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A B S T R A C T

This comprehensive review aims at identifying the structural features and general rules governing the design of
enzyme mimics and supramolecular catalysts having the ability to hydrolytically cleave the phosphodiester
bonds. Rate and binding constants of the artificial phosphodiesterases so far proposed and tested by using the
model compounds, bis (p-nitrophenyl) phosphate (BNPP) and 2-hydroxypropyl p-nitrophenyl phosphate (HPNP)
as widely recognized model substrates have been collected, elaborated and compared. These substrates have
been extensively used over time to evaluate the performance of artificial phosphodiesterases, providing
consistent and unique bases for comparing different catalysts. Notably, no other substrates have been tested as
extensively and over such a prolonged period. A wide variety of supramolecular phosphodiesterases have been
considered, comprising metal-free- and metallocatalysts, acyclic, macrocyclic or even nanostructured ones. The
scope and limits of the use of Effective Molarity to evaluate the enhanced reactivity of some of these supra-
molecular catalysts are also discussed. The information collected allows to give the reader a take-home message
for the design of next generation artificial phosphodiesterases.

1. Introduction

Phosphodiester bond represents the linker of nucleic acids, serving as
a tool to keep the nucleotides together and, at the same time, put them
apart at the proper moment [1]. Its reluctance to undergo hydrolysis [2]
makes it ideal for preserving biochemical information. However, the
cleavage of phosphodiester bonds is a pivotal chemical transformation
in living organisms and, consequently, there are a relevant number of
enzymes able to catalyze their fast hydrolysis in water [3–7]. The ac-
celerations of the reaction rates experienced in the presence of these
enzymes (e.g. kinases, phosphatases, ATPases) are impressive in a large
number of cases [8–11]. Indeed, staphylococcal nuclease shows an ac-
celeration over the spontaneous reaction as high as 1017 [9].

Inspired by the natural enzymes, a large number of research groups
have designed, synthesized and tested numerous enzyme mimics able to
cleave fragments of RNA, DNA in an effective and selective fashion

[12–25], with a great interest for a large variety of research areas
including the antisense therapy [26,27] and other biomedical applica-
tions [28–31]. Nevertheless, the cleavage rate enhancements experi-
enced by nucleic acids in the presence of these enzyme mimics are lower
than those observed in the presence of natural enzymes. As a result of
that, the reaction time range needed for a reliable measurement tends to
be too wide, especially in the case of deoxyribonucleic acids, intrinsi-
cally much less reactive than their ribonucleic counterparts [2]. In
addition to that, the detection and the quantification of the hydrolysis
products over time, essential for the determination of the reaction rates,
is not straightforward, especially at sub-millimolar concentration. In
order to overcome these problems, the performances of the catalysts
were tested, in a very large number of cases, on activated model com-
pounds, producing p-nitrophenol as cleavage product, whose release can
be easily followed by UV–Vis spectrophotometry or other techniques
[32–34]. The two model substrates, extensively employed to test
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enzyme mimics, are the bis(p-nitrophenyl) phosphate (BNPP) and the 2-
hydroxypropyl p-nitrophenyl phosphate (HPNP), see Scheme 1, model
compounds of DNA and RNA respectively. Their synthesis was reported
for the first time between the ‘50s and ‘60s [35,36] but they were not
used with this purpose since the beginnings of ‘90s [37–39]. While the
BNPP cleavage requires the assistance of an external nucleophile to
undergo hydrolytic cleavage (Eq. 1, Scheme 1), HPNP features an hy-
droxyl unit on 2’ position on the propyl chain that enables an intra-
molecular nucleophilic attack onto the phosphorous atom, affording a
five-membered cyclic species, Eq. 2. Its structure mimics the RNA
structural motif consisting in a hydroxyl group in 2’ position on the
ribose ring.

These two model compounds turned out to be fully appropriate to
test, in a preliminary screening, the efficiency of the supramolecular
systems as, in a number of cases, they were also tested on di(ribo)nu-
cleosides, oligo(ribo)nucleosides, and plasmids exhibiting accelerations
much higher than those experienced in the presence of the models
[40–44], aside from a few exceptions [45]. Indeed, if a substrate is
already partially activated, such in the case of the aforementioned
substrates, it is expected to benefit less from the activation of a catalyst,
with an underestimation of the acceleration factors. This evidence can
be framed within the Reactivity-Selectivity Principle (RSP) [46]. Even
though such a rule is not considered general and theoretically well-
grounded anymore [47], in this instance it appears to be applicable as
the use of HPNP and BNPP effectively provides an initiatory selection of
potential artificial (ribo)nucleases.

These two phosphodiesters, because of their availability, reactivity
in the right time interval, and the ease of quantification of the reaction
product, have been used as substrates for a large number of enzyme
mimics in a time period that spans three decades. Indeed, this has
enabled the collection of consistent, homogeneous kinetic data, allowing
for a direct quantitative comparison of all the catalysts on equal terms.
In this review article we have summarized the strategies used to design
the supramolecular catalysts and their features with a list of selected
examples. This selection was based on the catalyst efficiency, on its
representativeness among the class of artificial phosphodiesterases and
on the availability of quantitative data for the hydrolysis of BNPP and
HPNP. All the relevant rate constants and binding constants were
extracted from these literature contributions, reported in the tables
below, compared and critically commented. In some cases, the data
were provided by the authors with different notations. In others, the
values in the tables were not directly reported by the authors but ob-
tained from other data available in the literature. In addition, the issue
of the dependence of the catalytic rate and binding constants on the
structural identity of the catalytic platform is tackled and discussed in
terms of effective molarity. This parameter that can be taken, in a
limited number of cases, as a quantitative measurement that summarizes
the performance of an enzyme mimic. All the examples discussed are not
reported in chronological order but following an increasing complexity
of the supramolecular scaffolds and catalytic efficiency.

Although data collected on HPNP or BNPP models cannot be directly

extrapolated to the cleavage of natural nucleic acids, the takeaway
messages that can be drawn from this analysis of the literature for the
design of artificial phosphodiesterases are:

i) metal ion-based catalysts are usually superior to metal-free
catalysts

ii) in both metallocatalysts and metal-free catalysts, a proper se-
lection of the ligand/metal ion couple and/or of the active units is
necessary

iii) the simultaneous presence of multiple active units (containing or
not containing metal ions) on a molecular platform (multifunc-
tional catalysts) are generally superior to monofunctional cata-
lysts only when the distance and the orientation between active
units are properly tuned

iv) in multifunctional catalysts, the choice of the platform is crucial
since it should better offer a certain flexibility and adaptability of
the distance between active units to achieve remarkable coop-
erative effects

v) the use of nanostructured materials affords adaptable catalytic
sites that can act cooperatively enhancing the overall catalytic
performance.

2. Kinetic analysis and notations

For the supramolecular catalysts considered in the present paper, the
cleavage mechanism consists in a pre-equilibrium affording the complex
CS where the two molecules interact through hydrogen bonding, elec-
trostatic and Lewis acid-base interactions (Eq. (3)) [12,14,46,48,49].
Unlike natural enzyme, for these artificial catalysts the kcat value is al-
ways negligible compared to k− 1, therefore in the kinetic treatment is
always a good approximation to take in consideration the binding con-
stant Kb defined in Eq. (4), typically in the order of 101–103 M− 1. In a
few papers, the authors consider the dissociation constants KM, called
Michaelis-Menten constant, instead of the binding constant Kb as
defined in (4). These values, for the sake of homogeneity, were easily
converted through the following equivalence: Kb = 1/ KM. The sponta-
neous cleavage [50,51] (background reaction) of the substrates kbg is
negligible in all the cases reported unless at extreme pH values where it
might become comparable with the catalyzed reaction, especially in the
case of HPNP [50,52,53]. This latter substrate undergoes both acid and
basic hydrolysis [50]. In addition, there is also a contribution of the
mere solvent at pH around the neutrality, therefore the plot of log kbg
versus pH shows a U-shaped profile in water. The value of the first-order
rate constant for the spontaneous cleavage of HPNP in water is given by
the following expression: kbg = kOH[OH− ] + ksp + kH[H+] with the
values of best fit parameters determined by experimental kinetic ex-
periments (see Ref. [50] and note c in Table 1). Even though the spon-
taneous cleavage is negligible in the presence of all the catalysts
considered in the present study, the background contribution is impor-
tant to determine the acceleration ratio (krel = kobs/kbg) provided by the
catalyst, that is an essential parameter to evaluate its performance.

(3)

Kb =
k1
k− 1

(4)

d[CS]
dt

= k1[C][S] − kcat[CS] − k− 1[CS] = 0 (5)

Considering the mechanism illustrated in Eq. (3), if the steady state
approximation is applied to the concentration of CS, i.e. Eq. (5), the
general expression of the rate constant kobs is given by Eq. (6), and the
reaction rate by Eq. (7), where [C] is the free catalyst concentration and

(1)

(2)

Scheme 1. Cleavage reactions for the model substrate BNPP (1) and HPNP (2).
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Table 1
Kinetic Data for the Transesterification of HPNP promoted by the listed catalysts a.

