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Introduction

Classically, dynamic covalent chemistry’ has created and
exploited networks of interconverting compounds, so-called
dynamic combinatorial libraries (DCLs), which operate under
thermodynamic control. Within a DCL, the relative abun-
dances of library members are therefore governed by the total
free energy of the system. Recognition events that are capable
of altering the free energy relationships® within a DCL can
alter the final distribution of compounds in the library and
this approach has been used for development® of synthetic
receptors and sensors, the creation® of supramolecular assem-
blies and in the search® for ligands for biomacromolecules.
The behaviour of complex network of interactions that exist
between all of the compounds present in a DCL is amenable
to simulation®>®® computationally and this approach has
identified emergent phenomena, such as pattern generation,
which may appear spontaneously within such libraries. Such
complexity, beyond the simple sum of the individual com-
ponents, means that DCLs will become a critical component
in the development” of Systems Chemistry.

One method of achieving selectivity® within a DCL is the
receptor-assisted combinatorial approach. In this approach, a
receptor is present during the generation of the dynamic com-
binatorial library, and, therefore, the creation of the com-
pounds that associate strongly with the receptor is favored.
Synthesis and screening therefore occur in the same step.
Alternatively, amplification can be accomplished’ using
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A single, appropriately designed, recognition event targets and transforms one of two reactive members
of an exchanging pool of compounds through a recognition-mediated irreversible cycloaddition reaction,
altering dramatically the final composition and kinetic behaviour of the dynamic library.

pseudo-dynamic combinatorial chemistry. After the synthesis
of the library, certain members bind to the receptor present in
the library. Subsequently, a degradative reaction removes the
compounds that did not bind, or are bound only weakly, to the
receptor rapidly. Library members that are bound strongly to
the receptor are destroyed slowly. In this case, thermo-
dynamics govern initial binding to the receptor, while the
kinetics of the degradative reaction governs the overall selecti-
vity achieved in the library.

Selection strategies for DCLs based on thermodynamic
control often have limited effectiveness, since selectivity is
based only on the differences in the strengths of interactions
between library members. Employing kinetic effects’®'" in
DCLs can improve selectivity, but this approach is currently
underexploited. We have become interested in exploiting reco-
gnition-mediated reactions'* as a tool for selection and ampli-
fication of target molecules within DCLs. Previously, we
described™ the application of autocatalysis, mediated by a
self-replicating template, to successfully amplify a single
product from an exchanging pool of reagents. In this
approach, we exploited an irreversible chemical reaction in a
constructive manner, using recognition to direct reaction selec-
tively to one library member, and, hence, influence the compo-
sition of the library. The design'* of autocatalytic templates
can be problematic and we wished to study a system in which
a simpler recognition-mediated reaction, operating through a
binary reactive complex,’® could operate in a constructive
manner in order to influence the distribution of products
within in a DCL. Additionally, we wished to compare the
efficiency of this simpler kinetic selection strategy with more
complex autocatalytic scenarios. Here, we report the design of
an extremely simple exemplar system, based on a recognition-
mediated reaction that operates through a reactive binary
complex, that demonstrates the power of this approach whilst
simultaneously permitting the detailed real-time tracking of
the system-wide effects of the single recognition event used to
direct the system.

This journal is © The Royal Society of Chemistry 2015
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Results and discussion

In order to allow direct comparison with our previous work, we
employed the same dynamic library (Fig. 1), constructed from
two aldehydes, one of which bears an amidopyridine reco-
gnition site, as used previously. The library contains two
nucleophiles - 4-fluoroaniline and 4-fluorophenylhydroxyl
amine. The aniline reacts to form imines 1 and 3 and the
hydroxylamine reacts to form nitrones 2 and 4. The DCL will
therefore contain all of the compounds within the area
marked Exchange Pool in Fig. 1, namely the two imines, 1 and
3, and the two nitrones, 2 and 4, together with the com-
ponents necessary to synthesise all of these compounds.
Transfer of material from the Exchange Pool to the Product
Pool occurs irreversibly through the 1,3-dipolar cycloaddition
reactions of either nitrone 2 or nitrone 4 with a maleimide,
either 5a or 5b. The cycloaddition reactions between 2 and 5
affords the diastereoisomeric trans- and cis-6 and the cyclo-
addition reaction between 2 and 5 affords the diastereoisomeric
trans- and cis-7. Critically, within the Exchange Pool, only one
compound, nitrone 4, bears a carboxylic acid recognition site
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and is reactive towards maleimides. This compound is, there-
fore, the target for the recognition-mediated irreversible chemi-
cal reaction that will ultimately resolve the DCL.

