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The catalytic effects of the Zn(Il) complexes of a series of poliaminic ligands in the hydrolysis of the activated
phosphodiesters his-p-nitrophenyl phosphate (BNP) and 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP) have
been investigated. The reactions show first-order rate dependency on both substrate and metal ion complex and
a pH dependence which is diagnostic of the acid dissociation of the reactive species. The mechanism of the metal
catalyzed transesterification of HPNP has been assessed by solvent isotopic kinetic effect studies and involves the
intramolecular nucleophilic attack of the substrate alcoholic group, activated by metal ion coordination. The intrinsic
reactivity of the different complexes is controlled by the nature and structure of the ligand: complexes of tridentate
ligands, particularly if characterized by a facial coordination mode, are more reactive than those of tetradentate
ligands which can hardly allow binding sites for the substrate. In the case of tridentate ligands that form complexes
with a facial coordination mode, a linear Brgnsted correlation between the reaction rate (log k) and the pK, of the
active nucleophile is obtained. The Sn values are 0.75 for the HPNP transesterification and 0.20 for the BNP
hydrolysis. These values are indicated as the result of the combination of two opposite Lewis acid effects of the
Zn(ll) ion: the activation of the substrate and the efficiency of the metal coordinated nucleophile. The latter factor
apparently prevails in determining the intrinsic reactivity of the Zn(ll) complexes.

Introduction The different mechanisms by which a metal ion can

) accelerate the hydrolysis of phosphate esters have been
Phosphodiesters have been chosen by nature as thg, estigated and partially exploited in the realization of

building blocks of the structural backbone of nucleic acids, simple artificial nucleases based on metal ion compléxes.
with the role_ to preserve the genetic mfc_eratlon. The reason The interest on such biomimetic models is not only restricted
for this choice is their tremendous resistance to hydrolytic g the elucidation of the enzymatic mechanisms. In fact
cleavage: thus, in water at pH 7 and 25, the estimated  several important applications can be envisaged: from the
half-life of RNA is 110 years and that of DNA is in the  development of artificial restriction enzymes for molecular
range of 16-100 billion years. On the other hand, nature  pjglogy, to the realization of antiviral and antitumor drugs.
can obtain the hydrolysis of nucleic acids making use of the Despite the numerous efforts, none of the several models so
proper enzymes: natural nucleases can hydrolyze DNA in far described approaches the enormous catalytic efficiency
a few seconds, achieving accelerations up fé tifdes. Most of natural enzymes.
nucleases contain in their active site metal ions, typically :

(2) (a) Jedrzejas, M. J.; Setlow, €hem. Re. 2001, 101, 608-618. (b)

Zn(l1), Ca(ll), Mg(ll), and Fe(ll), which can play funda- Cowan, J. A.Chem. Re. 1998 98, 1067-1087. (c) Wilcox, D. E.
mental catalytic roles. Chem. Re. 1996 96, 2435-2458. (d) Sttter, N.; Lipscomb, W. N.;
Klabunde, T.; Krebs, BAngew. Chem., Int. Ed. Endl996 35, 2024~
2055. (e) Serpersu, E. H.; Shortle, D.; Mildvan, A.EBochemistry
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* Universitadi Trieste. Rev. 1999 182 243-261. (c) Hegg, E. L.; Burstyn, J. KLoord. Chem.
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1999 32, 485-493. Different half-life values for the hydrolysis of 1998 1495-1500. (e) Morrow, J. RMet. lons Biol. Syst1997 33,
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Scheme 1. Mechanism of the Hydrolysis of Activated Phosphate ane, and triaminocyclohexane, did not observe any dimer-
Diesters Cata'yzoed by Metal Complexes ization of the complexes and found a linear relationship
RO—P._ HO 5 OH between their hydrolytic reactivity and th&pof the metal

ro © M \ ' coordinated water molecufé Such different behaviors can
7K Ci;pf,fa \k be partly ascribed to the different conditions and to the
2+ OH © t different features of the metal ions employed, but they clearly

p 2 fj\o__Q' indicate the need for further investigations.

H* Otz M".’O/F‘C:FS R Zn(ll) is probably the best suited metal ion for the
{(Ka development of artificial metallonucleases. In fact, being a
)\ strong Lewis acid and exchanging ligands very rapidly, it is

2+ ~OH2 H OR an ideal candidate to play the role of hydrolytic catalysts.
©OH, ZM‘b\PoO Furthermore, it is characterized by a well-defined coordina-
07 0R tion chemistry, which allows detailed studies of the reactivity

K' R K
2+ O. /,O .
0 M P \( of its complexes, and by the absence of a relevant redox
! OR

