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Dinuclear Cd(ll), Cu(ll), and Zn(1l) complexes of L20H (L20H = 1,3-his(1,4, 7-triazacyclonon-1-yl)-2-hydroxypropane)
are compared as catalysts for cleavage of the RNA analogue HpPNP (HpPNP = 2-hydroxypropyl 4-nitropheny!
phosphate) at 25 °C, | = 0.10 M (NaNOs). Zn(ll) and Cu(ll) readily form dinuclear complexes at millimolar
concentrations and a 2:1 ratio of metal ion to L20H at neutral pH. The dinuclear Zn,(L20) and Cu,(L20) complexes
have a bridging alkoxide group that brings together the two cations in close proximity to facilitate cooperative
catalysis. Under similar conditions, the dinuclear complex of Cd(ll) is a minor species in solution; only at high pH
values (pH 10.4) does the Cd,(L20) complex become the predominant species in solution. Analysis of the second-
order rate constants for cleavage of HpPNP by Zn,(L20) is straightforward because a linear dependence of pseudo-
first-order rate constant on dinuclear complex is observed over a wide pH range. In contrast, plots of pseudo-
first-order rate constants for cleavage of HpPNP by solutions containing a 2:1 ratio of Cd(ll) to L20H as a function
of increasing L20H are curved, and second-order rate constants are obtained by fitting the kinetic data to an
equation for the formation of the dinuclear Cd(ll) complex as a function of pH and [L20H]. Second-order rate
constants for cleavage of HpPNP by these dinuclear complexes at pH 9.3 and 25 °C vary by 3 orders of magnitude
in the order Cdy(L20) (2.8 M1 s71) > Zn,(L20) (0.68 M1 s71) > Cu,(L20) (0.0041 M~ s™1). The relative reactivity
of these complexes is discussed in terms of the different geometric preferences and Lewis acidity of the dinuclear
Zn(1l), Cu(ll), and Cd(Il) complexes, giving insight into the importance of these catalyst properties in the cleavage
of phosphate diesters resembling RNA.

Introduction element in the design of 4(L20) is the inclusion of the
2-hydroxyl functional group at the propyl bridge in the free
ligand L20OH. This hydroxyl group ionizes with an extraor-
dinarily low pK, of < 6.0 to formL20 and functions as an
electrostatic “shield” which allows the zZn(ll) ions to be
drawn relatively close together to form a cationic catalytic
core. We have found that many dinuclear metal ion catalysts
show only marginally greater than twice the catalytic activity

The dinuclear complex Z(L20) represents a very suc-
cessful achievement in the design of small molecular weight
metal ion complexes with unusual catalytic activif\We
have shown that this catalyst at pH 7.0 provides 9.5 kcal/
mol stabilization of the transition state for cleavage of the
small molecular weight substratgpPNP and a somewhat

smaller 7.1 kcal/mol stabilization of the transition state for f th ropriate related mononuclear complexEser
cleavage of the nucleoside substridgPNP.2 Both substrates ot the appropriate refaled mononuciear comp ere-
fore, the simple tethering of these complexes is not sufficient

undergo cleavage by transesterification at the phosphatet b ticient catalvsis by t wal i : B
diester to form a cyclic phosphate product. The critical 0 observe eflicient catalysis by two metal lon centers. by
comparison, the catalytic activity of Z.20) is 120-fold

larger than the mononuclear complex so that the Zn(ll)

* To whom correspondence should be addressed. E-mail: jmorrow@

buffalo.edu (J.R.M.); jrichard@buffalo.edu (J.P.R.). cations at the core of this complex show true cooperativity
(1) Iranzo, O.; Kovalevsky, A. Y.; Morrow, J. R.; Richard, J.P.Am. ; i e i
Chem. Soc2003 125 10881093, in stabilizing the transition state for cleavage of phosphodi
(2) Iranzo, O.; Elmer, T.; Richard, J. P.; Morrow, J.IRorg. Chem2003 ester substrates.
42, 7737-7746. . .
(3) Yang, M.-Y.: Richard, J. P.; Morrow, J. Rchem. Commur2003 Re;earch to deggn effective catal_y_sts of the cleayage of
2832-2833. RNA is largely with the goal of realizing the potential of
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the many useful medicinal and clinical applications for these
complexes:” There is the broader question of the origin of

the catalytic rate acceleration of small molecular weight
catalysts such as 2(L20) and larger molecular weight

protein and RNA catalysts. Experiments to resolve these
questions are of considerable intellectual interest and likewise
have the potential to suggest new and better strategies fo

the design of effective catalytic agents.
Structure-activity studies have long provided useful
insight into the mechanism of large and small molecular

I
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An aqueous stock solution (40.0 mM) of the ligan2OH was
prepared, and the concentration was determinedHdyMR using
p-toluenesulfonic acid as an internal standard. Solutions of Cu-
(NO3), (Mallinckrodt) and Cd(NQ), (Fisher) were standardized
with EDTA using Fast Sulphon Black and Xylenol Orange as
indicators, respectively. Stock solutions (5.00 mM) of the Cu(ll)
and Cd(Il) complexes oL.20H for kinetic experiments were
prepared in water by mixing the corresponding metal salt with the
HCI salt of L20H in 1:1.1 (mononuclear system) and 2:1.1
(dinuclear system) molar ratios and adjusting the pH to-6.5
with NaOH.