Entry Catalyst kobs (s− 1) b krel = kobs/kbg c k2 (s− 1 M− 1)d Kb (M− 1)e kcat (s− 1)e Conditions Refs. f

1 1-CuII 1.9 × 10− 5 690 1.9 × 10− 2 – – pH = 7.0 g [77]
2 2-CuII 1.3 × 10− 5 110 1.3 × 10− 2 – – pH = 8.0 [77]
3 3-CuII 8.1 × 10− 5 2900 8.1 × 10− 2 – – pH = 7.0 [77]
4 4-CuII 4.1 × 10− 5 1500 4.1 × 10− 2 – – pH = 7.0 [78]
5 TACD-Zn 8.6 × 10− 6 2300 4.3 × 10− 2 – – pH = 7.0

AcCN/H2O 50 % h
[81]

6 TACD -Cu 3.3 × 10− 6 75 1.6 × 10− 2 < 102 – pH = 7.0
AcCN/H2O 50 % h

[81]

7 TACN-ZnII 7.0 × 10− 6 18 7.0 × 10− 3 – – pH = 7.2, 40 ◦C [82,83]
8 TACN-CuII 1.4 × 10− 6 700 2.8 × 10− 3 – – pH = 8.8 i,j

DMSO/H2O 80 %
[41]

9 TACN-NiII 8.0 × 10− 7 2.0 8.0 × 10− 4 – – [82]
10 BAMP-ZnII 3.4 × 10− 6 180 3.4 × 10− 3 – – pH = 7.0,

AcCN/H2O 50 %
[84]

11 6-LaIII 1.1 × 10− 4 2.0 × 104 0.65 – – pH = 7.4, T = 37 ◦C [86]
12 6-CeIII 1.0 × 10− 4 1.8 × 104 5.9 × 10− 1 – – pH = 7.4, T = 37 ◦C [86]
13 7-LaIII 1.2 × 10− 4 740 r 0.66 – – pH = 7.4, 37 ◦C [155]
14 8-CuII 3.3 × 10− 5 1000 3.3 × 10− 2 – – pH = 7.4, 37 ◦C [88]
15 9-ZnII 2.2 × 10− 5 16 5.7 × 10− 2 – – pH 8.5

MeOH/water 33 %
[89]

16 10a-ZnII 1.0 × 10− 4 10 1.2 × 10− 1 – – pH = 10.0 [90]
17 10b-CuII 1.7 × 10− 4 170 1.7 × 10− 1 – – pH = 9.0 [91]
18 10b-ZnII 1.8 × 10− 4 180 1.8 × 10− 1 – – pH = 9.0 [91]
19 11a-(CuII)2 5.0 × 10− 6 5.0 1.1 × 10− 2 – – pH = 9.0 [91]
20 11b-(CuII)2 6.1 × 10− 6 6.1 1.3 × 10− 2 – – pH = 9.0 [91]
21 12-(CuII)2 1.0 × 10− 4 3600 0.11 130 8.7 × 10− 4 pH = 7.0 [92]
22 13-(ZnII)3 5.0 × 10− 5 240 2.5 180 1.1 × 10− 3 pH = 7.2 40 ◦C [cat] = 20 μM [93]
23 14-(ZnII)2 1.6 × 10− 6 120 3.2 × 10− 3 – – pH = 7.0 [94,95]
24 15 Mo7O24

6¡ 6.6 × 10− 6 – 1.6 × 10− 5 0.94 3.0 × 10− 4 pD = 5.9 T = 50.0 ◦C
[cat] = 0.4 M

[34]

25 5e-CuII 1.3 × 10− 5 1000 1.3 × 10− 2 – – pH = 6.2
EtOH/H2O 35 %

[97]

26 16-(CuII)2 4.2 × 10–4 h 3.2 × 104 0.52 2.5 × 102 2.1 × 10− 3 pH = 6.2
EtOH/H2O 35 %

[97]

27 17a-(ZnII)2 1.2 × 10− 5 1300 1.3 × 10− 2 7.5 × 102 1.9 × 10− 5 pH = 7.0
MeCN/H2O 50 %

[97]

28 17b-(ZnII)2 7.7 × 10− 4 4.0 × 104 h i 43 5.5 × 104 7.7 × 10− 4 pH = 7.0
MeCN/H2O 50 %

[97]

29 17b-(ZnII)2 9.4 × 10− 4 1.6 × 104 h 17 1.7 × 104 1.0 × 10− 3 pH = 7.4
MeCN/H2O 50 %

[97]

30 18-(ZnII)2 2.0 × 10− 4 7400 0.68 1.9 × 103 3.6 × 10− 4 pH = 6.8,
MeCN/H2O 50 %

[99]

31 19-(ZnII)2 8.2 × 10− 5 4300 k 0.68 7.0 × 103 9.5 × 10− 5 pH = 7.0
MeCN/H2O 50 %

[100]

32 20-(ZnII)3 8.5 × 10− 4 4.5 × 104 l 2.9 1.2 × 103 2.4 × 10− 3 pH = 7.0
MeCN/H2O 50 %

[84,100]

33 21-(ZnII)2 1.5 × 10− 4 38 0.15 – – pH = 8.0 [101]
34 21(ZnII)2

þβ-CD
2.7 × 10− 3 690 4.5 300 1.2 × 10− 2 pH = 8.0, T = 40 ◦C

5.0 mM β-CD [cat] = 0.4 mM
[101]

35 22-(ZnII)2 2.5 × 10− 6 12 5.0 × 10− 3 – – pH = 7.2 T = 40 ◦C [82]
36 22-(NiII)2 1.3 × 10− 6 6 2.6 × 10− 3 – – pH = 7.2 T = 40 ◦C [82]
37 22-(CuII)2 2.0 × 10− 7 0.5 4.0 × 10− 4 pH = 7.2 T = 40 ◦C [82]
38 23-(ZnII)2 2.1 × 10− 5 110 4.2 × 10− 2 2.5 × 102 1.7 × 10− 4 pH = 7.2 T = 40 ◦C [82]
39 23-(NiII)2 6.0 × 10− 6 30 1.2 × 10− 2 – – pH = 7.2 T = 40 ◦C [82]
40 23-(CuII)2 4.0 × 10− 6 20 8.0 × 10− 3 – – pH = 7.2 T = 40 ◦C [82]
41 24-(CuII)2 1.0 × 10− 5 210 1.0 × 10− 1 2.6 × 102 3.9 × 10− 4 pH = 7.0 40 ◦C [103]
42 25a-(ZnII)4 1.6 × 10− 4 160 o 1.6 × 10− 1 – – pH = 7.4 40 o C [83]
43 25b-(ZnII)2 9.4 × 10− 5 96 o 9.4 × 10− 2 – – pH = 7.4 40 o C [83]
44 25c-(ZnII)2 8.4 × 10− 5 86 m 8.4 × 10− 2 – – pH = 7.4 40 o C [83]
45 26-(ZnII)4 1.2 × 10− 5 1500 6.0 × 10− 2 – – pH = 7.0 [105]
46 27 6.6 × 10− 6 240 3.3 × 10− 3 – – pH = 7.0 [104]
47 28a-(ZnII)2 6.3 × 10− 6 1700 3.2 × 10− 2 – – pH = 7.0

AcCN/H2O 50 %
[81]

48 28b-(ZnII)2 6.0 × 10− 6 1600 3.0 × 10− 2 – – pH = 7.0
AcCN/H2O 50 %

[81]

49 28c-(ZnII)3 2.1 × 10− 5 5800 1.1 × 10− 1 – – pH = 7.0
AcCN/H2O 50 %

[81]

50 28a-(CuII)2 2.4 × 10− 4 5500 1.2 – – pH = 7.0 [81]
51 28b-(CuII)2 8.7 × 10− 6 200 4.4 × 10− 2 – – pH = 7.0 [81]
52 28c-(CuII)3 1.3 × 10− 4 3000 6.5 × 10− 1 500 7.6 × 10− 4 pH = 7.0 [81]
53 29-(ZnII)2 2.5 × 102 6.1 × 1011 p 2.8 × 105 120 2.3 × 103 spH = 9.8, MeOH [106,107]
54 30-GdIII 4.7 × 10− 5 47 4.7 × 10− 2 – – pH = 9.0 [111]
55 31-ZnII 1.3 × 10− 6 37 1.3 × 10− 3 11 1.2 × 10− 4 pH = 7.6 [14,112,113]
56 32-ZnII 2.8 × 10− 4 280 2.8 × 10− 1 – – pH = 9.0 [156]

(continued on next page)
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Table 1 (continued )

Entry Catalyst kobs (s− 1) b krel = kobs/kbg c k2 (s− 1 M− 1)d Kb (M− 1)e kcat (s− 1)e Conditions Refs. f

57 32-ZnII 1.0 × 10− 4 3700 1.0 × 10− 1 – – pH = 7.0 [156]
58 33-(ZnII)2 8.0 × 10− 5 2900 8.6 × 10− 2 76 1.1 × 10− 3 pH = 7.5

EtOH/H2O 8/2
[157]

