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Abstract: Circular dichroism (CD) methods have been employed to study molecular recognition phenomena in water
soluble cyclophane hosts such as 1 and 2. The CD method is well suited to these systems and produces results that
complement and expand upon previous NMR studies. The CD method operates at lower concentrations, allowing
determinations of larger binding constants. Most importantly, when data concerning induced CD observed on binding
achiral guests are analyzed using INDO/S coupled-oscillator calculations, valuable information concerning the binding

conformations of the guest is obtained.

Introduction

Molecular recognition in aqueous media is of particular
interest due its potential relevance to a variety of biological
phenomena. A wide variety of synthetic receptors (hosts) have
been shown to bind numerous substrates (guests) through various
noncovalent interactions.!”'? The primary method for
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studying binding interactions has been 'H NMR."> NMR is a
powerful tool, but it does have limitations, particularly when
the hosts and guests have low solubilities and/or low critical
aggregation concentrations (CACs). While UV spectroscopy
can be used in some cases to overcome the solubility and CAC
problems, UV spectra of cyclophane hosts are often relatively
uninformative.

Work in our laboratories has focused on chiral cyclophane
hosts, such as 1 and 2 (Figure 1).!? These hosts bind cationic
and neutral organic compounds through a variety of noncovalent
interactions, including the cation-m interaction, hydrophobic
binding forces, and weak electrostatic interactions. The intrinsic
chirality of these hosts makes circular dichroism (CD) a
potentially powerful probe of the binding interactions, thus
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Figure 1. Hosts [(R,R) stereochemistry of ethenoanthracene units].
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allowing the advantages of UV concentrations, but with more
informative spectra. While CD has been used extensively for
studying inclusion in cyclodextrins!*~'® and substrate binding
in biological systems,'? its use in studying chiral, synthetic hosts
has been limited.?0~22

Forman et al.

In the present work we report the use of CD as an analytical
tool for determining binding constants for our host—guest
systems and show it to be a useful technique for studying guests
that are problematic by NMR.2> Along with 1 and 2, “trimers”
and “tetramers” (3 and 4, Figure 1)'% have been studied as well.
These larger macrocyclic hosts have not been studied previously
due to extremely low CACs. Binding constants for guests bound
by these hosts are reported here for the first time. Most
importantly, we show that for hosts 1 and 2, analysis of induced
CD seen in several achiral guests using coupled-oscillator
calculations?* can provide valuable insights into guest binding
orientations. Where possible, guests appear to orient in the host
cavity so as to maximize cation-sr and hydrophobic interactions.

CD Spectra of Host 1 and Its Derivatives

The CD spectra of 1 and its higher oligomers (3 and 4) are
all qualitatively similar to each other and to control molecule §
(Figure 2, Table 1). Likewise, the spectra of host 2 and control
molecule 6 are similar (Figure 3, Table 2). The chirooptical
properties of these molecules appear to be dominated by the
coupled oscillator mechanism (exciton optical activity),>* but
complete interpretation of the spectra is complicated by the large
number of overlapping transitions between the component
chromophores of the molecules. Semiempirical calculations
(INDO/S) indicate that there are at least 17 m — a* transitions
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Figure 2. CD spectra of (a) Sg, (b) 1g, (c) 3g, and (d) 4r in aqueous
borate buffer (pH 9).

Table 1. Comparison of Ae Data for Hosts 1, 3, and 4 and
Control Molecule 5¢
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Figure 3. CD spectra of (a) 6r and (b) 2R in aqueous borate buffer
(pH 9).

Table 2. Comparison of Ae data for Host 2 and Control Molecule
6C

1R 3R 4r SR 2R 6r
A Aeb Al Ae? A Ae? Ad Aeb Ae Ae A¢ Aeb
296 —350 296 —-36.5 297 -39.1 297 —-94 297 -30.9 297 —-12.0
277 +15.7 277 +58.2 277 +60.0 276 +25.8 277 +36.6 276 +29.0
252 —151 251 —192 252 =224 251 —434 252 —190 250 —42.6
226 +168 227 4276 227 +289 227 +75.0 224 +163 225 +46.4
211 (sh) +50.6 209 +77.1 211 +85 209 +17.9 208 +218 206 +54.3

anm, M~} cm~!, ¢ Data are for (R,R)-stereochemistry of etheno-
anthracene units.

associated with the diacid of 6 in the 200—315 nm region of
the CD spectrum. Calculations on a,o’-dimethoxy-p-xylene (7,
a model for the linker chromophore) indicate two additional n
- sr* transitions in the 200—250 nm region.

H,CO

Structural Implications. This work has produced a verifica-
tion of the previous assignment of the absolute stereochemistries
of our host structures. In earlier work the absolute stereochem-
istries of the hosts had been assigned based on indirect and
empirical observations.!” Circular dichroism spectra of exciton-
coupled C,-symmetric systems has been used extensively to
assign absolute stereochemistry,® and our ethenoanthracene
building block, 8, is ideally suited for this type of analysis.
Exciton-coupled CD has been discussed in detail by Harada
and Nakanishi,?S and our application of the method follows their
analysis.

The “half-molecule”, 8, itself does not show a strong, easily
assignable excitonic coupling in its CD spectrum despite the

(25) Harada, N.; Nakanishi, K. Circular Dichroic Spectroscopy-Exciton
Coupling in Organic Stereochemistry, University Science Books: Mill
Valley, CA, 1983.

anm. * M~} cm™', ¢ Data are for (R,R)-stereochemistry of etheno-
anthracene units.

presence of the phenolic rings. Thus, two strongly interacting,
but well isolated chromophores, needed to be placed onto the
system. Following Nakanishi’s protocol, we appended the
p-(dimethylamino)benzoate chromophore (9, the arrow indicates
direction of electronic transition dipole)? to our structures via
the phenols to produce 10.

As described in detail in the supporting information, molec-
ular mechanics calculations?~2% on 10 produced an unambigu-
ous prediction concerning the relative orientation of the benzoate
chromophores. This allowed the assignment of the absolute
stereochemistry of 10, and the assignment produced by CD
agreed with that developed previously.'

CO,CH;
HyCOC

oA g@ OH

o ojl
HiCO,C ?
18 COCH,
00

(26) BIOGRAF Version 2.2, Biodesign Inc., 1990.
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C.; Algona, G.; Profeta Jr., S.; Weiner, P. J. Am. Chem. Soc. 1984, 106,
765—784. (b) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, D. A. J.
Comput. Chem. 1986, 7, 230—252.
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Chang, G.; Guida, W. C. J. Am. Chem. Soc. 1990, 112, 1419—1427.
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Measurement of Binding Constants with CD

Charts 1—3 show the guests studied and their respective
binding constants measured with hosts 1, 3, and 4 using CD.
The procedure for determining the equilibrium constant, K, from
a set of CD spectra at different total host ([H],) and total guest
([Go) concentrations is not very different from the mathematics
for obtaining X from NMR data, as in our previously described
NMRfit and EMUL programs. ‘32

The Model: The basic assumption of our model is that the
observed ellipticity at wavelength A of a sample containing free
host (H), free guest (G), and host—guest complex (HG) is

6, = gl(Aey,[H] + A€ [G] + Ay, [HGD) (1)

where 6) = the observed ellipticity at wavelength A (generally
measured in millidegrees, m°) g = 2.30259 x 45000/ m°M
cm/deg, | = the cell path length, A¢;; = the molar circular
dichroism of species i at wavelength 4, and [i] = the concentra-
tion of species i.

Substituting the expressions for total host concentration, [H],
= [H] + [HG], and total guest concentration, [G], = [G] +
[HG], into this equation results in

0, = gl{Aey,[H], + A€, [G], + E;[HG1} 2)
Where
E;l. = AGHGA - Aem - AGGA (3)

E;, an unknown quantity, is the change in molar ellipticity
arising from complexation. The value of [HG] is determined
by K, [H], and [Gl..

The task of the fitting procedure is to find K and E; to
minimize

S L
XZ = 22(901 cale ecl obs)2 4)
c A

over the S experimental samples ¢ and L observed wavelengths
A.

The best-fit value of E; corresponding to any X is immediately
available by linear regression. The best-fit value of K, however,
can only be found by iterating. We have developed a computer
program (CDfit) that uses a Levenberg—Marquardt®® procedure
to accomplish this. Given the experimental data and an initial
estimate of K, it returns the best-fit K and the set of best-fit E;.
CDfit further converts the E; values into the best-fit CD
spectrum of the pure host—guest complex.

Comparison with Other Methods

The method commonly used for obtaining association con-
stants from CD spectra was developed by Rosen.® Rosen’s
method can be used for cases in which the host has an unknown
number of noninteracting binding sites for the guest, but here
we will only discuss its application to the case in which the
host has exactly one site. Although this method was derived
for cases in which the free guest has no CD over the wavelengths
studied (Aeg = 0), it is easily extended to cases for which Aeg
= 0.

