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Self-sorting—the ability to efficiently distinguish between self and nonself—is common in nature
but is still relatively rare in synthetic supramolecular systems. We report a 12-component mixture
comprising 1—11 and KCI that undergoes thermodynamically controlled self-sorting in aqueous
solution based on metal—ligand, ion—dipole, electrostatic, charge-transfer interactions, as well as
the hydrophobic effect. We refer to this molecular ensemble—characterized by high-fidelity
host—guest interactions between components—as a social self-sorting system to distinguish it from
narcissistic self-sorting systems based on self-association processes. The influence of several key
variables—temperature, pH, concentration, and host/guest stoichiometry—was explored by a
combination of simulation and experiment. Variable temperature NMR experiments, for example,
revealed a kinetically controlled irreversible process upon cycling from 298 to 338 K, which is an
emergent property of this molecular ensemble. Variable pH and concentration experiments, in
contrast, did not reveal any emergent properties of the molecular ensemble. Simulations of a four-
component mixture establish that by proper control of the relative magnitude of the various
equilibrium constants, it is possible to prepare socially self-sorted mixtures that are responsive
(irresponsive) to host/guest stoichiometry over narrow (broad) ranges. The 12-component mixture
is relatively irresponsive to host/guest stoichiometry. Such social self-sorting systems, like their
natural counterparts, have potential applications as chemical sensors, as artificial regulatory
elements, and in the preparation of biomimetic systems.
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Introduction

Self-sorting—the ability to efficiently distinguish be-
tween self and nonself within complex mixtures—is a
fundamental property of natural and biological systems
but one that has been less commonly observed in syn-
thetic supramolecular systems. Consider, for example,
that fish tend to form schools with members of their own
species, that humans form clubs based on common
interests, that some compounds undergo spontaneous
resolution upon crystallization to form conglomerates,*
that immiscible liquids undergo phase separation to form
biphasic and multi-phasic mixtures,? and that small
molecules, proteins, and DNA all seek out specific
partners in high-fidelity recognition processes.® In biol-
ogy, these complex self-sorting systems are capable of
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responding to stimuli from their environment, exhibit
adaptive behavior, and are capable of evolution. As an
initial step toward the preparation of designed molecular
systems that exhibit some of the complexity of their
natural counterparts, we have been investigating the
preparation of complex mixtures of compounds that
undergo self-sorting.

Self-sorting systems can be prepared by thermody-
namically or kinetically controlled recognition processes.
To date, thermodynamically controlled self-sorting pro-
cesses have been based on the formation of hydrogen
bonds,*® metal—ligand interactions,”® solvophobic ef-
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fects,>1° and reversible covalent bonds.'* We regard
heterochiral aggregation®!? and enantiomeric self-recog-
nition'®'4 as special cases of self-sorting. Kinetically
controlled self-sorting processes based on noncovalent
interactions'® are much less common than those based
on covalent bond formation. Particularly elegant ex-
amples include kinetic resolutions,'® target-assisted com-
binatorial synthesis,'” self-replication,'® and chiral se-
lection in template driven nucleic acid oligomerization.®
Each of these self-sorting processes can occur by either
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homomeric or heteromeric recognition processes. In ho-
momeric recognition (self-association) processes, mol-
ecules display a high affinity for themselves; such
processes are commonly referred to as narcissistic self-
sorting. In heteromeric recognition (host—guest) pro-
cesses, molecules display a high affinity for specific other
members of the mixture; we have suggested they be
described as social self-sorting processes.® Among the
reported examples of designed synthetic systems that
undergo thermodynamic self-sorting, the vast majority
fall into the category of narcissistic rather than social
self-sorting.1®

Previously, we questioned whether self-sorting is ex-
ceptional behavior or whether it is likely to become a
commonly observed phenomenon in molecular recognition
and self-assembly.® We demonstrated that the prepara-
tion of an eight-component narcissistic self-sorting mix-
ture in CDCI; solution was as simple as selecting the
monomeric units from a series of well-defined aggregates
from the literature. In CDCI; solution, the fidelity of self-
sorting was controlled by the pattern of H-bonding
groups, their spatial orientation, and the presence of a
closed network of H-bonds. The generality of this ap-
proach toward the preparation of complex self-sorting
systems in water was questionable because two of the
main driving forces for molecular aggregation in water—
electrostatic interactions and the hydrophobic effect—
tend to be far less directional than H-bonds. This paper
extends our previous work by demonstrating that the
preparation of complex self-sorting systems is straight-
forward even in water and demonstrating the concept of
a social self-sorting system.

