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We have been interested in the design, synthesis, and characterization of artificial nucleases and ribonucleases by
employing macrocyclic lanthanide complexes because their high thermodynamic stability, low kinetic lability, high
coordination number, and charge density (Lewis acidity) allow more design flexibility and stability. In this paper, we
report the study of the use of the europium(lll) complex, EuDO2A* (DO2A is 1,7-dicarboxymethyl-1,4,7,10-
tetraazacyclododecane) and other lanthanide complexes (i.e., LaDO2A*, YbDO2A*, EuK21DA*, EUEDDAY, and
EuHEDTA where K21DA is 1,7-diaza-4,10,13-trioxacyclopentadecane-N, N -diacetic acid, EDDA is ethylenediamine-
N,N'-diacetic acid, and HEDTA is N-hydroxyethyl-ethylenediamine-N,N',N'-triacetic acid), as potential catalysts for
the hydrolysis of the phosphodiester bond of BNPP (sodium bis(4-nitrophenyl)-phosphate). For the pH range 7.0—
11.0 studied, EUDO2A* promotes BNPP hydrolysis with the quickest rates among LaDO2A*, EuDO2A*, and YbDO2A",
This indicates that charge density is not the only factor affecting the reaction rates. Among the four complexes,
EuDO2A*, EuK21DA*, EUEDDAY, and EUHEDTA, with their respective number of inner-sphere coordinated water
molecules three, two, five, and three, EUEDDAY, with the greatest number of inner-sphere coordinated water molecules
and a positive charge, promotes BNPP hydrolysis more efficiently at pH below 8.4, and the observed rate trend is
EUuEDDA* > EuDO2A* > EuK21DA* > EUHEDTA. At pH > 8.4, the EUEDDA* solution becomes misty and precipitates
form. At pH 11.0, the hydrolysis rate of BNPP in the presence of EUDO2A* is 100 times faster than that of EUHEDTA,
presumably because the positively charged EuDO2A* is more favorable for binding with the negatively charged
phosphodiester compounds. The logarithmic hydrolysis constants (pK;) were determined, and are reported in the
parentheses, by fitting the kinetic ks data vs pH for EUDO2A* (8.4), LaDO2A* (8.4), YbDO2A* (9.4), EuK21DA*
(7.8), EUEDDA* (9.0), and EUHEDTA (10.1). The preliminary rate constant—[EuDO2A"] data at pH 9.35 were fitted
to a monomer—dimer reaction model, and the dimer rate constant is 400 times greater than that of the monomer.
The fact that YoDO2A* catalyzes BNPP less effectively than EUDO2A* is tentatively explained by the formation of
an inactive dimer, [Yb(DO2A)(OH)],, with no coordination unsaturation for BNPP substrate binding.

Introduction (Ln)5-3¢ metal ions as well as complexes and oligonucleotide
) . derivatives have been reported to hydrolyze DNA/RNA or
Natural nucleases, ribonucleases, and restriction enzymes,,qqe| compounds for such purposes.
have very specific and sometimes not well-separated sub- Enzymatic hydrolysis of DNA usually follows two steps:
strate binding and catalytic domains and are not always (1) nucleophilic attack m a P atom (by, e.g., an OHon)
readily useful for many nonphysiological applications, such ’ ’
as DNA/RNA sequence determination and production, gene (1) Bashkin, J. K.; Trawick, B. N.; Daniher. A. Them. Re. 1998 98,
i i i 939-960.
express_lon control, and afs effective t_h_e_rapeutlc agent; for (2) Oivanen, M.; Kuusela, S.; Lonnberg, Bhem. Re. 1998 98, 961—
many viral and genetic diseases. Atrtificial nucleases/ribo- 990.
nucleases with design flexibility such as separated substrate (3) Wiliams, N. H.; Takasaki, B.; Well, M.; Chin, JAcc. Chem. Res.
. . : 1999 32, 485-493.
binding and cleavage domains, therefore, may provide several (4) Gellman, S. H.. Petter, R.: Breslow, R.Am. Chem. Sod986 108

advantage$.® A number of transitiofr®> and lanthanide 2388-2394.
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forms a five-coordinate intermediate and (2) the removal of for RNA hydrolysis? and the reaction rates increase with

the 53-OH and P-O bond breakage. The rate-determining
step is proposed to be the second step, that+<) Bond
breakagé’ In nonenzymatic hydrolysis, the-fD(3) scission

increasing lanthanide atomic number. Although Ce(IV) was
claimed to be the most effective DNA hydrolysis promoter,
Tm(lIl), Yb(ll), and Lu(lll) were found to be the better RNA

can also take place. On the other hand, RNA hydrolysis is hydrolysis promoterg’ ¢ Similar to DNA hydrolysis studies,
10°—10° times faster than DNA because of the presence of it was claimed that during RNA hydrolysis, the bimetallic
a 2-OH group which acts as an internal nucleophile. It was hydroxo cluster, [La(OH),]*", was the most effective
reported that trivalent lanthanide ions are the most effective species? This is consistent with a report on rapid cleavage
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5647.