I
RO.BP\O chemistry that rules out competing oxidative cleavage
2H,0 pathways. However, its reactivity is somewhat lower than
that of the other commonly employed transition metals, such
as Cu(ll) or lanthanide ions, afé,for this reason, the
realization of efficient Zn(ll)-based artificial metallonucleases
requires an even more precise knowledge of the factors that

Clearly, a more accurate comprehension of the mecha-
nisms of the metal catalyzed phosphodiester hydrolysis is
an important prerequisite to the realization of really effective
artificial metal-based nucleases. Detailed quantitative studies

have been performed on substitutional inert Irfld Co- influence_ its catalytic activity. Fujii and co-workers hgve
(Il1) 5 complexes and on labile Cu(ind Zn(Ilf complexes shown, in the case pf the metgl catalyzed hydroly5|s of
in the hydrolysis of activated phosphate esters. phosphotriesters, an interesting inverse correlation between

The general mechanism, stemming out from these studiesth® activity of the complex and the basicity of the metal
and now generally accepted, involves (Scheme 1) the acigcoordinated water molecul@®To the best of our knowledge,
dissociation of a metal coordinated water molecule, the NO detailed structurereactivity studies have been performed
coordination of the substrate to the metal ion, and the On the phosphodiester hydrolysis promoted by mononuclear
nucleophilic attack of the metal bound hydroxide on the Zn(ll) complexes, with the only exception of a comparative
substrate. However, the relative importance of the different investigation of the reactivity of the Zn(ll) complexes of
factors at play (nucleophile activation, substrate activation, 1,4,7-triazacyclododecane and 1,4,7,10-tetraazacyclodoce-
general base catalysis, template effect) is still largely cane toward the phosphodiester pisitrophenyl phosphate
undefined as is the role of the ligand in modulating the (BNP) by Kimura and co-workers.
properties of the metal ion. In their studies on Co(lll) In this paper, we describe the results obtained in the study
complexes of a series of macrocyclic tetraamines, Chin andof the Zn(ll) complexes of the macrocyclic and linear
co-workers have reported that the rate of phosphodiesterpolyamine ligands reported in Figure 1 as catalysts of the
hydrolysis increases with the increase of the-GCb—N hydrolysis of two phosphodiesters, the pisitrophenyl
angles in the complexes, which leads to the stabilization of phosphate (BNP) as a DNA model, and the 2-hydroxypropyl-
the four-membered-ring transition stat€hanging to labile  p-nitrophenyl phosphate (HPNP) as an RNA model (Figure
metal complexes, Burstyn and co-workers investigated the 1). Particular attention has been devoted the metal catalyzed
reactivity of the Cu(ll) complexes of a series of macrocyclic transesterification of HPNP, extensively employed as an
triamines of increasing size and found a similar intrinsic RNA model substrate, whose mechanism, rather surprisingly,
reactivity for all the complexes, the only important difference has never been investigated in detail. The reactivity data
being the different tendency to form unreactpvéydroxo  obtained for the different complexes have been related to
dimerst® On the contrary, Fujii and co-workers, studying their thermodynamic parameters as essential means to
the Cu(ll) complexes of triazacyclonane, triazacyclododec- eyaluate the factors which control the Zn(ll) catalyzed
phosphodiester hydrolysis.

(4) Hendry, P.; Sargeson, A. M. Am. Chem. Sod989 111, 2521~

2527.

(5) (a) Chin, J.; Zou, XJ. Am. Chem. So0&988 110, 223-225. (b) Chin, Experimental Section
J.; Banaszczyk, M.; Jubian, V.; Zou, X. Am. Chem. Sod989 111,
186-190.

(6) (a) Deck, M. K.; Tseng, T. A.; Burstyn, J. Morg. Chem2002 41, General Methods and Materlal_s.UV—ws spectra and kinetic
669-677. (b) Hegg, E. L.; Mortimore, S. H.; Cheung, C. L.; Huyett, traces were recorded on a Perkin-Elmer Lambda 16 spectropho-

J. E; I(Dc;weII,ID. R.; Burstyn, J. Nnorg. Cf;]em.l999 38, 2961~ tometer equipped with a thermostated cell holder. NMR spectra

2968. (c) Deal, K. A.; Burstyn, J. Nnorg. Chem.1996 35, 2792- ; .

2798, (d) Deal, K. A: Hengge, A. C.: Burstyn, J. BL.Am. Chem. were recorQed using a Brukelr AV300 .(300 MHZ) spectrometer;

Soc.1996 118 1713-1718. (e) Itoh, T.; Isada, H.; Usui, Y.; Fuji, ~ the operating frequency fof'P experiments is 121.5 MHz.

Y. Inorg. Chim. Actal99§ 283 51—-60. ‘ Potentiometric titrations were performed using a Metrohom 716
(7) (@) ltoh, T, Fujii, Y., Tada, T.; Yuzo, Y.; Hisada, HBull. Chem.  pms Titrino dynamic titrator. Zn(NG), was an analytical grade

Soc. Jpn1996 69, 1265-1274. (b) Fujii, Y.; Itoh, T.; Onodera, K; . . . .

