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supramolecular chiral systems, with recent years showing a
great increase in the sophistication with which research
groups have been able to rationalize and apply supramolec-
ular principles to a large range of complex chiral assemblies.
Indeed, from the above-mentioned perception of supramo-
lecular chirality phenomena in natural systems and the
increasingly successful application to smart artificial systems,
clearly this subject is approaching a greater scientific maturity
where it may become a broader, more commonly used “tool”
for academic research and industry alike. However, as with
other emergent new molecular- and nanotechnologies, theréygiect He received his Ph.D. from Osaka University in 1977. After a
must be a solid base of chiral supramolecular science beforeshort stay at the Institute of Scientific and Industrial Research as JSPS
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systems for chirality-sensing purposes. First, we provide an nterested in supramolecular chemistry in the ground and excited states.
introduction to the different manifestations of (supra)-

molecular chirality, in conjunction with commonly used perspective of current limitations and possible approaches
analytical methods for observing and understanding these;q overcoming these problems will be described, along with

systems, along with conside_ration of associated theorie_s Withfture opportunities for the wider advancement of supramo-
which data should be considered. Second, an overview ofgcylar chirality.

recent works that deal with the most widely considered areas

of chiral supramolecular science, particularly asymmetry 2. Basic Principles

induction and control in various hosguest assemblies, .

followed by consideration of the phenomena of enantiodis- 2-1. Types of Chirality

crimination in host-guest systems, will be presented. Third, = The term chirality originates from the Grebkeir, which

an overview of work that considers how the various external meanshandand describes objects that exist as a pair of non-
(temperature, phase transition, solvent polarity, pH, viscosity, superimposable mirror images, which are called enantiomers.
light, etc.) and internal (bonding strength, steric and elec- Molecules and molecular systems can be chiral by asym-
tronic effects, stoichiometry, etc.) modulating stimuli can be metrically arranging atoms in space around a center, axis,
appreciated and understood in a chirality context will be or plane, which are called point, axial, and planar chirality,
shown. Fourth, a consideration of recent work in different respectively. Not only covalently bonded molecules with
branches of chirogenesis such as chiral memory, surfacesdefined configuration and conformation but also nonco-
polymers, and nanostructures that well-illustrate the rational valently interacting supramolecular assemblies with confor-
design of sophisticated supramolecular systems with poten-mational flexiblities and even transient molecular confor-
tial for functional application will be done. Finally, a mations can form chiral structures or architectures. Hence,
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Figure 1. Four possible chiral combinations of stereocisomers in
the case of two chiral centers.

some introduction to molecular and supramolecular chirality
will be given first.

2.1.1. Configurational Chirality
This is where the chirality arises directly from the
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2.1.2.1. Helical Chirality. This form of chirality, a special
kind of facial chirality, is widely cited in the literature, and
its usefulness is more often appreciated. Examples of helical
chirality can be abundantly found in natural systems (DNA,
o-helix of proteins, and polysaccharides) as well as in
artificial ones (polymers and oligoméfsand nonplanar
single molecules such as helicenes, dipyrrins, and tetrapy-
rroles?). Here, the chirality arises from the unidirectional
nature of the twist propagation along the long axis of the
molecule or assembly, though this need not be of an oligo-
meric or polymeric nature. Here also, there is no prerequisite
for point-chiral centers, and cases where the extended

arrangement of the covalent structure of the molecule. Point(nonhelical) molecule is achiral are not uncommi®hklow-

chirality is often considered as the most fundamental form
of chirality. In this, the chirality originates from the different

ever, in this case (lacking point-chirality centers), the corre-
sponding racemization equilibrium should be shifted toward

substituents bonded three-dimensionally to a central atomone particular enantiomer upon spontaneous resolution and/

that results inC; symmetry for the whole molecule (with

or external chiral influences. Thus, the convention is that,

the classic case being four different substituents around anon looking from either end downward along the helical axis,
sp* carbon atom; however, it should be noted that, in some it is termedP helicity if the rotation is clockwise and termed

particular cases, a molecule possessi@yg ar C; symmetry

M helicity if the rotation is anticlockwise. Consequently, in

axis can also be chiral). The relative spatial arrangement of natural systems, B- and A-forms of DNA posses$es

these substituents (according to the Cammgold—Prelog
priority rule system for absolute configuration assignment)

helicity, with the less common Z-form having helicity.
Atropisomers are conformational enantiomers that are

results in either a clockwise spatial order or an anticlockwise generated by the formation of two or more stable (non-

spatial order corresponding to tHe and S enantiomer,

interconverting) rotational isomers. This can be either

respectively (possessing non-superimposable mirror images)inherent, in which steric constraints of the covalent structure

Whether an enantiomer has-a)(or (—) specific rotation is
nontrivial, although some theoretical work utilizing time-
dependent density functional theory (TDDFT) with simple
and rigid molecules has shown increasing suctebkkw-
ever, this is currently of limited applicability, especially for

of the molecule prevent rotation (and, thus, racemization)
around the atropisomeric bond (this type of conformational
isomers can be seen in the casédfeterocyclic octahedral
ruthenium complexé$, or induced, where rotation is
precluded by conformational restriction brought on by, for

supramolecular systems because of their, typically, larger example, a guest’s confinement in a host’s catitgecause

sizes and dynamic nature, although future developments inof the fact that a source of point chirality is not needed to
theory and computing power will undoubtedly address this generate chirality, the enantiomers of atropisomers can also
subject as well. When there are two chiral centers in a singlebe expressed in terms & and M helicity, as described
molecule, there are four possible chiral combinations; see previously. Furthermore, in supramolecular systems, coop-
Figure 1. The interrelationships between these reveal thaterative effects may increase the energy barrier between chiral
there are two pairs of enantiomers (possessing indistinguish-conformational isomers to the level that allows the separation
able physical and chemical properties in the absence ofbetween diastereomorphic and enantiomorphic structures.
exte_rnal chiral effects such as circularly polarlze_d light, _chlral 2.2. Chirality Induction, Recognition, and

environment, chiral reagents, etc.) and two pairs of diaster- Discrimination

eomers (having different physical, chemical, and opical These are often confused and should be considered in

roperti with one different chiral center in h pair. In 2 .
properties), with one different chiral center in each pa terms of the host’s and guest’s chirality and their effects on

the case oh chiral centers in a molecule, the total number the ohvsical. chemical d chirontical ” fth
of different stereoisomers ig @ith 2"~ enantiomeric pairs. € physical, chemical, and chiroptical properties of the
system as a whole.

Besides, configurational chirality does not need to possess o ,
point-chiral centers but may arise from the inherently chiral 2-2.1. Chirality Induction _ o
nature of the covalent structure, as can be seen in the Induced chirality is of particular interest when considering

“picotubes” synthesized by Okamoto and co-workers. supramolecular systems. Here, chirality is generated in an
achiral guest molecule as a result of an asymmetry informa-

2.1.2. Conformational Chirality tion transfer and retaining process from a chiral host or vice

The clear distinction must be realized between conforma- versa. This asymmetry transfer process normally results in
tional and configurational chirality, when discussing chirality a form of conformational chirality (see above) that is held
in a (supra)molecular context. This form of chirality arises by some steric forces and/or hydrogen bonding in the 3D
from the (re)arrangement of part or all of a molecule or optically active form, even though the free non-interacting
assembly under a chiral influence that removes any elementscovalent structure is itself still achiral. The influencing factors
of symmetry from it (N.B.= no bonds are broken in the in chirality induction are typically of steric or electronic chiral
process). This chirality may occur via (1) supramolecular field nature, with this 3D optically active form held by these
interactions with a chirality inductor, which is then lost on chirally constricting environments. An additional, and often
removal of the controlling interactions (excepting special overlooked factor in induced 3D optically active systems is
cases of the chirality memory phenomena (see section 7))that of the reverse chirality modulation effect, in which the
or (2) an intramolecular chiral conformation that is main- chirality of the inductor is itself affected by its interaction
tained by steric hindrance (to a change of internal conforma- with the now optically active guest (or corresponding host)
tion) and/or other factors, such as hydrogen bonding, for molecule, resulting in changes to its electronic and confor-
example, that preclude racemization. mational chiral characteristicg.
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The conformational changes arising from chirality induc- (), which is measured in millidegrees (mdeg), against the
tion, and the determination of the underlying mechanisms, wavelength. This value will clearly depend on such factors
rely on being able to obtain suitable data. This information as the sample’s concentratiar) @nd path lengthl) (which
may be obtained from a change in the system’s physical or determine the number of chiral chromophores that the CPL
chemical properties induced by the influence of the chiral is incident upon), as well as the sample’s internal chiroptical
steric and electronic fields. Typical “outputs” are as fol- properties itself. Thus, a molar ellipticity\€), defined as a
lows: spectroscopic differences, changes in thermodynamicdifference in molar extinction coefficient) for left- and
quantities such as the binding constant, differing colors, chiral right-handed CPLAe = ¢ — ¢;), should be considered to
macroscale structures (for example, in polymer shape andallow quantitative comparisons of chiroptical properties of
in surface chemistry, etc.). In the case when both (or more) different samples and is given by the formula
components of a supramolecular system are optically active,
the effect of chiral recognition is often observed, as discussed Ae = /3298l (1)

below. where the path lengtH)(is in cm.

2.2.2. Chiral Recognition and Discrimination However, this is still not the true measure of the chirality
In this category, both the host and guest molecules areunder consideration, althpugh itis by far the most commpnly
chiral and we are concerned with the phenomena of the used parameter when discussing the nature of a particular
ability of a chiral host to discriminate between two enan- SYStem or comparisons therewith. This is because the
tiomeric guests. In the previous case of the achiral host and!Nténsity of the CD signal is also dependent on the oscillator
the chiral guest (and vice versa), the resulting complexes Stréngth of the originating transition (i.e., the strength of the
are enantiomeric, thus possessing identical physigagmi-  corresponding UV vis signal); thus, to obtain a measure of
cal properties that are nonchirality sensitive, such as-UV chirality that is independent of all light absorption processes,

vis and fluorescence spectra, binding constants, enthalpy and€ anisotropy factorg) is used,

entropy values, NMR shifts, and others, but that exhibit equal 9= Aéle )

but opposite values of chirally sensitive properties, such as

absorption and fluorescence circular dichroism (CD) char- wheree is the molar extinction coefficient.

acteristics, and specific optical rotations. However, in the  Alternatively, theg factor can be calculated for samples
case where a chiral host compound interacts with a pair of of unknown concentrations by considering the optical densi-
enantiomeric guests, the intermolecular chiral interactions ties (od).

that the host experiences for each enantiomer are different

(arising from the different relative orientations of the g= Aod/od (3)
interacting groups), with the result being two diastereomeric
complexes. As a result, all the physical and chemical
properties mentioned above are now different and can be
easily monitored by conventional spectroscopic methods.

where od is the magnitude of the UWis signal in arbitrary
units of a spectrophotometer anad = 6/32980.

As mentioned above, the molecular origin of the CD
signals is the preferential left- or right-handed absorption of
2.3. Observing and Quantifying Chirality the electronic transitiong\e = ¢ — ;). For common organic

The phenomenon of chirality is burdened with an unhelp- mr(]).ler(]:u_lesl, ther—z* transitio?hs Occt:#r at ca.|29€I|3(;Q nm, q
fully large and overlapping lexicon, although attempts have which 1S lower In energy than the simpie olefinic an

been made to address thfsThis also extends to the kznggfzré%iczr—nn*rtransittiic\)/n? ocvt\:llrjﬂrlringmatr ca. thog dmc? anr(]j d
terminology used for the labeling of differing types of » TESPECUVELY, e more extended (a

chirality, for example ¢) and (), | andd, L and D,R and cpnjugated)n—electron systems, _such as fused ar_omatics,
S P and M, etc., and to the units used in quantitative d:asplay e_tbsorfpgons of f?rogres_s[velyf Iower: energies. Th?
! v . : . .~ _observation of Cotton effects arising from the transitions o
measurements. Accordingly, next we give a brief explanation . . ) .
of the commonly used u%i¥s and theigr interrelationzhips o ilectr;gg IS Iess(;:ommofnly stud|id,da§ thﬁse tylplcally arise
) <

The most C°mf.“°”'.y us_ed technique_ for examining chiral atThus thensr?mzipwrlles?rezexgntﬁ)?en(])?z gD s)ééc?rjr?w\if?ﬁat of a
systems is analysis of its circular dichroism. The phenomenon .p,ia molecule with a single chromophoric substituent. This
of circular dichroism is essentially the wavelength-dependent

; ith which e wil ; iallv absorb will show a single positive or negative monosignate Cotton
preference with which a sample will preferentially adsorb effect, which corresponds in general to an absorption band

left- or right-handed circularly polarized light (CPL) (Cir- iy the UV-vis spectrum. Determining whether a particular
cularly polarized light is a beam of light that describes either enantiomer produces a positive or negative ECD is currently
a left- or right-handed helix along its axis of propagation), pongrivial and requires DFT level calculations that become
with the degree of this preferential absorption being a increasingly difficult with conformational flexibility, overlap-
measure of its magnitude of chirality. There are a number ping of different transitions, and the number of chromophores
of different types of CD techniques currently used, which gue to coupling effects (see below). However, in certain
relate to the wavelengths associated with a particular sypramolecular systems, inspecting the signs and character-
molecular absorption or emission (and will be discussed in jstics of the Cotton effects led to empirical rules that allow
more detail below). For instance, electronic circular dichro- the chirality and the spatial conformation of guests within a
ism (ECD), which is the most widely applied technique, is chiral supramolecular complex to be determined. A cele-
concerned with absorptions in the UVis region associated  prated example of this was the “Sector rule” for phenyl
with electronic transitions between different molecular orbit- derivatives included withir3-cyclodextrin’s chiral cavity.
als ¢ = ca. 196-900 nm). According to this rule proposed by Kajtar et &L.if the
When subjected to ECD analysis, the resulting spectrum electronic transition of the guest chromophore is aligned
will give a signal(s) (positive or negative magnitude), termed parallel to the axis of symmetry of the cyclodextrin cavity,
a Cotton effect, that is a measure of the sample’s ellipticity the sign of the corresponding Cotton effect will be positive,
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while if the transition is aligned perpendicular to the cavity Cg’mm
axis, the CD sign will be negative, as shown in Figure 2. (4)

However, the class of CD spectra that has proven to be
by far the most powerful investigative and diagnostic tool a,,,
with chiral supramolecular systems is that possessing bisig-
nate Cotton effects. These arise when there is through-spact
coupling between the various chromophores’ electronic tran-
sitions within the supramolecular system to produce bisignate
CD signals that have either first-positive and second-negative
(positive chirality) or first-negative and second-positive i \ I
(negative chirality) Cotton effects for the corresponding o Ot 70 8o° Wavelength
coupling, with convention stating that the first Cotton effect ¢« (dihedrat angle)
is always that of the lowest energy and defines the chirality. Figure 3. Schematic representation of the coupling electronic
The fundamental princiles hat goven how the relative TS7SIEnS 8, 16 (Sainanes betuecn e siiarien 0 €0,
energies and spatial orientation of a pair qf optically active between tﬁe corresponding coupling electronic transitions (c).
transitions relate to the observed couplet in the CD spectra
were first postulated by Harada and Nakan®hiThis
treatment, known as the exciton chirality method, has proven
to be powerful and versatile, being applied to the rationaliza-
tion and application of numerous conventional and supramo-
lecular systems, in particular to the absolute configuration
determination of the whole or part of the system (see section
3). The essential features of this method are that the total
amplitude of a bisignate CD signal is inversely proportional
to the square of the interchromophoric distance and is
proportional to the square of the extinction coefficient of
the coupled chromophores. It should be noted that the exciton
chirality method was devised on the basis of the theory of
exciton coupling, which postulates that the exciton interaction 1,(n=1,2,3,4,5.68, 10)
between the two chromophores splits the excited state into
two energy levels known as Davydov splittiigsing a chiral
bischromophoric molecular systefhA schematic represen-  Cotton effect sign. Thé value as shown in the case of sim-
tation of the coupling electronic transitions and the observed ple dibenzoates has a parabolic dependence on the dihedral
relationship between the prominent features (maxima, minima, angle between the coupling transitions, with zero values at
and crossover points) of the CD signal and their originating 0° and 180 and a maximum value at70° (Figure 3c)!
UV —vis transitions are shown in Figure 3. The resulting parameters.(slope, intensities, etc.) are not

In Figure 3a, we see two pairs of electronic transitions quantitatively the same for all chiral systems, although they
coupled in either a right-handed (clockwise) or left-handed are broadly similar and generally applicable, as shown below.
(anticlockwise) fashion that lead to first-positive/second-  The validity of this theoretical consideration of how the
negative and first-negative/second-positive bisignate CD sig- magnitude of the Cotton effects is dependent upon the
nals, respectively (only a positive couplet is shown in Figure intertransition angle can be experimentally shown from data
3b). The experimentally measured intensities of the positive published by Osuka and co-workers for a series of rigidly
and negative extrema are not always equal for various reasonsnese-meso-linked diporphyring see Figure 4.
(for example, experimental and instrumental errors and the In this system, the interporphyrin angle, and, thus, the
influence of other closely located transitions), and thus, for interelectronic transition angle (in this case, the coupling
meaningful comparisons with related bisignate CD signal- B-transitions are perpendicular to the bond linking the two
(s), a total CD amplitudeA) value is often used (whereis porphyrins), is systematically varied by changing the number
the sum of the maximum intensities of each Cotton effect in of linking methylene groups in the molecular strap. The
the couplet). Thé value may be positive or negative to de- interporphyrin angles were determined by MM2 molecular
note the system’s sense of chirality as judged by the first modeling calculations and consideration of X-ray structures,

absorption

Figure 4. General structure of the mesmeso-linked diporphyrins.



6 Chemical Reviews, 2008, Vol. 108, No. 1 Hembury et al.

3000 7 increasing interchromophore distance (as seen for other
H systems¥? however, it is clearly not simply inversely
proportional to the square of the interchromophoric distance
as predicted by theory. This highlights the difficulty of
isolating the effect of solely one influence and, in this case,
probably arises from the varying intertransition angles.
Importantly, though, switching the chromophore from por-
phyrin (¢ = ca. 350 000 cm* M%) to dimethylaminoben-
zoate € = ca. 50 000 cm* M) resulted in a reduction of
i , the A value magnitude, by as much as a 10-fold decrease
/on=1 for the longer distances; this is, thus, an important factor
o H—— that needs to be considered when designing supramolecular
%0 40 50 60 7080 90 100 systems and studying the bisignate CD couplet.
, i Theta Related to ECD is circularly polarized fluorescence (CPF)
g_ugure 5. Experimental CD amplitude dependence upon the .o o method for investigating chirality, although this tech-
ihedral angles between the corresponding electronic transitions . . - . .
of meso-meso-linked diporphyrins. nigue is much more rargly applled,' espeplally in supramo-
lecular systems. Essentially, CPF investigates whether the

which are plotted against their correspondifg/alues in fluorescence emission from an electronically excited species
Figure 5. is circularly polarized or not and, if so, whether it is left- or

Here, we see a clear experimentally obtained parabolic right-handed and what its magnitude is; this infomation is
dependence, with thé values increasing froni; to 14 then related back to the chiral structure of the excited species
reaching a maximum a# = 70°. and then reducing S)'/S_ under study. Examples of its application to systems where
tematically from1s to 1;o. This result is in accordance with noncovalent interactions are important are typically in liquid

exciton coupling theory, as discussed previously, and alsoCrystal type®
agrees with the calculations reported by Mason &t fibm A related technique that is becoming more widely applied
studies on 9,9bianthryl derivatives, wheréy., was found is vibrational circular dichroism spectroscopy (VCD), which
to be between 65 and 70 arises from chiral absorptions in the infrared regions, as-
Appreciation of this angular dependence of thealue sociated with bond bending and stretching. The importance
for bisignate CD signals has been widely used to investigate 0f VCD as a reliable tool for analyzing chiral conformati#ins
various molecular properties such as intramolecular/inter- and determining absolute configurations in the solution ghase
molecular conformations and substituent si¢@s well as  has recently become well-recognized, with the method having
the effects of solvert; among others. been successively applied to a number of relatively rigid
Another key factor that influences tievalue magnitude  chiral organié® and bioorganic moleculé$,ranging from
is that of intertransition distance. This dependence is illu- Simple alcohof¥ to complicated carbohydratésand even
strated in the work of Matile et a#8 who studied how thé to larger supramolecular/helical molecufés.
values arising from pairs of chromophores separated by rigid The method entails a comparison of the experimental VCD
spacer molecules varied with distance and chromophore’sspectra with those simulated from DFT calculations. The key
extinction coefficient; see Figure 6. factor that makes the application of VCD spectroscopy so
A cursory consideration of these results shows that, aschallenging is that, although consideration of the calculated
expected, the magnitude of the value falls away with VCD spectra for the global minimum conformation may

2500 -

1500

1Al Value

1000

500 o

Interchromophore

. o |A| value
Distance (A)

13.0 675

244 188

234 109

22.7 32

29.1 11

50 7

Figure 6. General formula of the bisporphyrins separated by the variable-length linkers amd whleie—interchromophore distance
relationship.
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Figure 7. Structures and experimental VCD spectratf-(and ()-2 (a and b, correspondingly) antt)- and )-3 (d and e, correspondingly)
and calculated spectra of (4Sp,12Zpand(4Rp,12SpP- (c and f, correspondingly). Reprinted with permission from Furo, T.; Mori, T.;
Wada, T.; Inoue, YJ. Am. Chem. SoQ005 127, 8242. Copyright 2005 American Chemical Society.

result in overall spectral profiles that are broadly coincident, for 3 (as determined by the matching of the experimental
many minor (but important) peaks are only reproduced on and theoretical VCD spectra in Figure 7). This prediction
taking into account conformers that are a minor percentagewas indeed found to be the case on elucidation of the single-
of the whole population. In such cases where molecules existcrystal X-ray structures. The failure of exciton coupling
as a number of conformations, the theoretical VCD spectrum theory in this case is believed to arise from boat-type defor-
is calculated for each and then an overall spectrum is mations and the electronic charge-transfer interactions be-
generated from a combination of the individual spectra tween the aromatic moieties.
weighted by the population of all possible conformations; At the current time, the application of this technique to
because of this, highly dynamic supramolecules are asupramolecular systems is limited because of the difficulties
particularly challenging target. of calculating all of the possible conformations. However,
ECD spectra have also been used in the assignment ofin view of the continued growth of computing power and
absolute configurations by a similar comparison of theoretical the rapid development in theory, it is anticipated that such
and experimental specttfaHowever, the theoretical ECD  analysis will become increasingly important in chiral supra-
spectrum involves the calculation of an excited state, which molecular chemistry.
is, in general, less reliable and requires a much higher theory Lo . L
level and/or larger basis sets. Thus, the results for the 3. Chirality Sensing and Induction in Convergent
theoretical ECD were often unsatisfactory and less conclusive HoSt—Guest Assemblies

with respect to the assignment of absolute configurations, Chirality sensing within supramolecular systems may be
but some recent work has shown that progress is possible ingrouped in numerous ways, for instance, according to the
this area® In contrast, the calculation of VCD intensities,  structure of their constituents, the form of chirality generated,
only depending on the electronic ground state, is more or the application of the system; however, we shall now
accessible and reliably performed by conventional (and lessconsider chiral assemblies whose intermolecular interac-
time-consuming) DFT methods. tions are designed to be convergent and, thus, form discrete
Instrumental and theoretical advances in VCD spectros- supramolecular species, in which one chiral component
copy are enabling the elucidation of the absolute configu- induces chirality in an achiral counterpart(s), and conse-
ration and conformations of chiral organic and biological quently how this may be used for chirality-sensing purposes.
molecules in solution of even greater degrees of complexity. o
Indeed, it has been shown that the absolute configuration3-1. Target-Specific Sensors
may be correctly determined by VCD methods in cases One of the most common aims in this area is the rational
where conventional exciton coupling theory fails to dd%o.  design of a receptor for a specific guest that will allow chiral
Possessing a rigid skeleton and substituents, the absoluténformation to be transferred and subsequently “read-out”.
configurations of doneracceptor [2.2]paracyclophan2and An early example of such a bespoke supramolecular chirality-
3 were analyzed by both VCBDFT and ECD exciton  sensing system that also allows the study of the factors
chirality methods; see Figure 7. influencing the chirality induction is that of the axially linked
In particular, on considering the coupling of the electronic 2,2-biphenol-based system designed to interact with chiral
transitions, the exciton chirality method predicts that the cyclic diamines (Figure 8):
(—)-optical isomers o and 3 should be (&,,12S))-2 and Here, these 2;zbiphenols are in a dynamic equilibrium
(4S,,125))-3, respectively. However, combined VCIDFT between one of either two chiral conformations and are,
analysis (at the B3LYP/6-31G(d) level) suggests the same consequently, racemic. The design of the host is rationalized,
diastereomer foR but the opposite [@&,,12S,) diastereomer  in that compoundsgl and5 are predominantly used as the



8 Chemical Reviews, 2008, Vol. 108, No. 1 Hembury et al.

Ry OH HO Ry Thus, on lowering the temperature of a solutioréatnd
NHR 4in toluene to—80 °C, a new absorption band at 412 nm is
observed that arises from the phenolate formed on proton
transfer. The appearance of the new phenolate band was
MR found to be critically dependent on the molar ratiosadnd
4, i.e., no band was observed for ratios of ) but above

Ro Ro 1.2 equiv of6, the new phenolate band was progressively
4:R, =Br,R,=NO, (IR2R)-6: R = CH,CH,Bu more present. On determination of the stoichiometry of the
5:R,=HR, = NO, (IR2R)-T: R = Me new species by Job plot analysis, it was found to be 2:1 with

(IR2R)-8:R=H respect t@ and4. Accompanying the appearance of the new
Figure 8. Structures of the biphenol host 6) and diamine guests UV —Vis band was a new bisignate CD signal in the same
(6—8). = 380-470 nm region; this displayed the same molar ratio

dependence, with no optical activity for this region observed

nitro substituents that makes the transition moment larger pelow 1 equiv of guest. For R2R)-6, the new bisignate
and, thus, more conformationally sensitive, also moving it signal of the resulting supramolecular complex also exhibits
to a lower energy and so into a less occupied region of the negative chirality in the same manner as that observed for
spectrum. It is this sort of holistic consideration of the host the 1:1 species.
sensor, binding, signal, and readout that is needed for smart Remarkably, it was found that, by manipulating the above
design of practical sensors. equilibrium, chirality can be induced by addition of an

~On addition of the bulky diamine R2R)-6 to 4, the UV— achiral amine. From previous experiments, it was seen that,
vis peak at 310 nm is diminished and a new peak arises aton cooling a 1:1 solution te-40 °C, no chirality induction
360 nm; concurrently, the CD spectrum becomes active, at the phenolate band was observed. However, on addition
generating a negative bisignate signal that corresponds toof 1 equiv of the achiral diisopropylamine and subsequent
an anticlockwise coupling of the electronic transitions and, cooling of the solution to this temperature, chirality induction
thus, M-helicity (with the antipodal ($25)-6 inducing the  at the phenolate region was observed as a result of the
signal of the opposite sign). This chiral complex was found formation of a 1:1:1 ternary species with CD intensity up to
from UV—vis and*H NMR experiments to possess a 1:1 half that observed for the 1:2 at80 °C. It is surmised that,

stoichiometry with a high binding constant eftl0> M™% while the 1:1 species at40°C is chiral (as seen from weak
Thus, the binding of the two chirally orientated amino groups  CD signals at ca. 360 nm), the magnitude of the electrostatic
to the host’s hydroxyls forces the two phenols iMehelicity charges at the amine and hydroxy groups is not sufficient to

as a result of the geometric and electronic requirements ofjnduce proton transfer; however, on addition of diisopropyl-
the hydrogen bonding as well as the chiral steric interactions gmine, which binds to one of the aminesépthis enhances
between the host and the guest. Further studies show a cruciahe positive charge of the nitrogen so to facilitate the proton
dependence of the magnitude of chirality induction on the transfer to the negative phenol oxygen and subsequent
covalent structure and, thus, on the aforementioned stericchirality transfer.
effect of the guest. If the magnitude of the first Cotton effect Recently, the rational design of sensors for sugar-based
IS Use_d as a measure of Chll’a|lly IndUCtlon, then we see th69uests (S|mp|e sugars, SaccharideS, and Carbohydrates) has
following tendency: R= CH,CH,'Bu (6) (Ae = —1.1cnr? been of increasing interest, driven particularly by greater
M™), R= Me (7) (Ae = 0.7 cnt* M%), and R=H (8)  appreciation of the importance of sugar-moiety recognition
(Ae = 0.4 cnr* M™Y. This trend clearly shows that, in this  in hiomolecular events such as cetiell interactions and in
case, the Iarger the size of the substituents at the blndlngcarbohydrate transport and recognitﬂémdditiona"y, sens-
site, the greater the steric clash with the racemic host and,ing of saccharides is crucial for some therapeutic ap-
thus, the greater the subsequent chirality induction. Suchproaches? as well as in diagnostic contexts such as in the
close steric contacts are confirmed by the intermolecular jnability of current enzymatic protocols to sense unnatural
nuclear Overhauser effects (NOEs) between'Buegroups | -glucose arising from blood vessel damégénspired by
of 6 and the aromatic ring protons of the host. Importantly, the X-ray structures of saccharidprotein complexes show-
however, the largest substituent é1gives the opposite  ing the protein’s binding of the sugar moiety by multiple
chirality to that induced by and 8 of the same chirality.  hydrogen bond4, a number of artificial sugar host molecules
The mechanism by which such an effect arises was nothave been developed, though not necessarily with a specific
discussed in this article, but detailed mechanistic studies of consideration of the chirality of the systéf.
chirality inversion by substituent sizes in the case of a |n general, one of the most common approaches to the
different supramolecular system can be found in section 6. rational design of host sensors for the recognition and
An interesting extension to this work is the observation analysis of chiral guests is that of designing a size-specific
of proton-transferred hydrogen bonding occurring at low cavity that is functionalized with groups that are comple-
temperatures and the effect that this has on the supramo-mentary with the interacting groups of the guest (for example,
lecular structure and its chiroptical propertfén this case, for the most efficient hydrogen bonding), so providing an
the hydrogen bonding is in a tautomeric equilibrium that can enthalpic driving force for binding, as well as chromophores

be represented by that are brought into a chiral conformation by the transfer
of chiral information from the guest by electronic and steric
[PhOH-NRy] = [PhOf---HN+R3] influences, thus giving access to techniques such as ECD,
VCD, and CPF.
which has been observed beftreand, because of the An elegant example of such a host designed for saccharide

presence of charged groups, is expected to significantly effectsensing is that of the bis[(pyrrolyl)ethynyllnaphthyridirg} (
the geometric and energetic features of the hydrogen-bondingand bis[(indolyl)ethynyllnaphthyridinelQ) systems devel-
system. oped by Chou, Chen, and co-workers (Figuré®9).
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Figure 9. Structures of the intermolecular complex3ivith alkyl
pB-p-glucopyranoside via quadruple hydrogen bondings (a)ldnd
(b). Reprinted with permission from Fang, J.-M.; Selvi, S.; Liao,
J.-H.; Slanina, Z.; Chen, C.-T.; Chou, P.JT Am. Chem. So2004
126, 3559. Copyright 2004 American Chemical Society.

