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Abstract — Self-sorting represents spontaneous 
simplification of complex systems into a set of smaller 
sub-systems. Chemical self-sorting processes are 
interesting as models for behaviour of biological 
systems, amplifying sensors, and precursors for 
expedient syntheses of complex organic and inorganic 
molecules. This paper will give an introduction to the 
physicochemical principles behind the 
thermodynamically and kinetically controlled self-sorting 
phenomena in organic and inorganic chemistry, and will 
illustrate both classes with an example. 
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1. INTRODUCTION 

Nature is a continuous source of inspiration for 
synthetic chemists, on account of both the complexity of 
the naturally occurring compounds and the apparent 
ease with which these compounds are synthesized [1]. 
Living organisms are grandmasters of chemoselectivity: 
the ability to selectively react only one functional group 
in only one compound, in the presence of numerous 
potentially competing functionalities [2] in other 
components of the cellular medium. This exquisite 
control was brought about by eons of evolution, which 
developed enzymes capable of selectively accelerating 
reaction of one substrate, often by five or more orders 
of magnitude relative to even closely related 
compounds. Enzymatic selectivity allows metabolic 
processes to proceed within a chemically incredibly 
complex cellular medium, with virtually no interference 
among different pathways. 

In the laboratory, researchers typically seek catalysts 
with a broad substrate scope, and not substrate-
exclusive species analogous to enzymes. 
Consequently, these general catalysts cannot compete 
with natural enzymes in their chemoselectivity, and 
laboratory syntheses necessitate a somewhat more 
reductionist strategy. In a typical preparative reaction, 
two compounds of high purity (>95%) are combined in  
 
 
 
Ognjen Š. Miljanić is with University of Houston, Department of 
Chemistry, 136 Fleming Building, Houston TX 77204-5003, USA, e-
mail: miljanic@uh.edu web: www.miljanicgroup.com 
 
 

pure solvents (often completely free of oxygen and 
moisture) and left to react. Such extensive focus on 
purity is required to minimize the formation of side 
products that could interfere with—or completely shut 
down—subsequent synthetic transformations [3]. Often 
times, the competing functionality is present in the very 
molecule that undergoes the desired reaction. In such 
cases, so-called protecting groups [4] are used to 
temporarily block the reactivity of all groups except the 
one that is desired to react. Introduction and 
subsequent removal of protecting groups adds at least 
two additional steps to the synthesis.  
Thus, synthetic chemistry finds itself in a curious 
paradox: purifications and protecting group 
manipulations—and not the bond-forming chemical 
reactions themselves!—take the centre stage during a 
day-to-day operation of the synthetic laboratory, and 
much labour, materials, and energy is expended on the 
preparation of pure materials. 

 

2. WHAT IS SELF-SORTING? 

 
High selectivity of enzymes effectively self-sorts 
metabolic pathways in a cell, allowing them to proceed 
simultaneously, but without interference with each 
other. Self-sorting has been defined as the preferential 
recognition of self from non-self [5]. In the context of 
this definition, "self" can be much more than a single 
chemical compound: for example, all components of a 
given metabolic pathway would constitute a part of a 
larger "self". For the purposes of this discussion, self-
sorting is more conveniently viewed as spontaneous 
simplification of a large system into a set of smaller 
sub-systems [6]. Self-sorting processes can be divided 
into two general classes, operating under either 
thermodynamic or kinetic control [5]. Chemists are 
increasingly starting to pay attention to self-sorting 
processes, as these are thought to be interesting 
models for biological systems, self-amplifying sensors, 
and precursors to expedient synthesis of molecules of 
significant complexity. 