Tada, T.Chem. Lett1995 305-306. (c) Koike, T.; Kimura, EJ. product. Metal ion stock solutions were titrated against EDTA

Am. Chem. Sod 991, 113 8935-8941. following standard procedures. The buffer components were used
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Figure 1. Ligands and substrates.

as supplied by the manufacturers: acetic acid (Aldrich), 2-mor-
pholinoethanesulfonic acid (MES, Fluka), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma), 4-(2-hydroxyethyl)-
1-piperazinepropanesulfonic acid (EPPES, Sigmal\-2yiclohexyl-
amino]ethanesulfonic acid (CHES, Sigma), and 3-[cyclohexyl-
amino]1-propanesulfonic acid (CAPS, Sigma). Thegbisitrophen-

thermostated cell holder. Reaction temperature was maintained at
25 + 0.1 °C. For the studies of HPNP transesterification, the
reactions were started by adding 2Q of a (1-2) x 103 M
solution of HPNP to a 2-mL solution of metal complex in the
appropriate buffer and monitored by following the absorption of
p-nitrophenoxide at 400 nm. The initial concentration of substrate
was (1-2) x 10°° M, and the kinetics were in each case first order
up to 90% of the reaction. The pseudo-first-order rate constants
were obtained by nonlinear regression analysis of the absorbance
versus time data, and the fit error on the rate constant was always
less than 1%. KinetiK"”, values were obtained by nonlinear
regression analysis of the pseudo-first-order rate constants versus
pH data according to the following equatiok;, = kK" .C/(K" 2 +

[H*]), where C; is the total complex concentration ardthe
apparent second-order rate constant of the reaction. Cleavage rate
versus metal complex concentration profiles were obtained at pH
10.0 (ligandsl, 4, 5, 8), 10.5 (ligand2, 3, 7), and 11.0 (ligand§,

8). At these pH values, the rates of the uncatalyzed transesterifi-
cation of HPNP were found to be, respectively, 29076, 2.7 x

1075, and 8.7x 1075 s™1 (see Supporting Information for the whole

pH profile in the interval 8.6-11.0).

In the case of the experiments of BNP hydrolysis, the reactions
were started by adding 36L of a 2.57 x 1072 M solution of
substrate to a 2-mL solution of metal complex in CAPS buffer at
pH 11.0 and monitored by following the absorptionpsfiitrophe-
noxide. Reactions were followed up to about 1% of substrate
hydrolysis (ca. 15 h). The pseudo-first-order rate constants were
obtained from the slope of the absorbance versus time data (the fit
error was always less than 1%) divided by the absorbance of the
p-nitrophenoxide and the concentration of substrate. The rate of
the uncatalyzed hydrolysis of BNP in these conditions was found
to be 7.3x 10°s L.

The solvent deuterium isotope effect for the transesterification
of HPNP in buffer alone (pH 9) and in the presence2etn(Il)

(pH 10.5) was determined by kinetic experiments performed using
the same procedure. Simultaneous reactions were performed in
water and 99.9% ED under identical conditions. For the reactions

yl phosphate sodium salt (BNP) was an Aldrich product, used as in D;O the correction pD= pHmeasureat 0.4 was applied to the

received, and 2-hydroxypropyHnitrophenyl phosphate (HPNP)
was prepared and purified as a barium salt following literature
methods® Ligands4—10 are commercial products (Aldrich) and
were used as supplied. Ligandl§ 2,° and 3! were synthesized
as reported.

Potentiometric Titrations. Protonation constants and 'Zn
complex formation constants for ligantis-3 were determined by
pH potentiometric titrations (25C, 0.10 M NaCl). Solutions
containing approximately ¥ 10-3 M of the hydrochloride 1, 3)
or sulfate R) salts of the ligands and, when necessary, Zn{iO
were titrated using a 0.1 M sodium hydroxide solution. The
electrode system was calibrated by titrating a 0.01 M solution of
HCI so that the K, value was 13.78. The pH and the volume of
added NaOH data were fitted with the computer program BEST

to obtain the desired protonation and complex formation constants.

Kinetic Measurements. The kinetic traces were recorded on a

Perkin-Elmer Lambda 16 spectrophotometer equipped with a

(8) Brown, D. A.; Usher, D. AJ. Chem. Socl965 6558-6564.
(9) Bowen, T.; Planalp, R. P.; Brechbiel, M. \Bioorg. Med. Chem. Lett.
1996 6, 807—810.
(10) Hegetschweiler, K.; Erni, I.; Schneider, W.; SchmalleHdlv. Chim.
Acta 199Q 73, 97—-105.
(11) Weber, M.; Hegetschweiler, K.; Kuppert, D.; Gramlich, Morg.
Chem.1999 38, 859-868.
(12) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
Constants2nd ed.; VCH: New York, 1992.

pH meter readings of the buffers.