Previously, we have demonstrated'” that it is possible to
accelerate cycloaddition reactions significantly through the for-
mation of a reactive binary complex between the 4xn (diene or
1,3-dipole) and the 2n components. Hence, we needed to
identify the most appropriate structure for a dipolarophile that
could recognise 4 and, subsequently, participate in a 1,3-
dipolar cycloaddition reaction through a recognition-mediated
pathway. We used electronic structure calculations to design
maleimide 5b. Our calculations indicated (Fig. 2a) that 5b was
capable of binding to nitrone 4 and this complex was capable
of accessing the transition state leading to cis-7b. This expec-
tation was verified experimentally (Fig. 2b) - the reaction
between 4 and 5b proceeds 125x faster that the corresponding
reaction between 4 and maleimide 5a, in which recognition
has been disabled. Further, the reaction between 4 and 5b is
highly diastereoselective - trans-7b: cis-7b = 1:35 - compared
to the control reaction between 4 and 5a - trans-7a:cis-7a =
3:1 (see ESI}).

Exchange Pool o fl | SN o \/@
NN N7 )
N H H e
—» NHOH NH,

cis-7

Fig. 1 A solution of imine 1 and nitrone 2 in CD,Cl, saturated with p-toluenesulfonic acid monohydrate at 273 K can exchange freely to form all
compounds in the Exchange Pool. The introduction of a maleimide, 5a or 5b, converts nitrone 2 or nitrone 4 irreversibly into the corresponding
cycloadducts 6 or 7 and material transferred in this way into the Product Pool cannot be interconverted within the Product Pool or returned to the
Exchange Pool. Note that both a pools of products are present simultaneously in the same solution.
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Fig. 2 (a) Stick representation of the calculated transition state (B3LYP/
6-31G+(d,p)) for the recognition mediated reaction between nitrone 4
and maleimide 5b to afford cis-7b. Carbon atoms are coloured green,
oxygen atoms red, nitrogen atoms blue, the fluorine atom yellow-green
and hydrogen atoms grey. Most hydrogen atoms are omitted for clarity.
Dashed lines represent hydrogen bonds and solid lines represent the
location of covalent bonds formed during the reaction. (b) Kinetic data
for the reaction between nitrone 4 and maleimide 5b. Starting con-
ditions: [4] = [5b] = 20 mM; CD,Cl, saturated with p-toluenesulfonic
acid monohydrate; 273 K. Concentrations determined by 470.4 MHz *°F
NMR spectroscopy. Dark blue circles represent cis-7b and light blue
circles represent trans-7b. The dashed line represents the best fit of the
data to the appropriate kinetic model (see ESI¥).

We were now in a position to establish the effect of this
rapid and selective reaction on the set of equilibria present
within the Exchange Pool. However, in the first instance, it is
important to establish the dynamic behaviour' of the
Exchange Pool itself and determine its equilibrium compo-
sition. A CD,Cl, solution of imine 1 and nitrone 2 ([1] = [2] =
20 mM), saturated with p-toluene sulfonic acid monohydrate
(PTSA), was incubated at 273 K. As expected, analysis of this
mixture after 16 hours showed the presence of all four conden-
sation products, 1 to 4, with some selectivity for the nitrones 2
and 4 as a result of their higher hydrolytic stability. At equili-
brium, some 4-fluoroaniline and benzaldehyde can still be
detected in the mixture by "H and "°F NMR spectroscopy and
the distribution of compounds 1 to 4 is 1:2:3:4 =
1.0:1.4:1.0:1.7. Reassuringly, if the equilibration process is
started from imine 3 and nitrone 4 ([3] = [4] = 20 mM, CD,Cl,/
sat. PTSA, 273 K, 16 h), the same mixture of compounds 1 to 4
is formed establishing this composition as the equilibrium
position of this small library.
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These experiments demonstrate that the mixture of imines
and nitrones is, indeed, dynamic and that all four conden-
sation products are present in similar amounts at equilibrium.
We were now in a position to couple this exchange process to
our recognition-mediated cycloaddition reaction. Initially, we
wished to perform a control experiment to determine the
effect of providing an exit route through irreversible reaction
to the nitrones within the Exchange Pool. Methyl ester 5a is
incapable of recognising the amidopyridines present in 1 and
4 and, hence, reactions involving 5a cannot proceed through
any recognition-mediated pathway. A CD,Cl, solution of imine
1 and nitrone 2 ([1] = [2] = 20 mM) was saturated with PTSA
and maleimide 5a was added immediately as the dipolarophile
([5a] = 20 mM). The composition of this mixture was moni-
tored by 'H and '’F NMR spectroscopy at 273 K every
30 minutes for 16 hours. These spectra were used to determine
the concentrations of all of the compounds present in the
mixture as a function of time (see ESIf). The results of this
experiment are summarised in Fig. 3.