In these systems, the molecular cleft is lined with a
conjugated doneracceptor-acceptor-donor moiety that is
complementary to the acceptedonor-donor-acceptor
orientation of the OH groups of octy-p-glucopyranoside
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clear linear fittings, further confirming the 1:1 hegjuest
ratio. The selectivity of thed and 10 hosts for various
saccharide guests was investigated by comparison of their
binding constants; see Figure 10.

The differences in affinities nicely illustrate how only small
changes to the relative positions of the interacting groups of
the host and guest dramatically affect the binding selectivity
and, consequently, the degree of chirality transfer. The only
difference between octyl-b-glucopyranosidel(l) and octyl-
p-D-galactopyranosidel@) is the orientation of the 4-OH
group, which leads, however, to a 3-fold drop in the binding
constant, presumably as this is now orientated in a less-
available position for hydrogen bonding wihThe complete
removal of one of the OH groups in octfh-fucopyranoside
(13) further decreases the binding constant, while that of the
five-membered rings-p-ribofuranoside 14) is again lower,
which is perhaps not unexpected owing to its starkly different
covalent structure. It should be noted that, while the absolute
magnitudes of the binding constants were differentfand
10, the relative trends between guests were the same,
indicating that the same binding mechanism is active but
with slightly different energies due to the electronic differ-
ences between the pyrrole and indole rings.

The CD experiments were carried out usib@because
of the higher extinction coefficient of indole compared to
pyrrole, thus giving it a greater sensitivity. On addition of

(11), which is the primary guest under study; as a result, it 11, first positive and second negative (344 and 317 nm,
allows discrimination between this and other saccharide respectively) bisignate Cotton effects are observed in the
guests that have less favorable OH groups’ orientations. Onindole region of the spectrum (also, a positive Cotton effect

addition of 1 equiv ofL1to 9, dramatic shifts of the pyrrole

arising from the naphthyl core is found at 442 nm). Using

NHs (A0 = 1.4 ppm) are observed that are found to arise the exciton coupling theory approach, this result means that

from a 1:1 complex with a binding constant of cax210*
M1, with AH®° andAS® parameters of-51.4 kJ mot* and
—91.1 J mot?, respectively, showing that this is a predomi-

the main-axis transitions of the two indole moieties have been
brought into a clockwise orientation by the binding of the
chiral guest, and the assembly now posse$séelicity.

nantly enthalpy-driven process that is able to overcome the Analogously, binding of the enantiomeric results in a

considerable loss of entropy. UWis titrations of9 and10
showed clean isobestic points on additionldfat 415 and
426 nm, respectively. Subsequent fitting of tAg/(A — Ao)]
absorbance data against the inverse concentratibh géve
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mirror image CD spectrum anill-helicity. However, the
difficulty in understanding the detailed chirality-induction
mechanism is realized by comparing the/alues of octyl-
pB-p-glucoside 11) and octylf-p-galactoside 12); even
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Figure 10. Structures of the saccharide guesit$<15) and their binding constants upon interaction witfishown in brackets).
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HO—E B8—OH Figure 12. Schematic representation of the complex betwegn

and p-glucose and the resulting clockwise orientation of the
O O coupling transitions irl6.

Q O Compound16, which has two boronic acid groups that
are at the correct distance (ca. 6 A) and angle to interact
with the 1,2-diol and 4,6-diol moieties in monosaccharides,

16 17 was shown to form 1:1 complexes with glucose, manose,
Figure 11. Schematic representation of the interactions between galactose, and talose, which were CD active and for which

boronzzjte and 1,2-diol (top) and structures of the diboronate hOStSthe chirality could be rationalized by the bisignate Cotton
(16 and17). effects observedp-Glucose gave positive chirality, with

though they are botb-saccharides, they have opposke L-glucose shovx_/lng a corresp_qndlng_ne_gatlve chirality; all
values of—17 400 and+40 100 deg cidmol, respec- otherp-saccharides gave positive chirality, excepgalac-
tively. Further, it may seem logical that the stronger binding (0S€, which was negative; see Figure 12. .
constant would give rise to the greater magnitude of chirality ~ The origin of the induced chirality of these saccharides
induction; however, in this case, the binding constants for Was elucidated bjH NMR and CD techniques to arise from
11 and12 with 10 are 11 700 and 7 940 M, respectively. the I|nk|ng_ of the two molecules by the formation of _the _
Thus, this illustrates that, to fully understand the chirality- aforementioned boronate esters between the two boronic acid
induction process, so to make a rational and robust supramogroups of the host and the 1,2-diol and 4,6-diol moieties of
lecular chirality sensor, all the influencing factors such as the guest. It is then the transfer of chirality from the chiral

steric effects, solvent, structure, etc. must be considered; segaccharide part of the macrocycle to the achiral host that
section 5. induces a unidirectional twist between the two phenyl groups

As seen above, it is the ability to utilize the association from which bisignate Cotton effects are observed; see Figure

strength and geometric characteristics of noncovalent interac-12.
tions that allows binding of guests in specific chiral ~ The nature of the chirality-induction process in these
conformations, leading to through-space coupling of the macrocycle structures was further investigated. Studies that
electronic transitions, which can then be interpreted on the looked at the effect of blocking, removing, or inverting the
basis of either positive or negative chirality by the exciton optimal orientation of the saccharides’ OH groups that
coupling method. However, one factor that places a severeinteract with the boronic acid showed that any of these
restriction on the effectiveness of electrostatic noncovalent manipulations to the covalent structure resulted in either a
interactions is competition for the donor and acceptor sites reduction in the magnitude of the induced chirality or a CD
by, typically, polar media or solvents acting as competitive Silent spectrum if a 1:1 macrocycle cannot be formed due to
binders; indeed, the addition of even small amounts of suchthe incorrect relative orientations of the boronic acid and
a solvent can reduce the percentage of bound guest tothe OH groups. For instance, fructose has a 1,2-diol pointing
unusable amounts. This is particularly so for water and, upward and a 3,4-diol pointing downward, making it
consequently, makes chirality sensing of important biologi- geometrically impossible to form two boronate esters in a
cal-based guests with a methodology that resembles theirl:1 complex, and is correspondingly CD inactive. This
native environment problematic at best. phenomenon was found to be due to the formation of a 1:2
Such a scenario is found in the discriminatory sensing and complex resulting in each saccharide molecule being bound
analysis of mono- and disaccharides. Clearly, it is through by only a single bond td6. Consequently, instead of its
the hydroxyl groups of the saccharides that interaction with chirality being effectively transferred to the achiral host
the host must occur, but this interaction will be negligible through the “two-point” interaction of the macrocycle, the
in bulk aqueous solution because of the aforementioned“one-point” attached-galactose molecules are more-or-less
solvent competition. To overcome this problem, Shinkai and free to rotate in space and, thus, rotate away from the host,
co-workers utilized the reaction between diboronate acids SO making the mechanism for chirality transfer less efficient.
and the 1,2- or 1,3-diol moieties of monosaccharides and The host moleculel7 was designed along the same
disaccharides that results in the formation of boronate fundamental principles, but with the sensing of disaccharides
esters? This is apparently a covalent process and is, thus, in mind. Here, the boronic acid moieties are further apart
not susceptible to the water competition as a hydrogen-bond-(between 7.4 and 9.2 A) and are well-matched to the distance
based system would be. Crucially, though, it is a reversible between the 1,2-diol and thé-®H and 5-OH groups of
process that occurs on a fast time scale and is considered talisaccharides. Fop-maltose, first negative and second
be noncovalent by the authors; see Figure 11. positive bisignate Cotton effects were observed, which

OMe OMe
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Figure 13. Interaction of chiral 1-arylethane-1,2-diolE3] with 4-biphenylboronic acid and the resulting complex exhibiting an anticlockwise
orientation of the coupling transitions in the case of tRp18.

correspond to an anticlockwise orientation of the electronic

transitions ofL7 in the complex. Howeven-cellobitose and

p-lactose induced positive and negative chirality, respec- e NH;
tively, while b-saccharose showed no CD signal at all due N/K )\

to the more distant 1,2-diol and-®H and 5-OH groups of
this saccharide. )\ /lk )\ J\ J\

NHBoc HN N NH  NH N NH  HN N
'/

This work, particularly for disaccharides, shows that, while
the approach of using the formation of boronate esters is
OCgH;  OCgH;7 OCgH,CatiO

successful in both allowing the hesguest complexation of
saccharides in water and with subsequent chirality induction
(with structure dependence), the specific chiral outcome is
less predictable.

The approach for developing chirality-sensing systems via
the formation of boronate esters was further pursued by the

19
(o]

group of Rosini, who used the formation of structurally well- )I\

defined assemblies between chiral 1-arylethane-1,2-di6)s ( i Ny SR=CRe
and 4-biphenylboronic acid to produce a system that was )\ 21: R = CEtPh
consistently able to predict the guest chirality, albeit with o X o 22R=NBun

structurally more simple guests than those studied by Shinkai;

see Figure 138! HO oH
It was consistently found that8 gave a negative couplet o §Cettr HirCeO
for R absolute configuration at,Cwith positive chirality 4 (OH HON 4
observed for theirg-antipodes. This result arises from two 5 o
OH OH
23 24

main factors: (i) the structural rigidity imposed on the system
by the five-membered ring of the boronate ester, along with
the fact that the guests are themselves quite inflexible, Figure 14. Structures of the tetrarosette building block§+£22)
keeping the two long-axis transitions in a consistent con- and saccharide gues&3 24), and schematic representation of the
formation between the guests; and (ii) the rotation of the tetrarosette assembly.

molecules on either side of the five-membered ring is along

the long transition axis (i.e., the;€C, axis of the phenyl  19,.(20),,, the appearance of netl NMR signals for the
rings), which also keeps the system conformationally con- NH group of a urea moiety at A6 = 0.05 ppm from the
sistent; additionally this has the effect that the transitions original indicates the preferential inclusion 28 into one
perpendicular to the long axis do not contribute to the CD of the tetrarosette isomer® GndM), so forming an excess
spectra, as they are cancelled through rotational averaging of one diastereomeric complex with a 1:1 stoichiometry as
Saccharide sensing continues to be of significant interest, determined by Job plot analysis. Crucially, these signals were
with the sensors increasing in complexity and sophistication. only seen for groups on the second and third floors of the
A recent example is found in the work of Reinhoudt and assembly, showing thaBis included solely in-between these
co-workers in which they report the first example of a floors. Additional computational studies reveal that the
saccharide sensing system in which the sensor itself is ahydroxyl group at the 4-position @3 interacts with the urea
supramolecular assemiyThe system is based on a series carbonyl group of the host and that, for the mismatch
of tetrarosette assemblies comprising 15 components formedenantiomer24, its alkyl chain is orientated in a way that
from 3 calixarene tetramelamine&dj and 12 barbituric acid  results in unfavorable steric hindrance that disrupts the
(20and21) or cyanuric acidZ2) derivatives, and it possesses hydrogen-bonding network of the rosette’s second floor. This
72 cooperative hydrogen bonds (Figure 14). This type of induction of diastereomeric excess (de) into the system means
supramolecular assembly has been extensively studied bythat it is now optically active and can be analyzed by CD
this group;® although in contrast to the saccharide sensing methods. This optical activity is seen in the Cotton effects
systems discussed previously, this approach is studied inat~290-310 nm, i.e., a negative Cotton effect &8 binding
CHCI; so to maintain the integrity of the hydrogen bond and positive foR4, revealingM- andP-helicity, respectively.
network. The binding constants for these two guests were found to
Thus, in the absence of any chiral influence, the tetrarosettebe ~20 M1, and because tHeandM forms are in dynamic
19;-(20),2 assembly exists as a racemic mixture By-(and equilibrium, this leads to a ca. 9% de in the helical
(M)-enantiomers. It was found that, on addition of 10 equiv conformation favored by the guest under consideration. If
of n-octyl-3-p-glucopyranosideZ3) to a CHC} solution of such systems are to become useful sensors, then they must
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show selectivity, which is indeed seen here, as it is found
that theo-isomer of23 does not show any binding to the
host. Another approach for increasing the binding (and, thus,
chirality transfer) discrimination of the saccharides is to
preinduce the helical chirality in the host. This approach is
achieved here by the covalent appendingR)fghenylethy-
lamine to the calixarene components of the host, so inducing
M helicity. Thus, on addition of the mismatch saccharide
guest 23, no changes in théH NMR spectrum were
observed, whil@4 resulted in shifts of the second and third
floor urea NH groups oAd = 0.1 ppm. Interestingly, on
addition of24, no further changes to the CD spectrum were
found, showing that the steric hegjuest interactions arising
from the guest binding do not further enhance the unidirec-
tional twist, presumably, as the additional steric interactions
are not sufficient to overcome the internal strain already
present in the system.

dipole-driven
unfolded conformation

complexation with saccharide

hydrogen-bonding-driven
helical conformation

3.2. Induction via Cavity Encapsulation

The binding of saccharides and the sensing of their
chirality has also been targeted via guest encapsulation in
an achiral cavity and subsequent chirality transfer. One
elegant approach is that of the systems devised by Inouye el
al>* On the basis of previous work in which tris(ethynylpy-
ridine) hosts were used as receptors in which the chiralities 0000¢S
of ribofuranosides, deoxyribofuranosides, and glucopyrano- ] , .
sides were sensé8they used the ethynylpyridine unitas a Figure %5-_ dCorgormatlo(?al _cr?ange @.“pof“ cor}wplexatl?vrll f"’\'}vh ’
sarting paint in the synhesis of a palyethyryipyridine) %, SSSCheINE, Rebrled vl perisson rom ouve, Uy ek
polymer using the Sonogashira acetylene coupling method, a\erican Chemical Society.
resulting in a clean polyme25 that comprised at least 72
pyridine moieties with a molecular weight of ca. 4500. From

OH OH
NMR analysis, fre€5 in chloroform was found to exist in o
a disordered conformation and was shown from the concen-4o 2 HO —Q
tration-independent U¥vis maxima (275 and 323 nm) to HO R HO R
not undergo any intermolecular association at least up to OH
Ry Ry

<1.0 x 1073 M.
On incremental addition of a 2.2 103 M solution of 26:R=OCgHy7 -n. Ry =H 28:R=0CgHy7-n. Ry =H
26to a 1.0x 103 M solution of25, the UV—vis absorption 27:R=H,R; = OCg7 - 20:R=H, R, =OCHy; -1

intensities at 275 and 323 nm decreased with increa&ing

concentration as a result of the formation of a well-ordered OMe
helical conformation encapsulating the saccharide guest; see o &/
Figure 15. HO MeO
The nature of the chirality induction and how the achiral ~ "© Sy OCeHrn - MeO oy 0Cath7 -
host senses differently the chiral structure of a range of
saccharides (Figure 16) was investigated by CD analysis. OH
On addition of a 2.0x 1073 M solution of 26 to a 1.0x 3 i
103 M solution of25, an induced CD spectrum with multiple ~ Figure 16. Structures of the saccharide guest6+31).
Cotton effects was observed in the polymer absorption region
with the maximum intensity (negative) At= 340 nm. The degree of chirality induction with the length of the host and,
generation of an opposite positive Cotton effect at 340 nm thus, the extent of its ability to adopt a helical structure. It
on the addition of the antipodal saccharide26fshowed  was found that six ethynylpyridine units are needed to adopt
that the induced chirality indeed originates from chirality one helical turn and that intramolecular-z interactions
transfer from the saccharide to the polymer. Chirality was occur at oligomeric lengths greater than the 12-mer. Further
also induced by similar saccharides but with differences in chirality induction only occurred for oligomers greater than
the Cotton effects due to their differing structures; i27, @ 12-mer; thus, the first chirally active species is the 18-
also gives rise to a negative but weak Cotton effect at ca. mer, indicating that three complete helical turns are required
340 nm, while28, 29, and30 result in positive signals. The  to successfully encapsulate the saccharide guest and, thus,
chirality-transfer mechanism active here is via the hydrogen- allow chirality transfer (the binding constant for the 24-mer
bonding interaction between the saccharide’s OH groups andand26 was found to be (1.2 0.4) x 10° M~?). Obtaining
the pyridines of the polymer; this supposition is confirmed & 1:1 stoichiometry from the associated Job plot disproved
by the CD silence on addition &, which is unable to form  the presence of additional intermolecular chiral influences
hydrogen bonds because of the blocking methyl groups. ~ at this concentration range.

A more detailed understanding of the supramolecular A less recent, but successful, approach to utilizing supra-
chirality-transfer process was obtained by comparison of the molecular systems based on the resorcitddecanal cy-
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Figure 17. Structures of the cyclotetrameric ho82) and various guest38—48).
H H

clotetramer32 for chirality sensing of diols and saccharides
(Figure 17) by inclusion-type guest binding can be found in W s

aHO M,
the work of Aoyama and co-worke¥s. Q\(@) @)/Q

The structure 082 is that of a bowl whose conformation HO R ! R OH
and structural rigidity arise from the four concerted intramo- H ; H
lecular hydrogen bonds between tirtho-hydroxyl substit-
uents. These alcohol functionalities also act as the binding
sites for the guests and fais- and trans-1,2-cyclohex-
anediol. The mode of interaction was found to be via multiple
hydrogen bonding to just one of the four binding sites
between adjacent phenyl rings (A, B, C, and D), and not R ; R
between two of these sites, as might be expetiéthis HO H ! H OH

consideration is extended to the acyclic di@8<39), and Q/( @)\Q

as a result, it can be seen that the guest’s OH groups mus """""mm,,”H - g 4 o
adopt asyn-gaucheonformation in order to maximize these :
hydrogen-bonding interactions; it is found that this is R ' R
achieved when the guests are in a pseudoequatorial (E) ol A=) Al+)
pSGUanX'al (A)_Conformatlon. However, on Con_SIQeratlon Figure 18. Host—guest binding modes and directions of chirality
of steric constraints of these two conformations, it is found 4tihe two C—OH bonds.

that the pseudoaxial conformation results in unfavorable

steric clashes with the hydrogen-bonding site in comparisonin general, it is the pseudoequitorial conformation that is
to the pseudoequatorial conformation (Figure 18), and thus, favored.
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ki

Left-handed (M) Right-handed (P)

Figure 19. Structure and enantiomeric equilibrium4®. Reprinted in part with permission from Ikeda, A.; Udzu, H.; Zhong, Z.; Shinkai,
S.; Sakamoto, S.; Yamaguchi, K. Am. Chem. So@001, 123 3872. Copyright 2001 American Chemical Society.

From Figure 18, the orientation between the two hydroxyl the lower rim of the calix[3]arene, which brings it into a
binding groups can be seen, either clockwise (termed bowl conformation; second, these preorganized species then
positive) or anticlockwise (termed negative); thus, there are dimerize via Pt bridges formed between the three 3-pyridyl
four possible chiral conformations €}, E(—), A(+), and groups of each calix[3]arene (Figure 19). The cavity formed
A(—). When the expected chiral conformation is compared in 49 is quite substantial, being able to successfully bind
to the chirality produced in the real system, as defined by [60]fullerene®?
the first Cotton effect, a correlation is found: those confor-  As can be seen in Figure 19, this capséfeexists in a
mations expected to be positive give rise to negative chirality dynamic equilibrium between two enantiomePsgnd M).
in the supramolecular system, and those thought to beThe potential for such a unidirectional screw sense is due to
negative give positive supramolecular chirality. This is the twists of the 3-position substituted pyridines arising from
opposite to that expected from exciton coupling theory. minimization of the internal steric strain upon capsule

Although the rationale for this opposite-sense relationship formation and is not found for the analogous 4-pyridine
is not addressed by the authors, it should be considered thasystem. Further confirmation of the existence of two enan-
the bisignate signal in the CD spectra originate from the tiomers was provided by measuring the NMR spectra in the
aromatic region and, as such, from the resorcinol host andpresence of the chiral shift reagent, Pirkle’'s reag&j ¢r
not the guest itself. Thus, it may be speculated that the (§-2,2,2-trifluoro-1-(9-anthryl)ethanol, resulting in a splitting
mechanism by which the diol guest transfers its chirality to of the pyridyl's 6-H into two peaks of 1:1 intensity.
the host results in the sum of the orientations of the four  To induce chiral selectivity §)-2-methylbutylammonium
aromatic moieties being opposite that of the guest. triflate (S-50) was added as a guest, to form two diastereo-

A second class of guests studied was the sug@r8. mersP-49-S50 and M-49-S50. Subsequent NMR studies
These are found to interact wi82 in a different mannerto  showed that the guest is indeed included inside the cavity
the aforementioned diols, in that they simultaneously bind and that the complexatierdecomplexation is slow on the
to two of the adjacent binding sites (A and C or B and D) NMR time scale, although the de could not be determined
through the cis 1-OH and 4-OH grodpand not just to one  directly from the NMR spectra due to the small induced
site. The crucial structural feature of the guest that dictates chemical shifts, because the guest does not exert a strong
the sense of chirality transfer for these guests is the shielding/deshielding effect. However, on the addition of the
conformation of the pyranose ring, eith€d or 1C. The aromatic Pirkle’s reagent, a de of 40% was determined.
equilibrium between these gives the following relation for ~ Further, the CD spectra of th49-S-50 assembly was
the guests, i.ep-guestCl andL-guest-L are enantiomers  obtained, resulting in a first negativsecond positive Cotton
(as arep-guest-T and L-guest€l). The outcome of the  effect, with a crossover point at 280 nm; however, determi-
subsequent hosuest interactions is that guests with a nation of the helicity P or M) of the de complex was not
preferentialC1 conformation give rise to positive chirality —achieved because of the more complicated nature of this
and those with preferentialClgive a negative chirality, = chromophoric system.
which is not dependent on the guest/s configuration. The An additional class of supramolecular system in which
observed chirality induction arises from the asymmetric the transfer of chirality may be observed to occur via an
deformation in the relative orientations of the host's four encapsulation process is rotaxanes. These are composed of
aromatic groups, although the exact geometry and detailedthree basic components: a macrocyclic ring host, a linear
mechanism has not been determined. thread guest, and two bulky stopper groups attached to the

Though the above-mentioned work is now more than 15 thread, which (if large enough) precludes decomplexation
years old, the study and application of calixarenes and their (dethreading) of the guest, resulting in a mechanically locked
derivatives to supramolecular chirality have continued to species; see Figure 20. While the host and guest are not in
evolve, producing more complex and elegant syst@@sch equilibrium in the conventional sense observed for other
an example is found in the recent work of Shinkai and co- supramolecular systems (i.e., the equilibrium between the
workersS! Here, we see the formation of a molecular capsule bound and unbound states), neither are they covalently
that consisted of three components. First;"Nans bind to attached, and as such, they are in equilibrium between the
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various conformations possible. Thus, these conformations,
and so the rotaxane’s structural and chiroptical characteristics, A
can be altered by manipulation of the intermolecular non- -8000

covalent interactions between the host and the guest.

The supramolecular nature of these systems has been
extensively investigated, particularly by the groups of
Stoddar®® and Vigtle 8 The aspect of chirality has also being
considered, with studies dealing with planar chiraffty, ) , . .
catalysis’® and separatid¥i being reported. Recent work by 24000 0 250 270 290 310
Leigh and co-workers on peptide-based rotaxanes with nm
chirality that is “on—_of‘f" SW|tC.hab|e and Inver_table ar_1d Wlth. Figure 22. Solvent-dependent (a) and VT (b, c) CD spectr@:of
controllable magnitude of intermolecular interactions via (5)'in cHC}, (green), 1:1 CHGIMeOH (cyan), 2:3 CHGIMeOH
solvent and temperature manipulation is particularly instruc- (magenta), 1:2 CHGIMeOH (yellow), 1:5 CHCYMeOH (black),
tive 88 The essential structures of the mechanically interlocked 1:10 CHC/MeOH (blue), and MeOH (red); (b) in MeOH and (c)
rotaxanes are shown in Figure 21 and are formed via ain CHCl; at 263 K (black), 273 K (red), 283 K (green), 293 K

hydrogen bond-directed five-component synthesis. (blue), 303 K (cyan), 313 K (magenta), 323 K (yellow), and 333

Initially, it is crucial to note the absence of any chirality é(.bll%cnkg' sgp[ggﬁ V,;'tapesrm':fi'zzn fTrgrg":\fv?rlf ax/aMM'z; B \;sgﬁgto’
in the aromatic regions of the individual host and thread in 3"k "y . zerbetto, F.: Zhang, SI. Am. Chem. So@002 124,

51 This effect is straightforward for the host because it 2939. Copyright 2002 American Chemical Society.
possesses no chiral centers or other asymmetry elements. On
the other hand, the threads all possess a point-chirality center; As a point of zero chirality induction occurs, it is noted,
however, because of the considerable distance between thigis stated by the authors, that the system may switch off and
center and the aromatic moieties, there is no asymmetryon in either a positive or negative direction. However, of
transfer between them, resulting in a CD silent aromatic perhaps greater insight is the observation of how the CD
region. However, on the formation of the rotaxanes, this intensity varies in a nonlinear manner with solvent composi-
region becomes CD active, with its sign and magnitude tion. In comparison to pure CHgla 1:1 mixture with MeOH
mutable, as mentioned previously. results in only a 15% reduction in CD intensity, yet the 17%
First, the effect of changing of the environment via solvent change on going from 87% MeOH to pure MeOH (which
composition was investigated. This was undertaken by are almost identical in bulk polarity and dielectric constant)
varying the ratio of CHGI(non-hydrogen-bond competitive)  results in a switch from-5 590 to+3 390 deg cridmol ™.
to MeOH (hydrogen-bond competitive) in a mixed-solvent It is likely that this nonlinearity arises from differential
approach; see Figure 22a. degrees of specific interactions between the individual
In pure CHC}, a strongly negative Cotton effect is seen solvents and the rotaxane. This proposition is further
at ca. 245 nm (below 230 nm, the solvent absorbs strongly); supported by comparison of the variable-temperature CD
on stepwise addition of MeOH, the Cotton effect is seen to spectra obtained in pure CHCind MeOH (see Figure 22
reduce in intensity and finally become positive. parts b and c). In CHGJ it can be seen that there is

-16000




16 Chemical Reviews, 2008, Vol. 108, No. 1 Hembury et al.

essentially no change over the temperature range studiedhost, and (ii) 53 in which the cleft is blocked by the
due to the fact that CHgHoes not effectively compete for introduction of a mesitylene spacer (Figure 23).

the rotaxane’s hydrogen bonding. In MeOH, at higher  The pulkiness of the mesitylene group is desirable because
temperatures, a strong negative Cotton effect is observediis steric constraints preclude rotation within the cleft and,
however, lowering the temperature causes a reduction in theas sych, give greater chemoselectivity in the guest binding,
negative intensity, until it goes through zero intensity at ca. \hich is crucial to the host’s enantiodiscriminating ability.
293 K, with further decreases in the temperature giving rise | terms of chemoselectivity, it is the matching of the
to a strongly positive signal. The rationale of this is that, at gistances between the guest's two ammonium groups and
lower temperatures, MeOH can form strong interactions with the host's phosphonates that dictates the binding efficiency.
the rotaxane’s hydrogen-bonding sites, but as the temperaturg-, host52, guests whose N--N* distance is two or three
increases and the entropy term plays a more important roleatoms (diaminocyclohexane and His, respectively) form 1:1
in the complexation thermodynamics, MeOH molecules are complexes, while for hoi3, they are only able to form 2:1
released (desolvated) to obtain more freedoms and to give aspecies because they are too short to span the bulky
positive entropy change, thus giving rise to the observed mesitylene group. Longer guests, such as Lys and Arg (five
chirality reduction-inversion phenomenon. Subsequent analy- and six atoms, respectively), form 1:1 species végh |t is

sis of the structure by computational and X-ray methods fond that, for these 1:1 complexes, modest enantioselectivity
reveals an interesting structural origin of the chirality in the g gptained (17 and 33% for Arg and Lys, respectively). It
aromatic region, in that the chirality originates from the s postulated that the mesitylene group is crucial to this effect
phenyls of the two stopper groups. One of the isophthaloyl hecayse it provides a critical third point of interaction to
units of the macrocycle is found adjacent to the hydrogen t5cjjitate the enantiodiscrimination. The origin of the interac-
of the chiral center, which is then locked in place by four tgn is suggested to be hydrophobic in nature: however,

intercomponent hydrogen bonds (in CHCBNd, conse-  glectrostatic effects such as-8l-+-x interactions also cannot
quently, restricts the motional freedom of the stoppers in a pe ryled out.

chiral manner. This is elegantly shown by replacing the four
stopper phenyls with cyclohexane moieties, which results
in a CD silent aromatic region. Removal of the macrocycle
aromatic groups results in a shift of the CD signal to a higher

energy but not its disappearance; thus, it is shown, unexpectthe modification of a system may result in enhanced

ly, th Ithough th i i h e . AR
edly, that, although these aromatic groups contribute to t eenant|od|scr|m|nat|ng properties. This situation can be seen

gggé@g\elzggscg Stigerz]a?ystem, they do not contribute to the in the manipulation of the host's flexibility, size, and number

of interacting sites in the imidazole-containing cyclophane

e receptors of You et al., which were used to bind a series of
4. Enantiodiscriminating Host —Guest Systems methyl ester derivatives of amino acids (Figure %4).

