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The anion of 4-imidazolecarboxylic acid (HL) stabilizes hydroxo complexes of trivalent lanthanides of the type
ML(OH)* (M = La, Pr) and M,L,(OH)s—, (M = La, n=2; M = Pr, n = 2, 3; M = Nd, Eu, Dy, n = 1-3).
Compositions and stability constants of the complexes have been determined by potentiometric titrations.
Spectrophotometric and *H NMR titrations with Nd(lll) support the reaction model for the formation of hydroxo
complexes proposed on the basis of potentiometric results. Kinetics of the hydrolysis of two phosphate diesters,
bis(4-nitrophenyl) phosphate (BNPP) and 2-hydroxypropyl 4-nitrophenyl phosphate (HPNPP), and a triester,
4-nitrophenyl diphenyl phosphate (NPDPP), in the presence of hydroxo complexes of five lanthanides were studied
as a function of pH and metal and ligand concentrations. With all lanthanides and all substrates, complexes with
the smallest n, that is M,L,(OH), for La and Pr and M,L(OH)s for Nd, Eu, and Dy, exhibited the highest catalytic
activity. Strong inhibitory effects by simple anions (CI~, NO3~, (Et0),PO,~, AcO~) were observed indicating high
affinity of neutral hydroxo complexes toward anionic species. The catalytic activity decreased in the order La >
Pr > Nd > Eu > Dy for both diester substrates and was practically independent of the nature of cation for a triester
substrate. The efficiency of catalysis, expressed as the ratio of the second-order rate constant for the ester cleavage
by the hydroxo complex to the second-order rate constant for the alkaline hydrolysis of the respective substrate,
varied from ca. 1 for NPDPP to 102 for HPNPP and to 10° for BNPP. The proposed mechanism of catalytic
hydrolysis involves reversible bridging complexation of a phosphodiester to the binuclear active species followed
by attack on the phosphoryl group by bridging hydroxide (BNPP) or by the alkoxide group of the deprotonated
substrate (HPNPP).

Introduction active hydroxo complexes. This problem is common for

. . , catalysts based on hydroxo complexes of any metal but is
There is much current interest in the development of more especially difficult with lanthanides. Transition metal ions

efficient catalysts for the hydrolysis of phosphate esters of ¢,y staple complexes with neutral polyamine ligands, which
differe_:nt typesl._Hydroxo complexes of trivalent Ianthan_ides do not reduce the total positive charge of the ion and
constitute an important group of such catalystSheir  yherefore do not affect its electrophilicity but do prevent the
development depends critically on the use of appropriate pyqyoxide precipitation. Moreover, the electrophilicity of e.g.
stablllz!ng ligands, which mus_t prevent precipitation of_metal Zn(Il) complexes with azomacrocycles is even higher than
hydroxide and at the same time allow for the formation of 4t of the aquo iof Trivalent lanthanides do not form stable
complexes with such ligands and require the presence of
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activity. Already in the first systematic studies of lanthanide To overcome this problem we tested several less basic
catalysis in phosphodiester hydrolysis, additions of anionic structurally similar ligands and obtained satisfactory results
ligands were found to produce inhibitory effeétdowever, with 4- and 2-imidazolecarboxylic acids (ICA). This paper
it was demonstrated later that the attachment of carboxyl reports the speciation and kinetics of catalytic hydrolysis of
groups to an azamacrocyclic ligand increased the phosphodiphosphate esters of different types with ICA complexes of
esterolytic activity of Eu(lll) complexes, although the type five lanthanide cations.
of active species was not identifi€dRecent more detailed It is worth to mention that recently a multitude of
studies with lanthanide complexes of macrocyclic ligands structurally characterized in solid state polynuclear lanthanide
with attached carboxyl groups show that a high activity may hydroxo complexes stabilized by simple ligands (often a
be achieved by rising pH above 1@pparently, a strongly  naturalo-amino acid) have been prepared via the so-called
basic medium is required to induce the formation of active ligand-controlled hydrolysis procedufe!! At least partial
hydroxo complexes even in the presence of an anionic ligand,motivation for these studies was the design of potentially
but the type of reactive species again remained unidentified active artificial phosphoesteras€@dut no catalytic activity
and only lower, poorly active hydroxo complexes predomi- with these complexes has been reported so far. On the other
nating in pH range 89 were detected. hand, for many catalytically active lanthanide systems the
Recently we reported a very high phosphodiesterolytic composition of solution hydroxo species remained unidenti-
activity of La(lll) hydroxo complexes stabilized by anions fied due to well-known experimental difficulties of slow
of simple a-amino acids such as glycine dbiN-dimethyl- equilibration and easy precipitation of metal hydroxides.
glycine at pH about 9 attributed to neutral binuclear species Using ICA as a stabilizing ligand allowed us to perform
of the composition L# »(OH),.2 These as well as the afore-  potentiometric titrations in a wide range of pH values at metal
mentioned results indicate that lanthanide complexes of concentrations similar to those employed in kinetic experi-
anionic carboxylate ligands may still possess high catalytic ments and to obtain more detailed and reliable speciation
activity provided the ligand structure allows formation of results than it was possible previously with other simple
hydroxo complexes at reasonably low pH valtiemwever, nonmacrocyclic ligands.
the reportedisystem suffered from low stability which made  Although trivalent lanthanides were reported to be efficient
virtually impossible a more detailed study. The problem is catalysts for the hydrolysis of phosphate esters of different
that due to the high o, values of zwitterions, e.g. 9.6 for  types? the substrate specificity of lanthanide catalysis with
glycine, such ligands remain largely protonated in the pH g3 given active species has not yet been investigated and this
range 8-9 where catalytically active hydroxo species are s one of the aspects of this study. Model substrates typically
formed and therefore cannot efficiently bind the metal ion. employed for kinetic studies and used in this paper are two

- - — - diesters, bis(4-nitrophenyl) phosphate (BNPP, a model for
(4) Choppin, G. R. InLanthanide Probes in Life, Chemical and Earth . .
SciencesBiinzli, J.-C. G., Choppin, G. R., Eds.: Elsevier: Amsterdam, DNA hydrolysis) and 2-hydroxypropyl 4-nitrophenyl phos-
1989; p 1. phate (HPNPP, a model for RNA hydrolysis), and a triester,

®) fgggeggeiﬂéj*RammO'J"HemCh*mgeW' Chem., Int. Bd. Bngl. 4 _nitrophenyl diphenyl phosphate (NPDPP, a model for
(6) Roigk, A.; Yescheulova, O. V.; Fedorov, Y. V.; Fedorova, O. A.; hydrolysis of toxic phosphates). Scheme 1 shows their
Gromov, S. P.; Schneider, H.-Qrg. Lett.1999 1, 833. hemical structur nd illustrat nerall ted mech-
(7) Chang, C. A.; Wu, B. H.; Kuan, B. YInorg. Chem 2005 44, 6646. chemical structures and illustrates generally accep ed mec
(8) Medrano, F.; Caldém A.; Yatsimirsky, A. K.Chem. Commur2003

1968. (10) (a) Zheng, ZChem. Commur2001, 2421. (b) Wang, R.; Liu, H.;
(9) Other lanthanideamino acid catalytic systems: (a) Torres, J.; Brusoni, Carducci, M. D.; Jin, T.; Zheng, C.; Zheng, Forg. Chem.2001,

M.; Peluffo, F.; Kremer, C.; Dofmguez, S.; Mederos, A.; Kremer, 40, 2743.

E. Inorg. Chim. Acta2005 358 3320. (b) Cald€eno, A.; Yatsimirsky, (11) (a) Xu, G.; Wang, Z.-M.; He, Z,; Lu, Z,; Liao, C.-S.; Yan, C.dHorg.