Results and Discussion

Selection of Molecular Components. Chart 1 shows
the chemical structures of the compounds used in this
paper (1—11). We selected 12 components (1—11 and
KCI) that are well-known from the literature to generate
stable host—guest complexes in aqueous solution. For
example, cryptand 1 is well-known to bind to potassium
ion.?° Facially amphiphilic methylene bridged glycoluril
dimer 2 undergoes self-association in water to form the
dimer 2, whereas (+)-9 undergoes an enantiomeric self-
recognition process triggered by the addition of 10.142!
Cucurbit[6]uril (6) binds tightly to hexanediammonium
ion 3% by a combination of ion—dipole interactions and
the hydrophobic effect, whereas cucurbit[8]uril (8) pro-
motes the formation of a charge-transfer complex be-
tween 4 and 5.2% As our final host—guest pair, we selected
B-cyclodextrin (7) and adamantane carboxylic acid 11.24
We selected complexes that met as many of the following
criteria as possible: (1) high stability (e.g., Ky > 104 M™Y)
in neutral water, (2) large complexation induced changes
in chemical shift, and (3) slow exchange between bound
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and free guest on the chemical shift time scale. Most
importantly, we chose 1—11 so that crossover heteromeric
aggregates between the various components were pos-
sible (Supporting Information, Figure S1). For example,
the cucurbiturils 6 and 8 can form the crossover ag-
gregates 6-5 and 8-3. Similarly, the possibility existed
for crossover aggregation between 2, (+)-9, and 10. Last,
7 is a notoriously promiscuous host, forming host—guest
complexes with many hydrophobic species in water.?*
12-Component Social Self-Sorting in Water. Fig-
ure 1A—F shows the *H NMR spectra recorded for each
of the six selected complexes (1-K*, 2,, 6-3, 8:4+5, 9,:10,,
and 7-11). In accord with the literature reports, each of
these complexes exhibits a well-defined set of *H NMR
resonances with significant complexation induced changes
in chemical shift. Figure 1G shows the *H NMR spectrum
of the mixture of these 12 molecular components. Re-
markably, the H NMR spectrum of the mixture (Figure
1G) is simply equal to the sum of the NMR spectra of
the individual components (Figure 1A—F). This spectro-
scopic earmark provides strong evidence that the mixture
comprising 1—6, 8—7, and KCI undergoes self-sorting. In
contrast to self-sorting systems that rely on highly self-
selective behavior—narcissistic self-sorting—the self-sort-
ing displayed by the present mixture relies on high
affinity of particular host—guest pairs of molecules. To
distinguish between the two types of behavior, we refer
to the mixture of 1-11 and KCI as a social self-sorting
system.® To demonstrate that the social self-sorting
observed in this system is based on thermodynamic
rather than kinetic control, we designed an experiment
to approach the equilibrium from another direction. We
prepared two submixtures (Figure 1H: 2, 5—8, 10, and
K* and Figure 11: 1, 3, 4, ()-9, and 11) neither of which
contain any of the host—guest pairs observed at equilib-
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rium. Hosts 1, 2, 6—8, and (+)-9 are, therefore, forced to
socialize with the guests that are present within their
respective submixtures. Upon mixing the two submix-
tures, however, we once again observe a ‘H NMR
spectrum (Figure 1J) that is simply equal to the sum of
the NMR spectra of its components, which establishes
that this social self-sorting system is thermodynamically
controlled.

Variables that Affect the Fidelity of Social Self-
Sorting Processes. As in any molecular recognition or
self-assembly study, there are several variables that can
affect the outcome of a social self-sorting experiment. In
this section, we explore the influence of temperature, pH,
concentration, and relative stoichiometry on the behavior
of 1-11 and KCI by a combination of simulation and
experiment.

