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Phosphodiester Hydrolysis by Lanthanide Complexes of Bis-Tris Propane
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Potentiometric titrations of the mixtures of lanthanide(Ill) perchlorates and bis-Tris propane (BTP) reveal formation
of dinuclear hydroxo complexes ABTP)(OH).6~", where M= La(lll), Pr(ill), Nd(lll), Eu(lll), Gd(lll), and

Dy(lll) and n = 2, 4, 5, or 6, in the pH range-M®. ESI-MS data confirm the presence of dinuclear species.
Kinetics of the hydrolysis of bis(4-nitrophenyl) phosphate (BNPP), mono-4-nitrophenyl phosphate (NPP), and
4-nitrophenyl acetate (NPA) in the lanthanideBTP systems has been studied at’25in the pH range #9.

The second-order rate constants for the hydrolysis of BNPP by individual lanthanide hydroxo complexes have
been estimated by using the multiple regression on observed rate constants obtained at variable pH. For a given
metal, the rate constants increase with increasing in the numbgcoordinated hydroxide ions. In a series of
complexes with a given, the second-order rate constants decrease in the orderRra> Nd > Eu > Gd > Dy.
Hydrolysis of NPP follows MichaelisMenten-type “saturation” kinetics. This difference in kinetic behavior can

be attributed to stronger binding of NPP dianion than BNPP monoanion to the lanthanide(lll) species. Activities
of lanthanide complexes in the hydrolysis of NPA, which i$ filhes more reactive than BNPP in alkaline or
agueous hydrolysis, are similar to those in BNPP hydrolysis indicating unique capability of lanthanide(lll) cations
to stabilize the transition state of phosphate diester hydrolysis. Results of this study are analyzed together with
literature data for other metal cations in terms of the Brgnsted correlation and transitiercatatgst complexation
strength.

Introduction lanthanides(lll) have the advantage of being less sensitive to
d the metal hydrolysis in neutral solutions, which leads eventually

Metal complex catalysis in the hydrolysis of phosphoric an ; tal hvdroxid initati dl f activity F
carboxylic acid esters continues to be an area of very active to metal hydroxide precipitation and 10ss of aclivity. Free aquo

research.Particularly challenging is the development of efficient lons of lanthanides(lll) are _relatl_vely weak catalysts. With
catalysts for the cleavage of phosphodiesters, which areYPically employed substrate bis(4-nitrophenyl) phosphate (BNPP)
extremely resistant to hydrolysis even with activated 4-nitro- (Figure 1) and metal ion concentrations in mM range,oth(leAhaIf-
phenolate leaving groub.Phosphodiester bonds form the lifé for the hydrolysis approaches @0 min at 50°C.
backbone of DNA and RNA macromolecules and sufficiently Kinetics of BNPP hydrolysis is of the Michaetidfenten type
active catalysts of their hydrolysis can find important applica-
tions as artificial nucleases in biochemical and medicinal (7) Hurst, P.; Takasaki, B. K.; Chin, J. Am. Chem. Socl996 118
researches. (8) %ghgzg.giséong K. H.; Whang, D.; Kim, K.; Yoon, T. H.; Moon, H.;
Among the literature catalytic systems reported for the phos- Park, J. W.norg. Chem 1996 35, 3780-3785. ' Y
phodiester hydrolysis, the most active are complexes of highly (9) Oh, S. J.; Choi, Y.-S.; Hwangbo, S.; Bae, S.; Ku, J. K.; Park, J. W.

charged metal cations: lanthanides(M$ 17 Ce(lV),1d18.19 Chem. Commuri99§ 2189-2190.
Th(IV),20 and Zr(IV)2-23 Within this group of catalysts, (10) %T;%W' J. R.; Buttrey, L. A.; Berback, K. Anorg. Chem1992 31,

(11) Chappell, L. L.; Voss, Jr., D. A.; Horrocks, Jr., W. DeW.; Morrow, J.
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1999 1443-1451. (e) Kianer, R.Coord. Chem. Re 1999 182 243— Gromov, S. P.; Schneider, H.-Org. Lett 1999 1, 833-835.
261. (f) Williams, N. H.; Takasaki, B.; Chin, Acc. Chem. Re4999 (16) Moss, R. A.; Jiang, WLangmuir, 200Q 16, 49-51.
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Figure 1. Structures of substrates used in this work and ligands derivatives of tris(hydroxymethyl)aminomethane (Tris).

with Ky values in the range-23 mM for all cationst* This The latter system differs from other lanthanide-based systems
imposes a further restriction on the observed rate constant, whichin several aspects. First, the reaction kinetics is first-order in
cannot be larger than the catalytic rate conskar(8.6 x 104 metal without any “saturation” observed with several other

s 1 at 50°C for the most active Er)!* even at elevated metal lanthanide-based systed?s:#2’Second, the reaction rate vs pH
concentrations. There is much convincing evidence that the profiles are very steep, indicating deprotonation of at least two
cleavage of phosphodiesters occurs via concerted action of acoordinated water molecules (or ligand OH groups) in catalyti-
metal cation and a nucleophile, Otbr RO™.1 Therefore, low cally active complexes. The results of a more detailed study of
activities of lanthanide aquo cations probably result from low the lanthanide(II-BTP system, presented in this paper, show
concentration of OH or active metal hydroxo complexes in  that in fact the active species are various dinuclear BTP
neutral solutions (since lanthanides are kinetically labile ions, hydroxo complexes, some of which are related to previously
a reaction mechanism involving simultaneous participation of proposed hypothetical active dinuclear hydroxo specigsird,
metal cation and OHand a mechanism involving second-order in the series of lanthanide(lll) cations, the largest activity was
reaction with metal hydroxo complex are kinetically indistin- observed for La(lll) followed by Nd(lll), Pr(lll), and Eu(lll).
guishable). Indeed, much higher activities were reported for the This trend is opposite to that observed for lanthanide aquo
systems involving hydroxide or alkoxide lanthanide(lll) com- cations!#16 Larger activities for smaller cations are usually
plexes’%111217Another important aspect is the high efficiency interpreted as being due to their larger charge densities and
of the substrate activation by several (up to three) lanthanide(lll) consequently stronger electrophilic substrate activation. We
cationst’9.24 Noteworthy, a recently reported remarkably active show in this paper that the basicity of metal-bound hy-
phosphodiesterolytic system based on a dinuclear dihydroxodroxide ion is equally important, and when reactivities of
lanthanum(lll) macrocyclic compleX’ combines both of the  individual mononuclear hydroxo complexes of different lan-
above-mentioned features: methalydroxide ion cooperation  thanides are compared, they show rather small variation for
and polynuclearity. different metals.