A. K. Inorg. Chim. Acta2004 357, 3483. (c) Kalesse, M.; Loos, A. Chem.2002 41, 6802. (b) MaheN.; Guillou, O.; Daiguebonne, C.;

Bioorg. Med. Chem. Letll996 6, 2063. (d) Branum, M. E.; Que, L., Gerault, Y.; Caneschi, A.; Sangregorio, C.; Chane-Ching, J. Y.; Car,

Jr.J. Biol. Inorg. Chem1999 4, 593. P. E.; Roisnel, Tlnorg. Chem 2005 44, 7743.
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anisms of catalysis by metal hydroxo complexes. Mecha- The overall formation constants of monohydroxo species of
nisms of hydrolysis of BNPP and NPDPP are similar and lanthanides and their respective dimers were taken from the
involve the nucleophilic attack of a presumably coordinated literature!*??log f(LaOH) = —9.06, log(La;OH) = —17.4; log
hydroxide anion on the metal-bound phosphoryl group f(Prﬂo(S()j:OQS)BQ |Olg§(9F’rleI-éng=c—)&|f)3-5: |Ogﬁ3(l\:d0[|;|()D=6§j45,
Scheme 1a,b), but the cleavage of HPNP proceeds as ar°d P\V%OM2) = —13.9, 10gSLEUDM) = 6.5, 10g SLUYOH) =
( ) g P —8.12. Species distribution diagrams were calculated by k¥ §S

intramolecular transesterification, Scheme 1c. The absence2000 softwaré!® (Hyperquad Simulation and Speciatjoand

of general base C"’_‘ta'YS'S even with a vgry strpng plp.er'lghne Species ver. 0.8 (Academic Software 1999), by D. L. Pettit.
base (. 11.12) indicates a mechanism with an initial 4 herchemver. 7.5, was used for molecular modeling (molecular
equilibrium deprotonation of the 2-hydroxy grotflSuch a  mechanics AMBER and semiempirical PM3 calculations).
mechanism operates also in catalytic hydrolysis of HPNPP  inetics. Kinetic measurements were performed on a Hewlett-
by Zn(ll) hydroxo complexe$¥'4Apparently the mechanistic  Packard 8453 diode array spectrophotometer equipped with a
differences mentioned above may lead to certain substratethermostated cell compartment (recirculating water He@kil °C).
specificity of lanthanide catalysis with esters of different Reaction solutions were prepared by combining appropriate amounts

types. of metal and ligand stock solutions to the desired volume, and pH
was adjusted by adding small volumes of strong acid or base
Experimental Section solutions as necessary. Reactions were initiated by adding an aliquot

of the substrate solution.

Materials. Bis(4-nitrophenyl) phosphate (Aldrich) was recrystal- The course of BNPP, HPNPP, and NPDPP cleavage was
lized from ethanot-water. 2-Hydroxypropyl 4-nitrophenyl phos-  monitored spectrophotometrically by the appearance of 4-nitrophe-
phate and 4-nitrophenyl diphenyl phosphate were prepared accordng|ate anion at 400 nm. Stock solutions of BNPP and HPNPP were
ing to literature procedure$:**Diethyl phosphate was synthesized  freshly prepared in water. Stock solutions of NPDPP were prepared
by controlled hydrolysis of triethyl phosphate and isolated as the jp dry acetonitrile. Kinetic measurements used; 4@ substrate
barium salt, Ba((EtQPQ,),, as described in ref 16 and then  and varying concentrations of metal salts and 4-ICA, in 10 mM
recrystallized from ethanelwater. 4-Imidazolecarboxylic acid  TR|S-HCI buffer at 25°C. The total chloride concentration was
(Aldrich), Tris base [tris(hydroxymethyl)aminomethane, Sigmal, kept constant at 10 mM by adding the required amounts of NaCl.
sodium salts (NaCl, NaN9and NaAcO, Aldrich), methylamine  The observed first-order rate constanks,d were calculated by
as 40 wt % aqueous solution, and reagent grade lanthanide(lll) the integral method from at least 90% conversion or from initial
perchlorates as 40 wt % aqueous solutions all from Aldrich were rates for slow reactions. The second-order rate constants for the
used as supplied. The concentration of methylamine in standardcleavage of substrates by active hydroxo complexes were calculated
solutions, 0.+0.15 M, was determined by titration against standard py inear regression from the plots ks Vs species concentration.
HCI solutions. The concentration of metal ions in stock solutions | a1l cases the correlation coefficients were better than 0.97.
was determined by titration with ethylenediaminetetraacetic acid  NvR Spectroscopy.!H NMR spectra were recorded on a Varian
with Xylenol Orange as indicator. Distilled and deionized water Gemini 300 NMR spectrometer in.D.

(Barnstead Nanopure system) was used.
Potentiometry. Potentiometric titrations were performed by Results and Discussion

following general recommendatio®&All titrations were performed o -

in a 50-mL thermostated cell kept under nitrogen ati2b.1 °C. Composition and Stability of Hydroxo Complexes.

The initial volume of titrating solution was 25 mL. The ionic Composition and formation constants for hydroxo complexes

strength was kept constant with 0.05 M NaCl. Measurements of of lanthanide with ICA as the stabilizing ligand were

pH were carried out using an Orion model 710-A research digital determined by potentiometric titrations. We observed im-

pH meter while the titrant solution was added to the system in small proved system stability and better reproducibility of pH

increments. The details of electrode calibration were described readings when methylamine was used instead of NaOH as a

previously:® The experimental determinetpvalues for MeNH* base probably because of the avoidance of local sharp boosts

and 4-ICA were 10.6% 0.03 (literature value 10.64 at 2& and 1y groxide concentration. Methylamine does not form any

(zjero lonic strengt#f) and 6.23+ 0.03 (reported K, = 6.08 was o0 raple complexes with trivalent lanthanides in water and
etermined in 23.3% ethanol at 3Q).2° Titrations of 4-ICA and . N

its mixtures with lanthanide salts were performed in the concentra- therefor_e_does not affect the Sp_eCIes d'Str'bUt'_on' _For Nd-

tion range +-6 mM of each component; 0.2 equiv of NaoH/mol  (/Il) additional spectrophotometric anitH NMR ftitrations

of 4-ICA was always added to stock solution to form the 4-ICA Were performed. Results obtained with both isomers of ICA

anion and enhance solubility. The progratYyPERQUAD 2003 were very much similar. Therefore, in the following experi-

version 3.0.52! was used to calculate all equilibrium constants. ments only one isomer, i.e., 4-ICA, was employed.

Titrations of free ligand and its mixtures with lanthanides

(12) Brown, D. M.; Usher, D. AJ. Chem. Soc1965 6558. at pH below 7 (not shown), where formation of hydroxo

(13) ggg%’o'\é'é'{é;’ral%é‘z.o” Richard, J. P.; Morrow, J. RAm. Chem. oy hiexes is negligible, allowed us to determiné palue

(14) Feng, G.; Mareque-Rivas, J. C.; Torres Nrarte Rosales, R.;  Of the ligand and stability constants of its binary complexes
Williams, N. H.J. Am. Chem. So@005 127, 13470. with lanthanides, summarized in Table 1. The basicity of

(15) Gulick, W. M., Jr.; Geske, D. Hl. Am. Chem. S0d.966 88, 2928.
(16) Kyogoku, Y.; litaka, Y.Acta Crystallogr.1966 21, 49.
(17) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability (21) (a) Gans, P.; Sabatini, A.; Vacca, Aalanta 1996 43, 1739. (b)

Constants2nd ed.; John Wiley & Sons: New York, 1992. Alderlghi, L.; Gans, P.; lenco, A.; Peters, D.; Sabatini, A.; Vacca, A.
(18) Gamez-Tagle, P.; Yatsimirsky, A. Kinorg. Chem.2001, 40, 3786. Coord. Chem. Re 1999 184, 311.
(19) Smith, R. M.; Martell, A. E.Critical Stability Constants Plenum (22) Rizkalla, E. N.; Choppin, G. R. Ikhandbook on the Physics and
Press: New York, 1976; Vols.-24. Chemistry of Rare EarthsGschneider, K. A., Jr., Eyring, L., Eds.;
(20) Cowgill, R. W.; Clark, W. M.J. Biol. Chem.1952 198 33. Elsevier Science Publishers BV: Amsterdam, 1991; Vol. 15, p 393.
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Table 1. Logarithms of the Overall Formation Constants of Lanthanide Complexes with 4-ICA &€ 2&d lonic Strength 0.05 M

species constaht M = La(lll) M = Pr(lll) M = Nd(llI) M = Eu(lll) M = Dy(Ill)
LH pKa 6.23+ 0.03
ML P 3.84+ 0.09 4.20+ 0.06 4.22+ 0.05 4.440.1 4.46+ 0.02
ML B 7.1+0.2 7.62+ 0.06 7.72+ 0.08 8.0+ 0.2 8.08+ 0.01
ML3 B3 10.7 10.38+ 0.02 10.5+ 0.6 10.8
ML(OH) P11 -5.1+0.3 —4.6+0.4
ML 3(OH); B23-3 -11.0+0.1 -9.84+0.3 —-7.940.6 -75+0.1
ML 2(OH), Par-a —25.74+0.1 —22.440.2 —21.8+0.2 —19.1+0.4 —19.3+0.2
ML (OH)s Pa1-s —33.4+03 —31.5+0.3 —31.8+0.1

aThe constants are mean values from at least three titrations at different total metal and ligand concentrations; L is the monoanio® Bbdri@#on

constants for hydroxo complex@s,n are defined in accordance with eqs4.
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Figure 1. Titration curves for the mixtures of 3 mM 4-ICA and 2 mM
lanthanide perchlorate with 0.13 M MeNHs a base starting from the point
of complete neutralizaiton of 4-ICAa is the number of moles of MeNH

10.5 1

10.0

9.5

8.5
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a
Figure 2. Titration curve for the mixture of 6 mM 4-ICA and 2 mM

La(lll) perchlorate. The dashed line shows the best fit for a model involving
only one hydroxo complex ML(OH) and the solid line shows the fitting

added per 1 mol of the metal ion. Solid lines are the fitting curves generated for a model involving ML(OH) and ML(OH)" complexes.

by HYPERQUAD in accordance with equilibrium constants given in
Table 1.