Temperature. One of the most important variables
governing noncovalent interactions in homogeneous solu-
tion is temperature. The influence of temperature is
particularly important in agueous solution where values
of AH, and therefore changes in equilibrium constant,
can be large. Figure 2A—G shows the *H NMR spectrum
recorded for the mixture of 1-11 and KCI as the
temperature is raised from 280 to 338 K. At higher
temperatures, new sets of resonances and increased
spectral broadening become apparent. In particular, the
methylene resonances observed for 6-3 between 0 and 1
ppm, and the aromatic resonances for 8:-4-5 and 9,:10,
between 6.2 and 9.5 ppm, become quite complex. In
addition to spectral complexity observed at high temper-
atures (Figure 2G), the system undergoes an irreversible
change when the temperature is returned to 291 K
(Figure 2H). This irreversible change is an emergent
property of the mixture that is not observed for the
isolated components. To investigate the origin of this
irreversible change, we prepared less complex mixtures
comprising 10 (1-K*, 2,, 6-3, 8-4-5, and 7-11) and nine
(1-K*, 6-3, 845, and 7-11) components that lack pal-
ladium complex 10, pyridyl ligand (£)-9, and quinoxaline
2 (Supporting Information, Figure S2). The 10-component
mixture exhibits largely reversible behavior, but small
peaks were observed for uncomplexed 5, which is con-
sistent with the partial dissociation of 8-4-5.2% In contrast,
the nine-component mixture exhibits completely revers-
ible behavior over the 280—338 K temperature range. On
the basis of these control experiments, we hypothesized
that the irreversible behavior of the 12-component mix-
ture was due to undesired interactions between 6-3 and
9,:10,, which was confirmed by VT-NMR measurements
on this four-component mixture. This thermally induced
kinetically irreversible process is one of many emergent
processes that may be expected from social self-sorting
systems.

Value of pH. The formation of six aggregates from
1-11 and KCI is driven by ion—dipole interactions (1-
K*, 6-3, and 8-4-5), metal—ligand interactions (1-K* and
9,:10,), and the hydrophobic effect (6-3, 8:4+5, 25, 9,:10,,
and 7-11). Changes in pD that result in changes in the
protonation state of the various components have the
potential to affect the fidelity of self-sorting (Supporting

(25) We have encountered observed difficulties in obtaining quan-
titative formation of termolecular complex 8-4-5 from its constituents
when the conditions vary from the literature report.
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IH NMR spectra (500 MHz, D,O, pD 7.4, 1.0 mM, 298 K) recorded for (A) 6-3; (B) 8:4-5; (C) 7-11; (D) 1-K*; (E)

9,:107; (F) 22; (G) a mixture of 1-11 and KCI; (H) a mixture of 2, 5—8, 10, and KCI; (I) a mixture 1, 3, 4, (£)-9, and 11; and (J)
a mixture of 1—11 and KCI prepared by mixing the solutions used to record spectra H and I.

Information, Figure S3). Accordingly, when the self-
sorted mixture (pD 7.4) is made alkaline (pD 9.4 and
10.4), the fidelity of several of the complexes is compro-
mised. For example, both 6-3 and 8-4-5 dissociate at pD
10.4, presumably due to changes in the protonation states
of 3 and 4. In addition, 9,-10; is destroyed at higher pD.
Of these three processes, only the formation of 6-3 is a

6160 J. Org. Chem., Vol. 69, No. 19, 2004

reversible process.?>?6 Upon acidification to pD 3.4, we
observe the destruction of 1-K* and the partial dissocia-
tion of 8:4-5. Upon returning to pD 7.4, the deprotonation
of cryptand 1-H" is a fully reversible process, whereas

(26) We have previously found that 9,-10, alone undergoes an
irreversible change at high pD with the formation of a gray precipitate.
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FIGURE 2. Variable temperature *H NMR spectra (500 MHz, D,0, pD 7.4, 1 mM) recorded for a mixture of 1-11 and KCI at
(A) 280 K, (B) 291 K, (C) 298 K, (D) 308 K, (E) 318 K, (F) 328 K, (G) 338 K, and (H) upon cycling from 338 K back to 291 K.