59 34-(CuII)2 3.0 × 10− 5 1100 3.1 × 10− 2 120 2.8 × 10− 3 pH = 7.5 [158]
60 35-(CuII)2 2.1 × 10− 3 7.6 × 104 2.1 – – pH = 7.0 [78]
61 36-(ZnII)2 1.8 × 10− 3 1.0 × 1010 p 18 1.8 × 105 1.0 × 10− 4 pH = 7.3

MeOH
[114]

62 37-ZnII 7.0 × 10− 4 5800 7.0 × 10− 1 – – pH = 8.0 [115]
63 38 8.0 × 10− 5 510 i,j 4.0 × 10− 2 <50 q - pH = 10.1

DMSO/H2O 80 % i,j
[53]

64 39 6.9 × 10− 5 290 2.3 × 10− 2 < 50 q - pH = 10.1
DMSO/H2O 80 % i,j

[cat] = 3 mM

[51]

65 40 3.4 × 10− 5 2100 6.8 × 103 – - pH = 8.7
DMSO/H2O 80 % i,j

[cat] = 5.0 mM

[52]

66 41a-CuII 1.4 × 10− 5 250 7.0 × 10− 3 – - pH = 7.0 [125]
67 41b-CuII 5.1 × 10− 4 7700 0.10 – - pH = 9.0

DMSO/H2O 80 % i,j [cat] = 5.0 mM
[117]

68 41b-ZnII 1.0 × 10− 3 2500 t 0.2 – - pH = 9.8
DMSO/H2O 80 % i,j [cat] = 5.0 mM

[117]

69 42a-ZnII 1.1 × 10− 4 4400 2.2 × 10− 1 < 50 q - pH = 9.9
DMSO/H2O 80 %

[41]

70 42a-CuII 1.3 × 10− 3 6.5 × 105 2.6 – - pH = 8.8
DMSO/H2O 80 % i,j

[41]

71 42b-CuII 1.8 × 10− 3 7.2 × 105 3.6 – - pH = 8.9
DMSO/H2O 80 % i,j

[126]

72 43 5.5 × 10− 6 2200 6.3 × 10− 2 1.4 × 102 4.4 × 10− 5 [127]
73 44-(ZnII)16

d16
1.2 × 10− 5 2.0 × 104 n

910 o
9.5 1.4 × 103 6.7 × 10− 3 pH = 7.5 40 ◦C

AcCN/H2O 3/7
[TACN] = 2e-5, [cat] = 1.3e-6

[128]

74 45-(ZnII)32
D32

1.3 × 10− 6 4.5 × 104 n

2000 o
19 1.3 × 102 1.6 × 10− 2 pH = 7.5, 40 ◦C

AcCN/H2O
[TACN] = 2e-5
[cat] = 6.0e-7 M

[128]

75 46-(ZnII)n 2.0 × 10− 4 1.6 × 104 u 4.6 3.3 × 103 1.4 × 10− 3 pH = 7.0,40 ◦C
[TACN] = 20 μM

[136]

76 47 1.1 × 10− 5 500 0.05 – – pH = 10.2
DMSO/H2O 80 % i,j

[guanidine] = 0.2 mM

[133]

77 48 2.8 × 10− 5 2800 s 0.14 – – pH = 9.9
DMSO/H2O 80 % i,j

[guanidine] = 0.20 mM

[139]

78 49 2.6 × 10− 4 3100 o 5.7 1900 3.0 × 10− 3 pH = 7.0, 40 ◦C
[cat] = 50 μM

[143]

79 49b 3.7 × 10− 3 1.8 × 104 39 650 6.0 × 10− 2 [cat] = 100 μM [146]
80 49c 8.7 × 10− 5 930 7.8 × 10− 1 600 1.3 × 10− 3 [cat] = 120 μM

pH = 7.5, 37 ◦C
[147]

81 NDs@50 9.3 × 10− 5 1300 1.3 – – pH = 9.0
[cat] = 69 μM

[154]

a solvent = water and T = 25 ◦C unless otherwise stated. Catalyst concentrations range from 0.1 to 2.0 mM; and HPNP initial concentration from 0.050 to 0.20 mM,
unless otherwise indicated. In a few cases the concentration of active units is indicated: e.g. guanidinium, TACN, etc; b The kobs values were typically measured with the
initial rate method according to the following expression: kobs = vo/[HPNP]; experimental error for the rate constants ranges from 5 to 15 %. These values refer to the
measurement at the actual catalyst concentration chosen by the authors in the experiments. Whenever the catalyst concentration was not clearly indicated by the
authors this value has been extrapolated at 1.0 mM catalyst concentration. c The value of the first-order rate constant for the spontaneous cleavage of HPNP in water is
given by the following expression: kbg= kOH[OH− ]+ ksp+ kH[H+] with the following vales of best fit parameters determined by experimental kinetic experiments: kOH
= 1.0× 10− 1 s− 1 M− 1, ksp = 1.7× 10− 8 s− 1, kH = 3.1× 10− 5 s− 1 M− 1 (see Ref. [50]), see also the comment in Section 2, main text. The acceleration factor kobs/kbg has
been calculated using kobs extrapolated to 1.0 mM catalyst concentration using the reported data and Eq. (6), also for those catalysts that were tested at slightly
different concentration. In the case Kb and kcat were not determined, this value has been calculated by linear extrapolation of kobs. The accelerations over the
background reaction are reported with two significant figures. d This value has been calculated with the following formula: k2 = Kb × kcat. For the catalysts that were
not investigated in a pesudo Michaelis-Menten experiments, the k2 values were approximately determined with the following equation: k2= kobs /[C]T. e These values
were omitted in the case no saturation kinetic experiments has been carried out by the authors and consequently no catalyst-substrate binding constant can be
determined. The error limit on the binding constant can be considered in the order of±20 %; f literature reference, see reference list at the bottom of the manuscript. g

the authors reports about the formation of the a monohydroxo or dihydroxo species at higher metal concentration with the formation of dimeric species. Around 1 mM
catalyst concentration the influence of this effect on the reactivity is very low [77]. h The spontaneous transesterification of the HPNP in this solvent mixture, i.e. AcCN/
H2O 50 % is kbg = 1.9× 10− 8 s− 1 (pH= 7.0) and kbg = 4.75× 10− 8 s− 1 (pH= 7.4), see Ref. [84]. The pH value refers to the water that was previously buffered and then
mixed with the cosolvent; i the background transesterification rate in this solvent mixture is given by the following expression: kbg = 10(pH-17.2), see Ref. [53]; j the
autoprotolysis constant in this mixture is Kw = 10–18.4 and the neutrality is 9.2, see Ref. [51, 124]. k The acceleration reported by the authors is 3.0 × 103. l The
acceleration reported by the authors is 3.2× 104. m the background transesterification rate was calculated on the basis of literature data and the use of Eyring equation.
n extrapolated at 1 mM concentration of dendron/dendrimer. o Extrapolated at 1.0 mM concentration of active unit (TACN). p This value was calculated through the
following data: k2OMe= 2.6× 10− 3 and the autoprotolysis constant in MeOH, i.e. p[H+][-OMe]= 16.6. see Ref. [108]; q linear dependence on the catalyst concentration
whithin the investigated concentration range. r calculated using the background reaction extrapolated with the Eyring equation. s The acceleration has been
extrapolated at 1.0 mM active units, i.e. guanidine/ium, concentration. t kbg = 7.9 × 10− 8 s− 1. u kbg = 6.4 × 10− 7 s− 1 extrapolated with Eyring equation. v kbg = 2.0 ×

10− 7 as reported by the authors, see Ref. [135].
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[S] the substrate concentration. The total catalyst concentration is given
by [C]T = [C] + [CS]. In the case [C]> > [S] or [C]> > [CS] the free
catalyst concentration in Eq. (6) can be replaced by [C]T.

kobs =
kcatKb[C] + kbg
Kb[C] + 1

(6)

v = kobs[S] (7)

In a saturation kinetic experiment with a reaction mechanism as that
in Eq. (3), either the catalyst or the substrate concentration can be
varied. Unlike in a Michaelis-Menten kinetic analysis of natural en-
zymes, it is common for supramolecular catalytic systems to carry out
the experiments with an excess of catalyst, even when the catalyst can
operate with a good turnover, and to vary the catalyst concentration in
saturation experiments. This practice is frequently employed in the
literature in order to decrease the kinetic run times and avoid substrate/
product inhibition.

Whenever the kbg is neglected and the experiments are conducted
under subsaturating concentrations, meaning that a small percentage of

substrate is bound to the catalyst, i.e. Kb [C]T<< 1, the expression of the
reaction rate is given by Eq. (8). In a number of literature reports, the
catalyst concentration was not systematically varied and therefore it is
not possible to evaluate the binding constant Kb and kcat separately, but
just their product k2, defined in Eq. (9) as a second-order rate constant.

v = Kbkcat[C]T [S] (8)

k2 = Kbkcat (9)

In Tables 1 and 2 are reported the value of kobs for all the discussed
catalysts measured at the concentration used by the authors in the ex-
periments. However, as kobs value is strictly dependent on the catalyst
concentration, see Eq. (6), it is not meaningful to use this parameter to
compare the intrinsic efficiency of the catalysts. Since there is a linear
dependence of kobs on the catalyst concentration under subsaturating
conditions, it is sound to compare the k2 values to provide an idea of the
absolute reactivity of the discussed systems. The values of k2 reported in
Tables 1 and 2 and discussed in the text, were calculated, in the cases in
which the authors do not provide them directly, through Eq. (9), for

Table 2
Kinetic Data for the Cleavage of BNPP promoted by the listed catalyst a.

