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I. Introduction

A, Nature of Cyvclodextrins

The cyclodextrins (also called cycloamyloses and
Schardinger dextrins) are a series of homologous oligo-
saccharides that are formed from the breakdown of starch
by the action of Bacillus macerans amylase. -, & - and
¥ -cyclodextrins are respectively composed of six, seven
and eight D-glucosepyranose residues linked at e -(1,4)
in a macrocyclic form. The molecules are doughnut shaped
and their cavities of fixed size and shape have led to
considerable interest in their chemical properties (1,2,3).
Table I lists some of the properties of the cyclodextrins
and structures 1 and 2 give the structures of «- and 8-
cyclodextrins., The produciion, purification and chemistry
of the cyclodextrins have been reviewed (4,5). The con-
formations of the cycledextrins have been established
with nuclear magnetic resonance (6,7,8), X-ray (9) and
rotary dispersion (10) tec be of C1 chair conformation
for the glucose units. Structure 3 shows the conformation
of two glucose units in g cyclodextrin.

Cyclodextrins thus have primary and secondary

hydroxy groups crowning oppcsite ends of its torus with
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Table 1

Some properties of Cyclodextrins (20)

Number Water Cavity dimension
Cyclodextrin of glucose solubility (E)
residues (g/100ce)

Diameter Depth

Cyclohexaamylose 6 y k.5 5.7
(& ~cyclodextrin)
Cycloheptzamylose 7 1,85 7.0 7.0
(R -cyclodextrin)
Cyclooctaamylose 8 23,9 8.5 7«0

(¥ -cyeclodextrin)

Structure 3. Two glucose units of cyclodextrin



H-3, H-5 and H-6 directed towards its interior and H-1,
H-2 and H-%4 located on its exterior. The interior of the
cavity is mainly composed of the symmetrically distri-
tuted bridging acetal oxygen atoms, flanked by four
hydrogen atoms in a square array, with their lone orbi-
tals orthogonal to the cylindrical axis of the molecule.
Thus the interior of the cavity contains a region of
high electron density (12) and might behave like a Lewis
base (13). The secondary groups interact with one ano-
ther by means of hydrogen bonds involving the C-3 hydro-
xyl of one glucose residue and the C-2 oxygen of an adja-
cent residue as shown in Structure 3. The notion that the
cavity is hydrophobic in the clasgic sense of associat-
ion, characterized by a favorable entropy of associa-
tion, has been refuted on the grounds of spectroscopic
(14) and thermodynamic evidences (1i5). Nevertheless,

the cyclodextrins are hydrophoble in the sense that
thelr solubilities are enhanced by the addition of small
amounts of relatively nonpolar solvents such as ethanol
(15). The solvation of the interior of the cavity by
water is not ideal and the enthalpy initially required
to ereate the solvent cavity for the cyclodextrin
molecules cannot be fully regained through solvent-
solvent interaction. In this sense, the cyclodextrin
cavity can be considered enthalpy rich. The inclusion

process can be viewed as a mutually favorable associat-
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ion of a relatively nonpolar substrate with an imper-
fectly solvated "hydrophobic" cavity. The driving force
of the inclusion process is thought to be due to a
favorable enthalpy change, with the transfer of the
relatively nonpolar substrate from an agueous environ-
ment to a "hydrophobic" cyclodextrin cavity. There are
other speculations on different attractive forces like
hydrogen bonding, van der Waal forces, dipole-dipole
interaction and inductive effects in order to explain
the asscociation. However, these evidences are not con-
clusive. Cramer (16) considers covalent bonding to be
important for the assoeciation when the cyclodextrin
functicnsas an assymetric enzymatic catalyst.
Cyclodextrinshave been found to form complexes
with a wide variety of "guest" chemicals, effectively
precipitating some and enhancing the solubilities of
others. The "guest" molecules range from the highly
polar reagents such as potassium acetate, aliphatic
and aromatic carboxylic acids or amines to the highly
nonpolar aliphatic and aromatic hydrocarbons and rare
gases. In practically all cases, a correlation between
the sizes of the "guests" and the cyclodextrin cavities
can be established except where the molecular chain has
become long enough to curl. The combining raticsof the
host to guest are often 1:1 in solution for short chain

molecules and higher than 1:1 in crystalline form. Any
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ratio higher than 1:1 is thought to be due to the stack-
effect of the cyclodextrins to form a channel (6,7,8).

