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4.1 Introduction 

Most of the chemical reactions in Nature are mediated by enzymes. The concentrations of 

these enzymes are controlled in space and time through elaborate regulatory 

mechanisms, giving rise to complex functional behavior that is essential to biology.
1
 

Synthetic catalysts have been developed, many of which complement enzymatic catalysis 

with respect to types of reactions and substrate scope. Despite recent progress in 

supramolecular,
2-9

 allosteric
10-12

 and switchable
13-15

 catalysts, temporary control over 

catalyst concentration remains underdeveloped in synthetic systems, imposing limits on 

the functional potential of catalysis. We reasoned that more elaborate control over 

synthetic catalysts may be achieved using dynamic molecular networks.
16

 Such networks 

have been mostly used for creating dynamic combinatorial libraries (DCLs),
17-19

 which are 

powerful tools for discovering synthetic receptors,
20

 ligands for biomolecules,
21-23

 self-

assembling materials,
24-26

 interlocked molecules
27

 and sensors,
28

 as has already been 

described in Section 1.1. However, dynamic combinatorial approaches to catalysis are 

relatively underexplored.
29-32

 In this chapter, a catalytic dynamic molecular network based 

on reversible disulfide chemistry is presented. The catalytic molecular network has an 

important characteristic when compared to the traditional catalytic systems: the catalyst 

concentration is controlled by the substrate of the chemical reaction on which the catalyst 

operates. This chapter describes how disulfide libraries are screened for templating effects 

using a reaction substrate and a transition-state analog. The effect of the substrate on the 

distribution of the dynamic combinatorial library and the effect of the DCL on the 

substrate transformation is then studied. Finally, in order to shed light on the mechanism 

of the catalyzed reaction, the order in substrate and catalyst is determined. 

 

4.2 Developing the strategy 

A reaction substrate may act as a template for the production of its own catalyst within a 

dynamic molecular network by binding to this catalyst, thereby shifting the equilibrium of 

the network towards the catalyst formation (Figure 4.1). However, catalytic activity 

requires that the catalyst binds to and stabilizes the transition state of the reaction more 

than it stabilizes the substrate. Hence, our approach to substrate-triggered catalyst 
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formation relies on screening a series of DCLs for their ability to produce molecules that 

bind both the substrate and the transition state of a chemical reaction. The potential for 

substrate and transition-state binding may be assessed in two separate screening steps. 

While substrate affinity may be evaluated directly by searching for library members which 

concentration increases upon exposure to this substrate, the transient character of the 

transition state of a chemical reaction makes an analogous direct assessment of 

transition-state binding impossible. However, by using a stable molecule that resembles 

the structural and electronic nature of the transition state (a transition-state analog or 

TSA), an indirect assessment of transition-state binding may still be obtained (Figure 4.2). 

 

 

Figure 4.1 Graphic representation of a dynamic combinatorial library in which catalysis takes place. 

 

Following the two screening steps, systems may be identified for which the substrate and 

the transition-state analog amplify the same species. Such systems may show two 

different outcomes that are in principle equally likely to happen: the prospective catalyst 

binds the transition state stronger than the substrate and catalysis is achieved, or vice 

versa, so there is no catalytic activity. 

equilibrated DCLbuilding blocks

substrate

product

transition state
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Figure 4.2 General scheme showing the strategy employed to discover a catalyst in a dynamic combinatorial 

library using a transition-state analog (TSA) to select transition state binders from the library members.  

 

4.3 Templating effects of substrate and transition-state analog 

We set out to screen for molecular networks that are capable of catalyzing the 

intramolecular aza-Cope rearrangement of 1 in aqueous solution
34,35

 (Scheme 4.1). As 

previously described in Section 1.3, the aza-Cope rearrangement of 1 was found to 

proceed faster when an apolar pocket was available in the aqueous solution. The 

concerted reaction proceeds through a six-membered cyclic transition state (2) giving an 

unstable enammonium ion product (3) that reacts rapidly with water to give aldehyde 4 

and dimethylamine (5).
34,35

 We used cyclic ammonium salt 6 as the transition-state analog 

for the rate-determining aza-Cope rearrangement step.  

modified
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reaction catalysed by dynamic
combinatorial library member

stabilised transition state
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Scheme 4.1 Catalyzed aza-Cope rearrangement and its transition-state analog.  