Entry Catalyst kobs (s− 1) b krel = kobs/kbg c k2 (s− 1 M− 1)d Kb
e (M− 1) kcat e Conditions Refs. f

1 TACD-ZnII 4.0 × 10− 7 180 g 8.5 × 10− 5 – – pH > 8 h T = 35 ◦C, I = 0.2 M [37]
2 TACN-CuII 3.4 × 10− 7 870 2.6 × 10− 4 – – pH = 7.2, T = 50 ◦C [172]
3 51-LaIII 6.4 × 10− 5 18 6.4 × 10− 3 < 150 – pH = 10.5 25 ◦C

[cat] = 10 mM
[162]

4 cyclen-CoIII 4.6 × 10− 3 1.5 × 106 4.6 × 10− 1 – – pH = 7.0, 50 ◦C
[cat] = 10.0 mM

[39]

5 52-(ZnII)2 4.2 × 10− 6 12 i 4.2 × 10− 3 – – pH = 10.5, 25 ◦C [163]
6 53-(ZnII)2 1.9 × 10− 6 400 j 1.9 × 10− 3 – – pH > 9, T = 35 ◦C

I = 0.2 M
[173]

7 542-(FeIII)2 2.0 × 10− 9 180 2.1 × 10− 5 33 6.2 × 10− 7 pH = 8.0 25 ◦C [174]
8 32-ZnII 9.7 × 10− 5 6.0× 106 k 9.7 × 10− 2 – – pH = 7.0 T = 35 ◦C [156,164]
9 37-ZnII 2.2 × 10− 5 2.0× 105 2.2 × 10− 2 – – pH = 8.0, T = 25 ◦C [115]
10 55-(ZnII)2 2.2 × 10− 7 720 2.2 × 10− 3 100 2.2× 10− 5 pH = 8.8, 35 ◦C [49]
11 β-CD + EuIII 6.0 × 10− 4 2.7 × 106 n 0.30 – – pH = 8.0, 25 ◦C [87]
12 41a-CuII 1.0 × 10− 5 6400 5.0 × 10− 3 – – pH = 7.0, T = 50 ◦C [125]
13 41b-CuII 7.0 × 10− 6 3200 3.5 × 10− 3 – – pH = 9.0 25 ◦C

DMSO/H2O 80 % o
[175]

14 42b-CuII 1.9 × 10− 4 2.2 × 106 0.38 – – pH = 8.9 25 ◦C
DMSO/H2O 80 % o

[126]

15 56 4.7 × 10− 7 1100 4.7 × 10− 4 – – pH = 9.3, 25 ◦C
DMSO/H2O 80 % o

[159]

16 57 4.4 × 10− 5 6.5 × 104 4.4 × 10− 2 – – pH = 9.5, 25 ◦C
DMSO/H2O 80 % o

[165]

17 58a-(ZnII)2 1.3 × 10− 6 1.2 × 104 n 1.3 × 10− 3 – – pH = 8.0, 25 ◦C [168]
18 58b-(ZnII)2 2.4 × 10− 3 3.3 × 105 p 24 – – pH = 7.4, 25 ◦C [167]
19 59-(ZnII)x 1.0 × 10− 5 6.9× 105 l 1.5 4.7 × 104 3.2× 10− 5 pH = 7.0 T = 35 ◦C

[cat] = 1.0 × 10− 5 M m
[169]

20 43 1.9 × 10− 5 2.4× 105 0.57 2.0 × 104 2.9× 10− 5 [cat] = 1.0 × 10− 4 M [127]
21 61- CuII 1.9 × 10− 4 – 1.9 pH = 7.5 T = 37 ◦C

[cat] = 1.0 × 10− 5 M, H2O/EtOH 3:1
[171]

a solvent = water unless otherwise stated. b The kobs values were typically measured with the initial rate method according to the following expression: kobs = vo/
[BNPP]; experimental error for the rate constants ranges from 5 to 15 %. The kobs values refer to the measurement at an actual catalyst concentration chosen by the
authors in the experiments. If the experiments were conducted at different catalyst concentrations, the most representative concentration value was chosen. Whenever
the catalyst concentration was not explicitly indicated by the authors, the kobs value has been calculated from the k2 or from Eq. (5) at 1.0 mM catalyst concentration. c

Estimation of the BNPP hydrolysis rate in water at 50 ◦C is kbg = 3.0× 10− 10 s− 1, see Ref. [39]) In the case the measurement was carried out at slightly different pH, e.g
pH= 7.2 entry 2, the kbg value was extrapolated assuming a linear dependence on [OH− ]. For entry 3: kbg= 3.5× 10− 7 s− 1. For entry 5: kbg= 1.1× 10− 10 s− 1, for entry
9: kbg = 1.1× 10− 10 s− 1 for entry 10: kbg = 2.8 × 10− 9 s− 1, entry 12: kbg = 7.8 × 10− 10 s− 1. The acceleration factor krel = kobs/kbg has been linearly extrapolated to 1.0
mM catalyst concentration, also for those catalysts that were tested at slightly different concentration. The accelerations over the background reaction are reported
with two significant figures; d for the catalysts that were not investigated in a pesudoMichaelis-Menten experiments, the k2 values were approximately determined with
the following equation: k2= kobs /[C]T, where [C]T is the catalyst concentration. For the others k2 values were determined as k2= kcat K. e These values were omitted in
the case no saturation kinetic experiments has been carried out by the authors and consequently no catalyst-substrate binding constant can be determined. The error
limit on the binding constant can be considered in the order of ±20%. f Reference to the article, see reference list at the bottom of the manuscript. g The background
hydrolysis rate at 35 ◦C has been extrapolated on the basis of data measured at higher temperature, see Ref. [39]: kbg= 4.7× 10− 10 s− 1 at pH= 8.0; h the authors report
only the second-order rate constant for the metal complex with the bound water molecule in its deprotonated form. i kbg = 3.5 × 10− 7 s− 1, extrapolated at pH = 10.5
from the data at pH= 7.0, Ref. [39]. j kbg= 4.7× 10− 9 s− 1 at pH= 9.0. k kbg= 1.6× 10− 11 s− 1 as reported by the authors [156]. l kbg= 4.5× 10− 11 s− 1. m Concentration
of the active units. n kbg= 1.1× 10− 10 s− 1 extrapolated at pH= 8. o The autoprotolysis constant in this mixture is Kw= 10–18.4 see Refs. [51,124] for entry 13: kbg= 1.1
× 10− 9 s− 1 extrapolated from pH 7.0, for entry 14: kbg = 1.7 × 10− 10 s− 1 for entry 15: kbg = 4.3 × 10− 10 s− 1 for entry 16: kbg = 6.8 × 10− 10 s− 1. p As reported by the
authors.
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those literature contributions that reports the values of kcat and Kb. For
those supramolecular systems for which the values of kcat and Kb are not
available, the corresponding k2 value was estimated through the
following equation: k2= kobs /[C]T, assuming a linear dependence of kobs
on the catalyst concentration. On this regard see also note d of Table 1.

In Tables 1 and 2, the accelerations krel are also reported, defined as
the dimensionless ratio kobs/kbg. This is another important parameter to
use in a comparison to evaluate the performance of an enzyme mimic.
These values of krel were all calculated using kobs at the typical catalyst
concentration of 1.0 mM, see note c in Table 1.

3. Enzymes for phosphodiester bond cleavage and their
mechanisms

Enzymes able to promote phosphoryl transfer reactions are an
extremely heterogeneous class of proteins and can be classified ac-
cording to different criteria [4,54–56]. A possible classification involves
addressing the question of whether the reaction proceeds via an inter-
mediate featuring a covalent bond between the phosphate and the
enzyme or the phosphoryl unit is directly transferred to a substrate [57].
The side chains of several amino acid, provided with nucleophilic units,
were proved to be involved in the formation of a phosphorylated enzyme
intermediate. Among them, serine, threonine, cysteine and tyrosine can
be mentioned [1,57]. Another criterion in the classification aims at
determining whether the mechanism of cleavage follows a stepwise
pathway or a concerted one. In the latter case the geometry features a
pentacoordinated phosphorous atom as a transition state. This mecha-
nism is often referred to as SN2(P) in the literature [58], for its strict
analogy to aliphatic nucleophilic substitution. On the other hand, if the
pentacoordinated intermediate is a minimum of energy, the mechanism
is named AN+DN, whereas, in the case the departure of the leaving group
precedes the nucleophilic attack, it is classified as DN+AN [54,59,60].
Other differences among this class of enzymes are the number and the
nature of active units in the active site directly involved in the catalytic
event. A selected examples of the best-known and representative en-
zymes in this category are the following:

i) EcoRI endonuclease [56] – a single ion directly involved in the
catalysis, i.e. MgII; ii) alkaline phosphatases [61,62], containing two ZnII

ions in the active site; iii) IPpoI endonuclease with a single metal ion in
the active site and a histidine acting as a general base [63]; iv) RNaseA
presents a transition state stabilization where two histidines are

involved, one acting as general base and the other as general acid
facilitating the leaving group departure [64]. Additionally, a lysine unit
stabilizes, with its charged side chain, the phosphate of the substrate.