Evidence suggesting inclusion of substrates in
cyclodextrin cavities in solution has been derived from
muclear magnetic resonance measurements (18) in which
the chemical shifts of the interior hydrogens were seen
to move by small amounts. To date the best evidence
supporting the theory of inclusion complexation of
cyclodextrins with aromatic compoundswas given by Harata
and Uredaira (33), who performed an X-ray determination
of the p-iodoaniline=-™~-cyclodextrin complex structure,
They found that the aromatic compound was fitted tight-
1y into the cavity, with the iodine and the aromatic
ring inside and the amine projecting outside.

Apart from ineclusion, it is also speculated (20)
that for polar substrates, the binding force of the
complex can be due to intermolecular hydrogen bonding
from outside the cavity or channel in addition to the
inelusion binding. A large number of compounds have
been screened for complexation with cyclodextrins. For
example, Cramer and co-workers (2i) have measured the
rate constants and equilibrium constants for the asso-
ciation of E—hitrnphenol and a series of azo dyes with
ot —cyclodextrin, while Lach and his co-workers (22,23,24)
locked into the solubilities of a variety of pharmaceu-

ticals in the presence of cyclodextrins. Demarco and
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Thakkar (18) measured the chemical shifts of X -cyclo~
dextrin complexed with a series of substituted benzoic
acids and phenols.

Two methods of determining the association cons-
tant have been commonly used by most workers. One is
the solubility method, in which plots of the solubility
of the substrates against the concentration of added
cyclodextrins were usually linear and these slopes are
used to calculate the association constant, Kiq {5).
The other method is the spectrometric method using the
Benesi and Hildebrand equation(25)., With either method,
the association constants were found in the order of
over lﬂz, indicating strong association between the
"guests" and host. Another interesting feature of the
cyclodextrin is their ability to induce stereospecific
precipitation. Optical purities as high as 84% for
chiral sulfoxides have been attained (26). Recently,
much attention has been given to cyclodextrin as a
model for enzyme catalysis (20). & wide variety of
cyclodextrin~-induced rate accelerations and decelerations
imposed by the cyclodextrins have been revealed and
many of these can be explained guite adeqguately. For
example, the reaction of deriwvatives of carboxylie acids
and organophosphate compounds with cyclodextrin proceed
to form covalent intermediates. Other types of reaction

appear to be influenced by dielectric properties of the
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microscopic cyclodextrin cavity. Still other reactions
can be affected by geometrical reguirements of the in-
clusion process. In all cases, catalysis by the cyclo-
dextrins displays specificity with respect to both the
structure of the substrate and the sizes of the cyclo-

dextrin cavities.

B. NVR Study of Complexes

The observed chemical shift (5) for a given nu-
cleus in a molecule in solution is not the same as the

shift in the gaseous phase {5ga5}‘ The difference, some-

)

times called the solvent screening constant {BSOl?Enu

is due in part to contributions from the bulk diamagnetic
susceptibility difference of the solution and reference
samples {Sb}’ the solvent magnetic anisotropy {Sa} and
weak dispersion (van der Waal) interaction between solute
and solvent molecules [Sw}. A polar effect {SE} is also
experienced; this is generally interpreted in terms of

a reaction field; i.e. the result of a Secondary electric
field in the solvent owing to its polarization by the
Permanent dipole of the solute, Any specific complex
formation in solution will also make its contribution
{55} to the observed chemical shift., In general, we may

therefore write:

Ssolvenﬁ - Bgas -0 = Eb L 6w L 5a * 6E 4 85
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The appearance of the magnetic resonance spectrum
of a nucleus which can exist in more than one chemical
environment is dependent on its lifetime in these dif-
ferent envircnments. Let us take the simple case of a
rnucleus which can exist in two environments, I and II,
in either of which alone it appears as a singlet. If
the lifetime in the two states are long compared with
ﬁ(ﬂlal - 5IIIH}_1 (where |61 - SIIiH is the frequency
difference in Hz between the two absorptions at 51 and
GII if each appeared singly) then two lines are observed.
If the lifetimes are short compared with fEﬁ?lﬁI - GIIIH}"i.
then only a singlet, time-averaged line is observed. In
the latter case, the position of the line (§) is dependent
on the relative populations, P; and PII, in the two en-
vironments:

G:Pi%{- PIIEII .-;;---{1}

For a nucleus rapidly exchanging between n different
environments, a corresponding relationship holds. In

the case of weak complex formation, under conditions

for which equation (1) is valid, the environment I could
represent an unassociated molecule and environment IT
the same molecule in a complexed state. In general, any
change in the system which will cause an alteration in
the relative populations of PI and PII will affect the

observed time-averaged chemical shift (5). Such changes

will inelude concentration changes, temperature wvaria-
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tions and alterations in the nature of the second com-

ponent of the complex.

C.NMR Study of Cyclodextrins and their Complexes

Owing to the complexity of their spectra , wvery
few nuclear magnetic resonance studies of cyclodextrin
complexes have been carried out, and in most cases, it
was the chemical shifts of the cyclodextrins rather than
their "guest" molecules that were scrutinized. The earlier
work in nuclear magnetic resonance (27,28) suggested
that cyclodextrins are of C1 chair conformation, but it
was Takeo and Kuge (22) who confirmed such conformation
with the use of peracetylated cyclodextrins. Demarco
and Thakkar (18,19) wused magnetic resonance method to
investigate the cavity of ecyclodextrins. They argued
that, with aromatic substrates, if inclusion cccurred
within or near the cavity, H-3, H-5 or H-6 will be strong-
ly shielded, whereas if the asscciation took place on
the exterior of the torus then H-1, H-2 and H-4 will be
more strongly shielded. It turned out that association
of ﬁ -cyclodextrin with a series of benzoic acid deriva-
tives, phenols and barbituates produced change in chemi-
cal shifts (A8) of appreciable value (~0.2 ppm) for H-5.
This evidence suggested that the substrates were included
in the torus of cyclodextrinzs. However, none of the re-

ferences gquoted above pays any attention to the chemical
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shifts of the substrates. It is expected that the com-
plexed substrates, being in a different ehvironment than
the solvent, would have a different chemical shift than
those in their free form in the solution.

Recently, MacNicol (34) reported in a short
note that cyclodextrin could be used as an NMR shift
reagent for hydrocarbons. After p-cymene had been heated
in a solution of & -cyclodextrin, its spectrum was taken
at 50 °C and it was found that the singlet of the aro-
matic protons split into four peaks covering a range of
20 Hz. When adamantane was observed in a o€ -cyclodextrin
at 80 °C, a singlet (methine protons) and a triplet
(methylene protons) were obtained, whereas in other

solvents adamantane gives only a poorly resolved spectrum.

D.Plan of Study

In this study, attention was focused on the
chemical shifts of some aromatic compounds in the pre-
sence of cyclodextrine. As indicated earlier, chemical
shift is a function of the environment of the proton
being observed. It was presumed that an included com-
pound, being in a different environment, would exhibit
a change in its chemical shifts. It is known that a change
in solvent often results in a change in chemical shift
for the solute. Aromatic selvents such as pyridine can

cause a "golvent shift" of the order of 0.5 ppm when
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compared with a carbon tetrachloride solvent (31). It
has also been reported (32) that a hydroxy group on a
steroid can cause a change in chemical shift of a neigh-
boring proton by about 0.17 ppm.