In comparison to the previous sections here, we are not Clearly, acyclic54 is more flexible tharb5-58 and, as a
primarily concerned with the generation of chirality in an result, lacks the degree of preorganization that is often an
intrinsically achiral molecule(s) but rather with the dis- important aspect in hosguest systems and likely suffers
crimination between two enantiomers by a supramolecular from a significant loss of entropy on binding. This loss makes
system. This effect is typically achieved by different asym- the association process less favorable in comparison to those
metric 3D arrangements of the interacting groups (hydro- Of macrocyclic55-58; indeed, the reported binding constants
gen bond, aromatic, chargeharge, hydrophobic, steric for 54 are <100 M~ for the p— andL-enantiomers of Phe-
interactions, etc.) in space between a chiral host and each oOMe, while those fob5—58 are typically 3-5 times higher.
the two different enantiomeric guests, thus forming dia- Further, it is important to consider how the comparative
stereomers. It is conventional wisdom that, in supramolec- openness of the macrocyclic structures of the hosts affects
ular enantiodiscriminating systems, the minimum require- the accompanyingp/K, ratio. For54, the Kp/Ky ratio is
ment for achieving enantiodiscrimination is the presence 1.12, while for55, 56, 57, and58, the values are 3.33, 2.33,
of three-point intermolecular interactions between the host 2.00, and 1.40, respectively (the mean magnitude of the
and the guest, although the question of what is the ideal binding constants for the enantiomeric pairs also falls in this
number of interacting sites in an enantiodiscriminating order). In comparison t&4, the alkyl linker of58 closes
supramolecular system is more difficult to answer and rarely the open structure, thus reducing flexibility and enhancing

This complex interplay between various factors that control
the binding and enantiodiscrimination is, to a greater or lesser
degree, present in all such supramolecular systems. Conse-
quently, the rational application of these effects leading to

discussed. the preorganization, although ti&/K_ ratio is not vastly
different. In57, the 1,4-substituted phenyl group not only is

4.1. Insights into Controlling Parameters in more rigid in comparison t®8 but also its quadrupolar

Enantiodiscriminating Systems electrostatic distribution opens up the potential for intermo-

lecular interactions such as-z, cation—s, and CH- with

An instructive example of an enantiodiscriminating host  the guest, which leads to the observed enhancement of the
guest system in which the host comprises a number of Kp/K, ratio. This result again highlights that, for enantio-
rationally designed functional moieties is found in the work discriminating purposes, having enough stereomatching
of Schrader and co-workers, which centers on the applicationinteraction sites between the host and the guest (at least three)
of bisphosphonate esters as the principle binding moiety foris a crucial factor. Moving to the 1,3-substituted phenyl-
amino alcohols and diammonium gue®ti the case where  linking group in 56, the further increase can likely be
the bisphosphonate esters are attached to a spirobisindanattributed to a reduced cavity size leading to a better fit, thus
skeleton, two distinct and preorganized hosts are attained:making the enantiodiscriminating complement of interactions
(i) cleftlike 52, which provides an unhindered approach for more effective. Finally, the addition of a heteroatonmbin
the guest’s cationic groups to the phosphonate groups of theas the 1,3-substituted pyridine results in a marked jump in
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Figure 24. Structures of the host$4—58).

the Kp/K_ ratio to 3.33, although whether this is due to a tiomer is present, direct visual detection, for instance, color
change in the charge distribution in thesystems or to a  is highly desirable. The determination of the outcome of
specific interaction of the nitrogen is unclear but again supramolecular events by color change has been a topic of
highlights the need to optimize the intermolecular interac- some interest and has been used to discriminate guest
tions. Further confirmation of the effect of intermolecular lengths’! anion and cation binding, and enantiodiscrimi-
interactions is found in the higher binding constants and nation’® The group of Fuji has constructed several smart
Kp/K_ ratios of guests that contain aromatic side chains and, supramolecular hosts that combine the application of a
thus, have the potential far—x interactions (Trp-OMe and ~ number of different functional moieties to produce an
Phe-OMe) in comparison to those that contain aliphatic side enantiodiscriminating color read-offt.The hosts59—62
chains (Ala-OMe, Val-OMe, and Leu-OMe). (Figure 25) comprise two crown ethers to allow the binding
The facile detection of chirality and discrimination between of suitably sized diamines (one amine to each crown ether),
enantiomers is a fundamental function of a chirality sensor chiral substituents (all & configuration) to provide a means
and is conventionally achieved by measuring the circular of enantiodiscrimination, and a phenolphthalein to give a
dichroism of the resulting hosguest complex. Clearly, in  visual response to the corresponding binding.
some cases where the quantitative degree of chirality On determination of the binding constants by the Rose
discrimination is not so important as knowing which enan- Drago metho® and the accompanyindgR)- or (§-ligand
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Table 1. Apparent Association Constants of 5962 with (R)- and
(9)-63 (Kr and Ks, Respectively}*

host Kr Ks Klarge/KsmaII
59 2334 1554 1.5
60 378 62 6.1
61 148 328 2.2
62 262 214 1.2

preference, the relation of these stereoselectivities to the

position of the chiral methyl groups reveals the enant|od|s—
crimination mechanism (see Table 1).
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Because of low predicted binding constants, a large excess
of N-ethylpiperidine was added to the solution to enhance rigyre 26. Proposed colored complex 60 and63in the presence
the binding and promote color outputs via the formation of of N-ethylpiperidine.

a ternary supramolecular species. As seen from Table 1, host

59 gives the strongest binding, but with only a small degree
of enantiodiscrimination; converselg0 shows a reduced
magnitude of binding but with significantly different affinities
for the (R)-63 and §)-63 enantiomers. It is this difference
that allows the visual distinction of the guests: a clear
solution for host60 + guest §-63 and a purple solution
for host60 + guest R)-63. The origin of the enantiodis-
crimination lies in consideration of the two critical interac-
tions present in the system: the guestown ether inter-
actions that dominate the overall binding, and the differ-
ential chiral steric interactions between theamino sub-

Thus, in the case of ho§8, the methyl groups are distant
from the guest and, thus, the degree of discrimination is low.
However, for host60, the closer approach of the guest's
substituents to the methyl group is clearly optimal for
enantiodiscrimination with th&',4dK'sman rising to 6.1. The
methyl-influenced mechanism is further supported by the
inversion of the enantiopreference for hé4dt Because of
the Cahn-Ingold—Prelog priority rules for enantiomer
assignment, the methyl group at the 5-positi@absolute
configuration) in hos61 is orientated away from the guest
(in comparison to that in ho$0, which is orientated toward

stituents and the methyl substituents of the crown ether; seethe guest; Figure 26), which results i§){63 being able to

Figure 26.

minimize most the steric clash and, thus, to have the higher
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Figure 27. Structures of the hos64) and corresponding guest8-70).

binding constant. On moving to had2, the situation reverts ~ Table 2. Association ConstantsK.) and Free Energies AG) of
back to that found in hoss1, exhibiting almost negligible ~ (RR)-64 with (RR)- and (S9-guests (65-67)

enatiodiscrimination because of the too-distant location of  guest Ka —AG Karr/Kasy AAG
the corresponding methyl groups at the 4-positions. (RR-65 5000 5.1

The effect of the position of chiral methyl group(s) on (S9-65 1530 4.4 3.3 0.7
enantioselective properties of hegjuest systems is also (RR-66 7230 5.2
observed in the [2]pseudorotaxane system studies by Stoddart EE%_?? 1(2) igg f;'g 30 0.6
et al’® and shown in Figure 27. (S9-67 8930 5.4 11 0.1

The chirality of the host arises from the incorporation of
two enantiopure binaphthol groups whose chiral integrity is orientation of the methyl groups in th&$)-enantiomer
maintained by the steric clashes between the naphthyl groupsesults in an unfavorable high energy conformation. How-
preventing atropisomeric racemization, while the guest’s ever, as this distance increases, these interactions reduce in
chirality is due to methyl substitution of the guest’s polyether magnitude and, for guest, result in akK,gr/Kasg ratio of
backbone, with the distance of this substitution from the just 1.1. Interestingly, the CD spectra of complexes of host
central aromatic group being of crucial importance. On 64 with chiral guest$5—67 show almost identical changes
mixing of equimolar amounts of ho6#% with guest5—67 to those for complexes with the achiral equivale®®s-70
in MeCN, “threading” of the guests through the host’s center in the 346-600 nm range (paraquat region), i.e., gradual
occurs, resulting in [2]pseudorotaxane structures that aredisappearance of the band at 380 nm, an increase of the 340
stabilized predominantly by interactions betweenshelec- nm transition, and an isobestic point at 350 nm. This
tron-rich hydroquinone andr-electron-deficient paraquat similarity between the chiral and achiral guests suggests that
moieties. It is also this interaction that results in the weak the geometries of the [2]pseudorotaxanes at the core region
charge-transfer band in the U\Wis spectra at wavelengths differ little in the corresponding hosguest complexes,
between 420 and 500 nm. W\is titration experiments were  although this does not tell us about the relative differences
also used to obtain the binding constants for the different in the guest conformations.
diastereomers (Table 2) that reveal the effect of the guest’s Further study considering the subtle interplay between the
methyl group position. intermolecular interactions and steric effects in an enantio-

For the same guest chirality, the binding constant is seendiscriminating system is found in the work of Ahn and co-
to increase with the length of the polyether backbone; this workers?” Particularly, a crucial role of ther—z and
is due to enhancement of the mechanical interlocking effect hydrogen-bonding interactions in the chiral molecular rec-
with increasing length. However, the opposite trend can be ognition in various hostguest systems was well-demon-
observed for the enantioselectivity. Thus, for the shortest strated, which is interesting in that the host receptor system
backbone length6(), the chiral methyl groups are closest is based around @s-symmetric molecule (Figure 28).
to the cyclophane host and, thus, the chiral steric interactions The specific importance relating ©;-symmetry is that,
are strongest with &.rr/Kasg = 3.3, showing that the as noted by the authors, typically the chiral hosts applied to
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Figure 28. Structures of the host§{—73).

enantiodiscrimination posse€s- or C-symmetry (as seen
for the examples cited in this review) and that previous
attempts to base such hosts around higher symmettigs (

andD3) were difficult, resulting in unsuccessful enantiodis-
crimination of the a-chiral primary organoammonium
(RRR,CNHz"X"). It has been suggestédhat the rationale
for this is that, on complexation, the hegfuest interactions

Figure 29. Schematic representation of diastereometic complexes
between host71—-73) and R)- and §)-a-phenylethylamine (on
the left and right, correspondingly): S small, M= medium, and

L = large substituents (a) and the corresponding X-ray crystal
structures in the case of the h@dt(b). Reprinted with permission

provide “three equal steric barriers” on each side of the host, {0 'kim. S -G.- Kim. K.-H.- Jung, J.; Shin, S. K.; Ahn, K. 5.
thus precluding enantiodiscrimination; thus, there will be litle am. Chem. Soc2002 124 591. Copyright 2002 American
steric or electronic difference between the diastereomeric Chemical Society.

complexes and, consequently, little enantiodiscrimination.

However, it was found that, for aromaticchiral primary
organoammonium guests bound by hést good levels of

enantiodiscrimination were obtained that could be rational-

between the L and M substituents of 109.while the §)-
enantiomer-containing complex (minor) shows 114Thus,
the minor complex suffers greater steric strain and is

ized by consideration of the intermolecular interactions in a consequently disfavored, a result that correlates with the

“three-body” manner. FromtH NMR analysis of guest
extraction (from a guest’s @ solution with a host CDGI
solution) and isothermal titration calorimetry (ITC) experi-

enantioselective extraction experiments in whichRtratio
is 71:29.
The function of71 as an enantiodiscriminating host was

ments, the nature of the binding can be seen to be drivenfurther extended to includ@-chiral primary ammonium

by a favorable enthalpy change arising from the hydro- guests, whose activity arises from the presence of a three-
gen-bonding, cationsr, and 7—x interactions, with an  center (bifurcated) hydrogen bond between host and gliest,
accompanying unfavorable reduction in entropy. The crucial with the enantioselectivities determined also by extraction
contribution made by ther—x interactions between the  experiments from BD into CDCE; see Table 3.

guests and the oxazoline R substituents (observed from close As discussed previously, the cavity created by the phenyl-
contacts in the X-ray structures) can be inferred by consider- supstituted oxazoline pendent armsf provides aCs-

ing the related host§2 and 73, which do not possess symmetric environment that enables enantiodiscrimination
aromatic R substituents (as in the case7@j or where  for a-chiral primary organoammonium guests; however, in
aromatic substituents are not direCtIy attached to the 0Xazo-this case, it can be seen that tﬂgubstituted guests may
line ring (as in the case 6f3), are much less effective in  occupy one of three “chiral sectors”, and if free rotation of
extracting the guests out of aqueous solution, and show pootihe substituents is possible, no enantiodiscrimination can be
enantioselectivity. expected; see Figure 30a.

If the relative spatial arrangement of the guest substituents To overcome this problem, Ahn and co-workers have
and the host oxazoline groups is considered (Figure 29), theutilized guest molecules whogesubstituent is able to form
aforementioned three-body interaction rationalization of the a bifurcated hydrogen bond with an ammonium hydrogen
enantiodiscrimination can be understood. that is already participating in a hydrogen-bond interaction

Thus, if the two-body interactions between the substituent with the host’'s oxazoline ring (Figure 30b). This yields a
pairs (R and S), (R and M), and (R and L) are considered, five-membered ring arrangement that locks the guest's
little steric or electronic difference exists between them and, orientation and so greatly reduces the rotation, the result of
consequently, enantiodiscrimination is expected to be small-which is that the chiral host may now differentiate between
to-absent. However, if they (particularly the steric strain the enantiomers of the guests.
between ther— interacting oxazolines and aromatic guest)  This function can be seen in the results of Tabler3,;
are considered as a three-body case, the interactions in th@5, and76 all show significant enantioselectivities (in favor
two diastereomeric complexes are now no longer identical of the (R)-isomer) because they possess-laydroxy group
and provide a rationale for the enantiodiscrimination (see that is able to act as a hydrogen-bond acceptor. However,
circled areas of Figure 29b). Such different steric strains canwhen this functionality is replaced by the non-hydrogen-
be seen for the crystal structures of the diastereomers of thebonding methyl group of77, the resulting extraction is
71 and a-phenylethylamine complexes, with thB){enan- racemic, giving strong indication that the proposed mecha-
tiomer-containing complex (major) showing a bond angle nism is active. The enantioselectivity returns &8 and
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Table 3. Selective Binding of 71 toward Ammonium Salts of 2
P-Chiral Amines (74—82)"°
racemic guest enantioselectivity extraction (%)
Me,
>—\ 74 63:37 50
HO NHgz*
Ph
>—\ 75 75:25 60
HO NHgz*
m-HOPh
>—\ 76 72:28 40
HO NHgz* B
Ph R
>—\ 7 50:50 97 /H/“ ?\
Mé NHg* /J =4 :Y
Ph = =
W - -
>—\ 78 5842 7 p P + He—apy >
AcO NHg* I \ 0
MeOOC -

secondary interaction
79 58:42 71

1
it

=z

I
5

+

M Figure 30. Schematic representation of diastereomeric inclusion
MeHNOC complexes betweenl andj-chiral primary ammonium ions (Am)

> % 7129 d with secondary ineractions. Reprinted with permission from Kim,
' S.-G.; Kim, K.-H.; Kim, Y. K.; Shin, S. K.; Ahn, K. HJ. Am.
Me NHgz* Chem. Soc2003 125, 13819. Copyright 2003 American Chemical
HO(H,C).HNOC Society.
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Figure 31. Structure of83 and schematic representation of the
bifurcated H-bonds in the complexX1—83).
;i’ ‘;"Q'Ch possess weaker hydrogen-bond acceptors thary 5 - epagtindiscrimination Detection by

—76 and, as such, result in a lower enantioselectivity. Fluorescence
Finally, for 80—82, a higher degree of enantioselectivity
returns, as can be anticipated by the participation of the Itis worth discussing at this point the detection of chirality,
stronger hydrogen-bonding acceptor present in the carbox-and particularly enantiodiscrimination, in supramolecular
amide substituent. Interestingly, this appears to be, qualita-systems by fluorescence spectroscopy. The versatility of this
tively, an inverse relationship between the magnitude of the method arises from a number of it is characteristics: (i) the
enantioselectivity and the percentage extraction. It is possibledetection modes, i.e., quenching or enhancement of the
that this is a result of an additional loss of entropy on binding fluorescence signal, measurement of its lifetime, and inter-
arising from the bifurcated hydrogen bond. pretation of the fluorescence anisotropy; and (ii) its experi-

Structural confirmation of the presence of the bifurcated mental nature, in that it can be performed in real-time, the
hydrogen bond was obtained from X-ray crystallography. amount of required sample is in the micromolar region or
On consideration of the sum of the bifurcated bond angles below, and the instrumentation is typically standard, inex-
(0 + 0 + a = 347.7 for 83) (Figure 31), it can be seen pensive laboratory equipment. The main, but obvious,
that the four atoms are nearly coplanar, which is a suggestedimitation is that a suitable fluorophore(s) is required on either
prerequisite for bifurcated hydrogen borfs. host or guest.

From molecular modeling experiments, a rationale for the ~ The mechanistic origin of fluorescence emission, briefly,
steric nature of the enantiodiscrimination can be made. It is occurs via an initial molecular absorption of light, typically,
found that, because of the orientation of the phenyl groups by thez—a* transitions in organic molecules, on a0s
of the host, there is a greater steric clash between thetime scale to the higher vibrational levels in the electronically
pB-hydrogen of the §-enantiomer in comparison to thB)¢ excited singlet states; there is subsequent fast internal
enantiomer, when the guest’s internal conformation is fixed relaxation to the lowest vibrational level of the first excited
by the bifurcated hydrogen bond. This steric clash destabi- singlet state (§ over a 10'*—10"1! s time period; fluores-
lizes the diastereomer formed from th®-enantiomer. In cence emission down to the ground state then occurs on the
the case of77 where there is no hydrogen-bond acceptor, 10°-10"7 s time scale (Kasha's rule). Because of the
the -substituent is able to rotate and, thus, there is no duration over which the fluorescence decay occurs, it is
preference between the enantiodifferentiating steric interac-extremely sensitive to molecular features such as structural
tions with the host’s phenyl groups; consequently, enantio- conformations and rigidity, intra- and intermolecular interac-
selectivity is not expected, as observed in Table 3. tions and energy transfer, and electron transfer.
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In terms of supramolecular chirality sensing, the issue that Ksy represents the association constant of the fluorophore
we are concerned with here is the application of fluorescence-and the quenching speci®Ksy is, therefore, a measure of
based host (or guest) molecules to discriminate between guestuenching efficiency or sensitivity to the quencher concen-
(or host, correspondingly) enantiomers. In this light, the host tration. Thus, if a fluorescing system is governed by the
molecule must possess a suitable binding site for the guestsStern-Volmer relationship, the plot o/l against Q] will
as well as a fluorophore component. To date, reports of be linear with a gradient dfsy and ay-axis intercept of 1.

successful enantiodiscriminating hesfuest systems have
included a variety of macrocycles (fluorophore-modified
calixarenes, cyclodextrins, and crown ethétslendrimers?
and oligomers3 A particularly complete cataloguing of the
above and additional bespoke systems can be found in
recent review published by Pé.

In terms of the quantitative analyses of these systems, th
most powerful and widely applied analytical treatment is the
Stern-Volmer equatior® described below,

I/l =1+ Kg,[Q] for systems with one binding site
(4)

I/l =1+ K [Q]? for systems with two binding sites
(5)

wherelg is the emission intensity of the fluorophore in the
absence of a quenchdr,is the emission intensity in the
presence of a quencher, ar@] [is the concentration of the
quenching specieKsy is the Stera-Volmer constant; for
dynamic quenching, this is related sy = Kqto (K =
fluorescence quenching rate constant ane fluorescence

There are many studies and reviews detailing the chemistry
of chiral recognition in fluorescing species (see references
above); therefore, here we shall focus on two enantiodis-
criminating systems that highlight well the supramolecular

aaspects of the process, one concerning the application of the

Stern—Volmer relationship and the other concerned with

edrawing inferences from enhanced fluorescence activity.

The Stern-Volmer relationship has been used for deter-
mination of the enantiomeric purity in a number of systéfns.
BecauseKsy is a measure of quenching efficiency, a large
value for this parameter equates to a sensitive response.
Ideally, therefore, the aim is to obtain a sensor host molecule
that displays a largksy magnitude with one enantiomer and
zero for its antipode (no quenching effect), and subsequently
to employ this material as an optical enantioselective sensor.
Such a calixarene-based supramolecular system was em-
ployed by Diamond and co-workers for the enantiomeric-
composition determination of a series of chiral amifiés.

In this, the authors give key features for any successful
enantiodiscriminating fluorescent host, including the follow-
ing: (i) the host must possess suitable intermolecular inter-

lifetime in the absence of quencher); for static quenching, acting moieties (hydrogen bonds, charges, aromatic/polar
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Figure 33. Emission spectra d5 (2 mM dm3) in the presence
(dashed line) and in the absence (solid line) of 0.33 M rac@&ic 175 1 0% S-PEA

using an excitation wavelength of 274 nm. Reprinted with permis-
sion from Grady, T.; Harris, S. J.; Smyth, M. R.; Diamond, D.
Anal. Chem1996 68, 3775. Copyright 1996 American Chemical
Society.

To/1

1.55 1
1.35 ¢+

1.15 +
groups, etc.) to facilitate supramolecular association; (i) there

must be preorganization of the host so to provide a basis for 095 ! : . ; : ;
enantioselectivity; and (iii) the result of the binding event 0 05 1 Ls 2 25 3
must produce an observable signal. 1-Phenylethylamine concentration (mmol/dm’)

In this work, they looked at the differences in the 1.95 5 5% SFEA
quenching efficiency caused bR)¢ and §)-1-phenylethyl- 185 1
amine 84) on three lower-rim fluorophore-appended calix- L7551

1.65 1
1.55 1
S 145 1
135
125 ¢

arene host85, 86, and87; see Figure 32.

In this case, the host calixarene’s chirality arises from
point-chiral centers on the fluorophores, with the chiral
centers being at a positigh to the naphthyl groups i85
anda to the anthryl groups i86 and87. Initial experiments

100% S-PEA

indeed showed that racen8d has a fluorescence quenching ::,z
effect on85; see Figure 33. 0.95 : , . ; ;
The degrees of enantioselectivity 85, 86, and87 were 0 0.5 1 15 2 25 3

assessed by seeing how tkg, constant (i.e., the slope in 1-Phenylethylamine concentration (mmol/dm?)

the Sterr-Volmer plot) varied on addition of)- and ©)- Figure 34. Stern-Volmer plots for the fluorescence quenching
84 to each host; see Figure 34. of 85(a), 86 (b), and87 (c) upon addition 084 containing 6-100%
From parts b and c of Figure 34, it is clear that there is of the (§-form. Reprinted with permission from Grady, T.; Harris,
essentially no difference in the slope gradients, and therefore,S. J.; Smyth, M. R.; Diamond, DAnal. Chem.1996 68, 3775.
it was stated that host86 and 87 do not possess (any Copyright 1996 American Chemical Society.
measurable degree of) enantiodiscriminating ability. On the
other hand, hos85 in Figure 34a shows significant dif- indicating that the SternVolmer relationship is no longer
ferentiation between the fluorescence quenching observedobeyed. The important point here is to determine what is
for the R)- and ©)-84 enantiomers, witlKsy values of 0.052 the supramolecular nature of the calixarene’s function. Insight
and 0.028, respectively. into this is obtained from UVvis and molecular mechanics
The linear and different relationships between the quench- simulations. While the UV-vis spectra 086 and87 (with
ings of the two enantiomers allow ha8§ to function as a ~ 84) are simple additions of the components, this is not so
sensor for enantiomeric composition. This application is for the spectrum of th85 complex. This difference is likely
possible by relating thKsy value of an unknown sample to  due to the formation of a ground-state complex w8t
a graph calibrated to the % enantiopurity from previous while those with86 and87 are predominantly formed in the
experiments. However, this approach requires a number oféxcited state. The calculation of the energy-minimized
measurements to establish tke, value. If, on the other structure of35 shows that the naphthyl substituents form a
hand, the concentration of the sample is known, then the crowded arrangement at the lower rim; however, the anthryl
intensity of a single fluorescence measurement can bemoieties in86 are quite distant from each other (Figure 35),
correlated with the enantiomeric composition, by relating this Which is reflected in the relative distances between the chiral
measurement to a calibration graph where the intensity is centers for85 and86, 9.06 and 13.56 A, respectively.
plotted against a known enantiomeric composition of certain ~ Thus, in85 there is a well-defined chiral environment,
concentration. provided by the calixarene scaffold, for interaction with
The crucial role of the calixarene scaffold is clearly seen 84. Calculation for87 was not performed because of its
when the effect of the ligand quenching on just the greater size, but it is well-known that such calix[6]arenes
naphthylprolinol fluorescent label is investigated, as this are considerably more flexible than their calix[4]arene
results in no enantiodiscrimination and nonlinear slopes, counterparts. On consideration of the interaction véth
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(i)

Figure 35. Energy-minimized structures &b (i) and 86 (ii) obtained using molecular mechanics in Hyperchem v. 4.0. Reprinted with
permission from Grady, T.; Harris, S. J.; Smyth, M. R.; DiamondAbal. Chem1996 68, 3775. Copyright 1996 American Chemical
Society.

two main features are observed. First, &%, the basic difference that is believed to, largely, account for the
binding is facilitated by a three-point interaction consisting enantiodiscrimination.

of a m—x interaction between the phenyl and naphthyl A different application of fluorescence spectroscopy to
moieties, a hydrogen bond between the amine and hydroxylenantiodifferentiation is found in the work of Li et al., who
group, and a €H to O=C interaction. This combination investigated the effect of the interaction between the mac-
has the effect of strongly locking in the guest. Second, the rocycle 88 and mandelic acid; see Figure 86Here, it is
relative positions of the guest’s methyl group are found to the fluorescence emission arising from the formation of the
be directed toward the host’s interior for tH&){enantiomer excimer complex that acts as the probe for rationalizing the
and more to the exterior for the&Sfenantiomer; it is this enantioselective binding.
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In macrocycle88, the binaphthyl groups act as both chiral
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Figure 37. Fluorescence enhancement B)-88 in the presence
of mandelic acid at various compositions of RandSenantiomers
(a) and the optically pureR)-mandelic acid (b). Reprinted with
permission from Li, Z.-B.; Lin, L.; Pu, LAngew. Chem., Int. Ed.
2005 44, 1690. Copyright 2005 Wiley-VCH Verlag GmbH & Co.

concentrations and the later faster increase also reflect the
greater binding constant for th®)fguest/R)-host pairing,
as detailed above.

The nature of the actual binding mechanism, although not
studied in detail by the authors, is likely to be via excited-
stater— interactions with some assistance by inclusion into
the host'’s cavity facilitated by hydrogen-bonding interactions
between the guest’s alcohol and acid groups and the host's
alcohol and amine substituents; however, the lack of any
significant change in the UVWvis spectra suggests that the
m— interactions are not a major contribution, at least in
the ground state. The hydrogen bond’s influence is demon-
strated by seeing how usiigracetyl mandelic acid (in which
the alcohol group is protected) affects the excimer emission;

source (along with that provided by the cyclohexyl moiety)
and fluorophore, with the alcohol and amine functional
groups providing suitable points for intermolecular interac-  Recent developments have shown the application of fluor-
tions. The interaction between mandelic acid &&donly escence anisotropy to the study of enantiodifferentiating sys-
occurs in the excited state and can be observed by com-tems; an early study was the fluorescence anisotropy arising
paring the UV-vis and fluorescence spectra. In the 8V from the interaction of an anthryl-based probe with DFA,

vis spectra, there is almost no difference between the spec-but in particular, the rigorous work of McCarroll et al. has
tra of free and boun@&8 and none between the complexes developed this approach to allow accurate thermodynamic
with the two enantiomers of mandelic acid. However, the parameters to be obtain&Critical to utilizing the fluores-
fluorescence spectra @8 (at 1 x 10> M) with mandelic cence anisotropy measurements is the realization that this is
acid (at 5x 104 M) show a dramatic response with an a measure of the rotational motion of the molecule; although
excimer emisson at ca. 370 nm. Importantly, though, this there are other factors, it is this motion that dominates the
response is highly chiraly dependent; thus, &8, there depolarization of fluorescence. Thus, if a host is free in
is almost no fluorescence observed f&®)-Mmandelic acid, solution, it will possess a fluorescence anisotropy according
but for (5-mandelic acid there is a strong fluorescence signal to its size; however, if it then interacts with a guest molecule,
that is 20 times stronger than that for the free host. The true the effective size of the assembly will increase and so change
enantioselective nature of this system is shown on consider-the rate of rotation. It follows that if there are two enan-

the result is that no fluorescence is observed showing the
crucial contribution of the hydrogen bond.

ing (R)-88, which, conversely, shows no signal fo®){
mandelic acid but a strong emission fét){mandelic acid.

tiomers interacting with a host, the effective size of the
assembly will be a function of the binding strength of each,

The differing effects of the two enantiomers and the and thus, we may expect different fluorescence anisotropies
dynamic competitive binding between them can be seen infor each diastereomeric complex, with the stronger binder

the relationships shown in Figure 37. Curve a showd/lhe

ratio of (R)-88 in the presence of enantiomeric mixtures

ranging from pureR)- to pure §-mandelic acid. In com-
parison, curve b shows thé, ratio for solutions containing

enantiopure R)-mandelic acid whose concentrations are

identical to that of R)-mandelic in the mixture used in curve

producing a larger size and presumably a slower rotational
correlation time, which will result in a higher anisotropy
value. Indeed the potential of this branch of fluorescence
spectroscopy lies in that, as following the anisotropy, we
are only looking at the controlling parameters that are chiral
in origin, and thus, changes observed in the spectra are related

a. The larger values obtained for the enantiopure experimentto these and not to other achiral events.

reflect the competitive binding between the stronger-binding

(R)-mandelic acid and the weaker-bindir)-mandelic acid.
The initial slow increase inl/l; at low (R)-mandelic

In their initial work, McCarroll et al. derived a term of
“chiral selectivity”, 3, and tested it with the data from the
interaction of various chiral guests with a chiral surfactant
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Figure 38. Plot of the correlation between thevalues derived
from fluorescence anisotropy measurementsaivadlues obtained
from micellar capillary electrophoresis (MCE) experiments (BNP
= 1,1-bi-2-naphthyl-2,2-diylhydrogenphosphate; BNA1,1-bi-
2-naphthyl-2,2-diamine; BOK 1,1-bi-2-naphthol). Reprinted with
permission from McCarroll, M. E.; Billiot, F. H.; Warner, I. M.
Am. Chem. Soc2001 123 3173. Copyright 2001 American
Chemical Society.

in its micelle form, poly(sodium undecanoyj--leucylleuci-
nate) (poly-SULL).

Initially, the presence of the enantioselective interactions
were observed for a 1;binaphthyl guest and poly-SULL
host assembly, with théRj-guest giving an anisotropy value
of 0.1132 and the §)-guest yielding 0.0991. However,

Hembury et al.
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Figure 39. Temperature-dependent fluorescence anisotropy of the
enantiomers ofO,0'-dibenzoyl tartaric acid in the presence of
p-cyclodextrin. Reprinted with permission from Xu, Y.; McCarroll,
M. J. Phys. Chem. B005 109 8144. Copyright 2005 American
Chemical Society.

values of AAH®, TAAS, and AAG® for enantioselective
host-guest events. From first principles, eq 9 is obtained
and used to determine the thermodynamic parameters for
the binding in a number of hosguest systems.

FavR| _ —AAH® | AAS | [Tor
nfpe) - AN MM )
. (KS1+1)
(Kg[S] + 1)

Thus, from this, a plot of In¢, /ra,9 against 1T will give
a linear response where the gradient is equalA¢i°/R and

+In

(9)

repeating the experiments with an achiral surfactant analoguethe intercept isAAS/R; the remaining constant is expected

gave the same anisotropy values for both enantiomers.

