as a
function of Ly and pKa' was calculated according to Eg.
{28). Experimentaliy we half-neutralized the substrate,. so
the counter-ien concentration in Eg. (28} equals $,/2 and

the equation becomes

O IHTIES, + HTD - [OHTD]
T Sy - W1+ [oKT)

1f 35, >> |[H'1 - [OH"1], f.e., pH was within § to 9,

{105)

since St was usualT} about 4 x 10'3 H, then the.measured pH
coutd be interpreted as pKa'.

_ If the pH of the sample solution was less than 5, £g.
{108} was used to obtain the apparent dissociation constant

13

pKa . :

: 2

: ' S, + [H']
PRy* = PH - 109 2ot

=5, « [K']

27t

If the pH of ithe sample sclution was higher than 9,

(106)

Eq. {107) was used to calculate pKa'.

. 1 -
- =5, - [OH7]
PK,' = pH - Tog Eb—— " (107}
: fst * [047]

The changes in apparent dissociation constant (apKa')

as a function of Ly were obtained by subtracting the pKz'
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wheﬁ Lt + 0 (usually this is an average of four independent
measurements) from the pKa' values at different Lt;
¢ is the inverse logarithm of apKa'. If C was greater

than unity {apxa'was pesitive}, the equations described in
the four special Cases were applicable. If € was less than
unity (ApKa' was negative), we defined C" = 1/C; then all
the equations to extract stability constants were used with
the subscripts a and b interchanged.

- The general approach was to make a plot of € vs. Lt.
from the shape of the curve, the system was tentatively
gssigned to ané of the special cases. Free ligand concen-

tratiop'[L3 was calculated and stability constants were

evaluated from the appropriate linear plot. Iterations
were carried out until the final determinations of either
R, the ratio of Ki?a/KQIb’ or stability constants agreed
with those of the preceding estimates within 0.5%. Usuaily
two iterations sufficed to yield final estimates of the
stability constants.

The accuracy of the assignment to Case I and Case II
systems could be tested. For Case I systens K12a = 0; if
we treated it as if it were Case IV, according to Eq. {49),
the (C - 1/[L]) # CK,;, values should be constant, and zero
slope is expecte& when making this plot. Statistical
analysis can be carried out for the significance of KZZa'

For Case II systems, Kyp, = 0. If we treat it as if {1

%
i
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were Case III according to Eq. {42), the (L ~ 1}/[L] values
should be constant. Making a plot according'to this equa-
tion, the intercept is Ktia with zero slope.

*

B, Spectrophotometric Data -

A spectrophotometric method was appiied to study
simple 1:1 complex systems. The absorbance changes at a
single wavelength as a function of ligand concentration

were analyzed to construct a "double reciprocal” plot based

o the Beresi-Hildebrand relationship and readily derived

"{73,117) as shown in £q. {108). (Derivations are shown in

.Rppen&ix B8.)

%I . Ky gSpasi] + 1/5 ¢ (108)

where ok = A< Ay - (199}
Afis the_absorbance in presence of cyclodextrin, AG is
the absorbance of substrate only at the same concentration.
Hi is the ratio of intercept/slope from the linear plot of
1788 vs. 1/[L]. .

liten the cyclodextrin concentration is much targer

than the substrate concentration, it seems adequate to

assume [L] = Lt. In this work, the substrate concentration
was 1n the range of 3.17 ~ 8.43 x 1070 M while cyclodextrin
concentration was 1.12 x 1075 107! The 1igand con- |

semed by substrate is negligible. waever, if substrate
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concentration and tigand concentration are comparable, free
ligand concentration must be used in Eq. (108}. The

derivation to obtain [L] fs in Appendix 8.
' In placing a "least squares” line through the cbserved
peints en the plot of b/aA vs. 1{Lt, we must note that the
vatue of b/aA generally becomes less precise &s the ligand
. concentration decreases and the absorbance differences
being measured decrease. Therefore the variance in b/aA
fncreases as b/aA increases. In this Teast square ana?yéis
of a reciprocal plot a weighting factor uy, which was
defined {121) as
et
Traay 2

LS

w% ® (110} .
must be mﬁltiptied into each point to account for its
variable precision. The greater the absorbance change the
larger the weighting factor ﬁs, which implies a higher
degree of precision. The intercept and stape for K11
catcelation were obtained from the weighted least squares
analyses (133-133%).

L. Error Analysis

by Perrin (136);

To estimate the uncertainties in stability constants Eﬁ

t

determined, error propagation was carried out as described 2;
i

Iz

1

7

&

i

- m—d
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(111}

{112}
(1313)

{118)

, and o are the variances of function § and
x and y. Using these basic forms, the standard deviations

of Kypp's (when C > 1) or Kypp's (when € < 1) in case II1




¥. RESULTS

'_A._ Methyl Orange:s-Cyclodextrin System

Methy? orange {MO) forms a 1:1 cyctodextrin complex as
réported by Broser (118). Fig. 3 shows the spectral
changes of MO as a function of .cyclodextrin concentration
over the range of 4.78 x 107 M to 2.0 x 1077 M. The con-
tentration of MO in these solutfons was constant. An
isosbestic point was observed at 414 nm, indicating 1:1
comptex formation in acidic solutions. Table III gives
. spectré1 data for the‘MO:u~cycTodextrin_system in 0;08 y
HC] so]ut;ons {le!.]Q). At low Lt’ the &oncentration was
comparable with the indicator concentration (Zt), therefore
free 1igaﬁd concentration, {L], was calculated according to
Eq. (B-13) in Appendix B. Fig. 4 is the lipear plot of
1/8A vs. 1/[1]. The stability constant for this system
(K]]I}, calculated from the ratio of intercept/slope, was
672.9 M7 with standard deviation 5.0 ™', Broser (118)
reported the disseciation censtant of MO:a~cyclodextrin
complexes in 0.98 N HC! solution as 1.3 x 107° M, which is
in reasonable agreement with 1.49 x 1073 M from this work.

The absorbance of M0 (A;) at 1.67 x 10"% ¥ in 0.08
HCT solution was 0.807 {std. dev. 0.003) and ArL in Egq.

(75) was 0.015 {std. dev. 0.006) at this concentration.
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o Table III. Spectral data of methyl orange:e-cyclodextrin
' ' system at 25.0 + 0.1°.°2

el b 108 113
0.478 0.190 5.474

' 0.637 0.236 - 0.632
0.972 0.312 0.965
1.944 0.447 1.935
3.999 0.573 | 3.987

* 20.000 | 0.730 © 19.980

%1, = 1.67 x 1077 H in 0.08 N HCl; L, represents

tyclodextrin concentration.

© by . 508 nm, A

1 ® 0.807.
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B. Benzoic Acids

Benzoic acid and nine of its para-substituted deriva~
tives were investigated. Suybstrates with fonizable para~

FS
substituents, namely 4-NHCH3-€6H4COOH, pE, CH3NHZ = 2.22

“and pKa'CGGH = 5.08 (137}, 4-NH2-CSH4CUOH, PK, NH3+ = 2.41
and PK, coon = %85 (138); and 4-H0~CSH4CGOH, Py o = 9-31
and K, coon = 4-61 (139}, have PK, values separated suf-
ficiently that the measurement of pKa‘ for the carboxyiic
acid group teaves the para-substituent in iis unionized
state. The potentiometric data and further analysis to

calculate [L] are listed in Tables IV te XIII. A1l of "

these compounds have positive apKa' va]ues,.indizating thgt.
carboxyiic acids form compliexes more stroﬁgTy in acid forms
than in their conjugate base forms according to Eq. {27},

A typicat Case I system plot of € vs. Lt for 4.
hydroxybenzeic acid is shown in Fig. 5. Fig. 6 shows the
extripolation of a'plat of Tog C vs. 1/Lt for 4-hydroxy-
benzoic acid to obtain first estimate of R. Fig. 7 is the
corresponding linear plot of Case ! system, according to
Eq. (37}, for 4-hydroxybenzoic acid.

Thé potentiomeiric data for 4-acetylbenzoic acid, 4-
tyancbenzoic acid and 4-nitrobenzoic acid indicated that

they were Case IV systems. An Independent method to deter-

mine K}?b Was hecessary.

The ultraviolet spectra of these three substrates in




§5

"'Ta_ble IV. Potentiometric data for 4-methylaminobenzoic

acid:a-cyciodextrin system at 25.0 % 0.1°¢.2

0.0100 1.041 0.0081
0.0201 1.347 0.0179
6.0300 1.497 6.0277
8.0400 1.611 0.0377
£.0500 o 1.676 0.0476
0.0600 1.762 0.0575
6.0700. \ 1.792 ' 0.0674
o.079s 1.8 0.0773
0.0900 1.873 0.0874
0.100 Y.907 0.0973
0.110 1.923 0.1073
8.120 1.956 0.1172

%5, = 0.00400 .
ok, = 4.881.




E Table V. Potentiometric data for 4-aminobenzoic acid:

a-cyciodextrin system at 25.0 #+ p.1°c.2

L /M

.0129
.0149
L0319
.0202
.0408
.0506
.0596
.0698
.0830
.0810
L1005
.1208

o & o OO O 0 O O o o o

b
]
ApKa

L
)

.147
.216
502
.335
.588
.658
.716
L7680
797
.830
.841
.885

L3/

N - - - - - - - - -~

.0108
.0128
.0294
L0179
.0383
.0479
. 0568
.0669
.0801
.0880
.0975
1177

#s, * 0.00412 M.
Bpk, = 4.711.

66
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Table VI. Potentiometric data for 4-hydroxybenzoic acid:

a-cyciodextfin system at 25.0 + 0.1°¢.2

L /M apk, P | L1/

.~ 0.0100 0.944 0.0080

.~ 0.0201 1.210 8.0177

‘6.0301 1.346 0.0275

- 0.0400 1.427 0.0373

0.0500 1.486 0.0472

' 0.0601 1.531 0.0571

0.0700 - 1.566 _ 0.0670
0.0799 1.589 . 0.0768

0.0900 1.606 0.0868

6.1001 1.627 0.0969

0.1100 1.639 0.1068

0.1200 . 1.654 0.1167

i

S, = 0.00400 M.

S
?Ka 4.458,
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Table ViI. Potentiometric data for 4-methoxybenzoic acid:

a-cyclodextrin system at 25.0 # 0.1°¢c.2

L /M APKa’b | fLi/n
0.0201 _ 1.223 0.0188
0.0300 1.377 0.0287
0.0400 1.490 . 0.0387
0.0500 1.572 0.0486
£§.06060 1.640 0.6586
0.070C 1.636 £.0685
g.0800 - 1.744 0.0785
0.1000 1.813 0.0985
g.1100 - 1.847 0.1084
0.1200 1.877 0.1184

¥, = 0.00250 M.
bok, = 4.387.




Tabie VIII. Potentiometric data for 4-toluic zcid:

69

e-cyclodextrin system at 25.0 * 0.1°¢.2

P N - - - - - - - - =

L/M spk,® [Li/m
.0100 0.969 0.0081
.0201 1.266 0.0179
.0299 1.423 0.0277
. 0407 1.529 0.0377
L0501 1.602 0.0476
.0600 1.664 0.0575
L0701 ' 1.700 ' 0.0675
0801 1.753 0.0774
.0899 ' 1.786 0.0872
.1001 1.817 0.0973
.1099 : 1.843 0.1071
.1200 1.858 0.1171
.1300 ~1.880 0.1270

%5, = 0.00400 M.
Pk ' = 4.229.




" table IX. Potentiometric data for benzoic acid:

a-cyclodextrin system at 25.0 + 0.1°C.2

_  Ly/¥ apk, P [L1/M
0.0101 0.801 0.0083
©0.0200 1.067 0.0178
' 0.0300 1.217 0.0276
© 5.0400 1.289 0.0375
© 0.0499 1.347 0.0473
0.0598 1.417 0.0571
0.070% | 1.454 3 0.0673
 g.0801 1.482 0.6772
0.0900 1.503 0.0871
6.0999 1.531 0.0969
© 0.1098 1.556- 0.1069
9.1200 1.569 9.1169
0.1300 1.583 0.1269

s, = 0.00398 M.
bok,' = 4.084.
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ometric data for 4-fTuorobenzoic acid:

_ aw-cyclodextrin systiem at 25.0 * 0.1°¢.?

Lo/

e

0.

0
¢

0
g
0
0.
0
0
g

.0304
0405
.0497
0596
.0706
.0815
.0905

.1108
.1304

0983

b
apKa‘

PRI -

.034
.18
1.
W21
.250
. 283

1
1

168

.304
.324
.334
.369°

_[L]/ﬁ

g28}
.0381
.D471
.0569

L0787
.0876
.0§53
1075

0.

¢

g

0
0.0679
0

0

0

0
0.1273

%5, = 0.00378 X
b b ot o4
pk,' = 4.017.
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" . Table XI. Potentiometric data for 4-acetylbenzoic acid:

a~cyclodextrin system at 25.0 % 0.1°6.2

L8 apk,'? [L1/M
0.0100 0.758 0.6075

" 0.0200 1.039 0.0165
. 0.029% 1.203 0.0259
0.0800 1.328 0.0356
" 0.0500 1.419 0.0454
0.0600 1.479 0.0552
©0.0700 : 1.532 ‘ 0.0651
.p.0799 - 1.605 0.0749
0.0899 ' 1.636 0.0848

© 0.1000 1.669 0.0948
5.1100 1.703 0.1047
- 6.1201 1.735 0.1148

%5, = 0.00401 K.~
Dy o+ s
PK, 3.675.




a-cyciodextrin system at 25.0 + 8.1°¢.2

Ly/H

L0162
.Gz208
.0306
0408
.0499

.0699
.0798
L0911
-1004

10583

0
9
0
0
8
0.0602
]
0
]
e
9
0.1108

b
]
apKa

.507
727
.855
.944
1.013
1.063
1.124

o o o O

1.166

1.218
1.2585
1.274
1.284

[Li/s

Qo o O o o 2 0 oa o o o o

.0076
L0174
L0267
.0366
.0455
.0556
. 0652
L0751
.0861
.0954

1009
1657

%5, » 0.00388 M.

b, 1 4
pKa 3.405.
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'  Table XII. Potentiometric data for 4-cyancbenzoic acid:

5
¥
¥



74

Table XI!I. Potentiometric data for 4-nitrobenzoic acid:

a-cyclodextrin system at 25.0 * 0.1°¢.2

L, /¥ ApK, [LI/K
0.0100 0.383 0.0084
0.0200 0.575 0.0177
0.0300 0.697 0.0274
9.0401 0.794 0.0372
0.0501 0.865 0.0471

© 0.0600 0.900 0.0568
0.0700 0.947 0.0668
6.0800 - . 0.989 0.0767
0.0900 1.020 0.0866
0.1000 1.063 0.0966
9.1100 1.091 0.1065
0.1200 1.106 0.1165
¥s, = 0.00270 K.

b

pKa‘ f 3.431.
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Figure 7. Plot of £q. (37) for the 4-hydroxybenzoic acid: .

a-cyclodextrin system.




e L b D e e e 2 e

4 ¢ § 1 1 ' ' 1

O - O o) o o
-0 O O O O

- N 0 "

T2




81

. their conjugate bdase forms were significantly altered by

_ the presence of cyclodextrin, Fig. 8 shows the spectral

changes of 4-acetylbenzoate anion as a function of ¢yclo-
dextrin concentration in TRIS buffer (pH 9.18) solutions.
The spectral data obtained at 253 nm for d-acetylbenzoate
anion:cyclodextrin system are given in Jable XIV. Fig. ¢
1s the weighted least-squares linear plot of 1/aA vs.

_ IlLt.- The K]1b value calculated from the ratio of inter-
cept/siope 15 60.3 ﬂ'] at 25.0°¢ _

The spectral data obtained at 237 nm and 231 nm for
_4 cyanobenzoate anion: cyc1adextr:n system at 25.0°C are
collected 1n TabTe XV, The linear Benesz Hildebrand
"double reciprocat" plots of 1/aA vs. ith were character-
istic of simple 1:1 complexing. The K]Ib values determined
at 237 nm and 23} nm were 78.12 ﬁ" {std. dev. 3.69 Q“T}
and 80.28 M1 (std. dev. 5.43 M™'), respectively. The
results indicated that the stability constants were
wavelength independent.

The spectrum of 4-nitrobenzoate anion was altered in
the presence of cyclodextrin, as shown in Fig. 10. Over
the range of cyclodextrin concentration studied, an isds~
bestic point is observed at 286 nm and the spectra are
bathochromica!iy shifted. The presence of the isosbestic

point is evidence for 1:1 stoichigmetry.

. The spectral data for 4-nitrobenzoate anion:
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Figure 8, Ultraviolet spectra of 4-acetylbenzoate anfon at

varigus a- cyclodextrin Concentrations; St x

5.62 x 10~ M3 pH = 9.18; qonic Strength = 0.1 .