 

In a previous work, our group developed aqueous DCLs made from dithiol building blocks 

which were able to respond to the presence of quaternary ammonium salts.
16 

With these 

results in mind, we decided to screen several DCLs based on disulfide chemistry for 

binding to substrate 1 and transition-state analog 6. For that purpose, solutions containing 

different dithiol building blocks in borate buffer (50 mM, pH 8.0) were prepared, and the 

product distribution of the libraries was compared in absence and presence of 6 and 1. 

Disulfide DCLs can be generated by oxidizing thiol building blocks using oxygen from the 

air. Disulfide exchange is mediated by nucleophilic attack of disulfides by thiolate anions; 

hence, the DCLs remain dynamic as long as there is thiolate anion present in solution.
36

 In 

order to guarantee the dynamic nature of the molecular networks, the experiments were 

performed at a constant redox state, where about two-thirds of the thiol groups had been 

oxidized to disulfides. To maintain a fixed redox state, sodium perborate was used to 

partially oxidize the thiols and then the samples containing the disulfide libraries were 

kept in an oxygen-free atmosphere (see experimental part). Promising results were 

obtained for a small DCL prepared by partially oxidizing an aqueous solution of building 

block 7 (Scheme 4.2). 

In the absence of any template molecules, the dynamic mixture was dominated by a set of 

isomeric 2-catenanes (8) consisting of two interlocked tetrameric macrocycles, as reported 

previously (Figure 4.3, top).
36

 Only minor amounts of four isomeric tetramer macrocycles 

(9) were obtained.  
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Scheme 4.2 Oxidation of dithiol building block 7 gives rise to a small dynamic molecular network containing 

catenanes 8 and macrocycles 9 as mixtures of regioisomers. 

 

Figure 4.3 Templating results. HPLC analysis of a small dynamic combinatorial library made from 7 (8.00 mM in 

50 mM borate buffer, pH 8.0) in the absence of template (top); in the presence of 2.00 mM 6 (middle) and in the 

presence of 2.00 mM 1 (bottom). 
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Exposing the dynamic molecular network to transition-state analog 6 induced a dramatic 

shift in the product distribution, giving full conversion to the tetrameric macrocycles 

(Figure 4.3, middle). Exposing the network to substrate 1 gave an almost identical result 

(Figure 4.3, bottom), suggesting that the tetramers are capable of binding both substrate 

and transition state of the aza-Cope rearrangement, a necessary condition to obtain 

catalysis. 

 

4.4 Effect of the dynamic combinatorial library on the aza-Cope 

rearrangement 

We proceeded then to study the effect of the dynamic molecular network on the kinetics 

of the aza-Cope rearrangement. Monitoring the appearance of the signals of the 

dimethylamine product by 
1
H-NMR (Figure 4.4) revealed that the aza-Cope rearrangement 

in the presence of the dynamic disulfide mixture was complete after 3 days, while the 

uncatalyzed reaction had only reached 50% conversion after two weeks. Thus, the 

dynamic disulfide mixture was able to catalyze the aza-Cope rearrangement. We could not 

quantitatively monitor the disappearance of the substrate by 
1
H-NMR, as it formed broad 

signals in presence of the catalyst. However, analysis by HPLC revealed that the rate at 

which the substrate disappeared corresponded well to the rate at which the product 

appeared (Figure 4.5). Hence, there was no significant build-up of any intermediate, 

indicating that the aza-Cope rearrangement remained the rate-determining step and that 

the subsequent hydrolysis was still fast.  

 

Figure 4.4 Appearance of product 5 in a reaction mixture starting from 2.00 mM 1 as a function of time in the 

absence (■) and presence (●) of a DCL made from building block 7 (8.00 mM in 100 mM phosphate buffer in D2O, 

pD = 8.0, monitored by 1H-NMR). 
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Figure 4.5 Left: Variation of the composition of a dynamic combinatorial library made from 7 upon addition of 

substrate 1 at day 1. Right: Rate of disappearance of substrate 1 and rate of appearance of dimethylamine 

product in the presence of a dynamic combinatorial library made from 7 (monitored by HPLC). Conditions: [1] = 

2.00 mM in borate buffer (50 mM in D2O pD 8.0), [7] = 8.00 mM. 