(6) Sissi, C.; Rossi, P.; Felluga, F.; Formaggio, F.; Palumbo, M.; Tecilla,
P.; Toniolo, C.; Scrimin, PJ. Am. Chem. So2001, 123 3169-
3170.

(7) Gajda, T.; Dpre, Y.; Taok, I.; Harmer, J.; Schweiger, A.; Sander,
J.; Kuppert, D.; Hegetschweiler, Knorg. Chem.2001, 40, 4918—
4927.
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of RNA with a La(lll) dimer, [La(OH)s"].?> However,
because of the complex hydrolytic properties and potential
Ln—hydroxide cluster formation of cationic lanthanide
complexes, the design of efficient agents and the elucidation
of possible mechanisms for their promotion of phosphodiester
hydrolysis remain to be challengés.

In addition to applications as artificial restriction enzymes,
these macrocyclic lanthanide complex systems could also
be potentially applied as reagents for pesticide and nerve
gas hydrolysis involving phosphate or phosphonate ester
bonds.

We have been interested in the understanding of the
coordination chemistry of lanthanide complexes and the
development of their biomedical applicatiéhi$” including
their use as magnetic resonance imaging contrast atfents,
luminescence probé&and artificial nucleases/ribonucleases.
In this paper, we report the effects of pH, lanthanide metal
ionic radii, number of inner-sphere coordinated water
molecules, charge, and concentration of the lanthanide metal
complexes on the hydrolysis of a compound, BNPP (sodium
bis(4-nitrophenyl)-phosphate), containing a phosphodiester
bond. The ligands involved in this study are DO2A, K21DA,
EDDA, and HEDTA, where DO2A is 1,7-dicarboxymethyl-
1,4,7,10-tetraazacyclododecane, K21DA is 1,7-diaza-4,10,-
13-trioxacyclopentadecari¢N'-diacetic acid, EDDA is eth-
ylenediamineN,N'-diacetic acid, and HEDTA ibl-hydroxy-
ethyl-ethylenediamin&,N',N'-triacetic acid. The structural
formulas of the EuDO2A, EuK21DAf, and EUEDDA
complexes are shown in Scheme 1.

Experimental Section

Materials and Standard Solutions. Analytical reagent-grade
chemicals and buffers, unless otherwise stated, were purchased from
Sigma (St. Louis, MO), Aldrich (Milwaukee, WI), or Merck
(Dammstadt, Germany) and were used as received without further
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Chem.199Q 29, 2651-2658.
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Gougoutas, J. Z.; Tweedle, M. F.; Lee, D. W.; Wilson, Llnbrg.
Chem 1993 32, 3501-3508.

(45) Chang, C. AProc. Natl. Sci. Counc., Repub. China, Part A: Phys.
Sci. Eng.1997 21, 1-13.

(46) Chang, C. A.; Shieh, F.-K.; Liu, Y.-L.; Chen, Y.-H.; Chen, H.-Y ;
Chen, C.-Y.J. Chem. Soc., Dalton Tran&998 3243-3248.

(36) Gunnlaugsson, T.; Davies, R. J. H.; Nieuwenhuyzen, M.; Stevenson, (47) Chang, C. A.; Liu, Y.-L.; Chen, C.-Y.; Chou, X.-Mnorg. Chem

C. S.; Viguier, R.; Mulready, SI. Chem. Soc., Chem. Comm@ga02
2136-2137.

(37) Komiyama, M.; Tekeda, H.; Shigekawa, Bl. Chem. Soc., Chem.
Commun 1999 1443-1451.

2001, 40, 3448-3455.
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1999 99, 2293.
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Scheme 1. Structural Formulas of EuDO2A EuK21DA", and
EUuEDDA" Complexes
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purification. Disodium ethylenediaminetetraacetic acid (EDTA) was
purchased from Fisher. The ligands DO2A.2H@O* and
K21DA*! were prepared and purified according to a published
method with minor modifications. Microanalysis was performed
for DO2A. Anal. Calcd for GH24N4O4-2HCI-H,O: C, 38.00; H,
7.44; N, 14.77. Found: C, 37.98; H, 7.24; N, 14.71. Carbonate-
free deionized water was used for all of the solution preparations.
The concentration of DO2A stock solution (ca. 0.01 M) was
determined by acidbase titration using a standard tetramethyl-
ammonium hydroxide solution (0.1 M) and was also checked by
complexometric back-titratio?®. The concentrations of the lan-

thanide nitrate stock solutions were ca. 0.01 M and were standard-

ized by EDTA titration using xylenol orange as the indicator. The
EDTA solution was standardized by titrating a calcium carbonate
primary standard solution (first dissolved in HCI solution) at pH
10 using calmagite as the indicator.

The 0.1 M tetramethylammonium hydroxide solution was
prepared by diluting a 20% (GHNOH—methanol solution ob-
tained from Aldrich (carbonate free). The aqueous {@NOH

solution was standardized by using reagent grade potassium

hydrogen phthalate. A 0.1 M HCI solution was prepared by diluting
reagent-grade HCI to ca. 1 M, then dilutingth M solution to 0.1

M. This solution was standardized by using the standard;)$=H
NOH solution. A 1.0 M stock solution of tetramethylammonium
chloride (Aldrich) was prepared and diluted to 0.1 M for each
titration to maintain a constant ionic strength (0.1 M, charge unit
neglected).

