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Abstract: Two novel dinuclear Cu(Il) complexes are prepared and shown to be highly active catalysts
for phosphodiester transesterification. Comparative studies on the dinuclear complexes and corresponding
mononuclear complexes reveal that one dinuclear complex achieves high activity by double Lewis acid and
double general base catalysis while the other exploits single Lewis acid and double general base catalysis.
© 1997 Elsevier Science Ltd.

Cu(Il) complexes 1 and 2 are able to catalyze RNA hydrolysis both individually and as catalytic sites of
ribozyme mimics.! However, these catalysts are far less active than natural ribonucleases. We recently showed
that in neutral media 3 is significantly more active than 2 in catalyzing transesterification of 2-hydroxypropyl-p-
nitrophenylphosphate (HPNPP), a widely used model compound for RNA.2.3 This rate increase is due to the
general base catalysis provide by the pendent amino groups in 3. Inspired by phosphodiesterases that are
activated by two or more metal ions,4 we have joined 1 and 2 together with a simple amide spacer to make
dinuclear Cu(II) complexes 4 and 5. In this communication we show that 4 and 5 are much more active than 1-
3 in catalyzing HPNPP transesterification. A number of highly active dinuclear metal complexes have also been
developed by other researchers.5-8

The two ligands® for 4 and 5 were prepared by reactions of the terpyridine acid chloride with the
corresponding amines. The terpyridine acid chloride was prepared by refluxing thionyl chloride with the
corresponding acid, which was obtained from oxidation of 5-methyl-2,2":6',2"-terpyridine 10 by potassium
permanganate. 11 The aminomethylterpyridine was synthesized as described previously. 10 Preparation of the
aminomethylbipyridine began with monomethylation of 2,2'-bipyridine at the 6-position. 12 Subsequent
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bromination of the methyl group with NBS followed by Gabriel amine synthesis gave the
aminomethylbipyridine in good yield. Dinuclear complexes 4 and 5 were freshly generated from the
corresponding chlorides, 13 which were prepared by mixing methanolic solutions of the ligands and Cu(II)
chloride.5 Mononuclear complex 1 was prepared from 2,2'-bipyridine and Cu(II) chloride by the method of
Chin.14 The values of the first and second pKj for dinuclear complex 4, as determined by potentiometric
titration, are 7.4 and 8.2, respectively. Similarly, the values of the first and second pKj for dinuclear complex 5
are 5.3 and 7.4, respectively. These pKj values are what one would expect based on those of mononuclear
complexes 1 (pKal = 6.6) and 2 (pKa] = 8.1). The pseudo first-order rate constants (kuncat and kobs) for
transesterification of HPNPP in the absence and presence of 2 and 3 have been determined previously.2 The
same procedure was used to obtain the values of kgbg for 1, 4, and 5.15 The kobs values are reproducible with
an error of less than 5%.

Table 1 summarizes the observed and relative values of kobs-kuncat for transesterification of HPNPP at
neutral pH catalyzed by 1-5. The values of kre] for 4 and 5 represent the rate enhancements afforded by the
second Cu(Il) ion in the two catalysts. As can be seen from Table 1, the second Cu(Il) ion increases the
activities of 4 and § by 51- and 67-fold, respectively, relative to 2. The second Cu(Il) ion increases the
activities of 5 by 24-fold relative to 1. These levels of rate enhancement are comparable to those observed for
the highly active dinuclear metal complexes reported previously.5'8 Very recently, Chin and coworker showed
that a La(IIT) dimer formed at pH > 9 hydrolyzes RNA 104 times faster than monomeric Ln(III) ions. 16
However, the La(IIl) dimer only exists in solution and its exact structure remains to be firmly established.

Table 1. Observed and relative values of kobs-kuncat for transesterification of HPNPP catalyzed by mono-

and dinuclear complexes 1-5.2

catalyst 1 2 3 4 5
kobs-kuncat s"1)P  1.62x 105  574x10°6c 389x10-5¢ 293x104 3.86x 104
Kre| 2.8 1 6.8 51 67(244)

aIn pH 7.0 HEPES buffer (0.05 M) and at 25 °C; [HPNPP] = 0.2 mM, [1-5] = 2.0 mM. bkuncat = 1.13 x
10-7 s-1, CData taken from ref 7. 9Relative to 1 (kre] = 1).

Two metal ions may cooperate in a number of different ways to promote rapid hydrolysis of
phosphodiesters, as is seen in cnzymes4 as well as in model systems.s‘8 To gain some insight into the
mechanisms by which the two Cu(II) ions in 4 and 5 cooperate in promoting transesterification of HPNPP, pH-
rate profiles for dinuclear complexes 4 and 5 as well as for mononuclear complexes 1-3 were obtained (Figure
1). Figure 2 shows the pH dependence of the rate enhancement (kre]) by the two amino groups in 3 and by the
second Cu(Il) ion in 4 and 5. As can be seen from Figure 1, the pH-rate profiles for dinuclear complex 4 and
corresponding mononuclear complex 2 are quite different. First, the activity of 4 reaches a maximum at a
significantly lower pH than that of 2 does. Second, two base groups, one having a pKj around 6.8 and the
other around 7.6, provide general base catalysis in 4-catalyzed transesterification of HPNPP but only one base
group with a pKga around 8.0 provides general base catalysis in the 2-catalyzed transesterification of HPNPP.