This method requires measuring the CD of a set of samples
in which [H], is held constant and [G], varies, or vice versa.
Equation 2 rearranges to 5
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Table 3. Comparison of Binding Constants for Host 1 Measured
by CD and NMR

guest —AG° 7 (CD) —AG® » (NMR)
12 6.7 6.7
13 7.3 7.3
14 5.3 53
15 49 5.0

4 kcal/mol. ® These values are considered accurate to 0.2 kcal/mol.

(HG],
(Hlo.

1 ecl

(gl ~ Al ~ AcqlCla | =, ®)
in which the value on the right-hand side is E; multiplied by
the fraction of host that is bound. For convenience, let us call
this B, B = E;([HG)/[H],). A plot of B as a function of [G],
forms. a rectangular hyperbola with an asymptote of E;. Near
the origin of the plot, where [G], approaches zero,?! [HG] is
equal to [G],, making the response of B to [G], the same as its
response to [HG]. Thus, a tangent line drawn to the initial
region of the B vs [G], plot is a graph of the definition of B,
giving B as a function of [HG]. This definition readily inverts
to yield [HG] as a function of B. Consequently, [HG], [H],
and [G] are known from the measured value of B.

K is then estimated by Scatchard analysis.>? A plot of B/[G]
vs B has a slope of —K and a y-intercept of KE), making these
parameters readily available from the plot by linear regression.
Weighting each point by 1/[G], corrects for transforming the
experimental observations G to B.

For our systems, the CDfit analysis has several advantages
over the Rosen/Scatchard analysis. CDfit does not require that
[H], be held constant; any combination of informative values
of [H], and [G], may be used. No error is introduced by
estimating the initial slope of the plot. The loss score x? directly
measures how well the experimental data are modeled, in
contrast to the equation fitted in the Scatchard analysis.
Furthermore, CDfit is better suited to analyze data recorded at
a number of wavelengths. There is no need to estimate L initial
slopes, nor does one need to reconcile L different estimates of
K from L Scatchard plots. Only one estimate of X is returned,
and it is the single value, in a least squares sense, most consistent
with the experimental CD spectra in their entirety. Recording
and fitting data at a number of wavelengths uses all of the
available information in determining K. This not only makes
the fitted K more reliable but also directly shows the effect of
binding on the host and guest circular dichroism spectra.

The accuracy of our CD method is illustrated in the
comparison of binding constants measured by this method and
by our ‘H NMR method (Table 3). As shown in Table 3, the
agreement with NMR lies within the 0.2 kcal/mol error bar
range. In our hands the NMR method seems best suited in the
range of 3.5 kcal/mol = —AG®° < 8.0 kcal/mol. Likewise the
CD method also has its limitations: 4.5 kcal/mol < —AG°® =<
10.5 kcal/mol; the lower limit of this range approaches 5.0—
6.0 kcal/mol when the guest has strong UV absorbance in
spectral regions that overlap with transitions in the host. Unlike
our EMUL program,'®2 CDfit does not give a statistically
meaningful estimate of error bars. Based on experimental
observations and reproducibility of experiments, we estimate
the error bars on a typical CD result (with good fit) to be £-0.2
kcal/mol (the same as in our NMR measurements).

(29) Press, W. H.; Flannery, D. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes: the Art of Scientific Computing; Cambridge Univer-
sity: New York, 1986; pp 521—528.

(30) Rosen, A. Biochem. Pharmacol. 1970, 19, 2075—-2081.

(31) The rigorous condition is K([H]o — [Gl,) > 1.

(32) (a) Wyman, J.; Gill, S. J. Binding and Linkage; University Science
Books: Mill Valley, CA, 1990; p 36. (b) Scatchard, G. Ann. N. Y. Acad.
Sci. 1949, 51, 660—672.
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Chart 1. Binding Constants (—AG®,, kcal/mol) for Guests
Bound by Host 1 in Aqueous Borate Buffer (pH 9)
Measured by CD
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General Binding Results

The guests in Chart 1 nicely illustrate the range of binding
constants that can be accurately determined using our CD
method. As shown in Table 3, where comparisons are possible,
agreement between binding constants determined by CD and
by NMR is quite good. Guests 11, 20—25, and 27—29 deserve
special mention as their binding constants lie above the upper
limit of our NMR methods capability. Guests 24—29 are
sparingly soluble in aqueous solution, with the concentrations
of saturated solutions near or below the sensitivity limit of NMR.
The high binding constants for these sparingly soluble guests
can in part be attributed to strong hydrophobic forces. For
azulenes, 24 and 25, however, it is tempting to invoke a cation-s
effect with the seven-membered ring of the guest being the
cation (the binding orientation of these guests are described
below),!2a:33

One interesting comparison of guests is 26 vs 27. These two
coumarins differ only by the replacement of a methyl group
(26) by a trifluoromethyl group (27), yet their binding constants
with 1 differ by a remarkable 2.8 kcal/mol. We attribute this
increase in binding to the inductive effect of the electron-
withdrawing trifluoromethyl group. This leads to a stronger
cation- effect operating in the more electron-deficient 27. There
is probably also a difference in overall hydrophobicitics of 24
and 25, but we expect this to be a relatively small effect. For
example, log P values of toluene and a,a,o-trifluorotoluene
differ by less than 0.1 units.?

The long wavelength charge transfer bands of 30, 31, and
32 exhibit bathochromic shifting in the presence of the host,
and such behavior is consistent with the dye moving into a less

(33) Dougherty, D. A.; Kearney, P. C.; Mizoue, L. S.; Kumpf, R. A.;
Forman, J. E.; McCurdy, A. In Computational Approaches in Supra-
molecular Chemistry, Wipff, G., Ed.; NATO ASI Series, 1994.

(34) Leo, A.; Hansch, C.; Elkins, D. Chem. Rev. 1971, 71, 525—616.
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polar environment (the host cavity).?> Host 2 induces stronger
red shifts than host 1, consistent with the notion that the cavity
of 2 is more hydrophobic. As with upfield shifting of guest
protons in NMR studies, the spectral changes described here
and the induced CD in the guests (see below) provide additional
experimental confirmation of guest inclusion in our hosts. It
should be noted that control studies with 5 and 6 showed induced
CD in guests only under conditions in which either control
molecule or guest was aggregated.

It was our intention to study only 1:1 host—guest complex-
ation, but several studies suggested higher order complexes can
also form with our hosts. With host 1, dyes 33 and 34 show
the expected induced CD (Ae < 0) and bathochromic shifting,
but as host concentration increases relative to guest, the induced
CD reverses sign. Preliminary data suggested multiple hosts
binding to or aggregating about a single guest. Due to the
complexity of the higher order system, studies of these guests
were not further pursued. Control studies of the guests in Chart
1 in the presence of excess host 1 reveal no unusual behavior.

A4

DA oy Lo
T ) 20

i
33 34
Host Binding Conformations

Figure 4 shows the best fit CD spectrum of complexes of
host 1 with 11 and 12—two prototypical guests for this
system—in aqueous borate buffer compared to the CD spectrum
of uncomplexed host. The spectra show significant qualitative
differences. On the basis of modeling studies, we have
previously argued that this host binds flat, naphthalene-like
guests such as 11 in a C,-symmetric, rthomboid conformation
(Figure 5a) and large quaternary ammonium guests such as 12
in a D>-symmetric toroid conformation (Figure 5b). The CD
spectra provide the first experimental support for this model.'?f
The rhomboid shows a general decrease in magnitude of all
Cotton effects (Figure 4a), while the toroid form is characterized
by increasing intensity of lower wavelength Cotton effects
(Figure 4b). This pattern holds up throughout the series of
guests studied.

CD spectra of host 2 and its complexes with 11 and 12 show
only subtle differences.’® This suggests that it is the reposition-
ing of the linkers (CD active in 1, inactive in 2) that is
responsible for the observed CD changes accompanying host
conformational changes. This assumption is consistent with
calculated conformations of the hosts.”’

In general, the guests shown in Chart 1 bind to host 1 in
rhomboid-like conformations-toroid binding guests 12 and 19
are the only exceptions. This suggests that only very large,
nearly spherical guests induce the toroid conformation. This
is consistent with calculations®’ and a crystal structure!?23 which
suggest a preference for the rhomboid conformation in host 1.

(35) (a) Silverstein, R. M.,; Bassler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds; John Wiley and Sons: New York,
1974. (b) Reichardt, C. Chem. Rev. 1994, 94, 2319—2358.

(36) The Ae values for the host 2 complexes come from single spectra
of solutions containing known amounts of host and guest; using previously
measured binding constants (—AG®, = 6.3 kcal/mol for guest 11 and 5.5
kcal/mol for guest 12)'*f and measured Ae values for free host, the host—
guest complex spectra were calculated from the measured spectra.

(37) Kumpf, R. A.; Dougherty, D. A. Unpublished results.

(38) Forman, J. E.; Marsh, R. E.; Schaefer, W. P.; Dougherty, D. A.
Acta. Crystallogr. Section B 1993, B49, 892—896.
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Figure 4. Best fit CD spectra of host 1s and its complexes with (a)
guest 11 and (b) guest 12 in aqueous borate buffer (pH 9).

L
(b)

Figure 5. Host 1s in rhomboid (a) and toroid (b) binding conforma-
tions. The rhomboid represents the conformation of the crystal structure
of 1-tetramethyl ester, while the toroid is a calculated conformation.