Results

Ligands and Zn(ll) Complexes Ligands 4—10 are
commercially available, and ligands-3 were synthesized
as describef:** The relevant thermodynamic data, particu-
larly the complex formation constants and the deprotonation
constants of the metal coordinated water molecule, are
available in the literature for most of the Zn(polyamine
complexes employed, so that only the,walues of the metal
coordinated water molecule for complexes of the ligahds
3, and4 were measured.

Potentiometric titrations were performed for ligarisnd
3 as well as forl (for comparison purposes). In the case of
ligand 4, the determination of thel of the coordinated
water was not accessible due to the limited solubility of the
Zn(Il) complex at pH values over .The results obtained
are reported in Table 1 and, when available, agree very well

(13) Bates, R. GSolute-Sokent Interactions Coetzer, I. F., Ritchie, C.
D., Eds.; Marcel Dekker: New York, 1969.

(14) Hegetschweiler, K.; Gramilch, V.; Ghisletta, M.; Samarasindrg.
Chem.1992 31, 2341-2346.

(15) Zompa, L. JInorg. Chem.1978 17, 2531-2536.
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Table 1. Formation Constants (log¢'s) for the Zn(Il) Complexes of 3
the Polyaminic Ligand, Acid Dissociation Constants of the Coordinated
Water Molecule (K's's) and of the Acidic Hydroxyl (the Reactive °
Nucleophile) in the HPNP Transesterificatiork(f), and Apparent 2.5 1
Second-Order Rate Constankss] for the HPNP Transesterification and
BNP Hydrolysis, in Water at 25C 2] ®
k(HPNP)  k(BNP)
ligand logKg¢ pK',2 pK',? M-is1t M-ist o 5
[} -~

1 6.95 (6.95) 8.1F(7.95¢ 8.22 0.12 9.7 1075 o

2 8.39 (8.40F 8.56° 8.87 0.23 1.2 104 )

3 10.2%(10.80§ 8.51 8.61 0.17 1.1x 1074 N

4 11.62 8.1 0.065 6.8x 1075 =

5 8.2 7.44 7.39 0.018 05

6 8.9 8.93 8.84 0.12 2.3< 10°° ]

7 8.41 8.90! 9.18 0.13 6.4x 1075

8 7.94 8.58! 813  0.020 2.3 10° 0 : . .

9 14 .8 9.8 3.9x 1076

0 124 og 11105 6.5 75 oH 85 95 105

aMeasured by potentiometric titrationsEvaluated from pH dependent ~ Figure 2. pH dependence of the pseudo-first-order rate const&pis (
kinetic experiments This work. [NaCl]= 0.1 M. ¢ Reference 7a. [NaCl{p for the transesterification of HPNP catalyzed by the com@e&n(ll) at
=0.1 M. ®Reference 14. [KNg} = 0.1 M. f Reference 11. [KNg) = 0.1 25°C.

M. 9 Reference 15. [KNg) = 0.1 M. " Extrapolated at 28C from ref 16.
was estimated for complekZn(ll) on the basis of literature

with literature data. As describé#the presence of the 2,4,6- data obtained at higher temperattfre.

hydroxy and methoxy groups in ligands and 3 has a The effect of the concentration of the Zn(ll) complexes
dramatic effect on the complex formation constant, which on the reaction rate was then investigated at a pH value high
increases by more than 3 orders of magnitude ffota 3, enough (see Experimental Section) to ensure complete

due to different energy requirements of the conformer with deprotonation of the metal complexes. In each case, within
the three binding amino groups in axial position. On the other the concentration range exploredx110~*to 1 x 1073 M),*’
hand, the effect of the same groups on the acidity of the the reaction rates exhibit a first-order dependence on the
metal coordinated water molecule is much less important, COmplex concentration. Again, the complexes of liga@ds
the increase of the Ky values being of 0.5 and 0.4 and10did not react at any detectable extent in reasonable
logarithmic units, respectively, on changing frdno 2and ~ time. The values of the second-order rate constakis (
3. All the selected ligands have a sufficiently high affinity Obtained for the reaction between the deprotonated complex
for the Zn(ll) ion to ensure the stability of the complexes at @nd HPNP are reported in Table 1. The behavior of the
the pH values employed in the kinetic experiments. different systems can be conveniently analyzed in terms of
Transesterification of Hydroxypropyl- p-nitropheny a Brgnsted plot, relating f[he _Iogarithms of thg second-order
Phosphate (HPNP).Preliminary experiments were carried rate constants and th? k|net|K|thvaIue_s obta|_ned for the
out to establish the reaction pathway for the cleavage of different complexes (Figure 3). Inspection of Figure 3 shows
. that an excellent linear correlation is obtained in the case of
hydroxypropylp-nitrophenyl phosphate (HPNP) promoted C
. the Zn(ll) complexes of cyclic ligands—5 whereas the rate
by the Zn(Il) complexes of the selected ligands under the for the i livands fall bel he i h
conditions used for the kinetic study. The products of the constaqts or the near iganas 1a elow the \ne. On the
reaction, identified bylH and 3P NMR. spectroscopy, are whole, in each series of complexes the reactivity cleanly