Since this was a preliminary study, the majori-
ty of the chemicals were screened without detailed study.
A couple of these substrates were examined more closely
in order to relate the change of the chemical shift of
the substrates to the change in the concentration of
cyclodextrin. For the other compounds studied, only the
differences of their chemical shifts in the presence

and absence of ecyclodextrins were observed.
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II. Experimental

A. NMaterials

All compounds were used as received except as
nuted*. Phenol was obtained from Mallinckrodt. Benzyl
alecohol, ethyl benzoate, phenyl ethyl alechol, nitro-
phenols, trans-cinnamic acid (recrystallized) and p-
benzaldehyde were obtained from Baker; methyl benzoate
was obtalned from Matheson Coleman and Eell; E-dimxane,
& -cyclodextrin, §-cyclodextrin and deuterium oxide
(99,98%) were obtained from Aldrich; benzaldehyde and

acetophenone were obtainsd from Fred Portz and Son.

B. Instrument

Nuclear magnetic resonance measurements were
performed Dhla Bruker Model HX 90-E spectrometer inter-
faced with a Nicolet 1080 data system for use with
Fourier Transform. Betweenn 50 and 250 scans were made

for each sample depending on its concentration. The

* Because of the sensitivity limitations of NMR, except-
ionally high purity of substrates is not required, hence
the best commercially available grade is generally sat-

isfactory for direct use.
ke



spectrum was locked to the Dzﬂ signal. The temperature
of the praobe was about 30 °C. '

C.Procedure

The samples were prepared by shaking 2ul of a
liquid substrate in 1 ml D,0 in a 1 ml volumetrie flask.
For each compound tested, two samples were prepared.

To one of the samples was added about 0.04 g of ot-cyclo-
dextrin. Solld substrates were prepared by dissolving
excess of the chemical in DEG to make a saturated solu-
tion. Then X-cyclodextrin was added as described. All
the substrates were slightly scluble in water. For
samples where precipitation occurred, Milliporeqajﬂlu
tration was used to obtain a solid-free sample for
filling into the NMR tubes. In many cases, precipitation
occurred on standing in the NMR tubes even after filtrat-
ion. The samples were run and recorded nevertheless.,

No apparent effect due to the precipitation was observed.

For fear of interference to the complexation
under study, an NMR reference compound was not used.
Hence, in all measurements the HDO peak was used as the
internal reference peak. A comparison between the chemi-
cal shift of p-dioxane in DED in the presence and ab-
gsence of ™-cgyclodextrin showed only a difference of
~1.5 Hz, which is within irgrumental error. This result

was considered an indication that HDO peak was stable

14



enough as a reference for qualitative work where AS is
in the range of 10-35 Hz,

Since the ppm unit was awkward to use for such
a small shift, the unit Hz was used in all cases. For
this instrument, a shift of 90 Hz corresponds to 1 ppm.
Chemical shifts that are downfield from the HDO peak are
given 'positive signs. Those that are upfield from the

HDO peak are considered negative.



III. RESULTS

Figure 1 shows a typical spectrum of benzoic
acid inel-cyclodextrin solution. The doublet at about
330 Hz-represents the ortho protons and the quintet at
about 270 Hz is from the para and meta protons, which
overlap one another and are impossible to distinguish
from one another. The single peak at 0.0 Hz is the HDO
peak with its spinning side bands at about +29 Hz., The
complex structure further up field to the HDO peak is
from the protons of the X-cyclodextrin. For this parti-
cular spectrum, 250 scans were made to accumulate the
data.

All the compounds observed exhibit some change
in chemical shift (55) in the presence of ®&-cyclodex-
trin. AS ranged between 3-4 Hz for benzene and toluene
up to 35 Hz for benzoic acid.

To check the reproducibility of the instrument,
four samples of benzoic acid of identical concentrations
were observed. The chemical shifts of the various sig-
nals are given in Table IT. Peak assignments are indi-
cated in Figure 1. The standard deviation of the chemi-

cal shifte ranges between 0.200 and 0.315 Hz,With the
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reasonable adoption of a confidence interval of mean
+t3 standard deviations for 5, then a change in shift
Ad of greater than +1.8 Hz (6x0.3 Hz) is considered

significant.

