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Abstract: The extent to which cyclohexaamylose binds p-nitrophenol, 2,6-dimethyl-4-nitrophenol, 3,5-dimethyl-4-nitrophenol,
3-methyl-4-nitrophenol, and their corresponding sodium phenolates is shown to be dependent on how effectively the substrate
can penetrate the cavity nitro group first. These results both bear out earlier intermolecular nuclear Overhauser effect studies
on cycloamylose-substrate penetration and establish asymmetric penetration as a general phenomenon experienced by substi-
tuted p-nitrophenol and sodium p-nitrophenolate guests. Furthermore, these findings strongly suggest that the release of cy-
cloamylose strain energy and /or expulsion of high-energy cavity water is not the major component in the overall forces respon-
sible for substrate complexation of polar substrates. The differences in the dissociation constants for the cyclohexaamylose-
substrate complexes investigated point to the importance of dipole-induced dipole interactions in the binding energy.

Although the cycloamyloses have received a great deal
of attention as enzyme active-site models,!:2 until now little of
this interest has been focused on the nature of, and the forces
responsible for, substrate complexation. Most of the emphasis
has been on improving the cycloamyloses’ catalytic ability3
and expanding their spectrum of catalysis.’ However, by
studying the cycloamylose-substrate disposition in solution,
we have been able to determine a great deal about the cy-
cloamylose-substrate binding energy.

In an earlier experiment by measurement of both the
changes in the 'H and '3C NMR spectra of the substrate and
cycloamylose molecules in the complex and of an intermolec-
ular nuclear Overhauser effect, we were able to show that both
the p-nitrophenol and sodium p-nitrophenolate guests only
partially penetrate the cyclohexaamylose cavity.5? We found
the penetration to be nitro end first, although just exactly how
necessary this orientation is to binding was unclear.

Having demonstrated the direction and the extent to which
these substrates penetrate the cyclohexaamylose cavity in so-
lution, it became possible to design experiments which would
indeed allow us to evaluate some of the forces suggested to be
responsible for cycloamylose-substrate binding.

In this paper we report on our efforts to determine if asym-
metric penetration of the cyclohexaamylose cavity by p-ni-
trophenol and sodium p-nitrophenolate-like substrates is a
general phenomenon and a requisite for substrate binding, and
we evaluate the binding theories in light of our results. We
show that of the three current theories put forth to explain the
origins of the cycloamylose-substrate binding energy, relief
of cycloamylose strain energy,® release of high-energy cy-
cloamylose cavity water,” and London dispersion forces,® the
strain energy and the high-energy water concept are not in
keeping with our observations.

Experimental Section

Materials. The cyclohexaamylose, p-nitrophenol, 3-methyl-4-ni-
trophenol, and 2,6-dimethyl-4-nitrophenol were obtained from Aldrich
Chemical Company. The p-nitrophenol was crystallized from chlo-
roform while the 3-methyl-4-nitrophenol and the 2,6-dimethyl-4-
nitrophenol were purified by high vacuum sublimation. The 3,5-
dimethyl-4-nitrophenol was synthesized by the nitration of 3,5-di-
methylphenol with nitric acid.!? The resulting 3,5-dimethyl-4-nitro-
phenol was crystallized several times from chloroform/hexane (mp
107-108 °C; lit. mp 107-108 °C).10

Sample Preparation. Stock solutions of cyclohexaamylose were
made up in trisodium phosphate buffer (pH 11.0 £ 0.02,7 = 0.5) and
in disodium phosphate buffer (pH 6.5 £ 0.02, / = 0.5). The pH was

adjusted with phosphoric acid. The substituted p-nitrophenol and
substituted sodium p-nitrophenolate samples were made up in the
same pH 6.5 + 0.02 and 11.0 £ 0.02 buffer solutions, respectively.

Sample Preparation for Nuclear Magnetic Resonance. The cyclo-
hexaamylose hydroxyl protons were exchanged for deuterium by
lyophilizing 600 mg of the carbohydrate from 40 mL of D,O three
times. This helps to minimize the HOD in the final sample. The buffer
solutions were made up with anhydrous Na;POy4 and Na;HPO, in
D0 and the pD was adjusted with deuteriophosphoric acid. The final
pD values were 11.0 £ 0.02and 6.5 £ 0.02 with I = 0.5 in both buff-
ers. These pD values were obtained by adding 0.4 to the pH meter
reading,!! using a combination electrode which had been standardized
with pH 10.0 £ 0.003 buffer in H,O and then rinsed with D,0.

