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alkyl chains, and decorated at the upper rim with four guanidine or arginine units,
effectively catalyzes the cleavage of the phosphodiester bond of DNA and RNA model
compounds in water. An exhaustive kinetic investigation unequivocally points to the
existence of spontaneous aggregation phenomena, driven by hydrophobic interactions,
occurring at different critical concentrations that depend on the identity of the
compound. A pronounced superiority of the assembled structures compared with the
monomers in solution was observed. Moreover, the catalytically active units, clustered

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



on the macrocyclic tetrafunctional scaffold, were proved to efficiently cooperate in the
catalytic mechanism and result in improved reaction rates compared to those of the
monofunctional model compounds. The kinetic analysis is also integrated and
corroborated with further experiments based on fluorescence spectroscopy and light
scattering.
The advantage of the supramolecular assemblies based on tetrafunctional calixarenes
leads to believe that the active units can cooperate not only intramolecularly but also
intermolecularly. The molecules in the aggregates can probably mold, flex and
rearrange but, at the same time, keep an ordered structure that favor phosphodiester
bond cleavage. This dynamic preorganization can allow the catalytic units to reach a
better fitting with the substrates and perform a superior catalytic activity.

Author Comments: Dear Editor,
Respected colleagues acting as referees,

accompanying this letter please find a manuscript entitled “Intra  and Intermolecular
Cooperativity in the Catalytic Activity of Phosphodiester Cleavage by Self-Assembled
Systems Based on Guanidinylated Calix[4]arenes.”, which me and my coworkers, Prof.
Sansone and Prof. Casnati, wish to submit for publication as an Article in Chemistry - A
European Journal.
In this paper we report about the study of the phosphodiesterase activity of
calix[4]arenes blocked in the cone conformation by alkylation with long hydrophobic
alkyl chains and decorated at the upper rim with four arginine or guanidinium units. The
use of the calix[4]arene scaffold is motivated by the extreme versatility and efficiency of
this platform that turned out to be an excellent compromise between preorganization
and flexibility. As argued in the manuscript, this is an essential requisite to obtain high
catalytic activity.
We carried out an exhaustive kinetic investigation of the catalytic activity of the
calixarenes and their corresponding monofunctional analogs in the cleavage of RNA
and DNA model compounds. These data are also corroborated and integrated with
further experiments based on fluorescence spectroscopy and light scattering. The data
collected in this study unequivocally point to the existence of aggregation phenomena,
driven by hydrophobic interactions, occurring at different critical concentrations,
depending on the identity of the compounds.
A marked superiority of the catalytic activity of the aggregates, in comparison with the
monomers in solution, was observed. The efficiency of the catalysts is discussed in
terms of cooperativity, a parameter which provides a quantitative indication of the
preorganization of the catalytic system and a measure of the synergism of the active
functions. The issue of inter and intramolecular cooperativity and the concept of
dynamic preorganization is discussed in the manuscript.
We believe that the data reported in the present manuscript add considerably to the
present knowledge in the area of catalysis by design, enzyme mimics, chemistry of
calixarene derivatives, and study of reaction mechanisms. In addition, the present
study can also provide interesting data to researchers committed in the field of
aggregates, colloids, and liposomes.  Consequently, we hope it will attract the interest
of a vast readership. Moreover, we believe that the present work is fully appropriated
for the audience of Chemistry – A European Journal because it perfectly fits the scope
and specification of the journal, and also because previous investigations on similar
research lines have been reported, by our group (e.g. Chem. Eur. J. 2015, 21, 5856)
and by others, on this journal.
In conclusion, for the reasons illustrated above, we kindly ask you to consider the
present paper for publication in Chemistry – A European Journal as an article.
Looking forward to hearing from you, I remain

Best Regards
Riccardo Salvio, PhD
on behalf of all the authors
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Abstract  

 

Calix[4]arene scaffold, blocked in the cone conformation through alkylation with long alkyl 

chains, and decorated at the upper rim with four guanidine or arginine units, effectively catalyzes the 

cleavage of the phosphodiester bond of DNA and RNA model compounds in water. An exhaustive 

kinetic investigation unequivocally points to the existence of spontaneous aggregation phenomena, 

driven by hydrophobic interactions, occurring at different critical concentrations that depend on the 

identity of the compound. A pronounced superiority of the assembled structures compared with the 

monomers in solution was observed. Moreover, the catalytically active units, clustered on the 

macrocyclic tetrafunctional scaffold, were proved to efficiently cooperate in the catalytic mechanism 

and result in improved reaction rates compared to those of the monofunctional model compounds. 