Table II. Observed chemical shifts of the aromatic
protons of benzoic acid for four spectra

_ § (Hz)
ortho para

Peaks A B c D
298,339 290.039 256.836 249,267
298, 584 290, 528 257,081 249,756
298,339 290,039 256.836 249,511
298.095 290,039 256.591 249,023
Mean 298,339 290,161 256,591 249,389
Standard r ¢
dit s ton 0.200 0.245 0,200 0.315

Observed A§ could be due to a "real" shift of
the signal of the compound being observed, and/or to a
shift of the reference peak. Since it is not possible
to fix the chemical shift of the HDO peak, it is not
known what the real 45 value was for the compounds
observed. However, it was observed that different pro-
ton signals of a given substrate shifted by different
amounts, so 1t follows that there was some "real" shift
for the signals of the substrate.

To measure the medium effect of the systems,

glucose solution was used to simulate the o -cyclodextrin
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solution. Dextrose was weighed out to the same weight
as the cyclodextrin in the other samples. A comparison
between the benzolc acid signals in glucose and in ecy-
clodextrin showed only a difference of 0.3 Hz. Thus,
the medium effect was considered insignificant in these
experiments.

Figure 2 shows the change in chemical shift of
the aromatic protons of benzoic acid in different concen-
trations of o -cyclodextrin. A graphical representation
of these shifts 1s given in Figure 3. It is seen that
A's of the ortho protons are larger than those of the

para and meta protons and the curves start to level off

at 0.02 M of & -cycledextrin.

Figure 4 shows the spectra of benzaldehyde in
the absence (a) and presence (b) of o -cyclodextrin and (c)
in the presence of @-cyclodextrin. In (b) it is noted
that two doublets are formed from the doublet of the
ortho protons in (a). In the presence of ﬁ—cyclodextrin,
only one doublet is obtained for the ortho protons. How-

ever, the peaks for the meta and para protons are better

regolved.

Table III lists all the compounds studied in this
investigation with their respective Af's in a solution
of ~0.04 M ol-cyclodextrin., Assignments of peaks were
made according to the spectra in "Stardard NMR Spectra"

by the Sadtler Research Laboratory (1975).



Figure 1. A typical spectrum of benzoic acid in
ot ~cyclodextrin solution
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Figure 2. Spectra of benzoic acid in different
concentrations of ® -cyclodextrin
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ortho protons
30r 7

20

A

(H) 4

para, meta protons
O C—1r]

1 | I
0.01 0.02 0.03 0.04 0.05

|

[Cyclodextrin] (M)

Figure 3. Dependence of A§ of the aromatic protons

of benzoic acid on the total concentration
of «-cyclodextrin



Figure 4. Spectra of benzaldehyde in
(a) without cyclodextrin
(b) with o -cyclodextrin
(c) with g-cyclodextrin
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Table ITI. Ad's of the substrates in ~0.04 i
of «-cyclodextrin

Sadtler

Structure Ad (Hz) Reference

23 5678

L (methyl)

L (aromatic) 16943

b 191

O
C H3
NHE

<
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OH

NOo

8 (methylene)
L4 (aromatie)

9 (ortho)
10 (meta, para)

3152

9374

1i3



QkHDH

‘P
s
Cl
uﬁ

%.KCH

32 (ortho)

10 (meta,para)

28 (ortho)
12 (meta,para)

2 (methyl)
3 (methylene)
17 (ortho)
i0 (meta,para)

b (methyl)
7 (ortho}
& (meta,para)

—of.-

57

78

1204

10480



9(aldehydic)

35 (ortho,adjacent to carbonyl) 17061

13 (orthe, adjacent to aldehydic
hydrogen)

10 (meta,para)

*s {aldehgdic}

3 (ortho 17061
10 {meta,para)

0 H

N
2 (aldehydic)
6 (orthu{ 7349
6 (meta)