CD studies of other hosts derived from 1 have also shown the
rhomboid vs toroid binding conformations with appropriate
guests.*’

Forman et al.

Induced Circular Dichroism in Chromophoric Guests

Induction of circular dichroism in an achiral chromophore
by complexation to a chiral receptor is well-known from studies
of cyclodextrins'*~'® and some biological molecules.*’ As
expected we also see induced circular dichroism (ICD) in our
host—guest systems. Table 4 gives the experimentally deter-
mined optical constants and rotational strengths for the com-
plexes that show induced CD. In absolute magnitude, the ICDs
seen in these systems are generally larger than those seen in
cyclodextrins and other host—guest systems.'~'020-21 We
attribute this to the stronger interactions between chromophores
of host and guest expected for our system.

With the exception of guest 21, the ICD data with host 1 did
not appear very informative for the determination of orientations
of bound guests, as the ICD generally showed the same sign
with all guests (Ae < 0 with 1s, Ae > 0 with 1g). But
experiments with host 2 (which we believe exhibits guest
binding orientations nearly identical to those of host 1) revealed
some interesting differences from host 1. Guests 30, 31, and
32 exhibit opposite signs of ICD with 1 and 2, while 20 shows
the same sign of ICD with 1 and 2. These discrepancies
provided the impetus for the calculations described in the next
section.

Calculation of Binding Orientations

In highly chromophoric systems like our hosts, optical activity
arises predominately through the coupled-oscillator mechanism
(dipolar coupling).’* The theoretical rotational strength from
dipolar coupling is given by eq 6.2

—20 YV Vi0a jobRji" W00 X Hioa)
Ry = — (6)
he p=a (v, — U;)

where R, = the rotational strength contributed by dipolar
coupling (cgs units), R = the interchromophoric distance
vector, uio, and wjp, = electronic transition dipole moment
vectors, ¢ = speed of light, 2 = Plancks constant, and Vg, jop is
the interaction potential between the two transitions using the
point dipole approximation. It is defined by eq 7

_ HiosHion _ 3WioR)WiorR;)
Vioajob = R} o RS
ij i)

(7)

The coupled oscillator approach to calculating ICD (and thus
determining binding orientations) has seen much application in
studies of cyclodextrin based systems.'>'® The general approach
has been to treat each bond in the host (cyclodextrin) as a
chromophore with a single transition moment. Each of these
transitions are then coupled with the transition of interest in
the guest using a variation of eqs 6 and 7."3"'%#!" Our approach
to the use of eqs 6 and 7 was to break up the interacting
molecules into their component chromophores and use semi-
empirical calculations (INDO/S) to determine all the transition
moments of each individual chromophore. The individual
transition moments can then be superimposed onto the frame-
work of the host—guest system and eqs 6 and 7 used to calculate
the ICD of a given guest transition coupled to the host
transitions. Although we feel this approach is a more accurate

(39) Ngola, S. M.; Kearney, P. K.: Forman. J. E.: Dougherty, D. A.
Unpublished results.

(40) (a) Norden, B.; Kubista, M. NATO ASI Ser., Ser. C 1988, 242, 133—
165. (b) Hatano, M. Induced Circular Dichroism in Biopolymer-Dye
Svstems: Springer-Verlag: Berlin, 1986.

(41) Kodaka, M. J. Am. Chem. Soc. 1993, 115, 3702—3705.
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Table 4, Induced Circular Dichroism (ICD) Observed in Aqueous Borate Buffer
guest host Amax free guest (nm) Amax for induced CD (nm) Ae (L/mol cm) rotational strength (cgs)
11 2R° 318 315 +14.6 +2.6 x 107%°
20 1s 355 357 -8.0 22 x 10°%
21° 2r 355 356 Ae >0 R>0
341 +1.5 +9.1 x 1074
21 1x° 3234 309 —8.8 —1.1 x 10°%
24 1r 570 ICD not obsd? N/A®. N/A®
337 340 +0.74 +1.5 x 107
24° 2r 570 ICD not obsd? N/A¢ N/A4
337 321 Ae >0 R>0
25 1s 467 ICD not obsd? N/A4 N/A4
376 379 -5.6 —-15x 10°%
292 299 shows excitonic coupling with negative excitonic chirality
host transition /
467 ICD not obsd? N/A4 N/A¢
25° 2R 376 379 Ae >0 R>0
292 297 shows excitonic coupling with positive excitonic chirality
host transition
28° 257 366 376 Ae >0 R>0
30 1s 452 456 —-4.7 —-3.5x 10°%
30° 2r 452 470 Ae <0 R<0
31 1s 439 455 -3.1 —7.4 x 107%
31® 2R 439 470 Ae <0 R<0
31 35 439 . ca. 450 Ae < Of R <(f
32 1s 412 422 —18.8 —35x 10°%
326 2r 412 427 Ae <0 R<0
32 3r 412 448 —-34 —7.4 x 1074
- 35 35 4248 439 —145 —-15x 107%®
419 +15.6 +2.0 x 1074
35 4r 424¢ 1:1 complex 447 —18" —1 x 107384
429 +74 +5 x 107404
1:2 complex 438 +96" +7 x 1073
419 =714 —9 x 107394
36 3 414 418 —38.9 —-2.5x 107%
36 4r 414 421 +153 +9.2 x 1073

4 No ICD was detectable for this guest with host 1. * A binding constant was not obtained for this host—guest system. ICD is from qualitative
control study. < No ICD was detectable for this guest with host 2. ¢ The data come from the observed UV band of free guest; unfortunately the band

was too broad to pick out the true Ams for both of the transitions. ¢ While it is tempting to assume this transition has Ae ~

0 and R = 0, it should

be noted that the ICD may have been undetectable under the conditions of our studies. f Consistent data is only obtained when [3] > [31], under
conditions of excess guest there is evidence for the formation of complexes of the general form HG, where n > 2. ICD data for this guest was
very noisy and thus not quantifiable. & Soret band of porphyrin, ICD resolves it into the two component bands. * Given the inaccuracy in the
binding constants for this host—guest system (see discussion), the values given here are approximate.

Chart 2. Binding Constants (—AG®, kcal/mol) for Guests
Bound by Host 3 in Aqueous Borate Buffer (pH 9)
Measured by CD

fl ;
Q @-N(Cﬂz)l
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CH3 H H CH,
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Chart 3. Binding Constants (—AG®,, kcal/mol) for Guests
Bound by Host 4 in Aqueous Borate Buffer (pH 9)

Measured by CD
,CH;
35,R=ﬁ* r :1:1complex 8.6
1:2 complex 17.4

s0y (see discussion)
36,R=s<©/Cs‘ :6.8

approximation of ICD data, our goal was to obtain qualitative
rather than quantitative agreement of calculation with experi-
mental data.

Host 1 can be thought of as being made up of four
independent chromophores; the two p-xylyl linkers and the two
ethenoanthracene units. While the average conformation of the

individual chromophores should be the same for each set (linkers
and ethenoanthracenes) based on C,-symmetry in the host
rhomboid binding conformation, the crystal structure of 1s
tetramethy] ester shows slight asymmetry between the two units
of each set. We felt that this asymmetry might also be typical
of the host in solution, and so the calculations were carried out
using the four distinct chromophores implied by the crystal
structure. This slight degree of asymmetry between what should
be equivalent chromophores, however, produced only very small
perturbations in the calculated transitions of the chromophores.
Semiempirical methods do not lend themselves to the calculation
of anionic species with high accuracy, so we approximated the
host as the tetraacid (as opposed to tetracarboxylate). Experi-
mental data show that the tetraester and tetraacid of host 1 and
related structures have nearly identical CD and UV spectra.®3
Thus we felt that using the crystal structure of our tetraester
with replacement of esters by acids was justifiable. In addition,
INDOY/S calculations are expected to be reliable only for & —
n* transitions, so only states predominated by nx — xa*
contributions were considered. This exclusion of states pre-
dominated by n — n* and o — a* is not expected to affect the
reliability of the calculations, as the low oscillator strengths of

(42) Forman, J. E.; Dougherty, D. A. Unpublished results.

(43) It is important to note that many of the experimental hosts were of
“R" stereochemistry (Table 4), while the calculations were performed on
hosts of “S” stereochemistry. When such a discrepancy exists, the
calculations are interpreted based on the opposite sign of the data in Table
4.
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Chart 4. Calculated Transition Moments for Guests with Observable Induced Circular Dichroism

11, State 2

20, State 2

21, States 4 and 5

24, States 2 and 3

28, State 3

31, State 2

these transitions st:ould not significantly contribute to calculated
rotational strengths. An additional constraint of the calculations
was the limitation of transitions to only those above 180 nm
(the energy gap between shorter wavelength host transitions and
longer wavelength guest transitions results in insignificant
contributions to the rotational strength of the induced transition).
Comparison of the calculated wavelengths for the transitions
with actual spectra showed good agreement in general, so for
purposes of the calculations the calculated wavelengths were
not corrected to approximate experimental observations. IN-
DO/S transitions were calculated for the guests using AMI
optimized geometries. The trans-isomer of 31 was assumed
for all calculations involving this guest, and all calculations used
the 1s and 2g host stereochemistries.** Full listings of all
calculated transitions, oscillator strengths, and transition dipole
moment vectors are provided as supporting information. The
important guest transition dipole moment vectors are illustrated
in Chart 4.