 

We also investigated the effect of the TSA on the rate of the catalyzed reaction. As 

expected, the TSA acted as a competitive inhibitor of the aza-Cope rearrangement. Figure 

4.6 shows how the rate of the catalyzed reaction diminishes in the presence of increasing 

amounts of TSA. The inhibitory effect of the TSA is relatively small – some catalysis is still 

taking place in the presence of 10 equivalents of TSA – suggesting that it has an 

unexpectedly weak affinity for the catalyst. This was further confirmed in a templating 

experiment in which a DCL made from 7 was exposed to a 1:1 mixture of substrate 1 and 

TSA 6, where we monitored the product distribution of the network immediately after 

adding the templates, before any 1 had reacted. This experiment resulted in the 

amplification of the isomeric tetramers of 7 with a ratio that matched the one obtained 

when only the substrate was used as a template, but was different from the ratio obtained 

when using only the TSA (Figure 4.7). Taken together, these results suggest that the 

substrate binds the tetramers more strongly than the TSA. The fact that we nevertheless 

obtain catalysis indicates that the TSA is not a perfect model for the real transition state.  
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Figure 4.6 Kinetics of the aza-Cope rearrangement in absence of catalyst 9 (▲); in presence of 1.0 equiv of 9 (■); 

in presence of 1.0 equiv of 9 and 1.0 equiv of TSA 6 (●) and in the presence of 1.0 equiv of 9 and 10 equiv of TSA 

(♦) as inhibitor. Conditions: 2.00 mM of substrate 1 in 50 mM borate buffer, pH 8.0.  

 

Three consecutive additions of substrate 1 (respect to 9) to a DCL made from building 

block 7 over a period of 3 weeks resulted in nearly full conversion of the substrate, 

evidencing that the catalyst is capable of turnover (Figure 4.8). Other reaction substrates 

of the same family as 1 were also tested and comparable catalytic effects were obtained 

(Figure 4.9). Only small differences in terms of templating and catalytic effects can be 

observed when comparing the results obtained for substrates 10 (Figure 4.9, top) and 11 

(Figure 4.9, bottom). The library composition in presence of substrate 10 shows a ratio 

catenanes/tetramers of about 1/3 while in presence of 11 virtually only tetramers are 

present. This difference is presumably due to a preferred binding of the tetramers to 

substrate 11 over 10. The fact that the aza-Cope rearrangement of 11 is more efficiently 

catalyzed than the corresponding reaction of 10 suggests that the transition state of the 

former reaction is more efficiently stabilized than that of the latter. 
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Figure 4.7 HPLC chromatograms showing the composition of a DCL made from 8.00 mM 7 in borate buffer 50 

mM pH 8.0 a) in the absence of template, and in the presence of: b) 2.00 mM TSA 6; c) 2.00 mM substrate 1; d) 

an equimolar mixture of TSA and substrate 1 (2.00 mM each). The disulfide exchange reaction was frozen 1 

minute after addition of template by acidifying the solutions to pH 3 with aqueous HCl, ensuring that the library 

compositions capture the stage where the concentrations of substrate and TSA are equal. 
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Figure 4.8 Transformation of substrate 1 as a function of time in the presence of a dynamic library made from 

building block 7. Transformation was determined by monitoring the amount of formed dimethylamine by 1H-

NMR. Conditions: [9] = 2.00 mM in borate buffer (50 mM in D2O pH 8.0). Dimethylacetamide was used as internal 

standard. [1], first addition: 1.48 mM (rhombi), second addition: 2.00 mM (squares), third addition: 2.00 mM 

(triangles). 

Figure 4.9 Product distribution of a dynamic combinatorial library made from 7 in presence of templates 10 (top) 

and 11 (bottom) and their corresponding conversion as a function of time compared the conversion in absence 

of 7. The conversion was determined by monitoring the amount of dimethylamine by 1H-NMR. Acetonitrile was 

used as internal standard. (b) Conditions: [template] = 2.00 mM, [7] = 8.00 mM, in borate buffer 50 mM in D2O, 

pD 8.0. 
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4.5 Effect of the aza-Cope rearrangement on the composition of the 

dynamic combinatorial library 

While the aza-Cope rearrangement is catalyzed in the small dynamic disulfide network, 

the aza-Cope rearrangement, in turn, also influences the product distribution of the 

disulfide network. We monitored the distribution of the disulfide products over the course 

of the reaction. In the absence of aza-Cope substrate 1 the mixture was dominated by 

catenanes 8 and its composition did not change in the course of 40 days (Figure 4.10a, 

solid lines). Introducing substrate 1 resulted in a rapid re-equilibration in favor of 

tetramers 9, as shown in Figure 4.10b. As 1 was consumed in the course of the aza-Cope 

rearrangement, the disulfide composition gradually reverted back to catenanes 8. The 

products of the catalyzed reaction did not have a detectable effect on the library 

distribution, as shown by addition of dimethylamine and 2,2-dimethylpent-4-enal to a 

dynamic library made from 7 (Figure 4.10a, dotted lines). The overall behavior of the 

system is summarized in Figure 4.11. 