4-1CAis ca. 3 orders of magnitude lower than that of natural

o-amino acids. Nevertheless this ligand forms even more
stable complexes with trivalent lanthanides: for comparison

logh: = 3.1, 3.26 and 3.6 for complexes of La(lll), Nd(l1I)
and Dy(l11) with glycine? As a result the degree of complex
formation with ICA in basic solutions becomes big enough
to allow one to perform titration experiments up to high pH

values without a significant excess of the ligand. The values

of logB; and log; increase as expected on going from La-
(111 to heavier, more acid cations. The values of flegre

less accurate and do not show a clear tendency probably du

to larger errors of determination.
Figure 1 shows a set of typical titration curves obtained
for mixtures of lanthanides with 4-ICA taken at molar ratio

M:L = 2:3 at pH above 7. Under these conditions the ligand
is already completely deprotonated and the consumption of
added base is due only to the formation of hydroxo species.

A gualitative inspection of the curves shows that on going
from La(lll) to Dy(lll) the stability of hydroxo complexes

increases (the curves are progressively shifted to lower pH

values) but even with Dy(lll) there is no clear upward break

(23) Smith, R. M.; Martell, A. E.Critical Stability ConstantsPlenum
Press: New York, 1989; Vol. 6, p 1.

in pH at the end of titration expected in a case of formation
of a single hydroxo complex. Instead one observes a short
plateau range followed by a faster increase in pH in a wide
interval ofa values & is the molar ratio of total added base
to total metal) from 1.5 to 2.5. Apparently there is a set of
complexes of different stoichiometries formed consecutively
on addition of base.

A preliminary analysis of the titration results was per-
formed by examination of the pH-dependence of the Bjerrum
functionhdefined as the average number of hydroxo anions
bound per mole of the metal ion detailed in Supporting

énformation. Figures 1S and 2S (Supporting Information)

shows the respective plots for different metals and at different
metal-to-ligand molar ratios. It follows from this analysis
that for La(lll) and Pr(lll) the expected composition of
hydroxo complexes ML|(OH), is such thatl:m ratio is
constant and low, probably unity, and then ratio is 2 or
lower, but for lanthanides of bigger atomic numberslthe
ratio is variable decreasing on increasing ltha ratio which

has a limiting value of 2.5. Titration results for La(lll) were
fitted first to a simple model which involves just one hydroxo
complex ML(OH)». An example of such fit is shown in
Figure 2, dashed line. The theoretically calculated curve
passes fairly close to the experimental points, but shows a
significant deviation to higher pH values at lcavwalues.

Inorganic Chemistry, Vol. 45, No. 23, 2006 9505
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illustrates this situation. An increase in the slope of the
titration curve ata = 1.5 suggests the presence of an addi-
tional complex of an intermediate composition M:GH2:3.
Indeed inclusion of ML3(OH); complex in the reaction
model allowed us to obtain a perfect fit of the titration results
(Figure 3, solid line). Besides of M3(OH); a set of
complexes of composition p,(OH); with | = 2—4 was
tested and the complex with= 3 was chosen on basis of a
better statistics.

Titration results for Nd(lll), Eu(lll) and Dy(lll) were
significantly different from those for La(lll) and Pr(lll). The
following procedure was applied to find the best reaction
model. First the composition of the highest hydroxo complex
was established from titration results at the lowest possible
ligand concentration. For all three metals under such condi-
Tt tions we observed the predominant formation of a single

00 05 10 15 20 25 30 35 hydroxo complex ML(OH)s. Then in titrations with increas-

a ing ligand concentrations additional binuclear complexes

Figure 3. Titration curve for the mixture of 3 mM 4-ICA and 2 mM - . :
Pr(1l1) perchlorate. The dashed line shows the best fit for a model involving were included with smaller number of hydroxo “gands and

two hydroxo complexes ML.»(OH), and ML(OH)", and the solid line shows Iarger number of 4-ICA Iigands. In all cases the best fit was
the fitting for a model involving additional ML3(OH)s complex. obtained after the inclusion of only two additional complexes
This indicates the presence of another hydroxo complex with ©f compositions ML>(OH), and MLs(OH)s which were
lower h:m ratio. Indeed, inclusion of the monohydroxo ©bserved also for Pr(lll).
species ML(OH) in the reaction scheme greatly improves Figure 4 illustrates the procedure with results for Eu(lll)
the fitting quality, Figure 2, solid line. Since hydroxide often as an example. The titration curve for 2 mM 4-ICA in the
serves as a bridging ligand we also tested the possiblepresence of 3 mM Eu(lll), Figure 4A, can be satisfactorily
involvement of the respective binuclear complexes and found fitted to just one equilibrium of formation of a single hydroxo
that the fitting quality to a model involving a combination complex ML(OH)s. The shape of the titration curve under
of ML(OH) and M,L,(OH), species was somewhat better these conditions is very sensitive to the stoichiometry of the
than to a model involving only mononuclear species (Table complex. Dash line and short dash line show the best fitting
1S in Supporting Information lists the sigma values for curves for models assuming complex stoichiometries altered
fittings to both models). by just one 4-ICA ligand (ML2(OH)s) or one hydroxide
Fitting of the results for Pr(lll) to the same model as for (M,L(OH),), respectively. Figure 4B shows the titration
La(lll) was not satisfactory. The dashed line in Figure 3 curve for a mixture of 2 mM Eu(lll) and 3 mM 4-ICA, that

10.0
10.0
9.5
9.5
9.0
9.0
8.5
- T 85
Q. Qo
8.0
8.0 -
7.5
7.5
7.0
7.0
6.5 -1 . ' . . . .
0 1 2 3
a a
A B

Figure 4. (A) Titration curve for the mixture of 2 mM 4-ICA and 3 mM Eu(lll) perchlorate. The solid line shows the fitting for a model involving only
the MpL(OH)s complex, the dashed line shows the fitting for a model involving onp ¥OH)s complex, and the short dashed line shows the fitting for
a model involving only the ML(OH)4 complex. (B) Titration curve for the mixture of 3 mM 4-ICA and 2 mM Eu(lll) perchlorate. The dashed line shows
the best fit for a model involving only the M(OH)s complex, the short dashed line shows the fitting foLf®H)s and ML(OH), complexes, and the solid
line shows the fitting for a model involving M(OH)s and ML »(OH)s complexes.
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Figure 5. Absorption spectra of a mixture of 2 mM Nd(lll) perchlorate and 2 mM 4-ICA in the hypersensitive region at increased pH values. The cuvette
path length is 5 cm.

is under conditions of an excess of the ligand. The dash line lanthanide complexes of 4-ICA was obtained from -t\'s
is the best fitting curve for a model with a singlelMOH)s and NMR titrations of Nd(lll) system.
complex and it clearly passes below the experimental curve We chose Nd(lll) for spectroscopic studies because this
indicating the consumption of a smaller amount of hydroxide. cation possesses a so-called hypersensitive absorption band
The short dash line shows the fitting results for a model in the range 576595 nm, which undergoes relatively strong
involving also a dihydroxo complex ML(OH)The simulated ~ changes on coordination with different donor atgihs® The
fitting curve passes much closer to the experimental points, substitution of coordinated water molecules by different
but is steeper at lower pH than the experimental curve. This donor atoms leads to an increase in the oscillator strength
reflexes a more rapid consumption of hydroxide, usually (f) calculated by integration of the absorption b&hé:2"The
related to the formation of polynuclear complexes. Indeed, carboxylate group produces the smallest effect, and groups
the model which involves a dimeric binuclear specieg M with nitrogen donor atoms produce the largest increasge in
(OH), together with the previously established,INOH)s Hydroxide ion has an intermediate effect. Although the
complex allows one to obtain a nearly perfect fit shown by additivity of effects from several groups was not specially
the solid line in Figure 4B. Fitting to the model which also tested, it has been proposed thaglue should be propor-
involves the trihydroxo complex BbL3(OH); observed for  tional to the number of donor atoms of ligands substituting
Pr(l11), does not look visually different and therefore is not water in the coordination sphere of the cattéA’
shown in Figure 4B, but statistical parameters of the fitting, = Figure 5 shows the absorption spectra of Nd(lll) in the
especially at higher ligand concentrations were significantly presence of an excess of 4-ICA within the hypersensitive
better for such an extended model. range as a function of pH. The spectrum at pH 3 practically
In conclusion, the analysis of potentiometric titration coincides with the spectrum of Nd(lll) aquo ion. Raising
results at pH above 7 indicates the following set of equilibria: the pH value from 3 to 7 is accompanied by an increase in
absorption and a small red shift of the maximum, Figure