The kinetic analysis is also integrated and corroborated with further experiments based on 

fluorescence spectroscopy and light scattering.  

The advantage of the supramolecular assemblies based on tetrafunctional calixarenes leads to believe 

that the active units can cooperate not only intramolecularly but also intermolecularly. The molecules 

in the aggregates can probably mold, flex and rearrange but, at the same time, keep an ordered 

Manuscript Click here to access/download;Manuscript;2022-10-06 Salvio -
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structure that favor phosphodiester bond cleavage. This dynamic preorganization can allow the 

catalytic units to reach a better fitting with the substrates and perform a superior catalytic activity.  

   

 

Introduction 

 

The interaction between different functional groups and the substrate is at the base of the operation 

of enzymes and a large number of artificial catalysts.1 The simultaneous action of the functional 

groups decreases the activation energy of the catalyzed reaction of a much greater extent than that 

expected from the interactions with the active units singularly. This effect is commonly referred to as 

cooperativity.2-4 A number of different strategies have been developed in order to keep the functional 

groups directly involved in the catalytic process at the right distance and at the proper orientation. 

These strategies include the use of conventional molecular scaffolds,5-7 dendrimers,8 polymers9-10 and 

nanoparticles.6, 11-13  In these systems the active functional groups are kept close to each other, through 

covalent bonds, in order to guarantee the best cooperativity. However, it is necessary to avoid an 

exceedingly rigid structure as significant catalytic activity and cooperativity always arises from a 

good compromise between preorganization and flexibility.14-16   

Given the importance of phosphodiester bonds in living organisms and their reluctance to undergo 

spontaneous hydrolysis,17-18 a number of researchers developed enzyme mimics able to efficiently 

cleave DNA, RNA and their model compounds.1, 15, 19-29 In most of these artificial phosphodiesterases 

metal cations are employed as active functions, with the role of Lewis acid activators, binding sites, 

nucleophile carriers and promoters of leaving group departure.26, 30-37  

In the last decade, we dedicated our attention to the study of the cooperative action of guanidinium 

units by themselves,22, 24, 38-39 or in conjunction with other active units,25, 40 in the cleavage of 

phosphodiester bonds in DNA and RNA model compounds. In these studies, diverse approaches were 

used to place the functional groups at close distance, ranging from the simple diphenylmethane 

scaffolds38 to silica nanoparticles-grafted polymer brushes.41 In this respect, calixarenes provide an 

excellent option to realize multifunctional catalysts as they can be repeatedly functionalized either at 

the upper rim and at the lower rim with remarkable versatility.16, 42     

In this study we present a systematic investigation about the multifunctional guanidinium-decorated 

calix[4]arenes 3-5, functionalized with guanidine and arginine units,  able to self-assemble in water 

solution into more complex structures through hydrophobic interactions. Interestingly, these 

compounds are catalytically active both as free monomers in solution and organized in polymolecular 

aggregates. The use of self-assembled aggregates, whose formation is driven by weak interactions, 
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may provide a number of advantages versus catalysts exclusively based on active units covalently 

linked to a scaffold. Among these potential advantages there is the possibility to build, in a 

synthetically more accessible manner, a highly multifunctional system able to better adapt to 

substrates and feature dynamic preorganization.    

The phosphodiesterase activity of the corresponding monofunctional model compounds 1 and 2 was 

also investigated for comparison. The issue of inter- and intramolecular cooperativity will be 

discussed.  

 

 

 

 

2. Results and Discussion  

 

2.1 Synthesis of the catalysts  

 

The syntheses of monofunctional guanidinium and arginine derivatives 1 and 2 were carried out 

according to Scheme 1. p-Nitrophenol was alkylated with 1-bromooctane and the nitro group reduced 

in the presence of hydrazine and Pd/C as catalyst. The guanidinylation reaction on aminoderivative 6 

was carried out using N,N′-bis-(t-butoxycarbonyl)-N″-triflyl-guanidine affording compound 7. The 

protecting group removal was achieved with an aqueous solution of TFA, and a counter ion exchange 

with an excess of hydrochloric acid (Scheme 1, e) was carried out. For the synthesis of the arginine 

derivative 2, the aniline 6 was reacted with the corresponding protected amino acid Boc-L-Arg-

PbfOH in the presence of N,N’-dicyclohexylcarbodiimmide as coupling agent. To avoid an acyl 

transfer forming the unreactive N-acylurea as an isomerization side reaction,43 an equivalent of  
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hydroxybenzotriazole was added to the reaction mixture. This nucleophile reacts faster than the 

competing acyl transfer and generates an intermediate still active enough to couple with the aniline 

affording compound 8. Furthermore, this reagent prevents the racemization occurring through 

formation of the oxazolone.44 The simultaneous removal of both protecting groups was carried out in 

a TFA/MeOH/triisopropyl silane mixture.  