 

Figure 4.10 Kinectic profiles. a), The disulfide network in the absence of 1 (solid lines) consists of a constant 

concentration of catenanes 8 (▲) and tetramers 9 (♦) which is unaffected by the presence of the products of the 

aza-Cope reaction: dimethylamine and 2,2-dimethylpent-4-enal (dotted lines). b), Change in composition of the 

dynamic disulfide network over the course of the aza-Cope rearrangement, showing the rapid conversion of 

catenanes 8 (▲) into tetramers 9 (♦) upon adding substrate 1 at day 2 followed by slow return back towards 8 as 

substrate 1 is converted into product 5. Further 1 was added at t=24 days. Arrows mark the points of addition of 

1. 

 

The kinetics of the return towards the original disulfide distribution were slower than the 

re-equilibration upon the exposure to 1 and also somewhat slower than the catalyzed aza-

Cope rearrangement (as seen by comparing Figure 4.4 with Figure 4.10b). We noticed 
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that, once 1 was consumed, tetramers 9 had the tendency to aggregate into fibres (cryo-

TEM analysis is shown in Figure 4.12). 

 

 

Figure 4.11 A solution of building blocks gives rise to a dynamic combinatorial library where the dominant library 

member changes from the initial catenane to the catalytic tetramer upon addition of the reaction substrate. 

Once the substrate is consumed, the DCL shifts back towards the initial catenanes. 

 

 

 

Figure 4.12 Cryo-TEM image of a solution of 9 showing self-assembled fibers. 

 

We speculate that this aggregation process slows down the kinetics of disulfide exchange 

and prevents it from completely returning to the original composition. Unfortunately all 

attempts to prevent fiber formation in this system have failed so far. However, the system 
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remains dynamic, as introduction of more 1 after 24 days (Figure 4.10b) induced the re-

emergence of the tetramers, and gave further conversion of 1 into aza-Cope products. 

These results suggested that the tetramers were able to catalyze the aza-Cope 

rearrangement. This conclusion was supported by experiments in which we used 

completely oxidized, and therefore no longer dynamic, disulfide mixtures that were 

dominated by either the catenanes 8 or the tetramers 9, and which showed that the aza-

Cope rearrangement was accelerated by 9, but not by 8 (Figure 4.13). This outcome rules 

out the involvement of partially oxidized library members in catalysis.  

 

 

Figure 4.13 1H-NMR data showing the increase of peak area of the signal corresponding to dimethylamine 

resulting of an aza-Cope rearrangement of 1 in a static solution of a) catenanes 8 (triangles); b) tetramers 9 

(squares); and c) in absence of 7 and its oxidation products (rhombi). Conditions: [1] = 2.00 mM, [7] = 8.00 mM in 

borate buffer 50 mM pH = 8.0. 

 

To better understand the mechanism of the catalyzed reaction, a study on the reaction 

order of substrate and catalyst was performed. The rate constants of the catalyzed and 

non-catalyzed reactions were determined and compared, confirming the catalytic 

properties of 9. 
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4.6 Determination of the reaction order in substrate and rate constants 

A reaction that is first order in substrate will obey the following kinetics: 

[substrate]t = [substrate]0 e
-kt

  

where [substrate]0 and [substrate]t equal the concentration substrate at time = 0 and time 

= t, respectively, and k equals the rate constant.  

Hence, ln[substrate]t = ln[substrate]0 – kt 

Thus, when plotting ln[substrate]t versus time, a reaction that is first order in substrate 

will give a straight line with slope -k.  

Substrate concentrations were determined by NMR (using acetonitrile as an internal 

standard) or by HPLC. For the assesment of conversion of substrate by HPLC, it was 

assumed that there was no conversion just after the substrate was introduced (first 

datapoint corresponds to a library after a few seconds), so that the peak area of the 

substrate would correspond to the 2.0 mM concentration that was initially prepared.  