M3 + L™ =ML(OH)" +H" (1) 5A. Further increase in pH above 7 produces a decrease in
absorbance and further more significant red shift of the
2M*" + 3L = M,L4(OH); + 3H" 2 maximum, Figure 5B.
Assuming that the principal effect is due to the presence
2M3 + 2L = M,L,(OH), + 4H" 3 of bound heterocyclic ligand nitrogen donor atoms and
hydroxide ions, we analyzed the results in terms of a possible
2M*" + L™ = M,L(OH); + 5H" (4) correlation between the relative oscillator strendffp, (vhere

Here L is the monoanion of 4-ICA. The fitting results for %) Fge%iiéDl'g%'; Fellows, R. L.; Choppin, R. Goord. Chem. Re

all titrations together with the respective statistical parameters (25) (a) Stephens, E. M.; Schoene, K.; Richardson, Ficgg. Chem1984
are given in Supporting Information Table 1S. The average 23,1641. (b) Stephens, E. M.; Davis, S.; Reid, M. F.; Richardson, F.

. . S. Inorg. Chem 1984 23, 4607.
values of the formation constants which correspond to (26) (a) Hancock, R. D.: Jackson, G.; Evers,JAChem. Soc., Dalton Trans.

equilibria (1)-(4) are given in Table 1. Stability of all ig;g %3%- (b) Birbaum, E. R.; Darnall, D. VBioinorg. Chem
hydroxo complexes inpreages as egpected on passing fron327) Yang, W.: Gao, J.: Kang, J.; Yang, W, Solution Chem1997, 26,
La(lll) to Dy(lll). Additional information on the nature of 105.
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20

the distance vector and the principal molecular axis of the
complex?® Although this assumption is valid only for axially
symmetric systems, it was argued that under conditions of
fast exchange between free and metal bound ligand, which
is fulfilled for simple amino acid ligands and lanthanide
cations, the averaging of the signal and the ligand position
allows one to consider the system as pseudosymmetrical and
the above equation still applié¥!

Figure 7 shows the results of pH titration of free 4-ICA
(solid squares) and the mixture of 2 mM 4-ICA with 2 mM
Nd(IIl) (open squares) in fD. The NMR spectrum of 4-ICA
consists of two singlets in the range-& ppm. Both signals
undergo a downfield shift on protonation of the N-3 nitrogen,
the magnitude of the shift being larger for the C-2 proton.
Fitting of the results for the free ligand (solid lines in Figure
10) to the eq 5 for the protonation equilibriu@y_ (and o,y
are the chemical shifts of anion and zwitterion of 4-ICA
respectively) givesig, = 6.3+ 0.2 in good agreement with
potentiometric titrations results in water.

1.8+

1.6+

04

My

1.4+

1.2+

1.0+

Figure 6. Relative oscillator strengtt/{g) of the hypersensitive band as

a function of pH superimposed with the average number of bound 4-ICA
(n.) and hydroxide ffon) anions. Inset: Correlation betwe#fy andn, at

pH below 7.3.

fo is the oscillator strength for aquo ion) and the average
number of 4-ICA anionsi{) and hydroxide ionsipy) bound
to Nd(lll). Figure 6 shows the plot dify vs pH superimposed

0= (0, + 0,4 (107PPIK))/(1 + 107 PPIK,) (5)

with curves fom, andnoun. There is a good linear correlation
betweenf/f, andn_ at pH below 7.3 where the fraction of
hydroxo complexes is negligible, as shown in the inset in
Figure 6. From the slope of the line in the inset, one can

In the presence of Nd(lll) in acid media both signals
undergo downfield shifts with respect to their positions in
the spectrum of protonated (zwitterionic) 4-ICA. On increas-
ing pH the signal of C-2 proton moves further downfield,

but the signal of C-5 proton moves in the opposite direction.

The relative oscillator strength for the Nd(DRA) complex At pH 7 the fraction of the anion of 4-ICA bound to Nd(lIl)
(DPA is the dianion of dipicolinic acid) is 22, which  reaches the maximum (90% from which 50% in Ndtlland
corresponds to the same increment by 37% for each nitroger0% in NdL;" species), but there are still less than 0.01%
atom. Further spectral changes shown in Figure 5B reflect of mixed hydroxide complexes. Under these conditions the
the formation of hydroxo complexes. A gradual decrease in Signal of C-2 proton appears shifted by 2.4 ppm downfield
absorption agrees with the expulsion of 4-ICA anions from and the signal of C-5 proton shifted by ca. 0.1 ppm upfield
the coordination sphere of the metal by hydroxide ligands, from their positions in the 4-ICA anion. A similar titration
as was concluded from potentiometric titrations. In most €xperiment with 2 mM 4-ICA in the presence of 2 mM La-
basic solutions the oscillator strength decreases by ap-(l!) showed only a small downfield shift for both protons
proximately 10% as compared to its value at pH 7, the by ca. 0.1 ppm versus their positions in the free anion
average number of bound 4-ICA anions decreases from 1.7apparently due to the inductive effect of the metal cation.
to 0.5, and the average number of bound Ghtreases from The inversion of the shift for C-5 proton indicates that at
0 to 2.4. This means that the effect of hydroxide is low pH some species should exist having a structure different
approximately half of the effect of 4-ICA. A similar from that at pH 7. We propose that at low pH a weak
conclusion follows also from the comparison of spectra of complex of Nd(lll) with the zwitterionic form of 4-ICA
Nd(ll) complexes with DPA or malate recorded at highfH. ~ (Chart 1) may contribute to the observed signal shift. In
The absorption spectra of Nd(lll) recorded in the presence accordance with the (3 cd®) — 1)ir® dependence, the
of an excess of the metal salt over 4-ICA (Figure 3SA, direction of the complexation-induced shift is a function of
Supporting Information) pass through an isosbestic point at the & angle: the positive shift is observed if the angle is
579 nm in accordance with expected formation of a single Smaller than 5§ and the negative shift, for angles between
hydroxo complex under these conditions. The plot of the 5 and 96. A molecular model of this complex was
absorbance at a given wavelength vs pH perfectly follows generated, and assuming the position of the principal axis
the calculated species distribution diagram (Figure 3SB, as indicated by the dash line, we found that #rengles are
Supporting Information). equal 23.9 and 9°2and distances from Nd(lll) are 5.31 and
TheH NMR spectra of amino acids bound to Nd(lIl) have 7.56 A for protons at C-5 and C-2, respectively. Thus for
been extensively studid.The analysis of complexation- this species both shifts should be positive and the shift for
induced shifts of the signals was usually performed on the
basis of a theoretically derived equation which predicts
that the magnitude and direction of the shift follow a
(3 cog 0 — 1)/r® dependence, wheres the distance of the
given proton from the metal ion ar@tlis the angle between

estimate that each nitrogen atom enhanced/they 37%.

(28) (a) Sherry, A. D.; Birnbaum, E. R.; Darnall, D. W. Biol. Chem.
1972 247, 3489. (b) Sherry, Yoshida, C.; A. D.; Birnbaum, E. R;
Darnall, D. W.J. Am. Chem. S0d.973 95, 3011. (c) Sherry, A. D.
J. Am. Chem. Sod.977 99, 5871. (d) Sherry, A. D.; Stark, C. A,;
Ascenso, J. R.; Geraldes, C. F. G.X.Chem. Soc., Dalton Trans.
1981, 2078.
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Figure 7. Chemical shifts of C-2 (A) and C-5 (B) protons of 4-ICA recorded at variable pD in a mixture of 2 mM 4-ICA and 2 mM Nd(lll) (open squares)
and for 4-ICA in the absence of added metal ion (solid squares). Dashed lines are drawn to visualize the tendency and are not the fitting cuness. Solid li
are the theoretical fitting curves to eq 5.