Cyclodextrin tonrcentrations: 1, ¢.00 M 2,

:
|
!
f.-_J
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© - Table XI¥. Spectral data for 4-acetylbenzoate anion:
a-cyclodextrin system at 25.0 + 0.1°C.%

2

10° L,/ b

¢ ~aA%_
f.201 8.9011
G.346 0.01¢%
0.533 D.027
004 0.640
.023 0.050

.983 0.096

s, * 5.62 x 107% #; pH = 9.18
TRIS byffer,

by « 253 nm; Ry = 0.897.
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Figure 9. Benesi-Hildebrand plot for the 4-acetylbenzoate

anion:a~cyclodextrin system at 25.0°C.  Subw

strate concentration = 5.62 x 1070

¥ in TRIS
{pH 9.18) buffer sclutions. '
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Table X¥. Spectral data for d4-cyanobenzoate arion:

a-cyclodextrin system at 25.0 3;0.1°C.a

107 Ly oA =an
0.112 0.019 - - -
0.343 . 0.050 0.057

~0.532  0.067 0.076
0727 0.088 0.097

©1.003 0.100 ‘ 0.110

3.021 0.167 0.186
. a

%, = 8.43 x 107° My pH = 9.18.
by e 237 amg Ag ='1.460.
Sy = 231 nm; Ag = 1.314,
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Figure 10. Ultraviolet spectra of 4-nitrobenzoate anion at

& various a-cyclodextrin concentrations; 35, ”
' 8.43 x 1075 M; pH = 9.18; ionic strength = '
0.1 M. Cyclodextrin concentrations: 1, |

2

0.00 M; 2, 3.44 x 1073 5 3, 1.00 x 1072 M3

4, 6.3 M.
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. cyclodextrin system studied at 265 nm and 315 am are given
.in Table XVI. The results of KT]b determinations were
85.5 1™} (std. dev. 8.1) at 265 nm and 76.5 U~! (std. dev.
10.4) at 315 nm.

For Case 1V sys;ems, Fig. 11 shows a typical plot of
€ vs. Lt for 4-cyancbenzoic acid. R s estimated from the
extrapolation of the t¥near portion at high ligand concen-
tration. Fig. 12 is the correspending linear plot
according to Eq. (49) for 4-cyancbenzaic acid.
' The stability constants of the ten benzoic acid deriv-
atives are'coIIecteﬁ in Tabie XVII. These systems wére
adequaféiy described by ejither Case_i or Case IV. There-
fore; by definifion KIZb = {0 for all these coﬁp?exes. For
compsunds i-?, the potentiometric datafwere interpreted as
Case 1 systems, Klza = 0. However, the assignment to this
system was tested.by treating it as if 1t were Case IV.
The xIZa values in.TabTe XVII were evaiqated from the ratio
of slepefintercept according te Eq. {49). It is clear that
these values are not significantly differant fram zero.
Compounds 8-10 are Case IV systems and possess significant
Kipa values. The relative standard deviations of Klla.
ranga from 0.6% to 1.3% and of Kiib from 1.4% to 24.3%. The
precision of Case IV systems is poorer, which seems reason-

adle, for these are 3-parameter systems.




Table XVi. Spectral data for 4-nitrobenzoate anion:
a=-cyclodextrin system at 25.0 + 6.1°¢.2
7

107 L. /M :AEE" AAS

G. 344 0.03] ¢.019

0.532 0.047 0.026

0.720 8.060 0.029
. 1.003 0.065 0.040
3,021 0.092 0.074
. 6.984 0.124 0.076

. 106.000 0.138 0.068 -

%5, = 8.43 x 107° M3 pH = 9.18.
b .

| o = 0.738.

Cx = 315 nm; Ag = 0.192.

A o= 268 nm; A
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Figure 11. Plot of £ vs, Lt for 4-cyanobenzoic acid:g-

cyctodextrin system. .







%4

Figure 12. Plot of Eq. (49} for the 4-cyanobenzoie acid:

a-cyclodextrin system.
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7 Table XVII. Stability constants for a-cyclodextrin

- complexes of para-substituted benzoic acids at 25°.

go. o2 b Sha/ o Ky Koo/t
1 © -0.84 NHCH, 1301 (35.9) 6.1 {0.26) -0.010 (0.14)
2 -0.66 NH, 1341 (11.7) 9.0 (0.22) -0.024 (0.10)
3 -0.37 OH 1130 (7.7) 16.6 (0.23) -0.048 {0.063)
4 -0.27 OCHy - 884 (5.1) 3.5 (0.10)  0.0064 {0.067)
5 -0.17 CHy 1091 {7.4) 6.6 (0.14)  0.0026 {0.071)
6 0.00 722 (9.7) 11.2 (0.35) -0.0047 (0.13)
1 +0.06 F 504 {4.4) 14.2 (0.26) 0.020 (0.081) -
B +0.50 CH,CO 889 (45.0) 60.3 (11.7) 28.8 (1.63)
9 +0.66 CN 471 (7.5)  79.2 (4.6) 25.0 (0.47)
10 40,78 N0, 350 (16.2) 81.0 (9.3) 20.2 (1.14)
®4ammett substituent constant. L
"X 1n X-CgH,-CO0K. | .

‘Standard deviation in parentheses.
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. Phenols

| The potentiometric data and the calculated [L] values
for phenol and gggg—substit&ted phenols are collected in
Tables XVIII to XXVI. 4-Hydroxygquinone is rapidly oxidized
in aqueous soTution, so the study of this compound was not
pursuved. AlY of these systems have negative ApKa' values,
indicating that the base forms of phenols complex more
strongly than their conjugate acid forms, according to Eg.
{27). {Note that when apka‘ was negative, £ was less than
unity, we defined €' = 1/C, and the subscripts a and b 1in
all the équations'derived were intefchanged:}

- .The potentiometric data of 4-cyanophenof and 4-nitro;
phéno] were interpreted as Case I systems. Fig. 13 shows
fhe L' wvs, Lg plot for 4-cyanophenol. Fig., 14 is the cor-
~responding linear plot for Case I system. d4-Mathylphenol,

phenol and 4-fluorophenol were described as Case II systems.

The linear plot of €' vs. Lt for 4-methylphenol, as shown
in Fig., 15, is characteristic of Case II. Fig. 16 is the
plot of C' vs. [L]} for 4-methylphenol to obtain K11b' 4~
Methoxyphenal fell in the Case III system. A typical plot
of €' vs. Lt for the Case IIIl system is shown in Fig. 17.
Fig. 18 is the corresponding linear plot. The C' vs. Ly
plots for 4-iodophenal, 4-chlorophenol and 4-bromophenc)
indicated that they were Case IV systems. Fig. 1% is an

exampie plot of €' vs. Lt for 4-chlaorophenol.

¥
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;: Table XVIII. Potentiometric data for 4-methoxyphenol:

a-cyclodextrin system at 25.0 + ©.1°C

Ly/8

L0100
.0302
.0406
.0502
L0601

.0800
L0901
1000
1100

0
0
0
0
o
 0.0700
0
0
0
0
8.1201

D
ﬂpKa

-0.013
~0.046
-0.065
-0.091
~0.111
-0.133
-0.161
-0.177
~0.214
-0.234
-0.265

a

[LI/n

s, = 0.00403 M.
b LI
pk,* = 10.018,

98
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Table XIX. Potentiometric data for 4-methyliphenol;
' a~cyclodextrin system at 25.0 + 0.1°¢.?

Ly/#

0.0100
0.06203
¢.0301
0.0401
0.c0501
0.6600
0.0701
0.0799
g.0900
0.1001
g.1101
0.1200

b
H
Api(a

~0.

-0

069
109
152
191
229
249
293
339
349
356
403
433

{tism

¢
0
0
0
0
0
0
¢
0
¢
0
0

0097
0199
0294
0393
0493
0590
0690
0789
0883
09ss
1088
187

5, = 0.00426 .

Pok,' = 10.075.

95
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Table XX. Potentiometric data for phenol:

a~cyclodextrin system at 25.0 * 0.1°c.?

Ly /% apk P [LI/M
0.0108 -0.047 0.0103
.~ 0.0200 , -0.084 0.0796
0.0300 -0.122 . 0.0295
. 0.0400 -0.150 0.0394
© 0.0503 -0.187 0.0496
~ 0.0802 -0.214 0.0594
0.0701 -0.243 0.0692
| 0.0799 -0.273 0.0790
' 5.0900 -0.293 0.0890
~ 0.1000 -0.324 0.0989
S 0.1101 -0.343 0.1090
. 0.1200 : -0.378 - 0.1189
0.1289 -0.398 0.1288
%5, = 0.00402 M.
b

pKa’ = 9,826.
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Table XXI. Potentiometric data for 4-fluorophensal:

a-cyclodextrin system at 25.0 £ 0.1°¢.2 .
¢
L/ sk, [Li/m ’
0.0090 -0.062 0.0088
0.0212 0,142 0.0207
! 0.0318 -0.192 0.0311
0.0423 -0.186 0.0415
0.0487 -0.233 0.0488
i  0.0597 -0.257 0.0587
" ' 0.0695 -0.296 ' 0.0684
0.0806 ~ -0.318 | 0.0794
8.0877 - -0.379 0.0865
0.1019 -8.415 6.1007
9.1090 “ -0.431 0.1078
0 0.1213

.1226 ' -0.465

*s, = 0.00407 M.
b, « .
pK ‘' = 9.729.




Table XXII.

Potentiometric data for 4-jodaphenol:

a-cyclodextrin system at 25.0 + 0.1°¢.2

Ly/M

oo o o o T - L= B - S = N o Lo ] o

201
0304
0400
0500
0599
6701
0796
4906
0923
112¢
1186
1304

b
+
ApKa

-0.243
-0.258
-0.263
-0.276
-0.290
-0.291
-3.30
-0.308
-0.320
-0.327
-0-.338
-0.346

[LI/n

0
¢
]
¢
0
0
]
6
0
0
0
0

.0161
0263
0358
0458
0556
0658
0753

. 0862
0879
1076
1141
1259

a

Sy = 0.00406 M.
-
pR,* = 9,111,
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" Table xxiiz.

Potentiometric data fop 4-ch7oropheno?

a-Ccyclodextrin systep at 25.0 # 0.10p,2

6.0100
0.0749
. 0.0200
. 0.0300
 0.0401
" 0.0500
. 0.0600
' 0.0700
' 0.0799
0.0900

' 0.1000

b
1
ADKa

e e

-0.190
-0.218
~0.240
-0.267
-0.277
-0.296
-0.307
-0.319
-0.335
~0.344
~0.359

[L1/M

— ——

0.00Nn
G.0171s

=1

L0166
.0262
.0362
- 0460
0559
. 0658
0757
.0857

o o

QQOD_QQ

.095¢

s, = 0.00402 M.

pra‘ = 9,263,

T
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. Table XXIV. Potentiometric data for 4-bromophenol:

a~cyclodextrin system at 25.0 + 6.1°¢.2

by v o
pK,' = 9.222.

L/ spk,'® (LM
~ 0.0104 -0.223 0.0068

0.0205 -0.256 0.0166
' 0.0303 -0.278 0.0262
©0.0401 ~0.298 0.0359
' £.0506 -0.315 0.0463

0.0612 -0.329 0.0568
- 0.0715 -0.357 0.0670
- 0.0798 -0.361 6.0753
- 0.0%03 -0.381 0.0858
- 0.1007 -0.396 0.0955
- 6.1103 -0.410 0.1056

0.1192 -0.424 0.1145
%, = 0.00404 M.

104
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. Table XXv. Potentiometric data for 4-cyanophenol:

a-cycladextrin system at 25.0 + 0.1°C.

Lo/H | apk,'® [Lism
0.007% -0.383 0.0051
0.0101 : -0.431 0.0073
0.0152 ' ~0.493 0.0120
0.0200 -0.517 0.0167
0.0249 ~0.541 0.0214
0.0300 -0.554  0.0265
0.0399 +0.568 0.0363
0.0500 -~ _g.s7g 0.0464
0.0600 ~0.586 0.0562

= ast = 0.0040) M.
b LI
PK,' = 7.814,




" Table XXVI. Potentiometric data for d=-nitrophenol:

a-cyclodextrin system at 25.0 *+ 0.1°¢.2

0.0120
0.0150
0.0251
0.0301
0.0400
8.0500
¢.0600
8.0700

b
Apxa'

={.

-G
-0
-0

844
876
929
941
851
962
960
964

[L1/m

.

0
0
0
0
0
g
0
¢

0087
01is
0214
0264
G363
0462
562
0662

s, = 0.00399 ¥.
PK,' = 7.004.

106
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Figure 13. Plot of C' vs. L, for the 4-cyanophenalia-

cyclodextrin system.
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'J‘j Figure 14. Plot of Eq. (37), with subscripts a and b T

interchanged, for the 4-cyanophenol:o-

cyclodextrin system.
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' cyclodextrin system.

Figure 18, Plot of C' vs. Lt for the Q-methylphenol:a?;_i"
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Figure T6., Plot of C' vs. [L] for the 4-methy1pheno1:u--'

cyctodextrin system.
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Figure 17. Plot of C' vs. Ly for the 4-methoxyphenol:a~’

cyclodextrin system.
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Figure 18. Plot of Eq. (42}, with subscripts a and b ”,33“'
interchanged, for 4-methoxypheno}:a»'

cyclodextrin system.
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Figure 19. Plot of ¢' vs. L, for 4-chlorophenot:a-

cyctodextrin system.
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For Case IV systems, an independent study to determine

' K!]a was carried out as suggested previocusly. The UV

. spectra of these three subsitrates were not significantly

altered by the presence of a-cyclodextrin. The MO competi-
tive spectrophotometry was used as the independent experi-
mental approach. Accerding to Eq. (§9), the absorbance
change of MO can be followed either at constant St with
varyiﬁg Lt or at constant Lt with varying St. For experi-
mental convenience, the studies were carr{ed out at cone
stant L£ with Qarying St. Table XXVII gives the spectral
:data of 4-iodophenol:methyl orangera-cyclodextrin system at
508 nm. ﬁ was calcylated according to Eq. {74) and P from
Eq. {67) as defined, where AZL = 0.015, AI = 0.807, It'=
1.67 x 1077 # and Kyyq was 672.9 ﬁf1. L, was kept con-
stant at 2.0 x 107° M. Fig. 20 is the linear plot
according to Eq. (69) for 4-chlorophenol. The spectral
data for 4~chlorophenoi and 4-bromophenol are cellected in
Tables XAVIII and XXIX, respectively. Fig. 21 is the
linear h]at for 4-chlorophenol to determine K11b and K128
after KT1§ was measured.

4.%itrophenoi, a simple Case [ system, was also
studied by this competitive spectrophotometric method, so
that the Kyy, determined could be compared with those from
other techniques. The spectral data are shown in Table XXX,

and the corresponding limear plot is in Fig. 22.

s S ——



Table XXVII. Spectral data for 4-iodophenol:methy)

grange:a-cyclodextrin system at 25.0 % 0.1°¢.2

3! St/ﬁ

: a° R A
3.50 0.647 3.95 2.16
3.00 6.619 3,22 1.95
2.50 0.584 2.55 1.77
2.00 0.544 2.0t 1.59

a -5

. b

Ly = 2.0 x 1073 w5 1, =

A = 508 nm.

t

1.67 x 10

.
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.';; Table XXVIII. Spectral data for 4-chiorophenol:methyl

03 sm

EEEY

orange:a-cyclodextrin system at 25.0 * g.1°¢.2

A R 2P

2.00 0.419 1.04 3.55

2.00 0.419 1.04 3.55

- 4.00 0.472 1.36 4.43

5.00 0.494 1.53 4.90

6.00 0.516 1.72 5.30

-~ 8.00 0.546 2.04 6.32

8.00 0.550 2.08 6.25

.07 0.595 2.72 7.59
L, = 2.00 x 1072 M3 T, = 1.67 x 1075 n.

b

A = 508 nm.

t
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Table AXIX. Spectral data for 4-bromophenc? :methyl

" grange:a~cyclodextrin system at 25.0 + g.1°¢.?

103 s Wb e sy
2,00 0.469 1.33 2.28
R 0.520 1.76 2.62
401 0.558 2.18 3.05
L5 0.590 2.62 3.50
%, = 2,00 x 1073 M3 1. = 1.67 x 1070 M
b

A = 508 nm.
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Figure 20. Plot of Eq. (6%) for 4-ch¥oropheno]:methyi.i'f

orangeiac-cyclodextrin system.

R R R
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Figure 21,

Plot of Eg.

interchanged, for 4-chlorophenol 1a-

cyclodextrin system.