Potentiometric Titrations. Acid—base and complex formation
titrations were carried out at a constant ionic strength of 0.10 M
(CHz)4NCl using reported procedurésThese titrations were used
to determine the ligand purity by checking the inflection points
and by calculating the ligand protonation constants and to aid in
the preparation of lanthanide complex solutions. A model 720
Metrohm titroprocessor in conjunction with a Metrohm Combina-
tion electrode was employed to monitor the pH. Generally, the
ligand concentration was-42 mM, and the metal ion concentration
was in slight excess«2%) Under this experimental condition, only

1:1 complexes were formed between each ligand and metal ion.

The ionic strength of the solution was adjusted to 0.1 M using 1 M
(CH3)4NCI. The (CH)4NOH solution was delivered from a 10-
mL automatic Brinkmann Metrohm model 665 Dosimat buret with
a reading accuracy af0.001 mL.

Kinetic Measurements.All of the lanthanide complex solutions
were freshly prepared by mixing 1.00:1.02 metal salt/ligand molar
ratio solutions. The pH of each solution was adjusted te-6.6
by adding an appropriate amount of (§HNOH solution. The
BNPP solution was then added to each solution, and the final pH

was adjusted by adding an appropriate amount of buffer stock

solution and used within 30 min after preparation. MES, MPS,
TAPS, CHES, CAPS, and CABS with the respectie, palues

Chang et al.

was kept at 0.10 mM, and the lanthanide complex concentrations
were 1.0 mM or greater to fulfill pseudo-first-order reaction
conditions. The ionic strength was adjusted to 0.1 M with £&H

NCI unless otherwise specified. A HP 8453 BVis spectropho-
tometer was used to measure the absorption increase with time at
400 nm due to the formation of nitrophenolate ion after BNPP
hydrolysis31:34 Pseudo-first-order rate constants were calculated
using the initial rate method or the integral method. A Sigmaplot
was used for curve fitting.

Results

To establish a reference for comparison, we have deter-
mined the rates for the base-catalyzed BNPP hydrolysis
reaction at [NaOH}= 0.033-0.166 M. Figure s1 (Supporting
Information) shows that the plot of the observed rate
constants vs [NaOH] is linear and that the calculated first-
order rate constankoy, is 2.30x 10> M~ s7* using the
relationshipkyps = kon[OH™]. For all of the other studies,
controlled BNPP hydrolysis reactions using only the buffer
solutions without lanthanide complexes were always studied
as references and the rates were all negligible.

Effects of pH. Figure 1 shows the plots &f,sVvs pH for
the three Ln(llI)>DO2A complexes, L= La, Eu, and Yb.
The corresponding data are listed in Table 1 together with
those of EuK21DA, EUEDDA", and EuUHEDTA. For all
three of the lanthanide complexes, thgs values increase
with increasing pH. This is not the effect of increasing [QH
or buffer reagents. According to the data of BNPP hydrolysis
by NaOH discussed previously, for pH 11, that is, when
[OH™] = 0.001 M, thekopsfor OH™ catalysis would be 2.30
x 1075 (M1 s™%) x 0.001 M or 2.30x 108 s%, which is
negligible as compared to thegs data in the presence of
the lanthanide complexes.

Previously, we reported that the hydrolysis constdft p
for Eu(DO2A)(H:O);" was 8.1+ 0.3 The product after
hydrolysis, Eu(DO2A)(HO),(OH), is believed to be the
reactive one. Thus, the rate “jump” for EuDO2At pH 8.1
is more likely because of the formation of the hydrolysis
product. Assuming that the active species of all the lanthanide
complexes studied are in the deprotonated L} OH)
form, the rate of each reaction can be expressed as

rate= ky,dBNPP]= ki (on)[LNL(OH)][BNPP] (1)
wherek_n on) is the apparent rate constant due to LnL(OH).
Thus, kops = Kinion)[LNL(OH)]. If K is denoted as the
coordinated water hydrolysis constant of Lnk(®J, thenKj
= {[LnL(OH)][H *]}/[LnL(H0)], and the total lanthanide
complex concentration is [Lnk}= [LnL(H,0)] + [LnL-
(OH)]. After substitution and rearrangement, the following
expression is obtained

_ kLnL(OH)Kh[Ln L]

K, + [H'] @)

I(obs

Fitting the data points related to the first-rate “jump” listed

of 6.1, 7.2, 8.4, 9.3, 10.4, and 10.7 were used to prepare bufferin Table 1 to the expression of eq 2 using a nonlinear least-

solutions with the desired pH values. The final BNPP concentration
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Figure 1. Plots of the observed BNPP hydrolysis rate constants vs pH by EuD@@§ LaDO2A" (O), and YbDO2A (¥): [LnL] = 1.0 mM and
[BNPP]= 0.10 mM, at 25°C, u = 0.10 (CH)4NCI. Upper-left insert shows the logarithmic plots. Right insert shows YbDO@) data vs buffer/NaOH

(¥) kops data plots.