Determination of Cycloamylose-Substrate Binding Constants by
the Visible Spectra Method. The change in absorbance of the various
substituted p-nitrophenols and sodium p-nitrophenolates was mea-
sured as a function of cycloamylose concentration using a Cary Model
14 recording spectrophotometer with the cell compartment thermo-
stated at 25 °C.

The data were treated according to the Hildebrand-Benesi!2 pro-
cedure plotting CoSo/AABS vs. Cg + S providing a slope of 1/Ae
and an intercept of Kgiss/Ae. In order to meet the requirement for a
linear Hildebrand-Benesi plot (Appendix A), ie., [Co][So] K
[CoS0]2, the concentration of the substrates was held at least ten times
lower than the lowest cyclohexamylose concentration. All of the data
in this paper were analyzed with a least-squares linear regression
program and only Ky values with high residual ratios were accept-
ed.

Determination of Cycloamylose~Substrate Dissociation Constants
by Optical Rotation Method. The change in optical rotation of cy-
clohexaamylose was measured as a function of changing substrate
concentration using a Perkin-Elmer Model 241 polarimeter with a
10-cm cell thermostated at 25 °C. The cyclohexaamylose concen-
tration was held constant at 1.6 X 10~ M and the substrate concen-
trations were varied between 0.008 and 0.050 M. The data were also
handled according to the Hildebrand-Benesi treatment; CoSo/AROT
was plotted against Cy + S¢. The Ky was obtained by dividing the
intercept by the slope.’3

Determination of Cycloamylose-Substrate Dissociation Constants
by Nuclear Magnetic Resonance. 'H-pulsed Fourier transform NMR
spectra (100.1 MHz) were obtained on a Varian XL-100 spectrometer
at 23 £ 0.5 °C. The change in chemical shift of the substrate aromatic
protons was measured as a function of changing cycloamylose con-
centration. The sodium 3-methyl-4-nitrophenolate, sodium 3,5-
dimethyl-4-nitrophenolate, and sodium 2,6-dimethyl-4-nitrophenolate
substrates were made up in phosphate buffer at pD 11.0 £0.02,1 =
0.5. The concentrations of the phenolates were held constant at 0.005,
0.006, and 0.005 M, respectively, and the cyclohexaamylose con-
centrations were varied between 0.005-0.050, 0.002-0.075, and
0.005-0.050 M, respectively. The data were treated according to a
modified Hildebrand-Benesi equation (Appendix A). Because of the
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Figure 1. A plot of the apparent cyclohexaamylose-sodium p-nitrophe-
nolate dissociation constants at different sodium 3,5-dimethyl-4-nitro-
phenolate inhibitor concentrations.

low solubility of the phenols, the dissociation constants for cycloam-
ylose-phenol complexes were not measured with this technique.

Inhibition of Sodium p-Nitrophenolate-Cyclohexaamylose Binding
by Sodium 3,5-Dimethyl-4-nitrophenolate. The binding of sodium
p-nitrophenolate to cyclohexaamylose in phosphate buffer at pH
11.00, I = 0.5, was measured as described above at three separate
concentrations of sodium 3,5-dimethyl-4-nitrophenolate, 0.007, 0.023,
and 0.035 M, respectively. The apparent binding constants determined
by Hildebrand-Benesi treatment of the data were plotted against the
inhibitor concentrations (sodium 3,5-dimethyl-4-nitrophenolate)
(Figure 1).

Sodium 2,6-Dimethyl-4-nitrophenolate and Sodium 3,5-Di-
methyl-4-nitrophenolate-Induced Shifts in the !H NMR of Cyclo-
hexaamylose. The changes in the 1H NMR of cyclohexaamylose as
induced by substrate complexation were measured on a 220-MHz
NMR with the substrate concentrations held at 0.002 M and the cy-
clohexaamylose concentrations held at 0.045 M. The samples were
runat 25 + 1 °C in phosphate buffer (D,0) at pD 11.0 £0.02, =
0.5, with a sodium acetate external reference.