(49), with subscripts 2and b

P
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Table XXX. Spectral data of p-nitrophenol:methyl
orange:a-cyclodextrin system at 25.0 # 0.1°¢.2

3
10 St Ab : R St/P

.414 1.01 3.74
485 1.46 §.05

1.98 ¢

4.94 9

7.9% 0.539 1.96 6.39
0.581 2.5 7.74
6.609 3.00 9.20

10.87
13.83

=

A = 508 nm

—
]
—
o
~d
>
—
<
L
=5
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Figure 22. Plot of £q. {69) for d-nitrophenol:methyl ;flr

arange:ae-cyclodextrin system.
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The compound could also be studied by direct UV-speetro-
photometric method using the Benesi-Hildebrand double
reciprocal plot. The spectral data are shown in Table
XXXI, where [L] was calculated according to Eq. {B-13) in
Appendix B,
The stabi]ity constants for the nine phenolic deriva-
. tives are summarized in Table XXXII. For all these
systems, KIZa = 0 since they could be described by the four
cases adequately,
- Again, the assignment to Case I systems of compounds
18 and 19 was tested by treating them as if they were Case
1Y systems K}zb vaTues in Table XXXII ware ca]cu?ated
according to £q. {45). The Assignment to Case I! of com-
pounds 12, 13 and 14 was tested by treating them as if they

were Lase [I] systems. Ktab values were obtained from Ea.

{42). sStudent's t-test at 95% confidence level was carried

out to test the significance of KTZb values., It is clear

that K!Zb values for Case IV systems (compounds 15-17) and

for Case Il1 system {compound 11) are finite. The K!Zbls
for Case I and Il systems are not significantly different
frem zero except for compound 13 (phenol}. However, the
correlation coefficient (Rz} of Tinear least squares
regression for phenol data was 99.7% for the Case I1
assignment, but 30.6% for Case II! assignment. This ipdi-

cates that the potentiometric data for phenol are more
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Table XXXI. Spectral data of P-nitrophenci:

a-cyclodextrin system at 25.0 * 0.1°¢.2

10% L /n " 0% LI/
0.443 0.027 6.425
6.707 0.042 0.680
1.033 0.053 1.001
1.768 0.080 1.712
3.409 6.122 3.326
5.482 0.157 5.378

11.18 - 0.204 11.03
20,22 . o.235 ~ 20.07

s, = 1.789 x 1074 y.
by 2 317 nm; A, = 1.731,
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Stabiltity constants for a-cyciodextrin

37”'complexes of para-substituted phenois at 25.0 + 0.1°C,

R

X K/ Kan/d K1a/8"
OCH, 2.7 (0.10) 13.3 (0.68) 0

CHy 13.9 {0.34)  -5.083(0.36) 0

H 10.9 {0.19} 0.46 {0+21) 0

coo“c - . 16.6 {0.23)
F 15.6 (0.70) ~1.06 {0.95) 0

1 3955.0 (26.3) 2.4 (0.09) 2315.8 {65.5)
€ 487.9 (1.6) 3.1 {0.06) .271.7 {9.9)
Br 12210 (7.8) 4.7 (0.09) 7037 (31.8)
CooH® - . 1130.3 (7.7)
N - 661.5 {9.0) 0.093 (0.083) 158.3 (2.7)
NO,, 2408.0 (87.6) ~0.14 {0.16) 245.3 (10.2)

249.0% (4.8)

248.2° (9.0)

a
X An X-CoH,-OH.

bStandard deviation in parentheses.

Data from Table XVII.

d{}btained from M0 competitive spectrophotometry.

euv-spectrophotometric method,
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appropriately interpreted as a Case Il system.

- According to Eq. (38) for Case Ii'system and Eq. (69),
in the methyl orange competitive spectrophotometric method,
“the linear plots to determine stability constants shouild
result in an intercept of 1. Table XXXIII 1ists the inter-
cepts obtained from ieast sqﬁares linear regression fol-
iowing £qs. {38) and (69) for compounds 12, 13 and 14, and
for compounds 15, 16 and 17. Student's t-values, as shown
in Table XXXIII, indicate that the intercepts are not sig-
nificantly different from unity at 95% confidence level.

- The relative standard deviations in Kyqp determination

_ ranged from 0.3% to 4.5% and Kypa From 0.7% to 4.2%.

. Anitines

Aniline and four para-substituted aniline derivatives
were studied potenticemetrically. The conjugate acid of B-
pheny]e;ediamine has PRy ® 6,16 and pKyp = 2.89 (140}, so
that the measurement of the first pKa' for one amine group
teaves the othey amine group in its base form. The poten-
tiometric data and calculated [L] are shown in Tables XXXIV
to XXXVIII. It was found that all the apxa' values were
negative and relatively small.

4-Chlercaniline was described by the Case I system.

Fig. 23 shows the plet of C' vs. Lt’ and Fig. 24 is the

corresponding linear plot for this compound at 25°,

B
B
LI
[
B
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" Table XXXIII. Student's t-test for the significance of | :
f_:intercept = 1 in least squares regression of some phenois. é IE
ii_E Intercept’ t& t?n«Z, d.025} é
€H3 ' 1.009 {0.024) 0.37% 2.228 ?
o 0.972 (0.015) 1.898 2.201
P 0.981 (0.051) 0.369 2.228
I 1.014 {0.023; G.583 4,303 ?
¢l 1.050 {0.157) G.318 2.447
Br - 0.979 (0.086) 0.249 4.303

Ay . |
X in X-CGH4-0H.

b?irst three intercepts obtained from £g. {
~Last three intercepts obtained from Egq. (6
Standard deviation in parentheses.

N intercept - 3
standard deviation of intercept

Student's t-values at n-2 degrees of freedom, 95%
confidence interval.

38)}.
3

c
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Table XXXIV. Potentiometric data for p-phenylenediamine:

a-cyclodextrin System at 25.0 + 0.1°¢.2

L/

.G30
0400
0500
600

ogo2
250
1607
1100

0
0
0
g
0.0701%
¢
0
0
0
0.1201

Ap

b
Ka

-0.
-G.

-0
-0
-0

025
027
041
042
058
069
073
078
092
098

f[Li/y

0
0
0
0
0
0
0
0
0
0

.0299
6358
0498
0598
698
0799
0897
0997
109§
1197

¥s, = 0.00401 M.
1 =
pK,' = 6.236.




 _Ta

0

0

0

0
.-_0

o

B

0

0

0

0

hle XXXV. Potentiometric data for 4-anisidine:
- e-cyclodextrin system at 25.0 + 0.1°€.3
L/H spx,*® [LI/m
L0101 -0.029 0.0100
. 6201 -0.057 0.0138
.0300 -0.085 0.0297
. 0402 -0.104 0.0398
.0501 ~0.132 0.0496
0602 -0.150 0.0596
.6700 ~D.165 0.0694
. 0809 -0.181 0.0793
. 0900 -0.214 0.0893
.1000 ~0.224 0.0992
.1100 -0.240 0.1091
" ¥s, = 0.00405 K.
Pok,' = 5.368.
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 Table XXXVI. Potentiometric data for 4-totuidine:

e-cyclodextrin system at 25.p + D,1°¢,®

Lt
© 0.0100
0.0201
0.0300
0.0401
0.0502
0.0601
0.9701
" 0.0800
0.0901
0.1000
0.1100
0.1200

b
1
ApKa

-0.059
-0.103
-0.1358
-0.166
-0.184

-0.208

-,225
~0.245
-0.262
-0.279
-0.293
-0.300

e 2 o 6 oo e o

[LJ/H.

———————

¢.
0.

0
0.

8038
0181

0276

373

L0472
-0568
.0667
.0764_
.0863
.0962
-1060
1760

ast = 0.00403 M.
by o .
PK, 5.11s,
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Tabie XXXVII.

Ly/¥

L0100
.0200
L0301
.0401
L0501
. 0600
.0701
.0799
.0900
.1002
1161
.1201
.1301

o o o O O O o o Q O [ N = B = |

Potentiometric data for aniline:

b
1
apK,

-0.041
-G.07%
-G.108
~G.126
-0.168
-0.392
-6.215
-0.235

~(.258

-0.276
-0.294
-0.316
-0.335

a=cyclodextrin system at 25.0 + O.l“C.a

{L1/M

.0098
.0197
.0297
.0396
. 0495
.0593
.0693
L0791
.0891
.0992
1691
1197
1299

G O O o O o O o o o o o o

s, = 0.00405 K.
B TV
pK, ' = 4.646.
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. Table XXXVIIL. Potentiometric data for 4-chloroaniline:

a-cyclodextrin system at 25.0 + o.1°c.®

Ly/M

0
0

.

.0154
.0201
0300
L8401
.0501
.0600

0
0
0
- 0.0704
o
0
H
¢
0

0800
.0902
.1002
1100
L1201

b
t
apKa

-0,
-0,
.432

299
387

.458
.475
.494
T
. 496
515
.518
.536
536

[L/u

0
8
H
0
9
]
0.
0
G
a
0
g

.0083

L0174

0270
L0368

.0467

L0565
0669
.0785
.086¢6
.0966

.1062
.1163

13

S = 0.00403 M.
pK,' = 4.082,




Figure 23 Plot of C' vs Lt for the 4-chloroaniline:ge

cyclodextrin systenm.
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Figure 24. Plot of Eq. (37), with subscripts a and b inter-
. changed, for 4-chlorcanitine:a-cyclodextrin -

system.
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Aniline, 4-anisidine and the symmetric compound, para-
‘phenylienediamine, followed Case II systems. Fig. 25 is an
example plot of L' vs. Lt for aniiine in Case II system.
_The 1inear plot of C' vs. [L] is shown in Fig. 26. The
potentiometric data of 4-toluidine was interpreted as Case
i¥. Fig. 27 is the diagnostic plat of ¢ vs. Lt for this
system. KI]a was determined by the M0 competitive spectro-
Photometric method, since the ultraviolet spectrum of the
_substréte was not significantly altered by the presence of
cyclodextrin in solution. The weak compiex reguired higher
concentration of substrate to displace methyl orange from
cyclodextrin binding site. Alternatively, the concentra-
tion. of cyclodextrin was reduced, wﬁile the substrate con- B
centration was relatively high enough to compete with MO
for binding sites. The spectral data for this &-toluyidine:
#0:a-cyclodextrin competitive system studied at two concen-
tration levels of cyclodextrin are shown in Table XXXIX. R
and P were calculated according to Eg. (74) and as defined
in Eq. {67}, respectiveily, using Apg = 0.015, A

and Kyqp = 672.9 ﬂ'1. The potentiometric data then were

p = 0.807

analyzed écccrding to £Eq. {49}. The linear plot for this =
Case IV system is shown in Fig. 28.

For d4-nitrcaniline and 4-gcyancaniline, the pKa‘s of

their conjugate acid forms are 1,00 (141) and 1.74 {142),

respectively. These are too low to be studied
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Figure 25. Plot of £' vs, Lt for aniline:a-cyclodextrin

system.
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Figure 26,

Plot of ¢

system.

vs. (L] for aniline:a-cyclodextrin
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Lt for 4-toluidine:q-

¥s.

Plot of ¢

Figure 27,

cyclodextrin system.
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 f'Tab!e XXXIX. Spectral data for 4-toluidine:methyl orange:

a~cycliodextrin system at 25.0 + 0.1°c.?

102

_ Sy /M 4b . $,/°
Ly = 1.00 x 1073 ¢
| 0.90 0.542 1.98  36.39
1.20 0.556 2.15 39.15
1.50 0.567 2.29  42.9]
1.80 0.578 2.48 46.17
2.10 0.587  2.58  49.65
L, = 2.00 x 1073 1 _
1.0 0.413  1.02  18.82
1.30 0.424 1.08  21.29
1.50 0.432 1.12 22.54
1.80 0.445 1.20  23.94
2.00 6.455 1.26 24,61

[, = 1.67 x 1075 n.

%, = 508 nm.
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Figure 28. Plot of Eq. (49), with subscripts a and b .

interchanged, for the 4-toluidine:a-  jf¢ .

cyclodextrin system.




155

[L1/(M)




156

potentiometrically. However, the complexation with cyclo-
dextrin couid be observed by ultraviolet spactrophatometry.
The spectrum of 4-nitroaniline was bathochromically shifted
with an increase in lmax upon complexation. An iscshestic
point observed at 382 nm, as shown in Fig. 2%, 15 evidence
for simple 1:1 compiex formatian. Fig., 30 1s the Benesi-
Hildebrand plot of 1/8A vs. 1/Lt at 410 nm,_K?]b determined
was 638,2 g“]‘(std. dev. 34.4 ﬂ"‘}. Spectral readings were
also taken at 350 nm and the resuiting Kiyp Was 631.6 ﬂ']
{std. dev. 34.5 ﬂ”‘}, which was in excellent agreement with
that determined at different wavelength.

_ Similarly, the spectral changes of 4-cyancaniline were
fn]]owed as a function of cyclodextrin concentration. An
isosbestic point at 274 nm was characteristic for 1:1 complex
formation, The spectral data for this system are recorded in Table XL.
_ The stability constants for the aniline derivatives are
collected in Table XLI. The assfgnment to Case I and Case
il sjstems were tested as described previously. Statisti-
cal analysis of K¥2b values indicated that for 4-toluidine,
assigned to Case IV, K]Zb was significant by definition;
for other compounds, the K]Zb values were not significant
within 95% confidence Timits. The intercepts obtained from
Case II system and M0 spectrophotometric method were also
anatyzed as shown in Tabie XLII. At 95% confidence level,

the intercepts were not different from unity. Therefore,




Figure 29.

Ultraviolet spectra of 4-nitroaniline at L

various cyclodextrin concentrations; St L.

7.1 x 1078 w1y ph s 9.18; fonic strength =
¢.1 M. Cyc!odektrin concentrations: 1,  ”
0.00 M; 2, 3.39 x 10°% u; 3, 5.68 x 10-3 M
4, 1.67 x 1072 g -
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Figure 30." Benesi-Hildebrand plot for the 4-nitroaniline:

s-cyclodextrin system at 25.0°C. St = 7.171 %
1075 u, » = 410 nm. | |
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Table XL. Spectral data for 4-cyancaniline:

- a-cyclodextrin system at 25.0 + 0.1°c.?

3.348 ~0.144

0% /M b
0.333 -0.091 .
9.422 -0.103 X
0.556 -0.115 3
0.869 -0.121 g
1.67] -0.139 é}
f

s, ¢ 3.17 x 107% M; pH = 9.78.
. |

A= 260 nm; AO = §,5837.
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Table XL1. Stab1lity constants fop 4- ¢yctodextrin
complexes of Para-substityted antiines at 25.¢ + 0. !°C

M. X2 K1p/8" Kr2e/8" 1za/"~]
- 20 NH, 2.3 {0.10) 2.11 (1.02) 0
21 och, 8:7.(0.14)  -0.49 (0.31)
22 oy 57.6 (0.34) 3-91 (0.09) " 37.1 (1.05)
.23 g -8 (0.72)  -0.39 (p.309)
2 cooC o %0 (0.22) . ' -
ETE 2505 (10.0)  0.12 (0.15) gg.¢ (3.32)
2 COOK® 1340.7 (17,3 - .
25 ey 851.2 (33.7) -
%6 N0, - 63409 34,4y . .

a

X din X- CGH4 2.

bStandard deviation in Parentheses,
ﬂata from Tabie XVEIT.

ﬂverage of two determinates at different wavelengths,
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-~ Table XLII. Student's t-test for the significance of

”f'intercept = 1 in least square regression of some anilines.

No. x2  _InterceptP t© t{n-2, 0.025)
20 K, 0.983 (0.008)  2.13 2.306
©21 oCH,  1.009 (0.010)  0.907 2.262
22 oy 1.458 (0.908)  0.506 2.306
23 K 1.019 (0.008) - 2.256 2.262

a
X in X-CGH4-NH2.

 brpe intercepts of compounds 2¢, 21, and 23 obtained from
(38). The intercept of compound 22 obtained from

(6%). Standard deviation in parentheses

. Cy " intercept - 1

* Standard deviation of intercept
dStudeat s t-values at n-2 degrees of freedom, 95%

~eenfidence timit.

i, |
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" it was concluded that the potentiometric data of these
aniline derivatives were adequately assigned to individual

special cases. For atl these systems, K = 0.

T12a
\ The relative standard deviation of Kiib ranged from
0. 5‘ to 7.5% and of Kl!a from 2.8% to 4.8%. The precision
was poorer as compared with those of benzoic acids and
phenols. This probably was a result of.weak complexation,
The relatively smailer apKa‘ values induced a larger error

in estimation of the stability constants.