8-4-5 remains partially dissociated. These results high-
light the serious difficulties in maintaining a self-sorted
system over a wide range of pH; these difficulties are
perhaps not surprising when one considers the careful
control over pH maintained in biological systems.3
Concentration. We wished to quantify the effect of
concentration on this social self-sorting system since the
dilution of a given host—guest complex (e.g., 8:4-5) below
its value of K4 would result in the release of its guests
(e.g., 4 and 5), which might compete with the formation
of other desired host—guest complexes (e.g., 2, and 6-3).
The *H NMR spectra obtained upon dilution from 1 mM
to 50 uM are given in the Supporting Information (Figure

S4). Unlike our previously described eight-component
narcissistic self-sorting mixture,® this 12-component
self-sorted mixture does not respond to dilution over
the range of concentration amenable to study by 'H
NMR.

Relative Stoichiometry. One of the most important
variables in any molecular recognition and self-assembly
study is the relative stoichiometry of the various molec-
ular components. Aggregates that are stable at one
relative stoichiometry may undergo transformation to a
different aggregate at another. How does relative stoi-
chiometry affect the fidelity of social self-sorting? How
do the preferences of a set of hosts change as the sea of

J. Org. Chem, Vol. 69, No. 19, 2004 6161
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potential guests increases in concentration? The answers
to such questions are, of course, determined by the
various equilibrium constants and concentrations. We
explore two cases by simulation and one by experiment.

Simulation. Consider the simple system described in
Figure 3a comprising two hosts (A and B) and two guests
(M and N) capable of forming four possible host-guest
complexes (AM, AN, BM, and BN).?” We fix the total
concentrations of hosts A and B ([Awt] and [B]) at 1 mM
and choose the four equilibrium constants such that host
A has a 30-fold preference for guest M, whereas host B
has a 30-fold preference for guest N (Figure 3b). Figure
3d shows a plot of mole fraction versus guest concentra-
tion subject to the mole fraction definitions given in
Figure 3c. The three sets of related mole fraction defini-
tions with superscripts c, g, and h are referenced to the
total concentration of complex, guest, and host, respec-
tively.?® As the guest concentration is increased from 1
uM to 1 M, the values of y°am and y°an remain constant.
The fidelity of self-sorting remains high when considered
from the viewpoint of complexed host molecules. Consider
the situation from the point of view, however, of all host
molecules (x"am and y"an). When the guest concentration
is low (1—-100 uM), relatively few host molecules are
complexed, and y"aw and y"an are low. When [My,] and
[Nwt] approach [Aw] and [Biot, x"am and yx"an rise and
reach their limiting values when the guest/host ratio is
greater than unity. Considering the situation from the
point of view of the guest leads to the opposite behavior.

(27) We have neglected the potential interaction of host with host,
guest with guest, and higher order aggregates. Such an assumption is
likely valid for a system in aqueous solution comprising modestly sized
macrocyclic hosts and small guests.

(28) We do not plot the related x%sm, x%ens 2%M, %N, X em, and x"en
since they are identical to x°an, x°am. x%n, x%wm, x"an, and x"am under
the constraints employed.
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FIGURE 4. Stoichiometry induced partner displacement in
a four-component mixture: (@) equilibria considered, (b)
constraints imposed, (c) mole fraction definitions, and (d) a
plot of mole fraction vs guest concentration ([Mwt] = [Niot])-
Legend: yx‘am, green; x°an, black; y°sm, orange; and x%sn, aqua.

When [My] and [N¢] are less than [Awi] and [Biot], %%am
and y%n are at their maximal values; when the guest/
host ratio is greater than unity, the values of y9.v and
19~ rapidly decrease. What are the consequences for
social self-sorting systems? First, social self-sorting sys-
tems are mutually most efficient when the concentrations
of the components of each host—guest pair are equal.
Second, if each host has highest affinity for a unique
guest (e.g., Kav > Kany and Kgy > Kgy), then the fidelity
of self-sorting will not be affected by the total guest
concentration as long as [Mt] = [Niot]-

In the previous example, each host displayed highest
affinity for a uniqgue member of the mixture resulting in
high fidelity self-sorting over the entire range of relative
stoichiometries. What happens if both hosts display
highest affinity for the same member of the mixture?
Consider the simple four-component system described in
Figure 4a subject to the constraints outlined in Figure
4b. We selected the four equilibrium constants such that
Kam > Kan and Kgy > Kgn. A plot of mole fraction (Figure
4c) versus guest concentration ([Myt] = [Nit]) is shown
in Figure 4d. At substoichiometric guest concentrations
(2 uM to 1 mM), host A selectively binds guest M because
Kam is 10*fold larger than Kay. Host B is forced to
socialize with guest N even though Kgy, is 10-fold greater
than Kgyn because the 104-fold difference between Ky and
Kan is sufficient to overcome the 10-fold driving force
favoring BM.2° When the guest concentration is less than
the host concentration, AM and BN are dominant.
Conversely, when [M] = [Nwt] is 2-fold greater than
[Atwt] = [Brot], there is no scarcity of guest, and each host
is free to select its desired partner. Host A selects guest