An Orion Research Digital lonalyzer/501 and an Orion Research
Ross Combination pH Electrode 8115BN were used for all pH
measurements. An UVIKON-XL spectrophotometer by Bio-Tek
instruments equipped with a thermostated multicell transfer com-
partment was used for all kinetic measuremehltisNMR spectra
were recorded on a Varian Inova 500 spectromet?. NMR
spectra were recorded at 169 MHz on an Inova Varian 400
spectrometer’’P chemical shifts are reported as parts per million
(ppm) downfield from 85% BPO,.

Electrospray lonization Mass Spectrometry (ESI-MS). A
ThermoFinnigan LCQ Advantage electrospray mass spectrometer
was used for ESI-MS analysis with 100% water at 280 The
sample was run by direct infusion from a Cole Parmer 74900 series
syringe pump at 1L min~? in the positive-ion mode. Stock
solutions (1.0 mM) of the Cu(ll) and Cd(ll) complexes|dtOH

weight catalysts. We report here the results of a detailed studywere prepared in water by mixing the corresponding metal salt with
of the effect on catalytic activity of changing the metal cation the HCI salt of L20H in 1:1 (mononuclear system) and 2:1
in My(L20) complexes. The observation of a very low (dinuclear system) molar ratios and adjusting the pH to 7.0 with

catalytic activity for Cy(L20) shows that catalysis is highly

dependent on the coordination number of the metal cation.

The Cd(ll) and Zn(ll) cations are isoelectronic, ang@20)
and Cd(L20) might therefore have been predicted to show
similar catalytic activity toward phosphodiester cleavage. In

one sense this prediction is confirmed by the experimental

an aqueous solution of ammonia. Samples were diluted with water
to 50.0u4M, and the pH was adjusted to 7.4 for Cd(ll) and 7.3 for
Cu(ll) with an aqueous solution of ammonia.

ESI-MS (H:0) [z (relative intensity)]: [CA(20H)] 2, 212.3
(40%), 212.8 (49%), 213.3 (88%), 213.8 (55%), 214.3 (100%),
214.8 (19%), 215.3 (26%).

ESI-MS (H0) [m/z (relative intensity)]: [Cd(20)]*", 423.1

results reported here. On the other hand, the subtle differenceg,oo,) 424.1 (50.5%), 425.1 (86.5%), 426.1 (55%), 427.1 (100%),

in the catalytic properties of 4(L20) and Cd(L20) are
significant with respect to the interesting insight that they
provide into the structure and catalytic activity of the cationic
core of these catalysts.

Experimental Section

Materials. All reagents and solvents were of reagent grade and
were used without further purification, unless otherwise noted. All
aqueous solutions were prepared using Millipore MILLI-Q purified
water. 2-Morpholinoethanesulfonic acid (MES)(2-hydroxyeth-
yl)piperazineN'-(2-ethanesulfonic acid) (HEPESY;(2-hydroxy-
ethyl)piperazineN'-(3-propanesulfonic acid) (EPPS), 2-(cyclohex-
ylamino)ethanesulfonic acid (CHES), and 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS) were purchased from Sigma-Aldrich.
The barium salt of 2-hydroxypropyl 4-nitrophenyl phosphate
(HpPNP)® and L20OH? were synthesized according to published
procedures.

(4) Trawick, B. N.; Daniher, A. T.; Bashkin, J. kChem. Re. 1998 98,
939-960.

(5) Magda, D.; Wright, M.; Crofts, S.; Lin, A.; Sessler, J.1.Am. Chem.
Soc.1997 119 6947-6948.

(6) Baker, B. F.; Lot, S. S.; Kringler, J.; Cheng-Flournoy, S.; Villiet, P.;
Sasmor, H. M.; Siwkowski, A. M.; Chappell, L. L.; Morrow, J. R.
Nucleic Acids Resl999 27, 1547-1551.

(7) Canaple, L.; Hsken, D.; Hall, J.; Haer, R.Bioconjugate Chen2002
13, 945-951.

(8) Brown, D. M.; Usher, D. AJ. Chem. Socl965 6558-6564.
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428.1 (18%), 429.1 (27%).

ESI-MS (H:0) [mVz (relative intensity)]: [CA(20H)CI]*, 459.1
(34.5%), 460.1 (40%), 461.1 (78.5%), 462.1 (54.5%), 463.1 (100%),
464.1 (29.5%), 465.1 (46.5%).

ESI-MS (H0O) [m/z (relative intensity)]: [Cé(L20)(Cl),]™,
602.9 (13%), 604.0 (15%), 605.0 (39.5%), 606.0 (37%), 606.9
(77.5%), 607.9 (73.5%), 608.9 (100%), 609.9 (72%), 610.9 (98%),
611.9 (42.5%), 612.9 (54.5%), 613.9 (19.5%), 614.9 (18%).

ESI-MS (HO) [m/z (relative intensity)]: [Cw(L20)(Cl);] ™,
509.1 (65%), 510.1 (12.5%), 511.1 (100%), 512.0 (19.5%), 513.0
(59%), 514.0 (11%), 515.0 (15.5%), 516.0 (4%).

NMR Spectroscopic MeasurementsThe formation and stoi-
chiometry of the Cd(Il) complexes @f20H in D,O was studied
by IH NMR. 1H NMR spectra were recorded for solutions that
contained 1.0 mML20OH and concentrations of CA(NR (I =
0.10 M, NaNQ) that increased from 0 to 2.5 mM. The solution
pD was calculated by adding 0.4 to the reading from the pH nieter.
31P NMR showed that metal ion complex-catalyzed cleavage of
HpPNP gave the cyclic phosphate diester as the sole phosphorus
containing product.