In many metal-containing enzymes there are several residues such as
aspartate or glutamate involved in the complexation of the metal cat-
ions. This experimental picture inspired many scientists to design a
heterogeneous series of artificial phosphodiesterase models to mimic
Nature. In the next sections we will organically and exhaustively
comment on the strategies employed and on the kinetic data in HPNP
and BNPP cleavage.

4. Artificial phosphodiesterases based on metal ions

Metal ions, complexed by proper ligands, are active units also in
many man-made enzymes and in some cases they exhibit a meaningful
activity even in the absence of complexing agents [65–68]. There are
several plausible mechanisms to explain the activity of metal cations
[24,69,70], e.g. ZnII and CuII (see Fig. 1): a) the metal cation interacts
with a water molecule, or a protic solvent molecule, significantly
decreasing its pKa and consequently generating an active nucleophile
even at relatively low pH value; b) the metal ion interacts trough an
electrostatic/Lewis acid-base interaction with the oxygen atoms of the
phosphate unit, reducing the amount of negative charge onto the
phosphorous atom and, as a consequence, facilitating a nucleophilic
attack onto this center; c) in a bifunctional mechanism both the oper-
ating modes described in points a and b are active and the transition
state consists in a four-membered cyclic species; d) the deprotonated
solvent molecule acts as general base toward the hydroxy unit in 2’
position enabling an intramolecular nucleophilic attack of this unit on
the phosphorous atom (for HPNP and RNA); e) in another possible
operating mode, the metal cation interacts with an oxygen atom of the
leaving group facilitating its departure. The latter mechanism can be
simultaneously operating with mechanisms a-d, especially in the case of
di- andmultimetallic catalysts, and it is more likely to be operative in the
presence of poor leaving group on the substrate (DNA or RNA) [59,60]
and not in the case of BNPP and BNPP, that feature the p-nitrophenol as
leaving group. Furthermore, another possibility is that a water/solvent
molecule can act as mediator in mechanisms a and e as illustrated in
Fig. 1 (f and g).

These mechanism of cleavage of HPNP and BNPP were also inves-
tigated in silico promoted both by metal cations and by other

Fig. 1. Postulated metal cation operating mechanisms in the cleavage of phosphodiesters: a) nucleophile carrier; b) Lewis acid/base electrophilic activation; c)
nucleophile carrier and simultaneous electrophilic activation; d) general base and electrophilic activation in a substrate with an intramolecular nucleophilic unit; e)
leaving group departure assistance; water molecule intermediation in f) nucleophile generation and g) leaving group departure.
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functionalities [70–76].
In Chart 1 are reported the structures of a few of the simplest metal-

based phosphodiesterases based on a single metal center. Catalyst 1 and
2 [77], based on a pyridine units, exhibit a moderate activity toward
HPNP (entries 1 and 2, Table 1). A higher activity is observed in the case
of 3 and 4 [77,78], featuring two benzimidazole units involved in the
complexation of the metal cation.

E. Kimura and J. Chin et al. were among the first who established the
use of macrocyclic polyamines as active units in the cleavage of phos-
phoric diesters [37,39]. These ligands show the ability to complex a
wide variety of metal cations with high binding constant [16,79,80] and
to follow the activation modes illustrated in Fig. 1. The nucleophilicity
of the nitrogen atom of the macrocycle allows a straightforward func-
tionalization with side arms and therefore the possibility to realize
multifunctional enzyme mimics featuring two or more metal centers,
other active units or recognition sites. The most representative aza-
macrocyclic structures are the triazacyclododecane (TACD, 5a), tri-
azacyclononane (TACN, 5b) and the cyclen (5c). They show a significant
catalytic activity both as ZnII and CuII complexes [81–83], as highlighted
in entries 5–8 of Table 1, while in the case of the NiII the phosphodies-
terase activity is hardly detectable [82] (entry 9).

An alternative to these macrocycles is the 2,6-bis(N,N-dimethyla-
mino)pyridine (BAMP), 5d, that has been successfully used in poly-
metallic catalysts, vide infra. Although its activity is fairly good, its
binding constant with ZnII and CuII is around 104 [84,85], and therefore
it does not guarantee a quantitative complexation at submillimolar
catalyst concentration. Monometallic CeIII and LaIII complexes of cyclen
derivatives, show in a few cases a noteworthy activity toward HPNP,
with accelerations over the spontaneous reaction at the same pH
exceeding four orders of magnitude [86] (entries 11 and 12, Table 1).
The activity of these systems is attributable, in large part, to an intrinsic
reactivity of the lanthanum itself in this reaction [65,87].

The CuII complex of 8 is still active in the transesterification reaction

[88] while the more structured 9, tested at more basic pH, does not show
a relevant activity [89]. A different approach in the design of nitrogen-
based ligands is illustrated by the triaminocyclohexane 10a and its
conformationally more rigid derivative 10b [90]. The latter ones ac-
celerates the HPNP cleavage of 170-fold with CuII and in a very similar
way with ZnII.

An important step forward in the design of artificial phosphodies-
terases, and supramolecular catalysts in general, is the development of
di- and multifunctional systems. For this reason, several research groups
have oriented their efforts at the synthesis of ligands able to bind more
than a metal cation (Chart 2).

An attempt to realize a bimetallic artificial phosphodiesterase has
been reported by Mancin et al. However, the meta and para phenylene
derivatives 11a and 11b [91] do not overcome the reactivity of their
monofunctional counterpart (Table 1, entries 16–20). On the other
hand, the bimetallic CuII complex of 12 [92], consisting of two tri-
azamacrocyclic units conformationally constrained by an aromatic ring,
exhibits an important catalytic activity in HPNP transesterification at
pH 7, with a rate acceleration of 3600-fold. The tritopic ligand 13 [93],
provided with three N,N-bis(2-pyridylmethyl)ethylenediamine pen-
dants, as ZnII complex is able to catalyze the HPNP transesterification.
Its lower performance is probably attributable to an higher mobility and,
as a result of that, a lower preorganization. Similar considerations also
apply to ditopic compound 14 [94,95]. In the case of bimetallic cata-
lysts, on the basis of the kinetic data and cooperativity obtained from the
comparison with the activity of the monofunctional models, essentially
two metal cations are involved in the HPNP transesterification
[40,81,84], one of them acting as general base through a deprotonated
solvent molecule, and the other one acting as Lewis acid activator, ac-
cording to the mechanism depicted in Scheme 2. Interestingly, the
cooperativity between metal centers can be reached also through metal
clusters as proved in the case of the polyoxomolybdate [Mo7O24]6− (15,
Table 1, entry 24) [34], zirconium [33] and lanthanum [65,87,96].

Chart 1. Examples of ligands and macrocycles able to complex a single metal ion.
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A significant step forward was introduced by Reinhoudt and coll.
with the use of calix[4]arenes [97]. This macrocycle does not present a
sufficient binding space in the cavity, however its usefulness lies in its
partially inhibited conformational mobility. Indeed it is a good
compromise between preorganization and flexibility [76,98]. The metal
complexes of calixarenes 16 and 17b, based on bis-imidazoyl and BAMP
ligands respectively [97], turned out to be extremely efficient in the
HPNP transesterification with acceleration ratios exceeding four orders
of magnitude. In addition, they exhibit remarkable cooperativity
whenever their cleavage rate is compared with those of their mono-
metallic models 5e and 17a.

The addition of two tertiary amine functionalities in 18 does not

provide an increase of the reactivity [99] as well as the functionalization
at the upper rimwith an additional ligand as illustrated by compound 20
(Table 1, entry 32) [84,100]. In the latter case, the absolute reactivity is
slightly higher than that observed for the corresponding bimetallic
catalyst. This modest superiority, likely attributable to a statistical
advantage, does not indicate the simultaneous cooperation of three
metal centers. The alkylation at the lower rim in calixarene 19 [100],
with a consequent reduction of the mobility, results in a lower catalytic
activity compared to 17b. This evidence strongly points to the existence
of a crucial conformational mobility in calix[4]arenes that has a strong
impact on the catalytic activity. Another noteworthy example that il-
lustrates the primary role of preorganization is provided by Scrimin,

Chart 2. Bi- and polymetallic precatalysts.
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Mancin and their coworkers [101]. The floppy C10 alkyl chain in ditopic
ligand 21, based on the triazacyclononane unit, does not allow an
appropriate cooperation of the two active units. The second order rate
constant for the cleavage in the presence of this bimetallic complex, i.e.
0.15 s− 1 M− 1 (Table 1, entry 33), is only 3-fold that of TACN-ZnII in the
same conditions [102]. Taking into account that 21-(ZnII)2 bears two
TACN-ZnII units, this evidence indicates that the two metal centers act in
a quasi-independent way. On the other hand, the addition of β-cyclo-
dextrin at 5 mM concentration results in an increase of reactivity by a
factor of 30 comparing the second order rate constants (Table 1, entry
34). The formation of a more preorganized complex between 21-(ZnII)2
and the cyclodextrin involving its cavity was confirmed with experi-
ments carried out at increasing concentration of β-CD, indicating an
evident host-guest allosteric control in this system.