Despite considerable progress, the development of catalytic Besides the typically employed substrates BNPP and 4-ni-
systems for phosphodiester hydrolysis that would be stable in trophenyl phosphate (NPP) (Figure 1), which is the intermediate
water at pH close to neutrality and sufficiently active at room product of BNPP hydrolysis, we also used in this study much
temperature still needs more effort. An obvious approach is more reactive 4-nitrophenyl acetate (NPA) (Figure 1). Mech-
testing different ligands, which could stabilize reactive hydroxo anisms of nucleophilic substitution in esters of carboxylic acids
lanthanide species and in favorable cases pre-organize them foRnd phosphates are generally similar, but carboxylates and
an optimum interaction with the substrate. The stabilization is Phosphotriesters are much more reactive than phosphodi&sters.
required because of low solubilities of lanthanide hydroxides In accordance with this, hydrolytic activity of metal complex
in combination with relatively hightg, values of lanthanide(B) catalysts toward BNPP was found to be much lower than that
aquo ions. For example, in the case of¥Euthe solubility toward NPA or 4-nitrophenyl phosphotriester derivatives for

product for Eu(OH) equals 2.5« 10726 M and K, of Eta®* complexes of Zn(If2%3% and Cu(ll)** Surprisingly, with
is 8.6.25 This means that in 1 mM solution the precipitation of hydroxo complexes of lanthanides, we found similar activities
Eu(OH)3 will occur at pH=6.5 when the degree of formation  for BNPP and NPA, which differ 1%imes in rate constants of

of Eu(OHY* is still less than 1%. Besides numerous sophisti- alkaline hydrolysis. An additional aspect of this work is an

cated macrocyclic ligands, including calixaredea,family of - : —
simple amino alcohols, derivatives of tris(hydroxymethyl)- (26) g"g%egégg_'géspé' Yatsimirsky, A. KJ. Chem. Soc., Dalton Trans

aminomethane (Tris) (Figure 1) has attracted attention recently.27) chin, K. 0. A.; Morrow, J. Rinorg. Chem 1994 33, 5036-5041.
Tris was successfully employed for stabilization of very active (28) Bruice, T. C. Benkovic, S. Bioorganic Mechanism&V. A. Benjamin

22 his-Tri i Inc.: New York, 1966; Vol. 2.
Zr(t!V) Catalyft’ bis -.I;Llslwat‘ﬁ foundlf;ov\florm bhydrolé/tlﬁfl;lllr)]/ (29) Bazzicalupi, C.; Benchini, A.; Berni, E.; Bianchi, A.; Fedi, V.; Fusi,
active qomp .e).(esl wi anthanum( ) e observe h 9 V.; Giorgi, C.; Paoletti, P.; Valtancoli, Blnorg. Chem 1999 38,
hydrolytic activity in the system consisted of a lanthanide(lll) 4115-4122.
and bis-Tris propane (BTP) in weakly basic solutiéfs. (30) Benchini, A.; Berni, E.; Bianchi, A.; Fedi, V.; Giorgi, C.; Paoletti, P.;
Valtancoli, B.Inorg. Chem 1999 38, 6323-6325.
(31) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C.; Paoletti,

(24) Tsubouchi, A.; T. C.Bruice, T. @. Am. Chem. S0&995 117, 7399~ P.; Valtacoli, B.; Zanchi, DInorg. Chem 1997, 36, 2784-2790.

7411. (32) Koike, T.; Kimura, EJ. Am. Chem. Sod 991 113 8935-8941.
(25) (a) Smith, R. M.; Martell, A. ECritical Stability ConstantsPlenum (33) Kimura, E.; Kodama, Y.; Koike, T.; Shiro, Ml. Am. Chem. Soc

Press: New York, 1976; Vol. 4. (b) Baes Jr., C. F.; Mesmer, R. E. 1995 117, 8304-8311.

The Hydrolysis of CationsWViley: New York, 1976. (34) Morrow, J. R.; Trogler, W. Clnorg. Chem 1988 27, 3387-3394.
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Table 1. Stability Constants for the Formation of Lanthanidej3Complexes with BTP (25C, 0.1 M NaClQ)

logK2M =

equilibrium Lat Pt Nd3* Ewt G+ Dy3*
[BTP — HJ/[BTP][H] 9.06"
[BTP — 2H)/[BTP][H]2 15.87
[BTP — MJ/[BTP][M] 2.30
[2BTP — 2M — 20H]/[BTPRIM] OH]? 18.11 20.80 21.71 23.62 23.44 23.86
[2BTP — 2M — 40H]/[BTPRM] 4 OH]* 28.96 31.66 32.77 34.95 34.90 38.12
[2BTP — 2M — 50H]/[BTPIM] JOH]® 33.62 36.14 37.20 39.29 33.39
[2BTP — 2M — 60H]/[BTPRIM] 2[OH]® 42.73 48.73
[M — OHJ/[M][OH] ¢ 4.67 5.18 5.30 5.42 5.38 5.63

aError within £(0.02-0.08).° Protonation constants for BTPFormation constants for monohydroxo complexes at@%nd ionic strength

0.3 M 2%

attempt to analyze our and other available kinetic data for HCIO, per 1 mol of BTP was always added to the titrating mixture

esterolytic and phosphoesterolityc activities of metajdroxo

before the start of titration.

complexes in terms of Brgnsted correlations. Such correlations ~ Kinetics. Kinetic measurements were performed by using a Hewlett-

clearly show important differences in the activation modes of
these two types of substrates.

Experimental Section

Materials. Bis(4-nitrophenyl) phosphate (Aldrich) was recrystallized
from ethanot-water. 4-Nitrophenyl acetate (Aldrich) was recrystallized
from acetic acie-ethyl acetatep-Nitrophenyl phosphate di(Tris) salt,
bis-Tris propane (1,3-bis[tris(hydroxymethyl)methylamino]propane),

Packard 8453 diode-array spectrophotometer equipped with a Peltier
thermostated cell compartment. Reaction solutions were prepared by
combining appropriate amounts of metal and ligand stock solutions to
the desired volume, and the pH was adjusted by adding small volumes
of strong acid or base solutions as necessary. Reactions were initiated
by adding an aliquot of the substrate solution. Special care was taken
to avoid CQ absorption during reaction runs. The solution pH was
measured after each run, and all kinetic runs in which pH variation
was larger than 0.05 were excluded. To have sufficiently high buffer

and Trizma base (tris[hydroxymethylJaminomethane) from Sigma, capacity of the solution and stability in respect of metal hydroxide
NaClQh and reagent_grade |anthan|de(|||) perchlorates as 40 wt % pl’eCIpItatlon in wide pH intel’vaL the reaction kinetics was studied with
aqueous solutions from Aldrich were used as supplied. The concentra-€xcess of BTP over the lanthanide salt. It is worth noting that since
tion of metal ions in stock solutions was determined by adding excess BTP has two [, values around 7 and 9 (see Table 1) it has a wide

ethylenediaminetetraacetic acid and then back-titrating with Znith
Eriochrome Black T as indicat8P. Distilled and deionized water
(Barnstead Nanopure system) was used.

Potentiometry. Potentiometric titrations were performed following
the general recommendations given in ref 36. All titrations were
performed in a 75-mL thermostated cell kept under nitrogen &25
The initial volume of titrating solution was 50 mL. The ionic strength
was kept constant with 0.1 M NaClCMeasurements of pH were taken

buffer range between pH 6.5 and 9.5.