Kinetics of Transesterification of HoPNP (2-Hydroxypropyl
4-Nitrophenyl Phosphate).Metal ion complex-catalyed cleavage
of HpPNP (0.02 mM) at 25°C in 20.0 mM buffer and at= 0.10
M (NaNGQs) was monitored using procedures described in earlier

(9) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188-190.
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work! The reaction pH was determined at the end of each At pH 8.1 and a 2:1 ratio of Cd(Ng) to L20OH (1.00
spectrophotometric experiment and found to be within 0.02 units mM), new resonances appear for tisdrydroxy proton that
of the initial value. are shifted upfield with respect to the corresponding signals
The relatively fast cleavage dfipPNP catalyzed by Cd(ll)  for the free ligand. This change parallels that observed for
complexes of 20H was generally monitored for 3 half-times, and  formation of Zn(L20) 2 where binding of the second metal
pseudo-first-order rate constaktssswere determined as the slopes  ation is accompanied by loss of the alcohol proton and thus
of semilogarithmic plots of reaction progress against time. The provides strong evidence for the formation 0f,L@0) with
slower cleavage oHpPNP catalyzed by Cu(ll) complexes of a structure similar to that for 2(L20). Resonances for the

L20OH was monitored for the disappearance of the firstl6% of I | . be ob d (Fi s1
the substrate, and the reaction end point was obtained by heatinghenonuclear complex continue to be observed (Figure S1,

the reaction to 60C. Values Ofkopss (s°2) were determined as | = 2.0). By contrast, the format.lon (_)f Z@-ZO)_ at similar
kobsa = 2il[S]o, Whereu; is the initial reaction velocity and [S]s pD and metal ion concentration is quantitathfeThe

the initial substrate concentration. The second-order rate constantoroportion of dinuclear Cd(ll) complex increases as the pD
for HpPNP cleavage by CxL20) was determined as the slope of is raised (Figure S2), and at pD 10.4 the dinuclear complex
linear plots ofk.psgagainst the correspondihig@OH concentration is the major species in a solution that contains a 2:1 ratio of
(at pH 8.00). Second-order rate constants forn(C20) were Cd(NQO;); to L20H (1.00 mM).

determined by fitting the data to eq 1 (see Discussion). Rate Pseudo-first-order rate constantsy{) for cleavage of
constants were reproducible t66%. Background cleavage rate HpPPNP at pH 8.0, 25°C, andl = 0.10 M (NaNQ) in

constantsin the absence of added catalyst were subtracted from . . .

the relatively small pseudo-first-order rate constants for cleavage solutions that Contaln_(_).200 mM Cd(NRor for reactlo.ns .
of HpPNP by free Cd(ll) and solutions containing 1:1 ratios of Under the same conditions but in the presence of a 1:1 ratio
Cd(ll) to L20OH at pH 8.00, 9.30, and 10.0 and by {L2O) at of Cd(NGs), to L20OH are more than 100-fold smaller than

pH 7.00 and 9.30. those determined for reactions using a 2:1 ratio of Cd{hO
to L20OH (Supporting Information Table S1). Similarly, the
Results values ofkspsq determined for reactions at pH 9:30 in

) . . ) solutions that contain free Cd(Il) or a 1:1 ratio of Cd(ll) to

M2(L20) is used to designate all dinuclear metal ion | 201 are more than 10 times smaller than the values
complex species present at a particular pH in solution. getermined for the corresponding reactions in solutions that
Specific species with hydroxide or water ligands will be qntain a 2:1 ratio of Cd(N§), to L20H. These results
indicated as needed. provide strong evidence that the dinuclear complexICaD)

The extent of association of Cd(Il) t?OH was examined s the most active form of the catalyst under these reaction
by using mass spectrometry atiiNMR spectroscopy. Only  conditions.
the ion for the mononuclear complex of Cd(Il) ahdOH Figure 1 shows the increase kufsa— ko) with increasing
was observed by ESI-MS analysis of aqueous solutions atconcentrations of. 20H for the cleavage oHpPNP at a
pH 7.4 that contained a 1:1 ratio of 0.05 mM Cd(}j£and constant 2:1 ratio of Cd(N§) to L20OH for reactions at
L20H (see Experimental Section). Analysis of solutions that 55 °c andl = 0.10 M (NaNQ), wherekspsqis the observed
contained a 2:1 ratio of Cd(N§ andL2OH under similar  first-order rate constant for the cleavage reaction layis
conditions showed dominant peaks for the mononuclear the first-order rate constant for the reaction in the absence
complex and a minor peak for the dinuclear species. Thesey catalyst at the same pH. There is severe upward curvature
results provide evidence that_a single Cd_(ll) binds very tighfcly in the plots of data for experiments at low pH (see Figure 1
to L20H and that the formation of the dinuclear complexis inset). This curvature decreases as the pH is increased, and
incomplete under these reaction conditions. at the highest pH of 10.5 the plot is effectively linear.