h lic ohosphat d thenitronh o tina f increases with increasing basicity of the active nucleophile,
€ cyclic pnosphate an penitrophenoxide resulting from but the overall catalytic efficiency of the complexes of linear
a transesterification process.

e ligands6—8 is smaller than that of the complexes of cyclic
The kinetic study was performed to measure the pseudo-jigands1-5.
first-orqel’ rate (.:Onstants Of the reaCtionS by f0||OWing the The Common|y accepted mechanism for the hydro'ysis of
formation of p-nitrophenoxide. RNA dinucleotides or of model substrates, such as HPNP,
The pH dependence of the cleavage rate constants wasnvolves the participation of a metal coordinated hydroxide
first assessed. In all cases, except those of the complexes oéis a general base catalystlowever, scarce evidence has
the ligands9 and10, which showed no accessible reactivity, been reported against the kinetically equivalent mode of
and of the complex of the ligart] which is scarcely soluble 0 " ; |
firat. 16) Rossi, P.; Felluga, F.; Tecilla, P.; Formaggio, F.; Crisma, M.; Toniolo,
above pH 7, thg plots of the ps'eudo'flrst order rate const.a.nts C.. Scrimin, P.J. Am. Chem. Sod999 121 6948-6949. A kinetic
versus the solution pH gave a sigmoidal curve, as exemplified pKa value of 7.8 at 4C°C in the hydrolysis of HPNP promoted by
i i . i 4-Zn(ll) is reported by the authors; from this value, Kapralue of
in Figure 2 for the comple2 Zn.(”) (the pH prpflles for the. 8.1 at 25°C can be estimated on the basis of the temperature
other complexes are reported in the Supporting Information). dependence of similar systems (see refs 7b and 19b).
Such behavior is diagnostic of the involvement of an acidic (17) In the case of compledZn(ll), the concentration range explored was
. . L " . limited to 1 x 1075to 1 x 10~* due to the solubility problem of the
group in the reaction. The kineti&pvalues (K" ;) obtained system.

by the fitting of data (see Experimental Section) are reported (18) gﬁe for examlzlga (a) Friztzky, I'zec,)'; ((Dtg, R;l;< |E’rlitzkgw,SH.;"mnivr, R.
; ' em. Eur. J 17, 1221-1231. Mikkola, S.; Stenman, E.;
in Table 1 and are generally close to tfi€.palue (K's) of Nurmi, K.; Yousefi-Salakdeh, E.; Stnberg, R.; Lmnberg, H.J.

the metal coordinated water molecule. A kinetk,of 8.1 Chem. Soc., Perkin Trans. 2999 1619-1625. (c) Molenveld, P.;
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Figure 4. Plot of logk vs pK', for the hydrolysis of BNP catalyzed by
Zn(Il) complexes in water at 28C. The dashed line shows the linear fit of
the reactivity data for the complexes of cyclic ligarids3 and5.

Figure 3. Plot of log k vs K", for the transesterification of HPNP
catalyzed by Zn(Il) complexes in water at 26. The dashed line shows
the linear fit of the reactivity data for the complexes of cyclic ligatés.

. . . - Scheme 2. Possible Mechanism of the Transesterification of HPNP
reaction involving nucleophilic attack by the deprotonated catalyzed by Metal Complexes.

hydroxy group of the substrate, coordinated to the metal HO™
ion.8 In order to obtain further insight on the reaction 0E HO\§ 26 o'\g
mechanism, the solvent deuterium isotopic effé&) (vas ™ ", )
determined to distinguish between a general base and
nucleophilic reaction path. The solvent deuterium isotope
effect Pk) observed for the transesterification of HPNP in A B
buffer alone at pH 9 is 4.01, while the value obtained for

0 /0
o//PCQPNP

the reaction promoted by the compl&xZn(ll) at pH 10.5
is 1.43. The different values are quite significant, as it will of the complexes increasing theiKpis much smaller than
be discussed in following paragraphs.