The course of BNPP, NPP, and NPA cleavage was monitored
spectrophotometrically by appearance of 4-nitrophenolate anion at 400
nm. Stock solutions of BNPP and NPP were freshly prepared in water.
Stock solutions of NPA were prepared in dry acetonitrile. Kinetic
measurements used A4 substrate and varied concentrations of metal
salts and BTP (used in appropriate pH intervals) at@5The observed
first-order rate constant&4g were calculated by the integral method

on an Orion Model 710-A research digital pH meter as carbonate-free O, for slow reactions, from initial rates.

NaOH solution was added to the system in small increments. Careful

removal of carbonate and exclusion of £@bsorption during the
titration are extremely important for obtaining reproducible titration

NMR Spectroscopy.'H NMR spectra were recorded on a Varian
Gemini 200 NMR spectrometer. The instrumental pH values measured
in D,O were corrected to the respective pD values with equation pD

curves. The electrode was calibrated from pH readings of 45 separate= pH + 0.4

titration points of a titration of dilute (ca. 0.01 M) standardized HCIO
with NaOH with the same background electrolyte. The results were

Electrospray lonization Mass Spectrometry. ESI-MS experiments
were performed on VG Platform Il quadrupole mass spectrometer with

fitted by using nonlinear least-squares regression in Origin 3.5 program electrospray ionization source. Samples were run by direct infusion

to the equation
V+ (Vy + VIHTFIC; — (Vo + VK /(Cg[H']) =V, =0

whereV is the volume of titrant of concentratid®s added,V; is the
initial volume of sampleKy is the ionic product of watele. is the
equivalence volume, [His the uncorrected concentration of ltaken
directly from pH measurements ([H= 10P") andf is the correction
factor, which is a function of activity coefficients and the junction
potential¥” The Ky = 13.79+ 0.04 was found under our conditions
as one of the fitting parameters, ahdvas determined before each
titration as the other one. The valugog f (typically in the range 0.1

from an Harvard Apparatus Model 22 syringe pump at a rate of 20
uL/min. Data were collected and analyzed on VG Masslynx software
running on a Pentium PC.

Results and Discussion

Complexation Equilibria in Lanthanide(lll) —BTP System.
Figure 2 shows pH titration curves for 10 mM BTP and for 10
mM BTP to lanthanide(lll) perchlorate 1:1 mixtures in the
presence of 2 equiv of HCIO(Table S1 in the Supporting
Information gives the numerical titration results for all metals).
Fitting of the titration curve for BTP givestf; = 6.83+ 0.02

0.2) was used to correct the pH meter scale, which gave after correctionfOr BTPH?* and K, = 9.06 + 0.02 for BTPH in good

the values of—log [H*] = pH — log .87 Thus, the electrode was

calibrated in terms of proton concentration. The program Hyperquad

2000 Version 2.1 NT was used to calculate all equilibrium constants.
Titrations of BTP and its mixtures with lanthanide salts were performed
in the concentration range-20 mM of each component; 2 equiv of

(35) Lyle, S. J.; Rahman, Md. Mlalantg 1963 10, 1177-1182.

(36) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
Constants2nd ed.; John Wiley & Sons: New York, 1992.

(37) Johansson, A.; Johansson ABalyst1978 103 305-316.

agreement with published valueskip = 6.75 and K. =

9.10)3° Titration curves in the presence of 1 equiv of metal
salt show consumption of more than 2 equiv of NaOH per 1
equiv of metal. In the case of La(lll), precipitation occurs at
pH above 9, but titration with excess BTP (2:1 BTP to metal)

(38) Covington, A. K.; Paabo, M.; Robinson, R. A.; Bates, R.ABal.
Chem 1968 40, 700.
(39) Kitamura, Y.; Itoh, TJ. Solution Chem1987, 16, 715-725.
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Scheme 1
BTP + H" == BTPH'

BTP +2H" == BTPH,”

M’ + BTP == M(BTP)*

2M>* + 2BTP + 20H <= M,(BTP),(OH),""
2M®T + 2BTP + 40H == M,(BTP),(OH),*"
2M*' + 2BTP + 50H == M,(BTP),(OH)s"

2M’" + 2BTP + 60H =5 M,(BTP),(OH)s

3 ; . , : . ; : : . : pH range where the deviation is observed in the potentiometric
00 05 10 15 2025 30 35 40 45 50 pH titration curve (cf. Figure 2). Considerable downfield instead
a of upfield shifts of the signal of methylene protonsirposition

Figure 2. Titration curves of 10 mM BTP and 10 mM 1:1 BTP/  to OH group agrees with a complex structure in which OH
lanthanide perchlorate mixtures in 0.1 M NaGl@wo equivalents of - groups are bound to the metal ion without deprotonation. Much
HCIO, was added at the beginning of each titratiams the number of 5 5jier als0 downfield shifts of signals of protons of propylene
added NaOH equivalents. L - . . .

chain indicate that nitrogen atoms are also involved in the ligand
binding.

A simple reaction scheme, which follows from the potentio-
metric titration results would involve formation of a series of
mixed mononuclear hydroxo complexes of general composition
M(BTP)(OH),3~" with n ranging from 1 to 3. However, fitting
of the results to such a scheme was statistically unsatisfactory.
Satisfactory fitting was obtained for a more complex scheme
involving formation of dinuclear hydroxo complexes presented
by the set of equilibria shown in Scheme 1 (Figure 1Sa,b in the
Supporting Information illustrates the fitting quality). Logarithms
of the equilibrium constants for each step are collected in Table
L They represent the mean values of the constants obtained by
titrations of lanthanide(llhl-BTP mixtures at different total
concentrations, which reasonably agreed with each other.
Surprisingly, only for lanthanum the simple 1:1 metal to BTP
complex contributes sufficiently to allow us the determination
of its stability constant. For all other cations the stability of
hydroxo complexes is so high that at pH close to 8 and above,
where M(BTP§+ complexes should contribute significantly to
the total metal concentration (assuming similar to La(lll)
stability constants for 1:1 complexes of other metals), the first
of hydroxo complexes MBTP),(OH),*" already becomes the
dominating species (see also distribution curves in Figure 5).
The stability constant of La(BTP) complex (Table 1) is close
to that reported for Eu(Tri8J (log K = 2.44)%! This agrees
with idea that BTP uses for coordination with lanthanides only
half of its molecule which is chemically similar to Tris (see,
however, below). Much higher stability (lo = 4.7) was
N o reported for La(bis-Tri$) complex? but this ligand pro-
Oobs= (Og1p T OpTpHID " 1/Kqp + OgrpndD 17K 1Ko/ vides two additional hydroxyethyl groups for the binding to