The calixarenes 3-5 were synthesized according to previously reported procedures similar to those of 

the monofunctional model.45-46  

  

Scheme 1 Synthesis of guanidinium derivatives 1 and 2. Reagents and conditions: (a) 1-bromoctane, 

NaH, DMF; (b) N2H4·H2O, Pd/C, EtOH; (c) N,N′-Bis-(t-butoxycarbonyl)-N″-triflyl-guanidine, DCM; 

(d) TFA, H2O; (e) HCl, EtOH. (f) Boc-L-Arg-PbfOH, hydroxybenzotriazole, DCC, DMF; (g) TFA, 

triisopropylsilane, MeOH.   

 

 

2.2 Catalytic Measurements 

 

A first set of kinetic measurements was carried out in the catalyzed cleavage of 2-hydroxypropyl 

p-nitrophenyl phosphate (eqn. 1) and bis-(p-nitrophenyl) phosphate (eqn. 2), RNA and DNA model 

compounds respectively. The measurements were carried out in water solution in the presence of 0.5 

mM concentration of compounds 1-5. According to our previous observation, the existence of a 

guanidine-guanidinium catalytic dyad is a requisite to observe a relevant catalytic effect.38, 47 For this 

reason the pH value might be important for the catalytic performances. In addition, an elevated pH 

value increases the spontaneous reactivity of the substrate. Driven by previously reported data,47 the 
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acidity of the solutions was buffered at pH 9.0 with N-cyclohexyl-2-aminoethanesulfonic acid 

(CHES).  

Pseudo-first-order rate constants for the cleavage of 2-hydroxypropyl p-nitrophenyl phosphate 

(HPNP) and bis-(p-nitrophenyl) phosphate (BPNP) were calculated as kobs = v0/[substrate], where v0 

is the initial rate of p-nitrophenol release determined via UV-Vis spectrophotometry. These values 

are listed in Table 1. In the same table are reported the acceleration over the spontaneous cleavage at 

the same pH (kobs/kbg) and a value krel, defined as the ratio between kobs for the catalyst and the 

corresponding monofunctional model compound (see note c, Table 1).   

 

 

 

 

(1) 

 

 

 

 

 

(2) 

 

 

Table 1. Cleavage of HPNP and BNPP in the presence of additives 1-5a 

  HPNP  BNPP 

entry   additive   kobs (s
1) b   krel 

c kobs / kbg 
d    kobs (s

1) b   krel 
c kobs / kbg 

d 

1 - 1.1 × 10-6     -   1.0  4.2 × 10-9     -   1.0 

2 1 2.7 × 10-6     1   2.4  5.9 × 10-8      1  14 

3 2 5.2 × 10-6     1   4.7  1.0 × 10-7      1  24 

4 3 5.0 × 10-5   19  45  1.8 × 10-6     30 430 

5 4 4.8 × 10-5   18  43  9.7 × 10-7    16 230 

6 5 1.8 × 10-4   35 160   2.4 × 10-6    24  570 

a Conditions: 10 mM N-cyclohexyl-2-aminoethanesulfonic acid in water; 0.50 mM HPNP; 

0.50 mM catalyst, 10 mM Me4NClO4, T = 25.0 °C, 50.0 °C for HPNP and BNPP 

respectively; bkobs calculated with the initial rate methods from the following expression: 

vo/[substrate]; error limits of kobs values on the order of ±10%. c krel calculated as 

kobs(catalyst)/kobs(corresponding monofuntional model). d The background rate constant 

(kbg, s
–1) for spontaneous cleavage of the substrate was measured at the same pH in the 

presence of a higher substrate concentration, i.e. 1.5 mM.  
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All the investigated compounds turned out to be active in the hydrolysis of both substrates. For the 

first time it was possible to point out that also arginine moieties act as catalytic units even though the 

distance of the guanidinium ions from the each other is consistently increased compared to 

guanidinocalixarenes 3 and 4 and the mobility of the chains is increased.  