We set the origin of our coordinate system as the center of
mass of the six aromatic rings that form the host cavity. The
z-axis is defined as the axis coming directly out of the cavity,
and we define the angle € as the angle of inclination with respect
to the z-axis (Figure 6). A general orientation of a transition
moment in the xz-plane (as defined in Figure 6) will have 6

25, States 2 and 5

25, State 6

30, State 2

32, State 2

varied from 0° (aligned on z-axis) through 360° by rotation of
the transition moment counter clockwise about the y-axis.

In the calculations described here, guests were oriented in
the cavity based on reasonable binding geometries (specific to
the type of guest) and rotated about the y-axis in 10° increments.
Unless otherwise specified, the initial orientation (6 = 0°) was
alignment of the transition dipole under consideration with the
z-axis. Rotational strength (R) was calculated at each 10°
increment. The value of R was calculated for the given
orientation of the transition moment and was not modified for
“impossible” orientations, i.e., guest atoms and host atoms sitting
at the same locations in space. Calculation of ICD with host
25 was done analogously to the case of host 1g, but the linkers
were neglected from the coupling.*

Long Axis Dyes

Guests 30, 31, and 32 can be thought of as “control
molecules”. CPK and molecular mechanics calculations show
that these guests can only orient themselves in the host cavity

(44) In creating the host 2 coordinate system, the linkers of host 1 were
converted to cyclohexyl groups and the geometry was optimized without
allowing any nonlinker atoms to change position. Thus an identical
coordinate system was employed.
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0 = angle of inclination from J
z-axis in the xz-plane

¢ 4z
View Down +y-axis

Figure 6. Coordinate system for host 1s. The origin lies at the center
of mass of the six aromatic rings that line the cavity.
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Figure 7. Rotation of guest state 2 transition moments around y-axis.
For (a) 30, (b) 31, and (c) 32 bound by host 1s.

with the long axis less than 90° (and probably much less than
90°) inclined from the z-axis in the xz-plane. For purposes of
calculation, the starting orientation put the guest long axis
transition moment in the xz-plane, aligned along the z-axis with
the midpoint of the transition moment coincident with the origin.
The ICD vs 6 curves are shown in Figures 7 and 8. The host
1 calculations (Figure 7) are relatively uninformative as R < 0
for all values of €, but the host 2 data (Figure 8) confirm what
the models have shown. Host 25 should show induced CD with
R > 0 for all three of the long axis guests.*> According to the
calculations this puts the transition moments at 140° = 6 =<

J. Am. Chem. Soc., Vol. 117, No. 36, 1995 9221
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Figure 8. Rotation of guest state 2 transition moments around y-axis
for (a) 30, (b) 31. and (c) 32 bound by host 2s.

185° (+180°) or up to 40° off perfect alignment with the z-axis
for guests 30 and 31. Guest 32 has a slightly broader range,
135 = 6 = 190° (£180°). Based on the size of the guests,
approaching 90° should be impossible to attain, and this is
confirmed by the calculation. The host 2 cavity is thought to
be slightly narrower than host 1, and so a guest in host 1 may
have a slightly broader range of allowed 6’s.

The binding orientation suggests that these guests may twist
in order to better fill the cavity and to push their aromatic rings
into the aromatic cavity walls. In each of the three guests one
ring is electron deficient, and we believe that it is the electron
poor ring that pushes up to the electron rich face of a cavity
aromatic ring. One intriguing aspect of the calculations is the
preference for two of four possible binding orientations (Figure
9). The difference in sign of ICD for these seemingly equivalent
orientations suggests that the interaction of wave functions of
cavity walls and guest differ sigmficantly. The difference is
apparently strong enough to result in a preference for a
clockwise inclination from the z-axis (Figure 9). AMI calcula-
tions show that guest 30 is ideally planar, but there is a low
energy barrier to conformations in which the aromatic rings are
twisted relative to the plane of the ethylene bridge;*® guests 31
and 32 are twisted in their ideal conformations (AM1 calcula-
tions). We propose that the chirality of the host induces a subtle
preference for the rings of guests 30, 31, and 32 to be twisted
to cause a better fit (and thus better cation-;r stabilization) at
one side of the cavity.*” These data suggest that there is some
directionality in the cation-7r effect acting as a stabilizing force
in molecular recognition.

Azulenes

Guests 24 and 25 were chosen for study because each has a
pair of well-defined, mutually perpendicular long wavelength
transition moments (oriented along the long and short axes of
the molecule, see Chart 4). It was also of interest to determine
if a cation-r effect is operative with the seven-membered
“cationic” ring of the guest.'’*3* As with the long axis guests,
the starting orientation put the guest transition moment in the
xz-plane, aligned along the z-axis with the midpoint of the
transition moment coincident with the origin.

(45) Experimentally, host 2g shows induced CD with R < 0 for these
guests,

(46) Ponterini, G.: Momicchioli, F. Chem. Phys. 1991, 151, 111—126.

(47) Similarly, a recent molecular dynamics study on host 1 with
acetylcholine (17) as guest showed that the guest prefers to reside at one
side of the cavity. Axelson, P. H. Isr. J. Chem. 1994, 34, 159—163.
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Clockwise Rotation of Guest
ExpectR >0
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(b) 0

Counter Clockwise
Rotation of Guest

ExpectR <0

Figure 9. Observed (a) and non-observed (b) binding orientations for
long-axis guests with host 2g (illustrated with guest 30). View is down
+y-axis, and the guest lies in the xz-plane and is positioned with the
long-axis transition moment at an angle midway through the range of
allowed 6's off the z-axis. Note that each of the two orientations shown

has generates an equivalent orientation by adding 180° to the value of
6.
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Figure 10. Rotation of guest transition moment around y-axis for
azulene (guest 24) bound by host 2s.

Figure 10 shows the expected rotational strength for bound
conformations of azulene (24) with host 2. Only the transition
to state 3 was experimentally observed (with both hosts 1 and
2), this transition being polarized along the long axis of the
guest (Chart 4). The expected R < O (Table 4) places the
binding orientation from 30°—130°(£180°). A similar calcula-
tion with host 1 places the binding orientation from 0°—140°.
This suggests the guest is most likely to be near the 90°
orientation. That is, the guest prefers to be nearly fully
encapsulated in the host—a binding conformation consistent with
a strong hydrophobic effect contributing to the binding. Models
show that the host cavity is long enough to accommodate the
long axis. We were unable to experimentally see ICD for state
2 (short axis transition, 90° inclination from state 3). The
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Figure 11. Best fit CD spectra of host 1s and its complex with guest

25 in aqueous borate buffer (pH 9).

calculations do indicate that, generally, the magnitude of Ae
should be smaller for state 2 than for state 3. If we assume our
observation is not an experimental artifact but rather indicates
that Ae ~ 0, Figure 10 suggests the binding orientations for
host 2 to be in the range of 140°—175°(£180°). This would
imply 50—85°(+180°) for state 3, a result consistent with the
direct analysis of state 3. Again, host 1 is expected to have a
similar binding orientation.

A similar result is seen with guest 25, with state 2 ICD
predicted to be very weak in intensity. Analysis of the state 5
(long-axis) transition again predicts that the long axis prefers
to be enclosed in the host cavity. Guest 25 also shows an
interesting spectral feature in its host—guest complex with both
hosts 1 and 2 (data for host 1 shown in Figure 11). It appears
that the transition to state 6 (short axis, near 300 nm) shows an
excitonic coupling®™ (split Cotton effect centered near 300 nm)
to state 5 of the ethenoanthracene chromophores of the host.
Using the general equation for excitonic coupling,” the expected
signs of the excitonic chirality for the host 1/2—guest 25
complexes were computed. Based on the observed negative
chirality for 1g (negative first Cotton effect, positive second
Cotton effect), the calculation gives a short axis binding
orientation in the range 120°—240°(180°). This corresponds
to 40°—150°(£180°) for the guest long axis. While broad, the
range of 6 is completely consistent with the data obtained from
direct analysis of ICD curves for 24 and 25, ruling out the
orientation where the seven-membered “cationic™ ring is
exclusively bound (0° with respect to long axis of guest).

Quinolines and Coumarins

Guests 11, 20, and 21 were oriented in the xz-plane so that
the C(9)—C(10) bond of the quinoline ring was coincident with
the z-axis, and the midpoint of this bond was placed at the origin.
The midpoints of the C(2)—C(3) and C(6)—C(7) bonds were
bisected by the x-axis. Starting with this orientation, the guest
was rotated about the y-axis to give the R vs 6 curves. Unlike
the previous guests, whose orientations were determined by the
transition moments, the three quinolines each have two initial
orientations that need to be considered (Figure 12).