To be able to make more direct comparisons between

different systems, the above-mentiongéderm was intro-
duced to remove the complications arising for the other
nonenantioselective terms.

rgrp =

wherers andrg are the anisotropy factors for th)¢ and
(9-enantiomers, respectively.

To test this hypothesis, thfevalues obtained for the guests
were plotted against the chiral selectivities determined by
micellar capillary electrophoresis and definedogswhere
ts andtr values are the corrected retention times.

(6)

3coéf — 1]
2

ts

(l—tR

()

to approach zero in most cases.

The result of this analysis fgi-cyclodextrin with the two
enantiomers 0©,0'-dibenzoyl tartaric acid is shown in Fig-
ure 39. Although not shown here, the positive slope for the
variation of the anisotropy with T/indicates that, as ex-
pected, the binding constants are stronger at lower temper-
atures, with the enantiomer’s more positive slope indicating
that it has a greater enthalpy of interaction wjftkcyclo-
dextrin in comparison to its L counterpart. The thermody-
namic parameters extracted from Figure 39 are as follows:
AAH°® = —6.37 kJ mol?, TAAS = —6.03 kJ mot?, and
AAGP = —0.33 kJ mot?, thus showing that the-preference
in this case is enthalpically driven but is almost totally
cancelled out by the entropic loss of a similar magnitude.

5. External and Internal Controlling Factors

Clearly, in dynamic supramolecular systems, the exact
structural and chiral state of a system, and consequently its
physicat-chemical properties and associated functionality,

The graph shown in Figure 38 shows a very good correlation can be effected by various factors beyond the covalent

between the two and gives a strong validation oflterm

composition of the assembly. In this section, the nature and

approach as a measure of the differing chiral interactions outcomes of a number of controlling factors such as the
between the enantiomers of the different hosts and guestschoice of solvent, temperature, and phase, which are of key

From this linear relationship, it is then possible to derive

importance for supramolecular interactions, are considered,

an equation that gives the difference in the free energy of although other potential influences, such as electron media-

association between the two enantiomers.

A(AG)sg= —RTIn(m3 + 1) (8)

This approach was extended by further work of McCarroll
et al®to include consideration of the actual binding constant,
thus leading to a method for obtaining good estimations for

tion, % optical propertied! pressuré? and pH/ionic strengtf?
also exist.

5.1. Solvent as an Active Component in
Supramolecular Chirality

A thorough understanding of the effect of solvent(s) on a
molecular system requires a small conceptual leap and has
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89

Figure 40. Structure of39 (R = (9-2,7-dimethyloctyl).

been often overlooked and not appreciated in many studie
concerning supramolecular chirality. The key realization is

that the solvent is molecular in origin and, as such, will 0 OMe o
interact with a solute according to the characteristics that MeO OMeO
govern noncovalent intermolecular interactions and associa- OMe 4

tions. Indeed, it should be realized that the relationship
between the solute (even one) and solvent molecules in
solution is a supramolecular one; thus, when appropriate, o
we must think in supramolecular terms to understand the
resulting molecular and bulk solution properties of the
system.

Studies investigating the effect of solvent on the chirality
of a supramolecular system can loosely be grouped into two
sets: (i) those whose activity apparently arises from the

influence of bulk solvent properties such as the dielectric
constant and (ii) those whose activity can be seen directly
to arise from the interaction of the solvent with the supra-
molecular system at the molecular level, with the system’s
properties understood by considering the solvent as another
component in the dynamic supramolecular assembly. \
5.1.1. Solvent Influence on Chirality Magnitude
The bulk action effect of a solvent on the chirality of a N\
supramolecular system often arises from the different

solubilities that a molecule has in various solvents and the

structural changes that these differences impose on the

solute. This effect can be exemplified by three papers by 90
the groups of Steffeff, Redl?® and laross?® In the first

paper, by Steffen et a4 the polymei89 (Figure 40) is found

to be soluble in chloroform but much less so in methanol, gigyre 41. Structure of90.

and the effect of the composition of chloroform/methanol
ratios on the chirality induction observed in the CD spectra

RS S
is determined.
Up to 50% MeOH, no CD intensity is observed; however, >/—\\ //—\<
above 50%, a negative bisignate CD signal appears, which
crosses the-axis at ca. 380 nm. The origin of this signal is |_ s s
believed to be due to intermolecular aggregation of the
polymers as their solubility in the solvent is reduced with
increasing methanol content. Indeed, this reduced solubility Figure 42. Structure 0f91 (R = (§-CH,CHMeEt).

ultimately results in precipitation of the polymers above 70%

methanol and an accompanying reduction in the CD intensity. compared to THF. The final example here of the bulk solvent
In the second paper, by Red! et ®lthe low solubilizing effect on a system’s chirality is found in the work of larossi
power of methanol can again be shown to have structural €t al. and shows the effect of good (chloroform) and poor
consequences for the solute that ultimately affect the degree(methanol anch-hexane) solvents on the overall structure

R

n
91

of chirality in the system. of a thiophene-based conducting polyreér(Figure 42) and
In this system, porphyrin moieties are appended to a the degree of its chiralit
cellulose polymer backbor# (Figure 41); the chiral result In pure chloroform, the absorption maxima in the 9V

is that, in tetrahydrofuran (THF), a negative bisignate CD vis spectrum occurs at 469 nm and is associated with the
signal is observed to be centered at ca. 420 nm, resultingz—s* transitions, with the CD spectrum being inactive. On

from an anticlockwise orientation of the porphyrin chro- initial addition of methanol at a 10:1 ratio, there is no change
mophores, with the difference between the correspondingin either spectra. However, on increasing the methanol
Cotton effects being ca. 10 nm. In comparison, the couplet content to 8:2, the U¥vis absorption is red-shifted and

for the corresponding methanol solution is ca. 30 nm; this displays three bands at 530, 565, and 623 nm; in concert
arises from the greater structural rigidity of the cellulose  with this is the appearance of a negative bisignate CD signal
porphyrin polymer due to its lower solubility in methanol that possesses two negative maxima and one positive
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Figure 43. Plot of the mean residue ellipticity 82 at 208.5

(circles) and 222 nm (squares) as a function of the empirical sol-

vent polarity parametelerN (a) and linear correlation between the
a-/3;¢-helix equilibrium constant (Io&s,,) andErN (b). Reprinted
with permission from Pengo, P.; Pasquato, L.; Moro, S.; Brigo,
A.; Fogolari, F.; Broxterman, Q. B.; Kaptein, B.; Scrimin,Ahgew.
Chem., Int. Ed2003 42, 3388. Copyright 2003 Wiley-VCH Verlag
GmbH & Co.

maximum. The maximum in CD intensity occurs at a 7:3

Hembury et al.
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Figure 44. Structures of the resorcinarene ha8898). Partly
reprinted with permission from Saito, S.; Nuckolls, C.; Rebek, J.,
Jr.J. Am. Chem. So200Q 122 9628. Copyright 2000 American
Chemical Society.

logarithm of the equilibrium constants (Id¢s,) and EfN
is linear, giving a strong indication that it is the polarity of
the solvent that is the driving force.

As with the previously discussed work, the detailed

chloroform/methanol ratio and then decreases; however, thismolecular origin of the mechanism by which the helical

is accompanied by a change in the bwis spectra, which

transformation takes place is not addressed. Interestingly,

reveals that, at the higher methanol content (ratios of 6:4 however, it is noted that on transformation from tidaelix

and above), a different overall structure of the polymer is to the 3c-helix, the number of intramolecular hydrogen bonds

induced. Thus, we see that the solvent not only modulatesincreases from 5 to 6, which suggests that there could be
the degree of chirality in the polymer but also causes the more competition for hydrogen-bonding sites with the more

overall structural type to change, with accompanying further polar solvents. Accompanying this observation, the pitch is

changes in CD intensity. A similar effect of chirality
magnitude modulation by solvation, ultimately resulting in

a more general change in structure, is seen in work by

found to decrease because of changes in the lateral interac-
tions between the amino acid side chains.
In the work described previously, the solvent effects on

Kawasaki et al., who investigated the changes in chirality the systems’ chiroptical properties have been almost exclu-

and structure of melamirecyanuric supramolecular mem-
branes in water/ethanol mixturés.

The preceding work mainly dealt with the bulk solvent
effects of two markedly different solvents (mainly in terms
of their respective solvating abilities for the solute). This

sively considered as a bulk property effect, and, as such,
are discussed in these terms. In the preceding work, we
considered supramolecular chiral systems in which the nature
of the solvent’s control of the chirality can be rationalized
by analyzing the solvent’s interaction with the solute

idea can be extended by considering how a measure of themolecules in specific intermolecular interaction terms.

solvent’s polarity may affect the basic structure and chirality

The chiral resorcinarene ho28—98 by Rebek and co-

of a system. In the paper by Scrimin and co-workers, the workers are such a case; see Figuré®&tructurally these

solvent’s polarity (as described by the paramdgY)®8 is
related to the proportion ofi-helix and 3¢-helix for a
particular peptide 92, (Ac-[Aib-L-(aMe)Val-Aib],-L-His-

capsule-like hosts form two different conformations (Fig-
ure 45); the addition of chiral appending substituents (in
95-98) results in a predominance for one over another, and

NH,).%° The solvents chosen are hexafluoroisopropanol as a result, a bisignate CD signal is observed to be centered

(having the highesEN value of 1.086), 2,2,2-trifluoroetha-

at 300 nm in CHJ solution. The nature of the cavities

nol, methanol, ethanol, and isopropanol (having the lowest allows complexation of a number of small guests, such as

E:N value of 0.546). It is found that, in more polar solvents,
the a-helix predominates, with the less polar solvents
resulting in a 3g-helix. The relationship between the CD
intensity and theéerN value is clearly nonlinear (see Figure

norbornene.

Itis found, however, that the magnitudes of the CD spectra
are diminished on addition of MeOH to the CHGDblution.
The rationale for this is that the MeOH competes with the

43a) and arises from the different degrees of contribution guest for the host’s intramolecular hydrogen bonds. Also,

made by the two helical types; with they®elix, CD maxima
derive from the m-7* transitions, and with theo-helix,
maxima derive from the—x* transitions. However, as can

from *H NMR experiments, decapsulation of the guest is
observed on the addition of methanol, because of the
aforementioned solvent competition. Crucially, the molecular

be seen from Figure 43b, the relationship between the nature of the solvent effect can be seen by increasing the
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Figure 45. Depiction of the equilibrium between the two enantiomeric folded forms of the vase-lake conformation. Reprinted with permission
from Saito, S.; Nuckolls, C.; Rebek, J., Jr. Am. Chem. So00Q 122 9628. Copyright 2000 American Chemical Society.

OR conversion of the hydroxyls to methoxy groups. Thus, as
the ratio 0f100'99in the copolymer increases, the magnitude
99:R=H of the chirality correspondingly decreases, as the intramo-
HC==C O Mo lecular hydrogen bonds are less and less present to stabilize

the chiral conformations. At 40099 ratio of 53:47, no
optical activity is observed.

So far, we have considered the solvent effect, mainly, in
terms of dielectric constants and hydrogen-bonding ability;
however, in the work by Ogoshi and co-workers, using the
dielectric-like solvent polarity parameter(30)1°? the

OR
Figure 46. Structures of the monomer89q, 100.

steric bulk of the host’s substituents. This increase helps to
resist the competition by the MeOH for the host’s intramo- o ; I . .
lecular hydrogen-bonding sites by increasing the steric Co?tg%tlon of the solvents’ polarizability was investi-
hindrance for the approach of the solvent molecules. Specif-ga ed: o ) , - L
ically, 96 (smaller Me substituent) requires 30% MeOH for The system studied is a series o_f zinc bilinone der|\_/at|ves
decomplexation of the guest, whis (larger Ph substituent) (101, 102 and103), that can form either B- or anM-helix,
requires 60% MeOH addition. W|_th the_ mggmtude of thg dlaste_rgomenc prt_aference deter-
This inter- versus intramolecular competition for hydrogen- mined, initially, by the chiral auxmary,.see Flgqre 47.
bonding sites between the solute and the solvent can be seen The CD spectra always have a first posithaecond
to be crucial for the functioning in many important systems. Negative bisignate CD signal showing that tRehelix
For instance, in the sense-selective helical polymerization Predominates in the equilibrium; there was found to be a
reactions studied by Aoki et &P in this, they looked at g_ood linear (elatlonshlp betwe_en the abso_lute bisignate CD
the role played by thertho-hydroxymethyl substituents on ~ Signal magnitud¢Ae| and the diastereomeric excess (de) as
the chirality of poly(phenylacetylene) polymers formed from determined fromtH NMR.
monomer®9 and100catalyzed with R)-1-phenylethylamine On comparing the-AG®° value for theM-to-P conversion
as a chiral cocatalyst; see Figure 46. (essentially the stability of the major conformer) with the
It was postulated that there were intramolecular hydrogen Er(30) values in different solvents (cyclohexane, CkCl
bonds involving theortho-hydroxylmethyl substituents; to ~ benzene, THF, CkCl,, acetone, and MeCN), a reasonable
test this, increasing amounts of dimethyl sulfoxide (DMSO) linear correlation was found, with the solvents of higher
were added to a solution of poB9in CCl,. As the ratio of ~ Er(30) values giving a greaterAG® for 101 and 102 but
DMSO was gradually increased, the bisignate CD signal With almost no effect forl03 This can be rationalized by
between 430 and 310 nm gradually decreased in intensity,considering the electrostatic interactions occurring between
reaching zero at a CZDMSO ratio of 10:1. Accompanying ~ the phenyl groups and the bilinone framework in polar
this decrease is a gradual shift in the OH vibrational band solvents for101 and 102 which cause significant steric
(3300 cn1?) in the infrared spectra to larger values, which interactions between them and, thus, greater chirality induc-
indicates the gradual weakening on the hydrogen bonds,tion. However, in103 where there is no group with a
which can be expected from the conversion from intra- to poralizablez-electron system (such as the phenyl group in
intermolecular hydrogen-bonding interactions. To further test 101and102) with which the solvent can interact, the effect
the hypotheses that the polymer’s intramolecular hydrogen of the differentE+(30) value solvents is minimal.
bonds were crucial to its chiral integrity and that the DMSO  As mentioned previously, the authors consider another
solvent was indeed a competing component in a supramo-mechanism by which the solvent may interact with the
lecular assembly, copolymers@®and100were synthesized  bilinone. This is to look at how the change in chirality
with increasing ratios 0100, The critical point here is that magnitude can be understood in terms of the solvents’
100 has its ortho hydrogen-bonding ability blocked by the polarizability. Again, a linear correlation is found between
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101: R = R)

103: R = )

102: R = ®)

M-form P-form

Figure 47. Structures of the Zn bilinone4@1-103 and schematic representation of the equilibrium between the P- and M-helical structures
in 102 The four pyrrole rings are designated as A, B, C, and D.

(0]
104: R = (S)-1-Me-Bu, R' = n-Undecyl ,!‘

o
|
R

105: R =(S)-1-Me-Bu, R'=i-Bu
106: R =Me, R'=i-Bu

C, (crown)

106 C, (boat)

Figure 48. Structures of the calix[4]arene$d4—106) and equilibrium between crown and boat conformationd @8h.

the solvent'’s polarizability and the AG° value, with solvents  intramolecular interaction and, thus, a lower magnitude of
of small polarizability (MeCN and acetone, polarizabilities optical activity.

of 4.41 and 6.39 A respectively) giving higher AG® values A detailed example of how a solvent can affect the degree
than those of larger polarizability (benzene and cyclohexane,of chirality of a system and its molecular origin is found in
polarizabilities of 10.3 and 10.93Arespectively). Thus, it  the work of Schiel et a1%In this work, the solvent-controlled

is postulated that, in more polarizable solvents, the bilinone interconversion between the crown and boat conformations
molecule is solvated mainly through dispersion forces, and in an inherently chiral calix[4]arene (Figure 48) and the
this weakens the van der Waals interactions between ring Aassociated chiral changes are investigated, highlighting the
of bilinone and its chiral auxiliary, resulting in a weaker supramolecular nature of its mechanism.
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Figure 50. Structure of107.

intermolecular hydrogen bonds with the EtOH or MeOH
solvent.

Finally, a demonstration of how the solvent acts as an
active molecular participant in a supramolecular assembly
is found in the variable-temperature (VT) CD experiments
of calix[4]arenel05ain '‘BuOH. At 348 K, the CD spectrum
is a strong bisignate type, showing that the crown conforma-
tion (and, thus, the intramolecular hydrogen bonding) is dom-
inant. As the temperature is reduced, the magnitude of the
bisignate CD signal is also reduced, until finally, at 248 K,
only a monosignate spectrum remains. The rationale for these
changes is that, as the temperature is reduced, the binding
constant between the calix[4]arene aBdOH is increased,
until it is eventually high enough to overcome the steric
hindrance of the aromatic substituents and cause complete
disruption of the intramolecular hydrogen-bonding network.

% low enargy
% shoulder

e/ 10 M em”

0
Wavelength / nm

Figure 49. UV —vis and CD spectra df04awith various solvents.
Reprinted with permission from Schiel, C.; Hembury, G. A,
Borovkov, V. V.; Klaes, M.; Agena, C.; Wada, T.; Grimme, S,;
Inoue, Y.; Mattay, JJ. Org. Chem200§ 71, 976. Copyright 2006
American Chemical Society.
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5.1.2. Solvent-Mediated Chirality Inversion

Further to the above effects on the magnitude of the
induced chirality, it is also possible to switch the sign of
chirality in supramolecular systems via solvent manipulation
of the interactions occurring within the assembly. Work by
SNakashima et di% utilizing a series of poly(alkylarylsilane)s
econcerning mixed-solvent mediated chirality induction and
inversion is particularly interesting as it highlights a critical
dependence on the order in which the polymer is exposed
to different solvents. The poly(alkylarylsilan&p7 consid-

In less polar solvents (i.e., those with low hydrogen-
bonding ability such as methylcyclohexane (MCH)D4—
106 are found to exhibit a first negativesecond positive
bisignate CD signal centered at ca. 295 nm. This result arise
because the intramolecular hydrogen bonds between th
aromatic substituents form a concerted ring and allow
through-space coupling between the electronic transitions.
However, as the solvent is changed to more polar/more

hydrogen-bonding ones, the bisignate CD signal is gradually ¢ e here (Figure 50), while possessing point chirality, is
replaced by a positive monosignate one. Detailed Cons'der‘optically inactive in the region of 256450 nm in THF or

ation relates the structure of the solvents to the absoluteiq,ene solution when it is molecularly disperse due to equal

magnitude of chirality induction|A¢|) and finally to the
structural changes in the calix[4]arene; see Figure 49.

Thus, in the case df04with MCH, this is a low-polarity
solvent with no hydrogen donor/acceptor atoms (e.g., N, O,

amounts ofP- and M-screw structures in dynamic equilib-
rium.

However, on the addition of a poor solvent, such as
MeOH, optical activity is observed in the CD spectra,

S, etc.); consequently, this promotes the intramolecular although this only occurs at above a 70:30 THF/MeOH ratio.

hydrogen-bond-stabilized crown conformation givingha|
value of —60.0 cmmt M~% As the solvent is changed to

Interestingly, this system displays an unusual phenomenon
of the chirality-inversion effect that is dependent upon the

CH,CI, and then to MeCN, the magnitude of the bisignate method by which polymer is exposed to the different
CD signal is reduced toAe¢| = —45.0 and—26.8 cm? solvents. The two methods are as follows: method I,
M~1, respectively. This reduction shows that these sol- methanol added to a bulk THF solution of the polymer;
vents are more able to compete for the calix[4]arene’s method Il, a THF solution of the polymer is added to bulk
hydrogen-bonding sites, with MeCN been more effective than methanol. The relationship of the induced chirality with the

CH,Cl,. The next three solvent8uOH, BuOH, andPrOH
(affording|A€| values of—11.4,—9.4, and—4.9 cnT* M1,
respectively), are worth considering more closéBuOH,
bearing an effective hydrogen-bonding moiety, further
reduces the bisignate chirality, but not so muchBagOH.

THF/MeOH ratio and the solvent addition method is shown
in Figure 51.

To determine the origin of the chirality, the solutions were
filtered through either a am or 0.5um filter; for the 5um
case, a CD spectrum was still observed, but this was not the

This difference between the two butanol isomers is believed case for the 0..xm filter. This effect shows that the origin

to be due to the lower steric hindrance posed by the isobuty
configuration compared to thert-butyl group when trying
to approach the calix[4]arene. The slightly smallerOH
solvent correspondingly is less sterically restricted and,

I of the chirality, in the wavelength range considered, is due
to intermolecular aggregation of individual polymer mol-
ecules.

In the polymer solution produced via method | at 55:45

consequently, reduces the bisignate CD signal to approachingTHF/MeOH ratio, a first positive second negative bisignate
zero. Finally, on use of EtOH and MeOH solvents, there is CD signal is observed. However, via method Il at the same
only a monosignate Cotton effect and the conformation of 55:45 ratio, this is switched to a first negativeecond
the calix[4]arene is now wholly boat, with the calix[4]arene’s positive. It is concluded that, in methods | and I, the
aromatic substituents now participating effectively in solely physical-chemical characteristics of the microenvironments
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R S E— Novak and co-worket8’ Here, we see a helix-sense selective
" : r synthesis of a chiral anthryl-based polymer, ph[-
5 6°j —o—-323 nm i anthryl)N'-octadecylcarbodiimide]l 08 that is regio- and
£ 4o :g?g En"; | stereoregular with a chiral catalyst based on a binapthyl
= ] I titanium alkoxide; see Figure 52.
5 204 - The result of this is a polymer that, while possessing no
fg 1 i chiral centers, is chiral as a result of its intramolecular
e R RSS2 U r conformation. This phenomenon is evident in the negative
2 201 [ Cotton effect arising in the 368450 nm region of the CD
b < > | spectrum in THF at 298 K. Intriguingly, on sequential
.40 2xcess THF excess MeOH  + addition of toluene, the negative Cotton effect is first
70/30 60/40 50/50 40/60 30/70 20/80 10/90 diminished and then inverts to give a weaker but positive
THF/methanol ratio [vol%] Cotton effect (Figure 53); this switching is shown to be
R I reversible.
TE 6 04 L Three proposals for the change in structure that causes
o 1 I%E;% o the chirality inversion are suggested, i.e., (i) helix inversion
€ 40 nm L e . - ! ! !
k] ] (i) imine inversion, and (iii) rotation around ti¢-anthracene
Z 204 - bond. The imine and helix inversions are ruled out as these
2 0t e i are believed to be responsible for racemization, and this takes
g ] ca. 100 h at 353 K, but the chirality inversion takes place at
2 .20 - 312 Kin <1 min. Thus, the rotation around theanthracene
% 40 i bond is believed to be the major contribution, a supposition
< } «—— ——> supported by a red shift in the UWis spectra over the
-60 excess THF excess MeOH switching region relating to different conformations of the

70/30 60/40 50/50 40/60 30/70 20/80 10/90

THF/methanol ratio [voi%] anthryl moieties. However, this is not unambiguously proven,

Fiaure 51. Plots of CD intensities of07 agaredates brepared b and no detailed mechanism of the solvent-mediated mech-
mgthods I (@) and Il (b) at various THF?I\%e(gH rati%s %tim Y anismis sugge;ted. T L .
Reprinted with permission from Nakashima, H.; Fujiki, M.: Koe, Sol\_/ent—med|ated chirality inversion is also seen in the
J. R.; Motonaga, MJ. Am. Chem. So2001, 123 1963. Copyright dendrimers109 and 110 of Hofacker and Parquette; see
2001 American Chemical Society. Figure 548 |n these compounds, the chirality throughout
the dendrons can be understood to arise from chiral steric

(such as the polarity) that the polymer is initially exposed interactions between the pentaethylene glycol terminal sub-
to, as chirality is generated via intermolecular associations, stituents that are propagated through the generations.
are different. As a result, the authors suggested that the Dendron109 gives a negative bisignate CD signal (
“seed” polymer aggregates formed by each method are ofhelicity), centered at ca. 316 nm, in both THF angDHthat
different conformations and result in the observed opposite arises from ther—z* transitions of the anthranilate moieties.
chirality signs. In a model proposed by Nakanishi and However, while the second-generation dendt@falso gave
Beroval® the handedness of a superhelix can be found to a negative bisignate CD signal in THF, it was found to have
be dependent on the ratio between the polymer’s helical switched to a positive bisignate CD signal in aqueous media,
screw pitch ), the helical diameterd), andx (3.142) (for thus givingP-helicity. The corresponding U¥vis and CD
p/d <z, a right-handed screw is expected, anddtl > 7, spectra over the T8—10"°% M concentration range were
a left-handed screw is expected). In this case, it is suggestedound to be invariant, thus precluding aggregation as an
that p is most influenced by the solvent, with its value influencing factor on the chirality inversion. This switching
becoming smaller as the polymer shrinks and folds in poor results in a change in the relative chiral orientation of the
solvents. anthranilate moieties, as shown in Figure 55.

A conceptually interesting solvent-dependent chirally ~ Complementary IR experiments in THR®I mixed sol-
inverting system is the polymer-based system reported byvents reveal that, on increasing the content gDOHthe

CygHzz-n CygHaz-n

| |
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Figure 52. Schematic representation of obtaining p&f8 from 108
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25 °C. Reprinted with permission from Tang, H.-Z.; Boyle, P. D.;
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group (Figure 56); the result of this is that a first positive
second negative bisignate signal is seen in the CD spectrum
arising from the coupling between the two electronic
transitions, directions of which are shown in Figure 56.

The critical effect of the intramolecular hydrogen bonds
is seen on the addition of DMSO, which successfully
competes for the hydrogen-bonding sites, resulting in a
reduction in the magnitude of the Cotton effects.

Another interesting finding was that, on stepwise addition
to the original solvent of an amine (e.apropyl-, din-
propyl-, and trin-propylamine) as a cosolvent, the negative
CD couplet gradually diminished and finally inverted to give
a positive bisignate CD signal (Figure 57). The physical
interpretation of this is that the orientation of the electronic
transitions from the two dipyrrinone moieties has switched
from a clockwise to anticlockwise direction; see Figure 56.

The order of inversion efficiency was secondarprimary

pentaethylene glycol groups undergo a guache-to-anti con-> tertiary amine in CHGl (although this is, to a degree,

formational shift about the €0 bond, which is believed to

found to be solvent dependent). The underlying mechanism

result in a change in chiral steric interactions that leads to is believed to be an aciebase reaction with the propionic
the switch in handedness. Additionally, a Monte Carlo acid group. Crucially, the amine remains coordinated to the

conformational investigation of10in a GB/SA solvation
model® results in anM-helix predicted forl10in CHCl;
(a model for THF) and &-helix in H,O, which agrees with

acid moiety in some sort of ienion assembly (as deproto-
nation with the noncoordinating tetrabutylammonium
hydroxide gave no inversion) and likely results in a new

the CD experimental results from solution and also with the steric mode of intermolecular interaction that yields chirality
guache-to-anti changes seen in the IR data. Thus, here wenversion.
see a chirality-inversion phenomenon that is solvent mediated This is conceptually interesting in that amines are used as
but rationalized in terms of the effect of the bulk solvent. a cosolvent, particularly because amines are normally
Work that considers the solvent effect at a molecular level considered as ligands and not solvents in such systems. Thus,
is that of Lightner and co-workef4? which is concerned  because the amine, with its well-known hydrogen-bonding/
with how the variation in solvent composition affects chirality coordinating ability, is treated as a cosolvent, it forces us to
inversion and magnitude in the tetrapyrrole-like bilirubin remember that solvents should always be considered in terms
system. This study finds that, in most solvents, including of their potential for interaction with the solute and its
those as diverse as benzene, methanol Naneethylforma-  corresponding supramolecular effect on any related proper-
mide, an intramolecular hydrogen-bonded structure is formed ties.

that has eitheM- or P-helicity.}%For 111, in such solvents
as mentioned previously, there is a preferenceéfbelicity

Recently, an important contribution to understanding the
molecular-based mechanisms of solvent mediation of chiral-

that arises from the chiral steric interactions between the twoity control in supramolecular systems was made by our

methyl substituents at the position to the carboxylic acid

109:R =

110: R =

group, in which the solvent is considered explicitly as another

Me
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o Me
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Figure 54. Structures of the dendrimer&@9 and110.
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XO (0).¢
Figure 55. Schematic representation of the-s* electronic transition direction i110in THF and HO.

Figure 56. Structure ofl11 and schematic representation of the
most stable (enantiomeric) conformations of bilirubin (M and P)
with the approximate orientation of the electric dipole moments
associated with the dipyrrinone long-wavelength transitions. Re-
printed in part with permission from Boiadjiev, S. E.; Lightner, D.
A. J. Am. Chem. So@00Q 122 378. Copyright 2000 American

i 4 Right-handed screw Left-handed screw
Chemical Society. induced by L (X>Y) induced by L (Y>X)

Figure 58. Structure of112 and mechanism of the chirality
induction upon interaction with chiral ligands.

400 f 10,7

200 |

Ae the conformation of the supramolecular species formed
between achiral bisporphyrin12, and chiral ligands. The
basic structural changes are shown in Figure 58 (also see
section 6 for further details).

Initially, the bisporphyrin is in a folded syn conformation;

0

-200

1
Amine : Pigment Molar Ratio

400l 1@ 43 7(1100)  \ L , .
2(1)  5(59) 8 (11000) then, on external ligation, this changes to the extended anti
oo} @B sl G0N structure. Because of their close spatial proximity, the
: . : ligand’'s X and Y substituents can interact sterically with the
300 350 14[:?7\] 450 500 neighboring porphyrin’s 3- and 7-position ethyl groups. The

, . . result of these interactions is the induction of a screw (helical)
Figure 57. Changes in the CD spectrum di1upon sequential  strycture between the two porphyrin moieties. Thus, when

changing from pure CHGIsolvent to puren-PrL,NH solvent. : .
Reprinted with permission from Boiadjiev, S. E.. Lightner, D. A. the bulk of the X and Y substituents are equal, it is expected

J. Am. Chem. So200Q 122, 378. Copyright 2000 American that the steric interactions at the 3- and 7-positions will be
Chemical Society. equal and that no chirality is induced; however, when the

substituent sizes are different, one of the screw structures
component in the whole assembly. Thus, in this work, it was (either left- or right-handed) dominates and chirality is
determined how different solvents, considered in terms of observed. However, if the ligand is achiral, this will result
their electrostatic distribution and size (i.e., their ability to in an averaging of the steric interactions and the correspond-
interact with the solute molecules), mediated changes ining absence of supramolecular chirality.
chirality magnitude and chirality sigifa111 Initially, the solvent-effect mechanism was shown to arise
Particularly, the insight into the nature of the solvent effect from the ability of the solvent and the ligand substituents to
on the chirality comes from detailed studies into changes in interact in an electrostatic manner. That is, if the solvent
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) ) i Figure 60. Solvent effect on the mechanism of supramolecular
Figure 59. Schematic representation of the solvent effect on chjrality induction in112aL (L = 113-116), in strongly and
supramolecular chirality induction in thél2L systems and  weakly interacting solvents, and structureldf3—116 Reprinted

structures of phenylEtNfand cyclohexylEtNH in part with permission from Borovkov, V. V.; Hembury, G. A.;
. . Inoue, T.Angew. Chem., Int. EQ003 42, 5310. Copyright 2003
Table 4. Reduction of theA and g Factor Values of 112bL in Wiley-VCH Verlag GmbH & Co
CCl, Compared to Those in CHCI' '
% reduction % reduction In subsequent work2this insight into the supramolecular
L (Avalue) (g factor) nature of the solvent effect was taken further, with solvent
(R)-phenylEtNH 59.2 59 shown to be understandable in a more conventional supra-
g%ggg%gﬁ'&ﬂ ggi gg molecular manner, with the degree of interaction shown to
(9-cyclohexEtNH 36.2 o5 be dependent on not only the electrostatic compatibility but

also on its size and geometry.