The results of the analysis of the catalyzed and the uncatalyzed aza-Cope rearrangement 

are shown in Figure 4.14, showing that both reactions are first order in substrate 1. The 

(apparent) rate constants for the catalyzed and the uncatalyzed reactions are 7.4 x 10
-6

 s
-1

 

and 1.8 x 10
-6

 s
-1

, respectively (obtained at 20 °C; Raymond reported a rate constant for 

the uncatalyzed reaction of substrate 1 of 6.3 x 10
-5

 s
-1

 , obtained at 50 °C).
35

 

 

Figure 4.14 Plots of ln[substrate] versus time for the reaction of 1 (2.00 mM) in the presence of a small dynamic 

molecular network made from 8.00 mM 7 (left) and for the uncatalyzed reaction (right). Rate constants were 

found to be 7.4 x 10-6 s-1 for the catalyzed reaction and 1.8 x 10-6 s-1 for the uncatalyzed reaction. All reactions 

were performed in 100 mM phosphate buffer pH 8.0. The reaction of the substrate was monitored by 1H-NMR 

for the uncatalyzed reaction and by HPLC for the catalyzed reaction, as the binding of the substrate to the 

catalyst broadens 1H-NMR signals hampering their accurate integration. 
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4.7 Determination of the reaction order in catalyst 

The kinetics of the catalyzed aza-Cope rearrangement may be described as: 

d[1]/dt = -k0 [1] - kcat[complex]     (Eq. 1) 

where k0 is the rate constant for the uncatalyzed reaction; kcat is the rate constant for 

reaction of the substrate-catalyst complex. Complex formation may be described as,  

[complex] = K [1] [9]
p

      (Eq. 2) 

where p is the stoichiometry of 9 in the complex. 

Substituting Eq. 2 into Eq. 1 gives: 

d[1]/dt = -k0 [1] - kcatK [1] [9]
p
      (Eq. 3) 

Which may be rewritten as: 

log (d[1]/dt) = log (-k0 [1] - kcatK [1] [9]
p
)    (Eq. 4) 

When only considering the contribution from the catalyzed reaction: 

log (d[1]/dt)c = log (-kcatK [1] [9]
p
) = log (-kcatK [1]) + p log [9]     (Eq. 5) 

Thus, plotting log (d[1]/dt)c versus log [9] should give a straight line with a slope equal to 

the order in catalyst p.  

We have determined the initial rate of the reaction at four different catalyst 

concentrations. A mother solution 8.00 mM of 7 in borate buffer (50 mM in D2O pH 8.0) 

was prepared and allowed to partially oxidize to give a dynamic mixture of disulfides. Five 

different solutions were prepared by adding different proportions of the mother solution 

to reach a final concentration of 0, 2.00, 4.00, 6.00 and 8.00 mM of 7. To these five 

solutions, 1 was added to obtain a concentration of 2.00 mM and the formation of 

dimethylamine was monitored by 
1
H-NMR. For each solution, the concentration of 

dimethylamine was plotted against time to obtain the initial rate of reaction from the 

slopes of these plots (Figure 4.15, top). The rate of the background reaction was then 

subtracted from the observed rates of the reactions in the presence of catalyst and the 

logarithm of the thus corrected rates were plotted against the logarithm of the catalyst 

concentrations, assuming that all available 7 is converted quantitatively into catalyst 9 

(Figure 4.15, bottom). From the slope of the plot the order in catalyst was found to be 

1.04. 

From Eq. 5 and making use of the same plot in Figure 4.15 the equilibrium constant K was 

resolved. Substituting the value of kcat found in the previous section (4.6) a value of K = 
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1.2· 10
6
 M

-1
 was obtained. This high value of the equilibrium constant indicates a very high 

proportion of substrate associated to the catalyst and is in agreement with the fast 

response of the library observed upon addition of the substrate. 

 

Figure 4.15 Top: Increase of dimethylamine concentration as a function of time for five different solutions with a 

concentration of 0 (stars), 0.25 (crosses), 0.50 (triangle), 0.75 (squares) and 1.00 equiv (rhombi) of catalyst 9 

relative to substrate 1. Conditions: [1] = 2.00 mM in borate buffer (50 mM in D2O pH 8.0); CH3CN was used as 

internal standard for 1H-NMR integration. Bottom: log-log plot of the initial rate of the aza-Cope rearrangement 

for the four solutions containing different catalyst concentration. 

 

4.8 Conclusions 

We have demonstrated that screening DCLs using both starting material and TSA enables 

the identification of a dynamic molecular network that responds to the substrate of a 

reaction by transiently producing its catalyst. After completion of the reaction the mixture 

returns towards its original composition. This dynamic molecular network approach to 

catalysis, with in-situ and on-demand formation and consumption of the catalyst, opens 

new possibilities for control over synthetic catalytic systems. For example, several catalytic 

systems could be assembled sequentially to transform a substrate into a product in 

separate catalytic steps. 
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4.9 Experimental 

Reagents and solvents 

All reagents and solvents were obtained from commercial sources and used without 

further purification unless specified otherwise. Dry solvents were obtained from an 

MBraun SPS-800 solvent purification system. 