After 16 h, the Product Pool contains all four possible
cycloadducts at relatively low concentrations. The cycloadducts
formed between nitrone 2 and maleimide 5a - trans-6a and cis-
6a - are present in the Product Pool at a total concentration of
around 3 mM and the diastereoselectivity (trans-6a: cis-6a) is
2 :1. Similarly, the cycloadducts formed between nitrone 4 and
maleimide 5a - trans-7a and cis-7a — are present at a lower con-
centration - 1.4 mM. Once again the diastereoselectivity is very
modest (trans-7a:cis-7a = 2.5:1). After 16 h, all cycloaddition
reactions within the library have converted only 22% of malei-
mide 5a. Compounds 1 to 4 are present (Fig. 3a) in similar
amounts ([1] = 8.1 mM, [2] = 7.1 mM, [3] = 7.6 mM, [4] =
8.5 mM). The composition of the Exchange Pool after 16 h is
similar (1:2:3:4 =1.1:1.0:1.1:1.2) to that observed at equi-
librium when maleimide 5a is absent from the reaction
mixture. The main compositional difference is the depletion of
nitrones 2 and 4 as a consequence of their reaction with malei-
mide 5a. Since the rates of the cycloaddition reactions between
2 or 4 and 5a are significantly slower than the rates of the
exchange processes, these irreversible reactions have little
influence on the Exchange Pool and, since the diastereo-
selectivity of both cycloaddition reactions is poor, all four
cycloadducts are present in the Product Pool (Fig. 3b and c). It
is worth noting that, although nitrone 4 is not present in the
Exchange Pool at the start of the experiment, after 16 hours,
the ratio of cycloadducts arising from nitrone 2 (trans-6a and
cis-6a) to those arising from nitrone 4 (¢rans-7a and cis-7a) is
2:1. It is clear from these results that coupling exchange to
the irreversible cycloaddition reaction does not generate sig-
nificant chemo- or diastereoselectivity, beyond that inherent in
the cycloaddition reaction, in either the Exchange Pool or in
the Product Pool.

Next, we examined the effect that the recognition process
has on the cycloaddition reactions within the context of the
exchanging DCL. We anticipated that maleimide 5b, which
possesses a carboxylic acid recognition site complementary
with the amidopyridine recognition site present in nitrone 4,

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Distribution of compounds present in (a) the Exchange Pool and
(b) the Product Pool at 0.5 h, 6 h and 16 h in the recognition-disabled
experiment (Initial conditions: CD,Cl,/saturated with PTSA/[1] = [2] =
[5a] = 20 mM). Species bearing a recognition site are coloured blue and
those having no recognition site are coloured red. (c) Composition of
the Product Pool after 16 h. The area of the dashed circle represents
100% conversion of maleimide 5a to cycloadducts. The inset pie chart
shows the composition of the Product Pool and its area is scaled to
match the conversion of maleimide 5a to cycloadducts (22%) at 16 h.
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could exploit the >100-fold acceleration engendered by the
recognition-mediated reaction process to drive the exchange
process between the nitrones and imines. Therefore, we pre-
pared a solution of compounds 1, 2 and 5b, saturated with
PTSA ([1] = [2] = [5b] = 20 mM), and the composition of this
mixture was monitored by "H and '°F NMR spectroscopy at
273 K every 30 minutes for 16 hours. These spectra were used
to determine the concentrations of all of the compounds
present in the solution as a function of time (see ESIt). The
results of this experiment are summarised in Fig. 4.