E. Benzylamine, Phenethylamine and Heterocyclic Amines

- 'The amino compounds tisted in Table LI were studied
potentiometrically by Wong (115), ﬁho anaiyzed the data by
a curve~fitting method. However, the stability coastants
reported were anomalously high. 1In this work, Wong's data
were re-analyzed using the graphical techniques developed
In this thesis. The potentiometric data and calculated [L]
vatues are collected in Tables XLIII to L. Similar to the
pkeneis and anilines, the apK_ ' values were negative, indi-
cating the base forms form complexes more strongly than
their conjugate acid forms

The complexation of these compounds was simply ‘
described by Case I, II or III system Fig. 31 is a plot

of C' vs. L, for compound 3! {4-nitroimidazole), a Case 1

system. Fig. 32 is the corresponding linear plot according




Tabie XLIII. Potentiometric data for benzylamine:

a~cyclodextrin system at 25.0 + 0.1°¢.2

Ly /Y apx,? [L1/#
0.0299 -0.193 6.0291
0.0396 -0.248 0.0386
0.0516 ' -0.312 0.0504
0.0591 -0.349 0.0578

 0.0708 -0.406 0.0693
- 0.0829 -8.461 0.0813
0.0904 | -0.487 0.0887
0.0980 5 ~0.522 0.0962
0.1049 -0.559 0.1030
0.1102 -0.561 0.1084
6.1257 -0.619 0.1237

%5, = 0.00392 M.

b,
- 7K, 9.466.
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TabTe XLIV. Potentiometric data for phenethylamine:

a~cyclodextrin system at 25.0 + 0.1°¢.2

Ly/M

.0049
.0086
.0zo7
.0303
0398
.0499
.9604
.B?O?
.0759
.0898
. 1004
.1100
.1205

o o o 0 o0 8 0 O O O o o o

EPK 1
a

.067
114
.205
256
322
L3758
418
.465
501
.528
.565
.592
625

© O O O 0 6 O 6 O 6 o o o

[Li/n

.0047
. 0083
.azo0
-0294
.0388
.0488
.D592
-068%
0786
.0884
. 0980
. 1085
.1180

a

Sg ®
bok.' = 5.899
pa - "

= 0.004G5 M.
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Table Xiv. Potentiometr‘i.c data for imidazole:
a-cyclodextrin system at 25.0 + 8.7°¢.®

L /M spk, P Y
0.0049 : -0.030 0.0047
0.0099 ~0.054 0.0096
0.0199 ) -0.110 0.0194
0.0307 -0.167 0.0300
0.0398 ' ©-0.214 0.03%0
0.0567 . -0.257 0.0497
0.0604 -0.294 0.0594
0.0697 . . _p.325 0.0686
0.0810 -0.369 0.0798

© 0.0923 ~0.388 0.0910
0.1023 -0.416 0.1010
S, = 0.00429.

pl(a 7.112.
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';_- Table XLVI. Potentiometric data for N-methylimidazole:

s-cyclodextrin system at 25.0 + ¢.1°C.2

Lo/

0.00581
.0103
.0208
-0308
L0407 -
. 0606
.0500
L0704 7
.0815
-09060
0999

T O O 60 v o0 0 o o o

b
apK,

-0.
wf.
-0.
..0_
178
.251
.216
.281
.317
.335
.363

025
048
100
136

L

0
6
0
0
0
0.
6
]
0
0
0

.0050
0100
L0203
.0299
.03%9
0596
049

0693

L0804
.0888
.0987

%5, = 0.00429 M.

b, L
pK,' = 7.327.
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" Table XLVII. Potentiometric data for 4-nitroimidazole:

a-cyclodextrin system at 25.0 + g.1°¢.2

Ly/M

0
o
]

o O o0 O O O

.0204
.0308
.0397
.0499
.0553
.0713
.0798
.0903
.1003

b
1
ApKa.

.281
. 345
402
.451
.488
.541
.569.
.59%
630

[Lirn

.0194
0295
.0383
.0483
0538
.0695
0779

e SR = T o S = R = T o T = T o T v

-0883

s, = 0.00362 M.
b, v .
pl(a 9.239.

.0B84 -




0.0099
0.0208
¢.040]
0.0502
0.0604

~ 0.0699
 0.0800
0.0900
0.0997
0.1210

Wb
ApKa

-0.275
-0.487
-0.796
-0.959
~1.063
-1.186
-1.250
-1.329
=1.401
-1.520

a-cycladextrin system at 25.0 + 0.19¢.2

Table XLVIII. Potentiometric data for t-butylpyridine:

[LI/M

€¢.0088
0.0191
0.0376
0.0474
0.
0
0
g
0
0

0574

-0667
.G?Sé
.0867
.0863
-1175

s, = 0.00421 M.
pra' = 6.251.

17¢




Table XLIX. Potentiometric data for gquinoline:

a~cyclodextrin system at 25.0 +0.1°c.2

L/M apk,t? [LI/M
0.0049 -0.090 0.0047
0.0098 -0.101 0.0094
0.0207 -0.194 6.0200
0.0302 -0.236 0.0292

-~ 0.0403 -0.326 0.0392
" 0.0494 -0.359 0.0482
0.0603 -0.412 0.0590
0.0697  -0.458 0.0683
0.0803 -0.523 0.0789
0.0895 -0.539 0.0880
0.1009 -0.571 0.0993
0.1203 -0.655 0.1188

35, = 0.00408 K.

®pk, = 4.982.
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' Table L. Potentiometric data for isequingline:

a-cyclodextrin system at 25.0 + 0.1°¢,®

Ly /M o apk? Lvm

e ———— —————

0.0725 ~0.117 0.0120

© 0.0236 ~0.218 ~ 0.0226
 0.0314 -0.282 0.0302
:'1'0.0405 -0.332 0.0392
- 0.0494 . -0.423 0.0477
. 0.0873 -0.506 0.0594
Ceomis -0.579 0.0692
0
0
0
0

L 0.0773 ' -0.628 .6750
7 0.0910 . -0.705 0885
0.1009 -0.736 .0984
0.1226 -0.854 L1199

s, = 0.00407 .
bok.* = 5.480,

a




173

Figure 317.

t
cyclodextrin system,

Plot of L' vs. L, for 4—n1tr01midazd1e:a-"
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Figure 32. Plot of Eq. (37), with subscripts 3 and b

interchanged, for 4-nitroimidazole:a- R

cyclodextrin system.
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" to Eq. (37). .Compounds 28-30 and 33 were Case Il systems.
Fig, 33 is a plat of C' vs. Lt for compound 29 {imidazoie).
" The linear plot of C* vs. [L] is shown in Fig. 34. The
potentiometric data of compounds 27, 32, and 34 were inter-
preted as Case III systems, Fig. 35 is the diagnostic piot
of ¢' vs. L, for compound 34 (isoguinoline), a Case III
system.. The Tinear plot to obtain stability constants is
shown in Fig. 36.
) Table LI.lists the stability constants for these amine
substrates. K123 = 0 for all the systems, The assignments
to Case I and II_sysfems were tested as described in the
precedihg sections. It is obvious that the K]Zb vatues for
compounds 28, 29, 31 and 33 are not significant. Fay com-
pounds 27, 32 and 34, the K}Zb’s are finite, yhich is
reasonable by definition of Case III systems. Compound 30
seems to have a significant KIZb at the 95% confidence
jeve}. However, the correlation coefficients (Rz} are 100%
when it was treated as a Case II system and 0.3% as a Case
111 system. Therefore, the Case Il system provides a
hetter description of this system.

The significance of the intercepts in Eq. {38) for
Case I] systems was analyzed as shown in Table LII. Though
the intercepts of compounds 28 and 30 were statistically
differant from unfity, the same conclusion was drawn as

described previously on the basis of the correlation coefficients.

-
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Figure 33. Plot of C' vs. Lt for imidazole:e~cyclodextrin

system.
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Figure 34. Plot of Eq. (38), with sabsmﬁpt:JQ_and b inter-

changed, for imidazole:c-cyclodextrin system.
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Figure 35.  Plot of ¢' vs. L, for jsoquinolinera- =

cyclodextrin system.
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Figure 36. Plot of £q. (42), with subscripts a and b

interchanged, for isogquinoline:a-cyclodextrin -

system.
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- Table LI. Stability constants for a-cyclodextrin complexes

of some amines at 25.0 + 0.1°C. o

_ 25 tandard deviation in parentheses,

Amine K?]blﬂf} I(?Zb‘/ﬁ-ﬂ! K?Ta/-l\g4 E
27 Benzylamine 17.8 (0.35)  4.01 (0.26) 0 §
28 Phenethylamine 26.4 (0.17)  -0.44 (0.16) 0 '
29 Imidazole 16.3 (0.23}  0.05 (0.37) 0
30 N-Methylimidazole 13.4 (0.09)  0.81 (0.23) 6
31 4-Kitroimidazole  49.8 (0.81) -0.00064 (0.16) 3.98 {0.25) '
32 8-t-Butylpyridine 84.7 (5.98) 20.13 {1.75) 0
33 Quinoline 2.6 (0.73)  0.63 (0.48) 0
3 Isoquinoline 22.7 (0.95)  10.76 {0.76) 0

g
£
tf
i




Table LII.

intercept = 1 in Case I! amines.

187

Student's t-test for the significance of

Amine Intercept? £b t?n-a, £.025)
Phenethylamine 1.06 {0.012) 5.4317 2.201
Imidazole 0.99 (0.013) 0.80 2.262

_N-Methylimidazole 0.98 (0.005) 3.278 2.262
Quinoline 0.97 {0.048) 0.532 2.228

dstandard deviation in parentheses.

t =

intercept - 1

standard deviation of intercept

Cstudent's t- values at n-2 degrees of freedom, 95%
conffdence level,




VI. DISCUSSION

A. Evaluation of the Potentiometric Method
 For complexing systems in which the full 4-parameter

Eq. (32) is not required, this potentiometric method with

graphical treatment of data is simple, rapid and effective.

Because of the Tinear graphing forms, the usual Teast-
squares statistical treatment is appropriate: the error in
the abscissa is much sma]lér than that in the ordinate, as
is required by the conventional treatment. The greaﬁ
sensitivity of the quantity (C - })/[L] at low [L] values
made it necesséry to reject some data points at very low
[LI in the plots according teo Eqs. (37)., {42) ard (49).
The data reported in this thesis were obtained at e~cyclo-
dextrin concentrations varying from 0.0} M to 0.13 M,
except for some Case I systems whose K1?a and Kle were
relatively targe sop that,laccording to £q. (35}, the pH
changes were not sensitive to high ligand concentration.
These systems were 4-cyanophenol and 4-nitrophenol, for
which systems the Tinear form, Eq. {37), applied up to a
toncentration of 0.07 M.

The assumption that activity coefficients are constant
as Lt changes is fundamental! to the interpretation of

potentiometric data in terms of 71:1 and 1:2 complex forma-

tion., It is conceivable that the ehservation of finite 1:2
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: stability constants represents a measurement of changing
activity coefficients rather than actual 1:2 complexation.
Gelb et al. {79) described evidence that jonic activity

' coefficients are not changed as a consequence of changes 1in
cyclodextrin concentration, That Kyzs values for severad
acids, and KIZb for some phenols and amines, were found to
- be negixgab?e suggests further that activity coefficient
changes are not responsible for the observed 1:2 stability
constants, Neverthéless the role of cyclodextrin in modi-
fying the properties of the solvent cannot be overlooked as
_a.possible-compiicating factor in such studies.

'_ A preliminary study showed that there was no counter-
ion effect Either sodium gr potassium ion present in the
selutions gave identical PH charges under the experimental
tondition. However, the role of fonic strength rémaiﬁs to
be studied. '

~ Several prior studies of the benzoie acid:a~cyclodex~
trin and 4-nitropheno}:q- cyclodextrin systems have been
described in the literature. Tables LIIT and LIV 14st
thesa chronologicalfy. The earliest benzoic acid potentio-
metric result (78) obtained by curve-fitting is now
rejected. It is evident that the method developed in this
thesis is capable of generafing stability constants that

ire consistent with those obtained by other techniques and

in other laborataories. Wong (118) reported that the
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Tabte LIIT. Comparison of stability constants for the

benzaic acid:a~cyclodextrin system,?

. Method | K‘Ha/{:’_ K/ Ref.

~ Competitive spectrophotometry 1050 - 76
Kinetics - iz2.3 7
Thermometry 1000 - 116
Potentiometry 1400 38 78

~ Proton NMR _ 233; 800 9.3 143
Potentiometry 751 t0.5 79
Solubitity - 500 - 13
W épectrophotametry ‘ 660 -~ 1
Competitive spectrophatometry | - i3 77
Competitiyva spectrophotometry 810 - ‘This work
Potentiometry 722 1.2 This work

%t 25°C; fonic strengths difrer,
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" Table LIV. Comparisen of stability constants for the

4-nitrophencl:a-cyclodextrin system.a

Method /K Ref,

~ Competitive spectrophotometry 2230 290 64

. Thermometry . -- 126 118
Potentiometry - 2200 200 78
UV spectrophotometry 2512 190 95

- Polarography 2439 - Y
Potentiometry _ 2143 211 75
UV spectrophotometry 2720 - 250 19

" Potentfometry : 2382 270 115
Potentiometry 2408 245 This work
W spectrophotometry - 249 This work
Competitive spectrophotometry e 249 This work
aAt 25°C; ionic strengths differ.
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- curve-fitting method was successful only when applied to
.pheno}s, when a convergence t0 a unique set of results
sccurred, His results are compared with those obtained in
this work, as shown in Table LV; gaod agreement between the
two methods is observed except for 4-iodophencl.

| An advantage of this potentiometric method is that it
'yfelds information about the complexing of both the conju-
gate acid and base forms of the substrate stmultaneously.

A limitatfion is that it can serve as an independent method
only wher the system incliudes two (or fewer) complex equi- i
tibria, that is, when the equation has two (or fewer)
parameters. For the 3~parameterZCase IV system, it was

Judged necessary to make use of a separate experimental

determination of one of the parameters. This combination
of several techniques is essential if the equation has 4
parameters, as in the cinnamic acid system {111).

" A relatively high concentration of substrate was
required to achieve adequate buffer capacity in the poten- b-
tiometric measurement. This condition excluded a number of
re]ativély inseluble compounds which might complex exten- E
sively with cyc?sdéxtrins. |

The potentiometric method developed in this work is a
powerful tool in studying complexation of ionizable sub-

strates. The method cam further be extended to study non-

ionizable substrates. A competitive potentiometric method,
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Table LV. Comparison of stability constants for the

para-substituted phenols:awcyclodextrin system.?

Xb K

X2 ila K 2a %11b Xi2b
I 2316 0 : 3955 2
(1157) {0) {1987} (2}
€1 272 0 488 3
| (277) {0) (501) o (8)
Br 704 0 1221 5
(752) (9) {1301) {(5)
N 158 0 - 662 0
- (158) (0) (651) (0)
CoNo, 245 - 0 . 2408 0
o (270) {0) o (2382) {2)

', 2The humbers in the parentheses are from Ref. {115},
The data were obtained by a curve-fitting method,

while the numbers not in the parentheses are from
- Table X¥XII. .

b

X in X~CGH4-0H.

S s e D e WP Rk T

i rsrera )




._ censtants for the binding site gn cyclodextrin molecule, jg

describedijn Appendix (. The method seems worthy of

further investigation.

B. Evaluation of Methyl Orange Competitive

§pectrophotometric Method

The Klla determined by methy1l grange (M0) competitive
spectrophotometry for the 4~nitropheno1:a-cyc]odextrin
System, as shawn ip Table L1v, is in excellent agreement
with values obtained by other techniques. Therefore, thae
method s applicable and s useful when the complexation s
accompanied by np significant substrate spectra) change,
However, thare are several points te be noticed ip applying
this method: _

_ 1) 1t determines KIIa only. The method wias developed
on the basis that M0 and the substrate fopp T:1 complexes
with a-cyclodextrin, and this is the case for MO in acid
medium {118), 1Ipn alkatine pu, however, Cramer et al. (64)
faund that higher stoichiometric ratios were pPresent.

2} It was suggested in the Theory section thaf Tow
Rc values, in Eq. (82}, be useq such that the effect due to

substrate-indicator complexation {SI) is minimized and Rc

is a good approximation of R ip Egq. {59). The experimental
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Rc values ranging from 1.0 to 3.0 gave linear retationships
" following Eq. (69), with an intercept of unity being
obtained. Curvature was ohserved at higher R values, pos~
sib?y because of SI complex formation. It was not pursued
further, since adjustment can be made to overcome this
effect. - The spectrum of MO was not aitered by the presence
of the substratas,

. 3) The graphical MO technique was applied also to the
.behzoic acid system; The K]1a value found from £q. {69)
was B10.3 ﬁ'], somewhat larger than the value of 722 found
by potentiometry {Table XVII), but considerably lower than
the va]ue 1050 reported by Casu and Rava with their verszon.

.of the MO method (76). Tak1ng into account possible SI

.
P
i
I
i
!

i

!

;

formation, with an estimate of Kgy; = 25 ﬁ' based on area
overlap (120} Ted, with Eq. (101), to Ky;, = 815.8 4”1,

The diﬁcrepancy between the potentiometric and MO results
Ts not understood. .Though outside the estimated confidence
timits of the potentiometric result, it shoutd bhe pointed
out that the MO result is not in obvious error, as revealed
by the comparisons in Table LIII.