(1+[DVKy+ [DTKK,) (1) metal

Lanthanides have the very strong tendency to form polymeric
complexes in wate¥, Formation of dinuclear dihydroxo species
M2(OH)** is known for all lanthanides(Ill) used in this wofk.
The La(OH)*" unit is formed also in a dinuclear macrocyclic
lanthanum compleX’ The potentiometric titration of Lagivith

allowed us to reach pH 10 and observe consumption of ca. 2.5
equiv of NaOH per 1 equiv of La(lll) as with other metals.
These results indicate formation of metal hydroxo complexes
or deprotonation of hydroxymethyl groups of BTP affording
respective alkoxo complexes. In previous studies on lanthan-
ide(lll)—amino alcohol and polyol systems, this ambiguity was
not resolved! 13 In some cases, the product analysis shows
formation of phosphorylated alcohol ligand in the reaction of
BNPP cleavage, which indicates probable alcohol deprotona-
tion.2 In our case, the product analysis showed the formation
of only inorganic phosphate in the reaction with BN#P.
Therefore, on this criterion more probable is the existence o
hydroxo complexes. To get more insight on this problékh,
NMR pH titration of BTP in the presence of La(Clf@ was
performed. We determined on the basis of observation that
deprotonation of the Zn(ll)-bound alcohol group in a Zn(ll)
macrocyclic complex with pendent alcohol group induced
considerable (ca. 0.3 ppm) upfield shift of the signals of
methylene protons in a CH,OH group?® and we expected to
have qualitatively similar effects in case of La(lll) also. Figure
3 shows chemical shifts vs pD profiles i@ corresponding

to the singlet of methylene protons in theposition with respect

to the OH group (Figure 3a) and central signals of multiplets
of methylene protons of the propylene chain éz and
pB-positions to nitrogen atom of BTP (Figure 3b,c, respectively)
in the absence and in the presence of La@zlitration curves
obtained in the absence of lanthanum salt were fitted to eq 1

wheredgtp, OsTPH, anddgTpH2 are chemical shifts of a given

proton in neutral, mono- and diprotonated BTP respectively and
Ka1, Ka2 are the first and second acid dissociation constants of
protonated forms of BTP. The fitting of experimental profiles ) . . X
for chemical shifts of different BTP protons gave mutually 2/k@li revealed formation of L&OH)s" species, relevant to

agreed values of dissociation constants. The average values ar Z(BTP)Z.(.OH)5+ complexgs N SCheT"e L Complexatlon with
PKa1 = 7.55+ 0.03 for BTPD2* and [Kay = 9.81+ 0.03 for TP stabilizes such species preventing formation of complexes
BTPD". Larger X, values in BO solvent as compared to,& - -

agree with known H/D isotope effects on acid dissociation (40) E?'gﬁdo' R-?SF.raéJSt? dzns"l"%ﬁl:J-E-EQ’SS{'?AQ";'&ES‘;&‘W"’“Y M.
constants? Points for solutions containing lanthanum perchlo- (41, ﬁfeﬁeﬁ;eflM_'; B-;Sﬂ?’ J__é‘_ 'G_HZ?U'_ Cchim_ Acta1989 72, 1487-

rate deviate from the titration curves of free ligand in the same 1494,
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Figure 3. 'H NMR pH titration of 20 mM BTP in RO. Open circles and solid squares show measurements in the absence and in the presence of
5 mM La(ClQy); respectively. Solid lines are the fitting curves to eq 1.
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Figure 4. Observed first-order rate constants for the hydrolysis of BNPP, NPP, and NPA vs metal concentrartion: (a) lanthanum in the presence
of 20 mM BTP, pH 9.0; (b) neodimium in the presence of 20 mM BTP, pH 8.5. Data for BNPP at metal concentrations above 2 mM were fitted

to eq 3 with the rate constants given in Table 3; at lower concentrations, a deviation to the second-order kinetics was observed; see the text. Data
for NPP were fitted to eq 4. Data for NPA showed a simple linear dependence.

of higher nuclearity and eventually the metal hydroxide electrospray ionization mass spectra of 1 mM solution of

precipitation. A hypothetical structur&, which takes into lanthanum nitrate and 20 mM BTP at pH 9.2 were recorded. In
several instances, ESI-MS has been applied successfully to the
HO/\ﬁ\-OH characterization of metal complex&sThis technique produces
HO :OH . . . . .
HO H HN.. the gas-phase ions directly from solution with little or no
HO T '/"-a(\Hzo)na* fragmentation thus providing valuable qualitative information
THO  OH" on the nature of charged species existing in solution. Of course,
(H,0),La®* OH additional processes may occur in the gas phase leading to
NNH OH observation of so-called “false positives”, i.e., species, which
HO'\/J\/ OH are formed only under the gas-phase conditions and do not exist
HOX= ~—OH _ _ y gas-p
: in solution*3

Mass spectra of pure ligand solution at pH 9.2 consisted of

series of peaks corresponding to protonated BTP oligomers
BTP)H™ wheren = 1-4 and a sodium cationized peak at
m/z = 305.1 (Table 2, entries-15). Certainly, only BTPH
cation really exists in solution while the sodium adduct and
oligomers are formed in the gas phase. In the presence of
lanthanum nitrate, eight additional peaks identified as shown
in Table 2 (entries 613) were observed. In addition, two

account discussed above mode of BTP binding, can be propose
for the Mp(BTP)(OH),*" complexes. One should expect similar
behavior also with Tris as a ligand, but titrations of Fris
lanthanide mixtures always lead to precipitation of metal
hydroxide at pH above 8. Therefore, at least some additional
binding of the second half of BTP molecule to metal cation
probably occurs and explains difference between Tris and BTP.
Deprotonation of bound to metal water moleculed ieads to (42) (a) Allen, C. S.; Chuang, C.-L.; Cornebise, M.; Canary, JIWirg.

; i ; Chim. Actal995 239, 29. (b) Hopfgartner, G.; Piguet, C.; Henion, J.
formation of higher h.y.droxo. complexes shown in SCheme. 1. D. J. Am. Soc. Mass Spectrort994 5, 748 and references cited
To get some additional information on types of species therein.

presenting in BTP-lanthanum mixtures in basic solutions, the (43) Cunniff, J. B.; Vouros, PJ. Am. Soc. Mass Spectro095 6, 437.
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Figure 5. Observed rate constants for the BNPP hydrolysis at@%solid squares) and species distribution diagrams for hydroxo complexes
(Scheme 1) for 2mM lanthanides(lll) and 20 mM BTP. Dash lines are the theorejicas pH profiles calculated in accordance with eq 3 and rate
constants for the individual hydroxo complexes given in Table 2.