Chart 1 4-ICA anion and agrees with the reaction scheme assuming
NH' a decreased M:L ratio in complexes with increased number
of bound hydroxide ions.
Previously, we described the formation of a set of hydroxo

07 " Yo complexes of general composition,M(OH).f ", where L
e O i was Bis-Tris propane amvaried from 2 to 6 for the same
M‘\o}/“"' T\HOK' "|" series of lanthanide cations as those employed in this péper.
M..‘----F-'O"'.'.,M | H Mo, | | P, With 4-ICA as a stabilizing ligand we find now a similar
°|-| HO ——"OH HO OH .. .
M M set of complexes of general compositionlM(OH)s_, with
a b c the only difference that the number of bound ligand
molecules in this case is variable and decreases as the number
HO woll 2 of bound hydroxides increases. This difference is quite
¥ L "'uM/OH OH (o} . . . . .
HO7 o= " OH N M. logical because Bis-Tris propane is a neutral ligand but 4-ICA
/N —[ T /“MN - \ is an anion, which indeed may compete with hydroxo anions
< // o S % HO X for the coordination sphere of the metal ion. The fact that
N o we observe formation of mononuclear hydroxo complexes
only for La(lll) and Pr(lll) agrees with known higher
d © tendency of heavier cations to aggregafid@oncerning the

C-5 proton should be larger than that for C-2. The position perhaps most unusual pentahydroxo complexels(®H)s

of the axis in the 1:1 complex with 4-ICA anion is very it just one stabilizing ligand/two metal ions, it is worth

uncertain, but for the 1:2 complex one may consider the noting that we observed earlier the formation ofLNOH)s*

position of axis shown in Chart 1. The parameters obtained species with M= Y(IIl) and L = Bis-Tris propané® Also

by using the respective model afle= 79 and 28 andr = the formation of binuclear pentahydroxo ligand-free catalyti-

5.49 and 4.34 A for protons at C-5 and C-2, respectively. cally active species [€0H)s* and La(OMe)s* in wate?!

With these parameters the expected shift should be smallyng methanoi? respectively, has been previously reported.

and negative for the C-5 proton and large and positive for  possible structures of lanthanide hydroxo complexes

the C-2 proton, in accordance with results in Figure 7A,B. stapilized by 4-ICA may be discussed on the basis of several
In basic solutions above pH 7 complexes Ndland reported crystal structures of both hydroxo and amino acid

NdL," are transformed into hydroxo complexes with a |anthanide complexes. The majority of structurally character-
simultaneous increase in the concentration of the free 4-ICA.

This should move the signal closer to the position observed (29) ﬁgvevs\y(;-k':-ig%; Mesmer, R. Ehe Hydrolysis of Cationswiley:

for free ligand under conditions of a fast exchange between (30) Ganez-Tagle, P.; Yatsimirsky, A. KJ. Chem. Soc., Dalton Trans.
free and bound ligand. Indeed, such a trend more clearly . 2001, 2663. casald Ceni Chem. Sod9
seen for the C-2 proton is observed in Figure 7. Thus the G gguggf' P.i Takasaki, B. K.; Chin, J. Am. Chem. Sod996 118

NMR titration confirms the bidentate N,O-coordination of (32) Neverov, A. A.; Brown, R. Slnorg. Chem.2001, 40, 3588.
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Scheme 2

ized lanthanide hydroxo complexes have a M:OH ratio 1:1.
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substrate. As a first step the reactivity was studied as a
function of pH at fixed metal and ligand concentrations to
correlate the ratepH profiles with species distribution
diagrams and to identify the reactive species. Figure-BA
show pH profiles of observed first-order rate constakiig)(

for the hydrolysis of BNPP by 2 mM metal ion in the
presence of 2 mM 4-ICA superimposed with the species
distribution diagrams. Obviously the most reactive species
for any metal is always the highest hydroxo complex. For
La(lll) and Pr(lll) the reactivity can be attributed to,M-
(OH), complexes and for Nd(lll) and Eu(lll) to BL(OH)s
complexes, respectively. For Dy(lll) there is also a noticeable

A structural motif often encountered in these compounds contripution from lower hydroxo complexes.

involves the planar four-membered ring with both hydroxides

The fact that the reactivity tracks the pH profile for a

as bridging ligands shown in Scheme 2. Binuclear complexes g rtain species means that tkgs is proportional to the

of the composition M(OH),*" in watef® as well as M-
(MeO)*" in methanol? were reported on the basis of titration

concentration of a given species. This is illustrated for Nd-
() in Figure 9, wherekqys values are plotted vs the

results for many lanthanides, and they probably possessca|culated concentration of the MdOH)s complex at each

similar structures. Another common structure involves tetra-

nuclear complexes with a cuboidlike core 4(@H)2",
Scheme 29 However, as will be shown below, catalytically

pH (solid squares).
The situation however is not as simple as it seems from
these results. When a simillg,s vs pH plot was obtained

active forms are higher hydroxo complexes with M:OH ratios again for 2 mM Nd(IIl) but with 4 mM 4-ICA, it showed
1:2 or 1:2.5. There are several examples of complexes of 3qain a perfect correlation with the distribution curve for

this type structurally characterized in the solid state including
E(OH)4(OOCGH,C00) 3 My(OH)4(COs), and M(OH)-

(NO3).2* All these compounds have polymeric or layered
structures in which all hydroxide ligands are bridging the

Nd,L(OH)s complexes, but the values &f,s at the given
complex concentration were significantly lower (Figure 9,
open squares). Similar results were obtained with all cations
studied. We see therefore that the reaction kinetics is first-

metal centers. In many cases, each pair of lanthanide cationg,;qer in the highest hydroxo complex, but there is also an

is bridged by two hydroxide ions, but in the structure ofEu
(OH)4(OOCGH4COO) a triply bridged fragment M(OHW
also exists.

inhibitory effect of the excess of the ligand.
Further kinetic studies involved measurementk{ at
fixed pH but at variable metal and ligand concentrations.

Reported crystal structures of lanthanide complexes with ojj cations behaved similarly. The results for Nd(lll) at pH

amino acids mainly involve zwitterions as the ligaritls.

Interestingly, the amino group remains protonated even in

some hydroxo complexes possessing (M)~ core,
Scheme 2° Of course, conservation of protonated amino

group in the presence of coordinated hydroxide occurs

because of high basicity of this group in natural amino acids.

9 are shown in Figure 10 as an illustration. Two types of
experiments were performed: simultaneous variation in metal
and ligand concentrations taken at a constant molar ratio;
variation in metal concentration in the presence of fixed
concentration of the ligand taken in an excess. Figure 10A
shows the results for both types of experiments. Solid

Chelate N,O coordination expected for much less basic yjzngjes and open squares correspond to results obtained at

4-ICA was observed in complexes witlyN-bis(hydroxy-
ethyl)glyciné® or EDTA.%2 An unusual coordination mode
was observed in the complex N.as(us-OH)4(EDTA),]-
(ClOy)-1%2 with one of carboxylate groups of EDTA acting
as a bridge between two La(lll) ions of a cuboid structure.
This coordination mode could explain the ability of 4-ICA
to serve as a sole stabilizing ligand for binucleal KOH)s
species, as shown in Scheme 2. For the tetrahydrojo-M
(OH), complex a symmetrical structure shown in Scheme 2
seems to be the most appropriate.

Kinetics of the Catalytic Hydrolyses.Most of the kinetic
studies in this work were performed using BNPP as the

(33) Serre, C.; Millange, F.; Marrot, J.; f&g, G.Chem. Mater2002, 14,
2409.

(34) Wickleder, M. SChem. Re. 2002 102, 2011.

(35) Kremer, C.; Torres, J.; Domguez, S.; Mederos, ACoord. Chem.
Rev. 2005 249 567.

(36) (a) Inomata, Y.; Takei, T.; Howell, F. $norg. Chim. Acta2001,
318 201. (b) Messimeri, A.; Raptopoulou, C. P.; Nastopoulos, V.;
Terzis, A.; Perlepes, S. P.; Papadimitrioui@rg. Chim. Acta2002
336, 8.
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fixed 4-1ICA:Nd(IIl) molar ratios 1:1 and 1.5:1, respectively.
Both dependences are roughly linear with some tendency to
“saturation”. Solid squares correspond to results obtained at
fixed 6 mM 4-ICA and variable Nd(lll). This plot is
obviously nonlinear. The solid line corresponds to a quadratic
dependence.