Experimentally guest 11 only shows ICD with host 2. In
the case of host 1 the ICD band is thought to be buried under
the tail of the host longer wavelength Cotton effects. Figure
13 shows the expected rotational strength for guest 11 interacting
with host 2. The data (25, R < 0) puts 6 at 0°—100°(£180°)
for orientation #1 and 80°—185°(3+180°) for orientation #2. In
each case the guest appears to rotate in such a way as to place
the N-methyl group into the cavity (Figure 14). Since the methyl
group carries a large fraction of the positive charge in such a
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Guest in
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Figure 12. 6 = 0° orientations for N-methylquinolinium (11) derived
guests. The quinoline ring lies in the xz-plane of the host coordinate
system (Figure 6). The view here is down the +y-axis (illustrated with

host 2g).
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Figure 13. Induced CD expected for binding orientations obtained by
rotation of guest central bond around y-axis for guest 11 bound by
host 2.

structure, this finding is consistent with the cation- interaction
influencing binding orientations.

NMR experiments with guest 11 and host 1 show that the
protons in the 2, 6, and 7 positions on the quinoline ring
experience greater upfield shifting on complexation than do
other guest protons.”® We believe that these protons are
therefore more deeply buried in the host cavity than are the
remaining (more exposed) guest protons. The binding orienta-
tions shown in Figure 14 are consistent with these NMR
observations. In particular the proton at the 2-position is shown
to be near the cavity walls in all four of the Figure 14 binding
orientations, and this proton is upfield shifted to the greatest

(48) The extent of upfield shifting of 'H NMR peaks (D values) for all
of the protons of guest 11 relative to one another, are as follows: methyl
0.69, 2-position 1.00, 3-position 0.27, 4-position 0.69, 5-position 0.69,
6-position 0.96, 7-position 0.84, and 8-position 0.65. Kearney, P. C.
California Institute of Technology. Ph.D. Thesis. 1994,
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extent in the NMR studies.*® As expected we observe binding
orientations for host 1 that are similar to those of host 2 with a
given guest.

Similar calcuations were performed for guest 20. With host
1s (R < 0, Table 4), the data puts 6 at 10°—140°(£180°) for
orientation #1 and at —25°—125°(4180°) for orientation #2.
The host 2 data narrows the range of € giving ranges of 35°—
125°(+180°) for orientation #1 and 30°—115°(+180°) for
orientation #2 (where 25 is expected to produce R < 0). Again
the data for the two systems are consistent and indicate that the
guest rotates in such a way as to place one substituent inside
the cavity. In this case there are two substituents, the N-methyl
and 4-dimethylamino groups. We expect the preferred orienta-
tion would place the hydrophilic dimethylamino group exposed
to solvent and the hydrophobic methyl group in the cavity
(Figure 15). This also puts the formal positive charge in the
cavity where it can experience cation-7r interactions.

For guest 21, induced CD was observed only with host 1g.
The expected rotational strength is shown in Figure 16. This
guest was of particular interest as the ICD was observed for
two nearly in plane transitions separated through an angle of
83.5° (states 4 and 5, see Chart 4). The 6 range satisfying the
observed ICD (state 4 R > 0, state 5 R < 0) for host 1g is
80°—150°(+180°) for orientation #1 and 0°—70°(x180°) for
orientation #2. This indicates a preference for binding orienta-
tions in which both substituents are outside the cavity (Figure
17). This places the relatively hydrophilic nitro group in a
relatively solvent exposed environment. This result is in contrast
to the preferred orientations of guests 9 and 20 where a
substituent is pushed into the cavity. It may be that a 1.5
substitution pattern does not allow a comfortable fit in the cavity
uniess both substituents are outside.

The coumarin dyes 26—29 did not show detectable ICD with
host 1, and only 28 gave detectable ICD with host 2. Calcula-
tion by orienting the guest with its transition moment coincident
with the z-axis and the midpoint of the transition moment at
the origin, places 6 in the range 30°—130°(+180°) for R<0
with host 2. As seen with guests 24 and 25, this puts the guest
in an orientation that allows most of its surface area to be placed
in the cavity. The data suggests hydrophobic forces dominate
the binding of this guest.

Larger Hosts (3 and 4)

Binding Conformations. CD studies with hosts 3 and 4
generally show rhomboid-like changes on binding guests, but
there is some evidence for a toroid-like conformation with 3.4
There is a general decrease in binding affinity on moving from
1 to the less conformationally restricted 3 and 4. Both 3 and 4
are expected to exist in aqueous solution as highly collapsed
structures. Also in both 3 and 4 the ethenoanthracene units
can twist so that the carboxylates can enter the cavity, thus
allowing electrostatic contributions to the binding that are much
stronger than in host 1. This enhancement of electrostatic
contributions to binding is thought to be more significant for 4
and is probably important in the binding of positively charged
guests such as 35.

ICD and Other Spectral Changes Associated with Guest
Binding. As with 1 and 2, some guests show bathochromic
shifting on binding to 3 and 4. Red shifting for guests 31 and
32 with 3 reveal an inconsistent refationship compared with 1
and 2 (smaller shift with 31, larger shift with 32). This is
thought to be the result of significantly different binding
conformations. In support of this claim the two guests exhibit

(49) This is observed in the encapsulation of large cations such as
Ru(phen);’*. Forman, J. E.; Dougherty, D. A. Unpublished results.
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Figure 14. Possible binding orientations for guest 11 with host 25. View is down +y-axis, and the guest lies in the xz-plane and is positioned with
the C(9)—C(10) bond at an angle midway through the range of allowed 6's off the z-axis.

235°=0=300°
Guest in
Orientation #1

205°=0=310°
Guest in
Orientation #2

Figure 15. Possible binding orientations for guest 20 bound by host-2g. View is down +y-axis, the guest lies in the xz-plane and is positioned with
the C(9)—C(10) bond at an angle midway through the range of allowed 6’s off the z-axis.

opposite signs for their respective ICD (both guests have long
axis transition moments). In addition, we observe sign reversals
in the ICD of 31 when binding studies are carried out with
excess guest. Such spectral changes are thought to be the result
of additional guest molecules entering the cavity to produce
HG, and/or higher order complexes. Guest 22 with host 3 does
not show this behavior.

As might be expected, some guests show 2:1 and/or higher
order complex formation with these larger hosts. The most
notable examples are the 3/31 and 4/35 systems. For the other
host—guest systems (3/32; 3/35; 3/36: and 4/36) control studies
with excess host reveal no unusual spectral changes—these
complexes are thought to be exclusively 1:1 guest—host.

The dipolar coupling mechanism of ICD** is evident in
examination of the rotational strengths in Table 4. In general
3 induces greater rotational strengths than 1, and 4 induces
greater rotational strengths than 3. This is expected from the
coupling of a greater number of host transitions with the guest
transition in the higher oligomers. Unfortunately, no rigorous
conformational data are available for 3 and 4, so induced CD
calculations were not attempted for these hosts and their guests.

Porphyrins as Guests. The tetracationic porphyrin 35 shows
significant CD changes on binding to 3 and 4. For the 3/35
system a strong Cotton effect is observed at 439 nm (red shifted
15 nm from the UV Soret A,.), and a weaker Cotton effect is
observed at 419 nm (5 nm blue shift from UV Soret 4,,.,). We
believe this results from induced CD in the two mutually
perpendicular component transitions in the Soret band (the long
wavelength By transition lies along a line connecting the H atoms
of opposing pyrrole groups). This observation of a split Cotton
effect in induced CD for 35 has been observed in the intercala-
tion of helical peptides and polymers.”™ In the case of the 3/35
complex, the two Cotton effects are not equivalent in rotational
strength. Guest 36 also does not show the split induced CD
for the Soret bands with either host 3 or 4. We believe these
observations to be the result of a much less specific binding
orientation, where all guest orientations average to give a single
induced CD band. The single induced CD band could also result
from the host causing the porphyrin ring to bend out of the
plane.

With the 4/35 system two distinct spectral patterns are
observed, depending on whether one is under conditions of



Molecular Recognition in Aqueous Media

100 T2y ‘Angle Beiween State 4 and Sute 5 Transion Moments: 92.8° |

80.0

State 4 (313.3 nm)

200

- I\ v I

Rotational Strength (cgs x 10*%)

0 50 100 150 200 250 300 350
6 (deg)
150.0
(b) Angle Between State 4 and State 5 Transition Moments: 92.8°
State 4 (313.3 nm) State 5 (308.2 nm)

-~ 1000 7
&

]

"

@

)

= 500

%

8

2

&

g

£ 00

2

3

&

-50.0
1000 T T - - . . .
0 50 100 150 200 250 300 350
8 (deg)

Figure 16. Induced CD expected for bound guest in orientation
obtained by rotation of guest central bond around y-axis for guest 21

with host 1s (a) guest in orientation #1 and (b) guest in orientation #2.

excess host or excess guest (Figure 18). In the case of excess
host, the expected split Cotton effect is observed as with 3, but
the rotational strengths of the two bands are more equally
matched. Under conditions of excess guest, the Cotton effect
changes sign and is blue shifted relative to the excess host
induced CD bands. Mol ratio and Job plots of this data suggest
a 2:1 guest—host complex is forming. The discrete signals
between 1:1 and 1:2 complexes suggest a specific orientation
for the porphyrins in the cavity of 4.