The 'H NMR spectral data foL20H in solutions that The following observations show tha?OH binds two
contained Cd(ll) show a broad similarity to those reported cy(l) jons under the conditions of our experiments and are
for the complex betweeh2OH and Zn(IIf (Supporting  consistent with earlier solution and solid-state studies which
Information Figures S1 and S2), but there are significant showed that two Cu(ll) ions bind th20H to form Cu-
differences which provide evidence that the second Cd(ll) (L20).11 (i) The addition of 2 equiv of Cu(Ng), to buffered
binds with a weaker affinity td. 20H than the second Zn-  go|ytions containing 0.500 mM20H gave clear deep blue
(). At pD 8.1 and a 1:1 ratio of 1.00 mM Cd(ll) tb20H, solutions with no evidence of precipitation over the pH range
the 'H NMR spectrum is relatively simple with a multiplet 7 0-9.3. Under similar conditions in the absence.80OH
at 3.9 ppm for the proton attached to the bridging alcohol ligand, complexes of Cu(ll) hydroxide precipitate. (ii)
group. This is consistent with the formation of a single type analysis by electrospray ionization mass spectrometry (ESI-
of mononuclear macrocyclic complex of relatively high \s) of solutions that contained a 2:1 ratio of Cu(jto
symmetry (Figure SIr = 1.0). While the structure of this | 20H at pH 7.3 showed the major peak to be that of the

complex is not certain, these data are most consistent withparent jon of the dinuclear complex [gL20)(Cl),]* and
the Cd(Il) ion being bound to bothl units to form a

mononuclear complex with a sandwich structure and a free (10) pasGupta, B.; Haidar, R.; Hsieh, W.-Y.; Zompa, LIrbrg. Chim.
alcohol group. This has been reported for similar ligands Acta 200Q 306, 78-86. o

containing L1 and a three carbon linkérand for the Y gg’ltgh’%‘fV“(',f%ﬁ@'f"fﬁﬁ&f%’. gbf;;Diﬂ'gﬁ'$;a';%0Vg§ggggM';

analogous complex Zh20H) .2 871.
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Figure 1. Pseudo-first-order rate constants for cleavageHpPNP

catalyzed by solutions containing a 2:1 ratio of Cd(II)l®OH at 25°C

andl = 0.10 M (NaNQ) as a function olL.20H at different pH values:

(@) 8.02; @) 8.43; (a) 8.93; (#) 9.31; (v) 10.00; ©O) 10.52. The solid
lines show the fit of the data to eq 1. Data at pH 8.02 and 8.43 with an
expanded-axis are shown in the inset to demonstrate the curvature observed
in these plots.

no peaks for a mononuclear complex (see Experimental
Section). (iii) The observed first-order rate constants for
cleavage oHpPNP are directly proportional to2OH] for
experiments in which [Cu(ll)] andLROH] are increased
together at a constant ratio of 2 to 1 (Figure S3).

The second-order rate constant for the cleavadép&fNP
at pH 8.0, 25°C, andl = 0.10 M (NaNQ) by the dinuclear
Cu(ll) complex is 1.8x 103 M1 st (Figure S3). Second-
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form of the Cd(Il)L20OH complex over the pD range 81
10.4. We are unable to obtain equilibrium constants for
formation of metal ion complexes &20OH by using these
spectrometric methods. However, the qualitative data from
these experiments are critical to the development of the
model used to fit kinetic data f¢#pPNP cleavage catalyzed
by dinuclea.20H complexes of Cd(ll) and Cu(ll). These
fits of kinetic data provide values of equilibrium constants
for formation of the dinuclear Cd(ll) complex @R2OH that
could not be obtained by spectrometric methods.

Spectroscopic Analysis. (a) Cd(ll) Complex. L20H
shows a high affinity for Zn(ll), and the dinuclear complex
of this cation (Za(L20)) can be assembled quantitatively
by mixing 2 equiv of Zn(ll) with 1 equiv ofL20H.*2 In
contrast, the dinuclear Cd(Il) complex (§£d20)) only
becomes the dominant species in solutions that contain a 2:1
ratio of Cd(ll) toL20OH at pH > 10.0. Both'H NMR and
mass spectrometric analyses show that the dominant ligand
species in water (pB= 8.1 and pH= 7.4, respectively) is
the mononuclear Cd(ll) complexH NMR analysis at
intermediate pD ranging from pB 8.1 to 10.4 shows that
there is a progressive increase in the concentration of the
dinuclear Cd(Il) complex relative to the mononuclear
complex. Kinetic data for metal ion complex-catalyzed
cleavage ofHpPNP discussed below provide additional
evidence that the unreactive mononuclear Cd(20H
complex predominates at pH 8.0 and undergoes quantitative
conversion to the dinuclear complex {d?20) at pH> 10.0.
The Cd(L20) complex, once formed, shows an extraordi-
nary activity in catalyzingHpPNP cleavage.

(b) Cu(ll) Complex. The limited data for the Cu(ll)
complex ofL20H are consistent with the formation of the
dinuclear complex GiL20) at pH 7.0-9.3. We have not

order rate constants, calculated from data for reaction at acarried out a thorough physical or kinetic characterization

single concentration of G(L20) (0.500 mM), at pH 7.0
and 9.3 are 2.&c 10 3and 4.1x 103M~1 s, respectively.

of this dinuclear complex, because our primary interest is in
understanding the relationship between the structure and

We assume that these are second-order rate constants forctivity of reactive catalysts of phosphodiester cleavage, and

the cleavage reaction catalyzed by,{i20) because this

is the dominant metal ion species under these reaction
conditions (see above). However, we are not able to
rigorously exclude the possibility that a fraction of this
reaction is catalyzed by free Cu(ll) because free Cu(ll) is a
very good catalyst foHpPNP cleavagé and a very low

only a very low catalytic activity is observed for the dinuclear
Cu(ll) complex of L20OH.