Computer Simulation of Binding Curves. A series of computer-
simulated curves was generated for a simple A + B = AB binding
model plotting [AB] vs. [A]/[B] for a number of different dissociation
constants. The concentrations of A and B used in the simulation were
in the same range as the experimental values. The experimental 'H
NMR data corresponding to the sodium 2,6-dimethyl-4-nitrophe-
nolate—-cyclohexaamylose complex were plotted relative to computer
values generated for an AB complex with a similar Kp. This was done
by multiplying each of the experimental 'H NMR chemical-shift
values by a constant obtained by dividing the observed chemical shift
at a point where Adobsa/ A(CD/S) = 0 by a number from the simulated
curve at a point where Ad/A(CD/S) = 0. This constant was also used
to convert the sodium 3,5-dimethyl-4-nitrophenolate 'H NMR
data.

Results

Cyclohexaamylose Binding of 2,6-Dimethyl-4-nitrophenol
and Sodium 2,6-Dimethyl-4-nitrophenolate. The changes in
the visible spectra of both 2,6-dimethyl-4-nitrophenol and
sodium 2,6-dimethyl-4-nitrophenolate, measured as a function
of an increasing cycloamylose/substrate ratio, indicated strong
substrate binding. The 2,6-dimethyl-4-nitrophenol-cyclo-
hexaamylose complex has isosbestic points at 4732 and 3731
A while the sodium 2,6-dimethyl-4-nitrophenolate-cyclo-
hexaamylose complex has isosbestic points at 4220 and 4451

, respectively, indicating a one-to-one complex. A plot of the
data in the form of [Cy][So]/AABS vs. [Co] + [So] showed
excellent straight line fits indicating an A + B = AB equilib-
rium model was likely (Appendix A). The sodium 2,6-di-
methyl-4-nitrophenolate-cyclohexaamylose complex in pH
11.0 £ 0.02 phosphate buffer (/ = 0.5) at 25 °C has a Kp of
9.42 £ 1.1 X 10~ M while the 2,6-dimethyl-4-nitrophenol-
cyclohexaamylose complex at pH 6.5 £ 0.02 (/ = 0.5) at 25
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Figure 2. Computer-simulated binding curves for a simple A + B= AB
equilibrium with different dissociation constants. The ratio of (CD)/S
is plotted against [CS) or the related changing observable. The 'H NMR
data for the sodium 2,6-dimethyl-4-nitrophenolate- (®) and sodium
3,5-dimethyl-4-nitrophenolate- (B) cyclohexaamylose complexes are
normalized and plotted.

Table 1. Changes in Chemical Shifts of the Sodium p-Nitrophenolate
2 and 3 Protons and the Sodium 2,6-Dimethyl-4-nitrophenolate’s
Meta and Methyl Protons on Cyclohexaamylose Complexation

2,6-CH,
Substrate % bound  2-H shift 3-H shift shif't
NO,
H H 80.0 8.0 23.2
85.5 11.0 30.0
H H 99 14.0 35.1
]
NO,
H H 82.1 33.89 15.52
96.4 38.06 17.62
CH; CH, 99.0 40.78 18.80
]

°Chasa Kpof 1.76 £ 0.18 X 10~3 M.

The dissociation constant for the sodium 2,6-dimethyl-4-
nitrophenolate-cyclohexaamylose complex was also measured
using both optical rotation (Kp = 1.42 £ 0.58 X 10~3 M at 25
°C) and 'H NMR as probes (Kp = 1.96 £ 0.53 X 104 M at
23 £ 0.5 °C). Optical rotation changes generated in the cavity
were measured as a function of increasing substrate/cy-
cloamylose ratios, while changes in the substrate’s 'H NMR
were measured as a function of increasing cycloamylose/
substrate ratios. Both sets of data when plotted according to
modified Hildebrand-Benesi equations gave straight lines with
correlation coefficients > 0.9970 further supporting a simple
A + B = AB equilibrium.

It is noteworthy that the aromatic protons of sodium 2,6-
dimethyl-4-nitrophenolate undergo nearly twice the contact
shifts as the methyl protons (Table I) just as we observed
earlier that the meta protons of sodium p-nitrophenolate sus-
tained nearly twice the contact shift as the ortho protons.®

Since no internal line-width standard was used, the line
broadening of the sodium 2,6-dimethyl-4-nitrophenolate res-
onances could not be accurately assessed. No internal line-
width standard was available, since the possibility existed that
any small molecule added to the solutions to provide such a
standard would compete with the cavity for a binding site.