H

* Measured in 0.01 M Q,-cyclndextrin

PG



CH,OH

0]
HO
H
0.
HO CHZOH
QO OH
HO 0
HOH. OH
o (0]
OH
OH ”
OH CH,OH
0
O
HOH2C

Structure 1. Structure of Ol -cyclodextrin



HO

OH

OH OH
CHEDH
Structure 2. Structure of @—cyclndextrin

=g he



IV. Discussion

It is apparent that the cyclodextrin can cause
a change in chemical shift for hydrocarbon protons in
gsolution, whether they are aliphatie, alicyeclic or
aromatic protons. It is surprising to observe that cy-
clohexane should have a much larger change in shift than
benzene, even though cyclchexane, from a CPK model,
Seems to be too large for the cavity, whereas benzene
can fit comfortably into the cavity, If inclusion is
the critical process of complexation and all other ef-
fects are equal, one would expect the change in chemiecal
shift for both chemicals to be of the same magni tude.
Even more surprising is the aliphatic heptane which has
a significant AD (15 Hz), compared with benzene (3 Hz).
It is not known exactly what causes these changes
in chemical shifts. Two factors may be important. Either
or both factors can contribute teo the changes. One fac-
tor is the maghetic field effect, which could be dus
to the bulk anisotropy of the medium or to the effeot
of the cyclodextrin cavity when the substrate is in-

cluded., The other factor is the redistribution of the

-30-



electron density in the subsirate molecule caused by

some charge effect of the eyclodextrin. For aliphatic
and alicyclic compounds, the magnetic field effect would
be expected to be the only factor causing the shifi,
while for the aromatic compounds, where the 9 electrons
are easily delocalized, redistribution of electron den-
8ity for the aromatic ring is possible. However, evidence
is s8till inadequate to allow a definite conclusion.

iPotassium acetate and p-iodoaniline have been
shown by X-ray to form inclusion complexes with cyclo-
dextrins. However the systems studied here have not been
examined by X-ray. Thus it is not known if inclusion
complexation is the only mode of complexation. Other
modes of complexation should not be neglected. For
example, the substrate could be on either end of the
cavity or on the outside of the rim. It is conceivable
that these modes of complexaticn can also cause a change
in chemical shifts.

From the results of Behr and Lehn (36), it is

apparent that the methyl groups of the meta-and para-

methyl cinhamates were included in the ® -gyclodextrin
cavity or at least in contact with the macrocycle be-
cause thelr rotations were hindered. However, the bulky
tert-butyl of p-tert-butylphenolate were not much

affected, indicating a non-included complex.

-31-



The aromatic compounds studied can be divided
into two categories according to their substituents:
those with electron withdrawing groups and those with
electron releasing groups.

From the data, it is tha;ba of the aromatic pro-
tons for the systems with electron releasing groups that
are small, in the order of 4 Hz, comparable to that of
benzene itself. On the other hand, aromatic protons of
systems with electron withdrawing groups have largEJQS,
ranging from 17-35 Hz for ortho protons and sbout 10 Hz
for para and meta protons. At this point it is not known
why the systems should behave so differently. Perhaps
electronic density distribution is different for the
two systems. For the system with electron releasing group, '
a2 deshielded arcmatic proton can upset the effect of
deshielding by drawing electrons from the % electrons
of the aromatic ring. This process is assisted by the
electron releasing group. However, this same process
is opposed by the electron withdrawing groups. Thus
more deshlelding was seen in the latter system than in
the former. As to the cause of the deshielding, it is
possible that, if inelusion did ocecur, the acetal oXyEen
atoms lining the cavity could behave like Lewis bases
and deshield the aromatic protons.

Let us focus on the systems with electonwith-

drawing groups. All of them have 1arger'&8 for ortho

SRR



protons than for meta and para protons. If the structure
proposed by Harato and Uredaira (33) is correct, then

it seems that the benzene ring with its substituent is
inserted into the cavity of the cyclodextrin along its
axis of rotation (26). It should be noted that their
complex was in solld form and the systems studled here
were in solutions. The mode of complexation could be
different for the two states. Assuming the two complex-
ations are similar and inclusion complexes were formed,
then, the ortho protons, being located deeper into the
cavity, are affected more than the meta and para protons.
Thus, a largeri}s was observed. This conjecture reguires
confirmation from other physical methods, for example,
X-ray studies.