Kinetic Analyses. (a) Cd(ll) Complex. The analysis of
the kinetic data for catalysis dipPNP cleavage by Zp
(L20) is straightforward. Plots dfynsg @gainst [Za(L20)]
are linear, wher&qpsqis the observed first-order rate constant

concentration of Cu(ll) might contribute to the low rate for the cleavage reaction. The slopes of these plots are equal
constants observed here. In this case, the second-order ratt9 the apparent second-order rate constépf)«, for the

constants reported here would serve as upper limits for the
rate constant for the reaction catalyzed by,(CR0).

Discussion

We report here the results of a qualitative physical
characterization of Cd(Il) and Cu(ll) complexes ld?OH
by 'H NMR and mass spectrometric methods. Mass spec-
trometric data define the dominant form of the Cu(ll) and
Cd(ll) complexes at neutral pH. In additioAH NMR

Zn(ll) complex-catalyzed reactiorBy comparison, plots of
kobsa — Ko for the cleavage oHpPNP against [20H]
(Figure 1) show pronounced upward curvature for an
experiment in which the concentrationldOH and Cd(ll)
are increased at a constant 2:1 ratio of Cd(IIL.&DH.

The curved plots from Figure 1 have been rationalized by
a model where the mononuclear complex undergoes conver-
sion to the dinuclear complex, as was showrttdyNMR to
occur as the pD was increased from 8.1 to 10.4, and only

the dinuclear complex G(L20) has a significant activity

spectroscopy is used to monitor the change in the dominant ) S
P Py g toward cleavage oHpPNP. Consider the tangential lines

through the curved plots shown in Figure 1. The slopes of
these lines arepparentsecond-order rate constants for

(12) Morrow, J. R.; Buttrey, L. A.; Berback, K. Anorg. Chem1992 31,
16—20.
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Scheme 2
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catalysis of HpPNP cleavage by the dinuclear Cd(Il)
complex under the given reaction conditions. These slopes

Cd,(L20)

Table 1. Apparent Binding and Rate Constants from a Fit of the Data
in Figure 1 to Eq 1

increase with increasindg.OH] (at a 2:1 Cd(ll) toL20H)

to a constant value at higih20OH] where mass action has
completely converted the mononuclear complex to the
dinuclear complex. The limiting slope at highJOH]

corresponds to the observed second-order rate constant for

catalysis oHpPNP cleavage by C4L20) and has the same
significance as the second-order rate constants reported fo
catalysis ofHpPNP cleavage by Zs(L20). In other words,

the difference in the shape of the plots observed for catalysis
by Zn(ll) (linear) and by Cd(ll) complexes (concave up) is
due to the smaller extent of formation of the dinuclear Cd-
(I complex and the requirement of higher concentrations
of Cd(ll) andL20OH to obtain complete conversion to the
catalytically active dinuclear complex.

The experimental data from Figure 1 were fit to eq 1,
which was derived for Scheme 1 with the assumptions that
all L20H has bound at least one Cd(ll) ion and that the
concentration of free Cd(ll) is equal to the concentration of
mononuclear complex (Gd20OH) 7). Note: (1) CqL20H)
and Cd(L20)+ in Scheme 1 include a total of four different
ionic forms of the mono- and dinuclear complexes.- Cd
(L20OH) 1 = Cd(L20OH) + Cd(L20) includes two forms of
the mononuclear complex that show a low (C20H)) and
a high (CqL20)) affinity for binding of a second Cd(ll)
(see drawings in Scheme 2), and ,I@0)r = Cdx»
(L20)(OHy) + Cdy(L20)(OH) includes two forms of the
dinuclear complex that are catalytically inactive ¢€d
(L20)(OHy)) and active (CgL20)(OH)) (see drawings in
Scheme 3). (2) Equation 1 predicts a limiting slopel@f)agp
at high L20H] and 2 equiv of Cd(Il), wherel2OH] >
[1/(2Kapp) — ([LZOH]/Kapp)UQ-

Scheme 1

K, (KeaoJHPPNP]
CA(L20H), + Cd=22 Ca,(L20), 2™ o oducts

ops™ g ‘
) e

(de)app([LZOH] +

The solid lines in Figure 1 show the theoretical fits of the
data to eq 1, derived for Scheme 1, using the valud&.gf
(MY and cd)app (M7t s71) obtained by nonlinear least-
squares analysis (Table 1), whekap, and Kcd)app are

1+ 4[L20H]K
2K

1
2K,

app

pH Kapp(M™Y) (ked)app(M~1s71)
8.02 1.6x 10° 0.31
8.43 4.8x 10° 0.74
8.93 1.2x 104 2.3
9.31 3.9x 10* 2.8
10.00 1.2x 1P 35
10.52 1.2x 10° 3.5
r
5.0 [ ) [ ]
o
7 45
e .
=1V}
= 40
3.5
[ ]
8.0 9.0 10.0 11.0

pH

Figure 2. pH dependence of the binding of Cd(ll) to C&@OH). The
solid line represents the nonlinear least-squares fit of the data from Table
1 (Kapp to €q 2.

obtained at high pH. The change in the shapes of these plots
reflects the increasing values By, for formation of the
dinuclear complex at high pH. The plots become linear when
[L20H] > [1/(2Kapp — ([L2OH]/Kapp'] (€q 1). Note that

an increase ifapp Will cause these plots to appear linear at

a lower L20H].