 

NMR analysis 

NMR spectra were obtained on a Varian AS 400 MHz instrument. 
1
H chemical shifts are 

reported as δ in ppm relative to residual protonated solvent resonances. 
13

C chemical 

shifts are reported as δ in ppm and measured relative to solvent references. Coupling 

constants are reported in Hertz.  

 

HPLC analysis 

Analytical HPLC was carried out on Hewlett Packard 1050 or 1100 systems coupled to UV 

detectors and the data were processed using HP Chemstation software. Separations were 

performed on a reversed phase Zorbax Eclipse XDB-C8 column (4.6 x 150 mm, 5 μm 

particle size). Aliquots of 3 µL of library solution were injected. Doubly distilled water, 

HPLC-S-grade acetonitrile from Biosolve and formic acid were used to prepare the eluents:  

eluent A = water + 5.0 % acetonitrile + 0.10 % formic acid  

eluent B = acetonitrile + 5.0 % water + 0.10 % formic acid 

Chromatography was performed at 45 °C using UV detection at 260 nm and a constant 

flow rate of 1.00 mL / min. The HPLC analysis method was as follows: 

Time (min) Eluent A (%) Eluent B (%) 

0 80 20 

5 80 20 

27 10 90 

35 10 90 

38 80 20 

43 80 20 
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LC-MS analysis 

For the LC-MS measurements an Accela High Speed LC system (ThermoFisher Scientific, 

Courtaboeuf, France) was coupled to a LTQ-Fleet Ion Trap Mass Spectrometer. Mass 

spectra (negative ion mode) were obtained using the following conditions: sheath gas flow 

rate 8, aux. gas flow rate 2, sweep gas flow rate 2, ionization spray voltage 3.50 kV, 

capillary temperature 275 °C, capillary voltage -21 V, tube lens -120.60 V.  

The LC method was the same as that used for HPLC. The flow was split after the LC to 

allow 0.30 mL / min to enter the mass spectrometer. 

 

Cryo-TEM protocol 

A small drop of suspension was placed on a Quantifoil 3.5/1 holey carbon coated grid. 

Blotting and vitrification in ethane was done in a Vitrobot (FEI, Eindhoven, The 

Netherlands). The grids were observed in a Philips CM120 cryo-electron microscope 

operating at 120 kV with a Gatan model 626 cryo-stage. Images were recorded under low-

dose conditions with a slow-scan CCD camera. 

 

Synthetic Procedures 

N,N,3-trimethyl-N-(2-methylprop-1-enyl)but-2-en-1-aminium bromide (1) was prepared 

following a modified literature procedure:
34 

Preparation of N,N,2-trimethylprop-1-en-1-amine: dimethylamine was 

obtained by distillation from a 40 % dimethylamine solution in water. 

Freshly distilled isobutyraldehyde (5.8 g, 80 mmol) and dimethylamine 

(4.0 g, 88 mmol) were added to a cooled mixture of 10 mL m-xylene 

and K2CO3 (6.00 g, 43.4 mmol) in an autoclave. The mixture was stirred and heated to 100 

°C for 4 hours. After distillation using a vigreux column 11.2 g (32 % yield) of N,N,2-

trimethylprop-1-en-1-amine was obtained (b.p. 89 °C) as a colorless liquid. 
1
H-NMR (400 

MHz, CDCl3): δ 5.21 (s, 1H, =CH), 2.28 (s, 6H, N(CH3)2), 1.58 (s, 3H, CH3), 1.50 (s, 3H, CH3). 

13
C-NMR (100 MHz, CDCl3): δ 136.9 (=CH), 120.6 (Cquat), 45.3 (N(CH3)2), 22.2 (CH3), 17.1 

(CH3).  