Table 1. Observed BNPP Hydrolysis Rate Constants vs pH by EuDQ2ADO2A", and YbDO2A", EuK21DA", EUEDDA", and EUHEDTA

EuDO2A" LaDO2A* YbDO2A* EuK21DA* EUEDDA" EuHEDTA

pH I<obs pH kobs pH kobs PH kobs pH kobs PH kobs
11.05 2.78x 1074 10.58 2.54x 1075 10.90 3.00x 1076 9.90 1.33x 1077 8.40 8.80x 10°° 11.90 4.01x 10°°
10.62 2.68x 1074 10.23 2.49x 1075 10.70 2.90x 1076 9.10 1.28x 1077 7.60 1.10x 1075 11.42 4.05x 1075
10.30 1.97x 104 9.82 1.83x 107>  10.30 2.80x 106 8.50 1.01x 107  7.50 6.40x 1076 10.95 3.86x 107°
10.00 1.78x 104 9.45 1.39x 10°° 9.90 2.40x 1076 8.03 7.48x 1078 7.00 6.60x 1077 10.50 3.22x 10°°
9.76 9.45x 1075 9.21 1.25x 10°° 9.50 1.50x 1076 7.52 5.05x 1078 9.81 1.46x 1075
9.65 9.10x 1075 8.69 1.11x 10°° 9.10 1.00x 1076 7.01 1.45x 1078 9.42 3.01x 1076
9.50 8.80x 10°° 8.32 9.14x 1076 8.70 7.00x 1007  6.56 1.09x 1078 8.92 1.54x 1076
9.48 8.16x 1075 8.05 5.74x 1076 8.43 1.69x 1077
9.23 7.46x 1075 7.54 1.15x 1076

9.00 5.40x 1075 6.83 8.74x 1077

8.74 3.20x 107

8.33 2.20x 1075

8.00 1.20x 10°°

7.75 1.17x 1075

7.50 2.90x 1076

6.90 1.20x 1076

6.30 8.10x 1077

aAll [LnL] = 1.0 mM except [EUHEDTAF 10.0 mM and [BNPP} 0.10 mM, at 25°C, u = 0.10 (CH;)4NCI.

Table 2. Fitted Ky andkinion)y Values for the BNPP Hydrolysis by
Various Lanthanide Complexes

previously reported value of 8-t 0.3 using a laser-excited
fluorescence technique. It is noted that because of the

complex iKn KinL (o) R? pH range possibility that there are other equilibria of the EuDO2A
EuDO2A" 84+03  467x102 0.979 6.30-8.74 species, particularly at a high pH, that is, monoméimer
\L(?,B%ZZAAi g-ﬁg-g ;-géx 1% 8-322 g-?g?-oego equilibrium (vide infra), the K, value determined is a
. . . X . . . . . .. 1Q; .
EUK21DA*  7.8+01  131x 104 0988  6.56-9.90 composite of multiple pH-dependent equilib¥! Similar
EUEDDA" 9.04+0.3 4.00x10! 0980  7.06-8.40 arguments could be applied to LaDO2AYbDO2AY, and
EUHEDTA  10.14£0.2  4.10x 103  0.980  8.43-11.90

aAll [LnL] = 1.0 mM except [EUHEDTAF 10.0 mM and [BNPP}
0.10 mM, at 25°C, # = 0.10 (CH)4NCI. b The K, value for EUEDDA

other Eu(lll) complexes studied. Th&pvalues for these
lanthanide complexes are reasonable, however, few published
data were available for comparison. The apparent rate

was obtained with only 4 data points and is expected to have larger relative constants due to LnL(OH), that & on), are also obtained

error.

as the results of several equilibria and kinetic events

results are listed in Table 2. The fits are shown in Figure s2 &Ssociated with corresponding lanthanide complexes.

(Supporting Information).
It is seen that the kineticky, value for EUDO2A is 8.4
+ 0.3, which, within experimental error, matches the

(50) Deal, A. K.; Burstyn, J. Nlnorg. Chem.1996 35, 2792-2798.
(51) Hegg, E. L.; Mortimore, H. S.; Cheung, C. L.; Huyett, J. E.; Powell,
D. L.; Burstyn, J. N.Inorg. Chem.1999 38, 2961-2968.
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Figure 2. Plots of the observed BNPP hydrolysis rate constants vs pH by EUDQRA EuK21DA @), EUHEDTA (©), and EUEDDA (v): 25°C, u
= 0.10 M (CHs)4NCl, [EuUDO2AM] = [EuK21DA™] = [EUEDDA*] = 1.0 mM, [EUHEDTA]= 10 mM, [BNPP]= 0.10 mM, and [buffer}= 20 mM MES,
MPS, TAPS, CHES, CAPS. The insert lines are kggs vs pH plots with EUDO2A (@) and EuK21DA Q).

