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Tentagel resin was functionalized with dendrons containing 4 and 8 triazacyclononane ligands able to
complex the ZnII metal ion. The supported dendritic metallo-complexes showed enzyme-like behaviour
in the cleavage of HPNPP, a model substrate for RNA. The obtained Michaelis–Menten parameters were in
excellent agreement with those obtained for the identical catalysts in solution. Diffusion studies have
revealed the upper limit for the rate constants that can be assessed under these conditions.
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Constituting the backbone of the oligonucleotides DNA and RNA,
the phosphate diester bond is of crucial biological importance. Its
impressive high stability against hydrolytic cleavage is evidenced
by the fact that estimates for the half-life for the cleavage of a single
P–O bond at 25 �C at pH 7 range from hundreds of thousands to hun-
dreds of millions of years.1 Equally impressive is the ability of nuc-
leases to cleave this bond within seconds. Many of these enzymes
contain multiple metal ions (mainly Ca(II), Mg(II), and Zn(II)) in
the active site, which play a fundamental role in the catalytic path-
way.2 Mechanistic studies have shown that several metal ions can
accelerate phosphate bond cleavage in a cooperative manner. Cur-
rently, there is a strong interest in the development of artificial met-
allonucleases that operate in a mechanistically similar way.3 For the
purpose of bringing multiple metal ions together, multivalent scaf-
folds ranging from tripodal molecules,4,5 dendrimers,6 and poly-
mers7 to Au-nanoparticles8 and also resins9 have been extensively
used, occasionally yielding catalysts with excellent properties.
Recently, we have observed the cooperative action between two
Zn(II) ions located at the periphery of a dendrimer giving rise to a
positive dendritic effect.6 Subsequent model studies have shown
that this dendritic effect is an intrinsic consequence of clustering
functional units together in a multivalent structure.10

The next challenge for this type of catalysts is the addition of
functional groups to the catalytic site that can further boost the
catalytic performance of the system.11 The development of such
heterofunctionalized multivalent systems requires new synthetic
protocols that should be fast, straightforward, and reliable.12 From
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this perspective, the functionalization of dendrimers on solid
support is highly attractive as it benefits from the advantages of
solid phase synthesis.13 Furthermore, a direct on-bead screening
of catalytic activity would allow the implementation of automated
protocols.14 Here, we show the straightforward synthesis of metal-
lodendrimers on solid support and show that the obtained catalytic
parameters of the immobilized systems are identical to the homo-
geneous catalysts. Diffusion studies illustrate the upper limit for
the rate constants that can be measured for the heterogeneous cat-
alysts under these conditions.

Resin-supported dendrimers were obtained in a single step by
reacting commercially available Tentagel MAP 4 and MAP 8 resin
(mixed polystyrene-polyethyleneglycol beads functionalized with
a lysine-based dendrimer backbone) with triazacyclonane
(TACN)-derivative 1 (Chart 1).15 A complete reaction of all terminal
NH2-groups was confirmed by the negative results of both the
Kaiser-test and a stain with fluorescein thioisocyanate. Before
using the dendrimer resins, the BOC-protecting groups of TACN
were removed by treatment with 30% CF3COOH in dichlorometh-
ane. For the kinetic studies, the dendrimer resins were dispersed
in 96 well microtiter plates by taking volumes of a homogeneous
resin suspension of a known concentration.16 Although reported,17

the precision of this procedure for resin dispersion was determined
by scanning single wells and comparing the number of beads with
those calculated (2.86 beads/g resin). Typically, an error in the
order of 10% was found. Catalytic studies were performed using
2-hydroxypropyl-p-nitrophenyl phosphate (HPNPP) as a substrate,
which is the standard model of an RNA-phosphodiester (Fig. 1a).
All kinetic studies were performed in water at 40 �C buffered with
HEPES (16 mM) at pH 7.0, measuring the release of the p-nitro-
phenolate ion at 405 nm.
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Chart 1. Tentagel TACN 4 and TACN 8 resin obtained in a single step by reacting Tentagel MAP 4 (0.6 mmol NH2/g) and MAP 8 resin (0.8 mmol NH2/g) with TACN-derivative 1
(PyBOP, NMM, DMF).

Figure 1. (a) General reaction conditions for the transesterification of HPNPP and (b) a typical kinetic run illustrating the catalytic activity of the TACN 4 resin (j) (conditions:
[TACN] = [Zn(NO3)2] = 1.3 � 10�4 M; [HPNPP] = 1.6 � 10�4 M). Catalysis by the same amount of Zn(II) in the absence of resin is given as illustration (h). The solid line is the
best fit to the model shown in the inset of Figure 3.
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In a first set of studies the catalytic activity of both TACN 4 and
TACN 8 resins in the presence of increasing amounts of Zn(II) was
studied. A typical example of a kinetic run is given in Figure 1b,
because it indicates two important features. First, the resins are
catalytically active, evidenced by the fact that the same concentra-
tion of Zn(II) in the absence of resin induces a much lower cleavage
rate. Second, contrary to identical studies in homogeneous sys-
tems,10 the kinetics follow a sigmoidal profile. Also taking into



Table 1
Michaelis–Menten parameters for the TACN 4 and TACN resins and the analogous
dendrons in solutiona