After 16 h, the Product Pool contains both trans-6b and cis-
6b - the products of reaction between nitrone 2 and maleimide
5b - at a total concentration of 1.1 mM and exhibiting the
same modest diastereoselectivity as the experiment with malei-
mide 5a (trans-6b:cis-6b = 2:1). Although, as expected, the
diastereoselectivity is the same as in the control experiment
involving malieimide 5a, the overall concentration of products
has decreased significantly (3 mM—1.1 mM). By contrast,
trans-7b and cis-7b - the products of reaction between nitrone
4 and maleimide 5b - are present (Fig. 4b) at a total concen-
tration of 13.3 mM ([trans-7b]: [cis-7b] = 1: 43). There has been
a dramatic increase in the overall conversion. Cycloadduct cis-
7b now constitutes more than 90% of the total cycloadduct
present in the Product Pool (Fig. 4c) and the conversion of
maleimide 5b is 72%. The effects of the introduction of the
recognition process into the system are equally significant
(Fig. 4a) in the Exchange Pool. After 16 h, the relative concen-
trations of compounds 1 to 4 present in the Exchange Pool are
significantly different compared to the same exchange process
in the presence of the control maleimide 5a (Fig. 3). Given the
large increase in overall conversion to cycloadducts, it is
unsurprising that the concentrations of both of the nitrones, 2
and 4, are depressed significantly ([2] = 3.8 mM, [4] = 1.9 mM).
Whilst the rate of the cycloaddition reaction between 2 and 5b
is still slower than the rate of exchange, the cycloaddition reac-
tion between nitrone 4 and 5b is comparable in rate to the
exchange processes. Thus, once the exchange processes gener-
ates a concentration of nitrone 4 that is close to the Ky
(~3 mM) of the [4-5b] complex, rapid reaction to form cis-7b
occurs through this binary complex, thereby removing nitrone
4 from the Exchange Pool. This rapid depletion of one com-
ponent of the Exchange Pool drives the equilibration of com-
pounds 1-4 to regenerate the depleted species. Since
4-fluorophenyl hydroxylamine is required to form both 2 and
4, the concentration of 2 is suppressed indirectly by the con-
sumption of nitrone 4 in the recognition-mediated reaction.
The results presented in Fig. 4 establish unambiguously the
irreversible recognition-mediated cycloaddition reaction, when
coupled to exchange, generates significant selectivity in both
the Exchange Pool and in the Product Pool.

These comparisons give us insight into the endpoints of
these processes. However, during these experiments, concen-
tration-time data was acquired at 30 min resolution. Therefore,
we are in a position to examine in detail the rates of the pro-
cesses that take place in both the Exchange Pool and the
Product Pool during these experiments. Therefore, we analysed

Org. Biomol. Chem., 2015, 13, 10392-10401 | 10395
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Fig. 4 Distribution of compounds present in (a) the Exchange Pool and
(b) the Product Pool at 0.5 h, 6 h and 16 h in the recognition-enabled
experiment (Initial conditions: CD,Cl,/saturated with PTSA/[1] = [2] =
[Sb] = 20 mM). Species bearing a recognition site are coloured blue and
those having no recognition site are coloured red. (c) Composition of
the Product Pool after 16 h. The area of the dashed circle represents
100% conversion of maleimide 5b to cycloadducts. The inset pie chart
shows the composition of the Product Pool and its area is scaled to
match the conversion of maleimide 5b to cycloadducts (72%) at 16 h.
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the time course NMR data collected during these experiments
and extracted the rates of reaction (d[X]/d¢) for each species in
the system by fitting polynomial expressions to the concen-
tration-time data and generating the rate-time data for each
species by differentiation of these best-fit polynomials.