Further detailed analysis of the pH effects would require 10.6, presumably as a result of the greater charge density of
species distribution information for the hydroxo and possibly EuDO2A" (Figure 1). The LaDO2A and EUDO2A com-
hydroxo-bridged complexes, particularly for data obtained plexes are nine-coordinateéand the YbDO2A complex is
at higher pH values. However, because of the sluggish eight-coordinaté? The remaining coordination sites would
complex formation and dissociation kinetic behavior of the be occupied by three and two water molecules for the
macrocyclic DO2A complexe®;5253 this information is respective La/EuDO2Aand YbDO2A complexes, assum-
difficult to obtain and will be reported and discussed at a ing that DO2A occupies six donor sites. The lanthanide ion,
later stagé€? It is noted here that two sets of Ln(DO2A)  Yb3*, having a smaller ionic radius and greater charge
stability constants have been reported on the basis of differentdensity, is expected to have a loweKpvalue for the
experimental conditions, and some rationalization will be coordinated water molecule and therefore forms a better
discussed in a later contirbutiéf. nucleophile, (Yb-OH)?". However, when Y¥' is complexed

Effects of Metal lonic Radii. Schneider et al. have by DO2A, the BNPP hydrolysis rates were found to be the
reported the hydrolysis of phenyl phosphate esters and oflowest among the three DO2A complexes. This reduced
DNA by uncomplexed lanthanide salt soluticfigt 25 °C reactivity of YoDO2A" toward BNPP hydrolysis may be a
and pH 7.0, the observed pseudo-first-order BNPP hydrolysisresult of either fewer inner-sphere coordinated water mol-
rates showed a saturation kinetics behavior as lanthanide iorecules or other reasons such as inactive dimer formation (vide
concentration was increased. With the exception &f land infra).

Yb3*, the catalytic rate constants derived from the saturation  Effects of the Number of Inner-Sphere Coordinated

kinetics correlate well with the ionic diameter of the cations \water Molecules. Figure 2 shows the plots of the observed

and are independent of the underlying coordination numbers.gnpp hydrolysis rate constants vs pH by reactions with

This is consistent with an earlier study by Breslow et al. on g,pO2A+, EUK21DA*, EUEDDAY, and EUHEDTA. The

the effects of metal ions on the cleavage of ribonucleotides tyree |anthanide complexes, EUDO2AEUK21DAY, and

and RNA model compounds. EuEDDA", were studied to examine the effects of the

Our results showed that the observed BNPP hydrolysis nymber of inner-sphere coordinated water molecules on the

rate constants with EuDO2Awere about 1.410 times  BNPP hydrolysis rates. This idea originates from the finding

greater than those with LaDO2An the pH range of 6.8 of Morrow et al. that the La(TCMGJ with two inner-sphere

(52) Yerly, F.. Dumnand, F. A Toth, E.; Figueimha, A Kovacs, Z. coordinated water molecules promotes rapid c_Ieavage of
Sherry, A. D.; Geralds, C. F. G. C.; Merbach, A. Eur. J. Inorg. . RNA oligomers but Eu(TCMCY or Dy(TCMC)** with one
Chem 200Q 1001-1006. inner-sphere coordinated water molecule does not, where

(53) Huskens, J.; Torres, D. A.; Kovacs, Z.; Andre, J. P.; Geraldes, C. F. TCMC is 1.4,7,10-tetrakis (carbomylmethyl)-1,4,7,10-tetra-

G. C.; Sherry, A. DInorg. Chem 1997, 36, 1495-1503. R .
(54) Wu, B.-H.; Chang, C. Alnorg. Chem 2005 In press. azacyclododecane, capable of octadentate coordination with
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trivalent lanthanide ion¥ Replacement of an amide group 0.0008
of TCMC by a noncoordinating nitrobenzyl group results in
the heptadentate NBAC, that is, 1-(4-nitrobenzyl)-4,7,10-
tris(carbomylmethyl)-1,4,7,10-tetraazacyclododecane. The
monomeric Eu(NBAC)" is then active in RNA cleavage
(at pH 7.4)%

Laser-excited fluorescence studies confirmed that EUDO2A
and EuK21DA have three and two inner-sphere coordinated
water molecule43“¢respectively. The complex, EUEDDA 0.0002 -
with the four donor atoms provided by EDDA, is assumed
to have five inner-sphere coordinated water molecules. The

0.0006 -

0.0004 -

kobs(s'1 )

observed BNPP hydrolysis rate constants with EuUDO2A 0.0000 : . ; : .
were about 741300 times greater than those of EuUK21DA 0000 0001 0002 0.003 0004 0.005
in the pH range of 6.59.9. At a lower pH range, EUEDDA [EuDO2A] (M)

has the greatest rates among the three complexes. Thus, it iSigure 3. Dependence of pseudo-first-order rate constant on the concentra-
appropriate to preliminarily conclude that, if the complexes tion of EUDO2A" at 25°C, pH 9.35, 20 mM, CHES buffey, = 0.5 M