In comparison to the previous work, the ligands (methyl
and one of the ligand’s substituents have a pronouncedesters of L-amino acids) are chosen to have two substituents
electrostatic distribution or polarizability (such as a carbonyl at the stereogenic center of similar siz€stérminus and
or aromatic group), then these are able to interact in aside-chain substituents), thus giving similar degrees of
supramolecular manner. This mechanism can be seen in thechirality-inducing steric interactions with the neighboring
comparison of the chirality induction in these bisporphyrin porphyrin. This means that even small changes to the
systems, for both substituents and solvents, with and withouteffective size of one of the substituents by the formation of
strong electrostatic distributions and/or polarizabilities. This the corresponding solvent shell may result in drastic chirality
can be shown first by looking at the effect of polar and modulation, such as chirality inversion; see Figure 60.
nonpolar solvents; see Figure 59. A detailed analysis investigating such inversion was

The effect of the combination of the different solvents and Performed by comparing the sign and magnitude of the
substituents is highlighted for the changes in chirality induced .Chll’a|l'[)(WIth the dielectric constant of a number of
induction in phenylEtNH and its less polar analogue solvents; see Figure 61.

! ; Initially, it can be seen that, for ligantll3 the effect of
cyclohexylEtNH (Figure 59) in both polar (CkCl,) and ; ; - —_
nonpolar (CGJ) solvents: see Table 4. the different solvents is negligible. This is because both

_ o o substituents (methyl and ethyl at the stereogenic center) are
For the cyclohexylEtNHlligand, the reduction in chirality  ponpolar alkyl groups with which all the solvents will only
on going from the CkCl; to CCL is clearly less than that  \yeakly interact; thus, this ligand acts as a “solvent inert’
for its more polar phenylEtNjianalogue. The rationale for  reference. However, for ligand44, 115 and116, dramatic
this is that there is less interaction between the Cyclohexyl solvent-induced Changes are observed. In lewalue
substituent and C}€1, because of the lack of complementary  solvents (hexane, cyclohexane, and §Che interaction
electrostatic distributions. In the case of the phenylEfNH petween the solvent and the polar methyl ester substituent
ligand in CHCIy, the dipole-induced dipole interactions s rather small and the alkyl group of larger effective size
between the solvent molecules and the phenyl ring result in controls the induced negative chirality. However, for ben-
a degree of association that increases the effective size ofzene, although it has a very similavalue to the previous
the phenyl substituent. This subsequently increases thesolvents, the induced optical activity is dramatically switched
magnitude of the steric repulsion with the adjacent ethyl to positive values. This is due to the pronounced electrostatic
group of the neighboring porphyrin moiety, so increasing distribution possessed by this aromatic solvent, which allows
the screw angle and, thus, the induced chirality. Therefore, it to strongly interact with the polar methyl ester substituents,
on going to the CGlsolvent, the reduction in effective size so increasing their effective sizes to be greater than the alkyl
of phenylEtNH is greater than that for the cyclohexylEt\H  groups. Upon increasing thevalues in polar media, the
case, and consequently, the reduction in chirality is greater.solvent molecules are able to dipeldipole interact with




36 Chemical Reviews, 2008, Vol. 108, No. 1 Hembury et al.

NHCOX CONHX
1 a
50 8
\,__
W, 8
W N XOCHN NHCOX XHNOC CONHX
NN N ! 117 118
NN i -
N B \,
251 | 7 A0\
\ / - “_H_‘;_r_;,_,. -D-'I.‘\‘. .
PR s A b
43— ) \
i A
Afem™ m! £ p °
o o ;
I e’
0_ B e T L T P
|
| " Gy
ﬁ l b CﬂHlﬂ
g':ji' ¢ oo,
-254 ¥ d CeHg
L]
abed CHCl, EtOAc CH,Cl, (CH,Cl), 5
Hft-r = | T t — g
2.5 5 75 10 E
& —a 8 2]
Figure 61. Dependence of the CD amplitude bf2aL (black,L | |
= 113 (ed,L =114 greenl = 115 and queJ_. = 116). upon thg . o o o P SO 0 s
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from Borovkov, V. V.; Hembury, G. A.; Inoue, TAngew. Chem., . .
; . Figure 62. Structures and various temperature CD spectrblaf
Int. Ed.2003 42, 5310. Copyright 2003 Wiley-VCH Verlag GmbH (a) and 118 (b). Reprinted in part with permission from van

& Co. Herrikhuyzen, J.; Jonkheijm, P.; Schenning, A. P. H. J.; Meijer, E.

. . L . . W. Org. Biomol. Chem2008§ 4, 1539. Copyright 2006 The Royal
the ester group of the amino acid derivatives, thus increasingsociety of Chemistry.

the corresponding effective size of this group and switching
the dominant stereogenic interactions that result in the Twg disklike 1,3,5-benzenetricarboxamide-based mol-
chirality inversion. ecules117and118 were found to form divergent assemblies
The geometric influence of the solvent can be seen on iy methyicyclohexane along the; axis. It should be noted
consideration of the effect of dichloroethane. In this solvent, pere that, apparently, a small difference in the covalent
even though it possesses the highesmalue used in this  strycture of the two, i.e., the switching of the amide bond
study, the induced chirality is reduced in comparison to gjrection, resulted in dramatic differences in the supramo-
CH,Cl; and the prevailing trend. This is believed to be due |ecylar chirality, specifically, a positive bisignate CD signal
to its larger size that disallows efficient packing of the solvent for 117 and a positive monosignate Cotton effect 8
molecules around the polar substituent, thus attenuating itS(See Figure 62).

effective-size enhancement in comparison toeitealue. Investigation by IR spectroscopy revealed that theHN
59 Infl T t S lecul stretching vibrations are found at 3422 ¢n@117) and 3225

.. Infiuence of femperaiure on supramolecuiar cm 1 (118), revealing the absence and presence of hydrogen
Chirality bonding, respectively. VT CD experiments (Figure 62)

Because supramolecular assemblies are dynamic multi-showed that, on heating the two samples from 10 t6©0
component systems whose intermolecular structures, and thu$ was possible to disrupt the supramolecular assembly via
properties and functions, arise from the information encoded thermal decomposition, finally resulting in loss of all chirality
into the component molecules; any external influence that in the observed region. Interestingly, this is found by
disrupts or influences this is of critical importance. Clearly, comparison with the associated BVis spectra to be a two-
for such species held together by weak intermolecular stage process; first, the chiral supramolecular assembly
interactions, temperature will be a key factor. The specific changes to an achiral one, and second, it finally becomes
influences discussed here are as follows: the conceptuallymonodisperse. The heating effect also helps to reveal the
straightforward thermal disruption of assemblies, the more differences in stabilities between the two systems. Hof
complex cases of macromolecular phase changes, and théhe melting temperaturd) is quite sharply centered at 50
changes in the controlling influence of the entropic and °C, while Tr, for 118is broader and centered at 80. This

enthalpic contributions. investigation into the different temperature effects suggests
that the contribution of the amide hydrogen bonding ir8

5.2.1. Temperature-Induced N increases the thermal stability of the assembly.

Monodisperse-to-Supramolecular Transitions A similar effect for a supramolecular system basedlgn

The subtleties of intermolecular interactions and the effect Symmetric molecules is found in a work of Ishi-i et*&l.
increasing the systems thermal energy are well-highlighted Among others, they have investigated the columnar-type
in work by van Herrikhuyzen et k2 In this, they observed ~ assemblies formed by19, which possesses a chiral center
how a slight change in the orientation of the hydrogen-bond- on each of its pendent alkyl chains; see Figure 63.
ing amide group dramatically influences the chiral supramo-  The stability of these aggregates was investigated by-UV
lecular outcome of the assembly and how temperaturevis and CD spectroscopies. At 2€C in octane, a strong
variations differentially affect the observed optical activity. absorption at 329 nm is observed that correlates with the
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Sy In n-butanol, the UW-vis spectrum exhibits a maximum
T at 403 nm, which is typical for aggregated molecules of this
) 20°C, ‘ ‘ typel!® showing an approximate 50 nm blue shift in
s 300 30 340 360 380 comparison to the monodisperse state found in more polar

Alnm ————— solvents such as chloroform. When a 2.6.0°> M solution
Figure 64. Variable-temperature CD spectrabf9in octane (a) ~ Of 120is cooled to—10°C, a first negative-second positive
and p-xylene (b). Reprinted with permission from Ishi-i, T.; bisignate CD signal is observed, revealing intermolecular
Kuwahara, R.; Takata, A.; Jeong, Y.; Sakurai, K.; Makata, S. exciton coupling in arM-helical arrangement. Its position
Chem=—Eur. J.2006 12, 763. Copyright 2006 Wiley-VCH Verlag s also well-matched with the corresponding Yuis transi-
GmbH & Co. tion. Interestingly, the assembly also displays strong circu-
presence of the C0|umnar-type intermolecular Species_ Onlarly polarized ﬂl.,lorescence, ShOWiﬂg_ that it is chiral in both
heating to 75°C, no significant changes are observed, ground and excited states. On heating, the supramolecular
revealing significant structural stability. Howeverginxylene ~ assembly is disrupted in a manner similar to that described
on a stepwise increase in the temperature t6G5the 329 ~ for 119 118 and 117 previously. The CD signal is
nm peak is diminished and a new blue-shifted one at 308 diminished and finally lost by 40C, while the UV-vis
nm appears, indicating the formation of the monodisperse SPectra show a correlated red shift. However, when the same
species. This greater ability of the aromafiexylene to experiments are carried out in aqueous solution, while the
disrupt the supramolecular assembly (in comparison to the CD intensity and, thus, the chiral integrity of the species is

saturated hydrocarbon Octane) is ||ke|y due to atst lost by 40°C,the UV—vis and fluorescence data .indicate
interaction with thez-system ofL19(in a manner similar to ~ that120remains in an aggregated state above this temper-
that described in section 5.1). VT CD experimentd d9in ature. This reveals that the relationship between the tem-

octane ancp-xylene show the critical relationship between Pperature effect and the chirality of an assembly can be more-
the supramolecular structure and the induced chirality; see0r-less complex depending on the exact nature of the system,
Figure 64. both solute and solvent.

Thus, in both cases, a negative Cotton effect is observed, duced I Ch .
arising from the intermolecular coupling of the electronic gifg,ﬁggf@%;@m%‘figs Structural Changes in
transitions, revealing/ helicity in the assembly. Heating p
from 20°C in octane only results in a marginal reduction in In the previous section, it was seen how temperature effects
CD intensity. However, in a manner analogous to the VT could disrupt supramolecular assemblies producing mono-
UV—vis experiments inp-xylene, the CD intensity is  disperse solutions and a loss of chirality. However, there is
gradually reduced as the assembly’s integrity is broken down another possibility: that the temperature effect can result in
and the increasing thermal energy of the system disrupts thethe transformation from one chiral supramolecular species
intermolecular interactions. to another one that is still optically active but with a different
An additional effect, but one in which the structdre  structure.
chirality—temperature relationship is more subtly affected  Such a transformation is observed in the liquid crystalline
by the solvent, is seen in the supramolecular aggregatesspecies produced by the folic acid derivativd21—-123
formed by the chirab,o’-disubstituted sexithiophen&20 studied by Kato et al. (Figure 66% which had also
(Figure 65)1 previously been shown to undergo smectic-to-columnar
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Figure 67. Schematic representation of tetrameric hydrogen-
bonded assembly of pterin rings. 120

transitions induced by alkali metal salts and lipophilic
solventst!? 8or

The fundamental structural motif for the various liquid
crystalline phases (which depend on a crucial 0.25 molar 5;mgeg 4.0}
equiv of sodium triflate) found for these compounds is the

tetrameric hydrogen-bonded assembly of pterin rings shown -
in Figure 67. °
Analysis of the complementary VT small-angle X-ray
scattering (SAXS) and VT CD experiments then reveals the -a0}
temperature-controlled transitions between different phases 250 20 50 w00 pr
and the effect on the supramolecular chirality; see Figure Afom —
68.

At 25 °C, 122is in a columnar phase with an intercolum-  Figure 68. Small-angle X-ray diffraction profiles (a) and CD
nar spacing of 55.2 A; this corresponds to a positive bisignate (S)ger?g:ti(r?g) Oéteh&i%?g&p\'%hdgg ':‘n?gsﬁ)%?fgrg%%g’ ";0_'5"\;' ;?;'S())ka
CD signal with the'maX|mgm at .290 nm ar]d the. minimum T.; Nishii, M.; Kamikawa, Y.; Kanie, K.; Nishimura,yT.;’Yashima, ’
at 268 nm. On heating, the intensity of this signal is gradually g’ Ujiie, S. Angew. Chem.. Int. EQ004 43, 1969. Copyright
lost until none remains at 12TC, although the columnar 2004 wiley-VCH Verlag GmbH & Co.

structure remains as judged from the SAXS profiles.
However, at 140C, 122 undergoes a phase transition to a OH
Pm3n cubic phase (lattice parameter of 100.0 A) and results
in a dramatic return in CD intensity with an accompanying HO
chirality inversion producing a negative bisignate CD signal HO o (CHg)14CHs
with the minimum at 358 nm and the maximum at 280 nm. OH
Subsequent heating results in a gradual loss of the CD signal
reaching zero as the cubic phase is lost, and the system OH 124
becomes isotropic at 20C.
Thus, it is clear from this work that, as the thermal energy Q
of the assembly changes, the intermolecular arrangement 01HOHO o

the molecules adapts to find the energetically most favorable OH (CH7____~(CHz)sCHs
structure for the new conditions.
125

A different system is found in the nanostructures (visible
by scanning electron microscopy (SEM)) formed by the self-
assembly or combined-assembly of cardany! glucosi@ds
and 125 see Figure 698 Figure 69. Structures ofl24 and125

When 124 and 125 are combined in various ratios and
subjected @ a 2 day incubation, different chiral nanotube morphology of such systems was investigated by studying
morphologies are observed: twisted ribbon, loosely coiled the VT CD of 125 in water. At 25°C, 125is in a coiled
ribbon, tightly coiled ribbon, tubule with helical marking, helical structure with a strong negative Cotton effect at
and tubule without helical marking. These obervations 200 nm. On heating, this is gradually reduced until, at 45
highlight the interestingly subtle supramolecular chemistry °C, an opposite and weak positive Cotton effect is observed,
that transfers molecular chiral information to the meso/ which correlates with a morphological switch to spherical
macroscale. The temperature effect on the chirality and vesicles.
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Figure 70. Structures of monomerig-octiphenyl rods126—128).

The transformation of an assembly between different forms

is also well-known to occur in biomolecular species, and
this realization has been used by various researchers t
investigate the rational design of bio-inspired conforma-
tionally switchable chiral systeni&? An example in which
temperature is a crucial controlling element is found in
the work of Sakai and Matil&® Here, the assembly of
p-octiphenyl rods with six complementary tripeptide
strands {26—-128 see Figure 70) in the presence of a bi-
layer membrane is studied by VT UWis and CD measure-
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Figure 71. Schematic representation of the temperature-controlled
RNA and DNA conformational switching. Reprinted with permis-
sion from Tashiro, R.; Sugiyama, B. Am. Chem. So@005 127,
2094. Copyright 2005 American Chemical Society.

5.2.3. Temperature-Induced Changes in Enthalpy and
Entropy Contributions

ments.
Addition of equimolar amounts ol27 and 128 to a

Typically, the main consideration given as to whether an
intermolecular process, chiral or achiral, will proceed (and
solution containing large unilamellar vesicles from egg the degree to which it does) or not is often the enthalpic
yolk phosphatidylcholine at 25 resulted in a first positive contribution. Specifically, the strength of the interactions that
second negative bisignate CD spectrum that is associatedde occurring between the molecules is typically the priority
with a -barrel structure. On raising the temperature to 70 issue. However, it is extremely important to realize that
°C, the magnitude of the Cotton effects increased but wasWhether such a process is favorable will be determined by
found to be irreversible. At 90C, the chirality of the =~ Whether its change in Gibbs free energy is negative or not;
assembly inverted to give a weak negative bisignate CD this is described by the Gibbsielmholtz equationAG =
signal, a change that is also irreversible and results in theAH — TAS thus, it is clear that there are two major terms:
formation of 8-fibrils. Similar but less complex behavior is  the enthalpy and entropy. The entropy term is clearly
observed for the equivalent structures that comprik26l extremely important but is commonly not considered suf-
and127. Here, irreversible structural changes and chirality ficiently. This omission is possibly because obtaining nu-
inversion (positive-to-negative bisignate CD signals) are merical data is more dlﬁ!cult, _and the results are conc_eptqally
induced by varying the temperature from 20 to @5 more challenging to rationalize. Recently, such realizations

. o o . have become an issue of increasing importance in the
Finally, ch|r€';ll|ty.|nver5|on is observed in the temperature- literaturel?® In particular, the group of Inoue has been at
_corgKI)Xed degf\lh'&ng betwei.enltgle_}% and A-Z Iorn:.s the forefront of work trying to unravel the nature of the
n an , respectively? ese are instructive entropic control in chiral supramolecular systelifs.
supramolecular systems that well-highlight the delicate

interplay between inter-/intramolecular interactions and the foroanneaosf tg?#g%ﬁitrggﬂi{;m;nagﬁ) :Inc?g:u?rri?\upv;?hoi\r,]\lz ?:rv_v,
chirality of the structures formed, as well as how such y 9

nary assembly, temperature changes result in a switching
systems may act as sensors. between enthalpic and entropic control. The outcome is that
The switch between the A-form of RNA and the B-form  hoth the degree and sign of the enantioselectivity chattges.
of DNA and their corresponding Z-forms is monitored by |n this NADH reaction model, a series of amino acid
the magnitude of the fluorescence emission from a 2-ami- gppended 1,4-dihydronicotinamides form a transient ternary
nopurine. In the A- and B-forms, the continuamsstacks  species with methyl benzoylformate and a magnesium ion,
effectively quench the fluorescence; however, in the Z-forms, with the product’s chirality determined by which enantiotopic
the formation of discrete four-base stacks reduces thehydrogen at the C4 position is sterically blocked; see Figure
quenching. The accompanying changes in chirality are 72,

in Figure 71. at temperatures between35 and 72°C, and the relative
Thus, for RNA at 20°C, the right-handed A-form  rate constants for the production of eitieor Senantiomer
dominates, which gradually transforms to the Z-form by 45 were determined and plotted against the reciprocal of the
°C; this is characterized by an inversion of the CD spectra temperature; see Figure 73. This reveals that the enantio-
at ca. 290 nm, although the negative first Cotton effect statusselectivity formed from the reaction within the assembly is
remains unchanged. For DNA, its low-temperature structural both changed in magnitude and sign (at® for 132) by
preference is opposite to that for RNA, with the fluorescent variation of the temperature. To gain further insight the
Z-form present in comparison to the A-form for RNA. Thus, differential activation, enthalpiesA@GH*) and entropies

on heating, this switches to the nonfluorescent B-fé#tn.
This work elegantly shows how the chirality of the-s-

and hydrogen-bond-stabilized helical structure can be dra-

matically switched by variation of the temperature and
monitored by the fluorescence readout of the sensor.

(AASY) are obtained from the differential Eyring equation,
In(kdkr) = AAS's /R — AAH*s g/RT.

It is found that theAAS's_ values are not equal to zero,
being —3.75 and+1.89 cal/mol for131 and 132 respec-
tively. The rationale for these values is thought to be changes
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Figure 73. Temperature dependence of the enantioselectivity in
the asymmetric reduction of methyl benzoylformate witB9
(closed circle)130(closed square)},31(closed triangle)132 (open
circle), and133 (open square). Reprinted in part with permission
from Saito, R.; Naruse, S.; Takano, K.; Fukuda, K.; Katoh, A.;
Inoue, Y. Org. Lett. 2006 8, 2067. Copyright 2006 American
Chemical Society.

in the activation volume, caused by the movement of the
benzyl group for1l31 and by a flipping action of the
pyrrolidine ring for 131 Subsequent plotting of the en-
thalpy—entropy compensation ploAAS's_r againsAAHs_g)
produced a straight line, which confirms that the enantiod-

of the chiral brucine-porphyrin gelator134) and used VCD
data obtained in different solvents to investigate their
origin;*?¢ see Figure 74.

In DMSO-ds, 134 forms a dark-brown solution, but on
addition of CROD, this changes to a homogeneous orga-
nogel (starting at a 4:1 DMS@s/CD;OD ratio) with the
same color and is found to entrap ca. 3000;0D molecules
per molecule ofl34 The sot-gel transition is accompanied
by an inversion of the chirality associated with tH{€=0)
stretch at ca. 1665 crb, from a very weak negative Cotton
effect to a stronger positive one at a 4:1 ratio, which then
increases again in pure GDD. The weak negative Cotton
effect correlates with that of pure brucine in the solution
phase in DMSGdes, which confirms thatl34 is not able to
form intermolecular associations in this solvent, likely
because of effective competition for the interaction sites by
the solvent. Also, it is observed that the maxima of both the
IR and VCD peaks for the(C=0) stretch in the gel phase
do not significantly alter on change of solvent composition,
indicating that these sites are inside the sol clusters and not
available for potential solvent interaction, and thus, this can
be inferred as a requirement for gel stability. Theref@R
is classed as a hydrogen-bond gelator rather than a non-
hydrogen-bond gelator because it is clear that these inter-
molecular interactions are crucial to the gel formatidh.
Additional to this, it was found that no gel phase was formed
when benzoyl groups replaced the porphyrin moieties, with
the authors proposing that-s interactions associated with
the porphyrins are central to the chiral superstructures
formation. The chirality to be generated in the gel phase was

ifferentiating mechanism does not change with the amino then directly observed by analysis of a dry gel sample by
acid. From these results, it can be seen that the product'sSEM-. This revealed the presence of puckered fibrils 0f200
chirality is determined by the enthalpy term at low temper- 290 nm diameter, with a regular right-handed helical
atures and by the entropy term at higher temperatures. Suctptructure.

a phenomenon is possible due to the flexible transition-state  The potential importance of the phase state is dramatically

complex in which the intermolecular interactions between

shown in work investigating lutein (Figure 75) by Zsila et

the assembly’s components allow the subtle changes inal- in which changes in the chiral state are observed for

conformation.
5.3. Influence of Phase Transitions on
Supramolecular Chirality

Work from the group of Urbandveonsidered the changes
in chirality on the solution-to-gel (selgel) phase transition

monodisperse, solution supramolecular, thin film, and crys-
talline states?®

In acetone solution, U¥vis analysis indicates that lutein
exists in a predominantly monomeric state, and no CD signals
are observed in the 35650 nm region associated with the
polyene moiety f—z* transitions), despite a molar absorp-
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Figure 74. Structure ofl34
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Figure 75. Structure of lutein.

tion coefficient of ca. 1.2x 10®° Mt cm. It also shows 408
that chiral information from the point-chirality sources at ]
either end is not intramolecularly transferred to the polyene. 5
On addition of water to the acetone/lutein solution, a negative 1 .-
bisignate signal appears with a zero crossover wavelength & %= g ——
of 372.5 nm. Detailed quantitative analysis of the spectral 'g : sgagn, g
data leads to the conclusion that here the lutein exists as & -5+ “
stacked H-type dimers (favored by the hydrophobic nature  © |
of the molecule) and, according to the exciton coupling 10
theory, possesses left-handed orientation. l
However, on a phase transition to the thin-film state, an 15 3
inversion of the chirality is observed to give a positive 1 w0 47
bisignate CD signal corresponding to a right-handed orienta- 0.08 ) Pf’ 415
tion; see Figure 76. Investigation of thefactors from both 1 ,'1:0,
the aqueous acetone and the thin films give values of similar 0.07 4 R
absolute magnitude;-5.6 x 1072 and +3.4 x 1073, § 006 : : ‘o
respectively, which suggests that the degree of chiral & | ‘ ;
organization is almost the same in both phases. Subsequent g 0054\
CD measurements of crystalline lutein (as a KBr disk) then )
show another inversion of chirality (Figure 76) and a return 0.04 - 405
to that found in aqueous solution that suggests a H-type 1
intermolecular arrangement, as also found for the aqueous o84 _ _ _  ———
acetone solution. 300 350 400 450 500 550 600
When considering the effect of the phase (e.g., solution A (nm)

to solid) on the chirality generated, it is important, but often Figure 76. UV/vis and CD spectra of lutein film on a quartz slide
overlooked, to consider the presence of exciton coupling (solid line) and lutein crystalls in a KBr disk (dotted line, right
interactions that may occur not just from within the discrete g&is%-ezigig‘steg i-nD%allirt .;N'itgirr:]%rrqr;/iissliz)ln Ff)fr?yn; chri:g;n':-gg'ia
supramolecular system that we consider in solution but also<: 1 £ 1 Y V. IS .

from between several such assemblies that are close enouglli05 9413. Copyright 2001 American Chemical Society.

in the solid-state structure. This principle is shown in work - . . . o
by our group?® In this, chirality is induced in an achiral transitions _dommate. The rationale for this interpretation is
bis(zinc porphyrin)L12aby the addition of chiral monoamine presented in Figure 77.

ligands, according to the mechanism described in section The analysis explains that, while the intramolecular
5.1.2, and the differences found between the solution andclockwise orientation found in solution still occurs, the
the solid phase have been investigated. For exampleSthe ( intermolecular anticlockwise transition couplings, which are
isopinocampheylamine ligand induces in solution a positive more numerous, must be taken into account and, because of
bisignate CD signal that corresponds to a clockwise orienta- their amplification effect, result in the final observed chirality
tion between the low-energy porphyrin electronic transitions; inversion. A similar amplification effect in which consider-
however, in the solid state (KBr disk), this is inverted to ation of the intermolecular electronic transition couplings
give a negative bisignate CD signal, thus suggesting thatrationalize the solid-state chirality in comparison to a
anticlockwise orientations of the corresponding electronic marginally chiral solution state was also observed for a zinc
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- Figure 79. CD and UV-vis spectra of two solutions of homo-
Intermolecular associates df35 clockwise (solid lines) and anticlockwise (dashed
coupling lines) vortex directions during the rotary evaporation. Reprinted

Figure 77. Schematic representation of the intra- and intermo- With permission from RiboJ. M.; Crusats, J.; SagsieF.; Claret,
lecular exciton coupling in the solid staid2a(S)-L. Reprinted J.; Rubires, RScience2001, 292, 2063. Copyright 2001 American

with permission from Borovkov, V. V.: Hembury, G. A.; Inoue, Association for the Advancement of Science.
Y. Acc. Chem. Res2004 37, 449. Copyright 2004 American
Chemical Society. dichroism effectd33In the present case, linear dichroism was

eliminated as a contribution to the CD, and it was found
that changes in the optical rotation dispersion spectra
correlated with those of the CD spectra; as such, this is the
first undisputed case of chirality induction of this type.

It is believed that the origin of the aggregates’ chirality
comes from an initial long ribbonlike J-aggregatel@h, it
p-*Na—05SPh Ph is then either a left- or right-handed deviation from linearity

that produces the initial chiral fluctuation as influenced by
the vortex direction; see Figure 80. The aggregates are then
built up by the subsequent addition of further small86
assemblies, to finally give H-type bundles of J-type aggre-
gate. It is key to realize that any additional approach by
PhSO;~Na*-p further chiral building blocks will be diastereotopic in nature
and, thus, promote the buildup of homochiral assemblies. It
is also believed that chiral steric hindrance arising from the

octaethylporphyrin monomer system in the presence of 299r€gates provides an autocatalytic mechanism for preserv-
enantio)pl)lﬁ)re %rr{inééo y P ing the dominant chirality while disfavoring the opposite.

Finally, one of the most remarkable and fascinating In this and preceding sections, we have briefly discussed
examples of influencing chirality by phase change is that several porphyrin-based chirogenic assemblies. However,
performed by Ribet al. Essentially, this work describes the taking into account the paramount importance of porphy-
generation of either left- or right-handed aggregates from rinoids for chirality-sensing purposes, these systems will be
an achiral solution by virtue of whether the solution is stirred discussed in the next section in more detail.
in either a clockwise or anticlockwise directidt.In these
experiments, the aggregating species are a group of dipro-6, Porphyrin-Based Systems
tonatedmesesulfonatophenyl-substituted porphyrins, typified
by 135 in Figure 78, and are designed to interact via the  Supramolecular systems on the basis of porphyrins so far
positively charge porphyrin ring and the negatively charged have attracted much attention for chirality-sensing purposes,
sulfonato groups. owing to their appropriate spectral and physicochemical

Typical experimental details are as follows: a solution of properties, easy handling and versatile modification, direct
3 uM 135 held at an angle of £50r 55°, which is then relation to many biological processes, and wide applicability.
subjected to rotary evaporation (25 Torr) while being stirred The scientific interest in such porphyrin supramolecular
(600 rpm) either in clockwise or anticlockwise direction, thus systems and their effective application are well-documented
generating a vortex in the solution. The resulting aggregatesin several reviews discussing this subject to a greater or lesser
were analyzed by U¥vis and CD spectroscopies to give extent>20.23¢.26.134However, in contrast to the previously
the results shown in Figure 79. published reviews, this section will exclusively summarize

Thus, from such experiments and analysis, it is found that, the most important representative examples of supramolecu-
reproducibly, clockwise vortices give positive chirality of lar systems, which are able to sense different types of
the aggregatesPthelicity) at the Soret band (ca. 490 nm), chirality using porphyrins as a chromophoric reporter unit
while anticlockwise vortices give negative chiralitjv{ and classify it into several categories according to the
helicity). Although such phenomena had been reported chirality’s origin and the complexity of the supramolecular
beforel®? the results were disputed and attributed to linear system.