The highest accelerations were observed in the case of BNPP, i.e. up to 570-fold in the presence of 

arginine derivative 5. This substrate exhibits a much lower spontaneous reactivity ascribable to the 

lack of an intramolecular nucleophilic hydroxyl, and hence is remarkably more sensitive to the 

presence of the catalysts. The tetrafunctional calixarenes 3-5 show a remarkable superiority if 

compared with their monofunctional model 1-2, with krel values in the range 18-35. These values 

largely exceed the statistical factor, i.e. 4, due to the presence of four active units on the same 

molecule for catalysts 3-5. This is an indication of a possible cooperativity between the guanidinium 

units in the calixarene molecular scaffold. 

Since an in-debt kinetic analysis cannot be separated from the dependence of the catalytic 

performance on the concentrations, a second set of kinetic measuremets was carried out changing the 

catalyst concentrations in a submillimolar range for guanidinium derivatives 1-5. For all the 

investigated compounds, a linear trend of kobs versus the concentration was observed at high dilution 

(Figure 1). It is relevant to note that, at low concentration, the spontaneous cleavage of the substrate 

is not negligible compared to the catalyzed reaction, as the intercept of the line interpolating the data 

points is different from zero and this is in agreement with the uncatalyzed kobs measured in the absence 

of any catalyst. At higher concentrations, different for all the investigated catalysts, a relevant 

discontinuity was observed with a marked increase of the rate constants. Both the regions show a 

linear dependence on the additive concentrations but with two different slopes (see Figure 1 and 

Supporting Information p. S8-10).  
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Figure 1 Plot of the observed rate constant for the HPNP transesterification catalyzed by 5 in water 

buffered at pH 9.0 versus the catalyst concentration and corresponding zoomed-in inset in the 

concentration range 0-0.1 mM (top). Transesterification of HPNP catalyzed by the monofunctional 

model compound 2 in the same conditions (bottom).    

 

This experimental evidence strongly points to the existence of a spontaneous assembly at the 

concentration at which the two straight lines intersect, hereafter referred to as Critical Aggregation 

Concentration (CAC). The existence of the aggregates is also confirmed by monodimensional 
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1H NMR and DOSY experiments that show the existence of both the monomer and the aggregate in 

slow exchange at the NMR timescale (see Supporting Information p. S20 and ref. 46).            

The plots of the specific rate cleavage versus the catalyst concentration do not show any saturation 

profile, suggesting the operation of catalysts 1-5 in subsaturation conditions at this concentration 

range (Table 1 note a), i.e. a binding constant between the substrate and the catalyst (monomer or 

aggregate) lower than 100 M-1. For the mechanism reported in eq (3), the observed rate constant is 

given by eq (4). If the catalytic system operates in subsaturating conditions, the term K[C] << 1, and 

consequently eq (4) reduces to eq (5), where k2 is a second order rate constant defined as k2= kcatK. If 

the contribution of the monomer, the aggregate, and the spontaneous cleavage are considered, the 

observed rate constant is given by eq (6), where [𝐶]𝑇
𝑚𝑜𝑛 and [𝐶]𝑇

𝑎𝑔𝑔𝑟
 are the catalyst concentrations 

of the monomer in solution and in the aggregate, respectively.  

 

                                                   (3) 

 

 

𝑘𝑜𝑏𝑠 =
𝑘𝑐𝑎𝑡𝐾[𝐶]+𝑘𝑠

𝐾[𝐶]+1
                                                                                      (4) 

 

𝑘𝑜𝑏𝑠 = 𝑘2[𝐶]𝑇 + 𝑘𝑠                                                                                             (5) 

 

𝑘𝑜𝑏𝑠 =  𝑘2
𝑚𝑜𝑛[𝐶]𝑇

𝑚𝑜𝑛 +  𝑘2
𝑎𝑔𝑔𝑟

 [𝐶]𝑇
𝑎𝑔𝑔𝑟

+  𝑘𝑆                                               (6) 

 

Least-square fitting procedures of the two linear regions were carried out to determine the second 

order rate constant k2 calculated as the slopes of the two straight lines showed in Figure 1. The k2 

values for the monomers (k2
mon) and for the aggregates (k2

aggr) determined by the linear fitting below 

and over the concentration are reported in Table 2 for the five investigated catalysts, together with 

the corresponding CAC.  
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Table 2. Second order rate constants k2 and Critical Aggregation Concentrations a 

entry   additive  CAC (mM) b   k2
aggr

  
 (M-1s-1) c  k2

mon (M-1s-1) d     k2
aggr

  / k2
mon 

1 1  1.20 4.3 × 10-2   3.8 × 10-3 11 

2 2  0.68 2.6 × 10-2   8.2 × 10-3 3.2 

3 3  0.095 1.2 × 10-1   1.2 × 10-2 10 

4 4  0.045 1.0 × 10-1   6.4 × 10-3 16 

5 5  0.062 4.0 × 10-1   1.8 × 10-2 22 

a data obtained from the elaboration of data reported in Figure 1 and in Figures at p. S9-S10, 

Supporting Information; b determined from the intersection of the two straight lines, e.g. Figure 1. c 

calculated by a linear least-square fitting procedure with the points over the CAC; d calculated by a 

linear least-square fitting procedure with the data points below the CAC.  