These plots cannot be interpreted directly in terms of a
reaction order because the concentration of active species is
not a linear function of total metal and ligand concentrations.
In Figure 10B all these results are replotted showkfigas
a function of [NdL(OH)s] calculated in each point in
accordance with stability constants given in Table 1. The
plots are linear now, but their slopes are smaller in reaction
series obtained with higher 4-ICA concentrations. The slope
for the 1:1 mixture (solid triangles) is very close to the slope
of the plot in Figure 9 (solid squares) obtained also for the
1:1 mixture but at variable pH. The slope for results obtained
with 6 mM 4-ICA is close to that of the plot in Figure 9
(open squares) obtained for the 2:1 metal-to-ligand mixture
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Figure 8. Observed first-order rate constants for the hydrolysis of BNPP by different metals in the presence of 2 mM lanthanide cation and 2 mM 4-ICA
at variable pH. Dashed curves show the species distribution in mole % of the metal given on the right axis. The solid line in (E) is the theoretical profil
calculated with eq 8 and rate constants given in text.

at variable pH. The last point from this series obtained with 9. The strong observed inhibitory effedi,{s decreases 30

5 mM Nd(lll) is actually closer to the line for the 1:1 mixture. times on going from 1 mM to 6 mM 4-ICA) is principally
The results of experiments with variable metal and ligand due to the shift in the species distribution (the fraction of

concentrations confirm the first-order kinetics in the respect Nd,L(OH)s complex decreases from 93% to 11%), but there

of Nd,L(OH)s complex, but they also clearly show the is also an additional approximately 3-fold inhibitory effect.

existence of an inhibitory effect of the ligand. Figure 11 The open squares show the second-order rate constants

(solid squares) shows the effect of 4-ICA concentration on calculated as the ratidpd[Nd,L(OH)s], which tend to

the reaction rate at fixed Nd(lll) concentration and fixed pH “saturate” at increased 4-ICA concentrations at a level

Inorganic Chemistry, Vol. 45, No. 23, 2006 9511
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0.0014

Formal extrapolation of the second-order rate constants
obtained under different conditions with the more extensively
studied Nd(Ill) to zero ligand concentration showed that
results obtained with 1:1 metal-to-ligand ratio give a rate
constant which is just 20% lower than the extrapolated one
for the zero ligand concentration. Therefore, we consider the
second-order rate constants obtained under these conditions
as reasonably close estimates of the true rate constants for
the respective active species. Figure 12 showk,glValues
obtained at M:L ratio 1:1 for all lanthanides studied (results
for Dy(lll) are corrected for the contribution of Dy(OH)
as described below) plotted vs calculated concentrations of
the active species: M (OH), for La(lll) and Pr(lll) and
M,L(OH)s for Eu(lll) and Dy(lll). The slopes of these plots
0.0000 — and the slope of the respective plot for Nd(lll) (Figure 9,
00 02 04 06 08 10 solid squares) are regarded as the second-order rate constants
[NG,LOH], mM for the cleavage of BNPP by the respective hydroxo

Figure 9. Observed first-order rate constants for the hydrolysis of BNPP complexes in accordance with eqs 6 and 7.

by 2 mM Nd(lll) in the presence of 2 mM (solid squares) and 4 mM (open

squares) 4-ICA at variable pH plotted vs the calculated concentration of — —

Nd,L(OH)s species. kobs I(24['\/I 2L2(OH)4] M La- Pr (6)

0.0012

0.0010 4

0.0008

K
kohs’ S

0.0006 —

0.0004

0.0002

approximately three times lower than the maximum value Kons = ko ML(OH)sl M = Nd, Eu )
observed at small ligand concentrations. We were unable to  1he situation with Dy(Ill) was more complex. Results in
quantify this inhibitory effect. Evidently the anion of 4-ICA Figure 8E clearly show that for this cation lower hydroxo
interacts with the active species probably affording a complex complexes also contribute to the observed reactivity. To
of composition Nel.o(OH)s with a smaller catalytic activity, jgentify contributions of individual specie&ps was con-
but titration data did not indicate the existence of such a gjgered to be a linear combination of contributions from all

complex. In principle, it can be overlooked in titration hydroxo complexes observed for Dy(lll), eq 8.
experiments because formation of this complex is significant '

only for large ligand concentrations, when the fraction of Kops = 11[M(OH)2+] + Ky M,L5(OH),] +

the pentahydroxo complex BdOH)s is small. Interestingly,

other anions also inhibit the catalytic activity, some of them oA ML A(OH)] + logMoLOH)G] (8)

being even stronger inhibitors than 4-ICA, as will be The multiparameter fitting of all results obtained for this

discussed later. cation to eq 8 showed that only two contributions are
With other lanthanides an approximately 3-fold similar significant: from M(OH¥* and ML(OH)s species. The solid

inhibitory effect was observed under an excess of 4-ICA. line in Figure 8E is drawn in accordance with the eq 8 with
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Figure 10. (A) Dependences of observed first-order rate constants for the hydrolysis of BNPP by Nd(Ill) on metal ion concentration: solid triangles,
results obtained at [Nd(l11)]:[4-ICA}= 1:1; open squares, results obtained at [Nd(IIl)]:[4-IGA]J1:1.5; solid squares, results obtained at fixed [4-IGA]
6 mM. (B) Same results replotted as dependencdsyebn calculated concentration of BI{OH)s species in each series.
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Figure 11. Observed first-order rate constants for the hydrolysis of BNPP
by 2 mM Nd(Ill) in the presence of variable concentration of 4-ICA (solid

M~1 s for DPNPP. The respectivie, values are given in
Table 2. For Nd(Ill) only the pentahydroxo complex JNd
(OH)s was reactive with both substrates, and for Dy(lll) the
Dy(OH)** species was as active as DYOH)s with
ki = 11.84 0.8 Mt s~ for HPNP and 0.54- 0.23 M
s 1 for DPNPP (forkys values, see Table 2).

A qualitative inspection of the results collected in Table
2 reveals a strong shift in the relative reactivity of phosphate
esters of different types in catalytic as compared to alkaline
hydrolysis. The most reactive toward free hydroxide NPDPP
becomes the least reactive substrate toward metal hydroxo
complexes. Also HPNPP, which is 4fimes more reactive
than BNPP toward free hydroxide, is only 3 to 10 times more
reactive than BNPP in the catalytic reaction. Table 2 also
provides the ratios of catalytic second-order rate constants

squares). Open squares (right axis) show the values of second-order ratdor active hydroxo speciekd) to the rate constants of the

constants calculated as the ratigd[Nd,L(OH)s] at each 4-ICA concentra-
tion. Lines are not the fitting curves; they are drawn to better visualize the
tendencies.
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Figure 12. Dependences of observed first-order rate constants for the
hydrolysis of BNPP by different lanthanide cations obtained at [M]:
[4-ICA] = 1:1 on concentrations of pllo(OH)4 species for M= La(lll)

and Pr(l1) or ML(OH)s species for M= Eu(lll) and Dy(lll). In the case

of Dy(lll), the rate constants are corrected for the contribution of Dy@OH)
species (see text).

0.0000 0.0012

ki1 = 0.83 M1 S_l, koz = kos = 0, andkos = 0.69 M1sL
Figure 12 (open triangles) shows,s for Dy(lll) corrected
for the contribution of DyOH" as k.ps —0.83[DyOH"])
plotted vs [DyL(OH)s]. The slope of this line gives thies
value coinciding with that found from the fitting of the pH

alkaline hydrolysis Kon) of the same substrates. By this
parameter the lanthanide complexes are superior to free
hydroxide by a factor of 10toward BNPP and toward
HPNPP and have the same reactivity as free”@bivard
DPNPP. In terms of often cited “catalytic effect” defined as
the ratio of the observed rate constants in the presence and
in the absence of catalyst under similar conditions, lanthanide
hydroxo complexes stabilized by 4-ICA are among the most
active. Thus, in the presence of 2 mM La(lll) and 2 mM
4-1CA at pH 9kosis enhanced by a factor of 1éor BNPP,

by 3 x 10* for HPNPP, and by 0for DPNPP.

A common feature for all substrates employed is that the
highest reactivity is always observed for a complex with
largest number of bound hydroxo ligands. Similar trends in
BNPP hydrolysis were reported also for binuclear Zn(ll)
complexes of general type LZi©OH),*™", where L is an
organic ligand anah ranges from 1 to 878 as well as for
pyrazolate-based dizinc(ll) complex&dt was interpreted
as follows: the first hydroxide always serves as a bridging
ligand and loses its nucleophilic reactivity because it is too
tightly bound to both metal ions, while either the second or
the third hydroxides may be terminal and more reactive or
may weaken the binding of the bridging hydroxide. Similarly
in our system all hydroxides in the trihydroxo complex may
be bridging and nonreactive, but tetra- and pentahydroxo
complexes should have at least some terminal hydroxides
(see the above discussion of possible complexes structures).
Low reactivity of bridging hydroxides is confirmed also by
results reported for extensively studied Co(lll) binuclear
hydroxo complexes, which involve the fragment GeQOH),-

profile in Figure 8E. The second-order catalytic rate constants Co: bridging hydroxides do not have any nucleophilic

ke, which equal eitheky4 (for La(lll) and Pr(ll)) or ks (for

reactivity until one of them becomes deprotonated affording

Nd(lI1), Eu(lll), and Dy(lll)), for the cleavage of BNPP by  u>-O? anion acting as a nucleophfie.
hydroxo complexes of all lanthanides studied are collected On the other hand the reactivity of binuclear La(lll)

in Table 2.
Kinetics of the hydrolysis of two other phosphoester

substrates HPNPP and DPNPP was studies in less details in

the presence of La(lll), Nd(lll), and Dy(lll). Figure 13 shows
the rate vs pH profiles and their fit (solid lines) to eq 8. In
the case of La(lll), besides kla,(OH), species there is also
a contribution from the mononuclear LalL (OH) species, with
rate constants 3.% 0.1 M~? s* for HPNP and 0.4- 0.1

methoxo complexes LEOMe).?" in methanolysis of both

(37) Arca, M.; Bencini, A.; Berni, E.; Caltagirone, C.; Devillanova, F. A,;
Isaia, F.; Garau, A.; Giorgi, C.; Lippolis, V.; Perra, A.; Tei, L,;
Valtancoli, B.Inorg. Chem.2003 42, 6929.