unidentified peaks at/z = 365.1 and 409.2 were observed, highly probable that the gas-phase conditions favor the dehydra-
which probably belong to sample impurities. Peaksnit = tion of complexes converting a M(OB(ROH) fragment into
351.1, 419.1, and 482.0 by their isotopic structure belong to M(RO™) + H,0O. Indeed, in contrast to aqueous phase, the gas-
dicationic species. Three peaks (Table 2, entries 7, 8, and 11)phase basicity of OHis much higher than that of RQi.e.,
correspond to dimeric complexes and others to monomeric the proton-transfer reaction Olghs + EtOHyas — EtO gas +
species, all of which contain single or doubly deprotonated BTP H,Oqyasis very exothermic with the energy change-656 kJ/
ligand. This may speak in favor of ligand deprotonation rather mol#4We believe therefore that the more probable route to these
than formation of hydroxide complexes in solution, but it is species is the gas-phase dehydration of hydroxide complexes.
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Table 2. Calculated and Observed'z Values for BTP+ La(NOs)s constantsky,9 of BNPP hydrolysis for all lanthanides employed
System at pH 9.2 are linear functions of metal concentration in the range above
caled  obsd 2 mM, but with La(lll) and Nd(lll) at lower metal concentrations
species formula mz mz they show approximately quadratic dependence on total metal
1 BTP H* Cy1H2/N5Os 283.192 283.2 concentration (see Figure 4a,b). Reaction is strongly inhibited
2 BTPNa CuHa6N2OsNa  305.174  305.1 by NaClQ;: increase in total (buffer plus added salt) perchlorate
3 BTRH* CazHs3N206 565.376  565.4 concentration from 0.01 to 0.1 M leads to ca. 10-fold decrease
4 BTRHY CagH79N2Os 847.560 847.5 in the reaction rate. Additions of NaCl or NaN@aused a much
2 E;(%THP H.)(BTPR S:ﬂ;ir\dl\ié)olla lég?:zgg 1%2%1 smaller effe_ct, ind_icating _p_ossible specific ion-pai_ring of per-
7 La(BTP H.o)2" CoHasNOla, 419.074 419.1 chlorate anion with positively charged lanthanide reactive
8 Lay(BTP H_1)2(NO3)2" CoHsoNeOigla, 482.070  482.0 species. This effect is responsible for a strong inhibition of the
9 La(BTP H-)(BTP)" CoHsoNsOppla  701.258  701.2 reaction rate by increased BTP concentrations at constant pH

10 La(BTP Hy)(BTP)(NG;)" CoHsiNsOsLa  764.254 7643  adjusted with HCIQ without background NaClQthat was

11 Lay(BTP H_2)(NOs)* CoHaNsOpsla,  900.156  900.1 : ; - :
12 La(BTP H)(BTPL* CoHaN.Owla 983442 9834 erroneously interpreted previoughas being due to formation

13 La(BTP H)(BTPR(NOs)* CsHrN:Oula 1046438 1046.4  Of higher inactive complexes. S
To analyze pH profiles okyps the species distribution dia-

The most abundant species in the solution used for ESI-MS grams were calculated for the conditions of kinetic experiment
measurements is b@H)4(BTP),?* (see the species distribution  in accordance with equilibrium constants given in Table 1, and
diagram in Figure 5a) which after dehydration affordg(Ba P experimental values dé,ns were plotted on these diagrams as
H_,),?* (Table 2, entry 7). Also is detected an adduct of this shown in Figure 5. Inspection of Figure 5 reveals that the reac-
cation with nitrate (Table 2, entry 11). Another dimeric species tivity always increases on going from aquo ions to hydroxo com-
Lax(BTP H-1)2(NO3),2" (Table 2, entry 8) is probably formed  plexes, as observed in other related systéiys.12.17,.22,24,27,233

by dehydration and subsequent nitrate capture of the dihydroxoFor a given metal, the observed rate constant does not correlate
complex La(OH)(BTP)*". The amount of mononuclear lan-  with concentration of a single species, but there are some species
thanum complexes La(BT#) and La(OHY in solution is still that give the major contribution to the observed reactivity. On
significant at the conditions employed. Therefore, monomeric going to heavier and more electrophilic cations from La(lll) to
gas-phase ions may be produced by exchange and dehydratio®y(lll), progressively higher dinuclear hydroxo complexes
reactions between these monomeric solution species. On theprovide major contributions to the reactivity. Thus, if for Pr(lll)
other hand, with high excess of BTP over La(lll) the dinuclear thekqssvs pH profile goes closely to the distribution curve for
gas phase ions may undergo cleavage to monomers. The mutuall,(BTP),(OH),*" (Figure 5b), for Dy(lll) this profile is shifted
electrostatic repulsion of highly charged®taons inside the to the distribution curve for MBTP),(OH)s (Figure 5f). There
dinuclear complexes should be much stronger in the gas phasés also a contribution, most clearly seen in Figure 5a,b for La(lll)
than in water and the relative stability of dinuclear complexes and Pr(lll), of monohydroxo mononuclear complexes, which

should be lower. Thus, cations La(BTP-#} (BTP)" and probably are the sole reactive species in studies with lanthan-
La(BTP H-1)(BTP)(NG;)™ may be formed by the cleavage of ide(lll) aquo ions in neutral solutions. Analysis of the species
Lax(BTP H-)2" and La(BTP H-1), (NOs),2", respectively, distribution curves calculated at different metal concentrations

by BTP and formation of other monomeric cations is readily shows also that at pH values between 8.5 and 9 the dinuclear
explicable by subsequent capturing or loss of BTP and nitrate. complexes constitute more than 90% of total metal concentration
In general, ESI-MS of lanthanurBTP system shows a in the range above 2 mM for all metals in agreement with
complicated pattern, but it supports the presence of dinuclearobserved first-order kinetics in these conditions. At the same
complexes with metal:ligand ratio 2:2 proposed on the basis of time, for La(lll), Pr(lll), and Nd(lll) there is a considerable

potentiometric titration. contribution of mononuclear species below 1 mM concentration,
Kinetics of BNPP Hydrolysis. It has been shown previously  that also agrees with the change of the reaction order to two at
that the products of BNPP hydrolysis in the B¥Rnthanide low concentrations of these metals (see above).

system are 1 equiv of inorganic phosphate and two equivalents  Second-order rate constants for BNPP hydrolysis by indi-
of 4-nitrophenof® Depending on reaction conditions, absorb- vidual species were estimated by using the multiple regression
anceA vs timet profiles monitored at the absorption maximum  on pH-dependence dsin accordance with eq 3:

of 4-nitrophenolate anions followed simple first-order kinetics,

when hydrolysis of NPP intermediate was fast, or more complex _ 2+ 4+

two-exponential eq 2¢{p and [BNPP} are the molar absorp- Kabs = Ko[M(OH)™] + ke[M(BTP),(OH), "] +

tivity of p-nitrophenolate and initial substrate concentration ko[M (BTP),(OH),*"] + k,[M,(BTP),(OH)."] +
respectively), when the observed first-order rate constants ks[M,(BTP),(OH)y (3)
andk; of BNPP and NPP hydrolysis are of similar magnitude.

_ —kat _ —kat _ Concentrations of hydroxo complexes were calculated from

A= enelBNPPL{2 + (e ™+ (iy = 2g)e Tk, — ky)} known total metal ang BTP concgntrations at each pH value
@) and used as independent variables in eq 3. The resulting rate

constantk;-ks are given in Table 3. Missing rate constants for
some species result from insignificant contributions of such
species in the observed rate constant under conditions employed.
In some cases, e.g., fé&g values for Eu(lll) and Dy(lll), the
standard deviations of mean values calculated from the multiple
regression were very large, but exclusion of the respective term

(44) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. by settingk; = 0_|ed toa C_Oﬂsiderable decrease in fitting quality.
D.; Mallard, W. G.J. Phys. Chem. Ref. Data Supp28§ 17, 1. Therefore, we included in Table 3 these and some other rate

Discussed below observed first-order rate constants for the
BNPP hydrolysis refer t&; values in the eq 2.