(29) Perhaps more intuitively, consider the situation from the point
of view of guests M and N. Guest M prefers to bind to host A because
Kam is 100-fold greater than Kgm. Similarly, guest N prefers to bind
to host B because Kgy is 10-fold greater than Kan.
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FIGURE 5. 'H NMR spectra (500 MHz, D,0, pD 7.4) recorded for (A) a self-sorted mixture of 1-11 and KCI (1 mM); (B) an

equimolar mixture of guests 3—5, 10, 11, and KCI; (C) the self-sorted mixture of 1—11 and KCI upon addition of 0.5 equiv of
guests 3—5, 10, 11, and KCI; (D) upon addition of 0.75 equiv of the guests; (E) upon addition of 1.0 equiv of the guests; and (F)
upon addition of 2.5 equiv of the guests. The dashed lines are intended to guide the eye along key guest resonances.

M since Kau is 104 greater than Ky, and host B selects
guest M since Kgy is 10-fold greater than Kgn. When the
guest concentration is greater than the host concentra-
tion, AM and BM are dominant. The consequence is that
social self-sorting systems may change partners over a
relatively narrow concentration range, which makes
them potentially attractive in chemical sensing and
artificial regulatory applications.

Experiment. How does the social self-sorting system
comprising 1—11 and KCI respond to relative stoichiom-
etry? Figure 5A,B shows the *H NMR spectra recorded
for the 12-component self-sorted mixture and for a
solution containing only the guests (3—5, 10, 11, and
KCI). The 'H NMR spectrum of the mixture of the guests
shows that some remain monomeric (4, 5, 11, and KCI),
whereas others socialize (3 and 10). Figure 5C—F shows
the *H NMR spectra recorded in the presence of an excess
of guests ([3] = [4] = [5] = [10] = [11] = [KCI] = 1.5,
1.75, 2.0, and 3.5 mM). The resonances for the majority
of the complexes are unchanged (1-K*, 2,, 6-3, 8:4-5, and
9,-10,) aside from some exchange induced broadening,
whereas the resonances for 7-11 are in the fast exchange

regime on the chemical shift time scale and undergo
changes in chemical shift with increasing concentrations
of 11. Resonances for the free guests 3—5 and 11 become
increasingly apparent at the higher guest concentra-
tions.®° In addition to these readily identified resonances,
new resonances become apparent at 7.9, 7.4, 7.0-7.1,
6.65, 5.4, and 5.25 ppm. While we have not been able to
completely assign these resonances to specific competing
aggregates, we note that several of these resonances are
present in the spectrum of the two-component mixture
comprising 1 and 4. The social self-sorting system
comprising 1—11 and KCI is more similar to the behavior
simulated in Figure 3 than in Figure 4. In general, it
should be easier to prepare systems that follow the
behavior of Figure 3 rather than Figure 4 since fewer
constraints involving equilibrium constants need to be
simultaneously satisfied.

(30) The methyl group resonance of 5 appears at an averaged
chemical shift despite the fact that well-separated resonances for the
aromatic protons of its complex (8-4-5) and free 5 are visible because
the methyl resonance does not undergo a large change in chemical
shift upon complex formation.
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Conclusions

Despite the wide variety of natural self-sorting sys-
tems, there are still relatively few synthetic systems that
exhibit self-sorting and even fewer that do so within
complex mixtures. We recently demonstrated that the
preparation of an eight-component narcissistic self-sort-
ing system in CDClI; based on H-bonding interactions is
as simple as selecting the monomers from a series of well-
defined aggregates from the literature. Given the strength
and directionality of hydrogen bonds, it was questionable
whether this approach could be transferred to self-sorting
in agqueous solution where less directional electrostatic
interactions and the hydrophobic effect are important
driving forces. In this paper, we prepared a 12-component
social self-sorting system in aqueous solution driven by
a combination of metal—ligand interactions, electrostatic
interactions, and the hydrophobic effect. In aqueous
solution, size, shape, and stereoelectronic complementa-
rity between components play important roles in achiev-
ing a unique set of aggregates at equilibrium. The
preparation of social self-sorting systems in water is as
straightforward as selecting the molecular components
from a series of well-defined host—guest pairs from the
literature.