. . ide inf th th . h (CHs)aNCl, and [BNPP]= 0.10 mM. The line was calculated by fitting
remain monomeric (vide infra), then the more inner-sphere ¢ G226 the Scheme 3 model.
coordinated water molecules, the faster the phosphodiester

hydrolysis rates. Unfortunately, at high pH, EUEDDA  Scheme 2. Simple Monomer Reaction Model

solution forms precipitates and prevents further studies. (This EuDO 24+ + BNPP ﬁ, p
further demonstrated that complexation is important to K
control catalyst stability and reactivity.) 2 ELDO2A + BNPP—Z"‘ =S
The overall basicity for DO2A is greater than that of
K21DA.446DO2A also has a more rigid macrocycle with a Rate = k[EUDO2A*] [BNPP]+ k[EUDO2AF [BNPP]
smaller cavity and greater lanthanide complex formation Kots = K [EUDO2A*], + K [EUDO2A* ]2

stability than that of K21DA. On one hand, the higher
basicity of DO2A may reduce the Lewis acidity of Eu Figure 3, and it was clear that the relationship was more
increase the coordinated wateKijpvalue, and reduce the than first-order dependence.
Eu(ll)—OH™ nucleophilicity. On the other hand, the Eu The data were initially fit into the simple monomer, two-
ion may be positioned deeper in the bigger macrocyclic pathways reaction model described in Scheme 2, and a
cavity of K21DA and reduce the tendency of substrate second-order rate constdat= 0.017 ¢-0.016) M s tand
binding. In addition, dimer formation is statistically more a third-order rate constakt = 26.6 -3.2) M2 s7* (r2 =
likely with LnDO2A* than with LnK21DA" which, depend- ~ 0.997) were obtained.
ing on the final dimeric structure, results in more active or  The relative fitting error was much smaller for the third-
inactive species toward BNPP hydrolysis. The observed order rate constant as compared to that of the second-order
results of the current study seem to indicate that ligand (i.e., 12% vs 94%). Thus, it is likely that the third-order
basicity is not as important as the factors involving the pathway is more important. For example, for [EUDO2A
number of inner-sphere coordinated water molecules and the= 1.0 mM, the calculated second- and third-ordegs
steric effect imposed by the macrocyclic ligand. contributions were 1.7x 10® and 2.66 x 10°° s1,
Effects of the Charge of the Metal ComplexesBoth respectively, with the third-order rate being 1.6-fold faster
EuDO2A" and EUHEDTA have six donor ligands and three than that of the second-order. However, this model was not
coordinated water molecules. However, the former has onea good one considering the collision theory because the
positive charge and the latter has zero net charge. Fromprobability for a three-body collision should be less than that
Figure 2, it is observed that the promoted BNPP hydrolysis of a two-body collision.
rates are greater for EuDO2Aas expected because the Because of the relatively high charge density of trivalent
phosphodiester substrates are negatively charged. The rat&anthanide ions, they are more prone to form hydrate-bridged,
“jump” for EUHEDTA between pH 9.0 and 11.0 probably hydroxo-bridged, or oxo-bridged species at highpstich
indicates that the hydrolysis constant of EUHEDTA is around as pH 9.35. These bridged species with more than one
10.1. A more thorough analysis of the rates vs complex lanthanide ion Lewis acid center tend to hydrolyze the
concentration reveals that the more reactive structure for coordinated water molecules, making the resulting GH
EuDO2A" is in a dinuclear form (vide infra) and EUHEDTA more reactive nucleophile. Therefore, a more appropriate
does not form a dimétin the pH range studied. A detailed monomerdimer reaction model is proposed in Scheme 3.
mechanistic analysis will be reported in the future. The difference between this model and that shown in Scheme
Effects of the Concentrations of the Metal Complexes. 2 is that there is a monomedimer equilibrium with a
Preliminary studies on the effects of concentrations of metal EUDO2A" dimer formation equilibrium constari;.
complexes were performed to elucidate possible reaction To fit the data to the Scheme 3 model, we have followed
mechanisms. At pH 9.35, the rateoncentration (1.64.75 that developed by Burstyn et®&I*1 Assuming that in solution
mM) data for EUDO2A were obtained and are shown in the Eu(lll)-containing species are only the monomer
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Scheme 3. Monomer-Dimer Reaction Model that there were some discrepancies between the calculated
and the experimental values at [EUgelow 0.001 M which

Kf
2EubDO2A* = (EuDO2ZA*), were not desirable. Thus, it was probably not appropriate to

k

EuDO2A* + BNPP —™ p make the assumption that 0.252K{M"*]+. When [M""]1
K, = 0.001 M, the calculatedK[M "]+ value was 2.44, and
(EUuDO 2A*), + BNPP P 0.25 is not very small when compared to this value.