Effect of Sodium 2,6-Dimethyl-4-nitrophenolate and Sodium
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Figure 3. '"H NMR (220 MHz) of: (bottom) cyclohexaamylose; (middie)
sodium 3,5-dimethyl-4-nitrophenolate-cyclohexaamylose complex; (top)
sodium 2,6-dimethyl-4-nitrophenolate-cyclohexaamylose complex. The
anomeric protons are not shown.

3,5-Dimethyl-4-nitrophenolate on the Cyclohexaamylose
Nuclear Magnetic Resonance Spectra. The spectrum of free
cycloheptamylose as well as the spectrum for a variety of cy-
cloheptamylose aromatic complexes were assigned by Demarco
and Thakker.!* They demonstrated that upon complexation
of any of several aromatic guests, the cycloheptaamylose H-3
and especially the H-5 protons shifted upfield because of the
diamagnetic anisotropy of the included benzenoid guests. We
also observed this shift of the cycloheptaamylose H-5 and H-3
protons on complexation of both p-nitrophenol and sodium
p-nitrophenolate. However, we demonstrated that only the
H-3 protons were shielded in the cyclohexaamylose complexes,
i.e., the substrate only partially penetrated the cavity. 'H NMR
spectra (220 MHz) were obtained for both the sodium 2,6-
dimethyl-4-nitrophenolate and the sodium 3,5-dimethyl-4-
nitrophenolate-cyclohexaamylose complexes in D,O (Figure
3). The spectra of the sodium 2,6-dimethyl-4-nitropheno-
late-cyclohexammylose complex with the cycloamylose 96%
bound (assuming a dissociation constant of 9.42 £ 1.1 X 10—
M) indicated the expected shift of the H-3 methine proton,
while a spectra of the sodium 3,5-dimethyl-4-nitrophenolate-
cyclohexaamylose complex with the cavity 87% bound (as-
suming a dissociation constant of 2.0 X 10~! M) did not indi-
cate any shift in H-3 methine proton at all, implying it was not
binding inside the cavity.

The sodium 2,6-dimethyl-4-nitrophenolate induced shifts
in the cyclohexaamylose cavity are similar, although not
identical to those we saw in the sodium p-nitrophenolate-
cyclohexaamylose complex.

The shielding of the cycloamyloses H-3 methine protons is
the same as that observed for the cycloamylose-sodium p-
nitrophenolate complex; however, the H-5 methine protons are
now strongly deshielded. The H-3 shielding is certainly due to
the magnetic field of the aromatic 7 cloud. It may be that the
2,6-methyl groups of the substrate help to hold the nitro oxy-
gens in the vicinity of the H-5 methine protons resulting in
effective compression deshielding!s or charge deshielding.!6
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Figure 4. A plot of the change in chemical shifts of the aromatic and methyl
protons of sodium 3-methyl-4-nitrophenolate vs. the percent-bound phe-
nolate.

The effect of sodium 3,5-dimethyl-4-nitrophenolate on 'H
NMR of cyclohexaamylose is far less pronounced and probably
largely due to medium effects caused by the high concentration
of substrate. Clearly the H-3 protons are not moving, although
there may be some small amount of shielding of the H-5 pro-
tons.

Cyclohexaamylose Binding of 3-Methyl-4-nitrophenol and
Sodium 3-Methyl-4-nitrophenolate. The changes in the visible
spectra of both 3-methyl-4-nitropheno! and sodium 3-
methyl-4-nitrophenolate were measured as a function of an
increasing cycloamylose/substrate ratio. The sodium 3-
methyl-4-nitrophenolate-cyclohexaamylose complex in pH
11.00 £ 0.02 phosphate buffer (I =0.5) at25°C hasa Kp of
4.2 £ 0.4 X 102 M. Hildebrand treatment of the data using
a simple A + B = AB equilibrium model again resulted in an
excellent data fit.