 

The CAC for the monofunctional derivatives 1 and 2 is around 1 mM (Table 2, entries 1 and 2). On 

the other hand, calixarenes 3-5 aggregate at significantly lower concentrations, CACs ≤ 0.1 mM, with 

the lowest value observed for calixarene 4, provided with the longest alkyl chains at the lower rim 

(C8H18). Interestingly, the k2
aggr

 / k2
mon ratio provides a quantitative comparison of intramolecular and 

intermolecular (intra-aggregates) cooperativity. In the case of monofunctional models, no 

intramolecular cooperativity can be exerted as the cooperation can occur only in the aggregate. The 

arginine derivative 2 shows a modest synergic action in the assembly, however catalyst 1 shows an 

advantage of 11-fold compared to the monomer.  

For the tetrafunctional calix[4]arene structures, the performances in the catalytic aggregates definitely 

overcome those of the unaggregated monomers in solutions, with the best advantage observed for the 

arginine derivative 5.    

On the basis of these data, a noteworthy superiority of the assemblies is evident in all the cases. This 

phenomenon might suggest that the catalytically active units can perform a better cooperativity in the 

substrate activation due to the existence of intermolecular cooperativity and dynamic preorganization. 

In other words, the catalytic system in the self-assembled aggregate could be able to rearrange, mold 

and flex in response to the substrate geometrical and electronic requirements also allowing catalytic 

groups of different monomers to cooperate. All these effects seem to be responsible to better fulfill 

the stabilization of the reaction transition state in the aggregates compared with the unaggregated 

monomers.      

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



10 

 

2.3 Fluorescence and DLS measurements  

 

In order to gain further insights about the aggregates tested in the kinetic measurements, fluorescence 

measurements in the presence of pyrene were carried out. This compound features an emission 

spectrum that is significantly affected by the polarity of the environment, due to a different non-planar 

structure of the excited state compared to the ground state. In addition, it has the tendency, as an 

aromatic hydrocarbon, to accumulate in hydrophobic environments. Because of these properties, it 

has been used as a probe for microheterogeneous systems such as polymers, proteins, micelles, and 

membranes48-49    

The ratio of the intensities of band I (372 nm) and band III (382 nm) in the emission spectrum is 

sensitive to the polarity/hydrophobicity of the environment.50 A 2 µM solution of pyrene has been 

prepared in the same reaction medium (H2O, pH 9.0 CHES, 10 mM Me4NClO4) and titrated with 

calixarene 3. The high dilution of the fluorescent probe avoids the formation of excimers that can 

significantly affect the emission spectra. In the plot in Figure 2 is reported the ratio of the intensities 

of the band I and III (I1/I3) versus the logarithm of the surfactant concentration. In the early stage of 

the titration, the I1/I3 parameter is around the value 1.8. Afterwards, upon further increase of the 

calixarene concentration, the parameter sharply drops down. Most likely, this effect can be attributed 

to the inclusion of pyrene in the forming aggregate, consequently the concentration at which the slope 

change occurs can be regarded the critical aggregation concentration. The value of this parameter 

estimated with this method is in the range of 30-65 µM. This value is in fair good agreement with the 

CAC obtained from the kinetic measurements, i.e. 95 µM (Table 2, entry 3).  
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Figure 2 Spectrofluorometric titration of a 2 μM pyrene water solution (pH=9, I=10 mM) with 

calix[4]arene 3. I1/I3 versus the logarithm surfactant concentration. The red lines are obtained by the 

best-fitting of the experimental data in the two regions. The CAC can be estimated from the intercept 

of the straight lines.    

 

The critical packing parameter (CPP) is often taken in consideration in the literature to rationalize 

and predict some aspects of the molecular self-assembly in solution.51-54 This parameter is defined as 

vo/alo, where vo and lo are the volume and the length of the surfactant tail, respectively, and a is the 

headgroup area.  A Molecular Dynamic (MD) simulation carried out in a solvent box was employed 

to evaluate the average values of vo, lo and a. The CPP values calculated from the obtained parameters 

are reported in Table 3, together with the standard deviations. For compounds 1 – 5, they are in the 

range 0.51 – 0.84. For pronounced cone-shaped surfactants the CPP values is closer to 0, on the other 

hand, for molecule more similar in shape to a truncated cone or a cylinder, the CPP approaches 1. 