PhSO;~Na*-p

2CI-

Figure 78. Structure ofl35
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Figure 80. Different types of the porphyrin association. Reprinted with permission from Rubires, R.; Farrera, J.-AJ.Rib&€hem—
Eur. J.2001 7, 436. Copyright 2001 Wiley-VCH Verlag GmbH & Co.

6.1. Point-Chirality Sensing signals, apparently reflecting a multistep equilibrium in the

As the simplest and, thus, most easily understandable ancfmdmg process. Despite this complexil3dwas suggested

. . . . e . or use as a chirality sensor that can read out absolute
widely applicable detection process, point-chirality Sensing ,c1res of interacting guest molecules and transcribe them
W.'” _be dlscussed first. In general, thefe should _be c_Iea_rIy into highly amplified CD signals in the visible region.
distinguished two processes under this term: (i) chirality ) : )
sensing itself, that is, asymmetry transfer from a chiral guest Other examples included a group of various saccharide
to an achiral porphyrin host upon noncovalent hagiest Sensors. Shmkal_ and co—worke(s designed a simple but
interactions and (ii) chiral recognition that resembles the Selective porphyrin sensor exclusively fotactulose on the
“lock and key” principle in which there is better matching basis of distance matching between the binding sites of this

between two particular enantiomeric pairs of host and guest,Sugar and two boronic acid groups ais-140 (Figure 82)
thus resulting in better binding interactions. Fhat yielded a 1:1 com_ple§< with a monosignate CD response
Monomeric porphyrins are the simplest chromophoric units In the Soret band regioti’ Further elaboration of the host
in terms of structure; nevertheless, they can be effectively Structure resulted in wider sensoric applicability for different
used for chirality-sensing/recognition purposes. For example,Ch'ral guests. Parnoularly, a doub_le-decker a_rch|tecture of

Aida’s group applied a series of saddle-shaped fully substi- C€nter-to-center bound bisporphyribé1—148 (Figure 82),
tuted porphyrinsl36—138 for chirality sensing of various ~ designed on the basis of F&©—Fe u-oxo-dimers and Ce
enantiopure acids (Figure 8%135 The chirality-transfer complexes, allowed chirality sensing of saccharidesX i
mechanism is based on the equilibrium shift between the 142 146, 147), dicarboxylic acids (f0r143_%;185)- dianions
racemic mirror image forms of these porphyrins upon (for 148, and memorizing chirality (fol49)."** The gener-
interaction with chiral acids via hydrogen bonding of two atéd chiral memory was remarkably preserved for 3 days at

carboxylates to the pyrrole nitrogens from opposite sides to O °C and even for 1 year at37 °C (see section 7). The
give a 1:2 complex (Figure 81). The resulting supramolecular association mechan_lsm included the interaction ofa bldenyate
complexes exhibited a noticeable induced CD signal in the 9uest with two binding groups of the neighboring porphyrin
region of the Soret band, the sign of which was correlated Moi€ties, forcing these macrocycles to rotate around the
with the relative steric bulk at the asymmetric center, thus central axis and subsequently to form right- or left-handed
allowing the absolute-configuration determination, except in tWists, depending on the guest's stereochemistry (Figure 82).
some borderline cases, when the relative size of two This asymmetry transfer resulted in noticeable optical activity
substituents was nearly equal. Despite the lack of a com-in the region of the porphyrin absorption caused by inter-
prehensive rationale of the observed optical activity, the Porphyrin exciton coupling, the sign of which was essentially
induced chirality was effectively used to memorize chirality determined by the direction of the interporphyrin twist. The
(see section 7). Later, this concept was elegantly expanded10St-guest binding occurred in a highly cooperative manner,
to the corresponding bisporphyrit89 (Figure 81), which exhibiting a positive allosteric effect, and the CD response
resulted in significant amplification (more than 7-fold) of Was strongly affected by the guest's structure, solvent, and
the optical activity A = 260 M1 cm1 in the case of - pH. Interestingly, in the case of maltooligosaccharide guests,
mandelic acid) in comparison to the corresponding monomer, @ chirality-switching effect controlled by the number of
owing, as assumed, to the translation of the nonplanarSaccharide units was reported fb46

chirality of the porphyrin ring into the helical chirality of Amino acids are another important class of chiral com-
the entire assembR#% However, a stepwise increase of the pound, the chirality of which plays a vitally important role
guest concentration produced complicated changes in the CDOn the functioning of living organisms; therefore, several re-
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R3 R1

Ro
136: R = Ph(OMe),-0,0; R; =R, =R3 =Ph

137: R = R, = Ph(OMe),-0,0; R, = Ry = Ph M

138: R =R = R, = Ph(OMe),-0,0; R; = Ph (S)-Mandelic Acid

139: R = Ph(OMe),-0,0

Figure 81. Structures ofLl36—139and crystallographic structure of the mandelate compleb3@f Reprinted in part with permission from
Mizuno, Y.; Aida, T.; Yamaguchi, KJ. Am. Chem. So00Q 122 5278. Copyright 2000 American Chemical Society.

search groups have been intensively investigating amino acid-forces) and the hostguest dispersion interactions (an
based supramolecular systems. Hence, Mizutani, Ogoshi, angenthalpic force) along with desolvation-driven binding (an
co-workers, using thzansisomers ofl49and150 (Figure entropic force), which were dominant in water.

83), have developed a receptor for amino acids with To sense the chirality of unprotected zwitterionic amino
particular selectivity found for Asp-OMe (the binding acids, Tamiaki et al. applied a biphasic organic solvent
constant was found to be as large as 6:980* M~1); this water system usin52 (Figure 83) for extraction of amino
arises from the conformational matching of a three-point acids from the aqueous phad&The resulting 1:1 complexes
fixation mode ensured by the coordination and two hydrogen- gave two well-resolved CD couplets of opposite sign, which
bonding interaction&®® All the systems studied exhibited a were matched to the split Soret band and Q transitions in
small-to-moderate negative couplet induced in the Soretthe UV—vis spectra. ThéA value was strongly dependent
region, which was suggested to originate via the porphyrin  upon the solvent used and the Ph ring substituents, with the
carbonyl coupling mechanism, although other factors may highest sensitivity found for aromatic solvents ate t-Bu.

also contribute. To expand the applicability of the amino The sign of the induced CD generally followed the chirality
acid receptors, a series of porphyritsl (Figure 83) were of amino acids, though with several reported exceptions.
proposed for dual use: (i) in nonpolar organic solvents as Nevertheless, the authors suggested to use this method for
the ester derivatives and (i) in aqueous media as thedetermination of the absolute configuration of unprotected
hydrolyzed derivative&® Interestingly, it was found that two  a-amino acids. Additionally, replacement of the achiral acac
driving forces competitively contribute to the binding: the external ligand with enantiopure 3-acetylcamphors resulted
electrostatic interactions upon coordination of the amino in the corresponding chiral complexes, which in turn were
group to the Zn central ion in organic solvents (enthalpic applied for chirality recognitiod?? It was successfully
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140: R = PhB(OH),-m, R; = Ph 141-148

141: X = FeOFe, R =R| = Ry = PhB(OH),-m 142: X = FeOFe, R = R| = R, = PhB(OH),p
143: X =Ce, R =R, = R, = p-pyridyl 144: X = Ce, R=R, = p-pyridyl, R, = Ph

145: X = Ce, R =R, = p-pyridyl, R| = Ph(OMe),-m,m

146: X = Ce, R =R, = p -(N-CH,PhB(OH),-p)pyridyl, R| = PhOMe-p

147: X = Ce, R = p -(N-CH,PhB(OH),-p)pyridyl, R; = R, = PhOMe-p

148: X = Ce, R = R, = p -(N-Me)pyridyl, R, = PhOMe-p

—

chiral guest

free rotation unidirectional rotation

Figure 82. Structures ofl40—148 and schematic representation of chirality transfer from enantiomeric gueb#d-+d 48 Reprinted in
part with permission from Borovkov, V. V.; Inoue, Yop. Curr. Chem2006 265 89. Copyright 2006 Springer-Verlag.

demonstrated by the complexation with two antipodal making it possible to quantify different amino acids in
dipeptides, the CD response of which gave opposite bisignatesolutions, although the operating mechanism was not re-
couplets of different intensities depending upon the corre- ported.
sponding diastereomeric compositions. However, the sensi- One of the most effective recognitions of amino acid esters
tivity of this system was not high enough to detect antipodal with an enantioselectivity as high as 21.54 (for Phe-OMe)
alanines. The sensitivity of this method was further improved was reported by Zhu and co-workers upon applying the
by using a synergistic binding approach upon incorporation amino-acid-substitutets5-157 (Figure 84)1*5It was shown
of the crown ether moiety to yieldi53 (Figure 83):* Co- that the enantioselectivity was exponentially dependent upon
coordination of the C@ group of amino acid to the the temperature and that the diastereomeric complexes
lanthanide center, as well as the NHyroup to the crown exhibited different CD responses. Specifically, the CD
ether, along with an appropriate metal choice, considerably spectrum of155 in the presence of weakly boundAla-
enhanced the extraction abilities aAdralues. OMe was essentially similar to that of uncomplexisb,
Another approach for sensing unprotected amino acids wasyielding a single negative Cotton effect in the region of the
demonstrated by Harmon and co-workers by using solid- Soret band, while strongly bourmtAla-OMe produced a
state optical detectiolf* This method was based on the positive couplet, apparently because of the excitonic interac-
hypsochromic shifts in UWvis spectra ofL54 (Figure 83) tions between the porphyrin and the amino acid’s carbonyl
immobilized as a monolayer onto a cellulose film caused transitions, although this chiroptical effect was not explained.
by interaction with amino acids. The degree of spectral As mentioned above, a bischromophoric (or multichro-
change was dependent upon the structure of the amino acidmophoric) motif considerably enhances the applicability and
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Figure 83. Structures of porphyrinsld9—154).
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Figure 84. Structures of porphyrinsl65-157).

Hembury et al.
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(R)-1,2-binaphthyl (BNP) bridge inl58 (Figure 85) pro-
duced intense CD signal in the region of the low-energy Q
transitions, the complex shape of which was rationalized in
terms of the excitonic interactions by analyzing band-
deconvolution results. Similarly, in the caseld9 (Figure

85), a pair of phthalocyanine chromophores was brought
together in a chiral arrangement by a hematoxylin bridge.
The chiroptical response consisted of an intense negative-
to-positive bisignate and several weak CD signals in the Q
and Soret band regions arising from the excitonic interactions
between the two phthalocyanines. The induced optical
activity was unambiguously confirmed by ab initio geometry
optimization combined with a KuhrKirkwood coupled-
oscillator mechanism, which additionally allowed determi-
nation of the absolute configuration of hematoxylin as the
(6aS11bR)-form. Although this method provides a powerful
tool for assigning stereochemistry, the practical application
is rather limited because of its overall complexity.

More effective supramolecular systems for chirality sens-
ing were proposed by Nakanishi and co-workers on the basis

sensitivity of porphyrinoid-based supramolecular systems for of bisporphyrin hostL60, which is able to adopt a tweezer
chirality-sensing purposes. This approach was successfullyconformation upon complexation with bidentate ligands

used by Durfee, Kobayashi, Ceulemans, and co-workérs.

(Figure 86)®147 The chirality-induction mechanism was

In particular, two subphthalocyanine units connected by an found to be based upon the stereospecific differentiation of
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159: R=H or -Bu
Figure 85. Structures of bisporphyrinoid4%8 159).

SO N

Figure 86. Molecular model of complex df60with a chiral guest.
Reprinted with permission from Huang, X.; Fujioka, N.; Pescitelli,
G.; Koehn, F. E.; Williamson, R. T.; Nakanishi, K.; Berova, N.
Am. Chem. Soc2002 124, 10320. Copyright 2002 American
Chemical Society.
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of the assembly. This resulted in formation of a directional
orientation of the two porphyrins it60, thus inducing an
exciton couplet CD, the sign of which was suggested to be
used as a tool for the absolute configuration determination
of various bidentate guests. In cases when the relative
bulkiness could not be directly determined, molecular
mechanics calculations were applied for conformational
analysis to explain the observed inconsistency between the
predicted and obtained chirality. However, this system cannot
be directly used for sensing monodentate guests without
additional synthetic modification.

To fill this gap, our group has developed a highly efficient
chirality sensor on the basis of a simple ethane-bridged
bisporphyrin structuré1226272.111.144n sharp contrast to the
other bisporphyrin systems, this host is able to sense the
chirality of not only bidentate but also monodentate guests,
owing to the linkage’s semiflexibility/semirigidity provided
by the relatively short but sufficiently flexible ethane chain
via formation of the stable extended 1:2 hegtiest com-
plexes in a cooperative manner with a Gibbs free energy
ranging from—6.7 to —8.4 kcal mot* for primary amines
as determined by analyzing the corresponding-Wis/CD
spectral changes. The specific mechanism of chirogenesis
in 112 caused by monodentate guests included competitive
repulsive interactions between the two most bulky substit-
uents at the ligand’s stereogenic center and the ethyl groups
of the neighboring porphyrin ring (Figure 58). The bulkiest
group forced the neighboring macrocycle to move outward,
thus generating a unidirectional twist, which resulted in a
moderate-to-strong exciton couplet CD signal in the Soret
region. The chirality sign correlated with the induced helicity,
allowing straightforward determination of the absolute con-
figuration of monodentate guests. A fully rationalized host
guest interaction mechanism allowed the detailed investiga-
tion of various external and internal factors influencing the
chirality-induction processes. For example, it was shown that
the A value was linearly dependent upon the size of the
largest substituent at the stereogenic center for homologous
ligands, thus allowing prediction of the induced chiralit§ad
Also, a decisive role of the solvent as an active part of the
overall supramolecular system was clearly understood through
judicious analysis of the selective soldtlvent interactions
in the borderline cases where the differences between the
competitive chiral interactions were small and the substitu-
ent’s relative bulkiness could be modulated upon formation
of a specific solvation shell (see section B Temper-
ature was found to be another important factor controlling
the chirogenic processes, considerably increasing treues
upon lowering the temperature via enhancing the binding
affinity, thus allowing chirality induction by alcohols pos-
sessing a well-known low affinity for Zn porphyrifge-9
However, the alcohol binding, and thus the chirality-sensing
ability, was considerably increased by replacement of Zn
central ion with a Mg ior##8h

Interaction ofl12awith bidentate guests resulted in the
formation of extremely stable 1:1 tweezer complexes with
the binding constants estimated as high a0’ M1,
However, further increasing the bidentate guest concentration
could shift the supramolecular equilibria in the majority of

the substituents’ relative bulkiness at the asymmetric carboncases toward the extended 1:2 complex, hence allowing
by forcing the bisporphyrin to adopt, in general, the least investigation of the corresponding stoichiometry effééitk

sterically hindered conformation, although it was also In the case of enantiomeric 1,2-diphenylethylenediamine, a
reported that other factors such as hydrogen bonding,remarkable phenomenon of chirality switching controlled
heteroatoms, solvent, etc. might affect the overall geometry exclusively by the stoichiometry of the supramolecular
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Figure 87. Crystallographic structure of thel2d(R R)-DACH tweezer complex. Reprinted with permission from Borovkov, V. V.; Fujii,
I.; Muranaka, A.; Hembury, G. A.; Tanaka, T.; Ceulemans, A.; Kobayashi, N.; Inougndew. Chemint. Ed.2004 43, 5481. Copyright
2004 Wiley-VCH Verlag GmbH & Co.

system as a result of the opposite spatial orientation of the £t Et

1:1 and 1:2 complexes was discovered. More importantly, a
full and unambiguous rationalization of the induced optical
activity in the bisporphyrin-based supramolecular system was CH,
achieved for the first time by using chiral 1,2-diaminocy-

clohexane (DACH). Particularly, on the basis of the obtained Et Et
crystallographic structure of tHEL2d(R R)-DACH tweezer
complex (Figure 87) and the KuhitKirkwood coupled-
oscillator mechanism, the CD signal was assigned to be a 161
combination of the two B-B; and B,-—By homocouplings, Figure 88. Structure of bischlorirl61
both of which were orientated in an anticlockwise manner,

thus resulting in an intense negative CD couplet{ =590 coupling electronic transitions of the chromophoric host,
M=t cm™), while the contribution of the corresponding which is dependent upon the guest’s stereochemistry.
B,—Bp heterocouplings was found to be negligittelhus, Besides the point-chirality sensing discussed above, por-
high sensitivity, full rationalization, and wide applicability  pnyrin chromophores can also be effectively used for more

for various types of guests showed thaf2 could serve as  complicated conformational chirality sensing, as defined in
an powerful tool for studying various aspects of supramo- gection 2.

lecular chirogenesis and additionally for use as a versatile

chirality sensqr..Furthermore,_a simple modificajcion_ of this 6.2. Chiral Conformation Sensing

structural motif, i.e., the reduction of one pyrrole ring in each

porphyrin unit, also allows effective enantioselective recog- This type of chirality often occurs in many natural
nition of chiral guests. Hence, enantiopure bischldréi biopolymers and superstructures (DNA/RNA, polypeptides,
(Figure 88) exhibits a noticeably different CD response upon proteins, etc.). In order to sense such chirality efficiently,
interaction with the corresponding antipodal amité@g.he the porphyrin chromophores should be able to interact with
mechanism of chiral recognition is based on two-pointhost the corresponding system to read out the chiral information.
guest interactions combined with the variability of the However, this is a rather arduous task because of a large

Et Et 2
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162: R=H 163: R =Me

Figure 90. Structures ofl62 and163

Figure 89. Model of a 1:1 complex ofl54Cp3K-N. Reprinted Further insight into the self-assembly 54 onto polyl-
with permission from Kovaric, B. C.; Kokona, B.; Schwab, A. D.;  ysine was gained by Purrello, Periasamy, and co-workers.
Twomey, M. A.; de Paula, J. C.; Fairman, R.Am. Chem. Soc.  This system also exhibited efficient chirality transfer from
2006 128 4166. Copyright 2006 American Chemical Society. the polypeptide matrix to the porphyrin J-aggregates. This
) ) . process was controlled by pH and rationalized in terms of
number_ of, a_md, in many cases, uncertainty relating to the {he monomeraggregate equilibrium, which was shifted
Interaction sites. toward the aggregation state at low pHs because of the
One of the successful approaches, which was able to solveprotonation of polylysine. Additionally, it was reported that
this problem in the case of oligopeptides, was demonstratedmetalation could strongly affect the aggregation behavior and,
by Kovaric et al*® It was shown that anioni@54, upon consequently, the chiroptical properties: the corresponding
electrostatic interactions with the lysine residues of a zn complex presumably favored the face-to-face arrange-
designed peptide, Cp3K-N, induces a coiled-coil structure, ment, yielding a complicated multicomponent CD signal,
resulting in a tightly bound porphyrinpeptide pair of 1:1  with the hexacoordinate Sn complex exhibiting the strong
stoichiometry (Figure 89), which produces optical activity resistance toward aggregation. Another attractive develop-
in the Soret region. ment for the polypeptide matrix was a combination of
Another example of peptide sensing was shown by Mihara cationic and anionic porphyriri§* Particularly, 154 and
and co-workers, who applied the coordination properties of various metallocomplexes of 5,10,15,20-tetrBirethylpy-
Zn and Fe complexes of mesoporphyrin IX (MP) to construct ridyl)porphyrin (TMP) formed stable chiral aggregates on
a supramolecular system on the basisudtfelical peptide polyglutamic acid, resulting in a strong chiroptical response
dendrimers conjugated with porphyrifd.The metallopor- in the Soret regionX = 2500 cnt M~ for the Zn complex).
phyrins were bound to a designed hydrophobic pocket of Using CuTMP promoted further stability of this heteropor-
the peptide units containing the histidine residue to deploy phyrin assembly, allowing the chiral information to be
a porphyrin parallel to the helix axis, resulting in an intense memorized even when the chiral matrix was disrupted by
CD response in the Soret region, which was heavily de- raising the pH. The chiral memory was retained for several
pendent upon the particular dendrimer generation. A negativedays, decreasing only by 30% 4 weeks owing to the
couplet observed for the lower-generation dendrimers ( kinetic inertness of the aggregates (see section 7).
4) transformed into a single positive Cotton effect (fior In studies of more complex supramolecular structures
8, 16) followed by the partial regeneration of a low-energy based on proteins, the role played by porphyrins is clearly
negative Cotton effect. While the observed chiroptical switched from the host to the guest. Thus, Larsen and co-
properties were not discussed in detail, these systems werevorkers investigated the self-assembled complexes between
applied for peroxidase-like activities (for FeMP), which were either uroporphyrin (UP) or 5,10,15,20-tetra(4-carboxy-
suppressed with dendrimer growth, and photoinduced energyphenyl)porphyrin (CPP) and cytohroneé® The complex
and electron transfer (for ZnMP), which in contrast was formation involved electrostatic interaction between car-
accomplished more effectively as the dendrimer generationboxylic groups of these porphyrins and a region of the
increased, reflecting denser packing of the porphyrins. positively charged lysine residues located on the protein’s
Fukushima used a chiral template based gh<sheet of exterior, leading to the positive and negative CD couplets
poly(Glu-Val-Lys-Val) to investigate chirality induction in  observed for UP and CPP, correspondingly, after subtraction
porphyrin aggregates consistingd&4.152Upon electrostatic  of the protein background. The induced CD was speculated
interactions between the porphyrin and the polypeptide, to be a result of exciton coupling between the intrinsic protein
several optically active aggregates are apparently formed,heme and the bound porphyrins that are orientated differently
which resulted in the appearance of two negative well- on the surface. Although this chiroptical distinction was not
separated CD couplets and a negative monosignate CD signaimply rationalized, the authors linked this behavior to the
in the region of Soret and Q bands, respectively. The corresponding excited-state properties, such as difference in
chiroptical properties were controlled by the hegtiest ratio, the fluorescence quenching and significant triplet-state
pH, and ionic strength. The CD amplitudes were enhancedquenching of UP, resulting in the intercomplex photoinduced
upon decreasing pH, and interestingly, the chirality sign could electron transfer with a rate constant of &8L0° s™*.
be even switched at high salt concentrations, indicating a A different type of binding mode was tested by Aida and
spatial rearrangement of the coupling electronic transitions co-workers for the enantioselective reconstitution of apo-
within the aggregates, apparently via modulation of the cytochromebss, with chiral porphyrinsl62and163(Figure
electrostatic interactions between the porphyrins and the90)1%6 Highly preferential binding of theR)-enantiomers
polypeptide; however, the exact mechanism was unknown. (as large as by a factor of 30) not only allowed effective
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Binding studies on the TMP structural motif, which was
originally applied to the interaction with natural DNA,
have been successfully continued to gain a deeper insight
into the association mechanism and possible applications.
Particularly, McMillin’s group, using various DNA hairpins,
made an important mechanistic conclusion that the dG-dC

intercalation pairs promoted intercalation of TMP and CuTMP, thus
inducing a negative CD signal due to the robust hydrogen-
bonding framework, which was able to compensate for the
steric hindrances imposed by the bulky porphyrins, while
porphyrins bound externally to hairpins with stems enriched
with dA-dT pairs were documented with positive CB%.
Using the CD signatures along with other spectroscopic
minor groove methods, the two modes (intercalation and external binding)
binding of complexation of TMP with free and encapsidated DNA
of T7 bacteriophage were establisiétlit was found that
the presence of the protein capsid in the phage particle did
. not prevent the porphyrinDNA interactions, which could
major groove also have important implications for photodynamic therapy.
binding Insertion of Co or =0 into the central metal ion position
of TMP resulted in a single binding mode in the major groove
of calf thymus DNA, apparently due to the nonplanarity of
the porphyrin ring, as was reported by Barnes and Schreiner
on the basis of a positive CD in combination with other
outside optical spectrd® Besides the DNA binding, the TMP
stacking\ interaction with RNA and DNA-RNA hybrid duplexes was
tested by Uno et &f' The induced CD suggested two
preferential binding modes: the external self-stacking of
TMP along the RNA duplexes, resulting in a bisignate
exciton-coupling-type signal, and intercalation into the
_ _ ) _ ~ DNA-—RNA hybrids, generating a negative CD. The RNA
Figure 91. Schematic representation of three possible binding behavior, in particular, was explained in terms of the
modes for the DNA/RNA-porphyrin complexes. unfavorable conformations of the base pairs for the intercala-

optical resolution of the corresponding racemic mixture but tion binding arising from their considerable displacement
P P g from the helical axis. Further transformations of the DNA

also produced essentially different CD responses in the Soreg, o 1oy eajeq that introduction of the third strand to form
region: a relatively small monosignate positive Cotton effect the corresponding triplexes inhibited the formation of the

for the Zn complex of R)-162 and an intense bisignate - . .
positive couplet for §-162 The origin of this dissimilarity M~ DINA assemblies as monitored by CD spectroscdpy.

was assumed to be a different planarity of the reconstituted Along with metalation, the porphyrin structure itself is
porphyrins, with greater conformational distortion suggested another important factor for controlling the binding mode.
for the unfavorable 9-162 resulting in intramolecular ~ For example, modified TMP upon placing theMe group
exciton coupling between the phenylene and porphyrin at the corresponding meta-position facilitated the stacking
chromophores. mode of interaction between the porphyrin and poly-
In the case of polynucleotides, since the phosphate residue$d(A-T),) as reported by Kim and co-worke¥ Moreover,
produce negative charge around DNA/RNA, cationic por- an interesting effect of time-dependent chirality inversion
phyrins may serve as the best-suited guests for assembly wittwas observed for this system, likely due to structural
these double-helical structures. It is widely acknowledged reorganizations within the complex, although no rationale
that there are three major hesjuest interaction modes for was presented so far. On the other hand, removal of two
the DNA/RNA complexes: intercalation between base pairs, 10,20-meso-substituents of TMBE4) in its meta-modified
binding to major or minor grooves, and outside stacking. derivative drastically switched the mechanism of interaction
These have been well-established and are dependent upowith DNA.%* Surprisingly, they bound to DNA exclusively
the porphyrin and DNA/RNA structures and media (Figure Via intercalation, irrespective of the base composition,
91)134gh.av157The chiroptical response from these complexes apparently due to the reduction of the porphyrin’s bulkiness.
is also known to reflect the orientation of porphyrin electronic However, the loop sequence should also be considered, as
transitions in relation to the chirally arranged bases of nucleic was demonstrated by.64 upon interaction with DNA
acids and/or coupling between the porphyrin chromophores hairpins!®® Further modification of the porphyrin periphery
stacked in a chiral fashion along the double helix, with the (introduction of two Ph groups at the 10,20-meso-positions
intercalation mode inducing a negative CD, the external of 164) led to another phenomena of chirality switching
binding resulting in a positive CD of larger intensity, and controlled by ionic strength: a negative CD couplet induced
the aggregation producing a bisignate exciton couplet in the by extended assemblies of this porphyrin on poly(rA) at low
region of the porphyrin Soret band. Taking into account these salt concentration was gradually changed into the mirror-
general principles and the vast number of publications in imaged signal, probably as a result of the helical sense
this area, we shall only discuss several selected resultsinversion of porphyrin aggregaté®. Also, this porphyrin
obtained recently, which indicate modern research trends.in combination with AUTMP was proposed by Pasternack
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Figure 92. Structures ofl64—172

and co-workers as a convenient supramolecular control of phosphorus-containing66 exhibited a rather more compli-
the size and extent of porphyrin assemblies on DNA, owing cated CD profile, with a lower-energy negative couplet and
to its ability to aggregate at high salt concentration and the a higher-energy positive Cotton effect depending upon the

predominant intercalation behavior of AUTM®. molar ratio and ionic strength, and was likely a result of the
Replacing the Me groups of TMP withCH,PhB(OH}—o0 combination of various binding modes. More butk§7and
offered an effective sugar control of the porphyriDNA 168tended to form extended assemblies on the nucleic acid’s

interactions, as reported by Shinkai and co-work&ts. surface as judged by the conservative CD signals. These
Essentially, while this porphyrin interacted with a duplex porphyrins were also tested for singlet oxygen generation
via intercalation with poly(dGdC) or the outside binding to ability considering the potential photodynamic therapy ap-
poly(dAdT) and calf thymus DNA, the addition of saccharide plications. Another type of cationic porphyrin was produced
dissociated the porphyrirDNA complex through the sac- by Akutsu, Tjahjono, and their co-workers through the
charide-binding ability of boronic acid moieties, as indicated attachment of diazolium rings at the meso-position to give
by the corresponding CD changes. Another modification such 169—171 (Figure 92)'72 It was confirmed by CD analysis
as attachment of polyethylenimine enhanced the porphyrinthat 169 bound outside to the minor groove of calf thymus
binding ability to DNA by creation of multiple cationic DNA, while 170 intercalated apparently due to the steric
charges® while ferrocenyl substitution resulted in effective  hindrances imposed by the bulkier dimethylimidazole groups
control of the interaction mode with DNA by ionic in 169 This suggestion was further confirmed by partial
strength: intercalation and outside binding at the low and switching of the binding mode to the intercalation upon
high salt concentration, respectively, as indicated by the removal of the two meso-substituentsliil
switching of a negative induced Cotton effect to a positive A useful approach for anionic porphyrin introduction onto
onel”® These systems were also applied for DNA photo- the DNA matrix via heteroporphyrin aggregates was pro-
cleavagé®® and photoinduced electron transfét. posed by Liu and co-workefg? Specifically, it was shown

In order to apply a 5,10,15,20-tetraphenylporphyrin (TPP) that a mixture ofL54with TMP resulted in formation of the
structural motif for DNA binding studies, positive charges heteroaggregates stacked along the DNA surface with the
were introduced by modification with amine or phosphorus aggregation mode and CD behavior controlled by the molar
groups to yieldl64—168 (Figure 92)"* On the basis of the  ratio of the porphyrins. The same system was studied in thin-
induced CD, the authors concluded that none of thesefilm conditions in the presence of poly(allylamine hydro-
porphyrins could intercalate, apparently because of their chloride) to yield well-detected J-aggregates characterized
excessive bulkiness. The amine-containib@4 and 165 by low-energy transitions in the Soret band region, which
bound mainly to the outside surface of DNA with a positive generated a corresponding positive CD couplet. Surprisingly,
Cotton effect as the major component of the CD. The 154alone was able to interact with the DNA films to form
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Figure 93. Structures ofL73—175

the time-dependent H- and J-types of aggregates, as sugsensitive even to the relatively weak asymmetry fields
gested by the authors. However, the complexity of the induced by the macroenvironment.
observed CD changes makes it difficult to dwell on the
proposed interaction mechanisms exclusively. It is worth 6 3, Macroenvironmental Chirality Sensing
noting that another anionic porphyrin with four nido-
carboranyl groups attached f® or m-positions of TPP One of the most representative examples of macroenvi-
exhibited a tendency to form chiral aggregates on DNA under ronmental chirality is a directional stirring or vortex. Thus,
physiological conditions, although the chiroptical details were Ribd and co-workers reported an intriguing phenomenon of
not presentedf’* such chirality sensing using the J-aggregatesl®f and