The reaction rate grows rapidly on increase in pH above 7
and tends to level off at pH 9. The reaction order in metal was
studied in the interval of pH 8:59. Observed first-order rate
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Table 3. Rate Constants for the BNPP Hydrolysis by Different Lanthani¢t¢@omplexes with BTP at 23C
La(lll) Pr(lll) Nd(I11) Eu(lll) Gd(In) Dy(llI)

ki, M~1s1  0.26+0.07 0.26+ 0.09 0.038 0.812

kny M~1st 01404+ 0.075 (3.7£1.2)x 102  (25+0.2)x 102  (1.1+£0.1)x 102 (5.6 3.0)x 1073

ks M~1sl  0.195+0.030 (5.4+1.8)x 102  (4.4+04)x 102  (1.7+£02)x 102  (3.5£0.3)x 102 25x 103%a
ki M~1s1  0.2754 0.040 3.4x 10%a (8.5+ 1.1) x 1072

ks, M~1s1 0.33+ 0.03

aRelative error in this constant is ca. 100%, but its exclusion leads to a substational decrease in the fitting quality.

Table 4. Parameters for the Rate Eq 4 for the NPP Hydrolysis by LanthartgeC®mplexes with BTP at pH 9.0 and 282

La(lly Pr(lly Nd(llr) Eu(ill) Gd(i Dy(I1l) Dy(lll) ® Dy(llly ¢
ko, 1 73x10*%  25x 104  29x10%  15x10*  15x10% 15x10° 26x10%  16x10%
Ks M1 750 >5000 1690 1760 3500 220 530 830

2 Relative errors irkc andKs are within 20-30%.° pH 8.5.¢ pH 8.0.

constants with similarly large standard deviations considering 0.0006 -
them as approximate estimates.

Comparisons ok;—ks values for any given metal show that 0.0005 | . *
among dinuclear complexes the reactivity increases with increase PH 9.0
in number of bound OH, but the most reactive species are 0.0004 -
mononuclear monohydroxo complexes. The actual contribution
of these complexes tapsis small, however, because the fraction %, 0. |
of these species is very small; see Figure 5. Increased reactivity 2
of dinuclear complexes possessing larger numbers of bound ™ 0.0002 - pH 8.5
OH~ anions parallels the situation with dinuclear Zrf3#°and ' o
La(lll) 17 hydroxo complexes with macrocyclic ligands: for both 0.0001 - . o
metals M(OH), species are more reactive thany(KH) ) pH 8.0
complexes. Apparently, OHanions in the higher complexes

are more basic and may function as stronger nucleophiles toward O 0000 00005 00010 00015 00020 00025 00030 00035
phosphorus(V). When complexes of the same composition but [Dy(lIh], M
with dllfferent metals are compared, their regctlvmes decrease Figure 6. Observed first-order rate constants of NPP hydrolysis vs
on going from La(lll) to Dy(lll) (see trends itko, ks, andk, concentration of dysprosium(lll) in the presence of 20 mM BTP at
values in Table 3, which refer to complexes(BTP)(OH),**, different pH values.
M2(BTP)(OH)4", and My(BTP)(OH)s™, respectively). In this
series, the size of lanthanide(lll) cations decreases leading to“saturation” behavior exemplified in Figure 4a,b for La(lll) and
an increase in the charge density and electrophilicity of heavier Nd(Ill). Results for all metals were fitted to the Michaetis
cations. This should lead to a decrease in basicity of bound Menten-type eq 4
hydroxide anions. Thus, complexes with more electrophilic
cations and less basic OHanions possess lower reactivity. Kops = KcKIM)/(1 + KM]) (4)
Therefore, within this series of metals in dinuclear complexes,
the basicity of bound OHappears to be more important than whereKsis the formation constant of an intermediate substrate
the electrophilicity of lanthanide cation, although the effect is lanthanide complexkc is the first-order rate constant for the
rather moderate. hydrolysis of NPP inside this complex (catalytic constant), and
While reactivities of M(BTP)(OH),*" and My(BTP)- [M] is the total metal concentration. The valueskafand Ks
(OH)4?* complexes decrease monotonically on going from for different lanthanides at pH 9 are given in Table 4. Both
La(lll) to Dy(lll), the observed first-order rate constants at a parameters are purely apparent constants, which refer to the total
given metal concentration and at pH about 9 follow a different metal concentration. No attempt was made to separate contribu-
order: La> Pr> Nd > Eu < Gd < Dy. This happens because tions of individual species, but a qualitative discussion given
at this pH heavier lanthanides generate larger fractions of higherbelow points out some essential features of the reaction
and more reactive hydroxo complexes. Thus, more electrophilic mechanism.
metal cations deactivate bound OWy reducing too strongly Both the catalytic and the intermediate complex formation
its basicity, but this deactivating effect is compensated by ability constants do not show regular trends within the lanthanide series.
of such cations to form higher hydroxo complexes in which This is not unexpected because for different metals different
bound OH anions are more basic. species participate in the reaction at a given pH. Indeed,
Kinetics of NPP and NPA Hydrolysis. Kinetics of the parameters of the eq 4 determined at different pH values are
hydrolysis of these substrates were studied in less details mainlysignificantly different. In Figure 6, the plots ds vs metal
for comparative purposes. Hydrolysis of both substrates followed concentration for Dy(lll) at different pH values are shown and
simple first-order kinetics in the presence of a high excess of kinetic parameters found from the fitting of these results to the
metal. Rate constants found for NPP agreed well Withalues eq 4 are given in Table 4. The intermediate formation constant
found from the fitting of the kinetic curves for BNPP hydrolysis decreases and the catalytic constant increases on going to lower
to eq 2 under similar conditions. Generally, the reactivities of pH values where more highly charged species predominate (cf.
lanthanide BTP hydroxo complexes toward NPP are similar to Figure 5f). Both tendencies are expectable, as a matter of fact,
those toward BNPP, but in contrast to BNPP, dependences ofbecause NPP dianion should interact stronger with species
kobs On metal concentration in this case clearly show a bearing higher positive charge and the reactivity should be
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depending on values of rate constants of subsequent transforma-

tions of the bound substrat®.Also, a self-aggregation of
5x10* lanthanide species on increase in total metal concentration with
formation of nonreactive polynuclear complexes may lead to
the apparent “saturation” behavior.