Figure 2 shows the dependencekaf, (Table 1) on pH.
The solid line through the data provides the nonlinear least-
squares fit of logappto the logarithmic form of eq 2 derived
from Scheme 2 usingka; = 10.0 for deprotonation of the
mononuclear complex artd = 200 000 M for binding of
Cd(ll) to the deprotonated mononuclear complex. The
uncertainty of the values dfap, Obtained by fitting of the
kinetic data increases as the plots from Figure 1 become
nearly linear at high pH, because under these conditions there
is nearly quantitative conversion b2OH to the dinuclear
complex even at the lowest concentration of ligand examined.
Therefore, while the fit of the data from Figure 2 to eq 2 is
in good agreement with spectroscopic results which show
that formation of the dinuclear complex is pH dependent and
is complete only at high pH, the values df = 10.0 and
K = 200000 M*! obtained from this fit are only ap-

apparent association constants and rate constants, respeffOXimate.

tively. Figure 1 shows that marked curvature is observed in
these plots ok,nsqagainst [20H] for reactions at low pH
(see inset), but nearly linear plots are observed for data

KK,1

Kt ] @

Kapp
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Scheme 3

kcq[HPPNP]
Products

Cd,(L20)(H,0) Cd,(L20)(OH)

completely formed under these conditions. However, the
second-order rate constants fépPNP cleavage catalyzed
by the dinuclear Cu(ll) complex are independent of pH.

_kedaz
Ko+ [HT]

1.0

(Ked)app= ®3)

-1.0

log (ky,),,,

. Structure—Activity Effects of Divalent Cations. (a)
"= Stability of Zn »(L20) and Cdx(L20). Zn(ll) and Cd(ll) are
isoelectronic but differ substantially in ligantinetal cation
bond length and, consequently, often have different coordi-
6.0 8.0 10.0 nation numbers and geometries. We propose that the fol-
lowing differences in the catalytic properties and solution
pH speciation of the Zn(ll) and Cd(ll) complexes reported here
Figure 3. pH-rate profiles of log of the apparent second-order rate Can be explained by the greater Lewis acidity of Zn(ll), which
constant Kw)app for cleavage of HpPNP catalyzed by dinucldztOH leads to stronger binding to anionic oxygen and neutral
fﬁ?ﬁﬁﬁiﬁ;ﬁggﬂgS;r)egdﬁ(t"Z;ff"tﬂig;g”t(g)é;ge_ solid ines represent i ogen donors, and by the different geometric preferences
of Cd(ll) compared to Zn(ll).

The mononuclear complex (QdR2OH)) is shown as a (1) The dinuclear complex of Zn(ll) (2(L20)) forms
“sandwich” in Scheme 2, on the basis of the resultdtdf  quantitatively at pH> 6 at [Zn(ll)] = 2.00 mM and [20H]
NMR studies reported here and the more extensive spectro—= 1.00 mM!2However, quantitative conversion of 1.00 mM
scopic results reported for (ZtOH)) and related com-  Cd(ll) and 0.500 mML20H to Cc(L20) is only observed
plexes?1° The data from Figures 1 and 2 provide evidence at high pH> 10.0.
that loss of a proton from the mononuclear complex results  (2) In solutions containing a 2:1 ratio of Cd(ll) t2OH
in a large increase in the binding affinity of a second Cd- (1.00 mM L20H) at pD 8.1, mononuclear Qd20H) is
(I1). These data provide no information about the site of the dominant complex.
jonization. The ionized site is drawn as an alkoxide in  (3) The rate law forHpPNP cleavage catalyzed by the
Scheme 2, because we have shown that a bridging alkoxidecatalytically active dinuclear Cd(ll) complex df2OH
ion provides a critical driving force that allows two Zn(ll) reveals a [, of 10.0 for ionization of a group of the inactive
cations to be brought together in the cationic core ofx{Zn mononuclear Cd(ll) complex that results in a large increase
(L20)).22 The complexes drawn in Scheme 2 and their role in the affinity of this complex for a second Cd(ll) (Figure
in the formation of Cg(L20) are discussed further below. 2). We assign thisk, to the loss of a proton from the linker

Figure 3 shows the plot of the limiting second-order rate hydroxyl.
constants (solid circles)Kfq)app (M1 s71); Table 1) against These data are consistent with the conclusion that assembly
pH. The solid line was calculated from the logarithmic form of Zny(L20) from free ligand and metal ion is enhanced
of eq 3, derived from Scheme 3, using values I§fp= 9.0 compared with assembly of gd20) by the generally
andkeq = 4.0 M1 s71. By comparison with Zg(L20),* we higher Lewis acidity of Zn(ll) compared to Cd(Ry-*¢ For
suggest that the ionization which activates the dinuclear Cd- example, a bound pendent alcohol of an azamacrocycle
(1) complex for cleavage ofipPNP corresponds to loss of ~ complex of Zn(ll) ionizes with a lg, of 1.0 log unit lower
a proton from Cg(L20)(OH,) to form Cd(L20)(OH). For than a bound alcohol in the analogous Cd(ll) complfex,
the sake of simplicity, this diagram shows only a single suggesting that Zn(ll) binds more tightly to the alkoxide
ionizable metal-bound water. group. In addition, the stronger binding of Zn(ll) td (log

(b) Cu(ll) Complex. The dependence of first-order rate K = 11.2) compared to binding of Cd(ll) tbl (log K =
constants foHpPNP cleavage on Cu(ll) complex concentra-
tion is straightforward, but the pH dependence is very

(13) Arca, M.; Bencini, A.; Berni, E.; Caltagirone, C.; Devillanova, F. A,;
Isaia, F.; Garau, A.; Giorgi, C.; Lippolis, V.; Perra, A,; Tei, L.;

different from that observed for GA20) and Zn(L20) Valtancoli, B.Inorg. Chem 2003 42, 6929-6939.