In the above-mentioned systems, the Soret band regionrelated mesesulfonatophenyl substituted porphyrins by
was commonly used for the CD investigations of the vortex motion during the aggregation process caused by the
porphyrin—DNA interaction processes. However, it is well-  intermolecular association between the positively charged
known that porphyrin chromophores possess quasi-allowedporphyrin ring and the negatively charged sulfonato
low-energy Q absorptions as well, for which the electroni- groupst*.:17¢While without stirring equal amounts of left-
cally excited-state configuration differs from that of Soret and right-handed aggregates were formed, upon stirring, the
band. This stimulated Schreiner and co-workers to study theporphyrins were arranged with a unidirectional helical
Q region upon the DNA bindin® They demonstrated that  orientation with about 85% probability, having the helicity
the CD behavior of the Q band of two typical porphyrins, dependent upon the vortex (i.e., stirring) direction. Clockwise
i.e., intercalated PtTMP and outside-bound&d2 was and anticlockwise stirring generated right- and left-handed
essentially the same as that of the Soret band transitionschirality, respectively, that corresponded to a strong positive
showing two pairs (@and Q) of Cotton effects of the same  and negative CD couplet in the porphyrin absorption region
sign: negative for PtTMP and positive fb72 thus allowing as a result of the interchromophoric exciton coupling. While
the Q-band CD signature to be also used for determinationthe detailed mechanisms of the chirality induction and
of the binding mode. In addition to the strong asymmetry amplification remains unclear, it was suggested that the chiral
fields induced by chiral molecules and supramolecular vortex acted at the mesoscale level upon the kinetically
systems, porphyrin chromophores were found to be very controlled growth of the supramolecular assembly and
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spontaneous symmetry-breaking processes in the diffusion-
limited generation of the high-molecular-weight homoasso- ’q. —_— .b.
ciates. This assumption was further supported by the direct
visualization of 3D homochiral helices using atomic force v L4
50 %

microscopy. 2 50%

A similar approach was undertaken by Aida and co- N Enantiomeric Y
workers to induce chirality in the hydrogen-bonded J- Y
aggregates of dendritit73—175(Figure 93) by spin-coating
techniquel’” The chirality sign was also governed by the +2R'COH
spin direction with clockwise and anticlockwise rotation [in DCE]
generating positive and negative exciton couplets, respec- R'COy 24 0,CR" 2
tively, while the CD intensity was strongly affected by the
structure of dendritic periphery with the large&tvalue S
detected fod 74 (n = 1). While the origin and driving forces -
of this phenomenon have yet to be rationalized, the genera 9 L
tion of these 2D supramolecular sheets, which adopt a twisted R'CO, Protonated 2 0,CR*
geometry relative to one another upon rotational force, was Diastereoisomeric
proposed. The examples described in this section clearly
demonstrate the prime importance and pivotal role of Exchange of R*CO;°
porphyrin chromophores for sensing different types of chiral with AcO’ [in AcOH]
influences via the supramolecular interactions. A

s M

7. Supramolecular Systems with Chiral Memories AcO" 2 OAc 2

Central to the observed chiral effects in the above work
is the concept of the “molecular chiral source” that interacts <<
with the achiral substrate via supramolecular noncovalent o e
interactions to produce a chiral species whose properties, as AcO" Protonated 2 -OAc

we have seen, can be an end in themselves, or as a diagnost

tool for analysis of the chiral inductor. However, until Figure 94. Schematic representation of chirality transfer and
recently, it was unquestioned that such chiral SuDramOIeCUIarmemory events with saddle-shaped chiral porphyrin. Reprinted with

systems had a mandatory requirement that they must bepermission from Mizuno, Y.; Aida, T.; Yamaguchi, & Am. Chem.
composed of (at least) two species: chiral and achiral (in Soc.200Q 122, 5278. Copyright 2000 American Chemical Society.
which chirality is induced). However, this dictum was
dispelled by the work of Aida and colleagues who showed Remarkably, when the porphyrirmandelate complex is
the conceptually new phenomenon of “chirality memory”, dissolved in achiral AcOH, which displaces the two chiral
which is a supramolecular system in which chirality was first acids, the complex retains its chirality (and is now enantio-
induced and then shown to retain its chirality even when meric, having no chirality-inducing source) as observed by
the chiral information source was removed and all the not only the retention of the Cotton effects but also their
components of the system are (from a configurational enhancement (Figure 94). Thus, these complexes have a
viewpoint) achiral. memory for the chirality of the species that induced the
The basis of Aida and co-workers’ research is a series of system’s asymmetry after the removal of these inductor
saddle-shaped fully substituted porphyrii8¢—138) (see molecules. The memory effect arises from that fact that
Figure 81) whose nonplanarity derives from the steric the chirat-achiral ligand substitution is under kinetic control
repulsion among the neighboring substituents and results inand that the acid switch occurs before racemization (mac-
two enantiomeric forms, which rapidly interconvert to yield rocyclic inversion) can take place. This racemization half-
a racemic mixturé135This equilibrium was shifted to one life was found to be substantial, temperature dependent, and
particular chiral conformation upon interaction with various 200 h at 23°C, with the activation parameters beiAG* =
enantiopure carboxylic acids via hydrogen bonding of two 26.1 kcal mof?, AH* = 29.1 kcal mot! and ASF = 10.6
carboxylates to the pyrrole nitrogens of the porphyrin ring cal K™t mol™1.
from opposite sides, giving 1:2 complexes as mentioned Shinkai and co-workers also developed a supramolec-
previously. Thus, on the addition of, for exampléz){ ular chirality memory systeni45 (Figure 82) that took
mandelate, two diastereomeric complexes are formed, withthe concept to a new level of elegance, producing a sys-
the favorable species existing in a diastereomeric excess otem that could memorize the chirality of the complex even
>98%. This complex formation results in the observation when the chiral source had been removed and not repfged
of strong induced bisignate CD signals in the region of the with an achiral “clip” molecule (as in the case of Aida and
Soret band (although the authors did not discussed theco-workers). The mechanism of chirality induction was
electronic origin of the observed optical activity). The unambiguously established and discussed previously (see
mechanism of the chirality transfer, as determined from X-ray section 6).
studies, is via steric hindrance minimization, in which  The chiral-memory generation was achieved by the ad-
unfavorable steric interactions between the guest’s largestdition of an excess of pyridine that successfully competes
substituent and the most bulky part of the porphyrin (i.e., for the ligand’s binding sites, resulting in the free (unbound)
theo-dimethoxyphenyl group) are reduced by orientation of porphyrin. Subsequently, it was found that chirality of the
the guest’s substituent away from this and over the porphy- system, as determined from the CD spectra, is retained/
rin’s smallermesephenyl moiety. memorized (although at a reduced level). The origin of this

Enantiomeric
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Figure 95. CD spectra of (full line) a solution of CUTMB54 (4 A (nm)

mM each) in the presence of poly-L-glutamate (400 mM) at pH Figure 96. CD spectrum ofl54and CuTMP in ultrapure Millipore

3.6 and (dotted line) the same solution at pH 12. Reprinted with water in the presence of (a) L-Phe, {@Phe, and (c) after the

permission from Purrello, R.; Raudino, A.; Scolaro, L. M.; Loisi, removal of the L-enantiomer. Reprinted in part with permission

A.; Bellacchio, E.; Lauceri, R]. Phys. Chem. BO0Q 104, 10900. from Lauceri, R.; Raudino, A.; Scolaro Monsl.; Micali, N.;

Copyright 2000 American Chemical Society. Purrello, R.J. Am. Chem. So002 124, 894. Copyright 2002
American Chemical Society.

memory is in the steric hindrance between the 3,5-dimethoxy-

phenyl groups of the neighboring porphyrins, which inhibits chiral origins have been suggested, although these are

rotation and, thus, racemization. This rotation was found to admittedly complex tasks. This memory was also found to

have first-order kineticsXG* = 23.0 kcal mot!, AH* = be stable to the addition of a competing and antipodal

18.1 kcal mot?, andAS = —16.4 cal K* mol™!) and was chirality source. Thus, it was seen that additidradl mM

remarkably preserved for 3 days af0 and for 1 year at  (a 5-fold excess) solution of poly-glutamate to the CuTMP/

—37 °C and was calculated to last for 19 10° years at 154 poly-L-glutamate species results in complete retention
—100°C. of the first negative-second positive bisignate Cotton effects

Purrello et al. reported a number of self-assembly systemsarising from the porphyrin’s Soret band.
that possess a chirality-memory effect. Here, initial work  Purrello and co-workers also reported a similar self-
showed the formation of aggregates between the cationicassembly memory system based upon the aggregation of the
porphyrin CuTMP, anionic porphyrit54, and eithen- or oppositely charged CuTMP aritb4 but this time in the
p-polyglutamic acid acting as a chiral matf¢¢ presence of enantiopure aromatic amino aéiéiés can be

Upon the formation of a binary self-assembled System seen from Figure 96, the addition of a 1:1 SOlUtion.Of the
between CUuTMP and an enantiopure polyglutamic acid, an tWo porphyrins (2x 10-° M each) to a 8« 10~* M solution
induced CD was observed and ascribed to monomer ag-Of L-Phe results in a first positivesecond negative bisignate
gregation of the CuTMP molecules onto ténelix structure  CD signal (withp-Phe giving the mirror image).
of the matrix. This chirality was, however, lost on lowering The induced chirality was found to arise from a template
the pH to ca. 4, which is associated with the transformation effect of Phe clusters (ca. 60 nm at 3D as determined by
of the polyglutamic acid frono-helix to a random-caoil dynamic light scattering), with the size of the clusters varied
conformation. Conversely, the induced CD obtained from by the temperature (specifically, decreasing with increasing
the corresponding CuTMP154, and polyglutamic acid temperature) and sensed by the degree of chirality induced
ternary complex shows a remarkable memory effect, in that, in the porphyrin aggregates, i.e., reduced induced CD
even when the conformation of the polyglutamic acid is intensity with increasing temperature. As found previously,
switched to a random coil by raising the pH to 12 (as aremarkable long-lasting chirality-memory effect, expressed
observed by the disappearance of the polymer matrix CD in terms of CD signal retention, was observed upon removing
band at ca. 200 nm), the porphyrin assemblies retain theirthe phenylalanine chiral source template clusters by ultra-
chirality; see Figure 95. filtration; see Figure 96c¢.

Indeed, these complexes were found to be stable for The origin of the growth of these chiral porphyrin
several months, with only a 30% decrease in CD intensity aggregates is found to be via an initiation role of the Phe
over a 4 week period. The stability of these ternary species clusters, which seed assemblies of porphyrin clusters existing
is believed to arise from highly cooperative interactions at a concentration of 6< 10713 M (with each assembly
within the aggregates between the oppositely charge por-composed of 2x 1 porphyrin molecules), consequently
phyrins, although neither a detailed conformational structure allowing a 100% enantiospecific self-propagation of the
for the assembly nor a rationale of the electronic transition’s aggregation process. This process is a good example of a
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Figure 97. Structures of calix[4]arenes76—179 and schematic representation of the cooperative interactions wiBOLReprinted in
part with permission from Ishi-i, T.; Crego-Calama, M.; Timmerman, P.; Reinhoudt, D. N.; Shinkdi,/8n. Chem. So@002 124,
14631. Copyright 2002 American Chemical Society.

smart chirogenic supramolecular system that displays chiral- Results show that this interaction amplifies the intercon-
ity induction, memory, and amplification. version between the less-favoraBénelicity and the more-
Reinhoudt and co-workers further investigated the nature favorableM-helicity (for L-180), resulting in a maximum of
of the chirality-memory concept, based on their extensive 90% de achieved within 15 h of addition. On removal of
work on self-assembled double rosettes formed from threethe chiral diacid by addition of ethylenediamine, the enan-
calix[4]arene dimelamines and six cyanurates and boundtiopure supramolecular assembly was produced, exhibiting
together by 36 cooperative hydrogen bondS&-179, significant chirality memory, with a racemization half-life
see Figure 97)7°18% |t was previously found that these of 1 week at 20C or 1 year af0 C. Thus, we again see the
supramolecular assemblies form a racemic mixturePyf ( phenomena of a supramolecular chiral species in which none
and (V)-enantiomers that could be separated as diastereomersf the components are themselves chiral and whose enan-
by using chiral barbiturates to create diastereomers, with thetiomeric integrity is maintained via an extensive cooperative
chiral barbiturates then replaced with achiral cyanurates to network of supramolecular interactions.
give the enantiomerically pure spechég? In contrast to the examples above whose systems rely,
They subsequently found that appending each calix[4]areneinitially, on a chiral source and whose memory is then
moiety with two 2-pyridyl functionalities, attached to oppo- maintained by intermolecular interactions, Raymond and co-
site phenyl rings, allowed the pyridyl groups to interact with workers took the chiral-memory concept a stage further and
external chiral dicarboxylic acid§? Thus, when 3 equiv of  developed an elegant example where the generation, memory,
an enantiopure dicarboxylic acid, such as the dibenzoyl and application of the chirality is achieved without the use
tartaric acid 180), are added to the racemic rosette, there of a chiral sourcé®?In this case, the supramolecular species
exists the potential for diastereomers to be formed. Eachis a tetrahedral structure composed of four metal (Ga) centers
diacid binds via interaction with two of the six 2-pyridyl and six achiral ligands; see Figure 98. This JGg]'*~
moieties, which from Corey-Pauling-Koltun (CPK) model species forms spontaneously in solution to yield a racemic
analysis was found to be across the two halves of the rosettemixture of theAAAA and AAAA enantiomers with each
in a cliplike manner; see Figure 97. ligand coordinating to two metal ions.
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Figure 98. MyL% tetrahedral assembly composed of biscateholamide ligands and octahedrally coordinated metal ions. The structure
encapsulates guests such ag\Etions. Reprinted with permission from Ziegler, M.; Davis, A. V.; Johnson, D. W.; Raymond, K. N.
Angew. Chem., Int. ER003 42, 665. Copyright 2003 Wiley-VCH Verlag GmbH & Co.

On separation of these enantiomers (the separation iISAAAA configuration as observed by the unchanging CD
achieved using chiral countercations and subsequent resoluspectra over the 24 h period.

tion of the diastereomers then exchanging for achiral  The origin of these phenomena arises from the coexistence
countercations), the chirality of the enantiomers is found to of the structural rigidity conferred on the species by its
be highly robust and retained its enantiopurity for 8 months, extensive coordination network (interactions) and the lability
even after extended boiling. Critically, it is observed that of the individual components whose kinetic characteristics
the chirality is maintained even though partial ligand make ligand substitution possible while not allowing com-
dissociation of the complex occurs over the time scale of a plete dissociation and, thus, racemization and memory loss.
few seconds. As observed by Purrell# this is an example of dynamic

In a remarkable further work, Raymond and co-workers structural and chiral memory, in contrast to other examples
devised an experiment to show, as they say, that the chiralityin this area that may be regarded as static, and that may allow
of the assembly is a property of the structure itself and not this system to perform in catalytic cycles.
of its constituent components. This is a concept that flies in  This insight by Purrello was soon realized in further work
the face of the accepted wisdom of “preprogrammed” self- by Raymond and co-workers, making use of the 3500
assembly arising inherently from the structures of the A3 cavity to encapsulate a substrate for catalysis in a cationic
molecular components. In this experiment, a second bi- 3-azaCope rearrangemet? A range of enammonium
dentate ligand () of a similar coordination chemistry but  substrates of varying sizes and shapes were found to be well-
different geometrical preference was taken, which when encapsulated, and it was found that the reaction proceeded
complexed on its own with Ga, forms a helical [G&]% within the cavity. The effect on the rate of reaction was
structure. However, when these two species {[&H? and measured; in all cases, it was found that binding by the
[GalL %], 5.5 mM each) were added together into 80D [GayL5]'>~ complex enhanced the rate constant by up to 854
solution and heated at 7%, the stepwise substitution of times. Further analysis revealed that this enhancement
the L* ligand was observed (B4 NMR monitoring of EfN* originates from the bound substrate conformation resembling
encapsulated in the central cavity) to give a mixture of that of the chairlike transition state, which consequently
[EuNCGalLtL%-n]*t species, with little left of the initial decreases the entropic barrier to rearrangement. This behavior
compound after 24 h. The stepwise replacement did notis found to be truly catalytic (rather than just rate enhancing)
compromise either the structure or the chiral memory of the as the rearranged product equilibrates with the bulk solution,
initial tetrahedral geometry, with complete retention of the where it undergoes hydrolysis, thus freeing the cavity for
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ligand interactions had allowed the chiral intensity to recover
to [6]374 = 2.7 x 10* deg cn? dmol™?, thus showing one of
the great strong points of the supramolecular approach in
general.

In a polymeric system they developed, Yashima and co-
workers show how this chiral memory can then be “stored”
via the enantioselective esterification of a chiral phosphorus
center controlled by chirality transfer from the helicity of
the molecule to the prochiral phosphorus center (Figure
101)187 Thus, chirality is induced in the phosphonic acid
methyl ester bearing helical poly(phenylacetylene) in a
manner analogous to that seen above 184, then, in a
standard reaction with diazomethane, esterification is achieved.
This process was found to occur with modest ee values
Figure 99. Proposed catalytic cycle for the cationica3aCope ranging from 2.1 to 15% depending on the exact polymer
rearraggeéneg- Reprigteg Wl\iltAh permi%sri]on ffOIthiggg&DkBerg- type, chiral inductor ligand, and temperature (with lower ee
man, K. L., Raymond, ®. angew. L.hem., int. , found at lower temperatures), with the mechanism believed
6748. Copyright 2004 Wiley-VCH Verlag GmbH & Co. to arise from the hian)dered ap?oroach of the diazomethane due

- . . to the helical structure. Further work investigating the chiral-
further substrate binding and enabling catalytic turnover; see memory effect can also be found in the work of Kubo et al.,

Figure 99. who have utilized a bisporphyrin system connected by a
Although this particular reaction is not chiral, this work  .o\wn ethefss porphy Y Y

clearly shows the potential for the application of the chiral-
memory approach, as the chiral catalyst formed without any . e .
“expensive” chiral source, which is a very attractive feature 8. Direct Chirality Observation on Surfaces
for technological applications. Supramolecular sensing and communication of chiral
Finally, in this section, we consider the chiral memory information has, hitherto, been largely confined to the
observed in the polymer-based system developed by Yashimasolution phase; however, recently, there has been a great
and co-workerg$18¢Although a more extensive examination increase in the observation and rationalization of the chiral
of the chirality-sensing nature of these helical polymers can behavior on two-dimensional surfaces. Because of the
be found in section 10, we can see an early example of howdivergent nature of the intermolecular interactions, it is
the utilization of chirality induction and kinetic control possible to generate a hierarchically structured surface where
produces a chiral supramolecular system with its own distinct the chirality is propagated from the molecular up to the
memory characteristic§, which has subsequently been macro(supra)molecular level. This has allowed determination
applied to catalytic processes. of the conformation and chirality of individual molecufgs,
The basis of this work is the polymers—trans-poly((4- generation and control of large divergent supramolecular
carboxyphenyl)acetylene)81), which, although containing  systems, and understanding of how intermolecular and
short helical sections, has many reversal points and is, asmolecular-surface interactions underpin the formation pro-
such, achiral and CD inactive. By noting that the helicity of cesse¥° leading to functional devices at the nanometer
various biological macromolecules is controlled to a degree scale'®! This has been made by the molecular-level and even
by the homochirality of their constituent components, it was atomic-level resolution now possible by microscopy tech-
shown that, on the addition of the primary amif®-(-(1- nigues such as scanning tunneling microscopy (STM) and
naphthyl)ethylamine) §)-182), helical chirality was induced,  atomic force microscopy (AFM), with accompanying support
with the induced CD sign depending upon the chirality of from lower-resolution techniques such as transmission
the ligand (Figure 100). The origin of this induction was electron microscopy (TEM) and scanning electron micros-
found to be via interaction between the ligand’s amine copy (SEM).
functionality and the polymer’s 4-carboxyphenyl moiety. The  Detailed and insightful work in this area was recently
dynamic nature of this induced chiral system was shown by reported by Raval and co-workers for a system comprising
disruption of the helical structure by addition of trifluroacetic (R)- and ©)-alanine chemisorbed onto a Cu(110) surfége.
acid and subsequent addition of a ligan8)-2-amino-1- In this study, they make the definition that such surfaces
propanol, of opposite chirality that generated the opposite- can be classified into two groups: (1) “weakly adsorbed”
handed helix. Such a dynamic nature is of critical importance systems, in which the intermolecular interactions dominate
for engendering the ability on the helical system to memorize the two-dimensional architectures, and (2) “strongly ad-

its chirality. sorbed” systems, in which both the intermolecular interac-
Thus, when a 50 equiv excess of the achiral 2-amino- tions and the molecutemetal bonding influence the archi-
ethanol was added to the helicaBY(R)-182 complex, tectural outcome, with the belief that strongly adsorbed

replacing the chiral §)-182 ligand, almost no loss in the systems possess a potential for greater structural and property
intensity of the induced CD was observed. An interesting tunability. The surface considered here was prepared by
effect of “chirality repair” was found when th&81/2- adsorption (via sublimation) of, initially §j-alanine onto the
aminoethanol solution was physically separated fré¥ (  Cu(110) crystal at room temperature under ultrahigh vacuum
182by gel permeation chromatography. After separation, the conditions, and annealed between 400 and 430 K. When
helix still showed the memory of its induced chirality but examined by STM, a perfect two-dimensional chiral as-
with an induced CD intensity of 87% of its original value sembly, with one chiral domain that is non-superimposable
([0]372= 2.8 x 10* deg cnd dmol™); however, after 13 days  with its mirror image, was observed across the surface
at ambient temperature, the dynamic nature of the polymer extending to the macroscopic scale (Figure 102).
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Figure 101. Schematic illustration of helicity induction in achiral
polymer upon complexation withRj-182 (a), memory of the
induced macromolecular helicity after replacementR)f182 by
achiral diamine (b), and storage of the induced helicity and helicity §
memory by enantioselective esterification with diazomethane (c). |
Reprinted in part with permission from Onouchi, H.; Miyagawa,
T.; Furuko, A.; Maeda, K.; Yashima, B. Am. Chem. So@005
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Figure 102. STM images showing the chiral phase $alanine
adsorbed on Cu(110) obtained after annealing the room-temperature
saturated surface to 403 K. Reprinted with permission from Barlow,
S. M; Louafi, S.; Le Roux, D.; Williams, J.; Muryn, C.; Haq, S.;
Raval, R.Langmuir 2004 20, 7171. Copyright 2004 American
Chemical Society.

Analysis with reflection-absorption infrared spectroscopy
revealed the mode of alanine bonding to the copper surface
and, consequently, the mechanism by which the supramo-
lecular chirality is sensed and transferred over the surface.the stress of maintaining optimal intermolecular interactions
It was found that the alanine at the lowest supramolecular that become too great at a critical cluster size, resulting in a
level exists in pairs, with one molecule of the pair bound to fracturing of the assembly. Two possible scenarios from the
the copper surface via both oxygens of the carboxylate andliterature are proposed for thi&3194(1) that the geometric
the nitrogen of the neutral amino grougs), and the other  requirements of the intermolecular interactions force the
bound via the amino group and one of the carboxylate’s molecules into unfavorable copper bonding positions, result-
0Xygens (). The consequence of these modes of interaction ing in new cluster nucleations, or (2) that the strength of the
is that, in both cases, the methyl group is orientated upward molecule-copper chemisorption causes surface reconstruc-

away from the surface, which results in chiral steric
interactions inducing a right-handed kink in the structure for
(9-alanine and an opposite left-handed kink f)-alanine.
This initial level of chirality sensing is then enhanced to
clusters of six or eight alanines comprising pairs of the
(u2)- and {u3)-type molecules, bound together by a lateral
tier of chiral N—H---O interactions (which are found close

tion (in which the positions of the bound copper atoms are
slightly shifted) of the copper atoms to allow optimization
of the adsorption geometry, thus resulting in stresses in the
copper-copper bonding and consequent strain breaks. A
fascinating, and potentially useful, consequence of the long-
range ordering of these chiral clusters are channels of bare
metal that are themselves chiral; it is proposed that these

to the copper surface) and a separate chiral transverse tiechiral channels could be exploited for molecular-recognition

of C—H---O interactions (that exist further from the surface)
(Figure 103).
From a supramolecular point of view, the rationale for

and chiral-molecular-reaction purposes. An insightful realiza-
tion arising from this is that the stresses transmitted through
the surface from which these channels are formed must be

the formation of such discrete and regular clusters is themselves chiral, which has profound implications for
interesting. Raval and co-workers suggest that this arises fromrational chirality sensing on such surfaces. Thus, in consider-
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helicene’s three-dimensional structure and the associated
aromatic interactions.

One of the limitations/challenges in this area of research
is the preparation of samples that are adequate for analysis
by STM or similar techniques, often requiring ultrahigh
vacuum or low-temperature conditions. Thus, with this in
mind, as well as the fact that most conventional chemical
reactions take place in solution, Wang and co-workers
undertook to study chiral surfaces in solution by using
electrochemical STM (ECSTMY$8In this work, a Cu(111)
surface was saturated with a solution containing 0.1 M HCIO

Transversal C-H

hydrogen bonds hydrogen bonds and 0.1 M of eitheri)- or (§-2-phenylpropioamide (PPA).
® Catom The subsequent ECSTM images reveal that individual
) ) O atom molecules of R)- or (S-PPA are ordered in non-superim-
u2 species u3 species ° : : : :

© Natom posible chiral fashions. In these results, we again see the

ructed transfer of the molecular chirality in a supramolecular
Cu atom Cu atom Coatom " fashion, thus creating enantiomeric surfaces. Indeed, the
in first layer in second layer in first layer spatial resolution in these samples is such that the individual

Figure 103. Cluster model for packs of six molecules®lanine atoms are discernible, and from this, it was found that the
adsorbed on the Cu(110) surface: (a) unreconstructed surface andgphenyl ring lies parallel to the copper surface and in a hollow
(b) pseudo-(100) reconstructed surface. Reprinted with permissionsite, with the amino, carbonyl, and methyl groups in two-
from Barlow, S. M.; Louafi, S.; Le Roux, D.; Williams, J.; Muryn,  pridge sites. In fact, as a result of the high image quality,
g%;ﬁ{nséhi?nviacg%332?”"2004 20, 7171. Copyright 2004 {he chjrality of the individual molecules could be directly
Y. determined from the chiral centeamine and chiral center

methyl distances, which were found to be 0.23 and 0.15 nm,
respectively, for §-PPA, which correlates with the expected
substitution around its chiral center.

Hitherto, we have seen a number of systems in which
surface chirality is generated and studied; however, these
have been characterized by the use of comparatively simple
small molecules, primarily to facilitate the formation of

ing the origin of the morphology and function of extended
chiral arrays, both the intermolecular interactions and
molecule-metal bonding are key aspects.

The transmission of chirality across an extended surface
and how this is mediated by the local sensing of supramo-
lecular/steric interactions is found in the enantiomeric

surfaces reported by Fasel ef&This work was based on . . - :
regular, high-quality surfaces for obtaining useful images.

their discovery that racemic mixtures of heptahelicene H £ th d di d fcati ¢ chiral
spontaneously form separate enantiomeric domains on a {oWeVer, If the understanding and application of chira

Cu(111) surface (as observed by STM methdé&sBubse- surface science are to progress in a manner similar to the
quently, this led to further investigation of this phenomenon 2dvances made in conventional chiral supramolecular chem-
by looking at the surface architectures formed by the ISIFY in the last 15 years, more complex and rationally

individual enantiomers\)-183 and @)-183 (Figure 104). designed molecular layers need to be investigated. In this

However, as discussed previously, the metablecule  Ight, recent work by Reinhoudt and co-workéfsis
interactions are a critical consideration in the system, and particularly interesting. Highly ordered pyrolitic graphite

indeed, Fasel et al. found that, on Ni(111) and Ni(100) (HOPG) is employed as a surface for assembly.ofthe Qiscrete
surfaces, the subsequent low mobility of the helicenes 15-component supramolecular rosettes for which Reinhoudt

: : has become well-know#?%2%1 These are composed of
luded the ob t f f hiral effects. - : ; .
P'At 95% surface coverage bY83 the molecules were  Melamine-substituted calix[4Jarerig4 and 5,5-diethylbar-
found to form in pairs of two different triangular clusters, bituate (DEB) building blocks that are individually achiral

one comprising six molecules and the other comprising three andz in ;olution, formi84;(DEB);. tetrarosette a;ser_nblies
molecules (3,6-structure), withi)-183generating anticlock- (maintained by 72 hydrogen bonds) as a racemic mixture of

wise clusters andR)-183generating clockwise equivalents. (F)- and M)-enantiomers that have a diameter of 3.3 nm
However, on increasing the surface coverage to 100%, the(Figure 105).

architecture was then solely composed of the three molecule Because of the large depth of the surface molecular layer
clusters (3-structure). Closer inspection of the STM images (ca. 3.3 nm), STM methods do not produce good images,
reveals that, for the six-molecule cluster in the 3,6-structure, due to an exponential tipsample-distance dependence that
if an anticlockwise path is traced between the){183 results in a limiting thickness for STK#? Thus, Reinhoudt
molecules, it is found that each molecule is rotated at an and co-workers employed AFM, which does not have such
angle of 60 to the previous one, and that each molecule in distance limitations. Inltlally, rows of self-assembled tet-

a three-molecule cluster is rotated at an angle of 1&@ich rarosettes are found along three distinct orientations (differing
Ward, in his commen®’ describes as being a “gearlike” by 60°), which is believed to be due to the underlying HOPG
rotation. structure. Closer inspection reveals that there are two further

These results show the critical dependence that the surfacélomains of equal abundance that are orientated att@l6
chirality has on the subtleties of the correlations between the underlying HOPG structure. Further magnification reveals
the chiral intermolecular interactions and their divergent that the rows of the tetrarosettes can be described by two
transmission. Indeed, it should be noted that these helicenednirror-image unit cells with areas of 10.6 fithat correlate
possess no hydrogen bonding or Strong]y dip0|ar moietiesleth the size of an individual tetrarosette (Flgure 106)
and as such, the chirality sensing by neighboring molecules Thus, we see that the two enantiomers oftBé;-(DEB),,
will be via the chiral steric constraints imposed by the supramolecular structure have spontaneously resolved to form
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Figure 104. High-resolution STM images of (M)- and (RB3 structures (10 nnmx 10 nm): (a) (M)483atq = 0.95, (b) (P)183atq =
0.95, (c) (M)4183atq =1, and (d) (P)t83atq = 1. Reprinted with permission from Fasel, R.; Parschau, M.; Ernst, KhAgew. Chem.
Int. Ed. 2003 42, 5178. Copyright 2003 Wiley-VCH Verlag GmbH & Co.
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Figure 105. Tetrarosette 184(DEB);,: structure (top, left) and schematic structure of both enantiomers (top, right), gas-phase minimized
structure in top view (bottom, middle), and side-view structure of both enantiomers (bottom, right) including typical dimensions. Blue color
denotes dimelamine calix[4]arene derivatives, while green color denotes DEB. Reprinted in part with permission frohergchio;
Crego-Calama, M.; Vancso, G. J.; Reinhoudt, D.Adv. Mater. 2004 16, 1416. Copyright 2004 Wiley-VCH Verlag GmbH & Co.

separate enantiomeric domaingsfandM-helicity, although the supramolecular chirality propagation across the surface
it was not possible to assign the chirality to the individual were not discussed, presumably because of the more-complex
domains. Unlike the previous examples of chiral surfaces, interactions involved and the lower image resolution. Such
the detailed effect of the HOPG surface and the nature of resolution of racemic mixtures on surfaces is not an uncom-
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groups have achieved this with chiral supramolecular systems
that rationally, and elegantly, combine a number of different
functional moieties to dictate structural integrity and the
chiral nature of such supramolecular polym#&fs.