A different approach in the design of bimetallic supramolecular
catalyst was attempted through the use of peptides and peptidomimetics
[82,83,103–105]. Complexes of different metal cations with the ditopic
peptidomimetic ligand 22 do not exhibit a relevant catalytic activity
likely ascribable to a short distance of the two TACN units that does not
allow an optimal orientation of the two catalytic groups [82]. A slightly
higher activity is experienced in the presence of metal complexes of
ditopic ligands 23 [82] and 24 [103]. The same group reported about
the unnatural peptides 25a–c [83]. Their chains are known to fold into a
hairpin helix-loop-helix motif. In their sequences are present four

residues of the artificial amino acid ATANP for 25a and two for 25b and
25c. Their tetrametallic and bimetallic ZnII complexes reach two orders
of magnitude of acceleration (entries 42–44). A further development has
been achieved with the tripodal ligand 26 [105]. This compound is able
to complex three ZnII cations with the TACN units, and a forth ZnII

though interactions with the secondary and tertiary amines at the center
of the structure. In this case the acceleration ratio overcome three order
of magnitude (Table 1, entry 45) and, in addition, kinetic data strongly
points to the existence of an allosteric effect [105]. Among this kind of
catalysts, compound 27 is noteworthy [104]. This peptide mimic the
arginine-based enzymes with four guanidinocarbonyl pyrrole units. The
peptide chain is able to form two distinct α-helix domains that result in a
U-shaped conformation with the active units pointing toward the inner
space. The catalytic measurements carried out in the presence of this
species highlight a fair catalytic activity in the cleavage of HPNP.
Further comments about the role of guanidinium units in these catalysts
are discussed in the next Section.

Another indication of the convenience and versatility of the calix-
arene scaffold is provided by catalyst 28a–c, featuring two or three
TACD units at the upper rim of the scaffold [81]. The ZnII and CuII

complexes of these ligands turned out to be effective in the cleavage of
the RNA model. In the case of the CuII complexes there is a notable
difference, in terms of efficiency between the 1,2- and 1,3- functionali-
zation at the upper rim of the calixarene, namely nearly 27-fold (Table 1,

Chart 2. (continued).

Scheme 2. Possible operating modes for the bimetallic catalysis in HPNP: Lewis acid activation and a complexed hydroxide ion acting as a general base according to
mechanism d in Fig. 1 (left). Alternatively, double Lewis acid activation (right).
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entries 50–51). This evidence highlights the extreme sensitivity of the
catalytic efficiency to the ligand geometry and functional groups
orientation. Interestingly, in the comparison of the accelerations krel and
second order rate constants k2, the trimetallic catalyst 28c-(ZnII)3
overcomes the corresponding bimetallic 28-(ZnII)2 by an extent that
exceeds the statistical factor and the experimental error. This observa-
tion is in agreement with the existence of a trimetallic mechanism
consisting in a synergistic cooperation of three metal cations in the
reactive event [81].

The simple ligand 29, consisting of two TACD units linked by a
propylene chain, was studied as phosphodiesterase in methanol by Stan
Brown and his coworkers [71,106,107]. This compound exhibits the
most astonishing catalytic effect both in terms of absolute reactivity and
acceleration. The krel value in this solvent mixture at pH 9.8 is close to
1012 (see entry 53 and note p to Table 1 and Ref. [106–108]). This

surprising catalytic effect is attributed to an excellent synergism be-
tween the metal centers, an optimal affinity for the transition state of the
reaction and a medium effect generating a reduced polarity/dielectric
constant. According to the X-ray structure of the complex, it is possible
to postulate the presence of a bridging methoxide ion between the two
ZnII centers that probably plays a crucial role in the catalysis. To the best
of our knowledge, this is the most effective artificial phosphodiesterases
ever reported for this substrate and, with an enzyme-like acceleration,
definitely among the most effective catalytic supramolecular systems in
general [12]. The activating effect of methanol as solvent has also been
observed for other metal complexes [109], even for catalysts with a
lower level of preorganization [110].

Chart 3. Heterofunctional precatalysts.
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5. Heterofunctional artificial phosphodiesterases

This section covers the use of other chemical functions, either acting
independently or in conjunction with metal ions, in the design of this
kind of catalysts. Examples are given in Chart 3. In Table 1, in entries 54
and following, are reported a few examples of phosphodiesterases pro-
vided with other active functions, in addition to metal ions. The phe-
nanthroline derivative 30 features two ammonium units in close
proximity to the metal center [111]. However, their presence does not
affect in an important way the catalytic performance. Also in the com-
plex 31-ZnII, the presence of a hydroxy unit close to the cation and
potentially able to directly interact with it, does not increase too much
significantly the activity of the TACN unit (Table 1, entry 55)
[14,112,113]. On the other hand, the proximity of hydroxy groups in
complexes of ligands 32–36 results in a significant increase in the
observed reaction rate and catalytic acceleration krel. In the case of 35-
(CuII)2 the krel value is as high as 76,000 [78], with an impressive
advantage over its corresponding monometallic analog 4-CuII (entry 4,
Table 1) and therefore exhibiting an extremely high cooperativity be-
tween the two metal centers. Although the phenolic group can poten-
tially act as a nucleophile, a hydrogen-bond donor and a general base, in
the case of HPNP it is likely that only the latter mechanism is operating
since the substrate itself, already features the presence of a nucleophile
in its structure. A surprisingly high catalytic effect is reached by bime-
tallic ZnII complex 36-(ZnII)2 reported by Stan Brown and coworkers
[114]. This catalyst exhibits an extremely high observed rate constant as
well as an enormous acceleration ratio of 1010 [114]. The authors argue
that the deprotonated phenolic O atom bridges the two metal ions (oxy
bridge) and this might have a role in reducing the ZnII – ZnII repulsion
and therefore in increasing the cooperativity of the two metal centers
even at short distance. This effect, beneficial for the catalytic activity in
water, was proved to impair the efficiency of the catalyst in methanol by
comparison with analogs lacking the bridging oxyanion in their struc-
tural motif [114].

Mancin et al. reported about the reactivity of 37-ZnII toward the
same substrate. This catalyst is provided with an ammonium unit that
has turned out to be beneficial for the catalysis. This is demonstrated by
the comparison with its analog (32-ZnII) lacking the ammonium group
(entry 56, Table 1) [115]. This beneficial effect can be ascribable to an
electrostatic stabilization of the transition state through ammonium-
phosphate interation, in addition to that exerted by the ZnII unit.

In this context, a special focus should be dedicated to phosphodies-
terases based on guanidinium. This cation is widespread in nature as it
has the ability to interact to several oxoanions such as carboxylates and
phosphates, due to geometric and electronic complementarity [74,116].
This group is definitely the most effective non-metal active unit, since
other alternatives such as amine/onium [99] and imidazole [117,118]
do not exhibit the same efficiency.

The binding constant between guanidinium and phosphate is not
very high in water, Kb < 10 M− 1 [119,120]. The reason is probably the
high energy involved in the solvation of these ions. This interaction, in
natural systems, typically occurs in hydrophobic pockets of enzyme
where it is definitely stronger [116]. In supramolecular systems the
drawback of a weak interaction can be overcome increasing the number
of guanidinium units [51,121,122]. However, in the design of a supra-
molecular catalyst, a high binding constant with the substrate is not
always essential, as the most important acceleration arises from a se-
lective stabilization of the transition state.

Examples of systems exclusively based on guanidinium and lacking
other active units are the adamantane derivative 38 [53] and the gua-
nidinocalixarene 39 [51,123]. Both of them show a fair activity in the
HPNP cleavage in DMSO/H2O 80 %, even though lower in comparison
with other efficient bimetallic phosphodiesterases. According to the data
reported in the literature the guanidinium itself appears to be intrinsi-
cally less efficient than metal ions. The abovementioned DMSO/H2O
solvent mixture is convenient to study the reactivity of guanidinium-

based system because it slightly increases the strength of phosphate-
guanidinium association and inhibits the background reaction. It is
also suitable to carry out potentiometric titrations to determine the
distribution of the species at different pH values [51,123,124]. Kinetic
experiments, carried out at different pH values, show a bell-shaped
profile, with a maximum of activity at pH at which the prevalent spe-
cies is that featuring a guanidinium ion and a guanidine unit. This
experimental outcome suggests a mechanism in which the guanidinium
is acting as electrophilic activator, and the guanidine as general base
(see Scheme 3a).