Furthermore, 1t seems that the bulkiness of the
substituent can also affect'ﬂmadg. In the case of ben-
zolec acid and its esters, it is geen that the larger
the ester, the smaller was ﬁﬁ for the ortho protons.
However, it is puzzling to see that the ;:,5 for the meta
and para protons were not affected CGT?ESPGhﬂinglE.

The results obtained for the benzaldehyde sys-
tem are interesting. When benzaldehyde was placed in an
aqueous solution of ol-cyclodextrin, not only 1arg5115
was observed for the ortho protons, but also a new
doublet appeared. Une doublet had a nsﬁ of 35 Hz while

the other set had a aﬁ of 13 Hz. The para and meta
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protons changed their chemical shifts by 10 Hz. The
twosets of doublets are thought to result from the non-
equivalence of the ortho protons when the system was
complexed with e¢-cyclodextrin. This nonequivalence could
be caused by the "freezing" of the C—C single bond of
the aldehyde functional group. It is possible that when
the aldehyde gpoup was inserted into the ot-cyclodextrin
cavity, it was fixed and the rotation stopped. Now the
two ortho protons became nonequivalent —— one being
close to the aldehyde proton and the other close to the
carbonyl group. It is known that C=0 group could shift
its neighboring group downfield more than a proton could;
so the preoton with larger dﬁ was assigned to be the one
that was closer to the carbonyl group.

It could be argued that the complexation could
occur in other modes such that the aldehyde group was
gimilarly frozen. However if ineclusion and the size of
the cavity were the determining factors of the "freezing"
of the C—C single bond, then a larger cavity would allow
the free rotation of the aldehyde group and consequently
onlyone doublet would be observed. On the other hand,
if other modes were the case, then two doublets should
be observed as in the case of of-cyclodextrin. The result
of using ﬁ—m@elodextrin a8 a complexing agent showed
that no new doublet appeared and thezis for the ortho

protons was small. The absence of an extra induced
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doublet in ﬁ—cyclodextrin complexation was taken as
an indication that inclusion of the aldehyde functional
'.group occurred in the &-cyclodextrin complexes.

Complexation of cl-cyclodektrin with acetophe-
none did not lead to the emergence of a new doublet for
the ortho pfotons. Probably in this case, the substitu-
“ent was too large for a "good" inclusion. The much lower
value of AS for the ortho protons is surprising when
compared with other systems with electron withdrawing
groups. This may be because the substituent was not a
very strong electron withdrawing group.

Another interesting feature in the spectrum of
benzaldehyde—%—cyclodextrin complex was that five peaks
instead of four were observed for the para and meta
protons. The new peak that appeared was thought to be
due to a change in the coupling constant, J. Thus over-
lapping peaks in the ®-cyclodextrin were now resolved
in @—cyclodextrin. It is not clear what caused the change
of coupling constant. However, from this result, it seems
that cyclodextrins have the potential of a shifting
reagent, as also proposed by MacNicol (24).

The [58 of the aromatic protons of benzoic acid
with concentration of ™&X- cyclodextrin appears to have
the same features as the same system observed potentio-
metrically (28). This system was chosen for study be-
cause it was known 1:1 complex is formed under this

circumstance. In both cases, the measured quantity
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0&8 in nuclear magnetic resonance study and ApKa in
potentiometry) can be related to the concentration of
the ®-cyclodextrin and both curves level off at about
0.02 M of o-cyclodextrin. Unfortunately, the NMR mea-
surement at this point is not under enough rigorous con-
trol so as to produce‘quantitative measurements of the
stability constant K11 of the complex. Furthermore, the
narrow range of a8 aiso put a limitation to the accuracy
of the value obtained.