According to a widespread criterion present in the literature, CPP values between 0.5 and 0.8 are 

compatible with rod-like micelles or a bilayered structure.51-52           

 

Table 3 Critical Packing Parameter  

  species  CPP a 

1  0.58 ± 0.04  

2  0.51 ± 0.04 

3  0.83 ± 0.05 

4  0.84 ± 0.05 

5  0.55 ± 0.04 

a calculated as vo/alo. The geometric 

parameters were determined through a 

MD simulation. The reported error limit is 

the standard deviation σ.  

 

Dynamic light scattering (DLS) is a technique able to determine the size distribution profile of small 

particles/aggregates in solution.55 An analysis of a 0.25-0.5 mM water solution of calixarene 3, at 

pH 9.0 and with ionic strength buffered with NMe4NClO4, as in the kinetic experiments. The 

measurements indicate the most relevant size distribution of the aggregates centered at 17 nm (see 

Section S6 in Supporting Information for details). The average particle size appears to be stable in a 
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time interval of a few hours, the timescale of the kinetic experiments, whereas particles of higher 

dimensions, i.e. 180 nm, were detected after 60 hours (see p. S23). On the basis of this particle size 

and of the average molecular dimensions determined with MD experiments, an average aggregation 

number between 280 and 350 molecules per aggregate can be estimated, in the case of a rodlike 

micelle.                    

 

Conclusions  

 

In conclusion, in the present paper we have investigated the catalytic activity of the tetrafunctional 

calixarenes 3-5 in the cleavage of phosphodiesters. Their activity was explored over a wide 

concentration range and a sudden increase in reaction rates was observed in the correspondence of 

the CAC. An exhaustive kinetic investigation and elaboration of the experimental data was carried 

out in order to compare the activity of the catalysts free (as monomer, unaggregated) in solution with 

that in the aggregated systems. The picture obtained from this analysis points to an apparent superior 

cooperativity of the catalytic units upon aggregation and therefore to the existence of a remarkable 

dynamic preorganization in the assemblies. The evident advantage of the assemblies leads to believe 

monomer molecules in the aggregates can mold, flex and rearrange, to allow the catalytic units to 

reach an optimal fitting with the substrate.  
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Experimental Section  

 

Instruments and General Methods. NMR spectra were recorded on a Bruker 700 MHz 

spectrometer. Chemical shifts are reported as δ values in ppm. Mass spectra analyses were 
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performed by an electrospray ionization time-of-flight spectrometer. The automatic titrator 

was equipped with a combined microglass pH electrode. All reactions, with the exception of 

the deprotection of 7 and 8, were carried out under a nitrogen atmosphere. Flash 

chromatography was carried out on 70−230 mesh silica gel. Anhydrous DCM was obtained 

by distillation over calcium chloride and stored with molecular sieves. 

Materials. Ultrapure mQ water was used for the preparation of solution. HPNP56 and 3-545-46 

were prepared as reported in the literature. Other solvents and reagents were commercially 

available and used without any further purification. Warning! Tetramethylammonium 

perchlorate should been handled with care57 as it is potentially explosive.  

 

4-(octyloxy)aniline (6). To a solution of p-Nitrophenol (3g, 21.6mmol) in dry DMF (50 mL), 

NaH (60 wt.-% in oil 1.73 g, 43.2 mmol) was added at 0°C. The mixture was stirred for 30 min. then 

1-bromooctane (8.34 g, 43.2 mmol) was added. After 1h the ice bath was removed and the reaction 

was heated to 80°C for 6h. The reaction was quenched with 1 M HCl (150 mL), the solvent was then 

removed under reduced pressure. The crude product was dissolved in 1 M HCl (30 mL) then washed 

with CH2Cl2 (30x3 mL). The organic phase was separated, dried over anhydrous Na2SO4 and 

evaporated under reduced pressure to obtain a brownish oil. The residue was purified by column 

chromatography on silica gel (hexane-hexane/AcOEt 60:1) to obtain the alkylated nitrophenol as a 

yellow oil in 30% yield (1.64 g, 6.52 mmol). The p-Nitro-4-(octyloxy)benzene (1.4 g, 5.57 mmol) 

was then dissolved in EtOH (250 mL) and the reduction of the Nitro group was carried out with 