A two-necked round bottomed flask was placed in a bath at -2 °C and charged with 2.0 mL 

of dry acetonitrile and 1-bromo-3-methylbut-2-ene (1.35 mL, 11.3 mmol) under a N2 
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atmosphere. N,N,2-trimethylprop-1-en-1-amine (0.50 mL, 3.8 mmol) was then slowly 

added using a syringe. The solution was left stirring at -2 °C overnight. The acetonitrile was 

evaporated under vacuum and the remaining oil was thoroughly washed with previously 

cooled (-20 °C) dry ether (5 x 5 mL). The product was obtained as a pale yellow oil (0.81 g, 

87 % yield) that solidified at -20 °C. 
1
H-NMR (400 MHz, D2O): δ 5.70 (s, 1H), 5.28 (t, J = 

8.0Hz , 1H), 3.97 (d, J = 8.0Hz, 2H), 3.12 (s, 6H), 1.86 (d, J = 1.2Hz, 3H), 1.73 (s, 3H), 1.68 (d, 

J = 1.3Hz, 3H), 1.65 (s, 3H). 
13

C-NMR (100 MHz, CD3OD): δ 146.8 (Cquat), 134.6 (Cquat), 126.6 

(=CH), 109.0 (=CH), 63.8 (CH2), 51.4 (N(CH3)2), 23.8, 23.0, 16.6, 16.2 (4 x CH3). HR-MS (ESI+ 

of M
+
): m/z calcd for C11H22N 168.1747, found 168.1754. 

Aza-Cope substrates 10 and 11 were synthesized following the procedure described above 

for 1 using allyl bromide and (E)-4-bromo-2-butene as substrates. 

Analytical data for 10: obtained as a pale yellow oil (82% yield). 
1
H-NMR (300 MHz, D2O): δ 

5.88 (m, 1H), 5.77 (s, br, 1H), 5.55 (dd, J = 17Hz, J = 1.2Hz, 2H), 4.01 (d, J = 6.0Hz, 2H), 3.17 

(s, 6H), 1.88 (s, 3H), 1.69 (s, 3H). 
13

C-NMR (100 MHz, CDCl3): δ 136.7 (=CH), 129.3 (=CH), 

128.6 (Cquat), 124.9 (=CH2), 69.6 (CH2), 54.4 (N(CH3)2), 25.6, 19.4 (2 x CH3). HR-MS (ESI+ of 

M
+
): m/z calcd for C9H18N 140.1434, found 140.1433.  

Analytical data for 11: obtained as a yellow oil (76% yield). 
1
H-NMR (300 MHz, D2O): δ 6.04 

(m, 1H), 5.72 (s, br, 1H), 5.53 (m, 1H), 3.92 (d, J = 3.1Hz, 2H), 3.13 (s, 6H), 1.86 (s, 3H), 1.69 

(s, 3H), 1.67 (d, J = 4.5Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ 135.2 (=CH), 128.8 (=CH), 

128.3 (Cquat), 116.5 (=C-), 69.3 (CH2), 53.9 (N(CH3)2) 25.2, 19.0, 18.3 (3 x CH3). HR-MS (ESI+ 

of M
+
): m/z calcd for C10H20N 154.1590, found 154.1589. 

 

1,1,3,3-Tetramethylpiperidinium iodide (6) 

3,3-Dimethylpiperidine (0.50 g, 4.4 mmol) was dissolved in 4.0 mL of 

MeOH. KHCO3 (0.66 g, 6.6 mmol) was added and, after cooling the 

mixture in an ice bath, MeI (1.87 g, 13.2 mmol) was added dropwise 

while stirring. The reaction mixture was left at r.t. for 4 days. The 

solvents were removed under vacuum and the solid was dissolved in 4 mL CH3Cl. The 

remaining solids were filtered and then the CH3Cl was evaporated. The solid was dissolved 

in 12 mL of refluxing isopropanol to which the minimum amount of EtOH was added to 

improve the solubilization. The solution was left to cool down and 0.68 g (2.5 mmol, 57 % 
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yield) of product was obtained as white needles. 
1
H-NMR (CDCl3, 400 MHz): δ 3.69 (dd, J = 

9.1Hz, 14.8, 2H), 3.52 (d, J = 9.4Hz, 2H), 3.48 (s, 6H), 2.04 – 1.92 (m, 2H), 1.68 – 1.58 (m, 

2H), 1.15 (s, 6H). 
13

C NMR (CDCl3, 100 MHz) δ 72.0 (CH2), 62.6 (CH2), 54.7 (N(CH3)2), 33.8 

(CH2), 31.29 (Cquat), 28.62 (2 x CH3), 18.12 (CH2). m.p. 316.1 - 318.3 °C. HR-MS (ESI+ of M
+
): 

m/z calcd for C9H20N 142.1590, found 142.1586.  

Dithiol building blocks 7,
37

 12,
38

13,
39

 were prepared as described previously.  

 

Templating experiments corresponding to Figure 4.3 (top, middle, bottom) 

The following procedures were performed in a glove box to exclude oxygen. Borate buffer 

(50 mM pH 8.0) was used for preparing solutions and was previously deoxygenated by 

purging with N2 for 1 h. The libraries were stirred in closed vials using magnetic stirrers.   