One disubstituted benzene was run in this study
to see what effect the combined influence of the two
groups had on theAAS. p-Hydroxy benzaldehyde was used as
the subsfrate because it had one electron withdrawing
group and one electron releasing grdup located para to
each other. In this case, no new doublet appeared as
with benzaldehyde and the aldehydic proton had a
nonsignificantzﬁs (2 Hz), compared with that of the
benzaldehyde system (9 Hz). It is possible that inclu-
sion was difficult if not impossible and the low AQ for
all the aromatic protons indicated the dominance of the
phenolic group over the aldehydic group. More disubstitut-
ed benzenes have to be studied in the future to gain

better insight in these system.
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V. Conclusion

It is obvious from the preceding discussion that
many hydrocarbons form complexes with cyclodextrins in
solution and further study will be necessary to deter-
mine the exact conformation, structure and mode of com-
plexation of the cyclodextrins with hydrocarbons. How-
ever, the present preliminary data seem to suggest that,
for aromatic compounds with electron withdrawing groups,
exemplified by bawaldehyde, inclusion complexation with
the substituents inside the cavity is the mode of com-
plexation. This agrees wit_h Harato's findings of p-iocdo-
aniline. It is not clear from the present data how aro-
matic compounds with eectron releasing groups complex
with cyclodextrins.

Furthermore, it seems that A8 is related to the
electron releasing and withdrawing power of the subst-
tuents. AY is also related to the concentration of the
o ~-cyclodextrin through the complexation constant Klle
However calculationof K11 for the system from AS ig not
very sensitive because of the narrow range of A8 (~35 Hz
or ~0.4 ppm for the benzoic acid protons, which has the

largest A8 in the series studied).
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VI. Direction of Future Work

From the data of the three types of hydrocarbons,
aliphatic (heptane), alicyclic (cyclohexane) and aromatic
(benzene), it is seen that complexation occurs irres-
pective of the size of the substrates as long as it is
not too bulky. The difference between the AS's of the
three compounds are quite noticeable —— 15 Hz for hep-
tane, 23 Hz for cyclohexane and only 3 Hz for benzene.

Is the difference between the,AS's of heptane and cyclo-
hexane protons due to the proximity of each substrate

to the cavity wall? This can be tested by using smaller
cyclohydrocarbons and branched aliphatic hydrocarbons.
Does the low A8 of benzene indicate a "resistance" to
the localdeshielding effect by the benzene? The protons
on benzene are bonded by sp2 orbitals. Any attempt to
deshield its protons could be compensated by the mobile
9 electrons from the aromatic ring. To test the effect
of the 7 electrons on the deshielding of the protons,
cyclohexene and cyclohexadiene could be used as substrates.

A "resistance" of the aromatic protons to change
thelr chemical shift is also demonstrated by the other

systems with electron releasing groups. More substrates
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with electron releasing substituents should be studied
to confirm this observation. If possible, a correlation
between the strength of the electron withdrawing group
(perhaps as measured by Hammett substituent constant)
and the A8 of the aromatic protons should be made, Simi-
lar experiments should be performed for the aromatic
compounds with electron releasing groups.

Other disubstituted aromatic compounds should
also be examined. Investigation of a series of 1,4 disub-
stituted benzenes with identical substituents (for ex-
ample terphthalic acid) could prove to be productive.
These compounds have only a single peak for their aro-
matic protons in their free form. However, if inclusion
does occur and is assymetrical, then the two sets of
neighboring protons will become nonequivalent and con-
sequently two kinds of signals may appear. This could

constitute a definite proof of inclusion.

COOH

CHO OH
;HO ;H ;OOH

To gain a better understanding of the structure
of the complex form, a correlation between the A8's of

the cyclodextrin protons and the aromatic protons of the
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substrates should be made. From this information, one
might be able to infer the position and the direction
of the insertion of the substrate in the cavity.

To furthur investigate the complexes, relaxa-
tion studies with nuclear maghetic resonance can be
done., The ultimate goal will be to ascertain the con-
formation and structure of one system with nuclear mag-
netic resonance and other physical methods. Hence one
can investigate the other systems with this one as a

reference.
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