(Figure 3). The observed first-order rate constantfpPNP (14) fé?fribgé; Koike, T.; Shiota, T.; litaka, Yinorg. Chem.199Q 29,
CleaV"_ige at pH 8.0 is directly proportional lci?OH] for (15) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum
experiments in which [Cu(ll)] anfL20OH] are increased at Press: New York, 1982; Vol. 5.

. . : . (16) Barnum, D. Winorg. Chem.1983 22, 2297-2305.
a constant ratio of 2 to 1, and this is consistent with mass (17) Walters, K. M.; Buntine, M. A.; Lincoln, S. F.. Wainwright, K. B

spectrometric experiments which suggest thaf(20) is Chem. Sog Dalton Trans.2002 3571-3577.
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9.4)%is consistent with a higher overall equilibrium constant
for the formation of Zrp(L20) compared to CgL20).
However, it is unlikely that these differences alone would
give rise to the very different speciation observedlfaOH
complexes of Zn(Il) and Cd(ll). In particular, the observation
of a mononuclear Cd(ll) complex @2OH even at 2:1 ratios
of Cd(ll) to L20OH is remarkable given that there is no
evidence for a mononuclear Zn(ll) complex under similar
conditions.

There are at least two differences between the coordination

properties of Zn(ll) and Cd(ll) that play an important role
in controlling their speciation with2OH . First, there is the

higher affinity of Zn(ll) for alkoxide ligands as discussed
above, and this will favor the formation of the dinuclear
complex. Similar to the Cd(ll) system, a 1:1 ratio of Zn(ll)
to L20OH (5.00 mM L20OH) at neutral pH gives a stable

Scheme 4

O..
H
N \
o O O 'o/H>
HN 24 / N ,I NH
\ \rl‘-L:Mz e MEIHANS
- A}

group. This assignment is based on data from related
complexes which show that an alcohol group has a higher
pKa than do amine groups in the formation of mononuclear
Cd(ll) azamacrocycles with pendent alkoxide affiSor this
reason, C(L20) is drawn in Scheme 2 as a complex with
a bound alkoxide and.1 unit, although there are other

mononuclear sandwich complex as the predominant speciesossible Cd(l1) alkoxide complexes that are consistent with

in solution? however, unlike the Cd(Il) system, a 2:1 ratio
of Zn(ll) to L20H at neutral pH leads to the exclusive
formation of the dinuclear complex. In addition, a related
ligand containing twd_1 units and a propy! linker lacking

the data. In any case, it is important to note that the value of
this macroscopic g, will depend on the relative stabilities
of the mononuclear sandwich complex (CAOH)) com-
pared to the open complex (@R0)), if the opening of this

an alcohol group forms a stable Zn(ll) mononuclear sandwich complex is “coupled” with the loss of a proton from the
compound that does not bind a second Zn(ll) even in the jinker hydroxyl (Scheme 2). Thus, the value of this ionization

presence of a 2:1 ratio of Zn(ll) to ligadBlThis suggests
that the alcohol in the linker has a critical role in the
formation of dinucleall20H complexes. For the Cd(ll)

constant is not easily interpreted.
(b) Catalytic Activity of Zn 5(L20) and Cdy(L20). The
dinuclear complex of ZfL.20) is converted from an inactive

system as well, deprotonation of the alcohol group drives to an active form upon ionization of an acidic residue with

the formation of Cg(L20).

pK, = 7.81 This corresponds to theKp for ionization of a

Second, Cd(ll) shows a greater propensity compared towater ligand to form Zg(L20)(OH). By comparison, Cgd

Zn(ll) to form hexacoordinate complexes. For example, it

(L20) is converted from an inactive to an active form upon

has been shown for a related binuclear ligand with eight ionization of an acidic residue withkg = 9.0, and this is

amine donors that the preferred form of the Cd(Il) complex

consistent with the weaker acidity expected for water bound

is a mononuclear sandwich complex, whereas Zn(ll) binds to Cd(ll) compared with Zn(l1}6:1°

to form a dinuclear complex under similar conditions at
neutral pH!® The effect of stabilizing a sandwich form of a
mononuclear metal ion complex will be to increase the
equilibrium constant for binding of the first metal ion and