A solution of 8.00 mM of 7 was prepared in borate buffer. A controlled oxidation of 7 

(monitored by HPLC) was performed by adding aliquots of a 200 mM solution of sodium 

perborate until 2/3 of the starting material was oxidized.  

Three samples of 1.0 mL were taken from this solution and combined with: 

sample a: 16 µL borate buffer (Figure 4.3, top) 

sample b: 16 µL of a 125 mM solution of 6 in borate buffer (Figure 4.3, middle) 

sample c: 16 µL of a 125 mM solution of 1 in borate buffer (Figure 4.3 bottom) 

After 12 h, 15 µL samples of the templated solutions were transferred into vials that were 

tightly sealed before being removed from the glove box and analyzed by HPLC.  

The presence of 0.1% of formic acid in the mobile phase renders the HPLC sample non-

dynamic  as thiolates will be protonated. This ensures that there is effectively no re-

equilibration of the library during the analysis. 

 

Catalysis experiments corresponding to Figures 4.4 and 4.10 (a,b) 

The catalytic behavior of 9 was monitored by comparing the rate of increase of the 

dimethylamine 
1
H-NMR signals in a sample in the presence and absence of the dynamic 

mixture made from 7 (Figure 4.16). For that, 1.0 mL of an 8.00 mM solution of 7 in borate 
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buffer (50 mM pD 8.0, prepared with D2O)
a
, was transferred to a first NMR tube. A blank 

was prepared in absence of 7 in a second NMR tube. An aliquot of 16 µL of a solution of 

125 mM of 1 in borate buffer was added to each of the NMR tubes. Several NMR spectra 

were recorded during the following weeks for both samples and the results were plotted 

as change of 
1
H-NMR peak area of 5 (normalized to the peak area of CH3CN

a
) vs. time. 

 

Figure 4.16 Aza-Cope rearrangement monitored by 1H-NMR at t = 0, 1, 2, 4 and 6 days. The peaks corresponding 

to the substrate (a, b, d) decrease while the ones from the products (c, e) increase with time. Conditions: [1] = 

2.00 mM in borate buffer (50 mM in D2O pH 8.0). CH3CN was used as internal standard. 

 

The change in the composition of the dynamic disulfide network during the catalytic 

process was monitored by HPLC analysis of a mixture formed by a partial oxidation of 7 (as 

described above) in presence (Figure 4.10b), and absence of 1 (Figure 4.10a).  

                                                           
a
 Borate buffer contained 15 μL of CH3CN / 100 mL buffer. The relative intensities of the 

dimethylamine peaks referenced to the peaks of CH3CN were monitored. This procedure allows the 
increase of dimethylamine peak area to be compared between two different 

1
H-NMR samples. 
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Catalysis experiments with non-dynamic catenanes and tetramers (Figure 4.13) 

A solution containing mainly catenanes was prepared by dissolving 7 (8.00 mM solution in 

50 mM borate buffer pH 8.0) and letting it oxidize for 10 days to form disulfides until no 

more dithiol building block was present, reaching therefore a non-dynamic state. Under 

these conditions the library yielded mostly catenanes (94% as estimated from HPLC peak 

areas). To obtain a disulfide mixture containing essentially tetramers, substrate 1 was 

added to reach a concentration of 2.00 mM in a solution of 8.00 mM 7. This mixture was 

exposed to oxygen from the atmosphere. After three weeks the mixture still contained 

90% tetramers (as estimated from the HPLC peak areas) while no remaining substrate was 

found as it had fully reacted to give the aza-Cope products. The disulfides in this solution 

were also in a static state due to the absence of thiolate anion.  

Three different samples were prepared by adding 5.6 µL of a solution of substrate 1 (125 

mM) to: 

a) 280 µL of the solution containing mainly catenanes (Figure 4.13, green triangles); 

b) 280 µL of the solution containing mainly tetramers (Figure 4.13, red squares); 

c) 280 µL of borate buffer in the absence of 7 or its oxidation products (Figure 4.13, blue 

rhombi). 

Additionally, 200 µL of D2O were added to each sample for locking purposes. The increase 

of the signal corresponding to dimethylamine was monitored during the first days of the 

aza-Cope rearrangement by 
1
H-NMR using water presaturation. The difference in the 

rearrangement rate between the sample with tetramers and the one with catenanes 

suggests that 9 is the catalytically active species. 
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