The binding constants given for this system in Chart 3 are
only approximate. The 1:1 number comes from data fitting a
series of solutions in which only the spectral features of curve
a in Figure 18 were evident. Starting from the 1:1 complex
data and assuming all host was initially present as the complex,

(50) (a) Bustamonte, C.; Gurrieri, S.; Pasternack, R. F.; Purrello, R.;
Rizzarelli, E. Biopolymer. 1994, 34, 1099—1104. (b) Nezu, T.; Ikeda, S.
Bull. Chem. Soc. Jpn. 1993, 66, 25—31. (c) Nezu, T.; Ikeda, S. Bull. Chem.
Soc. Jpn. 1993, 66, 18—24. (d) Pasternack, R. F.; Bustamante, C.; Collings,
P. J.; Giannetto, A.; Gibbs, E. J. J. J. Am. Chem. Soc. 1993, 115, 5393—
5399. (e) Pasternack, R. F.; Gibbs, E. J. Inorg. Organometal. Polym. 1993,
3, 77—88. (f) Pasternack, R. F.; Giannetto, A.; Pagano, P.; Gibbs, E. J. J.
Am. Chem. Soc. 1991, 113, 7799—7800. (g) Pancoka, P.; Urbanovéd, M.;
Bedndrovi, L.; Vacek, K.; Paschenko, V. Z.; Vasiliev, S.; Malon, P.; Krél,
M. Chem. Phys. 1990, 147, 401—413. (h) Pasternack, R. F.; Brigandi, R.
A.; Abrams, M. J.; Williams, A. P.; E. J. Inorg. Chem. 1990, 29, 4483—
4486. (i) Pasternack, R. F.; Gibbs, E. J.; Gaudemer, A.; Bassner, A. A. S.;
De Poy, L.; Turner, D. H.; Laplace, A. W. F.; Lansard, M. H.; Merienne,
C.; Perrée-Fauvet, M. J. Am. Chem. Soc. 1985, 8179—8186. (j) Pasternack,
R. F.; Gibbs, E. J.; Villafranca, J. J. Biochem. 1983, 22, 2406—2414.
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a series of solutions for which the spectral features of curve b
were evident was fitted assuming formation of a 2:1 complex.
The fitting gave —AG° = 8.8 kcal/mol for the second associa-
tion. This gives an overall formation constant of 17.4 kcal/
mol for the 2:1 complex. Given the approximations involved
in the analysis, however, these values should be considered as
only estimates.

It should be noted that the aggregation state of guest 35 in
aqueous solution is not clear. The literature contains several
conflicting reports in regard to this porphyrin, with different
authors claiming it exists exclusively as monomer,*! exclusively
as dimer,3? or as monomer in equilibrium with dimer® under
the concentration range we studied. CDfit is unable to account
for this aggregation, but our data show good agreement with
our model. This leads us to believe that the monomer
predominates under our experimental conditions. Consideration
of a monomer—dimer equilibrium (using a dimerization constant
of Kp = 1 x 10° M™1)3 and data fitting with the Benesi—
Hildebrand method>* gives —AG° = 6.9 kcal/mol for 3/35.
Benesi—Hildebrand treatment of data without accounting for
the monomer—dimer equilibrium gives a value of 7.3 kcal/mol.
Guest 36 has also been reported to dimerize (Kp = 6 x 10°
M~1).53 These observations may result in additional error in
the reported binding constants for 35 and 36.

Like 3/36 the 4/36 system shows only a single induced CD
band. With 36 host 4 is certainly capable of binding two guests
(as per guest 37), but electrostatic repulsions from the high
number of negative charges present in both host and guest are
thought to keep the complex at a 1:1 stoichiometry.

Guest 36 is significant because our hosts, as a rule, do not
bind anionic species. We rationalize the binding of 36 to host
3 and 4 by a cation-n effect with the electron deficient (positive)
face of the porphyrin ring. This binding of the porphyrin, but
not the phenylsulfonate substituents, is supported by NMR data
in 10% CD3CN/90% borate-d (a solvent that decreases aggrega-
tion) involving 3/36. These studies have shown weak downfield
shifting of the phenylsulfonate protons—not the strong upfield
shifting expected for encapsulation in an aromatic rich cavity.
The interaction of host with the electron deficient region of an
anionic guest represents a novel cation-nm effect previously
unobserved in our studies of this phenomena.

Conclusions

The studies reported here demonstrate the use of CD
spectroscopy as a viable method for studying molecular recogni-
tion in aqueous media. We have demonstrated the accuracy of
the method as compared to NMR studies and shown that the
two methods complement one another in allowing a more
complete range of —AG® values to be obtained. Induced CD

(51) (a) Pasternack, R. F.; Francesconi, L.; Raff, D.; Spiro, E. Inorg.
Chem. 1973, 12, 2606—2611. (b) Pasternack, R. F.; Huber, P. R.; Boyd,
P.; Engasser, G.; Francesconi, L.; Gibbs, E.; Fasella, P.; Venturo, C. G;
Hinds, L. deC. J. Am. Chem. Soc. 1972, 94, 4511—4517. (c) Das, R. R.;
Pasternack, R. F.; Plane, R. A. J. Am. Chem. Soc. 1970, 92, 3312—3316.
See also reference 47i.

(52) (a) Kano, K.; Takei, M.; Hashimoto, S. J. Phys. Chem. 1990, 94,
2181—2187. (b) Kano, K.; Hashimoto, S. Bull. Chem. Soc. Jpn. 1990, 63,
633—635. (c) Kano, K.; Nakajima, T.; Hashimoto, S. Bull Chem. Soc. Jpn.
1987, 60, 1281—1287. (d) Kano, K.; Miyake, K.; Uomoto, T.; Sato, T.;
Ogawa, T.; Hashimoto, S.Chem. Letr. 1983, 1867—1870.

(53) Kemnitz, K.; Sakaguchi, T. Chem. Phys. Lett. 1992, 196, 497—
503.

(54) Connors, K. A. Binding Constants, Wiley: New York, 1987.

(55) Schmidtchen, F. P. Chem. Ber. 1980, 113, 2175—2182.

(56) Hafnex, K.; Bernhard, C. Ann. 1959, 625, 108—123.

(57) Version 4.0, Micrsoft Corp., Copyright 1985—1992.

(58) Version 2.3, BioSym Technologies, 1993.

(59) We kindly thank Josef Michl for the use of this semiempirical
package.
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Figure 17. Possible binding orientations for guest 21 bound by host-1g. View is down +y-axis, the guest lies in the xz-plane and is positioned with
the C(9)—C(10) bond at an angle midway through the range of allowed €'s off the z-axis.
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Figure 18. CD and UV spectra of solutions containing guest 35 and
host 45 in aqueous borate buffer (pH 9).

in chromophoric guests has provided evidence of binding
orientations, and we have determined these orientations through
calculation. The data have revealed a preference of guests to
rotate in the cavity to better fill space. CD has also provided
experimental confirmation of previously invoked binding con-
formations. The analytical approaches developed here should
be applicable to general studies of molecular recognition and
can be modified for use with UV/vis spectroscopy.

The data reported here suggest a directional preference of
the cation- effect for certain orientations of bound guests.
Calculated binding orientations for several tightly bound guests
indicate a significant hydrophobic contribution to the binding.
We have also demonstrated that conformationally unrestrained
hosts 3 and 4 can bind guests with high affinity and specific
binding orientations. These hosts, although conformationally
unrestricted, show significant cation- effects in guest binding.

Experimental Section

General Methods. CD spectra were recorded on a JASCO J-600
Spectropolarimeter with either 1.0 or 0.5 cm pathlength quartz cells.
A standard set of measurement parameters was used in all experiments.
UV/vis spectra were recorded on a CARY 2200 or Beckman DU-640
spectrophotometer. IR spectra were recorded on a Perkin-Elmer 1600
FT-IR. GC/MS data was obtained on a Hewlett-Packard 5890/5970
GC/MS. NMR spectra were recorded on a Bruker AM-500 spectrom-

eter; routine spectra were referenced to the residual proton signals of
the solvents and are reported in ppm downfield of 0.0 as o values.
NMR spectra in borate-d were referenced to the 1.09 ppm peak of 3,3-
dimethylglutarate (DMG) as internal standard. Preparation of solutions
used for NMR binding studies and the protocols for such studies have
been described previously.'*"!*

All solvents used in spectroscopy were spectrophotometric or HPLC
grade. Aqueous cesium borate buffer (pH 9) was prepared by dissolving
0.25 g high purity boric oxide in 800 g water and adding 3.74 mL of
I M CsOH followed by thorough mixing. The water used in these
preparations was passed through a Milli-Q purification system.

All reactions, unless otherwise noted, were stirred magnetically under
nitrogen atmosphere. Solvents were distilled from drying agents under
argon atmosphere: acetonitrile:CaH,: THF:sodium benzophenone
ketyl. Ion exchange for NHs™ was carried out with Dowex 50w-x2
cation exchange resin (the resin was treated with concentrated am-
monium carbonate then washed with Milli-Q purified water before use).
Unless otherwise noted reagents obtained from commercial sources were
used without further purification.