For the recognition-inactive experiment, i.e. that performed
in the presence of maleimide 5a, the results are shown in
Fig. 5. In this case, the cycloaddition reactions are effectively
decoupled from the exchange processes — no cycloaddition has
a maximum rate greater than 0.08 pM s~ (Fig. 5, right side). It
is clear that any selectivity for cis- and trans-6a in the Product
Pool is only generated as a result of the initial presence of
nitrone 2 in the reaction mixture. The formation of cis- and
trans-7a in the Product Pool relies on the formation of nitrone
4 through exchange. Consequently, the rate maximum for the
formation of cis- and trans-7a occurs after around 30 000 s and
the peak rate for the formation of cis- and trans-7a in the
Product Pool (0.03 uM s~ ) is lower than that for the formation
of cis- and trans-6a because the concentration of nitrone 4
never reaches 20 mM - the starting concentration of nitrone 2.

By contrast, the exchange processes that interconvert com-
pounds 1 through 4 have maximum rates of around +0.40 pM s~
(Fig. 5, left side). The rate-time profiles for compounds 1
through 4 are essentially mirror images of each other indicating
that the progress of the exchange process towards equilibrium
is unperturbed by the very slow bimolecular transformations of
the two nitrones to the corresponding cycloadducts.

The results of the same analysis for the recognition-active
experiment, Z.e. that performed in the presence of maleimide
5b, are shown in Fig. 6. In this case, the exchange reactions
are now being driven at significantly faster rates by the rapid
recognition-mediated cycloaddition between 4 and 5b. This
cycloaddition requires nitrone 4, however, at the start of the
process the concentration of this compound is zero. Nitrone 4
is formed by exchange (Fig. 6, bottom left, solid line), but as
soon as it forms, it interacts with maleimide 5b, forming the
reactive binary complex [4-5b].

Cycloadduct cis-7b is formed rapidly (Fig. 6, bottom right,
dashed line) within this complex, removing nitrone 4 from the
Exchange Pool. The effect of this rapid removal of 4 from the
Exchange Pool can be seen clearly in the rate-time profiles for
the exchange processes that interconvert compounds 1 to 4.
These processes now have maximum rates of around +1 pM s~
(Fig. 6, left side) - more than twice as fast as in the case of
the recognition-inactive experiment (Fig. 5, left side). The
accelerated formation of cis-7b also distorts the shapes of the
rate-time profiles in the Exchange Pool - in particular, that
of the nitrone 4 (Fig. 6, bottom left). Until 10 000 s, the concen-
tration of nitrone 4 is increasing (rate > 0), however, its
maximum rate of formation (+0.9 pM s™) is passed after only
5000 s. After 10 000 s, the concentration of nitrone 4 is always
falling (rate < 0) - this point corresponds to the rate maximum
(+0.45 pM s7) for the formation of cis-7b. After this point, the
rate of reaction of 4 with 5b, mediated by the reactive binary
complex [4-5b] is limited by the availability of 4, hence,
exchange has become rate limiting.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Extracted rate vs. time plots (d[X]/dt in pM s™) for the formation and consumption of each species present in the recognition-disabled
experiment (starting conditions: CD,Cl,/saturated with PTSA/[1] = [2] = [5a] = 20 mM). Species bearing a recognition site are coloured blue and
those having no recognition site are coloured red. The identities of the dashed and solid lines in each graph are denoted by the assignment shown in
the centre of the figure.

In order to understand the broader effect of this single, (Fig. 7) between the compositions of the exchange and Product
recognition-mediated reaction process within the pool of Pools after 16 h in the absence and in the presence of reco-
exchanging species, we can make an overall comparison gnition. This data can in turn be compared with our data'
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the centre of the figure.

obtained previously when exploiting an autocatalytic reaction
in order to resolve the library.

For the purposes of comparison, we define the enhance-
ment factor, EF, for a given species as being log;, of the ratio

10398 | Org. Biomol. Chem., 2015, 13, 10392-10401

of the concentration of that species after 16 h in the experi-
ment where recognition is active (data in Fig. 4) to that of the
experiment where recognition is inactive (data in Fig. 3).
Within the Exchange Pool (Fig. 7), only imine 3 is enhanced
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Fig. 7 Calculated enhancement factors (EFs) for each member of the
exchange and Product Pools after 16 h in the experiment where reco-
gnition is active (data shown in Fig. 4).