Unlike narcissistic self-sorting systems that are based
on the high affinity of molecules for themselves (self-
association), social self-sorting systems are based on high
affinity for other member(s) of the mixture. In this paper,
we presented a 12-component thermodynamically con-
trolled social self-sorting system consisting of six well-
defined host—guest pairs. Similar to single host—guest
complexes, the 12-component mixture is responsive to
changes in temperature, pH, concentration, and host/
guest stoichiometry. Unlike single host—guest complexes,
however, the behavior of complex molecular ensembles
will generally exceed those of their constituents due to
crossover interactions between components. For example,
the 12-component social self-sorting system undergoes
kinetically controlled irreversible processes in response
to changes in temperature—an emergent property—that
was not observed for its individual components. Simula-
tions of other social self-sorting systems show that they
are capable of responding to changes in host/guest
stoichiometry over narrow ranges suggesting their po-
tential utility in chemical sensing applications.

Biological self-sorting systems respond to stimuli from
their environment and exhibit adaptive and evolutionary
behavior. With straightforward access to abiotic thermo-
dynamically controlled narcissistic and social self-sorting
systems in organic and aqueous solution, their use in
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adaptive supramolecular systems can be envisioned. The
development of efficient methods—whether based on
chemical, photochemical, or electrochemical stimuli—for
the control of these systems under thermodynamic and
kinetic conditions has the potential to result in synthetic
supramolecular systems that exhibit some of the com-
plexity of their natural counterparts.

Experimental Section

General. General experimental procedures have been
described previously.3!

Materials. Compounds 1, 3—5, 7, 8, and 11 are com-
mercially available. The synthesis and characterization of 2
is described in the Supporting Information. Compounds 6,%?
9, and 10% were prepared according to the literature
procedures.

Sample Preparation. The mixtures described in this paper
were prepared as follows: (1) the calculated amounts of each
component were weighed out separately and transferred to a
5 mL screw cap vial, (2) D2O (2 mL) was added, (3) the mixture
was sonicated or vortexed for several minutes, (4) the pD was
adjusted using concentrated KOD or DCI solution, (5) the
solution was stirred at room temperature overnight, (6) the
solution was centrifuged, and (7) the solution was transferred
to an NMR tube for analysis. Samples for variable pD, variable
concentration, and guest addition experiments were prepared
similarly.

NMR Experiments. NMR spectra were measured on
spectrometers operating at 400 or 500 MHz for *H and 100 or
125 MHz for 3C. Temperature was controlled to 0.5 K. All
spectra are referenced relative to external (CD3)3;SiCD,CD-
CO.D.

Simulations. All simulations were performed on a PC
running MATLAB 6.1 (The MathWorks, Natick, MA).

Acknowledgment. We thank the National Insti-
tutes of Health (GM61854) for financial support and Dr.
Anthony Day for a generous sample of 8. L.I. is a
Cottrell Scholar of Research Corporation.

Supporting Information Available: Synthetic proce-
dures, characterization data, and *H and 3C NMR spectra for
2, programs used for the simulations, and *H NMR spectra
obtained in crossover aggregation, variable temperature, vari-
able pD, and variable concentration experiments (Figures S1—
S4). This material is available free of charge via the Internet
at http://pubs.acs.org.

JO049976A

(31) Chakraborty, A.; Wu, A.; Witt, D.; Lagona, J.; Fettinger, J. C.;
Isaacs, L. J. Am. Chem. Soc. 2002, 124, 8297—8306.

(32) Buschmann, H.-J.; Fink, H.; Schollmeyer, E. Preparation of
cucurbituril. German patent DE 196 03 377 Al, 1997.

(33) Fujita, M.; Yazaki, J.; Ogura, K. 3. Am. Chem. Soc. 1990, 112,
5645—5647.