N2H5OH (2.8 g, 55.7 mmol) and catalytic amount of Pd/C. The reaction was heated at 80°C for 6 

hours then stirred for 3 days. The solution was then filtered through celite, the solvent was removed 

under reduced pressure. The crude product was dissolved in CH2Cl2 (30 mL) then washed with 

Na2CO3 saturated solution (3x15 mL). Pure aniline 6 (0.96 g, 4.37 mmol) was obtained after 

evaporation under reduced pressure as brown crystals in 79% yield. 1H NMR (700 MHz, CDCl3): δ 

6.75 (d, J= 8.80 Hz, 2H), δ 6.64 (d, J=8.21 Hz, 2H), δ 3.88 (t, J=3.5 Hz, 2H), δ 3.35 (bs, 2H), δ 1.74 

(d J=6.7 Hz, 2H), δ 1.44 (m, 2H), δ 1.30 (m, 8H), δ 0.89 (t, J=6.8 Hz, 3H). 13C NMR (175 MHz, 

CDCl3): δ 152.4, 139.5, 116.5, 115.6, 68.7, 31.8, 29.4, 29.3, 29.2, 26.0, 22.6, 14.0. m/z calcd for 

C14H24NO [M + H]+ 222.1858; found 222.1834. 

4-(octyloxy)phenyl-N,N'-bis(tert-butoxycarbonyl)guanidine (7). The compound 6 (0.15 g, 

0.68 mmol) was dissolved in CH2Cl2 (30 mL). Then N,N′-bis-(t-butoxycarbonyl)-N″-triflyl-

guanidine (0.20 g, 0.511 mmol) was added and the reaction was stirred for 4 days. The solvent was 

removed under reduced pressure. The crude product was dissolved in NaHSO4 (15 mL), washed with 

NaHCO3 (3x15 mL) then evaporated under reduced pressure. The residue was purified by column 
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chromatography on silica gel (hexane/AcOEt 20:1) to obtain the pure product 7 as a white solid (0.126 

g, 0.27 mmol). Yield: 52%. 1H NMR (700 MHz, CDCl3): δ 11.65 (bs, 1 H), δ 10.17 (bs, 1H), δ 7.45 

(d, J=8.9 Hz, 2H), δ  6.84 (d, 2H), δ 3.94 (t, J=6.57 Hz, 2H), δ 1.75 (m, 2H), δ 1.53 (s, 9H),, δ 1.48 (s, 

9H) δ 1.43 (m, 2H), δ 1.36-1.24 (m, 8H), δ 0.88 (t, J=6.8 Hz, 3H). 13C NMR (175 MHz, CDCl3): δ 

156.3, 153.5, 153.3 129.5, 125.8, 123.7, 114.6, 83.4, 79.3, 68.2, 31.7, 29.3, 29.16, 29.15, 28.1, 28.0, 

25.9, 22.6, 14.0. m/z calcd for C25H42N3O5 [M + H]+ 464.3124; found 464.3107. 

1-(4-(octyloxy)phenyl)guanidine (1). The compound 7 (20 mg, 0.043 mmol) was dissolved in 

TFA/H2O mixture (95:5 5mL) for 15h. The solvent was removed under reduced pressure. The residue 

was dissolved in 100 mL of a solution of HCl in EtOH (1.0 M). The mixture was evaporated at 

reduced pressure and the product was obtained with no further purification as a pale-yellow oil (12 

mg, 0.040 mmol). Yield: 93%. 1H NMR (700 MHz, CD3OD): δ 7.19 (d, J=8.8 Hz, 2H), δ 7.00 (d, 

J=8.8 Hz, 2H), δ 3.99 (t, J=6.4 Hz, 2H), δ 1.78 (m, 2H), δ 1.48 (m, 2H), δ 1.35 (m, 8H), δ 0.91 (t, 

J=6.97 Hz, 3H). 13C NMR (175 MHz, CD3OD): δ 160.3, 158.6, 128.8, 128.0, 116.7, 69.3, 33.0, 30.5, 

30.4, 30.3, 27.1, 23.7, 14.4. m/z calcd for C15H27N3O [M + H]+ 265.2149; found 265.2168. 