If the assumption is omitted, substituting eq 4 into the rate

| [ ined.
Rate = k;[EuDO2A+][BNPP] + ky[(EuDO 2A+),][BNPP] aw, eq 8 is obtained

3+1 \1/2
K. = [(EuDO 2A+),] - —0.5+ (0.25+ 2K([Eu”"]4) +
f [EuDO2A+)2 bs™ ™1 2K;

Rate = k,[EuDO 2A*] [BNPP]+ k,K[EuDO2A*]2 [BNPP]

20N

—0.54 (0.25+ 2K [Eu®"])*?
oK C))
EuDO2A" and dimer (EuDO2A),, their concentrations can '
be derived by the following equations. The EuDO2A Fitting the data to eq 8, it givdg = 9.1 x 103 M~1s?,
concentration can be obtained as eq 4 by solving thek, =4.0 M1s1 andK; = 8.2 M~ (r2= 0.997). The dimer
quadratic eq 3. To simplify the treatment, it is assumed that rate constarik, is about 400 times greater than the monomer

0.25< 2K{EW*'], and eq 5 is obtained. rate constank,. However, the smalk; value indicates that
3 N N the dimer concentration is relatively small for a [EuDOZ2A
[Eu™]; = [EuDO2A’] + 2[(EuDO2A’),] range of 1.06-4.75 mM. The calculated monomer and dimer
[(EuDOZA*)Z] concentrations in the concentration rangedgu= 1.00—

; 4.75 mM are shown in Figure 4.

~ [EUDO2AT]

at + 2 Discussion and Conclusion
[Eu™]; = [EuDO2A"] + 2K;[EuDO2A"]

Design of Efficient Trivalent Macrocyclic Lanthanide
2K [EUDO2A'? + [EUDO2A] — [EW*'], =0 (3) Complexes for Phosphodiester Bond Hydrolysis.For
monomeric trivalent macrocyclic lanthanide complex sys-

L 14+ 8KERT])Y tems, it seems clear that a complex with a smaller lanthanide
[EuDO2A™] = T N T .

4K ionic radius (i.e., greater ionic potential), a greater number
34 12 of inner-sphere coordinated water molecules, and a higher

_ 0.5+ (0.25+ 2K{Eu™]) @) positive complex charge operating at higher pH would be

2K, the more effective one for phosphodiester bond hydrolysis.

) a The coordination number, cavity size, and steric constraint

Assumption: 0.25« 2K{Eu™"]; of the macrocyclic ligand may have dominant effects on the
—0.25+ (2K [EW®'] )12 resulting phosphodiester bond hydrolysis rates promoted by

[EuDO2AT] = — f T (5) the lanthanide complex. However, these requirements might

2K; need major modifications if dimer, tetramer, or higher-order

oligomers are formed.
Effects of Dimer, Tetramer, or Higher-Order Oligomer
05+ (2Kf[Eu3+]T)l’2 Format_ion. Schngider attributeq the unusual catalys@ con-
Kops = Ky ( K ) centration effects in the hydrolysis of phenyl phosphodiesters
f of the heavier lanthanides to cation clustering which leads
—0.54 (2K [Eu*"])"? to diminished activitied? It is possible that at pH 7.0, ¥b
Ky 2K, (6) could form hydroxo-bridged dimers and higher order clusters.
For YbDO2A, it is highly possible that the smaller ¥b
Letting [Eul be X, kobs be Y, monomer BNPP hydrolysis  ion is deeply located in the DO2A macrocycle and only two

Substituting eq 5 into the rate law equation, we obtain eq 6.

rate constant b& = a, dimer formation constant bié = coordinated water molecules were present. One indirect
b, and dimer BNPP hydrolysis rate constantkge= ¢, we support for such a proposition was the fact that EUDOTA
obtain a [Eu} polynomial (eq 7). has only one coordinated water molecule and EUTERAS
none®>%6The crystal structural data confirmed that thé Eu
Y=a(_0'5+ (be)m) " bc(—0-5+ (ZbX)l/Z)2 ion is indeed located deeper in the 14-membered TETA
2b 2b pocket than that of the DOTA pocket, with the respective
or Eu—N-plane distances of 1.15 and 1.5¢%¢ Our prelimi-
_—0.25:+0.062%  a—0.5.1 (55) Chang, C. A.; Francesconi, L. C.; Malley, M. F.; Kumar, K.;

Y

2, C
b + Sl 1/2 X+ EX (7) Gougoutas, J. Z.; Tweedle, M. F.; Lee, D. W.; Wilson, Llnbrg.
Chem.1993 32, 3501-3508.
L . . (56) Spirlet, M.-R.; Rebizant, J.; Loncin, M.-F.; Desreux, Jnérg. Chem
Fitting the data to eq 7 using the Sigmaplot software showed 1984 23, 4278-4283.
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Figure 4. [Monomer] and [dimer] when [El]r = 1.00-4.75 mM andK; = 8.2.
Scheme 4. Active and Inactive Dimer of LnDO2A for the other hand, the EuDOZAcomplex with three inner-
Phosphodiester Bond Hydrolysis op o sphere coordinated water molecules would form a hydroxo-
/OH- l \ bridged active dimer with two remaining inner-sphere
2 @_OHZ — - QKOF? @ Active dimer coordinated water molecules for BNPP substrate binding as
~ oz 0 depicted also in Scheme 4. Thus, it is interesting to note