A leading group in this area is that of Meijer, who have
formulated a general strategy to these ends. The approach
utilizes individual monomer units that comprise three distinct
moieties: (1) hydrogen-bonding groups that form the internal
“base pair”, (2) an aromatic core that gives further structural
integrity and promotes the vertical stacking of the monomers
in water, and (3) peripheral alkane or oxyethylene chains
that give solubility in water (for the oxyethylene chains) and
whose chiral substituents allow transmission and amplifica-
tion of the chirality through the polymer via sensing of the
chiral steric fields by adjacent monomers. The components
of such systen¥&2%>are shown in Figure 107.

Initially, it was found that all the compounds exist as
monomers in dimethylsulfoxide; however, in chloroform, the
self-complementary association of the ureidotriazine 4-fold
hydrogen-bonding moieties was observed. This leads to the
formation of discrete dimers for monofunctions85 and
to divergent supramolecular polymers fb86 and 187, in
Figure 106. TM-AFM phase image of nanorod domains of which each ureidotriazine group interacts with two other
tetrarosettesl84;(DEB);, on HOPG (insets: 2D FFTs, left,  molecules, one above and one below, thus forming a

Fourier-filtered sections, right). The unit cell of the structure ; :
observed is indicated in the corresponding Fourier-filtered sections.SUpramOIeCUIar polymer with columnar architecture.

Reprinted with permission from Sehberr, H.; Crego-Calama, M.; Studies of the chiral bifunctional compouriB6b in
Vancso, G. J.; Reinhoudt, D. NAdv. Mater. 2004 16, 1416. dodecane showed that it was CD active with the maxima of
Copyright 2004 Wiley-VCH Verlag GmbH & Co. the Cotton effects correlating with the maxima in the UV

_ vis spectra, thus revealing that the chirality at the periphery
mon phenomenon, but it may prove to be a powerful has been transferred to a helical arrangement of the core
approach for the understanding and application of such aromatic chromophores with a preferred handedness. This

complex chiral species. is emphasized by the lack of a CD signal in the aromatic
region of the spectrum for chiral85b that only forms

9. Chirality in Supramolecular Polymeric discrete dimers. Such columnar arrangements were further

Assemblies proved by small-angle neutron scattering experiments, which

gave a column radius of 1 1 A for the achirall86a A

The concept of “supramolecular polymers” is that a series high stability was observed with only a 2-fold decrease in
of monomer molecules self-assemble under the control of CD intensity found on reducing the concentration from?3L0
intermolecular interactions in a divergent manner to produce to 10°¢ M. The helicity was lost on heating the sample, with
a one-dimensional polymer. These are attractive species agshe CD intensity almost entirely quenched over the-80
their chirality, composition, and structure can be controlled °C range; this is a fully reversible process (upon subsequent
by various internal (interaction strength and steric and cooling) that shows that the denaturation is a cooperative
electronic effects) and external (temperature, solvent, ligation, process. The helicity was also dramatically reduced (by a
and pH) factors, which consequently allow a degree of factor of 10) on addition of quite small amounts of
rational design of their properties. Indeed, such structureschloroform (2.6%), as this solvent effectively interacts with
have been shown to extend the properties of their supramo-the chromophores and is, thus, in competition with the
lecular structure up to the mesoscopic |e%éIThe work vertical chromophore stacking.

considered here investigates the nature of such assemblies Compoundsl88 and 187b are water-soluble because of
and how chirality may be induced, amplified, switched, and their oxyethylene side chains. The bVis spectra ofl87b
memorized along with the mechanisms that underpin thesein hydrogen bond_breaking solvents such as methanol,
effects. acetone, and acetonitrile, in which it exists as a monomer,
The inspiration of nature and a desire to mimic it in the has a maximum at 288 nm; however, in chloroform, leading
hope of further understanding biological systems and to to dimer formation, the maximum is red-shifted to 292 nm
exploit their elegant functions have long driven chemists. because of the hydrogen bonding. Consequently, the maxi-
Drawing from the different controlling interactions that mum of 292 nm obtained in water fdi87b is thought to
underpin the structure of DNA (interbase hydrogen bonding, indicate that it is also in a hydrogen-bonding situation.
base pair stacking, and the sugahosphate backbone), Monitoring the corresponding CD spectra reveals that
various researchers have looked to create helical self-methanol, acetone and acetonitrile solutions are CD silent,
assembling polymers that, crucially, are water-soluble. Suchwhich is expected as they exist only as the monomer.
aqueous supramolecular structures are inherently troublesome€ritically, however, the chloroform solution @87b, which
to control in water because of the high degree of competition was previously shown to be participating in a hydrogen-
the water has for the hydrogen bonds that stabilize andbonding dimer, is also CD inactive. This is due to the
transfer the (chiral) structural information throughout the aromatic groups not coherently stacking and the correspond-
supramolecule. Nevertheless, in recent years, a number oing formation of a random-coil supramolecular polymer. In
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Figure 108. UV —vis (upper) and CD spectra (lower) &887bin
water (2.4x 104 M) at different temperatures. Reprinted with
permission from Brunsveld, L.; Vekemans, J. A. J. M.; Hirschberg,
J. H. K. K,; Sijbesma, R. P.; Meijer, E. WWNAS2002 99, 4977.
Copyright 2002 the National Academy of Sciences.

water, however, a CD signal is observed at a wavelength

corresponding to the U¥vis maximum. Thus, the formation

of the supramolecular structure is ensured by the presenc
of a number of influencing structural features, the hydrogen-
bonding dimerization, the hydrophobic protective core that

Hembury et al.

NHCONH(CH,)s

N N

Z
’ i “OR

OR

Y
|
RO

2

186a: R = (CH2)11MG
186b: R = (CHolo - (CHo)sCHMe,

187a: R = (CH,CH,0)sMe

187b: R = CHZ/\(OCH20H2)4OMe

Awareness of this communication/sensing of the chirality
between parts of a supramolecular structure leads to the
concept of chirality amplification, that is, the induction of
chirality in an achiral part of a system via chirality transfer
from a “seed” chiral source molecule. Supramolecular
assemblies are ideal environments for establishing and
studying chiral amplification because of the potential for a
convenient combination of chiral and achiral analogues
within a single assembly. In the current system, such an effect
is observed.

Initially, Meijer and co-workers attempted to observe
chirality amplification by conducting “soldiers-and-sergeants”
experiments of the type pioneered by Green ef&in which
the changes in CD intensity are measured for a series of
constant concentration solutions 7aand187h, with an
increasing percentage of chiral “sergeant” molecul&sf).
Thus, if a chiral amplification mechanism is active, a
nonlinear increase of the CD intensity is expected. However,
in this case, it was found that the solution’s chirality increased
in a linear manner with increasiri7b percentage concen-
tration, showing that no chiral amplification takes place; this
is believed to be due to the differing solubilities resulting in
the formation of separate aggregates. Contrastingly, for an
analogue of achiratl87a and the chiral188 a highly
honlinear response was observed (Figure 109).

Initially, the concentrations were maintained at 4o

also promotes the columnar stacking, the solvating peripheralin Water; this resulted in shifting of the UwWis maxima to
groups, and the chiral substituents that propagate chirality292 nm, showing hydrogen bonding, but with a silent CD

through the structure.

spectrum because the interacting dimers are not yet aggregat-

Such chirality transfer arises from the structural adjust- 9. However, on raising the concentration to<10 ° M
ments made between adjacent molecules and so on through@t 5 °C, Cotton effects appeared, which showed the afore-

out the polymer under the influence of the chiral steric field Mentioned nonlinear dependence on the sergeant concentra-
generated by the chiral substituents, which can be seen infion. This demonstrates that the chlrall_ty from the enantiopure
the temperature dependence of the CD intensity (Figure 108).molecules transfers its asymmetry via noncovalent interac-
Here, we see that, on heating, the CD signal decreases irpons to its ne|ghbors, vyho t_hen subsequently transmit their
intensity until it has become zero at 80, which arises from  induced chirality to their neighbor, and so on.

the increasing thermal motion of the helix that reduces the A question of fundamental importance has, however, not
correlated nature of the intermolecular chiral interactions, been addressed in the discussed work. This is, what is the
thus decreasing the extended chiral order, eventually leadingefficiency of the chiral amplification, i.e., how many achiral

to disruption of the helix entirely at higher temperatures. molecules can be chirally influenced by a single chiral seed
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00 J. to more efficient packing of the achirB®Omonomers arising
L from the extra nine branching methyl group<lBg, an effect
20401y also seen in polymers that show chirality transfer between
4.0x10°1 % * achiral and chiral moietie8} showing the crucial and
soa0*] sensitive chirality sensing in such extended assemblies.
g soa0t]l N The soldiers-and-sergeants mechanism has been applied
) . . by the same group to create chiral supramolecular polymers
1.0x10°1 RN e that, via polymerization of appended peripheral sorbyl
-1.2x10* e e moieties, transfer the supramolecular helicity to the covalent
14x10° ] polymer’s backboné'? The achiral monomers are based on
3 p pr p P o the benzene-1,3,5-tricarboxamide system seen above, and as

a consequence of the cooperative hydrogen bonding, aromatic
and van der Waals interactions form racemic columnar
r assemblies, with a triple-seam of hydrogen bonds along the
: r axis of the assembly. On the addition of a small quantity of
& —> £ chiral sergeant molecules, chirality is induced into the
o= r structure in a nonlinear manner with a leveling-off&t0%
- =

sergeant concentration (it is noted that antipodal sergeants
produce opposite chirality). Then the sorbyl moieties undergo

1878 188 1,4-polymerization as initiated by irradiation with= 365
Figure 109. Dependence of the overall chirality on the mole NM in the presence of 2,2-dimethoxyphenylacetophenone to
fraction of chiral188in mixtures of188and achirall87ain water produce a covalent backbone. It is found that after rigorous

at 5 °C, expressed in terms of tipvalue and measured at the  (postpolymerization) removal of the sergeant monomer
maélmufm Oftlf]]g Cotton fEffﬁPt fl%t 23’293 r)1mR(upper) éind Emposed (which has no sorbyl groups), the chirality of the, now,
sion from Brunsveld, L.; Vekemans, J. A. J. M.; Hirschberg, J. H. poly

K. K.; Sijbesma, R. P.: Meijer, E. WPNAS 2002 99, 4977. However, the structure of the polymer was found to be

Copyright 2002 the National Academy of Sciences. disrupted by the addition of methanol, which competes for
the hydrogen bonding, thus rendering the structure achiral.

molecule? Meijer and co-workers found that, foscore- Remarkably, on removal of the methanol, the benzamide core

based systems in nonaqueous solvents, the chirality imposedf the polymer reassembles and the polymer regains its chiral
by one chiral molecule on subsequent achiral ones was gostructure with no loss of CD sign or intensity, which mimics
for anN-acylated 3,3diamino-2,2-bipyridine syster#f” and a biological-like unfolding-refolding sequence, which was
up to 200 for a benzene-1,3,5-tricarboxamide-basecf®ne. shown to be robust over a number of cycles (Figure 111).
They also noted that any aggregate not possessing directional Further investigation showed that the structure of the
secondary interactions with which to transfer asymmetry polymer is composed of a series of microstructures, an achiral
along the axis possessed considerably lower chirality am-zigzag part and a chiral helical part, where the chiral
plification.2%° influence of the sergeant was transferred to the covalent
In an extension of the previously discussed work, the backbone. The helical sections are then, to a degree, able to

determination of the chirality amplification efficiency of a Propagate their chirality along the column axis. This is a
supramolecular chiral helix in water was undertakéihe strong example of how the supramolecular approach and
covalent structure of the monomer is based g} benzene- kinetic control can lead to the rational production of quite
1,3,5-tricarboxamide and is designed in such a manner as toc0mplex “conventional” materials whose structure and
have the same elements previously used to direct the rationaProperties would be very difficult to obtain by other methods.
assembly of chiral supramolecular helices, i.e., hydrogen- Another chirality-transfer controlling mechanism studied
bonding groups, an aromatic core to promote stacking, andby this group is the “majority-rules” principle, which, again,
peripheral oxyethylene units to ensure water solubility and was pioneered largely by Green and co-workétsThus,
to be the source of the chiral information (Figure 110). while the soldiers-and-sergeants principle is concerned with
When mixtures ofl89 and 190 are dissolved in water, the influence of a small number of chiral groups over a large
aggregation occurred over a period of 1.5 h as determinednumber of achiral ones, the majority-rules effect tries to
from the broad'H NMR spectra, the red-shifted Uwis rationalize the observation that, in a system whose basic units
spectra, and a strong luminescence, with the aggregation see@re all chiral, a small excess of one enantiomer leads to that
to be highly chiral from the accompanying Cotton effects in Species dominating the helical sense of the whole helical
the CD spectra. When corresponding soldiers-and-sergeantstructure. Although observation and studies of this phenom-
experiments were undertaken at®, a nonlinear response  €non have, almost exclusively, been within the field of
of the g factor to the fraction of chiral89was seen, with ~ polymers, Meijer and co-workers have recently published
the maximum chirality found at 2530% of189. Using the work where the majority-rules effect has been observed in a
Havinga model (which relates the binding constant to the self-assembled helical polym&t. In this, they apply two
length of assembly with the same helical pitéH),a enantiomericCs-symmetric molecules, similar to those seen
cooperativity length (i.e., the number of achiral monomers previously but with alkyl peripheral groups, to give good
influenced by a single chiral molecule) of 12 molecules was solubility in nonpolar solvents§-191and R)-192 (Figure
found, corresponding to an average of 200 monomers perl110).
helix. Interestingly, the maximum chirality for the pure chiral CD spectra of individual enantiomers showed perfect
189 helix is lower than those for helix mixtures with a mirror images, with aAe maximum for the bipyridine at
fraction 0f 189 > ca. 10%; this effect is believed to be due 387 nm and values 0f-33.9 and 32.6 cmmt M1 for (S)-
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191 and R)-192 respectively. Via monitoring at this
wavelength, the factor was measured at different enantio-
meric excesses (8100%), the results of which can be seen
in Figure 112.

It is suggested that this dramatic nonlinearity confirms the
presence of a majority-rules chirality-control mechanism,
where the majority enantiomer has a greater chirality

Hembury et al.
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OR

189: R=CHy”~(OCH,CHy):OMe

190: R = (CH,CH,0)sMe

><

191: R= CH,CHy” _ “(CHyp)sCHMe,
192:R= CHQCHQ/\(CH2)3CHMe2

responses to size-exclusion chromatography (SEC) traces to
determine whether mixtures of xylylene-bridged bis(cyclic
dipeptides) 193 (Figure 113) result in homochiral or
heterochiral supramolecular polymeric assemblies and how
this translates into optical purity and molecular weight
distribution26

The SEC profile ofL-193 at 25 mM shows a typical

influence on the whole structure than would be expected on monodisperse chromatographic profile with a broad tail,

its percentage composition (it is additionally noted that the
zero points of they factor and ee are coincident).

To rationalize why, on the addition of (for example)R«
monomer into the helical structure dominated by tBg (

indicating a supramolecular polymer; accordingly, this is
concentration dependent with the corresponding 0.5 mM
L-193 solution showing a sharper peak corresponding to a
narrower range of lower-molecular-weight polymers. The

monomers, this adopts (presumably) its nonpreferred screw-formation of this supramolecular species is through the four
sense rather than causes local helical inversion, a theoreticahydrogen bonds that each molecule makes with its neighbors,

model developed by van Gestélwas applied. The results

as observed by the highly downfield-shifted amide protons

indicate that the free energy penalty for a monomer adoptingatd = 9.8 ppm in the'H NMR spectra, which can be seen

its nonpreferred screw-sense is 0.94 kJ Thabmpared to
helix reversal that amounts to 7.8 kJ molIThis 8x increase
in the energy penalty for helix inversion gives a strong
indication as to the origin of the majority-rules effect and is
likely to be a factor that should be considered in related
systems.

Clearly, in the cases where the monomer solution from
which a supramolecular polymer is formed is not homochiral,

to be broken by the addition of trifluoroacetic acid, resulting
in the corresponding upfield shifts of the amide protons. This
interaction mode is also seen in the X-ray structure of the
analogous structure.

Using a theoretical prediction by Flo#y, they consider
three possible polymer compositions and their associated
UV—vis and CD responses form193 enriched mixture;
see Figure 114. Thus, Figure 114a shows a nonstereoselective

the formation of a heteropolymer (as seen above) is not thepolymerization, in which the UVvis absorption is inde-
only structural possibility. This issue has been addressed bypendent of the L/D concentrations, and the CD spectra solely

Ishida and Aida, where they use a comparison of experi-

mental and theoretical predictions of U¥is and CD

reflect the enantiomeric purity. In the homochiral case (Figure
114b), the U\~vis is bimodal, with the split arising from
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Figure 111. Sequence of events leading to locking of supramolecular chirality into columnar self-assemblies. Reprinted with permission
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Figure 112. Anisotropy factorg as a function of the enantiomeric i _ _wei i i
excess for mixtures of§-191and R)-192at 20°C (closed circles) the higher-molecular-weight region due to the cancelling

and 50°C (open circles). Reprinted with permission from van effect of the QqUIquar amounts of palyand poly®, with
Gestel, J.: Palmans, A. R. A.: Titulaer, B.: Vekemans, J. A. J. M.; only the CD intensity for the monomers observed. When

Meijer, E. W.J. Am. Chem. So@005 127, 5490. Copyright 2005  the SEC UV-vis and CD responses for 25 mM constant
American Chemical Society. concentration solutions (varying between 100993 and
100%Db-193) were examined, it became clear that, for this
the higher concentration of lower-molecular-weight species system, the homochiral (Figure 114b) supramolecular poly-
due to homochiral polymer formation. The CD is expected mer formation regime is dominant, with clearly bimodal
to be truncated, with the absence of a signal from the low- UV —vis spectra and truncated CD spectra, for the cases
molecular-weight region due to the cancelling effect of the where there was an excess of one enantiomer. Thus, in a
smaller polyt and polyp species. In a heterochiral regime manner contradictory to that seen above for the “majority-
(Figure 114c), there is an excessmimonomer, resulting  rules” case of inclusion of antipodal monomers into a
in a peak at the low-molecular-weight region of the YV  “largely” homochiral association, here the intermolecular
vis spectra, and an absence of signal in the CD spectra forsensing of the chirality between homo- and heterochiral
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Figure 114. Schematic representation of SEC profiles of an enantiomerically unbalane=ati¢hed) monomer, as expected for (a)
nonstereoselective, (b) homochiral, and (c) heterochiral polymerizations. Reprinted with permission from Ishida, Y.; Aida). TThem.
S0c.2002 124, 14017. Copyright 2002 American Chemical Society.

species, and the associated binding free energies, results iThus, the advantages of such a supramolecular approach are
homopolymer formation; as a result, it was possible to its adaptability without the need for derivatization and the

separate and obtain enantiopure pol¥93 and polyp-193 potential for a high chirogenic efficiency (in the cases of
species by the SEC method. chiral amplification).

The supramolecular polymers of the Okamoto and Yash-
10. Chirality Sensing and Control in Polymeric ima group, aside from their aforementioned memory proper-
Assemblies ties, have been also applied as chirality sensors that can be

tailored to the ligand of interest through choosing compli-

The proceeding section considers the nature of the chirality mentary pendant functional groups to match those of the
induction based on polymers whose monomer units are ligands; specifically194for acids,195for sugars 196 and
covalently linked to form the backbone moiety. Although 197 for amines, and.98 for ammoniun¥®
not all of these systems are strictly supramolecular, the Another active group in this field is that of Moore and
underlying mechanisms that give rise to the chirality induc- co-workers, studying a number of factors that control the
tion and control are noncovalent in nature, and because ofchiral structure of polymers that have their origin in
the extended polymers’ dynamic nature, these systems camoncovalent interactioni$222°To this end, they have pre-
be viewed to act with very supramolecular-like characters dominantly utilized a series of amphiphilio-phenylene-
and offer approaches that can give further insights into how ethynylene oligomers, which can be classified into two
chirality is sensed by such molecular systems. similar but critically different classes; see Figure 116. These

The group of Okamoto and Yashima first reported the are (1) the molecules of grod®9, where the aliphatic chiral
application of supramolecular principles to chirality induc- side chains are the apolar moiety compared to the aromatic
tion in polymeric species over a decade ago and have sub-backbone and the polymer is soluble in lipophilic solvents,
sequently extended the classes of polymers used and deand (2) grou®00, where the relative polarity is inverted by
veloped a thorough understanding of their functiorffi§®218 the presence of polar chiral side chains and dissolution
In this, external chiral guests interact with an achiral poly- requires a polar solvent.
mer, resulting in chirality transfer and subsequent enantio- From studies 000, it was found that, in chloroform, the
selective P- or M-) helicity induction (Figure 115). This  polymers were present in random conformations (i.e., no
sequence is the foundation of the system previously discussethackbone helicity); however, in acetonitrile, helices were
relating to the supramolecular-memory phenomenon (seeformed, as determined for the ratio of the backbone-UV
section 7)e’c vis absorbance bands at 287 and 303 nm (a higkgtAzs,

Prior to this, optically active and chirally functioning ratio indicates a greater degree of helicity). It is also
polymers were mainly produced by conventional synthetic necessary for the polymer to be long enough to fold back
methods requiring chiral monomers and/or chiral catalysts. upon itself. As such, no helices were found for any polymer
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American Chemical Society. 1525. Copyright 2000 American Chemical Society.

with n < 10; correspondingly, all species with< 10 were  The CD signal increases in magnitude with polymer length,
found to be achiral® which correlates with the onset of, and degree of, helicity in
For compound499, it was also found that, in chloroform, the backbone. So we may state that, for these systems,
the relative intensities of the 287 and 303 nm bands showedbackbone order is necessary before chirality transfer can
no presence of helicity regardless of polymer length; this is occur.
believed to be because chloroform is a good solvent for all ~ To further understand the mechanistic relationship between
the parts of the polymer and does not facilitate any the chirality induction and the helix structure, CD measure-
intramolecular ordering?® However, in heptane, while the ments were made to see how the magnitude of chirality is
n = 8 and 10 species also show no helix formation, the related to the degree of helicity. In these, the composition
sharply reduced 303 nm band for= 12—18 reveals helix of the solvent was systematically varied between 100%
formation that increases in magnitude for the longer poly- heptane (helix promoting) and 100% chloroform (helix
mers. CD measurements #99 in chloroform showed no  precluding); see Figure 118.
signals in the backbone region, as expected from a random- From Figure 118a, we can see that helicity is entirely lost
coil conformation. This is in contrast to the CD spectra in in 50—70% chloroform; however, Figure 118b shows that
heptane; see Figure 117. Here, we can see that, for polymershe polymer’s backbone chirality is almost entirely quenched
with n > 10, a clear negative bisignate couplet is evident. by 10% chloroform, or conversely, that there is a rapid
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growth of chirality at high heptane ratios. Closer examination
of the spectra fon = 16 and 18 shows that the changes are
sigmoidal. These observations reveal that the chiral inter-
molecular interactions between chiral centers and the back-
bone are of a cooperative nature. The same scenario was
also observed for200 in acetonitrile/chloroform mixed
solvents, though with a longer persistence of chirality,
believed to be due to the slower change in bulk solvent
polarity due to the use of acetonitrile compared to heptane.

It is noted that the onset of chirality transfer 89 and
200 occurs at different polymer lengths, i.e.,rat> 10 for
199 and atn > 8 for 200, which is likely to be due to the
different distances that the chiral center is from the backbone,
4 bonds and 3 bonds fd99and200, respectively. Thus, it
can be surmised that the cooperative chiral steric field exerted
by the chiral center, and its subsequent cooperative propaga-
tion along the backbone, is greater for the closer chiral
center-backbone distance 200,

Additional insights and advances of the theory of how
noncovalent interactions dictate the chirality in polymers have
been achieved by the work of Fujiki and co-workers. From
the study of the chiral properties of a series of polysilylene
aggregate&? it was found that these underwent helical sense
inversions that were dependent upon the composition of the
included chiral monomer. As seen previously, the induction
and propagation of chirality in achiral (supramolecular)
polymers by chiral monomers has been explained using the
sergeants-and-soldiers concept, with the associated Ising
model predicting the extent of chiral order of a copolymer
as a function of the enantiomer concentrati&tHowever,
in the cases of the random copolymers studied by Fujiki, Figure 119. Structures 0201 and 202 and composition depen-
this model was not sufficient to predict the experimental dence of the enantiomer excess 2 of the P state 0201in 20°C
outcome. This was considered to arise from the fact that, in tckt‘é‘);%fl‘?dmg (rCI(ézega(I:(I:rcllae‘[se) dagmt%g] ri% d?JdHIZ .I(qOP%‘o‘é'éf'tehsg?or

: H : | urv u 1T | .
th? polymers prewou;ly explalned by the Ising model, the Reprinted in part with perm>i/ssion from Sato, gT.; Terao, Ky
chiral centers of the side chains were close to the backbon

. . S . N€Teramoto, A.; Fuijiki, M.Macromolecule002, 35, 5355. Copy-
and interacted directly with it, while, on the other hand, if right 2002 American Chemical Society.

the chiral centers were distant from the backbone, then they
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propagated the chirality. To take this into accotfitthe
following basic change to an assumption made in the Ising
model was suggested, i.e., that the interaction energies
between chiratchiral and chirat-achiral side-chain pairs
are different (which were previously consider identical); the Figure 120. Structure 0203
result of this can be seen in Figure 119.

From Figure 119, we can see that the modified Ising model (see Figure 121). These observations are believed to arise
predicts well the experimental outcome for b@0i (chiral {5y weak hydrogen bonding between the alcohol of the
center near the backbone) a2 (chiral center distant from  jigang and the ether of the polymer and subsequent chiral
the backbone). Critically, however, the modified model gteric interactions, as shown by the absence of an induced
correctly predicts the inversion of the screw sens@04a, CD signal for the analogous polyhexyl-p-n-butylphenyl-

which the conventional Ising model does not. This result gjjyjane) polymer, which does not possess an ether group
highlights the subtle differences in the noncovalent interac- 54 thus. lacks an interaction site.

tions between chiral, achiral, and induced-chiral species, as Interestingly,203was found to have a linear relationship
well as how the combination can lead to dramatic changespeqyeen its induced CD intensity and the ee of the chiral
in the extended structure. 2-butanol. This is notable because, as we have seen previ-
In a manner similar to that seen for chirality induction in  ously, nonlinear responses of the induced CD to the ee values
supramolecular helices, Fujiki and co-workers have also are often found arising from the majority-rules principle,
exploited the supramolecular interactions between an achiralderiving from cooperative interactions between the chiral side

poly(n-hexylp-n-propoxyphenylsilylene) polymer ho203
(Figure 120) and chiral external ligands to understand and
exploit the resulting induced chiralifj

In this system, it is found that, on interaction with chiral
ligands bearing an alcohol group, a specific helicity is
generated® or M) and a bisignate induced CD signal is
observed, which depends upon the structure of the ligand

chains. The lack of such a nonlinear effect in the current
system is attributed to the weaker intermolecular interaction
present in this case. However, an advantage of this mecha-
nism is that it allows the system to act as both a chirality
sensor and an ee gauge. From the study of a range of chiral
alcohols, it was found that the results can be grouped into
two classes. (1) On monitoring the second Cotton effect,
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the induced chirality in secondary alcohols was found to
consistently depend on the guest’'s absolute configuration,
i.e., a positive second Cotton effect f@){enantiomers and
a negative second Cotton effect fé){enantiomers (Figure
121a). (2) For primary alcohols with varying lengths of
separation from the chiral center, the second Cotton effect
was found to oscillate between positive for even numbers
of carbons between the chiral center and the alcohol and
negative for odd numbers of carbons (Figure 121b). Fujiki
and co-workers. stated that, from exciton theory and model
studies, the inversion of the bisignate Cotton effects is due
to the transition betweeR- and M- helices.

Clearly, there are different mechanisms operating in each
case, which are believed to be similar to those previously
discussed for the chirality phenomena in 204/202 systems.

The polymer helices in the secondary alcohol cases are

determined by direct noncovalent interactions between the

chiral center and the polymer backbone because of their close

spatial proximity, while in the case of the primary alcohols,

the more distant chiral centers are believed to interact with
neighboring side chains, generating order that is then
transferred to the backbone and propagated along its axis

11. Conclusions

Chirality is one of the most fundamental issues of modern
molecular science and is directly related to the functioning
of living organisms and to many aspects of daily human life.
Therefore, rationalizing the underpinning science of chirality
induction, and the development of effective and versatile
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chirality sensors, is an important task for research activities.
This review demonstrates recent progress in this field with
a particular emphasis on the advantages of a supramolecular
approach to chirality induction and detection. There are many
kinds of supramolecular systems, which are able to sense
different types of chiral influences. However, despite the
wide structural diversity of these assemblies and apparent
attractiveness of this methodology, the detailed nature of the
chirality-transfer mechanisms and the corresponding chirop-
tical properties of many of them have only been perfunctorily
examined. Also, although supramolecular chemistry offers
a unique tool for fine-tuning the chiroptical properties via
various controlling factors, this opportunity has been scarcely
developed. These are serious issues for designing optimal
systems for chirality induction and detection, since the optical
outcome of a system is directly related to the sensoric ability
as a chiroptical probe. Therefore, further efforts in this field
should be concentrated on closing these gaps, which should
have an immediate positive impact not only in supramo-
lecular chirality induction and sensing but also in related
application areas, such as asymmetric synthesis and catalysis,
medical science and pharmacology, and biomimetics and
molecular devices, in which the chirogenic effects are to be
exploited.

12. Note Added after ASAP Publication

This paper posted ASAP on December 21, 2007 with an
error in reference 54. The correct version published on
January 9, 2008.
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