"4) In the equilibrium £q. {54), competition occurs

only if the amount of L is limited. That is, if L

>» 5

t t
and Lt > It’ there would be adequate free L present, and

addition of S would not displace any significant amount of

L from I{. Thus Ly and Sy must be of comparable magnitudes
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.! though Lt can be very much greater than It. This argument

. is eorrect if Kypg 1IK]1S’ so that S and I have comparable

affinities for L. In case Kyqg >> K;yp. then a smaller.
.concentratioa'of $ would be adeguate to displace I from IL.
In case Kyqg < Kygqo S, should be larger in order to
- compete effectively,
- Generally, in graphical methods, the greatest sensi-
tivity is achieved when the slope is near 1. Following
(69}, K115 {Klia} is determined from the slope, there-
fore the method is most sensitive when KI]S 111 it
'.wou1d be des1rab1e to have & range of indicators whose K}1I
values vary w1th K1IS The linear graph1ng form is appro-
priate for the conventional least-sguares fitting, since
the error in abscissa (R), which is caleculated directly
from experimental data, is smaller than that in the

ordinate'{st/P), which incltudes both R and an estimated

Kiyy-

C.: A Stoichiometric Model of Cyclodextrin Complexes
:.'; The mode? of cyclodextrin complex formation developed
earfier {97,115) can be app]ied to 1nterpret the stability
‘constants obtained in this work _

B Let g-G represent the substrate {guest) molecule, the

Tower and upper case letters signifying two binding sites;

let h-H_répresent the cyclodextrin {host), the lower and




" which are different chemically.
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”:f ﬁpper case letters standing for the two rims of the cavity,

Then all possibie 1:)

"inclusion compiexes may be represented as follows, where it

~ 15 assumed that, within each orientaticn, the energy dis-

- tribution of positional isomers is 50 narrow that only a

" single complex need be considerad:

1;1 Lomplexes

Symbol

gH

gh

GH

Gh

It'is'also'possible, in principle, to form 2:1 and 1:2

inctusion complexes:

2:1 Lomplexes

Symboi

9-6 G-g GH~h6
Heh

9-5 96 GH-hg

T aen

§-g &g gH-hG

1:2 Compiexes

for 4 -

1 i

= =
Ty T@mOX; T

i 1 t

b+ =4 x or

L]
=

Symbol
Hg-GH
Hg~Gh
hé-Gh

hg-GH

]

|
z
[
|
L
1

E
L
i
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There appear to be no reports of 2:1 complexes of

" organic substrates with a-cyclodextrin, therefore it is not

necessary to invoke the 2:1 stoichiometry to describe the
systems quantitatively. The model then leads to the

inference that the guest molecule can enter only one end of

_the host (say B}, It follows that there are onlty two 1:1

complexes (gH and GK} and one 1:2 complex {Hg-GH). The
model thus leads to a great simplification of the
stofchiometric possibilities.

.. The observed KH valua is the sum of the stability

~coenstants for all isomeric 1:1 cémp]exes (117}, hence for

the case being considered:

T K., = Ko, K

gH {115)

11 GH

The 1:2 compliex can be formed via the gH or the GH route:

ght + heH & Hg-en (116)
6 + h-t £ ng-oH INARED

The observed stability censtant {K12] is given by:

. Hg-GH
K12 gRT + TG Th-H {(118)

and becomes

Kyg * P (119)
12 T X %

il e

R BN R

4 i e




It is also seen that

| I B

e N

Kiz  Xgu  Kgy

Ko = Kgy = K72

HMriting K' = aKg,, with £q. {120) 1t follows that X" =
. {119) gives

K, Xy
K K
gH
aK_... Combination with Eq
gH
' ‘. ak Koo
12 Koy + Ky

.The f&ctor 2 is a measure of the extent of interaction
between the two sites in a 1:2 complex, Several types of
behavior can be classified:

: 1) Independent binding sites {a = 1}. Then £q. {121)

: bec§mes K22 = KQHKGHIK]I,'or

the 1:1 dissociation constants.
the isomefic stability constants KgH and K

ated. This has been used to describe small molecuile-

(144), Some a-cyclodextrin systems with cinnamic acid

derivatives have been interpreted in this way {97).
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(120)

(121} }

{122)

i.é., the 1:2 dissociation constant is equal tao the sum of
With Eqs. {115) and (122},

gp can be evaiu-

protein interactions with two independent binding sites

2} -ldentica) binding sites. Then g = 6, therefore

(123}




Kip = akyy/4

(124}

3) Competitive binding sites {a < 1).
4)_'Cooperative binding sites (a > 1},
Te solve for the isomeric constants in cases 3) and
- 4) some assumptions are necessary, since there arelthree
unknokné In Eqs. (115) and (121}. Suppose we choose two
- substrates, g-6 and d-D, kaving very similar structures;
€.9., one end of each substrate (say & and D} is essen-
tially 1dentica1; then there are four equations with six

- unknowns to describe the stability constants:

i ¥ Kgn K190 = Kgy * Kpy {125}
- : ak .k ak,, K
Kppg Tl  Kppg iR (126)
¢ Fgr T Raw _ di * DN

The assumptions are made that

' Kay * Kon : {127)
2= a (128)
Then all the parameters can be solved combining £qs. {125)

te (128). Reasonable substrates are t.4-disubstituted

benzenes. However, the assumptions made in Egqs. {127) and

(128} are timited to substrates in which extensive reso-

nance delocalization between the two ends of the molecule ' ﬂ

cannot take place; if such delocalization occurs, identical
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- binding sites an the two substrates cannot be assumed.

The model as expressed in Egs. {115} and (121) s use-

*:fut in directing attention to the. mature of K!I and Kzz=

since it reveals that K12 Ts actually a constant for the

formatfon of a 1:1 complex from an already formed 1:1 com-
plex."Though some chemically reasonable assumptions are

f required in using the two equations with three unknowns,

- the model leads to the interpretations of experimentally
determined stability constants in terms of specific site
bind1ng constants.

' - Before further ana]ysxs of the stabitity constants
.determ1ned in this work, the model described above will be
used to discuss the possibility that special cases may
occur ather than the four assigned in the potentiometrie
method.

. For an ionizable substrate .in 1:1 + 1:2 complex

systems, there are four possible stabitity constants,

namely K11a’ KlZa‘ Kllb and KTZb in Eq. (32). There are

therefore 16 possible combinations of these constants. As
shown in Table LVI, these are: one case of ro K valyes
(parameters), four cases of l-parameter, six cases of 2-
barameter, four cases of 3-parameter and one case of 4.
parzmeter systems, b

A question arises: To what extent must all of them be

considered? According to the stoichiometric model, if
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Possible special cases of an ionizable

. substrate im T:1 and 1:2 complex systems. .

K's Present

Case Desigration*

fase fcde
1 -
2 KIT&
3 K122
4 K11b
5 Ky2p
6 Klla’ K12a
7 Kitas i1
8 K112’ Kyzp
S Kiza® X11p
e k122> Ki2p
1 K116 Kyzp
oz K11a> Ky2as Kypp
18 “11a* %1220 Kygp
.14 K11as Kype Kygg
15 K12a* Ky1pe Kigp
16 Y1120 K200 K130 Kygp

IT
i

IT1

e b
TV '

v

*Case designations are consistent

potentiometric method in the Theory section.

with those described for



203

-Kll = § then KIZ must be zero, because it is assumed that

'the 1:2 complex is formed via fhe 1:1 complex. Therefore
-:1f a finite KIZ exists, the corresponding KI] mist alse
~ exist. Consequently, Case No. 3, 5§, 8-10, 13 and 15 in

Tabte LVI need not be considered. Case 1 contains no

' -stabt]ity constants, and Case 16 is the general case, which

described the cinnamic acid systems {97). The remaining

seven possible cases are thus assigned appropriately to the
four special cases as described in the Theory section,
since 1f C < 1 {Eq. (32)]. C’ = 1/C was defined and X

T1a
becomes K?]b’ thus Case II' is equivalent to Case 4 and in

_the same manner, Case III' = Case III and Case IV' =_Case

I¥. Therefare the four special cases assigned in the

potentiometric methed include all the possible cases and iif
are sufficient to describe the complex system in which the
full 4-parameter Eq. {32) is not required. MNevertheless,

we shculd be aware that some of the seven cases not being :
considered here may be physically present especially when o

Ky, >>> Kil’ which may occur when a >»> 1. P: 

0. Interpretation of Stability fonstants

1. Benzoic Acids

- Fig. 37 is a Hammett plot of the Ky1q 20d K11 ?”_ |
data in Table XVII. The obvious result is that these quan-

tities vary with substituent constant in cpposite ways.
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Fig.

iz.

Hammett plots of K]la

(filled
data from Table XY1il.

circles) for 4-substituted benzoi

{open circles) and Kiib
¢ acids;
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. The complexation constants far this series can be described

by the following equations:

Tog Kyp, = 2.89 - 0.31¢ {129}
(0.11)  (0.04) (0.07)

Tog Kyqp, = 1.23 + 0.77¢ (130)
(8.27}  (0.08) {0.17)

where ¢ s the Hammett substituent constant and the nuymbers
in parentheses are standard deviétions of the quantities

immediately above them, 1n the units to which they appear

in the equat1on The correiatfuns show the trends rather

than precise re!at:onshtps :
Casu and Rava (76) studied Kyya for some of these f

acids; their constants are different from those in Table

XV¥II, however, the general behavior is the same, namely i

1 that the siope {rho value) is negative. Electron with- !

drawing X groups decrease complex stability in the conju-
gate acid series

This behavior is explicable {f K]} represents

R
i
|
I
i
1
[

primarily binding at the {OOH end of the substrate molecule
The binding interaction is increased by an increase in
electron density at the binding site, hence is associated

With a negative rho value This hypothesis is supported by

proton NMR data {143) and T3c NMR results (7%) on benzoic
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~acid, which indicate the carboxyl group enters the cavity.

KIIb is always smaller than KII for the same sub-
strate. This is consistent with the view that K]} repre-
sents mainly COOH-site binding. \Upen 1onization of this
_group, its affinity for the cavity s greatly decreased
because.of the high polarity of C00™ ‘and the nonpolarity
- {relative to the solvent) of the cavity. Therefore Kitp
represents binding at the remaining site, namely X. The
more electron-withdrawing the X group, the higher the
glectron density at the binding site, thus the larger is
KIIb' Since K11b describes X-site bxnd:ng, the ccrre?at1on
with o for X is not expected to be as prec1se as when the
substituent is distant from the reaction site.

If K%]a describés mainly COOH-site birding, then KlZa
Must represent mainly birnding at the X-site. The modei
predicts that KiZa shouid respond to X-substituent effects
in the same way that K}Ib does, since they describe roughiy
the same process. Table XVI] sﬁows that this is indead the
case, in a general way; both Kllb and KiZa tend to increase
together, and to trend in the gpposite sense to KI]a a2long
the sigma scale. The binding at the X-site, KX’ becomes
larger as o gets larger; finaily Kx becomes comparable with
KCOGH when 9% ¥ %coonc  Them a finite K]Z is observed,
Compounds with para-substituents having sigma values close

to that 9f COOH will be interesting to study,
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Note that the Hammett plot suggests if a substituent

with sufficient?y large o were available, KT?b would become
. larger than K]]a‘ This might not resuylt in apKa’ becoming
negative,_however, because K12a will atso increase,

The Hammett correlations indicated that the efectron
density at the binding site ig @ primary determinant fop
the stability of the complex, QOther factors than elec-
tronic density affeptfng binding site affinity must be can-
sidered alsao. For example, KTJb for substrates -3 in
Table XVI! seems anomalously high. These are the only X
Qroups tapable of functioning as hydtogen-bond donors, and
this'capability may increase Eomplex stability._ The trend

in K]Ea for compounds 810 appears tg oppose that for Kle.

and this may he the result of some additional factors,
which couid irctude size, shape, polarity, and pelariza-
bility. 1iIn fact, KTZa for these substrates seems tp be a

resultant of the electronic density effect measured by o,

and the X.site polarity as measured by group dipoie momants,
These dipote mements are, for Y = COCH3, 3.00D; . cH, 4.39;
392, 4.21 (145), An increase in site polarity will tend te
decrease the site binding constant {97}, and.both Kl?b and
K?Za may reflect this effect superimposed on tha electron
deasity effect,

This model of complexing suggests that K72 values are

Useful sources of informatign, Writing Eqs. (115} and f; _/




"_'according to Eq. (132). Now since Ki?b describes mainly X
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'5;'(121} as

Kli_= Ky + Ky (131)
ak, kK
Kig = “Ef;! . (132)

‘where and Y signify the two binding sites on the sub- !
strate X»CEH4-Y, shows that Ki2 can be zero only if a = g 533

or if one of the site binding constants {Kx or Ky) is zero, P

site binding, K12y Tepresents binding at the ¢po- site; and .

f 1t was found that Kigp * 0 for ali substrates; Horeover
the existénce df finite KiZa va?ﬁes {substrates 8~10} méans
that a is finite for these acid substrates, which suggests
that.it will also he finite in the corresponding base Sub-
strates. It follows that KIZb 1s zers as a cansequence of
the site binding constant for C00” being zerg. Letting Kyp
represent this quantity, and KXb be the X-site birding
tonstant in the tonjugate base series, it fo]ldws that
K T Kep * Ky %Ki that g, Kyqp €20 be identified
solely with the binding at site X,

- Extensien to the acid series requires the assumption
that KXb for binding te x in the base series is identical

with Kya for binding tp y in the acid series. The assump-

tion seems to bhe reasonable since the negative charge gn

C00” 45 localized. The X-binding sites on either acid ar
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base forms of the gromatic acid can be assumed to be iden-

tical. Then K]1 = Kx + KY = KXb + K = K]Ib + KY » and

. the site binding constant Ky for the COOH site is given
“approximately by K%Ia - Kllh'

Hith these estimates of X {= &

Xa T1a = ¥yyp) and ki, (=

Ki11p)» Eg. {132) becomes

S A AT LT,
12a K]Ia

{133)

which leads to estimates of these substrates. For com-
pounds 1-7, a = 0; for no. 8, a = 0.51; no. 9, a = 0,38;

no. 10, a = 9,33, Becahse of the several approximations,

 these estimates may not be accurate, but they seem reason~

ab]e in magnitude.

A differept set of assumptions Teads to another way to

'.estimate 2. Combining Eqs. (131) and (132) gives Eq. (134):

Ky K
. 1t :
T T Ky (134)

1f a and Ky are non-zero and essentially constant, a plot

Tof Kyp vs. KITKTZ will be Tinear. Fig. 38 is the piot of

(138) for the 4-cH 3C0s CN and NO, benzoic acids. A
reasonably straight line is obtained indicat1ng the assump-
tions are valid. 2 1s found to be 0.25 which is similar in
magnitude to the earlier estimates. Ky is 136 ﬂ". The
assignment of this value (to the X or COOH site) requires

additional information or assumptions.
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Fig. 38. A plot of Eq. (134) for 4-CH4CO, CR, KO, benzoic

acids.
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2. Phenois

The general result that Klib is greater than KIT

for all the phenols is observed in Table XXXII. This indi-

cates that the anion appears to "partition" into the tyclo-
dextrin cavity more favorably than does the nedtral form.
K11a and K]ib trend in the same way along the sigma scale,
as shown in Fig. 39, The greater the eTectron-withdrawing

ability in the X site, the stronger the complex stability,

- except for halogen substituents. These data suggest that,

in both the conjugate acid and base series, the para-

'substitutad end is the primary b1nd1ng site 1n the 1:1

complexes.

Scattering is observed in the Hamﬂett plots, the KIT
and K?lb vaiyes of halogen substituted phencls being
anomalousiy h1gh. Obvious}y, other factors must be taken_
inte account. It is proposed that complex stability is
determined by binding site electron density {which usually
s expressed in the substituent constant sigma), polariza-
bitity (which is measured in terms of molar refraction, R )
and potarity (which is indicated in dipole moment, u)
besides the size and shape. The first two factors favor
stability, while the polarity opposes it. The Hammett
substituent constants (o), molar refractions (RD) of mono-

substituted benzenes X-CgHg and the dipole moment (u) of

phenols are Tisted in Table LVII. The data in Table XXXII

L
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Fig. 39. Hammett plots of Ky, {open circles) and K.,
{filled circles} for phenols; data from Table

XAXIT.
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Table LVYIT. Hammett substituent constants {o}, molar
refraction {RD) of hnnosubstituted benzenes and

dipole moments () of phenols,

x2 g Rﬂb uc :

0CH, -0.268 32.91 1.92

: CH, -0.17 3112 1.37

H 0 26.19 1.52

F 0.062 26.07 2.17
o - 0.18 39.03 2.13
S 0.227 31.15 2.19
g 0.232 33,97 2,19
_CN 0.66 31.48 3.93

3 NO, 0.778 32,69 5.05

.
X in X-CSH4-0H.