Hydrolysis of Bis-p-nitrophenyl Phosphate (BNP).The

a linear correlation, although the increase of the reactivity

in the case of HPNP. On the other hand, the complexes of
the tetradentate ligandsand 10 show a very low activity,

hydrolysis of bisp-nitrophenyl phosphate (BNP) promoted despite their high I8, while those of the linear tridentate
by the Zn(ll) complexes of the selected ligands was ligands6—8 show an intermediate efficiency without any
investigated in water at 28C. The kinetic studies were clear trend.

carried out by following the absorption increase due to the

formation ofp-nitrophenoxide, using the initial rates method. Discussion

The very slow rate of the reactions did not allow the

investigation of the pH effect on the reaction rate, so that : A ' -
only the effect of the metal complex concentration was catalyzed hydrolysis of phosphate diesters with good leaving

determined at a pH value of 11.0, so as to ensure completedfOUPS has been investigated in great detail (Scheme 1).
deprotonation of the complexes. As in the case of HPNP, The catalytic cycle involves the followmg_: d_eprotonatlon
the rates of the reaction in the presence of each complex®’ @ metal bound water moleculekd), binding of the
show a linear dependence from the complex concentration, SuPstrate to the metal compleg)( intracomplex nucleophilic
Reactivity data for the complex-Zn(ll) could not be attack of the hydroxidek() with the simultaneous departure
obtained due to its low solubility. of the leaving group, and, eventually, deprotonation and
The values of the second-order rate constinobtained decomplexation of the substrate to restore the catalyst. This
for the reaction between the deprontonated complex and BNP€&ction path implies a pH dependence of the reaction rate,
are reported in Table 1 and visualized in the Bransted plot S Observed (Figure 2), and, atleast in principle, a saturation
of Figure 4. In this diagram, the lok values are plotted behavior of the metal complex concentration profiles, as a
against the potentiometrically determineld’ pof the metal ~ 'esult of the formation of the substrateatalyst complex
bound water molecule. which is assumed to be the active Pefore reacting. However, the affinities of phosphate diesters
! —1) 7
nucleophile in the cleavage of BNP. The plot shows that © Zn(ll) complexes are very lowK(< 0.5 M™),"“and hence,
the reactivity differences between the complexes of the the curvature of the plot is not detectable in the exploitable

different classes of ligand are rather remarkable. Here again.SOncentration range. For this reason, only the apparent
as observed for the hydrolysis of HPNP (Figure 3), the second-order rate constani, Comprising the contributions

systemsl—5-Zn(1l) show the highest reactivity and follow  ©f PothK andk’, can be determined.

The suggested pathway of the metal catalyzed transes-
terification of HPNP involves deprotonation of the substrate
hydroxy group by a metal bound hydroxide (Scheme 2A),
which acts as a general baSeHowever, the available