There are several possible explanations for the higher
catalytic activity at high pH observed for gt20)(OH)
compared to Zg{L20)(OH). The limiting second-order rate
constant at high pH of 4.0 M s for the dinuclear Cd(ll)

decrease the equilibrium constant for binding of the second complex is about 5-fold larger than that for the dinuclear

metal ion, so that the net equilibrium constant for formation

Zn(ll) complex (0.71 M?* s™1). This difference in activity

of the dinuclear complex remains constant. We report hereis consistent with a mechanism in which the metal hydroxide

an equilibrium constant of 200 000 Mfor the binding of

a second Cd(ll) to the alkoxide form of the mononuclear
complex (CdIL20)) that is within the range of the equilib-
rium constants reported for binding of a second Cd(ll) to
ligands containing linked_1 units!® However, a larger
equilibrium constant is predicted for binding of a second
Cd(ll) to CdL20) because binding is accompanied by
formation of an alkoxide chelate. This is consistent with the
notion that the equilibrium constant for binding of a second
Cd(ll) to L20OH is reduced because binding is coupled to

ligand accepts a proton from the hydroxyl of the substrate
to generate an alkoxide ion, which then undergoes intramo-
lecular addition to the phosphate diester to form a cyclic
phosphate (Scheme 4). Here the higher activity of the
dinuclear Cd(Il) complex would be due to the higher basicity
of the Cd(Il)-bound hydroxide ion that accepts the proton
from substrate. In line with this hypothesis, a correlation
between the K, of Zn(ll) bound water and the pH-limiting
first-order rate constant for cleavage pPNP has been
recently reported for mononuclear Zn(ll) compleXesc-

the cleavage of a stable Cd(ll) mononuclear sandwich cording to this relationship, the higher thEof the Zn(ll)

complex.

Figure 2 provides evidence the2OH coordinated to a
singleCd(Il) undergoes loss of a proton with &pof 10.0.

In Scheme 2, we show that the proton is lost from the alcohol

(18) Tan, L. H.; Taylor, M. R.; Wainwright, K. P.; Duckworth, P. A.
Chem. Sog Dalton Trans.1993 2921-2928.

bound water, the more active the catalyst at the pH-limiting
value. An increase in theky of Zn(ll) bound water of 1.0
pH unit results in a 7.5-fold increase in the pH-limiting rate

(19) Haiyang, H.; Martell, A. E.; Motekaitis, R. J.; Reibenspies, Jnidrg.
Chem.200Q 39, 1586-1592.

(20) Bonfa L.; Gatos, M.; Mancin, F.; Tecilla, P.; Tonellato, Uhorg.
Chem.2003 42, 3943-3949.
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constant, similar to that observed here. A second possibility the phosphate diester and the hydroxyl group of RNA
is that there is modest steric hindrance to the developmentanaloguesipPNP (Scheme 4) antdJpPNP.3
of optimal electrostatic interactions between@20)(OH) Summary. Studies of dinuclear metal ion catalysts con-
and substrate at the transition state for cleavage of thetaining divalent metal ions with different geometric prefer-
phosphodiester substrate and that the longer metal eation ences and Lewis acidity give new insight into the properties
ligand bond distances for @tl20)(OH) give a more “open”  that are important in the design of dinuclear catalysts for
complex that allows the substrate to bind more closely to the cleavage of phosphate diesters. Second-order rate con-
the metal cation. stants for cleavage tipPNP by these dinuclear complexes
(c) Catalytic Activity of Cu »(L20). The dinuclear Cgt at pH 9.3 vary by 3 orders of magnitude and decrease in the
(L20) complex is a poor catalyst despite the fact that the order Cd(L20) (2.8 M1 s1) > Zny(L20) (0.68 M1 s™)
bridging alkoxide linker in Cg(L20) maintains a Cu(lh- > Cwp(L20) (0.0041 M s%). That the dinuclear Cu(ll)
Cu(ll) distance (3.58 A suitable for cooperative interaction catalyst is the least active is attributed to a lack of available
of the two Cu(ll) ions and sufficiently large to prevent the coordination sites. The dinuclear Cd(Il) complex is more

formation of intramolecular bridging hydroxid&s?1.22Com- active than the zZn(ll) analogue at high pH but much less
parison to efficient dinuclear Cu(ll) catalysts of ligands active a low pH values, in part because the complex does
containingL1 units suggests that the inactivity of £L20) not form appreciably under these conditions at neutral pH.

is due to a lack of available coordination sites for binding However, once the complex forms, it is a highly active
and catalysis. Active dinuclear Cu(ll) catalysts for RNA catalyst, suggesting that dinuclear Cd(Il) complexes may be
cleavage based on linkéd macrocycles have two available developed as potent catalysts for the cleavage of phosphate
coordination sites on each Cu(f)Two coordination sites  diesters and RNA if a more suitable ligand were prepared.
on each metal center are a sufficient number for binding the This may best be accomplished by the incorporation of a
phosphate diester to both metal ion centers and for formationlinker that would prevent the formation of a sandwich
of a hydroxide ligand. On the basis of a recently reported complex and by the use of a more easily deprotonated alcohol
crystal structure, each Cu(ll) in gL20) is five-coordinate group or a more strongly binding bridging group such as a
with only one available coordination site on each Cu(ll) thiolate.

cation!! making it impossible to bind a phosphate diester

substrate and hydroxide on the same metal ion. The ACknOW|Edgment. J.R.M. and J.P.R. thank the National
analogous Zx{L20) complex has at least three and possibly Science Foundation (Grant CHE 9986332) for support of
four coordination sites distributed between the two zn(ll) this work. We thank Erik Farquhar for helpful suggestions
centers on the basis of structural dafahis coordination on the manuscript.

sphere allows the 20)(OH) complex to interact with
P Z(.20)(OH) P Supporting Information Available: Additional figures with

(21) Frey, S. T.: Murthy, N. N.; Weintraub, S. T.; Thompson, L. K.: Karlin, NMR spectra and a table of rate constants. This material is available
K. D. Inorg. Chem.1997, 36, 956—-957. free of charge via the Internet at http://pubs.acs.org.
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