2
bCaIcu]ated according toa R, = {ﬂ—ul—lJH for X-C.H. where
0 n2 + 2 d 6°5
R = refractive index, M = molecular weight, and ¢ =
density,

cFrom Ref. (146).




2R

are described by the following equations:
109 Kypp = =141 + 5330 + 0.158) - 0.81u R% = 99% (135

(9.13) (0.42) (0.34) ~{9.01) {90.08)

T0g Kypp = 0.78 - 1.220 R® = g1y (136)
(0.18)  (0.10) (0.42) '

= 2*
Tog KT]a -0.56 + O.IZRD - 0.10u R® = g9% (137)
(8.06) {0.37) (0.31) {0.02)

Kipgg =0 . . = o ' {138}

The numbers in the parentheses are the standard deviations.

-  Again, these correlations have no quantitative theoretical

significance because of the nature of the measures of
poiarizability and polarity, but they indicate the roles of
these factors. '

._ It was stated Breviously as a hypothesis that the
electron density at the binding site is the primary deter-
minant in the binding stability. Egq. (137) indicates that
the polarizability of the substituent plays a more
important paft tn this series. The easier the electran
:Idensity can be distorted,.the greater the strength of

binding. Fig. 40 shaws huw'K1]a varies as a function of R

B
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Fig. 40.° Klla of phenols plotted against motar refraction

(Ry) of the corresponding morasubstituted <

benzene; Ky, data from Table XXXIE. .
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When X = C1, Br, I, there is relatively high electron
. density at X binding site by the electron-withdrawing
.” 1nductive effect, and they are extramely polarizable. Thus
‘the binding constants K11a ard K]Ib are anomalously high as
"~ shown in the Hammett plots, Fig. 39.

Estimation of g'values using the argument from the

- benzoic acid discussion probably is not warranted. The

 systems are mare complicated because of the possibility for
the extensive electron delocalization between the phenol or

phenolate group and the para-substituted group, as

_ iT?ustrated: . .
RS W SRR X )e0H
{1) (11}
acid
and

O — WO

{111) (IV)

'Zt therefore cannot be expected that the group X has iden
- tical properties in the conjugate acid and base forms of
the substrate,

. - That Kl?b > KT}a far phenols may seem surprisiﬁg
because of the presumed greater polarity of the anion. The

resanance forms in structures {I)-{11) and {I1:1)-(1V) are
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extreme cases. The actual species has just a single

.. average electron distribution. HNeutral pherols, especially

those having electron-withdrawing X groups, are highly
'dipOIar species, as revealed by their dipote moments. Upon
fonization extensive delocalization of the unit exXcess
charge over the entire molecyle occurs, thus the electron
density at site X for the anion is increased. This favors
complexing with the anion. In addition, the anion may
-actually be less "polar" than the neutral form because aof
the delocalization of the charge, whereas charge separatien
occurs in the neutral form, which dgain favqrs complexing
_ ﬁith the anion. Therefore, it may be concliuded that highly
tocalized negative charges (as in the benzoate series) will
result in destabilization, but deIocali;ed chtarge {as in
the phenolate series) may be stabilizing,

Ky3q for the phenoi 'OOC-05H4~OH fs evidently the same
quanfity as K;qy for the benzeic acid anion HO-CoH,-C00™.
Discussing this as a benzoate it was concluded that the
C00™ site binding was negiigible, leaving binding at OH to
account for the observed binding. On the other hand, it
was conciuded here that binding at the O site in phenols
is probably negligible. This inconsistency suggests that
it may not be permissible to make a common assignment of
binding mode to all the members of a series. In this case

the negative charge on the carquy?ate may Ooppose the usyal
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electron release by the hydroxy groun, leaving it more

- susceptibie to binding.

If it fs correct that X is the main binding site for
- Kiyp> ther Ky, must represent binding at the phenolate

- site. The general trend should be that K]Zb increases in

f_ the oppesite direction to Kiqp- Thus the negative rho

. value observed in Eq. (136) is reasonable, However, not

E all compounds show a finite K12b' The compounds having
K]Zb values all can donate electron charge by the rescnance
effect (¥ = Ci, Br, I} or possess large negative sigma (X =

.0633); that is, they have substituents that can tolerate a

.~ positive charge as follows:

" ;Oo‘ ——r x-@o“ — ;Qa'
| (‘v) (111) (V1)

' structure (IV} will not be important.. This resonance
effect {V-VI) may sufficient]y-counter the electron reiease
of the phenolate site to allow significant binding at that
. site and result in finite K]Zb values.

" However, in phenoiates having electron withdrawing X

groups, the electronic structures are:
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(1v}

When X has a high tolerance for negative charge, which

 'is reflected in a Targe positive 4 value, then structure

{IV) will be highly favored, and the electron charge (i.e.,

the excess density on the okygen) will be distributed very
largely between structures (I} aﬁd {IV). Therefore the
binding at phenojate end does not sccuyr because of low |
elactron density, i.e.,.Klzb-= 0 for these compounds.,

In unionized phenols, the resonance forms in structure

C(I1) result in Jow electron density at the OK binding site,

- therefore that KTZa = 0 forall the substrates is explicable.

3. Anilines and Amines

The data in Table XL1 for the ani]%ne derivatives
show a rough trend of Kle with efectron-withdraws? by the
4-subsfituent. indicating that the X site is the primary
binding site. 4-Methylanitine appears to bingd anomaiousiy

strongly. The binding of d-aminobenzoic acid may be

f:_:..
E.
[

Lo
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. enhanced by hydrogen-bonding. The binding constants are

descrived by Eq. (139)

Tog KI]b 2 1,700 + O.DSRD

{139}
{(0.39) (0.31) (o.c05)

- 4-Aminoaniline ig symmetrical. From Egs. {123) and

" {124), the site binding constant KNHZ = 1.1 and a = @,

 However, this estimate of a must be considered in light of

. the experimenta) gncertainty in K12+ For example, suppose

- A were equal to 0,35, which is a typical a valye determined

~in benzoic acid series. Then with Eq. (124) we caiculate

This value js experimentally indistinguish-
 able from zero;

'_K12b = 0.20.

hence the estimate & = 0 based on ¥

| 125 = 0
- is not definitive,

Since in 4-aminoaniiine the X group is NH

. 27 with ¢ =
“'G. 65}

Tt is expected that any X group having a meore posi-

tive o will reduce binding at NH2 site. Thus the isometric

binding constant for the NHZ group should be in the range

of 0 to 1.7, which is very smaly. Therefore Kllb for-the

#niltines can pe interpreted as eéssentially the isomeric
binding constant for the X site.

If this is 50, it can be Predicted that KTla for

phenals and Ki?b for anilines are comparable, since the two

substrate sarfes are eTectronica}Iy very similar; compare

the resonance forms in Structures {IX)-{X) for anilines and




(1)-{I1) for phenols.

: - +
Oty o= +xin

(1X) {x)

Fig. 41 1s the plot of KIib of aniTlines vs. K1]a of phenols.

' The trend is generally in agreement with the prediction,

alse it shows that KI?b of the anilires is greater tham'l(”a

. of the phenols in most of the cases.  These stability con-

'_ stants are comparable since they are primarily for binding
to the same X site: the binding to the other site is very
' small, as proved by the very smal) K?Zb values. )
KI]a fs zero in mest of the anilines. The finite KITa
corresponds to binding at the X-site because the anilinum
 site is positively charged, and the charge is locaTized at
:_:that amino site. Thus not only is the cation palar, it
a1so0 has less electron density at the X-site than the amine
base, tﬁerefore KI]a is smaller than K]!b in this series.
Kjpa O for all the anilines, which is obviously
reasonable,
_ The stability constants for benzylamine, phenethyl-
amine and heterocyclic amines in Table LI show that these
amines form weak complexes with a-cyclodextrin., The Ki?b
| increase with the increase in the carbon chain of aniline,

benzylamine and phenethylamine probably is 2 result of the
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Fig. 4. A plot of K!lb of anilines againmst KHa of
phenois. Data from Tabies XXXIf and XLI.
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.'-change in hydrophobicity of the molecule, which aids the
Thx."partitioning" of the substrate from polar sdlvent medium
tao tﬁe relatively apolar cyclodaxtrin cavity.
A three times stronger binding for 4-nitroimidazole
than imidazole suggests that the 4-nitro substituted end is
~ .+ the primary binding site. The high dipole moment of
| imidazole, u = 6.2 (147), indicates the invelvement of a
"f: charge separation in the resgnance forms as,

H
N

- R Hi H H
AN ' E - - E f +
U-Q-9Q-0 -9

A large decrease in dipoie moment of N-methylimidazole, y =

3.6 {148}, supports that the 1-N end is electron deficient.
_ The relatively high stability constants of K}Tb'and

': Kyop for 4-t-butylpyridine indicate binding cccurs at both ?;
-ends of the molecule. The spacial conformation of the .ff

substituent may not be very important; as long as the size

atlows it to fit inte the cavity, complexation sccurs
- {other factors being considered the same).
' Quinoline and isogquinoline have very similar 1:7
binding constants in base forms pebably because of their

“simitarity in electronic properties. However, an explana~

tion for the effect of the structure of isoguinoline on the

finite Kyp formation requires further investigation.
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E. Conclusion

Macroscopicatly, it is concluded that for benzeic

e acids, K]Ta désdribes mainly binding at COOH site, Ki1p 2t

.X-site and K12a at X-site; for phenols, both Klla and K??b

"~ describe X-site binding; and for anilines, K]Ib and K?]a

 describe primarily X-site binding. Assume binding to the

' ' other site of the molecule is very small and negligible,

" the X-site binding constants for constant Y in molecule
' X~CSH4-Y are obtained from the K]} data and Tisted in Table
LVIII. The Table enables making Hammett plots across the

:  rows. Two Hammett plots far X = CN and NO,, shown in Fig.

42..are'very Sqtisfactory. The data points of Y = 0”7 are
- hot included in the plots because 99~ s not available, but
the four points are sufficient to see the correlation,
This Teads to the resutt, for moiecule X-CSH4-Y, that cor-
'relation can be made with X at constant Y, and with ¥ at
constant X. The more electron donating ¥ is, the stronger
the binding at X and vice versa. But for very smai}l
binding constants, t.e., when X is electron dorating, Kx tg
not very sensitive to the nature of Y, eo.q., compare KH for
Y =07, NHy. OKT, €007, and COOH. Ky is aimost a constant,
" Further analysis of the model, solving Eqs. (131) and
(132) for Ky and Ky, where the assignment of aroups X and

Y is arbitrary, gives:




Table LVIIT.

Tt K
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X-site binding constants fap X-CGH4-Y.

R

X binding site constant for ¥ =
X 0 N, oH €00°  goon  NHY
NHCH, 6.1 0
NH,, 1.1 9.0
04 16.6 0
- ock, 2.73 6.6 0 3.5 0
CHy 13.9 57.6 0 6.6 0 37.05
H 10.9 8.8 0 T11.2 0
coo" 0 0 |
15.6 ' 0 142 g
I 3955 2316
488 250.5 272 68.6
Br 1221 704
CO0H 1341 1130
CH4CO 60.3  28.3
662 451 158 79.2  25.9
NO, 2408 635 245 81.0  20.2
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Fig. 42. Hammett piot of Ky in Table LVIII against o of ¥

site; X = CN (open circtes), X = NOZ (filled

circles).
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IS G ST T ove s fam
Ky = N | (o)

£q. (145) puts a 1imie on the value of a, First, the equa-: ;7?”
tion cannot be valid if a = g, though it 45 a meaningfyl

result according te Eq. (132}, Second, Eq. (140) can only

be physically valig ff the quantity in the square rogt is

*

- positive or zero, hence

akyy 2 4Ky, : {141}
!
8K : _ S
8pin. = -——K};‘? : | . (142)

": The &min. Y2lues {minimum of &) for some.of the complex
systems studied are calculated and shown in Table LIx.
Systems with Kyp = 0 indicate that either one of the site
binding consfants Is zerc or that 2 = 0. 4-MethoxyphenoT-

ate mist be a cooperative system since a » 1, Dther
systems having finite K?z va?hes are assumed to be npon-
cooperative systemsg. If a = 3.in+ then aKI! = 4K]2 and Egq,

(140) and (131) gives
Kx = KY = K1]/2 (143)

Any.Targer value of a will increase Ky and decrease Ky (or

vice versa, since the designation is arbitrary}. Therefore,

K11/2 is a minimum vatue for one of the binding sites and




"~ COOH

CN

Table LIX. Minimum a3 valuaes for a-cyclodextrin:

t,4-disubstituted benzene systems (X-C6H4-Y).

a for ¥ =

min.
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Q0o o o o
L=
o
wd
o

o O o

NH




canstants is K

K1] is a maximum value. The sum of the two site binding

11+ The general Timits of the two site

- binding constants are therefore:

A
st
A

K172 < Ky 2 Kyy

K

[v

Kyp/2 2 Ky 2

If a is not greater than one, the limits can be approxi-

mately written as

A

K11/2 < Ky 2 {Kyq = Kyp)

Kyp/2 2 Ky 2 K

v

Y 12

. For closer estimation of Kx and KY’ several chemically

reasonable assumptions have been made. These are, for

various systems:

{1} a = 1; which was used in cinnamic acid systems (97).
{2) KY =0 ora= 0, when sz ® 0.

{3) a and KY are constant in a series; which was applied

in benzoic acid series as described in Discussion

section,

{4) a is identical for substrates of similar size.

When the substrate s symmetrical, i.e., X = ¥, Eg.

. {123) altlows the site binding constants to be calculated.
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The a values caiculated according to assumptions (2)
and (3}'for 4~CH3CU, CN and NOZ benzofc acids are

summarized in the following:

a for X =
Assumptions CH3€U BN ffgm
2 and Ky constant 0.25 0.25 0.2%
kPO« GO0 0.5 0.38 6.33

- Kepp- = 0,

The results show reasconable agreement. It wculd_not

" _be far off to take a typical number of a = 0.35 for the

:f:acid comhounds and, by use of assumpfﬁon-(é) abové, for
all the 1.4—disub;tituted benzenes. |
The site binding constants can, therefore, be calcy-

 Tated based 6n the assumptions described above and £gq,
- (140) with a = 0.35 for a1y the T,4-disubstituted benzenes
| studied. The results are collected in Tabie LX. The
binding site assignments are:- when KIE = {, K11 carre~
sponds to the binding constant for the primary binding
site and the other site has zero binding constant; when
K?Z is finite, according to Eqg. (140), the Targer number
calculated corresponds to the binding of the primary site
and the other binding comstant corresponds to the ather
binding site, The sum of the two equals Ki]'

It would be useful to know how Targe K17 might

T T T e e T




Table LX. Site binding constant estimates for the X-site in x-nmx»|<.

K

A . RH - NO, Mt
Y O MeNt M2 oM MO Me M CO0T F I €1 Br COOH MeCO Cn DOy M,
0 ICE T 16 3948 479 1208 662 2408
HeNH 0 1301
i, 1.1 6.7 43 8.8 0 251 1341 451 635 0
oK 0 0 0 0 0 2316 272 704 1130 158 245
Mep  -P o 0 0 884 9

0 15 0 0 1091 0

0 o 0 0 722 0
€00™ 6.1 9.0 17 3.5 6.6 11 14 6 79 8

0 0 0 508

6.8 0

8.9 ‘e o 0

13 0

£00d 0 6 00 o6 O ¢ 92 88 73
He GO 797 S

Lg2
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actually be when it has been experimentally determined to

be zero. One approach to solve this problem is to take
into account the experimental uncertainties in K}z deter-
minations. Only the uncertainties of K12 for Case I and Il
systems are needed, since for Case I[II and IV systems the
K]E values are finite, by definition. Using Case IV equa-
tiens to analyze a Case I system, and Case III equations
for a Case I system, K12 values and their standard devia-
tions are obtained. (This approach is the same as
described in Results section in testing the appropriateness
of case assignments.} The upper Timit of an actual I(]2
that is sti11 not significantly different.from_zero at 95%

~ confidence level is then calculated and shown in Table LXI.
In other worgs, thése are the minimum values for K12 that
would have to be ovserved for us to conclude that K.Iz is

- finite, _

Using Eq. (140) with the upper limits of K12 and a =
- 0.35, the corresponding maximum site binding constants (say

" Ky) are calculated in Table LXI. Z-site is the one other

' than the primary binding site on the substrate, foliewing

the general conciusion for binding site assignments. It {s

observed in Table LXI that the uncertafnties in Kip and K,

are roughty inveréer related to K]}, which means assump-

Ction (2) is more accurately applied if Ky ¥s high.
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I. \Upper timit of K]2 and specific site binding

constant KZ to account far zerg.