The visible spectra of various 3-methyl-4-nitrophenol-
cyclohexaamylose mixtures in phosphate buffer at pH 6.5 +
0.02 (I = 0.5) at 25 °C indicated there was no complex for-
mation corresponding to eitheran A+ B=ABorAB+B+=
AB; equilibrium model. Furthermore, visible spectral changes
in the phenolic substrate were very small even at ratios of cy-
clohexaamylose/3-methyl-p-nitrophenol as high as 100. We
were able to approximate changes in the visible spectra of the
substrate simply by adding «-D-glucose to the substrate at
concentrations six times that of the cyclohexaamylose con-
centrations used.

The dissociation constant for the sodium 3-methyl-4-ni-
trophenolate-cyclohexaamylose complex was also measured
with both NMR and optical polarimetry. The NMR experi-
ment was run in D,O with phosphate buffer at 23 £ 0.5 °C
with pD 11.00 £ 0.02, 7 = 0.5, yielding a Kp of 3.5 £ 0.16 X
10~2 M. A plot of the change in chemical shifts of the aromatic
and methyl protons vs. the percent-bound substrate shows that
both the 3-methyl group and the meta protons sustain nearly
twice the chemical change as the ortho hydrogens, implying
substrate penetration is nitro end first (Figure 4).

The changes in the optical rotation of the cyclohexaamylose
in phosphate buffer at pH 11.0 £ 0.02, 7 = 0.5, as a function
of an increasing sodium 3-methyl-4-nitrophenolate-cyclo-
hexaamylose ratio suggested very weak binding. Even with a
guest-to-host ratio of 50 (4 X 10~* M cyclohexaamylose and
2 X 1072 M sodium 3-methyl-4-nitrophenolate), there was
little change in optical rotation of the cyclohexaamylose. For
a guest-to-host ratio of 10 (4 X 10~4 M cyclohexaamylose and
4 X 103 M sodium p-nitrophenolate), under identical con-
ditions there is a 69% increase in the optical rotation of the
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substrate. The Kp for this complex is 4.0 £ 0.8 X 104 M and
therefore the substrate is 99% bound. If similar changes in
rotation could be expected for sodium 3-methyl-4-nitrophe-
nolate, then we would estimate the dissociation constant must
be >10~! for the changes we observed.

Cyclohexaamylose Binding of 3,5-Dimethyl-4-nitrophenol
and Sodium 3,5-Dimethyl-4-nitrophenolate. The changes in
the visible spectra of both 3,5-dimethyl-4-nitrophenol and
sodium 3,5-dimethyl-4-nitrophenolate at pH 6.5 + 0.02 and
pH 11.0 £ 0.02, respectively, I = 0.5, at 25 °C, were measured
as a function of added cycloamylose. Although the cycloam-
ylose induced rather substantial hypochromic shifts in the
substrate spectra, any attempt to fit these data to either an A
+ B = AB or an AB + B = AB; equilibrium mode! using a
Hildebrand treatment failed. In essence, simple binding did
not occur. The binding of the sodium 3,5-dimethyl-4-nitro-
phenolate to cyclohexaamylose was also investigated polari-
metrically. However, even at substrate-to-cycloamylose ratios
of 87.5 (4.0 X 10™* M cyclohexamylose, 3.5 X 102 M sodium
3,5-dimethyl-4-nitrophenolate in pH 11.0 & 0.02 phosphate
buffer, I = 0.5, at 25 °C), no change in the optical rotation of
the cyclohexaamylose was observed. To further substantiate
that the sodium 3,5-dimethyl-4-nitrophenolate was not binding
in the cavity, the dissociation constant for the cyclohexaam-
ylose-sodium p-nitrophenolate complex (6.3 X 10~* M de-
termined polarimetrically) was measured by optical rotation
as previously described in the presence of three different con-
centrations of sodium 3,5-dimethyl-4-nitrophenolate, 0.007,
0.023, and 0.035 M, respectively. The apparent binding con-
stants at each of these concentrations are 1.0 £ 0.18 X 1073,
0.84+0.22X 1073, and 1.2 £ 0.21 X 1073 M, respectively. A
plot of the “inhibitor” concentration vs. the apparent disso-
ciation constant shows little, if any, binding of the 3,5-di-
methyl-4-nitrophenolate (Figure 1). Furthermore, 220-MHz
TH NMR spectra of 0.002 M cyclohexaamylose and 0.045 M
sodium 3,5-dimethyl-4-nitrophenolate in D,O-phosphate
buffer (pD 11.00, I = 0.5) at 25 °C verified that substrate
penetration of the cycloamylose cavity did not occur. The cy-
cloamylose H-3 methine protons are not shielded at all, and
the H-5 methine proton shifts are very small (Figure 3).