 

This paper will briefly and qualitatively discuss the 
physicochemical principles behind the thermodynamic 
and kinetic self-sorting processes, and will illustrate 
each class with an example from recent literature.  
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Cartoon representations in Figure 1 will be used to 
introduce the general concepts. Consider four building 
blocks—represented by two semicircles (yellow and 
blue) and two triangles (also yellow and blue)—that 
react only with a building block of the opposite colour in 
a 1:1 ratio. In such a scenario, four products are 
possible. Two of these products are matched—in that 
two semicircles combine into a circle and two triangles 
into a square, and the other two semicircle–triangle 
combinations are mismatched. An initial reaction makes 
all four products in a more-or-less random ratio. Let us 
also assume that matched combinations are 
thermodynamically more stable than the mismatched 
ones (and thus reside in deeper energy wells in Figure 
1). Figure 1 illustrates three different situations that can 
arise depending on the energy profiles of these 
reactions. If matched and mismatched products cannot 
interconvert (barrier is too high, Figure 1—left), then the 
mixture will retain its original composition with all four 
products. This situation is very common in preparative 
chemistry: side products are formed alongside desired 
products and, since they can no longer be converted 
into the desired material, separation is necessary. 
However, if the barrier for matched–mismatched 
conversion is sufficiently lowered, the four products will 
freely interconvert under the reaction conditions. 
Eventually, equilibrium will be established, and the 
matched/mismatched distribution will be determined by 
their relative free energies: Keq = e

−(ΔG/RT)
 [7]. Relatively 

small differences in stability can translate into Keq's 
larger than 100, meaning that mismatched 
combinations will essentially be absent from the 
equilibrium mixture. In effect, such a mixture will self-
sort, since only two of the possible four combinations of 
products will remain at the end of the reaction. Since 
the sorting was based exclusively on the 
thermodynamic stabilities of the potential products, this 
phenomenon is described as thermodynamic self-
sorting (Figure 1, center). 

Quite a different situation will occur if there is an "exit 
path" available to the equilibrating mixture, typically in 
the form of a slow irreversible reaction (Figure 1, right). 
The barrier for this irreversible reaction is reachable, 
but still significantly higher than the barrier for 
interconversion between matched and mismatched 
products. Thus, the equilibration proceeds much faster 
than the "exit path" reaction. In that case, so-called 
Curtin-Hammett principle [8] applies, dictating that the 
final product distribution will be determined not by the 
position of the equilibrium, but just by the relative 
barriers of the different "exit paths". In effect, the 
irreversible reaction will amplify the most reactive 
species at the expense of all others components of the 
mixture, even if some of these components are more 
stable! This would be a description of kinetic self-
sorting, which is less common than its thermodynamic 
counterpart, but more relevant as a biological model—
since living systems operate far from equilibrium. 

Although thermodynamic and kinetic self-sorting 
operate on different principles, they share one practical 
advantage over reactions that exhibit no self-sorting. 
Namely, in self-sorting systems, synthesis of well-
defined products can be achieved even starting from 
mixtures where many precursors have competing 
reactivity. 

  

3. THERMODYNAMIC SELF-SORTING 

In thermodynamically controlled self-sorting systems, 
final state of the mixture is the most stable 
configuration of the system. This thermodynamic 
minimum will eventually be reached, provided that the 
barriers leading to that state are easily passable 
(Figure 1, center). Reversibility is most commonly 
achieved through the use of supramolecular 
interactions or through reversible formation of covalent 
bonds [9]. One of the most commonly studied 
reversible covalent bonds is the imine exchange 



(Figure 2), in which two imines exchange their 
substituents around the C=N double bond. In the 
absence of significant external stimuli, stabilities of 
most imines are comparable and random mixtures 
result. However, if a certain component of the imine 
mixture is stabilized—for example, by coordination to a 
transition metal—the position of equilibrium will change 
to favour that compound at the expense of all other 
species in the mixture. 
 