An unconventional example of phosphodiesterase is compound 40
[52], whose catalytic mechanism is based on the synergistic action of a
tertiary amine and a guanidinium. In this example the peculiarity is the
use of the quinine scaffold. The catalyst is fairly efficient (entry 65,
Table 1) and furthermore, because of its enantiomeric purity, is also
active in the kinetic resolution of the two enantiomers of HPNP [52].

In the literature there are also examples of catalysts able to perform
their catalytic activity with the combined action of a metal cation and a
guanidinium unit, with the postulated mechanism illustrated in Scheme
3b. The simplest systems are based on a short alkyl chain, 41a [125],
and a meta-xylylene scaffold, 41b [43,117]. The latter, despite its
structural simplicity, shows remarkable krel values both as CuII and ZnII

complex. Another relevant step forward, also in this case, has been
introduced by the calix[4]arene scaffold. Heterofunctional ligands 42a
and 42b [41,126], featuring a TACN unit and a guanidinium at the
upper rim in 1,3- and 1,2- positions respectively, turned out very active
in the HPNP transesterification. In the case of the CuII complexes, the
catalysts nearly reach an acceleration ratio of 6 orders of magnitude
(entries 70 and 71, Table 1). These values are, as the best of our
knowledge, the highest acceleration ever reported of a single-metal
artificial phosphodiesterases. It is also relevant to note the significant
difference of the performances of the 1,2- and 1,3- isomers both for ZnII

and CuII complexes. This represents another indication of the sensitivity
of the transition state stabilization efficiency to small variations of the
geometry and functional group orientations [41,126].

Interestingly, in a recent research article, Das group reported about
short peptides able to assume cross-β amyloid stacks simulating the
binding pocket of enzymes [127]. The dimer of peptide 43, provided
with a guanidinium and an imidazole function, shows a good activity in
the cleavage of HPNP (entry 72, Table 1).

6. Artificial phosphodiesterases based on nanostructured
materials

The primary issue with bi- and multifunctional catalytic systems is
the necessity of time-consuming multistep synthesis. This inconvenience
can be addressed using multivalent nanostructures and polymer-based
supports (See Chart 4).

Scrimin, Prins et al. reported about the use of peptide dendrons and
dendrimers functionalized at the periphery with TACN [128,129]. The
cleavage of the RNA model compound in the presence of dendrimer 45
and dendron 44, exhaustively complexing ZnII ions, exhibits orders of
magnitude acceleration ratio. These systems are able to perform a
relevant catalytic activity at high dendrimer dilution, i.e. 600 nM. In
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Scheme 3. Postulated mechanisms for the HPNP transesterification in the presence of two guanidine/ium units (a) and a guanidinium and a metal cation (b).

Chart 4. Precatalysts based on nanostructured supports or hydrophobic aggregates.
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Table 1, entries 73 and 74, are reported the accelerations extrapolated
both to 1 mM dendrimer concentration and to 1 mM TACN concentra-
tion. Based on the analysis of the pseudo-Michaelis-Menten profile and
the Kb and kcat values, the authors suggest that the observed positive
dendritic effect does not need to be attributed to an enhanced associa-
tion constant in the multivalent system or alterations in the local
microenvironment at the interphases. Instead, the authors propose that
the effective catalytic performance of these dendrimer-based catalysts is
primarily driven by the system ability to create catalytic sites where
multiple active units can work together, in a cooperative fashion, on the
substrate to facilitate the catalytic process [128].

A similar synergistic effect of the catalytic units can be achieved via
self-assembly of properly functionalized thiols on the surface of gold
nanoparticles (Au NPs) [130–136]. Also this approach allows a very
high level of cooperativity, whenever comparing the multivalent system
with the activity of the same molecules in solution. An example is given
by AuNPs 46 (entry 75, Table 1), passivated with a C9 thiol function-
alized with a TACN via N-alkylation. It was proved also that AuNP can
be effectively employed to self-assemble thiols provided solely with
guanidinium as in AuNPs 47 [133]. Also in this case, the system provides
a relevant level of cooperativity even though the acceleration is lower
than themetal complexes of TACN-based nanocatalysts, due to the lower
intrinsic reactivity of this unit, as observed in the catalysts based on the
conventional molecular scaffolds illustrated above.

Another possible approach for the fabrication of nanostructured
catalysts is to exploit the versatility of polymer brushes [137,138]. These
polymeric materials can be prepared via surface-initiated atom-transfer
radical polymerization onto the surface of silica nanoparticles. With this
strategy it is possible to fabricate hybrid materials like 48 [139]. It
basically consists in silica nanoparticles provided with polymer chains
decorated with guanidinium units. A suspension of these NPs exhibits a
remarkable activity (entry 77, Table 1), with a relevant advantage, also
in terms of effective molarity, over alternative systems based on gua-
nidine/ium on AuNPs [133] and conventional molecular scaffolds
[51,53,119] listed in Table 1.

In the absence of a nanostructured support there is the possibility to
realize a multivalent artificial nanoenzyme thanks to the operation of
hydrophobic effects that originate micelles and other aggregates
[140–146]. A representative example is given by 49 in its aggregate
form, showing a catalytic efficiency (entry 78, Table 1) that clearly
benefits from the multivalent effect [143]. Compound 49b also shows a
remarkable cooperative effect as aggregate. In this case, the authors
have proven that the addition of purine and pyrimidine nucleosides
finely tune the catalytic activity altering the micellar structure [146].
Alternative to a conventional hydrocarbon chain, it is possible to use a
polyfluoroalkyl chain to induce aggregation of TACN-ZnII units such as
in 49c [147].

As a last example of nanostructured material useful in the design of
phosphodiesterase mimics are nanodiamonds (NDs). They consist in a
core of nanocrystalline diamond surrounded by oxidized carbon atoms
on the surface, i.e. hydroxy and carboxylate groups [148,149]. The in-
terest toward NDs is motivated by their versatility in a wide range of
applications [148,150] and by their limited cytotoxicity unlike other
carbon-based materials [150,151]. They feature also graphite-like do-
mains, consisting of conjugated sp2 carbon atoms [152]. The presence of
all these functionalities grants them the ability to adsorb a wide range of
chemicals through weak interactions [148,153]. A recent article proved
that it was possible to immobilize onto NDs compound 50, a calix[4]
arene decorated with four arginine pendants [154]. Their catalytic
properties in the cleavage of HPNP were investigated with an in-depth
kinetic analysis and its performance compared with that of 50 free in
solution and forming aggregates [142]. The experimental data demon-
strate that this compound is firmly adsorbed onto the nanodiamond
surface, through noncovalent interactions, and exhibits activity in the
transesterification of the RNA model compound in water (entry 81).
Interestingly, its performance when on nanodiamonds reveals a

significant advantage over its catalytic activity at the same concentra-
tion in solution [154] The most promising features of the enzyme
mimics based on this approach are their versatility and ease of prepa-
ration, avoiding more elaborated procedures required in the case of gold
nanoparticles, polymers and dendrimers.

7. Hydrolysis of the DNA model compound

In this section a few relevant examples of phosphodiesterases able to
cleave the bis(p-nitrophenyl) phosphate are presented, see Chart 5. The
corresponding kinetic data reported in Table 2. Since there is no hy-
droxyl unit on the BNPP, the mechanism must necessarily include a
hydroxide ion or a water molecule acting as external nucleophile
(Scheme 4). The lack of the intramolecular nucleophilic group results in
a spontaneous reactivity lower by two-three orders of magnitude,
compared to its analog HPNP [126,159], similarly to the difference in
reactivity between DNA and RNA [8,9,13]. This higher reluctance to
hydrolysis entails longer reaction time and for this reason, in some cases,
the kinetic experiments are carried out at higher temperatures, i.e. 35
and 50 ◦C. On the other hand, for the reason illustrated in the intro-
duction, the substrate tends to be more sensitive to the presence of the
catalyst exhibiting higher acceleration krel, as highlighted in Table 2.

The hydrolysis of BNPP, similarly to HPNP, can be slightly acceler-
ated bymetal ions and clusters of them [33,34,160,161]. The addition to
a BNPP solution at pH 7 of the ZnII complex of triazacyclododecane
(TACD, 5a) and other cyclic polyamines does not improve the hydrolysis
rate in an important manner (entry 1, Table 2) [37]. The absolute hy-
drolysis rate does not improve in the case of TACN-CuII. The LaIII com-
plex of the chelating agent 51 is also poorly effective, with an
acceleration over the spontaneous reaction as high as 18 (entry 2,
Table 2) [162]. Conversely, Chin et al. reported that the cobalt(III)
complex of cyclen (5c) effectively catalyze the reaction with a krel of 106

[39].
The attempt to design a bimetallic catalyst with two TACN units in

ligand 52 resulted in a poor catalytic factor [163]. A slight improvement
was obtained with the ZnII and FeIII dinuclear complexes of ligands 53
and 54 that exhibit accelerations of two orders of magnitude (entries 6
and 7, Table 2). On the other hand, an important effect is observed for
the heterofunctional ligand 32 previously discussed for its activity to-
ward HPNP. In the presence of its ZnII complex, the BNPP hydrolysis is
enormously accelerated, both in terms of absolute reactivity and accel-
eration over the uncatalyzed cleavage (entry 8, Table 2) [156,164].
Notably, the analogous complex 37-ZnII, provided with an ammonium
unit, is 30-fold less effective [115]. The reason is likely ascribable to the
electron withdrawing properties of -NH3

+ group that decreases the
nucleophilicity and the coordinating ability of the hydroxyl group. The
dinuclear ZnII complex of 55, provided with two β-cyclodextrin (CD)
units, is more efficient in the cleavage of BNPP than HPNP [49]. This
unusual behavior is attributed by the authors to a selective binding
ability of the catalyst for the DNA model due to simultaneous
complexation of each of the aromatic units of BNPP by the two CD
cavities. This hypothesis is confirmed by the inhibition on the BNPP
cleavage observed in the presence of increasing amount of di(p-tert-
butylbenzyl) amine (DBBA), that, on the other size, does not affect at all
the HPNP transesterification rate. Indeed, DBBA perfectly fits in the
β-CD cavities, thus preventing the two p-nitrophenyl units of the sub-
strate from being complexed [49].