1H NMR studies, however, did reveal that the substrate’s
ortho protons were shifting with increasing cycloamylose-
to-substrate ratios. However, attempted fit of the shift data
to the Hildebrand equation failed. Furthermore, a plot of the
data in the form Ad vs. the cycloamylose-substrate molar ratios
and/or comparison of the resulting curve with computer sim-
ulated plots for an A + B = AB system with different Kp
values verifies that simple binding of the substrate in the cavity
is not occurring (Figure 2).

Discussion

Measurements. In this investigation, cycloamylose-substrate
dissociation constants were determined with three independent
techniques: nuclear magnetic resonance,”17 optical rotation,!3
and visible spectroscopy.!8 Furthermore, the binding constants
were measured under two different sets of experimental con-
ditions: holding the substrate concentration constant and
varying the cycloamylose concentration as well as the inverse
situation. Although it is clear that the application of any one
of these methods would provide precise binding constants,
together they give both a measure of the accuracy of the
binding constants as well as a description of the cycloam-
ylose-substrate disposition.

The 'H NMR changes experienced by both the host and
guest molecules on complexation have made it possible to verify
that the dissociation constants determined in these studies
indeed represent binding of the substrate “in™ the cyclo-
hexaamylose cavity.

The optical rotation changes generated on cycloamylose-
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substrate complexation result from both induced optical ac-
tivity in the substrate!'® and changes in the conformation of the
cavity.20 We have shown that at the wavelength our mea-
surements were made most of the optical rotation change can
be ascribed to induced optical activity in the substrate.2!
However, the remainder of the change is probably due to cy-
cloamylose conformational changes.

Our NMR studies suggest that such conformationally in-
duced changes in optical rotation would result from widening
of the cycloamylose cavity by movement of the glucose rings
about the C-1-O-C-4’ glycosidic bonds as the distortion in the
component rings is minimal. The 100.1-, 220-, and 270-MHz
NMR spectra reveal no obvious changes in any of the ‘H-
coupling constants for the complexes cyclohexaamylose
implying that no significant distortion in the individual rings
was occurring.

Although the cycloamylose coupling constants remain the
same, we have shown that there are substantial changes gen-
erated in both the 13C and 'H NMR spectra of both the host
and guest molecules on complex formation, In this investigation
the changes in the 'H chemical shifts of the host and guest
molecules are used to verify the strength of binding and the
disposition between substrate and cavity.

From the observed changes in the chemical shifts for both
the cyclohexaamylose host and the respective guest molecules,
sodium p-nitrophenolate, sodium 2,6-dimethyl-4-nitrophe-
nolate, sodium 3-methyl-4-nitrophenolate, and sodium 3,5-
dimethyl-4-nitrophenolate, as well as from the known forward
and reverse rate constants for similar cyclohexaamylose-
substrate association equilibrium (e.g., 5.2 X 108 M~1s~!and
1.3 X 105 s~1, respectively, for cyclohexaamylose-sodium
p-nitrophenolate),! it is clear that the system is in the NMR
chemical-shift fast exchange limit. This means that the various
substrate proton resonances appear at the average of the
chemical shift of free substrate and the substrate bound in each
possible orientation to cyclohexaamylose, weighted by the
fractional population of the substrate molecule in each envi-
ronment, The same is, of course, true for the cyclohexaamylose
molecule with each of its resonances occurring at its fast ex-
change position, weighted by the fraction of empty cyclo-
hexaamylose molecules and the fraction of cyclohexaamylose’s
molecules which have guests.

In an earlier study on the cyclohexaamylose-sodium p-
nitrophenolate complex employing both the changes in
chemical shifts of the substrate and guest molecules on com-
plexation and an intermolecular nuclear Overhauser effect,
we were able to show that substrate penetration was asym-
metric and only partial.® We were then able to associate the
largest changes in chemical shifts of the substrate’s protons
with the portion of the aromatic ring penetrating the cy-
cloamylose cavity, a finding which was extended to this in-
vestigation,

Cycloamylose-Substrate Binding. In principle, sodium p-
nitrophenolate can penetrate the cyclohexaamylose cavity
effectively in only two different orientations (Figure ), either
oxygen or nitro end first. A third orientation with penetrating
ortho and meta positions is unreasonable, simply because very
little of the substrate would fit into the cavity. However, 'H
NMR studies clearly indicated that sodium p-nitrophenolate
penetrated the cyclohexaamylose cavity at the wide 2,3-hy-
droxyl side nitro end first and only to the extent that the meta
protons were in close proximity to the cycloamylose 3-H pro-
tons.