Compounds 5. 6. 8. the tetraacids of 1 and 2, 3 hexamethyl ester,
and 4 octamethyl ester were prepared by procedures described
previously. '

CD Binding Studies. Solutions of guests were prepared by
weighing out solutes on a Sartorius microbalance followed by dilution
to appropriate volumes. Further dilutions of stock solutions gave the
desired concentrations. For sparingly soluble guests 24, 25, 26, 27,
28, and 29 saturated solutions in cesium borate buffer were prepared.
Aliquots of these saturated solutions were diluted with acetonitrile, and
the concentrations were determined by fitting to UV/vis calibration
curves of the guest in mixed acetonitrile/cesium borate solvent systems.
Stock solutions of guest were prepared fresh for all studies with the
sparingly soluble guests and with guests 17 and 32 (these guests
decompose on prolonged standing in cesium borate).

Solutions of hosts were prepared by dissolving lyophilized samples
of the appropriate polyacid in cesium borate buffer. Concentrations
were determined from CD spectroscopy by fitting to standardized Ae
data.

Standardized Ae values for hosts were determined from a series of
5—6 solutions of the appropriate host in the 10-7=10 * M concentration
range. The data at each wavelength in the 200—350 nm range was
fitted to the Beer—Lambert law to give the best fit Ae data used in the
binding studies. For hosts 1 and 2 these calibration studies used stock
solutions prepared and standardized for NMR studies.

Fitting CD data from acetonitrile solutions of 1 tetraacid to Ae values
for the 230350 nm region of 1 tetramethyl ester in CH:CN provided
estimates of purity of samples of the tetraacid. Calibration studies with
1 stock solutions in cesium borate prepared by weighing out samples
of the tetraacid (with "known purity") produced nearly identical Ae
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values to the studies with NMR standardized stock solutions. This
method of Ae determination was used for 1 trimer and tetramer.

In a typical CD binding study, 5—6 spectra of solutions with 1 equiv
concentration of one component (usually host) but varying concentration
of the other component (usually guest) were used. The spectra and
the Ae values of the host were fit to an association constant with the
CDfit program. In general host concentrations were kept between 1
and 5 uM for 1 and 0.5—2 uM for 3 and 4. All cases of guest induced
CD in fitted Aeng spectra were confirmed in solutions where [host]:
[guest] ratios were alternately very high and very low (high % bound
guest and high % bound host).

A CD binding study was taken to be valid when (1) statistical fitting
parameters show strong agreement with our model, (2) the samples
used in the experiment cover a reasonable portion of the 20—80% bound
range of the more dilute component in the solution, and/or (3) the results
are reproducible to —AG°® + 0.2 Kcal/mol. CDfit evaluates the
statistical parameters RMS and SSR (for individual samples and for
the entire data set); the data output includes 8; caic and (8ci caic — Gci obs)
for all samples. Control experiments with our “half’ and “three-
quarters” molecules (6 and 5), consistently gave poorly fitting,
nonreproducible data sets.

3.Hexaacid. In a 25 mL flask 0.016 g (1.17 x 1075 mol) of
3-hexamethyl ester was dissolved in 8 mL of THF, followed by addition
of 0.057 g (3.79 x 10~ mol) of cesium hydroxide and 2 mL of water.
The mixture was allowed to stir in the dark at room temperature
overnight, and the THF was removed by rotary evaporation. The
aqueous mixture was frozen to —78 °C and lyophilized to give an off-
white powder that was dissolved in water and ion-exchanged for NH,*.
The ion-exchanged solution was frozen at —78 °C and lyophilized to
give 0.026 g of an off-white powder (59.7% pure by CD, impurities
were inorganic salts and water): 'H NMR (10% CD;CN/90% borate-
d) 6 (ppm) 7.32 (s, 12H), 7.19 (d, 6H), 7.03 (d, 6H), 6.55 (dd, 6H),
5.20 (s, 6H), 5.09 (s, 12H).

4-Octaacid. In a 25 mL flask 0.016 g (1.17 x 1075 mol) of
4-octamethyl ester was dissolved in 12 mL of THF, followed by
addition of 0.057 g (3.79 x 10~* mol) of cesium hydroxide and 3 mL
of water. The mixture was allowed to stir in the dark at room
temperature overnight, and the THF was removed by rotary evaporation.
The aqueous mixture was frozen to —78 °C and lyophilized to give an
off-white powder that was dissolved in water and ion-exchanged for
NH,*. The ion-exchanged solution was frozen at —78 °C and
lyophilized to give 0.030 g of an off-white powder (67.2% pure by
CD, impurities were inorganic salts and water); ESMS (anion mode,
material in cesium borate) m/e 212 (M),

2, 6-Bis(p-methybenzyloxy)-9,10-dihydro-11,12-dicarboxyetheno-
anthracene (Diacid) (5). In a 50 mL flask 0.018 g (3.38 x 1075 mol)
of 5-dimethyl ester (preparation below) was dissolved in 10 mL of
THF, followed by addition of 0.049 g (3.27 x 10™* mol) of cesium
hydroxide and 2.5 mL of water. The mixture was allowed to stir in
the dark at room temperature overnight, and the THF was removed by
rotary evaporation. The aqueous mixture was frozen to —78 °C and
lyophilized to give a white powder that was dissolved in water and
ion-exchanged for NH,*. The ion-exchanged solution was frozen at
—78 °C and lyophilized to give 0.020 g of a white powder (78.3%
pure by CD, impurities were inorganic salts and water): 'H NMR
(borate-d) 6 (ppm) 7.34 (d, 4H, J = 6.0 Hz), 7.32 (d, 4H, J = 5.6 Hz),
7.25(d, 2H,J =79 Hz), 7.11 (d, 2H, J = 1.8 Hz), 6.62 (dd, 2H), 5.28
(s, 2H), 4.98 (AB, 4H), 2.33 (s, 6H).

2, 6-Bis(p-methybenzyloxy)-9,10-dihydro-11,12-dicarbomethoxy-
ethenoanthracene (5-Dimethyl Ester). A 25 mL oven dried flask
was charged with 0.012 g (3.40 x 10™° mol) of 8, 0.020 g (1.08 x
10~4 mol) of a-bromo-p-xylene, and 0.054 g (1.65 x 10~* mol) of
cesium carbonate. After addition of 10 mL of acetonitrile, the mixture
was heated to 55 °C and allowed to stir in the dark. After 18 h TLC
(silica gel, 3:1 ether:petroleum ether) indicated completion of the
reaction, and the mixture was filtered and purified by flash chroma-
tography (material placed on silica gel plug, 1:1 ether:petroleum
ether): obtained 0.0176 g (98%) of product; 'H NMR (CDCl3) 6 (ppm)
7.21(d, 4 H), 7.16 (d, 4 H), 7.05 (d, 2H), 7.02 (d, 2H), 6.54 (dd, 2H),
5.30 (s, 2H), 4.93 (s, 4H), 3.76 (s, 6H), 2.33 (s, 6H); CD [(R.R)-
enantiomer, CH;CN] A (A¢) [nm (M~! cm™")], 318 (+2.3), 301 (—0.8),
286 (+17.6), 250 (—53.1), 230 (+102.4), 216 (—2.5), 207 (+52.1).
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2,6-Bis(methoxy)-9,10-dihydro-11,12-dicarboxyetheno-
anthracene (Diacid) (6). Ina 10 mL flask 0.015 g (3.94 x 1073 mol)
of 6-dimethyl ester (preparation below) was dissolved in 4 mL of THF,
followed by addition of 0.06 g (3.96 x 1074 mol) of cesium hydroxide
and 1.0 mL of water. The mixture was allowed to stir in the dark at
room temperature overnight, and the THF was removed by rotary
evaporation. The aqueous mixture was frozen to —78 °C and
lyophilized to give a white powder that was dissolved in water and
ion-exchanged for NH4*. The ion-exchanged solution was frozen at
—78 °C and lyophilized to give 0.022 g of an off-white powder (69.1%
pure by CD, impurities were inorganic salts and water): 'H NMR
(Borate-d) 6 (ppm) 7.36 (d, 2H, J = 7.6 Hz), 7.13 (d, 2H, J = 2.3 Hz),
6.63 (dd, 2H, J = 2.4, 7.4 Hz), 5.31 (s, 2H), 3.77 (s, 6H).

2,6-Bis(methoxy)-9,10-dihydro-11,12-dicarbomethoxyetheno-
anthracene (6-Dimethyl Ester). A 25 mL oven dried flask was
charged with 0.051 g (1.45 x 1075 mol) of 8 and 0.234 g (7.46 x 10~*
mol) of cesium carbonate. After addition of 10 mL of acetonitrile,
methyl iodide (0.1 mL, 0.228 g, 1.60 x 10~* mol) was added dropwise.
The mixture was heated to 50 °C and allowed to stir in the dark. After
6 h TLC (silica gel, 1:1 ether:petroleum ether) indicated completion
of the reaction, and the mixture was filtered and purified by flash
chromatography (material placed on silica gel plug, 1:1 ether:petroleum
ether): obtained 0.06 g (quantitative yield) of product; '"H NMR (CDCls)
6 (ppm) 7.23 (d, 2 H), 6.95 (d, 2H,), 6.47 (dd, 2H), 5.31 (s, 2H), 3.79
(s, 6H), 3.76 (s, 6H); CD [(R,R)-enantiomer, CH;CN] A (A¢) [nm (M~}
cm™)], 318 (+2.6), 302 (—1.4), 285 (+16.2), 250 (—46.6), 229 (+71.0),
217 (—1.1), 205 (+72.6).