(38) (a) Bencini, A.; Berni, E.; Bianchi, A.; Fedi, V.; Giorgi, C.; Paoletti,
P.; Valtancoli, B.Inorg. Chem.1999 38, 6323. (b) Bazzicalupi, C.;
Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C.; Paoletti, P.; Valtancoli,
B.; Zanchi, D.Inorg. Chem.1997, 36, 2784.

(39) Bauer-Siebenlist, B.; Meyer, F.; Farkas, E.; Vidovic, D.; Cuesta-Seijo,
J. A.; Herbst-Irmer, R.; Pritzkow, Hnorg. Chem.2004 43, 4189.
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Figure 13. Observed first-order rate constants for the hydrolysis of HPNPP (solid squares) and NPDPP (open squares) by different metals in the presence
of 2 mM lanthanide cation and 2 mM 4-ICA at variable pH. Solid lines are the theoretical profiles calculated using eq 8 with rate constants fol individua
hydroxo complexes given in Table 2 (foraMx(OH)s and ML(OH)s species) and in the text (for other species): A, La(lll); B, Nd(lll); C, Dy(lll).

Table 2. Second-Order (M! s™1) Catalytic Rate Constantg (kx4 Or kos Depending on the Type of Active Species) for the Cleavage of Phosphate
Esters by Hydroxo Complexes of Lanthanides Stabilized by 4-ICA and by Free Hydrdusigeat 25°C

BNPP HPNPP NPDPP
active species kc or kon Kc/Kon kc or kow Kc/Kon kc or Kon kc/Kon
OH- (1.08+0.02)x 10°° 0.124+0.01 0.42+ 0.07
LagL 5(OH)4 4.0+0.2 3.7x 1P 41+ 4 330 0.76+ 0.09 1.8
PraLo(OH), 2.19+ 0.08 2.0x 10P
Nd2L(OH)s 1.494 0.06 1.4x 1P 49+0.2 39 0.270.01 0.64
Ewl(OH)s 0.84+ 0.02 7.8x 10¢
Dy,L(OH)s 0.69+ 0.02 6.4x 10¢ 3.7+0.2 30 0.45+ 0.06 1.1

carboxylate esters and phosphate triesters increases owmalues ofn was not discussed, but in fact the existence of
increase inn from 1 to 3 but then decreases for higher an optimum number of bound methoxide (or hydroxide in
complexes withn = 4 and 5! The mechanism proposed aqueous systems) anions is not surprising taking into account

for the reaction proceeding via the {@Me)*" complex

involves an opening of one of the bridges in the catalyst

(40) (a) Williams, N. H.; Cheung, W.; Chin, J. Am. Chem. S0d.99§

120 8079. (b) Humphry, T.; Forconi, M.; Williams, N. H.; Hengge,

A. C.J. Am. Chem. So@002 124, 14860.
(41) (a) Neverov, A. A,; Gibson, G.; Brown, R. Biorg. Chem2003 42,
228. (b) Tsang, J. S.; Neverov, A. A.; Brown, R. 5.Am. Chem.

So0c.2003 125 7602.

9514 Inorganic Chemistry, Vol. 45, No. 23, 2006

two opposite trends associated with increase in their num-
ber: favorable enhancement of nucleophilic reactivity of
substrate complex and subsequent nucleophilic attack of thebound anions and unfavorable decrease of the total positive
terminal methoxide on the adjacent metal-bound substrate.charge of the complex. In our case the reactive species are
The reason for decreased reactivity of complexes with larger neutral complexes which indeed may have a very low affinity
to the substrate. A simple way to test the ability of cata-
lytically active species to bind substrates is to measure the
inhibitory effect by a nonreactive substrate analotue.
Addition of diphenyl phosphate as a substrate analogue as
well as of monophenyl phosphate (considered as a transition
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Figure 14. Inhibitory effects of anions (X) on the BNPP hydrolysis by 2 mM Nd(lll) in the presence of 2 mM 4-ICA at pH 8.5.

Table 3. Apparent Binding Constant app of Anions to the stability constantsK;) of 1:1 complexes of these anions with

Catalytically Active Form of Nd(lll) Calculated by Fitting the Results in 3+ ; ;

Figure 14 to Eq 12 and Stability Constank) of 1:1 Complexes of N.d aguoion taken from .the literature. Valuesl(;{app_for

These Anions with N& Aquo lon nitrate anion were determined also for other lanthanides, but
no clear trend was observet\o,app= 65, 33, 82, and

[ Kx.app (£10%), M Ky, M-1a .
Cloa?'on il o ‘) : s 30 M~ for La, Pr, Eu, and Dy, respectively).
CI,“ 65 08 Complex formation between Nd(IIl) and acetate was
NO3~ 150 2.0 studied also independently by spectrophotometric and po-
(EtO)RPO,~ 80 100 tentiometric titrations. Additions of NaOAc to the solution
CH3;COO 230 130 . . X
CH,BrCOO" 200 20 containing an equimolar mixture of Nd(Ill) and 4-ICA

adjusted to pH 8.4 produced small but clearly detectable
changes in the hypersensitive region from which one may
estimate the apparent binding constE@ghc app= 220+ 40
state analogu&) induced precipitation. The measurements M~ (see Figures 4S and 5S in Supporting Information) close
were possible with diethyl phosphate, and in the course of to that found from kinetic experiments. Figure 15A shows
this study, we found that many simple monoanions caused potentiometric titration curves for the mixture of Nd(lll) and
unexpectedly strong inhibitory effects. 4-ICA in the absence and in the presence of added NaOAc.
Figure 14 shows the relative first-order rate constants for The curves coincide until consumption of 1 equiv of the base,
the hydrolysis of BNPP by Nd(lll) in the presence of 4-ICA but after that the curve obtained in the presence of acetate
at fixed pH 8.4 as a function of added sodium salts of is shifted downward indicating an increased stability of
different anions. All these plots fit satisfactorily to eq 12 higher hydroxo complexes. Fitting of the titration curves

a Stability constants taken from ref 19 at 26 and ionic strength 1.0.
b From ref 43 at zero ionic strengthAt ionic strength 0.1.

derived for a simplified scheme (9)J11). obtained in the presence of increased amounts of acetate to
the reaction scheme (%J4) gives stability constants for
C+S—Pk ) trihydroxo and tetrahydroxo complexes coinciding within the
limits of experimental errors with those obtained in the
C+ X=CX(Ky) (10) absence of acetate but increased values for the stability
constant for the pentahydroxo complex. This can be attributed
CX+S—P (k) (11) to the formation of Ne(L)(OH)s(OAc)~ species in ac-

cordance with eq 13.

Kapdkons = (1 F (ke/KK(IXDI(L + KyXD)  (12)
_ , . _ , Nd,(L)(OH)s + AcO" = Nd,(L)(OH)5(OAc)  (Kaco) (13)
In these equations C is the catalytic species, S is the substrate,
P is the reaction product(s), and X is the added anion. TableThe expression for the observge:s value will take the
3 lists the apparent binding constants for all anions employedform
obtained by the least-squares fitting of the results in Figure

14 to eq 12. For comparison Table 3 provides also the Ba1s5,005= Bo1s(1 + Kaco[ACO]) (14)
(42) 'Crﬁgﬁf Soo';cz}é%‘ga'fggk{égéf'; Morrow, J. R.; Richard, J.J> Am. Figure 15B shows the plot g821 s50df21-5, the slope of
(43) Siniavskaia, E. I.; Sheka, Z. Radiokhimial966 8, 410. which equalsKaco = 725 + 40 ML This value is
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Figure 15. (A) Titration curves for the mixture of 2 mM ICA and 2 mM Nd(lll) in the absence (solid triangles) and in the presence of 10 mM NaOAc
(open triangles). (B) Relative apparent formation constant for thé (@tH)s complex as a function of concentration of added sodium acetate.

significantly higher than that obtained from the inhibitory Sc"eme 3 o o
effect (Table 3) and by spectrophotometry, but it is necessary \ &
to take into account that kinetically and spectrophotometri- 0NN ¢
cally determined apparent binding constants were obtained Rro,  orR Lo % OH
L. . . AN NS wOHT Y/ route A
under conditions when only 40% of Nd(lll) is present in the /P‘\ e M
form of Ndy(L)(OH)s and thereforéx spp should be less than 97" N9 = ud K L
its true value by a factor of 2.5 in agreement with observed L/ Hy, "
M Hp RO OR
results. /o \§
L : HO L == P