Just how important this orientation is to substrate binding
is, of course, relevant to the nature of the binding forces. Two
possibilities exist with respect to substrate orientation: either
the sodium p-nitrophenolates or p-nitrophenols can only bind
in the cavity nitro end first, or this orientation represents an
energetically slightly more favorable disposition and, if steri-
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Figure 5. The two most likely dispositions for cycloamylose-sodium p-
nitrophenolate complexes.

cally prohibited, the substrate can reorientate itself and pen-
etrate the cavity hydroxy end first and bind.

From the data in Table II, it is clear that the substrate can
only bind in the cavity nitro end first. Using sodium p-nitro-
phenolate as the standard, introduction of methyl groups at
the 2 and 6 positions of p-nitrophenol weakens binding only
slightly by a factor of about 2.4. However, introduction of a
single methyl group at the 3 position of p-nitrophenol weakens
the binding substantially by a factor of about 100, while in-
troduction of methyl groups at both the 3 and 5 positions
completely inhibits binding by the usual mechanism. With the
neutral compounds, introduction of methyl groups at the 2 and
6 positions of p-nitrophenol actually enhances binding slightly
by about a factor of about 4; however, introduction of methyl
groups at the 3 or at the 3 and 5 positions of p-nitrophenol
prevents any binding of the substrate in the cavity. In each case,
the phenol binds in the cavity more weakly than the corre-
sponding anion. Sodium p-nitrophenolate binds about 130
times tighter than the phenol, sodium 2,6-dimethyl-4-nitro-
phenolate about 2 times more tightly than its phenol, while
sodium 3-methyl-4-nitrophenolate has a Kp of 1.23 + 0.39 X
10~! M and the corresponding phenol does not bind at all.
Although solvation of the hydroxyl oxanion of the sodium p-
nitrophenolates would be best served by having it point out into
solution the neutral compounds should certainly be able to
penetrate and bind in the cavity hydroxyl end first, but they
do not. This means either the phenolic hydroxy! cannot pene-
trate the cavity for solvation reasons or the substrate dipole has
strong orientational preference.

Conclusion

The three different explanations for cycloamylose-substrate
binding energy, release of cycloamylose strain energy,® release
of high-energy cavity water, and London dispersion forces®22
interactions, can now be evaluated. Although the first two
proposals are somewhat difficult to separate because they
predict similar phenomenological results, the third concept is
easy to partition from the first two. Both the strain energy and
high-energy water theories suggest that no matter how the
substrate penetrates the cavity, as long as it relieves the ring
strain or displaces the high-energy cavity water, it should bind.
They also suggest that the more effective a substrate is at
performing these tasks, the tighter it should bind. For example,
the observation that benzoic acid binds about 90 times more
effectively in the cavity than phenol would be explained by
assuming benzoic acid penetrates the carboxyl group first, just
as the phenol would be expected to penetrate the hydroxyl end
first, but the carboxyl group is more effective at “filling the
cavity”.

However, the binding constants for the p-nitrophenol-
cyclohexaamylose and the p-nitrobenzoic?® acid-cyclo-

Table II. Cyclohexaamylose—Substrate Dissociation Constants

Kp(UV25:  Kp (NMR Kp (opt. rot.
Substrate 0.1°C).M 23:0.5°C),M 25z0.1°C), M
OH
@ a0
NO,
o
4.0: 0.8 3.7+ 0.2 6.3+ 0.4
X 107 X 1074 x 1074
NO,
OH
CH, CH,
1.76 £ 0.18
X 1072
NO,
o
CHs Ch 942411 196+ 0.53 142058
X 107 x 1074 x 1072
NO,
OH
N.B.
CH;
NO,
o
42104 3.5:0.16 >107
X 1072 X 1072
CH,
NO,
OH
N.B.
CH, CH,
NO,
o
N.B. N.B. N.B.
CH; CH,

Z
S

hexaamylose complexes reveal some disturbing inconsistencies.
The p-nitrophenol binds in the cavity more tightly than the
phenol while the p-nitrobenzoic acid binds more weakly than
benzoic acid. Although the nitro group of the p-nitrophenol
would “fill the cavity” somewhat more effectively and therefore
the phenol would bind more tightly, the fact that p-nitroben-
zoic binds more weakly than benzoic acid defies any expla-
nation of this type. Furthermore, neither theory suggests that
p-nitrophenolate anions should bind more tightly than the
corresponding neutral species.