that the dimeric hydroxo-bridged active species [Eu(DO2A)-
(H20O)(u-OH)], originally with three coordinated water
OH- OH o molecules on each monomer exert faster BNPP hydrolysis
2 M< OH2 CM<OH>© inactive dimer rates than the inactive dimeric species [Yb(DO2A%H)].
originally with two coordinated water molecules on each
nary study of the effects of the concentrations of the metal Monomer.
complexes on BNPP hydrolysis also indicated that the more It is noted that only recently a series of studies concerning
reactive structure of EuDO2Ais dimeric®* A recent ligand-controlled self-assembly of polynuclear lantharide
spectroscopic study of the hydration state of Ln(DO2A)- oxo/hydroxo complexes have been reported for potential
(H20),* concluded a decrease in the inner-sphere water applications on catalytic cleavage of RNA or DNA mole-
coordination number from = 3 (Ce—Eu), ton = 2 (Th— cules® % Many of these clusters are formed by core
Yb).52 Assuming that YoDO2A is eight-coordinate with two ~ components of crystallographically characterized dinuclear
inner-sphere coordinated water molecules, the resulting dimerand tetranuclear cubane-like lanthanidg/droxo species.
formation would render [Yb(DO2A)-OH)], inactive as These structures are normally obtained at low pH values (i.e.,
shown in Scheme 4. This is because the two bridged pH 4—6), but even more novel structures have been obtained
hydroxide ions are tightly bound to the ¥bions and at “high” pH values (i.e., pH> 6) .5 For example, at pk:
coordination unsaturation space is not available ofi"¥tr
BNPP substrate binding for further hydrolysis. A similar (58) Zheng, ZJ. Chem. Soc., Chem. Comma001, 2521-2529.

argument was also presented forl€aomplexe$°51570n (59) WWang. R.; Carduccl, M. D.; Zheng, Horg. Chem2000 39, 1836~

(60) Zheng, X.-J.; Jin, L.-P.; Gao, $iorg. Chem2004 43, 1600-1602.

(57) Deck, K. M.; Tseng, T. A.; Burstyn, J. Nnorg. Chem.2002 41, (61) Wang, R.; Zheng, Z.; Jin, T.; Staples,Agew. Chem., Int. EA999
669-677. 38, 1813-1815.
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13, K[(EDTA)Er(u-OH),Er(EDTA)] has been isolated from  complexes as artificial nucleases and ribonucleases, such as
a reaction mixture of Na[Er(EDTA)(¥D),] and KOH>® The (1) relatively faster BNPP hydrolysis rates promoted by
core component of the dinuclear Er(HEDTA complex is EuDO2A" at high pH, (2) a different trend of LnDO2A
exactly the abovementioned inactive dimer form (Scheme promoted BNPP hydrolysis reaction rates (as compared to
4). The fact that the hydroxo-bridged Er(HEDTA forma- free lanthanide salt solutions), (3) variation of lanthanide
tion requires higher pH indicates that the intermediate is the hydrolysis (K, values upon complexation, and (4) possible
formation of [Er(EDTA)(HO)(OH)~ and the [, of the dimeric or higher-order lanthanide metal ion cluster involve-
negatively charged [Er(EDTA)(#D),] " is probably close o ment in BNPP hydrolysis at high pH, all warrant more
12-13. (Note that the respectivékpvalues for EUEDTA detailed studies. In addition, this study also reveals that, with
and YDEDTA™ are 12.48 and 12°8) All of these are  yhe exception of the crystal structures, the equilibrium as
consistent with what we have discussed so far. MOreover, \ q|| a5 the kinetics of hydroxo-bridged lanthanide complex
macrocyclic ligands with certain steric controls might add ¢,,s4er formation has not been carefully studied. We are in

E%n;ﬁer?i\:lgl d?j'%?t.gé”é??r?éorgz cl)tl'qn t?:nt%r;):\s:j??c?nr?lﬁgl eosr the process of obtaining more data to answer the above-
! cal propert uting Id€ COMPIEXES, 1 entioned questions, and further details will be reported
such as faster water exchange rates for magnetic resonance

; . C o ) soon.
imaging contrast agent applicati6hsor various cluster
formation structures for phosphate ester bond hydrolysis. In
fact, studies involving [Ln(NO2A)] (where Ln= Eu(lll)

and Yb(lll) and NO2A= 1,7-dicarboxymethyl-1,4,7-triaza-
cyclononane) reveal both similar and different BNPP hy-
drolysis rate behaviors as compared with [Ln(DOZA}Nd Supporting Information Available: Plots of the observed rate

the results Wi”, be reported at allater stége: ) constants vs [NaOH] and pH, respectively, for BNPP hydrolysis.
Future Studies. The observations and discussions pre- this material is available free of charge via the Internet at

sented by this initial publication on macrocyclic lanthanide htp://pubs.acs.org.

Acknowledgment. We wish to thank the National Sci-
ence Council of the Republic of China (Taiwan) for financial
support (Grant No. NSC-93-2113-M-009-004) of this work.

(62) Southwood-Jones, R. V.; Merbach, A. IBorg. Chim. Actal97§ 1C0485458
30, 77—-82.
(63) Congreve, A.; Parker, D.; Gianolio, E.; Botta, M Chem. Soc., Dalton
Trans.2004 1441-1445. (64) Chang, C. A.; Lin, J.-J. Unpublished results.

6654 Inorganic Chemistry, Vol. 44, No. 19, 2005