" Substrate? Std. dev. Upper 1imit of®  Z-site

SR A t A T Ki2 designation X7
Ny N, 2.26  (0.10)4 - M, (0.23)¢
CHyO N, 6.7 0.3 0.21 AH, 0.67
H AH, 8.81 0.3 0.51 M, 1.8
I 10.9 0.21 0.9 0" 4.3
CHy 0 3.9 0.3 0.74 0" 2.8
F 0 15.6 0.9 1.12 0 2.5

S, 250 0.16 0.47 M, 1.4

: _.F  COOH 504 0.08 0.20 F 0.6
T P 0.08 9.28 0 0.8
4 COOH 722 0.13 6.27 H 0.8
CH0  COOM 884 0.07 0.16 CH,0 0.5
CHy  COOH 1991 0.07 0.16 CHy 9.5
OH  COOH 1130 0.06 0.09 OH 0.3
CHyMH  COOH 1301 0.14 0.31 CH MK 0.9
N, COOH 1341 0.10 0.20 HH, 0.6
NG, 0 2408 0.16 0.25 0" 9.7
o ¥ i XeCehl Y. 954d. dev. of Kiy- According to
R O
< .

ﬁ?lgul;;:g ?E;?:d;:?K:: gﬂ& 5120) et(n_Q, 6.025) X std. dev. of

0.35, K17+
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Table LY is arranged in order of sioma va?ues for thé S

substituents such that the binding constanté show the trend RV

with site electron density, modified by polarizability and
polarity. Comparing the site binding constants in Tabte LX
with the corresponding significant values in Table LXI,
dpparently all the finita site binding constants are
significant. The estimates in Table LX imply the presence
of apprecfable fractions of two isomeric 1:1 complexes fram
Substrates lying close to the diagonal, and this phenomenon

should be most readity detected for substrates tying in the

lower right corner of the table. Substrates whose® gntries o

VYie farthest from the, diagona} are most llkely to generate

simple 1:1 complex systems, i.e., Kx = K 11 and KY =0 (or

'_ vice versa)., The largest bindings are in the upper right

quadrant. . The diagonal of the table represents symmetrical
substrates, whose stedy will go far to establish the _
validity of the mode! and of the binding site assignments..

Tabie LX is valuable because it enables the estimation
of K]} for any substrate by summing the two appropriate

entries from the table, atlowing X to be each substityeant

i turn,




10,

Tetrahedron, 24, 803(1968); ibid., 22, 3061(1965).

24

REFERENCES

A. Villiers, Compt. Rend, Acad. Sci.
(1891).

Paris, 112, 536

F. Schardinger, Wien.

F. Schardinger, Zentr. Bakteriol.

Parasitenk. II, 29,
188(1911),

A. 0. Pulley and p. French, Biochem. Bipphys.
Commun., 5, 11(1961).

P. R. Sundarajan and Y. 5. R.
13, 351(1970).

Res.

Rao, Carbohydr. Res .,

J. A. Tﬁomé and L. Stewart, “Starch: Chemistry and

Technology,” Vol. I. R. L. Whistlar and E. F.
Pashall (eds.), Academic Press,

(1965},

New York, pp. 209-24¢

R, L. VYan Etten, J. F. Sebastian,
M. L. Bender,

€. A. Clowes and

J. Am. Chem. Soc., 88, 3242(1967);
ibid.. 89, 3253(1967).

D. H. Griffiths and M. L. Bender, Adv, tat., 23, 209
(1973}.

V. R. $. Rao and 4. F. Foster, J. Phys.
951(1963}.

Chem. N gls

B. Casu, M, Reggiani, &. @. Gatlo and A. Yigivani,

Kiin, Wachenschr., 17, 207{1s04),




1.

12,
13.

14,
15,
16.
17.

a8,
19,
20.
21.

22.

23,

243
M. L. Berder and M. Komiyama, "Cyciodextrin
Chemistry,"® Springer-VerIag, New York, 1978.
L. H. Tung, Hﬁa Hsueh Tung Pao, 2, 68(1981}.
R. I. Gelb, L. M. Schwartz, J. 3. Bradshaw and 0. A,
Laufer, Biogrg, Chem., 3. 259(1980).
F. Cramer, G. Mackensen and K. Sersse, Chem. Rer.,
102, 494(1969).
F. Cramer, Rec. Trav. Chim., 25, 891(1958).
F. Cramer and W. Dietsche, Chem. Ber., 92, 1739(1959).

W. Saenger, Angew. Chem. Int. Ed. Engl., 19, 344
{1980), ) _
b. Ffench, M. L. Levine, d. H. Pazur and E. Norberg,

d. Am. Chem. Soc., 71, 353(1949).

T. W. Rosanske, Ph.D. Thesis, University of
Wisconsin, Madison, W1 53706.

M. A. Swanson and C. . Cori, J, Biol. Chem., 172,

—_—

797(1948).

D. French, M. L. tevine, and J. H. Pazur, J. Am,
Chem. Soc., 71, 356(1949).

$. Veibel and S. Hjorth, Acta Chem, Scand., 6, 1355
(1952),

J. Szejtli and Zs. Budai, Acta Chim, Acad, Sci.

Hung., 91, 73(197s).




24,

25.

26,

27.
28.

29.

30.
at.

32.

33.

34.

- 35,

36,

244
F. R. Senti and $. R. Erlander, "NonFStoichiometric

Compounds."™ 4. Mandelcorn, Academic Press, New York,

© pp. 588-601 (1954).

M. Komiyama and H. Hirai, Chem. Lett., T1251{1980).
F. Cramer, "Einsch}ussverbindungen.“ Springer,
Heidelberg (1954), _

F. Cramer, Angew. Chem., 73, 49{1967).

Jd. I. Lach and T.-F., Chin, J. Pharm. Sci., 53, 924
(1964).

N. Heanrich and F. Cramer, J. Am. Chen. Sec., 87,
1121(1965). .
M. L. Bender, Trans. ¥. Y. Acad. Sci., 29, 301(1967).

€. Van Hooidonk and J. C. A. E, Breebaart-Hansen,

Recl. Tray. Chim, Pays-Bas, 89, 289(197a).

K. Fiohr, R. M. Paton and E, T. Kaiser, Chem.
Commun., 1621(1971).

D. E. Tutt, and M. A. Schwartz, Chem. Commun., 1713
(1970}5 9. Am. Chem. Soc., 93, 767(1971).

M. Komiyama and M. L. Bender, J. Am, Chem. Soc., 83,
3021{1977).

F. Cramer, U. Bergmann, P. C. Hanor, M. Noltemeyer .

and ¥. Saenger, Justus Liebigs Ann. Chem., 1168{1576).

F. Cramer and G. Mackensen, Angew, Chem., 78, 641
{1966).



37.
38,
39.

43,

41,
a2,
a3,

a4,

45,

46.

47.

48, -

245

. Bnozuka, K. Hattori and

Y. Iwakura, Uno, F. Toda, §

M. L. Bender, §. Am, Chem. Soc., 86, 3680{1964).

M; Komiyama, E. J. Breaux and M. L. Bender, Bicorg.
Chem., 5, 393(1976)}.

Y. Kitaura and M. L. Bender, Bioorg. Chem., 4, 237

{1975).

H. B. Gruhn and M. L. Bender, Bioorg. Chem., 3, 324
(1978}.

J. Emert and R. Breslow, J. Am. Chem. Soc., 87, 670
(1975). '

I. Tabushi, K. Shimokawa, X. Shimizu, H. Shirgkatq

and K. Fujita, J. Am. Chem. Soc., 98, 7855(1976).

I. Tabushi, K. Fujita and L. C. Yuan, Tetrahedron
Lett., 2503(1877).

R.-Bresiow and L. E. Gverman, J. Am. Chem. Soc., 92,
1675(1970),

I. Tabushi, N. Shimizu, T. Sugimoto, M. Shiozuka and

K. Yamamura, J. Am. Chem, Soc., 99, 7160(1977}.

Y. Matsui, T. Yokei and K. Mochida, Chem. Lett., 1037

(1978},

‘R. Brestow and p. Campbell, J. Am. Chem. Soc., a1,
3085(1969).

i. Tabushi, K. Yamamura, K. Fujita and H. XKawabuke,

J. Am. Chem. Soc., 101, 1813(1979).




49,

50,

51,
52,

§3.

T

55,
57.
58,
59,
60.

61.

246
K. Uskama, f. Hirayama ang M. Daigujy, Chem. Lets., .-
-_.—_-—_—_-_‘_" .
327(197g) .

F. Rirayama and k. Uekama, Chem, Pharm, 8ull., 27,
- : ****“f—“"“““*““* -

435{7979].

0. Freneh, Ady, Carbchzdr. Chem, , 12, }89(?957J.
F. Cramer and K, Hettler, Naturwissenschaften, 54,
TT—=-23Enschaften 24

625(1967). _ _ _

W. Saenger, ”Environment Effects on Moleculap Struc-
ture ang Properties,“ B. Puliman {ed.), pp. 255—305,
D- Reider pypy, Co.. Dordrecht, Hellang,

5. 8. Frank, 4. Pharm. Sci,, B4, }585{1975),. _

L T Bendep and M, Komiyama, "Bfoorganic Chemistry,"
Vol, 1, Chap, 2, ¢. E. VanTamelen (ed.}, Academie
Press, jyay York (1977).

R. g, Bergeron, ;. Lhem, Edyc., 54, 204(1977y,

3. F. Wojery ¢ R. P. Rohrbach, 4. Bhys. Chen., 79,
2251(197s) ' - .
F. Cramef and F, m. Heng?ein, Angew; Chenm, , §§,'549
(19585},

H. Schlenk, p, M. Sand ang J. A, Tillotson, 4. Am.
Chem, Soc., 77, 3587{?955).

Jd. L. Lach ang J, Cohen, Jd. Bharm, Sei., 52, 137
I .

(7963).

P. v, DeMareq and p, . Thakkar, Chem, Commun., 2
) »——__“_‘-"_‘————__ .

{1970},




62.

63.

64.

65.

66. -

. 67.
. 68.

69,

" 70.

71.
72.

73.

247
A. L. Thakkar and P, V. DeMarco, J. Pharm. Sci., 60,
652(1971),

M. Eigen and L. C. De Maeyer, "Technique of Organic
Chemistry,” Vol. IIl, Part 2, S. L. Friess, E. §.

Lewis, and A. Weissberger (eds.}. Interscience

Publisher Inc., New York, 1963.

F. Cramer, W. Saenger, H.-Ch. Spatz, J. Am. Chem,
Soc., 89, 14(1967).

R. P. Rohrback, Z. J. Rodriguez, E. M. Eyring and
Jd. F. Wojecik, J. Phys. Chem., 81, 944(1977).

K. Yoshida and M. Fujimeto, Chem. Lett., 1377(1989},

M. tEigen, Bgr. Bunsenges, Physik. Chem., 64, 115
(1960}, '

4. Broster and W. Lautsch, Z. Naturforsch., 88, 1
(1853).

P. A. Kramer and K. A. Cornors, Amer. J. Pharm. Educ .,

33, 193(1969).

K. Uekama, M. Otagiri, Y. Kanie, S. Taraka and

K. Ikeda, Chem. Pharm, Buli., 23, 1421(1978).

M. Gtagiri, T. Miyadi, K. Uekama and X. Tkeda, Chem.
Pharm. Bull., 24, 1146{1976).

T. Miyaji, Y. Kurono, K. Ueskama and K. Ikeda, Chem.

Pharm, Bull., 24, T1155{1976).

H. A. Benesi and J. H. Hildabrand, J. Am, Chem. Sac.,

71, 2703(1949).




AT B T T . . LIATE e
i U e . e ... ...

248

R. J. Bergeron and K. »p, Roberts, AnaT.IBiochem.. 90, .

J. L. Cohen and K. A. Connors, Amer, J. Pharm. Edye.,

J. L. Cohen and K. A. Connors, Amer. J. Pharm. Educ.,

U. J. Wood, F, E. Hruska and W. Saenger, J, Am. Chenm.

74,
- 844(1978), _ S

75. Von §. Lautsch, W. Bandel and y. Broser, 7.
Naturforsch., 1iB, 282(1956}, _

76- B. Casu and L. Rava, Ric. sci., 36, 733(1966) .- |

77. R. 1. Gelb, L. M. Schwartz, B. Cardelino and p, A,
Laufer, Anal. 8iochem., 103, 362(1980), '

78. K. A. Connors and 4. M. Lipari, J. Pharm. Sci., 65,
379(1976), :

79. R. 1. Gelb, L. M. Schwartz, R, F.'Johnson and b, A.
tavfer, J. Am. Chem. Soc., 101, 1869{1979),

80. R. 1. Gelb, L. M. schwartz, C. T. Murray and o. A
Laufer, g, Aﬁ. them. Sec., 109, 3553(1978).

81, I
34, 197(1970).

82. H. Schlenk and p. M. Sand, J, Am. Chen. Soc., 83,
2312{19671),

83.
31, 476(1967).

84. J. P. Behr and J. M. Lehn, g. Am. chen. sec., 98,
1743(1976).

85,
Sec., 99, 1735(1977),

86.

K. Yekama, F. Hirayama, N. Matsuo, and 4. Keinuma,

Chem. Lett., 703(1978).

.




87.
88.
89.
80.

a1.
92.

93.
94.
95.

- 46,
a7.

98.

99.
100.

249

H. Kondo, H. Nakatani and k. Hiromi, Carbohydr. Res.,
52, 1{1976). | |

R. d. Bergeron and P. McPhie, Bigorg. Chem., 6, 465
{1977). '

$. Yamaguchi and T. Tsukamote, Nihpon Kagaku Kaishi,

- 1856{1976).

T. Osa, 7. Matsue and M, Fujihara, Heterocycles, 6,
1833{1977).
K. Harata, Bull. Chem. Soc. {Japan), 51, 2737(1978).

H. Konde, H. Nakatani and K. Hiromt, J. Biochem. , Is,

393(1976).

6. E. Hardee, M. Otagiri and J. H. Perrin, Acta
Pharm. Suce., 15, 188{1973). _
W. Saenger, M. Nottemeyer, P. C. Manor, B. Hingerty
and B. Klar, Bioorg. Chen., 5, 187{1976).

R. . Bergeron, M. A. Channing, G. J. Gibeily and

D. M. Pillor, J. Am. Chem. Sec., 399, 5148(1977),

F. Cramer, Angew. Chem., 68, 115(1958),

T. W. Rosanske and K. A. Connors, J. Pharm. Sci., 6%,
564(1920). )

K. A. Connors, $. F. Lin and A. B, Wong, J. Pharm,

Sci., in press.
K. Harata, Bull. Chem. Soc. (Japar), 50, 1416(1977).

G. Nemethy and #. A. Scheraga, J. Chen. Phys., 36,
3301{1962).




101.
102.
103.
104,
105.
-' _195.
1o7.
108.
109.
116.
1.

12,

{1978); Angew. Chen. Int, Ed. Engl., 17

250
M. Komiyama and M. (. Bender, J. Chem, Phys., 190,
2259{1978). '
K. Lindrer and W, Saenger, Angew. Chenm., 90, 738
17. 694{1978).
P. €. Manor and W. Saenger, Rature, 237, -3%2(1972);
d. Am. Chem. Soc., 96, 3630(1974),

W. Saenger and ¥, Noltemeyer, Angew. Chem. Int. Ed.
Engl., 13, 552{1974).

B. Hingerty and W. Saenger, J. Am. Chen. Soc., 98,
3357(1978).

J. M. Maclennan and J. J. Stezouski; Biochem.

Biophys. Res. Commun., 92, 926(1980).

R. J. Bergeron and M. p. Meeley, Biucrg; Chem., 5,
197{1976}.

E. S. Hall and H. J. Ache, J. Phys. Chem., 83, 1805
{1979).

I. Tabushi, v, 1. Hiyosuke, T. Sugimoto #nd K.
Yamamura, J. Am. Chem, Soc., 100, 916(1978).

R. I. Gelb, L. M. Schwartz, and p. A. Laufer, J, Am.
them. Soc., 100, 5875(1978).

K- A. Connors and T. y. Rosanske, J. Pharm. Sci., 89,
173(1980).

W. A. Pauli and J. L, Lach, J, Pharm. Sei., 54, 1745
{1965) .




113,
121 1¥4‘
.: 115.
..1.115.
117,

118,
119,

120.
121.
122.

T23.

125, .

. L. Cohen and X. A. Connors, J, Pharm. Sci.,

25

A. Wishnia and $. L. tappi, J. Mol. Bipl., 82, 17
{1874}, o '

R. Bergeron, Y. Machida and K. Block, J. Biol. Chem. ,
250, 1223(1975).

A. B. Yaong, Ph.D. Thests, University of Wisconsin,
Madison, WI 53706.
E. A. Lewis and L. D. Hansen, J. Chem. Soc. Perkin

Traps. 11, 2081(1973).

K. A. Connors and J. A. Mellica, J. Pharm. S5¢i., 55,
772{1966}.
W. Broser, Z. Naturforsch., 88, 722(1953).

J. A. Moliica, Jr. and K. A. Connors, J. Am. Chem.
Soc., B89, 308(1967).
9,

1271{1970}.