These differences are due to the presence of two Cu(II)-bound water molecules in 4 but only one in 2, with the
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Figure 1. pH-rate profiles for transesterification of Figure 2. pH dependence of the rate enhancement
HPNPP catalyzed by 1-5. 4,1, 0,2; 0, 3; m, 4; by the amino groups in 3 and the second Cu(II)
4, 5. The curves for 2 and 3 are taken from ion in 4 and 5 relative to 1 and 2. The curve for
ref 7. 3/2 is taken from ref 7.

Conditions for Figures 1 and 2: [HPNPP] = 0.2 mM, [1-5] = 2.0 mM. Temperature: 25 °C. The reaction media
with pH 7.0, 7.5, and 8.0 are HEPES buffers (0.05 M); those with pH 8.5, 9.0, and 9.5 are AMPSO buffers
(0.05 M); the one with pH 6.5 is MES buffer (0.05 M).

former being more easily deprotonated than the latter. Indeed, the estimated pKy values for the two base groups
that provide general base catalysis in 4-catalyzed transesterification of HPNPP are quite close to the values of
the first and second pKj for 4. The pH-rate profiles for 3- and 4-catalyzed transesterifications of HPNPP are
somewhat similar in shape since in both cases two base groups with different pKa's can provide general base
catalysis. However, the rate enhancement by the second Cu(II) ion in 4 is much larger than that by the two
amino groups in 3 over the entire pH range studied (Figure 1). Furthermore, the rate enhancement by the two
amino groups in 3 decreases rapidly with increasing pH and levels off at high pH but the effect of the second
Cu(Il) ion in 4 decreases with increasing pH over the entire pH range studied (Figure 2). These differences
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suggest that the second Cu(II) ion in 4 provides not just general base catalysis through its coordinated hydroxy]
group but also Lewis acid activation of the P=0O bond for nucleophilic attack. 17 Scheme 1 shows a possible
mechanism for 4-catalyzed transesterification of HPNPP based on the above analysis. This mechanism is
similar to that proposed by Chin and coworkers for catalysis of hydrolysis of RNA by a highly active dinuclear
Cu(Il) complex.Sa However, in Chin's mechanism only one Cu(II) ion-bound hydroxyl group provides general
base catalysis, since the activity of the catalyst decreases when the second Cu(II) ion-bound water molecule is
deprotonated. It is likely that this second water molecule acts as a general acid catalyst to facilitate departure of
the 5'-hydroxyl group. Transesterification of HPNPP does not require general acid catalysis.3 Therefore,
deprotonation of the second Cu(IT) ion-bound water molecule in 4 increases instead of decreasing the activity of
the catalyst because it provides additional general base catalysis (Scheme 1).

Scheme 1. Proposed mechanism for 4-catalyzed Scheme 2. Proposed mechanism for S-catalyzed
traneseterification of HPNPP transesterification of HPNPP

The pH-rate profiles for 1- and 5-catalyzed transesterification of HPNPP are very similar, 18 a5 can be
seen from Figure 1. This suggests that in 5-catalyzed transesterification of HPNPP general base catalysis is
mainly provided by the Cu(Il) ion-bound hydroxyl group in the bipyridine subunit. The Cu(Il) ion in the
bipyridine part of the catalyst may also provide Lewis acid activation. However, the rate enhancement afforded
by the Cu(II)-bipyridine in 5 (Figure 2, 5/2) shows a pH dependence very similar to that observed for the two
amino groups in 3 (Figure 2, 3/2), suggesting that the two functionalities play similar roles, namely as general
base catalysts. Nevertheless, the Cu(Il)-bipyridine seems to be more effective than the two peripheral tertiary
amino groups in providing general base catalysis (Table 1 and Figure 2). The rate enhancement afforded by the
terpyridine subunit in'5 is almost constant from pH 6.5 to 8.0 (Figure 2, 5/1). The general base catalysis
provided by the terpyridine Cu(I)-OH is thus insignificant over this pH range. The large increase in the rate
enhancement at pH > 8.0 is probably a combined effect of increased activity of 5 due to increased general base
catalysis and decreased activity of 1 (Figure 1).18 Scheme 2 shows a possible mechanism for 5-catalyzed
transesterification of HPNPP. This mechanism is similar to one Breslow proposed for transesterification of
HPNPP catalyzed by a dinuclear Zn(II) complex, involving combined Lewis acid and general base catalysis.5
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In summary, two dinuclear Cu(II) complexes (4 and 5) were prepared by joining the Cu(Il)-bipyridine
complex (1) and the Cu(Il)-terpyridine complex (2) through an amide group. Both dinuclear complexes exhibit
much higher activity than the corresponding mononuclear complexes in catalyzing transesterification of
HPNPP. Moreover, the two dinuclear complexes operate by different mechanisms. The bis-terpyridine complex
(4) promotes transesterification of HPNPP by providing double Lewis acid activation as well as double general
base catalysis. On the other hand, the terpyridine-bipyridine complex (5) operates by a mechanism of single
Lewis acid activation and double general base catalysis.
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