Observed first-order rate constants of the hydrolysis of a
carboxylic acid ester NPA were linear functions of lanthan-
ide(lll) concentration, as illustrated in Figure 4a,b for La(lll)
and Nd(lll). This substrate is $6imes more reactive than BNPP
2x10% in the alkaline hydrolysis: second-order rate constants of the
alkaline hydrolysis Kon) at 25°C are 9.5 Mt s71 for NPA 50
and 5.8x 10°® M~1 s71 for BNPP.5! Due to the fast alkaline
hydrolysis of NPA, the rate of spontaneous reaction at pH about
9 is rather high for this substrate in contrast to BNPP and NPP
0 for which the spontaneous hydrolysis does not contribute at all

to the observed rate in the presence of lanthanides, Figure 4a,b.
Surprisingly, the rate of lanthanide-catalyzed hydrolysis of NPA

4x10™*

3x10*

.8 ssqoy

1x10*

7.0 75 8.0 85 9.0

pH
Figure 7. Observed first-order rate constants for the hydrolysis of NPP s similar to that of BNPP and NPP. Only reaction with La(lll)

(open squares) and NPA (solid squares) in the presence of 2 mM iad T
lanthanum(lll) and 20 mM BTP as function of pH. Solid lines are the was studied in detail. Figure 7 shows the dependence of the

species distribution curves (see Figure 5a). Dashed line is the theoreticaIObS(':‘rved first-order rate constant of NPA hydrolysis in the
profile calculated in accordance with eq 3 with the rate constants for Presence of 2 mM La(lll) and 20 mM BTP corrected for the
the individual species given in the text. rate of spontaneous reaction. The profile is similar to that
observed for BNPP, Figure 5a, and fitting of these results to
higher for the species with larger number of bound hydroxide the eq 3 shows that in the given pH interval major contributions
ions by analogy with BNPP hydrolysis. Profiles ks vs pH are from La(OHJ" and La(BTP)(OH),?" with the second-
for NPP hydrolysis show an increasekifsson increase in pH, ~ order rate constantg = 0.37 M~ st andks = 0.092 M™!
like in the case of BNPP, but are much more flat. As an S % From these results, we see that Otbordinated to La(lll)
illustration, the plot okopsvs pH for La(lll) is shown in Figure ~ has higher reactivity in BNPP hydrolysis than free OH
7 together with the species distribution curves. This and other (K(LROH)K(OH) = 4.4 x 10, but with NPA as the substrate
similar plots for other lanthanides cannot be interpreted in terms coordination to La(lll) only deactivates OHk(LaOH)k(OH)
of eq 3, which implies the first-order kinetics in respect of the = 0.039). This comparison clearly shows that the catalytic effect
metal complexes. One can say, however, that complexes withof lanthanides in the hydrolysis of a carboxylic acid ester results
larger number of bound hydroxide anions are more reactive only from decrease of i of coordinated water molecules,
toward NPP like in the case of BNPP. which makes hydroxide ions available at low pH although with
The observation of saturation kinetics with NPP, but first- "educed intrinsic reactivity, but catalysis of the phosphate ester
order kinetics with BNPP with the same reactive species reflects Nydrolysis involves certain activation of the substrate by metal
better ligating properties of the former substrate, which is a cations. _ o
dianion capable, in principle, to metal chelation in contrast to _ Analysis of the Reaction Mechanism in Terms of Bransted
monoanionic BNNP2 Low affinity of phosphate diesters to Correlation and Transition-State Stabilization. The role of

metal cations, as well as increased affinity of phosphate metal ion; in the mechanism of hydrolysis of phosphate esters
monoesters is well documenté&#4-47 For example, stability ~ May be discussed in terms of three effects, which take place in

constants for binding of BNPP and (Ph@D,~ to Cu(ter- the first coordination sphere of the metalf1) Lewis acid

pyridinef* equal 15.8 M! and 316 MY, respectively’ activation of the substrate via coordination of phosphoryl
However, these values were determined in 75% EtOH solvent, ©Xygens to the metal, (2) nucleophile (Oldr RO") activation
which favors ionic association. For Zn([12]angX in water via coordination to the metal, which brings nucleophile in the

log K < 0.5 with BNPP, but logk = 3.1 with NPP!2 Under clo_se _proximi_ty to the phosphoryl_ group, (3) I(_eaving group
our conditions, strictly first-order kinetics in metal with BNPP ~ &ctivation, which involves decrease iKgof the leaving alcohol.

as the substrate is observed at concentrations of lanthanided he first and third effects require possibly high Lewis acidity
below 10 mM which means that the substrate-metal binding ©f the metal cation, which agrees with the fact that generally
constants should be about or below 10'MAlso, no “satura- most active are complexes of highly charged metal cations (see
tion” in metal concentration up to 4 mM was observed for BNPP the Introduction). However, the second effect requires the bound
hydrolysis in the presence of lanthanide(lll) cryptatésever- n'ucleo'phlle to conserve its reactivity, which for “hard” reaction
theless, in several systems “saturation” kinetics of BNPP Sites, like phosphoryl and carbonyl groups, generally correlates
cleavage withKs values in the range 26-10° M~ similar to with the nucleophile Brensted basicity. Therefore, too strong
those observed in our system with NPP as the substrate wergd€crease inld, of the conjugated acid of bound nucleophile
reportedi31427.48The reasons for the unusually high affinity of ~May deactivate it considerably and a certain optimum in metal
phosphate diesters to metal centers in these systems are not cledr€Wis acidity should exist for the optimum catalytic activity.

It should be taken into account, however, that Kevalue ~ The basicity of bound nucleophile was considered as an
calculated from eq 4 or its modifications from kinetic data may important factor in the reactivity of hydroxo complexés/and

be or may be not equal to the true equilibrium binding constant

(49) Segel, I. H.Enzyme Kinetics; Beh#r and Analysis of Rapid
Equilibrium and Steady-State Enzyme Systeiidey: New York,

(45) Massoud, S. S.; Sigel, Hhorg. Chem 1988 27, 1447-1453. 1993.
(46) Kim, J. H.; Chin, JJ. Am. Chem. Sod 992 114, 9792-9795. (50) Jencks, W. P.; Carriuolo, J. Am. Chem. Sod96Q 82, 1778-1786.
(47) Jurek, P. E.; Martell, A. Bnorg. Chem 1999 38, 6003-6007. (51) Ketelaar, J. A. A.; Gersmann, H. Rec. Tra. Chim.1958 77, 973~

(48) Takasaki, B. K.; Chin, . Am. Chem. Sod 995 117, 8582-8585. 981.
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Figure 8. Second-order rate constants for the cleavage of NPA (a) and BNPP (b) by metal hydroxo complekgesfuhgir conjugated acids.

Data for NPA are from refs 54 (Co(lll) complexes), 1a and 30 (mononuclear and dinuclear Zn(ll) complexes with macrocyclic ligands), 58
(Cu(GlyGly)OH"), this work (La(OH¥"), and 50 (OH), all at 25°C. Data for BNPP are from refs 30, 31, 33, and 59 (Zn(Il) complexes and OH

at 35°C) and this work (Ln(OH)" at 25°C).

our present results also demonstrate higher reactivity of lan- from the line for RO or M — OH™ nucleophiles. The point
thanide complexes with more basic hydroxide. On the other for La(OH@* fits very well the dependence for hydroxo
hand, it was demonstrated that within a series of Co(lll) complexes of other metals. We see, therefore, that in respect of
complexes with different amine ligands the reactivity in BNPP  NPA hydrolysis La(lll) behaves like other cations, which just
hydrolysis varies depending on the ligand structure by severalreduce the K. of bound water molecules making OHa
orders of magnitude whileKy of coordinated water remains  nucleophile similar to organic O-nucleophiles without any
constan®? Thus, basicity of bound hydroxide cannot be the sole sypstrate activation by the metal cation.

factor, but it also cannot be ignored.