As previously mentioned, the mechanism of the metal

Engbersen, J. F. J.; Kooijman, H.; Spek. A. L.; Reinhoudt, DJN.
Am. Chem. Sod.998 120, 6726-6737. (d) Liu, S. Hamilton, A. D.
Tetrahedron Lett1997 38, 1107-1110. (e) Kalesse, M.; Loos, A.
Liebigs Ann. Cheml996 935-939.
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evidence for this mechanism is quite limited. As a matter of into account that a nucleophilic mechanism, involving a metal
fact, an alternative mechanism which implies (Scheme 2B) bound hydroxide (BNP) or alkoxide (HPNP), is involved.
the direct coordination of the substrate alcoholic function to In each case, the metal ion plays a triple role: (i) it brings
the metal ion and the subsequent nucleophilic attack cannotin close proximity the nucleophile and the substrate, acting
be ruled out®® Also, the finding that the pH versus reaction as a template; (i) it increases the reactivity of the substrate
rate profiles (Figure 2) indicate the participation of an acidic toward the nucleophilic attack, acting as a Lewis acid; and
function with a K, very close to that of the metal (iii) again as such, it decreases thi€,;mf the metal bound
coordinated water molecule (see Table 1) is not conclusive. water or hydroxyl, allowing the presence of large amounts
In fact, several studies have shown that ti&g palues for of a reactive anionic nucleophile also at pH values close to
water molecules and alcoholic hydroxy groups when bound neutrality. On the other hand, the decrease of tKg ip
to metal ions are almost identicdl. expected to bring about a decrease of the nucleophilicity of
The solvent deuterium isotope effe@k) is a classical the metal bound species. On the whole, there are two opposite
method to distinguish a general base from a nucleophilic effects [(ii), (iil) see previous text] of the metal ion to be
mechanisn®® In the case of carboxylic esters, extensive considered, and it is not easy to predict which prevails: the
studies have shown that a solvent deuterium isotope effectincrease of the substrate reactivity or the decrease of the
lower than 1.5 is diagnostic of a nucleophilic mechanism, nucleophile reactivity. In the case of phosphate triester
where no proton is in flight during the rate limiting step, hydrolysis, Fujii and co-workers have demonstrated that the
while a Pk value greater than 2 probes a general base substrate activation is more important than the decrease of
mechanisn® The same criteria apparently apply also in the the hydroxide nucleophilicity2? Analogous indications come
case of phosphate ester hydrolysis. In fact, in the case offrom the study by Kimura and co-workers, by comparing
the hydroxide promoted transesterification of HPNP, which the reactivity of Zn(ll) complexes of 1,4,7-triazacyclodo-
can occur only by a general base mechanismPkhealue decane and 1,4,7,10-tetraazacyclodocecane in the cleavage
measured is 4.01. On the other side, Bhevalue of 1.55 of the phosphate diester BNP.
reported for the hydroxide promoted hydrolysis of bis(2,4-  The Lewis acidity of the Zn(lIl) ion is modulated by the
dinitrophenyl) phosphate is consistent with a nucleophilic ligand nature. The present results indicate that the effect of
mechanisn®! Furthermore, solvent deuterium isotopic ef- the ligand structure on the reactivity of the Zn(ll) complexes
fects, respectively, of 1.14 and 1.20 have been reported forfollows a similar trend for both the substrate studied.
the hydrolysis of p-nitrophenyl phosphate by a Co(ll) The first feature which emerges from the analysis of the
complexX? and for the hydrolysis of BNP by a Cu(ll) reactivity of the Zn(Ill) complexes with HPNP and BNP is
complexé®and in both the cases, a nucleophilic mechanism the significant difference between the tetradentate and
was established. On these premises, the measurediue tridentate ligands. The tetradentate ligands reduce the Lewis
of 1.43 for the2-Zn(ll) catalyzed transesterification of HPNP  acidity of the metal ion much more than the tridentate ones,
suggests that the mechanism involves the nucleophilic attackas suggested by the highefvalues reported for the metal
by the metal coordinate substrate alkoxide as depicted inbound water molecule (see Table 1), but they show a sensibly
Scheme 2B3 lower reactivity which cannot be explained simply on the
Despite the bidentate binding mode predicted by the modebasis of the decreased activation of the substrate toward the
of action of Scheme 2B, the affinity of the substrate for the nucleophilic attack and the increased nucleophilicity of the
metal complex does not increase to a detectable level so thaimetal bound nucleophile. The crucial point, as indicated by
no saturation behavior is observed (see preceding paraKimura and co-workers, is the occupation of four binding
graphs), and again, only apparent second-order rate constantsites of the metal by the ligand which allows little room for
(k), containing both the terms for the complexation and the the interaction with the substrat€This is further supported
nucleophilic attack, can be obtained from the complex by the different reactivity of the complexes of ligar@land
concentration versus reaction rate experiments. 10 toward BNP. The Zn(ll) ions in both complexes have
So, there are substantial similarities in the mechanism of almost the same Lewis acidity (th&jpvalues for the metal
the hydrolysis of the two substrates of choice if one takes bound water molecule are very close), b0tZn(ll) is about
: 3 times more reactive tha®zZn(ll). In complex10-Zn(ll),
(19) ggc\_(l";g‘g'l“l"f&l“’l\’lim‘j{;_ E(’g) sznisraRECNgg%]jrAam|CEgme the ligand has a facial coordination mode, and molecular
T.; Shionoya, M.; Kodama, Y.; Ikeda, T.; Shiro, M. Am. Chem. models show that there is room enough (on the other face

- §30-1994 _llgh4764—l4c7)71- i Chenmi V. Ed Academi of the metal ion) to bind the substrate as a further ligand.
o Vo o Ve Chemisti@old, V., Bd: Academic g0 coordination geometry of the complex including the

(21) Kirby, A. J.; Younas, M. JJ. Chem. Soc. B97Q 510-513. The substrate is much more difficult in the case of lig&evhich

value was assigned by the authors to a general base mechanism, bu ; ; ; ; ;
it is considerably lower than that usually found for general base Wraps around the metal ion in a blpyramldal trlgonal
reactions, see ref 20. geometry.
@2) 282“"%57',%5”""” L. F.; Sargeson, A. MAm. Chem. S04983 The coordination geometry is suggested to play an
(23) A possible different explanation for the small deuterium kinetic solvent Important role also among the tridentate ligands to explain

iﬁotopeteffﬁct has bien ?fug?estlgd l‘-k))y tctme of the rﬁ\éiewer%_ljtt in\?otl\ées the observed difference in reactivity between the linear and
€ mutually opposite efrects of a better general base apllity O e . . H :

metal bound OD and a lower acidity of the substrate OD group in a the (?yC“C ligands. In TaCt’ fs"fCh difference CannOt be simply
general base catalysis mechanism. ascribed to the Lewis acidity of the metal ion as can be
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Phosphodiester Hydrolysis by Zn(Il) Complexes