2,6-Bis{p-(dimethylamino)benzoyloxy]-9,10-dihydro-11,12-dicar-
bomethoxyethenoanthracene (10). A 25 mL oven dried flask was
charged with 0.024 g (6.81 x 1075 mol) of 8, 0.065 g (3.54 x 10~*
mol) of p-(dimethylamino)benzoyl chloride (preparation below), 50 uL
(0.05 g, 6.18 x 10™* mol) of pyridine, and a catalytic amount of DMAP.
The mixture was dissolved in 5 mL of THF and heated to 55 °C with
stirring in the dark. After 19 h TLC (silica gel, 7:3 CH,Cl,:ether)
indicated completion of reaction. The mixture was filtered, and the
filtrate rotary evaporated to give a yellowish residue; two consecutive
purifications by flash chromatography (Si gel, 7:3 CH,Cl:ether)
provided 0.035 g (80%) of 8: 'H NMR (CDsCN) é (ppm) 8.12 (d,
4H, J = 8.6 Hz), 748 (d, 2H, J = 8.3 Hz), 7.38 (d, 4H, J = 8.6 Hz),
7.33 (d, 2H, J = 2.2 Hz), 6.91 (dd, 2H, J = 8.3, 2.3 Hz), 5.63 (s, 2H),
3.75 (s, 6H), 3.09 (s, 12H); FAB-MS, m/e 647 (MH™), 312, 180, 166,
148, 122; HRMS, 664.2659 (M + NH,*), calculated for C3sH3N;05
+ NH4* 664.2660; CD [(R,R)-enantiomer, CH;CN] A (A¢€) [nm (M™!
cm™)], 324 (+35.0), 295 (—6.2), 270 (+4.9), 247 (—9.4), 218 (+42.3).

p-(Dimethylamino)benzoyl Chloride. A suspension of phosphorous
pentachloride (12.61 g, 0.061 mol) in 225 mL of carbon disulfide was
added slowly to a stirring suspension of 10.04 g (0.061 mol) of
p-(dimethylamino)benzoic acid and 54 mL (5.28 g, 0.067 mol) of
pyridine in 100 mL of carbon disulfide over a 1 h period. Upon
complete addition the mixture was heated at reflux until all the white
solid dissolved after which the mixture was filtered (CAUTION—CS,
is very flammable) and allowed to cool. The white crystals that formed
on cooling were collected and dried under vacuum in a desiccator to
yield 5.52 g (50%): 'H NMR (CDCl3) é (ppm) 7.95 (d, 2H, J = 9.12
Hz), 6.71 (d, 2H, J = 9.4 Hz), 3.15 (s, 6H); IR (KBr) 1737 cm™
(COCI); GC/MS 21 min m/e 120 (M — COCl).

Guests. Guests 14, 16, 17, 18, 19, 24, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35, and 36 were obtained from commercial sources. Guests
1555 and 25 were prepared as described in the literature. Guests 11,
12, 13, 20, 21, 22, and 23 were prepared through alkylation of the
appropriate amine, quinoline, or isoquinoline with methyl iodide.
Chloride salts were obtained by ion exchange of the appropriate iodide
or bromide salt using Dowex 1 x 8—400 ion exchange resin. Guest
purity of hydroscopic guests (all the chloride salts) was ascertained
from elemental analysis. Guests were used as is unless elemental
analysis, NMR, or UV/vis spectroscopy indicated the presence of
organic impurities; in such cases further ion exchange, recrystallization,
or other appropriate means of purification was employed, and the
samples were checked by elemental analysis.

Computational Studles. Excitonic chirality and induced circular
dichroism calculations were set up and executed using Excel.’’
Geometry optimizations with AM1 were done in InsightIl.® Semi-
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empirical calculations of spectroscopic observables were set up and
executed using the DZDO program®® using the Zerner parameter set
for the INDO/S model Hamiltonian with the SCF calculations using
the closed shell RHF method. CI was limited to singly excited states.

Calculation Controls. The calculations of expected induced CD
all involve guest transition moments placed in an ideal orientation, i.e.,
in the xz-plane, centered at the origin, etc. We know from NMR studies
that all of our guests undergo rapid exchange between free and bound
states, thus the position of the guest transition moment is not as restricted
as the calculation assumes. A series of control calculations using a
“generic” guest transition moment were carried out in which v was
decreased with 4 remaining constant (f decreases), v was decreased
with u increasing (f remains constant), f increased at a constant v, the
transition moment midpoint offset from the origin along z-axis, and
the transition moment was kept parallel to the z-axis but moved off
the z-axis by x-axis translation. In each case the transition moment in
the xz-plane was rotated about the y-axis as in the previous calculations.
The most significant effect on the sign of R was associated with
variation of v. A decrease in v (increase in A of transition) results in
a shift of R toward more negative values. Other controls involving
variations of the angle of inclination from x- and y -axes show that
significant sign changes will only occur in guest orientations that are
not possible with the rhomboid host cavity. Based on these controls
and the agreement of calculation and experiment, we are confident of
the validity of our calculations.

Molecular Mechanics Calculations of (R,R)-10. The atomic
coordinates for (R,R)-10 were obtained from BIOGRAF?® with the
AMBER force field.”” AMBER is not parametrized for a Nminey—
Claromaticy bond, so for purposes of calculation the dimethyl amino group
was replaced with a 2-propyl group. Six torsion angles involving the
benzoates were varied from 0°—180° using a 1000 step Monte-Carlo
search with 200 minimizations at each step. A total of 1000 possible
structures were searched by a usage directed method,”® and all structures
within 6 Kcal of the lowest energy conformation were saved. In an
effort to save computational time, energy was checked after the first
100 minimizations, and if the best structure was 12 Kcal above the
previous best structure, it was discarded. This gave 553 low energy
structures which were resubmitted for further minimization, and
duplicates were identified and eliminated by superimposing of heavy
atoms resulting in deviations in overlap of less than 0.25 A. The result
was 64 structures within 1.2 Kcal of one another. The excitonic
chirality calculations® on these 64 structures all predicted positive
excitonic chirality (positive first Cotton effect, negative second Cotton
effect). This observation was experimentally confirmed.
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CD Data for Previously Reported Compounds. 2, 6-Dihydroxy-
ethenoanthracene (6): [(R,R)-enantiomer, CH;CN] A (A€) [nm (M™!
em™h], 302 (—3.5), 285 (+16.4), 250 (—41.9), 229 (+61.3), 217 (—9.0),
206 (+59.8).

1-Tetramethyl Ester: [(S.S,S,5)-enantiomer, CH;CN] 4 (A€¢) [nm
M~ em™1)], 297 (+14.0), 283 (—2.8), 251 (+144), 227 (—272), 208
(—85.6).

3-Hexamethyl Ester: [(R,R,R.R,R.R)-enantiomer, CH;CN] A (A¢)
[nm M~} ecm™h)], 320 (+4.6), 298 (—11.4), 285 (+23.7), 251 (—207),
228 (+360), 207 (+145).

4-Octamethyl Ester: [(5,5.5.5.5.5,5.5)-enantiomer, CH3CN] A (A¢)
[nm M~ em™)], 319 (—12.0), 300 (+2.3), 285 (—52.7), 251 (+224),
229 (—406), 207 (—167).

Acknowledgment., This work was supported by the Office
of Naval Research to whom we are grateful. J.EF. was
supported, in part, as a trainee in the NIH Bioorganic/
Bioinorganic Training Program. We wish to thank Patrick
Kearney, Sandro Mecozzi, Alison McCurdy, Laura Mizoue,
Anthony West, Jr., and Leslie Jimenez for providing samples
and Josef Michl for allowing us the use of his DZDO program
as well as helpful discussions. J.E.F. would like to thank Robert
Kumpf and Anthony West, Jr., for their invaluable help in setting
up calculations. We are also grateful to the personnel at the
mass spectrometry facilities of University of California Riverside
and University of California Berkeley for running ESMS (UCB)
and FAB/HRMS (UCR) samples.

Supporting Information Available: Detailed descriptions
of the assignment of absolute stereochemistry of 8 and 10, CD
spectra of host 2g with rhomboid and toroid binding guests,
full listing of all calculated transitions, oscillator strengths, and
transition dipole moment vectors, R vs 8 curves for various
host—guest complexes described (but not shown) in text, and
CD spectra of the 35/3s host—guest complex (18 pages). This
material is contained in many libraries on microfiche, im-
mediately follows this article in the microfilm version of the
journal, can be ordered from the ACS, and can be downloaded
from the Internet; see current masthead page for ordering
information and Internet access instructions.

JA951610F