Commonly, the search of an interrelation between basicity di
and reactivity is based on analysis of the Brgnsted correlation
between logarithms of the rate constants ald alues of the
conjugated acids of nucleophiles. Such correlations for Zn(ll)-
catalyzed NPA and BNPP hydrolysis were discussed in qualita-
tive terms!® Here, we present a quantitative treatment on an .7~~~ )
extended database including lanthanides(lll) (see Table 2S mmdlcatlng. the Brgr)sted slope close 'to zero. This means that
the Supporting Information). The Brgnsted correlation with the the loss in regctl\{ny of OH upon b_'nd'n,g to the meta[ IS
slope close to unity was demonstrated for the cleavage of NPA compensated in th|§ case by the Lewis acid sub;trate a(;tlvatlon.
by organic nucleophiles of different typ&The points of this Results for Ianthamdqs tend to form another horizontal line, but
general correlation are rather scattered, but when nucleophiles?t the level ca. 10higher (note that the rate constants for
of only one type are considered the correlation becomes good.lanthanides are at Z% but those for zinc complexes are at 35
In particular, for oxygen nucleophiles ROthe Brgnsted °C). It seems, therefore, that the lanthanide cations produce an

Results for BNPP are shown in Figure 8b. Results for three
nuclear Zn(Il) complexes with macrocyclic ligands of similar
structures show a negative slofgthese points are connected
by a solid line in Figure 8b), but considering all available data
for Zn(ll) complexes one can see that the rate constants for
hydroxo complexes of Zn(ll) are similar to that of free OH

correlation is given by eq % additional activation effect, as compared to zinc, but vari-
ations in the Lewis acidity of these cations are relatively
log k(RO") = 0.75[K,(ROH) — 7.28 (5)  insignificant.

A discussion of the nature of activation effect of lan-
Rate constants for NPA cleavage by complexes [Co([15]- thanides(lll) in terms of above-described contributions—1)
aneN;)(OH)]?" and [Co(NH)sOH]?* were found to be quali-  (3) is rather difficult because it requires the detailed knowledge
tatively in line with the general correlation for organic nucleo- of the mechanisms of elementary steps of the catalytic reaction.
philes>* Figure 8a shows results for the cleavage of NPA by A less mechanistically demanding approach, widely used in the
13 hydroxo complexes of Co(lll), Zn(ll), Cu(ll) and La(lll),  interpretation of enzyme and model reactiotfsis based on
which follow eq 6. estimation of the stability constants of catalyst-transition state
complexes. Simplified structurésand3 (R = 4-nitrophenyl)
logk(M — OH") = 0.73K,(M — OH,) —6.68 (6)  of the transition states for the alkaline hydrolysis of NPA and
BNPP are shown in Chart 1. Known rate constants for the
Parameters of eq 6 are very close to those of (5). Also, in glkaline (see above) and neutr € 5.5 x 107 s~1 for NPAS0
both cases the point for free Ok$trongly deviates negatively  gnd 1.1x 1011 51 for BNPP22 at 25°C) hydrolysis of these

- - esters allow one to estimat&pvalues of the conjugated acids
(52) (a) Chin, J.; Banaszczyk, M.; Jubian, V.; Zou,)XAm. Chem. Soc

1989 111 186-190. (b) Chin, J.; Zou, XJ. Am. Chem. Sod 988 of the transition stateg and 3 (pK*,) in accordance with eq
110, 223-225. 756

(53) Ba—Saif, S.; Luthra, A. K.; Williams, AJ. Am. Chem. Sod 987,
109, 6362-6368. _

(54) Hay, R. W.; Bembi, RInorg. Chim. Actal982 64, L179-L181. pK* , = log(ky/kop) + 14 (7)
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Chart 1

o, Me

O bR
2

pK.(2H) = 6.8
logK(La2’") = 3.26
logK(Znl.2") = 4.50

The resulting K*, values given in Chart 1 show that the

OR

Q.
o F—OR
OH

pK.(3H) =83
logK(La3") =9.32
logK(ZnL3) = 5.58

logK(LaOH>") = 4 67
logK(ZnLLOH) = 5.36

Gomez-Tagle and Yatsimirsky

to [ZnL1(OH)z]2t, a complex possessing the highest activity
in BNPP hydrolysis among all reported Zn(Il) complexes (rate
constants for the hydrolysis of BNPP and NPA by {Zi-
(OH);)2" equal 1.15x 104 and 1.3 M1 s1at 35 and 25C,
respectively, K4 values of the conjugated acid are 9.1 and 8.64
at 35 and 25C, respectively§° In terms of eq 8 for this system
[Zn,L1(OH),]2" = M — OH and [ZBL1(OH)]3* = M — OHs.

For comparison, Chart 1 gives also the association constants of
La" and [ZnpL1(OH)J3™ with OH~ at 25°C. Binding of the
transition state? to the zinc complex is stronger than toSta

in accordance with higher affinity of the former to OHAs
expected, for both metals affinity to less bagits lower than

to OH~. With dianionic transition statg for both metals stability
constants become larger than with the monoaripbut for

transition states for these reactions have similar basicities.Zn(”) the increase in K is only 10 times and for La(lll) 10

Following the same approach as for derivation of the &§ 7,

times. A possible reason for such a difference is 8iatcontrast

one can easily obtain the expression for stability constant of 4 5 can act as a bidentate ligand, but with a very small chelate

metal (M)—transition state (T) complex (Kir), which refers

to the equilibrium

in the form:

log K* ;1 = log(k(M — OH )/kg,y) + 14— pK (M — OHy)

Using thek; value, equivalent t&(M — OH™) in eq 8, for
La(lll) from Table 2 (BNPP) andy = 0.37 M1s1 (NPA, see
above) together with given abokegy values for these substrates
one obtains the stability constants of 3fatransition state
complexes with2 and 3 given in Chart 1. Chart 1 also shows
the association constants farand 3 with a dinuclear Zn(ll)
complex [ZnL1(OH)]** (L1 is an azocrown ether; see the
Supporting Information for its structure), which corresponds

M+ T=MT

(55) (a) Lienhard, G. EScience1973 180 149-154. (b) Tee, O. SAdwv.
Phys. Org. Chem 1994 29, 1-85. (c) Kirby, A. J.Angew. Chem.

Int. Ed. Engl, 1996 35, 707-724.
(56) Kurz, J. L.Acc. Chem. Red972 5, 1-9.

ring size, which is favored for metals of larger sZe.
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