As is evident from results in Table 3, the neutral hydroxo 0 g route B
complex not only binds the substrate analogue diethyl L/ ‘22. .‘
phosphate with the same strength as highly charged aquo ,M“'{"OH}M—'- + HO
cation Nd* but surprisingly shows unusually high affinity HO
to other simple a_nions suc_h as chIoriQe or nitrate, which Proposed mechanism for BNPP hydrolysis
practically do not interact with Nd. Obviously the above-
mentioned inhibitory effect of the excess of 4-ICA has the
same origin. There is no correlation between binding RO O RO, O
constants of anions and their basicity. The largest binding \,;“ \>\ \,;“
constants are observed for planar anions which probably fit 07 g o p/ﬁ)\q . o
better to the catalyst binding site. We suppose that these L/ ‘Hol ,OH I N / niO e i OH
anions bind to the binuclear active species by the same mode " ~o="" o o
as that reported for amino acid zwitterions in tetranuclear
hydroxo complexes (Chart 1c) and that the binuclearity of Proposed mechanism for HPNPP hydrolysis

these species is a reason for their increased affinity to anions.

In view of these considerations the most plausible mode ligand**®** Binuclear peroxo complexes with a doubly
of catalyst-substrate interaction is a bridging coordination deprotonated &~ bridge are readily formed in weakly basic
of a phosphodiester anion to the binuclear catalytic specieslanthanide solutions of hydrogen peroxide and possess a very
sketched in Scheme 3. In this case the best positioned forlarge phosphodiesterolytic activit§:*>Of course, hydrogen
the nucleophilic attack hydroxide is one of the bridging peroxide is a more acid molecule than water, but formation
anions and a possible role of additional hydroxides is to of even a small fraction of highly reactive oxo anions may
facilitate an opening of the bridge (route A). On the other be sufficient for the observed reactivity.
hand it seems possible that an additional hydroxide may The outlined above mechanism may operate for both
reversibly deprotonate the bridging hydroxide with elimina- BNPP and NPDPP substrates with an obvious difference of
tion of a water molecule and creation of a much more a very low affinity of the triester substrate to the catalyst.
nulceophilic oxo bridge (route B) which serves as a nucleo- The gradual decrease of activity of lanthanides in BNPP

phile in binuclear Co(lll) complexé%(see above). Several . .
(44) Takasaki, B. K.; Chin, . Am. Chem. So0d.995 117, 8582.

°X9'b”d99d polynuclear lanthanide . complexes were de- (45) Mejia-Radillo, Y.; Yatsimirsky, A. K.Inorg. Chim. Acta2003 351,
scribed in the literature usually with @s- or ue-0x0 97.
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hydrolysis on going from La(lll) to Dy(lll) does not have a The expression for the observed first-order rate constant
simple explanation. For lanthanide aquo ions the activity which follows from the scheme (15)17) takes the form
trend is opposite and reflects expected stronger electrophilicof eq 18.

substrate activation by heavier more acid catiSitéowever,

this trend is partly attributable to decreasefi, palues of Kobs = KusKorKg[M(OH)] (18)
heavier lanthanides and therefore the higher fraction of their
hydroxo complexes presenting in the solution at pH about 7
employed in studies with aquo ions. The reactivity of hy-
droxide complexes of different lanthanides stabilized by Bis-
Tris propane follows the same trend as in the case of 4-ICA
complexeg? Also with methoxide lanthanide complexes the
highest reactivity is observed for La(Il}. An obvious
problem in interpretation of these trends is that composition
of reactive species may vary for different lanthanides, as is gfect can be very significant in view of often observed very
the case for 4-ICA complexes. A stronger deactivation of |54 «“effective molarities” for nucleophilic reactiofsIn

the bound nucleophile is a possible though only qualitative o case of HPNPP this effect is absent because the
explanation of the lower activity of heavier cations. Of cjeophile is already intramolecular and the observed
course, one cannot exclude a kinetically equivalent meCha'efficiency of catalysis is lower.

nism with external hydroxide as a nucleophile and a lan- |, conclusion, we point out that using low basic amino

thanide complex with one less hydroxide as an active species carhoxylates derived from nitrogen heterocyles as stabilizing
which would have a lower concentration for smaller cations. ligands for lanthanide hydroxo complexes seems to be a
The situation with HPNPP should be different since the promising approach to more stable and active catalysts.
hydrolysis of this substrate proceeds via a different mech- Second-order rate constants observed with lanthanide com-
anism, Scheme 1. The efficiency of catalysis with HPNPP plexes stabilized by 4-ICA for the cleavage of diester
is lower than with BNPP in this case; although similar and substrates are among the largest reported so far in the
higher than in water, the efficiency of La(lll) in methanolysis literature. Perhaps the most interesting is the observation of
of both substrates was reported in anhydrous met#ai®l.  maximum activity for higher neutral hydroxo complexes
The different efficiency of catalysis may be related to which surprisingly display a high affinity to anionic species.
different roles played by the metal-bound hydroxide in the Previously we observed a similar trend in activity for
cleavage of these substrates. For BNPP it acts as a nucleolanthanide hydroxo complexes stabilized by a neutral amino
phile, but hydrolysis of HPNPP proceeds via preliminary alcohol ligand:®3°and interestingly, the absolute reactivities
equilibrium deprotonation of the 2-hydroxy group, which of hydroxo complexes stabilized by a neutral ligand were
does not need any participation of the metal-bound hydroxide lower than those we observe now with an anionic stabilizing
(at equilibrium the degree of deprotonation depends only on ligand. In line with this, we found recently that active forms
pH and (K, of the hydroxyl group). Nevertheless the analysis of the Ce(IV) catalyst are also nearly neutral hydroxo/oxo
of rate vs pH profiles with this substrate agrees with the species® Therefore, it seems that the total charge of
involvement of the same active hydroxo complexes as for lanthanide hydroxo complexes is not of a primary impor-
BNPP for all lanthanides studied. A possible explanation of tance. More important are the polynuclearity of the active
this is that the alkoxide group of the deprotonated HPNPP species and a certain way of binding of the stabilizing ligand.

ShBUId be placeld at thehsa?edp0§|(t1|on_ |nsr|1de the (_:ataly§th Acknowledgment. We thank the DGAPA-UNAM for
substrate compiex as_t € hydroxide In the reaction With - g support (Project IN 204805). F.A.-P. thanks
BNPI?. This WI!| require the su'bstltutlon of one of thg CONACYT for a doctoral fellowship.

bridging hydroxides by the alkoxide group as illustrated in
Scheme 3. In a very simplified form the kinetic scheme  Supporting Information Available: A table containing values
corresponding to such mechanism is given by eqs-15) of logarithms of the overall formation constants and statistical fitting

(17), where SH stays for HPNPP and M(OH) is the active parameters of lanthanide complexes with 4-ICA from all titration
hydr7oxo complex experiments, pH profiles for Bjerrum functionsnd their detailed

discussion, figures showing the absorbance of a mixture of Nd(lIl)
e and 4-ICA at 578 nm as a function of pH superimposed with the
SH+OH =8 (Ko (15) species distribution diagram, absorption spectra of a mixture of
_ _ _ Nd(lll) and 4-ICA in the hypersensitive region at increased
S +M(OH) = M(S) + OH " (Ky) (16) concentrations of NaOAc, and a Benekiildebrand plot for the
M(S) — hydrolysis productsk,c) (17) spe_ctrophotometric titration of a mixture of Nd(lIl) and 4-ICA with
sodium acetate.

Evidently this expression coincides with the experimentally
obtained rate law.

In terms of mechanisms outlined in Scheme 3, the lower
efficiency of catalysis for HPNPP as compared to BNPP can
be explained as follows. In the case of BNPP the catalyst
provides the electrophilic assistance to the nucleophilic attack
on the phosphoryl group and transforms the hydroxide from
an intermolecular to an intramolecular nucleophile. The latter

(46) Roigk, A.; Hettich, R.: Schneider, H.4horg. Chem1998 37, 751. 1C061024V

(47) Lewis, R. E.; Neverov, A. A.; Rrown, R. 8rg. Biomol. Chem2005
3, 4082. (49) Kirby, A. J.Adv. Phys. Org. Chem198Q 17, 183.

(48) Tsang, J. S. W.; Neverov, A. A.; Brown, R. &. Am. Chem. Soc. (50) Maldonado, A. L.; Yatsimirsky, A. KOrg. Biomol. Chem2005 3,
2003 125, 1559. 2859.
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