Catalyst kcat
b (�10�4 s�1) KM (mM) kcat/KM (M�1 s�1)

TACN 4
Solution 4.1 1.0 0.41
Resin 2.7 0.7 0.39

TACN 8
Solution 4.1 0.9 0.46
Resin 3.5 0.4 0.88

a As reported previously.10

b kcat refers to the actual concentration of the catalytic unit TACN, not the den-
dron concentration.
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account that the total increase in absorbance is only 80% of that
anticipated for the amount of substrate present (Ameas = 0.6,
Acalc = 0.8), it indicates that substrate/product diffusion and parti-
tioning between solid and solution phase are relevant issues. These
issues will be addressed later. Plotting the measured initial rate (dis-
carding the initial fragment of each titration) as a function of the
amount of Zn(II) added shows that a maximum activity is reached
when TACN and Zn(II) are present in an equimolar amount (Fig. 2a).

Next, the saturation behaviour of the resins was examined by
measuring the initial rates as a function of the amount of added
substrate (Fig. 2b). The obtained profiles were fitted using the
Michaelis–Menten equation yielding the values for kcat and KM

given in Table 1. It should be noted that the catalyst concentration
Figure 2. (a) Initial rates for the cleavage of HPNPP by the TACN 4 (j) and TACN 8 (h) resin as a function of the amount of Zn(II) added. Conditions: [TACN] = 4 � 10�5 M (j)
or 3 � 10�5 M (h); [HPNPP] = 1.6 � 10�4 M; [HEPES] = 1.6 � 0�2 M. The solid lines are trend lines that illustrate the change in slope when TACN and Zn(II) are present in a 1:1
ratio. (b) Saturation profiles for the TACN 4 (j) and TACN 8 (h) resins. The solid lines represent the best fits to the Michaelis–Menten equation. Conditions:
[TACN] = 1.2 � 10�4 M; [Zn(II)] = 1.2 � 10�4 M; [HEPES] = 1.6 � 10�2 M.
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refers to the concentration of the TACN�Zn(II) complex enabling a
direct comparison between the catalytic activity of this unit in
the TACN 4 and the TACN 8 resins. As comparison, also the values
previously obtained for the analogous dendrons in solution are gi-
ven.10 Analysis of the data shows a better catalytic performance for
the TACN 8 resin with respect both to the TACN 4 resin and the cor-
responding dendrons in solution, which is reflected by a 2.4-fold
increase in the second order rate constant kcat/KM, which is for a
large part attributable to stronger substrate binding (lower KM).
The obtained data are in good correlation with the solution data,
both in absolute and relative manner. A higher substrate affinity
is observed for the resin-bound dendrons, which presumably orig-
inates from the resin itself (see below).

The good correspondence between the solution and solid phase
data is promising for the application of this protocol for the rapid
synthesis and screening of heterofunctionalized multivalent
Figure 3. Kinetic profile obtained for the diffusion of p-nitrophenol into the TA
[PNP] = 1.6 � 10�4 M; [TACN 4 resin] = 150 beads/250 ll; [Zn(II)] = 1.3 � 10�4 M. The so
values for kin and kout of 1.6 � 10�4 and 7.9 � 10�4 s�1, respectively.
catalysts. Nonetheless, the observation of diffusion related pro-
cesses and product partitioning during the kinetic studies made
us study these phenomena in more detail. p-Nitrophenol was
added to a well containing a known quantity of the TACN 4 resin
in the presence of 1 equiv of Zn(II) per TACN. The measured absor-
bance at 405 nm was followed in time showing a gradual decrease
to around 80% of the initial value (from 0.9 to 0.72) (Fig. 3). The
decrease in absorbance originates from a decreased p-nitropheno-
late concentration in solution resulting from a sequestering by the
resin, also visually observed by an intense yellow colouring of the
resin beads. The curve was fitted to a simple model assuming pseu-
do-first order diffusion kinetics yielding rate constants of
1.6 � 10�4 and 7.9 � 10�4 s�1 for the inward and outbound path-
way, respectively. The partitioning coefficient of 0.2 (kin/kout)
corresponds nicely to the previous observation that the measured
absorbance amounts only to 80% of the expected absorbance.
CN 4 resin (equilibrium between PS and PR as shown above). Conditions:
lid line is the best fit to a model assuming pseudo-first order conditions yielding
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Assuming that the substrate HPNPP has similar diffusion rates, the
kinetic profile of Figure 1 was re-fitted taking into account sub-
strate diffusion into the resin (according to the model in the inset
of Fig. 3). Considering the simplicity of this model, an excellent fit
was obtained, giving a kobs value of 1.4 � 10�4 s�1. Being lower
than the pseudo-first order rate constants obtained for the diffu-
sion process, this value evidences that the catalytic conversion is
the rate determining step.18 Nonetheless, the margins for catalyst
improvement appear relatively small before diffusion becomes
the limiting step. Such problems may be prevented by using macro
pore resins specifically designed for rapid diffusion.19

In summary, we have established a straightforward protocol for
the synthesis and screening of multivalent catalysts on solid
support. The measured Michaelis–Menten parameters are in good
accord with those found for the identical catalysts in solution. It
has been shown that accessibility of the multivalent catalysts in
the resin is an important parameter for the applicability of this
approach.
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