[N𝛼-Boc-N𝜔-Pbf]-(4-octyloxyphenyl)argininamide (8). To a stirring solution of Boc-Arg-

PbfOH (0.54 g, 1.02 mmol) in dry DMF (20 mL), HOBt (0.15 g, 1.10 mmol) and DCC (0.21 g, 1.02 

mmol) were added. After 15 min, a solution of 6 (0.15 g, 1.02 mmol) in dry DMF (3 mL) was added 

dropwise to the mixture which it was stirred for 48h at room temperature. The solution was filtered 

with a filter paper to remove the DCU and the solvent was removed under reduced pressure. The 

crude product was dissolved in ethyl acetate (15 mL), washed with Na2CO3 saturated solution (3x10 

mL) and evaporated under reduced pressure. The pure product 8 was isolated by column 

chromatography on silica gel (hexane/AcOEt 3:1-hexane/AcOEt 1:2) as white crystals (0.163 g, 0.22 

mmol). Yield: 21%. 1H NMR (700 MHz, CD3OD): 7.42 (d, J=8.9 Hz, 2H), δ 6.80 (d, J=8.9, 2H), δ 

4.18 (dd, J=6.2 Hz, J=6.6 Hz, 1H), δ 3.88 (t, 2H, J=6.2), δ 3.27-3.10 (bm, 2H), δ 2.91 (s, 2H), δ 2.56 

(s, 3H), δ 2.08 (s, 3H), δ 2.49 (s, 3H), 1.82-1.53 (bm, 6H), δ 1.46-1.36 (bm, 17H), δ 0.88 (t, J=6.8 Hz, 

3H). 13C NMR (175 MHz, CD3OD): δ 172.9, 160.0, 158.0, 157.7, 157.3, 139.3, 134.2, 133.4, 132.1, 

125.9, 123.2, 118.3, 115.5, 87.5, 80.6, 69.1, 56.1, 43.9, 41.4, 32.9, 30.9, 30.4, 30.4, 30.3, 28.8, 27.1, 

23.6, 19.7, 18.45, 14.5, 12.6, 9.6. m/z calcd for C38H60N5O7S [M + H]+ 730.4213; found 730.4192; 

m/z calcd for C38H59N5O7SNa [M + Na]+ 752.4033, found 752.4014. 

(4-octyloxyphenyl)argininamide (2). Compound 8 (80 mg, 0.11 mmol) was dissolved in 

TFA/MeOH/TIS (90/8/2, 5 mL) for 48h. The solvent was then removed under reduced pressure and 

washed in diethyl ether (3x5 mL). The residue was dissolved with 50 mL of a solution of HCl in 

EtOH. The crude product was then dried under reduced pressure to obtain the product 2 as a sticky 

colourless oil. (7.2 mg, 16 µmol). Yield: 15%. 1H NMR (700 MHz, CD3OD): δ 7.50 (d, J=8.6 Hz, 
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2H), δ 6.88 (d, J=8.6 Hz, 2H), δ 4.04 (t, J=6.4, 1H), δ 3.94 (t, J=6.4 Hz, 2H), δ 3.69 (s, 1H), δ 3.25 (t, 

J=6.6 Hz, 2H), δ 2.08-1.96 (bm, 2H), 1.75 (bm, 4H), δ 1.47 (bm, 2H), δ 1.40-1.28 (bm, 8H), δ 0.91 

(t, 3H, J=6.8 Hz, 3H). 13C NMR (175 MHz, CD3OD): δ 168.1, 158.79, 158.78, 131.9, 123.1, 115.7, 

69.3, 54.4, 41.5, 32.9, 30.4, 29.6, 27.1 24.8, 23.6, 14.3 m/z calcd for C25H44N5O4 [M + H]+ 478.3388, 

found 478.3406.  

Kinetic Measurements. Cleavage of HPNP and BNPP was monitored spectrophotometrically 

following the liberation of p-nitrophenol at 400 nm. Initial rate measurements reported in Tables 1 

and 2 were carried out in water solutions thermostated at 25 oC or 50 oC for HPNP or BNPP cleavage, 

respectively. The concentrations of the species in solutions are reported in the footnotes of the tables.  

The solutions were buffered with CHES and the pH was adjusted with 50-100 mM water solutions 

of HClO4 or NaOH. The ionic strenght was buffered with Me4NClO4. The elaboration of the 

experimental data and the nonlinear least-square fitting procedures described in the text were carried 

out with the software SigmaPlot 12.0 (Systat Software, Inc.). The raw kinetic data are reported in the 

Supporting Informations.  

Molecular Dynamics The MD simulations were performed using either the Gromacs 2019 software 

package with the modified Gromos54a7 force field,58 or HyperChem 8.0.6 software. The SPC water 

model in a cubic box was used to solvate the investigated compound. Gromacs topologies of the 

investigated molecules were generated with Automated Topology Builder version 3.0. The other 

configurations of the Molecular Dynamic simulation were set up us previously reported.14 The 

determination of the distances between the active units described in the main text was performed with 

the command mindist.  
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