Scheme 3. Mechanism of the Hydrolysis of Activated Phosphate nucleophiles than metal bound hydroxides probably because
Triesters Catalyzed by Metal Complexes. of the lesser solvatation of the oxygen atom due to the steric
2+M\-0H ¥ 9y hindrance from the lipophilic alkyl moietif?
QPOR |2 Hb R o 20000, [ OR L -
s M, R-OR MR *OR Conclusions
Rg GOR O or OR

The results reported in this paper highlight the important

_ role played by the ligand in modulating the ability of the

argued from the comparison of th&pvalues for the two  complexed zn(ll) ion in promoting the hydrolytic cleavage
series of complexgs. Taking |nt(_) account that the estimated ¢ phosphate diesters. Not only the number of coordinating
energy barrier which the Zn(ll) ion opposes to the confor- 41oms on the ligand but also his favored coordination geom-
mational changes of its complexes is low, the phosphate g¢ry are important parameters, so that the most reactive
diester and the hydroxide, both negatively charged, will try complexes are those of the triamino ligands with a facial or
to maximize their distance on the complex to minimize the yjnodal coordination mode. Incidentally, this is the same

electrostatic repulsion. In the case of the linear ligands, an coordination geometry adopted by nature in the reactive site
equatorial coordination mode is possible and may allow some ¢ Zn(I) based hydrolytic enzymes.

Spnformatt)lonal freehdom 0 the.comTprI]t_ex_and hencgbal '?‘fg‘;f Within the family of ligands capable of adopting this
|stancfehetwetlaln tl etv(\;o spsm;}as. IS IIS not dp033| efm_t lecoordination mode, the intrinsic reactivity of the system
case o t.e cyclic figands which can only undergo a facia appears to be controlled by the nucleophilicity, and hence

coordination mode. As a result, the reactivity of the

| fth lic ligand series is f d that of the basicity, of the metal coordinated water molecule. The
ﬁggqapr i);i:sso € cyclic igand series 1S favored overthat o . yyentional wisdom coming out from the previous studies,

S . which pointed the attention on the enhanced Lewis acidity
The_ c_omplexes of cyclic tridentate ligans5 make up of the metal center as source of greater reactivity, is therefore
a s_uf_ﬁmently _Ia_rge and homogeneous group thz_ﬂ S_hOWS 4to be revised. On the other hand, when the target is the
definite reactivity trend. BOt.h in the transestenﬂcatpn of realization of biomimetic systems or catalysts for biological
HPNP and in th? hydrolysis of BNP, very gopd linear applications, it must be taken into account that the system
Bransted plots (I_:|gures 3 anq 4) are obtained using m_e P should operate at pH values as close as possible to the
values of the active nucleophl[e. Tﬁe"c values are 0.751n physiological ones. Under these conditions, only a fraction
the case of HPNP transesterification and 0.20 in the case ofmc the metal complex present will be available in a depro-
BNP hydro!y5|s. These values reflect the C_omb|nat|on of .the tonated form. As a consequence, a greater Lewis acidity of
two opposite effects due to the Zn(ll) ion already dis-

4 activati fh bstrat q] ¢ offici fthe metal ion and subsequently a lowé€,pvalue for the
cussed. activation ot In€ substrate and 10ss of €lliClency ol ,aq) hoyngd nucleophile will ensure the presence of a greater
the nucleophile. The latter appears to be the dominant

X o amount of the reactive species. This is particularly important
parameterwhu_:h co_ntrols the_ reactlwt_y of the Zn(ll)_complex. in the case of BNP hydrolysis, where the differences in the
This observation is at variance with thg Kinetic r_esults intrinsic reactivity of the different complexes are very small.
reported_ for the hydrolysis (_3f phosphate triesters which led For instance, at pH 7, the compl&xzn(ll) becomes about
o negatlvqﬁnucvalues:—0.15 in the case O.f Zn(ll) compllexes 6 times more reactive than compl2#Zn(ll) despite its lower
that catalyzed hydrolysis of 2,4-dinitrophenyl diethyl reactivity but thanks to a smalleKp value (see Table 1).
phosphaté? In the hydrolysis of phosphate triesters, activa-

. : : Although it will not be an easy task, it would be important
tion of the substrate is thus the most important effect at play, o . . , .
S . . to verify if the information obtained from thg-nitrophenyl
and the finding can be explained assuming that the develop- .
phosphate esters has a general validity also for substrates

ing negative charge in the transition state benefits from the with poorer leaving groups, which could follow different

Lewis acidity of the Zn(ll) ion (Scheme 3). reaction pathways toward the hydrolytic cleavage or trans-

, In_the case of phosphate diester _hydronS|s_or transeste.”'esteriﬁcation. Further investigations are needed to clarify this
fication (Scheme 1), the developing negative charge is point

localized on a substrate oxygen atom which is not coordi-
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