 
Imines are generally unstable compounds in aqueous 
solution as they quickly hydrolyze; copper(I) is also 
readily oxidized into copper(II) or disproportionated. 
However, in their coordination complexes, Cu(I) and 
imines stabilize each other and their complexes are 
tolerant to both air and moisture. Nitschke and co-
workers [10] utilized this synergistic stabilization to 
demonstrate copper(I)-induced simplification (Figure 3) 
of a mixture of five imines 1–5 into just two imine-metal 
complexes: 3∙Cu+ and 22∙Cu+. The key to this self-
sorting transformation was the satisfaction of all 
coordination valences: all copper(I) ions are 
tetracoordinate and all of the ligands’ nitrogen atoms 
are bound to copper centers. Any other structures 
formed from this mixture of subcomponents would 
either contain more than one metal center (entropically 
disfavored) or have unsatisfied valences at either metal 
or ligand (enthalpically disfavored). 

Nitschke's work is just one of the many recent 
examples of thermodynamically controlled self-sorting. 
Isaacs and co-workers [5] demonstrated selective self-
sorting of a mixture of twelve components into six 
discrete supramolecular complexes, in a process 
mediated by hydrogen bonding, ion–dipole, metal–
ligand, and charge–transfer interactions. Schalley et al. 
[11] utilized hydrogen bonding to develop integrative 
self-sorting systems, where several different self-
sorting events occur in a programmed sequence to 
yield highly complex mechanically interlocked 
structures with excellent selectivity. 

 
 

4. KINETIC SELF-SORTING 

 
The biggest advantage of thermodynamic self-sorting is 
at the same time its biggest caveat: thermodynamic 
self-sorting is limited to compounds that are 
exceptionally stable. Can an equilibrating mixture be 
engineered to preferentially express its less stable 
components? The answer lies in the alternative process 
of kinetic self-sorting, which sorts mixtures based not 
on their relative stabilities, but on the relative rates at 

which different mixture components undergo an 
irreversible reaction (Figure 1, right). 
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Figure 3. Thermodynamic self-sorting of a mixture of five
equilibrating imines produces two well-defined Cu(I)-imine
complexes.
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In our recent work [12], four equilibrating imines 6–9 
(Figure 4) were exposed to a slow oxidation reaction 
that can transform any one of these compounds into 
their closed-ring benzimidazole and benzoxazole 
analogs. The oxidation rate differs for the four 
compounds; as expected, the most electron rich imine 6 
(red in Figure 4) oxidizes fastest, while the most 
electron-poor imine 9 (blue in Figure 4) oxidizes 
slowest. Oxidation of 6 into its benzimidazole product 
10 depletes it from the reaction mixture, and 
compounds 7 and 8 equilibrate to produce more of it. 



Eventually, 7 and 8 are completely exhausted from the 
mixture, and the only remaining imine is the electron-
poor 9. Its final oxidation produces benzoxazole 11. 

This kinetic self-sorting process expresses the least 
prominent imine in the equilibrium mixture—at the 
expense of the more stable counterparts. The use of 
iodine—as a weak oxidant—is crucial; if oxidation was 
faster than imine exchange, the equilibrium ratios of 
imines would be translated into the final ratios of 
products. 
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Figure 4. A slow oxidation reaction causes kinetic self-sorting
of a dynamic imine mixture.
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5. CONCLUSIONS AND FUTURE DIRECTIONS 

Self-sorting processes will not replace the current 
paradigms of synthetic chemistry in the near future. The 
chief reason lies in their reliance on freely reversible 
reactions, and there are relatively few examples of 
those. Most significantly, carbon–carbon bond-forming 
reactions that are often viewed as the cornerstone of 
organic chemistry rarely proceed in a reversible 
fashion. Self-sorting is, however, beginning to play a 
role in the construction of self-assembled architectures 
that are designed to be thermodynamically more stable 
than their alternatives, often through the presence of 
stabilizing supramolecular interactions such as 

hydrogen bonds or donor-acceptor interactions. Studies 
of self-sorting processes are a fertile testing ground for 
the application of very elementary concepts of chemical 
kinetics and thermodynamics in a very novel context. 
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