Interestingly, the bare addition of EuIII, and other trivalent lantha-
nides, to a β-CD solution resulted in the highest acceleration observed
for BNPP cleavage among the systems considered in the present review
(entry 11 of Table 2) [87]. The authors argue that the active species is a
dinuclear polyhydroxocomplex of general formula [Me2(β-CD) (OH)n]6-
n with n = 3–5 [87].

The CuII complexes of heterobifunctional ligands 41a [125] and 41b
[43], based on the simple butylene and meta-xylylene scaffolds respec-
tively, demonstrate the efficacy of the combined dyad metal center/
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guanidinium in the hydrolysis of the DNA model, with accelerations
around three orders of magnitude (entries 12 and 13, Table 2). The same
active units, i.e. TACN-Cu and guanidinium, were employed in the calix
[4]arene derivative 42b-CuII (Table 2, entry 14) [126] where the BPPP
cleavage rate was surprisingly enhanced to a krel value of 2.2× 106. This
system, together with the dimetallic europium/β-CD complex
mentioned above are, to the best of our knowledge, among the most

effective supramolecular catalysts for the cleavage of this substrate re-
ported in the literature. The catalytic system solely based on guanidi-
nium units, even though active, are not able to reach the acceleration
mentioned above, as exemplified by the 1,3-diacylguanidinocalix[4]
arene 56 [159]. However, the calixarene 57, additionally provided
with a phenol hydroxy group is 60-fold more effective than 56 [165].
The trifunctional catalyst 57mimics the DNA Topoisomerase I, featuring

Chart 5. Precatalysts active in the cleavage of the DNA model.

Scheme 4. Postulated bifunctional mechanisms for the BNPP cleavage promoted by metal ions and/or guanidiniums (R = p-nitrophenyl).
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a tyrosine and two arginine residues in its active site [166]. Kinetic
experiments unambiguously suggest an effective cooperation of the
three active units and the involvement of the phenolate moiety as a
nucleophile in a phosphoryl transfer step [165] with a pseudo ping-pong
mechanism [1].

Vesicles, micelles and nanoparticles turned out to be a versatile and
powerful tool to fabricate phosphodiesterases able to cleave the DNA
model. On this regard a relevant example is provided by Konig et al.
[167,168] The amphiphilic bimetallic ZnII complex of cyclen 58b ex-
hibits noteworthy acceleration. It is significant to note the evident
advantage of micellar system comparing its activity with that of the
analogous complex 58a-(ZnII)2 lacking the C18 hydrophobic chain (en-
tries 17 and 18, Table 2). The AuNPs 59, saturated with stoichiometric
amount of ZnII, provide another noteworthy example of the use of a
multivalent nanostructure able to efficiently cleave the phosphodiester
(entry 19, Table 2) [169]. In the context of alternative materials as
support for catalysis we can mention that the group of Guo reported the
preparation of a double network hydrogel material bearing bis-ami-
doxime-ZnII units as catalytic units in a polystyrene-polyethyleneimine
polymer (see monomer 60) [170]. This material shows a detectable
reactivity toward phosphoesters including BNPP and represents the only
example of a hydrogel-based phosphodiesterase. However, since there
are not sufficient experimental details, it was impossible to extract
quantitative data and to report them in Table 2.

In a recent article the study of the reactivity of the TACN units upon
alkylation of nitrogen with different groups was reported [171]. This
study highlights that the N-alkylation with R groups having intermedi-
ate bulkiness results in higher reactivity versus BNPP. In particular,
complex 61-CuII, having isopropyl groups on two N atoms, turned out to
be the most reactive among those investigated [171].

8. Consideration about the use of effective molarity

Intramolecular reactions very often occur at significantly faster rates
than their intermolecular counterparts. To quantify this enhanced
reactivity, the effective molarity (EM) parameter has been employed
[46]. The EM, defined as EM = kintra/kinter, represents the hypothetical
concentration of one reactant required for an intermolecular reaction to
proceed at the same rate as an intramolecular reaction. Broadly, EM can
be interpreted as a measure of intramolecular reactivity, adjusted for the
inherent reactivity of the end groups [176]. This allows for the com-
parison of reactivity data across different intramolecular reactions on a
homogeneous scale. In many examples presented and discussed in thist
work, essentially an intermolecular reaction is converted by the catalyst
in an intramolecular one. According to the definition, the effective
molarity can be given by Eq. (10), where the kcat is the value of the first
order rate constant as defined in Eq. (3) and kinter is a second-order rate
constant of the reaction of the substrate in the presence of two distinct
molecules, each equipped with a single active unit. In contrast, in the
reaction catalyzed by the supramolecular system, the two (or more)
active functions operate intramolecularly.

EM =
kcat
kinter

(10)

The EM parameter can be used to measure the efficiency of a cata-
lytic scaffold, and it is extremely useful as it is independent on the
concentration at which the experiments were carried out. Themain issue
is finding a suitable intermolecular reaction to measure the value of
kintra.

In the case the reaction of HPNP is catalyzed by the bare guanidine/
ium dyad the kobs for HPNP transesterification is given by Eq. (11),
where G and GH+ represent the guanidine and guanidinium, respec-
tively [51].

kobs = ko + k1[G] + k2[G][GH+] (11)

ko is attributable to the spontaneous reaction, k1 to the general base

catalysis of guanidine, and k2 to the intermolecular effect of the guani-
dine/ium dyad. Therefore, the value of k2 can be taken as kinter in the
determination of the effective molarity of catalytic systems based on this
catalytic dyad (entries 63, 64, 76 and 77 of Table 1). In Table 3 are
reported the EM values of these catalysts. The data provide a measure-
ment of the degree of synergism displayed by the active functional units
in the stabilization of the transition state of the reaction. These number
are significantly higher than those for the closure of rings of comparable
size, expected to be in the range of 10–50 mM [177].

The EM values of the catalyst can thus serve as a measure of how
effectively a scaffold—whether molecular or nano-
structured—facilitates the cooperation of active functions, while also
providing a quantitative estimate of the preorganization and flexibility
of the spacers.

However, besides these very specific examples, the general use of EM
in supramolecular catalysis, and even more in the enzymatic catalysis, is
hampered by the limited availability of kcat values and, above all, by the
choice of a proper intermolecular reaction.

This is an essentially unresolvable problem. Indeed, the limited
available information about the exact structure of the transition state of
the intramolecular reaction, and of the stabilizing interactions involved
in the catalyzed process, makes it extremely difficult to choose a proper
and trustable intermolecular model reaction.

9. Conclusions

In conclusion, a comparison on equal terms of supramolecular cat-
alysts by using simple models such as HPNP and BNPP reveals several
key concepts. Catalysts based on metal ions, whether or not they include
additional active units, generally demonstrate superior catalytic activity
compared to systems that lack metal cations. The selection of the
appropriate ligand-metal pair is critical for achieving high reaction rates
and accelerations. It has also been shown that di- or multifunctional
catalysts do not necessarily outperform monofunctional ones. Their ef-
ficiency is contingent upon the proper orientation and distance between
functional groups, very difficult to predict a priori. Often when the
active units are too close to one another, their effectiveness typically
diminishes compared to a single active unit.

Moreover, the molecular platform utilized plays a crucial role in
determining catalytic activity. The calix[4]arene platform, in particular,
has been highlighted as an extremely versatile tool in enzyme model
design, offering an excellent compromise between preorganization and
flexibility. Catalysis involving cooperative action among three distinct
functions remains a rarity when using conventional molecular
platforms.

Nanostructured materials such as vesicles, micelles, nanoparticles,
dendrimers, polymer brushes, and nanodiamonds present significant
advantages by combining ease of preparation with high efficiency. These
multifunctional systems can create adaptable catalytic sites where
various active units can act cooperatively, thereby enhancing the overall
catalytic performance. The use of such an adaptive approach definitely
paves the way to the design and synthesis of novel catalytically active
functional materials.

Table 3
Effective molarity values (EMs) of the listed catalysts in the transesterification
of HPNP.

Catalyst EM (M) Refs.

38 4.1 [53]
39 2.3 [51]
AuNPs 47 4.7 [133]
NPs 48 13.7 [139]
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