P. A. Kramer and K. A. Connors, Amer. J. Pharm. Ed.,

33, 193(1969).

P. A. Kramer and XK. A, Connors, J. Am. Chem. Soc.,
91, 2500(1969),
K. A. Connors, M. H. Infeld, and 8. J. Kifne, J4. Am.

. Lhem. Soc., 91, 3597(196%).

124, K. Stelmach and K. A. Connors, J. Am. Chem. soc., 92,

B863(1970).
M. DeVylder and B. DeKeukeleire, Bull. Soc. Chim.

Belg., 87, 9(1878); ibid., 87, 497(1978).

NJBH.__.__




124,

127.
128.

12%.

130.
- 5;131.
132.
133,

134.

135,

- 1386,

137,
138,

252
Pfeiffer, 0. Angern, and L. Wang, Hoppé-Sevlier's
Physiol. Chem., 164, 197(1927).

Zerbe and F. Jage, Brennstoffch., 16, BB(1935).

Pfeiffer, K. Kollbach and E. Haack, Justus Liebigs

" [y o} e
. . - .

Arn. Chem., 460, 147{1928),

3. D. Perrin, W. L. F. Armarggo and D. R. Perrin,
"Purification of Laboratory Chemicais,“ Pergamon
Press, Long Island City, New York, 1966.

J. F. T. Beriiner and 0. E. May, J. Am. Chem. Soc.,

49, 1007(1927}.

A. V. Few and J. W. Smith, J. Chem. soc., 1, 753
(1949).

H. R. Snyder, C. T. Elston and D. 8. Kellom, J. Am.
Chem. Soc., 75, 2014(1953).

W. £. Deming, "Statistical Adjustment of .Data,” Dover
Publ., New York, p. 18‘(1943).

A. G. Worthing and J. Geffner, "Treatment of Experi-
mental Bata," John Wiley and Sons, Inc., Lenden,

p. 242 (1843),

P. A.:Kramer, Pi.D. Thesis, University of Wisconsin,
Madison, Wi 53706.

C. L., Perrin, “Mathematics for Chemists," Wiley-
Interscience, New York, p. 159 (1970)}.

J. Johnston, Proc. Roy. Soc. (Londan), A78, 82(1908).

P. 0. Lumme, Suvom. Kemistii., 308. 168(1957).




139.
140G,
141,
142.
143,
144.
145,

146.

147,
- 148,

253

R. N. Mattoo, Trans. Faraday Soc., 52, 1462{1956)},

A. V. Witli, Z. Physik. Chenm. N. F., 27, 233(1961),

A. 1. Biggs and R. A. Robinson, J. Chem. Soc., 388

(1961).

M. M. Ficinng, A. Fischer, B. R. Manrn, J. Packer and
81, 4226(1959),

Yaughan, J. Am. Chem. Soc.,

J.
R. J. Bergeron, M. A, Channing, and XK. A. McGovern,
J. Am. Chem. Soc., 100, 2878{1978).

I. M. Klotz, Acc., Chem. Res., 1. 162(1974}).

E. 5. Gould, "Mechanism and Structure in Organic

Chemistry,” Holt, Rinehart and Winston, New*York,

1859, p. 62, -

A, L. McClellan, “Tables of Experimental Dipole

 Moments," V¥oi. 2, Rahara Enterprises, £1 Cerrito,

Cat., 1974,
W. Huckel and W. Jahnentz, Chem. Ber., 874, 652(1947).

W. Huckel, J. Datow, and E. Simmersbach, Z. Physik.
Chem., AI186, 129(1940).




254
APPENDICES

A, .Equafionﬁ-to Calculate fL] in Potantiometric Method
' Free ligand concentration [L} is estimated by com-
“bining Eq. (34) with the appropriate special case of £q.
{32}. '

,Lt = [L] + Stfgﬁ + %E} | (34)

where

T4 Kppltd + KyqaKyp, (L2
Pt KLl ¢ Kypkypeltd?
= Kypalld + 2K Ky, 117
Kpyplt] + 2Kpp ko, (L1
L KHa[!"] + K]laKTZa[LJZ
T4 Rypplld * Kyppkypp[L1°

=X W =
B

(32}

12b
1 + K313[L]

P Kygplt]
* KTla{LI
Kyypltl
and Eq., (32} becomes
1+ Klla[LJ

¢ = - (35)
T+l

-  fase I: K1Za = 0, K = 0. Then

- = w I
L] 1]




Let R = x11aIK1}b’ then Ki7a = R ° X1p Substitu?ing into

Eg. (35) gives

I | SR 3
L T RO EETER G
Substituting A, B, M, N and Eq. (A-1) into Eq. (34), after

rearranging gives

(C - 1)(R+C)es,

iL} = Ly -

Which is equivalent to Egq. {A-3).

(LY = 1 s (A-3)
t T X+ : . : -

where

Case II: Ki!b = G, K]Zb = {, K12a a §. Then

X
#
—
4+
”~
—
st
1)
o |
-
Lt

= =z w
-
—
—
&
m
P
Lemad

and
C=14 K]1a[L} = A (38)

Substituting these equations into Eq. (34) gives

ITCIESD) Ay
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- S Ky, [L] R
= £11a .
Ly =[]+ g — {A-QJ.;;,
Substituting K]]a{L} from Eq. (38) into f£gq. (A-4) gives -
(C ~ T)St

(L) = by - gt (a-5)

[L] can be calculated directly from experimental C values. -

Case III: K}Ib = 0, KIZb = §. Then

. 2
A= b+ Kypalld + Kyq Ky, [
B = 1

' 2
M= Kypn[Ll + 200,k 1]
Neo

and

2
EF T Kyaltd + Ky Ky, 0L1° = a

{40)._ 
Substituting A, B, M, N, and C inte Eq. {34) gives
R ARG (s
From. Eq. (40),
K1aK12,IE1% = (0 = 1) - gy, 00 (A-7}

Substituting Eq. (A-7) into Eq. (A-6) decomes

$.{C - 1) o
t
c (5”8}

$.K
- -t 1la
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Rearranging £q. {A-8) begomes
©o2¢(L, - S} + 2§ R
t £ t s - . :
L] = oo e (41)
205K, IR

Case 1V: K]Zb = 0. Then

AT K ILT ¢ Ky Kyp, 111
B =1+ K11b{L} *
M= Kppall + 2Ky Ky, 1L
No= Kygpltd

#

and

2.
L1t Kyl # Ry Ky, Il

T ¥R 7oL (43)

= A/B

Substituting € = A/B into Eg. (34) gives
st(§ + N) : L
LtB{L]""'—"z""B"‘_"““ ] (A-Q)
Substituting B, M, N and C into Eq. (A-9) gives

Se(K11alt] * 267,k 1012 + cyy 1))
Ly = (8] + —= 20T + Ky, 10D

(A-10)
From £q. {43), :

K11ak12aTL1% = €€ = 1)+ cxyp, TuT - “raftd (A1

 Combining Egs. {A-11) and {A-10) gives
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$¢f2C = 2 - Ky LT + 30K 4, [LT)

by = LLT + ZETT+ K 7o T | (A-12)

Rearranging Eq. (A-12) as a function of [L], a guadratic

 equation is obtained:

2 3R
Kpppltd™ + 10+ 5yKyqp (7~ 6) - LeKyqpDLT -

$.{C - 1}
[ty - F—p—1=0 (45)

where R = K”aﬂ(”b



B.

Equation far L] and the aetermznation of K1]

Spectrophotopetric Method

The conventional Benesi-Hildebrand spectrophotometric .
method to determine stability constant of 1:1 comp?ex is
well known {73).

The interaction of substrate and lzgand to produce @ ﬁf,g.'
complex is expressed as '

S+ L —— SL

and the corresponding stability constant is defined as:

Kyp = [SLI/Ls3L] (8-1)

Assume Beer's Law is followed by all species. The absorbe . -
ance of substrate (A } in the absence of Tigand 4s ngen by

. {B-2),

Ao = esbst (8-2)

.. where €g is the molar absorptivity of the'substrate, and b

“is the cell pathiength in cm. 1n the presence of ligand at

-4 total molar concentration Lt’ the absorbance of the
sotution is

AL = eb[ST + ¢ bILT + &) blsL] (8-3)

where brackets represent the molar concentration, and T
.-8nd 17 are the molar absorptivities of the Tigand and the
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(5L}, respectively. Combining Eg. (B-3) with the mass

 balances on S and L, gives

AL = esbst + szLt + aeb[SL] . {B-4)

" where pe = €11 = &g ~ € - The Lt term in Eg. (B-4) can bhe
deleted if the absorbance of the solution is measured re!a-
tive to a reference containing identical tigand concentra-

tion. Eq. (B-4) becomes

A" = egbSy + aeb[SL] (B-5) -

Combining Eqs. (B- !), (B 2) and (B- 5) glves

sA/b = K ]ae£5][L} : (8-6)

where sA = AL‘ - Ao' Eq. (B-1) combines with mass balance
on 5 gives
[S] = 5,71 + 4IL]) (B-7) -

and substituting Eq. (B-7) fnto Eq. (8-6) gives
BR/b = KpyS.as[L1/(1 + Ky LD | {8-8)}

A lipear form of Eq. (B-8) is to take the reciprocal of

" this equation:
b/aA = 1/K115t“‘{L3 + 1/St65 (B-9)

The stability constant Kyj is taken as the ratio of




intercept/slope from the Tinear plot of 1744 vs. 1/L].

@ system if the consumption of ligand by the substrate is

small enough to be neglected, then [L] can be approximated

1 is obtained by a plot of 1/aAA vs. T/Lt.
However,

by L., and X

the approximation may not be adequate. ¢

q.
(B-10) relates [L] to Lt

by combining £q. (B«T} with the
mass batance on L.

[LY = Ly/(3 + Ky 0sD) (8-10)

The approximation that {iL] = Lt sustains only when

K]1fSJ << 1, f.e., either or both'Kz] and [§] s smail., A

‘more general form to_detérmine Ky1 by £q. {B-9) using {t]

which is solved by the foliowing equations. Substituting

into Eq. (8-18) from Eq. {B-7} gives

(L] = 1 (7 + Ky EET} /(0 + KyyILT + KyqSy) (B-11)
Rearrangigg Eq._{B-Il) and expressing in terms of {L],
qives

? -y - s, - BT - Ly/kyy = 0 (8-12)

[L], therefore, can be calculated from the quadratic equa-
tion in Eq. (B-12) where X
piot of 1/aA vs. I/Lt.

]I'is ffrst estimated from the

Iteration #s carried out until KI?

essentially does not change.
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€. A Competitive Petentiometric Method

B Anztlogous to the methyl orange competitive spectro-~
photometric method, a competitive potentiometric method s
praposed to study the stability constants of non-ionizing
substances.

Suppose a substrate HA {weak acid) forms complex with
cyclodextr:n to give a apK change, as in the usual poten~
._ tiometric mathod. The stability constants of the system
- can be determined as described in this work. However, to
study the complexation of cycliodextrin with a second sub-
'.strate {SJ that does not undergo 1on1zat1on within the pH
covered in measuring . pK ' of HA, we set up a system of HA
~and [L}, measure its pK and see how the addition of § per-

turbs the pH, which allows the determination of complex

stability constant for S.
Assume 1:1 stoichiometry in both S and HA complexes

with cyclodextrin:

+ -
BA =— H" + A
§ + L — 5|
HA + L —— HAL

-~

AT + L — AL

The corresponding stability constants are
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Kype = TLSH e
Ky1a * TRAIRLT | {c-ﬁ)" |
Y1 ® AL 1 o Sl
LA"3[L]

As in Case I system, in the sbsence of S, apKa° is reiated
to [L] in Eg. (C-5). '
. 1Kyt o
ApKa. = Tog T“‘_;——g—*“‘m = Tog € (5-5}_
1ib - : :
The mass balances on the acid substrate (At), the secbnd
non-ionizabie substrate (St}, and tigand concentration (Lt)

are:
A, = [HA] + [A7] + [HALY + [AL™] : (c-8) .
S, = [s] + [st] (c-7) .. .

Ly = {03 + [HAL] + [AL™T + (sL] {C-8)

Substituting Egs. {C-1), (C-3) and {C-4) into Egq. {C-5)

. gives

ALHYT + SKi]
[4']
where A = 1 + Ky [L] and B = 1 + Ky (L],

Ay = {HA}[ {c-gf_f__--"
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Substituting Eq. (C-2) into Eq. {C-7) gives
[S1 = 5,/(3 + kj;[L]) (c-10)

Combining £qs. (£-1) to {C-4) with Eg. (C-8) to related L
and [L] gives

HIHY] + Nk
by = [LIO # Ryqq 08D+ {HA](f-EE$5-"“3) ' (C-11)
where M = K!Ia[L] and N = K!betj'
Put Eq. (C~10) into Eq. {C~T11) _
S.K MY + nk
- t11s a -
Ly = Le31 + TR ¢ {““1(*‘“5;25‘"“‘) (c-12)

Eliminating [HA] in Eq. (C-12) by substitution from Eq.

{C-9) gives a general relationship between [L] and Lyt

Lt.= [L}(z + T“?LK%%fIET) + At(EEE—Eaiwﬂfi) (C~13)

A[H ]+ BK
The electroneutrality equat:on for this system §s,

[Na"] + [K'] = [0W™1 + [A"] + [AL"] (C-14)

[S] is not included since it is assumed not itonizable, and
[Na I in Eq. (C-14) is the tounter~ion to the conjugate

base of the substrate, A™. Combining Eq. (C-14) with
'preceding exprassions gives

A.B
[na®t 1 + (ut ] - [OH"] = _"__ﬁ_fi__m

A[H ]+ BK
Eq. {C-15) is comparable with Eq. (22}.

(C-15)

The presence of §
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exerts its effect only through £q. {C-13) by towering [L].
In order to find K115, tet

.= when

(L1, = [L]  when

)
C. = ¢ ‘when §
s
(L1, = [L1  when s

La ot [ad o
L]
L o [ %41 =

From Eq, {C-5),
SRR
ERE- R
and - ' ‘ ‘
¢, = petaltls ‘ - (c-.17)'
5 T+ K”bILis
where C0 and cs are experimentally measured guantitfes as a
g function of Ly at {Lt}0 and (Lt)s, respectively. A hypo-
thetical system of benzoic acid in presence of non-
. Jonizable substrate $ is set up. Fig. (C-1) is a plot of
Co vs.-Lt for benzoic acid which is plotted according to
the data irn Table IX and a hypothetical plet of Cs Vs, Lt
Mis alse genarated in the Figure.  The way to obtain Cs
';aiues here will be described later.
In Fig. €C-1, along the horizontal line ab, € is con-
"stant, so [H+] is constant according to Egq. {C-5), and
- therefore [L] must be constant. From the analysis of €4

system, [L]o can be calculated at point d (in Fig. C-1) by

R

BERY - EWE R Y PR




Plets of C vs. Lt. co curve is generated

according to the data in Table IX for benzoic ii“:"

acid:chyclodextrin system. The hypothetical  f“Q'

s

: = = -1
where St 0.07 M, Kygg = 250 M

calculated from Egq. (36).

C. curve is calculated according to Eq. {C-20) \1’*
and [L] is . . .



““——_““— &
’ .
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Eq. {36), then [L]S at paint b 1s known, since they are
identical. _ ' .

Consider Eq. (£-13}, let Lti and Ltz be the total
tigand concentration at points d and b, then
MU{H*]0 + NaKa)
| Ao[l-!*]0 + 8 K,
Loz = 1031 + ‘sz'ﬁhfrr) + Ay MS[H:}S e

11s 5 ASEH }s + BsKa

{C-19)

Ly = [LT, +-At( (c-18)

Since [H+]° = {H+]s and [L1, = {LI_ along the ab line,
Ao = AS. B0 = Bs’ M0.= Ms and No‘w st Thus by
subtraction;

$.Ky . L]
t"ils
Lez = b = 7% T (c-20)
1ls
Let ALy = Lep - Lyys rearranging Eq. (C-20) gives
Ly = K”S(st ~ L [L] {C-21}

In Eq. (C-21), St is known, ALQ fs measured according
to the construction in Fig. C-1, and [L] at any peint ¢ on
the C, curve can be calculated according to Eq. (36) for
Case | system. Therefore K]Ts is the s]ope_of a plot of
oL, vs. {St - ALt)[L}. The hypothetical system C, in Fig.
€-1 1s calculated by assuming S, = 0.01 M, K,y = 250 §°'
In using Eq. (C-20) to find 8Ly, and [L] is calculated from
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the results of benzoic acid system. Thé maximum ALt in '
this case is 0.01 ¥, when L, ranging from0.01 M to C.13 M,
which is equivalent to a 0.33 pH unit change by the .

presence of the second substrate. The method is werth

further pursying.