(EF = +0.15). This small enhancement arises because neither
of the compounds required to form imine 3 - 4-fluoroaniline
and benzaldehyde - are necessary for the recognition-
mediated reaction. By contrast, imine 1 and nitrones 2 and 4
are all suppressed (EF(1) = —0.27; EF(2) = —0.27; EF(4) =
—0.66), since all three compounds contain at least one com-
ponent required for the recognition-mediated reaction.
Nitrone 4 is suppressed particularly strongly as it is, of course,
consumed in the reaction that forms cis- and trans-7b. In the
reaction pool, the formation of one cycloadduct, cis-7b, is
enhanced very strongly (Fig. 7) and the other three cyclo-
adducts are all suppressed. The enhancement factor for cyclo-
adduct cis-7b is +1.51 (an increase in concentration of more
than 30x) and those of the other three cycloadducts, trans-6b,
cis-6b and trans-7b, are —0.34, —0.37 and —0.30 respectively.
These changes generate selectivity for cis-7b of 19:1 over the
next most abundant cycloadduct in the Product Pool, namely
trans-6b.

At a molecular level, the difference in the system whose be-
haviour is represented in Fig. 5 and that presented in Fig. 6 is
the presence of a single recognition event driven by the for-
mation of two hydrogen bonds. The influence of this reco-
gnition event extends well beyond its immediate molecular
environment. The formation of the two hydrogen bonds
results directly in the acceleration in the rate of formation of

This journal is © The Royal Society of Chemistry 2015
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cis-7b through the complex [4-5b]. Since the starting concen-
tration of nitrone 4 is zero, this fact is, in itself, irrelevant.
Nitrone 4 can only be formed through the exchange processes
that involve compounds 1 through 4 and it is the indirect
effect that the formation of complex [4-5b] and, in turn, cis-7b
that is perhaps most striking. By accelerating strongly the irre-
versible reaction between 4 and 5b, the exchange reactions
themselves are also increased in rate by a factor of two and the
composition of the Exchange Pool is directed strongly towards
the formation of nitrone 4.

It is also instructive to compare the performance of library
resolution using the method reported here with the autocataly-
tic system we reported'® previously. The two systems are very
closely related structurally - the only difference being the
location of the acid recognition site on the maleimide. In this
work, the acid recognition site in 5b is meta with respect to the
maleimide ring, whereas in our autocatalytic system,"? the acid
recognition site is para to the maleimide ring. Comparing the
EF values for the cycloadduct product targeted specifically in
each case by the recognition-mediated reaction, we find that,
for the autocatalytic system, the EF is +0.89, compared to +1.51
for cis-7b in this work. That is, the autocatalytic system is more
than four times less efficient at selecting from the library,
despite the fact that the recognition-mediated reaction itself is
more efficient (effective molarity = 11 M for the autocatalytic
system as compared to 2.4 M for the binary complex [4-5b]
reported here). This poorer efficiency can be readily under-
stood when one considers that the maximal rate of an auto-
catalytic reaction is not at ¢t = 0, whereas binary complex
reactions, such as the one involving [4-5b], reach maximal rate
as soon as the binary complex is formed. Therefore, the tem-
poral profiles of these two methods with respect to resolution
of the DCL are complementary.

Conclusions

The work presented here demonstrates that the fate of an
exchanging pool of compounds can be influenced profoundly
by a single, appropriately designed, recognition event that
operates on a single chemical reaction. In the system pre-
sented here, one of two reactive members of an exchanging
pool of compounds can be targeted and transformed rapidly
by a recognition-mediated irreversible cycloaddition reaction,
altering dramatically the final composition and kinetic behav-
iour of the entire system. We have been able to demonstrate,
through close to real time monitoring that the fate of the
library is determined not only by the direct acceleration of the
cycloaddition reaction, but also by the effect that this accelera-
tion has on the rest of the system. Comparison with data from
resolution of the same library using an autocatalytic process
reveals that the different kinetic profile of an autocatalytic
reaction leads to significantly poorer resolution of the library.
These results indicate that the construction of more complex
systems that integrate both minimal””*® and reciprocal'” repli-
cation within the type of framework presented here will
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require careful design to achieve optimum library resolution
allowing the generation of systems that can express more
complex'® behaviour, e.g. act as primitive models of meta-
bolism through template-directed synthesis of specific pro-
ducts in response to chemical inputs. These strategies are
currently under development in our laboratory.
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