Our findings are also very difficult to rationalize in terms
of both the high-energy water picture as well as in terms of the
strain energy model. It is clear that p-nitrophenol-like sub-
strates are willing to bind in the cavity in only one orientation,
nitro end first, and anything that prevents this weakens binding
substantially. Furthermore, we continue to see the p-nitro-
phenolate anions binding more tightly than the corresponding
neutral compounds. After consideration of all these findings,
the picture that emerges is one which minimizes the impor-
tance of both high-energy cavity solvent and strain energy and
amplifies the role of London dispersion forces. It is, of course,
important to recognize that the London dispersion forces’
contribution to the overall binding energy will vary with the
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dipolar nature of the substrate and, thus, will be less important
for less polar substances.
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Appendix A

From the observed changes in the chemical shifts for both
the p-nitrophenolate guest and the cyclohexaamylose host as
the host:guest ratio was varied, as well as from the known
formation and dissociation rate constants for the parent sodium
p-nitrophenolate compound (5.2 X 108 M~!s~!and 1.2 X 105
s, respectively),?4 the system is in the NMR chemical-shift
fast-exchange limit.2*> This means the substrate resonances
appear as the average of the chemical shift of free p-nitro-
phenolate and the chemical shift of p-nitrophenolate bound
in each possible orientation to cyclohexaamylose, weighted by
the fractional population of substrate molecules in each envi-
ronment. The same applies to the cyclohexaamylose resonances
where the resonance positions are weighted by the fraction of
“empty” molecules and by the fraction of cyclohexaamylose
molecules which have guests. With these facts on hand, it is
possible then to measure the dissociation constant for the cy-
clohexaamylose complexes by observing the changes in
chemical shift of the substrate (S) protons as a function of
added cycloamylose (C). Consider the equilibrium expres-
sion:

Kq
CS=—=C+S

Kq = [S][C]/[CS]

Co=C+CS )
So=8+CS 2)

[Sg — CS][Co — CS]
Kq= 3
d [CS] (3)

The observed chemical shift will be given by:
S CS

dobsd = S os + So dcs (4)

Combining eq 2 and 4 produces:

(So = CS)%, , CS

S =
obsd S S05cs ()
The change in chemical shift is given by:
A5 = 5obsd - 55 (6)

Combining eq 5 and 6 gives:

CS CS
AS = <5 2 g === ) -
575, 57, dcs ) — 0s

5151

which on rearrangement transforms to:
Ad = %S(écs —s)
0
Letting écs — 6s = Q, CS is expressed as:
AéSo/Q = CS ©)
Equation 3 is now rearranged to:
K4[CS] = (CS)2 — CoCS — SoCS + CoSp 8)

and it is possible to solve for K4 two different ways. Equation
8 can be combined with eq 7 directly and the K4 solved by
computer analysis or eq 8 can be put in a form to allow for
simple graphing. Experimentally this is limiting because [CS]?
<« CoS which transforms eq 8 to:

& K4[CS] = CoSo — CoCS — SoCS )
Substituting eq 7 into eq 9 and rearranging generates:
Ks, Co+So_Co
Y Y Ad

Our experimental conditions did not conform in every case
to the [CS]2 « CoS requirement for a linear plot. Equations
7 and 8 were combined and expressed in the form below:
fi(QKq) = Co'S¢

_ (CofS¢!A87 — S¢2A8 — K4So'AdY) + <S0fA6i)2
Y Y

wherei=1,2,3...n.

The Q values were estimated from plots of the change in
chemical shift vs. increasing cycloamylose-substrate ratios and
the ranges for the Kp values were taken from the other tech-
niques. A computer analysis was effected on this expression
for S¢', Co', and AS|' to minimize the absolute value of Z|f —
fi| where f(QKp) is zero.
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